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New photochemistry of 2,5-cyclohexadien-I -ones 
and related compounds 

A r t h u r  G. Schu l t z  

Department o f  Chemistry, Rensselaer Po ly techn ic  I n s t i t u t e ,  Troy, New York 
12180-3590 USA 

Abs t rac t  - New procedures f o r  photorearrangement o f  2,5-cyclohexadien-I-  
ones t o  bicyclo[3. l .0 lhexenones and s u b s t i t u t e d  phenols have been 
developed. The i n t e r m e d i a t e  o x y a l l y l  z w i t t e r i o n s  undergo in t ' r amo lecu la r  
c y c l o a d d i t i o n  t o  fu ran ,  t h e  a l k y l  az ide  group, and a v a r i e t y  o f  o l e f i n s .  
I n t r a m o l e c u l a r  2+2 photocyc loadd i  t i o n s  o f  4-( 3 '  -a1 kenyl)-2,5-cyclohexa- 
d ien- I -ones  a l s o  a r e  descr ibed. 

INTRODUCTION 

The photorearrangements o f  2,4- and 2,5-cyclohexadien-l-ones have been o f  i n t e r e s t  t o  
o rgan ic  chemists f o r  many years .  Cyclohexadienone photochemis t ry  has been used i n  m u l t i s t e p  
o r g a n i c  syn thes is ,  b u t  t h e  f u l l  s y n t h e t i c  p o t e n t i a l  remains t o  be e x p l o i t e d .  A recen t  
development o f  methods f o r  t h e  convers ion  o f  1,4-cyclohexadienes 1 i n t o  2,4-cyclohexadien-1- 
ones 2 ( r e f .  1 )  and 2,5-cyclohexadien-l-ones 3 ( r e f .  2) represents  an impor tan t  s tep  towards 
t h i s  goal .  Cyclohexadienes 1 a r e  prepared by t h e  a l k a l i  metal  i n  ammonia-promoted r e d u c t i v e  
a l k y l a t i o n  o f  benzoic a c i d  d e r i v a t i v e s .  
dien-1-ones w i t h  a wide range of s u b s t i t u e n t s  i n  bo th  racemic and e n a n t i o m e r i c a l l y  pure  
form. 

Th is  account w i l l  focus on t h e  photochemis t ry  of 2,5-cyclohexadien-l-ones 3 and r e l a t e d  
compounds. P a r t i c u l a r  emphasis w i l l  be d i r e c t e d  a t :  
oxya l  l y l  zwi t t e r i o n s  generated from photorearrangements o f  2,5-cyclohexadien-l-ones and 2) 
t h e  i n t r a m o l e c u l a r  2+2 pho tocyc loadd i t i on  o f  2,5-cyclohexadien-l-ones. 

The methodology p rov ides  2,4- and 2,5-cyclohexa- 

1 )  t h e  i n t r a m o l e c u l a F  r e a c t i v i t y  o f  

3 1 2 

Al though many research  groups have c o n t r i b u t e d  t o  t h e  c o n t i n u a l l y  expanding body o f  d ienone 
photochemis t ry ,  much of t h e  c u r r e n t  unders tand ing  o f  t y p e  A p h o t o r e a c t i v i t y  o f  2,5-cyclo- 
hexadien-I-ones 4 i s  due t o  Zimmerman and Schuster ( r e f .  3) .  
ga thered t o  suppzr t  t h e  ex i s tence  o f  o x y a l l y l  z w i t t e r i o n s  5 i n  t h e  t y p e  A photorearrangement 
t o  b i  cyc 1 o [ 3.1.01 hexen ones 5. 

Conv inc ing  ev idence has been 
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R1 
R1 

4 5 6 7 
Chapman and co-workers have demonstrated t h e  v i a b i l i t y  of  i n t e r m o l e c u l a r  c y c l o a d d i t i o n  o f  
f u r a n  and a d d i t i o n  o f  methanol t o  o x y a l l y l  z w i t t e r i o n s  7 generated f rom photorearrangement 
o f  bicycloC3.l.O]hexenones ( r e f .  4). 
f i r s t  examples o f  i n t r a m o l e c u l a r  r e a c t i o n s  of photochemica l l y  generated s t e r o i d a l  oxya l  l y l  
z w i t t e r i o n s  r e l a t e d  t o  I w i t h  p rox imate  a l coho l  and ke tone carbony l  groups ( r e f .  5). 

Subsequently, Wi l r iams and co-workers r e p o r t e d  t h e  
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PHOTOREARRANGEMENTS OF 2,5-CYCLOHEXADIEN-l -ONES 

It has been shown t h a t  i r r a d i a t i o n s  o f  4-alkyl-4-carbomethoxy-2,5-cyclohexadien-l-ones 8 a t  
366 nm g i v e  phenols 9 and 10, presumably v i a  photorearrangement o f  i n t e r m e d i a t e  b i c y c l o r  
[3.1.O]hexenones; y , t j F e f .  2b). The e x c l u s i v e  m i g r a t i o n  o f  t h e  carbomethoxy r a t h e r  
than  t h e  p r imary  a y l  group i n  t h e  i n t e r m e d i a t e  z w i t t e r i o n  1 i s  noteworthy.  
m i g r a t i o n  tendency has been determined f o r  t h e  carbe thoxy  group i n  t h e  ac id -ca ta l yzed  
dienone-phenol rearrangement ( r e f .  6 ) .  

An analogous 
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The cor respond ing  photorearrangements of  4-alkyl-4-cyano-2,5-cyclohexadien-l-ones 11 p r o v i d e  
- 9 : l  d ias te reo isomer i c  m ix tu res  o f  b icyclo[3. l .0 lhexenones 12 w i t h  no t r a c e s  o f  p h e n o l i c  
p roduc ts ;  x., 13 ( r e f .  2b). 
s u b s t i t u t e d  bicyclohexenones, 12, migh t  be a r e s u l t  o f  a r e t a r d a t i o n  i n  t h e  r a t e  o f  photo- 
i s o m e r i z a t i o n  t o  t h e  t y p e  1 z w x t e r i o n .  A l t e r n a t i v e l y ,  z w i t t e r i o n  7 migh t  be generated, b u t  
t h e  f a i l u r e  t o  observe cyano group m i g r a t i o n  cou ld  be a r e s u l t  o f  a-low " m i g r a t i o n  tendency" 
r e l a t i v e  t o  t h e  carbomethoxy group. Cont ro l  exper iments i n d i c a t e  t h a t  t h e  f i r s t  e x p l a n a t i o n  
probab ly  i s  no t  c o r r e c t .  The pho to i somer i za t i on  of  cyclohexadienones o f  t y p e  2 may p r o v i d e  
a un ique o p p o r t u n i t y  t o  s tudy  t h e  m i g r a t i o n  tendency o f  a cyano group t o  an e l e c t r o n  
d e f i c i e n t  c e n t e r  i n  t h e  absence o f  a c i d i c  c a t a l y s t s .  

I n  c o n t r a s t  t o  t h e  photorearrangement o f  8 t o  phenols 9 and 10, 366 nm i r r a d i a t i o n  o f  a 
s e r i e s  o f  3-methoxy-2,5-cyclohexadien-l-o~es 14 gave b ~ c y c l o ~ . l . O ] h e x e n o n e s  15 and 16 w i t h  
complete r e g i o s e l e c t i v i t y  i n  good t o  e x c e l l e n r y i e l d s  ( r e f .  2b). 

I n  p r i n c i p l e ,  t h e  enhanced p G t o s t a b i l i t y  o f  cyano- 

Cont inued i v a d i a t - n  o f  

0 0 0 

+ 

Me0 
H 

14  15 16 

- 15 and 16 r e s u l t e d  i n  pho to i somer i za t i on  t o  p redominate ly  t h e  d ias te reo isomer i c  s e r i e s  g 
w i t h  t h e  carbomethoxy group endo t o  t h e  3-methoxyenone chromophore. 

The s t a b i l i z i n g  e f f e c t  o f  t h e  6-methoxy group i n  bicyclohexenones 15 and 16 i s  a t  l e a s t  
p a r t i a l l y  a r e s u l t  of t h e  wavelength of l i g h t  used i n  t h e  photorearrangement o f  14 t o  15 and - 16 (366 nm). 
phenols.  
phenols (bu t ,  i n t e r e s t i n g l y ,  nq t  pho to in te rconvers ion )  may be r e l a t e d  t o  t h e  a n t i c i p a t e d  
( r e f .  7 )  l o w e r i n g  o f  t h e  TI + II $ r i p l e t  s t a t e  o f  t h e  enone group by t h e  3-methoxy s u b s t i -  
t u e n t .  Indeed, t h e  normal n + A i n i t i a t e d  photorearrangement t o  a bicyclohexenone i s  
comp le te l y  suppressed i n  t h e  case of t h e  3,5-dimethoxy-2,5-cyclohexadien-l-one 17. 
o t h e r  s y n t h e t i c a l l y  u s e f u l  s u b s t i t u e n t  e f f e c t s  a re  t o p i c s  o f  c u r r e n t  s t u d i e s  d i r e c t e d  a t  an 
e x p l o r a t i o n  o f  t h e  e x c i t e d  s t a t e  k i n e t i c s  o f  2, 17, and r e l a t e d  substances. 

I r r a d i a t i o n  o f  14 ( o r  15 and 16) w i t h  l i g h t  > 300 nm p rov ided  t h e  K t i c i z t e d  
It i s  suspected t h a t  t h e  re luc tance  o f  5 and E t o  undergo photorearrangement t o  

Th is  and 
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Me0 4 OMe pyp-dp  \ OMe -. / OMe 0. 

OMe OMe Me C02Me 

17 18 19a, R = Me 
b, R = CH2CH2CH=CH2 

Reduct ive a l k y l a t i o n  o f  t h e  c h i r a l  benzamide 18 p rov ided  19a w i t h  a d ias te reo isomer i c  excess 
o f  260:l ( r e f .  8 ) .  
d e r i v e d  f rom 19a demonstrated t h a t  pho to i somer i za t i on  o f  16 t o  15 (R=Me) occurs by e x t e r n a l  
cyclopropane bond "b" c leavage r a t h e r  than t h e  i n t e r n a l  bond "a5'-cleavage ( r e f .  2b).  Th is  
chemose lec t i v i t y  c o r r e l a t e s  w i t h  t h e  re luc tance  o f  t h e  4-methoxybicyclohexenones 15 and 16 
t o  undergo photorearrangement t o  phenols, a process t h a t  must occur  by bond "a" c leavage t o  
g i v e  z w i t t e r i o n  I. It i s  tempt ing  t o  r e l a t e  bond "a" c leayage o f  t h e  h y p o t h e t i c a l  b i c y c l o -  
hexenones t h a t  photorear range t o  phenols 9 and lo t o  n + II enoQe e x c i t e d - s t a t e  cha rac te r  
and bond "b" c leavage i n  t h e  4-methoxybicyclohexenones t o  T + II charac te r .  

It a l s o  was d iscovered t h a t  20 undergoes photoracemiza t ion  t o  21, i n d i c a t i n g  t h a t  t h e r e  i s  a 
pathway f o r  r e t u r n  o f  t h e  e x c i t e d  s t a t e  o f  20 and/or p r imary  p E t o p r o d u c t  t o  t h e  2,5-cyclo- 
hexadienone. Mechan is t i c  specu la t i on  has been o f f e r e d  t o  account f o r  t h i s  obse rva t i on  ( r e f .  
2b) bu t ,  aga in ,  a d e t a i l e d  a n a l y s i s  o f  t h e  e x c i t e d  s t a t e  k i n e t i c s  would be h e l p f u l  i n  
f u r t h e r  e l u c i d a t i n g  t h e  s u b s t i t u e n t  e f f e c t s .  

I r r a d i a t i o n  o f  t h e  e n a n t i c e r i c a l l y  p u r e  2,5-cyclohexadien-l-one 20 

0 0 

Me0 

20 

Me0 

21 

INTRAMOLECULAR CYCLOADDITIONS TO OXYALLYL ZWITTERIONS 
GENERATED FROM PHOTOREARRANGEMENTS OF 2.1-CYCLOHEXADIEN- 
I - O N E S  

O x y a l l y l  z w i t t e r i o n s  5 and 7 a re  produced by photorearrangements o f  2,5-cyclohexadien-l-ones 
- 4 and b i c y c l o [ 3 . l . O ] h ~ x e n o n ~ ~  6. 
c y c l o a d d i t i o n s  w i t h  s u i t a b l y  s u b s t i t u t e d  z w i t t e r i o n s  o f  t y p e  5 ( r e f .  9 ) ,  t h i s  account i s  
concerned o n l y  w i t h  i n t r a m o l e c u l a r  c y c l o a d d i t i o n s  o f  t h e  t y p e  L z w i t t e r i o n .  

We have found t h a t  i t  i s  p o s s i b l e  t o  c a r r y  ou t  i n t r a m o l e c u l a r  z w i t t e r i o n  c y c l o a d d i t i o n s  t o  
fu ran ,  t h e  a l k y l  az ide  group, and va r ious  o l e f i n s .  I n  a l l  cases, i t  i s  necessary t o  
cons ide r  a l t e r n a t i v e  r e a c t i o n  pathways i n v o l v i n g  m i g r a t i o n s  w i t h i n  t h e  z w i t t e r i o n .  
example, i r r a d i a t i o n  o f  22a p rov ides  t h e  expected bicyclohexenone 23a, which s l o w l y  photo-  
rear ranges t o  phenol 2 4 , T d i c a t i n g  t h a t  i n t r a m o l e c u l a r  cap tu re  o f T e  z w i t t e r i o n  by t h e  
f u r a n y l  s u b s t i t u e n t  i s n o t  c o m p e t i t i v e  w i t h  carbomethoxy group m i g r a t i o n .  However, E, 
m o d i f i e d  t o  s low t h e  m i g r a t i o n  process, photorear ranges t o  f u r a n  adduct 3 ( v i a  t h e  i s o l a b l e  
i n t e r m e d i a t e  bicyclohexenone 23J) i n  e x c e l l e n t  y i e l d  ( r e f .  10a). 

The photorearrangement o f  = t o  25 prov ides  s t r o n g  a d d i t i o n a l  evidence t o  suppor t  t h e  
c o n t e n t i o n  t h a t  o x y a l l y l  z w i t t e r i o n s  a r e  i n v o l v e d  i n  t h e  convers ions  o f  b icyclohexenones t o  
phenols;  9.. 3 + 24. These photorearrangements occur  w i t h  r e l a t i v e l y  poor quantum 
e f f i c i e n c y  because o f  t h e  C(4) methoxy group. 
26b undergo - q u a n t i t a t i v e  photorearrangement t o  11 and 28 i n  1.5 t o  3 h. I n  bo th  c a K  
5 i n t e r m e d i a t e  bicyclohexenones a re  t o o  p h o t o r e a c t i v e  t o  be de tec ted  by convent iona l  *; 
NMR analyses ( r e f .  10a). 

The c y c l o a d d i t i o n  o f  o x y a l l y l  z w i t t e r i o n s  t o  a l k y l  az ides  represents  a new 3+3 a n n e l a t i o n  
process; s., =+ 8. It should be no ted  t h a t  t h e  sequen t ia l  photorearrangements of 26b 
and r e l a t e d  2,5-cyclohexadien-l-ones occur  e f f i c i e n t l y  i n  t h e  presence o f  t h e  p o t e n t i a l l y  
p h o t o r e a c t i v e  az ide  group. Th is  c h e m o s e l e c t i v i t y  i s  a r e s u l t  o f  s e l e c t i v e  i r r a d i a t i o n  o f  
t h e  l o n g  wavelength UV abso rp t i on  band o f  t h e  dienone chromophore i n  a s p e c t r a l  r e g i o n  (-366 
nm) f o r  which t h e  az ide  group i s  nonabsorbent. 

Al though i t  shou ld  be p o s s i b l e  t o  pe r fo rm i n t r a m o l e c u l a r  

For 

By c o n t r a s t ,  2,5-cyclohexadien-l-ones 26a and 
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22a, R = 7) C0,Me 

b, R = CH2OAc 

OH 

C02 Me 

Me0 

24 0 

MeO’ 

23a, R = C0,Me 3 
b, R = CH,OAc 

25 
Triazenes such as 28 appear t o  be u s e f u l  s y n t h e t i c  i n te rmed ia tes ,  bu t  o n l y  l i m i t e d  chemical 
r e a c t i v i t y  da ta  a r e  a v a i l a b l e  a t  p resent .  
atmospher ic mo is tu re  r e s u l t s  i n  l o s s  o f  mo lecu la r  n i t r o g e n  and i n c o r p o r a t i o n  o f  one 
eq u i va 1 en t of H20 t o  g i ve 1,2,3,4,4a , 7 , 8 , 8a -OC t a hy d r o - 4a - (ace t oxymet hy 1 ) - 7 - hy d r oxy - 7,8a - 
d imethy l -8 -oxoqu ino l ine  i n  h i g h  y i e l d  ( r e f .  10a). 

It i s  no tewor thy  t h a t  r e a c t i o n  o f  28 w i t h  

@o ~ X = 2-Furanyl hv Me%e X - X hv = N3 &,) 
Me Me 

AcO ACO ACO .- - 
27 26a, X = 2-Furanyl 

b , X = N 3  
28 

Symmetr ica l l y  s u b s t i t u t e d  phenols a1 so are  conven ien t  sources o f  pho to reac t i ve  2,5-cyclo- 
hexadien-1-ones. For example, 2,4,6-tr imethyl  phenol p rov ides  4-furfury loxy-2,4,6- 
trimethyl-2,5-cyclohexadien-l-one (29),  a l b e i t  i n  low o v e r a l l  y i e l d .  B r i e f  i r r a d i a t i o n  o f  
29 i n  benzene s o l u t i o n  a t  366 nm gave t h e  b r idged  f u r a n  adduct 30 i n  e x c e l l e n t  y i e l d  ( r e f .  
m b ) .  
c o n f i r m i n g  t h a t  t h i s  and o t h e r  adducts ob ta ined  by i n t r a m o l e c u l a r  o x y a l l y l  z w i t t e r i o n  
a d d i t i o n s  t o  t h e  f u r a n  r i n g  have t h e  C(8)-C(9) doub le  bond endo t o  t h e  carbony l  group. - endo-Or ien ta t i on  a l s o  has been repo r ted  f o r  t h e  i n t e r m o l e c u l a r  process ( r e f .  4 ) .  

Whi le  t h e  a v a i l a b l e  da ta  do n o t  e l u c i d a t e  t h e  t i m i n g  o f  adduct bond fo rma t ions  (s tepwise  o r  
concer ted) ,  i t  i s  apparent t h a t  o r i e n t a t i o n a l  p re fe rence i n  t h e  i n t r a m o l e c u l a r  process 

The mo lecu la r  s t r u c t u r e  o f  30 was determined by X-ray c r y s t a l l o g r a p h i c  ana lys i s ,  

OH 0 0 

Me Me 

hv - - 
Me $yo oMe 

29 30 
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c o r r e l a t e s  w i t h  p roduc t  s t a b i l i t y .  
s t a b l e  than t h e  =-isomer. Mo lecu la r  mechanics c a l c u l a t i o n s  suppor t  t h i s  hypothes is  and 
suggest t h a t  t h e  major  source o f  i n s t a b i l i t y  i s  r i n g  s t r a i n  i n  t h e  connect ing  t e t r a h y d r o -  
f u r a n y l  u n i t .  Th is  reason ing  can be extended t o  an analogous c o n s i d e r a t i o n  of  3 and 11. 
The v i n y l  s u b s t i t u t e d  o x y a l l y l  z w i t t e r i o n  behaves as a two-e lec t ron  component i n  cyc loadd i -  
t i o n s  t o  f u r a n  and t h e  az ide  group t o  g i v e  adducts 3, 27, and 2. This  z w i t t e r i o n  i n  2 
r e a c t s  as a f o u r  e l e c t r o n  component w i t h  o l e f i n s  t o  g i v e  b r idged  carbocyc les  33 and 34; 
h e t e r o c y c l e  35 a l s o  has been obtained. P r e l i m i n a r y  da ta  i n d i c a t e  t h a t  t h e  d i x r i b u t z n  o f  
p roduc ts  s t r z g l y  depends on t h e  n a t u r e  o f  t h e  s u b s t i t u e n t s  a t tached  t o  t h e  o l e f i n  ( r e f .  11).  

Mo lecu la r  models show t h a t  endo-30 i s  cons ide rab ly  more 

0 0-  

31 

0 

R1- Qp 
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R1- BR2 
R 

34 35 

INTRAMOLECULAR 2 + 2  PHOTOCVCLOADDITIONS OF 4-(3'-ALKENVL)- 
2,5-CVCLOHEXADIEN-I-ONES 

I n  t h e  course o f  an i n v e s t i g a t i o n  o f  t h e  p h o t o r e a c t i v i t y  o f  4-(3'-butenyl)-2,5-~yclohexa- 
dien-1-ones, we d i scove red  an i n t r a m o l e c u l a r  2+2 p h o t o c y c l o a d d i t i o n  ( r e f .  12). Thus, 
i r r a d i a t i o n  o f  36a gave an approx imate ly  e q u i v a l e n t  d i s t r i b u t i o n  o f  phenol 37, h p roduc t  
o f  c a r b o m e t h o x y T o u p  rearrangment i n  z w i t t e r i o n  2, and l - ~ a r b o m e t h o x y [ 4 . 3 ~ . 0 ~ ~ ~ ~ ] -  
t r i cyc lodec-2-en-4-one (38).  The n i t r i l e  d e r i v a t i v e  36b was prepared t o  suppress t h e  
m i g r a t i o n  tendency o f  t h F C ( 4 )  s u b s t i t u e n t  ( v i d e  s u p r G  I r r a d i a t i o n  o f  36b produced 
bicyclohexenone 39, 1 -cyanot r i cyc lodecenone -derived f rom photorearrangement o f  2; c f .  , 
p h o t o s t a b i l i t y  o f z )  and t h e  t r i cyc lodecenone  41. 

0 

36a, X = C02Me 
b,X=CN 

hv l X = C N  

0 

& 39 

+ 

37 

0 

38 

0 

40 41 
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The i n t e r -  and i n t r a m o l e c u l a r  2+2 pho tocyc loadd i t i on  o f  an a,6-unsaturated carbony l  system 
t o  an a lkene i s  an impor tan t  process f o r  t h e  c o n s t r u c t i o n  o f  acy l  s u b s t i t u t e d  cyc lobutanes  
( r e f .  13). However, pho tocyc loadd i t i ons  o f  o l e f i n s  o r  ace ty lenes  t o  2,5-cyclohexadien-1- 
ones a r e  unprecedented. 
c y c l o a d d i t i o n  must be i n  compe t i t i on  w i t h  t h e  no rma l l y  e f f i c i e n t  t y p e  A photorearrangement 
o f  2,5-cyclohexadien-l-ones. The p o t e n t i a l  s y n t h e t i c  va lue  o f  t h e  fo rma t ion  o f  t r i c y c l o -  
decenones of t y p e  38 fo l l ows  from: 1 )  t h e  now general  a v a i l a b i l i t y  o f  4 ,4 -d i subs t i t u ted -  
2 ,5 -cyc lohexad ien -~ones  i n  racemic o r  e n a n t i o m e r i c a l l y  pure  form, 2) t h e  d i v e r s e  func-  
t i o n a l i t y  i n  2 and analogues t h a t  would be a v a i l a b l e  f o r  subsequent s y n t h e t i c  man ipu la t i on ,  
and 3) t h e  wide range of s y n t h e t i c  convers ions  of acy l  s u b s t i t u t e d  cyc lobutanes  a l ready  
a v a i l a b l e  ( r e f .  13).  

Th is  chemis t ry  i s  of mechan is t i c  s i g n i f i c a n c e  because t h e  2+2 

The t y p e  A photorearrangement can be avoided comple te ly  w i t h  t h e  3-methoxy-2,5-cyclohexa- 
dien-1-ones 42a-e. For example, i r r a d i a t i o n  o f  42a a t  366 nm i n  deaerated benzene s o l u t i o n  
f o r  3 h g a v e T ( > 9 5 %  y i e l d )  a long w i t h  l e s s  t h x 5 %  o f  t h e  reg io i somer i c  t r i cyc lodecenone  
_. 43b. R e m a r k a n ,  42b, t h e  4 - (3 ' -bu teny l )  analogue o f  t h e  u n r e a c t i v e  2, gave 43c i n  
q u a n t i t a t i v e  y i e l d T t h  about t h e  same quantum e f f i c i e n c y  as t h a t  f o r  t h e  convers ion  o f  3 
t o  s. 

42a, R, = OMe; R, = R, = H 
b, R, = R, = OMe; R, = H 
c ,  R, = OMe; R, = Me; R, = H 
d, R, = OMe; R, = H; R, = Me 
e, R, = R, = OMe; R, = H 

43a, R, = OMe; R, = R, = H 
b, R, = R, = H; R, = OMe 
c, R, = R,= OMe; R, = H 
d, R, = OMe; R, = Me; R, = H 
e, R, = Me; R, = OMe; R, = H 
f, R, = OMe; R, = H; R, = Me 

g, R, = R, = OMe; R, = H 

Cyclohexadienone 42c p rov ided  an o p p o r t u n i t y  t o  examine t h e  b i f u r c a t i o n  o f  c y c l o a d d i t i o n  t o  
8-methyl and 8 - m e z X y  s u b s t i t u t e d  enone u n i t s .  
m i x t u r e  o f  43d and 43e. 
capable o f  h y d r o g e n x n d i n g  t o  t h e  carbony l  group oxygen of>. 

I n t r a m o l e c u l a r  2+2 pho tocyc loadd i t i on  of  42d was comp le te l y  r e g i o s e l e c t i v e  t o  g i v e  methyl  
s u b s t i t u t e d  cyc lobutane 43f i n  93% y i e l d . 7  h i g h  degree o f  r e g i o s e l e c t i v i t y  a l s o  was 
e x h i b i t e d  i n  t h e  case of7- which gave ma in l y  9. Thus, t h e r e  i s  l i t t l e  compe t i t i on  f rom 
c y c l i z a t i o n  t o  t h e  v iny logous  e s t e r  double bond when C(5) and C(6) a r e  u n s u b s t i t u t e d  (case 
- 42a) o r  when C(5) i s  u n s u b s t i t u t e d  and C(6) bears a methyl  (case %) o r  methoxy (case &) 
s u b s t i t u e n t .  

The d i a s t e r e o s e l e c t i v e  r e d u c t i v e  a l k y l a t i o n  of t h e  c h i r a l  benzamide 18 p rov ided  19b, which 
was conver ted  t o  enan t iomer i ca l  l y  pure  42a. 
p h o t o c y c l o a d d i t i o n  w i t h o u t  r a c e m i z a t i o n T T h i s  r e s u l t  i s  s t r i k i n g  i n  l i g h t  o f  t h e  photo- 
racemiza t i on  encountered w i t h  g. 
A d d i t i o n a l  s t u d i e s  ( r e f .  12) w i t h  a wide range o f  s u b s t i t u t e d  4-(3'-butenyl)-2,5-~yclohexa- 
dien-1-ones have demonstrated t h a t :  1) B i r a d i c a l s  appear t o  be i n v o l v e d  i n  t h e  i n t r a -  
mo lecu la r  2+2 pho tocyc loadd i t i on .  2) Quaternary cen te rs  may be generated a t  each carbon 
atom o f  t h e  cyc lobutane r i n g .  3) The p a r t i t i o n i n g  o f  pathways f o r  t y p e  A p h o t o r e a c t i v i t y  fi 
2+2 c y c l o a d d i t i o n  i n  36a and o t h e r  subs t ra tes  l a c k i n g  3-methoxy s u b s t i t u t i o n  i s  s e n s i t i v e  t o  
changes i n  s o l v e n t  compos i t ion  and temperature;  cyc lobutane fo rmat ion  i s  favored i n  hydro- 
carbon so l ven ts  a t  low temperature.  4) The 4 - a l l y l -  and 4-(4'-penteny1)-2,5-~yclohexadien- 
1-ones do no t  undergo 2+2 pho tocyc loadd i t i ons  under c o n d i t i o n s  u t i l i z e d  f o r  42 and r e l a t e d  
d e r i v a t i v e s .  5) 4-Carbomethoxy-3-methoxy-4-(3'-pentynyl)-2,5-cyclohexadien-l-one and 
r e l a t e d  a c e t y l e n i c  subs t ra tes  undergo e f f i c i e n t  2+2 c y c l o a d d i t i o n  t o  g i v e  t h e  cor respond ing  
cyc lobutene i n  e x c e l l e n t  y i e l d s .  

I r r a d i a t i o n  o f  42c i n  benzene gave an 87:13 
However, inc reased q u a n t i t i e s  o f  43e were ob ta ined  i n  so l ven ts  

Th is  m a t e r i a l  u n d e r w e n t 7 n t r a m o l e c u F  2+2 

P r e l i m i n a r y  c h a r a c t e r i z a t i o n  o f  t h e  e x c i t e d - s t a t e  
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respons ib le  f o r  2 t 2  v c l o a d d i t i o n  suggests t h a t  s i g n i f i c a n t  m i x i n g  o f  t h e  T + T* t r i p l e t -  
s t a t e  w i t h  t h e  n + II t r i p l e t - s t a t e  no rma l l y  assoc ia ted  w i t h  t y p e  A p h o t o r e a c t i v i t y  i s  
r e q u i r e d  f o r  d i v e r s i o n  o f  t h e  photochemis t ry  o f  2,5-cyclohexadien-l-ones f rom t h e  t y p e  A 
process  t o  i n t r a m o l e c u l a r  2+2 c y c l o a d d i t i o n .  

The d i a s t e r e o s e l e c t i v e  B i r c h  r e d u c t i v e  a l k y l a t i o n  o f  c h i r a l  benzamides p rov ides  enant iomer- 
i c a l l y  pure  2,5-cyclohexadien-l-ones w i t h  a wide range o f  s u b s t i t u t i o n .  I n  c e r t a i n  cases, 
i t  would be d e s i r a b l e  t o  p repare  symmetr ical  2,5-cyclohexadien-l-ones and induce asymmetry 
d u r i n g  subsequent c y c l i z a t i o n s .  
p h o t o c y c l o a d d i t i o n  o f  f i t 0  g i v e  5 o r  t h e  enant iomer 46. 

This  p r i n c i p l e  i s  i l l u s t r a t e d  f o r  t h e  i n t r a m o l e c u l a r  2+2 

44 45 46 

We have examined t h e  concept o f  remote s t e r e o c o n t r o l  ( r e f .  14) v i a  placement o f  a c h i r a l  
c e n t e r  on t h e  bu teny l  s i d e  cha in ;  9. 3. Racemic 3 was prepared t o  serve bo th  as a 
p o t e n t i a l  s y n t h e t i c  i n t e r m e d i a t e  i n  t h e  p r e p a r a t i o n  o f  racemic 9-isocyanopupukeananeY a 
n a t u r a l  mar ine  i socyan ide  ( r e f .  15) and as a probe o f  t h e  mechanism o f  t h e  i n t r a m o l e c u l a r  
2+2 pho tocyc loadd i t i on .  I f  t h e  t r a n s i t i o n  s t a t e  f o r  f o rma t ion  o f  t h e  cyc lobutane r i n g  
resembles t h e  s t a r t i n g  2,5-cyclohexadien-l-one, 3, t hen  48, i n  which t h e  b u l k y  carbomethoxy 
and i s o p r o p y l  groups a r e  a n t i  d isposed, ought t o  be t h e  major  p roduc t .  I f p roduc t  
development c o n t r o l  operates,  t hen  49 would be t h e  expected p roduc t  because t h e  i s o p r o p y l  
group i s  away f rom t h e  cup-shaped c a v i t y  d e f i n e d  by t h e  tricyclo[4.3.l.0]decenone r i n g  
system. 
d e r i v e d  2,4-dinitrophenylhydrazone o f  2 ( r e f .  16). 
p h o t o c y c l o a d d i t i o n  p robab ly  i n v o l v e s  r e v e r s i b l e  fo rma t ion  o f  1 ,4 -b i rad i ca l s  suggests t h a t  
p roduc t  development c o n t r o l  may be a u s e f u l  p r e d i c t i v e  model f o r  p h o t o c y c l i z a t i o n  o f  
4 - (  3 ' -bu teny l  ) -2,5-cycl ohexadi en-1-ones. 

I n  f a c t ,  2 g ives  o n l y  49 as determined by X-ray c r y s t a l l o g r a p h i c  a n a l y s i s  o f  t h e  
Th is  r e s u l t  and t h e  d i scove ry  t h a t  2+2 

0 

Me 49 Me A Me 

0 

Me 4% 

47 

An a l t e r n a t i v e  procedure f o r  remote s t e r e o c o n t r o l  i n c o r p o r a t e s  a c h i r a l  a u x i l i a r y  a t  C(4) i n  
- 44. A smal l  s e l e c t i v i t y  o f  70:30 has been observed f o r  t h e  (2'S)-4-[(2'-methoxymethyl)- 
p y r r o l i d i n y l  l ca rbony l  d e r i v a t i v e .  Separa t ion  o f  d ias te reo isomers  and h y d r o l y t i c  removal o f  
t h e  c h i r a l  a u x i l i a r y  p rov ides  e n a n t i o m e r i c a l l y  pure  t r i cyc lodecenone .  Other p o t e n t i a l l y  
u s e f u l  c h i r a l  a u x i l i a r i e s  a r e  be ing  examined ( r e f .  16).  

Acknowledgement 

Th is  research  was supported by t h e  Na t iona l  Science Foundat ion (CHE83-19474) and t h e  
Na t iona l  I n s t i t u t e s  o f  Hea l th  (GM26568). It i s  a p leasu re  t o  acknowledge t h e  enthusiasm, 
c a r e f u l  obse rva t i ons ,  and ded ica ted  e f f o r t s  of  my co-workers i n  t h i s  p r o j e c t ;  t h e i r  names 
a r e  found i n  t h e  re fe rences .  



988 A. G. SCHULTZ 

REFERENCES 

1. (a )  A. G. Schu l tz ,  J. P. D i t t a m i ,  F. P. L a v i e r i ,  C. Salowey, P. Sundararaman, and M. B. 
Szymula, J O r  Chem. 49, 4429 (1984).  ( b )  A. G. Schu l t z  and S. Puig, J O r  Chem 
50, 915 (e. G. Schu l tz ,  F. L a v i e r i ,  and T. E. Snead, J. Org.-86 
n 9 8 5 ) .  ( d )  A. G. Schu l tz ,  K. K. Eng, and R. K. K u l l n i g ,  Tetrahedron L e t t .  27, 2331 
(1986) .  (e )  A. G. Schu l tz ,  R. R. S ta ib ,  and K. K. Eng, J. Org. Chem. 52, 2 9 m  (1987).  

2. (a )  A. G. Schu l tz ,  F. P. L a v i e r i ,  and M. Macielag, Tetrahedron L e t t .  27, 1481 (1986).  
( b )  A. G. Schu l tz ,  F. P. L a v i e r i ,  M. Macielag, and 'M. Plummer, J. Am.7hem. SOC. 109, 
3991 (1987).  

3. Reviews o f  2,5-cvclohexadienone Dhotochemistrv:  ( a \  H. E. Zimmerman. Adv. Phntnrhem. 

7- 

. x c i t e d  S ta tes  3, P. de Mayo, Ed., Academic Press, New-York (19gO). 

4. (a )  L. L. Barber,  0. L. Chapman, and J. D. L a s s i l a ,  J. Am. Chem. Sac. 91, 3664 (1969) .  
( b )  0. L. Chapman, J. C. Clardy,  T. L. McDowell , and H. E. Wright,  J. 5. Chem. SOC. 
- 95, 5086 (1973) .  

5. (a )  J. R. Wi l l iams,  R. H. Moore, R. L i ,  and J. F. B lount ,  J. Am. Chem. SOC. 101, 5019 
(1979) .  
2324 (1980) .  

( b )  J. R. W i l l i ams  and R. H. Moore, R. L i ,  and C. M. Weeks, J. Org .Tem.  45, 

6. 

7. 

8. A. G. Schu l tz ,  P. Sundararaman, M. Macielag, F. P. L a v i e r i ,  and M. Welch, Tetrahedron 

9. C. J. Samuel, J. Chem. S O ~ . ,  Pe rk in  Trans 11, 736 (1981) .  

J. N. Marx, J. C. Argy le ,  and L. R. Norman, J. Am. Chem. SOC. 96, 2121 (1974) .  

H. E. Zimmerman and D. C. Lynch, J. Am. Chem. SOC. 107, 7745 (1985).  

L e t t .  26, 4575 (1985) .  -- 

10. ( a )  A. G. Schu l tz ,  M. Macielag, and M. Plummer, J. Org. Chem. 53, 391 (1988).  
( b )  A. G. Schu l t z ,  S. Puig, Y. Wang, J. Chem. SOC., Chem. Corn=. 785 (1985) .  

11. A. G. Schu l t z  and M. Plummer, manuscr ip t  i n  p repara t i on .  

12. A. G. Schu l tz ,  M. Plummer, A. G. Taveras, and R. K. K u l l n i g ,  J. Am. Chem. SOC. 110, 
0000 (1988) .  

13. (a )  S. W. Baldwin,  O r  . Photochem. 5, 123  (1982) .  ( b )  W. Oppolzer, Acc. Chem. Res. 15, 
135  (1982).  
L e c h l e i t e r ,  J. Am. Chem. SOC. 100, 4321 ( 1978r.  

Mascare l la ,  J. Am. Chem. S k .  108, 3735 (1986) .  ( i )  G. L. Lange and M. Lee, J. Org. 
-- Chem. 52, 323 ( 1 9 8 / ) .  

( c )  P. d: Mayo, Acc. CFemnes .  4, 41 (1971).  ( d )  P. A. Wender and J. 
( e )  M. C. P i r rung ,  J. Am. Chem. SOC. 

101, 7130 (1979).  ( f )  M. T. C-mins and J. A. DeLoac7i)Ji.0;g.CChem: 49, 2 076 (1984  1. 
M. Demuth, Pure and Ap 1. Chem. 58, 1233 (1986).  r immins and S. W. 

14. Unpubl ished r e s u l t s  o f  W. Geiss, R P I  l a b o r a t o r i e s .  

15. ( a )  B. J. Burreson, P. J. Scheuer, J. F i n e r ,  and J. Clardy,  J. Am. Chem. SOC. 97, 4763 
(1975) .  
Helv. Chim. Acta 62, 2484 (1979).  

( b )  M. R. Hagadone, 9. J. Burreson, P. J. Scheuer, J. S. F ine r ,  and J T C l a r d y ,  

16. Unpubl ished r e s u l t s  o f  W. Geiss and A. G. Taveras, R P I  l a b o r a t o r i e s .  




