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Abstract. The results of the DFT and MP2 theoretical investigation of 2-(pyridin-2-yl)-
1H-benzimidazole intramolecular dynamics are presented. The structural parameters of 2-(pyridin-
2-yl)-1H-benzimidazole conformers were obtained by these methods; barriers of internal rotation
were estimated. GIAO-calculated NMR chemical shifts ('H and '3C) as obtained at various
computational levels are reported for the 2-(pyridin-2-yl)-1H-benzimidazole conformers. The
comparative analysis of experimental and computer NMR spectroscopy results revealed that
the GIAO method with B3LYP/6-31G(d,p) level of theory and the PCM approach can be used
to estimate the NMR 'H and "*C spectra parameters of the 2-(pyridin-2-yl)-1H-benzimidazole.

Key words: intramolecular dynamics, 2-(pyridin-2-yl)-1H-benzimidazole, chemical shift,
magnetic shielding constant, GIAO, molecular modeling.

Introduction

Benzimidazole derivatives are promising
leading compounds in the design of substances
with antimicrobial, antiviral and anticancer activity
[16]. Introduction of pyridine fragment to the
benzimidazole structure provides additional
coordination center and offers opportunities to
create new biomimetic catalytic and sensor
systems. 2-(pyridin-2-yl)-1H-benzimidazole (PBI)
is a very versatile multidonor ligand displaying
three potential donor atoms, one sp*- and two sp*-
hybridized N-donors, and is particularly interesting
in view of its own pharmacological properties as
an antibacterial [ 12] and anti-inflammatory agent
[15]. PBI is a key structural element in the design
of the allosteric activators of glucokinase [6], PBI
and other benzimidazole 2-aryl derivatives show
high anticancer activity [13]. PBI complexes with
Pd (II) are effective catalysts for the Heck
reaction [6], in the case of Co (II) complexes are
sensors for the amino acids determination in
aqueous media. Neutral and cationic mono- and
dinuclear Au(I)/Au(Ill) complexes derived from
PBI show antitumor properties [3]. PBI and its
derivatives have interesting photochemical and
photophysical properties [5]. This provides PBI
using as a model compound for the determination
of water content and proton transfer processes
investigations in membrane fuel cells [5; 7-9].

The efficiency and selectivity of these systems
will depend on the conformational properties of the
piridynil as well as benzimidazole fragments. The
intramolecular dynamics of the PBI was
investigated experimentally by NMR 'H and *C
spectroscopy [18]. The aim of this work is a
comprehensive study of the PBI intramolecular
dynamics as well as its NMR 'H and *C spectra
by DFT and MP2 methods.

Experimental

PBI was obtained as reported elsewhere [14].
'H and 1*C spectra were recorded in DMSO-d, on
400/100 MHz NMR spectrometer (Bruker Avance
[1 400) and chemical shifts values (8) are given in
parts per million relative to tetramethylsilane (TMS).
Solvent, DMSO-d, was Sigma-Aldrich reagent and
was used without additional purification.

Molecular geometry and electronic structure
parameters, thermodynamic characteristics of the 2-
(pyridin-2-yl)-1H-benzimidazole conformers were
calculated using the Gaussian 09 [4] software
package. Geometric parameters, harmonic vibrational
frequencies, and the vibrational contribution to the
zero-point vibrational energy were determined after
full geometry optimization in the framework of B3LYP/
6-31G and B3LYP/6-311G(d,p) density functional
calculations as well as MP2/6-31G ones. The optimized
geometric parameters were used for total electronic
energy calculations by the B3LYP/6-31G, B3LYP/6-
311G(d,p), and MP2/6-31G methods. The 6-31G basis
set was used in this work because it has a low
computational cost. The B3LYP/6-311G(d,p) method
was used to elucidate the effect of basis set extension
on the results of calculations.

Fig. 1 presents PBI molecule atom numbering
used for geometric and 'H and '*C NMR spectra
parameters.

The magnetic shielding tensors (y, ppm) for 'H
and 13C nuclei of the PBI conformers were calculated
with the MP2/6-31G(d,p) and MP2/6-31G(d,p)/PCM
optimized geometries by standard GIAO (Gauge-
Independent Atomic Orbital) approach [17]. The
calculated magnetic isotropic shielding tensors,
were transformed to chemical shifts relative to TMS,
S, by 6. = 7, o~ X where both, ¥ of and y,, were
taken from calculations at the same computational
level. The solvent effect was considered in the PCM
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Fig. 1. Atom-labeling scheme of PBI molecule

approximation [2; 11]. ¢ values for magnetically
equivalent nuclei were averaged.

Inspecting the overall agreement between
experimental and theoretical spectra RMS errors
(o) were used to consider the quality of the 'H and
BC nuclei chemical shifts calculations. Correlation
coefficients (R) were calculated to estimate the
agreement between spectral patterns and trends.

Results and Discussions

Conformers and rotational barriers

The potential energy pathway for internal
rotation in PBI molecule was estimated by
optimizing the molecular geometries with different
dihedral angle between the two aromatic planes.
The barriers to internal rotation were calculated
within the framework of B3LYP/6-31G, B3LYP/
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6-311G(d,p), MP2/6-31G and MP2/6-311G(d,p)
methods. The dependence of the potential energy
on the dihedral angle (Fig. 2) was determined by
scanning the dihedral angle N(1)-C(7)-C(8)-C(9)
(used as internal rotation coordinate ®) from 0 to
360° with an increment of 15° and geometry
optimization in each step. Rotation was performed
sequentially about the C(7)-C(8) bond. At each
energy minimum, the molecular geometry was fully
optimized. The analysis of vibrational frequency
was also performed at the same level of theory,
and the calculation results revealed that the PBI
conformers have no imaginary frequency.

The internal dynamics curves of the pyridinyl
moiety around C(7)-C(8) bond in PBI molecule
obtained within B3LYP/6-31G and MP2/6-31G
methods are presented in Fig. 2. There are three
minima on these curves. Configurations of PBI
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Fig. 2. Conformational energy vs. dihedral angle plots for internal rotation about the C(7)-C(8) bond
in PBI molecule and the equilibrium configurations of the PBI conformers (B3LYP/6-31G method).
The conformational energies were calculated as the total electronic energy differences
between a conformer with the current value of ® and the most stable conformer
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molecule with ® value of 0° and 360° are identical.
Minima on the curve corresponded to ® value of
157.7° and 202.6° (B3LYP method) as well as 135.8°
and ® = 224.1° (MP2 method) are of the same
energy, and are characterized by the same value of
dipole moment (Table 1). The equilibrium structures
of the PBI conformers are shown in Fig, 2. Relative
electronic energies of them are listed in Table 1 and
indicate that conformer 1 dominate at room

temperature wheares the content of conformers 2
and 3 is low. Fig. 3 presents the visualization of HOMO
and LUMO for BIP conformers (Table 2).
Experimentally obtained activation free energy
for the interconversion between the PBI unequally
populated rotamers as reported in [18] are 63.3 kJ/
mol (NMR 'H data) and 59.4 kJ/mol (NMR '3C data).
Thus rotation barriers obtained within B3LY P method
are in reasonable agreement with experimental data.

Table 1
PBI conformers parameters
Parameter B3LYP/6-31G MP2/6-31G
1 2 3 1 2 3
AE, K] - mol” 0 47.55 47.55 0 41.78 41.78
0, deg 0.0 157.7 202.6 0.0 135.8 224.1
u,D 2.451 5.147 5.147 2.929 5.533 5.533
C(7)-C(8), A 1.455 1.465 1.465 1.464 1.473 1.473
C(7)-N(1), A 1.332 1.328 1.328 1.354 1.349 1.349
C(7)-N@), A 1.385 1.402 1.402 1.395 1.409 1.409
C(8)-N(3), A 1.359 1.356 1.356 1.376 1.376 1.376
C(11)-N(3), A 1.348 1.346 1.346 1.369 1.369 1.369
C(8)-C(9), A 1.403 | 1.408 1.408 1.414 1416 1.416
C(9)-C(10), A 1.395 1.397 1.397 1.407 1.409 1.410
C(9)-H(6), A 1.083 1.085 1.085 1.089 1.092 1.092
C(3)-N(1), A 1.399 1.399 1.399 1.417 1.419 1.420
C(5)-N(2), A 1.387 1.390 1.390 1.397 1.401 1.401
C(3)-C(5), A 1.426 | 1422 1.422 1.435 1.431 1.431
C(1)-C(3), A 1.401 | 1.401 1.401 1.415 1414 1.415
C(5)-C(6), A 1399 | 1399 1.399 1.415 1414 1.414
N(2)-H(5), A 1.008 1.006 1.006 1.013 1.012 1.012
C(1)-H(1), A 1.084 1.084 1.083 1.090 1.090 1.090
C(2)-C(4), A 1415 | 1415 1414 1.431 1.430 1.430
N(D-C(7)-C(8) | 1265 | 126.3 126.3 126.1 126.3 126.3
C(7)-C(8)-C(9) | 121.5 | 1214 1214 1215 120.7 120.7
C(7)-C(8)N@3) | 1159 | 1169 117.0 115.4 116.7 116.7
C(8)-NG3)-C(11) | 1182 | 1185 1184 117.4 117.3 117.3
N(D-C(7)-N@2) | 112.6 | 111.8 111.8 112.7 112.2 112.2
C(7)-NQ)-C5) | 1074 | 1074 107.4 107.5 107.5 107.5
C(3)-N(1)-C(7) | 1051 | 1057 105.7 1043 104.7 104.7
N(D-C3)-C(5) | 109.9 | 110.2 110.2 110.3 110.6 110.6
C(3)-C(5)-C(6) 121.9 122.1 122.1 122.0 122.2 122.2
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Fig. 3. HOMO and LUMO of the PBI conformers (B3LYP/6-311G(d,p) method)

36

Molecular Modeling of the 2-(Pyridin-2-yl)-1h-Benzimidazole Intramolecular Dynamics



TEXHUKO-TEXHOJOI'MYECKUE MHHOBALIUU

Table 2
PBI rotational barriers values
B3LYP MP2
Parameter 631G 6-311G(d, p) 631G 6-311G(d, p)
AE;| -, kJ - mol” 57.24 50.14 44.50 44.86
AE; .3, kJ -mol”! 0.67 1.30 7.44 4.24
AE; 1, kJ -mol” 9.69 8.24 272 4.51

NMR 'H and 3C chemical shifts

For the identified conformers of PBI molecule
'H and 3C chemical shifts were estimated. Only
two conformers (1 and 2) were considered. The
MP2/6-31G(d,p) and MP2/6-31G(d,p)/PCM as
well as B3LYP/6-31G(d,p) and B3LYP/6-31G(d,p)/
PCM optimized geometries were used for magnetic
shielding tensors calculation by standard GIAO
method. The chemical shifts of PBI at different
computational levels are listed in Table 3 along with
the corresponding experimental solution data.

Concerning the spectral patterns of protons
and carbons, inspection of Table 3 reveals the
following features. The patterns of 'H and '*C
spectra of BIP are correctly reproduced at all used
computational levels. Although both levels yield

qualitatively similar results, the experimental patterns
are better reproduced by B3LYP calculations.

When passing to the calculations in the PCM
mode solvation accounting leads to more correct
results for the MP2 and B3LYP methods. The lowest
o values are obtained with B3LYP/6-31G(d,p) basis
set. Linear relationships between the experimental
chemical shifts and the calculated ones have been
obtained for both methods. The correlation
coefficients (R) corresponding to obtained
dependences are shown in Table 3. Joint account of
s and R values indicates possibility of B3LYP method
with 6-31G(d,p) basis set using for the calculation of
the BIP chemical shifts. Using of the PCM mode in
calculations is preferable as compared to the isolated
particle approximation.

Table 3
Experimental and calculated NMR 'H and *C chemical shifts of PBI
Atom Conformer 1 Conformer 2 Experiment
MP2 | B3LYP | B3LYP/PCM | MP2 [ B3LYP | B3LYP/PCM

Cl 132.15 | 127.25 126.08 133.14 | 128.63 126.49 118.93
C2 132.41 127.75 129.14 132.60 | 127.90 129.23 122.42
C3 157.25 | 152.08 151.42 15748 | 151.57 150.9 143.79
C4 133.19 | 129.67 130.91 133.03 | 129.99 131.12 122.42
C5 144.55 | 139.96 141.53 144.86 | 139.81 141.75 134.8
C6 120.33 | 114.25 117.40 119.57 | 112.64 117.22 111.83
C7 158.48 154.9 157.16 156.82 1534 156.63 148.62
C8 15598 | 155.79 155.05 160.10 | 155.23 154.71 150.27
C9 133.46 127.1 128.07 13341 | 122.52 127.25 123.78
C10 | 14394 | 141.83 144.96 142.89 140.7 144.87 136.6
Cl11 | 156.77 154.9 157.16 159.21 157.5 158.24 148.79
C12 | 135.24 | 128.39 131.77 134.93 127.3 131.27 121.22
c 10.31 6.11 7.46 10.64 6.10 7.42 -

R 0.98 0.99 0.99 0.98 0.98 0.99 -

H1 8.3114 8.04 8.244 8.4027 8.14 8.262 7.63
H2 7.628 7.441 7.777 7.6677 | 7464 7.783 7.14
H3 7.6081 7.439 7.800 7.627 7.457 7.817 7.14
H4 | 7.8177 | 7.526 8.063 7.7757 | 7487 8.077 7.51
H5 10.223 9.690 10.846 8.4752 | 8.536 10.415 12.88
H6 | 9.0363 8.732 8.852 7.7789 | 7.536 8.37 8.47
H7 | 8.0075 7.875 8.392 79712 | 7.778 8.389 7.90
HS8 8.802 8.791 9.132 9.1272 | 9.139 9.258 8.67
H9 | 7.5145 7.255 7.819 7.5901 7.204 7.798 7.41
c 0.425 0.248 0.541 0.478 0.434 0.540 -
R* 0.92 0.94 0.99 0.68 0.68 0.90 -

Note.* chemical shift of H5 was not accounted.
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Conclusions

A comprehensive study of the 2-(pyridin-2-yl)-
1H-benzimidazole by experimental NMR 'H and 1*C
spectroscopy and molecular modeling methods was
performed. Structural parameters of the BIP
conformers were obtained by MP2 and B3LYP
methods. Rotation barriers obtained within B3LYP
method are in reasonable agreement with
experimental data. GIAO-calculated NMR chemical
shifts ('"H and '*C) as obtained at various
computational levels are reported for the 2-(pyridin-
2-yl)-1H-benzimidazole conformers. For NMR 'H
and °C spectra of the BIP in DMSO-d, MP2 and
B3LYP methods approximations with 6-31G(d,p) basis
set allow to obtain the correct spectral pattern.
A linear correlations between the calculated and
experimental values of the "H and*C chemical shifts
for the studied molecule were obtained. B3LYP
method combined with 6-31G(d,p) basis set and PCM
approximation allows to get a better agreement
between the calculated and experimental data.
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AHHoTauus. B pabore mpeacraBieHsl pe3ylbTaThl TEOPETHUESCKOTO HCCIICOBAHUS
BHyTpuMOnekyasipHoi nuaamuku DFT u MP2 2-(nmupunun-2-un)- 1 H-6en3umu nazona. Jtu-
MU METOJaMH OBLTH TIOJTYYEHBI CTPYKTYpHBIC TapaMeTpbl 2-(MupuanH-2-1mi)- 1 H-6enzumu-
na3ona KoH(OPMEPOB; Takke OBLTN OllEHEHBI Oapbepbl BHYTpeHHEro BpaineHus. CpaBHU-
TEIbHBIA aHAJIN3 HKCIIEPUMEHTAIIbHBIX U KOMIIBIOTEPHBIX JaHHBIX NMR-criekrpockonnu no-
Ka3aj, 4TO TAaKOW MOAXOJ MOXET HCIonb3oBathes i oneHkn NMR 'H u 3C crekrpoB
napaMerpoB 2-(mupuanH-2-nin)- 1 H-6en3umugasona.

KaroueBble cjioBa: BHyTpHUMONEKYIsIpHAs AHHAMUKA, 2-(MTUpUANH-2-11)- | H-O6en3nmu-
J1a30J1, XUMHYECKUN CIIBUT, MarHUTHas nocrosuHast, GIAO, MonekyaspHoe MOJETUPOBaHUE.
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