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Abstract

The free radical scavenging activity of benzofuran Schiff base and thiazolidinone derivatives has been investigated using
the density functional theory (DFT) calculations. Three primary mechanisms were developed: sequential proton loss
electron transfer (SPLET), single electron transfer followed by proton transfer (SET-PT), and hydrogen atom transfer
(HAT). Several thermodynamic descriptors were computed in both gas and solvent phases at the B3LYP/6-311G and
6-311G (d, p) level of theory. Our findings suggest that compounds 3a, 3¢, 3f, 4d, and 4e may scavenge free radicals
through one of these three pathways. The results indicate that SPLET is favored in polar environments, while HAT is
the thermodynamically preferred mechanism in the gas phase and non-polar solutions. Electron-withdrawing groups
(EWG) attached to the m conjugated system at the N position of the benzofuran derivatives decrease bond dissociation
enthalpies (BDE), while electron-donating groups (EDGs) are helpful to decrease the ionization potentials (IPs). The
results of the multilinear regression statistical analyses indicate a good correlation between the ICsq and ionization po-
tential, in addition to the proton dissociation enthalpy, proton affinity, and the electron transfer enthalpy descriptors.
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1. Introduction

Reactive oxygen species (ROS) and reactive nitro-
gen species (RNS) are the by-products of the cellular re-
dox process and are well documented to play a dual role,
acting as both harmful and beneficial species. Overpro-
duction of these species leads to oxidative stress, a state
in which the biological system is unable to ensure the ox-
idant-antioxidant equilibrium.! Oxidative stress, causes
irreversible damage to cells, lipids, membranes, proteins,
and DNA. It is also implicated in premature aging and
major diseases, including Alzheimer's disease, autism,
cancer, HIV infection, and cerebrovascular accidents.* In
a normal physiological environment, the reactive species
generation is closely regulated by various non-enzymatic
and enzymatic antioxidants. Antioxidants are substances
that can scavenge free radicals by donating an electron or
a hydrogen atom, chelating redox-active metals and in-

hibiting lipoxygenases.*> To search for new antioxidants,
benzofuran is one of the most important heterocyclic
containing oxygen.® Many benzofuran derivatives, such
as benzofuran 1,3-thiazolidin-4-ones exhibit potent bio-
logical and pharmacological activities, like anti-Alzheim-
er’s, anti-dermal, anti-hyperglycemic, anti-inflammatory,
B-adrenoceptor antagonistic,” anti-microbial, anti-pyretic,
anti-tumor, immunosuppressive,®-!! and especially anti-
viral activities,'>!* They also demonstrate anthelmintic,
anti-histaminic, anti-hyperlipidemic, anti-bacterial, an-
ti-convulsant, anti-proliferative, anti-tubercular, anti-dia-
betic, anti-fungal, cardiovascular, follicle-stimulating hor-
mone receptor agonist, hypnotic activities, as reported in
several research article,'*"!® and anti-viral activities is also
observed.!”-2

The synthesis of benzofuran-azo, benzofuran-thi-
azole, benzofuran-hydrazo, and benzofuran-piperazine
hybrids as new antitumor benzofuran agents,?! and
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Figure 1: Structures of the studied benzofuran derivatives.

the synthesis of bis(benzofuran-thiazolidinone) and
bis(benzofuran-thiazinanone) as Chikungunya virus in-
hibiting agents continues to be areas of active research.??
Iminosubstituted (3a-3f) and 1,3-thiazolidinone (4a-4f)
substituted benzofuran derivatives (see Figurel) were
recently screened for radical scavenging activity using
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) Assay.?® The
initial results indicate that khellin (1a) and its hydrolyz-
ed derivatives (2a, 2b) exhibit low antioxidant activity,
whereas the 1,3-benzofuran derivatives (3¢, 3d, 3f) and
(4d) demonstrate comparable antioxidant activity with
EC; values of 10.59, 9.72, 8.57 and 8.27 uM respectively.
These values approach that of the standard drug Trolox
(5.42 uM).24

In this work, we aim to develop a theoretical model
of the antioxidant activity of benzofuran-derivatives,? to
help researchers in understanding this phenomenon and
designing novel antioxidant drugs. For this purpose, we
calculated the BDE, IP, PDE, PA, ETE, frontier molecular
orbital (HOMO, LUMO), and spin density of radicals pa-
rameters are calculated to investigate the free radical scav-
enging mechanism.

3a-3f
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3b/4b: R = C4Hs
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2. Computational Method

Gaussian09 software was used for all calcula-
tions.?® The geometries optimization and vibration-
al normal modes calculations were performed at the
density functional theory (DFT) level using the B3LYP
functional,?”?8 with the 6-311G, and 6-311G(d, p) basis
sets, in both gas and solvated phases. Unrestricted cal-
culations were performed for open-shell systems such
as radical species. Solvent effects (water, benzene, and
DMSO) were taken into account using the self-consist-
ent reaction field polarized continuum model (SCRF-
PCM).29’30

The ADME properties are calculated with ADMET-
lab 2.0,3! and bioactivity studies are evaluated with Mo-
linspiration online property calculation toolkit.>? To de-
termine the most relevant descriptors of the antioxidant
activity represented by the ICsy, a multilinear regression
analysis was performed using Excel. In the literature, three
fundamental antioxidant mechanisms are proposed and
widely discussed such as HAT, eq. (I)), SET-PT, eq. (II)),
and SPLET, eq. (I11).3%34

Atietal: Radical Scavenging Activity: DFT and Multilinear ...



Acta Chim. Slov. 2025, 72, 359-370

ArOH + R* = Ar0* + RH @D
ArOH + R* = ArOH™* + R~ (IT)
ArOH = Ar0~ + H* (IlTa)
Ar0~ 4+ R* = Ar0* + R~ (I1Tb)
R™+ H*=+RH (ITIc)

The physicochemical parameters BDE, IP, PDE, PA,
and ETE were calculated using the following formulas.®

BDE = H(Ar0*) + H(H*) — H(ArOH) (1)
IP = H(ArOH**) 4+ H(e™) — H(ArOH) ®)
PDE = H(Ar0*) + H(H*) — H(ArOH**) (3)
PA = H(Ar0™) + H(H™) — H(ArOH) (4)
ETE = H(Ar0*) + H(e™) — H(Ar0") (5)

where H(X) is the sum of electronic and thermal enthalp-
ies of the X species.?

3. Results and Discussion

3. 1. HAT Mechanism

The O-H BDE appeared as a most significant de-
scriptor to evaluate the structure-activity relationships in
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antioxidants.?® It is also closely associated with the SET-
PT and SPLET mechanisms. This associations arises the
total energy requirements for the (SET-PT, IP+PDE) and
(SPLET, PA+ETE) mechanisms are strongly correlated
with the BDE value (see Figure 2). %

As shown in Table 1, Khellin (1a, keto form) is inac-
tive due to the absence of OH group (see Figure 3), and the
large BDEs of Cs-H in phenyl ring (113.07 kcal/mol) and

BDE:s of C,-H (86.72 kcal/mol). This is in agreement with
the experimental results.?
OCH; OH
=
/
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Figure 3: keto-enol tautomeric equilibrium.

The gas phase HOMO energies are — 5.71 eV for 1a
(keto form) and — 5.44 eV for 1b (enol form). The BDE of
the enol form is lower than that of Trolox by 64.13 kcal/
mol. For compound 1a, the difference is of the order of 6
(keto form), and 22 (enol form) kcal/mol, indicating that
1b has greater hydrogen atom mobility. Furthermore, the
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Figure 2: Calculated enthalpies graphics ((a) in gas, (b) in water, (c) in DMSO, and (d) in benzene at B3LYP/6-311G level.
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Table 1: Theoretical properties of khellin (1a).

Theoretical Gas-phase Water DMSO Benzene
properties

BDE(C;s-H) 113.07 113.70 113.70 113.07
BDE(C,-H) 86.72 87.35 87.35 86.72
IP (kcal/mol) 158.25 69.03 105.39 136.79
PDE (kcal/mol) 244.35 15.06 8.78 48.31
Enomo(eV) -571 - 598 -597  -585
Erumo(eV) 147 172 -172 -157

gas phase IP values for 1a and 1b are 158.25 kcal/mol and
155.2 kcal/mol, respectively. So, all calculations show that
1b is more nucleophilic than 1a and thus the enol form is
more reactive than the keto form.

The O-H benzofuran derivatives BDEs values, in the
gas and solvate phase, are listed in Table 2. For the two
hydrolyzed derivatives of khellin 2a and 2b, the BDEs are
79.19 kcal/mol and 82.95 kcal/mol, respectively. These val-
ues are higher than that of Trolox by about 9 and 12.5 kcal/
mol, respectively. Thus, 2a and 2b have less ability to do-
nate protons than Trolox.

These BDEs values of benzofuran Schiff base deriva-
tives in gas phase, illustrated in Table 2, are in the range of
79.19-82.33 kcal/mol which is higher than those of benzo-
furan thiazolidinone derivatives (69.78-78.56 kcal/mol).
This indicates that benzofuran thiazolidinone derivatives
are more potent antioxidants than benzofuran Schiff base
derivatives. Polarization leads to the same order of BDEs
in a solvated medium, however in the gas state, there is an
inversion between the positions of molecules 3¢ and 4d,
respectively. The B3LYP/6-311G(d, p) level leads to the
same conclusions with a relative error of the order of 3.9

kcal/mol (in gas) and of the order of 4.4 kcal/mol in water,
DMSO and benzene.

The order of the BDEs of the series (3a to 3f), in the
gas phase, is 3b = 3d = 3f > 3a > 3e > 3c. Therefore, their
H-donating abilities are in reverse order. In water and
DMSO solvents, these BDEs values follow the same order
of 3¢ > 3d > 3b = 3e > 3a = 3f. Among the studied benzo-
furan derivatives, 3¢ is the most active independently of
the media, while 3f is the less one. The difference between
calculated and experimental BDEs (23) is around 2 kcal/
mol. This difference likely due to the different steric effects
present in the molecules during the attack of the DPPH
radical,®®* unlike Trolox.

Benzofuran derivatives structures analysis shows
that intramolecular hydrogen bonding (IHB) can be es-
tablished between the O-H group and the neighboring
C=N.*" The bond length O-H and N...H in gas and water
are listed in Table 3.

Table 3: Hydrogen bonds O-H...N (in A) for the benzofuran Shiff
base derivatives in gas and in water.

Compo- do.y do.u dyeooy dneeenm Angle
und in Gas in Water in Gas in Water (O-H...N)
3¢ 1.01 1.02 1.62 1.59 147.14
3e 1.02 1.03 1.60 1.55 147.26
3b 1.02 1.04 1.59 1.54 147.55
3d 1.02 1.04 1.59 1.53 147.69
3f 1.02 1.04 1.59 1.53 147.61
3a 1.03 1.06 1.57 1.48 148.48

The ranking of BDE values (3¢ >3e>3a>3b=3d=
3f, Table 3) is inverse to the strength of the hydrogen bond

Table 2: Calculated BDE values (kcal/mol) in the gas, and different solvents for the studied benzofuran derivatives at the B3LY-
P/6-311G level. The values obtained at the B3LYP/6-311G(d,p) level are given in parenthesis.

Compounds BDE in Gas BDE in Water BDE in DMSO BDE in Benzene ICsy(uM)
[23]

Trolox 70.41(71.59) 69.78(71.07) 69.78(71.07) 69.78(71.23) 5.42
1b 64.13 65.39 65.39 64.76 /

2a 79.19 80.45 80.45 79.82 /

2b 82.95 81.07 81.07 82.33 /

3a 81.70 81.70 81.70 81.70 /

3b 82.33 81.07 81.07 81.07 /

3¢ 79.19(64.53) 79.19(78.90) 79.19(78.92) 79.82(79.46) 10.59
3d 82.33(82.30) 80.45(80.45) 80.45(80.50) 82.33(81.61) 9.72
3e 81.07 81.07 81.07 80.45 /

3f 82.33(82.51) 81.70(80.71) 81.70(80.75) 81.70(81.82) 8.57
4a 78.56 74.80 74.80 76.68 /

4b 71.66 69.78 69.78 70.41 /

4c¢ 77.93 73.54 73.54 76.05 /

4d 69.78 69.15 69.15 69.15 8.27
4e 71.66 71.66 71.66 71.66 /

4f 72.29 71.66 71.66 71.66 /
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which becomes increasingly shorter compared to the sum
of the Van der Waals radii involved in it.** The variation
in hydrogen bond lengths is the same in the gas and hy-
drate phase except for compound 3a which has a different
structure with the absence of the phenyl group attached
to N. It can be concluded that for these benzofuran deriv-
atives, electron-withdrawing Groups (EWG) attached to
n conjugated groups at the N position of the Schiff base
decrease significantly the BDEs (3¢ and3e). By contrast,
electron-donating groups (EDG) increase significantly the
BDEs (3d and 3f).

The BDEs order, in the gas phase, is 4a > 4c > 4f > 4e
= 4b > 4d, for the series (4a to 4f). Thus, their H-donating
abilities are in reverse order. The same order is observed
in all solvents. Accordingly, 4d is predicted to be the most
active among the benzofuran thiazolidinone derivatives

studied independently of the medium, while 4a is the least
one.

These results are in agreement with the experiment.??
The BDE of 4d (69.78kcal/mol in gas) is lower than that of
Trolox by about 0.63 kcal/mol at the B3LYP/6-311G level
of theory, and about 1.85kcal/mol at B3LYP/6-311G (d,
p) level of theory. This result indicates that 4d possesses
antioxidant properties comparable to those of Trolox. The
observed order of antioxidant activity, 4d > 4b = 4e > 4f >
4c > 4a, can be attributed to the intramolecular hydrogen
bond (IHB) formed between the phenolic hydrogen and
the oxygen atom of the -O-CHj; group in compound 4a,
4c. In compounds 4b, 4d, 4e, and 4f, the IHB may involve
the phenolic hydrogen and the neighboring C-N group (in
4b) or the neighboring C-S group (in 4d, 4e, and 4f) as
depicted in Figure 4.

Figure 4: IHB in benzofuran thiazolidinone derivatives.
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Figure 5: Spin density distribution of phenoxy radicals of the benzofuran derivatives.
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Compound 4a exhibits the highest BDE (see Table
2) due to its phenolic hydrogen is involved in a strong
IHB with the oxygen of the -O-CHj group. Consequently,
the high BDE arises from the fact that the hydrogen atom
elimination necessitates the rupture of the IHB. 4d dis-
plays the lowest value because its hydrogen is involved in a
weak IHB with the C-S group. The slight variation in bond
dissociation energies across different solvents is owing to
the absence of charged species in the HAT process.

The spin densities of all the studied benzofuran de-
rivatives (Figure 5) are distributed over the phenolic oxy-
gen atom and the benzofuran ring. Analysis of these spin
densities insights into the difference in reactivity of the
hydroxyl (-OH) group, as reflected in their BDE values.
Greater delocalization of the radical's spin density gener-
ally indicates easier radical formation and lower BDE val-
ue.!

The spin densities of the oxygen atom are similar to
that of benzofuran Schiff base derivatives (0.404). In 3c,
the spin density is substantially lower (0.392), resulting
in lower BDEs for 3c. This can explain why these radicals
have similar BDE and experimental results. Furthermore,
it can be concluded that the different substituents at the
N position do not affect the spin density distribution. For
benzofuran thiazolidinone derivatives, 4d exhibits the
lowest spin density (0.302), while 4b display the highest
one (0.376). 4d possesses the lowest BDE value among all
the others.

3. 2. SET-PT Mechanism

In addition to their implication in the HAT mech-
anism, phenolic compounds can also scavenge free radi-
cals through single electron. The calculated IP and PDE
involved in the SET-PT mechanism in different environ-
ment are reported in supplementary materials (see Tables
S-1a, 1b, 1c, and 1d).

In gas phase, the IPs values classification for the (3a-
3f) series are classified as follows: 3f < 3a <3d <3b < 3c<
3e. In benzene solvent the order is 3a < 3f <3d <3b < 3e <
3c. These variations likely arise from the small energy dif-
ferences between 3f and 3a and between 3¢ and 3e which
does not exceed 1.25kcal/mol. In water and DMSO, the IPs
follows the same order: 3a < 3d < 3b = 3f < 3e < 3¢c. Com-
pounds 3f and 3a exhibit the strongest electron donating
ability in the gas and solvated mediums, while 3c and 3e
are the lowest ones.

For the series (4a to 4f), the order of the IP values is
4d < 4f < 4a = 4e < 4b < 4c¢ in all media (see Tables S-1a,
1b, 1c and 1d). These results indicate that 4d is the most
electron-donor than the others in all cases defined in Table
S-1, while 4c has the lowest ones. These coherent predic-
tions are generally in agreement with the results that can
be deduced from the HOMO energies reported in Table 4.

A comparison of the IPs of 3b and 3f reveals that the
first value is smaller than the second by about 2.5 kcal/mol.

Table 4: HOMO and LUMO energies for the studied benzofuran
derivatives at the B3LYP /6-311G, and 6-311G(d, p) level.

Compounds Enomo (eV) Erumo (€V)
1b - 5.44 -1.41
3a -5.59 -1.39
3b -5.59 -1.71
3¢ — 5.75(- 5.62) — 3.59(~ 2.90)
3d —~ 5.55(— 5.46) ~1.65(~ 1.37)
3e -5.72 - 1.94
3f ~ 5.53(~ 5.42) ~1.61(~ 1.31)
4a -5.82 -0.90
4b -5.83 -1.28
4c -6.12 -2.82
4d -5.72 -0.75
4e - 6.06 -0.67
4f -5.90 -1.12

This shows that when an electron-donating group (EDG)
is introduced, thereby enhancing the electron-donor abil-
ity of the benzofuran derivatives. The same trend is ob-
served for 4b and 4d. In contrast to the BDEs values, the
IPs obtained in a solvated medium, are significantly low-
er compared to those in gas phase. This can be attributed
to the stabilization of charged species in polar solvents.*?
As an example the IP value, of the most active compound
3f, decreases by 84kcal/mol when passing from gas to a
hydrated state. These results show the important role of
solvent polarity in controlling the SET-PT mechanism.
Compound 3a has the highest PDE values in each medi-
um, while 4d has the smallest value, and 4b appears to be
the most active in the deprotonation step. Notable solvent
effects on the PDEs values are observed since the cationic
radical and the proton are charged species. Deprotonation
is easier, particularly in polar solvents such as water and
DMSO.As shown in supplementary materials (see Tables
S-1a, b, c and d), the PIs values obtained for all the ben-
zofuran derivatives [56.47 to 170.18 kcal/mol] are, for the
most part, lower than those of Trolox [69.03 to 161.39 kcal/
mol]. This suggests that the benzofuran derivatives studied
have EDG ability greater than that of Trolox.

3. 3. SPLET Mechanism

SPLET mechanism has been reported as a possible
pathway to trap radicals, particularly in polar environ-
ments. For the (3a to 3f) series, the data analysis of Tables
4a, b, ¢, and d reveals that the order of the AP values is
consistent across all the environments defined in the same
Tables, 3a < 3¢ < 3e < 3b < 3d = 3f. For the series (4a to
4f), the order is 4e < 4b = 4c = 4f < 4d < 4a. These findings
suggest that 3a and 4e are more susceptible to deprotona-
tion compared to the others compounds.

The PAs values comparison of compounds 3b and 3e
shows that the first value is smaller than the second one
by about 4.4kcal/mol, demonstrating that the effect of the
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electron-withdrawing Group (EWG) diminishes the PAs
values and improves deprotonation. This observation also
holds true for 4b and 4e. We also observe notable solvent
effects on the values of the APs (see Tables S-1a, 1b, 1c, and
1d in supplementary materials). For example, PA value of
3a decreases from 322.16 (in the gas) to 86.59 (in ben-
zene), 22.59 (in water), and 16.31 kcal/mol (in DMSO),
which is probably due to the higher solvation enthalpy of
the proton. This implies that polar solvents favor the de-
protonation of the studied species. The PA values of the
studied benzofurans are significantly lower than that of
reference (Trolox). Thus, the deprotonation of the com-
pounds is easier than for Trolox.

3. 4. ADME Properties of Studied
Compounds

ADME properties (predicting absorption, distri-
bution, metabolism, and excretion) of new drug candi-
dates are critical to identify molecules with undesirable
drug-like profiles. A drug in blood exists in two forms,
bounded and unbounded. A portion of the drug binds
to plasma protein, while the other part being unbound.
The unbound form is being metabolized and/or excreted
from the body whereas the bound part will be released to
maintain equilibrium. The fraction unbound is the active
fraction and can be excreted. These fore, plasma protein
binding (PPB%) is an important pharmacokinetic factor,?
a compound is classified as strongly bound if PPB % > 90%
which can lead to a low therapeutic index (reduces its ac-
tion as well as its efficacy).

On the other hand, predicting human intestinal
absorption (HIA %) of the drug is crucial important to
identifying the potential drug candidate. HIA is generally
considered the sum of bioavailability and absorption often
evaluated from ration or cumulative excretion in urine,

bile, and excrement.** For a given compound, HIA% val-
ues that occur, in the range [0 to 0.3], indicate poor, in [0.3
to 0.7] average, and [0.7 to 1.0] good intestinal absorption.
Furthermore, blood-brain barrier (BBB) penetration is
an important pharmaceutical criterion. BBB penetration
is presented as the concentration ratio of steady-state or
radio-labeled compounds in a brain (Cy,,;,) and periph-
eral blood (Cyo0q). Compounds that can pass the BBB are
called central nervous system active (CNS-active) com-
pounds (BBB > 0.30), while those that are unable are called
CNS-inactive compounds (BBB < 0.30).

The human colon adenocarcinoma cell lines (Caco-
2) as an alternative approach for the human intestinal
epithelium, commonly used to estimate in vivo drug per-
meability due to their morphological and functional sim-
ilarities. Compounds with a caco-2 value < -5.15 (logc-
m/s) are lower permeable and those with a value > —5.15
(logcm/s) are considered highly permeable and able to
penetrate cellular biochemical processes.*> Furthermore,
the apparent permeability coefficient (Papp) of the MDCK
(Martin-Darby Canine Kidney) cell lines is also used to
evaluate the effect of the BBB index. An MDCK perme-
ability value of less than 2.107® cm/s indicates that the
compounds are low permeability, a value between [2 and
20.107°] cm/s indicates that the compounds are moderate-
ly permeable and value greater than 20.107° cm/s indicates
that the compounds have high MDCK permeability.*6
Thus, the Caco-2 and MDCK indexes are important for
the eligibility of a drug candidate. The main drug targets
are receptors, ion channels, nucleic acid, and transporters.
So, the values of calculation of ion channel modulation
(ICM), nuclear receptor ligand (NRL), bioactivity for G
protein-coupled receptors ligand (GPCR) enzyme, and ki-
nase inhibition (EI) and (KI) respectively indicate binding
affinity of the species to the receptors and enzymes. A neg-
ative value means low affinity, while positive value shows

4.88 4935'01
4.66 1584834

th o
1

Caco-2 (nm/sec)
Y

Histogram 1: Caco-2cell permeability index as vs. compounds.
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greater affinity.*” The logarithm of the n-octanol/water
partition coefficient (log P), is important and has an im-
pact both one membrane permeability and on hydropho-
bic binding to macromolecules. Compounds with values
in the range [0 to 3] (log mol/l) will be considered as good
candidates. Finally, the logarithm of the aqueous solubility
value (log S) is a good index that quantifies the absorption
of the drug and its disintegration by its dissolution. It is of
great importance in drug discovery. Compounds having
values in the range [-4 to 0.5] log(mol/l) will be consid-
ered as good drug candidates.

Table 2, given in supplementary materials, shows
that compounds 1a, 2a, 2b, 3a, and 4a have, (log S) values
of between —3.19 and —3,585 which correspond to mole-
cules with good dissolution, and (log P) values of between
1,877 and 2.563 which correspond to good permeability
and hydrophobic binding of these compound to macro-
molecules.

The analysis of predicted ADME properties (see Ta-
bles S-2a and b) of the studied compounds revealed the
in vivo BBB penetration efficiency ranging from 0.028 to
0.501 cm/s. Compounds 3a, 4a, and 4c¢ ensure their level
of CNS activity compared to Trolox or ascorbic acid with
0.153 and 0.073 respectively. The values of Caco-2 cell per-
meability values ranged from —5.012 to —4.659 (nm/sec).
All the studied compounds exhibited high permeability,
as Caco-2 cell permeability values exceeding —5.15 (log(c-
m)/s) are generally considered indicative of high permea-
bility (see histogram 1 and Tables S-2a and 2b).

This efficiency provides sustained permeability to
bind with the plasma proteins. The PPB affinity values are
in the range of 72.28 to 100.2%. Compounds 1a, 2a, 2b,
and 3a have PPB affinity < 90% indicating that may be

efficient. In contrast, compounds 3b-3f and 4a-4f have %
PPB > 90% so, they may have a low therapeutic index (see
histogram 2 and Tables S-2a and 2b).

The MDCK cell permeability identified for them is
ranging from 0.9.107° to 3.0.10~° cm/s. The majority of com-
pounds have MDCK cell permeability value > 2.107> cm/s
which indicates that they have passive MDCK cell permea-
bility. The HIA % is ranging from 0.008 to 0.118 which means
a good oral bioavailability for all the studied compounds.

The physicochemical properties of tested compounds
represented in Table S-2 shows that they have a good phar-
macokinetic profile and can be considered drug candi-
dates since there are zero Lipinski property violations. The
bioactivity study shows that all the studied compounds
have negative value, indicating low affinity and suggesting
they are not mutagenic or tumorigenic. Except for ICM
value, compounds 2a, 2b and 4a have positive values: 0.42,
0.36 and 0.54 respectively. This suggests that these three
compounds may modulate ion channels (channel blockers
or channel openers).

3. 5. Multilinear Regression (MLR).

Due to the limited number of ICs, values for the
molecules studied in the present work (see Table 2), the
MLR results should be treated as preliminary, and nev-
ertheless several conclusions can be drawn. Correlation
analysis revealed that the relationship between (IP + PDE),
PA, and ETE descriptor calculated in water for the studied
benzofuran derivatives at the

B3LYP/6-311G level of theory, and experimental
ICsq [23] data gives the best following multilinear regres-
sion:
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IC5o(uM) = 0.563 + 148.25 « (IP + PDE) — 148.42 + PA-147.89 + ETE (6)

with a squared correlation coefficient equal to 0.99 and
with a critical value of Fisher index (F) equal to 0.08;
F-value is found statistically significant at 95% level. The
same qualitative relation is obtained at B3LYP/6-311G(d,
p) with a squared correlation coefficient equal to 0.95, and
with a critical value of Fisher index equal to 0.3.

Cheng and Prusoff,*® showed that the ICs of an en-
zyme inhibitor is proportional to its inhibition constant
Ki. Therefore, the affinity of an inhibitor is higher when
the Ki, and the IC;, are small. If the predicted ICs, values
(calculated with relation 6) within the context of the MLR
model (see Table 5) are considered under the same oper-
ating conditions, it emerges that molecules 1b (7.81), 3f
(8.36), and 4d (8,17 uM) exhibit ICs, values close to the
reference (Trolox with 5.21 pM). The relative average er-
ror is 2.1% (see table 5). This indicated values for our new
molecules are accurate.

Table 5: (ICs) and relative error obtained with relation (6).

Compounds ICs, IC;5 (exp) Relative
(uM) (LMR) (exp) (uM) error in %’
Trolox 5.21 5.42 4
1b 7.81 / /
2a 10.39 / /
2b 10.28 / /
3a 16.83 / /
3b 9.62 / /
3¢ 10.27 10.59 3
3d 9.72 9.72 0
3e 8.47 / /
3f 8.36 8.57 2.5
4a 8.54 / /
4b 9.39 / /
4c 11.23 / /
4d 8.17 8.27 1.2
4e 10.07 / /
4f 11.55 / /

*Relative error % =
ICSOWLMR)— I€50(exp) 4 o1

1C50(exp)

4. Conclusion

The antioxidant activity of benzofuran Schiff base
derivatives and benzofuran thiazolidinone derivatives was
evaluated using DFT calculations. Different molecular
descriptors, associated with the antioxidant activity, were
calculated. Our results indicate that khellin (1a) is not a
good antioxidant, but its enol form (1b) was found to be
more potent than Trolox. The two hydrolyzed derivatives
of khellin (2a) and (2b) exhibited moderate antioxidant
activity. The results also indicate also that benzofuran
thiazolidinone derivatives (4a-4f) are better antioxidants
than benzofuran Schiff base derivatives (3a-3f), which is in

good agreement with experimental results. From BDEs,3¢
and 4d are the most active among the studied benzofuran
derivatives independent of the media, while 3f and 4a are
the poorest. From IPs values, 3a, 3f, and 4d are a good
electron-donating than in the four others environment,
while 3¢, 3e, and 4c are the least effective. From PAs, 3a
and 4e are more prone to deprotonation than others.

Comparing the parameters reported in Tables 2, S-1,
4, and S-2, the BDEs values are significantly lower than the
IPs and PAs in the gas and in benzene solution. In the gas
phase and non-polar solvents, the HAT process is likely to
be favorable than SET-PT and SPLET. In the studied envi-
ronments, the calculated IPs, for all the benzofuran deriv-
atives, are significantly higher than the BDEs and Pas in
all cases except for water where IPs values are lower than
BDEs but higher than the Pas values. Thus, the SET-PT
mechanism is the least favored indifferent solvents. PAs
values decrease and become significantly lower than BDEs
and IPs in DMSO and aqueous solutions when the polarity
of the solvent increases, which makes SPLET favorable in
polar environment.

The BDEs of the unsubstituted benzofuran deriva-
tives, when compared, indicate that electron-withdraw-
ing groups (EWG) attached to m conjugated groups at the
N position decrease BDEs. However, electron-donating
groups (EDG) reduce BDEs values. Thus, EDG is useful to
decrease the IPs values, which increases the electron-do-
nating ability of the studied benzofuran derivatives. In
contrast, the EWG process decreases the PAs values and
increases the deprotonation. Notably, in each environment
(gas or solvated phases), (IP+PDE) and (PA+ETE) are per-
fectly correlated with BDE. The above results, rationalize
the antioxidant effect of these benzofuran derivatives, pro-
viding valuable information for the design and synthesis of
a new powerful antioxidant.
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Povzetek

Raziskali smo sposobnost benzofuranskih Schiffovih baz in tiazolidinonskih derivatov za lovljenje prostih radikalov, pri
¢emer smo uporabili kvantno kemijski ra¢unski pristop na osnovi teorije gostotnega funkcionala (DFT). Obravnavali
smo tri glavne mehanizme: zaporedno izgubo protona in prenos elektrona (SPLET), prenos enega elektrona, ki mu
sledi prenos protona (SET-PT), ter prenos vodikovega atoma (HAT). Za te mehanizme smo izra¢unali razli¢ne ter-
modinamske koli¢ine v modelu izoliranega sistema ter v implicitno modeliranem topilu na ravni teorije B3LYP/6-311G
in 6-311G(d,p). Nase ugotovitve kazejo, da spojine 3a, 3c, 3f, 4d in 4e zajemajo proste radikale prek enega od teh treh
mehanizmov. Rezultati potrjujejo, da SPLET prevladuje v polarnih okoljih, medtem ko HAT predstavlja termodinam-
sko najugodnej$i mehanizem v plinski fazi in nepolarnih raztopinah. Elektron-privla¢ne skupine (EWG), vezane na
n-konjugirani sistem na N-polozaju benzofuranskih derivatov zmanjsujejo entalpijo disociacije vezi (BDE), medtem ko
elektron-donorske skupine (EDG) zniZujejo ionizacijske potenciale (IP). Statisti¢na analiza z multiplo linearno regresijo
kaze na mo¢no povezavo med IC50 in ionizacijskim potencialom ter entalpijo disociacije protona, protonsko afiniteto
in entalpijo prenosa elektrona.
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