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Synthesis, quantum-chemical calculations and virtual screening
of the alkaloid cytisine derivatives

The synthesis of some cytisine derivatives was carried out in the work. The article provides the data of quan-
tum-chemical calculation and virtual screening of the alkaloid cytisine derivatives synthesized. At the same
time, the reaction centers of the cytisine derivatives molecules were determined. In order to study the reactivi-
ty of the derivatives obtained (namely cinnamoylcytisine, lipoylcytisine, and cytisinylisoalantholactone) the
quantum-chemical calculations were conducted to determine the energy and<charge characteristics of the
molecules. The results indicate a sufficient thermodynamic stability of the cinnamoylcytisine and
lipoylcytisine molecules. The cytisinylisoalantholactone molecule is notistable according to the results of
quantum chemical calculations. The data on the energy values of the frontier molecular orbitals show that, in
general, all molecules exhibit electrophilic properties. A bioprediction was.implemented using PASS (Predic-
tion of Activity Spectra for Substances) as one of the most efficient and well-known computer program with
the aim of detailed study and the probable establishment of the'biological activity of the synthesized cytisine
derivatives. Based on the results of virtual screening, promising types of alkaloid cytisine derivatives were
identified, which are potential sources of original drugs.

Keywords: alkaloids, cytisine, synthesis, physicochemical properties, derivatives, quantum-chemical calcula-
tion, virtual screening, prediction of activity spectra for substances.

Introduction

Carrying out directed synthetic transformations of available substances of plant origin in order to create
new biologically active compounds is an actively developing area of fine organic synthesis and medicinal
chemistry [1-4]. Taking into account the:valuable biological properties of alkaloids and their derivatives, the
search for new ways of chemical modification of alkaloids is undoubtedly relevant, and the attention of re-
searchers is attracted by the obtaining of more complexly constructed heterocyclic systems. Interest in re-
search on the chemical transformation of the alkaloid cytisine is due to the wide spectrum of biological activ-
ity of its derivatives. To date, a large number of derivatives of the cytisine alkaloid with various groups at the
nitrogen atom have been synthesized [5-6]. Research on the transformation of available alkaloids, the use of
which in medicine is not possible due to significant side effects, is being successfully developed.

It should be noted that compounds with other types of biological activity, not typical for cytisine itself,
namely antispasmodic, antiarrhythmic, hepatoprotective, analgesic, cholinergic, insecticidal, fungicidal etc.,
are constantly found among the various cytisine derivatives, which attracts attention and encourages the im-
plementation-of syntheses and its new derivatives investigation [7—12]. Recently, a new class of heterocyclic
compounds with a fundamental 1,4-dihydropyridine base, possessing high antihypertensive and nootropic
activity, has begun to be widely used in medical practice [13-14]. The aim of this work is to synthesize and
develop derivatives of the cytisine alkaloid with various functionally substituted fragments in terms of fur-
ther obtaining new modified structures applying quantum-chemical calculations and pharmacological activi-
ty evaluation.

Experimental

'H and **C NMR spectra of compounds (2-4) were recorded on a JNN-ECA Jeol 400 spectrometer (fre-
quencies 399.78 and 100.53 MHz, respectively) using a DMSO-dg solvent. Chemical shifts were measured
relative to the signals of residual protons or carbon atoms of DMSO-de. The reaction progress and the ob-
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tained purity of compounds were monitored by thin layer chromatography on Silufol UV-254 plates in iso-
propyl alcohol-ammonia-water 7:2:1, ethanol-chloroform 1:4 systems. The plates were developed with io-
dine vapors. The reaction products were isolated by recrystallization or by column chromatography on alu-
mina. All solvents used in this work were purified and absolutized according to standard methods.

N-Cinnamoylcytisine (2). 9 g (6.0 mmol) of triethylamine and a solution of 15 g (6.0 mmol) of
cinnamoyl chloride in 200 ml of benzene were added with stirring to a solution of 17.1 g (6.0 mmol) of
cytisine in 500 ml of benzene. The reaction mixture was stirred for 3.3 hours at room temperature until a pre-
cipitate formed. The formed precipitate of triethylamine hydrochloride was filtered off, the mother liquor
was evaporated, and the residue was treated with diethyl ether. There was obtained 14.25 g (95 %) of
N-cinnamoylcytisine (2) in the form of a white powder with a yellowish tint, m.p. 130-134°C. 'H NMR spec-
trum, 8, ppm (J, Hz): 1.86-1.97 m (2H, H8.8), 2.44 br.s. (1H, H9), 2.90-3.40 m (3H. H7.11ax, 13ax), 3.63-
3.97 m (2H, H10ax, 10eq), 4.24-4.65 m (2H, H1leq, 13eq, 6.14 d (2H, H3, 5. 3J 6.1), 6.49-6.75 m (1H,
H15), 7.16-7.64 m (7H, H4, 15, 18-22). *C NMR spectrum, 8C, ppm: 25.95 (C8), 27.86:( C9);.35.13 (C7),
49.05 (C10), 51.31 (C11), 53.04 (C13), 105.29 (C5), 116.40 (C3), 128.85 (C15), 129.24 (C18, 19, 21, 22),
129.99 (C20), 135.55 (C4), 139.09 (C16), 141.32 (C17), 150.47 (C6), 162.66 (C2),"165.65 (C14) ppm
HMQC (*H-C) NMR cross peaks, ppm: H8-C8 (1.96, 26.60), H9-C9 (2.44, 28.48); H7-C7 (3.13, 35.65),
H10ax-C10ax (3.59, 49.56), H10ax-C10ax (3.98, 49.58), H5-C5 (6.14, 105.76), H3-C3 (6.12, 116.82) and
H18,19,21,22-C18,19,21,22 (7.37, 129.52).

N-Lipoylcytisine (3). A solution of 29.61 g (8.78 mmol) of lipoyl chloride [obtained from 67.5 g
(21.95 mmol) of lipoic acid and 48.96 g (27.43 mmol) of thionyl chloride], dissolved in 250 ml of benzene
was added with stirring to a solution of 25.05 g (8.78 mmol) of cytisine and18.3 ml (8.78 mmol) of triethyl-
amine in 500 ml of benzene. The reaction mixture was stirred for 3 hours at room temperature until a precipi-
tate formed. The precipitate was filtered off, the mother liquor.was evaporated, and the residue was chro-
matographed on silica gel (eluent: benzene-chloroform). 13.8 g (64.56%) lipoylcytisine (3) was isolated as
yellowish thick oil.

In order to study the reactivity of the derivatives_ obtained, quantum-chemical calculations were con-
ducted to determine the energy and charge characteristics of molecules, namely cinnamoylcytisine (2),
lipoylcytisine (3), and cytisinylisoalantholactone (4).. The semiempirical methods AM1 and PM6 were ap-
plied quantum-chemical calculations. In addition, we can-note the following: in ab initio methods, all inte-
grals included in the system of Hartree-Fock equations are calculated explicitly and no experimentally de-
termined parameters are used, except for fundamental physical constants, while the PM6 method combines
experimental data as well as ab initio data. The?”AM1 method was applied to compare hydrogen bonds. The
calculations were carried out with the help of MOPAC2009 [15]. The ChemOffice software made it possible
to construct the geometry of the studied. molecules.

Results and Discussion

The cytisine source.availability and the analysis of its structure designate a significance of carrying out
its synthetic transformations with the compounds, which are structurally similar to a number of natural me-
tabolites and other practically:significant compounds. Thus, the acylation of cytisine with acid chlorides and
anhydrides is the simplest.and most convenient method for the preparation of its acyl derivatives [16]. Con-
tinuing studies of the transformation of cytisine (1) and in order to search for pharmacologically active com-
pounds in this series, we have synthesized acyl derivatives by the interaction of cytisine with carboxylic acid
chlorides, where cinnamoyl chloride and lipoyl chloride were used as acylating agents [17-18]. The acyla-
tion of cytisine‘with carboxylic acid chlorides was implemented in benzene in the presence of triethylamine
at room temperature. The reactions proceeded smoothly and led to the production of N-acyl derivatives of
cytisine (2-3) with a yield of 64-95 %. The synthesized compounds (2, 3) are white crystalline substances,
readily soluble in organic solvents.

N NH  Rrcocl N NT™R
—
| N (C,Hs)3N, CcHg N
o) 0
(D (2-3)
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The *H NMR spectrum of compound (2) is characterized by the presence of multiplet in the upfield re-
gion at 1.86-1.97 ppm with the 2H intensity of two H8 protons of the heterocyclic nucleus. The H9 proton
resonates as a broadened singlet at 2.44 by the integral 1H. Then, a multiplet appeared in the region of 2.90-
3.40 ppm with an integrated intensity of 3H, corresponding to the H7 proton and the axial protons H*** and
H'¥_ Equatorial protons H"** and H*** appeared as a multiplet signal at 4.24-4.65 ppm with an integral in-
tensity of 2H. Two protons H'®, 10% as a result of spin-spin coupling, as well as spin-spin splitting through
three bonds with the proton H9 appeared as a multiplet in the region of 3.63-3.97 ppm with integral 2H.
Doublet at 6.14 ppm with integral 2H and 3J, 6.1 Hz corresponds to protons H3 and H5. An unsaturated pro-
ton H15 (1H) appeared in the region of olefinic protons resonance with a multiplet at 6.49-6:75.ppm, while
the adjacent unsaturated proton H16 was detected together with aromatic protons H18-22 and a proton H4
multiplet in the lowest-field part of the spectrum with an integrated intensity of 7H at 7.16-7.64 ppm.

On the basis of the alkaloid cytisine and isoalantholactone, cytisinylisoalantholactone (4) was synthe-
sized with m.p. 196-198 °C, formula C,3H34N,03, M=422.256 g/mol.

0,
¢}
N/E\\ 0
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7 @
The structure was established and confirmed using.spectral methods and comparison of the literature

data [19].

In order to study the reactivity of the molecules of cinnamoylcytisine (2), lipoylcytisine (3), and
cytisinylisoalantholactone (4), determine their‘energy and charge characteristics quantum-chemical calcula-
tions were carried out. The calculations were conducted by semiempirical quantum-chemical methods in the
AM1 and PM6 parametrization.
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A guantum-chemical calculations of molecules main energy characteristics were performed to study the
thermodynamic stability. The obtained results are illustrated in Table 1.
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Table 1
Energy characteristics of molecules (2-4)
L. Molecules
Energy characteristics Method
gy B @3) @)
. AMI 32.922 243137 623.483
Heat of formation, ki/ mol PM6 1114.86 2379.245 412.703
Total eneray. e AM1 -3889.28 ~4235.07 5094
9 PM6 -3662.65 -3973.06 ~4804.12
lonization potential, eV AMI 8.774 8.163 8.597
P ’ PM6 8.996 8.414 8.704
AM1 8775 -8.163 -85597
HOMO, eV PM6 -8.996 -8.414 -8.704
AM1 -0.550 -1.454 20812
LUMO, eV PMG6 20547 71004 20,330

The results presented in the Table 1 indicate a sufficient thermodynamic stability of melecules (2-3).
Molecule (4) is not stable according to the results of quantum-chemical calculations. The data on the energy
values of the frontier orbitals demonstrate that the molecules (2-4) exhibit electrophilic properties. The
Mulliken charge distribution on non-hydrogen atoms was calculated to determine the position of the reaction
centers in molecules (2-4). The results are shown in Figure 1.
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Figure 1. Mulliken charge distribution on non-hydrogen atoms in molecules (2-4)
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Based on the data presented above, it can be concluded that the preferred centers for attack by
nucleophilic reagents in molecule (2) are C1, C2, C4, and C13 atoms, in molecule (3) — C1, C5, and C13,
and in molecule (4) — C1, C5, C15 and C25, which is explained by the presence of an aromatic ring and the
adjacent position of keto groups in the structures of the molecules studied.

In terms of a detailed study and establishment of the probable biological activity of synthesized cytisine
derivatives, we performed a bioprediction using PASS (Prediction of Activity Spectra for Substances) as one
of the most effective and well-known computer programs to date [20]. The results of the bioprediction of the
compounds synthesized are presented in the Table 2, in the form of the proposed activity name and the coef-
ficients of the probability of the presence (P,) and absence (P;), of each type of activity, which have values
from 0 to 1. In this analysis of the predicted list of activities, the conditions were selected, where P,>70 %.

Table 2
Results of computer screening of compounds synthesized (2-4)
P, (Phar- |P;(Pharma-
No. Structural formula macological| cological Intended type of activity
Active) Inactive)
1 |Cinnamoylcytisine 0.927 0.002  [Nicotinic alpha=2-beta-2 receptor antagonist
0.844 0.001  |Alpha-4-beta=2 nicotinic receptor antagonist
0.766 0.010 |Respiratory.analeptic
0.653 0.014 |Analeptic
0.559 0.025 |Anticonvulsant
0.532 0.003 |Alpha-6 nicatinic receptor agonist
0.545 0.039 <|Phosphatidylcholine retinol-O-
acyltransferase inhibitor
0.476 0.019. [Cognitive disorders treatment
0.503 0.060 . [Neurotransmitter uptake inhibitor
0.472 0.035 |All-trans retinyl palmitate hydrolase inhibitor
2 |Lipoylcytisine 0.783 0.002  |Alpha-4-beta-2 nicotinic receptor antagonist
0.753 0.017  |Nicotinic alpha-2-beta-2 receptor antagonist
0.718 0.025 |Antiischemic, cerebral
0.659 0.010 |Treatment of neurodegenerative diseases
0.648 0.004  |Growth stimulant
0.633 0.004  |Chemoprotective
0.612 0.006 |Treatment of liver diseases
0.573 0.010  [Cognitive disorders treatment
0.525 0.010  |Antiparkinsonian
0.530 0.029  |Anticonvulsant
0.462 0.005 |Growth hormone agonist
0.454 0.025  [Muscular dystrophy treatment
0.447 0.019  |Alzheimer's disease treatment
3 |Cytisinylisoalantholactone 0.830 0.004  |Analeptic
0.829 0.007  [Respiratory analeptic
o 0.796 0.019 |Anti-eczematic
o 0.738 0.002  |Alpha-4-beta-2 nicotinic receptor antagonist
0.733 0.021  |Antineoplastic
< 0.678 0.018 [Phosphatase inhibitor
N/;\\ o 0.583 0.004  |Antineoplastic drugs (pancreatic cancer)
: N 0.591 0.013  |Polarization stimulator
\ y 0.579 0.016 |Cardiovascular analeptic
0.556 0.010 |Antimetastatic
0.575 0.036  [Neurotransmitter uptake inhibitor
0.514 0.029 |Dermatological
0.532 0.048  |Anti-inflammatory agent

Computer prognosis demonstrated that cinnamoylcytisine probably (P,>0.5) has antidepressant and
nootropic properties, and also revealed the possibility of its using in the treatment of nicotine addiction in the
future.

As a result of predicting the spectrum of biological activity in the PASS online system, the presence of
hepatoprotective, antiparkinsonian, neurotropic, nootropic, anabolic actions for lipoylcytisine with a proba-
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bility of P,> 0.5 were revealed; and for cytisinylisoalantholactone antitumor, anti-inflammatory, neurotropic
effects with a probability of P,> 0.5, as well as the possibility of its use as an analeptic agent in chronic heart
failure were predicted.

Thus, the bioscreening of synthesized cytisine derivatives showed the promising use of such com-
pounds in medicine as inhibitors of neurotransmitters uptake, an inhibitor of phosphatidylcholine-retinol-O-
acyltransferase, an inhibitor of all-trans-retinyl palmitate hydrolase, etc. This circumstance is significant,
since medicines can be obtained on the basis of these compounds.

Conclusions

On the basis of the cytisine molecule, samples of cinnamoylcytisine (2), lipoylcytisine (3), and
cytisinylisoalantholactone were synthesized. According to the results of quantum-chemical calculations of
these molecules, it was established that the preferred centers for attack by nucleophilic reagents in molecule
(2) are C1, C2, C4, and C13 atoms, in molecule (3) — C1, C5, and C13, and in molecule (4) = C1, C5, C15
and C25, which can be explained by the presence of an aromatic ring and the adjacent position of keto
groups in the structures of the molecules studied. In addition to it, data of virtual bioscreening of cytisine
alkaloid derivatives are provided.
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HuTu3nH ajakajJouabl TYbIHAbLIAPbIHBIH CUHTE3I,
KBAHTTBIK-XUMHUSIBIK ecerTeyJiepi :koHe 0J1apAblH BUPTYaJibl CKpUHUHTI

Makanaja UMTU3HHHIH Keit0ip TYBIHIbUIapbIHA CHHTE3 XKYPTi3ifiteH. [TUTH3MH aKaIOuABIHBIH CHHTE3/ICITCH
TYBIH/IBUIAPBIH KBAHTTHIK-XHMHSIIBIK €CENTEY JKOHEe BUPTYaIIbl CKPUHUHTTIH AepeKTepi aiblHasl. byn perre
LUTH3UH TYbBIHABUIAPBIHBIH MOJICKYJIaapbIHAAFbl PEAKIHS OPTAIbIKTAPbl AHBIKTA/bL. AJIBIHFAH TYBIH/IbI-
JapAbIH peakuusFa KaOUIeTTUIIrH 3epTTey MaKcaThIHAA MOJEKYJIalapAblH SHEPTISUIBIK KOHE 3apsAThIK
CHIATTAMaJIapblH aHBIKTAy YIIH LUHHAMOWILMTH3UH, JMANNOWILUTH3MH, IUTU3HMHHIN30aJIaHTOJIAKTOH
MOJIEKyJIalapblHa KBAHTTHIK-XUMHUSJIBIK €CEHTeyep JKYPri3iiai. ¥ ChIHBUIFAH HOTIDKENEep LMHHAMOWJILUTH-
3MH, JIUNHOWIIHTH3UH MOJIEKyJIaJapblHbIH  )KETKUTIKTI TEPMOANHAMHUKAIBIK TYPAKTBUIBIFBIH KOpCETeNi.
KBaHTTBIK XUMHSUIBIK €CENTEYNCepAiH HOTHKeIepi OOMBIHIIA IUTH3HHIIN30AIAHTOJIAKTOH MOJIEKYJIachl
OHIIa TYpPaKThl eMec eKeHAiri Oaiikamgpl. IllekTik Monekynanblk OpOHWTaIbIAPIBIH MOHAEpPI Typabl
MaJTIMETTEp, KalMbl aJFaHza, GapIiblk - MOJICKYJAIapAbIH 3IeKTPO(UIbII KACHETKE Me SKEHJITH pacTaibl.
CuHTe3/IeNTeH UTH3UH TYBIHABUIAPBIHBIH, OUONOTHSIIBIK OCJICEHIIIriH aHbIKTay MakKcaThIMEH eH THIMAI
JKOHE TaHBIMall KOMITBIOTEPIK Oarmapnamanapasie 0ipi — PASS (Prediction of Activity Spectra for
Substances) kemeriMmeH Ono0OIDKaMaay JKYpriziinai. BupTyanasl ckppiHUHT HOTIDKeNepi OoWbIHIIa OacTanKbl
npenapaTTapIblH  ONeyeTTi Ke3zmepi OONbIT TaObUIATBIH LWTHU3MH ANKAIOWIBIHBIH TYBIHIbUIAPBIHBIH
HEePCIEKTUBAIIBI TYPJICPI aHBIKTAJTBL.

Kinm ces3dep: ankanomirap, UATH3WH, CHHTE3, (QU3HKAIBIK-XUMUSUIBIK KaCHeTTepi, TybIHABLIAP, KBAaHTTHIK-
XUMUSIIBIK €CEeNTeyIep, BUPTYAIABIK CKPHHUHT, 3aTTapIbIH OHOJIOTHSUIBIK OeJIceHIUTIriH Ooinkamay.

K.C. Hypmaran6eros, I'.K. MyxkymieBa, E.B. Munaesa, J[.M. Typabioexos,
K.M. Typnsibekos, A.C. MaxmyToBa, A.P. XKaceimbekoBa, O.A. HypkeHos

CuHTe3, KBAHTOBO-XUMHYECKHE PAacyeThl MPOU3BOAHBIX AJIKAJONIA IUTUIUHA
U UX BUPTYAJIbHbIH CKPUHUHT

B crarbe npoBenieH CHHTE3 HEKOTOPBIX IPOM3BOIHBIX IUTH3NHA. [10TydeHbl JaHHBIE KBAHTOBO-XHMHYECKOTO
pacueTa U BUPTYAJIbHOI'0 CKPUHHUHTA CUHTE3UPOBAHHBIX MPOWU3BOJAHBIX aJIKajlouJa HUTU3HUHA. Ol'lpe)le.]'leﬂbl
PEaKIMOHHBIE LIEHTPHI B MOJIEKYJIaX MPOU3BOAHBIX LUTH3MHA. C 11EIbI0 U3yUYeHUS PEaKIMOHHON CIIOCOOHO-
CTH TOJIyYEHHBIX MPOU3BOJHBIX aBTOPAMH MPOBEICHbI KBAHTOBO-XHMHYECKHE PACUETHI OINPEeICHUs JHEp-
TeTHYECKUX M 3apsAI0BBIX XapaKTEPUCTHK MOJICKYJI: IMHHAMOMILUTH3WHA, TMINOWIIUTH3UHA, INTU3HHUIIU-
30aJIaHTOJIAKTOHA. [IpecTaBieHHbIe pe3yNbTaThl CBHAETEIBCTBYIOT O JOCTaTOYHOH TEPMOAMHAMHYECKOMH
CTaOMIFHOCTH MOJICKYJI [IMHHAMOWIIUTH3HHA ¥ JIMIHIOMINNTA3NHA. MoJeKyia U TH3NHIIIN30aIaHTOIaKTO-
Ha, TI0 pe3yJIbTaTaM KBAaHTOBO-XMMHYECKUX PacyeToB, MAIOCTaOMIbHA. JlaHHbIe 3HAYSHUH TPAHHYHBIX MOJIe-
KyJSIPHBIX OpOMTajel MOKa3bIBalOT, YTO, B IIEJIOM, BCE MOJICKYJIBI MPOSBISIOT JIEKTPOGUIbHBIE CBOWCTBA.
B nane eTanbHOro U3y4eHHs M BEPOSTHOIO YCTAHOBIICHHS OMOJIOTHYECKOI aKTUBHOCTH CHHTE3HPOBAHHBIX
MPOM3BOAHBIX LIUTH3MHA OBbLI cIelaH OMONPOTrHO3 C MCIOIB30BaHUEM OJHOI nM3 Hambosee 3(PpEeKTUBHBIX U
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Zh.S. Nurmaganbetov, G.K. Mukusheva et al.

M3BECTHBIX HA CETOJHSIIHUN JIeHb KOMIbIOTepHBIX mporpamm — PASS (Prediction of Activity Spectra for
Substances). 1o pe3yiabTaTaM BUPTYaJlbHOIO CKPHHMHIA BBIABJICHBI [IEPCIICKTUBHBIC THIIBI IPOU3BOAHBIX aJl-
KaJIOW/Ia IUTH3KHA, SBISIOLIMECS IOTCHIMAIbHBIME HCTOYHUKAMH OPUTHHAJIBHBIX TIPEIapaToB.

Kniouesvie cnosa: ankanounusl, IUTH3UH, CHHTE3, PH3UKO-XUMHUYECKUAE CBOMCTBA, MMPOMU3BOIHEIC, KBAHTOBO-
XUMHUUYECKUH pacyeT, BUPTYaJbHbIH CKPUHUHT, IPOTHO3UPOBAHHUE CIIEKTPOB aKTUBHOCTH BEILLIECTB.
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