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a b s t r a c t

In this work, the vibrational spectral analysis was carried out using FT-IR and FT-Raman spectroscopy of
(2E)-1-(4-Chlorophenyl)-3-[4-(propan-2-yl)phenyl]prop-2-en-1-one. The computations were performed
at DFT level of theory to get the optimizedgeometry and vibrational wave numbers of the normal modes
of the title compound using Gaussian09 software. The complete vibrational assignments of wave
numbers were made on the basis of potential energy distribution. The calculated HOMO and LUMO
energies show chemical activity of the molecule. The stability of the molecule arising from hyper-
conjugative interaction and charge delocalization has been analyzed using NBO analysis. The hyper-
polarizability values are reported and the first hyperpolarizability of the title compound is 83.85 times
that of standard NLO material urea. From the MEP plot, the negative electrostatic potential regions are
mainly localized over the carbonyl group, the phenyl rings and are possible sites for electrophilic attack.
The positive regions are localized over all the hydrogen atoms and are possible sites for nucleophilic
attack. The molecular docking results suggest that the compound might exhibit inhibitory activity against
lymphocyte-specific kinase and may results in design of novel T-cell immunosuppressants.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Chalcones are an important class of natural compounds and
have been widely applied as synthons in synthetic organic chem-
istry. The nonlinear optical properties of the different chalcone
derivatives have been reported [1e4]. These, a,b-unsaturated ke-
tones possess a wide variety of biological activities, including anti-
leishmanial [5], anticancer [6,7], anti-invasive [8], anti-tuberculosis
[9], antimicrobial [10,11], anti-malarial [12], antitumor [13,14], anti-
proliferative [15] and anti-oxidant activity [16]. Asiri et al. [17] re-
ported the synthesis, molecular structure, spectral investigation on
(E)-1-(4-bromophenyl)-3-(4-(dimethylamino)phenyl)prop-2-en-
ker).
one. Parveen et al. [18] reported the vibrational and structural ob-
servations and molecular docking study on 1-{3-(4-chlorophenyl)-
5-[4-(propan-2-yl)phenyl]-4,5-dihydro-1H-pyrazol-1-yl}-etha-
none. The synthesis and molecular structure of 2-bromo-N-(7-
(diethylamino)-coumarin-3-yl)phenyl)propanamide is reported by
Kulai and Mallet-Ladeira [19]. Solid state stuctural and theoretical
investigations of a biologically active chalcone is reported in liter-
ature [20]. Demir et al. [21] reported the vibrational spectroscopic
studies of 1-(2-nitrobenzoyl)-3,5-diphenyl-4,5-dihydro-1H-pyr-
azole with X-ray diffractions and DFT calculations. The crystal
structures of some chalcone derivatives viz., a second polymorph of
(2E)-1-(4-fluorophenyl)-3-(3,4,5-trimethoxyphenyl)prop-2-en-1-
one, 2,3-dibromo-1,3-bis(4-fluorophenyl)propan-1-one, (2E)-1-
(3,4-dichlorophenyl)-3-(2-hydroxyphenyl) prop-2-en-1-one
[22e24], 3-(3,4-dimethoxyphenyl)-1-(4-fluorophenyl) prop-2-en-
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Fig. 1. FT-IR spectrum of (2E)-1-(4-chlorophenyl)-3-[4-(propan-2-yl)phenyl]prop-2-
en-1-one.

Fig. 2. FT-Raman spectrum of (2E)-1-(4-chlorophenyl)-3-[4-(propan-2-yl)phenyl]
prop-2-en-1-one.

S. Parveen et al. / Journal of Molecular Structure 1120 (2016) 317e326318
1-one, 2,3-dibromo-1-(4-ethoxyphenyl)-3-[4-(methylsulfanyl)
phenyl]propan-1-one, 2-bromo-1-(4-methylphenyl)-3-[4-(meth-
ylsulfanyl)phenyl]prop-2-en-1-one, (2E)-1-(2,4-dichloro phenyl)-
3-[4-(methylsulfanyl)phenyl]prop-2-en-1-one [25e28] and 2-
bromo-1-chlorophenyl-3-(4-methoxyphenyl) prop-2-en-1-one
[29] have been reported. Mary et al. [30,31] reported the molecu-
lar conformational analysis, vibrational spectra, NBO analysis and
first hyperpolarizability of (2E)-3-phenylprop-2-enoic anhydride
and (2E)-3-(3-chlorophenyl)prop-2-enoic anhydride based on
density functional theory calculations.

Chloro-substituted cinnamic acids have received attention in
the field of tumor treatment and the chloro-substituted phenyl
analogues, on the other hand, have been proven to perform as
efficient as the respective parent cinnamic acid without producing
the side effects observed by the parent compounds [32]. In the
present work, IR and Raman spectra of the title compound are re-
ported both experimentally and theoretically. Also NBO, HOMO-
LUMO, molecular electrostatic potential, first and second hyper-
polarizability studies are reported. Due to the different potential
biological activity of the title compound, molecular docking study is
also reported.

2. Experimental details

The compound was prepared (Scheme 1) following the litera-
ture method reported [33]. Re-crystallized from ethanol (M.P.:
343e345 K).

2.1. Reaction scheme

The FT-IR spectrum (Fig. 1) was recorded using KBr pellets on a
DR/Jasco FT-IR 6300 spectrometer. The FT-Raman spectrum (Fig. 2)
was obtained on a Bruker RFS 100/s, Germany. For excitation of the
spectrum the emission of Nd:YAG laser was used, excitation
wavelength 1064 nm, maximal power 150 mW, measurement on
solid sample. The deconvoluted experimental IR and Raman spectra
are provided as Fig.S1 and Fig.S2 (supporting material).

3. Computational details

For meeting the requirements of both accuracy and computing
economy, theoretical methods and basis sets should be considered.
Density functional theory has been proven to be extremely useful in
treating the electronic structure of the molecules. Gaussian09
program [34] was used to carry out DFT calculations with Becke’s
three-parameter hybrid model and the Lee-Yang-Parr correlation
functional (B3LYP) method. The basis set B3LYP/6-31þþG(d) (6D,
7F), which is an effective level with a reasonable cost to study fairly
large organic molecules, was utilized. As the DFT hybrid B3LYP
functional tends to overestimate the frequencies of the funda-
mental modes; scaling factors have to be used for obtaining a
considerably better agreement with experimental data. Thus, a
scaling factor of 0.9613 has been uniformly applied to the B3LYP
calculated wavenumbers [35]. The assignments of the calculated
wave numbers are aided by the animation option of GAUSSVIEW
Scheme 1. Scheme-synthesis pat
program, which gives a visual presentation of the vibrational
modes [36] and the potential energy distribution (PED) values were
calculated with the help of GAR2PED software package [37]. The
hway of the title compound.
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optimized geometrical parameters (Fig. 3) with XRD data are given
in Table 1.
4. Results and discussion

4.1. IR and Raman spectra

The observed IR and Raman bands and calculated (scaled)
wavenumbers and assignments are given in Table 2. The carbonyl
stretching C]O vibration [38e40] is expected in the region 1750-
1600 cm�1 and in the present case the C]O mode appears at
1660 cm�1 in the IR spectrum, 1659 cm�1 in the Raman spectrum
and at 1656 cm�1 theoretically. The in-plane and out-of-plane C]O
deformations are expected in the regions 625 ± 70 and
540 ± 80 cm�1, respectively [38]. The C]O deformation bands are
observed at 669 cm�1 in the IR spectrum, 648 cm�1 in the Raman
spectrum and at 671, 656 cm�1 theoretically. Mary et al. [30] re-
ported the C]O modes at 1768, 1701, 804 cm�1 in the IR spectrum,
1763,1697, 779, 697 cm�1 in the Raman spectrum and at 1768,1702,
799, 771, 691, 653 cm�1 theoretically.

According to Socrates [41] the C]C stretching is expected
around 1600 cm�1 when conjugated with C]O group. For the title
compound, the bands observed at 1578 cm�1 in the IR spectrum
and at 1580 cm�1 theoretically are assigned as C]C stretching
mode. Mary et al. [30] reported the C]C stretching mode at
1620 cm�1 in the IR spectrum, 1621, 1601 cm�1 in the Raman
spectrum and at 1611, 1607 cm�1 theoretically.

The methyl stretching modes are expected in the region 2900-
3000 cm�1 [38]. The bands observed at 2975, 2929 cm�1 in the IR
spectrum, 2972, 2930 cm�1 the Raman spectrum and in the range
2921e2993 cm�1 theoretically are assigned as these modes for the
title compound. For the title compound, the methyl deformation
modes are observed at 1462, 1362 cm�1 in the IR spectrum,
1459 cm�1 in the Raman spectrum and in the range
1470e1365 cm�1 theoretically as expected [38]. The first methyl
rocking vibration [38] has been observed at 1190 ± 45 cm�1 and the
second methyl rock [38] absorb at 950 ± 30 cm�1. These modes
calculated (DFT) at 1136, 1040, 931, 904 cm�1 were assigned as
rocking modes of the methyl group. These modes are observed at
1035, 898 cm�1 in the Raman spectrum.

For simple organic chlorine compounds, CeCl absorptions are in
the region 750-700 cm�1. Sundaraganesan et al. [42] reported CeCl
stretching at 704 (IR), 705 (Raman), and 715 cm�1 (DFT) and the
deformation bands at 250 and 160 cm�1. Renjith et al. [43] reported
the CeCl stretching modes in the range 609e947 cm�1. For the title
compound, the band at 706 cm�1 (DFT) is assigned as CeCl
stretching modes. The deformation bands of CeCl are also identi-
fied. This is in agreement with the literature data [44]. Mary et al.
Fig. 3. Optimized geometry of (2E)-1-(4-chlorophen
[45] reported the CCl stretching mode at 671 cm�1 theoretically.
In the following discussion, the para substituted phenyl ring

with chlorine is designated as PhI and the other para-substituted
phenyl ring as PhII. The CeH stretching modes occurs above
3000 cm�1 and is typically exhibited as a multiplicity of weak to
moderate bands, compared with the aliphatic CeH stretch [46]. For
the title compound, CH stretching vibrations of the phenyl rings are
assigned in the range 3103e3081 cm�1 for PhI and 3075-
3052 cm�1 for PhII theoretically. The phenyl CH stretching modes
are observed at 3083, 3053 cm�1 in the IR spectrum and at
3057 cm�1 in the Raman spectrum.

The DFT calculations give the phenyl ring stretching modes in
the range 1572e1289 cm�1 for PhI and in the range
1599e1272 cm�1 for PhII as expected [38]. The bands observed at
1603, 1488, 1403, 1382, 1292 cm�1 in the IR spectrum and at 1600,
1568, 1525 cm�1 in the Raman spectrum are assigned as the phenyl
ring stretching modes. The ring breathing mode of the 1,4-
disubstituted benzenes with entirely different substituent [47]
has been reported in the interval 700-880 cm�1. For the title
compound, the ring breathing modes are assigned at 720, 734 cm�1

in the IR spectrum, 734 cm�1 in the Raman spectrum and at 736,
717 cm�1 theoretically.

The in-plane CH deformation bands of the phenyl ring are ex-
pected above 1000 cm�1 [38] and in the present case, the bands at
1281, 1172, 1155, 1105, 1090, 1059 cm�1 (IR), 1282, 1092, 1058 cm�1

in Raman spectrum and in the range 1276e1064 cm�1 for PhI and
994-1279 cm�1 for PhII (DFT) are assigned as the in-plane CH
deformation modes.

The CH out-of-plane deformations of the phenyl ring [38] are
observed between 1000 and 700 cm�1. The bands observed at 954,
830, 812 cm�1 in IR spectrum and in the range 957e801 (DFT) for
PhI and 943-811 cm�1 (DFT) are assigned as the CH out-of-plane
deformations of the phenyl rings. Most of the modes are not pure
but contains a significant contribution from other modes also. In
order to investigate the performance of vibrational wavenumbers
of the title compound, the root mean square value between the
calculated and observed wavenumbers were calculated and the
RMS errors are 3.76 for IR and 4.98 for Raman modes.
4.2. Geometrical parameters

The aromatic ring of the title compound is somewhat irregular
and the spread of CeC bond distance is (DFT/XRD) 1.3918e1.4053/
1.3596e1.4026Å in PhI and 1.3917e1.4091/1.3606e1.4015Å in PhII,
which is similar to the spread reported by Bhagyasree et al. [48]. For
the title compound, the C]O and C]C bond lengths (DFT/XRD) are
1.2323/1.2275 Å and 1.3518/1.3207 Å, respectively. For the title
compound, the CCl bond length (DFT/XRD) is 1.7558/1.7435 Å,
yl)-3-[4-(propan-2-yl)phenyl]prop-2-en-1-one.



Table 1
Optimized geometrical parameters of (2E)-1-(4-Chlorophenyl)-3-[4-(propan-2-yl)
phenyl]prop-2-en-1-one.

Bond lengths (Å) (DFT/XRD)

C33eCl1 1.7558/1.7435 C3eO2 1.2323/1.2275
C3eC4 1.4810/1.4855 C3eC28 1.5037/1.4746
C4eH5 1.0850/0.9500 C4eC6 1.3518/1.3207
C6eH7 1.0896/0.9500 C6eC8 1.4610/1.4696
C8eC9 1.4086/1.3966 C8eC16 1.4091/1.3656
C9eH10 1.0865/0.9500 C9eC11 1.3917/1.3756
C11eH12 1.0882/0.9500 C11eC13 1.4054/1.3826
C13eC14 1.4038/1.4015 C13eC18 1.5219/1.5105
C14eH15 1.0874/0.9500 C14eC16 1.3927/1.3606
C16eH17 1.0878/0.9500 C18eH19 1.0988/1.0000
C18eC20 1.5419/1.5256 C18eC24 1.5417/1.5357
C20eH21 1.0969/0.9800 C20eH22 1.0969/0.9800
C20eH23 1.0959/0.9800 C24eH25 1.0959/0.9800
C24eH26 1.0969/0.9800 C24eH27 1.0968/0.9800
C28eC29 1.4053/1.3955 C28eC36 1.4042/1.4026
C29eH30 1.0854/0.9500 C29eC31 1.3918/1.3686
C31eH32 1.0853/0.9500 C31eC33 1.3976/1.3866
C33eC34 1.3949/1.3596 C34eH35 1.0852/0.9500
C34eC36 1.3958/1.3787 C36eH37 1.0851/0.9500
Bond angles (�) (DFT/XRD)
O2eC3eC4 121.6/122.0 O2eC3eC28 119.5/121.0
C4eC3eC28 119.0/116.9 C3eC4eH5 118.5/119.9
C3eC4eC6 120.5/120.2 H5eC4eC6 120.9/119.9
C4eC6eH7 116.2/116.4 C4eC6eC8 128.0/127.3
H7eC6eC8 115.8/116.4 C6eC8eC9 123.7/121.8
C6eC8eC16 118.8/119.7 C9eC8eC16 117.5/118.5
C8eC9eH10 120.1/119.9 C8eC9eC11 120.9/120.3
H10eC9eC11 119.1/119.9 C9eC11eH12 119.2/119.4
C9eC11eC13 121.6/121.2 H12eC11eC13 119.2/119.4
C11eC13eC14 117.6/117.6 C11eC13eC18 120.7/121.2
C14eC13eC18 121.7/121.2 C13eC14eH15 120.0/119.6
C13eC14eC16 121.1/120.8 H15eC14eC16 119.0/119.6
C8eC16eC14 121.4/121.6 C8eC16eH17 119.0/119.2
C14eC16eH17 119.6/119.2 C13eC18eH19 107.0/107.9
C13eC18eC20 111.9/112.1 C13eC18eC24 111.8/110.4
H19eC18eC20 107.4/107.9 H19eC18eC24 107.4/107.9
C20eC18eC24 111.0/110.4 C18eC20eH21 111.3/109.5
C18eC20eH22 110.4/109.5 C18eC20eC23 111.3/110.1
H21eC20eH22 107.7/109.5 H21eC20eH23 107.8/109.5
H22eC20eH23 108.2/109.5 C18eC24eH25 111.3/109.5
C18eC24eH26 110.4/109.5 C18eC24eH27 111.3/109.5
H25eC24eH26 108.2/109.5 H25eC24eH27 107.8/109.5
H26eC24eH27 107.7/109.5 C3eC28eC29 117.9/120.4
C3eC28eC36 123.6/122.6 C29eC28eC36 118.5/117.0
C28eC29eH30 118.4/119.4 C28eC29eC31 121.2/121.2
H30eC29eC31 120.4/119.4 C29eC31eH32 120.8/120.2
C29eC31eC33 119.1/119.6 H32eC31eC33 120.1/120.2
Cl1eC33eC31 119.5/119.9 Cl1eC33eC34 119.4/118.6
C31eC33eC34 121.1/121.5 C33eC34eH35 120.2/120.7
C33eC34eC36 119.1/118.5 H35eC34eC36 120.7/120.7
C28eC36eC34 121.0/122.2 C28eC36eH37 120.8/118.9
C34eC36eH37 118.2/118.9
Dihedral angles (�) (DFT/XRD)
O2eC3eC4eC6 �6.4/-13.2 C28eC3eC4eC6 174.4/162.3
O2eC3eC28eC29 �14.1/-25.1 O2eC3eC28eC36 164.4/152.1
C4eC3eC28eC29 165.1/159.6 C4eC3eC28eC36 �16.4/-23.5
C3eC4eC6eC8 179.1/176.1 C4eC6eC8eC9 �2.8/-16.9
C4eC6eC8eC16 177.3/165.7 C6eC8eC9eC11 179.9/178.8
C16eC8eC9eC11 �0.2/-1.3 C6eC8eC16eC14 �179.9/-179.9
C9eC8eC16eC14 0.2/2.1 C8eC9eC11eC13 �0.0/0.2
C9eC11eC13eC14 0.2/0.1 C9eC11eC13eC18 �179.9/-179.8
C11eC13eC14eC16 �0.1/.9 C18eC13eC14eC16 179.9/179.3
C11eC13eC18eC20 �117.0/-115.4 C11eC13eC18eC24 117.7/121.0
C14eC13eC18eC20 62.9/64.3 C14eC13eC18eC24 �62.3/-59.3
C13eC14eC16eC8 �0.1/-2.2 C3eC28eC29eC31 179.3/
C36eC28eC29eC31 0.7/0.6 C3eC28eC36eC34 �178.6/-175.9
C29eC28eC36eC34 �0.1/1.2 C28eC29eC31eC33 �0.7/-1.7
C29eC31eC33eCl1 �179.8/-179.3 C29eC31eC33eC34 0.0/1.2
Cl1eC33eC34eC36 �179.5/-179.1 C31eC33eC34eC36 0.6/0.6
C33eC34eC36eC28 �0.6/-1.7
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while Mary et al. [49] reported the CCl bond length as 1.7581 Å
(DFT).
The bond lengths of the title compound (DFT/XRD),

C6eC8 ¼ 1.4610/1.4696, C4eC3 ¼ 1.4810/1.4855, C3eC28 ¼ 1.5033/
1.4746, C13eC18 ¼ 1.5219/1.5105, C18eC20 ¼ 1.5419/1.5256 and
C18eC24 ¼ 1.5417/1.5357 Å which clearly shows the typical single
bond character and the elongation is due to the presence of adja-
cent groups as reported in literature [49].

At C28 position, the bond angles, C36eC28eC3 is increased by 3.6�

and C29eC28eC3 is reduced by 2.1�, from 120�, which reveals the
interaction between carbonyl group and H30. At C3 position, the
bond angles (DFT/XRD) are C4eC3eC28 ¼ 119.0/116.9,
C4eC3eO2 ¼ 121.6/122.0 and C28eC3eO2 ¼ 119.5/121.0� and this
asymmetry in bond angles reveal the interaction between C]O and
C]C bonds. Similarly at C8 position, the bond angles (DFT/XRD)
C9eC8eC16 ¼ 117.5/118.5, C9eC8eC6 ¼ 123.7/121.8 and
C16eC8eC6 ¼ 118.8/119.7� and this asymmetry is due to the pres-
ence of the adjacent C]C group.

Due to the high electronegativity of chlorine atom, the bond
angle (DFT/XRD) C31eC33eC34 increased by 1.1/1.5�, from 120� as
reported in literature [49]. The methyl groups are tilted from the
phenyl ring PhII, as is evident from the torsion angles (DFT/XRD)
C9eC11eC13eC18 ¼ �179.9/-179.9, C11eC13eC18eC20 ¼ �117.0/-
115.4, C11eC13eC18eC24 ¼ 117.7/121.0, C16eC14eC13eC18 ¼ 179.9/
179.3, C14eC13eC18eC20 ¼ 62.9/64.3 and
C14eC13eC18eC24 ¼ �62.3/-59.3�. Also the carbonyl group is tilted
from the phenyl ring PhI which is evident from the torsion angles
(DFT/XRD) C34eC36eC28eC3 ¼ �178.6/-175.0,
C36eC28eC3eC4 ¼ �16.4/-23.5, C31eC29eC28eC3 ¼ 179.3/177.7 and
C29eC28eC3eC4 ¼ 165.1/159.6�.

4.3. Frontier molecular orbitals

Knowledge of the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) and their prop-
erties such as their energy is very useful to gauge the chemical
reactivity of the molecule. The ability of the molecule to donate an
electron is associated with the HOMO and the characteristic of the
LUMO is associated with the molecule’s electron affinity. The
HOMO and LUMO energies are very useful for physicists and
chemists and are very important terms in quantum chemistry [50].
The pictorial representation of the HOMO and the LUMO is shown
in Fig. 4. The HOMO lies at �8.181 eV and whereas the LUMO is
located at �6.061 eV and HOMO is delocalized over the phenyl ring
PhI and the carbonyl group while LUMO is delocalized over the
entire molecule. This shows that an eventual charge transfer occurs
within the molecule, and that the frontier orbital energy gap is
2.12 eV. The lower the energy gap the more easily are the electrons
excited from the ground to the excited state. By using the HOMO
and LUMO energy values, the global chemical reactivity descriptors
such as hardness, chemical potential, electro-negativity and elec-
trophilicity index as well as local reactivity can be defined [51].
Pauling introduced the concept of electro-negativity as the power
of an atom in a molecule to attract electrons to it. Hardness (h),
chemical potential (m) and electro-negativity (c) are defined using
Koopman’s theorem as h ¼ (I-A)/2 ¼ 1.06, m ¼ �(I þ A)/2 ¼ �7.121
and c ¼ (I þ A)/2 ¼ 7.121, where A and I are the ionization potential
and electron affinity of the molecule. I ¼ -EHOMO ¼ 8.181 eV and
A ¼ -ELUMO ¼ 6.061 eV. One can also relate the stability of the
molecule to hardness, which means that the molecule with a lower
energy gap shows higher reactivity. Parr et al. [52] have defined a
descriptor to quantify the global electrophilic power of the mole-
cule as the electrophilicity index, u¼ m2/2h¼ 23.92. The usefulness
of this new reactivity quantity has been demonstrated recently in
understanding the toxicity of various pollutants in terms of their
reactivity and site selectivity [53].



Table 2
Calculated (scaled) wavenumbrs, observed IR, Raman bands and assignments.

B3LYP/6-31þþG(d)(6D,7F) IR Raman Assignmentsa

y(cm�1) IRI RA y(cm�1) y(cm�1) e

3103 3.16 262.12 e e yCHI(96)
3101 13.66 29.96 e e yCHI(87), yCH(12)
3092 4.57 23.94 e e yCHI(22), yCH(61)
3090 1.48 72.34 e e yCHI(97)
3081 11.20 70.62 3083 e yCHI(61), yCHII(16),

yCH(19)
3075 0.91 48.78 e e yCHII(63), yCH(21)
3071 25.26 114.71 e e yCHII(95)
3055 7.27 83.88 e 3057 yCHII(91)
3052 20.19 61.62 3053 e yCHII(96)
3048 1.39 26.95 3035 e yCH(91)
2993 36.01 92.40 e e yCH3(92)
2991 22.26 32.24 e e yCH3(96)
2987 94.58 332.00 e e yCH3(95)
2981 0.06 13.72 2975 2972 yCH3(99)
2925 49.27 390.00 2929 2930 yCH3(99)
2921 30.13 8.94 e e yCH3(100)
2912 18.02 78.12 2908 2910 yCH(95)
1656 157.58 64.27 1660 1659 yC]O(61), yC]C(18)
1599 45.61 89.80 1603 1600 yPhII(58), yPhI(23)
1580 657.43 3628.00 1578 e yC]C(48), yPhI(12)
1572 99.16 3814.60 e 1568 yPhI(64), yPhII(10)
1548 11.59 312.92 e e yPhI(62), yPhII(11)
1544 66.66 566.26 e 1525 yPhII(57), yPhI(20)
1495 23.70 79.51 1488 e dCHII(20), yPhII(52)
1471 15.81 93.09 e e dCHI(55), yPhI(26)
1470 7.61 2.77 e e dCH3(74)
1465 11.78 21.34 1462 1459 dCH3(88)
1454 3.59 3.82 e e dCH3(88)
1451 0.02 12.62 e e dCH3(90)
1407 34.74 59.16 1403 e yPhII(44), dCHII(15),

dCH(10)
1385 5.33 11.46 e e dCH3(93)
1381 18.36 89.61 1382 e yPhI(64), dCHI(21)
1365 5.00 0.21 1362 e dCH3(93)
1342 4.65 8.27 1344 e dCH(48), dCHII(18),

yPhII(17)
1321 186.18 48.03 1324 e dCH(30), dCHII(13)
1312 9.03 351.29 e 1314 dCH(49), yCC(15)
1302 1.98 13.28 e 1300 dCH(77)
1289 5.74 15.02 1292 e yPhI(88)
1279 98.22 123.56 1281 1282 yCC(13), dCHII(50),

dCH(10)
1276 2.96 5.57 e e dCHI(65)
1272 2.57 116.07 e e yPhII(53)
1199 14.45 210.97 e e dCH(23), dPhII(19),

yCC(40)
1193 64.81 25.52 e e dPhII(13), yCC(46),

yPhII(13)
1186 159.77 40.27 1185 1185 yCC(47), dCH(11)
1171 16.29 536.14 1172 e dCHII(59)
1162 84.96 31.59 1155 e dCHI(65)
1136 5.06 13.78 e e dCH3(44), yPhII(14)
1101 4.70 3.05 1105 e dCHII(47), yPhII(25)
1094 9.92 4.26 1090 1092 dCHI(53), yPhI(30)
1082 0.73 12.04 e e yCC(50), dCH3(28)
1064 119.04 80.25 1059 1058 yCCl(15), dCHI(55)
1040 15.11 28.03 e 1035 dCH3(47), yPhII(15),

dCH(12)
1010 129.28 253.74 1010 1010 yCC(47), yPhI(18)
994 4.49 4.19 e e dCHII(55), yPhII(11)
988 32.88 5.23 e 986 gCH(43), tC]C(24),

dPhI(12)
986 128.42 39.08 984 986 dPhI(58)
957 0.30 2.39 954 e gCHI(85)
943 0.19 0.80 e e gCHII(87)
936 1.52 0.61 e e gCHII(77), tPhII(16)
931 0.59 2.37 e e gCHI(62)
931 0.32 5.57 e e gCHI(11), dCH3(52),

yCC(10)
904 0.48 1.11 e 898 dCH3(76), dCC(15)
873 6.67 21.34 875 874 dCC(10), gCH(43),

(continued on next page)

S. Parveen et al. / Journal of Molecular Structure 1120 (2016) 317e326 321



Table 2 (continued )

B3LYP/6-31þþG(d)(6D,7F) IR Raman Assignmentsa

y(cm�1) IRI RA y(cm�1) y(cm�1) e

dC]C(12), dC]O(10)
866 1.83 12.60 e e yCC(66), dCH3(13)
858 0.39 14.19 e e gCH(49), gC]O(11)
828 3.37 3.36 830 e gCHI(45), gCHII(27)
814 0.82 1.06 e e gCHII(90)
811 45.70 1.11 812 e gCHI(24), gCHII(57)
801 41.64 0.88 e e gCHI(69)
790 26.17 16.21 788 e dPhII(14), yCC(16),

dPhI(10), yPhII(14)
73613.52 3.49 734 734 yPhII(40), tPhI(10),
gC]O(10), gCC(16)
717 8.97 34.75 720 e yPhI(49), yCCl(12)
706 0.49 7.42 e e tPhI(22), tPhII(20),

yCCl(43)
671 11.65 2.35 669 e yCC(19), dC]O(32)

dPhI(12)
656 6.89 0.48 e 648 tPhI(33), gC]O(36)
629 1.39 19.86 632 626 dPhII(78)
618 2.42 4.50 e e dPhI(84)
550 6.25 6.57 e 555 dPhII(25), dCC(35),

dC]C(10)
534 26.88 1.41 538 e tPhII(33), tCC(39)
516 17.92 13.12 514 e dCC(25), dC]O(12)
488 16.81 18.52 490 492 dCCl(18), dCC(28),

dC]C(11)
465 9.33 0.16 466 -tPhI(42), gCCl(30),

gCC(16)
446 3.58 1.62 e e dCC(42), dPhII(11)
404 0.46 0.20 e e tPhI(27), tPhII(43)
401 0.36 0.37 e e tPhI(56), tPhII(25)
393 0.10 0.66 e e tPhII(50), gCC(12)
372 12.54 9.20 e 375 dCC(28), dPhI(10)
318 3.10 1.41 e 319 dCC(40), dCCl(17),

dC]O(10)
304 0.90 0.70 e e dCC(24), dCCl(26)
270 0.24 3.31 e e gCC(18), gCCl(13)
257 0.52 0.23 e e tCH3(38), dCC(12),

tPhII(11)
251 0.94 2.19 e e tPhII(23), dCC(13),

gCC(14)
241 1.27 0.85 e e tCH3(38), dCCl(11),

dCC(11)
218 0.83 0.15 e e tCH3(77)
205 2.55 0.46 e e dCC(41), tCH3(28)
162 0.32 2.06 e 158 dPhII(11), dCC(17)
143 0.32 1.79 e e dCC(27), tCC(22)
129 1.06 2.00 e e dCC(16), gCC(34)
102 0.16 3.35 e 98 tCC(24), tPhI(13),

dCC(18), tC]C(13)
77 2.89 0.65 e 75 tCC(19), tPhI(17),

tC]O(16), gCC(13)
55 0.14 1.38 e e tCC(33), tPhII(22)
41 0.01 2.86 e e dCC(12), gCC(10),

tCC64
35 0.02 1.87 e e dC]C(22), dCC(37)
25 0.04 3.71 e e tC]O(58), dCC(14)
17 0.04 0.55 e e tCC(67)

d-in-plane deformation; g-out-of-plane deformation; t-torsion; PhI-phenyl ring with clorine; PhII-phenyl ring with methyl; potential energy distribution (%) is given in
brackets in the assignment column; IRI-IR intensity; RA-Raman activity.

a y-stretching.
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4.4. Nonlinear optical studies

Nonlinear optics deals with the interaction of applied electro-
magnetic fields in various materials to generate new electromag-
netic fields, altered in wavenumber, phase, or other physical
properties [54]. Quantum chemical calculations have been shown
to be useful in the description of the relationship between the
electronic structure of systems and its NLO response [55]. The
computational approach allows the determination of molecular
NLO properties as an inexpensive way to design molecules by
analyzing their potential before synthesis and to determine high
order hyperpolarizability tensors of the molecules. The first order
hyperpolarizability of the title compound is calculated and is found
to be 10.90 � 10�30 esu. The calculated hyperpolarizability of the
title compound is 83.85 times that of the standard NLO material
urea (0.13 � 10�30esu) [56]. The theoretical second order hyper-
polarizability was calculated using the Gaussian09 software and is
equal to�30.35� 10�37 e.s.u. We conclude that the title compound



Fig. 4. HOMO, LUMO plots of (2E)-1-(4-chlorophenyl)-3-[4-(propan-2-yl)phenyl]prop-
2-en-1-one.
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and its derivatives are an attractive object for future studies of
nonlinear optical properties.

4.5. Molecular electrostatic potential

Molecular electrostatic potential (MEP) at a point in space
around a molecule gives information about the net electrostatic
effect produced at that point by the total charge distribution over
the molecule [57]. Moreover, the MEP surface helps to predict the
reactivity of awide variety of chemical systems in both electrophilic
and nucleophilic reactions, the study of biological recognition
processes and hydrogen bonding interactions [58]. It also provides
visual understanding of the relative polarity of the molecule. The
different values of the electrostatic potential at the surface are
represented by different colors; red represents regions of most
electro negative electrostatic potential, blue represents regions of
most positive electrostatic potential and green represents regions
of zero potential. The electrostatic potential increases in the order
red < orange < yellow < green < blue [57]. To predict reactive sites
for electrophilic and nucleophilic attack in the investigated mole-
cule, the MEP surface is plotted for the title compound at DFT level
[59]. Fig. 5 shows the electrostatic potential contour map of the title
compound. The negative electrostatic potential corresponds to an
Fig. 5. MEP plot of (2E)-1-(4-chlorophenyl)-3-
attraction of a proton by the aggregate electron density in the
molecule (shades of red and yellow) and the positive electrostatic
potential corresponds to the repulsion of a proton by the nuclei
(shades of blue). As can be seen from Fig. 5, the negative electro-
static potential regions are mainly localized over the carbonyl
group, the phenyl rings and are possible sites for electrophilic
attack. The positive regions are localized over all the hydrogen
atoms as possible sites for nucleophilic attack.

4.6. Natural bond orbital analysis

The natural bond orbitals (NBO) calculations were performed
using NBO 3.1 program [60] as implemented in the Gaussian09
package at the DFT/B3LYP level and the possible intensive inter-
action are given in Table 3.

The important inter-molecular hyper-conjugative interactions
are: C4eC6 from Cl1 of n1(Cl1)/s*(C4eC6), C4eC6 from Cl1 of
n2(Cl1)/s*(C4eC6), C3eC28 from Cl1 of n1(Cl1)/s*(C3eC28), C4eC6
from O2 of n1(O2)/s*(C4eC6) with electron densities, 0.01270,
0.01270, 0.06480, 0.01270 e and stabilization energies of 781.11,
423.83, 5426.1, 19.34 kJ/mol.

The NBO analysis also describes the bonding in terms of the
natural hybrid orbital n3(Cl1), which occupy a higher energy orbital
(�0.42569 a.u.) with considerable p-character (100.00%) and low
occupation number (1.92483) and n2(O2), which occupy a higher
energy orbital (�0.25981 a.u.) with considerable p-character
(100.00%) and low occupation number (1.88747). The other orbitals
are, n1(Cl1) occupy a lower energy orbital(�0.93672 a.u.) with p-
character (17.14%) and high occupation number (1.99293) and
n1(O2) occupy a lower energy orbital (�0.70170a.u.) with p-char-
acter (41.12%) and high occupation number (1.97827).

Thus, a very close to pure p-type lone pair orbital participates in
the electron donation to the n1(Cl1)/s*(C4eC6), n2(Cl1)/
s*(C4eC6), n1(Cl1)/s*(C3eC28), n1(O2)/s*(C4eC6) interactions in
the compound. The results are tabulated in Table 4.

4.7. Molecular docking studies

The lymphocyte-specific kinase (Lck) is a member of the Src
family of non-receptor tyrosine kinases that plays an essential role
for the selection and maturation of developing T-cell in the thymus
and in mature T-cell function. Lck is considered an attractive cell-
specific target for the design of novel T-cell immuno suppres-
sants. Molecular docking simulations were performed on
AutoDock-Vina software [61] and the 3D crystal structure of Lck
kinase was obtained from Protein Data Bank (PDB ID: 1QPE) [62].
The protein was prepared for docking by removing the co-
[4-(propan-2-yl)phenyl]prop-2-en-1-one.



Table 3
Second order perturbation theory analysis of Fock matrix in NBO basis corresponding to the Intra-molecular bonds of the title compound.

Donor(i) Type ED/e Acceptor(j) Type Ed/e E(2)a E(j)-E(i)b F(i,j)c

C3eC4 s 1.98059 C4eC6 s* 0.01270 79.08 0.47 0.173

e e e C13eC18 s* 0.02784 10.97 0.83 0.085

C3eC28 s 1.97841 C3eC28 s* 0.06480 4380.41 0.39 1.174

e e e C4eC6 s* 0.01270 728.79 1.32 0.876

e e C6eC8 s* 0.02184 4199.40 0.40 1.153

C4eC6 s 1.98166 C3eC4 s* 0.05666 1.75 1.19 0.041

e e e C4eC6 s* 0.01270 10.44 0.61 0.071

C6eC8 s 1.97776 C4eC6 s* 0.01270 19.26 0.57 0.094

e e e C13eC18 s* 0.02784 6.08 0.93 0.067

C13eC18 s 1.97492 C9eC11 s* 0.01273 2.26 1.04 0.043

e e e C11eC13 s* 0.02131 1.56 1.18 0.038

C31eC33 s 1.98208 C4eC6 s* 0.01270 15.80 0.61 0.088

e e e C33eC34 s* 0.02688 3.29 1.15 0.055

C33eC34 p 1.66857 C4eC6 s* 0.01270 21.34 0.62 0.102

e e e C31eC33 s* 0.02737 2.87 1.27 0.054

LP Cl1 s 1.99293 C4eC6 s* 0.01270 2.16 0.81 0.037

e e e C31eC33 s* 0.02737 1.66 1.46 0.044

LP Cl1 p 1.97261 C4eC6 s* 0.01270 423.83 0.36 0.350

e e e C13eC18 s* 0.02784 41.45 0.72 0.154

e e e C33eC34 p* 0.38470 40.93 0.40 0.126

LP Cl1 n 1.92483 C3eC28 s* 0.06480 5426.1 0.37 1.266

e e e C4eC6 s* 0.01270 781.11 1.30 0.913

e e e C6eC8 s* 0.02184 5342.80 0.38 1.288

LP O2 s 1.97827 C3eC4 s* 0.05666 1.66 1.15 0.039

e e e C4eC6 s* 0.01270 19.34 0.57 0.094

a E(2) means energy of hyper-conjugative interactions (stabilization energy in kJ/mol).
b Energy difference (a.u.) between donor and acceptor i and j NBO orbitals.
c F(i,j) is the Fock matrix elements (a.u.) between i and j NBO orbitals.

Table 4
NBO results showing the formation of Lewis and non-Lewis orbitals.

Bond(A-B) ED/ea EDA% EDB% NBO s% p%

sC3-C4 1.98059 48.88 51.12 0.6992(sp1.81)C 35.51 64.49

e �0.59863 e e þ0.7150(sp2.14)C 31.84 68.16

sC3-C28 1.97841 47.46 52.54 0.6889(sp1.91)C 34.34 65.66

e �1.44360 e e þ0.7248(sp2.21)C 31.15 68.85

sC4-C6 1.98166 50.31 49.69 0.7093(sp1.64)C 37.90 62.10

e �0.73790 e e þ0.7049(sp1.66)C 37.51 62.49

sC6-C8 1.97776 48.42 51.58 0.6958(sp1.93)C 34.13 65.87

e �0.69572 e e þ0.7182(sp2.05)C 32.73 67.27

sC13-C18 1.97492 50.58 49.42 0.7112(sp2.10)C 32.21 67.79

e �0.62135 e e þ0.7030(sp2.82)C 26.18 73.82

sC31-C33 1.98208 48.85 51.15 0.6989(sp1.96)C 33.74 66.26

e �0.73450 e e þ0.7152(sp1.59)C 38.59 61.41

pC33-C34 1.98191 51.43 48.57 0.7172(sp1.00)C 0.00 100.0

e �0.74298 e e þ0.6969(sp1.00)C 0.00 100.0

N1 Cl1 1.99293 e e sp0.21 82.86 17.14

e �0.93672 e e e e e

N2 Cl1 1.97261 e e sp1.00 0.00 100.0

e �0.48775 e e e e e

N3 Cl1 1.92483 e e sp1.00 0.00 100.0

e �0.42569 e e e e e

N1 O2 1.97827 e e sp0.70 58.84 41.12

e �0.70170 e e e e e

N2 O2 1.88747 e e sp1.00 0.00 100.0

e �0.25981 e e e e e

a ED/e is expressed in a.u.
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crystallized ligands, water molecules and co-factors. Auto-
DockTools (ADT) graphical user interface was used to calculate
Kollman charges and to add polar hydrogens. Ligand was prepared
for docking by minimizing its energy at B3LYP/6-31þþG(d)(6D, 7F)
level of theory. Charges were calculated by Geistenger method.
Active site of the proteinwas defined so as to include residues of the
active site within the grid size of 40 Å � 40 Å � 40 Å. Docking
protocol was tested by extracting co-crystallized inhibitor from the
protein and then docking the same. Docking protocol which we
employed predicted the same conformation as was present in the



Fig. 7. Detailed interactions of (2E)-1-(4-chlorophenyl)-3-[4-(propan-2-yl)phenyl]
prop-2-en-1-one with the inhibitor residues, dotted lines represent the interactions.
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crystal structure with RMSD value well within the reliable range of
2 Å. Amongst the docked conformations, one which binded at the
active site with high affinity was visualized for detailed ligand-
protein interactions in Discover Studio Visualizer 4.0 and Pymol
software. The ligand binds at the catalytic site of substrate (Fig. 6)
by weak non-covalent interactions most prominent of which are
alkyl and alkyl-p interactions. TYR264, TYR304 and ARG302 hold
the aromatic rings by alkyl- p interactions (Fig. 7). TYR304 forms a
pi-pi stacking interaction with one of the phenyl rings. The inhib-
itor (2E)-1-(4-chlorophenyl)-3-[4-(propan-2-yl)phenyl]prop-2-en-
1-one forms a stable complex with Lck. These preliminary results
suggest that the compoundmight exhibit inhibitory activity against
Lck. This may result in design of novel T-cell immunosuppressants.
However biological tests need to be done so as to validate the
computational predictions.

5. Conclusion

The vibrational spectroscopic studies of (2E)-1-(4-
Chlorophenyl)-3-[4-(propan-2-yl)phenyl]prop-2-en-1-one were
reported experimentally and theoretically. Potential energy distri-
bution of normal modes of vibrations was done using GAR2PED
program. MEP predicts the most reactive part in the molecule. The
geometrical parameters obtained from theoretical calculations are
in agreement with the XRD data.The calculated hyperpolarizability
is high and the title compound and its derivatives are attractive
object for future studies in nonlinear optics. For the title compound,
HOMO is delocalized over the phenyl ring PhI and the carbonyl
group while LUMO is delocalized over the entire molecule and this
shows that an eventual charge transfer occurs within the molecule,
and that the frontier orbital energy gap is 2.12 eV. The title com-
pound binds at the catalytic site of substrate by weak non-covalent
Fig. 6. The title compound, (2E)-1-(4-chlorophenyl)-3-[4-(propan-2-yl)phenyl]prop-
2-en-1-one binds at the active site of Lck.
interactions most prominent of which are alkyl and alkyl-p in-
teractions and forms a stable complex with Lck.
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