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QUANTUM-CHEMICAL DFT-APPROACH TO THE STUDY
OF SYNTHONS - 2-DEOXYECDYSONE, 2-DEOXYECDYSTERONE
AND ECDYSTERONE AND THEIR VIRTUAL BIOSCREENING

Abstract. The geometric, energy and electronic parameters of 2-deoxyecdysterone
were calculated by the quantum-chemical density functional method DFT/B3LYP/6-31G.
A comparative analysis of the physical-chemical properties of the molecules of 2-de-
oxyecdysone, 2-deoxyecdysterone and ecdysterone that aresynthons for regioselective
modifications was performed. A virtual bioscreening of the phytoecdysteroidsindicated was
performed.

Keywords: phytoecdysteroids, 2-deoxyecdysone, 2-deoxyecdysterone, ecdysterone,
structure, reactivity, quantum-chemical calculations, virtual screening.

Introduction. Ecdysteroids are hormones of molting and metamorphosis of
insects and crustaceans. They are an extensive group of polyhydroxylated sterols.
To date, more than 300 ecdysteroids of various structure and natural origin have
been isolated and identified [1]. It is known that they have various biologically
active properties that are useful for medicine and agriculture [2].

The need for chemical transformations of technologically available phyto-
ecdysteroids is due to obtaining new analogues to study the relationship of their
structure and physiological properties, for bindingwith the ecdysones receptor and
for investigation of the mechanism of action, as well as for obtaining new
derivatives for use as adaptogenic, anabolic and tonic drugs and preventive medi-
cine remedies of new generation [3].

EXPERIMENTAL PART

We have previously isolated the most common phytoecdysteroid, ecdysterone
(20-hydroxyecdysone) 3, and low-polar steroids 2-deoxyecdysone (2-deoxy-o-
ecdysone) 1 and 2-deoxyecdysterone 2 from the aboveground part of Silenefiuti-
culosa (Pall.) Schischk. with high yields [4, 5].

In this regard, the purpose of this work is a quantum-chemical study of the
reactivity of the abovementioned molecules for their further use as technologically
available synthons and carrying out virtual bioscreening. The results of optimiza-
tion of the geometric parameters of molecules 1, 3 were obtained by us earlier [6].
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The density functional theory method [7] was applied in the 6-31G valence-
split basis in the framework of the GAUSSIANQ9 program [8] for quantum-che-
mical calculations of the spatial and electronic structure of molecule 2 (figure 1).
Structure 2 was modeled using a chemical editor, the ChemOffice program
(ChemBio 3D Ultra subprogramme), the initial optimization using the molecular
mechanics method, the final optimization using the GAUSSIAN program. As a
result of the complete optimization of the geometrical parameters of molecule 2,
the optimal values of the chemical bond lengths, valence and torsion angles corres-
ponding to the minimum energy of the molecule were determined. Accounting for
the local symmetry of methylene and methyl groups was not carried out due to the
asymmetry of the molecule as a whole.

RESULTS AND DISCUSSION

Figure 1 shows the optimized structure of molecule 2 with stereochemical-
centers; figure 2 shows the numbering of atoms in the molecule.

Figure 1 — Three-dimensional model of molecule 2 with an indication of chiral centers
(B3LYP/6-31G method, oxygen atoms in red, hydrogen atoms in white, and carbon atoms in gray)

Figure 2 — The numbering of atoms in molecule 2 adopted in the calculations
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Tables 1, 2 present the optimized geometrical parameters of molecule 2 calcu-
lated as a result of quantum chemical structure optimization. The theoretical values
of the structural parameters of the molecule correspond to the standard values of
the chemical bond lengths and valence angles. According to the results of the
calculations, the A-ring of 5p-steroid, which is chair-shaped, is not distorted by the
presence of a hydroxyl group. The sp2-hybridized atom C7 flattens part of ring B.
Cyclohexane ring C is chair-shaped, ring D is envelope-shaped:

Table 1 — The bond lengths (R, A), bond angles (a, grad) in molecule 2 according
to calculations using the B3LYP/6-31G method

Bond R, A Angle a, grad
C1-02 1534 C(1)-C(3)-C(4) 112.2
c1c3 1.432 C(3)-C(1)-0(2) 1178
C3-C4 1527 C(5)-C(1)-CR) 108.4
C1-C5 1478 C(6)-C(5)-C(1) 109.1
C5-C6 1.530 C(7)-C(6)-C(5) 1165
C6-C7 1.480 0(8)-C(7)-C(6) 1213
C7-08 1212 C(9)-C(7)-0(8) 124.1
C7-C9 1512 C(9)-C(10)-C(11) 113.0
C9-C10 1.363 C(10)-C(9)-C(7) 112.7
C10-C11 1.545 C(9)-C(10)-C(30) 1114
C10-C30 1.540 C(10)-C(11)-C(13) 112.8
C11-C13 1537 C(11)-C(13)-C(14) 1134
C13-C14 1575 0(12)-C(11)-C(13) 106.0
C14-C15 1535 C(13)-C(14)-C(15) 111.8
C15-C16 1,542 C(14)-C(15)-C(26) 101,0
C16-C17 1,557 C(15)-C(26)-C(11) 104,5
C17-C19 1544 C(16)-C(15)-C(14) 114.7
C20-C21 1528 C(17)-C(16)-C(15) 108.1
C20-C19 1575 0(18)-C(17)-C(16) 111.4
C21-022 1.445 C(20)-C(19)-C(17) 1125
C22-022 1.443 C(23)-C(21)-0(22) 111.1
C21-C24 1527 C(24)-C(21)-0(22) 108.3
C25-025 1.451 0(22)-C(21)-C(20) 1112
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Table 2 — Torsion angles (¢, grad) in molecule 2 (B3LYP/6-31G)

Angle o, grad
C(1)-C(3)-C(4)-C(31) 54.1
C(6)-C(5)-C(1)-C(3) 50.2
C(15)-C(14)-C(13)-C(11) 7.0
C(17)-C(16)-C(15)-C(14) 75.3
0(18)-C(17)-C(16)-C(15) 50.8
C(19)-C(17)-C(16)-C(15) -70.3
C(20)-C(19)-C(17)-C(16) -160.3
C(21)-C(20)-C(19)-C(17) -179.3
0(22)-C(21)-C(20)-C(19) 179.3
0(18)-C(17)-C(16)-C(15) 50.8
0O(8)-C(7)-C(6)-C(5) -98.1
0(2)-C(1)-C(3)-C(4) 73.9
0(8)-C(7)-C(9)-C(10) -166.1
0(33)-C(16)-C(17)-C(19) 457

Physical-chemical parameters of the molecule obtained in the framework of
the method B3LYP/6-31Gare given in table 3.

To determine the preferred sites of electrophilic and nucleophilic attacks, the
reactivity indices of 2, the boundary electron densities of the highest occupied
(HOMO) and lowest unoccupied (LUMO) orbitals of the molecule, were calcu-
lated. The HOMO highest boundary density is observed for C9 and C10 atoms,
which are favorable for an electrophilic attack. Indeed, under the influence of the
n-conjugation of double bonds C7 = O8 and C9 = C10, the electron density of the
latter must be shifted towards the carbon atom C9, which is consistent with a higher
boundary (HOMO) density value of this atom. A nucleophilic attack should take
place predominantly on the electron-depleted atoms. When analyzing deeper
molecular orbitals, one can determine additional reaction centers of the molecule.

It was interesting to compare the physical-chemical properties of three related
compounds — 1, 2, and 3 based on these calculations. The molecules of these
steroids are based on the structure of a polycyclic saturated hydrocarbon estrane
built from four condensed carbon rings (given above). They contain hydroxyl
groups, as well as hydrocarbon side chains with two and three hydroxyl groups.
The difference of molecules from each other is in hydroxyl groups number: 1 has
4 such groups, 2-5, and 3-6. An increase in the number of OH groups should affect
the reactivity and physical properties of molecules.

Theoretical parameters calculated for structures of the title compounds by
DFT/B3LYP method, for example, total energy, rotational constants and dipole
moments are given in table 3. The molecular properties such as electronegativity
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(x), chemical hardness () and chemical softness (S) were calculatedby using
HOMO (the highest occupied molecular orbital) and LUMO (the lowestlyingu-
noccupied molecular orbital) energy difference.

Table 3 — The physical-chemical parameters of the compounds (B3LYP/6-31G method)

Compounds
Parameters
1 2 3

Totalenergy (Hartree) -1431.0520106 -1506.2419769 -1581.4320708
Erowmo (a.u.) -0.23296 -0.22923 -0.22869
Erumo (a.u.) -0.04758 -0.04664 -0.04572
AEnomo-Lumo (eV) 5.044 4.968 4.979
I (eV) 6.339 6.238 6.223
A (eV) 1.295 1.269 1.244
x(eV) 3.817 3.754 3.734
n(eV) 2.522 2.485 2.490
S (eV) 0.1983 0.2012 0.2008
Rotational constants (GHz)

A 0.2960717 0.3185723 0.2941818

B 0.0542781 0.0510269 0.0474460

Cc 0.0524861 0.0495343 0.0462503
Dipole moment (Debye)

Heotal 5.137 6.359 4.0811

Hx -4.628 5.639 -4.0781

My 2.230 2.935 0.1196

Mz -0.043 0.127 0.0991

The following conclusions are done on the basis of the data of table 3. The
values of the total electronic energy show their dependence from a number of
electrons: 1(Cz7H4405) contains 246, 2 (C27H440e) - 254, and 3(CZ?H4407) -
262 electrons (when increasing the OH groups). HOMO and LUMO energies are
considered as reaction capability indexes. The ability of electron giving is charac-
terized by HOMO energy and the ability of electron accepting is characterized by
LUMO energy. These arise from 1to 3and correspond to theionization potential (I)
and the electron affinity (A), respectively: in the Hartree-Fock approximation, the
ionization potential is equal to the orbital energy of the ionized molecule taken with
the opposite sign, the electron affinity is defined by the same way. The values
Enomo < Ocorrespond to the positive ionization potentials. The gap between HOMO
and LUMO characterizes the molecular chemical stability [9] and decreases from
1to 2 and 3.

Some of the molecular properties were calculated theoretically using HOMO
and LUMO energy difference, for example, electronegativity (y), chemical
hardness () and chemical softness (S) (Table 3).The absolute electronegativity was
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Table 4 — Data of PASS-prediction of the spectrum
of the biological activity of molecules 1, 2 and 3

(0]

Compounds Type of proposed activity Pr(OF?a ?b;; Y
Anti-ischemic 91
Hepatoprotective 80

oH Antipsoriatic 79
Dermatological 76
Anti-osteoporotic 73
Cytoprotective 70
Anti-eczema 69
Antitumor 68
Immunostimulating 66
Hypolipidemic 64
Analeptic 58
Antivirus 56
Antihypercholesterolemic 53
Anti-inflammatory 52
Cardiotonic 51
Anti-ischemic 99
Anti-osteoporotic 87
Antipsoriatic 84
Immunostimulating 83
Dermatological 82
Cytoprotective 62
Hypolipidemic 61
Anti-inflammatory 62
Hepatoprotective 60
Analeptic 57
Antivirus 51
Antinociceptive 51
Antinociceptive 99
Anti-osteoporotic 85
Immunostimulating 84
Antipsoriatic 83
Dermatological 82
Anti-inflammatory 71
Hepatoprotective 58
Analeptic 58
Antivirus 57
Anti-eczema 54
Cytoprotective 53

3

vitroandin vivo.

Note: Probability of manifestation of this type of activity in biological test systems in
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calculated as a half-sum of the ionization potential and the electron affinity, the
absolute chemical hardness was identified as their half-difference. The chemical
softness is the inverse of the hardness. 1 has the greatestionizationpotential,
electronegativity, the positiveelectron affinity. The HOMO-LUMO gap value
indicates a lower polarizability of the molecule2, which is consistent with the great
value of its permanent dipole moment (table 3). Its highest moment is due to the
presence of an odd number (5) of OH groups in molecule while two other molecules
contain an even number of such groups whose dipole moments compensate each
other.

The measure of resistance to change in the electronic configuration, the so-
called hardness of the substance, is higher in the case of 2-deoxyecdyzone, and,
respectively, its softness is lower than that of two molecules.All molecules are
asymmetric tops due to the different rotational constants.

Prediction of the spectrum of biological activity of steroid molecules
was carried out using the PASS online computer program (Prediction
of Activity Spectra for Substances) [10]. The PASS online program
(http://www.pharmaexpert.ru/passonline) allows you to select the most promising
ones from the point of view of pharmacological properties from a variety of com-
pounds based on the principle of “sliding control” of databases of chemical com-
pounds. The accuracy of the prediction of biological activity is about 94% [11, 12].

The following results were obtained as a result of virtual bioscreening using
the PASS online program (table 4).

It can be seen from the data in Table 4 that each compound tested has poten-
tially a wide range of biological properties. Thus, the PASS online program predicts
the presence of antiischemic, hepatoprotective, antiosteoporotic, immunostimula-
ting, antiinflammatory, and antiviral activity for almost every compound.

In this case, anti-ischemic activity is predicted with a high probability of
experimental confirmation for the tested compounds, in particular, for molecules 2
and 3 with a probability of 99%, and for 1 with a probability of 91%.

The hepatoprotective properties of steroid compounds are of particular inte-
rest. As can be seen from table 4, the presence of hepatoprotective properties is pre-
dicted for each of the compounds tested, however, a relatively high probability of
experimental confirmation of this activity is predicted only for molecule 1 — 80%.

Based on the data predicted, it would be advisable to carry out in-depth studies
of the anti-osteoporotic properties of all molecular samples in model systems in
vitro and in vivo.

Conclusion. Thus, using quantum chemical calculations with the help of the
DFT/B3LYP method, the physical-chemical parameters of three phytoecdyste-
roids, ecdysterone, 2-deoxyecdysone and 2-deoxyecdysterone, were predicted and
their comparative analysis was performed.

According to the results of virtual bioscreening of steroid molecules using the
PASS online computer program, it was shown that all the considered compounds
were interesting for real in-depth study using biological test systems for the
development of original drugs.
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2-JIE30KCUDKAN30H, 2-IE30KCUIKINCTEPOHMEH DKIUCTEPOH —
CUHTOHJIAPBIH 3EPTTEYJIEI'T KBAHTTBIK-XUMUSIJIBIK DFT-OICI
YKOHE BUPTY AJI/IbI BUOCKPUHUHIT

TBIFBI3IBIK (hyHKIIMOHAITBI TEOPUSICHIHBIH KBaHTTHIK-XUMHUSITBIK
DFT/B3LYP/6-31G agiciMeH 2-1€30KCHIKAUCTEPOHHBIH I€OMETPUSIIBIK, YHEPTUSIIBIK
JKOHE DJICKTPOHJBIK TTapaMeTpliepi €cenTenTeH. PernocenekTuBTi MoauduKanusiiap
YIIH CHHTOHJAP — 2-JIe30KCUIKIN30H, 2-1€30KCUIKIUCTEPOH MEH dKIANCTEPOH MOJIEKY-
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JaJapbIHbIH (PU3HKA-XMUMUSUIBIK KACHETTEPIHIH CalbICTHIPMAIIbl TAAAYHl OPBIHIAIIBL.
ATtanraH (GUTOIKIUCTEPOUATAPIBIH BUPTY A OMOCKPHUHUHTI JKYPTi3ii.

Tyiiin ce3mep: ¢puroskaucreponarap, 2-1e30KCUIKAN3O0H, 2-1€30KCHIKANCTEPOH,
9KANCTEPOH, KYPBUIbIM, PEaKiuusra KaOiJeTTUIK, KBaHTTHIK-XMMUSUIBIK €cenTeyliep,
BUPTYaJIIbl OMOCKPUHUHT.
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KBAHTOBO-XUMWYECKUI DFT- TIOJXOJ] K U3YYEHUIO CUHTOHOB —
2-JIE30KCUDKN3OHA, 2-JE30KCUDKANCTEPOHA U DKJICTEPOHA
1 X BUPTYAJILHBI BUOCKPUHUHT

KBantoBo-xuMuueckum metonoM (yrkiuonana miotHoctn DFT/B3LYP/6-31G
pacCUUTaHBI TE€OMETPHIECKUC, SHEPIeTHUCCKHE U AICKTPOHHBIE MapaMeTpbl 2-Ie30KCH-
9KIUCTEPOHA. BBIOJIHEH CPaBHUTEIBHBIN aHAIN3 (PU3UKO-XMMHIECKUX CBOMCTB MOJICKYJI
2-1e30KCHAKIM30HA, 2-1€30KCUIKANCTEPOHA U SKAUCTEPOHA — CHHTOHOB ISl PETHOCENEK-
THBHBIX Mopau(ukarmii. [IpoBeficH BUPTYaibHbI OHOCKPHHHHT YKa3aHHBIX (DHUTOIKIH-
CTepPOH/IOB.

KioueBbie ciioBa: QUTOIKIUCTEPOUIBI, 2-1e30KCUIKAN30H, 2-1€30KCUIKANCTEPOH,
9KIIUCTEPOH, CTPYKTYpa, PEaKIMOHHAs CIIOCOOHOCTh, KBAHTOBO-XUMHYECKHE PaCHUEThI,
BUPTYaJIbHBIH CKPHHHHT.
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