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Abstract—This work reports the electrochemical oxidation of three newly synthesized C4-hydroxyphenyl-substituted 1,4-dihydro-
pyridine derivatives in dimethylsulfoxide. The reactivity of the compounds with ABAP-derived alkylperoxyl radicals in aqueous
buffer pH 7.4, was also studied.
The oxidation mechanism involves the formation of the unstable dihydropyridyl radical, which was confirmed by controlled-poten-
tial electrolysis (CPE) and ESR experiments. The final product of the CPE, that is, pyridine derivative, was identified by GC–MS
technique for the three derivatives.
A direct reactivity of the synthesized compounds toward ABAP-derived alkylperoxyl radicals was found. The pyridine derivative
was identified by GC–MS as the final product of the reaction. Results reveal that this type of 1,4-DHPs significantly reacts with
the radicals, even compared with commercial 1,4-DHP drugs with a well-known antioxidant ability.
1. Introduction

4-Aryl-1,4-dihydropyridines (1,4-DHPs) are the most
studied class of organic calcium channel modulators
and, since their introduction into clinical medicine in
1975, have become almost indispensable for the treat-
ment of cardiovascular diseases such as hypertension,
cardiac arrhythmias, or angina.1–3 Substantial research
has been devoted to the chemistry and biology of the
1,4-DHP derivatives because of their applications in
other hot areas such as synthesis of substituted pyri-
dines2,4; serving as effective redox catalysts under mild
conditions,5 modeling the NAD(P)H coenzymes to
study its oxidation mechanism in living system,6 and
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emerging as a common nucleus to numerous bioactive
compounds.7,8

The oxidation of 1,4-dihydropyridines and analogs to
the corresponding pyridines is of interest because of its
relevance to the biological NADH redox processes as
well as to the metabolic studies pertaining to 1,4-
DHPs.9,10 The electrochemical oxidation of 1,4-DHPs
has extensively been reported in different electrolytic
media by other.11–17 and us.18–22

There are several in vitro findings that DHP calcium
antagonists possess antioxidant properties, mainly dur-
ing the development of atherosclerosis and some car-
diovascular oxidative processes.23–28 For some years
our laboratory has been interested in the synthesis of
new 1,4-DHPs in order to achieve derivatives with
additional properties, mostly as antioxidants. Then,
considering the relevance of its oxidation process on
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L. J. Núñez-Vergara et al. 4319
the biological activity; in the present paper we report a
comparative study on the electrochemical oxidation in
dimethylsulfoxide of new C4- hydroxyphenyl substi-
tuted 1,4-dihydropyridines with the corresponding
C4- phenyl 1,4-dihydropyridine. The reactivity of the
derivatives with ABAP-derived alkylperoxyl radicals
was also studied.
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igure 1. DP voltammograms of: (a) 1 mM 4-(3-hydroxyphenyl)-DHP

olution in dimethylsulfoxide. (b) Solution (A) +2.5 mM TBA-OH. (c)

Solution (B) +7.0 mM TBA-OH. (d) Solution (C) +7.0 mM HClO4.
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Figure 2. DP voltammograms of: (a) 1 mM 4-phenyl-DHP solution in

dimethylsulfoxide. (b) Solution (A) +1.0 mM TBA-OH. (c) Solution

(B) +2.5 mM. (d) Solution (C) +2.5 mM HClO4.
2. Results and discussion

The main goal of this work was the study of both the
electrochemical oxidation in DMSO and the reactivity
with alkylperoxyl ABAP-derived radicals of three syn-
thesized 1,4-dihydropyridines. Also, we have conducted
a number of additional experiments to support the pro-
posed mechanisms on the electrochemical oxidation and
its reactivity with free radicals.

2.1. Voltammetry

In the aprotic medium, we have compared the anodic
oxidation of the phenylhydroxyl-substituted com-
pounds [4-(3-hydroxyphenyl)-DHP and 4-(4-hydroxy-
phenyl)-DHP] with the non-hydroxylated compound
(4-phenyl-DHP). Tested derivatives exhibited a single
anodic signal with the following oxidation peak poten-
tial values: 4-(4-hydroxyphenyl)-DHP (Ep = 1040 mV),
4-(3-hydroxyphenyl)-DHP (Ep = 1048 mV, Fig. 1a),
and 4-phenyl-DHP (Ep = 1064 mV, Fig. 2a). As can
be seen from these values, there are not significant
differences between the compounds.

Cyclic voltammetric studies were performed at different
sweep rates (0.1–5.0 V/s) with the three compounds
revealing a single irreversible anodic peak. In all the
cases, log ip versus logv plots exhibited slopes close to
0.5, thus indicating that the current is diffusion-con-
trolled. Furthermore, the peak potential values (Ep)
were dependent on the sweep rates, indicating the irre-
versible character of the process.

The behavior of the limiting current was analyzed by
using dynamic voltammetry on a glassy carbon rotat-
ing disk electrode. Compounds show a single wave
with no indication of other oxidation waves. Limiting
current versus the square root of the rotating rate
were plotted to obtain the respective diffusion coeffi-
cients. These plots were linear (result not shown)
according to the Levich equation.29 From the slopes
of these lines, the following diffusion coefficient values
were obtained: 4-phenyl-DHP, 2.81 · 10�6 (cm2 s�1);
4-(3-hydroxyphenyl)-DHP, 3.10 · 10�6 (cm2 s�1), and
4-(4-hydroxyphenyl)-DHP, 2.40 · 10�6 (cm2 s�1). In
consequence, no significant differences in these values
are found.

2.1.1. Coulometric analysis. In order to understand the
mechanism of oxidation in greater detail and to deter-
mine the number of electrons involved in the oxidation
process, coulometric studies were carried out in aprotic
media. Solutions containing accurately weighed amount
of the 1,4-dihydropyridine derivatives with TBAHFP
F

s

were subjected to electrolysis at constant potential. The
applied potential was +1180 mV for all the DHPs. Re-
sults show an average value for the electron transferred
of 2.10 ± 0.15 for the DHPs. These values are in accord
with a two-electron oxidation mechanism for the oxida-
tion of the DHP derivatives.

2.2. Influence of acid–base equilibrium on the electro-
chemical oxidation of the 1,4-dihydropyridine derivatives

For these studies we used electrochemical techniques
(DPV and CV) and UV–visible spectroscopy. In Figure
2a, the DP voltammogram corresponding to the oxida-
tion of 4-phenyl-DHP derivative exhibiting a peak at
1064 mV is shown. Figure 2b shows the effect of the
addition of a 1.0 mM solution of tetrabutylammonium
hydroxide (TBA-OH) on the oxidation of 4-phenyl-
DHP. The intensity of the main signal decreased and
in parallel the appearance of a new signal at approxi-
mately 108 mV is evidenced. The addition of 2.5 mM
TBA-OH (Fig. 2c) produced a significant increase in
the intensity of the signal at 108 mV parallel with the
disappearance of the signal at 1064 mV. Finally, the
addition of a 2.5 mM alcoholic HClO4 solution
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igure 3. DP voltammograms of: (a) 1 mM phenol solution in

imethylsulfoxide. (b) Solution (A) +2.0 mM TBA-OH. (c) Solution

D) +4.0 mM TBA-OH.
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(Fig. 2d) completely reversed the above-described
effects, that is, the original signal at 1064 mV is recovered
with no indication of the signal at 108 mV. On the other
hand, if an HClO4 solution is first added to the original
solution of 1,4-dihydropyridine, no changes are evi-
denced. These summarized effects can be explained by
changes in the acid–base equilibrium of the secondary
nitrogen of the 1-position. Thus, the main oxidation
signal at 1064 mV corresponds to the oxidation of the
unionized –NH group, in contrast the signal at 108 mV
is the oxidation of ionized group, the anion (R–N�).

These types of experiments were extended for the
hydroxyphenyl-substituted compounds (3-OH– and
4-(4-hydroxyphenyl)-DHPs). In Figure 1, the effect of
the addition of TBA-OH is illustrated for the 4-(3-
hydroxyphenyl)-DHP compound. The Figure 1a shows
a typical DP voltammogram corresponding to 4-(3-
hydroxyphenyl)-DHP derivative in which the single oxi-
dation peak at 1048 mV is displayed. The addition of a
3.0 mM solution of TBA-OH (Fig. 1b) produced a
decrease in the intensity of the original signal at
1048 mV, parallel with the appearance of a new oxida-
tion signal with a peak potential value of �48 mV. How-
ever, the addition of a 7.0 mM solution of TBA-OH
(Fig. 1c) produced an increase in the signal intensity at
�48 mV, parallel with the appearance of a new signal
at 244 mV and the disappearance of the original signal
at 1048 mV. The addition of 7.0 mM HClO4 solution
completely reversed the effects of the TBA-OH, that is,
the original oxidation signal at 1048 mV appeared. In
the case of the 4-(4-hydroxyphenyl)-DHP derivative,
the addition of a 3.0 mM solution of TBA-OH produced
a decrease in the intensity of the original signal at
1040 mV, parallel with the appearance of a new oxida-
tion signal with a peak potential value of �92 mV. On
the other hand, the addition of a 7.0 mM solution of
TBA-OH produced an increase in the signal intensity
at �92 mV, parallel with the appearance of a new signal
at 156 mV and the complete disappearance of the origi-
nal signal at 1040 mV. Likewise of 4-(3-hydroxyphenyl)-
DHP derivative, the addition of 7.0 mM HClO4 solution
completely reversed the effects of the TBA-OH, that is,
the original oxidation signal at 1040 mV again appeared.

These above-described results could be explained by
changes in the acid–base equilibrium involving the N–H
and O–H groups. The signal at 244 mV could be assigned
to the oxidation of the phenolate anion (R–O�) and the
second one at�48 mV would correspond to the oxidation
of the anion (R–N�). This explanation is consistent with
the finding that the addition of HClO4 to the 1,4-dihydro-
pyridine solution (Fig. 1d) completely reversed the coexis-
tence of several oxidation processes, that is, only one
oxidation peak is evidenced (Ep = 1048 mV).

Some additional experiments were conducted in order to
deepen in the effects of acid–base equilibrium on the oxi-
dation process of the compounds. In this perspective,
the oxidation of a phenol solution under the same exper-
imental conditions as the hydroxyphenyl-substituted
1,4-dihydropyridines was studied. Figure 3a shows the
oxidation of a 1 mM phenol solution in DMSO, which
exhibited a potential value of 1208 mV. In Figure 3b,
the effect of 2.0 mM TBA-OH solution on the oxidation
of phenol is displayed. As can be seen, the intensity of
the original oxidation signal at 1208 mV decreased con-
comitantly with the appearance of a new oxidation sig-
nal at 208 mV. This latter signal corresponds to the
oxidation of the phenolate anion (R–O�). A second
addition of 4.0 mM TBA-OH (Fig. 3c) produced a
significant increase in the intensity of the signal at
208 mV with the disappearance of the original signal
at 1208 mV.

From the above-described results it appears that the
eventual oxidation of the hydroxyphenyl moiety in the
electrolytic medium would occur at potential nearby to
the supporting electrolyte discharge. In fact, the electro-
chemical studies (dpv, cv, coulometric analysis, RDE
technique) conducted to characterize the oxidation pro-
cess of the synthesized DHPs correspond to the
oxidation of the 1,4-dihydropyridine moiety. This
conclusion is further supported by other additional
experimental facts, mainly derived from the GC–MS
characterization.

Concluding, the electrochemical oxidation of these type
of 1,4-dihydropyridines in aprotic medium is deeply af-
fected by changes in the acid–base equilibrium of the
oxidizable groups. In the case of 4-phenyl-DHP deriv-
ative which exclusively contains one N–H ionizable
group, the oxidation process involves the anion
(R–N�) and the respective conjugated acid (R–NH),
giving at least two oxidation signals, depending on
the electrolytic media. In contrast, for the hydroxyphe-
nyl-substituted 1,4-dihydropyridines, the electrochemi-
cal oxidation could involve signals corresponding to
the unionized and ionized species of both oxidizable
groups, that is, the 1,4-dihydropyridine moiety and
the hydroxyl group substituting the aromatic ring of
the 4-position.

2.3. UV–visible spectrophotometry

UV–vis spectra for each compound were recorded be-
tween 200 and 700 nm. In Table 1, UV–visible bands
F
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Figure 4. UV–vis spectra of: (a) 1 mM 4-(4-hydroxyphenyl)-DHP

solution in dimethylsulfoxide. (b) Solution (A) +7 mM TBA-OH. (c)

Solution (B) +250 lM HClO4.
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and molar absorptivities for 1,4-dihydropyridines in
dimethylsulfoxide and in the presence of TBA-OH
are presented. As can be seen from Table 1, all com-
pounds exhibited a common maximum at 358 nm.
The hydroxyphenyl-substituted 1,4-DHP derivatives
exhibited additional bands in the zone of 278–
283 nm. Figure 4a shows a typical UV–vis spectrum
for 4-(4-hydroxyphenyl)-DHP derivative. Addition of
250 lM TBA-OH produces a drastic bathochromic ef-
fect, shifting the band at 358 nm toward 447 nm and
the band at 278 nm to 323 nm as shown in Figure
4b. The effect is due to anion formation in the basic
medium. The band at 447 nm gradually disappeared
after the addition of 250 lM HClO4 solution, turning
these solutions to its original colors (Fig. 4c). These re-
sults can be explained on the basis of the acid–base
equilibrium involving the –NH group. In the presence
of a TBA-OH solution, predominantly the equilibrium
is displaced toward the anionic form (R–N�), which
absorbs at 447 nm. The negative charge can be
de-localized over the system up to the ester groups in
3- and 5-position, thus explaining the appearance of
colored solutions in this medium. Clearly, molar
absorptivity values corresponding to the 1,4-dihydro-
pyridine anions are significantly higher than those of
the unionized compounds (Table 1).

2.4. Controlled-potential electrolysis (CPE) experiments

In the present paper, we have used exhaustive con-
trolled-potential electrolysis on reticulated carbon elec-
trode to oxidize the 1,4-DHP solutions and to generate
the radical intermediates (dihydropyridyl radical),
which were trapped by PBN. However, the generation
of these unstable species can also be obtained by using
chemical, photochemical or enzymatic procedures.30

On the other hand, the electrolyzed solutions were ana-
lyzed by GC–MS and ESR techniques in order to iden-
tify the oxidation product(s) and the intermediates,
respectively.

2.4.1. GC–MS studies. In Table 2, the GC–MS data of
studied compounds are reported. The three synthesized
1,4-dihydropyridines follow a general fragmentation
pathway which corresponds to the cleavage and com-
plete loss of the substituent in 4-position, to give a
common mass fragment with m/z of 252. Concerning
with the analyses of electrolyzed 1,4-DHP solutions,
Table 1. UV–visible absorption bands and molar absorptivity of 1,4-

DHP derivatives and their corresponding anions

Compounds Molar absorptivity/(M cm)�1

k = 278–283

nma

k = 358

nma

k = 323

nmb

k = 447

nmb

4-Phenyl-DHP — 6299 — 10,900

4-(3-Hydroxy-

phenyl)-DHP

2322

(283 nm)

6451 2341 11,733

4-(4-Hydroxy-

phenyl)-DHP

5225

(278 nm)

8633 5416 15,870

a UV–visible bands obtained in dimethylsulfoxide.
b UV–visible bands obtained in dimethylsulfoxide + 250 lM TBA-OH

corresponding to the formation of the anion.
they were derivatized with N-methyl-N-(trimethylsi-
lyl)-trifluoroacetamide (MSTFA) previous to the injec-
tion into the chromatograph to improve their
chromatographic characteristics. The results obtained
after 90 min of CPE are illustrated in Figure 5 for 4-
(3-hydroxyphenyl)-DHP. A typical mass spectrum of
this compound is displayed in this Figure 5. Three
most abundant mass fragments containing the pyridine
nucleus were found. These fragments had m/z 415, m/z
354, and m/z 326, respectively. Consistently, the most
abundant fragment was m/z 415, which corresponds
to the oxidation of the 1,4-dihydropyridine moiety to
give rise to the pyridine derivative. The mass fragment
with m/z 354 corresponds to the simultaneous cleavage
of an ethoxy group and a methyl group of the TMS
moiety. The third most abundant fragment was the
m/z 326, which corresponded to the complete loss of
TMS group. Also, the % formed pyridine during the
electrolysis was quantitatively assayed (Table 2), no
significant differences were found between the com-
pounds, in all the cases the percentages were lower
than 50%.

Summarizing, the results obtained by the GC–MS tech-
nique permit us the identification of the pyridine deriv-
atives as the final products of the electrolytic oxidation
of 1,4-dihydropyridines.

2.4.2. ESR. To identify the intermediates produced in
the time-course of the electrolysis of 1,4-dihydropyri-
dine derivatives, spin trapping studies were conducted.
The experimental ESR spectra show a triplet, due to
the nitrogen, and their splitting into a doublet due to
the presence of the adjacent hydrogen. The correspond-
ing aN values were: 13.2 G, 12.1 G, and 12.1 G for
4-phenyl-DHP, 4-(3-hydroxyphenyl)-DHP, and 4-(4-
hydroxyphenyl)-DHP, respectively. On the other hand,
aH splitting values for the same compounds were:
3.5 G, 2.8 G, and 2.5 G, respectively. In Figure 6 the
experimental ESR spectra corresponding to the three
derivatives are shown. Simulated spectra (data not
shown) were in good agreement with the experimental
one.



Table 2. GC–MS data obtained from parent and oxidized 1,4-DHP derivatives

Derivative Parent 1,4-DHP Oxidized 1,4-DHP % Pyridinea

M+ Pb M+ Pb

4-Phenyl-DHP 331 252 329 327 38.5

4-(3-Hydroxyphenyl)-DHP 417 252 415 415 43.3

4-(4-Hydroxyphenyl)-DHP 417 252 415 415 42.1

M+, molecular ion.

Pb, peak base.
a Percentage of pyridine after 90 min electrolysis.
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The above splitting constants for the spin adducts
are consistent with the fact that N-tert-butylamine-
a-phenylnitrone (PBN) interacted with carbon-cen-
tered radicals as reported for 1,4-DHP derivatives31

and for other structurally related compounds.32 It
is a well-known fact that the radical adducts may
be carbon-centered or nitrogen-centered depending
strongly on the nature of spin trap used. We are
currently working with PBN, a spin trap having
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Figure 5. Mass fragmentation spectrum corresponding to the oxidized 4-(3-
the advantage of forming very stable C-centered rad-
ical adducts because of its stability. Also, other spin-
trapping have been used in electrochemistry like aryl
nitroso compounds.33 These agents are light sensitive
implying some difficulties in certain experimental
conditions, but nitrooxide formation results in a
trapped radical bound to the nitrogen atom, thus
giving extra ESR information which is not obtained
by using PBN.34
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Figure 6. ESR spectra of: (a) 4-phenyl-1,4-DHP. (b) 4-(3-Hydroxy-

phenyl)-DHP. (c) 4-(4-Hydroxyphenyl)-DHP.
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2.5. Reactivity with ABAP-derived alkylperoxyl radicals

Considering that peroxyl radicals play an important role
in chemistry and biology,35 and that they are involved in
many radical chain reactions, for example lipid peroxi-
dation and protein damage36, we decide to prove the
reactivity of the synthesized 1,4-DHPs with ABAP-de-
rived alkylperoxyl radicals in aqueous medium, pH
7.4. For these studies we used UV–vis spectroscopy
and GC–MS techniques.

For the spectroscopic studies, the original UV absorp-
tion bands between k = 356–360 nm were followed to
evaluate reactivity. The results revealed that after the
addition of 1,4-DHP derivatives to an aqueous mixture
containing alkylperoxyl radicals, the absorption bands
decreased along time (Fig. 7a), parallel with the
appearance of a new band near to 280 nm (Fig. 7b).
This latter signal corresponds to the oxidized deriva-
tive, that is, the pyridine derivative, which agrees with
previous observations.37 The rate of reaction exhibited
a linear dependence on concentration in the range of
20–120 lM concentration of 1,4-DHP. To compare
the reactivity, kinetic rate constants of tested 1,4-
DHP derivatives and kinetic rate constants of the
corresponding reference compounds (NADH and
Nisoldipine) were used (Table 3). Clearly, the synthe-
sized 1,4-DHP derivatives were significantly more
reactive than nisoldipine, a commercial 1,4-DHP used
in therapeutics. In conclusion, all the synthesized
compounds were at least 2.4 times more reactive than
this well-known antioxidant drug (Table 3). However,
the most reactive compound was NADH, an endoge-
nous compound structurally related with 1,4-dihydro-
pyridines. At the end of the experiments, samples
were derivatized with MSTFA and injected into the
chromatograph. Results of these analyses confirm that
after the reaction between the alkylperoxyl radicals and
the tested 1,4-dihydropyridines, these latter derivatives
were oxidized to pyridines. The mass fragmentation
pathways did not differ from that of electrolysis, that
is, the fragments contained the pyridine nucleus, being
the most abundant m/z 415, m/z 354, and m/z 326.
3. Concluding remarks

• The electrochemical oxidation of C4- hydroxyphenyl-
substituted 1,4-DHPs in DMSO occurs involving
2-protons and 2-electrons with formation of a
dihydropyridyl radical intermediate and the pyridine
derivative as the final product of the oxidation. No sig-
nificant effects of the C4- hydroxyl group on the oxida-
tion of the 1,4-dihydropyridine moiety were found.

• A direct quenching of ABAP-derived alkylperoxyl
radicals by three newly synthesized 1,4-DHP deriva-
tives was found.

• The pyridine derivative was detected and quantita-
tively determined as a final product of the reaction
between 1,4-DHP and ABAP-derived alkylperoxyl
radicals.

• Our results strongly support the assumption that the
reaction between the synthesized 1,4-DHP derivatives
with ABAP-derived alkylperoxyl radicals involves an
electron transfer reaction, which is documented by
the presence of pyridine as product of reaction.
4. Experimental

4.1. Chemicals

All solvents were of high-pressure liquid chromatography
(HPLC) grade and all reagents were of analytical grade.

4.1.1. Compounds. 1,4-Dihydropyridine derivatives
(Fig. 8) were synthesized in our laboratory according
to previous works.38,39 The general procedure is as fol-
lows: a mixture of 0.016 mol of the respective alde-
hyde (benzaldehyde, 3-hydroxybenzaldehyde, and 4-
hydroxybenzaldehyde) and 3-ethyl-aminocrotonate
(4.2 mL, 0.033 mol) is heated in an Erlenmeyer flask
in a water bath until complete dissolution of the alde-
hyde. After addition of anhydrous acetic acid (15 mL),
the mixture is further heated for 1 h. Temperature of
the mixture must not exceed 60 �C, to avoid sub-prod-
uct formation. The orange, viscous solution formed is
filtered off and left until room temperature is attained.
Water is carefully added (one drop at a time) until
cloudiness is obtained, this is necessary to further pre-
cipitate the 1,4-dihydropyridine. The solution is
warmed again to obtain a clear solution and left over-
night thus permitting the slow crystallization of the
derivative.

4.1.2. 2,6-Dimethyl-3,5-diethoxycarbonyl-4-phenyl-1,4-
dihydropyridine [4-phenyl-DHP]. Yield: 92%. Mp: 150–
153 �C. 1H NMR (300 MHz, DMSO d6): dmax 1,16 (t,
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Table 3. Comparison of the reactivity of C4-substituted 1,4-DHP

derivatives towards alkylperoxyl ABAP-derived radicals

Derivative ka-10�5/s�1 k/Nisoldipineb R/NADHc

NADH 3.80 ± 0.01 18.1 1.00

4-Phenyl-DHP 0.51 ± 0.02 2.4 0.13

4-(3-Hydroxy-

phenyl)-DHP

0.64 ± 0.01 3.0 0.17

4-(4-Hydroxy-

phenyl)-DHP

0.60 ± 0.02 2.9 0.16

Nisoldipine 0.21 ± 0.01 1.0 0.06

a Kinetic rate constants for the reactivity of the derivatives in the

presence of alkylperoxyl radicals. Values correspond to the average

of five independent experiments.
b Ratio between kinetic rate constants of the tested 1,4-DHP deriva-

tives/kinetic rate constant of nisoldipine for the reaction with alkyl-

peroxyl radicals.
c Ratio between the kinetic rate constants of the tested 1,4-DHP

derivatives/kinetic rate constant of NADH for the reaction with

alkylperoxyl radicals.
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6H, 2· –CH2–CH3); 2.26 (s, 6H, 2· –CH3); 3.98 (q, 4H,
2· –O–CH2–CH3); 4.88 (s, 1H, Ar-CH<); 7.18 (m, 3H,
J = 6.975 Hz, 3· Ar-H); 7.22 (d, 2H, J = 8.14 Hz, 2·
Ar-H); 8.80 (s, 1H, N–H). 13C NMR (75 MHz, DMSO
d6): 10.51; 9.26; 9.07; 7.88; 7.78; 6.18; 2.09; 2.05; 2.04;
1.97; 0.63.
F

4.1.3. 2,6-Dimethyl-3,5-diethoxycarbonyl-4-(3-dihydroxy-
phenyl)-1,4-dihydropyridine [4-(3-hydroxyphenyl)-DHP].
Yield: 85%. Mp: 188–191 �C. IR (KBr): dmax 3351.1,
1649.8, 1594.5, 1473.3, 1367.6, 1216.8, 1127.6, 1018.4.
1HNMR (300 MHz, acetone-d6): 1.2 (t, J = 7.0, 6H,
–CH3); 2.3 (s, 6H, –CH3); 2.9 (s, 1H, C–H); 4.1 (q,
J = 7.0, 4H, –CH2); 5.0 (s, 1H, –OH); 6.9 (m, 4H,
aromatic); 7.8 (s, 1H, N–H). 13CRMN (75 MHz,
acetone-d6): 13.8(2); 17.9(2); 29.0. 38.6. 58.9(2);
103.3(2); 114.4(2); 115.0; 119.1; 130.5; 144.3; 165.3; 205.5.

4.1.4. 2,6-Dimethyl-3,5-diethoxycarbonyl-4-(4-hydroxy-
phenyl)-1,4-dihydropyridine [4-(4-hydroxyphenyl)-DHP].
Yield: 70%. Mp: 232 - 235 �C. IR (KBr): dmax 3354.1,
1655.8, 1591.7, 1478.5, 1367.1, 1220.3, 1122.4, 1019.7.
1HNMR (300 MHz, acetone-d6): 1.2 (t, J = 7.0, 6H,
–CH3); 2.3 (s, 6H, –CH3); 2.9 (s, 1H, C–H); 4.1 (q,
J = 7.0, 4H, –CH2); 5.0 (s, 1H, –OH); 6.6 (d, J = 8.0,
2H, aromatic); 6.8 (d, J = 8.0, 2H, aromatic); 7.8 (s,
1H, N–H). 13CRMN (75 MHz, acetone-d6): 13.6(2);
18.3(2); 30.0; 37.9; 59.3(2); 107.5(2); 113.2(2); 118.0;
119.3; 132.7; 141.2; 161.4(2); 207.3.

NMR spectroscopy: The NMR spectra were recorded
on a Bruker spectrometer Advance DRX 300.
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FT-IR: The IR spectra were recorded on a Bruker spec-
trometer IFS 55 Equinox.

4.1.5. Aprotic medium. Dimethylsulfoxide (DMSO)
+ 0.1 M tetrabutylammonium hexafluorophosphate
(TBAHFP) was used for the voltammetric experiments.

4.2. Voltammetry

Differential Pulse (DPV), cyclic (CV), and dynamic vol-
tammetry were performed with a BAS CV 100 assembly.
A glassy carbon stationary electrode as working elec-
trode for DPV and CV experiments was used. For dy-
namic experiments a glassy carbon rotating disk
electrode was also employed. A platinum wire was used
as a counter electrode and all potentials were measured
against an Ag/AgCl electrode.

4.2.1. Coulometric analysis. These studies were per-
formed on exhaustive electrolysis at constant electrode
potential at +1180 mV versus Ag/AgCl for the deriva-
tives on a glassy carbon coil electrode. The measure-
ments were carried out on a BAS CV 100 analyzer
using a two-compartment electrolytic cell and the deriv-
atives were dissolved in DMSO + 0.1 M TBAHFP. The
net charge was calculated by correction for the esti-
mated background current.

4.2.2. Controlled-potential electrolysis (CPE). CPE was
carried out on a reticulated carbon electrode in anhy-
drous DMSO + 0.1 M TBAHFP at +1180 mV for all
1,4-DHPs. A three-electrode circuit with an Ag/AgCl
electrode was used as reference and a platinum wire as
a counter electrode. A BAS-CV 100 assembly was used
to electrolyze the different derivatives.

4.3. UV–visible spectroscopy

The UV–visible characterization of the compounds and
the progress of the reactivity with free radicals were fol-
lowed by using an Agilent Spectrophotometer UV–visi-
ble with diode array. Spectra were recorded in the 220–
700 nm range at different intervals. Acquisition and data
treatment were carried out with a HP UV–visible win
system.

4.4. ESR

Spectra were recorded in situ on a Bruker spectrometer
ECS 106 with 100 kHz field modulation in X band
(9.78 GHz) at room temperature. The hyperfine splitting
constants were estimated to be accurate within 0.05 G.
The electrolysis was performed in the ESR cell using
an appropriate platinum mesh electrode according to
the same conditions as described above. The concentra-
tion of the 1,4-DHP derivatives was 1.0 mM. N-tert-
butylamine-a-phenylnitrone (PBN) was used as spin
trap at a concentration of 100 mM.

4.5. GC–MS

A Gas Chromatograph/Mass Selective 6890/5973 Detec-
tor (Hewlett-Packard, Palo Alto, California, USA) and
Hewlett Packard 7673 Auto sampler were used for the
analyses. Hewlett Packard Data System was used to
control the instrumentation and data processing. The
m/z monitored range was 43–600, 1 scan/s scan rate;
normal energy electron, 70 eV.

4.5.1. Column chromatography. Hewlett-Packard Ultra-1
column, 25 m · 0.2 mm id · 0.11 lm film thickness (Lit-
tle Falls, Wilmington, Delaware, USA).

Chromatographic conditions: Detector temperature,
300 �C; Injector temperature, 250 �C; split ratio, 1:10;
pressure, 25 psi; purge flow, 50 mL min�1; purge time,
0.5 min.

Temperature program: oven temperature was pro-
grammed from 120 to 310 �C (hold for 3 min) at
17 �C min�1; run time, 14.18 min. Helium was used as
carrier gas, inlet pressure, 35 kPa.

4.5.2. Derivatization procedure. After controlled-poten-
tial electrolysis experiments or the reactivity reactions
with ABAP-derived alkylperoxyl radicals, the samples
were diluted with ethanol to obtain final concentrations
of about 0.1 mM, evaporated to dryness under a gentle
helium flux, and derivatized with 100 lL MSTFA (N-
methyl-N-(trimethylsilyl)-trifluoroacetamide, Sigma–Al-
drich) by heating at 75 �C for 30 min and then, the
derivatized extracts were injected into the
chromatograph.

4.6. Reactivity toward alkylperoxyl ABAP-derived
radicals

ABAP (2,2 0-azobis (2-amidinopropane) dihydrochlo-
ride, Aldrich Chemical Company) was used as radical
generator for the radicals. Different series of 20 mM
ABAP solutions in 0.04 M Britton-Robinson buffer/
DMF 70/30, pH 7.4, at a constant ionic strength of
0.1 M adjusted with KCl were incubated with
100 lM solutions of each 1,4-DHP or NADH at
37 �C for 120 min with constant bubbling of oxygen.
The rate of alkylperoxyl radical formation from this
initiator is constant at a given temperature.40 But,
the rate of alkylperoxyl radical formation from ABAP
will not be constant as it depends upon the concentra-
tion of ABAP (rate = k [ABAP]). It appears that, over
120 min at 37 �C, only a small amount of the ABAP
will decay, therefore the rate may be considered
constant at 37 �C. In neutral aqueous solutions, the
half-life of ABAP is about 175 h, and the generation
rate of radicals is constant for the first few hours.41

Control solutions containing either 1,4-DHP or
NADH solutions were run in the same conditions as
the above mixtures. Time-course of the reactivity of
synthesized 1,4-DHP derivatives with the generated
alkylperoxyl radicals was followed by UV/visible spec-
troscopy and GC–MS technique.

For the determination of kinetic rate constants for the
reactivity between the 1,4-DHP derivatives and alkyl-
peroxyl radicals, a pseudo first-order kinetic condition
was used.
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V ¼ K � ½1; 4-DHP� � ½ROO��
In our experimental conditions, [1,4-DHP] n [ROO�],
then

V ¼ K 0 � ½1; 4-DHP�
The reactivity toward alkylperoxyl radicals was
expressed in comparison either with NADH or commer-
cial 1,4-DHPs using the following ratio:

Slope DHP tested/slope NADH or commercial derivative,
where the slope refers to the respective concentration–
time plots in presence of free radicals. Control solutions
(in the absence of ABAP-derived radicals) revealed no
changes either in their original UV/visible absorption
bands or GC–MS mass fragmentation. Also, a possi-
ble photodecomposition of 1,4-dihydropyridines was
assessed, but in the time-scale of the experiments this
was negligible.
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