ISSN 1070-4280, Russian Journal of Organic Chemistry, 2009, Vol. 45, No. 6, pp. 825-834. © Pleiades Publishing, Ltd., 2009.
Original Russian Text © Yu.E. Zevatskii, S.S. Lysova, 2009, published in Zhurnal Organicheskoi Khimii, 2009, Vol. 45, No. 6, pp. 842—850.

Empirical Procedure for the Calculation of Ionization Constants
of Organic Compounds in Water from Their Molecular Volume

Yu. E. Zevatskii and S. S. Lysova

St. Petersburg State Institute of Technology, Moskovskii pr. 26, St. Petersburg, 190013 Russia
e-mail: yuri@newchem.ru

Received August 19, 2008

Abstract—An empirical procedure was used to calculate 278 ionization constants of 271 organic compounds,
including phenols, NH acids, benzoic acid derivatives, and mono- and dihydric carboxylic acids, in water. The
examined compounds were divided into 11 structural groups. The ionization constants for compounds
belonging to a single group were calculated from constant empirical coefficients, molecular volumes, and
formulas with an average error of less than 3.5%, the maximal error not exceeding 9.9%.
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Unusually rapidly growing interest in calculations
of ionization constants (pK,) of organic compounds
has been observed in the past two years. The reason is
that pK, values of potential biologically active com-
pounds are important for biological screening and
estimation of pharmacological properties related to pK,
[1-5]. Despite good consistency in experimental pK,
values of organic compounds in water, reported in dif-
ferent publications [6, 7], experimental procedures are
continuously improved. This applies to both traditional
potentiometric [8], spectrophotometric [9, 10], and
capillary electrophoresis methods [11-13] and new
procedures, e.g., those utilizing linear pH gradient sys-
tems [14]. Extension of the set of available experimen-
tal pK, values of organic compounds in aqueous medi-
um opens wide possibilities in analyzing applicability
of theoretical models for the calculation of these
constants.

In the recent time, most publications undoubtedly
deal with structure—property correlations, in particular
QSPR. These methods make use of so-called descrip-
tors, i.e., quantitative parameters that are determined
by molecular structure. Depending on a particular
procedure, such descriptors may be parameters calcu-
lated by semiempirical quantum-chemical methods
[2, 15-20], structural topological parameters (CoMFA)
[2, 3], fragment (CoMSA) [1, 21] or atomic parameters
[1], elements of quantum—topological molecular simi-
larity (QTMYS) [5, 22, 23], or several of the above
listed (mixed descriptors). Undoubtedly, a strong ad-
vantage of QSPR is statistical analysis used to opti-
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mize algorithm of selection of significant descriptors.
For this purpose, computational neural network-based
methodologies are extensively used [15-17, 21, 24];
they ensure less than 10% average relative error in the
calculations. Something that is generally not remem-
bered for some time past should be regarded as a dis-
advantage of these procedures. In most cases descrip-
tors are microcosm elements, i.e. quantities whose
values cannot be determined experimentally. For ex-
ample, in keeping with the uncertainty principle, the
relative error in direct measurements (by X-ray diffrac-
tion method) of an electron density deficit of 0.2 a.u. at
the a-carbon atom with respect to carboxy group
should be about 100%. Nevertheless, structure—prop-
erty correlations extensively develop via search for
new descriptors, and there are hopes that new descrip-
tors will include not only “ephemeral” parameters. For
instance, Jover et al. [15-17] calculated pK, values of
organic compounds in different solvents using experi-
mentally measurable parameters (Kamlet—Taft param-
eter and standard heat of vaporization).

Undoubtedly, quantum-chemical methods for the
calculation of pK, values of organic compounds are
free from the above disadvantage. The best consistency
with the experimental data was achieved with the use
of stepwise calculation procedures. In due time, good
results were obtained in the calculation of protonation
constants (proton affinities) of organic compounds in
the gas phase [25]. The error in quantum-chemical cal-
culations of proton affinities (PA), in particular by the
complete basis set method (CBS-QB3) [26], was less
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than 0.1%. Attempts were made to take into account
solvent effect via correlation of PA and pK, values for
a single class of organic compounds [27]; however,
these attempts were not continued. Methods have been
developed, which make it possible to determine ener-
gies of solvation of molecules; this parameter is neces-
sary for the calculation of pK,. Calculation of solvation
energies involves well known difficulties, so that vari-
ous procedures were proposed to take into account
distortion of molecular structure upon dissolution and
nonspecific solvation effect on electronic structure of
molecules [28-35]. Better results were obtained with
the use of models implying formation of complexes
with solvent or conjugate base [36—39]. This is quite
reasonable, for specific solvation is taken into con-
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sideration, which is especially important for aqueous
media. In addition, solvate complex and solvent field
effect models were proposed [40, 41]. From the prac-
tical viewpoint, quantum-chemical methods are not
always appropriate since the error in the calculations
ranges from 5 to 40% [42]. A probable reason is that
each procedure implies a number of approximations
and assumptions which are valid only for a specific
series of organic compounds but invalid for others. If
so, the problem related to improvement of correlations
between the results of quantum-chemical calculations
and experimental data is quite surmountable.
Correlation analysis methods based on Hammett’s
fundamental works have not been used alone for the
calculation of pK, values in the recent time. Hammett

Table 1. Groups, numbers of compounds in the groups (N), coefficients a and b, empirical atomic coefficients X;, and average
deviations of the calculated ionization constants pK,, pKy, and pKgy+ from the experimental values [6, 7, 16, 27, 49, 50]

Empirical atomic coefficients .X;, A’ c
Group N | ax100 b o
C H | O | N F | c | Br 1| %

meta- and para-Substituted 28 | —2.388 [12.95 |—5.296 [—16.81| 4.943 | 31.44 [-14.43 |-28.15}-21.68 2.4
phenols CsHsO
ortho-Substituted phenols 36 | —1.659 [12.31 | 1.803 (-21.69| 29.51 | 80.12 | 29.44 | 24.11| 16.28 29
meta- and para-Substituted 26 | —2.037 | 7.431| 4.441(-15.78(-1.703(-3.034| —5.014|-18.88}-20.92 |-32.48] 3.1
benzoic acids C;H4O,
ortho-Substituted benzoic 16 4.094 [-2.694|-1.440 [-16.88 [-15.88(—39.86[-30.56 |-50.63}-53.77 |-62.63| 2.4
acids
meta- and para-Substituted 20 —1.254 (11.31 |22.41 |-16.90(-79.08-137.3[-59.60 |-92.84(-132.7 22
anilines CcH7N
ortho-Substituted anilines 21| 1.872 | 7.046(116.6 ([-76.31|-16.23[178.5 |-36.56 |-27.84}40.15 1.7
Saturated aliphatic carboxylic | 17 [ —2.475 | 4.198|27.68 |[-30.44(-8.186(-31.81| 34.74 |-15.56[-35.04 |-49.88| 2.4
acids CHO, with functional
substituents in the a-position®
Saturated aliphatic carboxylic |24 | —1.691 | 5.997}-40.07 | 5.471| 35.13 5.226 0.9
acids with no functional
substituent in the a-position”
Unsaturated aliphatic 11| -7.793 {10.22 [13.05 [-21.39]|-0.637 1.4
carboxylic acids®
Aliphatic amines, amino al- 341 -2.069 [11.04 [16.71 [-23.65]|49.83 | 33.03 3.0
cohols, and alicyclic amines
H,N¢
Pyridine derivatives CsHsN® [ 23| 10.67 |-8.629[-22.81 [-1.755| 0.059 —73.04 3.5

* The group includes a-alkoxy-, a-cyano-, and a-hydroxy derivatives and five derivatives of propanedioic and butanedioic acids.
® The group also includes alky-substituted carboxylic acids, seven homologous dihydric acids, 4-oxopentanoic acid, and 3-bromopropanoic

acid.

¢ The group includes seven dienoic acids and their alkyl-substituted derivatives, propynoic acid, but-2-ynoic acid, and two derivatives of

but-2-enedioic acid.

4 The group includes 17 alkylamines, 3 allylamines, 6 diamines (including one amino alcohol), diethylenetriamine, 6 amino alcohols, and

cyclohexylamine.

¢ The group includes pyridine, alkylpyridines (total of 17 compounds), three vinylpyridines, two chloropyridines, and 4-methoxypyridine.
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EMPIRICAL PROCEDURE FOR THE CALCULATION OF IONIZATION CONSTANTS 827
Table 2. Calculated and experimental pK, values of meta- and para-substituted phenols in water at 25°C
Compound p, g/em’ pK, (experimental) pK, (calculated) Eavs Y0
Phenol 1.132 [50] 9.99 [6] 9.66 33
3-Methylphenol 1.0336 [53] 10.00 [6] 9.73 2.7
4-Methylphenol 1.154 [50] 10.27 [50] 10.17 1.0
3-Ethylphenol 1.0283 [53] 10.07 [6] 10.10 0.3
4-Ethylphenol 1.011 [53] 10.00 [6] 10.02 0.2
3,4-Dimethylphenol 1.138 [50] 10.35 [50] 10.55 2.0
3,5-Dimethylphenol 1.115 [50] 10.2 [50] 10.47 2.6
4-Propylphenol 1.009 [51] 10.34 [7] 10.39 0.5
4-Isopropylphenol 0.99 [51] 10.24 [7] 10.28 0.4
3-Methoxyphenol 1.131 [53] 9.652 [6] 9.41 2.5
3-Ethoxyphenol 1.105 [53] 9.655 [6] 9.73 0.8
1,3-Dihydroxybenzene, pK,; 1.285 [53] 9.44 6] 9.44 0.0
1,4-Dihydroxybenzene, pK,, 1.358 [53] 9.91[6] 9.62 2.9
1,3,5-Trihydroxybenzene, pK,, 1.46 [51] 8.45 [6] 9.29 9.9
3-Nitrophenol 1.4854 [54] 8.36 [15] 7.85 6.1
4-Nitrophenol 1.479 [51] 7.18 [15] 7.83 9.1
3-Fluorophenol 1.238 [51] 9.21[7] 9.30 1.0
3~(Trifluoromethyl)phenol 1.3418 [51] 8.95 [7] 8.92 0.3
3-Chlorophenol 1.268 [53] 9.10 [6] 9.20 1.1
4-Chlorophenol 1.306 [53] 9.43 [6] 9.32 1.2
4-Bromophenol 1.84 [53] 9.34 [6] 9.34 0.0
3-Hydroxybenzoic acid 1.484 [53] 9.85[6] 9.15 7.1
4-Hydroxybenzoic acid 1.482 [53] 9.23 [6] 9.15 0.9
3,4-Dihydroxybenzoic acid 1.542 [53] 8.67 [6] 8.76 1.1
3,4,5-Trihydroxybenzoic acid 1.694 [53] 8.85[6] 8.62 2.5
4-(Acetylamino)phenol 1.293 [51] 9.38 [7] 8.90 5.1
Naphthalen-1-ol 1.224 [53] 9.30 [6] 9.59 3.1
Naphthalen-2-ol 1.217 [53] 9.57[6] 9.56 0.1

constants ¢ are used as descriptors in some QSPR
methods, as well as corrections in quantum-chemical
methods. Gross and Seybold [43] compared pK, values
of 36 anilines, determined by correlation analysis and
calculated by quantum-chemical methods (Hartree—
Fock, GAUSSIANO94, Spartan). The correlation coef-
ficient for the pK,—c dependences were poorer than
those found by MMSLIE and MEPM, calculated by
quantum-chemical methods. Nevertheless, we believe
that practical application of empirical methods, includ-
ing correlation analysis, may occupy leading position
if the amounts of time and resources put therein will be
the same as those consumed by QSPR or GAUSSIAN.

Our empirical method is based on the assumption
that an unambiguous (though nonlinear) dependence
exists between ionization constants of organic com-
pounds and their molecular volumes within a definite
group. A group consists of organic compounds having
a common structural element (elements), e.g., the same
protonation or deprotonation center. Theoretical foun-
dations of the proposed procedure were described in
general in [44]. This procedure was used by us previ-
ously to calculate ionization potentials, polarizabilities
[45], and proton affinities [44] of organic compounds
from their molecular volumes. Relations were found
between thermodynamic parameters of a wide series of
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Table 3. Calculated and experimental pK, values of ortho-substituted phenols in water at 25°C

Compound p, g/em’ pK, (experimental) pK, (calculated) €avs Y0
2-Methylphenol 1.135 [50] 10.33 [50] 10.37 0.4
2,3-Dimethylphenol 1.164 [50] 10.53 [50] 10.79 2.5
2,4-Dimethylphenol 0.965 [53] 10.58 [6] 10.20 3.6
2,5-Dimethylphenol 1.189 [50] 10.4 [50] 10.85 4.4
2,6-Dimethylphenol 1.132 [50] 10.63 [50] 10.71 0.8
2-Ethylphenol 1.0234 [53] 10.2 [6] 10.40 1.9
2-Propylphenol 1.015 [51] 10.47 [7] 10.68 2.0
2-Isopropylphenol 1.012 [51] 10.47 [7] 10.67 1.9
2-Isopropyl-5-methylphenol 0.9257 [53] 10.62 [6] 10.59 0.2
2-tert-Butylphenol 0.9783 [51] 10.28 [7] 10.83 5.4
2,6-Di-tert-butyl-4-methylphenol 1.048 [52] 12.23 [7] 12.72 4.0
2,4,6-Tri-tert-butylphenol 0.864 [51] 12.19 [7] 12.21 0.2
2-Hydroxymethylphenol 1.1613 [53] 9.92[6] 9.56 3.6
2-Methoxyphenol 1.1288 [53] 9.99 [6] 9.48 5.1
2-Methoxy-4-methylphenol 1.095 [51] 10.28 [7] 9.72 5.5
2-Methoxy-4-(prop-1-en-1-yl)phenol 1.08 [51] 9.88 [7] 9.67 2.2
4-Allyl-2-methoxyphenol 1.0664 [51] 10.19 [7] 9.61 5.7
3-Hydroxy-4-methoxybenzaldehyde 1.196 [53] 8.889 [6] 8.48 4.6
4-Hydroxy-3-methoxybenzaldehyde 1.056 [53] 7.396 [6] 8.02 8.4
2-Hydroxybenzaldehyde 1.1674 [53] 8.34 6] 8.90 6.8
2-Ethoxyphenol 1.0903 [53] 10.109 [6] 9.70 4.0
2-Nitrophenol 1.657 [53] 7.222 [6] 7.33 1.4
2,4-Dinitrophenol 1.683 [53] 4.08 [6] 3.96 3.0
2-Butyl-4,6-dinitrophenol 1.265 [51] 4.62 [7] 4.50 2.6
2,4,6-Trinitrophenol 1.763 [53] 0.71 6] 0.72 1.8
4-Chloro-2,6-dinitrophenol 1.74 [53] 2.97 [6] 2.75 7.4
1,2-Dihydroxybenzene, pK,; 1.371 [53] 9.356 [6] 9.60 2.6
1,2,3-Trihydroxybenzene, pK, 1.453 [53] 9.03 [6] 8.94 1.0
2-Fluorophenol 1.12 [51] 8.717] 8.70 0.0
2-Chlorophenol 1.2634 [53] 8.5516] 8.74 2.3
Pentachlorophenol 1.978 [52] 4.7 7] 4.80 2.1
2-Bromophenol 1.4924 [53] 8.452 [6] 8.48 0.4
2,4-Dibromophenol 2.07 [51] 7.79 [7] 7.69 1.2
2,4,6-Tribromophenol 2.55[51] 6.8 [7] 6.84 0.6
2-Phenylphenol 1.213 [51] 9.92[7] 9.70 2.2
2-Aminophenol 1.328 [53] 9.28 [6] 9.07 2.2

organic compounds [46], and pK, values of carboxylic =~ where a and b are empirical coefficients that are con-
[47] and NH acids [48] in different solvents were  stant for a particular group, and

calculated. Nonlinearity of the proposed dependence

is determined by atomic composition of organic 3V =V+ (g — ghX.. (2

molecules:
Here, V is the molecular volume of an organic com-

pK,=adV+b, (1)  pound, g; is the number of ith atoms in its molecule,
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g' is the number of ith atom in the base structural unit
of a group, and X; is the contribution of ith atom to the
molecular volume (its value is constant for compounds
of the same group). For example, the base structural
unit for the phenol group is CsHgO, and for the aniline
group, CsH7N.

The set of experimental ionization constants of
organic compounds in aqueous solutions was collected
as follows. Data from studies aimed at determining
thermodynamic pK, values were preferred. Data from
publications in which the experimental conditions were
not given were excluded; if experimental procedure
did not conform to the IUPAC recommendations, the
corresponding data were also excluded. In addition,
mutual consistency of data given in different publica-
tions was taken into account. As a result, the final set

of experimental pK, values included those reported in
[6,7, 16,27, 49, 50].

The empirical coefficients were determined by
minimization of the sum of squared relative deviations
of pK, values calculated by formula (1) from the corre-
sponding experimental values pK,(exp) for all com-
pounds within a group:

[pK.(exp) — pK.]’
_ . 3
A e @

If the quantity £ has a global minimum, the fol-
lowing conditions should be met, and their number
should be equal to the number of unknown empirical
coefficients:

Table 4. Calculated and experimental pK, values of meta- and para-substituted benzoic acids in water at 25°C

Compound p, g/cm’ pK, (experimental) pK, (calculated) €avs Y0
Benzoic acid 1.291 [53] 4.204 [6] 4.23 0.6
4-Isopropylbenzoic acid 1.163 [53] 4.36 [6] 4.31 1.1
4-Methoxybenzoic acid 1.385[53] 4.25[16] 4.30 1.2
3-Fluorobenzoic acid 1.474 [53] 3.88[16] 4.00 3.0
4-Fluorobenzoic acid 1.479 [53] 4.14 [6] 4.01 3.2
3-Chlorobenzoic acid 1.496 [53] 3.83 [6] 3.95 32
4-Chlorobenzoic acid 1.541 [53] 4.00 [16] 4.06 1.4
3-Bromobenzoic acid 1.845 [53] 3.81[6] 3.85 1.1
4-Bromobenzoic acid 1.894 [53] 3.99 [6] 3.95 1.1
3-Iodobenzoic acid 2.171 [53] 3.86 [6] 391 1.2
4-lodobenzoic acid 2.184 [53] 3.98[16] 3.93 1.3
3-Nitrobenzoic acid 1.494 [53] 3.46 [6] 3.46 0.1
4-Nitrobenzoic acid 1.61[53] 3.44 6] 3.73 8.4
3,4-Dinitrobenzoic acid 1.674 [53] 2.82 [6] 2.76 2.0
4-Chloro-3-nitrobenzoic acid 1.645 [51] 3.29[16] 3.16 4.0
Benzene-1,3-dicarboxylic acid, pK,, 1.507 [53] 3.62[6] 3.68 1.7
Benzene-1,4-dicarboxylic acid, pK,, 1.51 [53] 3.54 [6] 3.69 4.2
3-Hydroxybenzoic acid 1.473 [53] 4.076 [6] 4.29 5.3
4-Hydroxybenzoic acid 1.482 [53] 4.55[16] 431 5.2
3,4-Dihydroxybenzoic acid 1.524 [53] 4.48 7] 4.08 8.9
3.,4,5-Trihydroxybenzoic acid 1.694 [53] 4.21[6] 4.14 1.7
3-Aminobenzoic acid 1.511 [53] 4.74 [16] 4.74 0.1
4-Aminobenzoic acid 1.374 [53] 4.82[16] 4.44 7.9
Naphthalene-1-carboxylic acid 1.398 [53] 3.695 [6] 3.55 4.0
N-Benzoylaminoacetic acid 1.371 [53] 3.65 [6] 3.89 6.6
Phenylacetic acid 1.228 [53] 4.312[6] 4.23 1.8
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Table 5. Calculated and experimental pK, values of ortho-substituted benzoic acids in water at 25°C

Compound p, g/em’ pK, (experimental) pK, (calculated) €avs Y0
2-lodobenzoic acid 2.249 [51] 2.93[7] 2.93 0.0
2-Fluorobenzoic acid 1.46 [53] 3.27[6] 3.27 0.0
2-Bromobenzoic acid 1.929 [51] 2.88 [7] 2.88 0.0
2,5-Dimethylbenzoic acid 1.069 [53] 3.99 [6] 3.97 0.4
Biphenyl-2-carboxylic acid 1.458 [53] 3.46 [6] 3.43 0.8
2,4-Dinitrobenzoic acid 1.672 [53] 1.43 [6] 1.45 1.3
2-Chloro-5-nitrobenzoic acid 1.608 [51] 2.17[7] 2.21 1.6
2-Methoxybenzoic acid 1.18 [53] 4.09 [6] 3.98 2.7
3,6-Dichloro-2-methoxybenzoic acid 1.57 [51] 1.97 [7] 2.02 2.7
Benzene-1,2-dicarboxylic acid, pKy; 1.593 [53] 2.95[6] 3.04 2.9
2-Chlorobenzoic acid 1.544 [53] 2.92 [16] 2.82 3.5
2,3-Dihydroxybenzoic acid 1.542 [51] 291 (7] 2.80 3.8
2-Nitrobenzoic acid 1.575 [53] 2.19[16] 2.28 4.0
2-Hydroxy-5-nitrobenzoic acid 1.65[53] 2.05[16] 1.96 4.4
2-Chloro-3-nitrobenzoic acid 1.662 [51] 2.02 [16] 1.93 4.5
2-Hydroxybenzoic acid 1.443 [53] 2.98 [6] 3.16 6.1

Table 6. Calculated and experimental pKj, values of meta- and para-substituted anilines in water at 25°C

Compound P, g/cm3 pKy (experimental) pKy (calculated) €avs Y0
Aniline 1.0217 [53] 9.42 [6] 9.41 0.1
3-Methylaniline 0.98912 [53] 9.29 [6] 9.19 1.0
4-Methylaniline 0.9619 [53] 8.92 [6] 9.13 2.4
3-Ethylaniline 0.9896 [53] 9.30 [6] 9.04 2.8
4-Ethylaniline 0.9679 [53] 8.95[27] 8.99 0.4
3,5-Dimethylaniline 0.9706 [53] 9.09 [49] 8.99 1.0
3-Methoxyaniline 1.096 [53] 9.80[6] 10.10 3.1
3-Ethoxyaniline 1.032 [53] 9.83 [6] 9.82 0.1
3-Nitroaniline 0.901 [53] 11.5[49] 11.61 0.9
4-Nitroaniline 1.424 [53] 12.98 [49] 12.78 1.5
Methyl 3-aminobenzoate 1.232 [53] 10.36 [27] 10.60 2.3
Benzidine 1.25 [53] 9.30 [6] 9.33 0.4
3-Fluoroaniline 1.158 [53] 10.41 [49] 9.84 5.4
4-Fluoroaniline 1.1725 [53] 9.35[6] 9.87 5.6
3-(Trifluoromethyl)aniline 1.3047 [51] 10.51 [7] 10.48 0.3
3-Chloroaniline 1.2161 [53] 10.48 [6] 10.07 3.9
4-Chloroaniline 1.422 [53] 10.02 [6] 10.39 3.7
3-Bromoaniline 1.5793 [53] 10.49 [6] 10.49 0.0
3-Aminobenzoic acid 1.511 [53] 10.93 [6] 11.12 1.7
4-Aminobenzoic acid 1.374 [53] 11.59 [6] 10.93 5.7
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As molecular volumes we used initially those extra-
polated to infinite dilution in aqueous solution. How-
ever, better correspondence to the experimental data
was achieved with molecular volumes calculated from
the molecular weights and relative densities at 20°C or
25°C and atmospheric pressure [50-54]. The intersec-
tion of the two sets, experimental pK, values [6, 7, 16,
27, 49, 50] and relative densities [50-54], included
249 compounds which were divided into 11 groups by
statistical combinatorial processing.

The division was initially made with respect to the
reaction center. We thus obtained three groups: car-
boxylic acids, phenols, and NH acids. However, such
division did not ensure sufficient agreement with the
experimental data. Therefore, each group was addi-
tionally divided according to structural features. The
calculated empirical coefficients for all isolated groups
of organic compounds are collected in Table 1.

831

The calculated pK,, pKy, and pKgy+ values of com-
pounds belonging to the first six groups (Table 1) are
listed in Tables 2—7 together with the corresponding
experimental values. The remaining 109 calculated
ionization constant of compounds belonging to five
groups are available from the authors.

Using the obtained coefficients (Table 1) we calcu-
lated pK,, pKy, and pKpy+ values (water, 25°) for those
compounds for which experimental data are lacking
[6, 7, 16, 27, 49, 50] from the known molecular
volumes. The results are given in Table 8.

In keeping with the assumed division, some com-
pounds may be classed with different groups. Judging
by the accuracy of calculations with empirical coef-
ficients determined for one or another group we can
conclude which proton in an organic compound is
more labile. This approach was applied in [55], where
the mechanism of protonation of difunctional organic
compounds was studied. The ionization constants of
2-hydroxy-, 2,3-dihydroxy-, and 2-hydroxy-5-nitro-

Table 7. Calculated and experimental pKj, values of ortho-substituted anilines in water at 25°C

Compound P, g/cm3 pKy (experimental) pKy (calculated) €avs Y0
2-Methylaniline 0.99843 [53] 9.61 [27] 9.71 1.0
2-Ethylaniline 0.983 [53] 9.58 [6] 9.53 0.5
2,3-Dimethylaniline 0.9931 [53] 9.316] 9.49 2.0
2,4-Dimethylaniline 0.9723 [53] 9.11 [6] 9.57 5.1
2,5-Dimethylaniline 0.979 [53] 9.47[6] 9.54 0.8
2,6-Dimethylaniline 0.9842 [53] 10.05 [6] 9.52 5.2
2,4,6-Trimethylaniline 0.9633 [53] 9.62 [6] 9.38 2.5
2-Methoxyaniline 1.0923 [53] 9.51[27] 9.57 0.7
2-Ethoxyaniline 1.051 [53] 9.53 [6] 9.45 0.8
Methyl 2-aminobenzoate 1.1682 [53] 11.77 [27] 11.97 1.7
Ethyl 2-aminobenzoate 1.1174 [51] 11.82 [7] 11.87 0.4
2-Nitroaniline 1.442 [53] 14.28 [6] 14.19 0.7
2,4-Dinitroaniline 1.615[51] 18.25[7] 18.90 3.5
2,4,6-Trinitroaniline 1.762 [53] 24.23 [6] 23.56 2.8
2-Fluoroaniline 1.1478 [53] 10.8 [6] 10.80 0.0
2-Chloroaniline 1.21251 [53] 11.36 [6] 11.22 1.2
2,4-Dichloroaniline 1.567 [51] 12.00 [7] 12.08 0.6
2-Bromoaniline 1.578 [53] 11.4[27] 11.11 2.5
2,4-Dibromoaniline 2.26 [51] 11.7 [7] 11.85 1.3
2-Aminophenol 1.328 [51] 9.16 [7] 9.30 1.5
2-Aminobenzoic acid 1.412 [53] 11.89 [27] 11.64 2.1
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Table 8. Calculated ionization constants pK, and pK, of dif-

ferent compounds in water at 25°C

ZEVATSKII, LYSOVA

Compound p, g/em’ | pK, (calcd.)
meta- and para-Substituted phenols
3-Butylphenol 0.974 [53] 10.55
4-Butylphenol 0.978 [53] 10.58
4-s-Butylphenol 0.969 [53] 10.52
ortho-Substituted phenols

4-tert-Butyl-2,6-dimethyl- 0.959 [53] 11.32

phenol
1,3-Dihydroxy-2,4,6-trinitro- 0.12

benzene 1.829 [53]
5-Isopropyl-2-methylphenol | 0.9772 [53] 10.83
2-Butylphenol 0.975 [53] 10.82
Phenyl 2-hydroxybenzoate 1.2614 [53] 7.88
2-Chloro-3,4-dimethylphenol | 1.5538 [53] 10.15
Butyl 2-hydroxybenzoate 1.0728 [53] 9.07

ortho-Substituted benzoic acids
3-Chloro-2-nitrobenzoic acid | 1.566 [53] 2.43
5-Chloro-2-nitrobenzoic acid | 1.593 [53] 2.29
Unsaturated aliphatic carboxylic acids

Hex-2-enoic acid 0.965 [53] 4.84
12-Hydroxyoctadec-9-enoic 0.945 [53] 7.14

acid®
Octadeca-9,12-dienoic acid® | 0.9022 [53] 4.40

ortho-Substituted anilines
2,3.4,6-Tetramethylaniline® 0.978 [51] 9.09
2-Bromo-4-methylaniline 1.51 [51] 10.88
2-Bromo-5-methylaniline 1.47 [51] 10.98
2,4,6-Tribromoaniline 2.35[51] 13.44
2-Methyl-3-nitroaniline 1.378 [51] 13.97
2-Propylaniline 0.9602 [51] 9.40
meta- and para-Substituted anilines

Ethyl 3-aminobenzoate | L7151 | 1036

* Compounds for which pK, (pKy) values are given arbitrarily, for
the concentration of their saturated solutions in water at the given
temperature is insufficient to determine these values using tradi-
tional experimental techniques.

benzoic acids were calculated only with the use of
the coefficients for ortho- substituted benzoic acids
(Table 5), while the results of calculations with the
coefficients determined for phenols were poor; the
reason is that the carboxy group is more acidic than
phenolic hydroxy group. Likewise, the ionization con-

stant of 2-aminobenzoic acid was calculated with the
coefficients for ortho-substituted anilines (Table 7).
Presumably, intramolecular protonation makes protons
at the quaternary nitrogen atom more acidic. In fact,
the ionization constants of 3- and 4-aminobenzoic
acids, calculated with the coefficients for benzoic acids
(Table 4) and for meta- and para-substituted anilines
(Table 6) are approximately similar. The ionization
constant of 2-aminophenol, calculated with the coef-
ficients for ortho-substituted anilines (Table 7), was
better consistent with the experimental value than
that calculated using the phenol group coefficients
(Table 3). This fact can also be rationalized in terms of
higher acidity of protons at a quaternary nitrogen atom,
as compared to hydroxy proton involved in five-mem-
bered H-chelate ring. The ionization constants of 3-hy-
droxy-, 4-hydroxy-, 3,4-dihydroxy-, and 3.,4,5-trihy-
droxybenzoic acids were calculated according to the
equations found for both phenols (Table 2) and benzoic
acids (Table 4). Larger errors were obtained for 4-hy-
droxy- and 3,4-dihydroxybenzoic acids, and lower er-
rors, for 3-hydroxy- and 3.4,5-trihydroxybenzoic acids.
These data somewhat contradict the above explana-
tions, but the difference in the deviations in both direc-
tions was lower than the average error of the calcula-
tions for all compounds.

The maximal differences between the calculated
and experimental ionization constants were observed
for the following compounds: 4-hydroxy-3-methoxy-
benzaldehyde (ortho-substituted phenols), 1,3,5-trihy-
droxybenzene (other phenols), 2-hydroxybenzoic acid
(ortho-substituted benzoic acids), 3,4-dihydroxyben-
zoic acid (other benzoic acids), (2RS,3RS)-2,3-dihy-
droxybutanedioic acid (aliphatic carboxylic acids),
propane-1,2-diamine (amines and amino alcohols),
4-vinylpyridine (pyridine derivatives), 2,4- and 2,6-di-
methylaniline (ortho-substituted anilines), and
4-aminobenzoic acid (other anilines). The calculations
revealed that the empirical coefficients are convergent,
i.e., the maximal and average deviations within partic-
ular groups decrease as the number of values increases.
Therefore, extension of the set of experimental ioniza-
tion constants of organic compounds should lead to
refinement of the empirical coefficients; furthermore,
the maximal difference between the calculated and ex-
perimental values would be observed for other com-
pounds in a group.

Analysis of our results shows that equation (1) is
applicable for the calculation of ionization constants of
various organic compounds in water. The empirical

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 45 No. 6 2009



EMPIRICAL PROCEDURE FOR THE CALCULATION OF IONIZATION CONSTANTS

coefficients for three groups of organic compounds,
ortho-substituted benzoic acids, ortho-substituted ani-
lines, and pyridines (Table 1), differ appreciably from
those found for the other groups.
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