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Study on spectroscopic and quantum chemical calculations of levosimendan
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In the present study, FT-IR, micro-Raman and UV-Vis. spectra of levosimendan molecule, (C;4H;,)N¢O), have been
experimentally recorded and the molecular geometry, vibrational frequencies, electronic absorption spectrum,
HOMO-LUMO analysis, natural bond orbital (NBO) analysis, molecular electrostatic potential (MEP), thermodynamic
properties and atomic charges of title molecule have been calculated by using density functional theory (DFT/B3LYP)
method with 6-311++G(d,p) basis set in the ground state. The calculated vibrational results are found to be good agreement

with experimental data.
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1 Introduction

Over two decades levosimendan has been widely
used in the drug industry and medicine.
Levosimendan is a novel calcium sensitiser and
pharmacological agent for patients with severe heart
failure'®. In clinical studies, levosimendan is used to
increase the cardiac output and to lower cardiac filling
pressures’. Recently, levosimendan has been proposed
to be superior to standart inotropes and its several
promising clinical applications have been arisen®.
However, the levosimendan molecule is chemically a
pyridazinone-dinitrile derivative and some other
6-phenyl 4,5-dihydro-3(2H)-pyridazinone derivatives
have been studied by using IR and 'HNMR
spectroscopies’ .

On the other hand, Hartree-Fock (HF), density
functional theory (DFT) and Maller-Plesset
perturbation theory called ab-initio methods can be
based on the analytical derivative methods in quantum
chemistry to calculate the optimized molecular
geometry and the vibratioanal frequencies of the
molecules'*"*. DFT method using the hybrid B3LYP
functional is widely used for experimental structures
and spectroscopic studies of various molecules'.
Levosimendan molecule drew our attention since it
bears a 6-phenyl 4,5-dihydro-3(2H)-pyridazinone ring
which has easy functionalization at various ring
positions. However, up to our best knowledge,
although the numerous studies have been found in
both medical and chemical literature dealing with the
uses of levosimendan as a drug and with the syntheses

and evaluations of various pyridazinone derivatives,
respectively, there is no sufficent study on its
spectroscopic and quantum chemical properties.

The experimental and simulated IR and micro-
Raman spectra and optimized molecular geometry,
electronic absorption transition maximum
wavelengths, HOMO-LUMO analysis, molecular
electostatic potential (MEP), natural bond orbital
(NBO) analysis, thermodynamic properties and
atomic charges of levodisemendan by using the
DFT/B3LYP method with 6-311++G(d,p) basis set in
ground state, have been reported in the present paper.

2 Experimental Details

Levosimendan molecule, (C4H,NgO), used in this
study was obtained from commercial source (Sigma-
Aldrich; % 98) and used without any further
purification.

IR spectrum of levosimendan was recorded at room
temperature on a Perkin Elmer Spectrum on FT-IR
(Fourier Transform Infrared) Spectrometer with a
resolution of 4 cm™ in the transmission mode. The
sample was compressed into self-supporting pellet
and introduced into an IR cell equipped with KBr
window.

The micro-Raman spectrum of title molecule was
recorded by using a Jasco NRS-3100 micro-Raman
Spectrophotometer (1800 lines/mm grating and high
sensitivity cooled CCD) at room temperature in the
region 100-3600 cm™'. The spectrometer was
calibrated with the silicon phonon mode at 520 cm™
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and microscope objective 100x was used. The
632.8 nm lines of HeNe laser was used for excitation.
The exposure time was taken as 30 s and 10 scans
were accumulated. The ultraviolet visible spectrum of
the title compound was recorded by using a PG
Instrument T80+ ultraviolet spectrophotometer at
room temperature. The ultraviolet visible spectrum of
the mentioned compound solved in ethanol was
verified with spectral bandwidth 2 nm and quartz cell
1 cm.

3 Computational Details

In the present study, all calculations were carried
out with GaussView 05 molecular visualization
program and Gaussian 09 program package'®'’. The
molecular geometry and vibrational calculations of
levosimendan were computed by using density
functional theory Becke-3-Lee Yang Parr (B3LYP)
method with 6-311++G(d,p) basis set in ground
state'™'?. It is well-known that the wavenumber values
calculated at this level contain the well-known
systematic errors”. That is why, the calculated
vibrational wavenumbers were scaled as 0.983 for
frequencies less than 1700 cm” and 0.958 for
frequencies higher than 1700 cm'for B3LYP/6-
311++G(d,p) basis set in levosimendan molecule?'.
The assignments of fundamental vibrational modes of
the title molecule were performed on the basis of total
energy distribution (TED) analysis by using VEDA 4
program®.The Raman activities (S;) calculated by
using Gaussian 09 program have been converted to
relative Raman intensities (/;) using the following
relationship:

= f(vo _Di)4Si
" v [l-exp(—hcv, | kT)]

.. (D

where vy(cm™) is the exciting frequency, v is the
vibrational wavenumber of the i normal mode, A, c,
and k are well-known universal constants and f is the
suitably chosen common scaling factor for the peak
intensities®*?,

4 Results and Discussion

4.1 Molecular geometry

The optimized molecular structure of levosimendan
is shown in Fig. 1. The optimized molecular geometry
parameters of title molecule at B3LYP/6-
3114++G(d,p) level are listed in Table 1. Since the
experimental parameters for the molecular structure
of levosimendan do not exist in the literature, the only
calculated molecular geometric parameters are
presented in Table 1. Therefore, the calculated single
(N25-N26) and double (N11=N13) bond lengths
between two nitrogen atoms are found to be 1.371 A
and 1.303 A, respectively. The triple bond lenghts
between C15=N17 and C16=N18 were found as 1.157
A and 1.156 A, respectively. These values are very
satisfied due to the greater bond order and the shorter
bond length. In the pyridazinone ring, the largest bond
lengths between the atoms C20-C21, C20-C30 and
C21-C22 were calculated as 1.540, 1.537 and
1.510 A, respectively, while in the phenyl ring the
bond lengths between carbon atoms were found to be
at the interval 1.387 and 1.404 A. Calculated results
predict that in levosimendan, the largest bond angle of
127.444° becomes the angle C22-N26-N25 and
C1-C6-N11-H12, N11-N13-C14-C16, N13-C14-C16-
N18 and N25-N26-C22-027 dihedral angle values
were found to be about £ 179°. These results indicate

that the title molecule is not planar.

Fig. 1 — Numbering of the atoms and optimized structure of levosimendan molecule on B3LYP/6-311++G(d,p) basis set
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Table 1 — Optimized molecular geometric parameters at B3LYP/6-311++G(d,p) level of levosimendan molecule

Atoms Calculated Atoms Calculated Atoms Calculated
bond lengths bond angles dihedral angles
(A) ) ©)
Cl1-C2 1.387 C2-C1-C6 119.273 C1-C2-C3-C4 0.448
C1-C6 1.397 C2-C1-H7 120.847 C1-C2-C3-C19 177.172
C1-H7 1.082 C6-C1-H7 119.880 C1-C6-C5-C4 0.499
C2-C3 1.404 C1-C2-C3 121.600 C1-C6-N11-H12 179.235
C2-H8 1.083 C1-C2-H8 119.564 C1-C6-N11-N13 -0.431
C3-C4 1.401 C3-C2-H8 118.836 C2-C3-C19-C20 141.960
C3-C19 1.485 C2-C3-C4 118.081 C2-C3-C19-N25 —41.216
C4-C5 1.389 C2-C3-C19 120.207 C3-C19-C20-C21 —155.417
C4-H9 1.083 C4-C3-C19 121.628 C3-C19-C20-C30 -32.294
C5-C6 1.397 C3-C4-C5 121.024 C3-C19-C20-H29 88.026
C5-H10 1.085 C3-C4-H9 120.354 C4-C3-C19-C20 —41.435
C6-N11 1.409 C5-C4-H9 118.588 C4-C3-C19-N25 135.389
NI11-H12 1.021 C4-C5-C6 119.808 C6-N11-N13-C14 176.679
N11-N13 1.303 C4-C5-H10 119.913 N11-N13-C14-C15 —0.065
N13-C14 1.312 C6-C5-H10 120.278 N11-N13-C14-C16 179.887
Cl14-C15 1.429 C1-C6-C5 120.211 N13-C14-C15-N17 0.072
Cl14-Cl16 1.425 C1-C6-N11 121.829 N13-C14-C16-N18 -179.124
C15-N17 1.157 C5-C6-N11 117.960 Cl14-N13-N11-H12 0.021
C16-N18 1.156 C6-N11-H12 117.741 C19-C20-C21-C22 —41.960
C19-C20 1.527 C6-N11-N13 122.134 C19-C20-C21-H24 —165.083
C19-N25 1.287 HI12-N11-N13 120.124 C19-C20-C21-H28 79.956
C20-C21 1.540 N11-N13-C14 120.197 C19-N25-N26-C22 -15.712
C20-H29 1.101 N13-C14-Cl15 121.747 C19-N25-N26-H23 172.369
C20-C30 1.537 N13-C14-C16 118.583 C20-C21-C22-027 —152.450
C21-C22 1.510 C15-C14-C16 119.671 C21-C22-N26-N25 -0.971
C21-H24 1.090 C3-C19-C20 122.425 N25-N26-C22-027 —178.091
C21-H28 1.098 C3-C19-N25 114.848
C22-N26 1.378 C20-C19-N25 122.648

C22-027 1.215 C19-C20-C21 109.393
H23-N26 1.010 C19-C20-H29 106.598

N25-N26 1.371 C19-C20-C30 115.069
C30-H31 1.094 C21-C20-H29 108.017
C30-H32 1.089 C21-C20-C30 109.038
C30-H33 1.093 H29-C20-C30 108.493

C20-C21-C22 114.205
C20-C21-H24 111.411
C20-C21-H28 109.370
C22-C21-H24 108.321
C22-C21-H28 106.264
H24-C21-H28 106.903
C21-C22-N26 113.266
C21-C22-027 124.977
N26-C22-027 121.689
C19-N25-N26 119.100
C22-N26-H23 117.789
C22-N26-N25 127.444
H23-N26-N25 114.301
C20-C30-H31 110.662
C20-C30-H32 113.054
C20-C30-H33 109.557
H31-C30-H32 107.756
H31-C30-H33 107.844
H32-C30-H33 107.791
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4.2 Vibrational frequencies

Levosimendan has 33 atoms and 93 normal
vibrational modes which are active in both infrared
and Raman. The experimental and simulated IR and
micro-Raman spectra of levosimendan molecule are
given in Fig. 2(a and b) and Fig. 3(a and b),
respectively. Furthermore, the calculated vibrational
wavenumbers at B3LYP/6-311++G(d,p) and their
assignments are presented in Table 2.

227

4.2.1 N-H, C=N and C-N vibrations

It is well-known that the heteroaromatics including
a N-H group exhibits its stretching vibration®*? in the
region 3520-3320 cm’l. In our study, the observed
peak at 3337 cm' (IR) and two weak bands at
3508 (R) cm™' and 3337 (R) cm™' can be attributed to
the v(N-H) modes. The stretching C=N vibrational
bands of nitrile groups in levosimendan are observed
at 2224 s (IR)-2223vs (R) cm™' and 2213 sh (IR)-
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Fig. 2 — Experimental IR spectrum (a) and the calculated IR spectrum on B3LYP/6-311++G(d,p) basis set (b) of levosimendan molecule
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2212 s (R) cm™" (Ref. 26). Furthermore, the v(C-N)
stretching modes of aromatic rings in levosimendan
are observed at 1286 s (IR)-1291 vs (R) cm™ and
1192 m (IR)-1192 w (R) cm™" which are found to be

in good agreement with the calculated values™ as seen
in Table 2. Similarly, the NHH and CNN deformation
bands of title molecule are observed at 1606 sh
(IR)-1598 vs (R) cm ™, 1540 s (IR)-1546 w (R) cm™’

INDIAN J PURE & APPL PHYS, VOL 52, APRIL 2014

and 881 m (IR)-882 m (R) cm™' which are also in a
good agreement with the calculated values as seen in
Table 2.

4.2.2 C-H, C=0 and C-C vibrations

By considering Figs. 2(a) and 3(a) and Table 2, the
C-H streching bands of phenyl ring of title molecule
are observed in the range 3199-3035 (IR) and
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Fig. 3 — Experimental micro-Raman spectrum (on top) and the calculated micro-Raman spectrum on B3LYP/6-311++G(d,p)
basis set (on bottom) of levosimendan molecule
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Table 2 — Observed IR and Raman frequencies, calculated frequencies, relative intensities and probable assignments
of levosimendan molecule

Assignments

Lattice mode

Lattice mode

Lattice mode

Lattice mode

Lattice mode

Lattice mode
ONCC+5CCC+INCCC
OINCC+56CCC+tCCNN
TNCCN+tCCNN+yCNCC+1tCH;
TCH3+tNCCN+tCCNN+yYCNCC+1CCCC
TCH3

TCH3
TCH;3+3NCC+3CCN+5CCC
TCH;3+1CNNC+1CCCC
6C-C-CH;,
TNCCN+tCCNN+yCNCC
TCNNC+yCCCC
ONCC+6CNN+6CCC
TCCCC+yNCCC
SNCC+6CNN+3CCC+yNCCC
TCCCC

SCCN+36CCC+60CN
SCCN+36CCC+60CN
TNCCN+1CCNN

TCCCC+ tHNNC+tHCCC+30CN
TCCCC+yNCCC+tHCCC+pCH,
ONCC+3CCN+VNC
THNNC+tHCCC
THNNC+yOCNC

ONC-C-NC

THNNC+yCNCC
THNNC+pCH,+yOCNC
SCCC+tHNNC
THNNC+yOCNC+INCCC
THNNC+yYCNCC+INCCN
3CCC+vCC+pCH,+3CCN
TCCCC+yCCCC+3CNN+pCH,
TCCCC+yCCCC+0CNN+pCH,
ONC-C-NC+5CCC+vCC+VNC
THCCC

THCCC
pCH;3+pCH,+vCC+vNC
SCNN+vCC+6CCC
S6H-C-CH;+pCH;3+vC-CH,
pCH;+vC-CH,+tHCCN
THCCC

THCCC

SCCC+3CCN+pCH;
SHCC+vCC
VC-CH3+pCH3+pCH2
VC-CH3+DCH3+pCH2
VNN+vCC+pCH;3+6HCC
SHCC+tHCCN+vCC
OSHCC+vNN+vCC+tHCCN
SHCC

Experimental (cm_l)

IR

409 w
418 w

453 w
484 s
501 w
519 m
559 w

583 m

624 w
641 w
663 w
688 m
711 m
729 m
762 w
793 w

839 s

881 m
928 w
950 w
958 m
1000 m

1038 m
1083 m

1116 w
1142 m

Raman

111 m

154 s
197 m

246 m
299 w

333 m
372 sh
380 m
407 s

437 m

482 w

526 m
558 s

583 m

596 s
624 sh
638 s
658 w
688 m
702 sh
728 w
761 w
791 s
813 w
836 w

882 m
950 w
963 vw
999 s
1035 m
1084 s

1136 w
1160 m

Calculated at B3LYP/6-311++G(d,p)

Unscaled

21,35
26,28
36,52
57,46
69,48
89,73
104,18
108,86
136,19
171,44
200,44
202,26
221,29
244,38
312,59
325,13
342,64
371,17
390,24
407,00
420,38
437,25
455,69
486,43
505,28
540,94
578,60
585,86
591,00
601,47
608,73
621,27
650,91
661,87
691,42
706,79
733,92
752,52
813,92
828,32
856,88
877,02
896,54
909,76
954,84
960,90
989,56
1013,93
1035,24
1054,52
1101,98
1126,10
1138,40
1166,63
1197,07

Scaled

20,99
25,83
35,90
56,49
68,30
88,21
102,40
107,01
133,87
168,52
197,04
198,83
217,53
240,23
307,28
319,60
336,82
364,86
383,60
400,08
413,23
429,82
447,94
478,16
496,69
531,74
568,77
575,90
580,95
591,25
598,38
610,71
639,84
650,62
679,66
694,78
721,44
739,72
800,08
814,24
842,31
862,11
881,29
894,30
938,60
944,57
972,73
996,69
1017,64
1036,59
1083,25
1106,96
1119,05
1146,80
1176,72

IIR

0,917
0,907
1,814
1,011
0,519
1,294
2,442
3,988
3,448
2,363
0,757
1,509
6,948
1,391
0,657
25,177
1,626
10,223
6,661
4,478
0,794
2,869
2,913
2,975
25,634
15,138
3,005
16,112
28,259
1,048
21,090
18,445
4,650
38,507
28,786
22,919
14,338
8,847
8,460
15,747
33,333
44,760
26,406
6,431
10,708
3,164
0,129
17,230
1,838
24,797
23,951
34,556
10,849
38,669
1,854

SRaman

3,805
1,541
4,538
1,966
24,837
1,898
5,882
2,167
6,155
2,660
2,490
2,734
8,504
1,565
0,491
0,919
7,211
9,042
9,936
4,045
38,408
4,270
11,469
3,768
19,327
5,298
13,242
21,162
2,202
28,016
9,436
9,401
21,841
54,034
2,335
36,570
6,544
3,832
27,951
31,018
10,846
1,820
11,032
5,258
4,687
1,366
14,630
74,954
22,969
7,255
4,501
361,026
1,092
1,892
1343,148

Contd —
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Table 2 — Observed IR, Raman frequencies, calculated frequencies, relative intensities and probable assignments

of levosimendan molecule — Contd

Assignments Experimental (cm™) Calculated at B3LYP/6-311++G(d,p)

IR Raman Unscaled Scaled Ir Sraman
TCH,+6HCC+VNC 1181 sh 1180 s 1203,20 1182,75 93,810 20,020
VNC+3HCC+vC-CN+vNN+vCC 1192 m 1192 w 1222,52 1201,74 8,851 116,485
vC-CN+6CNN+3HCC+6HNN+vCC 1243 w 1255's 1261,24 1239,79 17,831 84,946
OdHCC+wCH, 1293,58 1271,59 18,338 67,152
vNC+vNN+6HCC 1286 s 1291 vs 1310,74 1288,46 500,669 96,825
vCC+wCH,+6HCC 1317,12 1294,72 24,072 18,064
vNN-+tCH,+3HNN+3HCC 1318,06 1295,65 79,607 1838,473
vCC+8HCC 1311 sh 1328,92 1306,33 94,006 522,408
vCC+3HCC 1342,71 1319,88 3,718 444175
THCCN 1351,84 1328,86 28,644 103,072
wCH,+3HCC 1346 s 1349 w 1357,61 1334,53 60,663 216,015
6CH; 1378 m 1374 w 1418,71 1394,59 8,416 7,521
vCC+6HCC+6HNN 1420 m 1417 s 1442,52 1417,99 13,238 363,947
SHNC+5,CH, 1455,12 1430,39 23,094 287,421
6,CH,+6HNC 1438 s 1464,24 1439,35 11,567 129,851
vN=C+6HNN+6HCC 1497,04 1471,59 470,032 1052,756
6,CHj; 1456 s 1451w 1498,63 1473,15 8,398 8,280
6,CHj; 1467 sh 1465 sh 1502,75 1477,20 14,496 15,544
vCC+36HCC+vNC 1513 m 1514 m 1540,73 1514,54 17,109 220,638
SHNN+vN=C+vCC+6HCC 1540 s 1546 w 1579,44 1552,59 495,588 16,773
SHNN+6HCC+vCC+vN=C 1606 sh 1598 vs 1630,82 1603,10 104,535 1664,640
vCC+vN=C+3HCC+3HNC+6HNN 1615 s 1638,44 1610,58 12,833 5520,164
vCC+vN=C+3HCC+3HNC+6HNN 1658,20 1630,01 63,392 145,557
vO=C+3HNC 1674 vs 1669 w 1768,96 1694,67 716,318 105,219
vN=C 2213 sh 2212's 2303,86 2207,10 57,883 861,078
vN=C 2224 s 2223 vs 2335,66 2237,57 94,507 1911,304
vCH 2823 w 2842 vw 2974,25 2849,34 9,003 103,545
v,CH, 2872 w 2885 w 3016,76 2890,05 10,359 58,562
v,CHj; 2897 sh 3035,90 2908,40 20,843 182,989
v,CHj3 2938 w 2937 w 3093,45 2963,52 22,908 64,371
v,CH, 2974 m 2982 vw 3110,09 2979,47 9,808 137,499
vCHj3 2992 w 3127,01 2995,67 25,140 45,719
vCH 3035 m 3041 vw 3163,61 3030,74 9,842 53,227
vCH 3102 m 3083 w 3189,54 3055,58 8,007 87,763
vCH 3168 m 3174 w 3198,44 3064,11 1,294 40,826
vCH 3199 m 3197 w 3215,61 3080,55 0,027 60,093
vNH 3337 s 3337w 3440,00 3295,52 20,792 393,289
vNH 3508 w 3612,17 3460,46 57,470 287,795

v, stretching; §, bending; J, scissoring; p, rocking; y, out-of-plane bending; t, torsion; s, strong; m, medium; w, weak; v, very; sh,
shoulder. IR intensities (km/mole); Sg, Raman scattering activities (A4/amu).

3197-3041 (R) cm™' while the symmetric v(C-H)
bands®™® arise at 2823 w (IR) and 2842 vw (R) cm .
Likewise, the asymmetric and symmetric streching
bands of CH; methyl group of pyridazinone ring can
be attributed to the observed peaks at 2992 w (R) and
2938 w (IR)-2937w (R) cm 'and 2897 sh (R) cm ™,
respectively. Whereas the asymmetric and symmetric
stretching modes of CH, methylene group in
pyridazinone ring of levosimendan are observed at
2974 m (IR)-2982 vw (R) cm™ and 2872 w (IR)-
2885 w (R) cm™’, respectively”*’. The deformation,
rocking and torsional modes of CH; group are

observed at 1467 sh (IR)-1465 sh (R) cm™ and 1456 s
(IR)-1451 w (R) cm'and 928 w (IR) cm™'and 246 m,
197 m and 154 s cm™'in the micro-Raman spectrum of
title molecule, respectively. Similarly, the C-CHj;
stretching bands arise at 1083 m (IR)-1084 s (R) cm™
and 1038 m (IR)-1035 m (R) cm™'. The exhibit peak
at 1674 vs (IR)-1669 w (R) cm™' can be attributed to
the C=0 stretching absorption band of pyridazinome
ring in levosimendan'®"". Likewise, the v(C-C)
stretching bands of aromatic rings can be assigned to
the observed peaks24 at 1615 s (IR) cm' and
1420 m (IR)-1417 s (R) cm™.
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Table 3 — Experimental and calculated absorption wavelength (L), excitation energies and oscillator strengths (f)

Exp. A (nm)
(in ethanol)

415and 401

289
218 and 249

Transition

of levosimendan molecule

Calculated at B3LYP/6-311++G(d,p) level in vacum / ethanol

A (nm) in ethanol

393.16 / 407.90
324.74/ 320.09
310.34/314.62
298.56 /303.86
280.69 /283.32
269.63/270.23

3.1535/3.0396
3.8179/3.8734
3.9952/3.9408
4.1527/4.0804
4.4172/4.3761
4.5983 /4.5881

Excitation energy (eV) f(oscillator strength)

0.6099 /0.7661
0.0286/0.1501
0.2555/0.0532
0.0217/0.0566
0.2075/0.2498
0.0122/0.0002

4.3 UV-Vis. Absorption and FMOs analysis

Table 3 exhibits the experimental maximum
absorption wavelengths (Ay.) in ethanol solvent and
the calculated maximum absorption wavelengths
(Amax), €Xcitation energies and oscillator strengths (f)
of levosimendan molecule in both vacuum and
ethanol ~ which were calculated by using
TD-DFT/B3LYP method with 6-311++G(d,p) basis
set in ground state. Therefore, the observed Apax
values of levosimendan in ethanol at 218 and
249 nm can be assigned to the n—G" transition while
the Ana value at 289 nm can be attributed to the
n—m* transition and finally the values at 401
and 415nm indicate the n—m* transition. A
comparison between experimental and calculated
Amax values of levosimendan in ethanol solvent
exhibits a good agreement for the values at (exp/cal)
289/283.32 nm, 415 and 401/407.90 nm as seen in
Table 2.

The formed energy gaps between the highest
occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) called the
frontier molecule orbitals (FMOs) which are the main
orbital taking part in chemical reaction which indicate
the molecular chemical stability’'*%. The 3D plots and
energy diference for title molecule are shown in
Fig. 4.

4.4 NBO analysis

Natural bond orbital (NBO) analysis emphasises on
the role of intermolecular orbital interaction in a
molecule™. It is carried out by considering all
possible interactions between filled donor and empty
acceptor NBOs and estimating their energetic
importance by second order perturbation theory™. The
results of second order perturbation theory analysis of
Fock matrix at B3LYP/6-311++G(d,p) level for
levosimendan are given in Table 4.

@

e

E(LUMO+1) = -0.06616 a.u.

E(LUMO) =-0.11847 a.u.

3433 eV
5.637 eV

E(HOMO-1)=-0.27330 a.u.

Fig. 4 — 3D plots of HOMOs and LUMOs of levosimendan
molecule on B3LYP/6-311++G(d,p) basis set

Therefore, we can easily state by considering
Table 4 that the highest energy values of
hyperconjugative interactions in levosimendan arised
at the transition between n electrons of N11 atom and
n* of N13-Cl14 bonding (i.e. nni;—m*Ni3.c14) and
similarly, NN26— T 022-027, N1 1—T¥cs.c6 and
Nnoe—T¥cronas Which  correspond  to  the
transition given in Table 3. Likewise, the
Te1-c2 =T es.c6, Me3-ca— T Cs.c65 TINI3-C14—T¥ 15817 and

n—om*



232 INDIAN J PURE & APPL PHYS, VOL 52, APRIL 2014

TIN13-cla— T cl6.N18 transitions correspond to the m—m*
transition given in Table 3 and finally, noy;;—6%c22.n26
and ngy;—0%*cy.cp transitions correspond to the
n—o* transition in Table 3. Therefore, the NBO
analysis in another way provides a confirmation of
HOMO-LUMO and UV-Vis. analyses.

4.5 Molecular electrostatic potential (MEP), thermodynamic
properties and atomic charges

It is well known that the Molecular Electrostatic
Potential (MEP) is a crucial concept to understand the
molecular interactions in a given molecule and at the
same time it is used for interpreting and predicting

Table 4 — Second order pertubation theory of Fock matrix in NBO of levosimendan molecule

Donor (i) ED()(e) Acceptor (j)
BD(1) C1-C2 1.97565 BD*(1) C6-N11
BD(2) C1-C2 1.67383 BD*(2) C3-C4
BD(2) C1-C2 1.67383 BD*(2) C5-C6
BD(1) C1-C6 1.97124 BD*(1) C5-C6
BD(1) C1-H7 1.97645 BD*(1) C5-C6
BD(1) C2-H8 1.97807 BD*(1) C3-C4
BD(2) C3-C4 1.63855 BD*(2) C1-C2
BD(2) C3-C4 1.63855 BD*(2) C5-C6
BD(2) C3-C4 1.63855 BD*(2) C19-N25
BD(1) C3-C19 1.96599 BD*(1) N25-N26
BD(1) C4-H9 1.97916  BD*(1) C2-C3
BD(1) C5-C6 1.97206 BD*(1) C1-C6
BD(2) C5-C6 1.64823 BD*(2) C1-C2
BD(2) C5-C6 1.64823 BD*(2) C3-C4
BD(1) C5-H10 1.97719 BD*(1) C1-C6
BD(2) N13-C14 1.86026 BD*(2) N13-C14
BD(2) N13-C14 1.86026 BD*(3) C15-N17
BD(2) N13-C14 1.86026 BD*(3) C16-N18
BD(1) C14-C15 1.97894 BD*(1) C15-N17
BD(1) C14-C15 1.97894 BD*(1) C16-N18
BD(1) C14-C16 1.97404 BD*(1) N11-N13
BD(1) C14-C16 1.97404 BD*(1) C15-N17
BD(1) C14-C16 1.97404 BD*(1) C16-N18
BD(1) C15-N17 1.99421 BD*(1) C14-C15
BD(3) C15-N17 1.96001 BD*(2) N13-C14
BD(1) C16-N18 1.99400  BD*(1) C14-C16
BD(3) C16-N18 1.96086 BD*(2) N13-C14
BD(2) C19-N25 1.93468 BD*(2) C3-C4
LP(1) N11 1.58674 BD*(2) C5-C6
LP(1) N11 1.58674 BD*(2) N13-C14
LP(1) N13 1.91073  BD*(1) N11-H12
LP(1) N13 1.91073 BD*(1) C14-C15
LP(1) N17 1.97134 BD*(1) C14-C15
LP(1) N18 1.97192 BD*(1) C14-C16
LP(1) N25 1.92661 BD*(1) C19-C20
LP(1) N25 1.92661 BD*(1) C22-N26
LP(1) N26 1.66603 BD*(2) C19-N25
LP(1) N26 1.66603 BD*(2) C22-027
LP(2) 027 1.86141 BD*(1) C21-C22
LP(2) 027 1.86141 BD*(1) C22-N26
BD*(2) C5-C6 0.40894 BD*(2) C1-C2
BD*(2) C5-C6 0.40894 BD*(2) C3-C4
BD*(2) N13-C14 0.38686 BD*(3) C15-N17
BD*(2) N13-C14 0.38686 BD*(3) C16-N18

ED is the electron density.
*E(2) is the energy of hyperconjugative interactions.

ED(j)(e) EQ2)* E()-EG)° F(i,j)*
kcal mol’! a.u. a.u.
0.03142 4.46 1.10 0.062
0.36945 18.62 0.28 0.066
0.40894 22.92 0.27 0.071
0.02125 4.63 1.27 0.068
0.02125 4.42 1.07 0.062
0.02460 4.61 1.07 0.063
0.29201 19.74 0.29 0.068
0.40894 20.81 0.27 0.067
0.18710 10.47 0.29 0.051
0.02739 5.49 1.02 0.067
0.02376 4.26 1.09 0.061
0.02363 4.52 1.27 0.068
0.29201 16.62 0.30 0.064
0.36945 20.36 0.30 0.070
0.02363 441 1.09 0.062
0.38686 6.23 0.32 0.042
0.08860 16.24 0.44 0.076
0.09051 16.22 0.46 0.078
0.01000 6.81 1.66 0.095
0.01004 4.26 1.68 0.076
0.01522 4.03 1.18 0.062
0.01000 4.48 1.65 0.077
0.01004 7.42 1.67 0.100
0.04569 6.25 1.54 0.088
0.38686 9.12 0.32 0.053
0.03730 6.91 1.53 0.093
0.38686 9.28 0.30 0.052
0.36945 5.74 0.37 0.044
0.40894 30.62 0.31 0.087
0.38686 58.56 0.26 0.110
0.04329 10.48 0.75 0.080
0.04569 9.74 0.89 0.084
0.04569 10.79 1.00 0.093
0.03730 11.33 1.00 0.095
0.04480 10.45 0.77 0.081
0.09067 9.01 0.82 0.077
0.18710 26.80 0.30 0.083
0.25547 52.45 0.30 0.114
0.06037 18.60 0.64 0.100
0.09067 26.70 0.69 0.123
0.29201 148.65 0.02 0.081
0.36945 196.77 0.02 0.082
0.08860 17.41 0.12 0.085
0.09051 14.06 0.14 0.082

® Energy difference between donor and accpetor i and j NBO orbitals.
° F(i,j) is the Fock matrix element between i and j NBO orbitals.
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Fig. 5 — 3D plot of MEP of levosimendan molecule on B3LYP/6-311++G(d,p) basis set
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Table 5 — Calculated thermodynamic properties and atomic charges of levosimendan molecule

Parameters

Thermal energy, E (cal/mol K)
Heat capacity, C, (cal/mol K)
Entropy, S (cal/mol K)
Dipol moment, D (Debye)

Hx

Hy

My

Heotal

Rotational constants (GHz)
A

B
C

Zero-point vibrational energy (kcal/mol)
Sum of electronic and zero-point energy (Hartree/particle)

Sum of electronic and thermal Energies (Hartree/particle)

Sum of electronic and thermal Enthalpies (Hartree/particle)

Sum of electronic and thermal Free Energies (Hartree/particle)

Zero-point correction (Hartree/particle)

Thermal correction to Energy (Hartree/particle)

Thermal correction to Enthalpy (Hartree/particle)

Thermal correction to Gibbs Free Energy (Hartree/particle)
E(RB+HF-LYP)

Value

167.086
70.475
145.933

3.4081
-3.6319
0.2963
4.9894

1.01801
0.10066
0.09488

155.26587

-944.366912

-944.348076

-944.347131

—944.416469

0.247432
0.266268
0.267213
0.197875
—944.61434404

Atoms Mulliken atomic NBO atomic

Cl1
C2
C3
C4
(03]
Co6
H7
H8
H9
H10
N11
H12
N13
Cl4
C15
Cl16
N17
N18
C19
C20
C21
C22
H23
H24
N25
N26
027
H28
H29
C30
H31
H32
H33

charges (a.u.)

0.00579
0.02597
0.81608
—-0.60887
—0.46430
-0.57227
0.23746
0.22282
0.20735
0.14784
0.08649
0.26732
0.11687
0.66149
—-0.39025
—-0.16906
—-0.24290
—-0.22560
-0.67570
0.67169
—0.47841
0.05605
0.33709
0.22686
0.05370
—-0.13944
-0.29657
0.20582
0.21197
—-0.72937
0.16907
0.12057
0.14444

charges (a.u.)

—-0.21258
—-0.14367
-0.07735
-0.17413
—-0.21853
0.14359
0.23531
0.22420
0.21035
0.21139
—-0.32049
0.38013
-0.12793
—0.08491
0.23842
0.26649
-0.28249
-0.27744
0.23525
—0.26948
—-0.46527
0.67320
0.39978
0.23661
—-0.25990
-0.44179
—-0.59404
0.22681
0.21492
—-0.56693
0.20421
0.20894
0.20732
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relative reactivities sites for electrophilic and
nucleophilic attack, investigation of biological
recognition, hydrogen bonding interactions, studies
of zeolite, molecular cluster, crystal behaviour,
correlation and prediction of a wide range of
macroscopic properties® .

Figure 5 shows the 3D plot of the MEP which
was calculated by using the optimized molecular
structure at B3LYP/6-311++G(d,p) level for
levosimendan molecule. In Fig. 5, the electrostatic
potentials at the surface are shown by different
colours. Therefore, the red colour parts represent the
regions of negative electrostatic potential, the blue
ones represent the regions of positive electrostatic
potential and green colour parts also represent the
regions of zero potential. Furthermore, the negative
regions (red colour) of MEP are related to
electrophilic reactivity and the positive ones (blue
colour) are related to nucleophilic reactivity.

The atomic charge in molecules is used for
descriptions of the charge transfer and
electronegativity in chemistry’’. Likewise, the
thermodynamical data obtained from the quantum
chemical calculations are often used in the reaction
mechanism of the organic compound. In this
framework, the results of the calculations of
Mulliken™, NBO atomic charges and
thermodynamic parameters (such as thermal energy,
entropy, heat capacity, dipole moment, rotational
constants and zero-point energy (ZPE))for the
levosimendan molecule at B3LYP/6-311++G(d,p)
level are presented in Table 5. By considering the
data given in Table 5, the highest positive atomic
charges were found as 0.81608 au, 0.67165 au and
0.33709 au for the C3 carbon atom in phenyl ring
and H23 hydrogen and C20 carbon atoms in the
pridazinone ring of the mentioned molecule,
respectively. The thermal energy value for the
levosimendan molecule was calulated as 167.086
cal/mol K.

5 Conclusions

In the present study, molecular structure,
vibrational =~ frequencies, UV-vis  maximum
wavelengths, HOMO and LUMO analysis, NBO
analyses, molecular electrostatic potential (MEP),
thermodynamic properties and atomic charges of
levosimendan molecule have been calculated by
using DFT/B3LYP method with 6-311++ G(d,p)
basis set in ground state. The calculated vibrational
frequency and electronic absorption wavelength

values (in ethanol) are found to be in good
agreement with the experimental data. The results
obtained from this study can be considered for other
cardionic agents bearing a 6-phenyl-4,5-dihydro-3-
(2H)-pyridazinone ring.
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