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Abstract

Megazol (2-amino-5-(1-methyl-5-nitro-2-imidazolyl)-1,3,4-thiadiazol, CAS 19622-55-0) and related nitroimidazole compounds
are being tested as antichagasic drugs. Little is known on the mode of action of megazol. However, there is evidence that
one-electron reduction of megazol to the corresponding nitro radical anion is a key step in the reaction mechanism. Consequently,
this paper is focused on the cyclic voltammetric behaviour of megazol and related nitroimidazole derivatives with the aim of
revealing the formation and stability of the corresponding nitro radical anions. All the compounds studied produce a well resolved
nitro/nitro radical anion couple. The resolution of the couple was improved with the addition of tetrabutylammonium ions which
hinders the protonation of the nitro radical anion at the electrode surface, thus enhancing the stability of the nitro radical anion.
Only megazol produced a cyclic voltammogram distorted by the presence of a pre-peak due to strong adsorption of the
corresponding nitro radical anion. The pre-peak occurs at potentials more positive than the diffusion controlled peak because the
Gibbs energy of adsorption of the nitro radical anion makes the reduction of megazol to the adsorbed nitro radical anion easier
than to the radical anion in solution. The sulphur atom in the thiadiazole ring plays a crucial role in the adsorption phenomena.
Using the cyclic voltammetry theory for the disproportionation reaction, we have calculated the second-order decay rate constant,
k, and the half-life time, ¢,,, for all the nitro radical anions of the studied nitroimidazole derivatives. The values obtained were
compared with those of the corresponding nitro radical anions obtained from nifurtimox and benznidazole, the classic
antichagasic drugs. Also, our results show that cyclic voltammetry is a good alternative to the classic pulse radiolysis method to
obtain reliable values of the E} parameter for nitro radical anions.
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1. Introduction

Megazol (1-methyl-2-(5-amino-1,3,4-thiadiazole)-5-
nitroimidazole) was synthesised in the 1960s [1] and was
shown to have great antiprotozoan and antibacterial
activity [2]. However, it is only recently that megazol
and related compounds (Fig. 1), have been tested as
antichagasic drugs as a viable alternative to nifurtimox
and benznidazole which are being discontinued due to
their toxicity. The Chagas disease (American try-
panosomiasis) caused by the pathogen Trypanosoma
cruzi, is one of the many parasitic illness existent today
for which it has not been possible to find a satisfactory
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pharmacological treatment, thus constituting a serious
problem of public health at world level [3].

Several authors demonstrated the high efficiency of
megazol against 7. cruzi [4,5]. Others have also demon-
strated that this compound is highly active against
Trypanosoma brucei [6,7] and its pharmacokinetics,
metabolism and excretion in animals have been pub-
lished [8,9]. Currently little is known on the mode of
action of megazol. Initial reports that bioreduction had
limited association in its action against T. cruzi [10]
have been challenged, since the drug has been shown to
be subject to single-electron reduction by a variety of
enzymatic processes with reductase activity [11,12], in-
cluding 7. cruzi extracts [12]. Specifically, the single-
electron reduction of megazol by NADPH:cytochrome
P-450 reductase, by rat liver as well as by trypanosome
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microsomes has been confirmed by ESR experiments
[12]. Consequently, the one-electron reduction of mega-
zol in order to form the corresponding nitro radical
anion appears to be a key step in the reaction
mechanism.

The biological activity of nitroimidazoles is depen-
dent upon the nitro group reduction process due to the
formation of active intermediate species [13,14] that
interact with DNA to produce biochemical damage.
Several studies dealing with stabilisation of intermedi-
ate nitro species during the electroreduction of nitroim-
idazole derivatives have been done. Barety et al. [15]
observed the nitro radical anion by using cyclic voltam-
metry in non-aqueous medium. The electrochemical
production of the nitro radical anion has also been the
target of studies of other pharmacologically active com-
pounds, such as nifurtimox [16], calcium antagonist
compounds [17-19], nitro-substituted amphetamine
derivatives [20], flutamide [21], nitrofurantoin [22] and
nimesulide [23]. However, to date, the electrochemical
production of the nitro radical anion of megazol has
not been reported. In previous work, our laboratory
reported the polarographic reduction of megazol [24]
but that study focused only on the electroanalytical
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point of view without studying the production and
stability of the nitro radical anion.

After showing that megazol in the trypanosome un-
dergoes a bioreduction leading first to a radical anion
which then gives oxygen activated species [12], it was
considered worthwhile to synthesise analogous com-
pounds where substituents may change the stability of
the nitro radical anion, and therefore improve its re-
dox-cycle properties. Consequently, in this study, we
have synthesised megazol and a series of related com-
pounds, shown in Fig. 1, in order to study the forma-
tion and stability of the corresponding nitro radical
anion.

2. Experimental

2.1. Materials

All the compounds were synthesised and character-
ised by one of us according to a published procedure
[25]. Benznidazole and Nifurtimox were obtained com-

mercially from Laboratorios ROCHE Quimicos e Far-
maceuticos S.A., Brazil. All the other reagents
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Fig. 1. Chemical structures of megazol, several nitroimidazole compounds and nifurtimox.
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Fig. 2. Cyclic voltammograms of 5 mM megazol and benznidazole in
mixed media: 60/40 DMF + citrate + 0.3 M KCl. Sweep rate 1 V
s~ 1 Dotted line shows a short sweep with the isolated first couple.

employed were of analytical grade without further
purification.

1 or 5 mM drug solutions in two different media were
used for the voltammetric studies. For the mixed
medium a mixture of 60/40 DMF —+ citrate buffer was
used with 0.3 M KCI and 0.1 M TBALI as supporting
electrolytes. The pH was adjusted with small aliquots of
concentrated NaOH or HCI respectively.

Dimethylformamide (DMF) and tetrabutyl ammo-
nium iodide (TBAI) as solvent and supporting elec-
trolyte, respectively, were used in aprotic media.

2.2. Apparatus

Electrochemical experiments were performed with a
totally automated BAS CV-50 W voltammetric analy-
ser. All experiments were carried out at a constant tem-
perature of 25 4+ 0.1°C using a 10 ml thermostated cell.
A static mercury drop electrode (SMDE mode in a con-
trolling growth mercury electrode stand from BAS) with
a drop area of 0.42 mm? was used as the working elec-
trode and a platinum wire as the counter electrode. All
potentials were measured against Ag | AgCl|3 M KCL

2.3. Methods

The pH measurements were corrected according to
the following equation [26]: pH* — B =1log Uy;, where

pH* equals —log a;; in the mixed solvent, B is the pH
meter reading and the term log Uy, is the correction fac-
tor for the glass electrode, which was calculated from
the different mixtures of DMF and aqueous solvent, ac-
cording to a previously reported procedure [27].

In the kinetic analysis carried out in mixed media, the
return-to-forward peak current ratio 1,,/1,,. for the re-
versible first-electron transfer (the ArNO,/ArNO,*~
couple) was measured for each cyclic voltammogram,
varying the scan rate from 0.1 to 10 V s ~! according to
the procedure described by Nicholson [28].

Using the theoretical approach of Olmstead and
Nicholson [29], the I,,/I,. values measured experimen-
tally at each scan rate were inserted into a working
curve to determine the parameter w, which incorporates
the effects of rate constant, drug concentration and scan
rate. A plot of w versus 7 resulted in a linear relation-
ship described by the equation

w = kyeyt

where k, is the second-order rate constant for the de-
composition of ArNO,*~, ¢, is the nitrocompound con-
centration and 7= (E; — E,,)/v. Consequently we can
obtain the second-order rate constant for the decompo-
sition of the nitro radical anion from the slope of the
straight line w versus 7. The assumption that the decom-
position of ArNO,"~ follows second-order kinetics is
supported by the linear relation between the kinetic
parameter @ and the time constant z.
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Fig. 3. Cyclic voltammograms of 5 mM RO 150216 and GC-284 in
mixed media: 60/40 DMF + citrate + 0.3 M KCI. Sweep rate 1 V
s~ 1. Solid line shows the first sweep and dotted line shows the second
sweep.



S. Bollo et al.

Table 1
Effect of adding TBAI on the reduction potentials of megazol and
related compounds

Without TBAI TBAI added

EL/mV  AE, y/mV E,/mV AE, ;/mV
Megazol —728 367 —733 417
GC-361 —765 535 —758 621
GC-360 —745 393 —753 481
GC-284 —734 476 —742 545
Benznidazole —735 156 —730 411
RO 150216 —729 338 —740 543

3. Results and discussion

3.1. Nitro radical anion formation

As was described in previous work [24], all com-
pounds were electrochemically reducible at a dropping
mercury electrode using polarographic modes. The
main electrodic response involved the nitro reduction
being totally dependent of the medium, varying from
(a) one peak due to a four-electron four-proton transfer
to form the hydroxylamine derivative, in protic media,
to (b) one peak due to one-electron transfer to form the
nitro radical anion with a subsequent second irre-
versible peak due to three-electron four-proton transfer
to form the hydroxylamine derivative, in mixed media.
However, considering that our current interest is
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devoted to the study of the nitro radical anion, we have
focused our studies on a medium where this radical is
kinetically stable, i.e. mixed or aprotic medium. Fur-
thermore, considering our previous experience
[17,18,22,23], we have selected the cyclic voltammetric
technique as a very useful tool to study the nitro radical
anion in this type of compound.

In Fig. 2, cyclic voltammograms of megazol (5-nitro
imidazole-diazole derivative) and benznidazole (2-nitro
imidazole derivative) in mixed media containing 60/40
DMF + citrate buffer (pH 9.0, 0.3 M KCIl) are shown.
For both compounds, behaviour analogous to that in
the polarographic mode was observed. Megazol pro-
duces two signals, peak I due to the one-electron nitro
reduction to form the nitro radical anion, and peak II
due to the nitro radical anion reduction to form the
hydroxylamine derivative. The peak 1" corresponds to
the anodic peak of the nitro/nitro radical anion couple.
When the amplitude of the voltammogram is sufficient
to permit hydroxylamine derivative formation (solid
line in Fig. 2) a second anodic signal, peak III, is
observed in the reverse scan. Thus we can conclude that
this signal corresponds to the oxidation of the hydroxy-
lamine derivative to the corresponding nitroso deriva-
tive. The above described behaviour was observed for
all the compounds, but in the case of the 2-nitro
imidazole derivatives (benznidazole and RO-150216)
the separation between the peak I and peak II poten-
tials (AE,; 1) is too small to permit a good resolution
of the I/T' couple (Fig. 2). Probably, this is due to the
fact that the protonation of the nitro radical anion on
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Fig. 4. Cyclic voltammograms of all nitrocompounds (5 mM solution) in mixed media: 60/40 DMF + citrate + 0.3 M KCl + 0.1 M TBAI. Sweep
rate 1 V s~ . Dotted line shows a short sweep with the isolated first couple.
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Fig. 5. Cyclic voltammograms of the isolated first couple of megazol
(5 mM solution) in mixed media (60/40 DMF + citrate + 0.3 M KCl
and 0.1 M TBAI) at different sweep rates.

the electrode surface is more favoured in the 2-nitro
imidazole derivatives than in 5-nitro imidazole-diazole
derivatives, thus favouring the subsequent three-clec-
tron reduction.

On the other hand, the voltammogram of megazol
(Fig. 2) shows a very sharp post peak, I,, probably due
to adsorption effects. According to the theory devel-
oped by Wopschall and Shain [30], this post peak can
be attributed to a reactant strongly adsorbed; in our
case megazol is strongly adsorbed on the mercury elec-
trode. Curiously, if we compare the voltammograms of
megazol with the related compound named GC-284
(Fig. 3) we can observe that only megazol is strongly
adsorbed, leading to the conclusion that the presence of
the sulphur atom in the diazole ring is crucial to the
adsorption of the megazol molecule.

Furthermore, when a second sweep was run (dotted
line in Fig. 3), it was possible to observe that a new
couple, (signals III and III') is generated at lower
potentials; this fact confirms that these signals corre-
spond to the quasi-reversible hydroxylamine/nitroso re-
dox couple.

Summarising, the signals that are observed in this
medium correspond to the well known mechanism for
the nitro aromatic reduction:

Ar-NO, + e~ 2 Ar-NO,"~ (peaks I and I) )
Ar-NO,"~ +3e~ +4H*
— Ar-NHOH + H,O (peak 1I) )

Ar-NHOH =2 Ar-NO +2¢~ +2H
+ (peak III and III) 3)

3.2. Nitro radical anion stability

In order to improve the resolution of the nitro/nitro
radical anion couple and according to previous experi-
ence [31], a second supporting electrolyte such as TBAI
was added to the solution. The tetraalkylammonium
ions are adsorbed at the electrode, where they form a
layer with a low proton activity [32]. We used this
property in order to hinder the protonation of the nitro
radical anion at the electrode surface and thus enhance
the kinetic stability of the nitro radical anion, and
consequently hinder the subsequent three-electron re-
duction. In Table 1 we can appreciate the effect of
adding TBAI on the cathodic peak potential of peak I
and on the separation between peaks I and II. As a
consequence of the addition of TBAI a considerable
increase in AE,;  resulted in a much better resolution
of the nitro/nitro radical anion couple. Also, we can
appreciate that the enhancement of AE; ,; is a conse-
quence only of the shift of peak II since the potential of
peak I remains practically the same. It is interesting to
observe that the enhancement in AE,; y; is clearly more
important in the 2-nitro imidazole derivatives (more
than 200 mV) than in the 5-nitro imidazole-diazole
derivatives (smaller than 100 mV). Summarising, the
addition of TBAI permits a better separation of the
nitro radical anion signal, facilitating its analysis. In
Fig. 4, we can observe the cyclic voltammograms for
the six compounds with TBAI as a second supporting
electrolyte. It is clear that under these conditions, the
study of the nitro radical anion is feasible and in all
cases it is possible to study the couple in isolation (Fig.
4, dotted lines).

From the above studies, we have found that the
optimum medium for the radical anion formation was
40/60 DMF + 15 mM aqueous citrate buffer pH 9, 0.3
M KCI and 0.1 M TBAI. This medium provides reli-
able experimental conditions to study the electrochemi-
cal behaviour of the radicals generated from the nitro
imidazole derivatives. In spite of the above, in the
voltammogram of megazol, we can observe some dis-
tortion due to strong adsorption. Specifically, we can
appreciate both a pre and a post peak, indicating strong
adsorption of reactant and product. If we isolate the
redox couple, we can observe only the pre-peak (dotted
line in Fig. 4). Furthermore, from a study of the
relationship of the pre-peak with the sweep rate, we
have obtained voltammetric behaviour typical of a
strongly adsorbed product [30], wherein the current
(I,)aqs Of the pre-peak that precedes the diffusion peak
increases with the sweep rate v, while that for the
diffusion peak (I,)qr varies with v'? consequently,
(I5)aas/(Ip)aisr increases with increasing v, as is observed
in Fig. 5. The pre-peak occurs at potentials more
positive than the diffusion controlled peak, because the
Gibbs energy of adsorption of the product of the
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reaction, i.e. the nitro radical anion from megazol,
makes the reduction of megazol to the adsorbed nitro
radical anion easier than to the reduction of the nitro
radical anion in solution. Considering that only mega-
zol was strongly adsorbed at the mercury electrode and
by comparison of the structures of megazol and GC-
284, we conclude that the presence of the sulphur atom
in the diazole ring is crucial to the adsorption phenom-
ena in the megazol molecule. Moreover, by comparison
of the structures of megazol with GC-361, it is possible
to conclude that the existence of a high density of
electrons in the thiadiazole ring is also necessary to
favour the strong adsorption.

On the other hand, in Fig. 6, we show the log—log
plot between the peak current and the sweep rate for
the nitro/nitro radical anion couple for all the com-
pounds studied. From these results we can observe that
in all cases the slope is about 0.5, indicating diffusion
controlled behaviour.

Then, we studied the kinetic stability of the
Ar-NO,*~ species, analysing the change in the voltam-
metric response with the scan rate. Fig. 7 shows the
effect of different sweep rates on the cyclic voltam-
mograms of the Ar-NO,/Ar-NO,’~ couple of com-
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Fig. 7. Cyclic voltammograms showing the first reversible couple due
to the one-electron reduction of GC-284 at different sweep rates.
Inset: current ratio dependence on sweep rate for the same experi-
ment.

pound GC-284. All the compounds show similar
behaviour. As can be seen, the I,,/I,. current ratio
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Fig. 6. Log I, versus log v analysis for the first reduction peak of all nitrocompounds.
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increases as the scan rate is increased, reaching a limit-
ing value of one. This result fulfils the requirements for
an irreversible chemical reaction following a reversible
charge transfer step (EC process) [33]. We have also
found that, at the same sweep rate, when the concentra-
tion of the nitro compound increases, the current ratio
decreases, implying that the chemical step of the EC
mechanism is a second-order reaction. In accord with
our previous work [17,18] and that of other authors
[34,35], the EC mechanism for these compounds can be
described by (see Eq. (1)):

Ar-NO, +e~ 2 Ar-NO,"~
2Ar-NO,’~ +2H* - Ar-NO, + Ar-NO + H,0 @)

According to this fact we can use the theory de-
scribed by Olmstead and Nicholson [29] in order to
obtain the second-order rate constant of the chemical
disproportionation step. This second-order rate con-
stant will be a parameter dependent on the kinetic
stability of each nitro radical anion in this medium.

The corresponding peak potential, the decay constant
value (k,) and the half-life time (#,,,) calculated for a
drug concentration of 5 mM are shown in Table 2.
According to these results, it is interesting to note that
the nitromidazoles (benznidazole, RO150216) are some-
what more stable than the nitroimidazole-aminothiadia-
zoles (megazol, GC-360 and GC-361). Probably this
difference can be ascribed as a consequence of the role
of the sulphur atom in the thiadiazole compounds that
produces adsorption on the mercury electrode. On the
other hand, Mairanovski et al. [36] reported that nitro
radical anions were more stable in solution than when
adsorbed on the electrode surface. Consequently, in the
present case the thiadiazole compounds exhibit an en-
hanced adsorption producing nitro radical anions with
lower kinetic stability. Moreover, if we compare mega-
zol with the GC-284 compound, wherein the only dif-
ference is the sulphur atom in megazol as opposed to
the oxygen atom in GC-284, the above assumption is

strongly validated. However, according to the similarity
of the peak potential values, we can affirm that there
are no significant differences in the energy requirements
to form the nitro radical anion from megazol or its
derivatives. On the other hand, if we compare the
results with nifurtimox, the classic antichagasic drug
(Table 2), there are differences in both the peak poten-
tial and k, values. Nifurtimox shows a lower cathodic
peak potential, meaning that the radical is more easily
formed, but the nitro radical anion from nifurtimox has
a longer half-life showing increased kinetic stability.
The same conclusion was obtained by Viodé et al. [12]
by pulse radiolysis of megazol and nifurtimox as shown
by the E} (peak potential at pH 7 for a one-electron
transfer) and k, value (Table 2). These values are
different from ours, because of the difference in media
in the two types of experiments: a medium of low
proton activity in cyclic voltammetric experiments and
water in pulse radiolysis. Obviously the results in
aqueous medium show that the radical anion is kineti-
cally less stable in water.

On the other hand, recent biological studies (unpub-
lished data), show that megazol is the most active
compound in parasite growth cultures of several T.
cruzi strains and is more active than nifurtimox. By
relating the biological and electrochemical results, we
can conclude that a better in vivo activity implies a
larger decay constant of the radical anion, which prob-
ably means that the products of decay are more toxic to
the parasite. Taking into account that the nitroso
derivative is formed in the disproportionation reaction
(Eq. (4)) and that it is more electrophilic than the
parent nitro compound, it is reasonable to expect that
the nitroso metabolite is responsible for the greater
efficacy of megazol against 7. cruzi.

3.3. Calculation of E% values

The E} values are parameters that account for the
energy necessary to transfer the first electron to an

Table 2
Cathodic peak potentials, second-order decay constants and half-life times for the nitro radical anion obtained from megazol and related
compounds
Cyclic voltammetry Pulse radiolysis #
E,/mV 10-2 oM~ s~ £ /8 El/mV 10-5 2kp/M !
g1
Megazol —733 19 0.11 —438 7.0
GC-361 —758 33 0.06
GC-360 —753 27 0.07
GC-284 —742 7.8 0.26
Benznidazole —730 8.9 0.22
RO 150216 —740 7.0 0.29
Nifurtimox —630 0.53 3.77 —260 0.1

@ Values obtained from Ref. [12].



S. Bollo et al.

4 °1
24
6
2 1
34
0 01
-14 0+
.24
24 -3
-4
-3 -6
. Benznidazole RO 150216 GC 284
<§_ 61 -4
= -9
— T T T T T T T T T T T T
-1200 -1000 -800 -600 -1200 -1000 -800 -600 -1200 -1000 -800 -600
4 1
14
2 0+
04
04 .
-1
-2
-2
-2
.34
-4 - 3
-4
6 Megazol GC 361 41 GC 360
-5
-1400 -1200 -1000 -800 -600 -400 -1200 -1000 -800 -600 -1200  -1000 -800 -600

E/mV vs Ag| AgCl

Fig. 8. Cyclic voltammograms of all nitrocompounds (5 mM solution) in aprotic media, DMF + 0.1 M TBAI. Sweep rate 1 V s~ .

electroactive group at pH 7 in aqueous medium to form
a radical anion. Therefore in the case of nitro com-
pounds, the E? values represent the ability to form the
nitro radical anion. The E’ values are obtained experi-
mentally only by electron pulse radiolysis but according
to the study published by Breccia et al. [37], it is
possible to obtain a correlation between the cathodic
peak potentials in aprotic media with the E! values
obtained with pulse radiolysis. Consequently we have
obtained the cyclic voltammograms of all the com-
pounds studied in aprotic media (100% DMF + 0.1 M
TBAI). In Fig. 8 we observe the nitro/nitro radical
anion couple obtained for each nitro-imidazole deriva-
tive in aprotic medium. Furthermore the E} values
calculated from the E,. values and comparisons with
some values obtained by pulse radiolysis are shown in
Table 3. From these values we can observe an adequate
correlation between the E} values obtained by both
cyclic voltammetry and pulse radiolysis. In the case of
megazol the difference of about 50 mV can be ascribed
to the strong adsorption observed in the megazol

1

voltammogram that would produce a little distortion in
the measurement. This result is very significant because
it shows that electrochemical techniques can be used to

Table 3

E!} values calculated from the cathodic peak potentials in aprotic
media and comparison with the values obtained experimentally by
pulse radiolysis

Cyclic voltammetry Pulse radiolysis *

E, /mV Calculated E}/mV
E}/mV
Megazol —1028 —385 —438
GC-361 —896 —253
GC-360 —1022 —379
GC-284 —968 —321
Benznidazole —1019 —376
RO 150216 —1007 —364
Nifurtimox —876 —257 —260

2 Values obtained from Ref. [12].
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obtain the E} parameters for these types of compounds,
thus making the determination easier and cheaper than
pulse radiolysis experiments.

In conclusion, using cyclic voltammetry we were able
to study the nitro radical anion formation, its Kkinetic
stability and correlate these results with those obtained
by pulse radiolysis and with the biological activity
against 7. cruzi. This will allow a fast and easy electro-
chemical screening of future new antichagasic
compounds.
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