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Enamide photocycl iza t ion  has been shown t o  be a  

new and use fu l  t o o l  f o r  t h e  syn thes i s  of var ious  

ni trogen-containing he terocycl ic  systems, pa r t i cu -  

l a r l y  a l k a l o i d s .  By t h i s  means, t h e  synthes is  of 

c r inan ,  benzo(c)phenanthridine,  aporphine, proto- 

berber ine  and yohimbine a l k a l o i d s  has been achieved 

INTRODUCTION ------------ ------------ 
1) .The chemistry of-enamines, introduced and developed by G.Stork , 

has been one of t h e  m o s t . p r o l i f i c  t o o l s i n  modern organic synthe- 

sis whereas t h a t  of imines has not beensexploited because of inhe- 

r e n t  i n s t a b i l i t y  and d i v e r s i t y  of r eac t ions .  However, N-acylen- 

amines, o r  enamides, which can be regarded a s  s t a b l e  d e r i v a t i v e s  

of imines o r  analogs o f  enamines, have been employed i n  photo- 

induced acyl  migrat ion2a,  bromination2b'2; reductionzd,  and hydro- 

2d l y s i s  . I t  can t h e r e f o r e  be expected t h a t  the  usefulness  of 



enamide chemistry w i l l  now be expanded. 

Recently, a  new type of s t e r e o s p e c i f i c  photocycl iza t ion  has 

been found t o  occur i n  t h e  c a s e  of enamides with an a d d i t i o n a l  

a ,%-unsaturated double bond t o  carbonyl group! Due t o  t h e  conju- 

- gated 6Z-electron system, an e l e c t r o c y c l i c  mechanism has been sug- 

gested a s  fol lows.  The enamide, a f t e r  e x c i t a t i o n  ( A c r B ) ,  under- 

goes c y c l i z a t i o n  i n  a  conrota tory  manner t o  t h e  c y c l i c  intermedi- 

a t e  (C)  followed by a [1,51-suprafacial  thermal hydrogen s h i f t  t o  

a f ford  s t e r e o s p e c i f i c a l l y  t h e  trans-lactam ( D ) .  

(4) ( 6 )  (C) ( D )  

By applying t h i s  enamide photocyclizat ion,  va r ious  n i t rogen-  

conta in ing  he terocycl ic  systems including a number of i soquinol ine  

a l k a l o i d s  have been synthesized.  This review surveys t h e  u t i l i t y  

of enamide photocyclizat ion a s  applied t o  t h e  syn thes i s  of na tu ra l  

products ,  p a r t i c u l a r l y  a l k a l o i d s  and r e l a t e d  compounds. 

PHENANTHRIDINE ALKALOIDS 
........................ 

. . -  , > 

A 0.02 M methanolic sd lu t ion  of t h e  N-benzoylenamine (1) of 

cyclohexanone was i r r a d i a t e d  with a  low pressure  mercury lamp f o r  

40 hr .  The r e a c t i o n  mixture, containing a s i n g i e  product a s  d e t e r -  . ~. - 
mined by t .1 .c .  and g . l . c . ,  was evaporated and t h e  r e s u l t i n g  s o l i d  

was r e c r y s t a l l i z e d  from alcohol  t o  af ford  t h e  photocyclized pro- 

duc t  ( 2 ) .  The B/C t r a n s  s t r u c t u r e  of (2) was assigned from t h e  



n.m.r. d a t a  and conversion t o  a  known der iva t ive ;  ' thus:es '~.?bl ished 

t h e  s t e r e o s p e c i f i c  course of t h e  p h o t ~ c ~ c l i z a t i o n :  ' bn t h e  o ther  

hand, i r r a d i a t i o n  of (1) i n  t h e  presence of iodine-irivolved an 

4 o x i d a t i v e  c y c l i z a t i o n  t o  g i v e  t h e  dehydrolactam. ( 3 ) .  

hu h~ dR - R (15-35 X )  

0 (54 a 0 
O R= Me, -CH?Ph. - 

( 3 )  (1) (2 )  
The usefulness  of t h e  above enamide photocyclizat ion a s  a  rou te  

t o  a l k a l o i d s  of t h e  phenanthridine c l a s s  was demonstrated by the  

syn thes i s  of c r inan  ( 4 )  and the  lactam ( 5 ) .  

CRINAN ( 4 )  

Crinan ( 4 ) ,  t h e  bas i c  s t r u c t u r e  of t h e  Amaryllidaceae a lka lo id  

c r i n i n e  ( 6 ) ,  has been synthesized by a  rou te  involving t h e  Diels- 

Alder r e a c t i o n  which requi red  t h e  separa t ion  of two isomeric pro- 

5 d u c t s  . I n  c o n t r a s t ,  benzoylation of t h e  imine (7)  derived from 

2-allylcyclohexanone afforded a  mixture of two enamides. ( 8  and'9)  

which was unseparable by chromatographic means,but was converted , 

i n t o  t h e  thermally s t a b l e  isomer ( 9 )  by heat ing the  mixture a t  

e levated  temperature o r ,  more convenient ly,  by i r r a d i a t i o n  with 



a high pressure mercu;y lamp f o r  a shor t  time. Photocyclizat ion 

of t h e  'enamide (9)  gave t h e  lactam (10) i n  20 % y i e l d  which was 

r e a d i l y  converted i n t o  c r inan  ( 4 )  by modifying t h e  a l l y 1  s i d e  

chain v i a  (ll)! (9-10-11-4) 

(10) (11) 

A KEY INTERMEDIATE (5) TO HAEMANTHIDINE 

.The-lactam ( 5 ) ,  a key precursor  i n  t h e  f i r s t  t o t a l  syn thes i s  

7 .-.of haemanthidine (12a) and n o r t a z e t t i n e  (12b) by Hendrickson , i s  

s t r u c t u r a l l y  s u i t a b l e  f o r  enamide photocyclizat ion.  

I n  prel iminary experiments, photocyclizat ion o f  the  conjugated 

enamides ( 1 4  and 1 5 ) ,  which were r e a d i l y  prepared from t h e  vinylo-  

gous carbamate ( 1 6 1 ,  es tabl i shed t h a t  an e s t e r  group could be 

introduced a t  t h e  ClOa pos i t ion:  6b 



E t O O C  
NHR 

E t O O C  

~h (40 %)  o ~h 

I 
EtOH 

0 (80 %) 

EtOOC dH 
Based on t h i s  f i n d i n g  and s t a r t i n g  from t h e  s u b s t i t u t e d  cyc lo-  

hexanone (181, t h e  enamide (19) was prepared and i r r a d i a t e d  t o  

g i v e  t h e  dehydrolactam (20) fol lowed by s t e r e o s p e c i f i c  hydrogena- 

t i o n  t o  a f f o r d  t h e  B/C t r ans - lac tam (21) i n  e x c e l l e n t  y i e l d .  

Transformat ion of  (21) by stan?.ard methods v i a  t h e  bromo interme-  

d i a t e  (22) f u rn i shed  a convenien t  r o u t e  t o  t h e  key a l k a l o i d  p re -  

c u r s o r  (5) .* (l?-A20--L21-2225) 

n n n 

MeOOC hr' 

C6H6 

V 

Pd-C 
I 

AcOH 
- ( 5 )  

(80 %)  0 0 
(21) (22) 

Acy la t i on  o f  t h e  1 - t e t r a l o n e  imines  (23) y i e lded  t h e  homo- 

geneous enamide ( 2 4 )  which underwent f a c i l e  and s t e r e o s p e c i f i c  



photocyclization to afford the B/C trans-benzo(c)phenanthridones 

(25) in better than 50 % yield, while irradiation in the presence 

of iod'ine gave the dehydrolactam (26) in good yield. Dehydroge- 

nation of these lactams (25 and 26) provided the aromatic lactam 

; ( 2 7 ) ,  thus indicating a facile route to the synthesis of alkaloids 

such as nitidine (30) and avicine (31) 

In addition, selenium dehydrogenation of the photocyclized lac- 

tam (25) effected isomerization to yield as the major product the 

corresponding cis-lactam (281, which was then reduced to the ter- 

tiary amine (29). The latter constitutes the same skeletal struc- 
, , ., I. 2c 
,?$ ture as chelidonine (32), a major alkaloid of Chelidonium magus. 

I 



NITIDINE (30) 

A s  an extension of t h e  above r e a c t i o n s ,  a l k a l o i d s  such a s  

n i t i d i n e  (30) can be r e a d i l y  prepared by using enamide photocyc- 

l i z a t i o n .  The enamide ( 3 4 ) ,  obtained by benzoylation of the  imine 

( 3 3 ) ,  was subjected t o  f a c i l e  photocycl iza t ion  t o  y ie ld  t h e  homo- 

geneous t rans-lactam (35) i n  53 % y i e l d  which was then dehydroge- 

nated with 30 % Pd-C i n  p-cymene t o  oxyn i t id ine  (36), though i n  

a  poor y i e l d ,  followed by reduct ion  t o  the  known dihydroni t id ine  

(37)9:10 

_j ___) M e O s  :> (30) 
Me0 Me . 'Me 

0 

A V I C I N E  (31) 

The enamide ( 3 8 ) ,  a l s o  obtained from t h e  imine (33) , .was  photo- 

cycl ized  i n  e t h e r  t o  t h e  t rans-lactam (39) i n  52 % y ie ld .  How- 

ever  , due t o  t h e  poor conversion of (39) t o  oxyavicine ( 4 3 )  by 

the  above sequences, an ox ida t ive  photocyclizat ion was applied t o  

t h e  enamide (38) t o  a f fo rd  a  mixture of t h e  dehydrolactams ( 4 0  and 

4 1 )  i n  2 5  and 6 % y i e l d s ,  r e spec t ive ly .  I n  view of poor regio-  

s p e c i f i c i t y  of t h i s  r e s u l t ,  t h e  a d d i t i o n a l l y  ortho-methoxy-substi- 



tu ted  enamide (42) was sybjected t o  photocycl iza t ion  t o  g ive  by 

e l iminat ion  of t h e  methoxyl group t h e  s i n g l e  dehydrolactam ( 4 0 )  

i n  4.5 % y i e l d .  Conversion of (40) t o  oxyavicine (43).  dihydro- 

av ic ine  (44)"  and av ic ine  (31) was r e a d i l y  accomplished by s tan-  

dard methods and thus provided a. f a c i l e  r o u t e  t o  t h i s  group of 

a lka lo ids .  9 

The f i r s t  examples which demonstrated t h e  u t i l i t y  of enamide 

photocyclizat ion were described by ~ava' '  and yang12 f o r  t h e  syn- 

t h e s i s  of aporphines. 

Acylation of t h e  well-known Bischler-Napieralski i  product (45) 

with e t h y l  chloroformate gave the  carbamates (46a and 46b),  which 

were photocyclized upon. i r r a d i a t i o n  i n  the  presence of iodine t o  

a f fo rd  t h e  aporphine (47) a s  the  major product and the  berbine 

( 4 8 )  a s  t h e  minor component. 12a 



COOEt 

(47) (48) 

Although t h e  r e g i o s p e c i f i c i t y  of t h e  c y c l i z a t i o n  was not  exten- 

s i v e l y  s tud ied ,  photocycl iza t ion  of o the r  carbarnates has been 

employed i n  t h e  syn thes i s  of aporphines. Thus, i r r a d i a t i o n  of 

(49) i n  t h e  presence-of  iodine  af forded t h e  aporphine (50) which 

was then reduced t o  nuc i fe r ine  (51).  11 

EtOH 

Simi lar  t reatment  of t h e  carbarnate (52) afforded a  mixture of 

two photocyclized products (53 and 54) which indica ted  a  lack  of 

r e g i o s p e c i f i c i t y  on c y c l i z a t i o n .  Reduction of (54 )  then provided 

I l b ,  12. g laucine  (55).  



Although t h e  products from t h e  above p h o t o c y c l i z a t i o n s  had t h e  

. ydrolactam s t r u c t u r e ,  t h i s  r e a c t i o n  proved t o  be a'non-oxida- 

t i v e  nature a s  shown by t h e  fo l lowing  sequences.  (56-57-50) l l b  

Carbamate p h o t o c y c l i z a t i o n  has  a l s o  been extended t o  t h e  syn- 

t h e s i s  bf berkfine-type a l k a l o i d s .  (58-59, 60-5913, 61-6214) 



I n  add i t ion ,  t h e  syn thes i s  of 0-coralydine (65) v i a  t h e  enamide 

(63) and t h e  pro toberber ine  ( 6 4 )  has been repor ted .  
1 4  

OMe OMe  OM^ 

1-Alkyl-3.4-dihydroisoquinolines (66) a r e  c y c l i c  imines and 

r e a d i l y ,  convertable i n t o  t h e  corresponding N-benzoates (67a ,and 

67b). Since t h e  l a t t e r  corresponds s t r u c t u r a l l y  t o  t h e  enamide 

( I ) ,  t h e i r  photocycl iza t ion  t o  t h e  berbine d e r i v a t i v e s  (68) would 

i n d i c a t e  a  p o t e n t i a l  syn the t i c  r o u t e  t o  var ious  protoberberine 

a l k a l o i d s .  
15  

Three hour ' s  i r r a d i a t i o n  of t h e  enamide (67a) ,  prepared from 

1-methyl-3,4-dihydroisoquinoli<e (66) ,  afforded 8-oxoberbine (68a) 

i n  e x c e l l e n t  y i e ld  while t h a t  of t h e  enamide (67b),  derived from 

t h e  1-ethyi precursor  (66) ,  yielded t h e  homogeneous p,roduct (68b) 

with a t r a n s  r e l a t i o n s h i p  between C13-Me and C13a-H. 



This e s t ab l i shed  t h a t  t h i s  type of synthes is  involves t h e  same 

s t e r e o s p e c i f i c i t y  a s  i n  t h e  case  of (1 -2 ) .  Fur ther ,  ox ida t ive  

photocyclizat ion of (67a) furnished t h e  dehydrolactam (48) i n  

good y ie ld  . 1 6  

XYLOPININE ( 7 4 )  

Photocyclizat ion of t h e  enamide (69) yielded th ree ,pho tocyc l i -  

zed products (70, 71, and 7 2 )  i n  4 0 ,  5 ,  and 5 % y i e l d s  r e spec t i -  

vely.  Reduction of (71) with LiA1H4 and (70) with LiA1H4 t o  t h e  

enamine (73) followed by N ~ $ H ~  afforded xylopinine (74,). 16 

Me h9 I 
Me0 
+ + , , MeOH 

\ 
OMe OMe OMe Me0 

OMe OMe OMe Me0 

- 
Me0 

Me0 q&- . Me0 M e O ~  . 
Me OMe 

(73) OMe (74) OMe 

Regiospeci f ic i ty  of the  c y c l i z a t i o n  and t h e r e f o r e  i t s  prepara- 

t i v e  va lue  was demonstrated by ~ e n z . " l  Photocyclizat ion of the  

enamide (75) containing an add i t iona l  methoxyl group a t  t h e  o r tho  

pos i t ion  induced exclusive c y c l i z a t i o n  a t  t h e  r o o t  of t h e  methoxyl 

group t o  a f fo rd  t h e  dehydrolactam (70) i n  e x c e l l e n t  y i e l d .  1 7  



TETRAHYDROPALMATINE (79) 

I r r a d i a t i o n  o f  t h e  enamide (76) a f f o r d e d  a m i x t u r e  o f  two pro- 

d u c t s  (77 and 7 8 ) .  A f t e r  chromatographic  s e p a r a t i o n ,  t h e  major 

p r o d u c t  (78) was reduced t o  g i v e  t e t r a h y d r o p a l m a t i n e  ( 7 9 ) .  18 

Me0 

Me0 OMe 

SINACTINE (83a)  AND CAVIDINE (83b) 

S i n c e  many o f  t h e  p r o t o b e r b e r i n e  a l k a l o i d s  c o n t a i n  a 9,lO- 

methylenedioxy group ,  t h e  enamides (80a and 8 0 b ) ,  which have bo th  

methoxyl and methylenedioxy groups  a t  o r t h o  p o s i t i o n s ,  were pre-  

pared.'' P h o t o c y c l i z a t i o n s  proceeded a s  expec ted  t o  f u r n i s h  t h e  

two t y p e s  o f  pho tocyc l ized  p r o d u c t s  (81a,  81b,  and 82a,  8 2 b ) .  

r e s p e c t i v e l y .  The dehydro lac tams  (82a and 82b) were reduced t o  

g i v e  s i n a c t i n e  (83a)  and c a v i d i n e  (83b) 20 ,  r e s p e c t i v e l y .  The by- 

p roduc t  (81a)  was c o n v e r t e d  t o  t h e  compound ( 7 7 ) .  



Me0 OMe 

In view of the structural resemblance between 1-alkyl-3,4-di- 

hydroisoquinoline (66) and 1-methyl-3,4-dihydrocarboline, harma- 

lane, (84), the possibility of extending enamide photocyclization 

to the synthesis of yohimbine alkaloids was investigated. 

Acylation of harmalane (84) gave the corresponding N-benzoate (85) 

which was irradiated to yield the dehydrolactam (86) in 36.5 % 

yield. LiA1H4 and NaBH4 reductions converted (86) into the ter- 

tiary amine (87), descarbomethoxydihydrogambirtannine, one of the 

simplest yohimbine alkaloids. 2 1 

MeOH 



ANGUSTIDINE (88) 

Recen t ly ,  t h r e e  new t y p e s  o f  a l k a l o i d s ,  a n q u s t i d i n e  ( 8 8 ) ,  an- 

g u s t i n e  ( 8 9 ) ,  and a n g u s t o l i n e  ( g o ) ,  which have a  hetero-yohimbine 

s t r u c t u r e ,  were i s o l a t e d  from St rychnos  a n g u s t i f l o r a  and t h e i r  

s t r u c t u r e s  were determined mainly  from t h e  n.m.r. d a t a .  22 

These a l k a l o i d s  have s t r u c t u r e s  s u i t a b l e  a s  t a r g e t s  f o r  t h e  

cqamide p h o t o c y c l i z a t i o n .  Thus, t h e  enamide (91 ) ,  ob t a ined  from 

harmalane (84) by a c y l a t i o n  w i th  6-methylnicot inoyl  c h l o r i d e ,  was 

sub j ec t ed  t o  i r r a d i a t i o n .  Although t h e  pho tocyc l i z a t i on  was no t  

r e g i o s p e c i f i c ,  t h e  a n t i c i p a t e d  a n g u s t i d i n e  (88)  was ob t a ined  a s  

t h e  major p roduc t  i n  20.5 % y i e l d  a long  w i th  i ts  isomer (92) i n  

21 1 3  % y i e l d .  Thus t h e  f i r s t  t o t a l  s y n t h e s i s  o f  (88) w a s  achieved.  

I n  c o n t r a s t  to  t h e  above non-oxidat ive  pho tocyc l i z a t i on ,  benz; 

a n i l i d e  (93) underwent c y c l i z a t i o n  o n l y  under o x i d a t i v e  c o n d i t i o n s  



t o  a f ford  phenanthridone .(94) .23  This type of photocyclizat ion 

was acce lera ted  by t h e  presence of iodine o r  by t h e  in t roduct ion  

of halogen (95 and 9 6 )  a s  a  s u b s t i t u e n t  a t  t h e  o r tho  pos i t ion  a s  

shown below. 

T h i s  type of c y c l i z a t i o n  was a l s o  applied t o  t h e  syn thes i s  of 

narciprimine ( 1 0 1 )  2 4 ,  a  degradat ion product of t h e  mitose poison, 

na rc i c l a s ine  ( o r  l y c o r i c i d i n o l  ) (97)27 (99-100-101), and t o  t h e  

synthes is  of anhydrolycorine ( 1 0 4 ) ,  a  degradat ion product of t h e  

Amaryllidaceae a lka lo id  lycor ine  ( 9 8 ) .  (102 2103--L104) 2 6  



Based o n  t h e  examples d e s c r i b e d  i n  t h i s  r ev iew,  t h e  p r e p a r a t i v e  

v a l u e  o f  enamide p h o t o c y c l i z a t i o n  h a s  been demons t ra ted .  The 

r e a d y  a c c e s s i b i l i t y  and s t a b i l i t y  o f  enamides a s  w e l l  a s  t h e  con- 

v e n i e n t  i r r a d i a t i o n  p rocedure  p r o v i d e s  a  f a c i l e  means o f  synthe-  

s i z i n g  a  v a r i e t y  o f  i s o q u i n o l i n e  a l k a l o i d s  and r e l a t e d  compounds. 
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