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The second-order rate constants (ko) of singlet-oxygen
quenching by caffeic acid and related phenols were measured
in ethanol and toluene. Caffeic acid derivatives deactivate
singlet-oxygen largely by physical quenching at ko = 10%-
10’M~!'s7! through the charge-transfer transition state.

4-Hydroxycinnamic acid derivatives (HCAs), such as caffeic
acid (CA, 3,4-dihydroxycinnamic acid) and ferulic acid (FA, 4-
hydroxy-3-methoxycinnamic acid) (Figure 1), are plant-origin
polyphenols, and are contained in beans, fruits, herbs, and
vegetables.' A considerable amount of HCAs are ingested
from dietary sources into animals and humans. The health
effects of HCAs have been attractive research targets and many
reports have been published.' It has been reported that like
other natural polyphenols HCAs show certain antioxidant and
pharmacological activities.!™ Our previous kinetic study on
free-radical scavenging by HCAs clarified their abilities as
antioxidants, which were less than those of tocopherols and
catechins, but sufficient to protect biological systems from
pathologies caused by free radicals such as lipid-peroxyl
radicals.!

Singlet oxygen ('0,) is molecular oxygen in the electroni-
cally excited lAg state, which is recognized as a reactive-
oxygen species.*® '0, production through photosensitization
or photobiological processes often induces oxidative injuries
in biological systems and also in industrial products. HCAs
should show 'O, quenching activity because of the presence of
reactive phenolic hydroxy (OH) groups, as well as many other
10, quenchers.>*® Hence, HCAs may be very valuable for
humans and other animals, and moreover they can be obtained
easily from plants. Accordingly, systematic studies on struc-
ture—activity relationships for !0, quenching by HCAs are
desirable.

In the present work, the second-order rate constants (kq) of
10, quenching by CA and its related phenols (Figure 1) were
measured by kinetic competition-reaction and time-resolved
EPR (TR-EPR).!®!! The mechanism and the structure-activity
relationship for 'O, quenching by HCAs are discussed on the
basis of the kg values thus obtained.
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Figure 1. Structures of CA and its related phenols.
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Figure 2. Absorption spectra recorded at 20min time-
intervals in ethanol at 35°C. [EP]=8.1 x 107°M and
[DPBF] =4.3 x 10°M.

Experimental

The structures of the molecules studied in this work are shown
in Figure 1. Caffeic acid (CA), chlorogenic acid (CGA), ferulic
acid (FA), isoeugenol (IE), guaiacol, and creosol were commer-
cially available reagents from Nacalai Tesque, and were used as
received. Half-curcumin (HC, 4-(4-hydroxy-3-methoxyphenyl)-
3-buten-2-one) and methyl caffeate (caffeic acid methyl ester,
CAM) were prepared according to reported methods."!? 3-(1,4-
Epidioxy-4-methyl-1,4-dihydro-1-naphthyl)propionic acid (EP) as
a !0, generating reagent was prepared according to a published
procedure.”? 2,5-Diphenyl-3,4-benzofuran (DPBF), 2,2,6,6-tetra-
methyl-1-piperidinyloxyl (TEMPO), and tetraphenylporphine
(TPP) were commercially available reagents from Wako Pure
Chemicals and were used as received. Ethanol (Wako) and toluene
(Wako) were dried and purified by distillation.

The kg measurement by kinetic competition-reaction was
performed for an ethanol solution of EP, DPBF, and an antioxidant
at 35.0°C with a Shimadzu UV-2100S spectrophotometer.”? 10,
was generated by thermal decomposition of EP. The decay curve of
the DPBF absorption at 410nm (Figure 2) was analyzed with a
reported procedure.”® In the analysis, the value ky = 8.3 x 10%s™!
was used as the natural decay rate constant of 'O, in ethanol.®8

The kq measurements by TR-EPR were performed in toluene at
room temperature with a JEOL JES-FA100 EPR spectrometer.'?
Detailed theory of chemically induced dynamic electron polar-
ization (CIDEP) phenomena and the experimental method have
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Table 1. ko Values and Peak Oxidation Potentials (£, vs.
Ag/Ag") of CA and Related Phenols

ko/10°M~ts! E,/mV®
Ethanol Toluene  Acetonitrile
Caffeic acid (CA) 1.23 — 900
Methyl cafteate (CAM) 0.90 — 937
Chlorogenic acid (CGA) 0.97 — 881
Isoeugenol (IE) 222 16.3 844
Ferulic acid (FA) 3.46 11.9 966
Half-curcumin (HC) 10.4 12.2 953
Guaiacol 0.36 0.37 1050
Creosol 2.60 1.53 986

a) The values from Ref. 1.

been described in the literature.!®!! An air-saturated sample

solution containing 0.1 mM TPP as a photosensitizer for 'O, and
0.1 mM TEMPO as a probe for 'O, was passed through a quartz
tube (dia.: 1 mm) and irradiated with a Nd-YAG laser (Continuum
Surelight-I, SHG: 532 nm, 9.7Hz). The decay curve of the EPR
signal for TEMPO was recorded by a digital oscilloscope (HP-
54510B) and was analyzed according to a reported procedure.'®!!

When 'O, quenching progresses by a bimolecular process
between 'O, and a quencher (Q) (reaction 1), the 'O, decay rate-
constant (kq) is expressed as follows:*!!

105 + Q =2 Products 1)
kg = ko + kq[Q] )

The kq value can be determined as a slope of the plot of k4 versus
the concentration of Q ([Q]).

Results and Discussion

The kg values for CA and its related phenols obtained in
ethanol and toluene are listed in Table 1, together with their
anodic peak oxidation potential (£,) values in acetonitrile.! The
kq measurements for CA, CAM, and CGA in toluene were
unsuccessful because of poor solubility. The kq values of these
HCAs are spread over 10° to 10’M~!s™!, but are 1 or 2 orders
smaller than those reported for epigallocatechin gallate (kg =
1.47 x 108M~'s7!) and a-tocopherol (2.06 x 103M~'s~1)3
The kg values of CA and FA are close to those reported in
acetonitrile.> From the present results, it is clear that HCAs
show certain 'O, quenching activity, but they are less
significant than other natural antioxidants. However, taking
into account their large daily intakes, HCAs are considered to
act as 'O, quenchers to protect biological systems. In ethanol,
the kq values of FA and HC are larger than those of CA, CGA,
and CAM. This fact is in contrast to the results for the second-
order rate constant of free-radical-scavenging (k) and for
vitamin E regeneration (k).' The k, values of CA and CGA
were reported to be 4 times as large as those of FA and HC. The
k. values showed a similar trend. These tendencies of & and &;
can be explained by the difference in the E, values of CA and
CGA and FA and HC. The E, values of CA and CGA were 50—
80mV smaller than those of FA and HC, and as a result, in
free-radical scavenging, the hydrogen-atom transfer reactions
of CA and CGA to the radical progress faster than those of FA
and HC.
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Figure 3. Semi-logarithm plot of kq vs. E, for CA, CAM,
CGA (E: in ethanol), and o-methoxyphenols (@: in
ethanol, O: in toluene).

Figure 3 shows a semi-logarithm plot of kq versus £, for CA
and related phenols. In o-methoxyphenols (FA, HC, guaiacol,
and creosol), a pseudo-linear relationship between log kg and
E, was obtained. The logkq value increases with decrease of
E,. Similar correlations between log kg and E|, were reported
for 'O, quenching by tocopherols, flavonoids, and catechins.”®
This behavior indicates that these o-methoxyphenols deactivate
'0, through a charge-transfer (CT) transition state, as well as
other phenolic quenchers.”® On the basis of this CT type 'O,
quenching mechanism, kq values in toluene were expected to
be larger than those in ethanol.** However, solvent dependence
of kg was not clear in the results for HC, FA, creosol, and
guaiacol. The kq value for IE followed a different trend from
those for the other o-methoxyphenols. The kq value for IE was
very small for its low E, value. It is difficult to give a suitable
explanation for this result. The 'O, quenching mechanism for
IE might be different from the other o-methoxyphenols. On the
other hand, in CA, CAM, and CGA, the change of log kg with
E, was very small, and the plots for them were different from
those for o-methoxyphenols. This behavior might suggest a
difference in '0, quenching mechanism between o-methoxy-
phenols and o-hydroxyphenols. The existence of strong intra-
molecular hydrogen-bonding between two phenolic OH groups
in CA and CGA is known."!* This intramolecular hydrogen-
bonding might reduce the 'O, quenching activity by locking a
proton at the OH group or by changing the charge distribution
around the OH groups. The kq values of CA and CGA in D,0
were reported to be larger than that of FA.2 This result might
come from the fact that the intramolecular hydrogen-bonds in
o-hydroxyphenols dissociate in water.

It has been considered that 'O, quenching consists of
“physical quenching” and “irreversible chemical reaction.”*”
10, quenching by chemical reaction decomposes the quencher,
whereas that by physical quenching does not. Figure 4 shows
the absorption spectrum monitored at 20 min time-intervals in a
solution containing EP and CA ([EP]=1.3 x 10™*M and
[CA]=6.1 x 1073M) at 35°C. The rise of the absorption at
290 nm with time indicates the generation of the EP precursor
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Figure 4. Absorption spectra recorded at 20min time-
intervals in ethanol at 35°C. [EP]=1.3 x 10™*M and
[CA] = 6.1 x 1073 M. The broken line shows the spectrum
of CA.

together with 'O, by decomposition of EP (Figure 4).”8
Although 'O, was generated and quenched by CA in this
system, the change of the absorption due to CA (335nm) was
negligibly small. Similar results were obtained for the other
HCAs and o-methoxyphenols. The results show that the
contribution of the chemical reaction in 'O, quenching by
HCAs is very small (<3%), and that their 'O, quenching
progresses largely by physical quenching. Thus, HCAs are
expected to be robust toward 'O, quenching.

In conclusion, from the present study, it is clarified that
HCAs have been demonstrated to show activity towards 'O,
quenching, and that they deactivate 'O, largely by physical
quenching through a charge-transfer transition state. Activities
of CA, CAM, and CGA less than FA might be explained by the
effects of intramolecular hydrogen-bonding.
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