
Regular Article     PHYSICAL 
                                      CHEMISTRY 
                                                                                                                                                                                                               RESEARCH 

                                                                                                                                                                                                                         Published by the 
                                                                                                                                                                                                                 Iranian Chemical Society 
                                                                                                                                                                                         www.physchemres.org 
                                                                                                                                                                                        info@physchemres.org 
 
Phys. Chem. Res., Vol. 10, No. 1, 105-125, March 2022 
DOI: 10.22036/pcr.2021.292515.1931 

 
Quantitative Structure-activity Relationship Studies and Nonlinear Optical 

Properties of 2-Phenylbenzofuran Derivatives: A Density Functional Theory Study 
 

N. Benhalimaa, M. Touhamib, F. Khelfaouic,*, F. Yahia Cherifb and A.K. Chouaihd  
aLaboratory of Chemistry: Synthesis, Properties and Applications (LCSPA), Faculty of Sciences, University of Saida-Dr. Moulay Tahar, 

Saida, Algeria 
bModeling and Calculation Methods Laboratory, University of Saida-Dr. Moulay Tahar, Saida, Algeria 

cLaboratory of Physico-Chemical Studies, University of Saida-Dr. Moulay Tahar, Saida, Algeria 
dLaboratory of Technology and Solid Properties (LTPS), Abdelhamid Ibn Badis University of Mostaganem, Mostaganem, Algeria 

 (Received 20 June 2021, Accepted 28 August 2021) 
 
      Density functional theory (DFT) calculations were performed in the ground state of 2-phenylbenzofuran using the GGA-
PBE, PBV86, and meta-GGA TPSS hybrid functionals with the 6-31G(d,p) basis set. First, theoretical calculations were 
performed using the above functionals to obtain the stable conformer of the molecule. In addition, Mulliken population, 
natural population, and natural bond orbital analyses were carried out. The molecular electrostatic potential, band gap 
energies, global and local reactivity descriptors, and nonlinear optical (NLO) properties were studied. Additionally, the NLO 
properties of 2-phenylbenzofuran and those of its derivatives were investigated by the GGA-PBE/6-31G(d,p) level of theory. 
The first-order hyperpolarizability of all 2-phenylbenzofuran derivatives was found to be varying from 4.00 × 10-30 to 43.57 × 
10-30 (esu), indicating that they possess remarkable NLO properties. In addition, a multiple linear regression model was used 
to model the relationships between molecular descriptors and the activity of 2-phenylbenzofuran derivatives. Quantitative 
structure-activity relationship (QSAR) studies were performed using quantum chemical descriptors. The QSAR was applied 
to determine the relationship between various physico-chemical parameters of the studied compounds and their biological 
activities. The statistical quality of the QSAR models was assessed using statistical parameters, i.e., R2, R2

adj, and R2
cv. 

 
Keywords: NLO, NBO, 2-Phenylbenzofuran, MLR, QSAR 

 
INTRODUCTION 
 
      Benzofuran, as an important heterocyclic compound, is 
found abundantly in natural products as well as in synthetic 
materials. Benzofuran derivatives have drawn the attention 
of many researchers due to their pharmacological 
properties, such as antibacterial, antifungal [1], antitumor, 
antiviral [2], and antimicrobial [3] activities. Researchers 
have also found that benzofuran derivatives can be              
used as antitubercular [4],  anti-HIV [5],  anti-inflammatory, 
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analgesic, antipyretic [6], anti-Alzheimer [7], hypotensive, 
antiarrhythmic [8], and antiprotozoal [9-11] agents. 
Benzofuran derivatives, with two-electron donor-acceptor 
groups, are connected by a π-conjugation bridge, which 
provides a pathway for the redistribution of the electron 
density (EM) under the influence of an external field. 
Moreover, these derivatives are molecules of great 
importance in materials chemistry [12]. Over the last few 
years, the benzofuran derivatives, due to their strong 
chemical stability, have attracted the attention of a great 
number of researchers in the field of optical sensing, optical 
data storage, LED, and solar cells [13] and have been 
considered   for   use  in   electroluminescent  materials [14],  
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sensors [15], lasers, and other optoelectronic devices. It is 
worth noting that benzofuran derivatives are promising 
candidates for studying nonlinear optical (NLO) properties 
[16]. Maridevarmath et al. investigated the synthesis, 
photophysical characterization, solvent effect, and density 
functional theory (DFT) studies of a biologically active 
benzofuran derivative, i.e. (5-methyl-benzofuran-3-yl)-
acetic acid hydrazide [17]. Hiremath et al. conducted an 
experimental and computational study on the structural and 
spectroscopic characterization of 2-(5-methyl-1-benzofuran-
3-yl) acetic acid in a monomer-dimer system and attempted 
to identify its specific reactive and drug-likeness properties 
[18]. Similarly, Murthy et al. reported on the structural and 
spectroscopic characterization, reactivity study, and charge 
transfer analysis of the newly synthesized 2-(6-hydroxy-1-
benzofuran-3-yl) acetic acid [19]. Furthermore, Hasan et al. 
investigated the structural, vibrational, and NLO behavior  
of 4b,9b-dihydroxy-7,8-dihydro-4bH-indeno[1,2-b] 
benzofuran-9,10(6H,9bH)-dione using a DFT study [20]. 
DFT is currently viewed as one of the most successful 
computational chemistry approaches because it yields 
accurate results for several physico-chemical properties of 
chemical, physical, and biological systems, especially         
when hybrid DFT hybrid functionals are used. DFT offers  
reliable information about the excited-state properties                
of small molecules, donor and acceptor systems, and           
metal complexes [21-23]. The GGA-PBE functional has 
previously been shown to provide an optimum compromise 
between the experimental and computational calculations 
obtained by molecular geometries, vibrational frequencies, 
atomic charges, global reactivity descriptors (GRDs), 
thermodynamic properties, and especially NLO properties 
for large and medium-sized molecules [24-27]. Quantum-
chemical methods enable the definition of a large number of 
parameters characterizing the reactivity, form, and binding 
properties of a molecule and its fragments and substituents. 
Due to the importance of the information encoded in many 
theoretical quantities, the use of quantum-chemical 
descriptors in the development of a quantitative structure-
activity relationship (QSAR) model has two main 
advantages: First, the compounds and their various 
fragments and substituents can be characterized directly and 
only based on their molecular structures; secondly, the 
proposed mechanism of action can be directly explained  in  

 
 
terms of the chemical reactivity of the compounds under 
study. Several researchers have studied the application of 
quantum-chemical descriptors in QSAR studies. The use of 
DFT to calculate these descriptors is justified by the fact 
that some comparative QSAR studies have shown that DFT 
can improve the accuracy and reliability of QSARs [28-31]. 
The present work aimed to examine the relationship 
between in vitro antiprotozoal activities of 49 2-
phenylbenzofuran derivatives, which have been recently 
identified by Stanislav et al. [10] and are listed in Table 8, 
against Plasmodium falciparum and cytotoxicity in 
mammals. 
      The main objective of using statistics is to reduce 
uncertainty and extract useful information from data 
through the analysis of variations in observations. Data 
analysis is used to describe, understand, and control the 
studiedphenomena. 
      Developing QSAR models is not easy. The first 
difficulty lies in the difference between the scales used to 
analyze correlated data and those used to analyze predicted 
data. The former group of scales functions at the molecular 
level while the latter group functions at the macroscopic 
level [32]. In fact, many approaches have been proposed to 
develop a reliable model from the available data. In each 
case, there are usually several approaches available, but it is 
necessary to choose the one that allows a more accurate and 
detailed characterization of the system under study. 
Molecular modeling methods are computer tools that can be 
used to explore the relationships between molecular 
descriptors, calculated from chemical structures, and 
experimentally determined properties. In general, linear 
functions can be easily interpreted and are sufficiently 
precise for modeling a small series of identical compounds, 
especially when the descriptors are carefully selected for a 
given quantity. One of these linear functions is multiple 
linear regression (MLR), which is based on the assumption 
that there is a linear relationship between a dependent 
variable (Y) and a series of (n) independent variables (Xi) 
[33]. The objective is to obtain an equation of the form        
Y = a0 + a1X1 + a2X2 + a3X3 + ... + anXn, where X1... Xn are 
molecular descriptors with their assigned coefficients             
a1...an. Any QSAR model should be properly validated 
before being used to interpret and predict the biological 
responses of compounds. Several methods are used to assess  
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the validity of QSAR models. These include randomization 
of response data into reordered response vectors, cross-
validation, splitting of chemical compounds into a training 
and validation set, and confirmation using an independent 
external validation set [34-37]. QSAR models were 
generated using MLR in Minitab software [38]. Then, the 
generated models were evaluated using R2 and adjusted 
R2

adj coefficients.  
      The molecular structural parameters, potential energy 
surface (PES), HOMO-LUMO energies, charge distribution 
(Mulliken population analysis [MPA], natural population 
analysis [NPA]), total dipole moment (μ), polarizability (α), 
first-order hyperpolarizability (β), GRDs, and local 
reactivity descriptors (LRDs) were also calculated to better 
understand the reactive nature of the study compounds. In 
this study, all theoretical calculations were performed using 
the DFT method with GGA-PBE, PBV86, and meta-GGA-
TPSS functionals in conjunction with the 6-31G(d,p) basis 
set for 2-phenylbenzofuran. The most accurate functional 
was found to be GGA-PBE. Hence, the NLO properties and 
all descriptors for 2-phenylbenzofuran derivatives were 
calculated using the same functional (i.e., GGA-PBE). 
 
COMPUTATIONAL METHODS 
 
      In this study, the DFT was used, and the 3D molecular 
structures were generated using GaussView 3.0 [39]. It is 
worth noting that all calculations were performed using the 
Gaussian 09 program package [40]. In addition, the 
geometry optimization of 2-phenylbenzofuran was 
performed using GGA-PBE (with the exchange functional 
developed by Perdew, Burke, and Ernzerhof) [41], BPV86 
(with the functional developed by Burke and Perdew and 
the correlation introduced by Vosko et al.) [42], meta-GGA-
TPSS [43,44], and the 6-31G(d,p) basis set [45]. All 
properties of 2-phenylbenzofuran derivatives were 
calculated using HyperChem 8.0.3 software (Hypercube, 
Inc, Gainesville, Florida, USA) and Gaussian 09 program 
package. The geometries of the 2-phenylbenzofuran 
derivatives were optimized using hybrid DFT/GGA-PBE 
functional with the 6-31G(d,p) basis sets in Gaussian 09. 
The optimization was performed to find a geometry 
structure with minimal energy and extract a set of quantum 
chemistry  descriptors,  including  the  energy of the highest  

 
 

 
Fig. 1. Molecular structure of 2-phenylbenzofuran, along  

              with the atom numbering. 
 
 
occupied molecular orbit (EHOMO), natural charge, bond 
lengths, first-order hyperpolarizability, entropy, and zero-
point vibrational energy (ZPVE). The calculation of the 
properties, including the log of the octanol-water partition 
coefficient and hydration energy, which is a key factor           
in determining the stability of different molecular 
conformations and is reversely correlated with the size of 
molecules, was performed using the QSAR properties 
module implanted in HyperChem. 
 
RESULTS AND DISCUSSION 
 
Geometry Description of 2-Phenylbenzofuran  
      The optimized structures of 2-phenylbenzofuran were 
calculated at the GGA-PBE, PBV86, and meta-GGA-TPSS 
levels using the 6-31G(d,p) basis set. These computations 
were conducted using the Gaussian 09 program package and 
are illustrated in Fig. 1. No symmetry constraint was 
imposed on the geometry optimization, and the structure 
was verified to be the local minimum using frequency 
analysis. The theoretical calculations were performed                     
on an isolated molecule in the gas phase. In this work,                       
the optimization of geometric parameters of 2-
phenylbenzofuran was carried out without imposing any 
molecular symmetry constraints. In addition, the 
comparative optimized structural parameters, such as bond 
lengths and bond angles, are presented in Table 1 (see 
supplementary material). The obtained geometric 
parameters at all levels of theory were found to be in 
reasonable agreement with the available crystallographic 
data [46]. 
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              Table 1. Bond Lengths (in Å) and Valence Angles (in Degrees) of 2-Phenylbenzofuran  
 

Bond lengths Exp.a GGA-PBE BPV86 meta-GGA-TPSS 
C1-C2 1.384 1.394 1.394 1.393 
C2-C3 1.384 1.402 1.403 1.401 
C3-C4 1.399 1.413 1.414 1.413 
C4-C5 1.380 1.398 1.390 1.397 
C5-C6 1.400 1.411 1.412 1.410 
C6-C1 1.397 1.418 1.418 1.415 
C6-C7 1.435 1.436 1.438 1.437 
C7-C8 1.361 1.379 1.379 1.376 
C8-C9 1.456 1.458 1.458 1.458 
C9-C10 1.411 1.414 1.415 1.413 
C10-C11 1.384 1.397 1.398 1.396 
C11-C12 1.394 1.404 1.405 1.403 
C12-C13 1.384 1.402 1.403 1.401 
C13-C14 1.386 1.399 1.399 1.398 
C14-C9 1.398 1.414 1.414 1.412 
O-C1 1.372 1.373 1.375 1.376 
O-C8 1.392 1.391 1.393 1.394 
Valence angles     
C1-O-C8 106.31 106.57 106.58 106.51 
O1-C1-C6 110.34 110.35 110.31 110.27 
O1-C1-C2 125.51 125.81 125.82 125.75 
C2-C1-C6 124.14 123.84 123.87 123.98 
C1-C2-C3 115.87 116.31 116.30 116.21 
C2-C3-C4 121.74 121.34 121.34 121.36 
C3-C4-C5 121.31 121.46 121.46 121.47 
C4-C5-C6 118.36 118.37 118.38 118.34 
C5-C6-C1 118.58 118.67 118.65 118.64 
C5-C6-C7 135.74 135.94 135.93 135.88 
C1-C6-C7 105.67 105.39 105.42 105.48 
C6-C7-C8 107.07 106.98 107.04 107.10 
C7-C8-O 110.6 110.72 110.66 110.64 
C9-C8-O 114.61 116.29 116.28 116.08 
C7-C8-C9 134.67 132.99 133.06 133.27 
C8-C9-C10 121.89 120.50 120.50 120.50 
C8-C9-C14 119.94 120.83 120.84 120.79 
C10-C9-C14 118.17 118.68 118.66 118.71 
C9-C10-C11 120.31 120.56 120.57 120.54 
C10-C11-C12 120.13 120.36 120.36 120.35 
C11-C12-C13 120.42 119.51 119.51 119.53 
C12-C13-C14 119.38 120.45 120.46 120.45 
C13-C14-C9 121.56 120.44 120.44 120.42 

                     a[2-(2-Methoxyphenyl)-1-benzofuran] [46]. 
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      The energies of the structure of 2-phenylbenzofuran 
optimized with the GGA-PBE, BVP86, and meta-GGA-
TPSS functionals were -613.99, -614.78, and -614.87 (u.a), 
respectively. These values indicate that the meta-GGA-
TPSS method, at the 6-31G(d,p) level, could better predict 
the minimum energy configuration for this compound 
compared with the other two methods. Table 1 indicates that 
most of the calculated bond lengths and bond angles were 
only slightly different from the experimental ones. It can be 
stated that the experimental results are dependent on the 
solid phase whereas the calculated ones are dependent on 
the isolated gas phase. The dihedral angle, between the 
benzofuran and phenyl rings, was found to be 0.27°, 0.29°, 
and 0.27° for GGA-PBE, BVP86, and meta-GGA-TPSS, 
respectively. Moreover, it is worth mentioning that 2-
phenylbenzofuran exhibited a pseudo-planar geometry. 
Table 1 shows a good agreement between the predicted and 
experimental results. Therefore, it can be concluded that the 
DFT/GGA-PBE method is suitable for calculating the 
properties of 2-phenyl Benzofuran derivatives. 
 
Population Charge Analysis of 2-Phenylbenzofuran 
      Atomic charges.  The  charge  distribution  was  studied 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
using two types of population analyses, namely, MPA and 
NPA. Population analyses are mathematical approaches 
used for the partitioning of the electronic density to 
calculate atomic charges, bond orders, and other related 
properties. Atomic charges, which were calculated by MPA 
and NPA, play an important role in quantum chemical 
calculations of molecular systems due to their effect on         
the dipole moment, molecular polarizability, electronic 
structure, NLO properties, and several other molecular 
properties [47,48]. The MPA and NPA atomic charges of 
the non-H atoms of 2-phenylbenzofuran were calculated at 
GGA-PBE, PBV86, and meta-GGA-TPSS levels with the 6-
31G(d,p) basis set, and the obtained results are summarized 
in Table 2 (see supplementary material). The graphical 
results are illustrated in Fig. 2. MPA and NPA were 
obtained from the optimized geometry and natural bond 
orbital (NBO) analysis, respectively. It is widely 
acknowledged that both methods (i.e., MPA and NPA) 
predict similar tendencies, except for C6 and C9 atoms. In 
MPA, it is assumed that all hydrogen atoms have positive 
charges, so all carbon atoms bonded to these electropositive 
atoms must have negative charges, except for C1, C6, C8, 
and C9 atoms that have positive charges and thus are more 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                         Table 2. Net Charges of 2-Phenylbenzofuran Calculated by MPA and NPA 
 

 GGA-PBE PBV86 meta-GGA-TPSS 
  Mulliken  NPA Mulliken  NPA Mulliken  NPA 
C1 0.310 0.307 0.312 0.309 0.325 0.312 
C2 -0.136 -0.287 -0.141 -0.285 -0.149 -0.273 
C3 -0.117 -0.249 -0.118 -0.248 -0.127 -0.238 
C4 -0.105 -0.261 -0.105 -0.260 -0.115 -0.251 
C5 -0.155 -0.232 -0.161 -0.230 -0.162 -0.219 
C6 0.072 -0.117 0.086 -0.116 0.063 -0.119 
C7 -0.162 -0.299 -0.172 -0.297 -0.171 -0.287 
C8 0.254 0.304 0.259 0.306 0.272 0.310 
C9 0.038 -0.106 0.050 -0.105 0.032 -0.106 
C10 -0.111 -0.217 -0.116 -0.216 -0.123 -0.206 
C11 -0.111 -0.245 -0.111 -0.244 -0.120 -0.234 
C12 -0.091 -0.245 -0.092 -0.243 -0.102 -0.233 
C13 -0.104 -0.243 -0.105 -0.241 -0.114 -0.232 
C14 -0.114 -0.221 -0.120 -0.220 -0.123 -0.209 
O15 -0.493 -0.429 -0.503 -0.435 -0.527 -0.449 
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Fig. 2. MPA and NPA of 2-phenylbenzofura. 

 
 
prone to nucleophilic attack. 
      Natural bond orbital (NBO) analysis. The second-
order Fock matrix was used to evaluate the donor-acceptor 
interactions in the NBO basis set [49]. These interactions 
resulted in the loss of occupancy from the localized NBO of 
the idealized Lewis structure into an empty vacant non- 
Lewis orbital. For each donor (i) and acceptor (j), the 
stabilization  energy  E(2)  related  to the delocalization i → j 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
was approximated using the following equation: 
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where ΔEij is the decrease in the perturbation energy, qi is 
the donor orbital occupancy, εi and εj are diagonal elements 
indicating the donor and acceptor orbital energies, and Fij is 
the off-diagonal NBO Fock matrix element. The NBO 
analysis of 2-phenylbenzofuran was performed at the  
GGA-PBE/6-31G(d,p) level, and the obtained results are 
summarized in Table 3. The second-order perturbation 
energies between the high-energy Lewis-type NBOs 
(donors) and the low energy non-Lewis-type NBOs 
(acceptors) (E(2)), electron density (ED), donors and 
acceptors, energy difference (εj - εi), and polarization energy 
(Fij) of 2-phenylbenzofuran are also presented in Table 3. 
The high value of E(2) indicates stronger interactions [50]. 
For 2-phenylbenzofuran, hyperconjugative interactions are 
attributed to the delocalization of electrons from σ and n to 
σ*, and from π, n, and π* to π*. Moreover, the NBO 
analysis  allows  the  description  of  the bonding in terms of 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Table 3. Second-Order Perturbation Theory Analysis of Fock Matrix in NBO Basis of 2-Phenylbenzofuran 
 

Donor (i)  
ED € 
(e) 

Acceptor  
(j) 

ED  
(e) 

E(2) 
(Kcal mol-1) 

E(j) - E(i) 
(a.u) 

F(i.j) 
(a.u) 

π(C1-C6) 1.59 π*(C2-C3) 0.34 13.92 0.23 0.05 
π (C1-C6)   π*(C4-C5) 0.31 13.59 0.24 0.052 
π (C1-C6)   π*(C7-C8) 0.30 12.08 0.23 0.048 
π (C2-C3)  1.71 π*(C1-C6) 0.48 15.94 0.23 0.056 
π (C2-C3)   π*(C4-C5) 0.31 13.72 0.23 0.051 
π (C4-C5)  1.72 π*(C1-C6) 0.48 14.07 0.22 0.053 
π (C4-C5)   π*(C2-C3) 0.34 14.45 0.23 0.052 
π (C7-C8)  1.81 π*(C1-C6) 0.48 11.42 0.24 0.051 
π (C7-C8)   π*(C9-C14) 0.39 11.67 0.24 0.05 
π (C9-C14)  1.62 π*(C7-C8) 0.30 16.81 0.22 0.056 
π (C9-C14)   π*(C10-C11) 0.31 14.39 0.23 0.052 
π (C9-C14)   π*(C12-C13) 0.34 14.86 0.23 0.052 
π (C10-C11)  1.68 π*(C9-C14) 0.39 14.18 0.23 0.052 
π (C10-C11)   π*(C12-C13) 0.34 14.27 0.23 0.052 
π (C12-C13)  1.66 π*(C9-C14) 0.39 14.89 0.23 0.053 
π (C12-C13)   π*(C10-C11) 0.31 14.75 0.23 0.052 
n2(O15)  1.72 π*(C1-C6) 0.48 22.01 0.29 0.075 
n2(O15)   π*(C7-C8) 0.30 22.91 0.28 0.072 
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the natural hybrid orbital (NHO) with higher- and lower-
energy orbitals. In the NBO analysis, large E(2) values 
indicate intensive interactions between electron donors and 
electron acceptors.   
      In the benzofuran ring, the intramolecular interactions, 
due to the orbital overlap, take place between π (C1-
C6)/π*(C2-C3)/π*(C4-C5/π*(C7-C8) (13.92/13.59/12.08  
kJ mol-1), π(C2-C3)/π*(C1-C6)/π*(C4-C5) (15.94/13.72          
kJ mol-1), π(C4-C5)/π*(C1-C6)/π*(C2-C3) (14.07/14.45     
kJ mol-1), and π(C7-C8)/π*(C1-C6) ( 11.42 kJ mol-1). All 
these transitions take place within the benzofuran ring  
while  transitions π (C9-C14)/π*(C10-C11)/π*(C12-C13) 
(14.39/14.86 kcal mol-1), π(C10-C11)/π*(C9-C14)/π* (C12-
C13) (14.18/14.27 kcal mol-1), π (C12-C13/π*(C9-C14)/π* 
(C10-C11) (14.89/14.75 kcal mol-1) occur in the phenyl 
ring. In addition, major interactions occur between the lone 
pairs of n2 (O15)/π*(C1-C6)/π*(C7-C8) (22.01/22.91           
kcal mol-1). 
 
Molecular Electrostatic Potential (MEP) Analysis 
of 2-Phenylbenzofuran 
      The 3D-MEP and electron density (ED) of the 
optimized molecular structure of 2-phenylbenzofuran were 
calculated using the GGA-PBE/6-31G(d,p) functional, as 
shown in Fig. 3. The MEP of compounds shown in Fig. 3 
increases in the following order: red < orange < yellow < 
green < blue (dark blue). It is worth noting that the blue 
color represents regions with the most positive electrostatic 
potential, thus having the strongest attraction. However, the 
red color represents regions with the most negative 
electrostatic potential, thus having the strongest repulsion. 
The negative (red, orange, and yellow) regions of the MEP 
are related to electrophilic reactivity [51]. Furthermore, the 
3D graph shows that the region close to the oxygen atom is 
rich in electrons due to the red color. In the compound 
under consideration, the hydrogen atoms (blue region) are 
expected to react with nucleophilic sites. 
 
Electronic Properties 
      Analysis of frontier molecular orbitals (FMOs). The 
frontier orbitals HOMO and LUMO are important factors in 
quantum chemistry because they determine how a molecule 
interacts with other species. Furthermore, the frontier orbital 
gap facilitates the characterization of the chemical reactivity 

 

 
Fig. 3. a) Two-dimensional molecular electrostatic potential              
           (MESP)   and   b)     electron  density   (ED)   for   2- 
            phenylbenzofuran. 
 
 

 

Fig. 4. HOMO-LUMO plot of 2-phenylbenzofuran. 
 
 
and kinetic stability of the molecule. It is widely 
acknowledged that a molecule with a small frontier orbital 
gap, also known as a soft molecule, is more polarizable than 
other molecules and generally has a high chemical reactivity 
and low kinetic stability. The small energy gap between 
HOMO and LUMO facilitates the intramolecular charge 
transfer, which, in turn, makes the material to be NLO 
active. The HOMO and LUMO energies and energy gap 
(ΔE = EHOMO - ELUMOE (eV)) of 2-phenylbenzofuran were 
calculated using the GGA-PBE, BVP86, and meta-GGA-
TPSS functionals with the 6-31G(d,p) basis set. The 
corresponding  plot  is  shown  in  Fig. 4, and the  computed  
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values are presented in Table 4. The energy gap values 
obtained using GGA-PBE, BVP86, and meta-GGA-TPSS 
functionals were 2.984, 2.978, and 3.095 eV, respectively. 
GGA-PBE and BPV86 functionals, compared to meta-
GGA-TPSS functional, showed lower energy gap values. 
These small energy gap values indicate that 2-
phenylbenzofuran is highly reactive and thus can be a 
promising candidate for NLO applications. 
      UV-Vis spectral analysis. To determine the nature of 
electronic transitions, the electronic spectra of the studied 
molecule were calculated using time-dependent density-
functional theory (TDDFT) [52] at the GGA-PBE, PBV86, 
and meta-GGA-TPSS levels on the basis of the optimized 
ground-state   structure.   Calculations   were   performed  in 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
water using the conductor-like polarizable continuum model 
(CPCM) [53]. The major contributions of HOMO-LUMO 
transitions were analyzed using Gauss-Sum 2.2 software 
package [54]. The calculated absorption wavelength λ (nm), 
oscillator strengths (f), and excitation energies (eV), along 
with their assignments and contributions, are given in         
Table 5. The theoretical UV-Vis spectra of 2-
phenylbenzofuran are shown in Fig. 5. The corresponding 
theoretical wavelengths were 327.14 nm (f = 0.5859) in the 
gas phase and 334.78 nm (f = 0.7950) in the solvent phase. 
 
Reactivity Descriptors of 2-Phenylbenzofuran 
      Global reactivity descriptors (GRDs). To investigate 
the chemical reactivity of 2-phenylbenzofuran, GRDs  were 

             Table 4. The Calculated Values of Quantum Chemical Reactivity Descriptors, Dipole  Moment  
                            μ (D), Polarizability α (×10−23 esu), and First-Order Hyperpolarizability β (×10-30 esu)  
                            for 2-Phenylbenzofuran 
 

Parameters GGA-PBE BVP86 meta-GGA-TPSS 
EHOMO (eV) -4.869 -4.960 -4.855 
ELUMO (eV) -1.885 -1.982 -1.760 
EHOMO-ELUMOE (eV) 2.984 2.978 3.095 
Ionization potential IP (eV) 4.869 4.960 4.855 
Electron affinity EA (eV) 1.885 1.982 1.760 
Electronegativity χ (eV) 3.377 3.471 3.307 
Chemical hardness η (eV) 1.492 1.489 1.548 
Electrophilicity index ω (eV) 3.822 4.046 3.534 
µ (D) 0.99 1.01 0.501 
α. 10-23 (esu) 2.48 2.49 2.46 
β. 10-30 (esu) 7.30 7.23 6.87 

 
 
         Table 5. The UV-Vis Wavelength (λ) and Oscillator Strengths (f) of 2-Phenylbenzofuran in Gas and  
                        Solvent Phases  
  

  Excited state λ 
(nm) 

Energy 
(eV) 

f (O.S) 
 

Major contributions 

GGA-PBE S1 (Gas) 
(Water) 

327.14 
334.78 

3.7899 
3.7034 

0.586 
0.795 

HOMO->LUMO (92%) 
HOMO->LUMO (97%) 

PBV86 S1 (Gas) 
(Water) 

327.94 
335.57 

3.7806 
3.6947 

0.594 
0.799 

HOMO->LUMO (92%) 
HOMO->LUMO (97%) 

meta-GGA-TPSS S1 (Gas) 
(Water) 

319.57 
327.21 

3.8797 
3.7891 

0.638 
0.832 

HOMO->LUMO (94%) 
HOMO->LUMO (94%) 
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Fig. 5. The theoretical UV-Vis spectra of 2-phenylbenzo- 

              furan in gas and solvent phases.  
 
 
estimated using the HOMO-LUMO energies. The chemical 
reactivity of the molecular systems was determined using 
Koopmans’ theorem [55,56]. The above-mentioned 
descriptors were calculated using the following equation: 
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,
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EAIPEAIP

                         (2) 

where IP = -EHOMO and EA = -ELUMO are the ionization 
potential and electron affinity, respectively. The GRDs were 
evaluated using GGA-PBE, BVP86, and meta-GGA-TPSS 
functionals with the 6-31G(d,p) basis set. The computed 
values are shown in  Table 4.  The  calculated  IP and EA of   
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
2-phenylbenzofuran using the GGA-PBE, BVP86, and 
meta-GGA-TPSS functionals were 4.869, 4.960, and          
4.855 eV and 1.885, 1.982, and 1.760 eV, respectively. 
Chemical hardness (η) is an important property used to 
measure molecular stability and reactivity and indicates 
whether the charge transfer occurs within a molecule. The 
obtained values of η using GGA-PBE, BVP86, and meta-
GGA-TPSS functionals were 1.492, 1.489, and 1.548, 
respectively. According to the results of the GCRD, a high 
hardness (1.492 eV) value suggests a weak intramolecular 
charge transfer. 
      Local reactivity descriptors (LRDs). In order to create 
a specific reactive site in the molecule, LRDs such as Fukui 
function (FF) were used. The condensed Fukui functions 
(fn

K, fe
K, fr

K) were calculated using Hirshfeld atomic charges 
of neutral, cation and anion states of the title compound 
[57]. Fukui functions were calculated by the following 
equations: 
      attackicnucleophilforNqNqf kk

m
k  )()1(          (3) 

         
      attacklicelectrophiforNqNqf kk

e
k  )1()(          (4) 

                 
      attackradicalforNqNqf kk

r
k  )1()1((

2
1         (5) 

 
where qk is the atomic charge (Mulliken, Hirshfeld, or NBO, 
etc.) at the k atomic site in the anionic (N+1), cationic          
(N-1), or neutral (N) molecule. The Fukui functions 
calculated by NBO charges were found to be in good 
agreement [58]. The Fukui function values calculated by 
NBO charges for 2-phenylbenzofuran are tabulated in  
Table 6.  Based on  these  results,  it can be concluded that a  
 
 
 
 
 
 
 
 
 
 
 
 
 

                       Table 6. Selected Values of the Fukui Functions Calculated by NBO Charges 
 

Atoms qk(N+1) qk(N) qk(N-1) fn
K fe

K fr
K 

C1 0.21656 0.30707 0.15158 0.09 -0.155 -0.032 
C2 -0.14493 -0.28665 -0.13732 -0.142 0.15 0.004 
C3 0.03213 -0.24949 -0.10831 -0.281 0.141 -0.070 
C4 -0.14186 -0.26138 -0.15329 -0.119 0.108 -0.005 
C8 0.26462 0.30401 0.18911 0.039 -0.115 -0.038 
C11 -0.12868 -0.24522 -0.14757 -0.116 0.097 -0.010 
C12 0.00489 -0.24474 -0.07029 -0.25 0.175 -0.038 
O15 -0.20794 -0.42909 -0.21469 -0.221 0.214 -0.003 
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nucleophilic attack may occur at carbons C1 and C8; also, 
an electrophilic attack is equally likely to occur at carbons 
C2, C4, and C11. The negative Fukui functions for C11, C4, 
and C2 indicate that it is highly unlikely that a nucleophilic 
attack occurs on these atoms. However, the results show 
that the C1 carbon is the most nucleophilic atom. To a lesser 
extent, the C8 carbon is also prone to a nucleophilic attack. 
Given that the C8 carbon has the highest value of fe

K, it can 
be concluded that it is the most favored site for an 
electrophilic attack. 
 
Nonlinear Optical (NLO) Activity 
      NLO properties of 2-phenylbenzofuran. The 
polarizability (α) and first-order hyperpolarizability (β) were 
calculated using the x, y, and z components from the 
Gaussian 09 output according to the following equations 
[59]: 
 

      2
1

)( zyx                                                        (6)  

                                              
      )(

3
1

zzyyxxtot                                                   (7) 

                                                    

      2
1

222 ][ zyx                                                          (8) 

 
where   
 
      

xzzxyyxxxx    

 
      

yzzyyyyxxy                                                      and 
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The polarizability and hyperpolarizability values calculated 
by Gaussian 09 were converted from atomic units (a.u) into 
electrostatic units (esu) (α: 1 a.u.= 0.1482  10-24 esu; β:           
1 a.u. = 8.6393   10-33 esu). The µ, α, and the first-order β 

for the 2-phenylbenzofuran molecule were calculated using 
the GGA-PBE, BVP86, and meta-GGA-TPSS functionals 
with the 6-31G(d,p) basis set. The obtained results for NLO 
properties are listed in Table 4. The molecular dipole 
moments calculated by the GGA-PBE, BVP86, and           
meta-GGA-TPSS  functionals  were  0.99, 1.01, and 0.50 D,  

 
 

 
Fig. 6. Structures of 2-Phenylbenzofuran, along with  

                  different substituents. 
 
 
respectively. The calculated α values were equal to 2.48 × 
10-23, 2.49 × 10-23, and 2.46 × 10-23 esu based on the GGA-
PBE, BVP86, and meta-GGA-TPSS functionals, 
respectively. In addition, the β values of 2-
phenylbenzofuran calculated using the GGA-PBE, BVP86, 
and meta-GGA-TPSS functionals were found to be 7.30 × 
10-30 (esu) (32 times that of urea), 7.23 × 10-30 (esu) (31 
times that of urea), and 6.87 × 10-30 (esu) (30 times that of 
urea), respectively. The β value of urea had been reported to 
be 0.23 × 10-30 (esu) [60]. All these findings suggest that 2-
phenylbenzofuran could be a potential candidate for further 
research aimed at improving NLO properties. 
      NLO properties of 2-phenylbenzofuran derivatives. 
The dipole moments for the 2-phenylbenzofuran derivatives 
(Fig. 6, Table 7) showed important changes following the 
changing of the position of the substituents (i.e., Am, i-
PrAm, Im) (Table 8). The dipole moments of compounds 8 
(R1 = R3 = Am, Y = H), 29 (R1 = R3 = Am, Y = OCH3), and 
35 (R1 = R3 = Am, Y = OH) were equal to 5.94, 7.09, and 
7.20 D, respectively. It is worth noting that these dipole 
moments favor intermolecular interactions. Polarizability 
plays a major role in understanding the electronic charge 
distribution of a molecule. An external electric field applied 
to a molecule usually repels the positive charge and attracts 
the negative charge of the molecule, which, in turn, induces 
the polarization of the molecule. In the present study, the 
polarizability values of all the 2-phenylbenzofuran 
derivatives were calculated, and the obtained results are 
reported in Table 8. The results in Table 8 show that the α 
values for the 2-phenylbenzofuran derivatives (1-49) were 
within  the  range  of   34.70-70.09 (× 10-24 esu).  Moreover, 
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   Table 7. Different Substituents Associated with 2-Phenylbenzofuran Derivatives and Experimental Values of Activity 
 

   

NH2

NH

 
  

NH

NH

   

  

 NH N

  

 

N
NH

  

 
NNH

  

 
  

 Am i-PrAm Im BzIM IM Cytotox.a P. falcipr.b 
Compounds R1 R2 R3 R4 X Y log(1/IC50) log(1/IC50) 
1 Am H H Am H H 6.279 4.672 
2 i-PrAm H H i-PrAm H H 8.297 4.863 
3 Im H H Im H H 7.599 3.000 
4 BzIM H H BzIM H H 6.826 4.491 
5 IM H h IM H H 6.519 4.519 
6 BzIM H H Im H H 6.785 4.602 
7 Im H H BzIM H H 7.773 4.785 
8 Am H Am H H H 7.326 4.279 
9 i-PrAm H i-PrAm H H H 8.299 5.520 
10 Im H Im H H H 7.530 4.881 
11 H Am H Am H H 5.903 3.477 
12 H i-PrAm H i-PrAm H H 8.299 4.176 
13 H Im H Im H H 6.653 5.037 
14 H Am Am H H H 8.117 3.602 
15 H i-PrAm i-PrAm H H H 8.301 4.771 
16 H Im Im H H H 7.107 5.312 
17 Am H H Am OCH3 H 7.487 3.778 
18 i-PrAm H H i-PrAm OCH3 H 8.279 4.681 
19 Im H H Im OCH3 H 7.299 4.505 
20 Am H H Am OH H 8.265 4.672 
21 i-PrAm H H i-PrAm OH H 8.267 4.748 
22 Im H H Im OH H 8.307 4.342 
23 Am H H Am OH OH 6.322 4.785 
24 i-PrAm H H i-PrAm OH OH 8.253 5.491 
25 Im H H Im OH OH 8.286 4.477 
26 Am H H Am H OCH3 8.196 3.477 
27 i-PrAm H H i-PrAm H OCH3 7.992 4.301 
28 Im H H Im H OCH3 6.869 4.491 
29 Am H Am H H OCH3 8.253 4.602 
30 i-PrAm H i-PrAm H H OCH3 8.253 5.398 
31 Im H Im H H OCH3 7.489 4.813 
32 Am H H Am H OH 7.522 3.602 
33 i-PrAm H H i-PrAm H OH 8.262 4.447 
34 Im H H Im H OH 8.176 3.778 
35 Am H Am H H OH 8.336 5.899 
36 i-PrAm H i-PrAm H H OH 8.255 5.713 
37 Im H Im H H OH 8.299 4.362 
38 H Am H Am H OCH3 8.033 4.301 
39 H i-PrAm H i-PrAm H OCH3 8.258 5.314 
40 H Im H Im H OCH3 6.643 4.886 
41 H Am Am H H OCH3 8.107 4.255 
42 H i-PrAm i-PrAm H H OCH3 8.243 5.467 
43 H Im Im H H OCH3 7.045 4.869 
44 H Am H Am H OH 8.344 4.845 
45 H i-PrAm H i-PrAm H OH 8.262 5.776 
46 H Im H Im H OH 8.286 4.991 
47 H Am Am H H OH 8.215 5.577 
48 H i-PrAm i-PrAm H H OH 8.272 5.803 
49 H Im Im H H OH 8.276 5.013 

     aCytotoxicity against mammals. bPlasmodium falciparum. 
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      Table 8 shows that the highest average alpha amplitudes 
were 56.38 × 10-24, 58.78 × 10-24, and 70.09 × 10-24 (esu), 
which were related to compounds 6 (R1 = BzIM, R4 = Im),  
7 (R1 = Im , R4 = BzIM), and 4 (R1 = R4 = BzIM), 
respectively. In addition to the dipole moments and 
polarizability values, the β values of 2-phenylbenzofuran 
derivatives were estimated at the GGA-PBE/6-31G(d,p) 
levels of theory. The lowest and highest β amplitudes             
were 4.00 ×10-30 and 43.57 × 10-30 (esu) for compounds           
10 (R1 = R3 = Im) and 46 (R2 = R4 = Im, Y = OH), 
respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
QUANTITATIVE ANALYSIS of 
STRUCTURE-ACTIVITY RELATIONSHIPS 
 
      The QSAR methods, as the name suggests, are used to 
establish a mathematical relationship between a molecular 
structure, encoded by molecular properties called 
descriptors, and its biological activity using data analysis 
methods [61]. In this study, we developed predictive models 
in the following form: 
                                    
      )( sdescriptormolecularfActivity                                   (9) 

Table 8. The Calculated Values of Electronic Dipole Moment μ (D), Linear Polarizability α (× 10-24 esu), First-Order  
               Hyperpolarizability β (× 10-30 esu), and Energy Gap ΔE (eV) for the 2-Phenylbenzofuran Derivatives Using  
               the GGA-PBE Functional with the 6- 31G (d,p) Basis Set 
 

Compounds μ α Β ΔE Compounds μ Α β ΔE 
1 3.51 36.25 14.33 2.760 26 4.27 38.38 15.26 2.762 
2 5.35 48.19 25.67 2.755 27 5.48 50.21 27.26 2.734 
3 4.21 45.72 18.63 2.516 28 4.91 47.63 22.15 2.583 
4 5.24 70.09 4.89 2.415 29 7.09 37.24 9.57 2.988 
5 5.50 48.47 6.36 2.487 30 5.64 48.34 10.19 2.912 
6 4.73 56.38 40.57 2.532 31 2.62 45.41 5.04 2.839 
7 4.24 58.78 23.58 2.391 32 4.19 36.63 18.90 2.746 
8 5.94 34.70 9.51 2.953 33 5.49 48.41 31.40 2.726 
9 4.59 45.94 11.79 2.791 34 4.85 46.03 27.56 2.538 
10 1.36 42.85 4.00 2.706 35 7.20 35.30 10.77 2.971 
11 3.76 37.04 19.52 2.624 36 5.57 46.41 12.17 2.881 
12 3.41 48.14 18.84 2.585 37 2.06 43.36 4.98 2.822 
13 3.17 47.33 34.19 2.382 38 2.81 39.15 19.81 2.643 
14 5.57 35.86 9.82 2.775 39 3.22 50.10 17.40 2.628 
15 5.19 47.56 11.92 2.773 40 5.44 49.27 36.09 2.420 
16 4.72 44.34 17.47 2.559 41 6.63 38.31 7.49 2.825 
17 4.20 38.85 17.53 2.776 42 6.28 49.95 8.15 2.802 
18 5.90 50.65 27.52 2.753 43 5.90 46.70 13.68 2.662 
19 5.06 48.26 21.79 2.546 44 2.60 37.50 24.30 2.616 
20 3.91 36.78 15.88 2.767 45 3.49 48.42 21.82 2.606 
21 5.71 48.64 25.81 2.741 46 5.25 47.63 43.57 2.394 
22 4.74 46.19 19.48 2.558 47 6.75 36.50 9.01 2.793 
23 4.23 37.14 19.58 2.751 48 6.14 48.07 11.19 2.784 
24 6.10 48.92 31.14 2.706 49 5.97 44.88 17.01 2.625 
25 4.98 46.47 27.42 2.555      
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The derived mathematical relationship can then be used as a 
predictive model to determine the biological activities of 
new molecules or molecules for which experimental data 
are not yet available. Such mathematical relationships can 
also be used to help researchers gain a better understanding 
of chemical mechanisms and modes of action. 
      Experimental data. The present theoretical study 
focused on examining the relationship between the 
antiprotozoal activities of a series of 2-phenylbenzofuran 
derivatives, recently identified by Stanislav et al., and some 
of its descriptors against Plasmodium falciparum and 
cytotoxicity in mammals [10]. The structures of these 
compounds are summarized in Table 7. Another purpose of 
this study was to derive a QSAR model using MLR for a 
series of 2-phenylbenzofuran derivatives (Fig. 6, Table 8). 
The success of QSAR models depends on what parameters 
are selected. Using quantum descriptors in QSAR models 
has the advantage of providing researchers with the electron 
density properties of molecular systems. 
 
QSARs Results 
      Dataset for analysis. Antiplasmodial activity: The 
dataset was randomly divided into a training set of 40 
compounds, reported in Table 9. Nine compounds (i.e., 1, 3, 
4, 6, 11, 12, 14, 35, and 47) were identified as outliers and 
excluded.  
Cytotoxicity in mammals: Similarly, the dataset was divided 
into a training set of 40 compounds, reported in Table 10. 
Nine compounds (1, 8, 11, 23, 25, 28, 32, 46, and 49) were 
identified as outliers and excluded. 
      Multiple linear regression (MLR). Antiplasmodial 
activity: The training set compounds were used to develop a 
QSAR model. The correlation between the biological 
activities and descriptors was calculated using the following 
equation: 
 

89.145000016.0log4585.01175.1455.415.2456.3011log
50

QPQQDIC 




 

 

                                                                                          (10) 
 
Equation (10) includes six parameters, namely, the bond 
lengths D1 (C1-C2), atomic net charges (Q4, Q11, Q8), log 
of the octanol/water partition coefficient (logP), and first-
order  hyperpolarizability (β).  The  6-parameter model  was 

 
 
found to yield satisfactory correlation coefficient                  
(R2 = 0.786), adjusted squared correlation coefficient              
(R2

adj = 0.726) and standard deviation (SD = 0.296). The 
result showed that compound 32, with an error value 
(difference between the estimated and observed activity 
values) of -0.477, was the most potent derivative among the 
studied derivatives. In general, molecules 32, 15, 41 were 
found to be the most potent derivatives, with their estimated 
activity values (4.079, 5.196, and 4.669) corresponding to 
their observed activity values (3.602, 4.771, and 4.255) and 
their error values (-0.477, -0.424, and -0.413, respectively). 
Compound 28 was found to be the least potent derivative, 
showing the largest gap between the observed and estimated 
biological activity values (error value = 0.452). On the basis 
of the observed and estimated activity values, it can be 
concluded that the final QSAR model is statistically 
significant and is verified by strong correlations. 
  
Study of Cytotoxicity In mammals  
      The training set compounds were used to develop the 
QSAR model. The correlation between the biological 
activities and descriptors was calculated by the following 
equation: 
                                                                               

000106.007960.01426.01965.0530.13173.113.191log
50






 ZPVESHEQEIC HOMO

 

                                                                                          (11) 
 
Equation (11) includes six parameters, namely, the atomic 
net charge (Q5), highest occupied molecular orbital energy 
(EHOMO), log of the octanol/water partition coefficient 
(logP), first-order hyperpolarizability (β), hydration energy 
(HE), entropy (S), and ZPVE. The 6-parameter model yields 
satisfactory correlation coefficient (R2 = 0.843), adjusted 
squared correlation coefficient (R2

adj = 0.815), and standard 
deviation (SD = 0.248). Compound 4, with an error value of 
-0.387, was found to be the most potent compound in the 
series of compounds, followed by compounds 4 and 17. 
Compounds 47, 38, and 44, with 8.215/8.219, 8.033/7.995, 
and 8.344/8.271 log(1/IC50) values, respectively, had 
acceptable error values of -0.003, 0.038, and 0.073 for           
the observed and estimated activities. Compound 34 was 
found to be the least potent compound, showing the  
greatest  gap  between  the  observed  and  estimated  values                  
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        Table 9. The Calculated Parameters of the 40 Studied Molecules 
 

log(1/IC50)b 
Compounds 

Obs.c Est.d 
D1 
(Å) 

β 
(u.a) 

Q4 Q8 Q11 logP 

2 4.863 4.545 1.390 2971.301 -0.113 0.302 -0.205 3.660 
5 4.519 4.674 1.390 736.676 -0.111 0.303 -0.208 3.710 
7 4.785 4.837 1.390 2728.817 -0.110 0.301 -0.201 4.650 
8 4.279 4.517 1.390 1100.269 -0.129 0.308 -0.099 1.330 
9 5.520 5.448 1.390 1364.969 -0.127 0.305 -0.112 3.660 
10 4.881 4.625 1.390 463.082 -0.111 0.305 -0.095 2.290 
13 5.037 4.673 1.390 3956.921 -0.216 0.306 -0.200 2.290 
15 4.771 5.196 1.390 1379.944 -0.220 0.304 -0.104 3.640 
16 5.312 5.105 1.390 2022.101 -0.217 0.307 -0.096 2.290 
17 3.778 4.051 1.390 2029.587 -0.114 0.302 -0.224 1.080 
18 4.681 4.779 1.390 3186.011 -0.099 0.301 -0.205 3.410 
19 4.505 4.172 1.390 2522.079 -0.097 0.301 -0.200 2.030 
20 4.672 4.416 1.390 1838.403 -0.116 0.304 -0.224 1.050 
21 4.748 5.091 1.390 2987.481 -0.100 0.303 -0.205 3.380 
22 4.342 4.484 1.390 2254.922 -0.098 0.303 -0.200 2.000 
23 4.785 4.473 1.390 2266.749 -0.117 0.303 -0.253 0.760 
24 5.491 5.291 1.390 3604.265 -0.102 0.301 -0.233 3.090 
25 4.477 4.594 1.390 3173.766 -0.100 0.302 -0.228 1.720 
26 3.477 3.286 1.390 1766.421 -0.130 0.303 -0.251 1.080 
27 4.301 4.635 1.390 3155.619 -0.115 0.301 -0.231 3.410 
28 4.491 4.040 1.390 2564.410 -0.113 0.302 -0.226 2.030 
29 4.602 4.468 1.390 1107.845 -0.131 0.306 -0.125 1.080 
30 5.398 5.454 1.390 1179.474 -0.129 0.304 -0.139 3.410 
31 4.813 4.494 1.390 583.686 -0.113 0.303 -0.121 2.030 
32 3.602 4.079 1.390 2187.813 -0.130 0.302 -0.253 1.050 
33 4.447 4.712 1.390 3634.852 -0.114 0.300 -0.233 3.380 
34 3.778 4.128 1.390 3190.204 -0.113 0.301 -0.228 2.000 
36 5.713 5.480 1.390 1408.316 -0.129 0.303 -0.139 3.380 
37 4.362 4.508 1.390 576.952 -0.113 0.302 -0.121 2.000 
38 4.301 4.537 1.390 2292.549 -0.241 0.306 -0.251 1.080 
39 5.314 5.484 1.390 2014.078 -0.245 0.306 -0.255 3.410 
40 4.886 4.924 1.390 4177.548 -0.218 0.305 -0.226 2.030 
41 4.255 4.669 1.390 866.973 -0.221 0.306 -0.126 1.080 
42 5.467 5.351 1.390 943.570 -0.221 0.303 -0.131 3.410 
43 4.869 5.166 1.390 1583.441 -0.218 0.306 -0.121 2.030 
44 4.845 4.531 1.390 2812.163 -0.241 0.305 -0.253 1.050 
45 5.776 5.509 1.390 2525.747 -0.244 0.305 -0.257 3.380 
46 4.991 4.977 1.390 5042.692 -0.217 0.305 -0.228 2.000 
48 5.803 5.354 1.390 1295.468 -0.221 0.302 -0.132 3.380 
49 5.013 5.195 1.390 1968.340 -0.218 0.305 -0.122 2.000 

            cObserved. dEstimated.  
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Table 10. The Calculated Parameters of the 40 Studied Molecules 
 

log(1/IC50)a 
Compounds 

Obsc Estd 
EHOMO 
(eV) 

β       
(u.a) 

Q5 
HE 

(Kcal mol-1) 
S  

(Cal mol-1-Kelvin) 
ZPVE 

(Kcal mol-1) 
2 8.297 8.342 -4.847 2971.301 -0.188 -10.640 182.789 272.493 
3 7.599 7.706 -4.755 2156.541 -0.183 -8.620 152.883 212.569 
4 6.826 7.213 -4.864 566.127 -0.184 -12.570 177.928 241.189 
5 6.519 6.561 -4.623 736.676 -0.193 -13.850 153.312 183.862 
6 6.785 6.562 -4.839 4696.310 -0.184 -10.600 168.926 226.848 
7 7.773 7.551 -4.780 2728.817 -0.183 -10.600 164.115 226.972 
9 8.299 8.148 -4.996 1364.969 -0.213 -11.640 183.343 272.797 
10 7.530 7.812 -4.762 463.082 -0.184 -8.470 153.069 212.607 
12 8.299 8.039 -4.955 2181.151 -0.226 -11.640 182.635 272.822 
13 6.653 6.955 -4.707 3956.921 -0.229 -8.560 152.841 212.599 
14 8.117 7.910 -4.836 1136.588 -0.228 -19.940 138.604 169.070 
15 8.301 8.443 -4.926 1379.944 -0.228 -11.960 180.781 272.527 
16 7.107 7.245 -4.687 2022.101 -0.229 -8.480 152.357 212.649 
17 7.487 7.818 -5.036 2029.587 -0.235 -22.350 150.947 189.375 
18 8.279 7.921 -4.729 3186.011 -0.213 -11.150 195.951 292.266 
19 7.299 7.363 -4.666 2522.079 -0.208 -9.020 165.055 232.475 
20 8.265 8.352 -5.063 1838.403 -0.238 -26.920 143.566 172.091 
21 8.267 8.593 -4.743 2987.481 -0.216 -15.370 187.235 275.030 
22 8.307 7.818 -4.705 2254.922 -0.211 -13.450 157.917 215.133 
24 8.253 8.318 -4.584 3604.265 -0.217 -17.950 194.691 277.333 
26 8.196 8.234 -4.968 1766.421 -0.210 -21.420 149.863 189.401 
27 7.992 8.288 -4.659 3155.619 -0.189 -10.260 194.979 292.254 
29 8.253 8.151 -4.846 1107.845 -0.210 -20.560 150.617 189.164 
30 8.253 8.072 -4.895 1179.474 -0.214 -11.280 195.322 292.619 
31 7.489 7.715 -4.658 583.686 -0.185 -8.150 165.074 232.466 
33 8.262 8.550 -4.687 3634.852 -0.190 -13.520 187.355 274.995 
34 8.176 7.664 -4.655 3190.204 -0.184 -11.520 158.481 215.033 
35 8.336 8.426 -4.872 1246.489 -0.210 -23.940 143.354 171.823 
36 8.255 8.433 -4.905 1408.316 -0.214 -14.660 187.523 275.317 
37 8.299 7.984 -4.673 576.952 -0.185 -11.550 158.068 215.136 
38 8.033 7.995 -4.896 2292.549 -0.227 -21.350 150.102 189.367 
39 8.258 8.068 -4.811 2014.078 -0.228 -11.260 194.126 292.630 
40 6.643 6.810 -4.579 4177.548 -0.230 -8.060 165.007 232.454 
41 8.107 7.974 -4.666 866.973 -0.230 -19.590 150.267 188.990 
42 8.243 8.048 -4.756 943.570 -0.229 -9.420 192.747 292.403 
43 7.045 7.158 -4.576 1583.441 -0.230 -8.150 164.711 232.466 
44 8.344 8.271 -4.916 2812.163 -0.227 -24.920 142.856 172.055 
45 8.262 8.323 -4.828 2525.747 -0.228 -14.510 186.661 275.385 
47 8.215 8.219 -4.678 1043.430 -0.230 -22.960 143.269 171.632 
48 8.272 8.146 -4.776 1295.468 -0.229 -12.810 186.619 275.049 

cObserved. dEstimated. 
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(error value = 0.512). The success of the study model in this 
section can be attributed to the uniformity of the chemical 
structures of the scaffolds. In addition, the model could be 
used to develop new drugs with higher efficacy compared to 
standard drugs. A correlation matrix was used to correlate 
biological activities with various variables (Tables 11 and 
12). 
      Internal validation. Antiplasmodial activity: To 
validate the developed model (Eq. (10)), internal validation 
was performed using the leave-one-out, with a coefficient of 
R2

cv = 0.659, and the leave-many-out procedures based on 
the following steps. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      First, the experimental data values were divided into 
three subsets (i.e., A, B, and C). The molecules with the 
numbers n * 3 + 1 were assigned to the first subset (A), 
those with the numbers n * 3 + 2 to the second subset (B), 
and those with the numbers n * 3 + 3 to the third subset (C), 
with n varying from 0 to 14. 
      Secondly, three pairs (i.e., A + B, A + C, and B + C) 
were obtained by combining two of the three subsets at each 
time, and the correlation equation was derived with the 
same descriptors. The resulting equation was used to predict 
the data for the remaining subsets. It was found that           
the  predicted  values,  which were obtained using R2 for the  

                  Table 11. The Correlation Matrix for the Six Descriptors Used in Eq. (10) 
 

Descriptors D1 β Q4 Q8 Q11 LogP 
D1 1      
β -0.172 1     
Q4 0.684 -0.0047 1    
Q8 -0.239 -0.238 -0.620 1   
Q11 0.120 -0.654 -0.080 0.342 1  
logP 0.223 0.056 0.053 -0.323 0.135 1 

 
 
             Table 12. The Correlation Matrix for the Six Descriptors Used in Eq. (11) 
 

Descriptors EHOMO β Q5 HE S ZPVE 
EHOMO 1      
Β 0.179 1     
Q5 0.236 0.032 1    
HE 0.477 0.160 0.400 1   
S 0.068 0.217 0.075 0.476 1  
ZPVE 0.088 0.220 0.072 0.578 0.984 1 

 
 
         Table 12. Cross-Validation of Eq. (10_ 
 

Training Set N R2 R2
adj Test set N R2 R2

adj 
A + B 27 0.836 0.786 C 13 0.692 0.384 
A + C 27 0.812 0.755 B 13 0.904 0.800 
B+ C 26 0.667 0.563 A 14 0.893 0.802 
Average  0.772 0.702   0.828 0.662 
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subsets A + B, A + C, and B + C, were very close to those 
of the full training set (A + B + C) and that the mean values 
of R2 for the training set were also close to those of R2 for 
the test set (Tables 12 and 13). The R2 values of the models 
corresponding to A + B, A + C, and B + C subsets were 
closer to 0.80, indicating that the developed model is stable 
and can be used efficiently to evaluate the antiplasmodial 
activity of other molecules for which experimental data are 
not available. 
Study of cytotoxicity in mammals: To validate the second 
model (Eq. (11)), internal validation was performed using 
the leave-one-out method, with a coefficient of R2

cv = 0.763, 
and the leave-many-out methods. 
      Figures 7 and 8 show the linear correlation, obtained 
using Equations (10) and (11), respectively, between the 
observed and predicted values of the activities mentioned in 
Tables 9 and 10. 
 
CONCLUSIONS 
 
      The molecular geometries of 2-phenylbenzofuran in the 
ground state were determined using the GGA-PBE, PBV86, 
and meta-GGA-TPSS functionals with the 6-31G(d,p) basis 
set. The calculated values of the dipole moment and first-
order hyperpolarizability indicated that 2-phenylbenzofuran 
and its derivatives had a quite good NLO behavior.                  
In addition, the predicted NLO properties of 2-
phenylbenzofuran and its derivatives exhibited interesting 
compared to those of other materials. Therefore, it can be 
concluded that all the compounds under study are good 
candidates for the development of second-order NLO 
materials. Furthermore, the results show that quantum 
chemistry descriptors, namely, the energies of highest 
occupied molecular orbit EHOMO, natural charge, bond 
lengths, first-order hyperpolarizability,  entropy,  ZPVE, log 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7. The QSAR model plot of correlations representing  
           the observed vs. estimated  log(1/IC50)  values for  

              cytotoxicity in mammals. 
 
 

 
Fig. 8. The QSAR model plot of correlations representing          
            the observed vs. estimated log(1/IC50)  values  for  

              antiplasmodial activity. 

        Table 13. Cross-Validation of Eq. (11) 
 

Training set N R2 R2
adj Test set N R2 R2

adj 
A + B 27 0.886 0.852 C 13 0.865 0.731 
A + C 27 0.858 0.816 B 13 0.908 0.816 
B+ C 26 0.808 0.747 A 14 0.924 0.858 
Average  0.851 0.805   0.899 0.802 
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octanol/water partition coefficient, and hydration energy, 
are useful in predicting biological activities. The two QSAR 
models (Eqs. (10) and (11)) developed in the present study 
were used effectively to calculate the activities of 2-
phenylbenzofuran derivatives for which experimental data 
were unavailable. The above two models can also describe 
approximately 81% of the variance in activities of other 
compounds. The results may vary depending on the random 
nature of the algorithm in selecting descriptors. When 
descriptors are selected with minor significance, overfitting 
may occur. However, this does not change the fact that the 
first-order hyperpolarizability is a very good descriptor for 
QSAR models. 
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