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ABSTRACT

Quantitative ~ Structure-Activity Rela-
tionships (QSAR) are useful in understan-
ding how chemical structure relates to the
biological activity of natural or synthetic
compounds and for designing newer and
better compounds. In the present study,
22 N-arylmethyl substituted anilines were
treated with ABTS (2,2’-azinobis- (3-
ethylbenzothiazoline-6-sulfonic-acid))
and DPPH (2,2-diphenyl-1-picrylhy-
dracyl) radicals in order to evaluate their
TEAC (mmol trolox/mmol antioxidant,
Trolox Equivalent Antioxidant Capacity)
and ECs, (mmol antioxidant/mmol initial
DPPH, Antioxidant Equivalent Concen-
tration to decrease the initial DPPH con-
centration by 50 %) values, respectively.
Different QSARs were developed based
on these data, using theoretical descrip-
tors derived from geometry-optimized
molecular structures. A model with elec-

tronic energy (EE), total charge weighted
partial positively charged surface area
(PPSA-2), and exact polarizability (a,,)
as descriptors showed satisfactory pre-
dictive TEAC performance according to
internal and external validation procedu-
res. It can be useful in predicting data and
setting a testing priority for those com-
pounds not yet synthesized or for which
experimental data are not available.

Key words: QSAR, TEAC, ECs, an-
tioxidant capacity, anilines.

RESUMEN

Las relaciones cuantitativas actividad-es-
tructura (QSAR) son ttiles para entender
la forma en que la estructura quimica de
sustancias sintéticas y naturales se rela-
ciona con la actividad biolégica, y para el
disefio de nuevos y mejores compuestos.
En el presente estudio fueron evaluadas
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las capacidades de 22 anilinas N-arylmetil
sustituidas para la captura de los radicales
ABTS (acido 2,2’-azino-bis(3-etilbenzo-
tiazolino-6-sulfénico) y DPPH (2,2-dife-
nil-1-picrilhidracilo), relacionadas con
los valores de TEAC (mmol trolox/mmol
antioxidante, capacidad antioxidante
equivalente al Trolox) y ECs, (concentra-
cion equivalente de antioxidante para dis-
minui r la concentracion inicial de DPPH
enun50%), respectivamente. Las TEAC,
las ECs, y los descriptores tedricos deri-
vados de las estructuras moleculares opti-
mizadas fueron utilizados para elaborar
las diferentes QSAR. Los modelos TEAC
con descriptores como EE (energia elec-
trénica), PPSA-2 (carga total pesada con
el area superficial cargada positivamente)
y a,, (polarizabilidad exacta) mostraron
una capacidad de prediccion satisfactoria
por procedimientos de validacion interna
y externa, por lo que pueden ser utiles
para la prediccion de actividades de com-
puestos que atn no han sido sintetizados o
con datos experimentales no disponibles.

Palabras clave: QSAR, TEAC, ECs,
capacidad antioxidante, anilinas.

RESUMO

Relacaos quantitativa atividade - estrutura
tem sido empregado para estabelecer se a
estrutura quimica est4 relacionada com a
atividade bioldgica dos quimicos naturais
e sintéticos e para o desenho de novos e
melhores compostos. No presente estudo
foram avaliadas as capacidades de 22 ani-
linas N-arylmetil sustituidas para a captu-
ra dos radicais de ABTS (4cido-2,2’-azi-
no-bis(3-etilo-benzo-tiazolino-6-sulfonic
0) e DPPH (2,2-difenilo-1-picrilhidraci-
lo), relacionadas com os valores de TEAC
(mmol trolox/mmol antioxidante, capaci-
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dade antioxidante equivalente ao Trolox)
y ECjs, (concentracio equivalente de an-
tioxidante para a diminuicdo da concen-
tragdo inicial de DPPH para um 50 %)
respectivamente. As TEAC, as ECs e os
descritores tedricos derivados das estru-
turas moleculares otimizadas foram em-
pregados para elaborar as diferentes
QSARs. Os modelos TEAC com descri-
tores como EE (Energia Eletronica),
PPSA-2 (carga total pesada com a area
superficial carregada positivamente) y
o, (polarizabilidade exata) mostraram
uma satisfatoria capacidade de prediciao
pelos procedimentos de valida¢ao interna
e externa, e por tanto podem ser uteis
para a predicao da capacidade antioxi-
dante de compostos que ainda no tem
sido sintetizados com dados experimen-
tais nao disponiveis.

Palavras-chave: QSARs, TEAC,
EC5,, Capacidade Antioxidante, Anilines.

INTRODUCTION

Aromatic amines are used as antioxidants
in the production of rubber or cutting
oils, and in the production of polymers,
dyes, pesticides and pharmaceuticals (1).
Diarylamines are used as antioxidants in
lubricating oils, whereas the benzylami-
nes are used as antioxidants and thera-
peutic agents for disorders of the central
nervous system (2, 3).

QSARs have been used for screening
chemical databases before the synthesis
of chemicals, and for estimating and pre-
dicting the biological activity of chemi-
cals (3-7). Several SAR and QSAR have
been designed for antioxidant capacity of
gallic acids, phenols, coumarins and fla-
vonoids in chemical, enzymatic, and ce-
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Ilular systems (8-13), but only a few
QSAR have been developed for benzyla-
mine and aniline antioxidants (3-14).

TEAC and ECsy test systems provide
reproducible and quantitative results of
reactivity to radicals (15-17). They can be
used in the development of a model for es-
timating antioxidant capacity. The aim of
this study was to develop multilinear re-
gression (MLR) models to predict relia-
ble TEAC and ECs, values of new anili-
nes with chemical domain similar to the
training set. The model predictive capabi-
lity was statistically evaluated both inter-
nally and externally.

MATERIALS AND METHODS

Reactivities of the synthetic anilines to
ABTS and DPPH radicals were assessed
according to the procedures of R. Re, er
al. (15), and W. Brand-Williams et al.
(16). DPPH and ABTS were obtained
from Sigma-Aldrich Chemie Gmbh
(D-9132 and A1888) and methanol and et-
hanol, HPLC grade, were purchased from
Mallinckrodt (NJO8865). Anilines were
prepared in the Laboratory of Organic and
Biomolecular Chemistry of the Industrial
University of Santander according to the
technique described by Kousnetsov et al.
(18). The spectrophotometric data were
acquired using a JENWAY 6300 spectrop-
hotometer. The structures of synthetic ani-
lines are listed in Tables 1 and 2.

TEAC assay

ABTS was dissolved in distilled water
(38.5mg in 10 mL) and potassium persul-
fate (6.90 mg) was added. In order to ob-
tain the radical cation ABTS*", the final
solution was left to settle at room tempe-

rature in the darkness for 20 hours. An
aliquot of ABTS*" was diluted in ethanol
to achieve an absorbance of 0.70 (+ 0.20)
at 734 nm. A calibration curve was per-
formed with the reference antioxidant
Trolox (dA vs. mmol Trolox), for a de-
crease of absorbance (dA), produced 6
min after the addition of 30 uL of Trolox
solution (0.25-1.98 mM) to 3 mL of the
ABTS™" solution. Five solutions of
known concentration of each aniline were
assessed to cause a decrease in absorban-
ceofthe ABTS*", such as with the Trolox
solutions (dA vs. mmol aniline). The
TEAC of anilines was estimated in rela-
tion to Trolox, using the relationship bet-
ween the slopes of the curves of the anili-
nes and that of Trolox (mmol Trolox/
mmol aniline) (15).

ECs¢ assay

A calibration curve with standard ethano-
lic DPPH solutions was developed at A=
514 nm. The stationary states for five dif-
ferent concentrations of anilines were used
to test the antioxidant capacity with 2.5
mL of DPPH solution (90 * 5 uM) and
0.5 mL of aniline solution. Based on the
data obtained (DPPH absorbance vs. time)
the graphs from remaining DPPH in sta-
tionary state (%) vs. Effective Concentra-
tion ((EC), aniline concentration x«M/ini-
tial DPPH concentration xM) were built.
The values of ECs, for anilines were inter-
polated from these graphs (16).

Dataset preparation and molecular
descriptors

Ab initio, constitutional, geometrical, to-
pological, information, charge distribu-
tion descriptors were calculated from ani-
lines /-12 and 15-20 which were used as
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Table 1. Anilines /-14

R )
R, 2 , .
R, N N ;2N
Ar R1 & 5 6
4 s 2
6 'N
Aniline Piridine
R R, R; Ry
1 H H CH; H 2'
2 H H CH; H 3
3 H H CH; H 4'
4 H CHj; H CH;3 2'
5 H CH; H CH; 3
6 H CHj, H CH; 4'
7 H H | H 2'
8 H H I H 3
9 H H I H 4'
10 H NO, H H 2
11 H NO, H H 3
12 H NO, H H 4'
134 H H OCH; H 4'
144 OCH; H H H 4'

 Test set anilines.

the training set, and anilines /3, 14, 21
and 22 which were used as the test set for
external validation.

The molecular descriptors HOMO and
LUMO energies, Dipolar Moment (DM),
EE, IP (-Egxomo), and a,,, were computed
with the Gaussian 03W software package
using the method and the basis set
RHF/CEP-121G (19, 20). This basis set,
CEP-121G, was preferred to SDD,
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LanL.2DZ or LanL.2MB because the cal-
culated IP of the anilines 23-30 presented
greater accuracy (see Table 3). The anili-
nes 23-30 used to choose the basis set
with minor relative error were selected
among the anilines whose IP in gaseous
phase is reported in the Handbook of
Chemistry and Physics 1997-1998 (21).

CEP-121G is the combination of a ba-
sis set using the compact effective poten-
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Table 2. Anilines 15-22

R,
R,
R, N
Ar R1
R,
R,
Ar’
Ar Ar'
Aniline
1 R; Ry Ry Ry' R,'
15 H H CH3 H NH, H
16 H H H H H N(CH3),
17 H H H H OCH; OH
18 H H H H H OH
19 H H H H H OCH;
20 H NO, H H H OCH;
212 H H OCH; H OCH; OH
222 OCH; H H H OCH; OH

 Test set anilines.

tial (CEP), of the electrons in the core la-
yers, with wave functions of three
different sizes for each valence orbital
(121, Split Valence) (19, 20). The ab ini-
tio effective potentials reduce the difficul-
ties in calculations of species containing
heavy atoms (e. g. anilines 7-9 of the trai-
ning set). The electrons of a molecule are
divided into two groups, the core elec-
trons (CE) and valence electrons (VE), so
that the energy of the molecule is the sum
of the CE and VE energies. In this ap-
proach, the CE are treated as a charge dis-
tribution that provides an effective repul-
sive potential V(i) for the movement of
the VE. This leads to an effective Hamil-

tonian for the VE (H), which is used in the
variational integral (19). Additionally,
many of the electronic repulsion integrals
of core layers are not explicitly represen-
ted, since these orbitals change little with
the formation of the molecule. The ECP
basis sets that can be applied in the Gaus-
sian 03 program include: CEP-121G
(Stevens/Basch/Krauss ECP triple-split
basis); LanL.2MB (STO-3G on the first
row and Los Alamos ECP more MBS on
Na-Bi); LanL.2DZ (D95 on the front row
and Los Alamos ECP more DZ on
Na-Bi); and SDD (D95V on the first row
and Stuttgart/Dresden ECPs on the rest of
the periodic table) (19).
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Table 3. Experimental and estimated ionization potential of anilines used to choose the basis set

IP (eV)*
D Aniline P Basis set
(eV)® Lan CEP- Lan

L2DZ Error® SDD  Error' 121G Error’ L2MB Error!
23 Aniline 7.72 7.79 -0.91 7.80 -1.04 7.78 -0.78 5.96 22.80
24  Benzylamine 8.64 8.99 -4.05 9.00 -4.17 8.98 -3.94 7.53 12.85
25  N,N-Dimethylaniline 7.12 7.47 -4.92 7.47 -4.92 7.46 -4.78 5.69 20.08
26  N-Ethylaniline 7.67 7.57 1.30 7.58 1.17 7.57 1.30 6.32 17.60
27  N-Methylaniline 7.24 7.60 -4.97 7.61 -5.11 7.60 -4.97 5.81 19.75
28  m-Toluidine 7.50 7.72 -2.93 7.72 -2.93 7.71 -2.80 5.90 21.33
29  m-Nitroaniline 8.31 8.75 -5.29 8.76 -5.42 8.72 -4.93 6.73 19.01
30  o-Toluidine 7.44 7.67 -3.09 7.67 -3.09 7.66 -2.96 5.84 21.51
Mean of relative -3.11 -3.19 -2.98 19.37

error’

*ID: Aniline identification. ® Experimental ionization potential in gaseous phase from Handbook of Chemistry and Physics
1997-1998. © Estimated ionization potential in gaseous phase with basis set LanL.2DZ, SDD, CEP-121G or LanL.2MB using
Koopmans’ theorem (IP= -EHOMO). ¢ Relative error: [(experimental IP- estimated IP)*100]/ experimental IP.

Descriptors such as number of atoms
(NA), relative number of H atoms
(RNH), number of benzene rings (NBR),
number of aromatic bonds (NAB), num-
ber of single bonds (NSB), molecular
weight (MW), Wiener index (WI), infor-
mation content of order 1 (IC), comple-
mentary information content of order O
(CIC), 3D-Kier & Hall index of order 3
(KH), total charge weighted partial posi-
tively charged surface area (PPSA-2),
partial negative surface area (PNSA-1),
fractional PPSA (FPSA-3), atomic char-
ge weighted partial negative surface area
(PNSA-3), were obtained with MOLDES
(Tartu State University, Tartu-Stonia),
software available for calculating theore-
tical molecular descriptors (constitutio-
nal, geometrical, topological, informa-
tion and charge distribution).

Chemometric methods

Regression models were developed
for the anilines /-/2 and 15-20 (training
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set). Multiple Linear Regression (MLR)
analysis between the theoretical descrip-
tors and the antioxidant capacity (TEAC
and ECs) was performed with the
STATISTICA 6.0 software (Stat Soft,
Tulsa, OK, U.S.A.) using the ordinary
least squares regression method. Once
the models were established, predictions
were made for anilines /-/2 and 715-20
(CV-LOO: internal Cross Validation by
Leave One Out procedure), and anilines
13, 14, 21 and 22 (test set for external va-
lidation). Model performance was descri-
bed by parameters related to model pre-
dictive capability (Q’cy..oo, SEcv) and
fitting power (R?, Error of Estimate (SE),
and the Fisher’s value (F)). The first mat-
hematical TEAC model was built with 8
descriptors that were selected by back-
ward MLR starting with 14 descriptors.
These 14 descriptors had been selected
from the 28 descriptors with high correla-
tion with the experimental TEAC values.
The latter 28 descriptors were previously
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selected as the set with mutual correlation
coefficients smaller than 0.8, from the to-
tal of 87 descriptors computed by the
Gaussian 03W and MOLDES packages.
A second TEAC model was developed
based on 9 principal components (PC),
extracted from the forward MLR between
17 PC and the experimental TEAC va-
lues. These 17 PCs resulted from princi-
pal components analysis (PCA), on the 28
descriptors earlier mentioned. The mole-
cular descriptors used for third and fourth
models of TEAC and models of log
(1/ECsy) were chosen among ab initio and
charge distribution descriptors by
random combination.

RESULTS AND DISCUSSION

IP, TEAC and ECs, experimental and
predicted values of the anilines /-22 are
shown on the Table 4. The antioxidant ca-
pacity evaluated as TEAC and ECs is re-
lated to the electron and proton transfe-
rences from the antioxidant species to the
ABTS radical cation or DPPH radical,
respectively, i. e., the fast oxidation and
stability of the antioxidant (15, 16). In the
training set (/-/2 and 15-20), only aniline
17 (TEAC= 0.86; ECs,= 0.23) showed
a good reactivity toward radicals because
a good antioxidant must have a TEAC va-
Iue higher than 1 and an ECs, value lower
than 1. Therefore, the introduction of a
hydroxyl group into the aromatic amine
structure enhances its antioxidant perfor-
mance (reactivity to radicals), probably
due to the decrease of IP and BDE (Bond
Dissociation Enthalpy), which makes it
significantly more reactive in relation to
carbon-centered organic radicals. Mo-
reover, replacement of the hydrogen
atom of a hydroxyl group (/8) with a

methyl group (/9) drastically decreases
the anti-radical capacity (11, 22-26).

The multidimensional models obtai-
ned for the prediction of TEAC and ECs,
using a training set of 18 anilines and an
external evaluation set of 4 anilines (high-
lighted with the fletter in Table 4), are re-
ported below together with their statisti-
cal parameters:

TEAC (1) = (0.49+0.03) + (-2.2+0.5)
RNH + (0.9+0.3) WI + (1.5+0.3) CIC
+ (0.9 £ 0.2) PPSA-2 + (-0.6 + 0.1)
PNSA-3 + (0.27 £ 0.08) DM + (-0.4 +
0.1) Eyymo + (3.6 £0.7)EE

n=18 R*=0.93 SE=0.22

F(8,9) = 25.89
Q2CV-LOO = 0.68
SEcv = 0.23

n=22 Q%00 =-0.06 SEcv =0.54

TEAC (2) = (0.49 + 0.02) + (-0.047 +
0.005) PC, + (-0.111 + 0.005) PC, +
(-0.039+0.008) PC, + (0.04 +0.02) PCs
+ (-0.45 + 0.05) PCy + (-0.41 % 0.06)
PC, + (0.3340.09) PC,, + (-2.3%0.5)
PC, + (-7%2) PCy

n=18 R*=0.98 SE =0.11

F(9,8) = 86.62
Q2CV-LOO = 0.94
SEcv= 0.10

n=22 Q2 CV-LOO — 0.46
SEcv = 0.39

TEAC (3) = (0.012 + 0.003) o, +
(0.009 + 0.002) PPSA-2 + (0.019 =
0.004) EE

n=18 R*=0.88 SE =0.24
F(3,15)= 37.78
QZCV-LOO = 0.61
SEcv = 0.26
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n=22 Q2 CV-LOO — 0.70
SEcv = 0.29

TEAC (4) = (0.18+0.04) o, + (0.008 +
0.002) PPSA-2 + (-2.8E-03 + 6.0E-04)
o2 + (9E-05 + 1.0E-05) EE’ +
(1.1E-05 + 2.0E-06) .’

n=18 R*=0.94 SE =0.15
F(5,13) = 60.16
chvaoo =0.82

SEcv= 0.17
n=22 QZCV—LOO = 0.81
SEcv = 0.23

In TEAC model 1, it can be establis-
hed that anilines /3, 14, 21 and 22 had
high deviations between the experimental
and predicted values (outliers). This mo-
del points out that EE and RNH are im-
portant molecular descriptors in predic-
ting TEAC of anilines /-/8. Although,
RNH, WI and CIC have a big contribu-
tion to the model, this is not enough to
think that a physical mechanism is predo-
minant. However, it is important to state
that measurement of topological changes
in a molecule (related to WI and CIC,
among others), can be related to changes
in geometry and thus act as a measure of
the capacity of the molecular shape to in-
teract with other molecules. Moreover,
changes in branching can affect the distri-
bution of electronic charge, which can be
reflected as changes in reactivity or pola-
rity (27). In addition, the large difference
between R? and Q* cv.100 (n= 18 and n=
22), indicate poor predictive capabilities
of the model. Namely, such a model is
overfitted, i. e., too many descriptors are
introduced into it (28).

In TEAC model 2 with acceptable re-
sults in external and internal validations

in relation with model 1, it can be seen
that anilines 27 and 22 were outliers. The
model shows the importance of constitu-
tional, topological, geometric and charge
distribution descriptors, related to PC,
and PC; for predicting the antioxidant ca-
pacity by TEAC. Although, principal
components as descriptors had a good fit
and predictive capabilities by internal va-
lidation, their difficult interpretation and
poor predictive capabilities by external
validation procedure (Q’cy.i00 for n =
22) are the main reasons why the use of
this kind of model has few applications in
predictability test.

Finally in TEAC models 3 and 4 it is
verified that 2/ and 22, respectively,
were outliers, while none of the predicted
data for the set of chemicals evaluated
had more than two standard deviations
from the experimental value. The diffe-
rences between R? and Q’cy.100 (n = 18
and n = 22), indicated a considerable sta-
bility of these models and the possibility
of their use in reliable predictions of
TEAC. These models validate the impor-
tance of quantum descriptors related to
a,,, EE and PPSA-2, in predicting the an-
tioxidant capacity. It is important to state
that the introduction of nonlinear terms
significantly improves the accuracy of the
TEAC model 4 in relation with model 3
(28), i. e., a polynomial mathematical
function is able to describe well the rela-
tionship between TEAC and these des-
criptors.

a,, refers to a molecular quantum des-
criptor based on the second derivative of
the energy in relation to an electric field;
it represents the distribution of electrons.
In this way, the polarization explained
due to resonance, field (dipole) and in-
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ductive effects (29), can be one of the
main mechanisms of antioxidant capacity
as expressed by TEAC. So, soft nucleop-
hiles with a low electronegativity are rea-
dily polarizable i. e., they are easily oxi-
dized and have high polarizability values
(30).

PPSA-2 descriptor is related with po-
lar intermolecular interactions that take
place due to charge differences between
molecules, and these interactions will be
modulated by the amount of each atom
exposed to other molecules (31, 32).
Then, molecules with a high total charge
weighted partial positively charged surfa-
ce area will have high polar intermolecu-
lar interactions and they will be easily
oxidized. In addition, a measurement of
the distribution of electronic charge can,
in some cases, act as a better measure of
branching, and therefore of shape, than
the typical topological descriptors (27).
Finally, the outcomes show that EE is the
theoretical descriptor with high contribu-
tion to TEAC models. This is a logical co-
rrelation; because the energy is a measure
of reactivity and molecular stability by
the molecular perturbation theory.

The models obtained for the prediction
of log (1/ECs) are reported below with
their statistical parameters:

Log (1/ECs) (1) = (0.024 + 0.006)
PPSA-2 + (0.044 + 0.006) EE

18 R*=0.92 SE =0.61

n =
F(2,16) = 98.54
chvaoo =0.32
SE., = 0.70

n = 22 QZCV-LOO = 061

SE., = 0.68

49

Log (1/ECs) (2) = (-0.013 £ 0.003) r,,
+ (-1.3E-04 + 3.0E-05) EE* + (5.8E-07
+ 7.0E-08) PPSA-2°

n=18 R?*=0.97 SE=0.42
F(3,15) = 145.3
QZCV-LOO = 0.68

SE., = 0.48
n=22 QZCV-LOO =-3.21
SE., = 2.23

Log (1/ECsy) (3) = (-0.017 + 0.008) cr,,
+ (0.029 + 0.005) PPSA-2 + (0.031 +
0.008) EE

n=18 R*=0.94 SE =0.55
F(3,15) = 82.32
chvaoo = 0.42

SE., = 0.65
n=22 Q2 CV-LOO — 0.66
SE., = 0.63

Again the log (1/ECs) models point
out the importance of quantum descrip-
tors related to charge distribution
(PPSA-2) and electronic energy (EE and
a,,) in predicting the antioxidant capacity
by ECs,. However, the internal and exter-
nal (Q%*cv100 forn = 18 and n = 22) vali-
dations show that their predictions are a
not very reliable, and therefore these mo-
dels cannot be useful for prediction.

CONCLUSIONS

In this paper, we have analyzed the rela-
tionship between the antioxidant capacity
evaluated with the TEAC and ECs, assays
and theoretical molecular descriptors that
are easily and rapidly calculated from the
chemical structure of anilines /-22 with
MOLDES and Gaussian 03W packages.
Since predictive validation is one way to
reliably assess model adequacy for new
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compounds, in this case only the TEAC
model (3) can be quite suitable for predic-
tion purposes. However, it must be un-
derlined that the predicted data must be
considered reliable only for those chemi-
cals that fall within the chemical domain
on which the model was obtained.

Models for TEAC with good fit and
prediction capacity by internal and exter-
nal validation are obtained using descrip-
tors related with electronic energy (EE
and «,,) and charge distribution (PPSA).
TEAC models based on constitutional,
topological, information content or prin-
cipal components (PC) as descriptors had
in some cases a good fit but showed a poor
prediction capacity.
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