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Abstract  - This review covers the con t r i bu t i ons  t o  the synthesis o f  hetero- 

cycles using heterocumulenes such as acyl  and th ioacy l  isocyanates, and o- 

ketosulfenes which have been repor ted i n  recent years. 

INTRODUCTION 

Heterocumulenes are known as compounds having the a l l e n i c  cumulative system, i n  which one o r  more 

carbon atoms are replaced by hetero atoms such as oxygen, n i t rogen,  o r  su l f u r .  Thus, one can im- 

agine a  va r i e t y  of heterocumulenes by kinds and arrangements o f  atoms i n  the cumulative system. 

Many kinds o f  heterocumulenes have been known up to  date.  

The chemical r e a c t i v i t y  of heterocumulenes ranges from h i g h l y  reac t i ve  species t o  almost i n e r t  

compounds, and the order of which i s  approximately as fo l lows:  sulfenes ,carbon suboxide . 
ketenes > isocyanates > carbodiimides > isothiocyanates , sulf inylamines > SO2 > COS > C52 > C02. 

Some heterocumulenes such as  sul fenes can on ly  be "emrated insiru, whereas carbon d iox ide i s  

almost i n e r t  gas. The e f fec t  of subst i tuents  on the r e a c t i v i t y  of some heterocumulenes has been 

invest iga ted.  General ly,  e lectron-withdrawing subst i tuents  at tached t o  the cumulative system en- 

hance the r e a c t i v i t y  o f  heterocumulenes. 

A comprehensive monograph on heterocumulenes has been puhlished by u l r i c h 1 ,  and the chemistry on 

selected heterocumulenes has been a lso  reviewed. Heterocumulenes conjugated w i t h  the e lec t ron-wi th-  

drawing carbonyl group are M r e  r e a c t i v e  than the correspondinr, s imple heterocumulenes, and o f f e r  

the p o s s i b i l i t y  of en t r y  i n t o  complex he te rocyc l i c  system through [n2 t n21 o r  [n4 + "21 cyc lo-  

add i t ions .  I n  t h i s  review the react ions  of acy l  and th ioacy l  isocyanates as we l l  as o f  a-keto- 

sulfenes are presented from the viewpoint  of syntheses o f  heterocycles.  

I. HETEKOCYLLES FROM ACYL AND THIOACYL ISOCYANATES 

Acyl and th ioacy l  isocyanates are one o f  the most reac t i ve  systems among analogous compounds. The 

2  3 f a c i l e  methods f o r  the prepara t ion  o f  acy l  and th ioacy l  isocyanates by the reac t i on  o f  pr imary 



amides o r  thioamides w i t h  o x a l y l  c h l o r i d e  have been repo r t ed  i n  e a r l y  1960's.  Since then, a g rea t  

deals o f  i n t e r e s t i n g  i n f o rma t i on  on the  isocyanates have heen obtained,  and the  chemistry o f  acy l  4-6 

and t h i oacy l  i s ~ c y a n a t e s ~ ' ~  has been p a r t i a l l y  reviewed. 

1-1)  Azet id inones and Other Four-membered Heterocycles 

Although the  r eac t i ons  o f  a r y l  isocyanates w i t h  ac t i va ted  o l e f i n s  such as enamines, ketenacetals 

and ketenaminals a f f o r d  the corresponding aze t id inones ,  no add i t i ons  of  a r y l  isocyanates t o  non- 

a c t i v a t e d  o l e f i ns  take  place.  However, acy l  isocyanates as w e l l  as ch l o rosu l f ony l  isocyanate r eac t  

Scheme 1 

w i t h  nonac t iva ted  o l e f i n s  by a [n2 t n2] cyc l oadd i t i on  process t o  g i ve  the  corresponding a z e t i d i n -  

7-9 
ones I (Scheme 11 . 
Benzoyl isocyanate adds t o  p-benzoquinone and 1,4-naphthoquinone, 

(j-qoPh 
g i v i n g  the  [n2 t n21 cycloadducts 2 and 2 i n  45.6 and 40.5% y i e l d s  0 

2 - 
respec t i ve l y I 0 .  

S i m i l a r l y ,  acy l  isocyanates r e a c t  w i t h  a c y c l i c  and c y c l i c  1,3-dienes 

t o  a f f o r d  the  corresponding 1 :1 adducts 4 and 5 o f  aze t id inone type  

i n  moderate y i e l d s  (Scheme 2)" 12. 0 
2. 

R=Ph, X=CO 

Scheme 2 

It has been demonstrated t h a t  the  i n t e r a c t i o n  between t r i c h l o r o a c e t y l  i socyanate  and enamines de- 

r e i v e d  from cyclohexanone and cyclopentanone afforded the  [n2 t n21 cycloadducts i n  good y i e l d s  (77- 
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13 83%) . However, t h i s  r e a c t i o n  mode seems t o  be e x c e p t i o n a l  f o r  t h e  r e a c t i o n  o f  a c y l  i socyana tes  

(see 1.5)). 

The r e a c t i o n  o f  benzoyl  i s o c y a n a t e  w i t h  a c e t y l e n e s  g i v e s  t h e  co r respond ing  a z e t i n o n e s  8, 14, 15, but 

t h i s  r e a c t i o n  seems n o t  t o  be v a l u a b l e  as t h e  p r e p a r a t i v e  method because o f  v e r y  low y i e l d s .  

A l t h o u g h  t h e  r e a c t i o n  of a c y l  i socyana tes  w i t h  c a r b o d i i m i d e s  w i l l  be d e s c r i b e d  below (see 1 - 6 ) ) ,  i n  

some cases benzoyl  i socyana tes  r e a c t  w i t h  c a r b o d i i m i d e s  t o  f o r m  t h e  four-membered h e t e r o c y c l e s .  

The r e a c t i o n  o f  benzoyl  i socyana tes  w i t h  d i p h e n y l c a r b o d i i m i d e s  a t  O'C a f f o r d s  t h e  1 , 3 - d i a z e t i d i n o n e  

compound kl6. On t h e  o t h e r  hand, U l r i c h  e t  a 1 . l '  have r e p o r t e d  t h a t  i n  t h e  r e a c t i o n  o f  benzoyl  i s o -  

cyanate w i t h  methyl-t-butylcarbodiimide and di(o-tolyl)carbodiimide, t h e  c o r r e s p o n d i n g  1,3-ox- 

ArCONCO + Ph-N=C=N-F'h - 

Scheme 3  

a z e t i d i n e  compounds 7 a r e  formed th rough  a  [ ~ 2  t "21 c y c l o a d d i t i o n  o f  t h e  c a r b o d i i m i d e  t o  t h e  C=O 

bond of t h e  i s o c y a n a t o  group.  T r i c h l o r o a c e t y l  i s o c y a n a t e  r e a c t s  v;ith t r i c h l o r o a c e t o n i t r i l e  t o  

a f f o r d  t h e  d i a z e t i n o n e  compound 8''. 

1-2)  Five-membered H e t e r o c y c l e s  C o n t a i n i n g  Two He te ro  Atoms 

I n  t h e  r e a c t i o n s  w i t h  i s o n i t r i l e s ,  a c y l  and t h i o a c y l  i socyana tes  a c t  as 1 ,4 -d ipo les ,  w h i l e  i s o -  

n i t r i l e s  a c t  as 1.1-d ipo les.  A d d i t i o n s  t o  i s o n i t r i l e s  o c c u r  r e a d i l y ,  and 5 - im inooxazo l inone  or 

- t h i a z o l i n o n e  compounds 2 a r e  f ~ r r n e d ' ~ - ~ ~  ( T a b l e  1 ) .  

Bo th  f u n c t i o n a l  groups of p-phenylene-  and 1,4-cyclohexylene-diisonitriles t a k e  p a r t  i n  t h e  r e a c t i o n  

w i t h  t e n z o y l  and t h i o b e n z o y l  i socyana tes ,  t h e  co r respond ing  b i s - 5 - i m i n o o u a z o l i n o n e  and - t h i a z o l i n -  

22 ones lJ b e i n g  formed, r e s p e c t i v e l y  , 



0 
Table 1 .  RCXNCO + WN=C: - R(>NR. 

9 
R X R ' Y i e l d ,  % L i t .  

Renzoyl i socyana tes  r e a c t  w i t h  s t y r e n e  ox ide ,  e p i c h l o r o h y d r i n  and e t h y l e n e  carbonate i n  the  presence 

of te t raethy lammonium i o d i d e ,  g i v i n g  the  corresponding a x a m l i d i n o n e s  1J-E (Scheme 4lZ3. In t h e  

0 E ~ ~ F I + I '  A~CO-NYO A~CO-N-?' 
ArCONCO + phA - Lo p h L o  

A ~ C O - N S )  0 
A 

Go - C I H ~ C ~ /  E~N' I '  0 ~ 0 / ~ t 4 ~ ' ~ -  - A ~ C O ~ J ~  

CH2CI 
ArCONCO 

17-47% 23-524: 

13 '3 

Scheme 4 

r e a c t i o n  w i t h  s t y r e n e  ox ide ,  benzoyl and p-chlorobenZoy1 i socyana tes  a f f o r d  two i s o m e r i c  o x a z o l i d i n -  

ones i n  a lmost  equal y i e l d s .  I n  a  s i m i l a r  r e a c t i o n  w i t h  N - s u b s t i t u t e d  a z i r i d i n e s ,  benzoyl i s o -  

cyanate g i v e s  the  i rn idazo l id inones  E ~ ~ .  n 
L i C l  o r  L i B r  PhCO-N N-R 

PhCONCO + R-NI %' 36.59% 0 - 
R=PhCO, p-0 NC H , PhO 15 - 

However, the  above r e a c t i o n s  a r e  n o t  c h a r a c t e r i s t i c  of a c y l  i socyana tes ,  because a r y l  i socyana tes  

r e a c t  w i t h  o x i r a n s  and a z i r i d i n e s  under s i m i l a r  c o n d i t i o n s  t o  form t h e  cor respond ing  five-membered 

he te rocyc les .  
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Benzoyl i socyana tez5  and t e r e p h t h a l o y l  d i i s o c y a n a t e Z 6  r e a c t  r e a d i l y  w i t h  diazomethane t o  g i v e  t h e  

co r respond ing  oxazolones 1 6  and 12 r e s p e c t i v e l y .  The f o r m a t i o n  o f  oxazolones i s  t h e  r e a c t i o n  c h a r -  

a c t e r i s t i c  of a c y l  i s o c y a n a t e ,  because phenyl  i s o c y a n a t e  forms t h e  e - lac tam i n  t h e  same r e a c t i o n 2 7 .  

S i m i l a r l y ,  t h e  r e a c t i o n  o f  t h i o b e n z o y l  i s o c y a n a t e  w i t h  d iezoa lkanes  a f f o r d s  t h e  t h i a z o l o n e  d e r i v a -  

t i v e s  (Scheme 5 ) .  

o c ~ c o Q c o ~ c o  
68-70% 61% 

16 t7 

R=Ph, R'=H 30% 

R=R'=Ph 78% 

RR'=(C6Hq)2C 62% 

Scheme 5  

I t  has been r e p o r t e d  t h a t  t h e  r e a c t i o n  of benzoyl  i s o c y a n a t e  w i t h  e t h y l  d i a z o a c e t a t e  formed a  1,2,3- 

t r i a z o l o n e  compound19. However, i t  has been l a t e r  r e v e a l e d  t h a t  t h e  p r o d u c t s  f r o m  benzoyl  i s o -  

cyanates and t h e  d i a z o a c e t a t e  a r e  n o t  t h e  t r i a z o l o n e ,  b u t  t h e  benzoylcarbamoyldiazoacetates 19, 

wh ich  a r e  t h e r a a l l y  decomposed t o  t h e  oxazo le  compounds 3 S i m i l a r  r e s u l t s  a r e  a l s o  observed i n  

29 
t h e  r e a c t i o n  w i t h  d iazoacetophenone ( T a b l e  2)  . 

N  a H O N  
Tab le  2. ArCONm + RCOCHN, --r A ~ c o N H c ~ ~ ~ ) ~ + ~ ~ ~ ~ ~ ~ ~  

Ls 2,0 
Ar  R  Y i e l d ,  % Y i e l d ,  % 

Ph OEt 59 44 

p-ClCgHq OEt 45 33 

Ph Ph 25 55 

p-ClCgHq Ph 72 61 

A l though  2-diazoacenaphthenone does n o t  r e a c t  w i t h  phenyl  i s o c y a n a t e ,  t h e  d i a z o -  

ke tone  r e a c t s  w i t h  benzoy l  and t h i o b e n z o y l  i socyana tes  t o  g i v e  t h e  s p i r o - o x a z o l i n -  

30  ones and - t h i a z o l i n o n e s  21 , 

The r e a c t i o n  w i t h  a  r e s o n a n c e - s t a b i l i z e d  su l fon ium y l i d e  i s  a p p l i c a b l e  t o  t h e  

&y A 

u 
p r e p a r a t i o n  o f  oxazo le  and t h i a z o l e  compounds29. Benzoyl i s o c y a n a t e s  Ar-Ph, X-0 38.591 

r e a c t  w i t h  d i m e t h y l s u l f o n i u m  phenacy l ide  t o  f o r m  t h e  co r respond ing  Ar-p-C1C6H4, X-0 59% 

s t a b l e  benzoylcarbarnoylsulfonium y l i d s  ( y i e l d s  75-90%) wh ich  on Ar=Ph, X-S 28% 



o y r o l u s i s ,  a r e  conver ted  l r t o  t h e  oxazoles i n  47-519: y i e l d s .  However, t h i o b e ~ z o y l  i socyana te  

d i r e c t l y  a f f o r d s  t h e  t h i a z o l e  corpound 2:. 

+ -,Corn - Me2S HO 
PhCSNCO ' M ~ ~ ~ - C H C O P ~ - + [ M ~ , S - C ,  CONHCSPh 1- 43% 

PhOC<%h 

22 - 
I n  t h e  r e a c t i o n  w i t h  d i r i e thy loxosu l fon ium m e t h y l i d e ,  benzoyl  i socyana te  g i v e s  t h e  benzcy lcarbamoyl -  

and bis(benzoylcarbanoyl1oxosulfoniun; y l i d e s .  P y r o l y s i s  of b o t h  t h e  adducts s i v e s  t h e  same 

oxazolone c o ~ p o u n d ~ ~ .  

31 
Fn un inue  method f o r  t h e  p r e p a r a t i o n  of oxazoles has been r e p o r t e d  . The r e a c t i o n  of a c y l  i s o -  

cyanates iswith t h e  d ioxaphospholene proceeds th rough  a  d i p o l a r  adduc t  t o  g i v e  t h e  2-oxazol in-4-ones 

9 (Schece 6 ) .  Ye Ye 9 
RCONCO + Me-C=$-Me, 

0, 9 
~ e 0 , i o ~ e  

OMe 

Scheme 6 

Format ion  o f  t h e  i n l i d a z o l i d i n o n e  compound hy t h e  r e 2 c t i o n  o f  henzoy l  i s o c y a n a t e  w i t h  b i s - c y c l o -  

h e x y l e t h y l e n e d i i n i n e  has been repor ted32  (see 1 - 6 ) ) .  

1-3)  Compounds R e l a t e d  t o  1 ,2 ,4 -T r iazc l i nones  

The r e a c t i o n s  of a c y l  and t h i o a c y l  i socyana tes  w i t h  hydraz ines  p r o v i d e  u s e f u l  methods f o r  t h e  prepa-  

r a t i o n  o f  t h i a z c l i n o n e  d e r i v a t i v e s .  Cenzoyl i s o c y a n a t e  r e a c t s  w i t h  hydraz ine  t o  y i e l C  1,2-b is-  

benzoylcarbamoylh~drazine~~, w h i l e  th iohenzoy l  i socyana te  q i v e s  t h e  t r i a z o l i r l o n e  24, which has 

a r i s e n  from t h e  semicarbazide b y  t h e  e v o l u t i o n  of hydrogen s u l f i d e 3 4 .  The t r i a z o l i n o n e  ?_4 i s  a  

35 t a u t o n e r  o f  t h e  t r i a z o l i n o n e  5 which  i s  o b t a i n e d  from t h e  sen ica rbazone  o f  p h e n y l g l y o x y l i c  a c i d  , 

PhCSNCO + N2H4-r[PhCSNHCONHNH2] N-NH HN-NH 
P~<N).o ~ h ( \ ~ k 0  

H . . 

24 - 2 5 - 
Acy l  i socyana tes  e a s i l y  r e a c t  w i t h  pheny lhydraz ine  t o  g i v e  t h e  co r respond ing  semicarbazides 26 
q u a n t i t a t i v e l y .  On t r e a t m e n t  w i t h  h y d r o c h l o r i c  a c i d ,  semicarbazides 5 a r e  c o n v e r t e d  t o  t h e  3- 

36 
h y d r o x y t r i a z o l e s  g, whereas the rma l  r i n g  c l o s u r e  produces t h e  t r i a z o l i n o n e s  28 (Scheme 7 )  . S i m i -  

l a r l y ,  b i s - t r i a z o l e s  o r  b i s - t r i a z o l i n o n e s  a r e  o b t a i n e d  by u s i n g  i s o p h t h a l o y l  and t e r e p h t h a l o y l  d i -  

36 i socyana tes  . 
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2 8 ... 
Scheme 7 

The r e a c t i o n  o f  th iobenzoy l  i socyana te  w i t h  a r y l h y d r a z i n e s  y i e l d s  u n s t a b l e  semicarbazides 2, which 

a r e  e a s i l y  conver ted  t o  t r i a z o l e s  27. However, t h e  i socyana te  r e a c t s  w i t h  a s l i g h t  excess of a r y l -  

hydraz ines  t o  g i v e  d i r e c t l y  t r i a z o l i n o n e s  2 3A' 37. bs  i l l u s t r a t e d  i n  Scheme 8, t h e  f o r m a t i o n  o f  

- H2S 
PhCSNCO + ArNHNH2- PhCSNHCONHNHAr-27 ( R -  Ph) - 

2 9  - 
?H - H2S A ~ N H N H - ~ ~  - ArNHNH2 

29 - + ArNHNH2 - ArNHNHCONH-C-Ph - N-2_8 
A ~ N H ~ H  ArNHNXph (R=Ph) 

Scheme 8 

28 can be understood i n  terms of t h e  f u r t h e r  a d d i t i o n  o f  t h e  h y d r a z i n e  t o  t h e  semicarbazide g. 
T h i s  i s  fo l l owed by t h e  e l i m i n a t i o n  o f  hydrogen s u l f i d e  from t h e  adduct ,  and subsequent l o s s  o f  t h e  

37 hydraz ine  g i v e s  t h e  t r i a z o l o n e  a . 
38 The t r i a z o l i n o n e s  ?+Ej a r e  a l s o  p repared  by t h e  r e a c t i o n  w i t h  aldehyde a ry lhydrazones  . As shown i n  

Scheme 9, benzoyl and t h i o b e n z o y l  i socyana tes  r e a c t  w i t h  t h e  a ry lhydrazones  t o  g i v e  t h e  correspond- 

i n g  semicarbazones 30 q u a n t i t a t i v e l y .  H y d r o l y s i s  of t h e  semicarbazones 30 w i t h  h y d r o c h l o r i c  a c i d  

a f fo rds  r e a d i l y  t h e  t r i a z o l i n o n e s  2. 

Scheme 9 

The r e a c t i o n s  o f  benzoyl and t h i o b e n z o y l  i socyana tes  w i t h  hydrazobenzenes p r o v i d e  a u s e f u l  method 

37 f o r  t h e  p r e p a r a t i o n  o f  t r i a r y l - s u b s t i t u t e d  t r i a z o l i n o n e  compounds . Benzoyl i socyana te  r e a c t s  

e x c l u s i v e l y  w i t h  the  more b a s i c  n i t r o g e n  atom o f  hydrazobenzenes t o  g i v e  t h e  co r respond ing  s t a b l e  

semicarbazides s, which on t rea tment  w i t h  h y d r o c h l o r i c  a c i d  undergo r i n g  c l o s u r e  t o  t h e  t r i a z o l i -  

nones 2 b y  l o s s  of wa te r .  On t h e  o t h e r  hand, t h i o b e n z o y l  i socyana te  a t t a c k s  b o t h  n i t r o g e n  atoms 

of hydrazobenzenes t o  y i e l d  a m i x t ~ l r e  o f  u n s t a b l e  semicarbazides 2 and x, which on h e a t i n g  a r e  

e a s i l y  conver ted  t o  two i s o m e r i c  t r i a z o l i n o ' n e s  g and j5 w i t h  t h e  e l i m i n a t i o n  o f  hydrogen s u l f i d e  

(Scheme 1 0 ) .  



Scheme 10 

Although the  t r i a z o l i n o n e s  2 (Ar=p-MeC6H4, Ar '=Ph) and 35 (Ar-Ph, Ar'=p-C1C6H4) are prepared f rom 

the  corresponding benzophenone ary lhydrazones according t o  the  r ou te  i l l u s t r a t e d  i n  Scheme 11, the  

37 y i e l d s  from the  hydrazones are below 30% . 

Ar-NN=C(Ph), Ar-N=N$(Ph), 
----%. 

[ COG . . NCO 
Ar-p-C1C6H4 

*tetramethylguanidin ium azide 

Scheme 11 

AS mentioned above, the  r e a c t i o n  w i t h  aldehyde ary lhydrazones provides the  s imple method f o r  t h e  

p repa ra t i on  o f  t r i a z o l i n o n e s  2 (Scheme 9 ) .  I n  the  r e a c t i o n  w i t h  acetone o r  cyclohexanone a r y l -  

hydrazones, however, the t r i a z o l i d i n o n e s  E, whose s t r uc tu res  correspond t o  the  r i n g  tautomers of  

38 semicarbazones, are ob ta ined from the  r e a c t i o n  o f  benzoyl isocyanate 

1 -4 )  Other Five-membered Heterocycles 

I n  analogy w i t h  a r y l  isocyanates, benzoyl 39' 40 and th iobenzoyl  i s o ~ ~ a n a t e s ~ ~  r e a c t  w i t h  n i t r ones  

v i a  a 1.3-dipolar  c yc l oadd i t i on ,  g i v i n g  1,2,4-oxadiazolines r espec t i ve l y .  However, t h e  adducts 
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2 (X-S) are l a b i l e  and e a s i l y  change i n t o  the  amidines 3 w i t h  t h e  e l i m i n a t i o n  o f  carbon d iox ide .  

Thiobenzoyl isocyanate a f f o r d s  t h e  t h i ad i azo les  3_9 o r  oxadiazole 44 by the  r e a c t i o n  w i t h  n i t r o s o -  

28 benzenes o r  phenylhydroxylamine r e s p e c t i v e l y  . The t h i a d i a z o l e  39 i s  p robab ly  formed v i a  the  i n -  

i t i a l  1,4-cycloadduct, fo l lowed by t h e  exc lus ion  o f  oxyqen atom. 

X=O, S; R=Ph, Me, PhCH2 ?7 38 - 

Ar-Ph 58% 

Ar=p-C1C6H4 28% 

Scheme 12 

When 2-pheny l th iazo l ine-4 ,5 -d ione  which i s  a  p recursor  o f  th iobenzoy l  isocyanate,  i s  heated w i t h  

41 excess of  s u l f u r ,  5-phenyl-3H-l,2,4-dithiazol-3-one 5 i s  ob ta ined . I n  the  r e a c t i o n  w i t h  d ipheny l -  

su l f u rd i im ide ,  the  1,3,2,4-di th iadiazol ine g i s  formed as major  p roduc t  toge ther  w i t h  by-products 

such as 41 from t h e  r e a c t i o n  o f  th iobenzoy l  isocyanate 42 (Scheme 13) .  

N-fO 
phXS,S 72% 

Ar-Ph 

ArCSNCO 

42 - 
Scheme 13 

Acyl isocyanates as we l l  as a r y l  and s u l f o n y l  isocyanates r e a c t  w i t h  a l k y l  az ides t o  g i v e  t h e  t e t r a -  

43 zol inones 4 2  . The cyc l oadd i t i on  o f  t r i c h l o r o a c e t y l  isocyanate t o  d iazidopentane,  and subsequent 

methanolysis o f  the  adduct a f f o r d  the  b i s - t e t r a z o l i n o n e  49 43 

R-Ph, p-02NCsH4, CC13, OEt L3 - 
R'=~ -Bu ,  i - ~ r ,  C - C ~ H ~ ,  c - ~ ~ t l , ~  65.82% 65% 

Scheme 14 



1-5) Oxazine and T h i a r i n e  D e r i v a t i v e s  

As desc r ibed  i n  S e c t i o n  1-11, i n  some cases a c y l  i socyana tes  r e a c t  w i t h  o l e f i n s  and a c e t y l e n e s  t o  

g i v e  t h e  co r respond ing  [n2 + "21 cyc loadduc ts  i n  l ow y i e l d s .  However, t h e  r e a c t i o n  p r e f e r e n t i a l l y  

proceeds v i a  a [n4 + n21 c y c l o a d d i t i o n .  P a r t i c u l a r l y ,  t h i o a c y l  i socyana tes  e x h i b i t  h i g h  r e a c t i v i t y  

of 1 ,4 -cyc loadd i t i on ,  and do n o t  form t h e  [n2 + n21 c y c l o a d d u c t s .  

7 The r e a c t i o n s  o f  a c y l  i socyana tes  w i t h  norbornene o r  4 - v i n y l p y r i d i n e 1 4 ,  and o f  t h i o b e n z o y l  i s o -  

cyanate w i t h  norbornene4' a f f o r d  t h e  co r respond ing  [n4 + n21  cyc loadduc ts  G-47. A s  shown i n  Scheme 

15, t h i o b e n z o y l  i socyana te  adds t o  no rbornad iene  t o  g i v e  a m i x t u r e  o f  1 : l  adduct  4_8 and two i s o m e r i c  

44 1:2 cyc loadduc ts  49-a and M b  . 

Scheme 15 

I n  c o n t r a s t  t o  benzoyl  i socyana te  (see S e c t i o n  1.1)). t h e  r e a c t i o n  of t r i c h l o r o a c e t y l  i s o c y a n a t e  

w i t h  p-benzoquinone y i e l d s  t h e  oxazinone compoundlo. The En4 + n 2 1  cyc loadduc ts  50 o b t a i n e d  from 

t h e  r e a c t i o n  w i t h  c y c l i c  enamines a r e  shown i n  Tab le  3 .  
0 

R X Y n Y i e l d ,  % L i t .  

Ph 0 0 4 64 13 

Ph 0 CH2 4 66 13 

CC13 0 0 3 76 13 

P h S 0 3 62 21 
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Benzoyl isocyanate reacts with enaminoketones to give the corresponding acyclic carbamoyl compounds, 

while the reaction of thiobenzoyl isocyanate affords the products 51 and through a [n4 + "21 
45 cycloaddition process . 

The [n4 t n21 cycloadducts 53 from the reaction with other nucleophilic olefins are shown in Table 

4. 

Table 4 RCXNCO + 

R X U1 U2 U3 R~ Yield, % Lit. 

CCl3 0 OMe OMe H H 69 7 

Acyl isocyanates add to the C-C bond of allenes or ketenes to form the [n4 + "21 cycloadducts re- 

spectively. For example, trichloroacetyl isocyanate reacts with tetramethylallene to form unstable 
49 cycloadduct 54, which easily rearranges to the acyclic compound . Acyl isocyanates add to ketenes, 

Me 
CCllCONCO + Me2C=C=CMe2 ---rCI3C-& CMe2 

O? t4 0 CC13CONIC0 CHz 
3 82% 

R=CC13 77% 
RCONCO + MeC=C=O - u q O  

R=Ph 25% 

Scheme 16 



50 g i v i n g  the  corresponding cycloadducts 55 and . The adduct s,  which presumably formed v i a  a  

1 ,4 -cyc loadd i t ion  fo l lowed by eno l i za t i on ,  i s  formed i n  c o l d  d i e t h y l  e t he r ,  bu t  i n  benzene a t  30- 

40% the  ace t y l a t ed  product  13 i s  obtained5' (Scheme 16 ) .  

The oxazinone compounds 58 from acy l  isocyanates and ace t y l en i c  compounds a re  l i s t e d  i n  Table 5 

R R~ R2 Y ie ld ,  % L i t .  

CCl3 H  OEt 100 46 

Ph 

CC13 

CC13 

CC13 
Ph 

Ph 

Ph 

OEt 

OEt 

OEt - 

H OEt 

H  CH=CHOMe 

Ph Ph 

p-MeOC6H4 p-MeOC6H4 
CHO NMez 

COMe NMeZ 

COOMe NMe2 

CHO NMe2 

COMe NMez 

COOMe NMe2 - 

As shown i n  Table 5, the  r eac t i ons  w i t h  e thyny l  e thers  and ynamines a f fo rd  the  cycloadducts i n  good 

y i e l d s .  I n  the  r e a c t i o n  w i t h  I -butene-3-ynyl  methyl e ther ,  the  cyc l oadd i t i on  i n v o l v i n g  on l y  the  

46 
C z C  bond takes p lace  and the  [n4 t n21 cycloadduct  2 i s  formed . 

1-6) Compounds Related t o  Oxadiazines and Th iad iaz ines  

There has been a  number of [n4 t n21 cyc l oadd i t i ons  o f  acy l  and t h i o a c y l  isocyanates t o  C=N bonds. 

p -Subs t i tu ted  benzoyl isocyanates g i v e  oxadiazine d e r i v a t i v e s  when t r ea ted  w i t h  appropr ia te  ca ta -  

1ysts.such as NEt3 and py r i d i n i um  s a l t .  The y i e l d s  o f  the  products s t r o n g l y  depend on the  na ture  

of Cata lys ts  and subs t i t uen t s  as we l l  as on the  r e a c t i o n  c o n d i t i ~ n s ~ ~ .  The i s o l a t e d  r e s u l t s  a re  

l i s t e d  i n  Table 6 .  
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0 Ar 

Table 6 ArCONCO 

Ar Ca ta l ys t  Yield.  % 
60 - 61 

a) The t r i m e r  i s  formed i n  ca. 40% y i e l d  

Benzoyl isocyanate reac ts  w i t h  a  phospholene oxide c a t a l y s t  t o  g i ve  the  4-benzoylimino-l,3,5-oxa- 

d iaz ine  63,  whose s t r u c t u r e  corresponds t o  the  compound from t r i m e r  w i t h  t he  e l i m i n a t i o n  of  two 

54 molecules o f  carbon d iox ide  . Acety l  isocyanate reac ts  w i t h  methyl isocyanate t o  y i e l d  a  mixed 

dimer 64 q u a n t i t a t i v e l y  55 

A 
MeCONCO + MeNCO 100% 

S1 N N-Me 
~ e ~ o ' 0  

56 An unique method f o r  t he  prepara t ion  of  oxadiazine compounds such as 61 and 62 has been repor ted  . 

When benzoyl isocyanate i s  t r ea ted  w i t h  N - t r ime thy l s i l y l d ia l ky lam ine  i n  a  2 : l  molar r a t i o ,  two oxa- 

NAN 
Table 7 PhCONCO + M ~ ~ s ~ N R ' R ~ ~ ~ ~ ~ ~ ~ ~  Ph<O$NR~R? 

U1 It2 6 1 65 



d iaz inones  61 and 65 a r e  formed. The r e l a t i v e  y i e l d s  o f  6J and 3 a r e  g r e a t l y  a f f e c t e d  by t h e  

n a t u r e  o f  t h e  a l k y l  s u b s t i t u e n t s  on t h e  n i t r o g e n  atom (Tab le  7 ) .  On t h e  o t h e r  hand, N - t r i m e t h y l -  

s tanny ld imethy lamine  (Me3SnEIMe2) r e a c t s  w i t h  an excess o f  t h e  i socyana te  t o  g i v e  the  o x a d i a r i n e  62 
(Ar-Ph) i n  52% y i e l d .  

Thiobenzoyl i socyana te  d imer izes  r e a d i l y  w i t h o u t  a  c a t a l y s t  t o  t h e  d imer 66 ,  which on f u r t h e r  hea t -  

i n g  conver ted  t o  t h e  t h i a d i a z i n o n e  fJ3' 57, 58, However, t h e  r e a c t i o n  o f  th iobenzoy l  i socyana tes  

40 w i t h  NEt3 a t  room temperature a f f o r d s  fJ d i r e c t l y  i n  8 6 4 8 %  y i e l d s  . 

6_6 6_7 
RxPh, EtO, c-C6H110. PhO, IleS, (CH2)5N 

Scheme 17 

Acy l  and t h i o a c y l  i socyana tes  add t o  a  v a r i e t y  o f  C=N bonds o t h e r  than t h e  C=N bond o f  i socyana tes  

mentioned above, g i v i n g  [n4 + "21 cyc loadduc ts .  For  ins tance ,  t h e  r e a c t i o n s  o f  benzoyl  and t h i o -  

benzoyl i socyana tes  w i t h  S c h i f f  bases a f f o r d  t h e  co r respond ing  oxad iaz inones  and t h i a d i a z i n o n e s  3 
i n  good y i e l d s  r e s p e c t i v e l y  (Tab le  8 )  40' 5g. Fur thermore,  benzoyl and t h i o b e n z o y l  i socyana te5  add 

Table 8  ArCXNCO + ArlCH=N-R - N ~ N - R  
~ r < ~ h ~ r '  

Ar  X A r t  R Y i e l d ,  % 

Ph 0  Ph PhCH2 100 
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59 
t o  d i a n i l s ,  g i v i n g  the  bis[n4 t "21 cycloadducts 69 i n  good y ie lds .  . Thiobenzoyl isocyanate does 

n o t  add t o  t h e  C=C bond o f  c innamyl idenean i l ines ,  b u t  i t  reac t s  w i t h  the  C-N bond hy a 1,4-cyclo-  

a d d i t i o n  process t o  a f fo rd  the  th iad iaz inones  a59 (Scheme 18 ) .  

0 
A. 

0 
X N N-R-N N 

PhCXNCO + PhCHzN-R-N=CHPh -ph~pFh p h ~  ,IJ. 
x !+ 

0 

PhCSNCO Ar-N=CHCH=CHPh - NAN-Ar 

P ~ ~ & C H = C H P ~  

7,0 
Ar-Ph 88%; t?r=p-Me0C6H4 86%; Ar-p-MeC6H4 73%; Ar-p-C1C6H4 71% 

Scheme 18 

The reac t i ons  of  N,N'-bis(alkyl)ethylenediimines32 and benzaldazines60 having the  conjugated two 

C-N bonds a re  i l l u s t r a t e d  i n  Scheme 19. Renzoyl isocyanate r eac t s  w i t h  the  e thy lened i im ine  t o  g i v e  

0 
room temp. N ~ N - R  R=c-C6H11 85% /- (Ph'ogji 

71 R-n-8u 56% 
, a  - 

PhCONCO R-N=CH-CWKR 

r e f l u x  L o ; l - ~ r  i n  xylene R=c-c6Hll 23% 

ArCONCO * A&CH=N-N=CH-A? -ArCO-NyN4N-COAr 

A: ii 
Ar=Ar'=Ph 58%; Ar=Ph, Ar'=p-NeOCgHd 82% 2 
Ar=Ph, Ar'=p-MeC6H4 72%; Ar-Ph, Ar'=p-ClC6H4 34% 

Ar-p-C1C6H4, Ar8=Ph 62%; P,r=p-N02C6H4, Ar '=Ph 92% 

Scheme 19 



the his-oxadiazinone o r  c r i s s - c ross  adduct 72 depending on the  r e a c t i o n  cond i t i ons .  While 

benzoyl isocyanates do n o t  r eac t  w i t h  benzaldazines a t  room temperature, c r i s s - c ross  adducts Q are  

formed if the r e a c t i o n  i s  conducted i n  xy lene under r e f l u x .  On the  o the r  hand, th iobenzoyl  i so -  

cyanate reac ts  e a s i l y  w i t h  t h e  azines under m i l d  cond i t i ons  t o  a f fo rd  mono- o r  h is-oxadiazinones 

L5 depending on t h e  na ture  of the  subs t i t uen t  of  t h e  az ine .  

Al though benzoyl isocyanate does n o t  r e a c t  w i t h  p - t o s y l -  and benzoylhydrazones, th iobenzoyl  i s o -  

38 cyanate r eac t s  w i t h  the  hydrazones t o  g i v e  e x c l u s i v e l y  [n4 t n21 cycloadducts,  th iad iaz inones  . 
A few a d d i t i o n  r eac t i ons  w i t h  c y c l i c  C=N bonds have been studied.  The r e a c t i o n  o f  benzoyl i so .  

cyanate w i t h  2-phenyl-1-azi r ines affords the corresponding [n4 t n21 cycloadducts 76 ( X = O )  i n  low 

y i e l d s .  Thiobenzoyl isocyanate e a s i l y  adds t o  t h e  a z i r i n e s  a t  room temperature, g i v i n g  the  I n 4  t 

n21 cycloadducts 5 (X=S), which a t  h igher  temperature are transformed i n t o  th iadiazepinones 77 and 

61 then py r im id i ne  compound 3 (Scheme 20) . 

N 
R room temp. 

PhCXNCO + p h e H  ----;r 

0 

Ph 
7_7(R=Ph) 7,8 

Scheme 20 

S i m i l a r l y ,  t h i oacy l  isocyanates r e a c t  w i t h  the  C-N bond of imidazol ine-4,5-dione t o  form the  [n4 t 

62 
nZ1 cycloadducts 2 . 

,7 

R=NEt2, NPhz, PhO, Ph, c-C6Hl10 

R'=c-C6H11, Ph 

The cyc l oadd i t i on  r e a c t i o n  t o  2 - t h i azo l i nes  w i l l  be mentioned below (see Sec t ion  1-8)) .  

Although benzoyl isocyanates r e a c t  w i t h  d ipheny lcarbod i im ide  a t  O°C t o  form the  [n2 + n23 cyc lo -  

adducts (Scheme 3), i n  general  the  r eac t i ons  o f  benzoyl isocyanates as we l l  as th iobenzoy l  i s o -  

cyanates w i t h  carbodi imides a f f o r d  the  corresponding [n4 t nZ] cycloadducts (Table 9 ) .  As shown 

i n  Table 9, benzoyl isocyanates add across the  cyclohexyl-N-C bond of N-cyclohexyl-El'-phenylcarbodi- 

imide t o  form the  corresponding [n4 + rr21 cycloadducts 9, whereas th iobenzoy l  isocyanate r eac t s  

w i t h  bo th  t h e  N=C bonds of the  carbod i im ide  t o  a f fo rd  two isomer ic  [n4 t "21 cycloadducts and 
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1 2 
Tab le  9 ArCXNCO + R-N=C=N-R A 

R R' 
N N' 

PA~AN-R' 
80 

Ar X RI R~ Temp. Y i e l d , %  L i t .  

Ph 0  c-C6Hll C-C6H11 r . t .  54 16 

p-ClCgHq 0  c-C6H11 c-C6P11 r.t .  76 1E 

P - N O ~ C ~ H ~  0  c-C6H11 c-C6t ! l ]  r . t .  87 16 

p-MeOCsHq 0  c-CgHl l  c-C6H11 r.t. 64 16 

Ph S  c - C ~ H l 1  c-C6t!l1 r.t. 75 21 

p-MeOC6Hq S  c-C&1 c - C ~ E ~ ]  r.t. 9E 21 

p-Me2FIC6tIq S  c-C6H11 c-C6Kll r . t .  98 21 

Ph 0  c-C6H11 Ph 70°c 75 16 
p-C1C6tI4 0  C-C6H11 Ph 70°c 71 16 

p-F102C6Hq 0  c-C6H11 Ph 70°C 75 16 

p-MeOC6H4 0  c-C6H11 Ph 70°c 66.5 16 - 
16 82 . Fur the rmore ,  t h i o b e n z o y l  i socyana te  adds t o  t h e  C=N bond o f  a romat i c  ke ten im ines ,  g i v i n g  t h e  . ~ 

63  t h i a d i a z i n o n e s  . 
0 
X a 

N N-C-CgHll+ N N-Ph 
PhCSNCO + c-C,H,,-N=C=N-Ph- A - 

~h S N ~h P ~ ~ S ~ N - C - C ~ H ~ ~  

T r i c h l o r o a c e t y l  i s o c y a n a t e  r e a c t s  w i t h  a  n i t r i l e  t o  a f f o r d  a  [n2 + "21 cyc loaddvc t18  (Scheme 3 ) ,  

whereas t h i o b e n z o y l  i s o c y a n a t e  adds t o  a r y l  cyanates and d i s u t s t i t u t e d  cyanamides by a  1 ,4 -cyc lo -  

64 a d d i t i o n  t o  g i v e  t h i a d i a z i n o n e s  83  . 

1-7) Compounds R e l a t e d  t o  O x a t h i a z i n e s  

T r i c h l o r o a c e t y l  i s o c y a n a t e  r e a c t s  e a s i l y  w i t h  diphenylcycl~propenone~~ and t ropone66 t o  g i v e  t h e  

co r respond ing  i m i n o  d e r i v a t i v e s  th rough  a  1 , 2 - c y c l o a d d i t ~ o n ,  f o l l o w e d  b y  t h e  e l i m i n a t i o n  o f  ca rbon  

d i o x i d e .  On t h e  o t h e r  hand, t h i o a c y l  i socyana tes  add t o  t h e  C=O bonds of a ldehydes,  acetoneb7, and 

k e t e n e ~ ~ ~  t o  form t h e  co r respond ing  o x a t h i a z i n e  derivatives g, by a  1 , 4 - c y c l o a d d i t l o n  process 

(Scheme 2 1 ) .  The r e a c t i o n  of t h i o a c y l  i socyana tes  w i t h  ketenes i s  a  c o n t r a s t  t o  t h a t  o f  a c y l  ,so 

cyana tes  ( c f .  Scheme 1 6 ) .  



E 
R=R'=Ph 78%; R=Ph, R 1 = m e s i t y l  82%; R=Ph, R1= l -C loH7 94%; 

RR'C= 42% 

Scheme 21 

n i d i n e  D e r i v a t i v e s  

The i n t r o d u c t i o n  of an e l e c t r o n - w i t h d r a w i n g  s u b s t i t u e n t  t o  t h e  B-carbon atom o f  enamines decreases 

t h e  n u c l e o p h i l i c i t y  of t h e  C-C bond, and makes i t s  hydrogen atom more l a b i l e .  There fo re ,  con juga ted  

a d d i t i o n  takes  p l a c e  i n  t h e  r e a c t i o n s  o f  benzoyl  i socyana te  w i t h  1-d imethy lamino-2-ethy leneb8,  and 

o f  e thoxycarbony l  i s o c y a n a t e  w i t h  e n a m i n o k e t ~ n e s ~ ~  and 6 - a m i n o ~ r a c i l s ~ ~ .  Upon t r e a t i n g  w i t h  amine 

o r  h e a t i n g ,  t h e  con juga ted  adducts a f f o r d  p y r i m i d ~ n e  d e r i v a t i v e s .  Fo r  i n s t a n c e ,  t r e a t m e n t  o f  t h e  

adducts & w h i c h  a r e  o b t a i n e d  f r o m  t h e  r e a c t i o n  w i t h  enaminoketones, w i t h  aqueous t r i m e t h y l a m i n e  

69 
g i v e s  t h e  u r a c i l  d e r i v a t i v e s  87 . 

RCONCO + 

~ H R "  - R " ~ H  C O N H C O R ~  
Me-CCHCOW 54-94% M ~ - c = ~ - C O R '  62-91% 

'E k" 
R=OEt; R'=OEt, Me; R'=H, Me, Ph K? 

I n  a d d i t i o n ,  benzoyl  i s o c y a n a t e  r e a c t s  w i t h  p i p e r i d i n o i s o b u t e n e  t o  fo rm t h e  2 : l  adduct ,  hexahydro- 

71 ,72 
p y r i m i d i n e  d e r i v a t i v e  . 

The r e a c t i o n s  o f  benzoyl  and t h i o b e n z o y l  i socyana tes  w i t h  2 - a l k y l - 2 - t h i a z o l i n e  o r  2 - o x a z o l i n e  a r e  

Thiobenzoyl  i s o c y a n a t e  adds t o  2 - t h i a z o l i n e  and 2 - m e t h y l - 2 - t h i a z o l i n e  a t  l ow  tempera- 

t u r e ,  a f f o r d i n g  t h e  [n4 t n 2 1  cyc loadduc ts  i n  65 and 67% y i e l d s  r e s p e c t i v e l y .  

I n  t h e  r e a c t i o n s  o f  2 - m e t h y l - 2 - t h i a z o l i n e  w i t h  benzoyl  i socyana te  a t  room tempera tu re  and w i t h  t h i o -  

0  benzoyl  i socyana te  a t  90  C,  however, t h e  co r respond ing  thiazolo[3,2-clpyrimidin-7-ones 2 ( Y = S ) ,  

whose s t r u c t u r e s  co r respond  t o  those  d e r i v e d  f r o m  a  2 : l  adduct  w i t h  l o s s  o f  wa te r  o r  hydrogen 

s u l f i d e ,  a r e  o b t a i n e d  i n  66 and 17% y i e l d s  r e s p e c t i v e l y .  Thiobenzoyl  i socyana te  r e a c t s  w i t h  2- 

m e t h y l - 2 - o x a z o l i n e  t o  form d i r e c t l y  t h e  oxazolo[3,2-clpyrimidin-7-one 9J, (X=S,  Y-0). whereas benzoyl  
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isocyanate affords the 2 : l  adduct 9 (X=Y=O), which on treatment w i t h  ace t i c  ac id  i s  transformed 

i n t o  3 (X=Y=O). On the o ther  hand, benzoyl isocyanate reac t  w i t h  2 -e thy l -2 - th iazo l i ne  t o  a f fo rd  

the methy l th iazo lopyr imid inone 92 and methyl th iazo lopyr id inedione  d e r i v a t i v e  

PhCXNCO 

R PhCX NCO 

R=Me 

Ph 

N,&N 

v / V o  
CONHCXPh 

9,0 
Scheme 22 

These react ions  can be understood as i l l u s t r a t e d  i n  Scheme 22. The isocyanate i n i t i a l l y  a t tacks  on 

the 6-carbon atom of the tautomeric enamine o f  2-alkyl-2-thia(0xa)zoline t o  y i e l d  the  1 : l  adduct 88 

When R i s  hydrogen atom, the  2 : l  adduct 8_9 i s  formed by a second a d d i t i o n  o f  the  isocyanate t o  the  

0-carbon atom o f  8_8. Subsequent c y c l i z a t i o n  o f  89 w i t h  e l im ina t i on  o f  water o r  hydrogen su l f i de  

leads t o  3.  

On the o ther  hand, s ince the 1 : l  adduct 88 (R=Me) does no t  possess a hydrogen atom on the B-carbon 

atom, the isocyanate reacts  p r e f e r e n t i a l l y  w i t h  the r i n g  NH t o  g i ve  the  2 : l  adduct a, fo l lowed by 

r i n g  c losure  and the e l im ina t i on  of benzamide t o  g i ve  93. The format ion o f  92 can be a l so  under- 

stood by the r i n g  c losure  from 88 w i t h  l oss  o f  water. 

11. HETEROCYCLES FROM a-KETOSULFENES 

I n  1911, Wedkind and ~ c h e n k ' ~  postulated the intermediacy of PhCH=SOz f o r  the formation o f  t rans-  

s t i l bene  from phenylmethanesulfonyl c h l o r i d e  and t r i e thy lam ine  (NEt3) (Scheme 23), and f i r s t  used 

the name sulfene t o  molecules of the  formula RR'C=S02. The name sulfene was selected t o  express the 
+ - 

PhCH2S02C1 + NEt3 --+ PhCH=S02 t Et3NHC1 

PhCH=S02 - PhCH: + SO2 

Scheme 23 



r e l a t i o n s h i p  t o  ke tene .  

A l though  no n o t a b l e  s t u d i e s  on s u l f e n e s  have r e p o r t e d  u n t i l  1950'5,  t h e  chemis t ry  of s u l f e n e s  has 

been r a p i d l y  developed s l n c e  t h e  a lmos t  s imul taneous p u b l i c a t i o n  of papers by O p i t z  and Adolph 75 

and by S t o r k  and ~ o r o w i t r ~ ~  on t h e  fo rmat ion  of sulfene-enamine c y c l o a d d i t i o n  p roduc ts .  

As p o i n t e d  o u t  i n  t h e  b e g i n n i n g  o f  t h i s  rev iew,  s u l f e n e s  a r e  one of t h e  most r e a c t i v e  species among 

heterocumulenes,  and can o n l y  be generated =. However, t h e  e x i s t e n c e  of su l fenes  as r e a c t i v e  

77 i n t e r m e d i a t e s  has been c o n c l u s i v e l y  demonstrated . 

The p r i n c i p a l  methods f o r  t h e  g e n e r a t i o n  o f  s u l f e n e s  a r e  as f o l l o w s .  

i) D e h y d r o c h l o r i n a t i o n  of a l k a n e s u l f o n y l  c h l o r i d e s  RR'CHSO2Cl [ R ,  R'=H, a l k y l ,  a r y l )  w i t h  base. 

T h i s  i s  most commonly f o r  t h e  g e n e r a t i o n  of su l fenes ,  and t e r t i a r y  amines such as N E t j  a r e  employed 

as base74' 78. 
base 

RR'CHS02C1 - HCl 
RR1C=S02 

i i )  Reac t ion  o f  d iazoa lkanes  w i t h  s u l f u r  d i o x i d e .  T h i s  i s  an a p p a r e n t l y  genera l  r o u t e .  T h i s  

method has l i t t l e  used excep t  f o r  t h e  fo rmat ion  of e p i s u l f o n e s  (and o l e f i n s )  s i n c e  s u l f e n e s  r e a c t  

79 w i t h  excess d iazaa lkane  . 

i i i )  A  l e s s  genera l  method f o r  t h e  g e n e r a t i o n  o f  su l fenes  i s  t h e  p h o t o l y s i s  of c y c l i c  u n s a t u r a t e d  

Other  methods such as Sulfo-Cope rearrangements2 and t h e r m o l y s i s  o f  b e n z o t h i a r e t e  l , l - d i o x l d e a 3  have 

l i t t l e  s y n t h e t i c  a p p l i c a t i o n .  

11-1)  Genera t ion  of a -Ke tosu l fenes  

The methods f o r  t h e  g e n e r a t i o n  of a -ke tosu l fenes  a r e  s i m i l a r  t o  those  f o r  s imp le  s u l f e n e s ,  and two 

methods, i )  and i i )  ment ioned above, have been r e p o r t e d .  I n  1963, t h e  s t u d y  by Fusco e t  o n  
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the  fo rmat ion  o f  a  d imer o f  benzoylsul fene by the  r e a c t i o n  o f  benroylmethanesul fonyl  c h l o r i d e  w i t h  

NEt3 provided the  f i r s t  i n f o rma t i on  regard ing  a-ke tosu l fene.  La te r ,  the  genera t ion  o f  the co r re -  

sponding a-ketosul fenes by dehydroch lo r ina t ion  of e t h y l  (chl~rosulfonyl)acetate~~, 2 -ch lo rosu l f ony l -  

indanone, and 2-chl0rosulfonyl-l-tetralone~~, and by the  r e a c t i o n  of az i benz i l  w i t h  s u l f u r  d i ox i de  87 

has been repor ted .  

11-2) Oxad i t h i i nes  De r i va t i ves  

I n  p r i n c i p l e ,  s imple su l fenes  m igh t  undergo d i m e r i r a t i o n  v i a  a  [n2 + n2] cyc l oadd i t i on .  However, 

no examples of the  d ime r i za t i on  o f  s imple su l fenes  a re  known. As descr ibed above, the  long sought 

84 d i rner iza t ion  of a  sul fene was f i n a l l y  achieved by Fusco e t  a1 . Fusco e t  ob ta ined the  dimer 

9_4 i n  40-60% y i e l d  from the  r e a c t i o n  o f  benroylmethanesul fonyl  c h l o r i d e  w i t h  NEt3, and fo rmula ted  

the  c y c l i z a t i o n  as a  D ie l s -A lde r  r e a c t i o n  of benzoylsul fene.  However, the  c h l o r i d e  r eac t s  w i t h  2  

equ iva len ts  of NEt3 t o  g i v e  the  tr iethylammonium s a l t  o f  dimer s.  An i n t e r conve rs i on  between 

and 95 i s  a l so  observed (Scheme 24).  Th is  r eac t i on  g ives  the  dimer 93  i n  88.95% y i e l d .  Hyd ro l ys i s  

?.? 
Scheme 24 

o f  !?j o r  w i t h  hyd roch lo r i c  a c i d  a f f o r d s  the  o x a d i t i ~ n e  t e t r a o x i d e  96 i n  a lmost  q u a n t i t a t i v e  

88 y i e l d  . 
On t h e  o the r  hand, dehyd roch lo r i na t i on  of 2-chlorosulfonyl-1-tetralone w i t h  1 equ i va l en t  of  NEt3 

g ives  the  dimer 97 l i k e  %. However, 2-chlorosulfonylindanone does n o t  g i v e  the  dimer, b u t  ins tead 

89 2 ,2 ' -d i indany l idene 1.1 ' -d ione i s  formed . 

11-3) Cyc loadd i t ions  and The i r  Related React ions t o  C=N Bonds 

The two examples have been repo r t ed  on the  r eac t i ons  o f  s imple su l fenes  w i t h  C=N bonds. One i s  the  

r e a c t i o n  of diphenyldiazornethane w i t h  s u l f u r  d i o x i d e  i n  the  presence o f  b e n ~ y l i d e n e a n i l i n e ~ ~ ~ ,  and 

the o ther  i s  the concerted [n2 + n2] c y c l o a d d i t i o n  of phenylsulfene, generated in from phenyl-  

rnethanesulfonyl c h l o r i d e  and NEt3, t o  benzylidenemethylamine l ead ing  t o  t h e  fo rmat ion  o f  the  1,2- 

90 t h i a z e t i d i n e  1 , l - d i ox i de  . 
New he te rocyc l i c  compounds may be formed by the  cyc l oadd i t i ons  of a -ke tosu l fenes  t o  t h e  C=N bond, 

because the  e lec t ron-w i thdrawing  a c y l  group w i l l  make a-ketosul fenes more r e a c t i v e  than s imple 



su l fenes .  Thus t h e  r e a c t i o n s  of a - k e t o s u l f e n e s  w i t h  v a r i o u s  compounds hav ing  t h e  C=N bond have 

been i n v e s t i g a t e d .  

11-3-1) Reac t ion  w i t h  S c h i f f  Bases. The r e a c t i o n s  o f  b e n z o y l s u l f e n e ,  genera ted  

s i t u  from benzoylmethanesul fony l  c h l o r i d e  and base, w i t h  Sch i f f  bases g i v e  t h e  co r respond ing  [n4 t .- 

n21 and/or  [n2 + "21 cyc loadduc ts ,  whose y i e l d s  depend on t h e  n a t u r e  of amine components o f  S c h i f f  

91 bases and on t h e  r e a c t i o n  c o n d i t i o n s  . 
For  i n s t a n c e ,  benzoy lsu l fene ,  genera ted  from t h e  c h l o r i d e  and NEt3, r e a c t s  w i t h  benzy l idene-n -  

propylamine t o  g i v e  t h e  [n4 t nZ] c y c l o a d d u c t  3 as t h e  s o l e  p r o d u c t ,  whereas t h e  r e a c t i o n  o f  t h e  

c h l o r i d e  w i t h  2  e q u i v a l e n t s  of t h e  Sch i f f  base a f fo rds  t h e  [n4 + n21 c y c l o a d d u c t  98 and [n2 t "21 

cyc loadduc t  99. In t h e  r e a c t i o n  of t h e  c h l o r i d e  w i t h  b e n z y l i d e n e a n i l i n e  i n  t h e  presence o f  NEt3, 

base 9,8 %? 
NEt3 82% 

a n i l  82% 13% 

Reac t ion  t ime ,  h  100 - 1OJ 

1  38% 

1 2  14% 20% 

24 30% 

Scheme 25 

t h e  y i e l d  o f  t h e  [n4 t "21 c y c l o a d d u c t  5gP decreases, and t h a t  o f  t h e  [nZ + nZ] c y c l o a d d u c t  

l nc reases  w i t h  t h e  r e a c t i o n  t i m e  (Scheme 25) .  

The c h l o r i d e  r e a c t s  w i t h  d ibenzyl idenethylenediamine i n  t h e  presence of NEt3 t o  g i v e  t h e  correspond-  

91 i n g  b i s [ n 4  + "21 c y c l o a d d u c t  1 s  . 

C y c l i c  a -ke tosu l fenes ,  t e t r a l o n e s u l f e n e  and indanonesul fene,  show d i f f e r e n t  c h a r a c t e r i s t i c s  i n  t h e  

86 
c y c l o a d d i t i o n s  t o  S c h i f f  bases . T e t r a l o n e s u l f e n e ,  generated 2 f r o m  2 - c h l o r o s u l f o n y l - 1 -  

t e t r a l o n e  and NEt3, does n o t  r e a c t  w i t h  b e n z y l i d e n e a n i l i n e s  (Ar=R=Ph; Ar-p-C1C6H4, R=Ph; Ar=p-MeO- 
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C6H4, R=Ph), and adds to benzylidenealkylamines and benzylldene-p-methoxyanlline to form the corre- 

sponding [n4 + n2] cycloadducts la. Indaanneeslfene, generated in from 2-chlorosulfonyl- 
indanone and NEt3, reacts with p-chlorobenzylidenemethylamine to give the [n4 + "21 cycloadduct m, 
but the reaction of indanonesulfene with Schiff bases generally proceeds via a 1.2-cycloaddition 

process to yield the [n2 t n2] cycloadducts lQ5 (Scheme 26). 

SO2 Ar-CH-N-R w'R 

0 2  

103 

Ar=Ph, R-p-MeOC6H4 25%; Ar-Ph R=c-C6H11 53%; 

Ar-Ph, R=n-Pr 67%; Ar=p-C1C6H4, R-Me 67% 

Ar=Ph, R=p-MeOC6H4 39%; Ar-Ph, R=c-C6H11 43%; Ar-Ph, R-n-Pr 40% 

Scheme 26 

11-3-2) Reaction with Carbodiimides or Ketenimines. Simple sulfenes do not react 

1 92 with carbodiimides . However, benzoylsulfene reacts with carbodiimides to give the cycloadducts . 

For instance, the reaction of benzoylsulfene with dicyclohexylcarbodi imide proceeds through both 

COPh 

I!?? 109 
45% 40% 

Scheme 27 



1,4- and 1.2-cycloaddi t ion processes t o  g i v e  t h e  [n4 + 7x23 cycloadduct  lA6  and 1 ,2 - th iaze te  corn- 

pound 1 N  which i s  a r i s e n  from the  i n i t i a l  [n2 + "21 cycloadduct .  On the  o the r  hand, benzoyl- 

su l fene  reac ts  w i t h  d ipheny lcarbod i im ide  t o  a f f o r d  the  [n4 + nZ] cycloadduct  9 and 2 : l  adduct lQ9 

(Scheme 27 ) .  

I n  general ,  the  cyc l oadd i t i on  t o  ketenimines takes place across the  C = C  bond of the  ketenimines. 

However, benzoylsul fene adds across the CSN bond o f  the  ketenimines t o  g i v e  2-methyleneoxathiazine 

93 de r i va t i ves  1& , 

R=Ph, R1=n-Bu 48% 

94 11-3-3) React ion w i t h  1 -Az i r ines  . Phenylsul fene does no t  r e a c t  w i t h  1 -az i r i nes ,  b u t  

ins tead t r ans - s t i l bene  i s  formed. However, a-ketosul fenes reac t  w i t h  1 - a z i r i n e s .  That i s ,  the re- 

act ions  of benzoylsulfene, indanonesulfene, and t e t r a l onesu l f ene  w i t h  3 - s u b s t ~ t u t e d  2-phenyl-1- 

1 a z i r i n e s  proceed through a concerted [n4s t n 2 s I  process t o  g i v e  the  corresponding endo-R -cycle- 

adducts 14-?Li (Scheme 28). 

Scheme 28 

1 2  
2-Phenyl-1-azi r ine (R =R =H) shows an unusual behaviour toward a-ketosul fenes.  I n  the  r e a c t i o n  of 

benzoylsul fene the  sulfonamide, which i s  a r i sen  from hyd ro l ys i s  o f  the  i n i t i a l  [n4 t n2] cyc l o -  

adduct, i s  formed i n  41% y i e l d .  lndanonesulfene reac t s  w i t h  the a z i r i n e  t o  g i v e  new 1 : l  adduct ,la 
and 2: l  adduct a long w i t h  the  sulfonamide, whose y i e l d s  depend on the  amounts o f  the  a z i r i n e  

employed. The r e s u l t  employed 2 mol. of t h e a z i r i n e  i s  shown i n  Scheme 29. 

On t h e  o ther  hand, the  r e a c t i o n  o f  te t ra lonesu l fene w i t h  the  a z i r i n e  g ives  the  sulfonamide and 2:2 

adduct (34.5%) ins tead of t h e  expected cycloadduct .  
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Scheme 29 

11-41 Reac t ion  w i t h  N i t r o n e s  

A l t h o u g h  a -ke tosu l fenes ,  i n  ana logy  w i t h  s i m p l e  su l fenesg5 ,  r e a c t  w i t h  C ,N-d ia ry ln i t rones  th rough  

1 . 3 - c y c l o a d d i t i o n ,  f o l l o w e d  b y  rearrangement  v i a  a  four-membered c y c l i c  t r a n s i t i o n  s t a t e  t o  o-  

p o s i t i o n  o f  t h e  N-phenyl g roup  o f  t h e  n i t r o n e  t o  y i e l d  t h e  co r respond ing  r e a r r a n g e d  adduc ts ,  seven- 

membered c y c l i c  azasu l tones ,  t h e  by -p roduc ts  wh ich  a r i s e  f r o m  t h e  r e a r r a n g e d  adduc ts  w i t h  t h e  e l i m -  

96  
i n a t i o n  o f  t h e  benzaldehyde a r e  i n v a r i a b l y  accompanied i n  t h e  r e a c t i o n  of a -ke tosu l fenes  . 

Thus, t h e  r e a c t i o n  of benzoy lsu l fene  w i t h  t h e  n i t r o n e s  g i v e s  a  m i x t u r e  o f  two seven-membered c y c l i c  

azasu l tones  1A7 and la. I n t e r c o n v e r s i o n  between L 7  and 1 2  can be i n t e r p r e t e d  as i l l u s t r a t e d  i n  

Scheme 30 

H y d r o l y s i s  o f  L7 under  m i l d  c o n d i t i o n s  g i v e s  t h e  s u l f o n a t e  1 2 ,  wh ich  i s  e a s i l y  t rans fo rmed t o  

by d e h y d r a t i o n .  The s u l f o n a t e  1 3  r e a c t s  w i t h  t h e  benzaldehyde t o  f o r m  m. F u r t h e r ,  t h e r m o l y s i s  

of 9 under  reduced p r e s s u r e  a f f o r d s  2 w i t h  t h e  e l i m i n a t i o n  o f  t h e  benzaldehyde (ArCHO). 

S i m i l a r l y ,  i ndanonesu l fene  and t e t r a l o n e s u l f e n e  a f f o r d  a  m i x t u r e  o f  t h e  co r respond ing  two azasu l tones  



la and 121. and 1 2  and 1 2 ,  r e s p e c t i v e l y .  ! 

120 13 122 3'' 
Ar=Pn 28% 4% 23% 6% 

Ar-p-MeOCgHq 0 30 13.5 5 

Ar=p-ClCsH4 31 5 30 5 

Ar=p-N02C6H4 52 3 26 5 

The r e a c t i o n  o f  a-ketosul fenes w i t h  c y c l i c  n i t r ones  such as 1 - p y r r o l i n e  1-oxides g ives  c i s - s - c i s  0- 

aminoenones and/or 0- imino s u l f o n i c  acids,  whose y i e l d s  g r e a t e l y  depend on the  na ture  of so lven ts  

97 employed . The r e s u l t s  o f  the  r e a c t i o n  of indanonesulfene w i t h  5,5-dimethyl-1-pyrroline 1-oxide 

are shown i n  Tab le  10 

" 
Solvent  124 - 13 
dioxane 69% 0% 

THF 63 0 

MeCN 8 70 

CH2C12 11 66 

As shown i n  Table 10, i t  seems reasonable t o  conclude t h a t  B-aminoenone 124 i s  p r t  ned 

i n  so lven ts  such as dioxane and THF which have a s t rong a f f i n i t y  f o r  s u l f u r  t r i o x i d e ,  b u t  0- imino 

s u l f o n i c  a c i d  1 3  i s  obtained as a major product  i n  a c e t o n i t r i l e  which does n o t  e x h i b i t  a f f i n i t y  fo r  

s u l f u r  t r i o x i d e .  The pathway f o r  the  format ion of  0-aminoenones i s  o u t l i n e d  i n  Scheme 31. The 

Scheme 31 

fo rmat ion  o f  0-aminoenones i s  c h a r a c t e r i s t i c  of a-ketosul fenes,  and might  be c l a s s i f i e d  i n t o  a 
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spec ia l  r eac t i on .  

11-5) Miscel laneous React ions 

I t  i s  we l l  known t h a t  s imple sulfenes reac t  w i t h  enamines t o  g i v e  the  corresponding t h i e t ane  1 , l -  

7%. 98 
d iox ides .  Benzoylsul fene and ethoxycarbonylsulfene85598 as w e l l  as s imple su l fenes  add t o  

a c y c l i c  enarnines t o  form the  corresponding [n2 + "21 cycloadducts.  Truce and Rachg8 s tud ied  t h e  

s te reochemis t ry  of  adducts of su l fenes  t o  a c y c l i c  enamines, and found t h a t  s imple sulfenes g ive  c i s -  

cycloadducts,  whereas benzoylsul fene and ethoxycarbonylsul fene form trans-cycloadducts which a re  

a r i s e n  from the  pos tep imer iza t ion  of  i n i t i a l  c is -cyc loadduc ts  (Table 11) .  On the  o the r  hand, the  

R' Y> H. RCO, 
Table 11 R & s ~ ;  +L+;-"~-Rc$$-$e 4 .% 

:N Me Me 
R R '  Y c i s  t r ans  

Ph H CH2 

Ph H OCH2 

OEt Me CHz . - 

OEt Me OCH7 27% 

r e a c t i o n  o f  benzoylsul fene w i t h  enamines de r i ved  from cyclohexanone does no t  g i v e  the  t h i e t ane  1.1- 

99 
d iox ides ,  bu t  ins tead a c y c l i c  su l fony l  compounds a re  formed . 

78a 
Op i t z  b r i e f l y  descr ibed i n  a  review t h e  f o n a t ~ o n  o f  [n4 + n21 cycloadduct  la i n  the  r eac t i on  

o f  benzoylsul fene w i t h  en01 e the r .  I n  the  r eac t i on  w i t h  cinnamylideneamines, benzoylsul fene 

ac t s  as d i enoph i l e  t o  g i ve  the  D ie ls -A lder  adducts 1271°0 (Scheme 32) .  

Scheme 32 

The reac t i on  of a-diazoketone w i t h  s u l f u r  d i ox i de  af fords occas iona l l y  the  cycloadducts of a-keto-  

sul fene t o  ketene which a re  generated insitu. The four-membered c y c l i c  s t r uc tu res  were pos tu la ted  

f o r  the  c y c l o a d d u c t ~ ~ ~ ,  b u t  i t  has been l a t e r  c l a r i f i e d  t h a t  t h e  cycloadducts a re  [n4 + nZ] cyc l o -  

adducts and 1 s  by 1 .4 -cyc loadd i t ions  o f  the  u-ketosul fene across t h e  C=C and C=O bonds of the  



R 128 - 129 - 
Ph 7 0 ' ~  ( i n  benzene) 44% 7% 

Ele 60°C ( i n  benzene) 49 5 

Ph hv 35 17 

Me hu 54 11 

Scheme 33 

ketene r e s p e c t i v e l y .  The r e s u l t s  of thermal  and photochemical r e a c t i o n s  o f  a-d iazoketones w i t h  

s u l f u r  d i o x i d e  a r e  shown i n  Scheme 33. 

Benzoylsul fene as w e l l  as s imp le  sul fenes r e a c t s  w i t h  t ropone lo3  and azomethine y l i d e ' 0 4  t o  g i v e  

t h e  [n8 + n21 cyc loadduc t  Ul and dm4 + n21 cyc loadduc t  ?;i?. r e s p e c t i v e l y .  

p q h - b  PhCO SO, 

References 

1. H. U l r i c h ,  C y c l o a d d i t i o n  React ions of Heterocumulenes , Academic Press, New York.London, 

1967. 

2. a )  A. J. Spez ia le  and L .  R. Smith, J. Org. Chem., 1962, 3, 3742: b )  A. J. Spez ia le  and L. R 

Smith, m., 1963. 9, 1805; c )  A. J .  Spezia le,  L. R. Smith, and J. E.  Fedder, E., 1965, 

9, 4306. 

3. J.  Goerdeler  and H. Schenk, Angew. Chem., 1963, a, 676. 

4. B. A. Arbuzov and N .  N. Zobova, Syn thes is ,  1974, 461. 

5. 0 .  Tsuge, Kagaku t o  Kogyo, 1969, 22, 770. 

6. 0.  Tsuge, The Chemist ry  o f  Cyanates and T h e i r  Th io  D e r i v a t i v e s  ed. by S. P a t a i ,  John Wily 

& Sons, Chichester-New York-Br isbane-Toronto,  1977, p. 445. 

7. R. L a t t r e l l ,  Ann. Chem., 1969, u, 142. 

8.  0 .  A. Arbuzov and I t .  N. Zohova, Doklady Akad. Nauk S.S.S.R., 1967, 1 2 ,  845; Chem. A b s t r . ,  

1967, a, 94838s. 

9.  8.  A. Arbuzov and N. N.  Zobova, I z v e s t .  Akad. Nauk S.S.S.R., Ser .  Khim., 1971, 203; @. 

Abst r . ,  1971, 25, 493213. 



HETEROCYCLES. Vol 12. No 8. 1979 

10. B. A. Arbuzov, e t  a l . ,  m., 1968, 2137; Chem. A b s t r . ,  1969, 9, 11650h. 

11. B. A. Arbuzo and N. N. Zobova, Doklady Akad. Nauk S.S.S.R., 1966, lL0 ,  1317; Chem. A b s t r . .  

1967, 6_6, 55294s. 

12. 8. A. Arbuzov, e t  a l . ,  i z v e s t .  Akad. Nauk S.S.S.R., Ser .  Khim., 1969, 1114; Chem. Abs t r . ,  

1969, 0 ,  49667e. 

13. B. A. Arbuzov, e t  a l . ,  m., 1972, 2086; Chem. Abs t r . .  1973, E ,  2 9 6 9 0 ~ .  

14. B. A. Arbuzov, e t  a l . ,  m., 1971, 577; Chem. A b s t r . ,  1971, y, 76704b. 

15. B. A. Arbuzov, e t  a l . ,  x., 1970, 1570; Chem. A b s t r . ,  1971, p, 76350". 

16. 0. Tsuge and K. Sakai, B u l l .  Chem. Soc.&., 1972, 9, 1534. 

17. H. U l r i c h ,  e t  a l . ,  J. h e r .  Chem. Soc., 1972, 93, 3484. 

18. B. A .  Arbuzov and N. N. Zobova, Irvest. Akad. Nauk S.S.S.R., Ser .  Khirn., 1972, 2325; m. 
A b s t r . ,  1973, $3, 71961k. 

19. R. N e i d l e i n ,  Chem. Ber. ,  1974, 97, 3476. 

20. R. N e i d l e i n ,  Angew. Chem., 1964, %, 596. 

21. J. Goerdeler  and H.  Schenk, Chem. Ber . ,  1965, 98, 3831. 

22. R. N e i d l e i n ,  Angew. Chem., 1964, a, 500. 

23. 0. Tsuge and T. I t o h ,  Nippon Kagaku Zasshi ,  1969, 90, 1031. 

24. E .  Gu lb ins ,  e t  a l . ,  Ann. Chem., 1966, 6 2 ,  180. 

25. J. C. Sheehan and P. T. I zzo ,  J. Amer. Chem. Soc., 1949, 2, 4059. 

26. R .  N e i d l e i n  and R. B o t t l e r ,  Chem. Ber . ,  1967, ID, 698. 

27. J .  C. Sheehan and P .  T. I z z o ,  J .  Amer. Chem. Soc., 1'348, z, 1985. 

28. J .  Goerdeler  and R. Schimpf, Chem. Ber., 1973, 1Q6, 1496. 

29. 0.  Tsuge, K. Sakai ,  and M. T a s h ~ r o ,  Tetrahedron,  1973, 29, 1983. 

30. 0.  Tsuge, I. Shinka i ,  and M. Koga, B u l l .  Chern. Soc. Jpn., 1972, 45, 3657. 

31. F .  Rarnirez and C .  D .  Te le fus ,  J. Org. Chem., 1969, 34, 376. 

32. M. Sakamoto, Y .  Tomimatsu, K. Miyazawa, and K. Tokoro, Yakugaku Zasshi ,  1972, 92 ,  1462. 

33. C. L .  Arcus and B. 5. P r y d a l ,  J .  Chem. Soc., 1957, 1091. 

34. 0.  Tsuge, S. Kanemasa, and M .  Tash i ro ,  Tetrahedron,  1968, a, 5205. 

35. H .  G. Mautner and W. 0. Kumler, J. Amer. Chem. Soc., 1955, u ,  4076. 

36. 0.  Tsuge, T. I t o h ,  and 5. Kanernasa, Nippon Kagaku Zasshi ,  1968, @, 69. 

37. 0. Tsuge and S .  Kanemasa, J .  Org. Chem., 1973, 38, 2972. 

38. 0. Tsuge and S. Kanemasa, B u l l .  Chem. Soc. J p n . ,  1974, 2,  2676. 

39. R. N e i d l e i n ,  Arch.  Pharm., 1964, 2 3 ,  623. 

40. 0.  Tsuge, M. Tash i ro ,  R .  Mizuguchi ,  and S. Kanemasa, Chem. & Pharm. B u l l .  (Tokyo) ,  1966, 

1_4, 1055. 



41. J. Goerdeler  and R. WeiQ. Chem. Ber., 1967, 100, 1627. 

42. 0. Tsuge, S. Urano, and S. Mataka. He te rocyc les ,  1976, 5 ,  189. 

43. J:M. Vandensavel, e t  a l . ,  J. Org. Chem., 1973, s, 675. 

44. R. Weig, Chem. Ber., 1967, la, 685. 

45. 0. Tsuge and A. Inaba, B u l l .  Chem. Soc. Jpn. ,  1976, g ,  2828. 

46. J. L. Chitwood, e t  a l . ,  J .  Org. Chem., 1971, z, 2228. 

47. B. A. Rrbuzov, e t  a l . ,  l z v e s t .  Akad. Nauk S.S.S.R., Ser .  Khim., 1973, 2056; Chem. Abs t r . ,  

1974, a ,  26854h. 

48. B. A. Arbuzov, e t  a l . ,  s., 1972, 2324; Chem. A b s t r . ,  1973, z, 72028y. 

49. J. C. M a r t i n ,  e t  a l . ,  J .  Orq. Chem., 1971, 36, 2225. 

50. J .  C. M a r t i n ,  e t  a l . ,  w., 1971, 33, 2205. 

51. 8. A. Arbuzov, e t  a l . ,  I z v e s t .  Akad. Nauk S.S.S.R., Ser. Khim., 1973, 1580; Chern. A b s t r . ,  

1973, Zq, 105162p. 

52. H . 4 .  Gais and K. Hafner, Tetrahedron L e t t e r s ,  1971, 5101. 

53. 0 .  Tsuge and R.  Mizuguchi ,  Nippon Kagaku Zasshi, 1965, 86, 325; Kogyo Kagaku Zasshi ,  1966, 

9, 939. 

54. L. A. McGrew, e t  a l . ,  J .  Ocg. Chem., 1964, g ,  3002. 

55. N. Singh and H. P. Latscha,  Z. Na tu r fo rsch . ,  1970, 825, 1180; Chem. A b s t r . ,  1971, u, 
13114t .  

56. I. Matsuda, K. I t o h ,  and Y .  I s h i i ,  J. Chem. Soc. ( C ) ,  1971, 1870. 

57. J. Goerdeler  and K. Jones, Chem. Ber., 1966, 2, 3572. 

58. J. Goerdeler  and H. Schenk, x., 1965, 98, 2954. 

59. 0. SSuge and S. Kanemasa, B u l l .  Chem. Soc. J p n . ,  1972, 9, 2877. 

60. 0. Tsuge and 5. Kanemasa, z., 1972, $5, 3591. 

61. V. N a i r  and K. H. Kim, J. Orq. Chem., 1974, 39,3763; Tetrahedron L e t t e r s ,  1974, 1487. 

62. J. Goerdeler  and R. Sappel t ,  Chem. Ber. ,  1967, lJQ, 2064. 

63. J. Goerdeler ,  e t  a l . ,  w., 1972, lA5,  3322. 

64. J ,  Goerdeler  and R. Weip, S., 1967, 1 2 ,  1627. 

65. L. A. Paquette, e t  a l . ,  Tetrahedron L e t t e r s ,  1967, 5039. 

66. L. A. Paquet te and N. Horton,  m., 1968, 2289. 

67. A .  Schulze and J .  Goerde le r ,  =. , 1974, 221. 

68. G. Simchen, Angew. Chem., 1964, 76, 860. 

69. R. W .  Lamon, J .  H e t e r o c y c l i c  Chem., 1969, 6, 261. 

70. R. Niess and R. K. Robins, x., 1 9 7 0 , L ,  243. 

71. E. M u l l e r  and H. Huber, Chem. Ber . ,  1963, E ,  2319. 



HETEROCYCLES Vol 12. No 8 .  1979 

72. R. Nast ,  e t  a l . ,  Ger. Pa ten t ,  1967, 1,248,056; Chem. A b s t r . ,  1968, 9, 87305d. 

73. 0.  Tsuge and 5. Kanemasa, Tetrahedron,  1972, 3, 4737. 

74. E. Wedekind and D. Schenk, m., 1911, 9, 198. 

75. G .  O p i t z  and H. Adolph,  Anqew. Chem. 1962, 54,  77. 

76. G .  S t o r k  and J .  J .  Borow i tz ,  J .  Amer. Chem. Soc., 1962, 3 ,  313. 

77. a )  J .  F .  King, e t  a1 ., J. Amer. Chem. w., 1964, 86, 287; w, 1965, k7 ,  5684; m. 
J.., 1969, $J, 4509; J .  Amer. Chem. Soc., 1971, 93, 6304. b )  W .  E .  Truce, e t  a1 ., 
J .  Amer. Chem. Soc., 1964, &6, 288; u., 1966, 88, 3599. 

'8. Revie:  a )  G. O p i t z ,  Anqew. Chem., 1967, 79, 161; b )  J .  F.  King,  Accounts Chem. Res., 1975, 

8, 10. 

79. a)  H. S taud inger  and F. Pfenninger ,  kl., 1916, 49, 1941. b )  G .  Hesse and E .  Re icho ld ,  

Chem. Bet-., 1957, jLO, 2101. c )  G. Hesse and 5.  Majrnvdar, w., 1960, 93, 1129. 

80. J .  F. King,  e t  a l . ,  Canad. J .  Chem., 1963, 4J, 100. 

81. T. D u r s t  and J. F .  King,  C., 1966, 44, 1869. 

82. J .  F .  K ing and 0. R. K. Harding,  Chem. Comm., 1971, 959. 

83. M .  S. Ao and E .  M. Burgess, J .  Amer. Chem. Soc., 1971, 3, 5298. 

84. R .  Fusco, e t  a l . ,  Chem. I n d .  ( M i l a n ) ,  1963, s, 564. 

85. L .  A. Paquet te,  e t  a l . ,  J. Org. Chem., 1969, 34,  2901. 

86. 0. Tsuge and M .  Noguchi, Chem. L e t t e r s ,  1974, 113. 

87. T. Nagai, M. Tanaka, and N. Tokura, Tetrahedron L e t t e r s ,  1968, 6293. 

88. 0.  Tsuge and S. Iwanami, The Reports  of Research I n s t i t u t e  o f  I n d u s t r i a l  Science, Kyushu 

U n i v e r s i t y ,  1970, No. 51, 19. 

89. M. Noguchi, Exper imenta l  n o t e .  

90. T. Hi raoka and T. Kobayashi, B u l l .  Chem. Soc. Jpn. ,  1975, 43, 480. 

91. 0.  Tsuge and S. Iwanami, u., 1970, 43, 3543. 

92. 0.  Tsuge and S. Iwanami, Nippon Kagaku Zasshi ,  1971, 92, 448. 

93. 0. Tsuge and S. Iwanami, Org. Prepn. and Proced. I n t . ,  1971, 2, 283. 

94. 0.  Tsuge and M. Noguchi, He te rocyc les ,  1978, 2, 423. 

95. W .  E .  Truce,  e t  a l . .  J. Org. Chem., 1969, 34, 3097. 

96. 0.  Tsuge and M. Noguchi, w., 1976, 9, 2438. 

97. 0.  Tsuge and M. Noguchi, Chem. L e t t e r s ,  1977, 749. 

98. W .  E .  Truce and J .  F. Rach, J. Org. Chern., 1974, 3, 1109. 

99. 0.  Tsuge, 8.  Iwanami, and S. Hagio, ul. Chem. Soc. Jpn. ,  1972, 9, 237. 

100. 0.  Tsuge and 5 .  Iwanami, m., 1971, 44, 2750. 

101. J .  B. S t o t h e r s ,  e t  a1 ., Te t rahedron  L e t t e r s ,  1971, 2551. 



102. M. Tanaka, T. Nagai, and N. Tokura, J .  Org. Chem., 1972, 3J, 4106. 

103. W .  E .  Truce and C . - I .  M. L i n ,  J .  Amer. Chem. Soc., 1973, @, 4426. 

104. W.  E. Truce and J .  R .  A l l i s o n ,  J. Orq. Chem., 1975, 4Q, 2260. 

Received, 19th May, 1 9 7 9  


