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Interactions of RuCl3·3H2O with radical cations of aromatic ethers, 1,4-di-tert-butyl-
2,5-dimethoxybenzene, 3,5-di-tert-butyl-1,2-dimethoxybenzene and 2-tert-butyl-1,4-di-
methoxybenzene, and with aromatic amines, 2,4,6-tri-tert-butylaniline and N,N,N′,N′-tetra-
methyl-1,4-phenylenediamine, were observed by voltammetry. ESR and UV spectroscopies
were used for the study of the the first two ethers. The effect of RuCl3·3H2O was also exam-
ined by controlled potential electrolysis.
Key words: Electrooxidation; Electrocatalysis; Oxidations; Radical cations; Ruthenium chlo-
ride; Benzoquinones; Ethers; Anilines.

The first step in electrooxidation of many organic aromatic compounds is
the formation of radical cations by single electron transfer1 (ET). Since
many competing pathways are available for further reactions of radical cat-
ions2,3, seeking possibilities of controlling selectivity with catalysts is an im-
portant objective. With very reactive radical cations and fast, consecutive
reactions, the first step may become indistinguishable from further irrevers-
ible ET or chemical steps4. Aromatic compounds that can be oxidized to rel-
atively stable radical cations, provide a useful niche for mechanistic and
synthetic information on catalysis by the study of distinct oxidation steps.

Ruthenium chloride trihydrate, RuCl3·3H2O, has been described in previ-
ous publications as a possible catalyst for electrooxidation of water5. It was
also used for electrooxygenation of aromatic hydrocarbons such as naph-
thalene and 2-methylnaphthalene to 1,4-naphthoquinone and to
2-methyl-1,4-naphthoquinone6. Water is the obvious source of oxygen and
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RuCl3·3H2O enhances the selectivity and rate of quinone formation. Linear
sweep voltammetry shows two irreversible oxidation steps for naphthalene
and 2-methylnaphthalene6. In the presence of RuCl3·3H2O, the second oxi-
dation step is shifted towards a lower oxidation potential by 120 ± 20 mV,
with a small increase in the peak current whereas the first oxidation poten-
tial remains conspicuously unaffected6. It was proposed that this pattern in
voltammetry reflects formation of an intermediate complex of the aromatic
radical cation with RuCl3·3H2O and that such complex provides a clue to
the linkage between organic oxidation and oxygenation with water7. How-
ever, in the absence of further examples, other explanations such as possi-
ble effects on overpotential of the water units coordinated in RuCl3·3H2O,
could not be ruled out. Both oxidation steps of naphthalene and 2-methyl-
naphthalene are irreversible and their radical cations react fast with water.
When water concentration in acetonitrile increases, say to 0.1 mol l–1, the
two oxidation waves tend to converge. All this limits the value of compar-
ing microscale current–potential data obtained in dry acetonitrile with
macroscale electrolysis in wet acetonitrile. The present study has been ex-
tended to include compounds that yield stable radical cations displaying a
reversible redox behaviour indicated by voltammetry and a separate second
oxidation step. The compounds studied were: 1,4-di-tert-butyl-2,5-dimethoxy-
benzene (1), 3,5-di-tert-butyl-1,2-dimethoxybenzene (2), 2-tert-butyl-1,4-di-
methoxybenzene (3), 2,4,6-tri-tert-butylaniline (4), N,N,N′,N′-tetramethyl-1,4-
phenylenediamine (5). The role of RuCl3·3H2O was tested by voltammetry
with compounds 1–5, by simultaneous electrochemical ESR (SEESR) and
UV-VIS spectroscopy with 1 and 2. The relevance of these observations to
preparative electrolysis has been examined.

EXPERIMENTAL

Materials

Acetonitrile (Mallinckrodt analytical, maximum 0.03% H2O, 16.7 · 10–3 mol l–1) was used as
supplied. Tetrabutylammonium perchlorate (TBAP), tetrabutylammonium hexafluoroborate
(TBAH, Fluka), silver perfluoroborate (Fluka), sodium hydride, methyl iodide, ruthenium
chloride trihydrate (Aldrich, Johnson Matthey), 2,4,6-tri-tert-butylaniline (4), N,N,N′,N′-tetra-
methyl-1,4-phenylenediamine (5), 3,5-di-tert-butylpyrocatechol, 3,5-di-tert-butyl-1,2-benzo-
quinone (7) and 2-tert-butylhydroquinone (10), were used as received from Aldrich, BDH, or
Fluka. The preparation of 1 and 6 has been described8.

3,5-Di-tert-butyl-1,2-dimethoxybenzene (2) was prepared by methylation of 3,5-di-tert-butyl-
pyrocatechol with sodium hydride followed by methyl iodide according to Matsuura et. al.9.
The crude yellow oil obtained was purified by chromatography over silica gel with 40%
chloroform in petroleum ether and crystallized from dichloromethane. The final product is
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colourless with m.p. 53 °C (yield ≈50%). GC-MS, m/z (%): 250 (40), 236 (18), 235 (100), 164
(11), 57 (14). 1H NMR, δ (ppm): 1.31 (9 s); 1.39 (9 s); 3.87 (6 s); 6.83 (1 d, J = 2.4 Hz); 6.91
(1 d, J = 2.4 Hz).

2-tert-Butyl-1,4-dimethoxybenzene (3) was prepared by the reaction of 2-tert-butyl-
hydroquinone with dimethyl sulfate in accord with Kharasch et. al.10. Alternatively,
2-tert-butylhydroquinone (2 g) in dry dimethyl sulfoxide (25 ml) was added over 5 min to
NaH (1 g) in dry dimethyl sulfoxide (50 ml) and stirred for 30 min to yield a brown slurry.
Methyl iodide (2 g) in dimethyl sulfoxide (50 ml) was slowly added. Products, a brown solu-
tion and a white precipitate, were cooled, hydrolyzed and extracted with ether. The ether
extract was washed and dried over MgSO4. Evaporation and chromatography as above or
evaporation and distillation yields 3 as an oil, b.p. 240 °C/50 mm, yield ≈60%. GC-MS, m/z (%):
195 (4), 194 (60), 180 (15), 179 (100), 164 (45), 151 (35), 149 (15), 121 (15), 91 (16), 77
(14). 1H NMR, δ (ppm): 1.43 (9 s); 3.84 (3 s); 3.83 (3 s); 6.75 (1, 2 × d), 6.85 (1, d); 6.97 (1 d,
J(ab) = 0.03, J(ac) = 0.01). (Ha, Hb, and Hc protons at positions 6, 5 and 3, respectively).

N-(3-tert-butyl-4,5-dimethoxyphenyl)acetamide (8) was found among products of electrolysis
of 2 at 2.2 V. It was separated by chromatography on silica gel 60 with CHCl3–petroleum
ether and was identified by GC-MS only. GC-MS, m/z (%): 251 (5), 226 (14), 225 (100), 224
(10), 223 (58), 210 (6), 133 (3).

2-tert-Butyl-1,4-benzoquinone (9) was prepared by reaction of 2-tert-butylhydroquinone (3 g),
in ice cool concentrated H2SO4 (10 ml) with an aqueous solution of K2Cr2O7 (8 g), that was
added dropwise. The mixture was allowed to react for 15 min and terminated with 5 ml of
methanol; then water was added and the product extracted with ether (yield 80%). GC-MS,
m/z (%): 166 (15), 164 (60), 151 (39), 149 (100), 121 (63), 93 (35), 77 (42). 1H NMR, δ (ppm):
1.28 (9 s); 6.59 (1 s); 6.66 (2 s).

Voltammetry was performed under Ar using EG&G Princeton Applied Research Versastat in
a three-electrode cell with Pt tip (2 mm2) as a working electrode, Pt plate (1 cm2) as a coun-
ter electrode and Ag|AgCl|3 M KCl as a reference (0.1 mm Ag foil, Sigma). Pt electrodes were
cleaned with concentrated HNO3, washed successively with triple-distilled water, H2SO4 and
finally with water again. Background currents were checked after each washing. Concentra-
tion of tetrabutylammonium perchlorate (TBAP) was 0.1 mol l–1 in acetonitrile and that of
ruthenium salt was 3 mmol l–1. Tests were conducted in 50 ml of CH3CN solutions (<16.7
mM H2O), using scan rates from 50 to 1 000 mV s–1. The influence of water was examined
for compounds 2 and 3 at 10–3 M concentrations in 20 ml of CH3CN solutions (<16.7 mM

H2O). One series was without ruthenium salt, another series with 10–4 M RuCl3·3H2O.

Control Tests

The reproducibility was checked by repeated voltammetric measurements with materials,
electrolytes and solvents from various sources. Electrodes were checked for possible effects of
invisible coating by voltammetric test of pairs of anodes A and B. Anodes in group A were
freshly cleaned between voltammetric measurements whereas those in group B were used
continuously without any treatment. Electrolysis was then performed with the two sets of
electrodes, in the presence or absence of RuCl3, at 1.0, 1.5, 1.8 and 2.0 V, for the duration
of 5 min each, a time long enough to cover any voltammetric test. Subsequently, CV scans
were performed at 50 mV s–1 from 0.0 to 2.8 V. From 0.0 to 2.45 V, no changes or differ-
ences were detected between electrodes of groups A and B. No surface effects have been de-
tected in tests where compounds 1 and 2 were present. The build-up of an anodic wave was
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observed at 2.49 V with all electrodes. (The potential range relevant in this work is <2.2 V).
With 3, visible coating appeared on the surface and two broad irreversible reduction waves
at 0.8 and 0.3 V were recorded.

Controlled potential electrolysis (CPE) was run on an EG&G Princeton Applied Research
Potentiostat model 362, under Ar, at 26 ± 1 °C, in a three-electrode cell with Pt plates (300
mm2) as a working and counter electrodes. The volume of solution was 50 ml. The reference
electrode was a silver foil dipped in 0.1 M AgBF4 in CH3CN, in a glass tube with a
sintered-glass tip. The reference electrode was freshly prepared and calibrated against
Ag|AgCl. Its potential was +400 mV relative to Ag|AgCl and +600 mV relative to standard
hydrogen electrode (SHE). Products were isolated by addition of 50 ml water and extraction
with CHCl3. After drying, chromatography was carried out on Dowex 50W X2-200 with 50%
CH3CN–H2O as an eluent which removes electrolyte residues. The extract was analyzed by
GC-MS and TLC. Chromatography with CHCl3 over alumina was used to isolate material for
NMR analysis. The Dowex 50W X2-200 column was prepared by washing in triple-distilled
water (TDW). The resin was regenerated by washing with 10% HClO4.

Controlled Potential Electrolysis of 2

From stock solutions of 2, 50 ml samples were prepared in pairs, one of them containing 0.1 mM

RuCl3·3H2O. Samples were electrolyzed at the same temperature. Samples were prepared in
CH3CN containing <16.7 mM or 11.1 M H2O with 0.1 M TBAP and concentration of 2 1.0
mmol l–1. Electrolysis was performed at three constant potentials 1.1, 1.5 and 1.9 V vs 0.1 M

Ag|0.1 M AgBF4, i.e. at 1.4, 1.8, 2.2 V vs Ag|AgCl (cf. CV tests in Fig. 9). Electrolysis in pres-
ence of RuCl3·3H2O was run for 2 h an average current density of ≈4 µA mm–2 (12 · 10–9

F s–1). Aliquots of 50 µl were analyzed in 10 min intervals by HPLC equipped with a UV de-
tector (245 nm) and a reverse-phase C18 column with acetonitrile–water or methanol–water
as solvents. HPLC injections were of pre-set to 20 µl. Initial reaction rates (for the first ten
coulombs) of 2 and of formation of 7 are given in Fig. 9.

Controlled Potential Electrolysis of 3

Electrolysis was performed at 1.75 V (Ag|AgCl) (Fig. 3b) in 50 ml of CH3CN solutions (16.7 mM

H2O) containing 30 mM 3, 0.1 M TBAP and in CH3CN–H2O (11.1 mol l–1) solutions with and
without 5 mM RuCl3·3H2O until a charge of 600–800 °C passed. In CH3CN with water con-
centration less than 16.7 mol l–1, some 2-tert-butyl-1,4-benzoquinone (9) and 2-tert-butyl-
hydroquinone (10) formed but reaction was very slow. When RuCl3 was present, only two
isomeric chlorination products, two isomers of 2-tert-butyl-1,4-dimethoxychlorobenzene, 11
and 12 were formed11. In a CH3CN–H2O mixture (11.1 M H2O), formation of 9 and 10 was
predominant, and the rate of formation of 9 is doubled when RuCl3 is present. In some
cases, black coating was formed on the electrodes under prolonged CPE.

Simultaneous Electrochemical ESR (SEESR)

In the SEESR method electrochemical analysis is performed in a cell mounted inside the cav-
ity of an ESR spectrometer. The SEESR method and instrument used here has been already
described in ref.12. Conditions of specific SEESR tests are described in the captions to Figs
5–7.
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UV-VIS Measurement of Radical Cation 1+•

A 50 ml solution of 1.0 M 1 in CH3CN with 0.1 M TBAP was electrolyzed for 10 min at 2.9 mA
(a charge of 1.8 C). The maximum concentration of [1]+• is therefore 1.8 · 10–5 mol l–1. A
green colour of the radical cation appears in solution. An aliquot of 2 ml was transferred to
quartz cuvettes containing 0.1 ml CH3CN or 0.1 ml CH3CN with 0.25 mM RuCl3·3H2O and
examined using a Kontron UV 930 spectrophotometer. The sample transfer required less
than 2 min. The absorbance was recorded at 463 nm for [1]+• to obtain the decay curve.

RESULTS AND DISCUSSION

Compounds 1–5 were studied by voltammetry in commercial dry aceto-
nitrile (0.3 % H2O). In all figures, potential sweep started from zero to posi-
tive potential (oxidation) and back. All compounds show a sequence of two
oxidation steps. The first is a single-electron transfer (ET) forming a radical
cation, reversible at scan rates of 30–1 000 mV s–1. The second step repre-
sents further irreversible oxidation for compounds 1–4 as shown in Figs 1a
(ref.8), 2a and 3. An exception was found for compound 5 where the second
step is reversible as well13 (Fig. 4). The relation of the first reversible step to
the formation of radical cations is indicated for 1 and 2 by appearance of
an ESR signal (Figs 5 and 6) while the second transition is ESR-silent. A sim-
ilar status has been established elsewhere for compounds 4 (ref.14) and 5
(ref.13).

Compounds 1–4 show a shift of the second transition in presence of
RuCl3·3H2O. The first CV is not affected by RuCl3·3H2O as it is shown in
Figs 1–3. Similar behaviour was found for naphthalene and 2-methyl-
naphthalene having irreversible CV. Except for 4 and 5, the potential shift
is between 100 and 140 mV towards less positive potentials. In the case of
compound 4, the shift is to more positive potentials whereas with 5, the
second peak potential is not shifted at all. Its peak current decreases while
both transitions remain reversible (Fig. 4). Clearly, in all the cases, the ef-
fect can be attributed to the second oxidation stage rather than to the start-
ing material. For 1 and 2, it is clearly shown by CV, SEESR and by UV
spectrum of 1 that a radical cation forms in the first oxidation step (Figs 5
and 6). When potential steps were applied in the SEESR experiment of val-
ues of the first oxidation step (1.2 V for 1 and 1.4 V for 2), half-life times
were measured from the intensity of the ESR signal. Values of τ1/2 in dry
acetonitrile are 1 800 s for 1 and 300 s for 2. Both values are reduced in the
presence of RuCl3·3H2O by a factor of 3–4. The decay of 2 shown in Fig. 7 is
3.7 times faster in the presence of ruthenium chloride. In cases of 1 and 2,
the presence of RuCl3·3H2O does not alter the shape of the ESR signal of
cation radicals and there is no new signal detected between 0.0–2.2 V. This
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implies charge transfer between [ArH]+• and RuCl3·3H2O. This differs from
the reported behaviour of [4]+• where an added base produces the
deprotonated radical with consequent display of a different ESR signal14 but
this is expected since 4 has available protons.

In CV and SEESR experiments RuCl3·3H2O is added at the beginning and
therefore it is already partly oxidized at potentials above 1.4 V as concluded
from the voltammetry of RuCl3·3H2O. In order to test the effect of
non-oxidized RuCl3·3H2O, the ruthenium salt was added to prepared solu-
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FIG. 1
CV of 1.0 mM 1,4-di-tert-butyl-2,5-dimethoxybenzene (1) in CH3CN with 0.1 M TBAP; v = 50
(1), 200 (2), 500 (3), 1 000 (4) mV s–1; at 28(±2) °C; Pt electrodes; reference Ag|AgCl|KCl
(sat). a: In absence of RuCl3·3H2O, b: in presence of 1.8 mM RuCl3·3H2O
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tions of radical cation. The particularly stable [1]+• (ref.15) shows absorption
at λmax = 463 nm. It was electrogenerated from solutions of compound 1,
aliquots of the oxidized solution were transferred to quartz cuvettes and the
absorption spectra monitored. If required, RuCl3·3H2O was added only at
that stage. The value of τ1/2 for 1 was 1 243 s. As 1 is not produced in situ,
the estimated τ1/2 from UV-VIS absorption experiments is less accurate than
the value of 1 800 s obtained from ESR. In a representative UV-VIS test, the
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FIG. 2
CV of 10–3 M 3,5-di-tert-butyl-1,2-dimethoxybenzene (2) in CH3CN with 1.0 M TBAP, at
28(±2) °C, Pt electrodes, reference Ag|AgCl|KCl (sat) in solutions. a CH3CN contains 0.03%
H2O (16.7 mM H2O), v = 50 mV s–1. In absence of RuCl3·3H2O (1), in presence of 1.8 mM

RuCl3·3H2O (2). b 20 ml CH3CN with 0.1 M TBAP, v = 100 mV s–1, 22(±2) °C, in absence of
RuCl3·3H2O, at various concentrations of water: 22 (1), 122.7 (2), 176.7 (3) mM H2O
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decay of [1]+• was 3.5 faster in the presence of 12.5 · 10–6 M RuCl3·3H2O
(Fig. 8). The initial concentration of [1]+• does not exceed 1.8 · 10–5 mol l–1.
The value of τ1/2 = 1 243 ± 10 with a first-order rate constant for the decay,
k = 6 · 10–3 s–1, was reduced to τ1/2 = 347 s, k = 19 · 10–3 s–1 in presence of
RuCl3·3H2O.

The effect of water on the redox behaviour was tested for two reasons.
First, to determine the influence of water content in RuCl3·3H2O on
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FIG. 3
CV of 10–3 M 2-tert-butyl-1,4-dimethoxybenzene (3) in CH3CN with 0.1 M TBAP, at 28(±2) °C,
Pt electrodes, reference Ag|AgCl|KCl (sat). a First oxidation, v = 50 (1), 100 (2), 200 (3), 300
(4), 500 (5), 1 000 (6) mV s–1; b full oxidation range at 500 mV s–1: in absence of
RuCl3·3H2O (1), in presence of 1.8 mM RuCl3·3H2O (2)
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voltammetry and, second, to judge the relevance of comparing voltam-
metry with electrolysis. Acetonitrile is the preferred medium for
voltammetry whereas effective electrolysis often requires the presence of
water. The effect of water on voltammetry of 1–3 was investigated for water
concentrations ranging from 0.017 mmol l–1 (in commercial-grade dry
acetonitrile) to 1.1 mol l–1 (Fig. 2b). Concentrations of water up to 0.5
mol l–1 do not affect the first reversible transition. In the range of 0.5–1.0
mol l–1, water causes gradual loss of reversibility of the first oxidation step.
As far as the second oxidation step is concerned, the effect of water differs
from that caused by the ruthenium salt in three ways: The potential shift is
significantly smaller. Approximately 240 mM water is required to cause a
shift of the same magnitude as caused by 1 mM RuCl3·3H2O (i.e. 3 mM wa-
ter in RuCl3·3H2O). The effect of the ruthenium compound is 80 times
larger. The CV curve of the second transition changes shape. The I p

ox of the
second step, not detected above 170 · 10–3 M water, merges with the back-
ground at the window limit. In contrast, RuCl3·3H2O causes a 100 mV shift
without loss of distinction of the second oxidation peak, over scan rates of
50–500 mV s–1 (Figs 1–3). For the concentration of aromatic compound
about 0.1 mol l–1, the potential shift caused by RuCl3·3H2O reaches its max-
imum at concentrations below 3 mmol l–1 whereas the effect of water is
continuous over a wider range. Obviously, the influence of RuCl3·3H2O is
of a different nature than that of water.
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FIG. 4
CV of 10–3 M N,N,N′,N′-tetramethyl-1,4-phenylenediamine (5) in CH3CN with 0.1 M TBAP, v =
200 mV s–1, at 28(±2) °C, Pt electrodes, reference Ag|AgCl|KCl (sat). In absence of
RuCl3·3H2O (1), in presence of 1.8 mM RuCl3·3H2O (2). Voltammogram of the second oxida-
tion step in presence of ruthenium salts is marked by shading
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The effect of water in the presence of 1 mM RuCl3·3H2O is similar up to a
point. The added water (150 mmol l–1) shifts the potential of the second ox-
idation step. The first oxidation curves of 2 and 3 remain reversible or
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FIG. 6
SEESR; first-derivative of in situ ESR spectrum obtained during electrolysis at 20(±1) °C (Pt
electrode) in CH3CN containing 0.1 M TBAP and 3,5-di-tert-butyl-1,2-dimethoxybenzene (2)
of concentrations: (1) 5, (2) 30 mmol l–1. The modulation amplitude is 0.02 mT and modu-
lation frequency 50 kHz; g = 2.0032(±0.0001)

FIG. 5
SEESR; first-derivative ESR spectrum of the radical cation of 5 · 10–3 M 1,4-di-tert-butyl-2,5-
dimethoxybenzene in CH3CN with 0.1 M TBAH, [1]+• generated by electrolysis in situ at a Pt
electrode; g = 2.0031, a(1H) = 0.322 mT (6 H), a(1H) = 0.100 mT (2 H), solid line experimen-
tal, dotted line simulated
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slightly distorted up to 1.4 M water. When the water concentration ex-
ceeded 1.4 mol l–1, both transitions gradually converged; this was observed
for compounds 2 and 3 only. Compound 1, on the other hand, is catalyti-
cally oxidized in presence of both water and ruthenium salt at water con-
centration above 0.2 mol l–1. Here a complicated multistep oxidation takes
place and 1 is oxidized to 6 (ref.8).
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FIG. 7
Time development of the ESR signal at open circuit conditions following the oxidative elec-
trolysis of 2 (30 mmol l–1) with 0.1 M TBAP, at 20 °C. In absence of RuCl3·3H2O (1), in pres-
ence of 5 mM RuCl3·3H2O (2), modulation amplitude 1 mT (a). The relation of ln (Cx/C0)
(where C0 is the ESR signal intensity at t = 0 and Cx is the signal intensity at time t) plotted
vs t (s) (b). Data from Fig. 7a
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The possibility that potential shifts in voltammetric curves can be caused
by adsorption16, here by [ArH] •

ads
+ , has to be considered. In present experi-

ments, adsorption cannot be detected either visually or by voltammetry. In
a series of voltammetric and electrolysis experiments, clean electrodes were
compared with electrodes used repeatedly without cleaning. There were no
evidence of coating or any differences in voltammograms measured both in
acetonitrile or acetonitrile–water solutions. Furthermore, the peak current
at the potential shifted by an influence of RuCl3·3H2O fits with diffusion
control criteria, i.e., it is linear with v1/2 and shows no saturation level even
with small (1 mm2) electrodes. At high scan rates, it shows the same IR po-
tential drop as the unshifted wave. The exception was observed when solu-
tions of compound 3 were electrolyzed. Electrode coating appears during
electrolysis in the presence of RuCl3·3H2O and seems to be associated with
chlorination. With compound 3, chlorination is a very effective reaction at
low concentrations of chloride11. This complication was not observed with
1 and 2.

A similar shift of the second oxidation wave of compounds 2 and 3 was
observed in the presence of Ru(CH3CN)3Cl3 (ref.17). On the other hand, no
shift was found in oxidation of compounds 1–3 in the presence of
tris(acetylacetonato)ruthenium, Ru(acac)3.

The initial oxidation rates in CPE at the shifted potential were considered
rather than optimum yields of specific products. In accord with the CV
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FIG. 8
Time dependence of the absorbance at 463 nm for [1]+• in CH3CN with 1.0 M TBAP, at 20 °C.
In absence of RuCl3·3H2O (1), in presence of 1.8 mM RuCl3·3H2O (2)
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study, CPE of 2 was performed at three predetermined potentials, 1.4, 1.8
and 2.2 V (Ag|AgCl|KCl as a reference, cf. Fig. 2). Experiments in the pres-
ence and absence of RuCl3·3H2O were compared under identical conditions
and products 3,5-di-tert-butyl-1,2-benzoquinone (7) and N-(3-tert-butyl-
4,5-dimethoxyphenyl)acetamide (8) were identified (Scheme 1). Figures 9a
and 9b display reaction rates of 2 and formation of 7 at different potentials
in dry acetonitrile (16.7 mM H2O). In the non-catalyzed process, consump-
tion of 2 increases gradually and the rate of formation of 7 decreases regu-
larly with increasing potential. In the presence of RuCl3·3H2O,
consumption of 2 increases similarly, but the rate of formation of 7 is par-
ticularly accelerated with a maximum value around 1.8 V (Fig. 9). The cur-
rent efficiency for 7 is also exceptionally high at 1.8 V: 20% without
RuCl3·3H2O and 50% in its presence. The production of 7 induced by
RuCl3·3H2O at 1.8 V is outstanding. The rate in this case is only doubled
but the effect depends on the exact value of potential selected for electroly-
sis (cf. Fig. 2a). Voltammetry indicates that a larger effect is possible. Forma-
tion of 7 slows down again at more positive potentials starting from 2.2 V
where compound 8 becomes an important product.

To form quinones, the positions at the methoxy groups are attacked and
the tert-butyl groups remain intact. At more positive potentials the reaction
with acetonitrile becomes significant. This is altogether a different reaction
whereby the methoxy groups remain intact and a tert-butyl group is re-
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FIG. 9
Initial rates of oxidation of compound 2 (a); initial rates of formation of quinone 7 at 1.4,
1.8 and 2.2 V vs Ag|AgCl, at 28(±2) °C, Pt electrodes (b). In absence of RuCl3·3H2O (1), in
presence of RuCl3·3H2O (2)
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placed. Also the aromatic molecule is oxidized beyond the level of radical
cation. The competition between water and acetonitrile was noted in other
cases depending either on the applied potential18 or on the electrolyte19.
No detailed study of this problem is available.

Applicability of conditions found for microscale voltammetry to macro-
scale electrolysis has limitations and significant differences prevail20. Elec-
trolysis of several aromatic ethers in a very dry acetonitrile causes polymer
deposition on the electrodes21,22. Our experiments were performed in aceto-
nitrile with 0.03% (16.7 mmol l–1) water content and in acetonitrile– water.
In these solvents, polymer deposition is suppressed. At water concentra-
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tions 0.017–0.2 mol l–1, oxidation steps are well resolved in voltammetry
and, in this respect, the results of electrolysis should reasonably reflect the
observed voltammetry. Still, voltammetry does not reveal effects which are
due to the larger scale and extended time required by electrolysis. These ef-
fects are specific in each case (Scheme 1).

As already mentioned, reactions of 1 become autocatalyzed in the pres-
ence of both water and ruthenium compounds as observed by voltam-
metry8. Electrolysis of 1 is very different from that of 2 or 3.

Compound 3 shows the same trend as compound 2 – a faster reaction
with water at the shifted potential in the presence of RuCl3·3H2O where
tert-butyl-1,4-benzoquinone (9) and the hydroquinone (10) are produced.
In the case of 3, the situation is complicated in the presence of chloride due
to interference of chlorination11 (not observed with 1 and 2), which is very
fast already at 1.0 V, and obstructs detailed rate measurements. Chlorina-
tion is predominant in dry acetonitrile. At high water concentrations the
quinone 9 and hydroquinone (10) are formed. Their formation is acceler-
ated by RuCl3·3H2O at 1.75 V (Fig. 3).

CONCLUSIONS

Compounds 1–5 form in the first oxidation step a radical cation which is
stable within the time scale of voltammetric measurements, even in the
presence of water in concentrations exceeding 0.2 mol l–1. A second step is
an irreversible (reversible for 5) oxidation of the radical cation at potentials
by about 400 mV more positive. Its potential is shifted in the presence of
RuCl3·3H2O negatively for 1–3, positively for 4. No shift was observed for
compound 5. RuCl3·3H2O has no effect on the first oxidation step. On the
basis of the results, the second oxidation in the shifted position reflects the
oxidation of a different species, not the radical cation itself but presumably
either some transient complex with RuCl3·3H2O or a product of reaction
between the radical cation and RuCl3·3H2O. Interaction between the radical
cation and RuCl3·3H2O was observed directly by SEESR and UV-VIS spec-
troscopy. Such reaction involves electron transfer between [ArH]+• and
RuCl3·3H2O causing its further oxidation or coupling with a high-spin posi-
tion on RuCl3·3H2O, as evident from the loss of ESR signal. The transfer is
apparently from the radical cation to RuCl3·3H2O. The other direction rep-
resented by recovery of ArH from [ArH]+• would be indicated by a catalytic
wave in the first oxidation step. Such situation has indeed been observed
with 1 in the presence of RuCl3·3H2O or Ru(acac)3 and water8 but not with
the other compounds.
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RuCl3·3H2O provides faster reactions at lower potentials applied. This im-
proves the cell performance and facilitates the use of undivided cells. It also
enables more efficient separation of reactions that require different
overpotentials (Scheme 1). The presence of RuCl3·3H2O may also reduce the
concentration of radical cations at the electrode which would be otherwise
available for side reactions such as coupling. This has been clarified particu-
larly in the case of naphthalene and 2-methylnaphthalene, where catalysis
distinctly improved conversion to quinone over dimerization6.

The results show that RuCl3·3H2O affects several types of aromatic com-
pounds but the activity of RuCl3·3H2O remains a very complex issue. In the
“chemical” catalysis23 like in recent reviews dealing mostly with
reduction24,25, the first step commonly involves ET of a catalytic pair in the
context of indirect electrolysis. Here, RuCl3·3H2O appears to act as a “chemical”
catalyst but in a different manner. The substrate ArH reacts directly to
[ArH]+• in a reversible step (reaction (4), irreversible with naphthalene). The
additive, RuCl3·3H2O, acts in the secondary oxidation (reaction (5)) fol-
lowed by the reaction with water at a lower overpotential (Scheme 2).
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