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computational tools by using suitable experimental data is a critical point. The main
advantage of using capillary electrophoresis (CE) for this purpose relies on its higher
sensitivity to detect weak noncovalent intermolecular interactions compared to any
other technique. In this study, we used CE enantioseparations of tetramisole with 8-
CD, heptakis(2,3-di-O-methyl)-B-CD, heptakis(2,3-di-O-acetyl)-3-CD and heptakis(2-O-
methyl-3-O-acetyl)-3-CD as benchmark separation systems aiming at investigating the
molecular bases of these processes by NMR spectroscopy and quantum mechanics
(QM) methods. The aim of this study was explaining the subtle differences observed in
enantiomer migration order, that means enantiomer affinity pattern of tetramisole
toward the used CDs, migration times, and selectivity values. A good correlation
between experimental and theoretical data was obtained along with noncovalent
interactions patterns fully consistent with the CE outcomes. Significant differences in
the enantioselective recognition ability were observed between B-CD and heptakis(2,3-
di-O-acetyl)-B-CD in CE, which correlated very well with the recognition model derived
from NMR spectroscopy and QM. Importantly, the introduction of dispersion corrections
in the used QM model chemistry provided results in better agreement with the
experimental observations for the complexes of tetramisole with the acetylated B-CDs.
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Abstract

Multiple factors may impact enantiorecognition ability of CDs, and the validation of computational
tools by using suitable experimental data is a critical point. The main advantage of using capillary
electrophoresis (CE) for this purpose relies on its higher sensitivity to detect weak noncovalent
intermolecular interactions compared to any other technique. In this study, we used CE
enantioseparations of tetramisole with B-CD, heptakis(2,3-di-O-methyl)-B-CD, heptakis(2,3-di-O-
acetyl)-B-CD and heptakis(2-O-methyl-3-O-acetyl)-B-CD as benchmark separation systems aiming at
investigating the molecular bases of these processes by NMR spectroscopy and quantum mechanics
(QM) methods. The aim of this study was explaining the subtle differences observed in enantiomer
migration order, that means enantiomer affinity pattern of tetramisole toward the used CDs, migration
times, and selectivity values. A good correlation between experimental and theoretical data was
obtained along with noncovalent interactions patterns fully consistent with the CE outcomes.
Significant differences in the enantioselective recognition ability were observed between B-CD and
heptakis(2,3-di-O-acetyl)-B-CD in CE, which correlated very well with the recognition model derived
from NMR spectroscopy and QM. Importantly, the introduction of dispersion corrections in the used
QM model chemistry provided results in better agreement with the experimental observations for the
complexes of tetramisole with the acetylated 3-CDs.
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Highlights

» CE enantioseparation of tetramisole with B-CD and derivatives

« Study of native and derivatized 3-CDs by quantum mechanics

» Comparison of molecular and electronic features of B-CD and derivatized 3-CDs

* A study of binding and recognition mechanisms using CE, NMR and QM
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1 Introduction

Noncovalent intermolecular interactions play an important role in chemistry, biology, medicine and in
nature in general (Peluso & Chankvetadze, 2022). In the last decades, intensive research has been
dedicated to the understanding of the function and role of noncovalent interactions in binding and
recognition mechanisms by integrating experimental and computational analyses. Despite intensive
research in this field, noncovalent interactions are currently less understood compared to covalent
bonds (Schneider, 2019; Schneider, 2022). In chemistry, one of the fields in which noncovalent
intermolecular interactions play a significant role among others is enantioselective selector-selectand
recognition. This, on its own, finds a reflection in fields such as enantioselective catalysis, enantiomer
separation, and interaction of chiral drugs with their receptors in a living body. Current tools of theoretical
chemistry are frequently used for modeling and rationalizing interactions of chiral selectands with chiral
selectors (Dallocchio et al., 2023; Peluso et al., 2019; Sardella et al., 2020; Varfaj et al., 2024). However,
most often, modeled results lack experimental confirmation (Chankvetadze & Scriba, 2023; Peluso &
Chankvetadze, 2021). This is a big issue because a model computed for a given real molecular system
without experimental validation remains, as a matter of fact, in the boundaries of theoretical speculation.
In other words, considering a computed model a priori to describe a real system in a valid manner is
fundamentally incorrect because no efforts are undertaken to identify, correct, and overcome possible
pitfalls of theory. Therefore, over many years we have promoted the application of computational and
experimental tools in parallel to further refine computations for a proper description of noncovalent
interactions (Chankvetadze et al., 2002; Peluso et al., 2023; Peluso et al., 2024; Salgado et al., 2017).
Among the experimental methods currently available, together with various spectroscopic techniques
such as Nuclear Magnetic Resonance (NMR) spectroscopy (Chankvetadze, 2004; Salgado &
Chankvetadze, 2016), mass spectrometry (Casas-Hinestroza et al., 2019; Chen et al., 2016) and
several others, separation science techniques are especially useful for studying noncovalent
intermolecular interactions. Due to their cumulative character, they enable the detection of very weak
(enantioselective) noncovalent interactions, which may be easily overlooked by other methods
(Blaschke & Chankvetadze, 2000; Chankvetadze, 2004; Peluso & Chankvetadze, 2022). From this
viewpoint, capillary electrophoresis (CE) is a specifically powerful method (Chankvetadze, 1999;
Chankvetadze, 2004; Chankvetadze & Blaschke, 2001). Furthermore, CE is a miniaturized technique

and does not require ligand (selectand) or receptor (selector) immobilization.

Native cyclodextrins (CDs) and their derivatives are widely used in CE enantioseparations as chiral
selectors. On the other hand, the application of CE for the detection of the effects of structural changes
in the CD-type chiral selectors on their enantioselective recognition ability and pattern has been
systematically reported in the last 25 years (Chankvetadze et al., 1999; Chankvetadze et al., 2000;
Chankvetadze et al., 2002; Chankvetadze & Scriba, 2023; Gogolashvili et al., 2021; Peluso &
Chankvetadze, 2021). In this field, the abovementioned high sensitivity of CE for the detection of very
weak intermolecular interactions, is, at the same time, a big challenge for computational techniques.
The enantioselective recognition detected with CE is based on Gibbs free energy differences in the
range of few tens of cal-mol-!. Reliable modeling of such small energy differences is very challenging

with the computational tools currently available, and, in several cases, computation results of
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CD/enantiomer complexes provide binding free energy values (Mazurek & Szeleszczuk, 2022; Silva et
al., 2020) more negative than the corresponding values derived from the experimental separation factor
(a). In the best case, only a qualitative correlation between computed energies and experimental data
can be established. Thus, there is an urgent need to refine the computational tools we have at disposal
to date in order to make them able to adequately model weak noncovalent interactions and related

enantioselective processes.

In the present study, we examined CE enantioseparation of tetramisole (2,3,5,6-tetrahydro-6-
phenylimidazo[2,1-b]thiazole, Figure 1A) using B-CD and three 2,3-disubstituted B-CD derivatives
(Figure 1B), heptakis(2,3-di-O-methyl)-3-CD (HDM-B-CD), heptakis(2,3-di-O-acetyl)-3-CD (HDA-B-
CD), and heptakis(2-O-methyl-3-O-acetyl)-3-CD (HMA-B-CD), as chiral selectors (Figure 1C).
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Figure 1. (A) Structures of tetramisole (drawing) and its protonated (R)-enantiomer (three-dimensional
model; color legend: grey, carbon; pale grey, hydrogen; blue, nitrogen; yellow, sulphur; the calculated
dipole moment vector is shown as a red arrow). (B) Substitution patterns of 3-CD, HDM-3-CD, HDA-B-
CD and HMA-B-CD. The structures of the CDs are symbolized by the “C+ chair conformation of the p-
glucopyranose moiety and numbering/notation of the atoms refers to the description of the respective
atoms in the text. (C) Electropherograms of the CE separation of a spiked tetramisole sample with
[(SY(R) = 2/1] in the presence of HDM-B-CD, B-CD, HDA-B-CD and HMA-B-CD. Experimental
conditions: 24.5/32 cm, 50 um |.D. fused-silica capillary; 100 mM phosphoric acid buffer adjusted to pH
3.0 with TEA. 20 °C; 15 kV; [CD] 17.6 mM.
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These enantioseparation systems and related outcomes were used as benchmark experimental data
to evaluate the efficacy of combining NMR Rotating-Frame Overhauser Enhancement Spectroscopy
(ROESY) analyses and quantum mechanics (QM)-based computations to derive reliable information
about enantiomer binding and recognition mechanisms. In other words, we aimed at evaluating the

efficacy of this approach to properly model the experimental system.

The arguments for using CDs as chiral selectors in mechanistic studies have been highlighted in several
studies and reviews (Chankvetadze & Scriba, 2023; Peluso & Chankvetadze, 2021; Peluso &
Chankvetadze, 2022). Tetramisole was used as analyte because of its structural features, which make
the compound and the CD-complexes suitable as test probes for modeling studies. Tetramisole is small
enough to avoid steric hindrance to dominate and control the inclusion process. Moreover, tetramisole
is a molecule with limited degrees of freedom so that the computation of too many conformers of the

analyte is not required.

The hypothesis of this study was if the factors controlling analyte-CD interaction could be identified and
quantified by using CE, NMR spectroscopy and QM-based computations as complementary
techniques. Specifically, we hypothesized that a different balance between the noncovalent interactions
acting in the analytical systems under investigation is responsible for the different experimental

outcomes obtained by using derivatized 3-CDs compared to native B-CD.

2 Computations

The tetramisole structures were treated as fully protonated in accord with the experimental parameter
pH = 3.0 used in CE analyses. The 3D structure of B-CD was released from Cambridge Structural
Database (CSD) (Thomas et al., 2010), entry AGAZOX (Alexander et al., 2002). HDM-B-CD, HDA-[3-
CD and HMA-B-CD were built using the DFT optimized B-CD structure as a template and changing the
proper hydroxy hydrogen atoms bound to the O@)n and Og)n atoms (1 < n < 7) to methyl and/or acetyl
groups. In Figure 1B, labels and numbering of the atoms of a D-glucopyranose unit in the typical “C+
chair conformation are shown. The tetramisole enantiomers and all -CDs used in this study were
optimized at DFT level using Gaussian 16W (Gaussian 16, 2016), with the B3LYP functional and the 6-
31G(d) as basis sets, applying tight convergence criteria. The optimization procedures were performed
in the gas phase, using the solvation model based on density (SMD) (water) variation of IEFPCM
(integral equation formalism for polarizable continuum model) of Truhlar and co-workers (Marenich et
al., 2009), with and without dispersion correction using the D3 version of Grimme’s dispersion with
Becke-Johnson damping (gd3bj) (Grimme et al., 2011). Complete computational results and
coordinates of the optimized CD structures (SMD, water) are reported in the Supporting Information.
Energies are reported in Hartree or kcal'mol! (1 Hartree = 627.503 kcal-mol), dipole moments in
Debye, polarizability in au (atomic unit, electrons/Bohr) and quadrupole moment XX, YY, and ZZ
components (Qx, Qyy, Q=) in Debye-A. Electrostatic potential (V) maxima and minima mapped on the
molecular electron density isosurfaces (Vsmax and Vs min) (au) were calculated using Gaussian 16W.

The electrostatic potential in a point r, V(r), is given by Eq. (1):
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V(r) = Yp A - [ 20T (1)

Ra-r 7 |l
where Za is the charge on nucleus A located at Ra, and p(r) is the electron density function. (R)- and
(S)-Tetramisole/CD complexes were generated by manually docking the analyte into the CD cavity at
different degrees of penetration obtaining between 4 and 8 complexes for each CD/enantiomer
complex. Subsequently, the structure of each complex was optimized at DFT level (B3LYP/6-31G(d,p))
applying the SMD (water) solvation model. For the lowest-energy complex, geometry optimization was
also performed with the gd3 dispersion correction (Grimme et al., 2010). For the lowest-energy
complexes, binding energies, Evinding, and differences in binding energies of the complexes, AEbinding,

were computed based on the following equations:

Ebinding = Ecomplex — Etetramisole — EcD (2)

AEbinding = Ebinding (2nd eluted enantiomer)/CD-complex — Ebinding (1st eluted enantiomer)-complex (3)

For the CDs and the tetramisole/CD complexes, the solvation free energy was calculated as the
difference between energy quantities calculated in the SMD environment and in gas phase based on
equation (4):

Gsolvation = Gsmp — Ggas phase (4)

Other detailed information is reported in the Supporting Information.

3  Experimental
3.1 Materials

Racemic tetramisole hydrochloride ((x)-2,3,5,6-tetrahydro-6-phenylimidazo[2,1-b]thiazol hydrochloride)
and (S)-(-)-tetramisole hydrochloride, B-CD (C42H70035, Mr 1134.98, HPLC purity > 97%) were supplied
by Sigma-Aldrich Merck (Darmstadt, Germany). Heptakis(2,3-di-O-acetyl)-3-CD (HDA-3-CD)
(C70Ho8049, Mr 1723.50), heptakis(2,3-di-O-methyl)-3-CD (HDM-B-CD) (CssHgsO3s5, Mr 1331.36) and
heptakis(2-O-methyl-3-O-acetyl)-B-CD (HMA-B-CD) (Cs3HosOa2, Mr 1527.43) (all with HPLC purity >
97%) were provided by Dr. M. Malanga from CarboHyde (Budapest, Hungary). Other details are

reported in Supporting Information.
3.2 Capillary electrophoresis

All CE experiments were carried out on a capillary electrophoresis system Agilent G1600 (Agilent
Technologies, Waldbronn, Germany) equipped with an autosampler, an on-capillary diode-array
detector and air-based temperature control system. The Chemstation B.04.03 software from Agilent
Technologies was used for instrument control and data analysis. Other details are reported in

Supporting Information.
3.3 NMR spectroscopy
NMR spectra were recorded on a Varian NMR System (Varian Inc., Palo Alto, CA, USA), equipped with

a CHX 'H/'3C/'SN-3'P probe head, a z-gradient module and a variable temperature unit. Detailed

information about NMR experiments is reported in Supporting Information.
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4 Results and Discussion

The first aim of the present study was to examine the effect of modifications of CD-macrocycle on the
affinity strength and affinity pattern of tetramisole enantiomers toward the four CDs used as chiral
selectors. CE is the best technique for collecting this type of information given its high separation
efficiency. Indeed, in CE thermodynamic selectivity of enantiorecognition in the range of 1.01 is sufficient
to observe baseline enantioseparations (Chankvetadze, 2004, Chankvetadze, 2018). Thus, CE is
suitable to study fine variations in the enantiodifferentiation power of chiral selectors and in the affinity
strength and pattern of the selectand-enantiomer toward the selector by evaluating the separation factor
o. and migration times, respectively. Furthermore, CE offers a unique opportunity to produce benchmark
experimental data to validate related theoretical models. By using different CDs as chiral selectors with
the same molar concentration, the migration time of enantiomers will provide approximate information
on the binding strength within the CD-selectand complexes. In this regard, it is worth mentioning that
using different CDs in the background electrolyte, even at the same molar concentrations, may impact
the viscosity of the medium in different ways and, consequently, the migration times of the selectands.
However, when the experiment is performed under permanent voltage conditions, the effect of the
viscosity on the migration time of selectand can be estimated and corrected based on the change of
the electric current generated in the capillary. Alternatively, relative viscosity of a background electrolyte

can be measured with CE-instrument and used for the correction of migration times.

Thus, using selected outcomes derived from CE analyses, ROESY experiments and QM calculations
were used to examine if there was any significant difference in the structure of selector-selectand
complexes that could be responsible for the changes of the affinity strength and affinity patterns
between selector and selectand observed in CE. Based on this approach, the structures of the p-CDs
and of the tetramisole-enantiomer/CD complexes were modeled by applying electronic structure
methods in the QM domain with the aim to compute and identify the forces responsible for selector-
selectand binding and for enantioselective recognition in selector-selectand complexes. A second goal
of the computational study was to evaluate the capability and accuracy of the used model chemistry to
describe correctly the experimental systems. It is worth stressing that ROESY and QM analyses were
performed, and the results compared, to derive a model of the “real” system in an orthogonal
perspective aiming at the mutual validation of data based on theoretical principles and experimental
data produced using a different independent method to describe the same system. Thus, information
derived from the ROESY analysis of the complex structures was not used to set up the input structures
for the modeling calculations.

4.1 Capillary electrophoresis enantioseparation of tetramisole enantiomers

Among the four studied B-CDs, the solubility of native B-CD in the aqueous buffer is the lowest.
Therefore, in CE experiments, B-CD was dissolved at its maximum concentration of 20 mg'ml-' (17.6
mM). The other three 3-CD derivatives were also used at the same molar concentration. The results of
these experiments are shown in Figure 1C and data are summarized in Table S1 (supporting

information).

The following conclusions can be drawn from these results:
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1) The affinity of the tetramisole enantiomers toward (3-CD is reduced by methylation of the
hydroxyl groups at the 2- and 3-positions on the wider rim of the macrocycle. In contrast, an
increase of the affinity of the tetramisole enantiomers toward the selector was observed for the
acetylated derivatives compared to native B-CD. Based on the migration times, the affinity
increase was highest for HMA-B-CD indicating that the presence of both methyl and acetyl
substituents at the wider rim of the -CD had an apparent synergistic but not an additive effect
on the selectand-CD affinity strength. The non-additivity seems also logical because HMA-3-
CD is a new recognition system and not a hybrid between HDM-3-CD and HDA-B-CD.

2) The separation factor a with HDA-B-CD was significantly higher (a = 1.17) compared to the other
CDs (1.00 = a < 1.05) under the applied experimental conditions indicating that acetylation
significantly improved the enantiomer differentiation power of p-CD (a = 1.02). This is in good
correlation with previous observations made by our research group (Chankvetadze et al., 2003).
Whereas the affinity of tetramisole enantiomers was highest for HMA-3-CD compared to HDA-
3-CD, enantiorecognition selectivity for HMA-B-CD (a = 1.05) was lower compared to that of
HDA-B-CD but higher than that of B-CD. In contrast to acetylation, methylation of B-CD at the
same positions drastically reduced not only selectand affinity toward the chiral selector, but also
its enantiomer recognition ability. Thus, HDM-B-CD was able to separate the enantiomers of
tetramisole only at a concentration as high as 112.7 mM (a = 1.02) (Figure S1, supporting

information).

3) Interesting observations could be also made in terms of the affinity patterns of the tetramisole
enantiomers toward the CDs. Acetylation or methylation at both 2- and 3-positions [EMO = (S)
> (R)] reversed the affinity pattern of tetramisole compared to native -CD [EMO = (R) > (S)]
(Figure 1C and S1, supporting information). However, 2-methylation and 3-acetylation did not
affect the EMO and (R) > (S) was observed as in the case of 3-CD as chiral selector. This
observation underlines that the interplay of noncovalent forces involved in enantioselective
recognition with CDs is very complex. If the introduction of acetyl or methyl moieties into the
structure of B-CD at the 2- and 3-positions simultaneously induced the affinity reversal of the
tetramisole enantiomers toward the selectors compared to native f-CD, one might assume that
this would also apply to a “mixed” B-CD derivative, i.e. methylation a position 2 and acetylation

at position 3 (HMA-3-CD). However, this was not the case.
4.2 NMR spectroscopy

Since the most drastic difference in the enantioselective recognition properties (significant increase of
enantiomer discrimination ability and reversal of the enantiomer affinity pattern) was observed for
acetylation at the 2- and 3-positions, B-CD and HDA-B-CD were selected for detailed NMR
spectroscopic studies. Splitting of most diastereotopic proton signals was observed due to complexation
induced chemical shift (CICS) difference between the two enantiomers of racemic tetramisole in the

presence of both CDs. Only the results for H-6 protons in case of both CDs are shown in Figure 2.
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Figure 2. Expanded partial NMR spectra showing the signals of tetramisole H-6 of the complexes
of racemic tetramisole with (A) B-CD and (B) HDA-B-CD. Experimental conditions: 500 MHz, 25°C;
sample A: 1.5 mg tetramisole and 14.0 mg 3-CD in 0.7 mL 100 mM D3PO4 buffer (pH 3.0, TEA);
sample B: 1.6 mg tetramisole and 14.7 mg HDA-3-CD in 0.6 mL 100 mM DsPOs4 buffer (pH 3.0,
TEA).
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By comparing the signal splitting for the H-6 proton (bound to the chiral center) one can see a good
correlation between CE and NMR spectroscopic results with regard to the chiral recognition ability of
both CDs. As shown in Figure 1C, HDA-B-CD is a significantly better chiral selector compared to native
B-CD. Much stronger CICS was observed between the H-6 diastereotopic protons in the presence of
HDA-B-CD (0.055 ppm) (Figure 2B) compared 3-CD (0.028 ppm) (Figure 2A). An even more significant
difference between the '"H NMR spectra of B-CD and HDA-B-CD complexes was also observed. In the
spectrum of the (R,S)-tetramisole/B-CD complex, for each enantiomer, the signal of the H-6 proton
appeared as a doublet of doublets evidencing the nonequivalence of the two H-5 protons in both
enantiomers. On the contrary, in the spectrum of the (R,S)-tetramisole/HDA-B-CD complex, the signal
of the H-6 proton of the (S)-tetramisole (levamisole) appeared as a triplet, showing the equivalence of
the two H-5 protons, whereas for the (R)-enantiomer the signal of the H-6 proton appeared as a doublet

of doublets confirming the nonequivalence of the H-5 protons in this enantiomer.

Based on ROESY data collected by selective irradiation experiments of protons of the CDs and racemic
tetramisole, the most likely tentative structures of the complexes were derived as shown in Figure 3.
Although there is no doubt that ROESY experiment in NMR spectroscopy is a powerful technique for
deriving tentative structures of selector-selectand complexes in solution based on the spatial proximity
of protons (Salgado & Chankvetadze, 2016), actual (true) structures cannot be concluded and still leave
room for (personal) interpretation. Moreover, ROESY did not provide any clear indication to explain why
the acetylation of the 2- and 3-hydroxyl groups at the secondary rim of 3-CD so dramatically changed

the enantioselective recognition ability and pattern of HDA-B-CD compared to 3-CD.

Figure 3. Schematic representation of the complexes formed between tetramisole and (A) B-CD and
(B) HDA-B-CD. The intermolecular NOEs deduced from ROESY experiments are indicated by blue

arrows.

4.3 Molecular modeling study on the complexation of tetramisole enantiomers by -CDs

The establishment of enantioselective interactions between the enantiomers of a chiral analyte and the
chiral selector in the background electrolyte is the prerequisite for obtaining an enantioseparation in CE

(Chankvetadze & Blaschke, 2001; Chankvetadze, 2018). The enantioselective interactions can be
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reflected in different binding constants of the two enantiomers with a chiral selector, in different mobilities
of the transient diastereomeric complexes or in both (Chankvetadze, 1997; Chankvetadze, 2018). It is
worth mentioning that the affinity pattern of enantiomers toward studied CDs was considered to be
solely responsible for the observed enantiomer migration order (EMO) in the present study. Based on
the structure of studied analyte and CDs this assumption was justified. Thus, the complexation of the
tetramisole enantiomers by p-CD, HDM-B-CD, HDA-B-CD, and HMA-B-CD contributed to determine the
enantioseparations in CE. With the aim of exploring and comparing the molecular bases of these

complexation processes, the computational study was performed with three specific purposes:

1) To inspect in depth the impact of the derivatization at the wider rim of the macrocycles,
identifying molecular properties and structural features which may be considered as pre-
requisites to obtain successful enantioseparations of tetramisole.

2) To elucidate noncovalent interactions underlying the complexation processes of the tetramisole
enantiomers by the -CD derivatives.

3) To use the CE experimental data as benchmark to evaluate the efficacy of the selected
computational methods to describe binding and enantioselective recognition phenomena in
terms of electronic energies, highlighting possible pitfalls and failures of the methods to
correctly describe the experimental results. As already mentioned above, developing
computational methods as accurate and reliable as possible to properly account for very subtle
differences in the experimental results observed in enantioseparation science is rather
challenging. For instance, based on the experiments summarized in Figure 1C, a virtual model
of the set of CE enantioseparations should be able to account for fine differences a) in a range
of about 2.2 min for the migration times of the tetramisole enantiomers as a result of the
complexation of each enantiomer with the four B-CDs (eight complexes), and b) in the tight
range of 1.02 < a <1.17 (Aa = 0.15) for the enantioselectivity values corresponding to very low
free energy differences calculated based on the equation AAG = -RTIna in the range 11.7 < AG
< 93.0. (cal'mol"). Thus, the derived model should be consistent with the experimental
system(s) in terms of EMOs, binding energies and binding energy differences (AEbinding) for
each pair of transient diastereomeric enantiomer/CD complexes. These should correlate
properly with the affinity patterns of selectand to the chiral selector, migration times and
separation factors, respectively.

4) To compare computational and ROESY results and evaluate the agreement of the tetramisole-

CD complexation models derived from the two techniques independently of each other.
4.3.1 Computed optimized structures of native and derivatized f-CDs by quantum mechanics

The results obtained in the CE enantioseparation of tetramisole with native 3-CD and the three single
isomer 2,3-disubstituted-B-CDs (Figure 1C) indicated that derivatization of 3-CD by introducing methyl
and/or acetyl groups at the wider rim impacts on the enantiorecognition ability of the macrocycles.
Furthermore, derivatization also improves the solubility of the native macrocycle in water (Fej6s et al.,
2020) and thus, indirectly its binding and enantioselective recognition ability. The main direct effect of
substituting the hydroxyl hydrogen atoms at the wider rim results in the disruption of the HB network

sustaining the round shape of 3-CD. This has an impact on the size, shape and flexibility of the CD
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cavity, which are essential elements determining the features of the complexation process (Peluso et
al., 2024; Perez-Miron et al., 2008).

To address these issues, the structures of the four CDs were optimized by QM (Tables S2-S27,
supporting information). The DFT optimized structures of 3-CD and the three derivatives calculated by
using the implicit SMD solvation (water) to account for the experimental aqueous environment were
compared with the aim to evaluate the impact of derivatization on CD topography and on the

stereoelectronic properties of the macrocycles

The computed B-CD structure featured a regular shape sustained by inter-residue intramolecular
O@nH--O@)n’ HBs (average H---O length = 1.864 + 0.004 A, average O-H---O angle = 161.933° + 0.444)
and weaker intra-residue intramolecular OgnH---Os)n HBs (average H---O length = 2.424 + 0008 A,
average O-H---O angle = 104.747 £ 0.414) occurring at the wider and the narrower rim, respectively.
Given this HB pattern as reference for comparison, intramolecular HB patterns and geometric
parameters of the DFT optimized structures of the three derivatized B-CDs were compared to determine

the impact of the methyl and/or the acetyl group(s) on the shape of the macrocycle.

Table 1. Average distances [A] and angles [°, degree] including the related standard deviations of
intramolecular HBs at the wider [inter-residue O@nH:-O@n’] and at the narrower [intra-residue
OnH:--O)n] rim, and distance between opposite glycosidic oxygen atoms [Ogn-:-:On’] and between
opposite Cs) atoms (narrower rim) [Cen---Cen’] (ARws) [A] (1 £ n < 7), measured for DFT optimized B-
CD, HDM-B-CD, HMA-B-CD, and HDA-B-CD structures [B3LYP/6-31G(d); SMD, water] using the

Chimera version 1.16 program.
_1“ \
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Parameter B-CD HDM-B-CD HMA-B-CD HDA-3-CD
O@)nH---O)n’ distance  1.864 + 0.004
O@)n-H---O@)n’ angle 161.933 + 0.444

O@)nH---O)n distance  2.424 + 0.008 2.452 + 0.056 2.478 + 0.055 2.486 + 0.044
O@)n-H:--O)n angle 104.747 £ 0.414  104.140 + 1.472 103.342 + 1.291 102.935 + 1.208
On---Og)n’ ARIs 0.023 1.196 1.106 1.164

Ce)n --Cen’ ARis 0.312 3.940 4.053 4.559

The average lengths and angles (with related standard deviations) associated with the intramolecular
HBs of the CD macrocycles are reported in Table 1. The strength of the HBs is considered to increase
as the H---O distance, typically in the range 1.5-2.4 A, decreases. Furthermore, given the O-H---O angle

as a measure of the deviation of the HB directionality from the ideal reference angle of 180°, the strength
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of the HB increases as the O-H---O angle tends to the reference value. Given that introduction of the
2,3-substituents disrupts the HB network compared to 3-CD at the wider rim, a clockwise HB pattern at
the narrower rim could be only observed. As a result, the 2,3-disubstituted 3-CDs showed higher
flexibility due to the increased steric hindrance at the wider rim and a weakening of the HB strength at
the narrower rim compared to 3-CD. Indeed, the derivatization at the wider rim may impact the HBs at
the narrower rim in the following two ways (Peluso et al., 2024): a) when the derivatization at the wider
rim preserves the HB network, like in the case of heptakis(2-O-methyl)-B-CD, the HBs at the narrower
rim become stronger due to the compression effect induced by this derivatization; b) when the
derivatization at the wider rim disrupts the HB network at this rim, the HBs at the narrower rim become
weaker as a result of the steric compression of the overall system and also due to the higher flexibility
of the glycosyl bonds that are not constrained by the HBs at the wider rim. Accordingly, for all derivatized
macrocycles, the average length and angle of these HBs increased and decreased, respectively, with
a higher variability compared to native 3-CD. On this basis, the strength of the HB network at the primary
rim decreased following the order B-CD > HDM-B-CD (+ 0.028 A, - 0.607°) > HMA-B-CD (+ 0.054 A, -
1.405°) > HDA-B-CD (+ 0.062 A, - 1.812°).

To also evaluate the extent of cavity distortion induced by derivatization at the 2- and 3-positions
compared to the round-shaped 3-CD, we derived the AR:s value as the calculated difference between
the longest and the shortest O):O() and Ce)---Cs) distances from the seven pairs of opposite
glycosidic oxygen and methylene carbon atoms of the CD (Li et al., 2012). A small value of ARus
indicated that the cavity shape was round, whereas a high value revealed an elliptically distorted cavity.
The derivatized CDs showed higher AR:s values, ranging from 1.106 to 1.196 A [O)---O(g)] and from
3.940 to 4.559 A [C(s)--C(s)], compared to the round-shaped B-CD showing values of 0.023 A and 0.312
A, respectively. Thus, the 2,3-disubstituted B-CDs featured a less round-shaped cavity, or a higher
tendency to an elliptic shape, compared to the native macrocycle. In particular, the distortion of the
narrower rim, in terms of C)--Cs) AR:s, again followed the order B-CD > HDM-B-CD (+ 3.628 A) >
HMA-B-CD (+ 3.741 A) > HDA-B-CD (+ 4.247 A).

The structures of p-CD, HDM-3-CD, HMA-B-CD and HDA-B-CD in the gas phase were also computed
(Table 2) to evaluate the impact of the implicit solvation on the CD conformation and related geometric
parameters. For all CDs, solvation weakened the HBs at the narrower rim compared to the
corresponding HBs computed in gas phase. Although the ARs slightly increased for 3-CD due to the
implicit solvation [AR:s: Og)-+-O(g) 0.006 A (gp) vs. 0.023 A (SMD); C)-C) 0.013 A (gp) vs. 0.312 A
(SMD)], the cavity of the solvated B-CD maintained a round shape. In contrast, for all derivatized (3-
CDs, reduced values of ARs related to O()---O(g) and C)---Cis) distances were obtained in most cases
using the SMD solvation. This resulted in more round shapes of the solvated derivatized B-CDs
compared to the structures computed in the gas phase, with the availability of larger cavities for the
complexation of guests (Figure 4). This confirms how much it is wrong to model CD inclusion complexes

in the vacuum, neglecting the essential role of the medium.
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Table 2. Average distances [A] and angles [°, degree] including the related standard deviations of
intramolecular HBs at the wider [inter-residue O@gnH:-On’] and at the narrower [intra-residue
O@)nH:--O)n] rim, and distance between opposite glycosidic oxygen atoms [Ogn:--On’] and between
opposite C) atoms (narrower rim) [C)n--Ce)n’] (ARws) [A] (1 < n < 7), measured for DFT optimized B-
CD, HDM-B-CD, HMA-B-CD, and HDA-B-CD structures [B3LYP/6-31G(d); gas phase] using the
Chimera version 1.16 program.

Parameter B-CD HDM-B-CD HMA-B-CD HDA-B-CD
O@)nH:--O@)n’ distance  1.879 + 0.001
O@)n-H---O@)n’ angle 164.456 + 0.041

O@)nH:--Os)n distance  2.324 + 0.001 2.368 + 0.055 2.389 £ 0.035 2.445 + 0.117
O@E)n-H:--O)n angle 106.736 + 0.040 106.406 + 1.019 104.879 £ 0.715 103.549 + 1.948
O -On’ ARLs 0.006 1.948 1.181 1.839
Ce)n---Ce)n” ARLs 0.013 8.125 5.135 4.462

vacuum

water
(SMD)

Figure 4. Electron density isosurfaces (isovalue 0.001 au) (viewpoint on the wider rim) of native B-CD
and single isomer HDM-3-CD, HDA-B-CD and HMA-B-CD calculated at DFT level of theory [B3LYP/6-
31G(d)] in the gas phase and with the SMD solvation model (water). Colour legend: carbon, grey;

hydrogen, white; oxygen, red.

On the other hand, the introduction of substituents in the native macrocycle increases the ability of the
corresponding CD to interact with the surrounding water molecules because of the disruption of the HB
network within B-CD (Saokham et al., 2018). In partial agreement with this observation, the calculated
solvation free energy (AGsolvation) increased in the order HDM-B3-CD (-74.44 kcalmol') < 3-CD (-84.80
kcalmol') < HMA-B-CD (-97.01 kcalmol') < HDA-B-CD (-114.01 kcal-mol') (Table 3 and Tables S26
and S27, supporting information). The higher solubility of HDM-B-CD compared to 3-CD and a lower
solvation free energy was determined for the dimethylated derivative. This apparent inconsistency is
not surprising considering that implicit solvation models may be unsuitable to describe complex

phenomena like the anomalous solubility of B-CD, which cannot be explained by its free energy of
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solvation/hydration alone (Cai et al., 2008; Coleman et al., 1992). The same incongruence was also

observed by applying IEFPCM as solvation model.

The size of the isosurface area, the dipole moment, polarizability, the zero-point vibrational energy
(ZPVE), the standard deviation of the quadrupole components [Q SD ()], and the contribution of the
dispersion energy to the total energy (Edisp) were also computed for the 3-CD derivatives as summarized
in Table 3. B-CD was not included in this comparison as only molecular properties of structures with
homogeneous topography like the three 2,3-disubstituted CDs were compared. Indeed, B-CD presented
a different topography with both rims decorated and constrained by HB networks. On this basis, the

following observations can be highlighted:

Table 3. Isosurface area [A?], dipole moment [Debye], polarizability [au], zero-point vibrational energy
(ZPVE) [kcalmol?], standard deviation of quadrupole moment components (Q SD) [Debye-A],
dispersion energy contribution to the total electronic energy (Edisp., gd3bj correction) [kcalmol?], and
solvation free energy (AGsolvation) [Kcalmol1] calculated for the DFT optimized 3-CD, HDM-B-CD, HMA-
B-CD, and HDA-B-CD structures [B3LYP/6-31G(d); SMD, water].

Molecular

. B-CD HDM-3-CD HMA-B-CD HDA-B-CD
properties
Isosurface Area 908.52 1133.18 1209.13 1351.80
Dipole moment 1.48 5.81 16.80 16.74
Polarizability 747.82 954.97 1069.99 1180.65
ZPVE 761.76 1010.74 1054.09 1096.18
Q SD (1) 2.30 11.41 34.00 74.29
Edisp -205.39 -260.91 -300.01 -328.91
AGsolvation -84.80 -70.44 -97.01 -114.01

1) Isosurface area. The electron density isosurface represents the molecular area of contact
available for the interaction of the CD with the analyte. The nature of the noncovalent
interactions underlying analyte-CD contact depends on the electron charge density distribution
on CD and analyte isosurfaces (Figures 5 and 6). On this basis, a higher isosurface area could
enhance analyte-CD contacts. This could correlate with analyte-CD binding affinity, but not
necessarily with binding selectivity.

2) Dipole moment, polarizability, and quadrupole moment components. These molecular
properties provide information about the asymmetry degree (dipole moment), the capability to
be distorted in the presence of an external field (polarizability), and the shape (quadrupole
moment) of the electron charge distribution of the CD (Hickey & Rowley, 2014; Vijayakumar &
Kolandaivel, 2006). The acetylated CDs showed higher dipole moments and vectors with
opposite directions compared to f-CD and HDM-B-CD (Figure 5). These CDs also showed
higher polarizability values indicating higher mobility of the electrons within these macrocycles.
Whereas equal XX, YY, and ZZ quadrupole moment (Q) components indicate a spherical total
electron distribution, the presence of one component larger than the others indicates an
elongation of the electron cloud along that axis. On this basis, given the average value of the
three components, the extent of the related standard deviation (Q SD) tells us about the shape

of the electron distribution cloud. Again, higher Q SD values were determined for the acetylated
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3)

(Debye) vector

CDs, indicating the presence of a distorted non spherical distribution of the electron charge

density.
Zero-point vibrational energy and contribution of dispersion to the total energy. The ZPVE is
an estimation of the energy of the molecule in its lowest vibrational state at 0 K, in the absence
of translational and rotational energy. Thus, this value of energy correlates with the oscillation
ability of the atoms in a molecule, which in turn is considered to correlate with the dispersion
ability of a molecule (London, 1937). Accordingly, the computed dispersion contribution to the
total energy (Eudisp.) of the studied CDs increased as the ZPVE values, and again the acetylated
CDs showed the highest values of these computed descriptors.
viewpoint
on the
wider rim
HDA-B-CD HMA-B-CD
viewpoint
perpendicular
to the dipole
moment

narrower rim

1.48 5.81 16.74 16.80
-0.1110 au I . P 0.1110 au

Figure 5. Electrostatic potential values mapped on density isosurfaces (isovalue 0.001 au) of B-CD and
the single isomer HDM-B-CD, HDA-B-CD and HMA-B-CD calculated at DFT level of theory [B3LYP/6-
31G(d); SMD, water] (for numerical values see Tables S5, S9, S17, and S25, supporting information,).

Thus, not only geometric parameters associated with the optimized CD conformation, but also the

stereoelectronic properties of the macrocycles affected the enantioseparation mechanisms. To obtain

further insight into this issue, we also calculated and compared the V extrema of pivotal atoms of the

macrocycles potentially functioning as HB acceptors [O(g), Os), O2), O@), O), C=02), C=0)], in general

(but not always) featuring negative values of Vsmin (nucleophilic sites), and HB donor [OHg)] featuring

positive values of Vs max (electrophilic sites). Regarding the V fingerprints of the four CDs depicted in

Figure 6, the following conclusions could be drawn:

1)

2)

Two types of V patterns were identified. The first is related to 3-CD and HDM-B-CD providing
lower selectivity values, while the second refers to the acetylated B-CDs showing better
selectivity in the CE enantioseparation of tetramisole.

The main difference concerned the O(g), O(s), and O sites that present reduced electron charge
density with positive Vs min values in the acetylated 3-CDs compared to 3-CD and HDM-3-CD.
Thus, for the acetylated 3-CDs the hydrophobic cavities showed an opposite polarization of the

electron charge distribution compared to the other two CDs, phenomenon confirmed by the
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opposite direction of the dipole moment vectors (B-CD & HDM-3-CD vs HDA-B-CD & HMA-[3-
CD) (Figure 5).

3) In the acetylated CDs, the most important HB acceptors are located at the periphery of the
wider rim (C=0O¢), C=0s)), whereas for 3-CD and HDM-3-CD all HB acceptors belong to the

backbone of the macrocycle.
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Figure 6. Location of Vsminand Vsmax values calculated on the pivotal regions of each glucopyranose

unit of the CDs (colour legend of the tube B-CD structure: carbon, tan; hydrogen, white; oxygen, red)

and average Vsmax and Vsmin values [au] calculated at DFT level [B3LYP/6-31G(d)] for the O), O),

Oq), Oy, O), OH(2), OH(s), OHs), C=02), and C=0) atoms of 3-CD, HDM-3-CD, HDA-B-CD, and HMA-

B-CD (for numerical values see Tables S5, S9, S17, and S25, supporting information).

Based on the results of the computational analysis, it appeared that for the enantioseparation of the
tetramisole enantiomers by derivatized B-CDs, and likely for other structurally similar analytes
(Chankvetadze et al., 2003), the selectivity increased with the macrocycle flexibility favoring the
penetration of the analyte into the cavity and a conformational adjustment stabilizing the CD-analyte
complexes. In terms of stereoelectronic properties, acetylation at the wider rim induced a redistribution
of the electron charge density in the resulting CDs. As observed in CE outcomes, this impacted on both

binding and enantioselectivity.

4.3.2 Quantum mechanics optimized structures of the complexes of tetramisole enantiomers

with native and derivatized B-CDs

A critical point in the modeling of selectand-CD complexes is the preparation of the proper structures of
such complexes as input files for the subsequent QM optimization. This preliminary step should require
an acceptable computational cost, and the choices made in this regard should allow for obtaining low-
energy conformers as close as possible to the global DFT minimum (Mazurek & Szeleszczuk, 2022).

When crystal structures of the complexes are not available as it is very common, in most cases the

18



503
504
505
506
507
508

509
510
511
512
513
514

515
516
517
518
519
520
521
522
523

524
525

526
527

initial structure is identified by molecular docking performed in the MM domain, or by manual docking
of the analyte into the macrocycle cavity. Molecular docking of a single structure is in general not
sufficient to obtain a reliable input file for QM calculations, and the QM minimization of different
conformers is generally required. Although the application of this approach substantially increases
computational time, it represents an interesting way to inspect the energy of a complex structure at

different penetration degrees of the analyte within the cavity of a macrocyle.

In general, for a chiral analyte featuring an unsubstituted phenyl ring, the aromatic moiety enters the
CD cavity through the wider rim (Armstrong & DeMond, 1984; Chankvetadze 2003; Lomsadze et al.,
2012). On the other hand, experimental and computational studies showed that for chiral analytes
having substituted phenyl rings, the aromatic moiety does not fit into the HDA-B-CD through the wider
rim remaining exposed to the bulk solvent. This was observed, for example, for clenbuterol
(Chankvetadze et al., 2003) and clenpenterol (Salgado et al., 2017).

We started our investigation by studying the complexes of the tetramisole enantiomers with 3-CD as a
model for developing the computational protocol for the 2,3-disubstituted CDs. Given the presence of
an unsubstituted phenyl ring in tetramisole, our starting hypothesis was that the selectand enantiomers
enter the CD cavity by directing the phenyl ring toward the wider rim of the macrocyle. On this basis,
four structures for each (R)- and (S)-tetramisole/3-CD complex were built, which featured different
penetration degrees of the enantiomers in the CD cavity. These eight structures were used as input files
for subsequent DFT geometry optimization at DFT level of theory by using B3LYP/6-31G(d,p) as model
chemistry and SMD (water) as solvation model. In Figure 7, the four input files built for the (R)-

tetramisole/B-CD complex are depicted.

Figure 7. Structures of the (R)-tetramisole/$-CD complex, manually docked with different penetration
degrees in the CD cavity as input files for the DFT geometry optimization of the complex (colour legend:

carbon, grey; hydrogen, pale grey; nitrogen, blue; oxygen, red; sulphur, yellow).
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Overall, the applied protocol consists of four steps: a) a preliminary search of the lowest-energy
structure of the complex using four structures featuring different penetration degree of the analyte in
the CD cavity as input files (including SMD solvation); b) frequency calculation of the lowest-energy
structure determined for each complex to confirm the absence of imaginary frequency and,
consequently, the achievement of real minima at the stationary point; ¢) optimization of the structures
computed with the SMD solvation by including the gd3 correction for dispersion; d) determination of the
Ebinding and AEbinding values related to the lowest-energy structures computed for each diastereomeric
complex with and without dispersion correction. The application of this protocol allowed us to determine
the energetic profile associated with the dynamic penetration of the analyte into the CD cavity (Figure
8A) and to gain information about the structural effects determining increments or lowering of the total

electronic energy during the optimization steps (Figure 8B).
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Figure 8. (A) Energy profile associated with the dynamic penetration of the tetramisole enantiomers
into the cavity of B-CD, and (B) dependence of the total electronic energy on the optimization steps

(and related structural changes).

The complexes of tetramisole with the 2,3-disubstituted 3-CDs were treated according to the same
protocol. The results in terms of lowest-energy structures computed for the eight diastereomeric
complexes, Ebinding and AFEvindng and calculated EMOs of the computed complexes, and related
noncovalent interactions are reported in Figure 9, Table 4, and Table 5, respectively. The total electronic

energies computed for each complex are reported in Table S28 (supporting information).
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(S)-tetramisole/HDA-B-CD (R)-tetramisole/HDA-B-CD

(R)-tetramisole/HMA-B3-CD (S)-tetramisole/HMA-B3-CD
Figure 9. Optimized structures of the complexes of tetramisole with 3-CD, HDM-B-CD, HDA-B-CD, and

HMA-B-CD [DFT/B3LYP/6-31G(d,p), SMD, water]. -CD and HDM-B-CD complexes without gd3
correction; HDA-B-CD, and HMA-B-CD with gd3 correction.
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The data were examined considering their agreement with the experimental data by comparing three
pairs of experimental and computed descriptors: a) experimental EMOexp. and calculated EMOcarc., b)
migration time of the enantiomers and Evinding Of the corresponding complex, and c) selectivity and
AFvinding for each pair of diastereomeric complexes. On this basis, among the computed data obtained
with and without the dispersion correction, two different boundary conditions applied to the adopted
model chemistry were found to provide the best results in terms of consistency with the experimental
data: a) DFT/B3LYP/6-31G(d,p)/SMD (water) for B-CD and HDM-B-CD, and b) DFT/B3LYP/6-
31G(d,p)/SMD (water)/gd3 for HDA-B-CD and HMA-B-CD. In general, the effect of introducing
dispersion correction was a deeper penetration of the selectand into the CD cavity and an increase of

the Ebinding Values.

Table 4. DFT binding energies (Evinding), binding energy differences (AEvinding), and EMO computed for
the inclusion complexes of (R)- and (S)-tetramisole with f-CD, HDM-3-CD, HDA-B-CD, and HMA-B-
CDs in the gas phase, with the SMD solvation, and with the gd3 dispersion correction. The experimental
EMO is reported for comparison.

ﬁbé";i-"%om Tetramisole/CD
CD QM (R)-complex (S)-complex AFbinding (kcalmol')  EMOcac.  EMOexp.
B-CD SMD -6.69 -8.70 -2.01 (R>(S) (R)>(S)
HDM-B-CD  SMD -15.57 -15.53 -0.04 (S>(R)  ns?
HDA-B-CD  SMD/gd3  -40.88 -29.69 -11.19 (S>(R)  (S)>(R)
HMA-B-CD  SMD/gd3  -36.77 -51.10 -14.33 (R>(S)  (R>(S)

anot separated

On this basis, the following conclusions were drawn:

1) The computed data showed that the development of a reasonably reliable QM model able to
describe different complexes, featuring distinctive structural features and interaction capability,
may require the application of different computational boundary conditions. Thus, the
introduction of the dispersion correction in the adopted model chemistry appeared useful for
describing the behaviour of the acetylated CDs. The necessity to use different computational
methods to properly describe very similar molecular systems was also reported for other host-
guest complexes (Assaf et al., 2017).

2) In all cases, the EMOcaic. were fully consistent with EMOexp.. This was also true for HDM-3-CD.
In this case, a AEbindging = -0.04 kcal-mol-' was obtained for the diasteromeric complexes, which
agrees with the absence of enantioseparation at a low concentration of the CD (17.6 mM).
However, the (S)>(R) migration order obtained as EMOcac. was consistent with the EMOexp.
observed in CE by using the chiral selector at a high concentration (112.7 mM) (Figure S1,
supporting information).

3) The Ebinding Values decreased following the order (R)-tetramisole/B-CD > (S)-tetramisole/3-CD
> (S)-tetramisole/HDA-B-CD > (R)-tetramisole/HDA-B-CD > (S)-tetramisole/HMA-3-CD, with a
trend consistent with the experimental migration times of tetramisole observed in CE [fm (min),
Evinding (kcal-mol'): (R)/B-CD, 4.094, -6.69; (S)/B-CD, 4.171, -8.70; (S)/HDA-B-CD, 4.481, -
29.69; (R)/HDA-B-CD, -5.230, 40.88; (S)/HMA-B-CD, 5.927, -51.10]. Otherwise, some
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discrepancies could be observed in the values of binding energies related to the (R)- and (S)-
tetramisole/HDM-B-CD, and the (R)-tetramisole/HMA--CD complexes with respect to the other
CD-complexes. Concerning the HDM-B-CD complexes, the calculations appeared to
overestimate the Evinding values, which were not consistent with the short migration time of
tetramisole observed in CE with this CD (fm = 3.748 min). On the other hand, longer migration
times were observed in CE when using a high concentration of HDM-3-CD (tm (S) = 6.31 min;
tm (R) = 6.44 min).

Table 5. Noncovalent interactions and related lengths (A) observed in the inclusion complexes of (R)-
and (S)-tetramisole with B-CD, HDM-B-CD, HDA-B-CD, and HMA-B-CDs computed at DFT level of
theory.

NCI2 Distance (A)
CD QM CD---enantiomer (R)-complex (S)-complex EMOexp
B-CD SMD 0O(2)---H-N 1.861 (R)>(S)
O(3)---H-N 1.754
H(3)--Har(0) 2.396 2.363
H(3):--Har(m) 2.266, 2.300
H(5)---Har(m) 2.704
H(5)---Har(m) 2.594
H(5) - -Har(p) 2.912
HDM-B-CD SMD OMe(3)---H-CHN 2.334 2.968 ns®
OMe(2)---H-CHN 2.489
OMe(3)---H-N 2.394
H(3)-H---H-N 2.702
H(3)---H-CHN 2.560 2.457
H(3)---H-C* 2.781
H(3)---Har(0) 2.366
H(5)---Har(m) 2.338, 2.330 2.276, 2.415
H(5)---Har(0) 2.674
HDA-B-CD SMD/gd3 C=0(2)---H-N 1.854 2.011 (S)>(R)

OMe(2)--H-CHS  2.214
OMe(3)-"H-CHN  2.193,2.918

OMe(3):--H-C* 2.393
OMe(2)---Har(m) 2.105
OMe(3)---Har(p) 2.435
OMe(3)-—-Hafo)  2.278 2.619
OMe(2):—-Hafo)  2.303
0(g)**-Had(m) 2.353
H(5):*-Har(p) 2.574
HOCHz-Ha(m)  2.129

HMA-B-CD  SMD/gd3 _ O(g)-H-N 1.943 (R)>(S)
OMe(3)---H-CHS 2.676
OMe(3)-—-H-CHN  2.387, 2.535 2.233
OMe(2)---H-CHN 2.630
0(g)-*H-CHN 2.530
OMe(3)---H-N 2.411
OMe(3)---H-C* 2.407
H(5)---H-C* 2.391
OMe(3)--Ha(0)  2.440 2.318
H(5)---Har(m) 2.094
H(5)---Har(p) 2.381 2.550
H(3)---Har(m) 2.246
H(3):*-Har(0) 2.924
H(5):--Har(0) 2.701

HOCH?2---Ha(m) 2.306

2Noncovalent interactions, NCI
bnot separated
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4)

5)

The AEvinding values decreased following the order tetramisole/HDM-B-CD > tetramisole/B-CD
> tetramisole/HDA-B-CD > tetramisole/HMA-B-CD. Thus, except for HMA-B-CD, the overall
trend is consistent with the experimental selectivity a observed in CE in both cases [a, AEbinding
(kcal-mol-'): HDM-B-CD, 1.00, -0.04; B-CD, 1.02, -2.01; HDA-B8-CD, 1.17, -11.19; HMA-B-CD,
1.05, -14.33]. The obvious discrepancy observed for the HMA-3-CD and HDA-B-CD complexes
indicates that the values determined for HMA-B-CD are rather overestimated. This
incongruence may be explained by the fact that the complexes of methylated HDM-3-CD and
acetylated HDA-B-CD were described by two different boundary conditions applied in the model
chemistry, using the dispersion correction only for the acetylated CD. Thus, each boundary
condition may be insufficient to fully describe correctly the energy related to the HMA-3-CD
complexes, which contain both methyl and acetyl groups at the wider rim.

Although limitations of QM methods to compute the total energy in a solvated environment
exist, this technique is essential to study noncovalent interactions dependent on the electronic
structures of the interacting partners. HBs and weak HBs along with H---H dispersion-based
noncovalent interactions were observed in the lowest-energy computed complexes (Table 5).
The noncovalent interaction patterns (Figure 9) showed a pivotal role of HBs as
enantioselective noncovalent interactions contributing to a differentiation between the two
transient diastereomeric complexes. Indeed, whereas HBs could be observed in the (R)-
tetramisole/B3-CD, (S)-tetramisole/B-CD, (R)-tetramisole/HDA-B-CD, (S)-tetramisole/HDA-B-
CD, and (S)-tetramisole/HMA-B-CD complexes with a strength consistent with the experimental
CE results, no HB was observed in the complexes of (R)-and (S)-tetramisole with the HDM-(-
CD, which did not enantioseparate tetramisole in CE at a low concentration. On one hand, the
pattern confirmed the importance of HB interactions for the binding of the guest to the chiral
selector and for its enantiodifferentiation in the aqueous environment. On the other hand, the
noncovalent interaction patterns featured multiple weak interactions likely acting cooperatively
in both binding and enantiorecognition processes.

In the case of the tetramisole/B-CD complexes, the relative strength of the HBs in each
complex, lower for the (R)-complex (do)-+~ = 1.861 A) compared to the (S)-complex (do)--h-
n = 1.754 A), was consistent with the higher nucleophilic properties computed for (O)(3)
compared to the O(2) atoms as acceptors (Vs min O(3) =-0.0460 Hartree) > Vs min O(2) =-0.0357
Hartree).

Focusing on the tetramisole/HDA-B3-CD complexes (Figure 9), it was interesting to note that the
inclusion of the (S)-enantiomer appeared to be energetically disfavoured, whereas the
contribution of dispersion forces could enhance the inclusion process for the (R)-enantiomer.
Despite this substantial difference, a N-H---O=C(2) HB between analyte and selector was
observed in both structures. The presence of a HB between the N-H of the analyte and the
carbonyl oxygen at the 2-position suggested that this interaction may control the inclusion of
the analyte at the wider rim, evidencing a pivotal function of the acetyl groups decorating the
CD. However, an opposite effect of this interaction may be envisaged. On one side, the N-

H---O=C(2) HB “captures” the analyte and moves it to the proximity of the rim. On the other
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hand, it may prevent a deeper inclusion of the analyte into the cavity. In this context, the effect
of dispersion forces appeared to be pivotal to favour the inclusion process. It is worth
mentioning that, starting from the same input file, in the gas phase or by introducing the
solvation model (without gd3 correction), the optimization process pulled the analyte out of the
CD cavity (data not shown). Similar observations were made earlier when modeling the
inclusion complex of clenpenterol with HDA-B-CD (Salgado et al., 2017).

8) The key role of the C=0(2) oxygen atoms, as HB acceptors, observed for HDA-3-CD may
explain the higher enantiodifferentiation ability of the HDA-3-CD compared to HMA-3-CD which
has a methyl group in place of the acetyl group at the 2-OH position of the wider rim. This
structural effect likely affected the enantiodifferentiation ability of HMA-B-CD. HBs involving the
O(g) oxygen atoms of the macrocycle were observed in the (S)-tetramisole/HMA-B-CD
complex. These HBs contributed to keeping the enantiomer inside the cavity increasing its
affinity toward the CD. However, the HBs were not so effective for the enantiorecognition
compared to the HBs involving the acetyl groups at the wider rim as observed for the HDA-[3-
CD complexes. This indicated that for HMA-B-CD the synergistic function of methyl and acetyl
groups in determining the higher affinity of tetramisole toward this CD may be considered
apparent. However, the co-presence of acetyl and methyl groups at the wider rim induced
structural modifications, which resulted in a change of both binding and recognition
mechanisms of the CD compared to HDA-3-CD.

In light of the results emerging from the computational analysis, it is interesting to summarize the results
obtained in CE and NMR analyses. In CE, drastic differences in the selectivity of binding of tetramisole
enantiomers were observed between $-CD and HDA-3-CD on both qualitative and quantitative levels.
First, the enantiomer affinity patterns of tetramisole towards these two CDs were opposite to each other.
In addition, when used in equimolar amounts, -CD provided a separation factor of just 1.02, while in
the case of HDA-B-CD this was 1.17 (Figure 1C). These drastic differences observed in CE were
consistent with the results obtained based on 'H NMR spectroscopy (Figure 2). On the other hand, the
structures computed for both B-CD and HDA-B-CD agreed perfectly with the results of NMR
spectroscopy and with the CE outcomes. Indeed, whereas the computed complexes of tetramisole
enantiomers with B-CD showed rather similar structure, in the case of HDA-B-CD the computed
complexes featured very different structures (Figure 9). Since such significant differences between the
structures of the two enantiomers with the same CD are very rarely observed, we attempted to confirm
this phenomenon by ROESY experiments. The ROESY results shown in Figure 10 confirmed some
NOE effects between the aromatic proton at the orto-position of (S)-tetramisole and the H-3 protons of
HDA-B-CD (Figure 10D). Coherently, distances consistent with NOE interactions were measured
between these hydrogen atoms within the computed (S)-tetramisole/HDA-B-CD complex (4.86 and 5.33
A). Thus, based on this computed structure, a weak NOE effect between the (S)-tetramisole aromatic
proton and the HDA-B-CD H-3 proton appeared to be possible. Consequently, the structures computed
for the tetramisole/HDA-B-CD complexes (Figure 9) appeared to be well supported by the NMR

spectroscopy data.
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Figure 10. Expanded partial 'H NMR (A,C) and ROESY (B,D) spectra showing the signals of
tetramisole H-6 and HDA-B-CD H-3 and H-5 within the complexes of HDA-B-CD with racemic
tetramisole (A,B) and (S)-tetramisole (C,D). A structure describing the short contacts measured in the
computed (S)-tetramisole/HDA-B-CD complex is also inserted. Experimental conditions: 400 MHz,
25°C; sample A: 1.0 mg (R,S)-tetramisole and 16.0 mg HDA-B-CD in 1.0 mL 100 mM D3PO4 buffer (pH
3.0, TEA); sample B: 2 mg (S)-tetramisole and 32.0 mg HDA-B-CD in 1.0 mL 100 mM D3PO4 buffer (pH
3.0, TEA).

5 Conclusions

In agreement with the initial hypotheses, by using NMR spectroscopy and QM calculations, some
factors contributing to the binding and enantiorecognition mechanisms underlying the
enantioseparations observed in CE could be identified and quantified. NMR spectroscopy and QM
calculations provided strong evidence supporting the superior enantioselective recognition ability
observed in CE for the HDA-B-CD compared to p-CD. As indirectly shown on Figure 2, B-CD forms
complexes with rather similar structure with (S)- and (R)-tetramisole (Figure 9), while the structures of
the complexes in the case of HDA-B-CD are very different (Figure 9).

Although further investigations are needed to obtain calculated free energy differences of the same
order compared to the small experimental values, the computational results obtained in this study

showed definitely that derivatization of the wider rim of the 3-CD impacts the inter- and intramolecular

interactions of the entire macrocycle, not only the derivatized secondary rim.
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For acetylated CDs, a distinctive balance between HBs and multiple H---H interactions based on
dispersion underlay the enantioseparation processes, while in the case of nonacetylated CDs this was
not the case. On this basis, although the use of the same model chemistry is recommended when
different molecular systems are compared, the addition of dispersion corrections to the selected model

chemistry was shown to improve the model for the acetylated CDs.

In the case of B-CD, the contribution of HBs appeared dominant compared to dispersion-based
interactions. Consequently, the introduction of the gd3 correction overestimated the dispersion
contribution, which apparently does not significantly contribute in the “real” system. On the other hand,
for the B-CD complexes computed with the gd3 correction, a less negative AEbinding value (-1.62
kcal'mol') was found compared to that computed without the dispersion correction (-2.01 kcal-mol-').
This indicated that dispersion forces, if present, would oppose the HB function in the enantioseparation
process. For HDA-B-CD, the opposite was true. In this case, the contribution of dispersion forces
appeared to be dominant compared to HBs, so that the introduction of the gd3 correction properly
accounted for this contribution. On the other hand, for the HDA-B-CD complexes computed without the
gd3 correction, a negative AEbinding Value much less (-0.29 kcal-mol-') compared to the value computed
without the dispersion correction (-11.18 kcal'-mol') was obtained. Importantly, HBs would oppose
dispersion forces in the enantioseparation process in case of a major effect. Thus, at the molecular
level, computing the complexes without the gd3 correction resulted in a reversed EMO [(R)>(S)]
compared to the experimental EMO [(S)>(R)] because within the CD complex of the first migrating (S)-
enantiomer (dus = 1.909 A), a stronger HB compared to the HB within the complex of the second
migrating (R)-enantiomer (dus = 1.935 A) was observed. Both HBs kept the enantiomers in the proximity

of the wider rim, preventing its inclusion in the cauvity.
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Table 1. Average distances [A] and angles [°, degree] including the related standard deviations of intramolecular HBs
at the wider [inter-residue O@)nH:---:O@)n’] and at the narrower [intra-residue Og)nH---O)n] rim, and distance between
opposite glycosidic oxygen atoms [Ogn---O)n’] and between opposite C) atoms (narrower rim) [Cen---Ce)n’] (ARus)
[A] (1 £n<7), measured for DFT optimized B-CD, HDM-B-CD, HMA-B-CD, and HDA-B-CD structures [B3LYP/6-31G(d);

SMD, water] using the Chimera version 1.16 program.

N

)

e
£

T £

O(9)Ofq) Cie)"Ce)
Parameter B-CD HDM-B-CD HMA-B-CD HDA-3-CD
O@)nH---O)n’ distance 1.864 £ 0.004
O@)n-H---O@)n’ angle 161.933 £ 0.444
O@)nH---O)n distance 2.424 +0.008 2.452 + 0.056 2.478 + 0.055 2.486 + 0.044
Oe)n-H---O)n angle 104.747 £ 0.414 104.140 £ 1.472 103.342 + 1.291 102.935 + 1.208
O -"Ogn’ ARIs 0.023 1.196 1.106 1.164
Ce)n :Cen’ ARis 0.312 3.940 4.053 4.559

Table 2. Average distances [A] and angles [°, degree] including the related standard deviations of intramolecular HBs
at the wider [inter-residue O@)nH---O@)n’] and at the narrower [intra-residue Og)nH:--:O)n] rim, and distance between
opposite glycosidic oxygen atoms [Ogn---O)n’] and between opposite C) atoms (narrower rim) [Cen---C)n’] (ARus)
[A] (1 £n<7), measured for DFT optimized B-CD, HDM-B-CD, HMA-B-CD, and HDA-B-CD structures [B3LYP/6-31G(d);
gas phase] using the Chimera version 1.16 program.

Parameter B-CD HDM-B-CD HMA-B-CD HDA-B-CD
O@)nH---O)n’ distance 1.879 £ 0.001

O@)n-H---O@)n’ angle 164.456 + 0.041

O@)nH---Os)n distance 2.324 +0.001 2.368 + 0.055 2.389+0.035 2.445 + 0.117
O@)n-H---O)n angle 106.736 + 0.040 106.406 + 1.019 104.879 £ 0.715 103.549 + 1.948
O -O@n’ ARis 0.006 1.948 1.181 1.839
Ce)n---Cen’ ARLs 0.013 8.125 5.135 4.462

Table 3. Isosurface area [A?], dipole moment [Debye], polarizability [au], zero-point vibrational energy (ZPVE) [kcal-mol-
1], standard deviation of quadrupole moment components (Q SD) [Debye-A], dispersion energy contribution to the total
electronic energy (Edisp., gd3bj correction) [kcalmol], and solvation free energy (AGsolvation) [kcalmol?] calculated for the
DFT optimized 3-CD, HDM-3-CD, HMA-B-CD, and HDA-B-CD structures [B3LYP/6-31G(d); SMD, water].

Molecular properties B-CD HDM-B-CD HMA-B-CD HDA-B-CD
Isosurface Area 908.52 1133.18 1209.13 1351.80
Dipole moment 1.48 5.81 16.80 16.74
Polarizability 747.82 954.97 1069.99 1180.65
ZPVE 761.76 1010.74 1054.09 1096.18

Q SD (%) 2.30 11.41 34.00 74.29

Edisp -205.39 -260.91 -300.01 -328.91

AGsolvation -84.80 -70.44 -97.01 -114.01
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Table 4. DFT binding energies (Ebinding), binding energy differences (AEbindging), and EMO computed for the inclusion
complexes of (R)- and (S)-tetramisole with B-CD, HDM-B-CD, HDA-B-CD, and HMA-B-CDs in the gas phase, with the
SMD solvation, and with the gd3 dispersion correction. The experimental EMO is reported for comparison.

Ebinding (kcalmol™')  Tetramisole/CD

CD QM (R)-complex (S)-complex AEbinding (kcal mol) EMOcalc. EMOexp.
B-CD SMD -6.69 -8.70 -2.01 (R)>(S) (R)>(S)
HDM-B-CD SMD -15.57 -15.53 -0.04 (S)>(R) ns@

HDA-B-CD SMD/gd3 -40.88 -29.69 -11.19 (S)>(R) (S)>(R)
HMA-B-CD SMD/gd3 -36.77 -51.10 -14.33 (R)>(S) (R>(S)

anot separated



Table 5. Noncovalent interactions and related lengths (A) observed in the inclusion complexes of (R)- and (S)-
tetramisole with 3-CD, HDM-B-CD, HDA-B-CD, and HMA-B3-CDs computed at DFT level of theory.

NCIa Distance (A)
CD QM CD---enantiomer (R)-complex (S)-complex EMQexp
B-CD SMD 0O(2)---H-N 1.861 (R)>(S)
O(3)---H-N 1.754
H(3)--Har(0) 2.396 2.363
H(3) - -Har(m) 2.266, 2.300
H(5)---Har(m) 2.704
H(5)---Har(m) 2.594
H(5)---Har(p) 2.912
HDM-3-CD SMD OMe(3)---H-CHN 2.334 2.968 ns®
OMe(2)---H-CHN 2.489
OMe(3)---H-N 2.394
H(3)-H---H-N 2.702
H(3)---H-CHN 2.560 2.457
H(3)---H-C* 2.781
H(3) --Har(0) 2.366
H(5)---Har(m) 2.338, 2.330 2.276, 2.415
H(5)---Har(0) 2.674
HDA-B-CD SMD/gd3 C=0(2)---H-N 1.854 2.011 (S)>(R)
OMe(2)---H-CHS 2.214
OMe(3)---H-CHN 2.193,2.918
OMe(3)---H-C* 2.393
OMe(2)---Har(m) 2.105
OMe(3)---Har(p) 2.435
OMe(3)---Har(0) 2.278 2.619
OMe(2)---Har(0) 2.303
O(g)---Har(m) 2.353
H(5)--Har(p) 2.574
HOCH?2:--Har(m) 2.129
HMA-B-CD SMD/gd3 O(g)-*H-N 1.943 (R)>(S)
OMe(3)--H-CHS 2.676
OMe(3)---H-CHN 2.387,2.535 2.233
OMe(2)---H-CHN 2.630
O(g)---H-CHN 2.530
OMe(3)---H-N 2.411
OMe(3)---H-C* 2.407
H(5)---H-C* 2.391
OMe(3)---Har(0) 2.440 2.318
H(5)---Har(m) 2.094
H(5)---Har(p) 2.381 2.550
H(3)---Har(m) 2.246
H(3) --Har(0) 2.924
H(5)--Har(0) 2.701
HOCH?2--Har(m) 2.306

aNoncovalent interactions, NCI
bnot separated
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