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Abstract

The electrochemical reduction of a series of B-nitrostyrene and B-methyl-f-nitrostyrene derivatives by tast and differential pulse
polarography and cyclic voltammetry over a wide pH range was studied. The reduction potentials are sensitive to the electronic
properties of the para-substituent and to the substitution at CP. An increase in the electron-donor properties of the substituent
at the para position makes the reduction potential more negative. On the other hand, the reduction potential shifts several tens
of millivolts towards more negative potentials on going from -nitrostyrene to P-methyl-B-nitrostyrene derivatives, due to the
decrease in conjugation with the increase in the C1-Ca torsion angle. A linear correlation between the calculated electronic
barrier and the half-wave potential was observed. Furthermore, a linear correlation between the Hammett ¢, substituent constant
and the half-wave potential also was observed, demonstrating that the electrochemical behaviour of these derivatives depends
primarily on molecular structure and electron density distribution in a way similar to rates and equilibrium of homogeneous
chemical reaction. The B-nitrostyrenes studied illustrate nicely the effects of steric and electronic effects on electrochemical

reactions.

Keywords: B-Nitrostyrene derivatives; Electroreduction; Cyclic voltammetry

1. Introduction

Over 50 years ago the fungistatic action and toxicity
towards insects of B-nitrostyrene compounds was ob-
served [1-3]; consequently, today they are used in some
pesticide formulations [4]. Other studies have shown
that a number of B-nitrostyrene derivatives are cyto-
toxic and some of them inhibit Krebs II ascitic car-
cinoma in mice [5,6]. The cytotoxity of these substances
has been correlated with the electrophilicity [7,8] and
the Hiickel bond index of the nitrovinyl bond [9]. An
important number of pharmacologically active sub-
stances have an aromatic nitro group in their molecular
structure, which accounts for their biological activity.
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The pattern of action is a consequence of the ability of
these drugs to accept electrons, which makes the reduc-
tion of the nitro group possible, being metabolised to
the corresponding amines via the nitro radical anion,
nitroso and hydroxylamine intermediates. It is known
that aromatic and heterocyclic nitro compounds can be
reduced by nitro reductases such as NADPH-cy-
tochrome-c¢ reductase [10-12] and cytochrome P-450
[13]. On the other hand, the enzymatic reduction of
aliphatic nitro compounds has not been reported, the
enzymatic reduction of B-nitrostyrene [14] being an
exception.

From the electrochemical point of view, several pa-
pers on the electrochemical study of aromatic, hetero-
cyclic and aliphatic nitro compounds have been
published [15-20]. However, the B-nitrostyrenes present
a special position between aromatic and aliphatic nitro
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compounds, since the nitro compound is distant from
the aromatic ring but conjugated with an ethylenic
double bond. Furthermore, the p-nitrostyrenes at-
tracted our attention because these represent one of the
simplest molecular skeletons where long-distance trans-
mission of substituent effects through aromatic systems
can be observed. Based on this, it is interesting to study
the electrochemical reduction of these compounds.

The electrochemistry of B-nitrostyrene derivatives is
an unexplored field of research. There are only two
published papers relating to the polarography of B-ni-
trostyrene. Masui and Sayo [21] have proposed that the
reduction of B-nitrostyrene occurs in two steps. The
first step is a four-electron reduction that yields pheny-
lacetaldoxime followed by the two-electron reduction of
the C=N bond to produce the hydroxylamine deriva-
tive. Holleck et al. [22] reported that in acidic media the
compound behaves like an aromatic nitro compound,
but under alkaline conditions a conversion to a polaro-
graphically inactive acinitro form is observed and also
other time-dependent secondary reactions like polymer-
ization and hydrolytic ruptures are possible.

The present study deals with the electrochemical
properties of a comprehensive series of para-substituted
B-nitrostyrenes (NS) and p-methyl-B-nitrostyrenes
(MNS) (Fig. 1), in order to report on substituent effects
in the reduction of the nitro group of this series. In this
article we concentrate on two aspects of the influence of
the substituent. First, we discuss the effects of the
substituent at the para position of the aromatic ring on
the reduction potential of the nitro group. Second, we
discuss the substitution of the B-proton by a methyl
group in order to study the influence of coplanarity
between the aromatic ring and the ethylenic double
bond on the reduction of the nitro group. There are
large amounts of work reported on correlation between
spectroscopic observations and substituent effects in
styrene derivatives [23—27]; however, despite the special
electronic characteristics of this type of compound, no
attempt has been made to find a correlation with the
electrochemical parameters.

Fig. 1. Molecular structure of B-nitrostyrene and B-methyl-fB-ni-
trostyrene derivatives.

2. Experimental

2.1. Chemicals

The substituted nitrostyrene derivatives were pre-
pared following previously reported synthetic routes
[28,29].

Stock solutions (1 x 1073 M) of the different com-
pounds were prepared in CH;OH. The polarographic
working solutions were prepared by diluting 1 ml of the
stock solution with 15 ml of supporting electrolyte to
obtain a final concentration of 6.25 x 10 ~> M. Solu-
tions for cyclic voltammetry were prepared by weighing
an adequate quantity of nitrostyrene derivative in order
to obtain a final concentration of 1 x 107* M in the
supporting electrolyte. The supporting electrolyte was a
Britton—Robinson buffer (0.04 M each of H,;PO,,
CH,COOH, and H;BO;) with 20% ethanol to enhance
the solubility of the nitrostyrenes. The pH was adjusted
using HCI or NaOH solutions. For the experiments in
aprotic media, 0.1 M TBAP as supporting electrolyte in
100% DMF was used.

2.2. Equipment

Tast, differential pulse polarograms and cyclic
voltammograms were performed with a Metrohm® 693
VA processor and 694 VA stand equipped with a
Ag| AgCl| KCl,,, reference electrode, platinum coun-
ter electrode and a Metrohm multimode mercury elec-
trode. The recorded curves were transferred to a
computer for measurement and treatment.

The temperature of the working solutions was con-
trolled at 20°C and purified nitrogen was used for
oxygen displacement. Also electrochemical measure-
ments were carried out in an Inelecsa® assembly similar
to that described previously [18].

Spectrophotometric determinations were carried out
on a Unicam® UV-2 scanning spectrophotometer with
Vision® software for acquisition and treatment.

Coulometry and potential controlled electrolysis were
performed with a BAS CV-50W voltammetric analyzer
equipped with a BAS MF-1056 bulk electrolysis cell. A
reticulated vitreous carbon electrode was used as the
working electrode. The electrolyte was Britton—
Robinson buffer, 20% in EtOH at pH 2. The applied
potential was —400 mV versus Ag | AgCl. A nitrogen
stream and stirring were maintained in the solution
during the electrolysis.

3. Results and discussion

All the compounds synthesized (Fig. 1) were sub-
jected to polarographic study in the tast and differential
pulse modes and to a cyclic voltammetric study in order
to characterize their electrochemical behaviour.
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Fig. 2. Differential pulse and tast polarograms of (A) B-nitrostyrene
and (B) p-OH-B-nitrostyrene at different pH values in aqueous
media.

N

3.1. Polarography

When nitrostyrene derivatives were subjected to po-
larographic experiments, all the compounds were capa-
ble of being reduced at a mercury electrode in both
differential pulse and tast polarographic modes. All the
compounds produce one main peak (or wave) that
remains present at all pH values. Furthermore, two
other signals are also observed, one of them only
appearing at low pH and the other one at high pH. In
Fig. 2 we show the polarographic response of B-ni-
trostyrene and p-hydroxy-B-nitrostyrene as an example
of the polarographic behaviour of all the nitrostyrene
derivatives studied.

In the case of the dinitro compounds, the behaviour
is rather different due to the presence of two nitro
groups with different electrophilic character. Conse-
quently, each nitro group produces a different signal,
but at very similar potentials, causing overlapping.

The polarographic behaviour of all the compounds is
strongly pH dependent. As a way to quantify the pH

effect on the polarographic behaviour, the half-wave
potential, E,,, and the limiting current, I, were mea-
sured. This behaviour is shown in Fig. 3 for the case of
B-nitrostyrene. However, all the compounds studied
follow similar polarographic behaviour with pH. From
this behaviour we can distinguish clearly a main wave
that appears at all pH values. This wave appears to be
pH-dependent below pH 8.5. In alkaline media (pH >
8.5), the half-wave potentials (or peak potentials) are
independent of pH, showing that no protonation is
involved before or in the rate-determining step. In the
pH-dependent region we can observe a slight break at
approximately pH 3.5 for all compounds. The slope of
the E,, versus pH lines in the 4 <pH <8 zone are
shown in Table 1 for all compounds. From these results
we have calculated a AE| ,/ApH mean value of 50.28 +
1.49 mV for the B-nitrostyrene series and 55.00 + 6.27
mV for the B-methyl-B-nitrostyrene series. From these
results we can affirm that AE, ,/ApH values are practi-
cally similar for all compounds.

The relationship between the limiting current of the
main wave with pH is also shown in Fig. 3. In this
figure it is observed that the limiting current is pH
independent between pH 1.5 and 8, showing character-
istic behaviour for diffusion-controlled limiting cur-
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Fig. 3. Half-wave potential and limiting current dependence on pH
for 6.25 x 10 ~° M B-nitrostyrene in Britton—Robinson buffer, 20%
EtOH.



Table

Polarographic and coulometric parameters for B-nitrostyrenes and B-methyl-B-nitrostyrenes

1

Compound R, R, E,, (pH 3)/V E,, (pH 10)/V AE, ,/ApH (pH 4-7) I,/c (pH 3)/AM ! n' n"®
Ist wave 1st wave
15t wave 27 and 3" waves 15t wave 2nd and 3" waves

Ia -H -H —0.200 —0.698 —0.483 —0.855 0.0490 3.98 3.37 3.69
Ib -H -CH,4 —0.230 —1.114 —0.613 —0.866 0.0608 4.41 3.73 3.93
Ila -CH, -H —0.215 —-0.915 —0.535 —0.890 0.0503 3.87 3.27 3.95
11b ~CH; -CH,4 —0.250 —1.108 —0.639 —0.901 0.0641 4.96 4.21 4.08
Illa -OCH,4 -H —0.217 —0.346 —0.553 —0.927 0.0518 4.0 3.38 3.75
IvVa -OH -H —0.212 —0.386 —0.622 —1.048 0.0530 4.85 4.11 4.02
IVb -OH —CH, —0.269 —0.366 —0.687 —1.057 0.0567 5.29 4.48 4.10
Va N(CH,), -H —0.265 —0.896 —0.660 —0.911 0.0515 6.48 5.49 3.80
Vb N(CH,;), —CH, —0.292 —1.112 —0.690 — 0.0536 6.51 5.51 4.16
Via -NO, -H —0.123 —0.254 (—0.333) —0.399 —0.683 (—1.371) 0.0486 4.94 4.18 7.40
VIb -NO, —CH, —0.151 —0.260 (—0.373) —0.405 —0.670 0.0453 5.36 4.54 7.70
VIla®© ~OCH;4 -H —0.206 —0.923 —0.508 —0.874 0.0496 4.13 3.5 3.85
VIIb® -OCH,4 —CH, —0.237 —0.795 —0.643 —0.876 0.0500 6.11 5.17 4.05
VI - - —0.32 —0.946 —0.682 —0.849 0.0605 4.72 4.0 4.02
IXe - — —0.95 - —0.950 - - - -

2n’ = Number of electrons obtained by polarography using the four-electron reduction of nitrobenzene as standard.

b,

= Number of electrons obtained by coulometry.
¢3,4,5-Trimethoxy derivatives.
d Nitrobenzene.
¢ Nitromethane.

€6/ Iv 12 vjjanbs Y1
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Fig. 4. Evolution of DP polarograms of 1.8 x 10 ~* M of B-methyl-p-
nitrostyrene electrolyzed at different times: (a) 0; (b) 5; (¢) 10 and (d)
15 min. Inset: evolution of the UV-spectra at the same electrolysis
times. Applied potential: —400 mV.

rents. A comparison between the main wave in the tast
polarograms of solutions of the same concentration and
pH for all nitrostyrene derivatives and nitrobenzene
(Table 1) shows that the ratio of limiting currents is
close to 1. Coulometry experiments confirm these ex-
perimental findings producing a value near 4 for the
number of exchanged electrons. For the case of the
dinitro compounds a value near 8§, due to both over-
lapped signals, was obtained. Controlled potential elec-
trolyses (CPE) at —400 mV versus Ag|AgCl of all
compounds were performed and followed by polarogra-
phy and UV-spectrophotometry. In Fig. 4, the evolu-
tion of both differential pulse polarograms and the
UV-spectra at different electrolysis times are shown.
The above experiments confirm that the main wave is
due to a four-electron, four-proton reduction as for
nitrobenzene, according to the following equation:

R,-¢-CH=CR,-NO, + 4e ~ +4H* —R,-¢-CH=CR,
~NHOH + H,0 (1)

At high pH (approximately > 8.5, depending on the
compound) the main wave (or peak) is split in two new
waves. In Fig. 5 the gradual splitting of the main wave
for the case of B-methyl-B-nitrostyrene is shown, but all
compounds exhibit the same behaviour. As can be seen,
when the pH is increased, the decrease in the main
reduction wave is accompanied at more negative poten-
tials by an increase in another wave. At sufficiently high
pH values the height of this wave reaches a value
corresponding to a three-electron process. The sum of
these two waves remains constant and corresponds to a

four-electron process. This behaviour is in accord with
the following mechanism:

R,-¢-CH=CR,-NO, + ¢~ <R ,-¢-CH-CR,-NO," -
(@)
Rl'd)'CH:CRZ—NOz. - + 38 - + 4H +
—R,-¢-CH=CR,-NHOH + H,0  (3)

Similar behaviour has been observed when nitroaro-
matic compounds are reduced in the presence of added
surfactant, or organic solvent in a basic medium [30—
34]. However, in the case of the derivatives of ni-
trostyrene, neither addition of surfactant nor organic
solvent was necessary to observe the shifting of the
main wave. This behaviour was not reported in previ-
ous work concerning B-nitrostyrene [21,22].

On the other hand, for all the compounds studied, it
was possible to observe a small secondary polaro-
graphic wave (or peak) that occurs at more negative
potentials in acidic media (pH <4), corresponding to
the reduction of protonated hydroxylamine according
to the following reaction:

R,-¢-CH=CR, N +H,OH + 2H* + 2¢~
—R,-¢-CH-CR, N*H,+H,0 (4

00 -02 -04 -06 -08 -1.0 -1.2 -1.4 -16 -1.8
E/NV

Fig. 5. Tast polarograms showing the splitting of the B-methyl-B-ni-
trostyrene at alkaline pH.
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Fig. 6. Cyclic voltammograms of several B-nitrostyrene derivatives in
aqueous media, pH 4; sweep rate, 0.08 Vs~ !,

3.2. Cyclic voltammetry

All compounds produced a very well-defined and
irreversible sharp peak at all pH values studied in
aqueous media (Fig. 6). This peak corresponds to the
above-described main peak (or wave) seen by differen-
tial pulse (or tast) polarography and is due to the
four-electron, four-proton reduction producing the cor-
responding hydroxylamine derivative (Eq. (1)). The ir-
reversible peak is pH-dependent (Fig. 7(a)) and from
the sharp shape of the voltammograms an adsorption
effect seems likely. However, from the dependence of
peak current on sweep rate (Fig. 7(b)), it is possible to
conclude that the process follows mixed diffusion-ad-
sorption control, since the experimentally obtained
slopes dlog I,/d logv have values between 0.5 and 1
[35]. For cyclic voltammetric experiments in aqueous

alkaline media, it was not possible to observe the
splitting of the signals observed by polarographic tech-
niques. Consequently, the nitro radical anion/nitro re-
duction couple was not seen in aqueous media.
However, in 100% DMF it is possible to observe a very
well defined couple for all the nitrostyrene derivatives.
In Fig. 8, the cyclic voltammograms of B-nitrostyrene
at different sweep rates are shown. From these results it
is possible to conclude that in aprotic media the process
is diffusion controlled, since the slopes of plots of log 1,
versus log v have values close to 0.5. Furthermore, the
results in Fig. 8 show that as the scan rate increased,
the current ratio, /,,,/I, . increased towards unity, typi-
cal behaviour for an irreversible chemical reaction fol-
lowing a charge-transfer step, i.e. the EC process. The
couple is due to the monoelectronic reduction of the

a)
pH 12.0
A
L pH 10.0
:[0.5 HA pH 8.2
pH6.3
pH 4.1
pH 2.1
0.0 -0.3 -0.6 -0.9
E/V
b)
1Vis
0.8 V/s
10.5 HA
0.4 V/s
0.08 V/s
0.0 -0.2 -0.4 -0.6 E/V

Fig. 7. Cyclic voltammograms of (a) 1 mM p-N(CH,),-B-methyl-B-ni-
trostyrene solution at different pH values and 0.08 V s~!; (b) | mM
B-methyl-B-nitrostyrene solution at different sweep rates and pH 4.09.



96 J.A. Squella et al.

7y

-50 =

-40 4

-30

-20 -

-0.5 -1'.0 -1.5
E/V

Fig. 8. Cyclic voltammograms of 1 mM of B-nitrostyrene solution in
0.1 M TBAP, 100% DMF, at different sweep rates.

nitro group in order to produce the nitro radical anion.
In aqueous media the nitro radical anion is very un-
stable and consequently this couple was not observed.

3.3. Substituent effects

The study of substituent effects is based on shifts of
half-wave potentials (Table 1). These half-wave poten-
tials were measured under exactly the same experimen-
tal conditions. We have compared half-wave potentials
under conditions where they are independent of pH, i.e.
pH 10; however, the same conclusions are valid for the
entire pH range. Furthermore, the an values remain
practically constant throughout the reaction series stud-
ied. Our discussion is focused mainly on the following
structural effects for the nitrostyrene derivatives: (a)
substitution of HB with a methyl group and (b) substi-
tution at the para position on the aromatic ring.

First, we can discuss the effect of the substitution of
the B-proton by a methyl group on the ethylenic moi-
ety. From the half-wave potential values in Table 1, we
observe that in all cases the B-methyl-B-nitrostyrene
derivatives are reduced at more negative potentials than
the corresponding B-nitrostyrene derivatives. Conse-
quently, the reduction potential is sensitive to the sub-
stitution of the B-proton by a methyl group. It shifts
several tens of millivolts towards more negative poten-

tials on going from PB-nitrostyrene to B-methyl-B-ni-
trostyrene derivatives. The observed differences can be
ascribed to the lack of coplanarity of the molecules
when B-methyl substitution occurs. According to AM1
calculations of minimum energy conformations and
rotational barriers around the C1-Ca bond [27], B-ni-
trostyrenes are planar and B-methyl-B-nitrostyrenes dis-
play an angle of 45° between the ethylenic and aromatic
planes. The distortion of the coplanar arrangement in
nitrostyrenes decreases the resonance interaction be-
tween the electroactive nitro group and the aromatic
ring, and the observed shift towards negative potentials
corresponds to this decrease. The validity of this as-
sumption was also verified by comparing the contribu-
tion of the resonance effects from spectroscopic studies
[27].

Second, we can discuss the effect that substitution at
the para position of the aromatic ring has on the
electroactivity of the nitro group. As can be seen from
the half-wave potentials in Table 1, an increase in the
electron-donor properties of the substituent at the para
position increases the magnitude of the reduction po-
tential, meaning that the reduction of the nitro group
requires more energy to occur. This effect is about
twice as important in the P-nitrostyrenes as in the
B-methyl-B-nitrostyrenes, due to the decrease in conju-
gation with the increase in the C1-Ca torsion angle.

According to the previously described molecular-or-
bital calculations [27], these molecules have two barri-
ers: the electronic barrier, associated with the loss of
conjugation when the system loses planarity, and the
steric barrier, which arises from the interaction of the
methyl substituent at CB with the ortho aromatic pro-
tons. B-nitrostyrenes are planar with only the electronic
barrier and B-methyl-B-nitrostyrenes have the two bar-
riers described. In Fig. 9 the correlation between the
calculated electronic barrier (as reported in Ref. [27])
and the half-wave potentials, in both series, are shown.
The linearity obtained confirms the validity of our
assumptions about the relevance of the electronic and
steric effects on the nitro reduction of this family of
nitrostyrenes. In previous work [27], similar behaviour
was reported between the calculated electronic barrier
and the double-bond stretching frequency of the
ethylenic bond.

Finally, for the substituent study, the E,, values are
plotted against Hammett normal o, substituent con-
stants [36] at pH 10. Linear relations with specific
reaction constants of p =4.78 (B-nitrostyrenes) and
p =4.37 (B-methyl-B-nitrostyrenes) were found (Fig.
10). From these values it is concluded that in all the
cases studied the reduction proceeds via the same mech-
anism. The existence of a correlation between electro-
chemical data and structural parameters derived from
homogeneous reaction indicates that adsorption is not
the predominant factor governing the electrochemical
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Fig. 9. Correlation between the calculated electronic barrier and the
half-wave potentials of the nitro reduction in B-nitrostyrene and
B-methyl-B-nitrostyrene derivatives.

behaviour of these nitrostyrene derivatives. Thus, the
validity of correlations based on linear Gibbs energy
relationships demonstrates that the electrochemical be-
haviour of these derivatives depends primarily on
molecular structure and electron-density distribution in
a way similar to rates and equilibrium of homogeneous
chemical reactions. Specifically, the electrochemical be-
haviour of nitrostyrene derivatives depends on electron-
density  distribution in the nitrovinyl group.
Furthermore, these correlations should predict the E, ),
of any nitrostyrene derivative.

® B-nitrostyrenes

a p-methyl-B-nitrostyrenes

E1/2 v pP-NO,y

T T T

-08 -04 00 04

08 o,

Fig. 10. Dependence of the half-wave potentials for the reduction of
para-substituted B-nitrostyrene and B-methyl-B-nitrostyrene deriva-
tives on the Hammett normal o, substituent constants.

In conclusion, this study shows that some correla-
tions can be performed between electrochemical, spec-
troscopic, and structural parameters of the
B-nitrostyrene derivatives. As the cytotoxicity of these
substances has been correlated with the electrophilicity
and the Hiickel bond index of the nitrovinyl bond
[7-9], the correlations obtained are an important tool
that could be used in studies concerning the biological
activity of these compounds.
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