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NUCLEOSIDES & NUCLEOTIDES, 7 ( 3 ) ,  3 0 7 - 3 1 9  ( 1 9 8 8 )  

I M P R O V E D  SYNTHESIS OF ADENOSINE CYCLIC 3' ,5 ' -PHOSPHORAMIDATES 
V I A  ANHYDRIDES. PREPARATION O F  ADENOSINE CYLIC  3 ' , 5 ' - ( R p ) -  

AND ( S p ) - N - M E T H Y L P H O S P H O R A M I O A T E  

5 .  B o t t k a x  a n d  J .  Tomasz 
I n s t i t u t e  o f  B i o p h y s i c s ,  B i o l o g i c a l  R e s e a r c h  C e n t e r ,  
H u n g a r i a n  Academy o f  S c i e n c e s ,  H - 6 7 0 1  S z e g e d ,  H u n g a r y  

A b s t r a c t .  The t w o - s t e p  m e t h o d  f o r  t h e  p r e p a r a t i o n  o f  a d e n o -  
s i n e  c y c l i c  3 ' , 5 ' - p h o s p h o r a m i d a t e  d i a s t e r e o i s o m e r s ,  w h i c h  
i n v o l v e s  t h e  a c t i v a t i o n  of a d e n o s i n e  c y c l i c  3 ' , 5 ' - m o n o p h o s -  
p h a t e  ( 1 )  w i t h  a n  a c i d  c h l o r i d e  a n d  i n  s i t u  a m i n o l y s i s  o f  t h e  
a n h y d r i a e  i n t e r m e d i a t e  ( B e n t r u d e ,  W . G . ;  Tomasz ,  J .  S y n t h e s i s  
1 9 8 4 ,  2 7 ;  B o t t k a ,  5 . ;  Tomasz,  J .  T e t r a h e d r o n  L e t t ,  1 9 8 5 ,  2 4  
2 9 0 9 1 ,  h a s  b e e n  i m p r o v e d .  The b e s t  y i e l d s  w e r e  a t t a l n e d  w G r ! ~  
- 1 was r e a c t e d  w i t h  p h o s p h o r u s  o x y -  
c h l o r i d e  i n  t r i m e t h y l  p h o s p h a t e  a t  0 C f o r  3 h ,  a n d  t h e  s o l u -  
t i o n  o f  p h o s p h o r u s  o x y c h l o r i d e  i n  t r i m e t h y l  p h o s p h a t e  was 
p r e t r e a t e d  w i t h  0 . 5  m o l a r  e q u i v a l e n t  o f  w a t e r  a t  r o o m  t e m p e -  
r a t u r e  f o r  20 m i n .  R a n d  S p  d i a s t e r e o i s o m e r s  o f  a d e n o s i n e  
c y c l i c  3 '  , 5 ' - N - m e t h y f p h o s p h o r a m i d a t e  a n d  N , N - d i m e t h y l p h o s -  
p h o r a m i d a t e  h a v e  b e e n  s y n t h e s i z e d  u n d e r  t h e s e  e x p e r i m e n t a l  
c o n d i t i o n s .  

4 . 4  m o l a r  e q u i v a h e n t s  o f  

P h o s p h o r u s  d i a s t e r e o i s o m e r s  o f  a d e n o s i n e  c y c l i c  

3',5'-N,N-dirnethylphosphoramidate (6) h a v e  p r o v e d  t o  b e  

v a l u a b l e  t o o l s  f o r  s t u d y i n g  t h e  b i n d i n g  s i t e s  a n d  a c t i v a t i o n  

r e q u i r e m e n t s  o f  t h e  e n z y m e s  i n v o l v e d  i n  t h e  m e t a b o l i s m  of 
a d e n o s i n e  c y c l i c  3 ' , 5 ' - m o n o p h o s p h a t e  ( c y c l i c  A M P ,  - l ) ,  

f u n d a m e n t a l  i n t r a c e l l u l a r  m e d i a t o r  a n d  r e g u l a t o r y  m o l e c u l e  

o f  l i v i n g  s y s t e m s .  The same d i a s t e r e o i s o m e r s  h a v e  a l s o  

b e e n  u s e f u l  p r o b e s  f o r  t h e  c h a i r  ,-. t w i s t  c o n f o r m a t i o n a l  

e q u i l i b r i u m  o f  t h e  1 , 3 , 2 - d i o x a p h o s p h o r i n a n e  r i n g ,  . I t  is 
e x p e c t e d  t h a t  d i a s t e r e o i s o m e r i c  p a i r s  o f  o t h e r  c y c l i c  AMP 

a m i d e s  c a n  a l s o  b e  s u c c e s s f u l l y  u s e d  i n  t h e  a b o v e  m e n t i o n e d  

b i o c h e m i c a l  a n d  c o n f o r m a t i o n a l  i n v e s t i g a t i o n s .  S y n t h e t i c  w o r k  

was ,  t h e r e f o r e ,  u n d e r t a k e n  i n  o u r  l a b o r a t o r y  i n  t h e  

e a r l y  e i g h t i e s  t o  g e t  new c o m p o u n d s  a c c o r d i n g  t o  a m o r e  
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S C H E F I E  1 

1. T P S - c h l o r i d e / D M F  o r  

P O C 1 3 / ( M e 0 ) 3 P 0  o r  

d 0 4 d e  
( P h 0 P 0 C 1 / 1.1 e 0 ) P 0 

0- \ I 
0 2 ~ - O / " b H  
0- 2 .  ( r I H , ) , C O ,  o r  

f,leNH2 o r  

1 Me21dH 

2 R 
a C 1  

b PhO 
- 

R 1  R2 
4 _ H  H 
- 5 H  M e 
+ Me Me 

4 c o r i v e r i i e n t  r o u t e  t h a n  t h e  m u l t i - s t e p  w a y s  t o  6 .  

T l i i s  w o r k  l e d  t o  t h e  e l a b o r a t i o n  o f  a s i m p l e ,  t w o - s t e p  

rn3t l int i  Tor % h e  p r e p a r a t i o n  of  t h e  i n d i v i d u a l  d i  a s t e r e o i s o m e r s  

o f  - 6 and  of  a d e n u s i n e  c y c l i c  3 ' ,  5 ' - p h o s p h o r a m i d a t c  ( 4 )  - . 6  The 

m ? t h n d  i n v o l v e d  t h e  a c t i v a t i o r i  o f  u n b l o c k e d  - 1 w i t h  e i t h e r  

2 , 4 ,  f , - t r i i s o p r o p y l l ~ c r i z e n e s u l f o r i y l  c h l o r i d e  ( T P S - c h l o r i d e ) ,  

p i n s p h o r u s  o x y c h l n r i d e  o r  d i p h e r i y l  p h o s p h o r n c h l o r i d a t e  i n  

a n t i y d r o u s  N ,  I J -d ime t t i y l f o r m a n i d e  o r  t r i m e t h y l  p h n s p h a t e ,  f o l -  

l~\ i ier l  h y  i n  s i t u  t r v a t m c r i t  u f  t h o  r e a c t i v e  a n h y d r i d e  i n t e r -  

mc:d1 a t e  w i t h  a m m o r i i u i n  c a r b o n a t e  u n d e r  a n h y d r o u s  c o n d i t i o n s  o r  
1'11th a q u e o u s  d i m e t h y l a m i n e  ( S C H I  Mt 1 1 .  P h o s p h o r a m i d a t e  - 6 was 

p r e l i a r e r !  b n t h  b y  I t ' s - c h l o r i d e  i r i  N , N - d i m e t h y l f o r m a m i d e 5  a n d  

b y  fii p h e n y l  p h o s p h n r n c h l o r i d a t e  i n  t r i m e t h y l  p h o s p h a t e .  ' F o r  

- 
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SYNTHESIS OF ADENOSINE CYCLIC PHOSPHORAMIDATES 309 

t h e  s y n t h e s i s  o f  - 4 ,  p h o s p h o r u s  o x y c h l o r i d e  i n  t r i m e t h y l  p h o s -  

p h a t e  was u s e d . 6  The s t r u c t u r e  o f  t h e  i n t e r m e d i a t e  d e p e n d e d  

o n  t h e  n a t u r e  o f  t h e  a c i d  c h l o r i d e  u s e d  f o r  a c t i v a t i o n .  

NMR s t u d i e s  showed  t h a t  i t  was c y c l i c  A M P  s y m m e t r i c a l  

a n h y d r i d e  ( 2 )  - f o r  T P S - c h l o r i d e '  a n d  c y c l i c  AMP d i p h e n y l  p h o s -  

p h o r i c  m i x e d  a n h y d r i d e  (z) f o r  d i p h e n y l  p h o s p h o r o -  

c h l o r i d a t e . '  The m e t h o d  p r e f e r e n t i a l l y  g a v e  - S p - a m i d e  d i a -  

s t e r e o i s o m e r s .  The i s o l a t e d  y i e l d s  w e r e :  3 1 . 0 %  ( S p )  - a n d  1 . 6 %  

(Rp)  f o r  - 6 , 3 8 . 6 %  ( S p )  a n d  9 . 2 %  ( R p )  - f o r  - 4 .  

To i n c r e a s e  t h e  y i e l d  a n d  c h a n g e  t h e  d i a s t e r e o i s o m e r i c  

r a t i o  i n  f a v o r  o f  ( R p )  - d i a s t e r e o i s o m e r ,  we h a v e  c o m p a r e d  t h e  

a c i d  c h l o r i d e s  and  s o l v e n t s  u s e d  e a r l i e r  a s  w e l l  a s  i n v e s -  

t i g a t e d  t h e  e f f e c t s  o f  t h e  r e a c t i o n  t i m e  a n d  t h e  w a t e r  

c o n t e n t  o f  t h e  r e a c t i o n  m i x t u r e  o n  t h e  y i e l d  a n d  t h e  d i s t r i -  

b u t i o n  o f  d i a s t e r e o i s o m e r s .  The s y n t h e s i s  o f  - 6 h a s  b e e n  s e -  

l e c t e d  f o r  t h e s e  s t u d i e s  b e c a u s e  o f  t h e  g r e a t e r  s t a b i l i t y  of 
- 6 c o m p a r e d  t o  - 4 .  On t h e  b a s i s  o f  t h e  r e s u l t s  o b t a i n e d ,  t h e  

m e t h o d  f o r  t h e  p r e p a r a t i o n  o f  - 6 c o u l d  s i g n i f i c a n t l y  b e  i m -  

p r o v e d .  I n  a d d i t i o n ,  t h e  f i r s t  s y n t h e s i s  o f  t h e  d i a s t e r e o -  

i s o m e r i c  p a i r  o f  a new c y c l i c  AMP a m i d e  d e r i v a t i v e ,  a d e n o s i n e  

c y c l i c  3 ' , 5 ' - N - m e t h y l p h o s p h o r a m i d a t e  ( 5 )  - h a s  a l s o  b e e n  p e r -  

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

t h e  p r e p a r a t i o n  o f  6.  R e s u l t s  a r e  p r e s e n t e d  i n  t h i s  p a p e r .  

31P 

5 6 

RESULTS A N D  D I S C U S S I O N  

S t u d i e s  o n  t h e  s y n t h e s i s  o f  a d e n o s i n e  c y c l i c  3 ' , 5 ' - N , N - d i -  

m e t h y l p h o s p h o r a m i d a t e  ( 6 )  - 

The s y n t h e s i s  o f  - 6 was p e r f o r m e d  a c c o r d i n g  t o  S C H E M E  1. 

T r i - n - b u t y l a m m o n i u m  s a l t  o f  - 1 was r e a c t e d  w i t h  2 . 2  m o l a r  

e q u i v a l e n t s  o f  p h o s p h o r u s  o x y c h l o r i d e ,  d i p h e n y l  p h o s p h o r o -  

c h l o r i d a t e  or T P S - c h l o r i d e  i n  a n h y d r o u s  N , N - d i m e t h y l f o r m a m i d e  

or t r i m e t h y l  p h o s p h a t e ,  a t  D O C .  A l i q u o t s  o f  t h e  m i x t u r e s  w e r e  

r e m o v e d  a t  i n t e r v a l s ,  m i x e d  w i t h  e x c e s s  4 0 %  a q u e o u s  d i m e t h y l -  

a m i n e  s o l u t i o n  t h a t  h a d  b e e n  p r e c o o l e d  t o  -2OOC a n d  a n a l y z e d  

b y  HPLC. Y i e l d s  a n d  r e l a t i v e  p e r c e n t a g e s  o f  sp-& a r e  summa- 

r i z e d  i n  TABLE 1.  
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SYNTHESIS OF ADENOSINE CYCLIC PHOSPHORAMIDATES 31 1 

As s h o w n  i n  TABLE 1, o f  t h e  t h r e e  a c i d  c h l o r i d e s  t e s t e d ,  

p h o s p h o r u s  o x y c h l o r i d e  a n d  d i p h e n y l  p h o s p h o r o c h l o r i d a t e  g a v e  

s i m i l a r  r e s u l t s  i n  t r i m e t h y l  p h o s p h a t e .  The y i e l d s  w e r e  b e -  

t w e e n  7 0 - 7 5 % .  E a r l i e r  i t  was s h o w n , '  t h a t  t h e  m a x i m a l  y i e l d  

o f  t h e  r e a c t i o n  w i t h  d i p h e n y l  p h o s p h o r o c h l o r i d a t e  i s  % 7 5 % .  

T h i s  is a c o n s e q u e n c e  o f  t h e  f a c t  t h a t  n u c l e o p h i l i c  a t t a c k  o f  

d i m e t h y l a m i n e  a t  t h e  t w o  p h o s p h o r u s  a t o m s  o f  a n h y d r i d e  i n t e r -  

m e d i a t e  - 3b o c c u r s  i n  a r a t i o  o f  P 1 / P 2  % 3 : 1 . ~  The  m a x i m a l  

y i e l d  ( 7 4 . 3 % )  o b t a i n e d  f o r  t h e  r e a c t i o n  w i t h  p h o s p h o r u s  o x y -  

c h l o r i d e  may i n d i c a t e  c y c l i c  AMP d i c h l o r o  p h o s p h o r i c  m i x e d  

a n h y d r i d e  ( 3 a )  - a s  r e a c t i v e  i n t e r m e d i a t e ,  b u t  i t  i s  a l s o  p o s -  

s i b l e  t h a t  a m i x t u r e  o f  - 3a a n d  - 2 i s  g e n e r a t e d .  The  use o f  

N , N - d i m e t h y l f o r m a m i d e  i n s t e a d  o f  t r i m e t h y l  p h o s p h a t e ,  d i d  n o t  

c a u s e  n o t i c e a b l e  c h a n g e  f o r  t h e  r e a c t i o n  w i t h  d i p h e n y l  p h o s -  

p h o r o c h l o r i d a t e .  The y i e l d  s i g n i f i c a n t l y  d e c r e a s e d ,  h o w e v e r ,  

a n d  many b y - p r o d u c t s  w e r e  f o r m e d  i n  t h e  r e a c t i o n  w i t h  p h o s -  

p h o r u s  o x y c h l o r i d e .  Th i s  f i n d i n g  may be  i n t e r p r e t e d  o n  t h e  

b a s i s  o f  t h e  k n o w n  i n t e r a c t i o n  b e t w e e n  p h o s p h o r u s  o x y c h l o r i d e  

a n d  N , N - d i m e t h y l f o r m a m i d e .  T I ' S - c h l o r i d e  was less e f f e c t i v e  

t h a n  p h o s p h o r u s  o x y c h l o r i d e  or d i p h e n y l  p h o s p h o r o c h l o r i d a t e .  

The y i e l d  n e v e r  e x c e e d e d  50% i n  e i t h e r  s o l v e n t s ,  a s  e x p e c t e d  

o n  t h e  b a s i s  o f  t h e  s t r u c t u r e  o f  r e a c t i v e  i n t e r m e d i a t e  2. 
I n  a l l  c a s e s  sp-6 was t h e  d o m i n a t e  d i a s t e r e o i s o m e r  

f o r m e d .  O f  t h e  t w o  s o l v e n t s ,  t h e  q u a n t i t y  o f  Sp-& was  l a r g e r  

i n  t r i m e t h y l  p h o s p h a t e  t h a n  i n  N , N - d i m e t h y l f o r m a m i d e .  A m a x i -  

ma1 y i e l d  f o r  - Sp-& ( 6 9 . 5 % )  was a t t a i n e d  when  p h o s p h o r u s  o x y -  

c h l o r i d e  i n  t r i m e t h y l  p h o s p h a t e  was u s e d  f o r  60  m i n .  For  t h e  

p r e p a r a t i o n  o f  Jp-6 a 1 0  min r e a c t i o n  w i t h  d i p h e n y l  p h o s -  

p h o r o c h l o r i d a t e  i n  N , N - d i m e t h y l f o r m a m i d e  g a v e  t h e  b e s t  y i e l d  
( 1 1 . 5 % ) .  

E a r l i e r  i t  was f o u n d '  t h a t  t h e  r e l a t i v e  p e r c e n t a g e  o f  

R - 4  c o u l d  b e  i n c r e a s e d  f r o m  1 9 . 2 %  t o  6 2 . 9 %  b y  c h a n g i n g  t h e  -P - 
s o l v e n t  u s e d  i n  t h e  ammonium c a r b o n a t e  t r e a t m e n t .  H o w e v e r ,  

a s i m i l a r  e f f e c t  was n o t  o b s e r v e d  i n  t h e  a n a l o g o u s  s y n t h e s i s  

o f  - 6 .  The r e l a t i v e  p e r c e n t a g e  o f  Rp-6 r e m a i n e d  p r a c t i c a l l y  

u n a l t e r e d  ( 6 . 8 + 1 . 0 % ) ,  - i r r e s p e c t i v e  o f  w h e t h e r  t h e  i n t e r -  
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3 12 BO'PTKA A N D  TOMASZ 

m e d i a t e  was t r e a t e d  w i t h  d i m e t h y l a m i n e  i n  a n  a q u e o u s  s o l u t i o n  

o r  i n  f o u r  d i f f e r e n t  a n h y d r o u s  o r g a n i c  s o l v e n t  s y s t e m s .  

The r e l a t i v e  p r o p o r t i o n  cf  R p - &  c o u l d  , h o w e v e r  , b e  i r i -  

c r e a s e d ,  i f  t h e  s o l u t i o n  o f  p h o s p h o r u s  o x y c h l o r i d e  i n  t r i -  

m e t h y l  p h o s p h a t e  was p r e t r e a t e d  w i t h  0.5, o r  1 . 0  m o l a r  e q u i -  

v a l e n t  o f  w a t e r .  S i n c e  t h e  p r e t r e a t m e n t  r e d u c e d  t h e  r a t e  o f  

t h e  r e a c t i o n ,  t h e  q u a n t i t y  o f  p h o s p h o r u s  o x y c h l o r i d e  was 

d o u b l e d .  R e p r o d u c i b l e  r e s u l t s   ere o b t a i n e d  o n l y ,  when t h e  

p r e t r e a t m e n t  was c a r r i e d  o u t  a t  room t e m p e r a t u r e  f o r  a t  l e a s t  

20 m i n .  The e f f e c t  o f  a d d e d  w a t e r  o n  t h e  y i e l d  a n d  t h e  r e l a -  

t i v e  p e r c e n t a g e  o f  Rp -&  i s  s u m m a r i z e d  i.n TABLE 2 .  

D a t a  i n  T A B L E  2 s h o w ,  t h a t  p r a c t i c a l l y  t h o  same y i e l d s  

c o u l d  b e  o b t a i n e d  i n  t h e  r e a c t i o n s  w i t h  a d d e d  w a t e r  d u r i n g  

3 - 6  h a s  f o u n d  f n r  t h e  a n a l o g o u s  r e a c t i o n s  run w i t h o u t  a d d e d  

w a t e r  f o r  1 0  o r  611 m i n  ( s e e  TABLE 1 ) .  The q u a n t i t y  o f  t$-X i n  

t h e  r e a c t i o n s  w i t t i  a d d e d  wa te r .  was a b u u t  t h r u e  t i m c s  a s  l a r g e  

a s  i n  t h e  b l a n k  r e a c t i o n  r u n  w i t h o u t  w a t e r .  An u n i d e n t i f i e d  

b y - p r o d u c t  ( 5  5 % )  was f o r m c d  i n  t h e  r e a c t i o n ,  when 1 . 0  m o l a r  

e q u i v a l e n t  of  w a t e r  was e m p l o y e d .  t o r  t h i s  r e a s o n ,  t h e  u t i e  o f  

0 . 5  m o l a r  e q u i v a l e n t  is r e c o m m e n d e d .  On a p r e p a r a t i v e  s c a l e  

b y  u s i n g  0 . 5  m o l a r  e q u i v a l e n t  o f  w a t e r  a n d  a r e a c t i o n  t i m e  o f  

3 h ,  Rp-6 a n d  $6 w e r e  o b t a i n e d  b y  r e v e r s e d  p h a s e  MI'LC i n  

i s o l a t e d  y i e l  d s  o f  1 3 . 0 %  a n d  54. 0 % ,  r e s p e c t i v e l y .  1 h e s e  

v a l u e s  a r e  s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  o b t a i n e d  f o r  t h e  

p r e p a r a t i o n  o f  - 6 w i t h  T P S - c h l o r i d e  (1.6% RP a n d  3 1 . 0 %  5p5 )  
a n d  r e p r e s e n t  t h e  b e s t  y i e l d s  r e p o r t e d  s o  f a r  f o r  t h e  

s y n t h e s i s  o f  Rp-6 a n d  zP-fj, 4 

S y n t h e s i s  of  a d e n o s i n e  c y c l i c  3',5'-N-methylphosphoramidate _. 

(2) 

Compound 5 was s y n t h e s i z e d  u n d e r  t h e  c o n d i t i o n s  f o u n d  

1 . e .  b y  r e a c t i n g  1 a t  O'C o p t i m a l  for t h e  p r e p a r a t i o n  o f  6 ,  

f o r  3 h w i t h  a s o l u t i o n  o f  p h o s p h o r u s  o x y c h l o r i d e  i n  t r i -  

m e t h y l  p h o s p h a t e  t h a t  h a d  b e e n  p r e t r e a t e d  w i t h  w a t e r  a t  r o o m  

t e m p e r a t u r e  f o r  2 0  m i n .  The c o m p o n e n t s  w e r e  e m p l o y e d  i n  a 

m o l a r  r a t i o  o f  - l / p h o s p h o r u s  o x y c h l o r i d e / w a t e r  = 1.0:4.4:0.5. 

- 
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314 BOTTKA AND TOMASZ 

T r e a t m e n t  w i t h  m e t h y l a m i n e  was d o n e  i n  a n h y d r o u s  N , N - d i -  

m e t h y l f o r r n a r n i d e  a t  - 2 0 ° C ,  b e c a u s e  compound  - 5 i s  u n s t a b l e  i n  

a q u e o u s  a l k a l i n e  s o l u t i o n .  The d i a s t e r e o i s o r n e r s  w e r e  f o r m e d  

i n  a r a t i o  o f  Rp!Zp = 2 7 ~ 7 3  a s  d e t e c t e d  b y  31P NMR. On a p r e -  

p a r a t i v e  s c a l e  R p - l  a n d  Sp-z w e r e  i s o l a t e d  b y  r e v e r s e d  p h a s e  

MPLC i n  y i e l d s  o f  2 3 . 3 %  a n d  4 5 . 9 % ,  r e s p e c t i v e l y .  C o n f i g u r a -  

t i o n s  a t  p h o s p h o r u s  w e r e  a s s i g n e d  b y  31P NMR s p e c t r o s c o p y .  On 

5,10-13 R - 5  h a v i n g  a x i a l  t h e  b a s i s  o f  l i t e r a t u r e  d a t a ,  

r n e t h y l a m i n o  g r o u p ,  i s  e x p e c t e d  t o  a b s o r b  a t  h i g h e r  f i e l d .  
-P - 

A t t e m p t e d  s y n t h e s i s  o f  a d e n o s i n e  c y c l i c  3 ' , 5 ' - N , N - d i i s o -  

p r o p y l p h o s p h o r a m i d a t e  

A t t e m p t s  t o  p r e p a r e  a d e n o s i n e  c y c l i c  3 ' , 5 ' - N , N - d i i s o -  

p r o p y l p h o s p h o r a m i d a t e  a c c o r d i n g  t o  t h i s  a n h y d r i d e  r o u t e ,  h a v e  

f a i l e d .  B o t h  p h o s p h o r u s  o x y c h l o r i d e  a n d  T P S - c h l o r i d e  was u s e d  

f o r  t h e  a c t i v a t i o n  a n d  t h e  a m i n o l y s i s  was p e r f o r m e d  w i t h  

a n h y d r o u s  d i i s o p r o p y l a m i n e .  A d e n o s i n e  c y c l i c  3 ' , 5 ' - N , N - d i i s o -  

p r o p y l a r n i d a t e  c o u l d  n o t  b e  d e t e c t e d  b y  HPLC i n  e i t h e r  c a s e .  

S i m i l a r  u n r e a c t i v i t y  o f  d i i s o p r o p y l a m i n e  h a s  b e e n  f o u n d  i n  

t h e  A p p e l - r e a c t i o n  a n d  a t t r i b u t e d  t o  s t e r i c  h i n d r a n c e  b y  t h e  

t w o  b u l k y  i s o p r o p y l  g r o u p s .  1 4  

EXPERIMENTAL 

M a t e r i a l s  a n d  M e t h o d s  

C y c l i c  AMP t r i - n - b u t y l a r n r n o n i u m  s a l t  was p r e p a r e d  a c c o r d -  

i n g  t o  R e f .  5 .  P h o s p h o r u s  o x y c h l o r i d e  a n d  d i p h e n y l  p h o s p h o r o -  

c h l o r i d a t e  ( b . p .  140 -142°C/52  P a >  w e r e  d i s t i l l e d  p r i o r  t o  

u s e .  T P S - c h l o r i d e  was r e c r y s t a l l i z e d  f r o m  n - h e x a n e .  S o l v e n t s  

w e r e  d i s t i l l e d  ( N , N - d i m e t h y l f o r m a m i d e  o v e r  p h o s p h o r u s  p e n t -  

o x i d e ,  t r i m e t h y l  p h o s p h a t e  a t  r e d u c e d  p r e s s u r e )  a n d  s t o r e d  

o v e r  0 . 4  nm m o l e c u l a r  s i e v e s .  

HPLC a n a l y s e s  w e r e  p e r f o r m e d  b y  u s i n g  a W a t e r s  l i q u i d  

c h r o m a t o g r a p h  w i t h  a U V  a b s o r b a n c e  m o n i t o r  w o r k i n g  a t  254  nm 

( W a t e r s  M o d e l  4 4 0 )  a n d  a n  i n t e g r a t o r  ( L a b o r  M I M  M P - 8 5 ) .  The 
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r e v e r s e d  p h a s e  c o l u m n  was a H i b a r  L i C h r o s o r b  RP-18 

( 2 5 0 ~ 4 . 0  mm I . O . ,  5 p m ,  M e r c k ) .  A n  i s o c r a t i c  e l u t i o n  mode was 

u s e d  w i t h  a m i x t u r e  o f  1 0 0  mM a q u e o u s  p o t a s s i u m  p h o s p h a t e  

s o l u t i o n  ( p H  6 . 6 ) / m e t h a n o l  6 3 : 3 7  ( v / v ) .  The f l o w  r a t e  was 

1 .O m L / m i n .  

P r e p a r a t i v e  r e v e r s e d  p h a s e  MPLC was c o n d u c t e d  o n  a L i  

C h r o p r e p  RP-18 ( 2 5 - 4 0  r m ,  M e r c k )  c o l u m n  ( 1 . 6 x 9 6 . 0  cm)  i n  

w a t e r / m e t h a n o l  m i x t u r e s  w i t h  1 . 2  MPa o v e r p r e s s u r e .  The e l u -  

t i o n  r a t e  was 2 0 . 0  m1./2.4 m i n / f r a c t i n n .  T r i p l y  d i s t i l l e d  

w a t e r  was u s e d  f o r  a l l  a n a l y s e s .  

TLC was c a r r i e d  o u t  o n  HPTLC K i e s e l g e l  60  F Z s 4  ( M e r c k )  

c h r o m a t o p l a t e s  i n  t h e  f o l l o w i n g  s o l v e n t  s y s t e m s :  S 1 ;  c h l o r o -  

f o r m / m e t h a n o l  = 6 : l  ( v / v )  ( t w o  s u c c e s s i v e  d e v e l o p m e n t s ) ,  S 2 ;  

c h l o r o f o r m / e t h a n o l  1 : l  a n d  5 3 ;  n - b u t h a n o l / e t h a n o l / w a t e r  = 

16:2:5. S p o t s  w e r e  v i s u a l i z e d  u n d e r  a s h o r t - w a v e  ( 2 5 4  nm) U V  

l a m p  ( D e s a g a - U v i s ) .  

31P NMR s p e c t r a  w e r e  r e c o r d e d  o n  a B r u k e r  WM-250 F T  

s p e c t r o m e t e r  o p e r a t i n g  a t  1 0 1 . 2  MHz. P o s i t i v e  c h e m i c a l  s h i f t s  

a r e  d o w n f i e l d  f r o m  e x t e r n a l  0 5 %  H 3 P 0 4 .  

S t u d i e s  o n  t h e  s y n t h e s i s  o f  a d e n o s i n e  c y c l i c  3 ' , 5 ' - N , N - d i -  

m e t h y l p h o s p h o r a m i d a t e  (6)  
E f f e c t  o f  a c t i v a t i n o  a c i d  c h l o r i d e .  s o l v e n t  a n d  

r e a c t i o n  t i m e  

C y c l i c  AMP t r i - n - b u t y l a m m o n i u m  s a l t  ( 0 . 1  m m o l )  was d i s -  

s o l v e t l  i n  0 . 5  mL o f  N , N - d i m e t h y l f o r m a m i d e  ( A )  - o r  t r i m e t h y l  

p h o s p h a t e  ( B ) .  - To t h e  s o l u t i o n  0 . 2 2  mmol o f  t h e  a c i d  c h l o r i d e  

120.0 V L  p h o s p h o r u s  o x y c h l o r i d e  ( a )  - o r  4 5 . 6  p L  d i p h e n y l  p h o s -  

p h o r o c h l o r i d a t e  ( b )  - o r  s o l u t i o n  o f  6 6 . 4  mg T P S - c h l o r i d e  ( 2 )  
i n  6 . 0  mL o f  N , N - d i m e t h y l f o r m a m i d e  o r  t r i m e t h y l  p h o s p h a t e  } 

was a d d e d  a t  0OC. The s i x  m i x t u r e s  t h u s  o b t a i n e d ,  were 
s t r i r r e d  w i t h  t h e  e x c l u s i o n  o f  a t m o s p h e r i c  m o i s t u r e  a t  O ° C .  
A l i q u n t s  ( 1 0 0  ~ J L )  w e r e  r e m o v e d  f r o m  m i x t u r e s  - Aa a n d  - Ac a f t e r  

5 a n d  30  m i n ,  f r o m  m i x t u r e s  Ab,  Ba Bb a n d  - Bc a f t e r  1 0  a n d  6 0  

r n i n  a n d  were p i p e t t e d  i n t o  40% a q u e o u s  d i m e t h y l a m i n e  s o l u t i o n  
- -1 - 

( 2  mL)  t h a t  h a d  b e e n  c o o l e d  t o  - 2 O O C .  A f t e r  e v a p o r a t i o n  a n d  

d i s s o l u t i o n  o f  t h e  r e s i d u e s  i n  1 0 0  mM a q u e o u s  p o t a s s i u m  p h o s -  
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p h a t e  ( p H  6 . 6 )  / m e t h a n o l  = 6 3 : 3 7  ( v / v )  m i x t u r e  ( 2 . 0  m L ) ,  t h e  

s o l u t i o n s  w e r e  a n a l y s e d  b y  H P L C .  R e t e n t i o n  t i m e s  ( m i n ?  w e r e :  

5 . 4  ( f o r  - l), 6 . 3  ( f o r  Y i e l d s  a n d  

r e l a t i v e  p e r c e n t a g e s  o f  5 - 6  w e r e  t a b u l a t e d  (TABLE 1). 
Rp-6) a n d  1 1 . 3  ( f o r  sp-&). 

-P - 
E f f e c t  o f  s o l v e n t  u s e d  f o r  t h e  a m i n o l y s i s  

M i x t u r e  Ba was u s e d  in t h e s e  s t u d i e s .  A f t e r  60  m i n  

s t i r r i n g  a t  0 "C,  S O  PL a l i q u o t s  w e r e  p i p e t t e d  i n t o  6 iiiL o f  

t h e  f o l l o w i n g  s o l u t i o n s  t h a t  c o n t a i n e d  3 5 0  P L  o f  a n h y d r o u s  

d i m e t h y l a m i n e  a n d  w e r e  c o o l e d  t o  - 2 O O C .  T .  t r i m e t h y l  p h o s -  

p h a t e ,  11.  N , N - d i m e t h y l f o r m a m i d e ,  111. p y r i d i n e  a n d  I V .  N , N -  

d i m e t h y l f o r m a m i d e / p p r i d i n e  = 9 : l  ( v / v ) .  HPLC a n a l y s i s  o f  t h e  

s a m p l e s ,  % o f  6 ( r e l .  % o f  Rp-6): I .  7 5 . 9  ( 7 . 8 ) ,  T I .  7 2 . 5  

( 5 . 9 1 ,  I IT .  7 2 . 5  ( 6 . 5 )  a n d  I V .  7 3 . 8  ( 7 . 1 ) .  

- 

E f f e c t  o f  w a t e r  

P h o s p h o r u s  o x y c h l o r i d e  ( 4 0 . 0  p L ,  0 . 4 4  m m o l )  was  dis- 
s o l v e d  i n  t r i m e t h y l  p h o s p h a t e  ( 0 . 2  m L ) .  A f t e r  s t i r r i n g  20  m i n  

a t  room t e m p e r a t u r e ,  t h e  s o l u t i o n  was a d d e d  t o  a s o l t i t i o n  o f  
c y c l i c  AMP t r i - n - b u t y l a m m o n i u m  s a l t  ( 0 . 1  m m o l )  i n  t r i m e t h y l -  

p h o s p h a t e  ( 0 . 3  mL) t h a t  h a d  b e e n  c o o l e d  t o  O ° C .  The r e a c t i o n  

m i x t u r e  was s t i r r e d  w i t h  t h e  e x c l u s i o n  o f  a t m o s p h e r i c  mois- 
t u r e  a t  O'C. A f t e r  3 0 ,  6 0 ,  1 8 0  a n d  3 6 0  m i n ,  1 0 0  ~ J L  a l i q u o t s  

w e r e  r e m o v e d ,  r e a c t e d  w i t h  a q u e o u s  d i m e t h y l a m i n e ,  a n d  a n a -  

l y z e d  b y  H P I C  a s  d e s c r i b e d .  The r e a c t i o n  was  r e p e a t e d  w i t h  

s o l u t i o n s  o f  p h o s p h o r u s  o x y c h l o r i d e  i n  t r i m e t h y l p h o s p h a t e  

t h a t  c o n t a i n e d  d e i o n i z e d  w a t e r  ( 0 . 9  y l ,  0 . 0 5  mmol or 1 . 8  

0 . 1  m m o l ) .  Y i e l d s  a n d  r e l a t i v e  p e r c e n t a g e s  o f  F$-4 w e r e  sum- 

m a r i z e d  i n  TABLE 2 .  

Y L  

P r e p a r a t i o n  o f  R,,-$ a n d  sp-6 
E x p e r i m e n t  u n d e r l i n e d  i n  TABLE 2 ,  was r e p e a t e d  o n  a 

f i v e f o l d  s c a l e .  The r e a c t i o n  m i x t u r e  was d r o p p e d  i n t o  4 0 %  

a q u e o u s  d i m e t h y l a m i n e  s o l u t i o n  ( 5 0  m L )  t h a t  h a d  b e e n  c o o l e d  

t o  - 2 O o C ,  u n d e r  v i g o r o u s  s t i r r i n g .  A f t e r  w a r m i n g  u p  t o  r o o m  

t e m p e r a t u r e ,  t h e  s o l u t i o n  was e v a p o r a t e d .  The r e s i d u e  f r o m  

e v a p o r a t i o r i  was d i s s o l v e d  i n  a m i x t u r e  of  w a t e r / m e t h a n o l  = 

7 5 : 2 5  ( v / v )  ( 1 . 0  mL)  a n d  a p p l i e d  o n t o  t h e  MPLC c o l u m n .  A 

m i x t u r e  o f  w a t e r / m e t h a n o l  o f  t h e  same c o m p o s i t i o n  was u s e d  
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f o r  e l u t i o n .  D i a s t e r e o i s o m e r s  w e r e  i s o l a t e d  b y  e v a p o r a t i o n  o f  

t h e  r e s p e c t i v e  f r a c t i o n s  i n  y i e l d s  o f  24.3 mg (13.0%, R - 6  P - '  
f r o m  f r a c t i o n s  22-30) a n d  1 0 1 . 1  mg (54.0%, zp-&, f r o m  f r a c -  

t i o n s  35-48), r e s p e c t i v e l y .  The p r o d u c t s  w e r e  i d e n t i f i e d  b y  

31P NMR a n d  TLC c o m p a r i s o n s  w i t h  a u t h e n t i c  s a m p l e s .  5 

- R p -  a n d  - S p - A d e n o s i n e  c y c l i c  3',5'-N-methylphosphoramidates 

P h o s p h o r u s  o x y c h l o r i d e  (200.0 pL, 2.2 m m o l )  a n d  d e -  

i o n i z e d  w a t e r  (4.5 p L ,  0.25 rnmol )  w e r e  a d d e d  t o  t r i m e t h y l  

p h o s p h a t e  (1.5 mL) (A). The s o l u t i o n  was s t i r r e d  w i t h  t h e  

e x c l u s i o n  o f  a t m o s p h e r i c  m o i s t u r e  a t  r o o m  t e m o e r a t u r e  f o r  20 
r n i n .  C y c l i c  AMP t r i - n - b u t y l a r n m o n i u m  s a l t  (0.5 m r n o l )  was d i s -  

s o l v e d  i n  t r i m e t h y l  p h o s p h a t e  ( 1 . 0  mL) ( B ) ,  - a n d  t h e  s o l u t i o n  

was c o o l e d  t o  O ° C .  S o l u t i o n  - A was p o u r e d  i n t o  s o l u t i o n  - 6 ,  
t h e n  t h e  r e a c t i o n  m i x t u r e  was s t i r r e d  w i t h  t h e  e x c l u s i o n  o f  
a t m o s p h e r i c  m o i s t u r e  a t  0 C f o r  3 h .  The r e a c t i o n  m i x t u r e  was 

p o u r e d  i n t o  a n  a n h y d r o u s  s o l u t i o n  o f  m e t h y l a m i n e  (5 mL)  i n  

N , N - d i m e t h y l f o r m a m i d e  (20 mL) t h a t  h a d  b e e n  c o o l e d  t o  -2OOC. 
E x c e s s  m e t h y l a m i n e  was i m m e d i a t e l y  r e m o v e d  u n d e r  r e d u c e d  

p r e s s u r e .  The s o l i d  d e p o s i t e d  was f i l t e r e d  o f f ,  a n d  t h e  s o l u -  

t i o n  was e v a p o r a t e d .  The e v a p o r a t i o n a l  r e s i d u e  was d i s s o l v e d  

i n  a m i x t u r e  o f  w a t e r / m e t h a n o l  = 85:15 ( v / v ,  5 mL). A p r e -  

c i p i t a t e  s t a r t e d  t o  d e p o s i t  b y  s l i g h t l y  c o o l i n g  t h e  s o l u t i o n .  

A f t e r  a c o u p l e  o f  h o u r s  s t a n d i n g ,  t h e  p r e c i p i t a t e  was 

f i l t e r e d  b y  s u c t i o n ,  a n d  t h e  m o t h e r  l i q u o r  was a p p l i e d  o n t o  

t h e  MPLC c o l u m n .  The p r e c i p i t a t e  a f t e r  r e c r y s t a l l i z a t i o n  f r o m  

h o t  d e i o n i z e d  w a t e r  (5 mL) g a v e  42.0 rng o f  p u r e  sp->. The 

c o l u m n  was washed  w i t h  m i x t u r e s  o f  w a t e r / m e t h a n o l  = 85:15 
( v / v ,  1200 mL) a n d  82:18 ( 8 0 0  m L ) .  A f t e r  e v a p o r a t i n g  t h e  

a p p r o p r i a t e  f r a c t i o n s ,  39.8 mg (23.3%) EP-5 ( f r o m  f r a c -  

t i o n s  45-58) a n d  3 6 . 5  rng $2 ( f r o m  f r a c t i o n s  84-97) w e r e  o b -  

t a i n e d .  The y i e l d  f o r  Sp-? was 45.9%. For r e c r y s t a l l i z a t i o n  

h o t  d e i o n i z e d  w a t e r  ( f o r  !3,->, c11 7 0  f o l d )  a n d  m e t h a n o l  ( f o r  

Rp-?, % 2 0  f o l d )  w e r e  u s e d .  The  c o m p o u n d s  c a n  b e  s t o r e d  

w i t h o u t  d e c o m p o s i t i o n  a t  -5OC f o r  6 m o n t h s .  A n a l .  (Sp-z) 
C a l c d  f o r  CllH15N6D5P (342.25): C 38.60, H 4.42, N 24.56, 

(1) 
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P 9 . 0 5 ;  f o u n d :  3 8 . 8 9 ,  H 4 . 4 7 ,  N 2 4 . 5 3 ,  f' 9 . 1 6 .  

"P NMR ( 0 ~ s 0 - d ~ ) :  6 + 7 . 7 5  ( R ~ - > ) ,  c 9 . 3 7  (zp->); r e l a t i v e  

s i g n a l  i n t e n s i t i e s :  S p / R p  = 1 1 : 4 .  

a n d  2 . 2 ) ,  543  ('23 a n d  2 3 ) ,  2 6 4 ( 2 4  a n d  2 4 ) ,  2 3 6 ( 1 0 0  a n d  9 7 )  

a n d  1 4 7 ( 2 3  and  1 0 0 ) .  

- TLC, R f  v a l u e s  o f  F$-l a n d  sp- l :  0 . 2 1  a n d  0 . 2 5  ( S l ) ,  0 . 2 8  a n d  

0 . 3 4  (S2), 0 . 3 6  a i i d  0 . 4 2  ( 5 3 ) .  

.- M.S.  m / e  r e l .  i n t .  o f  Sp-> a n d  F$-> (%I , M ( T M S ) 3 +  5 5 8 ( 6 . 4  
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