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Abstract Reliable quantitative kinetic data on the anti-
oxidant activity of capsaicin (CAP) is lacking, and the
antioxidative mechanism of CAP is still unclear. Therefore,
an investigation aimed at elucidating the antioxidative sites
of CAP that react with chain-propagating peroxyl radicals
was undertaken. First, the reaction of CAP with 2,2-
diphenyl-1-picrylhydrazyl (DPPH) was investigated, and it
was found that the stoichiometric factor of CAP is 2. Then,
the rate constant for the reaction of CAP with peroxyl
radicals derived from cumene was measured. CAP reacted
with peroxyl radicals at a constant rate of ki, = 5.6 X
10 M ' s Furthermore, the inhibitory effects of various
related compounds against cumene oxidation were mea-
sured, showing that the phenolic OH group is the active
portion of the molecule. In addition, the kinetic solvent
effects of DPPH/CAP reactions were measured in metha-
nol, acetonitrile, acetone and tetrahydrofuran. In particular,
an enhancement in the reaction rate was observed in
alkaline methanol, indicating that these results are due to
the partial ionization of the phenol of CAP and very fast
electron transfers from the phenolate anion to DPPH. We
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interpreted these results as indicating that the phenolic OH
group of CAP is mainly associated with peroxyl radical
scavenging.
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Introduction

Capsaicin (CAP) is a major pungent principle present in
hot peppers and is widely consumed as a food additive
throughout the world [1]. Due to degradation of foods
containing lipids induced by free radicals, natural anti-
oxidants present in plant foods have attracted considerable
interest [2]. It is generally known that CAP shows anti-
oxidant activity against lipid peroxidation in animal
tissues, especially rodent lung [3, 4] and liver [5, 6]. We
previously reported that CAP inhibits oxidation of phos-
phatidylcholine liposomal membranes as effectively as
a-tocopherol (o-toc) [7]. We also showed that CAP is
capable of scavenging hydroxyl radicals and its ability is
characterized by the reaction against hydroxyl radicals
with a rate constant of 3.5 x 10'° M~! s™! [8]. However,
as far as we know, reliable quantitative kinetic data on its
antioxidant activity is lacking. Furthermore, the antioxi-
dative mechanisms of CAP have not been well docu-
mented. Kogure et al. [9] investigated the antioxidative
mechanism of CAP and reported that the radical scav-
enging site of CAP was the C7-benzyl carbon rather than
the phenolic OH group.

It is well known that the free radical scavenging ability
of phenolic antioxidants depends on the reaction environ-
ment in which the reaction occurs [10-14]. That is, free
radicals react with phenols (ArOH) via two different
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mechanisms: (1) the direct abstraction of the hydrogen
atom of ArOH by free radicals (HAT mechanism), and (2)
the electron-transfer process from ArOH or its phenolate
anion (ArO7) to free radicals (ET mechanism) [15]. These
reaction rates are strongly affected by the nature of the
solvents. In general, the HAT reactions are predominant in
apolar solvents and nonprotic polar solvents reduce the rate
of many ArOH-free radical reactions. Therefore, if the rate
of reaction of CAP with radicals is dependent on the sol-
vents, this fact suggests that the antioxidant effect of CAP
is conveyed by its phenolic hydroxyl group.

By discussing the structure—activity relationship of CAP
(structures in Fig. 1) and the kinetic solvent effects of the
radical reaction with CAP, we provide here convincing
evidence that the phenolic OH group of CAP is the most
important site as an antioxidant.

Materials and Methods
Materials

CAP, N-benzylacetamide, and 2,2'-azinobis (3-ethylben-
zothiazoline-6-sulfonic acid) ammonium salt (ABTS) were
purchased from Tokyo Chemical Industry Co. (Tokyo,
Japan) and used without purification. 2-Methoxy-4-methyl-
phenol was obtained from Sigma-Aldrich (St. Louis).
Cumene, 2,2'-azobis (isobutyronitrile) (AIBN), 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH), galvinoxyl and chloroben-
zene were obtained from Wako Pure Chemical Industries
(Osaka, Japan). AIBN was recrystallized from methanol,
and cumene was purified on a silica-gel column before use.
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Fig. 1 Structures of CAP and its derivatives in this work

&\ Springer ANOCS &

a-Toc was from the Kanto Chemical Co. (Tokyo, Japan)
and used without purification. All other reagents of the
highest grade were commercially available.

Methods

Synthesis of N-(3,4-dimethoxybenzyl)-8-
methylnonanamide (MeO-CAP)

MeO-CAP was synthesized from CAP according to the
method of Hashimoto et al. [16]. After the reaction was
over, MeO-CAP was applied on an RP-18 preparative TLC
plate and developed with methanol/water (3:2, v/v) up to
3 cm from the upper edge. Then, MeO-CAP was extracted
by methanol, and confirmed using mass spectrometry
(direct insertion). The mass spectra of MeO-CAP was
measured with a JEOL JMS-AM II series spectrometer
(inlet temperature 200 °C, 70 eV); MS m/z (relative
intensity): 307 (M*, 20%), 151 (100, C¢Hs (CH30),CH, ™).

Inhibitory Effect of CAP on Cumene Oxidation
in a Chlorobenzene Solution

Cumene (5.35 M) in chlorobenzene in the presence of an
appropriate amount of CAP was incubated at 30 °C in air.
A solution of AIBN (23 mM) in chlorobenzene was added
to this reaction mixture. The rate of the cumene oxidation
was followed by measurement of the cumene hydroper-
oxides (CHP) generated from the cumene using a reverse
phase HPLC (0.3 mL/min, methanol/water (85/15), Shise-
ido CAPCELLPAK C;g column 3.0 mm x 150 mm X
5 pm) and the peaks were detected at 260 nm [17, 18]. The
consumption of CAP was analyzed at the same time using a
C;s HPLC with a UV detector at 279 nm.

Reactivity of CAP Toward DPPH, Galvinoxyl,
and ABTS Cationic Radical (ABTS ")

DPPH (50 uM) and CAP were dissolved at 30 °C in
chlorobenzene, methanol, acetonitrile, acetone, and tetra-
hydrofuran (THF), respectively. On the other hand, gal-
vinoxyl (5.0 uM) and CAP were dissolved at 30 °C in
chlorobenzene and methanol, respectively. The decays of
DPPH or galvinoxyl by CAP were followed using a spec-
trophotometer (BECKMAN DU7000) at 517 or 429 nm,
respectively [17, 18]. At the same time, the consumption of
CAP by reaction with DPPH was analyzed using a reverse
phase HPLC (0.3 mL/min, methanol/water (85/15), Shise-
ido CAPCELLPAK C;g column 3.0 mm x 150 mm x
5 pum) and the peaks were detected at 279 nm. In the same
way, the rates of the DPPH or galvinoxyl-scavenging
reactions were monitored at 517 or 429 nm in methanol
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containing 10 mM acetic acid [12] or 50 pM potassium
hydroxide, respectively [15]. ABTS™ was prepared
according to the method of Feng et al. [19]. The absorbance
at 734 nm of the mixture became stable and was monitored
by a spectrophotometer after CAP was added to the
ABTS™" solution at room temperature.

Reactivity of CAP and MeO-CAP
toward Peroxyl Radicals

The reactivity of CAP and MeO-CAP toward the peroxyl
radicals was estimated using a radical initiator, AIBN. The
consumption of CAP (150 pM) and MeO-CAP (150 uM)
with AIBN (15 mM) in acetonitrile at 50 °C was analyzed
using an HPLC equipped with an RP-CI8 column
(3.0 mm x 150 mm x 5 pm, Shiseido) and methanol/
water (7:3, v/v) as an eluent at a constant flow rate of
0.3 mL/min. CAP and MeO-CAP were detected by UV
absorption at 279 nm using an HPLC detector (Shiseido
Nanospace SI-2). At the same time, the absorption spec-
trum (200-350 nm) of CAP and CAP were measured every
1.0 nm using a BECKMAN spectrophotometer DU7000.

Calculation of Bond Dissociation Enthalpy Values

The calculation of the C7-benzyl carbon-hydrogen bond
dissociation enthalpy (BDE)’s values of CAP and MeO-
CAP was performed for the gas-phase by the Gaussian 03
program (Gaussian, Inc., Carnegie, PA, USA) [20] using
the density functional theory (DFT) as follows: geometrical
optimization and determination of the vibrational fre-
quencies were performed using HF/6-314+G (2d, p). The
single-point electronic energies were obtained using
B3LYP/6-314-G (2d, p).

Results and Discussion

Antioxidant Activity of CAP on Cumene Oxidation
in Chlorobenzene Solution

In our previous paper [7, 8], we reported that the antioxi-
dant activity of CAP on methyl linoleate oxidation is much
less than that of a-toc in an acetonitrile solution. Similar
results were reported for the reaction of CAP toward DPPH
in a homogeneous solution. Therefore, at first we undertook
a detailed study of the antioxidant activity of CAP in
chlorobenzene solution in order to obtain quantitative
information as a chain-breaking antioxidant. Chepelev
et al. [21] also reported that the autoxidation of cumene
initiated by AIBN in chlorobenzene has certain advantages
for determining the rate constants for peroxyl radical
trapping by antioxidants. Recently, we showed the

antioxidant activities of allicin, one of the main thiosulfi-
nates in garlic, and S-benzyl phenylmethane-thiosulfinate
from Petiveria alliacea L. against the oxidation of cumene
in a chlorobenzene solution [17, 18]. We decided to
investigate the antioxidant activity of CAP under this same
condition as had been used for the measurement of the rate
constant, k;,,, for allicin.

Figure 2A shows a plot of the CHP during the initiated
oxidation of cumene in chlorobenzene in the presence of
CAP or o-toc. It is clear that both the CAP and a-toc were
highly effective chain-breaking antioxidants that gave
sharp, well-defined induction periods in this condition. For
quantitative studies in a homogeneous solution, it was
necessary to determine whether the CAP was consumed by
the end of the inhibition period of the cumene oxidation.
As shown in Fig. 2B, CAP was found to be almost com-
pletely consumed by the end of the inhibition period of the
cumene oxidation. Moreover, the time of the induction
period, 7, generated by CAP was the same as that of a-toc.
This means that one molecule of CAP can scavenge two
peroxyl radicals derived from cumene, namely, the number
of peroxyl radicals trapped by one molecule of an antiox-
idant is 2 because wa-toc is known to trap two peroxyl
radicals per molecule under this condition [22]. In order to
identify this fact, we measured the rate of reduction of
DPPH by CAP and the amount of unreacted CAP
remaining after the CAP was mixed with equimolar
quantities of DPPH in chlorobenzene. As shown in Fig. 3,
it was found that 50% of the CAP remained, despite the
fact that DPPH was completely reduced by the CAP. This
result was also confirmed by demonstrating that one mol-
ecule of CAP reacted with two molecules of DPPH [23].

In general, the activity of a radical-scavenging antioxi-
dant in a homogeneous solution is primarily determined by
the rate constant of the scavenging peroxyl radicals by the
antioxidant during the induction period of the substrate
oxidation. We then determined the rate constant, kj,,, by
measuring the R; and Rj,,, the rate of chain initiation and
the rate of CHP formation, respectively, during the
induction period of the cumene oxidation. The rate of the
inhibited oxidation is given by Eq. 1 [24, 25],

d[ROOH]  k,[RH] .
dt  nkin[TH] (m

inh =

where ROOH, RH, IH, n, and k, are the substrate hydro-
peroxide (CHP), substrate (cumene), antioxidants (CAP),
stoichiometric number (the number of peroxyl radicals
trapped by one molecule of an antioxidant), and the rate
constant for the chain propagation, respectively. R; was
determined by the inhibitor method using a-toc as a ref-
erence antioxidant: R; = 2[a-toc)/t. The k, value was
0.18 M~ ! s7! under this condition [26]. As a result, CAP
and a-toc reacted with peroxyl radicals derived from
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Fig. 2 Inhibitory effect of CAP on the oxidation of cumene induced
by AIBN in chlorobenzene. Cumene (5.35 M) was oxidized at 30 °C
in chlorobenzene under air with AIBN (23 mM). A A plot of CHP
during cumene oxidation in the absence (a) and presence (b) of
5.0 uM CAP, and (c) 5.0 uM o-toc. B Consumption of CAP during
cumene oxidation. The decay of CAP was measured by HPLC

cumene with a rate constant of kj,, = 5.6 x 10° and
6.3 x 10'M~' s™!, respectively. This means that the
antioxidant activity of CAP was about one-eleventh that of
o-toc in this system. From the above results, it was found
that the stoichiometric numbers, n, for CAP and a-toc are
the same, but the k;,;, for CAP is smaller than that of a-toc.
This is because the R;,, for a-toc is smaller than that of
CAP. o-Toc and 2,6-di-tert-butyl-4-methylphenol are
examples of such antioxidants [27]. Thus, there are many
other cases where the stoichiometric numbers are the same,
but the antioxidant activities are different. However, we
should notice the importance of scavenging two peroxyl
radicals per one molecule of CAP.
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Fig. 3 Consumption of CAP and DPPH by reaction of CAP with
DPPH in chlorobenzene. DPPH (50 uM) was reduced at 30 °C in
chlorobenzene under air in the presence of (a) and (c¢) 50 uM, and (b)
and (d) 25 uM CAP. The decay of CAP was measured by HPLC

Antioxidative Site of CAP
Structure-Activity Relationship Studies of CAP

Kogure et al. [9] reported that the phenolic OH group of
CAP is not associated with the radical scavenging reaction
and the radical scavenging site of CAP is the C7-benzyl
carbon (Fig. 1). From the results of quantum chemical
calculations of various radical intermediates derived from
the related CAP compound and identification of reaction
products of CAP with DPPH, they proposed that the
presence of acetamide moiety should be important for
hydrogen abstraction from C7-benzyl carbon of CAP by
free radicals. Therefore, we investigated the antioxidative
site of CAP by measuring the inhibitory effects of its
related compounds against cumene oxidation in chloro-
benzene. Hussain et al. [28] also reported that the various
related compounds used provided a useful way of targeting
reactive sites of antioxidant activities in compounds.
Recently, Feng et al. [19] clarified the antioxidant ability of
the phenolic group in curcumin by comparison with that of
the activity of curcumin derivatives.

First of all, we determined the inhibitory effect of
MeO-CAP, phenolic O-methylation of CAP, for whether
phenolic hydrogen of CAP contributes to its activity. MeO-
CAP must show the inhibitory effect against cumene
oxidation if the radical scavenging site of CAP is the
C7-benzyl carbon because CAP and MeO-CAP have
almost identical C7-benzyl carbon-hydrogen BDE’s (86.0—
86.6 kcal/mol). As shown in Fig. 4, MeO-CAP had no
significant inhibitory effect against cumene oxidation.
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Moreover, N-benzylacetamide, a related compound which
does not have the phenol moiety of CAP but has a
C7-benzyl carbon, did not inhibit the oxidation of cumene
in chlorobenzene (Fig. 4). These results show that the
phenolic hydrogen of CAP is the site for radical scavenging
and the antioxidant activity of CAP is independent on the
C7-benzyl hydrogen and acetamide moiety. In practice,
2-methoxy-4-methyl-phenol inhibits the oxidation of
cumene in chlorobenzene as effectively as CAP (Fig. 4).
This result in turn has important implications for the anti-
oxidant activity of CAP, indicating that only a 2-methoxy-
4-methyl-phenol moiety can suffice for the antioxidant
activity of CAP.

Absorption Spectrum Studies of CAP

Kogure et al. [9] monitored a peak at 280 nm due to the
phenolic OH group of CAP in order to elucidate the anti-
oxidative site of CAP. This peak at 280 nm must change if
the phenolic OH group is associated with the radical
scavenging. However, since this absorption spectrum of
CAP did not change after incubation with DPPH, they
concluded that the phenolic OH group of CAP is not
associated with the radical scavenging reaction.
Therefore, we monitored the absorption spectrum (200—
350 nm) of CAP in the presence of AIBN in acetonitrile at
50 °C, and we measured, at the same time, the consump-
tion of CAP using an HPLC. As shown in Fig. 5A, B, the
spectrum shape at around 280 nm gradually changed with
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Fig. 4 Inhibitory effect of MeO-CAP, N-benzylacetamide, 2-meth-
oxy-4-methyl-phenol, and CAP on the oxidation of cumene induced
by AIBN in chlorobenzene. Cumene (5.35 M) was oxidized at 30 °C
in chlorobenzene under air with AIBN (23 mM) in the absence (a)
and presence (b) of 50 pM MeO-CAP, (c) 50 pM N-benzylacetamide,
(d) 50 uM 2-methoxy-4-methyl-phenol, and (e) 50 uM CAP

1.0

0.8 |

absorbance

04 |

0.2 |

0.0 L L
200 250 300 350

wavelength/nm

160

140 |
120 |

100 | Y

CAP/M

20

0 L L L
0 60 120 180 240

Time/min

Fig. 5 Reactivity of CAP with AIBN in acetonitrile. A Absorption
spectra of CAP (150 M) with AIBN (15 mM) in acetonitrile at
50 °C under air for (a) O time, (b) 1.0 h, (c) 2.0 h, (d) 3.0 h, and (e)
4.0 h. B Consumption of CAP (150 pM) with AIBN (15 mM) in
acetonitrile at 50 °C under air. The decay of CAP was measured by
HPLC

the consumption of the CAP. This result clearly shows that
the phenolic OH group of CAP is associated with peroxyl
radical scavenging.

We also monitored the absorption spectrum of MeO-
CAP in acetonitrile. As shown in Fig. 6, the absorption
spectra (200-350 nm) of CAP and MeO-CAP are almost
identical. This indicates that a peak at 280 nm is not due to
the phenolic OH group of CAP. Moreover, as shown in
Fig. 7, the absorption spectrum of CAP at around 280 nm
is derived from the guaiacol structure, not from the phenol
structure. On the other hand, the spectrum shape of
N-benzylacetamide is almost distinct from that of CAP.
In addition, we monitored the absorption spectrum
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Fig. 6 Absorption spectra of CAP and MeO-CAP in acetonitrile.
(a) CAP (150 uM) or (b) MeO-CAP (150 uM) was dissolved in
acetonitrile at room temperature under air

(200-350 nm) of MeO-CAP in the presence of AIBN in
acetonitrile at 50 °C. As a result, the spectrum shape at
around 280 nm did not change at all although the amount
of MeO-CAP was reduced to about 80% after 4.0 h of
incubation. Consequently, we could not obtain any avail-
able data from this absorption spectrum of CAP.

Kinetic Solvent Effect Against DPPH, Galvinoxyl,
and ABTS Cationic Radical (ABTS™)

Next, we examined the solvent effects on the radical
scavenging ability of CAP. Thavasi et al. [29] demon-
strated the radical scavenging ability of phenols against
DPPH in different solvent media, and indicated that the
radical scavenging ability of phenols was the fastest in
methanol and the slowest in THF. According to this
report, methanol can potentially form hydrogen bonds
with surrounding methanol molecules, therefore, the
hydrogen atom devoting behavior of phenols to scavenge
the free radicals is least affected in methanol. On the
other hand, the higher electronegative nature of the oxy-
gen atom in THF exerts a stronger interaction with the
OH of the phenols, therefore, the rate of free radical
scavenging of phenols is reduced in THF. That is to say,
the rate of the DPPH scavenging reaction of phenols is
affected by the nature of the solvent, the strength of the
phenolic OH:--solvent interaction; thus, phenols release
their hydrogen atom at a considerably faster rate of
decrease in the order methanol > acetonitrile > ace-
tone > THF. Though this point will be examined again
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Fig. 7 Absorption spectra of CAP, guaiacol, phenol, and N-benzy-
lacetamide in acetonitrile. (a) CAP (150 uM), (b) guaiacol (150 uM),
(c) phenol (150 uM), and (d) N-benzylacetamide (50 M) were
dissolved in acetonitrile at room temperature under air

later, similar phenomena in the reactivity of phenols
against DPPH were observed by Saito et al. [10] and
Litwinienko et al. [12].

Therefore, we consequently decided to investigate the
solvent effects on the DPPH scavenging ability of CAP in
methanol, acetonitrile, acetone, and THF. As shown in
Fig. 8, the rate of reactivity of CAP against DPPH in the
decreasing order of methanol > acetonitrile > acetone >
THF. This result was quite similar to that described by
Thavasi et al. [29], which means that phenolic OH group of
CAP is mainly associated with radical scavenging.

Litwinienko et al. [12] reported the solvent effects on
hydrogen atom abstraction from phenol by the DPPH in a
number of alcoholic and nonalcoholic solvents. Lit-
winienko et al. [12] also found that phenols react with
DPPH at a higher rate in methanol due to the presence of
traces of phenolate anions (ArO™). That is, phenolate
anions (ArO™) would be expected to react very rapidly in
methanol with the DPPH. According to Litwinienko et al.
[12], since electron transfer from unionized phenols to
electrophilic radicals is occasionally the rate-controlling
step, a very fast electron transfer occurs from the electron-
rich phenolate anion (ArO™) to the highly electron-defi-
cient DPPH. For example, in the reaction between DPPH
and o-toc, the sequential proton loss electron transfer
(SPLET) mechanism will be expressed as follows [12—14].

_H+
DPPH e + o -tocH ——=DPPHe + o.-toc:'—» DPPH:" + o-toce
- HY fast

—DPPHH + o -toce



J Am Oil Chem Soc (2010) 87:1397-1405

1403

60

(d)

— ©)

2 (b)
=
-9
[-W
(=)

20 |

(a)
10 +
5 | | | | | |
0 20 40 60 80 100 120 140

Time/min

Fig. 8 Reactivity of CAP toward DPPH in solvents. DPPH (50 pM)
was reduced at 30 °C in (a) methanol, (b) acetonitrile, (c) acetone,
and (d) THF under air in the presence of 50 uM CAP
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Fig. 9 Reactivity of CAP toward DPPH in acidic methanol and
alkaline methanol. DPPH (50 uM) was reduced at 30 °C in (a)
methanol, (b) 10 mM acetic acid in methanol, and (¢) 50 uM
potassium hydroxide under air in the presence of 50 uM CAP

Moreover, they found that the reaction rate of phenols
with DPPH is sufficiently reduced in methanol containing
10 mM acetic acid because the phenols exist only in the
molecular forms (ArOH) under the acidic conditions [12].
In practice, as shown in Fig. 9, the reaction of CAP with
DPPH was slower in acidic methanol than that in methanol
only. Also, Foti et al. [15] reported that the reaction of
phenols with DPPH take place more rapidly in methanol
containing 30 pM KOH because the phenols exist only in

AIBN-derived R'OO¢
R'O0-H

Most stable

H3C0]©/R HﬁOD/R cho; : R H3CO;©/R
.0 o o o

V AIBN-derived R"OO ¢
H;CO. R
o

Fig. 10 Antioxidative mechanism of CAP

the phenolate anion (ArO™) forms in the alkaline condition.
Figure 9 shows that the CAP was allowed to react more
rapidly with DPPH in alkaline methanol than that in
methanol only.

On the other hand, we investigated the reactivity of CAP
with galvinoxyl and ABTS*. Although the galvinoxyl was
consumed less rapidly under air in chlorobenzene and
methanol, the rate of reduction of galvinoxyl was much
faster after the addition of CAP. In addition, CAP can also
reduce the ABTS ™ in a concentration-dependent manner.
In this case, nevertheless, ABTS ™ was also consumed
slowly in ethanol without the addition of CAP. It is thus
readily apparent that CAP can scavenge the O-centered
radicals and the cationic radicals. However, it is difficult to
account for the stoichiometric of CAP and the SPLET and
HAT mechanism by CAP in galvinoxyl and ABTS™ rad-
ical trapping test.

These experimental results obtained above mean that the
reaction between CAP and DPPH in methanol may be
proceeded by the mechanism of SPLET, which may occur
parallel to the hydrogen atom transfer mechanism.

From above the results, we can say with fair certainly
that the phenol OH group of CAP mainly contributes to
determining the antioxidant activity.

Conclusions

In conclusion, CAP is an active antioxidant in cumene
oxidation in chlorobenzene, having an antioxidant activity
one-eleventh that of a-toc. However, most notably, we also
clarified that the phenolic OH group of CAP is mainly
associated with radical scavenging, and CAP is capable of
scavenging two radicals per one molecule of CAP.

Saito et al. [11] and Lopez-Giraldo et al. [30] reported
that the methanol can act as a strong nucleophilic agent and
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regenerate the oxidized phenols. Moreover, they suggested
that the presence of methanol influences the DPPH scav-
enging activity.

We obtained our results concerning the antioxidant
activity of CAP in chlorobenzene, therefore, we will now
develop the hypothesis of antioxidative mechanism of CAP
a little further. As shown in Fig. 10, our suggestion is as
follows; the phenolic group of CAP scavenges peroxyl
radicals to give a stable CAP radical (C1 carbon position)
in its first stage, followed by the addition of another per-
oxyl radical to its CAP radical.

References

1. Frankel EN (1995) Natural and biological antioxidants in foods
and biological systems. Their mechanism of action, applications
and implications. Lipid Technol 77-88

2. Nakatani N (1996) Antioxidants from spices and herbs. In:
Shahidi F (ed) Natural antioxidants-chemistry, health effects, and
applications. AOCS press, Champaign, pp 64-75

3. De AK, Ghosh JJ (1989) Capsaicin pretreatment protects free
radical induced rat lung damage on exposure to gaseous chemical
lung irritants. Phytother Res 3:159-161

4. De AK, Ghosh JJ (1992) Studies on capsaicin inhibition of
chemically induced lipid peroxidation in the lung and liver tissues
of rat. Phytother Res 6:34-37

5. Pulla Reddy AC, Lokesh BR (1992) Studies on spice principles
as antioxidants in the inhibition of lipid peroxidation of rat liver
microsomes. Mol Cell Biochem 111:117-124

6. Asai A, Nakagawa K, Miyazawa T (1999) Antioxidative effects
of turmeric, rosemary and capsicum extracts on membrane
phospholipid peroxidation and liver lipid metabolism in mice.
Biosci Biotechnol Biochem 63:2118-2122

7. Okada Y, Okajima H (2001) Antioxidant effect of capsaicin on
lipid peroxidation in homogeneous solution, micelle dispersions
and liposomal membranes. Redox Rep 6:117-122

8. Okada Y, Okajima H, Shima Y, Ohta H (2002) Hydroxyl radical
scavenging action of capsaicin. Redox Rep 7:153-157

9. Kogure K, Goto S, Nishimura M, Yasumoto M, Abe K, Ohiwa C,
Sassa H, Kusumi T, Terada H (2002) Mechanism of potent anti-
peroxidative effect of capsaicin. Biochim Biophys Acta 1573:84-92

10. Saito S, Kawabata J (2005) Effect of electron-withdrawing sub-
stituents on DPPH radical scavenging of protocatechuic acid and
its analogues in alcoholic solvents. Tetrahedron 61:8101-8108

11. Saito S, Kawabata J (2006) DPPH (=2, 2-diphenyl-1-picrylhy-
drazyl) radical-scavenging reaction of protocatechuic acid (=3, 4-
dihydroxybenzoic acid): Difference in reactivity between acids
and their esters. Helv Chim Acta 89:1395-1407

12. Litwinienko G, Ingold KU (2003) Abnormal solvent effects on
hydrogen atom abstractions. 1. The reactions of phenols with 2,
2-diphenyl-1-picrylhydrazyl (dpph-) in alcohols. J Org Chem
68:3433-3438

13. Litwinienko G, Ingold KU (2004) Abnormal solvent effects on
hydrogen atom abstractions. 2. Resolution of the curcumin anti-
oxidant controversy. The role of sequential proton loss electron
transfer. J Org Chem 69:5888-5896

14. Litwinienko G, Ingold KU (2007) Solvent effects on the rates and
mechanisms of reaction of phenols with free radicals. Acc Chem
Res 40:222-230

&\ Springer ANOCS &

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Foti MC, Daquino C, Geraci C (2004) Electron-transfer
reaction of cinnamic acids and their methyl esters with the
DPPH- radical in alcoholic solutions. J Org Chem 69:2309-
2314

Hashimoto N, Aoyama T, Shioiri T (1981) New methods and
reagents in organic synthesis. 14. A simple efficient preparation
of methyl esters with trimethylsilyldiazomethane (TMSCHN2)
and its application to gas chromatographic analysis of fatty acids.
Chem Pharm Bull 29:1475-1478

Okada Y, Tanaka K, Sato E, Okajima H (2006) Kinetic and
mechanistic studies of allicin as an antioxidant. Org Biomol
Chem 4:4113-4117

Okada Y, Tanaka K, Sato E, Okajima H (2008) Antioxidant
activity of the new thiosulfinate derivative, S-benzyl phe-
nylmethanethiosulfinate, from Petiveria alliacea L. Org Biomol
Chem 6:1097-1102

Feng J-Y, Liu Z-Q (2009) Phenolic and enolic hydroxyl groups in
curcumin: which plays the major role in scavenging radicals?
J Agric Food Chem 57:11041-11046

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery JA Jr, Vreven T, Kudin KN,
Burant JC, Millam JM, lyengar SS, Tomasi J, Barone V,
Mennucci B, Cossi M, Scalmani G, Rega N, Petersson GA,
Nakatsuji H, Hada M, Ehara M, Toyota K, Fukuda R, Hase-
gawa J, Ishida M, Nakajima T, Honda Y, Kitao O, Nakai H,
Klene M, Li X, Knox JE, Hratchian HP, Cross JB, Adamo C,
Jaramillo J, Gomperts R, Stratmann RE, Yazyev O, Austin AJ,
Cammi R, Pomelli C, Ochterski JW, Ayala PY, Morokuma K,
Voth GA, Salvador P, Dannenberg JJ, Zakrzewski VG, Dap-
prich S, Daniels AD, Strain MC, Farkas O, Malick DK, Ra-
buck AD, Raghavachari K, Foresman JB, Ortiz JV, Cui Q,
Baboul AG, Clifford S, Cioslowski J, Stefanov BB, Liu G,
Liashenko A, Piskorz P, Komaromi I, Martin RL, Fox DJ,
Keith T, Al-Laham MA, Peng CY, Nanayakkara A, Challa-
combe M, Gill PMW, Johnson B, Chen W, Wong MW,
Gonzalez C, Pople JA (2003) Gaussian 03, revision C. 02.
Gaussian, Inc., Pittsburgh

Chepelev LL, Beshara CS, Maclean PD, Hatfield GL, Rand AA,
Thompson A, Wright JS, Barclay LRC (2006) Polypyrroles as
antioxidants: kinetic studies on reactions of bilirubin and bili-
verdin dimethyl esters and synthetic model compounds with
peroxyl radicals in solution. Chemical calculations on selected
typical structures. J Org Chem 71:22-30

Burton GW, Ingold KU (1986) Vitamin E: application of the
principles of physical organic chemistry to the exploration of its
structure and function. Acc Chem Res 19:194-201

Dangks O, Dufour C, Fargeix G (2000) Inhibition of
lipid peroxidation by quercetin and quercetin derivatives:
antioxidant and prooxidant effects. J Chem Soc Perkin Trans
2:1215-1222

Pryor WA, Cornicelli JA, Devall LJ, Tait B, Trivedi BK, Witiak
DT, Wu M (1993) A rapid screening test to determine the anti-
oxidant potencies of natural and synthetic antioxidants. J Org
Chem 58:3521-3532

Landi L, Fiorentini D, Stefanelli C, Pasquali P, Pednlli GF (1990)
Inhibition of autoxidation of egg yolk phosphatidylcholine in
homogeneous solution and in liposomes by oxidized ubiquinone.
Biochim Biophys Acta 1028:223-228

Barclay LRC, Ingold KU (1981) Autoxidation of biologi-
cal molecules. 2. Autoxidation of a model membrane. Com-
parison of the autoxidation of egg lecithin phosphatidylcholine
in water and in chlorobenzene. J Am Chem Soc 103:6478-
6485

Niki E (1987) Antioxidants in relation to lipid peroxidation.
Chem Phys Lipids 44:227-253



J Am Oil Chem Soc (2010) 87:1397-1405 1405

28. Hussain HH, Babic G, Durst T, Wright JS, Flueraru M, Chichirau 30. Lopez-GiraldoL, Laguerre M, Lecomte J, Figueroa-Espinoza M-C,

A, Chepelev LL (2003) Development of novel antioxidants: Barea B, Weiss J, Decker EA, Villeneuve P (2009) Kinetic and
design, synthesis, and reactivity. J] Org Chem 68:7023-7032 stoichiometry of the reaction of chlorogenic acid its alkyl esters
29. Thavasi V, Bettens RPA, Leong LP (2009) Temperature and against the DPPH radical. J Agric Food Chem 57:863-870

solvent effects on radical scavenging ability of phenols. J Phys
Chem A 113:3068-3077

&) Springer AOCS &



	Kinetics and Antioxidative Sites of Capsaicin in Homogeneous Solution
	Abstract
	Introduction
	Materials and Methods
	Materials

	Methods
	Synthesis of N-(3,4-dimethoxybenzyl)-8-methylnonanamide (MeO-CAP)
	Inhibitory Effect of CAP on Cumene Oxidation in a Chlorobenzene Solution
	Reactivity of CAP Toward DPPH, Galvinoxyl, and ABTS Cationic Radical (ABTSmiddot+)
	Reactivity of CAP and MeO-CAP toward Peroxyl Radicals
	Calculation of Bond Dissociation Enthalpy Values

	Results and Discussion
	Antioxidant Activity of CAP on Cumene Oxidation in Chlorobenzene Solution
	Antioxidative Site of CAP
	Structure--Activity Relationship Studies of CAP
	Absorption Spectrum Studies of CAP
	Kinetic Solvent Effect Against DPPH, Galvinoxyl, and ABTS Cationic Radical (ABTSmiddot+)


	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


