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ABSTRACT

PA-824 (2-nitro-6-(4-trifluoromethoxy-benzyloxy)-6,7-dihy-
dro-5H-imidazo [2,1-b][1,3]oxazine) a nitroimidazopyran
drug candidate for the treatment of tuberculosis was electro-
chemically studied with the aims of to propose a new electro-
analytical method and to investigate the potential of an
electrochemical system to mimic phase I reduction metabo-
lism in PA-824. The electrochemical behavior was studied
using tast polarography, differential pulse polarography,
differential pulse voltammetry and cyclic voltammetry. PA-
824 was electrochemically reducible showing one reduction
peak due to the four-electron reduction of the nitro group
to form the hydroxylamine derivative. A method for the
determination of PA-824 by differential pulse polarography
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and differential pulse voltammetry at pH 7 were proposed.
The differential pulse polarography method has adequate
accuracy and precise with a mean recovery of 101.11% and
a standard relative deviation of 2.27%. The detection limit
was 2:23�10�7 M. Furthermore, for comparative purposes
an alternative differential pulse voltammetry and UV spectro-
photometric methods were developed. On the other hand,
from the electrochemical point of view, PA-824 shows similar
reduction capabilities that metronidazole supporting the
hypothesis that both drugs could share a similar reductive
metabolism.

Key Words: Nitroimidazopyran; Voltammetric; Drug
analysis

INTRODUCTION

Mycobacterium tuberculosis, which causes tuberculosis, is the greatest
single infectious cause of mortality worldwide, killing roughly two million
people annually (1). Estimates indicate that one-third of the world popula-
tion is infected with latent M. Tuberculosis (2). The synergy between tuber-
culosis and the AIDS epidemic (3–5), and the surge of multidrug-resistant
clinical isolates ofM. Tuberculosis have reaffirmed tuberculosis as a primary
public health thread. In spite of the above, new antitubercular drugs with
new mechanisms of action have not been developed in over thirty years.
However, recently, Stover et al. (6) reported a series of compounds contain-
ing a nitroimidazopyran moiety that posses antitubercular activity. Lead
compound PA-824 (Figure 1) (2-nitro-6-(4-trifluoromethoxy-benzyloxy)-
6,7-dihydro-5H-imidazo[2,1-b][1,3] oxazine) showed potent bactericidal
activity against multidrug-resistant M. Tuberculosis and promising oral
activity in animal infection models. The exact action mechanism of PA-
824 is unknown but there are some evidences (6) indicating that the meta-
bolic activation of PA-824 byM. Tuberculosis may involve a nitro-reduction
step analogous to that required for metronidazole activation (7).

A survey of the literature reveals that no attempt has been made
to study the electrochemical behavior of nitroimidazopyran compounds.
However, several reports pertaining to the electrochemical behavior of
different nitroimidazole compounds are available (8–11). Generally both
the biological and the electrochemical activity of nitroimidazoles is
dependent upon the nitro group reduction process. In this work, we
studied by TAST, differential pulse polarography (DPP), differential pulse
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voltammetry (DPV) and cyclic voltammetry (CV) the electrochemical beha-
vior of the nitroimidazopyran PA-824, in buffered aqueous/alcohol protic
media, mainly focused to develop an electroanalytical method to determine
this compound.

On the other hand, drug metabolism is normally divided into phase I,
II and III metabolism (12). Phase I metabolism involves primarily functio-
nalization, including oxidation, reduction, hydrolysis and isomerization. In
the present case, probably, the most important phase I metabolism path-
ways are enzyme-catalyzed reductions similar to the metabolism of metro-
nidazole (7). Consequently other aim of our studies was to investigate the
potential of an electrochemical system to mimic phase I reduction metabo-
lism in PA-824.

EXPERIMENTAL

Reagents and Solutions

PA-824 was obtained from PathoGenesis Corporation, Seattle,
Washington, USA. All reagents employed were of analytical grade.

Stock solutions of PA-824 were prepared at a constant concentration of
1�10�3 M in ethanol. An aliquot of stock solution was taken and diluted with
ethanol/0,4M Britton-Robinson buffer mixture (20/80), to obtain a final
working solution concentration between 1�10�6 and 1�10�4 M.

Apparatus

Electrochemical experiments, differential pulse polarography
(DPP),tast polarography, differential pulse voltammetry (DPV) and cyclic
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Figure 1. Chemical structure of PA-824.



voltammetry (CV) were performed with a totally automated BAS 100 vol-
tammetric analyzer, coupled with a GCME stand. A dropping mercury
electrode (DME) as working electrode, a platinum wire counter electrode,
and an Ag/AgCl as reference electrode were used for the measurements. For
DPV and cyclic voltammetry a hanging mercury drop electrode (HMDE) as
a working electrode was used. All potential values in this paper have been
referred to the Ag/AgCl reference electrode.

Spectrophotometric measurements were carried out with an UV-Vis
spectrophotometer ATI Unicam Model UV3, using 1 cm quartz cell.

Analytical Studies

For calibration plots, a series of ten solutions containing PA-824
concentrations between 1�10�6 and 1�10�5 M in ethanol/0.4M Britton-
Robinson buffer mixture (20/80) at pH 7 were prepared.

For polarographic and voltammetric measurements, each sample was
transferred to a polarographic cell, degassed with nitrogen for 10 minutes
and recorded at least twice.

For UV spectrophotometric calibrations plot, ten solutions containing
PA-824 concentrations between 1�10�5 and 1�10�4 M in ethanol/0.4M
Britton–Robinson buffer mixture (20/80) at pH 7 were prepared.

For recovery study, a series of twelve solutions were independently
prepared by weighing approximately the same mg amount of PA-824 and
then dissolving in ethanol/0.4M Britton-Robinson buffer mixture (20/80) at
pH 7. The mg amount of PA-824 in the sample solution was calculated from
prepared standard calibration plot.

RESULTS AND DISCUSSION

Electrochemical Behavior

PA-824 in hydroalcoholic solution (0,4M Britton-Robinson buffer/
ethanol, 80/20), shows a cathodic response in a wide range of pH (2–12).
Our first experiment was to check the stability of the PA-824 solutions by
recording differential pulse polarograms over chosen time intervals between
0–180min. The results show that there is no significant change in the inten-
sity of cathodic peak current with time delay when the experiments are
performed at room temperature and in presence of light at pHs 3, 7 and
10. The stability test results for a pH 7 solution are showed in Figure 2,
indicating that this compound is highly stable below these conditions.
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The obtained results both by differential pulse and tast polarography

techniques (Figure 3A, 3B, respectively) show only one well-defined catho-

dic signal in all the pH range studied. This signal was shifted toward more

cathodic potential upon increasing the pH, indicating that this compound

would be more easily reducible in acidic media. A polarographic maxima

can be observed in the tast polarographic waves (Figure 3B), indicating a

probable adsorption phenomena or other related phenomena that acts

affecting the streaming of the solution in the vicinity of the electrode.

Analyzing the evolution of peak potential (Ep) with pH (Figure 4A), it is

possible to observe that there is a linear dependence between pH 2–10, and

up to pH 10 the peak potential was independent to the Hþ concentration.

The same results was obtained from tast polarographic experiments (Figure

4B) confirming that in spite of the observed polarographic maxima the

polarographic parameters obtained from tast waves are reliable.
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Figure 2. (A) Differential pulse polarograms of 0.1mM PA-824 solution at different
times (0.4M Britton-Robinson/ethanol, 80/20, pH 7). (B) Variation of Ip with

the time.



Furthermore, from the plot of the limiting current vs pH (Figure 4C),

a pH-independent zone between pH 2–10 was observed. This behavior is

indicative of diffusion controlled limiting currents. Then, up to pH 11, a

strong decrease of the limiting current was observed. This decrease in the

limiting current was also observed in the peak current by DPP mode with a

4.2 times lower peak current at pH 12 when compared with pH 10.

Cyclic voltammetric experiments performed at pH 3, 7 and 10 showed

only one irreversible peak. We have studied the evolution of the peak

current with the sweep rate finding a diffusion-controlled behavior of the

electroreduction of PA-824. In Figure 5 we can observe the linear relation

between log Ip versus log v with a slope near to 0.5 confirming the

above assumption. From this result, we can conclude that the observed

polarographic maxima was due to problems in the streaming of the solution
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Figure 3. Differential pulse (A) and tast polarograms (B) of 0.1mM PA-824 solu-

tion at different pH (0.4M Britton-Robinson/ethanol, 80/20).



to the electrode surface more than strong adsorption of reactants or

products.

In order to elucidate the number of electrons transferred in the reduc-

tion process we compared the limiting currents of the PA-824 with limiting
currents of equimolar solutions of metronidazole, at the same experimental

conditions.We found that both, metronidazole and PA-824, showed a similar

value of the limiting current measured by tast polarography (Figure 6), which

could indicate that the same number of electrons are transferred. According

to the well-knownmechanism of metronidazole (13), which correspond to the
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Figure 4. pH dependence of the differential pulse potential peak (A), half-wave
potential (B) and limiting current (C) of 0.1mM PA-824 solution (0.4M Britton-

Robinson/ethanol, 80/20).



four-electron reduction of the nitro group, and the obtained results, we can
assume that the reduction mechanism of PA-824 also would correspond to
the 4-electron reduction of the nitro group, according to:

RNO2 þ 4Hþ
þ 4e� ! RNHOH þH2O

Furthermore considering that some studies (6) reveal that probably the
action mechanism of PA-824 would be similar to the metronidazole one i.e.,
involving a nitro reduction step, it is interesting to note that both com-
pounds present very similar reduction potentials meaning similar reduction
capabilities from the electrochemical point of view.

UV Spectroscopy

With the aim of learn more about the chemistry in solution of PA-824,
an UV-vis Spectrophotometric study was conducted (Figure 7).
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Figure 5. Plots of log Ip against log v of 0.1mM PA-824 solution (0.4M Britton-

Robinson/ethanol, 80/20).
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Figure 6. Tast polarograms of 0.1mM PA-824 solution (dotted line) and 0.1mM of
metronidazole (solid line) in 0.4M Britton-Robinson/ethanol, 80/20 at pH 7.

Figure 7. UV spectra of 0.08mM PA-824 solution at differential pH.



PA-824 presents an absorption band with a maximum at 332 nm, in a
wide range of pH (2–11) and it was found that this compound shows a pH-
independent behavior inside this pH range. But, there is a dramatic change
between pH 11–12, with a hypsochromic shifting and a new maximum at
295 nm. Surprisingly this change is irreversible i.e., when the pH solution
was returned to pH 11, from the more alkaline media, the spectrum is not
the same that was obtained initially at pH 11. This result indicates that the
observed change in the spectrum is not due to a acid-base equilibrium, but a
probable hydrolysis of PA-824 occurring at pH higher than 11. This fact
also explains the decrease in the polarographic limiting current observed at
this pH in Figure 4C. The data obtained in UV-Vis study were not useful to
obtain an apparent pKa from PA-824. Probably, the value of pKa for the
imidazole nitrogen is below to pH 2.

Quantitative Application

According to the above-obtained results by electrochemical studies, it
was possible to apply the electrochemical techniques to the quantitative
analysis of PA-824. pH7 solutions and DPP and DPV modes were selected
for this quantitative study.

In order to provide a DPP and DPV quantitative procedure, the depen-
dence between PA-824 concentration and peak current (Ip) was conducted. A
linear relation in the wide concentration range between 1�10�6 and
7:5�10�5 M was found (Figure 8). Above this concentration ð7:5�10�5 MÞ

a loss of linearity was observed, probably due to the adsorption of PA-824 on
the electrode. In spite of the above we can use the linear zone to quantitative
analysis. For quantitation the calibration plot method, with concentration
ranging between 1� 10�6 and 1� 10�5 M of PA-824 solutions in ethanol/
Britton–Robinson buffer ( pH 7), was used. The calibration plots are des-
cribed by the following regression curve:

Ip½mA� ¼ 18497:39�C½M� � 8:99� 10�3 ðr¼ 0:9975, n¼ 10Þ DPP

Ip½mA� ¼ 13056:45�C½M� � 7:07� 10�3 ðr¼ 0:9909, n¼ 10Þ DPV

where Ip is the peak current and C is the PA-824 concentration. The repeat-
ability of the measurement was calculated from ten independent runs and
the detection limit were calculated as is described by Quattrocchi (14). The
obtained results are summarized in Table 1. By comparing the above results
of detection limits with other previously informed for other nitroaromatic
drug, i.e., nimesulide ðL:D: ¼2:5�10�6 MÞ (15), we can conclude that with
the present method we have improved the detection in about one order of
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magnitude. On the other hand if we compare with the previously informed
detection limit for the polarographic determination of metronidazole (13)
we have improved the detection limit about 3 times.

In order to validate and to obtain the precision and accuracy of the
developed methods we have also carried out a recovery study. The obtained
results are summarized in Table 2. These results reveal that the proposed
methods have adequate precision and accuracy and consequently can be
validated to the determination of PA-824.

On the other hand, with comparative purposes we have also developed
an alternative UV-spectrophotometric method, selecting the 295 nm band
to develop the quantitative analysis. The calibration plot method, with
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Figure 8. Variation of current peak (A) and potential peak (B) with the concentra-

tion of PA-824 (0.4M Britton-Robinson/ethanol, 80/20, pH 7).



concentrations ranging between 1�10�5 and 1�10�4 M of PA-824 solutions
in ethanol/Britton–Robinson buffer (pH 7), was used. The calibration plot is
described by the following regression equation:

A ¼ 6393:3� C½M� þ 0:0071 ðr ¼ 0:999, n ¼ 10Þ

The results of repeatability and detection and quantification limits studies are
summarized in Table 1. On the other hand also a recovery study was devel-
oped and the results are summarized in Table 2.

In conclusion differential pulse polarography and differential pulse
voltammetry can be a good alternative for the analytical determination of
PA-824 because it has sufficient precision, accuracy, sensitivity, selectivity, is
not time consuming, is not expensive and show better sensitive than the UV-
spectrophotometric method. Furthermore, from the electrochemical point
of view, PA-824 shows similar reduction capabilities that metronidazole
supporting the hypothesis that both drugs could share a similar reductive
metabolism.
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Table 1. Results of the Repeatability and Detection and Quantification Limits

Studies

DPP VPD UV

Repeatability, % 0.68 1.97 0.94
Detection limit, M 2:23�10�7 2:2�10�7 1:18�10�5

Quantification limit, M 4:48�10�7 3:9�10�7 2:74�10�5

Table 2. Results of the Recovery Study of PA-824

DPP VPD UV

Average, % 101.1 99.6 102.2
s.d., % 2.3 1.9 2.2
C.V., % 2.3 1.9 2.1
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