doi:10.1246/cl.2011.1417
Published on the web December 3, 2011

1417

Synthesis and Enhanced Radical Scavenging Activity
of a Conformationally Constrained Epigallocatechin Analogue

Kohei Imai,'? Tkuo Nakanishi,> Kazunori Anzai,>* Toshihiko Ozawa,>> Naoki Miyata,'®
Shiro Urano,” Haruhiro Okuda,! Asao Nakamura,? and Kiyoshi Fukuhara*!

'Division of Organic Chemistry, National Institute of Health Sciences, Setagaya-ku, Tokyo 158-8501
’Department of Applied Chemistry, Shibaura Institute of Technology, 307 Fukasaku, Minuma-ku, Saitama 337-8570
3Research Center for Charged Particle Therapy, National Institute of Radiological Sciences, Inage-ku, Chiba 263-8555
4Nihon Pharmaceutical University, Ina-cho, Kita-adachi-gun, Saitama 362-0806
SYokohama College of Pharmacy, Tozuka-ku, Yokohama, Kanagawa 245-0066
SGraduate School of Pharmaceutical Sciences, Nagoya City University, Mizuho-ku, Nagoya, Aichi 467-8603
"Department of Bioscience and Engineering, Shibaura Institute of Technology, 307 Fukasaku, Minuma-ku, Saitama 337-8570

(Received August 25, 2011; CL-110717; E-mail: fukuhara@nihs.go.jp)

The freely rotating single bond between the pyrogallol and
chroman substructures in epigallocatechin (EGC) was con-
strained by reaction of EGC with acetone in the presence of
trimethylsilyl trifluoromethanesulfonate to prepare the rigidified
analog in good yield. The synthesized analog was examined for
free radical scavenging activity toward the galvinoxyl radical
and was found to be 27-fold more potent than EGC.

As oxidative stress is considered to be a crucial factor in cell
damage, the protective role of antioxidants is receiving increased
attention as an approach to suppressing oxidative stress by
scavenging free radicals that are produced in the process of
energy production and utilization. In fact, the antiaging benefit
of antioxidants is due to their anti-inflammatory effect that
delays or prevents the occurrence of cancer, diabetes, and brain
disorders.'~> However, for clinical usage and/or chemopreven-
tion of oxidative stress-associated diseases, the development
of novel antioxidants with promising free radical scavenging
activity that also have the appropriate pharmacokinetic and
clinical pharmacology is required. Our goal was to develop an
effective and practical chemopreventive agent based on a natural
antioxidant lead, which was designed to target free radical
generation in the progression of oxidative stress-related diseases
such as cardiovascular disease, diabetes, and cancer. We have
recently reported the synthesis of the (+)-catechin analog 1 in
which the catechol and chroman moieties in (+)-catechin were
constrained to the same plane by formation of a bridge between
the 3-OH group on ring C and C6’ on ring B.%” As shown in
Scheme 1, the synthesis was accomplished by taking advantage
of a Pictet—Spengler reaction between (+)-catechin and acetone
to give the derivative 1, which had 5-fold more potent radical
scavenging activity compared with (4)-catechin. Interestingly,
1 was very lipophilic compared to (+)-catechin, and the high
radical-scavenging ability of 1 was expected to be very effective
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Scheme 1. Synthesis of 1 from (4)-catechin.
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for suppressing free-radical associated events, especially in cell
membranes. The one-step chemical modification of (4)-catechin
to generate a derivative with improved radical-scavenging
activity could also be used as a way of modulating the
pharmacokinetics of (+)-catechin by substituting lipophilic or
hydrophilic ketones for acetone. Therefore, this method should
be effective in developing synthetic versions of natural catechin
that target oxidative stress generation in individual diseases.
Among naturally occurring catechins, epigallocatechin (EGC)
and its gallate derivative (EGCG) are the principal phenolic
antioxidants found in a variety of plant products including green
and black tea. EGCG has been shown to have cancer-preventive
activity in a number of animal models, and numerous mecha-
nisms to account for this activity have been proposed based on
studies with human cell lines. In this study, the freely rotating
single bond between the pyrogallol and chroman substructures
in EGC was constrained by taking advantage of the same
method used for the synthesis of 1. Compared with EGC, the
conformationally constrained EGC 2 showed greatly enhanced
radical-scavenging activity against the galvinoxyl radical. This
is the first report of a chemical modification of EGC that
produced a derivative with improved radical scavenging activity.

As shown in Scheme 2, 2 was synthesized by the Pictet—
Spengler reaction of EGC, 1.2 equivalents of acetone, and 1.2
equivalents of trimethylsilyl trifluoromethanesulfonate in dry
THF at —10 °C under argon for 0.5 h. The reaction mixture was
purified by column chromatography to obtain 2 as a pale yellow
powder in 78.4% yield.® Analysis of the 'HNMR of 2 in
DMSO-d; exhibited a spectrum in which the 2’-H and 3-OH
signals had disappeared while the other EGC protons remained
along with two new methyl group signals, indicating the
formation of an isopropyl bridge between rings B and C.

To evaluate the antioxidant activity of 2, a radical-scaveng-
ing assay using the galvinoxyl radical (GO") as an oxyl radical
species was performed. When 2 was added to a deaerated
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Scheme 2. Synthesis of 2 from EGC.
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Figure 1. (a) Spectral changes in the reaction of 2 with GO" in
deaerated acetonitrile at 298K (Interval: 1072s). (Inset) First-
order plot based on the change in absorption at 428 nm. (b) Plot
of the pseudo-first-order rate constants (kops) vs. [2] for the
reaction of 2 with GO".

acetonitrile solution of GO, the visible absorption band at
428nm due to GO’ immediately disappeared, indicating that
GO’ scavenging by 2 took place to give the hydrogen-transfer
product GO-H. As this spectral change was very fast, the rate of
the radical-scavenging reaction of 2 was measured by monitor-
ing the decrease in absorbance at 428 nm using a stopped-flow
technique. As shown in Figure 1a, the decay of the absorbance
at 428 nm obeyed pseudo-first-order kinetics when the concen-
tration of 2 was maintained at more than 10-fold excess to the
GO" concentration. The pseudo-first-order rate constant (kgps)
increased linearly with an increase in the concentration of 2, as
shown in Figure 1b. From the slope of the linear plot of kops
vs. [2], the second-order rate constant (k) for the radical-
scavenging reaction was determined to be 4.34 x 10°M~!s~!.
The k value for EGC determined in the same manner was
1.62 x 10>°M~!'s™!, showing that the radical-scavenging activity
of 2 was about 27-fold greater than that of EGC.

Previously, it was found that hydrogen transfer from both
(+)-catechin and 1 in the GO" scavenging reaction proceeds by a
one-electron transfer followed by proton-transfer mechanism.’
In analogy with the catechins, the GO*~ scavenging reaction of 2
is thought to proceed via a one-electron transfer from 2 to GO".
Therefore, the strong radical-scavenging activity of 2 compared
with EGC might be attributable to the electron-donating effect of
the isopropyl group in 2, i.e., the isopropyl group is capable of
stabilizing the radical cation intermediate 2'* generated in the
electron-transfer oxidation of 2 by GO’, which would account
for the enhanced radical-scavenging activity.
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Figure 2. DFT optimized structure of 2 calculated using the
B3LYP/6-31G™ basis set.

In the case of 1, the planar structure has an ability to
delocalize the radical cation throughout the entire molecule,
resulting in enhanced radical-scavenging activity. However, as
shown in Figure 2, no such enhanced stabilizing delocalization
of the radical cation is possible in the bent form of 2. Because
the electron-transfer mechanism for the radical-scavenging
reaction of 2 depends on the electrochemical ease of one-
electron oxidation, one-electron oxidation potentials (Eo,’) of
EGC and 2 were measured by electrochemical methods. Cyclic
voltammetry (CV) was initially attempted, but the radical cation
of EGC generated in the time scale of the CV experiment was
too unstable to determine an accurate E,.C. Therefore, second
harmonic alternating current voltammetry (SHACV) was per-
formed, because this method is superior for directly evaluating
the one-electron oxidation potential in cases of subsequent
chemical reactions.'® The one-electron oxidation potential (E,,")
of EGC and 2 in deaerated MeCN containing 0.1 M TBAP at
298K was thus determined to be 1.18 and 0.86V vs. SCE,
respectively,!! indicating that the electrochemical oxidation was
easier for 2 than EGC. This experiment supports 2 undergoing
one-electron oxidation by GO more easily than EGC and
provides a further measure of the excellent radical-scavenging
ability of 2.

In summary, a conformationally constrained analog of EGC,
in which C2’ on ring B and the 3-OH group of ring C were
connected by an isopropyl group, was synthesized by the
same method previously used to synthesize a planar catechin
derivative from (+)-catechin. Much higher radical-scavenging
activity for 2 than for EGC was observed in the reaction with
GO’. Similar to the planar catechin analog, 2 was more
lipophilic than EGC (data not shown), and it should be possible
to optimize the phamacokinetics and pharmacodynamics of EGC
analogs by varying the ketone reactant used in the synthesis.
Therefore, the enhanced radical-scavenging activity of 2
strongly supports the development of conformationally con-
strained EGC analogs as potential chemopreventive drugs for
oxidative stress related diseases.
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