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Abstract — Semiempirical quantum-chemical calculations were used to study the reactivity of+@ Bond

in flavones in reaction with hydroxyl radical. The preferred pathway was found to be addition of the radical by
C3. Increased reactivity in the reaction in question of the hydroxy groups dan@ ¢ in polyhydroxy-
flavones was revealed.

The present notion of flavonoids as potent antiheteroring cleavage. Probably, this process is to a
oxidants is based on experimental data which showertain extent related to the metabolism of natural
that these compounds are capable of binding activehromones [9].
oxygen forms. The increased interest in this problem
is primarily due to the fact that flavonoids by func-
tioning as“traps’ for free radicals regulate peroxide
oxidation of membrane lipids [1].

In the present work we studied the reactivity of
flavone derivatives toward hydroxyl radical. To this
end, we used the experimental data of Husanhal.
[10] on the activity of flavonoids toward HQadical.

According to data in [2], humans take up with . . L .
vegetable fgod up to 1 g [0]1 various fIavonoidsp daily Table 1 I'|sts the_ f!avon0|ds studled_ln [10] in order
which creates in tissues and biological fluids cono! decéegs'ﬂ%/ ‘."‘Ct';!txt: Hy?croxyl t.rad'c"’.“? were ?he-
siderable pharmacological concentrations of thes%erate yf Iradiation of reaction mixtures in the
compounds. The structural diversity and widesprea resence of b0,

natural occurrence have formed the basis for the Flavones and reaction intermediates were cal-

scientifically substantiated application of flavonoidscylated by three semiempirical methods: MNDO,
and flavonoid-containing medicinal plants for cor-aAm1, and PM3 (MOPAC 6.0 package) using para-
rection of more than 40 types of biochemical pro-metrization of the PM3 method [11, 12]. Comparison
cesses [3]. of the experimental and calculated data allowed a
mber of structureeactivity relations to be revealed
this series of compounds and probable me-
chanisms of the reaction in question to be proposed.

Such species as singlet oxygen, superoxide radic;?\;t'r
anion (G), hydroxyl and peroxyl radicals (HOHO,,
RO,), as well as hydrogen peroxide {B,) take part,
along with peroxide oxidation, in tissue oxygen There are two most probable pathways flavonoids
assimilation processes, microsomal oxidatiett. [4, can react with hydroxyl radical. The first suggests
5]. It is proved that increased concentration of activeddition of the radical species at thé-C3 bond of
oxygen forms hinders peroxide oxidation of mem-the pyrone fragment (Scheme 1).

brane lipids and favors pathochemical processes In view of the fairly high electrophilicity of HO

can SSleciively concenirate. near DA, which resu{edIcal [ 61, the probabilty of the addiion ares
in hydroxylation of the latter [6] ' uch higher, which agrees well with the electron
' density distribution in the propenone fragment [13].
In this connection we considered it of interest toThus, intermediateA formation is preferred. We
study interaction of flavonoids of various structuresuggest that intermediates and B are formed by
with active oxygen forms. concurrent processes, which is consistent with the

. . i results of hydroxylation of unsaturated compounds
The antiradical activity of flavonoids toward free ;nqer UV irradiation [14].

radicals generatedin vitro is well-documented
[1, 7, 8]. Thus the photochemical reaction of fla- The second pathway (Scheme 2) suggests involve-
vonoids with singlet oxygen gives rise to chromonement of substrate hydroxyls in reaction with the
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Table 1. Experimental activities A) of flavones [-IX
toward hydroxyl radical

C(;r;np. Compound A, % [10]
I Myricetin 50
Il Quercetin 48
1] Rhamnetin 46
v Morin 40
\% Diosmetin 39
\i Apigenin 34
Vil 5,7-Dihydroxy-34',5'- 28

trimethoxyflavone
VIl Kaempferol 20
IX Flavone 4

phenols and flavones [15, 16].

In examining possible reaction centers of formation
of intermediatesA andB we used known methods of
reactivity assessment. Comparison of bond orders
with adjacent atomsR,,) and bond indicesN,) of
carbon atoms as parameters relating to the reactivity
of the latter toward HOradical was performed. It is
known that radicals prefer to add to atoms having the

lowest N, [17, 18]. The bond indices obtained with
the PMf parametrization (Table 2) for flavonkX j
allow us to determine possible reaction centers in the
molecule.

As follows from Table 2, radical attack may be
directed on &, which is supported, first, by the fact
that such processes have low activation energies [19]
and, second, by the higfunsaturatioh of bonds of
this atom with the three adjacent atoms. Analysis of

radical. A number of authors left room for this me-the bond indices (Table 2) shows that the free-radical
chanism in discussing the antioxidant activity ofsubstitution may involve, along with Cand C,
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MECHANISM OF REACTION OF FLAVONE DERIVATIVES 941
Table 2. Bond indicesNILL for flavones|, V-VII, and IX
| \Y VI VI IX
position of position of position of position of position of
N N N N N
C, n C, n C, n C, n C, n
6 3.647 6 3.678 6 3.679 6 3.679 3 3.706
4 3.657 3 3.687 8 3.694 4 3.679 8 3.770
8 3.664 8 3.693 3 3.708 8 3.694 1 3.777
3 3.680 4 3.720 1 3.759 3 3.715 5 3.782
2 3.681 2 3.722 3 3.760 6' 3.720 6' 3.784
2 3.711 3 3.768 5 3.767 2 3.725 2 3.786
6 3.713 5 3.770 5 3.770 3 3.748 4 3.801
3 3.715 1 3.774 4 3.776 5 3.751 4 3.806
5 3.718 6 3.774 4 3.784 5 3.770 2 3.808
5 3.728 5 3.775 7 3.788 4 3.777 6 3.809
7 3.744 4 3.776 2 3.790 1 3.786 7 3.810
1 3.748 7 3.788 6 3.790 7 3.788 6 3.817
4 3.755 2 3.799 2 3.800 2 3.801 3 3.817
Scheme 2.
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the & and & positions of aromatic ringA, particular, for calculation of the enthalpies of homo-
as well as unsubstituted positions of ring. Iytic bond cleavage) [2123].

Myricetin (1), as the most active compound in the The increased stability of the radical adducts by C
series in study, is characterized by a higinsatura- s probably explained by stabilizing effect of aryl ring
tion” of bonds of the €and C atoms of the carbon ¢ on the radical center on%Carising in the course of

skeleton. hydroxylation. Thus, not excluding the possibility of

formation of adductsC and D, we can conclude,

It is known that hydroxyl radicals generated pased on the data in Table 3, that i€ the preferred

vitro, for example, by the Fenton reaction, add to theyosition for hydroxyl radical addition.

benzene ring to give hydroxycyclohexadienyl radicals As seen from Scheme 1, the main conjugation

[Sséhé(r)r{é %y [ggag)r?yéx':r:] fllgvg?e: iwg ni(\:dallrll] PTOPOSE:hain in flavones includes the propenone fragment
P P9 ' C?=C3-C*=0 of the pyrone heteroring and the aryl

AdductsC andD are intermediate species. They arere5|due (ringB) attached to & The relation of the

, o .~ _structure of main conjugation chain to specific types
formed, as a rule, in the rate-limiting stage of radical - .
aromatic substitution [20]. of activity has been demonstrated in a number of

works on structurebiological activity relations in the

The calculated enthalpies of formation of radicalﬂavOne series [2426] ,
adducts over all unsubstituted positions of the flavone A large body of data on the metabolism of flavones
nucleus in flavones and flavonols (Table 3) show thath Vvivo [27, 28] and on their chemical reactivity
the most stable adducts are formed by the radic@,ttests that flavones tra'nsform into the Correzspondlng
hydroxylation by G. The stabilities of radical adducts final products occurs via clevage of the-@* and
were estimated by the AM1 method, since thisC®>-C* bonds in flavonols and the ‘oC? and ¢-C°
method proved very suitable for radical reactions (irbonds in flavones (Scheme 4).
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Table 3. Stability of possible adducts of flavondsIX with hydroxyl radical

Enthalpy of formation, kcal/mol
Comp. chromone ringA
no. ring B
c? c? (o8 (o
| -306.2 -309.4 —299.3 —297.8 —299.6 (C) ' '
Il -262.3 -265.2 -254.7 -253.0 -253.0 (C), -256.3 (C), -251.8 (©)
1l -256.1 -259.1 —245.5 —244.9 -246.8 (C), -250.1 (C), -245.6 (&)
\Y -260.2 -264.0 —247.5 -252.5 -252.4 (G), -250.2 (C), -254.3 (C)
v -202.1 -211.1 -206.1 -204.0 -169.9 (C), -198.6 (C), -173.2 (C)
VI -166.9 -172.6 -163.4 -166.6 -166.3 (C), -168.0 (C), -161.6 (C)
VI -230.2 -236.2 —227.0 -230.0 -231.2 (@) ' '
Wi -215.7 -220.6 -210.4 -209.1 -211.0 (G), -208.3 (C), -205.6 (C)
IX -31.2 -36.8 -26.3 -28.8 -34.1 (Y
Scheme 3.
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Boulton et al. [29] suggested that metabolic trans- For four of the flavones in study there is a statis-
formations are induced by oxidative processes involvtically significant linear activitybond order coorela-
ing active oxygen forms [29]. In this context we con-tion (A = 7854.Py ~» — 8232.6, R 0.97; A =
sidered it worthwhile to examine the bond orders inl425.6P-s_~+ — 1402.2,R 0.99). Probably, the radical
addition is facilitated by increased electron density in
, the O-C2? and CG-C* bonds, i.e. by stronger electron

OL_Ar 0,|" Ar delocalization over the main conjugation chain.
wOH CE‘J/ In terms of structurereactivity relations, it seems
) ) purposeful to focus on theunsubstituted flavone, since
its reaction with HO radical involves exclusively the

the main conjugation chain including the propenon&=C double bond of the propenone fragment. For
fragment G=C>C*=0 and aromatic ringB. firm location of the reaction center fCr C3) we

Scheme 4.
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Table 4. Charges on carbon atoms in flavones, au

\Y, VI Vil IX
position of charge position of charge position of charge position of charge
atom atom atom atom
3 -0.310 6 -0.307 6 -0.307 3 -0.301
6 -0.307 3 -0.305 3 -0.291 8 -0.147
8 -0.249 8 -0.248 8 -0.248 6 -0.144
5 -0.149 3 -0.203 6' -0.185 5 -0.107
2 -0.102 5 -0.151 2 -0.147 3 -0.105
1 -0.073 1 -0.125 4 -0.035 4 -0.082
6 -0.064 2 -0.024 1 -0.014 1 -0.074
4 0.029 6' -0.020 CH; at C* 0.04 2 -0.072
CH; at C* 0.061 4 0.123 CH; at C 0.042 6 -0.063
3 0.073 2 0.172 CH; at & 0.047 7 -0.045
2 0.170 7 0.203 5 0.107 5 -0.008
7 0.203 5 0.267 3 0.113 2 0.150
5 0.268 4 0.413 2 0.154 4 0.381
4 0.416 7 0.203
5 0.268
4 0.412

compared the contributions of thg, orbitals of the Table 5. Entalpies of formation of radicals like -©
carbon atoms into the highest occupied moleculagAM1), kcal/mol
orbital (HOMO). Analysis of the reactivity from this

point of view, too, is dictated by the fairly high elec- Position of hydroxy group

trophilicity of hydroxyl radical, responsible for some COMP-

specific reactions of the latter [5, 6]. Tipe-AO of C3 no. 3 5 7 2 3 & 5

contributes more into HOMO than those of the othet

carbon atoms and twice as much as hé\O of C% | 19.1| 33.0] 303 20.71 19.1] 24.0

However, using the frontier electron density as a single, 194 | 32.71 30.0 20.7 | 18.8

reactivity index may lead to a mistake because of the, 194|328 2401 18.6

neglect of the total electron density orientation [20]. |, 2041338 31.1] 23.9 24 2
The distribution of Mulliken atomic charges for VII | 20.4| 34.3| 31.1 23.7

flavonesV-VIlI andIX is given in Table 4. As seen, V 34.7| 30.6 25.7

the preferred position for electrophilic addition in the VI 35.2| 311 26.0

unsubstituted flavonelX) is C°. Vil 34.7| 30.6

Similar electron density distribution is also charac-_. _
teristic of diosmetin\(), whereas in apigenin/{) and ~ 1imergazin and Khursan [21] that the propenone
5,7-dihydroxy-34,5-trimethoxyflavone YI1) more fragment is the main pharmacophoric group.

electron density is localized on 6C However, as The involvement of hydroxy groups in binding of

mentioned above, the substitution by & less pro- HO' radical and active oxygen forms at all should also
bable than by €in view of the activation energies of pe taken into account, since there is experimental
the two reactions [5, 19]. evidence for the antiradical and antioxidant activity

Comparing the results of quantum-chemical cal®f Polyphenols [15, 25].
culations with the reactivities toward H®@adical one The reactivity of phenolic hydroxy groups was
can state that the most significant contribution in theestimated by analysis of the entalpies of radical forma-
reactivity is from the main conjugation chain. Thistion by hydrogen abstraction from various hydroxy
conclusion is consistent with the conclusion ofgroups of flavonoids (Table 5).
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As seen from Table 5, the least energy consuming3.
are the homolytic cleavages of the hydroxy groups on
c®and . This finding suggests that the reaction by

these positions is energetically most favored. 14.

We also examined activityDH bond order rela-
tions for the series of compounds in study. The acti-
vity of the compounds was found to increase with1s,
decreasing®,, of the hydroxy groups on €and ',
which implies serviceability of this reactivity index
in analysis of radical cleavage of phenolic OH bondg

Since HO radicals were generated under UV ir-
radiation [10], and the wavelength chosen for photo-
lysis (A 254 nm) corresponds to the short-wave ab17.
sorption maximim of flavonoids, we consider it re-
asonable to include in reactivity analysis triplet
excited states [30]. 18.
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