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IODIDE AND IODINE CATALYSED PHOSPHORYLATION OF NUCLEOSIDES 

BY PHOSPHORODIESTER DERIVATIVES 

* 
Roger S t romberg  and Jacek Stawinski 

Depar tment  o f  Organic Chemistry, Arrhenius L a b o r a t o r y ,  

Universi ty o f  Stockholm, 106 91 Stockholm, Sweden. 

A b s t r a c t  
Sodium 

sides b y  
phosphates 
chl o r  i da tes  

i od ide  was found t o  ca ta lyse  t h e  phosphory la t ion  o f  nucleo- 
phosphorodiester de r i va t i ves  such as chlorophosphates,  p y r o -  
and tr iazol ides.  A similar c a t a l y t i c  e f f e c t ,  bu t  on phosphoro- 
only, was also e x e r t e d  b y  iodine. 

The phosphorylat ion r e a c t i o n  occupies a p rominent  pos i t ion  in na tu ra l  

p r o d u c t s  chemis t ry ,  because o f  i t s  impor tance  in t h e  synthesis o f  b io lo -  

g ical ly a c t i v e  compounds such as nucleot idesl" .  o l igonucleot ides , 

p hosphol i pi ds2I3 ,  nucleopep t i  des . 

1 , 2  

4 

Using monofunct ional  phosphory la t ing  reagents, e.g. d ies te rs  o f  phos- 

phoroch lo r id ic  ac id  and t h e i r  der iva t ives ,  several valuable phosphorus- 

containing in te rmed ia tes  have been synthesized 'I3. The phosphory la t ion  

r e a c t i o n  w i t h  phosphorochlor idates i s  usually c a r r i e d  o u t  i n  p y r i d i n e  in 

t h e  presence o f  nucleophi l ic  catalysts.  However, until now, mainly t w o  

t ypes  o f  n i t rogen-based nucleophi l ic  ca ta lys ts ,  namely 1-alkyl de r i va t i ves  

o f  i mid azole' l 5  and 4 4  i methy l  ami nopyr  i d i ne6I7 have been employed. 

Searching f o r  another t y p e  o f  ca ta l ys t ,  su i tab le  f o r  t h e  p r e p a r a t i o n  

o f  phosphoro t r ies te rs ,  w e  inves t iga ted  t h e  phosphory la t ion  o f  p a r t i a l l y  

p r o t e c t e d  nucleosides b y  d ies te rs  o f  phosphorochlor id ic ac id  o r  o t h e r  

phosphorodiester der iva t ives ,  in t h e  presence o f  sodium iodide. We 

reasoned t h a t  p y r i d i n e  med ia ted  exchange o f  halogen in t h e  phosphoryla- 

ting agent should r e s u l t  i n  t h e  f o r m a t i o n  o f  a r a t h e r  r e a c t i v e  species, 
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816 STROMBERG AND STAWINSKI 

namely d ies te rs  o f  phosphorochlor id ic ac id ,  and in t h i s  way, acce le ra te  

t.he phosphorylat ion o f  nucleosides . 8 

Indeed,  when 3'-Q-benzoylthymidine 2 was r e a c t e d  w i t h  d i e t h y l  phos- 

pho roch lo r i da te  la (2 equiv.) i n  p y r i d i n e  in t h e  presence o f  sodium iod ide  

(2 equiv.1, phosphorylat ion was over  in a f e w  seconds, compared t o  75 

min f o r  t h e  analogous r e a c t i o n  w i t h o u t  a ca ta l ys t  (Table 1, e n t r y  1 and 

4 ) .  A similar c a t a l y t i c  e f f e c t  was also observed f o r  t h e  o t h e r  t ypes  o f  

phosp hory l  a t i  ng reagents, e.g. d i pheny I p hosphorochlor i da  t e  B, t e t r a -  

phenyl pyrophosphate  &, o-chlorophenyl-2,2,2-trichloroethyl phosphorochlo- 

r i d a t e  and diphenyl phosphoro-I  ,2 ,4 - t r iazo l ide  (see Table 1). 

Nal or I ,  9 
R,O-y-O-T-OBz 

8 
X 0% 

RIO-P-OR, + HO-T-OBZ pyridine 

2 3 - - 1 - 

1d.R =o-chloropheny1,R = 2 , 2 . 2 - t r i c h l o r o -  1 2 l a ,R  = R  = e t h y l ,  X=Cl - 1 2  - 
l b ,  R = R  =pheny l ,  X = C l  e t h y l ,  X = C 1  

l c , R  = R  =pheny l ,X= -0-P(O)(OPh) &, R = R  =pheny l .  X =  1 . 2 , 4 - t r i a z o l e - y l - l  
1 2  - 

1 2  1 2  - 

A t t e m p t e d  phosphorylat ion o f  nucleoside 2 w i t h  s to i ch iomet r i c  amounts 

o f  and NaI,  fa i led t o  d r i v e  t h e  r e a c t i o n  t o  complet ion.  This i s  

p robab ly  due t o  decomposi t ion o f  phosphory la t ing  reagent  under  t h e  

r e a c t i o n  condit ions. Indeed,  when (2 equiv.) and NaI  (2 equiv.) w e r e  

k e p t  in p y r i d i n e  f o r  5 min b e f o r e  t h e  a d d i t i o n  o f  nucleoside, phos- 

pho ry la t i on  was f a s t  bu t  only w e n t  t o  ca 20% complet ion.  Such a 

phenomenon was n o t  observed f o r  t h e  o t h e r  phosphory la t ing  reagents 

Ib-e invest igated. 
9 

A s l ight ly yel low co lo ra t i on  o f  t h e  r e a c t i o n  mix tu res ,  invar iab ly  

observed upon t h e  a d d i t i o n  o f  phosphory la t ing  reagent  t o  a p y r i d i n e  

solut ion o f  nucleoside and sodium iodide, would suggest t h e  f o r m a t i o n  of 

t races  o f  iodine. To inves t iga te  i f  iodine i t s e l f  could a c t  as a ca ta l ys t .  
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NUCLEOSIDE PHOSPHORYLATION 817 

Table 1 .  Influence of various catalysts on the phosphorylation reaction * 
of 3’-Q-benzoylthymidine by t he phosphorylating reagents la-e 

No Phosphorylating Catalyst Time Solvent 

agent (equiv.) ( equiv. to completion 

1 .  
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9.** 

l o * * *  
1 1 * * *  
12.** 
13. 
14. 
1 5 .  
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 

MeIm ( 2 )  
NaI ( 1 )  
NaI ( 2 )  

I2 (0.2) 
I2 ( 1 )  
I2 ( 2 )  
I 2  ( 2 )  

HeIm ( 2 )  
1 )  + Py ( 2 ) 
2 )  + Py ( 2 )  
1 )  + Py ( 2 )  
1 )  + Py ( 2 )  

- 
HeIm ( 2 )  
N a I  ( 1 )  
NaI ( 2 )  
I 2  ( 1 )  
- 

HeIm ( 2 )  
NaI ( 2 )  

MeIm ( 2 )  
NaI ( 1 )  
NaI ( 2 )  

- 

I2 ( 1 )  
- 

HeIm ( 2 )  
NaI ( 2 )  

75 min 
4 min 
6 min 

10-15 sec 
10 min 
2 min 

10-15 sec 
2 rnin 
3 min 
4 rnin 

1.5 min 
5 min 

1.5 min 
20 min 
2 min 
3 min 

5-10 sec 
10-15 sec 

4 h  
2.5 h 
25 rnin 
50 rnin 
3 min 
3 min 

10-15 sec 
1.5 min 
90 min 
10 min 
10 min 

pyridine 
pyridine 
pyridine 
pyridine 
pyridine 
pyr idine 
pyridine 
pyridine 
acetonitrile 
acetonitrile 
acetonitrile 
acetonitrile 
acetonitrile 
pyridine 
pyridine 
pyridine 
pyr id i ne 
pyridine 
pyridine 
pyridine 
pyridine 
pyridine 
pyridine 
pyridine 
pyridine 
pyridine 
pyridine 
pyr idine 
pyridine 

* 
Reaction conditions: 3’-Q-benzoylthymidine (0.05 mmole) and catalyst 

(0.2-2 equiv.) were dissolved in pyridine (0.2 ml) or in acetonitrile 
(0.2 m l )  and the appropriate phosphorylating reagent la-e (1.1-2 equiv.) 
was added. Progress o f  the reactions was checked by TLC (silica gel, 
CHCl -HeOH 9:1, vlv). In all cases, reactions were over after the time 
specified in the Table, and 3 was present as the sole nucleotidic 
ma ter ia 1. 

3 .  

* *  
To ensure homogenous conditions for the phosphorylation, 3 ’ - Q - 3 - k  

-dibenzoylthymidine was used as a nucleosidic material. 
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818 STROMBERG AND STAWINSKI 

phosphorylat ion was c a r r i e d  o u t  in t h e  presence o f  various amounts of  

iodine. As can b e  seen f r o m  Table 1 ( e n t r y  6-8, 18 and 26), iodine indeed 

catalyses t h e  phosphorylat ion in case o f  phosphorochlor idates a, and 

ld, b u t  i t  had no c a t a l y t i c  e f f e c t  when pyrophosphate  o r  1,2,4- 

t r i a z o l e  d e r i v a t i v e  j= were  used as phosphorylat ing reagents. 

The explanat ion f o r  t h i s  i s  n o t  s t r a i g h t f o r w a r d .  It can be, however, 

ra t iona l i zed  b y  t h e  assumption o f  t h e  i n te rmed ia te  f o r m a t i o n  o f  i od ide  

ions, which e x c e r t  a c a t a l y t i c  e f f e c t .  Since t h e  f o r m a t i o n  o f  iod ide  ions 

i n  t h e  reac t i on  o f  phosphorochlor idates w i t h  iodine i s  plausible, 

9 Rzalkyl 1 I 

RO-P-OR 9 + I ,  [RO-P-OR 9 + CI-l RO-P-OR + (21-1; 

CI @Py 10 

b u t  r a t h e r  unl ikely in t h e  case o f  o the r  phosphorylat ing reagents, t h i s  

explanat ion f i t s  t h e  exper imental  resu l ts  well .  Thus, i t  i s  most l ikely t h a t  

in iodine-catalysed phosphorylat ion reac t ion ,  i od ide  ions plays t h e  r o l e  of 

t h e  rea l  ca ta lys t .  

I n  con t rad i s t i nc t i on  t o  1-alkyl der iva t ives  o f  imidazole and 4-di- 

methylaminopyridine. which can e x e r t  t h e i r  c a t a l y t i c  a c t i v i t y  also in 

neut ra l  solvents (e.g. ace ton i t r i l e ) ,  i od ide  ions and iodine catalysed phos- 

phorylat ions r e q u i r e  a basic solvent (e.g. py r id ine )  o r  an ex terna l  base. 

It was found t h a t  phosphorylat ion o f  3'-Q-3-N-dibenzoyIthymidine in 

ace ton i t r i l e  does n o t  occur when alone o r  t oge the r  w i t h  sodium iod ide  

or iodine is used. However, a d d i t i o n  o f  p y r i d i n e  t o  the r e a c t i o n  m i x t u r e  

in ace ton i t r i l e  containing and NaI  or I2 resu l ts  in phosphorylat ion 

w i t h i n  a f ew  minutes (Table 1, e n t r y  10-13). 

We also t r i e d  t o  f ind  o u t  whether- iod ide  ions o r  iodine can b e  used 

as ca ta lys ts  in t h e  phosphoro t r ies te r  approach t o  ol igonucleot ide synthe- 

sis. Thus, 5 ' -~-dimethoxytr i tyI thymidine-3'-(p~-ct1loropher iyI)  phosphate (1.1 

equiv.) was reac ted  w i t h  nucleoside 2 (1 equiv.) in t h e  presence o f  

N,N-bis(2-0~0-3-oxazol~dinyI)phosphorodiamidic ch lo r i de  (OXP) (3  equiv.) 

and sodium iod ide  (2 equiv.) in py r id ine .  and f o r m a t i o n  o f  t h e  expec ted  

t r i e s t e r ,  as t h e  sole reac t i on  p r o d u c t ,  was observed w i t h i n  45 min. The 

analogous reac t ion ,  using N-methyimidazole (2  equiv.) instead o f  NaI, and 

also t h e  reac t i on  w i t h o u t  any ca ta lys t ,  were  comple ted  in 40 min and 

overnight,  respect ively.  Iod ine ,  however, d i d  n o t  show any no t iceab le  

10 
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NUCLEOSIDE PHOSPHORYLATION 819 

c a t a l y t i c  e f f e c t .  These resu l t s  a r e  consistent w i t h  our f ind ings  t h a t  

phosphory la t ion  b y  pyrophosphate,  wh ich  is t h e  most  l i ke ly  i n t e r m e d i a t e  

involved in t h i s  t y p e  o f  reac t i on ,  i s  acce le ra ted  b y  i o d i d e  ions bu t  n o t  

b y  iodine. 

Arenesulfonyl der iva t ives ,  as coupl ing reagents, w e r e  found  t o  b e  

incompat ib le  w i t h  sodium iod ide ,  because o f  t h e  occur rence o f  r e d o x  

react ions.  

I n  conclusion, t h e  exper iments  p resented  above demons t ra te  t h a t  

p hosp hory la  ti on o f  nucleosides b y  p hosphorod i es te r  de r i va t i ves  can b e  

catalysed b y  i od ide  anions, and t h a t  t h e  acce le ra t ing  e f f e c t  is s imi lar  

(o r  s l igh t ly  higher)  t han  t h a t  o f  N-methyl imidazole. I n  t h e  case o f  

phosphorochlor idates,  iod ine  can be used as a c a t a l y s t  ins tead o f  sodium 

iodide. It s e r m s  t h a t  iodine i s  super io r  t o  sodium iod ide  when used in 

combinat ion w i t h  phosphorochlor idates,  since decomposi t ion o f  i s  

slower , and thus, phosphorylat ion can b e  c a r r i e d  o u t  w i t h  only a s l igh t  

excess o f  phosphory la t ing  reagent  (Table 1, e n t r y  8). Sodium iod ide  

may b e  removed f r o m  t h e  reac t i on  m i x t u r e  b y  e x t r a c t i o n  w i t h  w a t e r ,  

which s imp l i f ies  t h e  work-up  p r o c e d u r e  as compared t o  t h a t  r e q u i r e d  

f o r  N-methyl imidazole catalysed phosphorylat ion.  I n  t h e  l a t t e r  case, 

t roublesome arid i n e f f i c i e n t  e x t r a c t i o n  w i t h  pen tane l ’  o r  work -up  w i t h  

ac id ic  b u f f e r 1 2  i s  necessary t o  remove an excess o f  c a t a l y s t  f r o m  t h e  

r e a c t i o n  mixtures.  
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