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FT-Raman and FT-IR spectral and quantum
chemical studies on some flavonoid
derivatives: Baicalein and Naringenin

Ozan Unsalan,®* Yusuf Erdogdu® and M. Tahir Gulluoglu®

In this study, the experimental and theoretical results on the molecular structures of some flavonoid derivatives (Baicalein and
Naringenin) are presented. The FT-IR and FT-Raman spectra of the compounds have been recorded together for the first time
between 4000-400 cm~" and 3500-5 cm™' regions, respectively. The molecular geometry and vibrational wavenumbers of
the compounds have been also calculated in their ground states by using ab initio HF and DFT/B3LYP functional with 6-31G(d,p)
basis set used in calculations. The calculations were utilized to the C; symmetries of the molecules. All calculations were
performed with Gaussian 98 software. The obtained vibrational wavenumbers and optimized geometric parameters were seen
to be in good agreement with the experimental data. Scale factors have been used in order to compare how the calculated and
experimental data are in agreement. Theoretical infrared intensities were also reported. Copyright (€ 2008 John Wiley & Sons,

Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Baicalein (5,6,7-trihydroxyflavone) (Fig. 1) is a plant flavonoid,
formed in vivo by the metabolism of Baicalin by the cleavage of the
glycoside moiety."! The action of Baicalein in the body includes
inhibition of HIV-1 infection,?! as well as antioxidant,®! antifungal,
antibacterial, and anti-inflammatory properties.* Baicalein is also
known to inhibit lipoxygenases.”! Baicalein has been isolated
from Scutellaria baicalensis, and has been found to exhibit
the enzyme a-glucosidase, thus preventing the absorption of
dietary carbohydrates, consequently suppressing postprandial
hyperglycemia.l’ Baicalein and Baicalin have both been found to
interact with the GABAA receptor at the benzodiazepine-binding
site, with an activity seven times less than that of 6-hydroxyflavone
at the receptor complex.l”! Furthermore, the Baicalein molecule
is interesting in itself due to the large range of intermolecular
interactions present in the crystal lattice. The experimental charge
density distribution of Baicalein has been determined from high-
resolution X-ray diffraction data collected at 100 K.[®!

Naringenin (4,5,7-trihydroxyflavone) (Fig.1) is widely spread
in nature and easily extracted from a number of different plants. Its
protective effect against lipid peroxidation of membranesinvolved
in several physiological and pathological disorders such as, aging,
inflammation, atherosclerosis, ischemia, toxicity of oxygen and
chemical substances has been largely studied.”) Wang etal.
showed that the rare earth complexes of Naringenin benzoyl
hydrazone have certain antioxidative and cytotoxic activities.!'"!

To the best of our knowledge, there is no detailed experimental
and computational vibrational spectroscopic study on free
Baicalein and Naringenin in the literature as yet. Therefore, the
present study aims to give a complete description of the molecular
geometry and molecular vibrations of Baicalein and Naringenin.

Computational details

Gaussian 98 quantum chemical software was used in all
calculations."” The optimized structural parameters and vibra-
tional wavenumbers for all the molecules were calculated by
using HF and B3LYP functional with 6-31G(d,p) basis set. The vi-
brational modes were assigned on the basis of PED analysis using
VEDA 4 program!'3 and its visualization interface. Normal coordi-
nate analysis of the title molecules has been carried out to obtain
a more complete description of the molecular motions involved in
the fundamentals. The calculated vibrational wavenumbers were
scaled with the scale factors!'# (0,9614 for B3LYP) in order to figure
out how the calculated data are in agreement with those of the
experimental ones.

Experimental

The FT-IR and FT-Raman spectra of the molecules have been
recorded between 4000-400 cm™~' region and 3500-5 cm " region,
respectively. All FT-IR spectra were recorded at solid phase at room
temperature (300 K) by using the KBr disc method. The Baicalein
was purchased from Cayman Chemical Company Naringenin from
MP Biomedicals with a stated purity of greater than 98%, and
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Figure 1. Optimized molecular structure of Baicalein and Naringenin at B3LYP/6-31G(d,p). This figure is available in colour online at

www.interscience.wiley.com/journal/jrs.

it was used without further purification. The infrared spectra of
the samples were recorded on a Mattson 1000 FT-IR spectrometer
which was calibrated using polystyrene bands. The FT-Raman
spectra of the samples were recorded between 3500-5cm™'
region on a Bruker FRA 106/S FT-Raman instrument using 1064 nm
excitation from an Nd: YAG laser. The detector is a liquid nitrogen-
cooled Ge detector.

Results and discussion
Molecular Geometries

The calculated optimized structures of all molecules are given in
(Fig. 1) and their calculated geometric parameters are summarized
in Table S1 (Supporting Information). X-ray crystallographic data
for Baicalein are also given in Table S1. By taking into account
that the molecular geometry in the vapour phase may be
different from that in its solid phase, owing to extended hydrogen
bonding and stacking interactions there is reasonable agreement
between calculated and experimental geometric parameters.
Crystal structure data of Baicalein were also used for Naringenin
due to their skeletal analogy. Due to having neither reflection
plane nor inversion center, calculations were utilized to the C;
symmetries of the molecules. The most significant differences for
the calculated geometries between the experimental ones are:
0.06 A (HF), 0.044 A (B3LYP) for the bond lengths, and 8.7° (HF),
6.1° (B3LYP) for the bond angles for Baicalein, and 0.06 A (HF),
0.03 A (B3LYP) for the bond lengths, and 3.9° (HF), 4.2° (B3LYP) for
the bond angles for Naringenin.

In the flavonoid derivative, the four minima occurring at the
torsional angles are identical because the phenyl group has no
substituent at either the ortho (0) or meta (m) positions. For
this reason, it was satisfactory to optimize only one of the four
equivalent minima.[®]

(04 «), (180 — &), (180 + «), (360 — &)
Rotational barrier with all the levels of theoretical approximation

were performed along the O;-Cg-Cq1-Cy, dihedral angle of cor-
responding molecules. The potential energy profile is presented

in Fig. 2. Computational results showed that the maximum deva-
tions of ring C from the A-B plane were (180°—28.3° = 151.7°)
—28.3° (HF), (180°—19.9° = 160.1°) —19.9° (B3LYP) for Baicalein,
and (180°—26.4° = 153.6°) —26.4° (HF), (0 + 17.4° = 17.4°) 17.4°
(B3LYP) for Naringenin.

Vibrational wavenumbers

Both Naringenin and Baicalein molecules consist of 30 atoms,
which have 84 normal modes. To the best of our knowledge,
there are no detailed quantum chemical studies for the vibrational
spectra of Naringenin and Baicalein. The resulting vibrational
wavenumbers for the proposed vibrational assignments are given
inTable 1.In Table 1, theoretical IRand Raman intensities were also
given. All the calculated vibration values were scaled. Scale factors
used herel'” were 0,9614 for B3LYP. Figures 3 and 4 indicate
FT-Raman and infrared spectra of the titled molecules.

The theoretical Raman intensities (I?) can be derived from
the computed Raman scattering activities using the following
equations:

IF = Cuo — vi)*.v; "B .S )

where: B; is a temperature factor which accounts for the intensity
contribution of excited vibrational states, and is represented by
the Boltzmann distribution:

B =1 — exp (— h;’:) 2

In Egn (1), vo is the wavenumber of the laser excitation
line (in this work, we have used the excitation wavenumber
vo = 9398.5cm~!, which corresponds to the wavelength of
1064 nm of a Nd:YAG laser), v; is the wavenumber of normal
mode (cm~"), while S; is the Raman scattering activity of the
normal mode Q;. IiR i is given in arbitrary units (C is a constant
equal to 107'2). In Eqn (2) h, k, ¢, and T are Planck and Boltzmann
constants, speed of light and temperature in Kelvin, respectively.
The factor, B;, was assumed to be 1, otherwise, the calculated
Raman intensities for the bands below 300 cm~' were extremely
overestimated, in comparison to the experiment.l'®!
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Figure 2. Potential energy profiles calculated at B3LYP and HF/6-31 G(d,p) level by internal rotation around the Cg-Cq7 bonds.

For Naringenin, one of four (v(OH)) stretching modes were as-
signed at 3410 cm~! in the IR spectrum as a broad band. Besides,
this broad band may belong to all of v(OH). None of the OH stretch-
ing modes were observed in the Raman spectrum. CH stretchings
forring C were observed at 3054 cm~' (Ra-3038 cm~'), 3081 cm™'
(Ra-3077 cm™"), 3071 ecm™" (Ra-3075 cm~") and 3095 cm~" (Ra-
3100 cm~" and 3090 cm~" for B3LYP) in the IR spectrum. The only
CH stretching modes for the ring A and ring B are observed at
3088 cm~' (3085 cm~'-B3LYP)and 3129 cm~' (3118 cm~'-B3LYP)
in the IR spectrum, respectively. For ring C, the antisymmetric
CH stretching modes are observed at 3081 cm™' (3077 cm~'-Ra,
3081 cm™'-B3LYP) and 3071 cm™' (3075cm~'-Ra, 3071 cm™'-
B3LYP) in the IR spectrum. The C=0 stretching mode is observed
at 1658 cm~' with the strongest absorption in the IR spec-
trum, and 1660 cm~" in the Raman spectra, and corresponds
to 1679 cm~! for the B3LYP calculations. The CC stretching modes
for all rings were observed between 1019 cm™" and 1618 cm™'
for IR and 1104cm™~" and 1613 cm™' for Raman, respectively.
HCC bending modes for ring C were observed at 1452 cm™’
(1451 cm~"-Ra, 1432 cm~'-B3LYP), 1335 cm ™' (1329 cm~'-B3LYP)
and 1211 cm™ (1235 cm~'-Ra, 1220 cm~"-B3LYP) in the IR spec-
trum. HOC bending modes for ring A were observed at 1161 cm™!
(1157 cm~"-B3LYP), 1283 cm~" (sh), (1284 cm~" (weak) for Raman,
1283 cm~'-B3LYP) and 1296 cm~" (1297 cm~'-B3LYP) for IR. Two
HCC bendings for both A and B rings together were observed
at 1183 cm™" for IR and 1191 cm™" for Raman (vw), (1177 cm~'-
B3LYP) respectively. CO stretching modes for ring B were ob-
served at 1083 cm~' (1074 cm™'-B3LYP), 1388 cm™" (1409 cm~'-
Ra, 1375 cm~'-B3LYP) and 971 cm~" (977 cm~'-B3LYP) for IR and
1357 cm~' (1363 cm~"-B3LYP) for Raman. CO stretching modes
for ring A were observed at 1034 (sh) cm~' (1035 (w) cm~! for
Raman, 1049 cm~"'-B3LYP) and 824 cm~' for IR (823 cm~'-B3LYP).
HCCC torsion modes for ring C were observed at 996 cm™~' (sh)
(1000 cm~" for Raman, 996 cm~'-B3LYP), 964 cm™' (964 cm~'-
B3LYP) and 745 cm™' (744 cm™'-B3LYP) for IR. The ring bending
mode for ring C was observed at 918cm™' and 921 cm™’

(940 cm™" for B3LYP) for IR and Raman, respectively. The CCO
bending mode for ring B was observed at 896 cm~' (890 cm™'
for B3LYP) both for IR and Raman as a perfect match. The OCCC
out-of-plane bendings for ring A were observed at 596 cm™'
(596 cm~'-B3LYP), 638 cm~" (645 cm~'-Ra, 633 cm~'-B3LYP) for
IR.The OCC bending forring Awas observed at 335 cm™' forRaman
only. Out-of-plane OH bending modes for ring A were observed at
463 cm~" (470 cm~"-B3LYP) and 449 cm~" (sh) (445 cm~'-B3LYP)
for IR spectrum. The CCCC torsion of ring C was observed at
420cm~" and 425cm~" (397 cm~'-B3LYP) for IR and Raman,
respectively. HOCC torsions of A were observed at 273 cm™'
(250 cm~"-B3LYP) and 204cm~" (185cm~'-B3LYP) for Raman
only. The CCCC torsion mode of ring A was observed at 155 cm™'
(140 cm~"-B3LYP) in the Raman spectrum only as a very weak
band. The CCOC torsion between rings A and B was at 119 cm™'
(110 cm~"-B3LYP) for Raman.

For Baicalein, none of the OH stretching modes were observed
inthe Raman spectrum. There are two CH stretching modes for ring
A, one mode for B and four modes for ring C. Only the CH stretching
mode forring Bwas observed at 3117 cm~! in the IR spectrum (Ra-
3104 cm™', 3116 cm~'-B3LYP). In the Raman spectrum one of the
CH stretchings for ring C was observed at 3079 cm~' (3105 cm™'-
B3LYP), where another was at 3058 cm~! in (3057 cm™" in the IR
spectrum, 3050 cm~'-B3LYP). One of the CH stretching modes for
ring A was observed at 3075 cm™~! only in the Raman spectrum
which corresponds to 3072cm™' for B3LYP. Characteristic IR
absorbance peak for C=0 stretching assigned as 1630 cm™".
This peak was observed at 1619 cm~" in the Raman spectra and
corresponds to 1678 cm~! for B3LYP. The CC stretching mode
for ring C was at 1603 cm™" (1608 cm~"-B3LYP) and 1590 cm™"
(1608 cm~'-B3LYP) in the IR and Raman spectra, respectively.
CH bendings for ring C were at 1498cm™' (1500 cm~'-Ra,
1501 cm~"-B3LYP), 1158 cm~' (1158 cm~'-B3LYP) and 1084 cm ™!
(1087 cm~'-Ra, 1095 cm~"'-B3LYP) in the IR spectrum. The only
CCO bending mode for ring B was observed at 1463 cm™" and
1467 cm™" for IR (1481 cm~'-B3LYP) and Raman, respectively.
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The CO stretching modes for ring C were assigned at 1313 cm~' in

theIRspectrum (1314 cm~'-Ra, 1322 cm~'-B3LYP)and 1274 cm™'
(1270 cm~"-B3LYP) for the Raman spectrum. The in-plane HOC
bending mode for ring A was at 1181 cm~" and 1183 cm~"! for IR
and Raman, respectively, which matched well with the scaled
B3LYP results (1182cm™'). CO stretchings for A and B rings
together were calculated at 1159 cm™' for B3LYP and none of
them was observed in the experimental spectra. The HCCC torsion
mode for ring C was observed at 939 cm~' (934 cm~'-B3LYP),
the HCCC torsion mode for ring B was at 832cm™" (869 cm™~'-
Raman, 834 cm~'-B3LYP) and the HCCC torsion mode for ring
A was at 761 cm~! (757 cm~'-Raman, 755 cm~'-B3LYP) in the IR
spectrum. The OCCC out-of-plane bending mode for both rings A
and B assigned as 731 cm™' in the IR spectrum (735 cm™'-B3LYP).
The CCCC torsion mode for both rings B and C was observed at
713 cm™! for both IR and Raman spectra (704 cm™'-B3LYP). The
in-plane OCC bending mode for A and B rings was at 615 cm™!
for IR (612 cm~'-B3LYP). The out-of-plane OCCC bending modes
for A and B rings were calculated at 608 cm~' and 592 cm™! for
scaled B3LYP. The OCC in-plane bending mode for ring A was
assigned as 501 cm™' (502 cm~'-Raman ad 500 cm~"! for B3LYP)
inthe IR spectrum. The HOCC torsion mode for ring A was observed
at 416 cm™' in the Raman spectrum (416 cm™'-B3LYP). The CCC
bending mode for ring C was observed at 381 cm~' in the Raman
spectrum (379 cm~'-B3LYP). CC=0 bending (AB) was at 298 cm™’
(306 cm~1-B3LYP), CCCC torsion (AB) at 275cm™' (279 cm~'-
B3LYP), CCCO torsion (AB) at 250 cm~' (237 cm~'-B3LYP), CCO
bending (AB) at 227 cm~! (226 cm~'-B3LYP), CC stretching (the
bond that connects rings Band C) at 221 cm~' (223 cm~'-B3LYP),
CCCCtorsion (B) at 123 cm~" (153 cm~'-B3LYP) and CCOC torsion
(A) at 99 cm~' (104 cm~'-B3LYP) in the Raman spectrum.

Summary and conclusion

The optimized structural parameters, vibrational wavenumbers
and corresponding vibrational assignments of Baicalein and
Naringenin were examined by ab initio HF and DFT methods
with B3LYP functional at 6-31G(d,p) basis set level for the first
time. TED (Total Energy Distribution) analysis was done by using
VEDA 4 software in order to assign the vibrational modes correctly.
FT-IR and FT-Raman spectra of the compounds were recorded and
theoretical IR intensities were also reported. The results showed
that experimental and theoretical data were in good agreement.

Supporting information

Supporting information may be found in the online version of this
article.
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