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The optimized molecular structure, vibrational frequencies, corresponding vibrational assignments of
2,5-bis(4-hydroxy-3-methoxybenzylidene)cyclopentanone (BHMBC) have been investigated by using
density functional theory (B3LYP) methods at 6-311G(d,p) basis set. The energy and oscillator strength
calculated by Time Dependent Density Functional Theory (TD-DFT) results almost compliments with
experimental findings. Then, gauge-including atomic orbital (GIAO) 13C NMR and 1H NMR chemical shifts
calculations of the BHMBC molecule were carried out by using B3LYP functional with 6-311G(d,p) basis
sets. The mass spectrum is also recorded. Moreover, we have not only simulated highest occupied molec-
ular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) but also determined the transition
state and energy band gap. The stability of the molecule arising from hyperconjugative interaction and
charge delocalization has been analyzed using natural bond orbital (NBO) analysis. Besides, molecular
electrostatic potential (MEP) were performed by the DFT method and the infrared and Raman intensities
have also been reported.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The title compound 2,5-bis(4-hydroxy-3-methoxybenzyli-
dene)cyclopentanone (BHMBC) is a curcumin derivative. Curcu-
mins have several biological activities, such as anti-inflammatory,
antioxidative, antibacterial, antihepatotoxic, hypertensive and
hypocholesterolenic properties [1–5]. Curcumin inhibits in vitro li-
pid peroxide formation by liver homogenates of endemic mice [6].
It is used for the synthesis of bioactive pyrimidine compounds [7]
and also find applications in the preparation of liquid–crystalline
polymers [8]. Thermo tropic liquid crystalline behavior of poly-
meric materials containing cyclopentanone moiety linked with
polyethylene spacers is of considerable current interest, not only
because of their potential as high-strength fibers, plastics, mol-
dings, etc. [9–11], but also their applications in non-linear optical
materials [12]. The benzylidene derivatives are intermediates in
various pharmaceuticals, agrochemicals and perfumes [13]. Curcu-
min demonstrated a great ability in chelating essential metal ions
such as Cu (II) [14] and the complexes showed a higher scavenging
ability than curcumin.

The theoretical study on physicochemical properties of curcu-
min has been reported [15]. Spectroscopic and theoretical study
ll rights reserved.
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of the electronic structure of curcumin and related fragment mol-
ecules were carried out [16]. Density functional theory investiga-
tion of Cu (I) and Cu (II) curcumin complexes were reported [17].
A theoretical study based on comparison of calculated spectro-
scopic properties with NMR, UV–visible and IR experimental data
is done [18]. A combined theoretical and experimental approach
to the study of the structure and electronic properties of curcumin
as a function of solvent is also reported [19].

Literature reveals that to the best of our knowledge DFT cal-
culations and experimental studies on BHMBC molecule have
not been reported so far. Therefore, the present work deals with
FT-IR, FT-Raman, Mass spectra, UV and NMR spectroscopic inves-
tigation of BHMBC utilizing DFT (B3LYP) method with 6-
311G(d,p) as basis set. Vibrational spectrum of the molecule sup-
ported by using the Scaled Quantum Mechanical (SQM) force
field technique based on density functional theory (DFT). All pos-
sible conformers of BHMBC molecule have been optimized at
B3LYP levels at 6-311G(d,p) level. The redistribution of electron
density (ED) in various bonding and antibonding orbitals and
E2 energies have been calculated by natural bond orbital (NBO)
analysis using DFT method to give clear evidence of stabilization
originating from the hyper conjugation of various intra-molecular
interactions. The HOMO and LUMO analysis have been used to
elucidate information regarding charge transfer within the
molecule.

http://dx.doi.org/10.1016/j.molstruc.2011.02.039
mailto:saleem_h2001@yahoo.com
http://dx.doi.org/10.1016/j.molstruc.2011.02.039
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
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2. Experimental details

2.1. Preparation of 2,5-bis(4-hydroxy-3-
methoxybenzylidene)cyclopentanone

Vanillin (1 mmol) and cyclopentanone (0.5 mmol) were heated
in a water bath (45–50 �C) until a clear solution was obtained; con-
centrated hydrochloric acid was then added followed by 2 h stir-
ring. After standing overnight, the mixture was treated with cold
aqueous acetic acid (1:1) and filtered. The solid material was
washed first with cold ethanol, then with hot water and dried in
a vacuum. The yellow substance was recrystallized from ethanol
(m.p. = 212 �C; lit. = 212–214 �C) [20].

2.2. Instruments

The FT-Raman spectrum of BHMBC was recorded using the
1064 nm line of a Nd:YAG laser as excitation wavelength in the re-
gion 10–3500 cm�1 on a Brucker model IFS 66 V spectrophotome-
ter equipped with an FRA 106 FT-Raman module accessory. The FT-
IR spectrum of this compound was recorded in the region 400–
4000 cm�1 on an IFS 66 V spectrophotometer using the KBr pellet
technique. The spectrum was recorded at room temperature, with
a scanning speed of 10 cm�1 per minute and at the spectral resolu-
tion of 2.0 cm�1. The observed experimental FT-IR and FT-Raman
spectra along with theoretical spectra of BHMBC are shown in
Figs. S1 and S2. The ultraviolet absorption spectrum of BHMBC
was examined in the range 200–500 nm using a Shimadzu UV-
2401PC, UV–visible recording spectrometer. The UV pattern is ta-
ken from a 10�5 molar solution of BHMBC dissolved in methanol.
1H NMR spectrum was measured in CDCl3 and DMSO and 13C
NMR is measured in CDCl3 at ambient temperature on a Varian
Mercury-VxBB 300 spectrometer (299.95 MHz for 1H and
75.43 MHz for 13C). The spectral measurements were carried out
at Sree Chitra Tirunal Institute for Medical Sciences and Technol-
ogy, Poojappura, Thiruvananthapuram, Kerala, India. Mass spec-
trum of BHMBC was recorded in chloroform solvent in Perkin
Elmer SCIEX-ATI-3000 model, at Orchid Research Laboratories, Re-
search and Development Center, Chennai, India.

3. Computational details

For meeting the requirements of both accuracy and computing
economy, theoretical methods and basis sets should be considered.
DFT has proved to be extremely useful in treating electronic struc-
ture of molecules. The density functional three parameter hybrid
model (DFT/B3LYP) at 6-311G(d,p) basis set level was adopted to
calculate the properties of the molecule in this work. All the calcu-
lations were performed using the Gaussian 03w program package
[21] with the default convergence criteria without any constraint
on the geometry [22]. It should be noted that Gaussian 03 package
does not calculate the Raman intensities. The Raman activities
were transformed into Raman intensities using Raint program
[23] by the expression:

Ii ¼ 10�12 ðm0 � miÞ4

mi � S
ð1Þ

where Ii is the Raman intensity. S is the Raman scattering activities,
mi is the wavenumber of the normal modes and m0 denotes the
wavenumber of the excitation laser [24]. For B3LYP functional, se-
lected as the one which gives the most accurate result, calculations
were continued with the expanded 6-311G(d,p) basis set. The re-
sults obtained at this level of theory, were used for the detailed
interpretation of the infrared and Raman spectra. The total energy
distribution (TED) was calculated by using the scaled quantum
mechanics (SQM) program [25,26] and the fundamental vibrational
modes were characterized by their TED.
4. Results and discussion

4.1. Molecular geometry

All possible conformers of BHMBC molecule have been opti-
mized at B3LYP level at 6-311G(d,p) level are shown in Fig. 1.
The optimized energies of conformers are given in the Table 1.
The relative energy of the conformers are determined at 0.0 kJ/
mol (conformer 3), 20.241 kJ/mol (conformer 2), 23.094 kJ/mol
(conformer 1) and 31.759 kJ/mol (conformers 9 and 15) for
B3LYP/6-311 G(d,p) level of theory. The optimized energy of other
conformers is higher than those of conformer 3. As a result, the en-
ergy obtained for conformer 3 of BHMBC molecule was found to be
the global minimum.

The most stable conformer of the title compound belongs to C1

point group symmetry. The optimized molecular structure of
BHMBC is shown in Fig. 2. Title molecule contains two hydroxyl
and methoxy groups in benzene ring, both the benzene rings are
attached to the cyclopentanone ring at C21 and C22 carbon. Opti-
mized bond lengths, bond angles and dihedral angles of the mole-
cule are predicted using B3LYP/6-311G(d,p) levels and it is
mentioned in Table S1.

In the literature, we have found neither experimental data nor
calculated results on molecular structure of BHMBC. Therefore,
the molecular structure of BHMBC is compared with the available
X-ray diffraction data [27]. The most of the optimized bond lengths
and bond angles calculated at B3LYP/6-311G(d,p) method corre-
lates well with the experimental values. The bond distance of
C1AC2 is 1.410 Å at B3LYP/6-311G(d,p) method. The reasoning of
larger bond length appears in the bond is repulsive and attractive
forces of unlike charges. The maximum bond length has calculated
for C21AC41 (1.507 Å), C22AC42 (1.509 Å) and C41AC42 (1.559 Å).
This is in agreement with the literature values [27]. Carbonyl group
has the bond distance 1.423, 1.356, 1.374 and 1.422 Å (O12AC13,
C29AO39, C32AO34 and O34AC35 respectively). Bond distance of hy-
droxyl group is measured about 0.967 Å (O10AH11, O39AH40). Opti-
mized bond angle of C2AC1AC6 are 119.3� using B3LYP method
respectively. The C2AC1AO10, O20AC19AC21 bonds have different
angles (120.2� and 125.9�) and this is due to the dominant electron
density in oxygen than carbon and hydrogen, in other case elonga-
tion of pentanone ring is observed. The CACAH bond angle of the
molecule increases and decreases towards 120�. Among the bond
angles of OACAH, O34AC35AH36 bond have minimum angle
about 106.0�. The CACAC bond angles end with hydrogen atom
have maximum bond angle in the molecule (C4AC17AC21: 131.5�,
C17AC21AC41: 131.2�, C22AC23AC28: 131.9� and C23AC22AC42:
131.2�). The planarity of the molecule is confirmed by the dihedral
angle values from 0� to 180�. Even though there were some differ-
ences between the calculated and the literature values, the opti-
mized structure parameters well reproduce the literature values.
The small difference between the computed data is due to calcula-
tion belongs to gaseous phase and experimental result belong to
solid phase.
4.2. Vibrational assignments

Vibrational spectral assignments were performed on the re-
corded FT-IR and FT-Raman spectra based on the theoretically pre-
dicted wavenumbers by density functional B3LYP/6-311G(d,p)
method and are collected in Table S2. None of the predicted vibra-
tional spectra has any imaginary wavenumbers, implying that the
optimized geometry is located at the local lowest point on the po-
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Fig. 1. All possible conformers of BHMBC.
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tential energy surface. We know that the DFT potentials systemat-
ically overestimate the vibrational wavenumbers. These discrepan-
cies are corrected either by computing anharmonic corrections
explicitly or by introducing a scaled field [28] or by directly scaling
the calculated wavenumbers with a proper factor [29]. We cali-
brated the vibrational wavenumbers by using scaling factors of
0.9663 for B3LYP level of theory. After scaling with a scaling factor,
the deviation from the experimental value is less than 10 cm�1

with a few exceptions. The title molecule belongs to C1 point
group. Comparison of the wavenumbers calculated with experi-
mental values reveal that the B3LYP method shows very good
agreement with experimental observation due to inclusion of elec-
tron correlation for this method.

4.2.1. OAH vibrations
The OAH group gives rise to three vibrations (stretching, in-

plane bending and out-of-plane bending vibrations). The OAH
group vibrations are likely to be the most sensitive to the environ-
ment, so they show pronounced shifts in the spectra of the hydro-
gen-bonded species. The hydroxyl stretching vibrations are
generally observed in the region around 3500 cm�1 [30]. In the
case of the unsubstituted phenols, it has been shown that the
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Fig. 1 (continued)

Table 1
The optimized energy of all possible conformers of BHMBC.

Conformers Energy (a.u.) Relative energy (kJ/mol)

Conformer-1 �1188.66 23.09
Conformer-2 �1188.66 20.24
Conformer-3 �1188.67 0.00
Conformer-4 �1188.65 42.36
Conformer-5 �1188.64 72.95
Conformer-6 �1188.64 64.38
Conformer-7 �1188.65 44.20
Conformer-8 �1188.63 86.57
Conformer-9 �1188.65 31.76
Conformer-10 �1188.64 73.97
Conformer-11 �1188.64 60.25
Conformer-12 �1188.65 51.84
Conformer-13 �1188.65 41.24
Conformer-14 �1188.65 49.68
Conformer-15 �1188.65 31.76
Conformer-16 �1188.64 63.33
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wavenumber of OAH stretching vibration in the gas phase is at
3657 cm�1 [31]. Similarly, in our case the band at 3640 and
3639 cm�1 [mode no’s: 132,131] in B3LYP are assigned to OAH
stretching vibrations and is evident from the TED column they
are almost contributing to100%.

The OAH in-plane bending vibrations for phenols, in general,
lies in the region 1150–1250 cm�1 and is not much affected due
to hydrogen bonding unlike to stretching and out-of-plane bending
Fig. 2. Optimized stru
wavenumbers [32]. In our present study, the OAH in-plane bend-
ing vibration computed by B3LYP/6-311G(d,p) method at 1238,
1198 and 1172 cm�1 [mode no’s: 83, 80, 77] show very good agree-
ment with the recorded FT-Raman band at 1200, 1165 cm�1 and
1222, 1169 cm�1 in FT-IR, respectively. The OAH out-of-plane
deformation vibration for phenol lies in the region 290–320 cm�1

for free OH and in the region 517–710 cm�1 for associated OH
[31]. In both inter-molecular and intra-molecular associations,
the wavenumber is at a higher value than in free OH. The OAH
out-of-plane bending vibration computed by B3LYP at 472 cm�1

[mode no: 32] has a TED contribution of 83%.
4.2.2. CAH vibrations
In the heteroaromatic compounds, the CAH stretching vibra-

tions normally occur at 3100–3000 cm�1 [33]. These vibrations
are not found to be affected by the nature and position of the sub-
stituent and typically exhibit weak bands compared with the ali-
phatic stretching vibrations. In infrared spectra, most of the
aromatic compounds have nearly four peaks in the region 3080–
3010 cm�1 due to ring CAH stretching bands. IR frequencies of
CAH bands are a function of sp hybridization [34]. The scaled
vibrations, [mode no’s: 130–121, 118–115] assigned to the aro-
matic CAH stretch computed in the range 3140–3018 cm�1 and
2953–2912 cm�1 by B3LYP/6-311G(d,p) method shows good
agreement with the recorded weak FT-IR band at 2922 cm�1. As
cture of BHMBC.



Table 2
Calculated electronic absorption spectrum of BHMBC.

Excitation CI expansion
coefficient

Wavelength (nm) Oscillator
strength (f)

Calc. Expt.

Excited state 1
91 ? 94 0.69 405.64 422.00 0.00

Excited state 2
93 ? 94 0.65 396.53 420.40 1.11

Excited state 3
92 ? 94 0.64 357.14 405.40 0.02
93 ? 95 �0.18
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expected, these sixteen modes are pure stretching modes as it is
evident from TED column and they are almost contributing to 98%.

The CAH in-plane bending vibrations are usually expected to
occur in the region 1300–1000 cm�1 and these vibrations are very
useful for characterization purposes [34]. Six medium strong peaks
at 1367, 1222, 1169, 1122, 1031 and 996 cm�1 in FT-IR and seven
very weak peaks at 1369, 1317, 1245, 1200, 1165, 1123 and
1096 cm�1 in FT-Raman spectrum are assigned to the CAH in-
plane-bending vibration. These values are in good agreement with
the theoretically computed B3LYP method at 1369, 1288, 1238,
1211, 1158, 1111, 1108, 1025, 987 cm�1 [mode no’s: 92, 89, 83,
81, 76, 70, 69, 67, 65]. These vibrational modes were observed as
mixture of C@C, CAC, CAO vibrations. The CAH out-of-plane bend-
ing vibrations are strongly coupled and occur in the region 1000–
700 cm�1 [35]. Generally, the CAH out-of-plane deformation
modes owned the highest wavenumbers have weaker intensity
than these observing at lower wavenumbers [36]. In the title mol-
ecule BHMBC, the peaks observed at 996, 845 and 793 cm�1 in the
FT-IR spectrum confirms the CAH out-of-plane bending vibrations.
It is good agreement with the theoretically scaled harmonic wave-
number values at 987, 956, 841, 833 and 799 cm�1 in B3LYP [mode
no’s: 65, 62, 56, 55, 52].

4.2.3. C@O vibrations
The carbon–oxygen double bond is formed by pp–pp bonding

between carbon and oxygen. Because of the different electro nega-
tivities of carbon and oxygen atoms, the bonding electrons are not
equally distributed between the two atoms [37]. Normally, the car-
bonyl group vibrations occur in the region 1780–1680 cm�1. In the
present study, the experimental wavenumber observed as a weak
band at 1669 cm�1 in the FT-IR spectrum is assigned to C@O
stretching vibration, which is in agreement with the B3LYP method
at 1691 cm�1 [mode no: 112] with a TED contribution of 61%. The
very weak band observed at 1245 cm�1 in FT-Raman and strong
peak observed at 1222 cm�1 in FT-IR is assigned to CAO stretching
vibration, which is not only in well agreement with the theoretical
values: 1242, 1238, 1223 cm�1 [mode nos: 84, 83, 82] at B3LYP but
also the literature values [38]. The computed vibrational modes 80,
77, 76 are assigned to CAOH in-plane-bending vibration (1198,
1172, 1158 cm�1) which is in satisfactory agreement with the re-
corded FT-IR at 1169 cm�1 and FT-Raman at 1200, 1165 cm�1 also
find support from literature [39], the CAOH out-of-plane bending
vibration is assigned to mode no’s: 29–27, 24 [446, 440, 430,
341 cm�1] in B3LYP method.

4.2.4. CH3 vibrations
In BHMBC, there are two CH3 groups attached to the benzene

ring and we expect number of stretching and bending vibrations.
In aromatic molecules, the asymmetric stretching vibrations of
CH3 are expected to appear in the range of 3000–2905 cm�1 and
symmetric stretching vibrations are in the range of 2870–
2860 cm�1 [40,41]. In our study, the vibrational frequencies of
2969, 2966 cm�1 [mode no’s: 120, 119] calculated by B3LYP are as-
signed to CH3 asymmetric stretching and CH3 symmetric vibration
is assigned at 2910, 2907 cm�1 [mode no’s: 114, 113] by B3LYP
method for both methyl groups present in the molecule and it is
in good agreement with the experimental value observed at
2922 cm�1 in FT-IR. The in-plane bending vibrations (scissoring)
of the CH3 groups have been identified by the B3LYP method at
1457, 1456, 1449 cm�1 (mode no’s: 103, 102, 101) and the out-
of-plane bending vibration (umbrella) at 1440, 1436, 1415 cm�1

(mode no’s: 99, 97, 95). They show good agreement with the liter-
ature values [42]. The CH3 wagging vibrations computed by B3LYP
method at 1211, 1198 cm�1 [mode no’s: 81, 80] show good agree-
ment with the recorded spectral value observed at 1200 cm�1 in
FT-Raman.
4.2.5. Ring vibrations
The ring carbon–carbon stretching vibrations occur in the re-

gion 1625–1430 cm�1. In general, the bands are of variable inten-
sity and are observed at 1625–1575, 1540–1470, 1465–1430 and
1380–1280 cm�1 from the wavenumber ranges given by Shima-
nouchi et al. [43] for five bands in the region. In the present inves-
tigation, the wavenumbers observed at 1592 cm�1 in FT-Raman
and 1577 cm�1 in FT-IR have been assigned to C@C stretching
vibration. The theoretically computed values by B3LYP at 1612,
1604, 1587, 1576, 1574 cm�1 [mode no’s: 111, 110, 109, 108,
107] show excellent agreement with experimental values. The aro-
matic stretching vibrations give rise characteristic bands in both
the observed IR and Raman spectra, covering the spectral range
from 1600 to 1400 cm�1 [44–48]. The observed FT-IR and FT-Ra-
man bands are 1519, 1422, 1560 and 1422 cm�1 respectively,
among these bands, 1519 and 1560 cm�1 are appeared as strong
and very strong in nature. The calculated bands at B3LYP level
[mode no’s: 106, 105, 95] in the same region are in excellent agree-
ment with experimental observations of both in FT-IR and FT-Ra-
man spectra of BHMBC. The CAC in-plane bending vibration
calculated at 475 cm�1 by B3LYP/6-311G(d,p) method (mode no:
33) is in good agreement with the spectral value observed at
477 cm�1 in FT-IR and the CAC out-of-plane bending vibration is
assigned to 460, 446, 430 and 353 cm�1 [mode no: 30, 29, 27,
26] in B3LYP method. In addition, there are several CACAC in-
plane and out-of-plane bending vibrations of the benzene ring car-
bons. The theoretically calculated CACAC in-plane and out-of-
plane bending vibrations are in agreement with literature values
[49].
5. UV analysis

UV–visible absorption spectrum of BHMBC in diluted methanol
solution is given in Fig. S3. Absorption maximum (kmax) of the mol-
ecule is calculated by TD-DFT (B3LYP) method. The calculated vis-
ible absorption maximum of kmax which is a function of the
electron availability has been reported in Table. 2. On the basis of
fully optimized ground-state structure, TD-DFT calculations have
been used to determine the low-lying excited states of BHMBC.
The calculated results involving the vertical excitation energies,
oscillator strength (f) and wavelength are carried out and com-
pared with measured experimental wavelength. Typically, accord-
ing to Frank–Condon principle, the maximum absorption peaks
(kmax) correspond in a UV–visible spectrum to vertical excitation.
From the Table 2, it is evident that the intense electronic transition
predicted by TD-DFT//B3LYP/6-311G(d,p) correlates well with the
measured experimental values as shown in Fig. S3.

It can be seen from the Fig. S3 that the compound comprises
two bands in the wavelength range from 250 to 500 nm. The bands
at shorter wavelength (250–280 nm) are due to its localized � tran-
sition of the phenyl moieties, while the longer wavelength bands
with kmax ranging from 400–430 nm can be assigned to the intra-



Table 3
Theoretical and experimental 1H and 13C spectra of BHMBC (with respect to TMS, all
values in ppm).

Atoms Exp. B3LYP/6-311G(d,p) Atoms Exp. B3LYP/6-311G(d,p)

C19 195.89 196.1 H33 7.52 7.536
C29 154.5 H18 7.510
C1 154.5 H24 7.31 7.465
C32 148.06 151.9 H8 7.310
C2 147.32 151.5 H25 7.250
C22 140.6 H9 7.079
C21 139.8 H7 6.97 7.059
C17 138.2 H30 6.98 6.989
C23 137.7 H11 5.799
C26 133.2 H37 5.793
C28 134.66 132.4 H40 4.189
C4 132.4 H15 4.188
C31 127.3 H36 3.94 3.825
C5 118.0 H16 3.825
C27 116.9 H14 3.776
C3 116.5 H38 3.771
C6 113 112.2 H46 3.111
C35 55.03 H43 3.110
C13 55.77 55.01 H44 2.17 3.008
C41 28.77 H45 2.15 3.008
C42 26.32 28.37
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Fig. 4. Mass spectrum of BHMBC.
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molecular charge transfer transition involving the whole electronic
system of the compound with a considerable charge transfer char-
acter originating mainly from the substituted phenyl moiety and
pointing towards the carbonyl group. Calculations of molecular
orbital geometry show that the visible absorption maximum of this
molecule corresponds to the electron transition between frontier
orbitals such as translation from HOMO to LUMO.
Fig. 3. The observed (a) 13C NMR
6. NMR analysis

The molecular structure of the BHMBC molecule was optimized.
Then, gauge-including atomic orbital (GIAO) 13CNMR and 1HNMR
chemical shift calculations of the BHMBC molecule were carried
out by using B3LYP functional with 6-311G(d,p) basis set. The
NMR spectra calculations were performed by using the Gaussian
09 [50] program package. The calculations reported were per-
formed in DMSO solution using the IEF-PCM model, rather than
in the gas phase, in agreement with experimental chemical shifts
obtained in DMSO solution.

The experimental and calculated values for 13C and 1H NMR as
shown in Table. 3 correlates well with each other. 1H NMR (CDCl3

and DMSO-d6 ppm): 7.31 (2H, AOH protons), 6.97–6.98 (2H, aro-
matic hydrogen), 7.52 (2H, ACH@), 3.94 (6H, OCH3 protons),
and (b) 1H NMR of BHMBC.
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2.15–2.17 (4H, AH2CACH2A). 13C NMR (CDCl3 ppm): 195.89
(C@O), 148.06–147.32 (CH, C@C, CAO), 113–134.66 (aromatic car-
bons), 55.77 (OCH3), 26.32 (CH2). The observed 13C NMR and 1H
NMR of BHMBC is shown in Fig. 3.
7. Mass spectrum

Sample was initially dissolved in CHCl3 and serial dilution was
carried out in a positive ionization mode. The m/z range was ex-
tended sufficiently to detect the presence of molecular ion peak
at m/z = 354 and its relative intensity with respect to the monomer
benzylide unit (Fig. 4).
8. NBO analysis

Natural bond orbital analysis gives the accurate possible natural
Lewis structure picture of ø because all orbital are mathematically
chosen to include the highest possible percentage of the electron
density. Interaction between both filled and virtual orbital spaces
information is correctly explained by the NBO analysis, it could en-
hance the analysis of intra- and inter-molecular interactions. The
second order Fock matrix was carried out to evaluate donor (i)–
acceptor (j) i.e. donor level bonds to acceptor level bonds interac-
tion in the NBO analysis [51]. The result of interaction is a loss of
occupancy from the concentration of electron NBO of the idealized
Lewis structure into an empty non-Lewis orbital. For each donor (i)
and acceptor (j), the stabilization energy E(2) associates with the
delocalization i ? j is estimated as

Eð2Þ ¼ �nr
hr F rjj i2

er� � er
¼ �nr

F2
ij

DE
ð2Þ

where qi is the donor orbital occupancy, ej and ei are diagonal ele-
ments and F(i, j) is the off diagonal NBO Fock matrix element. Nat-
ural bond orbital analysis provide an efficient method for studying
intra and inter-molecular bonding and interaction among bonds,
and also provides a convenient basis for investigating charge trans-
fer or conjugative interaction in molecular systems. Some electron
donor orbital, acceptor orbital and the interacting stabilization en-
ergy resulted from the second-order microdisturbance theory are
reported [52,53]. The larger E(2) value the more intensive is the
interaction between electron donors and acceptor i.e. the more
donation tendency from electron donors to electron acceptors and
the greater the extent of conjugation of the whole system [42].
Delocalization of electron density between occupied Lewis-type
(bond or lone pair) NBO orbitals and formally unoccupied (antibond
or Rydeberg) non-Lewis NBO orbital corresponds to a stabilizing do-
nor–acceptor interaction. NBO analysis has been performed on the
Fig. 5. Molecular electrostatic potential map calculated at B3LYP/6-311G(d,p) level.
BHMBC molecule at the DFT/B3LYP/6-311G(d,p) level in order to
elucidate, the intra-molecular hybridization and delocalization of
electron density within the molecule. The charge transfer within
the molecule is more in p ? p⁄ transition. This study reveals the en-
ergy transfer during intra-molecular interactions. Transition be-
tween pC1AC6 and p⁄C2AC3, p⁄C4AC5 bonds have the energy
18.89 and 20.97 kJ/mol respectively. The occupancy of p bonds
are lesser than r bonds which leads more delocalization. The
non-bonding atom n2O10 and O36 have 1.86, 1.85 eV as electron
density, which transfer maximum energy of 30.27 and 30.36 kJ/
mol to the p⁄C1AC6, C27AC29 (0.38 eV) bond. From the NBO study,
we state that the atom having lone pair of electrons transfer higher
energy to its acceptors. The E(2) values and types of the transition
are shown in Table S3.

9. HOMO–LUMO analysis

Highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) are very important parameters
for quantum chemistry. We can determine the way in which the
molecule interacts with other species; hence, they are called the
frontier orbitals. HOMO, which can be thought the outermost orbi-
tal containing electrons, tends to give these electrons such as an
electron donor. On the other hand; LUMO can be thought the
innermost orbital containing free places to accept electrons [54].
The HOMO and LUMO energy calculated by B3LYP/6-311G(d,p)
method are mentioned in Table. S4. This electronic transition
absorption corresponds to the transition from the ground to the
first excited state and is mainly described by an electron excitation
from HOMO to LUMO. In the present study, the C@C, OACH3 and
CAO bond have highest occupied molecular orbital and the LUMO
prevails over the CAC bond in BHMBC. The atomic compositions of
the frontier molecular orbital are shown in Fig. S4.

10. Molecular electrostatic potential (MEP)

MEP is related to the electronic density and is a very useful
descriptor in understanding sites for electrophilic and nucleophilic
reactions as well as hydrogen bonding interactions [55,56]. The
electrostatic potential V(r) is also well suited for analyzing pro-
cesses based on the ‘‘recognition’’ of one molecule by another, as
in drug–receptor, and enzyme–substrate interactions, because it
is through their potentials that the two species first ‘‘see’’ each
other [57,58]. To predict reactive sites of electrophilic and nucleo-
philic attacks for the investigated molecule, MEP at the B3LYP/6-
311G(d,p) optimized geometry was calculated. The negative (red1

and yellow) regions of MEP were related to electrophilic reactivity
and the positive (blue) regions to nucleophilic reactivity (Fig. 5).
The negative region is localized on the oxygen atoms and the posi-
tive region is localized on the hydrogen atom. These results provide
information concerning the region where the compound can interact
intermolecularly and bond metallically. Therefore, Fig. 5 confirms
the non-existence of inter-molecular interactions within the
molecule.

11. Conclusion

A complete vibrational and molecular structure analysis has
been performed based on the quantum mechanical approach by
DFT (B3LYP) calculations. NBO reflects the charge transfer within
the molecule. HOMO and LUMO orbitals have been visualized
and the band gap energy is also calculated. The UV spectrum was
1 For interpretation of color in Figs. 1, 2, and 5, the reader is referred to the web
ersion of this article.
v
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measured in methanol solution. 13C NMR and 1H NMR chemical
shifts calculations of the BHMBC molecule were carried out by
using B3LYP functional with 6-311G(d,p) basis set and the results
coincides well with the experimental 13C NMR and 1H NMR. More-
over, molecular electrostatic potential were performed by the DFT
methods and the infrared and Raman intensities were also been
reported.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.molstruc.2011.02.039.
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