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a b s t r a c t

The compound 2-aryl-2,3-dihydro-4H- [1,3]thiazino[3,2-a]benzimidazol-4-one (C16H12N2OS) (III) was
synthesized. The compound crystallized in a monoclinic crystal system with P21/c space group as
revealed by mono-crystal X-ray diffraction. The X-ray analysis and density functional theory comple-
mentary calculations showed that noncovalent CeH$$$p interactions between the benzimidazole system
and the thiazine ring form a dimerization along the direction of the b axes, additionally p$$$p in-
teractions were found between the benzene rings. The C12, in the thiazine ring, has a distortion angle
(41.69�) respect to the plane of benzimidazole. The intermolecular interactions in the crystal structure
were quantified and analyzed using Hirshfeld surface analysis. The predominant interaction within the
crystalline structure was found to be H/H interaction. On the other hand, antioxidant activity of the
C16H12N2OS system was studied using the DPPH� and ABTS�þ assay. Using the energy profile for the
reaction of DPPH� with III it was demonstrated that the antioxidant activity is carried out through HAT
(H12) mechanism where conjugation of the radical can occur between the C12 of the thiazine ring and
the aromatic ring, this was confirmed by a H function calculation. The importance of this study focuses
on the promising range of biological activities and molecular characteristics of the synthesized com-
pound (III).

© 2019 Published by Elsevier B.V.
1. Introduction

Benzimidazole has acidic and basic characteristics (pKa 2.5). The
eNHe group present in the imidazole ring is relatively acid, while
pyridine-type nitrogen is basic. In benzimidazoles eNHe presents
prototropic tautomerism. But when the group attached to the ni-
trogen atom is larger than hydrogen, tautomerization is not well
defined [1].

1H-Benzimidazole-2(3H)-thione and its derivatives have
s.o@gmail.com (�A. Ramos
different applications in several areas such as pharmacology and
industry [2]. The main biological activities are: progesterone
antagonist, antinematode activity, while 2-(alkylithium)-benz-
imidazole with ring b-lactamics presents antibacterial and anti-
fungal activity. In addition, it has been found that structural
modifications of the lateral chain and stereochemistry results in
substantial improvements in anti-HIV potency [3], cancer and virus
[4].

Thiazine is a six membered ring that contains nitrogen and
Sulphur heteroatoms at positions 1 and 3. Previously it was pro-
posed by Britsun & Lozinskii [5] that thiazine ring synthesis is a
sequence of at least two successive reactions. Thiazines are very
useful compounds in medicinal chemistry and have been reported
to exhibit a wide variety of biological activities such as
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antimicrobials [6,7], antivirals [8], antifungals [9], antihistamine
[10] and antioxidant [11]. Derivatives of 4H-1,3-thiazin-4-one have
biological activity and are used as pesticides, herbicides, fungicides
and antituberculosis agents. The compound 2-aryl-2,3-dihydro-
4H- [1,3]thiazino [3,2-a]benzimidazole-4-one under this study and
its crystal was obtained from a different methodology compared to
the one reported by Britsun & Lozinskii [5], to improve the reaction
yield, explore the molecular structure, and determine its antioxi-
dant activity, since it has been described above that this type of
compound presents analgesic, anticonvulsant, antianxiolytic and
antioxidant activity [12].

The importance of antioxidant activity in these compounds lies
in the fact that they offer protection in internal and external
oxidation processes, which results in an excess of reactive mole-
cules that cause cellular aging, cardiovascular alterations and can-
cer [13]. The possible antioxidant activity lies in the structural
characteristic of the system. The presence of thiazine ring allows
conjugation, and the sulphur atom stabilizes the charge. In recent
years, a wide range of spectrophotometric assays has been adopted
to measure antioxidant capacity of foods and compounds, the most
popular being 2,20-azino-bis-3-ethylbenzthiazoline-6-sulphonic
acid (ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay. The
difference between DPPH and ABTS is that the ABTS assay is applied
to a variety of hydrophilic, lipophilic and highly pigmented anti-
oxidant compounds [14].

In recent years, a wide range of spectrophotometric assays have
been adopted to measure the antioxidant capacity of foods and
compounds, the most popular being 2,20-azino-bis-3-
ethylbenzothiazolin-6-sulfonic acid (ABTS) and the 1,1-diphenyl-
2-picrylhydrazil assay (DPPH). The difference between DPPH and
ABTS is that the ABTS assay applies to a variety of hydrophilic,
lipophilic, and highly pigmented antioxidant compounds [14].

On the other hand, the dizzying development of computation
has allowed theoretical and computational chemistry to flourish.
Under this approach different methodologies have been developed,
such as the density functional theory, which has permitted the
study of chemical systems. One of the problems that has attacked
the theory has been the explanation of the non-classical in-
teractions, specifically with the non-covalent index [15], besides in
solid state the use of Hirshfeld surfaces allows to know the inter
and intramolecular contacts of a crystal [16,17]. Another application
includes the study of chemical reactions, predicting the most
favored reaction mechanisms and the study of the transition state,
being key in the study of antioxidant capacity.

Here we report the crystalline structure of the compound 2-
aryl-2,3-dihydro4H- [1,3]thiazino [3,2-a]benzimidazole-4-ones,
and its antioxidant activity by experimental and theoretical calcu-
lations, in the search for new compounds with high anti-radical
activity.
Scheme 1. Schematic representa
2. Experimental

2.1. Material and methods

All reagents (Cinnamic acid, 2-mercaptobenzimidazole, 4-
Dimethylaminopyridine (DMAP) and N,N0-Dicyclohex-
ylcarbodiimide (DCC)) were purchased from Sigma Aldrich and
used as received. The solvents used were dried before use by
standard techniques [18]. Analysis of 1H and 13C NMR spectra of
compound III was carried out in CDCl3 as solvent and tetramethyl
silane (TMS) as internal reference, were recorded using Bruker
Ultrashield Plus 400 (1H, 400; 13C, 100.62MHz) instrument.
Melting point was measured in a Melt-Temp equipment. The most
characteristic functional groups present in the synthesized mole-
cule were identified using a Varian 3100 FT-IR spectrometer of the
Excalibur series in the range 4000e600 cm�1. The elemental
analysis was performed on a Leco TruSpect Micro (C, H, N) analyzer
under standard conditions.
2.1.1. Synthetic procedure 2-aryl-2,3-dihydro-4H- [1,3]thiazino
[3,2-a]benzimidazol-4-one (III)

The compound (III), Scheme 1, was obtained by mixing trans-
cinnamic (II) acid (1.00 g, 6.7mmol) with 2-
mercaptobenzimidazole (I) (1.01 g, 6.7mmol) and 4-(Dimethyla-
mino)pyridine (DMAP) in catalytic amounts (10%) (0.08 g,
0.67mmol) in 30mL of dry CH2Cl2, followed by the slow addition of
N,N0-Dicyclohexylcarbodiimide (DCC) (1.39 g, 6.7mmol) in 10mL of
dry CH2Cl2. The reaction mixture was kept in an ice bath with
continue stirring for 1 h, then left at room temperature and con-
stant stirring overnight. Dicyclohexylurea (DCU) was filtered off
and the solvent was removed by evaporation at reduced pressure.
To the dry product 30mL ethyl acetate was added to perform two
acid washes with HCl (0.05 N) solution, two basic washes with a 5%
solution of K2CO3, and two washes with distilled water. The ethyl
acetate was then dried out with anhydrous magnesium sulphate
and filtered, the solvent was removed by evaporation at reduced
pressure to get the compound.

The resulting compound (III) was a yellow solid crystallizing in a
mixture of dichloromethane-hexane solvents (3:7); (yield 76%,
1.428 g; m. p. 121e122 �C). IR (KBr, nmax, cm�1): 1720.49 (C]O),
1473 (NeCeS), 1451.19 (CeN), 694.52 (CeS); 1H NMR (CDCl3): d 8.17
(1H, m, H5), 7.63e7.33 (8H, m, Ar), d ABX 5.41 (1H, m, H12), 3.84
(1H, m, H11), 3.40 (1H, m, H11); 13C NMR: d 167.2 (C10), 151.1 (C2),
142.8 (C8), 137.4 (C13), 132.3 (C9), 129.3 (C15, C17), 128.9 (C14, C18),
127.6 (C5), 125.4 (C6), 124.4 (C4), 118.5 (C7), 42.6 (C12), 41.3 (C11).
Elemental analysis calculated for C16H12N2OS: C 68.55, H 4.31, N
9.99%; found: C 68.57, H 4.47, N 9.95%.
tion of the synthesis of (III).



Fig. 1. Molecular structure of compound (III) showing the atom-numbering scheme.
Displacement ellipsoids are drawn at the 50% probability level.
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2.2. X-ray structure elucidation

The single crystal X‒ray diffraction data was collected on a
Bruker AXS D8 QUEST with Mo Ka (l¼ 0.73 Å) radiation at 293 K.
The cell refinement and data reduction were carried out with the
SAINT V8.34A (Bruker, Madison, WI, USA) [14], WinGX [19] soft-
ware. The structure was solved by direct methods using SHELXL97
(University of G€ottingen, Germany) [20]. H atoms on C and N were
positioned geometrically and treated as riding atoms, with
CH¼ 0.95e0.99 Å and Uiso(H)¼ 1.5 Ueq(C) for methyl H atoms or
1.2Ueq(C) otherwise, and NeH¼ 0.88 Å and Uiso(H)¼ 1.2Ueq(N).
Mercury software (The Cambridge Crystallographic Data Centre,
Cambridge, UK) [21] was used to prepare the material for publi-
cation. CCDC 1908882 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK; fax: þ44 1223 336033).
2.3. Antioxidant activity

The synthesized compound III was screened for their antioxi-
dant activity by 1,1-diphenyl-2-picrylhydrazyl (DPPH�) radical
scavenging assay and 2,2-azinobis (3-ethyl benzothiazoline-6-
sulfonic acid) ABTS�þ radical cation decolorization method.

A Power wave XS microplates reader from biotek were used to
read the absorbencies. Micropipettes (Thermofisher 89 finnpip-
pete) of different capacities (25, 200, 1000 mL) were also used to
prepare the required solutions. Eppendorf tubes (1mL) were used
Fig. 2. Compound (III) planes, (a) where (C12) of the thiazine ring has angular tension and
caused by ring disorder.
for sample preparation. All tests were carried out in triplicate. For
each run of samples a standard curvewas made using the reference
antioxidant in order to calculate the equivalents per mL of the
reference antioxidant [22].

2.3.1. DPPH� method
A solution of DPPH� (7.4 mg/100mL) was prepared and kept in

the dark to avoid photodegradation. 50 mL were taken from a DMSO
solution of compound III or the reference antioxidant (Trolox) to
which 250 mL of DPPH� solution was immediately added. The
mixture was stirred vigorously with a microvortex and left it to
stand at room temperature for 1 h, then the absorbance was
measured at 520 nm. The results of anti-radical activity were
expressed as a percentage of inhibition and on mmol trolox/L
equivalents (mmol TE/L) [23e26].

2.3.2. ABTS�þ method
The radical ABTS�þwas obtained by reacting NH4

þABTS2� (7mM)
with potassium persulphate (2.45mM) for 16 h at 4 �C in the dark.
Once formed, the radical ABTS�þ was diluted with ethanol to obtain
absorbance value of 0.70 (±0.1) at 754 nm. In an eppendorf tube
490 mL of the diluted solution of free radicals (ABTS�þ) and 10 mL of
the compounds to be analyzed or vitamin C (reference antioxidant)
were added, themixturewas agitated vigorously and then 200 mL of
this mixture were taken and its absorbance was read at 754 nm in a
microplates reader. The results of anti-radical activity were
expressed as a percentage of inhibition and in milligrams ascorbic
acid equivalents per liter (mg AAE/L) [23e26].

2.4. Computational methods

The computational calculations were performed using the
density functional theory framework as implemented in the
Gaussian 09 program [27]. For the exchange and correlation func-
tional, the hybrid functional B3LYP was used [28]. The 6-311G(d,p)
basis set was employed for the atomic species [29]. The non-
covalent interaction index was calculated from the electron density
in the Multiwfn package [30] and the relation were plotted using
the VMD program [31]. For to determine the transition state of
DPPH� molecule, considering all possible sites of dehydrogenation,
the intrinsic reaction coordinate was utilized. In addition, the SMD
model was included considering the effects of the DMSO solvent
and the Grimme's correction with Becke-Johnson damping was
considered account to include the dispersion [32].

Analysis of Hirshfeld surfaces and 2D fingerprints were obtained
(b) heterocyclic ring thiazine disordered over two positions with a 50:50 occupancy

http://www.ccdc.cam.ac.uk/conts/retrieving.html


Fig. 3. Conformations of compound III. In this figure two conformers are shown. In figure (a) shows the thiazine ring presents torsional tension, remaining in the same plane as the
benzimidazole. In (b) shows a lower potential energy since the carbon of the thiazine that binds to the phenyl leaves the plane of the benzimidazole decreasing the torsional
tension.

Table 1
Hydrogen-bond geometry (Å, �) for (III).

DdH$$$A DdH H—A D—A DdH—A

C7eH7/O1 0.95 2.48 2.971 (7) 112
C4eH4/N3i 0.95 2.57 3.478 (8) 160
C12eH12/O1ii 1 2.44 3.293 (8) 143

Symmetry codes: (i) �xþ1, �y, �zþ1; (ii) �xþ1, y�1/2, �zþ3/2.
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in Crystal Explorer 3.1 [33]. The graphs of Hirshfeld's molecular
surfaces were mapped with dnorm using a scheme colors, where the
red one represents the shortest contacts, the white color indicates
intermolecular distances close to the van der Waals contacts with
dnorm equal to zero, and the blue color shows the contacts longer
than the sum of the van der Waals radii with positive dnorm values
[34].
3. Results and discussion

3.1. Synthesis

Experimental data from NMR, IR, elemental analysis and crystal
X-ray diffraction give information that confirms the synthesis of
compound III. 2-Mercaptobenzimidazole exists as a mixture of
thione and thiol forms, where heterocyclization certainly proceeds
through the thiol form. Experimentally, the reaction is a one-step
process, although it has been proposed that it is a sequence of at
least two successive reactions, where N-acylation and the addition
of the mercapto group to the double bond occur [5].

In the 1H spectrum at NMR of compound III, the protons H11A,
H11B and H12 show an ABX coupling system. The ABX spectra is
produced by a special type of three-spin system in which two non-
equivalent nuclei are strongly coupled and each of them is weakly
coupled to a third non-equivalent nuclei. In the spectrum of 1H
(between 5.50 and 3.30 ppm) the three quadruple signals
correspond to these non-equivalent protons. Peaks corresponding
to aromatic protons were appeared between 7.33 and 8.17 ppm.

The 13C NMR spectra show signals according to the structure of
compound III. The carbonyl signal (C10¼O) of the amidic group is
presented at 167.2 ppm, while aromatic carbon peaks occur be-
tween 118.5 and 151.1 ppm [5]. These variations are due to the
chemical environment and functional groups found near these
nuclei.
3.2. X-ray diffraction of compound III

Suitable crystals for compound IIIwere obtained from saturated
solution by slow evaporation of the solvent at room temperature.
The compound III crystallized in the monoclinic space group P21/c,
Fig. 1. The dimensions of the cell are as follows: a¼ 13.543 (1),
b¼ 5.827 (4), c¼ 18.022 (14) Å, V¼ 1358.97Å3 with four units per
asymmetric unit (Z¼ 4). The molecular structure was drawn with
50% probability level displacement ellipsoids, together with the
atomic numbering scheme is exhibited in Fig. 1. The anisotropic
refinement also showed the heterocyclic ring thiazine disordered
over two positions with a 50:50 occupancy (Fig. 2b), as is
commonly observed in flexible fragments containing cycloalkanes
functionalities. The angle between C2eS1eC12 of the thiazine ring
is 99.5�; the angle formed in S1eC2eN1 is 122.9� and that of
C2eN1eC10 is 127.9�. The distance SeC is 1.731 (C2eS1) and 1.798
(C12eS1) Å.

The thiazine ring is formed by 6 members that have an angular
tension in the carbon (C12) of 41.47� with respect to the plane
formed by the benzimidazole (Fig. 2), this angular tension produces
a decrease of the torsional tension so that the net result is a
decrease of the global energy), being this conformation 14.746 kcal/
mol more stable (Fig. 3).

Crystal data, data collection and structure refinement details are
summarized in Supplementary Material Table S1. The compound
(III) presents three non-covalent intra-molecular interactions with



Fig. 4. (a) The crystal packing diagram of (III) along the direction of the b plane. (b) A detailed view of the formation of the hydrogen-bonding motif and the pdp stacking
interactions.

Fig. 5. (a) Noncovalent interactions analysis of the 2-aryl-2,3-dihydro-4H- [1,3]thiazino [3,2-a]benzimidazol-4-one and (b) reduced density gradient (RDG) graph. The surfaces are
colored according to sign(l2)r over the range �0.05 to 0.05 a.u.

Fig. 6. Hirshfeld surface, shape index, and curvedness for the crystal structure.
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codes of symmetry that can be seen in Table 1. With distances and
angles C4/N3 of 3.478 Å (159.72�); C12/O1 of 3.293 Å (143.40�);
C11/C7 of 3.638 Å (168.23�) and C11/C8 of 3.718 Å (153.88�)
where C11 presents itself as a bifurcated donor (Fig. 4b). In addition,
interactions p$$$p between the imidazole and benzene rings are
observed in the dimerization of the compound and extends along b
plane (Fig. 4a).

The compound (III) presents an interesting structure, with



Fig. 7. Fingerprints plots of the total and specific intermolecular contacts of the crystal structure.
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conformational properties in the thiazine ring. As can be seen in the
structure of (III) the growth of the chain is given by non-classical
interactions extending along b axis.

3.3. Non-covalent interactions and Hirshfeld surface analysis

The fundamental problem in the study of a crystal is to
understand the role of strong and weak molecular interactions in
the crystal packing. The noncovalent interaction (NCI) index is a
successful tool to describe different type of interactions. In this
context, the reduced density gradient is plotted, and the sign(l2)
enables the identification of attractive or repulsive interactions
[15]. Fig. 5 shows the plot of the NCI of 2-aril-2,3-dihidro-4H- [1,3]
thiazino [3,2-a]benzimidazol-4-one. The strong attractive



Fig. 8. Contribution of intermolecular contacts to the Hirshfeld surface of the crystal structure.

Fig. 9. Potential molecular sites (a and b) where hydrogen transfer may occur.
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interaction is indicated in blue and the red color stands a strong
repulsive interaction. Additionally, weak interactions are high-
lighted by a green isosurface.

In the Fig. 5 shows predominant green areas, which correspond
a local intermolecular contact regions, specifically: 1) p$$$p in-
teractions between the benzene rings, 2) CH$$$p interactions be-
tween the benzimidazole system and the thiazine ring.
Furthermore, hydrogen-bonding and steric repulsion were also
found. With greater notoriety, steric clashes were located in the
benzene and the thiazine rings. Kitaigorodskii made one of the
arguments of the balance between attractions and repulsions be-
tween molecules in a crystal, referring to key-and-lockmechanism,
whereby the molecules tend to adapt a shape where the best
packing is favored.

Another tool used to analyze molecular crystalline structures
that has rapidly gained popularity is the Hirshfeld surface. In this
technique a weight function can be defined for a molecule in a
crystal. One of the most powerful applications of the Hirshfeld
surface is the identification of molecular contacts. Fig. 6 presents
the Hirshfeld surface, the shape index and the curvedness of the 2-
aryl-2,3-dihydro-4H- [1,3]thiazino [3,2-a]benzimidazole-4-one.
Mainly, shape index and curvedness identify characteristic packing
modes, planar stacking arrangements and the way neighboring
molecules contact each other. In the Fig. 6, the curvedness surfaces
show broad and relatively flat regions, characteristic of planar
stacking of molecules, over benzene and thiazine rings specifically.
The information of the Hirshfeld surface can translate in 2D

plots called fingerprints. The Hirshfeld surface is mapped over the
dnorm. In the fingerprints de represents the distance from the point
to the nearest nucleus external to the surface and di corresponds to
the distance to the nearest nucleus internal to the surface [30]. The
principal contacts in form of 2D fingerprints were interactions:
H/H, H/C/C/H, H/N/N/H, H/S/S/H, H/O/O/H, C/C that
are illustrated in Fig. 7 and their relative contributions to the
Hirshfeld surface are depicted in Fig. 8.

The major contribution to the total Hirshfeld surfaces analysis
was the H/H interactions (42.7%), which confirms the importance
of this bond in the stability of a crystal [16]. Another majority
contact was the H/C/C/H interaction (22.5%), that interaction
appear as two spikes with the same de þ di ~ 2.6 Å, the H/C/C/H
contacts corresponds to CH$$$p interactions [17].

The C/C interactions presents in the Hirshfeld surfaces repre-
sents p$$$p stacking arrangements with values dez di ~1.8 Å
(Fig. 7). Concerning the H/N/N/H contacts values of de þ di ~2.4 Å
was obtained and with respect to H/S/S/H interactions with a
contribution of 9% is the responsible of the Hirshfeld surface of the
crystal. Finally, another type of contacts contributes with only
10.3%.

3.4. Antioxidant activity

3.4.1. DPPH� method
The assay of DPPH� was carried out in triplicate and the inhi-

bition percentage was calculated using the following formula.

% inhibition ¼ AC � AS

AC
x 100

where, AC is absorbance of DPPH� alone, AS is absorbance of DPPH�

with the compound III.
The result of the antioxidant activity of the compound 2-aryl-

2,3-dihydro-4H- [1,3]thiazino [3,2-a]benzimidazole-4-one (III)
showed good values of % Inhibition (73%± 2.42), which compared
to the reference antioxidant trolox (70%± 0.35) indicates a high
antioxidant activity against DPPH� radical. In addition, compound



Fig. 10. Energy profile of the dehydrogenation reaction at DPPH� site a.

Fig. 11. Energy profile of the dehydrogenation reaction at DPPH� site b.
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III presented a value of 291± 7.6 mMol TE/L confirming the high
antioxidant activity.

The DPPH� radical can be reduced by two mechanisms:
Hydrogen Atom Transfer (HAT) and Electron Transfer (ET) [35].
There are differences of opinion among researchers about the
reduction mechanism of DPPH, some of them define it as a suitable
radical for the ET measurement method, while other authors
classify it for the HAT method. However, it is necessary to take into
account the structural characteristics of the antioxidant used [36].
In this assay of antioxidant activity of compound III, the HAT
mechanism can better explain the result obtained in inhibition
DPPH�.



Fig. 12. Spin density plot of the DPPH� optimized structure (a) and H function (b and c) for III. In (b) and (c) the two possible hydrogen transfer mechanisms are shown.

Scheme 2. Possible mechanism of the antioxidant activity of compound III in the DPPH� method.

Fig. 13. Spin density plot of the ABTS�þ optimized structure.
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In order to explain the antioxidant mechanism two sites in the
2-aril-2,3-dihidro-4H- [1,3] thiazino [3,2-a]benzimidazol-4-one
system were proposed where hydrogen transfer can be carried
out (Fig. 9).

In either case, there is a homolytic cleavage of the CeH bond,
where the hydrogen is transferred to the DPPH� radical and now the
donating molecule becomes the new radical. Evidently, one of the
mechanism proposed is mostly favored. With the purpose to un-
derstand, which mechanism is the most viable the reaction
coordinate of a and b was determined at a level B3LYP/D3BJ/6-
311G(d,p) (Figs. 10 and 11). It was observed that the two reactions
were endothermic and satisfy the Hammond postulate with
“product-like” TS [37].

According to the values of TS (96.631 and 42.414 kcal/mol for the
site of dehydrogenation a and b respectively) the most favored
mechanism occurs in site b. On the other hand, Fig. 12 shows the
spin density of the radical DPPH�, as can be seen the favored areas
where the electron disappeared is located resides in nitrogen of the
radical molecule, this supports the idea that the hydrogen transfer
of 2-aryl-2,3-dihydro-4H- [1,3]thiazino [3,2-a]benzimidazole-4-
one is oriented towards that area of DPPH�.

The possible mechanism of the antioxidant activity of III is
shown in Scheme 2 in where the hydrogen of position 12 is
transferred to stabilize the radical and form DPPH2. The conjuga-
tion of the charge can occur between the C12 of the thiazine ring
and the aromatic ring.

Recently, Pineda-Urbina et al., proposed a tool called H function,
which allows observation of electron density rearrangement after
the extraction of proton, in this study dehydrogenation was
analyzed. The results are presented in graphic form as isosurfaces,
where decrements in electron density are colored yellow and in-
crements in electron density are colored blue [38].

In order to determine the electron density reorganization in the
antioxidant molecule, how a stability measure, the H function was



Scheme 3. Possible mechanism of the antioxidant activity of compound III in the ABTS�þ method.
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determined (Fig. 12). The calculation was done for the two possible
dehydrogenation sites. In the case of a (Fig. 9) it was observed that
there is an increase in the electron density in the carbonyl zone,
while for b (Fig. 9) the implicated zones correspond to the sulphur
atom and the benzene ring. The possible resonant structures
(Scheme 2) are superior to comparison of a, where there is only
resonance between C11 and carbonyl, this supports the idea of the
favored reaction mechanism (Fig. 10).

3.4.2. ABTS�þ method
The percentage of inhibition in ABTS�þmethodwas calculated in

the same way as for the DPPH� assay. Compound III presented an
inhibition of 99%± 1.18 which compared to the reference antioxi-
dant ascorbic acid (98%± 0.34) indicates a high scavenging capacity
of the ABTS�þ, also presenting values of 30mg AAE/L.

In the Fig. 13 shows the spin density of the radical ABTS�þ, as can
be seen the favored areas where the electron disappeared is located
resides in nitrogen of the radical molecule, this supports the idea
that the hydrogen transfer of compound III is oriented towards that
area of ABTS�þ.

According to the reaction conditions for the formation of radical
cation, ABTS in its protoned (neutral) form was oxidized by po-
tassium persulphate, where there is the loss of a nitrogen electron
(Fig. 13) forming ABTS�þ. The possible mechanism of the antioxi-
dant activity of III versus ABTS�þ is shown in Scheme 3, which is
similar to that proposed for the DPPH� method.

4. Conclusions

The 2-aryl-2,3-dihydro-4H- [1,3]thiazino [3,2-a]benzimidazol-
4-one (III) has been synthesized and characterized by 1H NMR, 13C
NMR and mono-crystal X-ray diffraction. The compound crystal-
lized in a monoclinic crystal system with P21/C space group. The
thiazine ring is formed by 6 members that have angular tension in
the carbon (C12). The compound III has three non-covalent intra-
molecular interactions (C4/N3); (C12/O1); (C11/C7) and
(C11/C8) where C11 is a bifurcated donor. In addition, there are
interactions p-p between imidazole and benzene ring where the
dimerization of the compound extends along the b axis. The major
contribution to the total Hirshfeld surfaces was of the (H/H) in-
teractions. These interactions contribute to stabilization of the
crystal packing. The result of the antioxidant activity of compound
III showed percentage inhibition values like those shown by the
reference antioxidants, indicating good anti-radical activity. The
antioxidant mechanism for DPPH� and ABTS�þ is through HAT (H12)
where the conjugation of the charge can occur between the C12 of
the thiazine ring and the aromatic ring.
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