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2.4 Mutagenicity test

Mutagenicity was delermined by the plate
incorporation test using Salmonella tester strains
[3]. Each experiment was carried out on triplicaie
plates two times with or without the 89 mix. and
the mean value was presented as revertants/pg of
chemical.

3. Results

3L LUMO energy ferels and difiedral angles of
Nphs

To meuasure cnzymatic reduction, the LUMO
energy levels, reduction potential. and orientation
of the nitro substituent to the phenanthrene rings

Table )
LUMO energy kvels, reduction potentials. and difiedral angles
ol NAphs

LUMO  Dihedral angle

Chenical Fpe (mV)
Epcl Epe2

8-N-1-Aph 1042 1631 1429 315
6-N-4-Aph 1030 1675 1400 0.1
8-N-4-Aph 1SR 1555 1372 322
4N-4Y-Aph 1120 1662 1326 061.6
5-N-9-Aph 1085 1615 1219 617
6-N-9-Aph 127 1645 - 1508 0.2
T-N9-Aph 1004 1664 1436 0.0
S5-N-1-APhO 1049 1628 1505 61.0
6-N-1-AphQ) 972 1572 1663 0.1
R-N=1-AphQ) OHR 1641 1623 333
S-N-4-APLO 1214 1619 1427 2
6=-N-4-APHO 1059 1723 1583 0y
4-N-4-APhQ) 1047 1678 1545 3.7
{-N-Y4-APh() R53 1484 1674 26.5
2.N-9-APhO 964 1628 1696 )
A-N-4-APhO £93 1463 1733 (1N
S-N-9%-APHO 29 1568 1494 603

1.5-diN-4-APhO 623 1263 2074 A)°
LR-diN-4-APhO 916 1032 214 5RD2*

*and ™. LUMO energy and dibedral angle were sbtained by
AMI caleulations based on the structure thit was optimized by
PM2,

* A-NO- 335 1-NOs 247,

were investigated (Table 1). Nitro substituents
substituted at the 4 and 5 positions were perpen-
dicular due to the steric effect of the bay region
aromatic proton, while those at the 2, 3, 6, and 7
positions were coplanar to the phenanthrene rings
(Fig. 1. In contrasi. nitro substituents at the 1 and
8 positions had a nitro Tunction with nearly
perpendicular orientation to the aromatic ring
system because of steric hindrance of the aromatic
proton on the peri position, while the cakeulated
dihedral angles varied between 26 and 33, This
suggested that the orientation of the nitro group
generally predicts the mutagenic polency of
NAphs. There was no relationship between muta-
genicity, reduction potentials and LUMO encrgy.

3.2, Chemical propertics of Nph

Fig. 1 illustrates chemieal structures, consisting
of Aph derivatives with a nitrogen atom at the 1. 4,
and 9 positions, and NAphs. nitrated derivatives.
substituted at the 1.2, 3. 4. 5. 6. 7. and § positions
in phenanthrene rings and their N-oxides.,

3.3, Mutagenicity of NAph in Salmonella strains

All NAphs substituted at the 4, 6. 7. and §
positions were muotagenic for strains TA98 and
TAL00 without S9 mix while 5-N-9-Aph. 5-N-1-
AphO. and 5-N-9-AphO were non-mutagenic or
weak mutagens. In NAphO derivatives, 6-N-1-
AphO, 8-N-1-AphQ. 6-N-4-AphO,. and 1. 2. and
3-N-9-AphOs were mutagenic for strains TA9S
and TAI00. and were direct-acting mutagens.,
showing activity in the absence of 89 mix while
5-N-1- and 5-N-9-AphOs were non-mutagenic or
weakly mutagenic (Table 2). In contrast, muta-
genicity for TAY8 with 59 mix was assessed. but it
wis not shown in any NAph derivatives (Table 2).
Thus, a mutagenicity test was carried oul in the
absence of the 89 mix. In these nitrated deriva-
tives. nitro derivatives substituted at the 6 position
of phenanthrene rings, 6-N-4-Aph. 6-N-9-Aph, 6-
N-1-AphO. and 6-N-4-AphO, showed powerlul
mulagenicity for strains TAS8, TA100. and al YG
strains used. Mutagenicity was enhanced by mu-
tant strains producing nitroreductase such  as
YG1021 and 1026, and those producing Q-acetyl-
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Fig. 1. Chemical structures of NAph's.

transferase such as YGI1024 and YGI029, In
addition. the nitroreductase activity was  also
confirmed by the fact that the activily was
inhibited by the nitrorcductase-deficient  strain
TAYENR. and similarly. was inhibited by the
TAYE/.B-DNP,,. Q-acctyltransferase-deficient

strain, Nitro derivatives substituted at the 8
position of the phenanthrene rings such as 8-N-
1- and B-N-4-Aphs. were strongly reverted from
autotrophy to proiotrophy for strain TA100.
These derivatives might arise due to base pair
substitution on DNA. showing higher mutageni-
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Table 2
Mutagenicity of Naphs

Chemical Mutagenicity (revertants/pg)

TAW ( 89) TAY (1590 TAYENR TA/AEDNP, TAI0 YGIO2 YGI024 YGI026 YGI029
Spontancous 29 2% 7 1 128 67 86 178 183
8-N-1-Aph 538 b 42 0.3 1046 8479 35600 13040 1246
6-N-4-Aph 2082 18 149 530 OG0 42370 G260 46 8tH) 11020
R-N-4-Aph 82k 16 I 1528 14480 980 1282 4018
4-N-9-Aph 112 H 3 48 160 806 619 785 SOl
5-N-9-Aph 6 ND 2 L6 7 47 I8 51 9
O0-N-9-Aph 728 13 168 98 818 1050 3478 5194 788
T-N-9-Aph 452 20 6l 185 251 850 1018 918 S8
5-N-1-AphO) i KD 1 0.7 6 16 9 I &
6-N-1-Aph() 150 b %) 82 493 1247 170 5949 718
&-N-1-AphO 38 ND 3 17 113 998 79 1310 122
5-N-4-Aph(} 63 6 15 19 146 247 87 97 92
6-N-4-Aph(} 700 17 142 215 1854 6893 1818 7258 4154
£-N-d-AphO 67 ND 4 2 151 1038 786 1528 704
1-N-9-Aph©) 764 26 170 482 1252 1756 915 4627 897
2-N-9-Aph) 213 20 20 36 148 174 639 7% 106
3N-9-AphQ 634 11 141 084 173 596 482 748 413
5-N-9-Aph() 4 ND 1 0.5 5 16 12 3 7
1. 5-diN-1-AphQ) 10460 iz 6420 1440 2906 24980 11637 9541 6575
1.8-diN-4-Aph(} 5580 24 5240 K440 8440 21 640 11002 48 850 8916

ND. not detected.

city in TAIOO than TA98 These nitro groups
could also be due o steric hindrance of the nitro
substituent on the plane of the phenanthrene rings.

Two 1.5- and |.8-diN-4-AphQs promoted
marked mutagenicity for TA98, TA100. and YG
strains. Mutagenicity of 1.5- and 1.8-diN-4-AphO
corresponded to 166 and 83 times, respectively,
that of 5-N-4-AphQO and 8-N-4-AphO for TA9R,
and to 19 and 55 times, respectively. that of 5-N-4-
and 8-N-4-AphOs for TAI00. Dinitro derivatives
substituted at the 1 and 5 positions of the
phenanthrene rings were strongly activated by
nitroreductase.  overproducing  mutants  more
than O-acctyltransferase (Table 2). Both dinitro
derivatives. which have relatively lower LUMO
cnergy. showed high mutagenicity for strains
TA9R and TAT00, and their cnzyme rich-mutants.
It was found that mutagenicity of 1.5- and 1.8-
diN-4-AphO was strongly activated by nitroreduc-
tase. rather than O-acctyltransferase. as shown in

YGI1021 and 1024, except for reversion for YG
1026 of 1.8-diN-4-Aph0O.

4. Discussion

We previously reported that the mutagenic
potency of Nphs was closcly associated with the
chemical propertics and orientation of nitro sub-
stitution of aromatic rings [3} Nitro substituents
al positions 4 and 5 in the phenanthrene rings were
perpendicular, while those on positions 2, 3, 6 and
7 were nearly coplanar to the phepanthrene rings
(Table 1). It has also been reported that Nphs on
positions 1. 8. 9. and 10 were non-cophlanar
because of steric hindrance of the aromatic proton
on the peri position, with dihedral angles varying
from 107 1o 65" [1.2].

In this study. it was found that NAphs with a
nitrogen_atom at the 1. 4, and 9 positions of




24 1 Tokiva ¢t ol | Chemico-Biological Interactions 146 (20031 19 23

phenanthrene rings showed potent mutagenicity
corresponding to Nphs if they had the same
chemical propertics as Nphs, Mutagenicity of 4-,
6-. and 7-N-9-Aphs. I-. 2-, and 3-N-9-AphOs. was
potent for Salmonella strains, while nitro substi-
tuents of 5-N-9-Aph, 5-N-1-AphO. and 5-N-9-
AphQ were non- or weakly mutagenic. The nitro
substituent al the 5 position in the rings was
perpendicular on the plane of phenanthrene rings.
so mutagenicity was reduced markedly due to
steric hindrance. This suggested that the muta-
genic potency ol these nitro groups closely in-
volved the orientation of nitro substituents of the
phenanthrene rings, and the inability to intercalate
into the DNA helix.

Nitro substitucnts on positions 2, 3, 6. and 7 in
the phenanthrene rings had a nitro function with
coplanar orientation to the parent rings. and had
relatively lower LUMO energy levels. In addition.
the mutagenicity was markedly enhanced by
nitroreductasc-overproducing  mutants  such  as
YG1021 and YGI026. and by O-ucetyltransfer-
asc-overproducing mutants such as YGI1024 and
YG1029, Tt was considered that these nitro groups
were metabolically reduced 1o nitroso- and amino-
derivatives by these enzymes via a hydroxylamino-
intermediate.

Two 1.5- and L8-diNAphOs were potent muta-
gens for TA98 and 100, and showed strong
reversion rom autotrophy 1o prototrophy by
nitroreductase and O-acetyltransferase. Compar-
ing the mutagenic potency of both compounds,
1.8-diNAphQ was more strongly activated by
nitroreductase than  L5-diN-4-AphQ. c.g. the
compound showed 48850  revertants/pg  for
YG1026. From the perspective of reduction prop-
erly. the reduction potentials (mV) of mono- and
dinitrophenanthrenes  differed:  the  polentials
(Epcl} of monenitrophenanthrenes ranged from
—853 to — 1214, and those of dinitrophenanthrene
(diNph) ranged from — 623 1o —916 (Table 1). As
suggested by Fukuhara et al. [1]. nitro substitution
causes about o 100 300 mV positive shift in the
reduction polentials. Therefore, it was found that
the calculated LUMO energy levels were signifi-
cantly correlated with the first reduction poten-
tials. and the mutagenic polency of NAph was

refated to these chemical propertics. including
LUMO cnergy and reduction potentials,

With regard to mutagenicity and genotoxicity of
nitroazabenzofapyrene, we reported that these
compounds were potent mutagens for Salmonelfa
strains [18]. and induced micronuclet in polychro-
matic erythrocytes in mice and chromosomal
aberrations in Chinese hamster lung fibroblast
cells {19]. Mutagenicity and genotoxicity of nitroa-
zabenzo[a ]pyrene N-oxides differed from substitu-
tion of nitro function. However, the reduction
potentials of 3-nitro-6-azabenzo[a]pyrene A -oxide
are not markedly different from those of 1-nitro-6-
azubenzofa]pyrene N-oxide [18]. In addition. 3.6-
dinitrobenzofa]pyrene was much more mutagenic
than [.6-dinitrobenzofa Jpyrene. This result indi-
cates that 3.6-dinitrobenzofa]pyrene was readily
reduced Lo stronger nitroso- and amino-derivatives
than 1.6-dinitrobenzofo ]pyrene [20].

As for a human effect of nitrated aromatic
compounds. various chemicals deposited in lung
tissucs were determined after surgical lung resee-
tion: ¢.g. 1-NP, 1.3-DNP and 3-nitrofluoranthene
deposited at higher levels in lung tssues decreased
the S-ycar survival of patients [2E]. Tt was assumed
that increasing amounts of mutagens in lung
tissues might promote cell differentiation, with
an increase in poor differentiation. As reported
previously {3]. Nph derivatives were detected in
diesel emission particulates, but not from other
cnvironmental materials and human lung tissues.

Shmeiser ¢t al, [13.22] demonstrated that aris-
tolochic acid containing Nph carboxylic acids
induced multiple tumors in the forestomach. car
duct and small intestine, and urothelial cancer in
aristolochic acid nephropathy patients [8]. In
addition. DNA adducts of the compound were
detected in vitro by incubation of call thymus
DNA and liver homogenate. while tumor initia-
tion by aristolochic acid was associated with
carcinogen deoxyadenosine adducts as  critical
lesions.

We therefore. believe that these mutagens are
ubiquitous in the environment, though they have
not been detected from environmental materials. It
is important that the carcinogenicity of these
chemicals be studied in more detail 1o evaluate
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the structure activity relationship of NAphs and
their danger to human tissuces.
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Abstract

We previously reported that 3,54 -trihydroxy-trans-stilbene (resveratral), a polyphenolic phytoalexin found in grapes,
induces a high lrequency of sister chromatid exchanges (SCEs) in vitro, L this study, W investigate structure activity relation-
ships, we synthesized six amalogues ol resveratrol differing in number and position of hydroxy groups, ind we investigated their
activity in chromosomal aberrtion (CA), micronucleus (NNY and sister chromatid exchange (SCL) tests ina Chinese hamster
cell line ¢CHL). Two of the six analogues (3,4"-dihydroxy-trans-stithene and d-hydroxy-trans-stilbene) showed clear positive
responses in a coneentration-dependent manner in all three tests. Both were equal 1o or stronger than resveratrol in genotox-
icity. ‘The 4 -hydroxy (O analogue had the simplest chemical structure and was the most genotoxic. The other analogues
did not have a 4'-hydroxy group. These resulls suggested that a 4 -hydroxy group is essential to the genotoxicity of stilbenes.

€: 2002 Elsevier Science BV, Al rghts reserved.

Kevwards: Resveratrol: The 4-hydroxy group: Stilbene: Sister chromatid exchanges (SCE) Chromosome aberrations: Micronuclei

{. Introduction

354 - Trihydroxy-trans-stilbene (resveratrol) is a
polyphenolic phytoalexin found in grapes, peanuts,
the Japanese traditional medicine Kojokon, and in
other foods, Resveratrol acts as an antioxidant, mod-
ulates lipid and Jipoprotcin - metabolism,  inhibits
platelet aggresation, and has anti-inllammatory, anti-

* Coresponding auther. Tel: 4-81-3-37(0-9264:
fax: +81-3-3707-6930,
Eemail address: matsuokaGonihs gojp (AL Matsooka).

caneer, and estrogenic activity [1]. Resveratrol may
play a role in the inverse correlation between red wine
consumplion and incidence ol cardiovascular discase
reported in epidemiological studies (the French para-
dox). Resveratrol has a similar chemicad structure
to diethylstilbestrol (12138). which induces nwmerical
chromosome aberrations in vitro [2.3).

We previously reported [4] that resveratrol is nega-
tive in the bacterial reverse mutation assay but induces
micronuclei (MN) and sister chromatid cxchanges
(SCLs)Y in vitro, Hlaving got these results, we became
mterested in the role of the hiydroxy groups on the

1383371802 § — xee (ront matter € 2002 Klsevier Science BV, All rights reserved.

PH: ST383I-STIR00D00211-5
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genotoxic activity. We synthesized six analogues of
resverarol and compared thelr genotoxic activity with
that of resveratrol.

2. Materials and methods
2.1, Cells

The Chinese hamster lung libroblast eell line (CHLL)
3] was mamtained in Lagle’s minimum essential
medinm (MEM; GIBCO 6HO0-061) supplemented
with 10% heat-inactivated call’ serinn (Cinsera Inter-
national Ine., Rexdale, Ont., Canada). The doubling
time was aroind 13 h and the modal chromosome
number was 25,

2.2, Chemicals
The chemical structares of 3,54 -trihydroxy-rrans-
stilbene (resveratrol. CAS No. 301-36-00) and jts six

analogues are shown in Hig 1. Resveratrol was pur.
chased from Sigmea (St. Louis, MO, USAY The ana-

HO

lopues, 3,53"-trihydroxy-frans-stilbene (Fig. 1a); 3,
S-dihydroxy-trans-stilbene (g by, 3.4 -dibydroxy-
trans-stilbene (Fig. le); 3,3"-dihydroxy-trans-stilbene
(Tig 1dY;, 3-hydroxy-frans-stilbene (Ihg. 1e¢); and
4-hydroxy-trans-stilbene (Vig. ) were synthesized
as previously reported [6]. All the chemicals were
dissolved in physiological saline for use.

2.3. Genotoxicity tests

In all experiments we vsed 10peml of resveratrol
in48-h treatments as a concurrent positive control and
showed the data at the right end of cach graph. So
we could compare these data with our previous data
for resveratrol, and because the molecular weights of
resveratrol and s analogues were similar, we used the
same concentrations (2.5, 5, 10, and 20 pg'ml) ol all
the chemicals in all the studies.

2.3.1. Chromosomal aberration (CA) test

Cells were seeded at 1.5 x 10° per plate (60mm
in diameter). Aflter 17-h incubation, they were treated
with a test chemical for 24 or 48h. Coleemid

HO Resveratrol

HO
HO HO
a CH
HO HO
OH

OH

OoH

Fig. 1. Chemical structures of resveratrol and its synthesized analogues,
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(0.2 pz-ml) was added for the final 2 h. Chromosome
preparations were made as previously reported (7]
and then stained with Giemsa solution. All slides
were coded and the number of cells with muneri-
cal and structural abercations was analyzed for 100
well-spread metaphase cells per concentration. The
treatments were judged as negative (=} il the total
aberration frequency was < 5.0%, suspeet () if 5.0
to < 10.0%, and positive (4) il 10.0% or more, based
on our historical datahase [7]. Solvent-treated cells
served as the negative control. The CA tlesls were
performed twice.

2.3.2. Micronucleus (NIN) test

The MN test was performed twice, in parallel with
the CA test. Cells were seeded and treated as they were
in the CA test. MN preparations were made as previ-
ously reported [8]. The eells were stained by mount-
ing in 40 pgml acridine orange in Ca?t Mgt -free
phosphate-buflered saline and immediately obscerved
at 400x mamilication by fluorescence microscopy
with a model Qlympns BXS0 and a U-MWB filier.

All slides were coded and the number of micronu-
cleated cells among 1000 intact interphase cells was
scored. In addition, we examined 100G (otal cells
and scored polynuctear and karyorrhecetic (PN) cells
and mitotic (M) cells as previously reported [9]. We
anadyzed the data using a x *-test for treated versas
control groups. PN and M cell frequencies >100
and 50, respectively, were considered  biologically
sigmficant.

2.3.3. Sister chromatid exchange (SCE) test

The SCE test was performed in parallel -with the
CA and MN 1est. Cells were seeded and treated as
they were in the CA test. 5-Bromodeoxyuridine was
added to the plate to a final concentration of SpM
just after addition of the test chemical. Chromosome
preparations were made as they were in the CA
test. A Nuorescence-plus-Giemsa technique [10] was
used for sister chromatid differentintion slaining as
previously reported {11]. SCEs were scored on 25
sccond-metaphase (M2} cells that had 25 chromo-
somes and no CAs. Centromerie SClis were indis-
tinguishable from centric twists and were not scored.
Solvent-treated celfs served as the negative control.
SCE data were anabyzed with the Mann—Whitney
U-est (the normal, two-tailed version).

3. Results

The results of the CA test are shown in Fig. 2. Sig-
nificant polyploidy induction was not ohserved with
any analogues (data not shown). Apalognes ¢ and
{ clearly induced structural chromosome aberrations,
with peak frequencies of 639 at 10 pe'ml and 63%
at 20 pg'ml, respectively, Chromatid breaks and ex-
changes were the main aberrations {or both analogues.
Analogue b induced severe eylotoxicity at 20 pg/ml
in both the 24 and 48-h treatnents, We observed no
metaphases when analogue ¢ was administered at 10
or 20 pgml for 24h or 20pg/ml Tor 48h, or when
maalogue 'was administered at 20 pg'ml for 48 h. The
frequencies of CAs in cells treated with resveratrol
were within expected values.

The results of the MN test are shown in Hg. 3.
Reduction ol M cell frequency, as shown for analogue
¢, is a rongh indicator of eytotoxicity. Cell number
counts performed in parallel showed a similar ten-
deney as the M cell frequency (data not shown).

Amatogue ¢ induced a statistically significant in-
crease in MN and PN cdl frequency in 48-h treat-
ments at low  coneentrations, but the frequencies
decreased at higher concentrations due to the inhi-
bition of cell division, as shown by the M cell data.
Analogue 1 clearly induced MN and PN cells in a
concentration-dependent manner, inducing at the same
time, interestingly, gourd-shaped karyorrhectic cells.

The results of the SCEtest are shown in [1g 4 The
frequency ol SCI in a trestment time with the higher
ratio of M2 cells 1o total cells is represented. Only
analogues ¢ and I induced a significant increase in the
frequency of SCE witl clear concentration response
relationships. We observed no metaphases following
the administration of analogue ¢ at 10 and 20 pgml
and analogue { at 20 pg'ml.

4. Discussion

OF the six resveratrol analogues; only analogues
¢ and [ were clearty positive in all the eytogenetic
studics performed, suggesting that a 4'-hydroxy (OIY)
group may play a major genotoxic role. Analogues
¢—¢ have a three Ol group in common, and cither
another O at the 4 or 3’ position or no other Ol
group. Among those only analogue ¢ induced a strong
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Fig. 2. Chromuosome aberrations indoced in vitro by resveratrol at 13 pg:ml (R-10) and its analogues, CHIL. cells were treated Tor 24k (O)

or 48h (@,

response. lurther suggesting the strong contribution of
the 4-OH group. Finally analogue f, which has an
Ol group only at the 4 position, induced a strong re-
sponse, indicating direetly the genotoxic role of the
+-011 group.

Although analogues ¢ and 1 both induced a high {re-
quency of SChis, analogue {indueed a high frequency
of PN cells, especially gourd-shaped karnyorrhectic
cells. That was accompanicd by M cell reduction,
suggesting induction ol a kind of differentiation. It
is not clear at present whether these cclls remain
blocked for a Tong time or die off.

‘Two other stilbenes with a 4-O11 group also exert
biological activities. One is DES, which is a synthetic
estrogen and induces polyploidy at low doses in CHE,
colls [2.3] and shows a high binding affinity for human
ERea and ERB [12]. The other is taumoxifen, an antic-
strogen used to treat breast cancer. The 4-OH metabo-
lite of tamoxifen is a potent antiestrogen | 13,14

Fukuhara ¢t al. [15] reported that resveratrol is a
Cu**-dependent DNA damaging agent whose activ-
ity is likely to be due to a copper-peroxide complex.
They suggested the binding ability of resveratrol with
Cu*t was advantageous (o induce Cu®t-dependent

DN.A seission. Ahmad et al. also pointed out the sig-
nificance of DNA damage induced by resveratrol —
Cu?* system, which is biologically active as assayed
by bacteriophage inactivation {16]. Binding of resver-
atrol with Cu?* is proved by monitoring the UV
absorption spectra, which shows that the absorbance
of resveratrol at 305 nm decreases with the concentra-
tion of Cu** [17). In fact, the same spectral change
was observed by analogues ¢ and 1 whereas the ad-
dition of Cw?* did not affect the speetra of the other
analogues (data not shown), suggesting the specific
binding of Cu?* at the 4-OH group of stilbene.

We reported that resveratrol shows potent cytoge-
netic activities previously [4]. In the present study,
analogues ¢ and I, which have a O group at the &
position that may be responsible for cytogenctic activ-
ity of resveratrol, showed strong cytogenetic activitics
in a concentration-dependent manner in all three tests,
In general, genotoxicity tests (the bacterial reverse
mutation assay, the CA test, the MN test and so on)
have been used to deteet gene mutation, chromosome
aberration, and DNA damage induced by physical
and chemical agents. A positive result in genotoxicity
tests has been considered “unbenelicial ™ to human.
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Resveratrol, however, has been reported to show
many beneficial effects in pharmacological aspects
T Does a negative result in genotoxicity ests mean
that the test material is sale and beneficial to human?
We think that a negative result might be due to not
having any biological activities in a way. We think that
a genotoxicity-positive chemical might not always be
unbeneficial 1o human, as shown by resveratrol.

In conclusion, resveratrol, which has a variety of
pharmacological activities, induced a high Irequency
of 8ClLis. Resveratrol analogues having a 4-Ql1 group
also induced a high frequeney of SCE and might also
have similar pharmacological effects. Forther sudics
are necded to test that and the role of the 4-O11 group
in thosc effcets.
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The phenexyl radical 1 of a vitamin I analogue. generated by (he reaction of 2.2.5,7 &-pentamethylchroman-6-ol
(I with 2.2-dit4-tert-octylphenyl)-1-picrythydrazyl (DPPI) or galvinoxyl (G7), was significantly stabilized by the
presence of Mg?'. Addition of Mg*' into a solution of 1" resulted in a red shift of the absorption band of 1" as well
as b deerease in the g value of the PR spectrum of 17, indicating a complex formation between 1° and Ma?'. The
complexation between the phenoxyl radical and Mg?* signilicantly retards the dispropuortionation reaction of 1° hy
eleetronic repulsion between the metal eation and a generated organic cation 1), leading te stabilization of the
organic radical species. No elfect of Mg?* on the rate of hydrogen atom transler from 11 10 DPPID or 10 G was
observed. suggesting that the hydrogen-transter reaction between TEHL and DPPIT or G proceeds via a one-step
hydrogen atom transfer mechanism rather than dectron-transfer followed by proton transier.

Introduction

Vitamin E tu-tocopherol. a<TOH} s a very eflective biological
antioxidant that can scavenge peroxyl radicals in biological
membranes, preventing oxidative injury by toxie and carctno-
genic chemicals.’ * It has been sugpested that o-TON traps rad-
icals by hydrogen atom transter Irom its phenolic OH group to
form the corresponding phenoxyl radieal species. o107 ¢
which readily decompaoses. leading to @ wide variety of oxid-
ation products of a-lacopherol® #* THowever, very little is known
about the clementary steps of the oxidation reaction of ¢-TOI,
There are two possibilities in the mechanisms ol oxidation
reactions. i, 2 one-step hydrogen atom transler or clectron
transter followed by proton transfer.® 2* Svanholm o @/ have
proposed that a st step in the antioxidative activity of {oco-
pherol produces a cation radical by one electron estraction.’®
On the other hand, Burton and Ingold have reported that the

T Electronn supplementary information availuble: valvulited  spin
dunsity distributions and dependence af &y on [Me?'] for hvdrogen
tramster. See hitphvwwrse orgfuppdatap2f b2 2083801/

1820 Lo Cliem. Soe., Perkin Trans, 2, 2002, 1520 1824

reactivn of «-TOH with peroxyls exhibits a substantial deu-
terium kinetic isotope effect (k,/h), 5.4 2 (14} indicating that
the hydrogen atom transfer is rate controlling.® Mukai ot o/
have also demonstrated that the antioxidnt activity of Loco-
pherol compounds relates 1o the total electron-donating char-
acter of the alkyl group substituents on the aromaltic ring.”
Thus, it is still not ¢lear whether the hydrogen-transfer reaction
ol u-TOH proceeds vig a one-step hydrogen transier or electron
trmsler followed by proton transfer, It has been reported
that the effect of Mg?' on the hydrogen-transier rates From
NADIT tdifwdronicotinmnmide adenine dinuclestide’ analogues
Lo aminaxyl or nitrogen radicals provides a reliable criterion for
distinguishing between the one-step hydrogen atom transler
and the electron-transier mechanisms.™ I has also been demon-
strated that metal ions such as Mg?' and Ca?' can stabilize
phenoxyl radicals by forming complexes.?” In this context. the
effects of metal ions on the oxidation reaction of «-TOIH would
be ol signilicant interest Lo clucidate the mechanistic aspeet of
the antioxidative reactions of vitamin 15,

We report herein that a phenoxyl tadical {17} of 2 vitamin {f
analogue. 2.2.57 8-pentamethylchroman-6-ol (111, gencrated

DOL 1.1039/H205380b

“This journal is % 'The Royal Socicty of Chemistry 20412




n the reaction of H1 with 2.2-dit4-rert-octylphenyl)-1-picryl-
hydrazyl (DPPH"} or galvinexyl (G') is significantly stabilized
by interaction with Mg? !, “Ihe electronic structure of the Mg?!
1" complex thus generated has been well characterized by EPR.
Detailed spectroscopic and kinetic analyses on the 111 DPPIT
(G Mg®* system provide a valuable insight into the mechan-
ism of the hydrogen transter reactions of a vitamin E analogue
to determine whether the reaction between 111 and DPPI
or 7 proceeds vig a one-step hydrogen atom transler or via
electron transler,

Experimental
Malcerials

2.2 5. 7. 8- Pentamethylehroman-6-0l - (IH)Y  was  purchased
from Wako Pure Chemical Ind. Ltd., Japan. 2.2-Bistd-rert-
octylphenyh-1-picrylliydrazyt (DPPIT) and galvinoxyl (G
were obtained commercially from Aldrich, MgClO,), and
acetonitrile {(MeCN: speetral grade) were purchased from
Nacalai Tesque. Ine.. Japan and used as received.

Spectral and Kinetic measurenent

Typically, an aliquot of 111(2.0 % 102 M) in deacrated MeCN
was added fo a quarty cavette (10 mm i.dy which contained
DPPH" (1.4 x 10 ° Mbin deacrated MeCN (3.0 mb. This led to
a hvdrogen-transfer reaction from 111 1o DPPI. UV VIS
spectral changes associated with this reaction were monitored
using a Flewlett-Packard 8453 photo diode array spectro-
phetemeter. The rates of hydrogen transter were determined by
monitoring the absorbance change at 542 nm due to DPPIV
= 118 x 10 dm® mo! ' um . Pseudo-lirst-order or second-
order rite constants were determined by a least-squares curve
fit using an Apple Macintosh personal computer. The first-
order plots of Int4, A va time and the second-order plots of
(A4, A "es time (A4, and A refer o te final absorbance and
the absorbance at the reaction time, respectively) were linear
until three of more half-hives with the correlation coefficient p >
G99, The reaction of 1T with G* was carried out in the same
manner and the rates were determined rom the absorbance
changeat 28 nmdue to Gtz 1.43% 10%dm* mol ' em 'y

EPR measurements

Typically. an aliguet of a stock solution of T (1.0 x 10 * M)
was added to a LABOTEC LLC-048 EPR sample tube con-
taining & deacrated MeCN solution of DPPLE (1.0 x 10 * M}
in he prosence or absence of 0.1 M MgtCIO,), under an
atmospheric pressure of Ar. EPR spectra ol the phenaxyl
radical 1° produced in the reaction between 11 and DPPIT
were taken on a JEOL X-band spectrometer (FES-IFA100). The
IIPR spectra were recorded under nonsaturating microwave
power conditions. The nagnitude of modulation was chosen Lo
optimize the resolution and the signal-to-noise (8/N) ratio of
the abserved spectra. The g values and the hyperfine coupling
constants were calibrated with a Mp®' marker. Computer sim-
ulation of the EPR spectra was carried out using Calleo ISR
Version 1.2 program {Calleo Scientific Publishert un an Apple
Macintosh persenal computer.

Cyclic voltammetry

The eyelic voltammetry measurements were performed on a
BAS 100 W clectrochemical analyzer in deacrated MeCN con-
taining (10 M NBuClO, as a supporting cleetrolyte. The Pt
working clectrode (BASY was polished with BAS polishing
alumina suspension and rinsed with acctone before use. The
counter electrode was a platinwm wire. e measured potentials
were recorded with respect to an Ag/ApNO, (1001 My relerence
clectrode. The £y, values (v, Ag/AgNO;) were converted Lo

those vs. SCE by adding 0.29 V.* All electrochemical measure-
ments were carried out al 298 K under an abmaspheric pressure
of argon.

Theoretical valeulations

Density functional caleulations were performed on a COMPAQ
DS20E computer using the Amsterdam Density Funetional
(A} program version 1999.02 developed by Baerends ef ol
The electrenic configurations of the moleeular systems were
described by an uncontracted triple-C Slater-type orbital basis
set (AADF basis set IV) with a single polarization function used
for ¢ach atom, Core urbitals were frozen through 15 (C. Oy and
Ip (Mga) The caleulations were performed using the local
exchange-correlation patential by Vosko e o/ and the non-
local gradient corrections by Becke ™ and Perdew ™ during the
geometry uptimizations, First-order sealar relativistic corre-
Jations were added to the total energy. Final geometries and
energetics were optimized by using the algorithm of Versluis
and Ziceler® provided in the ADY package and were con-
sidered converged when the changes in bond lengths between
sithsequent iterations fell below 0L A,

Results and discussion

Stahilization of phenoxyl radical of a vitamin IS analogue by
nEagnesium ion

When 111 was added to a deaerated acctonitrile {MeCN) sol-
ution of DPPIL. the visible absorption band at 543 nm due to
DPPIT inunediately decreased, accompanied by an increase in
the absorption bands at 402 and 423 nm with clear isosbestic
points at 343 374, and 437 nm as shewn in Fig. 1. The absorp-
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Fig. 1 Specteal chinges ine the reaction of 11175 x 1o ' M) with
DPEPIF 14 % 10 7 MY in deacrated MeON a0 298 K (2 s intervall
Toset: Plot of kg, v [1H]

tion bands around 400 nm and the broad band around 830 nm
are typical for phenoxyl radical species of a-tocopherol.™ This
indicates that hydrogen atom transter from 111 to DPPH
oceurs Lo produce the corresponding phenoxyl radical 17 and
DPPI, [eqn. (D] In fact. the FPR spectrum having a g value of
20047 due 1o 17 was observed in the reaction of T with
DPPIT in deacrated MeCN at 298 K as shown in Fig. 2(a). The
PR sigmal of £ pradually decreased with profonged reaction
time.¥ The observed hyperline structure in Fig, 2(a) is well
reproduced by the computer simulation with the hypertine
splitting (his) values ol one set ol methylene protens 11.39 Gy
and three sets of methyl protons (587, 4,40 and 0.86 G Based
on the reported his values for 17 in benvzene ™7 as well as
the caleulated spin density of 17 by the Amsterdam Density
Functional (ADIY) method (sec Experimental section), we
assigned those his values as shown in Table 1,

d Chenn Soe, Perkin Frams. 2. 20021520 1524 1521



Table 1 g Values and hypertine splitting (hfs) values tin G of 17 and
Mg -F indeacrited MeCO'N
Radical I PR ) A M alMI% al 2114
I 2.0047 587 4.40 086 1.39
1 200476 [ONES 4.55¢ 096° 1487
Mgii1° 2.0040 335 486
Hraken from rel’ 374 (in benzence).
(&) g=2.0047
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Fig. 2 ) EPR spectrum ol 17 generuted in the reaction of 1H
1.0 % 10 M with DPPHT 1.0 x 107 M deaeriied MeON
at 298 K iby EPR spectrum of the Mg 17 complex generated in
the reaction of TH RO TG MY with DPPIF (1.0 % 10 M) in the
presenve of 0.1 M MarCIy, in deaerated MeCN ol 208 K.
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The decrease in the absorbance at 543 nm due Lo DPPIT
obeyed pseudo-first-order kinetics under conditions where the
coneentration of 111 was maintained at more than a 10-fold
exeess of DPPIT concentration. The pseudo-lirst-order rate
constant (&) increases linearly with an increase in concen-
tration ol TH as shown in (he inset of Fig. 1. From the stope of
the linear plot of &, v [TH] the second-order rate constant for
hydrogen transfer (k) rom 1 (o DPPLE was oblained as
ST 10PM s ' This value is nearly the same as the &,y value
(49 x WF M ' s ") reported Tor hydrogen transfer (rom
u-locopherol to DPPH in MeCN* When DPPH' was replaced
by the galvinoxyl radical tG"). the decay of Lhe absorption band
at 428 nm due o G was observed upon addition of 111 to a
deaerated MeCN solution of G°. Such speetral change ¢am he

1522 L Chem. Soe,. Perkin Tranx. 2, 2002, 1520 1824

ascribed Lo a hydrogen atoms transter from TH to G |eqn.
(). The rate comstant (or hydrogen transler Trom 111 to G°

cas determined in the same manner as in the case of DPPIT as
20 x 10° M s ' which is about 6-(old larger than that deter-
mined for DPPH'. Although the absorption bands at 402 and
423 nm due to 1° generated by hydrogen teanster from HI to G°
could not be observed because of the overlap with the large
absorption band at 428 nm due to G, the formation of 1 can
be confirmed from its EPR spectrum.

'Bu

By

The phenoxyl radical {17) generated by bydrogen transier
from LILto DPPIT gradually decompuosed at room lemperature
(Fig. 3an. ™ The decrease in the absorption band at 423 nm due
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Fig. 3t Timw course of the ahsorption change at 423 am duoe (o
1" (hlack circlest in the reaction of TH 7.5 % 100 ' M1 wath DPREF
(14 % 10 Y MY in deacrated MeON at 298 K (b1 Time course of
the ahsorption change at 437 nm due to the M 27 =17 complex (black
trinnglest dn the reaction of 1 (2.5 % 10" My with 1LY
(1.4 % 10 "M in the presence ol 0.1 M MgiCIOy, i deacrated MeON
at 298 K

1o 17 oheys second-order kinetics in agreement with the devay
oceurring v a bimolecular dispropuortionation reaction to give
HI and the corresponding quinone methide (2) as shown
in Scheme 1.3 The second-order rate constant (&, } for
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the decomposition of 17 in deacrated MeCN al 298 K was
detertined Trom the second-order plot as 2.7 x 10°M s 1

In the presence of Mg(ClO,), (0.1 ML the reaction between
1H and DPPIT also took place Lo give the phenoxyl rad-
ical species in deacraled MceCN, the absorption bands ol
which, however, were shilted from 402 and 423 nm to 412 and
437 nn, respectively, 1t should be noted that no decay of
these absorption bands was observed. demonstrating signifi-
cantly the enhanced stability of the phenoxyl radical species in
the presence of Me(ClOL), (Fig. 3b)). Since the dispropor-
tionation reaction between the two moleeules of 17 involves
both oxidation and reduction. 1° must act as both the oxidant
andd reductant (Scheme 112 Although the complexation of the
1ewis acid such as Mg®' with 17 would aceelerate the reduction
of 17 1o the phenolate T, it would decelerate the oxidation
process due Lo the repulsive interaction between the oxidized
product T° and Mg?* at the same time™ Thus, the destabil-
tration of ' by Mg®' governs the owerall reactivity in {he
disproportionation reaction (o stabilize the phenoxyt radical
species 17 in the presence ol Me?'.

Fffects of niagnesiunt ion on (e spin distribution of the phenoxyl
radical

The EPR spectrum of the Mg®' complex ol 17 generated in the
reaction of TH with DPPH in the presence of 0.1 M Mg(Cl0,),
in deacrated MeCN is observed as shown in Fig. 2(b). The g
value of the PR spectrum of Mg?' 17 is determined as 2.0040.
which is appreciably smalter than the g valoe of 17 (2.0047). The
smaller ¢ value of Mg?' 17 {2.00400 than that of 17 (2.0047)
indicates that the spin density on oxygen nucls in Mg?' 1°
is decreased by complexation with Mg?.® The hyperline
structure can be reproduced by computer simulation with the
hyperfine splitting (his) values of two sets of methyl protons
(4.%6 and 3.35 G). As in the case ol 17, we assigned those his
values as shown in Table 1 based on the caleulated spin density
of Mg2' 17 by the ADYT method (see xperimental section).

It is interesting (o note that the spin density at Ct8) ol
Mg®' 1 tp 0.094) caleulated using the ADI method is larger
than that ot C(5) (p  (L03R) tsee Supplementary Fig. 5(1h}Th
while a relatively large amount of the spin density is aceum-
wlated at the Ci51 and C(7) positions in 17 (Fig, Sthan The
same PR spectrum of Me® 17 was obtained lor the 1H G
Mg®* system. No interaction between Mg?' and DPPEH or G
hias Deen detected in the clectronic spectra as well as in (he
¢ vadues and hyperfine splitting constants of the EPR spectra
of DPPIL or G in the presence of Mg?'. No change in the
absorplion spectra was observed cither upen addition of Mg?!
to 1.

Fifeets of magnesivm ion on the rate of hydrogen (ransfer

No effect of Mg?* on the Ay vilues of the hydrogen-transier
reaction of T was observed in the case of DPPIV or G7 used
as a hydrogen abstracting agent (see Supplementary Fig. S€2)1).
Thus. there may be no contribution of electron transfer from
I o DPPIY or G in the hydrogen-transfer reaction. which
may thereby proceed via o one-step hydrogen-transier process.
11 the hydrogen transfer from 1o DPPH or G involves an
clectron-transler process as the rate-determining step., the rate
ol hydrogen transfer would be aceelerated by the presence of
Me?' which is known to aceclerate the electron transier 1o
DPPIN and (.8

Judging from the one-clectron oxidation potential of 1H
(0 v SCIHE 0,77 V) which is Digher than the one-clectron
reduction potential of DPPI (£ vy SCE QR VY or &F
(EY o s SCH O D08 V)L the Tree enerey change of electron
transter from 1T o DPPIE or G is positive JAG(in V)
e, E% > 00 where ¢ is the elementary charge]. and
thereby the electron-transter step is endergonic. In such a case.
the overall rate of hiydrogen transter (A which consists of

oL ET line
1H-G*
[ ]
— 1H-DPPH"
IR [ ]
T
=
-_E 2
X
=]
o
AcrH,~DPPH *
or O
: L 1
0.4 0.6 08

:'\G)m eV

Fig. 4 Plot of the rote constant of hvdrogen trmsler From 113 or
Acrlly 1o DPPH or G Dok v the free energy of electron transfer
from 11 or Ak to DPPHY or G LAG ). T solid line ghows the
dependence of 1he enleulated rate constant of electron transter () on
AL hased on egn. (3 see text,

electron-transfer and proton-transfer steps would be slower
tham the initial electron-ransfer rate (k). The maximum &,
value is evaluated from the AGY value by equ. (3} where # s
the frequency [actor taken as 1 x 107 M s " ¥ and &y is the
Boltzmann constant,

ko Zexpt AGUJELT) (3

Fig. 4 shows a plot of log &y versus AG",. caleulated by
cqn. (3 (denoted by the FT line). The &y values ol both the
TH DPPIF and 1T G° systems (black circlesy are signifi-
cantly abuve the LT lime. The ke value of the 1T DPPIT
systemn as well as that of the TH G system, which is much
larger than the corresponding &, value, indicates that the
hydrogen transler proceeds via a direet one-step hydrogen trans-
fer rather than via clectron transfer. In such a case, no eflect of
Mg?! on the kyyp values should be observed. as is conlirmed
experimentally.

On the other hand, the hydrogen transfer from an NADRIL
analogue.  10-methyl<9. Mdihydroacridine (Acrll)y (K",
081 V s SCIOHY to DPPH has been reported to proceed
vig electron transler Trom Acrkly to PPV, which is aceeler-
ated by the presence of Mg?' | followed by proton transfer from
AcrH,™' to DPPIT (o yicld the acriding! radical (AcerlI™) and
DPPHL The resulting Aetll” is a much stronger reductant
than Acrkl,. judging from the negative oxidation potentiab {£°,

(0.42 V)™ as compared 1o that of” AcrH, (0.8] Vi and
thereby Acrll” can readily transfer an electron 1o another
PPPH molecule e yield Acrll’ {Sclieme 2. Inosuch a case.
the kpr value (white circle in Fig. 43 which is much smaller than
the corresponding maxinuum &, vadue, indicates that the hydre-
gen transler proceeds vig electron (ranster followed by proten
transier.

In conclusion, the phenoxyl radical of the vitamin E
analogue 11 generated by hydrogen atom transler from
111 1o DPPIT or G is significantly stabilized by Ma?' by
complesation of 1 with Mg?' as shown in Scheme 3,

No effect of Mg?' on (he hydrogen transfer rate [rom
11 to DPPIF or G° indicates that e hydrogen-transier
reaction Trom HT to DPMIT or G proceeds via o one-step
hydrogen-transfer process rather than vig electron transler.

I Chem. Soe.. Perkin Trans. 2. 2002, 1520 1524 1523
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Effects of Metal lons Distinguishing between One-Step Hydrogen- and Electron-Transfer
Mechanisms for the Radical-Scavenging Reaction of (+)-Catechin
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A kinctic study of a hydrogen-transfer reaction [rom (+)-catechin (1) o galvinoxyl radical (G*) has been
performed using UV —vis spectroscopy in the presence of Mg(ClOy)s in deacrated acetonitrile (MeCN). The
rate constants of hydrogen transfer rom b 1o G* determined from the decay of the absorbance at 428 nm due
to (* increase signilicantly with an increase in the concentration of Mg**. The kineties of hydrogen transfer
Irom 1 to cumylperoxyl radical has also been examined in propionitile (HICN) at fow temperature with use
of 1SR, I'he decay rate of cumylperoxyl radical in the presence of 1 was alxo accelerated by the presence of
scanium triflate [Setd FIN (O = OSOCI 0] These results indicate that the hydrogen-transfer reaction of
(+)-catechin proceeds via clectron transfer rom 1 to oxyl radicals followed by proton transfer rather than via
a one-step hydrogen atom transfer. The coordination of metal jons to the ene-clectron reduced anions miay

stabitize the product, resulting in the aceeleration of electron transter.

Introduction

Catechins contained in green tea are a ¢lass of biollavonoids
that show significant antioxidative activity.! ¥ It has been
suggested thal calechins trap radical species by hydrogen atom
transfet [rom its phenolic O group on the B ring ¢ F jlowever,
little is known about the clementary steps of hydrogen-transfer
reaclions from catechins to eadical species. There are two
possibilities in the mechanism of hydrogen-transler reactions
from phenolic anitioxidants to radical speeies, ie., a one-step
hydrogen atom transfer or electron transfer followed by proton
transfer? Kusu et al. have recently reported the guantitative
relationship between the antioxidative activity of catechins and
their oxidation potentials determined by {low-through column
electrolysis.!* The gallovlated cateching having more negative
oxtdation potentials than those of nongalloylated catechins show
more ¢lficient antioxidative activity on NADPIH-dependent
microsomal lipid peroxidation than the nongallovlated cat-
cchins. ™ On the other hand. based on the gas-phase bond
dissocintion enthalpy and ionization potential calculated by
density functional method, Wright etal. have concluded that in
most hydrogen-transfer reactions of  phenolic antioxidants,
hydrogen-atom transler will be dominant rather than cleetron

tramsfer. !> Thus. it is still not clear whether the hydrogen-transfer

reaction of catechins proceeds via a one-step hydrogen atom
transfer or electron transfer (vllowed by proton transfer. 1 has

* Cosrespomding authors.

T National Institute of Radielogical Scicnces, Japan.
# National Tnstinute of [lealth Sciences. Japan,

£ Shitaora Institute of Technology, Yapan.

S Osaka University.
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a1

previcusly been demuonstrated that the elfect of Mg=' on the
hydrogen-transfer rates from NADIL (dihy dvonicolinamide
adenine dinucleotide) analogues 10 aminoxyl or nitrogen radicals
pravides a reliable criterion for distinguishing between the one-
step hydrogen atom transfer and the electron-transfer mechu-
nisms. '

We report herein the effect of metal ions, such as Mg®' and
Set'.an the rates of hydrogen tansfer frem (+)-catechin (1)
to oxyl radical species. such as galvinoxy! and cumylperoxyl
radicals. Cumyviperosyl radical. which is much fess reactive than
alkoxvyl radicals. is known Lo follow the same pattern of relative
reactivity with a variety of substrates."™ ' The detailed Kinetie
studies provide valvable mechanistic insight inter the mechanism
of the antioxidative reactions of 1o whether the reaction betwveen
1 and uxyl radical speciex proceeds via one-step hydrogen atom
transler or via electron transler,

Experimental Seclion

Malterials. (H)-Catechin (1) was purchased from Sigma.
Galvinosyl radical ((3*} was obtained commercially  from
Aldrich. MgC103)2 and acctonitrile (MeCN: spectral grade)
were purchased from Nacalai Tesque. Ine.. Tapan, and used as
received. Di-tert-butyl peroxide was oblained Trom Nacalai
Tesque Co. 1ad. and pwilied by chromatography throngh
alumina which removes traces of the hydroperoxide. Cumene
was purchased (rom Wako Pure Chemical Ind. [d.. Japan.
Seandium triffuoromethanesul{onate, Sc(OTNL(OTT = O80OH-
CTis, 9977 ) was oblained from Pacific Metals Co, 1ad. (Taibeivo
Kinzoku). Propionitrile (EICN) used as solvent was purificd and
dricd by the standard procedure. '™
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Figure 1. Speetral changes observed upon addition of 1 (1.5 10!

MY 1o a deacrated MeCN solution of G* (8.4 10" N ot 298 K

{Interval: 10 s). Inset: plot of the pseudo-Timst-order rte constant (ky,,)

vs the concentrtion of 1.

Spectral and Kinetic Measurements. T'ypically, an aliquot
of {(+)-catechin (1: 2.0 x [0 2 AD in deacrated MeCN was
added 0 a guarz canetde ([0 mm i.d)y which contained
galvinoxyl radical (G 8.4 x 107" M and Mz(CHO)s (0.0 R D
in deacrated MeCN (3.0 m1). This led to o hyvdrogen-transier
reaction from 1 to G UV —vis spectial chiinges associated with
this reaction were monitored using an Agilent 453 photodicde
array spectrophotometer. The rates of hydrogen transfer were
determined by monitoring the absorbance change al 428 nn
duc o G (¢ = F43 > 105N T em D). Pseudo-Tirst-onder rate
constants were determined by o least-squares curve fil vsing an
Apple Macimtosh persomal compulter. The first-order plols of
IntA — A.) vetime (A and A. are denoted W the absarbance
the reaction time and the final absorbance. respectivelyy were
lincar until three o more half-lives with the coerrelation
cocfhicient p > 0,94,

Kinetic measurements for the hydrogen-transler reactions
between 1 and cumylperoxyl radical were performed on a J1:01,
N-band spectrometer JUES-AE-LN)Y al 203 K. Fypically. pho-
irradiation of an oxygen-saturated propionitrile (1UCNY solu-
tion containing di-ters-butvl peroxide (1.0 N and cumene (1.0
M) with a 1000 W mercury lamp resulted in formation of
cumylperoxyl radical (g = 2.0136), which could be detected at
low temperatures. The g valoes were calibrated by using an
An?' marker. Upon cutting off the fight. the decay of the 1SR
wmtensity was recorded with time. The decay rate was accelerated
by the presence of 141.0 « 10 KD, Rates of hydrogen transfer
[rom 1 1o PRCNeaO0? were monitored by measuring the decay
of the ESR signal of PhCMea00* in the presence of various
concentrations of 1in EICN at 203 K. Preodo-first-order rate
constants were determined by a least-squares curve it using a
microcomputer. The first-order plots of Int/ = £.3 vs time ¢/
and . are the ESR intensity at time 7 and the final intensity.
respeetively) were lincar for dhree or more half-lives with the
correlation coellicient. p = 0,99, In cach case, it was conlirmed
that the rate constants derived from at least five independent
weasurements agreed within an experimental ernor of £330,

Results and Discussion

Effect of Mg?' on Hydrogen Transfer from (~)-Catechin
to Galvinexyl Radical. Upon addition of (+=}-catechin (1Y (0 a
deaerated acetonitiile (MeCN)Y solution of galvinoxy! radical
{G5°). the absorption band it 428 nm due o G° disappeared
tmmediately as shown in Figure 1. This indicates that hydrogen
tansfer from one of the OH groups on the BB aing of | 10 G

Nakanishi ¢t ab.

Figure 2. Plot of & vs [Me?*] inthe hydrogen tansfer from (a) | 1o
G and thY 2 1o G* inthe presence of AgCIO ) in deacrated MeCN at
298 K.

lakes place to give catechin radical (1% and hydrogenated G*
(GID (eg D

The decay of the absorbanee at 428 nm due to G* ebeved
pseudo-Tirst-order Kinctics when the concentration of 1 was
maintained at more than 10-fold excess of the G* concentration.
T'he observed pseudo-order-rate constant (£,4,) increases lincarly
with an increase in the concentration of 1 (inset of Figure 1)
I'rom the slope of the lincar plot of &y, vs the concentration of
1 ix determined the seeond-order rate constant (&) for the
hydrogen ransfer from 1o Goal 298 Kas23 x 107N Ts !,
The 1 thus Tormed is known (o be unstable and undergo
disproportionation to produce the parent { and an a-guinone-
type oxidized product of 1.2

1f the hydrogen transfer from L o G involves an clectron-
transfer process as the rale-determining step. the rate of hydrogen
transfer would be accelerated by the presence of magnesium
jon.'* This is checked by examining an effect of Mgt on the
hydrogen transfer rate from I to G When Mg(CIOg)- is added
1o the 1—=G7 svetem, the rate of hydrogen transfer from 1 to (3
was significantly accelerated. The Ky value increases linearly
with increasing Mg>! jon concentration as shown in Figure 22
(black circles)y. Thus. the byvdrogen transfer may proceed via
clectron transfer from 1 to G* which is accelerated by the
presence of Mg, followed by proton transfer from 1! w0 G
to yield 17 and Gl as shown in Scheme ) Inosuch b case, the
coordination of Mg?? 1o the one-clectron reduced species of G
(3} may stabilize the product, resulting in the aceeleration of
clectron transfer.

Hydrogen Transfer from (+)-Catechin to Comylperoxyl
Radical. Dircet measurements of the rates of bydiogen transfer




One-Step Hydrogen- and Llectron-Transfer Mechanisms
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Irom (-F)-catechin (1) o cumylperoxyl radical were performed
in propionitrife (FICN) at 203 K by means of ESR. The
photoirradiation of an oxygen siturated LEICN solution contain-
ing di-tert-butylperoxide and cumene with a 1000 W mercury
lamp results in formation of cumylperoxyl radical, which was
readily detected by ESR. The cumylperoxyl radical is formed
via a radical chain process shown in Scheme 2.2 3% The
photoirradiation of BUOOBY results in the homelytic cleavage
ol the O—0 bond to produce Bu'0r>** which abstracts a
hvdrogen from cumene Lo give cumyl radical. Tollowed by the
facile addition of oxygen W cumyl radical. The cumylperoxyl
radical can also abstract ahydrogen atom [rom cumene in the
propagation step o vield cumene hvdropuerexide, accompaniced
by regencration of cumyl radical (Scheme 2132 In the
termination step. cumylperoxyl radicals decay by a bimolecular
reaction to yield the corresponding peroxide and oxygen
(Scheme 2032 When the light is cut off, the ESR signal
intensily decavs. obeyving seeond-order kineties due 1o the
bimoleculir reaction in Scheme 2.

In the presence of 1. the decay rate of cumylperoxy] radical
after cutting off the light becomes much faster than that in the
absence of 1 Uhe decay rie in the presence of 1 (1.0 x 107
A obeyvs pseudo-Tirst-order Kinetics. This decay process is
ascribed to the hydiogen transter from 1o cumy Iperoxy! radical
{Scheme 2. The pseudo-first-order rate constanls increase with
increasing 1 concentration to exhibit first-order dependence on
11]. From the slope of the lincar plot ol &y, vs the concentration
ol 1 is determined the second-order rate constant (k) Tor the
bydrogen transier from | to cumylperoxy! radical as 6.0 % 107
AP s Din FION at 203 K.

Mg?! shows little acceleration effeet on the rate of hydrogen
tansler from 1o cumylperoxy] radical as shown in Figure 3.
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Figure 3. Plot of A vs IM2?'] {(white circles) and [S¢*'| (Back
circles) in the hydrogen transfer from 1 1o cumy Iperoxy! radical in the
presence of Ma{CIOD2 or Set(FTD in FACN at 203 K.
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In contrast (o the case of Mg?'. the vate of hydrogen transfer
from 1 to cumylperoxyl radical is enhanced significantly by
the presence of Sc(OTH, (Y1 = triflate), Scandium ion has
recently been reported to be the most effeclive promoter among
varions metal iens in metal jon-promoted clectron-transfer
reactions. ¥ The &y values increase with increasing the scan-
dtum ion concentralion, as shown in Figure 3. The acceleration
effect of Sc*' can be ascribed to the strong binding of 8¢t to
PhChlesO0) | which results in a decrease in the free energy of
the cleetron transfer as shown in Scheme 3. Thus the clectron
transler from 1 (o cumylperoxyl radical becomes energetically
feasible in the presence of Sc*'. 11 should be noted that there is
no interaction hetween cumylperoxyt radical and Sc''. since
the g vidue of cumylperoxyk radical in the presence of Set! s
the same as the value in its absence.

Direct ydrogen Atom Transfer vs Electren Transfer.
Judging from the one-clectron oxidation potential of T (/7 vs
SCIE = 0,02 V)Y which is higher than the one-clectron
reduction polential of G* (£ vs SCE = 0.03 V), the free
enurgy change of electron transfer from 1o G* is positive [AG
(I eNY= ¢l o — ) = 00 where ¢ is the elementary chargel].
and thereby the electron-transfer step is endergonic. In such a
case. the overall rate of hvdrogen transler (A}, which consists
of electron-transfer and proton-transfer steps. would be slower
than the initiat electron-transfer rate (&), The maximum &, value
is evaluated from the A6, value by eg 20 where it is assumed
that the activation Tree encrgy (AGEL) is cqual to AG (o
additional barrier is involved), Zis the Trequency factor tiken
as 1 10N Vs 1 oand Ay is the Beltzaimann constant. ™!

k, = Zoxpt—=AGC kT 2)

Figure 4 shows a plot of log Ly versus A, caleulated by
e 2 (denoted by ET fine), The &y value of the 1=6° system
(black circleY is much smaller than the corresponding maximum
ke value, This indicates that the hydrogen transler proceeds via
cleeton transfer foltowved by proton transfer as shown in Scheme
! rather than a dircet one-step hydrogen atom transfer. The
hydrogen transfer from the vitamin 15 model. 2.2.3.7.8-pentam-
cthyl-t-chromanol (2). 10 (G* (¢ 3} is known lo proceed via a



