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Radicals from one-electron oxidation of 4-hydroxycin-  Abbreviations: 4-HC, 4-hydroxycinnamate; 3,4-DHC,

namate, ferulate and 34-dihydroxycinnamate have 34'd1h}’dfoxycumamate, FA, ferulic acid; DQ,

been formed by reaction with the oxidising triplet duroquinone; TR’, time-resolved resonance Raman

state of duroquinone. All three compounds react with

triplet duroquinone with second order rate constants

close to the diffusion-controlled limit. The identity of

the resulting radicals is confirmed by observation of

their characteristic visible absorptxon spectra. Time-

resolved resonance Raman (TR®) spectra of the radical ~INTRODUCTION

from 4-hydroxycinnamate were measured using a
robe laser wavelength of 600 nm, to be in resonance . . .. ,

snth the long w avgfsn gth absorption band of the Chain br.eakmg. a‘nhox1dants are responmblie er

radical. The TR® spectra contain prominent bands the repair of hpld peroxyl radicals (LOO®) in

ascribed to the C—O and ring C—C stretching vibra-  membranes and lipoproteins, preventing dele-

tions. The spectra are interpreted as indicating strong :
delocalisation of the radical site to the double bond terious damage to these structures. The most

in conjugation with the aromatic ring in 4-hydroxy-  important of these is a-tocopherol (vitamin E,
cinnamate. This contributes to the low reduction  T-OH).!! The favourable stereoelectronic prop-

p;’;fngal of the rac;itcal and the antioxidant properties  ertjes of the a-tocopheroxyl radical (T-O®) which
ot flydroxycinnamates. is formed in the chain-breaking reaction (1)

Keywords: Radical, hydroxycinnamate, time-resolved,
resonance Raman, spectroscopy, oxidation

LOO® + T-OH - LOOH +T-0° (1)

*Corresponding author. Tel.: (0161)2954912. Fax: (0161) 295 5210. E-mail: r.h.bisby@salford.ac.uk.

85

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/23/11
For personal use only.

86 R.H. BISBY AND A.W. PARKER

contribute to the stability and low reactivity of
T-O*, enhancing the effectiveness of a-tocopherol
as an antioxidant."”! There is growing interest in
other naturally occurring phenolic compounds
that display biological antioxidant properties.
These include the hydroxycinnamates of which
the most important are 4-hydroxycinnamic acid
(4-HC, p-coumaric acid), ferulic acid (FA,
4-hydroxy-3-methoxycinnamic acid) and 34-
dihydroxycinnamic acid (3,4-DHC, caffeic acid).
These compounds appear as components of
many plant-derived foods.™ Such compounds
have been demonstrated to react with aqueous
free radicals,'®’ to inhibit lipoprotein oxidation,”!
and to react with oxidising *OH adducts of
pyrimidines.®*! Foley et al.'! have also shown
that these compounds are also modest singlet
oxygen quenchers (second order quenching rate
constant, kq=4x10°t0 4x10"dm’mol"' s
compared with the water-soluble a-tocopherol
analogue Trolox C (kq= 4.4 x 10®dm®*mol ' s 7)1
The same authors have also measured the one-
electron reduction potentials of the radicals from
these hydroxycinnamates and found them to be
between 50 to 100 mV more positive that of the
Trolox C radical, confirming them to be rather
weaker antioxidants than Trolox C on this basis.
Time-resolved resonance Raman spectroscopy
enables vibrational spectra of short-lived free
radicals to be obtained using nanosecond pulsed
lasers!"? and provides insights into the structural
details of the intermediates not readily available
through other time-resolved techniques. The
resonance Raman spectra of phenoxyl radicals
have been studied in detail. "> In the case of
several phenoxyl radicals having 4-substituents
(-OCHs;, F, CH; etc),“sl the spectra indicate a
structure approaching that of the semiquinone
radical, indicating substantial involvement of the
pr electrons of the substituent with the 7 systems
of the phenoxyl radical. Similar effects have been
noted in the resonance Raman spectra of the toco-
pheroxyl!"”! and probucol™ radicals. In effect
these observations substantiate the conclusions
of Burton and Ingold,™ based partly on ESR

spectra. These suggest that the high effectiveness
of a-tocopherol as an antioxidant stems from
the delocalisation of the electrons from the 2pw
orbital of the chroman oxygen atom to the phe-
noxyl site in the tocopheroxyl radical, promoted
by the rigid structure of the chromanol system.

MATERIALS AND METHODS

All chemicals used in these experiments were
used as received from Sigma. Solvents were
either HPLC or Spectroscopic grade. Water was
obtained from a MilliQ purification unit.

Laser flash photolysis experiments were under-
taken using the output of a dye laser (360 nm,
~1m] pulse™’, 10ns pulse width) pumped by a
XeCl excimer laser. Transient absorption spectra
were determined with a spectrometer system
containing a tungsten lamp and photodiode
detector. Solutions were thoroughly degassed by
bubbling with argon. Time-resolved resonance
Raman experiments were undertaken using the
apparatus as described previously."® Briefly,
the excitation (pump) laser pulse was the same
as in the flash photolysis experiments, giving a
pulse energy of ca 0.1 mJ pulse™ (10Hz) at the
sample, which was circulated in a quartz tube
(2mm internal diameter). The probe laser beam
(0.1m]J pulse‘1 at the sample) was obtained from
a Continuum Sunlight OPO system. The scat-
tered Raman signal was dispersed by a Spex
Triplemate and detected using a thinned back-
illuminated CCD detector. Frequency calibration
was obtained from the known Raman spectrum

of toluene and is expected to be +2cm .

RESULTS AND DISCUSSION
Oxidation of Hydroxycinnamates by Triplet
Duroquinone

The radicals from 4-HC, 3,4-DHC and FA were
generated by laser flash photolysis (360 nm) of a
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FIGURE 1 Transient absorption spectra of free radicals from one-electron oxidation of hydroxycinnamates by triplet dur-
oquinone measured by laser flash photolysis. The solutions in ethanol/water (50/50v/v) contained phosphate buffer
(25mmol dm 3, pH 7.0), duroquinone (2.5mmoldm™>) and hydroxycinnamate (1 mmoldm>). The spectra are from solutions
of 4HC (A), FA ([J) and 3,4-DHC (). Also shown for comparison is the spectrum from a similar solution containing ascorbate
(O). Inset: First order rate constants (k;) for decay of the ’DQ absorption at 490nm and 25°C as a function of solute

concentration, symbols as in the main figure.

solution of the appropriate solute and duroqui-
none (DQ)). Excitation of DQ leads initially to the
singlet state which relaxes on a picosecond time-
scale to the oxidising triplet state E,(*DQ/
DQ~* =2.17V).['%1 Rates of reaction of *DQ with
the solutes were determined from measure-
ments of the decay of the >DQ absorption at
490nm in deaerated (argon purged) solutions
containing phosphate buffer (25mmoldm?,
pH 7.0) in ethanol/water (50/50v/v). The inset
to Figure 1 shows the first order rate constants
plotted against solute concentrations. The inter-
cepts indicate the lifetime of >DQ to be ~5 s in
deaerated solution in the absence of reactive
solute. The slopes of these plots give the second
order rate constants for reaction of *DQ with
4-HC, 3,4-DHC and FA shown in TableI to be
in the range (1.5-2.0) x 10° dm®mol*s™%. These
values are approaching the diffusion-controlled
limit in accord with the high oxidation potential
for *°DQ. The increase in reactivity 4-HC <FA <

34-DHC appears significant considering the
experimental error and follows the same trend
established for reaction of singlet oxygen and the
azidyl radical with these same compounds™?!
(see Table I). Whilst the radicals from one-electron
oxidation of 4-HC and FA have similar reduction
potentials, the lower value for 3,4-DHC appears
to be correlated with its higher reactivity.

In the presence of 1mmol dm™ of one of the
hydroxycinnamates, the lifetime of *DQ will be
of the order of 500ns according to the second
order rate constants described above. The tran-
sient absorption spectra in Figure 1 measured
10us after the laser pulse therefore represent
the spectra of the product hydroxycinnamate
and durosemiquinone radicals. The spectra at
A>480nm are very similar to those measured
previously from pulse radiolysis experiments!'%*"!
in which reaction occurs by one-electron oxid-
ation. This therefore confirms that the >DQ reacts
by electron transfer to give the corresponding
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TABLE I Second order rate constants (units dm>mol™'s™") for reaction of triplet duroquinone (*DQ), singlet oxygen ('0,)
and azidy! radical (N3) with hydroxycinnamates, and one electron reduction potentials (E;) of the radicals at pH 7. Marked

values (#) are from reference[10]

Compound (X) k CDQ+X) k (O + X k(N3 +X)F Ei (pH 7, mV)*
4HC (1.59 £ 0.04) x 10° 6 x 10° 1.0x10° 590
FA (1.69 £0.05) x 10° 20 x 10° 4.3 % 10° 595
3,4-DHC (1.93 +0.06) x 10° 40 x 10° 3.9 x 10° 534
X X
HO Y/ COO- 4 3pa > 0 Y COO- + H* + DQ-

X=-H, 4-hydroxycinnamate (4HC)

-OMe, ferulic acid (FA)

-OH, 3,4-dihydroxycinnamate (DHC)

SCHEME 1 Oxidation of hydroxycinnamates by triplet duroquinone (*DQ) at pH 7.

phenoxyl radical (Scheme 1). The peak at 440 nm
is due to the simultaneous formation of the dur-
osemiquinone radical anion (DQ~*) as shown by
the spectrum generated by reduction of °DQ with
ascorbate. Whilst radicals from 3,4-DHC and FA
lack strong absorption peaks in the visible
region, that from 4-HC (the “cinnam-4-oxyl”
radical) has a characteristic long wavelength
peak at 600nm with ¢ ~3,200dm’mol ' cm ™! by
comparison with the intensity of the DQ~*absorb-
ance at 440nm (g, 7,600 dm®mol~} cm‘l).m}

Time-resolved Resonance Raman Spectra

Of the three hydroxycinnamates investigated,

~ time-resolved resonance Raman (TR spectra

could be obtained only from the radical of
4-HC. The TR? spectrum of the cinnam-4-oxyl
radical in a methanol/water (50/50 v/v) solution
at pH 7 was observed at a pump-probe delay
of 2ps and is shown in Figure 2. The radical
was generated by oxidation of 4-HC by *DQ as
described above. The probe laser wavelength was
tuned to 600 nm so as to be in resonance with the
long wavelength absorption of the radical as
shown in Figure 1. The durosemiquinone radical

does not absorb at 600nm, and therefore does
not contribute to the observed TR spectrum.
The TR® spectrum contains two dominant bands
at 1543 and 1593cm™!, in addition to some
weaker bands at 1280~1320 cm ™~ which are less
well resolved. Aryloxyl radicals generally show
strong resonance Raman bands assigned to the
C—O (Wilson vy,) stretching vibration and the
ring C—C (Wilson vg,) stretching mode.[13-16]
When probed within its long wavelength
absorption band at 400nm, the C—O band of
phenoxyl radical is observed*! at 1505cm™.
At this excitation wavelength the C—C band of
phenoxyl is not observed, but has been reported
at 1552cm™" on probing within the higher
energy transition corresponding to the shorter
wavelength absorption band at 245nm./?! The
resonance Raman spectrum of the cinnam-4-oxyl
radical displaying the predominant C—O and
C—C bands on long wavelength excitation is
more similar to other reported phenoxyl radicals
with electron donating para substituents, such
the neutral hydrosemiquinone and 4-methoxy-
phenoxy! radicals.®

Consideration of these data clearly identifies
the cinnamoxyl radical resonance Raman band
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FIGURE 2 Time-resolved resonance Raman spectra of cinnam-4-oxyl radicals in solvents of varying dielectric constant. The
spectra were measured in solutions containing DQ (2.5 mmol dm ) and 4-HC (1 mmol dm ™) excited at 360 nm and probed by
a second laser pulse (600nm) delayed by 2 ps. Probe-only solvent spectra and sloping baselines have been subtracted.

at 1543 cm™! to be the C—O stretching vibration.
This may be compared™® with the vibrational
frequencies of a typical C=0O double bond
(bond order 2, at 1700 cm’l), a C—O single bond
(ca. 1200cm™ in phenols) and the symmetric
C—O stretching vibration at in carboxylate
ions (bond order 1.5, 1360-1450cm™!). This
suggests that the C—O bond in the cinnam-4-
oxyl radical has some single bond character.
Nevertheless the band at 1543 cm™" is at signifi-
cantly higher frequency than in the phenoxyl
radical (1505cm ™)™ and the 4-methoxyphen-
oxyl radical (1518 cm ™ H18! indicating that the
resonance form B of the cinnam-4-oxyl radical
(Scheme 2) contributes more in the present

y A cOo0-
e m oD e )=
A B

example. The charge separated form (C) is prob-
ably not so significant in this case, although it has
been proposed for such as the 4-aminophenoxyl
radical where the polar substituents stabilise the
charge separation.']

The strong band at 1592 cm ™" may be assigned
to the C—C ring stretching vibration by analogy
with previous examples of phenoxyl radical
spectra.l">*! In the a-tocopheroxyl radical and
analogues in which there is significant electron
delocalisation from the 2p orbital of the para
oxygen atom in the chroman ring to the phen-
oxyl radical site, the C—C band appears at
ca 1600cm ™" and is resonantly enhanced to an
extent comparable with that of the C—O band.['”!

+

C

SCHEME 2 Possible resonance valence forms of the cinnam-4-oxyl radical.
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In contrast, in the 4-methoxy,2,3,5,6-tetramethyl-
phenoxyl radical steric interactions between
methyl and methoxyl groups force the methoxy
group out of the plane of the aromatic ring. The
2p orbital of the para oxygen atom is forced
towards becoming parallel to the aromatic
ring, reducing overlap between the methoxyl
oxygen 2p orbital and the aromatic 7 orbitals.
Consequently radical delocalisation is diminished,
4-methoxy,2,3,5,6-tetramethylphenol is a much
weaker antioxidant than 4-methoxylphenol®®
and the C—C band is not observed in the TR?
spectrum of 4-methoxy,2,3,5,6-tetramethylphen-
oxyl.l'’”} The observation of the C—C band in
the cinnamoxyl radical therefore also implies
substantial delocalisation from the 4-substituent,
in this case the ethylenic bond, to the phenoxyl
radical site.

Figure 2 also shows that the cinnam-4-oxyl
radical may be observed on oxidation of 4-HC
by 3DQ in less polar solvents. In contrast to the
solvent effect on the TR® spectra of the Trolox C
radical where both the position and enhance-
ment of the C—C band and are fairly solvent-
sensitive,['”! for the cinnam-4-oxyl radical there
is no significant solvent effect on the enhance-
ment of this band intensity. There are also fairly
small changes in the positions of the C—O band
(from 1543 cm ™ in methanol to ca. 1550cm ™ in
1,4-dioxane) and the C—C band (from 1592 cm ™!
in methanol to 1588cm™ in 1,4-dioxane). The
lack of solvent effect is due to the lower polarity
of the 4-substituted double bond in cinnam-
4-oxyl compared with the chroman oxygen atom
in a-tocopheroxyl and similar radicals.

In conclusion, the TR® spectra show that in the
cinnam-4-oxyl radical the conjugated double
bond serves the same purpose as the chroman
oxygen atom in a-tocopheroxyl in permitting
delocalisation from the para substituent to the
radical site. The consequent increased stability
of the radical is a major factor in reducing the
one-electron reduction potential of the radical,
thereby contributing to the increased antioxidant
activity of these compounds.
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