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A kinetic study of the reaction between vitamin C (Lascorbic acid, A S H ~ )and a tocopheroxyl radical (7tert-butyl-6-isopropyltocopheroxyl)in Triton X-100
micellar solution has been performed using stoppedflow spectrophotometry. The second-order rate constants (k,) obtained showed notable pH dependence
with a broad maximum aroundpH 8. For instance, the
kz values obtained were 26 M” s-l at pH 3,322M” s-l
at pH 7,and 273 M” s” at pH 10.A good correlation
between the rate constants and the mole fraction of
ascorbate monoanion (ASH-) was observed, showing
that ascorbate (ASH-) can regenerate the tocopherol
from tocopheroxyl in biological systems. Furthermore,
the results indicate that reduced ascorbic acid (ASH,)
does not have the ability to regenerate the tocopherol
in aqueous solution. On the other hand, it was found
that AsHz can reduce the tocopheroxyl to tocopherolin
benzene/ethanol (2:l)mixtures, although the rate of
reaction is only -15% of that observed in micellar
solution at pH 7.

isopropylalcohol(50%)
andacetone (10%). Furthermore,
Scarpa etal. (6) measured thesecond-order rate constantsfor
the reaction between the a-tocopheroxyl radical in dimyristoylphosphatidylcholine liposomes and vitamin C in the surrounding aqueous phase (pH
7) using an EPRtechnique. The
kinetic rate constant obtained
was -2 X lo5 M-’ s-’. This
value is only an order of magnitude lower than that reported
by Packer et al. (4) for the same reaction in homogeneous
solution. However, detailed kinetic studies of the interaction
between vitamin C derivativesand tocopheroxyl radicals (that
is, the regeneration reactionof tocopherol by vitamin C)have
not been performed.
Recently, we measured the second-order rate constantsfor
thereaction of 10 kinds of vitamin Cderivatives with a
vitamin Eradical (5,7-diisopropyltocopheroxyl)in organic
solvent(benzene/ethanol (2:1, v/v)) using a stopped-flow
technique (7, 8). Whereas fatty acid esters of ascorbic acid 1
at the 6-position reacted a t rates -20% faster than ascorbic
acid 1. itself, fatty acid esters a t both the 5- and 6-positions
reacted at rates thatwere only -60-80% of that observed for
ascorbic acid1,a finding thatmay arise from steric hindrance.
The octadecyl ether of ascorbic acid 1at the2-position (CVIt is well known that tocopherols (vitaminE) are localized 3611) is 0.40 times asreactive as ascorbic acid 1,whereas the
in biomembranes and function asefficient inhibitors of lipid ascorbic acid ester substituted at both the2- and 6-positions
is -0.01 times as reactive as ascorbicacid 1.Fromthese
peroxidation. The antioxidant action of tocopherols (TocH)
results, the structure-activity relationship
for the regeneration
has been ascribed to the oxidation of the phenolic hydroxyl
of tocopherol by vitamin C in organic solvent systems was
groupto produce the correspondingtocopheroxylradicals
discussed. In organic solvents, ascorbic acid 1is thought to
(Toc’) (Reaction I) (1, 2).
exist in the reduced form (AsHz), as shown in Fig. 1. On the
other hand, ascorbic acid 1is a dibasic acid and thus, in an
k
LOO’’ + TocH f LOOH + Toc’
(1) aqueous solution system, can exist in three different
molecular
forms (AsHZ,ASH-, or As2-) depending on the pHvalue (see
Tappel (3) made the important suggestion that vitamin C Fig. 1). However, it is not clear at present which form of
(Fig. 1, ascorbic acid 1)may reduce the tocopheroxyl radical ascorbic acid 1is most effective for the regeneration reaction
back to the starting tocopherol. Subsequent in vitro experi- of vitamin E.
ments (4,5) showed that vitamin C can indeed reduce the aTherefore,to clarify themechanism of thereaction of
tocopheroxyl radical (Reaction 11).
vitamin C with tocopheroxyl radicals, we have measured the
second-order rate constants( k z )for the reactionof vitamin C
k2
Toc’ + Vit C +
TocH + Vit C ‘
(11) with the tocopheroxyl radical (Fig. 1, 7-tert-butyl-5-isopropyltocopheroxyl 2) in Triton X-100 micellar solution using a
Packer et al. (4)have reported the absolute second-order stopped-flow technique and studied the effect of pH on the
rate constants ( k z ) for the reaction of vitamin C(sodium
reaction rate. Furthermore, similar measurements have been
ascorbate) with a-tocopheroxylradicals using pulse radiolysis made for the reaction of tocopheroxyl with sodium ascorbate
methodology. They found a kz value of 1.55 X lo6 M” s-l in a (Na’AsH-) in Triton X-100 micellar solution. The reaction
system composed of an aerated, aqueous solution containing rate of tocopheroxyl 2 withascorbicacid 1 has also been
measured in benzene/ethanol (21, v/v)solution.Based on
* The costs of publication of this article were defrayed in part by the results, the structure-activity relationshipfor the regenthe payment of page charges. This article must therefore be hereby
eration reaction of tocopherol by vitamin C is discussed.
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
$ To whom correspondence should be addressed.
The abbreviations used are: LOO’, lipid peroxyl radical; LOOH,
lipid hydroperoxide.

EXPERIMENTALPROCEDURES

Commerical L-ascorbic acid 1and sodium L-ascorbate were used
as received. 7-tert-Butyl-5-isopropyltocopherol
was prepared accord-
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FIG. 2. Change in electronic absorption spectrum of 7-tertbutyl-5-isopropyltocopheroxylradical 2 during reaction of
tocopheroxyl 2 with vitamin C in Triton X-100 micellar solution (0.1 M phosphate buffer (pH 7.0)) at 25.0 "C. [Tot'],=,
0.06 mM, and [Vitamin C],=, = 1.15 mM. The spectra were recorded
at 1000-ms intervals. The arrow indicates the decrease in absorbance
maximum with time.
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FIG. 1. Molecular structures of ascorbic acid? (AsH2,ASH-,
and As2-), sodium ascorbate 3 (Na+AsH-),a-tocopheroxyl,
tocopheroxyl 2,and substituted phenxoyl radical (PhO').
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ing to the method reported in a previous paper (9). The 2,6-ditert-butyl-4-(4-methoxyphenyl)phenoxyl
("substituted phenoxyl"
(PhO')) was prepared according to the method of Muller et al. (10).
Triton X-100 was purchased from Nacalai Tesque Inc. (Kyoto, Japan)
and used as received. All buffer solutions were prepared using distilled
water treated with a Millipore Q system. The pHof the solutions was
adjusted using an appropriate buffer (0.1 M): pH 3.0-5.5, CH,COOHCH3COONa;pH 6.0-9.0, KH2P04-NaHP04; andpH 10.0, NaHC03Na2C03.
Tocopheroxyl2-containing micellar solutions of Triton X-100 (10
0
2000
11000
8000 6000
weight %) were prepared as follows. 7-tert-Butyl-5-isopropyltocopherol(l5-20 mg, 31-41 pmol) was dissolved in 5ml of diethyl ether,
Time (msec)
and thesolution was poured into a small flask. The diethyl ether was
FIG. 3. Trace a, the decay of tocopheroxyl radical 2 during the
removed by evacuation in a water aspirator using a rotary vacuum
evaporator to obtain a thin film on the flask wall. Twenty ml of reaction of tocopheroxyl2 with vitamin C in Triton X-100 micellar
aqueous Triton X-100 micellar solution (10.0 weight %) (0.1 M solution at 25.0 "C. [TOC']~=,0.09 mM, and [Vitamin C],,, 1.15 mM.
phosphate buffer (pH 7)) was added, andthe flask was shaken The decrease in the absorbance at 416nm is shown. Trace b, the
vigorously in a Vortex mixer for 30 s. PhO' -containing solutions of natural decay of tocopheroxyl2 in the absence of vitamin C in Triton
Trixon X-100 (10.0 weight %) were prepared similarly and reacted X-100 micellar solution.
with the above tocopherol-containing micellar solution.
The PhO' radical is very stable in the absence of 7-tert-butyl-5- containing tocopheroxyl2 (1:1,v/v), the absorption spectrum
isopropyltocopherol and shows absorption peaks with, , ,X = 377 and
577 nm in aqueous Triton X-100 micellar solutions (10.0 weight %). of tocopheroxyl 2 disappears immediately. Fig. 2 shows an
Upon mixing the micellar solution of tocopherol (0.28 mM) with the example of the interaction between tocopheroxyl 2. (-0.06
micellar solution of the PhO' radical (0.24 mM) (l:l, v/v) at 25.0 "C, mM) and ascorbic acid 1(1.15mM) in phosphate buffer (pH
the absorption spectrum of the PhO' radical immediately changes to 7.0). The time course of the decrease in absorbance at 416 nm
that of tocopheroxyl 2 (see Fig. 2). The new absorption maxima in observed when Triton X-100 micellar solution (phosphate
the visible region (Xmax = 396 and 416 nm) are due to tocopheroxyl 2 buffer (pH 7.0)) containing tocopheroxyl 2 (-0.09 mM) is
(11). Since tocopheroxyl 2 is quite stable at 25.0 "C, the absorption
mixed with an aqueous solution (phosphate buffer (pH 7.0))
intensity decreases only gradually with time.
Stopped-flow data were obtained on a UNISOKU stopped-flow of ascorbic acid (2.30 mM) (l:l,v/v; final concentration of
Model RS-450 spectrophotometer by mixing equal volumes of aqueous ascorbic acid 1of 1.15 mM) is shown in Fig. 3. The pseudo
Triton X-100 micellar solutions of tocopheroxyl and aqueous buffered first-order rate constants ( kobJ obtained by varying the conThe oxidation reactions were centration of ascorbic acid 1 are presented in Table I. As
solutions of vitamin C (ascorbic acid 1).
studied under pseudo first-order conditions, and the observed rate shown in Fig. 3,7-tert-butyl-5-isopropyltocopheroxyl~
shows
constants (k,,b.) were calculated in the usual way using standard leastX-100
micellar
solution.
a
very
slow
natural
decay
in
Triton
squares analysis. All measurements were performed at 25.0 & 0.5 "C.
As reported in a previous paper (12), a-tocopheroxyl is not stable; Therefore, the pseudo first-order rate constant for tocopherthus, the stable 7-tert-butyl-5-isopropyltocopheroxyl
radical 2 was oxy1 bleaching is given in Equation 1:
used for this work.
hobs = ko + k2 [Vit C]
(1)
RESULTS

-

1

7-tert-Butyl-5-isopropyltocopheroxy12 is comparatively
stable in the absence of ascorbic acid 1and shows absorption
peaks with, , ,X
= 416 and 396 nm in aqueous Triton X-100
micellar solution (10.0weight %; 0.1 M phosphate buffer (pH
7.0)) (see Fig. 2). Upon addition of excess ascorbic acid _1 in
0.1 M phosphate buffer to Triton X-100 micellar solution

where & is the rate constant for the natural decay of tocopheroxyl 2 in the medium, and k2 is the second-order rate
constant for the reaction of tocopheroxyl 2 with added ascorbic acid1.These rate parametersare obtained by plotting kobs
against [vitamin C], as shown in Fig. 4. The second-order rate
constant obtained for ascorbic acid 1 at pH 7.0 is 322 M" s-l
and & = 0.007 s-'.
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TABLE
I
Pseudo first-order(k,b$ and second-order (kd rate constants for the
reaction of vitaminC (ascorbic acid 1) with tocopheroxyl radical 2 in
Triton X-100 micellar solution and the mole fraction( f ) of ascorbate
monoanion (ASH-)
pH

[Vitamin C]
mM

3.0

3.5

4.0

4.5

5.0

5.5

6.0

7.0

8.0

9.0

10.0

Sodium ascorbate

Benzene/ethanol
(2:1, v/v)

1.02
1.97
2.93
3.92
5.02
1.08
2.02
3.11
4.05
4.97
1.04
2.03
3.13
4.02
5.06
1.oo
2.09
3.06
4.11
4.95
1.01
2.14
3.03
3.94
4.97
1.16
2.21
3.09
4.04
4.95
1.22
2.28
2.97
3.94
4.76
1.15
2.25
2.89
4.00
4.70
1.02
1.98
3.01
3.85
4.70
1.08
2.08
2.98
3.94
4.96
1.03
2.09
3.13
4.02
5.09
1.06
2.05
2.85
3.98
5.21
1.28
1.92
2.31

koh
s-l

0.028
0.057
0.083
0.107
0.131
0.069
0.124
0.185
0.237
0.289
0.161
0.288
0.428
0.533
0.657
0.216
0.434
0.592
0.808
0.962
0.260
0.533
0.760
0.982
1.24
0.324
0.594
0.834
1.10
1.33
0.387
0.726
0.931
1.24
1.49
0.374
0.740
322
0.941
1.28
1.53
0.333
0.641
0.986
1.25
1.50
0.364
0.692
314
0.979
1.29
1.58
0.312
0.584
0.891
1.13
1.41
0.316
0.596
0.827
1.19
1.55
0.201
49*0.232
0.251

k2
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FIG.5. Plots of second-order rate constant (k2)uersus pH
and of mole fraction ( f ) of three vitamin C species (AsH2,
ASH-, and As2-) uersus pH.
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FIG.4. Dependence of pseudo first-order rate constants
(kobs)on concentration of vitamin C at several pH values in
Triton X-100 micellar solution.
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FIG.6. Plot of second-order rate constant ( k ~versus
)
mole

fraction of ascorbate monoanion ( f = [AsH-I/C,,).

Similar measurements were performed for the reaction of
tocopheroxyl 2 with ascorbic acid1at various pH values. The
reaction rate for sodium ascorbate 3 (Na'AsH-) with tocopheroxyl 2 in Triton X-100 micellar solution was also measI.
ured. The k2 values obtainedaresummarizedinTable
Where pH is <3 or >11, tocopheroxyl radical 2 is unstable,
and the measurementof the kS values was unsuccessful. The
pH dependence of the second-order rate constants is shown
in Fig. 5. When the pHvalues are >3, the kZincreases rapidly
from 26 M" s" at pH 3.0 to 311 M" s" at pH 6.0, remains
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As2- are shown as functions of pH in Fig. 5.
As is clear from the results shown in Fig. 5, a good correlation between the rate constants ( kz) and mole fraction ( f )
of ascorbate (ASH-) was observed. The result shows that the
ascorbate monoanion (ASH-) can regenerate tocopherol from
tocopheroxyl in biological systems. In fact, as listed in Table
I, sodium ascorbate (Na'AsH-) 3 and ascorbic acid 1at pH
7.0 react with tocopheroxyl radical 2 at similar rates. Furthermore, the values of kz have been plotted against the mole
fraction ( f = [AsH-]/C,) of the ascorbate monoanion. As
shown in Fig. 6, a good correlation between kz and [ASH-&
was obtained. The results also indicate that ascorbic acid
(ASH,, the reduced form of ascorbic acid) does not have the
DISCUSSION
ability to regenerate tocopherol from tocopheroxyl in aqueous
The reduction of nitroxide free radicals by ascorbic acid 1 solution.
In this work, we also measured the reaction rate ( k z ) of
in solution has been studied by several investigators using
ascorbic
acid 1 with tocopheroxyl radical 2 in an organic
EPR spectroscopy (13-16). A notable pH dependence of the
second-order rate constant hasbeen reported for the reaction solvent system. A rate constant of 49 M" s" was obtained in
between ascorbic acid 1 and nitroxide radical (4-hydroxy- benzene/ethanol(2:1, v/v) solution. Ascorbic acid1is consid2,2,6,6-tetramethylpiperidinyl-l-oxyradical) in micellar so- ered to exist in the reduced form (ASH,) in organic solvent
lution, suggesting that the reducing form of ascorbic acid is systems. Therefore, the results indicate that thereduced form
of ascorbic acid (ASH,) has the ability to regenerate tocopherol
the ascorbate monoanion (ASH-).
In this work, the rates of reaction of vitamin C (ascorbic from tocopheroxyl in organic solvent systems. However, the
acid 1)with the tocopheroxyl radical (7-tert-butyl-5-isopro- former reaction rate ( k z = 49 M" s-') in benzene/ethanol(2:1,
pyltocopheroxyl 2) in Triton X-100 micellar solutions have v/v) solution is only -15% of that ( k 2= 322 M" s-') in Triton
been determined spectrophotometrically using a stopped-flow X-100 micellar solution at pH 7.0.
As described above, Scarpa et al. (6) have measured the rate
technique. The observed second-order rate constants showed
notable pH dependence with a broad maximum around pH 8. constant ( k , = 2 X lo5 M" s-') for the reaction between the
Ascorbic acid 1is dibasic and can exist in three different a-tocopheroxyl radical and ascorbic acid 1 in a liposomal
molecular forms, i.e. ascorbic acid (AsHz),ascorbate monoan- system (pH 7.5, 22 "C). When comparing the above rate
ion (ASH-) and ascorbate dianion (As2-), depending on the constant with that obtained in this work for the reaction of
in
pH value (see Fig. 1). The equilibrium reactions have the ascorbic acid 1with 7-tert-butyl-5-isopropyltocopheroxy1~
Triton X-100 micellar solution (pH 7.0, 25 "C; kz = 322 M"
form:
s-'), the former appears to be about 3 orders of magnitude
higher than the latter. There are several factors that might
influence the reaction rates, such as solvent, temperature, pH,
the effect of steric hindrance of the alkyl groups at theorthowhere pK.1 = 4.17 and pKaz= 11.57 (17).
The graph of the pH dependence of kz (Fig. 5) has a peak positions of the attacking tocopheroxyl radical, etc. Since the
at a pH value intermediate between the two pK. values (pK,, pH values and temperatures were similar in each of these
and pKaz) of the dibasic ascorbic acid. Therefore, the mole studies, the fourth factor (that is, the effect of steric hinfractions ( f ) present as the AsHz molecule and theASH- and drance) may be most important for the reaction between the
As2- ions were calculated as a function of pH. The analytical tocopheroxyl radical and vitamin C. In thiswork, we measured
the second-order rateconstant
for the reaction between
concentration (C,) is given in Equation 2.
aqueous vitamin C solutions and tocopheroxyl radical 2 in
C. = [ASH,] + [ASH-] + [AsZ-]
(2)
Triton X-100 micellar solution and found that the rate conFrom the ionization constant expressions for ascorbic acid stant shows notable pH dependence. Therefore, similar pH
dependences for the reaction between a-tocopheroxyl (vita(ASH,), we obtain the following.
min E radical) and vitamin C may be expected.
The results of this study should provide a foundation for
the interpretation of reactions between the tocopheroxyl radical and ascorbic acid in more complex biologicalsystems.

constant ( k z = 318 f 4 M" s-') between pH 7.0 and 9.0, and
decreases to 273 M-' s-l at pH 10.0. This pH dependence
reflects a complex mechanism that will be discussed in the
next section. Data are means of four or five experiments, and
the experimental errors in the kz values were less than -7%
in every case.
The second-order rate constantsfor the reaction of ascorbic
acid 1with 7-tert-butyl-5-isopropyltocopheroxy2 have also
been measured in an organic solvent system. A k2 of 49 M-'
s" was obtained in benzene/ethanol (2:1, v/v) solution. The
observed kz value is listed in Table I together with those
observed in micellar solution.
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