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In a previous paper1) we obtained a satisfacto-

ry correlation between the charge distribution 

in the a-amino acids, as determined by a semi-

empirical procedure derived from the molecular 

orbital method,2) and the proton chemical 

shifts of these compounds. In the present paper 

we will report some approximate results con-

cerning the dissociation constants of the same 

compounds. 

The simplest a-amino acids dissociate accord-

ing to the schemes :

(I) 

(II)

The pK's corresponding to these two dissocia-
tion processes are conventionally denoted as 
pK, and pK2. Only these processes will be 
discussed in the present paper. 

The Method 

Simple electrostatic models3) have already 
led to the conclusion that the dissociation 
constant of an acidic group is affected by the 
electrostatic effect of the neighbouring groups. 
We have assumed, therefore, that the energy 
variation involved in the dissociation process 
is given by two essential contributions : a) the 
change in the sum of the bond energies of the 
amino acid molecule in passing from the non-
dissociated form to the dissociated form ; and 
b) the change in the electrostatic energy of 
the proton because, in the final dissociated 
state, it is no longer subject to the attractions 
or repulsion of the other atoms of the molecule. 

 Several theoretical chemists have attempted 
to interpret dissociation constants on the basis 
of more or less refined calculations. They have, 
however, studied conjugated compounds almost 
exclusively and based their considerations on

calculations fbr the π systems of such molecules-

Therefore, their procedures cannot be directly 
applied to our problem. However, some of 
their considerations have, of course, a general 
significance. Thus, the basicity of conjugated
molecules has been related to the chang inn

energy during the dissociation4) and to the

value of the π charge of the protonated hetero-

atoms5). The use of a combined index taking 

into account both the change in ƒÎ energy and 

the change in the energy due to an additional 

electrostatic interaction has also been proposed6) 

and shown to be particularly successful. 

Finally, it has been observed that taking the 

solvation into account leads to useful improve-

ments.7) 

Only a classical electrostatic theory has been 

proposed,3) as far as we know, in connection 

with saturated compounds. 

We have adopted a point of view similar to 

that of Ref. 6. Already in Ref. 2, the method 

proposed in that paper was used for a semi-

qualitative discussion of dissociation constants. 

In particular, the total a-electron energy of a 

given molecule was calculated by adding the

a energies of the various bonds, according to

the formulas ;

(1) 

(2) 

(3)

(The parameters α and β are the usual stand-

and Coulomb and bond integrals;δ μ and δυ

are defined by the condition that α+δ μβ and

α+δυ β are the Coulomb integrals of the μ-th

andυ-th atom respectively;ε μυβ is the bond

* On leave from Faculty of Engineering ,Kyoto Uni-
versity, Kyoto, Japan. 

** Universita di Napoli , Istituto di Fisica Teorica, 
Naples, Italy. 

1) G. Del Re, B. Pullman and T. Yonezawa, Biochem. 
Biophys. Acta, 75, 153 (1963). 

2) G. Del Re, J. Chem. Soc., 1958, 4031. 
3) N. Bjerrum, Z. physik. Chem., 106, 219 (1923); J. G. 

Kirkwood and F. H. Westheimer, J. Chem. Phys., 6, 506, 
513 (1938); F. H. Westheimer and M. W. Shookhoff, J. 
Am. Chem. Soc., 61, 555 (1939).

4) H. C. Longuet-Higgins, J. Chem. Phys., 18,275 (1950). 
5) B. Pullman and A. Pullamn, " Les Theories Electro-

niques de la Chimie Organique," Masson, Paris (1952). 
6) T. Nakajima and A. Pullman, J. chim. phys., 1958, 

793: B. Pullman and T. Nakajima, Bull. soc. chim. France, 
1959, 590. 

7) O. Chalvet, R. Daudel and F. Peradejordi, J. chim. 
phys., 1962, 709.
* In Ref .2the factor 2 before ε μυhad becn ommitted

in the formula for E μυ



986Teijiro YONEZAWA, Giuseppe DEL RE and Bernard PULLMAN [Vol. 37, No. 7

integral of the μυbond..)

If formula 1 is applied to a series of pro-
tonated molecules and to the corresponding 
free bases, one gets energy differences which 
can be expected to a first approximation to be 
linearly related to the pK's of the correspond-
ing dissociation equilibria (of course, the 
changes in the solvation and nuclear repulsion 
energies are assumed to be constant). 

 These considerations have been taken as a
starting point of the present paper.  The ⊿E's,

however, have been calculated according to the 
refined formula :

(4)

Here Eσ(initial)  denotes the energy of the

protonated compound, and Eσ(final), that of

the base. The third term corresponds to the 
electrostatic interaction between the proton and 
the other atoms in the protonated compound. 
Qa is the net charge (in e units) of the proton ;
Qμ, the net charge of μ-th atom, and RHr,

their mutual distance. The calculation of Rxa

was carried out using a formula proposed by 

Eyring,8) and by Kirkwood and Westheimer.9) 

This formula gives the root-mean square dis-

tance between the hydrogen and the atom 

located at the end of the n-th bond, assuming

free rotation around the bonds. Letηmm+1

be the cosine of the supplement of the angle 

between the m-th and m+l-th bond and Ik, 

the length of the k-th bond ; then,

(5)

A few remarks are important in connection 

with Eq. 4:

1) The net charge,Qμ of the μ-th atom

must be calculated by adding the charge,Qμ σ,

due to the σ electrons to Qμ π, the net charge

due to the π electrons, if present:

(6)

The net charges, Qμ π, calculated for our

compounds by the ordinary Mickel method

are shown in Fig. 1.

2) ⊿E  should be given by the difference be-

tween the total energy of the final and initial 

molecules in Eqs. I and II the total energy of 

a molecule being :

(7)

(Eπ and Eo denote the total π and σ energies,

and the third term denotes the core repulsion 
energy in the molecule). Equation 4 represents

Fig.1 The net charge of π-electrons in the

conjugated parts of the amionacids.

this ⊿E only if the variation of the total

π-electron energy is assumed to be constant,

and only if one may reasonably assume that 

the variation of the third term can be 

written as :

(8)

where C is a constant. 
3) The last term in Eq. 4 corresponds to 

the dielectric constant of the solvent being 
equal to 1. Different values have been adopted 
in classical theory,3) but no serious modifica-
tion could arise if we introduced the same kind 
of correction, as the change in the dielectric 
constant has always been taken to be small. 

4) The contribution of the solvation energy 
is not taken into account. 

5) The hyperconjugation effects, which may 
take place in certain amino acids, are ignored 
throughout all the calculations. 

Results and Discussion 

The results of the calculation are listed in 
Tables I and II, together with the experimental 
values of pK, and pK2 for the various com-
pounds. In the second columns of these tables,
the variations of the total a energies in the

course of reactions I and II are given in units

of－ β. In the fourth columns the calculated

values of the ⊿E's(Eq.4)are listed in units

of eV.'s. The calculation of the ⊿E's has

required the determination of a value for-β.

We have chosen 5.2 electron volts, a value not 
unreasonable for this type of property judging 
from other investigations of saturated com-
pounds10) and corresponding to a least-square

8) H. Eyring, Phys. Rev., 39, 746 (1932). 
9) J. Kirkwood and F. H. Westheimer, J. Chem. Phys., 

6, 506 (1938).
10) K. Fukui, H. Kato, T. Yonezawa, K. Morokuma, 

A. Imamura and C. Nagata, This Bulletin, 35. 38 (1962).
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TABLE I. THE DISSOCIATION CONSTANT pK1' AND CALCULATED RESULTS

* These values are quoted from Tables 4-11 of J. P. Greenstein and M. Winitz, "Chemistry of 

the Aminoacids, " Vol. 1, John Wiley and Sons (1961).

TABLE II. THE DISSOCIATION CONSTANT pK2' AND CALCULATED RESULTS

Fig.2 The dissociation constant PK1"vs・

⊿E(⊿Eσ-ΣμQHQμ/RHμe2)
Fig.3 The dissociation constant pK2'vs. ⊿E.



988Teijiro YONEZAWA, Giuseppe DEL RE and Bernard PULLMAN [Vol. 37, No. 7

TABLE III. STATIC REPULSION ENERGY

fitting of the ⊿E vs. pK1 plot by a straight

line.

As regards the relationship between the ⊿E's

and the pK1's, Table I and Fig. 2 show that it 

corresponds to a straight line as far as could 

be expected with such drastic simplifications 

as have been introduced. In Table I, a remark-

able contribution of the repulsion term is

observed, for instance, in the case of  β-alanine.
This confirms that one cannot ignore the con-
tributions of the third term of Eq. 4. 

In the case of the pK2's, the agreement between 
the experimental and theoretical results is less 
satisfactory (Table II and Fig. 3). For proline, 
which has the largest pK2 value, we do obtain
the largest calculated value of ⊿E:this value,

however, deviates to a large extent from the 
rough linear relationship observed for the other 
pK2's. 

It may be useful to consider the influence 
of some possible refinements in the calculations 
on these results. Thus, e. g., the present treat-
ment introduces two kinds of approximations 
in connection with interatomic distances. First 
of all, the interatomic distances are calculated 
by means of Eq. 5, assuming that there is free 
rotation around the bonds ; second, the repul-
sion term is assumed to consist only of those 
repulsions or attractions which take place be-
tween the hydrogen atom which is involved in 
the dissociation and the other atoms of the 
initial molecule, to the exclusion of the changes 
in other repulsion energies (Eq. 8). 

As to the first approximation, one may note 
that, especially in reaction I, the Lewis acid 
from which the proton dissociates probably 
has a special steric conformation, so that the 
free rotation around the various bonds is 
hindered to some exten. In order to evaluate 
the changes brought about in the repulsion 
energy by the assumption of a fixed configura-
tion, let us assign to the dipolar ion of reac-
tion II the configuration shown in Fig. 4. The

Fig. 4 Assumed conformation in RNH3+COO-.

static repulsion terms,Σ

μQHQμe2/RHμ,for this con-

formation of the glycine and alanine dipolar 

ions are given in Table III. 

 To check the validity of our second assump-

tion, we have also evaluated the variation in

the core repulsion energy,Σμ>υQμQυe2/Rμυ,for the

same molecules in a similar conformation of 

the anions, i. e., with a hydrogen bond between 

the -COO- group and the NH2 group. Its 

values are also given in Table III, together

with the values of Σ

μQHQμe2/RμH corresponding to

the freely rotating structure. Table III shows 
that the values of C (Eq. 8) become -1.759 
and -1.742 for glycine and alanine respectively, 
they are thus approximately the same. These 
results strongly suggest that the above assump-
tions do not cause serious errors in connection 
with dissociation constants, therefore, e. g., the 
disagreement we have found between calculated 
and experimental values of the pK2's may very 
probably be explained in a different way. 

 Another dubious voint concerns the contri-
bution of the solvation energy to dE, since this

contribution is not taken into account in our 

calculation. No suitable method for estimating 

the extent of this contribution is available ; 

therefore, we can only estimate it roughly 

with the help of the Hush-Blackledge and 

Daudel formula :7,11)

(9)

where the solvation energy, E3, is considered 

to be proportional to the sum of the squares 

of the net charges in the molecule. Formula

9 leads to nearly the same values of dEs for

all the aminoacids, so that no important im-

provement of the results can be expected for 
this correction. 

Conclusion 

The results reported in the present note 

seem to make possible another encouraging 

stop forward in the difficult process of correlat-

ing, by means of semi-empirical quantum

11) N. S. Hush and J. Blackledge, J. Chem. Phys., 23,514 
(1955).
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theoretical methods, the properties of a-amino 
acids. The particularly severe difficulties con-
nected with the treatment of dissociation 
constants make the deviations from a linear 
relationship quite expected ; therefore, it is 

gratifying that the overall correlation, especially 
of the pK1's, is quite satisfactory. 

Improvements should probably be looked for 
through refinements concerning the solvation 
effects and possibly through the inclusion of 
long-range exchange effects.
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