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Abstract. Correlations between experimental chemical shifts and GIAO-calculated isotropic shielding
constants of hydrogen and carbon atoms were obtained for a series of imidazole derivatives with anti-
proloferative activity, in order to assess the performance of NMR spectral calculations, using both HF
and DFT-B3LYP level of theory with different basis sets. The influence of the choice of the method and
the basis set on the chemical shift was investigated. The theoretical values were compared with the ex-
perimental data. The experimental shifts for carbons are in better agreement with the HF/6-311 G(d) and
B3LYP/6-31 G(d) calculations, whereas for protons the differences are almost negligible. The calculated
root mean square values for 1H shifts indicate that the 6-311+G(2d,p) basis set provides better fit for
chemical shifts than the other basis sets. The obtained b values differ with statistical significance from
zero (P < 0.001), which on the linear model used is adequate and correctly describes the dependence
between the experimental and the calculated values of the corresponding chemical shifts. The analysis of
the obtained pharmacological data for the newly synthesized imidazole derivatives shows that the target
structures possess antiproliferative activity and they may be recognised as leading structures for future

development of new anti-neoplastic agents.
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Introduction

Imidazole is a five-membered heterocyclic sys-
tem with three carbon and two nitrogen atoms at
1- and 3-position. The imidazole core is forecasted
to be a good pharmacophore and represents an im-
portant synthetic precursor in new drug discovery.
It is a common moiety in a large number of natural
products and pharmacologically active compounds
[1-4]. Some of the substituted imidazole derivatives
have emerged as multifunctional “drug-biomarker
monitors” with importance in treatment of tumors,
monitoring hypoxia [5, 6] and safer imaging contrast
agents to monitor the therapeutic process. Imidazole
nucleus is incorporated into main structure of many
biologically important molecules, among which the
most important are the amino acid histidine and the
purines, which comprise many of the important bases
in nucleic acids, vitamin B12 and biotin. Also the
role of imidazole derivatives as precursors in the bio-
synthesis of purine alkaloids is well known [7, §].

On the other hand in aqueous alkaline solution the

methylxanthines Caffeine, Theophylline and Etofyl-
line undergo a hydrolytic cleavage of the pyrimidine
ring at 1,2 positions to give corresponding N,1-di-
methyl-4-(methylamino)-1H-imidazole-5-carboxa-
mide (Caffeidine), N-methyl-4-(methylamino)-1H-
imidazole-5-carboxamide  (Theophyllidine) and
1-(2-hydroxyethyl)-N-methyl-4-(methylamino)-1H-
imidazole-5-carboxamide (Etofyllidine) [9 — 12].
This hydrolytic pathway may be concerned as an
appropriate method for synthesis of substituted 1H-
imidazole-5-carboxamide derivatives. However, to
our knowledge, there is no information about the
pharmacological properties of above cited imidazole
derivatives as well as any investigations on their mo-
lecular structure.

The biological activity of the compounds is sup-
posed to depend on their molecular structure. NMR
spectroscopy has been proven to be an exceptional
method to prove molecular structure. Ab initio and
DFT calculation of NMR shielding at very accurate
levels of approximation are available in literature
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[13]. Comparison between experimental and theo-
retical spectra is a useful tool to make correct as-
signments and collaborates to getting a better knowl-
edge of the relationship between chemical shifts and
molecular conformations [14]. One of the widely
used methods to calculate chemical shifts is GIAO
(gauge independent or invariant or including atomic
orbital). This approach [15] introduces a local gauge
origin for each atomic orbital and is known to give
satisfactory chemical shifts for small- and medium-
size systems [14], yielding data comparable with
those of the experiment. It was suggested that the
combination of high-level ab initio optimized ge-
ometries, theoretically computed NMR chemical
shifts, and experimental NMR data provides a tool
that can be routinely applied for structural elucida-
tion and characterization of new compounds [16].
On the other hand, it is clear that a good correlation
between the experimental and theoretical properties
of the molecules will be achieved when the theoreti-
cally considered structure follows the real one with a
good approximation.

Keeping in mind the biological importance of the
substituted imidazoles, we present an investigation
on molecular structure and NMR behavior of three
substituted '"H-imidazole-5-carboxamide derivatives.
The DFT and ab initio methods were applied to cal-
culate the theoretical isotropic 'H and "*C chemical
shifts. The calculated chemical shifts are then com-
pared with the experimental values. Antiproliferative
activity of the studied compounds was also evaluated.

Materials and methods

Spectra

The NMR spectra were measured on a Bruker
DRX250 (250 MHz) spectrometer (Germany) using
D,0 as solvent and chemical shifts were expressed as
0 values in ppm against TMS as an internal standard;
standard abbreviations are used.

Computational details

All names were generated, using structure-to-
name and name-to-structure algorithms included with
ChemBioDraw Ultra 11.0 (CambridgeSoft) [17].

The ab initio calculations (Hartree-Fock (HF))
and density functional theory (DFT) calculations re-
ported herein were obtained using GAUSSIAN 03W,
ver. 6.1 [18] and GausView molecular visualization
program [19] on a computer with Intel Pentium dual-
core CPU E6500 at 2.93 GHz and 4 GB RAM.

The energetically preferred geometries were cal-
culated by energy minimization using AM1 Ham-
iltonian [20]. All molecular structures of the title

compounds in ground state (in vaccuo) are optimised
applying HF and B3LYP methods with 6-31G (d),
6-311G(d) and 6-311+G(2d,p) basis sets. 1H and 13C
isotropic magnetic shielding tensors were calculated
with GIAO approach using the same level of theory.
Then the predicted 'H and C chemical shifts were
derived by subtracting calculated isotropic magnetic
shielding (IMS) from the IMS value of TMS, given
in Table 1.

Table 1. The isotropic magnetic shielding tensors
(in ppm) of TMS for 13C and 1H calculated at
GIAO model with different basis sets [21].

Method/Basis set BC 'H
HF/6-31G(d) 199.9921 32.5968
HF/6-311G(d) 194.5082 32.5787
HF/6- 192.5973 32.0730
311+G(2d,p)

B3LYP/6- 189.7026 32.1836
31G(d)

B3LYP/6- 184.2796 32.2899
311G(d)

B3LYP/6- 182.4656 31.8221
311+G(2d,p)

The predicted chemical shift values were calcu-
lated using the following equation:

0

pred. — Omaspys — O,

Linear correlation analyses were carried out using
Origin 6.1 program. The quality of each correlation
was judged with r value, the Pearson correlation co-
efficient [22], as well as coefficient of determination
(r?, RMSError).

The numbering systems of the compounds for
which calculations were carried out, are presented
on Fig. 1.

Drugs, chemicals and reagents.

Formic acid, 2-propanol and L-glutamine were
purchased from AppliChem GmbH, Darmstadt, Ger-
many. Fetal calf serum (FCS) and RPMI 1640 me-
dium were purchased from Sigma — Aldrich Co.,
USA. The tetrazolium salt 3-(4,5-dimethylthi—azol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was
supplied from Merck Co., Germany. The referent an-
tineoplastic drug melphalan was used as a commer-
cially available pharmaceutical grade substance.

Cell lines and culture conditions.

The study was carried out with the following cell
lines: BV-173 (ACC 20) — human B-cell precur-
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Fig 1. The numeration scheme for: A — N, I-dimethyl-4-(methylamino)- 1 H-imidazole-5-carboxamide (1, Caffeidine),
B — N-methyl-4-(methyl-amino)- 1 H-imidazole-5-carboxamide (2, Theophyllidine), C — 1-(2-hydroxyethyl)-N-
methyl-4-(methylamino)-1H-imidazole-5-carboxamide (3, Etofyllidine).

sor leukemia, originally described to be established
from the peripheral blood of a 45-year-old man with
chronic myeloid leukemia (CML) in blast crisis in
1980; contains the t(9;22) leading to BCR-ABLI1
el3-a2 (b2-a2) fusion gene; KG-1 (ATCC® CCL-
246™) — macrophage cell type, established from the
bone marrow of a 59 years old Caucasian man with
acute myelogenous leukemia.

The cell lines were obtained from the German
Collection of Microorganisms and Cell Cultures
(DSMZ GmbH, Braunschweig, Germany). They
were cultured under standard conditions - RPMI-
1640 liquid medium supplemented with 10% fetal
bovine serum (FBS) and 2 mM L-glutamine, in cell
culture flasks, housed at 37°C in an incubator “BB
16-Function Line” Heraeus (Kendro, Hanau, Ger-
many) with humidified atmosphere and 5% CO,.
Cell cultures were maintained in logarithmic growth
phase by supplementation with fresh medium two or
three times weekly.

Cytotoxicity assessment (MTT-dye

reduction assay).

The cell viability after exposure to the tested com-
pounds was assessed using the MTT-dye reduction
assay, based on the biotransformation of the yel-
low dye 3-(4,5-dimethylthi—azol-2-yl)-2,5-diphenyl
tetrazolium bromide to a violet formazan product via
the mitochondrial succinate dehydrogenase in viable
cells. The procedure was carried out as described
elsewhere [23], with some modifications [24]. Expo-
nentially growing cells were seeded in 96-well flat-
bottomed microplates (100 pl/well) at a density of

1x105 cells per ml and after a 24 h incubation period
at 37°C they were treated with graded concentrations
of the extract (or its fractions) for 72h. For each con-
centration a set of 8 wells was used. After the ex-
posure period 10ul MTT solution (10mg/ml in PBS)
aliquots were added to each well. The microplates
were further incubated for 4h at 37°C and the MTT-
formazan crystals formed were dissolved through ad-
dition of 100 pl/well 5% formic acid in 2-propanol.
The MTT-formazan absorption was determined using
a microprocessor controlled microplate reader (La-
bexim LMR-1) at 580 nm.

Bioassay data processing and statistics.

The cell survival data were normalized as per-
centage of the untreated control (set as 100% viabil-
ity), were fitted to sigmoidal dose response curves
and the corresponding IC50 values (concentrations
causing 50% suppression of cellular viability) were
calculated using non-linear regression analysis
(GraphPad Prizm Software for PC). The statistical
processing of biological data included the Student’s
t-test whereby values of p < 0.05 were considered as
statistically significant.

Results and discussion

The geometries of the structures were optimized
at adopted C1 point group symmetry, since these mo-
lecular structures include methyl groups and short
side chains, bounded to the imidazole ring and are
non-planar. The optimized structures of investigated
compounds are presented in Fig. 1. The geometrical
parameters (bond lengths, bond angles and torsion
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angles) of the compounds calculated at B3LYP/6—
31G(d,p) level of theory are presented in Table 2.
The results from B3LYP/6-311+G(2d,p) calculation
are quite similar to the presented.

The accurate, experimental geometrical parame-
ters for studied compounds are not available because
of an absence of crystallographic data. Theoretical,
energy-optimised geometries are similar to each oth-
er. The selected calculated bond lengths and angles of
imidazole residue in all of the investigated molecules,
have been compared with structural parameters of the
crystal structure of imidazole [25] (Table 2), in ac-
cordance with the used atom numbering (Fig. 1). The
bond lengths and bond angles of the imidazole frag-
ment in the studied molecules are in good agreement
with the crystallographic data for imidazole. The
theoretical and the experimental values differ by 0.02
A t0 0.07 A and 0.2° to 1.7°. This deviation may be
due to the fact that the theoretical calculations apply
to a single molecule in a gas phase, whereas the ex-
perimental results apply to a molecule in a solid state.
On the other hand the experimental values are for
unsubstituted imidazole. The lengths of the methyl
C-H bonds in methyl groups vary from 1.087 A to
1.095 A. However, the calculated values were found
to be in a good agreement with those reported for caf-
feine structure by Poltev [26] (obtained by MP2/6-

31G(d,p) calculations) and Egawa [27] (obtained by
MP2/6-31G** and B3LYP/6-31G** calculations).
The imidazole ring and side chains connected to C1
and C2, except the hydrogens of the methyl groups,
in all compounds are essentially coplanar, but in 3
there is small deviations from the plane probably due
to the influence of the 2-hydroxyethyl substituent at
N5 which also deviates from the plane.

The calculations of 'H and *C isotropic magnetic
shielding tensors produce absolute shielding values.
In order to obtain the results comparable with the ex-
perimental data tetramethylsilane (TMS, (CH3)4Si)
was used as reference. The calculated absolute
shielding values are converted to relative chemical
shifts by subtraction from the shielding value for
TMS, obtained at the same level of theory used in the
calculation of absolute shieldings of the compounds.
The experimental and the theoretical results, along
with the differences for each compound are presented
in Tables 3-5.

A least square fit of all data as presented on
Fig. 2, shows a strong linear relationship. The fol-
lowing correlation:

o =a+bd
c exp

cal

was established and details are summarized in Table 6.

Table 2. Selected bond lengths (A° ), bond angles (°) and torsion angles (°).

1 3 Imidazole[23]

Cl-C2 1.396 1.393 1.386 1.358

C2-N3 1.426 1.427 1.411 1.378

N3 -C4 1.350 1.354 1.356 1.326

C4 -N5 1.382 1.376 1.394 1.349

Cl-N5 1.436 1.431 1.413 1.369
Cl-C8 1.449 1.449 1.453 -
C8-N9 1.388 1.385 1.382 -
C2 - N6 1.381 1.379 1.416 -

C4 —H13/12/15 1.085 1.084 1.082 1.09

N5 -HI13 - 1.012 - 1.05

N5-C4-N3 111.5 111.4 111.3 111.3

C4-N3-C2 105.6 105.5 105.3 105.4

N3-C2-C1 110.5 110.3 110.6 109.8

C2-CIl-NS5 104.6 104.9 106.0 106.3

Cl-N5-C4 107.9 108.1 106.9 107.2
N9-C8-CI1-N5 180.0 179.9 175.9 -
C7-N6-C2-N3 180.0 180.0 173.8 -
C1-N5-Cl12-C13 - -171.7 -
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Table 3. Calculated and experimental chemical shifis (with respect to TMS, all values in ppm) for N, I-dimethyl-
4-(methylamino)-1H-imidazole-5-carboxamide (1, Caffeidine).

Relative Relative Relative
atom slfi}fl'tesml—lliig- Difference slfi};fsml-}?z- Difference shcil;tesml-lli“‘?}g- Difference Exp:;‘llir;:ntal

31G(d) 311G(d) 311+G(2d,p)
Cl 96,56 -8,99 100,83 4,72 102,85 2,70 105,55
C2 165,72 10,50 168,34 -13,12 173,13 -17,91 155,22
C4 152,95 14,70 150,51 -12,26 152,32 -14,07 138,25
C7 27,64 -2,31 26,62 3,33 21,93 8,02 29,95
C8 176,85 11,16 173,63 -7,94 175,54 -9,85 165,69
C10 30,51 4,66 27,56 -1,71 22,78 3,07 25,85
C12 30,93 -4,81 30,46 5,28 22,74 13,00 35,74
HI13 7,72 -0,13 6,93 0,92 8,13 -0,28 7,85
H14 5,48 3,64 4,57
HI15 2,78 -0,13 2,43 0,48 3,81 -0,90 2,91
H16 2,92 0,01 3,04 -0,13 3,07 -0,16 2,91
H17 2,39 -0,52 2,29 0,62 3,13 -0,22 2,91
H18 3,32 2,32 3,68
H19 2,66 -0,22 2,28 0,60 3,46 -0,58 2,88
H20 2,57 -0,31 2,27 0,61 3,30 -0,42 2,88
H21 2,68 -0,20 2,47 0,41 3,17 -0,29 2,88
H22 3,63 -0,27 2,79 1,11 4,31 -0,41 3,9
H23 3,26 -0,64 3,36 0,54 4,38 -0,48 3,9
H24 3,25 -0,65 2,93 0,97 4,15 -0,25 3,9

Relative . .

Chemi_ . (fl{leehljltilzjl . izbnzzzl . Experimental
atom ];:2114?;365_ Difference shifts B3LYP Difference shifis B3LYP Difference shifts

31G(d) /6-311G(d) /6-311G(d)
Cl 99,29 6,26 108,95 -3,40 109,32 -3,77 105,55
C2 151,76 3,46 168,34 -13,12 168,31 -13,09 155,22
C4 134,16 4,09 146,11 -7,86 147,42 9,17 138,25
C7 28,47 1,48 30,07 -0,12 28,98 0,97 29,95
C8 159,80 5,89 175,21 -9,52 176,17 -10,48 165,69
C10 31,73 -5,88 33,46 -7,61 32,94 -7,09 25,85
C12 31,94 3,80 33,19 2,55 32,94 2,80 35,74
H13 6,73 1,12 6,93 0,92 7,25 0,60 7,85
H14 5,35 5,57 6,36
HI15 2,78 0,13 2,98 -0,07 3,00 -0,09 2,91
H16 2,90 0,01 3,11 -0,20 3,18 -0,27 2,91
H17 2,22 0,69 2,51 0,40 2,57 0,34 2,91
H18 3,18 3,44 3,76
H19 2,62 0,26 2,81 0,07 2,80 0,08 2,88
H20 2,58 0,30 2,77 0,11 2,77 0,11 2,88
H21 2,71 0,17 2,81 0,07 2,85 0,03 2,88
H22 3,58 0,32 3,72 0,18 3,81 0,09 3,9
H23 3,20 0,70 3,35 0,55 3,51 0,39 3.9
H24 3,15 0,75 3,29 0,61 3,40 0,50 3,9
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Table 4. Calculated and experimental chemical shifts (with respect to TMS, all values in ppm) for N-methyl-4-

(methyl-amino)- 1 H-imidazole-5-carboxamide (2, Theophyllidine)

atom Relative Difference Relative Difference Relative Difference | Experimental
chemical chemical chemical shifts
shifts HF/6- shifts HF/6- shifts HF/6-
31G(d) 311G(d) 311+G(2d,p)
Cl 102,92 -10,48 108,03 -5,37 97,27 -16,13 113,4
C2 173,76 25,41 183,90 35,55 174,53 26,18 145,35
C4 150,55 21,68 157,95 29,08 148,88 20,01 128,87
Cc7 31,54 1,73 32,63 2,82 21,68 -8,13 29,81
C8 172,62 10,58 181,55 19,51 172,04 10,00 162,04
Cl11 32,33 6,74 32,80 7,21 22,14 -3,45 25,59
H12 8,40 0,18 8,34 0,12 8,26 0,04 8,22
H13 7,11 7,11 7,27 7,27 7,60 7,60 8,3
H14 4,89 0,11 5,11 0,33 5,42 0,64 4,78
H15 4,13 1,20 4,30 1,37 3,94 1,01 2,93
H16 3,33 0,40 3,54 0,61 3,18 0,25 2,93
H17 3,31 0,38 3,53 0,60 3,20 0,27 2,93
H18 3,39 3,39 3,58 3,58 3,71 3,71 4,87
H19 3,70 0,86 3,82 0,98 3,62 0,78 2,84
H20 3,53 0,69 3,63 0,79 3,30 0,46 2,84
H21 3,39 0,55 3,51 0,67 3,24 0,40 2,84
atom Relative Difference Relative Difference Relative Difference | Experimental
chemi- chemi- chemical shifts
cal shifts cal shifts shifts
B3LYP/6- B3LYP /6- B3LYP/6-
31G(d) 311G(d) 311+G(2d,p)
Cl 103,49 9,91 113,23 0,17 113,20 0,20 113,4
C2 159,60 -14,25 176,20 -30,85 177,12 -31,77 145,35
C4 131,52 -2,65 143,22 -14,35 144,99 -16,12 128,87
C7 33,18 -3,37 35,30 -5,49 34,32 -4,51 29,81
C8 156,94 5,10 172,31 -10,27 173,50 -11,46 162,04
Cll 33,83 -8,24 35,64 -10,05 35,09 -9,50 25,59
H12 7,34 -2,56 7,52 0,70 7,96 0,26 8,22
H13 7,02 -4,09 7,31 0,99 7,99 0,31 8.3
H14 4,86 -1,93 5,07 -0,29 5,81 -1,03 4,78
H15 4,04 -1,11 4,27 -1,34 4,34 -1,41 2,93
H16 3,13 -0,20 3,47 -0,54 3,49 -0,56 2,93
H17 3,41 -0,48 3,64 -0,71 3,65 -0,72 2,93
H18 3,19 1,68 3,44 1,43 3,95 0,92 4,87
H19 3,79 -0,95 3,92 -1,08 4,06 -1,22 2,84
H20 3,40 -0,56 3,61 -0,77 3,67 -0,83 2,84
H21 3,47 -0,63 3,68 -0,84 3,78 -0,94 2,84
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Table 5. Calculated and experimental chemical shifts (with respect to TMS, all values in ppm) for 1-(2-hydroxyethyl)-N-
methyl-4-(methylamino)- 1 H-imidazole-5-carboxamide (3, Etofyllidine)

atom Relative Difference Relative Difference Relative Difference | Experimental
chemical chemical chemical shifts
shifts HF/6- shifts HF/6- shifts HF/6-
31G(d) 311G(d) 311+G(2d,p)
Cl 106,65 2,13 110,90 6,38 102,69 -1,83 104,52
C2 171,77 10,26 164,56 3,05 172,32 10,81 161,51
C4 155,20 23,45 141,87 10,12 153,02 21,27 131,75
C7 31,78 1,69 38,28 8,19 21,96 -8,13 30,09
C8 176,52 3,25 164,90 -8,37 176,15 2,88 173,27
C10 31,97 6,13 38,46 12,62 21,69 -4,15 25,84
C12 46,08 -4,87 55,71 4,76 38,06 -12,89 50,95
C13 61,42 1,72 71,94 12,24 53,34 -6,36 59,7
H15 8,34 -0,05 7,68 -0,71 8,20 -0,19 8,39
H16 3,72 4,12 421
H17 3,23 0,30 3,73 0,80 3,12 0,19 2,93
HI18 3,96 1,03 4,25 1,32 3,76 0,83 2,93
HI19 3,20 0,27 3,41 0,48 3,05 0,12 2,93
H20 3,57 3,85 3,83
H21 3,59 0,71 4,03 1,15 3,30 0,42 2,88
H22 3,72 0,84 4,13 1,25 3,54 0,66 2,88
H23 3,40 0,52 3,75 0,87 3,14 0,26 2,88
H24 4,62 0,17 4,87 0,42 4,40 -0,05 4,45
H25 4,92 0,47 5,29 0,84 4,62 0,17 4,45
H26 4,30 0,42 4,99 1,11 3,99 0,11 3,88
H27 3,82 -0,06 4,57 0,69 3,55 -0,33 3,88
H28 0,60 0,60 0,44 0,44 0,36 0,36
atom Relative Difference Relative Difference Relative Difference | Experimental
chemi- chemical chemi- shifts
cal shifts shifts cal shifts
B3LYP/6- B3LYP /6- B3LYP/6-
31G(d) 311G(d) 311+G(2d,p)
Cl 106,09 1,57 116,51 11,99 118,99 14,47 104,52
C2 159,75 -1,76 176,62 15,11 178,70 17,19 161,51
C4 137,06 5,31 148,37 16,62 151,47 19,72 131,75
C7 33,47 3,38 35,68 5,59 36,45 6,36 30,09
C8 160,70 -12,57 176,41 3,14 179,18 5,91 173,27
C10 33,65 7,81 35,42 9,58 36,51 10,67 25,84
C12 50,90 -0,05 54,78 3,83 56,30 5,35 50,95
C13 67,13 7,43 73,53 13,83 73,99 14,29 59,7
HI15 7,28 -1,11 7,47 -0,92 8,24 -0,15 8,39
H16 3,73 3,90 4,95
H17 3,33 0,40 3,55 0,62 3,98 1,05 2,93
H18 3,86 0,93 4,09 1,16 4,55 1,62 2,93
HI19 3,01 0,08 3,35 0,42 3,78 0,85 2,93
H20 3,46 3,73 4,55
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atom Relative Difference Relative Difference Relative Difference | Experimental
chemi- chemical chemi- shifts
cal shifts shifts cal shifts
B3LYP/6- B3LYP /6- B3LYP/6-
31G(d) 311G(d) 311+G(2d,p)
H21 3,63 0,75 3,85 0,97 421 1,33 2,88
H22 3,74 0,86 3,88 1,00 4,29 1,41 2,88
H23 3,35 0,47 3,57 0,69 3,99 1,11 2,88
H24 4,48 0,03 4,70 0,25 5,17 0,72 4,45
H25 4,89 0,44 5,12 0,67 5,49 1,04 4,45
H26 4,59 0,71 4,72 0,84 5,08 1,20 3,88
H27 4,18 0,30 4,30 0,42 4,70 0,82 3,88
H28 0,05 0,32 0,62
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Fig. 2. Plot of overall 1H- and 13C-NMR data for HF (a) and DFT (b) calculations.

Table. 6. Linear regression between overall experimental chemical shifts and calculated values, &

cale

=a+bd_ (r-

exp

Pearson correlation coefficient, ¥’ — coefficient of determination (COD), RMSE — root mean square error)

Parameter HF DFT
6-31G (d) 6-311G (d) 6-311+G 6-31G (d) 6-311G (d) 6-311+G
(2d,p) (2d,p)
a -0.40 0.40 -1.67 0.99 0.67 0.78
b 1.07 1.07 1.09 0.98 1.08 1.09
r 0.9957 0.9936 0.9932 0.9974 0.9975 0.9974
r 0.9915 0.9872 0.9864 0.9948 0.9949 0.9948
RMSE 5.91 7.24 7.64 4.22 4.57 4.67
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As seen from the presented results the values of
the determined RMSE are between 4.22 ppm and
7.64 ppm for the different basis sets. These values
also indicate that 6-31G(d) basis set provides bet-
ter fit for all chemical shifts both at HF calculations
(5.91 ppm) and DFT calculations (4.22 ppm). For
overall chemical shifts determined in this study was
observed, that the B3LYP/6-31G(d) calculations
gave more satisfactory results.

This relationship is also shown in the results for
the individual compounds in which the value of COD
is above 0.9872. (Table 7).

A linear correlation between theoretical and
experimental “C and 'H chemical shifts is clearly
visible in Tables 8 — 9. The sequence of 13C iso-
tropic shielding constants was helpful in the spec-
tra assignment. As one can easily see from linear
correlation coefficients in Table 8, the experimental
shifts for carbons are in better agreement with the
HF/6-311 G(d) and B3LYP/6-31 G(d). Among the
individual carbon atoms the large average differ-
ences were found at the C2 and C4 carbons in the
imidazole. It can be seen that the chemical shifts of
the cited carbon atoms are not well produced by all
basis sets. This is probably due to sensitivity of the
calculations to geometry and rapid rotation of the

groups, particularly at the NMR time scale.

A linear correlation between theoretical and ex-
perimental 13C and 1H chemical shifts is clearly vis-
ible in Tables 8 — 9. The sequence of 13C isotropic
shielding constants was helpful in the spectra assign-
ment. As one can easily see from linear correlation
coefficients in Table 8, the experimental shifts for car-
bons are in better agreement with the HF/6-311 G(d)
and B3LYP/6-31 G(d). Among the individual carbon
atoms the large average differences were found at the
C2 and C4 carbons in the imidazole. It can be seen
that the chemical shifts of the cited carbon atoms are
not well produced by all basis sets. This is probably
due to sensitivity of the calculations to geometry and
rapid rotation of the groups, particularly at the NMR
time scale.

As presented in Table 9, there is a good agreement
between the experimental and theoretical 1H chemi-
cal shift results for the tested compounds. It was seen,
that in both approaches, the larger basis sets gave
more reliable results. As expected the values of the
obtained results from HF method with larger basis
sets are bigger than the ones calculated with the DFT
methods with the same basis sets, due to the deficien-
cy of electron correlation.

Table. 7. Linear regression between overall experimental chemical shifts and calculated isotropic shielding constants
(ppm) o, =a+ b, (r — Pearson correlation coefficient, 1’ — coefficient of determination (COD), RMSE — root

mean square error)

Comp Parameter HF DFT
6-31G (d) 6-311G (d) 6-311+G 6-31G (d) 6-311G (d) 6-311+G

(2d.p) (2d.p)

a -1.27 0.40 -1.67 -0.07 0.67 0.78

b 1.06 1.07 1.10 0.97 1.08 1.09
1 T 0.9974 0.9936 0.9932 0.9994 0.9975 0.9974
r 0.9948 0.9872 0.9864 0.9988 0.9949 0.9948

RMSE 4.72 7.24 7.63 2.08 4.57 4.67

a 0.15 0.40 -1.67 1.30 0.67 0.78

b 1.10 1.07 1.10 1.00 1.08 1.09
2 T 0.9936 0.9932 0.9932 0.9975 0.9959 0.9974
r 0.9872 0.9864 0.9864 0.9949 0.9918 0.9948

RMSE 7.24 8.52 7.64 4.57 6.00 4.66

a 0.08 0.40 -1.67 1.78 0.66 0.78

b 1.06 1.07 1.10 0.98 1.08 1.09
3 r 0.9971 0.9936 0.9932 0.9976 0.9975 0.9974
r 0.9941 0.9872 0.9864 0.9952 0.9949 0.9948

RMSE 4.84 7.24 7.63 4.03 4.57 4.69
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Table. 8.Linear regression between experimental and calculated 13C chemical shifis (ppm) 8, =a + bs,,
(r — Pearson correlation coefficient, 1’ — coefficient of determination (COD), RMSE — root mean square error)

HF DFT

Comp. Parameter 6-311+ 6-311+
6-31G(d) 6-311G(d) G(2d,p) 6-31G(d) 6-311G(d) G(2d,p)

a -4.98 -6.11 -13.58 1.23 -0.52 1.42

b 1.09 1.10 1.17 0.96 1.08 1.08
1 T 0.9946 0.9972 0.9971 0.9986 0.9984 0.9985
r’ 0.9892 0.9943 0.9942 0.9972 0.9968 0.9971

RMSE 7.76 5.65 6.05 3.48 4.11 3.97

a 0.42 -1.61 -1.61 5.566 4.52 3.31

b 1.10 1.17 1.17 0.97 1.07 1.09
2 r 0.9814 0.9816 0.9814 0.9990 0.9885 0.9884
r? 0.9631 0.9636 0.9631 0.9781 0.9771 0.9770

RMSE 15.10 14.10 15.10 9.53 10.81 11.0

a -.050 13.50 -12.50 8.58 7.99 8.53

b 1.06 0.92 1.14 0.92 1.02 1.03
3 r 0.9928 0.9959 0.9934 0.9962 0.9964 0.9965
r? 0.9857 0.9919 0.9869 0.9924 0.9928 0.9930

RMSE 8.13 5.28 8.30 5.12 5.51 5.52

Table. 9.Linear regression between experimental and calculated 1H chemical shifts (ppm) o, = a + b3,

(r — Pearson correlation coefficient, r2 — coefficient of determination (COD), RMSE — root mean square error)

HF DFT

Comp. Parameter 6-311+ 6-311+
6-31G(d) 6-311G(d) G(2d,p) 6-31G(d) 6-311G(d) G(2d,p)

a -0.35 -0.21 0.51 0.21 0.40 0.26

b 1.01 0.89 0.97 0.82 0.82 0.88
1 r 0.9897 0.9761 0.9899 0.9852 0.9862 0.9891
r’ 0.9795 0.9528 0.9799 0.9706 0.9726 0.9782

RMSE 0.24 0.32 0.23 0.23 0.22 0.21

a 0.96 1.22 0.79 1.49 1.74 1.59

b 089 0.85 0.92 0.71 0.70 0.79
2 r 0.9815 0.9869 0.9880 0.980 0.9784 0.9842
r? 0.9705 0.9741 0.9761 0.9602 0.9572 0.9686

RMSE 0.32 0.30 0.28 0.30 0.34 0.26

a 0.91 1.92 0.66 1.52 1.75 1.96

b 0.87 0.70 0.88 0.70 0.69 0.75
3 r 0.9816 0.9814 0.9718 0.9716 0.9772 0.9835
r? 0.9444 0.9631 0.9636 0.9439 0.9550 0.9673

RMSE 0.29 0.29 0.29 0.29 0.26 0.24
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In this study, the differences in the perfor-
mance of used basis sets are almost negligible for
the performed analysis of protons. The root mean
square values given in Table 9 indicate that the
6-311+G(d,p) basis set provides better fit for chemi-
cal shifts than the other basis sets. The obtained b
values differ statistically significant from zero (P
< 0.001), which means that the linear model used
is adequate and correctly describes the dependence
between the experimental and the calculated values
of the corresponding chemical shifts.

Antiprolipherative activity

The antiproliferative and cytotoxic activity of the
investigated compounds was evaluated using a stand-
ard MTT assay after 72 hours of exposure on human
tumor cell lines BV-173 (chronic myelogenous leu-
kemia) and KG-1 (acute myeloid leukemia). Clini-
cally applied alkylating cytostatic melphalan was
used as a positive control. The data obtained were
fitted to concentration — effect sigmoid curves and
the corresponding IC, values were calculated, using
a non-linear regression analysis.

The studied compounds demonstrated pro-
nounced, concentration dependent anti-proliferative
activity, whereas at the highest concentrations used
resulted in complete elimination of the malignant
cell population, which proves cytotoxic activity. The
resulting concentration effect dependencies are pre-
sented in Fig. 3, and the calculated IC50 values are
summarized in Table 10.

The analysis of the obtained data shows that the
established anti-proliferative activity of the newly
synthesized imidazole derivatives may be arranged
in the following increasing order: 1 <2 <3.

Based on the established ability to inhibit prolif-
eration and tumor cells vitality, the tested compounds
may be recognized as leading structures for future
development of new anti-neoplastic agents.

Table 10. IC,, values of tested compounds and of
referent cytostatic Melphalan

IC,, values (umol/L)
Compounds
BV-173 KG-1
1 214.1+9.9 128.8 £ 6.7
2 161.4+7.8 129.9+4.9
3 107.9+6.9 115.1+3.0
Melphalan 254+1.9 219+ 1.7

g 1000— ]
s .| 2
o 754
3 3
g 504 Melphalan
€
=
5 254
2
0 i | — v > T
0 10 100 1000
Concentration ( M)
©
g 1ooh| m
I}
8 ;5. v 2
2 ® 3
g
g 50- O Melphalan
€
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5 254
ES
0+—
(] 10 100 1000

Concentration (uM)

Fig. 3. Antiproliferative effects of tested compounds on
the human tumor cell lines after 72 hours of
incubation (MTT assay).

Conclusion

Correlations between experimental chemical
shifts and GIAO-calculated isotropic shielding con-
stants of hydrogens and carbons was obtained for
a series of imidazole derivatives, in order to assess
the performance of NMR spectral calculations us-
ing both HF and DFT-B3LYP level of theory with
different basis sets. The 6-31G (d), 6-311G (d) and
6-311+G (d,p) basis sets were considered for geom-
etry optimization and spectral calculations.

It was determined, that the experimental shifts for
carbons are in better agreement with the HF/6-311
G(d) and B3LYP/6-31 G(d) calculations. For protons
it is clear that the 6-311+G(d,p) basis set provides
better fit for chemical shifts than the other basis sets
(rmse = 0.27 £ 0.02 ppm for HF calculation and
0.024 £+ 0.03 ppm for DFT calculation). The obtained
b values differ statistically significant from zero (P
< 0.001), which means that the linear model used is
adequate and correctly describes the dependence be-
tween the experimental and the calculated values of
the corresponding chemical shifts.

The analysis of the obtained data for antiprolifera-
tive activity shows that the newly synthesized imi-
dazole derivatives possess this kind of activity and
they can be recognized as the leading structures for
development of new anti-neoplastic agents.
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