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- The concept of c o n t i n u i t y  and d i s c o n t i n u i t y  o f  t h e  c y c l i c  con juga t ion  

prov ides us a  r e l i a b l e  way of p r e d i c t i n g  t h e  c y c l o a d d i t i v i t y  of five-membered 

h e t e r o c y c l i c  compounds as 4"-source i n  t h e  cyc loadd i t i on .  

The ever- increasing i n t e r e s t  i n  the chemist ry  o f  c y c l o a d d i t i o n  has l e d  t o  a  con t inu ing  search 

f o r  new and r e a c t i v e  d i m e  components t h a t  can be app l ied  t o  carbon skeleton cons t ruc t ions .  Use o f  

cyclopentadienones as p o t e n t i a l  417 source achieved g r e a t  success i n  t h e  f i e l d  o f  s t r a i n e d  cagemole- 

1  cu les which a r e  used f o r  a  model o f  s o l a r  energy s t o r i n g  systems. I n  t h i s  sence, many at temptshave 

been made t o  use conven ien t l y  a v a i l a b l e  five-membered h e t e r o c y c l i c  compounds as the four  carbon (4C) 

source. However, many workers have recorded a  l a c k  o f  success i n  t h e  attempted reac t ions  o f  thecom- 

pound w i t h  d ienoph i les .  I n  general,  these reac t ions  a r e  expected t o  be d i f f i c u l t .  Few examples a re  

known of reac t ions  w i t h  t h i s  c lass  of cmpounds. Exceptions perhaps a r e  t h e  c y c l o a d d i t i o n  of e lec -  

t r o n - d e f i c i e n t  d ienophi les and furans.  2 

Taking thought f o r  t h i s  s i t u a t i o n ,  i t  seems t o  be necessary t o  make a  comprehensive compila- 

t i o n  of t h e  sca t te red  repor ts  t o  e s t a b l i s h  a  p r i n c i p l e  f o r  p r e d i c t i o n  of r e a c t i v i t y  of t h e  f i v e  

-bered he te rocyc l i c  compounds. We wish t o  present  here a r e p o r t  on mployment  of t h e  concept of 

the c y c l i c  conjugat ion3 i n  des igning powerfu l l  4C-synthan us ing  thiophene d e r i v a t i v e s  i n  comparison 

w i t h  the prev ious works. 4 

For the p r e d i c t i o n  o f  c y c l o a d d i t i v i t y  of d iene and d ienophi le ,  f r o n t i e r  molecular  o r b i t a l  (FMO) 

theory5 i s  very usefu l  and prov ides u s  a  s imple b u t  a  r e l i a b l e  way o f  p r e d i c t i n g  t h e  r e a c t i v i t y  of 

reactants  i n  t h e  c y c l o a d d i t i o n  by i n s p e c t i o n  o f  t h e i r  FMO l e v e l s  and c o e f f i c i e n t s .  If o n l y  f r o n t i e r  

o r b i t a l  separa t ion  was considered,6 unsubs t i tu ted  thiophene ( l a )  (HOMO -11.9 ev), which has HOMO l e v e l  

Ca. 1  eV h igher  than butadiene (HOMO -13.0eV). would be expected t o  behave l i k e  a  conjugated a lkene 

w i t h  LUMO-controlled d ienophi les.  However, i n  general,  these r e a c t i o n s  cou ld  n o t  be observed (F igu re  1 ) .  

I n  expec ta t ion  o f  enhancement o f  the r e a c t i v i t y  toward e l e c t r o n - r i c h  species such as seven- 

membered r i n g  unsaturated compounds, we have undertaken t h e  synthesis  o f  thiophene d e r i v a t i v e s w i t h  

a  low LUMO energ.y l e v e l  by i n t r o d u c i n g  t h e  e l e c t r o n - a t t r a c t i n g  subs t i tuen ts .  On the c o n t r a r y  t o  the 

expectat ion, 2,3,4,5-tetrakis(methoxycarbony1)thiophene ( I b )  a l s o  d i d  n o t  show any r e a c t i v i t y  t o -  

ward good donor d ienoph i les  such as a l k y l  v i n y l  e t h e r  o r  N-v iny lcarbazole.  On t h e  o t h e r  hand, e l e c -  
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t r o n - r i c h  d i s u b s t i t u t e d  thiophenes w i t h  amino group were repor ted  t o  a c t  as diene toward e lec t ron -  

d e f i c i e n t  d ienoph i les  under severe cond i t i ons  t o  g i v e  t h e  desu l fu r i zed  a d d ~ c t s . ~  Thus, t h e  cyc lo-  

a d d i t i o n  behavior o f  thiophene d e r i v a t i v e s  has been ou ts tand ing ly  puzz l i ng  f o r  s y n t h e t i c  chemists. 

3 Recently, Inagaki  and Hi rabayarh i  repor ted  t h a t  t h e  degree o f  c y c l i c  e l e c t r o n  d e l o c a l i z a t i o n  

depends on mode o f  donor-acceptor arrangements o f  component systems as w e l l  as o r b i t a l  phase c o n t i -  

n u i t y  requirements and a  novel n o t i o n  of c o n t i n u i t y - d i s c o n t i n u i t y  o f  c y c l i c  con juga t ion  i s  ab le  t o  

be employed i n  p r e d i c t i n g  e l e c t m n  p r o p e r t i e s  o f  unknown molecules w i thou t  nuisance t h e o r e t i c a l  

c a l c u l a t i o n s .  

I n  thiophene ( l a ) ,  e lect ron-donat ing s u l f u r  l one  p a i r  e lec t rons  and e lec t ron -accep t ing  C=C 

bonds a re  donor (0) and acceptors (A's). respec t i ve ly .  The c y c l i c  con juga t ion  i s  cont inuous and 

. . 
Ia, b Ic 1la;b I I1 

8 the o r b i t a l  phase c o n t i n u i t y  requirements a re  s a t i s f i e d  respons ib le  f o r  aromatic e l e c t r o n  system. 

I n  Z,3,4,5-tetrakis(methoxycarbony1)thiophene ( I b ) ,  e l e c t r o n  d e l o c a l i z a t i o n  i s  expected t o  be 

more extensive, i n  which replacement o f  hydrogens by powerful acceptors makes e f f e c t i v e  donor- 
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9 acceptor i n t e r a c t i o n  poss ib le .  By con t ras t ,  i n  2,5-diaminothiophene ( I c ) ,  donor-acceptor i n t e r -  

a c t i o n  does n o t  occur e f f e c t i v e l y  t o  r e s u l t  i n  t h e  d e s t a b i l i z a t i o n  of t h e  c y c l i c  three-system 

i n t e r a c t i o n .  The l o c a l i z a t i o n  of t h e  e l e c t r o n  dest roys t h e  a r w a t i c  charac te r  of thiophene t o  a l l ow  

i t  t o  a c t  as donor-d iem. According t o  the CN00/2 MO c a l c u l a t i o n  on 2.5-diaminothiophene ( I c ) ,  con- 

s ide rab le  energy r a i s i n g  i s  observed; the c a l c u l a t i o n s  i n d i c a t e  2.6 and 0.94 e v r a i s i n g  of the HOMO 

and LUMO f o r  i c  r e s p e c t i v e l y  as compared t o  unsubs t i tu ted  thiophene ( l a ) .  T h i s  f a c t  suggests t h a t  

2.5-diaminothiophene ( I c )  i s  expected t o  r e a c t  mere ly  w i t h  e l e c t r o n - d e f i c i e n t  d ienoph i les  b u t  t o  

show l i t t l e  r e a c t i v i t y  toward e l e c t r o n - r i c h  d ienoph i les .  

Thus, a c l e a r - c u t  d i f f e r e n c e  between 2.3,4.5-tetrakis(methoxycarbony1)thiophene ( I b )  and 2,5- 

diaminothiophene ( I c )  i n  t h e  c y c l o a d d i t i o n  behaviors  most e l e g a n t l y  can be accounted f o r  by the 

concept of t h e  c y c l i c  conjugat ion.  Thus, we can draw t h e  conclus ion t h a t  thiophene-1,l-dioxides (11)  

serve ou r  purpose. Indeed, thiophene-1 . I -d iox ides  (11) a r e  p red ic ted  t o  be l o c a l i z e d  n -e lec t ron  

system: t h e  c y c l i c  con juga t ion  i s  continuous as i n  cyclopentadienones ( I l l ) ,  b u t  the o r b i t a l  phase 

c o n t i n u i t y  requirements a r e  n o t  s a t i s f i e d  suggesting t h a t  thiophene-1 , I -d iox ides  (11) no longer  

Show aromatic charac te r .  As shown i n  F igure 1, i n  the l i g h t  o f  t h e  ve ry  low LUMO, thiophene-1.1-di- 

ox ides (11) should be more r e a d i l y  t rapped b y  e l e c t r o n - r i c h  d ienoph i les  than o t h e r  4n-components, 

e.9.. t e t racyc lone  and 2,5-dimethyl-3,4-diphenylcycl0~entadienone.~~ 

There a re  severa l  e f f o r t s  t o  a t tempt  t o  use th iophene-1, l -d iox ides (11) as 4"-component i n  t h e  

c y c l o a d d i t i o n  reac t ion ,  i n  which subsequent i n t e r -  o r  i n t ramo lecu la r  c y c l o a d d i t i o n  may be expected 

between another d ienoph i le  o r  t h e  remain ing n -e lec t ron  system and t h e  d i m e  from t h e  pr imary adduct 

by e x t r u s i o n  o f  s u l f u r  d iox ide .  However, such e f f o r t s  have ended i n  f a i l u r e  except  a few example 

because of d i f f i c u l t y  o f  o b t a i n i n g  the corresponding ~ u l f o n e . ~ ~  Dur ing the course o f  these studies,  

a syn the t i c  method o f  severa l  halogenated thiophene-1,l-dioxides b y  d i r e c t  o x i d a t i o n  o f  the corres-  

panding thiophenes w i t h  m-chloroperbenro ic  a c i d  has appeared.'' 

The CNOO/Z MO c a l c u l a t i o n  (F igu re  1 )  i n d i c a t e s  a 1 . I  eV lower ing  of t h e  LUNO f o r  2,3,4,5- 

tetrachlorothiophene-l,l-dioxide ( I I a )  as compared t o  t h a t  f o r  2.5-dimethylthiophene-1.1-dioxide 

( I I b )  which have p r e v i o u s l y  been used as a d i e m  source i n  the c y c l o a d d i t i o n  react ion.12 I n t e r e s t -  

i n g l y ,  the c a l c u l a t e d  energy of t h e  HOMO o r b i t a l  of I l b  (-11.9 eV) i s  n e a r l y  i d e n t i c a l  t o  t h a t  o f  

2,5-dimethylthiophene (-11.8 eV). S u b s t i t u t i o n  a t  the 2,5-posi t ion b y  a l k y l  groups may cancel a 

l a r g e  lower ing  e f fec t  of su l fone group o n  the FMO energy r e s u l t i n g  i n  low r e a c t i v i t y  toward e leo-  

t r o n - r i c h  alkenes. I n  fact ,  I l b  reac ts  w i t h  e l e c t r o n - d e f i c i e n t  d ienophi les,  e.g.,  male ic  anhydride, 

t o  g i v e  double Oie ls-Alder  adduct and shows r e a c t i v i t y  o n l y  toward p o t e n t i a l  e l e c t r o n - r i c h  dieno- 

p h i l e ,  e.9.. 6-dimethylaminofulvene t o  g i v e  azulene d e r i v a t i v e .  12 

For the q u a n t i t a t i v e  assessment of t h e  a d d i t i v i t y  o f  I I a ,  the k i n e t i c  s tudy was c a r r i e d  out .  

The s u b s t i t u e n t  e f f e c t s  of s tyrene on t h e  c y c l o a d d i t i o n  r e a c t i o n  r a t e s  were examined by p l o t t i n g  



l o g  k/kH aga ins t  .+,I3 AS can be seen i n  F igu re  2, l i n e a r  c o r r e l a t i o n  was obtained. The e lec t ron -  
P  

r i c h  styrenes r e a c t  much f a s t e r  w i t h  I l a  than the e l e c t r o n - d e f i c i e n t  ones. T h i s  f a c t  m a y b e a t t r i b -  

u ted  t o  the change o f  the f r o n t i e r  energy l e v e l  on i n t r o d u c t i o n  o f  t h e  s u b s t i t u e n t  on s tyrene,  
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Figure 2. Plot of log k/kH agolnst6: for cycloaddition of 

IIa wlth p-substituted styrenes. 
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wherein the i n t e r a c t i o n  of the d i m e  LUMO w i t h  t h e  d ienoph i le  HOMO i s  g rea tes t .  The behav io ro f  I I a  

log klkv = P ~ P +  

y = - 0.84 
( r=0 .987)  

w i t h  va r ious  s tyrenes i s  expla ined i n  te rns  of an " inverse"  type r e a c t i o n  i n  Sustrnan's c l a s s i f i c a -  

t i o n  o f  D ie l s -A lde r  r e a c t i o n  which i s  devided i n t o  th ree  types, depending on t h e  r e l a t i v e  
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Scheme I .  Pericyclic Reactions of Ila 
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t i o n  o f  diene and d ienoph i le  f r o n t i e r  o r b i t a l s .  The a c t i v a t i o n  parameters (Ea = 12.4 kcal lmol  and 

AS* = -34 eu) f o r  t h e r e a c t i o n  of I I a  w i t h  s tyrene a re  a lnws t  same as those of usual Oie ls-Alder  

react ions.14 Based on these t h e o r e t i c a l  expec ta t ion  and experimental data, we have undertaken t o  

i n v e s t i g a t e  t h e  c y c l o a d d i t i v i t y  and p e r i s e l e c t i v i t y  o f  I I a  toward a s e r i e s  o f  medium-membered r i n g  

unsaturated compounds, which has n o t  been ever  s tud ied  sys temat i ca l l y .  The r e s u l t s  are sumnarized 

i n  Scheme I. 15 

I n  conclusion, 2,3,4,5-tetrachlomthiophene-1.1-dioxide ( I I a )  shows h igh  r e a c t i v i t y a n d  se lec-  

t i v i t y  toward seven-membered r i n g  unsaturated compounds such as cyc lohep ta t r i ene ,  fulvene, arepine,  

and cyc looc ta te t raene  i n  t h e i r  p e r i c y c l i c  reac t ions .  The source o f  the h igh  r e a c t i v i t y  and s p e c i f i -  

c i t y  of I I a  i n  the cyc loadd i t i ons  w i l l  be n o t  o n l y  due t o  the narrow f r o n t i e r  o r b i t a l  separat ion 

b u t  a l s o  due t o  the e f fec t i veness  of secondary o r b i t a l  i n t e r a c t i o n  ass is ted  by a c o p l a n a r i t y  effect.4a 

Thus, th iophene-1, l -d iox ides a r e  promis ing reagents f o r  t h e  p e r i c y c l i c  r e a c t i o n  as w e l l  as 

4b cyclopentadienones, e.q., 2,5-bis(methoxycarbonyl)-3,4-diphenylcyclopentadienone ( I I I a )  . The more 

r e a c t i v e  d e r i v a t i v e s  a re  expected t o  be synthesized. 

Besides t h i s  work, we s u c c e s s f u l l y  accounted f o r  a h i t h e r t o  unexplained experimental observa- 

t i o n  of c y c l o a d d i t i o n  behavior  of 6-dimethylaminofulvene w i t h  severa l  dienes,16 which w i l l  be des- 

c r i b e d  i n  a forthcoming paper. 
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