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Action in Curcumin: Effects of Solvent and pH
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A kinetic study was performed for the free-radical scavenging actions of curcumin and half-curcumin, which has a
half-structure of curcumin, in order to clarify the mechanism of free-radical-scavenging in curcumin. The second-order
rate constants for radical-scavenging reactions of curcumin and half-curcumin were measured by a stopped-flow spec-
trophotometer in several organic solvents (methanol, ethanol, acetonitrile, chloroform, and benzene) and in aqueous Tri-
ton X-100 (5.0 wt %) micelle solutions at various pH. The difference in the rate constant and solvent dependence be-
tween curcumin and half-curcumin suggests that the enol structure with the intramolecular hydrogen-bond of curcumin
strongly enhances the radical-scavenging activity. Furthermore, notable pH dependences were observed for the rate con-
stants of curcumin and half-curcumin in micelle solutions, suggesting that the acid—base dissociation equilibrium of phe-
nol-protons in curcumin and half-curcumin affects their radical-scavenging activities.

In recent years, many scientific reports on curcumin
(Fig. 1a), which is a yellow pigment contained in the Indian
spice turmeric, have been available in journals of various fields:
medicine, pharmacy, agriculture, biology, and chemistry.'~?
Remarkable pharmacological activities of curcumin in living
bodies and tissues have been found one after another, and these
important biological and medical aspects still activate many
scientists. The antioxidant activity is considered to be one of
the most important factors in pharmacological activities, be-
cause it would protect living bodies and tissues from diseases
and injuries caused by active-oxygen species (AOS).!= In fact,
inhibitions of lipid-peroxidation® and DNA-cleavage,” and
cancer-preventive effects!?> have been reported for curcumin,
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and are considered to result from its high antioxidant activity
against AOS, such as singlet oxygen and free radicals.' The
antioxidant mechanism for curcumin has been of great interest
because of its relatively high activity compared with other
polyphenol compounds, such as catechins and flavonoids.
Recently, several contradictory reports on active sites in the
curcumin molecule for the hydrogen abstraction of free-radical
species were published.!®!6 In general, the free-radical-scav-
enging action of curcumin has been considered to be per-
formed by a hydrogen atom transfer (HAT) from its phenolic
OH-groups to radicals, being similar to that of other well-
known natural antioxidants, such as tocopherols, catechins,
and flavonoids. This mechanism is reasonable because curcu-
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Fig. 1. Molecular structures of curcumin (3-diketo and enol forms), curcumin dimethyl ether, half-curcumin, and aryloxyl radical

(ArO°).
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min has a structure in which two ferulic acids are condensed,
and thus has two o-methoxyphenol moieties that should have
HAT activity. However, remarkable high activity of curcumin
compared with the other polyphenols observed in biological
and pharmacological systems could not be explained only in
terms of additional activity as a dimer of ferulic acid. This high
activity of curcumin might come from the unique 77-conjugat-
ed structure, including two o-methoxyphenols, that is, the enol
form of curcumin (see Fig. 1b). Recently, Jovanovic et al. pro-
posed a novel mechanism for the HAT activity of curcumin, in
which it is given by the methylene hydrogens (—CH,—) at the
molecular center of curcumin, and is responsible for the high
antioxidant activity of curcumin.!®! Barclay et al.!> and
Priyadarsini et al.!*-!3 independently demonstrated the impor-
tance of the phenolic OH-groups for antioxidant actions from
investigations of curcumin derivatives whose phenolic OH-
groups are protected by methylation (Fig. 1c). Wright has re-
ported a systematic theoretical study on the HAT activity of
curcuminoids, and has also concluded that this activity mainly
comes from the phenolic OH-groups, and that the methylene
hydrogens of curcumin have little activity for HAT.!®

Curcumin is often represented as an ¢, (-unsaturated S-di-
ketone (heptadiene-dione, diketo form) structure (Fig. 1a),
but it should exist as a conjugated S-hydroxy-o,S-unsaturated
ketone (enol form) (Fig. 1b) in many media. Crystallograph-
ic,!19 NMR,2° and theoretical'® studies have suggested that
curcumin exists predominantly in the enol form in nonpolar or-
ganic solvents because of strong stabilization due to the intra-
molecular hydrogen bond between the enol-proton and its
neighboring carbonyl-oxygen. On the other hand, in polar prot-
ic solvents, hydrogen bonding between curcumin and solvent
molecules may become important because it can inhibit the
intramolecular hydrogen bond in curcumin. Although these
keto—enol tautomerism and solvation effect are considered to
largely affect the antioxidant activity of curcuminoids, few re-
ports related to these points have been available. Consequent-
ly, further investigations are necessary for understanding the
antioxidant mechanism and high activity of curcumin.

In the present study, a kinetic approach to the antioxidant
mechanism of curcumin was performed in view of the solvent
and pH effects. A model molecule, “half-curcumin” (4-(4-hy-
droxy-3-methoxyphenyl)-3-buten-2-one) (Fig. 1d), which has
the half-structure of curcumin, was used to compare its radi-
cal-scavenging activity with that of curcumin in various sol-
vents. Since half-curcumin has a shorter 77-conjugation than
curcumin, it will become a bench mark for the activity of o-
methoxyphenol moiety in curcumin lacking 7r-conjugation.
The second-order rate constant (k) for the reaction of a curcu-
minoid with an aryloxyl radical (2,6-di-z-butyl-4-(4-methoxy-
phenyl)phenoxyl, ArO®, Fig. le) (Scheme 1) has been mea-
sured by a stopped-flow spectrophotometer in several solvents
and aqueous Triton X-100 (TX-100) micelle solutions at vari-
ous pH values. The effects of the keto—enol tautomerism and
the dissociation of phenolic protons in the HAT action of cur-

ArO- + Curcuminoid L ArOH + Curcuminoid-

Scheme 1.
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cumin are discussed on the basis of results obtained by mea-
surements of the solvent and pH effects on the reaction rate (k).

Experimental

Curcumin is a commercially available reagent from Wako Pure
Chemicals, and was used as received. Half-curcumin was synthe-
sized from vanillin. ArO® was prepared according to a method re-
ported before.?! Methanol and ethanol were dried with NaH and
purified by distillation. Chloroform, benzene, and acetonitrile
were obtained from Wako, and purified by distillation. Triton
X-100 was an extra-pure grade reagent commercially available
from Nacalai Tesque, and was used as received. All buffer solu-
tions were prepared using deionized water purified by a Millipore
Q system. The pH of the solutions was adjusted using the
following buffers, whose concentrations were 0.1 mol dm™3
(M): pH 2.0-3.0, CH3COONa-HClI; pH 4.0-5.0, CH3COONa—
CH;3;COOH; pH 6.0-8.0, Na,HPO4,—KH,PO4; pH 9.0-11.0,
Na,CO3;-NaHCOj3.?!22 The concentration of TX-100 in the buffer
solutions was kept at 5.0 wt %.

The kinetic data were obtained with a Unisoku Model RS-450
stopped-flow spectrophotometer by mixing equal volumes of an
antioxidant solution and ArO°® solution under a nitrogen atmo-
sphere.”!?> The reactions were studied under pseudo-first-order
conditions, and the absorption decay of ArO® was well-character-
ized by a single exponential decay. The decay-rate constants were
estimated in the usual way using a standard least-squares analysis.
All of the experiments were performed at 25 °C. The detailed
experimental procedures were reported in previous papers.?!?2

Results and Discussion

Solvent Dependence of the Aryloxyl-Radical Scavenging
Rate Constants (k;) for Curcumin and Half-curcumin.
The pseudo-first-order rate constant (kopsq) for the scavenging
reaction of ArO® by curcuminoid was obtained from the de-
crease in the absorbance at 580 nm of ArO® radical (Fig. 2).
The rate constant (kpsq) 1S given by21

kobsda = ko + ks[curcuminoid], (1)

where ko is the rate constant for the natural decay of ArO® in
the medium. The second-order rate constant (ks) was obtained
as a slope of plots of kqhsq Versus the concentration of curcumi-
noid ([curcuminoid]). The k; values obtained for the scaveng-
ing reaction of ArO® by curcumin and half-curcumin in meth-
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Fig. 2. Absorption spectra of aryloxyl radical and curcumin.
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Table 1. Second-Order Rate Constants for the Scavenging Reaction of ArO°® with Curcumin (kg
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CR)

and Half-curcumin (k7FCR) in Organic Solvents and the Aqueous Triton X-100 Micelle Solutions

(5.0 wt %, pH 7.0) at 25.0 °C

Solvent kSCR/M—l sfl ksHﬂlf_CR/M71 871 ksCR/kSHalf»CR ET(ZS)a)
Methanol 3.53 x 10 1.27 x 10 2.77 55.5
Ethanol 4.01 x 10 1.53 x 10 2.62 51.9
Acetonitrile 1.71 x 10? 3.51 x 10 4.86 46.0
Chloroform 4.02 x 10? 7.04 x 10 5.71 39.1
Benzene 5.52 x 102 1.24 x 10? 4.46 34.5
TX-100 at pH 7 1.27 x 103 1.12 x 107 113 —
a) Parameter which take into account of solvent polarity and hydrogen-bonding ability.®?3

anol, ethanol, acetonitrile, chloroform, benzene, and aqueous

TX-100 micelle solutions (5.0 wt %) at pH 7.0 are listed in 10° - i i

Table 1. - o Curcumin

The k; values for curcumin (k%) in ethanol (4.01 x 10
M~!'s7!) were much smaller than those of a-tocopherol
(5.12 x 10> M~'s™!) and ubiquinol-10 (5.19 x 10> M~!'s™1),
and the same order as that of BHT (butylated hydroxytoluene,
2,6-di-t-butyl-4-methylphenol, ks = 3.5 x 10 M~ s~!) report-
ed in a previous paper.”> The k, value for half-curcumin
(ks"1CRY in ethanol (1.53 x 10 M~!s™!) was 38% of k.
This result seems to be reasonable from the view that curcumin
would act as a dimer of half-curcumin. A similar result was ob-
tained in methanol. In acetonitrile, benzene, and chloroform,
the kR values were 4-14 times as large as that obtained in
ethanol. On the other hand, the kSH"‘lf'CR values in these sol-
vents were 2—8 times as large as that obtained in ethanol. In
these solvents, the kSCR values were rather larger than twice
the kTR values. For a detailed discussion, the ratios of
(ks R /kHACRY are also listed in Table 1. The kR /kHal-CR
values seem to include important information. The
kR /i HAFCR Galues were expected to be around 2 on the
basis that curcumin has a dimer-structure of half-curcumin.
The fact that the kR /kSHalf'CR values in methanol and ethanol
were around 2.7 suggests that curcumin would act as a dimer
of half-curcumin in alcohols. On the other hand, the
ksCR/kSHalf'CR values observed in acetonitrile, benzene, and
chloroform are more than 4, clearly suggesting that the activity
of curcumin was enhanced in these solvents. The radical-
scavenging activity of curcumin was shown to be strongly
dependent on the solvents.

Figure 3 shows semi-logarithm plots of (circle) and
fe Hal-CR (square) obtained in this study versus Er(25), which
is a parameter taking into account of solvent polarity and hy-
drogen-bonding ability.®?3 The obtained linear relation of log-
arithms of kMR to Er(25) supports that the radical-scaveng-
ing reaction by half-curcumin progresses as typical HAT from
phenolic OH group. On the other hand, plots for curcumin sep-
arated into two groups of solvents: i.e., (i) methanol and etha-
nol, (ii) acetonitrile, chloroform, and benzene. The linear rela-
tion of logarithms of kR to E1(25) for a group of (ii) solvents
also supports that the radical-scavenging reaction by curcumin
progresses as typical HAT. However, a difference in the plots
of curcumin between (i) alcohols and (ii) the other solvents
suggests that curcumin has a different way to act in alcohols
from that in the other solvents. According to these results,
the difference in the solvent effect on k; between curcumin
and half-curcumin can be explained as follows.
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Fig. 3. Semi-logarithm plots of kSCR (circle) and kSHﬂlf‘CR
(square) versus ET(25) for solvents.
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Curcumin is considered to exist dominantly as the enol form
(cis-enol, Fig. 1b) in acetonitrile, chloroform, and benzene be-
cause of a strong intramolecular hydrogen-bond between the
enol-proton and its neighboring carbonyl-oxygen. One of the
reasons for this is that these aprotic solvents have little ability
to make a hydrogen bond with the carbonyl-oxygen of curcu-
min. A NMR spectrum of curcumin in deuterated chloroform
(CDCl3) also indicates the enol structure of curcumin by the
observation of an enol-proton around 17 ppm. Moreover, a
symmetrical equivalency of methylene protons and two phenol
groups in the NMR spectrum suggests that a fast exchange
(migration) of the enol-proton occurs between two oxygen
sites (Fig. 4a). The enol structure and its intramolecular pro-
ton-migration can strongly stabilize its corresponding phen-
oxyl radical, because the delocalization of an unpaired electron
can spread into every part of the curcumin radical (Fig. 4b).
In addition, it is considered that the enol form of curcumin
should have a lower oxidation potential coming from its ex-
tended 77-conjugation compared with half-curcumin. The nota-
ble stabilization in the radical and the lower oxidation potential
would raise the HAT activity of curcumin. This is the reason
why the kR value is larger than twice that of kMR jpn
group (ii) solvents (see Table 1).

On the other hand, in alcohols, alcohol molecules would
easily form hydrogen bonds with the carbonyl oxygen of cur-
cumin using alcoholic OH protons. This type intermolecular
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Fig. 4.
trans-enol form of curcumin.

hydrogen bond might inhibit the formation of intramolecular
hydrogen bonds in curcumin. As a result, curcumin may exist
as several forms including trans-enol (Fig. 4c) and diketo
forms (Fig. 1a). Such a solvation might restrict delocalization
of an unpaired electron in the curcumin radical, and might re-
duce the stabilization of the curcumin radical. Therefore, cur-
cumin would almost act as a dimer of half-curcumin in alco-
hols. The spectroscopic results in previous studies also suggest
intermolecular hydrogen bonding between curcumin and the
solvent alcohol.®?*?> This intermolecular hydrogen bonding
becomes important in protic solvents, shifting the equilibrium
in favor of the trans-enol and diketo forms.

Interestingly, in the TX-100 micelle at pH 7.0, the kR
value was 11-times as large as the k73R value. This fact
suggests that curcumin should exist as an activated cis-enol
form with an intramolecular hydrogen bond in the aqueous
TX-100 micelle system, similarly to in chloroform and ben-
zene, despite of existence of many water molecules that can in-

Free-Radical Scavenging Action of Curcumin
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(a) Intramolecular hydrogen-migration in curcumin. (b) Resonance structure of curcumin radical. (c) Molecular structure of

hibit intramolecular hydrogen-bonding. This may be one of the
important factors for understanding the high activity of curcu-
min in biological systems, such as in membranes and various
tissues. The detailed radical-scavenging behavior of curcumi-
noids in micelle solutions is discussed in the next section.

pH Dependence of the Aryloxyl Radical Scavenging Rate
(ks) for Curcumin and Half-curcumin. In previous work,
kinetic studies of the radical-scavenging reaction of vitamin
C and flavonoids in aqueous TX-100 micelle solutions at var-
ious pH values were performed using a stopped-flow spectro-
photometry.?!?226 Their second-order rate constants showed
notable pH dependences, according to the variation of the mole
fraction; also the activity of some species coexisted by the
acid-base dissociation equilibrium.

In this work, the second-order rate constants of the scaveng-
ing reaction of ArO® by curcumin and half-curcumin in TX-
100 micelle solutions were measured by varying the pH. The
rate constants obtained for curcumin and half-curcumin (kR
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Table 2. pH Dependence of the Second-Order Rate Con-
stants for the Scavenging Reaction of ArO® with Curcu-
min (k®) and Half-curcumin (ks"@FCR) in the Triton
X-100 Micelle Solutions (5.0 wt %) at 25.0 °C

pH kSCR/M—l S—I kSHalf-CR/M—l S—I
4.0 1.25 x 10° 1.13 x 102
5.0 1.22 x 10° 1.13 x 10%
6.0 1.26 x 10° 1.16 x 10?
7.0 1.27 x 10° 1.12 x 102
8.0 1.44 x 10° 1.16 x 10?
8.5 1.87 x 10° —

9.0 2.05 x 10° 8.94 x 10
9.5 2.18 x 10° —
10.0 2.07 x 10° 4.89 x 10
11.0 1.67 x 103 2.01 x 10
12.0 8.55 x 10? <107!
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Fig. 5. Plots of second-order rate constant (kFHECRY for the
scavenging reaction of ArO® by half-curcumin versus pH
(open circle). Solid and broken lines show mole-fraction
of two half-curcumin species (h-CR and h-CR™) versus
pH calculated by assuming pK, = 9.75.

and ksHalf"CR) are listed in Table 2. The kR values in the mi-
celle solutions were around 10> M~!s~!, and one to two orders
of magnitude larger than those obtained in homogeneous solu-
tions, as listed in Table 1. On the other hand, the k" CR val-
ues in micelle solutions were equal to, or less than, 102
M~!s~!, the same order as that in benzene, and larger than
those in alcohols and chloroform. The rate constants for both
curcumin and half-curcumin showed remarkable pH depen-
dences.

Figure 5 shows plots of the second-order rate constants
(kHHECRY for the scavenging reaction of ArO® by half-curcu-
min versus pH. The observed rate constants were constant in
pH 4-8, and suddenly decrease at pH 9 to pH 12 with an
increase of the pH. This pH-dependent behavior of kH3™CR
was analogous to those observed for vitamin C and rutin pre-
viously reported.?!-?>2® Half-curcumin has a phenolic hydroxy
proton that can be released according to an acid—base equilibri-
um. This equilibrium should be represented by the following
scheme (Scheme 2). The undissociated form (h-CR) and disso-
ciated monoanion form (h-CR™) of half-curcumin were con-
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sidered to have different rate constants for radical-scavenging.
The pH dependence of kM™CR may be represented as the sum
of the contributions for both species (Eq. 2),

kJHIFCR — @ £(h-CR) + k® f(h-CR™), @)

where k* and k® are second-order rate constants (independent
of pH) for h-CR and h-CR™, f(h-CR) and f(h-CR™) are the
pH-dependent mole fractions of h-CR and h-CR™. The " val-
ue was determined to be 1.13 x 10> M~!s~! by averaging the
observed kHCR values at pH 4—7, because only the undisso-
ciated form (h-CR) exists in solution in this pH region. The kP
value was determined to be 0 from the kCR value (less than
10~! M~'s~!) at pH 12, where only the mono-anion form (h-
CR™) was considered to exist in solution. The pK, value for
half-curcumin was determined to be 9.75 from the best fit us-
ing Eq. 2 and the k¢ and ks° values. The value of pK. (=9.75)
is reasonable compared with other o-methoxyphenols. The sol-
id and broken lines in Fig. 5 show the pH-dependent mole-
fractions of two half-curcumin forms (h-CR and h-CR™), cal-
culated by assuming pK, = 9.75. Good accordance between
the measured ky and the calculated mole-fraction curve of
the undissociated form was obtained. It is important that the
monoanion form of half-curcumin (h-CR™) scarcely has any
scavenging activity versus ArO°. The present result suggests
that a phenolic —OH proton is essential for the antioxidant ac-
tion of half-curcumin, and the present free-radical scavenging
reaction progresses as HAT.

Figure 6 shows plots of the second-order rate constants
(k,“R) for the scavenging reaction of ArO® by curcumin versus
the pH. The observed rate constant was almost constant at
1.25 x 10* M~!'s™! in pH 4-7, and gradually increased to a
maximum value 2.18 x 10> M~!s~! at pH 9.5, and decreased
to 8.55 x 10> M~'s~! at pH 12 with an increase of the pH.
This pH-dependent behavior of kR is analogous to that ob-
served for vitamin C.2! Therefore, the present result might
be explained by taking account of the pH-dependent contribu-
tions of three species (CR, CR™, and CR?>") produced by the
acid-base dissociation equilibrium of curcumin, which has
different antioxidant activity (Scheme 3). The pH dependence
of the rate constant (k,“}) can be represented as the sum of the
contributions for three species,

kR = k*F(CR) + k°F(CR™) + k°(CR>), 3)

where k%, k°, and k. are the second-order rate constants (in-
dependent of pH) for the CR, CR™, and CR?* forms, respec-
tively. f(CR), f(CR™), and f(CR?7) are the pH-dependent
mole-fractions of CR, CR~, and CR?", respectively. Using a
similar procedure to the case of half-curcumin, the determina-
tion of these rate constants (ki*, ki°, and k) and the dissocia-
tion constants (pKj,; and pKy,) for curcumin was tried. The k*
value was determined to be 1.25 x 10> M~!s~! by averaging
the observed kJFCR values at pH 4-6. The k° value was as-
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Fig. 6. Plots of second-order rate constants (k,}) for the scavenging reaction of ArO® by curcumin versus pH (open circle). Bro-
ken, solid, and dotted lines in Fig. 6a show mole fractions of three curcumin species (CR, CR™~, and CR?") versus pH, calculated
by assuming pK,; = 8.55 and pK,, = 10.9. Solid line in Fig. 6b shows plots of the calculated k'™ versus pH according to Eq. 3
using the obtained k*, kP, and k¢ values and the calculated mole fractions.
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sumed to be slightly less than the kR value at pH 12  curcumin can be explained in the following way. The radi-

(8.55 x 10> M~'s71), because the mole fraction of the di-
anion form (CR?™) would be more than 0.9 at pH 12. The
ks® value is considered to be similar to the maximum &} val-
ue at pH 9.5 (2.18 x 10> M~!s™!) because the mono-anion
form (CR™) shows the largest activity in three species and
the largest contribution at pH 9.5. The fitting simulations to
the observed pH-dependence curve of kR were performed
by varying the kP, ke pKa1, and pK,, values. From the best
fitting result, each value for curcumin was estimated to be
pKa = 8.55, pKyp =109, k® =248 x 10> M~'s™!, and
k& =7.4x 10> M~'s~!. These obtained pK, values agree
with those reported.l“’27 The broken, solid, and dotted lines
in Fig. 6a show the mole fractions of three curcumin species
(CR, CR™, and CR?"), respectively, versus the pH, calculated
using pK,; = 8.55 and pK,; = 10.9. The solid line in Fig. 6b
shows a plot of the calculated kR versus pH using the ob-
tained k¢*, k°, k°, pKa, and pK,, values. Good accordance
between the measured rate constants and the simulated curve
in Fig. 6b was obtained.

The present result for the pH dependence indicates that the
monoanion form of curcumin (CR™) has the highest activity
for a radical-scavenging reaction in three forms of curcumin.
Under the standard biological conditions (pH ~ 7), curcumin
does not show its full ability because it takes the undissociated
form (CR), whose k¢* value is half of k> for CR™. The activity
of the di-anion form (CR?™) was further less than those of the
other forms, but rather larger than that of half-curcumin. As a
result, the mechanism of the radical-scavenging reaction by

cal-scavenging reaction by curcumin progresses as HAT, and
its activity is responsible for both (i) the existence of the phe-
nolic —OH proton, and (ii) its oxidation potential.>>?® Because
the negative charge in the mono-anion form might reduce the
oxidation potential of phenolic —OH, the mono-anion form
shows a larger activity than the undissociated form. The di-
anion form (CR?7) has no phenolic proton as a result of
two-proton dissociation. However, its radical-scavenging ac-
tivity cannot be negligible. This fact suggests that the elec-
tron-transfer process partially contributes to the radical-scav-
enging reaction by curcumin at a high pH. There might be an-
other explanation that the di-anion form activity is responsible
for the activity of the methylene protons or enol-proton. How-
ever, the rate constant obtained for curcumin dimethyl ether
(Fig. 1c), which has no phenolic —OH group, was less than
1072 M~!'s7! in the TX-100 micelle system at pH 7.0. There-
fore, we concluded that the activity of the di-anion form was
responsible for the conjugated phenolate structure and the
contribution of the electron-transfer processes.

In TX-100 micelle systems, the values of kR were always
more than 10-times as large as those of k,T"CR at pH 4-12.
This is very important for understanding the remarkably high
activity of curcumin in biological systems, such as in mem-
branes, various tissues, and so on. It is natural to consider that
the remarkable high activity for the radical-scavenging reac-
tion by curcumin is due to the longer 7-conjugation in its
structure compared with other o-methoxyphenols, including
half-curcumin. Considering an investigation of the solvent ef-
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fect of kR and kMFCR | curcumin should exist as activated
cis-enol form in aqueous TX-100 micelle system, similarly
to in chloroform and benzene, despite the existence of many
water molecules that can inhibit the intramolecular hydrogen
bond in curcumin. It is probable that the enol form and the in-
tramolecular hydrogen-bonding around the molecular center of
curcumin are stabilized in the hydrophobic area of the micelle
by protecting from water molecules. As described above, the
enol form with the intramolecular hydrogen bond of curcumin
would show remarkable activity because of the stabilization
of its corresponding radical by delocalization of an unpaired
electron.

Conclusion

A Kkinetic study was performed on the free-radical scaveng-
ing actions of curcumin and half-curcumin in order to clarify
the mechanism of free-radical-scavenging in curcumin. The
second-order rate constants for radical-scavenging reactions
of curcumin and half-curcumin were measured in several or-
ganic solvents and in aqueous TX-100 micelle solutions at var-
ious pH. The difference in the rate constant and solvent de-
pendence between curcumin and half-curcumin suggests that
the enol structure with the intramolecular hydrogen-bond of
curcumin strongly enhances the radical-scavenging activity.
Furthermore, notable pH dependences were observed for the
rate constants of curcumin and half-curcumin in micelle solu-
tions, suggesting that the acid-base dissociation equilibrium of
phenol-protons in curcumin and half-curcumin affects their
radical-scavenging activities. These solvent and pH dependen-
ces suggest that the radical-scavenging reaction by curcumin
progresses mainly as HAT, and its activity is almost responsi-
ble for the phenolic —OH protons and the oxidation potential of
curcumin. Because curcumin exists as the enol form in the oil—
water interface region of membranes, curcumin acts as a good
free-radical scavenger as well as rutin and vitamin C in biolog-
ical systems.
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