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On the bas i s  of a c o m p a r i s o n  of the p ro to ly s i s  constants  and v ibra t iona l  f requencies  it is 
shown that i n t e rmo lecu l a r  in te rac t ions  a r e  p r e s e n t  in 6-subs t i tu ted  9 - (~ ,w-d ihydroxya lky l ) -  
pur ines  and the co r respond ing  mono-  and diphosphates .  In addition, in the ca~e of the phos -  
phates  the exis tence  of i n t r amolecu l a r  in te rac t ions  of e l ec t ros t a t i c  c h a r a c t e r  between the 
phosphate  group and the he te ro r ing  is a l so  p roposed .  A c o m p a r i s o n  of the p ro to lys i s  constants  
p rov ides  evidence for  the different  c h a r a c t e r  of the in teract ion of the d ihydroxyalkyl  r es idue  
with the he te ro r ing  of the base  in s e r i e s  of adenine and hypoxantMne der iva t ives .  

The s y s t e m a t i c  synthes is  and study of a r t i f i c i a l  analogs of nucleotides and nucleosides  r equ i r e  a c l ea r  
idea of the effect  of the s t ruc tu re  and configurat ion of the synthes ized  compounds on the in t r amolecu la r  or 
i n t e rmo lecu l a r  in te rac t ion  of the mos t  impor tan t  r eac t ion  cen te r s  of the molecules  under  considerat ion.  In 
the p r e s e n t  r e s e a r c h  we have a t tempted  to study this p r o b e l m  in the case  of synthet ic  analogs of adenosine 
and inosine using as phys icochemica l  methods for  the detect ion of the fo rmat ion  of hydrogen bonds the ap-  
p r o p r i a t e  v ib ra t iona l  f requencies  in the IR s p e c t r a ' a n d  the p ro to tys i s  constants ,  or,  more  p r ec i s e ly ,  the 
change in the indicated p a r a m e t e r s  on pass ing  f r o m  the ba se s  (adenine and hypoxanthine) to 6-subst i tu ted  
9 - (a ,w-d ihydroxya lky l )pur ines  and, subsequent ly ,  to the cor responding  mono-  and diphosphates .  A com-  
pa r i son  of the r e s u l t s  obtained with the data avai lab le  in the l i t e ra tu re ,  which per ta ins  to na tura l  nucleo- 
t ides and nucleosides  of adenine and hypoxanthine, makes  it poss ib le  to expose definite d i f fe rences  between 
the na tura l  nucleot ides  and the i r  analogs.  

In the p r e s e n t  r e s e a r c h  we have studied 16 dif ferent  de r iva t ives  of 9- (~ ,w-dihydroxyalkyl )adenine  (1) 
and hypoxanthine (I1) and the i r  cor responding  mono- ,  d i - ,  cyclophosphates ,  andwhich were  synthesized by the 
methods in [1, 2]. (Tables  1 and 2). 

I 1 
RCH2CHCH2R' RCH2CHCH~R" 

I I I  

The p ro to lys i s  constants  (pK) obtained co r respond  to protonat ion or deprotonat ion of ce r ta in  ni t rogen 
a toms  in molecu les  of I or  the i r  deprotonat ion in II. The evidence ava i lab le  in the l i t e r a tu re  that  the p r o -  
tonation cen te r  in the adenine molecule  is the N-1 ni t rogen a tom (the Pk~H of adenine is 4.18) [3], whereas  
deprotonat ion occurs  at  the N-1 ni t rogen a tom in the case  of hypoxanthine de r iva t ives  (the + PKNH of hypo- 

* See [1] f o r  communica t ion  II. 
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xanthine is 8.94) [4] was used for  the a s s i g n m e n t  of these constants.  This evidence was based on an inter-  
pretat ion of the resul ts  of IR and NMR spect roscopy,  x - r a y  diffract ion analysis ,  and quantum-chemical  cal-  
culations [5-8]. 

A compar i son  of the protolys is  constants of the investigated compounds with the pH values of the co r -  
responding natural  nucleotide bases - a d e n i n e  and hypoxanthine - indicates the p resence  of interaction of 
the dihydroxyalkyl res idues  or phosphate groups with the purine base. The dec reases  in the pK values noted 
in the l i terature,  respect ive ly ,  f rom 4.18 to 3.52 and f rom 8.94 to 8.75 on pass ing f rom the base to the natu- 
r a l  r ibonucleosides of adenine and hypoxanthine have been explained in par t  by the - I  inductive effect of the 

+ 
sugar res idue  [9]. The PKNH values of 9- (a ,w-dihydroxyalkyl ) -adenine  derivat ives do not decrease  to the 
same extent as in natural  nucleosides as  compared with the adenine base,  whereas in the case of inosine 
analogs the PKNH values, on the other hand, even inc rease  (Tables 1 and 2). This evidently constitutes evi-  
dence that the effect of interact ion of the hydroxyl groups of the dihydroxyalkyl res idues  with the nitrogen 
he teroa tom of the purine r ing or of the amino or carbonyl  groups attached to the latter predominates  over 
the - I  effect. A compar i son  of the pK values and the vibrat ional  f requencies  in the IR spec t ra  makes it pos -  
sible to a ssume the format ion of in termolecular  hydrogen bonds (IHB) between the hydroxyl groups of the 
dihydroxyalkyl  res idues  and the exocyclic amino groups in the case of adenosine analogs or between the c a r -  
bonyl groups in the case  of inosine analogs. The in termolecular  charac te r  of the hydrogen bond is confirmed 
by the shift in the frequency of the coalesced total VOH vibrat ional  bands as the solution concentration 
changes. In addition, the bands of deformat ion vibrat ion of hydroxyl groups [fi (OH)] and the bands of s t r e t ch -  
ing vibrat ions of amino groups [u (NH2)] a re  also shifted to higher frequencies  but to a l e s se r  extent as the 
concentrat ion increases .  Similar shifts of the vibrat ional  band a re  also charac te r i t i c  for 9-(1 ,4-dihydroxy-  
2-butyl)hypoxanthine. The charac te r i s t i c  values of the VOH vibrat ional  f requencies  at 3330-3450 cm -1 (in 
the solid phase) also indicate the p resence  of IHB [10]. 

On the basis  of a c rys ta l lographic  investigation of 9-methyladenine [11], it can be assumed that an 
amino group enters  into the IHB of the adenosines under investigation. In the case of 9- (1 ,5-d ihydroxy-3-  
pentyl)adenine, t h e  dec rease  i-n the PKN~ value (3.70) as compared with the PKNH value of 1 ,3-dihydroxy-  
propyl -  and 1,4-dihydroxybutyl  der ivat ives  at tests  to a decrease  in the electron density on the N-1 hetero-  
atom, i.e., to the manifestat ion of e lec t ron-donor  proper t ies  of the heteroring.  This makes it possible to 
assume that, in addition to the IHB mentioned above, IHB are  also formed between the hydroxyl groups of 
the dihydroxyalkyl res idues  and the nitrogen heteroatoms.  

A s t rong IHB including a 6-amino group shows up dist inctly in the case  of 9 - (1 ,3 -d ihydroxy-2-pro-  
pyl)adenine (the anomalously high frequency of the 5NH" at 1697 cm -i and the low value of the vOH band at 
3370 cm-i) .  This is explained by the re la t ive ly  favorable conditions for the format ion of a hydrogen bond 
in the case of p rec i se ly  9-(1 ,3-dihydroxy-2-propyl)adenine.  This is possibly also responsible  for the anom- 
alously low solubility of this compound (2 �9 10 -3 mole/ l i ter ) .  

In a number of the phosphates of analogs of adenosines and inosines an increase  in the PKN+H values 
is cha rac te r i s t i c  for adenine derivat ives  and an increase  in the PKN+H values is charac te r i s t i c  for  hypo- 
xanthine derivat ives as compared with the corresponding protolys is  constants of the nucleosides,  just  as 
in the case of natural  nucleotides (the pK values of r ibonucleoside 5 ' -phosphate  - 3.88 for the adenine de- 
r ivat ive and 9.62 for the hypoxanthine derivative,  respec t ive ly  - exceed the pK values of the corresponding 
r ibonucleoside - 3.52 and 8.75 [3]). 

In the case of natura l  adenosines the inc rease  in the pK values of the nueleotides as compared with 
the pK values of the corresponding nucleosides was explained by in t ramolecular  interaction of the phos-  
phate res idue  with the protonated base [5, 12]. It is cha rac te r i s t i c  that the most  distinct increase in the 
pK value is observed in the case of those compounds whose s t ruc tures  a re  most  favorable for interaction 
of negatively charged phosphate groups with posit ively charged heteror ings (for example, in the case  of 
adenine r ibonucleoside 5 ' -phosphate ,  PI~N+H =3.88, which exceeds the corresponding protonation constants 
of adenine r ibonucleoside 2 ' -  and 3 ' -phosphates  - 3 . 8 1  and 3.70). 

A compar i son  of the pK values of the compounds that we investigated made it possible to establish 
that the ApK values - the differences in the pK~Kva lues  for analogs of adenosines or the PKN+H values for 
analogs of inosines between the corresponding alols and b~ses and between the diphosphates and diols - 
a re  definitely associated with the s t ruc tu ra l  pecul iar i t ies  of the molecules (Table 3). 

It is charac te r i s t i c  that the ApK values on passing f rom propyl  to pentyl der ivat ives  increase  or de- 
c rease  regular ly .  This justif ies the assumption that there  is a s t ronger  interaction in the pentyl der iva-  
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T A B L E  3. pK, ApK, and A vp= O* v a l u e s  of A d e n i n e  (1) and 
Hypoxan th ine  (ID D e r i v a t i v e s  

Base 

Adenine derivatives 4,18 
pK values of the diols 
pK values of the diphosphates ] 
ApK (base - diol) values 
ApK (diphos.~hate - diol)value~! 
AYp=O, cm- 

Hypoxanthine derivatives 8,94 
pK values of the diols ! 
pK values of the diphosphates 
ApK (diol - base) values 
ApK (diphosphate - diol)values 
Aup=o, crn-i 

Derivatives 
propyl 

3,97 
4,14 
0,2t 
0,17 

20 

9,38 
10,05 
0,44 
0,67 

60.--80 

butyl 

4,00 
4,24 
0,18 
0,24 

25 

9,37 
9,98 
0,43 
0,61 

65 

pentyl 

3,70 
4,01 
0,48 
0,31 

20-90 

9,15 
9,28 
0,21 
0,13 

40 

* The s y m b o l  A ~ p =  O is the  d i f f e r e n c e  in the  f r e q u e n c i e s  of the  
bands  of the  a s s o c i a t e d  (in the  nuc leo t ide )  and f r e e  p h o s p h a t e  

g r o u p s  ( v p =  O f r e e  1250 c m  -1 [10]). 

t i v e s  both f o r  d i o l s  and d i p h o s p h a t e s  in the  a d e n i n e  s e r i e s  and tha t  t h e r e  is  a s t r o n g e r  i n t e r a c t i o n  in the 
p r o p y l  d e r i v a t i v e s  in the  hypoxan th ine  s e r i e s .  In add i t i on ,  the  ApK (d iphospha te  - diol)  v a l u e s  c o r r e l a t e  
wi th  the  change  in the  f r e q u e n c y  of the  band of v i b r a t i o n s  of the  p h o s p h a t e  g roup  (A v p =  O "  

In a n a l o g y  with  m o l e c u l e s  of n a t u r a l  a d e n o s i n e  p h o s p h a t e s  [5, 13] a z w i t t e r i o n  s t r u c t u r e  wi th  a ben t  
cha in  of the  p h o s p h a t e  and d i h y d r o x y a l k y l  r e s i d u e  i s  a l s o  p r o p o s e d  f o r  the  p h o s p h a t e s  tha t  we s tud ied .  A 
z w i t t e r i o n  s t r u c t u r e  is  u s u a l l y  c o n f i r m e d  by the  5NH v i b r a t i o n a l  band at  1690-1710 c m  -1 (in the  so l id  phase)  

2 
This  band is  a c t u a l l y  c h a r a c t e r i s t i c  fo r  a l l  of the  n a t u r a l  a d e n o s i n e s  wi th  a p r o t o n a t e d  N-1  n i t r o g e n  a t o m  
[14] and a l s o  f o r  a d e n o s i n e  5 ' - m o n o - ,  d i - ,  and t r i p h o s p h a t e s  [5]. The  bands  of 5NH 2 v i b r a t i o n s  a t  1695 and 
1690 c m  -1, the  f r e q u e n c i e s  of which  c o i n c i d e  with t he  a b o v e - i n d i c a t e d  f r e q u e n c i e s  of the  z w i t t e r i o n s  bands  
tha t  a r e  o b s e r v e d  in ou r  c a s e ,  a t t e s t t o  the  p r e s e n c e  of a z w i t t e r i o n  s t r u c t u r e  in 9 - ( c e , w - d i h y d r o x y a l k y l ) -  
aden ine  m o n o -  and d i p h o s p h a t e s .  

In both  the  i n d i c a t e d  n a t u r a l  and in the  i n v e s t i g a t e d  9 - ( ~ , w - d i h y d r o x y a l k y l ) a d e n i n e s  the  e l e c t r o s t a t i c  
i n t e r a c t i o n  is  e x p r e s s e d  to  the  g r e a t e s t  ex ten t  a t  pH 1-4 ,  w h e r e  the  r e s i d u e  of the  p h o s p h a t e  g roup  and the 
h e t e r o r i n g  of the  b a s e  have  i n t e g r a l  c h a r g e s  of o p p o s i t e  s ign .  It i s  c l e a r  tha t  in the  c a s e  of the  i n v e s t i g a t e d  
p h o s p h a t e s  the i n t e r a c t i o n  is  g r e a t e r ,  the  c l o s e r  the  p h o s p h a t e  g r o u p  i s  to the  N-1  n i t r o g e n  a t o m ,  i . e . ,  the  
l onge r  the  cha in  connec t i ng  the p h o s p h a t e  r e s i d u e .  The g r e a t e s t  change  in the  pK va lue  should  t h e r e f o r e  
c o r r e s p o n d  to the  r e l a t i v e l y  long p e n t y l  cha in  of the  p h o s p h a t e  r e s i d u e .  

Th i s  is  in a g r e e m e n t  wi th  the  p o s s i b l e  c o n f o r m a t i o n s  of the  m o l e c u l e s  s tud i ed  in the  c a s e  of S t u a r t -  
B r i e g l e b  m o d e l s .  Thus ,  a l though  the p h o s p h a t e  r e s i d u e  in the  9 p o s i t i o n  of aden ine  is  not in con tac t  wi th  
the  N-1 a t o m ,  i t  n e v e r t h e l e s s  is  a t  a d i s t a n c e  su f f i c i en t  fo r  an e l e c t r o s t a t i c  i n t e r a c t i o n .  

It should  be  noted tha t  a s i m i l a r  t r a n s a n n u l a r  i n t e r a c t i o n  was  o b s e r v e d  in the c a s e  of a - a m i n o - f l - ( 1 -  
p y r i m i d y l ) a c i d s  tha t  have  a z w i t t e r i o n  s t r u c t u r e  [15]. In both  the  c a s e  of the  i n v e s t i g a t e d  syn the t i c  n u c l e o -  
t i d e s  and in the c a s e  of the  compounds  men t ioned  a b o v e  the  p r e s e n c e  of a t r a n s a n n u l a r  i n t e r a c t i o n  was  
p roved  on the b a s i s  of a c o m p a r i s o n  of the pK v a l u e s  of the  c o r r e s p o n d i n g  d e r i v a t i v e .  

A r e a c t i o n  of e l e c t r o s t a t i c  c h a r a c t e r  is  a l s o  o b s e r v e d  in the  p h o s p h a t e s  of i nos ine  a n a l o g s .  I n a s -  
much  as  h e r e ,  as  in the  c a s e  of u r a c i l  p h o s p h a t e s  [9], two c h a r g e s  of the s a m e  s ign  r e p u l s e  one a n o t h e r ,  
in v iew of the  an ion ic  d e s t a b i l i z a t i o n  of i n o s i n e  a d i s t i n c t  i n c r e a s e  in the  PKNH v a l u e s  is  o b s e r v e d  in the  
p h o s p h a t e s .  H o w e v e r ,  in v iew of the  r e p u l s i o n  of the  p h o s p h a t e  r e s i d u e  away  f r o m  the r i n g  of the  b a s e  i t  
migh t  be  e x p e c t e d  tha t  the  cha in  of the  p h o s p h a t e  and h y d r o c a r b o n  r e s i d u e s  can bend m o s t  of a l l  ( i . e . ,  f o r m  
the g r e a t e s t  d i s t a n c e  f r o m  the p h o s p h a t e  r e s i d u e  to N - l )  in the c a s e  of the  pen ty l  d e r i v a t i v e  of the  d i p h o s -  
pha te .  We t h e r e f o r e  a s s u m e d  tha t  the  m o s t  i n t i m a t e  i n t e r a c t i o n  o c c u r s  in the  c a s e  of the p r o p y l  d e r i v a -  
t ive .  Th is  is  not  c o n t r a d i c t e d  by the a b o v e - i n d i c a t e d  r e g u l a r i t i e s .  

The  e f fec t  of a p h o s p h a t e  g r o u p  on the change  in the  PKNH v a l u e s  in a na logs  of i n o s i n e s  is  c o n f i r m e d  
by the a b s e n c e  of the i nd i ca t ed  e l e c t r o s t a t i c  i n t e r a c t i o n  in the  c a s e  of c y c l o p h o s p h a t e s .  Th i s  is  a t t e s t e d  
to by the  r e l a t i v e l y  s m a l l  PKNH va lue  (9.23) in the  c a s e  of 9 - ( 1 , 3 - d i h y d r o x y - 2 - p r o p y l )  hypoxanth ine  l ' , 3 ' -  
cyc l ophospha t e .  

1484 



The diffuse f o r m  of the bands of the vOH s t re tch ing  v ibra t ions  in the IR spec t r a  of the phosphates  of 
adenosine and inosine analogs makes  it poss ib le  to a s s u m e  the p r e s e n c e  of IHB in these  compounds along 
with the indicated interactions~ of e l ec t ros t a t i c  c h a r a c t e r .  It is poss ib le  that the IHB a r e  fo rmed by those  
por t ions  of the phosphate  r e s idues  that  do not pa r t i c ipa te  in the e l ec t ros t a t i c  in terac t ions .  

EXPERIMENTAL 

The pK values were determined by potentiometric titration in aqueous solutions with an LPU-01 pH- 
meter at 20 ~ (the solutions were stirred by means of argon). Except for compounds with low solubilities, 
the concentrations of the solutions were 10 -2 mole/liter. The titrants were 0.i N solutions of HCI and NaOH. 
In all cases except for the diphosphates, the pK values were calculated from a formula with the Debye- 
Hi]ckel correction for the ionic strength [16]. 

The IR spectra of KBr pellets and DMSO solutions of the compounds were recorded with a UR-20 spec- 
trometer. 

The purity of the investigated compounds was monitored by chromatography. 
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