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ene hybrid compounds: an
antioxidant assessment – a DFT study†

Nguyen Van Trang,a Phan Thi Thuy,b Dinh Thi Mai Thanhc and Ninh The Son *d

The antioxidative activities of the original compound dehydro-d-viniferin (1) and its three designated

derivatives, 5-(2-(4-hydroxyphenyl)benzofuran-3-yl)benzene-1,3-diol (2), (E)-5-(2-(2-(4-hydroxyphenyl)

benzofuran-5-yl)vinyl)benzene-1,3-diol (3), and (E)-5-(2-(3-(3,5-dihydroxyphenyl)benzofuran-5-yl)vinyl)

benzene-1,3-diol (4), are extensively studied, mainly based on density functional theory (DFT)

calculations using the hybrid functional B3LYP and the 6-311G(d,p) basis set. The O–H bond breakage is

reasonably responsible for the antioxidative activity, whereas the environment greatly influences results.

In solvents, namely water, methanol, and especially acetone, the SPL–ET mechanism (sequential proton

loss–electron transfer) is mainly likely to be a antioxidative route for four studied compounds; however,

the HAT mechanism (hydrogen atom transfer) is assigned to these compounds in the gaseous phase.

Benzofuran–stilbene hybrid compound 3 with a planar structure is the best antioxidative agent; its 40-
OH induced the lowest PA values in liquid solvents as well as the lowest BDE value in the gas solvent.

The kinetic investigation of the interactions of compounds 1–4 with HOOc radicals evidently provides

the lowest Gibbs activation energy DG# ¼ 4.7 kcal mol�1 and the highest rate constant K ¼ 5.702 �
1010 L mol�1 s�1, which again are assigned to 3-40-OH. At the theoretical level of B3LYP/6-311G(d,p)/

LANL2DZ, the complex [La(compound 3)3] in gas induces a redshift in the UV-Vis spectrum.
Introduction

Oxygen radicals, such as hydroperoxyl (HOOc), also known as
reactive oxygen species (ROS), are unstable molecules that
contain oxygen atoms that easily react with surrounding mole-
cules.1 They are currently found in both living organisms and
the atmosphere, andmay cause DNA, protein, and cell damage.2

Hence, searching for new drugs that target these oxygen radicals
has induced much interest.

Total synthesis is a scientic-economic approach that
involves using chemical reactions to create newly bioactive
compounds; many useful medicines can be produced quickly by
this approach. Total synthesis may help reduce inappropriate
molecular sizes and toxic levels and can achieve enhanced bio-
availability and solubility compared to natural constituents.3

Benzofurans and stilbenes are well-known derivatives used in
antioxidative treatments.4,5 The synthesis of benzofuran–
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stilbene hybrid compounds has always been an interesting
topic. Dehydro-d-viniferin (1) is a representative example
because this compound is made up of a combination of methyl
4-hydroxybenzoate and 3,5-dihydroxyacetophenone.6 5-(2-(4-
Hydroxyphenyl)benzofuran-3-yl)benzene-1,3-diol (2), (E)-5-(2-(2-
(4-hydroxyphenyl)benzofuran-5-yl)vinyl)benzene-1,3-diol (3),
and (E)-5-(2-(3-(3,5-dihydroxyphenyl)benzofuran-5-yl)vinyl)
benzene-1,3-diol (4) were successfully synthesized and can be
seen to be the derivatives of compound 1 with the deletions of
the functional moieties at carbons C-5, C-2 and C-3, respectively
(Fig. 1).7 These agents have also shown antimicrobial activity.
However, there have been no experimental or computational
reports using these four compounds in antioxidative assess-
ments to date. We now establish an antioxidative DFT-
calculated investigation on derivatives 1–4, mostly based on
the functional B3LYP/6-311G(d,p) basis set. The current paper
considers thermal and kinetic analyses, with emphasis on
highlighting the effects of structural–electronic properties and
environmental factors on antioxidative outcomes.
Theoretical methodology

All DFT calculations were performed using the Gaussian 09
molecular package.8 The optimized procedure for the parent
compound A-OH and its radicals, cationic radicals, and anions
were computed in four mediums, namely gas, water, methanol
and acetone, at the B3LYP/6-311G(d,p) level. Vibrational
frequency calculations at the same level were applied to achieve
RSC Adv., 2021, 11, 12971–12980 | 12971
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Fig. 1 General structures of compounds 1–4 with atom numbering.

Fig. 2 Potential energy curves versus the dihedral angles q11(C3–C2–
C10–C20) and q12(C2–C3–C100–C200) in the gaseous medium at the
B3LYP/6-311G(d) level of theory.
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accurate ZPE, and results also indicated that there is no imag-
inary frequency in the ground state. The IFE-PCM model was
used to consider the effects of solvents.

According to many previous reports, the free radical HOOc
capture of compound A-OH may be ruled by three well-known
mechanisms.9–13

(1) The HAT route (hydrogen atom transfer)
This route is recognized as the splitting off of a proton from

A-OH, which is intermediately transferred to the free radical
HOOc (eqn (1)). This is the homolytic process, and it can be
estimated by the BDE (bond dissociation enthalpy) (eqn (2)).

A-OH + HOOc / A-Oc + HOOH (1)

BDE ¼ H(A-Oc) + H(Hc) � H(A-OH) (2)
12972 | RSC Adv., 2021, 11, 12971–12980
(2) The SET–PT route (the single electron transfer–proton
transfer)

The SET–PT route consists of two stages (eqn (3)). The rst
stage involves the loss of an electron from A-OH to yield A-OHc+,
and it is characterized by the IP (ionization potential) (eqn (4)).
A-OH+c is then deprotonated in the second stage; this step is the
heterolytic process, and it is characterized by the PDE (proton
dissociation enthalpy) (eqn (5)).

A-OH + HOOc / A-OHc+ + HOO� / A-Oc + HOOH (3)

IP ¼ H(A-OH+c) + H(e�) � H(A-OH) (4)

PDE ¼ H(A-Oc) + H(H+) � H(A-OHc+) (5)

(3) The SPL–ET route (the sequential proton loss–electron
transfer)

From eqn (6), the SPL–ET route involves two stages. In the
rst stage, A-OH is deprotonated to produce the anion A-O�. In
the second stage, the anion A-O� is transferred an electron to
generate the radical HOOc. The PA (proton affinity) and the ETE
(electron transfer enthalpy) are used to estimate energies for the
rst and second steps, respectively (eqn (7) and (8)).

A-OH / A-O� + H+; A-O� + HOOc / A-Oc + HOO�; HOO�

+ H+ / HOOH (6)

PA ¼ H(A-O�) + H(H+) � H(A-OH) (7)

ETE ¼ H(A-Oc) + H(e�) � H(A-O�) (8)

In the DFT method, H(M) is the total enthalpy of species M,
and it can be expressed as in eqn (9).10

H(M) ¼ E + ZPE + Htrans + Hrot + Hvib + RT (9)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Spin density distributions of structural radicals 1–4 in the gaseous medium at the B3LYP/6-311G(d,p) level of theory.
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where E and ZPE are the respective electronic and zero-point
energies and Htrans, Hrot and Hvib are the translational, rota-
tional, and vibrational contributions to enthalpy, respectively.
The H(e�) and H(H+) are extracted from the literature.10

The antioxidative action of compound A-OH can also be
estimated by using physicochemical parameters,9–13 comprising
the EHOMO (the energy of the highest occupied molecular
orbital), the ELUMO (the energy of the lowest unoccupied
molecular orbital), the spin density, the MEP (molecular elec-
trostatic potential), the chemical hardness h, the chemical
potential m, the electronegativity c, the global electrophilicity
index u, and the condensed Fukui functions.

It relies on Koopman's rule and nite different approxima-
tion, and these physicochemical parameters can be written as
below:

h z �(ELUMO + EHOMO)/2 (10)

m z (EHOMO + ELUMO)/2 ¼ �c (11)

u ¼ m2/2h (12)

u� ¼ �(3EHOMO + ELUMO)
2/[16(EHOMO � ELUMO)] (13)
© 2021 The Author(s). Published by the Royal Society of Chemistry
u+ ¼ �(EHOMO + 3ELUMO)
2/[16(EHOMO � ELUMO)] (14)

Generally, the Fukui amounts are applied to justify the
reactive sites in each molecule. Three Fukui indices, ft+, ft�, and
fto, show the respective electrophilicity, nucleophilicity, and
radical property, respectively (eqn (15)–(17)).

For nucleophilic attack,

ft+ ¼ Qt(M + 1) � Qt(M) (15)

For electrophilic attack

ft� ¼ Qt(M) � Qt(M � 1) (16)

For radical attack

fto ¼ [Qt(M + 1) � Qt(M � 1)]/2 (17)

where Q stands for the gross charge of atom t in a molecule.
Qt(M), Qt(M + 1), and Qt(M � 1) are the electronic population of
atom t in neutral, anionic, and cationic molecules, respectively.

The B3LYP functional is also a usefully suitable approach for
both thermodynamic and kinetic calculations.2,9,11,12,14,15 Of the
conventional transition state theory (TST), at T ¼ 298.0 K, the
RSC Adv., 2021, 11, 12971–12980 | 12973
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Table 1 Reaction enthalpies in the studied phases at 298 K for the radicals of the studied compounds 1–4 at the B3LYP/6-311G(d,p) level of
theory (in kcal mol�1)

Compounds

BDE IP PDE

Gas Water Methanol Acetone Gas Water Methanol Acetone Gas Water Methanol Acetone

1-40-OH 79.1 77.4 79.6 76.9 153.1 100.1 105.2 97.8 241.8 24.8 20.4 12.3
1-300-OH 102.7 82.6 84.8 82.1 265.5 29.9 25.6 17.5
1-500-OH 83.8 82.2 84.4 81.7 246.5 29.6 25.2 17.1
1-3000-OH 103.2 100.4 102.8 100.4 265.9 47.8 43.7 35.7
1-5000-OH 83.4 81.9 84.1 81.4 246.2 29.3 24.9 16.7
2-40-OH 78.9 77.4 79.6 76.9 157.3 100.3 105.4 98.1 237.4 24.6 20.2 11.9
2-300-OH 84.2 82.5 84.7 82.0 242.8 29.7 25.3 17.1
2-500-OH 83.7 82.2 84.4 81.7 242.2 29.4 25.0 16.8
3-40-OH 78.6 77.1 79.3 76.6 153.9 100.1 105.2 97.8 240.5 24.4 20.1 12.0
3-3000-OH 83.7 82.3 84.5 81.8 245.6 29.7 25.4 17.2
3-5000-OH 83.4 81.9 84.1 81.4 245.3 29.3 25.0 16.8
4-300-OH 84.1 82.6 84.8 82.1 160.8 103.6 108.7 101.4 239.2 26.5 22.1 13.9
4-500-OH 84.1 82.5 84.7 82.0 239.1 26.4 22.0 13.7
4-3000-OH 83.9 82.4 84.5 81.8 239.0 26.3 21.8 13.6
4-5000-OH 83.6 82.0 84.2 81.5 238.6 25.9 21.5 13.2

Compounds

PA ETE

Gas Water Methanol Acetone Gas Water Methanol Acetone

1-40-OH 333.2 51.6 48.6 41.7 61.7 73.3 77.1 68.4
1-300-OH 342.6 55.2 52.4 45.7 75.9 74.8 78.4 69.6
1-500-OH 342.3 55.1 52.2 45.4 57.3 74.6 78.3 69.5
1-3000-OH 346.9 56.0 53.2 46.5 72.1 91.9 95.7 87.0
1-5000-OH 346.3 55.7 52.9 46.2 53.0 73.7 77.2 68.4
2-40-OH 336.1 51.8 48.9 42.1 58.6 73.0 76.7 68.0
2-300-OH 345.2 55.4 52.6 46.0 54.8 74.6 78.1 69.2
2-500-OH 345.0 55.3 52.4 45.8 54.5 74.4 77.9 69.1
3-40-OH 335.0 51.5 48.5 41.1 59.5 73.0 76.8 68.7
3-3000-OH 347.6 55.5 52.7 46.1 51.9 74.3 77.8 69.0
3-5000-OH 347.0 55.2 52.3 45.7 52.2 74.2 77.8 68.9
4-300-OH 344.0 55.1 52.3 45.6 55.9 74.9 78.5 69.7
4-500-OH 343.9 55.2 52.3 45.6 56.0 74.8 78.4 69.6
4-3000-OH 346.1 56.0 53.1 46.5 53.6 73.8 77.4 68.5
4-5000-OH 345.6 55.7 52.8 46.2 53.8 73.8 77.4 68.5
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View Article Online
rate constant K in a radical reaction is related to the Gibbs
activation energy DG#, the Wigner coefficient k, the Plank
constant h and the Boltzmann constant kB through eqn (18).

kðTÞ ¼ k
TkB

h
e�DG

#=RT (18)
Results and discussion
Geometrical analysis

Structural analysis is one of the most effective methods of
evaluating antioxidant activity, especially the behavior of
hydroxy moieties.1 At the DFT/B3LYP/6-311G(d,p) level, the
geometrical state of each compound did not show a difference
in any of the four studied mediums (Fig. S1†). As can be seen,
the p-electrons are distributed in the rings of all four
compounds 1–4 and in the double bonds of compounds 1, 3,
and 4. Compound 3 is completely planar [dihedral angle q11(C3–
12974 | RSC Adv., 2021, 11, 12971–12980
C2–C10–C20)¼ 0�], whereas the planar property of the remaining
compounds is lost, with q11(C3–C2–C10–C20) ¼ �21.4 to �24.7�

and q12(C2–C3–C100–C200) ¼ �55.0 to �57.9� in compounds 1
and 2, respectively, and q12(C2–C3–C100–C200) ¼ �38.1 to �42.8�

in compound 4 (Table S1†). Cai et al. (2014) suggested that
planar molecules oen display better antioxidative activity.16

Hence, compound 3 is expected to show better results. The O–H
bond lengths in each compound uctuate from 0.963 to 0.965 Å.
Upon converting gases into liquids, the O–H bond distances in
all four studied compounds 1–4 visibly increase by 0.001–0.002
Å. It may be expected that the solvent reduced the bond-
breaking energies.

To conrm the relative orientations between phenyl units
(rings B and D) and the benzofuran nucleus, the curves of the
potential energies depending on dihedral angles q were created
in the gaseous phase at the B3LYP/6-311G(d) level. From �180
to 180�, the optimized processes resulted in a 10� change of q11
in the rst step and q12 in the second step (Table S2†). All
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01076j


Fig. 4 Energy diagram for the reaction of HOOc radical attack on the studied compounds 1–4 at the B3LYP/6-311G(d,p) level of theory.
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studied compounds 1–4 were further optimized around each
minimal conformer for more correction.

As shown in Fig. 2, the phenyl unit and double bond at
carbon C-5 of compounds 1 and 2 was not affected, because the
curves of the two compounds are very similar to each other.
Regarding the rst scan of q11, compounds 1 and 2 are
composed of an absolute conformer at �160� and �20� and
three interconvertible barriers at �80�, 0�, and 100�. In the
second scan of q12, the absolute conformer is located at �120�

and �60�, whereas the three energy barriers peak at �180�, �
90� and 0�. Compound 3 appears to have an absolute conformer
at �180� and 0� as well as a barrier at �90�, associated with DE
¼ 5.02 kcal mol�1 relative to the absolute conformer when q11

was scanned. Taking the scan of q12 of compound 4 into
account, an absolute conformer is found at �140� and �40�,
while the three barriers are situated at �180�, �90� and 0� with
DE ¼ 1.51–2.75 kcal mol�1.
Table 2 The calculated DG# and k values in the gaseous phase and 298.1

Reaction
Imaginary frequency
(cm�1) kWigner

DG# (kcal
mol�1) K (L mol�1 s�1)

1-40-OH �1600 1.352 6.2 1.176 � 1010

1-300-OH �1649 1.350 10.4 1.044 � 108

1-500-OH �1708 1.366 8.9 6.797 � 108

1-3000-OH �1634 1.351 8.4 1.142 � 109

1-5000-OH �1642 1.353 8.3 1.272 � 109

2-40-OH �1871 1.412 6.1 1.366 � 1010

2-300-OH �1748 1.372 9.7 2.926 � 108

2-500-OH �1715 1.366 9.5 3.599 � 108

© 2021 The Author(s). Published by the Royal Society of Chemistry
Frontier molecular orbital theory (FMO), molecular
electrostatic potential (MEP) and spin density

The FMO analysis evidently gives insight into the distribution of
the electrons and predicts the antioxidative reaction sites
because H-breakage is directly related to electron transfer.9–13

The FMO images of each compound are the same in gas and
liquid solvents (Fig. S2†). The electrons have been spread over
rings A–B–C–E and are few (or absent) in ring D of the HOMO-
neutrals of all four compounds 1–4. In the LUMO-neutrals, the
electrons are completely absent in rings B and D of compound
1, ring B of compound 3, and ring D of compound 4. In
compounds 1 and 3, compared to the FMO neutrals, only the
HOMO and LUMO pictures of the 40-OH radical remain
unchanged.9 It is possible to conclude that the 40-OH of these
two compounds is a good site for radical formation. HOMO and
LUMO pictorial results of all radical cases of compound 2 and 4-
500-OH radical resemble the neutral case. The electrons were
5 K at the B3LYP/6-311G(d,p) level of theory for the HOOc radical attack

Reaction
Imaginary frequency
(cm�1) kWigner

DG# (kcal
mol�1) K (L mol�1 s�1)

3-40-OH �1490 1.337 4.7 5.702 � 1010

3-3000-OH �1643 1.355 7.8 2.164 � 109

3-5000-OH �1609 1.347 8.1 1.565 � 109

4-300-OH �1680 1.360 8.8 7.526 � 108

4-500-OH �1734 1.372 8.5 1.371 � 108

4-3000-OH �1645 1.355 7.8 2.164 � 109

4-5000-OH �1631 1.352 8.0 1.746 � 109

RSC Adv., 2021, 11, 12971–12980 | 12975
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Table 3 The UV-Vis data of compounds 1–4 at the TD-DFT/B3LYP/6-311G(d,p) level of theory and of complex [La(compound 3)3] at the B3LYP/
6-311G(d,p)/LANL2DZ level of theory

No

Methanol Gas

Transition typelmax (nm) Evert (eV)
Oscillator strength
f Transition lmax (nm) Evert (eV)

Oscillator strength
f Transition

1 353 3.514 0.4582 H / L (88%) 348 3.565 0.3511 H / L (76%) p / p*

328 3.777 1.5774 H�1 / L (60%) 319 3.885 1.1639 H�1 / L+1 (51%)
316 3.919 0.1103 H�1 / L+1 (79%) 311 3.992 0.1099 H�2 / L (80%)

2 325 3.816 0.6435 H / L (97%) 319 3.893 0.5253 H / L (96%)
274 4.530 0.1265 H�2 / L (75%) 274 4.532 0.1230 H�2 / L (68%)
247 5.021 0.1653 H / L+3 (63%) 246 5.042 0.1197 H / L+3 (62%)

3 353 3.508 0.6079 H / L (86%) 348 3.566 0.4822 H / L (73%)
325 3.821 1.6907 H / L+1 (69%) 316 3.919 1.3786 H / L+1 (56%)
303 4.092 0.0964 H�1 / L+1 (67%) 299 4.144 0.1330 H / L+2 (53%)

4 329 3.772 1.1821 H / L (98%) 319 3.889 0.9279 H / L (91%)
313 3.966 0.0799 H�2 / L (93%) 312 3.978 0.1576 H�1 / L (55%)
253 4.901 0.1512 H�5 / L (53%) 253 4.909 0.0924 H�5 / L (62%)

Complex 347 3.573 3.309 H�2 / L+5 (25%) 385 3.220 0.796 H�3 / L+1 (47%)
H�1 / L+4 (32%) H�2 / L+1 (40%)
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found to be delocalized in the whole molecule in the HOMO of
the 3000-OH and 5000-OH radicals of compound 4; however, they
were absent in ring D. In another approach, a higher EHOMO and
lower ELUMO induce a better Egap ¼ EHOMO � ELUMO.9–13 The
order of the EHOMO values of compounds 1–4 follows gas >
acetone > methanol > water (Table S3†). In each compound, the
Egap values slightly decreased when the gas was transformed
into the solvents water, methanol, and acetone (Fig. S3†).
Notably, compound 3 established the lowest Egap of an average
of 3.955 eV in liquid. From these ndings, the solvent is a main
factor supporting ionization, and the energies for bond
breakage of compound 3 appear to be lower.

MEP illustration, also known as molecular electrical poten-
tial pictorial surfaces, denotes the charges of a molecule in a 3D
model. MEP basically relies on visual colors: red < orange <
yellow < green < blue. Atoms colored red or yellow contain
excess electrons (electrophilic attack), and the maximal positive
charge is displayed by blue (nucleophilic attack).10 Green
accompanies zero charge. As shown in Fig. S4,† the carbon and
proton atoms of the four studied compounds 1–4 are green or
blue, and yellow is assigned to oxygens. In this way, hydroxy
groups act as nucleophiles.10

A good parameter to consider the speed of free radical
quenching is the spin density. Greater delocalization of the spin
density results in easier radical formation. Generally, the
signicant spin densities were symmetrically distributed in
carbons C-2, C-4, and C-6 of the phenyl unit containing the Oc-
radical (Fig. 3). It was found that radical formation in phenyl
units is easier than in the benzofuran nucleus and double
bonds. In particular, the gaseous spin density showed the same
trend as the BDE, as an atom with a lower spin density will
afford a lower BDE.17 The lowest value of 0.322 was found in the
40-Oc radicals of compounds 1–3; thereby, the HAT antioxidative
mechanism is mainly due to 40-OH bond breakage.
12976 | RSC Adv., 2021, 11, 12971–12980
Electronic properties

The h parameter shows the charge transmission resistance of
a molecule.1,2 The h values of naturally occurring benzofurans
appear to be higher in solvents than in gas.11 However, in the
current paper, the h values of each compound in the solvents
are always lower than those in the gas (Table S3†). This may be
due to the effect of rings D and E and the double bond. Table
S3† also provides the results of the polarizability. The polar
liquids, such as water and methanol, caused an increase in the
polarizability in all four studied compounds. Based on the
theoretical HSAB (hard and so acids and bases) rule, it is
possible that this is due to environmental responses for high
oxidation/low polarizability to low oxidation/high polariz-
ability.13 The c parameter is opposite to m, which demonstrates
the tendency of an atom to receive a shared electron pair toward
itself.9–13 A substance with a high c promptly establishes
equalization and also possesses low reactive energy.13 In all four
studied compounds, the highest and lowest c values were found
in the polar solvent water and the non-polar medium gas,
respectively. The c values in methanol were found to be higher
than those in acetone. Consequently, increasing the polarity of
the environment is the rst aim to increase the c parameter.
The u parameter demonstrates the ability of a compound to
accept an electron from its surroundings.9–13 The electrophi-
licity and nucleophilicity are in accordance with the high u+ and
u� values, respectively. The u, u+ and u� values of all four
studied compounds increased when gas was converted into
liquid (Table S3†). In each compound, the u� values were ca. 3.3
times higher than the u+ values. Resembling natural products,
synthetic compounds 1–4 acted as electron donors instead of
acceptors.9–13

The Fukui indices are also a fast approach to analyse the
reactive efficacy of each atom. Evidence for the electrophilicity
comes in Dft ¼ ft+ � ft� > 0; the nucleophilicity is determined by
Dft < 0.10–12 The carbons of compounds 1–4 play both roles. For
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 . The UV-Vis spectra of compounds 1–4 at the TD-DFT/B3LYP/
6-311G(d,p) level of theory and the optimized structures and UV-Vis
spectrum of complex [La(compound 3)3] at the B3LYP/6-311G(d,p)/
LANL2DZ level of theory.
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instance, carbon C-2 of all the studied compounds serves as an
electrophilic center (Dft > 0); however, carbon C-3 of compound
4, in contrast to that of compounds 1–3, acts as a nucleophilic
site (Dft < 0). Except for 500-OH, the remaining OH groups display
nucleophilicity (Table S4†). The efficiency of radical production
can be determined by fto < 0.10–12 Most carbon and oxygen atoms
are associated with fto > 0. However, carbon C-3 of all four
studied compounds, especially the 40-OH of compounds 1–3,
induces fto < 0. Thus, 40-OH is more likely to be the most active
site in antiradical reactions.

Antioxidant mechanisms

HAT route. The calculated BDE values in the gaseous phase
and liquids are provided in Table 1. In accordance with the
above ndings of the spin density, the 40-OH of compounds 1–3
possesses the lowest BDE results. Particularly, 3-40-OH was
found to contain the lowest BDE values in each medium
(78.6 kcal mol�1 in gas, 77.1 kcal mol�1 in water,
© 2021 The Author(s). Published by the Royal Society of Chemistry
79.3 kcal mol�1 in methanol, and 76.6 kcal mol�1 in acetone)
(Table 1). In most cases, the application of the polar solvent
water or the weak polar solvent acetone resulted in a BDE
decrease compared to the use of non-polar gas and medium
polar methanol. The highest BDE values belonged to 1-3000-OH in
both the gas and liquids, and there was a clear decrease in the
cases of 3-3000-OH and 4-3000-OH. Similarly, 1-300-OH demonstrates
higher BDE values than 2-300-OH and 4-300-OH. Hence, deletion
of the functional groups at carbons C-3 and/or C-5 of compound
1 may be a good strategy for antioxidative activities. In general,
the gaseous BDE values of the studied compounds 1–4 were
comparable with those of avonoids, which are well-known
antioxidative agents.18–20
SET–PT and SPL–ET mechanisms

The rst step of the SET–PT route is characterized by the IP
values. From Table 1, the IP values for all studied compounds 1–
4 can be arranged in the following order: gas >methanol > water
> acetone. Again, this suggests that polar or weak liquids are
immensely useful environments to reduce either BDE or IP
parameters. However, comparing compound 1 to its products
2–4, the lack of moieties at carbons C-2, C-3, or C-5 does not
appear to be a good strategy for IP reduction. PDE analysis was
applied to consider the deprotonation of the cation radical A-
OH+c. The arrangement of the PDE values of the four studied
compounds follows gas &Gt; water > methanol > acetone. The
weak polar solvent acetone dramatically decreased the PDE
parameter in comparison with the non-polar gas, medium polar
solvent methanol, and strong polar solvent water. The lowest
PDE value of 12.0 kcal mol�1 was obtained for 3-40-OH. In the
same manner as the BDE results, 1-300-OH and 1-3000-OH are the
two groups that yielded the highest PDE values in all four
environments, and the deletion of functional groups at carbons
C-3 and/or C-5 of compound 1 also helped to reduce the PDE
values.

In the rst step of the SPL–ET route, the parent molecule A-
OH was deprotonated to afford A-O�, and this process can be
estimated by the PA analysis. The environmental change greatly
affected the PA outcomes. The lowest PA values of 41.1–
42.1 kcal mol�1 were assigned to the 40-OH of compounds 1–3,
especially 3-40-OH (41.1 kcal mol�1). The PA values in all cases
show the same trend as the PDE outcomes, namely gas &Gt;
water > methanol > acetone (Table 1). The highest PA values
were found in 1-3000-OH in liquids (56.0 kcal mol�1 in water,
53.2 kcal mol�1 in methanol, and 46.5 kcal mol�1 in acetone)
and 3-3000-OH in gas (347.6 kcal mol�1). Modications at carbons
C-2, C-3, or C-5 do not appear to be a good approach to reduce
the gaseous PA values. For instance, it is obvious that 2-300-OH
and 4-300-OH generate 344.0–345.2 kcal mol�1 higher PA values
than 1-300-OH (342.6 kcal mol�1). Recently, Boulebd (2020)
provided a DFT/B3LYP/6-311G(d,p)-calculated approach to
determine the antioxidative capacity of benzofuran moracin T,
in which the OH groups of this compound possessed PA values
of 352.60–356.53 kcal mol�1 in gas, 104.47–120.59 kcal mol�1 in
benzene, and 44.44–45.14 kcal mol�1 in water. It was found that
polar solvents, such as methanol, acetone, and water, promote
RSC Adv., 2021, 11, 12971–12980 | 12977
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the PA decrease better than weak polar solvent or gas
mediums.21 The ETEs are remarkable descriptors representing
the electron transfer in the second step of the SPL–ET route. Not
only the charge species but also the bond breakage energy are
especially sensitive to environmental change. In contrast to the
PDE and PA results, the ETE values of most hydroxy groups can
be arranged in order as gas < acetone < water < methanol. The
lowest and highest ETE values of 51.9 and 95.7 kcal mol�1 were
obtained from 3-3000-OH and 1-3000-OH in the gaseous and
methanolic phases, respectively. It can again be observed that 1-
3000-OH in eachmedium induces a higher ETE value than 3-000-OH
and 4-3000-OH. The same phenomenon was observed when 1-300-
OH was compared to 2-300-OH and 4-300-OH. Therefore, the total-
synthetic procedure aimed to produce compounds 2–4 from
bulk derivative 1 set a great mark for pharmacological purposes
and molecular size reduction.

Preferable mechanisms

The preferable antioxidative HAT, SET–PT or SPL–ET routes
assigned to the four compounds 1–4 are mainly based upon the
minimal values among the BDE, IP, and PA parameters.9–13 The
above outcomes demonstrate that the SPL–ET route is the main
action in solvents because the PA values of all studied
compounds 1–4 have the lowest energies in methanol and water
and especially in acetone. The PA values are also much lower
than those of BDE and IP. However, if the antioxidative reaction
occurs in gas, the HAT route will be preferable due to BDE < IP
� PA.

The kinetic study

In addition to thermal analysis, understanding how HOOc
radicals attack OH groups would help to explain the role of OH
groups in kinetic actions. At the same theoretical level of B3LYP/
6-311G(d,p), to eliminate the solvent effects, the kinetic reac-
tions were considered by comprehensive analysis of DG# and
the K in the gaseous phase. From eqn (18), the HOOc radical
quenching reaction by compounds 1–4 becomes advantageous
with a lower DG# value but a higher K value.9–11 The results of
HOOc + compounds 1–4, including one transition state (TS) and
two intermediates (Int-1 and Int-2), have been provided in Fig. 4
and S5† and in Table 2. In agreement with the BDE and spin
density calculations, the 40-OH groups are good sites for the free
radical quenching reaction, in which 3-40-OH (the lowest DG# ¼
4.7 kcal mol�1 and the highest K ¼ 5.702 � 1010 L mol�1 s�1) is
better than 2-40-OH (DG# ¼ 6.1 kcal mol�1 and K ¼ 1.366 �
1010 L mol�1 s�1) and 1-40-OH (DG# ¼ 6.2 kcal mol�1 and K ¼
1.176 � 1010 L mol�1 s�1). This is further conrmed by the
relative energies of the TS states, in which TS of 3-40-OH + HOOc
was associated with the lowest energy of �4.9 kcal mol�1

compared to those of 1-40-OH + HOOc (�3.6 kcal mol�1) and 2-
40-OH + HOOc (�3.6 kcal mol�1). 1-300-OH induces the highest
DG# ¼ 10.4 kcal mol�1 and the lowest K ¼ 1.044 � 108 L mol�1

s�1; however, these values are better in the cases of 2-300-OH and
4-300-OH (Table 2). Similar results can be observed when
comparing 3000-OH and 5000-OH of compound 1 with the respec-
tive 3000-OH and 5000-OH groups of compounds 3–4. This reects
12978 | RSC Adv., 2021, 11, 12971–12980
the effects of the functional groups at carbons C-2 and C-5.
However, 1-500-OH has a K value of 6.797 � 108 L mol�1 s�1,
which is better than those of 2-500-OH (K ¼ 3.599 � 108 L mol�1

s�1) and 4-500-OH (K ¼ 1.371 � 108 L mol�1 s�1). These ndings
reect the fact that the benzofuran–stilbene hybrid derivative
compound 3 appears to be better than benzofuran derivative
compound 2 and benzofuran–stilbene hybrid derivative
compound 4 in antioxidative treatment.
Metal complex chelation

The UV-Vis spectroscopic data of the four synthetic compounds
1–4 have not been made available in the literature to date. Table
3 and Fig. 5 provide in-depth information on the UV-Vis results
in gas and methanol, including lmax, vertical transition energy
Evert, oscillator strength f, and transition types, where the
calculations were based on the TD-DFT/B3LYP/6-311G(d,p)
level.22–25 The use of gas and methanol is always recognized to
be the best choice in both experimental and theoretical UV-Vis
models.26–30 In both studied mediums, each compound has
three main lmax peaks in the 247–353 nm region (Table 3).
Comparing compounds 2–4 to compound 1, a blue-shi was
observed (lmax decreased, but Evert increased) in both gas and
methanol. The longest lmax in each compound is mainly due to
the H / L (>73%) transition. For instance, H / L (>96%)
shows the longest gaseous lmax of 319 nm (Evert ¼ 3.893 eV and
oscillator strength f ¼ 0.5253) of compound 2.

Searching for bioactive compounds to remove toxic metals
from living bodies is the rst aim of chelation therapies.31–33

Selvaraj et al. (2013) suggested the antioxidant activity of the
avonoid chrysin because of its OH chelation with La.33 Based
on this conclusion, we suggest that the antioxidative capacity of
the promising compound 3 is also caused by its metal chelation;
thereby, we proposed a complex model [La(compound 3)3]
because the most active site 3-40-OH covalently binds to the
metal La (Fig. 5). UV-Vis spectroscopic analysis is a promptly
helpful approach to view successful complex formation. The
theoretical level B3LYP/6-311G(d,p)/LANL2DZ was used for
optimization, whereas the TD-DFT method aided by the B3LYP
functional using the 6-311G (d,p) basis set (for the light atoms
oxygen, hydrogen, and carbon) and the LANL2DZ basis set (for
the metal La center) is highly recommended for UV-Vis
prediction.34 As shown in Fig. 5, the transformation of
compound 3 into a complex gave rise to a loss of planarity
between ring E and the benzofuran nucleus. Signicantly, the
lengths of the La–O bonds (2.217–2.231 Å in gas and 2.332–
2.361 Å in methanol) drastically increased compared with those
the of 3-40-OH bonds. The environmental application places
much of the inuence on the bond angles OLaO (105.28�–
118.22� in gas, and 100.73�–134.91� in methanol). The complex
formation can be also dened from the UV-Vis data. The
complex contains one peak in both gas and methanol, in which
the H�2 / L+5 (25%) and H�1 / L+4 (32%) transitions are
reasonable for the methanolic lmax of 347 nm (Evert ¼ 3.573 eV
and f ¼ 3.309); however, the gaseous lmax of 385 nm (Evert ¼
3.220 eV and f ¼ 0.796) arises from H�3/ L+1 (47%) and H�2
/ L+1 (40%) transitions. Resembling the four compounds 1–4,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the transition type p / p* is characteristic of a complex, and
the complex formation is associated with the redshi in gas.
Conclusion

In the current study, we rst set out to investigate the thermo-
dynamics and kinetics of radical quenching for synthetic
compounds 1–4 based on the DFT method. The antioxidative
routes assigned to these compounds are more dependent on
their environmental uses. The SPL-ET route should be suitable
for compounds 1–4 in three solvents of water, methanol, and
acetone, whereas the HAT route becomes more favorable in the
gaseous phase. The structural modications at carbons C-2, C-3,
and C-5 of bulk compound 1 greatly affected the antioxidative
results. Physicochemical and structural analyses indicated that
compound 3 with planarity and benzofuran–stilbene hybrid
properties is better than the non-planar compounds 1, 2, and 4.
The 40-OH group of compound 3 successfully possesses the
lowest gaseous BDE values of 76.6–78.6 kcal mol�1 and the
lowest liquid PA value of 41.1–51.5 kcal mol�1. 3-40-OH group +
HOOc also exerts the lowest DG# ¼ 4.7 kcal mol�1 and the
highest K ¼ 5.702 � 1010 L mol�1 s�1. At the theoretical level of
B3LYP/6-311G(d,p)/LANL2DZ, in the UV-Vis spectra, complex
[La(compound 3)3] causes a redshi in gas. This communica-
tion is a useful guideline for experimental assays.
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