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Abstract
Binding constants for host-guest cyclodextrin systems have been estimated recently through the small-cost GFN2-xTB sem-
iempirical quantum method in a multi-equilibrium scope. This work applied such an approach to investigate the inclusion 
of fenchone and camphor into α-cyclodextrin. The computational cost associated with GFN2-xTB and the supramolecular 
arrangements automated obtained by UD-APARM allowed the investigation of an unprecedented 18,615 starting systems 
(8640 for 1:1 guest/CD and 5184 + 2232 + 2559 for 1:2 guest/CD stoichiometry). According to the present study, only 18 
(0.21%) for 1:1 associations and 45 (0.45%) for 1:2 associations contribute to the binding constants. The chiral recognition 
was achieved for the four inclusion compounds investigated: (−)-fenchone@(α-CD)2, (+)-fenchone@(α-CD)2, and (−)-cam-
phor@(α-CD)2 and (+)-camphor@(α-CD)2. When experimental and theoretical GFN2-xTB (ALPB) binding constants were 
compared, a linear correlation with an  R2 equal to 0.9933 was obtained. Estimated error varied from 1 to 3% to adjusted 
GFN2-xTB values. Furthermore, the theoretical data supported the experimental information that two CD units encapsulate 
camphor guests, increasing their stabilities. The procedure adopted can be expanded to investigate other 1:1 and 1:2 chiral 
host-guest systems for which it was addressed that finding out representative host-guest systems correspond to the bottleneck 
in the use of the discussed GFN2-xTB/UD-APARM multi-equilibrium approach.
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Introduction

Cyclodextrins (CDs) comprise a class of compounds that 
form favorable supramolecular systems with a wide range of 
substances [1–3]. The applicability of such a carbohydrate 
is related to the accommodation in the CD cavity of a guest 
molecule to form an inclusion compound. The applications 
of such a type of compound, also named host-guest sys-
tem, vary from food science [4] to pharmaceutics [5], being 
also relevant in the development of remediation technolo-
gies [6–9]. Chiral recognition is essential in life sciences 
and relevant to Chemistry, specifically focusing on separa-
tion techniques [10]. The chiral nature of CDs extends their 
applicability [11, 12]. Since CDs are chiral compounds, they 
can act as receptors to bind distinct molecules, as addressed 
experimentally, for which the binding constant can be deter-
mined [13]. One fundamental aspect of chiral recognition by 
CDs is related to the difference in the spatial accommodation 
of one specific enantiomer on the CD cavity. How far the 
chirality center is located concerning the accommodation 
of a given guest inside the CD cavity plays a crucial role in 
chiral separation. For instance, the distance of the chirality 
center concerning the CD cavity accounts for the incapacity 
of β-CD to resolve warfarin enantiomers in contrast to the 
excellent resolution for mephobarbital [14]. Other critical 

experimental information concerns the binding constants 
for R and S enantiomers acting as guests in a CD-based 
host-guest system. The values for such binding constants 
can be very close [12, 15], increasing the challenge of using 
theoretical methods to investigate chiral recognition.

With a focus on theoretical methodology, one significant 
challenge is finding the proper balance between the accuracy 
required to differentiate small binding constants of includ-
ing chiral guests into CDs and the computational cost of 
the chosen method. Predicting the formation of host-guest 
systems corresponds to one fundamental goal attributed to 
using a theoretical formalism to treat CD systems. Since 
host-guest systems are flexible, many arrangements must be 
investigated. Exploring the Potential Surface Energy (PES) 
of a given method corresponds to a bottleneck to applying 
the theoretical methodology, particularly for approaches 
based on quantum mechanics. Due to the enormous number 
of systems to be modeled, treating CD chiral recognition 
with sophisticated quantum approaches is prohibitive. In this 
context, quantum semiempirical methodologies seem to be 
a natural choice. However, not all available semiempirical 
methods can be employed to study CD-based systems [16].

Grimme et al. recently developed the GFN2-xTB method 
[17, 18], a low-cost semiempirical quantum approach that 
has shown reliable applicability to study CD-based systems 
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[19, 20]. Applying the GFN2-xTB to CD-based systems 
involves investigating many supramolecular starting arrange-
ments. Recently, using axes of inertia, an alternative form 
to characterize and obtain the Cartesian coordinates of a 
supramolecular system, was addressed [21]. The software 
related to such a contribution, the UD-APARM, produces 
hundreds or thousands of starting supramolecular systems 
on an automated and reproducible basis. Recently, systems 
obtained through the UD-APARM were investigated with 
the GFN2-xTB method in a multi-equilibrium approach to 
obtain reliable CD-based binding constants [22, 23]. The 
promisor outcomes obtained serve as motivation to test the 
methodology for chiral recognition for CD-based host-guest 
systems.

Within the present work, the chiral recognition of the 
camphor and fenchone enantiomers by α-CD was investi-
gated by applying the semiempirical GFN2-xTB method 
with the aid of the UD-APARM software in a multi-equi-
librium scope. The relatively small computational cost of 
the GFN2-xTB implementation in association with an auto-
mated procedure to obtain the spatial Cartesian coordination 
through UD-APARM allowed the investigation of an unprec-
edented 18,615 starting systems for fenchone and camphor 
enantiomers (8640 for 1:1 guest/CD; 5184 for 1:2 guest/
CD stoichiometry, and additional 2232 (3 × 744) and 2559 
(3 × 853) for 1:2 (+)-camphor/α-CD systems). The slight 
differences in the binding constants for the complexation 
of such bicyclic terpenoid enantiomers into α-CD, the mas-
sive number of starting systems required to obtain reliable 
data, and the approach’s limitations are discussed within the 

present contribution that enhances the challenge of modeling 
such type of systems.

Methods

Isolated camphor and fenchone molecules were obtained 
from PubChem [24] with the following identifiers: (1R,4R) 
(+)-camphor (PubChem identifier: CID 159,055); (1 S, 4 S) 
(−)-camphor (PubChem identifier: CID 444,294); (1R,4 S) 
(−)-fenchone (PubChem identifier: CID 82,229); (1 S,4R) 
(+)-fenchone (PubChem identifier: CID 1,201,521). The 
α-CD structure was obtained from X-ray [25] without water 
molecules. The structure of all compounds studied herein is 
shown in Fig. 1.

The GFN2-xTB method [18, 26] was employed to opti-
mize the isolated starting structures obtained from PubChem 
(camphor and fenchone) and X-ray crystallography (α-CD). 
The ALPB continuum approach [27] was employed to study 
the system in aqueous media. The UD-APARM software 
[21] (https:// github. com/ anconi- lab) was used to obtain 
starting geometries. All systems were optimized with the 
GFN2-xTB method at vacuum and subsequently within a 
continuum solvent approach for water at 300.6 K, the experi-
mental condition [28, 29].

The camphor and fenchone compounds (Fig. 1) inves-
tigated within this theoretical chiral study were chosen 
because of their small conformational degrees of free-
dom. As we can see from Fig. 1, their structures are rigid. 
With rigid guests, one can focus on the applicability of the 

Fig. 1  Host (α-CD) and guests 
(camphor and fenchone) studied 
herein. For the CD, the iden-
tification of the rims as head 
(H) and tail (T) comprising 
secondary and primary hydroxyl 
groups, respectively, is shown
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recently developed GFN2-xTB multi-equilibrium approach 
with less influence on the conformational study. The host 
(α-CD) and the camphor (+), camphor (−), fenchone (+), 
and fenchone (−) were submitted to the UD-APARM for the 
construction of 1:1 supramolecular associations.

The essential idea implemented in UD-APARM and 
discussed in ACS Omega [21] concerns establishing the 
relative position and rotation of the entities of a supramo-
lecular association through constructing a Cartesian refer-
ence system over the axes of inertia of one molecule. It is 
worth noting that only the evaluation of the principal axis 
of inertia does not allow the construction of the Cartesian 
system because no preferential direction can be attributed. 
For this task, the center of mass of the set of atoms with 
the higher atomic number (oxygen for CDs) is employed 
as a reference. Modifications in the UD-APARM software 
were implemented to determine the Cartesian axis over the 
center of mass of the supramolecular systems formed with 
two CD units, such as the head-to-head (HH) association. 
Within the present work, for 1:1 (+) fenchone/α-CD, (−) 
fenchone/α-CD, (+) camphor/α-CD, (−) camphor/α-CD, 
UD-APARM software constructed 2160 supramolecular 
arrangements with the parameters given in Table S1.

According to Table  S1, 8,640 1:1 starting systems 
(4 × 2160) were investigated at the GFN2-xTB level of the-
ory. For the 1:2 guest/CD systems, the starting orientation 
with Euler rotational angles corresponding to zero gives rise 
to a system with a perpendicular spatial arrangement, as 
shown in Fig. 2 (marked in red). As we expect the interac-
tion between the CD rims, the β Euler fixed at 90 degrees 
allows the CDs to face each other (as shown in Fig. 2, right). 
In such conditions, the γ Euler angle will vary instead of the 

α Euler angle to produce distinct supramolecular 1:2 guest/
CD arrangements with the CD unit fixed in space interact-
ing with the guest/CD pair (upper in Fig. 2) with distinct 
rotational orientation along the CD axis of inclusion.

The 1:2 guest/CD arrangements were obtained with the 
most favorable 1:1 optimized systems. For each guest/CD 
pair, 288 starting arrangements were constructed with UD-
APARM with the ranges in Table S2. As eighteen 1:1 stable 
inclusion compounds were identified: four (+)-fenchone/
α-CD, one (−)-fenchone/α-CD, five (+)-camphor/α-CD, 
and eight (−)-camphor/α-CD, 5,184 1:2 guest/CD systems 
(18 × 288) were investigated at GFN2-xTB level of theory.

After the first analysis, additional optimizations were car-
ried out for three specific types of associations for (+) cam-
phor and α-CD to investigate new 1:2 stable arrangements. 
Each new PES investigation comprised 744 optimizations 
for 1:2 systems with input described in Table S3. For the 
1:2 associations, 5184 + 2232 (3 × 744) and, therefore, 7416 
systems were investigated (fully optimized with harmonic 
frequency evaluation) at the GFN2-xTB (ALPB) level of 
theory. Finally, after modifying the UD-APARM to account 
for supramolecular systems with some symmetry, such as 
HH CD-based associations, additional calculations were 
carried out for camphor(+)@(α-CD)2 systems according to 
Table S4 (totaling 2559 additional calculations, 3 × 853).

This work adopted the multi-equilibrium approach, and 
Gibb energy in solution is computed as previously addressed 
[22]. For the present work, the binding constants were evalu-
ated at T = 300.6 K, the temperature of the experiments [28, 
29]. The formations of 1:1 and 1:2 guest (g)/host (CD) com-
pounds were studied according to Eqs. (1) and (3). Equa-
tions (4) and (5) define the sequential macroscopic binding 

Fig. 2  For the 1:2 guest/CD 
systems investigated herein, 
null Euler rotational angles 
(α = β = γ = 0 degrees) corre-
spond to a perpendicular spatial 
arrangement (marked in red). 
For 1:1 (left), the starting null 
Euler rotational angles corre-
spond to the natural initial guest 
orientation. With a β Euler 
angle equal to 90 degrees or 
1:2 guest/CD systems, both CD 
units (formed by the reference 
and the g@CD) face each other 
to interact (right). In such a 
spatial arrangement, the γ Euler 
angle accounts for the rotation 
of the upper system to form the 
possible 1:2 guest/CD arrange-
ments (right)
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constants (K1 and K2) with square brackets denoting molar 
concentrations in which [g] corresponds to the molar con-
centration for the guest, [CD] the molar concentration of the 
α-CD, [g@CD] the molar concentration of a 1:1 host-guest 
system, and [g@(CD)2] the molar concentration of the 1:2 
guest/CD system. Beyond the sequential macroscopic bind-
ing constants, Eq. (6) defines the overall association constant 
[28], also named the overall binding constant, β12, the quan-
tity computed at the GFN2-xTB (ALPB) level of theory for 
comparison to experimental data for 1:2 guest/CD systems. 
According to (3), β12 = K1. K2. For the theoretical evaluation 
of Gibbs energy, within this work, Eqs. (1) and (2) were used 
for 1:1 and 1:2 inclusion formation, respectively.

After optimization and frequency evaluation in the gas 
phase and re-optimization in the continuum model, the 
representative systems were submitted to the APARM soft-
ware to compute the association parameters and check the 
integrity of the supramolecular systems. Gibbs energy of 
formation was computed for 1:1 and 1:2 guest/CD pairs with 
Eqs. (7) and (8), respectively, in which ΔG0 corresponds to 
gas phase Gibbs energy, at 300.6 K. Gibbs energy of for-
mation in solution was evaluated with Eq. 9 as previously 
discussed [22, 23].

The studied systems were used to obtain the theoretical 
binding constant from the most stable (the reference) until 
they achieved a difference from the reference corresponding 
to 3.0 kcal  mol−1. Such systems were analyzed by APARM 
software to obtain the association parameters and check the 
integrity of the optimized geometries. The 3.0 kcal  mol−1 
window limits the number of systems to be considered for 
computing the theoretical binding constants. Differences 

(1)g + CD ⇌ g@CD,

(2)g@CD + CD ⇌ g@(CD)2,

(3)g + 2CD ⇌ g@(CD)2,

(4)K1 =
[

g@CD
]

∕
[

g][CD
]

,

(5)K2 =
[

g@(CD)2
]

∕
[

g@CD][CD
]

,

(6)�12 =
[

g@(CD)2
]

∕[g][CD]2.

(7)ΔG0 = G0(g@CD) − G0(g) − G0(CD),

(8)ΔG0 = G0[g@(CD)2] − G0(g) − 2G0(CD),

(9)ΔGwater = ΔG0 + �ΔGsolv.

greater than 3.0 kcal  mol−1 implied a negligible contribu-
tion to the evaluation of K. The Gibbs energy of formation 
was computed with Eqs. 8 and 9, and the theoretical bind-
ing constant was obtained with the summation of individual 
binding constants, as discussed previously [22].

Some representative supramolecular systems were inves-
tigated with the B97-D functional [30], using the SMD [31] 
continuum approach, as implemented in the ORCA package 
[32]. The version of ORCA used corresponds to the 5.0.1. 
The CREST (Conformer-Rotamer Ensemble Sampling Tool) 
[33] was also used to treat some supramolecular representa-
tive systems.

UD-APARM and APARM, along with instructions, 
are free and available for download at https:// github. com/ 
anconi- lab. All isolated and 1:1 stable guest@CD systems 
Cartesian coordinates required to reproduce the entire study 
were included in the supplementary information file, along 
with instructions employed in the calculations. The support-
ing information file describes further information concern-
ing the procedure adopted in this contribution.

Results and discussion

The Potential Energy Surface (PES) exploration at the 
GFN2-xTB level of theory was carried out within this work 
for each guest/CD pair with the aid of the UD-APARM soft-
ware. The starting investigation concerned the 1:1 guest/CD 
pairs. From the investigation of 8640 1:1 supramolecular 
associations, only 37 (0.43%) present ΔGwater< 0, being 18 
(0.21%) distinct or non-equivalent supramolecular systems. 
CD-based systems with ΔGwater< 0 are not representative 
and must be avoided, as discussed previously [22]. After the 
xTB (ALPB) optimization stage, the APARM software was 
used to distinguish the inclusion compounds under inves-
tigation. The APARM data and Gibbs energies in solution 
computed with Eqs. 7 and 9 were included in Table 1 for the 
1:1 systems under study.

From Table 1, it can be stated that a variety of inclu-
sion systems were found in which no regular pattern con-
cerning the association parameters (r, θ, α, β, and γ) can be 
addressed. It is noticeable that the distance of the center of 
mass between the host and guest does not correspond to 
zero or some value close to such a small distance, and the r 
parameter varies from 3.1 to 5.0 Å.

For clarity, the spatial arrangement can be analyzed with 
the simple representation of gT or gH. An individual CD 
molecule possesses a cavity with two rims, one compris-
ing the secondary hydroxyl groups identified as head (H) 
and another rim with primary hydroxyl groups identified as 
tail (T), as illustrated in Fig. 1. Such notation is essential in 
the investigation of CD associations in which we have the 
following possible associations: HH, HT, and TT [34, 35]. 

https://github.com/anconi-lab
https://github.com/anconi-lab
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The spatial arrangement of a guest (g) pointing toward the 
tail (T) portion of the CD is identified with gT, and pointing 
toward the head (H) portion of the CD is identified as gH.

With a focus on the position of the guest in the 1:1 inclu-
sion compounds, we see from Table 1 that the polar angle θ 
close to 180 degrees implies the guest (g) pointing toward 
the tail (T) portion of the CD (gT compounds) and θ close 
to 0 degrees implies the guest (g) pointing toward head (H) 
portion of the CD (gH compounds). Some representative 

optimized associations for 1:1 (+) fenchone@α-CD, 
(−) fenchone@α-CD, (+) camphor@α-CD, and (−) 
camphor@α-CD are depicted in Fig. 3.

Table 1 also shows the Gibbs energies of formation in 
water (ΔGwater) for fenchone and camphor inclusion into 
α-CD. According to GFN2-xTB (ALPB) data, for 1:1 sys-
tems, including camphor into α-CD is more favorable than 
fenchone due to the values log  K1. The most negative val-
ues of Gibbs energy of inclusion also attest to such a trend. 

Table 1  Association free energies (ΔGwater) in continuum ALPB model, computed with Eqs. 7 and 9, and the corresponding supramolecular 
main parameters (APARM data) for relative position (r, θ) and relative rotation (α, β, and γ)

The data was collected from the representative 1:1 systems (0.21% of the 8640) used to obtain the binding constants at the GFN2-xTB (ALPB) 
level of theory at 300.6 K

Compound log  K1 (xTB) ID Spatial repre-
sentation

ΔGwater
(kcal  mol−1)

r (Å) θ (deg) α (deg) β (deg) γ (deg)

(+) fenchone@α-CD 0.90 A gT − 0.62 4.3 177 272 212 310
B gH − 0.58 3.6 10 1 206 87
C gT − 0.23 5.0 172 60 53 312
D gH − 0.06 3.4 11 307 136 345

(−) fenchone@α- CD 0.23 A gT − 0.32 4.2 171 94 33 40
(+) camphor@α- CD 1.42 A gH − 1.46 3.1 5 326 209 303

B gT − 1.15 5.3 176 279 329 305
C gT − 0.89 4.6 176 105 330 25
D gH − 0.45 3.2 7 232 261 57
E gH − 0.27 3.9 12 26 267 73

(−) camphor@α- CD 2.02 A gT − 2.34 5.0 178 194 34 349
B gH − 1.99 3.2 4 193 203 353
C gT − 1.25 4.7 175 224 313 56
D gT − 1.18 5.0 173 157 82 47
E gH − 0.98 3.1 1 34 151 89
F gH − 0.81 3.6 11 160 271 58
G gT − 0.40 4.2 175 35 316 76
H gT − 0.29 4.9 173 69 23 37

Fig. 3  Spatial arrangements of the most stable 1:1 host-guest systems optimized at GFN2-xTB (ALPB) level of theory (A systems in Table 3). 
The identification of the guest spatial orientation concerning the CD cavity (gT or gH) is also indicated
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Interestingly, experimental contributions did not address 
 K1 for camphor inclusion into α-CD [28, 36, 37]. Accord-
ing to Table 1, the binding constants for including camphor 
into α-CD are higher than those computed for including 
fenchone.

Each system identified for the capital letters in Table 1 
was used as a starting arrangement to study the 1:2 guest/
CD compounds. For each system, the association with 
another CD unit occurs according to the range of param-
eters in Table S2. The UD-APARM scan for the 1:2 asso-
ciation corresponds to the study of arrangements formed by 
the association of a 1:1 inclusion compound (each one in 
Table 1) and another CD unit. To approximate the inclusion 
compound from another CD unit used as a reference, the β 
Euler was kept at 90 degrees, as illustrated in Fig. 2. For the 
association of each system in Table 1 with another CD, 288 
arrangements were investigated, totaling 5,184 (18 × 288) 
new GFN2-xTB optimizations with subsequent frequency 
evaluation in a vacuum with the corresponding optimization 
in the continuum solvation model (ALPB) for water. With 
the use of the initial scan for 1:2 guest/CD systems (Table S2 
for UD-APARM input), the logarithm of the overall binding 
constant (log β12) corresponding to 5.06, 4.10, 4.65, and 
7.18 were computed at GFN2-xTB (ALPB) level of theory, 
in a multi-equilibrium scope, for (+) fenchone@(CD)2, (−) 
fenchone@(CD)2, (−) camphor@(CD)2, and (−) camphor@
(CD)2, respectively.

The comparison to experimental information [29, 38] 
suggests an issue related to the data for (+) camphor@(CD)2. 
The binding constant for such a system should be higher. 
According to our previous contribution [23], an additional 
scan is recommended to improve the theoretical association 
constant computed. With the analysis of the overall spatial 
arrangement (as will be discussed), a new scan was defined 
(Table S3). The new scan was applied to the formation of 
(+) camphor@(CD)2 with the use of the association of 1:1 
systems with gH arrangements (A, D, and E in Table 1). The 
scan in Table S3 implies an additional 744 systems for A, 
D, and E, which increased the total of arrangements inves-
tigated with another 2232 supramolecular associations. An 
improved log β12 corresponding to 5.65 was computed for 
(+) camphor@(α-CD)2. The data obtained from the analy-
sis of umprecedent 7416 (5184 + 2232) systems at GFN2-
xTB (ALPB) level of theory for 1:2 guest/CD systems were 
included in Table 2. It is noticeable that in a 3.0 kcal  mol−1 
windown, 25 guest@(CD)2 were identified, 0.34% of 7416 
starting associations.

Since the 1:2 systems in Table  2  were obtained 
from the compounds listed in Table 1, the ID shown in 
Table 2 depends on the previous notation. For instance, in 
Table 1, only one 1:1 inclusion compound was found among 
2160 starting systems for (−) fenchone@α-CD, and such 
a compound was identified with the capital letter A. After 

optimizing 288 new systems formed with such associa-
tion and another CD unit, three stable compounds in water 
were found in a 3.0 kcal  mol−1 window. Therefore, from the 
1:1 A, the following 1:2 systems were identified: A-A, A-B, 
and A-C (see Table 2).

Not necessarily all combinations from Table  1 were 
included in Table 2 due to the Gibbs energy computed and 
the 3.0 kcal  mol−1 window. We see from Table 2 only one 
ID (B-A) for (−) camphor@(CD)2. Only the B-A system is 
listed for this host-guest compound because such a system 
corresponds to the most stable one, identified with ΔGwater 
= − 9.87 kcal  mol−1. Such a compound is at least 3.0 kcal 
 mol−1 more stable than any other association of this guest 
included in (CD)2. Interestingly, the order concerning the 
capital letters for 1:1 systems was not necessarily kept 
when 1:1 and 1:2 compounds were compared. We see from 
Table 2 that for (+) camphor@(CD)2, the most stable asso-
ciation (for which ΔGwater = − 7.05 kcal  mol−1) was found 
for the combination of the D 1:1 inclusion compound in 
Table 1 with another CD unit. Within Table 2, such a 1:2 
compound is identified as D-A.

The comparison between the Gibbs energies from 
Tables 1 and 2 indicates that the association with another CD 
unit to form a 1:2 guest/host system promotes a significant 
stabilization. The Gibbs energies of association (ΔGwater) 
became much more negative with the association of another 
CD.

Concerning the association parameters, the distances of 
the center of mass are considerably higher for 1:2 systems. 
We now have the distance between the center of mass of a 
CD unit and the inclusion compound used to form the 1:2 
system. The overall spatial arrangement is also indicated in 
Table 2, and its relation to energy and the r parameter can 
be discussed. We see the predominance of a type of arrange-
ment identified as g(HH) for fenchone@(αCD)2 compounds 
and HgH for camphor@(α-CD)2 compounds. With a focus 
on the most stable compounds identified for each guest, we 
see the accordance between the GFN2-xTB (ALPB) data 
and experimental findings in which the most negative Gibbs 
energies and consequently higher log β12 are attributed to 
camphor@(α-CD)2 systems [23].

For C-A of the (+) fenchone@(αCD)2, the first line in 
Table 2, we see the indication of ΔGwater = − 6.83 kcal 
 mol−1 and r = 7.8 Å. Such an optimized arrangement is 
shown in Fig. 4. We see from Fig. 4 that both CD units 
interact, forming the HH (head-to-head) association between 
two CDs. The guest is not included between the two CD 
units. It is possible to argue that we have a guest interacting 
with the HH association (in general). Such a type of associa-
tion was denoted g(HH), and many hydrogen bonds can be 
identified between the CD units (see Fig. 4). It is also pos-
sible to consider for this formation the following notation: 
gT + CD ⇌ g(HH). The g(HH) arrangement is the only 
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one identified for fenchone@(CD)2, contributing to the β12 
overall binding constant.

With a focus on camphor@(CD)2, we see from 
Table 2 that the guest is accommodated inside a CD dimer 
for many representative systems. Such associations denoted 
by HgH are shown in Fig. 5. Many intermolecular hydrogen 
bonds are formed between the CDs in a head-to-head (HH) 
association that accommodates a camphor guest inside. 
Other arrangements were also identified, such as g(TH) and 
g(TT) (see Table 2). Besides the existence of g(HT) and 
g(TT), according to Table 2, the HgH arrangement is pre-
dominant for champhor@(CD)2. Interestingly, the present 
theoretical study concerning the camphor inclusion into 
α-CD gives support at a molecular level for experimental 
conclusions [29] in which the 1:2 complex presents a strong 
predominance with the indication that camphor is embedded 
in an arrangement formed by two α-CD molecules.

With a focus on comparing theoretical GFN2-xTB 
(ALPB) and experimental binding constants, at this stage 

of the analysis, an opposite trend concerning the inclu-
sion into α-CD was identified for camphor isomers. At 
this stage, the GFN2-xTB (ALPB) log β12 correspond to 
5.65 and 7.18 for (+) camphor@(α-CD)2 and (−) cam-
phor@(α-CD)2, respectively. The experimental data [28] 
correspond to 9.32 and 8.93 for such inclusion compounds, 
respectively. The experimental trend was not achieved even 
with the additional scan for the (+) camphor guest associ-
ated with the α-CD. If the four 1:2 systems were consid-
ered, an  R2 = 0.6575 is obtained at this stage. Through the 
linear correlation, with log β12 = 1.0904(xTB) + 1.6529, 
the errors for estimated log β12 predicted vary from 5 to 
16%. The issue is related to the underestimated log β12 
computed at GNF2-xTB (ALPB) level of theory for the (+) 
camphor@(α-CD)2. If the log β12 data for (+) camphor@
(α-CD)2 is excluded, a linear correlation with  R2 = 0.9902 
is obtained. The errors computed with data for (+) fen-
chone@(α-CD)2, (−) fenchone@(α-CD)2, and (−) cam-
phor@(α-CD)2 vary from 1 to 3% what is coherent to our 

Table 2  Association free energies (ΔGwater) in continuum ALPB 
model, computed with Eq. (3) and the corresponding supramolecular 
main parameters (APARM data) for relative position (r, θ) and rela-
tive rotation (α, β, and γ). The data was collected from the representa-

tive 1:2 guest@CD systems (0.34% of 7416) used to obtain the bind-
ing constants at the GFN2-xTB (ALPB) level of theory at 300.6  K 
(within a 3.0 kcal  mol−1 window)

The GFN2-xTB (ALPB) log β12 was computed in a multi-equilibrium approach

Compound log β12 ID Spatial repre-
sentation

ΔGwater
(kcal  mol−1)

r (Å) θ (deg) α (deg) β (deg) γ (deg)

(+) fenchone@(α-CD)2 5.06 C-A g(HH) − 6.83 7.8 17 3 268 273
A-A g(HH) − 5.39 7.8 5 177 87 41
E-A g(HH) − 5.14 8.0 157 189 270 297
A-B g(HH) − 4.70 7.8 21 179 90 19
A-C g(HH) − 4.46 7.9 4 182 88 334
C-C g(HH) − 4.37 8.0 5 0 264 347
A-D g(HH) − 4.07 7.9 4 182 88 350
A-E g(HH) − 3.85 7.6 23 359 270 279

(−) fenchone@(α-CD)2 4.10 A-A g(HH) − 5.52 7.7 13 358 269 316
A-B g(HH) − 4.53 7.7 17 181 89 283
A-C g(HH) − 3.45 7.9 7 2 269 335

(+) camphor@(α-CD)2 5.65 D-A HgH − 7.05 6.8 4 184 272 66
E-A HgH − 6.86 6.7 5 182 271 2
A-A HgH − 6.78 6.4 1 182 270 61
E-B HgH − 6.43 6.8 6 3 88 358
E-C HgH − 6.31 6.8 5 183 271 36
D-B HgH − 6.01 6.6 4 181 277 66
D-C HgH − 5.17 6.8 5 4 88 64
E-D HgH − 5.01 6.8 6 2 88 21
A-B g(TT) − 4.83 8.8 177 332 88 301
E-E HgH − 4.49 6.6 6 4 91 65
D-E HgH − 4.31 6.8 5 176 270 49
A-C g(TH) − 4.29 7.9 2 0 268 35
E-F HgH − 4.17 6.7 8 176 267 26

(−) camphor@(α-CD)2 7.18 B− A HgH − 9.87 6.4 2 183 271 76
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previous study [23]. Therefore, as previously discussed, 
some representative (+) camphor@(α-CD)2 were not iden-
tified. Such information serves as a guide to improve the 
exploration of the GFN2-xTB level of theory.

Table 2 shows three types of (α-CD)2 associations identi-
fied by the capital letters A-, D-, and E-. Those arrangements 
correspond to HgH associations. The UD-APARM software 
was then modified to account for symmetry molecules and to 
allow the study of arrangements with the (α-CD)2 system as 
the reference. The modification was necessary because the 
UD-APARM original implementation deals with the center 
of mass of a set of atoms (oxygen for CDs) to determine 
the positive directions of the Cartesian axes mounted over 
the axes of inertia of the reference system (or molecule). A 
CD association such as HH comprises a center of mass of 
oxygen atoms (due to symmetry) very close to the center of 
mass of the entire system. After the modifications in the UD-
APARM code, it became possible to keep (α-CD)2 struc-
tures obtained from D-A, E-A, and A-A (Table 2) and rotate 
the (+) camphor guest inside the (α-CD)2 according to the 
parameters listed in Table S4. The parameters implied in an 
additional 853 new (+) camphor@(α-CD)2 (HgH) for each 

scan, totaling additional 2559 (3 × 853) starting inclusion 
compounds to be optimized at GFN2-xTB level of theory.

Within a 3.0 kcal  mol−1 window, the data for the new (+) 
camphor@(α-CD)2 (HgH) obtained from such a study were 
included in Table 3. From (+) camphor@(α-CD)2 (HgH) 
originated from A-A, D-A, and E-A, the most stable Gibbs 
energies in solution correspond to − 7.86, − 10.16, and 
− 7.40 kcal  mol−1, respectively. From Table 3, we see twenty 
(+) camphor@(α-CD)2 obtained with the D-A HH associa-
tion (D-A-1 to D-A-20), three for A-A (A-A-1 to A-A-3) 
and two for E-A (E-A-1 and E-A-2). All contribute to the 
log β12 that, at this stage, corresponds to 7.75. The value of 
log β12 for (+) camphor@(α-CD)2 is greater than that of (−) 
camphor@(α-CD)2 (see Table 2).

An interesting aspect in Table 3 corresponds to the vari-
ation in the association parameters, such as α and β-Euler 
angles. Such variation implies multiple guest positions 
inside the capsule formed by the two α-CD units in a head-
to-head (HH) arrangement. The optimized structures of the 
D-A associations from 1 to 14 that comprise 93.2% of the 
binding constant for the (+) camphor@(α-CD)2 are shown 
in Fig. 6. The analysis of the oxygen atoms of the guest 

Fig. 4  Spatial arrangements 
of the most stable fenchone@
(CD)2 systems optimized at 
GFN2-xTB (ALPB) level of 
theory (C-A and A-A for (+) 
and (−) fenchone, respectively 
associated with two CDs, in 
Table 2). The identification 
of the guest spatial orienta-
tion concerning the CD cavity 
(gHH) is also indicated. Many 
intermolecular hydrogen bonds 
between the CD units are shown

2 g(HH)

2 g(HH)
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(see Fig. 6) indicates that multiple positions can be found at 
equilibrium for (+) camphor@(α-CD)2. Such multiple posi-
tions in solution predicted by GFN2-xTB (ALPB) level of 
theory are expected to be found in the solid state. The over-
all arrangements depicted in Fig. 6 (and also in Fig. 5) are 
coherent to crystal structures for which dimeric molecules 
of α-CD bonded in a head-to-head (HH) arrangement con-
tain camphor guest species in the cavity formed by the two 
CD molecules [39, 40]. Furthermore, the experimental find-
ings support GFN2-xTB (ALPB) theory-predicted multiple 
positions (Table 3; Fig. 6) for the inclusion of (+) camphor 
into α-CD. According to a recent X-ray study, the crystal 
data addressed the orientational disordering of (+) camphor 
molecules inside the cavity formed by two α-CD bonded in 
an HH arrangement [40].

Concerning the binding constants, the experimental trend 
was achieved with an excellent linear correlation. The data 
of the present study at the GFN2-xTB (ALPB) level of the-
ory, obtained using the UD-APARM as a tool to explore the 
PES, are shown in Table 4. In the first line of Table 4, we see 
that four inclusion compounds were used for (+) fenchone 
to obtain the log  K1 and eight to obtain the log β12. We see 
from Table 4 that a higher number of systems for 1:2 inclu-
sion compounds is used to obtain the theoretical values than 
1:1, except for (−) camphor included in α-CD (with only one 

system to 1:2 system). The GFN2-xTB (ALPB) data for log 
 K1 for camphor@α-CD (1.42 and 2.02) are higher than esti-
mated for fenchone@α-CD (0.90 and 0.23), being the latter 
coherent to the experimental trend [28]. For the GFN2-xTB 
(ALPB) data concerning log β12, we see that camphor@
(α-CD)2 values (7.18 and 7.75) are higher than estimated for 
fenchone@(α-CD)2 (4.10 and 5.06) what is coherent to the 
experimental trend. For camphor and fenchone, we see that 
the (+) isomer interacting with (α-CD)2 presented an overall 
binding constant higher than the (−) isomer. This trend is 
coherent with experimental findings.

According to Table 4, at the GFN2-xTB (ALPB) level of 
theory, chiral recognition was achieved for the four inclu-
sion compounds investigated: (+)-fenchone@(α-CD)2, 
(−)-fenchone@(α-CD)2, and (−)-camphor@(α-CD)2 and 
(+)-camphor@(α-CD)2. A good linear correlation between 
experimental and theoretical log β12 with an  R2 equal to 
0.9933 was computed. When experimental and theoretical 
adjusted GFN2-xTB (ALPB) binding constants were com-
pared, the estimated error varied from 1 to 3%. The linear 
correlation between experimental and theoretical log β12 is 
shown in Fig. 7.

The most stable guest@(α-CD)2 systems obtained at the 
GFN2-xTB (ALPB) were investigated through DFT at the 
B97-D/6-31G(d,p) level of theory. The DFT method was 

Fig. 5  Spatial arrangements 
of the most stable camphor@
(α-CD)2 systems optimized at 
GFN2-xTB (ALPB) level of 
theory (D-A and B-A for (+) 
and (−) camphor, respectively 
associated with two CDs, in 
Table 2). The identification 
of the guest spatial orienta-
tion concerning the CD cavity 
(HgH) is also indicated. Many 
intermolecular hydrogen bonds 
between the CD units are shown
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chosen based on our previous contribution [41] related to 
the CD-based host-guest systems. The four most stable 
arrangements (from Tables 2 and 3) were optimized using 
the vacuum and the SMD continuum model implemented in 
the ORCA package. The analysis was not exhaustive. Due 
to the computational cost associated with the systems under 

investigation, the GFN2-xTB thermal correction to Gibbs 
energy was considered. The original data for GFN2-xTB 
(ALPB) and the new B97-D/6-31G(d,p) were included in 
Tables S5 and S6 (Supplementary Information file). At the 
B97-D/6-31G(d,p), the camphor@(α-CD)2 systems are more 
stable than the fenchone@(α-CD)2 systems. However, from 

Table 3  Association free energies (ΔGwater) in continuum ALPB 
model, and the corresponding supramolecular main parameters 
(APARM data) for relative position (r, θ) and relative rotation (α, β, 

and γ) for representative camphor@(α-CD)2 systems obtained after 
modification of the rotation and position the guest inside the A-A, 
D-A, and E-A (α-CD)2 associations

The GFN2-xTB (ALPB) log β12 was computed in a multi-equilibrium approach at 300.6 K from the optimization of 2559 systems

Compound log β12 ID Spatial repre-
sentation

ΔGwater
(kcal  mol−1)

r (Å) θ (deg) α (deg) β (deg) γ (deg)

(+)camphor@(α-CD)2 7.75 D-A 1 HgH − 10.16 0.6 87 191 68 44
D-A 2 HgH − 9.32 0.5 63 33 279 38
D-A 3 HgH − 9.15 0.4 85 301 277 57
D-A 4 HgH − 9.11 0.6 115 110 216 326
D-A 5 HgH − 8.99 0.5 112 195 234 332
D-A 6 HgH − 8.49 0.4 94 312 110 335
D-A 7 HgH − 8.46 0.6 95 332 304 70
D-A 8 HgH − 8.43 0.4 158 298 168 335
D-A 9 HgH − 8.39 0.2 18 106 81 57
D-A 10 HgH − 8.34 0.5 109 143 102 354
D-A 11 HgH − 8.24 0.5 105 168 234 84
D-A 12 HgH − 8.09 0.7 73 235 79 40
D-A− 13 HgH − 8.00 0.5 110 85 81 281
D-A-14 HgH − 8.00 0.6 118 222 270 285
A-A-1 HgH − 7.86 0.5 129 259 151 33
D-A-15 HgH − 7.83 0.4 19 109 348 348
A-A-2 HgH − 7.80 0.4 132 263 153 34
A-A-3 HgH − 7.77 0.4 37 272 335 63
D-A-16 HgH − 7.67 0.5 96 19 107 333
D-A-17 HgH − 7.55 0.3 76 89 239 49
D-A-18 HgH − 7.52 0.3 69 305 274 316
D-A-19 HgH − 7.47 0.4 44 283 341 355
E-A-1 HgH − 7.40 0.5 82 207 92 51
E-A-2 HgH − 7.32 0.5 80 213 97 53
D-A-20 HgH − 7.25 0.3 124 36 195 284

Table 4  Theoretical (GFN2-
xTB) and experimental [28, 
29] association constants (log 
 K1 and log β12) for 1:1 and 1:2 
inclusion compounds formed 
with camphor, fenchone 
enantiomers, and α-CD at 300.6 
K

18,615 starting systems (8,640 for 1:1 guest/CD and 5,184 + 2,232 + 2,559 for 1:2 guest/CD stoichiometry) 
were obtained with UD-APARM and investigated as GFN2-xTB (ALPB) level of theory
a y=1.0018x + 1.6141,  R2 = 0.9936
b Error = 100 × [Adusted GFN2-xTB log β12 – Expt. log β12)/Expt. Log]

host Distinct 
systems

GFN2-xTB Expt. Distinct 
systems

GFN2-xTB Expt. Adjusteda 
GFN2-xTB

Errorb

1:1 log K1 log K1 1:2 log β12 log β12 log β12 %

(−) fenchone 1 0.23 2.72 3 4.10 5.83 5.72 2
(+) fenchone 4 0.90 2.74 8 5.06 6.51 6.68 3
(−) camphor 8 2.02 1 7.18 8.93 8.81 1
(+) camphor 5 1.42 25 7.75 9.32 9.38 1
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D-A-1 D-A-2 D-A-3 D-A-4

D-A-5 D-A-6 D-A-7 D-A-8

D-A-9 D-A-10

D-A-13 D-A-14

D-A-12D-A-11

HgH association

Fig. 6  Spatial arrangements of the most stable (+) camphor@
(α-CD)2 systems optimized at GFN2-xTB (ALPB) level of theory 
(D-A-1 to D-A-14, see Table 3) comprising 92.3% of the theoretical 

binding constant. We see multiple guest orientation inside the HH 
arrangement formed by two CD units as addressed experimentally for 
solid state [40]

Fig. 7  Linear correlation 
obtained between experimental 
and GFN2-xTB (ALPB) log β12 
with data for all guest@(CD)2 
(left) and with the exclusion 
of the data for (+) camphor@
(α-CD)2 system (right)
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the analysis of Table S6, the experimental trend was not 
achieved. The geometries obtained at GFN2-xTB and B97-
D/6-31G(d,p) are very close (see the superpositions shown 
in Fig. S1). From the data (Tables S5 and S6), it can be stated 
that the local minimum does not coincide when GFN2-xTB 
and B97-D/6-31G(d,p) levels of theory are compared. Data 
in Tables S5 and S6 suggest that the PES exploration should 
be carried out at the B97-D level of theory, which is prohibi-
tive in terms of computational cost. To address a definitive 
conclusion concerning the comparison between B97-D and 
GFN2-xTB outcomes, a new investigation that is beyond 
the scope of the present contribution must be carried out.

The CREST software was employed in the final analy-
sis of the present contribution because such software can 
be used to investigate non-bonded systems. Initially, before 
obtaining the data in Table 2, the most stable camphor@
(α-CD)2 systems, D-A for (+) camphor and B-A for (−) 
camphor included in (α-CD)2 (see Table 3), were used as the 
starting geometries to perform the CREST’s NCI mode eval-
uation. The geometries obtained by CREST were submitted 
to the GFN2-xTB optimization using ALPB, as carried out 
previously with UD-APARM geometries, for comparison. 
The first analysis of Table S7 attests that CREST gives rise 
to more stable systems than those obtained with the GFN2-
xTB (ALPB) /UD-APARM approach adopted herein. The 
computational cost associated with such investigation is very 
high (see Fig. S2). What is curious is that after obtaining 
the data in Table 3, the most stable arrangement identified 
for (+) camphor@(α-CD)2 D-A-1, submitted as the start-
ing geometry for CREST NCI, gives a distinct non-bonded 
arrangement, most stable than (−) camphor@(α-CD)2 fol-
lowing the experimental trend (see Table S7). According to 
Table S7, the CREST outcome (crest_best.xyz) depends on 
the starting geometry. We see from Table S7 that the data 
obtained from D-A (Table 2) and D-A-1 (Table 3) start-
ing geometries are very distinct. The study discussed here 
should be conducted from 1:1 and 1:2 guest/host systems 
with other structures beyond the crest_best.xyz file (obtained 
with CREST) to account for the multi-equilibrium approach 
and remove the influence of the UD-APARM/GNF2-xTB 
search to address the application of the CREST software to 
the present discussion. The potential use of CREST to study 
complex CD-based host-guest systems is under study in my 
research group. Still, the reproduction of the present work 
without the influence of the UD-APARM software is beyond 
the scope of the present work. Finally, caution is required in 
the use of CREST for CDs. According to a previous inves-
tigation (data not shown), the best structure obtained for an 
isolated CD (crest_best.xyz) corresponds to a system with 
an almost close cavity (that precludes inclusion for one 
rim) similar to the structure 1(+) reported previously for 
the quantum conformational study of α-CD [42]. Such a CD 
structure is not representative (in aqueous media). Finally, it 

is worth noting that CREST was used successfully to obtain 
the guest starting geometries (not the host’s geometries) in 
our recent contributions [22, 23], and its use is still under 
investigation. However, the present test for CREST was car-
ried out with systems obtained by the UD-APARM/GFN2-
xTB approach; therefore, the isolated contribution of such 
software cannot be addressed.

At this point, a brief discussion concerning other CD-
based chiral recognition theoretical approaches shed light 
on the applicability of the GFN2-xTB (ALPB) multi-equi-
librium methodology. With Molecular Mechanics (MM), 
Lipkowitz et al. [43] studied the enantiodifferentiation in 
solid-state cyclodextrin through the use of MM2 [44] and 
AMBER [45] force fields as implemented in Macromodel 
[46]. Among the systems investigated, selectivity for (RS)-
fenoprofen by β-CD is supported by the only experimental 
data used as a reference [47]. Lipkowitz et al. determined 
theoretically that the S-enantiomer of fenoprofen is more 
tightly bound to the β-CD host. In another contribution, Lip-
kowitz and Stoehr investigated the enantiodifferentiation of 
(RS)-methyl mandelate through β-CD in the liquid phase in 
detail [48]. Molecular mechanics and MD were critically 
discussed by Dodziuk et al. in subsequent contributions [48]. 
Despite the discussion concerning Classical Mechanics, MD 
was successfully used to study chiral discrimination of (RS)-
ibuprofen isomers included in β-CD [49]. Within such a con-
tribution of Núñez-Agüero et al., the ΔΔG evaluated with 
the MM-PBSA/GBSA method [50] applied after an MD pro-
duction agrees with the experiment for which S-ibuprofen is 
more stable than R-ibuprofen. Through the use of quantum 
methods, an interesting contribution of Yan et al. concerning 
the (+)-catechin and (−)-epicatechin included in β-CD was 
carried out with the optimization of many starting systems 
at a distinct distance with PM3 [51] level of theory [52]. 
Within Yan et al. contribution [52], single-point calculations 
were carried out with B3LYP (Becke three-parameter, Lee-
Yang-Parr exchange) [53, 54] and Hartree-Fock (HF) [55] 
formalisms with 6-31G* basis set. The authors concluded 
that (+)-catechin forms the most stable complex with β-CD. 
An interesting contribution from a joint experimental-the-
oretical was conducted by Reyes-Reyes et al. concerning 
the chiral recognition of abacavir (ABA) enantiomers by 
(2-hydroxy) propyl-β-CD (2HPβCD) [56]. Within such a 
study, the Density Functional Theory (DFT) at PBE/6–31 
G** level of theory [57] with the Polarizable Continuum 
Model (PCM) [58] to account for the solvent effect were 
used. The theoretical interaction energies computed for the 
inclusion of ABA into 2HPβCD corroborate the experimen-
tal trend addressed by the apparent stability constants. The 
combination of Molecular Docking, semiempirical, and 
DFT was also applied within CD-based systems to chiral 
recognition. For instance, we have Arsad et al. contribution 
concerning the discrimination of ketoconazole enantiomers 
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through modified β-CD (TMβ-CD) [59]. The theoretical 
data correlated to their previous experimental work [60] in 
which the separation of four ketoconazole stereoisomers was 
successfully carried out using Electrokinetic Chromatogra-
phy (EKC) with TMβ-CD as a chiral selector. Within more 
recent contributions, we see the combination of more than 
one classical method, such as Docking followed by MD and 
Docking followed by the use of the ONIOM [61] approach 
with PM6 [61] and B3LYP/6-31G++(d,p) for low and high 
layers, respectively, as carried out in the study of (R/S)-
noradrenaline included in β-CD [62]. Within such a contri-
bution, the high stability of the S-noradrenaline included in 
β-CD obtained theoretically based on ΔG corroborates with 
experimental information [62].

The approach discussed herein developed with the use of 
UD-APARM, GFN2-xTB, the continuum solvent ALPB in a 
multi-equilibrium approach differs from the discussed theo-
retical applications to CD-based chiral recognition mainly 
due to the possibility of estimating binding constants. A 
trend or a rank is also obtained by the approach adopted in 
the present study. The binding constant evaluation consists 
of a step forward in the predictive capacity of theoretical 
methodologies. The limitation of the GFN2-xTB (ALPB) 
multi-equilibrium approach relies on adjusting at least 
three experimental binding data to predict unknown data 
for homologous guests included in a studied CD. Evaluating 
a theoretical trend without any dependency on experimental 
information depends on a massive exploration of the PES 
of the theoretical method employed to compute the binding 
constants and a task also focused on in my research group.

Conclusion

Within the present work, chiral recognition of camphor and 
fenchone enantiomers by α-CD was investigated theoreti-
cally at the GFN2-xTB (ALPB) level of theory in a multi-
equilibrium scope with the use of the UD-APARM software. 
For 1:1 associations, from the investigation of 8,640 supra-
molecular associations, only 37 (0.43%) were identified, 
with ΔGwater< 0 being 18 (0.21%) distinct or non-equivalent 
supramolecular systems. For 1:2 associations, 45 (0.45%) 
contribute to the binding constants. After the GFN2-xTB 
(ALPB) study of 18,615 starting systems obtained through 
the UD-APARM software, the chiral recognition was 
achieved for the four inclusion compounds investigated: 
(−)-fenchone@(α-CD)2, (+)-fenchone@(α-CD)2, and 
(−)-camphor@(α-CD)2 and (+)-camphor@(α-CD)2. When 
experimental and theoretical GFN2-xTB (ALPB) binding 
constants were compared, a linear correlation with an  R2 
equal to 0.9933 was obtained. Estimated error varied from 
1 to 3% to adjusted GFN2-xTB values. B97-D/6-31G(d,p) 
and CREST calculations were carried out, but a definitive 

conclusion concerning their application to the systems under 
investigation cannot be addressed. The use of CREST to 
treat CD-based host-guest systems is under investigation.
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