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Copper(l)-catalyzed azide—alkyne cycloaddition (CUAAC) was employed to synthesize a new cavitand (1)
having four cholate groups covalently connected to the cavitand core. CUAAC between a tetrapropargyl
cavitand 2 and 3a-azido-cholic acid 3 led to the isolation of pure cavitand 1, which was fully characterized
by the usual complement of spectroscopic techniques. While its solubility was limited in pure aqueous
media, the complexation of three 4,4'-bipyridinum (viologen) guests could be investigated, using square
wave voltammetric (SWV) techniques, in a mixture of H,O/DMSO (5:2 v/v) also containing 40 mM
sodium tetraborate as the supporting electrolyte and further experimental evidence supporting the for-
mation of a complex between cavitand 1 and V2* (viologen) with a 1: 1 stoichiometry was obtained using
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ITC and electrospray ionization mass spectrometry (ESI-MS). Computational studies at the GFN2-xTB/
ALPB(water) semiempirical level of theory revealed that the cavitand adopts a compact globular structure
in solution, while docking effectively with methylviologen as a guest without forming an inclusion
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Introduction

Cavitands are bowl-shaped compounds that constitute an
important class of supramolecular hosts. Initially prepared
and termed by Cram,"” they offer a number of possibilities for
functionalization. Cram’s definition of cavitands" as ‘synthetic
organic molecules with enforced cavities large enough to
complex complementary organic compounds or ions’ is
general enough to include many classes of hosts. However,
most supramolecular chemists use the term ‘cavitands’ specifi-
cally to designate host compounds derived from the acid-cata-
lyzed condensation of aldehydes and resorcinols, as pioneered
by Cram’s group. This reaction initially produces a group of
macrocycles termed ‘resorcinarenes’, whose phenolic OH
groups can be further interconnected by suitable bifunctional
reagents, such as CH,BrCl or CH,Br,, to yield the bowl-shaped
cavitands.®> Most cavitands are built from the initial conden-
sation of four aromatic (resorcinol) groups, although larger
cavitands have also been reported.? Since the internal cavity
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afforded by simple cavitands is rather small, elongation of the
cavity via functionalization of its upper rim is a common
method to synthetically access host compounds with the
ability to complex larger molecules.>® Numerous carcerands,
hemicarcerands and other hosts based on cavitands have been
prepared.” The Gibbs group®® has reported extensively on a
cavitand derivative functionalized with eight carboxylate units
and its interesting dimerization and binding properties in
aqueous media. Our own group has explored the functionali-
zation of cavitands with redox-active 4,4’-bipyridinium (violo-
gen) groups'® and Fréchet-type dendrons.'*

As a result of its facial amphiphilic nature, anionic cholate
molecules aggregate in aqueous solution to form small micel-
lar assemblies with hydrophobic cavities.">™** Previously, we
investigated the electrochemistry of a series of viologen deriva-
tives with varying amphiphilic character in cholate micellar
media." Our experimental data were consistent with the inter-
action of all surveyed viologens with cholate assemblies. Out
of the three oxidation states presented by viologens [dication
(V*"), cation radical (V") and neutral species (V)] cholate micel-
lar assemblies preferentially stabilized the cation radical
form."> Therefore, we decided to prepare a cavitand functiona-
lized with four identical cholate groups connected to its upper
rim (see Fig. 1) and investigate its binding interactions with
several viologen derivatives. Our main goal was to compare
these results with those obtained in cholate micellar media in
an attempt to shed some light on the types of dynamic cavities
existing in these media, since we initially thought that, given
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Fig. 1 Structure of the target tetracholate cavitand (1).

its structure, the new tetracholate cavitand would exhibit a
better defined and more stable cavity, forced by the attach-
ment of the four cholate groups to the upper cavitand rim.

As guests in this preliminary investigation we selected three
viologen derivatives, namely methylviologen (MV>"), butylviolo-
gen (BV?>") and ethyl-heptylviologen (EHV>*). The first guest is
the least hydrophobic on account of the two simple methyl
substituents on the dicationic 4,4-bipyridinium nucleus. The
other two viologen guests are both more hydrophobic but
possess different distributions of the hydrophobic groups
(alkyl chain substituents) around the viologen nucleus (Fig. 2).

Results and discussion
Synthesis

The synthesis of the target tetracholate cavitand was carried
out using click chemistry, that is, copper(i)-catalyzed azide-
alkyne cycloaddition'®'” (CuAAC) between the tetrapropargyl
cavitand 2'®?? and 3a-azido-cholic acid 3**7*° (Scheme 1). Very
briefly, 2 was prepared by hydroxylation of the known tetra-
bromo cavitand followed by treatment in refluxing acetone

+7 78\
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/\/—N\ / / \N—/\/
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AR/ PN NN
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Fig. 2 Structures of the viologen guest dications.
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Scheme 1 Synthesis of tetracholate cavitand 1 from precursors 2 and
3.

with propargyl bromide in the presence of K,COj; to yield cavi-
tand 2. Synthesis of the azide derivative 3 started by esterifica-
tion of cholic acid with methanol, followed by mesitylation of
the alcohol group on position 3, treatment with NaNj; to give
the azide derivative of the methyl ester and, finally, hydrolysis
of the ester to yield the 3a-azido-cholic acid 3. The CuAAC reac-
tion between 2 and five equivalents of 3 was carried out in a
THF/t-BuOH/H,0 (2:2:1) solvent mixture in the presence of
CuSO, and sodium ascorbate. After purification, the isolated
tetracholate cavitand (61% yield) was fully characterized using
spectroscopic methods (see Experimental section). The violo-
gen guests were prepared as iodide or bromide salts using the
same methods already reported by our group."®

Preliminary binding studies in solution

Not unexpectedly, cavitand 1 had limited solubility in aqueous
media, even when solutions with pH > 7 were used to foster
aqueous solubility through the deprotonation of the cholic
acid groups (1*7). After assessing the solubility of 1 in various
solvent mixtures, we settled on a 5 :2 (v/v) mixture of H,O and
DMSO (containing 40 mM sodium borate for pH control) for
our guest-host binding solution studies. Because of their
redox properties and our previous experience with these com-
pounds we chose a series of representative bipyridinium (violo-
gen) derivatives as potential guests for binding interactions
with cavitand 1*”. The electrochemical behavior of viologen
dications (V**) consists of two fast one-electron reduction
steps, which lead successively to the radical cation (V™) and
the neutral species (V). Since these two reduction steps dimin-
ish the initial positive charge on the dication, the resulting vio-
logen species are less water-soluble, typically leading to stron-
ger interactions with hydrophobic cavities that might be
present in the media or possible precipitation on the working
electrode surface in electrochemical experiments.*®

This journal is © The Royal Society of Chemistry 2026
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Unfortunately, the limited solubility of cavitand 1%~ in
aqueous media made impossible the use of "H NMR experi-
ments to investigate its possible host binding interactions with
any of the viologen dications; and the UV-vis absorption
region of cavitand 1*~ overlaps with those of MV>*, BV** and
EHV?". Therefore, we jumped directly into Square Wave
Voltammetric (SWV) experiments which allow the assessment
of electrochemical behavior changes experienced by the violo-
gen dications, at concentrations as low as 0.1 mM, in the pres-
ence of similar concentrations of tetracholate cavitand. These
changes offer insight on the host—guest binding interactions
taking place in the solution phase. To see if any aggregates
form, we measured the UV-vis dilution experiments and the
absorbance of the host is perfectly linear and only starts
showing some curvature at concentrations of 0.15 mM or
higher (Fig. S19). Of course, at these concentrations the absor-
bance is already so high (A > 1.0) that errors caused by stray
light and other photometric factors affect the measured
values. In any instance, we did not find any evidence of aggre-
gation at host concentrations of 0.1 mM or lower, as indicated
by the linearity of the absorbance vs. concentration plot in this
concentration range.

The SWV behavior of MV>" in H,0:DMSO (5:2, v/v, con-
taining 40 mM sodium borate) consists of two cathodic peaks
centered at potentials of —0.568 V and —0.976 V vs. Ag/AgCL
The first peak corresponds to the one-electron reduction of
MV>" to its radical cation (MV*") and the second to the one-
electron reduction of the radical cation to the neutral species
(MV). Addition of 1.0 equiv. of cavitand 1*~ leads to decreased
current levels for both SWV peaks, which is consistent with
the association of MV?*" with 1*7, as the increased molecular
weight of the supramolecular complex will result in slower
diffusion rates to the electrode surface and, thus, lower cur-
rents. The presence of 1.0 equiv. of cavitand also shifts the
first reduction peak to a more negative potential value (—0.580
V) while the second reduction peak shifts in the opposite
direction to —0.964 V. These potential changes are small but
perfectly measurable, considering that our potential values are
affected by a typical error margin of +0.003 V. Similar,
although less pronounced, changes take place upon addition
of an additional equiv. of cavitand. The SWV behavior of MV**
in the absence and presence of cavitand 1*~ is shown in Fig. 3
and the peak potential values compiled for all three viologens
are given in Table 1.

SWV peak potentials are equal to half-potential values
(E1/2), which are considered an excellent approximation to the
corresponding formal potentials (E°').>” Therefore, the shifts
on the measured peak potentials contain information on the
relative thermodynamic stability of the three redox states of
the viologen guest. For instance, with MV>* the difference
between the first and the second peak potentials decreases as
the cavitand concentration increases, reflecting the decreased
thermodynamic stability of the radical cation (MV'") compared
to the dication and neutral states in the presence of the cavi-
tand. Interestingly, this effect on the relative stability of the
radical cation is the opposite to what was observed in the pres-

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 SWV response of MV2* (0.1 mM) on a glassy carbon electrode
(0.071 cm?) in the absence (black) and in the presence of 1.0 equiv. (red)
and 2.0 equiv. (blue) of tetracholate cavitand 1*~. Supporting electrolyte:
40 mM sodium tetraborate. Scan rate: 80 mV s~

Table 1 SWV peak potentials (V vs. Ag/AgCl) measured for the viologen
guests in the presence of variable concentrations of cavitand 1. The
guest concentration was constant at 0.1 mM. Supporting electrolyte:
40 mM sodium tetraborate. Scan rate: 80 mV s™*

+ 0 equiv. + 1 equiv. + 2 equiv.
Guest cavitand 1*~ cavitand 1*~ cavitand 1~
MV —0.568/—0.976 —0.580/—0.964 —0.584/—0.960
BV —0.520/—0.904 —0.544/-0.920 —0.548/—0.940
EHV** —0.512/-0.900 —0.536/—0.960 —0.528/—0.952

ence of cholate micelles."> The more hydrophobic viologen
guest BV>" shows different SWV peak potential behavior
(Fig. S20), with both peaks shifting to more negative values as
the cavitand concentration increases. Finally, in the case of
EHV** (Fig. S21), both peak potentials shift to more negative
values in the presence of 1 equiv. of cavitand, but this trend
partially reverses itself upon addition of an extra equiv. of cavi-
tand host. These cavitand-induced peak potential shifts indi-
cate that all redox states are relatively stabilized by the pres-
ence of cavitand 1*”. In all cases, the addition of cavitand
leads to decreased current levels, reflecting the formation of
more slowly diffusing supramolecular complexes.

While the detailed interpretation of the observed peak
potential shifts for the three viologen guests is complicated at
this time, we notice that the shifts elicited by 1 equiv. of cavi-
tand are much larger than those resulting from the addition of
one additional equivalent. This suggests that the equilibrium
concentration of complex is close to saturation when mixing
viologen guest and cavitand 1*~ both at equal concentrations
of 0.1 mM.

In order to obtain the corresponding association equili-
brium constant (K), we carried out isothermal titration calori-
metry (ITC) experiments. The K value obtained was 1.28 x 10°
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M~ for tetracholate cavitand complexation with MV**
Thermodynamic parameters obtained by ITC: (1) AH° =
-36.91 kJ mol™", (2) —TAS° = 7.77 k] mol™" and (3) AG® =
—29.14 kJ mol™". These parameters indicate that the binding
process was primarily driven by enthalpy.

Further experimental evidence supporting the formation of
a complex between cavitand 1 and V*>* was obtained using elec-
trospray ionization mass spectrometry. We detected signals for
complexes of [1-MV>*, [1-BV>*]** and [1-EHV*']*" (Fig. S22,
S$24 and Fig. 5), which confirm the formation of stable [1-V**]**
complexes with 1:1 stoichiometry. The major peak in the
spectrum (Fig. 4) of a solution containing cavitand 1 and
EHV>" appears at the m/z ratio of 1413.3253, which can be
assigned to the 1:1 complex of [1-EHV**]** and the simulated
isotopic distribution of the complex matches well with the
experimental isotopic distribution. The same consistent isoto-
pic distributions between the simulated one and the observed
one were observed for [1-MV*']** (Fig. $23) and [1-BV*']**
(Fig. S25).

Computational studies

To better understand the structure of the tetracholate cavitand
in aqueous solution, we employed the well-established
Conformer-Rotamer Ensemble Sampling Tool (CREST), which
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Fig. 5 ESI-MS spectrum of [1-EHVZ*]2*.
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Fig. 4 ITC profiles for the tetracholate cavitand complexation with
MV2* at 298.15 K in H,O:DMSO (5:2 v/v) containing 40 mM sodium
tetraborate.
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explores the conformational space through metadynamics-
based sampling in combination with genetic algorithms.?®
Conformational searches were performed using standard set-
tings together with the generic force field GFF-XTB,* and the
resulting structural ensembles were subsequently re-optimized
and ranked at the efficient GFN2-xTB semiempirical level of
theory (2nd generation Geometry, Frequency, Noncovalent,
eXtended Tight-Binding method).>® In all cases, solvation
effects in water were included using the analytically linearized
Poisson-Boltzmann (ALPB) model, an implicit solvation
approach parametrized for the XT'B methods.**

Conformational analysis of the tetracholate cavitand 1*~ led
to the preferred, energy-minimized conformation represented
in Fig. 6, which shows a globular structure with two of the
cholate units blocking the cavity of the cavitand core and the
other two wrapped around the macrocycle. This conformation
(1,7) can be rationalized by the inability of the cholate units
to expose their hydrophilic hydroxyl-containing faces to the
aqueous environment, an orientation imposed by their con-
nection to the macrocycle through the o position of the C3
atom. Therefore, the compact, globular structure is adopted to
minimize the solvation of hydrophobic surfaces by decreasing
as much as possible the solvent-accessible surface area, allow-
ing as well for the establishment of multiple stabilizing intra-
molecular hydrogen bonds.

In order to assess the preferred structure of the potential
supramolecular species formed by the interaction of 1,"~ and
MV?*, docking studies were carried out at the GFN2-xTB/ALPB
(water) level, using the recently-developed automated
Interaction Site Screening (aISS) algorithm.?? This approach
systematically explores possible binding geometries through
an initial grid-based scan and force-field screening, followed
by refinement and final optimization at the GFN2-XTB level.
The structure proposed by the aISS workflow for the lowest-
lying aggregate was found to position the guest on a lateral
surface of the cavitand core, with one of the carboxylate
cholate groups near enough to develop electrostatic interaction
with the cationic guest, and without a significant distortion of
the initial preferred conformation 1,* for the host (Fig. 7).

Fig. 6 Side and top views of a stick representation found for the pre-
ferred conformation 1,* of the targeted cavitand at the GFN2-xTB/
ALPB(water) level of theory. For clarity, non-polar hydrogen atoms are
omitted, C: dark grey (macrocycle) and light grey (cholate), N: light blue,
O: red (macrocycle) and light red (cholate). Hydrogen bonds shown as
dashed green lines.

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Energy-minimized structure for the most favored complex
formed by cavitand 1p4‘ (van der Waals surface) and guest MV2* (van
der Waals spheres, C: violet, N: blue, H: white) found using the alSS
docking protocol. The magnified image on the right shows the spatial
proximity between one of the carboxylate groups on the host and the
cationic guest.

Finally, the free energy of association was computed at the
GFN2-XTB/ALPB(water) level of theory using the preferred con-
formation 1,"~ as reference for the host. The obtained value for
the association reveals that this process is clearly exergonic,
with AG® = —10.00 kcal mol™", and does not require the for-
mation of an inclusion complex to achieve remarkable thermo-
dynamic stability in the final adduct. In this case, the calculated
K value is 2.16 x 10" M~", which is around two orders of magni-
tude higher than the K value determined from our ITC measure-
ments. The computational work was carried out in pure water,
which may explain the difference in thermodynamic stability
with the experimentally obtained values in H,O:DMSO (5:2
v/v). In any instance, the considerable stability of the complex is
well established both by our experimental and computational
results, which constitutes an interesting and rare finding for an
external, non-inclusion host-guest complex.

Experimental
Materials

All solvents and chemicals were commercially available and
used as received, except N-bromosuccinimide, which was
freshly recrystallized before use. Water was purified using an
Ulupure water purification system (Chengdu, Sichuan).
Cavitand 2 and azido derivative 3 were prepared according to
published procedures. The viologens were prepared by treat-
ment of 4,4"-bipyridine with the appropriate iodo- or bromo-
alkanes, as reported previously by our group. Synthetic
schemes and other details are provided in the SI. 'H NMR
(400 MHz) and "*C NMR (100 MHz) spectra were recorded on a
JEOL JNM-ECZL400S Spectrometer. HRMS (ESI) was obtained
on a Thermo Scientific Q Exactive Focus Orbitrap LC-MS/MS
System.

Synthesis of tetracholate cavitand (1)

Cavitand 2 (80.0 mg, 0.1 mmol) and azido derivative 3
(217.0 mg, 0.5 mmol) were dissolved in 8.0 mL of a

This journal is © The Royal Society of Chemistry 2026
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2:2:1 mixture of THF/t-BuOH/H,O (v/v), followed by the
addition of CuSO,-5H,0 (12.48 mg, 0.05 mmol) and sodium
ascorbate (50.49 mg, 0.255 mmol). The solution was stirred in
an oil bath at 60 °C for 24 h. The solvent was removed under
vacuum. The crude product was dissolved in THF (10 mL), fol-
lowed by the addition of H,O (3 mL). The solution was
extracted by EtOAc (10 mL). The extracted organic layer was
washed with H,O (3 mL x 2) and dried over MgSO,. The
solvent was removed under vacuum, then the solid material
was washed with EtOAc to afford 156.2 mg (61.4%) of the final
product as a white solid.

'H NMR (400 MHz, (CD;),SO): § 11.92 (s, 4H, COOH), 8.09
(s, 4H, H-triazole), 7.46 (s, 4H, ArH), 5.96 (d, 4H, outer of
OCH,0), 4.94 (d, 8, OCH,-triazole), 4.80 (q, 4H, CH;CH), 4.29
(bs, 8H, H-3p and inner of OCH,0), 4.16 (d, 4H, OH-12a), 4.11
(d, 4H, OH-7a), 3.80 (s, 4H, H-12f), 3.63 (s, 4H, H-7p),
2.86-0.96 (m, 96H), 1.82 (d, 12H, CH,CH), 0.93 (d, 12H, H-21),
0.91 (s, 12H, H-19), 0.60 (s, 3H, H-18). >’C NMR (100 MHz,
(CD3),SO): 6 174.94, 147.19, 143.72, 142.78, 139.83, 122.80,
115.70, 99.40, 71.10, 66., 66.68, 66.15, 60.43, 46.19, 45.83,
41.90, 41.42, 36.98, 35.48, 35.04, 34.51, 31.34, 30.87, 30.82,
28.53, 27.25, 26.28, 22.77, 22.58, 16.98, 15.82, 12.33.

HRMS (ESI/Q-TOF) m/z: [M + H]" caled for Cy44H;07N1,0,4
2542.4360; found 2543.4460.

Methods

The electrochemical experiments were recorded in a single-
compartment glass cell, using a CH Instruments potentiostat
(Austin, TX). Typically, the cell was fitted with a glassy carbon
disk working electrode (0.071 ¢m?), platinum auxiliary elec-
trode, a Ag/AgCl reference electrode, and a nitrogen inlet
Teflon tubing. Nitrogen gas was bubbled through the solution
to remove dissolved oxygen gas. During the voltametric scans,
nitrogen gas was maintained above the solution to prevent the
redissolution of atmospheric oxygen. The working electrode
was polished on a soft felt surface covered with an aqueous
slurry of alumina (0.05 pm), and rinsed extensively with puri-
fied water.

Conclusions

We have prepared a new cavitand-based molecule (1), having
four cholate groups covalently attached to the cavitand core via
triazole units. The final molecule was synthesized using the
copper(i)-catalyzed  azide-alkyne cycloaddition (CuAAC)
between the tetrapropargyl cavitand 2 and 3a-azido-cholic acid
3 (Scheme 1). The new cavitand showed limited solubility in
aqueous media. However, SWV electrochemical measurements
showed that the tetracholate cavitand 1%~ effectively binds
three viologen guests in a 5: 2 (v/v) mixture of H,O and DMSO
(containing 40 mM sodium borate for pH control). And
ESI-MS shows direct evidence for the complexes between the
cavitand 1 and the viologen guests. ITC experiments yielded a
K value of 1.28 x 10> M™' for the formation of the
1-MV**complex. Computational studies showed that the cavi-
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tand host adopts a globular conformation in aqueous media to
minimize the exposure and solvation of hydrophobic surfaces.
Docking studies with the methylviologen guest reveal the for-
mation of a very stable complex (calculated AG®° = —10 kcal
mol ™" in water and experimental AG® = —7.0 kcal mol™" in
H,0:DMSO, 5:2 v/v) in which the guest attaches itself to one
the external surfaces of the cavitand core. Therefore, formation
of an inclusion complex is not necessary to achieve consider-
able stabilization of the final supramolecular adduct, which is
likely to be further stabilized by the globular conformation
adopted by the host.

A recent publication has reported the preparation of a
related compound containing three cholate groups.*® These
results combine well with our findings on the conformational
complexity of cavitand 1*~ as well as the relatively surprising
structure of its highly stable adduct with methylviologen, and
fuel our interest to continue the exploration of more aqueous
soluble related host compounds with multiple cholate groups.
Potential strategies to improve water solubility by introducing
hydrophilic groups (e.g., sulfonate, carboxylate) on the feet of
the cavitand core are under consideration.
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