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The protolysis constants of g-(1-uracilyl)propionitriles and g- (1-uracilyl)propionic a-amino-
8- (L-pyrimidylipropionic, and g-amino-y-(1-pyrimidyl)butyric acids (willardiine analogs)*
were determined. The electronic effect of substituents and of transannular interactionof the
groups on the deprotonation constants is discussed.

In the course of a systematic study of the synthetic analogs of willardiine [1, 2], we determined the
protolysis constants of g- and y-pyrimidyl-g-amino acids and compared them with the protolysis constants
of - (L-uracilyl)propionitriles and g~ (1-uracilyl)propionic acids. A knowledge of the numerical value of the
protolysis constants makes it possible to establish and quantitatively characterize the structural peculiar-

ities 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: g-(1-uracilyl)propionitriles (I),
p-(L-uracilyl)propionic acids (@), g-amino-g-(l-uracilyl)propionic acids (IIl), g-amino-y~(l-uracilyl)bu-
tyric acids (IV), g-amino-g-1-cytosinyl)propionic acid (V), and a-amino-+y - (L-cytosinyl)butyric acid (VI).
These compounds were synthesized by the methods in [L-5].

In compounds of the I type at pH values from 1.5 to 11.0 deprotonation of the NH group in the 3 posi-
tion, which is characterized by the pKyy constant, is possible, while in compounds of the I type acidic dis-
sociation of the COOH group in the side c¢hain (PKCOOH) is also possible in addition to deprotonation.
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Both deprotonation of the NH group in the 3 position and deprotonation of the amino acid grouping in

the side chain (pKyyg,+) are possible in compounds of the III and IV types, and these two protolytic process-
es occur at extremely close pK, values,

Protonation of the N(3) 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 protolysis constants of the
carboxyl groups, which usually have pK, values of 1.3 to 2.2, were not studied in the present research.

* B~ (L-Uracilyl)-p-alanine (willardiine) was isolated by Gmelin from the seeds of Acacia willardiana.
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The constants corresponding to the above-enumerated protolytic equilibria were determined in aque-
ous solutions by potentiometric titration or by means of UV spectrometry and are presented in Table 1.

The degree of purity of the investigated compounds was verified from the results of elementary analy-
sis, partition chromatography (R.), and electrophoresis. The equivalence points on the potentiometric titra-
tion curves also characterize thé purity of these compounds.

It follows from the data in Table 1 that all of the investigated compounds are close in their acid-base
properties to unsubstituted uracil and its simplest N; and Cy derivatives, the pKNpg values * of which are as
follows: wuracil 9.43, 5-fluerouracil 7.98, 5-chlorouracil 7.95, 5-nitrouracil 5.48, 5-methyluracil 9.87, 1~
methyluracil 9.75, and 1,5-dimethyluracil 10.09.

The acidity of the carboxyl group in II is elevated as compared with unsubstituted propionic acid (K, =
4.87), which is explained by the certain electron-acceptor effect of the heteroaromatic ring. The possible
transannular interaction of the carboxyl group with the ring cannot be the reason for the increase in acidity,
since the character of the IR and UV spectra and the identical pKpopy values of all of the studied II attest
to the absence of the proposed interaction.

The pKny values of all of the Nj-substituted uracils depend markedly on the character of the various
substituents attached to C(;). The effect of substituents on the deprotonation constants of the Ng—H bond can
be quantitatively expressed by the ¢° constants,t and a linear correlation (Fig. 1) is observed between the
pENg values and the ¢° constants.

- Taking the pKNg values found for I-III into account, we calculated the correlation equations for the
pKNH values and the ¢° constants of m-substituents: I: pKypp=9-52—5.27 ¢° (r=0.99); II: pKynp=10.03—
4.27 ¢° (r=0.96); III: pKNyg=10.18—4.65 ¢° (r=0.99).

For comparison, we also calculated the correlation equation for 5-substituted uracil derivatives from
the literature data: PENE=9.73—5.30 ¢° (r=0.97).

The increase in all of the pKny values for II-VI as compared with the corresponding values for Ny~un-
substituted uracils and I can be explained by the +I effect of the dissociated carboxyl group, and the de-
crease in the pKypy of I as compared with the pKyy for Ny-methyluracil can be explained by the —1I effect
of the cyano group.

As we have already pointed out, compounds of the III type have extremely close pKyy and PKNH,* val-
ues. The assignment of both constants was made on the basis of an analysis of the character of the UV spec-
tra as a function of the pH and the spectrophotometrically obtained pKyp values, as well as on the basis of
the effect of substituents attached to C (5) on the pKyyy values of the willardiine analogs.

In a series of willardiines, the pKNH3+ values are reduced by ~ 1.4-2.0 units as compared with the
values for such protein amino acids as g-alanine (pKNH +9.97), tryptophan (PKNHg+ 9.39), and tyrosine
(PKNH +9.11), This is apparently associated with both the structural pecullamtles of III and with.a certain
electron—acceptor effect of the uracil ring. The close positioning of the NH3 and Cy= O groupings in the

*The pK, values were taken from [8, 9].

T The tabulated values of the g° constants for substituents in the m-position of the benzene ring which ac-
cording to Jaffe [10], can also be used as a characteristic of the reactivities of heteroaromatic systems of
the pyrimidine type, were used in the correlation.

645



TABLE 1. Protolysis Constants of I-VI

Protolysis constants Method of
Compound . determination, *
P PEym PRcoon pKNH, DK-‘N—H A?. AT, or B
Ta 9,54:0,03 - — - n
9,43+0,04 — — — B (263, 23Inm)
Ib 7,67+0,05 — — — Ao
ic 9,87x0,02 — — — An
Ila 10,0520,04 4,20£0,02 — — Ar
. 10,010,056 — — — B (265, 231nm)
Ib 8,18+0,03 4,200,02 — — Ar
Ilc 8,74+0,04 4,19+0,01 — — Ao
Id 10,340,02 4,17+0,03 — — Ar
I[ila 9,97:+0,03 - 7,98+0,04 — As
10,02+0,05 -— — - B (263, 230nm)
111d 8,76:0,04 - 7.58+0,04 - Ae
Ille 6,74+0,05 -- 9,68:0,02 - ‘Ae
6,48+0,04 - — - B (325 nm)
HIf 10,55+0,02 - 8.20+0,04 — An
IVat 10,73+0,03 — 9,02:£0,03 — A
~ 10,05 - — - B (265, 233nm)
1Vb 10,47+0,05 -— 9,03+0,02 — An
10,42+0,06 — — — B (269, 236nm)
v — — 8,45+0,01 | 405002 A°
VI — — 8,90+0,02 | 4,52+0,01 Ao
— 440=0,03 | B (280, 241 nm)

* A indicates potentiometric titration, fisforward, ris reverse, and
B indicates UV spectroscopy.

t The spectra and the character of the potentiometric titrationcurves
attest to the presence of impurities, sothatanalogous compound IVb
was analyzed.

f
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Fig. 1. Correlation of the protolysis
constants of the ring imino groupwith
the ¢° substituent constants: A) g-(Q-
pyrimidyl)propionitriles; @) g- (1-pyr- e : :
imidyl)propionic acids; O) g~amino-g- Fig. 2. Molecular models of ITIa (top)
(1-pyrimidyl)propionic acids. and Iva (bottom).
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I molecule is seen in Stuart—Briegleb models (Fig. 2), and this makes direct transannular interaction of
these groups possible. An analysis of the recorded IR and UV spectra also confirms this sort of transan-
nular effect.

The introduction of substituents R into the 5 position of the ring causes only an insignificant change
in the pKyy,t values of Cj derivatives of willardiine, and the latter are consequently little sensitive to the
distribution of the electron density in the uracil ring. An exception to this is Ille because of the strong —I
and —C effects of the nitro group on the electron-acceptor properties of the ring. What has been stated is
apparently valid only in the case of the above-mentioned transannular interaction.

The basicity of the NH3 grouping 1n IV is increased as compared with its basicity in Illa, f, and this
might have been expected, since the NH3 and C,=0 groups in IV are far removed irom one another, and
their transannular interaction is hindered.

The rather considerable (by 0.5 pK, units) difference in the PKNH, + values of V and VI, which contain
cytosine residues, can also be explained by transannular interaction of NH3 and C,=0, as a result of which
the polarity of the carbonyl group (025"‘ 0%-) increases. A decrease in the electron density on C () in turn
causes delocalization of the unshared pair of Ny and, consequently, a decrease in pKNy+ by 0.5 pK, as com-~
pared with VI. It should be noted that the pKyg+ of VI, in which the transannular interaction should be mark-
edly reduced, is practically equal to the corresponding constant of 1-methylcytosine (4.55) [8].

All of the data enumerated above attest to the existence of a transannular interaction between the §H3
groups of the amino acid and the ring C,=0 in the series of g- and y-pyrimidyl-1-g-amino carboxylic acids.
It is completely possible that an intramolecular hydrogen bond, which facilitates deprotonation of the am-
monium group of the amino acid residue, is formed between these groups. This may be one of the possible
reasons for the peculiar reactivity of these amino acids with the hydrogen bond, hindering the formation of
‘peptides from them.

EXPERIMENTAL

Potentiometric Titration. The optimum concentration for the titration of solutions of the investigated
compounds proved to be 1072 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 0.1 N HCL 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, calculations were performed with the formula in [11] with the Debye—Hiickel correction for the
ionic strength [12]. In the case of some derivatives of the III and IV type, for which the difference between
the pK, 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.

Spectrophotometry. The spectrophotometric determination of the pK, values was made with the method
described in [12]. Acetate (3 <pH <6), phosphate (6 <pH <8), and borate (8 <pH <12) buffer solutions were
used. The condition 0.1 <D<1,0, where D is the optical density of the solution, was used in selecting the con-
centration of the solutions. The UV spectra were first recorded with a UV-2 automatic spectrophotometer, *
and the spectrophotometric measurements at the selected analytical line were then made with an SF-4 spec-
trophotometer. The parameters obtained from the spectral data were then introduced into the fundamental
equation of the spectrophotometric method [12].
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