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The phosphoryla t ion  of 6-subst i tu ted  9-(oz,w-dihydroxy-2-alkyl)  pur ines  with f i -cyanoethyl  
phosphate  and polyphosphor ic  acid was invest igated.  P r e p a r a t i v e  methods for  the p r e p a r a -  
tion of mono- ,  d i - ,  and cyclophosphates  were  developed,  and the p romis ing  c l~arac te ro f the  
use  of polyphosphor ie  acid for  the p r e p a r a t i o n  of phosphate  e s t e r s  in the hypoxanthine and 
adenine s e r i e s  with a pro tec ted  exoamino  group is shown. 

In co r r e spondence  with the idea e x p r e s s e d  in 1962 [1], the synthes is  of model  analogs of nucleic acids 
with re ten t ion  of the na tura l  py r imid ine  and pur ine  bases  and the po lye lec t ro ly te  c h a r a c t e r  of the m a c r o -  
mo lecu la r  chain contaIning conformat iona l ly  s i m i l a r  a ,w-po lymethy lened io l  subst i tuents  in p lace  of a sugar  
r e s idue  s e e m s  of defini te in te res t .  When such model  analogs  a r e  a s soc ia ted  with nucleic ac ids ,  they may 
af fec t  ce r t a in  functions of the la t te r  and the reby  cause  impor tan t  biological  effects .  In this connection, we 
accompl i shed  a s e r i e s  of s tudies  involving the syn thes i s  and invest igat ion of the phys ica l  and b iochemica l  
p r o p e r t i e s  of model  analogs  of pyr imid ine  nucleosides  and pyr imid ine  mono-  and polynucleot ides [2, 3]. 

With the p r e s en t  communica t ion  we open up a new s e r i e s  of studies with a r e p o r t  of the r e su l t s  of r e -  
s e a r c h  on the synthes is  of model  analogs of pur ine  nucleosides  and pur ine  mono-  and polynucleotides and 
of a study of the i r  effect  on the molecu la r  biological  level .  

The f i r s t  pape r  of this s e r i e s  is devoted to a study of phosphate  e s t e r s  of 6-subst i tu ted  9-(c~,w-dihy- 
d roxy-2 -a lky l )pu r ines .  (See s chem e  on following page.) 

The s ta r t ing  model  analogs  of adenosine and inosine - L - 6 - a m i n o - 9 - ( 1 , 4 - d i h y d r o x y - 2 - b u t y l ) -  (D, 6- 
a m i n o - 9 - ( 1 , 3 - d i h y d r o x y - 2 - p r o p y l ) -  (II), 6 -hyd roxy-9 - (1 ,4 -d ihyd roxy-2 -bu ty l ) -  (II1), and 6 - h y d r o x y - 9 - ( t , 3 -  
d ihydroxy-2-propy l )pur ine  (IV) - were  synthes ized by the method in [4]. /~-Cyanoethyl phosphate  and poly-  
phosphor ic  acid (PPA) were  used as the phosphoryla t ing  agents .  

We f i r s t  studied the phosphoryla t ion  of dihydroxybutyl  de r iva t ive  I with f l -cyanoethyl  phosphate  in the 
p r e s e n c e  of d icyc lohexylcarbodi imide  in anhydrous  pyr id ine .  The method used to c a r r y  out the phosphory-  
lation of I-IV dif fers  lit t le f r o m  the method [5] used in the phosphoryla t ion  of adenosine.  However ,  a sub-  
s tant ia l  d i f fe rence  is,  of course ,  observed  in the fo rma t ion  of the phosphoryla t ion  products .  Thus an inves-  
t igat ion of an analy t ica l  s a m p l e  with columns filled with DEAE-Sephadex A-25 by s tepwise  gradient  elution 
with a t r i e t hy l ammon ium ace ta te  buffer  showed that the reac t ion  mix ture  a f t e r  phosphoryla t ion and subse -  
quent hydrolys is  contains 55% 6 - a m i n o - 9 -  (1 ,4 -d ihydroxy-2-bu ty l )pur ine  1 ' ,4 '  -diphosphate  (V) with Rf 0.25 and 
25% monophosphoryla ted  products ,  o fwhich two sepa ra t e ly  emerg ing  subs tances  have identical  RfvMues  (0.47) 
and co r re spond  to 6 - a m i n o - 9 - ( 1 , 4 - d i h y d r o x y - 2 - b u t y l )  pur ine  1 ' -monophospha te  (VI) and 4 ' -monophospha te  (VII), 
whereas  the third compound has Rf 0.65. F r o m  the e l e c t r o p h o r e s i s  data, in analogy with the a r r a n g e m e n t  
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on the ch romatogram of spots corresponding t o n a t u r a l  nucleotides, the 6-amino-9- (1 ,4-d ihydroxy-2-buty l ) -  
purine l ' , 4 ' - eyc lophospha te  s t ruc ture  (VIII) was assigned to the lat ter;  this was subsequently confirmed 
by a study of the pro to lys is  constants (VIII is a monobasic acid with pK ~ 1) and by hydrolysis .  

We were able to isolate diphosphate V, a mixture of monophosphates VI and VII, and l ' , 4 ' - c y c l 0 p h o s -  
phate VIII (Table 1) by chromatography of the react ion mixture with Dowex-50 ion-exchange res in  (H + form). 

The corresponding l ' , 3 ' -d iphospha te  (IX), monophosphate iX), and l ' , 3 ' - cyc lophospha te  (XI) were ob- 
tained by phosphorylat ion of dihydroxypropyl  derivat ive II with f l-cyanoethyl  phosphate in the p resence  of 
dicyclohexylearbodi imide and subsequent chromatographic  separa t ion on Dowex-50 (H + form).  

In order  to find the optimum react ion conditions, we investigate d the phosphorylation of 9-(1,3-dihy-  
droxy-2-propyl)adenine (II) at var ious reagent  ra t ios .  The react ion mixture was investigated on QAE-Seph- 
adex with stepwise gradient  elution with an aqueous ethanol solution of (NH4)2CO 3 containing 10% ethanol 
(its optimum concer~ration was selected experimentally) .  The compounds were identified by means of e lec -  
t rophores is  and paper chromatography.  

The dependence of the yields of the phosphate es te r s  on the amount of dicyclohexylcarbodiimide for 
a constant ra t io  of the phosphorylating agent to the start ing dihydroxypropyl compound was investigated, 
and it was shown that the highest yields of diphosphate IX (~ 70%) and monophospate X (~ 20%) were obtained 
for a diol-f l - -cyanoethylphosphate-dicyclohexylcarbodi imide ra t io  of 1 : 6 : 6. Under these conditions, the 
yields of cyclophosphate and pyrophosphates turn out to be quite insignificant. However, the pyrophosphate 
content increases  to 20% when the react ion mixture is t reated with water  r a the r  than with aqueous pyridine. 

An investigation of the phosphorylation at a constant d icyclohexylcarbedi imide-f i -cyanoethyl  phos- 
phate rat io and in the presence  of variable amounts of fi-cyanoethyl phosphate showed that l ' , 3 ' - c y c l o p h o s -  
phate XI and monophosphate X (in yields of ~ 30 and 20%, respectively) can be obtained at a d io l - f l - cyano-  
ethyl phosphate-d ieyc lohexylcarbodi imide  rat io of 1 : 1 : 5. 

The optimum conditions for the prepara t ion  of 6-hydroxy-9-(1 ,3-d ihydro•  mono- 
phosphate (XVID by phosphorylat ion of diol IV are  a diol IV-f i -cyanoe thyl  phosphate-d icyc lohexylcarbodi -  
imide rat io of 1 : 2 : 10 and a react ion t ime of 4 h. 

Considering the above-indicated difficulties encountered in the prepara t ion  of phosphate es te r s  by 
phosphorylation of I-IV with/3-cyanoethyl phosphate, polyphosphoric acid (PPA) was used in the phosphory- 
lation of hypoxanthine derivat ives III and IV. The color less  crys ta l l ine  substance that was isolated from 
the react ion mixture proved to be a mixture of severa l  compounds with different Rf values. Analysis  of the 
product of phosphorylat ion of III on QA E-Sephadex with a solution of ammonium carbonate as the eluent 
showed that the chief component is 6-hydroxy-9-(1 ,4-d ihydroxy-2-buty l )pur ine  l ' , 4 ' -d iphospha te  (XII). In 
addition, the mixture also contains 6-hydroxy-9-(1 ,4-dihydroxy-2-butyl )pur ine  l ' -monophospha te  (XHI), the 
4 ' -monophosphate  (XIV), cyclophosphate XV, and various pyrophosphates.  

We were able to isolate fractions containing diphosphate XII, a mixture of monophosphates XtII and 
XIV, and cyclophosphate XV by chromatography of the react ion mixture obtained as a resul t  of phosphoryla-  
tion of diol IiI and subsequent hydrolysis  on an ion-exchange resin.  
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The l ' , 3 ' - d i p h o s p h a t e  (XVD, l ' - m o n o p h o s p h a t e  (XVII), and l ' , 3 ' - c y c l o p h o s p h a t e  (XVII1) of 6 -hydroxy-  
9 - (1 ,3 -d ihydroxy-2 -p ropy l )pu r ine  were  obtained by phosphoryla t ion  of dihydroxypropylhypoxanthine IV with 
PPA and subsequent  hydro lys i s  and separa t ion  of the phosphoryla t ion product  on an ion-exchange res in .  

The phosphate  e s t e r s  isolated in this manner  proved  to be e lec t rophore t i ca l ly  homogeneous.  Mono- 
phosphates  VI, X, XIII,  and XVII and diphosphates  V, IX, XII, and XVI a re  s table  in acidic and alkaline media,  
while cyclophosphates  VIII, XI, XV, and XVIII under  ce r ta in  conditions a r e  capable  of being hydrolyzed. .Thus  
when they a r e  heated in 1 N solutions of HC1 and NaOH at  100 ~ for  3 h and in 0.4 N Ba(OH)2 solution, they 
a r e  hydrolyzed quant i ta t ively to the cor responding  monophosphate e s t e r s .  

In connection with the task  at hand - synthes is  of model  analogs  of poly-  or oligonucleotides - it be-  
came  urgent ly n e c e s s a r y  to obtain mono-  and diphosphate e s t e r s  I and II with protected amino groups.  

We accompl i shed  the syntheses  of these  compounds e i ther  by acylat ion of diphosphates I and II or  by 
phosphoryla t ion of N-acy la ted  diols XIX, XXIV, and XXV. For  this ,  we synthesized and phosphoryla ted 6- 
benzy lamino-9- (1 ,4 -d ihydroxy-2-bu ty l )pur ine  (XIX). Chromatographic  separa t ion  with a column filled with 
DEAE-Sephadex of the mix ture  of products  obtained in the phosphoryla t ion of XIX with f l -cyanoethyl  phos -  
phate in anhydrous pyr id ine  in the p re sence  of d icyclohexylcarbodi imide  showed that 6 -benzy lamino-9- (1 ,4 -  
d ihydroxy-2-bu tyI )pur ine  l ' , 4 ' - d i p h o s p h a t e  (XX) is fo rmed  in yields  up to 88%, whereas  the 6 -benzy lamino-  
9 - (1 ,4 -d ihydroxy-2-bu ty l )pur ine  l ' - m o n o p h o s p h a t e  (XXD, 4 ' -monophospha te  (XXI1), and l ' , 4 ' - c y c l o p h o s p h a t e  
(XXIID const i tute  only 9% of the yield. 

Consider ing that we were  able to obtain the cor responding  diphosphates  and monophosphates by phos-  
phorylat ion of hypoxanthinediols III and IV by menas  of PPA in sufficiently high yields and having in view 
the s tabi l i ty  of the benzoyl  pro tec t ion  of the amino  group of pur ines  r e la t ive  to acid hydrolys is ,  we synthe-  
sized 6 -benzamido-9 - (1 ,3 -d ihydroxy-2 -p ropy l )pu r ine  diphosphate and monophosphate (XXIV) and the co r -  
responding butyl  de r iva t ive  (XXV) a lso  with PPA. The chromatograph ic  separa t ion  of the mixture  of p rod-  
ucts  of phosph0ryla t ion of d ihydroxypropylpur ine  XXIV on Dowex-50 r e s in  (H + form) made it poss ib le  to 
isola te  diphosphate XXVI in 77% yield, as well  as f rac t ions  containing 6 -benzamido-9 - (1 ,3 -d ihydroxy-2 -  
propyl)purine l',3'-cyclophosphate (XXVIII) and l'-monophosphate (X-XVII). 

Similarly, phosphorylation of XX-V gave 6-benzamido-9-(l,4-dihydroxy-2-butyl)purine 1,4-diphosphvte 

(XXIX) in 44% yield. 

Thus a comparison of the results of phosphorylation of the analogs of purine nucleosides described in 
this paper by means of ~-cyanoethyl phosphate and PPA enable one to draw the following conclusions: hav- 
ing in view the simplicity and convenience of the synthesis, polyphosphorie acid should be preferred over 
fi-cyanoethyl phosphate for the phosphorylation of 6-hydroxy- (IV) and 6-benzamido-9-(l,3-dihydroxy-2- 
propyl)purine (XXIV) and their butyl analogs (Ill and XXV). Insofar as 9-(l,3-dihydroxypropyl)-(II) and 9- 
(l,4-dihydroxybutyl)adenine (I) are concerned, phosphorylation with fi-cyanoethyl phosphate is more effi- 

cient. 

EXPERIMENTAL 

The UV spectra were recorded with a Specord UV-Vis spectrophotometer. A 1 M ammonium acetate- 
ethanol system (i : i) was used for the paper chromatography. The chromatograms were developed in UV 
light with a UPM apparatus. Electrophoresis on FN-3 paper in a phosphate buffer with pH 7.5 (0.I M 
Na2HPO 4 and 0.i M KH2PO 4) was accomplished with agradientvoltage of 700 V. 

Phosphorylation of 6-Amino-9-(l,4-dihydroxy-2-butyl)purine (1) with p-Cyanoethyl Phosphate. A 1.3 g 
(0.0058 mole) sample of I was added to 30 ml of a standard solution of apyridinium salt containing 5.28 g 
(0.035 mole) of p-cyanoethyl phosphate in dry pyridine, and the mixture was evaporated to dryness. The 
residue was dissolved in 180 ml of dry pyridine, a solution of 8.2 g (0.04 mole) of dicyclohexylcarbodiimide 
in i0 ml of pyridine was added, and the reaction mixture was held at room temperature for 2 days. Water 
(4 ml) was then added, and the mixture was allowed to stand for 1.5 h. The resulting mass was evaporated 
to dryness, 80 ml of water was added, and the mixture was re-evaporated. A total of 200 ml of 0.4 N LiOH 
was added to the residue, and the mixture was refluxed for 45 rain. It was then cooled, the precipitate was 
removed by filtration, and the filtrate was passed through a column containing Dowex-50 (H + form). The 
fractions containing diphosphate V, with Rf 0.25, were evaporated to 50 ml, and the precipitated V was re- 
moved by filtration to give 1.2 g (54%) of a colorless crystalline substance with mp 284-286 ~ and Rf 0.25 
that was soluble in water and DMSO but insoluble in ethanol, pyridine, and ether. 
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The f ract ions  with Rf 0.47 corresponding to the monophosphates were evaporated.  The oily residue 
was repeatedly t reated with ether and ethanol. Compound VI began to c rys ta l l i ze  out of the mixture on pro-  
longed standing. Workup gave 0.1 g (6%) of a product  with mp 168-170 ~ 

The f ract ions  with Rf 0.65 corresponding  to cyclophosphate VIII were evaporated and worked up s imi-  
lar ly  to give 0.11 g (6%) of VIII as a co lo r l ess  crys ta l l ine  substance with mp >320 ~ 

~ Phosphorylat ion of 6 -Amino-9- (1 ,3-d ihydroxy-2-propyl )pur ine  (II) with f i-Cyanoethyl Phosphate. The 
react ion of 1.2 g (0.005 mole) of II, 30 ml of a standard solution of a pyridinium salt  containing 5.28 g (0.035 
mole) of f l -cyanoethyl  phosphate, and 6.2 g (0.03 mole) of dicyclohexylcarbodiimide was car r ied  out as in 
the phosphorylat ion of dihydroxybutylpurine I. The fract ions with Rf 0.21 were evaporated to 50 ml to p re -  
cipitate color less  crys ta l l ine  diphosphate IX, which is soluble in water,  DMSO, and DIV[FA and slightly solu-  
ble in ethanol, ether,  and pyridine. The products  [0.97 g (57%)] had mp 272-275 ~ and Rf 0.21. Monophos- 
phate X and 6-amino-9- (1 ,3-d ihydroxy-2-propyl )pur ine  l ' , 3 ' - cyc lophospha te  (XI) were obtained by evapora-  
tion of the f rac t ions  with Rf 0.42 and 0.61 and prolonged t rea tment  of the oily res idues  to give 0.22 g (17%) 
of monophosphate X with mp 136-138 ~ and 0.15 g (10%) of cyclophosphate XI with mp > 300 ~ 

Phosphorylat ion of 6-Hydroxy-9- (1 ,4-d ihydroxy-2-buty l )pur ine  (III) with Potyphosphoric  Acid. A 
0.65-g (0.003 mole) sample of III was added with s t i r r ing  to PPA obtained f rom 2.3 ml of 85% H3PO 4 and 
3.0 g of t)205, and the mixture was held at room tempera tu re  for  30 rain and at 40 ~ for  i h. It was then 
cooled to 0 ~ a l c o h o l - e t h e r  (1 : 1) was added, and the mixture was s t i r red  for 30 min. The precipitate was 
t reated severa l  t imes with ether and removed rapidly by filtration. A total of 50 ml of 1 N HC1 was added 
to the residue,  and the mixture was heated on a water bath for  1 h and evaporated.  The res idue was d is-  
solved in 80 ml of water,  and the solution was passed through a column containing Dowex-50 res in  (H + form) 
and eluted with water .  The fract ions with Rf 0.25 (165 ml) were evaporated to dryness  to isolate 0.7 g (63%) 
of diphosphate XII with mp 273-275 ~ The fract ions with Rf 0.62 (30 ml) were evaporated and treated r e -  
peatedly with ether and ethanol to isolate 0.1 g (10%) of eyclophosphate XV with mp > 330 ~ (dec.). The f r a c -  
tions containing the formylat ion product  with Rf 0.40 (100 ml) were evaporated.  Monophosphate XIII began 
to c r y s t a l l i z e  to give 0.15 g (11%) of a product  with mp 226-227 ~ af ter  prolonged standing of the oily res idue 
and t rea tment  of it with acetone, alcohol, and ether.  

Phosphorylat ion of 6-Hydroxy-9- (1 ,3-d ihydroxy-2-propyl )pur ine  (IV)with Polyphosphoric A c i d .  The 
reac t ion  was ca r r i ed  out as in the case of the phosphorylat ion of dihydroxybutylpurine III. A 0.52-g (0.0025 
mole) sample of IV was added to PPA obtained f rom 2.0 ml of H3PO 4 and 2.5 g of P205. The fractions with 
Rf 0.24 (100 ml) were evaporated,  and the residue was treated with acetone and ethanol to give 0.36 g (40%) 
of diphosphate XVI with mp 228-230 ~ The f rac t ions  with Rf 0.62 (30 rot) were evaporated,  and the oily r e s i -  
due of cyctophosphate XVIII began to c rys ta l l i ze  on prolonged standing and t rea tmentwi th  acetone and eth- 
anol to give 0.11 g (16%) of a product  with mp > 330 ~ (dec.). The fract ions with Rf 0.42 (145 ml) were evapo- 
rated to give 0.16 g (22%) of monophosphate XVII with mp 216-218 ~ In addition, mixtures of phosphates 
XVI and XVIII (0.1 g) and phosphates XVIII and XVII (0.15 g) were isolated f rom the intermediate  fract ions.  
The mixtures  were  separated on QAE-Sephadex in the bicarbonate  form.  Monophosphate XVII was eluted 
with a 0.1 M solution of ammonium bicarbonate containing 10% ethanol, whereas  cyclophosphate X-VIII and 
diphosphate XVI were eluted with 0.2 M and 0.3 M solutions of ammonium bicarbonate containing 10% eth- 
anol. 

Phosphorylat ion of 6-Benzylamino-9-(1 ,4-d ihydroxy-2-buty l )pur ine  (XIX) with ~-Cyanoethyl  Phos-  
phate. A solution of 0.35 g (0.0013 mole) of XIX in 10 ml of pyridine was added to I0 ml of a standard solu- 
tion of the pyridinium sal t  of f l -cyanoethyI phosphate containing 1.76 g (0.011 mole) of /~-cyanoethyI phos-  
phate in dry  pyridine,  af ter  which the pyridine was removed by vacuum distil lation to dryness .  Dry pyr i -  
dine (20 ml) and a solution of 2.8 g (0.014 mole) of dicyclohexylcarbodi imide in 5 ml of pyridine were then 
added, and the mixture was held at room tempera tu re  for  2 days. Water (3 ml) was then added, and the so-  
lution was allowed to stand for 1 h, af ter  which it was vacuum evaporated to dryness .  The res idue was heated 
on a water  bath for 45 rain with 50 ml of 0.1 N NH4OH, af ter  which it was cooled to 0 ~ The result ing p re -  
cipitate was removed by filtration, and the f i l t ra te  was vacuum evaporated to dryness .  The res idue was 
t reated twice with 1 N NH4OH and re -evapora ted .  According to the resu l t s  of separat ion of the residue with 
a column containing DEA E-Sephadex with elution with ammonium bicarbonate,  it was found that the yield 
of XX, with Rf 0.58, is 88%. The mixture of monophosphorylat ion products  constituted 9% of the overal l  
yield. 

Phosphorylat ion of 6-Benza mido-9-  (1,3- dihydroxy-2-propyl)  purine (XXtV) with Polyphosphoric  A cid. 
A 0.5-g (0.0016 mole) sample  of XXIV was added with s t i r r i ng  to PPA obtained f rom 2.5 mt of H3PO 4 and 
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3.1 g of P205, and the mixture was heated at 60 ~ for 2 h. It was then cooled and treated with e t h e r - e t h a n o l  
(1 : 1, three 100-ml portions).  The solid mater ia l  was removed by fi l trat ion and dissolved in water,  and the 
solution was passed through Dowe• res in  (H + form) with elution with water  to give fract ions with Rf 0.47 
(50 ml, diphosphate XXVI), Rf 0.75 (100 ml, cyclophosphate XXVID, and Rf 0.63 (80 ml, monophosphate 
X~XVII1). Evaporat ion of the fract ion with Rf 0.47 and t reatment  of the oily res idue  with acetone and ethanol 
gave 0.59 g (77%) of diphosphate XXVI with mp 226-227 ~ Evaporation of the fract ions containing mono- and 
cyclophosphates gave oily res idues ,  which could not be crysta l l ized.  

A s imi lar  p rocedure  was used to obtain 6-benzamido-9-(1 ,4-dihydroxy-2-butyl )pur ine  l ' , 4 ' - d i p h o s -  
phate. The product  [0.4 g (44%)] had mp 213-215 ~ and Rf 0.48. 
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