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ABSTRACT

In the course of our study on the hepatotoxicity of 1,3-disubstituted-1H-benzo[d]imidazole-2(3H)-
thiones, we generated and characterized the radical anion of methyl 3-[3-(3-methoxy-3-oxopropyl)-5-
nitro-2-thioxo-2,3-dihydro-1H-benzimidazol-1-yl|propanoate which shows the highest toxicity within
the studied series. The reduction of the title compound was carried out electrochemically and the spectral
and structural changes arising from the conversion were described based on IR spectra and DFT
calculations. Repeated monitoring of IR spectra over time demonstrated successful generation of the
radical anion accompanied by strong frequency decrease of N—O stretching vibrations and increase of
C—N stretching vibration. The neutral compounds and the radical anion are characterized by coplanar
orientation of the nitro group towards the aromatic system which most likely contributes to the observed
toxicity. The structure of the radical anion shows extended electronic conjugation compared to the
neutral compound. The NBO spin population analysis of the radical anion indicated that 0.707 of the odd
electron is localized over the nitro group, while 0.293 is spread over the benzimidazole-2-thione
fragment. Based on calculated energy of the lowest unoccupied molecular orbital (E;ynmo) for the neutral
compound, energy difference between the lowest unoccupied and the highest occupied molecular orbital
(AE;_g), and adiabatic electron affinity (EA), it was estimated that the propensity of methyl 3-[3-(3-
methoxy-3-oxopropyl)-5-nitro-2-thioxo-2,3-dihydro-1H-benzimidazol-1-yl]propanoate to generate a
radical anion in biological systems would be comparable to that of nitrobenzene and nimesulide and
much lower than those of nitrofurantoin.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

such as nitroanion radicals, which are capable of binding
covalently to nucleophilic centres of proteins and nucleic acids.

Drugs containing a nitroaromatic moiety such as nimesulide,
nilutamide, flutamide etc. (Scheme 1) have been associated with
hepatotoxicity due to bioreduction of the nitro group and
formation of hazardous metabolites [1-5]. The bioreduction of
the nitroaromatic compounds undergoes a multistep conversion to
nitro radical anions, nitroso intermediates, N-hydroxy derivatives
and finally to the respective amines. The process is catalyzed by
specific enzymatic systems including primarily cytochrome P450
(CYP) reductase as well as xanthine oxidase, aldehyde oxidase and
quinone reductase [5].

The cytotoxicity of these compounds could be due to the
emerging reactive intermediates in the process of bioreduction,
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As aresult of the redox cycling the oxidative stress increases, which
also contributes to the overall toxicity. Hepatocytes, which were
exposed to nitroaromatic drugs like flutamide, demonstrated
decrease in the GSH/GSSG ratio [6] and also nitrofurantoin
definitely caused intracellular oxidative stress [7].

Therefore, in the study of new drug candidates it is important to
characterize the potential reductive products of nitroaromatic
compounds. The first step in the mechanism of action of
nitroheterocyclic drugs as cytotoxic agents for hypoxic cells is
the reduction of the nitro group of the drug to the corresponding
nitro radical anion [5].

A series of novel N,N'-disubstituted benzimidazole-2-thione
derivatives have been recently synthesized and tested on isolated
hepatocytes for their toxicity and antioxidant activity [6]. The
effect of the compounds on the functional-metabolic status of the
hepatocytes was assessed by monitoring the cell viability and
changes in lactate dehydrogenase (LDH), glutathione (GSH) and
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Scheme 1. Chemical structure of nitroaromatic drugs.

malondialdehyde (MDA) levels. The ester substituted in the 5
position of the benzimidazole ring, namely methyl 3-[3-(3-
methoxy-3-oxopropyl)-5-nitro-2-thioxo-2,3-dihydro-1H-benzi-
midazol-1-yl]propanoate (1, Scheme 1), showed one of the highest
hepatotoxicity compared to the other derivatives bearing a methyl
and a benzoyl group as well as one unsubstituted compound [8].
The studies revealed that the least toxic compound containing a
benzoyl group led to a drop of the cell viability only by 27%, while 1
demonstrated much higher toxicity and induced a statistically
significant decrease by 47% compared to the non-treated
hepatocytes. The reduction in cell viability indicated membrane
damage which was evidenced by the detected LDH leakage by 92%
for the benzoyl compound while for the nitro substituted
compound it was increased by 386%. Also, the least toxic benzoyl
compound had no effect on the GSH levels while 1 decreased them
by 42%. The MDA production, which is a marker of the lipid
peroxidation, was elevated by 161% for 1 and by 124% for the
substituted with a benzoyl group benzimidazole-2-thione com-
pared to the non-treated hepatocytes.

Taking into consideration that reduction of the nitro group of 1
to a nitro radical anion (Scheme 2 ) might be the origin of the higher
hepatotoxicity of this compound, we decided to investigate the
feasibility of a nitro radical anion formation from 1 through

electrochemical generation and IR measurements in DMSO
solution.

The in situ generation of the radical anion of 1 in an
electrochemical IR liquid cell was selected as a method of study
based on the ability to provide detailed and useful spectral
information, which can be interpreted in terms of structural
characteristics [9-11]. The method allows identification of the
reductive products by their characteristic IR absorptions and also
observation of the changes over time. The description of the
structural and spectral changes arising from the conversion was
assisted by DFT computations at IEFPCM-B3LYP/6-311++G** level
of theory with inclusion of DMSO as a solvent. Structure
characterization by computational methods of a highly reactive
and unstable intermediate, such as radical-anions, has been proven
as accurate and reliable, especially when correlated with spectral
characteristics or other directly observable properties to support
the structural predictions [12,13].

2. Material and methods
2.1. Used materials

Methyl 3-[3-(3-methoxy-3-oxopropyl)-5-nitro-2-thioxo-2,3-
dihydro-1H-benzimidazol-1-yl]propanoate (1) was synthesiszed
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Scheme 2. Hypothetical reductive products of methyl 3-[3-(3-methoxy-3-oxopropyl)-5-nitro-2-thioxo-2,3-dihydro-1H-benzimidazol-1-yl]propanoate.
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according to the procedure reported by us earlier [8] and
recrystalized in methanol. Tetrabutylammonium bromide (99%)
was purchased from Merck and used without futher purification.
Spectral quality CDCl; and DMSO-dg were purchased from Sigma-
Aldrich Co.

2.2. Experimental procedure

The spectra were recorded on Bruker Tensor 27 FT spectrometer
at a resolution of 2cm ™! and 64 scans. The spectrum in solid state
was measured by directly applying the sample on a diamond
crystal ATR accessory. The spectrum in CDCl3 (0.1 M) solution was
recorded in a 0.2 mm KBr cell.

The assignment of exact positions to the components of broad
and overlapped bands was done by deconvolution and curve-
fitting procedure. The initial bandwidth of all components was set
to 14cm~! and the components were approximated by mixed
Lorentzian/Gaussian functions. The curve-fitting was performed
according to the Local Least Squares algorithm.

The electrochemical generation of the radical anion of 1 was
performed in a special CaF, cell provided with platinum electrodes
build in the polyethylene spacer (Scheme S1) [14]. The volume of
the cell is 0.2 ml, path length: 0.1 mm. 4.5V were applied to the
cathode in the solution cell containing 0.1 moll~! of 1 and an
equimolar amount of tetrabutylammonium bromide in DMSO-de.
Electrochemical reduction was carried out for a period of 100 min
and then the polarity of the electrodes was reversed in order to

a) trans forms:

}}“‘(
Y

b) cis forms:

regenerate the parent compound. The process of electrochemical
reduction and regeneration of a neutral compound was monitored
by recording IR spectra at 10 min intervals. The IR spectra were
measured at a resolution of 2cm™~! and 64 scans by referencing the
electrolyte salt in DMSO-dg as a background.

2.3. Computational details

All theoretical calculations were performed using the Gaussian
09 package of programs [15]. Geometry and vibrational frequen-
cies of the species studied were performed by an analytical
gradient technique without any symmetric constraint. All the
results were obtained using the density functional theory (DFT),
employing the B3LYP (Becke’s three-parameter non-local ex-
change correlation) functional. Incorporation of a DMSO solvent
was performed by the Integral Equation Formalism of Polrizable
Continuum Model (IEF-PCM), proposed by Tomasi and coworkers
[16,17]. The stationary points found on the potential energy
hypersurfaces for each structure were characterized using the
standard harmonic vibrational analysis. A standard least-squares
program has been used to calculate single parameter regression
indices. The absence of imaginary frequencies confirmed that the
stationary points corresponded to local minima on the potential
hypersurfaces. Electron density within the molecule was charac-
terized by natural bond orbitals (NBO) analysis [18-20].

Fig. 1. Possible stereoisomers of 1.
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The assignment of the theoretical vibrational frequencies was
assisted by analysis of the potential energy distributions (PEDs)
using the VEDA 4 program [21].

The native theoretical IR frequencies of the neutral molecule
and radical anion were scaled according to the following equation:

15¢=0.93114v"39¢+84.8 (cm ') (1)

obtained from the linear correlation between the experimental
and calculated native frequencies of the neutral compound 1. The
correlation coefficient R was 0.9894, standard deviation S.
D.=22.5cm™!; number of data points n=19. The mean absolute
deviation

MAD — n71 Z ‘(pvl;heor.(native) + b) _ l)iexp.l (2)

was used as a measure for the deviation between the theoretical
and experimental values.

Adiabatic electron affinity (EA) i.e. the enthalpy of formation of
the radical anion was calculated according to the following
equation:

203

The enthalpies were calculated for 298 K, in DMSO solvent.
Solvation enthalpy of electron, H(e™) in DMSO was determined as
H(ei)salv = H(DMSOﬁ)solv - H(DMSO)SDIV - H(ei)gas where H(ei)gas is
3.145kJ mol~' [22].

3. Results and discussion
3.1. Molecular geometry

The preferred geometry of the neutral methyl 3-[3-(3-methoxy-
3-oxopropyl)-5-nitro-2-thioxo-2,3-dihydro-1H-benzimidazol-1-
yl]propanoate and its radical anion was established based on
optimization and energy analysis of the most probabale con-
formers in DMSO. Several extended and folded conformations
were considered for the alkyl chains attached to N1 and N3, as well
as different orientations of the two chains in respect to the flat
benzimidazole-2-thione fragment.

Orientation of the two N-alkyl chains at opposite sides of the
plane of the benzimidazole-2-thione fragment was denoted as a
trans conformation, while those at the same side of the plane as a

EA =H(radical anion) — H(neutral molecule) — H(e™) 3) cis conformation, respectively. Due to the presence of the nitro
2,5
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Fig. 2. Experimental IR spectra of 1: (a) ATR spectrum in solid state; (b) absorbance IR spectrum DMSO-dg (in blue) and in CDCl; (in red). (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Theoretical IEFPCM-B3LYP/6-311 ++G** and experimental (solvent DMSO-ds) IR wavenumbers (¥ in cm™!) and integrated intensities (A) of the neutral 1 in DMSO
solvent.

Theoretical data Experimental data®
No Approximate DMSO-ds ATR
Vtneor.”  A°  description® - -
Vexp. A° Vexp.  A°
1. 3110 24.1 vB{(C-H) 3080F ww 3070 w
2. 3097 45 vBY(C-H) -8 -8 3036 w
3. 3087 15 vB(C-H) 3020F w 2996 w
4. 3036 158 Vv*S(CHs)
} 2957° w } 2953 w
5. 303 155 Vvi(CHs)
6. 3013 24 v¥(CHa) £ 2
7. 3011 23 v*(CHy) - K
8. 3006 247 vi(CHs) 2 i
9. 3006 260 V(CHa) 2
} 2932 w
10. 2987 3.7 v¥(CHz) -8
11. 2985 40 VS(CHy) £ £
12. 2965 183 v(CHa) -8 -8
13. 2963 185 V(CHo) £ £
14. 2933 323 v$(CHs) £
} 2872 W
15. 2933 314 Vv¥(CHs) -8
16. 2921 79 VS(CHy) -2 2850 w
17. 2921 96 VS(CHy) e b
18. 1714  540. v(C=0)
} 1735 s } 1727 s
19. 1713 3487  v(C=0)
20. 1612 81.5 vBH(C=C) 1618 m 1618 w
21. 1612 37.5 vBH(C=C) 1591 w 1595 w
22. 1510 4546  vS(NO») 1519  vs 1516 vs

23. 1490 217.8 84 CCH) 1492 m 1487 m



24.
25,
26.
217.
28.
29.
30.
31.
32.
33,
34.
33.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

1468
1468
1468
1466
1460
1459
1459
1452
1452
1437
1435
1423
1399
1398
1389
1387
1377
1373
1346
1327
1318
1282
1268
1247
1244
1223
1213

1203

6.2
37.6
26.9
170.5
570
14.4
17.4
472
7.0
3.7
4.7
388.6
40.8
90.0
35.1
112.6
2732
218.8
204.8
83.6
1547.7
48.2
722.7
383
558.0
18.6
228.1
82

D. Yancheva et al./Vibrational Spectroscopy 92 (2017) 200-214

&6%(CHs)

§%(CHs)

§*(CHs)

8(CHa)

8(CHy)

§*(CHs)

6*(CHs3)

&%(CHs)

3%(CHs)

§(CH)

S8(CHy)

8(CCH), vB%(C-N)
Y(CHa)

7(CHz)

Y(CHy)

7(CHa)

VB(C-N), vB(CC)
VB4(C-N), 8(CNC)
S(NCH), vB4C-N)
vB%{(C-N), 5(CCH)
V(NO2)
8®4CCH)

Y(CHz)

7(CHz)

v(C-0)

v(C-0)

v(C=S), VB(CC)
y(CHs)

} 1471

} 1458

o

} 1443

} 1434

1394

} 1387

} 1288

} 1263

1220

sh

VS

sh

} 1472

[ S S S

1462

1451

1442

1433

1402

1384

1286

1258
1252
1224
1212

sh

\&

sh

sh
sh
sh

205



206 D. Yancheva et al./Vibrational Spectroscopy 92 (2017) 200-214

52. 1199 1765  v(C-O),y(CHs) 1206
53. 1185  78.6 vB4(C-N), 884 CCH) 1184
54. 1182 24.1 vBYCC), vB{(C-N) 1169
55. 1172 45 ¥(CH3) -£
56. 1172 1.5 y(CHs) £
57. 1151 15.8 88%(CCH) -£
581 1110 15.5 v(C-NOy), v(CC) -8
mad" 104

1204 S
1185 m
1175 s
1109 m

aMeasured after having decomposed the complex bands into components. PInfrared wavenumbers [cm '] scaled by Eq. (1). Predicted intensities [km mol']. Vibrational
modes: v, stretching; 8, in-plane bending; -y, out of plane banding; superscripts: s — symmetrical, s — asymetrical, Bz — benzimidazole; “Relative intensities: vw, very weak; w,
weak; m, moderate; s, strong; vs, very strong; sh, shoulder; Measured in CDCls. 8These bands were not detected in the IR spectrum. "Followed by 62 lower-frequency
vibrations. ‘Mean Absolute Deviation between theoretically predicted and experimentally observed IR wavenumbers.

group at 5-position of the benzimidazole-2-thione fragment, each
of these forms has two enantiomers. The geometries of all
constructed isomers were fully optimized and characterized using
standard analytical harmonic vibrational analysis. The absence of
imaginary frequencies, as well as of negative eigenvalues of the
second-derivative matrix, confirmed that the stationary points
correspond to the minima on the potential energy hypersurface.

According to the energy analysis, the cis form of 1 is more stable
by 0.19 k] mol~. The benzimidazole-2-thione fragment is flat and
well conjugated with the nitro group lying in the same plane
(Fig. 1). The geometry is stabilized by the intramolecular
interactions between the phenyl H-atoms to the carbonyl groups
and the methylene H-atoms to S. Similar interactions were
identified in the recently reported crystal structures of unsub-
stituted and 5-benzoyl substituted methyl 3-[3-(3-methoxy-3-
oxopropyl)-2-thioxo-2,3-dihydro-1H-benzimidazol-1-yl]propa-
noate [8].

The energy difference between the cis and trans forms of the
radical anion 2 is 0.10 k] mol~". The further theoretical description
of the structure and IR spectra of anion radical 2 was carried out by
using the cis conformation.

3.2. IR spectral characterization of neutral compound 1

In order to achieve an accurate and reliable description of the
changes accompanying the electrochemical reduction of 1, it is
necessary first to investigate the IR spectra of the neutral parent
compound and to assign the observed IR bands to the correspond-
ing molecular vibrations. For this purpose, the IR spectra of 1 were
measured in solid state (ATR), in CDClz; and DMSO-dg solution
(Fig. 2). Despite its shorter region (4000-1100cm™'), the IR
spectrum of 1 in DMSO-ds is very important, because the
electrochemical reduction will be carried out in the same solvent.
Therefore, the bands positions in DMSO-dg will be discussed in
more detail. The experimental data for 1 measured in DMSO-dg
solution in the 4000-1100cm™! region are compared to the
theoretically calculated wavenumbers in Table 1. Due to broaden-
ing and overlapping of some bands, the assignment of exact
positions to their components was done by deconvolution and
curve-fitting procedure.

The most intense bands at 1519 and 1341 cm™! in the spectrum
measured in DMSO-dg solution correspond to the assymetric and
symmetric stretching vibration of the nitro group. The stretching

vibrations of the two carbonyl groups give rise to one strong band
at 1735cm™". The presence of only one band can be expalined by
the larger distance between the two groups preventing the
coupling of their stretching and also by the fact that the adjacent
methyl and methylene groups have equal influence. According to
the theoretical calculations the two carbonyl stretching freqnecies
are virtually identical (Table 1). The same could be observed
regarding the methyl and methylene groups of the side chains. For
instance, the assymetric stretching vibrations of the two methyl
groups have identical wavenumbers and only one weak band
appeared at 2957 cm~! in CDCls.

According to the calculations, a band of moderate intensity is
expected around 1100cm™! for the stretching vibration of the
C—NO, band. It is known from literature that v(C—NO,) of
nitrobenzene gives rise to a band at 1108 cm ! in liquid state [23]
and the same vibration in 2-methyl-5-nitroimidazole is character-
ized by a band at 1104cm™! [24]. Based on these experimental
observations and the theoretically predicted length of V(C—NO,)
in 1, a moderately intensive band at 1109 cm™! in solid state was
recognized as v(C—NO,). In DMSO-dg solution the band cannot be
observed due to the self-absorptions of the CaF, cell.

As could be seen from the reported studies, the position of the
band for the stretching vibration of the C=S group can vary in a
broad range. For example, in the spectrum of 5-nitrobenzimida-
zole-2-thione in solid state, the band is observed at 1189 cm™!
while the presence of an N-substituent at position 1 causes a shift
to the higher wavenumbers and it appears in the range 1210-
1230cm! [25]. A similar wavenumber range (1150-1220cm™!)
can be seen also for 1-alkylimidazole-2-thiones [26]. All this
implies that the frequency of v(C=S) is very sensitive to the
presence and the nature of the substituents in the benzimidazole
ring. The theoretical calculations in DMSO solution predicted that
the corresponding vibration is strongly mixed with those of the
neighboring atomic groups and that the band is expected at
1213cm~ . In the DMSO-dg spectrum the band was found after
deconvolution procedure (Fig. S1) at 1220cm™, strongly over-
lapped with the neighboring bands at 1206 and 1263cm™!
attributed to ester C—O stretchings.

The relative intensities of the IR bands of 1 in solid state, polar
DMSO-dg and nonpolar CDCl; solution differ markedly (Fig. 2). It is
known that the IR intensities not only depend on the chemical
environment i.e. solvent, phase change, intermolecular interac-
tions, etc., but the effect of a given solvent on different vibration
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bands is different [27]. In the present case it is evidenced by the
enhanced relative intensity of v(C=S) in nonpolar CDCl3 (Fig. 2b).
Increased IR intensity in chloroform solution in comparison to
DMSO were reported previously for cyano stretching vibration in
benzonitrile [28,29].

3.3. Electro-chemical reduction of 1

The electrochemical reduction was carried out in situ in the IR
liquid cell on a 0.1 mol1~! solution of the parent compound 1 in
DMSO-dg, containing tetraethylammonium bromide as electrolyte
salt. The initial solution of the parent compound was yellow as the
solid product.

As a result of the applied potential, the solution in the cathode
space started changing its color to green which was intensified
over time. The intensity of the bands for the nitro stretching
vibrations of the parent neutral compound started gradually
decreasing. At the same time, new bands appeared in the IR
spectrum at 1316 and 1286cm~! (Fig. 3). More prolonged
electrolysis (100 min) caused a considerable increase of the new
bands, while the reduction of the nitro bands of the neutral
compound continued. Reversal in the polarity of the electrolysis
cell resulted in reappearance of the yellow color and vanishing of
the IR bands of the new product. This fact demonstrates that the
observed spectral changes should be attributed to the reduction of
1 to a radical anion and not to chemical transformation to other
products.

In order to confirm this assumption, the frequncies of the bands
appearing in the course of the electrochemical reduction were
compared with the ones theoretically calculated for the radical-
anion of 1 (Table 2). The comparison of the experimental and the
theoretical frequencies enables the accurate assignment of the
observed bands of the molecular vibrations of the radical anion 2.
This would be considerably more difficult were it based only on the
experimental data as the spectral studies on highly reactive and
unstable nitro radical anions are insufficient.

The data presented in Table indicates that the conversion of the
molecule into a radical anion 2 is expected to lead to a considerable
drop of the wavenumber for ¥**NO,-from 1510 cm~! in the parent

neutral compounds to 1240 cm~! in the radical anion. Indeed, as a
result of the reduction, the appearance of a very intensive band is
observed, which must be attributed to that vibration. Thus the
experimentally measured drop of the wavenumber for v*(NO,) is
233cm~! and corresponds quite well to the theoretically
calculated value — 270cm™'. As assumed from the theoretical
spectrum of 2, the band responsible for the nitro group
symmetrical stretching vibration shifts significantly to the lower
wavenumbers (more than 241 cm™!) and is not observed, since it
falls in the region under 1100cm™". The theoretically predicted
drop of the wavenumber for v5(NO,) is 221 cm™ .

The conversion of the molecule into a radical anion is expected
to bring about the increase of the band wavenumber for v(C—NO,)
by 223 cm~ . Based on the 2 theoretical spectrum it is expected at
1322 cm~ . This indicates that the experimentally observed band at
1316 cm™! corresponds to the stretching vibration of the C—NO,
bond.

In the radical anion spectrum v(C=0) practically do not change
their frequency, while those of the benzimidazole ring preserve
their frequencies, but increase their intensities (Table 2). These
theoretically predicted changes also correspond quite well to the
spectrum observed in the electrochemical reduction of 1.

The scaling of the native theoretical IR wavenumbers provided a
very good agreement between experimental and theoretical
wavenumbers — 10.4cm~! is MAD for the neutral compound 1
and 11.2cm™! for radical anion 2, respectively. These values lie on
the bottom border of the interval 9-25cm~! determined recently
for organic molecules and anions containing carbonyl- and
cyanogroups [9-11]. The values of MAD are also very close to
these observed for cyano stretch in a large series of radical anions
of nitriles [12], but they are higher than those observed for
carbonyl stretch in ketyls [13]. However, when estimating the
accuracy of the predictions, it should be taken into account that
description of one vibrational mode, such as cyano or carbonyl
stretch, should be expected to be more accurate than the
description of various vibrational modes including stretch, in-
plane, and out-of-plane deformations. The theoretical level and
influence of the solvent are also very important in the calculation
of theoretical wavenumbers.
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Table 2
Theoretical IEFPCM-B3LYP/6-311 ++G** and experimental (solvent DMSO-ds) IR wavenumbers (¥ in cm™!) and integrated intensities (A in kmmol™') of the anion-
radical 2.

Theoretical data Experimental data®
No

Viheor.’ A° Approximate description? Vexp. Af
1. 3105 44 vBHC-H) £ t
2. 3090 24 vB{(C-H) = =
3. 3071 0.8 vB¥(C-H) ks £
4. 3035 19.8 v*(CHzs) £ .
5. 3035 19.9 v*(CHzs) f R
6. 3007 4.5 v*(CH2) £ £
7. 3005 285 v*(CH2) i £
8. 3005 289 v*(CHz) £ B
9. 3005 3.7 v*(CH2) s £
10. 2993 53 v¥(CHz) £ .
11. 2991 5.1 v*(CHb2) £ £
12. 2959 264 v¥(CH>) £ £
13. 2957 21.1 v¥(CH2) £ f
14. 2933 28.8 v¥(CHzs) B f
15. 2932 35.7 v¥(CH3) af £
16. 2921 94 Vv¥(CHz) . R

17. 2919 10.6 v¥(CHz) &t f



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

1713

1713

1603

1577

1479

1469

1468

1466

1462

1460

1460

1459

1452

1452

1443

1440

1416

1400

1394

1383

1377

341.2

3254

1140

70

9.0

92

113.4

103

10.2

39.1

64.7

29.0

15.7

74

243

8.7

231.2

8.6

48.2

120.5

1010
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v(C=0)

v(C=0)
vPH(C=C)
VP(C=C)
§B%(CCH)
§°(CHs)
§°(CHs)

8(CH>)

8(CHy)

8(CHz)

§*(CHs)
§°(CHs)
§%(CHs)

§%(CH3)

8(CHy)

8(CHz)
VE{(C-N), y(CH>)
VB4C-N), y(CHz)
7(CHy)
VP4(C-N), (CHy)

vB4{C=C), v*(C-N), y(CHy)

} 1735

1618
1591

1490

} 1471

} 1457
f
_f

} 1440
f
f
f
1374
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39. 1374 269.9 VB4(C-N), v(C-NO), y(CHz) o o
40. 1366 288.3 Y(CHy) f f
41, 1359 1279 v(CH,) f R
42. 1336 175.6 VvE{(C-N), 8(CCH) f f
43. 1322 251.7 v(C-NOy), v*4(C-N), y(CHz) 1316 vs
44, 1270 152.0 v(C-0), y(CHy) F .
45. 1262 1345 v(C-0), y(CH) i k
46. 1253 3227 58%CCH) £ ¥
47. 1248 95.0 Y(CHy) * A
48. 1240 500.0 VS(NO2) 1286 Vs
49. 1217 288.7 v(C-0), y(CHz) 1206 s
50. 1209 25.0 v(CHs) & K
51. 1203 40.0 v(CHs) 5 £
52. 1193 2554 v(C=S), y(CHs) f t
53. 1182 2105 VE{(C-N), 884 CCH) f f
54. 1173 2.1 v(CHz) -f f
55. 1172 1.8 VB{(CC) f f
56. 1172 32.6 ¥(CHs) E: k.
57. 1138 28.6 8(CCH) f £
58¢ 1097 52.5 Vv$(NOy), VE(CC) £ f
mad" 11.2

2Measured after having decomposed the complex bands into components. ®Infrared wavenumbers [cm~'] scaled by Eq. (1). “Predicted intensities [km mol~]. Vibrational
modes: v, stretching; d, in-plane bending; -y, out of plane banding; superscripts: s — symmetrical. s — asymetrical, Bz — benzimidazole; “Relative intensities: vw, very weak; w,
weak; m, moderate; s, strong; vs, very strong. ‘These bands were not detected in the IR spectrum. EFollowed by 62 lower-frequency vibrations. "Mean Absolute Deviation
between theoretically predicted and experimentally observed IR wavenumbers.
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The inability to detect some of the bands of radical anion 2
which overlap with the bands of the parent neutral compound 1
makes it difficult to judge on the achieved accuracy of predicted
intensities. Many authors have questioned the ability of quantum-
chemical methods to predict IR intensities quantitatively and
pointed out that high computational levels are required to achieve
satisfactory agreement [27,30-34]. Calculation and application of
scale factors to the predicted IR integrated intensities is also
hindered by deficiency of stable trends toward under- or
overestimation of the experimental intensities by means of
computations [27].

Reappearance of the parent bands upon reversal of the
electrodes polarity and the agreement between experiment and
theory are evidence that 2 is obtained, and there is no observable
amount of other species resulting from recombination of 2 or other
chemical conversions.

3.4. Structure and stability of radical anion 2

The hepatotoxicity of nitro aromatic drugs is governed by
several factors — the extent of nitro reduction, the nature of other
aromatic ring substituents, the lipophilicity and the routes of
metabolitic conversion to other active or inactive metabolites [5].
In this relation it is useful to study the structural characterisctics of
nitroaromatic compounds which exhibited hepatotoxicity and to
try to connect their chemical structure to the propensity to
generate nitro radical anions. Such correlations can improve the
understanding of the mechanisms underlying the hepatotoxicity of
a particular group of compounds and help to suggest a strategy
how to reduce the toxicity by structural modifications. For these
reasons, interpretation of the observed spectral changes in light of
concomitant structural changes represents an important part of
the present study.

The increase in the frequency of the C—NO, bond is evidence
for its shortening and increase of its bond order. The opposite is
observed for the N—O bonds — they lengthen and their bond order
decreases significantly. These conclusions are confirmed also by
the theoretically calculated bond lengths in the radical anion 2
(Table A1, Appendix). In general, it can be concluded that the
structural changes are most significant in the planar 5-

(d) (e)

nitrobenzimidazole-2-thione fragment. The structural variations
in the C—NO, moiety are accompanied by strong lengthening of
the C—C bonds adjacent to the nitro group, lengthening of the C=S
bond, and rearrangement of the C—N bond lengths in an
alternating manner (Table A1, Appendix). Hence 2 is characterized
by a wider and more strongly conjugated electron system than the
neutral parent compound 1 and the formation of a quinoid-like
structure. The tendency of the spectral and structural changes is
similar to those observed in nitrobenzene [35]. Studies have shown
that the coplanar orientation of the nitro group towards the
aromatic system is related to higher toxicity than when it is
positioned perpendicularly [36] which could be explained by the
inability of the nitroreductase to react with the molecule in the
perpendicular orientation [37]. From the theoretical calculations it
can be concluded that the neutral compound 1 and the radical
anion 2 exhibit coplanar structure and this most likely contributes
to the observed toxicity.

An important structural characteristic of the radical anion is the
degree of delocalization of the odd electron over the conjugated
system. It is known from previous research that when aromatic
compounds are converted into radical anions the higher the degree
of localization of the unpaired electron (spin density) on a definite
functional group, the higher its frequency drop of the stretching
vibration [13]. Having in mind the significant nitro group vibration
frequency drop observed in the reduction of 1 it can be assumed
that the unpaired electron is localized, to a considerable degree, on
the nitro group. For the better clarification of this important
characteristic, a theoretical analysis of the spin density of 2 was
carried out. The results are presented in Scheme 3.

The NBO spin population analysis showed that 0.707 of the odd
electron is localized over the nitro group of 2, while 0.293 is spread
over the benzimidazole fragment (Scheme 3a). The localization of
the odd electron depends on the nature of the aryl system bearing
the nitro substituent and also on the presence of other
substituents. In order to estimate the importance of the
constituting molecular fragments in 2 (benzimidazole ring, N-
alkyl chains, thione function), the analysis on the spin density
distribution was extended by including 5-nitrobenzimidazole-2-
thione and 5-nitrobenzimidazole (Scheme 3b and c). Obviously the
presence of N-alkyl chains slightly enhances the localization of the

H : : H
Crl= =20
S Semcmneees p
. T
H
(b) (c)
10723¢ | 10744 |
o oNg_H P oNi_R
e s | )

(f) (9)

Scheme 3. Spin density distribution over fragments in the radical anions of 2 (a); 5-nitrobenzimidazole-2-thione (b); 5-nitrobenzimidazole (c); 2-nitrofuran (d);

nitrobenzene (e); 5-nitro-imidazole-2-thione (f); and 5-nitroimidazole (g).
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odd electron over the nitro group as evidenced by the spin density
distribution in 2 and 5-nitrobenzimidazole-2-thione. On the other
hand, considering the higher value for the nitro group in the 5-
nitrobenzimidazole, it can be concluded that the thione function
contributes to the more effective delocalization of the odd electron
over the conjugated system, and therefore stabilizes the radical
anion.

Scheme 3 illustrates also the variation of spin density
distribution for some nitroaryl ring systems encountered in
anticancer, antibiotic and anti-parasitic drugs. It can be seen that
the nitro groups attached to furan and benzene rings bear lower
spin density, while the nitro group in the imidazole ring (including
imidazole-2-thione) shows a much greater value. The stabilizing
effect of the thione function is demonstrated furthermore by the
reduction of the spin density over the nitrogroup in 5-nitro-
imidazole-2-thione in comparison to 5-nitroimidazole. The
stability of the radical anion of 2 should be considered as closer
to that of nitrobenzene systems than to that of nitroimidazoles. The
odd electron delocalization in nitrobenzene is well known from
earlier EPR studies (the nitro group retains about 0.65-0.70 of the
unit spin density) [38] and having in mind the good agreement
with calculation results [39], the computational estimation of the
spin distribution should be regarded as a reliable tool to represent
the odd electron delocalization in nitrobenzimidazoles radical
anions in real systems.

The hepatotoxicity of nitroaryl compounds mediated by
reactive metabolites is generally dependent on the nitroreduction
rate [1-5]. Therefore, characterizing the relative ease of the
reduction of 1 and comparing it to other known nitroaryl drugs
would provide important estimation of the likelihood to produce
hepatotoxicity. For this purpose various molecular properties have
been used as a measure [40]: energy of the lowest unoccupied
molecular orbital (Eyymo) for the neutral compound, energy
difference between the lowest unoccupied and the highest
occupied molecular orbital (AE; y), and electron affinity (EA). EA
i.e. the enthalpy of formation of the radical anion might be
calculated either by the optimized geometry of the neutral
molecule and the radical anion (adiabatic EA) or by using the
optimized geometry for the neutral molecule to calculate the
energies of both the neutral and anion species (vertical EA). E;ymo

for a neutral gas-phase compound can provide an approximation
to the vertical EA.

Molecular properties (Erymo, AE; .y, adiabatic EA and energy
difference between the radical anion and the molecule AEy;_.ra)
involved in one-electron reduction of 1 to radical anion 2 were
computed and compared to the respective values of other nitroaryl
compounds and drugs. The calculated parameters were correlated
with available experimental data for reduction potentials deter-
mined by pulse-radiolysis [2,41,42]. The data are gathered in
Table 3. According to the calculation data the introduction of a
thione function in the benzimidazole ring lowers the EA which
indicates that nitrobenzimidazole-2-thiones have smaller propen-
sity to generate nitro radical anions than 5-nitrobenzimidazoles.
The presence of N-alkyl chains in the benzimidazole ring is also
favorable, but the effect is smaller. The variation in AEy_,ga among
the studied nitrobenzimidazoles shows the same trend as EA.

The EA, Erumo and AEy;_.ra values of 1 are very close to those of
nitrobenzene. The introduction of a second electron acceptor
group in the aromatic ring facilitates the nitro reduction.
Accordingly, it can be seen from Table 3 that p-nitrobenzaldehyde
and p-nitroacetophenone are characterized by higher EA and lower
Erumo. The same relationship was established based on experi-
mental data from pulse-radiolysis [2,41,42]. Nimesulide, which
does not contain electron acceptor substituents, shows molecular
characteristics similar to nitrobenzene.

On the other hand, based on the higher EA, nitrofuran would
undergo a much easier nitro reduction than nitrobenzene. The
electronic interaction of the nitro group in nitrofurantoin with the
additional fragments present in its structure leads to significantly
higher nitro reduction rates and hepatotoxicity.

Taking into account the molecular properties characterizing 1, it
could be expected that the propensity of 1 to generate a radical
anion in biological systems is comparable to that of nitrobenzene
and nimesulide and much lower than those of nitrofurantoin.

4. Conclusions

The feasibility of methyl 3-[3-(3-methoxy-3-oxopropyl)-5-
nitro-2-thioxo-2,3-dihydro-1H-benzimidazol-1-yl|propanoate to
generate a radical anion was successfully demonstrated by
electrochemical reduction combined with IR measurements. The

Table 3
Molecular properties characterizing one-electron reduction of the nitro group in 1 and several nitroaryl compounds and drugs.
Species Erumo AE[_y AEp_ra” (K]) EA RP®
(eV) (eV) (kJ mol™1) (V)
1 -3.09 3.20 340.3 —256.1 n.a.
Nitrobenzimidazole-2-thiones
5-Nitrobenzimidazole-2-thione -3.15 3.07 3413 —2573 n.a.
5-Nitrobenzimidazole -3.04 410 346.5 —261.1 n.a.
Nitrofurans
Nitrofurantoin -3.39 3.36 367.6 —283.2 -0.26
2-Nitrofuran -3.22 4.34 348.8 —264.5 -0.33
Nitrobenzenes
Nimesulide -3.08 3.77 346.2 -262.3 —0.52¢
p-Nitrobenzaldehyde -3.51 433 369.8 —286.3 -0.32¢
p-Nitroacetophenone -3.41 4.22 378.3 —295.1 —0.35¢
Nitrobenzene -3.10 4.66 341.5 -2573 -0.49

AEyn . ra=Enm — Ega.

Data from [32].
Data from [33].

a n o o

Reduction potential, determined by pulse-radiolysis [2]: higher RP (more positive) denotes more electron-affinic nitro compound.



D. Yancheva et al./Vibrational Spectroscopy 92 (2017) 200-214 213

higher hepatotoxicity demonstrated by this compound compared

to other 1,3-disubstituted-1H-benzo[d]imidazole-2(3H)-thiones,

could be due to bioreduction of the nitro group and emerging nitro

radical anion followed by other reactive intermediates. The IR data

showed that the conversion into radical anion causes:

- Strong decrease of the wavenumber for v**NO,: A?=270cm™!
(theor.); 233cm™! (exp.);

- Strong decrease of the wavenumber for v°NO,: Av=221cm™
(theor.); more than 241 cm™! (exp.);

- Strong increase of the wavenumber for ¥(C—NO,): Av=223
cm ! (theor.); more than 216cm ™! (exp.).

1

The theoretical method used gives a good description of the
strong spectral changes caused by the conversion. Based on the
observed IR frequency shifts and theoretical calculations it was
possible to draw conclusions on several molecular characteristics
related to the conversion. In summery, the neutral compound 1
and the radical anion 2 exhibit coplanar orientation of the nitro
group towards the aromatic system which most likely contributes
to the observed toxicity and extended electronic conjugation; the
major spin density (0.707 of the odd electron) is localized over the
nitro group in the radical anion; the radical anion shows extended
electronic conjugation compared to the neutral compound; and
the presence of thione function and N-alkyl chains in the
benzimidazole ring contributes favorably to reduce the propensity
for nitro radical anions generation. Finally, by analyzing the
calculated energies of the lowest unoccupied molecular orbital
(ELumo), energy differences between the lowest unoccupied and
the highest occupied molecular orbital (AE;_y), adiabatic electron
affinities (EA), and energy difference between the radical anion and
the molecule (AEy;_ga) for 1 and other nitroaryl compounds, it was
found that the ease of nitro reduction of methyl 3-[3-(3-methoxy-
3-oxopropyl)-5-nitro-2-thioxo-2,3-dihydro-1H-benzimidazol-1-
yl]propanoate in biological systems should be comparable to that
of nitrobenzene and nimesulide and much lower than those of
nitrofurantoin.
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