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The electrochemical behaviour of novel multifunctional a-hydroxymethylated nitroalkenes was
studied with respect to oxidation of -OH moiety and reduction of nitro group using the cyclic
voltammetric technique at glassy carbon and wax impregnated carbon paste electrodes with
sulphuric acid as the supporting electrolyte. The —OH moiety attached to the nitroalkene side
chain was found to undergo irreversible four electrons electrochemical oxidation to form an
acid at the glassy carbon electrode but no oxidation was observed at the wax impregnated car-
bon paste electrode. Oxidation in sulphuric acid medium becomes easier with increasing the
sulphuric acid concentration. This unusual behaviour is attributed to the formation of a six-
membered cyclic structure at lower concentrations of sulphuric acid due to intramolecular hy-
drogen bonding. Going to the lower potential range, reduction of nitro group was observed in
sulphuric acid medium both at the glassy carbon and wax impregnated carbon paste electrodes.
A comparative study indicated easier reduction at the glassy carbon electrode. Non hydroxy-
methylated beta nitroalkenes undergo reduction at a lower negative potential compared to the
corresponding a-hydroxymethylated nitroalkenes.

into important compounds such as oximes, hydroxylami-

The o-hydroxymethylated nitroalkenes are known to be
electron deficient allylic alcohols. These compounds find
versatile applications in the preparation of different
compounds, which is reflected in the ability of the alpha
hydroxymethyl group to undergo chemical transformation
into ethers, alkyl halides, aldehydes, carboxylates, etc.
In addition, the reactive nitro group could be converted

nes and amines.! Nitro compounds can be introduced into
living organisms either as drugs or toxins and their fate
there often involves an oxidation-reduction process.? The
biological activity of several nitro compounds is depen-
dent on the nitro group reduction process due to the for-
mation of active intermediate species 3> that interact with
DNA to produce biochemical damage. The reduction
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properties of the nitro group are therefore of prime im-
portance and have received considerable attention. They
have been mainly investigated by using pulse radiolysis,®
ESR spectroscopy’-® and also electrochemical techni-
ques.”~!! Though biological electron transfer reactions are
complicated, the biological and electrochemical electron
transfer reactions have many things in common. Both in-
volve essentially heterogeneous electron transfer proces-
ses, pH and temperature dependent, and occur at the elec-
trode/electrolyte interface or at the membrane/solution
interface. Hence, explanations based on electrochemistry
have played an important role in interpreting and under-
standing the biological phenomena.

There are no reports in the literature on electroche-
mical investigations of these multifunctional a-hydroxy-
methylated nitroalkenes though there are a few papers on
electrochemical reduction of nitroalkenes. To the best of
our knowledge, there are no reports on electrochemical
investigations of these compounds at the wax impregnat-
ed carbon paste electrode. We have investigated not only
the anodic oxidation of the —OH group attached to the
conjugated nitroalkene but also the reduction using sul-
phuric acid as supporting electrolyte at the glassy carbon
and wax impregnated carbon paste electrodes.

Despite the attractive properties of carbon paste elec-
trodes, they suffer substantially from the presence of oxy-
gen entrapped!? in the paste brought in by carbon particles,
resulting in background currents and hence decreased
sensitivity. This is solved by removing adsorbed electro-
active species, mainly oxygen, by heating at high tem-
perature with subsequent impregnation of the pores by
ceresin wax.!3 Carbon paste electrode impregnated with
ceresin wax was first introduced'* into use in all com-
mon solvents in electrochemistry not only due to its low
background currents over a wide range of potentials but
also owing to its increased positive potential range.

In order to investigate the electrochemical characte-
ristics and to study the redox path, we synthesized the
following compounds (Scheme 1): (2E)-3-(2-furyl)-2-ni-
troprop-2-en-1-ol [1a], (2E)-3-(1,3-benzodioxol-5-yl)-2-
nitroprop-2-en-1-ol  [Ib], (2E)-3-(4-methoxyphenyl)-
2-nitroprop-2-en-1-ol [Ic], 2-[2-furyl]-1-nitroethene [Id]
and 2-[4-methoxyphenyl]-1-nitroethene [Ie].
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Scheme 1.
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Compounds Ia, Ib and Ic were synthesized via a
one-pot multicomponent and atom economical reaction
that takes place at room temperature. Such a simple and
efficient method using nitroalkenes was unknown in the
literature until Irishi et al.! published their results. These
compounds also exhibit interesting biological (anticancer)
properties. Nitrostyrene derivatives are found to be potent
inhibitors of human telomerase.!> These observations
prompted us to undertake their electrochemical investi-
gation.

EXPERIMENTAL

Reagents and Chemicals

The compounds used in our study, o.-hydroxymethylated ni-
troalkenes and the non hydroxymethylated nitroalkenes
were prepared in the laboratory and purified according to
the procedures given in the previously published results.!-16
The prepared compounds were of very high purity, which
was confirmed by spectral data. The solvents used, acetoni-
trile, methanol (Merck) and the supporting electrolyte sul-
phuric acid, were of A.R. grade. Carbon powder of spectro-
scopic grade and ceresin wax (Merck) with a congealing point
60 °C were used. All solutions were prepared with doubly
distilled deionized water.

Instrumentation and Apparatus

Electrochemical experiments were carried out using a po-
tentiostat provided with the data acquisition PC interface card
fabricated at the Analytical Chemistry Division, Bhabha Ato-
mic Research Centre, Mumbai, compatible with an IBM per-
sonal computer. Experiments were performed using a one-
compartment three electrode system, in which wax impreg-
nated carbon paste electrode (WICPE)/glassy carbon elec-
trode (GCE) were used as working electrodes, saturated ca-
lomel electrode (SCE) as reference and platinum wire as an
auxiliary electrode. Cyclic voltammetry was the main tool
in the investigation.

Preparation of the Wax Impregnated Carbon Paste
Electrode

Wax impregnated carbon powder!14 prepared was mixed
with the binder, silicone oil, in the mass ratio 5:3 in an
agate mortar and homogenized with a pestle. The electrode
consists of a Teflon well, which is mounted at the end of a
Teflon tube. The prepared paste was filled into the Teflon
well. A copper wire fixed to a graphite rod and inserted into
the Teflon tube served to establish electrical contact with
the external circuit.

Pretreatment of the Glassy Carbon Electrode

Before each measurement, the glassy carbon surface was
polished with alumina (BAS CF-1050) on an alumina po-
lishing pad (BAS MF-1040) for 50 s and then rinsed with
doubly distilled water.
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Procedure

If not mentioned otherwise, before voltammetric measure-
ments, the solution was purged with nitrogen for 20 minutes
to remove dissolved oxygen and a stream of nitrogen gas
was blanketed over the solution. The cell was thermostated
for the required temperature. The WICPE electrode surface
was renewed mechanically by smoothing off some paste and
then polishing it on a piece of transparent paper before con-
ducting each experiment whereas the surface of GCE was
subjected to the above mentioned pretreatment. The experi-
ments were performed in unstirred solutions.

Determination of the Number of Electrons

This was carried out by controlled potential coulometry us-
ing 2.0 x 1072 mol dm— compound Ia in sulphuric acid me-
dium. The net charge was obtained by subtracting the charge
of the blank from the total charge of Ia solution. Cyclic
voltammetry and spectrophotometry were employed for
monitoring the coulometric experiments.

Infrared spectroscopy was used to characterize the pro-
ducts obtained.

RESULTS AND DISCUSSION

The Nature of Cyclic Voltamograms

Voltamograms of the blank were recorded in supporting
electrolyte 4 x 102 mol dm3 H,SO, in methanol medium
at a scan rate of 0.05 V s~! at GCE and WICPE. All com-
pounds were studied at GCE and WICPE. Compounds
Ia, Ib and Ic underwent oxidation at GCE. Figure 1 re-
presents the cyclic voltamogram of Ia recorded at a con-
centration of 2 x 103 mol dm=3 in H,SO, as supporting
electrolyte in methanol medium at GCE. The voltamo-
gram showed only one peak in the anodic region. This
corresponds to the oxidation of the —OH group to the cor-
responding acid by a four electron electrochemical oxi-
dation process. This was confirmed by controlled poten-
tial coulometry experiments. Absence of the cathodic wave
in the reverse scan confirms the irreversible nature of the
electron transfer process. The electrochemical process can
be represented by the following mechanism:

NO, NO,
H H
2
/O\ y /C/\? e / \ y C< )
H O—l—lj o C\/& +2H
SoH
JHZO
NO, NO,
M Ny copH = @\/\/cﬁH
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Scheme 2.

The IR spectrum (KBr) of the oxidized product of
Ib by bulk electrolysis at GCE, recorded using a JASCO
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Figure 1. Cyclic voltamogram of pure electrolyte in methanol (B)
and that of oxidation of 2 x 10-3 mol dm=3 compound la in sup-
porting electrolyte 4 x 102 mol dm=3 HySOy (A) at a scan rate of
0.05 Vs at GCE.

FTIR 430 spectrophotometer, provides further evidence for
the product formed. The absorption frequency at 1512 cm™!
is due to -NO,, at 1610 cm™! to C=C of the nitroalkene,
at 1645 cm™! to the carbonyl group of carboxylic acid, at
3140-3159 cm~! to C-H and at 3200-3500 cm™! to the
—OH group of carboxylic acid. The IR spectra of com-
pound Ib before oxidation showed adsorption frequen-
cies at 1505.7 cm™! corresponding to the -NO, group, at
1604.2 cm! due to C=C and at 3559 cm™! due to the -OH
group of allylic alcohol.

Ib was found to undergo oxidation at a lower poten-
tial with an oxidation potential of 1.385 V as compared
to Ia or Ie which undergo oxidation at 1.419 V and 1.603
V, respectively, at GCE under the same conditions. Elec-
trochemical oxidation of compounds Ia, Ib and Ic was
also studied at a concentration of 2 X 10 mol dm= in
supporting electrolyte H,SO, (4 x 102 mol dm3) at
WICPE. No peak was observed in the anodic region at
WICPE. No electrochemical oxidation of these compounds
takes place at this electrode.

Going towards lower potentials, the nitro group was
found to undergo reduction at both electrodes. It is well
known that nitro groups undergo reduction to hydroxyl-
amine at GCE.!” However, the reduction to hydroxylamine
was observed at a much higher potential at GCE com-
pared to WICPE. This implies easier reduction at GCE.
This could be due to the presence of the pasting liquid at
the WICPE surface, which decreases the electron trans-
fer rate (slower kinetics), causing a higher over-potential
compared to homogeneous electrodes. The increasing li-
pophilicity of the pasting liquid enhances the electrode
over-potential (irreversibility). This is due to the marked
hydrophobicity of the liquid, which hinders the access of
the analyte to the surface. Cyclic voltamograms were also
recorded at a wider scale, +1.6 V to —1.1 V, using both
electrodes. At GCE, both the oxidation peak correspond-
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Figure 2. Cyclic voltamogram of 2 x 10-3 mol dm= compound
Ib in supporting electrolyte 4 x 102 mol dm=3 HySO, at a scan
rate of 0.05 V s at GCE in a wide potential range. Peak | cor-
responds fo the oxidation of -OH moiety and peak II corresponds
to the reduction of nitro group.

ing to the oxidation of —OH moiety and the reduction peak
corresponding to the reduction of nitro group were ob-
served. A typical voltamogram recorded at GCE for Ib
is depicted in Figure 2.

While studying the electrochemical reduction of ni-
tro group alone at GCE, only Ia and Id showed second
waves at —0.975 V and —0.905 V, respectively, whereas
Ib and Ic did not show a second wave in the potential
range employed. The second wave observed in the above
potential range has been reported for the reduction of oxi-
mes.'® As reported, the hydroxylamine formed subse-
quently tautomerizes to form an oxime, which undergoes
reduction at these potentials. At WICPE, though the oxi-
dation peak was not observed, the reduction peak corres-
ponding to the nitro group was present in the same ca-
thodic region as observed while recording the cyclic vol-
tamogram in the wider potential range. Reductions of Ia,
Ib and Ic were compared with Id and Ie in the same
medium at GCE and WICPE. The reduction of Ia, Ib and
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Figure 3. Plot of variation of oxidation peak currents of 2 x 103

mol dm=3 compounds la, Ib and lc with the square root of the
scan rate in 4 x 102 mol dm=3 H,SO,4 at GCE.
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Ic took place at a lower potential compared to the non
hydroxymethylated compounds. Reduction potentials were
—0.433 V, —0.455 V and -0.489 V, respectively, for Ia,
Ib and Ic at GCE. At WICPE; Ia, Ib and I¢ got reduced
at —0.452 'V, -0.470 V and —0.512 V, respectively. Id got
reduced at —0.372 V and -0.402 V at GCE and WICPE,
respectively, whereas Ie showed reduction at —0.402 V
and —0.425 V at GCE and WICPE, respectively. The sub-
stituent plays an important role in the electrochemical
reduction as it is evident in the case of electrochemical
reduction of Ie. The methoxy group donates electrons by
resonance, i.e., +R (or +M) effect, and the dipole as-
sociated with it operates in the opposite direction, i.e. —I
effect. The —I effect of methoxy substantially decreases
with distance but its +M effect is strongly felt by the aryl
ring in conjugation with it. Therefore, the methoxy group
increases electron density. Hence, it will be more diffi-
cult to reduce the methoxy substituted compound, as it is
evident from the reduction potentials of these compounds.

Effect of the Scan Rate

The positive shift in potential observed for a fixed con-
centration (2 X 10~3 mol dm= in each case) of Ia, Ib and
Ic at the scan rate confirms the irreversible nature of the
electron transfer process. The oxidation peak current in-
creased linearly with the square root of the scan rate over
the range 0.01 V to 0.1 V s7! (Figure 3). The linearity
indicates that the reaction rate is controlled by semi-in-
finite linear diffusion '°-29 and can be also reflected in an
uncomplicated redox reaction.

The effect of the scan rate variation corresponding
to the reduction of the nitro group was also studied in
the sulphuric acid medium at both electrodes. The plots
(Figure 4) of the peak current of all the compounds in-
vestigated, a.-hydroxymethylated as well as non-hydroxy-
methylated nitroalkenes against the square root of the scan
rate, show a linear relationship that satisfies the condi-
tion for the diffusion controlled electrochemical process.

ipc/UA —>

010 015 020 025 030 035
(v/Vs’l)”2 —

Figure 4. Plot of variation of reduction peak currents of 2 x 10-3
mol dm= compounds la, Ib, I¢, Id and le at a scan rate of 0.05
Vs at GCE in 4 X 102 mol dm= H,SO, supporting electrolyte.
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Figure 5. Influence of variation of compound la concentration on its
peak currents in 4 x 102 mol dm= H,SO, as supporting electrolyte
at a scan rate of 0.05 V s at GCE.

Effect of Concentration Variation

As the concentration of Ia was increased from 1.0x 1073
mol dm= to 5 X 103 mol dm3, the anodic peak current
increased linearly as the concentration with R? = 0.9981
at GCE, as shown in Figure 5, which indicates that the
process was diffusion-controlled.?!-22

Dependence of Cyclic Voltamograms on Sulphuric
Acid Concentration

Keeping the concentration of Ia constant (2.0 x 10-3 mol
dm3), the concentration of sulphuric acid was increased
from 1.2 x 1072 mol dm= to 4.8 X 102 mol dm=3 and the
cyclic voltamograms were recorded at GCE. With an in-
crease in the sulphuric acid concentration, the anodic peak
potential shifts towards less a positive value, implying
easier oxidation of Ia, as represented in Table I.

The molecule should undergo easy oxidation due to
the formation of more stable conjugated aldehydes, which
on further oxidation yield carboxylic acid. In the present
study, we report unusual behaviour in the oxidation of
Ia, Ib and Ic. The unusual behaviour observed in this case
could be attributed to the formation of a six membered
cyclic structure (II, Scheme 3) due to intramolecular hy-
drogen bonding. There is competition between intramo-

TABLE I. The influence of variation of sulphuric acid concentration
on the electrochemical oxidation of compound la at a scan rate
of 0.05V s~! at GCE

[H,S04] Epa —lpa. Dy ko
102 mol dm™= VvV HA 102 cm? s7! 10* cm 57!
1.2 1.484 34.1 0.8229 0.4983
24 1.450 88.0 4.6311 1.286
32 1.441 100.1 5.9922 1.463
4.0 1.419 137.8 7.3480 2.014
4.8 1.375 160.2 8.7882 2.341
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lecular and intermolecular (due to the hydrogen from sul-
phuric acid) hydrogen bonding.

Intramolecular hydrogen bonding favours cyclization
and hence more potential is required to break this struc-
ture in the oxidation process whereas intermolecular hy-
drogen bonding does not favour such a structure due to
the presence of excess sulphuric acid. The values of Dy
and ky were evaluated using equations (1) and (2), res-
pectively.!9-23

Dy = {ip = 2.99 X 10° n (any)? AC* v} (1)
ko = ipy = 0.227 nFA C* exp{—an,f (E,—E")} (2)

The apparent diffusion coefficient values and k for
the oxidation of —OH moiety (Table I) reveal an unusual
trend with an increase in H,SO, concentration. Diffusion
arises due to the depletion of the electroactive species near
the electrode surface and this depletion is only due to the
charge transfer occurring at the electrode surface. The dif-
fusion coefficient values increase with the concentration
of sulphuric acid, indicating a favourable reaction at high-
er concentrations. The kinetics of charge transfer may be
of great use in understanding biological redox processes.
The values of kj also imply easier charge transfer with
increased concentrations of H,SO,. The different beha-
viour observed in the case of oxidation of hydroxymeth-
ylated nitroalkenes accounts for the formation of a cyc-
lic structure at lower concentration of H,SO, as shown
in structure II.

The effect of variation of sulphuric acid on the elec-
tro-reduction was also studied at both electrodes by keep-
ing the concentration of compound Ia constant at 2 x 103
mol dm3 and increasing the concentration of H,SO, from
0.8 x 102 mol dm™ to 4.0 x 102 mol dm3. The reduc-
tion peak potential was found to shift to less negative va-
lues (Table II) with an increase in sulphuric acid concen-
tration at both electrodes, which is an indication of the
involvement of proton in the electrochemical reduction
process.

Effect of Variation of Solvents Composition

In aqueous acetonitrile and aqueous methanol, oxidation
becomes difficult at GCE with the increase of organic sol-
vent fraction as the oxidation potential shifts from 1.385 V,
1.391 V in aqueous methanol (volume ratio, y = 20:80)
and aqueous acetonitrile (y = 20:80) to 1.432 V, 1.448 V

Croat. Chem. Acta 80 (1) 53-59 (2007)
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TABLE II. The influence of variation of sulphuric acid concentration on the electrochemical reduction of la at a scan rate of 0.05 V s=! at

GCE and WICPE

[H,S0,] GCE WICPE
102 mol dm™3 ~Epi IV ip) / nA ~Ep /| V iy / nA ~Ep IV ip1 / pA
0.8 0.528 197.0 1.026 125.5 0.547 18.8
2.0 0.493 2333 0.955 159.8 0.508 27.6
2.8 0.468 252.5 0.939 173.9 0.476 334
4.0 0.407 280.0 0.913 185.2 0.445 40.1
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SAZETAK

Elektrokemijsko ponasanje novih visefunkcionalnih a-hidroksimetiliranih nitroalkena na
elektrodama od staklastog ugljika i voskom impregnirane ugljikove paste

Ronald J. Mascarenhas, Irishi N. Namboothiri, Bailure S. Sherigara i
Kittappa M. Mahadevan

IstraZena je oksidacija —OH grupe i redukcija nitro grupe novih viSefunkcionalnih o-hidroksimetiliranih
nitroalkena koriste¢i ciklicku voltametriju na elektrodama od staklastog ugljika i voskom impregnirane uglji-
kove paste u otopini sumporne kiseline kao osnovnom elektrolitu. Na staklastom ugljiku —OH grupa koja se
nalazi na pokrajnom lancu nitroalkena ireverzibilno se oksidira do kiseline u elektrodnoj reakciji koja ukljucuje
prijenos Cetiri elektrona, ali se oksidacija ne vidi na elektrodi od ugljikove paste. Povecanje koncentracije sum-
porne kiseline olakSava oksidaciju. Ovo neobi¢no ponasanje objasnjeno je Sesteroclanom ciklickom strukturom
stabiliziranom vodikovim vezama koja se stvara pri nizim koncentracijama kiseline. Kod niZih potencijala uocena
je redukcija nitro grupe na obje elektrode, ali je na staklastom ugljiku redukcija olakSana. Beta nitroalkeni koji
nisu hidroksimetilirani reduciraju se kod niZih potencijala nego odgovarajuéi o.-hidroksimetilirani nitroalkeni.
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