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antioxidant activity and metal
chelation capacity of natural marine
bromophenols: role of C–O–C and C–C linkages
and the catechol group†

Houssem Boulebd *

Marine algae are an important source of phenolic compounds with multiple biological applications. Among

them, bromophenols (BPs) show remarkable antioxidant activity in vitro, although their mechanisms of

action remain poorly elucidated. In this study, we used density functional theory (DFT) calculations to

explore in detail the antioxidant mechanism of two natural BPs (BP-I and BP-II), differing only in the bond

linking their phenolic groups (C–O–C vs. C–C). The results revealed that both compounds are effective

HOOc scavengers in lipid media, with respective rate constants of 2.40 × 102 and 1.76 × 103 M−1 s−1, the

BP-II derivative (C–C bond) proving more reactive than its BP-I counterpart (C–O–C bond). In aqueous

media, their reactivity was comparable with high-rate constants of 1.96 × 109 and 2.04 × 109 M−1 s−1 but

dependent on their protonation state. This high scavenging capacity is attributed to the deprotonated

catechol group. In addition, both BPs showed a high chelation affinity for Cu(II) ions, suggesting

a secondary antioxidant activity (inhibition of free radical production through metal sequestration). This

study sheds light on the antioxidant mechanisms of marine BPs and highlights the impact of the nature of

the interphenolic bond (C–O–C or C–C) as well as the catechol group on their efficacy.
1. Introduction

Bromophenols (BPs) are brominated derivatives of phenol,
characterized by hydroxyl groups and bromine atoms attached
to a benzene ring. These compounds are mainly found in
marine algae, particularly red and brown seaweed species. Their
structural diversity, due to variations in the number and posi-
tion of bromine atoms, gives rise to a wide range of biological
activities.1–4 BPs have received particular attention for their
health benets, including anti-diabetic and anti-cancer prop-
erties.3 For example, BPs extracted from Symphyocladia lat-
iuscula have been shown to inhibit key enzymes involved in
carbohydrate metabolism, such as hydrolysis enzymes and
protein tyrosine phosphatase, which play a key role in insulin
signaling and glucose regulation.5 In addition, a BP derivative
from Rhodomela confervoides has demonstrated notable anti-
angiogenic effects along with PTP1B-inhibiting activity.6,7 This
compound also exhibited anti-cancer activity against several cell
lines while showing lower cytotoxicity toward human umbilical
vein endothelial cells (HUVECs).8
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Among their various bioactive properties, BPs are particu-
larly recognized for their potent antioxidant activity, primarily
attributed to their ability to scavenge free radicals. Fig. 1 pres-
ents the molecular structures of selected BPs with signicant
antiradical activity as reported in the literature. BPs 1 and 2,
isolated from Symphyocladia latiuscula and Polysiphonia urceo-
lata, respectively, exhibit notable DPPH free radical scavenging
activity, with median inhibitory concentrations (IC50) of 8.5 mM
and 20.3 mM.9,10 BPs 3 and 6, also isolated from Polysiphonia
urceolata, demonstrate strong anti-DPPH activity with IC50

values of 6.8 mM and 6.1 mM, respectively.10 Nitrogen-containing
BPs 4 and 5, obtained from the red alga Rhodomela confervoides,
exhibit potent DPPH radical scavenging activity (IC50 = 5.7 mM
and 5.2 mM, respectively), markedly stronger than that of BHT
(IC50 = 82.1 mM). However, their activity in the ABTS assay was
relatively moderate, with TEAC values of 2.1 mM and 2.8 mM,
respectively, compared to 1.0 mM for ascorbic acid.11 Further-
more, compound 7, derived from Vertebrata lanosa, outper-
forms reference antioxidants such as luteolin and quercetin in
both the cellular antioxidant activity (CAA) and cellular lipid
peroxidation antioxidant activity (CLPAA) assays.12 Finally, (R)-
rhodomelain A (8), isolated from Rhodomela confervoides,
demonstrates outstanding antioxidant capacity, with IC50

values of 3.82 mM in the DPPH assay and 4.37 mM in the TEAC
assay.13 Although these studies collectively demonstrate the
impressive antiradical capabilities of BPs, signicant gaps in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Naturally occurring bromophenol derivatives with potent antioxidant activity reported in the literature; (b) molecular structures of the
bromophenols investigated in the current study.
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knowledge remain. Current research has been mainly limited to
in vitro tests, with surprisingly little in vivo validation of these
antioxidant effects. In addition, we still lack clear data on
structure–activity relationships that could help explain why
certain BP structures exhibit greater activity than others. These
unanswered questions underline the need for further explora-
tion of the free radical scavenging properties of BPs.

The aim of this study is to investigate the radical scavenging
capacity of two natural BP derivatives using computational
approaches. The selected compounds, BP-I (5,5'-
(oxybis(methylene))bis(3,4,6-tribromobenzene-1,2-diol)) and
BP-II (5,5'-(ethane-1,2-diyl)bis(3,4,6-tribromobenzene-1,2-diol))
(Fig. 1), were analyzed to systematically explore their struc-
ture–activity relationship and assess how structural features
inuence antioxidant mechanisms. These BPs, naturally
occurring in red algae Symphyocladia latiuscula, exhibit
remarkable antioxidant properties, signicantly surpassing the
standard BHT in DPPH assay.14 Beyond their radical-scavenging
activity, these compounds show promising therapeutic poten-
tial. BP-I demonstrates potent protective effects against oxida-
tive damage in HaCaT cells via Nrf2-mediated pathways.15 It
also functions as a moderately selective inhibitor of human
monoamine oxidase-A (MAO-A) and displays signicant agonist
activity at dopamine D3/D4 receptors.16 Notably, BP-I exhibits
anti-diabetic properties through dual mechanisms: down-
regulation of tyrosine phosphatase 1B (PTP1B) and a-glucosi-
dase inhibition.17 In addition, BP-I strongly antagonizes
cholecystokinin 2 (CCK2) receptors, suggesting its potential in
treating anxiety and depression disorders.18 Meanwhile, BP-II
displays remarkable anti-diabetic activity, inhibiting PTP1B
with an IC50 value lower than that of the positive control sodium
orthovanadate.5 Structurally, both BP-I and BP-II contain cate-
chol moieties and three bromine atoms, but they differ in their
interunit linkages: BP-I features a exible ether bridge (C–O–C),
while BP-II possesses a rigid carbon–carbon bond (C–C).

The density functional theory (DFT) approach at the M06-2X/
6-311++G(d,p) theoretical level was employed to investigate the
antiradical mechanisms of BP-I and BP-II. This computational
© 2025 The Author(s). Published by the Royal Society of Chemistry
method has been previously validated for accurately modeling
radical reactions.19 The reactivity was assessed against hydro-
peroxyl radicals (HOOc), widely regarded as a reliable standard
for evaluating antioxidant activity.20 Several environmental and
structural factors were considered, including medium polarity
and the inuence of OH group dissociation. The primary radical
scavenging pathways, such as hydrogen atom transfer (HAT)
and single-electron transfer (SET), were systematically exam-
ined. In addition, the complexation capacity of BP-I and BP-II
toward Cu(II) ions was examined in physiological media to
assess their potential secondary antioxidant activity. This eval-
uation provides further insights into the metal-chelating prop-
erties of these compounds and their role in mitigating oxidative
stress through alternative antioxidant pathways.
2. Computation procedures

All density functional theory (DFT) calculations were conducted
using the Gaussian 09 soware package.21 The hybrid meta
exchange-correlation functional M06-2X, in combination with
the 6-311++G(d,p) basis set, was employed to ensure high
accuracy in thermodynamic and kinetic computations.19,22,23 To
account for solvation effects, Truhlar's SMD implicit solvation
model was employed using the default parameters in Gaussian
09. Water and pentyl ethanoate were used to simulate aqueous
and lipid environments, respectively.24 Transition states (TSs)
and ground states were characterized by imaginary frequency
(IF) analysis, with the validation of TSs performed via intrinsic
reaction coordinate (IRC) calculations. The frontier molecular
orbitals (FMOs) were obtained using Multiwfn 3.8 soware and
visualized through VMD.25,26 The pKa values were calculated
according to a protocol described in the literature.27 The proton
affinities (PAs) were calculated using the following equation:

PA = H(BP−) + H(H+) − H(BP − H) (1)

where H(BP−), H(H+), and H(BP – H) are the enthalpies of the
deprotonated BP, the proton, and the neutral BP, respectively.
RSC Adv., 2025, 15, 22546–22555 | 22547
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Kinetic analyses were carried out using the quantum
mechanics-based test for overall free radical scavenging activity
(QM-ORSA).28,29 The rate constants (k) were calculated via
conventional transition state theory (TST), assuming a 1 M
reference state at 298.15 K, using the expression:30–32

k ¼ sk
kBT

h
e�ðDGsÞ=RT (2)

where, s is the reaction symmetry number,33,34 k denotes
tunneling corrections calculated using the Eckart barrier,35 kB is
the Boltzmann constant, h is the Planck constant, and DGs

represents the Gibbs free energy of activation.
The apparent rate constants (kapp) were adjusted considering

the diffusion-limited regime via the Collins–Kimball model.36

Branching ratios (G, %) for competing pathways were deter-
mined using:

Gpath ¼ k

koverall
� 100 (3)

where k corresponds to the rate constant of a specic pathway
and koverall is the sum of all pathway rate constants.

To estimate the Gibbs free energy of activation for the single
electron transfer mechanism, Marcus theory was applied:37

DGs
SET ¼ l

4

�
1þ DG0

SET

l

�2

(4)

l z DESET + DG0
SET (5)

where, l represents the nuclear reorganization energy, DGSET
0 is

the Gibbs free energy of reaction, and DESET is the nonadiabatic
energy difference between reactants and vertical products.

The sequestration of Cu(II) ions by BP-I and BP-II was
investigated based on their chelating sites. The Gibbs free
energy of complexation ðDG�

f Þ was determined using the equi-
librium reaction:

[Cu(H2O)4]
2+ + BPn % [Cu(H2O)2BP]

2+n + 2H2O (6)
Fig. 2 Relaxed potential energy scans of the dihedral angles C1–C7–O7
the M06-2X/6-311++G(d,p) level of theory. At each step, the dihedral an
The computed distributions and energies of the frontier molecular orbi
shown.

22548 | RSC Adv., 2025, 15, 22546–22555
where n is the charge of the antioxidant and “BP” is BP-I or BP-II.
The apparent equilibrium constants (kf) were then deter-

mined using the following equation:

kf ¼ e�
DG

�
f

RT (7)
3. Results and discussion

The radical scavenging activity of a phenolic compound occurs
through three main pathways: (i) hydrogen atom transfer (HAT),
(ii) single electron transfer (SET), and (iii) radical adduct
formation (RAF). Hydrogen transfer can occur in two ways: (i) as
a single-step transfer of an entire hydrogen atom between the
same donor/acceptor sites, characteristic of the HAT mecha-
nism, or (ii) through a transfer of an electron and a proton in
a single elementary step but between different donor and
acceptor sites, corresponding to the proton-coupled electron
transfer (PCET) mechanism.38 Despite their mechanistic
differences, both pathways lead to the same nal product and
generally follow similar kinetics. Therefore, instead of focusing
on their specic mechanistic details, we considered the overall
process as formal hydrogen transfer (f-HAT). For single electron
transfer (SET), this process can proceed via two possible path-
ways: (i) single electron transfer–proton transfer (SETPT) where
the electron transfer occurs from the neutral molecule, or (ii)
single proton transfer–electron transfer (SPTET) where the
electron transfer occurs from the deprotonated compound.
Both pathways were considered in our study. Regarding radical
adduct formation (RAF), this mechanism is generally unfavor-
able for the hydroperoxyl radical when a phenolic antioxidant is
involved.39,40 Consequently, it was not included in our study.
3.1 Molecular geometry and frontier molecular orbitals

Since molecular geometry plays a crucial role in the antioxidant
activity of phenolic compounds, the structures of BP-I and BP-II
were rst determined in the gas phase by performing
0–C8 (BP-I) and C1–C7–C8–C9 (BP-II), performed in the gas phase at
gle was varied while all other geometrical parameters were optimized.
tals (FMOs) of the most stable geometry of both compounds are also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a rotational scan study. This study focused on the potential
rotation of the phenolic groups through the C–O–C or C–C
linkages. A total of twenty steps, each with an interval of 18°,
were examined, as illustrated in Fig. 2.

The analysis of the results revealed that the two compounds
adopt different geometrical arrangements: BP-I assumes an
inclined geometry, whereas BP-II adopts a relatively linear
conformation. Based on these optimized geometries, the fron-
tier molecular orbitals (FMOs) of both compounds were
computed, and the results are presented in Fig. 2. As observed,
Fig. 3 Calculated proton affinities (PA, in kcal mol−1), pKa values, and ac

© 2025 The Author(s). Published by the Royal Society of Chemistry
the highest occupied molecular orbital (HOMO) in both BP-I
and BP-II is delocalized throughout the entire molecule, sug-
gesting that the whole structure may participate in nucleophilic
attacks. In contrast, the lowest unoccupied molecular orbitals
(LUMOs) are primarily localized on the adjacent bromine
atoms, indicating that these sites may be the most reactive for
electrophilic attacks.

Regarding the energy levels, the HOMO energy (EHOMO) of
BP-II is slightly higher than that of BP-I (−7.78 vs. −7.88 eV),
suggesting that BP-II may exhibit greater electron-donating
id–base equilibrium at pH = 7.4 of BP-I and BP-II.

RSC Adv., 2025, 15, 22546–22555 | 22549
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Table 1 Kinetic data of the reactions of HOOc radicals with BP-I and BP-II in pentyl ethanoate

Compound Position
DG
(kcal mol−1 R−1)

IFa

(cm−1)
DGsb

(kcal mol−1) kc
kd

(M−1 s−1)
Ge

(%)
koverall
(M−1s−1)

BP-I 4OH −3.3 −2224.8 17.6 150.5 1.20 × 102 50 2.40 × 102

5OH −3.7 −2187.2 17.4 115.9 1.20 × 102 50
BP-II 4OH −3.8 −2167.9 16.4 103.8 6.60 × 102 38 1.76 × 103

5OH −4.0 −2159.4 15.9 88.9 1.10 × 103 62

a maginary frequency. b Activation free energy. c Tunneling correction. d Rate constant, and. e Branching ratio.
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ability and thus higher reactivity. On the other hand, the
HOMO–LUMO energy gap of BP-II is lower than that of BP-I
(−7.06 vs. −7.22 eV), implying that BP-II may be more chemi-
cally reactive than BP-I.
3.2 Acid-base equilibrium in water

Acid-base equilibrium in aqueous media inuences the reac-
tivity of phenolic compounds, in particular their ability to
interact with free radicals.41,42 Consequently, the deprotonation
of the OH groups of the two BPs (BP-I and BP-II) at physiological
pH (7.4) was examined by calculating their proton affinities (PA)
and acidity constants (pKa) (Fig. 3). The results reveal a multi-
step deprotonation process. The rst deprotonation occurs on
the OH in position 4 of both BPs, with pKa values of 6.57 for BP-I
and 6.62 for BP-II. A second deprotonation subsequently takes
place on the other OH in position 12, leading to doubly
deprotonated species characterized by pKa values of 6.58 (BP-I)
and 7.34 (BP-II). A third deprotonation, although possible on
the OH in position 13, is much less favorable, as evidenced by
the high pKa values of 12.65 (BP-I) and 12.34 (BP-II). The rela-
tively low pKa values of the singly and doubly deprotonated
species can be attributed to the presence of an intramolecular
hydrogen bond between the deprotonated oxygen and the
adjacent hydroxyl group (Fig. 3). This interaction effectively
Table 2 Kinetic data of the reactions of HOOc radicals with BP-I and BP

Comp. Mechanism State
DG
(Kcal mol−1)

DGs

(Kcal mol−1) k

BP-I f-HAT 4OH H3A −4.59 17.84 4
5OH −5.21 18.26 3

f-HAT 5OH H2A −13.3 — —
40OH 3.04 17.19 3
50OH −6.45 17.16 2

SET 10.98 11.52 1
f-HAT 5OH HA −13.5 — —
SET 18.57 18.83 1

BP-II f-HAT 4OH H3A −5.98 19.15 1
5OH −6.52 19.20 1

f-HAT 5OH H2A −13.9 — —
40OH 1.97 19.02 4
50OH −5.96 19.09 1

SET 9.41 10.15 1
f-HAT 5OH HA −14.6 — —
SET 15.1 15.10 1

a Mole fraction. b kf = f.kapp.
c The nuclear reorganization energy (l). d Di

22550 | RSC Adv., 2025, 15, 22546–22555
stabilizes the negative charge, thereby facilitating
deprotonation.

At physiological pH, the BPs exist in three main forms in
equilibrium. The neutral form is poorly present, with only
1.90% for BP-I and 7.18% for BP-II. The mono-deprotonated
form is asymmetrically distributed, being dominant in BP-II
(43.20%) but minor in BP-I (12.90%). On the other hand, the
doubly deprotonated form clearly dominates for BP-I (85.20%),
while being signicantly present for BP-II (49.62%). The triple-
deprotonated form, in contrast, is thermodynamically inacces-
sible under these conditions. These different species, whose
relative proportions vary signicantly between BP-I and BP-II,
were all considered in the following thermodynamic and kinetic
studies.
3.3 HOOc scavenging under physiological media

The HOOc scavenging activity of BP-I and BP-II was evaluated
following the QM-ORSA protocol in both polar and lipid media.
In lipid environments, the BPs exist exclusively in their neutral
form and can react only via the f-HAT mechanism. In contrast,
in aqueous media, several dissociated forms of BPs may coexist,
allowing reactions to proceed via both f-HAT and SET mecha-
nisms. All possible reaction pathways at potentially reactive
sites were considered, and the outcomes are presented in
-II in water

kapp
(M−1 s−1) fa

kf
b

(M−1 s−1)
G

(%)
koverall
(M−1 s−1)

05.87 2.10 × 102 0.019 3.99 × 100 0 1.96 × 109

36.47 8.56 × 101 1.63 × 100 0
2.00 × 109 d 0.129 2.58 × 108 13

9.63 6.11 × 101 7.88 × 100 0
61.30 4.28 × 102 5.52 × 101 0
7.04c 2.23 × 104 2.28 × 103 0

2.00 × 109 d 0.852 1.70 × 109 87
4.68c 9.77 × 10−2 8.32 × 10−2 0
530.34 8.64 × 101 0.072 6.22 × 100 0 2.04 × 109

598.88 8.36 × 101 6.22 × 100 0
2.20 × 109 d 0.432 9.50 × 108 47

21.40 2.98 × 101 1.29 × 101 0
542.87 9.73 × 101 4.20 × 101 0
6.40c 2.23 × 105 9.63 × 104 0

2.20 × 109 d 0.496 1.09 × 109 53
5.18c 5.29 × 101 2.62 × 101 0

ffusion rate constant.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Localized TSs of the reactions between BP-I/BP-II and HOOc radical following the f-HAT mechanism in pentylethanoate (PE) and water
(W). Imaginary frequencies (n) are in cm−1 and distances are in Å.
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Tables 1 and 2. The localized transition states of the f-HAT
pathways are illustrated in Fig. 4.

As shown in Table 1, the reaction between both BPs and
HOOc is spontaneous at all OH groups, with DG values ranging
from −3.3 to −4.0 kcal mol−1. The overall rate constant (koverall)
for BP-I is 2.40 × 102 M−1 s−1, while that of BP-II is 1.76 × 103

M−1 s−1, indicating that BP-II is approximately seven times
more active than BP-I. This result suggests that the C–C linkage
is more favorable for antiradical activity than the C–O–C linkage
in pentyl ethanoate. Regarding attack sites, the reaction tends
to take place on both 5-OH and 4-OH groups for both BPs.

The rate constants of BP-I and BP-II are somewhat compa-
rable to or slightly lower than those of common antioxidants,
such as Trolox (k = 3.40 × 103 M−1 s−1),43 and BHT (koverall =
1.70 × 104 M−1 s−1).44 This indicates that BPs—particularly BP-
II—are effective HOOc scavengers in lipid media.

In aqueous media, as shown in Table 2, the f-HAT mecha-
nism was predominantly spontaneous across most investigated
positions, with DG values ranging from −4.59 to
−14.6 kcal mol−1. However, at the 40-OH position in the mono-
deprotonated form, the reaction was exergonic, with DG values
of 3.04 and 1.97 kcal mol−1 for BP-I and BP-II, respectively. The
lowest DG values were observed at the deprotonated catechol
groups (both mono- and doubly deprotonated forms), ranging
© 2025 The Author(s). Published by the Royal Society of Chemistry
from −13.3 to −14.6 kcal mol−1. In contrast, all SET processes
were endergonic for both compounds, with DG values between
9.41 and 18.57 kcal mol−1.

The overall rate constants of BP-I and BP-II were comparable,
with values of 1.96 × 109 and 2.04 × 109 M−1 s−1, respectively.
The f-HAT mechanism from the deprotonated catechol group
was identied as the dominant reaction pathway for both BPs,
contributing entirely to the overall rate constants. This
pronounced reactivity of the catechol moiety aligns with
previous studies on natural antioxidants such as caffeoyl
tryptamine (koverall = 3.15 × 108 M−1 s−1),45 quercetin (koverall =
8.11 × 109 M−1 s−1),46 anthocyanidins (koverall ∼ 109 M−1 s−1)47

and caaric acid (koverall = 9.09 × 108 M−1 s−1).48 Compared to
the common antioxidants Trolox (koverall = 8.96× 104 M−1 s−1)43

and BHT (koverall = 2.51 × 105 M−1 s−1),44 BP-I and BP-II exhibit
signicantly higher reactivity, positioning them as potent anti-
oxidants in polar media.

Analysis of the results in Table 2 suggests that in their
neutral forms, both BPs function as moderate radical scaven-
gers (rate constants within the range of 8.56 × 101 to 2.10 × 102

M−1s−1). Their exceptional reactivity is primarily attributed to
their deprotonated state, indicating that under neutral and
basic conditions, BPs act as highly effective radical scavengers.
RSC Adv., 2025, 15, 22546–22555 | 22551
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However, their efficiency declines signicantly in acidic
environments.

Overall, the ndings from both polar and lipid media
suggest that BP-I and BP-II perform well as radical scavengers in
lipid environments but exhibit outstanding scavenging poten-
tial in polar media at physiological pH.
3.4 Metal chelating capacity in water

Another critical aspect of the antioxidant activity of phenolic
compounds is their ability to chelate transition metal ions.
Fig. 5 Optimized molecular structure of potential Cu(II)- BPs complexe

Table 3 Computed Gibbs free energy of formation (DGf in kcal mol−1)
complexation reactions of BP-I and BP-II with Cu(II) ions in water

Reaction DGf k

Cu(H2O)
2+
4 + BP-I / [Cu(H2O)2BP-I]

2+ 7.12 9.49 × 1
Cu(H2O)

2+
4 + BP-I− / [Cu(H2O)2BP-I]

+ −12.72 1.84 × 1
Cu(H2O)

2+
4 + BP-I2− / Cu(H2O)2BP-I −13.24 4.36 × 1

Cu(H2O)
2+
4 + BP-II / [Cu(H2O)2BP-II]

2+ 5.83 5.66 × 1
Cu(H2O)

2+
4 + BP-II2− / [Cu(H2O)2BP-II]

+ −14.40 3.04 × 1
Cu(H2O)

2+
4 + BP-II2− / Cu(H2O)2BP-II −14.71 5.13 × 1

22552 | RSC Adv., 2025, 15, 22546–22555
These ions, such as copper (Cu), play a signicant role in
oxidative stress by catalyzing the formation of highly reactive
hydroxyl radicals (HOc) via the Fenton reaction.49,50 In this
process, Cu(I) reacts with hydrogen peroxide (H2O2), generating
Cu(II), a hydroxyl radical, and a hydroxide ion:

Cu+ + H2O2 / Cu2+ + HOc + HO− (8)

Under physiological conditions, however, Cu(I) is not the
most stable or predominant form of copper. The redox equi-
librium between Cu(I) and Cu(II) is maintained through
s in water. Distances are in Å.

and kinetic rate constants (k, kf, and koverall in M−1 s−1) of the potential

f kf G koverall

0−6 0.019 1.23 × 10−7 0 3.96 × 109

09 0.129 2.38 × 108 6
09 0.852 3.72 × 109 94
0−5 0.072 4.08 × 10−6 0 3.86 × 1010

010 0.432 1.31 × 1010 34
010 0.496 2.54 × 1010 66

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reduction reactions involving endogenous reductants like the
ascorbate anion (Asc−) or the superoxide radical (O2c

−), as
described in the following equations:

Cu2+ + O2c
− / Cu+ + O2 (9)

Cu2+ + Asc− / Cu+ + Ascc (10)

The concentration of Cu(I) at equilibrium is therefore gov-
erned by the efficiency of these reduction processes. Phenolic
compounds with metal-chelating properties can disrupt this
equilibrium by binding to Cu(II), forming stable complexes that
prevent its reduction to Cu(I). By sequestering Cu(II), these
antioxidants disrupt the catalytic cycle of hydroxyl radical
generation, providing an indirect but effective mechanism for
mitigating oxidative damage.

The Cu(II) chelation capacity of BP-I and BP-II was system-
atically studied in aqueous medium at pH = 7.4. The potential
complexation reactions are shown in Table 3 and the optimized
structures of the complexes are shown in Fig. 5. Both
compounds demonstrated a higher affinity for Cu(II) ions in
their dissociated forms than in their neutral states, forming
stable complexes with Gibbs free energies of formation (DGf)
ranging from −12.72 to −14.71 kcal mol−1. Under the condi-
tions studied, the dissociated forms' complexes account for
100% of the possible complexes.

Further analysis of the reaction equilibrium constants,
derived from Maxwell–Boltzmann calculations, revealed excep-
tionally high binding kinetics. BP-I and BP-II exhibited rate
constants of 3.96 × 109 M−1 s−1 and 3.86 × 1010 M−1 s−1,
respectively, conrming their efficacy as Cu(II) chelators. These
results suggest that, in addition to their established radical-
scavenging activity (primary antioxidant), BP-I and BP-II can
also function as secondary antioxidants, effectively attenuating
metal-induced oxidative stress by sequestering Cu(II) ions and
disrupting redox cycle pathways.
4. Conclusion

The radical scavenging capacity and metal chelation potential
of two natural BP derivatives found in marine algae have been
systematically investigated using DFT calculations. The studied
BPs were identied as effective HOOc scavengers in lipid media,
acting exclusively via the f-HAT mechanism at both the 4-OH
and 5-OH positions. Under these conditions, BP-I, which
contains a C–C linkage, was found to be more reactive than BP-
II, which features a C–O–C linkage, highlighting the inuence
of the linkage type in lipid environments. In contrast, both BPs
exhibited excellent HOOc scavenging activity in water, with
comparable rate constants in the order of 109 M−1 s−1. This
high reactivity is attributed to the deprotonated catechol group,
which serves as the primary driving force behind their radical
scavenging activity. The acid–base equilibrium also plays
a crucial role in the radical scavenging efficiency of BPs. While
their reactivity is moderate under acidic conditions, it increases
signicantly in neutral and basic environments. Additionally,
BP-I and BP-II demonstrated a strong capacity for Cu(II) ion
© 2025 The Author(s). Published by the Royal Society of Chemistry
chelation, suggesting the potential for secondary antioxidant
activity. In light of these ndings, BP-I and BP-II could be
considered potent natural antioxidants, particularly in polar
media. This study provides valuable insights that could guide
the design of new, highly effective antioxidants for pharmaco-
logical and food applications.
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