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The quantum-chemical parameters of 52 derivatives related to flavanones, flavanonoles, flavones and flavonoles with a phlo-
roglucinic type of the A ring and containing electron-donating substituents in the B ring were studied.

The aim is the analysis of the dynamics of changes in the electron density, bond numbers, free valence indices and unsatura-
tion indices on carbon atoms C-7->C-8 of the vinyl group of the main conjugation chain in relation to the position and number
of substituents in the “B” ring and the type of the pharmacological activity.

Materials and methods. The quantum-chemical parameters of the 4 analyzed groups of the compounds, have been calcu-
lated by the semi-empirical method PM7 (WinMopac 2016 program) on the workstation with an Intel Xeon E5-1620 3.5 GHz
processor, 20 GB of RAM.

Results and discussion. When comparing the quantum chemical parameters of the analyzed compounds, it was established
that when the C-7->C-8 multiple bond is formed, the free valency and unsaturation indices increase on both carbon atoms of
the vinylene group in flavones and flavonols compared to the corresponding flavanones and flavanonols. This is explained by
the fact that the value of the bond numbers N on these atoms, on the contrary, decreases (Fuu = 4.732-Np). The transition
from flavanone to flavone is accompanied by the formation of a vinyl group C-7->C-8, and therefore both atoms from the
sp>-hybridized state go into the sp?-state. The consequence of this transformation is a change in the electronegativity value
and an increase in the unsaturation index of C-7 and C-8 atoms: C sp® = 2.5; Csp? = 2.8. At the same time, the transition from
flavanone to flavone leads to the formation of a conjugated system with the participation of m-electrons of the aromatic
system “B”, C-7, C-8 atoms and the carbonyl group, which is commonly called the “main conjugation chain”. These struc-
tural changes, namely, the transition from a less oxidized flavanone to a more oxidized flavone, contribute to a decrease in
the electron density on C-7 and C-8 atoms, and an increase in the total unsaturation of the molecules in general. Mulliken
charges on C-7 of all groups of compounds are characterized by a positive value. As for the carbon atoms of the B fragment,
the following features are revealed here: in the presence of one substituent —OH or —OCH, on the carbon atom to which the
substituent is bounded, the Mulliken charge is positive; if there are two substituents in the B ring —OH or —OCH,, as well as
two -OCH, groups, then the carbon atoms bonded to the indicated substituents also have a positive Mulliken charge; in the
case of trihydroxy substituted in the C-2, C-3 and C-4 B ring, all three carbon atoms are characterized by a positive Mulliken
charge; if there are methoxy groups in positions C-2, C-3 and C-4, then the positive Mulliken charge is concentrated only on
C-2 and C-4 atoms, and on C-3 atom this charge has a negative value.

Conclusion. The above data on the quantum-chemical parameters of the main conjugation chain indicate that the transition
of C-7 and C-8 atoms to the sp*hybrid state, leads to a decrease in the electron density and a decrease in the bond numbers,
with a simultaneous increase in the indices of unsaturation and free valence on these atoms. Thus, the trigger mechanism of
the anti-radical activity, primarily with respect to the HOe radical, is determined by the fact that this particle, electrophilic in
its properties, will attach in the C-8 atom during an initial attack.

Keywords: flavanones, flavanonoles, flavones, flavonoles, phloroglucinic type of the A ring

Abbreviations: Fu — free valence indices; IUA — unsaturation index; EO — electronegativity; Nu — the total values of the bond
numbers; VL — theoretical valence.
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M3yyeHbl KBaHTOBO-XMMMYECKME NapameTpbl 52 Npon3BOAHbIX, OTHOCALLMXCA K daBaHOHaM, GaaBaHOHO/IAaM, GaBOHaAM 1
dnaBoHoNaM ¢ GOPOrIOLMHOBBIM TUMOM KO/IbLLA «A», U COAEPKALLMMM 1EKTPOHOLOHOPHbBIE 3aMEeCTUTENN B KObLE «By».
Lienb. AHann3 AUHAMWKN U3MEHEHUSA NEKTPOHHOM NIOTHOCTU, CBA3EBbIX YNCEN, MHAEKCOB CBOBOAHOM BaIEHTHOCTU U He-
HaCbILLEHHOCTN HA aTomax yriepoaa C-7->C-8 BUHUIEHOBOW rpynmbl I/1IAaBHOM LLeMNW CONPAXKEHUA BO B3aMMOCBA3U C MOJOXKe-
HWEM M YUNCIOM 3aMeCTUTeNIeN B KonbLe «B» 1 BUAOM papMaKoIorMyeckoin akTMBHOCTH.

Martepuanbl 1 metoabl. KBaHTOBO-XMMMYECKME NapaMeTpbl aHaM3UPYeMbix 4-X Tpynn COeaUHEHNI paccuymTaHbl NOAYIM-
nupuyecknum metogom PM7 (nporpamma WinMopac 2016) Ha pabouelt ctaHumu ¢ npoueccopom IntelXeonE5-1620 3,5 MM,
20 I'6 onepaTMBHOM NamATK.

Pe3ynbrathl n 06cy:AaeHMe. Mpy cONOCTaBIEHUMU KBAHTOBO-XMMMUYECKMX NAapaMeTPOB aHaIM3UPYEMbIX COEAUHEHWNIA YCTaHOB-
JIEHO, 4TO NPU GOPMMPOBAHUM KpaTHOW cBA3U C-7->C-8 nHAEKCbI CBOOOAHOM BaNNEHTHOCTM M HEHACHILLEHHOCTM BO3PACTaloT Ha
060uX yrNepoaHbIX aTOMax BUHUNEHOBOW rpynrbl y $1aBOHOB 1 $1aBOHO/I0B MO CPABHEHUIO C COOTBETCTBYHOLLMMU GpnaBaHOHA-
MU 1 naBaHOHOAMMU. ITO 0B BACHAETCA TEM, YTO BENMUMHA CBA3EBbIX YMcen N Ha 3TUX aTomax, HA06opoT, ymeHbLuaeTcs (Fu=
4,732-Np). Nepexog, ot pnaBaHoHA K GaBOHY conpoBoXKaaetca GopMUpPoBaHMEM BUHUIEHOBOM rpynnbl C-7->C-8, B CBA3U C
Yyem 06a aToma U3 sp3>-rMbpPUAN30BAHHOTO COCTOAHMA NEPEXOSAT B Sp>-cocTosAHUe. CneacTeMem Takow TpaHchopmaLMm ABns-
eTcA n3sMeHeHue 3HaYeHUsA 3NeKTPOOTPULIATEIbHOCTU U YBEIMYEHMEM UHAEKCa HeHacbllweHHocT atomos C-7 un C-8: C sp3=2,5;
C sp?=2,8. BmecTe ¢ Tem nepexog, oT pnaBaHOHa K G1aBOHY NPUBOAUT K 06pa30BaHMIO COMPAXKEHHOM CUCTEMbI C Y4aCTUEM TT-3-
JIEKTPOHOB apomaTHyecKoro Aapa «B», atomos C-7, C-8 1 KapboHWIA YTO NPUHATO HA3bIBATb KIJIABHOM LLEMbio CONPAMXKEHUAY.
YKa3aHHble CTPYKTYPHble U3MEHEHUSA, @ UMEHHO, Nepexos, OT MeHee OKUC/IeEHHOTo ¢laBaHOHa K 6osiee okMcaeHHoMY GnaBoHyY
CNocobCTBYET YMEHbLUEHWIO 31IEKTPOHHOM NAOTHOCTU Ha aTomax C-7 u C-8, 1 yBeNnYeHU0 CYMMapPHOM HEHACbILLEHHOCTU MO-
NeKyn B uenomM. MannmkeHoBCKMe 3apAaabl Ha C-7 BCex rpynn COeAMHEHUI XapaKTepu3ytoTCA NONOKUTENbHbIM 3HaYeHreM. Y1o
KacaeTca aToMOB yrnepoga dparmeHTa «B», To 34ech BbiAB/EHbI caeaytoLmne 0CO6eHHOCTU: MPU HAIMYUKN OLHOTO 3aMeCcTUTeNA
—OH nan —OCH, Ha aTome yr1epoAa, C KOTOPbIM CBA3aH 3amecTuTeb, MaIMKeHOBCKUI 3apsia,— NONOMMUTE/NbHDIN; EC/IW B KOJ/Ib-
ue «B» umetotca asa samectutens —OH nan —OCH,, a Takke ase —OCH, rpynbl, TO aToMbl YI1epoAa, CBA3aHHbIE C YKa3aHHbIMM
3aMECTUTENIAMMU, TOXKE UMEIOT NOOKUTENbHbIN ManIMKEHOBCKUI 3apag,; B Cly4ae TPUrnapoKcusamelleHHbIx y C-2’, C-3’ n C-4’
KONbLA «B» BCE TPM aTOMa YINIePOAa XapaKTePU3YOTCA MONOKUTENbHBIM ManMKEHOBCKMM 3apAA0M; eC/IM B NoAoKeHuUax C-2/,
C-3’ 1 C-4’ HaxoAATCA METOKCUTPYMMbl, TO MONOXKUTENbHbIN ManIMKEeHOBCKMI 3apsAs, COCPeaoToYeH TONbKO Ha aTomax C-2' u
C-4’, a Ha C-3’ 3TOT 3apAa, MMeeT OTpULaTe/IbHOE 3HaYEHME.

3akntoueHume. MNepeyrcieHHble Bbile AAaHHbIE O KBAaHTOBO-XMMUYECKUX MapaMeTpax [/1IaBHOM LIeNu COMNPAXKEHUA CBUAETE b-
CTBYHOT O TOM, YTO nepexos atomoB C-7 u C-8 B sp’-rmbpuaHOe COCTOAHME NMPUBOAUT K MOHWMKEHMIO 3/IEKTPOHHOM NIOTHOCTU
W YMEHbLUEHWUIO BE/IMYMH CBA3EBbIX YMCEN, NPU OAHOBPEMEHHOM YBENUYEHUWN UHLEKCOB HEHACbILLEHHOCTM U CBOHOAHOM
BA/IEHTHOCTM HA 3TUX aTOMax. Takum 0bpa3om, NyCKOBOM MexaHWU3M aHTUPAAMKANbHOW aKTUBHOCTK, B NEPBYIO oYyepesb B
OoTHOLWeHMK pagukana HOe, onpegensetca Tem, YTO 3Ta 31eKTPodUIbHAA NO CBOMM CBOWCTBAM YacTuLA NPy NepBUYHOMN
aTake nNpucoegmuHUTCA No nonoxKeHuto C-8.

Kntouesble cnoBa: ¢p1aBaHOHbI; G1aBaHOHObI; GAaBoOHbI; GIAaBOHO/bI; GAOPONNOLMHOBBIN TUM KOAbLA «A»

CnUCOK COKpalueHui: FlL — nHaeKcebl cBobogHoM BaneHTHOCTH; IUA — MHAEKC HeHacbIWeHHOCTU; D0 — 31eKTpooTpumLaTelb-
HOCTb; N — cymmapHble 3Ha4YeHuMA cBA3EBbIX Yncen; VL — TeopeTnyeckasa BaJIeHTHOCTb.

INTRODUCTION

The final IV-th report summarizes the results of
the study of the relationship between the structure
of the compounds containing the phloroglucinic type
A ring and electron-donating substituents in the B
ring with total unsaturation indices (IUA) and electron
density.
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THE AIM of the article is the analysis of the dynam-
ics of changes in the electron density, bond numbers,
free valence indices and unsaturation indices on carbon
atoms C-7 - C-8 of the vinyl group of the main conju-
gation chain in relation to the position and number of
substituents in the “B” ring and the type of the pharma-
cological activity.
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MATERIALS AND METHODS

The quantum-chemical parameters of the 4 ana-
lyzed groups of the compounds, have been calculated by
the semi-empirical method PM7 (WinMopac 2016 pro-
gram) on the workstation with an Intel Xeon E5-1620 3.5
GHz processor, 20 GB of RAM.

RESULTS AND DISCUSSION

The structures of the analyzed compounds and the
total values of the listed parameters in C-1->C-9 section
of the cinnamoyl fragment are presented in Table 1.

It follows from the Table that, when switching from
flavanones to flavanonols, the values of the free valency
(V) and unsaturation indices (IUA) change very slightly
(the second decimal place is ~0.04) despite the fact that
on flavanonol C-8 atom the electron-donating OH-group
appears; it contributes to an increase in the electron
density on C-7 and a decrease onC-8.

In the flavone-flavonole pair, the introduction of
phenolic hydroxyl on C-8 promotes a clear increase in
the IUA value, an increase in the electron density on C-7,
and its decrease on C-8.

The Vu value remains almost unchanged, including
that of the flavanone-flavanonole pair.

This feature is preserved in all types of compounds
presented in Table 1, and for this reason, we will not
consider the Vu parameter further.

After the publication of the pioneering studies of
Szent-Gyorgyi in 1936 about the biological properties of
certain flavonoids, the whole subsequent period made it
possible to accumulate the extensive information about
representatives of this class of natural compounds.

Currently, the structure of approximately 8000 fla-
vonoids [1-6] has been described, and only a very small
number of individual substances (approximately 2—-3%)
from this variety of aglycones and glycosides has been
studied in detail from biochemical and pharmacological
points of view. Such a low percentage of available infor-
mation can be explained by the fact that in the absolute
majority of plants the content of individual substances is
scanty (0.1-2%) and their production in sufficient quan-
tities for the purpose of subsequent biochemical and
pharmacological studies is associated with high material
costs.

As a rule, detailed information about the biologi-
cal properties of individual compounds — derivatives of
2-phenyl-benz-y-pyrone — concerns the substances that
can be obtained preparatively from the raw materials
(quercetin and rutin from Sophora Japonica, buckwheat
herb; taxifolin, or dihydroquercetin, from Larix sibirica;
hesperitin and hesperidin — from the pulp — the spongy
part of citrus peels; diosmin — by the oxidation of hes-
peritin, etc.).

Nevertheless, the most characteristic and perhaps
most important are considered the antioxidant proper-

Tom 9, Buinyck 2, 2021

ties of flavonoids, the indirect effect of which is man-
ifested by about 50 types of pharmacological activity
[7-10].

It should be notified that throughout its evolution-
ary development, the persons using plant foods, intro-
duce flavonoids into their bodies, and they protect the
cells from the oxidative stress and thereby normalize
their metabolism.

Thus, flavonoids are a kind of a protective shield of
the body’s natural antioxidant system, and this is import-
ant for preserving the entire cellular system.

The currently used therapeutic and preventive
agents based on flavonoids are their total substances
— legalon, karsil, silibor, flacumin, etc. (most often) — or
individual compounds: rutin, quercetin, flaronin, etc.
This treatment is represented not by immediate action
drugs, therefore their therapeutic effect is manifested,
as a rule, during a long-term administration (detralex,
troxevasin). The derivatives of 2-phenyl-benz-y-pyrone,
wide-spread in nature, are represented in the form of
glycosides and their aglycones, and glycosides are pre-
dominant.

It should be emphasized that the non-carbohydrate
residue is a pharmacologically active fragment in flavo-
noid glycosides, i.e. aglycone, therefore, there is no need
to discuss the enormous economic costs that would be
necessary for a detailed study of the biological proper-
ties of at least one hundred aglycones — derivatives of
2-phenylbenz-y-pyrone. Such an activity is unproduc-
tive, because it is unlikely that new properties of these
compounds should be revealed. Moreover, if we com-
pare the known data on the biological activity of the
studied flavonones, flavonols and flavononols with the
PASS prediction data [11], the most common types of
activity for all types of structures are anti-inflammato-
ry, antioxidant, hepatoprotective, choleretic. Besides,
they are characterized by such properties as free radical
binding, antimutagenic, capillary strengthening and act
as apoptosis agonist, membrane integrity agonist, mem-
brane permeability inhibitors.

Individual compounds can be replaced by total fla-
vonoid substances obtained from the corresponding
producing plants, because the effect is often preserved,
and sometimes exceeds the expected result.

The data about the antiradical (HOe®) activity of fla-
vonoids are disorganized and, as a rule, few. Moreover,
in the works that are not interconnected, the authors
use different methods for generating this radical, which
does not make it possible to quantify and compare the
results obtained.

The most informative are the works [12] and [13],
which provide information on the activity of the repre-
sentative groups of the compounds.

! State Register of Medicines. Available from: https://grls.rosminzdrav.
ru/Default.aspx
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Figure 1 - Functional relationship between 3, , of the cinnamoyl fragment of compounds 1-9 (Table 2)
and the level of their antiradical activity (HOe®)

In the article of Husaine et al. [12], the antiradical
activity of nine flavone derivatives (Table 2) which are
aglycones, has been studied on the same model. As the
data of the table show, myricetin is the most active. It
is followed by quercetin, rhamnetin and morin with a
slight lag. All four aglycons belong to flavonols, however,
if the first three substances in the B ring contain an or-
tho-dihydroxy group in position 3’, 4’ (the activity is 50,
48, 46, respectively), in morin the hydroxy groups in the
B ring are on C-2’ and C-4’, which, apparently, affects its
activity.

Kaempferol, also related to flavonoles, contains only
one —OH group in position 4/, that’s why it has a low ac-
tivity, which is 2.5 times less than that of myricetin.

Apigenin and diosmetin are not flavonols: in posi-
tions 5 and 7 they contain hydroxy groups, and apigenin
has one —OH group on C-4’, and diosmetin has 3 -OH and
4’-OCH, groups in the B ring. The unsubstituted flavone
has a minimum activity, it is 4. Although the information
presented in [12] is very limited, while comparing these
data it can be argued that the antiradical activity of fla-
vonols is higher than that of flavones; the ortho-sub-
stitution in the “B” ring of types 3’, 4’-diOH or 3’-OH,
4’-OCH,, enhances the antiradical activity.

In order to expand information about other types
of biological activity of the compounds shown in Table 2
and their corresponding flavanone derivatives, the PASS
program was used [11]. It allowed to identify other types
of activity shown in Tables 3 and 4. Only the species with
a probability of occurrence of at least 0.5, are listed here.

The obtained data indicate that for the analyzed de-
rivatives of flavone and flavanone, the most characteris-
tic types of activity are those that were experimentally
detected at different times.

The flavonoids listed in Table 4, are also character-
ized by anticancer (Antineoplastic, Anticarcinogenic, Cy-
toprotectant) types of activity.

Tom 9, Buinyck 2, 2021

Having such extensive information about various
types of biological activity, the functional relationships
between one of the quantum-chemical parameters and
their levels of activity should be studied. Unfortunately,
it is incorrect to identify correlation relationships among
such a limited number of compounds that differ in the
presence of enol hydroxyl on C-3, because of the 9 com-
pounds, 4 are represented by flavones and 5 by flavo-
noles.

Special mention should be made about the progno-
sis of the antiviral activity (Table 4) of the analyzed struc-
tures in which the A core is represented by a phloroglu-
cinol fragment: almost all compounds are characterized
by the activity against the influenza virus and rhinovirus.
Some compounds have activity against the Herpes virus
and Hepatitis B virus.

Nowadays and in the near future, the relevant ob-
jective will be to find prophylactic drugs against various
coronavirus infections. In this regard, the studies using
computer technologies, in particular molecular docking,
are of particular importance.

The work of Wu et al. [14] presents the results of
a study of some natural compounds with antiviral and
anti-inflammatory effects. A high affinity of binding to
3CLpro of flavonoids such as chrysin 7-O-glucuronide,
hesperidin and neoheperidine has been established. The
data obtained indicate that these compounds can be po-
tential inhibitors of 3CLpro and, probably, can be used
for the prevention and treatment of infections caused
by SARS-CoV2. Likoflavonol (from Glycyrrhizauralensis),
cosmosin and mangosteen (from Gurciniamangostana)
have also shown similar activities. Moreover, hesperidin
can interfere with the interaction of ACE2 with RBD.

The authors have also revealed a high binding af-
finity of vogonin-7-glucuronide (vagonoside) and vitex-
in (8-C-glucopyranosidapigenin) with three proteins —
Nspl, Nsp3 and ORF7, which are virulence factors of this
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type of coronavirus. The authors have also shown that
the highest affinity (of the 3,500 compounds analyzed)
for various target proteins is shown by antibacterial, an-
ti-inflammatory and antiviral substances including sily-
bin, hesperidin, neohesperidin, baikalin, campferol-3-ru-
tinoside and rutin. This fact shows that these compounds
may be useful for the treatment of SARS-CoV-2 [15-17].

From our point of view, specialist virologists with the
appropriate possibilities should pay attention to natural
polyphenolic compounds that contain ortho-dihydroxy
groups in the Baromaticcore. Such substances include
caffeic acid, taxifolin (dihydroquercetin), amielopsin (di-
hydromyreticin), rhamnetin, morin, luteolin, fisetin, rob-
inetin, etc. Of course, it is unlikely that from an economic
point of view, in the future, these individual compounds
will be available in sufficient quantities.

Earlier, a few our works devoted to the analysis of
the quantum chemical characteristics of cinnamic acid
derivatives in relation to their antiradical (OH-) activity
[13] and possible metabolic pathways, were published.
The data obtained were the basis for the prediction and
subsequent synthesis of a new derivative of cinnamic
acid, which was more active than ascorbic acid (C1/2
= 27.5 uM), caffeic acid (C1/2 = 15.7 pM) by the ability
to inhibit the generation of a superoxide anion radical.
The resulting new compound (C1/2 = 9.8 uM) is a spa-
tially hindered phenolic OH group located between two
tert-butyl substituents and is 4-hydroxy-3,5-di-tert-butyl
cinnamic acid. [18] It is also shown here that there is a
linear relationship between the level of antioxidant ac-
tivity and the total degree of unsaturation of the studied
derivatives of cinnamic acid with a correlation coeffi-
cient of 0.911.

CONCLUSION

The remainder of cinnamic acid in the structure of
flavonoids constitutes the main conjugation chain and,
as our studies have shown, the quantum chemical char-
acteristics of the substituted cinnamic acid practically co-
incide with those of the cinnamic fragment of flavones,
flavonoles and flavanones with similar substituents and
with the same type of substitution in the B ring [19].

Despite a small number of the related structures in
Table 2 (1-4-flavones, 5-9 flavonoles), a linear relation-

ship is observed between the total amount of unsatura-
tion and the type of activity; compounds 2, 3, 5, 6, 7, 8
are located on a straight line (Fig. 1).

The graph indicates that the correlation coefficient
is 0.75, it is quite acceptable for biological experiments
[20].

Based on the analysis and comparison of the quan-
tum-chemical parameters presented in [13, 18-19], we
believe that the unsaturation index (IUA) may be the
most reliable criterion for performing correlation ana-
lyzes of the antiradical activity (OHe) in the ranks of de-
rivatives of flavone, flavanone, flavonole and flavonole.
It is possible, first of all, because the hydroxyl radical,
characterized by high electrophilicity, is attached in the
C-8 position of the cinnamic fragment?, where the high-
est electron density is concentrated.

Nevertheless, this parameter is also convenient for a
qualitative analysis of patterns of the structure-activity.

It should be also notified that the transition of the
flavone nucleus to flavanone is accompanied by the re-
duction of the vinylene fragment C-8->C-7 and, accord-
ingly, the C-8 and C-7 atoms pass into the sp3-hybridized
state. Quantum-chemical parameters change as follows:
the total values of the bond numbers (Np) for flavanones
increase, the theoretical valency remains unchanged,
the electron density also increases, and the unsaturation
index for flavanones decreases compared to the corre-
sponding flavones.

The latest studies on the search for the so-called
small molecules able of binding to the coronavirus S-pro-
tein, deserve special attention. They will apparently be
useful both for prevention and, possibly, for alleviating
the infection caused by COVID-19.

Eriodiktiol, chrysin, rutin, hesperidin, quercetin,
neohesperidin and others containing the phloroglucin-
ic type of the A ring, as well as ortho-dihydroxy or or-
tho-methoxy-hydroxy substituents in the B ring, were
referred to such “small molecules” by the authors.

Finally, it is possible to carry out chemical modifi-
cation by introducing specific functional groups into the
molecule, depending on the ultimate goal of a synthetic
chemist, in case the structure of aglycon, flavonoid and
their biochemical and pharmacological properties are
known.

FUNDING
This review did not have any funding from third-party organizations.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

AUTHORS’ CONTRIBUTION
E.T. Oganesyan — search and analysis of literature, interpretation of results, writing the text of the manuscript;
S.S. Shatokhin — search and analysis of literature, performance of quantum-chemical calculations.

168

2 The numeration of carbon atoms of the cinnamoyl fragment
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