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Abstract—2-[(2-Sulfanyl-1H-benzo[d]imidazol-5-yl)iminomethyl]phenyl naphthalene-2-sulfonate was ob-
tained as a result of the reactions of 5-amino-2-sulfanylbenzimidazole with 2-(2-naphthylsulfonyloxy)benzalde-
hyde. The newly synthesized compound was characterized using IR, 'H and '*C NMR spectroscopy. Theoretical
investigations of the thione—thiol tautomerism of the molecule were performed using DFT/ B3LYP calculations
with the 6-311++G(d,p) basis set. The NMR chemical shifts were calculated by the gauge-invariant atomic orbital
(GIAO) method and compared with the experimental data. Additionally, the frontier molecular orbital (HOMO-
LUMO), MEP, and NLO analyses were performed for the optimized structure. The NLO analysis showed that the
thiol form of the molecule is more stable than the thione form and is a good non-linear optical compound.

Keywords: imines derivative, GIAO, MEP, HOMO, LUMO, NLO
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INTRODUCTION

Benzimidazoles occupy special place among bio-
logically active heterocyclic compounds. Benzimidazole
derivatives comprising a Schiff base moiety have shown
diverse biological activities, including antioxidant
[1-3], analgesic [4-6], anti-inflammatory [7-9], anti-
diabetic [10], antimicrobial [11-13], antitumor [14—
16], antihistamines [17, 18], antihypertensive [19-21],
antiviral [22-24], and antifungal [25-27]. Sulfur-
containing benzimidazole derivatives, specifically
2-sulfanylbenzimidazoles (2-SBI), have exhibited anti-
convulsant properties [28]. Therefore, organic chemists
synthesized a variety of functionally substituted
2-sulfanylbenzimidazoles [29].

Thus, we report the synthesis of anovel 2 {(2-sulfanyl-
1 H-benzo[d]imidazol-5-yl)iminomethyl}phenyl naph-
thalene-2-sulfonate (2-SBNS) and its quantum chemical
computations. To the best of our knowledge, the

synthesis and quantum-chemical investigation of the
2-SBNS compound was not reported.

RESULTS AND DISCUSSION

2-{(2-Sulfanyl-1H-benzo[d]imidazol-5-yl)iminome-
thyl}phenyl naphthalene-2-sulfonate (2-SBNS) was
synthesized as shown in Scheme 1. The first stage
involved the synthesis of 2-[(naphthalene-2-yl)sul-
fonyloxy]benzaldehyde (1) by the reaction of 2-hydro-
xybenzaldehyde with naphthalene-2-sulfonyl chloride.
At the second stage, compound 1 was reacted with
5-amino-2-sulfanylbenzimidazole (2) in acetic acid to
obtain the target 2-SBNS.

The structure of the synthesized compound suggested
its existence in the thiol and thione forms (Scheme 2).
Therefore, the theoretical investigation of 2-SBNS was
focused on the features of the thiol-thione tautomerism
of this compound.
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Molecular Geometry. The molecular geometry
features, such as the Mulliken atomic charges, bond
angles and bond lengths for the thiol and thione forms
of the optimized molecule (Fig. 1) were calculated using
the B3LYP functional in the DFT method with the
6-311++G(d,p) basis set [30-32] (Tables 1 and 2). The
longest in 2-SBNS is the S*~C!° bond (1.783/1.782 A
for the thiol and thione forms, respectively). Besides,
significant lengths are found for the N*-C!, N¥-C!,
CN*, C>-C3, C'-N*, and C:-N*: 1.377/1.378,
1.374/1.374,1.389/1.390, 1.410/1.403, 1.397/1.399, and
1.276/1.280 A, respectively (Table 1). The largest
bond angle is N*-C3-C* (132.295/132.935°) for the
thiol and thione forms, respectively (Table 1). The
theoretical calculations relate to the gas phase. As seen,
the calculated bond angles and lengths for the thiol and
thione forms have different values.
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The Mulliken atomic charge distributions were also
obtained. The electronegative N, S, and O atoms have
negative charges. The highest positive charges are on
C? in both forms: 1.187 (thiol) and 1.124 (thione). All
hydrogen atoms (H*>~-H*') have positive atomic charge
values (Table 2).

'H and '3C NMR chemical shifts. The experimental
and theoretical 'H and '*C NMR chemical shifts for
2-SBNS, calculated by the gauge invariant atomic
orbitals (GIAO) method [33] are listed and compared
in Table 3. In the experimental 'H NMR spectrum of
2-SBNS, the signal of the benzimidazole ring NH proton
appears at 12.56 ppm and the signal of the SH proton,
at 12.29 ppm. The calculated 'H NMR chemical shifts
of the benzimidazole ring NH proton signal are 9.78
(vacuum) and 9.63 (DMSO) ppm, and the calculated
"H NMR chemical shifts of the SH proton signal are
9.58 (vacuum) and 9.70 (DMSO) ppm. The aromatic
CH protons gives broad peaks at 6.73—8.11 ppm in the
experimental '"H NMR spectrum, and the calculated
chemical shifts for the signals of these protons are 7.46—
8.92 (vacuum) and 7.91-9.22 (DMSO) ppm.

The calculated '3C NMR chemical shifts range from
~ 170.0 to < 100.0 ppm (Table 3). The experimental
chemical shift of the C'=S?® carbon is 145.68 ppm. The
chemical shift values of C! atom bounded sulfur atom
(C'=S%?) have been calculated at 150.32 (vacuum) and
154.20 (DMSO) ppm, respectively. The calculated '*C
NMR chemical shifts of aromatic C atoms range from ~
160.0 to < 110.0 ppm (both vacuum and DMSO). The
calculated values for the imino C3=N carbon atom are
159.37 (vacuum) and 160.73 (DMSO) ppm, while the
esperimental value for this carbon atom 168.88 ppm. As
seen from Table 3, the calculated '3C NMR chemical
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Fig. 1. Optimized structure of 2-SBNS with atom numbering.

shifts of 2-SBNS are generally closer than 'H NMR
chemical shifts to experimental.

The following correlation equations were obtained
for the experimental and calculated '3C NMR chemi-
cal shifts: R? correlation coefficients are as follows:
8(exp) = 1.00885(calc) — 17.227, (R?> = 0.9231) in va-
cuum, 8(exp) = 1.10358(calc) — 19.777, (R? = 0.9254)
in DMSO. The respecive correlation coefficients for
the '"H NMR chemical shifts are as follows: 8(exp) =
2.13318(calc) — 9.8805, (R? = 0.5639) in vacuum,
S(exp) = 1.82838(calc) — 7.1391, (R? = 0.6238) in
DMSO. The fact that the correlations for the '"H NMR

KOTAN et al.

chemical shifts are much poorer than for the 3C NMR
chemical shifts (R? = 0.9231 and 0.9254 versus 0.5639
and 0.6238, respectively) can be explained by the acidity
of the benzimidazole NH and SH groups.

IR spectral analysis. Based on the optimized
geometries, we calculated the vibrational frequencies
by the Veda4 program [34]. The calculated harmonic
vibrational frequencies were multiplied by the scale
factor 0.9688 [35]. Table 4 compares the experimental
and calculated values. The bands calculated in the
measured region 4000400 cm™' arise from the N-H
and S—H stretching, methyl asymmetric and symmetric
stretching vibrations of 2-SBNS. The vibration
bands were assigned using the GaussView molecular
visualization program (Fig. 2) [36]. The theoretical and
experimental vibrational frequencies of 2-SBNS are
listed in Table 4. Most bands observed in the IR spectra
belong to both forms. The calculated frequencies for
these bands are 3067, 1557, 1369 cm™! for the thiol form
and 2987, 1559, 1376 cm™! for the thione form. The
vibration bands of the aromatic ring in the experimental
IR spectrum are observed at 2961, 1549 and 1373 cm ™.
The calculated values for the thione and thiol forms are
2987 and 3067 cm™!, respectively. The benzimidazole
S-H and C=N stretching modes are observed at
2863 and 1610 cm™" (experiment), and the respective
calculated values are 3006 and 1611 ¢cm™ (thiol) and

Table 1. Calculated bond lengths (A) and bond angles (deg) for the thiol and thione forms of 2-SBNS

Bond angles | Thiol form | Thione form || Bond angles | Thiol form | Thione form| Bond lengths | Thiol form | Thione form
N#2_CLN* 113.586 104.536 || O¥-S!1-C'5 | 96.980 97.040 C'-N# 1.377 1.378
N#2_Cl-§% 120.368 127.495 | O%-S¥-C5 | 110.104 110.111 Cl-N* 1.374 1.374
Cl-s#¥-_p#! 93.110 - 0Y-8%¥-C! | 110.084 110.344 Cl-s% 1.766 1.664
Cl-N®-C? 104.874 111.417 S¥-CI-C!6 | 118.690 118.735 S¥8-_HH 1.346 -
N#2-C3-C? 104.434 105.701 S¥-CB-C* | 118.916 118.840 N#2-H?» 1.007 1.007
N+2-C3-¢c# 132.295 132.935 | CS-C'-H3*| 120.337 120.362 N#2-C3 1.389 1.390
c-ctc? 116.258 116.899 | C'5-C'-C'7 | 119.520 119.506 -3 1.410 1.403
H»-N#2-C3 126.764 - H3*-C'-C!7 | 120.140 120.130 c-c4 1.392 1.389
C3-C4-H?¢ 122.248 121.757 || C'-CV-C"® | 121.771 121.772 C*-H?* 1.083 1.082
H26-C4-C3 121.490 121.337 || C'*-C7-C?? | 119.007 118.993 c-C3 1.392 1.398
CH-C3-C* 121.777 121.971 Cl7-C22-C% | 119.112 119.130 C-HY 1.084 1.083
C+-C3-H?” 119.291 119.039 || C?2-C>-H* | 118.906 118.904 Cc>-c* 1.402 1.396
H?"-C3-C*¢ 118.928 118.982 || H3*-C»-C?* | 119.897 119.888 Co-H% 1.083 1.083
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Table 1. (Contd.)

Bond angles | Thiol form | Thione form || Bond angles | Thiol form | Thione form| Bond lengths | Thiol form | Thione form
C-Co-H? | 119435 119.514 || CH-C**-H* | 121.371 121.332 co-C’7 1.402 1.407
c-Co-C7 121.873 121.971 | H¥-C*-C" | 119.853 119.926 C7-N# 1.397 1.399
H28-C6-C7 | 118.634 118.982 | C'7-C"¥-H3 | 118.895 118.918 C8-N# 1.276 1.280
co-C7-C? 117.019 116.217 | C'7-C8-C" | 120.550 120.539 C8-H% 1.092 1.090
cx-c3-ct 123.271 121.362 || H3-C'3-C" | 120.556 120.543 cs-c? 1.469 1.465
C7-N#2-C¥ | 119.802 119.924 | C'¥-C"-C?° | 120.290 120.285 co-C0 1.404 1.404
N¥-C8-H? | 121.874 121.790 || C"-C*-C?' | 120.523 120.536 Cl0-H30 1.083 1.404
N#-C8-C% | 121.492 121.861 CH-C2-C% | 120.687 120.679 ctoct 1.387 1.386
c3-C%-C'° | 121.064 121.414 || CY7-C%2-C?' | 118.730 118.726 cl-pg3! 1.083 1.082
c8-Co-C™ | 121.329 120.987 || H3¢-C"-C2° | 119.598 119.601 cll-c? 1.397 1.386
co-cto-c | 121.005 121.068 || C-C*-H37 | 119.501 119.493 Cl2-H3? 1.083 1.083
CO-C'-H3% | 117.664 117.903 || H37-C*-C?! | 119.976 119.972 cl2c® 1.390 1.397
H3O-Clo-C!' | 121.331 121.028 | C*-C?-H3® | 120.416 120.403 CB-H3* 1.081 1.083
Cl-C'H3" | 119.854 119.892 | H3¥-C?'-C?? | 118.897 119.972 ch-c4 1.391 1.390
clo-c'-—C? | 120.153 120.090 c*-o% 1.404 1.401
cl-c2-CB | 120.053 120.089 0o+-s% 1.680 1.684
H3-C'-C!2 | 119.993 120.018 0%-8% 1.455 1.456
C'-C"2-H32 | 120.310 120.271 S¥-0¥ 1.454 1.454
H32-C'2-CB | 119.636 119.640 N Ol 1.783 1.782
C2-CB-H3* | 121513 121.453 ch-!e 1.372 1.372
Ccl2-CcB-C" | 119.209 119.297 Clo-p3 1.083 1.083
H3-CB-C" | 119.276 119.250 cle-cl” 1.417 1.417
CH*-0O%-8% | 118.526 118.893 cl7-cs 1.419 1.419
0%-8%-0% | 108.150 107.806 Ccl7-c? 1.431 1.431
0%-8%-0% | 108.285 108.188 c2-c» 1.421 1.418
0%-8%-0% | 120.597 120.682 CB-H¥ 1.084 1.084
cBc 1.371 1.421
CH-H* 1.082 1.084
Cl8-pH3 1.084 1.082
cicr 1.373 1.373
C1o-H36 1.083 1.083
clo-c? 1.414 1.414
C20-H37 1.084 1.084
cx-¢c 1.374 1.374
C?-H* 1.084 1.084
c?c? 1.418 1.418
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Table 2. Calculated Mulliken atomic charges for 2-SBNS

KOTAN et al.

Atom Thiol form, DFT Thione form, DFT Atom Thiol form, DFT Thione form, DFT
C! 0.462 0.336 H? 0.174 0.178
C? 0.017 —0.034 H?6 0.186 0.100
c? 0.282 0.214 H? 0.135 0.138
ct —0.423 —0.340 H?8 0.217 0.193
C? 0.381 -0.320 H? 0.175 0.185
Ct —0.194 -0.174 H3 0.179 0.181
C’ —-0.007 0.265 H3! 0.195 0.188
c8 —0.431 —0.364 H3? 0.169 0.164
(0 1.187 1.124 H3 0.134 0.138
c'o -0.532 —0.158 H3 0.178 0.178
cht —0.549 —0.015 H? 0.175 0.177
c? —0.254 -0.229 H3¢ 0.132 0.133
ch —0.075 —0.578 H37 0.154 0.157
c —-0.039 —-0.520 H38 0.215 0.215
ch —0.451 —0.402 H* 0.097 0.337
C'e -0.121 -0.116 N#2 —0.188 —0.194
cv 0.140 -0.116 N+ —0.047 —0.162
c® —0.168 0.169 N# 0.252 0.153
cr —0.301 —0.290 o® 0.104 0.096
c20 —-0.167 -0.171 0% —0.013 —0.014
c?! -0.136 -0.137 oY —0.009 —0.015
c® 0.328 0.305 S48 —0.489 —0.525
c 0.239 -0.222 S# -0.574 -0.712
c* 0.032 0.018

2610 and 1611 cm™' (thione). Two weak bands at 1275
and 1043 cm™' in the experimental spectrum were
assigned to S=O and S—O vibrations. The calculated
R? results of 2-SBNS have been 0.9991 for thiol and
0.9921 for thione form. R? correlation coefficients are as
follows: 8(exp) = 0.94005(calc) + 51.433, (R?=10.9991)
for thiol, 8(exp) = 0.98535(calc) + 20.555 (R =0.9921)
for thione. The experimental and calculated harmonic
vibrational frequencies of 2-SBNS were found a linear
correlation.

HOMO-LUMO analysis. Frontier molecular
orbitals (HOMO and LUMO) relate to kinetic stability,

electronic transitions, and electric and optical properties
[37]. The energy difference between the LUMO and
HOMO is termed the HOMO-LUMO gap (AEg). The
AEg values of 2-SBNS calculated by using the B3LYP
functional in the DFT method with the 6-311++G(d,p)
basis set for the thiol and thione forms are 3.5918 and
3.167 eV, respectively (Fig. 3). The figure shows the
HOMO and LUMO surfaces for 2-SBNS. As seen, in
the LUMO, electrons are mainly delocalized on the
sulfonyloxy group and the naphthalene ring, whereas in
the HOMO, along with the sulfonyloxy group and the
naphthalene ring, electrons are also delocalized on the
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Table 3. Experimental (DMSO-d;) and calculated 'H and '3C NMR isotropic chemical shifts (5, ppm) for 2-SBNS
Atom | Exp-* (vg;l;:n) Eﬁfcui?fﬁ (Dclxilgb) E()S)M(s:?)l§ |[Atom | Exp. (Vgczﬂfl;n) E:Ecui?rls (Dclj\?llscb) ]E()S)M(S:?)l)c '

C! | 145.68 150.32 —4.64 154.2 —8.52 H> |12.56 9.78 2.78 9.63 2.93
C? |135.12 145.13 —10.01 144.12 -9.00 H?*® | 6.73 7.76 -1.03 7.42 —0.69
C3 | 132.63 141.73 -9.10 142.64 —-10.01 H? | 6.77 8.02 -1.25 7.52 -0.75
C* 1101.60 | 108.29 —6.69 111.36 -9.76 H? | 7.03 8.03 —-1.00 7.34 -0.31
> 122,19 127.44 -5.25 128 -5.81 H?> | 8.57 8.81 -0.24 9.22 —0.65
C® 1109.86 114.76 -4.90 114.47 —4.61 H3 | 8.11 8.72 —-0.61 8.94 -0.83
C7 | 148.85 151.87 -3.02 149.88 -1.03 H3! | 7.47 8.30 —0.83 7.83 -0.36
C? |168.88 159.37 9.51 160.73 8.15 H3? | 7.57 8.33 -0.76 7.93 -0.36
C® | 131.24 138.55 -7.31 137.5 -6.26 H» | 725 7.46 -0.21 7.91 —0.66
Cl0 115233 156.42 —4.09 156.27 -3.94 H* | 8.32 8.61 -0.29 9.01 —0.69
C'l | 127.64 130.17 -2.53 133.04 —5.40 H3 | 8.05 8.95 -0.90 8.43 -0.38
C'?2 | 130.26 135.99 -5.73 138.3 -8.04 H3¢ | 7.62 7.47 0.15 7.98 -0.36
Cc3 112783 131.71 -3.88 130.80 -2.97 H¥ | 7.71 8.51 —-0.80 8.05 -0.34
Cc'* | 128.07 134.13 —6.06 132.90 -4.83 H3® | 7.80 8.78 —0.98 8.31 -0.51
C 13285 143.98 -11.13 142.43 -9.58 H* | 7.96 8.85 —0.89 8.44 —0.48
C'® 1129.05 134.74 -5.69 135.11 —6.06 H* | 8.11 8.92 —-0.81 9.22 -1.11
C!7 1130.82 136.69 -5.87 136.39 -5.57 H* |12.59 9.58 3.01 9.70 2.89
C!8 1130.11 135.39 -5.28 135.79 —5.68

C 112790 | 132.12 —4.22 133.44 -5.54

C?0 12951 134.98 -5.47 136.69 —7.18

C?l 1 127.64 | 131.66 -4.02 132.26 —4.62

C?? | 131.43 139.84 -8.41 140.15 -8.72

C? 112794 | 133.50 -5.56 135.07 -7.13

c** | 123.61 127.40 -3.79 125.86 -2.25

? Here and hereinafter: (Exp.) experimental and (Calc.) calculated values.

benzimidazole ring. The thione form is lower in energy
compared to the thiol form, and, therefore, is more
stable. By using LUMO-HOMO, we also calculated the
softness (S), ionization potential (/), electronegativity
(%), chemical potential (P;), global hardness (1)), electron
affinity (4), nucleophilic index (/P), chemical potential
(n) and electrophilic index (o) for 2-SBNS (Table 5).

Thermodynamics properties. Thermodynamic
parameters were calculated by the DFT/B3LYP/6-
311G++(d,p) method for a pressure of 1 atm and a

temperature of 298.150 K. The calculated translational,
rotational, vibrational, entropy and enthalpy parameters.
The calculated thermal energy (F), entropy (S) and
heat capacity (Cy) are 242.073/244.433 kcal/mol;
188.256/185.356; 104.630/103.612 cal mol™' K for the
thione and thiol forms, respectively (Table 6).

The calculated zero-point vibration energies (ZPVE)
were 225.245717 and 227.98331 kcal/mol for the thiol
and thione forms, respectively.
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Table 4. Principal experimental and calculated IR frequencies for 2-SBNS (cm™)

Vibrational modes (PED, %)? Exp. Thiol form (scaled B3LYP) | Thione form (scaled B3LYP)
T CCCC(14), v CC(39) 623 620 621
T SNNC(30), T CNCN(29) 659 648 657
T CCCC(12), Tt CNCN(12), t CCCN(11) 775 762 767
T CCCC(18), 1 CNCC(13) 814 817 815
8 CCC(11), t HCNC(13) 847 848 843
T CNNC(29) 870 869 869
T HCCC(32) 973 976 970
v SO(23), v CC(18), 6 HCC(15) 1043 1050 1044
v OC(10), 8 CCC(14) 1079 1075 1074
v CC(11), v OC(17),  HCC(23) 1163 1184 1152
v SO(85) 1275 1289 1273
v CC (13), vNC(17),  HNC(21) 1373 1369 1376
v CC(28), 6 HCC(11) 1549 1557 1559
v NC(29), 6 HCC(15) 1610 1611 1611
v SH(100) 2863 3006 2610
v CH(59) 2961 3067 2987
v NH(100) 3333 3551 3544

2 Vibrational modes: (v) stretching, () in-plane bending, (t) torsion and (y) out-of-plane bending.

Non-linear optics analysis. Non-linear optics
plays a large role due to potential applications in
the future of various processes such as photonic
technologies, switching, interconnections, computing,
telecommunications, modulation, information pro-
cessing, signal processing, sensor protection, data
storage within information technologies, dynamic
image processing, optical industrial, micro- and opto-

Transmittance, %

Wavenumber, cm™

Fig. 2. Experimental and theoretical (1) IR spectra of the
thione (2) and thiol (3) forms of 2-SBNSx

electronic device designs, since non-linear media can
change characteristic features, such as frequency,
amplitude, direction, or incident light polarization [38].
In this connection, high interest in low-cost and high-
performance non-linear optical (NLO) compounds has
become a popular research topic in recent years. The
NLO analysis of synthesized novel compounds provides
a basis for the subsequent experimental research. The
presence of extended conjugated n-bond and delocalized
n-electron systems in any chemical compound enhance
the NLO properties of the compound.

The aforesaid prompted us to perform an NLO
analysis of the title compound. For the thione and thiol
forms of the compound we calculated, at the B3LYP/6-
311++G(d,p) level of theory in the gas phase, the x, y,
and z components of the static dipole moment (), static
polarizability (o) and static first-order hyperpolarizabi-

lity (B) [39].

The resulting static P, O, A, and B, values
are summarized in Table 7. Judging from these values,
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Table 5. Electronic structure parameters for the thiol and
thione forms of 2-SBNS

Thiol form,
Hartree/eV

Thione form,
Hartree/eV

LUMO
HOMO

—0.08111/-2.20706
—0.21311/-5.79887
0.08111/2.20706
0.21311/5.79887
0.132/3.59181
0.14711/4.00297
—0.14711/-4.00297
0.000714165/0.01943
—0.00970926/-0.2642
15.1515/412.283
0.066/1.79591

—0.08914/-2.42556
—0.20551/-5.59207
0.08914/2.42556
0.20551/5.59207
0.11637/3.16651
0.147325/4.00882
—0.147325/-4.00882
0.000631443/0.01718
—0.00857211/-0.23325
17.1866/467.658
0.058185/1.58325

Thiol form

1989

the thione form has a better the NLO profile than the
thiol form. Generally, urea is used as a reference in
theoretical NLO studies [40]. The static o,y,, Aa, and
By parameters calculated for urea at the B3LYP/6-
311++G(d,p) level are 5.0480 x 10724,2.0366 x 1024, and
7.8782 x 1073! esu, respectively [38]. Comparing with
respective calculated values for 2-SBNS, we can see
that the static o, Ao and B, of the latter are about
11.83, 17.35 and 37.43 times (thione form) and 11.35,
15.62 and 20.16 times (thiol form) higher than those of
urea. The results suggest that the title compound holds
promise for NLO applications.

When viewed energetically, the thione form
(—2111.4525 Hartree) has a lower energy than the thiol
form (—2111.4265 Hartree). These results may indicate
that the molecule prefers the thione form.

Surface and contour maps. The molecular
electrostatic potential (MEP) analysis is a reliable
method to investigate the chemical reactivity of a

Thione form

E, oo = —2.207 eV
AEg=3.5918 eV
Epono = —5.799 €V

E, oo = 2425 eV
AEg=3.167 eV
Epono = —5.592 eV

Fig. 3. LUMO and HOMO surfaces for the thiol and thione forms of 2-SBNS: (burgundy clouds) negative charges and (green clouds)
positive charges
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Table 6. Calculated thermodynamic parameters of the thiol and thione forms of 2-SBNS

Rotational temperatures, K Thiol form Thione form
A 0.00723 0.00764
B 0.00316 0.00299
C 0.00242 0.00234

Rotational constants, GHz

A 0.15065 0.15915
B 0.06593 0.06224
C 0.05041 0.04882

Thermal Energies £, kcal/mol

Translational 0.889 0.889
Rotational 0.889 0.889
Vibrational 240.296 242.655
Total 242.073 244.433

Thermal Capacity Cy, cal mol™' K

Translational 2.981 2.981
Rotational 2.981 2.981
Vibrational 98.668 97.351
Total 104.630 103.312

Entropy S, cal mol™! K

Translational 44.261 44.261
Rotational 37.704 37.739
Vibrational 106.290 103.356
Total 188.256 185.356
Zero-point correction, Hartree/particle 0.358952 0.363315
Thermal correction to energy 0.385769 0.389528
Thermal correction to enthalpy 0.386713 0.390472
Thermal correction to Gibbs free energy 0.297266 0.302404
Sum of electronic and zero-point energies —2111.067532 —2111.089231
Sum of electronic and thermal energies —2111.040715 —2111.063017
Sum of electronic and thermal enthalpies —2111.039771 —2111.062073
Sum of electronic and thermal free energies —2111.129217 —2111.150142
Zero-point vibration energy, kcal/mol 225.24571 227.98331
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Table 7. Total energy, static dipole moment and static polarizability values for 2-SBNS

Parameters Thiol form Thione form
E a1 » Hartree -2111.42648381 —2111.45254542
Wiotal » DebYE 2.2610 3.2491

57.2953 x 10724

59.7192 x 10724

Ogotal> ESU
Ao, esu 31.8211 x 10724 35.3435 x 107
By, esu 158.8511 x 107! 294.8587 x 107!
molecular system, electrophilic and nucleophilic  electrostatic potential, and the green color represents a

regions. The MEP analysis was carried using B3LYP
functional and 6-311++G(d,p) basis set in which the
chk file of the optimized structure was used. The MEP
surface of the title compound is shown in Fig. 4. The
different colors on the MEP surface relate to different
electrostatic potentials: the red color represents anegative
electrostatic potential, the blue color shows a positive

Total density

Electron Density

relatively low positive electrostatic potential. The most
negative area on the MEP sufrace falls on the N*2, N*3,
N#, 0%, 0%, 07, S*8 S atoms, implying that these
are the most suitable regions for electrophilic attack. On
the other hand, the most positive area is localized around

the N—H bond of the benzimidazole ring, therefore,

Electron Potantial

Fig. 4. Calculated molecular surfaces of 2-SBNS.
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this region is the most susceptible to nucleophilic
attack.

EXPERIMENTAL

Chemical reagents were purchased from Merck AG,
Aldrich, and Fluka. The melting point was determined
in open capillary tubes on an Electrothermal melting
point apparatus and were uncorrected. The IR spectrum
was obtained on a Perkin-Elmer Spectrum One FTIR
spectrophotometer. The 'H and '3C NMR spectra were
recorded on a Bruker Ultrashield spectrometer at 400
and 100 MHz, respectively, for DMSO-d, solutions,
internal reference TMS.

Synthesis of 2-[(2-sulfanyl-1H-benzo|d]imidazol-
5-yl)iminomethyl]phenyl naphthalene-2-sulfonate. A
solution of 3.12 g (0.01 mol) of 2-[(naphthalene-2-yl)-
sulfonyloxy] in 20 mL of acetic acid was treated with
1.65 g (0.01 mol) of 5-amino-2-sulfanylbenzimidazole.
The mixture was refluxed for 2 h, cooled to room
temperature, and evaporated at 50-55°C in a vacuum.
Several recrystallizations of the residue from ethanol
gave a pure target product. Yield 4.50 g (98%), yellow
crystals, mp 124°C. IR spectrum (KBr), v, cm
3333 (NH), 1610 (C=N), 1275-1043 (SO,). 'H NMR
spectrum, o, ppm: 6.73 d (1H,, J 8.3 Hz), 6.77 s
(1H,om)> 7.03 d (1H,0ms J 8.4 Hz), 7.25 d (1H,0m»
J 8.3 Hz), 7.47 t (1Hyom, J 7.6 Hz), 7.57 t (1H 00 J
8.1 Hz), 7.62 t (1H,.oy J 8.1 Hz), 7.71 t (1H,0m, J
8.2 Hz), 7.80 d (1H ., J 8.7 Hz), 7.96 d (1H,,opn, J
8.1 Hz), 8.05 d (1H,,, J 7.8 Hz), 8.11 d 2H, oy J/
8.6 Hz), 8.32 s (1H,,0m), 8.57 s (1H, N=CH), 12.56 s
(1H,NH), 12.59 s (1H, SH). '3C NMR spectrum, 5, ppm:
101.60, 109.86, 116.08, 122.19, 123.61, 127.64, 127.83,
127.90, 127.94, 128.02, 128.07, 129.05, 129.51,
129.94, 130.11, 130.26, 130.82, 131.24, 131.43, 132.63,
132.85, 135.12, 145.68, 148.85, 168.88 (C,.om)> 152.33
(N=CH).

Quantum-chemical calculations. The molecular
geometries (bond angles, bond lengths) were optimized,
and the MEP graphs, HOMO and LUMO energies,
FMO densities, thermodynamic and electronic pro-
perties were calculated, and NLO analysis was
performed by the DFT/B3LYP/6-311G++(d,p) method
using Gaussian 09W software [30-32]. The 'H and
13C NMR chemical shifts were calculated by the gauge
independent atomic orbital (GIAQO) approach [33]. The
VEDA4 software [34] was used to calculate harmonic
vibration frequencies, which were then scaled [35].

KOTAN et al.

The calculated results were obtained immersive via the
GaussView 5.0 program [36].

CONCLUSIONS

In this work, a novel 2-[(2-sulfanyl-1H-benzo[d]-
imidazol-5-yl)iminomethyl]phenyl naphthalene-2-sul-
fonate (2-SBNS) was synthesized, and the geometric,
spectroscopic, and electronic parameters for the thiol
and thione forms of this compound were calculated by
the DFT/ B3LYP/6-311G++(d,p) method. The 'H and
13C NMR parameters calculated for the gas phase and
DMSO solutions were found to be excellent agreement
with the experimental data. Among the calculated IR
vibration frequencies, no negative values were found,
which showed that the molecule is stable. The vibration
frequencies obtained for the thiol and thione forms of
the molecule differ from each other and are close to
experimental data. Three-dimensional images of the
HOMO and LUMO were drawn. The HOMO-LUMO
energy gaps for the thiol and thione forms are small and
close to each other (3.5918 and 3.1672 eV, respectively).
The HOMO and LUMO energies were used to calculate
the electronic parameters of 2-SBNS. The NLO analysis
showed that the thiol form of the molecule is more
stable than the thione form and is a good non-linear
optical compound. Finally, the MEP map was created,
where the electrophilic and nucleophilic regions of the
molecule are easily identified.
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