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ABSTRACT
In this study, molecular docking and PM7 semiempirical calculations were employed

to investigate the binding interactions and enantiorecognition of MDPV enantiomers with
variousmethylated 𝛽-cyclodextrins (BCDs), including heptakis(2-O-methyl)-𝛽-cyclodextrin
(2-MEB), heptakis(3-O-methyl)-𝛽-cyclodextrin (3-MEB), heptakis(6-O-methyl)-𝛽-
cyclodextrin (6-MEB), and heptakis(2,6-di-O-methyl)-𝛽-cyclodextrin (2,6-DIMEB). The
docking simulations revealed three distinct orientations of MDPV within the cyclodextrin
cavities, with the methylenedioxy and pyrrolidine rings of MDPV adopting different posi-
tions relative to the cyclodextrin rims. The calculated binding free energies (ΔG) indicated
that while different orientations slightly affect binding affinity, they do not dramatically
influence the stability of the host-guest complexes. Further PM7 calculations confirmed
stable 1:1 inclusion complexes, with relative heats of formation (Δ𝑟𝐻) ranging from
-41.21 to -92.29 kcal/mol. The methylation of cyclodextrins at specific hydroxyl positions
played a crucial role in enhancing enantiorecognition. Notably, 6-MEB, methylated at
the narrower primary hydroxyl position, exhibited the most effective enantioseparation,
while 2,6-DIMEB, methylated at both rims, showed poor enantiorecognition ability. These
findings emphasize the significance of selective methylation in modulating the chiral
recognition capabilities of BCD derivatives.
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1. Introduction
Enantiorecognition, the ability to dis-

tinguish between two enantiomers, is a cru-
cial aspect of various fields, including chiral
separation, drug development, and molecu-
lar sensing [1, 2]. 𝛽-Cyclodextrins (BCDs),
cyclic oligosaccharides composed of seven
glucose units, are widely utilized inmolecu-
lar recognition processes due to their unique
ability to form host-guest complexes with a
variety of guest molecules [3, 4]. The se-
lective inclusion of guest molecules within
the BCD cavity can be influenced by sev-
eral factors, including the geometry of the
cavity and the nature of its modifications.
Among the numerous derivatives of BCD,
methylated BCDs have garnered significant
attention for their enhanced binding prop-
erties and selective recognition capabilities
[5].

In particular, the introduction of
methyl groups at specific hydroxyl posi-
tions on the BCD ring has been shown to al-
ter the size, shape, and polarity of the cavity,
which can significantly impact the stereos-
electivity and enantiorecognition properties
of the cyclodextrin [6]. However, the re-
lationship between the position of methyla-
tion and enantiomeric recognition remains
complex and not fully understood. While
previous studies have explored various
BCD derivatives for enantiomer separation,
limited work has been done to investigate
how different methylation patterns influ-
ence the recognition of specific chiral com-
pounds, particularly with respect to enan-
tiomers of psychoactive substances, such as
MDPV (3,4-methylenedioxypyrovalerone)
[7].

This study aims to bridge this
gap by employing molecular docking
simulations and PM7 semiempirical
calculations to investigate the binding
interactions and enantiorecognition abil-

ities of MDPV enantiomers with a series
of methylated 𝛽-cyclodextrins, including
heptakis(2-O-methyl)-𝛽-cyclodextrin
(2-MEB), heptakis(3-O-methyl)-𝛽-
cyclodextrin (3-MEB), heptakis(6-O-
methyl)-𝛽-cyclodextrin (6-MEB), and
heptakis(2,6-di-O-methyl)-𝛽-cyclodextrin
(2,6-DIMEB). The study explores how
different methylation patterns influence
both the binding affinity and the enan-
tiomeric recognition of MDPV, providing
insights into the design of optimized
cyclodextrin-based materials for chiral
separations and selective recognition of
complex enantiomers.

2. Materials and Methods
2.1 Molecular structure construction

The initial molecular structures of
the cyclodextrins used as host molecules
were obtained from the Cambridge Crys-
tallographic Data Centre (CCDC) with the
following identifiers: BCD, CCDC No.
1107192 [8]; 2-MEB, CCDC No. 144261
[9]; and 2,6-DIMEB, CCDC No. 118694
[10]. Modified derivatives of 3-MEB and
6-MEB were generated based on the BCD
structure. The starting geometries for the
enantiomers of MDPV were created by
modifying the X-ray crystallographic struc-
ture of butylone (CCDC No. 1504572)
[11]. Structural alterations, including the
addition and removal of atoms—were per-
formed using the Discovery Studio 2020
Client software [12].

2.1.1 Inclusion complex formation
The formation of inclusion com-

plexes between either (R)-MDPV or
(S)-MDPV enantiomers and five host
molecules (BCD, 2-MEB, 3-MEB, 6-MEB,
and 2,6-DIMEB) were investigated through
molecular docking simulations. All dock-
ing calculations were carried out using
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AutoDock software [13], employing the
Lamarckian Genetic Algorithm (LGA) as
the optimization protocol [14]. Input prepa-
ration for both host and guest molecules
was conducted using AutoDockTools.

During the docking process, host
molecules were treated as rigid structures,
while guest molecules were allowed full
conformational flexibility. A cubic grid box
with dimensions of 15 𝐴×15 𝐴×15 𝐴 was
defined and centered on each host molecule.
The grid spacing was set at 0.375 𝐴, and de-
fault values were used for all other parame-
ters. For each host–guest pair, 100 indepen-
dent docking runs were performed. The re-
sulting conformations were clustered based
on binding pose similarities and ranked ac-
cording to their predicted binding free ener-
gies (ΔG). The most energetically favorable
conformation from each docking study was
selected for subsequent geometry optimiza-
tion.

2.1.2 Complexation energy calcu-
lation

Given the large size of the inclu-
sion complexes (ranging from 187 to 229
atoms), the semi-empirical PM7 method
was employed for geometry optimization in
aqueous solution. This method provides a
good balance between computational cost
and accuracy for large molecular systems
[15, 16].

The host, guest, and inclusion com-
plex structures (in a 1:1 molar ratio) were
fully optimized in the gas phase using PM7,
as implemented in the Gaussian 16 software
package [17]. The relative heats of forma-
tion (Δ𝑟𝐻) was calculated to evaluate the
interaction strength between host and guest
molecules, using the following equation:

Δ𝑟𝐻 = Δ𝐻𝑜𝑝𝑡
𝑐𝑝𝑥 − (Δ𝐻𝑜𝑝𝑡

ℎ𝑜𝑠𝑡 + Δ𝐻𝑜𝑝𝑡
𝑔𝑢𝑒𝑠𝑡 ).

(2.1)

Here Δ𝐻𝑜𝑝𝑡
𝑐𝑝𝑥 ,Δ𝐻

𝑜𝑝𝑡
ℎ𝑜𝑠𝑡 , and Δ𝐻𝑜𝑝𝑡

𝑔𝑢𝑒𝑠𝑡

represent the PM7 optimized heats of for-
mation of the inclusion complex, the iso-
lated host molecule, and the isolated guest
molecule, respectively. A more negative
Δ𝑟𝐻 value indicates a more stable host–
guest complex. These parameters were
used to evaluate the suitability of the guest
molecules for inclusion within the host cav-
ity. Experimental evidence also supports
the 1:1 molar ratio used in the formation of
these complexes [18].

3. Results and Discussion
3.1 Molecular docking calculations

Molecular docking simulations were
performed to estimate the binding free
energy (ΔG) between the host molecules
(cyclodextrins) and the guest molecules
(MDPV enantiomers). The docking results,
summarized in Table 1, indicate that the
MDPV enantiomers can adopt three distinct
orientations within the cavities of BCD, 6-
MEB, and 2,6-DIMEB.

Table 1. The lowest free energy of binding (ΔG
in kcal/mol) for each conformation in the 1:1 in-
clusion complex frommolecular docking calcu-
lations.

(R)-MDPV (S)-MDPV
Conf.
I

Conf.
II

Conf.
III

Conf.
I

Conf.
II

Conf.
III

BCD -6.17 -5.44 -5.06 -6.30 -5.88 -5.08
2-MEB -6.85 -6.45 n/a𝑎 -6.75 -6.37 n/a
3-MEB -6.62 -5.51 n/a -6.75 -5.59 n/a
6-MEB -6.63 -5.80 -5.86 -6.71 -6.12 -6.03
2,6-
DIMEB -7.12 -6.20 -6.16 -7.04 -6.75 -6.27
𝑎 n/a is not available

In the most frequently observed ori-
entation, Conformation I (Conf. I), both
the methylenedioxy and pyrrolidine rings
of MDPV are positioned near the wider,
secondary hydroxyl rim of the cyclodex-
trins. In Conformation II (Conf. II), the
methylenedioxy ring remains near the sec-
ondary rim, but the pyrrolidine ring is di-
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Fig. 1. Three possible orientations of the MDPV–BCD complex from molecular docking. MDPV is
shown as sticks; BCD is shown as lines with a surface (probe radius: 1.4 𝐴).

rected towards the narrower, primary hy-
droxyl rim. In contrast, Conformation III
(Conf. III) places the MDPV molecule
in the opposite orientation within the cy-
clodextrin cavity, as shown in Fig. 1. No-
tably, only Conformations I and II were ob-
served for 2-MEB and 3-MEB.

During docking, the MDPV enan-
tiomers were treated as flexible molecules,
while the cyclodextrins were kept rigid.
The calculated ΔG values for the different
conformations showed only minor differ-
ences, ranging from -5.06 to -7.12 kcal/mol,
with an average variation of about 2.06
kcal/mol. This suggests that while the dif-
ferent orientations of MDPV within the
cyclodextrin cavity can slightly affect the
binding affinity, they do not dramatically
alter the overall stability of the host–guest
complexes. The most stable complexes
(those with the lowest ΔG values) for each
system were selected for further optimiza-
tion using the PM7 semiempirical method.

3.1.1 PM7 calculations
The PM7 calculations performed un-

der ideal gas conditions, as summarized in
Table 2, offer further insight into the en-
ergy profiles of the host–guest inclusion
complexes. The relative heats of forma-
tion (Δ𝑟𝐻) calculated for the various sys-
tems range from –41.21 to –92.29 kcal/mol,

Table 2. The relative heats of formation (Δ𝑟𝐻,
in kcal/mol) from PM7 calculations.
Complex Conf. (R)-MDPV Conf. (S)-MDPV

Δ𝑟𝐻 Δ𝑟𝐻
BCD I -64.41 I -62.29

II -71.68 II -67.28
III -69.07 III -77.64

2-MEB I -72.64 I -70.91
II -77.31 II -85.60

3-MEB I -41.21 I -60.46
II -52.06 II -60.43

6-MEB I -74.74 I -82.03
II -90.00 II -78.54
III -92.29 III -83.70

2,6-DIMEB I -55.02 I -64.68
II -66.54 II -65.70
III -78.03 III -82.78

confirming that all host and guest molecules
studied can form stable 1:1 inclusion com-
plex. This work aims to investigate the
effect of methylation on 𝛽-cyclodextrins
(BCDs) in terms of their complexation abil-
ity and enantiorecognition of MDPV enan-
tiomers. The role of methylation—both
in terms of the degree and position of
substitution—was examined by comparing
the relative heats of formation differences
(|ΔΔ𝑟𝐻 |) between the (R)-MDPV and (S)-
MDPV enantiomers, as reported in Table 3.

Among the various derivatives
tested, 6-MEB, which is methylated at
the narrower primary hydroxyl position,
showed the most effective enantiosepa-
ration of MDPV, with a |ΔΔ𝑟𝐻 | of 8.59
kcal/mol and a resolution (Rs) of 1.46 at
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Table 3. The lowest relative heats of formation (Δ𝑟𝐻) for each system, and the absolute differentΔ𝑟𝐻
(|ΔΔ𝑟𝐻 |) in kcal/mol betweenMDPV enantiomers obtained from PM7 calculations and the resolution
(Rs) based on capillary electrophoresis experiment [18].
Complex (𝑅)-MDPV (𝑆)-MDPV |ΔΔ𝑟𝐻 | 𝑅𝑠

Conf. Δ𝑟𝐻 Conf. Δ𝑟𝐻
BCD II -71.68 III -77.64 5.96 No data
2-MEB II -77.31 II -85.60 8.29 0.24 at 2.5 mM
3-MEB II -52.06 I -60.46 8.40 0.52 at 30 mM
6-MEB III -92.29 III -83.70 8.59 1.46 at 2.5 mM
2,6-DIMEB III -78.03 III -82.78 4.75 0

a 2 mM concentration. This suggests that
the methylation of BCD at the primary
hydroxyl position significantly enhances
the enantiorecognition capability, likely
due to better spatial alignment with the
MDPV enantiomers.

On the other hand, BCDs methy-
lated at the wider secondary hydroxyl
positions, such as 2-MEB and 3-MEB,
showed only modest chiral recognition per-
formance. Specifically, 2-MEB exhibited a
|ΔΔ𝑟𝐻 | of 8.29 kcal/mol and an Rs of 0.24
at 2.5 mM, while 3-MEB showed a |ΔΔ𝑟𝐻 |
of 8.40 kcal/mol and an Rs of 0.52 at 30
mM. These results indicate that methyla-
tion at the secondary hydroxyl positions
does not provide the same level of enan-
tiorecognition efficiency as methylation at
the primary hydroxyl position, likely due
to less favorable steric interactions between
the host and the guest molecules.

Interestingly, 2,6-DIMEB was inef-
fective in discriminating against the MDPV
enantiomers. The |ΔΔ𝑟𝐻 | value for 2,6-
DIMEB was 4.75 kcal/mol, which is lower
than the |ΔΔ𝑟𝐻 | of its parent BCD (5.96
kcal/mol). This suggests that the methy-
lation of both the primary and secondary
hydroxyl groups in 2,6-DIMEB may lead
to reduced binding affinity and poorer chi-
ral recognition ability compared to the non-
methylated BCD or selectively methylated
derivatives. These findings highlight the
critical role of the position and degree
of methylation in determining the enan-

tiorecognition performance of BCD deriva-
tives, emphasizing that selective modifica-
tion of the primary hydroxyl groups can en-
hance the chiral discrimination of MDPV
enantiomers.

3.2 Molecular interpretations
Upon full optimization, the most fre-

quently observed conformation, Conf. I,
where both the methylenedioxy and pyrro-
lidine rings of MDPV are positioned near
the wider rim of the cyclodextrin, does not
correspond to the lowest relative heats of
formation (Δ𝑟𝐻) for each system (Table
2). In contrast, Conf. II is favored when
the methylated substituent is located at the
wider rim (e.g., 2-MEB and 3-MEB), while
Conf. III is preferred when the methylated
substituent is at the narrower rim (e.g., 6-
MEB). This preference is attributed to the
position of MDPV’s methylenedioxy ring,
which aligns with the methyl groups on the
respective rims. Specifically, the longer
tail of 6-CH2OMe compared to 2-OMe
provides greater flexibility, allowing for a
more favorable interaction with MDPV’s
methylenedioxy ring. As a result, Conf. III
is the most favorable conformation for the
2,6-DIMEB complex, exhibiting the lowest
complexation energy (Table 3).

The inclusion complexes of MDPV
enantiomers with 2-MEB, 6-MEB, and 2,6-
DIMEB were selected for further investi-
gation due to their effective separation ca-
pabilities and not identical migration order
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Fig. 2. The optimized PM7 models of the 1:1 inclusion complex. Host molecules are shown in
line models while MDPV enantiomers are shown as stick models with a 1.4 Å probe radius: (a) 2-
MEB/(R)-MDPV Conf. II; (b) 6-MEB/(R)-MDPV Conf. III; (c) 2,6-DIMEB/(R)-MDPV Conf. III;
(d) 2-MEB/(S)-MDPV Conf. II; (e) 6-MEB/(S)-MDPV Conf. III; (f) 2,6-DIMEB/(S)-MDPV Conf.
III.

in chromatographic analyses. These com-
plexes are stabilized by a combination of
electrostatic dipole-dipole interactions, van
der Waals forces, and hydrophobic interac-
tions (see Fig. 2). Importantly, no hydro-
gen bonding between MDPV and the host
molecules was observed.

In the case of 2-MEB, the (S)-MDPV
enantiomer forms a more stable complex
within the cyclodextrin cavity compared
to (R)-MDPV, exhibiting a lower binding
affinity of 8.29 kcal/mol (Table 3), de-
spite their similar binding modes (Figs. 2a,
d). This suggests that (S)-MDPV is more
effectively accommodated within the 2-
MEB cavity than (R)-MDPV. On the other
hand, in the 6-MEB/MDPV complexes, the
methylenedioxy ring of MDPV is posi-
tioned inside the cavity near the narrower
rim, with the hydrophobic tails of the 6-

CH2OMe groups extending into the cavity
from the glucose units (1, 2, and 4), see
Figs. 2b, and 2e. This arrangement leads
to a more stable inclusion complex, with
relative heats of formation ranging from -
83.70 to -92.29 kcal/mol (Table 3). This dif-
ference in stability results in distinct enan-
tioseparation behaviors: in the 2-MEB sys-
tem, (R)-MDPV migrates first due to its
weaker binding affinity, whereas in the 6-
MEB system, (S)-MDPV migrates first be-
cause of its lower binding affinity compared
to (R)-MDPV.

Although the 2,6-DIMEB complex
favors Conf. III, similar to 6-MEB, it
does not exhibit significant enantiosepara-
tion ability for MDPV enantiomers, as in-
dicated by the relatively small difference in
ΔΔ𝑟𝐻 (only 4.75 kcal/mol). This suggests
that 2,6-DIMEB forms inclusion complexes
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with both (R)-MDPV and (S)-MDPV with
comparable binding affinities. This reduced
enantioseparation efficiency may be due to
the methylated groups on both rims of the
cyclodextrin, which increase its flexibility
and allow it to accommodate both enan-
tiomers of MDPV similarly.

4. Conclusion
This study highlights the criti-

cal role of methylation in modulating
the enantiorecognition capabilities of
𝛽-cyclodextrin derivatives for MDPV
enantiomers. The molecular docking and
PM7 calculations revealed that MDPV
enantiomers can adopt different orienta-
tions within the cyclodextrin cavities, with
the most stable complexes favoring the
conformations where the methylenedioxy
ring of MDPV aligns with the methylated
hydroxyl groups. Selective methylation at
the primary hydroxyl group (as in 6-MEB)
significantly enhances the enantiorecog-
nition of MDPV, while methylation at
both rims (as in 2,6-DIMEB) results
in a reduced enantiorecognition ability,
likely due to increased flexibility of the
cyclodextrin cavity. These results pro-
vide valuable insights into the design of
cyclodextrin-based materials for chiral
separation and recognition, suggesting that
careful control of methylation position can
optimize the performance of cyclodextrins
in enantiomeric discrimination.
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