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A b s t r a c t :  The  t i t l e  t o t a l  s y n t h e s e s  h a v e  b e e n  a c c o m p l i s h e d  e m p l o y i n g  
c o m m e r c i a l l y  a v a i l a b l e  D - a r a h i n o s e  (10) a s  t h e  s t a r t i n g  m a t e r i a l .  T h e  
e x p l o r e d  s y n t h e t i c  s c h e m e  i n v o l v e s  t h e  f o l l o w i n g  n o v e l  f e a t u r e s :  ( 1 )  
c o n v e r g e n t  s y n t h e s i s  o f  t h e  m e t h y l  k e t o n e  (13) f r o m  10, (2) s t e r e o s e l e c -  
t i v e  a d d i t i o n  o f  an a r y l l i t h i u m  t o  13, (3) r e g i o s e l e c t i v e  o x i d a t i o n  o f  t h e  
lI4,5,8-tetramethoxynaphtha1 ene (20) .  (4) e f f i c i e n t  i n t r a m o l e c u l a r  ace ta -  
l i z a t i o n ,  and (5) r e g i o s p e c i f i c  D i e l s - A l d e r  r e a c t i o n  o f  t h e  naph thoqu inone  
(8 :  R=Ac), t h e  CDEF-ring system, w i t h  h i g h l y  f u n c t i o n a l i z e d  d ienes.  Cyto-  
t o x i c i t y  a s s a y  o f  t h e  p r o d u c e d  n o g a l a m y c i n  c o n g e n e r s  a n d  t h e i r  r e l a t e d  
compounds d i s c l o s e d  n o v e l  a s p e c t s  o f  t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s .  

Noga lamyc in  ( l a )  and i t s  congeners  a r e  n o t a b l e  members o f  t h e  a n t h r a c y c l i n e  f a m i l y  
b e c a u s e  o f  t h e i r  p r o m i n e n t  a n t i t u m o r  a c t i v i t y  ( r e f .  1). E s p e c i a l l y ,  ( t ) - 7 - c o n - O - m e t h y l -  
n o g a r o l  ( 2 a ) .  t h e  m o s t  w e l l - k n o w n  s e m i s y n t h e t i c  d e r i v a t i v e  o f  l a ,  h a s  b e e n  s e l e c t e d  f o r  
c l i n i c a l  t r i a l s  due t o  i t s  s u p e r i o r  a n t i t u m o r  a c t i v i t y  t o  t h e  p a r e n t  compound ( l a )  ( r e f .  1). 
Fu r the rmore ,  t h e s e  compounds ( l a  and 2a) c a r r y  t h e  c h a r a c t e r i s t i c  DEF-r ing s y s t e m  i n  w h i c h  
t h e  aminosugar  ( F - r i n g )  i s  f u s e d  t o  t h e  D - r i n g  o f  1 1 - d e o x y a n t h r a c y c l i n o n e  t o  f o r m  t h e  new E- 
r i n g .  T h e i r  p r o m i s i n g  a n t i t u m o r  a c t i v i t y  and u n i q u e  s t r u c t u r e s  d i s t i n g u i s h  t h e s e  compounds 
as u n u s u a l l y  a t t r a c t i v e  t a r g e t s  f o r  t o t a l  s y n t h e s i s  ( r e f .  2). 
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T h i s  r e p o r t  conce rns  w i t h  t h e  f i r s t  t o t a l  s y n t h e s e s  and c y t o t o x i c i t y  a s s a y  o f  t h e  
n o g a l a m y c i n  c o n g e n e r s ,  ( + ) - n o g a r e n e  (6a) ,  ( + ) - 7 - d e o x y n o g a r o l  (4a) ,  2a, a n d  t h e i r  r e l a t e d  
compounds. The l a t t e r  s t u d i e s  d i s c l o s e d  n o y e l  a s p e c t s  o f  t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  
o f  n o g a l a m y c i n  congeners  ( r e f .  3). 

F r o m  r e t r o s y n t h e t i c  p e r s p e c t i v e  o n  1 a n d  i t s  c o n g e n e r s ,  i t  was a n t i c i p a t e d  t h a t  
t h e i r  1 1 - d e o x y a n t h r a c y c l i n o n e  f r a m e w o r k s  c o u l d  be  e f f e c t i v e l y  c o n s t r u c t e d  b y  t h e  r e g i o s e l e c -  
t i v e  D i e l s - A l d e r  r e a c t i o n  e m p l o y i n g  t h e  naph thoqu inone  (8 ) ,  t h e  CDEF-ring s y s t e m  o f  1 ,  as a 
d i e n o p h i l e  i n  a s i m i l a r  m a n n e r  t o  t h o s e  e s t a b l i s h e d  f o r  t h e  s y n t h e s e s  o f  u s u a l  l l - d e o x y -  
a n t h r a c y c l i n o n e s  ( r e f .  4). P r i o r  t o  t h e  s y n t h e s i s  o f  8, t h e  p r e p a r a t i o n  o f  t h e  D E F - r i n g  
sys tem (9)  was f i r s t  s t u d i e d  t o  e x p l o r e  an e f f i c i e n t  and r e l i a b l e  s y n t h e t i c  scheme t o  p roduce  
t h e  c h a r a c t e r i s t i c  b l ' c y c l i c  a c e t a l  s t r u c t u r e  o f  8 i n  an o p t i c a l l y  a c t i v e  form.  

S y n t h e s e s  o f  t h e  DEF- and CDEF-Ring S y s t e m s  ( 9  and 8): ( r e f .  3a,b)  As s h o w n  i n  
Scheme 1 ,  we s u c c e e d e d  i n  o b t a i n i n g  t h e  o p t i c a l l y  a c t i v e  D E F - r i n g  s y s t e m  (9: R=Ac) f r o m  
c o m m e r c i a l l y  a v a i l a b l e  D - a r a b i n o s e  ( 1 0 )  b y  way  o f  b e n z y l  6 - D - g e n t o s a m i n i d e  ( 1 1 )  ( r e f .  5). 
The b e n z y l  g l y c o s i d e  ( 1 1 )  p r e p a r e d  i n  8 s t e p s  f r o m  10 a c c o r d i n g  t o  t h e  m e t h o d  r e p o r t e d  f o r  
t h e  c o r r e s p o n d i n g  m e t h y l  g l y c o s i d e  ( r e f .  6), i n v o l v e s  t h e  d e s i r e d  s t e r e o c h e m i s t r i e s  concern -  
i n g  t h e  C-2'. C-3'. and C-4' p o s i t i o n s  ( t h e  n o g a l a m y c i n  numbering). S u c c e s s i v e  p r o t e c t i o n  o f  
t h e  m e t h y l a m i n o  a n d  t h e  t w o  h y d r o x y  g r o u p s  o f  1 1  f o l l o w e d  b y  d e b e n z y l a t i o n  a n d  o x i d a t i o n  
a f f o r d e d  t h e  l a c t o n e  (12). T h i s  was r e a d i l y  c o n v e r t e d  t o  t h e  m e t h y l  k e t o n e  (13) ( r e f .  5) b y  
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s e q u e n t i a l  a d d i t i o n  o f  m e t h y l l i t h i u m  and s i l y l a t i o n .  R e a c t i o n  o f  1 3  w i t h  a r y l l i t h i u m  gener-  
a t e d  f r o m  14 p roceeded  i n  a s t e r e o s e l e c t i v e  manner t o  g i v e  a m i x t u r e  o f  t h e  a l c o h o l  (15) and 
i t s  C-5' e p i m e r  (8:l). The  s e l e c t i v e  f o r m a t i o n  o f  1 5  c a n  b e  r e a s o n a b l y  e x p l a i n e d  b y  a 
c h e l a t i o n - c o n t r o l l e d  mechanism ( r e f .  3a). The a l c o h o l  (15) was d e r i v e d  t o  t h e  a c e t a l  (16 )  i n  
3 s teps.  R e d u c t i o n  o f  16 f o l l o w e d  b y  d e b e n z y l a t i o n  p roduced  t h e  u n s t a b l e  h y d r o q u i n o n e  (17). 
T r e a t m e n t  o f  17 w i t h  t r i m e t h y l s i l y l  b r o m i d e  c l e a n l y  e f f e c t e d  s i m u l t a n e o u s  c l e a v a g e  o f  t h e  
t h r e e  me thoxymethy l  g roups  and i n t r a m o l e c u l a r  a c e t a l i z a t i o n ,  g i v i n g  t h e  b i c y c l i c  a c e t a l  (9: 
R=H). T h i s  was a c e t y l a t e d  t o  p roduce  9 (R=Ac) ( r e f .  5). 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  
9 (R=Ac) unamb iguous ly  e s t a b l i s h e d  t h e  a s s i g n e d  s t r u c t u r e .  

A c c o r d i n g  t o  t h e  t h e  s y n t h e t i c  s c h e m e  s i m i l a r  t o  t h a t  e x p l o r e d  f o r  9 (R=Ac), t h e  
p r e p a r a t i o n  o f  8 (R=Ac) was n e x t  a t t e m p t e d .  As s h o w n  i n  Scheme 2, a d d i t i o n  o f  t h e  a r y l -  
l i t h i u m  g e n e r a t e d  f r o m  18, s i m i l a r l y  t o o k  p l a c e  i n  a h i g h l y  s t e r e o s e l e c t i v e  manner, y i e l d i n g  
t h e  a l c o h o l  (19) and i t s  C-5' e p i m e r  (14:l). The m a j o r  a l c o h o l  (19 )  was assumed t o  have t h e  
d e s i r e d  s t e r e o c h e m i s t r y  b y  t a k i n g  i n t o  a c c o u n t  t h e  r e s u l t s  o b t a i n e d  i n  t h e  p r e p a r a t i o n  o f  9 
(R=Ac). T h i s  was  c o n v e r t e d  t o  t h e  a c e t a l  ( 2 0 )  i n  5 s t e p s .  O x i d a t i o n  o f  2 0  w i t h  c e r i c  
ammon ium n i t r a t e  ( C A N )  was f o u n d  t o  o c c u r  i n  a r e g i o s e l e c t i v e  m a n n e r  t o  g i v e  t h e  d e s i r e d  
naph thoqu inone  (21) a l o n g  w i t h  i t s  r e g i o i s o m e r  (22) (5:l). T h i s  n o t a b l e  r e g i o s e l e c t i v i t y  can 
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Scheme 3 
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2 )  3N-HC1, a i r ,  rt, 45% g )  1) CF3C02H, 0 " C  

h) NaOMe, MeOH, 50 "C. 92% (Za), 77% (3a). 

be  r a t i o n a l i z e d  b y  t h e  e l e c t r o n  d e n s i t y  o f  n a p h t h a l e n e  r i n g .  A f t e r  r e d u c t i o n  o f  21, t h e  
f o r m e d  u n s t a b l e  d i h y d r o n a p h t h o q u i n o n e  (23 )  was t r a n s f o r m e d  t o  t h e  b i c y c l i c  a c e t a l  (24) i n  a 
s i m i l a r  manner t o  t h a t  d e s c r i b e d  f o r  t h e  p r e p a r a t i o n  o f  9 (R=Ac). C leavage  o f  t h e  t w o  m e t h y l  
e t h e r s  o f  24 f o l l o w e d  b y  quench ing  w i t h  t r i e t h y l a m i n e  and o x i d a t i o n  o f  t h e  f o r m e d  t r i e t h y l -  
amine comp lex  w i t h  CAN, p roduced  8 (R=Ac) ( r e f .  5). 

Syntheses o f  t h e  Nogalamycin Congeners (2-7): ( r e f .  3b,c) W i t h  8 (R=Ac) i n  hand, t h e  
s y n t h e s i s  o f  6a, t h e  s i m p l e s t  congener  w h i c h  had been d e r i v e d  f r o m  l a ,  was f i r s t  examined. 
As s h o w n  i n  Scheme 3, t h e  D i e l s - A l d e r  r e a c t i o n  o f  8 (R=Ac) w i t h  25 ( r e f .  7 )  f o l l o w e d  b y  a i r  
o x i d a t i o n  o f  t h e  a d d i t i o n  p r o d u c t  and d e s i l y l a t i o n  d u r i n g  m i l d  a c i d i c  workup, gave r i s e  t o  
7b. The r e g i o s e l e c t i v i t y  o f  t h i s  r e a c t i o n  can be e x p l a i n e d  w e l l  by t h e  h y p o t h e s i s  p roposed  
b y  Boeckman  ( r e f .  8). A c i d i c  h y d r o l y s e s  o f  6b 
a n d  7b p r o d u c e d  6a a n d  ( + ) - 7 , & d i h y d r o n o g a r e n e  (7a), t h e  h i t h e r t o  u n k n o w n  c o n g e n e r  o f  l a ,  
r e s p e c t i v e l y  ( r e f .  5). When t h e  r e c e m i c  d i e n e  (26) ( r e f .  7) was s u b j e c t e d  t o  t h e  D i e l s - A l d e r  
r e a c t i o n  w i t h  8 (R=Ac) i n  p l a c e  o f  25 t h e  m i x t u r e  o f  4b a n d  5b c o u l d  b e  o b t a i n e d  i n  1:4 
r a t i o  a f t e r  m i l d  a c i d i c  workup. T h i s  d i a s t e r e o s e l e c t i v i t y  can be r a t i o n a l i z e d  b y  assuming  
t h a t  1 )  t h e  a d d i t i o n  r e a c t i o n  f o l l o w s  t h e  e n d o - r u l e ,  2 )  26 a p p r o a c h e s  8 (R=Ac) f r o m  t h e  
d i r e c t i o n  o p p o s i t e  t o  t h e  s t e r i c a l l y  c o n g e s t e d  F - r i n g ,  a n d  3) t h e  s t e r i c  b u l k i n e s s  o f  t h e  
t r i m e t h y l s i l y l o x y  g r o u p  i s  l a r g e r  t h a n  t h a t  o f  t h e  m e t h y l  group. D e a c e t y l a t i o n  o f  4b and 5b 
gave 4a and u n n a t u r a l  (+)-9-epi-7-deoxynogarol (5a), r e s p e c t i v e l y  ( r e f .  5). W i t h  an a i m  t o  
o b t a i n  2a, t h e  h i g h l y  f u n c t i o n a l i z e d  r e c e m i c  d i e n e  (27) ( r e f .  7) was a l l o w e d  t o  r e a c t  w i t h  8 
(R=Ac). M i l d  a c i d i c  workup o f  t h e  D i e l s - A l d e r  a d d i t i o n  p r o d u c t s ,  f o l l o w e d  b y  s t e r e o s e l e c t i v e  
i n t r o d u c t i o n  o f  t h e  C-7 me thoxy  g r o u p  a c c o r d i n g  t o  t h e  r e p o r t e d  p r o c e d u r e  ( r e f .  l ) ,  gave a 
m i x t u r e  o f  2b  a n d  3b (2b:3b = 1:3). B o t h  2 ' , 4 ' - d i a c e t a t e s  ( 2 b  a n d  3b) w e r e  d e a c e t y l a t e d  t o  
a f f o r d  2a a n d  u n n a t u r a l  (+)-7,9-di-epi-7-con-O-methylnogarol ( 3 a ) ,  r e s p e c t i v e l y  ( r e f .  5). 
S y n t h e t i c  2a, 4a, and 6a were  i d e n t i c a l  w i t h  t h e  c o r r e s p o n d i n g  a u t h e n t i c  samp les  d e r i v e d  f r o m  
l a ,  i n  a l l  r e s p e c t s .  

IR Vitro C y t o t o x i c i t y  o f  the Nogalamycin Congeners (2-7) and The i r  Related Compounds 
(8, 9. 28, and 29): ( r e f .  3b-d)  W i t h  c o m p l e t i o n  o f  t h e  t o t a l  s y n t h e s e s ,  2a,b-7a,b a n d  t h e i r  
r e l a t e d  compounds  s u c h  a s  8 (R=Ac), 9 ( R = H  o r  Ac), 28a,b, a n d  29a,b ( r e f .  9). w e r e  s u b j e c t e d  
t o  in virto c y t o t o x i c i t y  assay a g a i n s t  P388 m u r i n e  l e u k e m i a  c e l l s  t o  d i s c l o s e  n o v e l  a s p e c t s  
o f  t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  o f  n o g a l a m y c i n  congeners. Based on t h e  r e s u l t s  o f  
c y t o t o x i c i t y  assay  (Tab le  l), i t  appeared e v i d e n t  t h a t  a l l  t h e  c a r b o n  f r a m e w o r k  ( t h e  ABCDEF- 
r i n g  sys tem)  and t h e  C-7 me thoxy  g r o u p  a r e  b o t h  i n d i s p e n s a b l e  f o r  pronounced c y t o t o x i c i t y .  
F u r t h e r m o r e ,  i t  was a l s o  r e v e a l e d  t h a t ,  f o r  t h e  congeners  c a r r y i n g  t h e  C-7 me thoxy  group, t h e  
s t e r e o c h e m i s t r y  o f  t h e  C-9 p o s i t i o n  may p l a y  an i m p o r t a n t  r o l e  f o r  i n h i b i t o r y  a c t i v i t y .  

D e h y d r o g e n a t i o n  o f  7b r e a d i l y  a f f o r d e d  6b. 

Conclus ion:  As men t ioned  above, t h e  f i r s t  t o t a l  syn theses  o f  n o g a l a m y c i n  congeners  
The e x p l o r e d  s y n t h e t i c  r o u t e  have been a c c o m p l i s h e d  s t a r t i n g  f r o m  c o m m e r c i a l l y  a v a i l a b l e  10. 
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Table 1 In V i t r o  C y t o t o x i c i t y  o f  t h e  Nogalamycin Congeners (2-7) and T h e i r  Related 
Compounds (8, 9, 28, and 29) against P388 Murine Leukemia Cel ls  

Compound IC50 ( u g / m l I a )  Compound IC50 (ug /ml )a )  Compound I C 5 0  (ug /ml )a )  

2a ( n a t u r a l )  0.006 5a 0.31 9 (R=H) > 10 
2a ( s y n t h e t i c )  0.003-0.012 5b 0.30 9 (R=Ac) > 10 

2b 0.014 6a 0.11 28a 1.4 
3a 0.40 6b 0.17 28b 1.5 
3b 0.53 7a 0.13 29a 0.032 
4a 0.41 7b 0.58 29b 0.016 
4b 0.17 8 (R=Ac) 0.10 

a) C e l l  g r o w t h  i n h i b i t i o n  ( p e r c e n t )  a f t e r  i n c u b a t i o n  f o r  48 h a t  37 " C .  

OH 0 OH 

a : R = H  b : R = A c  

i n v o l v i n g  numerous nove l  aspec ts  i s  a n t i c i p a t e d  t o  h o l d  p r o m i s e  as t h e  most e f f i c i e n t  and 
r e l i a b l e  method f o r  s y n t h e s i z i n g  a w i d e  range o f  noga lamyc in  congeners o b t a i n a b l e  (2a. 4a, 
and 6a) o r  n o t  o b t a i n a b l e  (3a, 5a, and 7a) f r o m  l a .  S t u d i e s  on  t h e  c y t o t o x i c  a c t i v i t y  a l s o  
uncovered nove l  aspec ts  o f  t h e  s t r u c t u r e - a c t i v i t y  r e l a t i o n s h i p s  o f  noga lamyc in  congeners. 
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