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Abstract—The electroreduction (ER) of benzo[a]phenazine-7,12-dioxide (1) and 2-ethoxycarbonyl-3-
methyl-quinoxaline-1,4-dioxide (2) in DMF on a glassy carbon electrode is studied by the methods of cyclic
voltammetry, chronoamperometry, and electrolysis at controlled potential. In aprotic medium, these com-
pounds are reduced to form relatively stable complexes as observed in both cyclic voltammetry curves and UV
spectra. The deoxygenation of the derivatives of phenazine and quinoxaline N,N′-dioxides proceeds as a
result of decomposition of the radical formed either at the ER of complexes of these compounds with
СН3СООН or as a result of protonation of radical anions. For compound 2, the competition between the
reactions of decomposition and ER of this radical is observed.
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INTRODUCTION

The derivatives of N,N′-dioxides of phenazine and
quinoxaline are often considered [1–3] as the poten-
tial medicinal drugs for curing “hard” tumors with the
large hypoxic regions where almost no oxygen can
penetrate. Under hypoxia conditions, the cells
become resistant to radiation and chemotherapy. The
conventional chemotherapeutic drugs act on the rap-
idly growing carcinogenic cells thus preventing their
fission and, hence, are inefficient for cells under
hypoxia conditions because the latter divide very
slowly. The new approaches to antitumoral therapy are
being developed on the basis of the so-called prodrugs
[4, 5], which are reduced by enzymes in vivo under
hypoxia conditions to form drugs capable of affecting
carcinogenic cells. The derivatives of heteroaromatic
N-oxides pertain exactly to these bioreducible com-
pounds. Tirapazamine, i.e., 1,3-amino-1,2,4-ben-
zotriazine-1,4-N-dioxide [6, 7], is one of the first
drugs with high cytotoxicity toward cells under
hypoxia conditions to be introduced into the clinical
practice. By using various biological research tech-
niques it was shown [8, 9] that the one-electron reduc-
tion of tirapazamine by enzymes produces the highly
reactive radical •OH that destroys the DNA of tumor
cells. It is generally assumed that the process of prod-

rug deoxygenation is the most efficient exactly under
the conditions of low oxygen levels because oxygen
prevents the reduction processes in tissues. The ques-
tions on the mechanism of redox reactions of prodrugs
and interaction of produced radicals with the DNA are
still actively discussed in the literature [9].

In recent years, the phenazine derivatives were
considered as the most promising compounds for the
synthesis of prodrugs with the high antitumoral activ-
ity [10, 11]. The formation of the •OH radical in the
bioreduction of derivatives of phenazine dioxides, as
in tirapazamine bioreduction, is associated with the
biological activity of dioxides. However, considering
the behavior of derivatives of phenazine dioxides con-
taining various substituents made it possible to con-
clude that this radical is formed not in all the cases [4].
To systematize the information on the potentially
active compounds, attempts were undertaken to find
the relationship between the antitumoral activity and
the physicochemical properties of compounds, partic-
ularly, with their reduction potential [12, 13]. Far from
all structures of substituted phenazine N,N'-dioxides
obey such linear correlation; probably, their reduction
mechanism (or their effect on the cells) are substan-
tially different for structures with different substitu-
ents. Insofar as the formation of radical species is asso-
ciated with the redox properties of heteroaromatic
N,N'-dioxides, then studying the electron-transfer
stages and near-electrode chemical reactions by elec-
trochemical techniques may be useful for determining

1 Published on the basis of materials of the XIX All-Russian Confer-
ence “Electrochemistry of Organic Compounds” (EKHOS-2018)
(with international participation), Novocherkassk, 2018.
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Fig. 1. CV curves of a solution of 5.0 mM of compound 1
in DMF (0.1 М Bu4NClO4) at 100 mV s–1 and different
reversal potentials.
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the criteria of assessing the prospects of organic com-
pounds synthesized.

In this study, to obtain information on the mecha-
nism of reduction of aromatic dioxides, we used cyclic
voltammetry (CV), chronoamperometry (CA), and
electrolysis at controlled potential (ECP). As the model
compounds for studying the electroreduction (ER)
of derivatives of N,N'-dioxides of phenazine and quinox-
aline, we used benzo[a]phenazine-1,2-dioxide and
2-ethoxycarbonyl-3-methyl-quinoxaline-1,4-dioxide.
Insofar as in the living cell, besides the electron-trans-
fer reaction, the reaction of proton transfer occurs, it
seemed expedient to elucidate the effect of protona-
tion reactions on the mechanism of action of prod-
rugs. This study is aimed at elucidation of the mecha-
nism of deoxygenation of the mentioned compounds
under the model conditions, i.e., in the aprotic
medium (DMF) and in the presence of proton donors
(CH3COOH).

EXPERIMENTAL

Benzo[a]phenazine-7,12-dioxide was synthesized
by the method of [14]. The physicochemical charac-
teristics of this compound are analogous to those
known from the literature [15]. 2-Ethoxycarbonyl-3-
methyl-1,4-dioxide was synthesized from benzofurox-
ane and acetoacetic ester [16] and identified according
to the mass-spectrometry data, 1Н and 13С NMR
spectra by comparing with the known data [17].

Chronoamperograms and cyclic voltammograms
were obtained by means of potentiostats IPC “Pro” MF
(Ekoniks, Russia) and Р-4 (Elins, Russia). As the sup-
porting electrolyte, we used solutions of perchlorate or
tetrafluoroborate of teterabutyl ammonium (Acros
Organics) in DMF (“extra dry”). Polarization curves
were recorded according to the three-electrode circuit.
As the working electrode, we used a glassy carbon
electrode (d = 1.7 mm), the counter electrode repre-
sented a helix of platinum wire; as the reference elec-
trode we used a saturated calomel electrode (SCE)
which was connected with the working solution by a
bridge containing a porous ceramic diaphragm and
filled with supporting electrolyte solution. To remove
oxygen from the working solution, we passed high-
purity argon through it before recording each CA or
CV curve. During experiments, argon was passed
through the space above the solution surface in order
to avoid its contact with air. The working electrode
surface was polished before measuring each curve.
The ECP measurements were carried out by a poten-
tiostat switched according to the three-electrode cir-
cuit. The working electrode was made of graphite with
the surface area of 4 cm2, the counter electrode was
made of platinum with the surface area of 2 cm2, the
reference electrode was a SCE. The cathodic and
anodic compartments were separated by a glass mem-
brane. The electrolysis was carried out at the constant
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
potential in the first ER stage (–0.8 V) for compound 1
or at the potential in the stage that appeared in the
presence of CH3COOH at –1.0 V until the complete
exhaustion of depolarizer. The content of the starting
compound was monitored by measuring CV curves. At
the end of electrolysis, the solution was diluted by a
factor of 3–5 with water, the precipitate was filtered
and dried. The extracted products were analyzed by
1Н NMR spectroscopy and mass spectrometry.

ReSULTS AND DISCUSSION

As follows from the Introduction, the antitumoral
activity of “bioreductive agents” is directly connected
with the reactivity of products of their one-electron
reduction. Hence, attention was paid to the electro-
chemical and chemical reactions that occurred at the
potentials of the first ER stage of model compounds 1
and 2. In the beginning, we considered the electro-
chemical behavior of these compounds in an non-
aqueous solvent, i.e., under the conditions where they
formed sufficiently stable radical anions (RA) in the
first stage. Table 1 shows the results of electrochemical
studies in aprotic medium.

The first cathodic peak in CV curves of compound 1
is reversible (Fig. 1). The potential difference between
the cathodic and the corresponding anodic peaks
ΔEp = Epc – Epa is equal to 63 mV, which is close to the
theoretical value (57 mV) for reversible reactions. The
current in the first cathodic peak for compound 1 is
equal to the current of one-electron oxidation of ferro-
cene under the same conditions (nCV = 0.81). Accord-
ing to CA measurements, the limiting ER current for
compound 1 in the first stage corresponds to the
transfer of one electron per molecule of compound 1
6  No. 5  2020
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Table 1. Potentials of CV peaks and the number of electrons (n) involved in the ER of compounds 1 and 2 in the first stage
in DMF solution of 0.1 М Bu4NClO4. Glassy carbon electrode, potential scan rate v = 100 mV s–1

No. Compound Ер, V ΔEp = Epc – Epa, mV nCV nCA

1 –0.91 63 0.81 0.99

2 –1.12 67 0.86 0.97

N

N

O

O

N

N

CH3

COOEt

O

O

(nCA = 0.99). The ratio of anodic and cathodic cur-
rents in the CV of the first ER stage of compound 1
ipa/ipc is close to unity at the potential scan rate
v ≥100 mV s–1.

The value of Ipc varies linearly with the concentra-
tion of compound 1 in the interval from 3.9 to
18.8 mM and also with the square root of the potential
scan rate  below 1 V s–1. These dependences pass
through the origin, which points to the diffusion con-
trol in the first stage of ER of compound 1 to form RA
1 relatively stable in the aprotic medium.

It should be noted that we failed to find any liter-
ature data on the mechanism of ER for compound 1
in aprotic medium. Only the ER potentials for cer-
tain aromatic N,N′-dioxides of the close composi-
tion in DMSO are published, particularly, for
benzo[a]phenazine-7,12-dioxides [13, 17]. The elec-
trochemical behavior of phenazine-N,N′-dioxide was
studied in more detail [18, 19]. Its ER produces RAs
relatively stable in aprotic organic solvents and detect-
able by the CV and the EPR spectroscopy [18, 19].
The potential of the first ER stage of phenazine-N,N′-
dioxide in DMF equal to –0.85 V [19] differs not so
much from the value we determined for compound 1
(–0.91 V).

Under the conditions of several cycles in the inter-
val from 0 to –1.2 V, in each subsequent CV curve the
current of the first cathodic peak and the correspond-
ing anodic peak remained approximately the same as
in the first scan; however, near –1 V a relatively small
new cathodic peak appeared which, as will be shown
below, coincides as regards its potential with the ER
peak of benzophenazine-N-monoxide—the reduction

1/2( )v

[ ] −+ → i

2 2Ar(N–O) e Ar(N–O) .
RUSSIAN JOURNA
product of compound 1 in the presence of proton
donors. Based on this, we can assume that in the
aprotic medium, the RA of compound 1 is protonated
very slowly by trace amounts of proton-donating
impurities in solution to form electroactive products.

In the second ER stage of compound 1 (Е2 = –1.50 V)
(Fig. 1), the second electron is transferred to molecule 1
to form the corresponding dianion. This ER stage is
irreversible, which is associated with the higher basic-
ity of the dianion as compared with the RA. The dian-
ion of compound 1 is rapidly protonated even in virtu-
ally anhydrous DMF, which results in the formation of
electrochemically active intermediate products the
oxidation peaks of which are observed in the reverse
CV branch (Fig. 1). The ER peaks at –1.78 and
‒2.00 V are associated with the reduction of the frame
of the heteroaromatic system of compound 1.

To elucidate the fraction of protons at the ER of
compound 1, we added the known amount of
CH3COOH and measured CV and CA curves. In the
presence of acid, the CV peak of the RA 1 oxidation at
–0.85 V decreased (Fig. 2).

For the acid concentration lower than the concen-
tration of compound 1, the peak of RA oxidation is still
detected in the CV curve. The equivalent content of
the proton donor leads to disappearance of this peak.
For 1–2 equivalents of CH3COOH with respect to the
initial concentration of compound 1, the cathodic cur-
rent in the first ER stage under these conditions
(‒0.81 V) remained virtually unchanged amounting to
the value approximately equal the current of the first
cathodic peak in the aprotic DMF solution. In other
words, the presence of a proton donor does not lead to
formation of electrochemically active products in the
first ER stage of compound 1. However, when we add
1/4 equivalent of CH3COOH with respect to the initial
L OF ELECTROCHEMISTRY  Vol. 56  No. 5  2020
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Fig. 2. CV curves of a solution of 2.2 mM compound 1 with
addition of CH3COOH at  = 100 mV s–1. CH3COOH
concentration, mM: (1) 0, (2) 0.94, (3) 1.9, (4) 2.8, (5) 4.4.
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Fig. 3. The number of electrons (n) involved in the ER of
compounds (1) 1 and (2) 2 at the first-stage potential as a
function of the relative (with respect to depolarizer) concen-
tration of CH3COOH in DMF solution at  = 100 mV s–1.
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Fig. 4. UV spectra of compound 1 in DMF in the presence
of CH3COOH in the compound 1 : CH3COOH concen-
tration ratio: (1) 1 : 0, (2) 1 : 1, (3) 1 : 2, (4) 1 : 3, (5) 1 : 4,
(6) 1 : 5. Arrows show the direction of absorbance variation
with the increase in the CH3COOH concentration.
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concentration of compound 1, new peaks are observed
in the CV curve: at Е = –0.81, –1.05, and –1.25 V.
Their current increases with the increase in
CH3COOH concentration in solution. In this case,
the current of the peak observed at the potential of the
second-electron transfer to the depolarizer molecule
Е = –1.5 V decreases (Fig. 2, curves 1–3). This ER
stage completely disappears from the CV curve at the
equal concentrations of the proton donor and com-
pound 1.

Figure 3 (curve 1) shows the changes in the current
of peak at –0.81 V upon the addition of CH3COOH.

The current is normalized (n = ipc/i0) to its value in
the first ER stage of compound 1 in aprotic DMF (i0)
that corresponds to the one-electron process; the con-
centration of CH3COOH in solution is normalized to
the concentration of the studied compound. As seen
from this figure, n remains close to 1 up to the 4-fold
excess of acid. The analogous results were obtained by
the CA method by processing the chronoampero-
grams recorded at the potentials of the preliminary
stage for solutions of compound 1 with the addition of
1–4 equivalents of CH3COOH.

The above results allow us to assume that the peak
that appears in the presence of proton donor at –0.81 V
probably corresponds to the ER of a complex of com-
pound 1 with acetic acid. It is known [20] that the for-
mation of donor-acceptor complexes (molecular
complexes) and even of solid salts with proton donors
is typical of heteroaromatic N-oxides. Probably, the
strong binding of compound 1 with CH3COOH by
hydrogen bonds leads to a decrease in the energy of the
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
lowest vacant orbital of molecular complex and,
hence, to a decrease in its ER potential. The complex-
ation of phenazine-N,N′-dioxide, which has the
structure close to that compound 1, with acids
(HClO4, H2SO4, CF3COOH) was proposed in [21]
when studying its electroreduction in CH3CN.

To obtain experimental data on the possible reac-
tion of compound 1 with acids, we collected UV spec-
tra of DMF solutions of compound 1 containing
CCl3COOH and CH3COOH.

As seen from the spectrum (Fig. 4), the absorption
peak at λ = 472 nm decreases with the increase in the
concentration of CCl3COOH, while the absorption
intensity at 284–290 nm increases.
6  No. 5  2020



392 MIKHAL’CHENKO et al.
In the case of CH3COOH, the effects in spectra are
qualitatively the same but far less pronounced proba-
bly because CH3COOH is a weaker acid as compared
with CCl3COOH. This character of variation of the
UV spectra in the presence of a proton donor were also
observed earlier for phenazine-N,N'-dioxide in CH2Cl2

[22]. Based on the results obtained by UV spectros-
copy of DMF solutions of compound 1, we can
RUSSIAN JOURNA

Fig. 5. CV curves of compound 1 (10.7 mM) in the pres-
ence of CH3COOH (10 mM) (1) before electrolysis;
(2) solution after the electrolysis (1 F); (3) CV curve of
compound 1 in DMF.
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assume that the formation of a complex is due to
donor–acceptor interaction of this compound with
CCl3COOH, and also with CH3COOH. The totality
of results obtained by the UV spectroscopy and CV
methods allows us to assume that at the potentials of
the first ER stage of compound 1 in the presence of
CH3COOH, the main reaction is the reduction of the
complex formed by the original compound with the
proton donor:
(1)

Ar(NO)2 Ar(NO)2
+e

–e

–AcOH +AcOH +AcOH

Ar(NO)2 HOAc +e Ar(NO)2H ArN(NO) + OH + AcO .

The competitive reaction of protonation of the RA When the CH COOH concentration exceeds its equiv-

of compound 1 does not produce any electroactive
products at an insignificant excess of CH3COOH.
Benzophenazine-N-monoxide which forms in this stage
under these conditions is reduced reversibly at ‒1.05 V.
3
alent value with respect to compound 1, a peak
(Fig. 2, curves 4 and 5) appears at Е = –0.96 V which
corresponds apparently to the ER of the complex of ben-
zophenazine-N-monoxide with CH3COOH.
+e
ArN(N–O) + CH3COOH ArN(N–O) HOOCCH3 ArNN + OH CH3COO+ .

In other words, the deoxygenation of compound 1 electrolysis at the controlled potential of the first and

proceeds consecutively at different potentials first for
one N–O group and then for the other.

To reveal the nature of peaks that appear in CV
curves of ER of compound 1 in the presence of low
concentrations of proton donor, we carried out the
second ER stages of compound 1 in the presence of
СН3СООН. The electrolysis of solution containing
10 mM of compound 1 and the equivalent amount of
СН3СООН was carried out at –0.8 V. After 1 F of
electricity per initial concentration of compound 1 was
passed, the current of the peak at –0.91 V virtually dis-
appeared from the curve measured after the electroly-
sis (Fig. 5).

Moreover, a reversible ER peak appeared at –1.05 V.
Its current is close to that of the original compound 1.
According to HRMS (high-resolution mass spectros-
copy) data, the molar mass of the main ER product of
compound 1 extracted after the electrolysis was equal
to 247.06 g/mol (+М (Н)), and its 1Н NMR spectrum
corresponded to the structure of benzo[a]phenazine-
N-monoxide. These facts allow us to state that under
the conditions described here, the ER of compound 1
produces exactly monoxide of benzo[a]phenazine.

As was mentioned above, in the presence of more
than one equivalent of СН3СООН the CV curves
demonstrate yet another reversible peak at –1.25 V
(Fig. 2). Assuming that at this potential, it is the product
of complete deoxigenation, i.e., benzo[a]phenazine, that
is reduced, we carried out an ECP experiment at Е =
–1.0 V. According to Fig. 6, after the exhaustive elec-
trolysis under these conditions, the solution contained
the ER product of compound 1 which demonstrated
two cathodic peaks at –1.28 and –1.98 V, i.e., close to
the potentials of two ER peaks of phenazine in DMF
L OF ELECTROCHEMISTRY  Vol. 56  No. 5  2020
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Fig. 6. CV curves in (1) DMF solution of 10 mM of com-
pound 1; (2, 3) the same solution with addition of 20 mM
acetic acid (2) before the electrolysis and (3) after the elec-
trolysis at Е = –1.0 V. Curve 4 —ER of benzo[a]phenazine
(2.9 mM) extracted after the electrolysis from the catholyte.
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Fig. 7. CV curves of compound 2 (4.6 mM) in DMF
(0.1 М Bu4NBF4) on a GC electrode at different reversal
potentials at  = 100 mV s–1.
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(–1.2 and –2.01 V) [23]. The mass spectrum and the
1Н NMR spectrum of the main ER product of com-
pound 1 extracted after the electrolysis corresponded
to characteristics of benzo[a]phenazine. Based on
these data, we can state that the latter is the main ER
product of compound 1 at the potential of –1.0 V
under these conditions. According to the CV curve
(Fig. 6), the concentration of benzo[a]phenazine in
the catholyte after electrolysis is virtually equal to the
concentration of the original compound before the
electrolysis. Thus, the electrolysis produces
benzo[a]phenazine in quantitative yield.

The results of studying the ER of compound 1 in
DMF in the presence of СН3СООН showed that the
predominant direction of its transformation on the
electrode is the ER of the complex of dioxide 1 with
the proton donor. The homolytic cleavage of the
RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 5
N‒OH bond in the radical formed at the ER of this
complex leads to the quantitative formation of mono-
N-oxide and abstraction of an ·OH species. Mono-N-
oxide also forms a complex with the proton donor
added to solution and is reduced to benzo[a]phenazine
forming the equivalent amount of active radicals •OH.

To reveal similarity or differences in the ER mech-
anisms of derivatives of benzophenazines and quinox-
alines, we studied the ER mechanism of compound 2.
Figure 7 shows the CV curves of compound 2 in DMF
and, for a comparison, the ER curves of compound 1
(Fig. 1).

The electrochemical behavior of compound 2 in
the first stage in the aprotic medium is similar to that
of compound 1 (Table 1). The current in the first ER
peak of compound 2 changes linearly with both the
concentration of depolarizer and  which points to
the formation of a relatively stable RA of compound 2.
The subsequent ER stage in the CV of compound 2 in
anhydrous aprotic DMF represents the sum of two
peaks with close potentials in the vicinity of –1.65 and
–1.76 V. Moreover, when the scan direction is reversed
at –1.85 V, the reverse scan contains no peaks of deox-
ygenation products of dianion 2 (Fig. 7). In other
words, in aprotic medium, the main target of protona-
tion of dianion 2 is probably not the N–O bond as in
ER of compound 1, but the heneroaromatic ring of
molecule 2. The protonation of dianion of compound 2
produces a monoanion capable of reduction at –1.76 V
and oxidation at –0.30 V in the reverse curve (Fig. 7).

1/2,v
[ ] [ ] [ ]− −+ → ⎯⎯⎯→i

–
2 DH

2 2 2Ar(N–O) e Ar(N–O) ArH(N–O) .

In the presence of СН СООН, these peaks in CV According to Fig. 8, as in the case of ER of com-
3
curves of compound 2 disappear (Fig. 8) but in this
case, as for compound 1, the ER peaks of deoxygen-
ation products of compound 2 appear and grow.
pound 1, the addition of СН3СООН leads to the
appearance of the preliminary stage in CV curves of
compound 2. The potential of this stage is –1.0 V. The
6  No. 5  2020
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Fig. 8. CV curves of compound 2 (4.6 mM) in DMF in the
presence of СН3СООН, , mM = (1) 0, (2) 0.93,
(3) 1.90, (4) 2.86, (5) 3.85, (6) 4.86 at  = 100 mV s–1.
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peak current increases with the increase in the acid
concentration to the greater extent as compared with
compound 1 (compare with Fig. 3). Probably, the rad-
ical formed at the potential of this preliminary stage
from the complex of compound 2 with СН3СООН is
partly reduced on the electrode.

(2)

The RA of compound 2 is formed at the potential
200 mV more negative than the RA of compound 1;
hence, bearing in mind the data of [24] on the correla-
tion between the basicity of RA of aromatic com-
pounds and the potential of their formation, we can
state that the RA 2 enters into protonation reactions at
the higher rate than the RA of compound 1.

The ER of the protonated RA of compound 2 leads
probably to hydrogenation of the aromatic ring in
molecule 2 because the electron density of an
unpaired electron is distributed with the higher proba-
bility over the heteroaromatic part of its quinoxaline
frame [25]. This is confirmed by the fact that the oxi-
dation of the product of one-electron reduction of
quinoxaline dioxides by oxygen proceeds not always
reversibly but can produce the corresponding hydroxy
derivative [26].

CONCLUSIONS
The experimental data obtained here suggest that

in the aprotic medium, the formed radical anions of
N,N′-dioxides of compounds 1 and 2 are stable.
Deoxygenation of these compounds proceeds only in
the presence of proton donors as a result of oxidation
of N–O groups in two consecutive one-electron
stages. Both stages are accompanied by the abstraction
of radical •ОН to form mono-N-oxide of the corre-
sponding derivative in the first stage and benzo-

+e

Ar(NO)2H
Ar(NNO) + OH.

Ar(NO)2H
RUSSIAN JOURNA
phenazine or quinoxaline in the second stage. Accord-
ing to electrochemical studies, the products can be
formed by two routes. In the first route, it is the com-
plex of depolarizer with the molecule of proton donor
that is reduced (Scheme (1)). This mechanism is more
probable for compound 1. The second route of trans-
formation is the protonation of the RA of dioxide fol-
lowed by decomposition of the radical (Scheme 2). If
the radical Ar(N–O)2H• decomposes at a high rate,
then both reactions generate active OH· radical in vir-
tually quantitative yields. For the ER of compound 2,
the Аr(N–O)2H• radical has time enough to be partly
reduced on the electrode, which manifests itself by the
increase in the emerging prepeak above the level of
one-electron reduction; and, hence, the number of
active ·OH radicals decreases. Thus, to characterize
the activity of N,N'-dioxides in the reactions of gener-
ation of active oxygen-containing species, one must
take account of the totality of main redox reactions
and accompanying chemical reactions.
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