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Abstract—The objective of the current study is to characterize the reaction products of theaflavin 3,3’-digallate, one of the major
characteristic polyphenols of black tea, with hydroxyl radicals generated by hydrogen peroxide, with the aim of gaining insights
into specific mechanisms of antioxidant reactions in physiological systems. Two major reaction products were isolated and
identified using high-field 1D and 2D NMR spectral analysis. Both of them are A-ring fission products. The observation of these
compounds indicates that the A ring rather than the benzotropolone moiety is the initial site for formation of reaction products

in the hydrogen peroxide oxidant system.
© 2003 Elsevier Ltd. All rights reserved.

Theaflavins are a group of polyphenol pigments formed
at the fermentation stage of black tea manufacturing.'
They are orange or orange-red in color and possess a
benzotropolone skeleton that is formed from co-oxida-
tion of appropriate pairs of catechins, one with a
vic-trihydroxy moiety, and the other with an ortho-
dihydroxy structure.>® It is known that theaflavins,
which account for 2-6% of the dry weight of solids in
brewed black tea,* contribute importantly to properties
including its color®, ‘mouthfeel’® and extent of tea
cream formation.” Their structures are well studied.®'!
Recently, theaflavins have attracted considerable inter-
est because of their beneficial health properties, includ-
ing antimutagenicity in the rat liver S9 fraction,!?
suppression of cytochrome p450 1Al in cell culture,'?
anticlastogenic effects in bone marrow cells of mice,'*
suppression of extracellular signals and cell prolifera-
tion,'> and anti-inflammatory and cancer chemopreven-
tive action (by suppressing the activation of NF«xB
through inhibition of IKK activity).'® Theaflavins have
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also shown strong antioxidant activity against lipid
oxidation detected in the rabbit erythrocyte ghost
system'” and rat liver homogenates,'® against LDL
oxidation in mouse macrophage cells,'® as preventives
for DNA oxidative damage in cell-free systems,!” in the
inhibition of xanthine oxidase and suppression of intra-
cellular reactive oxygen species in HL-60 cells,?® and
through H,O, scavenging ability.?® As an important
oxidant, hydrogen peroxide (H,O,) can normally be
produced from many physiological sources in the aero-
bic environment of mammalian cells and tissues.?!
However, the specific mechanism of theaflavin oxida-
tion by H,0, remains unclear. In this study, we report
the oxidation products formed by the reaction of H,O,
with theaflavin 3,3’-digallate (1), one of the major
theaflavins.

Two major oxidation products (2-3) from the reaction
of theaflavin 3,3'-digallate (1) with hydrogen peroxide
were isolated and identified on the basis of their spec-
tral data.”

Compound 2, a reddish amorphous solid, was assigned
the molecular formula C,,H;,0,, based on positive-ion
APCI-MS ([M+H]* at m/z 889) and '*C NMR data. In
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comparison with the 'H NMR spectrum of 1, the 'H
NMR of 2 also displayed three characteristic downfield
signals for the benzotropolone group (6 7.42 brs, H-c;
7.64 brs, H-e; 7.66 s, H-g); two sets of C-ring signals (6
5.21 m, H-2; 5.74 m, H-3; 3.10 dd, J=4.8, 17.4 Hz, 2.90
brd J=17.4 Hz, H-4; 5.90 m, H-2"; 5.74 m, H-3'; 2.97
dd, J=4.8, 18.0 Hz, 2.68 brd, J=18.0 Hz, H-4'), and
two singlets for the gallate groups (0 6.88 s, H-13 and
H-17; 6.86 s, H-12" and H-16"). However, it only
showed two signals for the A ring at ¢ 6.00 d, J=2.4

Figure 1. Structures of compounds 1-3.

Hz and 6.09 d, J=2.4 Hz, instead of the expected four.
In addition, two additional signals were observed at o
397 d, J=16.2 Hz and 3.88 d, J=16.2 Hz. These two
signals were assigned to one methylene group (é 40.8)
based on the HMQC spectrum. The '3C NMR spec-
trum of 2 displayed 42 carbon signals, 14 of which were
assigned to the gallate groups, 11 to the benzotropolone
group, 6 to the C-ring of flavan-3-ols, 6 to one set of A
rings and 5 additional signals (6 175.5 s; 172.2 s; 161.9
s; 104.3 s; 40.8 t). These observations indicated that the
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Figure 2. Significant HMBC (H—C) correlations for compounds 2 and 3.

C rings, gallate groups and benzotropolone moiety of 2
did not undergo any change during oxidation. Rather,
the changes were localized to a single A ring. As
mentioned above, this modified A ring showed one
methylene group (J 40.8), two carbonyl groups (6 175.5
and 172.2), and two quaternary carbons (6 161.9 and
104.3). The HMBC spectral analysis (Fig. 2) yielded
correlation peaks between H-7' (6 3.97 and 3.88) and
C-5" (0 104.3), C-6' (0 161.9), C-8 (0 175.5); H-4' (o
2.68 and 2.97) and C-5' (0 104.3), C-6' (¢ 161.9), C-9" (6
172.2). Thus, the structure of the modified A ring was
confirmed as shown in Figure 1. The remaining out-
standing issue was whether this modified A ring
belonged to the flavan-3-ol connected to the benzene or
the tropolone part of the benzotropolone group. To
resolve this question, a careful analysis of cross peaks
in the HMBC spectrum (Fig. 2) was required. The
HMBC spectrum showed correlations between H-g (0
7.66) and C-2' (6 77.4); H-2' (6 5.90) and C-g (5 122.6),
C-k (0 129.3), C-3' (6 67.9), and C-4" (6 30.8); H-c (o
7.42) and C-2 (¢ 80.8); H-e (0 7.64) and C-2 (0 80.8);
H-2 (6 5.21) and C-c (6 118.2), C-d (6 135.0), C-¢ (6
126.3), C-3 (6 70.2), and C-4 (6 27.7). These data
indicated that this modified A ring belongs to a flavan-
3-ol connected to the benzene part of the benzotro-
polone group. Therefore, the structure of 2 was
deduced as shown (Fig. 1). The complete interpretation
of the NMR data was based on the results of HMQC
and HMBC experiments (Table 1).

Compound 3 was isolated as a reddish amorphous
solid. The positive-ion APCI-MS of 3 displayed a
molecular ion peak at m/z [M+H]" 889, supporting a
molecular formula of C,,H;,0,,, as noted above for 2.
The NMR spectra of 3 displayed signal patterns similar
to those of 2. The '"H NMR spectrum of 3 also showed
the three characteristic signals for the benzotropolone
group (0 7.37 brs, H-c; 7.64 brs, H-e; 7.67 s, H-g); two

sets of C-ring signals (6 5.26 m, H-2; 5.68 m, H-3; 2.92
brd, J=17.4 Hz, 2.68 brd, J=17.4 Hz, H-4; 5.79 m,
H-2"; 5.63 m, H-3; 3.19 brd, J=16.8 Hz, 2.91 brd,
J=16.8 Hz, H-4'), two singlets for the gallate groups (6
6.80 s, H-12 and H-16; 6.94 s, H-13' and H-17'); two
signals for the A ring (6 6.01 s and 6.04 s); two
additional signals for the methylene group (6 4.01 d,
J=15.6 Hz and 3.78 d, J=15.6 Hz). The '*C NMR
spectrum of 3 displayed modified A-ring signals at o
174.8 s; 171.4 s; 162.0 s; 103.7 s; 40.0 t. Clearly, all of
these features suggested that 3 was also an A-ring
cleaved diacid derivative of 1. In the structure of 3, the
modified A ring belonged to a flavan-3-ol connected to
the tropolone part of the benzotropolone group rather
than the benzene moiety found in the structure of 2.
This connectivity was demonstrated by the HMBC data
(Fig. 2). In this latter case, the cross peaks involved H-7
(0 4.01 and 3.78) with C-5 (6 103.7), C-6 (¢ 162.0), C-8
(0 174.8); H-4 (0 2.68 and 2.92) and C-5 (¢ 103.7), C-6
(0 162.0), C-9 (0 171.4); H-g (¢ 7.67) with C-2" (5 76.3);
H-2" (6 5.79) with C-g (¢ 122.5), C-k (6 129.4), C-3' (0
68.0), and C-4' (¢ 28.3); H-c (0 7.37) with C-2 (¢ 82.2);
H-e (6 7.64) with C-2 (6 82.2); H-2 (6 5.26) with C-c (¢
117.8), C-d (¢ 133.6), C-e (0 126.1), C-3 (¢ 69.2), and
C-4 (0 29.7). Therefore, the structure of 3 was deter-
mined as shown (Fig. 1). The complete interpretation of
the NMR data was based on the results of HMQC and
HMBC experiments (Table 1).

The purpose of this investigation was to isolate and
characterize the reaction products of theaflavin 3,3'-
digallate, one of the major theaflavins in black tea, in a
hydrogen peroxide oxidant system. Numerous mecha-
nistic studies have been conducted on tea catechins, the
precursor compounds of theaflavins, with different oxi-
dants such as the peroxyl radical system, the perox-
idase/hydrogen peroxide oxidant system, and the
DPPH oxidant system.?*2” These reports indicate that
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Table 1. 6y (600 MHz) and - (150 MHz) NMR spectral
data of compounds 2 and 3 (CD;0OD) (J in ppm, J in
Hz)

2 3
o de Ou e
2 521m 80.8d  526m 82.24d
3 574m 702d  5.68m 69.2 d
4 310dd 48,174 277t  292brd 174 29.7 t
2.90 brd 17.4 2.68 btd 17.4
5 158.7 s 103.7 s
6 6.00d24 96.6 d 162.0 s
7 158.7s  4.01d15.6 400 t
3.78 d 15.6
8 6.09d24 953 d 174.8 s
9 157.1 s 171.4 s
10 99.8 s 167.5 s
11 168.0 s 121.6 s
12 1215s 680 109.7 d
13 6.88s 110.8 d 146.7 s
14 146.9 s 140.5 s
15 140.6 s 146.7 s
16 1469s 680 109.7 d
17 6.88's 110.8 d
2 590m 774d 579 m 76.3 d
3 574m 67.9d  563m 68.0 d
4 297dd 180,48 308t  3.19 brd 16.8 283t
2.68 brd 18.0 291 brd 16.8
5 104.3 s 158.5% s
¢ 1619s 6045 95.8 d
7 397d16.2 408 t 158.7* s
3.88 d 16.2
g 1755s  601s 96.5 d
v 1722 s 158.1 s
10 167.8 100.5 s
11 121.5 s 168.0 s
12 686 110.0 d 121.6 s
13 1469's 6945 110.0 d
14 140.6 146.7
15 146.9 s 140.5 s
16 6.86 s 110.0 d 146.7
17 6.94 s 110.0 d
a 186.4 s 186.4 s
b 156.1 s 156.1 s
c 742 1182d  737s 117.8 d
d 1350 s 133.6 s
e 7645 1263d 764 126.1 d
f 130.0 s 130.3 s
g 7.66s 1226d  7.67s 122.5d
h 147.2 s 147.2 s
I 1522 s 151.8 s
J 1228 s 122.8 s
K 129.3 s 129.4 s

* Assignments may be interchanged in each column.

the use of different oxidants can result in the formation
of different oxidation products from catechins; more-
over, the main site of catechins antioxidant action
appear to be the o-dihydroxy B-ring, or vic-trihydroxy
B-ring or gallate group through the one electron trans-
fer or H-atom abstraction mechanism. These hypothe-
ses are supported by several theoretical studies of tea
catechins by measuring their bond dissociation enthalpy
(BDE) and ionization potential (IP) value, or pulse
radiolysis and laser photolysis study.?®** Despite know-

ing the chemical structures of these two major oxidant
products by this study, it is difficult to hypothesize a
mechanism initiated on the B ring or the gallate group
that lead to bond cleavage in the A ring. Halliwell and
Gutteridge reported that the reaction of a hydroxyl
radical with aromatic ring structures could be pro-
ceeded by the addition mechanism.* For the formation
of these two major products, the possible initial step is
the attack on the A ring by the hydroxyl radical. The A
ring radical then undergoes a series of further reactions,
including cleavage of the A ring. If the hydroxyl radical
attacks the A ring of the flavan-3-ol connected to the
benzene part of the benzotropolone group, 2 will be
formed; conversely, 3 should be formed if the reaction
is initiated at the A ring of the flavan-3-ol connected to
the tropolone part of the benzotropolone group. It is
noteworthy that the initial site for the formation of
these two major reaction products is the A ring, not the
benzotropolone group or the gallate group, in the
hydrogen peroxide oxidant system. The identification of
oxidant-specific products may provide an analytical
framework for evaluating the antioxidant actions of
theaflavins in biological systems. This study represents
a first approach to determination of the antioxidant
mechanism in theaflavins. Further study will be neces-
sary to indicate if the mechanism is indeed the hydroxyl
radical addition mechanism. Using glutathione to trap
the intermediate radical will be helpful to understand
the mechanism. These reaction products can be used as
standards in metabolic studies of theaflavins in vivo.
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