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NUCLEOSIDES & NUCLEOTIDES, 6 ( 4 ) ,  785-792 ( 1 9 8 7 )  

A 31P NMR S T U D Y  OF THE REACTION OF AOENOSlNE 3',S'-CYCLIC 
MDNOPHOSPHATE WIlH 2 , 4 , 6 - i R I I S ~ J P R O P Y L B E N Z E N E S U L F O N Y L  CHLORIDE 

J .  Tomaszt", 3 .  B o t t k E i T  and 1. P e l L z e r ' I  

+ I n s t i t u t e  of 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 * r i a n  Academy of S c i e n c e s ,  H-6701 Szeged,  H u n g a r y  
and "EGIS P h a r m a c e u t i c a l s  , S p e c t r o s c o p i c  D e p a r t m e n t ,  

H-1475 B u d a p e s t ,  H u n g a r y .  

-- A b s t r a c t .  Tne r e a c t i o n  of  a d e n o s i n e  3 ' , 5 ' - c y c ; i c  n ionophos-  
p h a t e T f c l i c  AMP)  w i t h  0 . 5 - 2 . 0  m o l a r  e q u i v a l e n t s  of 2 , 4 , 6 -  
-triisopropylbenzenesulfonyl ( p - t o l u e n e s u l f o n y l  or n e s i t y l -  
e n e s u l f o n y l j  c h l o r i d e  l e a d s  t o  t h e  r a p i d  f o r m a t i o r i  o f  t h e  
t h r e e  p o s s i b l e  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  LftERp, Spsp a n d  
R S ( S  I? ) I  o f  c y c l i c  AMP s y m m e t r i c a l  a n h y d r i  e .  TKe d i a -  
dF!eE!Zf~rners w e r e  c h a r a c t e r i z e d  b y  31P NMR. The c y c l i c  AMP 
s u l f o n i c  m i x e d  a n h y d r i d e  c o u l d  n o t  b e  d e t s c t e d .  

A d e n o s i n e  3 '  , 5 ' - c y c l i c  monophosphate  ( c y c l i c  !MP) d e r i -  

v a t i v e s  s u b s t i t u t e d  a t  p h o s p h o r u s ,  a r e  va1ur;bl.;. p r o b e s  f o r  

b i n d i n g  s i t e s  and a c t i v a t i o n  r e q u j r c m e n t s  o f  t h e  enzymes 

i n v o l v e d  i n  c y c l i c  AMP m e t a b o l i s m . 1  A p o s s i b l e  r o u t e  ti; s!Ich 

d e r i v a t i v e s  i s  t h e  r e a c t i o n  o f  c y c l i c  AMP w i t h  2,4,6-tri- 
isopropylbenzenesulfonyl c h l o r i d e  (T I 'S- -C l . )  and subsequcr i t  

-__ i n  s i t u  t r e a t m e n t  of t h e  r e a c t i v e  i n t e r m e d i a t e  w i t h  a 

n u c l e o p h i l e .  N a g v v a r y  and c o w o r k e r s  p r e p a r e d  c y c l i c  AMP 

a l k y l  e s t e r s , '  B e n t r u d e  and Tornasr s y n t h e s j  z e d  c y c l i c  AMP 

N , N - d i m e t h y l a m i d e 3  a c c o r d i n g  t o  t h i s  r 2 u t e .  N a g y v a r y  and 

c o w o r k e r s  c o n s i d e r e d  t h e  c y c l i c  P M P  s u l f n n i c  m i x e d  a n h y d r i d e  

(1)  t o  be  t h e  r e a c t i v e  i n t e r m e d i a t e . ?  B e n t r u d e  ar?d T G F ~ S Z  

s u p p o s e d  t h a t  t h e  i n i t i a l l y - f o r m e d  1 r a p i d l y  c o n v e r t s  i n t o  

t h e  c y c l i c  AMP s y m m e t r i c a l  a n h y d r i d e  ( 2 ) ;  and t h a t  2 r e a c t s  

w i t h  added n u c l e o p h i . 1  e ,  

o n  t h e  k e l l - k n o w n  i n s t a b i l i t y  o f  p h o s p h c d i e s t e r  su: f o n i c  

m i  icad ~ n h y d r i d e s  i r - i  t h e  p r e s e n c - ~ ~ ~ ~ ~ ; , a s s p ~ o j i e s t e r : .  a n i o n s  L, 

The l a t t e r  s u ? p o s i  t i o n  was- b a s e d  
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786 TOMASZ, BOTTKA, AND PELCZER 

Ade 

as a resu1. t  of w h i c h ,  i n s t e a d  o f  t h e  mixe.d a n h y d r i d e s 1 4  t h e  

s y m m e t r i c a l  p y r o p h o s p h a t e s  c a n  b e  d e t e c t e d  i n .  t h e s e  m i x -  

t u r e s .  6-12 However ,  xhe p h o s p h o d i e s t e r  s u l f o n i c  m i x e d  a n -  

h y d r i d e s  a r e  s t a b l e  enough t o  be  d e t e c t e d  i n  t h e  a b s e n c e  -.- o f  
p h o s p h o d i e s t e r  a n i o n s ,  f o r  e x a m p l e ,  i n  t h e  r e a c t i . c j n  of  a n  

a c t i v a t e d  n e u t r a l  p h o s p h o d i e s t e r  d e r i v a t i v e  w i th  s u l f o n i c  

a c i d  or s u l f o n i c  a n h y d r i d e ,  as  shown b y  M i c h a l s k i ’ s  

g r o u p .  10112 The same g r o u p  h a s  a l s o  p o i n t e d  o u t  t h a t  31P N M R  
s a t i s f a c t o r i l y  d i f f e r e n t i a t e s  b e t w e e n  t h e  s y m r h e t r i c a l  and 

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

t h e  m i x e d  a n h y d r i d e  resonancr :s  a p p e a r i n g  s l i g h t l y  u p f i e l d  

f r o m  t h o s e  o f  t h e  p y r o p h o s p h a t e . ”  The p r e s e n t  w o r k  was 

u n d e r t a k e n  w i t h  t h e  o b j e c t i v e  of  d e m o n s t r a t i n g  by  31P N M R ,  
w h e t h e r  1 - or 2 - (or b o t h )  r e p r e s e n t  r e a c t i v e  i n t e r m e d i a t e ( s 1  

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

AMP d e r i v a t i v e s .  

F I G .  1 shows t h e  p r o t o n - d e c o u p l e d  31P N M R  s p e c t r u m  of a 

r e a c t i o n  m i x t u r e 1 3  of  c y c l i c  AMP w i t h  t w o  m o l a r  e q u j v a l e n t s  

o f  T P S - C 1  i n  a n h y d r o u s  (MeO)3P0 a f t e r  s t a n d i n g  1 0  m i n  a t  

room t e m p e r a t u r e .  The s p e c t r u m  c o r r e s p o n d s  t o  t h a t  e x p e c t e d  

f o r  a m i x t u r e  of  t h e  t h r e e  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 ,  

R R S S and l ? p S p ( ~ p ~ p )  of  s y m m e t r i c a l  antTydr i .de 2 .  Tbe -P-P’ -P-P - 
t w o  s i g n a l s  a t  - 1 7 . 8 8  and - -18 .26  ppm n a y  b e  t i s c r i b e d  tcj t h e  

e q u i v e l e n t  p h o s p h o r u s  a toms of S,Sp-g and fipflp-?, r e s p e c -  

t i v e l y .  The f o u r  l i n e s  a t  - 1 7 . 4 2 ,  - 1 7 . 6 1 ,  - 1 9 . 0 8  and - 1 9 . 2 7  
ppm w i t h  a s y m m e t r i c  weak : s t r o n g  : s t r o n g  : weak i n t e n s i t y  

d i s t r i b u t i o n  show a t y p i c a l .  A H  p a t t e r n  a n d  may b e  a s s i g n e d  
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31P NMR STUDY 787 

I 

-17 

I 

-19 chemical s h i f t  (ppm) 

F I G .  1. 
The proton-decoupled 31P NMR spectrum 
of a reaction mixture of cyclic AMP with 
two molar equivalents of TPS-C1 after 
standing 10 min at r o c m  temperature. 
The p e a k  at -18.56 ppin ( 1 . 6 % )  is an 
impurity signal. The broad resonance 
u f  (MeO)3P0 about +3.41! ppm and an 
impurity signal at -0.44 ppm (1.0%) 
are not shown. 

to the two diastereotopic phosphorus atoms of f?p~p(~pf?p)-2. 
The upfield doublet may b e  attributed t o  the phosphorus 
atom of - R configuration. On the basis of the 31P chemical 
shift criterion established f o r  2-substituted 2 - 0 x 0 - 1 , 3 , 2 -  

-dioxaDhosphorinanes ,14 those diastereomeric phosphorus 
atoms of 2 - should absorb at higher field which have the 
"other" cyclic AMP residue in the axial position, L.E. the 
phosphorus atoms of configuration. 
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7aa  TOMASZ, BOTTKA, AND PELCZER 

The p r o t o n - d e c o u p l e d  31P NMR s p e c t r a  of s t r u c t u r a l l y  

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

s i g n a l s  b e t w e e n  -18 a n d  - 2 1  ppm. y,11-12 I t  means t h a t  

R S ( S  Fi 1 d i a s t e r e o i s o m e r  o f  t h e s e  compounds a p p e a r s  a s  -P-P -P-P 
one s i n g l e  s i g n a l  a t  room t e m p e r a t u r e .  T h i s  s i g n a l  i s  e x -  

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

t u r e s  b u t  t e m p e r a t u r e  s t u d i e s  h a v e  n o t  b e e n  r e p o r t e d .  The 

r i g i d  r i n g  s y s t e m  o f  RpSp(SpRp)-? mey b e  r e s p o n s i b l e  f o r  
t h e  m a n i f e s t a t i o n  o f  t h e  A R  c p e c t r u m  a t  roum t e m p e r a t u r e .  

The p r o t o n - c o u p l e d  31P NMR s p e c t r u m  ( F I G .  2 )  j.5 i p  

a g r e e m e n t  w i t h  t h e  a b o v e  s t r u c t i l r a l  a s s i g n m e n t .  The s i g n a l s  

a s c r i b e d  t o  RpRp-z and SpSp-2 show c o m p l e x  s p l i t t i n g  p a t -  

t e r n s  as  e x p e c t e d  f r o m  t h e  m a g n e t i c  n o n e q u i v a l e n c y  of  t h e  

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

i s o m e r s .  The p r o t o n - c o u p l e d  s u b s p e c t r u m  o f  LpRp-z may be  

c o n s i d e r e d  - t h o u g h  i t  i s  a s i m p l i f i c a t i o n  - a s  t h e  XX' p a r t  

% 0 and o f  an A A ' X X '  s p i n  s y s t e m  a s s u m i n g  t h a t  

JHH, 0.  A p p r o x i m a t e  c o u p l i n g  c o n s t a n t s  c a l s u l a t e d ,  a r e :  8 

5 5 
JpHl = J p l H  15 

3 3 
% 2 0 . 1  H z ,  JpH = J p l H t  Q 2 3 . 0  H z .  T ~ P  p r o t o n - c o u p l c d  

JPP ' 
s u b s p e c t r u m  o f  F!pSp(~pRp)-~ may b e  a n s l y z e d  b y  f i r s t  o r d e r  
a p p r o x i i n a t i o n .  The u p f i e l d  d o u b l e t  is s p l i t  i n t o  d o u b l e t s  

c f  a d o u b l e t  ( Jpp = 1 9 . 9  H z ,  

d o u b l e t  a p p e a r s  a s  d o u b l e t s  o f  d o u b l e t s  o f  a d o u b l e t  

( Jpp = 1 9 . 8  H z ,  3JpHs = 7 . 8  and 1 2 . 4  H z ) .  On t h e  b a s i s  of 
G o r e n s t e i n ' s  w o r k  on  t h e  a n a l o g o u s  Rp a n d  S p - 2 - a r y l o x y -  

- 2 - o x o - t r a n s - 5 , 6 - t e ~ t r a m e t h y l e n e - 1 , 3 , 2 - d i o x a p ~ i o s ~ h o r -  

i n a n e s  , 14h*14i t h e s e  c o u p l i n g s  may i n d i c a t e  h i g h l y  p o p u -  

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

o f  RpSp(~pRp) -2  t h a t  h a s  phospho;us a tom of c o n f i g b r a -  

t i o n  2nd m i x e d  c h a i r  and t w i s t - b o a t  c o n f o r m a t i o n s  for t h e  

d i o x a p h o s p h o r i n a n e  r i n g  t h a t  h a s  p h o s p h o r u s  a tom of 5 
c o n f i g u r a t i o n .  

The p r o t o n - d e c o u p l e d  31P NMR s p e c t r u m  d i d '  n o t  c h a n g e  

when t h e  r e a c t i o n  was p e r f o r m e d  w i t h  h a l f  m o l a r  c q u i v a l e n t  

of  T P S - C 1  f o r  60  min,  or when p - t o l u e n e s u l f o n y l  c h l o r i d e  

( T S - C 1 )  or m e s i t y l e n e s u l f o n y l  c h l o r i d e  ( M S - C l )  ( o n e  e q u i -  

v a l e n t )  was u s e d  i n s t e a d  o f  T P S - C 1 .  However ,  a s  showr! i n  

2 3 JpH = 2 3 . 0  H z ) ,  t h e  d o w n f i e l d  

2 
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31P NMR STUDY 789 

R 9 - 2  P’P = 

R S ( S  R 1-2 -P P P-P - 

J L 
1 I 

- 1 7  -18 -19 chemical shift (ppm) 

F I G .  2 .  
The proton-coupled 31P NMR 
spectrum of cyclic AMP 
symmetrical anhydride 
diastereoisomers: F$Rp-z, 
-p-p S S - 7  f and RpSp(5ipf?p>-g. 

T A B L E  1.  
Percentage distribution of diastereoisomers of 2 formed in 
the reaction of cyclic AMP with different sulfonyl chl.orides 
in anhydrous (Me0I3PO at room temperature for 10 min. 

Sulfonyl chloride %” 

R S ( S R ’  (molar equiv.j -P-P 5 s  --p:p *p-p/ 

TPS-C1 2.0 33.2 7.0 5 1 . 0  
0 . 5 b  6 9 . 9  1.1 2 9 . 0  

TS-C1 2 . 0  4 2 . 0  5 . 2  52.0 
MS-C1 1.0 3 9 . 7  6 . 4  5 3 . 9  -- - 
aFrom integrated 31P NMR spectra. 
bReaction time 60 min. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
2
4
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



790 TOMASZ, BOTTKA, AND PELCZER 

TABLE 1 ,  the ratio of diastereoisomers was different, and 
a part of cyclic AMP [12% (half molar equivalent of TPS--Cl), 
14% (TS-Cl) and 45% (MS-Cl)] remained unrcacted. The use of  
DMF o r  pyridine (the solvents used in R e f s .  2 and '3) instead 
of (Me0)3P0  had no noticeable effect on the 31P NMR spec- 
trum. 

Theoretically the two signals at -17.8R and -18.26 pprn 
might be attributed to mixed anhydride diastereoisorners 
-p S -1 = and -p R -1, = respectively. However, on the basis n f  the 
identity of the spectra of  the reaction m i x t u r ~ s  with three 
different sulfonic chlorides, this possibility can  undoub- 
tedly be excluded. Phosphoric sulfonic mixed anhydrides 
containing different sulfcnic residues absorb at different 
fields. 

Our  results prove that the reaction between cyclic AMP 
and 0.5-2.0 molar equivalents of TPS-C1 leads to the rapid 
formation of the symmetrical anhydride 2, i.e. 2 is the 
reactive intermediate of the above mentioned synthesis of 
P-substituted cyclic AMP derivatives. As a consequence of 
the structure of the reactive intermediate, the theoretical 
yield of this synthesis is only 5 0 % .  Of course, the yield 
may exceed this value when the cyclic AMP liberated in the 
reaction with the nucleophile, is repeatedly activated. 
This is the reason why Nagyvary and coworkers obtained 
higher than 50% yield. 

16 

- . -  

2 

EXPERIMENTAL 

31P NMR spectra were recorded on a Bruker WM-250 F T  
spectrometer operating at 101.2 MHz.  Positive chemical 
shifts are downfield from external 85% H3P04. Cyclic AMP 
tri-n-butylammonium salt was prepared according t o  Ref. 3. 
TPS-C1 was recrystallized Prom n-hexane. Solvents were 
distilled prior to use C(Me0)3P0 through a 80x2 cm insula- 
ted Vigreux column at reduced pressure, DMF over P 2 0 , J  and 
stored over 0.4 nm molecular sieves. 
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31P NMR STUDY 791 

R e a c t i o n  o f  adenos ine  3 ' , 5 ' - c y c l i c  monophosphate w i t h  
2,4,6-triisopropylbenzenesulfonyl c h l o r i d e ,  p - t o l u e n e -  

s u l f o n y l  c h l o r i d e  or m e s i t y l e n e s u l f o i ? y l  c h l o r i d 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  [ p r e p a r e d  f r o m  c y c l i c  AMP 

( 3 4 . 7 .  mg, 0 . 1  mmol)] was d i s s o l v e d  i n  (MeO)3P0 ( 1 . 0  m l ) .  

To t h i s  s o l u t i o n  a s o l u t i o n  of TPS-C1 c(60.6 mg, 0 . 2  mmol) 

in (Me0)3P0 ( 2 . 0  m l )  ( A ) ,  or ( 1 5 . 1  mg, 0.05 rnmol) i n  

(Me0I3PO ( 1 . 0  m l )  (811 - o r  T S - C 1  C(38.1 mg, 0 .2  mmol) i n  

(Me0I3PO (1 .0  mL) (C)] - or M S - C 1  L'(7.9 pL, 0 . 1  mmol) i n  

(Me0I3PO ( 1 . 0  mL) (011 was added. A f t e r  s t a n d i n g  1 0  min 
( A ,  - -  r: and 0)  or 60 ;in ( 6 )  a t  room t e m p e r a t u r e ,  t h e  31P NMR 

s p e c t r a  were r e c o r d e d .  R e a c t i o n  A was r e p e a t e d  by u s i n g  DMF 

i n s t e a d  o f  (Me0I3PO ( i ) ,  and the-31P NMR spec t rum o f  t h e  
r e a c t i o n  m i x t u r e  was r e c o r d e d .  The 31P NMR s p e c t r u m  o f  

m i x t u r e  A _ i s  shown i n  F IG .  1. The s p e c t r a  o f  m i x t u r e s  

B - E  - -  were i d e n t i c a l  w i t h  t h e  s p e c t r u m  of m i x t u r e  A e x c e p t  

t h a t  t h e  c y c l i c  AMP resonance  be tween -2.00 and -2 .20  pprn 

a l s o  appeared i n  m i x t u r e s  B-0. - -  I d e n t i t y  of  s p e c t r a  was 

shown by  m i x i n g  m i x t u r e s  B-E - -  w i t h  m i x t u r e  A - and r e c o r d i n g  

t h e  spectra o f  m i x t u r e s  j+i, 4+5, A + O  - -  and A + E .  - -  C y c l i c  AMP 

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

i n t e n s i t y  on  t h e  a d d i t i o n  of  an a u t h e n t i c  sample t o  t h e  
m i x t u r e s .  The 31P NMR spec t rum o f  a r e a c t i o n  m i x t u r e  

p r e p a r e d  on  e x a c t l y  t h e  same manner a s  d e s c r i b e d  i n  R e f .  2 
( 2 . 0  m o l a r  e q u i v a l e n t s  of T P S - C 1  i n  p y r i d i n e ,  O°C, 2 min), 
was i d e n t i c a l  w i t h  t h e  spec t rum o f  m i x t u r e  4 .  - 

- 
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