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EVIDENCE FOR THE ADDITION OF THE
SUPEROXIDE ANION TO THE ANTI-OXIDANT
n-PROPYL GALLATE IN AQUEOUS SOLUTION
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n-Propyl  gallate  reacts with the superoxide radical anion in aqueous solution
(k = 51 x 10°mol~'dm’s!). The spectrum of the transient species so formed has been measured
(absorbance maximum at 550nm, ¢ = 1360 mol ' dm’cm~"). Electron or H atom transfer processes as
well as proton abstraction have been excluded as possible mechanisms, and it is proposed that an addition
reaction takes place.

KEY WORDS: Superoxide, anti-oxidant, n-propyl gallate, pulse radiolysis.

INTRODUCTION

The superoxide anion (O;) can be formed in oxygenated organic systems and is
thought to be able to lead to serious peroxidative damage in living tissues and to the
development of rancidity in foods. As a consequence of its role in inducing these
deleterious effects, the chemistry of superoxide anions has received considerable
attention. The superoxide anion acts as a strong base and can abstract protons from
organic molecules, the resulting anions may then react with oxygen.' In aqueous
solution the superoxide anion has been shown to participate in one-electron transfer
reactions. The reduction of metal ions and their complexes by O; is well documented.’
Organic solutes can also be reduced by reaction with O3,

A+ O —— A’ + 0O, €))

where A represents the organic solute, reactions of this type have been shown to occur
in aqueous solutions with tetra-nitromethane’ and various quinone derivatives.’. The
reduction of O; in aqueous solution by hydroquinones® (QH,),

QH, + 0; =2, QH + H,0, )

has been known for some time and more recently similar reactions involving other
di-hydroxy benzenes have been reported.®

E.S.R. studies’ indicate that in the absence of water O; adds to dimethyl formamide
to produce a peroxyl radical, however the presence of even trace amounts of water
prevents this reaction. In aprotic solvents a number of such O; nucleophilic addition
reactions have been reported for carbonyl containing compounds.®® In the present
paper data is presented which suggests that O; reacts with the food anti-oxidant
n-propyl gallate, 1,(3,4,5,tri-hydroxy propyl benzoate) in aqueous solution by nu-
cleophilic addition.
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MATERIALS AND METHODS

In the present study all pulse radiolysis experiments were performed using the facilities
at the Paterson Laboratories, Manchester, details of the set-up have been published
elsewhere.'®'! n-Propyl gallate and superoxide dismutase (from bovine erythrocytes)
were obtained from the Sigma Chemical Co. Ltd. t-butyl hydroquinone (2-t-butyl 1,4
dihydroxy benzene) was purchased from the Aldrich Chemical Co. Ltd. All other
chemicals were of the highest grade commercially available, formate solutions were
made up either directly from sodium formate or from concentrated solutions made by
neutralising formic acid with sodium hydroxide, no differences could be detected
between these two methods of preparation. To exclude the possibility of any photolyt-
ic effects all solutions of the antioxidants were protected from light by aluminium foil.
Experiments were always performed on freshly made up solutions. Triply distilled
water was used throughout. Known concentrations of superoxide dismutase were
made up by weighing, assuming a molecular weight of 32,000.

RESULTS

n-Propyl gallate at a concentration of 5 x 10~*moldm™* was pulse irradiated in an
aqueous solution, 0.1 moldm~? in sodium formate, 2 x 10~>mol dm~? in phosphate
buffer pH 7, saturated with a mixture of nitrous oxide and oxygen (4/1 by volume).
Under these conditions superoxide anions are formed in high yield (G(O,) = 6.5)
according to the following scheme,

H,0 "W -OH, H, ¢, H*, H)0,, H, 3)
em + NJO 2 .OH + N, + OH- “
HCO; + OH (H) —— CO; + H,0(H,) ()
COj] + 0,—— CO, + O} (6)

Alternatively experiments were performed in O, saturated formate solutions, under
these conditions the solvated electrons are converted directly into O,,

gy + 0—— 0; W)

All of these reactions (3-7) occur at near diffusion controlled rates'? and are complete
within a few microseconds after the pulse. At fairly long times (ms) after the pulse the
buildup of a transient was observed, the spectrum for which is shown in Figure 1(a).
The kinetics for this buildup were first order and the observed first order rate constant
was directly proportional to the n-propyl gallate concentration (Figure 2). Thus
n-propyl gallate must be involved in the rate determining step and from the plot of
observed rate constant against n-propyl gallate concentration (Figure 2) the second
order rate constant is 5.1 x 10°mol-'dm®s~!. On generating superoxide anion
radicals in the presence of n-propyl gallate and superoxide dismutase (SOD) it was
found that the rate of buildup of the transient (absorbance maximum 550 nm) can be
described by simple competition kinetics (Figure 3). The slope of the plot in Figure
3 gives a value of 3.5 x 10°mol 'dm’s ! for the rate constant for the reaction of O;
with SOD, this value is somewhat lower than most published data
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FIGURE | Transient spectra. (a) (@), transient formed by reaction of O with n-propyl gallate,
0.1 moldm~? sodium formate, 2 x 10~>moldm * phosphate buffer pH 7, 5 x 10"*moldm~* n-propyl
gallate, saturated with a mixture of nitrous oxide and oxygen (4/1 by volume), 5.4 Gy/pulse, 8.5ms after
pulse, & based on G(n-propyl gallate + O;) = 6.5. (b) (x) n-propyl gallate phenoxyl radical (semiquinone),
0.05 mol dm ~? sodium azide, 2 x 10~*moldm™? phosphate buffer pH = 7,2 x 10~ *moidm~? n-propyl
gallate, nitrous oxide saturated, 2.8 Gy/pulse, 6 s after pulse, ¢ based on G (phenoxy radical) = 6, corrected
for the H atom adduct (see below). (c) (0), electron adduct of #-propy! gallate, 1.0moldm~* t-butanol,
2 x 10~*moldm~’ phosphate buffer pH 7,5 x 10~*moldm™? n-propyl gallate, nitrogen flushed, 5.5 Gy/
pulse, 9 us after pulse, € based on G (electron adduct) = 2.8, a correction has been made for the H atom
adduct, using G (H adduct) = 0.6 and the spectrum of the H atom adduct determined at pH 2.'®

(~2 x 10°mol~'dm*s~').2 Low values have been obtained by other workers'> and
have been ascribed to the fact that the enzyme sample contained some inactive
material. From our value for the rate constant for the reaction of SOD with O; it can
be calculated that the enzyme sample is only 20% active, this estimate was confirmed
by directly monitoring the decay of O, (280nm, 0.2moldm~> formate,
2 x 10 moldm™" phosphate pH 7, O, saturated) in the presence of SOD. Thus
SOD and n-propy! gallate both react directly with O; and the rate determining step
in the buildup of the transient absorbing at 550 nm is the direct reaction of O; with
n-propyl gallate.

A major problem in studying such relatively slow reactions as that observed here
(k < 10°s™"), is that low concentrations of impurities having high reactivities with
one of the reactants (in this case O;) could interfere. An obvious candidate for such
impurities would be transition metal ions, consequently concentrated solutions of the
various components were analysed for Mn, Fe, Cu, Cr (thought to be the most likely
possible contaminants) by atomic absorption spectroscopy. These results indicated
that any metal ion impurity was < 10~°mol dm~* under all conditions used. Recrys-
tallisation of n-propyl gallate from methanol/water had no effect on transient buildup
or yield. Proton n.m.r. and mass spectrometry measurements on n-propyl gallate
indicate impurities of less than 1%. As a final check, the transient absorbance at
550 nm (conditions as for Figure 1) was measured as a function of dose, the results
are compiled in Table I and show that any impurity would have to be present at
> 30mol% n-propyl gallate in order to be responsible for the observed buildup. Such
high levels of impurity in the n-propyl gallate would have been easily detected by
n.m.r./mass spectrometry. In order to ensure that the observed transient was not due
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FIGURE 2 Dependence of the transient buildup at 550 nm on the concentration of n-propyl gallate.
0.1 moldm 3 sodium formate, 2 x 10~*moldm~* phosphate buffer pH 6.9, oxygen saturated, 3.5Gy/
pulse. O, as above but 0.2 mol dm~> phosphate buffer pH 6.6, air saturated.

to some particular effect of the formate system, an experiment was performed in which
the formate was replaced by 0.5M t-butanol (N,0/O, 4/1). Under these conditions
t-butanol peroxyl radicals are produced by irradiation in high yield, and these decay
bimolecularly to give superoxide anion radicals with a G value around 2." On pulse
irradiating the t-butanol system the buildup of a transient, having an absorbance
maximum at 550 nm, occurred with a rate constant identical to that found in the
formate system. Changing from N,0/O, (4/1) mixtures to oxygen saturated solutions
had no effect on the transient buildup rate constant.

When experiments were performed at pH 3 (0.1moldm™ formate,
5 x 10~*moldm~? n-propyl gallate, oxygen saturated) no transient absorbance was
observable above 350 nm, at pH 4.6 a transient buildup was again apparent at 550 nm,
although the yield was much lower than at pH 7. Superoxide is known to protonate,
the pKa of the protonated form being 4.7,"

HO, —=H" + 0O; 8)

From the pH dependence of transient production it can be concluded that HO,
radicals are not reacting with n-propyl gallate to form the 550 nm absorbing transient.

As already mentioned the superoxide anion can act as a strong base and abstract
protons from organic compounds, in some instances the resulting anion reacts with
oxygen.' In aqueous solutions the anions of acids such as n-propyl gallate, with pKa’s
greater than 9 could be expected, (taking a value of 10°mol~'dm’s~"' for the rate
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FIGURE 3 Influence of superoxide dismutase on the rate constant for the transient buildup at 550 nm.
0.2moldm~? formate, 2 x 10~>moldm~> phosphate pH 7, 4 x 10 >moldm~* n-propyl gallate, sat-
urated N,0/0, (4/1), 5.5 Gy/pulse.

TABLE 1
Transient absorbance as a function of dose. 5 x 10~ *moldm~* n-propyl gallate, 0.5 moldm > formate,
2 x 107*moldm~? phosphate pH 7, O, saturated, 2.5cm pathlength, 3.5ms after pulse

Dose/Gy 6.4 9.9 21 107 286 534
10° x initial [O;]*/moldm ™’ 0.5 0.6 1.4 7 19 35
10° x absorbance at 550 nm 0.9 i.5 33 15 24 26
Ratio [#-propyl gallate]/[O3} 0.009 0.013 0.027 0.14 0.38 0.70

*Calculated assuming G(O}) = 6.5.

constant for reaction of OH~ with the conjugate acid), to react with water to form
the conjugate acid with pseudo first order rate constants greater than 10*s™', i.e.
much larger than the rate of buildup observed in the present work. As anticipated a
comparison of the spectrum of the transient observed here with the anion spectrum
of n-propyl gallate (measured at pH 10.8 nitrogen flushed) definitely rules out the
anion of n-propyl gallate as being the observed transient. However, the possibility
exists that the anion could be formed by proton extraction and then react rapidly with
oxygen to give the observed transient. This was ruled out by pulse irradiating an air
saturated formate solution containing 1 x 10 *mol~'dm® n-propyl gallate, and
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0.2mol dm 2 phosphate buffer pH 6.6. Under these conditions reprotonation of the
anion by the buffer should be rapid enough (k > 10°s™' to compete with any
reaction of the anion with oxygen (k < 10°s~'). Consequently the rate constant for
transient buildup would be markedly higher in the presence of phosphate if the anion
was formed and rapidly reacted with oxygen. The observed rate constant (O, in
Figure 2) is not appreciably altered by the presence of the buffer and so it is reasonable
to conclude that proton abstraction by O; is not taking place.

The question now arises as to what type of reaction is occurring? A reaction
analagous to reaction 2 would produce n-propyl gallate phenoxyl radicals, these
radicals can be readily generated by reacting n-propyl gallate with azide radicals.'s
The spectrum of n-propyl gallate phenoxyl radicals was determined in this way and
is shown in Figure 1(b) for reference. On producing the n-propyl gallate phenoxyl
radicals in N,O/O, (4/1 by volume) saturated solutions containing azide ions, no
spectral or kinetic (decay) changes were observable, when compared with the anoxic
system. Thus, as recently reported for the a-tocopherol phenoxyl radical," the n-
propyl gallate phenoxyl radical shows no measurable (i.e. k < 10°mol~'dm’s~")
reaction with oxygen. By comparing the spectrum for the observed transient (a) with
that of the phenoxyl radical (b) as shown in Figure 1, it is evident that the reaction
between O; and n-propyl gallate is not that given by equation (2) (the additional
possibility of a rapid reaction between an n-propyl gallate phenoxyl radical formed
in reaction (2) and oxygen to give the observed transient being obviated by the above
mentioned stability of the phenoxyl radical in oxygen). At this point it is well worth
mentioning that similar experiments have been performed with another food anti-
oxidant, t-butyl hydroquinone, already reported to react in aqueous solution with
0,.° the mechanism suggested being that shown in reaction (2). The transient spectra
produced by the reaction of t-butyl hydroquinone with either O, or the azide radical
are shown in Figure 4. The two spectra are identical, thus confirming that in this case
the reaction of O; with t-butyl hydroquinone gives hydrogen peroxide and the t-butyl
hydroquinine phenoxyl radical, i.e. reaction (2).

However, although electron transfer from n-propyl gallate to O; does not occur, the
reverse reaction, electron transfer from O; to n-propyl gallate to yield oxygen and the
n-propyl gallate radical anion (reaction (1)) has not yet been excluded. The spectrum
of the radical anion of n-propyl gallate was measured and is also displayed in Figure
1(c). Here again it is quite apparent that the observed transient from the O; n-propyl
gallate reaction is not the n-propyl gallate radical anion. On the contrary, as might
be expected, oxygen reacts with the radical anion to produce superoxide and r-propyl
gallate® (k = 3 x 10°mol~'dm?s}).

In summary, the observed transient results directly from a reaction between n-
propyl gallate and the superoxide anion radical, this reaction is not an electron (or H
atom) transfer. The only likely altrnative mechanism is addition. A possible mechan-
ism is tentatively outlined in Scheme 1, at this stage the precise site of addition is not
known, although C-4 seems a reasonable choice in terms of nucleophilicity.

Such reactions have been proposed to take place in aprotic solvents with benzil® and
dehydro ascorbic acid.”® In these systems, the initial addition product (II in this case)
is believed to rearrange, reaction (10) illustrates the equivalent rearrangement in the
present system. Compound III will undergo further reactions, e.g. addition of oxygen,
rapid protonation, elimination of OPr~ followed by dimerisation or dismutation.
Product analysis is being undertaken to elucidate the fate of III. It is also intended to
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FIGURE 4 Transient spectra from t-butyl hydroqulnone X, t-butyl hydroqumone phenoxyl radical
formed by reaction with azide radicals, 5 x 10> moldm~* sodium azide, 2 x 10~*moldm~* phosphate
buffer pH 7, 5 x 10~°moldm™? t-buty! hydroquinone, N,O saturated, 40 gs after pulse, 2.3 Gy/pulse, ¢
based on G (phenoxyl radical) = 6. 0, transient formed on reaction of O; with t-butyl hydroquinone.
0.2moldm > formate, 2 x 10~ *moldm ™~ phosphate pH 7, 1 x 10~>moldm? t-butyl hydroquinone, O,
saturated, 400 us after pulse, 6 Gy/pulse, ¢ based on G (O; + t-butyl hydroquinone) = 6.5.

OH 05
HO - OH (10) HO
0 Lo e S
C-0pr (Pr= HC CHyCH7)  c-opr C-OPr
i |
0 0" 0~
I I 1

investigate the effect of various ring substituents on the addition reaction, with the
intention of learning more about the factors governing this interesting process.

In conclusion it is perhaps worth mentioning that the relatively high efficiency with
which n-propyl gallate reacts with O; may have some importance in its action as an
anti-oxidant in foods.
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