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Thiirenes, the 4 n-electron antiaromatic sulfur heterocycles, have been 

implicated as intermediates in a variety of chemical reactions but were only 

recently detected by,ir spectroscopy in the low temperature argon matrix 

photolysis of 1,2,3-thiadiazoles. Structural identification and vibrational 

assignments of the parent thiirene are based on the nature of the band shifts 

observed upon substitution and isotopic labelling of the source compound. 

Thiirene is unstable and undergoes rearrangement to thioketene and ethynyl- 

thiol as well as decomposition to acetylene, carbon disulfide and polymer. 

Electron-withdrawing substituents exert a marked stabilizing effect. Theo- 

retical calculations on thiirene and its isomers predict the experimentally 

observed order of stability and are helpful in the formulation of an overall 

mechanism for the photochemical decomposition of 1,2,3-thiadiazoles. 

This review is comprised of the following sections: 

I. Introduction. 

11. Chemical evidence for the transient existence of thiirenes. 

111. Low temperature photolysis of matrix isolated 1,2,3-thiadiazoles: 

isolation of thiirenes. 

IV. Theoretical studies and mechanistic considerations. 

V. Properties of. thiirenes. 



I. INTRODUCTION 

One o f  t he  f i r s t  app l i ca t i ons  of molecular o r b i t a l  theory t o  organic 

chemistry was what i s  known today as Hicke l 's  a romat i c i t y  rule,' according t o  

which those monocyclic coplanar systems of t r i g o n a l l y  hybr id ized carbon atoms 

which conta in  4nt2 n-electrons w i l l  possess e l e c t r o n i c  s tab i ' l i t y .2  The con- 

cept of a romat ic i ty ,  i n i t i a l l y  developed f o r  hydrocarbon systems, was soon 

extended t o  heterocyc l ic  conjugated systems such as py r id ine  and f u r t h e r  t o  

those he te rocyc l i c  compounds such as furan, thiophene and p y r r o l e  i n  which the  

lone p a i r  of e lec t rons on the  heteroatom p a r t i c i p a t e  i n  the n-e lec t ron net- 

work. Although there  are as y e t  no accepted c r i t e r i a  according t o  which the 

ex tent  o f  aromatic s t a b i l i z a t i o n  can be evaluated q u a n t i t a t i v e l y ,  t he  HUckel 

r u l e  has proven t o  be one of the most f r u i t f u l  concepts i n  organic chemistry. 3 

I n  cont ras t  t o  the  4nt2 n-e lec t ron systems, p lanar c y c l i c  conjugated 

systems w i t h  4n n-electrons are no t  s t a b i l i z e d  and there fore  are non-aromatic. 

Moreover, according t o   res slow;^ some of these compounds may a c t u a l l y  be de- 

s t a b i l i z e d  r e l a t i v e  t o  t h e i r  a c y c l i c  isomers and have been c a l l e d  "antiaroma- 

t i c " .  Obviously, q u a n t i t a t i v e  eva luat ion  o f  the ant iaromat ic destabi  1 i z a t i o n  

i s  as problematic as t h a t  of aromatic s t a b i l i z a t i o n .  I n  fac t ,  4n n-e lec t ron 

systems e i t h e r  dev ia te  from p l a n a r i t y  and thus have l o c a l i z e d  n bonds, e.g. 

cyclooctatetraene, o r  are planar and e x i s t  on l y  as h i g h l y  e lus i ve  intermedi-  

ates, e.g. cyczobutadiene. The s implest  examples o f  aromatic (a) ,  a n t i -  

aromatic (b), and non-aromatic (c )  compounds are l i s t e d  i n  Table 1. 

5 cyclobutadiene was the  f i r s t  4 n-e lec t ron species t o  be i s o l a t e d  and 

i t s  ground s t a t e  geometry, e i t h e r  the ant iaromat ic square, o r  the non- 

aromatic rec tang le  w i t h  l o c a l i z e d  double bonds, i s  s t i l l  the ob jec t  o f  con- 

t r ~ v e r s y . ~ ' ~  The argon ma t r i x  i s o l a t i o n  o f  a d e r i v a t i v e  of the heterocyc l ic  
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4 n-electron azete (azacyczobutadiene) has a l so  been repor ted i6  The synthe- 

s i s  of azacycZooctatetraene has not  y e t  been reported, but  by comparison w i t h  

cyczooctatetraene i t  i s  expected t o  be non-planar and hence not  antiaromatic. 

Table 1. Non i o n i c  conjuqated n-electron systems 

4n+2 (n.1): 

benzene py r id ine  furan thiophene py r ro le  

cyctobutadiene azete oxirene t h i i r e n e  2-azirene 

cyczoocta- azacycZo- oxepin t h i e p i n  azepine 
tetraene octatetraene 

Those 4n n-e lec t ron heterocycles which are the counterparts of furan, 

thiophene and pyr ro le ,  are oxepin, t h i e p i n  and 1-H azepine f o r  n=2 and ox i -  

rene, t h i i r e n e  and 2-azirene f o r  n-1. Although subst i tu ted oxepins, 8,9 

8 thiepins8'10 and azepines are  known, oxepin remains the on ly  parent compound 

t h a t  has been i s o l a t e d  t o  date.'' As expected, a l l  the data p o i n t  t o  a non- 

planar geometry and thus t o  the non-ant iaromat ic i ty of these systems, i n  s p i t e  

of the low r i n g  s t r a i n  energies involved. For 4 r -e lec t ron  heterocyc l ic  sys- 

tems, however, p l a n a r i t y  i s  enforced and on ly  small d i s t o r t i o n s  i n  the C-H 



bond angles are  possible. As a consequence, oxirene, t h i i r e n e  and 2-azirene 

are expected t o  be ant iaromat ic and therefore h igh ly  unstable. 

Since Berthelot 's attempted synthesis o f  oxirenes near ly  a century 

ago,'' continuous e f f o r t s  have been made t o  i s o l a t e  these t h e o r e t i c a l l y  

i n t e r e s t i n g  compounds. Compelling evidence has been presented for  the t ran- 

s i e n t  formation o f  oxirenes i n  the photochemical Wolff rearrangement o f  a- 

diazo ketones13 and, more recent ly,  2-azirenes have been impl ica ted i n  a 

va r ie ty  o f  reactions14 but  ne i the r  o f  these compounds nor t h e i r  subst i tu ted 

der iva t ives have so f a r  been synthesized. 

I n t e r e s t  i n  the chemistry o f  t h i i r e n e  has evolved on ly  i n  the past 

decade and the f i r s t  react ion i n  which th i i renes  were postulated as reac t i ve  

1 intermediates, i n  1967, was the add i t i on  of S( D2) atoms t o  acetylenes. 15 

The matr ix  i s o l a t i o n  o f  t h i i r e n e  and several o f  i t s  der ivat ives,  the f i r s t  

ant iaromat ic three membered heterocycles t o  be synthesized, has been achieved 

recent ly.  

11. CHEMICAL EVIDENCE FOR THE TRANSIENT EXISTENCE OF THIIRENE 

1 1. The S( D2) + acetylene react ion 

1 E l e c t r o n i c a l l y  exc i ted ( D2) s u l f u r  atoms, produced by the gas phase 

photo lys is  o f  COS, reac t  w i t h  acetylene t o  form CS2, benzene and thiophene 

i n  low (5-10%) and pressure dependent yields.16 Analogous products were 

obtained w i t h  methyl and dimethylacetylene. However, the reac t ion  w i t h  

hexafluoro-2-butyne l e d  t o  the formation of perfluorotetramethylthiophene as 

the only product, i n  high y i e l d .  

1 Since S( D2) atoms have been shown 17'18 t o  add across unsaturated bonds 

and' i n s e r t  i n t o  C-H (but not  C-C) bonds, the s t ruc tu re  of the primary C2H2S 

adduct could be a d i r a d i c a l  1 (equivalent t o  thioketocarbene 21, t h i i r e n e  3 
" " - 

o r  'e thyny l th io l  4: - 
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Addit ion of C2H2S t o  another molecule o f  acetylene then leads t o  the forma- 

t i o n  of thiophene: 

Other possible isomeric structures which could be formed upon rearrangement 

of the primary adduct p r i o r  t o  react ion w i t h  acetylene include thioketene. 5, 
" 

th i i reny l idene  6 and th io lv iny l idene  carbene f :  - " 

5 6 7 
* - - 

The thiophene-forming react ion (1 ) i s  conceptually d i f f i c u l t  t o  v i sua l i ze  

if ei ther  of structures 4-7 i s  involved since two o r  more rearrangements - - 
would be required; the fo l lowing observations c l ea r l y  m i l i t a t e  against t h e i r  

intermediacy. 

Ethyny l th io l  4 can only be formed i n  the cases of C2H2 and monosub- - 
s t i t u t e d  acetylenes y e t  the thiophene y ie lds  are the highest for d isubst i tu-  

ted acetylenes. Hence i t s  intermediacy can be discounted. 

Flash photo lys is-k inet ic  mass spectroscopic studies 16319 on various 

COS-acetylenemixturesclearly showed the formation o f  S + acetylene adducts 

having ex t raord inar i l y  long decay h a l f  l i ves ,  ranging from a few tenths of a 

second t o  several seconds, Table 2. These resu l t s  c l ea r l y  are no t  compatible, 

w i t h  exci ted s t a t e  o r  rad ica l  species 1, 2, 6 o r  7 as the t rans ient  detected. - - - - 
There i s ,  however, a d i s t i n c t  p o s s i b i l i t y  of isomerization i n  the mass spec- 

trometer which may not occur i n  the s t a t i c  system p r i o r  t o  reaction. It 



should a l so  be noted t h a t  bis(trifluoromethy1)thioketene i s  s tab le  a t  room 

temperaturez0 y e t  i t  i s  seen from Table 2 t h a t  t h i s  adduct has the shortest  

h a l f - l i f e  of a l l  those examined. This ind icates t h a t  a t  l e a s t  i n  t h i s  case 

thioketene i s  not  the t ransient.  

Table 2. Ha l f  l i v e s  of the t rans ients  formed i n  the 

1 react ions o f  S( D2) atoms w i t h  acetylenes. 16,19 

Alkyne Decay h a l f  l i f e  (sec) 

Acetylene 2 

Propyne 5 

Butyne-2 7 

Hexafluorobutyne-2 > 0.1 

For thioketene 5 t o  be formed, an intramolecular hydrogen o r  methyl - 
s h i f t  i n  the primary adduct would be required: the former being more f a c i l e ,  

the product y i e l d s  should decrease w i t h  subst i tu t ion,  i n  cont ras t  t o  exper i -  

ment. Moreover, i f  thioketene i s  the precursor of thiophene then a reversa l  

of t h i s  s h i f t  would be required i n  react ion ( I ) ,  y e t  the product y i e l d  f o r  

the case o f  perf luoro-2-butyne was the highest obtained i n  s p i t e  of the low 

migratory ap t i t ude  o f  the t r i f luoromethy l  group. It i s  therefore  u n l i k e l y  

t h a t  5 i s  the react ion intermediate and the on ly  possible a l t e r n a t i v e  remain- 
" 

1 i n g  i s  t h i i r e n e  3. The react ions o f  S( D2) atoms w i t h  an equimolar mixture 
" 

of acetylene and hexafluoro-2-butyne af forded the asymnetrical 2 ,3-b is ( t r i -  

fluoromethy1)thiophene as the only cross product.19 It would therefore  

, appear t h a t  thiophene i s  formed by add i t i on  of the acetylene across the C-S 

bond o f  t h i  i rene: 
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The absence of unsubst i tuted thiophene among the products po in ts  t o  the nu- 

c l e o p h i l i c  character o f  the intermediate. This i s  on ly  compatible w i t h  a 

t h i i r e n e  s t ruc ture ,  espec ia l ly  if the resonance con t r i bu t ion  from 3a - i s  s ig-  

n i f i c a n t .  

A l l  these observations s t rong ly  p o i n t  t o  the intermediacy o f  t h i i r e n e  

1 i n  the S( D2) + acetylene react ion.  

2. The decomposition of 1,2,3-thiadiazoles 

a )  Gas phase photo lys is  

1,2,3-Thiadiazoles containing an azo l inkage are po ten t ia l  sources of 

th i i renes  o r  t h e i r  isomers upon photolysis.  The intermediates produced by 

n i t rogen ext rus ion could undergo bimolecular react ions w i t h  scavengers present 

i n  the system o r  unimolecular isomerizations. 

Conventional gas phase photo lys is  of 1,2,3-thiadiazole 8a, 4-methyl-, - 
8b, and 5-methyl-1,2,3-thiadiazole 8c 16*21 leads t o  the format ion of N2, CS2, .. - 
the corresponding acetylene, and a polymeric mater ia l :  



RC CR' + polymer 

8 - 
The resu l t s  are sumnarized i n  Table 3. 

Table 3. Product y i e l d s  from the gas phase photo lys is  

Thiadiazole A1 kyne Methane cs, 

a~ercentages are given i n  terms of N2. 

b~eproduced w i t h  permission by the American Chemical Society from 

J. Font, M. Torres, H.E. Gunning and O.P. Strausz, "Gas-Phase 

Photolysis of 1,2,3-Thiadiazoles: Evidence f o r  Th i i rene Intermed- 

i a tes " ,  J .  Grg. Chem. 9, 2487 (1978). Copyright by the American 

Chemical Society. 

When the photo lys is  o f  1,2,3-thiadiazole 8a was c a r r i e d  ou t  i n  the - 
presence o f  hexafluoro-2-butyne, the p r inc ipa l  product was 2 ,3-b is ( t r i f1uoro-  

methyl )thiophene 9a: - 

1 The react ion p a r a l l e l s  t h a t  described f o r  the S( D2) + acetylene system and 

suggests the in te rven t ion  of th i i rene .  More d e f i n i t i v e  evidence f o r  the 
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format ion o f  t h i i r e n e  was obtained from the gas phase photo lys is  o f  4-methyl-, 

8b, and 5-methyl-1.2.3-thiadiazole, 8c, i n  the presence o f  hexafluoro-2- - 
butyne. I n  both cases on ly  one thiophene was formed, i n  very s i m i l a r  and 

pressure dependent y ie lds ,  and was i d e n t i f i e d  as 5-methyl-2,3-bis(trif1uoro- 

methy1)thiophene 9b. The r e s u l t s  are  sumar ized i n  Table 4. - 
Table 4. Y ie ld  of 5-methyl-2,3-bis(trifluoromethy1)thiophene 9b 

as a funct ion o f  the pressure of h e x a f l u o r o - 2 - b ~ t y n e ~ ' ~  

Y ie ld  o f  9b 

P (C4F6), Torr  From 8b - From 8c 

270 12.3 12.5 

a ~ n  terms of N2 produced. 

b~eproduced w i t h  permission by the American Chemical Society from 

J. Font, M. Torres, H.E. Gunning and O.P. Strausz, "Gas-Phase 

Photolysis of 1,2,3-Thiadiazoles: Evidence f o r  Th i i rene Intermed- 

ia tes" ,  J .  Org. &em. 43, 2487 (1978). Copyright by the American 

Chemical Society. 

The completely analogous behaviour o f  4-methyl- and 5-methyl-l,2,3-thiadiazole 

8b and 8c can on ly  be r a t i o n a l i z e d  i n  terms o f  a common intermediate which - - 
makes methyl s u b s t i t u t i o n  i n  e i t h e r  isomer ind is t ingu ishable .  Consequently, 

t h i s  r u l e s  ou t  d i r a d i c a l  1 and thioketocarbene 2, leav ing thioketene 5 and - - - 
t h i i r e n e  3 as the on ly  possible intermediates. The in te rven t ion  of the o ther  - 
possible isomers 4, 6, 7 can a l so  be discounted.'' Methylthioketene has been - - - 
detected on ly  i n  mat r ix  i s o l a t i o n  experimentsz2 and i s  u n l i k e l y  t o  be the 



common in te rmed ia te  since, on t h e  bas is  o f  t he  r e l a t i v e  r a t e s  o f  hydrogen and 

methyl m igra t ion ,  t he  expected product  o f  1,3 c y c l o a d d i t i o n  o f  methy l th ioke-  

tene w i t h  C4F6 i s  4-methyl-2.3-bis(trifluoromethy1)thiophene 9c: 

9c - (7). 

On the  o the r  hand, no rearrangements a re  requ i red  i n  t he  methyl  t h i i r e n e  + 

C4F6 complex and t he  format ion o f  t he  s i n g l e  thiophene isomer i s  a  consequence 

of combined e l e c t r o n i c  and s t e r i c  e f f e c t s  o f  t h e  methyl subs t i tuen ts ,  f o r c i n g  

a d d i t i o n  of t he  a lkyne across t he  unhindered C-S s ide :  

b )  So lu t i on  phase pho to l ys i s  

The format ion o f  t h i o fu l venes  10 upon pho to l ys i s  o f  1,2,3- th iadiazoles -- 
i n  a benzene s o l u t i o n  was o r i g i n a l l y  repor ted  by Kirmse and ~ 6 r n e r . ' ~  These 

e a r l i e r  s tud ies  have s i nce  been re-examined f o r  a  wider  range o f  s u b s t i t u t e d  

t h i ad iazo les .  24'25 The y i e l d s  o f  thiophenes 9, t h i o fu l venes  10, 1 ,4 -d i t h i i ns  - - - 
11 and 1 ,2 ,5 - t r i th iep ins  12 obta ined f rom t h e  pho to l ys i s  o f  a  v a r i e t y  of t h i a -  - - " - 
d iazo les  i n  benzene s o l u t i o n  a re  summarized i n  Table 5. These products were 

assumed t o  have been formed v i a  se l f  and cross combination reac t i ons  o f  d i -  

r a d i c a l s  1  and th ioke tene 5  
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lo' (9 )  
"" 

.'>i + s  - Rx xR 
S-S 

R' 
R' S' 

Photolysis of 4-methyl-5-carboethoxy-l,2,3-thiadiazole (Ed R = CH3, R '  = COOEt) 
" 

in methanol solution also led to the formation of 10 as the major product; 
-" 

however, small amounts of the intermediate thioketene could be trapped as the 

thionoesther 13: 26 
-" 



Table 5. Product d i s t r i b u t i o n  I%) i n  the photo lys is  of R,x~N 
5 -  

i n  benzene so lu t iona 

R R '  9 9 '  10 11 
" - -" -- Other Reference 

Ph H 

benzo 

P h P h 

COOMe , Ph 

COOEt H 

CH3C0 H 

CH3C0 CH3 

COOEt CH3 

PhCO CH3 

a ~ b s o l u t e  y i e l d s  are 40-50%. 

Although the in te rven t ion  of t h i i r e n e  intermediates i s  not  e x p l i c i t l y  

required i n  order t o  exp la in  the various products obtained i n  the s o l u t i o n  

photolysis of 1,2,3-thiadiazoles and thioketene has been p o s i t i v e l y  i d e n t i -  

f i ed  as an intermediate, on the other hand there i s  no evidence t h a t  would 

m i l i t a t e  against  the t rans ien t  formation of th i i renes  and subsequent re-  

arrangement t o  thioketene. I n  t h i s  connection i t  i s  i n t e r e s t i n g  t o  note 

t h a t  the photolysis of 4-tert-butyl-l.2,3-thiadiazole i n  methanol s o l u t i o n  

produces ter t -buty lacety lene i n  12% y i e l d  as the on ly  product.26 The expected 

product from the react ion o f  the corresponding thioketene w i t h  methanol was 

not  detected i n  s p i t e  o f  the r e l a t i v e l y  long l i f e t i m e  reported f o r  t e r t - b u t y l -  

thioketeneO2' It i s  our opinion t h a t  th i i renes  are probably formed i n  the 
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so lu t i on  phase photo lys is  of 1,2,3-thiadiazoles but  perhaps t o  a lesser  extent 

than i n  the gas phase. D e f i n i t i v e  conclusions await  the r e s u l t s  o f  proper 

i so top ic  labe l  l i n g  studies. 

c )  Pyro lys is  

Flash py ro l ys i s  o f  1,2,3-thiadiazoles a t  500-600°C has been ca r r i ed  out 

by Seybold and ~ e i l b "  i n  connection w i t h  the synthesis o f  thioketenes, but  

no attempts were made t o  e luc idate  the mechanism o f  the rearrangement. Pyro- 

l y s i s  of several subst i tu ted 1,2,3-thiadiazoles i n  d ig l yco l  s o l u t i o n  a t  250°C 

has been studied by B i h l  and co-workers;28 under these condi t ions rad ica l  

d imerizat ions and cross combinations are suppressed and on ly  the thionoesthers 

13 (Eq. 12) ( R "  = CH2-CH2-0-CH2-CH20H) of the corresponding thioketenes were 
-" 

iso la ted.  However, some i n t e r e s t i n g  observations were reported which, i n  our 

opinion, a t  l e a s t  i n  one case c l e a r l y  i nd i ca te  the intermediacy of th i i rene .  

Thus, py ro l ys i s  o f  e i t h e r  4-phenyl o r  5-phenyl-l,2,3-thiadiazole y i e l d s  the 

same amount o f  thioketene, i n  s p i t e  o f  the widely d i f f e r i n g  migra t ion energy 

requirements of hydrogen atoms and phenyl groups should t h i i r e n e  not  be a pre- 

cursor. Under the same condi t ions 4,5-diphenyl-1,2,3-thiadiazole does not  

y i e l d  thioketene, which would a l so  'be formed v i a  phenyl migrat ion,  and instead 

the d imer izat ion product tetraphenylthiophene i s  obtained. The i d e n t i c a l  be- 

haviour o f  4- and 5-monosubstituted-l.2,3-thiadiazoles has a l so  been observed 

i n  the f low py ro l ys i s  o f  methyl and tert-butyl-l,2,3-thiadiazoles followed by 

matr ix  i s o l a t i o n  o f  the products and i s  on ly  cons is tent  w i t h  a comnon t h i i r e n e  

intermediate. 26 

One of the secondary products o f  the photo lys is  o f  'argon matr ix  i s o l a t e d  

4-trifluoromethyl-l,2,3-thiadiazole i s  l-thiol-3,3,3-trifluoropropyne,29 prob- 

ab ly  produced from fragmentation o f  the i n i t i a l l y  f o n e d  t r i f l uo romethy l th i -  

irene. The same acetylene was detected i n  the matr ix  i so la ted  products fonned 



in the flow pyrolysis-,of the parent compound30 and it would appear that in 

this case as well, thiirene is the precursor. 

Although some evidence for the formation of 1,3-butadienylenethioketene 

14 was obtained in the flash thermolysis of 1,2,3-benzothiadiazole ~ e , ~ '  no -.. " 

thionoesther derived therefrom could be detected in the diglycol solution py- 

rolysis of 8e; instead, dimers 15-17 were obtained,28 the fomation'of which - .." -- 
point to the long lifetime of the benzothiirene intermediate: 

Recently, the intermediacy of thiirene in the pyrolysis of benzo-1,2,3-thiadi- 

azole has been the object of controversial, reports. 31332 Thus, thermolysis of 

6-carbomethoxy-l,2,3-thiadiazole - 8f (R = COOMe) leads to the formation of 2.7- 

and 2,8-dicarbomethoxythianthrene 15a and 15b (R = COOMe) which can only arise -.. -- 
via dimerization of the thiirene intermediate, 31 

whereas pyrolysis of 6-methoxy-1.2.3-thiadiazole 89 (R = 0CH3) has been repor- - 
ted to yield only 2.7-dimethoxythianthrene 15a (R = 0CH3) which does not neces- -- 
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sarily implicate a thiirene intermediate. The different nature of the sub- 

stituents possibly may accomnodate both results which, however, cannot be 

extrapolated to parent benzo-1,2,3-thiadiazole. 

Although thiirene was not identified in the thermolysis of parent 1,2,3- 

thiadiazole 8a33 and its intermediacy has been disproven in the pyrolysis of 
" 

13c labelled 4,5,6,7-tetrahydrocycZohe~a-1,2,3-thiadiazole,~~ for some substi- 

tuted 1,2,3-thiadiazoles it would appear that thiirene intermediates are 

formed. It is likely that, as observed for the case of 6-diazoketones, in 

which the extent of oxirene participation in the decomposition strongly depends 

on substitution and temperature,13 the formation of thiirene in the decomposi- 

tion of 1,2,3-thiadiazoles follows a similar trend. 

d) Electron impact fragmentation 

The mass spectra of various 1,2,3-thiadiazoles have been reported by 

Zeller g&35 and by Millard and All the thiadiazoles studied 

undergo N2 'elimination to give rise to the M-N2 radical ion. The two groups 

differ, however, in the assignment of the structure of this fragment. Whereas 
+. 

Millard and Pain assign the thiirenium radical-ion structure to the M-N2 

fragment, in line with traditional mass spectrometric assignments for cyclic 

sulfur  compound^,^' Zeller's group on the other hand prefers the thioketene 
structure in order to account for the successive fragmentations of this ion. 

Since isotopic labelling experiments have not been done, the assignments are 

rather speculative although Zeller at. report more convincing evidence for 
the formation of thioketenes in the cases of phenyl and diphenyl substituted 

1,2,3-thiadiazoles. Three main structures for the M-N~+' fragment were con- 

sidered: the diradical, the thioketene and the thiirene radical ion. Zeller 

et al. propose that the subsequent fragmentations for each species would in-, -- 
volve the loss of an S atom from the diradical, loss of CS from the thioketene 



and loss o f  RCS from the t h i i r ene  rad ica l  ion: 

Rl'+. - R-C'-CR' 
1 " 

+ S 
R' 5' 

R 
e- - [ : ) = c = J + .  - R\C:l *' + cs (15) 

R' -N2 R" 
R C S + +  R'C 

R ~ R J  +. - or 

R'C S* + RC 

This general izat ion should be viewed w i th  caution, however, s ince recent 

mass spectrometric studies on a l k y l t h i a ~ o l e s , ~ ~  which have fragmentation pat- 

terns somewhat s im i l a r  t o  those o f  1,2,3-thiadiazoles, po i n t  t o  the i n i t i a l  

formation of th i i ren ium ions which do not fragment by loss of RCS. 

3. From metal complex s t a b i l i z a t i o n  

I n  1956. Longuett-Higgins and Orgel predicted tha t  cyctobutadiene could 

be s t ab i l i zed  by means of metal complexes.39 This p red ic t ion  has met w i t h  

great success, f i r s t  for subst i tu ted c y c ~ o b u t a d i e n e s ~ ~  and l a t e r  for  the 

parent compound,41 and as a consequence the novel chemistry o f  metal complexes 

of c y c ~ o b u t a d i e n e ~ ~  has a t t rac ted  a great deal o f  a t tent ion.  The fac t  t h a t  

t h i i r ene  i s  a lso a 4 n-electron system, therefore isoe lect ron ic  w i t h  cycto- 

butadiene, suggests tha t  t h i i r ene  may a lso be s t ab i l i zed  as a metal complex i n  

sp i t e  o f  the fac t  t ha t  Orgel predicted t ha t  the degree o f  s t a b i l i z a t i o n  would 

be less than for the case o f  cyctobutadiene. 43 

Attempts t o  t rap  metal complexes of t h i i r ene  t o  date inc lude the thermal 

decomposition o f  1,2,3-thiadiazoles 8 i n  the presence o f  diironnonacarbonyl, 44 - 
t h e i r  photolysis i n  the presence o f  i r o n  p e n t a ~ a r b o n y l ~ ~  and the thermal de- 

composition o f  metal di thienes o f  the type 1 8 ~ " i n  the presence of i r o n  penta- ..- 
carbonyl. I n  ne i ther  case was the expected thiirene-metal complex observed 



HETEROCYCLES Vol 1 1  1978 

but  instead a thioketocarbene metal complex 19 was trapped: 
"" 

R S 

8 R X $ F ~ ( C O ) ~  Fe(C0I3 

19 -- (16) 

R = Ph 

CH3 

18 -- 
However, when the two subst i tuents on the 1,2,3-thiadiazole were d i f fe rent ,  

both possible isomeric thioketocarbene-complexes were obtained from e i t h e r  

th iad iazo le :  

Although the y i e l d s  o f  both complexes depended on the s t a r t i n g  mater ia l ,  the 

component r e t a i n i n g  the C-C-S skeleton was the major one i n  each case. It 

would therefore  appear t h a t  these o r ig ina te  from a comnon precursor and equ i l -  

i b r a t i o n  must have taken place t o  some extent.  Since thioketocarbene-complex- 

es do not  isomeri,ze under the react ion condi t ions employed, the intermediacy 

of t h i i r e n e  o r  i t s  metal complex p r i o r  t o  the formation o f  the th ioketocar -  

bene-metal complex i s  the most l i k e l y  explanation. 

4. Other precursors 

Th i i rene has a l so  been claimed t o  be an intermediate i n  a few other  



systems, such as the photolysis of the mesoionic 2.5-diphenyl-1,3-dithiol-4- 

one 20. Photolysis of 20 in benzene solution resulted in the formation of - * -- 
tetraphenyl-l,4-dithiin lla, diphenylacetylene and sulfur,46 thelatter two - - 
being produced by decomposition of the intermediate diphenylthiirene: 

it is interesting that in this case the formation of thiirene requires bonding 

between carbon atoms which were non-bonded in the source compound. The bicyc- 

lic thiolactone intermediate proposed, 21, is the analog of Corey's lactone 47 -.. 
used in the synthesis of cyclobutadiene. 5 

The intermediacy of bis(trifluoromethy1)thiirene has also been claimed 48 

in the photolysis of tetrakis(trifluoromethy1)thiophene; however, no support- 

ing evidence was presented. 

Compelling evidence has been reported4' for the formation of a substitu- 

ted benzothiirene. Thermolysis of sodium 2-bromobenzenethiolate 22a (R = H) 
-" 

yielded thianthrene 15 (R = H) in 41% yield; however, thermolysis of sodium -- 
2-bromo-4-methylbenzenethiolate 22b (R = CH3) produced the two isomeric thi- 

"" 

anthrenes 15c and 15d (R  = CH3) in similar yields, via dimerization of the .." -- 
methylbenzothiirene intermediate: 

More recently, the intermediacy of thiirenes has been postulated in the 

reaction of acetylenes with bis-amine disulfides 2350 in order to account for 
W" 

the formation of the two isomeric thiophenes: 
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-" 

F ina l l y ,  i t  has been shown by mat r i x  i s o l a t i o n  techniques t h a t  photoly- 

s i s  of t r i th iocarbonates 24 produces t h i i r e n e  and CS2 i n  h igh y ie lds :  51 -- 

111. LOW TEMPERATURE PHOTOLYSIS OF MATRIX ISOLATED 

1,2,3-THIADIAZOLES. ISOLATION OF THIIRENES 

The low temperature mat r i x  i s o l a t i o n  technique was developed concurrent- 

l y  by por terSZ and ~ i m e n t e l ~ ~  and has been successful ly app l ied t o  the  genera- 

t i o n  and observation of a wide v a r i e t y  of unstable and free rad ica l  species. 

Three main spectroscopic techniques are used fo r  the observation o f  an i n t e r -  

mediate i s o l a t e d  i n  a r i g i d  medium a t  low temperatures, ir, uv and esr. The 

most important o f  these, fo r  general i d e n t i f i c a t i o n  purposes i n  organic chem- 

i s t r y ,  i s  in f rared spectroscopy which provides informat ion on the funct ional  

character of the molecule and moreover i s  very sens i t i ve  t o  impur i t ies .  Orig- 

i n a l l y ,  the nature of the hydrocarbons used t o  make r i g i d  glasses imposed 

severe l i m i t a t i o n s  on the ir range which could be employed and t h i s  was prob- 

ab ly  the cause o f  the delay i n  the successful app l i ca t i on  of ma t r i x  i s o l a t i o n  

techniques t o  organic chemistry. However, i t  has recen t l y  met w i t h  great  suc- 

cess, espec ia l ly  s ince the closed cyc le  helium r e f r i g e r a t o r  has become com- 

merc ia l l y  avai lable.  Close t o  l i q u i d  helium temperatures, n i t rogen and noble 

gases such as neon, krypton, argon and xenon can be used as i n e r t  hosts and 

a l l  share the advantage of being transparent from the far  in f rared t o  the 

vacuum u l t r a v i o l e t .  



Although there  are several methods f o r  generating r e a c t i v e  species i n  a 

the most comnonly used one f o r  organic species i s  by photo lys is  of 

a su i tab le  precursor a l ready ma t r i x  i s o l a t e d  a t  low temperatures, bearing i n  

mind the fo l lowing requirements: 

1. t h e  precursor should generate the  r e a c t i v e  species by ex t rus ion  of a 

s tab le  fragment which would not  undergo a cage reac t i on  and be as 

t ransparent as poss ib le  i n  the ir region; 

2. the fragment should a lso  be t ransparent a t  t he  wavelength o f  i r r a d i a t i o n ;  

3. the r e a c t i v e  species should not  photodecompose a t  the wavelength of 

i r r a d i a t i o n .  

Since low temperature ma t r i x  i s o l a t i o n  i s  genera l ly  used for  t he  study of 

species f o r  which the  spect ra l  cha rac te r i s t i cs  are unknown, i d e n t i f i c a t i o n  o f  

the species responsible f o r  t he  observed spectrum i s  occas iona l ly  d i f f i c u l t .  

I n  these cases, t he  use of reac t i ve  matr ices such as CO, C2H2 etc. o r  t he  i n -  

c lus ion  o f  reagents i n  the  ma t r i x  has proven t o  be extremely useful. 56,57 

Fract iona l  d i s t i l l a t i o n  o f  the photolyzed ma t r i x  fol lowed by mass spectromet- 

r i c  ana lys is  o f  t he  v o l a t i l e  products can a lso  provide add i t i ona l  information. 

However, d e f i n i t e  v i b r a t i o n a l  assignments can on ly  be achieved by measuring 

the  band frequency s h i f t s  upon i s o t o p i c  l a b e l l i n g  o f  t he  source compound and 

by ca r ry ing  ou t  normal coordinate analyses. It i s  a lso  helpful  if a l t e r n a t i v e  

precursors a re  avai lable.  

Thi i rene, as a member o f  the 4 n-electron heterocyc l ic  system, i s  expec- , 

ted t o  be unstable w i t h  respect  t o  d imer iza t ion  and polymerizat ion as we l l  as 

t o  rearrangement. Therefore, i t s  synthesis and observation a re  on l y  poss ib le  

i f  low temperature ma t r i x  i s o l a t i o n  techniques a re  used. 1,2,3-Thiadiazoles, 

fo r  which there  was already convincing evidence f o r  the t r a n s i e n t  format ion o f  

th i i renes,  are almost i dea l  precursors s ince they generate n i t rogen  as a photo- 
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:;*.;vent. 

The f i r s t  argon mat r i x  photo lys is  of 1,2,3-thiadiazole a t  8'K was ca r r i ed  

out by Krantz and Laureni i n  1974.~' Attempts t o  detect  th i i rene ,  however, 

were unsuccessful and e thyny l th io l  and thioketene were the on ly  i d e n t i f i a b l e  

products: 

8 - 
They were able t o  observe, however, t h a t  e i t h e r  4-deutero- o r  5-deutero-1,2,3- 

th iad iazo le  produces rnonodeuterothioketene and comparable y i e l d s  o f  the two 

isomeric monodeuteroethynyl t h i o l s :  

This i s  a s ign i f i can t  r e s u l t  since, by analogy w i t h  the gas phase photo lys is  

of 4-methyl and 5-methyl-l,2,3-thiadiazole, i t  would appear t h a t  a symnetrical 

intermediate w i t h  equivalent hydrogens, most l i k e l y  th i i rene,  i s  formed. The 

obvious quest ion is ,  i f  t h i i r e n e  i s  indeed an intermediate, why could i t  n o t  

be i so la ted?  If it i s  thermal ly unstable even a t  8OK then c l e a r l y  f u r t h e r  

attempts t o  detect  it, a t  l e a s t  fo r  the case of the parent compound, are  doomed 

t o  fa i l u re .  However, i t  i s  possible t h a t  the wide wavelength range used i n  the 

photo lys is  (1990 nm) may have induced secondary photofragmentation of t h i i -  

rene. Indeed, photo lys is  o f  mat r ix  i s o l a t e d  1,2,3-thiadiazole using f i l t e r e d  

r a d i a t i o n  i n  the range 235-280 nrn l e d  t o  the appearance of a new t rans ien t  

spectrum. 22'59 Thioketene and e t h y n y l t h i o l  were a l so  formed under these con- 

d i t i ons .  It was a l so  reported t h a t  the low temperature matr ix  photo lys is  of 

13 e i t h e r  4-deutero- o r  5-deutero-1,2,3-thiadiazole as we l l  as o f  e i t h e r  4- C 

o r  5-13c-1 ,2,3-thiadiazole produces the same intermediate spectrum and more- 



over, the observed s h i f t s  i n  the C-C s t  band upon s u b s t i t u t i o n  are  consistent 

w i t h  a cyclopropanoid type of t ransient.  

These r e s u l t s  s t rong ly  p o i n t  t o  the in te rven t ion  of t h i i r e n e  i n  the 

photo lys is  o f  ma t r i x  i s o l a t e d  1,2,3-thiadiazoles; more d e f i n i t e  support comes 

from the e f f e c t s  of subst i tuents on the i n t e n s i t i e s  and pos i t ions of the i r  

bands, and v ib ra t i ona l  analyses o f  the i r  spectra of the parent and labe l l ed  

compounds, as w i l l  be described l a t e r .  

We have a l so  shown 51 t h a t  v inylene t r i th iocarbonate 24a i s  a very good 
"- 

a l t e r n a t i v e  precursor o f  th i i rene.  Photolysis using A=230 nm r a d i a t i o n  of 

mat r ix  i so la ted  24a produces CS2 and very good y i e l d s  o f  t h i i r e n e  3 and ethynyl-  
"- - 

t h i o l  4; on ly  very small amounts o f  thioketene 5 were detected. - " 

Isoth iazo le  a l so  produces t h i i r e n e  upon low temperature mat r i x  photoly- 

s i s  but  the y i e l d s  are very low. 59 

Para l l e l  t o  t h i s  work, the selenium analog, 1,2,3-selenadiazole 25, has 
"" 

a lso been matr ix  i so la ted  and photolyzed. By analogy t o  the case of 1,2,3- 

th iadiazole,  the authors c la im the synthesis of selenirene 26, thioseleno- 
"- 

ketene 27 and ethynylselenol  28. 58,59 
"" -" 

With the expectat ion t h a t  subst i tuents may enhance the s t a b i l i t y  o f  t h i -  

i r ene  and t h a t  i n  f a c t  proper ly  subst i tu ted t h i  irene, 1 i ke cyclobutadiene. 60 

could even be s tab le  a t  room temperature, we have succeeded i n  i so la t i ng ,  i n  

good y ie lds ,  several subst i tu ted th i i renes  from photo lys is  o f  the appropr iate 
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mat r i x  i s o l a t e d  1,2,3-thiadiazoles. From the resu l t s ,  sumnarized i n  Table 6, 

i t  can be concluded t h a t  indeed subst i tuents  i n  general, and e lec t ron  wi th-  

drawing subst i tuents  i n  pa r t i cu la r ,  exe r t  a marked s t a b i l i z i n g  ef fect .  The 

most dramatic enhancement i n  the absorpt ion i n t e n s i t i e s  and the most convin- 

c ing  evidence f o r  the intermediacy of t h i i r e n e  i n  these systems was observed 

i n  the  cases of 4-methyl-5-carboethoxy and 5-methyl-4-carboethoxy-l,2,3- 

t h iad iazo le  8d and 8h respect ively.  Photolysis o f  e i t h e r  substrate w i t h  - " 

A=265 nm r a d i a t i o n  l e d  t o  the appearance o f  an i d e n t i c a l  spectrum and very 

l i t t l e ,  if any, th ioketene was observed under these condit ions. 29 

Table 6. M a t r i x  i s o l a t e d  t h i i r e n e s  from the photo lys is  o f  

1,2,3-Thiadiazole 
A (nm) 

i r  frequencies observed Thi i rene 
R R' (cm-' ) Reference Y i e l d  

H H 26501-215 3208,3170, 1660,912, 22, 29, 59 f a i r  
660, 563. 

CH3 H 265 3203, 2930, 1440, 1429, 22 f a i r  
1036, 897, 650. 

f a i r  

29 poor 

CF3 H 3210, 1240, 1190, 1180, 29 moderate 
720. 

CH3 COOEt 1 265 
3205, 3000, 1875, 1715, 
1440, 1400, 1370, 1270, h igh 

COOEt CH3 1070, 1040, 1020, 760, 
730, 490. 

However, subsequent photo lys is  w i t h  A>210 nm resu l ted i n  the disappearance o f  

the intermediate spectrum and the appearance o f  the th ioketene spectrum: 



The most stable thiirene derivatives should be the di-tert-butyl- and 

the bis(trifluoromethy1) substituted ones, the former because of the known 

stabilizing effect of tert-butyl groups on small ring compounds 60*61 whereby 

bimolecular reactions and intramolecular rearrangements are suppressed, and 

the latter because of the strong electron-withdrawing effect of the trifluo- 

romethyl group and the resistance of the trifluoromethyl groups to migration. 

In fact, tetrakis (trifl uoromethyl )cycZobutadiene has been prepared and indeed 

possesses noticeable stability.62 The syntheses of 4,5-di-tert-butyl and 

4.5-bis(trifluoromethy1)-1,2,3-thiadiazoles present some difficulties but we 

have succeeded in isolating bis(trifluoromethy1)thiirene from the argon matrix 

photolysis of 1,3-bis(trifluoromethy1)-1,3-dithiol-2-thine 24ba5' As expec- 
"- 

ted, no bis(trifluoromethy1)thioketene was formed. Instead, hexafluorobutyne- 

2 was detected as a secondary photolysis product: 

Bis(trifluoromethy1)thiirene appears to be the most stable of all the deriva- 

tives synthesized to date, and its thermal stability is currently being 

examined. 
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I V .  THEORETICAL STUDIES AND MECHANISTIC CONSIDERATIONS 

Both ~ e m i e m p i r i c a l ~ ~ ' ~ ~  and ab i n i t i ~ ~ ~ ' ~ ~  molecular o r b i t a l  computa- 

t i ons  have been used t o  p r e d i c t  the r e l a t i v e  s t a b i l i t y  o f  t h i i r e n e  since the 

f i r s t  semiempirical Hickel  molecular o r b i t a l  c a l c u l a t i o n  was published by 

Zahradnik i n  1965. 66 

I n  complex systems such as C2H2S, where l i m i t e d  experimental data are  

ava i l ab le  and thus unambiguous react ion paths cannot be established, the re-  

s u l t s  of de ta i l ed  molecular o r b i t a l  ca lcu la t ions can be a  valuable t o o l  i n  

both the p r e d i c t i v e  and experimental sense. Although the ava i l ab le  calcula- 

t i ons  were done a t  d i f f e r e n t  l eve ls  of soph is t i ca t i on  and only i n  one case 65 

were c a r r i e d  ou t  f o r  f u l l y  optimized geometry, the agreement between the pre- 

d i c ted  geometries i s  reasonably good, cf. Table 7. Not unexpectedly, however, 

the r e l a t i v e  energies of some o f  the C2H2S isomers ca lcu la ted by semiempirical 

and ab i n i t i o  methods d i f f e r  widely. Thus, MIND0/3 pred ic ts  the order of 

s t a b i l i t y  

> 1, (28) 

w i t h  a  d i f fe rence i n  energy between t h i i r e n e  and thioformylmethylene of 27.6 

k c a l h o l - '  i n  favour o f  the former;64 i n  contrast ,  ab i n i t i o  ca lcu la t ions a t  

the STO-4G leve l ,  i l l u s t r a t e d  i n  Figure 1, p r e d i c t  the reverse order of stab- 

i l i t i e s  and an energy d i f f e rence  between t h i i r e n e  and thioketocarbene o f  15.5 

kcal mol-' i n  favour o f  the l a t t e r .  65 

As Figure 1  indicates,  ca lcu la t ions were performed f o r  the lowest sing- 

l e t  and t r i p l e t  s ta tes  o f  s i x  C2H2S isomers: thioketocarbene 2, t h i i r e n e  3, 
" - 

e t h y n y l t h i o l  4, th ioketene 5, t h i i r e n y l i d e n e  6, and t h i o l v i n y l i d e n e  7. Ground - - " - 
s i n g l e t  s t a t e  t h i i r e n e  3  i s  on ly  marg ina l ly  less  s tab le  than t h i i r e n y l i d e n e  6, - - 
the ca lcu la ted energy separat ion being on ly  0.3 kcal  'mol-' and thioketene 5  i s  - 
15.5 kcal  mol-' more'stable than t h i i r e n e  b u t  on ly  ; l i g h t l y  less  s tab le  than 



Table 7. Computed qeometry o f  ground s ta te  t h i i r e n e  

Method 

CND0/2 MIIIDOI3 Ab Init io Ab Init io 
o ~ t i m i z e d  

0 

rC-C (A) 1.304 1.. 270 1.290 1 .270 

r (i) 1.767 C-s 1 .800a 1.803 1.810 

'c-H ( 1.100 1 . 0 8 3 ~  1 . lo6 1.074 

Reference 63 64 63 65 

a average value 

Figure 1. Calculated Energy Differences (kcal lmol- ' ) .  
So l i d  l i n e s  s ing le t ,  dotted, t r i p l e t .  
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e t h y n y l t h i o l  4 by 0.9 kcal  mol- l .  - 
These r e l a t i v e  energy leve ls  are  i n  exce l lent  agreement w i t h  experimen- 

t a l  resu l t s .  Thus, i t  has been shown t h a t  mat r ix  i so la ted  t h i i r e n e s  undergo 

secondary photo lys is  t o  thioketenes and e thyny l th io l s  ( the l a t t e r ,  only i n  the 

cases of C2H2S and CF3CHS), c l e a r l y  po in t i ng  t o  the order o f  s t a b i l i t y  t h i i -  

rene < thioketene : ethyny l th io l .  The very small p red ic ted energy separat ion 

between t h i i r e n e  and th i i reny l i dene  i s  a l so  i n  agreement w i t h  the suggestion 59 

t h a t  an add i t iona l ,  though minor, photodecomposition path leading t o  the for-  

mation of t h i i r e n y l i d e n e  might be operative. 

Theoret ical  ca lcu la t ions have a l so  confirmed the predicted b a s i c i t y  of 

t h i i renes  and suggested t h a t  the an t ia romat i c i t y  may be removed v ia  the forma- 

t i o n  of th i i ren ium ions. Thus,  lark^^ has ca lcu la ted a  proton a f f i n i t y  of 

8.76 eV f o r  unsubst i tuted th i i rene .  Subst i tuted th i i ren ium ions have been 

isolated67 as r e l a t i v e l y  s tab le  species. 

Although the k i n e t i c  s t a b i l i t i e s  o f  the C2H2S isomers are  not  known, 

some o f  the react ion channels involved i n  the photochemical decomposition of 

1,2,3-thiadiazoles can be elucidated on the basis o f  experimental observations, 

the ca lcu la ted r e l a t i v e  energies o f  the intermediates and the pa ra l l e l i sm be- 

tween the Wolff rearrangement of diazoketones 13'68'69 and the decomposition o f  

1,2,3-thiadiazoles. 

It i s  proposed t h a t  decomposition o f  e l e c t r o n i c a l l y  exc i ted 1,2,3-thia- 

d iazo le  gives r i s e  t o  the format ion o f  v i b r a t i o n a l l y  exc i ted S1 s t a t e  th io -  

ketocarbene which e i t h e r  undergoes unimolecular isomerizat ion t o  the higher 

l y i n g  t h i i r e n e  So s ta te  o r  v i b r a t i o n a l  re laxat ion.  Th i i rene then may be sta- 

b i l i z e d  as such, and the v i b r a t i o n a l l y  relaxed thioketocarbene ( the co r rec t  

spec i f ic  name for  t h i s  species i s  thioformyl methylene) w i l l  probably col lapse 

wi thout  s i g n i f i c a n t  a c t i v a t i o n  energy64 t o  the more s tab le  thioketene s t ruc-  



t u re  (and perhaps small amounts of e thyny l th io l ) .  Th i i rene (which has a broad 

absorption i n  the uv above 200 nm) can undergo secondary photo lys is  t o  form 
H 

most ly e h y n y l t h i o l  via the z w i t t e r i o n  7- and, but  t o  a much lesser  
H 

extent, th ioketene via th i i reny l idene.  The proposed photodecomposition 

sequence i s  sumnarized below: 

The existence of the two p a r a l l e l ,  competing decay processes (a) and (b) f o r  

(sl)+ thioketocarbene i s  supported by the f i l l o w i n g  observations: 

13 
1) photo lys is  bf e i t h e r  4 - ' o r  5- C-1,2,3-thiadiazole leads t o  the formation 

of randomly l a b e l l e d  e t h y n y l t h i o l  b u t  i n  the case o f  thioketene, the i so -  

top ic  form r e t a i n i n g  the o r i g i n a l  skeleton predominates.59 Moreover, 

13 photolysis o f  4-d-4- C-1,2,3-thiadiazole produces a l l  four  possible i so -  

meric e thyny l th io ls .  Therefore, the major po r t i on  o f  the th ioketene prod- 

u c t  must be formed from an unsymmetrical intermediate, l i k e l y  th ioketo- 

carbene (path a), whereas most o f  the e thyny l th io l  must o r i g i n a t e  from a 

symnetrical precursor, i.e. t h i i r e n e  (path b). 

2) photolysis '  o f  1,2,3-thiadiazole a t  h.215 nm, where the photolyzate 

f e a t u r e i ' a  window and the th iad iazo le  s t i l l  absorb;, r e s u l t s  i n  a marked 
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enhancement o f  the e t h y n y l t h i o l  and t h i i r e n e  bands, as compared t o  those 

of thioketene. 

The in te rven t ion  of To ground s t a t e  thioketocarbene i n  the mechanism 

cannot be excluded, but  i t  i s  u n l i k e l y  t o  p lay  a major r o l e .  

The l a t t e r  observat ion suggests the existence o f  a substant ia l  ac t iva-  

t i o n  energy f o r  the thioketocarbene + t h i i r e n e  isomerization. Indeed, we have 

observed t h a t  the th ioke tene le thyny l th io l  r a t i o  depends on the nature of the 

matr ix  and increases i n  the order neon < argon < xenon. The more po lar izab le  

xenon matr ix.should be a much more e f f e c t i v e  quencher, thereby increasing the 

con t r i bu t ion  of path a. S im i la r  observations have been reporteds9 f o r  the 

ser ies  argon, N2, CO and C2H2, probably for  the same reason. 

The computed a c t i v a t i o n  energies f o r  the ketocarbene + oxirene and keto- 

carbene 1 ketene isomerizat ions are  19.1 and 5.7 kcal  mol" r e s p e c t i v e l ~ ~ ~  and 

thus provide a r a t i o n a l e  f o r  the experimental observation t h a t  the extent  of 

oxirene p a r t i c i p a t i o n  i n  the Wolf f  rearrangement o f  a-diazoketones and a-dia- 

zoesters requ i res  excess i n t e r n a l  energy. It would appear t h a t  the format ion 

of t h i i r e n e  i n  the photochemical decomposition o f  1,2,3-thiadiazoles i s  a l so  

dependent on the i n t e r n a l  energy content of the i n i t i a l l y  formed thioketocar-  

bene. 

On the basis o f  s u b s t i t i e n t  e f f e c t s  and i so top ic  l a b e l l i n g  studies, i t  

i s  postulated here t h a t  t h i i r e n e  can isomerize e i t h e r  t o  the z w i t t e r i o n  



structure, leading to the formation, of ethynylthiol, or to thiirenylidene, to 

form thioketene. Thus, methyl substitution would be expected to increase the 

was not detected in the photolysis of 4-methyl-1,2,3-thiadiazole; on the other 

hand, trifluoromethyl substitution should exert a stabilizing effect and in- 

deed CF3C-C-SH is a photolysis product of 4-trifluoromethyl-l,2,3-thiadiazole. 

The intervention of the zwitterion is suggested by the fact that all four pos- 

13 sible ethynylthiol isomers are formed from the photolysis of 4-d-4- C-1.2.3- 

thiadiazole, thus requiring intramolecular hydrogen transfer* and a r t h e  same 

time, equivalence of the carbon atoms in the intermediate; the intervention of 

thiirenylidene would explain the small degree of scrambling observed in the 

thioketene product. Note that the moo.  calculation^^^ predict an energy dif- 
ference of only 0.3 kcal mol-' between thiirene and thiirenylidene.' 

It must be stressed that although the proposed mechanism is in agreement 

with experimental results reported thus far, it should be regarded only as a 

reasonable hypothesis; obviously, much more work is needed before the individ- 

ual mechanistic pathways and intermediates can be fully elucidated. 

V. PROPERTIES OF THIIRENE 

1. The Ir Spectrum 

As mentioned above, the identification of thiirene as the structure 

responsible for the intermediate ir spectrum observed in the low temperature 

photolysis of matrix isolated 1,2,3-thiadiazole was originally made on the 

basis of substituent and isotopic labelling effects. For example, the effect 

of substituents on the band assigned to the C=C st frequency is similar to 

*(Note. The hydrogen must be equivalent and the hydrogen transfer must take 
place while prescreening the carbon equivalence.) 
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t h a t  observed i n  the case of ~ ~ c t o p r o p e n e ~ ~  and ind icates a d i s t i n c t  cyczopro- 

panoid character i n  the intermediate. These are sumnarized i n  Table 8. 

Table 8. Observed C-S s t  frequencies fo r  some t h i i r e n e s  

' and gcZopropenes vR' 
(R"12 

Subst i  tuent  Thi i rene  cyctopropene 

R R' vCsC cm-' Reference R" vCZC cm-' Reference 

H D 1660 22, 29 H 1656 70 

CH3 COOEt 1875 29 CH3 1840 72 

CF3 CF3 1800 51 F 1820 73 

Also, comparison between the  known geometries of ~ ~ c z o p r o p e n e ~ ~  and t h i i r a n e  75 

w i t h  t h a t  ca l cu la ted  fo r  t h i i r e ~ ~ e ~ ~  ind ica tes  c lose s i m i l a r i t i e s  between the  

cyctopropene Th i i rane  Th i i rene  

C-S bond lengths o f  t h i i r a n e  and th i i rene ,  the  C=C and C-H bond lengths, and 

the  C=C-H angles of cyctopropene and t h i i r e n e .  The band a s s f g n m e n t ~ . ~ ~  t o -  

gether w i t h  the corresponding ones f o r  ~ ~ c t o p r o p e n e ~ ~  and t h i i r e f ~ e ~ ~  a r e  

l i s t e d  I n  Table 9. 



 able 9. Assignment o f  the observed bands (cm-l) of t h i i r ene  and thi i rene-d2. 

Thi i rene Thiirene-d2 Reference 
a b a b Compound 

C-H Stretch 3208 3237 2495 2496 3158 

C=C Stretch 1660 1668 1565 1540 1656 

C-H bend- in-plane 912 922 . 715 705 1010 

Ring def. sym. 660 655 610 613 646 

C-H bend out-of-plane - 647 - 529 - 

C-H bend out-of-plane 563 566 423 426 570 

C-H Stretch 3170 3172 2355 2334 3124 

C-H bend in-plane, - 888 - 735 905 

Ring, def. asym. ( 510 )~  547 - 491 633 
d 

a observed frequencies cyclopropene 76 ten ta t i ve  

ca lcu la ted frequencies t h i i r ane  77 

I n  order t o  obta in  a  more r e l i a b l e  assignment of the v ib ra t iona l  s t ruc-  

tu re  o f  t h i i r ene  a normal coordinate analysis o f  the spectra of C2H2S and 
. , 

c20$ was car r ied  out.71 I n  sp i t e  o f  the fact  tha t  the experimental geometry 

of t h i i r ene  i s  no t  known, i t  was f e l t  tha t  su f f i c ien t  confidence could be 

placed i n  the ca lcu la ted optimized a6 i n i t i o  geometry (Table 7) t o  make a v i -  

brat iondl  analysis worthwhile. The ca lcu la t ion  of the force f i e l d  and poten- 

t i a l  energy d i s t r i b u t i o n  wouid lead t o  a  be t te r  understanding of the t h i i r e n e  

molecule and a l low meaningful comparisons w i t h  other 4  n-electron systems i n  

general. 

Thi i rene i s  a  planar molecule which belongs t o  the CZy symnetry group 

w i t h  i t s  nine normal v ibrat ions d is t r ibu ted  among the d i f fe ren t  symnetry spe- 

cies as fol lows: 4al + l a Z  + lbl + 3b2. One normal v ib ra t ion  which belongs t o  
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the bl species i s  i r  i n a c t i v e  and the same sPetry considerat ions apply t o  

th i i rane-d2. Although the presence of thioketene, e t h y n y l t h i o l  and traces of 

s t a r t i n g  mater ia l  made the observation of a l l  the bands d i f f i c u l t  and somewhat 

uncertain, the r e s u l t s  obtained, Table 9, are very encouraging. 

The two c h a r a c t e r i s t i c  C-H and C=C s t re tch ing  frequencies can be e a s i l y  

cor re la ted w i t h  those o f  s i m i l a r  compounds. The behaviour of C=C s t  upon sub- 

s t i t u t i o n  fo l lows the same general t rend observed f o r  endocyclic C=C s t  f r e -  

quencies, which are very sens i t i ve  t o  changes i n  the r i n g  anglee7' Thus, as . . 
seen i n  Table 8, s u b s t i t u t i o n  causes a  l a r g e  s h i f t  t o  higher frequencies re-  

gardless o f  the nature o f  the subst i tuent,  i n  very c lose analogy t o  the case 

of cyctopropene. However, t he  nature of the subst i tuents  . , exerts a  greater 

ef fect  on the extent  o f  the s h i f t  i n  the case o f  th i i rene .  This i s  not  un- , . , 

expected since e lec t ron ic  e f fec ts  w i l l  probably exe r t  a  greater in f luence i n  

4 n-e lec t ron ic  t h i i r e n e  than i n  cyclopropene. 

The C-H s t  frequencies f a l l  w i t h i n  the expected region; the correspond- 

i n g  values are  3048, 3126 cmml f o r  c y c ~ o b u t e n e , ~ ~  3100, 3069 fo r  cycloprapen- 

one8' and 3157, 3124 cm-' fo r  cyctopropene. 71'76 Higher values are general ly 

associated w i t h  shor ter  bond distances but  t h i s  does not  appear t o  be the case 

f o r  t h i i r e n e  (cf .  (31)). 

2. Elect ron ic  spectrum 

The uv spectrum of ma t r i x  i so la ted  t h i i r e n e  has been recorded i n  our 

laborator ies  and features a  very weak broad absorpt ion from 200 nm t o  350 nm 

w i t h  no apparent maximum. No f i ne  s t ruc tu re  could be discerned. That of b i s -  

(trifluoromethy1)thiirene i s  s i m i l a r  except f o r  a  d i s t i n c t i v e  maximum a t  
' 

310 nm. The absence o f  v ib ra t i ona l  s t ruc tu re  ind icates t h a t  the exc i ted s t a t e  

i s  repuls ive,  i n  agreement w i t h  the observed bleaching o f  the t h i i r e n e  spec- 

trum upon photo lys is  w i t h  u n f i l t e r e d  rad ia t ion.  



I n  the case o f  cyczobutadiene some weak uv bands have been reported i n  

the reg ion 300-305 nm b u t  there i s  no agreement on the band locat ions and i t  

has been questioned whether i n  f a c t  these bands correspond t o  "free" cycZo- 

butadiene.6 Molecular o r b i t a l  calculat ionsa1 p red ic t  a d ipo le  forbidden 

'Ag + ' 6  t r a n s i t i o n  i n  t h i s  region. 
l g  

3, Chemical r e a c t i v i t y  

Although t h i i r e n e  i s  an inheren t l y  unstable species, the r e s u l t s  de- 

scr ibed above have shed s o w  l i g h t  on i t s  s t ruc tu re  and chemical r e a c t i v i t y ,  

which w i l l  now be b r i e f l y  surmnarized. 

1 Th i i rene was f i r s t  trapped i n  the S (  0 )  + acetylene system, i n  pa r t i cu -  

l a r l y  h igh y i e l d s  for  the case o f  hexafluoro-2-butyne. More d e f i n i t i v e  ev i -  

dence for  the t rans ien t  existence of t h i i r e n e  was subsequently reported from 

the gas phase photo lys is  of 4-methyl- and 5-methyl-1,2,3-thiadiazole i n  the 

presence of hexafluoro-2-butyne where the s ing le  isomer, 5-methyl-2,3-bis(tr i- 

fluoromethyl )thiophene was formed i n  each case. The l a t t e r  observation 

ind icates t h a t  the t h i i r e n e  r i n g  can react  as an e n t i t y ,  across the less  h in-  

dered C-S side. The nuc leophi l ic  character o f  t h i i r e n e  i s  evidenced by the 

1 fac t  t h a t  i n  the S (  D2) + acetylene + hexafluoro-2-butyne system, on ly  the 

asymmetrical 2,3-bis( t r i f luoromethy1 )thiophene was formed.19 Thus, resonance 

con t r i bu t ion  from may be i p o r t a  It i s  a l s o  poss ib le  t h a t  reac- 

t i ons  invo lv ing  the double bond, such as a Die ls  Alder add i t ion,  could take 

place under.very m i l d  condi t ions since the an t ia romat i c i t y  would thereby be 

re1 eased. 

The C=C bond distance i n  th i i rene65  i s  shorter than the corresponding 

one i n  ethylene o r  cyclopropene, i n d i c a t i n g  a more e f f i c i e n t  C=C over lap and 

therefore chemical propert ies intermediate between double and t r i p l e  bonds. 
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At the same time the weaker C-S bond becomes more react ive and thus most of 

the reactions o f  th i i rene,  i.e. rearrangement, se l f  and cross dimerization, 

proceed v i a  opening of the r ing.  It has been shown, f o r  example, tha t  ethy- 

ny l t h i o l  and a small pa r t  o f  the thioketene product from the 8'K photolysis of 

1.2,3-thiadiazole a r i se  from secondary photolysis of th i i rene.  22,29,58,59 we 

t en ta t i ve l y  propose t ha t  the former ar ises from a zw i t te r ion  intermediate and 

the l a t t e r  from th i i reny l idene:  

Subst i tu t ion markedly a l t e r s t h e  r e l a t i v e  s t a b i l i t i e s  of these intermediates 

as wel l  as those of the products, and very l i k e l y  influences the ac t i va t ion  

energies for  the rearrangements. For example, methyl subs t i tu t ion  should 

increase the energy of the zw i t te r ion  intermediate whi le the reverse would be 

expected for the tr i f luoromethyl  der ivat ive and i n  f a c t  CH3C-C-SH i s  not ob- 

served from 4- o r  5-methyl-1,2,3-thiadiazole. 30'59 There i s  no evidence tha t  

d isubst i tu ted th i i renes undergo rearrangement t o  ethynyl su l f ides and i t  i s  

expected t ha t  the t h i i r ene  + th i i reny l idene  and, but t o  a lesser extent, the 

thioketocarbene + thioketene rearrangements should also be less favoured. 

Hence, f o r  the case o f  th i i renes containing bulky subst i tuents such as phenyl 

groups, one would expect the dominant reactions t o  be o f  the 1,3 d i rad ica l  

type - which are ac tua l l y  observed i n  those systems where t h i i r ene  may be 

involved. 23-26,28,31,46. 

The major products of the gas phase photolysis of 1,2,3-thiadiazoles are 

N23 the corresponding acetylenes and CS2 l6,'' and, i n  the presence o f  cis-2- 

butene, we detected 2-butene-1-thiol among the products. The l a t t e r  observa- 



1 t i o n  seems t o  p o i n t  t o  the involvement of S( D2) atoms. Moreover, the meth- 

anol so lu t i on  phase photo lys is  of 4-tert-butyl-l,2,3-thiadiazoleZ6 and the 

benzene so lu t i on  phase photolysis o f  2,5-diphenyl-1,3-dithi01-4-one~~ produced 

ter t -buty lacety lene and diphenylacetylene, respect ively.  Thus, i n  add i t i on  t o  

rearrangement and C-S bond cleavage, t h i i r e n e  can undergo decomposition t o  

1  acetylene + S (  D2) which, according t o  m.0. ca lcu la t ions,  i s  an o r b i t a l  sym- 

metry and sp in  al lowed reac t ion  having an enthalpy change of 33 kcal  mol-l :  

This react ion was not  observed i n  low temperature matr ix  photolysis exper i -  

ments of th iadiazoles w i t h  the exception of t r i f luoromethy l  subst i tu ted t h i a -  

diazolesZ9 but  appears t o  be a  major photodecomposition pathway fo r  the case 

of 1 , 2 , 3 - ~ e l e n a d i a z o l e ~ ~  and' bis(trifluoromethyl)vinylene t r i th iocarbonate.  51 

I n  conclusion, the detect ion and i s o l a t i o n  o f  t h i i r e n e  has opened up a  

novel and e x c i t i n g  new f i e l d  f o r  both the exper imental ist  and the theoret ic ian.  

More de ta i l ed  studies on the e f f e c t s  o f  subst i tu t ion,  i so top ic  l abe l l i ng ,  tem- 

perature and photo lys is  wavelength, along w i t h  molecular o r b i t a l  ca lcu la t ions 

on the a c t i v a t i o n  energies associated w i t h  the rearrangements aod decomposi- 

t i o n  o f  t h i i r e n e  are underway and should help t o  f u r t h e r  e luc idate  n o t  on ly  

the physicochemical proper t ies  of t h i i r e n e  but  a l so  the de ta i l ed  photodecom- 

p o s i t i o n  pathways of 1,2,3-thiadiazoles. The syntheses of th i i renes  from 

other precursors w i l l  a l so  be useful  i n  t h i s  regard. 
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