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Proton transfer equilibria are of pivotal importance due to the role they play in a plethora of biological and
phamaceutical processes. With the aim of explaining the relative position of the hydrogen to be trans-
ferred, we investigated the behavior of chiral pyrido-cyclophanes with different morphologies using circu-
lar dichroism in the presence of different acids in acetonitrile. The results showed that all three com-
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pounds underwent double protonation and formation of cascade ion-pairs, leading to the appearance of
diagnostic signals in their ECD spectra. The presence of water fosters the crystallization of several inter-
mediates that do not correspond to those in solution. By using Brgnsted correlations, it was found that
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Introduction

Proton transfer and H-bonding are of paramount importance
in numerous (bio)chemical processes, such as stabilization of
protein structure and catalysis."” It is therefore unsurprising
that imbalances in maintaining the correct pH in bodily func-
tions are related to a variety of diseases, such as cancer or
Alzheimer's.*®

Total or partial hydrogen transfer between acid and base
partners results in the formation of salts or a hydrogen-
bonding driven complex, respectively. The degree of proton
transfer between two species in the solid state can be predicted
using the pK, rule, that suggests the potential formation of a
co-crystal when the difference in pK, values of the interacting
partners, denoted as ApK,, is below 0, whereas if it exceeds 3,
the formation of a molecular salt is likely.*” Nonetheless,
there are always exceptions and for an intermediate value no
accurate prediction can be made. On the other hand, in solu-
tion, salts are present as separated, contact or aggregated ion-
pairs depending on the medium polarity. In particular, ion-
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proton transfer from the acid to the pyridine occurred regardless of the acid's pKa.

pairing, in which understanding the degree of proton transfer
is essential, explain unexpected observations in the behaviour
of synthetic ion receptors.®*°

Shape-persistent pyridocyclophanes have been the subject
of research in Supramolecular Chemistry and Material Science
due, in part, to the properties of the pyridine motif."*** So, it
is not surprising that proton transfer between acids and pyri-
dine nitrogen atoms had drawn considerable attention.*>*#

Our research group has exploited pyridines and allenes as
construction motifs in the synthesis of chiral shape-persistent
cyclophanes with applicability in the field of molecular reco-
gnition in non-aqueous solvents.'® We reported the prepa-
ration and full characterization of pyrido-cyclophane 1 (here-
after, pyrido-allenophane to evidence the presence of allenyl
motifs, Fig. 1), which showed one of the strongest chiroptical
responses described for small organic molecules with a
g-factori of 0.011.>° However, its rapid racemization under
ambient conditions, driven by ring strain, did not allow us to
exploit its sensing capabilities. With the aim of overcoming
ring strain, we synthesized bipyrido-allenophane 2 and found
that, in the presence of TfOH, it not only undergoes a stereo-
selective double protonation process, which is quite remark-
able for a cis-locked bipyridine, but also captures one of the
corresponding counteranions forming a contact ion-pair (also
referred to as a cascade complex, in which the anion coordi-
nates to the cation center).?’ In this respect, pyridine-deco-

1 Dissymmetry factor (g) quantifies the effective chiroptical activity of a system
by correlating the circular dichroism signal intensity with the average absorption
signal intensity at a given frequency.
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Fig. 1 Potential pyrido-allenophanes as ion-pair receptors: known 1, 2
and 4, and new [7,]-pyridoallenophane 3.

rated chiral cyclic peptides have shown simultaneous com-
plexation of cations and anions.>"

Our aim is to investigate the degree of the proton transfer
in acid-base processes involving pyridine derivatives via chir-
optical signals in non-aqueous media. For such endeavor,
allenes are used to provide axial chirality to pyrido-cyclophanic
systems (Fig. 1).

Having laid the foundation with bipyrido-allenophane 2,
and taking into account the interest that proton transfer
phenomena and pyridine H-bonding have, we decided to
expand our study to a greater number of acids. Besides, we
now envision the introduction of a pyridine motif into the
butadiyne bond of 1 to afford the new pyridoallenophane 3,
since, in addition to its role as a stability factor, the second
pyridine moiety provides an extra recognition site. In addition,
we want to sort out whether allenophane 4,>*** whose confor-
mational space in solution is defined mainly by two confor-
mers, would undergo a conformation-selective molecular reco-
gnition process and thus susceptible to being monitored by
circular dichroism (CD).

So, here we present the preparation and complete character-
ization of the new chiral macrocycle [7,]-pyrido-allenophane 3,
the behavior of allenophanes 2, 3 and 4 against different acids
(oxoacids and HCI) in acetonitrile and their abilities to capture
the counteranions and consequently reduce their confor-
mational space via ion-pair recognition. These three chiral alle-
nophanes each contain two pyridine units in three different
spatial morphologies, as the aromatic spacers are separated by
zero (2), one (3) or two (4) allene units, which could supply
crucial information to correlate chirality signals with geometry
rigidity and recognition properties.

Results and discussion
Synthesis and characterization of pyrido-allenophanes

Pyridoallenophanes 2 and 4 were prepared following literature
procedures.””** These compounds showed a dissymmetry
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factor of 0.007 and 0.006, respectively, which is notably high
for small organic molecules. Macrocycle 3 was synthesized
according to the procedure shown in Scheme 1. (P)-
Diethynylallene (DEA)***° was submitted to a Sonogashira
coupling with an excess of both 2,6-dibromo- and 2,6-diiodo-
pyridine in order to obtain the mono-haloderivatives 5 and 7,
respectively. Then, deprotection of pyridine 5 upon treatment
with NaOH in toluene rendered 2-bromopyridine 6, that via a
chemoselective Sonogashira cross-coupling with 2-iodopyri-
dine 7 afforded 8 in very high overall yield. The key step in the
synthetic pathway involved treating 8 with NaOH in toluene at
110 °C, followed by an intramolecular Sonogashira coupling
under high dilution conditions to give the enantiopure target
macrocycle 3 in 63% in both steps. When (P,)-3 was allowed to
crystallize from a Et;N solution, suitable small crystals for
X-ray diffraction analysis were obtained at room temperature.§
The resulting structure exhibited a molecular geometry very
similar to the only conformer obtained in DFT computations.
Different geometries were explored by DFT calculations at the
CAMB3LYP/6-31g+(d,p) level using Gaussian09.”” To ensure
the characterization of the structures as energy minima, calcu-
lation of vibrational frequencies were performed (Scheme 1).
NICS indices have also been computed for 3 using the same
level of theory and employing the GIAO approximation (see
ESIt for details) revealing its non-aromatic nature.

H A A

V. i 5
{ 7 X7ONTX = N
= [PA(PPh3).]
£ “
N
Hd \ (P)-DEA h Ng

Et:;N, T, 15 h

P)-5 X = Br, R = C(CH3),0H 98%
NaOH, Tol, 110°C, 1h EP) 6X= B[ R= H(97"3)2 ’
o

(P)-7 X = 1,R = C(CHz),0H 75%

_ [PdPPhgMl
(PY6+(P)}7
Et3N, 50°C, 18 h
7%

1. NaOH
Tol, 110°C, 2h

2. [Pd(PPh3)s], NaOH
Tol, 80°C, 18h

Scheme 1 Synthetic sequence followed to obtain macrocycle 3.
Bottom: Crystal structure resolved by X-ray diffraction ((P,)-3) and con-
formation obtained by DFT computations (CAM-B3LYP/6-31g+(d,p)).

This journal is © the Partner Organisations 2023
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Allenophane 3 exhibited a maximum dissymmetry factor} g
=0.006, which is the same as that of the [14,] analogue 4, even
though the number of chiral units is reduced by 50%. This
result supports the importance of the ratio between the
number of chiral units and conformation stability to render
outstanding chiral systems. Also, in contrast to compound 1, 3
is configurationally stable under ambient conditions of light
and temperature.

Titration experiments

In order to test the sensing capabilities of the enantiopure alle-
nophanes 2, 3 and 4 and study their chiroptical responses
when exposed to different Brgnsted acids, we chose aceto-
nitrile as an aprotic polar solvent. This choice was based on
several factors, including the solubility properties of our
macrocycles, acetonitrile’s ability to facilitate the dissociation
of the acids, and the wide range of pkK, values documented in
this medium.*®*° In addition, the study of acid-base reactions
in acetonitrile is important to obtain information on the
degree of ionization of a molecule in more lipophilic media
rather than in water.*°

Previous research by our group showed that both CD and
NMR titration experiments gave consistent equilibrium con-
stants (K) values for allenophanes in the presence of TFA in
acetonitrile.”>*! In the current study, we therefore focused pri-
marily on CD spectroscopy due to its sensitivity to confor-
mational changes®*?? and the large chiroptical responses of
this family of macrocycles. In addition, CD has proven to be a
very useful tool for studying protonation of other chiral pyrido-
cyclophanes.®>® The details for each titration experiment may
be found in the ESL

Titrations with oxoacids

We first extended our previous study of bipyrido-allenophane 2
with TFA and TfOH by including MsOH, TsOH and H,SO, to
ensure coverage of a wide pK, range.

For the five oxoacids tested, the CD spectrum (Fig. 2A, red
line) evolved until a first saturation point was reached that is
characterized by two negative bands centered at 290 and
370 nm (Fig. 2A, black line). Upon further increasing the acid
concentration, the band at 370 nm moved to 388 nm and a
new band appeared at 330 nm that is diagnostic for fixation of
the bipyridine axis in the M configuration (Fig. 2A, blue line),
as we previously showed for TFA.>°

Given the results from allenophane 2, pyridoallenophane 3
was treated with TfOH, H,SO, and TFA as representative acids.
Upon increasing amounts of acid in acetonitrile, allenophane
3 showed important changes in its CD spectrum. Initial nega-
tive bands at 302 and 320 nm (Fig. 2B, red line) gradually

§CCDC 2280776 contains the supplementary crystallographic data for (P)-6,
2280778 for (P,)-3, 2280777 for (rac)-3-TfOH, 2280775 for (rac)-3-(TfOH), and
2280779 for (P4)-4-(TfOH),.t

Y The allenophanes 2, 3 and 4 are configurational stable under the tested con-
ditions and upon addition of Et;N the original circular dichroism spectra were
recovered.

This journal is © the Partner Organisations 2023
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Fig. 2 Titration course for TfOH (concentration ranging from 0 to 0.2
M) in acetonitrile for 2 (A; 4 x 107> M), 3 (B; 1.5 x 10> M) and 4 (C; 6.24
x 107® M). The red line represents the initial ECD spectral bands. The
blue line represents the end of the titration for oxoacids. The black line
represents the end of the titration for HCl in dioxane. In section A, the
black line also represents the first saturation point reached with the
oxoacids.

transformed into a new positive band with a maximum cen-
tered at 302 nm and two new negative bands appeared with
minima at 340 and 375 nm (Fig. 2B, blue line).

We found that the experimental data obtained from the
different titrations for 2 and 3 could be fitted mathematically
to the same set of equilibria (Scheme 2), although with
different association constants. From a general point of view,
at low acid concentrations, the free macrocycle begins to disap-
pear in favor of the monoprotonated (AP-H)" and AP-HA
species (AP = allenophane 2 or 3). Later, when the concen-
tration of acid in solution increases, both species disappear in
favor of the doubly protonated macrocycle complexed with a

Org. Chem. Front, 2023,10, 5435-5442 | 5437
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4-HoA; AP-HA (AP-HoA)*

Scheme 2 Titration scheme for allenophanes 2, 3 and 4 with oxoacids
that was modeled mathematically to obtain equilibrium constants from
the experimental data. The equilibrium in orange is only relevant for
compound 4. (AP = Allenophane).

counteranion (AP-H,A)", which turns out to be the final
species in all the titrations.

Finally, we evaluated the behavior of allenophane 4 in the
presence of TfOH, H,SO, and TFA. We observed the dis-
appearance of the initial negative band centered at 330 nm
(Fig. 2C, red line) followed by the gradual rise of three new
diagnostic bands, one negative at 384 nm and two positives at
351 and 305 nm (Fig. 2C, blue line). In this case, the titration
data suggest that 4-H,A, is the final species (Scheme 2,
orange), in which the free macrocycle captures two molecules
of acid in contrast to macrocycles 2 and 3, whose endpoints
correspond to the diprotonated species capturing one
counteranion.

Inspired by the ability of macrocycle 4 to form 1:2 com-
plexes with several acids, we directed our efforts to achieve a
1:1 host-guest inclusion complex and obtain clues about the
size and adaptability of the binding cavity. For this purpose,
we thought that 1,2-ethanedisulfonic acid might be a suitable
target for two reasons. First, it could function as a bidentate
guest, and second, sulfonate counterions are key players in the
pharmaceutical salt portfolio because of their unique pro-
perties, which include high melting points, fair aqueous solu-
bility and stability, and the absence of hydrates. As a conse-
quence, sulfonates often offer attractive advantages over the
hydrochloride salt forms.>® Thus, the use of this bidentate
acid as titrant led to the same experimental CD outcome as the
other oxoacids but this time forming a 1:1 complex.

Our attempts to crystallize several of these complexes under
anhydrous conditions were unsuccessful. However, using com-
mercial TfOH, where traces of water are to be expected, we
managed to crystallize allenophane 3 both in its monoproto-
nated (3-H)" form (Fig. 3A) from acetonitrile and the diproto-
nated (3-H,)" (Fig. 3B) form from a 1:1 acetonitrile : ethanol
solution at 4 °C.§ Both have an encapsulated water molecule
slightly displaced towards one of the pyridine rings. In (3-H)",
a water molecule acts as a bridge between both N, and the
triflate anion. In (3-H,)"*, the water molecule acts as an
H-bond acceptor for both N, Hs and as a donor for the two
counterions that are located on opposite sides of the macro-
cycle. In neither of the structures was the initial conformation
of the starting macrocycle modified.

Under the same conditions, allenophane 4 crystallized in
the form of (4-H,)™ from a 8:2 dichloromethane : ethanol
solution.§ Here, the asymmetric unit contains two slightly
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Fig. 3 (A) Crystal structure of 3-H,O-OTf. (B) Crystal structure of
3:(H,0-OTf),. (C) Crystal structure of 4-(H,O-OTf),: asymmetric units |
and Il. Hydrogens were omitted for clarity.

different conformations of the allenophane framework: I- each
of the two water molecules establishes H-bonding with N, Hs
and with a triflate anion (Fig. 3CI); II- both pyridine rings act
independently due to the orientation of respective N-H bonds
(Fig. 3CII). In the three crystals, the protons are located on the
pyridine rings, in accord with predictions made by the pK,
rule for triflic acid® and the equilibrium constants previously
obtained in our mathematical analysis (see Table S37).

Next, we wanted to address the question “Where is the
proton located?” in the final species of each titration. Different
techniques have been used for this purpose, including NMR,>®
IR,"®*” XRPD”*® and polarography,*® although mainly in car-
boxylic acids. Here we apply a simple and intuitive Brensted
correlation, plotting the log K, obtained from the mathemat-
ical fits (Table S31) against the pK, of the tested oxoacids. As
shown in Fig. 4, we observed linear correlations for all three
macrocycles, indicating that regardless of the pK, the extent of
proton transfer must be the same for all the acids tested.

For allenophanes 3 and 4, the lines are practically parallel
to each other with a slope a =~ |1|, which indicates complete
transfer of the proton from the acid to the pyridine (Fig. 4a).
In the case of 2, the slope turns out to be a ~ |0.43|, which a
priori could indicate that the proton is equally shared between
the acid and the pyridine.|| However, the pyridines in 2 are not
independent systems, so we are inclined to think that the
proton has been transferred as in 3 and 4 and that it is shared
by the bipyridine moiety (Fig. 4b).

|| The hydrogen coordination to both nitrogens yields a larger N---H bond that is
compatible with a partial hydrogen transfer. A plausible interpretation of this
result implies that the counterion acts as a shuttle for the mobile H', provided
both pyridines behave independently.

This journal is © the Partner Organisations 2023
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Fig. 4 Bransted plots of log K> vs. the pK, of the oxoacid used to titrate
macrocycles 2 (blue), 3 (green), and 4 (orange).

Titration with HCI in dioxane

In view of the interesting behavior of allenophanes 2, 3 and 4
against different oxoacids with pK, values in the range ca.
2-12, we wanted to ascertain whether anion-shape selection
effects might be important. With such goal, we decided to use
a 4 M solution of HCI in dioxane since allenophanes 2-4 show
poor solubility in water. This initial commercial solution was
diluted in acetonitrile to soften the effect of dioxane in the
medium (ESIY).

Surprisingly, when bipyrido-allenophane 2 was titrated with
HCI, only the first saturation point was reached (Fig. 2A, black
line). The spectrum did not evolve further and diagnostic
bands for the stereoselective discrimination of the bipyridine
axis never appeared, pointing to a different final species. In
contrast, treatment of a solution of pyrido-allenophane 3 in
acetonitrile with HCl/dioxane led to the same spectrum
changes as those seen for the oxoacids (Fig. 2B, blue line).
Completely different behavior was observed in the case of
pyrido-allenophane 4. At low acid concentrations, the experi-
ment yielded the same outcome as the oxoacids (Fig. 2C, blue
line), but as the concentration of acid increased, the bands at
384 and 351 nm intensified and the positive band at 305 nm
became a weak negative band (Fig. 2C, black line).

These observations reveal a pivotal role of the counteranion
in selecting the conformation of the final ion-pair complex.
When fitting the experimental data to calculate the equili-
brium constants, we have to keep in mind that the protonating
species can be either H', HCI or (H-dioxane)". To make it
simpler and since our main interest is to determine which
species is the final one, we performed the mathematical ana-
lysis by just considering the pK, of HCI in acetonitrile (see the
ESIT for details). The mathematical fitting suggested that the
final species are 2-H,Cl,/(2-H,-Dioxane,)™, (3-H,Cl)"/
(3-H,-Dioxane)™ and 4-H,Cl,/(4-H,-Dioxane,)™, with calcu-

This journal is © the Partner Organisations 2023
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lated CD spectra that closely resemble the experimental ones
(see below).

Computational exploration

To explain our results and shed light on the experimental
outcome of each titration at the molecular level, we carried out
a computational exploration using DFT calculations at the
CAM-B3LYP/6-31G+(d,p) level using acetonitrile as implicit
solvent as included in the SMD package. The structures of the
final species obtained by mathematically fitting the experi-
mental data for each of the titrations were optimized and their
CD spectra calculated (see ESIt for details).

The conformational space of allenophane 2 was described
by two possible conformers depending on the configuration
adopted by the axis that joins both pyridine rings, namely P or
M. When we computed and optimized the structure of the
complexes with all five oxoacids (2-H,A)", we found that the
bipyridine nitrogens share the two protons with an oxygen
atom of the corresponding oxoanion while the side chain of
each of the acids is located towards the outside of the cavity,
moving away from the tert-butyl groups (Fig. 5A). As a result of
this interaction, the bipyridine axis is fixed in an M configur-
ation. The calculated spectrum of this species (Fig. 5A, dash
green line) coincides remarkably well with the experimental
one, and when the axis adopts only the M configuration does
the diagnostic band at 330 nm appear.

In the case of HCI, the computationally optimized structure
of both 2-H,A, complexes (A being CI~ or dioxane) shows the
guest molecules located on each of the faces of the macrocycle
(Fig. 5, bottom). Since bipyridine nitrogens do not coordinate
the same molecule cooperatively, the bipyridine scaffold can
continue to adopt both configurations, namely M and P, and
therefore the diagnostic band at 330 nm never appeared.
Interestingly, the optimized 2-H,A, structure is very reminis-
cent of the structure obtained by X-ray diffraction of macro-
cycle 2 in chloroform®® (Fig. 5, bottom).

For allenophane 3, the calculated geometries of the com-
plexes (3-H,A)" showed the oxoanions acting as bidentate
ligands and consequently forcing the macrocycle to adopt a
V-shaped conformation (Fig. 5B). The calculated spectrum of
these species (Fig. 5B, dash green line) coincides remarkably
well with the final experimental spectrum, and only when the
macrocycle acquires the new conformation, in addition to
being diprotonated, does the positive diagnostic band at
302 nm appear, supporting the idea that one of the anions
must be located inside the macrocycle. To ensure this V-like
conformation in the case of HCI, we ascribed a bidentate char-
acter to the dioxane molecules. Indeed, the calculated and
experimental CD spectra were coincident when a dioxane
molecule was introduced as a bridge between the two N-Hs via
the oxygen atoms, with an average NH---O distance of 1.86 A.**

On the other hand, the conformational space in solution of
allenophane 4 consists of two conformers: chair and twist.>* So,

**The measurements were made using GaussView 6 software.
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Fig. 5 Blue lines represent the experimental endpoint of every titration.
Green dash lines represent the calculated ECD spectra of the corres-
ponding complex: (A) (2-H,TfO)*, (B) (3-H,TfO)* and (3-H,dioxane)*2, (C)
4.H,(ethanedisulfonate) and (D) 4-H,(H,O),dioxane. Bottom: Calculated
geometry for (2-H,(dioxane),)*? and crystal structure of 2 along with
two CHCl; molecules.
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once again, the geometries of the 4-H,A, complexes for the
oxoacids were optimized and their CD spectra calculated. The
outcomes showed a new half-chair conformation in which each
anion is oriented towards the cavity of the allenophanic ring
with an average distance of 10.50 A between the two nitrogens
of the pyridine moieties.** The calculated spectra of these com-
plexes reproduced the experimental spectrum very well (Fig. 5C,
dashed green line). In the case of 1,2-ethanedisulfonic acid,
simultaneous interactions between the two acidic moieties and
the two pyridine rings were observed (Fig. 5C), with the two sul-
fonic groups adopting an antiperiplanar disposition.

Modeling the obtained complex upon treatment of 4 with
HCI proved to be more of a challenge. In order to arrive at a
computed geometry whose CD spectrum resembled that seen
experimentally, we devised a system in which the two proto-
nated pyridines and two water molecules were bridged by one
dioxane molecule (Fig. 5D, dash green line). The optimized
geometry here showed the macrocycle adopting a new dis-
torted twist conformation, with bond distances of 1.65 A and
1.77 A for the NH---O and HO---O(CH,),O interactions, respect-
ively. In addition, the distance between the two nitrogens of
the pyridine moieties is larger (12.98 A) than that in the com-
plexes formed with the other acids (10.50 A) (Fig. 5C).** The
difference between the two new conformations in the final
species explains the different outcomes in their ECD spectra.

It should be mentioned that the ECD spectra of the salt geo-
metries obtained by X-ray diffraction were also computed. In
none of the cases, the ECDs calculated coincided with the
experimental end point of the titrations nor with those of the
optimized crystallographic geometries (Fig. S73, S74 and
S807t). Therefore, the complexes in solution at the end point
must be different from those obtained in the solid state in the
presence of water. This supports the idea that the geometries
of the complexes shown in Fig. 5 should be responsible for the
observed changes in the ECD during the titrations.

Furthermore, in all the optimized structures the protons
were located on the pyridine moieties, matching their com-
puted spectra with the experimental results. This agrees with
what the Brensted correlation called for.

Conclusions

New chiral pyrido-allenophane 3 was synthesized in high
overall yield and fully characterized. Its conformational space
consists of only one conformer that results in a strong g-factor
for such small organic molecule. The behavior of this alleno-
phane, together with that of 2 and 4, was studied with different
acids in acetonitrile by circular dichroism. It was found that in
all cases, in addition to a double protonation, the complexation
of one or two counteranions occurred and, consequently, diag-
nostic signals appear in their ECD spectra. Moreover, ECD
proved to be a useful technique to elucidate the role of water
molecules in proton transfer processes in acetonitrile, since the
conformation of the receptors turned out to be completely
different when molecules incorporated.

water were
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Furthermore, Brgnsted correlations suggest full proton transfer
from the acid to the pyridine, regardless of the pkK, of the acid
used. Hence, by combining circular dichroism and Brensted
correlations, it is possible to accurately discern whether the
investigated species exist as salts or ion-pairs. These investi-
gations pave the way to tailored synthetic receptors that contain
strategically placed pyridine moieties for anionic guests and/or
salts depending on the sought application.
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