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Abstract

This study investigates the formation and characteristics of inclusion complexes 
between β-cyclodextrin and two compounds: N-aminomorpholine hydrazone and 
its phthalimidine derivative. Structural features of the encapsulated forms of these 
new N-aminomorpholine derivatives were characterized using 1H and 13C NMR 
spectroscopy, as well as two-dimensional 1H─1H (COSY) and 1H─13C (HMBC, HSQC) 
NMR experiments. Using molecular modeling methods, the influence of structural 
factors and the principle of geometric complementarity on the complexation 
processes between the host and guest molecules were assessed. A conformational 
study of the guest molecules was carried out using the semiempirical GFN2-xTB 
method in combination with the GOAT algorithm. Employing density functional 
theory (DFT), the inclusion complexes were optimized at the ωB97X-D/6-
311G(d,p) level, including aqueous solvation effects as described by the CPCM 
model. The thermodynamic parameters of complex formation were estimated. 
NMR analysis confirmed 1:1 stoichiometry and showed significant chemical shift 
perturbations for cavity protons, while DFT calculations revealed spontaneous 
complexation (ΔG°298 = −2.54 to −3.45 kcal/mol) driven by exothermic enthalpies 
and hydrophobic/van der Waals interactions, with an enantioselective preference 
for the R-phthalimidine enantiomer. These findings demonstrate β-CD's potential 
to enhance the solubility, stability, and bioavailability of these promising antiviral 
and antibacterial agents for pharmaceutical applications.
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1. Introduction

The use of heterocyclic compounds as starting 
materials in drug discovery is an important strate-
gy in medicinal chemistry. Heterocyclic compounds 
are versatile building blocks that can be modified 
to create various chemical structures with a wide 
variety of biological activities. By making minor 
changes to the structure of a heterocyclic com-

pound, researchers can fine-tune its properties to 
optimize pharmacological effects. Heterocycles are 
widely distributed in nature and are found in many 
biologically active molecules, making them an at-
tractive starting point for drug discovery. By study-
ing the chemical composition of these compounds, 
researchers can identify new drug candidates with 
improved activity, selectivity, and safety. Overall, 
the use of heterocyclic compounds in drug discov-
ery offers a promising approach to developing new 
pharmacologically relevant agents that can effec-
tively treat various diseases [1─3]. 
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In recent years, a number of review publications 
have appeared describing the use of natural and syn-
thetic macrocyclic compounds (crown ethers, crypt-
ands, oligosaccharides, etc.) in the development of 
new-generation drugs [4─6]. Among them, complex-
es of natural cyclic oligosaccharides (cyclodextrins, 
CDs) with biologically active molecules, due to the 
interest of pharmaceutical companies, are one of 
the most intensively studied objects in the chemistry 
of inclusion compounds. Encapsulation of a medici-
nal substrate, i.e. placing it in an internal protective 
shell of macrocycles, is one of the ways to improve 
the quality of biologically active drugs by reducing 
the impact of external factors and ensuring their 
prolonged action. This leads to the preservation of 
the physicochemical properties of the "guest mole-
cule", such as stability, bioavailability, and increases 
their solubility in aqueous and physiological environ-
ments. Various water-soluble polysaccharides are 
capable of forming complexes with a wide range of 
pharmaceutical molecules, providing modifications 
of the quality characteristics of molecules with me-
dicinal action. The main results of these studies are 
the discovered effects of increasing the solubility of 
organic compounds in the composition of complexes 
with CDs, increasing their stability in the environment 
of physiological fluids and during storage, improving 
taste qualities, enhancing pharmacological activity, 
prolonging the therapeutic effect, reducing side ef-
fects, etc. Under these conditions, known medicinal 
substances in inclusion complexes with molecules of 
CD macrocycles or their derivatives acquire new use-
ful characteristics that are not characteristic of the 
original substrates, which enhances their therapeutic 
effect. The present study extends our prior investi-
gations into the synthesis of inclusion complexes [7] 
and hydrazide-hydrazone derivatives [8], focusing on 
novel analogs with anticipated biological properties.

2. Results and Discussions

Previously [9] during studies of the antiviral ac-
tivity of N-aminomorpholine hydrazones, a pro-
nounced virus-inhibiting effect of 2-((morpholi-
noimino) methyl)benzoic acid (2) was established 
against influenza virus strains with different anti-
genic formulas: A/Almaty/8/98 (H3N2) and A/Vlad-
ivostok/2/09 (H1N1). Compound 2 demonstrated a 
high chemotherapeutic index and exhibited antiviral 
activity comparable to that of commercially avail-
able anti-influenza drugs, positioning it as a prom-
ising candidate for the development of novel influ-
enza therapeutics. Notably, morpholine derivative 
2 has pronounced antibacterial activity against the 
Gram-negative strain Escherichia coli ATCC 25922, 
with a minimum inhibitory concentration (MIC) of 
6.3 μg/mL. It also demonstrated moderate anti-
microbial activity against the Gram-positive strain 
Staphylococcus aureus ATCC 6538.

Hydrazone 2 was prepared by condensing N-ami-
nomorpholine (1) with 2-formylbenzoic acid. Treat-
ment of 2 with acetic anhydride then yielded the 
novel phthalimidine derivative 3 [9] (Scheme 1).

In order to obtain new oligosaccharide inclusion 
complexes, we used hydrazone 2 and phthalimidine 
3 as guest molecules. The inclusion complexes of 
β-CD with 2-((morpholinoimino)methyl)benzoic acid 
2⸦β-CD and 2-morpholino-3-oxo-isoindolin-1-yl ac-
etate 3⸦β-CD were obtained by heating equimolar 
mixtures (1:1) of the host and guest in ethyl alcohol 
at 50─70 °C for 3─4 hours. 

Analysis of the structural features of the obtained 
inclusion complexes 2⸦β-CD and 3⸦β-CD was car-
ried out using the NMR method on 1H and 13C nuclei 
[10]. NMR analysis reveals significant chemical shift 
perturbations for protons H-3 and H-5 of β-CD – lo-
cated within the hydrophobic cavity – upon inclu-

 

Scheme 1. Synthesis of the hydrazone and phthalimidine derivatives.
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sion of the guest molecule. In contrast, peripheral 
protons H-1, H-2, and H-4 usually show negligible 
shifts, consistent with their solvent-exposed posi-
tions [11─13].

The 1H NMR spectrum of the inclusion com-
plex 2⸦β-CD in DMSO-d6 is characterized by the 
presence of two four-proton doublets assigned to 
the morpholine fragment H-3,3,5,5 and H-2,2,6,6 
(Scheme 1) at 3.05 and 3.72 ppm, respectively, with 
3J 3.4 Hz (Table 1). Aromatic protons appeared as 
single-proton multiplets at 7.29-7.34 (H-11), 7.44-
7.49 (H-12), 7.77-7.80 (H-10) and 7.85-7.88 (H-13) 
ppm. Azomethine proton H-8 was registered as sin-
gle-proton multiplet at 8.31─8.32 ppm. Carboxyl 
proton H-17 did not appear in the spectrum due to 
the proton-deuterium exchange or salt formation. 
In the 13C NMR spectrum (DMSO-d6) of the 2⸦β-
CD inclusion complex, signals of morpholine car-
bon atoms appeared at 51.93 (C-3,5) and 66.16 (C-
2,6) ppm. Aromatic carbon atoms are observed at 
126.22 (C-13), 128.10 (C-11), 130.78 (C-10), 132.13 
(C-12,14), and 134.70 (C-9) ppm. The azomethine 
carbon atom C-8 resonated at 136.72 ppm. In the 

downfield region, a signal of the carboxyl atom C-15 
was observed at 168.99 ppm.

The structure of the 2⸦β-CD inclusion com-
plex was also confirmed by two-dimensional COSY 
(1H─1H) and HMQC (1H─13C) NMR spectroscopy meth-
ods, which made it possible to establish spin-spin 
interactions of homo- and heteronuclear nature. 
Some of the observed correlations in the molecule 
are shown in Fig. 1. In the 1H─1H COSY spectrum of 
compound 2 (solvent CDCl3), spin-spin correlations 
are observed through three bonds of protons of 
neighboring methylene-methylene morpholine and 
methine-methine aromatic groups H3.5─H2.6 (3.05, 
3.72 and 3.72, 3.05), H11─H12 (7.30, 7.46 and 7.46, 
7.30), H11─H10 (7.31, 7.77 and 7.77, 7.31) and H12─H13 

(7.46, 7.85 and 7.85, 7.46) ppm. Heteronuclear inter-
actions of protons with carbon atoms through one 
bond were established by 1H─13C HMQC spectrosco-
py (solvent CDCl3) for the following pairs present in 
the compound: H3.5─C3.5 (3.03, 52.50), H2.6─C2.6 (3.71, 
66.36), H11─C11 (7.30, 128.46), H12─C12 (4.46, 132.56), 
H10─C10 (7.76, 131.27), H13─C13 (7.85, 126.53), and 
H8─C8 (8.29, 135.30) ppm.

Table 1. 1H and 13C NMR chemical shifts (DMSO-d6) for compound 2 and β-CD in a free state (δ0) and in the inclusion 
complex 2⸦β-CD (1:1) (δ)

Atom number Group δ0, ppm δ, ppm ∆δ = δ−δ0

1Н 13С 1Н 13С 1Н 13С
2

2ax,6ax -СН2- 3.72 d, 3J 3.4 Hz 66.16 3.71 s 66.11 -0.01 -0.05
2eq,6eq 3.72 d, 3J 3.4 Hz ─ 3.71 s ─ -0.01 ─
3ax,5ax -СН2- 3.05 d, 3J 3.4 Hz 51.93 3.04 s 51.91 -0.01 -0.02
3eq,5eq 3.05 d, 3J 3.4 Hz - 3.04 s ─ -0.01 ─

8 =СН- 8.31-8.32 m 136.72 8.30 s 136.64 -0.02 -0.08
9 >С= ─- 134.70 ─ 134.73 ─ 0.03

10 =СН- 7.77─7.80 m 130.78 7.74─7.78 m 130.75 -0.02 -0.03
11 =СН- 7.29─7.34 m 128.10 7.29─7.33 m 128.17 0 0.07
12 =СН- 7.44─7.49 m 132.13 7.48─7.59 m 132.11 0.06 -0.02
13 =СН- 7.85─7.88 m 126.22 7.82─7.86 m 126.23 -0.02 0.01
14 >С= ─ 132.13 ─ 132.11 ─ -0.02
15 >С=О ─ 168.99 ─ 168.91 ─ -0.08
17 -OH ─ ─ ─ -─ ─ ─

β-CD
1 CH 4.77 s 102.87 4.79 s 102.45 0.02 -0.42
2 CH 3.24 m 72.87 3.26 m 72.90 0.02 0.03
3 CH 3.60 m 73.64 3.59 m 73.57 -0.01 -0.07
4 CH 3.28 m 81.98 3.30 m 82.04 0.02 0.06
5 CH 3.49 m 72.50 3.51 m 72.55 0.02 0.05
6 CH2 3.60 m 60.42 3.59 m 60.44 -0.01 0.02
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Fig. 1. Scheme of COSY (1H-1H) (a) and HMQC (1H-13C) (b) correlations in molecule 2.

(a) (b)

In the protons of the β-CD molecule, almost no 
change in chemical shifts is observed. In the guest 
molecule, few changes in the proton spectra are sig-
nificant (∆δ = -0.02…0.06) ppm). This shows that the 
complexation of compound 2 with β-CD is accompa-
nied by not very strong intermolecular interactions. 
Indeed, during the supramolecular self-assembly of 
molecule 2 with cyclodextrin macrocycles, just the 
aromatic proton H-12 undergoes significant change 
in chemical shift (∆δ = 0.06 ppm). As for the 13C sig-
nals of the guest, the azomethine C-8 and carboxylic 
C-13 are shielded (∆δ = -0.08), while the aromatic 
C-11 in para-position to carboxyl is deshielded (∆δ = 
0.07) on the inclusion in the host cavity. Comparison 
of the integral intensities of the protons of β-CD and 
compound 2 in the supramolecular complex showed 
that it coincides with the initial composition of the 
mixture, and there is one molecule of β-CD per guest 
molecule 2.

NMR spectrum 1H of the inclusion complex 3⸦β-
CD in DMSO-d6 is characterized by the presence 
of a three-proton singlet at 2.10 ppm assigned to 
H-20,20,20 of the aceto group (Table 2). Protons 
H-3ax,5ax and H-3eq,5eq of the morpholine moiety 
appeared as two-proton multiplets at 3.18─3.23 and 
3.29─3.35 ppm, respectively. The remaining mor-
pholine protons H-2ax,6xa,2eq,6eq are observed as 
a four-proton multiplet at 3.58─3.62 ppm. The ter-
tiary hydrogen atom H-8 (Scheme 1) gave a one-pro-

ton singlet at 7.01 ppm. Aromatic protons appeared 
as multiplets at 7.50─7.51 (H-13), 7.55─7.58 (H-11), 
7.62─7.64 (H-12), and 7.65─7.67 (H-10) ppm.

In the 13C NMR spectrum of the 3⸦β-CD inclu-
sion complex (solvent DMSO-d6), the signals of the 
morpholine carbon atoms appeared at 52.43 (C-3,5) 
and 67.13 (C-2,6) ppm. The resonance of carbon at-
oms of the aceto group was observed at 21.34 (C-20) 
and 170.95 (C-17) ppm. The signal of the cyclic ter-
tiary carbon atom C-8 appeared at 81.22 ppm. The 
aromatic carbon atoms gave signals at 123.26 (C-12), 
124.49 (C-13), 130.92 (C-11), 131.31 (C-14), 133.57 
(C-10), and 140.26 (C-9) ppm. In the low-field region 
at 166.18 ppm, a signal of the hydrazide atom C-15 
was noted. The structure of the inclusion complex 
3⸦β-CD was also confirmed by two-dimensional NMR 
spectroscopy COSY (1H─1H), HMQC (1H─13C) and HMBC 
(1H─13C), which made it possible to determine spin-
spin interactions of homo- and heteronuclear nature. 
Some of the observed correlations in the molecule 
are shown in Fig. 2. In the 1H─1H COSY spectrum of 
the compound (solvent DMSO-d6), spin-spin correla-
tions are observed through three bonds for protons 
of neighboring methylene-methylene morpholine 
and methine-methine aromatic groups Н3ax,5ax─Н3eq,5eq 
(3.20, 3.31 and 3.31, 3.20), Н3ax,5ax─Н2ax,6ax (3.20, 3.59 
and 3.59, 3.20), Н3eq,5eq─Н2eq,6eq (3.30, 3.60 and 3.60, 
3.30), H13─H12 (7.49, 7.62 and 7.62, 7.49), and H11─H10 
(7.57, 7.66 and 7.66, 7.57) ppm. 

  
Fig. 2. Scheme of COSY (1H─1H) (a) and HMQC (1H─13C) (b) correlations in molecule 3.

(a) (b)
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Table 2. 1H and 13C NMR chemical shifts (DMSO-d6) for compound 3 and β-CD in a free state (δ0) and in the inclusion 
complex 3⸦β-CD (1:1) (δ)

Atom number Group δ0, ppm δ, ppm ∆δ = δ − δ0

1Н 13С 1Н 13С 1Н 13С
3

2ax,6ax -СН2- 3.58─3.62 m 67.13 3.56 s 67.04 -0.04 -0.09
2eq,6eq 3.58─3.62 m ─ 3.56 s ─ -0.04 ─
3ax,5ax -СН2- 3.18─3.23 m 52.43 3.25 s 52.53 0.05 0.10
3eq,5eq 3.29─3.35 m ─ 3.31 s ─ -0.01 ─

8 >СН- 7.01 s 81.22 6.69 s 81.06 -0.02 -0.16
9 >С= ─ 140.26 ─ 143.98 ─ 3.72

10 =СН- 7.65─7.67 m 133.57 7.57 s 132.99 -0.09 -0.58
11 =СН- 7.55─7.58 m 130.92 7.48 s 130.02 -0.09 -0.90
12 =СН- 7.62─7.64 m 123.26 7.57 s 122.65 -0.06 -0.61
13 =СН- 7.50─7.51 m 124.49 7.48 s 124.03 -0.02 -0.46
14 >С= ─ 131.31 ─ 131.25 ─ -0.06
15 >С=О ─ 166.18 ─ 165.69 ─ -0.49
17 >C=O ─ 170.95 ─ ─ ─ ─
20 -CH3 2.10 s 21.34 0.98 s 26.03 -1.12 4.69

β-CD
1 CH 4.77 s 102.87 4.77 s 102.41 0 -0.46
2 CH 3.24 m 72.87 3.25 m 72.86 0.01 -0.01
3 CH 3.60 m 73.64 3.56 m 73.52 -0.04 -0.12
4 CH 3.28 m 81.98 3.29 m 81.98 0.01 0
5 CH 3.49 m 72.50 3.44 m 72.50 -0.05 0
6 CH2 3.60 m 60.42 3.56 m 60.15 -0.04 -0.27

Heteronuclear interactions of protons with car-
bon atoms through one bond were established by 
1H─13C HMQC spectroscopy (solvent DMSO-d6) for 
the following pairs present in the compound: H20─C20 
(2.09, 21.58), H3ax,5ax-C3,5 (3.19, 52.28), H3eq,5eq-C3,5 (3.31, 
52.41), H2ax,2eq,6ax,6eq─C2,6 (3.58, 67.16), H11─C11 (7.56, 
130.94), H12-C12 (7.65, 13.32), H10-C10 (7.63, 133.56), 
H13─C13 (7.50, 124.48) and H8─C8 (7.00, 81.47) ppm. 
Heteronuclear interactions of protons with carbon 
atoms through two or more bonds were established 
using 1H-13C HMBC spectroscopy for the follow-
ing pairs present in the compound: H20─C17 (2.09, 
171.83), H8─C14 (6.99, 131.77), H8─C9 (6.99, 140.75), 
H8─C15 (7.00, 166.73), and H8─C17 (7.00, 171.35) ppm.

In the 1H NMR spectrum of the β-cyclodextrin 
molecule, noticeable changes in chemical shifts are 
observed for the H-3 and H-5 protons (∆δ = -0.05…
0.01 ppm). This shows that the complexation of 
compound 3 with β-CD is accompanied by signifi-
cant host-guest interactions. During supramolecular 

self-assembly of molecule 3 with β-CD macrocycle, 
aromatic protons H-10 and H-11 undergo interac-
tion. Also, the 13C chemical shifts of the guest are 
changed significantly (Table 2). Comparison of the 
integral intensities of the β-CD protons and com-
pound 3 in the supramolecular complex showed that 
it coincides with the initial composition of the mix-
ture, and there is one β-CD molecule per molecule 3.

When studying structure of complexes, much at-
tention should be paid to the relationship between 
structural and thermodynamic characteristics during 
supramolecular complex formation, allowing one to 
predict the driving forces of interaction and chang-
es in the system associated with the complexation. 
Modern methods of molecular modeling were used 
to assess the role of the structural factor and the 
principle of geometric complementarity in the pro-
cesses of complex formation between β-cyclodex-
trin and the investigated guest molecules.
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Molecular modeling of «host-guest» complexes 

2-((Morpholinoimino)methyl)benzoic acid 2 and 
2-morpholino-3-oxoisoindolin-1-yl acetate 3 are po-
tential bioactive compounds that may benefit from 
cyclodextrin-based formulations to enhance solubil-
ity and bioavailability in aqueous environments [14]. 
β-CD, a cyclic oligosaccharide with a hydrophobic 
cavity, is widely used for host-guest complexation 
to improve drug properties, including stability and 
targeted delivery [15]. The β-CD structure adopts 
a truncated cone conformation, where the prima-
ry rim is lined with seven primary hydroxyl groups 
from the C-6 positions of the glucopyranose units, 
while the wider secondary rim features 14 second-
ary hydroxyl groups from the C-2 and C-3 positions. 
In aqueous solution, β-CD favors an "open" confor-
mation with the primary hydroxyl groups directed 
outside the cavity, which enhances cavity accessibil-
ity for guest molecules [16]. Considering the stereo-
chemical features of the studied guests – compound 
2 as a more stable E-isomer (E-2) and 3 as a chiral 
molecule – their interactions with β-CD can demon-
strate different affinities for the host, which affects 
the enantioselectivity of complex formation and the 
overall stability of the complex. In this section, we 
consider the results of a study of the complex for-
mation of molecule E-2 and the enantiomers of com-
pound 3 (R-3 and S-3) with β-CD in aqueous solution 
using computer modeling. Particular attention is 
paid to the thermodynamic parameters and struc-
tural data to determine the potential applications in 
pharmaceutical design.

A comprehensive computational workflow was 
employed to study the host-guest complexes be-
tween E-2, R-3, S-3 and β-CD (see Materials and 
Methods for additional details). The computational 
steps included a conformational search for the guest 
molecules, docking of the obtained conformations 
into the host cavity, and re-optimization of the com-
plexes. Final refinements were conducted using the 
DFT method at the ωB97X-D/6-311G(d,p) level of 
theory [17] with CPCM solvation, incorporating ba-
sis set superposition error (BSSE) corrections via the 

counterpoise scheme [18]. The β-CD molecule in its 
"open" conformation, which is more stable in aque-
ous solution [16], was used in our molecular modeling 
studies. The resulting thermodynamic parameters for 
the complexation reactions are presented in Table 3.

The computed Gibbs free energies of complex-
ation (ΔG°298) for the β-CD complexes with E-2, R-3 
and S-3 enantiomers are modestly negative, ranging 
from −2.54 to −3.45 kcal/mol, indicating sponta-
neous but relatively weak thermodynamic favorabil-
ity in aqueous solution under standard conditions. 
In contrast, the enthalpies (ΔH°298) are strongly exo-
thermic, with values between −21.25 and −21.87 
kcal/mol, underscoring the dominant role of favor-
able intermolecular interactions such as hydrogen 
bonding, van der Waals forces, and hydrophobic 
effects in driving inclusion. This disparity highlights 
a characteristic enthalpy-entropy compensation ef-
fect prevalent in host-guest complexes, where sub-
stantial enthalpic gains are largely offset by entropic 
penalties arising from conformational restrictions of 
the guest and host, as well as solvent reorganization 
upon complex formation [15].

The negative values of Gibbs free energies con-
firm thermodynamic stability of the complexes, with 
R-3 displaying the most favorable binding (Table 3), 
followed by E-2 and S-3. The difference of 0.9 kcal/
mol between R-3 and S-3 indicates a noticeable 
enantioselective recognition by β-CD toward the R-3 
enantiomer, likely attributable to the chiral asymme-
try of the cyclodextrin cavity, which imposes differ-
ential steric and electrostatic interactions [19]. The 
open conformation of β-CD in aqueous solution, 
characterized by flexible primary and secondary rims 
[20, 21], may enhance accessibility of the cavity for 
the guests, promoting deeper inclusion and stronger 
stabilization.

To evaluate the structural changes of β-CD 
caused by complexation with E-2, R-3, and S-3 mole-
cules, we quantified the geometric distortions in the 
macrocycle by calculating the average distances of 
key oxygen atoms to the corresponding centroids 
and determining the standard deviations of these in-
teratomic distances. The listed characteristics were 

Table 3. Complexation energies, enthalpies and Gibbs free energies (kcal/mol) for β-CD with E-2 and enantiomers 
of compound 3 as guest molecules (ωB97X-D/6-311G(d,p), CPCM(water))

Reaction ΔE ΔH°298 ΔG°298

β-CD + E-2 → E-2⸦β-CD −24.58 −21.83 −3.11
β-CD + R-3 → R-3⸦β-CD −24.44 −21.87 −3.45
β-CD + S-3 → S-3⸦β-CD −24.06 −21.25 −2.54
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obtained for the structures optimized by the ωB97X-
D/6-311G(d,p) method and cover the oxygen atoms 
of the primary and secondary hydroxyl groups, as 
well as α-1,4-glycosidic bonds. A separate centroid 
was used for each subset of oxygen atoms. The re-
sults for free β-CD and its complexes with E-2, R-3, 
and S-3 are presented in Table 4.

In free β-CD, the primary rim maintains excep-
tional geometric regularity (average distance: 6.65 
Å; RMS deviation: 0.05 Å), reflecting near-symmet-
rical OH oxygen positioning. The secondary rim and 
glycosidic oxygen atoms similarly exhibit low vari-
ability. Upon forming complexes with E-2 or 3 enan-
tiomers, substantial distortions emerge. For E-2⸦β-
CD, the primary rim’s average distance decreases 
slightly but its RMS deviation increases dramatically 
to 0.60 Å, signifying marked irregularity. Concurrent-
ly, the secondary rim and glycosidic oxygen distanc-
es decrease modestly, while their RMS deviations 
are significantly elevated relative to the uncom-
plexed state. Identical trends characterize the R-3 
and S-3 complexes (Table 4). These results confirm 
that complexation triggers both cavity contraction 
(notably at the secondary rim) and widespread loss 
of structural symmetry, with the primary and sec-
ondary rims showing the greatest sensitivity.

These geometric distortions directly reflect guest 
positioning and host-guest interactions (Fig. 3). In 
E-2⸦β-CD, the morpholine ring occupies the cavity, 
the carboxylic group is hydrogen-bonded with sec-
ondary-rim hydroxyls, and the benzene ring extends 
beyond the secondary rim – driving its contraction 
and elevated RMS deviations. For 3 complexes, 
the hydrophobic 3-oxoisoindoline moiety is buried 
within the cavity, while morpholinoimino and ester 
groups project from the primary rim, inducing con-
formational irregularity and increased RMS values at 
this rim (Table 4). The analysis of the DFT-optimized 
geometries confirms no hydrogen-bonding interac-
tions between β-CD and 3 enantiomers (Fig. 3b,c) – 
unlike the carboxylic acid-mediated H-bonding seen 
in the E-2⸦β-CD complex (Fig. 3a). Instead, van der 
Waals forces exclusively drive complexation for both 
R-3 and S-3. All the studied complexes disrupt the 
secondary rim’s homodromic hydrogen-bond net-
work [22], causing the rim contraction and higher dis-
tortion. Notably, S-3 exhibits the most pronounced 
asymmetry (secondary rim RMS: 0.66 Å; glycosidic 
oxygens: 0.16 Å), confirming non-uniform, enantio-
mer-dependent distortions. This stereochemical sen-
sitivity in structural perturbations likely underpins 
the enantioselectivity of the complexation.

Table 4. Average distances (in Å) from the centroids and their RMS deviations for oxygen atoms in the primary rim, 
secondary rim, and glycosidic linkages of β-CD in its uncomplexed form and in the complexes with E-2, R-3 and S-3. 
The geometries were calculated at the DFT level ωB97X-D/6-311G(d,p) with CPCM solvation (water).

System Primary rim Secondary rim Glycosidic bonds
β-CD 6.65 ± 0.05 6.32 ± 0.27* 5.053 ± 0.004

E-2⸦β-CD 6.60 ± 0.60 6.26 ± 0.55 5.00 ± 0.10

R-3⸦β-CD 6.73 ± 0.68 6.14 ± 0.56 4.96 ± 0.09
S-3⸦β-CD 6.83 ± 0.64 5.99 ± 0.66 4.91 ± 0.16

* The noticeable standard deviation for the secondary β-CD rim arises from the non-equivalence of the hydroxyl groups 
at positions 2 and 3 of the α-D-glucopyranose units.

 
Fig. 3. Optimized structures of the β-CD complexes with E-2 (Panel a), R-3 (Panel b), and S-3 (Panel c). Hydrogen 
atoms attached to non-carbon atoms are displayed as red tubes, and hydrogen bonds are represented by blue 
dashed lines.

  

(a) (b) (c)
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The NMR spectra provided critical structural 
hypotheses for the binding modes, identifying key 
included moieties via diagnostic chemical shift per-
turbations – such as shielding of azomethine proton 
H-8 and carbon C-8 in E-2, and aromatic protons 
H-10/H-11 alongside tertiary carbon C-8 in com-
pound 3. These hypotheses were rigorously tested 
and confirmed through the DFT workflow: semiem-
pirical docking generated multiple poses, from which 
the lowest-energy configurations were optimized at 
the ωB97X-D/6-311G(d,p) level, yielding optimized 
geometries that precisely recapitulated the NMR-in-
ferred inclusions. Overall, the optimized geometries 
of the inclusion complexes for compounds E-2 and 
3 are consistent with the experimental NMR data. 
Thus, for enantiomers of compound 3, the 3-oxoi-
soindoline moiety is included in the β-CD cavity, in 
agreement with the significant changes in shielding 
of the protons H-10, H-11 and carbons C-8, C-10, C-11 
on complexation (Table 2), alongside deshielding of 
C-9. For compound E-2, the azomethine moiety is 
buried within the host cavity in accordance with a 
significant shielding effect on C-8 carbon. Also, the 
COOH group forms a hydrogen bond with the sec-
ondary rim of β-CD, which is accompanied with the 
noticeable changes in chemical shifts of carboxylic 
carbon C-15 and the C-11 atom in the para-position 
to carboxyl (Table 1).

The stability data (Table 3) confirm enantioselec-
tive recognition by β-CD, with R-3 forming a notice-
ably more stable complex than its S counterpart. This 
preference arises from superior steric compatibility 
and van der Waals forces between R-3 and the chi-
ral β-CD cavity. Such enantioselectivity aligns with 
established principles of cyclodextrin host-guest 
chemistry, where the asymmetric cavity inherently 
discriminates between enantiomers through differ-
ential non-covalent interactions [19].

A comparative analysis of the two guest mole-
cules highlights that E-2 benefits from both strong 
hydrogen bonding by its carboxylic group to the 
β-CD secondary rim and hydrophobic burial of the 
morpholine ring, whereas R- and S-3 rely predom-
inantly on van der Waals interactions and steric 
conformity of the rigid 3-oxoisoindoline core, with 
the R enantiomer exhibiting superior geometric 
complementarity to the chiral host cavity. This sub-
stitution from an open-chain hydrazone carboxylic 
acid to a cyclic phthalimidine acetate thus shifts 
the dominant inclusion factors from polar hydro-
gen bonding to apolar dispersion forces, resulting 
in a higher stability for R-3 (ΔG°298 = −3.45 kcal/mol) 
over E-2 (−2.54 kcal/mol). These findings elucidate 

how targeted structural modifications can fine-tune 
complex stability, offering valuable guidance for 
designing cyclodextrin-based formulations of bioac-
tive heterocycles.

3. Experimental part

1H and 13C NMR spectra were recorded on a JNM-
ECA Jeol 400 spectrometer (frequency 399.78 and 
100.53 MHz, respectively) at 20 °C using DMSO-d6 or 
CDCl3 solvents. Chemical shifts were measured rela-
tive to the signals of residual protons or carbon at-
oms of the deuterated solvent. Melting points were 
determined on an SMP10 apparatus. TLC analysis 
was performed on Silufol UV-254 plates and devel-
oped with iodine vapor.

The β-CD molecule was optimized by the DFT 
method at the ωB97X-D/6-311G(d,p) level of theory 
using the CPCM solvation model (solvent – water). 
No symmetry constraints were imposed. After op-
timization, vibrational analysis was performed. The 
incorporation of compounds E-2, R-3, and S-3 into 
β-CD was investigated using a stepwise computa-
tional approach. First, a conformational study of the 
guest molecules was performed using the semiem-
pirical GFN2-xTB method [23] in combination with 
the GOAT algorithm [24] available in the ORCA 6.0.1 
package [25]. These calculations allowed us to find 
24 conformers for E-2 and 21 conformers for each 
of the enantiomers of compound 3. Then, all found 
conformers were docked into the β-CD cavity in the 
gas phase using the GFN-FF force field [26] at the 
evolution stage and the GFN2-xTB method at the 
optimization stage within the automated docking 
algorithm implemented in the ORCA program. The 
obtained docking positions for each host–guest pair 
were re-optimized by the semi-empirical GFN2-xTB 
method using the ALPB solvation model [27] (sol-
vent – water) and vibrational frequency calculations 
(the NumFreq option of ORCA 6.0.1 was used) to de-
termine the Gibbs free energies. 

The docking positions with the lowest Gibbs en-
ergies for each guest were then optimized by the 
DFT method at the ωB97X-D/6-311G(d,p) level of 
theory in the Gaussian 09 program [28] using the 
CPCM model [29] to account for aqueous solvation. 
Vibrational analysis allowed us to determine the 
enthalpies and Gibbs free energies for the host–
guest complexes. Selected guest conformations 
obtained using the GOAT algorithm (see above), 
chosen based on the lowest Gibbs energies from 
the GFN2-xTB/ALPB iterative optimizations, were 
optimized using the same DFT methodology. Basis 
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set superposition error (BSSE)-corrected enthalpies 
(ΔH°298) and Gibbs free energies (ΔG°298) of complex-
ation were obtained [18]. Low-frequency vibration-
al contributions were taken into account using the 
Grimme interpolation method [30] implemented in 
the Shermo software [31].

Inclusion complex of 2-((morpholinoimino)meth-
yl)benzoic acid 2 with β-cyclodextrin (2⸦β-CD). To 
obtain the inclusion complex of 2-((morpholinoimi-
no)methyl)benzoic acid with β-cyclodextrin, 0.4 g 
(0.0017 mol) of hydrazone 2 was dissolved in 10 ml 
of ethyl alcohol and mixed with 1.94 g (0.0017 mol) 
of β-cyclodextrin in 40 ml of distilled water. The re-
sulting mixture was stirred on a magnetic stirrer at 

 
2⸦β-CD

Scheme 2. Synthesis of the inclusion complex with compound 2.

50─70 °C for 4 h. The mixture was left overnight. The 
following day, the formed precipitate was filtered 
off and placed in a vacuum drying oven at 50─55 °C. 
1.68 g (72.5%) of the 2⸦β-CD complex was obtained 
in the form of a light-yellow powder that decom-
posed upon melting above 280 °C (Scheme 2).

The inclusion complex of 2-morpholino-3-oxoi-
soindolin-1-yl acetate 3 with β-cyclodextrin (3⸦β-
CD) was obtained similarly to compound 2⸦β-CD 
(Scheme 3) from 0.4 g (0.0014 mol) of 2-morpholi-
no-3-oxoisoindolin-1-yl acetate and 1.64 g (0.0014 
mol) of β-cyclodextrin. 1.27 g (66.8%) of the target 
complex were obtained as a colorless powder (mp 
325─330 °C).

 
3⸦β-CD

Scheme 3. Synthesis of the inclusion complex with compound 3.

4. Conclusion

The interaction of β-cyclodextrin with N-amino-
morpholine hydrazone and its phthalimidine deriva-
tive resulted in the formation of encapsulated forms 
of their new products. The use of molecular model-

ing allowed us to evaluate the role of structural fac-
tors and the principle of geometric complementar-
ity in the processes of complex formation between 
the "guest" and "host" molecules. Density function-
al theory calculations revealed spontaneous com-
plex formations driven by exothermic enthalpies 
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and hydrophobic/van der Waals interactions with 
an enantioselective preference for the R-phthalim-
idine enantiomer. These results demonstrate the 
potential of the obtained inclusion complexes for 
enhancing solubility, stability, and bioavailability, as 
well as their potential for further study as antiviral 
and antibacterial substrates.
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