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Values of the rate constant &, are measured for the substitution reaction between
superoxide O, " and the alkyl halides butyl chloride, 2-butyl chloride, benzyl
chloride, ethyl bromide, butyl bromide, 2-butyl bromide, neopentyl bromide,
benzyl bromide, (1-bromo-2,2-dimethylpropyl)benzene and 1-iodoadamantane.
These rate constants are compared with the expected rate constant k. for the
electron transfer reaction between the same alkyl halides and an aromatic anion
radical A~* with the same standard oxidation potential as O, . The k. /kgr
ratios show that the mechanism of the substitution reaction may shift from
Sx2-like to ET-like on changes in the steric hindrance and the acceptor ability of
the alkyl halide. The influence on k,,/ker of the difference in self-exchange

reorganization energy A(0) between O,~*/O, and A ~*/A is discussed.

The role of superoxide (O, ) as a strong nucleophile in
substitution reactions has been the subject of much
research during the last two decades.! Both kinetic and

stereochemical results have indicated that O, " is a very .

potent nucleophile, although no exact measure of its
nucleophilicity has been developed. For an investigation
of its nucleophilicity it is an advantage that it is rather
stable, especially in aprotic solvents, and easily accessible
either chemically from, e.g., KO, or electrochemically
from dioxygen. Furthermore the standard oxidation
potential of O, " is known in many solvents.

In this paper we report on the rate constants for the sub-
stitution reactions between electrochemically generated
O, and different alkyl halides in N,N-dimethylform-
amide (DMF). These rate constants are compared with
those expected for an electron transfer (ET) to the alkyl
halides from an outer-sphere electron donor with the
same standard oxidation potential as O, " in order to
describe the ET-character of the substitution reactions.

The reaction scheme for the reaction between electro-
generated O, " and alkyl halides RX in aprotic solvents
has already been investigated and can be described in the
following way.!*®

Eaz

O,+e——=0," Ej,=—045V vs. Ag/Agl in DMF

0, ' +RX—* RO, + X~ (1)
RO, +0,”"—2»RO,™ +0, ()
RO, + RX—=— ROOR + X~ (3)

With secondary and tertiary alkyl halides competing
elimination reactions occur leading to olefins. For long
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reaction times, with an excess of superoxide, alcohols may
be formed from the degradation of dialkyl peroxide
or directly from ROO ~.'>? Reaction (2) is near the
diffusion-controlled limit and reaction (3) is normally
considered to be faster than (1).

The reaction scheme for the reaction between electro-
generated anion radicals (A~") and alkyl halides has
previously been thoroughly investigated.?

E°

Ate—=A""

A" +RX—Z5 A+ R +X- 4
A~ +R — AR~ (5)
A7 +R—5 A+R" (6)

The products AR~ and R~ will either be protonated or
react with the alkyl halide in a nucieophilic substitution.
Dimerization and H-atom disproportionation of the
alkyl radicals and H-atom abstraction from the solvent
can be assumed to be negligible. The aromatic and
heteroaromatic anion radicals with the unpaired electron
delocalized over a large n-electron system are normally
considered to be outer-sphere electron donors. In the
following this will be assumed, although recent calcula-
tions and experiments suggest that their reactions with
simple alkyl halides might involve some inner-sphere
character.® By comparing the rate constant k,, for the
reaction between O, " and a given alkyl halide with the
rate constant kg for the electron transfer reaction
between the alkyl halide and an aromatic anion radical
with the same self-exchange reorganization energy and
standard oxidation potential as O, ", the degree of
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electron transfer in the substitution reaction may be
judged. The stabilization energy in the transition state
AAG* is related to the k, /ky ratio by eqn. (7).*

AAG* ~2.3 RT log (ko /ker) (7)

When k. /ker is close to 1 (AAG™ x0), the rate
determining step is assumed to be the transfer of an elec-
tron. This has been found for some anions and dianions
with sterically hindered alkyl halides.* When the steric
hindrance of the system is less pronounced kg, /ker
increases indicating that the transition states are stabi-
lized due to bond formation. In this way we have been
able to show that a nucleophile, like the enolate ion of
4-methoxycarbonyl-1-methyl-1,4-dihydropyridine, can
be involved in a continuous spectrum of substitution
reactions with transition states involving stabilization
energies from very little in the case of a sterically hindered
alkyl halide such as 1-bromoadamantane (k,,, /kgr = 0.2)
to near 6kcalmol™' in the case of butyl chloride
(kguo/ker =11600). However, compared with a classical
Sn2-reaction such as the Finkelstein reaction (e.g.,
I~ +ethyl bromide) with an estimated k., /kg ratio of
4 x 10 corresponding to 29 kcal mol ! in stabilization
energy,* the reactions investigated are all positioned at
the Sgr end of an Sg—Sy2 diagram. Thus it would be
interesting to find some substitution reactions involving
stronger nucleophiles in the grey area between Sg; and
the classical Sy2 covering the range of kg, /ker from
11000 and upwards.

The k,,/ker ratio is, however, also influenced by
differences in the self-exchange reorganization energy
A(0) between the O, /O, and the A~°/A couple. The
reorganization energy for the self-exchange reaction of
aromatic anion radicals has been measured by means
of EPR spectroscopy® in DMF to be approximately
10 kcal mol ~'. Unfortunately the same has not been
possible for O, ™" in the liquid phase, since solutions of
superoxide only give EPR signals near the freezing point
of the solvent and under these conditions negligible elec-
tron exchange occurs between O, and O, " on the EPR
timescale.® In principle A(0),,,-- may be evaluated from
the Marcus or Hush relation between the self-exchange
rate constant in homogeneous solution and the electro-
chemical standard rate constant k°, which is known,'®
but since the agreement between experiment and theory
has been shown to be rather poor,” the reliability is
poor. Indirect determinations of A(0),,c,-- using the
Marcus cross-relation have given values® varying from
22 kcalmol ™' to 103 kcal mol~'. The large range is
probably caused by the fact that the high solvation energy
of O, " is affected by the other reactant in the transi-
tion state. Recently a direct determination of the self-
exchange rate constant by '*0/'%0 isotope marking gave
MO0)o,0,--=45 kcal mol =" in water.” The contribution
from the inner reorganization energy A, to A(0),,,, - can
theoretically be estimated from a classical treatment®* to
be 15 kcal mol ~' resulting in an outer reorganization
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energy A, equal to 30 kcal mol~'. According to the
Marcus model for spherical molecules this corresponds
to an effective radius of 3.1 A. With the use of this value,
A, can be calculated to be 25 kcal mol ~! in DMF giving
a total A(0)¢,/0,-- of ca. 40 kcal mol ~! in this solvent.
The effect on the kg, /kgr ratio of the difference
between the reorganization energies for O, /O, and
A~'/A can be estimated, if Marcus theory'® is assumed to
be valid for the dissociative electron transfer process. The
activation energy 4G * is then given by eqn. (8).

A +AG°)‘ 8)

a6+ =5(1

4 A

The driving force AG°= — F(Egxr.x- —Ep) is the
difference in standard potential between the donor and
acceptor multiplied by the Faraday constant F. The
standard potential for RX/R-X~ depends upon the
structure and the nature of the halide, but in general
it is estimated'' to be ca. —0.8V vs. Ag/Agl. The
parameter A, which is the reorganization energy for the
whole ET reaction, can be estimated as the average
value of the self-exchange reorganization energies of
the donor and acceptor,'” eg., for reaction (1)
A =1/2[M0)0,0,+MO0)gxr.x-1 The value of
A0)gxr.x- is not known exactly, but it is high
(~100 kcal mol~!') owing to the profound changes in the
length of the R—X bond during the formation of the trans-
ition state. The reorganization energy for reaction (1), A,,
is thus 70 kcalmol ™', if A(0)o,0,-- and A(0)gxr.x-
are assumed to be 40 kcal mol~' and 100 kcal mol~',
respectively, and A, = 55 kcal mol ~'.

With the use of eqn. (8) the minimum value of k., kgt
can be evaluated from expression (7) rewritten as eqn. (9).

AG,* —AG,*
e ©
(ksub/kET)min
1/2M0) g a-— 1/2M0) 0, + (AG°)* (1/hg = 1/))
=P ART
=20x10"? (10)

An exact knowledge of A(0)gyr.x- and Egxyr.x- 1S
not important, since the contribution from the term
(AG®)* (1/h,— 1/A,) is small. The same result is obtained
if the theory for the dissociative electron transfer process,
proposed by Savéant,'' is applied. At this point, however,
it must be emphasized that it is questionable whether
either of the two theories are completely adequate for the
description of this kind of reaction.”® The calculated
(koun/ki1)min value should, in any case, be considered
only to be indicative of the magnitude of a correction
factor for the experimental k., /k,., ratios.



Results and discussion

Values of the rate constant kg measured for a number of
ET-reactions between aromatic/heteroaromatic anion
radicals and butyl chloride, 2-butyl chloride, benzyl
chloride, ethyl bromide, butyl bromide, 2-butyl bromide,
neopentyl bromide, benzyl bromide, (1-bromo-2,2-dime-
thylpropyl)benzene and 1-iodoadamantane are given in
Table 1. The measurements were determined by means of
cyclic voltammetry'? or a potentiostatic method ' using a
rotating disk electrode. In Fig. 1 is shown an example
of a plot of log kgr vs. E for (1-bromo-2,2-dimethyl-
propyl)benzene. According to the Marcus theory this plot
should be parabolic but recent experimental results rather
indicate a linear relationship.®® The experimental data
presented here did not indicate any decisive curvature in
the potential range investigated and we thus decided to
extrapolate the expected kgr for an ET-donor with the
same standard oxidation potential as O, (—0.45 vs.
Ag/Agl) from a line determined by linear least-squares
analysis. The correlation coefficients are included in
Table 1. Small variations in A(0) among the aromatic
anion radicals appear in the plots as discontinuities, but
since the plots consist of several points there will be
some averaging in the determination of the relevant kgy.
According to eqn. (10) a change in A0) of, eg.,
2 kcal mol~! will change the rate constant by a factor
of 1.5.

Values of the rate constant &k, were measured for the
substitution reaction between O,~" and the 10 alkyl
halides by two methods. The rate constants for the slower
reactions (k,, <10 M~'s~') were determined by the
potentiostatic method'* and for the faster reactions by
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double potential step chronoamperometry (DPSC). In
Fig. 2 is shown the theoretical curve of the dependence
of the current ratio —i(21)/i(t) on log (K, CaxT),
where Cgy is the bulk concentration of RX and t is the
steptime. The curve is calculated by simulation of reaction
scheme (1)-(4) assuming pseudo-first-order conditions
(Crx > C3,)- In Fig. 2 is also shown the best fit to the
working curve for the reaction between O, " and 2-butyl
bromide giving a value of 300 M ~!s~! at 298 K for the
rate constant. This result is in good agreement with the
value (320 M ~!s™!) extrapolated from an Arrhenius
plot consisting of six rate constants measured with the
potentiostatic method in the temperature range from
~50°C to —20°C. The rate constant measured for butyl
bromide (k,,, =950 M ~'s~!) is also in agreement with
the corresponding one determined from rotating ring-disk
electrode measurements (k,,, =960 M ~1s~1) I

In the cases of the secondary substrates the measured
rate constants need to be corrected for the influence of
elimination reactions.

0, +RX > HOO +R(-H) + X~ (11)
HOO'+ 0, »HOO~ + 0, (12)

Reaction (11), together with reaction (1), is the rate-
determining step, since (12), like (2), is near the diffusion-
controlled limit.'® The preparative reduction of O, in the
presence of 2-butyl bromide or 2-butyl chloride gave
butene in a yield of 42 % and 15 %, respectively. The yield
determination was performed indirectly by reacting the
butene gas produced with Br, at low temperature and
then by determining the yield of 1,2-dibromobutane and

log kg
8.0

-2.00

BV

Fig. 1. Plot of log k¢ vs. £ for the electron transfer reaction between some electrochemically generated anion radicals and
(1-bromo-2,2-dimethylpropyl)benzene in 0.1 M TBABF,/DMF at 25°C (+). Also shown is the rate constant k., for the
substitution reaction between O, =" and the same alky! halide (*).
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Table 1. Rate constants for the reaction between different kinds of alkyl halide RX and anion radicals in 0.1 M TBABF,/DMF
at 25 °C. Also included is the correlation coefficients R? for the linear log k¢ vs. —E$ plots.

RX Donor —EQN? ker/M 151 R?
Butyl chloride 1-Methoxynaphthalene 2137 5800
Naphthalene 2.057 1800
p-Tolunitrile 1.937 390
Benzonitrile 1.830 78 0.996
Isoquinoline 1.731 16
Pyrene 1.618 0.68
Anthracene 1.490 0.20
9,10-Diphenylanthracene 1.394 0.023
Ethyl bromide Chrysene® 1.782 81000
Isoquinoline? 1.731 38000
Pyrene? 1.618 3300
Anthracene® 1.490 830 0.995
Benzophenone? 1.307 40
Perylene 1.213 4.7
p-Dicyanobenzene 1.085 0.39
p-Diacetylbenzene 1.007 0.085
Butyl bromide Chrysene® 1.782 90000
Pyrene? 1.618 2450
Anthracene® 1.490 970
Benzophenone® 1.307 92 0.979
Perylene 1.213 75
p-Dicyanobenzene 1.085 04
p-Diacetylbenzene 1.007 0.078
2-Butyl chloride 1-Methoxynaphthalene 2137 17000
Naphthalene 2.057 4900
p-Tolunitrile 1.937 1400
Benzonitrile 1.830 270
Isoquinoline 1.731 35 0.989
Quinoline 1.675 20
Pyrene 1.618 23
Anthracene 1.490 0.55
9,10-Diphenylanthracene 1.394 0.083
2-Butyl bromide Chrysene® 1.782 207000
Isoquinoline? 1.731 119000
Pyrene? 1.618 11500
Anthracene? 1.490 2400
9,10-Diphenylanthracene” 1.394 540 0.998
Benzophenone® 1.307 92
Perylene® 1.213 16
p-Dicyanobenzene 1.085 2.2
p-Diacetylbenzene 1.007 0.34
Azobenzene 0.879 0.063
Neopentyl bromide Chrysene? 1.782 3440
Pyrene® 1.618 120
Anthracene® 1.490 14
9,10-Diphenylanthracene 1.394 25 0.993
Benzophenone 1.307 0.22
Fluoranthene 1.288 0.38
Perylene 1.213 012
p-Dicyanobenzene 1.085 0.01
Benzyl chloride Pyrene 1.618 255000
Anthracene 1.490 50000
9,10-Diphenylanthracene 1.394 15400
Benzophenone 1.307 2400
Perylene 1.213 600
Tetracene 1.105 140
p-Diacetylbenzene 1.007 25 0.993
Azobenzene 0.879 23
p-Nitroanisole 0.784 043
Phenazine 0.690 0.052
1-Nitronaphthalene 0.600 0.039
o-Nitroacetophenone 0.500 0.015
p-Nitroacetophenone 0.400 0.0039
(Continued)
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Table 1. Continued.
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RX Donor —EQ/V? ke/M~1s™? R?
Benzyl bromide p-Diacetylbenzene 1.007 9500
Azobenzene 0.879 2000
p-Nitroanisole 0.784 300
2-Nitrobiphenyl 0.747 130
Phenazine 0.690 62 0.994
1-Nitronaphthalene 0.600 14
o-Nitroacetophenone 0.500 7.3
p-Nitroacetophenone 0.400 1.5
Benzanthraquinone 0.272 0.18
Naphthoquinone 0.175 0.034
(1-Bromo-2,2- 9,10-Diphenylanthracene 1.394 79000
dimethylpropyl)benzene Benzophenone 1.307 7200
Quinoxaline 1.189 1800
Tetracene 1.105 590
p-Diacetylbenzene 1.007 130 0.992
Azobenzene 0.879 5.5
p-Nitroanisole 0.784 0.65
Phenazine 0.690 0.26
p-Methoxycarbonylazobenzene 0.615 0.095
Anthraquinone 0.400 0.003
1-lodoadamantane Anthracene 1.490 76000
9,10-Diphenylanthracene 1.394 26000
Fluoranthene 1.288 6250
Perylene 1.213 2450
Quinoxaline 1.189 2600
Acenaphthylene 1.190 360 0.964
p-Dicyanobenzene 1.085 160
1-Cyanoisoquinoline 1.035 23
p-Diacetylbenzene 1.007 8
Azobenzene 0.879 0.10
p-Nitroanisole 0.784 0.02
Phenazine 0.690 0.003

2Vs. Ag/Agl, 0.1 M | . ® Taken from Ref. 4(a).

-if2n/itv)
0.30

0.20

0.10

0.00
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Fig. 2. The solid curve shows the dependence of the current ratio —/(2r1)/i(t) on log (k.,,CaxT). The crosses are the
experimental points for the reaction between O, ™" and 2-butyl bromide in 0.1 M TBABF,/DMF at 25°C.
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2,3-dibromobutane by gas chromatography (GC). This
procedure seems to give correct results, since an experi-
ment with 2-octyl bromide gave a yield of elimination
products near 40 %, which could be determined directly
by GC. The results are also in reasonable accordance with
other results obtained in DMSO with KO, and 2-butyl
bromide (31% elimination).'* Besides butene, the main
product was, as expected, di-2-butyl peroxide accom-
panied by a minor amount of 2-butanol, which probably
originates from the degradation of the dialkyl peroxide by
O,7". The influence of the latter reaction in the deter-
mination of the rate constant k., was ignored, since the
kinetic measurements were taken in the presence of a high
excess of RX. From the preparative results, e.g., 42%
elimination for 2-butyl bromide, &, was calculated as
58 % of the rate constant for the reaction between O, "
and 2-butyl bromide. The uncertainty of kg, is thus
slightly higher for the secondary halides than for the
primary ones. In preparative experiments with superoxide
and butyl bromide the yield of dibutyl peroxide was 70 %
in agreement with other results.'® No elimination product
could be detected and only small amounts of butanol were
found.

In Table 2 are given all the measured kg, values
corrected for the influence of the elimination reactions in
the cases of the two secondary alkyl halides. The reaction
with 1-iodoadamantane was too slow for the rate con-
stant to be determined and the upper limit was governed
by the stability of O, " (#,,, & 6 h). The uncertainty in the
determination of k., is, in most cases, 10 %, but for the
fast reaction with benzyl bromide it might be higher. Also,
included in Table 2 are the extrapolated k1 values.

The calculated k,,/kgr ratios shown in column 4 of
Table 2 are in the range <0.6-1.7 x 10°. Possibly these
values should be multiplied by a factor of ca. 500 in order
to take into account the differences in self-exchange
reorganization energies between O, /O, and the

Table 2. Ratio of the rate constants, k_,, for the reaction
between O, ~* and some alkyl halides and the rate constant,
kg1, for electron transfer between an anion radical with the
same £ as O, and the alky! halide in 0.1 M TBABF,/DMF at
25°C.

RX koo/M 71877 Kker/M™" 871 K o/Ker
Butyl chloride 6.6° 3.8x10°° 1.7x10°
Ethyl bromide 1350° 6.8x10°© 2.0x108
Butyl bromide 950° 1.0x10-8 9.5x 107
2-Butyl chloride 1.0%° 16x10°8 6.3x107
2-Butyl bromide 1745 ¢ 42x10°% 4.1x10°
Neopentyl bromide 0.045° 7.6x10°8 59x10°%
Benzyl chloride 440° 40x10-3 1.1x105
Benzyl bromide 140007 23 6.1x10°
(1-Bromo-2,2- 0.11* 51x10~% 22

dimethylpropyl)

benzene
1-lodoadamantane <105 1.8x10°% <06

2 Measured by the potentiostatic method. ? Measured by
DPSC. ¢ Corrected for the elimination reaction.

602

ET-donors. If so, the corresponding stabilization energies
of the transition state AAG™ range from below
4 kcalmol~! to 17 kcal mol ~*. These values are some-
what higher than the corresponding ones with the enolate
ion of 4-methoxycarbonyl-1-methyl-1,4-dihydropyridine
(0-6kcal mol '), indicating the much stronger
nucleophilicity of O, ", but still smaller than the AAG*
value for the Finkelstein reaction. Superoxide can thus be
involved in substitution reactions covering the range from
S 2-like reactions to reactions with a high ET character.
Previously we have been able to show that reactions with
kou/k et ratios higher than 10 will proceed by pure inver-
sion.* & Even though some of the substitution reactions
investigated in this report display low stabilization of the
transition state, the stereochemistry is still expected to be
like that of the classical Sy 2-reaction, which is supported
by results in literature.'™?

The k,,,/ker ratios of the alkyl halides depend upon
their steric hindrance and acceptor ability. The ratios
decrease with increased steric hindrance in the order ethyl
bromide, butyl bromide, 2-butyl bromide, neopentyl
bromide and l-iodoadamantane; in the last mentioned
halide S 2 reaction is totally excluded. For a given alkyl
group k,/ker decreases when the acceptor ability is
increased on going from chloride to bromide; the effect
is somewhat greater than observed for the enolate ion of
4-methoxycarbonyl-1-methyl-1,4-dihydropyridine as the
nucleophile.¥ The acceptor effect is especially pronounced
when comparing alkyl halides and benzyl halides. The
larger differences in k,,,/kgr ratios between, e.g., ethyl
bromide and benzyl bromide or neopentyl bromide and
(1-bromo-2,2-dimethylpropyl )benzene may be attributed
mainly to the much higher electron affinity of the benzylic
compounds, since the steric hindrance within each of
these two pairs is rather similar.

In summary it can be concluded that the alkyl halides
react with superoxide leading to elimination and substitu-
tion. The k ket values show that the transition states
range from Sy 2-like to ET-like indicating a continuous
shift from the latter to the former. The shift is strongly
promoted by steric hindrance and acceptor abilities.

Experimental

Materials. The electron donors were the same as used pre-
viously. Butyl chloride, 2-butyl chloride, benzyl chloride,
ethyl bromide, butyl bromide, 2-butyl bromide, neopentyl
bromide and benzyl bromide were obtained commercially
and distilled before use. (1-Bromo-2,2-dimethylpropyl)-
benzene,'® 1-iodoadamantane,’® dibutyl peroxide and
di-2-butyl peroxide'’ were prepared according to the
references given. The crude product of (1-bromo-2,2-
dimethylpropyl)benzene was purified by flash chromato-
graphy through a silica gel column with petrol ether as the
eluent. 1,2-Dibromobutane, 2,3-dibromobutane, 1-octene
and 2-octene were obtained commercially. The supporting
electrolyte, Bu,NBF,, and the solvent N,N-dimethyl-
formamide (DMF) were purified by standard procedures.



The yields were determined by GC using naphthalene or
1-bromoadamantane as internal standards.

Instrumentation. Instrumentation and data-treatment
procedures have been described in detail elsewhere.!® The
RDE system (Metrohm 628-10, gold electrodes with
& =3 mm) was obtained commercially. The working
electrode in the CV and DPSC measurements was a gold
electrode (J=1mm or 0.5mm) and the reference
electrode a silver wire in 0.1 M TBABF,/DMF. GC was
performed with a Hewlett-Packard 5890 gas chromato-
graph with a DB-23 column: injector temperature 115 °C;
50°C for 5 min to 150°C at 8°C min ..

Procedure. The rate constants kg were measured by
cyclic voltammetry (CV)*? for the faster reactions or by a
potentiostatic method'* using a rotating disk electrode
when kg <10 M~'s~ ! The procedure for measuring
small k,, values was almost the same as for the anion
radicals. Superoxide was produced electrochemically at a
platinum net in an oxygen-saturated solution. Before
the alkyl halide was added in high excess (>20) and the
decay of the anodic current of O, was followed, the
excess of oxygen was removed with argon. Argon was
kept over the surface throughout the whole decay.

For faster reactions k., was determined by DPSC
rather than CV to eliminate the problems due to the
quasi-reversible nature of the reduction step of dioxygen
to superoxide. In the treatment described here, the
following assumptions have been made: Firstly the rate-
determining step in the reaction scheme [(1)-(3)] is the
substitution reaction between O, " and RX [reaction
(1)]; reaction (2) is much faster and the steady-state
approximation can be applied to ROO". Secondly it is
assumed that reaction (1) occurs under pseudo-first-order
conditions thus making reaction (3) unimportant. Thirdly
the diffusion coefficient D of O, is three times as high as
that of O, ", which is the known ratio in DMSQ.!

Calling a and b the concentrations of O, and O,
normalized towards the bulk concentration of O, we
can describe the reaction scheme mathematically by the
following differential equations and boundary conditions.

oa 0%a

56= 5)72- +Ab

ob b
L1388
09 13 ay?

0<0<l:a,_o=0

1<0<2:5,_,=0

da 6b>
= =—1/3(=
(a}J)y=0 / (6}) y=0

0 =1/t and y=x/(1D)"* are dimensionless time and
space variables, respectively (f=time, T =steptime and
x = distance from the electrode surface). The parameter
A=k, Cax7 is the dimensionless expression for the rate
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constant k,,, where Cyy is the bulk concentration of RX.
The DPSC experiments were simulated with the assump-
tion that the reduction of O, is diffusion-controlled
during the first step (a,_,=0) and that the oxidation of
O, is diffusion-controlled during the second potential
step (b,_o=0). This is the case when the potential is
stepped 300 mV more negative and 300 mV more positive
than Eg,, respectively. The knowledge of the exact ratio
of the diffusion coefficients between O, and O, " is not
important. Simulations show that even an assumption
with equal diffusion coefficients only change the working
curve slightly.

In the DPSC experiment dried oxygen or a mixture of
nitrogen/oxygen was used to saturate 10ml of 0.1 M
TBABF,/DMF solution giving a maximum oxygen con-
centration of 4.8 mM.'™ The approximate concentration
of O, could be estimated from the peak height in a linear
sweep voltammogram. The excess of alkyl halide was
normally at least 20, except in the case of benzyl bromide,
where an excess of 10 was used in order to lower the reac-
tion rate. The steptimes used were in the range 1-100 ms.

The preparative experiments were performed in an
H-cell with a mercury pool as the cathode. The cathodic
solution with the alkyl halide was saturated with dry
oxygen, which was kept over the surface during the whole
experiment. Superoxide was generated electrochemically
from the reduction of dioxygen and the number of moles
produced was measured by coulometry. The alkyl halide
was always in excess. After reduction the solution was
analyzed by GC and yields of dialkyl peroxide and
alcohol determined using naphthalene as an internal
standard. In the reactions with 2-butyl bromide and
2-butyl chloride, 1-butene and 2-butene gas developed.
In order to capture these gases the continuous flow of
oxygen over the cathodic solution was led into a flask
containing bromine in 1,1,2-trichlorotrifluoroethane at
—25°C. The reaction between Br, and butene is known
to be fast and effective.'® The flow of oxygen was con-
tinued for additional 2 h after the reduction. The yield

of produced dibromobutane was found by GC using

1-bromoadamantane as an internal standard. A single
experiment with butyl bromide was performed with a
platinum plate as the cathode, but this did not have any
influence on the product distribution.
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