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a  b  s  t  r  a  c  t

Flavonoids  are  a large  group  of  polyphenolic  compounds  ubiquitously  present  in  plants.  They  are  impor-
tant  components  of  human  diet. They  are  recognized  as  potential  drug  candidates  to be used  in  the
treatment  and  prevention  of  a lot of  pathological  disorders,  due  to their  protective  effects.  Baicalin  (7-
glucuronic  acid  5, 6-dihydroxyflavone)  is  one  of  the  main  single  active  constituents  isolated  from  the
dried  roots  of  Scutellaria  baicalensis  Georgi.  The  great  interest  on  this  flavonoid  is due  to  its  various  phar-
macological  properties,  such  as  antioxidant,  antimicrobial,  anti-inflammatory,  anticancer  and  so  on,  and
its high  accumulation  in  the  roots  of  S.  baicalensis.  The  aim  of  our  work  was  to analyze  the  geomet-
ric  and  electronic  properties  of  baicalin  conformers  (BCL),  thus  performing  a  complete  search  on  the
conformational  space  of this  flavonoid  in  gas  phase  and  in  aqueous  solution.  The  results  indicate  that
the  conformational  space  of baicalin  is formed  by  eight  conformers  in  gas  phase  and  five  conformers  in
aqueous  solution  optimized  at B3LYP/6-311++G**  theory  level.  BCLa2TT and  BCLa1TT conformers  have  low
stability  in  gas  phase  and  very  high  stability  in  aqueous  solution.  This  variation  is related  to a  modification
in  the  �1 angle  that  represents  the  relative  position  of  the  glucuronide  unit  respect  to  the  central  rings of

the  flavan  nucleus  (A and  C). This  modification  was  successfully  explained  by  examining  the  changes  in
the  hydrogen  bond  (HB)  interactions  that  occur  in  the  region  around  the  hydroxyl  group  located  in  posi-
tion  6 of ring  A. Besides,  the  molecular  electrostatic  potential  (MEP)  and  frontier  molecular  orbital  (FMO)
analyses  indicate  that  BCLa2TT and  BCLa1TT conformers  are  the  most  favorable  conformers  for  interacting
with  positively  charged  species  (such  as  metal  ions)  in  aqueous  media  (such  as  biological  fluids).

© 2017 Elsevier  Inc.  All  rights  reserved.
. Introduction

Flavonoids are a large group of polyphenolic compounds ubiq-
itously present in plants. There has been an increasing interest in
he research on flavonoids because of their various health benefits
eported in several epidemiological studies [1]. They are important
omponents of human diet and the main sources are vegetables,
uch as fruits, seeds, walnuts, aromatic herbs, onions and legumes.
esides, different drinks, such as wine, tea and beer, contain
ppreciable amounts of flavonoids [1,2]. They are natural polyphe-
olic multifunctional antioxidants capable of eliminating reactive
xygen species and reactive nitrogen species by scavenging free
adicals, chelating metal ions, inhibiting prooxidant enzymes and
ctivating antioxidant and detoxifying enzymes. They are recog-

ized as potential drug candidates to be used in the treatment and
revention of a lot of pathological disorders [2,3]. Their beneficial
roperties are ascribed to their antioxidant activity that depends

∗ Corresponding author.
E-mail address: noraokulik@gmail.com (N.B. Okulik).

ttp://dx.doi.org/10.1016/j.jmgm.2017.07.007
093-3263/© 2017 Elsevier Inc. All rights reserved.
on the number and position of the hydroxyl moieties. However, the
wide variety of biological activities of flavonoids is not limited to
their antioxidant properties [4]. The main structure of flavonoids is
composed by the flavan nucleus (2-phenyl-1-benzopyran-4-one)
containing 15 carbon atoms arranged in 3 rings named as A, B
and C, where the bridge with 3 carbon atoms is usually cyclized
with oxygen [2]. Depending on the degree of oxidation of the �-
pyranone ring, they can be categorized into different subclasses,
such as flavones, flavonols and flavanones [4].

Herbal medicine has been practiced in China and other countries
for centuries. Baicalein and baicalin are two of the main bioac-
tive compounds found in the traditional Chinese medicinal herb
Baikal skullcap (Scutellaria baicalensis Georgi). This plant has been
used for centuries in traditional Asian medicine and is increasingly
being sold in the United States and throughout the Europe [5]. It is
cultivated in Poland and the extract from its roots is employed in
European pharmaceutical and food industry [6].
Baicalin (7-glucuronic acid 5, 6-dihydroxyflavone) is one of the
main single active constituents isolated from the dried roots of S.
baicalensis and its aglycone form is called baicalein [7]. It is regarded
as the marker compound for quality control of over 100 examples

dx.doi.org/10.1016/j.jmgm.2017.07.007
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2017.07.007&domain=pdf
mailto:noraokulik@gmail.com
dx.doi.org/10.1016/j.jmgm.2017.07.007
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f compound preparations in Chinese Pharmacopoeia [8]. The great
nterest on this flavonoid is due to its various pharmacological prop-
rties and its high accumulation (20%) in the roots of S. baicalensis
6,7]. Several studies have demonstrated that baicalin exhibits var-
ous biological activities, such as antioxidant, anti-inflammatory,
nticancer, hepatoprotective, antibacterial, antiviral [9], antifungal
10], cardioprotective [11], photoprotective [12], antiabortive [13],
nxiolytic [14] and immunosuppressive [15]. Moreover, baicalin
as showed beneficial effects on several diseases model, such as
ancreatitis, obesity, diabetes [9], rheumatoid arthritis [16], asthma
17], androgenetic alopecia [18], Parkinson [19] and Alzheimer [20].

Previous reports have focused on physicochemical proper-
ies and pharmacokinetics of baicalin. Zhao et al. [7] have
xamined marketed preparations of this flavonoid (including
apsules and tablets) and they found that the low oral bioavail-
bility may  be attributed to the formation of intramolecular
ydrogen bonds (IMHB) that result in a poor solubility in
ater. Baicalin is moderately absorbed in the stomach and

oorly absorbed in the small intestine and colon. On the con-
rary, its aglycone form (baicalein) is well absorbed in the
astrointestinal tract [7]. After oral administration, baicalin is
onverted to baicalein by b-glucuronidase of intestinal bacte-
ia and then is absorbed and transported to liver. In the liver

icrosomes, baicalein is transformed into other metabolites
y uridine 5′-diphospho-glucuronosyltransferase. This metabo-

ites are 7-O-glucuronide-6-methoxyl-5-hydroxyflavone, 6-O-
lucuronide-5,7dihydroxyflavone and mainly 7-O-glucuronide-
,6-dihydroxyflavone (baicalin) [21].

It is acknowledged that computational chemistry can provide
nsight into the structures and properties of pharmaceuticals at
he atomic level, assist the interpretation of experiments and
elp to develop working hypothesis for further experimental work
22]. This fact highlights the importance of the theoretical stud-
es, and the usefulness of progress in our detailed knowledge of
onformational space of baicalin. Few reports have focused on
heoretical investigations of this flavonoid. Dai et al. [23] have stud-
ed some structural and electronic properties of this flavonoid at

3LYP/6-31G* theory level and Wolniak et al. [6] have performed
alculations of nuclear magnetic resonance (NMR) parameters.
evertheless, these reports are based on a little number of conform-

Fig. 1. Scheme of the molecule of baicalin. Number
raphics and Modelling 76 (2017) 181–191

ers selected by its energy stability and the calculations were carried
out without considering the solvent effect. To our knowledge,
no study of the conformational space of this flavonoid has been
reported in the literature. The aim of our work was to analyze the
geometric and electronic properties of baicalin conformers (BCL),
thus performing a complete search on the conformational space of
this flavonoid in gas phase and in aqueous solution. Besides, stud-
ies on the hydrogen bond (HB) interaction by atoms in molecules
(AIM), molecular electrostatic potential (MEP) and frontier molec-
ular orbital (FMO) were carried out.

2. Computations

The X-ray diffraction data of baicalin have been previously
reported [23]. This structure was employed as starting point to
analyze the conformational space of this flavonoid. The profiles
of the potential energy surfaces were obtained performing three
rigid scan rotating procedures using the semi-empirical method
called PM3  [24,25]. Then, the minimum energy conformers were
reoptimized with totally relaxed geometries using tools from den-
sity functional theory [26–28] as implemented in the GAUSSIAN 09
program package [29]. These optimization procedures were carried
out employing the ab initio method known as B3LYP [30] combined
with different basis sets in gas phase and in aqueous solution.

Fig. 1 shows the numbering and principal angles used
for the analysis of the conformational space of baicalin. The
first scan was performed taking into account the rotation of
the dihedral angles (�1) = C8 C7 O7 C1′′, (�2) = O1 C2 C1′ C2′

and (�3) = O6c
′′(carbonyl)–C6′′ C5′′O5′′ around the bonds C7 O7,

C2 C1′ and C6′′ C5′′ in steps of 60◦. The �1 and �2 angles represent
the relative position of the glucuronide unit and the ring B respect
to the central rings (A and C), respectively. The �3 angle configures
the position of the acid group in the glucuronide unit. Some of these
conformers were selected to be employed in the next step consid-
ering the stability order and eliminating the duplicate structures.
The second scan was performed taking into account the effects of

the rotation around the C O bonds of the OH substituents at C5 and
C6 of ring A and the OH of the carboxylic acid in steps of 90◦. These
dihedral angles are (�4) = C10 C5 O5 H, (�5) = C5 C6 O6 H and
(�6) = C5′′ C6′′ O6′′ H. Some of these conformers were selected

ing and principal angles used for the analysis.
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o be employed in the next step considering the stability order and
eometrical parameters. The third scan was performed taking into
ccount the effects of the rotation around the C O bonds of the
H substituents in the glucuronide unit in steps of 90◦. These dihe-
ral angles are (�7) = C5′′ C4′′ O4′′ H, (�8) = C4′′ C3′′ O3′′ H and
�9) = C3′′ C2′′ O2′′ H.

The primitive structures obtained in the third scan were sub-
equently reoptimized with totally relaxed geometries using the
3LYP functional combined with two basis sets (3-21G* and
-31G*). Among these structures optimized employing the 6-
1G* basis sets, a few structures were selected and reoptimized
t B3LYP/6-31G** theory level. Harmonic vibrational frequencies
ere calculated at the same theory level to confirm the pres-

nce of true minimum energy structures, as well as to perform
hermodynamic corrections that are included in all electronic
nergies reported. Then, conformers with an energy difference rel-
tive to the most stable conformer (�E) lower than 3 kcal mol−1

ere further reoptimized (and harmonic vibrational frequencies
ere calculated) in gas phase using triple zeta valence quality

asis set augmented with polarization and diffuse functions (6-
11++G**) for all atoms. The reliability of the B3LYP/6-311++G**
heory level for this flavonoid has been previously reported [6].
he hybrid B3LYP functional, which is the most popular functional,
as originally developed to provide an excellent performance

or main-group structures, noncovalent interactions, thermochem-
stry, kinetic applications, excited states, and transition elements.
t has also been demonstrated to provide satisfactory description
f solvent effects on the structures and properties of compounds.
he diffuse function was included in order to treat the lone electron
airs properly and it is a clear requirement to adequately describe
ydrogen bonded systems [22].

Although the theoretical results of an isolated molecule are very
seful for determining the intrinsic properties of the system free of
ny kind of interaction, such results can be compared with exper-
mental data in only a few cases, since most assays are performed
n solution. In this context, and considering that water is the main
omponent of biological fluids, it is necessary to take into account
he effect of the aqueous solvent [31,32]. The conformers optimized
n gas phase were further reoptimized and harmonic vibrational
requencies were calculated at the same theory level (B3LYP/6-
11++G**), but considering the effect of the aqueous solvent.
omasi’s polarizable continuum model (PCM) [33] was employed
onsidering the dielectric constant of water (� = 78.3553). The PCM
pproach considers that the molecule under study is inside a cavity
mbedded in a polarizable dielectric, thus allowing solvent model-
ng by choosing the proper dielectric constant without the explicit
nclusion of solvent molecules. This model has proven to be a
eliable tool for the description of solute-solvent electrostatic inter-
ctions [32]. In this model, the atomic radii of spheres employed
o build the molecular cavity were adjusted introducing chemical
onsideration, such as hybridization, formal charge and first neigh-
or inductive effect. The effect of the escaped electronic charge
utside the cavity was corrected with an additional set of charges
n the cavity surface that was distributed according to the solute
lectronic density in each point of the surface [22].

After the conformational search was completed, studies of HB
nteractions, MEP  and FMO  were carried out in the selected con-
ormers. The MEP  on the van der Waals surface was  obtained using
he GAUSSIAN 09 [29], Multiwfn [34], and VMD  programs [35]. The
sosurface of HOMO and LUMO were rendered using Avogadro soft-

are [36] and the calculations of orbital composition were carried
ut employing Multiwfn software [34]. Besides, HBs interactions

ere studied and characterized by AIM theory [37]. The topologi-

al analysis and the evaluation of local properties were performed
raphics and Modelling 76 (2017) 181–191 183

with AIMALL software [38] by using the wave functions calculated
at B3LYP/6-311++G** theory level.

3. Results and discussion

3.1. Conformational and structural analysis

The study of the conformational space of baicalin was carried
out without any constrains. Seven conformers were selected from
the first scan (that involves the �1, �2 and �3 angles) and then were
employed in the second scan (that involves the �4, �5 and �6 angles).
These conformers were selected considering that the �2 angle
shows values close to 30◦, 90◦, 150◦, −150◦, −90◦ and −30◦. Due  to
the symmetry of the phenyl group in baicalin (without substituents
in ring B), the last three angles represent the same disposition that
the first ones. After the second scan, the �2 angle value changed in
the conformer with �2 = 90◦. These preliminary results suggest that
the perpendicular disposition of the ring B respect to the central
rings (A and C) is less probable. These data are consistent with the
fact that perpendicular conformations of the flavonoids luteolin and
apigenin are associated with high potential barriers [39]. Eleven
conformers were selected from the second scan and employed in
the third scan (that involves the �7, �8 and �9 angles). After the
third scan was completed, twenty two structures were selected and
reoptimized with totally relaxed geometries at B3LYP/3-21G* and
B3LYP/6-31G* theory levels. The conformers optimized employ-
ing the 3-21G* basis sets showed a relevant modification in the �2
angle. This dihedral angle that showed values close to −45◦ or +45◦

in the primitive structures (selected from the third scan) takes val-
ues close to zero after optimization at B3LYP/3-21G* theory level.
When these structures were reoptimized employing the 6-31G*
basis sets, in some cases the �2 angle reverts to the original value,
whereas in other cases it takes the opposite one. Previous studies on
similar flavonoids have characterized the potential energy curves
as a function of the �2 angle and their results suggest that the pla-
nar structures represent saddle points [39,40]. These facts allowed
us to conclude that the B3LYP/3-21G* theory level is not adequate
for this system. On the contrary, the conformers optimized employ-
ing 6-31G* basis sets preserves the geometrical information related
to the disposition of the ring B (�2). These findings suggest that
the B3LYP/6-31G* theory level results adequate for this system.
For the next step, ten structures were selected from the struc-
tures optimized employing the 6-31G* basis sets and reoptimized
at B3LYP/6-31G** theory level. Harmonic vibrational frequencies
were calculated at the same theory level. These structures have
been confirmed as minima by the absence of negative frequen-
cies and the thermodynamic corrections were included in all the
reported electronic energies (Table 1).

The BCL conformers were named and grouped considering some
geometrical aspects. The �1 angle (disposition of the glucuronide
unit) allowed the classification of BCL conformers into four groups,
indicated by a, b, c and d, and the average values of this angle in
each group are −39.89◦, −125.40◦, 119.80◦ and 4.85◦, respectively.
Dai et al. [23] reported a �1 angle of 106.4◦, similar to that we
found in the c group. They proposed two  HBs that contribute to
the sandwich-like molecular packing in the solid state. These HBs
are C2′′ OH· · ·O C4′′ (intramolecular) and C5 OH· · ·O C6 (inter-
molecular). Wolniak et al. [6] suggested two  possible values of �1
angle and one of them (2.8◦) is close to the value that we  found
in the d group. The �2 angle (disposition of the phenyl group) has
only two possible values 20◦ or −20◦ (−20◦ is equal to 160◦ due

to the symmetry of the phenyl group without substituents in ring
B) and this fact led us to classify the BCL conformers into the 1
and 2 groups, respectively. The 1 group shows similar �2 angle
values in comparison with crystallographic data (7.7◦) and the dif-
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Table 1
Energy and characteristic �1 and �5 dihedral angles for ten minimum energy BCL conformers optimized in gas phase at B3LYP/6-31G** theory level.

Conformer �1 angle �5 angle Energy a �E b �E c Relative population d

BCLa2CT −37.47 −9.33 −1027970.8470 0.00 0.00 13.46
BCLa1CT −37.52 −9.65 −1027970.4618 0.39 0.39 12.49
BCLa1TT −42.24 −163.80 −1027969.8970 0.95 0.95 9.20
BCLa2TT −42.32 −164.05 −1027969.8782 0.97 0.97 9.58
BCLb1CC −124.32 −0.57 −1027970.7987 0.05 0.00 13.22
BCLb2CC −126.49 −1.80 −1027970.0407 0.81 0.76 15.01
BCLc1CC 126.21 0.03 −1027969.5450 1.30 0.00 10.49
BCLc1CT 113.39 −0.27 −1027968.4983 2.35 1.05 9.18
BCLd2TT 9.66 −171.22 −1027967.0650 3.78 0.00 5.16
BCLd1TT 0.05 −168.19 −1027964.9943 5.85 2.07 2.21

a Energy calculated at B3LYP/6-31G** theory level and corrected by zero point energy (ZPE), expressed in kcal mol−1.
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b Energy difference relative to the most stable conformer, expressed in kcal mol−
c Energy difference relative to the most stable BCL conformer in each group, expr
d Relative Population percentage calculated by Boltzmann, expressed in%.

erences may  be satisfactory explained considering the �-� staking
nteractions between the different molecules present in the crystal
23], but not on the isolated molecules. Previous reports for sim-
lar flavonoids revealed that the potential energy curves of the �2
ngle are almost flat in the region of ±40◦ [41], ±30◦ (±15◦) at
P2  (B3LYP) theory level [39]. They suggested that structures with

2 angle close to 0 represent a planar saddle points between two
table structures with a small negative frequency associated to a
orsional mode around C2 C1′ bond. Moreover, Amat el al. [39]
uggested the presence of both structures (1 and 2) with an almost
ree oscillation of phenyl B ring in a range of ±20◦ around the pla-
ar structure. Rossi et al. [42] reported the crystallographic data of
he aglycone of baicalin (baicalein) and proposed a planar confor-

ation with a �2 angle of 8.2◦. However, the analysis of the factors
hat affect the planarity of the flavone framework has been ear-
ier discussed by this group and they concluded that the lowest
otential energy corresponds to a nonplanar conformation in with

 �2 angle equal to 22.8◦. This intermediate torsion angle, which is
imilar to that we found in baicalin, represents a balance between
he attractive interaction from a planar structure that provides the
ramework for a more extensive mesomeric effect and the repulsive
teric interactions that may  result from the two  ortho hydrogen
toms. Marković et al. [41] reported that the absolute minima in
2 angle of baicalein were found at 21.00◦ and at 158.95◦ and the
2 C1′ bond is in the chromone plane and has a length of 1.473 Å, in
ccordance with our data for baicalin. The �3 angle (position of the
cid group) did not allow another classification. The average val-
es of this angle in the a, b, c and d groups are −122.46◦, −151.65◦,
169.48◦ and −103.44◦, respectively. On the other hand, the pos-

ible arrangements of the OH groups explored in the second scan

�4, �5 and �6) allowed another classification of the BCL conform-
rs, indicated by the subscripts C or T. This designation referred to
yn (cis) and anti (trans) configurations of O5 H, O6 H and O6′′ H
onds relative to C10 C5, C5 C6 and C5′′ C6′′bonds, respectively.

able 2
nergy and characteristic �1 dihedral angle for eight BCL conformers optimized in gas ph

Conformer �1 angle Energy a

BCLa2CT −34.48 −1028253.8344 

BCLa1CT −33.96 −1028253.5194 

BCLa1TT −33.99 −1028252.1050 

BCLa2TT −38.83 −1028252.0234 

BCLb1CC −121.98 −1028253.3663 

BCLb2CC −122.16 −1028253.2552 

BCLc1CC 127.31 −1028253.1830 

BCLc1CT 117.0289 −1028252.5009 

a Energy calculated at B3LYP/6-311++G** theory level and corrected by ZPE, expressed
b Energy difference relative to the most stable conformer, expressed in kcal mol−1.
c Energy difference relative to the most stable conformer in each group, expressed in k
d Relative Population percentage calculated by Boltzmann, expressed in%.
 in kcal mol−1.

The average values of �4, �5 and �6 angles were close to 0◦ (cis)
or close to 180◦ (trans). Taking into account that the configura-
tion of the OH group located in the position 5 of the ring A (�4)
was always cis, the configuration of this angle was not included
in the nomenclature of the BCL conformers. The subscripts C or T
in the nomenclature of the BCL conformers indicate the configura-
tion of the �5 (first subscript) and �6 (second subscript) angles. The
fact that the configuration of the �4 angle was always cis may  be
explained by the formation of an IMHB between the hydrogen of
the OH group located in position 5 of ring A and the oxygen of the
carbonyl group located in position 4 of ring C. Wolniak et al. [6] have
previously reported this IMHB for baicalin, baicalein and wogono-
side based on NMR  spectroscopy evidence. They characterized the
C5 OH· · ·O C4 interaction by 13C NMR  in solution and solid state
and reported that the chemical shifts indicate the presence of this
IMHB in both phases. Besides, Marković et al. [41] suggested that
the formation of the C5 OH· · ·O C4 bond has a stabilizing effect
in baicalein molecule. Nevertheless, this HB interaction is absent
in the crystal of baicalin because the OH located in position 5 has
trans configuration and the hydrogen of this group is involved in
an intermolecular HB with the oxygen of the OH located in position
6 (also in trans configuration) of an adjacent baicalin unit [23]. The
�7, �8 and �9 angles are not represented in the nomenclature, but
were taken into account to select the lower energy BCL conformers.

The energy difference between the structures of the a, b and c
groups with respect to d, lead us to not consider the latter in the
deeper study performed below. The geometries of the eight con-
formers with a �E  value lower than 3 kcal mol−1 represented by
the a, b and c groups were refined performing reoptimizations in
gas phase using the B3LYP method and triple zeta valence quality

basis set augmented with polarization and diffuse functions. These
conformers showed no significant geometrical differences respect
to the starting structures (Table 2). The average values of the �1
angle are −35.31◦, −122.07◦ and 122.17◦ in the a, b and c groups,

ase at B3LYP/6-311++G** theory level.

�E b �E c Relative population d

0.00 0.00 16.51
0.32 0.32 13.21
1.73 1.73 8.50
1.81 1.81 9.10
0.47 0.00 11.90
0.58 0.11 12.59
0.65 0.00 13.72
1.33 0.68 14.47

 in kcal mol−1.

cal mol−1.
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Fig. 2. Structures of the most stable BCL conformers optimized in gas phase at B3LYP/6-311++G** theory level in each group.

Table 3
Energy and characteristic �1 dihedral angle for eight BCL conformers optimized in aqueous solution at B3LYP/6-311++G** theory level.

Conformer �1 angle Energy a �E b �E c �E d Relative population e

BCLa2TT 15.10 −1028272.4520 20.43 0.29 0.00 18.99
BCLa1TT 15.87 −1028272.4400 20.34 0.30 0.01 21.48
BCLa2CT −34.21 −1028270.6830 16.85 2.06 1.77 6.93
BCLa1CT −34.74 −1028270.6290 17.11 2.12 1.82 6.99
BCLb2CC −115.56 −1028272.7444 19.49 0.00 0.00 16.80
BCLb1CC −101.13 −1028272.2267 18.86 0.52 0.52 13.48
BCLc1CC 127.66 −1028270.7514 17.57 1.99 0.00 8.44
BCLc1CT 122.69 −1028270.0611 17.56 2.68 0.69 6.90

a Energy calculated at B3LYP/6-311++G** theory level and corrected by ZPE, expressed in kcal mol−1.
b Solution-vacuum energy difference.
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d Energy difference relative to the most stable conformer in each group, expresse
e Relative Population percentage calculated by Boltzmann, expressed in%.

espectively. The �2 angle remained unchanged. The average val-
es of the �3 angle are −122.85◦, −154.76◦ and −163.79◦ in the a,

 and c groups, respectively. Although the energetic order of the
onformers is slightly different compared with that determined in
he previous step, the most stable conformers involved the a and

 groups. The eight conformers have a �E  lower than 2 kcal mol−1

nd this low energetic difference suggests the coexistence of all of
hese species at room temperature. The relative populations were
alculated by the Maxwell-Boltzmann distribution at 298.15 K. The
nergy difference between the conformers of the a group with a cis
onfiguration of the �5 angle and that those with a trans configura-
ion led to relative populations of about 30% and 18%, respectively.
hese results, and the fact that the other six BCL conformers have
he cis configuration of the �5 angle, indicate that this configuration
s more probable and gives more stability to the molecule in the gas
hase. Fig. 2shows the most stable conformers in gas phase in each
roup (BCLa2CT, BCLb1CC and BCLc1CC).

.2. Effect of aqueous solvent on conformational and structural
nalysis

The effect of aqueous solvent modified the conformational space
f baicalin (Table 3). The reoptimization of the eight conform-
rs previously optimized in gas phase at the same theory level
B3LYP/6-311++G**), but employing the solvent effect, led to five
onformers with a �E  lower than 2 kcal mol−1. This low energetic
ifference suggests the coexistence of these five species at room
emperature. The conformational space was reduced to two  con-
ormers for the a group, two for the b group and one for the c
roup. The average values of the �1 angle are 15.48◦, −108.35◦

nd 125.18◦ in the a, b and c groups, respectively. The �2 angle
emained unchanged and the average values of the �3 angle are
123.53◦, −165.75◦ and −158.72◦ in the a, b and c groups, respec-

ively. Surprisingly, the two most stable conformers of the a group

BCLa2TT and BCLa1TT) show a modification in the �1 angle (15.48◦)
n comparison with the conformers BCLa2CT and BCLa1CT (−34.47◦).
lthough these conformers had been characterized like the less sta-
le conformers in gas phase, they show a significant higher stability
cal mol−1.

in aqueous solution compared with those that show a �1 angle close
to −34◦. Moreover, the BCLa2CT and BCLa1CT conformers have a �E
slightly higher than 2 kcal mol−1. These results suggest that the con-
formers of the a group that show a �1 angle close to −34◦ are the
most stable conformers in the gas phase, but no in aqueous solu-
tion. In an effort to explain this phenomenon, geometrical aspects
of HBs and AIM studies were carried out for the conformers of the a
group in both phases. The conformers of the b and c groups showed
small changes after reoptimization in aqueous medium. The stabil-
ity order determined in gas phase (a > b > c) changed and the most
stable conformer in aqueous solution is BCLb2CC (b group). How-
ever, the higher stability structures involved the a and b groups.
The energy difference between the conformers of the a group with
a cis configuration of the �5 angle and those with a trans configura-
tion led to relative populations of about 14% and 40%, respectively.
Fig. 3 shows the most stable conformers in aqueous solution in each
group (BCLa2TT, BCLb2CC and BCLc1CC). As expected, all structures
were more stable in solution than in gas phase, and on average
the energy difference for the structures in aqueous solvent and in
vacuum was 18.53 kcal mol−1.

3.3. Geometrical aspects of IMHB

Zheng et al. [43] have previously analyzed the geometrical cri-
teria for assessing the presence of IMHB interactions for apigenin
in the gas phase and in the presence of different solvents. The
geometrical aspects of HBs were studied for the conformers of
the a group in both phases (Table 4). The distances between oxy-
gen and hydrogen atoms involved in the HB interaction are in the
range of 1.694–2.489 Å (except C6′′OH· · ·O C6 bond in BCLa1TT).
These values are smaller than the sum of van der Waals atomic
radii of hydrogen and oxygen (2.5 Å) [43]. Besides, the values of
the angle formed between the oxygen and hydrogen atoms (cova-
lent bounded) and the oxygen atom involved in the HB interaction

(O H· · ·O) are in the range of 111.4–161.6◦. These values are among
90–180◦ that was  determined for HBs [43]. These results suggest
the presence of IMHB interaction in the selected conformers. It is
well known that the geometrical parameters of the HB can reflect
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Fig. 3. Structures of the most stable BCL conformers optimized in aqu

Table 4
Geometrical parameters for IMHBs present in the BCL conformers of the a group
optimized in gas phase and in aqueous solution at B3LYP/6-311++G** theory level.

Conformer Atoms pair a Gas phase Aqueous solution

Distance b Angle c Distance b Angle c

BCLa1CT H5·  · ·O4 1.713 147.4 1.710 148.0
H6′ ’· · ·O6 2.231 122.4 2.462 112.3
H3′ ’· · ·O6c” 1.889 158.5 1.871 160.8
H4′ ’· · ·O2′ ’ 2.224 132.4 2.056 139.8

BCLa2CT H5·  · ·O4 1.712 147.4 1.711 148.0
H6′ ’· · ·O6 2.166 125.6 2.473 112.0
H3′ ’· · ·O6c” 1.927 156.5 1.876 160.4
H2′ ’· · ·O4′ ’ 2.182 134.4 2.058 139.6

BCLa1TT H5·  · ·O4 1.712 148.4 1.694 149.5
H6′ ’· · ·O6 2.568 111.4 – –
H6·  · ·O6c” 2.472 121.5 – –
H3′ ’· · ·O6c” 1.847 158.3 1.866 161.6
H4′ ’· · ·O2′ ’ 2.184 134.4 2.034 140.2
H6·  · ·O7 – – 2.110 113.1

BCLa2TT H5·  · ·O4 1.711 148.4 1.694 149.5
H6′ ’· · ·O6 2.489 113.3 – –
H6·  · ·O6c” 2.331 126.7 – –
H3′ ’· · ·O6c” 1.842 159.6 1.868 161.4
H4′ ’· · ·O2′ ’ 2.186 134.3 2.039 140.1
H6·  · ·O7 – – 2.112 113.0

a Atoms pair involved in the hydrogen bond interaction.
b Distance between oxygen and hydrogen atoms involved in the hydrogen bond

i

o

i
a
s
t
(

3

s
s
t
i
p
[
c
b
c
d
(
t
a
c
d

nteraction (H·  · ·O), expressed in angstroms (Å).
c Angle between the oxygen and hydrogen atoms (covalent bounded) and the

xygen atom involved in the HB interaction (O H· · ·O), expressed in grades (◦).

ts strength. The smaller H· · ·O distance and the larger O H· · ·O
ngle, the stronger is the HB [43]. The C5 OH· · ·O C4 bond is the
trongest HB in all BCL conformers and the increase in the H· · ·O dis-
ance and decrease in O H· · ·O angle diminishes the HB strength
Table 4).

.4. Topology of the electronic charge density function

From analysis of the topology of the molecular charge den-
ity (�), relevant information can be extracted about the molecular
tructure, whose main characteristics are summarized in the curva-
ures of the molecular charge density at critical points. AIM theory
s based on the analysis of these critical points and has become a
owerful tool for characterizing and understanding HB interaction
44]. According to this theory [37], upon formation of a chemi-
al bond between two neighboring atoms, a critical point appears
etween them. Hydrogen bond, like any other chemical bond, must
orrespond to the existence of a bond path between the proton
onor and the proton acceptor containing the bond critical point
BCP). Besides, the existence of a ring critical point (RCP) within

he quasi-ring formed by the HB network is necessary to propose
n IMHB interaction [45]. Our data, in agreement with this theory,
onfirm the existence of IMHB interactions. The electron charge
ensity (�b), the Laplacian of the charge density (∇2 �b), ellipticity
eous solution at B3LYP/6-311++G** theory level in each group.

(�) and kinetic energy density (Gb) in the BCP were studied for the
IMHBs present in the BCL conformers of the a group in gas phase
and in aqueous solution (Table 5).

Bentz et al. [32] extensively explained the �b, ∇2 �b, � and Gb
parameters in a previous report. They consider that when the inter-
action is described by relatively low values of �b, ∇2 �b > 0 and
|l1|/�3 < 1 and Gb > 1, the same is classified as a closed shell inter-
action (typical in ionic bonds, hydrogen bonds, and van der Waals
interactions), in agreement with our data. Besides, ∇2 �b values
are all positive and within the range accepted for HB interactions
[44]. The AIM topology graphs of BCLa1CT and BCLa1TT conformers
optimized in gas phase and in aqueous solution were selected for
comparative purposes (Fig. 4). Their homologous structures with
the phenyl in −20◦ show similar AIM topology graphs. The analysis
of the graphs revealed that the BCL conformers with a cis config-
uration of the �5 angle show no modification after reoptimization
in aqueous medium. On the contrary, the BCL conformers with a
trans configuration of the �5 angle show relevant modifications in
the HB interactions in the region around the OH located in position
6 of ring A (after reoptimization in aqueous medium). These modi-
fications might explain the variation in the �1 angle observed after
reoptimization in aqueous medium in the BCL conformers with a
trans configuration of the �5 angle.

The electron charge density is related with the strength of the
HB. The higher value of �b, the stronger is the HB interaction. The
values of �b in BCL conformers are in the range of 0.009–0.049 au,
within the range determined for HB interactions [43]. The values of
�b for C5 OH· · ·O C4 bonds are greater than the other HBs, thus
suggesting that these bonds are the strongest HBs. The low val-
ues of �b (close to 0.009) for C6′′ OH· · ·O C6 and C6 OH· · ·O C6′′

bounds in BCL conformers with a trans configuration of the �5
angle indicate that these HBs are very weak. These results are in
accordance with those of the study of geometrical aspects of HBs.
These findings support the hypothesis that the C6′′ OH· · ·O C6 and
C6 OH· · ·O C6′′ bonds are easily broken by the solvent with gen-
eration of a new HB with a �b close to 0.02 au (C6 OH· · ·O C7)
in these conformers. The structural modification of BCL conform-
ers with a trans configuration of the �5 angle observed in aqueous
solution and the consequent variation in the �1 angle leading to
more stable structures might be explained by these data.

Another parameter of interest is the ellipticity, interpreted as a
measure of the anisotropy of the curvature of the electron density in
the directions perpendicular to the bond [45]. The � is close to zero
in a bond with cylindrical symmetry [32]. In general trends, the �
is close to 0.0 in the HBs of the BCL conformers, thus indicating the
cylindrical symmetry of these bonds. Nevertheless, in a few cases
the � values are close to 0.1 and for the C6 OH·  · ·O C7 bond the �
values are abnormally higher, thus suggesting that the symmetry
of these bonds are less cylindrical.

Previous reports have proposed an IMHB between the H6 and O5

atoms. Wolniak et al. [6] suggested that the structures of baicalein
and baicalin with anticlockwise orientation (cis) of OH groups are
more probable than those with clockwise orientation (trans), due
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Table  5
Values of the electroncharge density (�b), Laplacian of the charge density (∇2 �b), ellipticity (�) and kinetic energy density (Gb) in the bond critical point for IMHBs present
in  the BCL conformers of the a group optimized in gas phase and in aqueous solution at B3LYP/6-311++G** theory level.

Conformer Atoms pair a Gas phase Aqueous solution

�b ∇2 �b � Gb �b ∇2 �b � Gb

BCLa1CT H5·  · ·O4 0.047 +0.130 0.016 +0.038 0.047 +0.132 0.021 +0.039
H6′ ’· · ·O6 0.015 +0.053 0.111 +0.012 0.010 +0.037 0.325 +0.008
H3′ ’· · ·O6c” 0.028 +0.101 0.038 +0.024 0.030 +0.105 0.041 +0.025
H4′ ’· · ·O2′ ’ 0.016 +0.053 0.103 +0.012 0.022 +0.075 0.059 +0.017

BCLa2CT H5·  · ·O4 0.047 +0.130 0.016 +0.038 0.047 +0.131 0.021 +0.039
H6′ ’· · ·O6 0.017 +0.060 0.076 +0.013 0.010 +0.036 0.333 +0.008
H3′ ’· · ·O6c” 0.026 +0.093 0.040 +0.022 0.029 +0.104 0.041 +0.025
H2′ ’· · ·O4′ ’ 0.017 +0.057 0.088 +0.013 0.022 +0.075 0.058 +0.017

BCLa1TT H5·  · ·O4 0.047 +0.134 0.016 +0.039 0.049 +0.137 0.021 +0.041
H6′ ’· · ·O6 0.009 +0.030 0.424 +0.007 – – – –
H6·  · ·O6c” 0.009 +0.033 0.152 +0.007 – – – –
H3′ ’· · ·O6c” 0.032 +0.112 0.043 +0.027 0.030 +0.106 0.042 +0.025
H4′ ’· · ·O2′ ’ 0.017 +0.057 0.090 +0.013 0.023 +0.079 0.056 +0.018
H6·  · ·O7 – – – – 0.020 +0.091 1.424 +0.020

BCLa2TT H5·  · ·O4 0.047 +0.134 0.016 +0.039 0.049 +0.137 0.021 +0.041
H6′ ’· · ·O6 0.010 +0.034 0.376 +0.008 – – – –
H6·  · ·O6c” 0.011 +0.042 0.107 +0.009 – – – –
H3′ ’· · ·O6c” 0.032 +0.113 0.044 +0.028 0.030 +0.105 0.042 +0.025
H4′ ’· · ·O2′ ’ 0.017 +0.057 0.090 +0.013 0.023 +0.078 0.056 +0.018
H6·  · ·O7 – – – – 0.020 +0.091 1.494 +0.020

a Atoms pair involved in the hydrogen bond interaction.
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Fig. 4. AIM topology graphs of BCLa1CT and BCLa1TT conformers optim

o the possible formation of IMHB interactions involving the OH
roups of ring A (even C6 OH· · ·O C5). These IMHB interactions

ave been previously reported for baicalein [42]. Besides, Marković
t al. [41] reported that there are three HBs present in the baicalein
tructure (even C6 OH· · ·O C5). Contrary to expectations, our data
o not suggest the presence of an IMHB between the H6 and O5
 gas phase and in aqueous solution at B3LYP/6-311++G** theory level.

atoms. Although the geometrical parameters (for example: the
H6· · ·O5 distance is 2.146 Å and the O6 H6· · ·O5 angle is 113.5◦ in

BCLa1CT in gas phase) are within the values accepted for HB, the
topological analysis of BCL conformers with a cis configuration of
the �5 angle denotes the absence of BCP and bond path between the
H6 and O5 atoms. Moreover, no RCP was found within the quasi-
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evel.

ing formed by the C6 OH· · ·O C5 bond. This fact may  be explained
onsidering the hybridization of the O5 atom. The strong HB formed
etween H5 and O4 atoms lead to the two lone pairs of O5 located

n the sp3 hybridized orbitals are above and below to the plane of
he flavan nucleus. This fact is in concordance with the two minima
bserved above and below to the plane of the flavan nucleus in the
EP  of BCLa2CT conformer (Fig. 5). The hypothesis of the absence

f an IMHB between the H6 and O5 atoms is supported by the fact
hat the lone pairs of O5 atom and the H6 atom are not coplanar.

.5. Molecular electrostatic potential analysis

Molecular electrostatic potential (MEP) closely correlates with
lectron density distribution and is a very useful descriptor for
redicting favorable sites of electrophilic and nucleophilic reac-
ions or revealing preferential sites of electrostatically dominated
on-covalent interactions [46]. The MEP  minima lower than −10
nd maxima higher than +30 on the van der Waals (vdW) surface
in kcal mol−1) of all BCL conformers calculated using the Multi-
fn program are listed in Table S1. The MEPs mapped along the

dW surface of BCLa2CT and BCLa2TT conformers optimized in gas
hase were selected for comparative purposes (Fig. 5). Their homol-
gous structures with the phenyl in 20◦ show similar MEPs. The
CLa2CT and BCLa2TT conformers reoptimized in aqueous solution
how similar MEPs. The blue color reveals very negative MEP  region
n the vdW surface, thus implying possible site for electrophilic
ttack. The red regions correspond to very positive MEP  part of the
dW surface, thus expecting to be vulnerable sites for the nucle-
philic attack. The color scale of the map  ranges from −35.55 (blue)
o +51.84 (red) in the BCLa2CT conformer in gas phase, but this range
s particular for each conformer taking into account the MEP anal-
sis results (Table S1). The local maxima higher than +40, minima
ower than −30 and minima from −10 to −30 of MEP  on the vdW
urface are represented as red, blue and cyan spheres, respectively.
he most relevant values of maxima (one) and minima (three) are

abeled (Fig. 5).
In general trends, the MEP  minima and maximum values on the

dW surface involves the substituents of the rings A and C and
he glucuronide unit (not ring B). The relative position of the glu-
uronide unit and the ring B respect to the central rings doesn’t
ffect the MEP, but the arrangement of the OH groups produces
ignificant changes in the MEP. As expected, the MEP  minima val-
es on the vdW surface are located near the lone pair of the oxygen

toms and should be the most favorable site for interacting with
ositively charged species. On the contrary, the MEP  maximum val-
es on the vdW surface are found in front of the hydrogen atoms of
he hydroxyl groups, thus indicating its strong capacity to attract
a2CT and BCLa2TT conformers optimized in gas phase at B3LYP/6-311++G** theory

negatively charged atoms electrostatically. In the present work, we
focused on the characterization of the minima on the vdW surface
(location and value) of BCL conformers because the antioxidant
activity of baicalin in biological systems may  be attributed to its
chelating metal ion capacity. Despite the poor solubility of baicalin
in water [7], this solvent was selected considering that it is the
main component in biological fluids. After reoptimization in aque-
ous medium, the maximum values (positives) increased, whereas
the minimum values (negatives) decreased. These findings suggest
a higher reactivity of all BCL conformers in aqueous solution. For
BCLa2CT the global surface minimum is located near the O3′′ atom,
whereas for BCLa2TT is located between the O5 and O6 atoms (of
the hydroxyl substituents). In both cases, the second minimum is
located near the oxygen of the carbonyl group of the flavan nucleus
(O C4) and may  be attributed to the lone pair of O4 located in the
sp2 hybridized orbital not involved in the C5 OH· · ·O C4 bond.
This fact explains the coplanarity of this minimum with the car-
bonyl group of the flavan nucleus. The results indicate that the
arrangement trans of the OH 6 (ring A) generate a global surface
minima in the BCLa2TT that is stronger than that in the BCLa2CT
(Table S1). As spected, the aqueous solvent enhances the difference
between the global minimum of BCLa2TT and BCLa2CT. These find-
ings, and the fact that the conformer BCLa2TT (or BCLa1TT) is more
stable and has more relative population than BCLa2CT (or BCLa1CT),
suggest that the conformers that show the arrangement trans of
the OH 6 (ring A) are the most favorable conformers for interact-
ing with positively charged species (such as metal ions) in aqueous
solution (such as biological fluids).

3.6. Frontier molecular orbitals analysis

The highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO) are useful descriptors
in studying chemical stability of molecules. The energy of HOMO
and LUMO characterize the ability of electron donating and accept-
ing, respectively. The HOMO-LUMO gap helps to characterize the
chemical reactivity and kinetic stability of the molecule [40,46]. The
HOMO and LUMO energies and the corresponding HOMO-LUMO
gap of all BCL conformers (optimized in gas phase and in aque-
ous solution) have been calculated at the B3LYP/6-311++G** level
(Table 6). The HOMO-LUMO gap of BCL conformers is very similar
to those of apigenin (4.09 eV) and luteolin (3.90 eV) flavonoids [39].
These low gap values reflect the chemical activity of BCL conform-

ers. The most active conformers are BCLa2TT and BCLa1TT in gas
phase and in aqueous solution. The intramolecular charge transfer
interaction that takes place within the molecule is responsible for
their activity [40]. The solvent effect slightly decreases the energy of
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Table  6
HOMO and LUMO energies and HOMO-LUMO gap (�E) of the BCL conformers optimized in gas phase and in aqueous solution at B3LYP/6-311++G** theory level.

Conformer Gas phase Aqueous solution �E c

HOMO LUMO �E a HOMO LUMO �E b

BCLa2CT −6.378 −2.481 3.897 −6.312 −2.420 3.892 −0.005
BCLa1CT −6.406 −2.510 3.896 −6.321 −2.417 3.904 0.008
BCLa1TT −6.184 −2.382 3.802 −6.225 −2.383 3.842 0.040
BCLa2TT −6.203 −2.407 3.796 −6.225 −2.384 3.841 0.045
BCLb1CC −6.543 −2.605 3.938 −6.422 −2.477 3.945 0.007
BCLb2CC −6.656 −2.700 3.956 −6.470 −2.505 3.965 0.009
BCLc1CC −6.546 −2.612 3.934 −6.383 −2.469 3.914 −0.020
BCLc1CT −6.414 −2.550 3.864 −6.347 −2.455 3.892 0.028

a HOMO–LUMO gap in gas phase, expressed in electron-volts (eV).
b HOMO–LUMO gap in aqueous solution, expressed in electron-volts (eV).
c Solution-vacuum gap energy difference, expressed in electron-volts (eV).
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ig. 6. Contour plots and mayor atom contributions (expressed in percentage) of HO
heory level (BCLa2CT).

he frontier molecular orbitals. Nevertheless, the gap values show
o modifications and the solution-vacuum gap energy difference

s negligible in most cases (except in BCLa2TT and BCLa1TT con-
ormers). In general trends, the aqueous solvent does not affect the
tability and reactivity of the BCL conformers, but in BCL conform-
rs with a trans configuration of the �5 angle (BCLa2TT and BCLa1TT)
he solution-vacuum gap energy difference suggest an enhanced
tability of these conformers in aqueous solution. These findings
re in agreement with the energetic order and relative population
Table 3) and with the AIM analysis results.

The frontier molecular orbitals (HOMO or LUMO) of all BCL con-
ormers (optimized in gas phase and in aqueous solution) were
isualized with Avogadro for comparative purposes and we found
hat they show no significant differences. HOMO (or LUMO) orbital

as the same spatial arrangements in all BCL conformers, being
lmost identical. This fact led us to select the BCLa2CT conformer
the most stable conformer in gas phase) to study the composi-
ion of HOMO and LUMO employing the Multiwfn program (by the
n LUMO of the most stable conformer optimized in gas phase at B3LYP/6-311++G**

Becke method). Fig. 6 shows orbital isosurfaces and mayor atom
contributions in BCLa2CT. The frontier molecular orbitals of BCLa2CT
principally come from to the flavan nucleus (not from the glu-
curonide unit). The HOMO is distributed over the rings A and C (no
ring B), but mainly localized on the C5 C6 and C8 C9 bonds. The
O6, O5 and O1 atoms have contributions of 13.4%, 11.5% and 5.8% to
HOMO. The LUMO is distributed along the flavan nucleus (including
ring B), but mainly localized on the C3 C4 and C2 C1′ bonds. The
C4′, C2′, C6′, O4 and O1 atoms have contributions of 9%, 6.3%, 6.1%,
10.3% and 5.5% to LUMO. The contributions mentioned previously
are the main contributions (>5%), but other contributions (>0.1%)
slightly delocalized to the rest of the molecule are marked in Fig. 6.
The HOMO of baicalin molecule is �-orbital, whereas the LUMO is
�*-orbital. The spatial arrangement of the FMOs of baicalin is very

similar to those of baicalein [41] and slightly different from those
of apigenin and luteolin flavonoids [39,40].
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. Conclusions

The study of the conformational space of baicalin allowed us to
etermine the coexistence of eight BCL conformers in gas phase
nd five BCL conformers in aqueous solution. These conformers
ere optimized at B3LYP/6-311++G** theory level. The most sta-

le BCL conformers involved the a (�1 = −35.31◦ in gas phase and
5.48◦ in aqueous solution) and b (�1 = −122.07◦ in gas phase and
108.35◦ in aqueous solution) groups. The effect of aqueous sol-
ent reduced the conformational space of baicalin and modified
he stability order of BCL conformers. No significant changes were
bserved in the geometry of the conformers after reoptimization

n aqueous medium (except for BCLa2TT and BCLa1TT). Surprisingly,
CLa2TT and BCLa1TT conformers have low stability in gas phase and
ery high stability in aqueous solution, due to a modification in the
1 angle. This modification was successfully explained attending
he changes in the HB interactions that occur in the region around
he OH located in position 6 of ring A. The MEP  analysis results
ndicate that the arrangement trans of the OH 6 generate a global
urface minima located between the oxygen atoms O5 and O6 of
he hydroxyl substituents and that the aqueous solvent enhances
he reactivity of BCL conformers. The FMO  analysis results indicate
hat BCL conformers are reactive species capable to interact with
ther molecules. The BCLa2TT and BCLa1TT conformers that show
he arrangement trans of the OH 6 (ring A) are the most favorable
onformers for interacting with positively charged species (such as
etal ions) in aqueous media (such as biological fluids).
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