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ABSTRACT

Methyl caffeate (MC), a naturally occurring methyl ester of caffeic acid
(CA), exhibits potent antioxidant activity and a broad spectrum of bio-
logical effects. This study investigates the antioxidant mechanism of
MC through its reaction with the stable radical DPPHe, employing both
experimental and computational approaches. Kinetic measurements
were conducted in a predominantly nonpolar medium (1,4-dioxane
with phosphate buffer), revealing concerted proton and electron trans-
fer. This experimental evidence was supported by values of kinetic iso-
tope effects (KIEs) and thermodynamic activation parameters. Analysis
of the intrinsic bond orbitals (IBOs) along the calculated intrinsic reac-
tion coordinate (IRC) trajectories supported the proposed proton-
-coupled electron transfer (PCET) reaction mechanism. Additionally,
the Fe(II) complexation ability of MC was evaluated spectrophotometri-
cally, demonstrating stable complex formation at pH 7.0, suggesting
potential for mitigating hydroxyl radical generation in physiological
conditions. These findings offer new insights into the antioxidant
behaviour of MC and its potential applications in pharmaceutical and
nutraceutical formulations.

Keywords: methyl caffeate, proton-coupled electron transfer, hydrogen
tunnelling, kinetic isotope effect, intrinsic bond orbital analysis, Fe(II)
complex

INTRODUCTION

Hydroxycinnamic acids (p-coumaric, caffeic, ferulic, and sinapic acids) are simple
phenolic acids widely distributed as secondary metabolites in the plant kingdom. They
have been extensively studied due to their diverse bioactive properties (1-3). These natural
compounds are commonly used in the cosmetic, food, pharmaceutical, and health indus-
tries as supplements or additives, primarily for their antioxidant and antimicrobial activ-

ities (1, 3-5).

Methyl caffeate (MC), the naturally occurring methyl ester of caffeic acid (CA) found
in various plant species, also exhibits a wide range of biological activities (6-8), including
anticancer (6, 8), antioxidant (6, 9-11), antidiabetic (7, 12, 13), antimicrobial (4, 14, 15), anti-
-inflammatory (16, 17), neuroprotective (18), antisenescence (16), among others.
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In a recent study on Morus nigra Linn. extracts, MC isolated from the fruit demon-
strated remarkable inhibition of HeLa cell proliferation and migration, induced apoptosis
in vitro, and further inhibited tumour growth in a HeLa xenograft model in vivo, acting as
a natural 3-phosphoglycerate dehydrogenase (PHGDH) enzyme inhibitor (6). Regarding
its antidiabetic effects, MC isolated from the flower of Prunus persica (L.) Batsch enhanced
glucose-stimulated insulin secretion in INS-1 cells, in a manner similar to gliclazide, an
antidiabetic sulfonylurea drug. This effect was attributed to the upregulation of proteins
involved in pancreatic -cell metabolism (7).

MC showed major antimicrobial activity against human pathogenic bacteria such as
Streptococcus mutans and Escherichia coli (14) and moderate antimicrobial activity against
Proteus vulgaris, Klebsiella pneumoniae and Mycobacterium tuberculosis (15). Poly(lactic-co-
-glycolic acid) (PLGA) nanoparticles loaded with MC were tested against a plant patho-
genic bacteria Ralstonia solanacearum and showed good sustained-release properties and
antibacterial effects, with potential to be an alternative to traditional pesticides (19).

Many biological activities of MC are linked to its ability to suppress or scavenge reac-
tive oxygen species (ROS). In the study by Masuoka et al., MC and other short-chain alkyl
caffeates acted as effective scavengers and strong inhibitors of superoxide anion (O,") gene-
ration, which is crucial in preventing the initiation of lipid peroxidation and hydroxyl
radical formation. The same study also reported considerable DPPHe (2,2-diphenyl-1-pic-
rylhydrazyl radical) scavenging activity for both CA and alkyl caffeates (10). MC has also
shown significant protective effects against oxidative stress-induced neuronal cell damage
by inhibiting both H,O,-induced caspase-3 and cathepsin D activities in neuronal-like
SH-SY5Y cells (18).

As a derivative of CA, MC retains the characteristic 0-dihydroxylbenzene (catechol)
and an o,p-unsaturated side chain in its structure (Fig. 1). The presence of a methyl ester
group increases its lipophilicity, thereby enhancing membrane permeability. This was
demonstrated in a study by Garrido et al., which showed that CA esters exhibited greater
antioxidant activity and improved lipophilicity compared to CA, and consequently were
able to protect PC12 neuronal cells from oxidative stress (20).

HO HO
OH OH

caffeic acid methyl caffeate

Fig. 1. Structures of caffeic acid (CA) and its methylated derivative methyl caffeate (MC).

Although the antioxidant potential of MC is well established, the mechanism under-
lying its action remains relatively underexplored. In general, the antioxidative activity of
phenol (ArOH) could be presented by the following equations (21-23):

First step: Re + ArOH — RH + ArQOe @
Second step: ArOe +Re — products 2
or

ArOe + ArOe — dimer or disproportionation products 3)
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in which Re is radical (for example hydroxyl HO®, peroxyl ROOp¢, alkoxyl ROe...), ArOe is
phenoxyl radical and RH is an unreactive species. Second step reactions (Equations 2 and
3) are irreversible and lead to non-radical products. Formal hydrogen atom transfer (trans-
fer of electron and proton, Equation 1) from ArOH to Re may occur via several different
mechanisms: concerted, such as hydrogen atom transfer (HAT) or proton-coupled electron
transfer (PCET), and consecutive, such as sequential proton loss electron transfer (SPLET)
or single electron transfer followed by proton transfer (SET-PT), among others (22, 24, 25).
The main difference between the concerted mechanisms HAT and PCET lies in the proton
and electron transfer sites. In HAT, both transfers occur at the same site — typically the
same atom, bond, or orbital - whereas in PCET, the proton and electron are transferred to
or from different sites. Computational chemistry methods such as DFT calculations can be
employed to differentiate between these mechanisms (23). HAT/PCET mechanisms are
considered predominant for the reaction of ArOH and Re in nonpolar solvents, whereas
SPLET is favoured in polar solvents due to enhanced dissociation of phenolic OH groups
and the increased reactivity of phenolate anions (22, 24). In silico study of antioxidant pro-
perties of caffeic acid derivatives confirmed that HAT and SPLET pathways are thermody-
namically favourable for MC, with the environment (nonpolar vs. polar) dictating mecha-
nism preference, but experimental evidence for these mechanisms still lacks (24).

Another important property of phenolic compounds containing a catechol moiety is
their ability to chelate transition metal ions (26, 27). Ferrous ion, in particular, catalyse the
decomposition of hydrogen peroxide into hydroxyl radicals, the most reactive oxygen spe-
cies, via the Fenton reaction (28). Fe(II) phenol complexes exhibit a characteristic band in
the visible region, with absorption maxima observed in the range of 450-600 nm (29-31).
Mazzone et al. employed DFT analysis to study various caffeic acid-based Fe(II) ligands
(32).

The aim of this study was to investigate the antioxidant activity of MC in the reaction
with DPPHe, by means of experimental and computational chemistry methods. DPPHe is
a stable radical characterized by a strong absorption band in the visible region (A,,,, = 520 nm),
commonly used as a model radical for studying the reactions of phenols with peroxyl
radicals, ROOe, which play a crucial role in biological systems (21, 22, 33, 34). Reactions
were conducted in predominantly nonpolar medium made of 1,4-dioxane and phosphate
buffer pH 5.9 or 7.2 (5 and 15 %, V/V), to explore the effects on kinetic parameters. Reaction
rate constants, kinetic isotope effects, and thermodynamic activation parameters were
determined both experimentally and through DFT calculations, and the PCET mechanism
was proposed for the reaction between MC and DPPHe. Additionally, the Fe(II) complex-
ation ability of MC was evaluated spectrophotometrically. Taken together, the findings of
this study aim to provide a deeper insight into the antioxidant activity of MC.

EXPERIMENTAL

Reagents and chemicals

1,4-dioxane, 2,2-diphenyl-1-picrylhydrazyl (DPPHe), caffeic acid, HCl (1 mol L,
Titrisol), NaOH (1 mol L, Titrisol), DCI (99 % D), NaOD (40 % m/m, 99.5 % D), CDCl, (> 99.8 %),
H,SO, (=98 %), NaHCOj; (=99.5 %) and buffer standards pH 4 and pH 7 were obtained from
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Merck, KGaA, (Germany). Methanol (= 99.9 %) was supplied from Honeywell (USA), ethyl
acetate (> 99.5 %) was from Fluka Chemie GmbH (Switzerland), and Na,SO, (= 99 %, anhy-
drous) was from Kemika (Croatia). Iron(II) sulphate heptahydrate (99+ %) was obtained
from Acros Organics (Belgium), K,HPO, and KH,PO, from J. T. Baker (Netherlands). Water
and heavy water (Sigma-Aldrich, 99.9 % D) were twice distilled and carbon dioxide- and
oxygen-free (bubbled with 99.999 % N,, Messer, Germany).

Synthesis of the methyl caffeate

MC was synthesized from CA and methanol following a previously published proce-
dure (35). Briefly, 500 mg of CA was dissolved in 30 mL of methanol containing 1 mL of
concentrated H,SO,, and the mixture was heated under reflux for approximately 1 hour at
65-70 °C. After cooling to room temperature, the solution was diluted with 150 mL of ethyl
acetate and washed repeatedly with an aqueous solution of NaHCO; (5 %, m/V) until a
neutral pH was achieved. The organic layer was subsequently washed with distilled water,
dried over anhydrous Na,SO,, and the solvent was removed under vacuum. The identity
of the synthesized compound was confirmed by 'H NMR spectroscopy (Bruker Avance
600 (14.1 T) NMR spectrometer) through comparison of chemical shift values and the
appearance of characteristic absorption bands with literature data (35, 36); 'H-NMR (600 MHz,
CDCl,, 8/ppm): 7.59 (1H, d, | =159 Hz), 7.08 (1H, d, ] =2.0 Hz), 7.02 (1H, dd, ] = 8.2 Hz), 6.87
(1H, d, J=8.2Hz), 6.27 (1H, d, ] = 15.9 Hz), 3.8 (3H, s).

Preparation of phosphate buffer solutions

Phosphate buffer solutions were prepared from KH,PO, and K,HPO, salts, dissolved
in water (H,O or D,0) and titrated with strong acid (HCl or DCl), or base (NaOH or NaOD)
until desired pH (pD) was reached. pD was adjusted considering the correction for mea-
suring with glass electrode in D,O, pD = pH + 0.41 (37). pH was measured with pH meter
Mettler Toledo MP 230 equipped with combined pH electrode Mettler Toledo, InLab Semi-
-Micro with precision of + 0.01. The concentration of phosphate buffer solution for kinetic
measurements was 0.02 mol L™ for pH (pD) 5.9 and 0.1 mol L™ for pH (pD) 7.2, and for
determination of Fe(II) methyl caffeate complex 0.01 mol L. The solutions were prepared
weekly and stored at 4 °C.

Kinetic measurements

Pseudo-first-order rate constants for the reactions of the MC and CA with the DPPHe
radical were determined spectrophotometrically by monitoring the decrease in DPPHe
absorbance at 518 nm. All spectral and absorbance-time data were collected using an
Avantes AvaSpec 2048L StarLine spectrometer (Avantes B.V, The Netherlands), equipped
with a Quantum Northwest QPOD temperature-controlled sample compartment for fiber
optic spectroscopy. For the pseudo-first-order rate constants greater than 0.1 s™ (t,,<7 s)
the stopped-flow instrument RX2000 Rapid kinetics (Applied Photophysics, UK) for rapid
mixing of reactants was used. Kinetic measurements were conducted under strictly con-
trolled temperature conditions, maintained within + 0.1 °C. The stability of DPPHe was
evaluated under all experimental conditions used in the study (reaction media without
antioxidants MC or CA), and no changes in its concentration were observed.

Stock solutions of the reactants were freshly prepared each day by dissolving MC,
CA or DPPHe in 1,4-dioxane. Prior to initiating the reaction, the reaction medium was
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Fig. 2. Kinetic traces at 518 nm for the reaction of methyl caffeate and DPPHe at 25.0 °C. a) 1,4-dioxane:
phosphate buffer pH 5.9 (0.95:0.05, V/V), ¢((MC) = 0.005 mol L™, ¢(DPPHe) = 0.00008 mol L, k.= 0.00916 s7%;
b) 1,4-dioxane:phosphate buffer pH 7.2 (0.85:0.15, V/V), c(MC) = 0.0005 mol L, ¢(DPPHe) = 0.000025 mol L,
kyps=1.82s7L.

thermostated for 20 minutes. The reaction was started by adding an appropriate volume
of the DPPHe stock solution to the thermostated reaction medium. For stopped-flow
kinetic experiments, reactant solutions were prepared at twice the desired final concen-
trations and mixed in a 1:1 volumetric ratio. In a typical kinetic run, at least 200 absor-
bance-time data points were collected and analysed using a standard least-squares fitting
algorithm. To determine the rate parameters under the specified conditions, a minimum
of three to four pseudo-first-order rate constants were used. All measurements were con-
ducted under pseudo-first-order conditions, with MC or CA concentrations maintained at
least 10-fold in excess, with the exception of the fastest kinetics in alkaline media, in which
the ratio of CA to DPPHe was from 5-17.5. Very good pseudo-first-order kinetic behaviour
was consistently observed (Fig. 2).

Calculation of second-order rate constants, KIEs and thermodynamic activation
parameters

Second-order reaction rate constants, k,, were determined from the slopes of plots of
the observed pseudo-first-order rate constants k,,, vs. the concentration of MC or CA
(Fig. 3a). In accordance with previously determined stoichiometry ArOH:DPPHe = 1:2 for
the reaction of several other phenols with DPPHe (35, 38), the rate law for the reaction of
MC or CA and DPPHe can be written as:

B d[DPPH | _

.7 2k, DPPH e |[ ArOH | @)

Kyps =2k, [ATOH] )
In all the reaction conditions applied in this study, the dependence of k,, vs. [MC] or

[CA] was strongly linear.

KIEs were determined following the equation:

KIE = k2,ArOH / kZ,ArOD ©)

617



A. Karkovi¢ Markovic et al.: Antioxidant activity of methyl caffeate: Evidence of proton-coupled electron transfer reaction mechanism,
Acta Pharm. 75 (2025) 613-628.

ArOD was obtained by dissolving MC or CA in 1,4-dioxane-D,O solvent mixture, due
to the rapid exchange of phenol OH hydrogens with deuterium.

Thermodynamic activation parameters were calculated from second-order rate con-
stants measured over the temperature range of 14-45 °C, using well-known Arrhenius and
Eyring equations:

E
Ink,=lInA-—2 7
nkp=nA-—- )

i i
k_zz_ﬂl+lnk_B+£
T R T h R

In ®)

Computational methods

The DFT calculations were carried out using the GAUSSIAN 16 software (39) at the
(U)B3LYP/def2-TZVPP level of theory with the non-specific solvent effects estimated by
using the polarisable continuum model (PCM) of the self-consistent reaction field (SCRF)
method (40) with 1,4-dioxane as a solvent. The stationary points obtained by geometry
optimisations were confirmed either as minima or saddle points by vibrational analysis at
the same theory level. The obtained transition state structure was explored with intrinsic
reaction coordinate (IRC) analysis (41) at the same theory level and the intrinsic bond
orbital (IBO) localisation procedure (42-44) with the IBOVIEW program (45). Estimation of
the tunnelling correction for the calculated reaction constants and KIE was done using the
Wigner method with the TAMkin program (46).

Spectrophotometric determination of Fe(I) methyl caffeate complex

The formation of a complex between Fe(II) and MC was determined spectrophotomet-
rically. UV-VIS absorption spectra were measured using an HP 8453 spectrophotometer.
Complex formation was studied in 0.01 mol L™ phosphate buffer. The buffer solution was
bubbled with nitrogen for 1 hour prior to measurement. Aqueous solution of MC (0.003
mol L) and FeSO, (0.02 mol L) were freshly prepared before measurement. Complex
formation was initiated by adding the Fe(II) solution to the MC solution in the buffer.

RESULTS AND DISCUSSION

Experimental evidence of hydrogen transfer in reaction of methyl caffeate and DPPHe

In recent decades, numerous studies have examined the reactivity of MC and other
alkyl caffeates toward DPPHe, consistently reporting significant scavenging activity —
often surpassing that of some traditional antioxidants, based on ICj, values (5, 9, 10, 20, 29).
In contrast, only one experimental study has explored the kinetics and mechanism of the
reaction between MC and DPPHe in polar solvents (methanol and ethanol), identifying
SPLET (fast ET from the catecholate anion) as the predominant mechanism (33, 35).
Nevertheless, in silico studies of the reactions of phenolic antioxidants with free radicals
point to the possible HAT/PCET mechanism in the case of nonpolar reaction medium (22,
33, 38, 47).
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Fig. 3. a) The plot of pseudo-first order constants (k) vs. concentration of methyl caffeate for the
reaction of methyl caffeate and DPPHe in 1,4-dioxane:phosphate buffer pH 5.9 (0.95:0.05, V/V') () and
1,4-dioxane:phosphate buffer pD 5.9 (0.95:0.05, V/V) (o) at 25 °C, c(DPPHe) = 0.00008 mol L™; b) Arrhenius
plots of In k,y (e) or In k, (o) vs. 1/T for the reaction of methyl caffeate and DPPHe in
1,4-dioxane:phosphate buffer pH(D) 5.9 (0.95:0.05, V/V).

In this study, we investigated the kinetic behaviour of MC toward DPPHe to deter-
mine the rate constant and elucidate the reaction mechanism in a predominantly nonpolar
medium. The reaction medium consisted of 1,4-dioxane and phosphate buffer at pH 5.9 or
7.2, in two different solvent volume ratios: 0.95:0.05 or 0.85:0.15 (V/V). The buffered medium
was used to eliminate potential traces of acidic or basic impurities that could affect the
concentration of different forms of the reactant MC (neutral or anionic), or cause deviations
from the linear dependence of the observed rate constants, k., on concentration of MC
(Fig. 3a).

obs

Table 1. Second-order rate constants k, and kinetic isotope effects (KIE) for the reaction of methyl caffeate or
caffeic acid and DPPHe in different reaction media, at 25 °C; values reported as mean (SD)

Reaction medium Methyl caffeate Caffeic acid

ky/mol™ L s7! KIE ko/mol™ L s7! KIE

1,4-dioxane:phosphate buffer

0965 (0.014)  993(0.39)  1.103(0.007)  9.18(0.12)
pH(D) 5.9 (0.95:0.05, V/V)*

1,4-dioxane:phosphate buffer

12.5 (0. 1.66 (0.
pH(D) 5.9 (0.85:0.15, V/V)b >(03) 66 (0.08)

1,4-dioxane:phosphate buffer

pH 7.2 (0.85:0.15, V/V)©
1,4-dioxane:water (0.95:0.05, V/V),
3 x10~* mol L' NaOH or NaOD?

1443 (72) 639 (8)

4147 (230) 1.02 (0.18)

0.001-0.0075 mol L™ MC or CA, 0.00008 mol L' DPPHe; ®0.0005-0.003 mol L' MC, 0.00005 mol L~! DPPHs;
€0.00025-0.001 mol L' MC or CA, 0.000025 mol L' DPPHe; ¢0.00005-0.000175 mol L' CA, 0.00001 mol L-! DPPHe.
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At pH 5.9, MC is expected to be in its neutral form (catechol OH groups fully proton-
ated), based on the assumption that the pK, value of the catechol OH group in MC is even
greater than 8.35, the value determined in water (48). The value of the second-order rate
constants, k,, determined in the 0.95:0.05 (V/V) mixture of 1,4-dioxane and phosphate
buffer at pH 5.9, were nearly identical for MC and CA in reaction with DPPHe, with values
of 0.965 and 1.103 mol™ L s7, respectively (Table I).

When the volume fraction of the polar solvent (phosphate buffer, pH 5.9) was increased to
0.85:0.15 (V/V), the rate constant for MC increased by an order of magnitude to 12.5 mol™ L s7,
indicating the presence of the anionic form of MC. Even small amounts of the catecholate
anion can significantly enhance the rate constant and are connected to SPLET reaction
mechanism, as previously observed in the study by Foti et al. (35). This effect became even
more pronounced when the buffer pH was raised to 7.2, resulting in a further two-order-
-of-magnitude increase in the rate constant, reaching a value of 1443 mol™ L s™%. Furthermore,
in reaction of CA and DPPHe in 0.95:0.05 (V/V) mixture of 1,4-dioxane and water in presence
of alkali (pH > 10) where the dominant form catecholate anion is expected, the rate constant
reached the value of 4147 mol' L s

The kinetic isotope effect (KIE), an important parameter for determining whether
proton transfer is involved in the rate-determining step of a reaction, was calculated using
experiments conducted in solvent mixtures containing phosphate buffer prepared in D,O
at pD 5.9. The primary KIE is defined as the ratio of reaction rate constants for processes
involving the formation or cleavage of a bond with the lighter isotope (hydrogen, H) com-
pared to the same reaction involving the heavier isotope (deuterium, D) (Equation 6). For
OH bonds, the upper limit of the kinetic isotope effect (KIE) within the framework of
semi-classical theory is 8. This value can increase to a maximum of 13 when bending
vibrations are included in the calculation (49). In our study, the KIE for the reaction between
MC and DPPHe in a 0.95:0.05 (V/V) mixture of 1,4-dioxane and phosphate buffer at pH(D)
5.9 was 9.93 (Table I). The observed KIE value eliminates SPLET as a possible reaction
mechanism in these experimental conditions. However, when the solvent ratio was
changed to 0.85:0.15 (V/V), the KIE significantly decreased to 1.66. This pronounced differ-
ence may serve as experimental evidence for a mechanistic shift — from a slower HAT/
PCET mechanism to a much faster SPLET mechanism — due to the presence of small
amounts of the catecholate anion.

Thermodynamic activation parameters for the reaction between MC and DPPHe in a
0.95:0.05 (V/V) mixture of 1,4-dioxane and phosphate buffer at pH 5.9 were determined
through kinetic measurements over the temperature range of 14—45 °C (Fig. 3b, Table II). The
values obtained closely match those reported for the reaction of CA with DPPHe in a
0.95:0.05 (V/V) mixture of 1,4-dioxane and water, as described in a previous study (38). The
ratio of Arrhenius pre-exponential factors, Ay/Ap, which deviates from the semi-classical
limits of 0.7-1.2, along with isotopic difference in activation energy (AE,) exceeding 5.1 kJ
mol™ for OH bond dissociation, are characteristic indicators of hydrogen tunnelling in the
reaction (49, 50). For the MC and DPPHe reaction, these values were 0.11 for A/Ap, and
11.2 kJ mol™ for AE,, both outside the range predicted by semi-classical models, similar as
those in the CA-DPPHe system (38). Combined with the observed KIE, these findings
strongly support the presence of hydrogen tunnelling in this reaction and are consistent
with observations from reactions involving structurally similar antioxidants — CA,
hydroxytyrosol, and homovanillyl alcohol (38) — as well as the reaction of a-tocopherol

620



A. Karkovi¢ Markovic et al.: Antioxidant activity of methyl caffeate: Evidence of proton-coupled electron transfer reaction mechanism,
Acta Pharm. 75 (2025) 613-628.

with DPPHe (51). Furthermore, hydrogen tunnelling has been experimentally confirmed
in other antioxidant reactions, such as those involving vitamin C with TEMPOe® (52) and
hexacyanoferrate(IlI) ions (53).

Table II. Thermodynamic activation parameters for the reaction of methyl caffeate and DPPHe in 0.95:0.05,
VIV 1,4-dioxane:phosphate buffer pH(D) 5.9 solvent mixture at 25 °C*

Reacti di AGH/ AH}/ AS/ E,/ In
caction medium kJ mol™ kJ mol™ J K mol™ kJ mol™ (A/mol' Ls™)
1,4-dioxane:phosphate
buffer pH 59 73.2(0.7) 383(05)  -1171(17)  40.8(0.5) 164 (0.2)
L4-dioxane:phosphate g 1 4 49,5 (1.0) -98.7 3.2) 52.0 (0.9) 18.6 (0.4)

buffer pD 5.9

2 Values reported as mean (SD).

Altogether, the experimental evidence points to the concerted HAT/PCET mechanism
in the reaction of between MC and DPPHe in predominantly nonpolar medium, but to
differentiate these two mechanisms, the calculation methods must be employed.

Computational analysis of hydrogen transfer in the reaction of methyl caffeate and
DPPHe

For the proposed hydrogen transfer from MC to DPPHe, a transition structure (TS)
calculation was performed, as well as an intrinsic reaction coordinate (IRC) (41) and intrin-
sic bond orbital (IBO) analysis (42-44). The obtained TS structure involves a reaction at the
3’-OH moiety, the MC reaction site that was found to be the most reactive by bond disso-
ciation enthalpy (BDE) analysis (24). The hydrogen-donor (H:--O) and hydrogen-acceptor
(N---H) distances for the TS are 1.265 A and 1.216 A, respectively, and the N---H---O angle
is 176.6°. These values are comparable to the corresponding distances and angles obtained
for calculated TS in hydrogen atom transfer reactions to DPPHe from phenol, p-metoxy-
phenol (23), homovanillyl alcohol, hydroxytyrosol and CA (38). The calculated Gibbs acti-
vation energy of 83.8 k] mol™! agrees with the experimental value, in support of the pro-
posed TS structure obtained. The calculated KIE  (With tunnelling correction) is 20.2.
IBO analysis proposed by Knizia (43) enables the visualisation of molecular orbitals and
electronic structure changes along reaction paths (42—-44). IBO analysis has proven to be
useful in researching and interpreting reaction mechanisms. In hydrogen transfer reac-
tions, it has been shown that IBO analysis can unambiguously distinguish between HAT
and PCET processes (44). Representative IBOs involved in hydrogen transfer from MC to
DPPHe plotted along the IRC obtained from DFT calculations are shown in Fig. 4. As can
be seen, the 3 electron (A, blue IBO) transferred to the DPPHe N atom that has an unpaired
a electron (not shown) comes from the aromatic ring orbital of the MC, leaving an unpaired
a electron (A, green IBO) on it as well. The proton from the MC’s OH group is transferred
separately from the electron to the IBOs (B, green and blue IBOs) located on the second N
atom of DPPHe. The obtained results from DFT calculations clearly point to a PCET reac-
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Fig. 4. Changes in a (green) and 3 (blue) intrinsic bond orbitals (IBOs) involved in electron transfer
(A) and proton transfer (B), energy plotted along the intrinsic reaction coordinate (IRC) path for
hydrogen transfer from methyl caffeate (MC) to DPPHe obtained from the DFT calculations. R — acti-
vated complex resembling the reactants, TS — transition structure, P — activated complex resembling
the products. Normal mode displacement vector for a unique imaginary frequency of 1705.4i cm™ is
associated with a motion of the H atom (marked) of the O-H moiety of MC to the N atom of DPPHe.

tion mechanism, since proton transfer and electron transfer are separate and from differ-
ent reaction sites and also involve different orbitals.

Formation of Fe(1l) methyl caffeate complex

The formation of a complex between Fe(II) and MC was monitored spectrophotomet-
rically in aqueous phosphate buffer at pH 7.0. Upon the addition of Fe(II) to the MC solu-
tion, the absorbance maxima shifted from 297 and 323 nm, corresponding to MC spectrum,
to 355 nm and new absorbance peaks appeared with maxima at 512 and 600 nm (Figs. 5
and 6). The spectral changes are attributed to the formation of the Fe(II) MC complex, in
which iron is coordinated by the catechol moiety. Complex formation is pH-dependent,
with decreased stability in acidic solution (Fig. 7). Measurements were conducted under
nitrogen to prevent oxidation of Fe(Il) to Fe(IlI) (54). Under the same conditions (aqueous
phosphate buffer at pH 7.0), the spectrum of the Fe(Il) caffeate complex was measured,
showing a maximum absorption at 600 nm.

Serensen et al. previously reported the formation of Fe(I) MC complex in sodium
acetate-imidazole buffer at pH 7 (29). The formation of these complexes was influenced by
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A/nm

Fig. 5. UV absorption spectra of Fe(II) methyl caffeate complex in the mixture of methyl caffeate
(10~ mol L) and various concentrations of Fe(II) (10-° to 10 mol L) in aqueous phosphate buffer at
pH =7.0 (spectra of phosphate buffer are subtracted).
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Fig. 6. VIS absorption spectra of Fe(Il) methyl caffeate complex in the mixture of methyl caffeate
(10-* mol L) and various concentrations of Fe(Il) (10~ to 10~* mol L) in aqueous phosphate buffer at
pH =7.0 (spectra of phosphate buffer are subtracted).
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Fig. 7. pH-dependence of Fe(Il) methyl caffeate complex formation in the mixture of methyl caffeate
(10~* mol L) and Fe(II) (10~* mol L™) in aqueous phosphate buffer (spectra of phosphate buffer are
subtracted).
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the medium and buffer composition (29, 30). Since complex formation occurs at pH 7, it has
physiological significance. The formation of Fe(II) complexes with caffeate and caffeic acid
esters, including phenylethyl caffeate, benzyl caffeate, and 3-methyl-2-butenyl caffeate, has
also been determined previously (30, 55-57). Phenylethyl caffeate has shown stronger
iron-binding ability than caffeic acid (56). Fe(Il) complexed with MC is expected to be less
active toward H,O, than free Fe(II), thereby reducing hydroxyl radical generation under
physiological conditions.

CONCLUSIONS

This study provides compelling experimental and computational evidence that MC
acts as a potent antioxidant via a PCET mechanism, with hydrogen tunnelling contributing
to its reactivity in nonpolar media. The kinetic and thermodynamic parameters, supported
by DFT and IBO analyses, confirm the mechanistic pathway. Furthermore, the ability of
MC to form stable Fe(II) complexes at physiological pH, while reducing hydroxyl radical
formation, highlights its potential as a metal-chelating antioxidant. These insights enhance
our understanding of the antioxidant properties of MC and support its further develop-
ment in therapeutic and industrial applications.
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