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Abstract

The free radical scavenging activity of the benzofuran Schiff base and thiazolidinone derivatives were studied using the 
density functional theory (DFT) method. Three main reaction mechanisms were explored: hydrogen atom transfer (HAT), 
single-electron transfer followed by proton transfer (SET-PT), and sequential proton loss electron transfer (SPLET). The 
thermodynamic descriptors associated with these mechanisms were calculated in the gas phase and solvents. Our results 
indicate that compounds 3a, 3c, 3f, 4d, and 4e have a potential for free radical scavenging via the three mechanisms. The 
results show that HAT is proposed as a thermodynamically preferred mechanism in the gas phase and non-polar solutions, 
while SPLET is preferred in polar environments.    

Moreover, the electron-withdrawing groups (EWG) attached to π conjugated groups at the N position of the benzofuran de-
rivatives decrease bond dissociation enthalpies (BDEs) and electron-donating groups (EDG) are helpful to decrease the ion-
ization potential (IPs). Moreover, the MLR statistical analyses lead to a good correlation between the IC50 (μM) and ionization 
potential (IP), proton dissociation enthalpy (PDE), proton affinity (PA), and the electron transfer enthalpy (ETE) descriptor. 
Calculation of the ADME properties shows that compounds 1a, 2a, 2b, 3a, and 4a possess the biocompatibility criteria.
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Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are the by-products of the cellular redox process and are well 
documented to play a dual role as deleterious and beneficial species. The overproduction of these species leads to oxidative stress, 
which is a state in which the biological system is unable to ensure the oxidant-antioxidant equilibrium [1]. Oxidative stress causes 
irreversible damage to cells, lipids, membranes, proteins, and DNA. It is also involved in premature aging and major diseases, 
including cancer, Alzheimer’s disease, autism, HIV infection, and cerebrovascular accidents [2, 3]. In a normal physiological 
environment, the generation of reactive species is closely regulated by different enzymatic and not enzymatic antioxidants. Anti-
oxidants are substances that can scavenge free radicals by donating a hydrogen atom or an electron to chelate redox-active metals 
and inhibit lipoxygenases [4, 5]. To search for new antioxidants, Benzofuran is one of the most important heterocycles containing 
oxygen [6]. Many benzofuran derivatives, such as benzofuran 1, 3-thiazolidin-4-ones display potent biological and pharma-
cological activities, such as anti-Alzheimer’s, anti-dermal, anti-hyperglycemic, anti-inflammatory, β-adrenoceptor antagonistic 
[7], anti-microbial, anti-pyretic, anti-tumor, immunosuppressive [8-11], and especially antiviral activities [12-13], anthelmintic, 
anti-histaminic, anti-hyperlipidemic, anti-bacterial, anti-convulsant, anti-proliferative, anti-tubercular, anti-diabetic, anti-fungal,  
cardiovascular, follicle-stimulating hormone receptor agonist, hypnotic as published in several research articles [14-16] and anti-
viral activities as well [17-20]. 

The synthesis of new benzofuran (benzofuran-thiazole, benzofuran-azo, benzofuran-hydrazo, and benzofuran-piperazine hy-
brids) as antitumor agents [21] or bis(benzofuran–thiazolidinone)s and bis(benzofuran–thiazinanone)s as inhibiting agents for 
Chikungunya virus [22] continues to increase. Iminosubstituted (3a-3f) and 1, 3-thiazolidinone (4a-4f) substituted benzofuran 
derivatives (see Figure. 1) were recently screened for radical scavenging activity by Latif et al., 2013, through 2, 2-diphenyl-1-pic-
rylhydrazyl (DPPH) assay [23]. Initial results indicate that the antioxidant response of the khellin (1a) and its hydrolyzed deriva-
tives (2a, 2b) is poor while the 1,3-benzofuran derivatives (3c, 3d, 3f) and (4d) proved to have almost similar antioxidant activity 
with EC50 values 10.59, 9.72, 8.57 and 8.27μM respectively, and is comparable to that of standard drug Trolox (5.42 μM) [24].
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Figure 1:  Molecular structures of the studied benzofuran derivatives



In this work, we wish to search for a theoretical model of the antioxidant activity of benzofuran derivatives [25] to help researchers 
better understand the phenomenon and better understand the design of new antioxidant drugs.

For this purpose, the physiochemical parameters such as bond dissociation enthalpy (BDE), ionization potential (IP), proton 
dissociation enthalpy (PDE), proton affinity (PA), and the electron transfer enthalpy (ETE) are calculated to explore the free 
radical scavenging mechanism. As a complement, frontier molecular orbital (HOMO, LUMO) and spin density of radicals were 
also analyzed.

Computational method

All calculations are carried out by using Gaussian09 software [26]. The geometries optimization and the calculation of the normal 
modes of vibration are performed at the level of the density functional theory (DFT) using the functionality B3LYP [27, 28] with 
the base 6-311G, in gas and solvated phases. Unrestricted calculations were performed for open-shell systems like radical species. 
Solvent effects (water, benzene, and DMSO) were taken into account using the self-consistent reaction field polarized continuum 
model (SCRF-PCM) [29, 30].

The ADME properties are calculated with ADMETlab 2.0 [31], available at: https://admetmesh.scbdd.com, and bioactivity studies 
are evaluated with Molinspiration online property calculation toolkit, available at http://www.molinspiration.com. To determine 
the most relevant descriptors of the antioxidant activity represented by the IC50, a multi-linear regression analysis was carried out 
using Excel.

In the literature, three main antioxidant mechanisms are proposed and widely analyzed [32, 33] such as hydrogen atom transfer 
(HAT, eq. (I)), single-electron transfer followed by proton transfer (SET-PT, eq. (II)), and sequential proton loss electron transfer 
(SPLET, eq. (III)).

                        (I)

                        (II)

(IIIa)

                                 (IIIb)

                                          (IIIc)
The physicochemical parameters BDE, IP, PDE, PA, and ETE were calculated using the following formulas:

                    (1)

                    (2)

                            (3)

                               (4)

           )                                       (5)                               

where H(X) is the enthalpy of the X species [32].
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Results and Discussion 

HAT Mechanism

The O-H BDE appeared as a major descriptor in evaluating the structure-activity relationships for antioxidants [34] and it can also 
be associated with the SET-PT and SPLET mechanisms. This is so because the total energy requirements related to the SET-PT 
(sum of IP and PDE) and SPLET (sum of PA and ETE) mechanisms perfectly correlate with the BDE value [35] (see Figure. 2).

As shown in Table 1, Khellin (1a, keto form) may be inactive due to the lack of OH group (see Figure. 3), as well as the very wide 
BDEs of C5-H in phenyl ring (113.07kcal/mol) and BDEs of C7-H (86.72kcal/mol). This is in agreement with the experimental 
results [23].

Figure 2: Calculated enthalpies (in gas, benzene, water, and DMSO) graphics
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The gas phase HOMO energies are -5.71 eV for 1a (keto form) and -5.44 eV for 1b (enol form), with a BDE of the enol form which 
lower than that of Trolox by 64.13 kcal/ soft. As for compound 1a, the difference is of the order of 6 (keto form), and 22 (enol 
form) kcal/mol, which shows that 1b has greater mobility of its hydrogen. Furthermore, the gas phase IP values for 1a and 1b are 
158.25kcal/mol and 155.2kcal/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. 

Figure 3: keto-enol tautomeric equilibrium

Theoretical properties Gas-phase Water DMSO Benzene
BDE(C5-H) 113.07 113.70 113.70 113.07
BDE(C7-H) 86.72 87.35 87.35 86.72
IP 158.25 69.03 105.39 136.79
PDE 244.35 15.06 8.78 48.31
EHOMO(eV) -5.71 -5.98 -5.97 -5.85

ELUMO(eV) -1.47 -1.72 -1.72 -1.57

Table 1: Theoretical properties of khellin (1a)

Compounds BDE in Gas BDE in Water
BDE
in DMSO

BDE in
Benzene

IC50(μM)

Trolox 70.41 69.78 69.78 69.78 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
3c 79.19 79.19 79.19 79.82 10.59
3d 82.33 80.45 80.45 82.33 9.72
3e 81.07 81.07 81.07 80.45
3f 82.33 81.70 81.70 81.70 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

Table 2: Calculated BDE values (kcal/mol) in the gas phase and different solvents 

for the studied benzofuran derivatives at the B3LYP /6-311G level
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Compound
dO-H 

in Gas 

dO-H

in Water

dN…H 

in Gas

dN…H 

in Water

Angle 

(O-H…N)
3c 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

Table 3: hydrogen bonds O–H…N (in Å) for the benzofuran 

Shiff base derivatives in gas phase and in water

The bond dissociation enthalpy of O-H benzofuran derivatives in the gas and solvate phase are listed in Table 2. For the two hy-
drolyzed derivatives of khellin 2a and 2b, the BDEs are respectively 79.19 kcal/mol and 82 .95 kcal/mol; they are higher than that 
of Trolox by about 9 and 12.5 Kcal/mol, respectively. Thus, 2a and 2b have less ability to donate protons than Trolox.

The BDE values of benzofuran Schiff base derivatives in the gas phase, illustrated in Table 2, are in the range of 79.19 - 82.33kcal/
mol higher than those of benzofuran thiazolidinone derivatives (69.78 - 78.56kcal/mol). This indicates that benzofuran thiazolid-
inone derivatives are more potent antioxidants than benzofuran Schiff base derivatives.

The order of the BDEs of the series (3a to 3f), in the gas phase, is 3b = 3d = 3f > 3a > 3e > 3c. So their H-donating abilities are in 
reverse order. 

In water and DMSO solvents, the BDE values obey the same order of 3c > 3d > 3b = 3e > 3a = 3f. 3c is the most active one among 
the studied benzofuran derivatives independent of the media, while 3f is the least one.

The difference between calculated and experimental BDEs [23] is around 2kcal/mol. This is due, during the attack of the DPPH 
radical [36, 37], to the different steric effects present in the molecules, unlike Trolox.

The analysis of the structures of these benzofuran derivatives shows that intramolecular hydrogen bonding (IHB) can be estab-
lished between the O-H and the neighboring C=N group [38]. The distances O-H and N...H in the gas phase and water are listed 
in Table 3.

The order of the BDEs, 3c > 3e > 3a > 3b = 3d = 3f (see Table 3), is since the hydrogen bonds become increasingly stronger while 
passing from 3c to 3f and which are shorter, therefore stronger, than the sum of the Van der Waals radii involved in it [38]. 

he variation in hydrogen bond lengths is the same in the gas and hydrate 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 derivatives, electron-
withdrawing Groups (EWG) attached to π conjugated groups at the N position of the Schiff base decrease significantly the BDEs 
(3c and 3e). 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 [23]. The BDE of 4d (69.78kcal/mol) is lower than that of Trolox by about 
0.63kcal/mol. This result shows that 4d possesses antioxidant properties comparable to those of Trolox. This order, 4d > 4b = 4e > 
4f > 4c > 4a, can be explained by the formation of Intramolecular Hydrogen Bonds (IHB) between, the phenolic hydrogen and the 
oxygen atom of the O-CH3 group (compound 4a, 4c), with the neighboring C-N group (4b) or with the neighboring C-S group 
(4d, 4e, 4f) as shown in Figure. 4.
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Figure 4: IHB in benzofuran thiazolidinone derivatives

Compound 4a has the highest BDE (see Table 2) because its phenolic hydrogen is involved in a strong IHB with the oxygen of the 
-O-CH3 group. Consequently, the strong BDE is because the elimination of the hydrogen atom implies the rupture of the IHB. 4d 
has the lowest value because its hydrogen is involved in a weak IHB with the C-S group. The slight change in bond dissociation 
energies in different solvents is due to the absence of charged species in the HAT process.

The spin densities of the various radicals of benzofuran derivatives are shown in Figure. 5. Their analysis helps us to better under-
stand the differences in reactivity of the hydroxyl group (-OH) through the differences in BDE values. When the spin density of 
the radical is largely delocalized, the easier it forms and the lower its BDE value [39]. As can be seen in Figure. 5, the spin densities 
of all the benzofuran derivatives studied are distributed over the phenolic oxygen atom and the benzofuran ring.
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Figure 5:  Spin density distribution of phenoxy radicals of the studied benzofuran derivatives

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), so 3c has low BDEs. This can explain why these radicals have similar BDE values and similar experi-
mental results. Furthermore, it can be concluded that the different substituents at the N position do not affect the spin density dis-
tribution. For benzofuran thiazolidinone derivatives, 4d possesses the lowest spin density (0.302) and 4b the highest one (0.376). 
4d has the lowest BDE value among all the studied benzofuran derivatives.

SET-PT mechanism

Besides their involvement in the HAT mechanism, phenolic compounds can also scavenge free radicals by donating a single elec-
tron. The calculated IP and PDE values involved in the SET-PT mechanism in different solvents are reported in supplementary 
materials (see Tables S-1a, b, c, and d).
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As can be seen, the gas phase IPs classification for the (3a-3f) series is 3f < 3a < 3d < 3b < 3c < 3e while in the benzene solvent it is 
3a < 3f < 3d < 3b < 3e < 3c due to fact that the difference between 3f and 3a and between 3c and 3e does not exceed 1.25kcal/mol. 
In water and DMSO, the IPs is the same such as of 3a < 3d < 3b = 3f < 3e < 3c. Compounds 3f and 3a have 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, b, c and d). 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 predictions 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 shows that the first value is smaller than the second by about 2.5kcal/mol. This shows that 
the introduction of an electron donating group (EDG) is useful to reduce the value of its PI and thus improve the electron-donor 
power of the benzofuran derivatives studied. The same is true for 4b and 4d. Contrary to the BDEs values, the IPs obtained in a 
solvated medium, are significantly lower compared to those in the gas phase. This can be attributed to the stabilization undergone 
by charged systems in polar solvents [40]. For example, the IP value of the most active compound 3f decreases by 84kcal/mol 
when passing from gas to a hydrated state. These results indicate the importance of solvent polarity in controlling the SET-PT 
mechanism. Compound 3a has the highest PDE values in each medium, while 4d has the lowest value. Thus, 4b appears to be the 
most active in the deprotonation step. Since the cationic radical and the proton are charged species, solvent effects on PDE values 
are observed. Compared to the gas phase, 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 benzofuran 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 an electron-donating ability greater than that of Trolox.

SPLET mechanism

SPLET mechanism has been reported as a possible pathway to trap radicals for antioxidants, especially in polar environments.

For the (3a- to 3f) series, the data analysis of Tables 4a, b, c, and d shows that the order of the AP values is, in all the environments 
defined in the same Tables, 3a < 3c < 3e < 3b < 3d = 3f. For the series (4a to 4f), the order is 4e < 4b = 4c = 4f < 4d < 4a. This shows 
that 3a and 4e are more deprotonated than the others.

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, which proves the effect of the electron-withdrawing Group (EWG) diminishes the PAs values and improves deprotonation. 

Compounds EHOMO (eV) ELUMO (eV)
1b -5.44 -1.41
3a -5.59 -1.39
3b -5.59 -1.71
3c -5.75 -3.59
3d -5.55 -1.65
3e -5.72 -1.94
3f -5.53 -1.61
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

Table 4:  HOMO and LUMO energies for the studied 

benzofuran derivatives at the B3LYP /6-311G level
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The same is true for 4b and 4e. We also observe notable solvent effects on the values of the APs (see Tables S-1 a, b, c, and d in 
supplementary materials). For example, the PA value of 3a goes from 322.16 kcal/mol (in the gas phase) to 86.59 (in benzene), 
22.59 (in water), and 16.31 (in DMSO) kcal /mol, which is probably due to the high solvation enthalpy of the proton. This means 
that polar solvents promote the deprotonation of the species studied. The PA values of the benzofurans studied are significantly 
lower than those of Trolox. Thus, the deprotonation of the compounds is easier than in Trolox.

ADME Properties of studied compounds

Predicting Absorption, Distribution, Metabolism, and Excretion (ADME) properties of new drug candidates is critical to detect wile 
molecules are undesirable drug-like profiles. A drug in blood exists in two forms, bounded and unbounded. A portion of the drug be-
comes bound to plasma protein, 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 fraction that is active and may be excreted. 
For these, the plasma protein binding (PPB%) is an important pharmacokinetic factor [41] where the percentage of PPB classifies the 
compound as strongly bounded if  PPB % > 90% and may have a low therapeutic index (reduces its action as well as its efficacy).

On the other hand, predicting Human Intestinal Absorption (HIA %) of the drug is important to identify the potential drug candi-
date. HIA is the sum of bioavailability and absorption evaluated from ration or cumulative excretion in urine, bile, and excrement 
[42]. For a given compound, HIA% values 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. On the other hand, 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 (Cbrain) and peripheral blood 
(Cblood).  The compounds which can pass the BBB are called Central Nervous System active (CNS-active) compounds (BBB>0.30) 
and which 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, have been commonly used to estimate in vivo drug permeability due to 
their morphological and functional similarities. Compounds with a caco-2 value < -5.15 (logcm/s) are lower permeable and those 
with a value > -5.15 (logcm/s) are highly permeable and facilitate its penetration into cellular biochemical processes [43].

Furthermore, the apparent permeability coefficient (Papp) of the MDCK (Martin-Darby Canine Kidney) cell lines is also used to 
estimate the effect of the BBB index. An MDCK permeability value of less than 2.10-6 cm/s indicates that the compounds are low 
permeability, a value between [2 and 20.10-6] cm/s indicates that the compounds are moderately permeable and a value greater 
than 20.10-6 cm/s indicates that the compounds have high MDCK permeability [44]. 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 kinase inhibition (EI) and (KI) respectively indicate binding affinity of the studied com-
pounds to the receptors and enzymes. A negative value means low affinity, while a positive value indicates greater affinity [45]. 
The logarithm of the n-octanol/water distribution coefficient (log P), possesses a predominant position with an impact on both 
membrane permeability and hydrophobic binding to macromolecules. Compounds with values in the range [0 to 3] (log mol/l) 
will be considered 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 considered 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 that correspond to molecules with good dissolution, and (log P) values of between 1,877 and 2.563 that correspond to good 
permeability and hydrophobic binding of these compound to macromolecules. The analysis of predicted ADME properties (see 
Tables S-2a and b) of studied compounds revealed the in vivo BBB penetration efficiency ranging from 0.028 to 0.501 cm/s. Com-
pounds 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 permeability ranged from -5.012 to -4.659 (nm/sec). All the studied compounds are highly permeable since 
the Caco-2 cell permeability is > -5.15 (logcm/s) (see histogram 1 and Tables S-2a and b).
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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 b).

The MDCK cell permeability identified for them is ranging from 0.9.10-5 to 3.0.10-5 cm/s. The majority of compounds have MDCK 
cell permeability value >2.10-5 cm/s which indicates that they have passive MDCK cell permeability. 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 pharmacokinetic 
profile and can be considered drug candidates since there are zero LIPINSKI property violations. The bioactivity study shows that 
all the studied compounds have negative value, which means low affinity and so 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 indicates that these three 
compounds can modulate ion channels (channel blockers or channel openers).

Multi-linear Regression (MLR) results 

Because of the limited number of IC50 of the molecules studied in the present work (see Table 2), the MLR results should be treated 
as preliminary ones, however, various results could be concluded. 

Histogram 1: Caco-2cell permeability index as vs. compounds

Histogram 2: PPB% affinity as vs. compounds. All values are to be multiplied by (-1)
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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 IC50 data gives the best following multi-linear regression:

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.

Conclusion 

In this study, the antioxidant activity of benzofuran Schiff base derivatives and benzofuran thiazolidinone derivatives were evalu-
ated using DFT calculations. Several molecular descriptors (BDE, IP, PDE, PA, and ETE) associated with antioxidant action were 
calculated. Our results indicate that khellin (1a) is not a good antioxidant, but its enol form (1b) was found more potent than 
Trolox. The two hydrolyzed derivatives of khellin (2a) and (2b) were found to exhibit moderate antioxidant activity. The results 
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, 3c and 4d are the most active among the studied 
benzofuran derivatives independent of the media, while 3f and 4a are the poorest. From IPs, 3a, 3f, and 4d are more prone to 
donate electrons than others in all four media, while 3c, 3e, and 4c are the least effective.  From PAs, 3a and 4e are more prone to 
deprotonation than others.

By comparing the values of parameters reported in Tables 2, S-1, 4, and S-2, it appears that the BDEs are much lower than the IPs 
and PAs in the gas phase and benzene solution. This indicates that the HAT process should be more prone to occur than SET-PT 
and SPLET mechanism in the gas phase and nonpolar media. In the studied environments, the calculated IPs for all the studied 
benzofuran derivatives are significantly higher than the BDEs and PAs in all the media except for water when IPs are lower than 
BDEs but higher than the PAs. Thus, the SET-PT mechanism is the least favored in the studied environments. With the increase 
of solvent polarity, PAs greatly decrease and became significantly lower than BDEs and IPs in DMSO and water solutions, which 
makes SPLET more favorable in polar media. A comparison of BDEs of the studied benzofuran derivatives, with no substituted 
one, indicates that electron-withdrawing groups (EWG) attached to π conjugated groups at the N position decrease BDEs. On the 
contrary, electron-donating groups (EDG) reduce BDEs values. Also, EDG is helpful to decrease the IP and thus enhances the 
electron-donating ability of the studied benzofuran derivatives. On the contrary, the introduction of EWG is helpful to decrease 
the PAs and thus enhance deprotonation.

Notably, in each environment (gas or solvated phases), IP+PDE and PA+ETE are perfectly correlated with BDE. The above results 
rationalize the antioxidant effect of these benzofuran derivatives, which will provide valuable information for the design and syn-
thesis of a new powerful antioxidant.
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Supplementary Materials

Compound IP PDE PA ETE IP+PDE
Trolox 138.68 29.49 106.05 62.12 168.17
1b 133.03 30.12 133.03 30.12 163.15
2a 138.05 40.16 99.14 79.06 178.21
2b 141.19 39.53 102.28 78.44 180.72
3a 124.24 55.85 86.59 93.50 180.09
3b 126.75 53.34 105.42 74.67 180.09
3c 129.89 48.32 99.77 78.44 178.21
3d 125.50 55.22 106.67 74.04 180.72
3e 128.64 50.20 102.91 75.93 178.84
3f 124.87 55.22 106.67 73.42 180.09
4a 140.56 34.51 96.63 78.44 175.07
4b 142.44 26.35 117.97 50.83 168.80
4c 144.32 30.75 92.87 82.20 175.07
4d 134.28 33.26 94.12 73.42 167.54
4e 141.19 28.86 89.73 80.32 170.05
4f 138.68 31.37 90.99 79.06 170.05

(b)

Table S-1:  Calculated IP, PDE, PA, ETE, and (IP+PDE) values (kcal/mol) for the studied benzofuran deriva-

tives at the B3LYP/6-311G level, (a) in the gas phase, (b) inbennzene, (c) in DMSO and (d) in water

Compound IP PDE PA ETE IP+PDE
Trolox 161.39 224.90 346.00 40.29 386.29
1b 155.12 225.52 329.69 50.95 380.64
2a 161.39 233.68 337.22 57.85 395.07
2b 163.27 233.68 340.98 57.85 398.83
3a 144.45 254.64 322.16 75.42 397.58
3b 146.33 251.88 344.12 54.09 398.21
3c 148.84 246.23 335.34 59.74 395.07
3d 145.08 253.13 345.38 52.83 398.21
3e 149.47 247.49 340.36 56.60 396.96
3f 143.82 254.39 354.38 52.83 398.21
4a 162.65 231.80 333.45 60.99 394.45
4b 164.53 223.01 327.81 60.49 387.54
4c 170.18 223.64 327.81 66.01 393.82
4d 155.74 229.93 329.69 55.97 385.67
4e 162.65 224.90 323.41 64.13 387.55
4f 159.51 228.66 327.81 60.36 388.17

(a)
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Compound IP PDE PA ETE IP+PDE
Trolox 105.42 -8.79 30.12 66.52 96.63
1b 101.66 -941 19.45 72.79 92.25
2a 106.67 0.63 27.61 79.69 107.30
2b 108.56 -0.63 28.24 79.69 107.93
3a 92.87 15.69 16.31 92.24 108.56
3b 96.01 11.92 29.49 78.44 107.93
3c 99.14 6.90 26.98 79.06 106.04
3d 95.38 11.92 28.86 79.06 108.56
3e 97.89 10.04 28.86 79.06 107.93
3f 96.01 12.55 29.49 79.06 108.56
4a 106.67 -5.02 24.47 77.18 101.65
4b 108.56 -11.92 19.45 77.18 96.64
4c 107.93 -7.53 21.33 79.06 100.40
4d 102.91 -6.90 21.33 74.67 96.01
4e 107.93 -9.41 19.45 79.06 98.52
4f 107.30 -8.78 19.45 79.06 98.52

(c)

Compound IP PDE PA ETE IP+PDE
Trolox 69.03 -2.51 36.40 30.12 66.52

1b 65.26 -3.14 25.73 36.40 62.12

2a 70.28 06.90 33.88 43.30 77.18
2b 72.16 05.65 34.51 43.30 77.81

3a 56.47 21.96 22.59 55.84 78.43
3b 59.61 18.20 35.77 42.04 77.81
3c 62.75 13.18 33.26 42.67 75.93
3d 58.98 18.20 35.14 42.04 77.18
3e 61.49 16.31 35.14 42.67 77.80
3f 59.61 18.82 35.77 42.67 78.43
4a 70.20 01.25 30.75 40.79 71.53
4b 72.16 -5.65 25.73 40.79 66.51
4c 71.53 -1.25 27.61 42.67 70.28
4d 66.51 -0.63 27.61 38.28 65.88
4e 71.53 -3.14 25.73 42.67 68.39
4f 70.91 -2.51 25.73 42.67 68.40

(d)
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Table S-2:  Predicted ADME and physicochemical properties of compounds
(a)

Molecule PPB%
BBB

(Cbrain/Cblood)
HIA%

Caco-2

(nm/s)

MDCK

105 (nm/s)
GPCR ICM

Trolox 96.65 0.153 0.013 -4.959 2.1 0.17 0.20
Ascorbic acid 63.22 0.073 0.069 -5.917 14.3 -0.53 -0.24
1a 72.28 0.052 0.025 -4.659 3.0 -0.36 0.16

2a 87.33 0.111 0.024 -4.881 2.1 -0.39 0.42
2b 84.25 0.080 0.030 -4.834 1.9 -0.23 0.36
3a 86.80 0.501 0.024 -4.931 9.0 -0.54 -0.06
3b 97.72 0.189 0.008 -5.012 1.6 -0.33 -0.05
3c 97.11 0.051 0.013 -4.931 2.8 -0.41 -0.18
3d 98.45 0.120 0.012 -4.925 1.2 -0.35 -0.12

3e 99.56 0.073 0.011 -4.957 1.5 -0.32 -0.05
3f 94.69 0.078 0.012 -4.964 1.2 -0.31 -0.06
4a 94.28 0.356 0.118 -4.785 1.7 -0.18 0.54
4b 98.69 0.057 0.038 -4.797 2.2 -0.34 0.09
4c 99.38 0.378 0.092 -4.766 2.5 -0.44 0.01
4d 99.27 0.056 0.072 -4.724 1.9 -0.36 0.03
4e 100.2 0.064 0.043 -4.764 2.0 -0.33 0.09
4f 97.65 0.028 0.041 -4.733 2.1 -0.33 0.07

(b)
Molecule KI NRL PI EI Log (P) Log (S)
Trolox 0.47 0.91 0.10 0.48 2.957 -2.922
Ascorbic acid -1.09 -1.01 -0.81 0.20 -1.42 -0.613
1a -0.51 -0.51 -0.64 -0.07 2.563 -3.556
2a -0.65 -0.57 -0.79 -0.07 2.368 -3.190
2b -0.63 -0.25 -0.49 0.22 1.877 -3.394
3a -0.77 -0.81 -0.87 -0.28 2.213 -3.027
3b -0.44 -0.50 -0.66 -0.26 3.576 -4.438
3c -0.66 -0.71 -0.78 -0.35 3.360 -4.253
3d -0.47 -0.50 -0.68 -0.31 4.020 -4.784
3e -0.44 -0.49 -0.66 -0.29 4.272 -4.747
3f -0.42 -0.43 -0.59 -0.25 3.649 -4.674
4a -0.70 -0.69 -0.58 -0.31 2.515 -3.585
4b -0.66 -0.64 -0.56 -0.32 3.395 -4.430
4c -0.76 -0.81 -0.67 -0.39 3.268 -4.442
4d -0.68 -0.64 -0.59 -0.36 3.823 -4.744
4e -0.66 -0.64 -0.58 -0.34 4.070 -4.726
4f -0.63 -0.58 -0.53 -0.31 3.396 -4.512


