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Since their first appearance on the chemistry scene thirty years ago, resorcinarene-based cavitands have been recognized

to be a highly versatile class of compounds. Endowed with a rigid cavity of molecular dimensions, which can be decorated

www.rsc.org/

at the upper and lower rims with a vartiety of functional groups, they are efficent molecular receptors for chemical

sensing, as well as tunable building blocks in the formation of covalent and supramolecular architectures. In this paper, we

highlight and discuss “classic” and recent results concerning their chemistry, applications and crystal structure.

1. Introduction

Biological systems make use of molecular recognition between
molecules that complement each other in shape, size,
chemical functionalities and charge to accomplish many
biological events, such as cellular communication, enzyme
activity and antigen-antibody interaction, in a high efficient
and specific way. Inspired by Nature, chemists design and
prepare synthetic molecular receptors in order to explore the
concepts of specificity, shape recognition and binding site
complementarity, typical of the biological receptors. To
harness the potential of synthetic receptors in molecular
recognition requires structural information on the studied
complexes in terms of type, number and strength of the
involved interactions.

The concept of a close-surface receptor, capable to
embrace organic or inorganic guests proposed by Don Cram in
1983, was experimentally realized with the synthesis of the
first carcerand, thanks to the covalent connection of two
cavitands through four linkers.2 By varying type and length of
the linkers it was possible to modulate size, shape and
dimensions of the lateral portals of the inner cavity.
Carcerands were designed as a medium to include organic
molecules, controlling their reactivity, dynamics and stability.3
Two selected examples worth mentioning are the taming of
cyclobutadiene* and the stabilization of o-benzyne.> The
metal-directed self-assembly approach was successively
introduced into the chemical community by the pioneering
work of Makoto Fujita in the early '90s.%7 The transfer of this
approach to the cavitand field produced coordination cages
featuring reversibility and overcoming at the same time some
of the synthetic limitations of the covalent route.
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Cavitands, defined as concave organic molecules capable of
molecular recognition,® are one of the most fascinating and
versatile class of chemical receptors derived from
resorcinarenes. In the design of cavitands the choice of the
bridging groups connecting the phenolic hydroxyls of the
resorcinarene scaffold is pivotal, since it determines shape,
dimensions and complexation properties of the resulting cavity
(Figure 1.1). The selective binding of a guest by a molecular
receptor to form a complex involves in fact, beside shape
complementarity, the presence of specific weak interactions
such as hydrogen bonding,® m-mt stacking,® and CH-mt
interactions.’l Much attention is currently devoted to the
phosphorous derivatives of resorcinarenes, which have
opened the route to promising pre-organized hosts.12
Phosphorous groups play an important role in host-guest
chemistry and because of their binding capabilities, they have
been included in pre-organized structures to enhance the
complexation properties of cavitands.

Figurel.1 Molecular sketch of a generic resorcinarene based
cavitand. X = bridging groups; R1 = upper rim substituents; R =
lower rim substituents.
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For this reason, the properties of the phosphoryl (P=0) and
thiophosphoryl (P=S) moieties of binding neutral and cationic
species have been extensively investigated.13-17

The inner space and functionality of cavitands can be tuned
selecting the bridging units between the hydroxyl moieties, or
inserting appropriate substituents at the upper rim. Many
examples are present in the literature, like cavitands
functionalized at the upper rim with aromatic bridging units,18
quinoxaline cavitands,92021  crown cavitands,??2 cavitands
functionalized with tetraboronic pinacoyl esters,?3 or peptide-
and protein-based cavitands.?* The right choice of the apical
functionalization or of the bridging units can also lead to the
synthesis of multidentate cavitands acting as excellent
platform for the self-assembly of coordination cages upon
metal coordination.?®

All the above-mentioned features have contributed to the
extensive and successful use of cavitands in molecular
recognition processes. In addition to this, they have been
fundamental in making these receptors outstanding building
blocks for crystal engineering and for the formation of novel
molecular architectures mediated by metal centres. In this
review we will discuss these two last important applications of
cavitand chemistry, focusing in particular to the examples
reporting crystallographic analysis.

2. Cavitands and metals

The use of cavitands in combination with metals has produced
an extensive literature in the past twenty years. Cavitands with
different functionalizations can complex soft and hard metal
centres, yielding both discrete complexes and extended
frameworks. They are particularly used as pre-organized
multidentate ligands, thanks to the possibility to introduce up
to four substituents both at the upper and the lower rim. In
addition to this, the cavity with which these macrocycles are
endowed allows the creation of cages and capsules for
different applications, as will be discussed in the following
section.

2.1 Cavitand-based metal complexes

Numerous examples of crystal structures obtained combining
cavitands and metals are present in the literature.?6->2 They
span from discrete mono- and polymetallic complexes to more
complicated coordination polymers, as depicted in Figures 2.1-
2.4. The scope behind the synthesis and study of these species
is rather diversified. In some cases, the incorporation of a
metal centre inside the macrocycle has been used to modify
the shape of the cavity and to change the recognition
properties of the host.26 In other cases, cavitand-metal
complexes, in which the metal was embedded in the cavity,
have been used as biomimetic models to evaluate the
supramolecular effects on the metal ion properties and
reactivity (KOMKAA, Figure 2.1).2” The generation of new
architectures with one or more cavitands connected through a
metal centre has been realized synthetizing cavitands
decorated both at the upper rim28b and at the lower rim?28c
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with groups suitable for metal complexation (See for instance
OCIWAY,2° AQEQAP,30 JOZUG and JOZLAN3Y, Figure 2.1).

Some of the first results in this field of research were reported
in the mid nineties by Puddephat and co-workers, who
synthetized gold (JUTYIG10, Figure 2.1)32 and copper
(JUTYOM10,33 REVBID34, Figure 2.1) phosphonite cavitands for
size-selective inclusion of different guest ions, like amines,32
chlorine or iodine,33® and for selective metal ion extraction
from aqueous solution, suggesting potential applications also
in the separation or purification of metal ions.

Similar P(lll)-bridged cavitand complexes were obtained using
gold (MATRUU, Figure 2.1),3% silver and bromide (EKUKUQ,
Figure 2.1)36 or chloride counterions (VASCIC, Figure 2.1)37 or
copper (XAMLUT, Figure 2.1),38 the latter two cases to study
third-order nonlinear optical properties. The possibility of
arranging coordinated metal ions in proximity to each other by
means of the rigid scaffold offered by the macrocycle was
realized by Harrison with the synthesis of a cavitand
functionalized with four bis(pyridylmethylamine) moieties at
the upper rim, able to coordinate four copper(ll) centres
(MAPVEE, Figure 2.1).3°

The complexation properties towards metal species of
tetrabridged phosphonate (P=0) and tiophosphonated (P=S)
cavitands has been extensively studied both by Dutasta’s and
Dalcanale’s groups.*0 In all cases the phosphonate groups were
positioned at the upper rim of the cavity as bridging groups,
pointing inward in order to maximize the interactions between
the host cavity and the guests. Indeed, the presence of an
aromatic pre-organized cavity decorated with P=0O or P=S
groups capable of forming hydrogen bonds, CH-rt and ion-
dipole interactions has proved to be an effective tool for the
encapsulation of different neutral molecules!>@ or cations,*®
both in solution and at the solid state. Focusing the attention
on the ability of these receptors to coordinate metal ions, the
crystal structures of phosphonated cavitands with cesium
(VOSQAV, Figure 2.2),%% silver (MIGVAZ, Figure 2.2),%¢ calcium
(CUYZOM, Figure 2.2),%%d barium (CUYZIG, Figure 2.2)%d and
zinc (CUYZUS, Figure 2.2)%0d were reported. It is interesting to
see how, in the case of tiophosphonate cavitands, the type of
metal used for the complexation leads to 1:1 complexes as in
the case of mercury?® and thallium4°® in solution, or to a
dimeric capsule in the case of Silver (MIGVAZ)3%c. Similarly,
tetraphosphonate cavitands form a 1:1 complex with
cesium,%2 and a 1:2 complex with barium, 4% calcium4% and
zinc*d, In the case of the dimeric capsules,?%d it was elucidated
that the coordination of the metal centre is governed by the
metal cation size and by the propensity of the cavitand ligand
to engage all P=0O groups in the complexation through
coordinated water, thus determining the formation of
different architectures.

The complexation properties towards metal species of
tetrabridged phosphonate (P=0) and tiophosphonated (P=S)
cabvitands exploit the advantage of the directionality that
metal-ligand coordinative bonds offer with respect to weak
interactions. Multidentate cavitand ligands can be synthesised
in two ways: (i) functionalization at the apical positions and (ii)
introduction of the ligands as bridging units.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2.1 Overview of the molecular structures of some of the cavitand-metal complexes discussed in the paper, with their CSD
reference code. Metal atoms are represented as spheres. Hydrogen atoms and solvent molecules have been omitted for clarity,
as well as long alkyl chains and counterions, when necessary. Colour code: C, grey; O, red; N, blue; P, orange; Cl, green; Br,

bronze.
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These cavitands are particularly appealing building blocks for
the formation of cages, as will be seen in paragraph 2.2, and of
totally or partially open architectures, providing that suitable
metals are used. For example, a cavitand with four pyrimidine
substituents at the upper rim was used in combination with a
palladium ethylendiamine nitrate complex to give either an
interclipped supramolecular bowl or a intraclipped bowl
(TABKAJ, Figure 2.2),%! depending on the solvent employed. In
particular, a supramolecular capsule was formed as sole
adduct in a mixture of chloroform/methanol while the bowl
was obtained exclusively in aqueous phase. Using
nitromethane, both the interclipped capsule and the
intraclipped bowl were formed, a clear indication that self-
assembly can be controlled by changing the solvent nature.
Likewise, platinum, palladium and rhenium have been used to
study the self-assembly of open ditopic and tetratopic cavitand
complexes using monodentate cavitand ligands as building
blocks, with the aim of predicting their self-assembly
behavior.#2 Only the crystal structures of the platinum
complexes were obtained (SAPZEP, SAPZIT, SAPZOZ, Figure
2.2). The Authors demonstrated that depending on the cis-Pt
complex used as metal precursor, both the monotopic and the
ditopic-trans or ditopic-cis complexes could be obtained.

In some cases, the combined use of cavitands and metals have
led to the formation of polymeric structures of different
complexity. For instance, a 1-D polymeric chain was obtained
mixing a cavitand decorated with four pyrimidyl rings at the
upper rim with an hexafluoroacetylacetonate salt of Mn(ll)
(YAPTOZ, Figure 2.3).%3 The scope behind this study was to fine
tune the formation of cages, 1-D or 2-D networks by changing
the metal centres, and to obtain hollow materials that could
perform uptake and release of small organic molecules,
exploiting the intrinsic cavity of the macrocycle to impart
porosity to the system. By mixing a tetra(phosphineoxide)
cavitand with [Tb(DMSO)g](CF3SOs)s, an infinite 1-D polymer
was also synthetized (UTAVOB, Figure 2.3) by Toupet and co-
workers in 2011, showing consecutive cavitand units linked
adopting a rare pentagonal
bipyramidal coordination geometry.** More complex bilayer
structures constructed by secondary building units were
obtained using a flexible cavitand modified at the lower rim

through two terbium ions,

with four carboxylic groups. Different metal centres were used
to assemble other types of coordination polymers, namely
cadmium (COKFUF, Figure 2.3),%> manganese (COKGEQ, Figure
2.3)% and zinc (COKGAM, Figure 2.3).%5> Using Cd, a trinuclear
cluster was found, while infinite rod-shaped chains were
observed in the case of Zn and Mn. These species showed
interesting luminescence properties, making the cadmium and
zinc analogues good candidates for sensing polyoxometallates
in water.

Another important field of research in which cavitands
have been involved is that of catalysis applied to organic
synthesis. In recent years, the research group of Prof. Matt has
produced several examples of catalytic intermediates
comprising cavitand-metal species. Palladium complexes with
resorcinarenyl monoimidazolium moieties (LEYVAO, Figure
2.4)% or with phosphinated resorcinarenes (CUSFOM, Figure

4| J. Name., 2012, 00, 1-3

2.4)*7 have been used as catalyst precursors in Suzuki—Miyaura
cross-coupling reactions. The Authors demonstrated that the
catalytic outcome is influenced by the nature of the lower
substituents which may transiently interact with the second
coordination sphere of the metal, so to facilitate reductive
elimination. Ruthenium (KUYCEN Fig 2.4),® (SUFHEI, Figure
2.4)*° or nikel® resorcinarene-derived phosphanes have
evidenced how cavitands can be cleaved regioselectively in the
presence of a metal centre, yielding a “cracked cavitand”
structure.

Finally, it is worth noting that, while all the above-mentioned
structures show metals centres coordinating already-formed
cavitands as ligands, only two examples exist in which the
metal is used as bridging group at the upper rim for closing the
macrocycle. Back in 1996, a
tetrakis(zirconocene)calix(4)resorcinarene) was reported by
Floriani and coworkers (ZUCXEA, Figure 2.4)°1 with the
purpose of obtaining a polymetallic functionalizable skeleton
and tuning the shape and binding properties of the cavity. The
full metallation of the resorcinarene was successfully achieved
using dialkyl or diaryl derivatives of Zr and Fe. The Authors
showed through X-ray analysis that the four zirconium cations
define an almost square framework anchored to the upper rim
of the macrocycle. Similarly, four molybdenum atoms were
inserted at the upper rim of a cavitand in the form of (3,5-
dimethylpyrazolyl)borato)-(nitroso)-molybdenum) moieties
(NEFCOQ, Figure 2.4)%2 in order to introduce new recognition
sites in the resorcinarene skeleton and to study intermolecular
interactions involving the second coordination sphere of metal
complexes. In particular, the Authors structurally identified a
weak interaction between the dichloromethane guest and the
coordinated nitric oxides. In spite of these two examples, the
introduction of metals into the upper rim of cavitands as
bridging units is severely hampered by the strain of the
resulting metallocycle and by its low intrinsic stability. For
these reasons this last approach has turned out to be by far
less successful.

2.2 Cages

Cavitand-based cages have been synthesized by several
research groups, either using metal-ligand coordinative bonds
or weak intermolecular interactions as assembly tools, or,
sometimes, a combination of the two. The techniques mostly
employed to analyse the resulting products span from mass
spectrometry, to NMR spectroscopy, to X-ray diffraction on
single crystals. An exhaustive overview on resorcinarene-based
capsules formed through H-bonds, metal-coordination bonds
and dynamic covalent bonds has been recently published by
Dalcanale?> and Kobayashi.’3 In this paragraph we will
principally deal with cages obtained via metal-cavitand
coordination chemistry, with a special attention to the studies
supported by crystallographic analysis. As shown in section
2.1, the possibility of introducing appropriate functional
groups (carboxylate, pyridine, cyano, just to cite a few) as
bridging units at the upper rim of the cavitands, make them
suitable ligands for different types of metal centres.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2.2 Overview of the molecular structures of some of the cavitand-metal complexes discussed in the paper, with their CSD
reference code. Metal atoms are represented as spheres. Hydrogen atoms and solvent molecules have been omitted for clarity,
as well as long alkyl chains and counterions, when necessary. Colour code: C, grey; O, red; N, blue; P, orange; S, yellow; Cl, green.
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Figure 2.3 Overview of the coordination polymers discussed in the paper, with their CSD reference code. Metal atoms are
represented as spheres. Hydrogen atoms and solvent molecules have been omitted for clarity, as well as counterions, when
necessary. Colour code: C, grey; O, red; N, blue; F, green; S, yellow.
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Figure 2.4 Overview of the coordination polymers discussed in the paper, with their CSD reference code. Metal atoms are
represented in ball and stick mode. Hydrogen atoms and solvent molecules have been omitted for clarity, as well as counterions,
when necessary. Colour code: C, grey; O, red; N, blue; Cl, green.
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The choice of the functionalization is mostly dictated by
the careful optimization of structural parameters such as the
biting angle of the resulting multidentate ligand. One of the
first papers reporting the synthesis of a new cavitand with this
purpose in mind was that of Dalcanale and co-workers.>*2 By
mixing a tetracyano cavitand with four Pd (or Pt) square-planar
complexes of the type M(dppp)(triflate), they were able to
obtain a dimeric capsule (AFIRAI, Figure 2.5) hosting a triflate
counterion, as could be seen through NMR spectroscopy and
X-ray diffraction analysis. A large set of coordination cages was
prepared to elucidate the role played by: (i) the chelating
ligand, (ii) the transition metal, (iii) the counterion of the metal
precursor, (iv) the preorganization of the multidentate
cavitand ligands in terms of conformational rigidity and
relative orientation of the nitriles, (v) the ability to incorporate
anions.>
Following this research many other examples of
coordination cages were produced, mostly using palladium
and platinum as metal centres. A cage was obtained using a
cavitand bearing four pyridine moieties as bridging ligands, all
preorganized in a diverging orientation.>> In chlorinated
solvents, the coordination cage was shown to form a 1:1

line,

complex with methano[60]fullerene derivatives, driven by
dispersion forces and m-stacking contacts between the guest
and the inner surface of the host.%6

Analogous cavitands were also synthesized with longer
subsituents as bridging units, inserting four>” phenylpyridyl
arms, in order to obtain coordination cages of nanosize
dimensions. The presence of the phenyl spacer did not change
the self-assembly protocol, since the pyridine ligands retained
the same diverging spatial orientation creating cages in
presence of both Pd and Pt salts. A further example of a large
coordination cage which exhibits inclusion properties has been
described by Haino and co-workers.>8 They reported the self-
assembly of a coordination cage using an octadentate cavitand
functionalized at the upper rim with four bipyridyl (bipy)
moieties able to bind four silver cations in a tetrahedral
fashion.

AFIRAI

Figure 2.5 Molecular structure of the dimeric capsule (AFIRAI)
obtained with platinum as metal centre. Colour code: P,
orange; C, grey, O, red; N, blue, Pd, grey. Hydrogen atomes,
solvent molecules, alkylic chains and triflate counterions have

been omitted for clarity.

This journal is © The Royal Society of Chemistry 20xx

This cage showed unique encapsulation properties towards
different carboxyl acids, derived from its size and shape. In
2003 Park reported the formation of a sole adduct by intra-
clipping of resorcinarene-based ligands, functionalized at the
upper rim with four pyridine moieties, with square planar
Pd(ll) ions in water.5® The Authors demonstrated that the
complexation processes of aromatic carboxylates are both
enthalpy and entropy favoured.

Besides palladium and platinum, also lighter transition metals
like cobalt and iron have been employed for the formation of
cavitand-based cages. A first example was that reported by
Harrison and co-workers,’© who obtained a water soluble
complex (GIQJEV), in which two resorcinarene molecules
decorated at the upper rim with doubly deprotonated
iminodiacetate moieties are held together by four cobalt(ll)
ions (Figure 2.6). The hydrophobic pocket offered by the cage
is able to complex different guests, imposing size and shape
selectivity.

Similar systems have been later synthesized also with iron.®?
Thanks to NMR and X-ray crystallographic studies, these cages
have been shown capable of binding and releasing guest
organic molecules in water as a function of pH. Besides, the
cages assembled into arrays giving rise to porous materials
capable of absorbing and releasing water from the pores.62
Interestingly, the size and dimensions of the pores and
channels can be controlled by the type of alkaline earth metal
cations used for the assembly.®3

Bi-dentate cavitand ligands were used to study the possibility
of obtaining oligomers of higher nuclearity and extended
tridimensional frameworks by a judicious choice of different
cavitand isomers and metal precursors, such as [Re(CO)sBr].64
A first step toward the generation of a ligand/metal precursor
library for the self-assembly of metal organic frameworks
featuring embedded molecular recognition sites was done
with phosphonate cavitands.

GIQJEV

Figure 2.6 Molecular structure of the octaanionic complex
(GIQJEV) formed by two resorcinarene based cavitands and
four Co(ll) ions. Colour code: C, grey, O, red; N, light blue, Co,
blue. Hydrogen atoms, solvent molecules, and countercations
(barium and cobalt) have been omitted for clarity.

J. Name., 2013, 00, 1-3 | 7



The molecular recognition properties of these cavitands
bearing different numbers of P=0 groups and those of the
corresponding ditopic Re structures were investigated. It was
shown that the number and spatial disposition of the P=0
units are pivotal for the complexation of monotopic and di-
topic N-methylpyridinium salts. 65

By changing parameters such as the coordination geometry of
the metal employed and its oxidation state, not only cages, but
also larger molecular containers can be assembled. For
instance, mixing dithiocarbamate resorcinarene ligand units
and zinc or copper ions, led to the formation of a trimeric
Zng(cavitand)s(py)s] (CUPKUT) (Figure 2.7) and tetrameric
[Cusg(cavitand),]®* host architecture, respectively.5®

The large inner cavity formed by these species has been shown
to be suitable for binding spherical molecules like fullerene.®”
Along this line of research, Holman and co-workers were able
to synthesize a nanocapsule (VIXLAQ) comprising six cavitands
functionalized with four deprotonated carboxylic acids at the
upper rim, and sixteen Zn(ll) ions of general formula
[Znie(cavitand)e]®* (Figure 2.8),°8 which further polymerize
along the [001] direction via linear p-hydroxy (or p-oxo)
linkages.

The data obtained via crystal structure analysis allowed to
calculate the inner cavity volume and to show that the
polymer is composed by hexameric, closed-surface metal-
organic nanocapsules. Finally, a sodium complex was recently
obtained using cavitands decorated with four guanine bases,
to assemble a synthetic G-quadruplex of biological
importance.® Structural details of G-quadruplexes are crucial
for the elucidation and modulation of their functions, but are
often problematic. In their work, the Authors demonstrated
that the solid state analysis of the template-assembled G-
quartet allowed the elucidation of the cavitand
templating agent in simplifying the crystallization process.

role as

CUPKUT

Figure 2.7 Molecular structure of the trimeric unit
[Zne(cavitand)s(py)s] (CUPKUT). The guest molecules and the
alkyl chains at the lower rim of the cavitands have been
removed for clarity. Zinc ions are represented as grey spheres.

8| J. Name., 2012, 00, 1-3

3. Cavitands as building blocks for capsules and
supramolecular polymers

The possibility of functionalizing cavitands both at the upper
and lower rim, makes these class of molecules versatile
supramolecular synthons for the rational formation of discrete
and/or polymeric assemblies, depending on the choice of the
building blocks and on the type of interactions involved.”® This
research field has been strongly influenced by all the work
accomplished on cavitands as molecular receptors, and by self-
folding and self-assembly mediated by inclusion processes. As
in the case of cavitands and metals, most of the attention was
given to the design of molecular assemblies to be used in
different applications spanning from catalysis to sensing.>3

One of the first examples of a dimeric capsule held together by
self-complementary H-bonds was provided by Rebek and co-
workers, employing cavitands decorated at the upper rim with
bis-glycoluril units,”* or imine-pyrazine bridge cavitands.”? In
this last study the Authors explored the size- and shape-
selectivity of the encapsulation process and introduced the
concept of optimal occupancy volume.”%73

They observed the exclusive formation of the hetero-guest
pair when benzene and p-xylene were both added to a
solution of the host, presumably because two benzene guests
left too much empty space in the interior of the cavity, while
two p-xylene molecules made it too crowded.

A great asset for understanding the assembly process is the
analysis of the solid state structures of these systems provided
by X-ray diffraction on single crystals. As in the case of
metallocages, this paragraph will primarily focus on examples
obtained employing this investigation technique.

Back in 1998, Sherman reported the crystal structure of

molecular capsules assembled via four charged hydrogen
bonds, combining a tetramethylene bridged cavitand bearing
four OH groups on the apical position of the aromatic rings
with its deprotonated analogue, in the presence of DBU as
base and pyrazine as guest.”* The solution and solid state
characterization provided unprecedented details for such
complexes, particularly with respect to the orientation and
mobility of the encapsulated guests. Since then, several new
cavitands have been synthesized to this purpose, often by
introducing self-complementary hydrogen bond donor and
acceptor sites along the upper rim.
For example, dimeric H-bonded capsules were obtained
starting with different tetraimide,’> tetraester 7 or with tetra-
or triamide cavitands.”” The dimerization process in these
cases was driven not only by the formation of hydrogen bonds
but also by the self-inclusion of moieties of one cavitand into
the deep cavity of an adjacent one.

This journal is © The Royal Society of Chemistry 20xx
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Chemistry from Ref. 68.

Pursuing a similar line of research, Kobayashi and his
research group first reported that methylene-bridged
cavitands decorated with four carboxy groups at the upper
rim produced a wave-ladder type of 1-D hydrogen-bonded
network, showing a very porous crystal packing.”® In a
subsequent study they demonstrated that by combining two
molecules of tetracarboxylic acid cavitands with four
molecules of 2-aminopyrimidine a capsule was formed
(KAHMOV), assembled via 16 hydrogen bonds, and hosting
two molecules of nitrobenzene (Figure 3.1. Guests are not
shown for clarity).”®

Figure 3.1 Molecular structure of the hydrogen-bonded
capsule KAHMOV. Colour code: C, grey, O, red; N, light blue;
H-bonds, blue dotted lines. Only the hydrogen atoms involved
in the weak interactions are shown. Alkyl chains and guest
molecules have been omitted for clarity.

This journal is © The Royal Society of Chemistry 20xx

Very recently, a similar capsule has been obtained from
two tetrakis(4-pyridylethynyl)cavitands and a porphyrin ring,
mediated by eight hydrogen bonds.8® By mixing 2 molecules
of cavitand and 1 molecule of porphyrin, Kobayashi and co-
workers were able to obtain a doubly cavitand-capped
porphyrin capsule 2-1-2 assembled via eight ArOH---Npy
hydrogen bonds, possessing two cavities separated by the
porphyrin ring. It was shown that each cavity could
accommodate a guest molecule and that a remarkable
solvent effect was present for guest encapsulation, with
deuterated benzene being a better solvent for the capsule
formation than CDCls.

Kobayashi also implemented an alternative strategy to obtain
supramolecular heterodimeric capsules using cavitands
functionalized with carboxylic or pyridyl groups able to
interact in a rim-to-rim fashion via four intermolecular
CO;H:*N hydrogen bonds.8! In particular, by assembling
together a tetracarboxyl-cavitand with a tetra(3-pyridyl)-
cavitand, the 1:1 heterodimeric capsule ILHOC was obtained
(Figure 3.2).

The assembly process was shown to be specifically induced by
1,4-disubstituted-benzene guests, as demonstrated by X-ray
diffraction analysis on single crystals and by NMR studies in
solution. The ability of the guest to induce the heterodimeric
capsule assembly and the orientational isomerism of the
encapsulated, non-symmetrical p-disubstituted-benzene
guests were elucidated. In the case of similar heterodimeric
capsules formed by tetra(4-pyridyl)-cavitands and tetrakis(4-
hydroxyphenyl)-cavitands  through four  PhOH---pyridyl
hydrogen bonds,8? the orientation of the 1,4-disubstituted-
benzene guest inside the capsule cavity was also confirmed
via X-ray crystallographic analysis.
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ILJOC

Figure 3.2 Molecular sketch of the hydrogen-bonded capsule

ILUOC, held together by four intermolecular CO.H--N
hydrogen bonds. R=(CH,)sCHs or R=(CH,),Ph. Reproduced
with permission from Ref. 81a. Copyright (2003) American
Chemical Society.

The delicate balance among attractive CH—t interactions, CH—
halogen (halogen—n) interactions, C=0---HC interactions, and
the electrostatic potential repulsion between the lone pair of
the carbonyl oxygen atom of the guest and the aromatic
cavity of the host, was found to influence the binding ability
of the guests to the capsule, as well as the orientational
isomeric selectivity of unsymmetrical guests. The binding
constants in various solvents and the overall stability of the
heterocapsule in the presence of different aromatic guests
were studied and reported by Kobayashi’s group in 2013.83
The thermodynamic analyses revealed that the complex
formation was both enthalpy and entropy driven.

The same systems also provided an interesting example of a
supramolecular gyroscope, with the aromatic guest rotating
inside the cage along its vertical axis.®*

In order to construct supramolecular capsules, Aakerdy and
co-workers have synthetized several new cavitand-based
building blocks by introducing tailored H-bond acceptor or
donor groups at the upper rim of the cavitands.8>

DABSEG DABSIK

Figure 3.3 C-Pentyl-1,3-dibromo-2,4-di(2-acetamidopyridyl-5-
ethynyl)-cavitand DABSEG (left) and C-pentyl-tetra(2-
acetamidopyridyl-5-ethynyl)cavitand DABSIK (right).
R=(CH;)4CH3. Reproduced permission of The Royal Society of
Chemistry from Ref. 86.
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By inserting two or four self-complementary hydrogen-
bonding moieties, namely 2-acetamidopyridyl-5-ethynyl
groups, at the upper rim, they obtained either the 1,3-
bifunctionalized cavitand DABSEG or the tetra-functionalized
analogue DABSIK (Figure 3.3) which yielded, a supramolecular
1-D polymer and a discrete capsule, respectively (Figure
3.4).86In both cases, the structures were held together via N—
H---O hydrogen bonds. The addition of the ethynyl groups at
the cavitand upper rim increased the depth of the receptor
and its interior electron density, thus enhancing the binding
to suitable electron-poor guests of considerable size.
Similarly, a supramolecular heterodimeric capsule (DEGWET)
held together by four I|--:N halogen bonds was successfully
obtained assembling a tetra(3-pyridyl)cavitand with a tetra(4-
iodotetrafluorophenyl) calix[4]arene (Figure 3.5).87

Figure 3.4 Left: the polymeric 1D chain formed by cavitand
DABSEG. Right: the capsule formed by cavitand DABSIK
through N-H O=C hydrogen bond interactions.

DEGWET

Figure 3.5 Molecular structure of the dimeric capsule
(DEGWET) assembled via four | N halogen bonds (blue
dotted lines). Colour code: C, grey; O, red; N, blue; F, yellow; I,
purple. Hydrogen atoms and solvent molecules have been
omitted for clarity.
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These specific synthons were expressly selected to combine
advantageously the pre-organization brought by the rigid
cavitand structure, with the conformational flexibility given by
the lower-rim chains of the calixarene. In spite of this
flexibility, in 40% of the cases a partially open capsule with
only three I-::N interactions was obtained, due to the steric
hindrance generated by the four iodotetrafluorophenyl arms.
However, halogen bond was demonstrated to be an effective
tool to form strong and directional interactions also for these
types of systems. In this respect, Rissanen and co-workers
have recently reported the crystal structure of the adducts of
tetraiodoethynyl cavitands with 1,4-dioxane, pyridine, and
tetrapropyl ammonium bromide respectively, highlighting the
ability of iodine to interact with different halogen bond
acceptors.8 These results demonstrate the usefulness of the
resorcinarene skeleton to act as a platform for the
construction of new 3-D cavitand-based halogen bonded
supramolecular assemblies. Molecular capsules based solely
on the interaction of halogen bonding have been recently
studied in solution by Diederich and co-workers.8?

The presence of specific functions at the upper or lower rims
of the cavitands can also be exploited to use these
macrocycles as moulds to create a pre-organized pattern, and
to induce geometrical spatial arrangements in the solid state.
This has been recently shown by means of a
tetraphosphonate cavitand (YUFBUX), in which the specific H-
bond interaction pattern induced by the host via its rigid pre-
organized platform of four P=0 acceptor groups led to the
exclusive formation of a cyclic water tetramer with C4
symmetry (Figure 3.6).%0

Tetraphosphonate cavitands have demonstrated remarkable
molecular  recognition  properties toward N-methyl
ammonium salts both in liquid,1® and in the solid state.” The
origin of the receptor selectivity toward N-methyl ammonium
saltsis attributed to the presence of three interaction modes:
(i) NteeeO=P cation—dipole interactions; (ii) CHs-mt
interactions of the acidic *N—CH3 group with the m basic
cavity; (iii) two simultaneous hydrogen bonds between two
adjacent P=0 bridges and the two nitrogen protons.

/ A}

/

AN

YUFBUX

Figure 3.6 Side view of the tetraphosphonate cavitand YUFBUX
with the induced cluster of hydrogen-bonded water molecules
(Colour code: P, orange; O, red; C, grey; H, white; weak
intermolecular interactions, blue and green). Reproduced
permission of The Royal Society of Chemistry from Ref. 90.

This journal is © The Royal Society of Chemistry 20xx
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For these outstanding and versatile molecular recognition
properties, tetraphosphonate cavitands are extremely
appealing for the formation of supramolecular polymers via
host-guest interactions. The introduction of both host and
guest units in the same monomer was the strategy used by
Dalcanale and co-workers to induce the self-assembly of
supramolecular polymers.?! The desired monomer presented
a single methylpyridinium unit (POBLIC, Figure 3.7) at the
lower rim of a tetraphosphonate cavitand, to exclude the
possibility of self-association.

By inclusion of the methylpyridinium unit in the cavity of an
adjacent cavitand, a linear homopolymer was formed, self-
assembled via multiple ion—dipole interactions between the
P=0O groups and the positively charged methylpyridinium
moiety, and CH-mt interactions between the acidic methyl
group and the m-basic cavity, as demonstrated by solid state
studies. In the crystal, the polymer assumes a straight and
extended (all-transpyridinium linker) conformation. (Figure
3.8).

7\

@ _
£
POBLIC

Figure 3.7 Structure of the monomer POBLIC employed for the
polymerization process. Reproduced with permission from Wiley-
VCH Ref. 91.

Figure 3.8 Crystal structure of the supramolecular polymer
formed by POBLIC, showing two independent chains (blue
and yellow). The triflate counterion is depicted in green.
Reproduced with permission from Wiley-VCH Ref. 91.
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The supramolecular plasticity of these polymers was proven
by addition of a porphyrin molecule bearing four pyridinium
moieties, which led to the quantitative formation of a star-
branched polymer.

By inserting the methylpyridinium unit at the upper rim in
replacement of one P=0 group,®! a self-inclusion dimer was
observed instead, both in solution and in the solid state.92
A similar self-inclusion dimeric capsule has been recently
described by Kobayashi®3 using a cavitand decorated by 2,2’-
bipyridyl pillars on its upper rim. In this case, the dimeric
capsules that encapsulate small guests, such as nitromethane,
acetonitrile or methyl acetate, are formed through the m—n
stacking of the flat bipyridyl moieties.

An alternative approach to obtain supramolecular
copolymers, requires the distribution of the self-assembling
functionalities in two different Homoditopic
complementary host-guest units were reported by
Dalcanale’s group in 2010. A di-topic host consisting of two
tetraphosphonate cavitands covalently linked at their lower
rim was reacted with a di-topic guest consisting of flexible
ethylene oxide chains of different length, functionalized with
two N-methylpyridinium end groups (Figure 3.9).%4 Both linear
and cyclic copolymers were thus obtained, the length of the
chains and the solvent used influencing the thermodynamics
of the system.

In the case of flexible polymers, formed by the self-assembly
of a di-topic host featuring an adipic spacer connecting the
cavitand units, and di-topic guest bearing a polyethylene
glycol linker, viscosimetry studies revealed the presence of a
ring-chain equilibrium, converging to the formation of linear
polymeric species in high concentration systems. In the case
of rigid systems, obtained via self-assembly of a di-topic host
bearing an aromatic unit as linker and a methyl viologen as di-

species.

topic guest, the X-ray analysis provided a physical evidence of
the formation of a linear structure (Figure 3.10).

P T

Ditopic Host Ditopic Guest

Figure 3.9 The host-guest polymerization mode. Reproduced with
permission from Wiley-VCH Ref. 94.
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AJUTUV

Figure 3.10 Structure of the co-polimer AJUTUV obtained by self-
assembly of the ditopic cavitand host and the methyl viologen di-
topic guest. Reproduced with permission from Wiley-VCH Ref. 94.

Conclusions

We have reviewed some aspects of the rich chemistry of
resorcinarene-based cavitands, focussing on the solid state
structures of their supramolecular assemblies and metal
complexes. The key feature of cavitands is the presence of a
pre-organized, m-basic cavity which can be decorated both at
the upper and lower rim with a great variety of functional
groups ideal building blocks for crystal
engineering and coordination chemistry. The mastering and
tailoring of weak interactions (metal coordination, H-bonding,
solvophobic and CH-mt interactions, etc.) has been shown to
be of primary importance for the generation of functional
materials; in this respect, the study of crystal structures
through X-ray diffraction has proved to be a fundamental tool
for understanding, in the solid state, the interactions
responsible of the desired functions/organization. The
detailed knowledge of the complex structure reveals the
molecular origin of the implemented function, allowing
refinement of the functional groups and their
positioning/orientation in order to maximize the desired

making them

rational

interactions. Moreover, in the case of molecular containers,
the solid state studies allow to calculate and shape the inner
cavity size according to the desired guest or to model the
cavity required functions.

Compared to the vast literature on self-assembled cages and
containers, fewer examples exist of tridimensional arrays
based on cavitands. Very interesting would be the possibility
of synthesizing extended materials showing macroporosity in
their crystal structure while retaining the inerent
microporosity of the molecular cavity.*3 %5 As summarized in
this review, the shape, dimension and nature of the receptor
and consequently the host—guest interactions can be tuned
by the choice of the bridging groups at the upper rim of the
resorcinarene scaffold. The versatile sensing properties of
cavitands can be harnessed in molecular recognition in the
solid state when the receptors are properly arranged in a
solid matrix. The functionalization of the lower rim of the
cavitands with suitable ligands would allow the insertion of
these receptors into tridimesional structures, so tuning the
recognition properties of the porous material.2%¢ This would

This journal is © The Royal Society of Chemistry 20xx



be of interest for many practical applications, spanning from
sensing, to absorption and storage.
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