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We present a readily available calix[5]arene derived cavitand recep-
tor that is stabilized in the closed cone conformer through inter-
molecular hydrogen bonding with methanol molecules. The
receptor features a highly spherical aromatic surface that binds
Ceo and Cyq fullerenes effectively, and the binding event can be
regulated allosterically by the addition of methanol.

The molecular recognition of fullerenes is a topic of current
interest, mostly because of their demonstrated application as
photovoltaic materials.” The development of new hosts is of
great interest for their use in the separation of fullerenes from
soot mixtures,”” and for their regioselective functionalization
to obtain well-defined and isomerically pure derivatives.®™?
Calix[5]arene derivatives are good candidates for the molecular
recognition of fullerenes because of their shape complemen-
tarity, which allows efficient n-n stacking interactions between
host and guest.”*"” Despite this, calix{5]arene hosts have not
found widespread use as fullerene hosts, probably because
previous strategies to enhance binding and selectivity-such as
embedding two calix[5]arene units in a ditopic receptor- are
synthetically cumbersome.'®'® Conversely, the longitudinal
extension of calixarenes with aromatic moieties is synthetically
advantageous and is a viable strategy to enhance their binding
ability.”®*" We have recently developed a series of hydrogen
bond stabilized calix[5]arene hosts using an amide bond for-
mation as key step for facile diversification.**>* The hosts so
far reported in our group are based on a permethylated
calix[5]arene scaffold, which favours irregularly shaped confor-
mations rather than the spherical and symmetrical bowl
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structures that originate from hydrogen bonding of the lower
rim phenol functions in the parent calix[5]arene. With mole-
cular recognition of fullerenes in mind, we envisaged develop-
ing a new receptor scaffold based on the parent calixarene
structure with free phenolic units at the lower rim (Fig. 1). In
addition, we aimed at stabilizing the folded structure by inter-
molecular hydrogen bonding with solvent or “helper” mole-
cules, as opposed to structures previously reported by us that
fold through intramolecular hydrogen bonding.>*>* The new
approach would be more versatile synthetically speaking,
allowing an easier diversification with readily available aniline
precursors. Solvent assisted folding has been previously
demonstrated in resorcin[4]arene derived cavitands, albeit
the covalent pre-organization in this type of receptors intrinsi-
cally favours the closed vase conformation.”® In contrast,
calix[5]arene derived cavitands feature a much higher degree

t-Bu
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Fig. 1 Structure of the cavitand 1 showing the stabilizing hydrogen bond
network, including water or alcohol molecules.
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of flexibility, which poses a challenge to stabilize cone con-
formers by means of intermolecular interactions.

Herein, we report the first example of a calix[5]arene derived
deep cavitand (1) that folds into the binding competent cone
conformer with the assistance of methanol, establishing a
continuous hydrogen bond seam with the amide groups of 1.

Cavitand 1 was synthesized by modifying our previously
reported method with a suitable temporary protection scheme
for the phenolic functions (Scheme 1). Calix[5]arene pentaalde-
hyde 2>*?%?” was acetylated in moderate yield to obtain pen-
taacetate 3. The choice of protecting group is not trivial in this
context, because groups larger than methyl impose significant
barriers to the rotation of the aromatic panels about the
methylene hinges of the calix[5]arene structure, leading to
kinetically locked conformers that can hinder subsequent
derivatization.?® Indeed, in the case of 3 a broad resonance is
observed in the 'H NMR for the acetyl protons at 298 K.
Nevertheless, this signal sharpened upon heating, making us
confident that suitable conditions for subsequent derivatiza-
tion could be found. Oxidation to the pentaacid derivative 4a
proceeded uneventfully in excellent yield, and this precursor
was then coupled with 4-(tert-butyl)aniline via the corres-
ponding pentaacyl chloride in good yield considering the
fivefold reaction. Finally, the acetyl groups of 5a were cleaved
with hydrazine to obtain the targeted cavitand (1) in good yield.
The O-permethylated analogue 5b was obtained in an analo-
gous manner from pentaacid precursor 4b.

The "H NMR spectra in CDCI; of cavitand 1 at 298 K presents
broad and poorly defined signals, indicative of mixtures of
multiple slowly interconverting conformers and/or aggregation
phenomena (Fig. 2). Upon addition of CD;OD into the solution
(5% by volume), the resonances became sharper and well-
defined, suggesting that intermolecular hydrogen bonding with
methanol molecules is stabilizing monomeric cavitand species

CHO Ac,0 CHO NaCIO,
Pyr NH,SO3H
—_— —_—
acetone/
CHCI3/H,0
OH 5 OAc
2 3 53%
[ t-Bu ]
i. (COCI), DCM
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COM | i, p-(t-Bu)CeHaNH,
Pyr., THF
> (0] NH
OR 5 B
4a R = Ac, 98% OR
4b R = Me — —5
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1 R=H,72% THF

5b R = Me, 74%
Scheme 1 Synthesis of cavitands 1 and 5b.
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Fig. 2 *H NMR spectra of 1 in different solvents and temperatures.

in a well-defined cone conformer. Nonetheless, this stabilizing
effect is not sufficient to slow down the bowl inversion motion
of the calix[5]arene core, as indicated by the appearance of the
methylene bridge protons as a single resonance, rather than an
AB system of diastereotopic protons as observed for related
systems that are in slow exchange (in the NMR time scale). 2>>*
We reasoned that while the addition of methanol would
effectively provide a stabilizing effect by bridging the amide
moieties along the mid-section of the cavitand, the hydrogen-
bond competitive nature of methanol could disrupt the lower-
rim intermolecular network of phenol groups, resulting in two
opposing effects. To diminish the interference of hydrogen
bonding at the lower rim, the amount of methanol was reduced
to 1%, and we observed a significant broadening of the CH,
resonance, close to the coalescence point. Ultimately, upon
decreasing the temperature to 283 K, the CH, protons resolved
into two separated and well-defined peaks corresponding to the
expected AB spin system. The overall spectrum is consistent
with a structure of averaged Cs, symmetry resulting from fast
rotation of the upper anilide panels about the aryl-CO bond,
relative to the NMR time scale (the CH protons of the
calix[5]arene core appear as a single resonance). Albeit the
intensity of the NH and OH resonances of the cavitand is
diminished by exchange with deuterium from CD;OD, the
downfield shift observed for these resonances is in good
agreement with the formation of stabilizing cooperative hydro-
gen bond networks. For comparison, we next assessed the
behaviour in solution of 5b, an analogue of 1 lacking the ability
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Fig. 3 From left to right: optimized molecular models of 1-5(MeOH) (showing the available buried volume), Cgo<=1-5(MeOH), and C,<=1.5(MeOH).

to establish a hydrogen bond network at the lower rim. In
solution of CDCI; with 1% CH;OH, the "H NMR spectrum of 5b
displays sharp and well-defined resonances commensurate
with an averaged Ds;, symmetry (Fig. S1, ESIT). The methylene
bridge protons appear as a single sharp resonance, indicating
fast cone inversion in the NMR time scale. Upon cooling, the
spectrum remained unaltered even at 273 K, indicating that
hydrogen bonding to methanol molecules is insufficient to
stabilize 5b in folded cone conformers. Overall, these data
indicates that the stabilization of 1 arise from a cooperative
effect of intermolecular hydrogen bonding along the amide
region and intramolecular hydrogen bonding at the phenolic
lower rim. To corroborate these findings, we assessed compu-
tationally the structure of 1 bridged by 5 methanol molecules
using DFT (Fig. 3). A structure minimization in implicit CHCl;
as solvent converged to a folded structure with the envisaged
arrangement of methanol molecules establishing an uninter-
rupted cyclic hydrogen bond network with the amide groups.
This arrangement preserves the array of hydrogen bonds
between phenol groups at the lower rim that is characteristic
of calix[5]arenes. The cavitand defines a highly spherical cavity
with a total buried volume of about 1000 A®.*°

Having demonstrated that intermolecular hydrogen bond-
ing to methanol is effective at stabilising the cone conformer of
1, we sought to exploit this feature in the molecular recognition
of fullerenes given the existing precedents of fullerene binding
by calix[5]arene derivatives. Optimization (PM7) of host-guest
complex structures with Ceo and C,, indicated a snug fit in both
cases (Fig. 3). We next assessed qualitatively the binding of Cg,
and C, by means of "H NMR spectroscopy (Fig. S2, ESI). Upon
addition of either fullerene to a CDCI; solution of 1, no

Table 1 Association constants (K,) of fullerenes with 1 in CHCls/o-DCB
(90:10 v/v)

Entry Guest MeOH T (K) K, (M

1 Ceo NO 298 6500 + 20

2 Ceo NO 283 3061 £ 3

3 Ceo YES* 283 33000 + 7000
4 Cro NO 298 4020 + 20

5 Cro NO 283 7010 + 20

6 Cro YES* 283 6020 + 50
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significant changes were observed, and only broad and ill-
defined resonances were observed. However, upon addition of
methanol to the solution a well-resolved spectrum was
obtained, suggesting that complexation occurred. The obtained
spectra are commensurate with a time averaged D5, symme-
trical structure resulting from fast cone-cone interconversion,
and a broad peak is observed for the methylene resonances
indicating a situation at the verge of coalescence. Indeed, upon
cooling to 273 K the methylene signal split into the pair of
diastereomeric resonances previously observed in the absence
of fullerene. The OH and NH resonances became sharper and
shifted downfield in agreement with a situation of higher
kinetic stability of the complex. Given the fast exchange
dynamics of the host-guest pair and the small shifts observed
by NMR, we resorted to UV-Vis titration experiments in order to
assess the corresponding binding constants (Table 1 and ESIf).
The host-guest interaction of cavitand 1 and fullerenes can be
visually observed by a sharp colour change upon addition of
host to the fullerene solutions. For solubility reasons we used a
mixture of CHCl; and o-dichlorobenzene (0-DCB) in 90:10 v/v
ratio respectively.§ Upon addition of increasing amounts of 1 to
Ceo, the colour of the solution changed from magenta to pale
yellow, and the intensity of the absorption spectra increased
gradually in the overall spectrum. The absorption values were
extracted and fitted to a 1:1 binding isotherm revealing an
association constant (K,) of 6500 + 20 M ".%° Similarly, a
solution of C;, in CHCl3/0-DCB 90:10 experienced a change
of colour from red to pale orange upon addition of increasing
amounts of 1, revealing a K, of 4020 £ 20 M. The formation of
both complexes was also observed in the gas phase by ESI-
HRMS (Fig. S3, ESI{). We next assessed the effect of methanol
on the K,, which was expected to increase by virtue of the
stabilizing effect observed during NMR studies. Remarkably,
titrations performed at 283 K in the presence of MeOH resulted
in an increase in the K, of both Cg, and C,,. With respect to
titrations carried in the absence of methanol at 298 K and
283 K, a 5-fold and 10-fold increase in the K, of Cgz, were
obtained respectively. In the case of C,, a more moderate 1.5-
fold increase in K, was observed with respect to the reference
experiment at 298 K without methanol. Somewhat surprisingly,
the K, decreased in relation to the titration experiment carried
out without methanol at 283 K. These results show that
intermolecular hydrogen bonding can be used to regulate

This journal is © The Royal Society of Chemistry 2023
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allosterically the molecular recognition of fullerenes in simple
calix[5]arene derived cavitands. Most remarkably, cavitand 1
provides K,’s in the 10°~10* M~* range in a highly competitive
solvent (0-DCB), whereas previously reported hosts based on a
single calix[5]arene macrocycle display K,’s in the 10°-10° range
under similar conditions.'® Constants in the range of those
obtained for 1 can be replicated with receptors that feature
multiple covalently tethered calix[5]arene'®'® or corannulene
recognition units,>* but such hosts are much more challen-
ging to synthesize and present limited diversification potential.
For completeness, we also attempted fitting all our titration
data to a 2:1 model given existing precedents,"” resulting in a
poor fit in all cases.*® Based on our volume calculations (Fig. 3),
we can estimate occupancies of 26% and 29% for Ce, and C;,
respectively in a hypothetical closed capsule formed by
two units of 1-5(MeOH), deviating significantly from Rebek’s
55% rule.**

In conclusion, we have synthesized a new deep cavitand
receptor derived from calix[5]arene and a simple aniline
that is stabilized in the cone conformation by intermolecular
hydrogen bonding. The cavitand presents good complementar-
ity with Cgso and C,, fullerenes and the intermolecular
hydrogen bonding manifold allows regulation of the associa-
tion constants. This new host design is highly amenable to
diversification, and a family of receptors could be easily
obtained by varying the aniline precursor. Overall, we believe
that hosts based on the structure of 1 offer great potential for
the selective molecular recognition of fullerenes at a reasonable
synthetic cost.
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