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Abstract

A new theoretical approach was recently addressed to predict cyclodextrin host—guest binding constants with the GFN2-
xTB semiempirical quantum method. Within such a strategy, a set of starting supramolecular arrangements is automatically
obtained through the UD-APARM software, and many optimized host—guest systems are used to obtain each binding con-
stant. In the present work, within the scope of the multi-equilibrium treatment, we carried out a theoretical study concerning
the host—guest systems formed with paraoxon (PRX), methyl-parathion (MPTN), and parathion (PTN) into a-cyclodextrin
(a-CD), for which experimental data were addressed. Those guests correspond to pesticides in use, and their inclusion plays
arole in remediation technology. The procedure for estimating binding constants for the host—guest system is discussed in
terms of the ranges for the supramolecular parameters employed in exploring the GFN2-xTB Potential Energy Surface (PES).
As aresult, by investigating an unprecedented number of starting systems (3,076), we identified that proper exploration of
the GFN2-xTB PES gives a reliable prediction of the binding constant in solution. Furthermore, with the study of different
starting associations, for PTN/a-CD, we found an excellent linear correlation (R>=0.987) between GFN2-xTB data and
experimental information, which, as in our previous study, supports the discussed methodology for application in predicting
binding constants for CD-based host—guest systems.
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Introduction

Cyclodextrins (CDs) [1, 2] comprise a family of cyclic
oligosaccharides produced by an enzymatic process. They
can accommodate guest molecules in their cavities to form
inclusion compounds [3-5]. These complexes are also
called host—guest systems. The formation of such a supra-
molecular system is central to many practical applications
of CDs [6]. For example, the interaction of CD with a
contaminant is responsible for changes in the degradation
rate [7, 8]. Specifically, in terms of remediation, in which
CD found many applications [8—12], host—guest systems
present different solubilities when compared to isolated
pesticides, in which complexation can be a strategy for
remotion [13]. CDs can also be employed to mitigate the
hazard posed by chemical warfare agents. The inclusion
of organophosphorus such as GB (sarin) and GD (soman)
and simulants [14] by cyclodextrins (CDs) [14] provide,
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for instance, a test case for establishing supramolecular
agent—simulant correlations.

In the present work, the inclusion compounds formed
with a-CD and the pesticides paraoxon (PRX) [15], para-
thion (PTN) [16, 17], and methyl-parathion (MPTN) [18] for
which experimental data were addressed were investigated
theoretically. The motivation of the present work is related
to the test of a recently developed theoretical methodology
in which hundreds of starting supramolecular systems were
investigated in a multi-equilibrium approach through a sem-
iempirical quantum method [19].

The experimental characterization of an inclusion com-
pound is well-addressed in the literature. For instance, a
NOESY experiment can attest to the formation of such a
supramolecular system in a solution through the correla-
tion between the protons of the CD and guest [20-23]. Iso-
thermal Titration Calorimetry (ITC) is the most common
experimental approach for determining thermodynamic
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parameters. The association constants are distinct for a
series of homologous compounds and may vary with tem-
perature, solvent, and pH [23-27]. Throughout ITC, one
can determine the association constants named binding
constants [28]. However, the scenario is distinct concerning
the theoretical approach applied to study CD-based inclusion
systems. Cyclodextrins have been the subject of numerous
theoretical investigations [29-34]. Due to the development
of modern computers, the processing capacity has increased
considerably, allowing the application of sophisticated quan-
tum methods to CDs. However, not only the size of the CDs
poses a challenge to the theoretical investigation but also
the flexibility of the host—guest system [35]. In this respect,
parameters to account for many possible spatial associations
of host and guest can aid the theoretical investigation.

Recently a new approach to characterize supramolecular
systems with a focus on the axes of inertia was developed
[36], which naturally applies to CD-based systems in dif-
ferentiation and to obtain cartesian coordinates of starting
systems to evaluate stability. The relative position and rota-
tion of the host and guest are evaluated based on a set of
association parameters. Specifically for CD-based inclusion
compounds, one Cartesian system is constructed with the
axis of the inertia of the CD. The positive orientation of such
a Cartesian system is determined by evaluating the center
of mass of the oxygen atoms, as shown in Fig. 1. Since the
number of oxygen atoms for CD differs for each rim from
the developed characterization scheme [36], the head and tail
identification are promptly identified for any CD orientation
in space, as illustrated in Fig. 1. In addition, the head and
tail identifications may be relevant in studying CD-based
inclusion compounds [37].

head (h)

tail (t)

host (CD)

Fig.1 Axes of inertia for individual molecules in a supramolecular
system formed with a CD (host) and a guest to evaluate the relative
position and rotation [36]. As shown, the red arrow in the center
of mass of the CD (Z axis) determines the orientation of inclusion
through the head or tail rim of the cavity.

The axes of inertia approach allow the study of inclusion on
a systematic basis because one can obtain the supramolecular
parameters for a given geometry, or with the parameters, one
can obtain the geometry. The software to obtain geometry,
named UD-APARM, is available for free use (https://github.
com/anconi-lab). The keyword SCAN is the central applica-
tion of such software in the theoretical investigations concern-
ing supramolecular systems. Using the SCAN keyword allows
for systematically obtaining hundreds or thousands of starting
associations of two non-bonded systems. Through the UD-
APARM software, the guest molecule can pass over the cavity
of the CD with subsequent rotation along with the inclusion
axis. Therefore, the procedure implemented in UD-APARM
automatically generates a set of starting supramolecular sys-
tems to be investigated. One of the fundamental features of
the axes of inertia implementation is related to the possibility
of reproducing at any time the set of supramolecular systems
studied by a particular contribution. Only the isolated starting
Cartesian coordination of the molecules employed is required
to obtain an entire supramolecular set of starting arrangements.

Within the study of CD-based host—guest systems, more
than one type of inclusion compound can coexist in equilib-
rium [38—41], a fundamental aspect related to a theoretical
multi-equilibrium approach. However, due to the significant
number of CD-based systems to be investigated, the compu-
tational cost is a bottleneck to the theoretical investigation in a
multi-equilibrium approach. A semiempirical method is well
known for its small computational cost, but some implementa-
tions are not recommended for studying CDs [42]. In such a
context, Grimme and co-workers [43, 44] recently developed a
methodology based on tight binding that is an excellent choice
for treating CD-based systems and was applied to study such
types of supramolecular systems [26, 45].

With the axes of inertia, recently, the GFN2-xTB sem-
iempirical quantum method in a multi-equilibrium scope
was applied to compute binding constants in an aqueous
solution for CD-based host guest systems [19]. According
to our findings, GFN2-xTB binding constants were obtained
with an excellent linear correlation to experimental data.
However, as the theoretical methodology was recently
developed, we are still refining the approach focusing on
the experimental binding energies.

In the present work, our motivation consists of testing the
methodology recently developed in reproducing the experi-
mental trend addressed for the host—guest systems focused.
The GFN2-xTB semiempirical method and the multi-equi-
librium approach [19] were used to estimate binding con-
stants. The theoretical results were compared to experimen-
tal information [46], in which the discussion focuses on the
scan definition, a fundamental aspect of obtaining reliable
theoretical outcomes.
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Computational details

The phosphorothioates studied herein are shown in Fig. 2.
Their starting geometries were obtained from PubChem
[47] with the following identifiers: CID 9395 (PRX), CID
991 (PTN), and CID 4130 (MPTN). The starting PubChem
structures of PRX, PTN, and MPTN were submitted to the
CREST software [48] to obtain the most favorable conform-
ers. Next, X-ray crystallography data were used to obtain the
starting structures for a-CD [49], in which the explicit water
molecules were removed. The starting a-CD structure was
optimized with the GFN2-xTB level of theory. Finally, the
UD-APARM software was employed to construct hundreds
of starting supramolecular associations. All starting struc-
tures were included in Supplementary Information.

According to the recently developed approach [36], the
UD-APARM software automatically constructed a set of
starting non-bonded arrangements with distinct distances
of center of mass (r), the position of the guest relative to
the CD cavity (0), rotation of the guest along its axis («
Euler angle), and distinct relative position of the guest along
inclusion (p Euler angle). Each set of parameters creates a
unique supramolecular system formed with a CD and one
guest. In the present work, 792 arrangements were obtained
with UD-APARM as the starting set for each supramolecular
system investigated (PRX/a-CD, MPTN/a-CD, and PTN/
a-CD), totaling 2,376 starting associations. The system in
Fig. 1 corresponds to one of the 792 starting arrangements
investigated herein. Such systems were submitted to uncon-
strained optimization at the GFN2-xTB level of theory in a
vacuum and aqueous solution through the ALPB [50] con-
tinuum solvation model. The multi-equilibrium approach
was employed [19]. The starting arrangements studied in
the present work were obtained with the ranges included in
Table 1, named herein as Starting Input (SI).

The starting systems formed with a-CD and the guests
PRX, PTN, and MPTN were generated by UD-APARM
according to Table 1. Initially, 792 points were investi-
gated for each host/guest pair. To obtain such starting set,
a Euler angle that accounts for guest rotation and inclusion

Table1 UD-APARM ranges determined to construct 792 start-
ing supramolecular systems studied herein for each non-bonded pair
(-CD/PRX, a-CD/MPTN, and a-CD/PTN). Such Starting Input (SI)
generates 2376 distinct supramolecular systems

Parameter Starting Final value Number
value of steps

r (angstroms) 0 8 16

0 (degrees) 0 180 1

@ (degrees) 0 0 1

o Euler (degrees) 0 330 11

B Euler (degrees) 0 180 1

vy Euler (degrees) 0 0 1

was changed from 0 to 330 degrees in 11 steps. The dis-
tance of the center of mass of the host and guest was
changed from 0.0 to 8.0 A within 16 steps, and the guest
orientation along the inclusion was changed to 180 degrees
(P Euler angle). The guest passes through the CD cavity
(change in the 0 polar angle). It is worth noting that the
data in Table 1, required to prepare the UD-PARAM input
and the cartesian coordinates of the starting isolated mole-
cules (available as Supplementary Information), allow one
to reproduce the entire set of arrangements investigated in
the present work. The parameters in Table 1 were modi-
fied to explore the GFN2-xTB PES. Such modifications
will be discussed in the results and discussion section.
The optimized supramolecular systems were character-
ized in an aqueous solution using the software APARM
(https://github.com/anconi-lab). The APARM software
also checked the supramolecular arrangements. Within
this study, the root-mean-square deviation (RMSD) was
also used in the analysis (http://github.com/charnley/rmsd)
to help the discussion concerning the different optimized
arrangements obtained. After the initial analysis, a new
set of supramolecular starting systems were obtained.
The modifications in the range for the UD-APARM input
parameters were included as Supplementary Informa-
tion (Tables S1-S4). Much additional information, along
with xTB keywords and data from python3 routines, are
described in the Supplementary Information along with

Fig.2 Structures of the guests C,Hs5 C,Hs H-C
studied herein: paraoxon (PRX), \? \o 3 \o
parathion (PTN), and methyl- Ox S| S |

. . X AN AN
parathion (MPTN). The differ- /P\ /C2H5 P. CyHs P. CH;
ences between the pesticides O O O/ \O/ O/ \O/
PRX and MPTN concerning
PTN are in red, which forms the
most stable inclusion compound
with a-CD [46]. PRX PTN MPTN

N02 N02 N02
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Table 2 Association parameters related to the most stable PRX/a-CD systems obtained at the GFN2-xTB (ALPB) level of theory. (Reference:

SI, Table 1)
r (ang- 0 @ (degrees) o Euler B Euler y Euler RMSD AG (kcal.mol-")
stroms)  (degrees) (degrees)  (degrees) (degrees)
Starting
PRX/a-CD (A) 2.0 180 0 180 180 0
PRX/a-CD (B) 1.0 180 0 120 180 0
Optimized *
From A: PRX@a-CD (1) 1.5 168 18 189 190 72 0.00 -5.21
From B: PRX@a-CD (2) 1.5 165 189 76 165 303 1.78 -5.19

aSupramolecular parameters for optimized systems computed with APARM software

the starting geometries of the isolated molecules to allow
to obtain the entire set of supramolecular systems inves-
tigated herein, to reproduce the total contribution or to
test other methods form the starting set of supramolecular
systems investigated herein.

Results and discussion

According to the experiment [46], the binding constants
correspond to 1.92, 2.28, and 2.77 for including PRX,
MPTN, and PTN into a-CD, respectively. The experimen-
tal information attests that PTN@a-CD corresponds to
the most favorable host—guest system among the systems
studied herein. Analyzing the structures in Fig. 2 sheds
light on exciting aspects concerning the inclusion of such
pesticides into a-CD.

It is noticeable that replacing the sulfur atom attached
to the phosphorus in PTN (Fig. 2) for the oxygen atom,
which corresponds to the difference between PTN and
PRX, decreases the binding constant (log K) from 2.77
to 1.92. The difference corresponds to a change in the
Gibbs energy of formation from -3.78 to — 2.62 kcal.

mol~! (difference in K from 5.9 x 107 to 83.3 M~! [46]).
It is also noticeable that replacing the ethyl group from
PTN with a methyl group (as in MPTN) changes the Gibbs
energy of formation from —3.78 to —3.11 kcal.mol™!. Such
modification corresponds to the decrease in the binding
constant from 5.9 x 10?to 1.9 x 10> M~! [46]. Therefore,
for the inclusion of PRX, PTN, and MPTN into a-CD, we
see that sulfur instead of oxygen attached to phosphorus
and ethyl instead of methyl attached to oxygen bonded
to phosphorus give rise to the most favorable inclusion
compound with a-CD, the PTN@a-CD.

Concerning the GFN2-xTB multi-equilibrium approach,
the main objective of the present work corresponds to pre-
dicting such an experimental tendency for the inclusion of
the pesticides studied herein into a-CD. Using the ranges
included in Table 1, we obtained the values of binding
constant equal to 4.20, 4.49, and 3.55 for PRX@a-CD,
MPTN@a-CD, and PTN@a-CD, respectively. As iden-
tified previously [19], GFN2-xTB multi-equilibrium
approach gives overestimated Gibbs energies and over-
estimated binding constants. However, using the range in
Table 1 in the scope of the multi-equilibrium approach
with GFN2-xTB does not predict the experimental trend.

Table 3 Association parameters related to the most stable MPTN/a-CD system obtained at the GFN2-xTB (ALPB) level of theory. (Reference:

SI, Table 1)
r(ang- 6 @ (degrees) o Euler B Euler y Euler RMSD AG (kcal.mol-)
stroms)  (degrees) (degrees) (degrees) (degrees)
Starting
MPTN/a-CD (A) 0.0 0 0 120 180 0
MPTN/a-CD (B) 0.5 180 0 120 180 0
MPTN/a-CD (C) 2.0 180 0 120 180 0
Optimized®
From A: MPTN@a-CD (1) 1.2 172 34 292 197 278 0.00 -5.99
From B: MPTN@q-CD (1) 1.3 172 35 292 197 278 0.01 -5.95
From C: MPTN@a-CD (1) 1.2 172 33 292 197 278 0.01 -5.93

#Supramolecular parameters for optimized systems computed with APARM software
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Hence, the theoretical data computed for the PTN @ a-CD
should be higher than those evaluated.

As mentioned, when CD-based host—guest systems are
theoretically analyzed by the GFN2-xTB method, the Gibbs
energy of formation obtained is overestimated. Despite
that, a strong correlation with the experimental data can be
achieved [19]. Assuming that the GFN2-xTB multi-equilib-
rium approach gives reliable trends based on Gibbs energy
of formation for the CD-based host—guest system, the issue
identified is related to the initial range for the UD-APARM
software (values in Table 1). The range indicated in Table 1
probably did not allow the location of the most representa-
tive supramolecular systems in an aqueous solution (ALPB),
at least for the PTN@a-CD compound. In principle, the
most significant deviation occurred for including the PTN
into a-CD.

With a focus on the ranges in Table 1, the goal corre-
sponds to identifying the supramolecular parameters in
which the most stable inclusions occur at the GFN2-xTB
PES. It is well established that CD-based host—guest com-
pounds are flexible [35]. It is noteworthy that the set of
starting supramolecular parameters is not identical to those
identified after optimizations, as evaluated by the APARM
software. Therefore, the Starting Input (SI) was modified to
locate new stable supramolecular host—guest systems. The
new study employed the SI data as references in setting new
inputs. The analysis was conducted for each pesticide studied
herein. After optimization, the APARM values are analyzed
to determine a new range for the UD-APARM software.
With a focus on the PRX/a-CD associations, some repre-
sentative starting and optimized parameters were included
in Table 2. For PRX pesticide, the most stable inclusions
obtained at the GFN2-xTB level of theory had initial values
of the center of mass between host and guest (r parameter)
between 1 and 2 A. Furthermore, the Euler angle o, which
accounts for the rotation of the guest inside the CD cavity,
varies from 120 to 180, in which the other parameters are
kept fixed (6, @, Euler B, and Euler y). The most favorable
PRX@a-CD compounds optimized at GFN2-xTB (ALPB)
level of theory are depicted in Fig. 3.

We see from Fig. 3 that the host—guest systems identified
here as PRX@a-CD (1) and PRX@a-CD (2) are quite simi-
lar, being the main difference the guest rotation inside the
a-CD cavity (« Euler parameter). We also see from Table 2
that distinct starting sets of supramolecular parameters (A
and B) give rise to different stable inclusion compounds,
PRX@a-CD (1) and PRX@a-CD (2). Both systems con-
tribute to the binding constant, coherent with the discussion
about the existence of more than one host—guest system at
equilibrium in solution.

As shown in Table 2, the inclusion of PRX pesticide
occurs more favorably at a distance r of 1.5 A with a close
polar angle (0) and at different Euler angles («, B, and y).

@ Springer

Analysis of the APARM parameters and the RMSD plays
a role in the investigation. A similar optimized host—guest
system was identified from distinct starting parameters (data
not shown). After the data analysis, a new UD-APARM
input was defined, resulting in a new scan (Table S1). The
new UD-APARM input (PRX/SI2) generated 77 starting
arrangements.

After GFN2-xTB optimizations of the new 77 starting
points (Table S1), eight arrangements presented negative val-
ues for Gibbs free energy (AG) within a 3.0 kcal.mol™" win-
dow. After optimizations, APARM data (the optimized values
forr, 0, @, a, B, and y) and RSMD were evaluated. The result-
ing optimized arrangements obtained with the new scan (PRX/
SI2, with 77 points) had already been identified. Therefore, the
starting set of supramolecular arrangements obtained by the
original scan (Table 1) was sufficient to locate the most rep-
resentative structures for the PRX@a-CD host—guest system.

For the MPTN pesticide, a new input was also defined
based on the SI structural parameters (Table 1) and the result-
ing optimized values. Therefore, in Table 3, some SI param-
eters and the corresponding optimized data were included.
The focus is on the most stable optimized host—guest system
identified for such pesticide as MPTN@a-CD (1) because
it was verified that more than one input gives rise to such a
stable inclusion compound.

According to Table 3, the inclusion of MPTN pesticide
occurs more favorably at a distance r of approximately 1.2 A,
and, as for PRX, the nitro group and the aromatic portion of
the pesticide are included in the a-CD cavity. Furthermore,

PRX@0-CD(2)

oL
/&% X;\ ;
ow

Fig.3 More stable PRX@a-CD systems derived from different start-
ing points (different supramolecular parameters: A and B in Table 2).
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the AG value of the inclusion is more negative than the
reported value for the inclusion of PRX, in agreement with
the experimental information related to binding constant
[46].

From the initial UD-APARM data, the most favorable
arrangements for the inclusion of MPTN into a-CD occurs
between 0 and 2 A with the angle 0 varying between 0 and
180, with the 0 =00 identified for the small starting r value
(r=0 10\). For higher distances, between 0.5 and 2 :A, the
starting 6 =180 produces the most favorable inclusion com-
pound focused. According to Table 3, the starting values for
@, Euler o, Euler B, and Euler y angles corresponding to 0,
120, 180, and 0, respectively, give rise to the MPTN @a-CD
(1) arrangement. Noticeably, different inputs give rise to the
same host—guest system, the optimized host—guest compounds
in Fig. 4. With the analysis of Table 3, a new UD-APARM
input (MPTN/SI2) was defined for MPTN/a-CD associations
(Table S2), generating 41 new starting arrangements.

After optimization, all arrangements showed negative val-
ues for the Gibbs free energy (AG) of inclusion in an aque-
ous solution (with ALPB). Subsequently, the APARM data
and the RSMD were evaluated to compare the optimized
host—guest systems. The analysis of the optimized systems
attested that the arrangements obtained from the new SI for
MPTN/a-CD (Table S2), within a negligible Gibbs energy
difference (0.02 kcal mol_l), have already been identified.
For this reason, for MPTN/a-CD, the application of SI was
sufficient to locate the most representative inclusion com-
pounds for such a pesticide.

The same procedure was carried out for the PTN@a-CD
host—guest system. However, this system presented a greater
variety in the structural data of the more stable arrange-
ments. For a better definition of the new input, the most sta-
ble UD-APARM structures located by the SI were analyzed,
and the data was collected in Table 4. From such a table, we
see that distinct starting associations give rise to the most
stable host—guest system: PTN@a-CD (1). We also calcu-
lated a Gibbs energy of inclusion (binding energy) equal to
—3.99 kcal.mol ™", a value less negative when compared to
PRX@a-CD (1) and MPTN@a-CD (1), which corresponds
to — 5.21 and — 5.99 kcal.mol™!, respectively. According
to experimental information [46], the binding energy for
PTN@a-CD (1) should be more negative (because the log
K for such a compound is higher).

After optimization using the semiempirical GFN2-xTB
method, it was verified that the inclusion of the PTN pes-
ticide occurs more favorably at a distance r of approxi-
mately 1.9 A a system identified as PTN@a-CD (1). The
PTN@a-CD obtained from (E) input corresponds to the
PTN@a-CD (1) with 0.1 A of difference. The binding
energy contradicts the experimental data, as the inclusion
of PTN in a-CD is expected to be more favorable than other
pesticides. We concluded that SI (Table 1) did not allow the
location of the most representative supramolecular systems
for the inclusion of the PTN pesticide.

The most stable supramolecular system identified by the
SI (Table 1), according to Table 4, occurs from input with
initial values between 0.5 and 2.5 A for the distance of the
center of mass and with the angle 6 varying between 0 and

From C input (Table 3)

Fig.4 More stable arrangement for the inclusion of the MPTN pesticide identified herein as MPTN@a-CD (1), obtained from different starting
points (different supramolecular parameters). Note that from different starting points, the same optimized arrangements were obtained.
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Table 4 Association parameters related to the most stable PTN/a-CD systems obtained at the GFN2-xTB (ALPB) level of theory. (Reference:
SI, Table 1)

r (ang- 0 0] o Euler B Euler v Euler RMSD AG (kcal.mol-)
stroms)  (degrees) (degrees) (degrees) (degrees) (degrees)
Starting
PTN/a-CD (A) 1.0 0 0 150 180 0
PTN/a-CD (B) 1.0 0 0 90 180 0
PTN/a-CD (C) 0.5 180 0 120 180 0
PTN/a-CD (D) 1.5 0 0 150 180 0
PTN/a-CD (E) 2.5 180 0 120 180 0
PTN/a-CD (F) 1.5 0 0 120 180 0
Optimized?*
From A: PTN@a-CD (1) 1.9 172 17 344 197 304 0.00 -3.99
From B: PTN@a-CD (1) 1.9 172 16 341 197 302 0.45 -3.97
From C: PTN@a-CD (1) 1.9 171 18 342 197 303 0.32 —3.94
From D: PTN@a-CD (1) 1.9 172 17 344 197 303 0.01 —3.93
From E: PTN@a-CD (1) 2.0 172 16 343 197 303 0.32 -3.92
From F: PTN@a-CD (1) 1.9 172 16 344 197 304 0.46 -3.91

#Supramolecular parameters for optimized systems computed with APARM software

Table 5 Association parameters related to the most stable PTN/a-CD systems obtained at the GFN2-xTB (ALPB) level of theory. (Reference:
PTN/S12, Table S3)

r(ang- 0 ® o Euler p Euler v Euler RMSD AG (kcal.mol-)
stroms) (degrees) (degrees) (degrees) (degrees) (degrees)
Starting
PTN/a-CD (A2) 14 0 0 120 180 0
PTN/a-CD (B2) 0.8 0 0 110 180 0
Optimized®
From A2: PTN@a-CD (new 1) 1.9 171 18 338 197 300 0.35 -5.15
From B2: PTN@a-CD (new 2) 1.6 172 52 304 197 278 0.78 — 447
PTN@oa-CD (1) 1.9 172 17 344 197 304 0.00 -3.99

#Supramolecular parameters for optimized systems computed with APARM software

Table 6 Association parameters related to the most stable PTN/a-CD systems obtained at the GFN2-xTB (ALPB) level of theory. (Reference:
PTN/SI3, Table S4)

r(ang- © 0] o Euler B Euler vy Euler RMSD AG (kcal.mol-!)
stroms) (degrees) (degrees) (degrees) (degrees) (degrees)
Starting
PTN@a-CD (A3) 1.6 0 0 109 180 0
PTN@a-CD (B3) 1.0 0 0 191 180 0
Optimized?*
From A3: PTIN@a-CD (new 3) 1.8 175 39 310 196 284 0.78 —6.84
From B3: PTIN@a-CD (new 4) 1.7 177 58 308 194 283 1.50 —5.55
PTN@a-CD (1) 1.9 172 17 344 197 304 0.00 -3.99

#Supramolecular parameters for optimized systems computed with APARM software
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180 (mainly equal to 180). The Euler angle o varies between
90 and 150, and the angles ¢, Euler §, and Euler y are 0,
180, and 0, respectively. This information defined a new
input (Table S3) that generated 294 new arrangements. The
number of steps for r and o Euler (Table S3) accounts for
the huge number of new points to investigate for this new
UD-APARM input (PTN/SI2). After GFN2-xTB (ALPB)
optimizations, the data was collected in Table 5.

Unlike the data found for PRX and MPTN, two new
unique and distinguishable arrangements were identified
(Table 5) by applying the PTN/SI2 (Table S3). Gibbs ener-
gies for formation are more negative than those identified for
the host—guest system PTN@a-CD (1). However, the val-
ues are not sufficient to account for the experimental trend.
The strong dependence between the guest position inside
the CD cavity and the binding energy is noticeable. For
instance, The PTN@a-CD (new 1) arrangement showed a
similar RMSD value to the PTN@a-CD-1, but after optimi-
zation, a 6° difference was found in the Euler angle a. This

Fig.5 Comparison between the PTN@a-CD (1), left and
PTN@a-CD (new 3), right, in which the main difference corresponds
in the formation of the favorable intermolecular interaction between
a CD primary hydroxyl group and the PTN sulfur atom (indicated by
the arrow).

difference stabilized the PTN@a-CD (new 1) host—guest
system in 1.16 kcal.mol™'. The analysis of Table 5 suggests
that o Euler angle plays a role in determining new stable
arrangements. Therefore, a new set of starting parameters
(PTN/SI3, Table S4) was defined in which o Euler rotation
angle varies from 0 to 300 in 11 steps. With the variation
of the distance of the center of mass (from 0.8 to 2.0in 11
steps), 288 PTN/a-CD supramolecular arrangements were
obtained. Data are included in Table 6. Furthermore, it was
verified that the starting arrangements obtained with the UD-
APARM software with the PTN/SI3 give rise to two new
GFN2-xTB optimized stable arrangements with more nega-
tive AG of inclusion than previously identified (Table 6).

The Gibbs energy of inclusion for the PTN@a-CD (new
3) is more negative than other PTN @-CD compounds iden-
tified that comprise the inclusion of PRX and MPTN. There-
fore, we carried out new investigations concerning varia-
tions of the UD-APARM range of parameters for PTN/a-CD
beyond the PTN/SI3 set of parameters. With new investi-
gations (data not shown), no stable host—guest PTN/a-CD
systems were identified with Gibbs energy of inclusion more
negative than computed for PTN@a-CD (new 3). Therefore,
a limit seems to be reached to include PTN in a-CD through
the theoretical approach adopted.

According to data in Table 6, the PTN@a-CD (new
3) and (new 4) host—guest systems are very similar. The
distances of the center of mass are very close (1.8 and
1.7 for new 3 and new 4, respectively). Furthermore, the
polar angle (8) and the relative rotational parameters o and
B Euler angles differ by 2 degrees. In terms of visualiza-
tion, it is noticeable that it is challenging to distinguish
the new PTN@a-CD arrangements (new 3 and new 4) and
PTN@a-CD (1) by simple analysis, as illustrated in Fig. 5.
Despite the similarities, the new 3-inclusion compound is
the most stable one. The stabilization of the PTN@a-CD
(new 3) can be attributed to the formation of a favorable
intermolecular interaction between a CD primary hydroxyl
group and the PTN sulfur atom (Fig. 5). Such a type of inter-
action is well known to contribute to the stabilization of
other supramolecular systems comprising sulfur atoms [51,
52]. In the present study, such interactions are responsible
for a difference in 2.85 kcal.mol™".

Table 7 Equilibrium constants

obtained by the semiempirical supramolecular systems Number of . Log K ;15 Log K gxp Adjusted ® Log  Error €
arrangements K s
method GFN2-xTB (log K ,15)
PRX@a-CD 16 4.20 1.921 1.95 2%
MPTN@ua-CD 10 4.49 2.28 222 3%
PTN@a-CD 06 5.10 2.77 2.79 1%

3get of arrays in an energy window of 3.0 kcal.mol ! analyzed in RMSD
®log K,rp = 1.071(Adjusted log K,1p) +2.108
“Percent Error=abs[100 X (Adjusted log K, 13- log Kgypr.)/(log Kexpr.)]
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Fig.6 Linear correlation 5.40
between experimental and
theoretical binding constants

for including PRX, MPTN, and
PTN pesticides with a-CD.
Theoretical data were obtained
using the multi-equilibrium
approach at the GNF2-xTB
theory level (ALPB) with the
aid of the UD-APARM software
to explore the PES and APARM
to identify and check the host-
guest systems to be considered
in calculations.

4.90

4.40

3.90

GFN2-xTB (ALPB) log K

3.40

1.80 2.00

To compute the new theoretical log K for PTN@a-CD,
the host—guest systems (new 1 to 4) were considered. Table 7
presents the values of the binding constants obtained by the
semiempirical method GFN2-xTB (log K,p) in a multi-
equilibrium scope. The data was obtained using the UD-
APARM to construct the starting arrangements and APARM
to check and identify the host—guest systems to be included
in the binding constant calculations.

A good linear correlation (R>=0.987) was obtained
between experimental and GFN2-xTB (ALPB) data
in Table 7 in a multi-equilibrium scope for CD-based
host—guest systems (Fig. 6). It is also noticeable that many
systems contribute to each binding constant (Table 7). To
compute the binding constants 16, 10, and 6, geometries and
theoretical data were used for PRX@x«-CD, MPTN@«-CD,
and PTN@a-CD, respectively. In the study of CD-based
systems, many systems at equilibrium in aqueous media
are expected. As previously carried out [19], using the UD-
APARM to explore the GFN2-xTB PES gives reliable theo-
retical information. It was demonstrated that the enlargement
of the scan for specific points was essential to obtain a good
correlation since new stable arrangements were identified,
especially for the PTN@CD system. Table 7 also includes
the errors computed with the adjusted Log K15 for which
a 3% or less error was computed when experimental and
adjusted data were compared. The small error associated
with adjusted data attests to the robustness of the GFN2-
xTB implementation [43, 53] in association with the ALPB
continuum solvent model [50] that gives valuable informa-
tion if the searching protocol identified the representative
supramolecular arrangements in a multi-equilibrium scope
[19] for CD-based systems.

At this point of the present study, analyzing the avail-
able theoretical method to study CD-based host—guest sys-
tems can enhance the potential of the discussed GFN2-xTB
(ALPB) multi-equilibrium approach.

The use of Molecular Mechanics (MM) and Molecular
Dynamics (MD) for CDs cause controversy when applied

@ Springer
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R*=0.987
2.20 2.40 2.60 2.80

Experimental log K

to the study of CD-based systems. We have, for instance,
early contributions of Dodziuk in which the length depend-
ence of the MD average energy is discussed concerning the
experimental trend for complexes of enantiomeric a-pinenes
with a-cyclodextrin [54]. In addition, concerning the MM,
the test of AMBER, CVFF, CFF91, and MMX force fields
and five values of dielectric constants for which no prefer-
ence was addressed for the selective complexation of deca-
lins by p-cyclodextrin was the basis for concluding that MM
is not suitable for reliable analysis of chiral recognition by
CDs [55]. The use of MD for CD was also addressed in
other selected contributions in which simple MD at vac-
uum, MM/PBSA, MM/GBSA, and Free Energy Perturbation
(FEP) methodologies were employed to provide good quali-
tative results [56, 57]. The theoretical data for CD-based
host—guest systems of such contributions are in qualitative
accordance with the experimental trend, mainly concern-
ing the average values computed. It is noticeable that MM/
PBSA or MM/GBSA methodology implies the extraction
of geometries from the MD simulations carried out with
explicit solvent molecules to treat the snapshots evaluated
along the production within a continuum approach. In our
group, we also have experience in the use of MD and faced
the issue related to the fluctuations along a productive MD
length. Such fluctuations usually precludes the evaluation of
a preference host—guest system due to the small interaction
energy compared to the standard deviation computed, even
with the use of the MM-PBSA/MM-GBSA methodology
[58].

Regarding quantum mechanics, we also contributed to
the study of CD-based systems. Usually, the computational
cost precludes the investigation of many systems required to
model CD-base systems. Notably, low computational cost
semiempirical methods such as PM3 must be avoided due to
the formation of non-physical artifacts in the study of CD-
based systems [59]. An improvement in the implementation
corresponds to PM6 and PM6-DH [14] with significant cor-
rections to treat non-bonded systems.
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According to the experience of our group, in early stud-
ies, the use of a more sophisticated method such as DFT can
impose a computational cost that may allow the analysis of
only interaction energies [60], even with a scan performed
for rigid associations with complete optimization of rep-
resentative associations [61]. By some point, with DFT,
we started to employ the statistical thermodynamics and
continuum model to obtain Gibbs energies of inclusion in
solution [58, 62, 63]. But a limited number of systems were
investigated due to the computational costs despite evaluat-
ing Gibbs energies.

In summary, concerning the application of the theoreti-
cal method to CD chemistry, it can be stated that MM uses
is debatable; MD can give qualitative information with the
average values, but the fluctuations usually with the order
of magnitude of the differences under investigation, DFT
can be prohibitive to accounts for many starting associa-
tions and some semiempirical methods such as PM3 cannot
be employed.

Within this context, the development of the tight-binding
method with the dispersion correction by Grimme and co-
workers in 2017 [43] and the development of the GFN2-xTB
in 2019, a semiempirical low-cost robust method with dis-
persion contribution [53] paved the way for fast investigation
of CD-based systems through quantum mechanics and statis-
tical thermodynamics. In 2020 a new scheme to characterize
supramolecular systems and systematically obtain hundreds
of supramolecular associations with the axis of inertia within
a reproducible basis through the UD-APARM software was
developed by Anconi [36]. The combination of GFN2-xTB
and the UD-APARM allows estimating binding constants
that comprise many CD-based host—guest systems in equi-
librium in aqueous media, the essence of the multi-equilib-
rium approach. In such methodology, hundreds of starting
systems were fully optimized with frequency evaluation to
apply the statistical thermodynamics and use Gibbs ener-
gies of complexation. Since the individual Gibbs energies
of inclusion for CD are overestimated due to the GFN2-xTB
implementation, the binding constants are greater than the
experimental values. Still, a good linear correlation allows
one to adjust the values for a more realistic comparison.
Moreover, the data can include a host—guest system not yet
synthesized.

With the xXTB/UD-APARM multi-equilibrium approach,
the experimentalist will have access to a representative set
of supramolecular systems that can aid the interpretation of
experimental information. Furthermore, predictions can be
made regarding the formation of novel inclusion compounds
because the approach gives true binding constants (estimated
with Gibbs energies of inclusion). Finally, the computation
cost allows the study of hundreds or thousands of start-
ing systems that can be promptly obtained to reproduce
the entire theoretical contributions using the UD-APARM

software. The starting set of supramolecular systems can
also be employed for test and comparison with other theo-
retical methodologies. It is worth noting that investigating
many systems accounts for the flexible nature of CD-based
host—guest systems.

Due to its recent development [19], the method is under
test, which motivates us to reproduce data previously
addressed in literature in a series of contributions. Further-
more, developing the procedure to account for additional
exploration in the PES of the GFN2-xTB level of theory will
allow the prediction of the binding constant for systems not
yet obtained experimentally. Our group is already engaged
in such theoretical development.

Conclusion

The present work computed through the GFN2-xTB sem-
iempirical quantum method, in a multi-equilibrium scope,
the stability constants for the host—guest systems formed by
o-CD and the phosphorothioates: paraoxon (PRX), parathion
(PTN) and methyl parathion (MPTN). Within the present
work, unprecedented 3,076 supramolecular systems sys-
tematically obtained through the UD-APARM software were
optimized at GFN2-xTB level of theory at the gas phase and
in solution through the continuum ALPB model. Based on
the results, we concluded that:

e The multi-equilibrium approach applied to the GFN2-
xTB (ALPB) level of theory with the massive use of the
UD-APARM software to explore the PES provides over-
estimated stability constants with a good correlation with
experimental data, which allows for obtaining through
linear correlation reliable adjusted values.

e Enlarging the scan for specific points is essential to
obtain a good correlation between experimental and
theoretical data since the original UD-APARM starting
set of arrangements may not include the most stable sys-
tems, as identified for PTN@«a-CD.

e For the CD-based host—guest systems investigated
(PRX@a-CD, MPTN@a-CD, and PTN@a-CD), a good
correlation (R?>=0.987) was obtained with error less or
equal to 3% for adjusted binding constants estimated
with the GFN2-xTB (ALPB) level of theory in a multi-
equilibrium scope.
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