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The review is devoted to the rapidly developing field of modern supramolecular chemistry
— cyclodextrin complexes of biologically active nitrogen heterocycles, such as piperidines,
piperazines, morpholines and pyridines. Interest in cyclodextrin complexes is growing due to
the search and construction of supramolecular assemblies for targeted drug delivery. The latter
is achieved as a result of supramolecular self-assembly, based on the principles of molecular
recognition, and is one of the areas of modern chemistry, leading to the creation of new materials
with new properties.

This review fully demonstrates the ongoing scientific and practical interest in the problem of
encapsulation with cyclodextrins, including nanoencapsulation. Encapsulation with cyclodextrins
provides a wide range of advantages: obtaining solid dosage forms from liquid ones, stabilizing and
protecting active substances from the adverse effects of external factors, increasing solubility,
increasing bioavailability, reducing toxicity, prolonging action, etc.

The presented review includes recent advances in the field of supramolecular complexes
of biologically active nitrogen heterocycles with cyclodextrins and concludes with a discussion
and identification of future promising directions for research. The review presents the results of
supramolecular self-assembly of biologically active azaheterocycles with cyclodextrins.

Keywords: supramolecular complexes; cyclodextrins;
heterocycles; piperidines; piperazines; morpholines; pyridines.

biological activity; nitrogen

Buonoruanbik 6enceHai
a30TTbl reTepouuKnaepaiH,
CynpamoieKynanbliK,
UMKNOOEKCTPUHAIK
KeweHpepi

T.M. CeiinxaHos?, A.10. TeH",

X.C. Tacbi6ekos?, O.T. CeitnxaHoB?,
T.E. apkbiH6ek!, b.f. TypcbiHOBa'?,
B.K. l0*

1 9.b. beKkTypoB aTbIHAAFbl XMUMUA
FbINbIMAAPbI UHCTUTYTHI,

Anmarbl K., KasakcTaH

2AMP CNEeKTPOCKOMUACHIHbIH 3epTXaHachl,
L. YoannxaHos aTbiHAafbl KekweTtay
yHuBepcuTeTi, KekweTay K., KasakcTaH
39n-Papabu aTbiHAaFbl Ka3ak yATTbIK
yHuBepcuTeTi, AnmaTbl K., KasakcTtaH
"E-mail: ten-assel@mail.ru

LWony Kasipri 3amaHfbl CynpamosieKynanblk XMMUAHbIH, KapKbiHAbI AaMbiN Kene KaTKaH
bafbITTapbiHbIH, 6ipi — nNunepuguHaep, nNunepasuHaep, MopdONUHAEP KaHe NUPUAUHAOEP
CUAKTbI BuonornanbiK 6enceHai asoTTbl reTEPOLUMKAAEPAIH, UMKNOAEKCTPUHAIK KelweHaepiHe
apHanfaH. LMKNOAEKCTPUH KelleHiHe KbI3bIFYLWbINbIK A9Pi-49pPMeKTepai MaKCcaTTbl XKeTkisy
YWiH cynpamoneKkynanblk aHcambnbaepai isgeyre kaHe kobanayra 6aitnaHbiCTbl apTbin Keneai.
COHfbICbIHA MONEKYNaNblK TaHy NPUHUMNTEpPiHEe Heri3genreH cynpamosiekynanbiK ©3iH-e3i
KYpacTblpy HerisiHAe KO/ »KeTKi3ifeai KaHe KaHa KacueTTepi 6ap KaHa maTepuangapibiy,
KaHafaH KypyblHA 9KeneTiH 3aMaHayn XMMUAHbIH 6aFbITTapbiHbIH, 6ipi 60bin Tabblnagbl.

Bbyn wony  UMKNOAEKCTPUHAEPMEH  Kancyngay  MaceneciHe, COHbIH  iWiHAe
HaHOKANCyNALUMAFA FbIIbIMU KOHE NPAKTUKAbIK KbI3bIFYLWbINbIKTbI TO/bIFBIMEH KepceTemi.
LiMknoaeKkcTpuHAEPMEH Kancynaay KenTereH apTbiKWbINbIKTap 6epesi: cyiblK 3aTTapAaH KaTTbl
napinik popmanapabl any, benceHai 3attapAbl CbIpTKbl GaKTOPNAPAbIH, KOMANCbI3 dcepiHeH
TYpPaKTaHAbIpPy »KOHe KOpfay, epiriluTiKTiH »KOofapblnaybl, OUMOXKETIMAINIKTIH, ¥KOoFfapbliaybl,
YbITTbINBIKTbIH TOMEHAeYi, 9CepAiH y3apybl }KaHe T. 6.

YCbIHbINFAH  WONY  UWMKAOAEKCTPUHAEPMEH  Buonoruanbik  GenceHai  asoTTbl
reTepouuKNAepaid,  CynpamoneKynanblk KeweHAepi canacbiHblH — COHFbl  KETICTIKTepiH
KaMTuAbl }aHe bonallak NepcneKkTUBabiK 3epTTey H6aFbITTapblH TasKbllay KaHe aHbIKTayMeH
askTanagbl. Wonyaa 6uonoruansik 6enceHai asareTepouuKNAEPAiH, LUKAOAEKCTPUHAEPMEH
CynpamosieKynanbliK 63iH-83i KypacTblpy HaTUXKeNepi YCbIHblAaAbI.
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0630p nocsBAweH OAHOMY M3 6ypHO pPa3sBMBAIOWMXCA HaMNpaBAEHWA COBPEMEHHOM
CYNPamoNeKyNAPHON XMMWUU — LUKNOLEKCTPUHOBBIM KOMMIEKCaM GUONOTUYECKM aKTUBHbIX
a30TUCTbIX FETEPOLMKIIOB, TaKUX KaK NUNepuauHbl, nunepasuHbl, MOPGOAUHBI U MUPUAUHDI.
MHTEpeC K UMK/TIOAEKCTPUHOBbIM KOMMN/1IEKCAM PacTeT B CBA3M C MOUCKOM N KOHCTPYMpOBaHUEM
CYNpamoNeKyNApHbIX aHCambnel ana afpecHoi A0CTaBKM nekapcTs. MocnegHee gocTuraeTcs
B pe3ynbTaTe Cynpamo/eKyNsapHON camoCcBOpKM, OCHOBAHHOM Ha MPUHLMNAX MOEKYAAPHOro
pacnosHaBaHWA, U ABNAETCA OAHWM W3 HaMpaB/JieHWI COBPEMEHHOMN XMMUU, NMPUBOAALMM K
CO3/,aHNI0 HOBbIX MaTepranoB C HOBbIMW CBOWCTBAMM.

HacToAwmit 0630p B NONHOW Mepe AEMOHCTPUPYET HeyracatoLMi HayYHbIN M NPAKTUYECKMI
MHTEPEC K NPOBEME KanCyNMPOBaHUA LLUKNOAEKCTPUHAMM, B TOM YUC/IE HAHOKANCYIMPOBAHUIO.
KancynupoBaHve LUMKAOAEKCTPUHAMM [aeT LMPOKUI CNeKTp MpeumyLiecTs: NoayyeHue
TBEPAbIX NEKAPCTBEHHbIX GOPM U3 KUAKMUX, CTABUAU3ALMA M 3aLUMTA AaKTUBHbIX BELLeCTB OT
Heb6naronpUATHOro BO34EMNCTBUA BHELWHNX GpaKTOPOB, yBENMYEHNE PACTBOPMMOCTH, MOBbILLEHWE
6MOA0CTYMHOCTH, CHUNKEHUE TOKCUYHOCTU, MPONOHTALNUA AeiCTBUA U A4p.

MpeactaBneHHbln  0630p  BKAOYAaeT  MnocieAHue  AOCTUXKeHus B obnactu
CynpamMoNeKyApHbIX KOMMN/EKCOB 6VIOJ10FVI'-IeCKM AKTUBHbIX Qa30TUCTbIX TreTepounksnos c
LMKNOAEKCTPUHAMM U 3aBepLuaeTcsa obcyKAeHUeM U onpegeneHnem byayLmux nepcneKkTUBHbIX
HanpasneHuit uccneposaHuit. B o63ope npeacTaBneHbl pe3ynbTaTbl CYNnpamoNeKyNspHOM
caMocbopKM BMONOTUYECKM aKTUBHBIX a3areTepoLMKA0B C LUKI0AEKCTPUHAMM.

KnioueBble cnoBa: cynpamonekynspHble KOMNAEKCbl; LUKNOAEKCTPUHDI; 6uonorunyeckasn
AdKTUBHOCTb; a30TUCTble reTepoUmnK/bl; NTUNEPUANHBI; NUNepPasuHbl; MOpd)OﬂVIHbI; NMUPUANHbI.
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1. Introduction

The use of cyclodextrins (CDs) to create complexes
including biologically active compounds, pharmaceuticals and
drugs is one of the main directions in the development of
supramolecular chemistry and the new forms of medicinal
substances production [1-7]. Among the currently widely known
encapsulating receptor compounds for pharmaceutically active
compounds, such as c [8,9], crown ethers [10], calixarenes [11,
12] and others, CDs are distinguished by a number of remarkable
properties due to their structure and serve reference host
molecules for a wide range of natural and synthetic molecules.
Cyclodextrins are among the available semi-natural compounds
obtained from starch.

The CD molecule consists of several glucopyranose units
and has the shape of a torus (a truncated hollow cone). The most
common types of cyclodextrins are its a-, B- and y-forms,
containing 6, 7 and 8 glucopyranose units, respectively (Figure 1):

Figure 1 — Structure and arrangement of hydrogen atoms in CD
(a-CD: n=6; B-CD: n=7; y-CD: n=8) [1-7]

The most important distinguishing feature of CD is the
ability to hydrophobically bind a guest molecule in its cavity

(host) in an aqueous environment. This is due to the fact that all
the primary hydroxyl groups of the CD molecule are directed
outward, the secondary ones are directed into the cavity,
where the H-3 and H-5 atoms and the glycosidic oxygen are
also located. The result of this structure is the formation of the
outer hydrophilic structure of the CD, while the inner cavity has
hydrophobic properties. This CD configuration promotes the
formation of inclusion complexes with guest molecules those
are less polar than water and if their geometry and structure
are complementary to the cavity of the cyclodextrin receptor.

To regulate the solubility of cyclodextrin complexes, in
recent years, intensive work has been carried out in the field of
preparation and use of various CD derivatives as drug receptors,
which differ significantly from the original cyclic oligosaccharide
in physicochemical properties and solubility [13-18].

Currently, alkyl, hydroxyalkyl, acyl, carboxyl, phosphono-
diamidoester, amino, maltosyl, glucosyl derivatives of CD are
known [19], which are characterized by good solubility in water.
Hydrophobic derivatives of CD are represented by diethyl and
triethyl analogues [20]. They are poorly soluble in water and can
be used to prolong the action of a pharmaceutical drug as part
of an inclusion complex. Zwitterionic derivatives of CD —
carboxyl and amino derivatives — are characterized by a strong
dependence of solubility in water on the acidity of the medium.

It should be noted that work towards the production of CD
derivatives is being carried out on a large scale and with high
returns.

Scientific and practical interest in the problem of
encapsulation with cyclodextrins [21,22], including nanoen-
capsulation [23-28], remains high, as evidenced by the available
literature on this topic, published in periodicals and materials of
international conferences and symposia.
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Complexation with CD often makes it possible to solve
such issues as instability of a substance during storage,
insufficient solubility in water, and an inconvenient state of
aggregation to use. It is noted that the latest achievements in
chemistry of intermolecular interactions and the most
promising areas of its use are associated with the processes of
self-assembly and self-organization, which, in particular,
can be implemented in the supramolecular creation of
nanoencapsulated complexes of pharmaceuticals with CDs.

Particular interest in CDs as drug carriers compared to
other complexing agents is due to three properties: high
stability, a sufficiently large cavity diameter, and good body
tolerance of cyclodextrin dosage forms.

As a result of complexation with CD, the following is
achieved:

1) reduction of toxicity;

2) the possibility of converting liquid substrates into
crystalline ones;

3) increased pharmacological activity;

4) increasing the stability of drugs to hydrolysis and
oxidation.

Among those used to obtain inclusion complexes, the
most affordable one is currently B-CD, while prices for a- and
y-CD are still quite high. However, it should be noted that B-CD
is insufficiently soluble in water (18.5 mg/ml at 25°C [1]).

Supramolecular nanoencapsulation of pharmaceuticals
with cyclodextrins makes it possible to obtain solid dosage
forms from liquid ones, helps stabilize active substances to the
external effects of light, heat, and atmospheric oxygen, and also
increases solubility, improves bioavailability, and masks
undesirable odors and taste of biologically active compounds.
As a result of encapsulation of medicinal substances, it is
possible to obtain drugs with prolonged, programmed and
transdermal effects. In addition, the possibility of targeted
transport of the drug in the body directly to the site of its action
increases.

The reversibility of the process of supramolecular
interaction of a biologically active compound with an
encapsulating agent plays an important role in regulating the
ability of a substance to pass through biomembranes or
lipophilic barriers. The rate and extent of bioavailability of a
pharmaceutically active substrate can be adjusted by changing
various environmental factors that affect the solubility of the
complex, its destruction in the biological environment and,
consequently, the ability of the drug to penetrate obstacles to
the intended target organ. In the equilibrium mechanism of
dissolution and destruction of supramolecular complexes,
competing processes of exchange of the “guest” molecule in
the CD cavity can also occur [29].

The choice of pharmaceutical
preparation of supramolecular assemblies is determined by the
pharmaceutical activity of the encapsulated molecules and the
tasks assigned to researchers.

substrates for the

Currently, organic chemists are conducting a significant
amount of work on the study of biologically active nitrogen

heterocycles [30-32]. Heterocyclic aza compounds are
widespread in nature and are essential for many biological
functions. Nitrogen heterocycles are isolated in large quantities
from natural compounds, and new synthetic biological active
compounds with a predicted wide spectrum of pharmacological
action are being created [33-36].

When studying CD inclusion complexes with guest
molecules, high-resolution NMR spectroscopy is widely used to
establish the structure and configuration of supramolecular
assemblies [37]. The exclusive role of the NMR method in
chemical research, especially complex formation, is determined
by the fact that it turns out to be a very useful and often
irreplaceable source of information at all stages of research -
from studying the composition of complex reaction mixtures to
establishing the structure and characteristics of complex
compounds, the distribution of electron density in them and
intermolecular interactions. Based on the change in the
chemical shifts of cyclodextrin protons during complex
formation with guest molecules, it is concluded that the
substrate is included in the internal cavity of the CD receptor or
the formation of external or mixed complexes [37,38].

In this review, biologically active nitrogen heterocycles
such as piperidines, piperazines, morpholines, pyridines and
their derivatives will be considered as substrates in
supramolecular complex formation. An analysis of the literature
on the preparation, structure and properties of supramolecular
inclusion complexes of cyclodextrins with biologically active
azaheterocycles will include data for the last decade. The
collected material indicates an ever-increasing interest in
ensembles consisting of nanosized supramolecular CD particles
with biologically active azaheterocycles, and there is no doubt
that the development of high-tech and less expensive
technologies for creating supramolecular nanodispersed drugs
is a very relevant and sought-after topic.

2. Main Part

2.1 Supramolecular cyclodextrin inclusion complexes with
piperidines

The complexation of 4-(but-3-en-1-yn-1-yl)-1-(3-butoxy-
propyl)piperidin-4-yl benzoate 1 with 8-CD (Figure2) was
studied using NMR spectroscopy [39]. The inclusion of 1 into the
cavity of the 8-CD molecule leads to significant changes in the
chemical shifts of the H-3 and H-5 protons of 8-CD located in
the internal cavity. In the ROESY spectrum of the inclusion
complex 1/(B-CD),, cross-peaks are observed corresponding to
intermolecular interactions of the H-3 and H-5 protons of 8-CD
with the protons of the aromatic and piperidine rings of 1. The
authors believe that the most probable is the formation of
inclusion complexes composition 1/(8-CD), (Figure 2).

The works [40,41] present the results of the supra-
molecular self-assembly of the inclusion complex of
1-(2-ethoxyethyl)-4-phenylpiperidin-4-yl acetate 2 with B-CD
(Figure 3). Data obtained by NMR spectroscopy, thermal analysis
and molecular modeling suggest that the composition of the

BecTHuK KasHY. Cepua xummyeckana. —2024. — Ne 3



T.M. Seilkhanov et al. 25

(O’
] v/

Figure 2 — Proposed structure of 7
the inclusion complex 1/(B-CD),
Figure 3 — Proposed

structure of the inclusion
resulting inclusion complex complex 2/(B-CD),
corresponds to 2/(B-CD),.
The primary portion of the
guest molecule resides within the cavity of one B-CD molecule,
comprising part of the piperidine ring, ethoxyethyl, and acetoxy
groups. Meanwhile, the phenyl group of the guest molecule is
enclosed within the cavity of another B-CD molecule (Figure 3).
Pharmacological investi-gations have indicated that the 2/(B-
CD), supracomplex is promising for further extensive testing,
notably for its enhanced and prolonged conduction anesthesia
effects.

A comparative analysis of the *H and 3C NMR spectra of
1-(2-ethoxyethyl)-4-[(3-propylacetylene)-1-yl]piperidin-4-ol 3
and its benzoate 4 was carried out and their inclusion
complexes with B-CD [42]. The alterations in chemical shift
values for the 'H and **C nuclei of both substrates and the
receptor in inclusion complexes were analyzed. It was shown
that the supramolecular interaction of 3 and 4 with B-CD is
accompanied by the entry of one N-ethoxyethyl moiety of the
substrate molecule into the inner sphere of one receptor
molecule (Figure 4).

S

o

o

) g

3/(B-CD) 4/(B-CD)

|

Figure 4 — Proposed structure of inclusion
complexes 3/(B-CD) u 4/(B-CD)

The use of 1-methylpiperidin-4-ol 5 in supramolecular
self-assembly with B-CD (Figure 5) [43] led to the formation of
inclusion complexes with the composition 5/B-CD. The inclusion
complex crystallizes in the monoclinic space group.

ISSN 1563-0331
elSSN 2312-7554

4

Pty

Figure 5 — Proposed structure of inclusion
complexes 5/(B-CD)

It was shown in [44] that (2E,4E)-5-(2H-1,3-benzodioxol-5-
yl)-1-(piperidin-1-yl)penta-2,4-dien-1-one (piperine) 6 forms
inclusion complexes of the composition 6/(a-CD), and 6/y-CD
(Figure 6). In dissolution tests, 6/(a-CD), and 6/y-CD showed
higher solubility than free 6 and similar physical mixtures.
NOESY spectroscopy measurements revealed that the structure
of 6/(a-CD), is an inclusion complex in which interaction occurs
through the aliphatic -HC=CH- and methylenedioxyphenyl
groups of 6 with two a-CD molecules in a head-to-head manner.
In y-CD, the interaction occurs preferentially with the O-CH,-O
functional group of the methylenedioxyphenyl group in a 1:1

molar ratio (Figure 6) [44].
S 8 ()
0,
5t X

6/(a-CD)2 6/B-CD, 6/y-CD
Figure 6 — Proposed structure of inclusion
complexes 6/(a-CD),, 6/B-CDu 6/y-CD

Later [45], the inclusion complex 6/Ethylenediamine
(EDA)-B-CD was synthesized by coevaporation. The structure
and properties of the inclusion complex were confirmed using
IR, UV, XRD, TGA, *H and 2D ROESY NMR. *H and 2D ROESY NMR
curves showed that 6 should penetrate into the EDA-B-CD
cavity from the wide side of the conical rim by the
methylenedioxyphenyl [45]. Molecular modeling confirmed
that the complex has the composition 6/EDA-B-CD (Figure 7).
The authors [45] believe that the inclusion complex may
contribute to the widespread clinical use of piperine in the
future.

Figure 7 — Proposed structure of inclusion
complexes 6/EDA-B-CD
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Complexation of B-CD with 2-methyl-3-(piperidin-1-yl)-1-
(p-tolyl)propan-1-one (tolperisone) 7 (Figure 8), is accompanied
by the introduction of a structural fragment of one guest
molecule into the inner sphere of one host those [46]. The
study’s findings offer valuable insights into utilizing B-CD’s
complexation with tolperisone, suggesting it as a promising
approach for formulating solid pharmaceuticals using -CD as a
drug carrier system.

Figure 8 — Proposed structures of inclusion
complexes 7/B-CD

On the possibility of creating a supramolecular complex
1’,4-didehydro-1-deoxy-1,4-dihydro-5’-(2-methylpropyl)-1-
oxorifamycin XIV (rifabutin) 8 (Figure 9) with HP-B-CD (HP —
2-prop-2-ol-1-yl), formed as a result of the interaction of
piperidine component 8 and the hydrophobic cavity of HP-B-
CD, was reported in [47]. For the 8/HP-B-CD complex, the
stability constant was determined and the standard Gibbs
energy of formation of the intermolecular complex was
calculated [47]. Later, these authors [48] reported that
molecules 8 do not form inclusion complexes with HP-B-CD
molecules. Moreover, the increase in solubility of 8 is due to the
formation of weak intermolecular associates. The limited

bonding between the piperidine segment of molecule 8 and the
HP-B-CD cavity results in the creation of soluble complexes of
8-HP-B-CD ranging in size from 100 to 600 nm. Consequently,
this enhances the solubility of 8 by threefold in water and
efficacy

significantly boosts its against experimental

tuberculosis infection [48].

Figure 9 — Proposed associate structure 8/HP-B-CD

The complexation of
2-(pyridinyl-3)piperidine (alkaloid
anabasine) 9 with B-CD was

studied using NMR spectroscopy AN N
(Figure 10) [49]. It was established P
that anabasine reacts with B-CD N

to form an inclusion complex of
the composition 9/B-CD, in which
9 enters the cyclodextrin cavity
with a piperidine cycle.

An inclusion complex of
6-amino-2-imino-4-(piperidin-1-

Figure 10 — Proposed
structure of inclusion
complexes 9/B-CD

NH,
yl)pyrimidin-1(2H)-ol (minoxidil) __

10 with HP-B-CD of the _<__<N_0H
composition 10/ HP-B-CD (Figure \N_<

11) was obtained using the NH

freeze-drying method [50]. The
complex formation was validated
by TLC, TGA and NMR results.

Spectroscopic investi-
gations, complemented by
molecular modeling techniques,
were employed to characterize the inclusion complex of
1-methyl-1-[2-(4-(trifluoromethyl)phenyl)thiazol-4-yl)methyl]
piperidin-1-ium chloride 11 (Figure 12) with B-CD in both
solution and the crystalline state [51]. The composition of the
inclusion complex involving 11 and B-CD was identified through
'H NMR spectroscopy as well as isothermal titration calorimetry.
The likely structure of the inclusion complex (Figure 12), derived
from molecular docking analysis, was strongly supported by the
ROESY experiment [51].

Figure 11 — Proposed
structure of inclusion
complexes 10/HP-B-CD

Figure 12 — Proposed structure of inclusion complexes
11/B-CD

2.2 Supramolecular cyclodextrin inclusion complexes with
piperazines

Inclusion complexes of 2-{2-[4-(4-chlorophenyl)(phenyl)
methyl]piperazin-1-yl }ethoxyacetic acid (cetirizine) 12 and
B-CD were obtained (Figure 13) [52].

The authors do not report the structure of the inclusion
complex. Analysis of the solubility phase diagram of 12-B-CD
showed a linear increase in the solubility of 12 as the
concentration of B-CD increased. The inclusion of 12 in the B-CD
system significantly reduced the instability of 12 in the presence
of oxidative factors. The ability to penetrate artificial biological
membranes, exhibited by 12 after complexation, was also
enhanced [52]. Further study of the inclusion complexes of 12

BecTHuK KasHY. Cepua xummyeckana. —2024. — Ne 3



T.M. Seilkhanov et al. 27

K\O/\COOH
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Figure 13 — Structure of the inclusion complex 12/B-CD

with a-CD and B-CD using molecular mechanical studies in the
light mode and experimental ROESY studies allowed us to
determine the exact structures of the complexes (Figure 13)
[53]. The structures were tested using density functional theory,
which is an accurate method for determining structure.

The inclusion complexes of 4-amino-5-fluoro-3-[5-(4-
methylpiperazin-1-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-
ylidene]quinolin-2(3H)-one (dovitinib) 13 were characterized
using *H NMR (anticancer agent) with y-CD, HP-y-CD and SBE-y-
CD (SBE-sulfobutyl ether) (Figure 14), as well as the formation of
nano- and microparticles using dynamic light scattering and in
vitro permeability studies [54, 55]. Due to its ability to form ion
pairs with 13, SBE-B-CD was the best solubilizer among the CDs
tested. However, the high molecular weight of SBE-B-CD
compared to y-CD leads to an increase in the volume of the
drug and, accordingly, a decrease in penetration through
membranes [54].

Figure 14 — Structure of the inclusion complex 13/y-CD, 13/
HP-y-CD n 13/SBE-y-CD

2.3 Supramolecular cyclodextrin inclusion complexes with
morpholines

The *H, 3C, COSY and HMQC NMR spectra of
3-(2-ethoxyethyl)-7-[2-(N-morpholino)ethyl]-3,7-
diazobicyclo[3.3.1]Jnonane 14 (Figure 15) and its inclusion
complexes with a- , B- and y-CD were interpreted [56]. It was
demonstrated that the complexation of 14 with cyclodextrin
involves the insertion of one morpholine fragment from the
substrate molecule into the inner cavity of one receptor
molecule (Figure 14).
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Figure 15 — Proposed scheme for the formation of inclusion
complexes 14 with a-, B- n y-CD

The formation of supramolecular inclusion complexes is
confirmed by changes in proton chemical shifts 14. In all
complexes, most of the proton signals of molecule 14 are shifted
to the low-frequency region of the spectrum. A significant
difference in chemical shifts is observed for H-14, H-15, H-17
and H-18, which are surrounded by more electronegative
oxygen and nitrogen atoms. Such signal shifts indicate the entry
of the morpholine moiety of molecule 14 into the internal
spheres of cyclodextrins. It was noted that almost all hydrogen
atoms 14 slightly change the position of the signals in the
complexes, which indicates the presence of nonvalent
interactions with outer-sphere CD protons and/or solvent
molecules [56].

It was reported [57] that an inclusion complex of the local
anesthetic - 4-[3-(4-butoxyphenoxy)propyllmorpholine
(proxin) 15 (Figure 16) with HP-B-CD of a 1:1 composition was
obtained. Complexation contributed to a 14-fold increase in the
solubility of 15 in water. X-ray diffraction measurements
revealed a loss of crystal structure of 15 in the presence of HP-
B-CD, indicating the formation of an inclusion complex. Using *H
NMR (DOSY) experiments, the association constant of 15 with
HP-B-CD was determined (Ka = 923.1 mol/L), and Overhauser
nuclear analysis (ROESY) confirmed the formation of the
inclusion complex 15/HP-B-CD, by detection of spatial proximity
between the hydrogen atoms of the aromatic ring 15 and the
HP-B-CD cavity [57].

=]

N
O/\/\

Figure 16 — Proposed scheme for the formation of inclusion
complexes 15/HP-B-CD
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2.4 Supramolecular
cyclodextrin inclusion complexes
with pyridines

The complex formation of
3-(thiophen-2-yl)-[1,2,3]

triazolo[1,5-a]pyridine 16 (Figure
17) with DM-B-CD (DM -
dimaltosyl), HP-B-CD and B-CD

showed that the inclusion complex
is formed with a composition of 1:1
[58]. 2D NMR spectroscopy
revealed that the thienyl group of 16/CD
compound 16 is encapsulated
within the cyclodextrin (CD) cavity,
whereas  the triazolopyridine
extends beyond the outer boundary x
of the DM-B-CD [58].

The successful preparation of o
a stable inclusion complex between
dimethyl 2,6-dimethyl-4-(2- S
nitrophenyl)-1,4-dihydropyridine-
3,5-dicarboxylate (nifendipine) 17 N
(Figure 18) EDA-B was reported
[59]. - CD composition 1:1. Visible
and FT-IR spectroscopy showed
that the nitroaromatic moiety 17
was encapsulated inside the cavity
of EDA-B-CD [59].

An inclusion complex of [N1-methyl-N1-[(6-chloro-3-
pyridyl)methyl]-N2-cyanoacetamidin]a (the insecticide
acetamiprid) 18, with B-CD (Figure 19) of a 1:1 composition was

Figure 17 — Structure
of inclusion complexes

Figure 18 — Structure of
17/EDA-B-CD inclusion
complexes

synthesized [60]. The inclusion of molecule 18 occurs by placing
the chloropyridyl group on the wide side of the truncated rim,
and the cyano group on the narrow side of the rim [60].

Figure 19 — Structure of 18/B-CD inclusion complexes

It was established [61] that 2,2’-bipyridine 19 forms an
inclusion complex with B-CD (Figure 20) in an aqueous solution.

Figure 20 — Chemical structure of 19

The creation of inclusion complexes involving derivatives
of thiourea — N-[(5-CI 20 or 5-methyl 21)pyridin-2-yl]
carbamothioylthiophene-2-carboxamide, was studied (Figure
21) with both a- and B-CDs [62]. Thiourea derivatives can be
accommodated within the cavity of a single cyclodextrin
molecule or a cyclodextrin-dimer. The most stable inclusion
complexes typically involve one thiourea molecule encapsulated
by two CD molecules.

Figure 21 — Structure of inclusion complexes 20/a-CD and 21/(a-CD)2

3. Conclusion

Modern impressive successes in the preparation of
cyclodextrin  complexes of biologically active nitrogen
heterocycles stimulate researchers to make wider use of the
latest achievements of chemistry of intermolecular guest-host
interactions in their research and inspire them to continue to
pursue this promising and interesting problem. The literature
data presented in this review over the past 10 years indicate the
undoubted promise of this area, which is attracting increasingly
close attention from researchers. The review highlights the
importance of new supramolecular complexes of piperidine,
piperazine, morpholine and pyridine. A special role is given to
establishing the structure and characteristics of supramolecular
complexes and the nature of intermolecular interactions during

the formation of ensembles. Many beneficial properties of CDs
and biologically active nitrogen heterocycles have been
exploited in engineering to enhance and improve the quality of
drug delivery. It is predicted that the solution to problems
associated with targeted drug delivery will occur in the field of
supramolecular design of nanoparticles and the use of
nanotechnology. In this regard, the development of high-tech
and less costly technologies for creating nanodispersed
medicines remains very relevant and in demand. Advances in
the field of supramolecular chemistry of complexes of
biologically active azaheterocycles with CDs are due to the
ability to ascertain the stoichiometry, association constants,
and conformations of molecular complexes, as well as to offer
insights into the symmetry of molecular assemblies using phase
solubility diagrams, NMR, X-ray diffractometry, scanning
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electron microscopy, differential scanning calorimetry and
molecular mechanical modeling. Overall, this review can serve
as a valuable resource for researchers, engineers, and parties
interestedinthe developmentandapplication of supramolecular
complexes, not only azaheterocycles with CDs, but also other
classes of organic compounds with other intermolecular
interaction receptors.
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