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NMR Analytical Approach to Clarify the Molecular Mechanisms of the
Antioxidative and Radical-Scavenging Activities of Antioxidants in Tea: Reaction
of Polyphenols with Stable Free Radicals

Yusuke Sawai
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DPPH: 1, 1-diphenyl-2-picrylhydrazyl

NMR: nuclear magnetic resonance
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1 XL®IC

F v 13V )N FE} (Theacea), Y /NF & (Camellia) O
FRENIAEINTE Y, FRBEMKOTAEZ L LT
HAET 2K EEORIER CH L (TS, 1991). #7 =
AU RERT A0, HFEOMLMIEa——,
ENATIRE =03 57 IV a— VIEOREITRE & L
TILLERA SN TV 5 (1 5E5,2002) 25, F v 1213 H 7 =
APINZE A T H ST T = R EOF YRR O
DAEREICE TN TS (AE, 1994).
IATIEENENE L FEE LT3 25
FXIIHFEHMATINLT A2 LICXY, v MR
L L8 (B &b (FES, 2002). R
DFFEMTIE, BRI 5 E TEMIZ300 /5t b OFAEL
HEINTWD (B, 2003) 25, B L) £,
BLIZ2BEICHITONG. T b b REES & KA
Thah.
FZOMTTw) (388 id, S Rilt 2L B0
WAL BB EIRLY), T v OEDOTEOH I
TAIMEIL LN E ST, ThbbRBAOME)E
i, WAZF Y OHHELRAD S VIFENTENSES
(FEH) THRILEES. EOEIENLZ L TEND
BRPEHOTHD, FHFIHEHOBEIZL->TES
27— Y RICRE SN ERBEA L, AIAICRES N
BIRFEREARII NS . ERERTIIEAROE INET
5L CHRIIRIGT 575, MBERE CIIEABROIED
SHIHIENLZETIYVBRELOTELZ LIRS,
COEEBLIBWRIIE) 7 ) —VEFF VT —F
THY), BHESHED 2 & TENO T 7+ VTR
ENTHEDFRVEREANEZL TN Z LR 5.
—HARBERIERTREZITDT, MAZAEOEIXT
CITBAS N CHENOBERIZKET S, HERTOLHN
L2DRBLIZCOREEIETH Y, FHHK 9 T5 t HAERE
SND. HARDATIEIAZERAEIPE TS0 /At 13 &4
EINTWEY, MROEERED ) B TIIALLD 80%
BEZEOTBY, NEBAYERE HETL2EIIDK
REVz2 25 (EFHF, 2003).

DED X)) ICHROIE M THIE SNE T v i, &

aa7

a—b—,

5T FEME ISR ERE (var. sinensis) & MFFEMEIZE5 W
7 v LM (var. assamica) VKRBT H I ENTEL.
BT 2B EL/NE L, PE, HARZ FLITHRE &
N, BHIIABELAOERE L CHWLNLTWS, —
HT7 v LBEEPREL, AV FRT 7 A7 EDE
i, WA CALROBME ISR STws, g,
Ty LHEIIPEEL Y LT EF VEHOGRENE L, AL
KOFRNEFEDOAEFIHE L TWE2DTHE (FEH,
2002) 7%, FTFVEIIHAS L LILICEDT I
BNALEEGREINL EEZLNTEY, & 2y, i
BT CHHREOBEVDS 7 F VEOERIIENEL
ORI 5720 DEEZ NG,

HATIE—HEWIZEIrSBIIPT TLREITZEF v D
FERBOI LD TELDY, BIRMO—FXLDDL, B
Wt =, 2B XTIV h T F VEOGERDE (RIS,
1964). CTAUFHHFREIZL D 77 F Y EHOAE G
ENTWEDEH (HFHkD, 1991), EZXHIZEoT
AT F HET SAERR L TRV S B2 5Fo
TWLDREELEDLZ DI ENTEDL. BRI ERE
KA EDLVEOOERIEN, 7 F VIR
FEBRETLI LD TED (R, 2000).

R 1, DNA DGR, IREDFoRL: &
D4 OBEELXFIEZRITLEZOLNTEY (F,
2000), FEMIO AR LT EYIZE 5 THLHA (Wang 5,
1989), EhHRMEAL (Miura &, 2001), &=+ (Yokozawa
5, 1994), BiZEr (Sato 5, 1989; Suzuki 5, 2001), s
i (Nakachi &, 2000), ¥ER (BFH-5, 1995), AL
(Sayama 5, 1996), HF#¥AEREE (Hikino 5, 1985), 7
LV — (KZED, 1990) 7% &% OEHO—RIZ %
% IS, 1999; KH 5, 2001). F/z, JHRZER (Lee
5, 1997) M DK (Shetty 5, 1994) & L BIMR L
TWwWhE#Ez L1 Tw5 (Ohashi 5,2002). L7-2%-C,
RO ERERT A LX), BT F VHEOEERRE
IR REZEDL LD TED.

VTS, A7 r8ns, FICEaSN, HERED
BRRICHEG LTS EEZ LN TS RSIZHET 5 HIA
AT 5.

2 RICEEFIhBIMEICKED
a HrEVE
FXIEEINL AT F ML, ALFREENIZIE T TN
v 3- A —VERE L OWEORIE SN, 7TIRIA
FO—EIZ5EESNG. 7K 4 FEE, gL,
SIUETAN A F VEEEZ L OGRS 7. Lizd's
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T TIERY, TR, TINI Y, TIINI ) —
W, AV 77RO S EOFEARKI TSN LILEW
HPHFDT7 TR/ A FThbH., ZhU LA T F 5
E3BRIETH LD, 4 A F F VUG E b 2R wiEgtiE (7
TN ERE) ThbI0, [RFDT TR A FICHES
N5, RIS, 1OBRBETDAF V=7 LEETDH
BTN T TR, 3 AMIIKREE OO A Ty
T2V 2RUON N VEBIEFEDT TR A FT
H 5 (Fig. 1) (15, 2000). &1 7 F VFHOLFER I,
heterocyclic ring (C B8) @ 2, 31712 2 HDOAF R FEH T
2L OWHEEATH Y, TO7DHRIIIE 4 FEDIL
RIECE & S\ § 2 P RIEEDFAET 575, F v DFEI
EZDH L (=) -epifhl (+) - EPWESNTVLD
HTHD (FFESH,2002). FYICGINLEERNT
FUOBIIWING CERD3, 5 7L BEMNI, 4 I
WZKERIER BB, (=) -epi fKIE (—) -epicatechin, (+)
-fR1% (+) -catechin LIFEN L. ZHUIMZ, BEROS
ric b KEEFE % D (—) -epi A% (—) -epigallocatechin
EWEss. F72, (—) -epicatechin & (—) -epigallocatechin
DIMDOKBERENEETFME T AT VS L (-)
-epicatechin gallate & (—) -epigallocatechin gallate 23fF 7
95, ZTDHH (—) -epigallocatechin, (—) -epicatechin
gallate & (—) -epigallocatechin gallate 13, F v FifEH (12
LR SN W 2 lis Th 5 (Fg 2) (Hi%,
1994).
INHAEDH T VD) bROEETN TS
?D7Y (—) -epigallocatechin gallate T&H ), LLTF (—) -ep-

Catechin

[a}
Chalcone

Dibydrechalcene

Fig.1 Chemical structure of flavonoid.

igallocatechin, (—) -epicatechin gallate, (—) -epicatechin
Efed (RIS, 1964). ZDIIAIC (+) -catechin 7 &
DWEICHFES 5. HKOTWH D15~ 30% 537 7 F
YHEIZHIZY, Fo 9 bR HY (—) -epigallocatechin
gallate TH 5 (FHi%, 1994). ZKOEYH D 40% 751 7%
gubhTsh) (A 1994), €0 bA 7% M
DEDLEENCPITE PO S,

AT FRVHEIE, FICHO-FEALDL, BHICHT
TOEBRERORNLCEENRTBY (RIS, 1964), F
72, WMU—FROPTIL, WHREHIEND 2L 72550
T, (—) -epigallocatechin & (—) -epicatechin (i EER! %
TR ) OEEIZEMT 5%, (—) -epigallocatechin
gallate & (—)-epicatechin gallate (T A 7 )VEI 7 7 % > 4H)
FREIZRA L, A7 % EORKEE L@ L T
T &z s (Wfk, 1981 #HH 5, 1996).

b RUZ7x/—)

BT X UMD F o ldk A R ) 72 ) — U
EENTVD, a—b—l&ENH KR 7=/ -k L
THI 5 LT\ % chlorogenic acid 13, caffeic acid & quinic

R,

{-)-Epicatechin H H
{-)-Epicatechin gallate H Gallate
[-)-Epigallocatechin OH H
{-)-Epigallocatechin gallate OH  Gallate

OH

o
CH
OH
Gallate

Fig.2 Chemical structure of catechins.
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acid DT AT VIR, T—b—Dh%5TEH L ORFEE
B ORE, FELRLIZEEIN (S5, 1990), F v
LT % (Roberts, 1956).

F72, 79K/ —)V& LT kaempherol (K55, 1936;
KE S, 1952; H1HK, 1953; KI5, 1953a; K5, 1953b
KI5, 1953¢), quercetin (K& 5, 1936; K& 5, 1952;
HIRK, 1953; KI5, 1953a; KIS 5, 1953b; K5, 1953c;
Roberts 5, 1951a; Roberts &, 1951b), myricetin (Roberts
5, 1956; EHEF 5, 1953; EEF &, 1954a; WEET &, 1954b; (&
5, 1954c; {EE 5, 1962; Takino 5, 1962) ¥, FElHE(R
OT7 7Y AELTHEELTWS (S, 1991). 7
TR = VIEHRZESTHE AT YOFIEH TN &
FNg (K 1953), 29 L72BIRIE ¥ L &
SPTBY, 753K = b F v HRNED S B 25FD
TOIERRENDLEEZLNS.

3512, K¥AY (—) -epigallocatechin ¥ 721% (=) -epi-
catechin & T X 7 )L#E4 L C (—) -epigallocatechin gallate
% (—) -epicatechin gallate & L CF ¥ HIZ B S 5%
BT (gallic acid) (£, BEHEORETL bFHITHFEL
TWwa (s, 1991).

CH LA THF VHERSR) 72 =ik F v Tl
I % GENL L EZLND (RS, 1991).

¢ Ascorbic acid

AR L 912, HFETHOHNLTEL, #ikickh B
OISR E ARSI, LT A TR IR
FIHEL, DERIIAEBRRICELTWE00, mE
FRIEMR L 2L, 7y 2R ARIEEEAICINT T 5
CLUEARTRETIE WL, HEMEZEBAICNLT S 2
EHTERLITRY, BT HI2F v OEMNICHELET 5K
V72 /)= NVFF I —XIZLHTF VEYEBLESE
TOL o R BBR LW, 77 ¥ HERILSE S
CEBRLIALF v 2T I TR 2 RIE S ET
PO EE LR R ANREERR (B4 LIEA.

AFEBR OB P b EELR KA v ML, WAZF v
DER VPR ML THEZRIGSEIL2H0TH 5.
FEROLIEIENIUL, N2 H T F Y EHOBR LS
Y, FOBRBEINLFES T EOB L TE L
FWEREZEATEY, HIZEHBSEEROERBTR S
o TRZEE LTI E LR S E 20, it Coffif
WENBERE %5,

REWEEOBIEBIZIZ BT, WAL F YOEREN
T ARRPICME S N CRER S RIGE L 22 5 72
OIZ, BRLEOBELZRIH/ELLTOHCENS

=
=

ascorbicacid (¥ % X » C) O&®RZMET L HENRH 5.
NBEFESS T d B HIZE D ascorbic acid &1 250 mg/ 100 g
THAHDIIH L, FFHEER (V-1 %) IbFhics
mg/100 g, FEEEAE (KIZE) 1CW o TdM E Nz h o
7o (A&, 1994). Ascorbic acid (&, F ¥ O IEDTHERILIC
R AR L CENSL 2 L TTARNIImbE N, &
2% % (hHR S, 1991). Ascorbic acid (£, ZIZ&FEN5H
KO TIE N T Y HEBSBILIETH Y, Fx
DEIZBIFHHALIS I L Cnd vz b,

AARTOLONERKIITE AEDPREHERIZD, €0
FUZQ AR EBE L LWL ORIl AT 5. £
FRIZREIERRY, FryOWmF2MLunc 20 HEIEZE
Htzl o CETRTMI AL 2. 29352 L T¥
ARG THLNTF VHEOESEIIZ SN, ) F A
GCHHT I BEROEHCERIENTELDTH L.
FRRNZ LI, A2 ST TCHECONARE LD O H
& SALCTH T H N EFE D J77% ascorbic acid & D
Db (HE 1994). T, RIMEEL ST
THTONZTF v, L 0L ORBRILNT 2 LT
LR EZLND.

d a -Tocopherol

Ascorbic acid 23 /KA E O RINPUBAL W B & L <THn
bhbd—7, REEOHERILWEE LML
a -tocopherol (K% I Y E) 3 F ¥ ICIZEBEIZHEETNT
W3 (IS, 1976). a -Tocopherol 1Z % 1% ) ascorbic
acid A 7 F VHEHEEERIZ, HXxESNTE LN
FEHELYDAXELTTECONLHEO TP EEITE
W (o 775, 1984; AN 5, 1987). a -Tocopherol 17K
T R Wizo@E e FAKE T 2B BT 5 2k
ETERWY, HWEEMALAD, BRICLREELE
TR SRS D 2 L 12X D, ascorbic acid X4 T
FUOBEAEICANENICET 52 LA TE S, $72,
ZHF LT v OAEMFHBAT IS BV TIEPB LS & LT
BHE % P EE TR LT IETThY, &L
THIE S NN TR DO Z B OBFE T, HE AT O R
HCRESILERZ £ %X )12, a -tocopherol b HT
BRALI & L CORFZLTICRILLTVwDEEEZD
na5.

3 WHROEE

Eao X512, FKICIEEEOBERILE A E <
BY, BOTBRILIEIZOWTIL, WlEOBRICEIHIZ B3
LG (RS, 1985) %3 L, FTEL S OWFIEDAT
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bRTE7, TH T OWHERR LTINS b DI, T
WA &0 AR A o 72BRFZO—F (B %) P42 12—
BIETEZITLIEIENELDE A== FFH A F
T4 Y770 (0:7), #ERILKE (H02), b o
FIVT TN (¢ OH) REHleDdHb. 512, « OH
DGR <, B2 IXIRE R S s L RRIIE
B0 LO0 ) BEL, F/LUWETI/ BTHD
arginine 7 5 AW 5 —EELEHE (NO) & 02 5 id/ 38—
THFTFAMTA4 N (ONOO ) 7 EDIEMEEFMEAVE L
bEwvbi (ffFlH, 2002), ZhozHRELLAT
X VHOPBIL RSP N E TS TSN TE 72
(55, 2002).

L22L, 29 L7iEHmEEIT Iy EEmT, 2
Ixt L, WENEHFGTRER T V7 NMED & FEB
WCHWHNTWD (55, 2002). ZETIHIVEL
Tikd L CHIBNTWD DL 1, 1-diphenyl-2-picrylhydra-
zyl (DPPH) T& 5. DPPH 35 ¥ /1 ViHEWEAEIES
% EJET VA VK (1, 1-diphenyl-2-picrylhydrazine) 2%
b3 5720 (Fig. 3), MWHIIET AL~ LE%{E (ESR)
WEOWERETA2I VI VEES 2, TVNNVEEWED
HExERDLHZ LD TE S (Nanjo 5, 1996; Nanjo 5,
1999). F 72132 OFEZ DPPH ICHIR T 4 RO GAT
UEBIBE LT 72, IBBREEENT T ¥ 7 ViR
PEZBE L7 & 2 (R aiiZErT, 1999; Yosh-
ida &, 1989; Yokozawa %, 1998).

BELCTH T F VHOBMALR R, (L ERICB
BD3, 4 MoOKEEIZMA, 5 6212 b KEkIEE b
b, PO 3MORBREIEETRE T AT VS L7
(—) -epigallocatechin gallate 7% b i\ & S5 725, (—)
-epigallocatechin & (—) -epicatechin gallate O [ D512
DWTIFFH S ) (55, 2002), LA L DPPH 4
DEET T H IV E I TIE, (—) -epicatechin gal-
late ® /7% (—) -epigallocatechin & O & HLEEILIG A
Ve DA % v (Nanjo ©, 1996; Yoshida &, 1989
Senba 5, 1999).

T7IRI = WIZONTH, BERO 4 LI Lk EREk
® 7 \» kaempherol I3 ( — ) -epicatechin, ( + ) -catechin
£ L PLER LRI 1245 5 A, quercetin, myricetin (2D

Q.

Q OZN Q ZN
N_NONOi Radical scavenger N_H@Noz
5
af agt

2

1,1-diphenyl-2-picrylhydrazyl 1,1-diphenyl-2-picrylhydrazing

{Purple) {Qrange}

Fig.3 Reaction of DPPH.

T, (—) -epigallocatechin gallate £ V) 455 & § %%k
% (Rice-Evans 5, 1996), #i 5 &3 2#% (Yang 5,
2001) #EHHLH. LHL7T7K —WIZDO0TIL, Rice-
Evans & (1996), Yang & (2001) & 12, BE&D 3 4,5
\ZKEEHAH S 5 myricetin £ ) b BED 3, 4 2Ly
IKEEH: D 72\~ quercetin O APLERLRI RS W & LT
BY, TNETNEBROFMNELD LI DR E—
BRICHET L3 TERVWEEZ LN,

F 72, 2N F TESR(Nanjo 5, 1996) %4576 5T (Yoshida
5, 1989) % F \» T, ascorbic acid % a -tocopherol &
R 72/ = VOB TODPPH 7 ¥ 7 ViHE G %
g, B L72#HE b v <O D, ascorbic acid X
a -tocopherol £ ) KR 72 /= )VDFHHRT I IIVH
FIEEE EAEWMOUT B2 MEN L. 51T, (+)
-catechin %* (—) -epicatechin ® 5%, a -tocopherol & V)
bR DAL 2 HH]F B3k E W & Vbild (RIS,
1985; Hili5>, 1994).

FROXHIZ, BA RIGHERFEZ SR E L TWRH W
2 70 B3 OPUERALE) & G L 7205813 % < s &
NWCELD, TNET, PRI H T D h v EiEs
BB L TORFREEDZEAIZDWTH S 2012 L 72hf%t
v BT R VEOBALERIZI OV T, EEY
R EPHEEES N, EREEICOWTHIIEI ATV
LD (Filis, 1994; H, 2002; Tanaka &, 2003), %
DAAZRALIDOVWTIET Ty 7Ky 7 AL LTHKRE N
TV D E A L T\ 72, Nanjo & (1996) (X, (+)
-catechin % (—) -epicatechin DK% 7 > b d L <
F7 VA fbd 52 LI2& ), BROKBREDFHES
b3z & ERTHMAEERE L (KRR e %
REL, ZoZenrs, A7F HOMBLIEE T BER
WX NS B EDLIEE S LM ST E A
(\P#k &, 1991; Senba &, 1999), EARMIZZ DILF4E
DOEALEH ST L72BE %R Do 72,

DbomRaziE 2C, AR TIE, HRRILKG257
VANEWHETDANZALEFWLPICT B2, ¥
3t (NMR) % Hv CHUERILR3 % DPPH & JUSS
AHF BT 2 FEEeERL. ZOEIED, &
VATHIRALIH S & DPPH % SUG &+, NMR #Hll5%E % 17
)& T, HERALEST S DPPH 7 2 7 V25T 5 1B
D TIEEDEALZHOPIZT LI ENTELLEEZD
nre.

IPRNETIE, 77 F HORD iz E7 VLS
W& LT (+) -catechin ZWFZEIZ 72, (+) -Catechin
& DPPH % [US & & THM L 72L& 2 FE4RL L C
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HEEL, MEEIUEE T o7

#IMETIX, (—) -epicatechin & (—) -epigallocatechin
ZaBHZE#EIR L, £ 2o DPPH & @ KU % °C-
NMR % FvsCEEIL 7.

T, KWETIE, CONEZERIELZLET, #i
TR DT 2 WVEEREIICEL T, &) DEDEHE
LIEMESL LN TEL. FUE, FTR—E VA
T2HHOMMILE T2 RALTEBE, Thoixkdhe T
SN L 72 DPPH & 85 WIS S &4, EVNOKT %
NMR % W CIEBEEHIS 2 2 212X D, 2 O
GO HLELLHEIZDPPH 7 VNV EHETE 720
BESALZ MCHLPIZTELEWIZETHL. H
METIEE 512, (—) -epicatechin & (—) -epigallocate-
chin Z P CTRAL, ZAUIDPPH 2Z 52 T,
DPPH 25 H 500 7% ¥ L2 $ 4 7*% NMR C
[ERE3 I TEaVAS

BNVETIE, R 7/ =W LEW O & TR L%
HOBRIZOWT S SIZFRICIZEz o7z TIRd
Hiize R 7 =/ — Vi & L C catechol % €T MLG
P& LCEIRL, DPPH & UG % PC-NMR % v Tl
WL 7. ZD%, catechol }ii& % 4 3 % ethyl protocate-
chuate %, quercetin |22\ 5% #8072, Quercetin &
g s 233 5 LA & L T, luteolin, eriodictyol,
(+ ) -taxifolin & 3} & L TEIR L 72, Caffeic acid (&
quinic acid & DL A7)V & L THEYHIZHFEL TnAEZ
& % Z 8 L, methyl caffeate % &1 L CHFgE %475 7-.

EHIE, INSDLEW»S 2 FETOREIR L Chilk
fLRES DI 2 AT - 7.

BVETIE, #IVET catechol FHEMAIZOWTHAEL
722 & %15 C, pyrogallol FFE AR DV THIZE % D
720 R DM ET VLAY & L T pyrogallol % 5%
L, DPPH £ O UG % "C-NMR & flVWC@lll L 7=, &
72, pyrogallol & 124+ L 7 1 v ZEAE G LE T 5L
G LT myricetin Z 7RISV 72, — HiETHEIE
pyrogallol #1512 71 VAR = )V “EiE A LT 215w
THEY, REPITHFVHELZATVHEEL TS
& BB LT, ethyl gallate % £ 7 VLA H 72,

S5, ThoDfbEYr S 2 SRS OIR L THilk
{bRE) & iR L 72,

W21, catechol FHERDOH THROFL 7)) =TT
ANEHEET S L% Z 5D quercetin &, pyrogallol &7
LR CTHIRRILRE I D B 2 1T o 7.

5 VIF T, ascorbic acid |22>C, DPPH & O Xt %
BC-NMR % Fiv>CHHl L 7.

¥ 72, ascorbic acid & RV 7 =/ — )V O THIEILEE
NORB AT 72,

EHIZEVIETIEH 212, Y 72/ —)v & DPPH
WG LTR) 72/ =37 1) =7 I H VI L) it
EN72dH & T, ascorbicacid # Mz 5 Z &12X D, Bl
EN/RY 72/ — )% ascorbic acid 23 HEICT & b 3R
BRl7z.

HVIETIE, a -tocopherol |22 C, DPPH & O it
% “C-NMR % JivCH L 72

%72, a -tocopherol & ascorbic acid, R 7 =/ —)
5B 7228540 O B O T TR LRE) & el L 72,

& 512, HEVIELFEMIZ, KU 72/ —)E DPPH
BREIBLTERY) 72/ = V7)) =5 Ih VI L)k
ft&N72d & T, a -tocopherol ZHNZ 5 LI12X D,
a -tocopherol ERIL E N7z R 7=/ = )VEBRILTE
LEER L7z

KWFEZ BITT BTz, B RED THREZ W72
& F LR R RIS G 8%, nHRR AL I
eI e =%, R REST ARSI #E I
FEEH A2 LET.

T, K EI s IHVERZEIBERZ
72& £ L7 B RFISHAEDRFHATERE, BN
PRI B, R A A BT,
R R R T A2 i R 72 L £

OI DPPHZ#ZREW/E (+)-catechin ®
MELLIEED NMR (2 X 5834

1 H HY
FXIEEINDL DT X VHIR, BFEICE-T, PIAA
(Wang 5, 1989), BhARAEAL#IH] (Miura &, 2001), i
J£_EFHH] (Yokozawa &, 1994) , Jx2rh OF B (Sato 5,
1989) & ] (Suzuki &, 2001), «CEE FF5 (Nakachi
5, 2000), PUHERIE (KI5, 1995), Prhiliili (Sayama
5, 1996), HFHRELR#E (Hikino &, 1985), L7 L L ¥ —
(KZE S, 1990), & HIZITHLE (Shetty 5, 1994), ¥
TANR (FHS, 1997), BFGEWERE (HRS,
1992) HOMD TERLREIMEHEZRT I LA o T
ETBY, T0%LE, BT X VEOMBLERICL S
LDOTHEEN) ZEPHLNIL>TETNS
FXIEINDLEEL T 7 F HIE, (—) -epigallo-
catechin gallate % 13 U & L C, (—) -epigallocatechin,
(—) -epicatechin gallate, (—) -epicatechin T 5 7%, %
DIFIZ (+) -catechin AT S, RETIEE
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T, W TR UVHEORD EMAET VLA L LT (+)
-catechin % EE&IZ /2. (+) -Catechin (3T ¥ DA%
SPLL ORFEWICE TN LA TH L (5D,
1990). (+) -Catechin & DPPH % )i & & CHAM L 72
LW % FEML L CHEBEL, MERELITo 7.

2 A &

a NMRAIE

HWESRENT 5 ¢ BV AL, JEOL JSX-270 FT-NMR %
B HWT, DToEMTlEERTo72 Jakr /A
ATy 7)) 7 2V AR R UK 1R, BRSO
A 45° 28V AL HIZEEIPH 17007 Hz, #1727 27°C.

b EEYE
NFTAZHEN)ET & | C tetramethylsilane % Fv» 7z

[ | o - e B B
g 4

| (Bl {+}-Catechin + P Tw, TTY

1 v

A,
[} il e iy + T Yy
e |
Blvinglanediamine - |
[
vl
-,ﬂ;-i:ump-uund A1) >
mn oL 1D
| |
g
o |
Privaepg
VE} Phanazing
o
.i'\-.j\-u,-r
- _ N [
e — PR
Im 1S

c AlEFEHORR

Acetone-ds (0.70 mL) #7112 (+) -catechin (0.015 mmol)
% B S &, "C-NMR 7€ % 17 - 721%12, DPPH (0.030
mmol) % Jll 2, DPPH @ %t 7% & & 7 I 51 C 7 £ °C-
NMR #ll5E %47 - 7= (Fig. 4).

(+) -Catechin: *C NMR (acetone-ds, 67.5 MHz) 6 157.7,

[#}-C stechin

5 i el

P
—_—

e HMR e MR

Fig.4 Sample preparation for NMR measurement.

S B

|
L= Lol a5

Fig.5 "C NMR spectra of (+) -catechin, its reaction mixtures, compound A (1) and phenazine (acetone-ds, 67.5 MHz) .
(A), (4) -catechin (0.015 mmol) ; (B), reaction mixture of (+) -catechin (0.015 mmol) and DPPH (0.030
mmol) ; (C), 1, 2-phenylenediamine (0.015 mmol) was added to a mixture of (+) -catechin (0.015 mmol) and
DPPH (0.030 mmol) ; (D), compound A (1) ; (E), phenazine.

WV, 1, 1-diphenyl-2-picrylhydrazine.
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157.2, 156.9 (C-5, -7, -8a), 145.7, 145.6 (C-3", -4 ),
1322 (C-1"), 120.1 (C-6"), 115.7 (C-5'), 1152 (C-2'),
100.7 (C-4a), 96.1 (C-6), 95.4 (C-8), 82.7 (C-2), 68.3
(C-3), 289 (C-4) (Porter &, 1982) (Fig.5-A) .

d &M A (1) OBE

Acetone H1°C (+)-catechin (0.15 mmol) & DPPH (0.30
mmol) % % &4, DPPH OSREAHE 7S TE 512
1, 2-phenylenediamine (0.15 mmol) & & S€7-. Kt
WEEwEE )BTy Vv Iara< 757 (CHCh
/MeOH) 121, (+) -catechin & ¥ & WD NLE
WA HEEEL7: (LAY A (1) [4.0mg; Rf=0.4, silica gel
GFs: (Merck), CHCl::MeOH=9:1] EI-MS: m/z (%) 360
(M*, 100), 222 (95), 193 (44), 169 (53), 139 (25) ; HR-
EIMS: m/z 360.1090 (M"*, -2.0 mmu for Cz1H1N204) ; *C
NMR (acetone-ds, 67.5 MHz) : 6 158.0, 157.3, 156.5 (C-5,
-7, -8a), 127.6-131.5 (phenazyl), 96.6 (C-6), 95.5 (C-8),
82.4 (C-2), 68.3 (C-3) (Fig. 5-D) ; '"H-NMR (acetone-ds,
270 MHz) : § 7.80-8.50 (phenazyl), 6.12 (H-8), 6.05
(H-6), 5.09 (H-2), 4.35 (H-3) .

3 RBRHELUEER

a (+) -Catechin & DPPH O

Acetone-ds (0.70 mL) #C, (+) -catechin (0.015 mmol)
& DPPH (0.030 mmol) % Rt & &, DPPH O%{h3 %
721 51 C PC-NMR #ll % % 17 - 72 (Fig. 5-B). & #E
RAEEMTH D (+) -catechin ® AZ b (Fig. 5-A)
(Porter 5, 1982) kItfgl 7L 2 A, (+) -catechin ®
BERICHFET L 7 F L [C2 (6 1152), C5 (6 1157),
C6 (6 1201), C1 (6 1322), C3, 4 (1456, 145.7) ]
W/NSL ), KOO VKNV ZTF I (6
180.5, 181.2) 2#H L K R a7z, wioh D 7+

V(6 1214, 125.8,129.2, 129.9, 137.3, 142.9, 147.1) ¥
WIRIBEND Y 7TV (6

Zin kol oES, DPPH |

129.2) B £ " DPPH 25#7C &1 C T & 72 1, 1-diphenyl-
2-picrylhydrazine (W) O 7 F )V Thotz. TDT &
75, Nanjo 5 (1996) b FEAEHWTHL2IZL T
Wb X912, (+) -catechin 1 BERD 5720 DKBET
FIUNNEEET LI EATRIBEI N

b (+) -Catechin OB LEIEDARRA

FLLHBNIZ S0 N VKLY 7 uhs, (+)
-catechin ® B B#13 DPPH & UG ¥ % & ¥ 7V HEE 1A
b3 2 EEz N7z SNEiHT 57201
(0.70 mL) # T ( + ) -catechin (0.015 mmol) & DPPH
(0.030 mmol) % St &4 72%212, 1, 2-phenylenediamine
(0.015 mmol) %z 72. ®C-NMR %2 Hll5ET 5 &, 572D
DHNKEZN T 7 F)b (5 1805, 181.2) XKL, (+)
-catechin [ZHHR T 52 7 F N (C1, -2, -3, 4,5
6, &) BFHUHN, —EX ) SHEEE o (+)
-catechin 1, 1F& A EH LD (+) -catechin [ZEITL E 1
7meEz 6Nz (Fig. 5-C). LaL, 2oz, */
VR & 7 o 72 (+) -catechin |2 phenylenediamine 73+
MU7ALEWPD B LEREEENTVDL ELEE R LN

Z O HE M $E v, acetone ' T ( + ) -catechin (0.15
mmol) & DPPH (0.30 mmol) % & & &, & 5|2
2-phenylenediamine (0.15 mmol) % il 2 72 SIS i 20 5
POATNVHTLruaxw T T 7128, (+) -catechin
L0 b mEOR LG WAL HEE L, “C-NMR#ll5E % 17>
7z (Fig. 5-D). #Zi® phenazine (Fig. 5-E) & A<~ bV
LB L 7258, A, DPPH & BUS L CF / gk &
7 o 72 (+) -catechin |2 phenylenediamine 235l L 724k
& (1) ThobpeFER LN EFMS A7 PLIZ X
D, A, FTE3I0THDLIENbro7z. Fomk
222 (95%) ©7 7 A M, Fig. 6 12783 L9112 148
FAZY L CC &7z phenazine 7D — 27 THHEEZ S
7z, SHICESHEEELMS A7 FVIZEY, 5T
i CaHieNeOs TH B Z E5b Y, L&YW A DR

Z, acetone-ds

H,N
o IO
H,N

o Phenylenediamine

Compound
HFIMS miz(M*) 360.1090(-2.0mmu})

for C, H N0,

217 162

Fig.6 Reaction of (+)-catechin with DPPH and then with 1, 2-phenylenediamine.
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E 1 THHZEDPHLRNE ST,

DEoZ b5 (+) -catechin (£ B B2 572D DK ER
HETITVHINEHEIL, ¥/ MEEE 2D 2 L HRERS
M7- (Fig. 6).

I DPPHZRWEADTFUEOREIL
D NMR (C K B854

1 B B

AT Cld, (+) -catechin © DPPH (X3 5 HUERIL%
WEHLMITED, 7 F HHIZIE, (+) -catechin
DTEYY—THA (—) -epicatechin 12z, BED 5
Az b KERFE % 3 (—) -epigallocatechin X, (—) -epi-
catechin & (—) -epigallocatechin @ 3 i D K FE H 12 1% £
TS T AT IVHEA L7z (=) -epicatechin gallate & (—)
-epigallocatechin gallate 7% &, fbFREED 7% 21L&
A OUFEL, FEEIC L - THEMEEE b R b &
HM SN,

RETIE, EHEI S 7% 8 THD (—) -epicatechin
& () -epigallocatechin % s EHZ IR L, e Zh D
DPPH & @ Uit % PC-NMR % F\>CEUH L 7. Hi# T,
(+) -catechin % B BED 5720 DR ERFEDHLERALIE DI
PR L AT & 722 &2 5, DPPHIZZNEh O
T X VHOBEROKBREDKIIS L THIGESEL Z &
L7z, §7%4&bB, (—) -epicatechin IZE NI 2 FEED
DPPH & S &+, (—)-epigallocatechin (X -E )V It 2 fiF 5,
3 & DPPH 2 R 4 ICBUS &, Z O#BEE "C-NMR
HE %2472 72

¥ 72, (—) -epicatechin & ( —) -epigallocatechin % ¥
BEHRCIRAL, ZHUIDPPH 21z %5 2 & T, DPPH #°
EBLLONT XY ERIIKST A% NMR THEZRIZ
PARDLZENTEDLEEZT

2 A A

a '"C-NMR AlIE

e FEHE 5 ¢ £V I A, JEOL JNM-LA 500 FT-
NMR &% AW, UTOLRGTHEZfT-72: 70
NP AXTH T T 2OV AR K LIRER] 1R
MRAF SV 2 45° 2OV A, JAIE#iPH 33898 Hz. Bl L&
30C.

b EEYHE
WILMAD @ coaxial inserts (2, 0.015 mmol/0.06 mL @
& JE T acetone-ds |2 1A% L 72 1, 4-dioxane % 0.015 mmol

TNz 7T e % v 7z,
1, 4-Dioxane: ®C NMR (acetone-ds, 125 MHz) ¢ 67.6
(C-2, -3, -5, -6) .

c AlEHABDOFRE
1) (—) -Epicatechin & DPPH D&
Acetone-ds (0.54 mL) H11Z (—) -epicatechin (0.015 mmol)

% R & 2, P"CNMR Ml % % 47 - 72 # 12, DPPH (0.030
mmol) %M1z, DPPH D%R{73d 1 72185 T "CNMR
MEEITo 72,

(—) -Epicatechin: ®C NMR (acetone-ds, 125 MHz) § 157.6,
157.2 (C-5, -7, -8a), 145.4 (C-4'), 145.3 (C-3'), 132.4
(C-1), 1194 (C-6"), 1155 (C-5'), 1153 (C-2'), 99.8
(C-4a), 96.2 (C-6), 95.7 (C-8), 79.5 (C-2), 67.0 (C-3),
29.0 (C-4) (Porter &, 1982) (Fig.7-A) .

2) (—) -Epigallocatechin & DPPH DK
Acetone-ds (0.54mL) H11Z (—) -epigallocatechin (0.015
mmol) % iAf# X2, “C-NMR {ll £ % 17 - 7z #£12, DPPH

(0.045 mmol) % W12, DPPH D46 th A3 4 72 pi CHE
PC-NMR ll5E %47 > 7=.

( — ) -Epigallocatechin: C NMR (acetone-ds, 125 MHz)
0 157.6 (C-5, -7, -8a), 146.2 (C-3", -5'), 133.0 (C-4'),
131.6 (C-1'), 107.0 (C-2", -6 ), 100.0 (C-4a), 96.2 (C-6),
95.8 (C-8), 79.5 (C-2), 67.1 (C-3), 28.9 (C-4) (Porter 5,
1982) (Fig.7-C) .

3) (—) -Epicatechin & (—) -epigallocatechin ®
MER{CEE I DL

Acetone-ds (0.54 mL) /1 G, ( — ) -epicatechin (0.015

mmol) & (—) -epigallocatechin (0.015 mmol) %= &AL,

Z U2 DPPH (0.045 mmol) % St &4, DPPH D607t
B 7215 55T PC-NMR Hll5E % 17 - 72 (Fig. 8).

3 RBRBLUOEER

a (—) -Epicatechin & DPPH D&

Acetone-ds (0.54 mL) F C, ( — ) -epicatechin (0.015
mmol) & DPPH (0.030 mmol) % It & &, DPPH @ %&
7% & & 72 W 11 ¢ BC-NMR #ll %€ % 17 - 7= (Fig. 7-B).
MERERE S TH S (—) -epicatechin D A7 b )L
(Fig. 7-A) (Porter &, 1982) & lt#kL7-& 25, (—)
-epicatechin ® BERIZHIHRT 5 7 )V [C-2° (6 115.3),
C-5 (6 1155), C6 (6 119.4), C-1' (§ 132.4), C-3
(6 145.3), C-4' (6 1454) 1 AVhS L %D, K7zDoD7
WARZNVY 7V (61804, 181.4) 238 L < RIS 7.

DT &5, (+) -catechin & [[AHEIC, (—) -epicate-
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{A)} (-)-Epicatechin
2
5.7 52 . 2
8a e 1B 5 2
L]
“ |
“
¥y
(B} {-)-Epicatechin + DPPH
M 5
v
c=0 M v
P " L l I 1 . uL | i |
{C) (-)-Epigallacatechin
2 W
57 3.5 P
8a 68 3
4' 4a
T
\ | 1 L | ‘
{D} (-)-Epigallocatechin + DPPH vy v
M A
v J
v
\ A . L
yyYYy
{E} [{-)-Epicatechin + .
{-}l-E pigallkecatechin] + ¥
DPPH
@ :)v Yo ¥ of 9 o o
i OJ
- sl L J

T T T | T T T T | T T T T
200 150

Fig.7 "C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of (—) -epicatechin and (—) -epigallocatechin

with DPPH.

(A), ( —) -epicatechin (0.015 mmol) ; (B), reaction mixture of ( — ) -epicatechin (0.015 mmol) and DPPH
(0.030 mmol) ; (C), (—) -epigallocatechin (0.015 mmol) ; (D), reaction mixture of (—) -epigallocatechin (0.015
mmol) and DPPH (0.045 mmol) ; (E), DPPH (0.045 mmol) was added to a mixture of ( —) -epicatechin (0.015

mmol) and (—) -epigallocatechin (0.015 mmol) .

V., 1, 4-dioxane (external standard) ; ¥, 1, 1-diphenyl-2-picrylhydrazine; O, remaining peaks of (—) -epicatechin.

i+]-E gt s |- }-E oz [ hos itz b

N

5 s el
s
PR
1 —_—
Arancey-ol, .:'
I
L]

'

“IE NMRB Ve NMR

Fig.8 Sample preparation for NMR measurement.

chin (&, BERD 5720 DIKIEIED F /7 U HEEIZELT 5
CEZED T UNNENEET LI LD

b (—) -Epigallocatechin & DPPH Q& Ji&

Acetone-ds (0.54 mL) H1C, (—)-epigallocatechin (0.015
mmol) & DPPH (0.030 mmol) % & J& &+, DPPH @ %8
B HEEEETPCNMRIMER 772 (F—% 4
). JlERSF% (—)-epigallocatechin ® A%~ b )L (Fig.

7-C) (Porter 5, 1982) & ILEL7z& 2%, BERIZHIE
57T NVOH% 5T, (—) -epigallocatechin 13k D
FTRTDOYTF NN RY, LW 7T FIVBEn
5 Z kiEedrosz. & 512 DPPH (0.015 mmol) % KU
EHTPEC-NMR M5 % 47> CTd, (—) -epigallocatechin
HERDSTXTOY 7 F NP E LIS R BT, #
LW F VBN LZ L hho7z (Fig. 7-D). 20
Z L6, BERIC catechol fifiE % b O (—)-epicatechin &,
pyrogallol #§:1# % & > (—) -epigallocatechin DR LEEHE
FHER2 L 2 e pHEZE S 7z, (—) -Epigallocatechin (3,
B B2 3 E O KERIEDAFAES B 72012, 2 5 O DPPH
ERUG LZBRICIE, 2 FEED o- 3 ) S ATFEATIRGE &
%), WICETFORBEBIEI > TWAERHEL > T,
NMR 3 7 FVDSBIIIC & 2 WIRREICH 5 £ E 2 b7z,
F72, 3fF=® DPPH & FUB L7258, Fig. 9D &9
2TV HNELTHREILL TS EEZ 5N, NMR &
TFvE LTHNR W EHEN S 7z,
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¢ (—)-Epicatechin & (—) -epigallocatechin
DIERICREN DLEER

(=) -Epicatechin (0.015 mmol) & ( — ) -epigallocate-
chin (0.015 mmol) % acetone-ds (0.54 mL) ' T4 L,
Z 1112 DPPH (0.045 mmol) % [t &+, DPPH O %
HidpA 72 H T BCNMR Ml % 47 5 7 (Fig. 7E). =9
L TDPPH #* &5 6 DALEW & BIZ UGS % 7 & i~
BTl X, 2O OFRRLEES) & E NI
BIAHZENTEL, EHNTHD (—) -epicatechin (Fig.
7-A), (—) -epigallocatechin (Fig. 7-C) ® A X7 ML &
ez L7245 %, (—) -epigallocatechin HI3E D ¥ 7 F Vi
INEL Y, (=) -epicatechin kD ¥ 7 F )V (O) 12
ZALIZ 72> 72, (=) -Epicatechin 7° DPPH & Kt L 72
EEHNE SOOI NVEKEZNV Y TF VLB ND S
Lldehoiz. ThbbH, (—) -epigallocatechin 1 (—)
-epicatechin & 1) % 462 DPPH & [t L T8 1, pyrogal-
lol #1%% 4 > (—) -epigallocatechin |3 catechol i % b
2 (—) -epicatechin £ ) b 71 —=F I V& {HET
DT ENHER TS

IV DPPH %#F\\/= catechol 5& 4D
MEE{LIE4ED NMR (Z K B 8847

1 B B

R E TS, 77 % Y HOTRRILERIC OV TS &
17\, BFIZ (+) -catechin % (—) -epicatechin (22T,
DPPH & Ut L 7zB5 21X BER D 572D OIKERFEE D F /
REEIZEALT A Z EANMR THERE T & 72, Lo L,
FrZE, AT UMb RA R Y T ) =
GENTBY, quercetin 2 &, B TFFVHEFRLT7 IR
JARTHY 500, CROWEDR L7 7K/ — )L
7 EOPIEACHEREDS, AT X VEEFERTH LD, B
RS 7-NbETAHTHD.

ARFETIE, NMR 2 WV C, BIfEICF 7 P EA~ D%
LA S 7z 71 7 % 2 HHOD B B catechol i 127E H
L, $9RDHEHMAERY) 72/ — V&L LT catechol
EETMLEW & LTEIR L, DPPH & o )G % “C-
NMR % FH\WCEIMl L7z, Z D%, catechol Mk % A3
% ethyl protocatechuate X°, quercetin |22\ THFSE % i€
& 72, Quercetin & fLFREEDSFHL ST 216w L LT,
luteolin, eriodictyol, (+) -taxifolin & ##} & L TEINL /2.
Caffeic acid (% quinic acid & DT A5 )V & L CTHi¥HIZF
FELTWAZ L% L, methyl caffeate % A L CTHF
FEEiTo 7.

S5, TGS 2 BT OIR L Tk
{LRe ) O 217 o 72,

2 5 Ik
a "*C-NMRE|E
MEIZHEL 5.

b EEYE
MFEIZHE L, 1, 4-dioxane & A7z,

¢ Methyl caffeate & methyl hydrocaffeate
DER
Caffeic acid & hydrocaffeic acid % % 11 %11 30mg § 2
5% DOIEEEA % /7 — )V ImLIZ#EH» L, 70C T 1K X
& SHIE AV h T Az uT N5 T
(CHCls / MeOH) (2fE L, AWTH L A FILT AT IV
A HEEL 7

d AEHBOFR

1) RU7 1./ —)L& DPPH ORIG

Acetone-ds (0.54 mL) H'iZ catechol (0.015 mmol) % #f#
&+, PC-NMR #ll% % 17 - 7212, DPPH (0.030 mmol)

Fig.9 Plausible structure of an (—) -epigallocatechin radical generated by DPPH.
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%Nz, DPPH O %475 & & 72 I 1 C T PC-NMR il
€% 1T o 7=. Ethyl protocatechuate, quercetin, (+) -taxi-
folin, luteolin, eriodictyol, methyl caffeate, methyl hydro-
caffeate |22\ CH [FEDOBIEZIT- 72,

Catechol: ®C NMR (acetone-ds, 125 MHz) § 146.0
(C-1, 2), 120.8 (C-4, -5), 116.2 (C-3, -6) (Materska &,
2003) (Fig. 10-A) .

Ethyl protocatechuate: *C NMR (acetone-ds, 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), 60.9 (-CHz-), 14.6 (-CHs)
(Materska %, 2003) (Fig. 10-C) .

Quercetin: ®C NMR (acetone-ds, 125 MHz) J 176.6
(C-4), 165.0 (C-7), 162.3 (C-5), 157.8 (C-8a), 148.3
(C-4"), 146.9 (C-2), 145.8 (C-3'), 136.8 (C-3), 123.8
(C-1), 1215 (C-6' ), 1162 (C-5'), 1158 (C-2'), 104.2
(C-4a), 99.2 (C-6), 94.5 (C-8) (Markham %, 1976) (Fig.

12-A) .

(+) -Taxifolin: *C NMR (acetone-ds, 125 MHz) & 198.2
(C-4), 167.8 (C-7), 165.0 (C-5), 164.2 (C-8a), 146.6
(C4'), 145.7 (C-3'), 129.8 (C-1"), 120.8 (C-6'), 115.9,
115.8 (C-2", -5 ), 101.6 (C-4a), 97.1 (C-6), 96.0 (C-8),
84.5 (C-2), 73.2 (C-3) (Markham &, 1976) (Fig.12-C) .

Luteolin: ®C NMR (acetone-ds, 125 MHz) & 181.8
(C-4), 163.7 (C-7), 162.2 (C-5), 157.5 (C-8a), 148.9
(C-4"), 146.9 (C-2), 1453 (C-3'), 122.6 (C-1"), 119.0
(C-6"), 1154 (C-5"), 112.9 (C-2'), 1042 (C-4a), 103.0
(C-3), 98.4 (C-6), 93.4 (C-8) (Materska &, 2003) .

Eriodictyol: *C NMR (acetone-ds, 125 MHz) J 196.0
(C-4), 166.2 (C-7), 164.1 (C-5), 163.2 (C-8a), 145.2
(C-4"), 1448 (C-3'), 1304 (C-1'), 1181 (C-6"), 1149
(C-5'), 113.5 (C-2"), 102.1 (C-4a), 95.6 (C-6), 94.7
(C-8), 78.8 (C-2), 42.4 (C-3) (Matsuda 5, 2002) .

(A) Catechol o OH
L_.CH
3,6 [ 7
4,5 i
1,2 l
\ ol
(B) Catechol + DPPH
v
kv
v
v
c=0 i v
! . Uy J
{C} Ethyl protocatechuate o
v 2
4 6
1,6 25 .CH; HO™ ™Y
3 -CH.-
o ¢ ]
1, I, I
r
(D) Ethyl protocatechuate + DPPH 1 4
A 7
v t
v
ql. b l u' L Wb "
(E) (Catechol + Ethyl protocatechuate) + DPPH
v
=
v
o]
1A ¥i[%0 Q o
i oo _ofv M ) 1
-
T T T | T T T T ‘ T T T T T T T T | T T T T ] T T
200 150 50 035

Fig.10 "C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of catechol and ethyl protocatechuate

with DPPH.

(A), catechol (0.015 mmol) ; (B), reaction mixture of catechol (0.015 mmol) and DPPH (0.030 mmol) ; (C),
ethyl protocatechuate (0.015 mmol) ; (D), reaction mixture of ethyl protocatechuate (0.015 mmol) and DPPH
(0.030 mmol) ; (E), DPPH (0.030 mmol) was added to a mixture of catechol (0.015 mmol) and ethyl

protocatechuate (0.015 mmol) .

V, 1, 4-dioxane (external standard) ; ¥, 1, 1-diphenyl-2-picrylhydrazine; O, remaining peaks of ethyl

protocatechuate.
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Methyl caffeate: “C NMR (acetone-ds, 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 (-CHs) (Ravn 5, 1988) .

Methyl hydrocaffeate: C NMR (acetone-ds, 125 MHz)
d 172.3 (C-9), 144.4 (C-4), 142.9 (C-3), 132.2 (C-1),
119.1 (C-6), 114.9 (C-5), 114.8 (C-2), 50.3 (-CHs), 35.3
(C-8), 29.8 (C-7) (Ravn 5, 1988) .

2) 2EOARY 7 /) —ILOIELEENH DS

Acetone-ds (0.54 mL) HC, catechol (0.015 mmol)
& ethyl protocatechuate (0.015 mmol) = {H A& L, I
|2 DPPH (0.030 mmol) % [ &, DPPH D207 %
& 72 5 1 C PC-NMR #ll %€ % 17 > 72. Quercetin & (+)
-taxifolin, luteolin & eriodictyol, methyl caffeate & me-
thyl hydrocaffeate (22T & FFEDHIE %47 - 72.

3 BERELUVER

a Catechol & DPPH ORI

R T2/ = VORS Bl e BAEDET IV E LT
A2 1, 2-dihydroxybenzene (catechol) % 33E4R L 7-.

Acetone-ds (0.54 mL) HC, catechol (0.015 mmol) &
DPPH (0.030 mmol) % St &+, DPPH D738 7=
B 15T BC-NMR M5 % 47 - 7= (Fig. 10-B). 5%
TihCd 5 catechol ® A7 )L (Fig. 10-A) (Materska
5, 2003) LB L72E 2 A, catechol DT RXTDL 7
Fov (6 116.2, 1208, 146.0) 7*5e a2k L, #HrL v
7 F v (6 1315, 140.2, 181.2) SR s n/z. A
R 7 (6 181.2) BIN72Z &5, catechol
i%, (+) -catechin %> (—) -epicatechin ® B g & R ££12,
DPPH L UG L Co- ¥/ VICE LT 2 L% 2 bz

b Ethyl protocatechuate & DPPH DR

RIKHI K D catechol % b O LAEW &L LT
protocatechuic acid %% & 1J & 1L 4. F 7= protocatechuic
acid ® T F )V T A 7 )V TH % ethyl protocatechuate i,
FRALBi kR & LT LMz EICHW NS, S5
5% ClZ ethyl protocatechuate % 272,

Acetone-ds (0.54 mL) H1C, ethyl protocatechuate (0.015

HO o}
OC,H, 2DPPH
—>

HO o

mmol) & DPPH (0.030 mmol) % )i &+, DPPH D%k
A3d 7215 15 C PC-NMR #il5E % 17 - 72 (Fig. 10-D). ]
TEfEF % ethyl protocatechuate ® A X2 k)L (Fig. 10-C)
(Materska &, 2003) & IlL# L 72 & 2 A, ethyl proto-
catechuate O X T D ¥ 7 F )b [-CHs ( § 14.6), -CHe-
(660.9),C-5(6115.7),C-2 (6 117.2), C-1,6 (6 123.3),
C-3 (6 1456), C-4 (6 150.7), C=0 (6 166.5) ] /&
{ 7% o 7275, catechol & IFEZA D HF LW 7 upHh
L2l ol 2O LM, [[LU catechol Mk %
LOLEWTH, DNVKRZVIERN BB E TS
% ethyl protocatechuate (&, DPPH & o L CTH ¥/ ~
T & L CL%E LS9, catechol & (PUERILIERE SR 72
b #Ez LN/ §7% b Ethyl protocatechuate 1%, 7
)V AR Z VIS catechol M & 2 L TW B Z L2 XD,
DPPH & UG L 72B5121E, BT OBED T ATV VKR
ZIVETEI LD, o- ¥/ YA NMR 2L 5T
BHTE R0l Ez shiz (Fig 11).

¢ Catechol & ethyl protocatechuate M4t
ER{LREI DLEER

Catechol (0.015 mmol) & ethyl protocatechuate (0.015
mmol) % acetone-ds (0.54mL) H TR & L, Z LI
DPPH (0.030 mmol) % Uit &+, DPPH ¥t 73d 7
5 11 C "C-NMR #ll 7€ % 17>, DPPH 25 &% 5 L&)
ERICHIST A% ik L7 (Fig. 10-E). /M Th 2
catechol (Fig. 10-A), ethyl protocatechuate (Fig. 10-C) @
ANRY PV & B L7 R, catechol ISR ¥ 7 v id
/NE L 72 1), ethyl protocatechuate 3D > 77 )L (O)
WAL oz, ANVERZV Y 7T (6 181.2) A8
N72Z &5, catechol 239512 DPPH & Ut L 722 &8
biroiz. ThbH, catechol 127 VAR Z)VEENRIEBE L
7ALEW & D SO L MEEM DT R T =5
HNVEHEETEXLI ENbhroTz.

d Quercetin & DPPH OXJit:

Quercetin 1X, ZEIZIZDBAAD T L, £ L OHEWIC
EENDLTIR —VO—FTHY, (+) -catechin X
(=) -epicatechin & [f] U o-dihydroxyl flavonoid T & V) %

Fig.11 Plausible structure of an ethyl protocatechutate radical generated by DPPH.
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6,2 3MIZBRENELLZEMGZAET LR L,
ethyl protocatechuate & {L-F 112 308 L 72588 % & -
T\ % . Ethyl protocatechuate 7% catechol & 13 ¥ 72 % $iT
BRALECTH 2 Z L DPHL IR o722 805, 4
quercetin |22 W T b A E R AT,

Acetone-ds (0.54 mL) H'C, quercetin (0.015 mmol) &
DPPH (0.030 mmol) % [t &+, DPPH D3t d 72
I 55 C PC-NMR il 52 % 17> 7= (Fig. 12-B). &£ %
i Cd A quercetin D A~ k)L (Fig. 12-A) (Markham
5, 1976) LItm L 7ok = A, quercetin D$NTDY 7
F VA S L, ethyl protocatechuate & [AIARIC 77 VKR =)
ST FVIEH NG o, DT E DD, catechol HiiE
122,304 V7 14y ZEEEHHET S quercetin b,
ethyl protocatechuate & [A] ££ (2, DPPH & K& L T & ¥
J UL LCTREE T, catechol & I3 HUEELIEHE AT
BbrEZ N $7%bE quercetin b, 1L 74
v ZEAE A catechol Wi L L TWAHZ LIZ LD,
DPPH & JUG L 72B121E, EFOBEP CEE TES

572012, 0- F 7 VHEENPNMR I L - TEMITE v
DIZEEZ LN

e (+) -Taxifolin & DPPH DK

Dihydroquercetin & L C (+ ) -taxifolin 7% K2k H 1247
TE$ 4. Catechol f§i& 12 %9 5 ZHAG & O CHUlE
LR REDS R 5 2 & 2R T 572012, (+) -taxifolin
B EERICHW.

Acetone-ds (0.54 mL) HC, (+) -taxifolin (0.015
mmol) & DPPH (0.030 mmol) % K J& &+, DPPH & %
73 % & 72 5 15 ¢ BC-NMR I 52 % 47 - 72 (Fig. 12-D).
M 5E &5 F % (4 ) -taxifolin @ A X 7 b+ )V (Fig. 12-C)
(Markham &, 1976) & [b#iL7-& 25, BRICHET
LY ZFNV[C2 .5 (61158, 1159), C-6 (4§ 120.8),
C-1" (5 129.8), C-3° (5 145.7), C-4' (146.6) ] H3/h &
{0, 27O H VK=Y 7L (6 1805, 180.8)
BHLLRBENZ o2 ehs, BRICHET
2,3t L7 4y ZHEKEG D (+) -taxifolin 13,

(A} Quercetin
, v
E >
5,2 e
2 ) 6 .
4 7 4¢3 3 1
S B "
\ { | I j‘ | Finm
L i -
(B) Quercetin + DPPH
v 7
v
v
. Ly ]
(C} (+)-Taxifolin
&
. 3
. 5 52 68 2
L il I I
,l . I . ! J
oy Moo s . 4
(D) {+}-Taxifolin + DPPH
T 7
v
c=0 Y |
e e doosermsed ”Y . IJ | J
N YyYy
({E} [Quercetin + (+}-Taxifolin] + DPPH
kvl
o0 o0 o ©
o e v i
I T I ] T I T T | T T T T i I I T T l T T T T | I T
260 150 100 50 0;

Fig.12 ™C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of quercetin and (+) -taxifolin with DPPH.
(A), quercetin (0.015 mmol) ; (B), reaction mixture of quercetin (0.015 mmol) and DPPH (0.030 mmol) ; (C),
(+)-taxifolin (0.015 mmol); (D), reaction mixture of ( + )-taxifolin (0.015 mmol) and DPPH (0.030 mmol); (E),
DPPH (0.030 mmol) was added to a mixture of quercetin (0.015 mmol) and ( +) -taxifolin (0.015 mmol) .

V. 1, 4-dioxane (external standard) ; ¥, 1, 1-diphenyl-2-picrylhydrazine; O, remaining peaks of (+) -taxifolin.
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quercetin & {3#7: 1), (+) -catechin %> (—) -epicatechin
EFBRI, BERAF /) UHEEICE LT 22 ETI VAN
PHETH I LD bro/z. L722%5 T, catechol i
(A% 2 TEAEE OFIED, ALEW OHIRILEER IR
ECBRL Td I LT CRIE S LT,

C DR iR T S 72912, quercetin, ( + ) -taxifolin
& Hewr LT, 3D IKIEREE 7 7% V> luteolin (0.015 mmol)
& eriodictyol (0.015 mmol) %, % 1% 1L DPPH (0.030
mmol) & JUG & &7z, “C-NMR DR, 2, 3L H
fi& % AT 5 luteolin DFNTOY 7 FIVIIHEKL, 7
WRZ WY 7P VEBN o7z (77— 54l Zh
I quercetin & A AR TH o7, —FH 2, SM_EHH
D72\ eriodictyol 1, BEEASF 7 U REEIZZ LL, (+)
-taxifolin &[] LA RIZ 22 2 Db hol: (754
H&).

f  Methyl caffeate & DPPH ORI

Caffeic acid &, quinic acid & @ = A 7 )V (chlorogenic
acid) & LCE L OMPIZEEN, FICOHEMET S, Cat-
echol L+ L7 4 Y ZEBAVPREEL TV L7100,
methyl caffeate €7 VLA & L TROFEERICH W 7-.

Acetone-ds (0.54 mL) T, methyl caffeate (0.015
mmol) & DPPH (0.030 mmol) % )& & 4 7z, “C-NMR
T5E D #EF, methyl caffeate D 3_TD T 7 F )L ALk
L. AINVEZ VT 7 F VBN o72 (57— 5 E0).
Z OFEFIT ethyl protocatechuate, quercetin, luteolin & [A]
CLThot:.

g Methyl hydrocaffeate & DPPH DK

#t\» T, methyl hydrocaffeate = E 7 WVALEW & L T3
BREATo 72

Acetone-ds (0.54 mL) H'C, methyl hydrocaffeate (0.015
mmol) & DPPH (0.030 mmol) % St & & 7z, “C-NMR
H%E D H, methyl hydrocaffeate DIZ & A DL 7 F)v
[C-7 (5 29.8),C-8 (4 353),C-2 (6 114.8),C-5 (6 114.9),
C-6 (6 119.1), C-1 (6 132.2), C-3 (4 142.9), C4 (1444) ]
DL L, 57220 HNVEZLY 7 (§ 1790, 179.8)
BH LS RSN (F—F 4. T Lnrb,
catechol 1§ 1 12 46 1% 3~ 2 Z E 5 & @ 7 » methyl hydro-
caffeate (&, catechol 72 & & [AfRIZ, ¥/ U HEEICEILT
LHIETIVAINEHET B LD bhrol.

Uk Z &5, catechol i 2% 5 ZHFAD
FTEDS, ALEYOTERILEEICBMR L Tnab 2 L25b
oz

h  Quercetin & (+) -taxifolin D EE L HE
O

Acetone-ds (0.54 mL) H T, quercetin (0.015 mmol)
& (+) -taxifolin (0.015 mmol) % {&4& L, Z 41112 DPPH
(0.030 mmol) % )it £, DPPH O3 3d% & 725 1T
BC-NMR %€ % 47\>, DPPH 25 & 5 & L&MW & B K
g A D% iR L 72 (Fig. 12-E). 254 Td % quercetin
(Fig. 12-A), (+) -taxifolin (Fig. 12-C) ® A X7 ML &
iR L 72455, quercetin HIsk D > 7 viigd L, (+)
-taxifolin R D > 7 F v (O) (2B Rho720 v
RNV ZFUNENL D -722 L 95, quercetin D7
75 (+) -taxifolin & V) %5612 DPPH & UG L7z 2 & 4%
Polz. &b, catechol #iiEIZ 2, 3fLOF L 7 1 >~
ZEBEVRE L ALE WO, RO R LEY &
DR TN =TI HNEHETELI EDbrol.

Luteolin & eriodictyol |2 DWW T d Ib# L 72 & 2 5,
12 catechol #3124 L 7 4 » “EMAEEDHEET B
luteolin DL 7)) =7 VA NEHEE LR (F—%
HNE).

Methyl caffeate & methyl hydrocaffeate |22 \» T & [f]
FkIZ methyl caffeate DA 7)) —F VANV EEET
B Enbhols (77— 5 HuE).

Catechol 2%, ethyl protocatechuate & 1) & 127 1) —
STUNNEWNETELIEEEL D&, catechol #E 2
%S B FAEAD A NVRZNVEDPT L T 4 2 HhOED
T, #EOBLEY XL QIRBALIEIE o2 h
§9< o720 § 5 2 LITHRIEVHERTH 5.

V DPPH % A () /= pyrogallol 5 & &
DREE{LIE#ED NMR |C K 28247

1T B B

HIE T, catechol & Z DFFEARZ HULIZHIFE 21T\,
catechol f 1 (2 3/% 3 2 ZHAE G DOH EIZ L D catechol
THEROPTER LR AT 5 & v ) BIRE AR 2 1572

L2 L, IMETIL, catechol #1E% & > (—) -epicate-
chin £ W % (—) -epigallocatechin D i35 71) =5 ¥
NNVEHEET DI EDVHERTETBY, K72/ -
OPUERALIEEZ B S 22§ 4121F, S 512 pyrogallol
FEIZOWTHFH LA EZED LU D 5.

ARETIE, FIHRDHEMAZET VLA L L T pyro-
gallol % #I L, DPPH & Ot % “C-NMR % fl\v» Tl
M L7z, F 7z, pyrogallol #5124 L7 4 v ZEAE G
g LA & L T myricetin & WFZEIC V72, —H %
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7813 pyrogallol #3512 7V R = )V ZHAE G BT
LICEMTH LY, RKENHTHF FHEZAT VS L
TWbZ E%EREL T, ethyl gallate % €7 IVILEWICH
(AVAS

512, INSDfLEwr s 2 HHE OB L THR
1LRET) & LB L 72.

F %1213, catechol FFEMLDOHFTROIFL 7Y -5
HNEHEETDHEEZ HND quercetin &, pyrogallol 7
BRI CHIRLRE) O L 2 1T - 72

2 A o
'SC-NMR HIE
I, VEICHL 5.

W)

b EEYE
M, WE|ZHEL, 1, 4-dioxane & > 7z,

(@)

AERF DTS
1) RUZ 1/ —)L& DPPH ORI

Acetone-ds (0.54 mL) " |2 pyrogallol (0.015 mmol) %
B S &, PC-NMR #ll %2 % 1T - 72 # 12, DPPH (0.045
mmol) % fill 2, DPPH @ % {6 %% & & 72 I 11 C F & ©°C-
NMR il 7€ % 1T - 7. Ethyl gallate (22T 3 [A kDI E
% 4T o 72. Myricetin 122\ Tl 0.030 mmol ® DPPH %
mz7-.

Pyrogallol: ®C NMR (acetone-ds, 125 MHz) & 146.8
(C-1, -3), 133.8 (C-2), 120.0 (C-5), 108.1 (C-4, -6)
(Materska &, 2003) (Fig.13-A) .

Myricetin: *C NMR (acetone-ds, 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-3, 5 ), 136.9 (C-4"), 136.4 (C-3),
122.8 (C-1'), 108.3 (C-2", -6 ), 104.1 (C-4a), 99.1 (C-6),
94.4 (C-8) (Kazuma &, 2003) (Fig.13-C) .

Ethyl gallate: *C NMR (acetone-ds, 125 MHz) § 166.7
(C=0), 146.1 (C-3, -5), 138.6 (C-4), 122.1 (C-1), 109.7
(C-2, -6), 60.9 (-CHz-), 14.6 (-CHs) (Nishikawa &,
1998) (Fig. 14-A) .

2) 2TEDRY 7 ) —ILDIRELEES DLLE

A} Pyrogallol
(A} Pyrog 45 on
¥ L. OH
8 2
5 : H
¥ CH
13,
\ | | b,
(B) Pyrogallol + DPPH v Yy
o
v
v l. |
" L,
() Myricetin
2,8 Y
|
8
7 3,5
538a T 4a J [
4 *3
I, L _I{ ; z.l 4Ll ol |
. . vy
(D) Myricetin + DPPH o
Ty
I ¥ J
(E) (Pyrogallol + Myricetin) + DPPH "v v
v
v
v
i Q. 999 }Pi olid__ $029 )
T T T | T T T T | T T T T T T T T | T T T T I T T
200 150 50 05

Fig.13 "C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of pyrogallol and myricetin with DPPH.
(A), pyrogallol (0.015 mmol) ; (B), reaction mixture of pyrogallol (0.015 mmol) and DPPH (0.045 mmol) ;
(C), myricetin (0.015 mmol); (D), reaction mixture of myricetin (0.015 mmol) and DPPH (0.030 mmol); (E),
DPPH (0.045 mmol) was added to a mixture of pyrogallol (0.015 mmol) and myricetin (0.015 mmol) .
V. 1, 4-dioxane (external standard) ; ¥, 1, 1-diphenyl-2-picrylhydrazine; O, remaining peaks of myricetin.
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Acetone-ds (0.54mL) HC, pyrogallol (0.015 mmol) &
myricetin (0.015 mmol) % {&4& L, Z 412 DPPH (0.045
mmol) % St & &, DPPH O ¥ 7)5 & & 72 I 51T PC-
NMR #l] € % 4T - 7=. Ethyl gallate & quercetin |22 \» T
b [Al Bk DM 5E % 1T o 72. Myricetin & ethyl gallate {22 \»
“Cid 0.030 mmol ® DPPH % Nz 7.

3 BERFPLUER

a Pyrogallol & DPPH QK&

9, N URIZKEEN3 O E L 72 vicinal-
trihydroxyl HEBELEW D ) B, &b HiLEETH S
ETMEEY & LT, pyrogallol % SEERIZH V72,

Acetone-ds (0.54 mL) #1°C, pyrogallol (0.015 mmol) &
DPPH (0.045 mmol) # St &, DPPH O%¥&1673d 172
I 25 C PC-NMR il 5€ % 17 - 7z (Fig. 13-B). &R F %
1% % Cd 5 pyrogallol ® A~ b )L (Fig. 13-A) (Materska
5, 2003) L ILEZL7-& A, pyrogallol O 7 F L id/h
SRy, LY T FVEEn e ro7. O L
5, pyrogallol 1Z, DPPH & KIS LT &/ U e LT
ZEAL$ 5 Z Li37% {, (—) -epigallocatechin & [f]fk 7
THNE L TEEILTHbDEEZ LN,

b Myricetin & DPPH DK

Myricetin (ZFIZEENL T TR —VO—FETH 5.
Vicinal-trihydroxyl flavonol ® € 7 I)VAL&M & L CTHEERIZ
7z,

Acetone-ds (0.54 mL) H1°C, myricetin (0.015 mmol) &
DPPH (0.030 mmol) % Uit &+, DPPH D% f73% 7
5 1 C PC-NMR W% % 17 - 7= (Fig. 13-D). Mk R %
myricetin ® A X 7 b )b (Fig. 13-C) (Kazuma %, 2003)
EHEZL72E 2 A, myricetin DT RTD ¥ 7 FIVHSH
KL, L w7 FVviddinirosz. 2o enrb,
myricetin &, pyrogallol & [A]£kIZ, DPPH & SUG LT ¥
J VgL LTI RELT A IR, IV ANVEL
TLEAT DS DLEZ 5Nz Catechol FHEAKDYE
LI3H D, pyrogallol 12359 24 L 7 4 ZHEED
HIEE, PURRALPER I R0 BB VW E ) I2E R
bhrz.

¢ Pyrogallol & myricetin D E&{LEESI D

ol 33
Acetone-ds (0.54 mL) 1 C, pyrogallol (0.015 mmol)
& myricetin (0.015 mmol) %4 L, 24112 DPPH (0.045
mmol) % St &+, DPPH O %80 %% d & 72 i 111 © C-

NMR #ll5%€ % 17\v>, DPPH 28 &5 6 L&) & Je i St
T 2% g L 72 (Fig. 13-E). 15 T& % pyrogallol (Fig.
13-A), myricetin (Fig. 13-C) ® A7 )L & JEE L 7254
3, pyrogallol R D 2 7 )V 13/ & 72 V), myricetin
ko 7+n (O) 128 bidhdr ol L7zdoT,
pyrogallol @ J57%%, myricetin & ¥ % 412 DPPH & Kt L
2 Ebrolz, ZOZ L, pyrogallol #E I
AV EETHIEMED S, EEOBVLEY DD
FZT7 )=V ANVEHEET HEHEZ LN Catechol
WEOWETIE, L 74 v ZEBESPIET LAY
DIiH, JEOLAMEEMEI D IRLT7) =5 T )
R FETE-DIZH L, pyrogallol £ 18 35 A |3 HLER %
Wi & 7 572, 21U, pyrogallol & catechol DPLEE L
BROEWIZEN S 0 EEL N Thbb,
catechol 1 DPPH & SULT A 2 &I12 LD F 7 U h§EICE
1t % 2%, pyrogallol i DPPH & St L C & & / v Hxk
& L CTZEALE, pyrogallol ™57 catechol & V) & Pk
LREAIDEND Z LD, TNETNOMEIZHL 74 >~
ZHMEEPLE L BB OZLIZEAH T L
L0 LHENSND.

d Ethyl gallate & DPPH ORIt

HETBE (gallic acid) 134 { DRI E TN LK)
T/ = VO—FETHY, FKiZlZBHIZ, (—) -epicate-
chin % (—) -epigallocatechin & 3 i CT AT VA& L T,
(—) -epicatechin gallate % (—) -epigallocatechin gallate &
LCHET A, &M, 7 MLEY L L T ethyl gallate
IR L, FEREITo 7.

Acetone-ds (0.54 mL) F1C, ethyl gallate (0.015 mmol)
& DPPH (0.045 mmol) % )& &+, DPPH Ok 5%
721 1 C PC-NMR 52 % 17 - 72 (Fig. 14-B). {l5E4E
RAEIEG T 5 ethyl gallate D A7 bV (Fig. 14-A)
(Nishikawa 5, 1998) &bz L72& 2 %, ethyl gallate
FTRXTOYTFNHPNEL Y, HLwAIVR= )Ly
TFNVIEEN G » o7z 2O E 0D, ethyl gallate 13,
DPPH & UG L T &/ Ui e L CIIRENTHZ L
(37 <, Yoshida © (1989) @ ESR & H\7zHF%EI2d %
9, FYAMNELTERENTHODEEZ LN

N FE THOEEED S, pyrogallol Hii&x b DIbEWIE$
NTC, ¥/ MBI T ) - T T h IV REE
5 LR INT.
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e Myricetin & ethyl gallate DB BE
DL

Acetone-ds (0.54 mL) H°C, myricetin (0.015 mmol)
& ethyl gallate (0.015 mmol) % £ & L, Z 4112 DPPH
(0.030 mmol) % )it &4, DPPH D3Rt 03d% & 725 1T
BC-NMR #ll%£ # 17\, DPPH 23 &% 6 L& & I K
IG5 % Ll L7 (Fig. 14-C). 1§, T2 % myricetin
(Fig. 13-C), ethyl gallate (Fig. 14-A) ® A7 )b & HHig
L 7245 %, myricetin D > 77 FWIZ/h & % 1) | ethyl
gallate Hk DY 7 F v (O)IZZBLIE e h o7z, Lizho
T, myricetin @ J77° ethyl gallate & ) & 5512 DPPH & X
IBL7zZ &b hrolz. TDZ L5, pyrogallol ik |2
HNRZVIEEPIZ T 2LEW LY b, pyrogallol &2
F V714 v ZEEEPET AW O T IR LEE
IEND & E 2 b7, ZUd catechol iFEAD & & &
FkEDRRTH o 72,

7, LEDZ LA 5, pyrogallol (X, ethyl gallate &
DARL TV =TI NNEHETEDLEZEZLNR, (-)
-epigallocatechin gallate (22T, galloyl £ & 1) & B B
TETT7V=IFVAINEHETLEEZON:, LT

35T, (—) -epigallocatechin gallate (&, B BR O A5[H
I (—) -epigallocatechin & [FIFEEEDHFRILEEITH 5 &
Zz b

f  Ethyl gallate & quercetin DB 1L &E
DL

Catechol 7% 3 /& & pyrogallol #5338k T, &6 6 2R
KTV =FTANVEHETEDDPEMBIZOIZ, RO
EEpEAT o7z, FRICHWzOE, LRLOERIZLD,
pyrogallol i5E(R D 9 B i b PLlk{LEE I 2% % &L sz
ethyl gallate &, VEED B2 X V) | catechol ZHEfAD ) B,
luteolin 72 & & & b 1Tk b UL EN S & Sz
quercetin Td 5.

Acetone-ds (0.54 mL) F°C, ethyl gallate (0.015 mmol)
& quercetin (0.015 mmol) %4 L, 241112 DPPH (0.045
mmol) % UG &+, DPPH D %5 i A% d & 72 R 11 C °C-
NMR #ll 7€ % 17\, DPPH 25 &5 5 LG & 5812 BUG
T 5 h % i L7z (Fig. 14-D). HEHKEZENLTH 5
quercetin (Fig. 12-A), ethyl gallate (Fig. 14-A) O A7
V&M L 7245 S, ethyl gallate HR D 2 7 F vid/h &

{A) Ethyl gallate
z
2,6 Y Hoi 7 L H,
HO
3,5 -CHz- “CHs oH
I |
I 2 Mvmnrnios
yvYYy
(B} Ethyl gallate + DPPH
A
v
] J
M J ) A
! vy
{C} {Ethyl gallate + Myricetin) + DPPH | -
v
T o}
s Yy ‘ o
; O
. C.) LO! C.) ) ! J
N vy
{D) {Ethyl gallate + Quercetin} + DPPH -
v
J M : '
v ]
-\ o %o o9 % |io ( o7 1 |
T T T | T T T T | T T T T T T T ) | T T T | T T
200 180 50 05

Fig.14 ™C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of ethyl gallate, myricetin, and quercetin

with DPPH.

(A), ethyl gallate (0.015 mmol) ; (B), reaction mixture of ethyl gallate (0.015 mmol) and DPPH (0.045
mmol) ; (C), DPPH (0.030 mmol) was added to a mixture of ethyl gallate (0.015 mmol) and myricetin (0.015
mmol) ; (D), DPPH (0.030 mmol) was added to a mixture of ethyl gallate (0.015 mmol) and quercetin (0.015

mmol) .

V, 1, 4-dioxane (external standard) ; ¥, 1, 1-diphenyl-2-picrylhydrazine; O, remaining peaks of ethyl

gallate; @, remaining peaks of quercetin.
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{7V, quercetin DY 7V (@) (22 LIZ R0
72. L7275 T, ethyl gallate ® J5 2% quercetin £ 1) & %%
ICDPPH & G L7z &b drolz. 2O ERb,
catechol i1 % 59 1L &W & 1 b pyrogallol #:% % A
T 2ALEM DT HERICEE I B END 2 EARIES L
7z.

UEoZ &5, quercetin £ 1) & myricetin @ 5 23PL
WBALREIDSEND & L A3 725 72, Rice-Evans & (1996),
Yang 5 (2001) O#HE & IR EAMTH D, EEROD
AR R N R | 23 (WAl

¥ 7, ethyl gallateld, (—)-epicatechind& ) HH < 71) —
TINNVEHEFTEDLEEZ LN, (—) -epicatechin gal-
late (22> Tld, (—) -epigallocatechin gallate & ¥ & &
302, BER LD D galloyl 2 CET 7 —F VAV EH
EIHeEZLNT

U EokEiH% Fig. 15 12F L O TRYT. TN T TESR
(Nanjo %, 1996; Nanjo 5, 1999) %243 (Yoshida &,
1989; Yokozawa 5, 1998) % H\»C DPPH T ¥ /1 VDY
FAEMEEWE L 22134 {, 72w T (—) -epigallo-
catechin & ) & (—) -epicatechin gallate ® /5 H%F 2 71 )V
HIEMWE S W TR O TV 225, K% TiE, (-)
-epigallocatechin @ /%% (—) -epicatechin gallate & 1) &
CDPPHIZ VANV EHEST LI LN TEHEEZLNR
72, ZhiE, (—) -epigallocatechin & ( — ) -epicatechin
gallate D ZNZNANEETE S 7 T I VORI
HE L T LmEL, H—+1 VAT (-) -epigallo-
catechin & (—) -epicatechin gallate ® 2 i3 D % 7 F >~
DHHEL LAY DPPH 2#{HETE 2 % 7R
MEOENIZL L DEEZ OENDL. AED L) 5T
BEIZE D, NMR 2 VT ¥V ViEERET) & EHRT I
LR ENTHY), SHICLD, EE508) 7«
J —VHDPPH 7 V1 VEEIZHES 27, T DNHF
ZFRg15DEHICHLLEFLDLIENTE.

VI DPPH %z FH L\ 7= ascorbic acid ®
MEE{LHEED NMR (C K2 E24F

1 B B
BEEFCICHTIFVEHEIILOELAR) 72— )b
LEWIZOWT, ZoRBIbEE ML, o2ne
NOPRILEET) % i L CREEH AR 2 B S 2212 L T
X 7278, F v 1213 ascorbic acid 72 EIER ) 7 = — Vi
OPALE T b & FILTEB Y, ascorbic acid & A1) 7 =
J = MLEW OB OPIERLEES] & K L 2T T v

W OPREALER 25 20125 2 L3 TE W,

ZREE T, ascorbic acid 1222 C, DPPH & O S &
“C-NMR % v TRl L7z

% 72, ascorbic acid & RV 7 =/ — VO THIEILRE
DO ZAT 72,

&6, KY 72/ —)VIZDPPH % )k & CTKY
Tx )= VHETY) =T IVANMILVEBILESNzH L T,
ascorbic acid Nz A Z L2 &Y, Mk h/zK) 7 =
/ — )V % ascorbic acid 25 ITE T & 5 illR L 72,

2 A oy
a 'SC-NMRflE
M IV, VEIZHEL S,

b EEYE

NESIEE e & | C tetramethylsilane % V272

72721, Fig. 18 122w Cid, M, NV, VEIZHELD, 1,
4-dioxane % H\ 7z,

c AlEFEBOFR

1) Ascorbic acid & DPPH D&

Methanol-d: (0.35 mL) H' (2 ¥ fi# & 4 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.35 mL) H 12 V& ff & & 72
DPPH (0.030 mmol) % it & &, DPPH D% 72
51 C PC-NMR 52 % 47 - 72,

Ascorbic acid: ®*C NMR (methanol-ds, 125 MHz) ¢
173.6 (C-1), 155.1 (C-3), 119.9 (C-2), 77.0 (C-4), 70.8
(C-5), 63.7 (C-6) (Nishikawa &, 1998) (Fig. 16-A) .

Dehydroascorbic acid: *C NMR (methanol-ds, 125 MHz,
dehydroascorbic acid (% 2 fiZ T A1 L T bicyclic dehy-
droascorbic acid D T.F > FF < — 221t %) § 1725
(C-1), 1074 (C-3), 95.2 (C-2), 89.5 (C-4), 77.1 (C-6),
74.8 (C-5) ; 6 171.6 (C-1), 106.9 (C-3), 94.7 (C-2), 89.3
(C-4), 77.0 (C-6), 74.7 (C-5) (Nishikawa &, 1998) (Fig.
16-C) .

2) Ascorbic acid & (+) -catechin OFEE{L&E

DL

Methanol-d« (0.35 mL) H' |2 ¥ fi# X & 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.35 mL) H |2 i& it S & 7
( + ) -catechin (0.015 mmol) % {& & L, Z 4112 DPPH
(0.030 mmol) % FUt &, DPPH D% fahid & 721 C
PC-NMR {7 % 475 7z.

Acetone-ds (0.35 mL) 112 fF & & 72 (+) -catechin
(0.015 mmol) {2 DPPH (0.030 mmol) % it &+, DPPH
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DERE 7 @ 72 FF 21T, methanol-ds (0.35 mL) HIZE#
& 4 7z ascorbic acid (0.015 mmol) % Ml 2, & &4 °C-
NMR Hll5E 2 17> 72.

Methanol-ds (0.35 mL) H |2 ¥ fi# & 4 72 ascorbic acid
(0.015 mmol) &, acetone-ds (0.35 mL) H' |2 /& fifF & 172
DPPH (0.030 mmol) % [J& &+, DPPH @ B3 % &
72BpiC, (+) -catechin (0.015 mmol) Z Mz, Z Dk
BC-NMR #fll5E % 47> 7=.

3) Ethyl gallate & (+) -catechin OHFER{LEESID

teag

Acetone-ds (0.70 mL) H 12 & f# & & 72 (+) -catechin
(0.015 mmol) (= DPPH (0.030 mmol) % )it &+, DPPH
DD B 72 17T, ethyl gallate (0.015 mmol) % Il
Z, O PC-NMR HllIE % T 7.

Acetone-ds (0.70 mL) "1 |2 ¥ % & & 72 ethyl gallate
(0.015 mmol) = DPPH (0.030 mmol) % i &+, DPPH
DEEHH /2R T, (+) -catechin (0.015 mmol) %

{A} Ascorbic acid
HO._, O

0
3 a={:
HO HG OH 1

Mz, Otk “C-NMR il E %177

4) Ascorbic acid & ethyl gallate DB LEESI D

tes

Methanol-ds (0.35 mL) H' |2 & fi# & 4 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.35 mL) H 12 ¥ i & & 72
ethyl gallate (0.015 mmol) % {4 L, 2412 DPPH (0.030
mmol) % UG &+, DPPH D%k i A% d & 72 R 11T °C-
NMR M€ 2 17 - 72.

Acetone-ds (0.35 mL) 1 |2 & fi# X & 72 ethyl gallate
(0.015 mmol) (= DPPH (0.030 mmol) % it &+, DPPH
DERAO DD 72 15T, methanol-ds (0.35 mL) 12 A f#
¥ & 7z ascorbic acid (0.015 mmol) % Ml 2, & O 4 °C-
NMR %€ %2 17 - 72.

Methanol-d: (0.35 mL) Ht |2 i& fi# X 4 72 ascorbic acid
(0.015 mmol) &, acetone-ds (0.35 mL) H' |2 7 fif & 172
DPPH (0.030 mmol) % [t &+, DPPH D&t 72
[ 20T, ethyl gallate (0.015 mmol) % fl 2, # &% *°C-

(B) Ascorbic acid + DPPH

4
—
“G .

~
(C) Dehydroascarbic acid

Hoj—jiZ:o solvation Hozs—"jiro 4 b5
HT g OOHOHOMB
! 2 o
(D) [Ascorbic acid + (+)-Catechin] + DPPH yYy
v
O
v (S
LY ]I!L,IIIJIHI u
. o Yyvy
(E) [(+)-Catechin + DPPH] + Ascorbic acid
v o Q ‘l
o]
l AAS NS LT S l
L — 7 T T T | T T T 1 T T T [ T T T T ] T T
200 150 50 03

Fig.16 C NMR analyses (125 MHz) to examine reactivity of ascorbic acid and (+) -catechin with DPPH.
(A), ascorbic acid (0.015 mmol) in methanol-ds; (B), reaction mixture of ascorbic acid (0.015 mmol) and
DPPH (0.030 mmol) [acetone-ds:methanol-d:s = 1:1 (v/v) ]; (C), dehydroascorbic acid (0.015 mmol) in
methanol-ds; (D), DPPH (0.030 mmol) was added to a mixture of ascorbic acid (0.015 mmol) and (+)
-catechin (0.015 mmol) [acetone-ds:methanol-ds = 1:1 (v/v) 1; (E), ascorbic acid (0.015 mmol) was added to a
reaction mixture of (+) -catechin (0.015 mmol) and DPPH (0.030 mmol) [acetone-ds:methanol-d: = 1:1 (v/v) 1.
V. 1, 1-diphenyl-2-picrylhydrazine; O, C-2 solvated bicyclic dehydroascorbic acids.
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NMR {#ll5E %17 > 72.
5) Ascorbic acid & pyrogallol DIER{LAES D LLER
Methanol-ds (0.27 mL) H 12 ¥ i & & 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.27 mL) A |2 % i & & 72
pyrogallol (0.015 mmol) % &4 L, Z 4112 DPPH (0.030
mmol) % It & &, DPPH O SR 7% & & 72 B J1 ¢ PC-
NMR #I7E 24T o 72.

3 BRBELUER

a Ascorbic acid & DPPH O

Methanol-ds (0.35 mL) H |2 ¥4 fi# X & 7 ascorbic acid
(0.015 mmol) & acetone-ds (0.35 mL) H' |2 & & & 72
DPPH (0.030 mmol) % )& & &, DPPH O % i 78 & &
72 B 11 C PC-NMR il 58 % 47 - 72 (Fig. 16-B).  {ll %€ 4%
B % 5 5, T3 5 ascorbic acid ® A X %7 b+ ) (Fig. 16-A)
(Nishikawa &, 1998) & ¥ L 72 & & A, ascorbic acid
WCHRT AT 7 (6 63.7, 708, 77.0, 119.9, 155.1,
173.6) DSE&ITHEL, FrLwy 7L (6 74.6, 748,
76.7, 76.9, 89.2, 89.3, 106.8, 171.1) 2" M 1L 7. T
5D L\ 7 F)Vid, dehydroascorbic acid @ 2 fi %
methanol-ds & ¥ #EF1 L CC X 7= bicyclic dehydroascorbic
acid (Fig. 16-C) & Jtl® S /> (Nishikawa 5, 1998). =
D Z & H5, ascorbic acid 13, DPPH & s 4 &, 3
dehydroascorbic acid |22 fb L, % 412 methanol-ds & &
WAL T\ b EEx b7z L7zA%> T, ascorbic acid 1,
2, 3L DKMEITT ¥V H NV EEFE L, dehydroascorbic
acid 1225 2 E b o7z,

b Ascorbic acid & (+) -catechin D#1E
{kEe I DLEER

Methanol-ds (0.35 mL) H' (2 ¥ fi# & 4 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.35 mL) W 12 & i & & 72
(+ ) -catechin (0.015 mmol) % i & L, Z 4112 DPPH
(0.030 mmol) % FJits & &, DPPH @ %5 {6 A% & 72 IR 1
TPC-NMR ll5E%# 47> 7= (Fig. 16-D). EHTH D (+)
-catechin (Fig. 5-A), ascorbic acid (Fig. 16-A) ® A7
V& LR L 7246 R, ascorbic acid FHE D ¥ 7 F VI 5E S
W94 L, #7212 bicyclic dehydroascorbic acid & 3 7
WV (O) HPBNTVDZ EAbho7 (+) -Catechin
ko> 7 F a2 kit % {, (+) -catechin % DPPH
ERB L7z EIZHND 57200 N NVERZV T ZFF b
WA Z Loz, $7b b, ascorbicacid 1, (+)
-catechin £ ¥) & 5512 DPPH & )i L T dehydroascorbic
acid IZZAb L, Z O EA L T bicyclic dehydroascor-

bicacid 1272 % Z & DSFERE T & 7. D F 1 ascorbic acid I3,
(+) -catechin £ W bR 7V =5 VWV EHETED
ZEwbroiz.

(+) -Catechin (0.015 mmol) i DPPH (0.030 mmol) &
BB 2 &, B&RVEF VEIZELy 228 TT ) —
TN NVEEET D (Fig.5). Dk U ascorbic acid
Mz 52 &T, (+) -catechin DEEATE D L 5 124
LT 2D 2MERT 572012, ROEEREZIT > 72, Ace-
tone-ds (0.35 mL) H'(Z{AEf# & 872 (+) -catechin (0.015
mmol) |2 DPPH (0.030 mmol) % K& & &, DPPH o %%
733 4 725 17 C, methanol-ds (0.35 mL) H I ff S &
7 ascorbic acid (0.015 mmol) % Il Z 7z. “C-NMR o il
EREE (Fig. 16-E) % (+) -catechin (Fig. 5-A), ascorbic
acid (Fig. 16-A) DA X7 MV e L7z 25, (+)
-catechin S DPPH & IS L T B EATF / U #1221k
TLIEWXIVEL W STz VK= VY 7 )
v (61805, 181.2) 1Z{HE L, (+) -catechin & A D
FEIZD EoTnb 2 &b o7z, —7, ascorbic acid
HED Y 7 FIVIEsEeIZH L L, #7212 bicyclic dehy-
droascorbic acid ® ¥ 7' F v (O) BN TWDE I LA
o7z, 375, ascorbic acid |, dehydroascorbic acid
WZZAL$ 52 LT, JICDPPHIZ &0 F 7 Uk ICER
fbENTW7z (+) -catechin %, #ICTE B T & H5Hkq2
T&7C.

— 75, methanol-ds (0.35 mL) "' 2 % i & & 72 ascorbic
acid (0.015 mmol) &, acetone-ds (0.35 mL) H1 |2 & fif &
+ 72 DPPH (0.030 mmol) % [JG &+, DPPH D3 2 7)*
72 HF T, (+) -catechin (0.015 mmol) % Jill 2 7z.
Z D HE R, ascorbic acid 1%, DPPH & St L 72 B2, de-
hydroascorbic acid (2 Z81b L, Z DB EEA L T bicyclic
dehydroascorbic acid I2ZfL L TE Y, Dk (+) -cat-
echin % 1z T bicyclic dehydroascorbic acid (228 kit
Cohholn LA ANKZLY ZFFIVIEBRT, (+)
-catechin®BERII ¥ / VIEEICEILT A2 L idroT.
L7z%35C, (+) -catechin i¥, DPPH |2 X o CTHRIL S
7z ascorbic acid Z FFUNETLT 5 Z L3 TE Lh o7z (57—
5 B0E).

c Ethyl gallate & (+) -catechin O#E&{t
BE DD LB
Catechol fifi5% A9 5 (+) -catechin & V) &, pyrogallol
Wiik % A3 % ethyl gallate D HHH { DPPH 5 V1 V%
HHET& 2 Z LIFVETHAS. Ascorbic acid ° DPPH
12 & )L S 7z (+) -catechin Z#EILTE 2 & »
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5, [AFEIZ ethyl gallate ¥ DPPH 12 & V) BBfb S 7z (+)
-catechin & #ICC X A& MEET 572012, ROFEE%
1T 72. Acetone-ds (0.70 mL) HIZEfE S 872 (+) -cat-
echin (0.015 mmol) {2 DPPH (0.030 mmol) % )it &+,
DPPH D8 733 4 725 5T, ethyl gallate (0.015 mmol)
%z 7z, PC-NMR Ol 52 #5 £ (Fig. 17-A) % fEZ 5T
% (+) -catechin (Fig. 5-A), ethyl gallate (Fig. 14-A) ® &
~R7 hVEREL/ZEZ A, (+) -catechin 2° DPPH &
UG LTBERYF / U HEIZZALST 52 EI2X DAL
TWIeATZDDHIVER=)V Y 7T (5 180.5, 181.2) X
HEL, (+) -catechin IIARDMEEIZS Lo TWwDHZ
Esbhoiz (O). §74&b b, ethyl gallate I, ascorbic
mm&ﬁﬁu,%KDWH:;D#/y%%:Mwéﬂ
Tw7z (+) -catechin %, #ILTE DI LOHERTE 7.
Ethyl gallate & DPPH @ J{Ji5 122\ T 1d V & Tk~
72. Acetone-ds (0.70 mL) HC ethyl gallate (0.015 mmol)
&, DPPH (0.030 mmol) % & &5 &, ethyl gallate FH
DT RTOY 7 FIVOIREIZIRA L, ethyl gallate 13
FIVANELTERENL TS EZEZ NS, I
(+) -catechin (0.015 mmol) %z Td, 4 L7z ethyl

BB F ) JHEEICELT 22 Lidero/z. Lizhso
T, (+) -catechin |%, DPPH |2 & - CTHE{L & 417 ethyl
gallate * FHFORICT H 2 L IX TE Lo 72 (57— 7 4HE).

d Ascorbic acid & ethyl gallate D#iEE L
BESDLEER

Methanol-ds (0.35 mL) H' |2 ¥ fi# & & 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.35 mL) H1 |2 & fif S & 72
ethyl gallate (0.015 mmol) %4 L, =44 DPPH (0.030
mmol) % It & &, DPPH ® R @,ﬁ‘i)’d’t HTRC-
NMR i#l5%€ % 17 - 72 (Fig. 17-B). HIE# 2R TH 5
ethyl gallate (Fig. 14-A), ascorbic acid (Fig. 16-A) @ A X
7 MV EEE L 72K, ascorbic acid HE D ¥ 7 v D
BREE LA L, #7212 bicyclic dehydroascorbic acid @ &
7F (@) BENTWEZ LAhih- 7. Ethyl gallate
HEDY 7 F VICEALIE B hr o7z § 7% b b, ascorbic
acid 1%, ethyl gallate & V) & 9512 DPPH & Ut L T de-
hydroascorbic acid I2Z81L L, & D E#A L T bicyclic
%h I ENHERTEL. OF )
ascorbic acid 1%, ethyl gallate & ) - 71 —=F Vv

dehydroascorbic acid {2

gallate D > 7 F VI LI = 59, (+) -catechin @ EHETEXLZ Ebroi:.
{A) [(+)-Catechin + DPPH] + Ethyl gallate ¥ yYvy
|
= v
e s} o
1 Q o}
L II . ol ] } \“ " l | ..l " m |
)
1
{B) (Ethyl gallate + Ascorbic acid) + DPPH YYY
[ ]
v o [ ] l
vy o
1
{C) (Ethyl gallate + DPPH) + Ascorbic acid yYyYVY
v
| :
®
v .O <
1 i T . J “ il lL J A

T T T T T T T T T T
200

Fig.17 "C NMR analyses (125 MHz) to examine the reactivity of ethyl gallate,

with DPPH.

(+) -catechin, and ascorbic acid

(A), ethyl gallate (0.015 mmol) was added to a reaction mixture of (+) -catechin (0.015 mmol) and DPPH
(0.030 mmol) in acetone-ds; (B), DPPH (0.030 mmol) was added to a mixture of ethyl gallate (0.015 mmol)
and ascorbic acid (0.015 mmol) [acetone-ds:methanol-ds = 1:1 (v/v) 1; (C), ascorbic acid (0.015 mmol) was

added to a reaction mixture of ethyl gallate (0.015 mmol) and DPPH (0.030 mmol) [acetone-ds:methanol-ds =

1:1 (vv) 1.
W¥. 1, 1-diphenyl-2-picrylhydrazine; O,
remaining peaks of ascorbic acid.

(+) -catechin; @, C-2 solvated bicyclic dehydroascorbic acids; ¢,
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Acetone-ds (0.35 mL) H1 |2 ¥ f# & 1 72 ethyl gallate
(0.015 mmol) (= DPPH (0.030 mmol) % [ &+, DPPH
DA/ B 721 15T, methanol-ds (0.35 mL) FFIZ A
&7z ascorbic acid (0.015 mmol) %1% 7z, “C-NMR @
HERE R (Fig. 17-C) % ethyl gallate (Fig. 14-A), ascorbic
acid (Fig. 16-A) DA PIVEE L7z 2 A, FzlC
bicyclic dehydroascorbic acid ® > 7'+ v (@) »EH T
V5% b DO, ascorbic acid D ¥ 7 F v (O) bFEAEL T
B, DPPH &t 5 2 & 12 & D s L 72 ethyl gallate
DY T FVIZELER N hotz. SO Enb, —
Ji DPPH |2 & V) Bk1b & 172 ethyl gallate i3, (+) -cat-
echin D54 & 135 7% 1), ascorbic acid # W THEH IS
EETTERVWEEZ LN

— 7, methanol-ds (0.35 mL) 2 fif & 72 ascorbic
acid (0.015 mmol) &, acetone-ds (0.35 mL) H|Z A fF & &
72 DPPH (0.030 mmol) % [t &+, DPPH O ta7 d
721K T, ethyl gallate (0.015 mmol) % M2 72, € DR,
ascorbic acid (&, DPPH & ()& L 72 B 12
acid ICZAL L, Z D% EBEA L T bicyclic dehydroascor-
bic acid I2Z L L CTH D, % D% ethyl gallate % il 2 T
4 bicyclic dehydroascorbic acid (22 LIFHE Z & o 72
Ethyl gallate ® > 7 F W2 2 b o7z, L7zdio
T, ethyl gallate |&, DPPH |2 X - CTHE;{L & 4172 ascorbic
acld A HOEILT 52 LI TE R o7 (77— 5 4.

, dehydroascorhic

e Ascorbic acid & pyrogallol D i ER{t &
JID LR
Methanol-d: (0.27 mL) ' |2 VA fi# X A 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.27 mL) FIZE RS A7
pyrogallol (0.015 mmol) % {&4& Z 1112 DPPH (0.030
mmD%ﬁﬁéﬁDWH@*@ﬁ%ﬁt?ﬁf%-
NMR Ml % 17 - 72 (Fig. 18). M EMH R EZ N TH 5
pyrogallol (Fig. 13-A), ascorbic acid (Fig. 16-A) & A X%
v & LR L 7ok

42O L, #7212 bicyclic dehydroascorbic acid @ 3 7
F (O) BENTWAEHZ L)% - 72, Pyrogallol ¥
DY T FNNEALIE Ao 72, § 7245, ascorbic acid 1,
pyrogallol & ¥ % 5612 DPPH & )t L C dehydroascorbic
acid ICZb L, Z DORE A L T bicyclic dehydroascor-
25 Z EDERET & 72, O F D ascorbic acid (2,
pyrogallol X ) 3 B 7)) =T VAV EFEETEL I L
oz,

VEDOMIEIZBWT, b P 7)) =V I NVeiHE
FTHRY 7 =/ = vofbFEnEtE s LT, KR T 5
ZHEKEA T D 727\ pyrogallol FEiEDS B VT H LT 7z,
4+[A], ascorbic acid %% pyrogallol & ) b HE L 7 =57
WV AEHFETEZ LA 5, ascorbic acid 1, V227 % K
D72/ =NVENSRLT)=FTANEHETEL L
HEW S 7

Z 7 F T ESR (Nanjo &, 1996) 4tGERT (Yoshida
5, 1989) % Fl\v»C, ascorbicacid & KV 7 =/ — )LD
DPPH 7 ¥ 71 WiIHEEME 2 WE L 2 HE 3w <22 b
D, 72wvxTlwrascorbicacid £ ) &R 7 =/ —VDFH
7 VN NVHEEED B RO TV A D5, ARIZET
I, ascorbic acid D /S BHARY T2/ — VLD b
F{DPPH 7 VAN EHETHIENTEDLLEEZD
N7z, T, ascorbic acid R %K1 7 =/ —VDZEI
N ETEL TV NOBREEBHNME LTI
L7-#i5 L, F—+ VAT ascorbic acid & RV 7 =/ —
VDI HEL LD DPPH 21525 C& 2 00k 7
RIFFEDE NN LD ODEEZEND.

Al HRRy MR NV EOR R OB TRET

%, BRALBG 1Al & L T ascorbate & RIS 5 4% (8
M, 1993), ZEMBEHOH 75 VHOBALZ B < HK
T ascorbate Z NS % BEEEL, AWFFEORE R & —3
FTLHII Do TEE VR, ZOBE,»S, BEOK
SRHNRIE L 7o Banh R, RN EREL, %Eif}i@ﬁﬁﬁﬂ:

bic acid 127

F, ascorbic acid HE D ¥ 7 F Vidse WAOI) BENDBFTHRICT O NEBRET L0 %
YyYy
(A) {Ascorbic acid + Pyrogallol) + DPPH| v
OO
! TY ll Ll A

T T T T T
2006

50 05

Fig.18 "“C NMR analysis (125 MHz) to examine the reactivity of ascorbic acid and pyrogallol with DPPH.
(A), DPPH (0.030 mmol) was added to a mixture of ascorbic acid (0.015 mmol) and pyrogallol (0.015 mmol)

[acetone-ds:methanol-ds = 1:1 (v/v) 1.
V, 1, 4-dioxane (external standard) ;
dehydroascorbic acids.

¥, 1, 1-diphenyl-2-picrylhydrazine; O, C-2 solvated bicyclic
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KT AMRICOVTEZRL Y EEHRSINILIRETH .
F 72, AR T, 2 HEOTMBILE S * MERA S &
THEEL 7275, invivo TIELBAAZNZROERIZS
THY, WHEORNLME G SHOFETH . XK
BWTDH, FIZd D EEFTN T2 ascorbic acid Tl
T F VEOBALE P CILEEMICAT G TH 5720,
Ry AR M VOB T A% T ascorbate DA T H
N%. G, BEOWBILEG D) b ENDPETEICT
IANEBRET L0, ZOMFENS HIZHL 2SR,
RO ORNZERLHAL NS TV IZD
NTC, BxnE&RPICED L) BREEOPERILER ST &
DL BEETEHEEIN TSR IR DA, XA
NG Y AERMT I ENTEDLDL LR,

VI DPPH % R U\7/= a -tocopherol ®
MER{LHEE D NMR (C X 5887

1 B B

HilE T 13 ascorbic acid DHLFRILEEAE 12DV TIR7273,
ascorbic acid 2S/KEED RIRPURALWE &L L THIG NS
—7, IREHEOTERIEYE L L THISN S a -tocopherol
(E¥ IV E) dFvIZFEEIIETNTVD (LA,
1976). a -Tocopherol IZ7KIZIELT 2\ 7z 0% b N A3k
T ABICIEHENT 2 2 L IETER WD, AL HHAL
720, BRIZLZBETETFRREL SIRES 2 LI
£, ascorbic acid % 7 7 F Y HH & — 12 MK
TLIENTEDL, T, 2LFHF v OEMMESIC
BTV & L TR 2 57 2 e 5l 2 Fm 12 7
LTWaIETThY, 28 L TS 2N Liko2c 8y,
DEFETIE, HEMOHEAICMEALEREI S 2 nE
912, a -tocopherol b FLER LA 73 & L C O E % T4
IZRIZZLTwB EEZBNE. ZORIZIE, ascorbic acid
R T F R EMOTIRILE S & A H R R AR E SR
ENTWBIETTHY, NMR O L)V THEDOHRL
RE) & BT 5 2 & 3T v o OPIERLER 2 B & 202
T ELDIEREN L TH D,

AETIE, a -tocopherol (22T, DPPH & O Ut %
“C-NMR % v CBlf L 7.

¥ 72, a -tocopherol & ascorbic acid, K1) 7 =/ —)
H 6 FEIR L 7 28 0O o5 o [ CHURR L AE D & bR L 7.

S5, BIFE LIS, A 7/ — )& DPPH »°
FKIGLTRY) 72 /) =Vl 7) =5 A ML)
fb3N7d & T, a -tocopherol MMz 52 &I2LD,
a -tocopherol A ERIL EN7/-RY 72/ — )V EBILTE

B iRER L7z
2 A P

a '"“C-NMR Iz
M, IV, V, VIZEIIHEL2.

b EEYH
PERIEHER B & | C tetramethylsilane % F 72,

c AlEHABDOTE

1) a -Tocopherol & DPPH QK&

Acetone-ds (0.70 mL) H1C,
& DPPH (0.030 mmol) % [t & &, DPPH D%t 7554 &
72515 C PC-NMR %€ % 17 - 72.

a -Tocopherol: °C NMR (acetone-ds, 125 MHz) ¢ 146.2
(C-8a), 145.9 (C-6), 122.8 (C-8), 122.4 (C-7), 120.4 (C-5),
117.7 (C-4a), 74.8 (C-2), 40.3 (C-1', -11'), 38.1 (C-3',
5, -7,-9),333(C4, -8 ), 324 (C-3), 286 (C-12),
25.5 (C-10"), 25.0 (C-6"), 24.1 (C-2a), 22.9 (C-12’ a,
-13'), 21.7 (C4, -2'), 20.0 (C4" a, -8 a), 12.7 (C-7a),
12.0 (C-8b), 11.8 (C-5a) (122, 1983) (Fig. 19-A) .

2) Ascorbic acid & a -tocopherol D#iEE{LEES

DLEE:

Methanol-d: (0.35 mL) H¥ |2 ¥ fi# X A 72 ascorbic acid
(0.015 mmol) & acetone-ds (0.35 mL) /7 (2 {& filf S & 72
a -tocopherol (0.015 mmol) % {& & L. Z 4112 DPPH
(0.030 mmol) % [t &, DPPH D%t Ah3d & 72T
PC-NMR lI5E %47 > 7=.

Acetone-ds (0.35 mL) 1 (2 A fi# & & 72 a -tocopherol
(0.015 mmol) (Z DPPH (0.030 mmol) % )i &+, DPPH
DEREH B 725 5 C, methanol-ds (0.35 mL) A2 A f#
& 4 72 ascorbic acid (0.015 mmol) % i 2, & & 4 “C-
NMR 7€ %47 - 72.

Methanol-ds (0.35 mL) H |2 % fi# X & 7= ascorbic acid
(0.015 mmol) &, acetone-ds (0.35 mL) |2 VAR & & 72
DPPH (0.030 mmol) % It &+, DPPH O #8553 d &
72W§37°C, a -tocopherol (0.015 mmol) %%, <Dk
PC-NMR #ll5E % 175 7z.

3) a -Tocopherol & (+) -catechin QOB ke

DLEE

Acetone-ds (0.70 mL) #C, a -tocopherol (0.015
mmol) & (+) -catechin (0.015 mmol) #{E& L, Il
DPPH (0.030 mmol) % Ut &+, DPPH ¥ th3d 72
55 C PC-NMR Ml % 175 72,

a -tocopherol (0.015 mmol)
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(A) a-Tocopherol

2a 4 7a,8b,5a
2 3'| \', ‘
8a 87 54a
8 11 M l
v \A A
(B) a-Tocopherol + DPPH
v
v
l ) “J H
Yy
(C) (a-Tocopherol + Ascarbic acid) + DPPH
v o © l m
[e]
RAM Y L Ll
(D) (a-Tocophersl + DPPH) + Ascarbic acid YYYyY
v
[
° Zee ]
1 4 i
. ok L N I X
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Fig.19 C NMR analyses (125 MHz) to examine the reactivity of a -tocopherol and ascorbic acid with DPPH.
(A), a-tocopherol in acetone-ds; (B), reaction mixture of a -tocopherol (0.015 mmol) and DPPH (0.030

mmol) in acetone-ds; (C), DPPH (0.030 mmol) was added to a mixture of a -tocopherol (0.015 mmol) and
ascorbic acid (0.015 mmol) [acetone-ds:methanol-ds = 1:1 (v/v) 1; (D), ascorbic acid (0.015 mmol) was added
to a reaction mixture of a -tocopherol (0.015 mmol) and DPPH (0.030 mmol) [acetone-ds:methanol-ds = 1:1

) 1.

V. 1, 1-diphenyl-2-picrylhydrazine; O, C-2 solvated bicyclic dehydroascorbic acids; @, remaining peaks of

ascorbic acid; R, CisHaz.

Acetone-ds (0.70 mL) H1Z¥E i & & 72 (+) -catechin
(0.015 mmol) {2 DPPH (0.030 mmol) % it &4, DPPH
DRMOHH 72T, a -tocopherol (0.015 mmol) %
iz, ot “C-NMR #llE %175 7.

Acetone-ds (0.70 mL) HIZ ¥ f# & ¥ 72 a -tocopherol
(0.015 mmol) {2 DPPH (0.030 mmol) % it &4, DPPH
DM B 72W 5T, (+) -catechin (0.015 mmol) #
Mz, ZoO#k“C-NMRHlE %1757z,

4) a -Tocopherol & ethyl gallate D& L §& 57

DLEER

Acetone-ds (0.70 mL) H1IZ % fi# & ¥ 72 a -tocopherol
(0.015 mmol) (= DPPH (0.030 mmol) % i &+, DPPH
DD B 72 15 T, ethyl gallate (0.015 mmol) % Il
Z, TOH%PC-NMR MEXT- 72,

Acetone-ds (0.35 mL) 1 |2 & fi# X & 72 ethyl gallate
(0.015 mmol) {2 DPPH (0.030 mmol) % it &4, DPPH
DERMHH 720 T, a -tocopherol (0.015 mmol) %
Iz, ot “C-NMR #llE %475 7.

Acetone-ds (0.70 mL) #7C, a -tocopherol (0.015

mmol) & ethyl gallate (0.015 mmol) = A& L, Z i
DPPH (0.030 mmol) % Ut &+, DPPH ¥ th3d 72
55 C PC-NMR Ml % 175 72,

5) a -Tocopherol & pyrogallol DfTER L EE DLLER

Acetone-ds (0.70 mL) H' C, a -tocopherol (0.015
mmol) & pyrogallol (0.015 mmol) % ## & L, Z 112
DPPH (0.045 mmol) % St &€, DPPH O¥{hh3d 72
I 155 C "C-NMR Hl5E 2 75 72

6) a -Tocopherol & quercetin DFTER L EEI DLLER

Acetone-ds (0.70 mL) # C, a -tocopherol (0.015
mmol) & quercetin (0.015 mmol) % i & L, Z 412
DPPH (0.045 mmol) % St &€, DPPH OS85 72
I 5 C PC-NMR 52 % 17 72.

3 BERFPLUER
a a -Tocopherol & DPPH QK&
Acetone-ds (0.70 mL) #1°C, a -tocopherol (0.015 mmol)
& DPPH (0.030 mmol) % [ Ji & &, DPPH O % i ¢
& 72 5 15T PC-NMR #l 52 % 17 - 7= (Fig. 19-B). ifll
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ERERTIENMTH D a -tocopherol D A7 k)L (Fig.
19-A) (f2)8, 1983) kIt L7z& 22,
@ chroman 2K 352 7 F )V [C-5a (6 11.8), C-8b
(6 12.0), C-7a (6 12.7), C-4 (6 21.7), C-2a (4 24.1),
C-3(5324),C2(5748),C-4a (6117.7), C-5 (5 1204),
C-7 (6 1224), C-8 (6 1228), C-6 (§ 145.9), C-8a (6
1462) IDB/NEL o TWA I ENbrolz. YD
MSEICHET DY 7 F Iz & AT LIRS Nk
7o 72, a -Tocopherol 15313 2.0 005 255 FD 7
AN EMIE L (Burton 5, 1981; Niki 5, 1984; Moon
5, 1998), H & 1¥ a -tocopherylquinone (2 2 1t 3 %
EHE SN T3 (Liebler 5, 1990; Matsuo &, 1987;
Yamauchi &, 1990) %%, Fig. 19-B TlE A VK= )V > 7
VIZBHl S W drotz, SOZEhs, SRORIETIE

a -tocopherol i, DPPH S ¥V 71 V%, B D
RTHZEL,
ELTHEL TS EEZ BN

a -tocopherol

{2 chroman

a -tocopheroxyl radical (Yamauchi, 1997)

b Ascorbic acid & a -tocopherol D ik
ke DLLER

Methanol-ds (0.35 mL) H1 12
(0.015 mmol) & acetone-ds (0.35 mL) PICER S
a -tocopherol (0.015 mmol) = & & L, Z 4112 DPPH
(0.030 mmol) % JUit &+, DPPH D%k 758+ 7215 5 C
BC-NMR i # 17> 72 (Fig. 19-C). T % ascorbic
acid (Fig. 16-A), a -tocopherol (Fig. 19-A) ® A~ 7 |
V& BB L 72453, ascorbic acid FHR O ¥ 7 Vit s 4
122 L, #7212 bicyclic dehydroascorbic acid @ 3 75
WV (O) PENTWAEZ EWNDbAh -7z a -Tocopherol
HEDY 7 F VICEIE B d o 72 § %&b b, ascorbic
acid &, a -tocopherol & ¥ %4512 DPPH & Xt L T de-
hydroascorbic acid I2Z81b L, & D E#A L T bicyclic
dehydroascorbic acid 1272 5 = L D HER T & 7. o F Y
a -tocopherol £ ) b HEL 7)) —F %
NEBEETEDLIENbhoT.

—J, acetone-ds (0.35mL) HIZIAfE X472 a
(0.015 mmol) (= DPPH (0.030 mmol) % it &+, DPPH
D AL DS & & 72 WE 1T, methanol-ds (0.35 mL) H (2
i & A 72 ascorbic acid (0.015 mmol) % hl 2 72, *
NMR OllEfE R (Fig. 19-D) % ascorbic acid (Fig. 16-A),
a -tocopherol (Fig. 19-A) D AR h VLI L2 & &
%, DPPH & RGBT 5 Z L2 &) ¥ 7 FIVEREEDS A L
T WZHIRT 2V 7 F v
[C-5a(0 11.8),C-8b (4 12.0), C-7a( 6 12.7), C-4 (6 21.7),

% R S & 72 ascorbic acid

ascorbic acid 13,

-tocopherol

a -tocopherol @ chroman 5&

C-2a (6 24.1),C-3(6324),C2 (6 74.8),C-4a (6 117.7),
C-5(6120.4),C-7 (51224),C-8 (6122.8), C-6 (0 145.9),
C-8a (0 146.2) 1 25 &£ 12 &1, bicyclic dehydroascorbic
acid D> 7+ (O) HBNTW5 L DD, ascorbic acid
DYTFIV (@) bEEHRAEL WD I EMbroi.
Z O Z & H 5, ascorbic acid ¥, —J DPPH 12 & V) F#1L
S M7z a -tocopherol &, FEEICITFMILTE TV ARWVT
EDI) DSR2
% 72, methanol-ds (0.35 mL) H 2 ¥ f# S & 7= ascorbic
acid (0.015 mmol) &, acetone-ds (0.35 mL) H1IZ 7 fF & &
7z DPPH <0 030 mmol) % It &+, DPPH Ok @ A%
72 ) a -tocopherol (0.015 mmol) %Nz 72. %
D ST% ascorbic acid I3, DPPH & Kt L 72 12, dehy-
ZEALL, EOREEFI L T bicyclic de-
hydroascorbic acid I2ZfL L THB Y, D% a -tocopherol
Nz TH, bicyclic dehydroascorbic acid (ZZfLidHE 2 &
7o 72, a “Tocopherol®d 3 7" F WA b ZEAbIZ e o 7.
L 725> T, a -tocopherol &, DPPH |2 & » THERL S 1
7z ascorbic acid Z FFUNETLT 5 Z LIZTELh o7z (57—
5 EWE).

droascorbic acid 2

¢ a -Tocopherol & (+) -catechin Dt
1kEE N D LB
Acetone-ds (0.70 mL) HC, a -tocopherol (0.015
mmol) & (+) -catechin (0.015 mmol) #{E& L, il
DPPH (0.030 mmol) % [t &+, DPPH D% @ﬁ%@f_
IFf 17T PC-NMR il 5 % 47>, DPPH A& 5 5 0L &1
ERNIRIBT B 0 F LR L 72 (Fig. 20-A). HEHTH 5
(+) -catechin (Fig. 5-A), a -tocopherol (Fig. 19-A) ® A
N7 MV E B L7245 %, a -tocopherol @ chroman ¥#
IZHRS %> 7 )L [CBa (6 11.8), C-8b (6 12.0), C-7a
(6 12.7), C4 (6 21.7), C2a (6 241), C3 (§ 324), C2
(6 748), C4a (6 117.7), C-5 (6 1204), C-7 (§ 1224),
-8 (6 1228), C-6 (5 145.9), C-8a (6 1462) 1 H/h & <
o TWh I ENbh o7z a -Tocopherol O ] $5 12
BT 23 7 FVicidiz ACZIIER ST, (+)
-catechin HBED ¥ 7V (@) 12 b &bz o7z, (+)
-Catechin 7 DPPH & s L7z & ZIZHN B 5720507
WRZNVY T F VBB S N ol TOIEDE,
a -tocopherol 7% (+) -catechin &£ ¥ % 512 DPPH & Kt
L7zZ &bz,
— 7}, acetone-ds (0.70 mL) HIZV&EfF &7 (+) -cat-
echin (0.015 mmol) {2 DPPH (0.030 mmol) % )i & &,
DPPH @ 25 6 78 & & 72 I 51 T, a -tocopherol (0.015
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mmol) %Iz 72. “*C-NMRO#lE#EF (Fig. 20-B) % (+)
-catechin (Fig. 5-A), a -tocopherol (Fig. 19-A) ® A%
MyEEEL72E 2 A, (+) -catechin 7° DPPH & Uit
LTBEDF/ UBEICEILT 22 LIV AELTY
TeXTzDDNIVEZ Y 7 FIV (5 180.5, 181.2) ({4
L, (+) -catechin IR RKDOHEE (@) I E>TwD
ZENbrol. Thbb,
acid % ethyl gallate & [AIEELIC, JEICDPPH I L ) /7 &~
IR S LT 7z (+) —catechin %, BILTE S Z
&R T & 72 (Fig. 21).

312, acetone-ds (0.70 mL) 1 C a -tocopherol (0.015
mmol) &, DPPH (0.030 mmol) % K& &4, Z0Of% (+)
-catechin (0.015 mmol) % il 2 T &, DPPH & Kt L C
BREEANE A L7z a -tocopherol @ chroman Bz (ZHI#§ %
¥ 7 F )V [Cha (6 11.8), C-8b (5 12.0), C-7a (6 12.7),
C4 (6 21.7), C-2a (6 24.1), C-3 (6 324), C2 (J 74.8),
C-4a (6 117.7),C-5 (5 1204), C-7 (5 122.4), C-8 (6 122.8),
C-6 (6 145.9), C-8a (0 146.2) 1%, a -tocopherol DA
WCHIKRS %2 7, (+) -catechin ISR D ¥ 7 F V2
320k %o 72, (+) -catechin ® BEE D F /7 U H&
WCEALT A2 &idmoiz. L7z8-> 7T, (+) -catechin

a -tocopherol &, ascorbic

i3, DPPH |2 & » CTHERfL & M1 72 a -tocopherol % # T3
B LIETE Lol (77— 5 ).

d a -Tocopherol & ethyl gallate DHTER1L
RENDLLE

Acetone-ds (0.70 mL) 112 A f# & & 72 a -tocopherol
(0.015 mmol) = DPPH (0.030 mmol) % i &+, DPPH
DB B 72 5T, ethyl gallate (0.015 mmol) % Jill
Z 7z. “C-NMR o #ll 5 # & (Fig. 20-C) % ethyl gallate
(Fig. 14-A), a -tocopherol (Fig. 19-A) ® A X7 k)L &
Wik L72& 24, a -tocopherol I& chroman % (2 H 3 9
%3 7)) [Cha (6 11.8), C-8b (4 12.0), C-7a (J 12.7),
C-4 (6 21.7), C2a (6 241), C3 (9 324), C2 (J 74.8),
C-4a (0117.7),C5 (5 1204), C-7 (6 1224), C-8 (6 122.8),
C6 (6 1459), C-8a (6 1462) 1 AW N & 072 £ C,
ethyl gallate D > 7 v (O) 12 Z iz r o7z, F
b H, ethyl gallate (&, G2 DPPHIC L ) BBk & T
V372 a -tocopherol & #HILT A Z LIXTE LD o7z,

— 75, acetone-ds (0.70 mL) "1 ZAf# & & 72 ethyl gal-
late (0.015 mmol) (= DPPH (0.030 mmol) % S It & 4,
DPPH @ 28 1t 75 & & 72 H§ 15 C,  a -tocopherol (0.015

(A} [u-Tocopherol + (+)-Catechin] + DPPH Yy v
v
° v
4 ®
¢ \j .
) e® e
¢ livye Lk il * , Ii. B h.hl K f
(B} [(+)-Catechin + DPPH] + a-Tacopharol v v
o v Y
- ®
° e % T3 S o o
‘ xR
. AT AN , -
W ¥ y « Y
(C) (a-Tocopherol + DPPH) + Ethyl gallate YyYy o T
o]
vv o]
v
| ) i
(D) (Ethyl gallate + DPPH} + a-Tocopherol 7
Yy ‘
. . L'! (1 ] L, Ll ]H h]l
T T ] T T 1 T [ T T T T [ T T T T [ T 1 T T 7] T 1
200 150 100 50 05

Fig.20 "“C NMR analyses (acetone-ds, 125 MHz) to examine the reactivity of a -tocopherol, (+) -catechin, and

ethyl gallate with DPPH.

(A), DPPH (0.030 mmol) was added to a mixture of a -tocopherol (0.015 mmol) and (+) -catechin (0.015
mmol) ; (B), a-tocopherol (0.015 mmol) was added to a reaction mixture of (+) -catechin (0.015 mmol) and
DPPH (0.030 mmol) ; (C), ethyl gallate (0.015 mmol) was added to a reaction mixture of a -tocopherol (0.015

mmol) and DPPH (0.030 mmol) ; (D),
gallate (0.015 mmol) and DPPH (0.030 mmol) .

a -tocopherol (0.015 mmol) was added to a reaction mixture of ethyl

W, 1, 1-diphenyl-2-picrylhydrazine; @, (+) -catechin; O, remaining peaks of ethyl gallate.
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Ascorbic acid,

Ethyl gallate
or

a-Tocopherol

Fig.21 Reaction of (+) -catechin.

mmol) Z Iz 72& 25, ethyl gallate DI XTDHY 7 F )L
WBNE L o2 F 24189, a -tocopherol ® ¥ 7
W2 ZAbiE % - 72, Chroman BRICHIRT 52 7 )L
[C-5a(d 11.8), C-8b (J 12.0), C-7a(d 12.7), C-4 (6 21.7),
C-2a (6 24.1),C-3 (6 324),C-2 (6 74.8),C-4a (5 117.7),
C-5(61204),C-7 (5122.4),C-8 (6122.8),C-6 (6 145.9),
C8 (614621 /N& L 75 2 kix%h 2 - 72 (Fig.
20-D). §7%bbH, a -tocopherol 1Z, JEIZDPPHIZ LD
AL ST\ 7zethyl gallate % #EICT 5 2 L IE TE Ao
7z.

& 512, acetone-ds (0.70 mL) F7C a -tocopherol (0.015
mmol) & ethyl gallate (0.015 mmol) # & L, Z1iZ
DPPH (0.030 mmol) % Uit &+, DPPH D%t 73d - 7-
BE 0T PC-NMR Hl5EA AT 7225, ¥ 7 FViliEo &)
EL7ZMbIZR 5N, DPPH A E S & L BIZHUGT 5
I H 2 DPIE DN D hhoiz (77— 5 4.

bz s, SROREARTIE,
& ethyl gallate (ZI3IZF CHIRRILEE N2 B T5 L E 25
nre.

$ 72, a -tocopherol {Z2\>"TiZ, pyrogallol X° quercetin
& R ICPUER L AE )] O B % 4T 5 7225, ethyl gallate
LR TH o7 (F—FEE). Thbb4 O
Z212B W TIE, a -tocopherol DHTHELAL fE
acid £ WV, (+) -catechin % catechol & V) [ZFENL T
% b DD, (+) -catechin % catechol £ V) JLlE(LHETI A
BENCTVBZDOMOR) 72/ —VT_CLITELED
JAHZERITEY, L) niEZAELTWADTI
Wik EZ bR,

AHFEIZBWT, Eofta X Y62 DPPH 7 2
H )V % {2 T & 72 D 13 ascorbic acid T3 - 72. Ascorbic
acid 13, $TIZDPPHIZX DERfLENTLE o7 (+)
-catechin &, & LIZEITLLTH EFT T LATRETH o 7.
LA L, 9§ TICDPPHIZ X YL SN TL F o7 ethyl
gallate X a -tocopherol |Z2V> T, ascorbic acid & b -
TLTOEEID EIIRTTAZ LR L VL) THo
720 ZHUE, REIZBWTH S 2% o 7ohiEkILEE ) 0
J#%1 [ascorbic acid > a -tocopherol = ethyl gallate > (+)
-catechin] Z MIFEIZRKTHRTH L L, FHEIZ2HEHD

a -tocopherol

&, ascorbic

PURALEA (DPPH I X D BRALS L CTH /) I &AL
ToLhp, FNLHITTVHNVELTLENT D) OEE
I DHELERTHD D,

WFEDO RS L AUE, ascorbic acid, a -tocopherol, 5%
HARY 72/ = V& ZNLEHDPPH & UG S+, Bt
JE&MI%ES S &, a -tocopherol (&, (+) -catechin % (—)
-epicatechin & 1) & F ¥ # Vi 3% M A <, ascorbic
acid & D IZTEPEATE & ) KR AR 5 1S (Yoshida &,
1989). F 7z, (+) -catechin % (—) -epicatechin D /775,
a -tocopherol & 0 b i D EAL & #If] 3 A IGHEA E
Ewbitd (RIS, 1985; Hili 5, 1994). ARIFZE & (&
FERDETH B0, ZNIKALEMPHETEDL TN
VB R BN HEE L TR L2 E, FH—ELHNT
2HHOEN D) B EE LAY DPPH 2 HETE %
DERRAFEDOE NN L 2D EEZ LN,

I #% #F

K2k, KV 7z — VLA R ascorbic acid,
a -tocopherol 7z &, ZFEEAIZ D72 ZPER L A & £
NTWDH, ORI 2D 2 50 Fiig 02z
NMR % FV TS 22 L7zBlizd v, RBEFE T,
PURAL s & 7 ) — 5 2 % v DPPH @ KU % NMR il
ETHFEEHNCT, 2OV ORI % a7

o

B
WIZEEINDIPHBALME DT T, TOEEOLED
HoTHRODBEABENTELRFINTIFVEHTHD. B
IETIE, 77F VEHO) LR EMLEELLOET
WALEM L LT (+) -catechin % 5k & L CRIRL 72,

Acetone-ds (0.70 mL) F°C, (+) -catechin (0.015 mmol)
& DPPH (0.030 mmol) % Bt &+, DPPH O¥sft73d &
oW T BC-NMR IE % 1T - 7. MEERZESLTH
% (+) -catechin D A7 MV EE L2224, (+)
—catechin ® BEEIZHE T AL 7 F /N ELRY, &
TeODH VKR 7T FUrH L Ribs . s
1, 2-phenylenediamine % UG &, FHER L B, [FE
FTH5ZEICEY, (+) -catechin OPIER LA X, B BAS
WAONCF ) ViR LD 22X B EREN.
iRl

(—) -Epicatechin 22\ C & (+) -catechin & [Al D
WERMESN. LA L, (—) -epigallocatechin (22>
Cit, DPPH L KB LT A VR =Ly 7 )VIZE NS,
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ZDZEHMD, BEIZ catechol #5E % & 2 (+) -catechin
%> (—) -epicatechin &, pyrogallol #i& % & > (—) -epi-
gallocatechin DHFRILRIBII R b & E 2 5Nz ()
-Epigallocatechin (%, DPPH & Uit L 72B£121%, 0- ¥/ ~
Wik & LCREILTHI LR, IV Ve LTEEL
LTwab e sz, 72, (—) -epicatechin & (—)
-epigallocatechin D i & %, DPPH & & & & T NMR
WETAHZEIZLY, (=) -epicatechin & (—) -epigallo-
catechin ® &5 543612 DPPH @ 71) — 7 ¥ 7 V& fififik
TELDEWONIITHI LN TES. KB O NMR
A7 MV, (—) -epicatechin @ ¥ 7 F VI3 2L
72 £, (—) -epigallocatechin ® > 7" F VERE S A L T
BYH, ZHZL»s (—) -epigallocatechin @ F 25 (—)
-epicatechin & V) & 9512 DPPH & RUG L7222 &Edhb Ao
72, $7%b 5, BEIZ pyrogallol {15 % b 2 7 % VI,
catechol EZ b O N TF VI D LR TV —F 7
NEHEETEDLI b7

BIVE

B, catechol £ % 3 % catechol, (+) -taxifolin,
eriodictyol, methyl hydrocaffeate % catechol ff1& D ¥ /
Y NDZEAL AR X L7278, quercetin, luteolin, methyl
caffeate, ethyl protocatechuate (&, catechol fiii% & L C
WAIZH 222 5, DPPH & UG S TH VAR )L
DT VIEBNT, FIORBIEBESGEIET 52 L8
REEINTZ, INB5STDDHEL 572 NMR _ETOZHE)
1, catechol i I2 T4 L 74 Y ZERKEDH AL
EANKZNVEOHFEDOERIGER T 2 L EZ 5N
Quercetin & ( +) -taxifolin @ {& 4 i |2 DPPH % i 2 72
& 2 %, DPPH & quercetin & JG 12t L 72 2 & 23520
51, catechol fii 125 A4 L 7 4 Y ZEMES (2,
36) AT EIEMDORD, ALRVMEEWE D bR
K7V =V hNVEHEETELEEZLN Lal,
catechollZethyl protocatechuate & ) & 5. { DPPH®D 7 ') —
T IHNEHFETE, catechol Mk 12 7 )V AR = L HAHsdk
BLIGE1E, 7V IVIBERIZBRS 2 L2 6nie.

BV H

Pyrogallol 7% 35 1K |2 D \» T 14, pyrogallol, myricetin,
ethyl gallate D\» 341 %, DPPH & S LCTd o-F / ~
e LCHEMT AT LI R, SO, 7U—7
DANEFRIZHEFRT B Z L HTE . Catechol fiiE DY
BT, AL 7 Y TEmEEPRIRT 2B DTN,
HZDOBMEEWE DB R T =T VAN EHETE

7= DIk L, pyrogallol £ 1% @ 35 A 13, pyrogallol 1§ 1 (2
ZHEHEEPEET LA LD L, BEOLWLEYO
TN T ) =TV NEHET DiERE o7 &
72, (—)-epigallocatechin & ethyl gallate £ ) 4 F.{ 71 —
TIANEWETEDLLEHEZBN, ZOZend, (=)
-epigallocatechin gallate (%, galloyl 25 & 0 & BETE 97
V—=F TV hNENETLEEZ BN F72, ethyl gal-
late ®J5 7% quercetin £ 1) LI T ) —F T AN EH D
TE, ZOZ LD, catechol i a H$ 5 W27 51k
EW LY b pyrogallol fiE % B3 LILEMD FNT T 7
WIHERENEN S L Z 2 bz, L7zA5> T, ethyl gal-
late iX, (—) -epicatechin £ ) 3 HE L 7V —-F IV H %
HET&xDHEEZ6N, (—) -epicatechin gallate |22\
Tix, (—) -epigallocatechin gallate D¥5& & 13312, B B
Db glloyl ETET 7 )TV ANEHETLEE
Zbne.

S5 VI

Ascorbic acid 1%, dehydroascorbic acid (1221t 3 5 Z &
ICEXo>TDPPHO 7)) =TV W VEHEET L EE 2D
L7z, F 72, ascorbic acid |, pyrogallol X ethyl gallate, (+)
-catechin £ D 3BT ) =T VA NVEHETE, Whk
LRV T2/ = VEDBEL TV =TTV ANEHETE
b EFZ bz (+) ~catechin |, DPPH & UG 3 5 &
BERAF / i ICEEL S L5 25, ascorbic acid % 7Rl
THIEILY, bEOREIZRITLEINDL Z LD o
7z. Ethyl gallate  [#£I2, (+)-catechin &k ) d5EI27 1) —
FIVANEHEFETE, DPPHIZ L) BEED TV VI
AL £ A7 (+) -catechin (&, ethyl gallate % iR % =
CI2ED, b EOMEISEITTS A LEATE. L,
—JE DPPH 12 £ ) ERfL & LT L F - 72 ethyl gallate {1,
ascorbic acid # W T ESITIEET T E W LHEFE S
nrz.

VI

a -Tocopherol % DPPH & Xt &2 5 &, a -tocopherol
BB chroman BT TT7 ) —F VNV L Tw bR
T BC-NMR CTEIll ©& %. a -Tocopherol |& DPPH &
SUG LT, a -tocopheroxyl radical & L CZELL T3
&% 2 517z, Ascorbic acid 1%, @ -tocopherol & V) %5
27 =TTV ANEHETE DS, —EDPPH I X kR
L& TL ¥ -7 a -tocopherol (%, ascorbic acid % >
THREIIIEITLTE VL) THho 72
1%, B2 DPPH (2 & D FR{L & 4L T\ 72 ethyl gallate % 72

a -Tocopherol
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TLTAHIEIETEL o7z, F72, ethyl gallate 1E, &1
DPPH |2 X V) b E LT\ 72 a -tocopherol % 370 5
Z LIETET, a -tocopherol & ethyl gallate (& (T [F <5
DOVRRALEE N 2 BT 5 L& 2 b7, ROREDORER,
a -tocopherol ® 7 T 71 Vi FBEJI X, ascorbic acid & 1)
% 1), (+) -catechin X catechol & N IZEN T2 DD,
(+) -catechin % catechol & V) 7 ¥ 71 Wi ZRe I SN
TWEZEDMDARY) 72/ = VT XTEIIELEDITS
CEIRITEY, PL)REEDZALTVEOTIEZ W
Lz Bz

DLk, NMR 2 W72 AR ZED FEI2IE, BbIZs:
DORELHEHND 5.

O & 21d, DPPH & UG L 72 8. D HUERAL 55 O
W REAEFTFLRVTHLMITEL LW T L
TdH 5B, KR TIL, ascorbic acid 728 DPPH & UG L T
dehydroascorbic acid (2Z2fb$ 5 Z & ZIAMEIRL, (+)
-catechin % ( — ) -epicatechin 7 &, catechol 1 % | 3t %
T3 _EHiEE T b oW LEWAS, DPPH & RS L 72
2 1%, catechol 1 1 2% 0- ¥ / » (2L L, catechol £ 1
W5 2 ZEM A E D OfLEW R, pyrogallol FEfk &
IPUERALD A = A LW R D L) T ERLMICT
HZ EWTE. F/2, (+) -catechin % (—) -epicate-
chin DFFEALIEEEMABER CTH L Z L2 FHIIRT
TENTER SHLEIOFEEHMITLI LT (-)
-epigallocatechin gallate %> (—) -epicatechin gallate 72 &
TR S HEM T 5 2 L S RETH o 7.

S HIE, FH—t VAT 2EEO IR %
DPPH & 34 M SUG S 85 2 L2 XD, iMoo
HERMRE V) 2 ThHD, T L ) REfgETh
FRALI S>> Z 2 71 WIH 2R % 38 L W R BE TEFAM§ 2
TENTE, R) T2 =IO T T VA VHEEOR
EEMAHBE AL PICT LI ENTE TabbE
—1Z, pyrogallol #%3E A1 catechol FHEMA L 1§ 971F% <
DPPH 5 VI VEMHET LI EATEL. 12, pyro-
gallol #3& & %\ 1X catechol i 12 77 )V R = )L #2875
T 5 LT TN IVIHERINEHE L7z, $5=12, pyrogallol
HEICA L7 Y ZEAED T L EFRICT TN
IVIHZERETTIEWGR L 7245, catechol f5& 24 L7 4 v
ERAPIET L LT VA IVIEEREI I I L7
Pyrogallol #5124 L 7 ¢ >~ “EE AR L 22ALEW
1%, pyrogallol #3812 71 VAR = VEPHE L72fLEW LD
b T U HIVIHEREINIEN T

m =

FIZE, K72 -G L, ZHEBICDID
PURALR D E N T B, RIFFETIE, P LS &
7Y — 7 7)v DPPH O UG % NMR 58§ 5 T %
T, ZOBIRALEERE O] % 37z,

( + ) -Catechin & DPPH % It & #, I v % “C-
NMR#l5£ 3 % &, (+) -catechin ® BERD ¥ 7 F )L D
HEELEDILHALEDDA VRV Y FF N
o-Phenylenediamine O ¥ o g, FEIZX D, (+)
-catechin DPLIEILIEME 1L, BERATRMICF / Uik &
LItk bRran.

[d] # 12, catechol, ( + ) -taxifolin, eriodictyol, methyl
hydrocaffeate % catechol #1& @ ¥ / » ~ DAL AYELM
& M7z %%, quercetin, luteolin, methyl caffeate, ethyl pro-
tocatechuate @ & 9 |2, catechol & 124 L 7 4 »
HadHIE VR VIR T LIEEWIZOWT
&, DPPH & G & TH IV RV 7 FIvidHn
F,0-F ) UMEEL LTREIT A &R, FTAV
ELTRELL TS EHER S 7z, Quercetin & (+)
-taxifolin @ i & #Z 12 DPPH % il 2. 72 & Z %, DPPH &
quercetin & JEIZ G U722 & 2530 5, catechol #f &
T2 L7 0 Y TERBA (2, 36) AT 51
EMOFH, BLEWMEEMEI Y LR TV -5 D7
VWERHEETEXLEEZ 5N/, LAL, catechol i ethyl
protocatechuate £ ) 4 5 DPPH® 7 — 5 U H V%l
T &, catechol i 2 77 VAR 2 VDS L 72354013,
TV ANHEERITHBET 5 EE 2 SN

Pyrogallol #% %% {4 |2 O \» T 12, pyrogallol, myricetin,
ethyl gallate D\> 3414, DPPH & G LT o- ¥/ ~
fiE e LCRENT D2 LidR<, SONES, 7 -5
DANERIHETT B Z £ AT & 72, Catechol & DY
BT, AL 74 TEmEEPRIRT LB DTN,
HEOBLAMEEWE DB R 7) =TV ANV EHETE
72 D12 xF L, pyrogallol £ 1 @ 35 413, pyrogallol 1 & (2
ZHEEEPEET 2ILEW LD S, RO WLEYO
N7 ) =TV HNVEHEET BRERE BT $72,
ethyl gallate ® Ji %% quercetin & 1) 61271 —5 VAL
THETE, 2O LDD, catechol iHEEZHT 5V
7% HALEW £ 1 b pyrogallol #1357 H 3 LAY D )58
TV NNVHERDPEND Z LhibhoTz.

Ascorbic acid |%, dehydroascorbic acid |2 21t 4 % =
EIZEoTDPPHDO 7Y = VAV aELETELT L
b A o7z. F72, a -tocopherol iX, DPPH & Kt L
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C, a -tocopheroxyl radical & L CZEILL T35 L&
Z B 7z, Ascorbic acid, a -tocopherol, ethyl gallate I3,
(+) -catechin £ ) B2 7 ) —F VAN EHETED
Z b hofz. (+) -catechin iZ, DPPH & IS § % &
BEEM ¥ / VWi IZEE{L S L5 2%, ascorbic acid F 7213
a -tocopherol, ethyl gallate #7352 & I12LD, b &
DI RITT SN D 2 L AERRT & 72, Ascorbic acid 13,
a -tocopherol X ethyl gallate & V) $5GI27 1) —F I H )L
EHETEA, —EDPPHIC L WEILEhTLE-
72 a -tocopherol X ethyl gallate (%, ascorbic acid % H \»
TORDIITRBICTE R W EHELE SN2, F 7 ascorbic
acid X, pyrogallol £ V) G127 —F VAN EHETE
722 &5, ascorbic acid 1&, WAk HARY T ) — )b
INBEL TV =TTV AN EHETELLEZON
a -Tocopherol (Z, ZG12 DPPH IZ X W ERILE Tz
ethyl gallate % T3 5 Z £ I1ZTE 3, F 72, ethyl gallate
id, JGI2DPPH 12 & ) B S LT\ 72 a -tocopherol %
BILTHI LI TERVZD,
gallate 31T IZF CPilgfbae 2 B2 & E 2 o/, [H
KeDOFADRER,  a -tocopherol D T ¥ /1 VIHFHETIIZ,
ascorbic acid & V) %5 1, (+) -catechin % catechol, ethyl
protocatechuate & 0 (XN T W5 L DD, (+) -catechin
% catechol £ 1) 7 ¥ I VIHEREN MEIL T B Dt
RN T7 2/ = VIRTLIIFESEOITLHILITTET,
B2 E ) RN EA LTV EOTIE R tEZ 5N

a -tocopherol & ethyl
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NMR Analytical Approach to Clarify the Molecular Mechanisms of the
Antioxidative and Radical-Scavenging Activities of Antioxidants in Tea:
Reaction of Polyphenols with Stable Free Radicals

Yusuke Sawai

Summary

Tea (Camellia sinensis) leaves contain various antioxidants such as ascorbic acid, a -tocopherol and polyphe-
nols. In this study, we have tried to clarify the molecular mechanisms underlying the antioxidative and radical-
scavenging activities of these antioxidants and directly compared the reactivities of each antioxidant against the
stable free-radical 1, 1-diphenyl-2-picrylhydrazyl (DPPH) using nuclear magnetic resonance (NMR) analysis.

Tea catechins (flavan-3-ol derivatives) are a major constituent of tea polyphenols. In recent years, they have
attracted much attention for their potential beneficial effects in disease prevention. In particular, the antioxidant
activities of catechins seem to be most important in terms of their physiological function.

First of all, (+) -catechin (0.015 mmoles) was reacted with DPPH (0.030 mmoles) in acetone-ds (0.7 ml) as
a model reaction of tea catechins to elucidate the molecular mechanisms underlying the antioxidative and radical-
scavenging activities of antioxidants. After the reaction, the purple color of DPPH faded gradually. The reac-
tion mixture was subjected to °C NMR analysis. The spectra were compared with those of ( + ) -catechin. The
characteristic signals of the B-ring disappeared, although the signals ascribable to the A and C-rings remained
unchanged, and two carbonyl signals were clearly detected in the spectrum. These strongly suggest that two
hydroxyl groups in the B-ring are more important as a radical scavenger among the four phenolic hydroxyl groups
of (+) -catechin and the B-ring was changed to a quinone structure. We substantiate this by trapping the com-
pound as an adduct of a 1, 2-phenylenediamine to an o-quinone.

(—) -Epicatechin was also confirmed to give a similar result. The appearance of two carbonyl signals indicated
the same conclusion.

Furthermore, ( — ) -epigallocatechin was reacted with DPPH. But no carbonyl signals appeared, although
many original carbon signals decreased. The antioxidation mechanism of ( —) -epigallocatechin (pyrogallol struc-
ture) is likely to be different from those of ( + ) -catechin and ( — ) -epicatechin (catechol structures) . (—)
-Epigallocatechin seems to give a rather stable radical and was not stabilized as an o-quinone. We clarified that
the differences in their antioxidative activities were due to the differences of the antioxidation mechanisms.

A mixture of ( — ) -epicatechin (0.015 mmol) and ( — ) -epigallocatechin (0.015 mmol) was reacted with
DPPH (0.030 mmol) and subjected to *C NMR analysis. Their relative radical-scavenging abilities were directly
assessed by comparing the resulting spectrum with those of (—) -epicatechin and (—) -epigallocatechin. The
intensities of most of the original carbon signals ascribable to ( — ) -epigallocatechin decreased. However, the
signals of (—) -epicatechin, not only those of the A-ring but also those of the B-ring, remained. Therefore, this
observation suggests that radicals of DPPH are scavenged more rapidly by (—) -epigallocatechin than by (—)
-epicatechin.
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To further clarify the molecular mechanisms underlying the antioxidative and radical-scavenging activities of
tea polyphenols, we investigated other model polyphenols with more simple structures. Catechol, (+) -taxifolin,
eriodictyol and methyl hydrocaffeate were oxidized to o-quinone by DPPH. However, quercetin, luteolin, me-
thyl caffeate and ethyl protocatechuate were not stabilized as an o-quinone, even though they possess a catechol
structure. Thus, the difference in their antioxidation mechanisms may depend on the presence or absence of the
conjugated olefinic or carbonyl double bond. The radical-scavenging ability of o-dihydroxy phenolic compounds
with a conjugated olefinic double bond (e.g. quercetin) was superior to that of compounds without this bond [e.g.
(+) -taxifolin], while the ability of o-dihydroxy phenolic compounds possessing a conjugated carbonyl bond (ethyl
protocatechuate) was inferior to that of compounds lacking this bond (catechol) .

The molecular mechanisms underlying the antioxidative and radical-scavenging activities of vicinal-trihydroxyl
phenolic compounds were further investigated. All vicinal-trihydroxyl phenolic compounds (pyrogallol, myri-
cetin and ethyl gallate) do not seem to be stabilized as o-quinone and produce a rather stable radical. Vicinal-
trihydroxyl phenolic compounds with a conjugated olefinic double bond (e.g. myricetin) had an inferior scaveng-
ing ability as compared with compounds lacking this bond (e.g. pyrogallol) , but myricetin was a better scavenger
than compounds with a conjugated carbonyl double bond (e.g. ethyl gallate) . In addition, vicinal-trihydroxyl
phenolic compounds (e.g. ethyl gallate) were superior to o-dihydroxyl phenolic compounds (e.g. quercetin) , and
that the gallate moiety is more important than the o-dihydroxyl group in the B-ring as a radical-scavenging active
site in the (—) -epicatechin gallate structure.

The order of radical-scavenging ability suggested by these results is summarized as follows: ( — ) -Epigallo-
catechin, pyrogallol > myricetin > (—) -epicatechin gallate, ethyl gallate > quercetin, luteolin, methyl caffeate
> (—) -epicatechin, (+) -catechin, (+) -taxifolin, eriodictyol, methyl hydrocaffeate, catechol > ethyl protocate-
chuate.

Ascorbic acid is also known to possess potent antioxidative activity. When ascorbic acid was reacted with
DPPH, it was oxidized to dehydroascorbic acid by DPPH. Ascorbic acid scavenged DPPH radical faster than (+)
-catechin. When ascorbic acid was added to the reaction mixture of (+) -catechin and DPPH, the two carbonyl
signals ascribable to (+) -catechin in the oxidized form completely disappeared, suggesting that (+ ) -catechin
in the oxidized form after radical-scavenging can be reduced to ( + ) -catechin by ascorbic acid. Ethyl gallate
scavenged DPPH radical faster than (+) -catechin and ethyl gallate reduced the oxidized (+ ) -catechin. Ascor-
bic acid also scavenged DPPH radical more rapidly than ethyl gallate. However, when ascorbic acid was added to
the reaction mixture of ethyl gallate and DPPH, the signals of ascorbic acid did not disappear completely and ethyl
gallate was not easily regenerated from the oxidized form generated after radical-scavenging. Ascorbic acid also
scavenged radicals more rapidly than pyrogallol; in other words, ascorbic acid possesses more potent antioxidative
activity than all of the polyphenols described above.

a -Tocopherol is stabilized as a -tocopheroxyl radicals when it is reacted with DPPH. Ascorbic acid scav-
enged radicals faster than a -tocopherol. However, a -tocopherol was not likely to be regenerated from
a -tocopherol radical after radical-scavenging, even if it was present with ascorbic acid. a -Tocopherol scav-
enged DPPH radicals faster than ( + ) -catechin and a -tocopherol reduced the oxidized ( + ) -catechin. The
radical-scavenging ability of a -tocopherol was inferior to ascorbic acid but superior to (+) -catechin (and ethyl
protocatechuate) . However, a -tocopherol and other polyphenols (e.g. ethyl gallate) except them had almost
identical antioxidative activities.

The results of our C NMR study of the mechanisms of antioxidative effects of several antioxidants using
DPPH can be summarized as follows. First, the structural changes of antioxidants after scavenging of radicals
can be directly observed at the molecular level. This allowed us to determine the active site of each antioxidant
in each radical-scavenging reaction. Second, the relative radical-scavenging activity (speed) can be compared be-
tween antioxidants.



