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ABSTRACT

Electronic and structural properties of two polymorphic modifications of 5-hydroxy-7-methoxyflavanone (pinostrobin) were theoretically investigated and
compared with experimental crystallographic data. In the literature, four polymorphic modifications of pinostrobin had been reported. The present study has
established that only two of them are relevant as they differ only in the position of the methoxy group whereas other structures are derived from the rotation of the
phenyl group. Both structures differ in about 1.5 kJ/mol, but the activation energy of methoxy torsion was greater than 16 kJ/mol. In addition, both have similar

electronic structures but it was established with slight differences in reactivity.
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INTRODUCTION

Flavonoids are polyphenolic compounds synthesized by plants, present
in fruits, vegetables and herbs[1-6]. Flavonoids exhibit a several biological
activities, as anti-bacterial, anti-inflamatory and anti-oxidant [7-10]. One of
these flavonoids, pinostrobin (5-hydroxy-7-methoxyflavanone) had been
identified and studied for about six decades for his potential therapeutic
properties in various diseases such as cancer, considered as a good candidate
for a leukemia chemopreventic agent or in the treatment of human mammary
carcinoma [4, 11-14]. However, limitations in therapeutic applications in
humans are due to low water solubility and in the present, investigations are
being carried out to solve it [15]. In general, it has been proposed that these
potential biological activities of natural flavonoids are due to its molecular
structure identifying some characteristics that must be present to enhance their
effect as a therapeutic agent with high activity are the location of the hydroxyl
group in A, B or C-ring in the molecule and a double bond is required to be
present in C2 and C3 position in C-ring [16-19]. Specifically in pinostrobin
has been proposed that high anti-radical activity as the primary mechanism
for inhibiting cancer cell activity is focused on a C-ring [20]. The latter is also
valid for electrophilic attack, but not for a nucleophilic attack where would
focus on a benzyl ring [20]. However, other study point that reactivity of
different agents were focused only on A and C-ring (chromon ring) [21]. Thus,
the reactivity towards various agents is unclear. From 1989 four structures
of the pinostrobin had been reported, being each one is the polymorphic
modification of pinostrobin and identified from two primary structures related
to orientation of methoxy group with respect to the plane of chromon ring. The
first structure was reported by Shoja [22] and the second also reported initially
by Shoja [23]. However, the other two structures are derived from the second
one and differing essentially by the orientation of the phenyl group with respect
to the plane of chromon ring of the compound [24,25]. X-ray crystallographic
data of three structures for second compound reported the torsion angles of
phenyl group were 24.8°, 38.5°[23,24], and 85.6°[25]. For the first structure had
been reported a torsion angle of phenyl group was 71.5°. A slight difference
reported for all structure is that methoxy group is not coplanar with respect
to the plane of chromon ring, and a reporting deviation is calculated between
2 and 6 degrees above or below of this plane. Thus, all structures have very
similar structures and there are no studies reported if each of these structures
has different reactivity or different conformations, in which the prevalence of
one of the four structures can be favored by the conditions of synthesis of the
compound.

Having into account the above considerations, the goal of the present
work is to realize a theoretical study using quantum chemical calculations
in order to determine the stability and molecular structure as well as the
electronic properties of different conformations of pinostrobin and compare
with experimental molecular structures and reactivity reported in the literature.
This study will allow us first, elucidate if all reported structures can have
an individual existence, and second, if all or some of these structures have
different reactivity and compare with recent theoretical reports [19,20].
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METHODOLOGY AND COMPUTATIONAL DETAILS

Electronic and structural properties were performed at two levels of
theoretical calculations: ab-initio post Hartree-Fock using second-order
Moller-Plesset perturbation theory (MP2) [26-30] and density functional
theory (DFT) using B3LYP functional [31-34]. For all atoms, 6-31G(d,p) basis
set has been used [35,36]. Geometries of two major structures taken as a base
which can generate all polymorphic modifications (structures I and II in Fig.
1) were fully optimized without symmetry restrictions using both levels of
calculations. Other polymorphic structures can be generated by rotating the
phenyl ring with respect to the plane of the chromon ring. The natural bond
order (NBO) population analysis [37,38] was used for the discussion of results.
All the calculations have been done using the Gaussian 09 program [39].

To investigate the reactivity of both structures a Fukui analysis was
made, calculating of atomic reactivity indexes using the proposed method by
Contreras et al. [40] that allows to calculate atomic Fukui indexes (f, ),
and f9) from only a single calculation of the electronic structure, without
performing additional calculation involving ionic species of different spin
multiplicity. 2, f, and f© are atomic Fukui functions for electrophilic,
nucleophilic, and radical attacks, respectively.

RESULTS AND DISCUSSION
GEOMETRIES AND ENERGETIC STABILITY

In Table 1 the structural parameters, bond lengths, bond and selective
torsion angles of two structures (I and II) of minimum energy determined at
MP2 and B3LYP levels are displayed and they are compared with of two similar
experimental structures [22,24]. Both theoretical structures are similar except
in the orientation of methoxy group bonded to C7 of the chromon ring (see
Fig. 1). From the point of view of the thermodynamic stability, the theoretical
structure I is only 1.48 kJ/mol at MP2 level (or 1.81 kJ/mol at B3LYP level)
and is more stable in comparison with structure II. In general MP2 and
B3LYP calculations show that both theoretical structures are similar, in which
structural parameters differ slightly from each other. When both structures are
compared with experimental ones, bond lengths and bond angles have a good
fit, within experimental error, where average differences are only 0.017 and
0.018 for structure I and II, respectively, at MP2 level of calculations. Similar
behavior is found at B3LYP level (see Table 1). With respect to torsional
angles, the greatest discrepancy in comparison to experimental data is found
for the structure II with respect to C2-C3-C4-C10 and C11-04-C7-C8, finding
differences of 7.3° (or 6.1°) and 4.1° (or 5.1°) at MP2 level (or at B3LYP level),
respectively. The second torsional angle corresponds to methoxy group and
presents how it deviates (above or below) with respect to the molecular plane
of chromon ring. Other difference found is the orientation of the phenyl group
with respect to the molecular plane of chromon ring. From experimental data
was found 71.5°y 37.8° for structures I and II, respectively [22,24]. In change,
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for theoretical structures was found a very similar orientation of the phenyl
group, 66.2° (or 62.7°) and 67.0° (or 61.8°) for structures I and II at MP2 level
(or at B3LYP level), respectively. Given these discrepancies, we decided to
perform additional calculations with respect to the energy cost of conversion of
the structure I in the 11, involving the rotation of methoxy group and with respect
to the orientation of the phenyl group with the plane of the chromon ring. The
latter calculations were made with the fixed methoxy group, corresponding to
structures I and II. The calculations were performed every 10° of rotation for
both, methoxy and the phenyl group, performing at each point of rotation a full
optimization of the molecular structure. The results are displayed in Figures 2
and 3. From Fig. 2 we can see the methoxy group has an activation energy of
16.43 kJ/mol predicted at MP2 level or 20.71 kJ/mol predicted at B3LYP level.
Despite the differences between the two levels of calculations, both show that
at room temperature the conversion of a structure in other is little probable,
predominating the structure (I or II), which is determined by experimental
conditions of synthesis. Also, from Fig. 2 and considering that the energy of a
kT at room temperature is about 1.5 kJ/mol, we concluded that methoxy group

has a free rotation in about 20° above and below with respect to the plane of
chromon ring, which may explain the discrepancies between theoretical and
experimental data. From Fig. 3 we can observe the phenyl group has activation
energy at MP2 (B3LYP) level of 6.77 (6.52) kJ/mol for structure I and 7.02
(6.41) kJ/mol for structure II (Fig. 3b). Furthermore, we can observe that both
structures have a double peak in the activation energy at about 120° and 180°
of rotation of the phenyl group. This latter result is explained by the maximum
approach of the hydrogen atom bonded to the carbon C6” of the phenyl group
with respect to the two hydrogen atoms bonded to carbon C3 of the chromon
ring. The bond length is about 2.20 A, producing an interatomic repulsion,
which causes the two maxima in the activation energy in Fig. 3 for both
structures and both levels of calculations. On the other hand, the phenyl group
also has free rotation between 10° and 95° at room temperature, which may
explain first, the discrepancy between experimental and theoretical structures
and second, all polymorphic structures found for the structure II and informed
in the literature [23-25].

Figure 1. Molecular structure of two polymorphic modifications pinostrobin considered in the theoretical study.

Table 1. Selected experimental and optimized (MP2 and B3LYP in gas phase) with 6-31G(d,p) level geometric parameters for structures I and II. AD is the
average difference between theoretical and experimental data in bond lengths and angles.

Parameters EXP(Iy* MP2(I) B3LYP() EXP(I)" MP2(II) B3LYP(II)

Bond lengths (A)
01-C2 1.449(8) 1.443 1.444 1.441(7) 1.443 1.445
01-C9 1.369(7) 1.374 1.363 1.400(8) 1.373 1.362
02-C4 1.249(7) 1.247 1.244 1.232(8) 1.246 1.243
03-C5 1.367(8) 1.350 1.337 1.348(8) 1.351 1.339
04-C7 1.357(7) 1.363 1.355 1.407(7) 1.364 1.356
04-C11 1.417(8) 1.426 1.423 1.400(8) 1.427 1.423
Cr-C2 1.536(9) 1.501 1.512 1.51(1) 1.500 1.512
Ccr-c2’ 1.360(10) 1.400 1.400 1.353(9) 1.400 1.400
C1’-C6’ 1.390(10) 1.398 1.400 1.406(9) 1.398 1.399
C2-C3 1.529(9) 1.524 1.534 1.463(9) 1.523 1.533
C2-C3® 1.390(10) 1.394 1.395 1.40(1) 1.394 1.395
C3-C4 1.496(9) 1.510 1.517 1.53(1) 1.510 1.518
C3-C4 1.360(10) 1.397 1.396 1.40(1) 1.397 1.396
C4-C10 1.436(9) 1.453 1.444 1.469(8) 1.455 1.445
C4-CS 1.330(15) 1.396 1.395 1.34(1) 1.396 1.395
C5-Cé6 1.378(9) 1.396 1.398 1.405(9) 1.388 1.390
C5-C10 1.411(8) 1.415 1.424 1.433(9) 1.421 1.430
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Continuacion tabla 1

C5-C6’ 1.440(10) 1.396 1.395 1.39(1) 1.396 1.395
Co6-C7 1.376(9) 1.396 1.399 1.384(8) 1.388 1.401
C7-C8 1.399(9) 1.403 1.408 1.401(9) 1.400 1.406
C8-C9 1.369(8) 1.382 1.382 1.405(8) 1.390 1.390
C9-C10 1.412(8) 1.415 1.421 1.384(8) 1.373 1.415

AD 0.017 0.018 0.018 0.021
Bond angles (°)

C2-01-C9 114.1(4) 1143 116.5 119.0(5) 114.4 116.5
C7-04-C11 118.9(5) 117.0 118.8 116.4(5) 117.1 119.0
C2-C1r’-C2’ 123.3(6) 120.3 121.1 121.9(5) 120.2 121.1
C2-C1’-C6’ 114.6(7) 119.9 119.7 116.5(6) 120.0 119.7
C2’-C1’-C6’ 122.0(7) 119.7 119.2 121.5(6) 119.7 119.2
01-C2-CT1’ 106.2(5) 107.6 108.2 112.2(5) 107.6 108.2

01-C2-C3 109.9(5) 109.5 110.2 112.0(5) 109.5 110.2
C1’-C2-C3 108.8(6) 112.5 112.9 114.6(6) 112.7 113.0
Cr’-Cc2’-C3 119.6(8) 120.0 120.3 119.2(6) 120.0 120.3

C2-C3-C4 110.5(5) 110.1 111.0 113.2(6) 110.1 111.0
C2’-C3-C4# 120.0(9) 120.3 120.3 123.7(6) 120.3 120.3

02-C4-C3 121.1(5) 121.4 121.0 121.0(6) 121.3 120.9
02-C4-C10 122.8(6) 1233 123.2 120.9(6) 1233 123.2
C3-C4-C10 116.2(5) 1153 115.8 118.1(5) 115.4 115.8
C3-C4-C5 120.7(8) 119.8 119.7 117.1(7) 119.9 119.7

03-C5-Cé6 118.8(5) 117.7 118.8 116.1(6) 118.5 119.3
03-C5-C10 119.2(5) 121.3 120.6 119.8(5) 121.1 120.3
C6-C5-C10 122.0(6) 121.0 120.7 124.0(6) 120.4 120.4
C4-C5-C6’ 122.1(8) 120.0 120.0 119.2(6) 120.0 120.0
Cr’-Ce’-Cs’ 115.4(8) 120.2 120.5 124.1(6) 120.2 120.5

C5-C6-C7 118.1(6) 118.9 119.0 115.5(6) 119.6 119.5

04-C7-Cé 123.3(6) 123.9 123.7 111.2(5) 114.8 115.1

04-C7-C8 114.1(5) 114.5 114.6 125.4(6) 123.7 1233

C6-C7-C8 122.6(6) 121.5 121.7 123.3(5) 121.5 121.7

C7-C8-C9 118.3(5) 118.9 119.0 119.1(5) 118.2 118.5

01-C9-C8 116.7(5) 117.0 117.4 117.6(5) 116.1 116.7
01-C9-C10 121.4(5) 121.5 121.2 121.2(5) 121.9 121.6
C8-C9-C10 121.8(5) 121.5 121.3 121.2(6) 122.0 121.7
C4-C10-C5s 121.8(5) 121.0 120.7 124.3(5) 121.2 120.9
C4-C10-C9 120.8(5) 120.4 120.8 118.7(6) 120.2 120.7
C5-C10-C9 117.2(5) 118.2 118.3 116.8(5) 118.1 118.3

AD 1.3 1.3 2.3 2.1

Torsion angles (°)

01-C9-C10-C4 -3.7¢ -6.1 -4.2 -4.2¢ -6.6 -4.6
C2-C3-C4-C10 29.5¢ 31.1 29.8 24.1¢ 31.4 30.2
C2-01-C9-C10 -25.2¢ -23.4 -22.8 -20.5¢ -22.7 -22.1
C3-C4-C10-C9 0.2 0.7 1.0 1.5¢ 0.6 1.1
C11-04-C7-C8 177.7¢ 178.5 179.0 6.14 2.0 1.0
C11-04-C7-C6 -2.6¢ -0.5 0.4 176.9¢ 180.0 179.7

2 From reference 22. ® From reference 24.¢ Calculated from X-Ray diffraction data in ref. 22.
dCalculated from X-Ray diffraction data in ref. 24.
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Figure 2. Relative rotational energy of the methoxy group.
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Figure 3. Relative rotational energy of the phenyl group for structures a)
Tand b) II.
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CHARGE DISTRIBUTION AND REACTIVITY

Atomic net charges calculated using NBO procedure are displayed in
Table 2 for both structures. MP2 and B3LYP calculations predict net charges
in each atomic center for both structures are very similar with slight differences
of only 0.01e to 0.14e, centered mainly in the chromon ring. However, the
analysis of both structures shows that C6 and C8 exhibit slight differences in
the net charges, suggesting that might have different reactivity, modulated by
the rotation of the methoxy group, transforming the structure I in the II. In
addition, in pinostrobin the polarity of the structure is reduced as a result of
intra-molecular hydrogen bonding between the carbonyl group at C4 with a
hydroxy group at C5 [41], producing a low water solubility. Our calculations
show that the dipole moment of the structure II (5.42 D at MP2 level) is greater
than the structure I (2.37 D at MP2 level), indicating that the structure IT would
be slightly more soluble in water than 1.

Table 2. Effective charges (Q) from Natural bond orbital (NBO) analysis
for structure I and II. a) from MP2 and b) from B3LYP calculations. AD is the
average difference between MP2 and B3LYP calculations.

Atom | Q(e)-(D(@) | Q(e)-(H(b) | Q(e)-(ID(a) | Q(e)-(IN)(b)
o1 -0.615 -0.529 -0.617 -0.530
02 -0.720 -0.612 -0.716 -0.609
03 -0.773 -0.687 -0.771 -0.687
04 -0.599 -0.507 -0.598 -0.506
C2 0.142 0.088 0.142 0.088
C3 -0.539 -0.558 -0.549 -0.558
c4 0.701 0.556 0.700 0.556
Cs5 0.543 0.428 0.527 0.416
Co -0.469 -0.410 -0.425 -0.368
c7 0.491 0.380 0.490 0.379
C8 -0.419 -0.362 -0.464 -0.405
C9 0.486 0.383 0.499 0.393
C10 -0.420 -0.324 -0.416 -0.322
c1l -0.251 -0.331 -0.250 -0.331
cr -0.071 -0.064 -0.072 -0.064
cy -0.218 -0.225 -0.218 -0.225
c3 -0.221 -0.229 -0.222 -0.229
c4 -0.231 -0.236 -0.230 -0.236
cs -0.223 -0.230 -0.222 -0.230
ce’ -0.235 -0.230 -0.224 -0.229

HO3 0.555 0.521 0.552 0.519
AD 0.061 0.060

It is known that the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are the two main orbitals
involving in reactivity chemistry. The HOMO energy presents the ability of
molecular system to electron giving, LUMO presents the ability to electron
accepting, and the gap HOMO-LUMO is associated to the molecular chemical
stability. Thus, the plots for HOMO and LUMO orbitals at MP2 level for both
structures are displayed in Fig. 4. HOMO and LUMO orbitals at B3LYP level
present similar behavior and therefore they are not shown. We can see first,
the electronic density is concentrated mainly on the chromon ring, second,
LUMO exhibits the same behavior for both structures, suggesting the same
ability to electron accepting and third, HOMO presents some differences
for both structures, and the electronic density distribution suggests that these
differences would be evident at the atomic or local level. The gap HOMO-
LUMO is 10.96 eV for both structures showing the great structural stability of
the compound. To investigate local reactivity, atomic Fukui indexes are shown
in Fig. 5. We can see that for an electrophilic attack the O1, O3, C5, C6, C8,
and C9 are the most relevant reactivity centers for structures I and II, showing
C6 and C8 the higher reactivity, which are dependent of type of structure (see



Fig. 5a). Thus, C6 and C8 have higher reactivity toward an electrophilic attack
for structures I and II, respectively, showing the magnitude can be modulated
by rotation of methoxy group. For a nucleophilic attack the O2, C4, C7, C8,
and C9 present the higher reactivity, and they are similar for structures I and II,
with C4 showing the higher reactivity of all atomic centers. The latter results
are agreement with the results found from the LUMO analysis. For a radical
attach O1, C4 to C9 of the chromon ring, and also O2 and O3 present the
higher reactivity, with C6 and C8 having the higher reactivity for structures I
and II, respectively, whose behavior for these last two centers is similar to that
found for the electrophilic attack. The latter results are similar with theoretical
results recently reported by R. D. Vargas-Sanchez et al. [20]. They concluded
using similar parameters (Fukui indexes) from DFT calculations that reactivity
towards electrophilic and radical attack were focused on the chromon ring, but
the preferential position of higher reactivity is different from our results (O1
and H3 versus C6 (or C8) in our case). However, the biggest difference is in the
nucleophilic attack, where they predicted that the higher reactivity was on the
benzyl ring, preferentially on the position H4” in comparison with our results
that is focused on the chromon ring, preferentially on the position C4.

Structure | Structure Il
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4
LUMO

,\ ‘ :
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Figure 4. Plots of the electronic density of HOMO and LUMO orbitals for
structures I and II at MP2 level.

CONCLUSIONS

Electronic and structural properties of two polymorphic modifications of
S-hydroxyflavanone (pinostrobin) were theoretically investigated at MP2 and
B3LYP levels of calculations and compared with experimental crystallographic
data and theoretical calculations of reactivity. The calculations predict that both
structures differ in about 1.50 kJ/mol, but the activation energy with respect to
methoxy torsion that involved the conversion of the structure I in the II was
greater than 16 kJ/mol. The latter result showed the great stability of structures
I and II. Futhermore, it was found activation energy for the rotation of phenyl
group is greater than 6 kJ/mol, but the phenyl group can have a free rotation
between 10° and 95° at room temperature. The latter results and the good fit
found between theoretical and experimental structural parameters, can explain
all polymorphic structures found experimentally, which may be derived from
structures I and II. Finally, although both structures have similar electronic
charge distribution, however, they presented slight differences in reactivity,
focused mainly in the chromon ring. The latter differ slightly from the recently
reported theoretical results [20] but are in agreement with the experimental
evidence [21].
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