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A redugdo da 3R-claussequinona, CQ, em DMF "seco" e solvente misto agua/DMF, foi
nvestigada por técnicas eletroquimicas e espectroscépicas. Os resultados experimentais
revelam um equilibrio acido-base (pKa ~ 10,7) envolvendo as espécies protonada e depro-
tonada da CQ. Em solvente misto, uma tnica transferéncia reversivel de dois elétrons foi
observada. Em DMF "seco" foram observadas duas transferéncias de um elétron cada, sendo
apenas a primeira reversivel. Para todas as condigdes experimentais investigadas, detectou-se
a participagdo de protons no mecanismo de redugfo. Comparando-se o comportamento
eletroquimico da CQ ao de seu derivado acetilado, é estabelecida, claramente, a ocorréncia
de um passo de auto-protonagdo no mecamsmo eletrédico. Sdo propostos mecanismos
detalthados para ambos os solventes.

The reduction of 3R-claussequinone, CQ, in "dry" DMF and mixed water-DMF solvent
was investigated by electrochemical and spectroscopic techniques. Experimental results
support an acid-base equilibrium (pKa* = 10.7) involving protonated and unprotonated forms
of CQ. In mixed solvent a single reversible two-electron transfer is observed. In "dry" DMF
two one-electron transfers are observed, the first being reversible. For all experimental
conditions investigated, protons participate in the reduction mechanism. The comparison of
the behavior of CQ with its acetylated derivative clearly established the occurrence of a
self-protonation step in the electrode mechanism. Detailed electrode mechanisms are pro-

posed for both media.

Key words: claussequinone; reduction mechanism; self-protonation.

Introduction

Quinonoid compounds actively participate in electron-
transfer processes n biological systems. Extensive reviews
of the different electrochemical aspects involved have ap-
peared in the literature! ™ In particular, the quinone-hydro-
quinone couple has been exhaustively investigated because
it 1s an excellent model system or because it is directly
involved in biological processes Several quinones exhibit
an intense pharmacological activity, some of them being
strongly bound to the DNA molecule®. This property, to-
gether with the electrochemical surface behavior of these
drugs, permits one to mvestigate their interactions with DNA
by following the decrease of the quinone reduction wave in
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the presence of DNA®’ The anti-tumor activity, observed
with some quinones, has beenrelated to the alkylation of the
qumonemethlde function, obtained on reduction of the qui-
nonoid radical®. Electrogenerated quinone anionradicals and
dianions can be alkylated and arylated, these reactions being
useful synthetic routes’. Therefore, knowledge of the basic
electrochemical behavior is of fundamental importance to the
understanding of these processes in more complex systems.
Claussequinone, CQ, a natural 1soﬂavanqu1none isolated
from Cyelolobium clausseni Benth!® ha's strong anti-malarial
activity. In this paper we present the results of our electro-
chemical investigation of CQ, 1, and its acetylated derivative
CQ-0Ac, 2. The studies were carried out in mixed water-di-
methylformamide (DMF) as well as in "dry" DMF.
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(1) )

Experimental

Equipment. D.c.tast and a.c.tast polarograms were recorded
on a Polarecord E 506 polarograph equipped with a model E
505 DME stand and Ag/AgCl, Cl'(sat) reference and Pt wire
auxiliary electrodes (all Metrohm, Swiss). General working
conditions were as follows: drop time = 1.4 s; height of
mercury column = 44 cm; mercury flux = 0.740 mg/s; a.c.
frequency = 75 Hz and a.c. amplitude = 10 mV p/p.

Cyclic voltammetric investigations were done with a PAR
model 173 potentiostat/galvanostat equipped with a model
175 Universal Programmer (PAR, USA); the output signal
was recorded on a HP model 7045A XY recorder. AHMDE
model E-410 from Metrohm (A =2.22%0.07 mmz-) was used
as working electrode. The reference electrode, either
Ag/AgCl, Cl'(sat) or Ag/Agl, I'(sat), was separated from the
solution with a Luggin capillary closed at its end by a VycorR
tip.

This experimental setup was also used for the electrolysis
experiments. For these experiments the auxiliary electrode
(graphite) was separated from the solution by a glass tube
closed at its end by a sintered, medium-porosity, frit.

Coulometric experiments were carried out with the model
173 potentiostat equipped with a digital coulometer model
179, a model 377 synchronous stirring motor and a model
377A coulometric cell, all from PAR.

Data were extracted from the experimental polarograms
with the aid of a digitalizing device (Da Vinci/Digigraph,
Brazil). The communication software was home-written
Interpretation of the experlmental data by means of the
Gauss-Newton algonthm was done on an IBM PC-AT
compatible microcomputer.

A Metrohm model E500 pHmeter, equipped with a combi-
nation glass electrode, was used for all pH measurements. The
equipment was standardized, over the pH range investigated,
with N.B.S. buffers. Values, in the mixed water-DMF sol-
vent, are not corrected for the solvent effect, so pH values
reported are apparent values.

Reagents. All products, obtained from commercial sources,
were of AR. purity with the exception of DMF which was
Uvasol (Merck). All products were used as received.

Stock solutions, 0.01M substrate (CQ and CQ-OAc) in
pure DMF were used to prepare all working solutions. Work-
ing solutions in mixed solvent, of appropriate pH and CQ
concentration, were prepared by transferring appropriate vol-
umes of stock solutions of the buffer components, the sub-
strate stock solution and DMF to a volumetric flask. Mc
Ilvaine buffers'® were used to control the solution pH. Total
ionic strength was kept constant at 1.0 M through addition of
the appropriate volume of 6 M NaClOj4 solution.

In the mixed solvent investigation a 7:3 (v:v) mixture of
H20 and DMF was used. In this solvent both substrates show
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a reasonable solubility. The residual water content of the
commercial Uvasol DMF was lowered further through the
addition of alumina 90 (Merck), activated at 150°C. After this
treatment the residual water content of this "dry" DMF, as
determined by the Karl-Fischer method, was found to be
around 6 mM. In the latter solvent, 0.1 M tetrabutylam-
monium perchlorate (TBAP), was used as supporting electro-
lyte. TBAP was prepared according to the House!
procedure. The isolated product was recrystallized from ethyl
acetate and vacuum-dried for two days.

The acetylated derivative of CQ was prepared according to
the literature'%. The purified substrate showed a melting point
of 168-171°C. As far as we know, the complete proton
attribution of the 'H NMR spectrum, for both CQ and CQ-
OAc, has never been reported in the literature. Proton attri-
butions for both.compounds are as follows:

3R-Claussequinone (CQ) : IH NMR [(CDs)2CO0, b, 250
MHz]: 8.15 (s, OH, disappears with D20); 6.89 (d, J = 8Hz,
H-5);6.50 (d, J=1.3 Hz,H-6"), 6.38 (dd, J=8; 2.5 Hz, H-6),
6.27 (d, J=2.5Hz, H-8), 6.07 (s, H-3"); 4.24 (ddd, 1= 10.2,
3.0,1.5,H-2);3.99(dd, J=10.2,6.2, 1.2 Hz, H-2); 3.84 (s,
OMe); 3.38-3.33 (m, 1H, H-3);2.92 (ddl, J=16.2, 6.2, H-4),
2.80(dd, I=16.2, 7.5 Hz; H-4).

3R-Claussequinone-OAc (CQ-OAc): 'H NMR (CDCls, 8,
250 MHz), 7.04 (d, ] = 8.0 Hz, H-5); 6.63 (dd, 1 =8.00, 2.5
Hz, H-6); 6.58 (d,J=25Hz, H-8),6.48 (d,J =173 Hz,
H-6%); 5.98 (s, H-3"); 4,28 (ddd, J = 10.2, 3, 1.5 Hz, H-2),
4.06 (ddd, 10.2, 6.2, 1.2 Hz, H-2); 3.82 (s, OMe); 3.42-3.53
(m, H-3);3.07 (dd, I = 16.2, 6.2 Hz, H-4); 2.79 (dd, T = 16.2,
7.5 Hz, H-4); 2.27 (s, OCOCH3).

Results

D.c. and a.c. Polarographic investigation in mixed H>O-
DMF solvent. The most acid limit experimentally accessible,
approximately pH 4.5, 1s dictated by the instability of the CQ
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Figure 1. Polarographic behavior of claussequinone. (4)
d.c. polarogram: solvent HXO:DMF (7:3, v:v); pH* 6.14;
[CQ] = 1.00 x 10°M; 25°C; (B) a.c. polarogram: same
conditions as (4); (C) d.c. polarograms: solvent "dry" DMF
(full) and 150 mM H20 added to DMF (dashed); [CQ] =

1.00 x 107 M; S =75 Hz 10 mV p/p; 25°C (dashed =
supporting electrolyte).
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solution. Representative d.c. and a.c. polarograms are shown
in Figure 1 (A, B).

For all pH values mnvestigated a single, well defined, d.c.
polarographic wave (a.c. peak) was observed. D.c. half-wave
potentials coincide with a.c. peak potentials. When the pH of
the medium is increased, the wave (peak) is displaced to more
negative potentials. In the 9.5 <pH < 11.5 interval, a splitting
of the d.c. wave is observed. Similar behavior is observed in
the a.c. polarogram where a second peak, localized at more
negative potentials, is observed in the above mentioned pH
region.

For the pH < 11 region, and for those polarograms which
showed a single d.c. wave, the logarithmic. analysis of the
wave resulted in a single straight line having a 30 mV slope.
The value of the slope increases to 60 mV for higher pH
values. Simultaneously, the limiting current of the d.c. wave,
in the strongly basic pH region, decreases to approximately
half of the Iimiting current value displayed by the wave, in
the more acid pH region investigated. For the a.c. po-
larographic peak a width at half-height, Ep/2, of 46 mV was
observed, in the pH < 11 region. At higher pH values a Ep/2
=60 mV was obtained.

The displacement of the half-wave potential, E1/2, as a
function of pH 1s shown in Figure 2. Similar behavior was
obtained for the a.c. polarographic peak potential.
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Figure 2. £ as a function of pH* in mixed Hx0:DMF (7.3,
viv) solvent: [CQJ = 1.00 x 1073 M; 25°C.

Two linear regions, designated I and I, can be observed
in the E1/2vs pH graph. Line [, corresponding to the lower
and intermediate pH region, has a slope of 60 mV/pH. For
the strongly basic pH region, line I, the slope is 30 mV/pH.

The experimental d.c. limiting current, 1J, is proportional to
the a.c. peak current, ip, over the complete pH region inves-
tigated. The behavior of i, as a function of pH is shown in
Figure 3. This figure shows that around pH 12 the initial peak,
observed at the lower acidities, vanished completely and was
replaced by the peak at the more cathodic potential. From the
limiting current of the polarograms, obtamed at 4.7 <pH <
7.0 a diffusion coefficient of 3.19 x 10%ecm? /5 (2.19x 10
cm /s) was calculated for CQ from the Ilkovic (Koutecky)
equation.
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Figure 3: Peak current (a.c. polarography) as a function of
PH* Solvent: Hx0:DMF (7:3, v:v); [CQ] = 1.30 x 1073 M:;
25°C.

The influence on the polarographic behavior of the height
of the mercury column, hyg, and the drop time, tq4, was
1nvest1§ated at pH 6.6. A linear dependence of ij with hHg
and t4'", was obtained. Other values for the exponents of
hpg and tg were tested and found not to result in straight lines.
A study of the influence on the limiting current of the CQ
concentration, investigated in the 0.1-3.0 mM interval, re-
sulted in a linear dependence, showing the current to be
diffusion controlled. The half-wave potential was inde-
pendent of CQ concentration. When the influence of tem-
perature, over the 25-57°C range on the limiting current was
investigated, a linear dependence with a temperature coeffi-
cient of 2.5%C ! was observed.

D.c. and a.c. Polarographic investigation in "dry” DMF.
The change from a mixed water-DMF solvent to pure DMF
solvent introduces some remarkable changes in the po-
larographic behavior of CQ. Representative polarograms are

Table I - Electrochemical parameters of the CQ d.c. po-
larographic wave in "dry" DMF and "dry” DMF + 150 mAMf
H0; 0.1 M TBAP; {CQ] = 1.00 mM; t = 25°C.

wave "dry" DMF "dry" DMF + 150 mM HO
(see E'12  slope 1 E'12  slope 1
FiglC) V mV A A% mV  pA
I -0.184 60 146 -0.158 63 144
IA® -0.621 89 0.455 - - -
B¢ -0.863 123 0.645 -

i’ - - - 0730 154  1.00

3 E1/2/Vvs Ag/AgCLCl (sat.).
Parameters obtained by classical logarithmic treatment.
¢ Parameters obtained by the Gauss-Newton algorithm12
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shown in Figures 1C (d.c.) and 1D (a.c.). The result of the
deliberate introduction of 150 mM H20 into "dry" DMF, so
as to study the influence of a proton donor, is also included
in Figure 1C. In "dry” DMF, when compared to the mixed
solvent, the reduction of CQ occurs in two consecutive steps,
the first being a single wave, I, the second being split into two
_waves, IIA and IIB, of approximately the same height; the
sum of infa and i1B is almost identical to i1. The intensity of
the a.c. signal of peak I is much more pronounced than the
signal of peaks IIA and IIB. The introduction of 150 mM of
water into the "dry" DMF has three significant effects on the
polarographic behavior: (1) the polarogram is shifted to less
negative potentials, the displacement being important for
wave IIB while less significant for wave I, (2) waves IIA and
1IB merge into a single wave II; (3) water has no influence
on the limuting currents. The electrochemical parameters
resulting from the analysis of the waves (peaks) are shown in
the Table I.

From the limiting current of the first wave and from the fact
that this wave is a one-electron process (see coulometrlc
results) a diffusion coefficient of 7.69 x 107 cm?s™! (6.33x
106 cm2s Yy was calculated for CQ from the Ilkovic
(Koutecky) equation.

Comparing the a.c. currents in the presence and absence ot
the electroactive material, one observes that outside the peak
regions both currents coincide. This behavior suggests that
none of the species involved in the electrode mechanism is
strongly adsorbed onto mercury in the DMF solvent.

The width at half-height of the first a.c. polarographic peak
has a value of 91 mV, very close to the theorencal value of
92mV forareversible one-electron transfer!”. The Eprz2value
for peak IIB 1s close to 210 mV, suggesting the electron
transfer to be reversible with an irreversible chemical step
coupled to it. Since a.c. polarography, for the experiméntal
conditions employed in this study, does not give rise to a
signal when the electron transfer is irreversible ® and since a
small peak current (~0.3 pA) was observed, irreversibility of
the electron transfer represented by wave IIB can be ex-
cluded.

Cyclic voltammetric behavior of CQ in "dry" DMF. The
influence of sweep rate on the cyclic voltammetric behavior
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Figure 4 Cyvclic voltammetry of C.Q. in "dry" DMF-0.IM
TBAP: [CO] = 1.00 x 107> M; 25°C; working electrode =
HMDE. v: 5ml7s (4), 20 mV7s (B), 500 mV/s(C).
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of CQ (1.0 mM) in DMF containing 0.1 M TBAP is shown
in Figure 4.

Three cathodic peaks (I, IIA and IIB) were observed over
the complete sweep-rate, v, interval investigated (5 <v< 500
mV s ) Of these only peak I shows an anodic counterpart.
The analysis of the influence of v on the electrochemical
parameters related to the pair of peaks I suggests the electron
transfer representing these peaks to be reversible. In fact it
was found that ip */ip- = 1, the peak potential segaration is 64
mV(), ip° has a lmear dependence with v'> and Ep°
independent of v. All of this criteria'® point towards a revers-
ible electron transfer for peak I.

The influence of v on peaks ITA and IIB is much more
complex. With increasing sweep rates a displacement to-
wards more negatlve values at a rate of ~70 mV decade”
observed for EP (E A cannot be evaluated accurately
because of its overlapping with peak IIB). Besides the ob-
served cathodic displacement, the peak-current ratio

/1;,”B is also drastically affected on increasing v. For very
low sweep rates (v < 10 mV s} the current for peak IIA is
langer than that of peak IIB. For v > 10 rnV s this pattern i1s
inverted (1pII rpH For v ~ 500 mV 5! , peak ITA alhost
vanishes completely from the cyclic voltammogram show-
ing up only as an almost imperceptible shoulder at the foot of
peak IIB. For these conditions the difference between E
and the potential at half-height, Ep Eps2, is close to 80 mV
The theoretical value for a single reversible electron transfer
is Ep - Ep2=56/n mV'®. The addition of CH3I did not affect
the cyclic voltammetric behavior.

Cyclic voltammetric behavior of CQ-OAc in "dry" DMF.
Representative cyclic voltammograms for the acetylated de-
rivative of CQ (1.25 mM) in "dry" DMF, containing 0.1M
TBAP, are shown in Figure 5. Compared to the parent sub-
strate, CQ, remarkable changes are observed in the CQ-OAc
voltammetric behavior.

For identical sweep rates, peak IIA, observed at low v
values in the CQ voltammogram, is entirely absent in the
CQ-OAc cyclic voltammogram. Now, only two cathodic
peaks of approximately the same intensity are observed,
together with an anodic peak pertaining to the first cathodic
peak. This pair of peaks I was characterized as being revers-
ible!® on the bases of the following electrochemical parame-
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Figure 5. Cyclic voltammetry of CQ-OAc in "dry"
DMF/0.IM TBAP; [CQ-OAc] = 1:00 x 107 M: 25°C; work-
ing electrode = HMDE. v: 10 mV/s (a), 500 mV/s (b).
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ters: (1) ip/ip° = 1, (2) Epl is indeBendent of sweep rate; (3)
1p has a linear dependence on V2 @ arpdic and cathodic
peak potentials are separated by ~67 mv®

Increasing the sweep rate results in a displacement of EpH
of 78 mV per decade of v. The Ep, - Epr2 parameter has a value
of 70 mV at v=500 mV s’. The presence of CH3! did not
affect the CQ-OAc voltammetric behavior.

Controlled-potential coulometric behavior of CQ and CQ-
OAc. A number of controlled-potential coulometric (CPC)
experiments of CQ and CQ-OAc were conducted in DMF
with 0.1 M TBAP as supporting electrolyte. Working poten-
tials after the first and second peak potentials were explored.
The influence of CHsl, at a concentration of at least 10 times
the substrate concentration, was also investigated. The results
of the CPC experiments, together with some experimental
details, are shown in Table II.

Controlled-potential electrolysis of CO-OAc. After deaera-
tion of 40 ml of DMF-0.1 M TBAP, 0.040 g (aprox. 0.13
mmol) of CQ-OAc were added together with 0.083 g (ca.
0.59 mmol) of CHsl. The mixture was electrolyzed at -1.00
V vs. Ag/AgBr at a mercury pool working electrode (A =22
cm?). The experiment was stopped after 2 F mol™! of charge
were passed. It was observed that the initial yellow color of
the muxture turned brown in the early stage of the experiment.
During the progression of the experiment the solution became
more faintly colored, acquiring a clear yellow color at the end.
At this point the current flowing through the cell was very
close to the residual current. The complete isolation proce-
dure was executed under a strong N2 tlux in order to avoid
decomposition. Initially, 25 ml of H20O was added to the
catholyte and the organic material extracted with successive
20 ml portions of diethyl ether. After drying of the extract
with anhydrous MgSO4 and evaporation of the solvent, 40
mg of a pasty mixture (CQ-OAc-R) was obtained. This
material sufters decomposition, as evidenced by its darkening

Table 2. Controlled-potential coulometric results and ex-
perimental details.

Substrate Eap/Vvs SSCE  ngp [c]}/mM
CQ (pH 6.26)* -0.16 2.20 0.042
CQ (pH 132  -0.57 1.05 0.056
CcQ -0.50 0.45 0.535
cQb -0.50 0.50 0.944
cQb -1.18 1.50 0.944
CQ+CHal -0.50 0.96 1.985
CcQ -1.18 1.54 0.944
cQ -1.30 1.49 0.944
CQ-OAc -0.70 0.93 0.559
CQ-OAc -1.50 2.09 0.826

 Experiments in mixed H2O-DMF solvent. All other experiments in
"dry" DMF. .

Same experimental conditions. In second experiment, potential was
jumped to -1.18 Vafter exhaustive electrolysis at -0.50 V. Mercury
pool cathode (Area = 12.5 cmz).
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on prolonged standing; therefore, its analysts by 'HNMR was
done immediately after the isolation procedure.

On the basis of the integration of the 5.98 ppm CQ-OAc
residual NMR signal, a 95% conversion was obtained.

Results of the analysis of the CQ-OAc-R are shown below.
The numbers in parenthesis were calculated using the number
of protons of the acetoxyl group as a reference. From this it
was found that methylation occurred with a 56% yield. One
of the isolated products showed a signal inferior to unity
which can be related to a trimethoxylated derivative.

CQ-OAc-R : 'H NMR (CDCls, 250 MHz, 8) : 7.2-7.09
(m,1);

6.7-6.51 (m,4); 6.41 (s, 0.4); 4.36-4.25 (m, 1.2);

4.09-3.92 (m, 1.2); 3.9 (2s, 1.81); 3.9 (s, 1.90);

3.81 (2s, 2.54); 3.67-3.42 m,1); 3.08-2.82 (m, 2.1);

2.28 (s, 3, OCOCH3).

Discussion and Conclusions

The results of the polarographic investigations in mixed
solvent and the different criteria investigated clearly show
that the electron transfers are reversible processes with proton
uptake coupled to them. Further, depending on the acidity of
the medium, CQ exists as the protonated form or its conju-
gated base (the unprotonated form), both forms being reduced
at different potentials. So, in mixed solvents, CQ is reduced
according to the classical reduction mechanism of quinones,

. Scheme I, being followed for moderately acid conditions and

Scheme II for strongly basic conditions:

Scheme I (pH < 7.0)
CQ+H" ™ CQH' M
CQH +e +—— CQH' @
CQH" +¢ = CQH 3)
CQH +H" —. CQH:2 ®
Scheme II (pH 12)
CQ+e- = CQ” ®
CQ"+H+ = CQH ©)

In the intermediate pH range (7-11.5) CQH" and CQ exist
in equilibrium, both species giving rise to a d.c. wave (a.c.
peak), with the protonated form, CQH", being reduced at a
less negative potential . For the pH < 7 region the experimen-
tal finding (E, = Ey/2, the 30-mV slope obtained from the
logarithmic treatment of the wave; the 60 mV/pH slope of the
E'12vs pH graph; and the coulometric result of n =2), besides
being strongg evidence for the reversibility of the electron
transfer' ! also supports the participation of two protons in
the reduction mechanism . The fact that a single two-elec-
tron polarographic wave is observed means that the second
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one-electron transfer (Scheme I, step 3) occurs at less nega-
tive potentials than the first electron uptake (scheme I, step
2). The occurrence of step 11in Scheme I1s strongly supported
by the i vs pH behavior (Fig. 3), and permits us to evaluate
the polarographic dissociation constant of the protonation
reaction to be pKa.* = 10.7.

For the strongly basic pH region the experimental results
(the polarographic limiting current has approximately half the
value of il under moderately acid conditions; the 60-mV slope
of the logarithmic treatment of the wave coincides with the
theoretical value for a reversible one-electron transfer; the 30
mV/pH slope of the EMyavs pH graph; the nap= 1 coulometric
result at pH = 13.2) all support a one-electron, one-proton
mechanism!® to form the stable radical, which does not
undergo further reduction, under these experimental condi-
tions.

In"dry" DMF, a solvent known to promote the stabilization
of anion-radicals, the reduction of CQ (CQ-OAc) proceeds
in two, well-separated, one-electron transters. The experi-
mental evidence, emerging from the different electrochem-
cal techniques applied, indicates that the first one-electron
transfer 1s reversible. For the second electron transfer, all
experimental evidence supports an EC type mechanism in
which the chemucal step involved 1s wreversible and the
electron transfer reversible. Also, as seen by the splitting of
the second wave and by the anodic displacement of the waves
on addition of a proton donor, proton uptake is involved in
the reduction mechanism. An electrode mechanism which
adequately describes all of the experimental results for the
CQ reduction in "dry" DMF is presented below (Scheme I1I).

Scheme IIT ("dry” DMF)

HO-cQY+e == HO-CQ" (peak )  (5)

HO-CQ™ +H® == HOCQH' ®)

HO-CQ™ +HO-CQ == HO-CQH" +0CQY

(self-protonation reaction)(6a)

HOCQ® +¢ — HO-CQ (peak IIB)  (7a)

HO-CQH' +¢ = HO-CQH" (peak IIA)  (7b)
HO-CQ™ +2H" == HO-CQH; (8a)

HO-CQH +H" — HO-CQH2 (8b)

(1) CQ is here represented by HO-CQ to emphasize the presence of
a -of group in the molecule.
(2) "OCQ is supposed to be electroinactive (see details).

The protons for the acid-base equilibrium (Scheme III,
steps 6 and 6a) involving the anion-radical, formed after the
first one-electron transfer, can have two possible sources.
Since "dry" DMF still contains small amounts of H2O (~6

"mM), this can act as a proton donor, explaining the splitting
of the second d.c. polarographic wave (a.c. peak) into wave
(peak) ITA (reduction of the HO-CQH" species) and wave
(peak) [IB (reduction of the more-difficult-to-reduce HO-
CQ’ speciés). Depending on the proton concentration the
protonated and unprotonated forms can exist simultaneously,
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giving rise to two d.c. waves (a.c. peaks). The deliberate
introduction of more H20 (150 mM) increases the proton
concentration of the solution, resulting in a complete dis-
placement of equilibrium 6 (Scheme III) to the right, explain-
ing the merging of the two waves (peaks) into a single d.c.
wave (a.c. peak) and the anodic displacement observed. An
alternative as a proton source is HO-CQ itself. In fact the
-OH group of CQ (see molecular structure), which in water
behaves as a very weak acid, when in a non-aqueous solvent
with proton-acceptor properties (such as DMF), behaves as
a much stronger proton donor. So it 1s reasonable to consider
the self-protonation reaction (Scheme III, step 6a) as an
alternative way to protonate the anion-radical HO-CQ™.
Self—grotonation was extensively investigated by Vianello et
al 2% Obviously, the simultaneous occurrence of steps 6
and 6a cannot be excluded.

Results of the cyclic voltammetric investigation support
Scheme II1. The influence of the sweep rate (and thus the time
window of the experiment) on the ipllA/iplIB ratio permits
further conclusions on the protonation rates of steps 6 and 6a.
Atlow sweep rates 1plIA > 1pIIB (Figure 4a). So, at this low
sweep rate, the time of window 1s such as to favor signifi-
cantly the protonation of the HO-CQ™ species ([HO-CQH™]
[HO-CQ™]). A slight increase, however, of the sweep rate is
enough to invert this situation, whereas a modest sweep rate
of 500 mV/s eliminates peak IIA almost completely from
the HO-CQ cyclic voltammogram. This behavior suggests
that the protonation reactions are not fast reactions. The
cyclic voltammetric behavior of the acetylated form of CQ
furnishes 1mportant evidence about the relative importance
of steps 6 and 6a as a source for HO-CQ™ protonation. In fact,
the acetylation of the -OH group of the CQ molecule elimi-
nates its proton as a source of protonation so that the self-pro-
tonation alternative can no longer be considered. Since the
CQ-OAc cyclic voltammogram does not show any splitting
of the second peak, it must be concluded that the splitting of
the second peak, observed with the non-acetylated form of
CQ, has as its principal cause the self-protonation reaction
and not the proton-donation capacity of the residual water.
This latter contribution, for the experimental conditions used,
must be considered negligible.

At first sight, the controlled-potential coulometry experi-
ments (see Table II) reveal some surprising results such as nap
= 0.5 (Eap at first peak) and nap=1.5 (Eap at second peak).
Since CPC 1s an exhaustive technique and since, at a working
potential localized immediately after the first peak, the only
electron-transfer process possible is step 5 in Scheme III. The
experimental value of 0.5 F/mol is explained as the result of
step 5 and 6a, not only confirming the self-protonation proc-
ess but also the significant contribution of H2O as a proton
donor when "dry" DMF is used as solvent. It seems very
probable that the phenolate interfere in the electrodic process,
decreasing the effective number of transferred electrons, due
to addition on the carbony! of the quinonoid group, altering
its electrochemistry drasticallyg.

The explanation of nap = 1.5 is straightforward. This fact
also explains why i A+ 1B 5 approximately 30% less than
i . When experimental conditions are slightly changed, so
that one introduces a substrate such as CH3l capable of
competing with protonation steps 6 and 6a of the HO-CQ™
anion-radical, the expected 1 F/mol is obtained for an CPC
experiment executed with Eap at the first peak. For these
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experimental conditions, [CH3I] > [CQ]. As the result the
methylation reaction

HO-CQ™ + CH3l — HO-CQCH3 +T

is favored over the self-protonation step so that rate of methy-
lation >> rate of self-protonation. Electrolysis experiments in
the presence of CHsl executed under similar conditions
showed the main products to be the di- and trimethylated
forms of CQ.

CPC expenments of CQ-OAc (the CQ form with the -OH
group protected by acetylation so that the self-protonation
reaction of the anion-radical is avoided) with Eap ata poten-
tial localized after the first and second voltammetric peaks
resulted in the expected theoretical values of 1 F mol ! and 2,
respectively, demonstrating the importance of the self-proto-
nation reaction in the electrode mechanism describing the
reduction of HO-CQ.
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