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Tea (Camellia sinensis) leaves contain various antioxidants such as ascorbic acid (1) and polyphenols.
This study tries to clarify the molecular mechanisms underlying the antioxidative and radical-scavenging
activities of these antioxidants, and the reactivities of each antioxidant have been compared against
that of the stable free radical 1,1-diphenyl-2-picrylhydrazyl (DPPH, 2) using nuclear magnetic
resonance (NMR) analysis. Catechol (3) and (+)-taxifolin (4) were oxidized to o-quinone by 2. However,
ethyl protocatechuate (5) and quercetin (6) were not oxidized to o-quinone, even though they possess
a catechol structure. The radical-scavenging ability of o-dihydroxyl phenolic compounds with a
conjugated olefinic double bond (e.g., 6) was superior to that of compounds without this bond (e.g.,
4), whereas the ability of o-dihydroxyl phenolic compounds possessing a conjugated carbonyl bond
(5) was inferior to that of compounds lacking this bond (3). Vicinal trihydroxyl phenolic compounds
with a conjugated olefinic double bond [e.g., myricetin (7)] had an inferior scavenging ability as
compared with compounds lacking this bond [e.g., pyrogallol (8)], but 7 was a better scavenger than
compounds with a conjugated carbonyl double bond [e.g., ethyl gallate (9)]. In addition, vicinal
trinydroxyl phenolic compounds (e.g., 9) were superior to o-dihydroxyl phenolic compounds (e.g., 6).
Finally, 1 scavenged radicals more quickly than 8.

KEYWORDS: Antioxidation mechanism; NMR; 1,1-diphenyl-2-picrylhydrazyl; polyphenol; conjugated
double bond

INTRODUCTION activities of antioxidants (13). Using this method, we have

Tea (C llia si i) | tai . vohenol previously demonstrated that the antioxidation mechanism of
ea (Camellia sinensis) leaves contain various polyphenols (—)-epigallocatechin (10), which has a pyrogallol structure in

and possess potent antioxidativg activiti&}. (Tea catechins the B-ring, differs from those of-f)-catechin (11) and-f)-
(flavan-3-ol derivatives) are major constituents of tea poly- epicatechin (12), which have a catechol structure in the B-ring
phe_nols. In recent years, they haye a_ttracted much attention for(13). In brief,11and12 are oxidized tw-quinone by2, whereas
their potential beneficial effects in disease preventidng). 10 is not oxidized too-quinone. We have also compared the

In par.tlcular, th(? antioxidant apt|V|t|e§ of c.atechms'seem to be relative radical-scavenging activities between antioxidants [ascor-
most important in terms of their ph_y3|olog|cal f”_nCt_'(m 10), ... _bic acid (1),a-tocopherol, and catechins] by this new NMR
and there have been several studies of the antioxidant ab'l't'esanalysis method (14).

of catechins against the stable radical 1,1-diphenyl-2-picryl- %6 cyrrent stud , we have tried to clarify the molecular
hydrazyl_ (DPPH.2) (l.’ 11_’ 12). However, the_ant|OX|dat|on mechanisms underlyir):g the antioxidative and rgdical-scavenging
mechanism of catechins is not fully characterized as yet. activities of other polyphenols by usint§C NMR analysis

We have developed.a new nuclear magnetic resonance (NMR)coupled with 2. Moreover, we have directly compared the
analysis method, which use to elucidate the molecular  reactivities of each polyphenol against the radizdly NMR
mechanisms underlying the antioxidative and radical-scavenginganalysis and have tried to clarify the influence of the number
of hydroxyl groups and the conjugated double bond on the
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Figure 1. 13C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of catechol (3) and ethyl protocatechuate (5) with DPPH (2): (A) 3 (0.015
mmol); (B) reaction mixture of 3 (0.015 mmol) and 2 (0.030 mmol); (C) 5 (0.015 mmol); (D) reaction mixture of 5 (0.015 mmol) and 2 (0.030 mmol); (E)
2 (0.030 mmol) added to a mixture of 3 (0.015 mmol) and 5 (0.015 mmol); (V) 1,4-dioxane (external standard); (¥) 1,1-diphenyl-2-picrylhydrazine; (O)

remaining peaks of 5.

min (proton decoupling; 125 MHz; 5 mm cell, 32768 data points;
spectral width, 33898 Hz; 453ulse; pulse repetition time, 1 s; 4000
times) with an external standard containing 1,4-dioxane in acedgne-
(0.015 mmol/0.06 mL) in a sealed tube with coaxial inserts (Wilmad,
Buena, NJ).

1,4-Dioxane:*3C NMR (acetoneds, 125 MHz)d 67.6 (C-2, -3, -5,
-6).

Methyl Ester of Caffeic Acid and Hydrocaffeic Acid. Thirty
milligrams each of caffeic and hydrocaffeic acids were individually
dissolved in 1 mL of 5% HCI in methanol (Nacalai Tesque, Inc., Kyoto,
Japan) and kept at 7@« for 1 h. The mixtures were purified by silica
gel column chromatography (CHZMeOH) to yield the methyl esters.

Sample Preparation for NMR Measurement.Reaction of Poly-
phenols with2. After the 13C NMR spectroscopic measurement of
catechol (3, 0.015 mmol) in acetode-(0.54 mL), 2 (0.030 mmol)
was added to the NMR cell. The mixture was kept for 10 min at room
temperature, and after the purple color2dfiaded, it was subjected to
13C NMR analysis. Ethyl protocatechuafg,(quercetin §), (+)-taxifolin
(4), luteolin (3), eriodictyol @4), methyl caffeate 15), methyl
hydrocaffeate (16), pyrogallol (8), and myricetin (7) were treated in

6: 3C NMR (acetoneds, 125 MHz) 6 176.6 (C-4), 165.0 (C-7),
162.3 (C-5), 157.8 (C-8a), 148.3 (0)4146.9 (C-2), 145.8 (C*B 136.8
(C-3), 123.8 (C-D, 121.5 (C-6'), 116.2 (C-5'), 115.8 (C-2'), 104.2 (C-
4a), 99.2 (C-6), 94.5 (C-8) (16)igure 2A).

4: 13C NMR (acetoneds, 125 MHz) 6 198.2 (C-4), 167.8 (C-7),
165.0 (C-5), 164.2 (C-8a), 146.6 (Cy4145.7 (C-3), 129.8 (C-)),
120.8 (C-6'), 115.9, 115.8 (C52-5), 101.6 (C-4a), 97.1 (C-6), 96.0
(C-8), 84.5 (C-2), 73.2 (C-3) (16){gure 2C).

13: 13C NMR (acetoneds, 125 MHz) ¢ 181.8 (C-4), 163.7 (C-7),
162.2 (C-5), 157.5 (C-8a), 148.9 (C}A146.9 (C-2), 145.3 (C'R 122.6
(C-1), 119.0 (C-6'), 115.4 (C-5'), 112.9 (C-2'), 104.2 (C-4a), 103.0
(C-3), 98.4 (C-6), 93.4 (C-8) (17).

14: 13C NMR (acetoneds, 125 MHz) 6 196.0 (C-4), 166.2 (C-7),
164.1 (C-5), 163.2 (C-8a), 145.2 (C}4144.8 (C-3), 130.4 (C-3),
118.1 (C-6'), 114.9 (C‘} 113.5 (C-2), 102.1 (C-4a), 95.6 (C-6), 94.7
(C-8), 78.8 (C-2), 42.4 (C-3) (18).

15: 13C NMR (acetoneds, 125 MHz) ¢ 166.6 (C-9), 147.7 (C-7),
145.2 (C-4), 144.5 (C-3), 126.3 (C-1), 121.3 (C-6), 115.1 (C-5), 114.0
(C-2), 113.9 (C-8), 50.2 (—C#)i (19).

16: °C NMR (acetoneds, 125 MHz) 6 172.3 (C-9), 144.4 (C-4),

the same way. Carbon signals of each polyphenol were assigned by142.9 (C-3), 132.2 (C-1), 119.1 (C-6), 114.9 (C-5), 114.8 (C-2), 50.3

the comparison of*C NMR spectral data with literature valueks—
20).

3: 13C NMR (acetone-g) 125 MHz) 6 146.0 (C-1, -2), 120.8 (C-4,
-5), 116.2 (C-3, -6) (15)Rigure 1A).

5: 13C NMR (acetoneds, 125 MHz) 6 166.5 (C=0), 150.7 (C-4),
145.6 (C-3), 123.3 (C-1, -6), 117.2 (C-2), 115.7 (C-5), 66-:CH,—),
14.6 (—CH) (15) (Figure 1C).

(—CHg), 35.3 (C-7), 29.8 (C-8) (19).

8: 13C NMR (acetone-g 125 MHz) 6 146.8 (C-1, -3), 133.8 (C-2),
120.0 (C-5), 108.1 (C-4, -6) (15)igure 3A).

7: BC NMR (acetoneds, 125 MHz) 6 176.5 (C-4), 165.0 (C-7),
162.3 (C-5), 157.7 (C-8a), 146.9 (C-2), 146.4 (C-8), 136.9 (C-4),
136.4 (C-3), 122.8 (C-1'), 108.3 (C-2','}6104.1 (C-4a), 99.1 (C-6),
94.4 (C-8) (20) Figure 3C).
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Figure 2. 13C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of quercetin (6) and (+)-taxifolin (4) with DPPH (2): (A) 6 (0.015 mmol);
(B) reaction mixture of 6 (0.015 mmol) and 2 (0.030 mmol); (C) 4 (0.015 mmol); (D) reaction mixture of 4 (0.015 mmol) and 2 (0.030 mmol); (E) 2 (0.030
mmol) added to a mixture of 6 (0.015 mmol) and 4 (0.015 mmol); (V) 1,4-dioxane (external standard); (¥) 1,1-diphenyl-2-picrylhydrazine; (O) remaining

peaks of 4.

Comparison of the Antioxida Abilities of Polyphenol#A mixture
of two antioxidants § and5, 6 and4, 13and14, 15 and 16,7 and9,
9 and6, or 8 and7; 0.015 mmol each) in acetorg-(0.54 mL) was
reacted with2 (0.030 mmol for the first five combinations; 0.045 for
the last two combinations). Alternatively, a mixturelof0.015 mmol)
in methanol-d (0.27 mL) andB (0.015 mmol) in acetonds (0.27 mL)
was reacted witl2 (0.030 mmol).

All of the mixtures were kept for 10 min at room temperature, and
after the purple color of faded, they were subjected #8C NMR
analyses.

RESULTS AND DISCUSSION

Reaction of o-Dihydroxyl Phenolic Compounds with
DPPH (2). Reaction of CatechoB) with DPPH @). 3C NMR

129.9, 137.3, 142.9, and 147.1) were ascribabl2 {© 129.2)
and to 1,1-diphenyl-2-picrylhydrazine marked withproduced
by the reduction o (Figure 1B).

Reaction of Ethyl Protocatechuaté)(with DPPH @).
Protocatechuic and gallic acids are constituents of tannin in
plants. We have previously described the mechanism underlying
the antioxidative effects & (13, 14). When9 was reacted with
2, most of the signals @ decreased and no carbonyl signals
appeared (1314). In the current study, we usé&das a model
compound ob-dihydroxyl phenolic acids in ester form. When
5 (0.015 mmol) was reacted with(0.030 mmol) and subjected
to 13C NMR analysis Figure 1D), the intensities of the original
carbon signals ascribable fodecreased, and the characteristic
signal due to the ester carbonyl (66.5) completely disap-

analysis was carried out to clarify the molecular mechanisms peared. Althouglb possesses a catechol structure, no carbonyl

underlying the antioxidative effects of tea polyphen@8lsvas
used as a model compound for polyphenols suclhlasr 12
that possess a catechol structtB€0.015 mmol) was reacted
with 2 (0.030 mmol), the reaction mixture was subjectedf@®
NMR analysis Figure 1B), and the resulting spectrum was
compared with that 08 (Figure 1A). The characteristic signals

signals ascribable to an-quinone moiety appeared. These
observations indicate that the mechanism underlying the anti-
oxidative effect of5 is similar to that of9 (13) and that the
radical may be stabilized including ester carbonyl group not to
yield ano-quinone.

Reaction of CatechoBj and Ethyl Protocatechuat®) with

of 3 (0 116.2, 120.8, and 146.0) had completely disappeared, DPPH (2). A mixture of 3 (0.015 mmol) and (0.015 mmol)

and new signals (6131.5, 140.2, and 181.2) were clearly
detected (Figure 1B). The appearance of a carbonyl sighal (
181.2) suggested thatwas oxidized ta-quinone by2, similar

to the B-ring of11 (13). Other signals 121.4, 125.8, 129.2,

was reacted witl2 (0.030 mmol) and subjected #6C NMR
analysis Figure 1E). Their relative radical-scavenging abilities
were directly assessed by comparing the resulting spectrum with
those of3 (Figure 1A) and5 (Figure 1C). The intensities of



Antioxidative Activities of Tea Polyphenols J. Agric. Food Chem., Vol. 53, No. 9, 2005 3601

(A} Pyrogallol, 8
4,6 OH

OH

OH

RS

\, | ]
(B) Pyrogallol + DPPH

-

immipuo g oo
(C) Myricetin, 7
7o 35 \ \ 8
4 a '3 ' a ‘
. i J | | ZJ 4u |
- N Yvy
(D) Myricetin + DPPH v
Yv
T oY el J
(E) (Pyrogallol + Myricetin) + DPPH Y v v
\v4
v
Yy 0.0
I o 20 9%l %099 )
T T T | I T I I | I T I I ] T I T I [ T I I T | T [
200 150 100 50 (I

Figure 3. 13C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of pyrogallol (8) and myricetin (7) with DPPH (2): (A) 8 (0.015 mmol); (B)
reaction mixture of 8 (0.015 mmol) and 2 (0.045 mmol); (C) 7 (0.015 mmol); (D) reaction mixture of 7 (0.015 mmol) and 2 (0.030 mmol); (E) 2 (0.045
mmol) added to a mixture of 8 (0.015 mmol) and 7 (0.015 mmol); (V) 1,4-dioxane (external standard); () 1,1-diphenyl-2-picrylhydrazine; (O) remaining
peaks of 7.

most of the original carbon signals ascribable3tfC-3 and 6 Reaction of ¢)-Taxifolin (4) with DPPH @). The structure
(60 116.2), C-4 and 5 (420.8), C-1 and 2 (446.0)] decreased, of 4, dihydroquercetin, is the same as thatoéxcept that it
and a new carbonyl signab(181.2) was clearly detected. lacks an olefinic double bond between C-2 and C-3 in the
However, the signals dd [-CH3 (6 14.6),—CH,— (6 60.9), C-ring. Therefore, to confirm whether the difference in anti-
C-5(0115.7), C-2 ¢ 117.2), C-1, 64 123.3), C-3 § 145.6), oxidation mechanisms is due to the presence or absence of a
C-4 (0 150.7), CG=0 (0 166.5) (marked withO)] remained. double bond between C-2 and C-3 in the C-ring of flavonoids,
Therefore, this observation suggests that radicals of DPPH arewe selectedt as a model compound.(0.015 mmol) was also
scavenged more rapidly b§ than by5, indicating that the reacted with2 (0.030 mmol) and subjected ¥C NMR analysis
presence of a conjugated carbonyl group decreases the antioxi{Figure 2D). The characteristic signals of the B-ring [C-2', 5
dative activities ofo-dihydroxyl phenolic compounds. (6 115.8, 115.9), C-q0 120.8), C-1(6 129.8), C-3(0 145.7),
Reaction of Querceting) with DPPH @). We previously C-4' (146.6)] disappeared, and two carbonyl signélsL80.5
described the mechanism underlying the antioxidative effects and 180.8) were clearly detected in tF&€ NMR spectrum
of 11 and12 (13). Whenll was reacted witl2, the B-ring of (Figure 2D). This observation confirmed that tleequinone
11was oxidized to aw-quinone structurel@).6 is a constituent structure was produced after oxidation of the B-ringtsfmilar
of tea flavonol and, likel1, has aro-dihydroxyl group in the to 11 (13). Taken together, these results clearly confirm that
B-ring. Therefore, the appearance of dicarbonyl carbon signals structural differences i6 and4, namely, whether they possess
from the B-ring of oxidized was expected from theéC NMR a conjugated double bond at the 2,3-position, affect the
spectrum (Figure 2B) after the reaction 60.015 mmol) and mechanism underlying the antioxidative effects of these mol-
2 (0.030 mmol). However, the original carbon signals ascribable ecules.
to 6, not only those in the B-ring but also those in the A-ring, Reaction of Luteolin (13) and Eriodictyol (14) with DPPH
completely disappeared and no new signals appeared, ever(2). To verify this, we widened our investigation to other
though6 possesses a catechol moiety. This suggests that theflavonoids and selecteti3 and 14 as model compounds. The
mechanism underlying the antioxidative effect@®floes not structure ofl13 is the same as that df4 except that it has an
involve the formation ob-quinone and differs from that dfl. olefinic double bond between C-2 and C-3 in the C-ring.
Thus, the difference in the antioxidation mechanism$loéind Therefore, these compounds are suitable for comparing differ-
6 may depend on the presence or absence of the olefinic doubleences in the antioxidation mechanisms caused by the presence
bond between the C-2 and C-3 conjugated with the B-ring.  or absence of a double bond between C-2 and C-3 in the C-ring
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of flavonoids. 13 (0.015 mmol), which has a double bond sentative of4 in its oxidized form Figure 2D), were not
between C-2 and C-3, was reacted w2{0.030 mmol) and detected, indicating that did not scaveng@. Therefore, this
subjected ta'®C NMR analysis (data not shown). Similar to observation suggests that radicals of DPPH are scavenged more
the findings for6, the original carbon signals ascribablel® rapidly by 6 than by 4. Similarly, radicals of DPPH were
disappeared, and no new carbonyl signals appeare(.015 scavenged more rapidly B3 than by14 and more rapidly by
mmol), which does not have this double bond, was also reacted15 than by 16 (data not shown). These results indicate that
with 2 (0.030 mmol) (data not shown). Similar to the findings o-dihydroxyl phenolic compounds that possess a conjugated
for 4 and 11, the B-ring of14 was oxidized to aro-quinone olefinic double bond (e.g§) have a superior radical-trapping
structure. The hydroxyl bond at the 3-positioriand4 seems ability as compared with those that do not possess this type of
to have no effect on the differences in the antioxidation double bond§, 4, 11, and12), wherea®-dihydroxyl phenolic
mechanisms of these molecules. compounds that possess a conjugated carbonyl bond %.g.,
Reaction of Methyl Caffeatd§) with DPPH @). To clarify have an inf_erior radical-trapping ability as compared with those
further the effect of the conjugated olefinic double bond, we that lack this bond.
investigated model compounds with simpler structures. Caffeic Reaction of Vicinal Trihydroxyl Phenolic Compounds
acid is also widely distributed in the plant kingdom and occurs with DPPH (2). Reaction of Pyrogallol&) with DPPH @). In
in the form of an ester of quinic acid [chlorogenic acid addition, we use® as a model of polyphenols such Hgthat
(3-caffeoylquinic acid)] in tea. We used caffeic acid methyl ester possess a pyrogallol structure. WHg{9.015 mmol) was reacted
(15) as a model compound of the partial B- and C-ring structures with 2 (0.030—0.045 mmol, gradually) and subjectedi@
in 6. 15 (0.015 mmol) was reacted with (0.030 mmol) and NMR analysis, the original carbon signals ascribable8to
subjected t83C NMR analysis (data not shown). The intensities decreased and no new signals appeaféidu¢e 3B). This
of most of the original carbon signals ascribabléSaecreased, indicates thaB is stabilized as a radical and does not yield an
but no new carbon signals correspondingotguinone were  0-quinone moiety, similar t®, 6, and,10 (13) after reaction
observed, even thoudtb possesses a catechol structure. This with 2.
observation indicates that the mechanism underlying the anti- Reaction of Myricetin 1) with DPPH @). 7 is also a
oxidative effect ofl5 is also similar to those 05, 6, and13. constituent of tea polyphenol and, lik8, has a vicinal
Taken together, these results suggest that the differences in therihydroxyl phenolic group. Whei (0.015 mmol) was reacted
two antioxidation mechanisms observed for polyphenols pos- with 2 (0.030 mmol) and subjected ¥86C NMR analysis, the
sessing a catechol structure are due to the existence of either ariginal carbon signals ascribable T@wompletely disappeared
conjugated olefinic double bond or a carbonyl bond in the side and no new signals appeared (Figure 3D). This suggests that,
chain of the catechol group (21). like 8, 7 is stabilized as a radical and does not yieldaguinone
Reaction of Methyl Hydrocaffeatd &) with DPPH @). To structure after reaction witA.
verify this hypothesis, hydrocaffeic acid methyl ester (16) (0.015  Reaction of Pyrogallol) and Myricetin {) with DPPH ).
mmol), which has no conjugated double bond at the 2-position, We compared the radical-scavenging abilities betw&and7
was also reacted with (0.030 mmol) and subjected ¥C NMR to investigate the effect of an olefinic double bond conjugated
analysis. Most of the original carbon signals ascribablégo to pyrogallol. When a mixture & (0.015 mmol) and’ (0.015
[C-8 (0 29.8), C-7 § 35.3), C-2 § 114.8), C-5 ¢ 114.9), C-6 mmol) was reacted witR (0.030—0.045 mmol, gradually), the
(0 119.1), C-1 § 132.2), C-3 ¢ 142.9), C-4 (144.4)] disap-  signal intensities o8 decreased more significantly than those
peared, and two carbonyl signald 179.0 and 179.8) were  of 7 (Figure 3E), which suggests that radicals are scavenged
clearly detected in thé3C NMR spectrum (data not shown). more quickly by8, and also probably b0, than by7. Vicinal
This observation confirms that apn-quinone structure is  trinydroxyl phenolic compounds that possess a conjugated

produced after oxidation of the catechol moietyl®, similar olefinic double bond (e.g7) have an inferior radical-trapping
to the oxidation of3, 4, 11, 12, and14. These results strongly  ability as compared with those that lack this type of double
support the suggestion that structural differencesgiand16, bond (e.g.B), althougho-dihydroxyl phenolic compounds that

namely, the presence of a conjugated double bond at thepossess a conjugated olefinic double bond (e6y.have a
2-position, are responsible for the differences in their antioxi- superior radical-trapping ability as compared with those that
dation mechanisms. do not possess this bond (e.g),

Reaction of Querceting) and ()-Taxifolin (4) with DPPH Reaction of Myricetin{) and Ethyl Gallate §) with DPPH
(2). To compare directly the relative radical-scavenging activities (2). When9 (Figure 4A) was reacted wit2, no new carbonyl
between a compound with and a compound without this Signals appeared (data not shown), although the intensities of
conjugated double bond, a mixture 6f(0.015 mmol) and4 the original signals 0 decreased is stabilized as a radical
(0.015 mmol) was reacted with (0.030 mmol) (Figure 2E), and does not yield ao-quinone structure after reaction wizh
and the resulting thé3C NMR spectrum was compared with  (13,14). When a mixture of (0.015 mmol) an® (0.015 mmol)
those of6 (Figure 2A) and4 (Figure 2C). The intensities of ~ was reacted witt2 (0.030 mmol), the signal intensities a@f
most of the original carbon signals ascribablé {€-8 (6 94.5), decreased more significantly than thoseddimarked withO)
C-6 (6 99.2), C-4a§ 104.2), C-2'(6 115.8), C-5'(6 116.2), (Figure 4B). Therefore, this observation indicates that vicinal
C-6' (6 121.5), C-1'(6 123.8), C-3 (0136.8), C-3'(6 145.8), trihydroxyl phenolic compounds that possess a conjugated
C-2 (6 146.9), C-4'(6 148.3), C-8a¢ 157.8), C-5 § 162.3), olefinic double bond have a superior radical-trapping ability as
C-7 (0 165.0), C-4 § 176.6)] decreased. However, the signals compared with those that possess a conjugated carbonyl bond,
of 4 [C-3 (6 73.2), C-2 6 84.5), C-8 § 96.0), C-6 ¢ 97.1),  such aso-dihydroxyl phenolic compounds.
C-4a (6101.6), C-2', -5(6 115.8, 115.9), C-§(6 120.8), C-1’ Comparison of Radical-Scavenging Abilities between
(6 129.8), C-3'(6 145.7), C-4'(6 146.6), C-8a (i164.2), C-5 o-Dihydroxyl and Vicinal Trihydroxyl Phenolic Compounds.
(6 165.0), C-7 ¢ 167.8), C-4 ¢ 198.2)], not only those of the  Reaction of Ethyl Gallate9) and Quercetin §) with DPPH
A-ring but also those of the B-ring, remained. In addition, the (2). We also compared the radical-scavenging abilities between
two carbonyl signalsd 180.5 and 180.8), which were repre- vicinal trihydroxyl phenolic compounds and-dihydroxyl
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Figure 4. 13C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of ethyl gallate (9), myricetin (7), and quercetin (6) with DPPH (2) and 3C
NMR analyses [acetone-ds/methanol-d, = 1:1 (viv), 125 MHz] to examine the reactivity of ascorbic acid (1) and pyrogallol (8) with DPPH (2): (A) 9

(0.015 mmol); (B) 2 (0.030 mmol) added to a mixture of 7 (0.015 mmol) and 9

(0.015 mmol); (C) 2 (0.045 mmol) added to a mixture of 9 (0.015 mmol)

and 6 (0.015 mmol); (D) 1 (0.015 mmol); (E) 2 (0.030 mmol) added to a mixture of 1 (0.015 mmol) and 8 (0.015 mmol); (V) 1,4-dioxane (external
standard); (v) 1,1-diphenyl-2-picrylhydrazine; (O) remaining peaks of 9; (®) remaining peaks of 6; (<) remaining peaks of 8.

phenolic compounds. When a mixture {0.015 mmol) and
6 (0.015 mmol) was reacted wit2 (0.030—0.045 mmol,
gradually) (Figure 4C), the signal intensities 8fdecreased,
but no significant changes were observed in the signals. of

74.8, 76.7, 76.9, 89.2, 89.3, 106.8, and 171.1). These signals
were ascribed to enantiomers of bicyclic dehydroascorbic acid
solvated at the C-2 positior28), which would be produced
from dehydroascorbic acid formed after the oxidatiorildfy

This observation therefore suggests that radicals of DPPH are2 (14).

scavenged more rapidly 8than by6. This indicates that the
radical-trapping ability of the vicinal trihydroxyl group (pyro-
gallol structure) is superior to that of tredihydroxyl group

The radical-scavenging ability dfwas compared to that of
8, which had been found to have the most potent antioxidative
activity of the compounds described above. A mixturelof

(catechol structure) and that the gallate moiety is more important (0.015 mmol) and (0.015 mmol) was reacted with (0.030

than theo-dihydroxyl group in the B-ring as a radical-scavenging
active site in the €)-epicatechin gallate (17) structure.

mmol), and the resulting spectrum was compared with that of
1 (Figure 4D). The signal intensities o8 did not decrease.

There have been several studies of radical-scavenging abilitiesinstead, the signals dfdecreased and the signals corresponding

of polyphenols (111,12,22). Their orders of radical-scavenging
abilities are similar to our study on the whole. However, radical-
scavenging abilities 010 and 17 are unclear. The number of
radicals of DPPH trapped b¥7 is reported to be more than
that by 10 at the same molar concentration. Neverthelé&§s,
may scavenge radicals more rapidly thEhwhen 10 and 17

are both present as in our study.

Comparison of Radical-Scavenging Abilities between
Ascorbic Acid (1) and Polyphenol.Reaction of Ascorbic Acid
(1) and Pyrogallol 8) with DPPH (2).1 is also known to
possess potent antioxidative activity. Afteand 2 molar equiv
of 2 were reacted, the signals df(o 63.4, 70.4, 76.4, 119.7,
153.4, and 178.0) decreased and new signals appeai®t§,

to C-2 solvated bicyclic dehydroascorbic acids appeared (Figure
4E). These results clearly show that radicals of DPPH were
scavenged more rapidly by than by 8; in other words,1
possesses a more potent antioxidative activity than all of the
polyphenols described above.

There have been several studies of scavenging abilities of
catechins and against radicals of DPPH.L, 24). The number
of radicals of DPPH trapped by polyphenol is reported to be
more than that byt at the same molar concentration. Neverthe-
less,1 may scavenge radicals more rapidly than polyphenol
when1 and polyphenol are both present as in our study.

In this 13C NMR study, we have directly compared the relative
radical-scavenging activities among antioxidants in tea. These
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results can be summarized as follows. First, the radical-trapping
ability of vicinal trihydroxyl phenolic (pyrogallol-type) com-
pounds is superior to that @Fdihydroxyl phenolic (catechol-

type) compounds. Second, the presence of a conjugated carbonyl

bond decreases the antioxidative activities of lwthhydroxyl

and vicinal trihydroxyl phenolic compounds. The presence of
a conjugated olefinic double bond also decreases the antioxi-
dative activities of vicinal trihydroxyl phenolic compounds, but

it increases that ad-dihydroxyl phenolic compounds. The order
of radical-scavenging ability suggested by our study is as
follows: 1> 8,10>7>9,17> 6,13,15> 3,4,11,12,14,

16 > 5.
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