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The protolys is  constants of fl- (1-uraci lyl)propioni t r i les  and fl- (1-uracilyl)propionie a - amino-  
/~- (1-pyrimidyl)propionic,  and a - a m i n o -  7 -  (1-pyrimidyl)butyric  acids (willardiine analogs)* 
were  determined.  The e lect ronic  effect of substituents and of t ransannular  in terac t ionof  the 
groups on the deprotonation constants is discussed.  

In the course  of a sys temat ic  study of the synthetic analogs of wil lardiine [1, 2], we determined the 
proto lys is  constants of fl- and y - p y r i m i d y l - a - a m i n o  acids and compared them with the protolys is  constants 
of fl- (1-uraci lyl)propioni t r i les  and fl- (1-uracilyl)propionic acids.  A knowledge of the numer ica l  value of the 
protolys is  constants makes it possible to establ ish and quantitatively cha rac te r i ze  the s t ruc tura l  pecul ia r -  
i t ies  of the molecules of the studied compounds and to select the conditions for their identification and sepa- 
ration by electrophoresis. 

In the present research we have studied the following compounds: fl-(l-uracilyl)propionitriles (I), 
fl- (l-uracilyl)propionic acids 01), a-amino-~- (l-uraeilyl)propionic acids (III), ~-amino-7, (l-uracilyl)bu- 
ty r i c  acids (IV), o~-amino-fl-(1-cytosinyl)propionic acid (V), and s - amino-y - (1 -ey tos iny l )bu ty r i c  acid (VI). 
These compounds were  synthesized by the methods in [1-5]. 

In compounds of the I type at  pH values f r o m  1.5 to 11.0 deprotonation of the NH group in the 3 posi-  
tion, which is cha rac t e r i zed  by the PKNH constant, is possible,  while in compounds of the II type acidic dis-  
sociation of the COOH group in the side chain (PKcooH) is  also possible in addition to deprotonation. 
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Both deprotonation of the NH group in the 3 posit ion and deprotonat ion of the amino acid grouping in 
the side chain (PKNtt^+) a re  possible in compounds of the III and IV types, and these two protolyt ic  p r o c e s s -  
es occur  at ex t remely  close pK a values.  

Protonat ion of the N~) ring atom, as  in cytidine [6] and cytosine [7], is also possible in addition to de- 
protonation of the amino acid grouping in compounds of the V and VI type. The proto lys is  constants of the 
carboxyl  groups,  which usually have pK a values of 1.3 to 2.2, were  not studied in the presen t  r e sea rch .  

* fl- (1-Urac i ly l ) -a-a lanine  (willardiine) was isolated by Gmelin f rom the seeds of Acacia willardiana. 
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Ill, I ra  R=H; l l lb  R=F,C R=CI, d R=Br, e R=NO2; 
IIIf, IV b R=CH3; III a-f n=0; IYa,bn=l 

The constants  cor responding  to the above -enumera t ed  protolyt ic  equi l ibr ia  were  de te rmined  in aque-  
ous solutions by po ten t iomet r ic  t i t ra t ion  o r  by means  of UV s p e c t r o m e t r y  and a r e  p resen ted  in Table 1. 

The degree  of pur i ty  of the invest igated compounds was ver i f i ed  f r o m  the r e su l t s  of e l emen ta ry  analy-  
s is ,  par t i t ion  ch roma tog raphy  (Rf), and e l ec t rophores i s .  The equivalence points on the po ten t iomet r ic  t i t r a -  
tion cu rves  a lso  c h a r a c t e r i z e  t h ~ p u r i t y  of these  compounds.  

I t  follows f r o m  the data in Table 1 that all  of the inves t igated compounds a r e  close in the i r  ac id -base  
p r o p e r t i e s  to unsubst i tuted u rac i l  and i ts  s imples t  N i and C 5 der iva t ives ,  the PKNH values * of which a re  as  
follows: u rac i l  9.43, 5 - f luorourac i l  7.98, 5 -ch lo rourac i l  7.95, 5 -n i t rourac i l  5.48, 5 -me thy lu rac i l  9.87, 1- 
me thy lu rac i l  9.75, and 1 ,5 -d imethy lurac i l  10.09. 

The ac id i ty  of the carboxyt  group in II is  e levated  a s  compa red  with tmsubst i tuted propionic  acid (pK a = 
4.87), which is explained by the ce r t a in  e l e c t r o n - a c c e p t o r  effect  of the he t e roa roma t i c  ring. The poss ib le  
t r ansannu la r  in te rac t ion  of the ca rboxyl  group with the ring cannot be the r eason  for  the inc rease  in acidity, 
s ince the c h a r a c t e r  of the IR and UV spec t ra  and the identical  P K c o o H  va lues  of all  of the studied II a t tes t  
to the absence  of the p roposed  interact ion.  

The PKNH values  of al l  of the Nl-subs t i tu ted  u r ac i l s  depend marked ly  on the c h a r a c t e r  of the va r ious  
subst i tuents  a t tached to C (5). The ef fec t  of subst i tuents  on the deprotonat ion constants  of the N~-H bond can 
be quant i ta t ively e x p r e s s e d  by the (r ~ constants ,$  and a l i nea r  co r r e l a t i on  (Fig. 1) is observed  between the 
PKNH values  and the u ~ cons tan t s .  

Taking the PKNH values  found fo r  I-I]1 into account,  we calculated the co r r e l a t i on  equations for  the 
PKNH values  and the u ~ constants  of m-subs t i tuen ts :  I: p K N H = 9 . 5 2 - 5 . 2 7  u ~ (r=0.99); II: p K N H = 1 0 . 0 3 -  
4.27 u ~ (r=0.96);  III: pKNtt=10.18--4 .65 (r ~ ( r=0.99) .  

F o r  compar i son ,  we a lso  ca lcula ted  the co r r e l a t i on  equation fo r  5-subs t i tu ted  u rac i l  de r iva t ives  f r o m  
the l i t e r a tu r e  data: PKNtt = 9.73--5.30 u ~ (r= 0.97). 

The i nc r ea s e  in al l  of the pKNH values  for  I I -VI  as  compared  with the cor responding  values  for  Nl-un-  
subst i tuted u r ac i l s  and I can be explained by the + I effect  of the d issoc ia ted  carboxyl  group, and the de-  
c r e a s e  in the PKNH of I as c o m p a r e d  with the PKNH fo r  N t -me thy lu rac i l  can be explained by the - I  effect  
of the cyano group. 

As we have a l r eady  pointed out, compounds of the III  type have e x t r e m e l y  c lose  pKNH and pKNH3+ va l -  
ues .  The a s s ignment  of both constants  was made on the bas i s  of an ana lys i s  of the c h a r a c t e r  of the UV spec -  
t r a  as  a ~ n c t i o n  of the pH and the spee t ropho tomet r i ca l ly  obtained pKNt t values ,  as well  a s  on the bas i s  of 
the effect  of subst i tuents  a t tached to C(5 ) on the PKNH values  of the wi l lardi ine  analogs.  

In a s e r i e s  of wi l lardi ines ,  the pKNH3+ values  a r e  reduced by ~ 1.4-2.0 units as  compa red  with the 
va lues  for  such pro te in  amino acids  as a - a l an ine  (pKNH3+ 9.97), t ryptophan (pKNH3+ 9.39), and tyros ine  
(pKNtI~+ 9.11). This is  apparen t ly  a s soc ia t ed  with both the s t ruc tu ra l  pecu l i a r i t i e s  of Ill  and with a ce r t a in  
e l e c t r o n - a c c e p t o r  effect  of the u rac i l  ring. The close posit ioning of the NH3 + and C2= O groupings in the 

*The  pK a va lues  were  taken f r o m  [8, 9]. 
The tabulated values  of the if~ cons tants  fo r  subst i tuents  in the m-pos i t i on  of the benzene :ring which a c -  

cording to ffaffe [10], can a l so  be used as  a c h a r a c t e r i s t i c  of the r eac t iv i t i e s  of he t e roa roma t i c  s y s t e m s  of 
the pyr imid ine  type, we re  used  in the cor re la t ion .  

645 



TABLE 1. Protolysis Constants of I-VI 

Compound 

I a  

lb 
le 

lla 

II}~ 
IIc 
IId 

Il ia 

IlId 
l i fe  

lllf 

IVan" 

IVb 

V 

VI 

I ) KN II 

9,54-+0,03 
9,43-+0,04 
7,67-+0,05 
9,87-----0,02 

10,05 + 0,04 
10,01 • 
8,18-+0,03 
8,74 • 0,04 

10,34• 

9,97• 
10,02-+0,05 
8,76-+0,04 
6,74 • 
6,48• 

1 0 , 5 5 - + 0 , 0 2  

10,73 _+ 0;03 
N 10,05 

10,47• 
10,42 +-- 0 , 0 6  

Protolysis constants 

p K c ~  PI(N H,a' 

4,20 -+ 0,02 

4,20-+0,02 
4,19+_0,01 
4,17_+0,03 

- -  7,98_+0,04 

. . . .  7,58-+0,04 
- -  9 , 6 8 •  

-- 8,20 -+ 0,04 

-- 9,02--+0,03 

--  9,03-+0,02 

- -  8,45-+0,01 

- -  8,90• 

+ 
PKNI[ 

m 

E 

m 

m _  

m 

m 

4,05--+13,02 

4,52 -+ 0,01 
4,40 _+ 0,03 

Method of 

dgtermi nation, * 
M, A r, or B 

A n 
B (263, 231nm) 

A o 
A" 

A" 
B (265, 231nm) 

A n 
A o 
A m 

Ao 
13 (263, 230nm) 

A o 
A n 

B (325 nm) 
A n 

An 
B (265, 233nrn) 

A" 
13 (269, 236nm) 

Ao 

Ao 
13 (280, 241 nrn) 

* A indicates potentiometric titration, f is forward, r is reverse, and 

B indicates UV spectroscopy. 
t The spectra and the character of the potentiometric titration curves 
attest to the presence of impurities, so thatanalogous compound IVb 
was analyzed. 

-o,1 o o,1 o,2 0,3 0,4 o,5 o,6 0,7 d ~ 

F i g .  1. C o r r e l a t i o n  o f  t h e  p r o t o l y s i s  

c o n s t a n t s  o f  t h e  r i n g  i m t n o  g r o u p w i t h  

t h e  e ~ s u b s t i t u e n t  c o n s t a n t s :  A) B - ( 1 -  

pyrimidyl)propionttriles; O) fl: (1-pyr- 
imidyl)propionic acids; O). a-amino-fi- 
(1 -pyrimidyl) propionie acids. 

F i g .  2 .  M o l e c u l a r  m o d e l s  o f  I I I a  ( top)  

a n d  I V a  ( b o t t o m ) .  
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III molecule  is seen  in S t u a r t - B r i e g l e b  models  (Fig. 2), and this  makes  d i rec t  t r ansannu la r  in terac t ion  of 
these  groups  poss ib le .  An ana lys i s  of the r eco rded  IR and UV spec t ra  a lso  conf i rms  this  so r t  of t r ansan -  
nu la r  effect.  

The introduction of subs t i tuents  R into the 5 posi t ion of the r ing causes  only an insignificant change 
in the pKNH3 + va lues  of C a de r iva t ives  of wil lardi ine,  and the l a t t e r  a re  consequently l i t t le  sens i t ive  to the 
d is t r ibut ion  of the e lec t ron  densi ty  in the u rac i l  ring. An except ion to this is IIIe because  of the s t rong - I  
and - C  effects  of the ni t ro  group on the e l e e t r o n - a e c e p t o r  p r o p e r t i e s  of the ring. What has  been  s tated is 
apparen t ly  val id  only in the case  of the above-ment ioned  t r ansannu la r  interact ion.  

The bas ic i ty  of the NH3 + grouping in IV is inc reased  as  compa red  with i ts  bas ic i ty  in IIIa, f, and this 
might  have been  expected, s ince the NI-I3 + and C 2 = o  groups  in IV a re  f a r  r emoved  f r o m  one another,  and 
the i r  t r ansannu la r  in terac t ion  is hindered.  

The r a t h e r  cons iderable  (by 0.5 pK a units) d i f ference  in the pKNtt3+ values  of V and VI, which contain 
cytos ine  res idues ,  can a l so  be explained by t r ansannu la r  in terac t ion  of NH3 + and C 2 = O, as  a r e su l t  of which 
the po la r i ty  of the carbonyl  group {C25+ = 0 5-) i nc r ea se s .  A dec rea se  in the e lec t ron  densi ty on C (2) in turn  
causes  delocal iza t ion of the unshared  pa i r  of N(~) and, consequently,  a d e c r e a s e  in pKNH + by 0.5 pK a as com-  
pa red  with VI. It should be noted that  the pKNH + of VI, in which the t r a n s a m m l a r  in te rac t ion  should be m a r k -  
edly reduced,  is  p r ac t i ca l l y  equal  to the co r respond ing  constant  of 1 -methy lcy tos ine  (4.55) [8]. 

+ 
All of the data enumera ted  above a t t es t  to the exis tence  of a t r ansannn la r  in te rac t ion  between the NH 3 

groups  of the amino acid and the r ing C2= O in the s e r i e s  of fl- and 7 - p y r i m i d y l - l - ~ - a m i n o  carboxyl ic  acids .  
I t  is comple te ly  poss ib le  that an i n t r am o l ecu l a r  hydrogen bond, which fac i l i t a tes  deprotonat ion of the a m -  
monium group of the amino acid  res idue ,  is f o r m e d  between these groups.  This m a y  be one of the poss ib le  
r e a sons  fo r  the pecu l ia r  r eac t iv i ty  of these  amino  ac ids  with the hydrogen bond, hindering the fo rma t ion  of 

p e p t i d e s  f r o m  them. 

E X P E R I M E N T A L  

Potentiometric Titration. The optimum concentration for the titration of solutions of the investigated 
compounds proved to be 10 -2 M. This concentration could not always be achieved for the undissociated form 
because of insufficient solubility in water. The fact that the solubilities of the compounds in the un-ionized 
form increase was used; i.e., a definite amount of alkali or acid was added, and the mixture was back ti- 
trated. The titrants were 0.i N HCI and NaOH. The titration volume was 25 ml. A stream of argon was 
passed through the solutions during titration, and this ensured complete mixing of the added titrant and solu- 
tion. The potentiometric titration was carried out with an LPU-01 pH meter with a glass electrode at 20~-1 ~ 
The pK a calculations were performed with the formula in [ii] with the Debye-Hilckel correction for the 
ionic strength [12]. In the case of some derivatives of the Ill and IV type, for which the difference between 
the pK a values of two functional groups proved to be less than 2.5, the Noyes method [12] with allowance for 
the salt effect was used in the calculations. 

Spee t rophotomet ry .  The spec t ropho tomet r i c  de te rmina t ion  of the pK a values  was made with the method 
desc r ibed  in [12]. Aceta te  (3 < pH < 6), phosphate  (6 <pH < 8), and bora te  (8 < pH < 12) buffer  solutions were  
used.  The condition 0,1 <D <1.0, where  D is the opt ical  densi ty  of the solution, was  used  in se lec t ing the con-  
cen t ra t ion  of the solutions.  The UV spec t r a  were  f i r s t  r eco rded  with a UV-2 au tomat ic  spee t ropho tomete r ,  * 
and the spec t ropho tomet r i c  m e a s u r e m e n t s  a t  the se lec ted  analyt ica l  line were  then made with an SF-4  spec-  
t ropho tomete r .  The p a r a m e t e r s  obtained f r o m  the spec t r a l  data were  then introduced into the hmdamenta l  
equation of the spec t ropho tomet r i c  method [12]. 
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