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Quantum Chemical Study of the Structure and Properties
of a Quinolysine Alkaloid Derivative Molecule

Derivatives of quinolisidine alkaloids obtained from plants of the genus Lupinus and Anabasis is one of such
important compounds from the point of view of searching for new biologically active substances. The pres-
ence of the primary alcoholic group allows obtaining various modifications of lupinin derivatives. The task of
complex study of the spatial structure of quinolisidine derivatives molecules, pathways and obstacles of their
conformational transitions, conformational states, and reactivity data remains relevant. Therefore, in contin-
uation of the study of the conformational states of these derivatives, quantum-chemical calculations of the
molecule 1-((4-(4-(m-tolyl)-1H-1,2,3-triazol-1-yl)methyl)octahydro-1H-quinolysine were performed. Geo-
metrical properties of this molecule, obtained as a result of quantum chemical calculations, were analyzed and
compared with experimental data of X-ray diffraction analysis. According to the results of the conformational
analysis, conducted by rotating along the labile C12-C13 and C10-N2 bonds, the most favorable conforma-
tional states of the molecule were determined. It was shown that the localization of the boundary molecular
orbitals falls on the 1-ethyl-4-(m-tolyl)-1H-1,2,3-triazole substituent at C12 and C10 atoms, which suggests
its participation in the subsequent modification reactions carried out in the search for new biologically active
substances.

Keywords: quantum chemical calculations, alkaloids, computer modeling, quinolysine derivative, conforma-
tional analysis, thermodynamic stability, lupinine derivatives, X-ray structure analysis

Introduction

Among various lupinine derivatives, compounds with biological activities that are not specific for com-
pounds of this class (antispasmodic, antiarrhythmic, hepatoprotective, analgesic, cholinergic, insecticidal,
antioxidant, etc.) are regularly encountered. This has attracted the attention of many researchers to study
comprehensively and also to design more complex structures of these derivatives to study the structure-
activity relationship.

One of the most effective methods for studying complex systems is computer modeling. Computer
modeling methods are aimed at solving various problems and consist in performing a series of computational
experiments on a computer. The purpose of these experiments is to analyze, interpret, and compare the re-
sults of the modeling with the specific behavior of the object under study. If necessary, the model is refined
on the basis of the data obtained.
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Molecular modeling is the process of creating a computer model of an object by transferring its spatial
coordinates. Information about the initial geometry can be obtained in several ways: by extracting data from
the X-ray diffraction database, by searching libraries for standard geometries, or by building structural mod-
els using various software tools.

The activity of a molecule in chemical reactions depends mainly on its composition, structure and ener-
gy properties. The prediction of reaction centers of organic molecules is an important and urgent task. Using
modern quantum chemical methods, chemists can design experimental studies and carry out targeted synthe-
sis of important chemical products.

Research Methods

The object of work is the molecule of lupinine alkaloid derivative 1-((4-(m-tolyl)-1H-1,2,3-triazol-1-
yl)methyl)octahydro-1H-quinolysine (molecule 1) (Fig. 1) synthesized earlier by the authors [1].

Figure 1. 3D structure of ((4-(m-tolyl)-1H-1,2,3-triazol-1-yl)methyl)octahydro-1H-quinolysine (1)

Nowadays, there is a sufficient number of free and commercial quantum chemistry programs, such as
GAMESS, NWChem, HyperChem, VASP, Quantum Espresso, CRYSTAL, etc., for calculating organic
molecules [2-3].

For the quantum-chemical study of molecule 1 we used the non-empirical DFT B3LYP density func-
tional method using the valence-splitting basis set 3-21. To take into account the possibility of displacement
of the electron density distribution center from the nucleus (polarization of atomic orbitals), we included a
d-type polarization function in the basis set. The use of polarization basis functions allows us to correctly
describe the energy and geometrical characteristics of organic compounds, including those with heteroatoms,
which are present in the molecule under study.

The optimization of the geometry of molecule 1 was performed using the keywords Opt+freg. Opt —
means that it is necessary to optimize the configuration of the molecule, i.e. during the optimization process,
according to the applied method of extremum search, the program will change the bond lengths and valence
angles of the studied structure until a stationary point — the most stable state of the molecule — is found.
The keyword Freg was used by us to calculate the thermodynamic properties of molecules, as well as to de-
termine the type of the stationary point (minimum or saddle point).

To find the most favorable conformational states, we used the keyword Scan, with opt=(modredundant,
maxcycles=1000) selected in the problem section, and the corresponding dihedral angle after the coordinates
by a blank line labeled with the letter D and the four atom numbers of that angle. We used modredundant for
incomplete optimization.

Results and discussions

The first step of study was to optimize the geometry of Molecule 1 — to find the minimum of total en-
ergy in all geometrical parameters.

In the course of studying the spatial structure of Molecule 1, we compared its geometric properties with
X-ray diffraction (XRD) data, as well as with the data of the molecule 1-((4-(4-(3-methoxyphenyl)-1H-1,2,3-
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triazol-1-yl)methyl)octahydro-1H-quinolysine (Molecule 2) [4], which has a similar structure and has been
studied by us previously [5].

The geometric properties of Molecules I and 2 obtained from quantum chemical calculations are close
to the corresponding XRD data, which indicates the correctness of the calculated data. The values of the tor-
sion angles are given in Table 1.

Table 1
Values of torsional angles in Molecules 1 and 2
Molecule 1 Molecule 2
Torsional angles
XRD B3LyP 3/21 XRD B3LyP 3/21
CI-N1-C5-C4 59.2(1) 53.4 —58.0(9) 59.2
C9-N1-C5-C4 176.8(1) 175.2 —176.6(9) -175.4
C11-N2-C10-C6 -120.8(1) -129.9 124(1) —138.5
C10-N2-C11-C12 177.1(1) -179.5 -176.2(8) -178.1
N3-N4-C12-Cl11 0.0(1) 0.2 0(1) 0.2
C2-C3-C4-C5 57.0(2) 57.3 =57(1) 55.0
C3-C4-C5-N1 —58.2(1) —54.8 59(1) —56.3
C3-C4-C5-C6 177.5(1) -176.8 —175.009) -178.0
C4-C5-C6-C7 179.4(1) -177.0 179.3(8) 112.0
C4-C5-C6-C10 55.2(1) 60.0 =54(1) -124.1
C5-C6-C7-C8 —54.0(1) —56.9 54(1) 58.4
C5-C6-C10-N2 175.9(1) 168.4 179.2(7) 61.1
N2-C11-C12-N4 0.7(1) 0.1 —0(1)) 0.0
N2-C11-C12-C13 -179.8(1) -179.9 178.1(9) -179.7
C11-C12-C13-C18 151.6(1) 179.9 160(1) 179.7

The difference in the values of the torsion angles C4-C5-C6-C7, C4-C5-C6-C10 and C5-C6-C10-N2
can be explained by the fact that all the quantum chemical calculations are carried out in the liquid phase of
the molecules, whereas the XRD data are obtained in the solid state. Therefore, molecule 2 adopts an ener-
getically more favourable conformation upon crystallization.

To determine the most favorable conformational states of Molecule 1, conformational analysis was per-
formed by rotating around the labile C12-C13 (Fig. 2) and C10-N2 (Fig. 3) bonds.

Torsion angles by connection
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Figure 2. Dependence of the total energy of Molecule I on the rotation along the C12-C13 bond
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Figure 3. Dependence of the total energy of Molecule 1 on the rotation along the C10-N2 bond

From the analysis of the obtained data we can conclude that the most thermodynamically favorable
(having the minimum electron energy of the molecule) conformational states of the free Molecule 1 takes at
the values of the torsional angle C11-C12-C13-C14 355° and 176° and at values of the torsional angle C6-
C10-N2-C11 71° and 221° (-953.41HF) —2502 kJ/mol. The conformation along the C12-C13 and C10-N2
bonds has an energy minimum in the range of -2502 kJ/mol.

It is believed that the reactivity of a molecule depends on its boundary molecular orbitals (MOs): the
highest occupied and the lowest free orbitals (HBMOs and LFMOs) [6]. One of the most important proper-
ties of the MOs is the boundary electron density, i.e. the electron density on the individual atoms of the mol-
ecule involved in the reaction. According to this theory, a reaction between molecules is most likely to occur
when there is a maximum overlap of boundary MOs. This process results in a charge transfer from the high-
est occupied orbital of the donor (gives) to the lowest free orbital of the acceptor (receives).

It is known that the reactivity of a molecule is characterized by the values and localization of HBMOs
(highest occupied molecular orbital) and LFMOs (lowest free molecular orbital) [7]. The energy characteris-
tics and localization of MBOs (molecular boundary orbitals) have therefore been calculated.

4

Figure 4. Localization of MBOs in molecule 1
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Figure 4 shows that the localization of MBOs in molecule 1 falls on the substituent — 1-((4-(m-tolyl)-
1H-1,2,3-triazol-1-yl)methyl. Therefore, it can be assumed that further reactions of synthesis of new deriva-
tives of molecule 1 will take place with participation of this substituent.

The “hardness” or “softness” of the studied molecules can be estimated from the values of HBMO and
LFMO energies (Table 2). The “hardness n/softness” of molecules according to the Pearson criterion can be
calculated on the basis of the formula 1 = (LFMO — HBMO)/2, and then S =1/(2n) = 1/(LFMO — HBMO).
The application of these formulas implies that the studied molecular systems are “rigid” reactants, since they
have an energy gap of more than 1 eV between LFMO and HBMO [8]. The calculated rigidity (I]) indicates
that this molecule is quite rigid, which in turn indicates its low reactivity and high electronic stability. Suffi-
cient thermodynamic stability is indicated by the value of heat of formation also presented in Table 2.

Table 2
The energy properties of Molecule 1

Basis B3LYP/3-21
AH, hartree, eV —953.413251
HBMO, eV -9.2326
LFMO, eV -8.6188
1, eV -3.6951
Conclusion

Thus, as a result of quantum chemical calculations performed by density functional theory methods
B3LYP/6-21G*:

— geometrical parameters of conformational states of molecule 1 with values of torsional angles C11-
C12-C13-C14 355° and 176°, and C6-C10-N2-C11 90° and 230° were determined;

— a satisfactory agreement between the computational-theoretical and experimental structural data is
shown;

— the studied molecule was found to exhibit low reactivity and high electronic stability.

These calculations will allow further modelling of the chemical properties of molecules for the subse-
quent synthesis and search for new drugs based on quinolizidine derivatives.
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XHUHOJTU3UH AJTKAJTOUATHI TYBIH/IbI M0OJIEKYJIACBIHBIH KYPbLIbIMBI
MeH KacHeTTepPiH KBAHTTBHIK XHMHUSUIBIK 3€pTTEy

Lupinus xoHe Anabasis TyKbIMAac eCIMIUKTEPJICH AJIbIHFAaH XHHOIU3UANH ANIKAJIOUITAPBIHBIH TYbIH/ABUIAPbI
JKaHa OHMOJIOTMSUIBIK OENCEeHAl 3aTTapAbl i3/ley TYPFBICHIHAH MaHBI3IbI KOCBUIBICTapAbIH Oipi. Bactanksr
CIUPTTIK TOOBIHBIH OOJyBI JIyITMHUH TYBIHABUIAPHIHBIH OPTYPIIi MOAU(HKANNUIAPBIH alyFa MYMKIHIIK Oe-
peni. XHHOMN3UINH TYBIHBUIAPBIHBIH MOJICKYJIJIAPBIHBIH KeHICTIKTIK KYPBUIBIMBIH, OJApABIH KOH(pOpMAaru-
SIBIK ~ AyBICYJNapbIHBIH KOJIAAphl MEH KeJepriulepiH, KOH(QOPMAIVSIIBIK KyHIep MEH peaKIUsUIbIK
KaOINMeTTiNIriH KeleHai 3eprrey Minzeri maHb3abl. COHABIKTaH, Oy TYBIHIBUIAPIBIH KOH()OPMALHSIIBIK,
KYHiH 3eprreyni kairacTeipa OThIpbI, 1-((4-(m-tommm)—1H-1,2,3-tpua3zon-1-uwi)mermwn)okraruapo—1 H-
XMHOJIM3UH MOJICKYJIaChIHA KBAaHTTBIK-XUMHUSIIBIK ecenTeyiep xyprisinai. KBaHTThIK-XUMHSUIIBIK ecenTeyep
HOTI)KECIHIE aJblHFaH OyJl MOJICKYJIAQHBIH TE€OMETPHSUIBIK CHIIATTaMaylapbl TAIAAHBIN, PEHTTEHAIK
KYPBUIBIMIBIK TaJJayAblH OSKCIEPUMEHTTIK MamimerrepiMen cansicThipburran. C12-C13 sxome C10-N2
nabunbai OaiaHbicTapsl OOMBIMEH aifHally apKbLIbI JKYPTi3iireH KOH(MOPMAIMSUIBIK TaJAy HOTIDKENepi
OoMbIHIIA MOJIEKYJIaHBIH €H THIMII KOH(OPMAamMsUIBIK Kyiuepi asbIKTangsl. lllexapaiblk MoJeKyJaibIK
opOutansaapasiy Jokamm3anusicsl C12 sxone C10 arompmapsapars! 1-9Tuin-4-(u-tommn)-1H-1,2,3-tprazon
QIMACTBIPFBIIBIHA OOJATHIHABIFEI KOPCETLIreH, OYJI OHBIH JXaHa OMOJIOTHSUIBIK OJICEHI 3aTTapisbl i31ey
YLLIH )KYPri3iieTin KeiHiHri MoAn(UKaIus peakysiapbiHa KaTbICYbIH OODKaN/IbI.

Kinm coe30ep: KBaHTTBIK XUMHSIBIK €CENTEyJep, alKIOUITap, KOMIIBIOTEPIIK MOACNbICY, XUHOIU3MH
TYBIHIBICHI, KOH(GOPMALMSIBIK Tallay, TEPMOJMHAMHMKAIBIK TYPAKTBUIBIK, JIYNHHWUH TYBIHABLIAPHI,
PEHTTeHAIK KYPhUIBIMIBIK Taaay

K.b. Kon6anuna, A.C. MaxmyroBa, /[.M. Typasioekos,
M.B. Cmupnos, H.X. UGpaes

KBaHTOBO-XxMMHYecKOe HCC/IeJOBAHUE CTPYKTYPbI U CBOICTB
MOJIEKYJIbI POU3BOIHOT0 XMHOJM3HHOBOI0 AJIKAJION/IA

IIpon3BogHbIe XUHOIM3UANHOBBIX aJIKAJIOHOB, MOTyYeHHBIE U3 pacTeHui poaa Lupinus u Anabasis, ¢ TOUKA
3pEeHUs MONCKA HOBBIX OMOJIOTHYECKH AaKTHBHBIX BEIIECTB, SBIISIOTCS BAKHBIMU cOoeAMHeHWsMH. Hammuane
TIEPBUYHON CIMPTOBOM T'PYyMNIBI MO3BOJSET IOMYYaTh pa3sIMYHble MOJU(MUKAIMK ITPOM3BOIHBIX JTyINHHUHA.
AXTyanbHOH ocTaeTcs 3ajada KOMIUIEKCHOTO M3YYeHHUS MPOCTPAHCTBEHHOH CTPYKTYpPBI MOJIEKYJI IIPOU3BOI-
HBIX XUHOJM3UANHA, a TAKXKe ITyTel M MPEeMITCTBUH UX KOH()OPMAIIMOHHBIX NIEPEXOJ0B U COCTOSHHH, Ompe-
JETSIEMbIX PEaKIMOHHON CIOCOOHOCTBIO. B mponomkenne n3ydeHuss KOHPOPMAMOHHBIX COCTOSHUH 3THUX
MPOM3BOAHBIX OBUIM HPOBENCHBl KBAaHTOBO-XMMHUYECKHE pacueTbl MoJyeKyisl 1-((4-(m-tomun)-1H-1,2,3-
TpHuazoi-1-min)merun)okraruapo—1 H-xunonusuna. ['eomerpuueckne XapakTEpUCTHKU JaHHOW MOJICKYJIBI,
MOJy4YEHHbIE B pe3ybTaTe KBAHTOBO-XUMHYECKUX PACUETOB, IPOAHATU3UPOBAHbBI U COMOCTABIEHBI C dKCIIe-
PHMEHTAJIBHBIMH JAHHBIMH PEHTTEHOCTPYKTYpHOTO aHanu3a. I1o pe3ynpraTaM KOH(GOPMAMOHHOTO aHAJIH3a,
OCYIIECTBICHHOTO MyTeM BpamieHus BAoJb Ja0mwibHBIX cBsizeid C12-C13 u C10-N2, ObuUIM yCTaHOBIICHBI
Hanbosiee cTaGHIIbHEIE KOH()OPMAIIMOHHBIE COCTOSHUS MOJIeKyJIsl. [oka3aHo, 9TO JTOKaIM3alys TPaHUIHBIX
MOJIEKYJSIPHBIX opOuTanelt mpuxomurcs Ha 1-3THin-4-(m-tommn)-1H-1,2,3-TpHa3onoBelii 3aMecTHTENb TIPH
atomax C12 u C10, uro mpeamosiaraet €ro yyactie B MOCIECAYIOIINX PeaKuusax MOIUPHKALUK, TPOBOAUMBIX
U1 TIOUCKA HOBBIX OMOJIOTHYECKH aKTHBHBIX BEIIECTB.

Kniouesvie cnosa: KBaHTOBO-XUMUYECKUE PACUETHI, AJIKaJIOH/Ibl, KOMIIBIOTEPHOE MOAEIUPOBAHUE, TPOU3BOI-
HO€ KBHHOJIM3MHA, KOH(GOPMALMOHHBIN aHAIIN3, TEPMOJAMHAMHUYECKAs] CTA0MIBHOCTD, TPOU3BOIHbIC JTyTIUHHU-
Ha, PEHTT€HOBCKUH CTPYKTYPHBIH aHAIH3
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