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SUMMARY

Cyclic voltammetry (CV) and digital simulation methods are utilized to elucidate the
mechanism of electrochemical reduction of a series of nitro aryl 1,4-dihydropyridines
in protic (agueols) and mixed media. The experimental voltammograms show different
behavior for the reduction of these compounds. In protic media, one cathodic and one
anodic peak are observed, but in mixed media a new redox couple appears, indicating
a change in the redox mechanism.

We have determined that the position of the nitro group (ertfie-, meta-) in nitroaromatics
directly affects both the electron transfer rate (heteragenecus rate constant, k=, k°.)
and the enargetics of the electran transfer (E° values).

According to this study, the splitling observed in the eyclic voltarmmograms, when aprotic
solvent or infiibitors are added to a nitroaromatic aqueous solution, is due to &) a
changa in the kinetics of the first electron transfer reaction (k") fram an ireversible to
a reversible procass, b} to a change in the energetics of the electron transfer and ¢} to
the presenice of a dismutation chemical reaction
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RESUMEN

Woltametria ciclica y simulacion computarizada fueron utilizadas para elucidar el ma-
canismo de la reduccidn electroquimica de una serie de nitro aril-1,4-dihidropindinas
en medio prético (acugso) y mixto. Los voltamogramas experimentales revelaron un
comportamiento reductivo diferente de los compuestos en los dos medias, En el me-
dio prético, se observaron una sefal catodica y otra anddica, an cambio, en meadio
mixio una nueva seial reversible, par redoyx, fue observada, indicando claramente un
cambio en el mecanismao redox.
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Par otro lado, se ha determinado que la posicidn del grupo nitro {orfo-, meta-) en el
anillo aromatico afecta directamente tanto la velocidad de la transferencia electronica
{constantes heterogéneas de velocidad, k°,, k*,,) y la energética de |a transferencia
(valores de E®).

Da acuerdo a este estudio, el desdoblamienta observado en los voltamogramas cicli-
gos, cuando el solvente aprotico o inhibidores son agregados a la solucian acuosa del
compueslo, es debida a: ) un cambio en a cinética de la primera transferencia elec-
tronica (k) desde un proceso irreversible a uno reversible, b) a un cambio en las
energéticas de las transferencias electronicas y ¢} a la presencia de |a reaccion quimi-
ca de dismutacidn del anigén radical nitro.

PALABRAS CLAVES: Nitroreduccidn, dihidropiridinas, voltametria ciclica, simulacidn,
INTRODUCTION

Ewven though nitroaramatic compounds have been investigated since the beginnings of erganic
electrochemistry®, it is still a very active area of research because there are some fealures of the red uction
process which need further investigation. For example, there is a strong relationship between the redox
pathway and the reaction media. In fact, the reduction of nitroaromatics in agqueous solution in the
absence of inhibitors on mercury electrods involves a single four-electron step®® according to:

ArNO, + dg + 4H* — ArNHCH + H,0 (1)

In acidic media the phenylhydroxylaming derivative is further reduced to the phenylaming derivative ina
second two-electron step. In alkaling solutions or in the presence of inhibitors*™ and also in aprotic
solvents®', the electrade process described by eqn. (1) splits into two steps according to:

ArNQ, + & = AND,- (2)
ArNO, + 3g + 4H" — ArNHOH + H.O (3)

The cyclic voltammetric response corresponding to egn. (1) is & cathodic irreversible peak and
the responses corresponding to eqns. (2) and (3) are a reversible one-electron couple and an irreversi-
ble three-electron peak, at more negative potentials. Summarizing, the change in the media produces
the splitting of the initial ireversible four-electron peak in two new signals. However, the exact nature of
this splitting is a controversial matter. Some explanations to this peint are as follows: Kalendyk et al."
ascribed this splitting to the rate of the very high (therefare, reversible) one electron reaclion even in the
presence of inhibitars, while the subsequent three-electron step are slow (therefare, irreversible), B,
Kastening® assumed that in the presence of inhibitars, the second electron rate transfer decreases
enough to produce a separate wave at more negaftive potentials, whereas the one-electron transfar
remains reversible even in the presence of strong inhibitors, Zuman ef al.® assumed that the presence
of DMF decreases the rate of the surface protonation probably due to competitive adsorption. Finally,
Tocher et al® assumed that the change in the redox pathway is due to the following: in agueous systems,
the first ane-electron transfer (E,) is reversible, but occurs at more negative reduction potentials than the
following three-slectron transfer (E,) to give the hydroxylamine derivative, i.e., E, < E,. Thus, upan
formation, the nitro radical anion irmmediately undergoes further reduction steps to the hydraxylamine
derivative, and no intermediate reduction products are detected. The addition of DMF shifts E, to more
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negative values, sothat E, = E,. Anindependent reduction process to form the nitro radical anion is then
Clearly evident. This one-electron transfer step is fast {reversible) and difiusion controlled and therz is
agreement in the literature about this point.

In recent years, several authors have used simulators for the cyclic valtammetric response to
obtain or confirm mechanisms, to determine thermodynamic and kinetic parameters which are difficult
or impossible to attain by other mathods'218,

In this paper we have used cyclic voltarmmetry (GV) to obtain the experimental voltammograms
for each reaction media of a series of nitro aryl 1.4-dihydropyridines (Figure 1) which are classified into
twa groups: orthe nitro derivatives (o-nitra) and meta nitro derivatives {r-nitro). Moreowver, we have also
used a CV simulator DIGISIM 2.1*'# in arder to obtain the simulated cyclic voltammograms. Digital
simulation of CV curves were also run in order to obtain the mechanism in the different media and
estimate heterogeneous rate constants and formal electrode potential for individual electrochamical
steps along with the rate constants for the homogeneous chemical staps.
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EXPERIMENTAL

Materlals: Analytical grade reagents were used withaut further purification. The nitroaramatic 1,4
dihydropyridine drugs, nifedipine, nisoldipine, furnidipine, nimadipine, nitrendipine and nicardipine were
obtained from national pharmaceutical laboratories. GV measurements were performed in 1 mM of
each drug in 40:60/Britton Robinson buffer (pH = 7.4):Ethanol (protic media solution) and 1 mM of each
drug in 40:60/citrate buffer (pH = 9):DMF {mixed media solution). The ionic strength was kept constant
at 0.3 M with KCI,
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Apparatus: OV curves were recorded with a BAS CV-50W electrochemical system equipped with a
Controlled Growth Mercury Electrode (CGME) and linked with a GATEWAY 2000 PC for acquisition and
processing of data. A three electrode cell containing a hanging mercury drop electrode (HMDE) as a
working electrode, a Silver/Silver Chloride electrode supplied with a bridge for mixed solvents as a
reference electrode and a platinum wire as an auxiliary electrode. GV simulated curves were obtained
using software DIGISIM 2.1° CV simulator for WINDOWS®. The software was run using a GATEWAY
2000 PC.

RESULTS AND DISCUSSION
14 The reduction of nitroaryl-1,4-dihydropyridines in protic media

W curves taken using 1 mM of each of the nitrocompounds in protic media (40:60/Brittan
Robinson buffer {pH = 7.4):Ethanal) show a single irreversible, 4-electron reduction peak (A) about -700

mV for the m-nitra and -795 m¥ for the a-nitro (Figure 2a and 2b, respectively). In both cases
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the hydroxylamine derivative is generated according to the equation:
Ar-NO,_ + de + 4H — Ar-NHOH + H.O 1)

In the reverse sweep, anodic peaks (B) at 20 mV for the o-nitro and -65 mV far the m-nitra are
observed (Figure 2). This corresponds to the oxidation of the hydroxylamine derivative, which is formed
during the first negative-going sweep, to farm nitroso compound in a pracess involving two electrons. A
new reduction peak, C, appears in Figure 2, at about -220 mV for the o-nitro and -100 mV for the m-nitro,
on tha second negative going patential scan which is paired with the anodic peak B and is thou ght to be
the reduction of newly formed nitroso compound;

Ar-NO + 2H,0 + 2 = Ar-NHOH + 20H- {4)
The overall electrode process involves four electrons and four protons. The reduction of

nitrocompounds to hydroxylamine is modeled in this way by two electron transfar step (5) and (7) followed
by an irreversible chemical step to form the nitroso compound (9):

ANO, + & — AINO; (5}
ArNdi;' + H* — AINOH (8)
ANOH + e — ArNOH )
AINOH + H™ — ArNOH, (8)
ArNOH, — ArNO + H,0 (3)

and later, two further electron transfers (10) and (12} to produce the hydroxylaming derivative:

ArMNO + & = ArNO-" (10
ArNCF+ H = ArNOH- (1)
ArNOH + & — ArNOH- {12)

ArMOH + H- — ArNHOH
(13)

Finally we include an irreversible condensation reaction (14) batween the hydroxylamine and
the nitroso derivatives, as previously reported in protic media':

ArNO + Ar-NHOH — Ar-N(O)=N-Ar + HO {14)

To stimulate the voltammograms in this media, we considered the resulls obtained in previous
work for the reduction of ather nitroaromatics such as nitrobenzene'” and p-nitrobenzoic acid™ in protic
media. In this work the authors proved, by using time-resclved SERS techniqus, that the E® values of
the first two electron transfers were substantially lower than the exparimental Ep values; i.e., E* = -0.38
V, Ep = -0.8 V. Furthermore, Ep values differentiated from E” values, which implied the existence of
irreversible processes. Then, in our simulation, the first two E*® values were chosen according to these
results and the other two were determined directly from the sxperimental voltammograms assuming
reversible alectron transfer processes.
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The CV curves were simulated for scans between 50 my and -1100 m\. All diffusion coefiicients
were assumed to be equal to D = 1310 em?fs. Water is taken as the proton source, and all hydrolytic
reactions are assumed to be fast compared to electrode reactions and therefore to be at equilibrium.

In Figure 3, the currant curves indicate the "best fit” obtained frarn the experimental CWs (Figu-
re 2) by means of the DigiSim™ data-fitting routine. The following parameters were used in order to

obtain these curves:
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Furnidipine: E°, =-0.38V ke, = 2.4x10% em &

(@-nitra) E* =035V K = 8.1x10° crm g7
E,=-0.12V k=107 cm s’
E'n=-0.11% k*,. =2.5x10% cm 5"
k,=3x10%s"
K =408

We have also tested the validity of the parameters set by showing that the variations in their
values do have measurable effects on the simulated peak potential and peak currents (the obtained
variation coefficiant values were near to 2% for all tested parameters). Similar values were obtained for
other four related nitroaromatics (two o-nitro and two m-nitro).

From these experimental and simulated results, we can conclude that, first, the energetics of
the electron transfers (Ep and E° values) are greater in the o-nitro derivatives, an effect dua to a steric
hindrance of the nitro group with the 1,4-dihydropyridine maoiety. Secondly, the main differences in the
obtained values for k* , and k.., were significantly (in the case of k? , there was a 400 fold differance In
the a-nitro compounds), indicating a more irreversible tendency for the Ar-NO/A-NHOH couple in the
orthe substituled and a major decay for their nitroso compound.

Moreover, our results not agree with the interpretation given by different authors in previous
papers®*¥, because they all suggest that the first electren transfer in afquecus media is fast, i.e., raver-
sible, and we have found values far the rate constants of around 105 cm/s (irreversible) for all derivatives.
On the other hand, our values agree with data obtained by Shi et ai."® for the electrochemical reduction
of p-nitrobenzoic acid in protic media with rate constant of 1.08x0® cm/s far the first electron transfer.

1.2 The reduction of nitroaryl-1,4-dihydropyridines in mixed media

CV curves obtained with 1 mM of each nitrocompound in mixed media (40:60/Citrate buffer {pH
= 0.0}:.0MF) shows the effect of adding DMF to a solution, with 2 splitting of the 4-electron peak obtained
in protic media, i.e., the reduction of the hydroxylamine derivative now occurs via two clearly resolved
stages for all derivatives (Figure 4). The first reduction step involvad the reversible transfer to 1-electron
te form the nitro radical anion, i.e., the ArNOJAND,y couple, with a clear difference in reduction potential
betwaen ¢-nitro and m-nitro derivatives. The second step involved the subsequent reduction via an
irreversible 3-elactron addition occurring at more negative potentials, according to:

ANO, + & 5= ArNO; (2)
ANO; + 3¢ + 4H* — AINHOH + H,0 (3)

The CV curves were simulated considering a mechanism that involved reaction 5-13. We also
considered the dismutation of the nitro radical anion (15) as a chemical step in the machanism &1

2ArND;, + 2H' — ANO, + Ar-NO + H,0 (15

Moreover, in this case, we assumed that the first electron transfer is reversible, and therefore
the E" value should ha closer ta the Ep.
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In order to obtain the parameters to simulate the CW responses of the reduction in this media,
we systematically varied the set parameters to arrive at the best fit by: (i) visually observing the effect of
these changes on deviations between the simulated and experimantal GV curves, and {iij making sure
that the final oplimized set accurately simulated the CV curves as a function of the nitro derivative
concentralion and scan rate.

In Figure 5, we can observe the “best-fit" obtained from the experimental CV (Figure 4). The
following parameters were used in order to obtain this fit.

Nifedipine: E’,=-1.09 ke, =2.45 cm 5"
(o-nitra) E*, =-087 Y k®, = 5.4x10*% cm s
E° ,=-0.60Y k= 3.4x10° cm g
E°.=-053V k®, =01 cm s’
k= 5x10%s"
kels = 4,12x10° M's™
Nitrendipine: E°.=-091V k", =1.37 em s’
{m-nitro} E°,=-079V k°, =1.2x10% cm s
E®,=-055V k*,=1ecms’
E°,=-05V k*,=1cms’
k,=10"s"

K, = 455%10° M s
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In this media, we aobserved that there also exists a differance between o-nitro and m-nitro
derivatives with respect to: a) the energetics of the electron transfer (E° valuss) and b) the imeversibility
of the Ar-MO/Ar-NHOH couple, which are grealer for o-nitro. On the other hand, the heterogeneous rate
constant for the first electron transfer (k°,) is similar for both derivatives and is greater than in the protic

media.

The above parameters provide an explanation for the splitting phenomenan when aprotic solvents
ar inhibitors are added. The first important change is that the rate of the first electron transfar step is
increased, becoming reversible, i.e, k°,~2 cm/s, The second relevant change is an increase In the
reduction potentials ({in a cathodic direction) of all the electron transfer steps and the last important
change is the addition of the dismutation step 15 with a k s — 4300 M7s7, which was experimentally

obtained by cyclic voltammetry™ using the Olmstaad thEﬂr‘gff“
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Some simulated cyclic voltammograms are shown in Figure 6. They were acquirad for the
isolated couple ArNO_/ArND; as a function of the scan rate. The simulation results are qualitatively
consistent with the experimental results obtained in the 5 mM Mitrendipine solution in mixed media.
Figure 7a,b and ¢ shows the dependence of peak potentials E_, E_; the peak currents i, i,_and the
peak current ratio i_fi _ for the simulated and experimental resulls as a function of the potential scan
rate, It can be seen that thers is reasonably good agreement in all cases between simulated and
experimeantal results.
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The agreemant of the simulated and experimental current is good, especially in the impartant
features of the voltammaogram which contain all the information about the mechanism (the wave shapes,
peak potentials and peak currents). The electrochemical reduction of nitro aromatic compounds is a
rather complex process due to the dependence among the redox pathways, the reaction media and the
position of the nitro group in the aromatic molecule.

In the case of the position of the nitro substitution in the molecule, it is clear that the o-nitro,
nifedipine, nisoldipine and furnidipine, present more negative formal electrode potentials of about 100
m. Moreowver, they also present values for the electron transfer in reactions 10 and 12, lower than the
m-nitro, indicating a great irmeversibility in the couple Ar-NOA-NHOH for these compounds in bath

meadia.
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When the reaction media is changed, it is clear that the splitting phenomenon is produced in

our casa, by adding an aprotic solvent such as DMF 1o the agueous solution. The splitting is properly
explained by a change in the electron transfer parameters, i.e., reduction potantials (E®), heterogenaous
rate constants (k° ) and the addition of the dismutation step 15. All the above parameters, k® and E®,
ware results obtained with the simulation software. The most significant change, is that the rate of the
first electron transfer is increased, becoming reversible, i.e., from -10* to -2cm/s.

We finally conclude that in accordance with our findings, the cbserved spliting in the CV curve

of nitroaromatics is mainly due 1o: a) a change in the kinetics of the first electron transfer changing from
an irreversible to a reversible process; b) change in the energetics of the electron transfer, increasing
tha reduction difficulty and ¢} the introduclion of a dismutation chemical reaction.
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