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NUCLEOSIDES & NUCLEOTIDES, 2(1), 63-79 (1983) 

PI- (THY MI DINE 5 6 -1  PI- AMINO-TRIPHOSPHATE: 
SYNTHESIS, HYDROLYSIS AND REACTION WITH CYTIDINE IN  ALKALI^ 

J .  Tomasz 

I n s t i t u t e  o f  B iophys ics ,  B i o l o g i c a l  Research Centre , 
Hungarian Academy o f  Sciences, H-6701 Szeged, Hungary 

Abs t rac t .  The t i t l e  compound 1 i s  prepared f rom thymid ine  5 ' -phos-  
phorod ias ida te  (2) and i n o r g a n i c  pyrophosphate ( 3 )  i n  anhydrous DMF, 
a t  30-32 C. The products  o f  a l k a l i n e  h y d r o l y s i s  o f  1, a t  room temper- 
a t u r e ,  a r e :  thymid ine 5'-phosphoramidate ( 4 )  , thymid ine  3'-phosphor- 
amidate ( 8 )  and thymid ine (2) as w e l l  as J-and i n o r g a n i c  t r i m e t a -  
p h o s p h a t e - ( l g ) . I n  1 N NH40H, 
~ytidyly1-/2~(3')-5'/-thymidine (16) -- and a m i x t u r e  o f - c y t i d i n e  2 '  , 3 ' -  
c y c l i c  phosphate (Ji) and 2. 

r e a c t s  w i t h  c y t i d i n e  (15)  t o  fo rm 

INTRODUCTION 

1 1 1 P - ( thymid ine  5 ' - ) P  -amino- t r iphosphate (1) and P -(adenosine 5 ' - )  
1 P -amino- t r iphosphate have been syn thes ized and descr ibed i n  a p re-  

l i m i n a r y  fo rm r e c e n t l y ,  as the f i r s t  r e p r e s e n t a t i v e s  o f  a new type o f  

nuc leos ide 5 ' - t r i p h o s p h a t e  analogue hav ing  PI-atom i n  amide, anhydr ide 

and e s t e r  bonds . D e t a i l e d  h y d r o l y s i s  s t u d i e s  on t h e  adenosine d e r i v a -  

t i v e  a l s o  were r e p o r t e d  . I t  was found by produc t  a n a l y s i s  t h a t  i n  a l -  

k a l i  , predominant ly  P -0-P anhydr ide bond break ing  occurs,  and a very  

complex m i x t u r e  o f  p roduc ts  i s  formed c o n t a i n i n g  a t  l e a s t  t e n  compounds, 

among o t h e r s  adenosine 2 '  , 3 ' - c y c l i c  phosphate and d i n u c l e o t i d e  d e r i v a -  

t i v e s .  I t  has been assumed t h a t  c y c l i c  phosphate fo rmat ion  i s  due t o  

the  i n t r a m o l e c u l a r  p a r t i c i p a t i o n  o f  3'-OH group i n  anhydr ide bond 

break ing,  w h i l e  d i n u c l e o t i d e  fo rmat ion  may be due t o  i n t e r m o l e c u l a r  
1 n u c l e o p h i l i c  a t t a c k  o f  t h e  i o n i z e d  2 '  , 3 ' - c i s - d i o l  group on the  P -atom. 

2 

3 
1 2  

6 3  
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64 TOMASZ 

On t h i s  bas is ,  i n  the a l k a l i n e  h y d r o l y s i s  o f  1, p a r t i c i p a t i o n  o f  

3'-OH group i s  a n t i c i p a t e d .  A t  t h e  same t ime, d i n u c l e o t i d e  fo rmat ion  

i s  n o t  expected because of t h e  l a c k  of  2 '  , 3 ' - c i s - d i o l  group. D i n u c l e o t i -  

des may be formed, however, i n  t h e  presence o f  added r ibonuc leos ide .  

S tud ies  o f  t h e  a l k a l i n e  h y d r o l y s i s  o f  1 i n  t h e  presence and absence o f  

a r ibonuc leos ide ,  thus seem t o  o f f e r  a p o s s i b i l i t y  f o r  check ing the  

v a l i d i t y  o f  t h e  above assumption. The p r e s e n t  paper r e p o r t s  the  r e s u l t s  

o f  these s t u d i e s  i n  which c y t i d i n e  was used as r ibonuc leos ide .  

RESULTS AND DISCUSSION 

Synthes is  and s t r u c t u r e  
Compound 1 was prepared f rom thymid ine  5 ' -phosphorodiamidate ( 2 )  

w i t h  a f i v e f o l d  molar  excess o f  b i s - t r i - n - b u t y l a m n o n i u m  s a l t  o f  i n o r -  

gan ic  pyrophosphate ( 3 )  i n  anhydrous N,N-dimethylformamide (DMF) a t  

3O-3Z0C, f o r  24 h (SCHEME 1). The r e a c t i o n  m i x t u r e  always conta ined 
1 the  f o l l o w i n g  by-products :  thymid ine 5'-phosphoramidate ( j ) ,  P - ( t h y m i -  

1 1 4  - 1  4 d ine  5 ' - ) P  -amino-diphosphate ( z ) ,  P ,P - d i  ( thymid ine  5'-)P ,P -diamino- 

H ~ N -  !-O,+Y 0 

0- 

OH 

4 

+ H2P20;- I-) 

OH 

1 

OH OH 

p 

1 - Thy; thymin-1-y l  

SCHEME 1 
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P'- (THYMIDINE 5 -) P~-AMINO-TRIPHOSPHATE 65 

te t raphosphate (t j) and thymid ine  5 ' - t r i p h o s p h a t e  (z ) .Produc t  4 was sep- 
a r a t e d  f rom unreacted s t a r t i n g  m a t e r i a l s  and by-products  by ion-exchange 
chromatography and was i s o l a t e d  as t h e  s o l i d  sodium s a l t  i n  43% y i e l d .  

The s t r u c t u r e  o f  4 was conf i rmed by phosphorus a n a l y s i s ,  UV, CD and 

31P NMR spect roscopies as w e l l  as a c i d  and enzymic hydro lyses .  Product  
_1 con ta ined t h r e e  atoms o f  phosphorus p e r  thymine r e s i d u e .  I t s  UV and 
CO spec t ra  were i d e n t i c a l  w i t h  those o f  l .  The 31P NMR spectrum was i n  

agreement w i t h  the proposed s t r u c t u r e  and showed t h r e e  c h a r a c t e r i s t i c  
d i f f e r e n c e s  i n  comparison w i t h  nuc leos ide  5 ' - t r i p h o s p h a t e s  : 1)  The 
c h i r a l  P atom appeared as two doub le ts  d i f f e r i n g  by 0.18 ppm. 2 )  These 
doub le ts  were s h i f t e d  b y  about 13 ppm downf ie ld .  A d o w n f i e l d  s h i f t  o f  
such magnitude i s  c h a r a c t e r i s t i c  o f  a n i  t rogen- for -oxygen d isp lacement  

5 3 on t e t r a c o o r d i n a t e  phosphorus atom . 3 )  
than 
conformat ion o f  t r i p h o s p h a t e  s i d e  chain4.  Product  
conver ted t o  _Z upon t rea tment  w i t h  ac id6 .  E s c h e r i c h i a  c o l i  a l k a l i n e  
phosphatase r e s u l t e d  i n  4 fo rmat ion  w i t h  t h e  simultaneous l i b e r a t i o n  
o f  two t h i r d s  o f  t o t a l  phosphorus as i n o r g a n i c  phosphate . 

The s t r u c t u r e  o f  t h e  by-products  was v e r i f i e d  by TLC comparison 
2 w i t h  a u t h e n t i c  samples (4  and 7) o r  b y  chemical syn thes is  ( 5  and $ )  . 

4 

1 

Jp lp2  was about 2.5 Hz s m a l l e r  
3 JPZp3. Th is  d i f f e r e n c e  may be i n t e r p r e t e d  as a change i n  the  

was q u a n t i t a t i v e l y  

7 

A1 k a l i n e  h y d r o l y s i s  

a t  pHs 10.0, 10.4, 11.7 and 14.0 and room temperature.  As shown i n  

TABLE 1 and FIG.  1. 4, - thymid ine  3'-phosphoramidate (8)  - and 3 - were t h e  

The a l k a l i n e  h y d r o l y s i s  o f  10-3-10-1 M s o l u t i o n s  o f  was s t u d i e d  

TABLE 1 
UV absorb ing products  o f  t h e  a l k a l i n e  h y d r o l y s i s  o f  P - ( t h y m i d i n e  5 ' - )  
P -amino- t r iphosphate (A) , a t  room temperaturea. 

1 
1 

Molar  percentage o f  p roduc ts  
No. pH &tJcz thymid ine 5 ' -  thymidine 3 ' -  thymid ine(2)  = 4/8 - 

phosphoramidate(4) phosphoramidate(8) 
1. 10.0 30 h 74.7 25.3 ~ 0 . 5 ~  2.95 
2. 10.4 - 76.0 24.0 <0.5 3.17 
3. 11.7 2 h 72.9 23.5 3.6 3.10 
4. 14.0 (1 min 72.7 24.2 3 .1  3.00 

;For d e t a i l s  see Exper imeta l .  
Neglected f o r  c a l c u l a t i o n .  
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66 TOMASZ 

+lo! 0 d - l O ! O  PPm 

F I G .  1 

31P NMR spectrum o f  the hydro lysa te  a t  pH 11.7 o f  P - ( thymid ine  5'-)P1- 

a m i n o - t r i  phosphate ( I ) a .  

a C f .  expt .3 .  i n  TABLE 1. For  d e t a i l s  see Exper imenta l .  

1 

main h y d r o l y s i s  products .  The 4/g - mole r a t i o  was p r a c t i c a l l y  independent 

o f  pH and J concent ra t ion .  A t  pH 11.7, smal l  amounts o f  thymid ine ( 5 )  
and i n o r g a n i c  t r imetaphosphate ( I n )  were a l s o  formed. The q u a n t i t y  o f  2 
remained u n a l t e r e d  a t  pH 14.0. 

b r e a k i n g  may occur  i n  p r i n c i p l e  accord ing  t o  e i t h e r  an SN2(P)- o r  an 
SN1(P)-mechanism 8 (SCHEME 2 ) .  The SN2(P)-mechanism i s  l i k e l y  t o  pwdomi -  

na te  a t  pH 10.0, w h i l e  SN1(P)-mechanism may operate p a r t i c u l a r l y  a t  

h i g h e r  a l k a l i n i t y . T h i s  s u p p o s i t i o n  i s  based on t h e  comparison o f  -t+ 
values i n  TABLE 1, by c o n s i d e r i n g  t h a t  i n  a l k a l i ,  an SN1(P)-mechanism 

may be respons ib le  f o r  t h e  enhanced h y d r o l y s i s  speed o f  those phosphor- 

amidates hav ing  a t  l e a s t  one i o n i z a b l e  hydrogen atom a t tached t o  t h e  

amide n i t r o g e n  atom . 
Compound 4 - i s  probably  formed thymid ine 3 ' , 5 ' - c y c l i c  

10 phosphoramidate (Ji) by the  i n t r a m o l e c u l a r  n u c l e o p h i l i c  a t t a c k  

/SN2(P)-mechani sm/ o r  t r a p p i n g  ass is tance"  /SN1(P)-mechanism/ by 

3'-OH group. 

c o n d i t i o n s  and hydro lyzes t o  a m i x t u r e  o f  4 - and 8 - . As expected, 

a t tempts t o  prepare 11 f rom thymid ine 3 '  , 5 ' - c y c l i c  phosphate (22) w i t h  

2 ,4 ,6 - t r i  isopropylbenzenesulfonyl c h l o r i d e  (TPS) i n  anhydrous DMF, 

f o l l o w e d  by ammonolysis performed i n  s i t u  w i t h  excess 7.0 N NH40H, met 

w i t h  f a i l u r e .  Ins tead,  a 8/4-(3:1) - -  m i x t u r e  was formed i n  ~ 1 4 %  y i e l d .  

1 2  The fo rmat ion  o f  4, 8 - and 3 ,  i . e .  t h e  P -0-P anhydr ide bond 

9 

The presumed i n t e r m e d i a t e  11 -- i s  p robab ly  uns tab le  under a l k a l i n e  
3 
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67 
1 1 P -(THYMIDINE 5’-)P -AMINO-TRIPHOSPHATE 

T How 
0 0  
\f 

-o/ \ 4 O+lW \o - * NH2 

I \ 
HN=P=O 

1 
4 8 

SCHEME 2 

In a qu i t e  analogous reac t ion ,  thymidine 3 ’  , 5 ’ - cyc l i c  N,N-dimethyl- 
phosphoramidate (1) _ _  was produced in ~ 1 8 %  y i e l d  (SCHEME 3) .  On this 
bas i s ,  i t  seems very l i k e l y  t h a t  i n  t he  f i r s t  ca se ,  11 -- was indeed 
formed, b u t  as a r e s u l t  of i t s  high i n s t a b i l i t y  under a lka l ine  con- 
di t i ons ,  i t  was instantaneously hydrolyzed - probably according t o  an 
S l(P)-mechanism - t o  a mixture o f  8 a n d  4. The p re fe ren t i a l  formation 
of S over 4, i . e .  the p re fe ren t i a l  -p -O-C5 ’  bond breaking, may be a n t i -  
c ipa ted ,  on the bas i s  of  a s imi l a r  preference observed in the a lka l ine  
hydrolysis of  J2lob. 

1 The formation of _S and 19. i . e .  the P -0 -C5 ‘  e s t e r  bond breaking, 
1 2  might be in t e rp re t ed  s imi l a r ly  to  P -0 -P  anhydride bond breaking. 

However, the absence of l i n e a r  t r iphosphor ic  amide, 
(0-)2(0)P0P(0) (O- )OP(O) (O- )  (NH2),  from the product mixture’ and the 
approximate constancy of the quant i ty  of _S a t  pHs 11.7 and 14.0,  may 
render probable t h a t  2 and 10 a re  formed via inorganic trimetaphosphor- 
amidate (13) by the intramolecular nucleophilic a s s i s t ance  o f  P (0)(0-)2 
group13 (SCHEME 4 ) .  The postulated decomposition 14-10 requi res  
fu r the r  s tud ie s .  
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68 TOMAS Z 

7.0 N NH40H 

Il.in,oOt'!+t 

TPS, D M F ,  Bu3N 

2 min, 25OC -0 

S C H E M E  3 

r 
OH -o/ 

-- 14 s -- 

SCHEME 4 

Decomposition i n  1 N NH,OH i n  the  presence o f  c y t i d i n e  

Decomposition o f  lTwas s t u d i e d  i n  1 N NH40H i n  t h e  presence o f  

1.0 and 10.0 molar  e q u i v a l e n t s  o f  c y t i d i n e  (I!j), -- d u r i n g  2 h, a t  room 
temperature. As shown i n  TABLE 2. 10-1 molar  e q u i v a l e n t  o f  as -- had prac-  

t i c a l l y  no e f f e c t  on the  h y d r o l y s i s  o f  - 1 ( e x p t .  6 ) .  The convers ion d i d  

n o t  a l t e r  even i n  the  presence o f  1 .0 molar  e q u i v a l e n t  o f  15, b u t  two 

new UV absorb ing products ,  c y t i d y l y l - / Z '  ( 3 ' ) - 5 ' / - t h y m i d i n e  (16) _ _  and 

c y t i d i n e  2 ' , 3 ' - c y c l i c  phosphate ( 1 Z )  -- appeared, and t h e  q u a n t i t y  o f  2 
s i g n i f i c a n t l y  inc reased ( e x p t .  7 ) .  The q u a n t i t i e s  o f  16, -- 

f u r t h e r  inc reased i n  the  presence o f  10.0 molar  e q u i v a l e n t s  o f  15, _- and 

t h e  convers ion was a l s o  enhanced (exp t .  8) .  Excess 9, i . e .  t h e  q u a n t i t y  

o f  2 formed i n  n o n - h y d r o l y t i c  p rocess(es) ,  was e q u i v a l e n t  w i t h  12 _-  i n  

exp t .  7, w h i l e  a f u r t h e r  4-5% was produced i n  exp t .  8. I n  exp t .  7, 15 
JZ and excess 2 were formed a t  t h e  expense o f  4. - I n  e x p t .  8, t h e  f o r -  

mat ion o f  these compounds occur red  m o s t l y  a t  t h e  expense o f  4. _ 

and 2 
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I t  should be no ted  t h a t  was s t a b l e  under t h e  above c o n d i t i o n s ,  

i . e .  1z and excess 2 were n o t  h y d r o l y s i s  products  o f  JQ. Taking i n t o  

cons idera t ion  t h i s  f a c t , t h e  r e s u l t s  may b e s t  be i n t e r p r e t e d  as 

summarized i n  SCHEME 5.  

1 15 -_ on the  P -atom o f  1 - r e s u l t s  i n  cytidylyl-/2'(3')-5'/-thymidine (P-N) 

amide (19) formation. 19 -- be ing  a phosphoramidate w i t h  v i c i n a l - c i s - O H  

group, i s  uns tab le  i n  a l k a l i n e  s o l u t i o n  and may be t rans formed e i t h e r  

w i t h ' t h e  l i b e r a t i o n  o f  NH3 v i a  29 c y c l i c  t r i e s t e r  i n t o  iiy o r  w i t h  t h e  
14 15 l o s s  o f  9 v i a  c y t i d i n e  2 ' , 3 ' - c y c l i c  phosphoramidate ( Z J )  i n t o  Ji . 

According t o  SCHEME 5, 15 should have no e f f e c t  on t h e  i n t r a m o l e -  

c u l a r l y  a s s i s t e d  h y d r o l y s i s  o f  J ,  s ince  t h e  c i s - d i o l  group o f  42 com- 

petes w i t h  OH- i o n ,  b u t  n o t  w i t h  t h e  3'-OH group f o r  t h e  P -atom. Th is  

i s  the  case i n  e x p t .  7, when and 12 were present  i n  equ imolecu la r  

q u a n t i t i e s .  On the  o t h e r  hand, i n  exp t .  8, the  t e n f o l d  mo lar  excess o f  

_-  -- 15 s i g n i f i c a n t l y  repressed i n t r a m o l e c u l a r l y  a s s i s t e d  h y d r o l y s i s .  An 

e s s e n t i a l  p r e r e q u i s i t e  f o r  t h e  i n t r a m o l e c u l a r  r e a c t i o n ,  i s  a change i n  

t h e  sugar pucker ing  towards 3T4, t h e  sugar r i n g  conformat ion o f  nuc leo-  

s i d e  3 '  , 5 ' - c y c l i c  phosphates16. When t h i s  conformat iona l  change i s  a t  

l e a s t  p a r t l y  h indered,  t h e  i n t r a m o l e c u l a r l y  a s s i s t e d  r e a c t i o n  w i l l  be 

repressed. D r e i d i n g  model suggests t h a t  such a h indrance f o r  conforma- 

t i o n a l  change, migh t  be, f o r  example, a r e v e r s i b l e  complex f o r m a t i o n  

between t h e  c i s - d i o l  group o f  13 and the  phosphoramidate group o f  1 
t o  y i e l d  22 _- and/or 22. A t  t h e  same t ime,  complexat ion may c a t a l y z e  the  

The n u c l e o p h i l i c  a t t a c k  o f  p a r t l y  i o n i z e d  2' , 3 ' - c i s - d i o l  group o f  

1 

H I  H I  

CH2- 

fo rmat ion  o f  16 -- and -_ 12 as a r e s u l t  o f  t h e  h i g h e r  a c i d i t y  o f  v i c i n a l  

c i s - d i o l  group i n  comparison w i t h  t h a t  o f  P-NH2 group (SCHEME 6 ) .  The 

p r o d u c t i o n  o f  4-5% a d d i t i o n a l  excess o f  9 - may s i m i l a r l y  be i n t e r p r e t e d ,  

b u t  23 (SCHEME 7) .  Th is  e x p l a n a t i o n  i s  p u r e l y  s p e c u l a t i v e .  

v i c i n a l  c i s - d i o l s  o r  r e s t r i c t e d  t o  r ibonuc leos ides  are  i n  p rogress  i n  

our  Laboratory .  

Experiments t o  determine whether t h i s  i s  a genera l  r e a c t i o n  o f  
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1 1 P -(THYMIDINE 5 ' - )P  -AMINO-TRIPHOSPHATE 
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72 TOMAS Z 

SCHEME 6 

SCHEME 7 

EXPERIMENTAL 

M a t e r i a l s .  Compound E was prepared as descr ibed prev ious ly17.  Compound 

16 -- was synthes ized accord ing  t o  Ref. 18. Nucleos ides,  n u c l e o t i  des and 

enzymes were ob ta ined f rom Sigma. DMF was d i s t i l l e d  f rom P205 and 

s t o r e d  over  48 molecu la r  s ieve .  A l l  o t h e r  chemicals were o f  reagent  

grade, H20 was de ion ized.  

k t h o d s . E v a p o r a t i o n s  were c a r r i e d  o u t  u s i n g  a r o t a r y  evapora tor  a t  about 

13 Pa pressure w i t h  a b a t h  temperature o f  3OoC. - UV spec t ra  were 

recorded on a Cary 15 spectrophotometer a t  pHs 2.0 (lo-‘ N HCl ) ,  7.0 

(2x10-1 M sodium phosphate b u f f e r )  and 11.0 ( ~ x I O - ~  N NaOH). For  the  

de terminat ion  o f  the  molar  q u a n t i t i e s  o f  UV absorb ing produc ts  $::= 
9650 ( f o r  2. 4, 8 ,  and 9)19, e ~ ~ ~ = 9 0 0 0  ( f o r  lz and @)20 and 

$ ~ ~ = 1 5 . 2 0 0  ( f o r  

J-40C spec t ropo la r imeter  i n  10-1 M Tris-HC1 b u f f e r ,  pH 8.0. - 31P NMR 

spec t ra  were ob ta ined a t  32.2 MHz on a Var ian FT-80A NMR spect rometer  

i n  a m i x t u r e  o f  10-1 M Tris-HC1 b u f f e r ,  pH 8.0 - D20 (7:3, v / v )  un less 

o therw ise  s ta ted .  For 1, t h e  b u f f e r  con ta ined M e thy lenediamine-  

were used. - CD s p e c t r a  were o b t a i n e d  on a JASCO 
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73 1 1 P -(THYMIDINE 5'-)P -AMINO-TRIPHOSPHATE 

t e t r a a c e t i c  ac id .  Pos i t ive  chemical s h i f t  values a re  given f o r  compounds 
t h a t  absorb a t  lower f i e l d s  than the ex terna l  standard 85% H3P04 
- TLC was performed on precoated ce l lu lose  chromatosheets (Cellulose 

F254, k r c k )  i n  the solvent systems: S 1 ,  1-propanol - cc. NH40H - H20 
(11 :7 :2 ,  v / v ) ,  S 2 ,  s a t .  aqueous (NH4)2S04 - lo-' M sodium ace ta t e  - 
2-propanol (89:19:2), S3, 1-butanol - ethanol - 10-1 M TEAB (aqueous 
triethylammonium bicarbonate ) (16:2:5) and on precoated PEI-cellulose 
chromatoplates (Polygram Cel 300 PEI/UV254, Macherey-Nagel & Co.) in 
the  so lu t ions :  S4, 10-1 M NaCl and S5, 1.0 M NaCl. PEI-cellulose chro- 
matosheets were pretreated23. Spots were v isua l ized  by UV absorption. 
Rf values a re  tabulated ( T A B L E  3 ) .  - Column chromatography was per- 
formed in the following systems: C 1 ,  column: DEAE-Sephadex A-25 (Sigma, 
HC03- f ~ r n ~ ~ ,  equ i l ib ra t ed  with 10-1 M T E A B ) ,  e luen t :  l i n e a r  grad ien t  
of 10-1-2.5x10-1 M TEAB (1000 m L ) ;  C 2 .  column: DEAE-cellulose (OE-32, 
Whatman, HC03- form), e l u e n t :  l i n e a r  gradient o f  0 . 0 - 3 ~ 1 0 - ~  M TEAB 
(1000 mL); C3, column: ce l lu lose  ( C C  31, Whatman), e luen t :  1-butanol 

does. 

22 

TABLE 3 
R, values of compounds. 

Rf values in systems 
s1 s2 s 3  s 4  S5 Compound 

0.33 
0.57 0.44 0.30 0.62 0 .93  

0.19 
0.40 0.35 

0.84 0.44 0.88 
0.69 0.33 0.53 
0.90 
0.73 0.63 0.82 
0.58 0.41 0.24 0.61 

0.3Za 0.2ga 
0.67 0.49 0.28 0 .41  
0.40 0.74 0.05 

0.38 0.51 0.14 
0.40 0.55 0.09 

0.  68a 

thymine 0.81 

aThe f a s t e r  moving compound i s  the 2'-isomer. 
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TOMS2 7 4  

- ethanol  - lo - '  M TEAB (16:2:5) ,  e l u t i o n  r a t e :  2.5 mL/20 m i n / f r a c t i o n ;  
+ 

C4, column: Dowex 50x8 (AG, 200-400 mesh, Serva, H 

H20 then 1.0 N HC1. Column s i z e  was 1.4x30.0 cm i n  each case. E l u t i o n  

r a t e  was 12.0 mL/20 m i n / f r a c t i o n  f o r  C 1 ,  C2 and C4. Temperature was 

4OC ( f o r  C 1  and C2) o r  25OC ( f o r  C3 and C4). - Phosphorus was d e t e r -  
25 

mined accord ing t o  E i b l  and Lands . 

form),  e l u e n t :  

0 .5 M stock s o l u t i o n  o f  b is- t r i -n-buty lammonium pyrophosphate ( 3 )  
i n  DMF 

A s o l u t i o n  o f  Na4P207.10H20 (2.23 g, 5 .0  mnol) i n  H20 (50 mL) was 

passed through the  column o f  system C4. The column was washed w i t h  

H20 u n t i l  the  e l u a t e  became n e u t r a l  i n  such a way t h a t  t h e  e l u a t e  

was d i r e c t l y  dropped i n t o  e t h a n o l i c  t r i - n - b u t y l a m i n e  (2.37 mL, 10.0 

mnol i n  50-60 mL e t h a n o l ) .  The s o l u t i o n  was evaporated. The res idue 

was d i s s o l v e d  i n  DMF (10 mL) ,  and the  s o l u t i o n  was again evaporated 

t o  remove l a s t  t races  o f  H20. F i n a l l y ,  t h e  r e s i d u a l  o i l  was d i s s o l v e d  

i n  and d i l u t e d  t o  10.0 mL w i t h  DMF. T h i s  s o l u t i o n  was s t o r e d  o v e r  

4 8 molecular  s ieve and used w i t h i n  one week. 

1 1 P - ( thymid ine  5 ' - ) P  -amino- t r iphosphate (1) 

was f reeze-dr ied .  0.5 M s tock  s o l u t i o n  o f  b is - t r i -n -bu ty lammonium s a l t  

o f  3 - i n  DMF (1.0 mL) was added t o  the  res idue.  The homogeneous s o l u t i o n  

ob ta ined was s e t  as ide w i t h  the  e x c l u s i o n  o f  a tmospher ic  mo is tu re  a t  

3O-3Z0C, f o r  24 h. Dur ing t h i s  t i m e ,  t h e  ammonium s a l t  o f  

o u t  o f  t h e  s o l u t i o n  and adhered f i rmly t o  the  w a l l  o f  t h e  r e a c t i o n  

f l a s k .  A f t e r  c o o l i n g  t o  O°C, the  s o l u t i o n  was decanted f rom the c r y s t a l  

l a y e r  i n t o  i c e - c o l d  10-1 M TEA6 s o l u t i o n  (10 mL). The c r y s t a l  l a y e r  was 

washed w i t h  DMF ( 2 ~ 0 . 5  mL), and t h e  washings were combined w i t h  the 

b u l k .  The r e s u l t i n g  s l i g h t l y  t u r b i d  m i x t u r e  was separated i n  system 

C1. S i x  UV absorb ing compounds emerged from the column: 
4-7. 13.8% o f  t o t a l  A$!: u n i t s  e l u t e d ) ,  4 (10-14, 3.1%), 2 and 5 (double 

peak. 33-43. 10.6%), 1 (66-80, 70.9%) and 2 (91-94, 1 .6%).  3 appeared 

Dowex 50x8 (H') r e s i n  was added t o  the  combined f r a c t i o n s  i n  smal l  

p o r t i o n s  under v igorous s t i r r i n g  and i c e - c o o l i n g  u n t i l  t h e  pH f e l l  t o  

5 .5 .  The r e s i n  was f i l t e r e d  w i t h  s u c t i o n  and the  s o l u t i o n  was evapora- 

t e d  t o  dryness. Traces o f  TEAB were removed b y  repeated  evapora t ion  

w i t h  H20. The res idue was d i s s o l v e d  i n  methanol 

s o l u t i o n  was f i l t e r e d  th rough a 63 s i n t e r e d  g lass  f i l t e r  i n t o  a c e n t r i -  

Compound 2 (32 mg,lO-lmmol ) was d i  sso lved i n  H20 (1 mL) .The s o l u t i o n  

c r y s t a l l i z e d  

( i n  f r a c t i o n s  

a f t e r  1. F r a c t i o n s  o f  - A267>1.5 PH7 o f  peak o f  (68-78) were pooled. - - 

( 2 . 0  mL), and t h e  
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75 1 PI- (THYMIDINE 5'-)P -AMINO-TRIPHOSPHATE 

fuge tube. A s o l u t i o n  o f  NaI(60.0 mg) i n  acetone (6 .0  mL) was added. 

The p r e c i p i t a t e d  s o l i d  was c o l l e c t e d  by c e n t r i f u g a t i o n  and washed w i t h  

a m i x t u r e  o f  methanol - acetone (1 :3 ,  v/v, 8 mL) u n t i l  t h e  supernatant  

was f r e e  o f  i o d i d e  (3-4 washings) .  F i n a l l y ,  t h e  w h i t e  s o l i d  was washed 

w i t h  anhydrous e t h e r  and d r i e d  i n  a vacuum d e s i c c a t o r  over  P205, a t  

room temperature, f o r  3-4 h. The whole i s o l a t i o n  procedure shou ld  be 

performed as q u i c k l y  as p o s s i b l e .  Y i e l d :  30 mg ( -43%),  homogeneous by 

TLC. A n a l y s i s  i n  system C2: 96.0% 4 ,  2.6% 4 and 1.4% 2. 31P NMR, (ppm): 
1.80 (d ,  3Jplp2=18.85 Hz) ,  1.62 ( d ,  3J lP2=18.15 Hz)/P1/; -7.37 (d,  

3J P P  2 3 ~ 2 0 . 9  Hz)/P / ;  -22.90 ( d  o f  d)/P / .  Thymine/Ptotal/Pen~yme labile= 

1.00:2.91:1.99. For the  de terminat ion  of  Penzyme labile 1 - (1.0 pmol)  was 

incubated  w i t h  Escher ich ia  c o l i  a l k a l i n e  phosphatase (1.0 u n i t )  i n  NaHC03- 

-Na2C03, pH 10.4, b u f f e r  (200 p L ) ,  a t  37OC, f o r  2 h. 10% aqueous tr i- 

c h l o r o a c e t i c  a c i d  (200 P L )  was then added. A f t e r  c e n t r i f u g a t i o n  phosphorus 

was determined f rom the  supernatant .  The o n l y  UV absorb ing produc t  o f  en- 
zymic h y d r o l y s i s  was: as de tec ted  by TLC. I n  5 x l O - I  N HC1 1 was q u a n t i t -  

a t i v e l y  conver ted t o  2, a t  room temperature, w i t h i n  30 min as proved by 

TLC comparison w i t h  an a u t h e n t i c  sample. 

3 5 

1 1 A l k a l i n e  t rea tment  o f  P - ( thymid ine  5 ' - ) P  -amino- t r iphosphate (1) 
The f o l l o w i n g  s o l u t i o n s  o f  1 were prepared, a t  room temperature:  

M i n  lo-', M NaHC03-Na2C03 b u f f e r s  (exp ts .  1 and 2 ) ,  M i n  
approx. 1 N NH40H (expts .  3 and 5-9) and lo-' M i n  1.0 N NaOH ( e x p t .  4) 
I n  exp ts .  6-9, 1 N NH40H was 

TABLE 2. 5 - 15 pmoles o f  1 - were used f o r  each exper iment .  React ion 

t imes were: 5 min ( e x p t .  4 ) :  2 h (exp ts .  5-8), 24 h (expts .  1, 3 and 9 )  
o r  116 h ( e x p t .  2 ) .  The r e a c t i o n  m i x t u r e s  were separated accord ing  t o  

the f lowsheets o f  FIG. 2. The UV absorb ing produc ts  were i d e n t i f i e d  

(see l a t e r )  and measured by spect rophotometry .  Molar  percentages o f  

UV absorb ing produc ts  .are summarized i n  TABLES 1 and 2. P a r a l l e l  w i t h  
each experiment, i d e n t i c a l  Q u a n t i t y  o f  unhydro lyzed 1 - o f  t h e  same batch  

was separated i n  system C2 and used as b lank .  Approx. t% values were 
ob ta ined f rom the  pseudo- f i  r s t - o r d e r  r a t e  constants  c a l c u l a t e d  on the  

b a s i s  o f  the  composi t ion o f  s o l u t i o n s  a f t e r  24 h (pH 10.0), 2 h 
(pH 11.7) and 1 min (pH 14.0). 

For 31P NMR s t u d i e s  exp ts .  3 and 9 were repeated. The s o l u t i o n s  
were evappated t o  dryness. The res idues  were d i s s o l v e d  i n  the  b u f f e r  

(1.0 mL f o r  each) and the 31P NMR s p e c t r a  were recorded.  G(ppm): 9.17 

(41, 8.79 ( B ) ,  -6.92 ( 3 )  and -21.42 (19) / f o r  exp t .  3/; 19.93 ( l z ) ,  -_ 

9.14 (91, 8.75 ( 8 ) ,  3.69, 3.50 ( l a ) ,  -_ -0.77, -0.90 ( l e ) ,  _ _  -7.24 (3)  - and 

- lo-'  M i n  15, _ _  as i n d i c a t e d  i n  D
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76 

For exp ts .  1-5 

TOMASZ 

For exp ts .  6-9 

1. 0.3 N 
2. c2a 

NaOH,37'CY16 hb 

FIG. 2. 

Flowsheets f o r  the  separa t ion  o f  UV absorb ing produc ts  o f  the  a l k a l i n e  

t reatments o f  P - ( t h y m i d i n e  5 ' - ) P  -amino- t r iphosphate ( A )  
aFor the  column chromatographic systems C2, C3 and C4 see Methods. The 

s e t t i n g  o f  compounds f rom t h e  l e f t  t o  the  r i g h t  corresponds t o  t h e i r  
e l u t i o n  o r d e r  i n  the  g iven system. Unresolved compounds are framed. 
H y d r o l y s i s  mix tu res  were sub jec ted  t o  separa t ion  by system C2 a f t e r  
t e n f o l d  d i l u t i o n  w i t h  H20 (exp ts .  1, 2 and a l k a l i n e  hydro lysa tes  o f  
products  w i t h  -1 charge o f  exp ts .  6 - 9 ) ,  o r  t w e n t y f o l d  d i l u t i o n  w i t h  
H 0 and n e u t r a l i z a t i o n  by a c e t i c  a c i d  ( e x p t .  4 ) .  o r  evapora t ion  and 
d ? s s o l u t i o n  i n  H 0 ( 1  mL)(expts. 3 and 5-9). The peaks o f  unresolved 
compounds i n  sys?em C2 were pooled, evaporated, f r e e d  f rom TEAB b y  
repeated evapora t ion  w i t h  H20 p r i o r  t o  the n e x t  separa t ion  o r  
h y d r o l y t i c  s tep.  

bFor 40 APH7 u n i t s  o f  t h e  m i x t u r e  o f  compounds, 500 p L  NaOH was used. 
4 and 8 267remained u n a l t e r e d  under these c o n d i t i o n s ,  w h i l e  16 and 12 _- 
were q u a n t i t a t i v e l y  hydro lyzed t o  a m i x t u r e  o f  9 t 18 and I&- 
r e s p e c t i v e l y ,  as t e s t e d  on a u t h e n t i c  samples. The molar  q u a n t i t y  o f  
2 formed i n  t h i s  process, was taken t o  be equal t o  t h a t  o f  16. -- 

1 1 

-21.56 (I@) / f o r  exp t .  9 / .  Except o f  cj and 8 ,  compounds were i d e n t i -  
f i e d  by success ive ly  adding t o  t h e  s o l u t i o n s  a u t h e n t i c  samples and 

r e p e a t i n g  the spectrum. 4 - and 8 were i d e n t i f i e d  - among o t h e r s  - on 
t h e  bas is  o f  p r o t o n  coupled spectrum (see l a t e r ) .  

Product  i d e n t i  f i  c a t i  on 

Products 9 ,  - 16 ,  -- 11 -- and 18 -- were i d e n t i f i e d  b y  UV photometry and TLC 
comparison w i t h  a u t h e n t i c  samples. The s t r u c t u r e  o f  4 and 8 was proved 

b y  31P NMR and h y d r o l y t i c  degradat ions.  31P NMR. G(ppm): 4: 9.17 ( t  o f  
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77 
1 1 P -(THYMIDINE 5'-)P -AMINO-TRIPHOSPHATE 

ds, 3 JPH5'=5.O2 Hz, 3JpH51 ';ij28 Hz, 4JpH41=1.27 Hz); H, 8179 ( d ,  3JpH31= 

8.41 Hz). Compounds (6.0 A267 u n i t s  o f  each) were hydro lyzed f i r s t  w i t h  
a c e t i c  a c i d  (100 p L ) ?  then w i t h  s p e c i f i c  phosphatases as shown i n  

SCHEME 8. Enzymic hydro lyses were per formed w i t h  2.0 A267 u n i t s  o f  
subs t ra tes  and 0 .5  u n i t s  o f  enzymes i n  40 p L  volume. For i n c u b a t i o n  
w i t h  3 ' - n u c l e o t i d a s e  from r y e  grass l o - '  M Tris-HC1, pH 7.5, f o r  t h a t  
w i t h  5 ' - n u c l e o t i d a s e  from snake venom 10-1 M glycine-NaOH, pH 9.0, 
were used. Hydro lyses were f o l l o w e d  by TLC. 

PH 7 

Thymi d i n e  3 '  ,5 ' -cyc l  i c  N .N-dimethyl phosphorami date (12) 

a s o l u t i o n  o f  12 -- t r ie thy lammonium s a l t  ( l o - '  mmol) i n  DMF (1.0 mL) 
c o n t a i n i n g  t r i - n - b u t y l a m i n e  (48.0 pL ,  2 x l O - I  mmol) was dropped d u r i n g  
1 min, a t  room temperature. S t i r r i n g  was cont inued w i t h  t h e  e x c l u s i o n  
o f  atmospheric mo is tu re  f o r  an a d d i t i o n a l  minute,  then the  s o l u t i o n  was 

q u i c k l y  poured i n t o  i c e - c o l d  30% aqueous dimethylamine s o l u t i o n  (10 mL) 
under v igorous s t i r r i n g .  The m i x t u r e  was evaporated t o  dryness. The 
res idue was d i s s o l v e d  i n  H20 (50 mL) and the  s o l u t i o n  was e x t r a c t e d  

w i t h  e t h e r  (20 mL). A f t e r  evapora t ion  t o  a smal l  volume ( 4  mL) , t h e  
aqueous phase was separated i n  system C2. F r a c t i o n s  c o n t a i n i n g  n e u t r a l  

UV absorb ing compounds (18.2% of t h e  t o t a l  A;!; u n i t s  a p p l i e d ,  t h e  o t h e r  
81.8% was 12), -- were pooled, evaporated and f u r t h e r  p u r i f i e d  i n  system C3 
t o  y i e l d  3.2 mg TLC pure, w h i t e  s o l i d .  31P NMR (DMSO-d6), G(ppm): 

d To a s t i r r e  s o l u t i o n  o f  TPS (40.4 mg, 2x10-1 mmol) i n  DMF (1.0 mL), 

50% a c e t i c  a c i d +  4 
5OoC, 7 h 

I? 
OH 5 ' - n u c l e o t i d a s e ,  

37OC, 24 h OH 

3 ' - n u c l e o t i  dase 
37OC, 24 h 

50% a c e t i c  a c i d  
5OoC, 7 h 0 

O=P-OH 

s 
\ 

HO' 

5 '  -n8c leo t idase 
37 C, 24 h 

SCHEME 8 
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78 TOMASZ 

7.47 and 6.25 ( l i t e r a t u r e  values26: 7.53 and 6.91). On s t a n d i n g  i n  

5 x l O - I  N HC1, a t  room temperature, 13 -- was q u a n t i t a t i v e l y  conver ted  t o  

12 _ _  and thymine27 w i t h i n  24 h, as de tec ted  by TLC. 

Attempted syn thes is  o f  thymid ine 3 '  , 5 ' - c y c l i c  phosphoramidate (ii) 

f o r  33 ,  _ _  except  t h a t  7.0 N NH40H was used i n s t e a d  o f  30% aqueous d i -  
methylamine. The m i x t u r e  o f  compounds w i t h  -1 charge o b t a i n e d  i n  system 

C2 was f r a c t i o n a t e d  i n  system C3 t o  g i v e  86.1% 12, _ _  10.4% 8 _ and 3.5% 4 
i n  t h i s  e l u t i o n  order .  

The syn thes is  was per formed on e x a c t l y  t h e  same manner as descr ibed 
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