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Abstract 

In the present study, a novel series of 4-(2-benzylidenehydrazinyl)-1-ethylquinolin-2(1H)-one derivatives have been designed 
and synthesized from the reaction of 4-hydrazinoquinolin-2(1H)-one with 4-substituted benzaldehyde possessing electron 
donating and withdrawing groups. The structures of the obtained hydrazone compounds have been characterized in detail 
using IR, NMR, mass spectra and elemental analysis as well. The assigned chemical shifts of hydrazone compounds were 
compared with the NMR data. We observed that the presence of withdrawing group in hydrazonquinolinone showed a lower 
field than electron donating group. Also, the in vitro antitumor activity of all hydrazone compounds was investigated against 
human Hepatocellular carcinoma cell lines (HePG-2) using the colorimetric method and studying structure-activity 
relationship analysis (SARs). The electronic structures of some novel quinolinones derivatives are investigated using 
DFT/B3LYP/6-311++G (d, p) level of theory. In theoretical studies, the global chemical activity descriptors (FMOs, softness, 
hardness, electron affinity, ionization potential, etc.) and MEP were computed to predict important information related to the 
stability and reactivity of the prepared molecules. Compound 8 is the more stable product. To explain the nonlinear optical 
(NLO) properties of the synthesized compounds, the dipole moment, polarizability, and initial hyperpolarizability values (in 
the range 69 x 10-30 - 109 x 10-30 esu) have been calculated and compared with Para-Nitro-Aniline (PNA), as a reference 
material show promising optical   properties. In addition, the 1H and 13C-NMR chemical shifts of the synthesized compounds 
were simulated by GIAO manner and compared with the experimental chemical shifts results. 
 

Keywords: Quinolinones Derivatives; DFT/ B3LYB/6-311++G (d,p); NLO; Antitumor Activity. 

1.Introduction                                                                                                      
Quinolinones have been considered a privileged 
scaffold in medicines for treating various diseases 
due to their biological and pharmacological activities 
[1,2], including antibiotics, antimicrobial [3,4], 
antimalarial [5,6], antibacterial [7,8], antifungal [9], 
antioxidant, anticancer [10-12] as anticancer drug 
applicants that strongly enhance cell apoptosis [13], 
antihistaminic or anti-inflammatory, antiallergic, 
antipsychotic [14-16], antidepressant, anticonvulsant 
[17], anti-viral [18], antiplatelet activities [19-21] , 
enzyme inhibitor [22]. Moreover, hydrazine and 
hydrazine derivatives, precisely heterocyclic-
substituted hydrazine's, are well-known as useful 
synthons in organic chemistry [23]. Furthermore, 
many hydrazones and hydroxyquinoline derivatives 
show pharmacological activities, including 
antitumoral, antimicrobial, antimycobacterial, 
antimalarial, antiplatelet, antidepressant, 

anticonvulsant, analgesic and anti-inflammatory [24-

30]. Density Functional Theory (DFT), is a method 
for calculating the electronic structures of atoms and 
molecules using the fundamental principles of 
quantum mechanics, furthermore, it is a method for 
illuminating the properties of the compounds [31].  In 
various fields, DFT represents a reliable and 
beneficial method to investigate the molecular 
structure, spectroscopic assignments of 
medicines/drugs [32-34], and risk assessment of 
chemicals [35]. Recently, in attention to the synthesis 
and biological importance of hydroxyquinoline 
derivatives and hydrazones, the present work deals 
with the design of hydrazones in quinolinone moiety 
to obtain new derivatives and study their anticancer 
activity as well as the structure-activity relationship 
[36-39]. There have not been any extensive 
theoretical or experimental studies on our novel 
synthesized quinolinone derivatives and their 
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potential as a drug candidate is yet to be explored. 
Therefore, our study in this work is to explore the 
geometrical parameters (bond lengths, bond angles 
and dihedral angles), ground state properties of 
quinolinone derivatives, highest occupied molecular 
orbital (HOMO), lowest unoccupied molecular 
orbital (LUMO), energy gaps, the effect of 
substituents of different electron-donating and 
withdrawing strengths in the one aryl moiety, and 
electrostatic potential are calculated using B3LYP/6-
311++G (d,p). The electronic dipole moment (µ), and 
first order hyperpolarizability (β) values of the 
studied compounds have been calculated to study the 
NLO properties to identify and characterize the 
forces that govern the structure activity and the 
optical properties of the mentioned compounds. 
Finally, global reactivity descriptors including 
softness (S), hardness (η), electronegativity (X), 
electrophilicity (ω), nucleophilicity (�) and additional 
electronic charge (∆N) of the studied compounds 
were computed and analysed. As well, the 
electrostatic potential (ESP) and molecular 
electrostatic potential (MEP) of the synthesized 
molecules were explored. Moreover, obtaining 
confirmation of the experimental spectral data to 
corroborate the theoretical findings. 
 
2. Experimental details  
Melting points were determined on a Digital Stuart 
SMP-3 Melting Point Apparatus. IR spectra were 
recorded on a PerkinElmer FT-IR 1650 
spectrophotometer; using samples in KBr disks, 1H-
NMR (400 MHz) and 13C-NMR (100 MHz) spectra 
were recorded on Mercury 300BB or Gemini 300BB 
spectrometers (δ), using DMSO-d6 as solvents. Mass 
spectra (70 eV) were obtained using a Shimadzu GC- 
2010 gas chromatography instrument mass 
spectrometer. Elemental microanalyses were 
performed on a PerkinElmer CHN-2400 analyzer at 
Cairo University. (1-Ethyl-2-oxo-1,2-dihydro-4-
quinolinyl) hydrazine (2) was synthesized according 
to literature method [23]. 
 
2.1. Synthesis and characterization of compounds 

2.1.1. Preparation of compound 3-6 

A mixture of hydrazine 2 (2.03 g, 1 mmol) with 
different aldehydes; benzaldehyde, P-anisaldehyde, 
P-methylbenzaldehyde, P-hydroxybenzaldehyde (1 
mmol) was refluxed for 15 min. in ethanol. The 
liquid mixture was left to cool at room temperature 
until complete precipitation occurred. Then, the solid 
precipitate was filtered off, dried, and recrystallized 
by ethanol to give hydrazone compounds. 
 
4-(2-benzylidenehydrazinyl)-1-ethylquinolin-2(1H)-
one (3) 

Pale yellow, yield (2.47 g, 85 %), m.p= 281-283 °C; IR 
(KBr, cm-1): 3223 (NH), 3082 (C-Haromatic), 2983 (C-
Haliphatic), 1629 (C=O), 1605 (C=N), 1559 (C=C), 1447 
(CH2bending), 1396 (CH3bending), 1130 (C-C), 967, 841, 
753.1H NMR (DMSO-d6):δ H =1.19 (t, 3H, J=8Hz, CH3), 
4.23 (q, 2H, J=4 Hz, CH2), 6.39 (s, 1H, 3-CH), 7.28 (t, 
1H, J=4 Hz, 7-CHquinolinone), 7.40 (m, 3H, m,m,p-
CHbenzene), 7.56 (d, 1H, J=8 Hz, 8-CHquinolinone), 7.64 (t, 
1H, J=8 Hz, 6-CHquinolinone), 7.77 (d, 2H, o,o-CHbenzene), 
8.15 (d, 1H, J =12 Hz, 5-CHquinolinone), 8.39 (s, 1H, 
N=CH), 10.80 (s, 1H, NHdisappeared with D2O ). 

13C NMR 
(DMSO-d6):δ C = 162, 148, 144, 139, 135, 132, 130, 
129, 127, 127, 123, 123, 121, 115, 114, 95, 36, 13. MS 
(70 eV) : m/z (%) = 291 (M+) (95.23). Anal. Calcd for 
C18H17N3O (291.36) C 74.21; H  5.88; N 14.42 %. 
Found: C 74.18; H  5.82; N 14.36. 

4-(2-(4-hydroxybenzylidene)hydrazinyl)-1-
ethylquinolin-2(1H)-one (4) 

Cumin, yield (2.46 g, 80 %), m.p = 302-304 °C 
decomp.; IR (KBr, cm-1): 3300-2600 (OHbroad), 3296 
(NH), 3046 (C-Haromatic), 2991 (C-Haliphatic), 1626 
(C=O), 1600 (C=N), 1563 (C=C), 1465 (CH2bending), 
1401 (CH3bending), 1130 (C-C), 975, 885, 765. 1H NMR 
(DMSO-d6):  δH = 1.18 (t, 3H, J=8 Hz, CH3), 4.22 (q, 
2H, J=4 Hz, CH2),  6.33 (s, 1H, 3-CH ), 6.86 (d, 2H, 
m,m-CHbenzene), 7.26 (t, 1H, J=4 Hz, 7-CHquinolinone), 7.54 
(d,1H, J=8 Hz, 8-CHquinolinone), 7.60 (m, 3H, o,o-
CHbenzene,6-CHquinolinone), 8.13 (d, 1H, J=8 Hz, 5-
CHquinolinone), 8.30 (s, 1H, N=CH), 9.90 (s, 1H, 
OHdisappeared with D2O), 10.58 (s, 1H, NHdisappeared with D2O). 
13C NMR (DMSO-d6): δ C = 162, 160, 148, 145, 139, 
131, 131, 129, 126, 123, 121, 116, 116, 115, 114, 94, 
36, 13. MS (70 eV) : m/z (%) = 307 (M+) (13.26). Anal. 
Calcd. For C18H17N3O2 (307.36) C  70.34; H  5.58; N 
13.67. Found: C 70.23; H  5.55; N 13.63. 

4-(2-(4-methylbenzylidene)hydrazinyl)-1-
ethylquinolin-2(1H)-one (5) 

Yellow, yield (2.44 g, 80 %), m.p = 282-284 °C; IR 
(KBr, cm-1): 3260 (NH), 3099 (C-Haromatic), 2972 (C-
Haliphatic), 1632 (C=O), 1601 (C=N), 1567 (C=C), 1445 
(CH2bending), 1397 (CH3bending), 1131 (C-C), 952, 837, 
778. 1H NMR (DMSO-d6):  δH = 1.19 (t, 3H, J=12 Hz, 
CH3), 2.34 (s, 3H, CH3), 4.23 (q, 2H, J=8 Hz, CH2), 6.37 
(s, 1H, 3-CH), 7.27 (m, 3H, m,m-CHbenzene,7-
CHquinolinone), 7.55 (d, 1H, J=8 Hz, 8-CHquinolinone), 7.63 
(m, 3H, o,o-CHbenzene,6-CHquinolinone), 8.14 (d, 1H, J=8 

Hz, 5-CHquinolinone), 8.35 (s, 1H, N=CH), 10.75 (s, 1H, 
NHdisappeared with D2O). 13C NMR (DMSO-d6): δC = 162, 
148, 144, 140, 139, 133, 131, 130, 127, 127, 123, 123, 
121, 115, 114, 95, 36, 22, 13. MS (70 eV) : m/z (%) =  
305 (M+) (100.00). Anal. Calcd for C19H19N3O 
(305.38) C 74.73; H  6.27; N  13.76. Found: C 74.70; H  
6.15; N 13.67. 
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4-(2-(4-methoxybenzylidene)hydrazinyl)-1-
ethylquinolin-2(1H)-one (6) 

Pale yellow, yield (2.41 g, 75 %), m.p = 245-247 °C; 
IR (KBr, cm-1): 3278 (NH), 2968 (C-Haromatic), 2930 
(C-Haliphatic), 1630 (C=O), 1605 (C=N), 1564 (C=C), 
1453 (CH2bending), 1362 (CH3bending), 1133 (C-C), 961, 
822, 749. 1H NMR (DMSO-d6):  δH = 1.18 (t, 3H, J=8 

Hz, CH3), 3.81 (s, 3H, O-CH3), 4.23 (q, 2H, J=8 Hz, 
CH2), 6.34 (s, 1H, 3-CH), 7.03 (d, 2H, m,m-CHbenzene 

), 7.27 (t, 1H, J=4 Hz, 7-CHquinolinone), 7.55 (d, 1H, J=8 

Hz, 8-CHquinolinone), 7.64 (t, 1H, J=12 Hz, 6-CHquinolinone), 
7.71 (d, 2H, o,o-CHbenzene), 8.13 (d,1H, J=8 Hz, 5-
CHquinolinone), 8.33 (s, 1H, N=CH), 10.66 (s, 1H, 
NHdisappeared with D2O). 13C NMR (DMSO-d6): δC = 162, 
161, 148, 144, 139, 131, 131, 129, 128, 123, 121, 
115, 115, 115, 114, 94, 56, 36, 13. MS (70 eV) : m/z 
(%) = 321 (100.00) (M+). Anal. Calcd for 
C19H19N3O2 (321.38) C 71.01; H 5.96; N 13.07. 
Found: C 70.87; H 5.89; N 13.04. 

2.1.2. Preparation of compounds 7 and 8  

         A mixture of hydrazine 2 (2.03 g, 1mmol) with 
different aldehydes; P-chloro benzaldehyde, P-nitro 
benzaldehyde (1mmol) was stirred at room 
temperature for 15 min. During stirring, the solid 
precipitate was formed, collected and filtered off, 
then dried and recrystallized with ethanol to be 
afforded. 
4-(2-(4-chlorobenzylidene)hydrazinyl)-1-
ethylquinolin-2(1H)-one (7) 
Beige, yield (2.93 g, 90 %), m.p= 300-301 °C melts; 
IR (KBr, cm-1): 3262 (NH), 3089 (C-Haromatic), 2983 
(C-Haliphatic), 1630 (C=O), 1605 (C=N), 1562 (C=C), 
1447 (CH2bending), 1395 (CH3bending), 1134 (C-C), 964, 
883, 761. 1H NMR (DMSO-d6):  δH = 1.18 (t, 3H, 
J=4 Hz, CH3), 4.23 (q, 2H, J=4 Hz, CH2), 6.38 (s, 1H, 
3-CH), 7.29 (t, 1H, J=12 Hz, 7-CHquinolinone), 7.52 (d, 
2H, o,o-CHbenzene), 7.57 (d, 1H, J=8 Hz, 8-
CHquinolinone),7.65 (t, 1H, J =8 Hz, 6-CHquinolinone), 7.79 
(d, 2H, m,m-CHbenzene), 8.13 (d, 1H, J=8 Hz, 5-
CHquinolinone), 8.37 (s, 1H, N=CH), 10.87 (s, 1H, 
NHdisappeared with D2O). 13C NMR (DMSO-d6): δC = 162, 
148, 143, 139, 134, 134, 132, 129, 129, 129, 129, 
123, 121, 115, 114, 95, 36, 13. MS (70 eV) : m/z (%) 
= 328 (3.59) (M+2), 326 (M+) (38.97). Anal. Calcd 
for C18H16ClN3O (325.80) C 66.36; H 4.95; Cl 10.88; 
N 12.90. Found: C 66.29; H  4.93; Cl  10.85; N 
12.89. 
4-(2-(4-nitrobenzylidene)hydrazinyl)-1-
ethylquinolin-2(1H)-one (8) 
Orange, yield (3.19 g, 95 %), m.p= >300 °C; IR 
(KBr, cm-1): 3296 (NH), 3113 (C-Haromatic), 2989 (C-
Haliphatic), 1654 (C=O), 1600 (C=N), 1563 (C=C), 
1447 (CH2bending), 1393 (CH3bending), 1130 (C-C), 907, 
817, 747. 1H NMR (DMSO-d6):  δH = 1.19 (t, 3H, J=8 

Hz, CH3), 4.24 (q, 2H, J=8 Hz, CH2), 6.47 (s, 1H, 3-
CH), 7.30 (t, 1H, J=4 Hz, 7-CHquinolinone), 7.59 (d, 1H, 

J=12 Hz, 8-CHquinolinone), 7.66 (t, 1H, J=8 Hz, 6-
CHquinolinone), 8.02 (d, 2H, o,o-CHbenzene), 8.15 (d, 1H, 
J=8 Hz, 5-CHquinolinone), 8.29 (d, 2H, m,m-CHbenzene), 
8.47 (s, 1H, N=CH), 11.15 (s, 1H, NHdisappeared with 

D2O). MS (70 eV) : m/z (%) = 336 (M+) (27.05). Anal. 
Calcd for C18 H16N4O3 (336.35) C 64.28; H 4.79; N 
16.66. Found: C 64.26; H 4.75; N 16.65. 
2.2.  Antitumor activity 

The antitumor activity of hydrazone compounds 3a-f 
was investigated against HepG-2 cells (human 
Hepatocellular carcinoma) which were obtained from 
VACSERA Tissue Culture Unit. From Sigma (St. 
Louis, Mo., USA), DMSO, Crystal violet stain (1%) (It 
is composed of 0.5% (w/v) crystal violet and 50% 
methanol, then made up to volume with double distilled 
H2O and filtered through a Whatmann No.1 filter 
paper) and trypan blue dye were purchased. Moreover, 
from Lonza, Belgium, Fetal Bovine serum, Dulbecco’s 
modified Eagle’s medium (DMEM), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid buffer 
solution (HEPES), L-glutamine, gentamycin and 0.25% 
Trypsin-EDTA were purchased. All cancer cell lines 
were maintained at 37ºC in a humidified atmosphere 
with 5% CO2 in DMEM supplemented with 10% heat-
inactivated fetal bovine serum, 1% L-glutamine, 
HEPES buffer and 50µg/ml gentamycin and 
subcultured two times a week.  
For cytotoxicity assay, the cells were seeded in a 96-
well plate at a cell concentration of 1×104 cells per well 
in 100µl of growth medium. After 24 h of seeding fresh 
medium including different concentrations of the test 
sample was added. Serial two-fold dilutions of the 
tested chemical compound were added to confluent cell 
monolayers distributed into 96-well, flat-bottomed 
microtiter plates (Falcon, NJ, USA) using a 
multichannel pipette. The microtiter plates were 
incubated at 37ºC for a period of 24 h in a humidified 
incubator with 5% CO2. Three wells were used for each 
concentration of the test sample. Control cells were 
incubated without test sample and with or without 
DMSO. The little percentage of DMSO present in the 
wells (maximum 0.1%) was found not to affect the 
experiment. After incubation of the cells at 37°C, for 24 
h, the viable cells yield was determined by a 
colorimetric method.  
Briefly, after the end of the incubation period, media 
were aspirated, and the crystal violet solution (1%) was 
added to each well for at least 30 min. The stain was 
removed, and the plates were rinsed using tap water 
until all the excess stain was removed. Glacial acetic 
acid (30%) was then added to all wells and completely 
mixed, and then the absorbance of the plates was 
measured after being gently shaken on a Microplate 
reader (TECAN, Inc.), using a test wavelength of 490 
nm. All results were edited for background absorbance 
revealed in wells without added stain. Treated samples 
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were compared with the cell control in the absence of 
the tested compounds. All experiments were proceeded  
in triplicate. The cell cytotoxic effect of each tested 
compound was calculated. The optical density was 
measured with the microplate reader (SunRise, 
TECAN, Inc, USA) to determine the number of viable 
cells and the percentage of viability was calculated as 
[the mean optical density of wells treated with the 
tested sample (ODt)/ the mean optical density of 
untreated cells (ODc)]x100%. The relationship between 
surviving cells and drug concentration is incurred to 
acquire the survival curve of each tumor cell line after 
treatment with the distinctive compound. The 50% 
inhibitory concentration (IC50), the concentration 
required to cause toxic effects in 50% of intact cells, 
was evaluated from graphic plots of the dose response 
curve for each conc. Using Graph pad Prism software 
(San Diego, CA. USA). 
 
2.3. Computational Details 

All quantum chemical computations were 
implemented by the Gaussian 09 program package 
[40] using Khon-Sham᾿s density function theory 
(DFT) method subjected to the gradient-corrected 
hybrid density functional B3LYP method [41]. This 
function is a combination of the Becke᾿s three 
parameters of non-local exchange potential with the 
non-local correlation functionality of Lee et al 
[42,43]. A full geometry optimization for each 
structure was performed using this function [41] and 
the 6-311++G (d, p) basis set [44]. No symmetry 
constrains were applied during the geometry 
optimization. Gaussian output files and all geometries 
were visualized either using GaussView 5.0.9 [45] or 
chemcraft 1.6 [46] software packages. DFT is applied 
to calculate EHOMO, ELUMO, Egap. As well as additional 
chemical quantum parameters were also calculated 
such as: ionization potential (� ), electron affinity 
(� ), electronegativity (� ), chemical potential (V), 
chemical hardness (� ), global softness (� ), 
electrophilicity (ω), nucleophilicity (�) and additional 
electronic charge (∆N) according to the following 
equations [47,48]: 
 
� = −
���                                              (1)                                        

� = −
���                                        (2) 

χ =  
���

�
                                                (3) 

η = 
���

�
                                                 (4) 

 S = 
�

��
                                                   (5) 

 ω = 
��

��
                                                   (6) 

  � = 
�

�
                                                    (7) 

  V = − χ                                                (8) 

  ∆N = −
�

�
                                             (9) 

Also, the total static dipole moment (µ), (∆α) and (β), 
values were computed using the following equations 
[49,50]: 

� = (�2� + �2  + �2!) 1/2, 

⟨#⟩ = 1/3 (#�� + #   + #!!) 

Δ# = ((#�� − #  ) 2 + (#   − #!!) 2 + (#!! − #��) 
2/2)1/2 

⟨%⟩ = (%2� + %2  + %2!) 1/2                         (10)                                                                         

Where, 

   %�  = %���  + %�    + %�!!, 

    %   = %     + %�� + % !!, 

   %!  = %!!!  + %��!+ %  !.           (11) 

 

For the conversion factors of #, %, and HOMO and 
LUMO energies in atomic and CGS units: 1 atomic unit 
(a.u.) = 0.1482 × 10−24 electrostatic unit (esu) for 
polarizability ⟨#⟩; 1 a.u. = 8.6393×10−33 esu for first 
hyperpolarizability ⟨%⟩; 1 a.u. = 27.2116 eV for HOMO 
and LUMO energies. 

3. Results and Discussion 

3.1. Chemistry of the synthesized compounds 

The key intermediates, 4-hydrazino-1-ethylquinolin-
2(1H)-one (2) were obtained via the reaction of 4-
hydroxy-1-ethylquinolin-2(1H)-one (1) with a mixture 
of hydrazine and hydrazine dihydrochloride in 
dichlorobenzene according to the literature (Scheme 1) 
[23]. Treatment of hydrazinoquinolinone 2 with 
benzaldehyde was refluxed in absolute ethanol for 
15min led to 4-(2-benzylidenehydrazinyl)-1-
ethylquinolin-2(1H)-one (3) in 85% yield (Scheme 1). 
In the IR spectrum, it was observed that NH2 peaks 
disappeared, and the NH group appeared at 3223 and 
the C=N group appeared at 1605 with comparison with 
hydrazino compound 2. 1HNMR spectrum showed 
three specific singlet signals, at δ 6.39, 8.39 and 10.80 
for the proton of 3-CH, N=CH and NH which was 
disappeared by D2O, respectively. Also, the aromatic 
region revealed multiplet and doublet signals at δ 7.40 
and 7.77 for benzene ring protons. In the 13CNMR 
spectrum, a special signal was displayed, in addition to 
new aromatic carbons, at δ 148 assigned as C=N group. 
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The molecular weight is consistent with the molecular 
formula of hydrazone compound 3 as shown in mass 
spectra and elemental analyses. 

N

HN

NH2

O

Et

N

H
N

O

Et

N

2

No.                 R                    Yield

3                     H                    85 %

4                    OH                  80 %

5                    CH3                 80 %

6                    OCH3              75 %

7                    Cl                    90 %

8                    NO2                95 %

EtOH, 15min

R

N O

OH

Et

1)NH2NH2 , NH2NH2.HCl,

 Chlorobenzene, Reflux, 4h

2)Na2CO3, Stirring, R.T

1

R

O

Scheme 1: Synthesis of hydrazone compounds 3-8 from 
hydrazinoquinolinone 2. 
 

To study the effect of electron donating and electron 
withdrawing groups, we synthesized our target 
compounds to show their effect on hydrazono 
compound 3. In the case of the donating group, the 
reaction of hydrazinoquinolinone 2 with P-hydroxyl 
benzaldehyde led to compound 4 with a yield of 80%. 
The IR spectrum showed a new characteristic broad 
band at 3300-2600 cm-1 for the OH group.  
The 1H-NMR spectrum of compound 4 exhibited 
chemical shifts due to two deuterium exchangeable 
protons at δ 10.58 and 9.90 for NH function and OH, 
respectively. The two singlet signals appeared at δ 6.33 
and 8.30 for protons at positions 3 and N=CH, 
respectively. Also, the aromatic protons of benzene ring 
were represented at δ 7.60 for o,o positions but the 
protons of m,m positions exhibited a higher upfield 
shift at δ 6.86 as it became more shielded due to the 
presence of OH. Similarly, 4-(2-(4-methylbenzylidene) 
hydrazinyl)-1-ethylquinolin-2(1H)-one (5) was 
obtained via refluxing of hydrazinoquinolinone 2 and 
P-methylbenzaldehyde in 80% yield.  
The 1H-NMR spectrum of compound 5 represented a 
specific singlet signal for CH3 at δ 2.34, in addition to, 
three singlet signals at δ 6.37, 8.35 and 10.75 for 
protons at positions 3, N=CH and NH, respectively. In 
addition to the aromatic protons of the benzene ring 
which were observed higher upfield shifted at δ 7.63 
for o,o positions and 7.27 for m,m positions because of 
the CH3 group. Moreover, 13CNMR spectrum revealed a 
particular signal at δ 22 for CH3. Also, condensation of 
hydrazinoquinolinone 2 with P-Anisaldehyde gave 4-
(2-(4-methoxybenzylidene) hydrazinyl)-1-
ethylquinolin-2(1H)-one (6) with a yield of 75%. 

 1H-NMR spectrum of compound 6 presented a 
distinctive singlet signal at δ 3.81 for O-CH3. As well, 
represented upfield shifted three singlet signals at δ 
6.34, 8.33 and 10.66 for protons at positions 3, N=CH 
and NH, respectively. Furthermore, the aromatic 
protons of the benzene ring at δ 7.71 for o,o positions 
and 7.03 for m,m positions showed higher upfield 
shifted due to the neighboring O-CH3 group, as it was a 
donating group so the electron density increased 
specially on m,m positions and became more shielded. 
The 13CNMR spectrum showed an exceptional signal at 
δ 56 for O-CH3 group. The overcrowding of electron 
density on the groups by the strong electron donating 
groups OH, OCH3 and CH3 respectively, in compounds 
4, 5 and 6 exhibited a pronounced effect in their lower 
chemical shift relative to their parent compound 3, such 
as protons at position 3, N=CH, NH and the aromatic 
protons of the benzene ring. While, in the case of the 
withdrawing group, 4-(2-(4-
chlorobenzylidene)hydrazinyl)-1-ethylquinolin-2(1H)-
one (7) was obtained via reacting hydrazinoquinolinone 
2 with P-chlorobenzaldehyde at room temperature in 
90% yield.  
The 1H-NMR spectrum of compound 7 showed three 
singlet signals at higher chemical shifts 6.38, 8.37 and 
10.87 for proton at position 3, N=CH and NH, 
respectively. As well, exhibited downfield shifted for 
protons of the benzene ring at δ 7.52 for o,o positions 
and 7.79 for m,m positions, precisely the protons in 
position m,m were strongly shielded than the protons of 
o,o positions due to the effect of Cl atom. The mass 
spectrum revealed molecular ion peak M+ at m/z 326 
(38.97 %) along with M+2 at m/z 328 (3.59 %). 
Moreover, hydrazino quinolinone 2 with P-nitro 
benzaldehyde was stirred at room temperature for 15 
min led to the formation of 4-(2-(4-
nitrobenzylidene)hydrazinyl)-1-ethylquinolin-2(1H)-
one (8) with 95 % yield. 
  
The 1H-NMR spectrum of compound 8 revealed 
observable downfield shifting for all the protons which 
appeared strongly deshielded. The three singlet signals 
were represented at δ 6.47, 8.47 and 11.15 for protons 
at positions 3, N=CH and NH, respectively. Also, the 
aromatic protons of the benzene ring are presented at δ 
8.02 for o,o positions and 8.29 for m,m positions. Upon 
the examination of the spectral data for all compounds, 
the resonance induced the electron withdrawing and 
donating effect arranged in the same order.  
The capability of deshielding of position-3, N=CH and 
NH proton is NO2 > Cl > H > OH > OCH3 > CH3. 
Finally, it has been observed that electron withdrawing 
groups in the aromatic ring of benzaldehyde enhance 
the reaction rate and reduce the reaction time. 
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3.2. Vibration assignments of compounds 3-8  

By comparing of the calculated vibration frequencies at 
DFT/B3LYP/6-311++G (d,p) with the measured values 
(c.f. Tables 1-3) and the accompanying FT-IR spectra 
assignments of the investigated compounds 3-8 are 
shown in Figs (S1-S6). Studying vibration spectra is 
one more method used to track changes in the 
researched compounds 3-8. Because the equations were 
applied to the single molecule, there may be 
discrepancies between the computed and measured 
vibration frequencies (i.e., gaseous state). The 
following are some extensive ways to complete the 
assignment: For the studied compounds 3-8, the 
computed vibration is designated as an N-H symmetric 
stretching vibration at 3199, 3192, 3206, and 3207 
cm−1, which has demonstrated a comparable agreement 
with experimental data at 3223, 3296, 3260, and 3278 
cm−1. In the range of 3000-3100 cm−1, the aromatic C-
H stretching vibrations [51] are typically detected. For 
the investigated compounds 3-8, the computed 
vibration is attributed to C-H aromatic stretching 
vibrations at 3081, 3041, 3101, 3038, 3083, and 3102 
cm−1, which is equivalent to the experimental findings 
at 3082, 3046, 3099, 2968, 3089, and 3113 cm−1. For 
the studied compounds 3-8, the computed vibration, 
which is attributed to symmetric C-H aliphatic 
stretching vibration in CH3 at 3001, 3001, 2991, 3001, 
3001, and 3002 cm−1, has demonstrated a comparable 
agreement with actual results at 2983, 2991, 2972, 
2930, 2983, and 2989 cm−1. Typically, the range 
between 1790 and 1810 cm−1 is where the C=O 

vibrations [51] are found. For the studied compounds 3-

8, vibrations are attributed to C=O stretching at 1644, 
1625, 1643, 1643, 1644, and 1665 cm−1, respectively, 
which is compatible with experimental data at 1629, 
1626, 1632, 1630, 1630, and 1654 cm−1. For the 
analyzed compounds 3-8, the computed vibration, 
which is asymmetric C=N Asym-stretching vibration at 
1616, 1603, 1616, 1615, 1610, and 1599 cm−1, has 
demonstrated comparable agreement with experimental 
data at 1605, 1600, 1601, 1605, 1605, and 1600 cm−1. 
Typically, the region between 1480 and 1630 cm−1 is 
where the C=C vibrations [52] are seen. For the studied 
compounds 3-8, the calculated vibration is attributed to 
C=C stretching vibrations at 1580, 1580, 1584, 1580, 
1580, and 1581 cm−1, which is comparable to the 
results from the experiments at 1559, 1563, 1567, 1564, 
1562, and 1563 cm−1. For the investigated compounds 
3-8, the computed vibration is attributed to CH2 
bending vibrations at 1461, 1466, 1466, 1461, 1465, 
and 1466 cm−1, which is comparable to the 
experimental findings at 1447, 1465, 1445, 1453, 1447, 
and 1447 cm−1. As the same CH3 bending vibrations at 
1392, 1404, 1399, 1378, 1403, and 1393 cm−1, which is 
comparable to the experimental findings at 1396, 1401, 
1397, 1362, 1395, and 1393 cm−1. For the studied 
compounds 3-8, the calculated vibration is attributed to 
C-C stretching vibrations at 1119, 1118, 1135, 1130, 
1127, and 1137 cm−1, which is comparable to the 
results from the experiments at 1130, 1130, 1131, 1133, 
1134, and 1130 cm−1. 

 

Table 1: Experimental and computational calculated vibrational wavenumbers (harmonic frequency (cm-1)), (scaled and un-scaled values), IR 
intensities and assignments for compounds 3 and 4 at the B3LYP/6-311++G (d, p) 
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Table 2: Experimental and computational calculated vibrational wavenumbers (harmonic frequency (cm-1)), (scaled and un-scaled values), IR 
intensities and assignments for compounds 5 and 6 at the B3LYP/6-311++G (d, p) 
 

 

 

Table 3: Experimental and computational calculated vibrational wavenumbers (harmonic frequency (cm-1), (scaled and un-scaled values), IR 
intensities and assignments for compounds 7 and 8 at the B3LYP/6-311++G (d, p). 

 

3. 3.  NMR analysis  

Utilizing TMS as a standard reference, the observed 
and anticipated 1 H and 13C NMR chemical shifts of 
compounds 3-8 were acquired in DMSO solvent (Figs. 

(S7-S17) and Tables (S18-S20)). With relatively high 
correlation coefficients, the experimental chemical 
shifts are rather effectively reproduced (97–99.50 %). 

The hybrid B3LYP technique and GIAO were 
primarily used to complete the whole geometry 
optimization of the molecules at the gradient corrected 
DFT [53]. By comparing the discrepancies in 13C NMR 
chemical shift predictions with the observed results 
range from 1.51 to 18.00 ppm. The variance ranges for 
1 H NMR chemical shift predictions for experimental 
values are 1.17–11.15 ppm. 
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3.4. Electronic structures 

3. 4. 1. Geometry structure 
Using density functional theory DFT/B3LYB at   6-
311++G (d,p) basis set, all the studied compounds 3-8 

have been investigated to determine various structural 
and chemical properties. Fig. 1 and Tables (S21-S22) 
displayed the optimized geometrical parameters (bond 
lengths, bond angles and dihedral angles). According to 

DFT analysis, all the compounds 3-8 have a C1 point 
group symmetry.  
The computed bond lengths for the studied compounds 
3-8 in the chromone moiety range from 1.357 to 1.529 
Å (c.f. Tables S21-S22). According to references 
[54,55] in the literature, they were overestimated by 1% 
compared to experimental values. Whereas the C=C 

bond lengths (1.385-1.397Å) did not significantly differ 
from the C=C bond length in ethylene [54], the C-C 
bond lengths for compounds 3-8 (1.409-1.457Å) were 
found to be like the central bond in butadiene (1.463Å) 
[55]. The significantly longer O-C bond lengths and 
shorter C=O bond lengths pointed to these results. The 
slight variation between calculated and observed bond 
lengths specified the power of the method used in the 
calculation, which was carried out in the gas phase and 
observed in solid-state. When compared to the 
experimental values, the calculated bond angles of the 
compounds show no significant change (c.f. Tables 

S21-S22). So, there is no planarity for all compounds as 
indicated by the dihedral angles (c.f. Table S22). 

 
 

 

Figure 1: The optimized structure, perspective view of dipole moment of the studied compounds 3-8 at B3LYP/6-311++G (d, p) 
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3.4.2. Frontier molecular orbital energies analysis 

The HOMO and LUMO Frontier molecular orbitals 
(FMOs), as well as their energy gap (∆E gap), help 
characterize the chemical reactivity and kinetic 
molecular stability. FMOs and their quantum chemical 
characteristics are utilized to explain many types of 
reactions and identify the most sensitive regions 
through conjugated structures [56]. The HOMO serves 
as an illustration of the ability to contribute an electron, 
whereas the LUMO acts as an electron acceptor and 
denotes the ability to gain an electron. The charge 
disbursement and energy levels (Fig. 2) for the studied 
compounds 3−8, at the HOMO→LUMO, orbitals were 
measured at B3LYP/6-311++G (d, p) level. The 
calculations showed that the charge distribution at the 
HOMO stage is primarily dependent on the charge of 
the Quinolinones moiety as well as the lone pairs of the 
N and O atoms. In contrast, the charge in LUMO 
vitality was distributed with an anti-bonding usefulness 
mostly throughout the hydrazone moiety and benzene 

ring. The FMO mechanism, which is visible in the 
electronic transition, has been used to confirm the 
intramolecular charge transfer. The studied compounds 
3−8 had substantially smaller energy gaps (∆E gap), 
which supported their softer character. Compound 8 
(Egap = 3.702 eV) has the lowest energy gap during its 
HOMO→LUMO energy transition. It can be a softer 
molecule because the gap is smaller. As a result of their 
higher transitions, the volume of energy gaps continued 
to expand. The results in Table 4 and Fig. 2 suggest 
that the order of the calculated reactivity in the gas 
phase of the studied compounds is: 8 > 7 > 3 > 5 > 6 > 
4. This indicates that the smaller the Egap, the higher the 
reactivity of these compounds. Finally, the theoretically 
calculated dipole moment, µ, which measures the 
charge separation over the molecule. The general trend 
of the dipole moment changes for  
the studied compounds follows the order 6 > 4 > 8 > 5 
> 3 > 7 (c.f. Table 4) and the vector of the dipole  
moment is presented in Figs. 1 

 
Table 4: Total energy, energy of HOMO and LUMO, energy gap, dipole moment, the ionization potential (I /eV), electron affinity (A /eV), 
chemical hardness (� / eV), global softness (S/eV-1), chemical potential (V/eV-1), electronegativity (�/eV), global electrophilicity index, 
(ω/eV), and additional electronic charge (∆N/eV) of the studied compounds (3-8) computed at theB3LYP/6-311++G (d, P) 
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Figure 2: Energy of HOMO, LUMO and energy gap of the studied compounds 3-8 at B3LYP/6-311++ G (d, p) level of theory 

 

3.4.3. Global chemical reactivity descriptors 

       To agree on qualitative chemical terms, the density 
functional theory (DFT) has actively contributed by 
offering theoretical background. Numerous anticipated 
and applied quantum chemical reactivity descriptors 
have been used to examine chemical reactivity and site 
specificity. The global chemical reactivity descriptors 
(GCRD), which provide information on molecular 
reactivity, are frequently employed to describe the 
general existence of molecules in connection to their 
chemical resistance. The small energy gaps for FMOs 
revealed the highly reactive character of the studied 
compounds 3−8, towards their antimicrobial, 
antibacterial, and antifungal properties [36-39]. Based 
on B3LYP/6-311++G (d, p) level of theory, the global 
reactivity parameters EHOMO, ELUMO, ∆Egap, the electron 
affinity (A), electronegativity (χ, eV), global softness 
(S, eV-1), the ionization potential (IP), chemical 
hardness (η, eV), chemical potential (V, eV-1), global 
electrophilicity index, (ω, eV), and additional 
electronic charge (∆Nmax) for the studied compounds 
3−8. The IP (ionization potential) and EA (electron 
affinity) are very significant characteristics as their 
evaluation helping in determination of the exact 
electronegativity (χ, eV), and the exact hardness (η). 
Additionally, the HOMO and LUMO single-electron 
orbital energies are strongly related to these two 
variables. The studied compounds 3−8 were found to 
have ionization energies of 6.107 eV, 6.072 eV, 6.058 
eV, 6.021 eV, 6.205 eV and 6.311 eV, respectively 
(Table 4). The compound 8 is the best donor of 

electrons because it had the lowest possible ionization 
value. The compound 6 is the best acceptor of electrons 
since it has the highest affinity value (1.758 eV). The 
molecular structure affects the chemical reactivity. As a 
result, compound 8 is found to be more active than 
compounds 3-7. The negative chemical potential (V); 
indicates that the solid is difficult to maintain and won’t 
decompose naturally into its parts. The range of values 
for the studied compounds 3−8 (− 3.889 to – 4.460 eV) 
justifies their solid existence and the capability to resist 
minor environmental changes. A molecule's resistance 
to changes in the electron distribution is measured by 
its hardness. The relationship between hardness and 
aromaticity is the same. Molecules must be as strong as 
possible because general strength (both absolute and 
relative) can be connected to the aromaticity of various 
non-substituted aromatic compounds. "Hardness" 
means resistance to the molecular orbital deformation 
of the chemical structure under slight disruptions found 
during the chemical cycle. The η of the material is 
additionally connected to aromaticity. Compound 4 has 
a higher absolute hardness, which is 2.1317 eV. With a 
global softness value of 0.2701 eV, compound 8 has the 
lowest global softness value out of all compounds 3-7. 
The chemical potential V (eV) of an electron 
determines how easily it may be removed, and this is 
related to its electronegativity. The tendency of 
electrons to leave the electronic cloud is represented by 
the chemical potential (V, eV-1). When the value of V 
increases, the ability of a molecule to lose an electron 
will increase. The η also signifies the magnitude of the 
resistance of the electronic cloud to distortion when it is 
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overcome with electrons from the physical 
environment. The studied compounds 3-8, according to 
the energy gap (∆E gap) and reactivity characteristic 
values, have retained strong reactivity. A higher global 
electrophilicity (ω) value describes a good electrophile, 
and a lower value of ω denotes a good nucleophile.  
Our calculations indicate that compound 8 (ω = 5.3732 
eV) has a higher value of ω and is hence more likely to 
receive electrons rapidly and be easily attacked by 
nucleophiles. Compound 6 (ω = 3.5485), on the other 
hand, has a lower electrophilicity, indicating that it is 
either a strong nucleophile or it can lose electrons. 
 
3.5. Nonlinear property analysis 

The association between the molecular structure and 
the NLO phenomena for the compounds 3−8, was also 
theoretically computed using DFT/B3LYP/6-311++G 
(d, p) [53]. The mean first-order hyperpolarizability ⟨%⟩ 
(Octa pole moment), the mean polarizability (˂α˃) 
(Quadrupole moment), the total static dipole moment 
(μ), and the anisotropy of the polarizability (Δα), of the 

compounds 3-8 are all shown in Table 5. Compound 6 
has a computed high dipole moment of 5.0937 D 
compared to compounds 3-5 and 7-8 at B3LYP/6-
311++G (d,p). Additionally, the computed mean 
polarizability (˂α˃) for compound 8 is 37.15x10-24 esu, 
which is two times higher than p-nitroaniline (PNA) 
molecule. Table 5 shows the order of increasing # with 
respect to PNA molecule, with values of , β: 
compounds 3-7 are ~ 1.7 and 2 times higher than 
(PNA), respectively. In addition, the computed mean 
first-order hyperpolarizability ⟨%⟩, of the compound 8 is 
108.90x10-30 esu and compound 6 is 104.53x10-30 esu 
i.e., higher than PNA molecule (Table 5), whereas 
compounds 3-5 and 7 are ~ 2, times higher than the 
reference, respectively. The measured value suggests 
that the studied compounds 3-8 may be a potentially 
useful NLO material. Since the investigated chemical 
lacked any experimental NLO data, the reference 
material was p-nitroaniline (PNA), one of the common 
NLO structures [58-60]. 

 

Table 5: Total static dipole moment (μ), the mean polarizability (˂α˃), the anisotropy of the polarizability (Δα), and the mean 
first-order hyperpolarizability (˂β˃), for the studied compounds (3-8) computed at B3LYP/6-311++G (d, P) 
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3. 6. MEP analysis 

The electronic density is responsible for the 
electrostatic molecular potential (MEP), which is a 
very useful indication for electrophilic target sites, 
nucleophilic contacts, and hydrogen-bonding 
connections [61]. The reactive behavior of a molecule 
has also been described using the MEP surface designs, 
and negative domains can be thought of as potential 
electrophilic spots and positive sectors as nucleophilic 
centers. The nucleophilic cores over the molecules 
during the current study exhibited positive (blue) 
sectors, whereas the electrophilic sites over the 
molecules showed negative (red) sections. On the title 
portion of Quinolinones, the places demonstrating the 
negative electrostatic potential in the understudied 
molecules were found. The places with positive 
potential were those where hydrogen atoms were 
nearby. The current study 3-8 revealed that the 
analyzed chemicals' atoms of nitrogen have the greatest 
detrimental impacts (Fig. 3). According to the research, 
all the investigated compounds 3-8 have a significant 
positive electrostatic potential distributed throughout 
their skeleton, which suggests that they may be tightly 
connected to the microorganism being studied's 
negative molecular electrostatic potential. The 
biological behaviors of molecules with these MEPs 
will be readily explained by the quantum chemical 
requirements. 
The diversified values of the MEP surface were 
mapped with different range of colors as follows: red 
for electron rich, (partially negative charge); blue for 
electron deficient, (partially positive charge); light blue 
for (slightly electron deficient region); yellow for 
(slightly electron rich region); green for neutral (zero 
potential) respectively. The potential increases in the 
order: red < orange < yellow < green < blue [57]. 
 
3.7. MAC analysis 

Only after understanding the remaining uncertainty, 
Mullikan atomic charges (MAC) for molecules can be 
interpreted in various ways with a high degree of 
consistency to almost identical values [62]. Mullikan 
charges are a methodology to calculate partial atomic 
charges from measurements made using computational 
chemistry methods. They are derived from the research 
of the Mullikan charge analysis. The Mullikan graphs 
were created utilizing the DFT/B3LYP system and the 
6-311++G (d, p) basis set to determine the Mullikan 

atomic charges of the investigated compounds 3-8. 
(Fig. S23-S28). 

 
    Figure 3: Molecular surfaces of the studied compounds 3-8 at 
B3LYP/6-311++G (d, p) level of theory 

 
3.8. Biological evaluation 

Screening of antitumor activity of the synthesized 

compounds 

The antiproliferative activity of the novel synthesized 
compounds was evaluated in vitro against human tumor 
cell lines as hepatocellular carcinoma (HepG-2) for 24 
h. Cisplatin was used as a reference drug, [63-65]. The 
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IC50 technique, which measures the concentration of a 
scanned novel synthesized compounds in g/mL that 
inhibits proliferation (tumor cell growth) by 50% when 
compared to untreated control cells, was used to 
determine the growth inhibitory properties (Table 6). 
The survival curve for each type of cancer cell line after 
24 hours was obtained by plotting the relationship 
between the surviving cells and the concentration of the 
tested chemicals as shown in Fig. 4. The results of 
IC50% values for the tested compounds revealed that 
compound 3 showed lower inhibited activity compared 
with cisplatin, whereas it exhibited the highest 
inhibitory activity against HepG-2 cells in comparison 
with the other tested compounds due to the difference 
in the nature of the substituent at the para position in 
the benzene ring in Fig. 5. 
 

Table 6: Evaluation of cyclotoxicity against HepG-2 cell line for 
compounds 3-8 

 

 

Figure 4:  Effect of concentration (0-500 μg/ml) of the prepared 
compounds 3-8 and cisplatin as a standard drug on the proliferation 
of human liver cancer (HePG-2) cell line 

 

 

Figure 5: Virtual IC50 values of the target compounds 3-8 against 
human liver cancer HepG-2 cell lines. 

 

Structure-activity relationship (SAR) analysis 

 

Structurally, it was found that further modifications 
were carried out in the benzene ring in compound 3 by 
substituting of hydrogen atom at para position to 
investigate the influence of the donating and 
withdrawing groups to study their effect on the 
antitumor activity. In the case of withdrawing groups, 
the behavior of both NO2 and Cl groups was 
completely different against HepG-2 cells. It was 
observed that compound 8 exhibited the highest 
inhibitory activity relative to compound 7 and the other 
derivatives. While in the case of donating groups, 
compound 6 showed higher activity associated with 
inclusion of OCH3 with respect to other donating 
groups as shown in Fig. 5. Furthermore, compound 8 
demonstrated higher antiproliferative activity than 
compound 6. Briefly, the influence of the substituted 
groups on the antitumor inhibited activity was shown in 
the order: 8 > 6 > 4 > 5 > 7. 
 
4. Conclusion  
In conclusion, a series of hydrazonoquinolinone 
derivatives 3 -8 were successfully synthesized. From the 
treatment of hydrazinoquinolinone 2 with various 
substituted benzaldehyde bearing electron donating and 
withdrawing groups. The target compounds were 
identified using IR, 1H NMR, 13C NMR, mass spectra 
and elemental analysis. In NMR spectroscopic data, it 
was observed that the presence of withdrawing groups 
such as chloro and nitro groups in compounds 7 and 8, 
respectively, showed a pronounced effect on chemical 
shift values for N=CH, 3-CH, the aromatic protons of 
the benzene ring and NH by increasing the electron 
donating group. All hydrazone compounds were 
investigated for in vitro cytotoxicity against HePG-2 

Compound No. IC50 (µg/ml) 

3 29.82 ± 2.14 

4 184.75 ± 8.65 

5 311.72 ± 10.64 

6 68.38 ± 4.06 

7 426.76 ± 12.74 

8 45.53 ± 3.29 

cisplatin 3.67 ± 0.15   
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(human liver cancer). From the results, most of the 
synthesized compounds afforded inhibitory action 
varying between low to high activity. Compound 3 was 
found to be the most active derivative in this series. By 
replacing of H in compound 3 with donating groups 
such as OH, CH3 and OCH3, it was found that 
compound 6 showed the highest inhibited activity with 
respect to the compounds containing donating groups, 
but lower than compound 3. Moreover, in the case of 
withdrawing groups (Cl and NO2), it was obvious that 
compound 8 displayed the highest antitumor activity 
with respect to the other hydrazone compounds but 
lower than compound 3. Using (TD) DFT and the basis 
set B3LYP/6-311++G (d, p), a study was conducted to 
determine the reactive behavior of the investigated 
compounds 3-8. The global reactivity descriptors are 
supported by the fact that the molecules are soft 
(because the energy gap is smaller), believed to be 
electrophilic (having a higher electrophilicity index), 
and more reactive (having a lower hardness). The 
chemical shift analysis from the NMR study indicated 
that the charges predicted by MEP were supported. 
Theoretically calculated vibrational wavenumbers were 
found to be in good agreement with experimental 
values. 
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