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Abstract

Free radical generation as a result of oxidation reactions of rosmarinic acid (RA), a caffeic acid ester with 3,
4-dihydroxyphenyllactate, was investigated by electron paramagnetic resonance (EPR) spectroscopy using a variety of
oxidation conditions. Limitations and possibilities of using the various methodologies to obtain information about the
reaction chemistry of polyphenols are discussed. Three different spectra were detected dependent on the pH and oxidizing
agent. Feasible structures for the observed radicals were tested by density functional theory (DFT) calculations and the
results indicate that oxidation reactions can occur at both of the catechol groups.
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Introduction

In recent years, the chemical behaviour of polyphe-
nols has attracted increasing attention as a result of
the association of foods that are rich in polyphenols
with positive health effects. This is commonly as-
signed to the high antioxidant activity of polyphenols,
especially those in which catechol and/or pyrogallol
groups are present in the molecules [1].

Although there are nutritionally important antiox-
idants which are regenerated after oxidation by a
redox cycling process, e.g. a-tocopherol, this is not
necessarily the only type of reaction exhibited by
phenolic compounds. For example, only spectra from
degradation products of the flavonoid kaempferol

could be detected by EPR spectroscopy after alkaline
auto-oxidation [2,3], although this molecule has
similar antioxidative properties to those of its isomer
luteolin, which can redox cycle [4]. Nevertheless, the
potential for redox cycling can be regarded as one
important feature if a molecule is likely to function as
a biological antioxidant by scavenging reactive oxygen
species (ROS) and hence to protect cells from
oxidative damage.

The present work describes the oxidative chemistry
of the polyphenol rosmarinic acid (RA), a water-
soluble ester of 3,4-dihydroxycinnamic acid and 3,
4-dihydroxyphenyllactate (Figure 1). RA is found
mainly in the family of Lamiaceae [5], and can be
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Figure 1. Structure of RA showing the convention for numbering
the carbon atoms used in the present paper.

extracted from the herb rosemary, where it is stored
in the vacuole of the plant cell.

The two catechol groups on rings A and B can be
oxidized to o-quinones and are able to inacti-
vate peptides by binding to them [6]. RA has been
reported to have anti-viral, antibacterial, anti-
tumour, anti-hepatitis, anti-mutagenic, anti-allergic,
anti-carcinogenic and anti-inflammatory properties.
It also inhibits HIV-1 and blood clotting [6—10].

There are a number of previous reports of electron
paramagnetic resonance (EPR) measurements of free
radical formation in RA by alkaline oxidation [5,
11-14] and by oxidation with HRP/H,O, at pH 9.5
[7,15], but they contain considerable discrepancies in
both the hyperfine coupling (hfc) constants and their
assignments. Apart from the selection of spectral
acquisition parameters, the main reason for differ-
ences between results is probably the choice of
experimental conditions, e.g. pH, influence of O,,
solvent composition.

A reinvestigation of the oxidation of RA using EPR
spectroscopy has now been performed, with the aim
of improving our knowledge of its free radical
chemistry and obtaining a better understanding of
its antioxidant behaviour. The formation of ‘stable’
free radicals was investigated using five different
oxidation conditions. RA was auto-oxidized at pH
13 and oxidized by a Fenton reaction system (i.e. the
hydroxyl (-OH) radical), superoxide anion radicals
(05 7), generated from potassium superoxide (KO»,),
and ROS generated by two enzymatic systems at pH
7. Putative free radical structures obtained by inter-
pretation of the EPR spectra were then tested using
density functional theory (DFT) calculations.

Materials and methods

The polyphenol rosmarinic acid (=97% purity) and
the enzyme horseradish peroxidase (HRP) were pur-
chased from Fluka (Vienna, Austria), xanthine oxidase
(XO) (from bovine milk, Grade III) and superoxide
dismutase (SOD) (from bovine erythrocytes) were
purchased from Sigma (Vienna, Austria), xanthine (X)
from Merck (now VWR International GmbH, Vienna,
Austria) and potassium superoxide from Aldrich
(Vienna, Austria). Enzyme activities were: HRP:

~ 150 units/mg; XO: ~ 29 units/ml (one unit converts
1.0 pmole of X to uric acid per min at pH 7.5 at
25°C; ~50% of the activity is obtained with hypox-
anthine as substrate); SOD: 2500-7000 units/mg.

Auto-oxidation procedures

The influence of oxygen was investigated by two
different experimental setups, as reported by Pirker
et al. [3]. In the first procedure (‘auto-oxidation at
solution interface’) 0.1 m NaOH and 1 mmMm RA
(dissolved in DMSQO) were added consecutively to
an EPR flat cell (Wilmad-Labglass, Buena, NJ). The
auto-oxidation reaction occurred at the interface of
the two solutions and involved dissolved oxygen as
the oxidizing agent. In the second procedure (‘auto-
oxidation in mixed solutions’) the two solutions were
mixed in air in a microfuge tube and the resulting
mixture was then transferred to an EPR flat cell. In
this latter procedure, the effects of different volume
ratios of 1 mm RA and 0.1 m NaOH (1:1, 1.67:1 and
3:1) were also investigated. In a modification of this
latter method, RA was also auto-oxidized using a
pump flow system in which 1 mm RA (in H,0) and
0.1 m NaOH solutions were mixed at the bottom of a
flat cell already located in the spectrometer cavity. By
subsequently stopping the pump, the kinetics of the
degradation of Radical 1 and the development of
Radical 2 were investigated.

Oxidation with horseradish peroxidase/hydrogen peroxide
(HRP/H,03)

Oxidation with the system HRP/H,O, used solutions
with concentrations similar to those of Miura et al.
[16]. The oxidizing solution consisted of 200 pl of a
potassium phosphate buffer (50 mm, pH 7), which
were mixed in a microfuge tube with 50 pl of ZnCl,
(10 mm), 50 HRP (12.5um) and 5ul H,O0,
(100 pum). All solutions were made with Millipore
water (Millipore, Simplicity 185, Vienna, Austria).
The mixed solution (200 pl) was transferred into an
EPR flat cell and 200 pl of 1 mm RA (dissolved in
DMSO) were then added.

Generation of -OH radicals was confirmed in the
presence and absence of RA by the spin trapping
method using dimethyl-1-pyrroline-N-oxide (DMPO)
as spin trap. This was investigated by first mixing
150 pl phosphate buffer (50 mm, pH 7), 50 pl ZnCl,
(10 mm), 50l HRP (12.5 um), 200l DMPO
(50 mm) and 50 Wl H,O (with 4.8% DMSO) or
50 ul of 10mm RA (in H,O with 4.8% DMSO)
and then initiating radical production by adding 5 pl
H202.

Oxidation with xanthine/xanthine oxidase (X/XO)

The system X/XO was used to generate O, . The
experiment was carried out in 200 pl of potassium
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phosphate buffer (50 mm, pH 7), which was mixed
for a few seconds with 20 pl of X solution (657 pum)
and 5 pl of XO solution (8 pul XO/1 ml H,O; ~0.23
units/ml reaction solution). All individual solutions
were prepared with Millipore water. The final solu-
tion mixture (200 pl) was transferred to an EPR flat
cell and 200 pul of 1 mm RA (dissolved in DMSO)
were then added.

Generation of O, radicals was investigated in the
presence and absence of RA by the spin trapping
method using DMPO as spin trap. This was tested by
first mixing 250 pl X (1 mM in a 50 mM phosphate
buffer, pH 7), 190 pl DMPO (50 mm) and 50 pl H,O
(with 4.8% DMSO) or 50 pul RA (10 mm in H,O with
4.8% DMSO) and then starting the reaction by
adding 10 pl XO solution (10 pl XO/1 ml H,0).

Oxidation in a Fenton reaction system

-OH radicals are generated in the Fenton system as a
result of the reaction of H,0O, with Fe(II). The
reagent concentrations used were those of Blank
et al. [17], except that ascorbic acid was omitted in
the present work. Millipore water was used for
preparation of the individual solutions. A mixture of
200 pl of potassium phosphate buffer (50 mm, pH 7)
with 5pul FeCl; x 6H,O (10mm), 5ul EDTA
(25 mm) and 5 pl H,O, (100 pm) were placed in a
microfuge tube and the solution was mixed for a few
seconds using a Vortex mixer. The mixed solution
(200 pl) was transferred to a flat cell and 200 pl of
1 mMm RA (in DMSO) were then added. The flat cell
was placed in the spectrometer within 1 min of the
solutions being prepared and EPR spectra were
recorded immediately after tuning the spectrometer.

The spin trap DMPO was used to investigate the
generation of -OH radicals in the presence and
absence of RA. A solution of 235 pl potassium
phosphate buffer (50 mm, pH 7), 5 ul FeCls-6H,0
(10 mm), 5w EDTA (25 mm), 200pul DMPO
(50 mm) and 50 pl of H,O (with 4.8% DMSO) or
50 ul RA (10 mm in H,O with 4.8% DMSO) were
mixed and the reaction initiated by adding 5 ul H,O,.

Oxidation with potassium superoxide

The reaction of RA with O, radicals was also
investigated using KO, as the oxidizing agent in a
non-aqueous system. A 50 mm KO, solution
in DMSO was prepared according to Valentine et
al. [18]. The KO,-solution (200 pl) was mixed with
200 pl of 10 mm RA (dissolved in DMSO) solution in
a microfuge tube. The resulting solution was then
transferred to an EPR flat cell which was placed in
the spectrometer and the spectrum was recorded
as quickly as possible (~1 min after mixing the
solutions).
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EPR spectroscopy

All EPR spectra were acquired in 1024 points using
either a Bruker ESP 300E CW spectrometer
equipped with an ER4103TM cavity or a Bruker
EMX CW spectrometer equipped with a high
sensitivity resonator, both operating at X-band
frequencies. Microwave generation was by a klystron
in the ESP 300E and a Gunn diode in the EMX
spectrometer and in both spectrometers the micro-
wave frequency was recorded continuously using an
inline frequency counter. For most of the spectra a
modulation frequency (MF) of 100 kHz was chosen.
The microwave power (MP) and modulation ampli-
tude (MA) used for recording the various spectra are
indicated in the relevant figure captions.

After placing the flat cell in the microwave cavity,
the spectrometer was tuned manually to minimize the
time between commencement of the reaction and
recording the spectrum.

All of the parameters derived from the spectra were
refined by simulation using the Bruker Simfonia
software and g-values are expressed relative to diphe-
nylpicrylhydrazyl (DPPH) (g¢=2.0036), which was
used as an external standard.

DFT calculations

DFT calculations were performed with the
GAUSSIAN® 03 program [19]. The ground states
of the RA molecule in the free radical oxidized forms
were optimized at the unrestricted B3LYP/6-31G
level of the theory. Then the hfc constants were
calculated using the same B3LYP functional and the
EPR-II basis set on the B3LYP/6-31G geometry.

Results and interpretation
Auto-oxidation

Auto-oxidation of RA at the interface of the two
reaction solutions gave EPR spectra with two
radical components, a 19 peak spectrum (Radical 1,
Figure 2A) which was stable for ~ 5 min., followed
by a 14 peak spectrum (Radical 2, Figure 2B). The
spectrum of Radical 1 was simulated with five
'"H couplings, whereas the spectrum of Radical 2
was simulated with four inequivalent 'Hs. The hfc
constants and g-values of all detected radicals are
given in Table I.

When the reaction solutions were mixed prior to
being transferred to the flat cell, auto-oxidation of RA
always produced the 14 peak spectrum (Radical 2),
irrespective of the RA:NaOH volume ratio, although
there were slight differences in the hfc constants
(Table I). With the highest level of RA (RA:NaOH
ratio of 3:1), a weak 19 peak spectrum (Radical 1)
was detected initially, but this was quickly replaced by
the 14 peak spectrum of Radical 2, whereas Radical 2
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Figure 2. EPR spectra of Radicals 1, 2 and 3 from alkaline auto-oxidized RA at the interface of the reaction solutions (A, B) and using the
flow-system (C-E). (A) Radical 1 (MA 0.01 mT, MP 20 mW) and (B) Radical 2 (MA 0.001 mT, MP 20 mW), (C) Radical 1 (pump on;
MA 0.01 mT, MP 2 mW), (D) Radical 2 and 3 (pump off; MA 0.01 mT, MP 2 mW), (E) Radical 2 (pump off; MA 0.002 mT, MP 2 mW),
(F) simulation of Radical 3.

was the only radical observed from the outset with oxidation was also investigated using a stop-flow

lower RA:NaOH ratios. system. The initial radical was similar to Radical 1
Because of the indication in the above experiments (Figure 2C), although there were slight differences in
that the initial free radical is short-lived, RA auto- the hfc constants from those seen in the previous
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Table I. Variation with experimental conditions of the hfc constants (mT) in the spectra from RA oxidation.

Oxidation type a(*H) a(*H) a(*H) a(*H) a(*H) g-values

Radical 1 Auto-oxidation at solution interface 0.360 0.360 0.178 0.108 0.059 2.0047

Enzymatic systems (50% DMSO)

Flow system (100% H,O) 0.367 0.323 0.212 0.087 0.039 2.0046

O3 (100% DMSO) 0.357 0.329 0.220 0.150 0.102 2.0050
Radical 2 Auto-oxidation at solution interface 0.305 0.178 0.145 0.038 2.0044

Auto-oxidation in mixed solutions 0.302 0.176 0.146 0.037

(RA:NaOH =1:1)

Auto-oxidation in mixed solutions 0.307 0.176 0.146 0.036

(RA:NaOH =1.67:1)

Auto-oxidation in mixed solutions 0.318 0.175 0.151 0.034

(RA:NaOH =3:1)

Flow system (stopped, 100% H,O) 0.286 0.184 0.133 0.042 2.0045
Radical 3 Flow system (stopped, 100% H,0) 0.329 0.236 0.105 0.046 0.024 2.0044

O3 (100% DMSO) 0.292 0.207 0.160 0.106 0.106 2.0050

Enzymatic systems (50% DMSO) 0.257 0.235 0.114 0.110 0.107 2.0047

measurements, probably because of the different
solvent conditions (100% water) that were used. After
the pump was switched off, the signal from Radical 1
disappeared quickly and was replaced by a spectrum
(Figure 2D) which consists of at least two compo-
nents. One of these corresponds to Radical 3, which
was detected for ~ 10 min after the pump was
switched off and could be simulated with five inequi-
valent hfc constants (Table I). The other radical
component (Radical 2, Figure 2E) was stable for > 3 h.

Oxidation with O, and * OH radicals

Oxidation of RA by O, (generated by KO,) re-
sulted in a spectrum containing two components
(Figure 3A), whose simulations are shown in Figure
3B and C. They are similar to Radicals 1 and 3 from
the auto-oxidation experiments (Table I), except that
the hydroxyl groups are protonated in the 100%
DMSO solution (Figure 3, bottom), but deproto-
nated in alkaline conditions (Figure 2, bottom).
Radical 1 was unstable, but Radical 3 could be
detected for > 16 h. The differences in hfc constants
are probably the consequence of using different
solvents (100% DMSO in the O, experiment, but
0-50% DMSO in the auto-oxidation experiment).
Similar spectra were obtained when RA was
oxidized by the Fenton reaction system and the
enzymatic systems HRP/H,0O, and X/XO at pH 7,
provided the oxidant and the substrate were trans-
ferred into the flat cell consecutively. All generated
spectra consisted of at least two components with
similar stabilities (Figure 4A—C), one of which was
Radical 1. The spectra obtained using the Fenton
reaction and HRP/H,O, (Figure 4A and B) had to be
recorded with higher modulation amplitude than that
using X/XO, because of low signal intensities.
Consequently, the spectrum obtained using X/XO
as oxidizing agent (Figure 4C) shows better resolu-
tion. When the spectrum of Radical 1 (Figure 2A)
was subtracted from Figure 4C, the remaining

spectral intensity (Figure 4D) corresponded to Radi-
cal 3 (Figure 3C, Table I).

Interpretation

All assignments of hfc constants are based on DFT
calculations of the electron distribution in the pro-
posed radicals after structure optimization. A com-
parison of the DFT results with the experimental hfc
constants for all radicals is given in Table II.

Radical 1 most likely corresponds to oxidation of
ring B (Figure 5A). Similar hfc constants were
published by Pedersen [5] and Mouhajir et al. [12]
for alkali oxidized RA. At pH 10, Maegawa et al. [11]
obtained a similar radical to Radical 1, but with two
more hfc constants of <0.1 mT. They interpreted
the EPR spectrum as corresponding to two simulta-
neously generated monophenolate radicals on the two
oxygens of ring B. Bors et al. [15] also investigated
the oxidation of RA by HRP/H,O, at alkaline pH of
9.5 and assigned the spectrum to B-ring oxidation. A
structure based on B-ring oxidation is also supported
by the similarity of the magnitudes of the hfc
constants to those of oxidized dihydrocaffeic acid
(Figure 5B) [20]. According to the DFT calculations,
the two largest hfc constants arise from interaction of
the unpaired electron with one of the two 'H atoms in
position 13 and with the 'H in position 6’. The other
coupling constants can be assigned to the "H on C 11
and the 'Hs in position 5’ and 2’.

Radical 2 was only observed in alkaline solutions,
where it was much more stable than Radical 1.
Following the DFT calculation of Cao et al. [8], it
is likely that this radical is derived from oxidation at
the A-ring. However, the spectrum was simulated
with four 'Hs, whereas oxidation of the A-ring would
be expected to lead to five 'H coupling constants
(taking into account the 'Hs on the double bond in
the «- and f-position to the aromatic ring). It is
possible that carbon 4 becomes hydroxylated to give
the radical shown in Figure 5C, in an equivalent
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Figure 3. EPR spectra of RA oxidized by O, . (A) Radical 1 and Radical 3 (MA 0.001 mT, MF 10 kHz, MP 0.2 mW), (B) simulation of

Radical 1, (C) simulation of Radical 3.

reaction to that reported by Ashworth [21] for the
formation of trihydroxycinnamic acids by hydroxyla-
tion of dihydroxycinnamic acids during prolonged
auto-oxidation in strongly alkaline solution. The hfc
constants are in fairly good agreement with those of
Pedersen and Ollgaard [20] and Ashworth [21]
for the radical from 2,4,5-trihydroxycinnamic acid
(Figure 5D). The assignments in Table II are based
on the DFT calculations and the largest hfc constant
arises from the 'H in position 8.

Radical 3 was detected together with Radical 1 at
pH 7 and after oxidation by O, radicals; it was
also an intermediate radical product during alkaline
auto-oxidation using the stopped flow system. It is
likely that it corresponds to the radical formed by
oxidation on ring A, as predicted by Cao et al. [8].
Further support for this interpretation is obtained by
comparison of the hfc constants with those reported

for oxidized 3,4-dihydroxycinnamic acid in alkaline
and acidic media [7,21,22] and those of oxidized
chlorogenic acid [5,20]. The hfc constants of this
radical show a high sensitivity to solvent composition
(Table I), the biggest difference being apparent
between 100% H,O (alkaline auto-oxidation, flow
system) and 100% DMSO (oxidised by O,7). A
proposed structure for Radical 3 is shown in Figure
5E, together with the structure of 3,4-dihydroxycin-
namic acid as the model compound (Figure 5F). The
assignements of the hfc constants given in Table II are
based on results of the DFT calculations. Petrucci
et al. [14] have also proposed that a radical
formed from RA during alkaline oxidation by PbO,
corresponds to the oxidation product of ring A.
However, the hfc constants of their radical (0.334,
0.320, 0.190, 0.128, 0.083 mT) are in closer agree-
ment with those of Radical 1, where oxidation occurs
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Figure 4. EPR spectra of RA oxidized by (A) Fenton reaction system (MA 0.03 mT), (B) HRP/H,0O, (MA 0.05 mT), (C) X/XO (MA 0.01
mT), (D) residual spectrum after subtraction of Radical 1 from spectrum (C), (E) simulation of (D) using the parameters for Radical 3 in

Table I (20 mW MP).

on ring B (Table I). The RA radical obtained by Bors
et al. [7] after oxidation by HRP/H,O, at pH 9
was also interpreted as corresponding to the oxidized
A-ring, although the two smallest hfc constants were
absent from their EPR spectrum.

The generation of *OH and O, radicals was
confirmed in the experiments at pH 7 using the spin
trap DMPO, which is sensitive to oxygen-centred
radicals. Interestingly, RA functioned differently in
the three radical generating systems. In the Fenton
reaction system (with no ascorbic acid), in which iron
was provided as Fe(III), *OH radical generation
occurred only in the presence of RA. Thus we presume
that RA reduced Fe(III) to Fe(II) and was oxidized
itself. A typical spectrum from the Fenton reaction
mixture in the presence of DMPO and RA is shown in

Figure 6A. It consists of three DMPO-adduct signals,
the *OH-adduct, the O, -adduct and a C-centred
radical adduct. Under these experimental conditions
where RA was added before the reaction started, a very
weak EPR signal was detected in the absence of the
spin trap, indicating the build up of only low concen-
trations of a radical by RA oxidation.

*OH radical generation was confirmed in the
system HRP/H,O, in both the absence and presence
of RA. When RA was added before the reaction
started, a triplet signal (0.23, 0.16 mT) was detected
together with the *OH-DMPO-adduct (Figure 6B).
Since this triplet was also detected in the absence of
the spin trap, but not in the absence of RA, it
probably arises from oxidized RA, but it was not
possible to assign it to a specific radical.
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Table II. Comparison of experimental hfc constants with those obtained from DFT calculations.

Radical 1 a
Experiment (flow system) 0.087
DFT 0.132
Radical 2 as
Experiment (auto-oxidation at solution interface) 0.038
DFT 0.031
Radical 3 as
Experiment (flow system, stopped) 0.046
Experiment (O3 ™) 0.106
DFT 0.171

as> e’ 413(CH2) arp
0.212 0.323 0.367 0.039
0.214 0.287 0.344 0.022

Ag az ag
0.178 0.145 0.305
0.289 0.045 0.369

ay 6 az ag a1
0.105 0.329 0.236 0.024
0.160 0.292 0.207 0.106
0.215 0.367 0.233 0.012

The system X/XO generated O, radicals which
could be trapped by DMPO (Figure 6C), but within
a few minutes the spectrum of the O, -DMPO
adduct was replaced by that of the *OH-DMPO-
adduct due to a rearrangement of the radical adduct
[23]. No EPR signal was observed when RA was
present in the reaction solution, presumably because
of inhibition of XO which has been shown previously
for RA [24].

Thus it was necessary to transfer the X/XO
reaction solution and the RA solution (in DMSO)
consecutively to the flat cell, so that a sufficient
O, radical concentration could be built up before
reaction with RA. The relatively slow mixing of the
H,O and DMSO phases allows the O, scavenging
reaction to be observed before radical generation
ceases as a result of enzyme inhibition by RA.

Discussion

Three radical species were detected after oxidizing
RA under alkaline or neutral conditions and these
results indicate that radical formation can occur on
either of the two catechol groups (rings A and B), as
suggested previously by DFT calculations [8].
Although ring B is a stronger electron donor than
ring A, the radical formed on ring A is more stable.
Based on these facts and on published hfc constants
for o-semiquinone radicals substituted in p-positions,
it was possible to assign structures for the observed
radicals, which were then tested by our own DFT
calculations. The results strongly suggest that Radical
1 in the present work is formed by oxidation of the
catechol group in ring B, whereas Radicals 2 and 3
are generated by oxidation of ring A.

The radicals reported by Maegawa et al. [11],
Mouhajir et al. [12] and Pedersen [5,13], are similar
to Radical 1, but none of the present spectra agree
with the results of Bors et al. [7,15]. However, we
were able to reproduce the results from Bors et al.
[7,15] when measurements were repeated using their
experimental setup. There is ambiguity in the spectral
assignments of Bors et al. [7,15], the hfc constants
being assigned to an oxidized B-ring in one experi-
ment [15], but to an oxidized A-ring in the other [7].
Petrucci et al. [14] assigned the radical they observed

on RA oxidation to the oxidized A-ring, but the hfc
constants are closer to the radical we assign to B-ring
oxidation. Especially at alkaline pH, where the
semiquinone structure is based on a dianion, it is
very likely that the spin density of the unpaired
electron is delocalized over O3 and O4. Bors et al.
[7,15] suggested the simultaneous formation of
O3- and Ogy-semiquinones but, in the absence of
any chelating agent, only the O4-semiquinone was
assumed to be stable enough to be detected by EPR.
Zn (II) is a known and common chelating agent to
stabilize diphenolate radicals. It was used as a
component in the HRP/H,0O, oxidation procedure,
but in experiments with the X/XO system the
addition of Zn(II) decreased the signal intensity of
the RA radicals dramatically (data not shown). This is
likely to result from inhibition of the enzyme XO by
Zn(II) [25], with a final concentration of 2 mM in the
reaction solution. Maegawa et al. [11] also inter-
preted their RA radical as corresponding to the
presence of two separate monophenolate forms of
the B-ring. In the present measurements, the magni-
tudes of the hfc constants determined by DFT
calculations are consistent with the radical anion,
where the unpaired electron is delocalized over both
O-atoms, being formed at pH 13 and 7, as well as for
O, oxidation in DMSO.

The good agreement with reported hfc constants
from oxidized 2,4,5-trihydroxycinnamic acid [20,21]
strongly suggests that Radical 2 is hydroxylated at
carbon 4 under the strong alkaline conditions that we
used. Furthermore, there is good agreement between
the 'H coupling constants for Radical 3 and those
from 3,4-dihydroxycinnamic acid [21], which has a
similar structure to the A-ring part of the RA
structure, and with those from chlorogenic acid
[5,20]. Radical 3 showed a strong solvent dependency
of the hfc constants and this could be a reason for
differences between experimental and calculated hfc
constants, especially for the small values.

The radicals derived from RA oxidation in enzy-
matic systems at pH 7 were strongly influenced by the
order of mixing the reagents. In the case of X/XO,
radical generation was only seen when the oxidizing
solution (in H,O) and the RA solution (in DMSO)
were added consecutively to the flat cell, presumably
because of inhibition of the enzyme by RA. With
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Figure 5. Proposed structures for (A) Radical 1 from RA, (B) the
radical from dihydrocaffeic acid [20], (C) Radical 2 from RA, (D)
the radical from 6-hydroxycaffeic acid [20], (E) Radical 3 from RA
and (F) the radical from 3,4-dihydroxycinnamic acid [21]. The
numbering of the model compounds (B, D, F) has been adapted to
that in Figure 1, numbers according to the conventional nomen-
clature for these structures are in brackets.

HRP/H,0, the presence of RA had little effect on
*OH radical generation, but the spectrum from
oxidized RA, when RA was in the initial solution,
was different (a triplet) from that obtained when RA
was added later (Radical 1 and 3). This suggests an
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interaction of RA with HRP, as described by Jako-
pitsch et al. [26], where the antioxidant serves as a
hydrogen donor between different oxidation states of
the enzyme. With the Fenton reaction system,
RA was active in *OH radical generation and
O, radicals and a C-centred radical were also
detected in spin trapping experiments. Nevertheless,
the RA radical signal was very weak in solutions in
which RA was present from the beginning of the
reaction. It seems that RA acts as a reducing agent for
the Fe(III) on the one hand, but on the other hand it
also scavenges ROS.

Oxidation of both rings was detected in all experi-
ments, but differences were detected in the stability of
the radicals. At alkaline pH, using the flow-system,
the signal from Radical 1 was the only one observed
when the pump was on. Once the pump was switched
off, this signal was immediately replaced by the
spectra of Radical 2 and 3. At pH 7, Radicals 1 and
3 were both formed and had similar stabilities in the
enzymatic and Fenton reaction systems. On the other
hand, when RA was oxidized by O, in pure DMSO,
Radical 1 was less stable, although Radicals 1 and 3
were initially formed to similar extents.

According to Cao et al. [8] the bond dissociation
energies (BDE) of the protons of the hydroxyl groups
on carbon 2 (ring A) and 4’ (ring B) are similar and
low, which makes hydrogen abstraction likely to occur
from either ring. In addition, ring B has the highest
electron density in the highest occupied molecular
orbital (HOMO) in the ground state molecule,
indicating that this is the part of the molecule with
the best electron donation properties. However, the
lowest unoccupied molecular orbital (LUMO) is
located mainly on ring A, which consequently has
the better electron delocalization properties and
forms a more stable radical. This argument supports
the observed stability of Radicals 2 and 3, in which
ring A is oxidized, and the short half-life of Radical 1
at alkaline pH and in DMSO, where the B-ring is
oxidized. The simultaneous appearance of Radicals 1
and 3 at neutral pH after oxidation by HRP/H,0,,
X/XO and the Fenton reaction could be an effect of
either a continuous oxidation of ring B or an
interaction between rings A and B. The possibility
of the formation of a biradical in RA was tested at low
temperature (77 K). No peaks were observed that
could correspond to electron—electron dipole interac-
tions. Furthermore, hfc constants from DFT calcula-
tions of triplet state electron configurations for
doubly oxidized RA deviated from experimentally
obtained hfc constants (data not shown).

The observation of hydroxylation in ring A after
alkaline auto-oxidation at the interface of the two
reaction solutions suggests an earlier oxidation of ring
A which was not visible in the EPR spectra. An
explanation could be a fast reaction rate of the
oxidized A-ring with hydroxyl ions under such strong
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Figure 6. EPR spectrum of (A) the Fenton reaction system in the presence of RA (MA 0.1 mT), (B) HRP/H,O, system in the presence of
RA (MA 0.1 mT), (C) the X/XO system (MA 0.1 mT) using DMPO as spin trap (20 mW MP).

alkaline conditions. This is also a reasonable explana-
tion for the EPR-spectra seen on alkaline oxidation,
where the RA stock solution and NaOH were mixed
with O, in a tube before being transferred to the EPR
flat cell. In those experiments the hydroxylated
component (Radical 2) was visible from the begin-
ning of the EPR measurements.

Conclusions

The results of this work give further insight into the
free radical chemistry of the polyphenolic ester RA.
Contrary to previous reports based on EPR studies,
the present work shows that both rings A and B can
be oxidized, but the stability of the resulting radicals
varies with experimental conditions. The basic struc-
ture of the molecule was maintained in all of
the radicals observed in the present experiments,
suggesting that these oxidation products could be
reduced under appropriate conditions. Although the
EPR technique provides no information on diamag-
netic products that might result from further oxida-

tion of RA, the relative stability of the radicals,
especially at physiological pH values, indicates that
they could form a redox-cycling system, an important
property for a biological antioxidant molecule.

By relating the EPR measurements to results from
DFT calculations of the electronic structure of puta-
tive radical species, it was possible to assign the various
hfc constants to 'H atoms in the radicals with greater
confidence than previously and some changes in
previously published assignments have been proposed.
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