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Abstract: The paper presents the results of theoretical calculations in terms of the G4MP2 composite method for
cyprodinil-a-cyclodextrin (C°@a-CD) and cyprodinil-p-cyclodextrin (C°@B-CD) systems. Studies also covered
analogous systems consisting of the anion (C”) and the cation (C*) of cyprodinil. The geometries of the cyprodinil
molecule and ions were optimized on the basis of the DFT theory, using hybrid (B3LYP, PBEO), pure (B97-D) and
“meta” (M06-2X) GGA functionals for selected Pople basis sets [6-311++G(d,p), 6-311++G(2d,p), 6-311++G(2d,2p)]
and Dunning basis set (aug-cc-pVDZ). The research results suggest that the affinity of “guest” molecules for “hosts” is
relatively low. Theoretical studies of the “guest-host” systems allow to predict the properties of the designed

preparations.
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INTRODUCTION

Pesticides are one of the main pillars of modern agriculture,
improving quality and increasing yields. However, their use is
associated with the risk of adverse ecological effects, the
mechanisms and consequences of which are not fully understood.
One of the reasons for the negative impact on flora and fauna is
the fact that it remains in the environment for a long time, also in
its original form, which results in the loss of biodiversity in
ecosystems (Richardson et al., 2019).

Cyprodinil is a systemic broad-spectrum fungicide. It is
used to protect wheat and rye against brittleness (Oculimacula
yallundae) (Babij et al., 2000; Leroux et al, 2013; Pieczul and
Korbas, 2014), apple trees before scab (Venturia inaequalis)
(Fiaccadori, 2018; Hirayama, 2022; Koller et al., 2005), as well as
in viticulture (Botrytis) (Avenot et al., 2018; Fernandez-Ortuiio,
Chen and Schnabel, 2013; Sholberg, Bedford and Stokes, 2003). It
is believed to act as an inhibitor of methionine biosynthesis and
disrupts the life cycle by inhibiting mycelial growth.

The brittleness of the stalk of cereals is a disease that causes
serious economic losses. Protection of winter cereals against this
disease is ensured by fungicides classified as derivatives of, inter
alia, pyrimidines. However, the problem is the intensive and long-

term use of fungicides containing the same active substances,
since this leads to the production of resistant strains of fungi. On
the basis of the research carried out in Poland on the assessment
of the degree of resistance of O. acuformis and O. yallundae
isolates to fungicides used in the protection of cereals against stalk
brittleness, it has been shown that the substances that well limit
the growth of fungal isolates on the PDA medium (Potato
Dextrose Agar) include, next to cyprodinil, also tebuconazole,
krezoxym methyl, and fenpropimorph. It should be emphasised
that better effectiveness in this regard was proven for boscalid,
prochloraz, pyraclostrobin, epoxiconazole, and flusilazole (Pie-
czul, Korbas, 2014).

Pioneering field research on cyprodinil was carried out,
among others, in Great Britain, where pathogens causing brittle
cereal stalks (Tapesia yallundae and T. acuformis) were isolated.
Both sites used cyprodinil, prochloraz, and a mixture of these
compounds twice a year, with one site exposed to cyprodinil for
3 years and the other for a total of 11 years, including 5 years
prior to the start of the experiment. It was found that during the
first 3 years of research, the protection efficiency provided by
pure substances and their mixture ranged from 43% to 82%.
Extending the use for a further 3 years further decreased the
number of new cases, but no practical resistance was found. On
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this basis, it can be concluded that factors other than expected are
responsible for the lack of complete immunity. In general, field
isolates of both strains with reduced susceptibility to cyprodinil
were found mainly in plots where it had been applied in the
preceding 6-year period for 2 years, and in the last year in the
mixed plots population. No clear trends could be identified from
these studies, although in vivo studies have shown that control of
most sensitive isolates can be regained by increasing the dose to
one tenth of the recommended field dose. Analysis of sex crosses
between a susceptible isolate and a field isolate with an ED50
(median exposure dose) value greater than the baseline range of
susceptibility showed that a single gene controlled the reduction
in susceptibility to cyprodinil in one Tapesia yallundae isolate.
This suggests that there is a clear risk of resistance to cyprodinil.
The reduction in susceptibility is monogenic in inheritance and to
a significant level in some isolates, with any change in sensitivity
in field populations so far has been gradual (Babij et al., 2000).

In the studies of Leroux et al. (2013), apart from cyprodinil,
anti-microtubule fungicides (benzimidazole derivatives), sterol
demethylation or succinate dehydrogenase inhibitors, and
metrafenone were used. They are in line with the work carried
out since the 1980s in France, aimed at monitoring changes in the
sensitivity of fungi that make cereal stalks brittle to fungicides.
The use of benzimidazole derivatives for this purpose has become
ineffective since the nineties due to immunisation. In the case of
substances from the triazole group it is generalised, while
resistance to prothioconazole has not yet developed. The
resistance to prochloraz has gradually evolved in O. acuformis
and O. yallundae, and has been confirmed in the years of the
reported research as well-established. Specific resistance to
cyprodinil has also been detected, but its frequency remains
generally low. Finally, several strains of O. yallundae exhibiting
multi-drug resistance have been detected since the beginning of
the 21st century. These strains show a low level of resistance to,
inter alia, prothioconazole and boscalid.

The efficacy of cyprodinil against the sensitivity of V. inae-
qualis isolates was determined for nine populations by measuring
the growth of colonies formed from germinating conidia derived
from single scab lesions. At the differential dose of pyrimethanil
(0.2 pug-cm™?), the mean relative range of height measured for the
eight populations of V. inaequalis (n = 39-74) never treated with
fungicides ranged from 18.1 to 48.2, which translates into about
a six-fold difference in mean basal sensitivity. For all 469 isolates
tested, sensitivities to pyrimethanil and myclobutanil were
significantly correlated. When isolates were organised into
subpopulations based on their sensitivity to a single fungicide,
the sensitivity to both fungicides decreased in parallel in very and
moderately sensitive subpopulations, but differed for isolates in
the subpopulations least sensitive to either fungicide. The result
suggested that at least one of the many genes conferring resistance
against the pathogen in question also decreased susceptibility to
aniline-pyrimidine fungicides. The relative contribution of this
group of fungicides to the control of scab was assessed in an
experimental orchard from the Great Lakes region in the United
States. The prevalence of resistant V. inaequalis isolates gave way
to practically resistant, and the sensitivity to pyrimethanil was
similar to that of several commercial fruit populations that had
never been treated with aniline-pyrimidine fungicides. Notably, in
the field management programs (1996-2000) of cyprodinil and
pyrimethanil, the control of fruit scab and terminal leaf was worse

than with non-specific protective measures such as mancozeb or
captan. The effectiveness of the aniline-pyrimidine fungicides in
controlling scab on grape leaves was equal to that of the non-
specific protective agents. This effect can be explained by the lack
of prolonged keeping of low temperature, which in previous
studies favoured the efficiency of aniline-pyrimidine fungicides in
northern Europe, as well as the reduced sensitivity to fungicides
of this population group of V. inaequalis (Koller, Wilcox and
Parker, 2005).

The sensitivity of V. inaequalis to aniline-pyrimidine
fungicides (pyrimethanil and cyprodinil) was tested on apple
populations treated with this group in a variety of ways - from
those grown in areas never exposed to fungicides, to fruit from
orchards protected with aniline-pyrimidines fungicides to popu-
lations derived from the experimental centre. In vitro suscept-
ibility tests were performed on monoconidial isolates, while in
vivo tests with therapeutic or preventive use were performed on
populations inoculated on apple seedlings. In the field, apple
infestation was assessed as the severity of leaf attack. The results
showed that the in vitro susceptibility to pyrimethanil and
cyprodinil showed a progressive lower reduction from wild-type
to well-controlled, ending up in poorly controlled populations. In
in vivo tests, the same moderate (wide-ranging) decrease in
sensitivity and activity was more pronounced with therapeutic
and prophylactic applications, as was also seen with difenocona-
zole. In field studies, populations heavily treated with aniline-
pyrimidine compounds showed a decrease in control after several
years, which was confirmed in the following years. These
decreases in activity were less marked compared to those shown
by strobilurins, both in field and in vitro tests (Fiaccadori, 2018).

In the control of apple scab caused by V. inaequalis,
fungicides that inhibit the growth of fungal pathogens in the
initial stages of infection are important management tools. In
2019-2021, biological tests assessing the therapeutic effect of
fungicides commonly used to control apple scab showed that
cyprodinil - along with six other fungicides — had a protective
effect against V. inaequalis, although it did not show the highest
effectiveness (Hirayama, 2022).

Botrytis cinerea causes gray mold disease and can infect the
fruit of important crops such as grapes, pistachios, and
pomegranates, causing significant crop losses worldwide. In one
of the recent studies on protection against the indicated fungi, in
vitro mycelium growth tests were used to evaluate the sensitivity
of 160 individual B. cinerea isolates harvested from California-
based commercial grape fields (n = 58), pistachios (n = 74), and
pomegranates (n = 28) to cyprodinil, fludioxonil, and iprodione.
Based on the effective concentration at which mycelium growth
was inhibited by 50% (ECs), 100%, 83%, and 38% of the isolates,
respectively, were sensitive (ECsy < 1 pg«cm’3) to fludioxonil,
cyprodinil, and iprodione. Low, weak or high resistance to
cyprodinil was shown by 13%, 3%, and 1% of the isolates,
respectively. No cross-resistance was observed between cyprodi-
nil, iprodione, and fludioxonil (Avenot et al., 2018).

Chemical protection of strawberry crops against gray mold
caused by B. cinerea is essential to prevent fruit spoilage before
and after harvest. The cyprodinil and fludioxonil available for
many years in the United States are used for this purpose. Both
active ingredients are specific inhibitors. In the reported study,
217 single-spore B. cinerea isolates from 11 commercial
strawberry fields in North and South Carolina were analysed
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for their sensitivity to both fungicides. Isolates that were
susceptible (53%), moderately resistant (30%) or resistant (17%)
to cyprodinil were identified on the basis of embryo tubular
inhibition at different doses of cyprodinil (1 mg-dm™ and 25
mg-dm™) in 10 out of 11 locations. None of the isolates were
resistant to fludioxonil. The phenotypes that were moderately
resistant or resistant to cyprodinil were not affected by mycelial
growth rate, spore production, or osmotic sensitivity. The
detached fruit tests showed cross resistance between cyprodinil
and pyrimethanil, and that isolates that were characterised in
vitro as moderately resistant or resistant were equivalent in
pathogenicity on pyrimethanil sprayed fruit. This suggests that
the in vitro distinction between moderately resistant and resistant
isolates is of little or no importance in the field (Ferndndez-
Ortufio, Chen and Schnabel, 2013).

Scab and gray mold in apple trees are the most damaging
diseases caused by B. cinerea. Despite many years of research into
combating them, there is a lack of effective fungicides. Cyprodinil
is a potentially good crop protection substance. The mean ECsg
value of cyprodinil for 32 Botrytis spp. isolates was estimated to be
0.02 pg-cm >, indicating that apple isolates are generally very
sensitive. Some of the isolates (19%) were less sensitive and had
ECs, values greater than 0.03 ug-cm™>, and one isolate from the
‘Gala’ cultivar was clearly less sensitive (0.095 ug-cm™>).
Historically, spraying of cyprodinil alone (1998-1999), possibly
in combination with myclobutanil or metiram (1998), reduced
the amount of infection of developing fruit by Botrytis spp. post-
harvest use of cyprodinil (1998) showed that it protected apples
against gray mold for 3 months. Cyprodinil applied up to 3 weeks
before harvest (1999) reduced the lesion area by 68% and 62% for
the cultivars ‘Jonagold’ and ‘Gala’, respectively, which were
injured and inoculated with B. cinerea after storage at 1°C for
a period of 6 months. In similar studies on ‘Gala’ apples (2000
2001), pre-harvest cyprodinil application consistently reduced the
occurrence of gray mold and the diameter of lesions on
inoculated apples stored for six months (Sholberg, Bedford and
Stokes, 2003).

The common feature of most pesticides is their strongly
hydrophobic nature, which in the context of counteracting the
effects of uncontrolled leakage into the environment translates
into the need to select soil reclamation methods based on the
formation of inclusion complexes. Despite the profile of the
properties of cyclodextrins in terms of the formation of
macrocyclic systems, documented by many years of research,
the beginning of their wide use to obtain compounds with
pesticides dates back to the beginning of this century (Dodziuk,
2002a; Dodziuk, 2006). Molecular systems often used as “hosts”
are cyclodextrins, which results from their biological neutrality,
specific structure and availability (Dodziuk, 2002a; Dodziuk,
2002b; Verstichel et al., 2004; Dodziuk, 2006), while both native
cyclodextrins (Dodziuk, 2002a; Dodziuk, 2006) as well as various
derivatives (Lipték et al., 2002), including methyl (Petrovi¢ et al.,
2013), hydroxypropyl (Galian, Bracamonte and Veglia, 2005;
Benfeito et al., 2013; Fernandes et al., 2014; Huang et al., 2014),
acetyl (Cassano et al, 2013), amine (Ivanyi et al, 2004) and
sulfobutyl (Yafez, Araya and Bollo, 2010). Successful attempts
were made to obtain combinations of them with a wide range of
compounds (“guests”) — drugs (Redenti, Szente and Szejtli, 2000),
cosmetics (Rode et al, 2003), food ingredients (Szente and Szejtli,
2004), odourants (Galian, Bracamonte and Veglia, 2005), dyes

(Szejtli, 2003). The interest in creating compounds with these
groups of chemical substances is focused on the use of
cyclodextrins in the field of chromatography (Juvancz and Szejtli,
2002; Ivanyi et al., 2004). Cyclodextrins play an important role in
environmental protection (Landy et al., 2012) and biotechnology
(Singh, Sharma and Banerjee, 2002).

The use of cyclodextrins for the reversible binding of
pesticides has been extensively studied, inter alia, for compounds
of 2-amino-4-methyl-5-carboxyanilidotriazole (Cserhati et al,
2002), 2-methyl-4-chlorophenoxyacetic acid (MCPA) (Garrido
et al., 2012), 2-phenylphenol (Lezcano et al., 2003; Cassano et al.,
2013), 2,4-dichlorophenoxyacetic acid (2,4-D) (Pereira et al,
2016), 8-hydroxyquinoline (Lezcano et al., 2003), acetamiprid
(Alonso et al., 2014; Liu et al., 2017), acifluorfen (Cserhati et al.,
2002), alpha-cypermethrin (Alonso et al., 2014), azoxystrobin
(Yang et al., 2015), benalaxyl (Lezcano et al., 2003), bendiocarb
(Alonso et al., 2014), benoxacor (Cserhati et al., 2002), bentazone
(Yanez, Araya and Bollo, 2010), bioallethrin (Hebeish et al.,
2014), bitertanol (Wu, Lee and Li, 2001), bromuconazole (Crini
et al., 2017), carbendazim (Lezcano et al., 2002), chlorothalonil
(Yang et al., 2015), chlorpropham (Ge et al., 2011; Huang et al.,
2014), chlorpyrifos (Coly and Aaron, 1998; Szente, 1998; Baez,
Espinoza and Fuentes, 2018), chlorpyriphos-methyl (Vico et al.,
2009), ciprofuram (Cserhati et al., 2002), clothianidin (Liu et al.,
2017), coumatetralyl (Coly and Aaron, 1998), cyfluthrin (Alonso
et al., 2014), cypermethrin (Lu et al.,, 2015), cyproconazole (Wu,
Lee and Li, 2001), cyprodinil (Yang et al, 2015), deltamethrin
(Alonso et al., 2014; Coly and Aaron, 1998), diazinone (Bdez,
Espinoza and Fuentes, 2018), dicamba (Pereira et al., 2016),
dichlorvos (DDVP) (Szente, 1998), diclobutrazol (Cserhati et al.,
2002), difenoconazole (Wu, Lee and Li, 2001; Crini et al., 2017),
dimethoate (Petrovi¢ et al., 2013), dimethomorph (Cserhati et al.,
2002), diniconazole (Wu, Lee and Li, 2001), dinotefuran (Liu
et al., 2017), dodemorph (Cserhati et al., 2002), dodine (Cserhati
et al., 2002), epoxiconazole (Crini et al., 2017), esbiothrin (Alonso
et al, 2014), fenitrothion (Coscarello et al., 2009), fenvalerate
(Coly and Aaron, 1998), flutriafol (Wu, Lee and Li, 2001),
fuberidazole (Lezcano et al., 2002), hexachlorocyclohexane
(Ferino-Pérez et al., 2019), hexaconazole (Wu, Lee and Li,
2001), imazalil (Cassano et al., 2013), imidacloprid (Alonso et al.,
2014; Liu et al., 2017), linuron (Petrovi¢ et al., 2013), malathion
(Szente, 1998), metconazole (Cserhati et al., 2002), methyl
parathion (Coscarello et al., 2009), myclobutanil (Wu, Lee and
Li, 2001), N-isoxazole-5-yl-N-(2,6-xylyl)-pL-alaninate (Cserhati
et al., 2002), nitenpyram (Liu et al, 2017), oxadiargyl (Benfeito
et al., 2013), paclobutrazole (Wu, Lee and Li, 2001; Cserhati et al.,
2002), parathion (Coscarello et al., 2009), penconazole (Wu, Lee
and Li, 2001; Cserhati et al, 2002), permethrin (Alonso et al.,
2014; Hebeish et al., 2014; Lu et al., 2015), phenothrin (Alonso
et al, 2014), pirimiphos-methyl (Coly and Aaron, 1998),
pretilachlor (Cserhati et al., 2002), prochloraz (Lezcano et al.,
2003), propiconazole (Crini et al., 2017; Fifere et al., 2012; Wu,
Lee and Li, 2001), pyrimethanil (Fernandes et al., 2014),
pyriproxyfen (Gurarslan et al., 2015), simazine (Petrovi¢ et al.,
2013), sulprofos (Szente, 1998), sumithion (Szente, 1998),
tebuconazole (Wu, Lee and Li, 2001; Alonso et al., 2014; Crini
et al., 2017), tetraconazole (Wu, Lee and Li, 2001), tetramethrin
(Alonso et al, 2014), thiabendazole (Lezcano et al, 2002;
Alexandrino et al., 2013; Cassano et al, 2013), thiacloprid
(Alonso et al., 2014; Liu et al., 2017), thiamethoxam (Liu et al,,
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2017), thiophanate-methyl (Lezcano et al, 2003), thiram
(Cserhati et al., 2002; Petrovic et al., 2013), triadimefon (Cserhati
et al., 2002; Wu, Lee and Li, 2001), triadimenol (Wu, Lee and Li,
2001; Cserhati et al., 2002), tridemorph (Cserhati et al., 2002),
trifloxystrobin (Yang et al., 2015), triflumizole (Kohler, Viern-
stein and Wolschann, 1996).

The above list of articles published in a wide range of years
reflects the high interest in the multifaceted problem of the
formation of macromolecular compounds by cyclodextrins.
Studies of the physicochemical properties of pesticide inclusion
complexes with cyclodextrins are widely carried out with the use
of theoretical tools of various degrees of advancement (Dodziuk,
2002b; Coscarello et al., 2009; Ge et al., 2011; Alexandrino et al.,
2013; Lu et al., 2015; Fifere et al., 2012; Pereira et al., 2016;
Ferino-Pérez et al., 2019), wherein molecular systems based on
non-pesticide “guests” were also analysed (Lawtrakul, Inthajak
and Toochinda, 2014). The paper of Dodziuk (2002b) discusses
the scope of applicability of theoretical methods in the light of the
dynamic nature of molecular skeletons of cyclodextrin molecules.
The author, paying attention to the existence of numerous and
close to each other energy minima for such relatively large
systems, points to the inability to describe weak non-covalent
interactions by means of calculations based on molecular
mechanics and quantum (ab initio) calculations. Despite this
fact, in older studies in the field of cyclodextrin compounds (also
with pesticides) simulations were carried out in terms of
molecular mechanics (MM2, MM+) (Coscarello et al., 2009; Ge
et al., 2011), while semi-empirical methods (PM3, AM1) were
used as a tool for preliminary (Ge et al., 2011; Fifere et al., 2012)
or proper (Coscarello et al., 2009; Alexandrino et al., 2013;
Ferino-Pérez et al, 2019) optimisation of geometry. Newer and
more advanced theoretical research on such systems are based on
molecular dynamics simulations (Lu et al, 2015), but its
effectiveness cannot be considered universal and depends on
the nature of the system under study (Pereira et al., 2016), and
DFT calculations (Fifere et al.,, 2012; Alexandrino et al., 2013;
Pereira et al., 2016; Ferino-Pérez et al., 2019), also in the TD
variant (Lu et al, 2015), where the calculations that require
significant expenditure (also trial calculations) are often per-
formed at the semi-empirical level (PM3) (Fifere et al., 2012;
Alexandrino et al., 2013; Ferino-Pérez et al., 2019). Adopting the
DFT formalism in combination with the SMD model leads to
satisfactory results (Pereira et al., 2016; Ferino-Pérez et al., 2019).

Theoretical studies of the “guest-host” systems, including
those composed of pesticides and cyclodextrins, allow to predict
the properties of the designed preparations, because the
interpretation of their results gives an insight into the mechanisms
governing both the binding of components and the processes of
disintegration of inclusion compounds, including their kinetics. It
should be emphasised not only the fact of a very small amount of
documented research on inclusion compounds of cyprodinil and
cyclodextrins, but also the lack of studies on the interactions
between the components of such potential molecular systems. This
is surprising, for example, from the point of view of the
multiplicity of applications of preparations based on cyprodinil
in its pure form, i.e. not bound in a supramolecular complex.

Density functional theory is a pillar of a number of
quantum-mechanical methods for modeling the structure of
chemical molecules or crystals. These methods are an alternative
to the wave function-based methods. The DFT theory is based on

the Hohenberg-Kohn theorems, and its practical implementation
is based on the Kohn-Sham method. On its basis, it is assumed
that all properties of a quantum system in the stationary state
result from the electron density of the ground state (more
precisely: all observables are assumed to be unambiguous electron
density functionals of the ground state).

B3LYP is an example of one of the most widely used hybrid
functional in the DFT theory. Its designation is derived from the
name of Becke, the creator of the functional “Becke 88”, which
was later modified by Lee, Yang and Parr (3 parameters of the
generalised gradient approximation) (Hofaj-Krzak, 2021).

In this study, the usefulness of several DFT functionals
(Hohenberg and Kohn, 1964; Kohn and Sham, 1965) - B3LYP
(Becke, 1993; Becke, 1996; Becke, 1997), PBEO (Adamo and
Barone, 1999), M06-2X (Zhao and Truhlar, 2007), B97-D
(Grimme, 2006) was checked - in connection with selected
Pople-type basis sets (Ditchfield, Hehre and Pople, 1971;
Hariharan and Pople, 1973) - 6-311++G(d,p), 6-311++G(2d,p),
6-311++G(2d,2p) - and Dunning-type basis set (aug-cc-pVDZ)
(Dunning, 1989), to optimise the geometry of cyprodinil (C°)
molecules (Fig. 1a), its anion (C”) - Figure 1b, and cation (C*) -
Figure 1c, as well as a-cyclodextrin (a-CD) molecules (Fig. 2a)
and P-cyclodextrin (B-CD) (Fig. 2b). Calculations for model
inclusion compounds (Co@a—CD, C @a-CD, C*@a-CD, CO@B—
CD, C @B-CD, C+@[3-CD) were performed using the G4MP2
method (Curtiss, Redfern and Raghavachari, 2007a; Curtiss,
Redfern and Raghavachari, 2007b).

CH, CH; CH 10 1
a 3 b 3 c 3
) T4 i ) T4 55 ) it
9 11 5 | XN ¢ 12
3
8
8 2 13
17 12 47 0 N/)\N‘
7 13 1 /7 H
H 7o

Fig. 1. Formulas of theoretically examined cyprodinil ionic forms (C):
a) C°% b) C, ¢) C*; source: own elaboration

Fig. 2. Formulas of cyclodextrins (CD) used in
the research: a) a-cyclodextrin, b) p-cyclodextrin;
source: own elaboration

MATERIALS AND METHODS

ORIGIN AND PROCEEDING OF EMPIRICAL DATA
OF CYPRODINIL

Initial geometry of the cyprodinil molecule, used for optimisation,
was taken from the CCDC database (Fig. 3) (Jeon et al., 2015).
Selected empirical structural parameters (bond lengths, R; angles,
a; dihedral angles, ) of the isolated cyprodinil molecules are
given in Table S1 (available at: https://www.jwld.pl/files/Supple-
mentary-material-Ho-aj-Krzak.pdf). Based on the crystallo-
graphic structure of the neutral form of cyprodinil, ionic
structures were generated, which were then optimised according
to the same scheme.
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Fig. 3. Projection of the lattice of cyprodinil (C°)
crystals; source: Jeon et al. (2015)

ORIGIN AND PROCEEDING OF EMPIRICAL DATA
OF CYCLODEXTRINS

Starting from the crystallographic structure of a-cyclodextrin
monohydrate (Fig. 4a) and obtained for p-cyclodextrin dodecahy-
drate (Fig. 4b) theoretical model structures were obtained. Tables
S2 and S3 (available at: https://www.jwld.pl/files/Supplementary-
material-Ho-aj-Krzak.pdf) present selected empirical structural
parameters (bond lengths, R; angles, a; dihedral angles, 8) of the
isolated a- (Sha et al, 2016) and p-cyclodextrin molecules,
respectively (Lindner and Saenger, 1982).

RESULTS

THEORETICAL DATA OF NEUTRAL AND IONIC FORMS
OF CYPRODINIL

Theoretical structures of the neutral form of cyprodinil (Fig. 5a),
anion (Fig. 5b), and cation (Fig. 5¢c) were obtained by calculations
at the B3LYP/6-311++G(2d,2p) level of theory (the lowest energy
criterion). Table 1 is a summary of the energy (AE) of the molecule
and cyprodinil ions, obtained by calculations using the B3LYP,
PBEO, M06-2X and B97-D functionals, for the 6-311++G(d,p),
6-311++G(2d,p), 6-311++G(2d,2p) and aug-cc-pVDZ basis sets.
Table S4 (available at: https://www.jwld.pl/files/Supplementary-
material-Ho-aj-Krzak.pdf) lists selected theoretical structural para-
meters (bond lengths, R; angles, «; dihedral angles, ) of the
isolated molecules and cyprodinil ions [B3LYP/6-311++G(2d,2p)].

THEORETICAL DATA OF CYCLODEXTRINS

Model structures of a- (Fig. 6a) and P-cyclodextrin (Fig. 6b)
molecules were obtained in the course of calculations at the
B3LYP/6-31++G(d,p) level, meeting the energy minimum
criterion. Energy values (AE) of the a-cyclodextrin molecule
obtained by theoretical calculations (DFT/B3LYP) with the use of
6-31G(d), 6-31G(d,p), 6-31G(2d,p), 6-31G(2d,2p) and 6-31++G
(d,p) basis sets equals [Ha]: —3664.42397723, —3664.57539559,
—3664.69706045, —3664.72550879, and —3664.75381536, respec-
tively. Table S5 (available at: https://www.jwld.pl/files/Supple-

Fig. 4. Projections of crystal lattices of cyclodextrins (CD): a) a-cyclodextrin monohydrate acc. to
Sha et al. (2016), b) B-cyclodextrin dodecahydrate (bottom) acc. to Lindner and Saenger (1982)

a) b)

c)

Fig. 5. Optimised [B3LYP/6-311++G(2d,2p)] structures of cyprodinil ionic forms (C): a) c%b)C,o)Ch

source: own study
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Table 1. Energy (AE) of single molecules and cyprodinil ions (C°% C~, C*) obtained by theoretical calculations (DFT)

AE (Ha)
Functional

6-311++G(d,p) 6-311++G(2d,p) 6-311++G(2d,2p) aug-cc-pVDZ

CO
B3LYP —706.960928293 —706.978285119 —706.985912841 —-706.858687120
PBEO —706.123774359 —706.141215298 —706.147507853 —-706.041119033
MO06-2X —-706.663578705 —706.683971878 —706.691828025 —-706.589726937
B97-D —706.439669811 —706.453010334 —706.459827694 —-706.350441086

c
B3LYP —-706.385351399 —706.403420855 —706.410340638 -706.284492300
PBEO —705.546834401 —-705.564815335 —=705.570464020 -705.465681921
M06-2X —-706.090499788 —=706.111226772 —-706.118681539 -706.017493029
B97-D —-705.864030081 —=705.877700345 —705.883974545 —705.775947194

c
B3LYP —-707.316387899 —-707.334510324 —707.342620867 -707.212833702
PBEO —~706.478165183 —~706.496599860 —-706.503331580 ~706.394729878
MO06-2X —-707.015754150 —707.037358467 —707.045390991 ~706.941673904
B97-D —706.801031859 —706.815236732 —706.822400318 —-706.710563315

Source: own study.
” o (Fig. 8¢) of cyprodinil — were also obtained based on the G4MP2

A

Fig. 6. Model structures [B3LYP/6-31++G(d,p)] of cyclodextrins (CD):
a) a-cyclodextrin, b) B-cyclodextrin: source: own study

mentary-material-Ho-aj-Krzak.pdf) is a summary of selected
theoretical structural parameters (bond lengths, R; angles, ;
dihedral angles, ) of isolated a-cyclodextrin molecules [B3LYP/
6-31++G(d,p)]. Energy (AE) of single B-cyclodextrin molecules
were obtained by theoretical calculations (DFT/B3LYP) for wide
range of basis sets [Ha]: 6-31G(d) (-4275.19247987), 6-31G(d,p)
(—4275.37382889), 6-31G(2d,p) (—4275.48804411), 6-31G(2d,2p)
(~4275.53944150), and 6-31++G(d,p) (-4275.57349174). The
corresponding structural data for the B-cyclodextrin model are
given in Table S6 (available at: https://www.jwld.pl/files/Supple-
mentary-material-Ho-aj-Krzak.pdf).

THEORETICAL DATA OF SUPRAMOLECULAR STRUCTURES

In the course of calculations at the G4MP2 level, the structures of
compounds consisting of the molecule (Fig. 7a), anion (Fig. 7b),
and cation (Fig. 7c) of cyprodinil with a-cyclodextrin were
optimised. The geometries of the systems based on p-cyclodex-
trin - for the molecule (Fig. 8a), anion (Fig. 8b), and cation

formalism. Interaction energies [A(AE)] (differences in the energy
of model complexes and the sums of the energies of the respective
components), thermal energies (AE,), isochoric molar specific
heat (Cy), and entropy (S) of systems composed of the molecule
and cyprodinil ions with a-cyclodextrin are given in Table 2.
Selected theoretical structural parameters (bond lengths, R;
angles, a; dihedral angles, 8) of the systems composed of the
molecule and cyprodinil ions with a-cyclodextrin are presented in
Table S7 (available at: https://www.jwld.pl/files/Supplementary-
material-Ho-aj-Krzak.pdf). The energy characteristics of the
appropriate f-cyclodextrin compounds are presented in Table 3.

Fig. 7. Theoretical structures (G4MP2) of systems consisting of a molecule
and cyprodinil ions (C) with a-cyclodextrin (a-CD): a) C’@a-CD,
b) C"@a-CD, ¢) C'@a-CD; lengths of the distinguished hydrogen bonds
are given in angstroms (A); source: own study
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Table 3. Interaction energies [A(AE)], thermal energies (AE,),
isochoric molar heat capacities (Cy) and entropies (S) of systems
consisting of a molecule and cyprodinil ions with B-cyclodextrin

Nl Ty X" AL~ N (G4MP2)
4 ey R { <A J
SECSa TR
= r\f A(AE) Contri- AE, Cy S
(kJ-mol™") bution (kJ-mol™) | J-mol “K™) [ J-mol -K ")
C’@p-CD
P 4127.69 1501.32 2038.67
e 0.00 0.00 0.00
324.26 t 3.72 12.47 198.73
r 3.72 12.47 180.62
Fig. 8. Optimised (G4MP2) geometries of systems consisting of a mo- v 4120.25 1476.37 1659.32
lecule and cyprodinil ions (C) with B-cyclodextrin (B-CD): a) C°@p-CD, C @p-CD
b) C"@B-CD, c) C*@p-CD; lengths of the distinguished hydrogen bonds
are given in angstroms (A); source: own study z 4082.39 1486.61 2031.37
e 0.00 0.00 0.00
Table 2. Interaction energies [A(AE)], thermal energies (AE,), 254.76 t 3.72 12.47 198.72
isochoric molar heat capacities (Cy) and entropies (S) of systems r 3.72 12.47 180.38
consisting of a molecule and cyprodinil ions with a-cyclodextrin
v 4074.96 1461.67 1652.27
(G4MP2)
C'@p-CD
A(AE) Contri- AE; Cy S z 4162.35 1501.15 1997.63
-1 . -1 -1 -1 -1 1
(kJ-mol ") bution (kJ-mol™") [ (J-mol K™ ) | (J-mol K™ ") . 0.00 0.00 0.00
C’@a-CD 240.49 t 3.72 12.47 198.74
z 3641.30 1321.52 1796.63 r 3.72 12.47 180.98
e 0.00 0.00 0.00 v 4154.92 1476.21 1617.90
303.40 ! 3.72 12.47 197.15 Explanations as in Tab. 2.
r 3.72 12.47 176.44 | Source: own study.
v 3633.86 1296.58 1423.05
C @a-CD DISCUSSION
z 3601.98 1305.54 1757.54
GENERAL INFORMATION
e 0.00 0.00 0.00
191.08 t 3.72 12.47 197.13 | The thematic scope of the research presented in this article — the
, 372 12.47 17523 |  problem of the reversible binding of molecules into supramolecular
structures - should be considered in a broader context, combining
v 3594.55 1280.60 138518 the theoretical foundations of the phenomena that determine them,
C'@a-CD as well as discussing the tools for their interpretation. In the first
b 3675.05 1320.87 1800.63 |  case, therefore, one should focus on the issue of hydrogen bonds as
the strongest non-covalent interactions, and on the other hand,
e 0.00 0.00 0.00 i R
understand the foundations of the process of releasing “guest
190.38 £ 372 1247 197.15 | molecules from inclusion complexes.
r 3.72 12.47 176.79 The problem of hydrogen bonding in science has been at the
Y 3667.62. 1295.93 142667 | centre of many decades. These interactions determine the

Explanations: X = total, e = electronic, ¢ = translational, r = rotational,
y = vibrational)
Source: own study.

Structural data on these systems are summarised in Table S8
(available at: https://www.jwld.pl/files/Supplementary-material-
Ho-aj-Krzak.pdf). The initial geometries for all modeled inclusion
complexes were selected as those whose mutual orientation of the
“guest” and “host” molecules resulted from the expected final
structure, and thus ensured the convergence procedure the most
effective.

occurrence of important biological and physicochemical phe-
nomena, and because the consequences resulting from their
implementation are still not fully understood, they seem to be the
more interesting research object, primarily determining the
properties of solutions and molecular crystals.

Particularly difficult, from the point of view of interpreta-
tion on the basis of qualitative and quantitative theories, are the
problems involving hydrogen bonds that stabilise molecular
crystals. The model system is the centrosymmetric cyclic dimer of
hydrogen bonds, (R-COOH),, present mainly in the lattice of
monocarboxylic acids (Rekik et al., 2010) and dicarboxylic acids
(Hotaj-Krzak, 2021; Holaj-Krzak et al., 2022).

© 2023. The Authors. Published by Polish Academy of Sciences (PAN) and Institute of Technology and Life Sciences — National Research Institute (ITP — PIB).
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/3.0/)


https://www.jwld.pl/files/Supplementary-material-Ho-aj-Krzak.pdf
https://www.jwld.pl/files/Supplementary-material-Ho-aj-Krzak.pdf

www.czasopisma.pan.pl P
Y

N www journals.pan.pl

16 Jakub T. Hofaj-Krzak

A very important concept from the mainstream of
qualitative theories is the Fermi resonance (Rekik et al., 2010),
in addition to the developed theory of strong anharmonic
coupling (Salman et al., 2022). More recent studies in this field
include in the mathematical apparatus the formalism of the
theory of linear response, the effect of vibration relaxation and the
Davydov coupling (Rekik et al., 2019).

THEORETICAL DATA OF NEUTRAL AND IONIC FORMS
OF CYPRODINIL

The first phase of theoretical calculations, including structures
optimisation of the isolated molecule of cyprodinil (CcY - Figure 5a,
unbound anion (C”) - Figure 5b, and the cation (C") - Figure 5c,
as well as a-cyclodextrins (a-CD) - Figure 6a and B-cyclodextrins
(B-CD) free molecules (Fig. 6b), starting from the c° (Fig. 3) (Jeon
et al., 2015), a-CD (Fig. 4a) (Sha et al., 2016), and B-CD (Fig. 4b)
(Lindner and Saenger, 1982) crystallographic structures, allowed to
obtain a set of model structures necessary for research on
supramolecular systems.

In the case of cyprodinil, very slight deviations in the bond
lengths between the real (Tab. S1) (Jeon et al, 2015) and
theoretical (Tab. S4) structures can be noticed. The N7-H7a bond
is an exception, because in the crystal this part of the molecule is
involved in the formation of the hydrogen bridge, and model
calculations were carried out for the vacuum state. For this
reason, slight differences can be found between values of these
angles and dihedral angles, for which the atoms that form them
are not involved in the formation of hydrogen bonds. Modelling
the C® molecule in a vacuum state involves the orientation of the
phenylene and the heterocyclic rings in a common plane,
preventing the implementation of non-covalent interactions.

The presence of a lone pair in the C™ theoretical structure
changes the electron density distribution within it, which is
reflected in the weakening (N1-C2) or strengthening (C2-N7,
C8-N7) of bonds, as well as increasing the degree of rotation of
the phenylene ring in relation to the C° model structure.

Protonation of the aliphatic N atom, leading to the Cct
structure, changes the particle shape in accordance with the
assumed hybridisation. In the case of this structure, the N1-C2
bond is shortened while the C2-N7, C8-N7, and N7-H7a bonds
are lengthened.

THEORETICAL DATA OF CYCLODEXTRINS

Analysis of exceptions between the crystallographic and model
structures of cyclodextrins generally does not allow to notice the
drastic differences resulting from deformation of the molecules.
Before starting the optimisation of a- and B-CD structures, H,O
molecules present in the crystal lattices were removed, and the
molecular skeletons were supplemented with H atoms.
Comparison of the most important from the point of view
of the research, the geometric parameters of the crystallographic
(Tab. S2) (Sha et al, 2016) and S7 model (Tab. S5) a-CD
structures concerns the description of atoms responsible for
reversible bond of the “guest” molecule by hydrogen bonds or
hydrophobic interactions, i.e. the O-H bonds and the geometrical
parameters of the cavity of the “host” molecule. The transition
from the real structure to the model structure is accompanied by
the reorientation of the C3-O8 and C4-09 bonds, which, when

extended and averaged their length, indicates the formation of
hydrogen bonds between them. This behaviour suggests that
when “guest” molecules are included, they can be easily broken
off. On the way of optimisation, the spatial structure is practically
not modified (the reduction of the cavity width is about 0.17%).

For the B-CD, a similar combination of data from
registration of X-ray diffraction patterns (Tab. S3) (Lindner and
Saenger, 1982) with those obtained by means of DFT calculations
(Tab. S6) does not allow for a reliable assessment of a possible
negative impact on the optimisation result by selecting the wrong
functional and basis set. This is due to the lack of data for the
crystallographic structure of H atoms coordinates, which were
supplemented before optimisation. Geometry convergence re-
duces the width of the cavity by 5.9%.

THEORETICAL DATA OF SUPRAMOLECULAR STRUCTURES

Results of the proper theoretical calculation stage (G4MP2) for the
model structures of a-cyclodextrin inclusion complexes with the
molecule (C’@a-CD) - Figure 7a, anion (C”@a-CD) - Figure 7b,
and cation (C*@a-CD) - Figure 7c of cyprodinil (Tab. 2), indicate
that the values of interaction energies of individuals forming the
discussed compounds are high and positive, especially in the case
of the C’@a-CD complex. This proves a weak affinity of the
components of molecular systems, where the formation of C"@a-
CD (191.08 kJ-mol™") or C'@a-CD (190.38 kJ-mol™") systems is
more privileged than the C’@a-CD (303.40 kJ-mol™).

Geometries of potential complexes predicted on the basis of
theoretical calculations indicate that the “guest” molecules do not
undergo significant structural modifications, especially in regions
directly involved in non-covalent interactions. The comparison of
the structural data collected for the optimised structure of the
neutral cyprodinil molecule (Tab. S4) with the data collected in
the course of modelling the structure of the C°@a-CD complex
(Tab. S7) shows that in the process of creating a (hypothetical)
inclusion complex, the “guest” molecule is only slightly deformed,
that is deviations from the coplanar structure (rotation around
the C8-N7 bond). The C8-N7 bond is slightly shortened (by
0.79%), while the N7-H7a bond is extended (by 1.1%) due to the
presence of the hydrogen bridge. Discussion on influence of
cyprodinil inclusion on the structure of a-cyclodextrin (Fig. 6a),
in the light of changes in its structural parameters (Tab. S5), may
be limited practically only to changing the length of bonds
connecting the atoms of those fragments of the “host” molecule
that are located in the immediate vicinity of the “guest” molecule,
which is accompanied by a slightly marked change in the angles
between the respective bonds.

Analysis of the C°@a-CD complex structure (Fig. 7a) shows
preference of the cyprodinil molecule orientation, in which the
phenyl ring faces the hydrophobic cavity of the a-cyclodextrin
molecule, from the side of the wider edge. This ensures formation
of a very weak hydrogen bridge involving the aliphatic N atom of
cyprodinil and the O atom of one of the glucose moieties (N7-
H7a--08), 312.9 pm long (Tab. S7).

Comparison of the common spatial parameters of the
C @a-CD model structure (Tab. S7) with describing the
cyprodinil anion theoretical structure (Tab. S4) shows a significant
influence related to the process of supramolecular structure
formation. Significant shortening of bonds proving the modifica-
tion of the electron density distribution in the heterocyclic ring
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(N1-C2) and the aliphatic N atom regions (C2-N7) proves that
the interaction between the “guest” and “host” molecules is
marked more strongly than in the case of C°@a-CD. As a result of
the complex formation process, no drastic change in the angles
between the bonds, in particular between the planes in which the
aromatic rings lie, is observed.

The C”@a-CD model structure (Fig. 7b) assumes the orien-
tation of the cyprodinil anion analogously to the C’@a-CD
system, i.e. ensuring the optimal approach of the additional free
electron pair of the aliphatic N atom, while directing the
hydrophobic pole to the inside of the wider cavity of the “host”
molecule. The obtained geometry allows for the formation of
a moderately strong hydrogen bond (276.4 pm) with the structure
N7--H9a-09 (Tab. S7).

Interesting in the context of the discussed structures is
comparison of data obtained for the isolated cyprodinil cation
(Tab. S4) and the C*@a-CD system (Tab. S7). The energy of the
hypothetical C*@a-CD compound is characterised by the lowest
energy among those obtained on the basis of a-CD, which is just-
ified in terms of modification of the bond length (elongation of
N1-C2, N7-H7a, and N7-H7b; shortening of C2-N7 and C8-N7)
and the angles between them (rotation of the phenylene ring).

The structure of C*@a-CD (Fig. 7 C) is stabilised by two
hydrogen bonds (Tab. S7): N7-H7a--O8 (282.0 pm) and N7-
H7b--09 (266.4 pm), with the hydrophobic pole of the cyprodinil
cation not oriented near the edge of the “host” molecule but
facing the a-cyclodextrin molecule from the protonated N atom.

Discussion of theoretical calculations (G4MP2) results for
the model structures of cyprodinil complexes and its ionic forms
with B-cyclodextrin allows to draw conclusions qualitatively
consistent with those presented for the corresponding a-CD
derivatives (Tab. 3). In the light of collected data, formation of
C°@B-CD (Fig. 8a), C"@p-CD (Fig. 8b), and C*@B-CD (Fig. 8c)
compounds is thermodynamically unfavourable, as indicated
by the corresponding values of A(AE) - 324.26, 254.76, and
240.49 kJ-mol™".

Structural characteristics of the free cyprodinil molecule
(Tab. S4) and bound in the hypothetical model complex C°@p-
CD (Tab. S8) indicate that in qualitative terms, the “guest”
molecule behaves in a similar way to that shown as a result of the
C’@a-CD derivative formation. In the currently discussed case,
there is a slight deviation from the coplanar structure, with no
rotation of the phenyl ring taking place. As a result of the
complexation process of cyprodinil, the chemical bonds formed
by the N atoms are slightly elongated.

The C°@p-CD complex model structure (Fig. 8a) reveals the
existence (Tab. S8), similarly to the analogous compound with
a-CD, of a weak N7-H7a--O9 hydrogen bond (302.0 pm). It
should be noted that these structures are distinguished by the
orientation of the “guest” molecule - in the currently analysed
case the cyprodinil molecule is moved away from the cavity.

Comparison of the C @B-CD model complex geometry
(Tab. S8) with the structure of the cyprodinil anion (Tab. S4)
leads to unexpected conclusions, making it possible to assess the
influence of intermolecular interactions in the analysed system.
First of all, attention should be paid to the fact that as a result of
the inclusion complex formation process, the “host” molecule is
deprotonated with the formation of the N7-H7a bond (106.2
pm). This gives a picture of the scale of electrostatic interactions

within the model inclusion system, despite the unfavourably high
value of A(AE), amounting to 254,76 kJ-mol™" (Tab. 3).

Analysis of the C @p-CD model structure (Fig. 8b)
indicates such an orientation of the “guest” and “host” molecules
that allows for the formation of a moderately strong, 268.7 pm,
N7-H7a--O8 hydrogen bond (Tab. S8).

Geometric parameters of the hypothetical C*@B-CD
compound (Tab. S8) combined with the corresponding values
collected for the theoretical structure of the cationic form of
cyprodinil (Tab. S4) show that the optimal orientation of the
“guest” and “host” molecules does not lead to significant
modification geometry of the former, in particular for rotation
in accordance with the axis of C2-N7 and C8-N7 bonds.

As for the previously discussed C@p-CD system, also for
the C*@B-CD structure (Tab. S8) a hydrogen bridge with the
constitution N7-H7a--08 (271.9 pm) is theoretically provided.

In sum, according to the values of the interaction energy
[A(AE)] obtained by theoretical calculations within the G4MP2
procedure for a series of compounds of cyprodinil and its ions
with a-cyclodextrin and B-cyclodextrin, it should be considered
that the discussed model structures of inclusion complexes most
probably do not form.

The effective interaction between the hydrogen atom and
the proton acceptor (proton-acceptor group) takes place when the
X and Y poles of the hydrogen bridge are characterised by high
electronegativity as compared to the hydrogen atom. The atoms
of non-metallic elements having non-bonding electron pairs
(O, N, S, F, Cl, Br, I, and their ions), as well as groups composed
of them, therefore remain the preferred proton-acceptor centres.

Particularly preferred is the linkage of the atoms and their
Lewis soft base moieties via mono- or polycyclic aromatic systems
(or unconjugated multiple bonds). The functional groups,
containing relatively easily cleavable hydrogen atoms (-OH,
-COOH, -SH, -NH, -CONH,, -CH), remain most often
involved in the considered interactions. Consequently, strong
hydrogen bonds are thus formed by individuals that have excess
electron density. The anions constitute this group. The reverse is
true for cations. In the case of close proximity to cation and
anion, interactions classified as electrostatic may occur. This is
a borderline case of non-covalent interactions (Holaj-Krzak,
2021; Holaj-Krzak et al., 2022).

CONCLUSIONS

The key argument for initiating the work summarised in this
article was, as mentioned in the introduction, a very small
number of literature reports on research on cyprodinil-based
macromolecular systems, in particular analysed with the use of
theoretical methods (as an auxiliary or exclusive tool). In turn,
this belief is due to the fact that cyprodinil is a fungicide with
a very wide range of applications. Forming it into a combination
that increases the solubility and, on the other hand, allows for
economical dosing by sustained release, could offer further
advantages.

Therefore, the main goal of the study should be to select
a potentially new preparation consisting of cyprodinil, the
properties of which could be predicted through theoretical
research. In the course of theoretical calculations, however, it
was found that the affinity of the “guest” and “host” molecules
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may be insufficient. At the same time, laboratory tests were
undertaken which partially confirmed this fact. They will be the
subject of another publication.

In order to reliably verify above interpretation of carried out
theoretical calculations, following steps should be taken, in the
indicated order or in parallel: (i) undertaking laboratory tests on
the preparation and physicochemical characteristics of com-
pounds, (ii) theoretical calculations for model supramolecular
systems based on cyprodinil (and appropriate ions) with
y-cyclodextrin and derivatives of native cyclodextrins, (iii) as
well as empirical research on such systems.

Despite continuous development of theoretical methods,
empirical research cannot be replaced by computational tools,
especially in the field of systems formed by molecules, which can
be described by a number of conformational structures, including
cyclodextrins. In the case of research on the preparation of (i) the
discussed compounds, it is necessary to check the suitability of
both the procedure of mixing the substrates by kneading, variants
of methods based on co-precipitation of substrates, and methods
based on lyophilisation.

Theoretically predicted lack of affinity between the “guests”
and “host” molecules must result primarily from the physico-
chemical properties of macrocyclic systems. Their most impor-
tant feature, apart from the (variable) internal diameter, is
polarity. This fact prompts the use of native cyclodextrin
derivatives, including selectively or completely alkylated (methy-
lated). Moreover, theoretical calculations based on other models
(SMD) and methods (MD) should be considered.

Finally, especially in the case of obtaining promising results
of calculations for model systems based on other cyclodextrins,
laboratory tests should (iii) be performed, analogously to those
indicated in (i).
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