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A new method to quantify the substituent effect, called “3D correlation analysis” (3D-CAN), is presented.
This approach employs an atomic level of consideration of substituent effects and is developed on the basis
of empirical inductive and steric constants. However, unlike traditional correlation analysis, 3D-CAN takes
into account the three-dimensional structure of substituents. Extensive datasets of experimental dissociation
constants for a broad range of carboxylic acids and protonated amines (including a number of polypeptides)
have been accurately reproduced in the framework of the developed novel technique. New formulas allowing
calculation of pKa values for 826 carboxylic acids and 802 protonated amines have been established, and the
possibility of interpretation of the physical nature of the substituent effects within the framework of 3D-CAN
is presented in the present paper. This validates the methodology as a powerful technique broadly applicable
to general reaction phenomena.

Introduction

Modeling and predicting dissociation constants of organic
compounds has a long history.1-3 Kirkwood and Westheimer1

introduced one of the earliest methods in 1938 based on
electrostatic theory. Shortly thereafter, the Hammet equation2

was employed successfully for aromatic systems where exten-
sive resonance is present. Aliphatic systems were later treated
with the Taft3 equation in the 1950s. However, the 1990s saw
new emphasis on the need to model the problem from two
sources: environmental regulation and the pharmaceutical
industry. Under the U.S. Toxic Substances Control Act, every
new chemical manufactured or used in the USA must undergo
an environmental assessment. Knowledge of the pKa or pKb of
an organic molecule can define the degree of soil/sediment
absorption, mobility, reaction kinetics, and complexation. The
brutal economics of pharmaceutical mass screening demands
that compounds “Fail early. Fail cheaply”4 with one of the key
determinants in failing being poor oral absorption. As in the
body as in the earth, pKa is a key determinant of fate, as can be
seen in the prominence of pKa or pKa dependent factors on oral
bioavailability modeling.5,6

With the motive pressing, a variety of pKa estimation studies
have been done over the past decade. These include quantum
based approaches, semiempirical based methods, and two
chemoinformatic based approaches. A study done by da Silva
et al.7 at the 6-31G**/HF theory level and a second study by
Citra8 using a semiempirical approach demonstated pKa can be
accurately modeled from first principles. In the da Silva et al.
study,7 the pKa values of seven compounds were predicted to
within a single pKa unit. Results from Citra8 were likewise
admirable. However, there is a large CPU-demand associated
with such techniques, and for those who deal with even modest
databases of hundreds of compounds in environmental assess-
ment or in pharmaceutical reasearch, this is too slow to consider.
By necessity, such researchers must turn to methods requiring
magnitudes less CPU time. One example is the SPARC

(SPARC: Performs Automated Reasoning in Chemistry) pro-
gram developed by the U.S. Environmental Protection Agency.9

The method requires only 2D structure input and can process
hundreds of compounds in a minute. The initial study they
presented modeled the pKa values for 214 redundant dye
molecules with a rms error of less than 0.62 pKa units. A second
method was developed by Tsantili-Kakoulidou et al.10 and is
the basis of a commercial program. More recently, Xing and
Glen11 presented a novel 2D fingerprint method. This method
was trained over 384 bases and 645 acids with a model
Pearson’sR2 > 0.92 in both cases. Both of these methods
perform well and perform quickly but are more empirical fits
than a physical method.

Cherkasov et al.12 presented a general method for estimation
of reaction phenomena and applied it at the time to model
ionization potentials and gas-phase basicity. The present article
extends this treatment to pKa and pKb in general. The theoretical
foundation of our present method arises from correlation analysis
and the Taft equation.3 Correlation analysis is one of the most
popular and reliable quantitative methods of estimation of
practical quantitative structure-activity relationships (QSAR).
Empirical correlations evaluating polar (inductive and resonance)
and steric substituent effects are based on the principles of
linearity of free energy (LFER) and polylinearity (PL) which
make it possible to perform mathematical formalization of the
relationship between structure and activity.3,13

Quantitative description of the polar influence of substituents
first became possible within the framework of the approach
developed by Hammett on the basis of the dissociation constants
of substituted benzoicacids.2 The difference between the loga-
rithms of the dissociationK constant of substituted benzoic acid
and the correspondingK° value of the unsubstituted standard
compound has been expressed by the empirical equation

in which two new quantities have been introduced:σ is the
universal constant specific for a substituent in the benzene ring,
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andF is the reaction series constant reflecting the sensitivity of
the reaction center to variation of substituent influence.

Later, the Hammett equation was modified many times, but
the vast majority of these modifications referred to the chemistry
of aromatic compounds.14 For a series of aliphatic compounds,
the Hammett relation, as a rule, did not hold. Taft3 suggested
that in this case the steric substituent effects are significant and
should be separated as

where σ* is a substituent constant depending only on its
inductive influence, andEs is the substituent constant reflecting
its steric effect. Taft’s inductive and steric constants are among
the most reliable and widespread substituent parameters. At
present, a large number of polar and steric substituent constants
for hundreds of diverse substituents have been determined; these
constants form dozens of scales, which are extensively used
for analysis of molecular reactivity, bioactivity, physicochemical
properties, and reaction mechanisms studies.3,15-19

In general, the nature of the steric effect is readily understood.
An increasing of the bulk of the substituents leads to mechanical
shielding of the reaction center from an attacking reagent (steric
hindrance of motions), to an increase of steric repulsion in the
reaction’s transition state (steric strain), or to steric inhibition
of solvation.20 Thus, the methods of calculation of substituents’
steric constants usually operate by different descriptors of
effective atomic, group, or molecular sizes.20

In regard to the nature of the inductive effect, there is no
unanimous opinion. There is still no strict mathematical descrip-
tion of the inductive influence, although this is generally reduced
to the classic view that electron density distributes from the
atom with a lower electronegativity to the atom with a higher
electronegativity. Two possible mechanisms for transmission
of this effect are discussed in the literature, both having their
pros and cons, their adherents and opponents.

The first one, described long ago by Lewis, suggests that the
influence is transmitted along the bonds by their consecutive
polarization, that is, by a mechanism similar to the electrostatic
induction.2,21

An alternative mechanism of the transfer of the inductive
effect, proposed for the first time by Ingold,21 involves interac-
tion of functional groups through the space. This induction
mechanism, called later the “field effect” (and which has been
given the preference in recent years), is purely electrostatic and
occurs via ion-ion, ion-dipole, and dipole-dipole interactions,
the intensity of which is described by various functions of the
distancer-n (n ) 1-4).17,22-25

Numerous attempts of theoretical calculation of the inductive
substituent constant have been historically addressed to elec-
trostatic methods of theoretical evaluation of aqueous acidity.
According to the popular Bjerrum-Kirkwood-Westheimer
electrostatic theory, the energy of interaction of the anion
resulting from the dissociation of an acid containing a polar
substituent, with the substituent dipoleµ, is expressed by the
following equation:26,27

whereK andK° are the dissociation constants for the substituted
and unsubstituted acids, respectively,Z1 is the charge on the
reaction center,r is the distance from the substituent to the
reaction center (usually it is an ionizable hydrogen atom),θ is

the angle between theµ and r vectors, ε0 is the standard
permittivity of the medium, andεeff is the empirically selected
effective dielectric permittivity.

Advances in CPU power opened the way for Poisson-
Boltzmann (PB) based approaches quantifying the variation of
the electrostatic potentialφ(r) through space due to a system
of point charges embedded in a continuum electrolyte.26-33

The PB calculations have been successfully used for the
reinvestigation of pK shifts in small polysubstituted molecules
(diamines, dicarboxylic acids).34,35It should, however, be noticed
that the progress of electrostatic continuum models as yet did
not implicate new developments in the methodologies of field
effect and correlation analysis, which have been originated by
survey of ionization constants. On the other hand, known
attempts to relate inductive constants directly to atomic charges,
accurately calculated by methods of quantum chemistry, did
not achieve any general success either.22,24,36-40 Thus, the
methodology of correlation analysis still remained in the
framework of the traditional 2D fragmental approach considering
a molecule to be consisted of three virtual partssan active site,
a changing remote substituent, and a connecting skeleton. The
empirically established correlations between the detected active
site’s quantities and the corresponding substituent inductive,
steric, and resonance constants are still used for quantification
of the substituent effect on the basis of linear relationships,
which are often considered to be extrathermodynamic correla-
tions, lacking any physical meaning.14

Results and Discussion

Mathematical Apparatus of 3D Correlation Analysis.
Quantification of the InductiVe Effect.In the framework of our
previous studies we have estimated the quantitative relationships
between inductive and steric constants of a substituent, its group
electronegativity, and its partial charge distribution. In this work
our previous results have been developed into a nonfragmental
method of correlation analysis, which allows the consideration
of the real three-dimensional structure of substituents. The
estimated relationships have also been used for interpretation
of the nature of the inductive effect and clarification of the
physical meaning of some extrathermodynamic correlations.

As has been found,18,39,40the inductive effect of a substituent
can be determined by the sum of the inductive influences of its
atoms:

whereσ * is Taft’s inductive constant of the substituent;n is
the number of atoms in the substituent; andri is the distance
from i-th atom to the reaction center. The introduced empirical
parameterσA determines the capability of thei-th atom of
exerting the inductive effect depending on the chemical nature
of the element and on its valence state.

This semiempirical approach made it possible to describe with
a high degree of accuracy the inductive constants of virtually
all substituents for which theσ* constants are available.

On the other hand, the estimated form of eq 2 obviously
reflects the electrostatic nature of inductive interactions by
underlining the importance of direct intramolecular distances.
However, it not necessarily, as one would think, means that
the inductive effect may be solely related to the energy of
Coulomb electrostatic interactions. In our opinion, the transmis-
sion of inductive influence “along bonds” and “through space”

∆∆G ) F∑
i

σ* + δ∑
i

Es

log
K
K° ) 1

4πε0εeff

Z1eµ cosθ

2.303kTr2
(1)

σ* ) ∑
i)1

n σAi
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2
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should not be considered as alternative mechanisms. It would
be more worthwhile to imagine the united mechanism of
inductive effect transmission as follows. Due to atomic elec-
tronegativity differences (driving force), the redistribution of
electron density is occurringalong bonds, but only to such a
degree in which the arising charges can be effectively stabilized
(already through space) by Coulomb interactions. On the
simplest level, such a situation may be compared with an electric
capacitor, where less distance between plates also leads to a
more charge. However, in this case nobody says the charge is
transferred through space.

It has been found for a broad range of elements that theirσA

constants correlate with the difference in electronegativity
between a given element and the reaction center,∆øi-RC,
reflecting the driving force for the electron density displacement,
and with the square of the covalent radius of the element,
Ri, reflecting the ability to delocalize the charge (σA )
7.84∆øi-RCRi

2).21 Thus, Taft’sσ* constant can be presented by
the following equation:40

which allows direct calculation of the inductive constant of any
substituent at any reaction center from the fundamental char-
acteristics of atoms. Later, the estimated eq 3 became a basis
for elaboration of a wide range of other so-called “inductive”
reactivity indexes, such as inductive electronegativity and
inductive chemical hardness-softness parameters for atoms,
groups, and molecules.41-43 One of the most important develop-
ments was the elaboration of the procedure of calculation of
the partial charges’ distribution:

whereN is overall number of atoms in the molecule,qi is the
charge on the atomi, R is the scaling constant,Rj andRi are
the atomic radii for atomsj and i, respectively, andøi and øj

are the electronegativity of atomsj and i, respectively.43

If we consider the estimated formula for the inductive constant
in the context of electrostatic approaches, then the empirical
atomic parameterσA, in a way, should have some relation to
the local atomic dipole, while the function 1/r2 represents the
electrostatic interactions. But the operationalσA parameter is
the constant for a defined type of atom, depending only on its
nature and a valent state, and the background of eq 3 appears
to be different.

In the approximation “reaction center- the rest of the
molecule”, when allN - 1 atoms of the molecule are considered
as one sub-substituent, the overall inductive influence of the
reaction center RC

(whereN is the number of atoms in the molecule, andRi and
Rrc are the atomic radii of a specific atom and of the reaction
center), will then be proportional to the sum of the partial
charges of the atoms of the rest of the molecule and, thus, the
to charge of the reaction center (RC):

Here σi
/ is the inductive influence on thei-th atom from the

rest of the molecule, including the RD:

which under summarizing over

can be reduced to eq 4:

In the more traditional approximation “reaction center (RC)-
skeleton- substituent (R)”, the form of the equation will remain
virtually the same

where the unchanged part of molecules of the reaction series
gives the constant termσskel

/ of eq 5 while the inductive effect
of the n-atomic substituent on the reaction centerσRfRC

/

remains proportional to the charge of the substituent.
The estimated relationships underline a general similarity

between the influence of substituents on the free energy change
and that on the electron density distribution of the molecule. It
should also be stressed that the idea that the inductive constant
can be directly related to the partial charge has been repeatedly
pronounced22,36-38(although it has also been pointed out that
such relations should be considered merely as empirical,
unjustified by physical laws).24

Thus, if we present the energy in the traditional way,σF,
whenσ is identified with partial charges

then the assumption of the merely electrostatic nature of∆G
implies that theF parameter should also be a function of
intermolecular distances.

In articles that followed the publication of our method of
calculation of inductive constants,24,25,44authors have statistically
testedF reaction series constants in a similar manner to that
with which we have previously examinedσ values. TheF
constants for various ionization equilibriums have also been
estimated as functions of 1/r2 and 1/n2, wherer represents the
direct distance between the substituent and the reaction site and
n is the number of bonds between them (which generally should
be well proportional tor). It should be emphasized that theµ

σ* ) 7.84∑
i)1
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2
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2
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2
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and cosθ parameters have been neglected in these studies (in
contrast to numerous similar, but less successful, previous
attempts). We could assume, however, that the accuracy of the
corresponding procedure may be improved by using some
function of averaged distances from the reaction site to all atoms
of substituentsf(1/r), rather than just 1/r2.

Indeed, if we identify the inductive constant of a substituent
with the sum of the partial charges on its atoms, then theFσ
expression for free energy change may have the form

(whereqi itself depends on the distance to the reaction center,
r is the distance from the reaction center, andε(r) is the distance
dependent permittivity function). However, it should be clearly
distinguished that the parameter of the averaged distance is
included in eq 6 as the constant, which does not change its
proportionality to the 1/r2 factor. When varying substituents are
insulated from the indicating group (RC) by the bulk skeleton,
the distances from the RC to substituent atoms will not
significantly deviate from their mean value and, approximately,
eq 6 should hold.

Thus, the electrostatic change of free energy may be ap-
proximated by the sum of the averaged energies of atomic
Coulomb interactions. In the presented eq 6 we have used the
distance dependent form of the effective dielectric media
permittivity ε(r), as is required by the Laplace equation.45 Thus,
the general form of the Coulomb equation, containing the
distance dependent parameterε(r)

makes the analysis ofF in terms of intramolecular distances
even less obvious, especially considering the relativity of
identification of different parts of a molecule as its reaction
center, skeleton, and substituent(s).

It remains unclear, though, whether the applicability of the
inductive constants can be validated in a similar formal way
for other reaction series where the free energy change may be
controlled by other than electrostatic factors. The investigation
of possible relations between theσ* constants and the molecular
electronic density distribution and integration of the elaborated
approaches with advanced PB methods are underway.

Quantification of the Steric Effect. The practical application
of eq 2 allowed application of multiple linear regression (MLR)
to interpret a variety of gas phases containing up to several
hundred entries: ionization potentials and electron affinities of
C-, N-, O-, and S-centered free radicals,46,47 and ionization
energies and gas basicities of organic amines have been
successfully quantified in terms of inductive interactions.12 In
a similar way, the substituent effect of the energies of CH bonds
in a wide series of substituted carbohydrogens has also been
described.48 However, the broader application of the developed
MLR technique (not restricted by the gas-phase data, mainly
controlled by field effects) requires additional consideration of
steric and resonance effects.

This problem can be solved by using a previously suggested
model of the frontier steric effect, which assumes the frontal
character of steric interactions33,49 and specifies the steric
constantRs as the specific surface, screened on the reaction
center by all atoms of the substituent:

wheren is the number of atoms in the substituent,Ri is the
radius of thei-th atom, andri is the direct distance between the
i-th atom and the reaction center. The normalizing coefficient
30 was introduced for transformation ofRs values to the scale
of steric Taft constants. The calculatedRs substituent parameters
correlate well with the steric empirical scalesEs, Es°, andVx

for all the possible ranges of changes of the steric effect.
Resonance Contributions. The presented models allow

quantification of only steric and inductive effects, and resonance
effects cannot be directly accounted for. However, our previous
investigations show that the additive model for the inductive
effect describes fairly well substituent effects in conjugated
systems though some of them can be treated as exceptional due
to strong direct polar conjugation or saturation effects.14

General Consideration of the Substituent Effect.The fact
that both the steric and inductive effects of substituents have
been established as functions of the inverse square of the
distance between the reaction center and the substituent atom
can be used in the following manner. It is known that if the
argumentx is small enough, then the function lg(1- x) is
linearly related tox. Consequently, eq 7 can be transformed
into a simpler one for theR′s steric parameter:

At the same time, according to the LFER principle, inductive
and steric effects normally do not interfere and are used as
independent contributions to the two-parameter Taft equation
(eq 1).

Therefore, when in the system “reaction center (RC)- the
rest of the molecule”, inductive and steric effects on the RC
are explored in terms of distance dependent atomic contributions.
Formulas 2 and 8 and eq 1 can be written as

whereN is the number of atoms in the molecule,rRC-i is the
distance between atomi and the reaction center (RC), andgi is
the ability of an atom of a certain type to contribute to the overall
∆∆G ) ∆G - ∆G° value.

This approximation enables us to check if there existsgi

parameter for a given atom. If these exist, the next question is
to analyze the possible physical meaning. The formalism of the
proposed technique suggests that each atom, common for all
molecules of a reaction series, can be explored as a hypothetical
reaction center (RC). In this case, for every single compound
of a series, all itsN - 1 atoms, except the RC, can be taken as
one sub-substituent, which can be treated by eq 9. It should
also be highlighted that the elaborated procedure of 3D
correlation analysis allows consideration of any free energy
related quantities∆G without a priori specification of the
standard value∆G°, which in this case can be statistically
established as the intercept of the regression

∆∆G ) ∆G - ∆G° ) F∑σ* ≈ ( qRC
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qi (6)

∆G ) ∑
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The procedure of 3D correlation analysis consists of three
simple consecutive steps:

1. Input.Structural files for the optimized geometries of the
molecules of the reaction series should be prepared, where each
atom is specified with its number and three spatial coordinates.
The atomic types, for which operational parametersg in eq 9
will be estimated, should also be specified in accordance with
the atom’s nature and valent state. The ionization state and spe-
cific molecular environment of atoms may be taken into con-
sideration by the introduction of the corresponding atomic types.
If a reaction series containsM molecules, then the input ofM
structural files should be prepared. For each moleculej, its atom
reaction center (RCj) needs to be specified by placing the
corresponding atomic number into the [RC1.RCj RCM] vector.

2. R Matrix. The next step of the procedure is composition
of the R matrix containing sums of the∑k(1/r2

RC-mk) terms,
related to certain types of atoms. When there areK atomic types
presented in molecules of the reaction series, the [M × K] R
matrix is formed by the developed RMA routine. For each
structural file the program sorts the atoms according to specified
atomic types and calculates the sums∑k(1/r2

RC-mk), wherer is
the direct distance between atoms ofm-type in moleculej and
the atom reaction center andk is the number of atoms of type
m in the moleculej:

In the absence of atom(s) ofm-type in the moleculen, the
corresponding matrix element is set equal to 0.

3.PLS Analysis.The final step in this procedure is estimation
of whether the∆G dataset can be treated as a set of dependent
parameters of multilparameter regression with an intercept equal
to ∆G°. When the experimental parameters of free energy
changes are taken as the vector∆G

eq 10 can be written in matrix notation as the following:

whereg is the solution vector

containing K values of operational atomic parametersgi,
corresponding to all atomic types specified.

When M > K (i.e. the number of molecules in a reaction
series is greater than the number of atomic types presented),
the system is consistent andRg ) ∆G can be solved.

An approximate solution of eq 10 can be achieved by multi-
parameter regression (MLR), when the columns of theR matrix
are considered as sets of independent variables and set∆G values
are considered as dependent parameters. If such a regression can
be estimated with high accuracy, its linear coefficients can be
taken as the operational atomicgi parameters, corresponding to
defined types of atoms. They can be readily used for simple
estimations of unknown∆G parameters for similar molecular sy-
stems, composed by atoms with empirically determinedgi values.

The elaborated approach should work for any reaction series
which in principle can be quantitatively described by inductive
and steric constants, since theσ* and R′s parameters calculated
by eqs 2 and 8 are in excellent agreement with the literature
data. However, the developed technique not only brings 3D
formalism into correlation analysis but also may entirely
transform its methodology from old-fashioned rummaging for
published substituent constants to suitably fitting one’s experi-
mental data into a regression, making the method a modern and
powerful iterative computational technique. In the present work,
we have applied such a technique for quantification of the
“classic” reaction series of dissociation of carboxylic acids and
protonated aliphatic amines. By addressing the very basis of
the traditional correlation analysis, we intend to demonstrate
the practical application, possibilities, and advances of the new
3D methodology.

Use of the 3D-CAN Approach for Quantification of
Dissociation Constants of Molecules Containing a Carboxylic
Group. Values of ionization constants for 827 various carboxy-
lic acids (including small polypeptides), taken from ref 50, have
been extrapolated to 25°C and zero ionic strength according
to ref 51.

The structures of acid molecules have been optimized within
the MM+ routine of theHyperchemsoftware package, allowing
simple estimation of the standard geometries in the gas phase.
After we have assumed ionizable oxygen as the reaction center,
we have composed a [827× 21] R matrix for 827 compounds
containing 21 types of substituent atoms. The following atomic
typessH, C sp3, C sp2, C sp, Caromatic, N sp3, N sp (CN group),
O sp2, O sp3, F, Cl, Br, I, S sp3, S4 (from-SO2-) Si, Se, N+,
O-, and N+ sp2shave been specified. The nitro group in nitro-
substituted compounds has been considered as a subatomic unit,
and the correspondingr parameters have been taken as the
distances between the reaction center and the nitrogen of the
NO2. Ionized carboxylic groups have been considered as having
a full negative charge on one of oxygen atoms, while the other
is in the O sp2 configuration.

The procedure of composition of theR matrix has been
performed by a MATLAB routine, which imports atomic types
and coordinates from theHyperchemstructural file, arranges
atoms according to the types specified, and calculates intramo-
lecular distances. After atoms/reaction centers have been
indicated for all molecules of a reaction series, the routine has
composed the correspondingR matrix. The columns of such a
[827× 21] matrix of the reaction series have been taken as the
sets of independent variables, and the corresponding thermo-
dynamic pK values have been considered as dependent param-
eters of the polynomial equation
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where δi
a is the introduced atomic operational parameter,

reflecting the ability of atoms of one type to contribute to the
pK value of an N atomic carboxylic acid RCOOH where R
represents the molecular environment of the carboxylic group.
A multilinear regression has then been established with high
accuracy (constant) 4.84( 0.12;N ) 827;R2(mult) ) 0.941;
S ) 0.1035). The interrelation between estimated and experi-
mental pK values is presented graphically in Figure 1. The esti-
mated results demonstrate that the suggested approach allows
for accurate quantitative interpretation dissociation constants of
a wide range of various carboxylic acids. The values of the esti-
mated atomic operational contributions in eq 11 can be used for
an accurate enough prediction of unknown pK values of mol-
ecules, constituted from the atom types presented in Table 1.

Quantitative Assessment of pK Values of Amines.It is a
matter of common knowledge that the basicity of amines can
be interpreted in terms of polar substituent constants. Numerous

authors have proposed different LFER equations describing a
limited series of basicity data for primary, secondary, and tertiary
amines.51

We have not separated experimental data into several reaction
series and have considered a dataset of 802 pK values for various
amines in which ionizing nitrogen was not engaged in conjuga-
tion interactions.

The structures of organic amines have been optimized within
the MM+ routine of theHyperchemsoftware package, allowing
simple estimation of the standard geometries in the gas phase.
After we have assumed ionizable nitrogen as the reaction center,
a [802× 19] R matrix for 802 compounds containing 19 types
of substituent atoms has been composed. The following atomic
typessH, C sp3, C sp2, C sp, Caromatic, N sp3, N sp2, N sp (CN
group), O sp2, O sp3, F, Cl, Br, I, S, Si, N+, O-, and N+ sp2s
have been specified. Ionized carboxylic groups have been
considered as having a full negative charge on one of the
oxygens, while the other is in the O sp2 configuration.

The columns of the [802× 19] R matrix have been taken as
the sets of independent variables. The values of pK taken from
ref 45 have been extrapolated to 25°C and zero ionic strength
according to ref 44. When experimental details were insufficient,
the corresponding pK values were accepted as given (which in
some cases might lead to uncertainties up to 0.1 pK units). Then,
the corrected pKa parameters were considered as dependent
parameters of the polynomial equation

whereN is the number of atoms in the amine andδi
b is the

introduced atomic operational parameter reflecting the ability
of atoms of one type to contribute to the amine’s pKa. A
multilinear regression (eq 12) has been established with high
accuracy (constant) 9.12( 0.19;N ) 802;R2(mult) ) 0.933;
S) 0.1819) which allows the usage of the estimated operational
atomic parameters for amine basicity predictions:

The estimated pKa values of the amines are presented in Table
2 along with the corresponding experimental data. The opera-
tional atomic parametersδi

b for the 19 atomic types used, taken
as the multiple coefficients of eq 13, are collected in Table 1.
Interrelation between estimated and experimental pK values is
presented graphically in Figure 2.

Thus, the suggested approach allows for accurate quantitative
interpretation of basicity data of a wide range of primary,
secondary, and ternary amines. The values of the estimated
atomic operational contributions in eq 13 can hence be used
for prediction of unknown pK values for amines, constituted
from the atom types presented in Table 2. The large uncertainties
in the operational parametersδi

b estimated for O sp2, F, and I
are due to the lack of data (column elements of theR matrix)
for these atoms, which leads to significant statistical deviations.
A reviewer has noted that this protocol predicts dissociation
well but fails to accurately predict operational parameters as
accurately. The specific cases where the fit is poor are due to
lack of data. That these are poorly fitted is unsurprising, as is
the fact that they have little impact on the overall fit of the
dissociations, since they are not well represented in the
population of the training set.

Figure 1. Experimental vs estimated pK values of acids.

TABLE 1. Operational Atomic Constants δi
a
est and δi

b
est,

Estimated from pK Parameters of Carboxylic Acids and
Protonated Amines, Respectively, the Corresponding Values,
Predicted by Correlations 12 and 11, and Parameters of
Atomic “Inductive” Electronegativities and Radii, Used in
These Correlations

ø R δi
a
est ( δi

a
calc δi

b
est ( δi

b
calc

H 2.10 0.30 0.95 0.17 0.15 0.76 0.06 0.22
C4 2.10 0.77 0.48 0.24 0.99 0.08 0.04 1.48
C3 2.25 0.67 0.56 0.20-0.23 -2.54 0.27 -1.05
C2 2.65 0.60 -5.07 1.25 -4.88 -8.66 0.45 -11.26
C ar 2.45 0.67 -0.45 0.11 -1.56 -2.46 0.11 -4.01
N3 2.56 0.70 -3.34 0.33 -2.45 -5.15 0.26 -6.03
N1 6.76 0.55 -18.24 2.55 -19.95 -42.00 1.34 -44.56
O2 3.05 0.66 -5.61 0.25 -5.28 -9.54 0.24 -12.22
F 3.93 0.64 -2.88 0.28 -8.32 0.46
Cl 3.09 0.99 -12.59 0.55 -12.44 -23.77 0.31 -28.75
Br 2.96 1.14 -14.60 0.83 -14.05 -36.59 0.64 -32.70
I 2.80 1.33 -8.90 1.88 -16.52 4.67
S2 2.69 1.04 -6.19 0.50 -7.45 -14.85 4.30 -17.82
Si 2.06 1.11 2.86 1.49 2.77 1.36 0.84 4.65
N+ 4.33 0.70 -20.33 0.42 -15.04 -41.29 0.72 -33.91
O- 1.85 0.70 28.61 0.60 9.44 0.46 5.19
N2 2.05 3.47
N2+ -16.71 2.02 -13.28 -30.67 16.33
O1 4.60 0.62 -6.25 0.32-13.30 -9.82 0.71
S6 -3.64 1.36
Se 2.54 1.17 -16.30 3.69
nitro -9.02 2.04

pK(R3N) ) ∑
i

N-1δi
b

ri
2

+ constant (12)

pK(R3N) ) 9.12+ ∑
i

N-1δi
b

ri
2

(13)
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Deviations from the General Trend. It should be stressed
that the accuracy of most of the experimental points used in
the analysis is not very high, which may significantly contribute
to prediction errors. On the other hand, together with numerous
merits of the elaborated 3D approach, it possesses some
drawbacks, which may lead to deviation of certain points from
the general prediction trend.

Thus, the pK values of amines 18, 19, 48, and 133 from Table
2 and carboxylic acids 241, 267, and 269 from Table 3,
containing halogen atoms, have been established with lower
accuracy due to the presence of a nonadditive saturation effect.
Rather strong resonance interactions also cannot be taken into
account comprehensively by the method, which probably caused
deviations for amines 622 and 623, containing several phenyl
fragments (Table 2). The predicted pK values of cyclic
compounds 703-709 from Table 2 generally disagree with the
corresponding experimental values, perhaps due to additional
interaction of oxygen and nitrogen atoms in the cyclic structure;

however, they may probably be corrected if we specify new
atomic types for these atoms. The presence of a strong ortho
effect in amino derivatives 125 and 127 also caused the deviation
of the corresponding calculated pK parameters. Rather signifi-
cant (about 1 pK unit) overestimation of the dissociation
constants of carboxylic acids 21, 49, 51, 53, and 128 compared
to the corresponding experimental values may be attributed to
the presence of intramolecular hydrogen bonding. Therefore,
the mentioned deviations illustrate that the developed approach
correctly describes merely inductive (and possibly steric)
interactions and any extra effects can be readily identified.

On the other hand, the accuracy of the described procedure
depends on the conformations of the molecules of the series,
and therefore, more detailed geometry optimization is required
to achieve higher accuracy of the correlation procedure. At the
same time, if the failure of some points from dependence is
caused by the geometry of the corresponding compounds but
regression (eq 10) is well established on the basis of extensive
experimental data, then this general experimental trend may
guide further geometry optimization of deviating members.
Similarly, a “solid” regression (eq 10) may help to establish a
correct order of ionization of competing groups in polyfunctional
systems, which perhaps was not always the case for the present
study and has caused some random deviations.

Physical Meaning of the Operational Atomic Contribu-
tions. When exploring the∆G dependent characteristics of
molecules of a reaction series by eq 10, the physical meaning
of the corresponding atomicg parameters remains unclear and

TABLE 2. Specific Outliers from the Basic Amine Dataset

tag formula pKb(true) pKb(calc) residual

18 Cl3CC2H4NH2 5.40 3.80 1.60
19 F3CC2H4NH2 5.70 7.57 -1.87
48 Cl3CC3H6NH2 9.78 8.39 1.39
133 F5C6CH2NH2 7.67 6.59 1.08
622 H5C2OC(O)C(C6H5)2C2H4(H3C)2N 9.72 8.56 1.15
623 H5C2OC(O)C(C6H5)2CH2CH-

(CH3)(H3C)2N
9.97 8.69 1.27

703 7.67 8.67 -1.00

704 6.95 7.99 -1.04

705 6.68 8.10 -1.42

706 7.02 8.12 -1.10

707 7.38 8.83 -1.45

708 6.85 8.38 -1.53

709 10.95 10.06 0.89

125 C6H3(2-OCH3, 3-OCH3)CH2NH2 9.41 8.51 0.90
126 C6H3(3-OCH3, 4-OCH3)CH2NH2 9.39 8.75 0.64
127 C6H4(2-OCH3)CH2NH2 9.70 8.73 0.97

Figure 2. Experimental vs estimated pK values of amines.

TABLE 3. Specific Outliers from the Carboxylic Acid
Dataset

tag formula pKa(true) pKa(calc) residual

241 FCH2COOH 2.59 3.74 -1.15
267 H2C)CFCOOH 2.55 3.72 -1.16
269 F2C)CFCOOH 1.79 3.15 -1.36
21 HOOCCOOH 1.27 2.68 -1.41
49 HOOCC(C2H5)2COOH 2.21 3.13 -0.92
51 HOOCC(C2H5)(C3H7)COOH 2.15 3.12 -0.98
53 HOOCC(C3H7)2COOH 2.07 3.17 -1.10
128 C3H4(cyclo)-1-COOH, 1-COOH 1.82 2.95 -1.13
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the overall substituent effects cannot be divided into particular
electronic and steric components. Thus, once the atomicg para-
meters are established, further interpretation of their physical
meaning is the actual goal. Simple treatment of operational
atomic parameters can be performed on the basis of the pre-
viously established eqs 3 and 8 for the inductive (σ*) and steric
(Rs) constants, linear combination of which leads to the general
eq 1. Therefore, the operational atomic parametergi estimated
on the basis of eq 1 can be considered as the following:

where the coefficientb′ contains the electronegativity of the
reaction center.

Thus, the correct separation of the inductive and steric
contributions to substituent effects in terms of the elaborated
technique is problematic without the knowledge of the nature
(electronegativity) of the reaction center. OnceøRC is assumed,
the eq 15 may be divided into increments reflecting the
contributions of inductive and steric effects:

Consequently, eq 15 can be divided into the inductive and steric
components, presented by eqs 3 and 8, respectively.

According to the described procedure, we have analyzed the
physical meaning of the operational atomic parametersδi

a and
δi

b, which have been correlated with the correspondingøR2 and
R2 magnitudes as the following:

Correlations 16 and 17 can thus be written as

Correlation 18 is presented graphically in Figure 3, and
correlation 19 is presented in Figure 4.

The superposition of eqs 3 and 18 allows us to present the
pK value of carboxylic acid RCOOH (when the ionizing oxygen
of the carboxylic group is considered as a reaction center) as
the following:

Similar combination of eqs 3 and 19 gives the equation for the
amine’s aqueous basicity, explored at atomic consideration level,
when ionizing nitrogen is considered as the reaction center and
all other atoms are considered as the whole sub-substituent:

In the above equations, the intercepts reflect a baseline pKa or
pKb for an unsubstituted acid or base. The intercepts do,
however, reflect the nature of the training set. Hence, the 4.84
intercept suggests that the unsubstituted acid is acetic acid rather
than formic acid. This reflects the aliphatic nature of the dataset.

It is a remarkable fact that the statistically established
parameters of “inductive” electronegativity of the reaction
centers in eqs 20 and 21 are virtually the same (2.21 and 2.17,
respectively). Generally speaking, this means that all considered
substituents demonstrate the same type of electron sharing (same
sign of theσ* inductive constant) in both reaction series.

Bearing in mind that oxygen and nitrogen have been
originally assumed as the corresponding reaction centers, the
estimated eqs 20 and 21 made us wonder if ionizing hydrogen
(øH ) 2.10) should have been taken as the reaction center for
the reaction series of the dissociation constants. However, when
we considered the hydrogen to be the reaction center and
conducted the corresponding 3D correlation analysis procedures
for the pK datasets under investigation, we were not able to
establish the corresponding correlations (eq 9) with reasonable
accuracy. We can suggest two possible explanations for this
observed phenomenon. First of all, we could misidentify the
parameter 2.10 with the “inductive” electronegativity of sp3

carbon, considered as the reaction center (this assumption
justified zero inductive effect of alkyls and sign ofσ* constants

Figure 3. Experimental vs estimatedδi
asoperational atomic param-

eters.

gi ) a′∆øiRi
2 + b′Ri

2 (14)

gi ) a∆øi-RCRi
2 + bRi

2 (15)

δi
a ) (-14.51( 1.33)øiRi

2 + (32.14( 3.89)Ri
2 (16)

R ) 0.9395;S° ) 2.7478;N ) 15

δi
b ) (-32.14( 1.97)øiRi

2 + (69.99( 5.53)Ri
2 (17)

R ) 0.9781;S° ) 3.6558;N ) 14

δi
a ) -14.51(øi - 2.21)Ri

2 (18)

δi
b ) -32.14(øi - 2.17)Ri

2 (19)

Figure 4. Experimental vs estimatedδi
bsoperational atomic param-

eters.

pK(RCOOH)) 4.84- 14.51∑
i

N-1 (øi - 2.21)Ri
2

ri
2

(20)

pK(R3N) ) 9.12- 32.14∑
i

N-1 (øi - 2.17)Ri
2

ri
2

(21)
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for other substituents). Probably, the nature of the corresponding
constants in eqs 20 and 21 is different and needs to be studied
in more detail. Or, as the second explanation (and, probably,
the most reasonable one), we could admit the significance of
the steric effect on ionization properties of amines and acids,
when ionizing atoms are considered as reaction centers and no
insulating fragments are used. In this case, we cannot correctly
separate the estimated operational parametersδi

a and δi
b into

inductive and steric components and should use them as they
are for prediction of pK parameters on the basis of eqs 12 and
13. Then, it should be fair to assume that Taft’s inductive
constants are also not free from a partial steric contribution.

Nevertheless, if we neglect the difference in the estimated
constants 2.21 and 2.17 in eqs 20 and 21, and the value 2.10
used in eq 3 for Taft’s inductive parameters, then we can express
the pK values of carboxylic acids on the basis of Taft’sσ*
constant

(where σ* is Taft’s inductive constant of the molecular
environment of ionizable oxygen in the molecule) and the pK
values of organic amines as

(where σ* is Taft’s inductive constant of the molecular
environment of ionizable nitrogen).

It is not surprising that eq 23 agrees with the previously
established LFER correlation pK(RCOOH)) 4.66- 1.62σ*51,53

and eq 23 is in reasonable agreement with previously established
LFER correlations for primary [pK(RNH2) ) 10.15- 31.4σ*],
secondary [pK(R′R′′NH) ) 10.59 - 3.23σ*], and tertiary
[pK(R′R′′R′′′N) ) 9.61- 3.30σ*] amines.51 At the same time,
it should be stressed that the way eqs 22 and 23 have been
estimated is completely different from the procedures of classic
correlation analysis.

On the basis of eq 23 and the estimated pKa values, we have
calculated Taft’s inductive constantsσ*, corresponding to
nitrogen’s molecular environment Rn in the studied amines
RnNH3-n (3 - n hydrogens of the ionizing amino group have
not been considered). The corresponding overallσ* parameters
are presented in Table 3. The calculated valuesσ* clearly
demonstrate that the developed 3D approach allows the quan-
tification of the inductive effect and estimation of inductive
constants even for rather complex molecular systems which
normally could not be considered by conventional approaches
of the correlation analysis.

Conclusions

In this paper we have demonstrated that the application of
3D correlation analysis to extensive aqueous acidity and basicity
data leads us to new formulas which can be used in direct
calculations of pKa values of carboxylic acids and protonated
amines of any complexity and in molecular modeling of
compounds with desired acidic and basic functions. The physical
meaning of the estimated operational atomic constantsδi

b and
δi

a has been identified and allows us to express aqueous acidity/
basicity in terms of atomic electronegativities, covalent radii,
and interatomic distances. It should be stressed, especially, that
the obtained results not only demonstrate the practical usefulness
of the elaborated 3D technique but also highlight its numerous
substantial advantages:

1. There are no limitations in the choice of appropriate
substituent scales, since none are requiredsscaled inductive
constants can be readily calculated for any substituent.

2. The developed approximation “reaction center- the rest
of the molecule”, when the skeleton and indicative group are
all included in the substituent, resolves the problem of choice
of the standard of reaction series (which is often a problem for
classic correlation analysis).

3. The developed approach takes into account actual 3D
molecular structures and allows calculation of substituent effects
of conformers.

4. The approach possesses significant versatility, allowing
consideration of different atomic types related to atom’s type,
valent state, ionization, and molecular environment.

5. It is an important feature of the developed technique that
eqs 13 and 14 make it possible to carry on the search over
several potential reaction centers of the series.

Thus, the new powerful QSAR technique called “3D cor-
relation analysis”, which allows quantification of the substituent
effect without use of pre-established substituent constants and
possesses numerous advantages, has been elaborated.

Together with previously developed “inductive” reactivity
indices, 3D correlation analysis may become a very effective
molecular modeling and data mining tool for chem- and
bioinformatics. The developed technique allows avoiding any
limitations related to molecular size and makes it possible to
readily treat very massive sets of experimental data, which
makes it especially important for bioactivity-related studies.

The broader practical application and development of the
methodology of 3D correlation analysis is underway, and its
possibilities are being explored for structure-activity studies
of a wide range of proteins.
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