Arabian Journal of Chemistry (2021) 14, 103179

King Saud University

ovamitresd T | Arabian Journal of Chemistry

King Saud University

www.ksu.edu.sa
www.sciencedirect.com

ORIGINAL ARTICLE

A multidisciplinary study of chemico-physical
properties of different classes of 2-aryl-S(or 6)-
nitrobenzimidazoles: NMR, electrochemical
behavior, ESR, and DFT calculations

Check for
updates

El Mostapha Rakib?, Carla Boga", Matteo Calvaresi‘, Mohamed Chigr *,
Paola Franchi ¢, Isacco Gualandi®, Aziz Thammi®, Marco Lucarini,
Gabriele Micheletti "*, Domenico Spinelli ©*, Domenica Tonelli"

& Laboratory of Organic and Analytic Chemistry, Faculty of Sciences and Technics, Sultan Moulay Slimane University, BP 523,
2300 Beni-Mellal, Morocco

® Department of Industrial Chemistry ‘Toso Montanari’ Alma Mater Studiorum, Universita di Bologna, Viale del Risorgimento
4, Bologna 40136, Italy

¢ Department of Chemistry ‘G. Ciamician’ Alma Mater Studiorum, Universita di Bologna, Via Selmi 2, Bologna 40126, Italy

Received 9 February 2021; accepted 18 April 2021
Available online 26 April 2021

KEYWORDS Abstract Continuing in our researches on the syntheses, reactivity, pharmacological/biological
2-Aryl-nitrobenzimidazoles; activities of heterocyclic compounds containing one or more nitrogen atoms we have examined
'H and '’C NMR; some chemico-physical properties ("H and '*C NMR, electrochemical behavior, and ESR) of three
Cyclic voltammetry; series of 2-aryl-5(or 6)-nitrobenzimidazoles (1-3) variously substituted in the 2-aryl ring. The elec-
Electron spin resonance; trochemical behavior of the nitro group on the benzimidazole ring has been studied by cyclic
DFT calculations voltammetry. This has allowed to point out both the reversibility, the formal potential, and the

number of electrons involved in the electrochemical processes, and to evaluate the effect of the sub-

stituents present on the aryl ring. The data collected have been able to furnish a complete picture of

electronic distribution and have been supported by DFT calculations.

© 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding authors. 1. Introduction
E-mail addresses: gabriele.micheletti3(@unibo.it (G. Micheletti),

domenico.spinelli@unibo.it (D. Spinelli). Benzocondensed imidazole represents an interesting substrate

characterized by a high degree of aromaticity (aromatic index
for benzimidazole: 146 according with Bird’s classification)
(Bird, 1992). It and its derivatives show a variegated chemical
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reactivity and several of them present potential pharmacolog-
ical activities (Marinescu, 2019).

Therefore, they have attracted significant attention because
of some important biological and pharmacological properties
(Bansal and Silakari, 2012; Bhattacharya and Chaudhuri,
2008). In fact, they are widely used as drugs in anticancer
(El-Karim et al., 2018; Shaharyar et al., 2010; Thimmegowda

et al., 2008), antiviral (Starcevic et al., 2007), antibacterial
(Desai and Desai, 2006; El-Gohary and Shaaban, 2017,
Guven, 2007; Kahveci et al., 2014; Pathan and
Rahatgaonkar, 2016; Romagnoli et al., 2017; Shahid et al.,
2016; Vijesh et al., 2013), antihypertensive (Jain et al., 2013;
Kubo et al., 1993), antihelminthic (Mavrova et al., 2006),
antiprotozoal (Perez-Viaoonueva et al., 2013), anti-

inflammatory (Gaba et al, 2010; Sondhi et al., 2006), antifun-
gal, (Madkour et al., 2006), and antltubercular (Kalalbandi
et al., 2014; Pieroni et al., 2011) treatments. Furthermore, ben-
zimidazole derivatives are also effective against HIV
(Morningstar et al., 2007) and human cytomegalovirus
(HCMYV) (Zhu et al. 2000). Derivatives of benzimidazole
variously decorated with different substituents (essentially at
C-2, but also in the benzene ring) are among the most
important nitrogen-containing heterocycles, widely explored
and utilized by the pharmaceutical industry for drug discovery
(Fig. 1) (Hadole et al., 2018).

Recently, several papers have been published reporting the
syntheses of these heterocyclic compounds in different experi-
mental conditions: for example, solvent free or using reactant
immobilized on solid support, microwave irradiation condi-
tion, in different solvents and using various catalysts (Das
et al., 2018; Largeron and Nguyen, 2018). The classical
approach to synthesize benzimidazole derivatives is the
condensation of 1,2-phenylenediamine with carboxylic acids
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or their derivatives under strong acidic conditions (Panda
et al.,, 2012; Preston, 1981). Another widely used strategy
involves the condensation of 1,2-phenylenediamine with alde-
hydes/alcohols in the presence of different oxidizing agents
(Bahrami et al., 2007; Beaulieu et al., 2003; Chen et al.,
2008; Sthephens and Bower, 1949).

In this line, following previous experience in the field,
our composite research group, collecting people with differ-
ent competences, from the study of the synthesis and the
chemical reactivity (Bianchi et al., 2006; Boga et al.,
2016a; D’Anna et al., 2006; Dell’Erba and Spinelli, 1965;
Frenna et al., 2019; Micheletti et al, 2019; Spinelli et al.,
1972, 1975) as well as the biological properties (Budriesi
et al., 2002; Carosati et al., 2016; Cuviello et al., 2019;
Rosano et al., 2013; Viale et al., 2009) of heterocyclic com-
pounds (containing nitrogen, sulphur and/or oxygen atoms)
to the study of their NMR properties (Boga et al., 2016b;
Dell’Erba et al., 1990; Delpivo et al., 2013; Del Vecchio
et al., 2015; Micheletti et al., 2016; Spinelli and Zanirato,
1993) and from the examination of electrochemical voltam-
metric data to those of electron spin resonance have joined
their expertise to carry out a research on several nitroben-
zimidazoles with the aim of gaining information on their
electronic distribution and then on their possible chemical/
biological behavior. To extend the global vision of the
studied compounds we have also carried DFT calculations
useful to gain information on the different stability of the
possible tautomers and on the nature of the possible inter-
actions between the chemical groups present in the studied
molecules surely so gaining useful information about the
electronic density on the various atoms of the studied mole-
cules and then on their reactivity (Boga et al., 2012;
Micheletti et al., 2017; Kouakou et al., 2015).
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Thus, we have now addressed our attention to a lot of
derivatives (1-3) of 5(or 6)-nitrobenzimidazole substituted at
C-2 with an aryl group and, eventually, at a nitrogen atom
of the imidazole ring with a methyl group.

2-Aryl-5-(or 6)-nitrobenzimidazoles (la-f) give rise to a
‘tautomeric’ equilibrium (Scheme 1), able to affect electronic
distribution, stability, and reactivity of the examined
substrates.

In 1-methyl-2-aryl-5-nitrobenzimidazoles (2a-f) and in 1-
methyl-2-aryl-6-nitrobenzimidazoles (3a-f), two ‘isomers’
(Fig. 2), different interactions between the nitro group and
the nitrogen atoms of the imidazole ring could be operating.

In all the three series of benzimidazoles different conjuga-
tive interactions are operating. We think that the most impor-
tant is that one between the two nitrogen atoms of the
imidazole ring: one ‘pyrrole-like’ and the other ‘pyridine-
like’: in series 1 it is the ‘motor’ of the tautomerism. Looking
at the 1B tautomer a conjugative long-range interaction
between the pyrrole-like nitrogen and the nitro group can
occur, while a para-like interaction can happen in the 1A tau-
tomer. Moreover, looking at compounds 2 one can observe
that in para-position with respect to the nitro group at C-5 a
‘pyrrole-like’ nitrogen is present (probably able to interact
donating electrons), instead in compounds 3 a ‘pyridine-like’
nitrogen is present (probably able to interact attracting elec-
trons). These two different possible electronic interactions
could be able to affect in a different manner the chemico-
physical behavior of this nitro group.

All of the three classes of nitrobenzimidazoles (1-3)
contain at C-2 a phenyl group variously substituted
(X = H, 3-Br, 4-F, 4-Cl, 4-NMe2, 4-NO2) that is they
hold substituents with very different electronic characters
(Hansch and Leo, 1979) from the strong electron-donating
dimethylamino group (c,-0.83, o,-1.7) to the strong
electron-attracting nitrogroup (o, + 0.78, G; +1.27),
then able to variously affect the electronic density in
compounds 1-3.

Moreover, we suppose that compounds 1f, 2f, and 3f could
be of special interest, because the nitro group present in the
phenyl group could be able to compete with the nitrogroup
present on the condensed benzene ring in the interaction with
electrons in both electrochemical and electron spin resonance
processes.

2. Material and methods

2.1. General

NMR spectra were recorded at 600 and 150.80 MHz for 'H
NMR and '*C NMR, respectively. J values are given in Hz.
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Scheme 1  Equilibrium in 2-aryl-5 (or 6)-nitrobenzimidazoles 1a-f.
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Fig. 2 Structure of 1-methyl-2-aryl-5-nitrobenzimidazoles (2a-f)
and 1-methyl-2-aryl-6-nitrobenzimidazoles (3a-f).

Signal multiplicities were established by DEPT experiments.
Signals assignment was made by the aid of NOESY, HSQC
and HMBC experiments. Chemical shifts were measured in 6
(ppm) with reference to the solvent [(6 = 2.50 and 39.5 ppm
for DMSO dg), (6 = 2.2 and 30.2 ppm for acetone dg) for 'H
and '>C NMR, respectively]. Variable temperature NMR
and 2D low-temperature spectra were recorded on an instru-
ment equipped with a direct PFG Probe. The temperatures
were calibrated by substituting the sample with a precision
Cu/Ni thermocouple before the measurements.

ESR spectra were recorded at room temperature using an
ELEXYS ES500 spectrometer equipped with a NMR gaussme-
ter for the calibration of the magnetic field and a frequency
counter for the determination of g-factors that were corrected
against that of the perylene radical cation in concentrated sul-
furic acid (g = 2.002583). The electrochemical cell was home-
made and consisted of an ESR flat cell (Wilmad WG-810)
equipped with a 25 x 5 x 0.2 mm platinum gauze (cathode)
and a platinum wire (anode). The current was supplied and
controlled by an AMEL 2051 general-purpose potentiostat
(Alberti et al., 2000; Boga et al., 2012; Kouakou, et al., 2015;
Micheletti et al., 2017). In a typical experiment, the cell was
filled with an acetonitrile (ACN) solution of the appropriate
substrate (ca. 1 mM) containing tetrabutylammonium perchlo-
rate (ca. 0.1 M) as supporting electrolyte. After thoroughly
purging the solution with N,, spectra were recorded at differ-
ent potential settings in the range 0 to —3.0 V. An iterative
least squares fitting procedure based on the systematic applica-
tion of the Monte Carlo method was performed in order to
obtain the experimental spectral parameters of the radical spe-
cies (Gualandi et al., 2016).

Cyclic voltammetry (CV) measurements were performed
under nitrogen atmosphere at room temperature in ACN
(Chromanorm Prolabo, HPLC grade, freshly distilled over
CaH,) solution containing 0.1 M tetrabutylammonium hex-
afluorophosphate (TBAPFy) as supporting electrolyte. The
concentration of the compounds under investigation was
about 2 mM. The CVs were recorded using a CHI 660c (CH
Instruments, Austin, Texas) potentiostat controlled by a per-
sonal computer via CH Instruments original software,
enabling the solution resistance compensation option. A single
compartment, three electrode cell was employed. The working
electrode was a GC disk (3 mm diameter) (from BASi, West
Lafayette, Indiana), and the counter electrode was a Pt wire.
As reference was used a Ag” /Ag electrode, made of a silver
wire immersed in a solution of 0.1 M AgNO; and 0.1 M
TBAPF in distilled ACN, and an external junction containing
0.1 M TBAPF in distilled ACN so that to hinder Ag™ release
in the working solution. The potential of the reference elec-
trode was checked daily by performing a CV in a solution of
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2 mM ferrocene in the same electrolyte and solvent employed
for all measurements. All potentials throughout the paper are
reported versus ferrocinium/ferrocene couple. Prior to experi-
ments the surface of the GC working electrode was polished
first on a wet fine sandpaper (4000 grid), thoroughly rinsing
the electrode surface firstly with distilled water and then with
acetone. Finally, the working electrode was accurately dried.
The cyclic voltammograms were recorded at different scan
rates, from 0.010 to 20 V s~! in both the cathodic and anodic
regions.

All the computations reported herein were performed with
the Gaussianl6 (Frisch et al., 2016) series of programs. The
geometry of the various stationary points was fully optimized
with the gradient method available in Gaussian 16 at the DFT
level using the nonlocal hybrid Becke’s three-parameter
exchange functional denoted as B3LYP (Becke, 1993; Lee,
1988) and the 6-311+ + G(d,p) basis set (Frisch et al., 1984).
A computation of the harmonic vibrational frequencies was
carried out to confirm the nature of each critical point. Isosur-
faces spin densities were plotted using an isovalue of 0.004 e
ay® using the software GaussView 6.

The general procedures concerning the syntheses of com-
pounds 1-3, together with their physical properties, are
reported in Supplementary Information.

3. Results and discussion

3.1. NMR studies

In NMR studies, to make easier the comparison of data, we
adopted a unique ‘conventional’ numbering for all compounds,
as reported in Fig. 3.

The assignment of the signals was made, in some cases, with
the aid of NOESY experiments to identify protons in proxim-
ity of N-methyl groups, and 2D experiments to assign the CH
carbons (HMQC) as well as the quaternary carbons C3a and
C7a (HMBCQ).

Below we report and discuss the results obtained, divided in
sub-headings.

3.1.1. "H NMR data for benzimidazole derivatives la—f, 2a—f,
and 3a—f

In '"H NMR spectra of NH-benzimidazole derivatives la—f,
recorded in DMSO d; at 25 °C, the signals due to NH, H-4,
and H-7 resonances appeared broad, whereas the H-7 and
H-4 of the corresponding N-methyl derivatives were always
sharp. This behavior was likely due to the N-1/N-3 prototropic
process on the imidazole ring (Scheme 1) that is not slow
enough to give separate signals for the two tautomers, despite
that the spectra are recorded in DMSO dj, a solvent known to

Fig. 3 Numbering adopted in describing NMR data for all
compounds considered.

slow down the prototropic exchanges (Claramunt et al., 2006;
Niet et al., 2014). At the same time, the interconversion process
between the two tautomeric forms is not fast enough to make
sharp all the signals averaged out on the NMR time-scale.

With the aim to reduce the line broadening observed as
consequence of an average of exchanging states, we recorded
the spectra in DMSO dy at 102 °C. Under these conditions,
being the interconversion process faster than at 25 °C, all the
'"H NMR signals sharpened. In Table SI in Supplementary
Information are collected 'H NMR data for NH-
benzimidazole derivatives la—f.

As expected, the only remarkable differences are found on
the signals of the aryl substituent, in particular H-3'/H-5' that
are strongly affected by the presence of the substituent in para
position. In the cases of p-N,N-dimethylamino (1e) and p-nitro
derivative (1f) the H-3'/H-5 chemical shifts are shifted of
about 1 ppm highfield and downfield, respectively, with respect
to the signals of 1a.

The "H NMR data for 1-methyl-5-nitrobenzimidazoles 2a—f
and 1-methyl-6-nitrobenzimidazoles 3a—f (Fig. 2), recorded in
DMSO dg at 25 °C, are reported in Tables S2 and S3, respec-
tively. A comparison of data in Tables S2 and S3 shows negli-
gible variations of the chemical shifts between the two isomers.
Only a slight low field shift (~0.1 ppm) for H-7 in 1-methyl-6-
nitrobenzimidazoles and H-5 in 1-methyl-5-
nitrobenzimidazoles is observed with respect to that of the
other isomer.

3.1.2. 3C NMR data for benzimidazole derivatives la—f, 2a—f,
and 3a—f

In the instance of NH-benzimidazole derivatives 1a—f, the *C
NMR spectra, recorded in DMSO dg at 25 °C, showed broad
signals, as observed also in '"H NMR spectra. It is known that
when prototropic tautomerism occurs in NH-benzimidazoles,
very commonly the signals of the benzimidazole carbons atoms
coalesce in groups of two in an averaged signal (Claramunt
et al., 20006; Niet et al., 2014).

Consequently, in the current study, with the aim to make
faster the interconversion process between the two tautomeric
forms (A and B of Scheme 1), '*C NMR spectra have been
recorded at 102 °C and the chemical shifts of the average sig-
nals are reported in Table S4. Nevertheless, in some cases, the
13C NMR spectra presented again broad signals for C-4, C-6,
C-3a and C-7a, making difficult the assignment.

13C NMR data for 1-methyl-5-nitro- benzimidazoles 2a—f
and 1-methyl-6-nitro- benzimidazoles 3a—f are reported in
Tables S5 and S6, respectively.

The comparison of the chemical shifts along each series (2
and 3) was based on the differences of chemical shifts (reported
in parentheses in Tables S5 and S6) with respect to those of the
unsubstituted phenyl compound (2a and 3a, respectively). It
can be noted that the influence of the substituent present in
the phenyl ring on the signals belonging to the benzimidazole
moiety is very low (no more than about 2 ppm). Conversely, as
expected, the main chemical shift differences are observed on
the signals of the carbon atoms belonging to the phenyl ring.
This is a result of the effect of the substituent; the chemical
shifts of the carbon atoms in position ipso and ortho with
respect to the substituent are the mainly influenced, especially
when a strong electron-withdrawing (nitro) or a strong
electron-donating (N,N-dimethylamino) group is present.
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Moreover, by comparing the chemical shifts of the benzim-
idazole moiety of the two N-methyl isomers, it emerges that,
for all methylated compounds, the major differences are
observed on C-4, C-7, and C-7a but the inversion in chemical
shift trend for C-4 and C-7 along the two series is only in
apparent discordance, due to the arbitrary numbering
adopted. Actually, in current numbering, the azole N=C
group can be considered as a ortho-substituent to both C-4
for 1-methyl-6-nitrobenzimidazoles and C-7 for 1-methyl-5-
nitrobenzimidazoles, thus resonating downfield with respect
to C-7 and C-4 of 1-methyl-5-nitrobenzimidazoles (2) and 1-
methyl-6-nitrobenzimidazoles (3), respectively. Analogous
consideration might be advanced to explain the downfield shift
observed for C-7a of 1-methyl-5-nitrobenzimidazoles.

3.2. NMR data useful for quantitative evaluations

3.2.1. Determination of the tautomeric constants and application
of Hammett equation to equilibrium constants

With the aim of determining the tautomeric constant Kt for
the equilibrium depicted in Scheme 1 we designed to collect
'"H NMR data under conditions in which the signals of the
two tautomeric species might appear distinct in the spectrum.
Since the exchange equilibrium between the tautomers is
temperature-dependent, we carried out a DNMR study to find

the suitable conditions to slow down or even to block the pro-
totropic process with the scope of obtaining distinguishable
signals for the two species. The spectra were collected —76 °C
in acetone ds on 10 M solution for each compound and the
data are reported in Table 1.

In all cases, except for the compound 1f, that precipitated at
this concentration, we observed a separation of some signals
belonging to the two tautomers, thus measuring the ratio
between them and therefore the tautomeric constant. In partic-
ular, the NH and H-7 signals were splitted into two separate
signals whereas the H-4 signal was sometimes superimposed
onto other signals.

In Table 2 are reported the relevant tautomeric ratios, cal-
culated from '"H NMR spectrum, for compounds 1a—e, and the
related tautomeric constant. We labelled as tautomer A that
showing the lower field H-7 signal, without assignment of
the structure to each tautomer. However, by a rough compar-
ison of some chemical shifts of the two separate structures with
those (see Table S7 in SI) of the two N-methyl derivatives
(blocked parents) in acetone dg, it might be deduced that the
major tautomer is that with the nitro group in position 6 of
the benzimidazole moiety: a behavior that appears in agree-
ment with similar structures reported in the literature
(Benassi et al., 1971; Claramunt et al., 2004; Elguero et al.,
1976) and that is supported by quantum chemical calculations.

Table 1 'H NMR data (600 MHz, & in ppm, J in Hz) of la-e recorded in acetone dg at —76 °C."
Compound H-4 H-5 H-7 H-2'/H-6¢' H-3'/H-5 H-4' NH
la 7.85 (d, 8.17 (d, 8.56 (d, 8.29-8.22 (m, 4H) 7.63-7.58 (m) Overlapped 13.58
J =89Hz, J=89Hz 2H, J = 1.9 Hz, on those of (s, IH,
1H, min.) maj. + min.) 1H, maj.) Hs and Hy NH min.)
7.73 (d, 8.39 (d, 13.42
J = 89 Hz, J = 1.9 Hz, (s, IH,
1H, maj.) 1H, min.) NH maj.)
1b 7.84-7.77 (m, 8.20 (dd, 8.57 (br.s, IH, H-2'8.49 (s, IH, H-5' 7.60 (t, 7.81 (d, 13.45
1H, J; = 8.8 Hz, maj.)8.46 (v. maj. + min.)H-6' 8.23 J = 7.8 Hz, J = 7.9 Hz, (v.br.s,
maj. + min.) J, = 1.7 Hz 1H, br.s, 1H, min.) (d, J = 7.9 Hz, 1H, 1H, 1H, 1H, NH
maj. + min.) (maj. + min.) maj. + min.) (maj. + min.) min.)
13.31
(br.s, 1H,
NH maj.)
1c 7.90-7.72 8.20 (dd, 8.57 (br.s, IH, 8.33 (t, J = 5.7 Hz, 2H, 7.48 (t, 13.34
(m, 1H, J; = 8.7 Hz, maj.) (maj. + min.) = 8.7 Hz, (v.br.s,
maj. + min.) J, = 2.0 Hz 1H, 8.45 (v.br.s, 2H, 1H, NH
maj. + min.) 1H, min.) (maj. + min.) min.)
13.29
(br.s, 1H,
NH maj.)
1d 7.88 (d, 8.20 (dt, 8.59 (d, 8.27 (t, J = 8.5 Hz, 2H, 7.70 (d, 13.50
J =88Hz, J;, = 88Hz J = 1.9 Hz, maj. + min.) J = 8.5 Hz, (s, 1H,
1H, min.) J> = 1.9 Hz 1H, 1H, maj.) 2H, NH min.)
7.77 (d, maj. + min.) 8.43 (d, maj. + min.) 13.36 (s,
J = 8.7 Hz, J =19 Hz, 1H, NH
1H, maj.) 1H, min.) maj.)
le 7.73 (d, 8.14 (t, 8.46 (s, 1H, 8.09 (t, / = 7.2 Hz, 2H, 6.65 (t, 13.00
J=92Hz, J=10.0Hz IH, maj.) maj. + min.) J = 7.0 Hz, (s, 1H,
1H, min.) maj. + min.) 8.30 (s, IH, 2H, NH min.)
7.66 (d, min.) maj. + min.) 12.92
= 8.9 Hz, (s, IH,
1H, Hy maj.) NH maj.)

? The abbreviations maj and min refer to the signals belonging to the isomer present in the mixture in major or minor amount, respectively.
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Table 2 Tautomeric constant for compounds la-e calculated via "H NMR

Compound (Ar in Scheme 1) Tautomer 1° Tautomer 2° Kt

B¢ A° Taut. A/Taut. B
la Ar = C¢Hs 62.5 £ 0.5 37.5 £ 0.5 0.60 £+ 0.01
1b Ar = 3-Br-C4 Hy 66.3 £ 0.3 33.7 £ 0.3 0.508 £ 0.005
lc Ar = 4-F-C¢Hy 62.3 £ 0.7 37.7 £ 0.7 0.61 £+ 0.01
1d Ar = 4-CI-C4H, 63.9 £+ 0.1 36.1 £ 0.1 0.564 £+ 0.002
le Ar = 4-(NCH;),.C¢Hy 53.6 £ 0.4 46.4 + 0.4 0.87 £+ 0.01

2600 MHz, acetone dg, —76 °C. ° Relative % peak area calculated from '"H NMR spectrum. ¢ Attribution based on DFT calculations.

DFT calculations (Fig. 4) confirmed that the most stable
tautomer (AE = 0.30 kcal mol™') is characterized by the nitro
group in position 6 of the benzimidazole moiety, that is the
most abundant tautomer B. This is true for all the compounds
la—f (Fig. 5).

It is noteworthy that the Kt values obtained are in agree-
ment with those reported for other benzimidazole derivatives
(Benassi et al., 1971; Elguero et al., 1976; Claramunt et al.,
2004).

Finally, we tried to see if the substituents present in the 2-
aryl group linked to the imidazole ring might ‘quantitatively’
affect the tautomeric equilibrium by using the Hammett equa-
tion. Of course, as the substituent is quite far from the ring
involved in the tautomerism (it is on the para position of the
phenyl ring linked to C-2 of the imidazole ring) we can forecast
a low value for the reaction constant (p) in the Hammett equa-
tion. Accordingly, correlating the experimental Kt versus the
Hammett parameter o, of the substituent we obtained a satis-
factory correlation (+* 0.9967) with a low value for susceptibil-
ity constant (p-0.171 £ 0.007) in line with expectations. The
obtained graphic is shown in Fig. 6.

3.2.2. Application of Hammett equation to variations of >C
chemical shifts of C-1' and C-2

Moreover, we have examined how the substituents present in
the para-position of the 2-aryl ring can affect the '*C chemical
shifts of C-1" and of C-2 of the three series of compounds 1-3,
by plotting the relevant Ad versus the Hammett constants
(Figs. S1-S6).

Looking at the effect on C-1’, that is on the carbon in para-
position with respect to the substituents, as expected, in the
three series we have observed quite similar and high
susceptibility constants (p 11.6 for compounds of series 1; p
12.1 and 11.9 for compounds of series 2 and 3) with satisfac-
tory correlation coefficients (> > 0.993).

a) ) (

E=0.30 kcal mol-!

Fig. 5 Optimized structures of 1b [a) and b): Ar = 3-Br-C4 Hyl;
Ic [c) and d): Ar = 4-F-C4Hy); 1d [e) and f): Ar = 4-CI-C¢Hy]; le
[g) and h): Ar = 4-(NCH;),.C¢Hy]; a), ¢), e), g): S-nitrobenzim-
idazole tautomer; b), d), f), h): 6-nitrobenzimidazole tautomer.

In line with expectations the effect of the substituents on C-
2 is inverted and, of course, much lower. Very similar suscep-
tibility constants have been calculated for compounds of series
2 and 3 (p -1.85 - and 1.93, respectively), while for compounds
of series 1 once more a constant a little higher (p -2.21) has

b) y \ Q

E=0

Fig. 4 Optimized structures of a) 2-phenyl-5-nitrobenzimidazole and b) 2-phenyl-6-nitrobenzimidazole.
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log Ky
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Fig. 6 Plot of Kt vs. o substituent constants.

been observed. Also in these relationships, satisfactory correla-
tion coefficients (r2 > 0.992) have been observed.

Interestingly, looking both to the effects of para-
substituents on '*C chemical shifts of C-1" and on C-2 we have
observed values of the susceptibility constants a little higher in
compounds of series 1 than in those of series 2 and 3, that
show very similar effects among themselves.

Of course, all of the obtained results are well in line with lit-
erature results (Ewing, 1979) on the effects of substituents on
the variations of the '*C chemical shifts in a benzene ring. In

°1A .

1) R

5 I

1 (10° A)

-10 1

-15 T T
-2 0 2

E (V vs Fc'/Fc)

E (V vs Fc'/Fc)

fact, a plot of the effect of substituents in la—f and in
monosubstituted benzenes on '*C chemical shifts give an excel-
lent relationship with unitary slope (see Table S8 and Fig. S7).

3.3. Electrochemical studies

Since we are interested in the reactivity of the nitro group in the
benzimidazole moiety, first we describe the electrochemical
behavior of series 2 and 3 pointing out the effect of the different
substituents on the aryl ring and the possible effect deriving
from the presence of a methyl group on a nitrogen atom of
the imidazole ring, which generates the two “‘isomeric” series.
In particular, it is interesting to discuss the effect of the nitro
group in the aryl ring on the electrochemical behavior of the
benzimidazole nitro group. Later, the series 1a—f is taken into
account since in such a case the mobile imidazole proton, which
is responsible for the prototropic tautomerism, as described in
detail above, can react with the nitro radical anion leading to a
complex signal in electrochemical characterizations.

3.3.1. Voltammetric behavior of N-methyl-benzimidazoles 2a—f
and 3a—f

The electrochemical behavior of series 2 and 3 was investi-
gated by cyclic voltammetry in acetonitrile (Fig. 7 and
Table S9). All compounds exhibit redox waves in the catho-

—
B —3d

o-

-2

E (V vs Fc'/Fc)

-1.7 4

-1.6

-1.5

1.4

E (V vs Fc*/Fc)

-1.34

-1.24

a b c d e f

Fig. 7 Cyclic voltammograms of 2a (A), 2d and 3d (B) and 3f (C) recorded at a scan rate of 0.05 V s~' in acetonitrile. Formal potentials

(D) of the benzimidazole nitro group reduction of 2a—f and 3a-f.
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dic side, while anodic processes are observed only when the
investigated species have an amino group as substituent.
The formal potential (E”) was calculated from the half-sum
of the cathodic and anodic peak potentials for the reversible
processes, while the peak potential is reported for the irre-
versible waves.

The CVs of 2a—d and 3a-d (X = H, 3-Br, 4-F. 4-Cl) series
are similar. The CV relevant to compound 2a is reported in
Fig. 7 as example of an electrochemical characterization of
2a-d and 3a-d compounds. The process at about —1.6 V (I’/
I”’) is mono-electronic and is ascribable to the reversible reduc-
tion of nitro group to RNO5 radical. Since the electrochemical
behavior is investigated in an aprotic medium, the reversible
generation of the radical anion of a nitro-aromatic compound
is the expected reaction. The process at about —2.2 V (IT’) is
irreversible because it is followed by a chemical reaction lead-
ing to electroactive species which generate the anodic redox
waves at about —1.3 (III"’) and —1.0 V (IV”). These waves do
not appear in CV response wherein the potential scan is
inverted before the occurrence of the irreversible more catho-
dic process, so highlighting that III”” and IV”” waves are related
to the II” wave. Since the II” process leads to a possible mole-
cule degradation, the further discussion on the reactions which
take place in the cathodic direction will be focused only on the
reduction of nitro group.

Compounds 2e and 3e contain the 4-dimethylamino group
as substituent at the aryl ring. Their electrochemical properties
in the cathodic side are similar to the ones displayed by 2a-d
and 3a-d, however, three redox processes are present when
the anodic potential region is investigated. For both 2e and
3e compounds, the first process is quasi reversible with a for-
mal potential of +0.55 V, the second oxidation is reversible
and occurs at about +0.80 V, while the third process is irre-
versible and takes place at about +1.0 V. All these processes
are ascribable to the overall multi-electron oxidation of the
amino group.

When the cathodic side is examined for 2a—e and 3a—e, the
potentials of reversible and irreversible processes are slightly
affected by the substituent on the aryl group. In addition, also
the position of the methyl group does not exert a great effect
on these potentials, even if the compounds of series 2 undergo
the reduction of nitro group at more cathodic potential than
those of series 3 (Fig. 7 C). This evidence is in agreement with
the electronic features of the group in para-position. Com-
pounds of series 2 have in para-position an electron donating
‘pyrrole-like’ nitrogen, while 3a—f display an electron attract-
ing ‘pyridine-like’ nitrogen. Therefore, the reduction is easier
for the series 3, since in such a case the additional electron
on nitro group generates a more stable radical anion.

Table 3 Electrochemical properties of nitrobenzimidazoles 1.*

The presence of a nitro substituent on the aryl ring highly
affects the CVs of 2f and 3f compounds. Two reversible pro-
cesses occur at about —1.35 V and -1.60 V (Fig. 7 D), that
are relevant to the mono-electronic reductions of the nitro
group on the aryl ring and of the nitro group of the benzimi-
dazole moiety, respectively. Differently from the couples of
compounds 2a—e and 3a—e with the same substituent, the posi-
tion of methyl group does not change the potential of the first
reversible reduction process of 2f or 3f (-1.353 and —1.351 V,
respectively). Therefore, this wave can be surely ascribed to
the reduction of the nitro group on the aryl ring. At the same
time, the potentials of the second processes depend slightly on
the position of the methyl group (—1.641 V for 2f and —1.534 V
for 3f), and thus it can be assigned to the reduction of the nitro
group present on the benzimidazole.

3.3.2. Voltammetric behavior of NH-benzimidazoles 1a—f

Table 3 summarizes the electrochemical behavior of com-
pounds la—f.

“Red, red,, red; and red, subscripts indicate the first, sec-
ond, third and fourth redox processes recorded in the cathodic
side for the starting compounds, respectively. Ep and E” indi-
cate peaks and formal potentials, respectively. Rev indicates a
reversible process. Irr indicates an irreversible process that
could be characterized by a complex kinetics with chemical
and electrochemical additional steps.

Analogously to series 2 and 3, compounds of series 1 exhi-
bit redox waves in the examined range of cathodic potential,
while compound 1e is also electroactive in the anodic region,
due to the presence of the dimethylamino group. Fig. 8 shows
the CV of 1d as an example of the electrochemical behavior of
the compounds la—d.

The first process occurring in the cathodic direction (I’) is
irreversible (Ep = —1.4 V), while a second reversible process
(IT’/IT”’) takes place at about —1.9 V (E®’). This behavior is in
agreement with Roffia’s observation concerning 4-
nitroimidazoles (Roffia et al., 1982) and with the results
obtained by Lopyrev (Lopyrev et al., 1985) who studied the
reduction of nitrobenzimidazoles. Both processes are associ-
ated to the reduction of nitro group that occurs at different
potential because it also involves the acid proton on imidazole
ring, which is in sub-stoichiometric amount. The irreversibility
of the first peak is due to the quick decay of RNO, radical
because of a protonation process (reactions 1-2).

HRNO,+ e 2=2=2HRNO, " (1)

HRNO,™ + HRNO, — HRNO;H*+ RNO,™* (2)

Ep rear (V)/kinetics

Series 1 /C[ >—®
o ]

E%q»' (V)/Kinetics

Ep reas (V)/kinetics Ep rcas (V)/kinetics

la —1.432/irr —1.908/rev
1b —1.361/irr —1.866/rev
lc —1.411/irr —1.858/rev
1d —1.350/irr —1.866/rev
le —1.476/irr —1.899/rev
1f —1.113/irr —1.573/rev —1.829/irr —1.960/irr
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Fig. 8 Cyclic voltammogram of 1d recorded in acetonitrile at a
scan rate of 0.05 V s~

Since HRNO,H® can be in turn reduced at the potential of
reaction 1, the redox process continues until the formation of
hydroxyl amino derivative with a complex mechanism charac-
terized by several chemical and electrochemical steps. The
overall reaction is:

SHRNO, + 4e¢ —4 RNO,” + HRNHOH + H,O (3)

The second reversible wave is associated to the reversible
reduction of the conjugated base of the starting compound,
i.e. RNOj. The reduction takes place at a more cathodic poten-
tial than I’ since the negative charge hinders its reduction in
respect to the neutral species.

The reduction potentials recorded for compounds 1a—e are
less cathodic than the corresponding ones of both series 2 and
3, suggesting that the electron donating inductive effect of
methyl group makes more difficult the reduction of the nitro
group of the benzimidazole ring. In addition, the chemical
reactions occurring after the acquisition of the first electron
could be a further driving force that makes easy the reduction
in the series 1.

The electrochemical behavior of 1f is affected by the pres-
ence of the additional nitro group on the phenyl moiety. The
CV is very complex and displays four redox waves associated
to the reduction of the two nitro groups which takes place in
the presence of sub-stoichiometric amount of protons, due to
the production of the hydroxylamino derivate from the nitro
group present in the phenyl ring which is the first to be
reduced.

We think again that the less cathodic wave can be attribu-
ted to the reduction of the phenyl nitro group, while the quasi
reversible process with E°* of —1.573 V could involve the nitro
group on the benzimidazole moiety. The processes occurring at
the most cathodic potentials which are irreversible could be
ascribed to degradation reactions due to the instability of the
relevant dianions. Further voltammograms are reported in
Figs. S88-S105 of Supporting Information.

3.4. ESR measurements

In order to evaluate the generation of anion radical species,
ESR experiments were performed. The electrochemical reduc-

tion in ACN with tetrabuthylammonium perchlorate (0.1 M)
as supporting electrolyte, was performed by applying the
potential corresponding to reduction peak obtained from the
CV experiments, directly inside the cavity of ESR instrument.
This procedure proved to be of general applicability for the
production of radical anions from l-methyl-2-aryl-5-nitroben
zimidazoles 2a—f and 1-methyl-2-aryl-6-nitrobenzimidazoles
3a—f. On the contrary, it was not possible to observe any
ESR signal deriving from radical anions of 2-aryl-5-(or 6)-
nitrobenzimidazoles (series 1). This behavior is in agreement
with the quick decay of radical anion mediated by proton as
previously hypothesized on the basis of CV measurements.

The electrolyzed solution of 2a—f or 3a—f displayed in most
cases well resolved ESR spectra. As representative examples
for the two series, the ESR spectra of 2d and 3a are reported
in Fig. 9.

All the spectra recorded in ACN were satisfactorily simu-
lated on the basis of the coupling constants reported in
Table 4.

Proton assignments to the various positions of nitrobenz-
imidazoles were attributed by analogy to data reported in
the literature on related radical anion species (Ciminale, 2004).

In all cases the ESR spectra are characterized by a nitrogen
hyperfine coupling constant, ay, significantly larger than the
coupling constant of any magnetic nucleus belonging to the
aryl system of the same radical anion. Since nitroaromatic rad-
ical anions generally have most of the spin density localized on

3460 3470 3480 3490
Field/ G

Field/ G

Fig. 9 ESR spectra of the radical species electrogenerated from
2d (a) and 3a (¢) in 0.1 M BuyNCIO4-ACN. The corresponding
theoretical simulations, obtained by using spectroscopic data
reported in Table 4, are shown in red (b, d).
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Table 4 Hyperfine coupling constants (in G) of the nitrobenzimidazoles radical anions obtained in ACN by electrochemical

reduction.”
an (NOy) a4 ays aHe ayg7 aN an3 ay(3'-5) ap(2'-6') aG
" A N/‘ — G
O,NTEY Wy =
2a (CgHs) 11.31 4.49 - 2.30 0.97 0.37
2b (3'-Br-C¢Hy) 11.20 4.49 — 2.22 0.96 0.37
2¢ (4-F-C¢Hy) 11.31 4.49 - 2.30 0.95 0.37
2d (4'-CIl-C¢Hy) 11.23 4.55 — 2.24 0.98 0.36
2e (4'-(NMe,)-CsHy) 11.44 4.35 - 2.38 0.96 0.31
2f (4-NO,-C¢Hy) 0.49 1.01 3.13 1.05 7.91
s A N° — G
\ 1 4'
0N ' —
\
3a (C¢Hs) 10.30 1.02 2.20 — 4.44 0.61 — — -
3b (3'-Br-C¢H,) 10.10 1.05 2.16 - 4.54 0.62
3¢ (4-F-C¢Hy) 10.27 0.83 2.14 — 4.38 0.68
3d (4-C1-CgHy) 10.23 1.01 2.16 — 4.49 0.64
3e (4-(NMe,)-CeHy) 10.56 1.07 2.25 — 4.37 0.54 — — —
3f (4-NO,-CsHy) n.d. 0.90 3.05 1.00 7.39

# n.d.: not detectable (smaller than line width).

the nitro group (Kolker and Waters, 1964), we could safely
conclude that all the spectra obtained from the electrochemical
reduction of 2a—e or 3a—e are due to the radical anion of sub-
stituted nitrobenzimidazoles. The only exception is represented
by the two derivatives containing the nitro group also on the 2-
phenyl fragment (2f and 3f, G = NO,). In this case a different
coupling pattern of the unpaired electron with nitrogen atom
and two groups of two equivalent protons was observed (see
Fig. S8), suggesting that spin density is localized on the 2-
nitroaryl moiety rather than on nitrobenzimidazole ring. This
result strongly supports CV data indicating that reductive pro-
cesses occurs on the aryl unit when G = NO,.

DFT calculations confirmed the results obtained by CV and
EPR experiments. In fact, the reduction of compounds 2a—e
and 3a-e leads to radical anions in which the spin densities
are mainly localized in the nitrobenzimidazoles, as showed
by Fig. 10a and 10b. This process corresponds to the reduction
peak observed at about —1.6 V.

On the opposite, in the two compounds containing the nitro
group also on the 2-aryl fragment (2f and 3f, Fig. 10c and 10d)
following the first reduction process, the spin densities are
mainly localized on the nitroaryl moiety, because the reduction
of the nitro group on the aryl ring occurs at a lower potential
(-1.35 V) than the reduction of the nitro group located on the
benzimidazole (—1.60 V). It is in the second reduction process
(-1.60 V) of the compounds 2f and 3f that the nitro group of
the benzimidazole moiety is reduced. Now, the two unpaired
electrons (triplet state of the dianion) are localized one in the
nitrobenzimidazole ring and one on the nitroaryl ring
(Fig. 10e and 10f), as showed by the isosurfaces spin densities.

The nitrogen coupling constant decreases with electron-
withdrawing groups and increases with electron-donating
groups and this effect is principally due to a polar effect on
the electron distribution within the nitro group with very little
effect on the spin distribution in the aromatic system (Janzen,

1969). In terms of resonance structures this means that the
polar effect of a substituent, X, would influence the relative
contribution of structures 4 and B, more than the contribution
of structure C (Fig. 11).

An electron-withdrawing substituent, for example, is
expected to decrease an because it stabilizes structure 4 (pos-
sibly, when in para-position, by direct conjugation with the
nitrogroup) compared to B, thus causing a shift of spin density
from the nitrogen to the oxygen atoms. On these bases, the
‘pyrrole-like’ nitrogen present in compounds 2 at para-
position (with respect to the nitro group) behaves as donating
group leading to larger ay values in the corresponding radical
anions. On the contrary, in compounds 3, the ‘pyridine-like’
nitrogen behaves as withdrawing-group leading to ca. 1 G
smaller ay values for the analogous radical anions.

The absence of detectable coupling of the unpaired electron
with the 2-aryl protons in 2a—e and 3a—e derivatives, suggests
that spin density must be localized on the nitrobenzimidazoles
moiety and a small effect of the G substituent on ay values
should be predicted. However, detectable variations of the
nitrogen coupling are observed in both series. Differences are
larger in series 3, where higher spin densities on 2-aryl ring
can be predicted on the basis of canonical resonance
structures.

On a quantitative basis, a satisfactory Hammett correlation
(see Fig. 12) between an and o constants was obtained for ser-
ies 3 (¥ = 0992, p = —0.33). Similar results have been
observed in series 2 (see Fig. S9 in SI).

4. Conclusion

Looking at the interest on benzimidazoles for their chemical
reactivity and for their variegate pharmacological/biological
activities we have examined NMR, CV, and ESR behavior
of some 2-aryl-5(or 6)-nitrobenzimidazoles (1) variously sub-
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Fig. 10

b)

state of the dianion 2f (e), 3f (f). Images created with GaussView 6.
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Fig. 11 Main resonance structures for substituted nitrobenzene

radical anions.
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Fig. 12 Plot of ay vs. o substituent constants for compounds of
series 3.

stituted in the 2-aryl ring and of their N-methyl derivatives (1-
methyl-2-aryl-5-nitrobenzimidazoles, 2, and 1-methyl-2-aryl-6-
nitrobenzimidazoles, 3).

Thus, by using 'H NMR data we have been able to study
the equilibrium between the tautomers 1A and 1B, also calcu-
lating the relevant equilibrium constants, whose values have

J‘/‘ .

010’

Isosurfaces spin densities plotted using an isovalue of 0.004 e ag > for the radical anion of 2a (a), 3a (b), 2f (c), 3f (d) and triplet

been correlated with the effect of the present substituent. A
deep investigation of the '*C NMR data has allowed a quan-
titative evaluation of the effects of the substituents present in
2-aryl ring on C-1" and on C-2 chemical shifts, evidencing that
they show similar effects in the three classes of compounds.

As to the electrochemical behavior of the nitro group of the
benzimidazole ring (2 and 3 series) the mono-electronic process
can be considered always reversible and little affected by the
substituents present on the aryl ring with the exception of
the nitro group. In such a case both the nitro groups undergo
a reversible reduction but the one present on the aryl ring
occurs at a much less cathodic potential. These results were
supported by ESR measurements on the corresponding radical
anions. As far as the series 1 is concerned, the reduction poten-
tials are less cathodic than the corresponding ones of both ser-
ies 2 and 3, and the electrochemical behavior of the nitro group
of the benzimidazole ring is strongly influenced by the presence
of the mobile proton on the N atom of the imidazole ring. In
such a case, a further irreversible reduction involving more
electrons and protons to produce the hydroxylamino deriva-
tive takes place.

All the obtained data have been supported by DFT
calculations.

Therefore, in the whole, we can say that the obtained data
have been able to give deep information on the electronic dis-
tribution of the three classes of examined compounds (1-3)
allowing us to gain a picture of electronic distribution and of
behavior of the studied benzimidazoles.
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