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Enoximone and piroximone are cardiotonic agents for use in pa-
tients with congestive heart failure. Electroanalytical studies re-
vealed that the dihydroimidazolone functionality was oxidizable and
that this property can be analytically useful. The compounds un-
dergo a two-electron, irreversible oxidation in neutral to acidic me-
dia, leading to two major products. Results in basic media show up
to three electrons transferred per molecule and much higher oxida-
tion potentials at the fresh carbon paste electrode than at identical
electrodes preconditioned in supporting electrolyte at +1.2 V. Use
of amperometric detection with HPLC provides excellent measure-
ment sensitivity (<1 ng) and reproducibility. Carbon paste and
glassy carbon electrodes surfaces are not obviously affected by the
electrochemical reactants or products. Piroximone, in addition, con-
tains a 4-pyridoyl function which is irreversibly reducible at a mer-
cury electrode, with excellent response linearity, and measurement
sensitivity to at least 10~7 M by differential pulse polarography.

KEY WORDS: 1,3-dihydroimidazolone; enoximone; piroximone;
electroanalytical; liquid chromatography-electrochemical detec-
tion; oxidation.

INTRODUCTION

Enoximone (MDL 17,043) and piroximone (MDL
19,205) (Scheme I) are cardiotonic agents with demonstrated
utility in the treatment of congestive heart failure (1). During
the development of these compounds, a routine electro-
chemical redox study revealed a surprisingly facile electro-
chemical oxidation in aqueous media. Studies over the pH
range of 1.5-12.5 by cyclic voltammetry and supportive
studies by coulometry and HPLC are reported here.

MATERIALS AND METHODS

Cyclic voltammetry was performed with a Princeton
Applied Research Model 174A which was equipped with a
saturated calomel electrode and either a hanging mercury
drop (HMDE) or a carbon paste (CPE) working electrode
(ca. 0.021- and 0.5-cm” surface areas, respectively). The car-
bon paste was prepared by applying 5% ceresin wax from
hexane solution onto SP-2 graphite (National Spectrographic
Labs), followed by blending the dried powder with OV-101
silicone oil at a 5/3 (w/w) ratio. Electrochemical measure-
ments on enoximone were made at room temperature (ca.
22°C), while those on piroximone were made at 25°C.
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Electrolyte solutions were prepared from reagent-grade
chemicals by adding 2 ml of 0.1 M LiCIQ, in acetonitrile to
1 ml of an aqueous buffer. Buffers were prepared as 0.1 M
solutions of citric acid, glycine, acetic acid, or tris(hy-
droxymethyl)aminomethane which were adjusted to appro-
priate pH values with small volumes of H,SO, or LiOH. All
reported pH measurements were done on the electrolyte so-
lutions, using an electrode which had been calibrated with
standard aqueous buffers. Solutions of the cardiotonics and
related compounds (all >98% pure Merrell Dow Research
Institute origin) were prepared at approximately 1 mg/ml in
acetonitrile: water (2:1).

Fifty- or 100-microliter aliquots were added sequentially
to the electrolyte solution after a voltammogram had been
obtained on the previous solution at 20 mV/sec (CPE), 100
mV/sec (HMDE), or 2 mV/sec with a 1-sec drop time and a
pulse amplitude of 25 mV (DPP). All measurements at the
CPE were done with an electrode which had been held at
+1.2 V briefly, unless noted otherwise.

Coulometry was performed with the same equipment at
25°C, except stirring was added. Currents were continuously
measured over 60-, 90-, or 120-min constant-potential elec-
trolysis intervals. Electrolyzed solutions were evaluated by
HPLC, using a LiChrosorb RP-18 column, mobile phases of
CH,0H/0.05 M, pH 3.2, KH,PO, (60/40), and CH,CN/0.05
M, pH 3, KH,PO, (5/95), with UV detection at 320 and 220
nm, respectively.

Chromatography with amperometric detection (LCEC)
was conducted with Chromegabond C-18, 10-um packing in
a 30-cm X 4.6-mm column, using a mobile phase of equal
volumes of 0.05 M potassium dihydrogen phosphate and
methanol at 1 ml/min. Amperometry was controlled by a
Bioanalytical Systems LC-4 potentiostat at a Bioanalytical
Systems TL-5 glassy carbon electrode versus a Ag/AgCl ref-
erence.

RESULTS AND DISCUSSION

Typical voltammograms for enoximone in acidic and ba-
sic media are shown in Figs. 1 and 2, respectively. Peak
potentials range from +1to +0.5V, good response linearity
is observed, and the oxidation process is irreversible, even
at scan rates up to 500 mV/sec. Figure 2 additionally illus-
trates the effects of electrode surface modification at higher
potential in basic media. The three cyclic voltammograms
labeled A were obtained by repetitive scans (0.0 to +0.8 V)
on a single solution, using a freshly packed CPE. The third
scan continued to + 1.2 V and that potential was maintained
for about 15 sec. The two cyclic voltammograms labeled B
were then obtained on the same solution (—0.2 to +1.1 V).
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Fig. 1. Voltammograms of enoximone in pH 1.5 media. Background
and single scan after three additions of enoximone.

It is evident that the entire oxidation wave is shifted at least
150 mV negative of those found at the unconditioned CPE.

This phenomenon is not fully understood and, while un-
common, is not unknown. Blaedel and Jenkins reported a
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Fig. 2. Voltammograms of enoximone in pH 12.5 media. (A) At
resurfaced, nonconditioned CPE. (B) After CPE modified by scan-
ningto +1.2 V.

negative potential shift for the oxidation wave of NADH at a
glassy carbon electrode following pretreatment of the elec-
trode (2). Their pretreatment procedure consisted of 15 con-
stant potential steps (+1.5, —1.5V). They speculated that
oxides could be formed at the electrode surface and facilitate
electron transfer through the electrode boundary layer. Our
further evaluation of the oxidation wave shift may be seen in
the peak potential data in Table 1. The effect is pronounced
only in basic media where enoximone is ionized (pK, =
10.3). The resulting implication is that ionized enoximone

Table I. Peak Potentials and Peak Current Constants for Enoximone at a Carbon Paste Electrode

Current
b E, - E constant

Buffer pH V)? 24 (RA/mM)*
H,S0, 1.5 1.01 1.02 1.03 117 115 115

1.05* 1.08* 1.08* 1.05 0.077 132 135 133 130

1.01 1.02 1.02 130 130 124
Glycine 3.8 1.05* 1.06* 1.07* 1.08 0.079 120 127 129 138
Citrate 4.0 1.02 1.03 1.04 111 112 113

1.07* 1.05* 1.08* 1.06 0.080 104 114 113 116
Citrate 5.1 1.01 1.02 1.03 108 107 108

1.07* 1.07* 1.10* 1.08 0.100 112 118 110 106
Acetate 6.2 0.99 1.00 1.00 1.08* 103 102 101 108

1.09* 1.07* 1.09* 1.07 0.095 125 108 114 109
Citrate 7.0 1.02 1.03 1.06 0.143 96 95 95
Acetate 7.4 1.01 1.02 1.03  1.07* 0.148 97 97 97 99

0.99 1.00 1.02 96 96 95
Tris 7.0 1.03 1.03 1.04 0.160 89 91 92
Tris 7.8 1.03 1.04 1.05 0.195 87 90 92
Tris 8.6 1.00 1.00 1.02  1.06* 0.280 101 97 88 90
Glycine 9.0 0.94 0.94 0.94 1.04* — 69 69 68 76
Glycine 10.0 0.80 0.82 0.83  0.94* 0.340 68 66 65 70
LiOH 12.5 0.43 0.45 0.47 0.67* 0.220 58 60 56 62

0.65*  0.50 0.48 62 63 62

2 Values with superscript asterisks were obtained at a freshly resurfaced CPE. Values were obtained
in sequence, reading from left (lowest concentration) to right in the peak potential (E,) and current
constant columns. Data on each line are from separate experiments usually acquired several months

apart.

b peak potential — potential where current is one-half that at the peak. Measured at the highest
concentration voltammogram obtained at a freshly resurfaced CPE.



Electrochemistry of Enoximone and Piroximone

0.4 0.2 0 -0.2 -0.4
I I r I I

Background /

<<'

e\ ~—

© ®

N\
\ AN
\\
\
A\
! 1
\&

\

“\

o

Fig. 3. Voltammograms of MIO in pH 12.5 media. (A-C) After se-
quential additions of compound (replicate scans) at a conditioned
CPE. (D) On same solution as C but at a freshly resurfaced CPE. (E)
On same solution as D, after conditioning the CPE at + 1.2 V for less
than 30 sec.
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may be a useful probe in other studies of electrode surface
modification.

Data illustrating analytical capability and pH effects are
shown in Table I. With a given electrode, good reproduci-
bility and response linearity are observed. Buffer effects are
not very significant but two pH effects are noted. First, peak
current responses decrease essentially linearly with pH until
the response at high pH is about half that at low pH. Second,
effects of deprotonation of the dihydroimidazolone function
are noted as the peak oxidation potential decreases at — 137
mV/pH above an apparent pH of 8.5.

Assignment of electrochemical activity to molecular

905

functionality was simplified by evaluation of 4-(methyl-
thio)benzoic acid (MTBA) and 4-methyl-1,3-dihydro-
imidazol-2-one (MIO). The MTBA molecule is not oxidized
at the CPE below +1.3 V. However, MIO is easily oxidized
(+0.9 V acidic, ca. +0.1 V basic) to account for the ob-
served electrochemistry of enoximone. Current constants
are ca. 120 pA/mM in acidic media and ca. 150 pA/mM in
strongly basic media—i.e., similar to enoximone at low pH
but ca. twice the response of enoximone at high pH. At least
part of this difference is probably due to a higher pK, for
MIO than for enoximone. Similar, but more pronounced,
effects of fresh and preconditioned CPE surfaces are also
observed (Fig. 3). The MIO molecule is smaller and much
more water soluble than enoximone, so it would be expected
to have less physical affinity for the CPE. The generation of
new functionalities at the conditioned CPE would be ex-
pected to make this a relatively less hostile environment as
well as facilitate electron transfer.

Coulometric data indicate that enoximone and MIO un-
dergo a two-electron oxidation (Table II). In acidic media,
enoximone oxidation results in two products, which have
similar chromophores (., = 320 nm) as enoximone and
relative retention times (RRT) of 0.74 and 0.85, respectively,
when evaluated by HPLC. Also, MTBA is observed (A, =
280 nm, RRT = 1.6). In basic media, enoximone oxidation
consumes between two and three electrons. MTBA is ob-
served as a product, and when observed, it is produced stoi-
chiometrically from the enoximone oxidized. Otherwise, an-
other product of enoximone’s oxidation occurs at 0.74 RRT,
but its absorption maximum is 280 nm, rather than 320 nm as
observed for a product at this RRT from electrolysis in acid.
From these data, we conclude that the initial oxidation is a
two-electron transfer, resulting in an unstable imidazolone
function which then undergoes hydrolytic ring opening to
two products. These products may then undergo further
hydrolysis/electrolysis to account for the overall results, in-
cluding the appearance of MTBA. Better understanding of
the reaction mechanism(s) would require conclusive identi-
fication of the observed products, studies of their electro-
chemical characteristics, and evaluation of their chemical
stabilities.

Piroximone behaves similarly to enoximone at the CPE
(Table III). However, peak potentials are at least 100 mV

Table II. Coulometry Data for Enoximone and MIO at a Carbon Paste Electrode

E Time % MTBA
Sample Buffer pH CPE* (V) (min) oxidized® n found
MIO LiOH 12.5 R +0.7 60 76.5 2.06 —
LiOH 12.5 M +0.3 60 83.5 2.06 —_—
Enoximone H,SO, 1.5 R +1.1 86 56.3 2.07 Yes
LiOH 12.5 R +0.8 90 52.5 2.38 Yes
LiOH 12.5 R +0.7 120 43.3 2.10 No
LiOH* 12.2 R +0.7 60 21.8 2.12 No
LiOH 12.5 M +0.8 120 95.5 2.74 Yes
LiOH 12.5 M +0.3 90 41.6 2.04 No
LiOH 12.5 M +0.3 60 60.8 2.15 Yes

4 R, electrode resurfaced prior to coulometry. M, electrode modified at + 1.2 or + 1.4 V prior to coulometry.

& As determined by HPLC analysis.

¢ Electrolyte was 100% 0.05 M LiOH.
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Table III. Peak Potential and Peak Current Constants for Piroxi-

Housmyer and Lewis

Table IV. Coulometry Data for Piroximone at a Carbon Paste Elec-

mone at a Carbon Paste Electrode trode
E, - Current E Time %
E, E,» constant Buffer pH (V) (min) oxidized? n
Buffer  pH (V) V) (pA/mM)®
H,SO0, 1.60 115 90 40.9 2.0
H,S0, 1.60 1.12 1.14 1.15 0.07 148 142 136 H,SO, 1.60 1.15 92.5 33.8 2.4
1.16 1.17 1.18 0.10 131 129 127 H,SO, 1.60 1.09 150 15.8 2.1
Glycine 3.39 1.11 1.14 1.16 0.09 148 140 135 Acetate 5.30 1.15 90 68.1 2.9
Citrate 3.55 1.10 1.12 1.13 0.09 126 120 115 Acetate 5.30 1.15 90 66.9 3.0
Citrate 4,54 1.09 1.11 1.14 0.09 129 124 119 Acetate 5.30 1.00 105 18.5 2.8
Acetate 5.30 1.09 1.12 1.15 0.12 134 128 125
L1 112 113 0.09 128 121 120 “ As determined by HPLC analysis.
Citrate 5.51 1.09 1.11 1.13 0.10 126 122 117
Acetate 6.33 1.11 1.14 1.15 0.11 135 133 132
Citrate 6.46 1.09 1.11 1L.11 0.09 125 118 121 Current constants of piroximone are higher at lower
Tris 705 1.09 1.11 1.13 0.10 131 128 125 concentrations, which suggests absorption of piroximone at
Tris 7.89 1.10 1.16 1.19 0.15 101 89 83 the CPE. Since this effect is not obvious with enoximone, a
Tris 885 106 110 L.13 0.16 92 89 89 tentative causal relationship was assigned to the ethyl-
Glycine 887 1.05 1.07 109 016 108 103 99 jmjdazolone function of piroximone. However, when the
Glycine 992 095 097 098 024 94 8 8 o) imidazolone analogue of piroximone was examined,
LiOH 12.33 0.570.57 0.5 0.17 65 68 67 similar behavior was observed at pH 1.6 and pH 12.38.
0.51 0.51 0.51 0.25 60 57 57 . .
(0.99)° _ (75)° Lower current constants and better linearity were found at

% Data are given for the averages of two scans taken after each of
three sample additions to the electrolyte. Read peak potential (E)
and current constant columns from left to right.

® The CPE was resurfaced prior to this scan.

more positive and current constants are somewhat larger.
The shift in oxidation potential parallels the greater electron
withdrawing capacity of the 4-pyridoyl function compared to
the 4-(methylthio)benzoyl function.

pH 5.3, however, so these limited data are supportive of the
hypothesis only at pH 5.3.

Coulometric data from pH 1.6 and pH 5.3 media show
ca. 2 electrons/molecule, and ca. 3 electrons/molecule, re-
spectively (Table 1V). At lower pH, an oxidation product
containing the 322-nm chromophore of piroximone was de-
tected by HPL.C (RRT 0.6). This product was not observed
from the higher-pH coulometric experiments, but an in-
crease in absorbance was noted in the HPLC solvent front.
Since isonicotinic acid elutes in the solvent front and since

Table V. Reductive Peak Potential and Peak Current Constants for Piroximone at a Mercury Electrode

Differential
Voltammetry pulse polarography®
Current Apparent
E“ E, — Ep” constant Ep current constant
Buffer pH W) V) (pA/mM) V) (rA/mM)
H,SO, 1.60 -0.47 0.02 11.5 11.7 11.7 —-0.45 70.1
—0.48 0.02 12.5 12.4 12.4 —0.46 75.1
Glycine 3.39 —-0.47 0.03 11.8 11.8 11.8 -0.45 72.4
Citrate 3.55 —0.56 0.03 12.4 12.6 12.7 -0.53 77.3
Citrate 4.54 —0.63 0.03 11.2 11.4 11.5 -0.60 69.7
Acetate 5.30 —0.68 0.04 11.5 11.6 12.0 -0.60 67.4
—0.69 0.03 11.4 11.5 11.5 —0.65 67.8
—0.68 0.03 11.2 11.4 11.4 —0.66 66.0
-0.69 0.03 11.3 11.3 11.6 -0.67 67.1
Citrate 5.51 -0.70 0.04 10.3 10.4 10.5 -0.67 55.5
Acetate 6.33 —-0.77 0.05 9.3 93 9.4 -0.73 48.7
Citrate 6.46 -0.79 0.03 8.3 8.2 8.2 -0.74 33.9
Tris 7.05 -0.81 0.04 9.7 9.9 9.9 -0.78 63.3
Tris 7.89 —0.86 0.04 9.0 9.3 9.9 —-0.82 70.7
Tris 8.85 -0.95 0.07 8.0 7.6 8.0 -0.88 49.1
Glycine 8.87 -0.99 0.09 6.9 6.7 7.2 -0.92 19.6
Glycine 9.92 -1.15 0.11 7.9 7.5 7.5 -1.11 24.3
LiOH 12.38 -1.32 0.07 7.5 8.1 8.4 —1.28 37.0
-1.32 0.05 8.4 8.5 8.6 -1.27 36.4

9 Measurements performed on final solution used in voltammetry.
¢ Peak current responses measured after each of three sequential additions of sample.
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4-(methylthio)benzoic acid was observed in the enoximone
study, preliminary speculation focuses on isonicotinic acid
as one of the products. It is observed also as a product of
degradation of piroximone in basic media (3).

Piroximone is reduced at the HMDE with no evidence
of oxidation peaks when evaluated by cyclic voltammetry (0
to —1 V at 100 mV/sec). Voltammetric and differential pulse
polarographic data are shown in Table V. Excellent assay
sensitivity and linearity are obtained. Even though electron
transfer is irreversible, electron transfer kinetics are rapid,
and sharp voltammetric responses occur. Between pH 3.55
and pH 8.85 peak potentials become more negative at
—0.072 V/pH. Discontinuities in the peak potential-
versus-pH plot occur in acidic media around pH 3 and in
basic media around pH 9, reflecting effective pK, values of
3.3 and 9.6 for the protonated pyridyl and the imidazolone
functions (4).

Enoximone is not electrochemically reducible in these
media. Isonicotinic acid is reducible at —0.84 V in pH 1.6
media and at —1.10 V in pH 5.3 media. Additionally, the
3-pyridyl analogue of piroximone is reducible at —0.75 and
~0.89 V in pH 1.6 and pH 5.3 media, respectively. Ex-
tended conjugation in piroximone increases its ease of re-
duction relative to the congeners. The conjugation effect is
also noted as the UV absorption maximum of 265 nm for
isonicotinic acid is shifted to 322 nm for piroximone. Similar
current constants are obtained for the analogue and isonic-
otinic acid as for piroximone. Inferentially, then, the reduc-
tive behavior of piroximone is attributable to its pyridoyl
function.

Table VI. Determination of Piroximone at Low Levels By Differ-
ential Pulse Polarography

Apparent
Peak current
Concentration Ep current constant
x10" M (V) (nA)® (nA/mM)
0.72 -0.44 0.0122% 169
1.61 —0.46 0.0281 175
2.51 -0.46 0.0434 173

4 Obtained in H,SO, electrolyte at a scan rate of 2 mV/sec and a
pulse amplitude of 50 mV.
® Value is ca. 6x baseline noise.
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Quantitation of enoximone and piroximone in HPLC
effluent is easily, sensitively, and reproducibly achieved
with an amperometric detector. Repetitive injections of 7.0
and 1.77 ng of enoximone resulted in 2.36 + 0.05 and 0.58 =
0.02 nA, respectively, for four injections of each solution.
These results were obtained with enoximone eluting at 11.4
ml (k' = 2.8), with an applied potential of +1.0 V. An op-
timized chromatographic system, particularly one employing
more efficient column packings, would improve detection
sensitivity considerably. In those instances where specificity
is an issue, it may be possible to use mobile phases with pH
greater than 7 or postcolumn reactors to pH the column
effluent above 7 to permit quantitation of these cardiotonics
at much lower potential. Comparisons of enoximone stan-
dards show that the amperometric detector is about 10-fold
more sensitive than the UV detector at 320 nm. However,
the UV detector at 320 nm is insensitive to many more com-
mon sample matrix interferents than the amperometric de-
tector at + 1.0 V. Choices between these detectors often is
determined by the overall sensitivity requirement of the ex-
periment and the amount of sample preparation necessary to
maintain specificity at low concentrations.

Differential pulse polarography was evaluated here be-
cause of its characteristic sensitivity. In solution studies
where turbidity or opaqueness interferes with UV detectors,
determination of low levels of piroximone may be under-
taken with DPP. Examples of sensitivity and linearity are
shown in Table VI (slope = 0.174 pA/mM, where detector
baseline noise is about 0.02 wA).
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