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Abstract: Novel water-soluble multifunctional pillar[5]arenes containing amide-ammonium-amino
acid moiety were synthesized. The compounds demonstrated a superior ability to bind
(15)-(+)-10-camphorsulfonic acid (S-CSA) and methyl orange dye depending on the nature of
the substituent, resulting in the formation one-to-one complexes with both guests. The formation
of host-guest complexes was confirmed by ultraviolet (UV), circular dichroism (CD) and 'H NMR
spectroscopy. This work demonstrates the first case of using S-CSA as a chiral template for the
non-covalent self-assembly of architectures based on pillar[5]arenes. It was shown that pillar[5]arenes
with glycine or L-alanine fragments formed aggregates with average hydrodynamic diameters (d) of
165 and 238 nm, respectively. It was established that the addition of S-CSA to the L-alanine-containing
derivative led to the formation of micron-sized aggregates with d of 713 nm. This study may advance
the design novel stereoselective catalysts and transmembrane amino acid channels.

Keywords: aggregation; (15)-(+)-10-camphorsulfonic acid; host-guest systems; methyl orange dye;
amino acid; pillar[5]arene

1. Introduction

Chirality is a key factor in the action principles of biologically active macromolecules as well as in
the separation processes of enantiomers reaction mixtures [1-3]. In view of this, considerable attention
has been paid to the recognition of optically active compounds. Interest in designing enantiomerically
pure compounds is due to requirements in the pharmaceutical industry, applications as sensors for
asymmetric biomolecules and in creating a new generation of catalysts [4,5].

Chiral receptors based on biomacromolecules and related biomimetic structures have been
widely used in recent decades [6-8]. In the literature on biomimetic structures capable of recognizing
target analytes, synthetic analogues of peptides and proteins, which form a group of chemically and
biologically related “platforms”, are the most convenient to employ. However, systems based on
macrocyclic compounds are increasingly used to develop a new generation of peptidomimetics [9-11].
Macrocyclic structures offer great possibilities for geometry optimization of binding sites in the
receptor in order to achieve complementarity between the “host” and the “guest”. The combination of
interaction centers with various properties in macrocyclic systems can lead to the creation of unique
three-dimensional conformationally mobile structures and the realization of the enzymatic principle of
induced fit.

Int. ]. Mol. Sci. 2020, 21, 7206; d0i:10.3390/ijms21197206 www.mdpi.com/journal/ijms


http://www.mdpi.com/journal/ijms
http://www.mdpi.com
https://orcid.org/0000-0002-7914-6533
https://orcid.org/0000-0002-1924-8028
https://orcid.org/0000-0003-2645-5110
https://orcid.org/0000-0002-6134-2093
https://orcid.org/0000-0002-3019-7866
http://dx.doi.org/10.3390/ijms21197206
http://www.mdpi.com/journal/ijms
https://www.mdpi.com/1422-0067/21/19/7206?type=check_update&version=2

Int. J. Mol. Sci. 2020, 21, 7206 20f19

Molecular recognition in water is the basis for many vital processes [12,13]. A significant number
of macrocyclic compounds which are able to bind guest molecules in water (cyclodextrins [14],
cucurbiturils [15], calixarenes [16] and thiacalixarenes [17-19]) have been synthesized. Pillararenes are
new type of synthetic hosts with an excellent ability to molecular recognition [20-23]. Introduction
of chiral amino acid fragments into the macrocycle’s structure makes it possible to create novel
water-soluble receptors based on them. A number of pillararenes containing alanine (Ala) [24-26],
phenylalanine (Phe) [27], arginine (Arg) [28], tryptophan (Trp) [29], glycine (Gly) [30,31] and diglycine
(Gly-Gly) [32] fragments have been reported in the literature. These compounds have been applied
in various fields: from the binding of alkali metal cations and dyes to targeted drug delivery
and use as ion channels. In the present study, an original approach to the synthesis of a new
generation of peptidomimetics based on decasubstituted water-soluble pillar[5]arenes containing
amide-ammonium-amino acid moiety was implemented. Introduction of these functional groups
made it possible to “freeze” the macrocycles’ conformation to improve its selectivity. The binding
ability of these macrocycles with a number of optically active and achiral guests containing a sulfo
group was also studied. This work demonstrates the first example of (15)-(+)-10-camphorsulfonic acid
(S-CSA) being used as chiral template for non-covalent self-assembly of chiral architectures based on
pillar[5]arenes.

2. Results and Discussion

2.1. Synthesis of Water-Soluble Pillar[5]arenes Containing Amino Acid Residues

Since 2008, a new class of supramolecular hosts—pillar[n]arenes—have become the object of
active study, initiated by the Ogoshi group [33]. This class of synthetically accessible p-cyclophanes
was obtained in high yield by the condensation of 1,4-dimethoxybenzene and paraformaldehyde.
Pillar[n]arenes play a great role in contemporary research because they are used as building blocks to
create supramolecular polymers and sensors that are sensitive to a wide range of substrates [34,35].

Amino acids are the main building blocks of many enzymes, proteins and peptides, and play
important role in metabolic processes. Consequently, functionalization of macrocyclic compounds
by amino acid fragments allows the creation of derivatives with antimicrobial activity, use them as
artificial ion channels, for targeted drug delivery, or as cholinesterase inhibitors [24-32,36,37]. In this
regard, the design of synthetic macrocyclic receptors containing amino acid residues is fascinating task
for modern organic and supramolecular chemistry. In order to obtain quaternary ammonium salts
based on pillar[5]arene containing amino acid residues the highly reactive reagents 3, 5, 7, 9 (Scheme 1)
were prepared according to the literature [38].
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Scheme 1. Synthetic route for preparation of alkyl bromides 3, 5,7, 9.
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The choice of compounds 3, 5 and 7 was determined by the presence of residues of glycine as the
simplest non-chiral amino acid, and L-alanine, as the closest chiral analog of glycine, in their structure.
The possibility of associates forming by ammonium derivatives of pillar[5]arenes not only through
hydrogen bonding between peptide fragments, but also through m-stacking and hydrophobic effects,
was the key basis for the inclusion of the L-phenylalanine residue in the structure of the compound 9.

The next stage of the work was the synthesis of decasubstituted pillar[5]arene 10 containing ester
fragments according to the literature [39]. Compound 11 was obtained in 72% yield (Scheme 2) by the
aminolysis of pillar[5]arene 10 by 3-dimethylaminopropylamine [40].
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Scheme 2. Synthetic route for the preparation of pillar[5]arenes 12-15.

Further interactions between macrocycle 11 containing methyl fragments at the tertiary nitrogen
atom and reagents 3, 5, 7 and 9 were studied (Scheme 2). The mixtures was refluxed in acetonitrile for
12-14 h. Pillar[5]arenes 12-15 were obtained in high 87-93% yields.

Structures and compositions of these compounds were confirmed (Figures S1-510, 514-517,
S$20-523, S26-529, S32 and S33) by a number of physical methods (*H and '*C NMR, IR spectroscopy,
mass spectrometry and elemental analysis). Purity was confirmed by melting point determination
and TLC.

Jung et al. previously showed [24] that in the case of decasubstituted pillar[5]arene with L-Ala
fragments, the positive Cotton effect decreases in the solvent series: water, dimethylsulfoxide (DMSO),
dimethylformamide (DMF), acetonitrile. The greatest Cotton effect is observed for water, while it is
practically non-existent for the solution of pillararenes in acetonitrile. The authors account for it by
the enantiomeric purity of the macrocycle since the Cotton effect diminish with the decrease of the
enantiomeric purity.

In this regard, we decided to study behavior of pillararenes 12-15 in water and DMSO. The analysis
of 'H NMR spectra of compound 13 recorded in two different solvents (Figure 1b,c) showed that the
replacement of DMSO with water led to an insignificant 0.1 ppm downfield shift of the methylene
protons HO of the propylene fragment.

The methyl proton H!* signals of the ethoxy groups in the analyzed sample are shifted downfield
by 0.19 ppm. The H'3 protons are diastereotopic therefore we can observe two superimposed triplets
against each other in the NMR spectrum in water. The H'? protons of the methyl group shifted
upfield by almost 0.54 ppm. All these changes are associated with the formation of intramolecular
hydrogen bonds. This results in protonation of the carbonyl group of the alanine fragment, on which
partial positive charge appears, and deprotonation of the nitrogen atom, on which a partial negative
charge appears.
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Figure 1. (a) Proposed intramolecular interactions for pillar[5]arene 13; (b) 'H NMR spectrum of
pillar[5]arene 13 at 5 X 1073 M (DMSO-dg, 298 K, 400 MHz); (¢) 'H NMR spectrum of pillar[5]arene
13 at 5 x 1073 M (D,0, 298 K, 400 MHz); (d) 'H-'"H NOESY NMR spectrum of pillar[5]arene 13 at
5 x 1073 M (DMSO-dg, 298 K, 400 MHz).

Cross-peaks between H!? protons of amide group of alanine fragment and methylene protons H>
and H® of the propyl fragment are observed in the two-dimensional ' H-'"H NOESY NMR spectrum of
pillar[5]arene 13 in Figure 1. There are additional cross-peaks between H'? protons and H® protons
of the methyl groups on the quaternarized nitrogen atom. It is also worth noting the presence of
cross-peaks between spatially close H* protons of the amide group and H8, H! protons of the methyl
groups and methyne fragment, respectively.
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In addition, correlations between the H! aromatic protons and the H®> and H® methylene protons
of the propyl fragment are observed in the spectrum, as well as with H® methyl protons at the
quaternarized nitrogen atom. Thus, we assume that the amino acid fragments of macrocycle 13
(Figure 1a) are turned away from the macrocyclic cavity, based on analysis of its two-dimensional
'H-'H NOESY NMR, due to the electrostatic repulsion of positively charged ammonium groups.

2.2. Synthesis of Monomeric Analogues

Monomeric analogues 17 and 18 with L-Ala and L-Phe fragments were synthesized to further
evaluate the macrocyclic platform effect as well as the effect assessment of amino acid and ammonium
fragments of the models on complexing and aggregation properties, and to assess rotational changes
of polarized light (Scheme 3). In this case, the synthesis of disubstituted hydroquinone does not make
sense. Preparation of such compounds will result to an optically inactive meso form of hydroquinone
derivative, which will not allow assessing the effect of chiral fragment on the above properties.
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16 (72%

) 17: R = CH,CO-Ala-OEt (95%):

18: R = CH,CO-Phe-OEt (94%)

Scheme 3. Synthetic route for the preparation of compounds 17 and 18.

The reaction was carried out in boiling acetonitrile for 8 h. Compounds 17 and 18 were obtained
in 95% and 94% yields respectively. The structures and compositions of the products were analyzed by
H and 3C NMR, IR spectroscopy, mass spectrometry and elemental analysis (Figures S11-513, S18,
519, 524, 525, S30 and S31).

2.3. CD Spectroscopy

The next stage of the work was the study of pillar[5]arenes 12-15 and their monomeric analogues
(compounds 17 and 18) by electron absorption and circular dichroism spectroscopy (Figures 534 and
S35) in two different solvents. The absorption maximum in the UV spectra for the compounds 12-15
solutions is observed at 296 nm and corresponds to the T—7* transition of the pillararenes” aryl
fragments. It was shown that the Cotton effect, as expected, was not observed for pillararenes 12 and
14, which indicated the formation of racemic mixtures (Figure 2).

Macrocycles 13 and 15 have asymmetric carbon atoms in their alanine and phenylalanine
fragments. The reaction can proceed stereospecifically with predominance of one of the macrocyclic
stereoisomers (either pS- or pR-), when pillar[5]arene 11 is modified by reagents with chiral centers.
Thus, the Cotton effect observed in the CD spectra in the absorption region corresponding to that of
the aromatic fragments indicated that 13 and 15 do not exist as racemic mixtures, but as mixtures
of two stereoisomers in which one isomer prevails. It should be noted that, both the sign of the
Cotton effect changes and its value decreases for macrocycles 13 and 15, when water is replaced
by DMSO. Such changes are probably related to the nature of the solvent, which stabilizes one
conformational stereoisomer over the other [24]. At the same time, the different signs of the Cotton
effect for pillar[5]arenes 13 and 15 containing L-amino acid fragments are owing to formation of
different types of aggregates by macrocycles 13 and 15 [41].
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Figure 2. Circular dichroism spectra of pillar[5]arenes 12-15 at 1 X 10~* M: (a) in water; (b) in DMSO.

Then the derivatives 17 and 18 were studied by CD spectroscopy (Figure 3). It was shown that
the Cotton effect is shifted to the short-wave region in the case of monomers 17 and 18 in contrast
to pillar[5]arenes 13 and 15 where it is observed at 300 nm. It is associated with the influence of the
macrocyclic platform.

The results can be related to the aggregation processes, which were further studied. It should be
noted that pillar[5]arene amino acid derivatives 12-15 have several binding centers: proton-donating
NH groups, carbonyl oxygen lone pairs on the peptide and amide fragments, and the positively
charged quaternary nitrogen atoms. Thus, these macrocycles can aggregate and bind guest molecules
due to both intra- and intermolecular hydrogen bonds and ion-dipole interactions.

Aggregation of these pillar[5]arenes was studied by dynamic light scattering (DLS) in water and
DMSO from 1 x 107> to 1 x 1073 M. It was established that compounds 12-15 do not form aggregates
in DMSO over the concentration range. Meanwhile, particles forming with an average hydrodynamic
diameter 166 + 2 and 237 + 3 nm were observed (Figures 542 and 543) in water for solutions of
macrocycles 12 (1 x 107 M) and 13 (1 x 1073 M).

Electron microscopy allows to determine the size and shape of the aggregates. Confirmation of the
formation of supramolecular aggregates by pillar[5]arenes 12 and 13 was given by TEM. It was found
that compound 12 formed particles of different shapes in water (Figure S47). Formation of branched
structures consisting from spherical particles of nanometer dimensions was shown for macrocycle
13 (Figure S47). This was probably due to the presence of minimum substituent (Me) in the amino
acid residue turned out to be a determinative factor in the formation of branched structures. This is
in good agreement with the data obtained by the dynamic light scattering, from which the average
hydrodynamic diameter was 200 nm.
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Figure 3. (a) CD spectra of compounds 17 (red) and 18 (blue) in water (5 X 10~* M); (b) CD spectra of
compounds 17 (red) and 18 (blue) in DMSO (5 x 107¢ M).

2.4. Complexation and Aggregation of Water-Soluble Pillar[5]arenes Studied by UV-, NMR Spectroscopy and
Dynamic Light Scattering

To date, there are a number of works in the literature dedicated to binding substrates containing
the sulfo group by pillar[5]arenes with charged ammonium fragments [40,42—44]. Inclusion complexes
are formed with a number of aromatic sulfo derivatives, e.g., p-toluenesulfonic acid, methyl orange dye,
etc. In view of this, the effect of introducing amino acid fragments into the structure of pillar[5]arenes
was of interest on its ability to bind both chiral and non-chiral substrates containing sulfo groups.

2.4.1. UV Spectroscopy

Thus, the next stage of research work was the study of macrocycles’ complexing properties by
UV-spectroscopy, DLS and one- and two-dimensional NMR spectroscopy. p-Toluenesulfonic acid G1,
(15)-(+)-10-camphorsulfonic acid G2, camphor G3 and methyl orange dye G4 were chosen as substrates.
Initially, the interaction between pillararenes 12-15 and substrates was studied by UV-spectroscopy
(Figures S36-539). The study was conducted in water and DMSO. The solutions of G1-G3 guests were
added to the solutions of compounds 12-15 (3 x 10~ M) in 1:10 ratio to study the complexation of
pillar[5]arenes with guests in DMSO. A 1:1 ratio was chosen in the case of G4 due to its high extinction
coefficient. If there was no interaction between the components in the mixture, its optical density
would correspond to the sum of the individual components taken in the same concentration. However,
a deviation (AA) of the optical density of Acomplex from that of the additive spectrum, £Amixture, Where
AA = Acomplex — LAmixture, Was found for mixtures of 13 with G2 and 15 with G4. This deviation
testifies an interaction between the macrocycles and those specific guest molecules. Complexation
of 13 with (1S)-(+)-10-camphorsulfonic acid leads to a hyperchromic effect at 300 nm (Figure 4a).
A hypochromic effect and hypsochromic shift at 500 nm are observed for complex of 15 with G4
(Figure 4b).
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Figure 4. Electron absorption spectra: (a) pillar[5]arene 13/guest G2 in the 10-fold excess of guest
in DMSO (Cmacrocycle = 3 X 1075 M, Cguest = 3 X 10~ M), red arrow means hyperchromic effect;
(b) pillar[5]arene 15/guest G4 in 1:1 ratio in water (Cmacrocycle = 3 X 107 M, Cguest = 3 X 107> M), red
arrow means hypochromic effect, and blue arrow means hypsochromic shift.

The stability constants and stoichiometry of the resulting complexes were determined to quantify
the complexing ability of compounds 13 and 15 with guests G2 and G4. The stoichiometry of the
host-guest complexes was determined by the isomolar series method. It was found that 1:1 complexes
were formed in both cases. Spectrophotometric titration methods were used to determine the binding
constants. The absorption spectra of the pillararene/guest systems were recorded with the concentration
of pillar[5]arene remaining constant, and the ratio of camphorsulfonic acid increased from 1:1 to 1:10
for the pillar[5]arene 13/guest G2 system. The concentration of methyl orange dye remained constant,
while pillararene ratio increased from 0.3:1 to 2:1 for the pillar[5]arene 15/guest G4 system (Figure 5).

The data obtained were processed by BindFit [45]; association constants of complexes with a 1:1
composition were also calculated (Figures S37 and S38). The association constant of pillar[5]arene 15
with G4 was 4523 M~! and that of macrocycle 13 with G2 was 613 M~1. Moreover, the stoichiometry of
the complex was confirmed by titration data processed using host-guest ratios of 1:2 and 2:1. However,
in this case, the association constants of the complexes were determined with a large error.

It is obviously, that the main driving force in the formation of complexes between pillar[5]arenes
13 and 15 and G2 and G4 respectively is electrostatic interaction. The complex formation also becomes
possible due to hydrogen bonds and hydrophobic interactions. The macrocyclic cavity meanwhile in
the case 13 and G2 practically does not participate in the complex formation according to experimental
data (*H NMR spectra). However, according to 'H-'H NOESY NMR spectroscopy and semi-empirical
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PM6 method, the substituents of pillararene 13 form a pseudocavity, which forms an inclusion complex
with G2.
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Figure 5. (a) UV-VIS spectra of mixtures of methyl orange G4 (1 x 10~5 M) with different concentrations
of pillar[5]arene 15 and (b) Job’s plot for the complex of methyl orange with 15 in water. Red arrow
means hyperchromic effect with concentration increasing. Blue arrow means hypsochromic shift with
concentration increasing.

2.4.2. NMR Study of pillar[5]arene Complexes

One-dimensional NMR spectroscopy is a convenient way to study complexation. In this regard
the next stage of investigation was study of pillar[5]arene complexes 13-G2 and 15-G4 by NMR
spectroscopy (Figures S40 and S41). Solutions of compounds 13 and 15 were prepared at 1 x 1072 M.
Complexation with G2 and G4 guests (1 x 1072 M) was studied at a 1:1 ratio. Unfortunately, it turned
out that pillar[5]arene 15 had limited solubility at that concentration in water. Therefore, it was
impossible to analyze the 'H NMR spectrum of the complex between 15 and methyl orange.

Analysis of the 'H NMR spectrum of pillar[5]arene 13 with G2 showed insignificant changes,
which did not allow the structure of the complex to be unambiguously established. For this reason
two-dimensional "H-"H NOESY and diffusion-ordered NMR spectroscopy (DOSY) were used to
establishing through-space interactions of the complex. NMR spectra were recorded in DMSO-dg at a
1:1 ratio of each component at 1 x 1072 M.

A cross-peak between S-CSA H€ protons and H? protons of the methyl fragment of macrocycle 13
was observed in the 'H-"H NOESY NMR spectrum (Figure 6). Cross-peaks between protons of the
methyl group H8 of guest G2 and H? and H protons of pillar[5]arene 13 were also observed. The ability
to correlate spectral parameters with self-diffusion coefficients makes DOSY an important experimental
method as it allows the separation of the spectral contributions of the system’s components based on
their size differences [31,46]. DOSY NMR spectra were recorded in DMSO-dg at the 1 x 1072 M. The
formation of the 13/G2 complex was further confirmed by two-dimensional DOSY NMR spectroscopy
(Figure S41) and diffusion coefficients of 13, G2 and 13/G2 were determined (Table S1). The DOSY
spectrum of 13/G2 mixture in a 1:1 ratio (Figure S41) indicates the presence of only one type of particles
with a diffusion coefficient lower than macrocycle 13 and camphorsulfonic acid G2. An additional
criterion confirming the formation of an associate between 13 and G2 is a significant decrease in
diffusion rate 13/G2 complex, which also indicates the formation of stable associates.



Int. J. Mol. Sci. 2020, 21, 7206 10 of 19

ppm

SO;H 4.8 44
Ha
H¢ 0

H Hc HP
Hl4 HlZ0
\/O\H/'\NJI\/
H13 OH“H

Figure 6. Fragment of 1H-TH NOESY NMR spectrum of mixture of pillar[5]arene 13 (1 x 1072 M) and
(1S)-(+)-10-camphorsulfonic acid G2 (1 x 1072 M) in DMSO-d (293 K, 400 MHz).
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2.4.3. Aggregation Study of pillar[5]arenes Containing Amino Acid Residues with Guests by DLS
and TEM

Dynamic light scattering (DLS) is used to determine particles’ size [47,48]. Therefore, the next
stage of investigation was the study of pillar[5]arenes’ 12-15 ability to form supramolecular assemblies
in the presence of guest molecules G1-G4 in both water and DMSO. No association was detected in
systems formed from mixtures of macrocycles 12-15 and guests G1-G4 in water. It also was shown that
the compounds 12, 14 and 15 do not form associates with guests G1-G4 in DMSO. The formation of
aggregates at the same time was found only for a solution of pillar[5]arene 13 (1 x 10~> M) with S-CSA
which had an average hydrodynamic diameter of 713 + 40 nm (PDI = 0.29) at a 1:1 ratio (Figure 544).
It is worth noting that macrocycle 13 forms associates only in aqueous solution. It can be hypothesized
that for 13/G2 complex (or mixture) in DMSO (1S)-(+)-10-camphorsulfonic acid G2 plays the role of
the chiral template around which novel structures are formed. It is well known [49] that the nature of
solvent has a significant influence on self-assembly of pillararenes. DMSO usually completely prevents
self-association of macrocycles, the formation of supramolecular polymers and other possible types
of supramolecular structures. In this regard, it can be expected that inclusion complexes upon the
interaction of the pillar[5]arene with the guest in DMSO will be formed. However, experimental data
have unambiguously shown that interaction occurs only in the case of aggregates formation between
host 13 and guest G2. Thus, the interaction of macrocycles 12-15 with the studied guests G1-G4 in
DMSO is observed only for host-guest pair 13 and G2. This is due to the recognition of submicron
aggregates during self-assembly. There is no association and the following aggregation in the other
cases. The presence of asymmetric induction and the minimum substituent (Me) in the amino acid
residue obviously turned out to be a decisive factor in the interaction of pillar[5]arene 13 with bulky
camphorsulfonic acid G2. In the same time the complex formation between pillar[5]arene 15 with
methyl orange dye is due to the presence of the most hydrophobic pseudocavity in macrocycle 15 in
the series of synthesized compounds 12-15, which is in good agreement with the previously presented
works [42,43].

The presence of aggregates formed by inclusion complex of pillar[5]arene 13 and G2 with
submicron size was also confirmed by TEM. The Figure 7 clearly shows the presence of spherical
particles formed due to the conglomeration of inclusion complexes in large aggregates. This is in
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good agreement with the data obtained by the DLS method, from which the average hydrodynamic
diameter was 700 nm.

Figure 7. TEM image of aggregates formed by macrocycle 13 and G2 at 1:1 ratio (DMSO, 1 x 107 M).

2.4.4. Theoretical Chemical Calculations

The semi-empirical PM6 method was used to predict the structure of the complex formed by
pillar[5]arene 13 and (1S)-(+)-10-camphorsulfonic acid G2. Conformational analysis was used to
determine the conformer with the lowest steric energy (Figure 8). The Gibbs free energies of macrocycle
13, camphorsulfonic acid and the complex between the two were calculated and gave a value for
AG(formation) Of —54.58 kJ-mol~!. This indicates that complexation between the compound 13 and G2
guest is favorable and an energy efficient process.

2.4.5. CD Spectroscopy

The final stage of investigation was the study of the complex formed by pillar[5]arene 13 and guest
G2 by CD spectroscopy (Figure 9, Figures 545 and S46). Solutions of macrocycle 13 were prepared in
DMSO and water at the 1 x 107 M concentration. The concentration of camphorsulfonic acid was also
1 x 107* M. It was shown (Figure 9) that the Cotton effect decreased at 300 nm for the 13/G2 mixture in
DMSO, while for the solution of 13 with S-CSA in water it is slightly increased. Such changes in CD
spectra of pillar[5]arene 13—-camphorsulfonic acid solutions are probably due to self-assembly into the
corresponding aggregates.

Figure 8. View of the energy geometry optimized complex formed by macrocycle 13 and
(1S)-(+)-10-camphorsulfonic acid G2, calculated by PMeé.
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Figure 9. (a) CD spectra of compound 13 (red), G2 (green) and their mixture (blue) in DMSO at 1 x 1074
M; (b) CD spectra of compound 13 (red), G2 (green) and their mixture (blue) in water at 1 x 1074 M.

3. Materials and Methods

3.1. General

H NMR, !3C and 2D NOESY NMR spectra were obtained on a Bruker Avance-400 spectrometer
(Bruker Corp., Billerica, MA, USA) (*C{!H}—100 MHz and 'H and 2D NOESY—400 MHz).
The chemical shifts were determined against the signals of residual protons of deuterated solvent
(CDClI3, CD3C(O)CD3, D,O, DMSO-dg). The concentrations of the compounds were equal to 3-5%
in all the records. Spectrum 400 (PerkinElmer) IR spectrometer, Bruker Ultraflex III MALDI-TOF
(p-nitroaniline matrix, electrospray ionization with positive ions registration in the m/z range from
100 to 2800) were applied for the IR and mass spectra recording, respectively, and PerkinElmer
2400 Series 1I for elemental analysis. DataAnalysis 4.0 software (Bruker Daltonik GmbH, Bremen,
Germany) was used for spectra analysis. The circular dichroism was measured with the Jasco-1500
spectrophotometer in 1 mm thick quartz cuvettes (15 nm/min, 235-330 nm, slit width 1 nm, sampling
step 1 nm, 3 scans co-addition). Boron tribromide, 1,4-dimethoxybenzene, and ethyl bromoacetate
were purchased from Acros and used as received. All the aqueous solutions were prepared with the
Millipore-Q deionized water (>18.0 MQ) cm at 25 °C).

4,8,14,18,23,26,28,31,32,35-Decal (ethoxycarbonyl)methoxy]-pillar[5]arene (10) was prepared by a
literature method [39].

4,8,14,18,23,26,28,31,32,35-Deca-[(N-3’,3’-dimethylaminopropyl)-carbamoylmethoxyl-pillar[5]arene
(11) was prepared by a literature method [40].
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N-bromoacetyl-glycine ethyl ester (3), N-bromoacetyl-glycylglycine ethyl ester (5),
N-bromoacetyl-L-alanine ethyl ester (7) and N-bromoacetyl-L-phenylalanine (9) were prepared by
a literature methods [38].

N-[3-(dimethylamino)propyll-2-(4-methoxyphenoxy)acetamide (16) was prepared by a literature
method [50].

3.2. General Procedure for the Synthesis of pillar[5]arenes 12-15

In a round-bottom flask equipped with magnetic stirrer 0.1 g (0.05 mmol) of decaamine 11 was
dissolved in 5 mL of acetonitrile, and 0.50 mmol of alkylating reagents were added. The reaction
mixture was refluxed for 12-14 h. Solvent was removed under reduced pressure. The precipitates
were dried under reduced pressure over P,Os.

4,8,14,18,23,26,28,31,32,35-Deca-[(N-(3’,3’-dimethyl-3’-{(ethoxycarbonylmethyl)amidocarbonylmet

hyllammoniumpropyl)carbamoyl-methoxy]-pillar[5]arene decabromide (12). Yield: 0.19 g (89%).
M.P. = 82-83 °C. "H NMR (DMSO-d, 400 MHz, 298 K): 6y, ppm, J/Hz: 1.16 (t, 30H, CH3CH0, 3Jy1 11 =
7.0 Hz), 1.97-1.99 (m, 20H, NHCH,CH,CH,N), 3.24-3.26 (m, 80H, NHCH,CH,CH,N and N(CH3),),
3.54-3.60 (m, 30H, ArCH, Ar and NHCH,CH,CH,N), 3.92-3.99 (m, 20H, NHCH,COOEL), 4.04-4.10
(m, 20H, CH3CH,0), 4.20-4.24 (m, 20H, N(CH3),CHy), 4.40-4.51 (m, 20H, ArOCH,), 6.84 (br:s, 10H,
ArH), 8.20-8.31 (m, 10H, ArOCH,C(O)NH), 9.12 (br.t, 10H, C(O)NHCH). 3C NMR (DMSO-d,
100 MHz, 298 K) d¢, ppm: 14.1, 22.8, 35.6, 40.8, 41.1, 51.3, 60.9, 61.8, 63.0, 67.6, 114.6, 127.9, 149.0, 163.9,
168.6, 169.2. IR(v/em™1): 1199 (C-O-C), 1675 (C=0), 2960 (N-H), 3331 (N-H). MS (ESI): calculated
[M — 3Br~[** m/z = 1343.8, [M — 4Br~ |** m/z = 987.6, [M — 5Br™|°* m/z = 774.3, [M — 6Br1°* m/z = 632.1,
[M = 7Br~|”* m/z = 530.4, found [M — 3Br~ |>* m/z = 1344.6, [M — 4Br~|** m/z = 988.6, [M — 5Br™I°* m/z
=774.7, [M — 6Br~ 1% m/z = 632.4, [M — 7Br~|”* m/z = 530.5. El. anal. caled for Cy¢5H279Br1gN3Os0: C
46.38, H 6.37, N 9.83, Br 18.70. Found: C 46.44, H 6.13, N 9.90, Br 18.64.

4,8,14,18,23,26,28,31,32,35-Deca-[(N-(3’,3’-dimethyl-3’-{(ethoxycarbonyl[S-methylImethyl)amidoca
rbonylmethyl}ammoniumpropyl)carbomoyl-methoxyl-pillar[5]arene decabromide (13): Yield:
0.20 g (93%). M.P. = 68-70 °C. 'H NMR (DMSO-dg, 400 MHz, 298 K): 6y, ppm, J/Hz: 1.18
(t, 30H, CH3CH,O, *Jp i = 6.8 Hz), 1.33 (d, 30H, NHCHCH3, *Ji 1 = 6.4 Hz), 1.96-1.99 (m, 20H,
NHCH2CH2CH2N) 3.18-3.27 (m, 80H, NHCH,CH,CH,N and N(CHj),), 3.50-3.66 (m, 30H,ArCH, Ar
and NHCH,CH,CH,N), 4.0-4.16 (m, 20H, OCH,CHj), 4.17-4.25 (m, 20H, N(CH3),CHy), 4.26-4.31
(m, 10H, NHCH(CH3)COOEt), 4.33-4.52 (m, 20H, ArOCH,), 6.84 (br.s, 10H, ArH), 8.20-8.40 (m, 10H,
ArOCH,C(O)NH), 9.19 (br.s, 10H, C(O)NHCH). 3C NMR (DMSO-dg, 100 MHz, 298 K) 6¢c, ppm:
14.0,16.5,22.7, 35.6, 48.1, 51.2, 60.8, 61.7, 63.1, 67.6, 114.6, 127.9, 149.0, 163.1, 168.5, 171.8. IR(v/cm™1):
1157 (C-O-C), 1676 (C=0), 2961 (N-H), 3330 (N-H). MS (ESI): calculated [M — 3Br~]** m/z = 1390.5,
[M — 4Br~J** m/z =1022.7, [M — 5Br~ ]°* m/z = 802.3, [M — 6Br~ ] m/z = 655.5, [M — 7Br~|"* m/z = 550.4,
[M — 8Br~ |3 m/z = 471.6, found [M — 3Br~>* m/z = 1391.3, [M — 4Br~]** m/z = 1023.7, [M — 5Br~ P+ m/z
=802.9, [M — 6Br~]°" m/z = 655.5, [M — 7Br~|"* m/z = 550.5, [M — 8Br~|®* m/z = 471.7. EL. anal. calcd
for Cq75H90Br10N300s0: C 47.63, H 6.62, N 9.52, Br 18.10. Found: C 46.98, H 6.78, N 9.83, Br 17.94.

4,8,14,18,23,26,28,31,32,35-Decal (N-(3’,3’-dimethyl-3’-{([ethoxycarbonylmethyl]amidocarbonylmet
hyl)amidocarbonylmethyl})ammoniumpropyl)carbomoyl-methoxyl-pillar[5]arene  decabromide
(14): Yield: 0.21 g (90%). M.P. = 82-84 °C. 'H NMR (DMSO-ds, 400 MHz, 298 K): 6y, ppm, J/Hz:
1.17 (¢, 30H, CH3CH,O, 3Jyu = 6.8 Hz), 1.80-2.06 (m, 20H, NHCH,CH;CH,N), 3.17-3.27 (m, 80H,
NHCHzCHzCHzN and N(CHs),), 3.50-3.61 (m, 30H, ArCHyAr and NHCH,CH,CH,N), 3.86 (br.d,
40H, NHCHZC(O)NHCHz and NHCH,C(O)NHCHy), 4.02-4.15 (m, 20H, OCH,CH3), 4.17-4.25
(m, 20H, N(CH3)2CQ) 4.30—4.50 (m, 20H, ArOC&) 6.83 (brs, 10H, ArH), 8.24-8.31 (m, 10H,
ArOCH,C(O)NH), 8.53 (br.t, 10H, NHCH,C(O)NHCH,C(0)), 8.93 (br.s, 10H, C(O)NHCH,). '3

NMR (DMSO-dg, 100 MHz, 298 K) 6c, ppm: 14.1, 22.8 35.7,40.7, 41.7, 51.2, 60.6, 62.1, 63.1, 67.6, 114.6,
127.9,149.1, 163.6, 168.6, 169.7. IR(v/cm™1): 1197 (C-O-C), 1667 (C=0), 2964 (N-H), 3056 (N-H). MS
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(ESI): calculated [M — 6Br~ — CH,C(O)NHCH,C(O)OCH,CH3]%* m/z = 703.5, found [M — 6Br~ —
CH2C(O)NHCH2C(O)OCH2CH3]6+ m/z =703.5. El. anal. calcd for C185H300Br10N40060: C45.87, H
6.24, N 11.57, Br 16.50. Found: C 46.02, H 6.09, N 10.82, Br 16.24.

4,8,14,18,23,26,28,31,32,35-Deca-[(N-(3’,3"-dimethyl-3’-{(ethoxycarbonyl[S-benzyl] methyl)amidoca
rbonylmethyllammoniumpropyl)carbamoyl-methoxyl-pillar[5]arene decabromide (15): Yield 0.22 g
(87%). M.P. = 78-79 °C. '"H NMR (DMSO-ds, 400 MHz, 298 K): oy, ppm, J/Hz: 1.11 (t, 30H, CH3CH,O,
3Iu =7.0Hz),1.75-1.99 (m, 20H, NHCH,CH,CH,N), 2.81-3.01 (m, 20H, CHCH,Ph), 3.06-3.27 (m, 20H,
NHCH,CH,CH,N), 3.13 (s, 60H, N(CHj3),), 3.45-3.65 (m, 30H, ArCH,Ar and NHCH,CH,CH,N),
4.01-4.23 (m, 10H, CHCH,Ph), 4.32-4.50 (m, 20H, ArOCH,), 4.50-4.60 (m, 20H, NCH,C(O)), 6.83 (brss,
10H, ArH), 7.20-7.31 (m, 50H, Ar’"H), 8.23-8.31 (m, 10H, ArOCH,C(O)NH), 9.20 (d, 10H, C(O)NHCH,
3[uu = 7.2 Hz). 13C NMR (DMSO-dg, 100 MHz, 298 K) 6¢, ppm: 14.4, 23.1, 36.1, 37.0, 37.2, 51.1, 53.7,
61.0, 61.7, 63.0, 126.8, 128.3, 129.2, 136.6, 163.2, 168.5, 170.7. IR(v/em™1): (C-O-C), 1677 (C=0), 3191
(N-H). MS (ESI): calculated [M — 10Br~ + 2H*]2* m/z = 365.9, found [M — 10Br~ + 2H*]'%* m/z = 364.5.
El. anal. calcd for Cy35H330Br1gIN39Os50: C 54.55, H 6.43, N 8.12, Br 15.44. Found: C 69.87, H7.13, N
3.30, Br 15.62.

3.3. General Procedure for the Synthesis of Compounds 17 and 18

In a round-bottom flask equipped with magnetic stirrer 0.1 g (0.38 mmol) of amine 16 was
dissolved in 3 mL of acetonitrile, and 0.38 mmol of alkylating reagents were added. The reaction
mixture was refluxed for 8 h. Solvent was removed under reduced pressure. The precipitates were
dried under reduced pressure over P,Os.

N-(2-((1-Ethoxy-1-oxopropan-2-yl)amino)-2-oxoethyl)-3-(2-(4-methoxyphenoxy)acetamido)-N,N-di
methylpropan-1-ammonium bromide (17): Yield: 0.17 g (95%). Yellow oil. 'H NMR (CDCls,
400 MHz, 298 K): 6y, ppm, J/Hz: 1.23 (t, 3H, CH3CH,0, 3uu = 7.8 Hz), 1.24 (d, 3H, NHCH(CH;)CO,
3Tun = 6.0 Hz), 2.14-2.27 (m, 2H, NHCH,CH,CH,N"), 3.37 (s, 3H, N(CH3)), 3.40 (s, 3H, N(CH3y)),
3.46-3.51 (m, 2H, NHCH,CH,CH,N™), 3.61-3.74 (m, 2H, NHCECHZCHZW*), 3.75 (s, 3H, ArOCH3),
4.06-4.13 (m, 2H, C(O)OCH,CH3), 4.19 and 4.96 (d, 2H, N*CH,C(0), *Jyy = 13.6 Hz), 4.31-4.46
(m, 2H, NHCH,(CH3)), 4.47 (s, 2H, ArOCHy), 6.81-6.92 (m, 4H, ArH), 7.43 (t, 1H, ArOCH,C(O)NH,
3gu = 6.0 Hz), 9.30 (d, 1H, C(O)NHCH, ®Jg y = 6.4 Hz). '3C NMR (CDCl;, 100 MHz, 298 K) 6¢,
ppm: 14.2,16.5,23.5,25.4,35.9,49.1, 52.4, 52.6,55.8, 61.6, 62.8, 64.4, 68.1, 114.9, 116.0, 151.5, 154.7, 162.8,
169.7,172.1. IR(v/em™1): 1541 (C(O)NH, amide I), 1674 (C(O)NH, amide II), 3207 (N-H), 3331 (N-H).
MS (ESI): calculated [M — Br~|* m/z = 424.2, [M + Br™ ] m/z = 584.1, found [M — Br~|* m/z = 424.2,
[M + Br~] m/z = 584.1. El. anal. calcd for Cy1H34BrN3Og: C 50.00, H 6.79, N 8.33, Br 15.84. Found: C
50.27, H 6.13, N 8.75, Br 15.64.

N-(2-((1-Ethoxy-1-ox0-3-phenylpropan-2-yl)amino)-2-oxoethyl)-3-(2-(4-methoxyphenoxy)acetamid
0)-N,N-dimethylpropan-1-ammonium bromide (18): Yield: 0.19 g (94%). Yellow oil. 'H NMR
(CDCl3, 400 MHz, 298 K): 6y, ppm, J/Hz: 1.20 (t, 3H, CH3CH,O0, 3Jun = 7.0 Hz), 2.02-2.14 (m, 2H,
NHCH,CH,CH,N"), 3.09-3.29 (m, 2H, CH(CH,Ar"™)), 3.16 (s, 3H, N(CHz)), 3.23 (s, 3H, N(CH3)),
3.40-3.49 (m, 2H, NHCH,CH,CH,N™), 3.51—3.70_(m, 2H, NHCH,CH,CH,N*), 3.75 (s, 3H, ArOCHj),
4.04-4.13 (m, 2H, OCH,CH3), 4.24-4.30 and 4.75-4.80 (m, 2H,_N+CH2C(O)), 4.46 (s, 2H, ArOCHy,),
4.60-4.71 (m, 1H, CH(CH,Ar™)), 6.81-6.92 (m, 4H, ArH), 7.17-7.41 (m, 5H, Ar’"H), 7.32 (t, 1H,
ArOCH,C(O)NH, 3Jyy = 6.0 Hz), 9.39 (d, 1H, C(O)NHCH, %[z = 7.6 Hz). 3C NMR (CDCl3,
100 MHz, 298 K) 6c, ppm: 14.2, 23.5, 35.9, 37.0, 52.3, 54.8, 55.8, 61.8, 62.6, 64.5, 68.1, 114.9, 116.0, 127.0,
128.6,129.6, 136.8, 151.5, 154.7, 163.0, 169.7, 171.1. IR(v/cm™1): 1542 (C(O)NH, amide I), 1674 (C(O)NH,
amide II), 3032 (N-H), 3198 (N-H). MS (ESI): calculated [M — Br~]* m/z = 500.3, found [M — Br~|* m/z
=500.3. El. anal. calcd for Cp1H34BrN3Og: C 55.86, H 6.60, N 7.24, Br 13.76. Found: C 55.93, H 6.78, N
7.58, Br 13.84.
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3.4. UV-Spectroscopy

Absorption spectra were recorded on a Shimadzu UV-3600 spectrometer (Kyoto, Japan). Quartz
cuvettes with an optical path length of 10 mm were used. DMSO and water were used for preparation of
the solutions. Absorption spectra of mixtures were recorded after an 1 h incubation at 20 °C. Solutions
of G1-G3 guests (p-toluenesulfonic acid, (1S)-(+)-10-camphorsulfonic acid, camphor) were added to
those of compounds 12-15 (3 x 1072 M) in a 1:10 ratio to study the complexation of pillar[5]arenes
with guests in solvent. A 1:1 ratio was chosen in the case of methyl orange dye G4.

3.4.1. Determination of the Stability Constant and Stoichiometry of the Complex by
Spectrophotometric Titration

A 3 x 103 M solution of G2 (30, 60, 90, 120, 150, 180, 210, 240, 270 and 300 uL) in DMSO was
added to 0.3 mL of a solution of 13 (3 x 10~* M) in DMSO and diluted to final volume of 3 mL with
DMSO. The UV spectra of the solutions were then recorded. The stability constant of complex was
calculated by Bindfit. Three independent experiments were carried out for each series.

3 x 107 M solution of 15 (300, 500, 600, 800, 900 1000, 1100, 1300, 1500 and 2000 uL) in water was
added to 0.03 mL of the solution of G4 (1 x 10~ M) in water and diluted to final volume of 3 mL with
water. The UV spectra of the solutions were then recorded. The stability constant of each complex was
calculated by Bindfit. Three independent experiments were carried out for each series.

3.4.2. Job Plots

Job Plots for hosts 13 and 15 and guests G4 and G2 were determined in deionized water and
DMSO with the ratio varied from 0.6:2.4 to 2.4:0.6. Each measurements of the series were performed in
three times.

3.5. Computational Methods

For the prediction of the complex structure was used the Spartan 18 Parallel Suite [51]. The energy
of complex formation was calculated based on the assumption that: AGtormation) = AG(complex) —

[AG(host) + AG(gues’t)]~

3.6. Dynamic Light Scattering (DLS)

The Zetasizer Nano ZS instrument (Worcestershire, UK) equipped with the 4 mW He-Ne laser
(633 nm) was used for the determination of particle size. The aggregation study was carried out at
1:1 host-guest ratio. The concentration range for the pillar[5]arenes 12-15 was 1 x 1073-1 x 107> M.
Measurements were determined in 24 and 178 h for three times for the evaluation kinetic stability.

3.7. Transmission Electron Microscopy (TEM)

TEM analysis was carried out according to the literature [20] with the Hitachi HT7700 Exalens
microscope (Tokyo, Japan).
3.8. 'H diffusion Ordered Spectroscopy (DOSY)

The DOSY NMR spectra were recorded on a Bruker Avance 400 spectrometer (Bruker Corp.,
Billerica, MA, USA) according to the literature [34,46].
4. Conclusions

The effect of the amino acid residues in the 12-15 series on the complexing and aggregation
properties of water-soluble pillar[5]arenes was established. It was shown that the pillar[5]arene
containing L-Ala fragments 13 bound (15)-(+)-10-camphorsulfonic acid G2 with an association constant
of 613 M~1. The introduction of L-Phe fragments into the structure led to binding of methyl orange
dye G4 with an association constant of 4523 M~!. It was shown that particles formed by pillararenes
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containing Gly (12) and L-Ala (14) fragments had average hydrodynamic diameters of 165 and 238 nm,
respectively. It was found for the first time that (15)-(+)-10-camphorsulfonic acid can template the
assembly of chiral particles resulting in 13 particles formation with a hydrodynamic diameter of
713 nm. The formation of supramolecular architectures with submicron size by 13 and G2 was
confirmed by TEM. The new generation of peptidomimetics based on decasubstituted water-soluble
pillar[5]arenes have the potential in creation of novel stereoselective catalysts and transmembrane
amino acid channels.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/19/7206/s1,
Figures S1-S31: 'H and '3C NMR, IR and mass spectra of the compounds 12-18, Figures S32 and S33: 2D NMR

NOESY 'H-1H spectra of the compounds 13 and 15; Figures S34 and S35: circular dichroism spectra of the
compounds 13, 15, 17, 18; Figure S36: UV-Vis spectra of mixtures of methyl orange G4 with different concentrations
of pillar[5]arene 15 and of mixtures of pillar[5]arene 13 with different concentrations of S-camphorsulfonic acid
G2 in water; Figure S37, S38: Bindfit screenshots for the mixtures 13-G2 and 15-G4; Figure S39: Job plots for
the mixtures 13-G2 and 15-G4; Figures S40 and S41: 'H NMR and '"H NMR DOSY spectra for the mixture
13-G2; Figures S42 and S43: size distributions of the pillar[5]arenes 12 and 13; Figure S44: Size distribution of
self-assembles of macrocycle 13 and camphorsulfonic acid; Figures 545 and 546: CD spectra of 13, G2 and 13+G2 in
water and DMSQO; Figure S47: TEM images; Table S1: Diffusion coefficients of pillar[5]arene 13, S-camphorsulfonic
acid G2 and 13/G2 complex in DMSO-dp.

Author Contributions: Conceptualization, writing—review and editing, supervision, LS.; investigation,
writing—original draft preparation and visualization, A.N.; investigation and data curation, D.S.; investigation
and writing—original draft preparation, P.P; software, T.M.; software and editing, P.C. All authors have read and
agreed to the published version of the manuscript.

Funding: The work was supported by the Russian Science Foundation (Grant No. 17-13-01208). The investigation
of spatial structure of the compounds by NMR spectroscopy was carried out within the framework of the grant of
the President of the Russian Federation for state support of leading scientific schools of the Russian Federation
(NSh-2499.2020.3).

Acknowledgments: The authors are grateful to the staff of the Spectral-Analytical Center in the Shared Facilities
for the Study of Structure, Composition and Properties of Substances and Materials at the A. E. Arbuzov Institute
of Organic and Physical Chemistry of the Kazan Scientific Center of Russian Academy of Sciences for their
assistance and helpful discussion.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Gumustas, M.; Ozkan, S.A.; Chankvetadze, B. Analytical and preparative scale separation of enantiomers of
chiral drugs by chromatography and related methods. Curr. Med. Chem. 2018, 25, 4152-4188. [CrossRef]

2. Gogoi, A.; Mazumder, N.; Konwer, S.; Ranawat, H.; Chen, N.-T.; Zhuo, G.-Y. Enantiomeric recognition and
separation by chiral nanoparticles. Molecules 2019, 24, 1007. [CrossRef] [PubMed]

3. Maier, N.M,; Franco, P.,; Lindner, W. Separation of enantiomers: Needs, challenges, perspectives. J. Chromatogr.
A 2001, 906, 3-33. [CrossRef]

4. Dali, J.; Xiong, D.; Yuan, T.; Liu, J.; Chen, T.; Shao, Z. Chiral primary amine catalysis for asymmetric Mannich
reactions of aldehydes with ketimines: Stereoselectivity and reactivity. Angew. Chem. Int. Ed. 2017, 56,
12697-12701. [CrossRef] [PubMed]

5. Garcia-Guirado, J.; Svedendahl, M.; Puigdollers, J.; Quidant, R. Enantiomer-selective molecular sensing
using racemic nanoplasmonic arrays. Nano Lett. 2018, 18, 6279-6285. [CrossRef]

6. Octa-Smolin, F; Thiele, M.; Yadav, R.; Platzek, A.; Clever, G.H.; Niemeyer, J. Chiral receptors for lysine based
on covalently linked bis- and tris-binaphthylphosphoric acids. Org. Lett. 2018, 20, 6153—-6156. [CrossRef]

7. Amendola, V.; Boiocchi, M.; Esteban-Gomez, D.; Fabbrizzi, L.; Monzani, E. Chiral receptors for phosphate
ions. Org. Biomol. Chem. 2005, 3, 2632-2639. [CrossRef] [PubMed]

8. Hu, M,; Yuan, Y.-X,; Wang, W.; Li, D.-M.; Zhang, H.-C.; Wu, B.-X,; Liu, M.; Zheng, Y.-S. Chiral recognition
and enantiomer excess determination based on emission wavelength change of AIEgen rotor. Nat. Commun.
2020, 11, 161. [CrossRef] [PubMed]


http://www.mdpi.com/1422-0067/21/19/7206/s1
http://dx.doi.org/10.2174/0929867325666180129094955
http://dx.doi.org/10.3390/molecules24061007
http://www.ncbi.nlm.nih.gov/pubmed/30871182
http://dx.doi.org/10.1016/S0021-9673(00)00532-X
http://dx.doi.org/10.1002/anie.201706304
http://www.ncbi.nlm.nih.gov/pubmed/28786162
http://dx.doi.org/10.1021/acs.nanolett.8b02433
http://dx.doi.org/10.1021/acs.orglett.8b02619
http://dx.doi.org/10.1039/b504931h
http://www.ncbi.nlm.nih.gov/pubmed/15999198
http://dx.doi.org/10.1038/s41467-019-13955-z
http://www.ncbi.nlm.nih.gov/pubmed/31919426

Int. ]. Mol. Sci. 2020, 21, 7206 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kutovaya, 1.V.; Zakharova, E.A.; Shmatova, O.1.; Nenajdenko, V.G. Macrocyclic pseudopeptides having
proline or pipecolic acid residues. Efficient synthesis via Ugi-click strategy. Eur. J. Org. Chem. 2019, 2019,
4855-4862. [CrossRef]

Webster, A.M.; Cobb, S.L. Recent advances in the synthesis of peptoid macrocycles. Chem. Eur. . 2018, 24,
7560-7573. [CrossRef]

Hayakawa, M.; Ohsawa, A.; Takeda, K.; Torii, R.; Kitamura, Y.; Katagiri, H.; Ikeda, M. Cyclic arylopeptoid
oligomers: Synthesis and conformational propensities of peptide-mimetic aromatic macrocycles. Org. Biomol.
Chem. 2018, 16, 8505-8512. [CrossRef] [PubMed]

Shi, B; Jie, K.; Zhou, Y.; Zhou, ].; Xia, D.; Huang, F. Nanoparticles with near-infrared emission enhanced by
pillararene-based molecular recognition in water. J. Am. Chem. Soc. 2016, 138, 80-83. [CrossRef]
Gunasekara, RW.,; Zhao, Y. A General method for selective recognition of monosaccharides and
oligosaccharides in water. J. Am. Chem. Soc. 2017, 139, 829-835. [CrossRef]

Chen, X.; Liu, L.; Huo, M.; Zeng, M.; Peng, L.; Feng, A.; Wang, X.; Yuan, ]. Direct synthesis of polymer
nanotubes by aqueous dispersion polymerization of a cyclodextrin/styrene complex. Angew. Chem. Int. Ed.
2017, 56, 16541-16545. [CrossRef] [PubMed]

Assaf, K.I; Alnajjar, M.A.; Nau, W.M. Supramolecular assemblies through host-guest complexation between
cucurbiturils and an amphiphilic guest molecule. Chem. Commun. 2018, 54, 1734-1737. [CrossRef] [PubMed]
Durso, A.; Brancatelli, G.; Hickey, N.; Farnetti, E.; Zorzi, R.D.; Bonaccorso, C.; Purrello, R.; Geremia, S.
Interactions of a water-soluble calix[4]arene with spermine: Solution and solid-state characterization.
Supramol. Chem. 2016, 28, 499-505. [CrossRef]

Mostovaya, O.A.; Padnya, PL.; Shurpik, D.N.; Vavilova, A.A.; Evtugyn, V.G.; Osin, Y.N.; Stoikov, LI
Iminodiacetic derivatives of p-tert-butylthiacalix[4]arene: Synthesis and influence of conformation on the
aggregation with bismarck brown Y. Macroheterocycles 2017, 10, 154-163. [CrossRef]

Burilov, V.A.; Mironova, D.A.; Ibragimova, R.R.; Evtugyn, V.G.; Osin, Y.N.; Solovieva, S.E.; Antipin, I.S.
Imidazolium p-tert-butylthiacalix[4]arene amphiphiles-aggregation in water solutions and binding with
adenosine 5’ -triphosphate dipotassium salt. BioNanoScience 2018, 8, 337-343. [CrossRef]

Bhatti, A.A.; Oguz, M.; Yilmaz, M. New water soluble p-sulphonatocalix[4]arene chemosensor appended
with rhodamine for selective detection of Hg2+ ion. J. Mol. Struct. 2020, 1203, 127436. [CrossRef]
Nazarova, A.A.; Yakimova, L.S.; Padnya, P.L.; Evtugyn, V.G.,; Osin, Y.N.; Cragg, PJ.; Stoikov, LI
Monosubstituted pillar[5]arene functionalized with (amino)phosphonate fragments are “smart” building
blocks for constructing nanosized structures with some s-and p-metal cations in the organic phase. New J.
Chem. 2019, 43, 14450-14458. [CrossRef]

Jin, X.-Y.; Song, N.; Wang, X.; Wang, C.-Y.; Wang, Y.; Yang, Y.-W. Monosulfonicpillar[5]arene: Synthesis,
characterization, and complexation with tetraphenylethene for aggregation-induced emission. Sci. Rep.
2018, 8, 4035. [CrossRef] [PubMed]

Zhu, H.; Li, Q.; Gao, Z.; Wang, H.; Shi, B.; Wu, Y; Shangguan, L.; Hong, X.; Wang, F.; Huang, F. Pillararene
host—guest complexation induced chirality amplification: A new way to detect cryptochiral compounds.
Angew. Chem. Int. Ed. 2020, 59, 10868-10872. [CrossRef] [PubMed]

Wei, P; Czaplewska, A.; Wang, L.; Schubert, S.; Brendel, J.C.; Schubert, U.S. Straightforward access
to glycosylated, acid sensitive nanogels by host-guest interactions with sugar-modified pillar[5]arenes.
ACS Macro Lett. 2020, 9, 540-545. [CrossRef]

Park, J.; Choi, Y.; Lee, S.S.; Jung, J.H. Critical role of achiral guest molecules in planar chirality inversion of
alanine-appended pillar[5]arenes. Org. Lett. 2019, 21, 1232-1236. [CrossRef]

Zhang, J.; Wang, Z.; Lv, S.; Zeng, X.; Sun, Y.; Li, H.; Zhang, R. The chiral interfaces fabricated by D/L-alanine
pillar[5]arenes for selectivity adsorbing ctDNA. Chemn. Commun. 2019, 55, 778-781. [CrossRef] [PubMed]
Sun, Y,; Zhang, F; Quan, J.; Zhu, F; Hong, W.; Ma, ].; Pang, H.; Sun, Y,; Tian, D.; Li, H. A biomimetic
chiral-driven ionic gate constructed by pillar[6]arene-based host-guest system. Nat. Commun. 2018, 9, 2617.
[CrossRef] [PubMed]

Chen, J.-Y.; Haoyang, W.-W.; Zhang, M.; Wu, G.; Li, Z.-T.; Hou, J.-L. Synthetic channel that efficiently inserts
into mammalian cell membranes and destroys cancer cells. Faradey Discuss. 2018, 209, 149-159. [CrossRef]
Si, W.; Li, Z.-T.; Hou, J.-L. Voltage-driven reversible insertion into and leaving from a lipid bilayer: Tuning
transmembrane transport of artificial channels. Angew. Chem. Int. Ed. 2014, 53, 4578-4581. [CrossRef]


http://dx.doi.org/10.1002/ejoc.201900780
http://dx.doi.org/10.1002/chem.201705340
http://dx.doi.org/10.1039/C8OB01962B
http://www.ncbi.nlm.nih.gov/pubmed/30215653
http://dx.doi.org/10.1021/jacs.5b11676
http://dx.doi.org/10.1021/jacs.6b10773
http://dx.doi.org/10.1002/anie.201709129
http://www.ncbi.nlm.nih.gov/pubmed/29044857
http://dx.doi.org/10.1039/C7CC09519H
http://www.ncbi.nlm.nih.gov/pubmed/29376528
http://dx.doi.org/10.1080/10610278.2015.1125900
http://dx.doi.org/10.6060/mhc161293s
http://dx.doi.org/10.1007/s12668-017-0484-1
http://dx.doi.org/10.1016/j.molstruc.2019.127436
http://dx.doi.org/10.1039/C9NJ03539G
http://dx.doi.org/10.1038/s41598-018-22446-y
http://www.ncbi.nlm.nih.gov/pubmed/29507324
http://dx.doi.org/10.1002/anie.202001680
http://www.ncbi.nlm.nih.gov/pubmed/32243686
http://dx.doi.org/10.1021/acsmacrolett.0c00030
http://dx.doi.org/10.1021/acs.orglett.9b00277
http://dx.doi.org/10.1039/C8CC09696A
http://www.ncbi.nlm.nih.gov/pubmed/30569920
http://dx.doi.org/10.1038/s41467-018-05103-w
http://www.ncbi.nlm.nih.gov/pubmed/29976986
http://dx.doi.org/10.1039/C8FD00009C
http://dx.doi.org/10.1002/anie.201311249

Int. ]. Mol. Sci. 2020, 21, 7206 18 of 19

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

Yang, K.; Chang, Y.; Wen, J.; Lu, Y.; Pei, Y,; Cao, S.; Wang, E,; Pei, Z. Supramolecular vesicles based on
complex of Trp-modified pillar[5]arene and galactose derivative for synergistic and targeted drug delivery.
Chem. Mater. 2016, 28, 1990-1993. [CrossRef]

Shurpik, D.N.; Padnya, P.L.; Basimova, L.T.; Evtugin, V.G.; Plemenkov, V.V.; Stoikov, LI. Synthesis of new
decasubstituted pillar[5]arenes containing glycine fragments and their interaction with Bismarck brown Y.
Mendeleev Commun. 2015, 25, 432-434. [CrossRef]

Shurpik, D.N.; Sevastyanov, D.A.; Zelenikhin, P.V.,; Subakaeva, E.V.; Evtugyn, V.G.; Osin, Y.N.; Gragg, PJ.;
Stoikov, L.I. Hydrazides of glycine-containing decasubstituted pillar[5]arenes: Synthesis and encapsulation
of Floxuridine. Tetrahedron Lett. 2018, 59, 4410-4415. [CrossRef]

Yakimova, L.S.; Shurpik, D.N.; Makhmutova, A.R.; Stoikov, LI. pillar[5]arenes bearing amide and carboxylic
groups as synthetic receptors for alkali metal ions. Macroheterocycles 2017, 10, 226-232. [CrossRef]

Ogoshi, T. para-Bridged symmetrical pillar[5]arenes: Their Lewis acid catalyzed synthesis and host-guest
property. . Am. Chem. Soc. 2008, 130, 5022-5023. [CrossRef]

Nazarova, A.A.; Padnya, PL.; Gilyazeva, A.I; Khannanov, A.A.; Evtugyn, V.G.; Kutyreva, M.P.; Klochkov, V.V,;
Stoikov, LI. Supramolecular motifs for the self-assembly of monosubstituted pillar[5]arenes with an amide
fragment: From nanoparticles to supramolecular polymers. New J. Chem. 2018, 42, 19853-19863. [CrossRef]
Shurpik, D.N.; Nazarova, A.A.; Makhmutova, L.I.; Kiznyaev, V.N.; Stoikov, LI. Uncharged water-soluble
amide derivatives of pillar[5]arene: Synthesis and supramolecular self-assembly with tetrazole-containing
polymers. Russ. Chem. Bull. 2019, 69, 97-104. [CrossRef]

Padnya, PL.; Bayarashov, E.E.; Zueva, 1.V.; Lushchekina, S.V,; Lenina, O.A.; Evtugyn, V.G.; Osin, Y.N.;
Petrov, K.A.; Stoikov, I.I. Water-soluble betaines and amines based on thiacalix[4]arene scaffold as new
cholinesterase inhibitors. Bioorg. Chem. 2020, 94, 103455. [CrossRef]

Zhu, H.; Wang, H.; Shi, B.; Shangguan, L.; Tong, W.; Yu, G.; Mao, Z.; Huang, F. Supramolecular
peptide constructed by molecular Lego allowing programmable self-assembly for photodynamic therapy.
Nat. Commun. 2019, 10, 2412. [CrossRef]

Kaverzneva, E.D.; Zvorykina, V.K.; Kiseleva, V.V. Synthesis of N-(6-benzylthio-9H-9-purinyl) acetylamino
acids. Bull. Acad. Sci. USSR Div. Chem. Sci. 1970, 10, 2157-2166. [CrossRef]

Li, C.; Shu, X;; Li, J.; Chen, S.; Han, K.; Xu, M.; Jia, X. Complexation of 1,4-Bis(pyridinium)butanes by
negatively charged carboxylatopillar[5]arene. J. Org. Chem. 2011, 76, 8458-8465. [CrossRef]

Shurpik, D.N.; Yakimova, L.S.; Rizvanov, LK.; Plemenkov, V.V.; Stoiko, LI. Water-soluble pillar[5]arenes:
Synthesis and characterization of the inclusion complexes with p-toluenesulfonic acid. Macroheterocycles
2015, 8, 128-134. [CrossRef]

Shurpik, D.N.; Padnya, P.L.; Evtugyn, V.G.; Mukhametzyanov, T.A.; Khannanov, A.A.; Kutyreva, M.P;
Stoikov, LI. Synthesis and properties of chiral nanoparticles based on (pS)- and (pR)-decasubstituted
pillar[5]arenes containing secondary amide fragments. RSC Adv. 2016, 6, 9124-9131. [CrossRef]

Yakimova, L.S.; Shurpik, D.N.; Gilmanova, L.H.; Makhmutova, A.R.; Rakhimbekova, A.; Stoikov, L.I. Highly
selective binding of methyl orange dye by cationic water-soluble pillar[5]arenes. Org. Biomol. Chem. 2016,
14, 4233-4238. [CrossRef]

Goémez-Gonziélez, B.; Francisco, V.; Montecinos, R.; Garcia-Rio, L. Investigation of the binding modes of a
positively charged pillar[5]arene: Internal and external guest complexation. Org. Biomol. Chem. 2017, 15,
911-919. [CrossRef]

Liu, Y.;; Zhou, E; Yang, F.; Ma, D. Carboxylated pillar[n]arene (1 = 5-7) host molecules: High affinity and
selective binding in water. Org. Biomol. Chem. 2019, 17, 5106-5111. [CrossRef]

Bindfit v0.5. Available online: http://supramolecular.org/bindfit (accessed on 27 November 2019).

Dais, P; Misiak, M.; Hatzakis, E. Analysis of marine dietary supplements using NMR spectroscopy.
Anal. Methods. 2015, 7, 5226-5238. [CrossRef]

Diasa, R.S.; Pais, C.C.; Miguela, M.G.; Lindman, B. DNA and surfactants in bulk and at interfaces. Colloids Surf.
A Physicochem. Eng. Asp. 2004, 250, 115-131. [CrossRef]

Braun, J.; Renggli, K.; Razumovitch, J.; Vebert, C. Dynamic Light Scattering in Supramolecular Materials
Chemistry. Supramolecular Chemistry: From Molecules to Nanomaterials; John Wiley & Sons, Ltd.: Hoboken, NJ,
USA, 2012; pp. 411-424.

Schonbeck, C.; Li, H.; Han, B.-H.; Laursen, B.W. Solvent Effects and Driving Forces in Pillararene Inclusion
Complexes. J. Phys. Chem. B 2015, 119, 6711-6720. [CrossRef]


http://dx.doi.org/10.1021/acs.chemmater.6b00696
http://dx.doi.org/10.1016/j.mencom.2015.11.011
http://dx.doi.org/10.1016/j.tetlet.2018.10.070
http://dx.doi.org/10.6060/mhc170511s
http://dx.doi.org/10.1021/ja711260m
http://dx.doi.org/10.1039/C8NJ03494J
http://dx.doi.org/10.1007/s11172-020-2728-4
http://dx.doi.org/10.1016/j.bioorg.2019.103455
http://dx.doi.org/10.1038/s41467-019-10385-9
http://dx.doi.org/10.1007/BF00861489
http://dx.doi.org/10.1021/jo201185e
http://dx.doi.org/10.6060/mhc140928s
http://dx.doi.org/10.1039/C5RA25562G
http://dx.doi.org/10.1039/C6OB00539J
http://dx.doi.org/10.1039/C6OB02573K
http://dx.doi.org/10.1039/C9OB00684B
http://supramolecular.org/bindfit
http://dx.doi.org/10.1039/C5AY00794A
http://dx.doi.org/10.1016/j.colsurfa.2004.07.026
http://dx.doi.org/10.1021/acs.jpcb.5b02515

Int. J. Mol. Sci. 2020, 21, 7206 19 of 19

50. Vavayannis, A.; Parissi-Poulou, M.; Papadopoulou-Daifoti, Z.; Noras, I. Synthesis and pharmacological
study of new dimethylcarbamates. Eur. |. Med. Chem. 1985, 20, 37-42.
51.  Spartan’18; Wavefunction, Inc.: Irvine, CA, USA, 2018.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Synthesis of Water-Soluble Pillar[5]arenes Containing Amino Acid Residues 
	Synthesis of Monomeric Analogues 
	CD Spectroscopy 
	Complexation and Aggregation of Water-Soluble Pillar[5]arenes Studied by UV-, NMR Spectroscopy and Dynamic Light Scattering 
	UV Spectroscopy 
	NMR Study of pillar[5]arene Complexes 
	Aggregation Study of pillar[5]arenes Containing Amino Acid Residues with Guests by DLS and TEM 
	Theoretical Chemical Calculations 
	CD Spectroscopy 


	Materials and Methods 
	General 
	General Procedure for the Synthesis of pillar[5]arenes 12–15 
	General Procedure for the Synthesis of Compounds 17 and 18 
	UV-Spectroscopy 
	Determination of the Stability Constant and Stoichiometry of the Complex by Spectrophotometric Titration 
	Job Plots 

	Computational Methods 
	Dynamic Light Scattering (DLS) 
	Transmission Electron Microscopy (TEM) 
	1H diffusion Ordered Spectroscopy (DOSY) 

	Conclusions 
	References

