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Abstract: The in vitro antioxidant activities of eight 3-carboxycoumarin derivatives were
assayed by the quantitative 1,1-diphenyl-2-picrylhydrazil (DPPHe) radical scavenging
activity method. 3-Acetyl-6-hydroxy-2H-1-benzopyran-2-one (C1) and ethyl 6-hydroxy-2-
ox0-2H-1-benzopyran-3-carboxylate (C2) presented the best radical-scavenging activity. A
quantitative structure-activity relationship (QSAR) study was performed and correlated
with the experimental DPPHe scavenging data. We used structural, geometrical,
topological and quantum-chemical descriptors selected with Genetic Algorithms in order to
determine which of these parameters are responsible of the observed DPPHe radical
scavenging activity. We constructed a back propagation neural network with the hydrophilic
factor (Hy) descriptor to generate an adequate architecture of neurons for the system
description. The mathematical model showed a multiple determination coefficient of 0.9196
and a root mean squared error of 0.0851. Our results shows that the presence of hydroxyl
groups on the ring structure of 3-carboxy-coumarins are correlated with the observed
DPPH?e radical scavenging activity effects.
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1. Introduction

Antioxidants play important roles in preventing diseases induced by reactive oxygen species, which
result in oxidative damage, including protein denaturation, mutagenesis and degenerative or pathological
events, such as aging, asthma, and cancer. The diversity of structural characteristics in the natural and
synthetic coumarins offers a vast field of research for new biological properties of these compounds.

Coumarin derivatives constitute an important class of compounds with varied biological properties
such as anti-inflammatory, antibacterial, cytotoxic, anxiolytic, antitumor, anticoagulant, antiemetic and
antioxidant activity [1-7]. Due to thir widespread applications, biological activity evaluation of
coumarin derivatives has been a subject of intense investigations.

Here we proposed to measure the antioxidant activity in vitro assay of eight 3-carboxycoumarin
derivatives with different structural variations for modular replication by the quantitative 1,1-diphenyl-
2-picrylhydrazyl (DPPHe) radical scavenging activity method. These is the first time that this
measurement has been performed on these compounds, although a similar type of coumarins was
reported by Lin et al. in 2008 [8].

Quantitative Structure-Activity Relationship (QSAR/QSPR) methodologies are one of the most
powerful tools for describing the relationships between biological activity and the physicochemical
characteristics of molecules. Current literature demonstrates that almost every area of chemical and
life sciences, as well as technology, utilizes quantitative structure-activity/property relationships
(QSAR/QSPR) to accelerate product development and increase efficiency. The designs of
pharmaceuticals, agrochemicals, and consumer products as well as the assessment of their toxicity and
environmental impact have become major areas of application of QSAR/QSPR techniques, whose
methods also penetrate into relatively new applications such as materials science and nanotechnology.
In terms of methodology development the new trend is the integration of QSAR/QSPR with related
computational methods such as virtual screening and molecular dynamics. Such a synergy offers
unique opportunities and heralds a new era of computer-aided molecular design [9]. QSAR/QSPR
modeling usually consist of four main operations: calculating or measuring a pool of descriptors or
other input variables; choosing a small subset of these descriptors that are relevant to the biological
activity being modeled (in some cases this step may not be required); generating the often nonlinear
relationship between the descriptors and the global material property; and validating the model to
assess its reliability, robustness, predictivity, and domain of applicability [10]. Almost all QSPR
modeling methods involve some sort of regression. This can be simple least-squares, multiple linear
regression (MLR) or, where the structure-property relationship is not linear, a polynomial, bilinear, or
neural network method. The simplest QSPR modeling method is known as multiple linear regression,
It assumes that the property being modeled is a linear function of the descriptors [11]. To develop a
QSAR, a more significant number of compounds is required to develop a meaningful relationship. An
often asked question is “how many compounds are required to develop a QSAR?” There is no direct
and simple response to this question other than “as many as possible!” To provide some guide, it is
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widely accepted that between five and ten compounds are required for every descriptor in a QSAR [12].
This does suggest that a one descriptor regression-based QSAR could be developed on five
compounds. This is possible, but is very reliant on issues such as data distribution and range. Ideally
“many more” compounds are required to obtain statistically robust QSARs, with some modelling
techniques being considerably more data hungry than regression analysis. In our case, we have only
eight compounds whose biological activities have been determined experimentally in our laboratory.

Molecular descriptors are formal mathematical representations of a molecule, obtained by a
well-specified algorithm, and applied to a defined molecular representation or a well-specified
experimental procedure: the molecular descriptor is the final result of a logic and mathematical
procedure which transforms chemical information encoded within a symbolic representation of a
molecule into a useful number or the result of some standardized experiment. A general consideration
about the use of molecular descriptors in modeling problems concerns their information content. This
depends on the type of molecular representation used and the defined algorithm for their calculation.
There are simple molecular descriptors derived by counting some atom types or structural fragments in
the molecule, as well as physicochemical and bulk properties such as, for example, molecular weight,
number of hydrogen bond donors/acceptors, number of OH-groups, and so on. Other molecular
descriptors are derived from algorithms applied to a topological representation. These are usually
termed topological, or 2D-descriptors. Other molecular descriptors are derived from the spatial (X, y, z)
coordinates of the molecule, usually called geometrical, or 3D-descriptors; another class of molecular
descriptors, called 4D-descriptors, is derived from the interaction energies between the molecule,
imbedded into a grid, and some probe. Single indexes derived from a molecular graph are called
topological indexes. These are numerical quantifiers of molecular topology that are mathematically
derived in a direct and unambiguous manner from the structural graph of a molecule, usually an
H-depleted molecular graph. On the other hand many of those descriptors are based directly on the
results of quantum-mechanical calculations or can be derived from the electronic wave function or
electrostatic field of the molecule [13]. Since the electrophilicity index is a chemical reactivity
descriptor and its definition has strong foundation from the density functional theory [14,15], it is
appropriate to make use of this descriptor in the QSAR parlance. Recently the electrophilicity index
has been used as a possible descriptor of biological activity confirming the fact that the electrophilicity
properly quantifies the biological activity. Although there is no one-to-one agreement between AM1
and B3LYP values, the B3LYP method in general provides better estimates of biological activity when
compared to the corresponding AM1 values [15]. Within the density functional theory framework
some quantum chemical descriptors such the softness, chemical potential and electrophilicity index,
where used here because of the good correlation they have shown in the prediction of radical
scavenging antioxidant activity [16-19].

Genetic Algorithms (GA) are powerful computational tools that have been used in many areas of
investigation because of their reliable mathematical models. This method is based on the mechanism
of evolution of species, the higher descriptor weights (genes) the more preserved in the mathematic
model, while the lower weights are eliminated. In this manner, the best mathematical models which
represent the observed biological activity (phenotype) are obtained [20,21]. Furthermore, Artificial
Neural Networks (ANN) is a computational tool used in the rationale drug design. ANN tries to
simulate the human brain mechanism. In this method the basic unit is the neuron and the
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interconnection of all of them forms the architecture of the neural network. There is a variation of this
method called back propagation ANN as well. In this, the output of the network is compared to the real
value and then the network weights are adjusted in order to ensure that the error is minimum. This type
of neural network is the most frequently used to develop of QSAR and QSPR studies [22,23].

2. Experimental Methods and Results
2.1. Synthesis and Characterization

Ethyl esters of 6-R-2H-1-benzopyran-2-one-3-carboxylic acids Al-D1 and 3-acetyl-6-R-2H-1-
benzopyran-2-ones A2-D2 (Scheme 1) were synthesized via Knoevenagel condensation. The general
reaction between 5-substituted salicylaldehydes A—D and ethyl acetoacetate or diethyl malonate at
refluxing temperature for 24 h gave moderate to good product yields [24-26]. The details and
spectroscopic data for those compounds are summarized in the Experimental procedures.

Scheme 1. Reaction for the formation of coumarins.
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2.2. DPPH-« Radical Scavenging Activity

Antioxidant compounds play an important role as a health-protecting factor. The interaction of the
examined compounds with the stable free radical DPPHe was studied. Results of the assays are
summarized in Figures 1-3.

Figure 1. DPPHe- radical scavenging activity for 3-carboxycoumarin derivatives at a
10 mg/mL concentration reported as percent of inhibition of DPPHe.
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Compounds C1 and C2 showed the highest radical scavenging activity (Figure 1). For both
compounds the interaction was time and concentration dependent (Figures 2 and 3). The time course of
DPPH?e interaction is affected by various concentrations. In general, this interaction expresses their
ability to scavenge free radicals [27,28]. Trials of discoloration of DPPHe at 60 min with different
concentrations of compounds C1 and C2 in order to verify the dose-effect of the concentration of these
compounds on the entrapment of the DPPHe- radical [29] are shown below.

Figure 2. Kinetics of entrapment of DPPHe with respect to the concentration of the compound C1.
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Figure 3. Kinetics of entrapment of DPPHe with respect to the concentration of the compound C2.
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3. Computational Details and Results

A conformational study was performed over the eight coumarins (Table 1) using PM3 semi-empirical
method as implemented in the SPARTAN’08 code [30,31]. The structures of all conformers of
minimum energy were fully optimized without symmetry constrains within the density functional
theory methodologies and the resulting ground states were characterized via frequency analysis. In the
present work, we have used the hybrid B3LYP [32] functional and the 6-31+G (d,p) basis set [33]. We
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have included the influence of DMSO solvent using the SMD solvation model [34] implemented in the
Gaussian 09 program [35].

Table 1. Coumarin compounds and their experimental antiradical activity expressed as
equivalents in % DPPHe inhibition.

Compound R, R, % DPPHe inhibition Log Yexp
Al COOCH; H 13.42 1.13
B1 COOCHg; NO, 14.43 1.16
C1 COOCH; OH 40.67 1.61
D1 COOCH; OCHg; 9.39 0.97
A2 COOEt H 8.06 0.91
B2 COOEt NO, 8.10 0.91
C2 COOEt OH 56.39 0.75
D2 COOEt OCH;, 11.41 1.06

Molecular descriptors of all optimized structures were calculated from the DFT context and the
DRAGON05 program [36]. This software includes 20 families of descriptors in the code. Here, we
have selected group account, geometrical and molecular property families. These families include a
total of 257 descriptors but DRAGON program only gave us 73 descriptors based on the molecular
characteristics of our compounds. We calculated the correlation matrix of these 73 descriptors the data
analyzer within the Molegro Virtual Docker (MVD) software [37] and obtained nine non-correlated
descriptors (see Table 2).

Table 2. Descriptors used in our study.

PROGRAM DESCRIPTOR TYPE DESCRIPTION
DRAGON SPH Geometrical Spherosity
DRAGON Ui Molecular Properties Unsaturation index
DRAGON Hy Molecular Properties Hydrophilic factor
DRAGON AMR Molecular Properties Molar refractivity
DRAGON ALOGP Molecular Properties Ghose-Crippen-Viswanadhan
octanol-water partition coefficient
DRAGON TPSA Molecular Properties Topological Polar Surface Area
GAUSSIAN E Quantum-Chemical Total Energy
GAUSSIAN Dipole Quantum-Chemical Dipole Moment
GAUSSIAN n Quantum-Chemical Hardness
GAUSSIAN ® Quantum-Chemical Electrophilicity
GAUSSIAN H Quantum-Chemical Chemical potential
GAUSSIAN S Quantum-Chemical Softness
GAUSSIAN Gap HOMO-LUMO Quantum-Chemical Energy difference LUMO-HOMO

The SPH (spherosity) is an anisometry descriptor calculated as a function of the eigenvalues of the
covariance matrix calculated from the molecular matrix:

3.4,

SPH = At Ayt Ay 1)

The spherosity index varies from zero for flat molecules, such as benzene, to one for totally
spherical molecules [38]. The Ui (unsaturation index) is a simple information index for unsatured bonds
defined as:
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Ui = log,(nDB + nTE + nAFE) )]

where nDB, nTB and nAB are the number of of double, triple and aromatic bonds, respectively[36].
The Hy is the hydrophilic factor descriptor and it’s calculated from Equation (3):

- : - : 4 4 |":H_'5.'
by — (148, Jiog, (14 Mg, )+ nf[ﬁlogzﬁ}t\!m 3)
y= log, (14 nSK)

where Ny, is the number of hydrophilic groups (-OH, -SH and -NH), nC represents the number of
carbon atoms and nSK stands for all atoms excluding Hydrogen [39]. The AMR (molar refactivity)
descriptor is calculated according to the Ghose-Crippen model, based on a group contribution
method [40]. The ALOGP descriptor (Ghose-Crippen-Viswanadhan octanol-water partition coefficient)
is calculated from the ALOGP model consisting of a regression equation based on the hydrophobicity
contribution of 120 atom types [41]. The TPSA (Topological Polar Surface Area) descriptor originally
proposed by Ertl P. et al. [42] is calculated from Equation (4):

TPSA = ¥ n,C, @)

the C; term is the contribution of atom i to the molecular surface, n; is the frequency of the atom i in
the molecule and the sum runs over all types of polar fragments. The TPSA calculation takes into
account the contribution of the functional groups containing oxygen and nitrogen atoms to the
polarization of the molecular surface as implemented in the DRAGON code [36].

Additionally we calculated quantum chemical descriptors from DFT (Table 2) as total energy (E),
dipole moment, hardness (7), electrophilicity index (w), chemical potential (|y), softness (S) and gap
HOMO-LUMO. In this work E, corresponds to the ground state energy of our coumarin molecules and
the dipole moment was calculated as implemented in Gaussian 09 [35]. The chemical potential (1),
which is widely used as a descriptor of chemical reactivity, indicates the escape tendency of the

k=(55). ©)

where E is the energy of the system and N is the number of electrons [14]. Here we used the finite
difference approximation:

electrons and it’s calculated from:

_ —I+A

= (6)

where | is the vertical ionization potential defined as the difference of total energy between cationic
structures in the optimized geometry of the neutral compounds and the optimized neutral structures:

| = Ecat = Eneu (7)

A is the vertical electron affinity defined as the difference of the total energy between the optimized
neutral structures and the corresponding anions in the optimized geometry of the neutral compounds:

A = Eneu — Eanion (8)

The hardness (i) is a global property of the molecular system and measure the resistance imposed
by it to any change in its electron distribution:
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1=3(3), = (%), ©

In the finite difference approximation the above equation is:

n=2(1-4) (10)
The softness (S) is the inverse of hardness:

5= (11)

(o]
-ul"‘

The electrophilicity index (w) can be determined from chemical potential (z) and hardness (17) [14] as:

z

=

m:

(12)

[
=3

where o represents the stabilization energy of the molecular system when it is saturated by electrons
coming from the surroundings [43].

3.1. Genetic Algorithms (GA)

We introduced all 13 descriptors into the Neuroshell Predictor program code [44]. According to the
GeneHunter Genetic Algorithm [45] implemented in this program we obtained the weights of the
molecular descriptors (see Figure 4).

Figure 4. Descriptor weights calculated from GA analysis.
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Figure 5 shows the linear correlation between the log Yex, (actual) and log Y req calculated by GA
analysis (predicted). We obtained a coefficient of multiple determinations (Rsquared) Of 0.9313, a
correlation factor (r) of 0.9658 and a root mean squared error (RMSE) of 0.0786.
Rsquared 1S @ statistical indicator usually used in multiple regression analysis to compare the
reliability of the model with respect to reference points. Rsquared IS defined as:

_ Eiy-5)°
quuared =1- Tiy— 72 (13)

where y is the experimental value, ¥ is the value predicted by the model, ¥ is the average of all the
output values. Furthermore r is a measure of the linear correlation between experimental and predicted
values in terms of direction, namely:



Molecules 2012, 17 14890

N[E i_N: '_I:xi.'yi. }]_ [ i_N:'_ xi.]'[E i_N:'_yi.]

I O e (14)

'r'=

Figure 5. Calculated against experimental antiradical activity.
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RMSE is defined as the root mean square of the summation of quadratic terms. These terms

correspond to the difference between experimental and predicted data values:
RMSE = \[X(y — #)? (15)
Experimental and calculated antiradical activity, error and percent error are shown in Table 3. The
error is calculated from the difference between experimental (Yex) and calculated (Yca) antiradical
activity. Percent error is calculated as:

Error

g Error = Ex 100 (16)

Table 3. log Yexp and log Y preq antiradical activity, error and % error values of coumarin compounds.

Compound Log Yexp Log Ypred Error % Error
Al 1.13 1.16 —-0.03 2.65
Bl 1.16 1.13 0.03 2.58
Cl 1.61 1.75 —-0.14 8.69
D1 0.97 1.05 —-0.08 8.24
A2 0.91 0.91 0.00 0.00
B2 0.91 0.91 0.00 0.00
C2 1.75 1.61 0.14 8.00
D2 1.06 1.06 0.00 0.00
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The highest error value was 8.69% and the lowest one 0%. The average percent error was 3.77%.
We propose the construction of a Back Propagation Neural Network (BPNN) with the most important
descriptor Hy (Table 4) in order to obtain a mathematical model that fits with the QSAR theory, this is
one descriptor per 4 to 10 molecules.

Table 4. Hydrophilic Factor (Hy).

Compound Hy
Al —0.766
Bl —0.634
C1 -0.200
D1 -0.734
A2 —0.734
B2 -0.621
C2 —-0.198
D2 —0.709

3.2. Backpropagation Neural Network

NeuroShell Predictor software [44] was used to build and train our BPNN. The BPNN framework
was formed with one input neurons, five hidden neurons and one output neuron (see Figure 6).

Figure 6. Architecture of the back propagation neural network. Ellipses correspond to
neurons and lines represent the interconnection between them. (1) Input layer, (2) Hidden
layer and (3) Output layer.

1) (2) (3)

The BPNN model showed that in all the analyzed compounds Hy descriptor is the most important
variable in the antiradical activity. The Hy descriptor indicates antiradical activity increases as we
incorporate hydrophilic groups to the coumarin molecules.

The linear correlation between log Yex, and 10g Ypreq antiradical activity of coumarins was very
successful. The graphic is showed in Figure 7. Here we obtained a Rsquered Of 0.9196, r = 0.959 and
RMSE = 0.0850.

Experimental and calculated antiradical activity, error and percent error are shown in Table 5. The
highest % error value was 14.29% and the lowest one 1.26%. In our opinion the high errors should
decrease as the number of molecules is increased. In the BPNN methodology the average percent error
was 7.18% which corresponds to a 3.41% higher than the calculated from GA.

Determination of reliability of our QSAR model was done by calculating the statistical parameters
£2 and ArZ, proposed by Roy et al. [46,47]. The £Z, value for this mathematical model was 0.8687 and
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the Ar2, = 0.0759. For an acceptable QSAR model the average rm> must be >0.5 and Ary> < 0.2, in this
terms the QSAR model proposed here was good. In contrast £Z, and Arp? values for our GA model was
of 0.9014 and 0.056 respectively, but we have to consider that in GA analysis 13 descriptors were used
and in the ANN only one. These results show the importance to include ANN with the GA
methodology. A previous QSAR study [48] made with Multiple Linear Regression and 15 more
complex coumarins derivatives they found that the HOMO, LUMO and partial charges in the OH, N
and S where the most important descriptors for the development of the antiradical scavenging activity.
There’s results concord with ours in the way that Hy take account the functional groups OH, NH; and
SH. Also in our study we validated our model with the statistical parameters ¥z, and ArZ, [44,45] that
are a rigorous method for QSAR evaluation.

Figure 7. Calculated against experimental antiradical activity.
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Table 5. Experimental and calculated antiradical activity, error and % error values of
coumarin compounds with BPNN model.

Compound Log Yexp Log Ypred Error % Error

1 1.13 1.03 0.1 8.85
Bl 1.16 1.04 0.12 10.34
C1 1.61 1.64 -0.03 1.86
D1 0.97 1.01 -0.04 4.12
A2 0.91 1.01 -0.1 10.99
B2 0.91 1.04 -0.13 14.29
C2 1.75 1.71 0.04 2.29

D2 1.06 1.01 0.05 4.72
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It’s important to mention that the C1 and C2 compounds show the highest antiradical activities
because both possess an -OH hydrophilic group. This functional group increases the Hy value in such
a way that we could say that -OH group is crucial for antiradical activity of coumarins.

4. Experimental
4.1. General

All chemicals and solvents were of reagent grade and used as received. Melting points were
measured on an Electrothermal 1A 9100 apparatus and were uncorrected. IR spectra were recorded
neat using a Varian 3100 FT-IR with ATR system Excalibur Series spectrophotometer. Mass spectra
were obtained in a Bruker Esquire 6000 spectrometer with an electron ionization mode. *H and
3C-NMR spectra were recorded on a Varian Mercury 300 (*H, 300.08; *C, 75.46 MHz) instrument in
CDClj; solutions or DMSO-ds, measured with SiMe, as the internal reference, chemical shifts are in
ppm and "J(H-H) in Hertz.

General Procedure for the Synthesis of Coumarin Derivatives

The starting coumarins 1A-2D were synthesized by Knovenagel cyclization (Scheme 1) between
substituted salicylaldehydes (4 mmol) and ethyl acetoacetate (4 mmol) or diethyl malonate (4 mmol)
with catalytic amounts of piperidine in ethanol (20 mL), according to the methodology reported
elsewhere [24-26].

3-Acetyl-2H-1-benzopyran-2-one (A1): Yellow solid. Yield 67.3%. m.p: 118-122 <C, IR (neat), v (cm™):
1719 (OC=0), 1680 (C=0), 1196 and 1161 (C-0). *H-NMR (& ppm, CDCl5): 8.63 (s, 1H, H-4), 7.92
(d, 1H, H-5, 3J = 7.7 Hz), 7.72 (dd, 1H, H-7, *J = 7.6, 7.3 Hz), 7.43 (dd, 1H, H-8, 3J = 7.3 Hz), 7.39
(dd, 1H, H-6, %1 =7.7, 7.6 Hz), 2.56 (s, 3H, H-12). *C-NMR (& ppm, CDCls): 195.1 (C-11), 158.5 (C-2),
154.6 (C-9), 147.1 (C-4), 134.5 (C-7), 130.8 (C-5), 124.9 (C-6), 124.4 (C-3), 118.2 (C-10), 116.1 (C-8),
30.1 (C-12). C11HgO3 188.05. m/z = 188.1 (M, 50%), 173.2 (100%), 145.3 (11.9%), 118.3 (11.1%).

3-Acetyl-6-nitro-2H-1-benzopyran-2-one (B1): Yellow solid. Yield 54.6%. m.p: 200-203 <C; IR (neat),
v (cm™): 1745 (OC=0), 1676 (C=0), 1530 and 1341 (C-NO,), 1275 y 1209 (C-O). *H-NMR (5 ppm,
CDCls): 8.58 (d, 1H, H-5, *J = 2.6 Hz); 8.55 (s, 1H, H-4); 8.50 (dd, 1H, H-7,%1=9.1,*J = 2.6 Hz), 7.52 (d,
1H, H-8, 3J = 9.1 Hz), 2.73 (s, 3H, H-12). *C-NMR (8 ppm, CDCls): 194.5 (C-11), 158.6 (C-2), 157.9
(C-9), 146.1 (C-4), 144.6 (C-6), 128.8 (C-7), 126.5 (C-3), 126.1 (C-5), 118.4 (C-10), 118.2 (C-8), 30.7
(C-12). C13H/NOs 233.03. m/z = 233.0 (M, 43.9%), 218.3 (100%), 172.3 (19.3%), 144.2 (5.0%).

3-Acetyl-6-hydroxy-2H-1-benzopyran-2-one (C1): Yellow solid. Yield 90%. m.p: 247-248 <C; IR
(neat), v (cm%): 3155 (O-H), 1736 (OC=0), 1643 (C=0). *H-NMR(5 ppm, DMSOgs): 9.89 (s, 1H,
OH), 8.53 (s, 1H, H-4), 7.20 (d, 1H, H-5, *J = 2.9 Hz); 7.14 (dd, 1H, H-7, ) = 8.8, *J = 2.9 Hz), 7.29
(d, 1H, H-8, %) = 8.8 Hz), 2.54 (s, 3H, H-12). *C-NMR (& ppm, DMSO-dg): 196.0 (C-11), 159.9 (C-2),
154.6 (C-6), 148.7 (C-9), 147.7 (C-4), 125.1 (C-3), 123.4 (C-7), 119.3 (C-10), 117.2 (C-5), 114.8 (C-8),
30.7 (C-12). C11HgO4 204.04. m/z = 204.1 (M, 86.0%), 189.1 (100%), 161.2 (19.0%), 134.2 (33.4%).
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3-Acetyl-6-methoxy-2H-1-benzopyran-2-one (D1): Yellow solid. Yield 89%. mp 180-183 <C. IR
v (cm™): 1723 (OC=0), 1677 (C=0), 1226, 1197 (C-O)."H-NMR (& ppm, CDCls): 8.44 (s, 1H, H4),
7.28 (d, H-8, 1H, 33 = 9.1)), 7.20 (dd, 1H, H-7, %) = 9.1, *J = 2.9 Hz), 7.02 (d, 1H, H-5, *J = 2.6 Hz),
3.85 (s, 3H, OCHs), 2.70 (s, 3H, CHs); *C-NMR (5 ppm, CDCls): 195.9 (C11), 159.7 (C2), 156.6
(C6), 150.1 (C10), 147.6 (C4), 124.8 (C3), 123.2 (C7), 117.9 (C5), 118.7 (C9), 111.3 (C8), 56.1
(OCHpg), 30.9 (CHj3). C12H1004 218.06 m/z = 218.0 (M, 60.0%), 203.0 (100%), 175.0 (16.6%), 148.0
(15.3%). EA (%) calculated for C1,H1004: 66.05 C, 4.62 H; found: 66.04 C, 4.61 H.

Ethyl 2H-1-benzopyran-2-one-3-carboxyate (A2): White solid. Yield 90%. m.p. 91-92 <C, IR (neat),
v (cm™): 1605 (OC=0), 11758 (C=0), 1196 y 1161 (C-O). *H-NMR (8 ppm, DMSO-ds): 8.49 (s, 1H,
H-4), 7.93 (dd, 1H, H-5), 7.39 (dt, 1H, H-6), 7.74 (dt, 1H, H-7), 7.45 (dd, 1H, H-8), 4.30 (q, 2H,
O-CHy), 1.39 (t, 3H, -CHs3). *C-NMR (5 ppm, DMSO-ds): 163.0 (C-11), 156.4 (C-2), 154.5 (C-9),
149.0 (C-4), 134.7 (C-7), 130.7 (C-5), 125.3 (C-6), 118.2 (C-3), 118.3 (C-10), 116.6 (C-8), 61.7 (O-CHy),
15.5 (-CHj3). C12H1004 218.06. m/z = 219.1 (M, 100%), 173.2 (76%), 146.2 (87.9%), 118.2 (27.4%).

Ethyl 6-nitro-2H-1-benzopyran-2-one-3-carboxyate (B2): Yellow solid. Yield 89%. m.p = 191-192 <C,
IR (neat), v (cm%): O-C=0 (1716), C=0 (1746). ‘H-NMR(8 ppm, CDCl5): 8.90 (d, 1H, H-5, “J = 3.0 Hz);
8.93 (s, 1H, H-4); 8.50 (dd, 1H, H-7, %) = 9.0, *J = 3.0 Hz), 7.65 (d, 1H, H-8, *J = 9.0 Hz), 4.32 (q, 2H,
0-CH,), 1.33 (t, 3H, -CHs). **C-NMR (& ppm, CDCl5): 162.5 (C-11), 158.5 (C-2), 155.2 (C-9), 147.1
(C-4), 148.8 (C-6), 128.8 (C-7), 118.0 (C-3), 125.4 (C-5), 120.7 (C-10), 118.3 (C-8), 62.7 (O-CHy),
14.3 (-CHs). C12HgNOg 263.04. m/z = 262.9 (M, 33.0%), 218.2 (91.9%), 191.0 (100%), 161.2 (98.0%).

Ethyl 6-hydroxy-2H-1-benzopyran-2-one-3-carboxyate (C2): Beige solid, 91%, m.p. = 205-206 <C, IR
(neat,) v (cm™): (O-H) 3324, (O-C=0) 1707, (C=0) 1722. *H-NMR (8 ppm, DMSO-ds): 9.93 (s, 1H,
OH), 8.66 (s, 1H, H4), 7.30 (d, 1H, H-8, 3J = 8.8), 7.21 (d, 1H, H-5, J = 2.9), 7.17 (dd, 1H, H-7,
%) = 8.8, % = 2.9 Hz), 4.29 (g, 2H, OCH,-, %J = 7.1), 1.31 (t, 3H, -CHs, 3J = 7.1), **C-RMN (& ppm,
DMSO-dg): 167.4 (C-11), 159.4 (C-2), 154.5 (C-9), 147.2 (C-4), 140.9 (C-6), 117.1 (C-7), 119.4 (C-3),
113.3 (C-5), 119.7 (C-10), 120.2 (C-8), 44.1 (O-CHy), 14.2 (-CH3). C12H1005 234.05. m/z = 234.0 (M,
67.7%), 189.1 (36.1%), 161.8 (100.0%), 134.2 (31.3%)

Ethyl 6-methoxy-2H-1-benzopyran-2-one-3-carboxyate (D2): Yellow solid, 92%, m.p. = 142-143 <C,
IR (neat), v (cm™): (O-C=0)1733, (C=0)1740. *H-NMR (8, ppm, CDCls): 8.45 (s, 1H, H-4), 7.26
(d, H-8, 1H, 3 = 5.0), 7.20 (dd, 1H, H-7, %) = 5.0, “J = 2.9, Hz), 6.99 (d, 1H, H-5, *J = 2.9 Hz), 3.89
(s, 3H, OCH3) 4.38 (g, H, OCH,, 3J = 7.0, Hz), 1.47 (s, 3H, -CHs, *J = 7.0 Hz); **C-NMR (8 ppm,
CDCly): 163.3 (C-11), 157.1 (C-2), 156.4 (C-9), 148.6 (C-4), 149.9 (C-6), 118.0 (C-7), 118.3 (C-3),
110.8 (C-5), 118.6 (C-10), 122.8 (C-8), 62.1 (O-CH,), 56.1 (CH30-), 14.4 (-CHs). C13H1,05 248.07.
m/z = 248.2 (M, 93.1%), 203.1 (32.6%), 176.2 (100%), 148.2 (23.7%).

4.2. Antiradical Activity Measurement with the DPPH+ Assay

The antiradical activity of compounds A1-D2 was estimated according to a slight modification of
the procedure reported by Morales and Jimenez-Perez [27]. Dilutions in DMSO solvent at 10 mg/mL
of the eight compounds were prepared. An aliquot of each sample (50 uL) was added to a solution of
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1,1-diphenyl-2-picrylhydrazyl (DPPH<) radical (250 L) prepared fresh daily, at a concentration of
74 mg/L in ethanol. The mixtures (200 L) were placed in a 96-well microplate and absorbance at time
zero was immediately measured using a UV wavelength of 520 nm. Measurement were performed
every 5 min for 60 min. Antiradical activity evaluation for compounds was measured in terms of
absorbance decrease at 520 nm of the DPPHe ethanolic solution produced by the effect of each
compound as a result of their ability to donate a hydrogen giving place to the reduced form of DPPHe.
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) was used as standard molecule. The
antiradical activity for each compound was determinate in Trolox equivalent antioxidant capacity
(TEAC). The DPPH?e solution in presence of DMSO and in the absence of coumarins was tested and
used as a negative control. A null DPPH- free radical scavenging for the DMSO was verified. In all
experiments, samples were analyzed in triplicate, and mean values & SD were recorded in order to
present the activity for each compound and be able to evaluate the structure-activity relationships.

5. Conclusions

In GA analysis we obtained an average percent error of 3.77% while in BPNN the average percent
error was 7.18%. This result indicate that the combination of the two methodologies optimize the
creation of QSAR models. The GA allows finding the most important descriptor for the development
of the antiradical activity and ANN improves our model with the use of only one molecular descriptor
to obtain accurate prediction values. The presence of hydroxyl groups on the ring structure of
3-carboxycoumarins is correlated with their DPPHe radical scavenging effects. The mixed QSAR
model showed that Hy could indicate that antiradical activity would increase as we incorporate
hydroxyl groups in the coumarin molecules. According to f5and Arg obtained for ANN the
mathematical model proposed in this work has good predictive ability.

Acknowledgments

The authors are grateful for financial support from Conacyt (Grants 105721 and 173591), FRABA
Universidad de Colima (Grant 740/11 and 797/2). RSRH is greatfully acknowledged to Conacyt for
the grant number 33990 for PhD formation.

References

1. Kontogiorgis, C.; Handjipavliou, D. Biological evaluation of several coumarin derivatives
designed as possible anti-inflammatory/antioxidant agents. J. Enzym. Inhib. 2006, 18, 63-69.

2. Gursoy, A.; Karali, N. Synthesis, characterization and primary antituberculosis activity evaluation
of 4-(3-coumarinyl)-3-benzyl-4-thiazolin-2-one benzilidenehydrazones. Turk. J. Chem. 2003,
27, 545-551.

3. Kostova, I. Synthetic and Natural Coumarins as Cytotoxic Agents. Curr. Med. Chem. 2005, 5, 29-46.

4. Kusanur, R.A.; Ghate, M.; Kulkarni, M.V. Synthesis of spiro[indolo-1,5-benzodiazepines] from 3-
acetyl coumarins for use as possible antianxiety agents. J. Chem. Sci. 2004, 116, 265-270.

5.  Kempen, I.; Papapostolou, D.; Thierry, N.; Pochet, L.; Counerotte, S.; Masereel, B.; Foidart, J.M.;
Reboud-Ravaux, M.; Noe, A.; Pirotte, B. 3-bromophenyl 6-acetoxymethyl-2-oxo-2H-1-



Molecules 2012, 17 14896

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

benzopyran-3-carboxylate inhibits cancer cell invasion in vitro and tumor growth in vivo.
Br. J. Cancer 2003, 88, 1111-1118.

Lacy, A.; O’Kennedy, R. Studies on Coumarins and Coumarin-Related Compounds to Determine
their Therapeutic Role in the Treatment of Cancer. Curr. Pharm. Design. 2004, 10, 3797-3811.
Kontogiorgis, C.; Handjipavlou, D. Synthesis and antiinflamatory activity of coumarin
derivatives. J. Med. Chem. 2005, 48, 6400—6408.

Lin, H.C.; Tsai, S.H.; Chen, C.-S.; Chang, Y.-C.; Lee, C.-M.; Lai, Z.-Y.; Lin, C.-M.
Structure-activity relationship of coumarin derivatives on xanthine oxidase-inhibiting and free
radical-scavenging activities. Biochem. Pharm. 2008, 75, 1416-1425.

Berhanu, W.M.; Pillai, GG.; Oliferenko, A.A.; Katritzky, A.R. Quantitative structure—
activity/property relationships: The ubiquitous links between cause and effect. ChemPlusChem
2012, 77, 507-517.

Katritzky, A.R.; Kuanar, M.; Slavov, S.; Hall, C.D.; Karelson, M.; Kahn, I.; Dobchev, D.A.
Quantitative correlation of physical and chemical properties with chemical structure: Utility for
prediction. Chem. Rev. 2010, 110, 5714.

Le, T.; Epa, V.C.; Burden, F.R.; Winkler, D.A. Quantitative structure—property relationship
modeling of diverse materials properties. Chem. Rev. 2012, 112, 2889-29109.

Topliss, J.G.; Costello, R.J. Chance correlations in structure-activity studies using multiple
regression analysis. J. Med. Chem. 1972, 15, 1066—-1068.

Puzyn, T.; Leszczynski, J.; Cronin, M.T.D. Recent Advances in QSAR Studies; Springer:
New York, NY, USA, 2010; pp. 30-41.

Parr, R.G.; Yang, W. Chemical potential derivatives. In Density-Functional Theory of Atoms and
Molecules, 1st ed.; Oxford University Press: New York, NY, USA, 1989; pp. 87-95.

Parthasarathi, R.; Subramanian, V.; Royb, D.R.; Chattarajb, P.K. Electrophilicity index as a
possible descriptor of biological activity. Bioorg. Med. Chem. 2004, 12, 5533-5543.

Pasha, F.A.; Cho, S.J.; Beg, Y.; Tripathi, Y.B. Quantum chemical QSAR study of flavones and
their radical-scavenging activity. Med. Chem. Res. 2008, 16, 408-417.

Ray, S.; Sengupta, C.; Roy, K. QSAR modeling of antiradical and antioxidant activities of
flavonoids using electrotopological state (E-State) atom parameters. Cen. Eur. J. Chem. 2007, 5,
1094-1113.

Xue, Y.; Zheng, Y.; An, L.; Zhang, L.; Qian, Y.; Yu, D.; Gong, X. A theoretical study of the
structure—radical scavenging activity of hydroxychalcones. Comp. Theor. Chem. 2012, 982, 74-83.
Sarkar, A.; Middya, T.R.; Jana, A.D. A QSAR study of radical scavenging antioxidant activity of
a series of flavonoids using DFT based quantum chemical descriptors—The importance of group
frontier electron density. J. Mol. Model. 2011, 18, 2621-2631.

Asadollahi, T.; Dadfarnia, S.; Mohammad, A.; Shabani, H.; Ghasemi, J.B.; Sarkhosh, M. QSAR
Models for CXCR2 Receptor Antagonists Based on the Genetic Algorithm for Data Preprocessing
Prior to Application of the PLS Linear Regression Method and Design of the New Compounds
Using In Silico Virtual Screening. Molecules 2011, 16, 1928-1955.

Terfloth, L.; Johann, G. Neural networks and genetic algorithms in drug design. Drug Discov.
Today 2001, 6, 102-108.



Molecules 2012, 17 14897

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

Nevillers, J. Strengths and weaknesses of the backpropagation neural network in QSAR and
QSPR studies. In Neural Networks in QSAR and Drug Design, 1st ed.; Nevillers, J., Ed,;
Academic Press Inc.: San Diego, CA, USA, 1996; pp. 1-20.

Gasteiger, J.; Zupan, J. Neural Networks in Chemistry. Angew. Chem. Int. Ed. 1993, 32, 503-527.
Bonsignore, L.; Cottiglia, F.; Maccioni, A.; Secci, D. Shynthesis of coumarin-3-O-acylisoureas by
dicyclohexylcarboiimide. J. Heterocycl. Chem. 1995, 32, 573-577.

Mart fiez-Mart fiez, F.J.; Padilla-Mart fiez, I.1.; Trujillo-Ferrara, J. *H and *C NMR assignments
of 2-ox0-2H-1-benzopyran-3-acyl and 3-amide derivatives. Magn. Res. Chem. 2001, 39, 765-776.
Garce-B&z, E.V.; Martnez-Martmez, FJ.; HOfl, H.; Padilla-Martinez, 1.I. =-Stacking
interactions and C—H X (X = O, aryl) hydrogen bonding as directing features of the
supramolecular self-association in 3-carboxy and 3-amido coumarin derivatives. Cryst. Growth
Des. 2003, 3, 35-45.

Morales, F.J.; Jiménez-Pé&ez, S. Free radical scavenging capacity of Maillard reaction products as
related to color and fluorescence. Food Chem. 2001, 72, 119-125.

Molyneux, P. The use of the stable free radical diphenylpicrylhydrazyl (DPPH) for estimating
antioxidant activity. Songklanakarin J. Sci. Technol. 2004, 26, 211-219.

Hsiu-Chen, L.; Shin-Hui, T.; Chien-Shu, C.; Yuan-Ching, C.; Chi-Ming, L.; Zhi-Yang, L.;
Chun-Mao, L. Structure—activity relationship of coumarin derivatives on xanthine
oxidase-inhibiting and free radical-scavenging activities. Bioch. Pharm. 2008, 75, 1416-1425.
Hehre, W. A Guide to Molecular Mechanics and Quantum Chemical Calculations; Wavefunction
Inc.: Irvine, CA, USA, 2003.

Stewart, J.J.P. Optimization of parameters for semiempirical methods I. Method. J. Comput.
Chem. 2004, 10, 209-220.

Becke, A.D. Density-functional thermochemistry. 111. The role of exact exchange. J. Chem. Phys.
1993, 98, 5648-5652.

Petersson, G.A.; Al-Laham, M.A. A complete basis set model chemistry. 1. Open-shell systems
and the total energies of the first-row atoms. J. Chem. Phys. 1991, 94, 6081-6090.

Marenich, A.V.; Cramer, C.J.; Truhlar, D.G. Universal solvation model based on solute electron
density and a continuum model of the solvent defined by the bulk dielectric constant and atomic
surface tensions. J. Phys. Chem. B. 2009, 113 6378-6396.

Frisch, M.J.; Trucks, GW.; Schlegel, H.B.; Scuseria, GE.; Robb, M.A.; Cheeseman, J.R;
Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, GA.; et al. Gaussian 09, Revision A.1l;
Gaussian, Inc.: Wallingford, CT, USA, 2009.

DRAGON for Windows, Version 5.4; Software for Molecular Descriptor Calculations; Talete srl:
Milano, Italy, 2006.

Thomsen, R.; Christensen, M. MolDock: A New Technique for High-Accuracy Molecular
Docking. J. Med. Chem. 2006, 49, 3315-3321.

Robinson, D.D.; Barlow, T.W.; Richards, W.G. Reduced Dimensional Representations of
Molecular Structure. J. Chem. Inf. Comput. Sci. 1997, 37, 939-942.

Todeschini, R.; Vighi, M.; Finizio, A.; Gramatica, P. 3D-modelling and prediction by WHIM
descriptors. Part 8. Toxicity and physico-chemical properties of environmental priority chemicals
by 2D-TI and 3D-WHIM descriptors. SAR. QSAR. Environ. Res. 1997, 7, 173-193.



Molecules 2012, 17 14898

40.

41.

42.

43.

44,

45.

46.

47.

48.

Ghose, A.K; Crippen, G.M. Atomic Physicochemical Parameters for Three-Dimensional-
Structure-Directed Quantitative Structure-Activity Relationships. 2. Modeling Dispersive and
Hydrophobic Interactions. J. Chem. Inf. Comput. Sci. 1987, 27, 21-35.

Ghose, A.K.; Viswanadhan, V.N.; Wendoloski, J.J. Prediction of Hydrophobic (Lipophilic)
Properties of Small Organic Molecules Using Fragmental Methods: An Analysis of ALOGP and
CLOGP Methods. J. Phys. Chem. A 1998, 102, 3762-3772.

Ertl, P.; Rohde, B.; Selzer, P. Fast calculation of molecular polar surface area as a sum of
fragment-based contributions and its application to the prediction of drug transport properties.
J. Med. Chem. 2000, 43, 3714-3717.

Chattaraj, P.K.; Roy, D.R. Update 1 of: Electrophilicity Index. Chem. Rev. 2007, 107, PR46-PR74.
NeuroShell Predictor Reference Manual; Ward Systms Group, Inc.: Frederick, MD, USA,
September 2008.

Goldberg, D.E. Genetic Algorithms in Search, Optimization, and Machine Learning;
Addison-Wesley: Boston, MA, USA, 1989.

Roy, K.; Mitra, |.; Kar, S.; Ojha, P.K.; Das, R.N.; Kabir, H. Comparative studies on some metrics
for external validation of QSPR models. J. Chem. Inf. Model. 2012, 52, 396-408.

Ojha, P.K.; Mitra, I.; Das, R.N.; Roy, K. Further exploring rm2 metrics for validation of QSPR
models. Chemom. Intell. Lab. Syst. 2011, 107, 194-205.

Mladenovié, M.; Mihailovi¢, M.; Bogojevi¢, D.; Mati¢, S.; Niciforovié, N. In Vitro Antioxidant
Activity of Selected 4-Hydroxy-chromene- 2-one Derivatives—SAR, QSAR and DFT Studies.
Int. J. Mol. Sci. 2011, 12, 2822-2841.

Sample Availability: Samples of the compounds A1-D2 are available from the authors.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



