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persulfonic acid is due to the accumulation of the
corresponding sulfonic acid, whose yield (calculated per
decomposed peracid) is ~85% (343 K, [RSO,00H}, =
2.1+1072 mol L™!). When hydrocarbons are added to
the reaction mixture, the yield of sulfonic acid rcaches
the quantitative value.! The Kinetic regularities of the
reaction can be explained in terms of the following
formal scheme:

RS0O,00H — RSO,0H + 1/2 Oy, (1)

According to this scheme, the consumption of the
persulfonic acid can be described by the equation

d[RSO,00H}/dt =
= —k){RSO,00H] — k,[RSO,00H] - [RSO,0H],

where &, and k, are the rate constants of the corre-
sponding stages.

Under the experimental conditions, when [HX], >
[RSO,00H],, the accumulation of sulfonic acid at the
initial stages of the reaction can be neglected. After
integration, we obtain the expression

10({RSO,00H]¢/[RSO,00H)) = (k; + kx{HX])t

([HX] is the concentration of sulfonic or other acid).

Taking into account that k; + kK [HX] is, in fact, the
experimental rate constant of consumption of persulfonic
acid, ie.,

k:xp =k + kz[HX],

we can expect a linear dependence of k., on the
content of acids in the system, which is observed experi-
mentally (see Table 1). According to this equation, we
found from the dependences of Kexp 00 | HX]: £,(70 °C)
= (4.330.5)-1073 L(mols)™!, r = 0.998 for cyclo-
hexanesulfonic acid and 4,(70 °C) = (1.81+0.6) 1072
L (mols)™!, r = 0.999 for trifluoroacetic acid. It is found
from the intercepts on the Y axis: £((70 °C) =
(2.7£0.5)- 1075 57! and (2.9%1.1)- 1075 s at HX =
C4H,,SO,0H and CF,COOH, respectively. These &,
values agree well with the k_,  values determined from
the initial regions of the kinetic curve of consumption of
RSO,00H (see Table 1) in the absence of acids in the
starting mixture when reaction (2) can be neglected.
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The electrochemical behavior of citral at Hg, Au, Pt, Cu, and glassy carbon electrodes
was studied by cyclic voltammetry in DMF solutions containing acetic acid. Electrocatalytic
hydrogenation of citral is the predominant reaction route at Pt and Cu electrodes.
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Despite the substantial interest in the preparative
electrochemical reduction of citral (Cit) both in aqueous

* For Part 5, see Ref. 1.

alcohols? and aqueous DMF 34 the mechanism of its
electroreduction, unlike those of other a,p-unsaturated
carboxyl compounds,’ has not been studied. The pur-
pose of this work is to study this aspect and to verify the
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previous hypothesis4 concerning the mechanism of
the electrocatalytic hydrogenation of Cit in the presence
of AcOH.

Under conditions of cyclic voltammetry, citral in
DMF undergoes diffusion-controlled ([p -u~12 = const,
where Ip is the peak height, and v is the linear potential
sweep rate) irreversible one-clectron reduction. The re-
duction peak of Cit in the v = 0.01—0.5 V s7! range
remains irreversible even when the temperature de-
creases to —55 °C. The conclusion that the reduction is
a one-electron process is based on a comparison of the
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Fig. 1. Voitammetric curves of hyvdrogen evolution (broken
lines) at GC (a), Hg (b), Cu (c). and Pt clectrodes (d)
in DMF/0.05 M Bu/NPF, in the presence of AcOH
(81073 mol L7Y). Cyclic voltammogram of Cit (1-1073
mol L7} at a Cu electrodes (dashed line) in anhydrous
DMF/0.05 M Bu,/NPF,. Continuous lines correspond to the
background curves: current is expressed in relative units; v =
0.2 Vsl 20£2°C.

height of this peak with that of the peak of reversible
one-electron reduction of acetophenone,$ all other fac-
tors being the same. In the absence of proton donors
(AcOH, H,0}, the potential of the reduction peak of Cit
(E,) varies from —2.03 to ~2.05 V (vs s.c.e.) and virtu-
ally does not depend on the electrode material (Hg,
glassy carbon (GC), Au, Cu, Pt). This apparently indi-
cates that an electron is reversibly transferred to the Cit
molecule and the resulting Cit” ™ radical anion under-
goes a fast chemical transformation (EC scheme, where
E and C are the electrochemical and chemical steps,
respectively); this is consistent with the data on the
electrochemical behavior of 2-cyclohexenones.S More
detailed investigation of the possible transformations of
Cit"~ in an aprotic medium was beyond the scope of our
study; however, by analogy with the published data,s it
can be assumed that the main pathway in which the
radical anion decays is hydrodimerization as the subse-
quent ireversible chemical step.

Previously it has been found34 that the selectivity of
the electroreduction of Cit depends substantially on the
nature of the electrode material, its heat pretreatment,
and the composition of the medium. The most efficient
electroreduction of Cit to give citronellol and unsatur-
ated alcohols (nerol and geraniol) is attained at an
annealed Cu electrode in aqueous DMF containing
AcOH 34 However, clectrolysis of solutions of Cit in
DMF and aqueous DMF at potentials corresponding to
the limiting current of the wave of its reduction affords a
complex mixture of dimers and oligomers.4 It has been
suggested®4 that reduction of Cit at a Cu cathode in the
presence of proton donors (AcOH, H,0) follows a
mechanism of catalytic hydrogenation involving electro-
chemically generated hydrogen. Therefore, it was of
interest to compare voltammetric curves (VC) for hy-
drogen evolution at various electrodes (Fig. 1).

For comparison, this figure also shows the VC of the
supporting electrolyte (DMF/0.05 M Bu,NPFE,) at vari-
ous electrodes and also the peak of Cit reduction (the
vertical dashed line marks the reduction potential).
It can be seen that even upon the addition of §- 1073
mol L1 of AcOH, the potentials of hydrogen evolution
depend significantly on the nature of the electrode
material and shift to the anodic region in the series Hg <
GC < Au (not shown in Fig. 1) < Cu* < Pt. When the
solution contains >10% (v/v) water, the potentials of
hydrogen evolution at all of the electrodes studied shift
to the anodic region to even a greater extent {to 0.3—
0.5 V). Therefore, the results obtained cannot be com-
pletely compared with the results of previous studies; >4
however, qualitative conclusions can be drawn. [n the
case of Hg and GC electrodes, the reduction peak of Cit
can be observed even at a tenfold excess of AcOH (with
respect to Cit), whereas at other electrodes studied, this

* The microelectrode can be regarded as annealed because the
sealing of copper in glass was carried out at temperatures of
>500 °C.
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peak is masked by the current of hydrogen evolution,
which occurs at less cathodic potentials.

The above-presented results support the assumption
that at sp electrodes characterized by high hydrogen
overvoltage (Hg, GC), reduction of citral even in the
presence of slight amounts of proton donors occurs
apparently (at least, as a competing process) vig the
intermediate formation of unstable Cit*~ radical anion
and, as a consequence, the formation of hydrodimers
and resinification products. However, hydrogen evolu-
tion at Cu and especially Pt electrodes in the presence of
proton donors in the electrolyte solution mainly follows
an electrocatalytic pathway. It can be assumed that this
process predominates at a Pt electrode, whereas at a Cu
cathode, catalytic hydrogenation of Cit is the main
reaction pathway.

Thus, in our opinion, the data of electroanalytic
studies confirm the previously made3 suggestion that the
electroreduction of citral at cathodes with medium hy-
drogen overvoltage (e.g., Cu) occurs as an electrocatalytic
process, apparently, according to the 1,2-and 1,4-addi-
tion mechanism.

Experimental

Voltammetric measurements were carried out in a dry inent
atmosphere and in DMF, which was purified preliminarily by
a standard procedure® and transferred without contacting with
air into an evacuated electrochemical cell filled with argon, as
described previousty.” A 0.05 M solution of Bu,NPF, was used
as the supporting electrolyte. Tetrabutyammonium hexa-
fluorophosphate (Aldrich) was dehydrated prior to use by
melting in vacuo. Low-temperature electrochemical measure-
ments were carried out in a cell maintained at a constant
temperature by isopropyl alcohol cooled with liquid nitrogen
in a Dewar flask.

All potentials are referred to an aqueous saturated calomel
electrode (s.c.e.) and were found by dividing the potential of
the reference electrode (Ag/AgCl/4 M aqueous solution of
LiCl) separated from the studied solution in the cell by a
bridge filled with a solution of the supporting electrolyte by the
potentials of the ferrocene®* (E? = 0.45 V), decamethyl-
ferrocened* (£ = —0.03 V), or bis(diphenyl)chromium?/*
(E® = —0.68 V vs s.c.e.) redox transitions.

A hanging mercury drop electrode (diameter ~1.2 mm) and
disc platinum (diameter | mm), gold (0.06 mm), copper
(1.1 mm), and glassy carbon (3 mm, Tokaii, Japan) electrodes
sealed in glass and polished off with diamond paste (grain size
<! um) were used as working electrodes. Voltammetric mea-
surements were carmried out using a PAR 175 signal generator
and a PAR 173 potentiostat with compensation of ohmic
losses. Voltammograms were recorded using a two-coordinate
RE0074 automatic recorder.
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