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Abstract. To determine which structural features may favor electron
transfer in biological systems, cyclic voltammetric studies were car-
ried out on conjugated aliphatic ketone, oxime, and imine species at
pH levels 2 through 7 in most cases. The nature of the conjugated
substituents strongly influenced the reduction potentials. The dione
samples were most easily reduced, followed by the diimine and then
the mono- and di-oxime analogs. The reduction potentials for all
compounds were pH-dependent, with the most favorable potentials
occurring at the lower pH values. The possible roles of protonation,
hydrogen bonding, the captodative effect, and other aspects were
considered. The favorable reduction potentials of the compounds ex-
hibiting bioactivity suggest that in vivo electron transfer and oxida-
tive stress may be involved in various types of biological processes.
Keywords: Cyclic voltammetry; diones; diimines; dioximes; bioac-
tive; electron transfer; oxidative stress.

Resumen. Para determinar las caracteristicas estructurales que
pueden favorecer la transferencia electrénica en sistemas biol 6gicos,
se llevaron a cabo estudios de voltametria ciclica en cetonas conju-
gadas, oximas e iminas a pH de 2 a 7. La naturaleza de los substi-
tuyentes conjugados tienen notable influencia en los potenciales de
reduccion. Las dionas se reducen mas fécilmente, seguido por las di-
iminas y los and ogos mono- y di- oximas. Los potenciales de reduc-
cion de todos los compuestos son dependientes del pH, y las poten-
cias mas favorables se encuentran a pH bajos. Los posibles efectos de
protonacién, formacion de puente de hidrogeno, efecto captodativo, y
otros aspectos, también fueron considerados. Los potenciales de
reduccion favorables de los compuestos que muestran actividades
biol6gicas sugieren que la transferencia electronica in vivo y el estrés
oxidativo pueden estar involucrados en varios tipos de procesos
bioldgicos.

Palabras clave: Voltametria ciclica, dionas, diiminas, dioximas,
bioactividad, transferencia electronica, estrés oxidativo.

Introduction

During the past 40 years, a large volume of research has given
support for the involvement of oxidative stress (OS) and elec-
tron transfer (ET) in the mode of action of physiologically-
active compounds, such as anti-infective drugs [1], anticancer
drugs [2], carcinogens [3], reproductive toxins [4], and ne-
phrotoxins [5], many of which contain ET functionalities.
Several classes of ET agents are quinones (phenolic precur-
sors), metal complexes (complexors), aromatic nitro com-
pounds (reduced derivatives), and conjugated imines (iminium
species). These principal types can participate in redox cycling
with O, to generate various reactive oxygen species, €.g.,
H,0,, ROOH, ROOR, O™-, HO', ROO', which can bring about
beneficial effects, as in drug action, or aternatively, they can
cause unwanted toxic manifestations from body cell insult.
ET agents can also interfere with normal electron transport
processes taking place in the central nervous system or the res-
piratory chain. Thus, the ET groups generally present in bioac-
tive substances or their metabolites presumably play a func-
tional role.

Electrochemistry has been increasingly helpful in eluci-
dating the basic chemistry of biological systems. Substances
with reduction potentials above —0.5 V (SHE) may undergo
ET in vivo [6]. Of relevance are the eletrochemical studies of
the conjugated imine and iminium moieties found in the follo-
wing biological agents: an oxidative metabolite of the anti-
malarial primaquine [7], the anti-infective gentian violet [8],
the anti-infective iminodaunorubicin [9], a metabolite of anti-
infective ethionamide [10], the anticonvulsant progabide [11],
a nicotine metabolite [12], a metabolite of phencyclidine [13],
the sedative benzodiazepines [14], and a metabolite of antican-
cer a-difluoromethylornithine [15]. Electrochemical investiga-
tions of bioactive conjugated oximes have also been done on
the amebicidal oxime of entobex [9], the oxime of antifungal
griseofulvin [8], antibiotic monolactams [16], and the antiviral
zinviroxime [17]. In comparison a-dicarbonyl species have
received little attention. Conjugated a-dicarbonyls (o-quino-
nes) are represented by the antibacterial bonaphthon [18], the
amebicidal entobex [10], and the oxidative metabolite of the
antimalarial primaquine [7]. Although direct correlations bet-
ween reduction potentials and biologica activity can be diffi-
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Fig. 1. Structures of acylic ad cyclic conjugated ketones, oximes, and
imines.
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Fig. 2. The pH dependence of reduction potentials of compounds
with ketones in conjugation with a second ketone (1, #), a carbon-
carbon double bond (3, a), and an oxime (4, m) substituent.
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cult to establish, due to the important roles played by other
factors, such as solubility, metabolism, diffusion, absorption,
cell permeability, site binding, and stereochemistry, evidence
indicating that ET plays a role in biological processes has
been extensive [1-19]. See the discussion for bioactivity of
materialsin the present study.

One research aim was to determine reduction potentials
of simple aiphatic a-diketones and related oxime and imine
derivatives at 2-7 pH. Correlations are made between reduc-
tion potentials and the aspects of protonation, H-bonding, the
captodative effect, and physiological activity. Metabolism
may play a role since ketoximes are oxidatively converted in
Vivo to nitric oxide [20] which displays a wide range of bioac-
tivity. ET, as previously discussed for related biologically
active compounds [1-19], may participate in vivo as part of a
multifaceted scenario.

It should be noted that this study addresses general trends.
Since ET agents act catalytically, we are not concerned with
number of electrons taken up or products of in vitro reactions.
Representative references are used in some cases, and back-
ground literature is not exhaustively reviewed.

Experimental

1. Materials

Potassium chloride, sodium phosphate, and citric acid were
acquired from Fluka. The samples of 2,3-butanedione (1), 1,2-
cyclohexanedione (2), mesityl oxide (3), 2,3-butanedione
monoxime (4), 1,2 cyclohexanedione dioxime (8), and ace-
tone were acquired from Aldrich in 97 % purity or higher.
Literature preparations were followed for 2,3-di-n-propylimi-
nobutane (5) [21], 2,3-dihydro-4,5-dimethylpyrazine (6) [22],
and 1,2-cyclopentanedione dioxime(9) [23]. Compound (6),
unstable in air at room temperature, should be kept in the cold
under nitrogen.

2. Synthesis of 1,2-cyclopentanedione dimethyloxime (10)

To a tirred solution of 106 mg (1.08 mmol) of 1,2-cyclopen-
tadione and 1.5 mL of pyridine in a round-bottom flask was
added 108 mg (2.15 mmol) of methoxyamine hydrochloride.
After the reaction proceeded for 30 minutes, the pyridine was
removed under vacuum and the viscous liquid was distilled
under vacuum (74 °C/2 Torr) to give white crystals that melt-
ed at 43-46 °C. The structure of 10 was established by its
mass spectrum (MS) and nuclear magnetic resonance spec-
trum (NMR). MS: GC-MS, m/z, relative intensity (%) (El):
156 (M, 30), 125 (M-OCHj, 4.7) 95 (M-OCH4-CH,0, 100).
1H NMR (60MHz): d 1.86 (quintet, 4H), 2.61 (t, 2H), 3.90 (s,
6H).

3. Cyclic voltammetry

Solutions of 2.0 mM concentration were prepared in deionized
water using Mcllvaine buffers (potassium chloride, sodium
phosphate, and citric acid) with an ionic strength of 0.5 M
[24]. The solutes were dissolved using ultrasound for a period
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Fig. 3. The pH dependence of reduction potentia of an a-dicarbonyl
(1, "), acyclic (5, +) and cyclic (6, D) diimines. % denotes same
valuefor al three.

of five to ten minutes. Compounds in acidic solution dissolved
most readily, with the cyclic forms doing so faster than
acyclic forms. A Unifet hand-held pH meter Model UF100
calibrated with buffers of pH 4 and 7 was used to measure the
pH of al solutions which were run immediately after their
preparation. Approximately 10 mL of each sample was poured
into the CV cell and purged with nitrogen gas for fifteen mi-
nutes.

The EG& G model 270 Research Electrochemistry soft-
ware was used to control an EG& G Model 263 Potentiostat
and EG& G model 303 SMDE. The cyclic voltammograms
were run with a hanging mercury drop electrode of triply dis-
tilled mercury. An Ag/ AgCl and platinum wire were used as
the reference and counter electrodes, respectively. A rate of 50
mV / s was used to scan the region between 0 and -2.2 V vs
the Ag / AgCl electrode. The reduction potentials reported
here are averages of the cathodic potentias (E.), converted to
SHE by adding 0.22 V.

For 2,3-butanedione dioxime (dimethylglyoxime) (7), li-
terature polarographic data [25] were plotted in Figs. 4 and 5
(converted to SHE). Vaues for pH 5.98 and 7.03 were not
used because of uncertainty.

Results and discussion

Cathodic reduction potentials for 1-10 at various pH values
are shown in Figs. 2 through 5. All reactions occurred
between —0.2 and —1.2 V vs. SHE. To increase the validity of
comparison, studies were performed in the same solvent and
electrochemical system. Use of Mcllvaine buffers allowed the
same buffering species and ionic strength to pertain over the
entire pH range.

Since none of the compounds exhibited reversible redox
reactions, potentials of the cathodic peaks are reported as E,
rather than E4;,. The compounds 1, 5 and 6 gave irreversible

oxidation peaks on the return sweep, while al others had only
reduction peaks. Lack of reversibility indicates that, under
these conditions, the species is reduced, reacts further, and
thus cannot be returned to the original state. In vivo, however,
the reaction may be reversible due to relative isolation of the
compound at the binding site.

1. pH dependence, protonation and hydrogen bonding

Studies were done over the pH range of 2-7, encompassing
some values that are found in the human body and hence have
physiological relevance. Figs. 2 through 5 show that the Ec
values are pH-dependent, with reduction of all species occur-
ring most easily at lower pH where protons are readily availa-
ble. Most of the dependencies are not linear over the entire
range, suggesting that various mechanisms occur at different
pH values.

The roles that protons play in the processes depend on the
nature of the species being reduced, particularly their basicity.
More basic imines and oximes are likely to be protonated
prior to reduction. Literature eletrochemica data established
that the protonated oxime is the reducible species in acidic
solution [26]. Less basic species will remain unprotonated
until after reduction occurs. Prior studies on 2 show that at pH
values below 10, initial one-electron reduction is followed by
protonation [27].

Protonation of the bases prior to reduction is obviously
playing a role of some type. Since electrons are attracted to
positively-charged species, protonation should favor reduc-
tion, as was seen in previous studies of imines and oximes [1-
19]. However, the relative effect of pH observed for the easi-
ly-protonated imines in these studies was not as grest as that
for the dicarbonyl species. At about neutral pH, dicarbonyl 1
and diimine 5 are reduced with roughly equal ease. At lower
pH, where the diimine is more likely to be protonated, reduc-
tion of 5 occurslessreadily. A similar situation pertained to 6,
which isacyclic diimine analog of 5 (Fig. 3), and to Fig. 4 in
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Fig. 4. The pH dependence of reduction potentials of an a-dicarbonyl
(1,” ) and its mono- (4, ®) and dioxime (7, ®) analogues. Values for
(7, ®) arefrom ref. 25.



310  Rev. Soc. Quim. Méx. Vol. 46, Nim. 4 (2002)

which ease of electron uptakeisinthe order of 1 >4 > 7, for
the entire pH range. A similar situation pertained to the cyclo-
hexane analogs 2 and 8 (Fig. 5).

In marked contrast, studies performed under acidic condi-
tions demonstrated that acetophenone oxime [16] is much
more readily reduced that the parent ketone [28].

Earlier studies convincingly illustrate the important im-
pact of hydrogen bonding. Positive shifts in the reduction
potentials for quinones were attributed to stabilization of the
reduced radical anions by hydrogen-bonding [29]. In studies
of o-quinones (a-dicarbonyls) in the presence of substituted
ureas, large positive shifts in redox potential occurred, which
apparently resulted from stabilization of the radical anion by
hydrogen-bonding [30]. The effect was greatest when the two
hydrogens of the ureas interacted simultaneously with the
reduced quinone. Also, complexes of flavins (conjugated
diimines) with hydrogen-bonding receptors showed more po-
sitive reduction potentials than the parents, indicating substan-
tial stabilization of the radical anions [31]. Since hydrogen
bonds can be formed by all the species studied here, the
reduction potentials may be influenced, at least in part, by
these interactions.

2. Role of conjugated substituents

Conjugation plays an important role in favoring reduction of
ketones, stabilizing the one-electron reduction products.
Compared to acetone, whose reduction potential does not fall
in the range of the Mcllvaine buffer, 1 is easily reduced. The
electron gained by 1 can be delocalized over the conjugated
system, thereby stabilizing the radical anion (Equation 1).

The captodative effect, the enhanced stabilization that
occurs when a carbon radical is attached to both an electron-
withdrawing and an electron-donating substituent [32], is
believed to play arole in physiological activity. Pertinent exam-
ples from biologica systems [33] are paraguat, flavin enzymes,
guinone-containing enzymes and drugs, and the ring-opened
imine carboxylic acid formed from enzyme attack of the b-lac-
tam moiety of cephalosporins. The greater ease with which 1 is
reduced compared to 3 (Fig. 2) can be attributed in part to the
captodative effect. The one-electron reduction product in equa
tion 1 is stabilized by the eectron-withdrawing carbonyl group

e d- d _
o=|c—|c=o £ > o=|c—|c—o (eq. 1)
(Hs0),C=C—C=0 —&> (H,C),C=C—C—0 (e9.2)
d- d+
= (e9.3)
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and the negatively-charged oxygen, incorporating resonance
delocalization. In contrast, the one-electron reduction product in
equation 2 does not have the benefit of an electron-withdrawing
group and is not as easily formed. Equation 3 illustrates the cap-
todative effect applied to 4 in protonated form.

3. Configuration and conformation (cyclic substrates)

In general, acyclic compounds favor the transoid form over
cisoid because of steric hindrance. However, hydrogen-bond-
ing, which can occur in the oximes and protonated diimines,
could cause the species to spend time in the cisoid arrange-
ment. In the cyclic compounds, the cis arrangement is locked
into place.

Previous studies on various a-dicarbony! derivatives indi-
cate that reduction is less favored the more time that the acy-
clic compounds spend in a transoid arrangement. Progressive
substitution of alkyl groupsinthea, a’-positions of 1 resulted
in increasingly negative reduction potentials [34]. The results
were attributed to steric hindrance, to transcoplanarity of the
dicarbonyl system, and to ‘insulation’ from the electrode.
Polarographic differences are known to exist between syn-
and anti-oximes [35].

Fig. 2-5 incorporate data for both acyclic and cyclic subs-
trates. Such reasoning [34] apparently does not apply in a
number of our cases. In comparisons of reduction potentials of
acyclic and cyclic categories, acyclic 1 and cyclic 2 were ap-
proximately equa (Fig. 5); acyclic 7 was more negative than
cyclic 8 which was similar to cyclic 9 (Fig. 5); whereas cyclic
6 was more negative than acyclic 5 except for equality at pH
7. Compound 10, in which methyls replaced oxime hydro-
gens, was essentially equal to 9 in ease of reduction (Fig. 5).
Other mechanistic factors to consider are electron-donating
inductive effect of akyl groups, repulsive influence of the
negative charges on the oxygens and nitrogens of the cyclic
radical anions, and configuration of the oximes.

4. General mechanistic considerations

We deem it prudent to limit speculation. A detailed discussion
of mechanism becomes quite uncertain due to complexity
involving a variety of influences, such as, electronegativity,
resonance, inductive effect, steric factors, captodative influ-
ences, protonation, H-bonding, configuration, conformation,
hydration, and solvation. Hydration, which occurs in some
cases, eliminates conjugation, and hence drastically reduces
ease of electron uptake. Regarding mechanisms of physiologi-
cal activity, in addition to ET, a number of other factors are
likely operating including metabolism (vide infra).

5. Correlation with bioactivities

All of the principa compounds studied, except 7, gave reduc-
tion potentials in the physiologically active range. As noted
above, establishing direct correlations between reduction
potentials and biologica activity is challenging. However, the
fact that 1, 2 and 4, the compounds that were readily reduced,
have already been shown to have biological activity suggests
that ET may be playing arole.
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Fig. 5. The pH dependence of reduction potentials of the acyclic (1,
") and cyclic (2, O) a-dicarbonyls and the acyclic (7, ®) and cyclic
(8,0, 9, * and 10, &) a-dioximes. Values for (7, ®) are from ref.
25. @ denotes same values for 9 and 10.

A number of a-dicarbonyl compounds exhibit mutagenic
properties [36, 37]. These include 1, which also induces sister-
chromatid exchange [38], and 2, which is also an antiviral
agent [39]. It isintriguing that 1, a simple a-diketone, is elec-
tron affinic [40] and can condense in vivo with protein amino
groups to form conjugated imine or iminium species. The
resulting mono-imines would be analogous to the bioactive
monoxime derivative (4). Little recognition has been given to
a-dicarbonyls, other than o-quinones, as potential ET agents.

The physiological responses of 4 have been the object of
much study, with most attention being devoted to the effects
on cardiac muscle tension, neuromuscular transmission, action
potential, and ion currents [41]. Although these phenomena
have been attributed to dephosphorylation of substrates and
direct channel blocks, we suggest the possibility of ET partici-
pation. This compound aso displays some activity as an anti-
dote for nerve gas, whose action has been attributed, in part,
to ET [42].

A recent study was carried out on the metabolism of ace-
tone oxime [20]. Oxidation by cytochrome P450 generated
nitric oxide via a radical pathway in which, apparently,
hydroxyl-type radicals play arole. An earlier review presented
evidence for OS-ET in the various bioactivities of NO [43].
Much attention has been devoted to involvement of peroxyni-
trite, formed by interaction of NO with superoxide, in physio-
logical activity. Asis often the case with drugs, a multifaceted
approach may be applicable to the biological action of the var-
ious substrates.

In conclusion, all three types of conjugated substrates
(ketones, oximes, and imines) gave reduction potentials con-
ducive to ET in vivo. Mechanistic aspects of electroreduction
are discussed entailing correlation with structure. Various
bioactivities may involve ET or NO production from oximes.
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