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a  b  s  t  r  a  c  t

Quantitative  structure-property  relationship  (QSPR)  models  were  firstly  established  for  the  hydrophobic
substituent  constant  (�X) using  the  theoretical  descriptors  derived  solely  from electrostatic  potentials
(EPSs)  at the substituent  atoms.  The  descriptors  introduced  are  found  to be related  to hydrogen-bond
basicity,  hydrogen-bond  acidity,  cavity,  or dipolarity/polarizability  terms  in linear  solvation  energy  rela-
tionship,  which  endows  the models  good  interpretability.  The  predictive  capabilities  of the  models
constructed  were  also  verified  by rigorous  Monte  Carlo  cross-validation.  Then,  eight  groups  of  meta-
or  para-disubstituted  benzenes  and  one  group  of  substituted  pyridines  were  investigated.  QSPR  models
for  individual  systems  were  achieved  with  the  ESP-derived  descriptors.  Additionally,  two  QSPR  models
were  also  established  for Rekker’s  fragment  constants  (foct), which  is a secondary-treatment  quantity
and  reflects  average  contribution  of the fragment  to  logP.  It  has  been  demonstrated  that  the  descriptors
derived  from  ESPs  at the  fragments,  can  be well  used  to  quantitatively  express  the  relationship  between
fragment  structures  and  their  hydrophobic  properties,  regardless  of the attached  parent  structure  or  the
valence  state.  Finally,  the  relations  of  Hammett  �  constant  and ESP  quantities  were  explored.  It implies
that � and  �, which  are  essential  in  classic  QSAR  and  represent  different  type  of contributions  to  biological
activities,  are  also complementary  in  interaction  site.

©  2016  Elsevier  Inc.  All  rights  reserved.

1. Introduction

Amongst physicochemical properties of pharmacological and
environmental interest, hydrophobicity is undoubtedly of prime
importance [1,2]. It is often expressed as the logarithm of the par-
tition coefficient of a compound distributed between immiscible
phases of n-octanol and water (logP). Experimental determination
of logP is an expensive and labor-intensive task, and sometimes,
restricted by lack of solutes with high purity. It is therefore of great
importance to seek alternative approaches to accurately estimate
the logP values. A host of approaches and related software tools
for estimating logP, which can be roughly divided into two  cate-
gories (substructure and whole-molecule approaches), have been
developed so far and summarized in several review papers [3–6].

The substructure method estimates logP by summing the con-
tributions of all fragments or atom types in a structure, either
predefined or computer-identified. A large number of correction
factors have to be introduced to the practical calculation due to
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the existence of proximal fragment-fragment interactions. In the
whole-molecule approach, the molecule is treated as an entirety
when a series of structural descriptors, either 2D (e.g., topological
indices) or 3D (e.g., molecular lipophilicity potentials) are calcu-
lated. Then, the quantitative relationship between these structural
descriptors and logP is established with different statistical meth-
ods.

Besides the logP, medicinal chemists also concern the hydropho-
bicity of a substituent or a fragment in the design of new candidate
structures or the exploration of quantitative structure-activity rela-
tionship (QSAR) in order to understand action mechanisms [7]. The
latter highlights the local interactions with the binding sites of
their biological target, while the former influences mainly mem-
brane penetration of the whole molecule. Substituent constants �,
designed by Fujita et al. [8], is a measure of the contribution of
a substituent to the hydrophobicity of a compound. It is defined
as �X = logP(R-X) − logP(R-H), where R-X represents a molecule
derived from the parent molecule R-H. Obviously, for a given sub-
stituent, �X varies depending on its attached parent structure.
According to the analysis by Fujita et al. [8] the variance for simi-
lar systems (disubstituted benzenes) was  not great, and in fact, the
�X values obtained for benzene system were adopted in almost all
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practical drug design regardless of the electronic environment of
the X group [7].

Utilizing the substructure approaches, the �X value of a sub-
stituent or a fragment can be calculated conveniently. It is beneficial
to know whether the molecular descriptor-based approaches can
be applied to estimate �X values, more exactly, whether the �X
value of a substituent or a fragment can be predicted from the
descriptors derived from the substructure. To the best of our knowl-
edge, this issue was only tackled in two papers so far. Chiu and
So [9] performed neural network QSPR studies on four substituent
constants, �, MR,  F and R. For hydrophobic constant �, a group of
18 composite E-state descriptors were used to construct the model.
More recently, Kurilo et al. [10] conducted a similar neural network
modeling study. Apart from the aforementioned four substituent
constants, the classical Hammett and Taft constants were also cov-
ered. As physical meanings of the E-state descriptors were not very
explicit and too many descriptors were used particularly in the lat-
ter literature, both studies, however, contributed little to improve
our understanding of the structure–hydrophobicity relationship.

Electrostatic potential (ESP) is a quantum-mechanical quantity
with rigorous definition [11]. It has been received extensive appli-
cations due to capability of characterizing local or site-specific
properties. Particularly, several excellent correlations have been
established between the ESP values at selected positions in molec-
ular space and the Hammett � constant [12–16]. Moreover, the
ESP-derived descriptors have been proven to be fairly effective
for correlating and predicting the physicochemical properties rel-
evant to solvent–solute interactions, including logP [17–19]. The
present work was undertaken to correlate the hydrophobic sub-
stituent constants (�X) and Rekker’s fragment constants [20] (foct)
with theoretical descriptors derived from ESPs at the atoms of sub-
stituent or fragment. Both interpretability and predictive power of
the models were considered.

2. Computational details

Firstly, the initial geometry of each compound was optimized
at the HF/6-31G* level of theory by using the Gaussian 09 soft-
ware package [21]. For Hansch substituent constant, �X, X refers to
the substituent under investigation in monosubstituted or disubsti-
tuted benzenes, and monosubstituted pyridine (C6H5-X, X-C6H4-Y
and X-C5H4N). As for the Rekker fragment constant, foct, the sit-
uation was slightly more complicated due to diversity of the
fragments. For consistency, all fragments, regardless of monova-
lent, divalent or multivalent, were added one or more methyl
group(s) at the termination to construct an integrated molecule. For
those fragments with aromatic attachment, which were labelled
with ar (Supporting information, Table S1), a phenyl group was
added. For example, the fragment CON is corresponding to N,N-
dimethylacetamide, while the fragment arCON is corresponding to
N,N-dimethylbenzamide.

Based on the optimized geometries, electronic densities and
ESPs were calculated with grid method. The grid control option was
set to “cube = 100”, and therefore, about 1003 values of electronic
density and ESP were computed for each molecule. Subsequently,
the points on molecular surface (the outer isodensity envelope of
�(r) = 0.001 a.u.) as well as their ESP values were extracted and
assigned to each atom according to the distance. Then, a total of 40
statistically calculated descriptors derived from these ESPs, were
calculated by using the in-house program. Some of these structural
descriptors, e.g., spatial and surface extrema of the ESPs, average
positive or negative ESPs,  ̆ and �2

tot (vide infra), were defined
by Politzer et al. [22–24] and most were developed in our group
[25–28].

Correlations of the descriptors with the �X and foct were estab-
lished with multiple linear regression analysis. The fitting and
predictive capabilities of the models constructed were verified by
rigorous Monte Carlo cross-validation (MCCV) method [29]. An
external q2(q2

ext) was adopted as the evaluation criterion in MCCV. It
was proposed by Tropsha and Golbraikh [30] and defined as follow:

q2
ext = 1 −

�ntest
i=1

(
yexpl

i − ypred
i

)2

�ntest
i=1

(
yexpl

i − ȳtr

)2
(1)

where ȳtr is the averaged value of the response variables for the
training set, yexpl

i
and ypred

i
are experimental and predicted �x values

of the test set, respectively. The whole data set was split randomly
into a training set and a test set in 2:1 ratio. A cross-validation cal-
culation yields a q2

ext value, and the process was repeated until the
convergence of median q2

ext (see below) was achieved. According to
the suggestion by Manchester and Czerminski [31], 210 sampling
size should be sufficient to obtain convergent median q2

ext values.
From these results the cumulative distribution function of q2

ext is
estimated by:

Pcum(q2
ext < x) =

∫ x

−∞
p(q2

ext)dx (2)

where p(q2
ext) is the probability density of q2

ext. The
median q2

ext corresponds to an x value of Pcum = 0.5, which repre-
sents the demarcation dividing the whole sampled q2

ext equally.
The integral q2

ext is defined by the following formula.

integralq2
ext =

∫ 1

0

[
1 − Pcum(q2

ext < x)
]

dx (3)

It describes the distribution of the entire q2
ext probability den-

sity, and its value lies between 0 and 1. The peak q2
ext is the peak

position of q2
ext probability density and indicates the most probable

location of sampled q2
ext. The median, peak and integral q2

ext values
were served as the measures of model quality.

To account for the influence of computation approaches,
the geometrical optimizations and the ESP calculations in con-
sideration of electronic correlation were also performed at
B3LYP/cc-pVTZ and B3LYP/aug-cc-pVDZ levels of theory.

3. Results and discussion

3.1. The QSPR models for �X

The hydrophobic substituent constants were taken from the col-
lection by Hansch and Leo [32]. Table 1 presents the substituents
and their corresponding experimental �X values.

By using stepwise linear regression, a five-parameter QSPR
model (Eq. (4)) was  firstly established as follow:

�X = 0.5722Vmin − 0.2218Vs,max + 0.0342Ntot
ind − 1.6674˘ind

− 1.3579�2
ind,− + 0.8098

N = 174,R2 = 0.8787, sd = 0.4126,F = 242.9 (4)

where and throughout this paper, N is the number of data points
submitted for regression, sd is the standard deviation, R2 is the cor-
relation coefficient and F is the overall statistical significance of the
equation.

It should be noticed that the difference between the observed
and predicted values for three samples (166, 175 and 176 in
Table 1), are three times larger than sd, so that these samples were
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