Structural Study of Flavonoids and Their Protonated Forms

Jaroslav Toth?, Milan Remko® and Milan Nagy?*

* Department of Pharmacognosy and Botany. Faculty of Pharmacy, Comenius University,
SK-832 32 Bratislava. Slovak Republic

> Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Comenius University.
SK-832 32 Bratislava, Slovak Republic

Z. Naturforsch. 51¢, 784-790 (1996): received June 19/August 8, 1996
Flavonoids, Structure, Proton Affinity, PM3, AM1

The highly successful semiempirical quantum chemical methods AM1 (Austin Model 1)
and PM3 (a reparametrization of AM1) were applied to an investigation of the conforma-
tional properties of flavone, 3-hydroxyflavone, isoflavone and 2-hydroxyisoflavone. The most
stable structures correspond to the non-planar forms with an angle of phenyl ring rotation
out of the chromone moiety from a relatively narrow interval (28° — 38°). The mono- and
diprotonation of these compounds was also investigated. The prominent site of protonation
is the oxygen of the carbonyl group with a protonation enthalpy from the interval of about
900-920 kJ.mol'. The protonation enthalpy for protonation of the ether oxygen was com-
puted to be about 200 kJ.mol! lower. Adding a second proton to monoprotonated species
studied resulted in much lower protonation enthalpies compared to monoprotonation. The
geometry of the studied compounds upon protonation changed considerably.

Introduction retical work was published until now on a system-
atic comparison of four simplest structures (fla-
vone, 3-hydroxyflavone, isoflavone and 2-
hydroxyisoflavone) which represent basic mole-
cules of important groups of flavonoids.

The purpose of the present investigation was to
determine theoretically the geometric structure of
flavone (I), 3-hydroxyflavone (II), isoflavone (III)
and 2-hydroxyisoflavone (IV) by means of
quantum chemical calculations. Further, we
studied the protonation of basic centres of these
compounds and estimated how the stable confor-

Flavonoids, a widely distributed family of natu-
ral compounds, derivatives of 2-phenylchromone
(flavone) or 3-phenylchromone (isoflavone), have
been of great interest for their diverse effects on
human, animal and microorganisms in the last
years (Middleton and Kandaswami, 1993). They
also are intensively coloured chromogenes respon-
sible for much of the colour found in vascular
plants (Harborne et al., 1975). Their chromophoric
properties were studied both experimentally
(Mabry et al., 1970) and theoretically (Remko and
Polcin, 1980; Shevchenko, 1994). The biochemical
activity of many flavonoids and their metabolites
depends primarily upon the structure and relative
orientation of the various moieties in the molecule

as shown by structure-activity data (Cody, 1988). :IEZZH

The molecular structure of some flavonols was de- T

termined using X-ray crystallography (Cody,

1988). Some conformational studies of basic fla-

vone using quantum chemical methods have also

been reported (Vrielynck et al., 1993; Cornard et

al., 1995). However, no experimental and/or theo- ks H=H
IV: R=0H
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mations of the parent compounds could be
changed by mono- and diprotonation.

The atomic numbering of the four flavonoids I -
IV used in this work is shown in Fig. 1. It corres-
ponds to the ITUPAC numbering generally used for
this family of compounds.

Computational Methods

Semiempirical quantum mechanics chemical cal-
culations use parameters derived from experi-
ments to simplify the calculation process. AMI
(Austin Model 1) (Dewar et al., 1985) is a sem-
iempirical method useful for organic molecules. It
calculates electronic properties, optimized geome-
tries, total energy and heat of formation. PM3
(Stewart, 1989a; 1989b) is a reparametrization of
AM1 and differs from it only in the values of the
parameters. Ab initio methods are characterized
by the introduction of an arbitrary basis set for
expanding the molecular orbitals and then the ex-
plicit calculation of all required integrals involving
this basis set. Expressions like 3-21G and 6-21G
are used for conventional basis sets which mathe-
matically describe the orbitals within a system.

Molecular modeling of all molecules studied
was carried out by the means of the MOLGEN
4.0 (Baricic and Mackov, 1995) and HyperChem
4.5 (Hypercube, 1995) programs. The geometry of
each structure was then fully energy-optimized
using the AM1 and PM3 Hamiltonians and param-
eters set implemented in the MOPAC (version
6.00) program package (Stewart, 1990; 1991). In
the first step a potential energy profile was con-
structed by computing the dependence of the rela-
tive heat of formation versus the dihedral angle ¢
(C2’-C1°-C2-C3, molecules I, II), (C2’-C1’-C3-C2,
molecules III, IV) between the phenyl ring and
the chromone part of each molecule by fixing the
dihedral angle ¢ by stepwise 10° in the interval
from 0° to 180°. Then, the conformers correspond-
ing to each local minimum of the curve were used
for the final refinment of the geometry by relaxing
all the geometrical parameters for optimisation,
including the dihedral angle ¢. The MOPAC pro-
gram keyword 'Precise’, that imposes a more strin-
gent convergence criterion, was used and the key-
word 'Gnorm’, allowing an output when the
gradient norm drops bellow the set limit, was set
to be 0.01 (in kcal.mol'".A™1).

The AMI method allows the calculation of the
standard (7 = 298 K) enthalpies of formation
AHY 595. The proton affinity of base PA(B) can be
computed by the Eq. (1) (Remko er al., 1994):

PA(B) = AH';(H".g) + AH" 1(B.g) -

- AH%(BH".g) (1)
AH represents the heat of formation of the
species stated between parentheses. For

AH,05(H*,g) the experimental value 1537.1

kJ.mol! is taken (Stull and Prophet, 1971).

Results and Discussion
The results of the AMI1 and the PM3 methods

Calculating the potential energy profiles of
molecules I - IV, we found considerable differ-
ences between the results obtained using the two
Hamiltonians AM1 and PM3 (Figs. 2a and 2b).
Therefore we tested the suitability of these two
methods for conformational studies of phenolic
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Fig. 2. a) Potential energy profiles of molecules I — IV
calculated using the AMI1 and b) the PM3 methods.
c) Potential energy profiles of biphenyl calculated using
the AM1 and the PM3 methods.
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compounds, by applying it to the simple molecule
of biphenyl. It has been proven before, that this
molecule in the gas phase is favourably twisted to
a dihedral angle of 44.4° (Almenningen er al.,
1985) between the two phenyl rings. Ab initio cal-
culations are also in a close agreement with this
value: the optimum torsional angle was found to
be 45.5° (6-31G calculations) (Héfelinger and Re-
gelmann, 1987) and 50.8° (3-21G calculations)
(Kendrick, 1990), respectively. As shown in the
Fig. 2c this is in good agreement with our results
obtained using the AM1 method; the minimum of
energy corresponds to the torsional angle 40.6°.
The PM3 method seems to be less effective; al-
though there is a local minimum on the potential
energy profile at 47.5° the global minimum was
found at 0.0° and is about 2.0 kJ mol™! lower. With
respect to the better performance of the AMI
method by predicting the optimum structure of ex-
tended aromatic conjugated systems, we used in
the further work the AM1 method only.

Conformational analysis

Generally, the problem of solving the structure
of flavonoid compounds reduces to determination
of the value of the dihedral angle (¢) between the
ring B (the phenyl ring) and the rest of the mole-
cule (the chromone part). The value of this angle
depends on the environment ( e.g. 3-hydroxyfla-
vone was found nearly planar in the crystal and
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twisted (¢ = 28.3°) in vapour state (Cornard er al.,
1995)). However, both phenyl and chromone rings
stay always in an approximately planar configura-
tion in the ground state (Vrielynck er al., 1993;
Cornard er al., 1995). Naturally, this planarity is
changed by protonation especially on oxygen O1,
which is part of the ring C.

The eight states of protonation considered in
this paper are shown in Fig. 3. It is a set of combi-
nations of protonation of the oxygens O1 and O2.
The protons were signed H, and H,. Each proton
can interact with electrons of two lone-pairs of
oxygen, what results in the two conformers a and
b for Hy and ¢ and d for H,, respectively. The con-
formers e - h are further combinations of the con-
formers a - d and represent diprotonation. As all
ZDO methods can not reproduce lone pairs and
they produce a region of negative electrostatic po-
tential only (Kallies and Mitzner, 1995), the ap-
proximate values for dihedral angles 6 (H,-O1-C9-
C8) and p (Hy-O2-C4-C10) were predestinated in
the input files (Fig. 3).

Flavone

Table I presents in its first part the results of the
AMI1 computations of molecules I and Ia - Ih. Two
minima on the potential energy profile in the
range of the dihedral angle ¢ from 0° to 180° are
presented and signed m1 and m2. For neutral fla-
vone both minima are energetically equivalent.
The protonation of this compound at the etheric
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Schematic view of the geometry of the protonated forms.
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Table I. Relative heats of formation and selected AM 1 optimized structural parameters of flavone (I), 3-hydroxyfla-

vone (II), isoflavone (IIl), 2-hydroxyisoflavone (IV) and their protonated forms (a-h).

ml? m?22
Species  AH® 505 %" [°] o [°] 04 [°] ue [°] AH® 505 @° [°] o° [°] 04 [°] ue [°]
[kJ/mol] [kJ/mol]
I 28.21 28.8 28.21 150.8
Ia 852.96 100.9 35.6
Ib 852.96 77.0 -35.6
Ic 651.90 138 -0.1 651.90 166.3 0.1
Id 647.15 16.3 -179.8 647.14 164.0 179.8
Ie 1879.69 51.0 28.9 1.5 1880.67 142.8 38.4 0.9
If 1873.29 48.1 30.1 -179.1 1873.31 145.2 40.4 179.7
Ig 1880.67 35.1 -38.4 -0.9 1879.69 127.9 -28.9 -1.5
Ih 1873.31 329 —40.0 -179.7 1873.29 131.1 -30.1 179.0
II -146.00 283 173.1 -146.00 151.7 -173.1
IIa 678.50 130.4 -170.8 355
IIb 678.50 48.0 170.8 -35.5
Ilc 498.23 23.2 154.9 -1.1 498.23 157.2 -154.9 1.1
11d 483.31 31.5 522 179.7 483.31 149.7 -52.2 -179.7
Ile 1730.84 37.7 143.3 28.7 2.6 1730.77 148.5 -135.3 39.0 -0.2
1f 1707.30 92.6 -3.0 34.9 -179.1
Ilg 1730.77 29.5 135.3 -39.0 0.2 1730.84 141.1 -1433 287 -2.6
ITh 1707.27 87.3 29 -34.9 179.1
I 2313 38.5 23.13 141.0
Illa 869.78 30.7 81.8 868.12 141.7 84.1
IITb 868.12 379 -84.1 869.78 149.0 -81.8
Ilc 670.40 43.8 -2.6 670.40 135.4 2.6
I1d 651.69 60.5 -178.9 651.69 118.6 178.9
Ile 1928.12 40.7 42.6 0.1 1928.14 139.0 47.1 1.7
IIf 1906.31 57.8 47.6 -179.0 1905.58 123.1 46.4 179.2
Ilg 1928.14 39.9 —47.1 -1.7 1928.12 137.7 —42.6 -0.1
IITh 1905.58 552 —46.4 -179.2 1906.31 120.3 -47.6 179.0
v -173.66 37.4 174.7 -173.66 142.6 -174.7
IVa 660.61 36.9 82.7 32.3 667.97 150.8 -59.8 275
IVb 667.97 29.7 59.8 -27.5 660.61 143.2 -82.7 323
IVe 463.02 43.6 178.1 -3.7 463.02 136.4 -178.1 3.7
Ivd 441.53 61.0 178.8 -178.9 441.53 118.8 -178.8 178.9
IVe 1711.53 429 66.2 31.2 -0.2 1714.07 126.6 10.6 30.3 2.7
IVf 1688.23 77-7 24.6 31.5 -178.9
IVg 1714.07 53.9 -10.6 -30.3 2.7 1711.53 136.7 -66.1 -31.2 0.2
IVh 1688.23 103.1 249 315 178.9

2 Two minima (if present) on the potential energy profile in the range of ¢ = (0°, 180°); ® dihedral angle
C2'-C1’'-C2-C3 (molecules I-Th, II-1ITh), C2'-C1'-C3-C2 (molecules III-IITh, IV-IVh); ¢ dihedral angle
H-O-C3-C2 (molecules II-ITh), H-O-C2-C3 (molecules IV-IVh); ¢ dihedral angle H,-O1-C9-CS8;
¢ dihedral angle H,-0O2-C4-C10.

oxygen O1 dramatically changes the potential en-
ergy profile of the molecule and the protonated
form Ia possesses one very broad energy minimum
only (Table I). This minimum corresponds to a ap-
proximately rectangular structure making the di-
hedral angle ¢ between the phenyl and chromone
parts equal to 100.9°, which is apparently a result
of steric repulsion between the ortho hydrogen of
phenyl ring B and the H, proton. The protonation

on carbonyl oxygen O2 (species Ic and Id) makes
the benzo-y-pyrone to become positively charged
and increases its capacity to accept negative
charge from the phenyl ring. The electron donat-
ing ability of ring B leads to the better conjugation
and more planar protonated structures Ic and Id
(Table I).

The dihedral angle 6 (H,-O1-C9-C8) is a mea-
sure of the deviation of the hydrogen H, out of
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the plane of rings C and A. The value of this angle
is from a relatively narrow interval for the whole
series of protonated forms studied. The dihedral
angle u (Hy-O2-C4-C10) of the structures Ic - Th
represents the two possibilities of binding of hy-
drogen Hy, mentioned above. In all of the studied
molecules the value of this dihedral angle is very
close to the predefined value of 0° and 180°,
respectively, i. e. the hydrogen H, lies in the plane
of the rings C and A. Furthermore it is evident,
that the structures a/b, e/g. f/h are enantiomers
(non superimposable mirror images), or more ex-
actly that, e. g. the conformer m2 of structure Ia is

an enantiomer of the conformer ml of structure
Ib. (Table I)

3-Hydroxyflavone

The results of the AM1 computations presented
in the second part of Table I show the heats of
formation and selected torsional angles of 3-hy-
droxyflavone II and its protonated forms Ila - ITh.
It has been observed for the crystalline form (Et-
ter et al., 1986), that II exhibits a five-membered
intramolecular ring formed by a hydrogen bond
between the hydroxyl and the carbonyl group.
Therefore we performed theoretical calculations
with this structure only.

The calculations of the potential energy curves
for the rotation about the C2-C1’ bond of the spe-
cies Ila and IIb show one very broad minimum.
The optimal conformation is the result of a com-
promise between the stabilization effect of the in-
teraction of the C3-hydroxyl oxygen and the ortho
hydrogen atom of the phenyl ring and the repul-
sive forces between H, and the other ortho hy-
drogen. Although the C3-hydroxyl is bent out of
plane of the ring C to a dihedral angle of +£9.2°,
the distance O2...Hpy is still less important than
the sum of van der Waals radii. A margin case of
hydrogen bonding can be observed for the mole-
cule Ile, that is even protonized on the carbonyl
oxygen O2: the distance O2..Hpy is 2.30A. The
situation for molecule IId is, of course, changed
due to the fact that here the dihedral angle w is
about 180°. The C3-hydroxyl group is also turned
to the opposite direction and, as a consequence of
the close interaction between Hgyy and the ortho
hydrogen, bent out to a dihedral angle o (H-O-
C3-C2) of +£52.2°. All these influences culminate

in structures IIf and ITh. By these species only one
broad minimum area on the potential energy pro-
file is again observed and the phenyl ring is posi-
tioned in a quasi right angle to the chromone part
in the global minimum.

Isoflavone

From the third part of Table I it can be con-
cluded that isoflavone III and its protonated forms
IIIa - IITh do not possess structural features that
would cause steric interactions of the respective
substituents of the chromone part. The C3 phenyl
substitution represents a sufficient separation to
avoid close contacts between H, and phenyl. The
protonation on the carbonyl oxygen yields a quasi
hydroxyl group -O2-H, and its interaction with the
ortho hydrogens of the phenyl group is mastered
with a slight increase of the dihedral angle ¢
(structures IIId, IIIf and IIIh, Table I). One inter-
esting observation is the extremely high value of
the dihedral angle 0 for molecules IIla and IIIb
caused also by the fact, that even the whole ring
C is twisted more than in any other molecule; di-
hedral angle (C2-O1-C9-C10) = 18.0°.

2-hydroxyisoflavone

Although IV has never been isolated from natu-
ral sources it has even the lowest (most negative)
calculated heat of formation among the molecules
I-1IV.

The results of computation for molecules I'V and
IVa - I'Vh are presented in the fourth part of Table
I. Likewise molecule II, IV also exhibits an intra-
molecular ring formed by a hydrogen bond be-
tween the hydroxyl hydrogen and the heterocyclic
oxygen Ol. Since this is a four-membered ring and
the distance Hoyy...O1 is 2.12A only, the bond an-
gle O1-C2-C3 is expanded to the value of 127.3°.
This intramolecular stabilisation persists also in
structures I'Ve and I'Vd, but is evidently broken by
the Ol protonation in molecules I'Va, IVb and
IVe - IVh. The C2-hydroxyl group is positioned
with the hydrogen oriented in the direction of the
phenyl group at C3 in the latter mentioned mole-
cules (see dihedral angle o (H-O-C2-C3). Table
I). This fact, along with the predicted position of
hydrogen H, in structures I'Vf and I'Vh causes that
the phenyl ring is forced to a quasi right angle to
the chromone part and that there can be only one
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Table II. AM1 calculated proton affinities (in kJ-mol~1) of the single steps of protonation of flavonoids I-IV.

I 11 11 v

m1 m?2 ml m?2 ml m2 ml m2
base — a 712.35 712.60 690.45  692.11 702.84  695.47
base — b 712.35 712.60 692.11 690.45 695.47  702.84
base — ¢ 913.42 913.42 892.87  892.87 889.83  889.83 900.42  900.42
base — d 918.16  918.18 907.79  907.79 908,54  908.54 921.91 921.91
a—e 509.39 484.83 47876  477.08 486.17  491.00
a—f 516.75 508.30 500.57  499.64 509.48
b—g 509.39 484.83 477.08  478.76 491.00 486.18
b—h 516.75 508.33 499.64  500.57 509.48
c—e 309.31 308.83 304.49  304.56 279.38  279.36 288.59  286.05
c—g 308.33  309.31 304.56  304.49 279.36  279.38 286.05  288.59
d—f 310.96  310.93 313.11 282.48  283.21 290.40
d—h 310.94  310.95 313.15 283.21 282.48 290.40

broad minimum area observed on the potential
energy profiles of these molecules.

Proton affinity

Flavones are moderatery strong oxygen bases
(Davis and Geissman, 1954). The protonation site
can be both carbonyl and etheric oxygen. Table II
summarizes the AMI1 calculated proton affinities
(PA) of compounds studied. For evaluation of PA’s
the fully geometry-optimized structures of base
and the corresponding cation were used. Only the
PA’s of the single steps of protonation, i. e. of the
first step to monoprotonated forms and of the fur-
ther possibilities of diprotonation are presented.
Generally, it can be summarized for molecules I —
IV, that of the two principal protonation sites the
carbonyl oxygen O2 exhibits a substantially higher
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(by about 200 kJ.mol'!) proton affinity, especially
when adding proton H, to position d. The transi-
tion base — ¢ has a value of PA about 5-20
kJmol! lower. This observation is in agreement
with earlier works (David et al., 1976) on the reac-
tivity and basicity of flavonoid compounds. The
conformers a and b possess the lowest value of PA
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