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Abstract
The antioxidative activity of natural product compound amurensin H (1) and its three synthetic compounds 5-(6-hydroxy-2-(4-
hydroxyphenyl)benzofuran-3-yl)benzene-1,3-diol (2), (E)-2-(4-hydroxyphenyl)-4-(4-hydroxystyryl)benzofuran-6-ol (3), and
(E)-5-(6-hydroxy-4-(4-hydroxystyryl)benzofuran-3-yl)benzene-1,3-diol (4) are extensively studied by DFT (density functional
theory) method. At the theoretical B3LYP/6-311G(d,p) level, the HAT (hydrogen atom transfer) mechanism is assignable to
compounds 1-4 in gas, but the SPL-ET (sequential proton loss-electron transfer) mechanism is the main way in water and
methanol. The antioxidative actions of the studied compounds are mainly based on OH bond breakage, especially OH groups
directly substituted at benzofuran nucleus. Amurensin H (1) is better than the remaining compounds due to 6-OH group. 1-6-OH
induces the low bond BDE (bond dissociation enthalpy) and PA (proton affinity) values in thermal analysis. Importantly, the
kinetic reaction of 1-6-OH + HOO• in methanol exerts the lowestΔG# value of 5.6 kcal/mol and the highest K value of 1.983 x
1010 L/mol.s. At the B3LYP/6-311G(d,p)/LANL2DZ level, the successful formation of complex [Zn(compound 1)2(H2O)2] at 6-
OH is confirmed by molecular orbital and UV-Vis spectroscopic analyses.
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Introduction

In recent years, there has been a lot of interest in free radicals
and related species. They were primarily arisen from ROS
(reactive oxygen species) and were produced in our bodies
by a variety of endogenous systems, as well as exposure to
various physicochemical agents [1]. Free radicals may harm
lipids, proteins, and DNA in direction [2]. As a result, the
search for new drugs to combat these oxygen radicals has
piqued scientist’s attention.

Amurensins A–M are chemical oligostilbenes found in Vitis
amurensis species [3, 4]. They are recognized to be the hot

agents for drug developments due to their pharmacological
values, especially in terms of antioxidative actions. For in-
stance, amurensins G and B were set to have the IC50 values
of 39.6–52.8 μM against lipid peroxidation, as compared with
that of the positive control α-tocopherol (IC50 9.8 μM) [5].
Amurensin H (1) can be thought of as a benzofuran-stilbene
hybrid. Compound 1was a promising agent against pathogenic
micro-bacterial strains and anti-inflammatory diseases [6, 7].
5-(6-Hydroxy-2-(4-hydroxyphenyl)benzofuran-3-yl)benzene-
1 , 3 - d i o l ( 2 ) , (E ) - 2 - ( 4 - h y d r o x y p h e n y l ) - 4 - ( 4 -
hydroxystyryl)benzofuran-6-ol (3), and (E)-5-(6-hydroxy-
4-(4-hydroxystyryl)benzofuran-3-yl)benzene-1,3-diol (4) have
been successfully synthesized and can be identified as deriva-
tives of compound 1with functionalmoieties deleted at carbons
C-5, C-2, and C-3, respectively (Fig. 1) [6]. Compounds 2-4
have also demonstrated antimicrobial activity [6].

However, no experimental or computational studies using
these compounds in antioxidative estimations have been pub-
lished, to the best of our knowledge. In the current paper, the
density functional theory (DFT) approach has been performed
at the theoretical B3LYP/6-311G(d,p) level to discover and
calculate figurative chemical parameters able to explain the
electronic, structural features that might be related to free
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radical quenching of compounds 1-4. The results also illus-
trate, mostly based on thermodynamically calculated consid-
erations, a comparison between natural product 1 and synthet-
ic compounds 2-4 in the antioxidative treatments.

Theoretical methodology

All of the DFT chemical calculations were carried out using
Gaussian 09 software suite [8–17], at the theoretical B3LYP/
6-311G(d,p) level [17]. Geometric optimization of a general
compound X-OH and its radicals, radical cations, and anions
was administered in water (dielectric constant ε = 78.34),
methanol (ε = 32.60), benzene (ε = 2.27), and gas (ε = 1).
Vibrational frequency analysis was also considered at the
same B3LYP/6-311G(d,p) level, which ensured that the
ground state was in conjunction with absence of imaginary
frequency. The SCRF-PCM (self-consistent reaction field
polarizable continuum method) served as a useful model to
view the effect of solvents.

As reported in the various publications [1, 2, 10–17], three
common mechanisms have been proposed to justify the radi-
cal scavenging capacity of compound X-OH.

The HAT mechanism (the hydrogen atom transfer) This path-
way can occur since a proton from X-OH is disrupted and
promptly transferred to free radical X1

• (Eq. 1). This process
is classified as a homolytic reaction and can be evaluated by
the BDE-bond dissociation enthalpy (Eq. 2).

X−OHþ X1
•→X−O• þ X1H ð1Þ

BDE ¼ ΔH X−O•ð Þ þ ΔH H•ð Þ–ΔH X−OHð Þ ð2Þ

The SET-PT mechanism (the single electron transfer-proton
transfer) There are two stages in the SET-PT pathway
(Eq. 3). The first stage is characterized by the IP-
ionization potential, which is caused by the loss of an elec-
tron from X-OH to give X-OH•+ (Eq. 4). In the second
stage, X-OH•+ is then deprotonated, resulting in the hetero-
lytic process, which is defined by the PDE-proton dissoci-
ation enthalpy (Eq. 5).

X−OHþ X1
•→X−OH•þ þ X1

−→X−O• þ X1H ð3Þ
IP ¼ ΔH X−OHþ•ð Þ þ ΔH e–ð Þ–ΔH X−OHð Þ ð4Þ
PDE ¼ ΔH X−O•ð Þ þ ΔH Hþð Þ–ΔH X−OH•þð Þ ð5Þ

The SPL-ET mechanism (the sequential proton loss-electron
transfer) The SPL-ET route has also two stages, as shown in
Eq. 6. Since A-OH was deprotonated to produce the anion X-
O–, the first stage has occurred. Since the anion X-O– trans-
ferred an electron to free radical X1

•, the second stage has
begun. For the first and second steps, the PA (proton affinity)
and ETE (electron transfer enthalpy) are used to quantify en-
ergies (Eqs. 7–8).

X−OH→X−O− þ Hþ; X−O− þ X1
•→X−O• þ X1

−; X1
− þ Hþ→X1H

ð6Þ
PA ¼ ΔH X−O−ð Þ þ ΔH Hþð Þ–ΔH X−OHð Þ ð7Þ
ETE ¼ ΔH X−O•ð Þ þ ΔH e–ð Þ–ΔH X−O−ð Þ ð8Þ

Fig. 1 General structures of compounds 1-4 with atom numbering
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Regarding the DFT approach, ΔH(Y) denotes the total en-
thalpy of species Y, and it can be written as Eq. 9 [10, 11].

ΔH Yð Þ ¼ Eþ ZPEþ ΔH trans þ ΔH rot þ ΔHvib þ RT ð9Þ

where E and ZPE stand for electronic and zero-point ener-
gies, respectively. The translational, rotational, and vibrational
contributions to enthalpy are ΔHtrans, ΔHrot, and ΔHvib, respec-
tively. The ΔH(e–) and ΔH(H+) are derived from published
sources [10–17].

The antioxidative activity of molecule X-OH might be
also predicted using global chemical indices [10–17]
such as εHOMO (the highest occupied molecular orbital
energy), εLUMO (the lowest unoccupied molecular orbital
energy), spin density, MEP (molecular electrostatic po-
tential), chemical hardness η, chemical potential μ, elec-
tronegativity χ, the electrophilicity ω, and the Fukui
functions.

Based on the Koopmans theorem and finite difference ap-
proximation, these physicochemical indices can be expressed
as Eqs. 10–14.

η ≈ εLUMO–εHOMOð Þ=2 ð10Þ
μ ≈ εHOMO þ εLUMOð Þ=2 ¼ −χ ð11Þ
ω ¼ μ2=2η ð12Þ
ω− ¼ – 3εHOMO þ εLUMOð Þ2= 16 εHOMO–εLUMOð Þ½ � ð13Þ
ωþ ¼ – εHOMO þ 3εLUMOð Þ2= 16 εHOMO–εLUMOð Þ½ � ð14Þ

The Fukui functions denote the electron density after
accepting or denoting an electron, by which it may estimate
where the most nucleophilic (fa

–), electrophilic (fa
+), or radi-

cal (fa
o) sites on a substance are (Eqs. 15–17).

The Fukui index for nucleophilic attack, fa
+, is given for

when an electron was added

f a
þ ¼ Pa Sþ 1ð Þ–Pa Sð Þ ð15Þ

The Fukui index for electrophilic attack, fa
–, is given for

when an electron was removed

f a
– ¼ Pa Sð Þ–Pa S–1ð Þ ð16Þ

Lastly, fa
o is denoted for radical attack

f a
o ¼ Pa Sþ 1ð Þ–Pa S–1ð Þ½ �=2 ð17Þ

where P represents the gross charge of atom in a sub-
stance. The electronic populations of an atom in neutral,
anionic, and cationic forms are Pa(S), Pa(S + 1), and Pa(S
– 1), respectively.

In the conventional transition state theory (TST) at T =
298.0 K, the functional B3LYP is also an excellent choice
for kinetic estimation [10–17]. The rate constant K in a radical
reaction is related to the ΔG# (the Gibbs activation energy),

the Wigner coefficient κ, the Planck constant h, and the
Boltzmann constant kB through Eq. 18.

k Tð Þ ¼ κ
T:kB
h

e
−ΔG#
RT ð18Þ

Results and discussion

Geometrical analysis

A thorough understanding of the geometrical properties of the
studied compounds 1-4 is critical for describing their free
radical scavenging behavior. It also noted that OH groups in
aromatic compounds are more and more being involved in
homolytic reactions rather than aromatic methine groups;
thereby, evaluating the role of OH groups is necessary [13].
The structural geometry of each compound did not differ at
the DFT/B3LYP/6-311G(d,p) level in all four studied media
(Fig. S1). It is possible to observe that the π-electrons are
distributed in the rings of all four compounds 1-4, as well as
in the double bonds of compounds 1, 3, and 4. The derivative
3 with dihedral angle θ11(C3-C2-C1′-C2′) ≈ 0o is mostly pla-
nar, but the remaining compounds have lost their planar prop-
erty (Table S1). Compound 1 contains θ11 = −20.4 to −18.2o

and θ12(C2-C3-C1′′-C2′′) ≈ −72.0o, while compound 2 ac-
companies by θ11 = −25.0 to −20.8o and θ12 = −58.9 to
−53.5o, and compound 4 associates with θ12 = −62.5 to
−55.9o. According to Cai et al. (2014), planar substances al-
ways have higher antioxidative activity [18]. So, compound 3
is preferable for a better outcome. The lengths of the O-H
bonds in each compound range from 0.962 to 0.972 Å.
When converted from gas to liquid, the O-H bond lengths in
compounds 1-4 increase by 0.001–0.002 Å. The solvent, as
expected, decreased the bond disruption energy.

Frontier molecular orbital (FMO) theory, molecular
electrostatic potential (MEP), and spin density

It denotes that the FMO analysis is one of the quickest
methods for viewing the electron contribution and predicting
the best sites for antioxidative reactions since H-breakage di-
rectly concerned electron transfer [10]. Figure S2 illustrates
the FMO images for both neutral and radical forms. The FMO
in each compound has no difference between gas and liquids.
The electrons in 2 and 4-HOMO neutrals are set to have a
similarity to their LUMO neutrals, whereas the electron con-
centrations in ring B of 1 and 3-LUMO neutrals are less than
those in their HOMO neutrals. In each compound, it can be
generally viewed that the electrons are always highly concen-
trated in benzofuran nucleus (system ring AC) in both the
FMO neutral and radical cases. It resembles neutrals, and the
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electrons are absent (or little) in ring D of HOMO and LUMO
of 1-radicals and 4-radicals and HOMO of 2-radicals. In con-
trast to neutral, the electrons have rarely distributed in ring B
of 3-4′-OH radical and ring E of 3-3′′′-OH and 3-5′′′-OH rad-
icals. It may be possible to conclude that benzofuran nucleus
(ring AC) promotes radical formation rather than phenyl units.
In another way, the increase of εHOMO and the decrease of
εLUMO will cause the better εgap = εHOMO – εLUMO. As shown
in Table S2, the transfer of gas into liquids has given rise to the
increase of either εHOMO or εLUMO in each compound. By this
mean, the εgap in polar solvents methanol and water was found
lower than that in weak polar benzene or nonpolar gas (Fig.
S3). Hence, polar liquids may be the main factor affecting
ionization potentials [2].

MEP pictorial surface denotes a molecule’s charges in a 3D
model. MEP is characterized by hue, by which red and yellow
describe the abundant electrons (electrophilic), blue has
shown the positive charge at max, and green stands for non-
charge [10]. From Fig. S4, carbon and hydrogen atoms asso-
ciate with green or blue, but oxygen atoms have induced yel-
low. As a consequence, OH groups set nucleophilic character.

Spin density is an important parameter to consider the
speed of free radical scavenging. Rings withmore spin density
distribution will support radical formation better. In general,
the gaseous spin density is found to delocalize at phenyl units
containing O•-radical (Fig. S5). For instance, 6-OH radicals of
compounds 1-4 consist of the high distribution of spin density
in benzofuran nucleus. Especially, the gaseous spin density
varies correspondingly to the BDE, in which O•-atom having
a lower spin density yields the lower BDE [10–17]. As can be
seen, 6-O• in compounds 1-4 and 4′-O• in compounds 1-3
accompany by lower spin density than other cases.
Therefore, the energies for 6-OH and 4′-OH breakages are
expected to be lower.

Electronic property

The η value is a useful chemical index in predicting the pre-
vention of charge transmission [13]. It is similar to stilbenoids
and alkaloids [2, 13]; four compounds 1-4 induce η in nonpo-
lar gas and weak polar benzene higher than those in polar
solvents methanol and water (Table S2). In each environment,
the η values are ordered as compound 3 < 1 < 4 < 2. It is
opposite with the η values; the calculated polarizabilities of
each compound in methanol and water are much higher than
those in benzene and gas. According to HSAB (hard and soft
acids and bases) regulation, the environment will respond to a
transition from high oxidative state/low polarizability to low
oxidative state/high polarizability [2, 12, 16].

The χ parameter describes the proclivity of an atom to
attack the electrons and is opposite with the μ value (Eq.
11). The χ number of each studied compound has the same
trend with polarizability, by which the χ values in methanol

and water are always higher than in benzene and gas. It sug-
gests that polar liquids are advantageous conditions to ioniza-
tion and electron transfer. The ω descriptor has indicated the
capacity of a substance’s electron acceptance from its sur-
rounding [2, 16]. The high ω+ and ω− values represent the
electrophilic and nucleophilic properties, respectively. From
Table S2, all the ω, ω+, and ω− values of each studied com-
pound have scaled up with the increase of polar environment.
Furthermore, the ω− values are always superior to the ω+

values in each medium, thereby revealing compounds 1-4
prefer to give electrons rather than accept.

One of the quick ways to consider a reactive site is the
Fukui functionals. Δfa = fa

+– fa
– > 0 is indicative for electro-

philicity, but Δfa < 0 characterizes for nucleophilicity [12].
The computational Fukui descriptors of compounds 1-4 were
shown in Table S3. Carbon atoms exhibit two sides. As a
representative example, carbon C-2 in all four compounds 1-
4 is in association with Δfa < 0, but C-7 and C-4′ are accom-
panied byΔfa > 0. Hydroxyl groups of benzofuran nucleus and
ring B are characterized by Δfa < 0, but these of other rings set
two sides. fa

o < 0 is used to determine the competence of
radical production [12]. Only 6-OH group has generated fa

o

< 0, while the other OH groups failed to do so. It is desirable
that 6-OH joints to radical reactions better than analogs.

Antioxidant mechanisms

The HAT route

The computational O-H BDE values for four studied com-
pounds 1-4 in the gaseous and liquid phases are provided in
Table 1. It corresponds to the findings of geometry and spin
density; 6-OH and 4′-OH have the gaseous BDE values lower
than those of the other OH groups in each compound.
Especially, the lowest BDE values are assigned to 6-OH group
of compounds 1-3; they range from 74.5 to 77.8 kcal/mol in
the studied mediums. The highest BDE values can be found in
OH group of rings D and E; e.g., 1-3′′′-OH and 4-3′′′-OH have
shown to contain the highest BDE values of 83.5–86.9
kcal/mol. It noted that the BDE value of each OH group in
benzene mostly equalize that in water and about 2.0 kcal/mol
lower than those in gas and methanol. At the same theoretical
B3LYP/6-311G(d,p) level, Sadasivam and Kumaresan identi-
fied that the BDE values of OH groups of well-known anti-
oxidative flavonoids chrysoeriol and hispidulin were to be
91.0–109.9 kcal/mol in benzene and water, which are higher
than those compounds 1-4 [19]. Therefore, derivatives 1-4
might be thought as of promising antioxidative agents.

The SET-PT and SPL-ET routes

The SET-PT route consists of two steps, but it is mostly de-
cided by the first step [9–17]. This inference is also applied to
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the SPL-ET route. Hence, the detailed analysis of the IP and
PA numbers is very important. Taking the computational IP
enthalpy into account, this value of each compound orderly
ranks as gas > benzene >methanol > water. Our previous DFT
calculation on the analogous benzofuran-stilbene hybrid de-
rivatives also indicated that the increase of solvent’s polarity

will cause the decrease of the IP values [17]. The IP values in
each solvent of compound 3 (the deletion of ring D) are com-
parable with compound 1, and the lowest values of 94.2 and
93.6 kcal/mol are assigned to compounds 1 and 3 in water,
respectively (Table 1). However, converted natural prod-
uct 1 into synthetic compounds 2 (the deletion of ring E

Table 1 The phases reaction enthalpies at 298K for radicals of compounds 1-4 at the B3LYP/6-311G(d,p) level (in kcal/mol)

Compounds BDE IP PDE

Gas Benzene Methanol Water Gas Benzene Methanol Water Gas Benzene Methanol Water

1-6-OH 77.8 75.4 77.6 75.5 147.5 129.8 99.2 94.2 246.1 47.7 24.4 28.7

1-4′-OH 78.1 75.9 78.2 75.9 246.4 48.1 24.9 29.2

1-3′′-OH 85.2 83.5 85.6 83.4 253.5 55.7 32.4 36.7

1-5′′-OH 82.8 79.1 84.4 82.2 251.2 61.3 31.1 35.5

1-3′′′-OH 86.5 84.3 86.0 83.8 254.8 56.5 32.8 37.0

1-5′′′-OH 82.6 80.8 83.5 81.4 250.9 53.0 30.3 34.6

2-6-OH 76.7 74.5 76.6 74.6 151.9 132.4 100.6 95.5 240.6 44.2 22.2 26.5

2-4′-OH 78.0 76.0 78.1 75.9 241.9 45.5 23.5 27.9

2-3′′-OH 84.3 82.6 84.7 82.5 248.2 52.1 30.1 34.4

2-5′′-OH 83.5 81.8 84.3 82.2 247.5 51.4 29.8 34.1

3-6-OH 76.9 74.7 77.6 74.8 148.8 130.1 99.3 93.6 244.0 46.6 24.3 28.6

3-4′-OH 77.4 75.4 78.0 75.3 244.4 47.2 24.8 29.1

3-3′′′-OH 83.8 82.0 84.7 82.5 250.9 53.9 31.4 36.3

3-5′′′-OH 83.6 81.8 84.2 82.1 250.7 53.7 31.0 35.9

4-6-OH 79.8 77.9 80.3 78.1 156.9 137.7 105.8 100.7 238.8 42.2 20.5 24.9

4-3′′-OH 84.5 82.9 85.3 83.1 243.5 47.2 25.5 29.9

4-5′′-OH 83.2 81.6 84.2 82.0 242.2 45.9 24.4 28.8

4-3′′′-OH 86.9 84.5 86.0 83.7 245.8 48.8 26.2 30.5

4-5′′′-OH 82.9 81.1 83.6 81.5 241.8 45.4 23.8 28.3

Compounds PA ETE

Gas Benzene Methanol Water Gas Benzene Methanol Water

1-6-OH 338.1 103.5 51.0 54.0 55.5 74.1 72.6 69.0

1-4′-OH 333.4 100.1 48.8 51.8 60.5 77.8 75.3 71.5

1-3′′-OH 336.5 102.4 49.9 52.8 64.5 83.1 81.7 78.1

1-5′′-OH 325.9 93.0 52.1 54.1 72.8 98.1 88.3 84.6

1-3′′′-OH 325.9 109.6 52.1 54.1 76.5 76.7 89.9 86.1

1-5′′′-OH 342.7 107.8 53.3 56.1 55.8 75.1 76.2 72.7

2-6-OH 337.2 102.0 49.5 52.4 55.3 74.6 73.3 69.6

2-4′-OH 342.0 105.4 51.6 54.5 50.5 71.2 71.1 67.5

2-3′′-OH 345.3 107.7 52.6 55.4 48.5 70.2 71.5 67.9

2-5′′-OH 345.0 107.3 52.4 55.3 54.4 76.5 77.9 74.4

3-6-OH 339.6 104.2 51.9 54.2 53.2 72.5 71.7 68.0

3-4′-OH 334.4 100.4 49.4 51.8 58.8 76.9 74.7 70.9

3-3′′′-OH 344.5 107.1 52.8 55.6 55.2 77.0 77.9 74.3

3-5′′′-OH 344.0 106.7 52.5 55.4 55.5 77.1 77.8 74.2

4-6-OH 339.8 104.1 50.2 53.1 55.9 75.8 75.0 71.4

4-3′′-OH 338.3 103.1 51.3 54.1 62.1 81.8 81.1 77.5

4-5′′-OH 327.5 93.7 52.1 54.1 71.6 89.9 88.1 84.4

4-3′′′-OH 327.6 91.5 52.2 54.5 75.2 95.0 89.7 86.0

4-5′′′-OH 341.6 106.3 53.1 56.0 57.1 76.8 76.5 73.0
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and double bond) and 4 (the deletion of ring B) did not
promote the IP reduction.

The second stage of the SPL-ET route is due to deproton-
ation of cation radical X-OH•+ and is characterized by the PDE
enthalpies. It turns out that the computational OH PDE values
of four studied compounds 1-4 have dropped dramatically
when transferred gas into liquids. Furthermore, the methanolic
and aqueous PDE enthalpies are 1.5–2 times lower than those
in benzene. An order for the PDE values is visualized as gas >>
benzene > water > methanol. It resembles the BDE; the PDE
enthalpies of 6-OH and 4′-OH of each compound are found
lower than those of the remaining OH groups in each medium.
The lowest and highest PDE enthalpies belong to 4-6-OH (20.5
kcal/mol) in methanol and 1-3′′′-OH (254.8 kcal/mol) in gas,
respectively. The findings on the PDE calculation are in agree-
ment with our previous result [17], in which solvents, like
methanol and acetone, seem to support the PDE reduction of
benzofuran-stilbene hybrids better than strong polar water or
weak polar benzene and nonpolar gas.

The first stage in the SPL-ET route is related to the com-
putational PA enthalpies. The effects of environmental change
on the PA outcomes are significant. The selection of polar
solvents, like methanol and water, seems to be the best way
to decrease the PA values. Indeed, the PA calculations
assigning to OH groups of compounds 1-4 are always found
in the consistent order methanol < water < benzene << gas. In
agreement with literature compounds, at the same theoretical
DFT/B3LYP/6-311G(d,p) level, the calculated approaches on
well-known antioxidative flavonoids suggested that this
chemical class has also generated the low PA values in water
and much better than in gas or benzene [20, 21].

In other assessments, in methanol and water, 6-OH groups
of compounds 1-4 and 4′-OH of compounds 1-3 should be
centers of antiradical reactions since they reached the PA
values lower than the other OH groups in each compound.
As compared natural compound 1 to synthetic compounds
2-4, 1-4′-OH with the lowest PA value of 48.8 kcal/mol evi-
dently indicated that the use of natural products type
benzofuran-stilbene hybrid compounds to antioxidative treat-
ments gets more efficacious than the application of the syn-
thetic analogs.

Considering the second stage of SPL-ET route, the ETE
calculations will be characteristic of electron transmission. For
Table 1, the arrangement of the ETE values of each OH bond
breakage is always run as gas < water < methanol < benzene.
It can be proposed that the polarity of medium is the key factor
for the electron transfer. 2-3′′-OH and 1-5′′-OH achieve the
lowest and highest ETE values of 48.5 and 98.1 kcal/mol in
gas and benzene, respectively. It is similar to the IP trend, as
compared to compound 1, the deletion of ring D responses for
the ETE decrease in compound 3, but the disappearances of
ring B or ring E fail to do so. Taken together, semi-synthesis
aimed to convert the bulk natural product 1 into compound 3;

on the one hand, promote electron transfer; and on the other
hand, reduce molecular size.

Preferable mechanisms

The favorable antioxidative mechanisms of four compounds 1-
4 have been determined using the BDE, IP, and PA enthalpies
computed according to Eqs. (2), (4), and (7). The lower the
energies of these descriptors are, the more likely the associated
mechanism is [10–17]. Apparently, the SPL-ET route is pref-
erable thermochemically in polar solvents since the PA values
in methanol and water are less than the IP and BDE values.
However, it turns out that the HAT mechanism will be more
favorable than the two remaining mechanisms if the antioxida-
tive reactions happen in the gaseous phase.

The kinetic study

As above discussed, the antioxidative activity of the studied
compounds 1-4 has preferentially happened through the SPL-
ETmechanism in aprotic solvents. However, it is necessary to
interpret how free radicals attack OH groups. In this scenario,
a model of HOO• + compounds 1-4 in methanol at the same
B3LYP/6-311G(d,p) level is proposed for kinetic consider-
ation since HOO• was a harmful agent present in both living
bodies and outside [12]. As can be seen from Eq. 18, the
capture of HOO• radicals by compounds 1-4 is promoted since
the ΔG# value is lower and the K value is higher [10–17].
HOO• + compounds 1-4 mostly include two intermediates
(Int-1 and Int-2) and one transition states (TS) (Table 2 and
Fig. 2 and Fig. S6). The ΔG# and K values make a high
agreement with the above thermal calculations, in which, once
again, 6-OH and 4′-OH groups of each compound possess the
lowerΔG# values of 5.6–8.2 kcal/mol and the higherK values
of 1.386 × 109–1.983 × 1010 L/mol.s, whereas these values
assigning to the remaining OH groups are to be the ΔG# =
10.1–15.2 kcal/mol and the K = 8.519 × 105–1.983 × 1010

L/mol.s. 1-6-OH has generated the lowest ΔG# value of 5.6
kcal/mol and the highest K value of 1.983 × 1010 L/mol.s. The
K value of 1-6-OH is found 101–105 times higher than that of
other cases. Also concerned is that among all cases, 1-6-OH
contains TS with the lowest relative energy of −3.8 kcal/mol
(Fig. 2). Therefore, the general conclusion of these key points
is that the antioxidative actions of benzofuran-stilbene hybrid
compounds are mostly contingent upon OH groups directly
substituting benzofuran nucleus rather than OH groups of side
chains. Our previous publication suggested that OH groups of
ring B of similar compounds were antioxidative centers [17].
It confirms that structural feature is a key factor to effect an-
tioxidative results. In addition, the transformation of com-
pound 1 into compounds 2-4 did not promote the ΔG# de-
crease and the K increase of each corresponding OH group.
Thus, natural products type benzofuran-stilbene hybrid
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Fig. 2 Energy diagram for the
reaction of HOO• radicals attack
to compounds 1-4 at the B3LYP/
6-311G(d,p) level
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compounds seem to exhibit antioxidative activities better than
synthetic analogous compounds.

Metal complex chelation

To date, information on the UV-Vis spectroscopic data of
compounds 1-4 is quietly limited. Our current DFT approach
applying the TD-DFT/B3LYP/6-311G(d,p) level aims to shed
light on the computational values wavelength λmax, vertical
transition energy E, and oscillator strength f of these com-
pounds in methanol and gas. In both experiences and theories,
methanol and gas should be the best selection for the UV-Vis
comparison [17, 22, 23]. Table 3 and Fig. 3 reveal that each
studied compound is composed of twomain λmax peaks due to
transition type π→ π*, whose λmax values range from 251 to
417 nm inmethanol and from 266 to 405 nm in gas. Transition
H → L (> 93%) is responsible for the longest λmax in each
compound. Taking compound 1 as a typical instance, the
methanolic longest λmax of 407 nm (Evert = 3.050 eV, f =

0.711) is mainly caused by H→ L (> 98%). Except for com-
pound 3, a phenomenal blueshift can be observed when com-
paring compounds 2 and 4 to compound 1 (λmax decreases,
Evert increases) [17].

The high accumulative reports have evidenced that metal-
chelation is also representative of radical quenching propensi-
ty of phenolic compounds [24, 25].Mostly based on the above
thermal and kinetic calculated results, we then propose the
complex model [Zn(compound 1)2(H2O)2] by covalent bonds
of 1-6-OH group to Zn in methanol (Fig. 4). The FMO and
UV-Vis analyses seem likely to be prompt models to view the
successful formation of complex [10]. The B3LYP/6-
311G(d,p)/LANL2DZ level was used for the optimized pro-
cedure and the FMO consideration, whereas for the UV-Vis
calculations, TD-DFT method coupled with the functional
B3LYP using 6-311G(d,p) basis set for light atoms H, C,
and O and LANL2DZ basis set for metal Zn [10, 17]. The
difference between compound 1 and its complex can be de-
duced from their optimized structures (Fig. S1 and Fig. 4).

Table 2 In the methanol phase
and 298.15K, the calculated ΔG#

and k at the B3LYP/6-311G level
for HOO• radical attack

Position ΔG# (kcal/mol) k (L/mol.s) Position ΔG# (kcal/mol) k (L/mol.s)

1-6-OH 5.6 1.983 × 1010 3-6-OH 6.3 9.109 × 109

1-4′-OH 6.6 6.991 × 109 3-4′-OH 6.9 4.969 × 109

1-3′′-OH 11.3 5.179 × 107 3-3′′′-OH 11.1 6.563 × 107

1-5′′-OH 15.2 8.519 × 105 3-5′′′-OH 11.3 5.252 × 107

1-3′′′-OH 10.6 1.122 × 108 4-6-OH 8.2 1.386 × 109

1-5′′′-OH 11.8 3.130 × 107 4-3′′-OH 12.6 1.398 × 107

2-6-OH 6.3 9.440 × 109 4-5′′-OH 12.8 1.118 × 107

2-4′-OH 6.8 5.663 × 109 4-3′′′-OH 10.1 1.877 × 108

2-3′′-OH 11.0 7.538 × 107 4-5′′′-OH 11.5 4.441 × 107

2-5′′-OH 11.0 7.352 × 107

Table 3 Selectively experimental (methanol) and calculated electronic transitions (methanol and gas) of the studied compounds 1-4: wavelength λmax

(nm), vertical transition energy E (eV), and oscillator strength f, at the TD-DFT/B3LYP/6-311G(d,p) level

No Methanol Gas

λmax (nm) Evert (eV) Oscillator
strength f

Transition λmax (nm) Evert (eV) Oscillator
strength f

Transition Transition
type

1 407 3.050 0.711 H → L (98%) 392 3.167 0.631 H → L (97%) π →π*
320 3.869 0.160 H → L (59%) 294 4.217 0.175 H-3 → L (44%)

2 336 3.695 0.626 H → L (97%) 329 3.769 0.520 H → L (95%)

251 4.934 0.236 H-3 → L (54%) 262 4.729 0.135 H-2 → L (39%)

3 417 2.972 0.799 H → L (99%) 405 3.064 0.645 H → L (97%)

308 4.028 0.592 H→ L+1 (73%) 303 4.096 0.313 H → L+1 (42%)

4 365 3.393 0.564 H → L (96%) 353 3.510 0.420 H → L (93%)

262 4.734 0.043 H→ L+1 (46%) 266 4.660 0.059 H-2→ L+1 (48%)

Complex 424 2.926 0.334 H → L (69%)

334 3.709 0.542 H-2 → L (45%)
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Ring E in complex is capable of binding to ring D via intra-
molecular hydrogen bond. Zn-O bond lengths reach 1.977–
2.094 Å, and OZnO angles run from 84.12 to 95.90°. The
electrons are mostly focused on two benzofuran units of
HOMO, especially in 6-O atoms, whereas LUMO is presented
with the high electrons on one side. Band gap energy of com-
plex [Zn(compound 1)2(H2O)2] is lower than single-molecule

1 by 0.142 eV. Regarding the UV-Vis, complex also consists
of λmax 424 nm [Evert = 2.926 eV, f = 0.334, and H → L
(69%)] and λmax 334 nm [Evert = 3.709 eV, f = 0.542, and
H-2 → L (45%)]. The complex formation is associated with
phenomenal redshift.

Conclusion

In this paper, we first apply the DFT method to investigate the
radical scavenging capacity of compounds 1-4 through thermo-
dynamic and kinetic models. Environment has a significant
impact on the outcomes, in which the most preferred mecha-
nism in gas is one-step hydrogen atom transfer (HAT), whereas
the SPL-ET mechanism is highly suitable in aprotic solvents
methanol and water. The analyses of physicochemical descrip-
tors, such as FMO and spin density, indicated that the antiox-
idative actions of the studied compounds 1-4 are mainly based
on OH bond breakage. At the theoretical B3LYP/6-311G(d,p)
level, the natural product type benzofuran-stilbene hybrid com-
pound 1 exhibits the radical scavenging activity better than
synthetic compounds 2-4. 6-OH and 4′-OH of each compound
might be the most active sites. Regarding thermal analysis, 1-6-
OH possesses the BDE values of 75.5–77.8 kcal/mol in gas,
benzene, methanol, and water and the PA values of above 50.0
kcal/mol in methanol and water. In the kinetic reaction with

Fig. 3 The UV-Vis absorption of compounds 1-4 at the TD-DFT/
B3LYP/6-311G(d,p) level and complex [Zn(compound 1)2(H2O)2] at
the TD-DFT/B3LYP/6-311G(d,p)/LANL2DZ level

Fig. 4 The optimized complex [Zn(compound 1)2(H2O)2] and its FMO illustration in methanol at the B3LYP/6-311G(d,p)/LANL2DZ level
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HOO•, 1-6-OH further induces the lowest ΔG# value of 5.6
kcal/mol and the highest K value of 1.983 × 1010 L/mol.s.
[Zn(compound 1)2(H2O)2] causes redshift in methanol at the
theoretical B3LYP/6-311G(d,p)/LANL2DZ level in the UV-
Vis spectroscopy. This study can be seen as a good starting
point for experimental explorations.
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