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ABSTRACT: A theoretical investigation was conducted using 0
DFT/PW91/TZP/DMSO calculations on a complete set of
exhaustive lists of 18 compounds resulting from the complexation
of trans-2,4,3',5 -tetrahydroxystilbene (T-OXY) and cis-2,4,1',3'-
tetrahydroxystilbene (C-OXY) with copper metal cations (Cu* and
Cu®"). The ligand-binding sites are the critical points of Quantum
Theory of Atoms in Molecules (QTAIM) analysis on neutral and
deprotonated ligands. Various mechanisms, including hydrogen
atom transfer (HAT), sequential proton loss electron transfer
(SPLET), single electron transfer followed by proton transfer
(SET-PT), and bond dissociation energy (BDE(EO0)) calculations,
were employed to quantify the antioxidant activity. The BDE(EO)
mechanism emerged as the most suitable approach for such analyses to evaluate the departure of hydrogen atoms since the results
show the HAT mechanism is the most likely occurring. Particularly intriguing were the anionic Cu® complexes with ligands adopting
trans configurations and deprotonated conformations, displaying superior antioxidant activity compared to their counterparts.
Remarkably, a single ligand within the Cu® complex exhibited exceptional antioxidant prowess, yielding a BDE(EOQ) value of 91.47
kcal/mol. Furthermore, a complex involving two deprotonated ligands demonstrated antioxidant activity of 31.12 kcal/mol,
signifying its potential as a potent antiradical agent, surpassing T-OXY by a factor of 3.91 and even surpassing the antioxidant
efficiency of Vitamin C.
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1. INTRODUCTION complexation between T-OXY and a transition metal. These
2,4,3',5'-Tetrahydroxystilbene (Oxyresveratrol; OXY)' is a metal c.omplexes can potentially exhibit enhanced antioxidant
naturally occurring hydroxystilbene found in plants, notably in capabilities, such as flavonoid complexes thag_};(z)ive demon-
mulberry wood.” It exists in two isomers: trans (T-OXY) and strated superior efficiency in radical inhibition. To further
cis (C-OXY).> OXY demonstrates a spectrum of compelling enhance the antioxidant prowess of OXY, we propose its
biological activities, including antiherpetic and anti-HIV complexation with transition metals. A diverse array of
effects,’ anti-inﬂammatory,4 antiapoptotic and neuroprotec- geometries, coordination numbers, and oxidation states can
tive,® and, particularly, potent antioxidant capabilities. ° Our be achieved.'"'* The selection of the metal and the choice of
prior theoretical investigation revealed that T-OXY outper- mechanism play a significant role in boosting antioxidant
forms its cis-isomer in scavenging long- and short-lived free capacity.l3’14 Experimental and theoretical studies have

radicals." Its scavenging potential follows the sequence: HO®
> CH,0® > HOO® > CH,00° > NO,* > NO*'/
Additionally, the Quantum Theory of Atoms in Molecules
(QTAIM) descriptors and the corresponding Bond Critical
Points (BCPs) were reported, with two BCPs identified for T- ]
OXY and one for C-OXY (see Figure 1).” Rec_e“'e‘l’ October 9, 2023
The critical point in (C-OXY) leads to a complexation, or Revised:  January 25, 2024

Diels—Alder cyclization type, resulting in two products, T- Accepted:  January 29, 2024

CYCLE-OXY and C-CYCLE-OXY, with antiradical activities ~ "uPlished: February 12,2024
of 97.79 and 101.08 kcal/mol, respectively.” For the trans

geometry, the two critical points indicate a probability of

identified two well-distinct complexation mechanisms: direct
chelation and coupled-deprotonation-chelation, with the latter

being considered more plausible.''® Copper complexes have
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Figure 1. Graphic representation of bond critical points (BCPs in red) and ring critical points (RCPs in green) of T-OXY and C-OXY with

QTAIM analysis by PW91/TZP in DMSO.

attracted significant interest due to their remarkable anticancer
and antioxidant properties, surpassing those of nickel, cobalt,
and zinc complexes.'”~>* Encouraging outcomes from joint
experimental and theoretical studies on copper-resveratrol
complexes”®”” have motivated us to explore the complexation
of OXY with copper in its two oxidation states, Cu* and Cu®*".
To the best of our knowledge, complexes of Cu* and Cu*" with
the ligand Resveratrol substituted by OH in position (S’) have
not been determined experimentally.

2. COMPUTATIONAL DETAILS

In this work, we applied the QTAIM results for the
complexation of Cu* and Cu®* with T-OXY and C-OXY by
two mechanisms. Table 1 shows the terminology that was
used.

In the first, the ligands exist in their neutral state, and their
binding with Cu* and Cu®** metal ions leads to the formation of
positively charged complexes. The second mechanism involves
the deprotonation of ligands at their respective critical points,
yielding negatively charged ligands (—2). Lastly, for the first
time, the coordination of two neutral and deprotonated OXY
ligands charged (—4) with Cu* and Cu®'. The influence of
complexation on OXY’s antioxidant capabilities of OXY
through these two pathways was evaluated quantitatively, and
the most effective antioxidant site and complex within the
DMSO solvent were determined through this process. These
mechanisms include the bond dissociation energy BDE(EO)
approach; this method is based on the cleavage of the O—H
bond intramolecularly by homolytic fragmentation, as well as
by (I) hydrogen atom transfer (HAT), which takes place in a
single step from the antioxidant molecule to the radical;*® (11)
single electron transfer followed by proton transfer (SET-PT),
which takes place in two steps: the initial formation of a
cationic radical by transferring an electron from the antioxidant
to the free radical and then a proton transfer from the cation
radical to the anion; and (III) sequential proton loss electron
transfer (SPLET) comprises two consecutive steps: deproto-
nation of the antioxidant (anion formation) followed by
electron transfer to the free radical. Key thermochemical
metrics such as bond dissociation enthalpies (BDE), adiabatic
ionization potentials (IP), proton dissociation enthalpies
(PDE), proton affinities (PA), and electron transfer enthalpy
(ETE) energies are used to assess these processes (enthalpies
of electron transfer). (SET-PT) and (SPLET) are based on the
potential of the antioxidant molecule to donate an electron and
are hard to distinguish.”” This trifecta of processes competes
with one another.”*® Another crucial electrical characteristic
for determining a molecule’s propensity to participate in
electron transfer processes is its highest occupied molecular
orbital (HOMO) energy level. Our previous research’
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Table 1. Nomenclature Used for the Cu® and Cu?*

Complexes
code name

type

Cu* Complexes

Cu" with neutral T-OXY on the
BCP P1 critical point via
oxygen

Cu* with neutral T-OXY on the
critical point BCP P1 via
carbon

Cu* with neutral T-OXY on the
critical point BCP P2

Cu" with neutral C-OXY at the
BCP critical point

Cu" with T-OXY deprotonated at
the BCP P1 critical point

Cu" with T-OXY deprotonated at
the BCP P2 critical point

Cu" with C-OXY deprotonated at
the BCP critical point

Cu" with two neutral T-OXY at
their critical points

Cu* with two T-OXY
deprotonated at their critical
points

positively charged  [Cup,*—(T-OXY)]*

[Cup,~(T-OXY)]"

[Cup,"—(T-OXY)]*

[Cu*—(C-OXY)]*
negatively charged  [Cup,"'—(T-OXY)32,]™
[Cup,"—(T-OXY)32 ]

[Cu*—(C-OXY)32]"

two neutral and
deprotonated
(0):44

[Cu*—2(T-0XY)]*

[Cu"—2(T-0XY)3,]~°

Cu?* Complexes

Cu** with neutral T-OXY at the  positively [Cup, > —(T-OXY)]**
BCP P1 critical point via oxygen  charged

Cu?* with neutral T-OXY on the [Cup, > —(T-OXY) >
critical point BCP P1 via carbon

Cu®" with neutral T-OXY at the [Cup,>—(T-OXY)]**
critical point BCP P2

Cu?* with neutral C-OXY at the [Cu**—(C-OXY)]**
BCP critical point

Cu** with T-OXY deprotonated at  negatively [Cup*"—(T-0XY)32]
the BCP P1 critical point charged

Cu** with T-OXY deprotonated at
the BCP P2 critical point

Cu** with deprotonated C-OXY
on the BCP critical point

Cu?* with two neutral T-OXYs at
their critical points

Cu** with two deprotonated
T-OXY (charged —4) on their
critical points

[Cu1’22+_(T'OXY)§e2}J
[Cu*"—(C-0XY)3}]

two neutral and
deprotonated
OXY

[Cu**—2(T-OXY)]**

[Cu*—2(T-OXY)§, ]

established T-OXY as the best antioxidant available. Therefore,
we also compare it here.

The structures of copper complex compounds were
optimized by density functional theory (DFT) calculations,*
using Amsterdam Density Functional (ADF) software,” as
well as single-};oint calculations. The PW91 level (Perdew—
Wang 1991),* the functional GGA (Generalized Gradient
Approximation) exchange—correlation function, and the Slater
TZP (Triple zeta polarization) set of atomic bases,”* valence
orbitals of all atoms (1s for H; 2p for O and C; and 4s, 3d for
Cu). Medium frozen cores were retained for the internal

https://doi.org/10.1021/acsomega.3c07885
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Figure 2. Optimized structures using computational level DFT/PW91/TZP/DMSO of Cu" complexes with mono-2,4,3',5-tetrahydroxystilbene

neutral and deprotonated at the binding sites.
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Figure 3. Optimized structures using computational level DFT/PW91/TZP/DMSO of Cu®* complexes with mono-2,4,3',5'-tetrahydroxystilbene

neutral and deprotonated at the binding sites.

orbitals. The Becke parameter is used for integration, and the
energy convergence threshold is set at 1 X 10~ atomic units.
The COSMO solvent effect was utilized to simulate the impact
of DMSO, as implemented in ADF,” characterized by a
dielectric constant (&) of 46.7 and van der Waals radii of 3.04
A. Since the copper-OXY complexes lack an X-ray structure,
their structures were generated using the graphical interface of
the program. To enhance the accuracy of the computations, it
was ensured that all optimized structures had reached the
potential energy surface’s global minimum, indicated by a zero

imaginary frequency.

3. ANTIOXIDANT ACTIVITY DESCRIPTOR

3.1. Bond Dissociation Energy (BDE(EQ)) Analysis. The
energy required for the intramolecular homolytic cleavage of
the O—H chemical bonds indicates a molecule’s antioxidant
effectiveness. The procedure specified in the ADF code took a
few steps: we perform the fragment calculation based on the
regions panel that ArO® defines as one and the H atoms as the
other in all of the locations. The next step is to run a single-
point calculation with ADF and view the results. Finally,
intermolecular interactions are separated in terms of specific
energy, and the expression calculates the bond dissociation
energy:

BDE(E0) = E

elect

+ EPauIi + Eorb = Eelect + E(Pauli+orb)
(1)

where E.. is the electrostatic energy used to qualify the
electrostatic interaction between the two fragments; Ep,; is the
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Pauli energy, a destabilizing component linked to the repulsive
interactions between fragments; and E,; is the orbital
interaction that can be summarized in the framework of the
single electronic approximation as the sum of the stabilizing
interactions with 2 electrons and two orbitals. The
contributions of Ep,;; sand E; are generally grouped in
E(Paulx+orh) 3

3.2. Antioxidant Property Descriptors. Enthalpies (H)
at 298.15 K were used to obtain the following quantities: BDE,
IP, PDE, PA, and ETE:

BDE = H(ArO") + H(H®) — H(ArOH) )
IP = H(ArOH*") + H(e™) — H(ArOH) (3)
PDE = H(ArO") + H(H') — H(ArOH"*") (4)
PA = H(ArO") + H(H") — H(ArOH) (s)
ETE = H(ArO") + H(e™) — H(ArO") (6)

Low BDE levels indicate the antioxidant’s ability to generate
hydrogen through interaction with radicals, demonstrating a
high level of antioxidant activity and the presence of the HAT
mechanism.”” The IP and PDE levels play a role in
determining the success of SET-PT. If the IP values (first-
step reaction) are high, then the SET-PT method is not
preferred. PDE refers to the second step in the SET-PT
mechanism. Lower values of PA and ETE favor the SPLET
mechanism (PA: the enthalpy of the reaction in the first step;
ETE: the enthalpy of the reaction in the second step).

https://doi.org/10.1021/acsomega.3c07885
ACS Omega 2024, 9, 9076—9089
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Figure 4. Chemical structures of cis- and trans-OXY.

Antioxidant molecules are found in physiological fluids in vivo
(polar media). The calculated enthalpies of electrons (e”),
protons (H*), and hydrogen atoms (H®) in DMSO are 1.19,
—20.07, and —266.49 kcal/mol, respectively.*®

4. RESULTS AND DISCUSSION

C-OXY and T-OXY consist of two aromatic rings connected
by an ethylene bridge, posmonlng them among the top-
performing antioxidants.””*’ Our investigation focused on the
coordination of Cu* and Cu** ions with T-OXY and C-OXY,
involving an analysis of multiple parameters.

4.1. Structural parameters. For this theoretical study, our
choice of calculations at the PW9/TZP theoretical level is not
arbitrary. The calculated bond lengths and angles strongly
correlated with those observed experimentally for the organo-
metallic complexes in our previous theoretical studies,
indicating the accuracy and reliability of the computational
methods used.”' ™" No available crystallographic structural
data detailing complexes formed between cis- and trans-OXY
and Cu* or Cu®" ions exist. Illustratively, Figures 2 and 3
visually convey the diverse configurations that emerged from
the coordination of metal ions at the sites of critical points by
the two proposed mechanisms, respectively.

The initial four structures were derived using a direct
chelation approach, where no restrictions were placed on the
ligands. In this method, either Cu* or Cu®* is positioned at the
critical point, creating a bond with the neutral OXY ligand. In
contrast, the last three systems, presented in both figures, were
obtained by applying a specific constraint: the coupled-
deprotonation coordination of Cu’ or Cu’* at the critical
point. These visual representations provide a clear under-
standing of the complex coordination interactions, offering
insights into the diverse configurations that emerge from
different binding scenarios.

4.1.1. Molecular Geometries. Many studies correlate
polyphenols’ antioxidant capacity and molecular struc-
ture.**~*® Their significant antioxidant capabilities distinguish
cis- and trans-OXY, attributed to their structure consisting of
two aromatic rings linked by an ethylene unit. This
arrangement positions them among the most effective
antioxidants*’ (Figure 4).

Our investigation involves an analysis of the coordination of
Cu* and Cu** ions to T-OXY and C-OXY. This analysis
encompasses several structural parameters of the configuration
optimized at the PW91/TZP/DMSO level of theory of:
[Cup,*—(T-OXY)]", [Cup,"=(T-OXY)]", [Cup,"—(T-
OXY)]", [Cu’~(C-OXY)]", [Cup,"=(T-OXY);3]", [Cup,'—
(T- OXY)dep] , [Cu’—(C- OXY)de -, [Cup*~(T-OXY) ],
[CUP12+_(T OXY)]ZH [Cupz _(T OXY)]2+ [Cu 2+_(C
OXY)]*, [Cup,**—(T-0XY)is], [Cup,**—(T-OXY)35],

[Cu*— (C OXY)35]. All data regardlng these parameters can
be found in Table 2, which summarizes the pertinent values for
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bond lengths, angles, and optimized dihedral angles in the
Cu’* and Cu’ complexes. Across all complex structures, the
characteristic double bond nature of the ethylenic bridge, as
seen in stilbenes, is retained and designated as C,=C; in
column 1 — bond lengths such as C,—C4 and Cg—Cg range
from 1.391 to 1.455 A. Notably, the average bond lengths
within the aromatic rings A and B (indicated in columns C,—
C, and Cg—Cg) within the complex geometries are
approximately 1.4 A, highlighting 7 electron delocalization
and electronic resonance in these aromatic rings.** This
resonance phenomenon mirrors the behavior seen in the T-
OXY and C-OXY compounds. Additionally, bond lengths such
as Oy—Hs, Oy—Hj, 0,—H,, and O,—H, within the aromatic
rings remain relatively constant, fluctuating between 0.980 and
0.991 A. The planar structure is a pivotal determinant of
superior antioxidant activity,”® enabling facile hydrogen
detachment and electron transfer.”” This attribute contributes
to the stability of the radical, anionic, and cationic forms after
oxidation. However, this planar feature is absent for one or
both sides in the geometries of [Cu —(C OXY) [Cu**—(C-
OXY)]**, [Cup,"'—(T- OXY)] [Cup,> —(T 0OXY)]**,
[Cup,"—(T-OXY)]", and [Cup12+—(T-OXY):|2+’, where coor-
dination occurs through the ring carbon. The C—Cu bond
length varies from 1.873 to 1.976 A, and C,;,—Cu ranges from
1.877 to 1.962 A, discrepancies of (0. 01— 0.04) are noted
compared to experimental bond length values. Cu* and Cu**
chelate via oxygen in both [Cup,*—(T-OXY)]* and [Cup,**—
(T-OXY)]** complexes, forming a dative bond involving
oxygen’s electron pair and copper’s vacant orbital. The length
of this bond ranges from 1.984 to 2.044 A.*” The location of
the (QTAIM) Bond Critical Points (BCPs) was the motive for
placing cations at these locations. The results indicate that
copper cations coordinate via phenolic carbons or C=C
double bonds, except in two structures, where cations are
bound to an OH group Similarly, experimental and theoretical
findings in studies®”” reveal the coordination method of
copper with Resveratrol, a member of the same family as OXY,
in these positions.

Figure 5 depicts the molecular structures of Cu** and Cu*
complexes with a single neutral trans and cis ligand.

In the molecular structure of complexes with single neutral
cis and trans ligands, coordination with copper ions occurs
through oxygen atoms and ring carbon at critical point 1 and
exclusively through ring carbon atoms at critical point 2, with
coordination modes 7 = 1 for Cu* and 5 = 2 for Cu®* in the
latter. This pattern is also observed in the cis geometry, where
the coordination modes are 7 = 3 for both Cu* and Cu**. In
the case of charged, bis-deprotonated ligands (2-), the
coordination to copper atoms is via carbon atoms, with # =
3 for Cu** and 1 = 4 for Cu’. The four copper complexes
feature Cu** and Cu* coordinated with two ligands in their
deprotonated and saturated forms, respectively, as illustrated in

https://doi.org/10.1021/acsomega.3c07885
ACS Omega 2024, 9, 9076—9089
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[Cu?* —2(T — 0XY)g:]>

L=
[cu® — 2(T—0x1)32]

Figure 5. Optimized structures of Cu* and Cu** complexes with bi-2,4,3,5'-tetrahydroxystilbene neutral and deprotonated by PW91/TZP in

DMSO.

Figure 5. Selected bond distances, angles, and dihedral angles
are listed in Table 3. The DFT study indicates that
deprotonated OXY acts as a bidentate ligand, coordinating
through the ethylenic bridge’s carbons and the cycle. For
neutral ligands, the bond lengths are for [Cu**—C = 2.079—
2.167 A and Cu'™—C = 2.045-2.068 A] and coordinate to
Copper Cu®" and Cu' by (7 = S and 1 = 4), respectively.
However, for the deprotonated ligands, the bond lengths are
for [Cu**—C = 1.966—2.060 A and Cu*—C = 1.953—2.066 A]
and coordinate to copper Cu®** and Cu' by (7 4),
respectively. The two complexes [Cu®*—2(T-OXY)]** and
[Cu"—2(T-OXY)]*, adopt a square-based pyramid geometry.
While the complexes [Cu**—2(T-OXY )gﬁp]‘z and [Cu"—2(T-
OXY)32,]™* adopt a pseudo-square planar geometry. It is also
apparent from the O—H distance of the eight sites is more or
less constant and varies from 0.976 to 1.022 A.

4.2, Mechanistic Study of Antioxidant Property. The
choice of the mechanism among HAT, SET-PT, or SPLET,
given the number and size of 18 complexes in our list, with all
of their O—H sites, will cost us time and computational
materials. We thought of choosing from this list two example
compounds: [Cup;"—(T-OXY);2]7, as complex with a single
ligand, and [Cu*—Z(T-OXY);fJ‘% as compounds with two
ligands. Our previous study’s BDE(E0) and other antioxidant
descriptor outcomes indicated that OXY’s most potent
antioxidant activity sites of OXY are on the B ring. This
rationalizes our focus on the 5'-OH and 4-OH sites. Table 4
provides a comprehensive summary of the computed proper-
ties of all compounds, including their radical, anionic, and
cationic forms in the DMSO solvent. The distinct energies in
determining the preferable mechanism of antioxidant action
provide a highly objective analysis. The BDE is a reliable
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thermochemical measure for characterizing the HAT process,
wherein an H atom transfers from the hydroxyl group of the
antioxidant molecule to a free radical. The weakest O—H
bond, indicated by the lowest BDE value, is expected to drive
the most probable reaction and exhibit the highest antioxidant
activity. Our results highlight that [Cup,*—(T-OXY)3.]™ and
[Cu*—2(T-OXY)3s,] ™ exhibit the lowest BDE values at the
5’-OH and 4-OH sites, measuring 64.13 and 29.23 kcal/mol,
respectively. The ease of H atom removal from these positions
suggests the most stable radical formation. Hence, both
complexes preferentially engage in the HAT mechanism,
with the ethylenic bridge contributing to radical stabilization in
the antioxidant form.**’

The cationic radical ArOH" is formed when an electron is
transferred from the antioxidant molecule to the radical at an
energy cost of IP. For both [Cup,"—(T-OXY)z.,]” and [Cu*—
2(T-OXY)35] ™ complexes, the IP energy is less than the PDE
energy needed for the second step. This suggests that the
second step is significantly more slow. Thus, the SET-PT
process requires abundant energy and is highly improbable. On
the other hand, the first step of SPLET is the slowest according
to PA values. ArO™ anion formation requires energies much
more significant than ETE, the energy needed to transfer an
electron. This two-step mechanism requires a considerable
energy. So, SPLET is unlikely to occur. Assessment of
antioxidant property descriptors reaffirms that the two
compounds of interest favor the HAT mechanism over SET-
PT and SPLET in terms of energy, especially in the DMSO
solvent. This preference aligns with the proposition that HAT
is a pivotal process in human biology.”’ Although HAT and
BDE(EO) are two techniques with different respective
formulas, both express the amount of energy required for
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ACS Omega 2024, 9, 9076—9089


https://pubs.acs.org/doi/10.1021/acsomega.3c07885?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07885?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07885?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07885?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07885?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

OXY. Conversely, [Cup,**—(T-OXY)35] exhibits three sites

ACS Omega http://pubs.acs.org/journal/acsodf
. breakage of the OH bond and the departure of the dihydrogen
S ax < atom for the free radical. To simplify our calculations, we
t)& B B3 advocate using BDE(EO) to determine the energy of homolytic
i1z O—H bond fragmentation since this technique is not restrictive

g regarding time and materials and has proven its effectiveness in

E - several previous studies.”**

- 4.3. Fragmentation by BDE(EO) of the O—H Bonds.
8~ Bx £33 The parameter BDE (EO) approach was obtained by a “single-
=t point” calculation with PW91/TZP on the optimized

structures. Every molecule is divided into two regions: the
F ow —o first is [Cu-ArO]® and the atom of H is the second one. The
L, &8 & COSMO model determined the decomposition energy results
o °ce °-° in DMSO (Table S). Table S shows that the antioxidant
2 activities of cis- and T-OXY are significantly affected by their
E £ oz 9o complexation with Cu* and Cu?*. According to BDE(EO), we
= le 22 22 found that all of the complexes had much higher antioxidant
E\ potential than Vitamin C, with BDE(E0) at 103.33 kcal/mol,
S and T-OXY, the highest antioxidant, at 121.89 kcal/mol.”
< T 33 29 Except for [Cup>’'—(T-OXY)]*"" complexed via the ring
= | S X 2+ 2+ . :
— S S s oo carbon and [Cu®>*—(C-OXY)]*". This enhancement in
2 antioxidant activity consistently favors cycle (B) of the
2 " molecular framework. The proximity of the copper ion to
N as o ) . . . . .
= | 22 K the prime antioxidant activity site enables eflicient bond
ﬁ o - e ©°=° breaking. Consequently, the complexation of T-OXY at critical
= point 1 (BCP1) yields the most potent antiradical activity,
= F me oo either for Cu* or Cu®**. Cu" complexes, characterized by both
E I, %é lgz § lg cis and trans geometries and present at all respective critical
o © points, consistently exhibit superior antioxidant activity
= compared to T-OXY. This pattern is not mirrored in Cu®*
® £ 322839 complexes. Based on the obtained BDE(EO) energy, the
F§ c'; 232433 sequence of antiradical activity among the studied compounds
‘g g § follows:
5 O
& |[f3gssss [Cupy(T-OXY )i I > [Cup-(T-OXY)]*
2 ol 32 33
¥ ¢ > [Cupy-(T- OXY)dep
-
g =l a o a o > [Cup -(T- OXY)]2+
@) E I SN SN "
g Bl e =9 > [Cuf,-(T-OXY)]
50
5 > [Cu*-(C-OXY)gz, |-
H 6 0 9O >~ o
2 |k 2% 38 Cu*-(C-0XY)T*
= o1 ISIRS SIS > [Cu™-(C- )]
et — —
& > [Cuf,-(T-OXY)g, ]
~ =] w
g |7 £5 £3% > [Cup,-(T-0XY)T*
~ O” N~ o~
3 > [Cu®*-(C-OXY);o]
b
= |9 gz g2 > [Cup-(T-OXY)*
= G = aa n
k > [Cup, -(T- OXY)dep] >T
= 2 oo ow -OXY > [Cul-(T-OXY)]*"
< |T 25 553
L 2 2 2 2 2+ 2+
= o o« dd > [Cu™"-(C-OXY)]
2 Notably, the complexes [Cup,"—(T-OXY)32,]™ and [Cup,**—
Eo - T (T-OXY ) dep] showcase optimal antioxidant activity within Cu*
2 78 8 and Cu*" complexes, respectively. Among these, [Cup,*—(T-
- ’E E;; E olle OoXY )de ]™ stands out with the strongest antioxidant activity,
g g 909 2 S featurlng a BDE(EO) value of 91.47 kcal/mol, the lowest
= g e & ?TT within the study. A substantial discrepancy of 30.42 kcal/mol
o 4l in DMSO is observed between [Cup,"—(T-OXY);}]™ and T-
= 28 28
<
j
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with superior antioxidant activity than T-OXY. The antioxidant

https://doi.org/10.1021/acsomega.3c07885
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Table 4. O—H Antioxidant Property Descriptors [kcal/mol] in DMSO at 298.15 K

HAT

compound BDE
[Cup,™—(T-OXY)32 ]~ 5'-OH 64.13
[Cu*—2(T-OXY)32]™* 4-OH 29.23

1P

219.46
166.89

SET-PT SPLET
PDE PA ETE
442.37 485.84 175.97
273.46 344.45 95.90

Table 5. Analysis of the OH Bond Homolytic Dissociation Energy of Simple Bonded Molecules in DMSO at 298.15 K

BDE(E0) ref

compounds OH 2-OH 4-OH 3’-OH 5’-OH
T-OXY 130.87 129.83 121.89 122.16 7
ascorbic acid 103. 33

Cu* Complexes
[Cup,*—(T-0XY)]* 145.32 156.76 123.09 92.12
[Cup,*—(T-OXY)]* 106.16 123.54 13597 101.54
[Cup,"—(T-0OXY)]* 145.08 145.00 116.20 105.80
[Cu'=(C-OXY)]* 119.42 129.76 133.45 115.39
[Cup,"—(T-0XY)32]" 119.61 128.90 93.62 91.47
[Cup,"—(T-0XY)32]~ 130.11 122.73 119.06 106.13
[Cu*—(C-0XY)32 1" 127.03 113.33 115.18 102.08
Cu?* Complexes

[Cup "= (T-OXY)]* 151.76 165.43 126.84 100.04
[Cup, > —(T-OXY) " 129.68 158.84 132.93 127.19
[Cup,>*—(T-OXY)]* 152.37 169.86 124.87 119.46
[Cu**—(C-OXY)]** 155.64 172.24 206.49 131.98
[Cup,**—(T-OXY)32] 127.64 133.16 116.20 94.57
[Cup,* " —(T-OXY) 32 ] 140.55 138.46 123.93 120.36
[Cu*—(C-0XY)32] 136.82 122.09 118.18 116.47

Table 6. Analysis of the OH Bond Homolytic Dissociation Energy of Double-Bonded Molecules in DMSO at 298.15 K

BDE(E0)
compounds H1 H2 H3 H4 HS Hé6 H7 H8
Cu* Complexes
[Cu*—2(T-OXY)]* 105.6 136.22 103.65 103.38 117.88 132.5 102.16 103.53
[Cu"—2(T-0XY)35]~° 42.02 67.77 60.91 31.12 56.58 41.74 39.93 43.24
Cu?* Complexes
[Cu* —2(T-OXY)]* 170.13 135.49 119.9 155.80 156.50 184.06 115.64 114.53
[Cu*—2(T-0XY)35] 72 68.94 87.88 79.14 59.24 80.06 72.68 67.21 69.03

activity order among the four sites of [Cup,*—(T-OXY)32 ]~
follows:

§-OH < 3-OH < 2-OH < 4-OH

Consequently, the hydroxylation site’s precise position in
Resveratrol at 5’ is determined as the most potent antioxidant
site across all complexes. Furthermore, it is noted that
antioxidant activity is influenced by the dihedral angle
0(C,C,C4Cq). A lower € angle corresponds to higher
antioxidant activity. This principle holds particularly true for
the two complexes [Cum*—(T—OXY)ng]‘ and [Cup > —(T-
oxY )d_ezp] , established as prime antioxidants.

Referring to the outcomes in Table 6, the complex with
optimal antioxidant activity is [Cu'—2(T-OXY)gZ,]™>. H4 is
the most robust site, featuring eight antioxidant sites, with an
activity value of 31.12 kcal/mol. This signifies a 3.91-fold
enhancement compared to T-OXY’s activity at 121.89 kcal/
mol. [Cu®*—2(T-OXY )gjp]‘z follows, with its best site, with
59.24 kcal/mol, displaying an improved activity of 2.0S times
compared to T-OXY.

Furthermore, outcomes from Tables 3 and 7 indicate
distinguishable O—H bond lengths, and charge distribution
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reveals polarized bonds in [Cu*—2(T-OXY)]* and [Cu*—2(T-
OXV)I.

Remarkably, all homolytic O—H bond fragmentations
exhibit values with substantial differences between chelated
and deprotonated complexes. Earlier experimental research
demonstrated that enhanced ligand basicity correlates with
heightened antioxidant activity, surpassing L-ascorbic acid.>! In
our study, the structure yielding the most favorable antioxidant
results across all analyses is the anionic complex containing the
basic ligand (—4 hydrogens), [Cu+—2(T-OXY)562P:|_3. This
trend also holds for [Cu®*—2(T-OXY)gz,] ™% Notably, hydro-
gen detachment in the [Cu*—2(T-OXY)33,]~> complex proves
easier than in the [Cu®*—2(T-OXY)3}]™ complex. Con-
sequently, antioxidant activity can be ranked as follows: [Cu"—
2(T-OXY)g ] > [Cu®*—2(T-0XY);5]7* > [Cu'—2(T-
OXY)]* > [Cu**—2(T-OXY)]** > T-OXY. To summarize,
the top-performing antioxidant complexes are ranked as
follows: [Cu*—2(T-OXY)35]™> > [Cup,"—(T-OXY)32]" >
T-OXY.

4.4, Electronic Properties. The electronic characteristics
of compounds tell us a lot about their antioxidant activity.

https://doi.org/10.1021/acsomega.3c07885
ACS Omega 2024, 9, 9076—9089
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Table 7. Hirshfeld Charges of the H and O of the Cu’ Complexes: [Cu’—2(T-OXY)]* Chelated and [Cu*—2(T-OXY)

H8

H7

H6

HS

H4

H3

H2

H1

compounds

[Cu*—2(T-OXY)]*
[Cu'—2(T-OXY)

0.201

—0.152
—0.243

0.199 —0.142 0213
-0.219

0.179

—0.186
-0.223

0.106
0.117

-0.216
—0.241

0212

—0.151
-0.219

0.209

—0.144
—0.220

0.202
0.087

—0.178
—0.240

0.219

—0.120
—-0.229

0.142

0.176

0.184

0.076

0.176

Wl
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Therefore, exploiting these properties is crucial to under-
standing their antioxidant behaviors (see Table 8).

Analyzing Table 8 reveals that the complexation of ligands
C- and T-OXY with Cu* in Bond Critical Points (BCP1) and
(2) exhibits more excellent stability than complexes involving
Cu®, respectively. However, complexes of neutral ligands with
Cu' and Cu’* at (BCP2) demonstrate higher stability than
their counterparts at (BCP1). This trend is reversed for
deprotonated, negatively charged ligands (—2). Contrary to
intuitive chemical expectations, the complex energies demon-
strate that binding copper ions with isolated oxygen pairs is
energetically unfavorable. Instead, copper ions preferentially
bind to carbon atoms. The most stable structures involve
bonds and interactions between the copper atom and carbon
atoms within the aromatic ring and the C=C double bond.
Surprisingly, our study indicates that metallic bonds interact
more with the 7z electrons of the OXY backbone than with
isolated oxygen pairs. This phenomenon parallels the process
of copper coordination with Resveratrol, which was discovered
experimentally and theoretically in studies.”**’

The energy gaps calculated for copper complexes are higher
than 1.5 eV, indicating strong stability.”” Unlike other cis
complexes, [Cu*—(C-OXY)]* and [Cu**—(C-OXY)]** con-
tribute to their lower reactivity in comparison to other
complexes’ antioxidant activity.”” The complex [Cup,*—(T-
oxYy )d_ezp]_ exhibits the highest HOMO energy, underscoring
its role as an excellent electron donor in electron transfer
reactions. Therefore, complexation at (BCP1) results in
complexes with superior antiradical activity. A similar trend
is observed in the complex [Cup,**—(T-OXY)j3z,], reinforcing
the results from BDE(EOQ) fragmentation analysis.

Values of the Hirshfeld charges are summarized in Tables 7
and 8. These charges highlight a significant shift in the
distribution of charges on Cu* and Cu*" as they transition from
their free states (1+ and 2+) to those coordinated with neutral
or deprotonated ligands. Cu* and Cu*" maintain their positive
charges, but there is an apparent increase in negative charges
on the latter. The difference in charges between free and
bound Cu in extreme compounds (Cu 0.50) and (Cu 0.13)
with a single ligand and (Cu 0.20) and (Cu 0.20) for two
ligands aligns with the covalent contribution in the metal—
ligand bond (covalent bond).

Regarding the outcomes summarized in Table 9, it is evident
that the complexes involving two deprotonated ligands with
metal ions Cu™* and Cu" denoted as [Cu**—2(T-OXY)35]7
and [Cu+—2(T—OXY)5e2P]_3, respectively, are less stable
compared to complexes formed by the two saturated OXY
ligands [Cu*—2(T-OXY)]* and [Cu**—2(T-OXY)]*.

The complex with the best antioxidant activity is [Cu*—2(T-
oxY )d_ezp] 3, which goes in the opposite direction of stability. It
has the highest HOMO and the lowest E(gap), thus proving
that it is the best electron donor among the four complexes
with two ligands. Consequently, they possess the highest
antioxidant activity. Among the one-ligand series, the complex
[Cupl+—(T-OXY)d_3P]_ and in the two-ligand series, [Cu"—
2(T-OXY )gjp]‘3 exhibit the strongest antiradical activity
among all of the studied complexes, as they can more readily
donate an electron.

4.5. Orbital Analysis. The graphic representations of the
orbitals of the complexes of Cu* and Cu®** with one or two
ligands by the DFT/PW91/TZP/DMSO method are
represented in Figure 6 for the two series of Cu’ and Cu**
complexes with one or two ligands; the existence of a covalent

https://doi.org/10.1021/acsomega.3c07885
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Table 8. Energy of Optimization E (eV), HOMO (eV), E(gap) (eV), and Cu*/Cu** Hirshfeld Charge for the Target Complexes

Calculated at DFT PW91/TZP in DMSO Solvent at 298.15

K

compounds E (eV) HOMO (eV) E(gap) (eV) Hirshfeld charge
Cu* Complexes
[Cup, " —(T-OXY)]* —189.09 —4.13 2.28 Cu*: 0.40 0: —0.10
[Cup,*—(T-OXY)]* —189.06 -3.61 2.45 Cu*: 045 C: —0.12
[Cup,*—(T-0XY)]* —189.40 —4.20 2.62 Cu*: 0.50 C: —0.08
[Cu*—(C-0XY)]* —189.48 -3.61 2.75 Cu*: 0.40 C: —0.06. C: —0.12
[Cup,*—(T-OXY)32 ] —189.07 -2.12 1.99 Cu*: 0.15 C: —0.23. C: —0.21
[Cup,'—(T-OXY) 32,1 —188.96 -2.13 228 Cu*: 0.14 C: —0.21. C: —0.20
[Cu'—(C-0XY)32]™ —189.39 -2.13 2.19 Cu*: 0.13 C: —0.22. C: —0.20
Cu** Complexes
[Cup, > —(T-OXY)]*>* —183.89 —6.35 2.28 Cu*": 0.70 0: —0.07
[Cup,**—(T-OXY)]** —184.27 —6.42 2.56 Cu2*: 0.60 C: —0.10
[Cup,?*—(T-OXY)]* —184.82 —6.28 227 Cu**: 0.70 C: —0.04. C: —0.05
[Cu**—(C-OXY)]* —184.62 —6.44 2.77 Cu**: 0.50 C: —0.05. C: —0.10
[Cup > —(T-0XY)32] —186.24 —4.26 223 Cu**: 0.30 C:-0.12. C: —0.12
[Cup,”*—(T-0XY)32] —185.96 —4.71 2.28 Cu®*: 0.40 C: —0.13. C: —0.13
[Cu?*—(C-0XY)32] —185.92 —5.10 2.64 Cu®*: 0.35 C: —0.17. C: —0.12
LUMO HOMO LUMO HOMO
5 5
<
- : : LUMO HOMO
; & e +
N o
S S \ S
5o 4 ’ 5 §
§\|1 é‘( “ < P S
2 P )
21 + ¢ S
P g g ¢
377 ¢ ’ s

Figure 6. Graphical representation of HOMOs and LUMOs of Cu* and Cu?* complexes, respectively, by the PW91/TZP/DMSO level of theory.

bond is observed in view of the frontier orbitals’ nodal
properties. This is consistent with the covalent contribution
found in the fragmentation of metal—ligand bonds.

4.6. Description of Bonds in Cu Ligand. 4.6.1. Coordi-
nation Bond Decomposition Energy (BDE) Analysis. An
analysis aimed to quantify the degree of ionic and covalent
bonding within metal—ligand bonds in copper complexes using
energy decomposition, as in eq 7.°* This investigation is
important as it sheds light on bonding characteristics with the
antioxidant activity of these complexes. Indeed, hydrogen loss
and the formation of stable radicals represent pivotal steps in
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antiradical activity. Thus, knowing the energy decomposition
becomes pertinent to unravel its role in stabilizing radical
forms and consequently influencing antioxidant act1v1ty Based
on the Ziegler—Rauk energy diagram decomposition.” The
complex’s negatively charged or optimized neutral ligands are
introduced as a single fragment. Subsequently, their interaction
with the metal center is studied. This binding energy of a

complex is the sum of three terms:
BDE = E + EPauli + Eorb (7)

The results of the BDE are shown in Figures 7, 8, and 9.

elect
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Table 9. Energy of Optimization E (eV), HOMO (eV), E(gap) (eV), and Cu’/Cu’* Hirshfeld Charge for the Target Complexes
with Bi-2,4,3’,5 - Tetrahydroxystilbene Neutral and Deprotonated Calculated at the DFT PW91/TZP/DMSO Level of Theory

at 298.15 K
compounds E (eV) HOMO (eV) E(gap) (eV) Hirshfeld charge
Cu® Complexes
[Cu"—2(T-OXY)]* —384.12 —3.88 2.6 Cu': 0.40 Cl: —0.08. C2: —0.05. C3: —0.08. C4: —0.08
[Cu"—2(T-0XY)35]7° —378.75 —-1.57 0.6 Cu*: 0.20 Cl: —0.06. C2: —0.17. C3: —0.19. C4: —0.21
Cu?* Complexes
[Cu**—2(T-OXY)]* —379.28 —5.54 2.03 Cu*': 045 Cl: —0.06. C2: —0.02. C3: —0.05. C4: —0.03
[Cu®*—2(T-0XY)35]7 —377.60 —2.48 2.18 Cu**: 0.20 Cl: —0.17. C2: —0.18. C3: —0.19. C4: —0.16
15 - .
Pauli energy , Electrostatic energy Orbital energy Total energy
10 4 7.948.21 -
372 572
5 137 228

0 4

o~
% = 4413
g -5.83
86 -10 1 [Cu*py — (T — OXV)]*
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Figure 8. Graphic representation of various energy contributions of Cu** complexes.

The degree of covalence in the metal—ligand bond can be
measured by the electrostatic and orbital energies ratio.”* The
calculations were carried out without destabilizing energies and
considering purely ionic and covalent bonds. Tables 10 and 11
summarize the results of the BDE achieved. They show that
the electrostatic contributions dominate all Cu* complexes
with one or two neutral or deprotonated ligands. This
corroborates the analysis of figures for Cu®*-trans or -cis
OXY complexes where the percentage of E.. and E.,
confirms the predominance of the attractive orbital interaction.
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These results support the analysis of Figures 7 and 8 (by
omitting Pauli’s destabilization).

5. CONCLUSIONS

An in-depth comparative exploration was conducted using
density functional theory (DFT) to assess the antioxidant
properties of 18 stable exhaustive complexes involving Cu* and
Cu’" ions. These complexes included neutral and deprotonated
forms of T-OXY and C-OXY ligands, each with one or two
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Figure 9. Graphic representation of various energy contributions of Cu™ and Cu®* complexes.

Table 10. Percentage of Electrostatic and Orbital
Contributions of Cu" and Cu®* Complexes with Mono-
2,4,3',5'-tetrahydroxystilbene Neutral and Deprotonated in
DMSO

compounds % Egy % Eqect
Cu" Complexes
[Cup,"—(T-OXY)]* 60.00 40.00
[Cup, " —(T-OXY)]" 40.00 60.00
[Cup,"—(T-OXY)]" 53.00 47.00
[Cu*~(C-0XY)]" 43.00 57.00
[Cup, "= (T-OXY)32 ] 22.00 78.00
[Cup,—(T-0XY)33, ]~ 21.00 79.00
[Cu™—(C-0XY)35]" 20.00 80.00
Cu?* Complexes
[Cup,**—(T-OXY)]* 90.00 10.00
[Cup, " —(T-OXY)]**' 78.00 22.00
[Cup,™* —(T-OXY)]* 81.00 19.00
[Cu**—(C-OXY)]*" 75.00 25.00
[Cup, > —(T-0XY)35] 40.00 60.00
[Cup,™* —(T-0XY)32,] 39.00 61.00
[Cu?*—(C-0XY)z] 38.00 62.00

Table 11. Percentage of Electrostatic and Orbital
Contributions of Cu* and Cu>* Complexes with Bi-2,4,3',5'-
tetrahydroxystilbene Neutral and Deprotonated in DMSO

compounds % Egn % Eect
Cu* Complexes
[Cut—2(T-OXY)]* 41.00 59.00
[Cu"—2(T-0XY);2]7 28.00 72.00
Cu?* Complexes
[Cu**—2(T-OXY)]* 77.00 23.00
[Cu*—2(T-0XY)33] 7 40.00 60.00

ligands. The study carried out the main mechanisms of
antioxidant activity: BDE(EO) to quantify the homolytic
decomposition energies of O—H, HAT, SET-PT, and
SPLET. Their structural and electronic studies were provided
in the presence of the solvent DMSO.

The antioxidant descriptors, BDE, IP, PDE, PA, and ETE,
indicated that the HAT mechanism is the best for the
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remaining SET-PT and SPLET in energy terms. Notably, all of
the complexes with Cu" with both cis and trans geometries on
all of the respective critical points possess higher antioxidant
activity than T-OXY, which is not the case for the Cu®* ion.
Notably, the complexation at the critical point P1 gives
complexes with excellent antiradical properties, attributed to
the supplementary metallic bond’s O—H bond polarization.

Among the findings, complexes denoted as [Cup*—(T-
OXY)d_ezp]_ and [Cu+—2(T—OXY)§3P]_3, derived from depro-
tonation, demonstrated exceptional antioxidant performance.
These complexes possessed the highest HOMO orbital energy
and the lowest HOMO—LUMO energy gap, showcasing their
efficacy as electron donors. The electrostatic contributions
dominate all Cu® complexes with one or two ligands.
Nevertheless, for the Cu®" complexes, the orbital contribution
is the majority. The nodal properties of the frontier orbitals of
the 18 complexes clearly show the existence of a covalent
bond. This is consistent with the strong orbital energy
contribution found in the fragmentation of the metal—ligand
bonds.

The complexes denoted as [Cu**—2(T-OXY)]** and [Cu*—
2(T-OXY)]*, both comprising two ligands, adopt a square-
based pyramidal geometry. In contrast, anionic complexes
[Cu**—2(T-0OXY)35]7 and [Cu’—2(T-OXY);,]™* adopt a
pseudo-square planar geometry. The latter two complexes
demonstrated the highest antioxidant potency. Our results
show that the deprotonation of the ligands increased their
basicity, stimulating the antioxidant activity.”' Notably, among
the 18 explored complexes, [Cup,*—(T-OXY);35]™ and [Cu’—
2(T-OXY )d_ezp]_3 emerged as the most promising antioxidant
candidates, surpassing T-OXY by a factor of 3.91 and even
surpassing the antioxidant efficiency of Vitamin C. These
results advocate for their synthesis in future applications within
the pharmaceutical and food industries based on the
conducted calculations.

Our investigation confirms that the process of direct
chelation or coupled chelation-deprotonation, as well as the
metal’s charge and especially the ligands’ basicity, significantly
impacts the antioxidant activity of polyphenolic compounds.
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