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The crystal structure determination of the methylated pyrazine-2-carbohydrazide derivative, namely N -
methyl-N ′-(4-nitrobenzylidene)pyrazine-2-carbohydrazide were optimized to obtain its molecular geometric struc-
ture and electronic structures at the Hartree�Fock and density functional theory levels (B3LYP) with 6-311G(d,p)
and 6-311++G(d,p) basis sets, using Gaussian 09W programme. The 1H and 13C nuclear magnetic resonance
chemical shifts of the title molecule were calculated by using the gauge independent atomic orbital, continuous
set of gauge transformations and individual gauges for atoms in molecules methods and were also compared with
experimental values. The electronic properties high occupied and low unoccupied molecular orbitals energies were
calculated and analyzed. Potential energy surface scan, natural population analysis and Mulliken atomic charges
were investigated using theoretical calculations. A detailed molecular picture and intermolecular interactions aris-
ing from hyperconjugative interactions and charge delocalization of the molecule were analyzed using natural bond
orbital analysis.
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1. Introduction

Pyrazine is a symmetrical and heterocyclic aromatic
organic compound having two nitrogen atoms in the
para-position of the six-membered ring. Ligands contain-
ing pyrazine ring are widely studied and their pi-donor
properties are interesting [1]. Pyrazine has been paid
great attention, because the diazine rings form an im-
portant class of compounds presented in several natural
and synthetic compounds [2]. Pyrazine derivatives have
been widely used in the �elds of medicinal chemistry for
the skeleton of biologically active sites [3, 4]. Pyrazines
and its derivatives constitute an important class of com-
pounds present in several natural �avours and complex
organic molecules [5]. In continuation of these studies,
the synthesis and antituberculosis activities of a series of
methylated pyrazine-2-carbohydrazide derivatives have
been studied [6�8]. Pyrazine derivatives are known as an
important drugs with analgesic [9], antimicrobial [10], an-
ticancer [11], sodium channel blocker [12], antiviral [13],
antihypertensive [14], antiglaucoma [15], antioxidant [16],
antidepressant, anxiolytic, neuroprotective [17] and an-
tidiabetic [18] activity. Pyrazine-2-carbohydrazides have
been the object of many spectral, structural and theoret-
ical investigations [19�22]. However, to the best of our
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knowledge, the theoretical investigations for structural,
spectroscopic and electronic properties of N -methyl-
N ′-(4-nitrobenzylidene) pyrazine-2-carbohydrazide com-
pound have not been performed. So as to eliminate this
de�ciency, detailed theoretical investigations were carried
out concerning the conformational analysis, vibrational
frequencies and NMR chemical shifts, bonding features,
high occupied molecular orbital (HOMO) and low unoc-
cupied molecular orbital (LUMO) energies.

2. Computational details

The quantum chemical calculations have been per-
formed by using the Hartree�Fock (HF) method and
B3 [23] exchange functional combined with the LYP [24]
correlation function resulting in the B3LYP density
functional method combined with 6-311G(d,p) and 6-
311++G(d,p) basis sets. All electronic and structural
computations were performed using Gaussian 09W pro-
gram [25] and Gauss View 5.0 program package [26].
The potential energy surface was studied at the 6-
311G(d,p) level. NBO analyses [27] have been performed
by the module NBO version 3.1 implemented in Gaus-
sian 09W [25] at the optimization level to determine the
partial charge distribution and the bonding characters of
the title molecule.
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3. Results and discussion

3.1. Molecular geometry

In order to �nd the best optimized geometry the ge-
ometric parameters of the title compound were opti-
mized using HF and B3LYP methods with 6-311G(d,p)
(marked in Tables A1) and 6-311++G(d,p) (A2) basis
sets. The atom numbering scheme for the molecule is
shown in Fig. 1a [8]. The optimized geometry of the ti-
tle molecule performed at B3LYP/6-311++G(d,p) level
with atoms numbering is shown in Fig. 1b.

Fig. 1. (a) The experimental geometric structure [8],
(b) optimized molecular structure (with B3LYP/6-
311++G(d,p) level) of the title compound.

The title molecule belongs to the C2/c space group.
The unit cell dimensions are a = 17.510(2) Å, b =
10.5421(11) Å, c = 14.9638(14) Å and V = 2628.7(5) Å3

and has eight formula units per unit cell (Z = 8).
These results are taken from the data reported by Gomes
et al. [8].
The optimized geometrical parameters (bond dis-

tances, bond angles and dihedral angles) are presented in
Tables I�III and compared with the experimental X-ray
di�raction [8] of a compound having similar structure.
The correlation coe�cient for the calculated and the ex-
perimental values of the molecule are shown in Tables.
The changes in the bond length of C�H bond on sub-

stitution due to a change in the charge distribution on
the carbon atom of the benzene ring [28]. The carbon
atoms are bonded to the hydrogen atoms with σ-bond
in benzene and substitution of NO2 group for hydrogen
reduces the electron density at the ring carbon atom.
The bond length of N�O in nitro group is somewhat

di�erent and it is due to the repulsion between the lone
electron pair on the O atom and the electron pair on the
nitrogen atom [29]. In the present work, the C�H bond
lengths were calculated in the range 1.0710�1.0939 Å,
experimentally the C�H bond lengths are observed as
0.95 and 0.98 Å.
In substituted benzenes, the ring carbon atoms ex-

ert a large attraction on the valence electron cloud of
the H atom resulting in an increase in the C�H force
constant and a decrease in the corresponding bond
length [30]. The C1�C11 and C2�C22 bond distances
are the longest while the other C�C bond distances are
shortest. The longest bond distance attributes the pure
single bond character. In the benzene ring the C11�C12

TABLE I

The values of distances(Å) between atoms calculated for
the title compound using B3LYP and HF methods com-
pared with experimental data [8]

Exp. [8] Calc. B3LYP Calc. HF

A1 A2 A1 A2

O2-C2 1.224(2) 1.2160 1.2167 1.1912 1.1922

O141-N14 1.231(2) 1.2242 1.2254 1.1865 1.1874

O142-N14 1.225(2) 1.2244 1.2256 1.1869 1.1878

N1-C1 1.278(3) 1.2832 1.2835 1.2539 1.2543

N1-N2 1.379(2) 1.3519 1.3539 1.3467 1.3478

N2-C2 1.369(2) 1.3930 1.3910 1.3727 1.3711

N2-C27 1.458(2) 1.4607 1.4605 1.4505 1.4507

N14-C14 1.470(2) 1.4765 1.4760 1.4638 1.4648

N21-C22 1.337(2) 1.3353 1.3345 1.3158 1.3150

N21-C26 1.339(3) 1.3331 1.3333 1.3154 1.3157

N24-C25 1.336(3) 1.3349 1.3348 1.3163 1.3165

N24-C23 1.336(3) 1.3328 1.3326 1.3168 1.3164

C1-C11 1.470(3) 1.4651 1.4655 1.4784 1.4791

C1-H1 0.9500 1.0900 1.0899 1.0784 1.0786

C2-C22 1.512(3) 1.5073 1.5079 1.5067 1.5078

C11-C16 1.397(3) 1.4031 1.4035 1.3882 1.3886

C11-C12 1.402(3) 1.4059 1.4060 1.3941 1.3945

C12-C13 1.381(3) 1.3843 1.3849 1.3768 1.3775

C12-H12 0.9500 1.0819 1.0820 1.0721 1.0723

C13-C14 1.388(3) 1.3941 1.3949 1.3852 1.3857

C13-H13 0.9500 1.0810 1.0813 1.0711 1.0715

C14-C15 1.388(3) 1.3896 1.3903 1.3777 1.3779

C15-C16 1.389(3) 1.3883 1.3888 1.3834 1.3843

C15-H15 0.9500 1.0808 1.0811 1.0710 1.0714

C16-H16 0.9500 1.0845 1.0846 1.0752 1.0754

C22-C23 1.391(3) 1.3989 1.3986 1.3868 1.3872

C23-H23 0.9500 1.0845 1.0848 1.0736 1.0741

C25-C26 1.385(3) 1.3945 1.3948 1.3860 1.3864

C25-H25 0.9500 1.0859 1.0857 1.0753 1.0753

C26-H26 0.9500 1.0859 1.0857 1.0751 1.0751

C27-H27A 0.9800 1.0860 1.0863 1.0757 1.0761

C27-H27B 0.9800 1.0939 1.0938 1.0861 1.0860

C27-H27C 0.9800 1.0934 1.0933 1.0847 1.0847

R2 0.9793 0.9799 0.9631 0.9633

bond length is slightly longer than C12�C13. The longest
bond distance observed in the benzene ring is C11�C12.
The experimental C�N bond lengths fall in the range

1.278�1.470 Å and the optimized C�N bond lengths fall
in the range 1.2835�1.4760 Å by B3LYP/6-311++G(d,p)
method. From these values, a small di�erence between
experimental and calculated bond lengths is observed.
The C12�C13�C14 and C14�C15�C16 ring angles are

slightly smaller than 119◦ at the point substitution and
longer than 119◦ at the other position, due to this reason
the symmetry of the ring is slightly distorted. The rest
of computed bond angles were correlated with the ex-
perimental values (see Table II). The highest correlation
coe�cient was obtained for DFT/B3LYP method with
6-311++G(d,p) basis set. In addition, this study con-
cludes that the theoretically calculated dihedral angles
are in good agreement with the experimental study [8].
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TABLE II

The values of bond angles(◦) calculated for the title com-
pound using B3LYP and HF methods compared with ex-
perimental data [8]

Exp. [8] Calc. B3LYP Calc. HF

A1 A2 A1 A2

C1-N1-N2 117.97(16) 120.41 120.30 121.30 121.26

C2-N2-N1 116.92(15) 117.71 117.35 117.30 117.15

C2-N2-C27 120.87(15) 119.09 119.51 119.82 120.09

N1-N2-C27 122.20(15) 123.01 123.01 122.35 122.34

O142-N14-O141 123.44(17) 124.80 124.63 124.88 124.79

O142-N14-C14 118.25(16) 117.62 117.70 117.58 117.62

O141-N14-C14 118.30(16) 117.58 117.67 117.55 117.59

C22-N21-C26 115.43(17) 116.22 116.25 116.87 116.87

C25-N24-C23 115.58(17) 116.20 116.36 116.81 116.90

N1-C1-C11 119.52(17) 120.40 120.51 120.43 120.42

N1-C1-H1 120.2 123.18 123.08 123.43 123.41

C11-C1-H1 120.2 116.42 116.41 116.13 116.17

O2-C2-N2 121.95(17) 121.59 121.85 121.92 122.07

O2-C2-C22 119.60(17) 119.89 120.17 119.40 119.54

N2-C2-C22 118.44(16) 118.52 117.98 118.68 118.38

C16-C11-C12 119.38(17) 119.04 119.01 119.40 119.40

C16-C11-C1 118.91(17) 119.10 118.95 118.84 118.78

C12-C11-C1 121.66(17) 121.87 122.04 121.76 121.82

C13-C12-C11 120.53(17) 120.54 120.56 120.36 120.37

C13-C12-H12 119.7 120.57 120.38 120.24 120.14

C11-C12-H12 119.7 118.89 119.05 119.40 119.48

C12-C13-C14 118.41(18) 119.02 119.01 118.94 118.91

C12-C13-H13 120.8 121.72 121.52 121.23 121.15

C14-C13-H13 120.8 119.26 119.47 119.83 119.95

C13-C14-C15 122.98(18) 121.86 121.86 122.00 122.04

C13-C14-N14 118.50(17) 119.12 119.12 119.03 119.00

C15-C14-N14 118.52(17) 119.02 119.02 118.98 118.95

C14-C15-C16 117.64(17) 118.61 118.58 118.48 118.44

C14-C15-H15 121.2 119.49 119.72 120.14 120.26

C16-C15-H15 121.2 121.91 121.69 121.39 121.30

C15-C16-C11 121.04(18) 120.93 120.98 120.82 120.84

C15-C16-H16 119.5 119.38 119.33 119.15 119.12

C11-C16-H16 119.5 119.69 119.69 120.03 120.04

N21-C22-C23 122.45(17) 121.77 121.86 121.67 121.74

N21-C22-C2 119.39(16) 119.73 118.93 119.55 119.13

C23-C22-C2 117.89(16) 118.17 118.91 118.53 118.89

N24-C23-C22 121.90(17) 121.88 121.72 121.44 121.35

N24-C23-H23 119.0 117.60 117.56 117.82 117.84

C22-C23-H23 119.0 120.52 120.72 120.74 120.81

N24-C25-C26 122.57(19) 121.93 121.86 121.68 121.63

N24-C25-H25 118.7 117.07 117.18 117.42 117.51

C26-C25-H25 118.7 121.00 120.96 120.90 120.86

N21-C26-C25 122.05(18) 121.96 121.90 121.49 121.48

N21-C26-H26 119.0 116.97 117.06 117.41 117.48

C25-C26-H26 119.0 121.07 121.03

N2-C27-H27A 109.5 107.31 107.54

N2-C27-H27B 109.5 110.47 110.51

H27A-C27-H27B 109.5 109.42 109.35 109.12 109.12

N2-C27-H27C 109.5 110.30 110.19 110.26 110.20

H27A-C27-H27C 109.5 109.92 109.76 109.41 109.33

H27B-C27-H27C 109.5 109.40 109.46 109.38 109.43

R2 0.8963 0.9029 0.8964 0.8998

TABLE III

The values of dihedral angles(◦) calculated for the title
compound using B3LYP and HF methods compared with
experimental data [8]

Exp. [8] Calc. B3LYP Calc. HF

A1 A2 A1 A2

C1-N1-N2-C2 178.94(16) 178.79 178.74 177.18 177.39

C1-N1-N2-C27 -0.1 3.94 -3.05 5.55 -4.77

N2-N1-C1-C11 -175.23 -179.75 -179.61 179.85 -179.72

N1-N2-C2-O2 178.58(16) -167.45 168.47 164.70 165.92

C27-N2-C2-O2 -2.4 7.61 -7.38 7.15 -6.88

N1-N2-C2-C22 -0.8 13.25 -12.34 16.21 -14.93

C27-N2-C2-C22 178.22(15) -171.68 171.82 171.94 172.27

N1-C1-C11-C16 -179.05 178.07 -178.16 177.61 -177.27

N1-C1-C11-C12 3.5(3) -2.06 1.90 2.50 2.81

C16-C11-C12-C13 -1.3 -0.11 -0.13 0.11 -0.16

C1-C11-C12-C13 176.12(17) -179.99 179.93 180.00 179.92

C11-C12-C13-C14 0.6(3) -0.00 0.04 0.02 0.08

C12-C13-C14-C15 1.0(3) 0.10 0.07 0.05 0.02

C12-C13-C14-N14 -178.83 179.98 -179.97 179.96 -179.95

O142-N14-C14-C13 -173.56 179.90 -179.89 179.82 -179.83

O141-N14-C14-C13 6.8(3) -0.10 0.11 0.19 0.18

O142-N14-C14-C15 6.6(3) -0.23 0.20 0.27 0.24

O141-N14-C14-C15 -173.05 179.78 -179.80 179.72 -179.75

C13-C14-C15-C16 -1.8 -0.08 -0.07 0.04 -0.03

N14-C14-C15-C16 178.07(16) -179.95 179.97 179.95 179.96

C14-C15-C16-C11 1.0(3) -0.04 0.04 0.05 0.05

C12-C11-C16-C15 0.5(3) 0.14 0.13 0.12 0.14

C1-C11-C16-C15 -176.98 -179.99 -179.93 179.98 -179.94

C26-N21-C22-C23 -0.8 0.64 -0.39 0.42 -0.24

C26-N21-C22-C2 -174.73 174.01 -174.04 174.55 -174.59

O2-C2-C22-N21 118.3(2) -130.59 122.81 130.07 125.14

N2-C2-C22-N21 -62.3 48.72 -56.40 49.04 -54.04

O2-C2-C22-C23 -55.9 43.01 -51.03 44.24 -49.38

N2-C2-C22-C23 123.49(19) -137.68 129.76 136.65 131.45

C25-N24-C23-C22 -0.4 1.95 -1.86 1.81 -1.77

N21-C22-C23-N24 0.9(3) -2.34 2.06 1.97 1.81

C2-C22-C23-N24 174.98(18) -175.81 175.71 176.15 176.18

C23-N24-C25-C26 -0.3 -0.08 -0.20 0.29 -0.34

C22-N21-C26-C25 0.2(3) 1.22 1.28 1.10 1.20

N24-C25-C26-N21 0.4(4) -1.58 1.44 1.23 1.21

R2 0.9972 0.9986 0.9970 0.9981

3.2. NMR spectral analysis

Geometrical structures of studied compound were op-
timized by HF and DFT/B3LYP methods and the gauge-
independent atomic orbital (GIAO) [31], the continuous
set of gauge transformations (CSGT) [32] and the indi-
vidual gauges for atoms in molecules (IGAIM, a slight
variation on the CSGT method) [33] methods were used
for prediction of nuclear shielding.
Theoretical and experimental chemical shifts of the ti-

tle molecule in 1H and 13C NMR spectra in comparison
with experimental chemical shifts are gathered in Ta-
ble IV. The linear correlation between proton and car-
bon NMR shieldings of studied compound and experi-
mental data is shown in Table IV. This data show good
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TABLE IV

Experimental [8] and theoretical B3LYP and HF with
6-311++G(d,p) chemical shifts δ [ppm] of the title com-
pound in 1H and 13C NMR spectra

Exp. [8] Calc. B3LYP Calc. HF

GIAO CSGT IGAIM GIAO CSGT IGAIM
1H NMR (CDCl3)

H3 8.85 9.02 9.83 9.12 9.43 9.46 9.46

H5 8.70 8.76 9.58 8.86 9.15 9.23 9.22

H6 8.70 8.66 9.47 8.75 8.96 9.08 9.08

H3′ 8.17 8.20 8.79 8.07 8.84 8.67 8.67

H5′ 8.17 8.42 8.93 8.21 9.05 8.84 8.84

N=CH 7.84 7.53 8.60 7.88 7.69 7.99 7.99

H2′ 7.52 7.66 8.54 7.83 8.02 8.19 8.19

H6′ 7.52 7.30 8.22 7.50 7.72 7.91 7.91

NCH3 3.64 5.14 5.98 5.26 5.04 5.26 5.26

NCH3 3.64 2.72 3.98 3.27 2.92 3.48 3.48

NCH3 3.64 2.56 3.82 3.10 2.69 3.24 3.24

R2 0.9205 0.9360 0.9361 0.9357 0.9496 0.9496
13C NMR

C2 167.7 174.2 172.6 172.6 178.6 177.7 177.7

C22 149.8 157.4 155.1 155.0 160.9 158.6 158.6

C23 148.4 151.6 149.1 149.1 156.0 153.6 153.6

C25 145.2 150.5 148.6 148.6 155.4 153.7 153.7

C14 144.8 154.4 151.5 151.5 154.7 152.2 152.2

C11 143.8 147.0 146.6 146.6 154.3 153.8 153.8

C26 139.9 147.6 145.5 145.5 150.6 149.2 149.2

C1 138.1 137.9 137.6 137.6 141.9 142.0 142.0

C15 128.8 129.3 126.9 126.9 138.0 135.7 135.7

C13 128.8 129.3 127.0 127.0 137.8 135.6 135.6

C16 127.8 133.0 132.7 132.7 136.9 136.4 136.3

C12 124.2 128.8 127.4 127.4 133.9 132.6 132.6

C27 28.9 27.1 27.7 27.7 31.2 32.1 32.1

R2 0.9939 0.9940 0.9940 0.9972 0.9975 0.9975

correlation between predicted and observed proton and
carbon chemical shifts but the higher value of correla-
tion coe�cient was obtained by HF (CSGT and IGAIM)
method (see supplementary information). The results are
based on �xed geometry and a rigid conformation. Aro-
matic carbon atoms in benzene ring give signals in over-
lapped areas of the spectrum with chemical shift values
from 120 to 160 ppm. The cumulative e�ect of nitro-
gen and oxygen reduce the electron density of the carbon
atom C2, thus its NMR signal is observed in the very
down�eld at 167.7 ppm experimentally. This signal cal-
culated in the range 172.6�178.6 ppm. 1H chemical shifts
were obtained by complete analysis of the NMR spectrum
and interpreted critically to quantify di�erent e�ects act-
ing on the chemical shifts of protons. The hydrogen
atoms in the benzene ring shows NMR peaks in the nor-
mal range of aromatic hydrogen atoms and are assigned
to the chemical shift values 8.17 (H3', H5') and 7.52
(H2' and H6') ppm. The computed chemical shift values
of 8.20�9.05 (H3', H5') and 7.30�8.54 (H2' and H6') ppm
for proton atoms are in good agreement with the mea-
sured values (8.17 and 7.52 ppm).

3.3. Frontier molecular orbital analysis

The energies of four important molecular orbitals of
the title molecule: the second highest and highest occu-
pied MO's (HOMO and HOMO-1), the lowest and the
second lowest unoccupied MO's (LUMO and LUMO+1)
were calculated and are presented in Fig. 2 with the 3D
plots. The energy gap of the title molecule was calcu-
lated at B3LYP/6-311++G(d,p) level, which reveals the
chemical reactivity and proves the occurrence of eventual
charge transfer.

Fig. 2. The atomic orbital composition of the frontier
molecular orbital of the title compound obtained by
B3LYP/6-311++G(d,p) level.

The HOMO (ability to donate an electron) is located
almost over the carbon atoms, oxygen atoms and also
slightly delocalized in hydrogen atom and the LUMO
(ability to obtain an electron) is mainly delocalized in
carbon atoms of benzene ring and nitro group.
The energy gap (energy di�erence between HOMO

and LUMO orbital) is a critical parameter in deter-
mining molecular electrical transport properties [34].
The HOMO�LUMO energy gap of the title molecule
is found to be 0.14367 a.u. obtained at DFT/B3LYP
method with 6-311++G(d,p) level. The energy gap also
determines the chemical hardness softness of a molecule.
By using the energies of the HOMO and LUMO orbitals,
absolute hardness value of a molecule can be formulated
by the equation: η = (1/2)(−εHOMO + εLUMO) [35�
37]. The value of hardness is 0.071835 a.u. for the title
molecule. Molecules having a large energy gap are known
as hard and having a small energy gap are known as soft
molecules. Soft molecules are more polarizable than hard
molecules because they need small excitation energies to
the manifold of excited states [38].

3.4. Potential energy surface scan

Visualizing and describing the relationship between po-
tential energy and molecular geometry is called a poten-
tial energy surface (PES) that is an important to reveal
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all possible conformations of the title molecule. The scan
studies were obtained by minimizing the potential energy
in all geometrical parameters by varying the torsion angle
at a step of 10◦ in the range of 0−360◦ rotation around
the bond. For the calculation, all the geometrical param-
eters were synchronically relaxed while the C1�N1�N2�
C2 angle was varied in steps of 10◦. The 2D surface in
a 3D diagram and 2D surface countour graph of a PES
scan performed for the dihedral angles C1�N1�N2�C2,
N2�C2�C22�C23 and C1�N1�N2�C2, N1�C1�C11�C16
at the B3LYP/6-311G(d,p) level of theory for the title
molecule is shown in Fig. 3 and Fig. 4.

Fig. 3. PES reaction surface plot of C1�N1�N2�C2
and N2�C2�C22�C23 of the title compound obtained
by B3LYP/6-311G(d,p) level.

Fig. 4. PES reaction surface plot of C1�N1�N2�C2
and N1�C1�C11�C16 of the title compound obtained
by B3LYP/6-311G(d,p) level.

The PES scan revealed that the C1�N1�N2�C2 dihe-
dral angle has two energetically almost equal minimum
energy at 179◦ with the energy of -1001.5521947200 and
-1001.5521698000 Ha at a combination of N2�C2�C22�
C23 dihedral angle of -138◦ and 137◦ and N1�C1�C11�
C16 dihedral of −178◦ and 178◦.

3.5. NPA and Mulliken atomic charges

The Mulliken analysis is the most popular population
analysis method, it is by default always performed in
Gaussian. The �rst involve a direct partitioning of the
molecular wave function into atomic contributions fol-
lowing some arbitrary, orbital-based scheme proposed by
Mulliken [39]. The Mulliken population analysis is one
of the oldest and simplest, with the electrons being di-
vided up amongst the atoms according to the degree to

which di�erent atomic AO basis functions contribute to
the overall wave function [39]. The Mulliken charges do
not achieve convergence with an increasing basis set size.
Natural population analysis (NPA) and Mulliken meth-
ods predict the same tendencies.

The atomic charges of the title molecule acquired by
the Mulliken population analysis and NPA with HF and
B3LYP methods with 6-311G(d,p) and 6-311++G(d,p)
basis sets are listed in Table V. The Mulliken and NPA
atomic charges on each atom of the title compound are
presented in the graphical representation shown in Fig. 5
and Fig. 6, respectively.

Fig. 5. Comparative Mulliken plot of the title com-
pound obtained by HF and B3LYP methods with 6-
311G(d,p) basis set.

Fig. 6. Comparative NPA plot of the title compound
obtained by HF and B3LYP methods with 6-311G(d,p)
basis set.

From the results it is clear that carbon atoms attached
with oxygen and nitrogen atoms are positive however the
other carbon atoms have more negative charges. All hy-
drogen atoms have a positive charge and the oxygen and
nitrogen atoms are negatively charged. The H13 and H15
atoms have positive and maximum atomic charges than
the other hydrogen atoms. Due to the presence of elec-
tronegative oxygen atoms in the nitro group, nitrogen
atom has large positive charge value N14. The methyl
group nitrogen atom N2 has the maximum negative
charge value compared to other nitrogen atoms of the
nitro group N1, N21 and N24.
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TABLE V
Calculated net charges by the Mulliken population analysis and NPA analysis
of the title compound at B3LYP and HF methods with A1 and A2 basis sets

Mulliken B3LYP NPA B3LYP Mulliken HF NPA HF

A1 A2 A1 A2 A1 A2 A1 A2

N1 -0.17334 0.143948 -0.23435 -0.22274 -0.214765 0.223384 -0.24207 -0.24207

N2 -0.28705 0.128594 -0.24345 -0.27518 -0.413042 -0.027651 -0.33977 -0.33977

N14 0.171122 -0.215752 0.51253 0.49543 0.374672 -0.140153 0.65331 0.65331

N21 -0.251772 0.074446 -0.40773 -0.40048 -0.329997 0.063497 -0.42992 -0.42992

N24 -0.249485 -0.021276 -0.41098 -0.41385 -0.326651 -0.033727 -0.44156 -0.44156

H1 0.091974 0.14298 0.17003 0.17485 0.102714 0.188268 0.15529 0.15529

H12 0.120445 0.161184 0.22702 0.23397 0.131946 0.226894 0.21554 0.21554

H13 0.136977 0.251237 0.23848 0.24558 0.152037 0.294423 0.22790 0.22790

H15 0.136553 0.247044 0.23918 0.24649 0.151938 0.291166 0.22876 0.22876

H16 0.098834 0.169461 0.20693 0.21451 0.101861 0.208699 0.19376 0.19376

H23 0.129348 0.241297 0.19926 0.21214 0.132301 0.282065 0.18704 0.18704

H25 0.122332 0.202844 0.19023 0.20223 0.122813 0.232393 0.17563 0.17563

H26 0.116632 0.210304 0.19061 0.20119 0.116204 0.240658 0.17629 0.17629

H27A 0.13447 0.170014 0.19534 0.20361 0.113193 0.161593 0.16248 0.16248

H27B 0.159148 0.220229 0.23950 0.25700 0.158672 0.239811 0.21615 0.21615

H27C 0.137811 0.167767 0.19681 0.20445 0.114606 0.157342 0.16385 0.16385

O141 -0.268837 0.005985 -0.38394 -0.37908 -0.383066 -0.043376 -0.45676 -0.45676

O142 -0.26977 -0.003741 -0.38556 -0.38002 -0.384743 -0.053414 -0.45911 -0.45911

O2 -0.33721 -0.223964 -0.58049 -0.57941 -0.457382 -0.300768 -0.67880 -0.67880

C1 0.122074 -0.307487 0.02984 0.03017 0.209706 -0.350349 0.08229 0.08229

C2 0.433577 -0.637502 0.68295 0.67257 0.618384 -0.486406 0.82584 0.82584

C11 -0.127315 0.670062 -0.05334 -0.06810 -0.125833 0.590531 -0.03429 -0.03429

C12 -0.026036 -0.096548 -0.16675 -0.17279 -0.054627 -0.133537 -0.16802 -0.16802

C13 -0.053164 -0.459246 -0.17664 -0.18052 -0.015135 -0.490161 -0.14180 -0.14180

C14 0.124761 -0.209129 0.06402 0.06424 0.070462 -0.214371 0.04000 0.04000

C15 -0.047309 -0.246248 -0.17722 -0.18317 -0.00983 -0.26175 -0.13901 -0.13901

C16 -0.075744 -0.518585 -0.18075 -0.18320 -0.105093 -0.553734 -0.18741 -0.18741

C22 0.002056 0.052263 0.10319 0.09715 0.026507 -0.081208 0.10306 0.10306

C23 0.103368 -0.02367 0.05674 0.05420 0.150007 0.032641 0.09059 0.09059

C25 0.014236 -0.214642 0.02776 0.02309 0.06155 -0.258388 0.06235 0.06235

C26 0.004824 0.218781 0.02558 0.01615 0.02334 0.289192 0.04965 0.04965

C27 -0.193511 -0.300654 -0.39481 -0.41050 -0.112748 -0.293565 -0.29125 -0.29125

3.6. NBO analysis
The importance of the NBO method is originated from

that it gives information about intra- and intermolecular
bonding and interactions among bonds. Furthermore, it
provides a convenient basis for investigating the interac-
tions in both �lled and virtual orbital spaces along with
charge transfer and conjugative interactions in molecular
system. The second-order Fock matrix was used to evalu-
ate the donor acceptor interactions in the NBO basis [39].
The interactions result in a loss of occupancy from the
localized NBO of the idealized Lewis structure into an
empty non-Lewis orbital. For each donor (i) and accep-
tor (j), the stabilization energy E(2) associated with the
delocalization i→ j is estimated as [40]:

E (2) = ∆Ei→j = qi
F (i, j)

2

(εj − εi)
, (3.1)

where qi is the donor orbital occupancy, εi and εj are the
diagonal elements (orbital energies) and F (i, j) is the o�
diagonal NBO Fock matrix element. The larger the E(2)
value, the more intensive is the interaction between elec-

tron donors and electron acceptors, i.e. the more donat-
ing tendency from electron donors to electron acceptors
and the greater the extent of conjugation of the whole
system [41].

NBO analysis has been performed on the molecule at
the HF and DFT/B3LYP methods with 6-311++G(d,p)
level in order to elucidate the possible donor�acceptor
pairs, the values of the donor�acceptor stabilization en-
ergy as estimated by the above equation and NBO oc-
cupancies that are presented in Table VI. Tables also
include the corresponding Fock matrix elements in the
numerator and denominator of this equation.

The π electron delocalization is maximum around
C23�N24, C25�C26 distributed to π∗ antibonding of
C25�C26, N21�C22 with a stabilization energy of about
50.03, 49.11 kcal/mol for HF/6-311++G(d,p) and 24.42,
20.35 kcal/mol for B3LYP/6-311++G(d,p). NBO anal-
ysis clearly manifests the evidences of the intramolec-
ular charge transfer from σ(C27�H27A) to σ∗(N1�N2)
antibonding orbitals that clearly shows that the hy-
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droxyl group is inclined towards the C27H3 group
showing large stabilization energy of 6.94 kcal/mol
(HF/6-311++G(d,p) and 5.69 kcal/mol (B3LYP/6-
311++G(d,p). The most important interaction en-
ergies in this molecule are σ electron donating from
LP(1)O141 → σ∗(C14 − N14) and LP (1) O141 →
σ∗(C14�N14) resulting a stabilization energy of about
5.74, 4.20 kJ/mol respectively. In title molecule, the in-
teraction of lone pair orbital on oxygen atom LP (3) O142
LP (3) O142 of the NBO conjugated with π∗(N14�O141)
resulting to stabilization of 283.13 kcal/mol (HF) and
163.10 kcal/mol (B3LYP) shown in Table VI(at the end).
Percentage of s, p, and d-character on each natural
atomic hybrid of the natural bond orbital is listed in Ta-
ble VII (at the end).
As shown in Table VI, the di�erence in polarization

coe�cients is small when similar atoms are involved in
bond formation (C�C, N�N bond) however in C�N and
C�O bond formations there are found considerable dif-
ferences. The sizes of the polarization coe�cients of the
corresponding bond provides information about the elec-
tronegativity, the larger di�erences in the polarization
coe�cient values of the atoms involved in the bond for-
mation are re�ected in the electronegativity of the atoms.

4. Conclusion

The geometry of methylated pyrazine-2-
carbohydrazide derivative, namely N -methyl-N ′-(4-
nitrobenzylidene)pyrazine-2-carbohydrazide was opti-
mized at di�erent levels with HF and DFT/B3LYP
method using 6-311G(d,p) and 6-311++G(d,p).
The computed geometries are benchmarks for predicting
crystal structural data of the molecule. The calculated
structural parameters (bond distances, bond angles and
dihedral angles) compares well with the experimental
values. The 1H and 13C NMR isotropic chemical
shifts were calculated and the assignments made were
compared with the experimental values. HOMO�LUMO
gaps are examined and discussed. The potential en-
ergy curves have been obtained for C2�N2�N1�C1
and N1�C1�C11�C16 rotational angles at the same
levels of theory. The NBO analysis revealed that the
LP (3) O2 → LP∗ (1) C2 interaction gives the strongest
stabilization to the system around at 416.19 kcal/mol
with HF/6-311++G(d,p).
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TABLE VI

Second order perturbation theory analysis of Fock matrix in NBO basis for the title compound at B3LYP and
HF methods with A2 basis set

B3LYP HF

Donor Type Acceptor Type Occup. E(2) ∆E(ji) F (i.j) Occup. E(2) ∆E(ji) F (i.j)

(i) (j) (i) [e] (j) [e] [ kcal
mol

] [a.u.] [a.u.] (i) [e] (j) [e] [ kcal
mol

] [a.u.] [a.u.]

C25-C26 π N21-C22 π∗ 1.58507 0.38596 20.35 0.27 0.07 1.58005 0.37835 49.11 0.47 0.14

C23-N24 π 0.33769 18.72 0.27 0.07 0.33643 43.01 0.48 0.13

C27�H27A σ∗ N1-N2 σ∗ 1.98492 0.03170 5.69 0.91 0.06 1.98857 0.02425 6.94 1.40 0.09

C2-C22 σ∗ N2-C27 σ∗ 1.97278 0.03803 4.00 0.98 0.06 1.97492 0.02683 4.96 1.47 0.08

N21-C26 σ∗ 0.01510 3.44 1.20 0.06 0.01262 4.29 1.72 0.08

C22-C23 σ∗ N21-C22 σ∗ 1.98481 0.01915 3.76 1.82 0.07

N21-C22 σ∗ C22-C23 σ∗ 1.98397 0.03304 3.46 1.96 0.07

N21-C22 π C25-C26 π∗ 1.69569 0.28235 23.26 0.32 0.08 1.70090 0.28744 45.38 0.56 0.14

C23-N24 π 0.33769 18.24 0.31 0.07 0.33643 37.03 0.55 0.13

C2-O2 π 0.25039 6.66 0.34 0.04

LP∗(1) C2 0.68128 10.51 0.38 0.06

C2-N2 σ∗ N1-C1 σ∗ 1.98877 0.00835 3.22 2.03 0.07

N1-C1 π C11-C12 π∗ 1.91919 0.37085 8.63 0.37 0.05 1.94959 0.35442 10.97 0.64 0.08

C1-C11 σ∗ N1-N2 σ∗ 1.97229 0.03170 4.70 1.05 0.06 1.97446 0.02425 6.25 1.57 0.09

N1-C1 σ∗ 0.00835 3.91 1.82 0.08

C11-C12 σ∗ 0.02243 3.00 1.72 0.06

C23-N24 π C25-C26 π∗ 1.69188 0.28235 24.42 0.32 0.08 1.68799 0.28744 50.03 0.55 0.15

N21-C22 π 0.38596 18.42 0.31 0.07 0.37835 37.45 0.54 0.13

N21-C26 σ∗ C2-C22 σ∗ 1.98455 0.07317 3.48 1.23 0.06 1.98599 0.06166 4.19 1.77 0.08

N14-O141 π N14-O141 π∗ 1.98566 0.62694 7.59 0.32 0.05 1.98949 0.53634 6.00 0.62 0.06

C13-C14 π 0.39660 3.14 0.46 0.04

LP(3) O142 1.45055 12.37 0.18 0.08

LP(1) N2 C27-H27A σ∗ 1.60569 0.01233 4.68 0.66 0.06 1.70789 0.01172 7.22 1.02 0.08

C27-H27B σ∗ 0.01202 4.46 0.66 0.05 0.01089 6.38 1.02 0.08

N1-C1 π∗ 0.21554 33.57 0.28 0.09 0.13616 42.86 0.58 0.15

C2-O2 π∗ 0.25039 43.34 0.30 0.11

LP∗(1) C2 0.68128 115.83 0.37 0.21

LP(2) O2 C2-C22 σ∗ 1.85710 0.07317 18.84 0.66 0.10 1.89097 0.06166 26.28 1.09 0.15

C2-N2 σ∗ 0.08850 25.88 0.67 0.12 0.06794 35.23 1.16 0.18

LP(3) O2 LP∗(1) C2 1.50115 0.68128 416.19 0.31 0.33

LP(1) N1 N2-C27 σ∗ 1.91375 0.03803 10.66 0.70 0.08 1.93399 0.02683 12.49 1.17 0.11

C1-C11 σ∗ 0.02517 4.21 1.29 0.07

C1-H1 σ∗ 0.03353 10.65 0.78 0.08 0.02589 14.49 1.21 0.12

LP(1) N21 C25-C26 σ∗ 1.91779 0.03375 8.28 0.91 0.08 1.93419 0.02807 10.57 1.37 0.11

C2-C22 σ∗ 0.07317 3.05 0.75 0.04 0.06166 4.91 1.19 0.07

C22-C23 σ∗ 0.04005 9.42 0.90 0.08 0.03304 12.13 1.37 0.12

C26-H26 σ∗ 0.02360 3.85 0.78 0.05 0.01913 6.17 1.22 0.08

LP(1) N24 C25-H25 σ∗ 1.91886 0.02350 3.80 0.78 0.05 1.93515 0.01921 6.12 1.22 0.08

C25-C26 σ∗ 0.03375 8.40 0.90 0.08 0.02807 10.82 1.37 0.11

C22-C23 σ∗ 0.04005 8.63 0.90 0.08 0.03304 10.93 1.37 0.11

C23-H23 σ∗ 0.02349 3.76 0.78 0.05 0.01889 6.04 1.22 0.08

LP(1) O141 C14-N14 σ∗ 1.98173 0.10477 4.20 1.07 0.06 1.98190 0.08316 5.74 1.59 0.09

LP(2) O141 C14-N14 σ∗ 1.89976 12.21 0.56 0.07 1.92240 17.22 1.01 0.12

N14-O142 σ∗ 0.05483 18.95 0.72 0.11 0.04061 25.66 1.30 0.17

LP(1) O142 C14-N14 σ∗ 1.98174 0.10477 4.20 1.07 0.06 1.98192 0.08316 5.74 1.59 0.09

LP(2) O142 C14-N14 σ∗ 1.89971 12.22 0.56 0.07 1.92231 17.24 1.01 0.12

N14-O141 σ∗ 0.05472 18.92 0.72 0.11 0.04055 25.63 1.30 0.17

LP(3) O142 N14-O141 π∗ 1.45055 163.10 0.14 0.14 1.50191 0.53634 283.13 0.35 0.29

E(2) means energy of hyperconjugative interactions(stabilization energy). ∆E(ji) means energy di�erence between donor
and acceptor i and j NBO orbitals. F (i, j) is the Fock matrix element between i and j NBO orbitals.
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TABLE VII

Hybrid compositions of the title compound at B3LYP and HF methods with 6-311++G(d,p) basis set

B3LYP HF

Bond Type Atom Occup.| s p d NBO Occup.| s p d NBO

[%] [%]

C25-C26 σ C25 49.90 37.78 62.17 0.05 0.7064(sp1.65)+0.7078(sp1.64) 49.91 37.62 62.28 0.10 0.7065(sp1.66)+0.7077(sp1.65)

C26 50.10 37.93 62.03 0.05 50.09 37.75 62.15 0.10

C25-C26 σ∗ C25 50.10 37.78 62.17 0.05 0.7078(sp1.65)−7.064(sp1.64) 50.09 37.62 62.28 0.10 0.7077(sp1.66)−0.7065(sp1.65)

C26 49.90 37.93 62.03 0.05 49.91 37.75 62.15 0.10

C25-C26 π C25 49.67 0.00 99.94 0.06 0.7048(p)+0.7094(p) 49.22 0.00 99.89 0.11 0.7015(p)+0.7126(p)

C26 50.33 0.00 99.94 0.06 50.78 0.00 99.90 0.10

C25-C26 π C25 50.33 0.00 99.94 0.06 0.7094(p)−7.048(p) 50.78 0.00 99.89 0.11 0.7126(p)−0.7015(p)

C26 49.67 0.00 99.94 0.06 49.22 0.00 99.90 0.10

C25-N24 σ C25 40.81 31.77 68.13 0.10 0.6388(sp2.14)+0.7693(sp1.84) 40.46 32.00 67.84 0.17 0.6361(sp2.12)+0.7716(sp1.72)

N24 59.19 35.23 64.69 0.09 59.54 36.67 63.20 0.14

C25-N24 σ∗ C25 59.19 31.77 68.13 0.10 0.7693(sp2.14)−0.6388(sp1.84) 59.54 32.00 67.84 0.17 0.7716(sp2.12)−0.6361(sp1.72)

N24 40.81 35.23 64.69 0.09 40.46 36.67 63.20 0.14

C22-N21 σ C22 41.52 31.79 68.11 0.09 0.6443(sp2.14)+0.7647(sp1.8) 41.17 32.00 67.85 0.15 0.6417(sp2.12)+0.7670(sp1.70)

N21 58.48 35.64 64.28 0.08 58.83 37.03 62.84 0.13

C22-N21 σ∗ C22 58.48 31.79 68.11 0.09 0.7647(sp2.14)−0.6443(sp1.8) 58.83 32.00 67.85 0.15 0.7670(sp2.12)−0.6417(sp1.70)

N21 41.52 35.64 64.28 0.08 41.17 37.03 62.84 0.13

C22-N21 π C22 44.32 0.00 99.90 0.10 0.6657(p)+0.7462(p) 45.05 0.00 99.86 0.14 0.6712(p)+0.7413(p)

N21 55.68 0.01 99.83 0.15 54.95 0.01 99.79 0.21

C22-N21 π C22 55.68 0.00 99.90 0.10 0.7462(p)−0.6657(p) 54.95 0.00 99.86 0.14 0.7413(p)−0.6712(p)

N21 44.32 0.01 99.83 0.15 45.05 0.01 99.79 0.21

C2-N2 σ C2 36.50 30.78 69.11 0.11 0.6042(sp2.25)+0.7969(sp1.8) 36.17 31.28 68.52 0.20 0.6014(sp2.19)+0.7990(sp1.78)

N2 63.50 35.68 64.28 0.04 63.83 35.91 64.01 0.08

C2-N2 σ∗ C2 63.50 30.78 69.11 0.11 0.7969(sp2.25)−0.6042(sp1.8) 63.83 31.28 68.52 0.20 0.7990(sp2.19)−0.6014(sp1.78)

N2 36.50 35.68 64.28 0.04 36.17 35.91 64.01 0.08

C2-O2 σ C2 35.41 31.76 68.07 0.17 0.595(sp2.14)+0.8037(sp1.54) 35.03 33.01 66.76 0.24 0.5919(sp2.02)+0.8060(sp1.30)

O2 64.59 39.39 60.49 0.12 64.97 43.46 56.39 0.15

C2-O2 σ∗ C2 64.59 31.76 68.07 0.17 0.8037(sp2.14)−0.595(sp1.54) 64.97 33.01 66.76 0.24 0.8060(sp2.02)−0.5919(sp1.30)

O2 35.41 39.39 60.49 0.12 35.03 43.46 56.39 0.15

C2-O2 π C2 30.99 0.92 98.63 0.45 0.5567(p)+0.8307(p)

O2 69.01 1.02 98.86 0.12

C2-O2 π C2 69.01 0.92 98.63 0.45 0.8307(p)−0.5567(p)

O2 30.99 1.02 98.86 0.12

N2-C27 σ N2 63.69 34.15 65.83 0.03 0.798(sp1.93)+0.6026(sp3.44) 64.38 34.36 65.58 0.05 0.8024(sp1.91)+0.5968(sp3.35)

C27 36.31 22.49 77.37 0.14 35.62 22.91 76.84 0.25

N2-C27 σ∗ N2 36.31 34.15 65.83 0.03 0.6026(sp1.93)−0.798(sp3.44) 35.62 34.36 65.58 0.05 0.5968(sp1.91)−0.8024(sp3.35)

C27 63.69 22.49 77.37 0.14 64.38 22.91 76.84 0.25

N2-N1 σ N2 53.55 30.09 69.83 0.08 0.7317(sp2.32)+0.6816(sp2.99) 53.07 29.49 70.39 0.13 0.7285(sp2.39)+0.6850(sp2.85)

N1 46.45 25.06 74.81 0.13 46.93 25.90 73.91 0.19

N2-N1 σ∗ N2 46.45 30.09 69.83 0.08 0.6816(sp2.32)−0.7317(sp2.99) 46.93 29.49 70.39 0.13 0.6850(sp2.39)−0.7285(sp2.85)

N1 53.55 25.06 74.81 0.13 53.07 25.90 73.91 0.19

N14-O141 σ N14 49.12 31.94 67.92 0.13 0.7009(sp2.13)+0.7133(sp3.03) 48.95 32.34 67.36 0.30 0.6997(sp2.08)+0.7145(sp2.57)

O141 50.88 24.76 75.09 0.14 51.05 27.96 71.93 0.11

N14-O141 σ∗ N14 50.88 31.94 67.92 0.13 0.7133(sp2.13)−0.7009(sp3.03) 51.05 32.34 67.36 0.30 0.7145(sp2.08)−0.6997(sp2.57)

O141 49.12 24.76 75.09 0.14 48.95 27.96 71.93 0.11

N14-O141 π N14 39.55 0.00 99.75 0.25 0.6289(p)+0.7775(p) 33.78 0.00 99.44 0.56 0.5812(p)+0.8138(p)

O141 60.45 0.00 99.86 0.14 66.22 0.00 99.87 0.13

N14-O141 π N14 60.45 0.00 99.75 0.25 0.7775(p)−0.6289(p) 66.22 0.00 99.44 0.56 0.8138(p)−0.5812(p)

O141 39.55 0.00 99.86 0.14 33.78 0.00 99.87 0.13

N14-O142 σ N14 49.12 31.95 67.92 0.13 0.7009(sp2.13)+0.7133(sp3.03) 48.97 32.34 67.36 0.30 0.6998(sp2.08)+0.7144(sp2.58)

O142 50.88 24.75 75.11 0.14 51.03 27.93 71.96 0.11

N14-O142 σ∗ N14 50.88 31.95 67.92 0.13 0.7133(sp2.13)−0.7009(sp3.03) 51.03 32.34 67.36 0.30 0.7144(sp2.08)−0.6998(sp2.58)

O142 49.12 24.75 75.11 0.14 48.97 27.93 71.96 0.11


