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a b s t r a c t

The optimized molecular structure, vibrational wavenumbers, corresponding vibrational assignments of
3-(1H-imidazol-1-yl)-1-phenylpropan-1-one have been investigated theoretically and experimentally.
The calculated geometrical parameters of the title compound are in agreement with the reported XRD
data. The HOMO and LUMO analysis is used to determine the charge transfer within the molecule. The
stability of the molecule arising from hyper-conjugative interaction and charge delocalization has been
analyzed using NBO analysis. Molecular electrostatic potential was performed by the DFT method and
from the MEP plot, it is evident that the negative charge covers the carbonyl group and the nitrogen atom
N3 of the imidazole ring and the positive region is over the remaining portions of the molecule. The first
and second hyperpolarizabilities are calculated and the first hyperpolarizability of the title compound is
16.99 times that of standard NLO material urea and the title compound and its derivatives are good
object for further studies in nonlinear optics. The docked ligand title compound forms a stable complex
with plasmodium falciparum and gives a binding affinity value of �5.5 kcal/mol and the preliminary
results suggest that the compound might exhibit antimalarial activity against plasmodium falciparum.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

An increased incidence of both community-acquired and
nosocomial invasive fungal infections has been witnessed over the
past few decades. Nosocomial invasive and systemic fungal in-
fections are considered one of the major causes of morbidity and
mortality, particularly in patients with weakened or compromised
immune systems such as patients with cancer or AIDS and in organ
transplant cases [1,2]. In addition, Candida species represent the
main agent for nosocomial fungal infections worldwide with
Candida albicans being the cause for the majority of invasive can-
didiases with about 30e40% of mortality [3]. Antifungal agents
an Panicker).
having azole moiety constitute themainstay for treatment of fungal
infections owing to their safety profile and good therapeutic index
[4]. Azoles are nitrogen-containing five membered heterocyclic
compounds with electron-rich property. Thereby, they can easily
bind with the enzymes and receptors in organisms through weak
interactions such as coordination bonds, hydrogen bonds, ion-
dipole, p-p stacking as well as van der Waals force etc., leading to
diverse biological activities. The antifungal activity of azoles is
attributed to the co-ordination binding of the heterocyclic nitrogen
atom to the heme iron atom in the binding site of 14a-demethylase
enzyme causing depletion of ergosterol. The ability of azoles to
interact with the heme of many host cytochrome P450 enzymes,
particularly mammalian CYP3A4, is the reason for the appearance
of systemic azole toxicity [5,6]. Imidazole is a 1,3-diaza five
membered heterocyclic azole. A plethora of imidazole-bearing
antifungals have been used to treat fungal diseases due to their
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Fig. 2. FT-Raman spectrum of 3-(1H-imidazol-1-yl)-1-phenylpropan-1-one.
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low toxicity and broad antimicrobial spectrum including yeasts and
fungal strains. Accordingly, researchers were encouraged to
develop new antifungal agents incorporating imidazole moiety [7].
N-Alkylated imidazole moiety is a common feature in many anti-
fungal agents used in clinics, namely clotrimazole, miconazole,
econazole and ketoconazole [8]. Therefore, much more attention
has been paid in the investigations of such kind of antifungal im-
idazoles. The clinically available antifungal agents suffer from the
development of drug resistance, undesirable side effects and high
risk of toxicity [9]. This necessitates continuous efforts to develop
new potent antifungal agents with fewer side effects in order to
address these therapeutic issues. The title compound is an azole-
containing compound bearing N-alkylated imidazole moiety and
is the building block of a number of anti-Candida agents [10e12].

Spectroscopic studies of certain imidazole derivatives are
already reported [13e15]. The present work describes the natural
bond orbital analysis, molecular frontier orbital analysis, nonlinear
optical properties and molecular potential surface study of the title
compound. The experimentally observed infrared and Raman
bands have been assigned with the help of the calculated vibra-
tional frequencies and potential energy distribution analysis. In
addition, a molecular docking study of the title compound is also
reported due to the diverse biological activities of the imidazole
derivatives [16e18].
2. Experimental details

A pure sample of the title compound was prepared via the re-
action of 3-(dimethylamino)-1-phenylpropan-1-one hydrochloride
with imidazole in water following the previously reported proce-
dure of Attia et al. [19].

The FT-IR spectrum (Fig. 1) was recorded using KBr pellets on a
DR/Jasco FT-IR 6300 spectrometer with a spectral resolution of
2 cm�1. The FT-Raman spectrum (Fig. 2) was obtained on a Bruker
RFS 100/s, Germany, and for excitation of the spectrum, the emis-
sion of Nd:YAG laser was used, excitationwavelength was 1064 nm,
maximal power was 150 mWand measurement was carried out on
solid sample.
Fig. 1. FT-IR spectrum of 3-(1H-imidazol-1-yl)-1-phenylpropan-1-one.
3. Computational details

All calculations have been performed with the Gaussian09
software [20] using the density functional theoretical method [21].
The theoretical calculations were performed with the hybrid B3LYP
functional, i.e. a combination of the Becke's three parameter ex-
change functional [22] and Lee-Yang-Parr correlation functional
[23,24]. The DFT calculations were reported to provide excellent
vibrational frequencies of organic compounds if the calculated
frequencies are scaled to compensate for the approximate treat-
ment of electron correlation, for basis set deficiencies and for the
anharmonicity [25]. The optimized structure parameters (Fig. 3)
and frequencies were calculated using the DFT/B3LYP method at
6 e 311 þþ G(d) (5D, 7F) basis set level. The absence of imaginary
frequencies confirmed that the stationary points correspond to
minima on the potential energy surface. The vibrational assign-
ments of the title compound are done with the help of Guassview
program [26] and GAR2PED software [27]. The optimized
geometrical parameters with the XRD data are given in Table 1.
Fig. 3. Optimized geometry of 3-(1H-imidazol-1-yl)-1-phenylpropan-1-one.



Table 1
Optimized geometrical parameters of the title compound.

Bond lengths (DFT/XRD) (Å)
O1eC15 1.2179/1.2152 N2eC19 1.4587/1.4576
N2eC22 1.3672/1.3445 N2eC26 1.3812/1.3612
N3eC22 1.3141/1.3098 N3eC24 1.3747/1.3622
C4eH5 1.0841/0.9300 C4eC6 1.3927/1.3842
C4eC14 1.4018/1.3909 C6eH7 1.0850/0.9300
C6eC8 1.3938/1.3832 C8eH9 1.0854/0.9300
C8eC10 1.3963/1.3762 C10eH11 1.0851/0.9300
C10eC12 1.3892/1.3812 C12eH13 1.0838/0.9300
C12eC14 1.4026/1.3937 C14eC15 1.4976/1.4960
C15eC16 1.5242/1.5052 C16eH17 1.0957/0.9700
C16eH18 1.0958/0.9700 C16eC19 1.5312/1.5142
C19eH20 1.0908/0.9700 C19eH21 1.0903/0.9700
C22eH23 1.0812/0.9300 C24eH25 1.0801/0.9300
C24eC26 1.3718/1.3493 C26eH27 1.0790/0.9300
Bond angles (DFT/XRD) (�)
C19eN2eC22 126.8/127.0 C19eN2eC26 126.9/126.9
C22eN2eC26 106.2/106.0 C22eN3eC24 105.2/104.1
H5eC4eC6 119.0/119.8 H5eC4eC14 120.6/119.8
C6eC4eC14 120.4/120.5 C4eC6eH7 119.9/119.9
C4eC6eC8 120.0/120.2 H7eC6eC8 120.1/119.9
C6eC8eH9 120.0/120.1 C6eC8eC10 120.0/119.8
H9eC8eC10 120.0/120.1 C8eC10eH11 120.0/119.9
C8eC10eC12 120.0/120.2 H11eC10eC12 119.9/119.9
C10eC12eH13 121.0/119.7 C10eC12eC14 120.5/120.7
H13eC12eC14 118.5/119.7 C4eC14eC12 119.1/118.6
C4eC14eC15 122.7/122.5 C12eC14eC15 118.3/118.9
O1eC15eC14 121.0/120.6 O1eC15eC16 120.2/120.8
C14eC15eC16 118.7/118.6 C15eC16eH17 109.2/109.0
C15eC16eH18 109.4/109.0 C15eC16eC19 112.4/113.0
H17eC16eH18 105.6/107.8 H17eC16eC19 110.1/109.0
H18eC16eC19 109.8/109.0 N2eC19eC16 112.1/111.4
N2eC19eH20 109.0/109.3 N2eC19eH21 108.1/109.3
C16eC19eH20 110.7/109.3 C16eC19eH21 110.4/109.3
H20eC19eH21 106.4/108.0 N2eC22eN3 112.4/112.9
N2eC22eH23 121.9/123.6 N3eC22eH23 125.7/123.6
N3eC24eH25 121.4/124.6 N3eC24eC26 110.5/110.9
H25eC24eC26 128.1/124.6 N2eC26eC24 105.8/106.1
N2eC26eH27 121.9/126.9 C24eC26eH27 132.3/126.9
Torsion angles (DFT/XRD) (�)
C14eC4C6C8 0.0/0.3 C4eC6eC8eC10 0.0/-1.3
C6eC8eC10eC12 �0.0/0.8 C8eC10eC12eC14 0.0/0.8
C6eC4eC14eC12 �0.0/1.2 C6eC4eC14eC15 179.9/178.0
C10eC12eC14eC4 �0.0/-1.7 C10eC12eC14eC15 �180.0/-177.5
C4eC14eC15eO1 �179.5/-175.7 C12eC14eC15eO1 0.5/5.1
C4eC14eC15eC16 0.6/5.2 C12eC14eC15eC16 �179.5/-173.9
O1eC15eC16eC19 0.1/-1.7 C14eC15eC16eC19 �179.9/177.3
C22eN2eC19eC16 �97.4/-87.0 C26eN2eC19eC16 78.2/89.2
C15eC16eC19eN2 179.5/179.6 C24eN3eC22eN2 �0.2/-0.1
C26eN2eC22eN3 0.3/0.2 C19eN2eC22eN3 176.6/177.0
C22eN3eC24eC26 0.0/-0.1 N3eC24eC26eN2 0.2/0.1
C22eN2eC26eC24 �0.3/-0.2 C19eN2eC26eC24 �176.6/-177.1
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4. Results and discussion

4.1. IR and raman spectra

The calculated (scaled) wave numbers, observed IR, Raman
bands and assignments are given in Table 2 and in the following
discussion, the phenyl ring is designated as PhI and imidazole ring
as PhII. The bands observed at 1675 cm�1 in the IR spectrum,
1672 cm�1 in the Raman spectrum and at 1671 cm�1 (DFT) are
assigned as the stretching modes of the carbonyl (C]O) group.
According to literature, the stretching mode of the C]O group is
expected in the range 1850e1550 cm�1 [28]. The in-plane and out-
of-plane bending modes of the C]O group are reported in the
ranges 725 ± 95 and 595 ± 120 cm�1 [29]. For the title compound,
the C]O deformation bands are theoretically assigned at 616,
560 cm�1 (DFT).

The stretching and deformationmodes of the CH2 groups appear
in the regions 3020e2875, 1480-725 cm�1, respectively [29e31].
The CH2 stretching modes are observed at 2965, 2921 cm�1 in the
IR spectrum, 2999, 2965, 2944, 2918 cm�1 in the Raman spectrum
and theoretically in the range 3008e2919 cm�1. The deformation
modes of the CH2 groups are assigned at 1444, 1415, 1366, 1294,
1269, 1252 cm�1 in the IR spectrum, 1444, 1415, 1370, 1351,
1270 cm�1 in the Raman spectrum and at 1441, 1418 (scissoring),
1362, 1355 (wagging), 1296, 1267 (twisting), 1254, 1132 (rocking)
cm�1 theoretically as expected [29e31].

For phenyl rings, the CeH stretching modes are expected above
3000 cm�1 [29]. In the title compound, the phenyl CH streching
modes are theoretically assigned in the range 3079e3042 cm�1.
Experimentally, these bands are observed at 3060 cm�1 in the IR
and at 3068 cm�1 in Raman spectrum. The phenyl ring stretching
modes are assigned at 1575 cm�1 (IR), 1580 cm�1 (Raman) and in
the range 1579e1308 cm�1 (DFT). The sixth phenyl ring stretching
mode, the ring breathing vibration appears as a weak band near
1000 cm�1 in mono-, 1-3-di- and 1,3,5-tri substituted benzenes
[29,32]. In the present case, the PED analysis gives ring breathing
mode at 1009 cm�1 for the phenyl ring [29]. The CeH deformation
modes of the phenyl ring, in-plane and out-of-plane modes are
expected above and below 1000 cm�1, respectively [29]. The in-
plane CH deformation bands of the phenyl ring are observed at
1063, 1013 cm�1 in the IR spectrum, 1285, 1161, 1139, 1066 cm�1 in
the Raman spectrum and theoretically in the range
1283e1010 cm�1. The CH out-of-plane deformation modes are
assigned at 907, 825 cm�1 in the IR spectrum, 905, 827 cm�1 in the
Raman spectrum and theoretically in the range 969e727 cm�1. The
ring substituent deformation modes are also identified and
assigned (Table 2) and most of the modes are not pure but contains
significant contributions from other modes.

For the title compound, the imidazole ring stretching modes are
observed at 1329, 1092, 997 cm�1 in the IR spectrum, 1328 cm�1 in
the Raman spectrum and theoretically at 1479, 1472, 1331, 1097,
998 cm�1. This is in agreement with the work of Almajan et al. [33].
Sandhyarani et al. reported the CeN stretching mode at 1319 cm�1

[34]. Benzon et al. reported the imidazole ring, CeN stretching
modes at 1247, 1129, 938 cm�1 theoretically, 1248, 1135, 926 cm�1

in the Raman spectrum and 924 cm�1 in the IR spectrum [13]. The
CeN stretching modes are reported at 1268, 1220, 1151 cm�1 the-
oreticaly for benzimidazolium salts by Malek et al. [35]. The C]N
stretchingmodes were reported in the range 1535e1666 cm�1 [36],
1592 cm�1 experimentally and theoretically at 1584 cm�1 [37]. For
an imidazole derivative, the C]N stretching mode is theoeretically
assigned at 1464 cm�1, 1462 cm�1 in the IR spectrum and at
1464 cm�1 in the Raman spectrum [13]. The C19eN2 mode is
observed at 1212 cm�1 in the IR spectrum, 1209 cm�1 in the Raman
spectrum and theoretically at 1214 cm�1 for the title compound.

4.2. Nonlinear optical properties (NLO)

Hyperpolarizabilities are very sensitive to the employed basis
set and level of theoretical approach [38e40] because the electron
correlation can change the value of hyperpolarizability. Urea is one
of the prototypical molecules used in the study of the nonlinear
properties of molecular systems. Therefore, it has been frequently
used as a threshold value for comparative purposes. The calcula-
tions of the total molecular dipole moment, linear polarizability
and first order hyperpolarizability from the Gaussian output have
been previously explained in detailed [41] and DFT has been
extensively used an effectivemethod to investigate the organic NLO
material [42]. The polar properties of the title compound were
calculated by the density functional theory using the B3LYPmethod
with 6 e 311 þþ G(d) (5D, 7F) basis set using the Gaussian09
program prackage. The calculated first hyperpolarizability of the
title compound is 2.209 � 10�30 e.s.u, which is 16.99 times that of



Table 2
Calculated (scaled) wavenumbers, observed IR, Raman bands and assignments of the title compound.

B3LYP/6 e 311 þþ G(d) (5D,7F) IR Raman Assignmentsa

y(cm�1) IRI RA y(cm�1) y(cm�1) -

3134 3.71 107.96 3131 3133 yCHII(98)
3110 3.34 94.90 3111 3112 yCHII(99)
3108 5.33 42.83 e e yCHII(98)
3079 7.20 135.56 e e yCHI(96)
3071 12.13 169.13 e 3068 yCHI(94)
3062 25.38 76.37 3060 e yCHI(93)
3052 8.37 123.15 e e yCHI(96)
3042 0.23 46.53 e e yCHI(94)
3008 8.79 27.14 e 2999 yCH2(97)
2966 14.17 76.41 2965 2965 yCH2(98)
2947 3.44 33.54 e 2944 yCH2(96)
2919 12.08 84.19 2921 2918 yCH2(99)
1671 193.14 75.13 1675 1672 yC ¼ O(80)
1579 28.50 123.96 1575 1580 yPhI(57), dCHI(18)
1560 12.56 10.86 e e yPhI(65), dCHI(19)
1479 34.42 3.71 e e yCNII(32), yCCII(25), dCHII(29)
1472 32.62 10.74 e e yCCII(24), dCHII(23), yCNII(17), dCH2(14)
1469 9.48 3.68 e e dCHI(15), yPhI(55)
1441 11.99 5.76 1444 1444 dCH2(76)
1426 25.30 5.44 e e dCHI(21), yPhI(69)
1418 4.60 8.62 1415 1415 dCH2(86)
1362 53.40 8.02 1366 1370 dCH2(53), yCNII(23)
1355 43.31 5.53 e 1351 dCH2(53), yCNII(20)
1331 1.30 45.05 1329 1328 yCNII(59), yCCII(13), dCHII(10)
1308 9.75 3.98 e e dCHI(15), yPhI(63)
1296 48.76 2.48 1294 e dCH2(47), yPhI(27)
1283 9.63 0.64 e 1285 yPhI(15), dCH2(17), dCHI(48)
1267 19.87 9.66 1269 1270 dCH2(41), yCNII(13), dCHII(18)
1254 12.49 12.13 1252 e dCHII(31), dCH2(23), yCN(12), yCNII(14)
1214 26.11 5.69 1212 1209 dCHII(35), yCNII(11), yCN(47)
1178 126.24 39.58 1175 1180 yCC(33), dCH2(18), dCHI(17)
1159 53.86 8.23 e 1161 dCHI(69)
1142 3.36 6.61 e 1139 dCHI(77), yPhI(17)
1132 1.36 2.09 e e dCH2(65), yCNII(22)
1097 18.87 5.96 1092 e yCNII(64), dCHII(27)
1067 3.41 1.52 1063 1066 yPhI(23), dCHI(55)
1054 28.16 11.07 e e dCHII(60), yCCII(28)
1034 7.34 13.79 1036 1034 yCC(55), dCH2(19)
1010 7.56 6.68 1013 e dCHI(46), yCNII(11), dCH2(14)
1009 9.93 23.06 e 1005 yPhI(35), dPhII(10), dCH2(15)
998 8.14 3.32 997 e yCNII(44), dCH2(36), dPhII(15)
979 5.49 41.86 979 977 dPhI(66), yPhI(19)
969 0.23 0.04 e e gCHI(81), tPhI(14)
950 57.24 2.35 e e yCC(45), dC ¼ O(11), yPhI(10)
948 0.60 0.02 e e gCHI(89)
905 1.26 0.09 907 905 gCHI(82)
883 9.69 1.46 e e dPhII(82)
824 0.43 0.04 825 827 gCHI(97)
817 2.59 1.52 e e gCHII(81), tPhII(13)
804 0.49 14.82 e 803 dCH2(25), yCC(39), dPhII(10)
781 1.66 0.34 e e dCH2(46), gC ¼ O(13), tPhI(10)
770 32.76 0.62 e e gCHII(79), tPhII(18)
727 48.08 0.28 e e tPhI(30), gCHI(40), dCH2(16)
694 1.98 1.50 e 705 dPhI(29), dPhII(14), yCC(30)
689 34.08 1.58 691 e gCHII(96)
674 38.80 0.01 671 670 tPhI(62), gCHI(30)
647 17.53 0.09 e 642 tPhII(95)
616 37.10 3.11 620 617 dC ¼ O(41), dPhI(14), tPhII(20)
611 3.47 0.37 e e tPhII(66), dPhI(11), gCN(10)
607 1.14 5.69 e e dPhI(72)
560 6.70 0.06 562 565 gC ¼ O(38), gCC(11), tPhI(17)
470 4.53 1.46 474 e dCC(52), dCH2(21)
412 0.59 0.12 411 416 tPhI(60), gCC(19), gC ¼ O(10)
396 0.01 0.01 e 395 tPhI(83)
379 0.52 1.74 e e dCH2(24), dC ¼ O(17), dPhI(24)
325 1.08 0.49 e e dCN(71)
274 5.53 1.50 e e dCC(46), dCH2(20)
216 6.68 1.89 e e dCH2(33), dCC(34)
153 0.11 2.66 e 157 gCC(31), tPhI(31),tCH2(15), gC ¼ O(10)
138 0.87 0.58 e e gCN(41), dCC(38), dCH2(12)
92 0.58 0.11 e e tCN(27), tCH2(38), tC ¼ O(18)
61 6.35 0.41 e e tC ¼ O(30), tCH2(40),tCN(12)
50 2.23 3.02 e e gCN(35), dCH2(40), dCC(10)
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Table 2 (continued )

B3LYP/6 e 311 þþ G(d) (5D,7F) IR Raman Assignmentsa

y(cm�1) IRI RA y(cm�1) y(cm�1) -

30 0.41 4.20 e e tC ¼ O(46), tCH2(40)
28 1.80 7.14 - - tCN(50), tCH2(37)

a y-stretching; d-in-plane deformation; g-out-of-plane deformation; t-torsion; PhI-Phenyl ring; PhII-imidazole ring; potential energy distribution (%) is given in brackets in
the assignment column.
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standard NLO material urea (0.13 � 10�30 e.s.u) [43]. The average
second hyperpolarizability is <g> ¼
(gxxxx þ gyyyy þ gzzzz þ 2gxxyy þ 2gxxzz þ 2gyyzz)/5. The theoretical
second order hyperpolarizability was calculated using the
Gaussian09 software and is equal to �11.614 � 10�37 e.s.u [44].
Accordingly, we conclude that the title compound is an attractive
object for future studies of nonlinear optical properties.

4.3. Natural bond orbital analysis (NBO)

The natural bond orbitals (NBO) calculations were performed
using the NBO 3.1 program [45] as implemented in the Gaussian09
package at the DFT/B3LYP level in order to understand various
second-order interactions between the filled orbitals of one sub-
system and vacant orbitals of another subsystem, which is a mea-
sure of the intermolecular delocalization or hyper conjugation. In
NBO analysis, large stabilization energy E(2) value shows the
intensive interaction between electron-donors and electron-
acceptors, and greater the extent of conjugation of the whole sys-
tem, the possible intensive interaction are given in Table 3. The
second-order perturbation theory analysis of Fock-matrix in NBO
basis shows strong intra-molecular hyper-conjugative interactions
are formed by orbital overlap between n(O), n(N) and s*(CeN),
p*(CeN), s*(CeO), p*(CeO), bond orbitals which result in intra-
molecular charge transfer causing stabilization of the system. The
important intra-molecular hyper-conjugative interactions are
Table 3
Second-order perturbation theory analysis of Fock matrix in NBO basis corresponding to

Donor(i) Type ED/e Acceptor(j) Ty

N2eC22 s 1.98634 N2eC19 s*

e e N2eC26 s*

N3eC22 p 1.86756 C24eC26 p*
C14eC15 s 1.98023 C4eC6 s*

e e e C4eC14 s*

e e e C10eC12 s*

e e e C12eC14 s*

e e e C16eC19 s*

C15eC16 s 1.98354 N2eC19 s*

e e e C12eC14 s*

C16eC19 s 1.98194 C14eC15 s*
C24eC26 s 1.98579 N2eC19 s*

e p 1.86234 N3eC22 p*

LPO1 s 1.97778 C14eC15 s*

e e e C15eC16 s*

e p 1.88831 C14eC15 s*

e e C15eC16 s*

LPN2 s 1.55450 N3eC22 p*

e e C16eC19 s*

e e C24eC26 p*

LPN3 s 1.92739 N2eC22 s*
- - C24eC26 s*

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.
n2(O1)/s*(C15eC16), n1(N2)/p*(N3eC22) and n1(N3)/
s*(N2eC22) with stabilization energies 21.23, 47.50 and 9.31 kJ/mol
and electron densities 0.05940e, 0.38144e, and 0.04196e. The NBO
analysis also describes the bonding in terms of the natural hybrid
orbital n2(O1), which occupy a higher energy orbital (�0.26945 a.u.)
with considerable p-character (100%) and low occupation number
(1.88831) and the other n1(O1) occupy a lower energy orbital
(�0.69024 a.u.) with p-character (43.37%) and high occupation
number (1.97778). Thus, a very close to pure p-type lone pair orbital
participates in the electron donation to the n2(O1)/s*(C15eC16),
n1(N2)/p*(N3eC22) and n1(N3)/s*(N2eC22) interactions in the
compound. The results are tabulated in Table 4.

4.4. Frontier molecular orbital analysis

The HOMO (highest occupied molecular orbital) and LUMO
(lowest unoccupied molecular orbital) energy gap of the title
compound has been calculated at the B3LYP/6 e 311 þþ G(d)
(5D,7F) level. These orbitals determine the way the molecule in-
teracts with other species. Fig. 4 shows the distributions and energy
levels of HOMO and LUMO orbitals computed at the B3LYP level for
the title compound. The HOMO is mainly localized on the imidazole
ring, CH2 and carbonyl groups. The LUMO is mainly delocalized in
the CH2 group, carbonyl group and the phenyl ring. This shows a
charge transfer from the imidazole ring to the phenyl ring through
the methylene and carbonyl groups. The value of the energy
the intra-molecular bonds of the title compound.

pe ED/e E(2)a E(j)-E(i)b F(ij)c

0.02693 1.76 1.14 0.040
0.02244 2.04 1.26 0.045

0.01866 21.54 0.33 0.078
0.01523 1.99 1.24 0.044
0.02284 2.13 1.23 0.046

0.01446 2.25 1.25 0.047

0.02166 1.84 1.23 0.042

0.01883 1.29 1.03 0.033

0.02693 2.42 0.99 0.044
0.02166 2.12 1.21 0.045

0.06484 2.44 1.05 0.046
0.02693 5.14 1.04 0.065
0.38144 14.95 0.28 0.061

0.06484 1.86 1.12 0.041
0.05940 1.50 1.07 0.036

0.06484 19.61 0.70 0.106

0.05940 21.23 0.65 0.106

0.38144 47.50 0.28 0.104
0.01883 6.41 0.62 0.063

0.30939 31.60 0.29 0.089

0.04196 9.31 0.82 0.078
0.01866 5.61 0.95 0.066

.



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

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

sN2-C22 1.98634 64.49 35.51 0.8031(sp2.00)Nþ 33.38 66.62

e �0.79862 e e 0.5959(sp2.32)C 30.12 69.88

pN3-C22 1.86756 56.87 43.13 0.741(sp1.00)Nþ 0.00 100.0

e �0.28527 e e 0.6567(sp1.00)C 0.00 100.0

sC14-C15 1.98023 52.11 47.89 0.7219(sp2.25)Cþ 30.80 69.20

e �0.66455 e e 0.6920(sp1.80)C 35.64 64.36

sC15-C16 1.98354 48.02 51.98 0.6930(sp1.90)Cþ 34.49 65.51

e �0.64285 e e 0.7210(sp2.81)C 26.23 73.77

sC16-C19 1.98194 50.65 49.35 0.7117(sp2.63)Cþ 27.51 72.49

e �0.62329 e e 0.7025(sp2.55)C 28.18 71.82

sC24-C26 1.98579 48.64 51.36 0.6974(sp1.73)Cþ 36.56 63.44

e �0.69421 e e 0.7167(sp1.63)C 38.02 61.98

pC24-C26 1.86234 48.30 51.70 0.6950(sp1.00)Cþ 0.00 100.0

e �0.25205 e e 0.7190(sp1.00)C 0.00 100.0

n1O1 1.97778 e e sp0.76 56.63 43.37

e �0.69024

n2O1 1.88831 e e sp1.00 0.00 100.00

e �0.26945

n1N2 1.55450 e e sp99.99 0.09 99.01

e �0.24958

n1N3 1.92739 e e sp2.00 33.26 66.74
- �0.34085 - - - - -

a ED/e in a.u.

Fig. 4. HOMO-LUMO plots of 3-(1H-imidazol-1-yl)-1-phenylpropan-1-one.

Fig. 5. MEP plot of 3-(1H-imidazol-1-yl)-1-phenylpropan-1-one.
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separation between the HOMO and LUMO is 3.222 eV. The lowering
of the HOMO-LUMO band gap is essentially a consequence of the
large stabilization of the LUMO due to the strong electron-acceptor
ability of the electron-acceptor group. Using HOMO and LUMO
orbital energies, the ionization energy and electron affinity can be
expressed as: I ¼ -EHOMO, A ¼ -ELUMO [46]. The hardness h and
chemical potential m are given the following relations h ¼ (I-A)/2
and m ¼ - (I þ A)/2, where I and A are the first ionization potential
and electron affinity of the chemical species [46]. For the title
compound, the EHOMO ¼ �8.662 eV, ELUMO ¼ �5.440 eV, Energy
gap ¼ HOMO-LUMO ¼ 3.222 eV, Ionization potential I ¼ 8.662 eV,
Electron affinity A ¼ 5.440 eV, global hardness h ¼ 1.611 eV,
chemical potential m ¼ �7.051 eV and the global
electrophiliciy ¼ m2/2h ¼ 15.430 eV. It could be concluded that the
chemical potential of the title compound is negative and it indicates
that the compound is stable.

4.5. Molecular electrostatic potential (MEP)

Molecular electrostatic potential at a point in the space around a
molecule gives an indication of the net electrostatic effect produced
at that point by the total charge distribution of the molecule and
correlates with dipole moments, electronegativity, partial charges
and chemical reactivity of the molecules [47]. It provides a visual
method to understand the relative polarity of the molecule. The
different values of the electrostatic potential at the MEP surface are
represented by different colours: red, blue and green represent the
regions of most negative, most positive and zero electrostatic po-
tential, respectively. The negative electrostatic potential corre-
sponds to an attraction of the proton by the aggregate electron
density in the molecule (shades of red), while the positive elec-
trostatic potential corresponds to the repulsion of the proton by the
atomic nuclei (shade of blue). The negative (red and yellow) regions
of the MEP were related to the electrophilic reactivity and the
positive (blue) regions to the nucleophilic reactivity. From the MEP
plot (Fig. 5), it is evident that the negative charge covers the
carbonyl group and the nitrogen atom N3 of the imidazole ring and
the positive region is over the remaining portions of the molecule.

4.6. Molecular docking

In addition to the well-documented antifungal activity of
imidazole derivatives, several imidazole and fused imidazole
structures are associated with a wide range of biological activities
including antiviral [48], anticancer [49,50], antitrypanosomal [51],
antimalarial [52e54], antihistaminic [55] and anticoagulant [56]
activities. Thus, it was of interest to study the molecular docking
of the title molecule as an inhibitor of plasmodium falciparum, the
causative agent of malaria. High resolution crystal structure of
plasmodium falciparum was downloaded from the protein data
bank website (PDB ID: 3PBL) and all molecular docking calculations
were performed on AutoDock-Vina software [57]. The 3D crystal
structure of plasmodium falciparum was obtained from the Protein
Data Bank and the protein was prepared for docking by removing
the co-crystallized ligands, water and co-factors and the Auto Dock
Tools (ADT) graphical user interface was used to calculate the
Kollman charges and polar hydrogens. The ligand was prepared for
docking by minimizing its energy at the B3LYP/6 e 311 þþ G(d)
(5D,7F) level of theory and the partial charges were calculated by
Geistenger method. The active site of the enzyme was defined to
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include the residues of the active site within the grid size of
40 Å � 40 Å � 40 Å and the most popular algorithm, Lamarckian
Genetic Algorithm (LGA) available in Autodock was employed for
docking and the docking protocol was tested by extracting co-
crystallized inhibitor from the protein and then docking the
same. The docking protocol predicted the same conformation as
was present in the crystal structure with RMSD value well within
the reliable range of 2 Å [58]. Amongst the docked conformations,
one which binds well at the active site was analyzed for detailed
interactions in Discover Studio Visualizer 4.0 software. The ligand
binds at the active site of the substrate (Figs. 6 and 7) by weak non-
covalent interactions. The amino acids Phe202, Tyr167 shows p-p
interaction with the phenyl ring and Asn165, Gln203 forms
Hebond interaction with the C]O group and imidazole ring,
respectively. The docked ligand title compound forms a stable
complex with plasmodium falciparum and gives a binding affinity
(DG in kcal/mol) value of �5.5 (Table 5). These preliminary results
suggest that the compound might exhibit antimalarial activity
against plasmodium falciparum (Fig. 8).
Fig. 7. The docked protocol reproduced the co-crystallized conformation with H-bond
(green), p-anion (brown), alkyl (pink) and H-bond receptor surface.(For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 5
The binding affinity values of different poses of the title compound predicted by
AutodockVina.

Mode Affinity (kcal/mol) Distance from best mode (Å)

e e RMSD l.b. RMSD u.b.

1 �5.5 0.000 0.000
2 �5.2 2.584 3.287
3 �5.1 26.737 28.337
4 �5.1 3.207 4.036
5 �5.0 2.719 3.638
6 �5.0 1.520 2.180
7 �5.0 22.820 26.244
8 �5.0 3.923 5.431
9 �5.0 2.749 4.733
4.7. Geometrical parameters

In the title compound, the carbonecarbon bond lengths (DFT/
XRD) in the phenyl ring lie in the range 1.3927e1.4026/
1.3762e1.3937 Å and these values are somewhere in between the
normal values for a single (1.54 Å) and a double (1.33 Å) bond [59].
The C22eN3 bond length (DFT/XRD) ¼ 1.3141/1.3098 Å shows
typical double bond characteristics. However, the C24eN3 ¼ 1.3747/
1.3622, C26eN2 ¼ 1.3812/1.3612, C22eN2 ¼ 1.3672/1.3445 bond
lengths (DFT/XRD) are shorter than the normal CeN single bond
length of about 1.48 Å, while the reported corresponding values are
1.407, 1.395, 1.3874 Å [60] and 1.4176, 1.4001, 1.391 Å [13]. At N2
position, the bond angles (DFT/XRD) are C26eN2eC22¼106.2/106.0,
C26eN2eC19 ¼ 126.9/126.9 and C22eN2eC19 ¼ 126.8/127.0� and this
asymmetry in angles reveal the steric repulsion between the
imidazole ring and adjacent CH2 groups. The imidazole ring is tilted
from the adjacent methylene groups, as is evident from the torsion
angles, C24eC26eN2eC19 ¼ �176.6, C26eN2eC19eC16 ¼ 78.2,
N3eC22eN2eC19 ¼ 176.6 and C22eN2eC19eC16 ¼ �97.4�.
Fig. 6. Schematic presentation of the interaction of dopamine D3 receptor and ligand.

Fig. 8. Pictorial representation of the ligand embedded in the active site of human
dopamine D3 receptor.
5. Conclusions

The vibrational spectroscopic studies of 3-(1H-imidazol-1-yl)-1-
phenylpropan-1-one were reported theoretically and experimen-
tally. Potential energy distribution of normal modes of vibrations



M.A. Al-Alshaikh et al. / Journal of Molecular Structure 1109 (2016) 131e138138
was done with the help of GAR2PED software. The HOMO is mainly
localized on the imidazole ring, CH2 and carbonyl groups and the
LUMO is mainly delocalized in the CH2 group, carbonyl group and
the phenyl ring and the lowering of the HOMO-LUMO energy gap
supports for the bioactivity of the molecule. MEP predicts the most
reactive part in the molecule and from the MEP plot, it is evident
that the negative charge covers the carbonyl group and the nitro-
gen atom N3 of the imidazole ring and the positive region is over
the remaining portions of the molecule. The first and second
hyperpolarizability values are also reported and the title compound
is a good object for further studies in nonlinear optics. From the
molecular docking study, the ligand binds at the active site of the
substrate by weak non-covalent interactions and the amino acids
Phe202, Tyr167 shows p-p interaction with the phenyl ring and
Asn165, Gln203 forms Hebond interaction with the C]O group
and imidazole ring, respectively.
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