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A kinetic study of a hydrogen-transfer reaction frorh){catechin {) to galvinoxyl radical (& has been
performed using UY-vis spectroscopy in the presence of Mg(@dn deaerated acetonitrile (MeCN). The

rate constants of hydrogen transfer frarto G' determined from the decay of the absorbance at 428 nm due

to G increase significantly with an increase in the concentration of'Mghe kinetics of hydrogen transfer

from 1 to cumylperoxyl radical has also been examined in propionitrile (EtCN) at low temperature with use
of ESR. The decay rate of cumylperoxyl radical in the presendeveds also accelerated by the presence of
scandium triflate [Sc(OT$)(OTf = OSO,LCF;)]. These results indicate that the hydrogen-transfer reaction of
(+)-catechin proceeds via electron transfer frbio oxyl radicals followed by proton transfer rather than via

a one-step hydrogen atom transfer. The coordination of metal ions to the one-electron reduced anions may
stabilize the product, resulting in the acceleration of electron transfer.

Introduction previously been demonstrated that the effect o?Mgn the
hydrogen-transfer rates from NADH (dihydronicotinamide
adenine dinucleotide) analogues to aminoxy! or nitrogen radicals
provides a reliable criterion for distinguishing between the one-
Mtep hydrogen atom transfer and the electron-transfer mecha-
nisms!4

We report herein the effect of metal ions, such asMand
Sc*, on the rates of hydrogen transfer frosk){catechin {)
to oxyl radical species, such as galvinoxyl and cumylperoxyl
radicals. Cumylperoxyl radical, which is much less reactive than
alkoxyl radicals, is known to follow the same pattern of relative
reactivity with a variety of substraté3:1” The detailed kinetic
studies provide valuable mechanistic insight into the mechanism
of the antioxidative reactions d&f whether the reaction between
1 and oxyl radical species proceeds via one-step hydrogen atom
transfer or via electron transfer.

Catechins contained in green tea are a class of bioflavonoids
that show significant antioxidative activily? It has been
suggested that catechins trap radical species by hydrogen ato
transfer from its phenolic OH group on the B rifgi!However,
little is known about the elementary steps of hydrogen-transfer
reactions from catechins to radical species. There are two
possibilities in the mechanism of hydrogen-transfer reactions
from phenolic anitioxidants to radical species, i.e., a one-step
hydrogen atom transfer or electron transfer followed by proton
transfert? Kusu et al. have recently reported the quantitative
relationship between the antioxidative activity of catechins and
their oxidation potentials determined by flow-through column
electrolysis'® The galloylated catechins having more negative
oxidation potentials than those of nongalloylated catechins show
more efficient antioxidative activity on NADPH-dependent
microsomal lipid peroxidation than the nongalloylated cat-
echins!® On the other hand, based on the gas-phase bon
dissociation enthalpy and ionization potential calculated by  Materials. (+)-Catechin {) was purchased from Sigma.
denSity functional method, erght et al. have concluded that in Ga|vin0xy| radical (G) was obtained Commercia”y from
most hydrogen-transfer reactions of phenolic antioxidants, aldrich. Mg(ClO), and acetonitrile (MeCN; spectral grade)
hydrogen-atom transfer will be dominant rather than electron \ere purchased from Nacalai Tesque, Inc., Japan, and used as
transfert? Thus, it is still not clear whether the hydrogen-transfer yeceived. Ditert-butyl peroxide was obtained from Nacalai
reaction of catechins proceeds via a one-step hydrogen atomresque Co., Ltd., and purified by chromatography through
transfer or electron transfer followed by proton transfer. It has ajumina which removes traces of the hydroperoxide. Cumene
was purchased from Wako Pure Chemical Ind. Ltd., Japan.

dExperimentaI Section

» Corresponding authors. . Scandium trifluoromethanesulfonate, Sc(QTPTf = OSG:-

. mggggg: :222:3:2 g}c 522:340352:]03;53?%apan. CFs, 99%) was obtained from Pacific Metals Co., Ltd. (Taiheiyo
s Shibaura Institute of Technology, Ja,‘)an_p ' Kinzoku). Propionitrile (EtCN) used as solvent was purified and
U Osaka University. dried by the standard procedufe.
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Figure 1. Spectral changes observed upon additiod ¢f.5 x 10 00 0'1 0'2 0'3 0'4 05

M) to a deaerated MeCN solution of*@.4 x 10°% M) at 298 K o

(Interval: 10 s). Inset: plot of the pseudo-first-order rate consiagy ( (Mg™ 1, M

vs the concentration of. Figure 2. Plot of kur vs [Mg?*] in the hydrogen transfer from (a)to
G and (b)2 to G in the presence of Mg(CIg in deaerated MeCN at

Spectral and Kinetic MeasurementsTypically, an aliquot 298 K.

of (+)-catechin {; 2.0 x 1072 M) in dez_ierated _MECN Was - takes place to give catechin radicat)(and hydrogenated G

added to a quartz cuvette (10 mm i.d.) which contained (GH) (eq 1)

galvinoxyl radical (G; 8.4 x 1075 M) and Mg(CIQy), (0.1 M) '

in deaerated MeCN (3.0 mL). This led to a hydrogen-transfer

OH
reaction froml to G'. UV —vis spectral changes associated with OH
this reaction were monitored using an Agilent 8453 photodiode 1o O
array spectrophotometer. The rates of hydrogen transfer were m + 0 o
determined by monitoring the absorbance change at 428 nm g OH

1 G

due to G (e = 1.43 x 10° M~ cm™Y). Pseudo-first-order rate
constants were determined by a least-squares curve fit using an

Apple Macintosh personal computer. The first-order plots of o--H
In(A — A.) vs time @A andA. are denoted to the absorbance at N
the reaction time and the final absorbance, respectively) were

coefficientp > 0.999.

Kinetic measurements for the hydrogen-transfer reactions
betweerll and cumylperoxyl radical were performed on a JEOL
X-band spectrometer (JES-ME-LX) at 203 K. Typically, pho- ~ The decay of the absorbance at 428 nm due toligyed
toirradiation of an oxygen-saturated propionitrile (EtCN) solu- pseudo-first-order kinetics when the concentrationlofvas
tion containing ditert-butyl peroxide (1.0 M) and cumene (1.0 maintained at more than 10-fold excess of the@hcentration.

M) with a 1000 W mercury lamp resulted in formation of The observed pseudo-order-rate constiagd(increases linearly
cumylperoxyl radicalg = 2.0156), which could be detected at Wwith an increase in the concentration biinset of Figure 1).
low temperatures. Theg values were calibrated by using an From the slope of the linear plot &f»svs the concentration of
Mn2+ marker. Upon cutting off the light, the decay of the ESR 1 is determined the second-order rate constépnt)(for the
intensity was recorded with time. The decay rate was acceleratedhydrogen transfer frort to G at 298 K as 2.3« 1° M~ts™%.

by the presence df (1.0 x 10~4 M). Rates of hydrogen transfer ~ The 1° thus formed is known to be unstable and undergo
from 1 to PhCMeOO" were monitored by measuring the decay disproportionation to produce the parenand ano-guinone-

of the ESR signal of PhACMOC in the presence of various type oxidized product o1.2

120
| _ _ _ _ 4y HO O
linear until three or more half-lives with the correlation —_— +0 C Q OH (1)
OH
OH
-

GH

concentrations ofl in EtCN at 203 K. Pseudo-first-order rate If the hydrogen transfer fror to G involves an electron-
constants were determined by a least-squares curve fit using dransfer process as the rate-determining step, the rate of hydrogen
microcomputer. The first-order plots of In¢ 1) vs time ( transfer would be accelerated by the presence of magnesium
andl., are the ESR intensity at timeand the final intensity, ~ ion.** This is checked by examining an effect of Mgon the

respectively) were linear for three or more half-lives with the hydrogen transfer rate fromto G. When Mg(CIQ). is added
correlation coefficientp > 0.99. In each case, it was confirmed to the1—G* system, the rate of hydrogen transfer frarto G
that the rate constants derived from at least five independentwas significantly accelerated. Thgr value increases linearly
measurements agreed within an experimental errat5o. with increasing Mg" ion concentration as shown in Figure 2a
(black circles). Thus, the hydrogen transfer may proceed via
electron transfer froml to G, which is accelerated by the
presence of Mg, followed by proton transfer frori*™ to G~
Effect of Mg?" on Hydrogen Transfer from (+)-Catechin to yield 1* and GH as shown in Scheme 1. In such a case, the
to Galvinoxyl Radical. Upon addition of {)-catechin {) to a coordination of M@* to the one-electron reduced species of G
deaerated acetonitrile (MeCN) solution of galvinoxyl radical (G~) may stabilize the product, resulting in the acceleration of
(G*), the absorption band at 428 nm due to dsappeared electron transfer.
immediately as shown in Figure 1. This indicates that hydrogen  Hydrogen Transfer from (+)-Catechin to Cumylperoxyl
transfer from one of the OH groups on the B ringlofo G° Radical. Direct measurements of the rates of hydrogen transfer

Results and Discussion



One-Step Hydrogen- and Electron-Transfer Mechanisms
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Figure 3. Plot of kyr vs [Mg?'] (white circles) and [St] (black

circles) in the hydrogen transfer frointo cumylperoxyl radical in the
presence of Mg(Clg), or Sc(OTf} in EtCN at 203 K.
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In contrast to the case of My, the rate of hydrogen transfer
from 1 to cumylperoxyl radical is enhanced significantly by
the presence of Sc(OT®f(OTf = triflate). Scandium ion has
recently been reported to be the most effective promoter among
various metal ions in metal ion-promoted electron-transfer
reactions®® The kyt values increase with increasing the scan-
dium ion concentration, as shown in Figure 3. The acceleration
effect of Sé* can be ascribed to the strong binding of Sto

from (+)-catechin 1) to cumylperoxyl radical were performed PhCMeOO~, which results in a decrease in the free energy of
in propionitrile (EtCN) at 203 K by means of ESR. The the electron transfer as shown in Scheme 3. Thus, the electron
photoirradiation of an oxygen saturated EtCN solution contain- transfer froml to cumylperoxyl radical becomes energetically
ing di-tert-butylperoxide and cumene with a 1000 W mercury feasible in the presence of 8clt should be noted that there is
lamp results in formation of cumylperoxyl radical, which was no interaction between cumylperoxyl radical an®'Scince
readily detected by ESR. The cumylperoxyl radical is formed the g value of cumylperoxyl radical in the presence ofSis
via a radical chain process shown in Schem& 2 The the same as the value in its absence.
photoirradiation of B®DOBU results in the homolytic cleavage Direct Hydrogen Atom Transfer vs Electron Transfer.
of the O-O bond to produce BQr2627 which abstracts a Judging from the one-electron oxidation potentialldE°ox vs
hydrogen from cumene to give cumyl radical, followed by the SCE = 0.12 V)!3 which is higher than the one-electron
facile addition of oxygen to cumyl radical. The cumylperoxyl reduction potential of G(E°eq vs SCE= 0.05 V), the free
radical can also abstract a hydrogen atom from cumene in theenergy change of electron transfer frarto G' is positive AG’¢
propagation step to yield cumene hydroperoxide, accompanied(in eV) = &(E°x« — E°d > 0, whereeis the elementary charge],
by regeneration of cumyl radical (Scheme 233 In the and thereby the electron-transfer step is endergonic. In such a
termination step, cumylperoxyl radicals decay by a bimolecular case, the overall rate of hydrogen transter, which consists
reaction to yield the corresponding peroxide and oxygen of electron-transfer and proton-transfer steps, would be slower
(Scheme 2%82%9 When the light is cut off, the ESR signal than the initial electron-transfer rated. The maximunke value
intensity decays, obeying second-order kinetics due to theis evaluated from thAG’e value by eq 2, where it is assumed
bimolecular reaction in Scheme 2. that the activation free energ\G*e) is equal toAG°¢ (no
In the presence df, the decay rate of cumylperoxyl radical ~additional barrier is involved)/ is the frequency factor taken
after cutting off the light becomes much faster than that in the @s 1x 10 M~ s7%, andkg is the Boltzmann constaft.
absence ol. The decay rate in the presencelofl.0 x 1074
M) obeys pseudo-first-order kinetics. This decay process is Kot = Z exp(—AG°/kgT) @3]
ascribed to the hydrogen transfer frarto cumylperoxyl radical
(Scheme 2). The pseudo-first-order rate constants increase with  Figure 4 shows a plot of lolgt versusAG®, calculated by
increasingl concentration to exhibit first-order dependence on eq 2 (denoted by ET line). Ther value of thel—G* system
[1]. From the slope of the linear plot &fpsVvs the concentration  (black circle) is much smaller than the corresponding maximum
of 1is determined the second-order rate constii) (for the ket value. This indicates that the hydrogen transfer proceeds via
hydrogen transfer frort to cumylperoxyl radical as 6.8 107 electron transfer followed by proton transfer as shown in Scheme
M~ s tin EtCN at 203 K. 1 rather than a direct one-step hydrogen atom transfer. The
Mg?2" shows little acceleration effect on the rate of hydrogen hydrogen transfer from the vitamin E model, 2,2,5,7,8-pentam-
transfer froml to cumylperoxyl radical as shown in Figure 3. ethyl-6-chromanol ), to G (eq 3) is known to proceed via a
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Figure 4. Plot of the rate constant of hydrogen transfer frbor 2 to
G (logkyr) vs the free energy of electron transfer frdnor 2 to G

(AG°¢). The solid line shows the dependence of the calculated rate

constant of electron transfeke) on AG° based on eq 2, see text.

direct one-step hydrogen atom transfin such a case, no
effect of Mg?™ on thekyr values is observed as shown in Figure

2b (white circles), demonstrating sharp contrast with the case

of the electron-transfer reaction froirto G'. Thekyt value of

HO e
+ G

+ GH (3)

2 2’

the 2—G* system is much larger than the estimakegdralue as
shown in Figure 4 (white circle). This confirms that the
hydrogen transfer proceeds via a direct one-step hydrogen ato
transfer rather than via electron transfer.

The E°q Vvalue of cumylperoxyl radical determined directly
by the cyclic voltammetry is located at 0.65 V vs SCE. Thus,
the electron transfer froml (E°x vs SCE= 0.12 V) to
cumylperoxyl radical is energetically feasibla®&°e; < 0). In

such a case, the acceleration of the rate of electron transfer from,vI

1to G was observed by the presence of metal ions.
In conclusion, the hydrogen transfer front)tcatechin to
galvinoxyl and cumylperoxyl radicals proceeds via electron
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