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Nowadays, a separate realm of modern chemistry is populated by compounds
with encapsulated species. Those may be organic and inorganic, anions,
cations or neutral molecules that are almost completely isolated from external
factors (other ligands, solvents, etc.) by 3D caging (encapsulating) ligands to
give molecular and polymeric capsules. The caged species have unique phys-
icochemical properties responsible for specific reactivity and selectivity of
their binding and release. The resulting cage complexes may be used for rec-
ognition, separation, carrying, storage, and detection of various encapsulated
species in the field of molecular and supramolecular devices and modern
materials, such as catalysts, carriers of therapeutically active compounds, and
many others.

Depending on the nature of chemical or supramolecular bonds between
precursors (ligand syntones, some of them are shown in italic) of the ligands
(shown in bold), the cage complexes can be divided into three main classes:
covalent, supramolecular, and coordination capsules.

Covalent capsules (Chap. 2) include imine cages and their reduced deriva-
tives; amine, amide, and pyrrole encapsulating ligands; cryptophanes and
cryptands; and arene- and cavitand-based capsules. These subclasses reflect
the nature of their caging ligands. The pioneering works of J.-M. Lehn,
DJ. Cram, and J. Nelson should be emphasized; further development in this
field has been achieved by M. Mastalerz, A.P. Davis, A.I. Cooper, V. Amendola,
J.-P. Dutasta, F. Huang, K. Severin, and their coworkers.

Supramolecular capsules (Chap. 3) can be divided into two main sub-
classes: arene- and cavitand-based assemblies. J. Rebek Jr. and D.N. Reinhoudt
are pioneers in the field of these “soft” encapsulating ligands and their cage
complexes. General experimental and theoretical (such as so-called “Rebek’s
rule”) approaches to the design, synthesis, and study of supramolecular cap-
sule have been also introduced by J. Rebek Jr., with a valuable input from
B.C. Gibb, D. Ajami, J. L. Atwood, D. Rudkevich, and A. Shivanyuk.

Coordination capsules (Chap. 4), formed by coordination-driven self-
assembly of complimentary organic syntones containing donor groups with
appropriate metal ions, can be divided into three main subclasses depending
on the nature of their cage frameworks (4n- and 6n-capped capsules) and
coordination modes (bridging or cross-linking) of the metal ions. Pioneering
efforts in synthetic and physical chemistry of these capsules have been made
by M. Fujita and K.N. Raymond. Several new types of coordination capsules
have been also designed and prepared by J.R. Nitschke, R.W. Saalfrank,
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M.J. Hardie, M.D. Ward, K. Severin, G.H. Clever, P.D. Beer, M. Shionoya,
and their coworkers.

Continuous progress in the chemistry of these classes of compounds with
encapsulated species has been summarized in several reviews by J. Rebek Jr.
and coworkers [1-17] and, very recently, by M. Yoshizawa [18]. The coordina-
tion capsules have been nicely covered by M. Fujita [19-25], K.N. Raymond
[26-31], and others [32—40] and, more recently, by J.R. Nitschke [41-45],
G.H. Clever [46], and M. Shionoya [47]. In 2002, we published the book
Clathrochelates: Synthesis, Structure and Properties [48] that summarized
general concepts and features of the complexes with an encapsulated metal ion.

Main developments in the design and chemistry of covalent capsules and
their practical applications as they appeared to date are reported in many
reviews [21, 34, 35, 48-65] and books [66—69] by J.-M. Lehn, K. Bowman—
James, V. Amendola, A.P. Davis, and others in 1988-2013 and, very recently,
by M. Mastalerz [70].

The aim of this book is to generalize the main progress in the design and
synthesis of capsules with various caged species (some of them also shown in
italic) that are important for their classification, reactivity, and practical
applications recognized in 2014.

The authors would like to thank Dr. Ekaterina Lebed and Dr. Yulia Nelubina
(INEOS RAS) for their valuable contribution in writing the book. We are also
much indebted to Prof. M. Fujita for fruitful suggestions and comments.

Moscow, Russia Yan Z. Voloshin
Moscow, Russia Irina G. Belaya
Heidelberg, Germany Roland Krimer
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1.1 Scope and Goal
Before going into any details, we should identify
molecular and supramolecular compounds that
are considered cage complexes with encapsu-
lated species (organic or inorganic anions, cat-
ions, and neutral molecules). The main criteria
for the formation of such a complex are (i) 3D
cavity in a caging ligand (capsule, cage frame-
worwk) and (if) inclusion (encapsulation) of
chemical species within this cavity via coordina-
tion (donor—acceptor) bonds or supramolecular
interactions (hydrogen bonds, electrostatic
(Coulombic) and dipole—dipole interactions, etc).
Typically, caging ligands contain at least three
organic or metal-organic cyclic or pseudocyclic
(including macrocyclic and pseudomacrocyclic)
fragments formed by covalent, coordination, or
supramolecular bonds and cross-linking (apical,
capping, vertex) atoms, chemical groups, or metal
ions belonging to at least three of these cyclic
or pseudocyclic entities. Such caging ligands
almost completely isolate encapsulated species
from external factors (e.g., solvent effects, side
reactions), resulting in unusual or even unprece-
dented chemical and physicochemical properties.
This size- and shape-discriminating encapsula-
tion allows stabilizing unusual oxidation and
spin states of an encapsulated metal ion [1],
highly reactive organic and inorganic guests [2—
4] (including catalytically active intermediates
and organic radicals), conformational and struc-

© Springer International Publishing Switzerland 2016

tural [5] isomers of caged organic guests (includ-
ing their tautomeric forms [6]), etc. Cationic
and anionic encapsulating (caging) ligands also
demonstrate charge-discriminating properties
by binding mostly oppositely charged guests or
neutral molecules. Differences in the guest selec-
tivity of cage complexes arise from their topol-
ogy (spatial arrangement of donor groups and the
shape of inner cavity) and rigidity of an encap-
sulating ligand [7]. Severe steric restrictions
within the cavity determine high selectivity of
the encapsulation; those, however, can be tuned.
Indeed, depending on the size of the facial ligand
syntones, not only the cavity size but also the port
size of the cage framework could be controlled.
This offers potential possibilities for developing
suitable nanosized encapsulating hosts that can
accommodate suitable small molecular guests or
chiral catalysts [8]. If a cage molecule contains
large pores, guest species in it can be quickly
exchanged between the interior and the outside
[9]. Such a structure could be advantageous if
some reactive intermediates of a chemical reac-
tion can be stabilized in the interior, while the
final products are released quickly. This would
be an entry into catalysis, with a caging ligand
acting as the catalyst [9]. A general and power-
ful method [10] for determining the structure of
highly reactive, short-lived species that can be
hardly observed by conventional methods uses
encapsulation of the precursor by a caging ligand
followed by in situ generation of the target spe-

Y. Voloshin et al., The Encapsulation Phenomenon: Synthesis, Reactivity and Applications of Caged
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cies in a crystal. Moreover, a given caging ligand
can have an ability to bind a given guest with high
affinity and remarkable selectively, not through
simple encapsulation of a reactive precursor of
the guest but by transforming it into an optimal
guest that is not observed in the host’s absence
[11].

The modern approach uses designed reac-
tive caging ligands as a special class of hosts:
stimulus-controllable encapsulation by them
allows obtaining delivery vehicles in material
science [12]. These so-called molecular contain-
ers display an impressive ability to selectively
encapsulate guests of appropriate size, shape,
and chemical identity within their rigidly shaped,
sized, and functionalized cavities [13]. Typically,
their caging ligands are formed by coordina-
tion or hydrogen bonds, or dynamic covalent
functionality [12]; the selective encapsulation
of guests with the internal cavity enables devel-
oping of a dynamically controllable nanocap-
ture of important guest molecules. The capsules
can entrap a small neutral molecule in the inner
space, but the guest is released when the cage
structure is adopted; so they are prospective for
molecular transport systems [14], including drug
delivery systems in physiological media [15]. In
particular, coordination capsules offer a strat-
egy for delivering drugs to cancer cells to avoid
additional side effects [16]. Such encapsulation
has been proposed in [17] for keeping reactive
molecules away from others until an appropriate
signal opens a caging ligand [3] or for keeping
toxic drug molecules away from sensitive tissues
pending their delivery [17]. The tight, reversible,
and selective encapsulation of a suitable guest by
a caging ligand allows delivering a drug to the
vicinity of a target area where “opener” mol-
ecules would be selectively placed [18]. The cap-
sules are described in [19] to fit with externally
directed groups permitting solubility in a given
solvent system or possibly facilitating recognition
and binding to a given target in a biological sys-
tem. The caged guest can then diffuse out, either
in response to a specific signal such as a com-
petitive guest or simply as a part of its equilibra-
tion process. More complex derivatives of these
cage compounds can serve as subsystems within

1 General Considerations

larger systems that are able to provide complex
responses to applied stimuli [19]. By using endo-
hedral functionalization with functionalizing
organic substituents of different nature for “endo-
hedral molecular coating,” well-defined nano-
space surrounded by various types of the interior
surfaces can be provided [20]. Such capsules can
be regarded as structural biomimetics of func-
tional biological giant hollow structures such as
a family of spherical viruses that effectively bind
substrates within their inner functionalized cavi-
ties [20]. In contrast to other molecular contain-
ers, the caging nanotubes reported in [21] have
unique geometrical features and a nanoscale size.
Those allow for the simultaneous entrapment of
multiple guests in a 1D fashion, a novel phenom-
enon in molecular encapsulation [21].
Entrapment of guest molecules in self-
assembled caging ligands is reported in [22] to be
possible under ambient conditions through a con-
trolled “disassembly—reassembly” process, facili-
tated by using SDP. This type of application of
SDP with its practical convenience has the poten-
tial as a versatile method for assessing and con-
trolling interactions at the molecular and
macromolecular level; it can facilitate a guest—
host exchange within nanosized containers and
potentially replace RNA from capsids. The con-
tinuous flow technology can be used to load
molecular cargos within cage containers on a
large scale [22]. These molecular containers have
the potential as drug delivery systems and as
affordable biological cell models. Moreover,
molecular encapsulation may provide valuable
information for a better understanding of enzymes
or other complex biological systems [23]. As it
has been pointed in [24], extensive studies have
been made on the formation of peptide secondary
structures from de novo designed oligopeptides.
Unlike those incorporated in a protein scaffold,
short peptide fragments cannot form stable sec-
ondary structures, and the folding of secondary
structures of peptides has been achieved by pep-
tide encapsulation within a hydrophobic cavity.
This strategy is reminiscent of a natural system, as
the secondary structures are sustained only by
weak interactions within the cavity. However,
oligopeptide encapsulation by synthetic hosts is a
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difficult task, as most of the artificial hosts have a
relatively small cavity. The most efficient way to
provide cavities large enough to bind such pep-
tides is to construct caging ligands with extraordi-
narily large cavities [24].

Easy access to nanosized complex-in-com-
plex cage compounds {so-called Russian-doll-
type (Matreshka) assemblies} with encapsulated
inorganic cations, metal complexes, small hydro-
carbons, and biologically active compounds
(such as choline and cisplatin) is reported in [25]
to demonstrate the potential for molecular encap-
sulation by providing a unique environment for
investigations of molecular interactions. Specific
conformation and orientation of guests within
the cavity of the caging ligand allowed probing
their geometry and dynamics through host—guest
interactions [26]. Encapsulation of H-acidic
and basic guests dramatically decreases the rate
of proton transfer [23], and a designed caging
ligand is reported in [27] to behave as a proton
sponge. The suitable coordination caging ligands
also allowed for both AND and OR bimolecular
recognition of guests [28].

Formation of cage complexes is used in the
fabrication of advanced functional supramo-
lecular systems, such as molecular switches and
molecular machines [29]; some of them can be
so-called molecular gyroscopes [30]. The cage
molecules can exhibit a reversible change in chi-
rality controlled by a solvent. This establishes the
feasibility of a new mode of stimulation for such
molecular switches; the ratio of the rates of the
clockwise and anticlockwise tilting motions of a
cage molecule showed that the solvent governs
the rotational motion of an encapsulating ligand
[31]. The prospective advantageous use of the
cage compounds is also within PET reactions
[32]; their discrete molecules can undergo physi-
cally addressable electronic spin switching occur-
ring by thermal, light, or solvent perturbation
[33]. Formation of the cage complex is reported
in [34] to exert strong effects on the kinetics of
heterogeneous ET reactions, which can be used
to effectively destroy or disrupt these complexes.
Those with encapsulated stacked aromatic mol-
ecules are reported in [35] to be conductive and
suitable for ET, whereas the initial empty frame-

work is not. The excited-state chemistry and
physics of guest molecules are distinctly different
from those in organic solvents [36]; for example,
the discrete stacking between encapsulated large
aromatic guest molecules within the cavities of
the caging ligands is reported in [37] to produce
unique photochemical and electrochemical prop-
erties that are not common for isolated or infi-
nitely stacked m-systems.

Capsules that are rigid, kinetically and ther-
modynamically stable, and metrically well
defined are useful as building blocks in nano-
technological applications [38]. They and their
cage complexes are suitable for the design of
mechanically interlocked structures, such as
rotaxanes and catenanes. For example, they can
envisage polymerization of diacetylene compo-
nents to generate unique m-conjugated polymer
materials and mechanically interlocked polymers
with n-conjugated backbones either by direct use
of diacetylene-containing caging ligands or after
the formation of interlocked structures [39].

Paramagnetic coordination capsules and their
cage complexes have the potential for fine-tuning
of magnetic interactions in response to their
geometry, the nature of an encapsulating ligand,
and the choice of a paramagnetic cation [40];
they are also prospective for creation of new
types of single-molecule magnets [41]. The effi-
cient noncovalent host—guest magnetic interac-
tions through the encapsulation of open-shell
metal complexes in a radical caging ligand are
reported in [42]: its TP cavity ideally suited for
encapsulation and control of geometry and spin
interactions of planar guests.

Cage complexes and their encapsulating
ligands are practically useful for separation, puri-
fication, and reaction control in organic synthe-
sis [43]. The coordination capsules are described
in [44] to be readily available and their cavities
extraordinarily large. This makes it possible to
create new chemical reactivity within the local-
ized microspace of discrete molecules. Such reac-
tions can proceed within a cavity quantitatively
with remarkable rate acceleration and perfect
regio- and stereocontrol [44]. The use of caging
hosts (including those with a chiral interior) as
molecular flasks allows for self-discrimination



and preorganization of suitable guest molecules,
reactants for given chemical reactions within
their inner cavities. These reactions are con-
trolled only by spatial restrictions governed by
the caging ligand, being one of the most impor-
tant essences of enzyme reactions [45]. The
control over relative orientation of substrates
by the cavity makes a specific reaction pathway
allowed, while the others are forbidden, thus
mimicking reaction control normally exhibited
by enzymes [46]. High regio- and stereoselectivi-
ties attained in these reactions are explained in
[47] as a consequence of precise preorganization
of the encapsulated substrates. Upon encapsula-
tion, the guests are isolated from the bulk solu-
tion and set in a restricted chemical environment
that can reduce the activation energy of reac-
tions and thus control the reaction pathways. In
particular, polymerization within a well-defined
nanocavity results in fine control over the rate of
polymerization and the molecular weight of the
resultant polymer as well [48]. Moreover, the
enantiomerically defined capsules provide useful
chiral spaces for enantioselective catalysis, and
the differential molecular recognition of enan-
tiomers and diastereomerically defined capsules
ensures discrimination and transformation of dia-
stereomeric guests [49].

In the case of photochemical reactions, encap-
sulation by a caging ligand allows control of their
selectivity and enhances reactivity during direct
excitation owing to the ability of such ligands
to localize, preorient (even in the solid state),
and restrict the mobility of guest reactants in
the short excited singlet state lifetime; the abil-
ity of photoreactions to be conducted in water
is an extra bonus [50]. Confinement within the
cavity of a caging ligand is described in [51] to
suppress photochemical pathways that are nor-
mally favored in solution; the pathway is modu-
lated as a function of shape complementarity
between the potential guest and the cavity of the
encapsulating host. Variation in the photochem-
istry of homological guests within the cavity
of a caging ligand allowed [52] to highlight the
importance of small variations in supramolecu-
lar structure for the selectivity within a confined
nanoscale reactor. This allows control of the

1 General Considerations

excited behavior of guests, all of which behave
in an identical manner in solution. It is a common
knowledge that enzyme active sites can impart
specificity on the bound substrate. The carefully
designed synthetic hosts can do likewise in terms
of both their ability to interact with the guest
and how templation can influence the reaction
course [52]. Photoexcitation of a caging ligand
accommodating photochemically inert guests is
reported in [53] to allow for regioselective oxida-
tion of a guest within the cavity; fluorescent cag-
ing ligands containing a photoactive fragment are
potentially useful as a new generation of catalysts
for hydrogen production from water [54].

Thus, these capsules and their cage complexes
provide wide opportunities of transferring solu-
tion host—guest chemistry into the solid state
using new encapsulation phenomena [55]. They
consist of closed hollow cage frameworks within
which encapsulated guests are isolated from
external factors, and in such environment other-
wise reactive molecules can be stabilized [56].
Charge-, size-, and shape-selective guest encapsu-
lation is observed, and variations in the host—guest
properties can be explained by the differences in
cavity shape and accessibility; cavity-directed
chemical transformations represent one of the
most important features in 3D host chemistry
[45]. Another intriguing possibility is stabiliza-
tion of labile molecules by encapsulation: in most
cases, the encapsulated reagents are stable, mild,
and size—shape selective, and their reactivity as
well as the reaction selectivity can be controlled
by the hosting cavity [57].

1.2  Caging Ligands and Cage
Complexes: Main Classes
and Subclasses, Types

and Subtypes

The classification of caging (encapsulating)
ligands (capsules) used here is based on the
nature of chemical bonds between the ligand
syntones and the nature of these syntones
belonging to different classes of organic and
coordination compounds and supramolecular
systems as well.
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Pre-synthesized organic caging ligands and
their cage complexes belong to the first class of
these compounds. Among them, the following
types of encapsulating ligands are described:
(7)) Schiff-base compounds obtained by imine
condensation, their polyamine derivatives, and
the corresponding metal complexes with a vacant
cavity for intraligand metal-assistant binding of
a guest molecule; (i7) amine, amide, and pyrrole
encapsulating ligands and their complex deriva-
tives; (iif) macrobicyclic and macropolycyclic
cryptophanes and cryptands and their cage com-
pounds; and (iv) arene- and cavitand-based cag-
ing ligands and their complexes. In comparison
to coordination capsules, purely organic cages
are much rarer, probably due to the fact that
most covalent bonds are formed by irreversible
reactions that do not allow for a structural “self-
correction” often accompanied by low overall
yields in a cyclization step [58]. Use of reversible
formations of covalent bonds leads to organic
cage compounds obtained from small and readily
accessible precursors in reasonable to very high
yields.

The second class of compounds with encap-
sulated species includes capsules and their cage
complexes formed by supramolecular (mainly
hydrogen-bonded) self-assembly from (i) arene
ligand syntones, (ii) cavitand building blocks,
and (iii) cyclotriveratrylene platforms. Such
supramolecular capsules are described in [59]
as nanoscale structures made from multiple
synthetic subunits held together by weak inter-
molecular forces and acting as hosts that can
completely surround small guests of the appro-
priate size, shape, and chemical nature. In most
cases, the subunits of these caging ligands are
identical and form homomeric assemblies of high
symmetry, but small variations in their structures
are tolerated and lead to heteromeric assemblies
with slightly different recognition properties.
These ligands are dynamic, with lifetimes from
milliseconds to hours, and allow performing
direct spectroscopic observation of smaller mol-
ecules under ambient conditions at equilibrium in
solution [59].

The third class includes capsules obtained by
coordination-driven self-assembly through the

formation of donor—acceptor bonds between the
vertex or bridging metal ions cross-linking their
ligand syntones with donor groups. The authors
of [60] also described a ligand syntone that can
play a role of blocking and bridging donor frag-
ments. Two main approaches for the synthesis of
these species have been developed. First of them
uses a “blocking ligand” to protect coordination
sites at the metal center, thus controlling the posi-
tions available for binding of bridging ligands
and enabling the construction of the desired
architecture, while the second strategy uses
bridging chelating ligands to control the metal
geometry. Diastereoselective formation of coor-
dination cage complexes has been achieved in
[61] using chiral bridging ligand syntones, thus
resulting in substantial chiral amplification asso-
ciated with adoption of a helical conformation
by all these syntones upon binding. Vertex metal
ions can be divided into two groups depending
on their coordination polyhedra: (i) square pla-
nar and tetrahedral polyhedra of tetracoordinate
metal ions (so-called 4n end-capping metal ions)
and (ii) pseudooctahedral (TP, TAP, etc.) poly-
hedra of hexacoordinate metal ions (so-called
6n end-capping metal ions) as well as bridging
and cross-linking tripodal and tetrapodal metal
ions. Several coordination-inspired highly sym-
metrical capsules of trigonal pyramidal, square
pyramidal, trigonal bipyramidal, TP, TAP, square
prismatic, tetrahedral, cuboctahedral, and octahe-
dral geometries have been reported to date [8].
Their ligand syntones can be divided depend-
ing on their binding modes (face-capping and
edge-bridging syntones) that lead to different
polyhedral structures. The combinations of these
syntones can generate coordination capsules
that are not available using one ligand’s type
only [62]. Self-assembly of highly symmetric
capsules through coordination with a directional
bond uses two different approaches. The first one
is edge-directed self-assembly of the linear syn-
tones linked at the corners, and the second one
is face-directed self-assembly of the facial syn-
tones linked either at the edges or at the corners
[8-554]. Coordination self-assembly is reported
in [63] to provide one of the most efficient meth-
ods for creating large cavities that are able to bind



substrates in fixed orientations. The design of
appropriate caging ligands is the key element in
driving the self-assembly toward the formation of
their target cage complexes. In the specific case
of heteronuclear coordination capsules, it is cru-
cial to differentiate the type, number, and posi-
tion of the ligand syntones, to reach the correct
metal-to-ligand cross-reactivity [64].

Each of the groups within these three classes

can be divided into three subgroups depending on
the nature of a guest caged molecule (i.e., free
cages and neutral guests, anionic and cationic
species).
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Encapsulation by Covalent

Capsules

Overwhelming majority of covalent capsules are
neutral compounds that have been prepared using
classical organic reactions and synthetic
approaches from classical [1-9] and modern [10—
12] macrocyclic chemistry. Those are based on
“bottom-to-up” principle, such as imine conden-
sations (in many cases, followed by reduction of
the cage Schiff bases formed to their amine ana-
logs) and condensations in high dilution condi-
tions of diamine- or dihydroxyl-containing
components (mostly the reactive macrocyclic
precursors) with terminal dihalogenoalkanes or
chloroanhydrides of suitable dicarboxylic acids.
In contrast to supramolecular and coordination
capsules (Chaps. 3 and 4), the template effect of
encapsulated species is less pronounced, but in
several cases, templation of these reactions by
alkali or alkali-earth metal cations, neutral guests,
and caged anions is reported.

2.1 Schiff-Base Imine
Encapsulating Ligands
and Their Polysaturated
Cage Derivatives

2.1.1 Free Cages and Encapsulation

of Neutral Molecules

First representatives of macrobicyclic Schiff
bases 1-4, known as prospective caging polynu-
cleating ligands for transition metal ions and
polar and nonpolar organic guests, have been

© Springer International Publishing Switzerland 2016

synthesized by J. Nelson and coworker [13] by
one-pot 2:3 imine condensation of tripodal amine
tren with aromatic meta-dialdehydes by
Scheme 2.1.

The reduction of a series of the imine macro-
bicycles of this type with NaBH, has been per-
formed in [14] by Scheme 2.2 to give the
corresponding amine capsules.

The Schiff-base macrobicyclic compounds 6
and 11 have been prepared in [15] by Scheme 2.3
using imine template condensation on Ba?* ion as
a matrix.

The thiophene-based imine capsules 4 and
12 have been synthesized in [16] using template
condensation on silver(I) ion as an appropriate
matrix [17, 18] by Scheme 2.4; the reduction of
4 with NaBH, gave its amine derivative 13.
This macrobicyclic ligand cannot encapsulate
bulky anions but can accommodate neutral
molecules of some solvents [19]. Its host—guest
1:4 cage complex contains four water mole-
cules forming a cyclic pentamer in an “enve-
lope” conformation with a protonated amino
group (see an insert in Scheme 2.4); the N...N
distance between the cross-linking nitrogen
atoms of 13 (7.89 A) is substantially higher
than those in its 1:1 cage complexes with encap-
sulated chloride and nitrate anions and posi-
tively charged protonated tripodal amine
capping fragments (6.10 and 5.53 A, respec-
tively [20, 21]). These experimental results
have been found [19] to be in a good agreement
with ab initio DFT calculations.

Y. Voloshin et al., The Encapsulation Phenomenon: Synthesis, Reactivity and Applications of Caged

ITons and Molecules, DOI 10.1007/978-3-319-27738-7_2
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An octaamine macrobicyclic ligand 14 with
N,-donor sets forming a channel of water layers
allowed isolating and characterizing by X-ray
diffraction a water-based (H,O),s cluster [22].
Each of the three C;-symmetric capsules in its
asymmetric unit interacts with 15 water mole-
cules, and 45 water molecules in total are included
in the cluster. Each of the three (H,0),s subunits
has a shape of a puckered eight-membered ring
that is conjugated with the square (H,O), frag-
ment and with two water dimers and one water
molecule via hydrogen bonds. The latter species
also form NH...O hydrogen bonds with second-
ary amino groups of the macrobicyclic ligand 14.
According to the TGA and IR data, this 2D layer
of water molecules undergoes reversible desorb-
ing (with temperature)—absorbing (in the pres-
ence of water) processes by Scheme 2.5 [22].

/
N
N
=
N

X
S, S,
/
N N N=—"

_
= S
=
N, 4

The macrobicyclic ligand 15 and its host—
guest 1:2 complexes with encapsulated water
molecules and with caged silver(I) cations have
been prepared in [23] by Scheme 2.6. These cage
complexes contain the macrobicyclic ligand in its
endo,endo-conformation with a distance between
the capping ternary nitrogen atoms of approxi-
mately 19.6 and 18.35 A, respectively. The
encapsulated Ag* ions have an irregular AgN,-
coordination polyhedron and coordinates three
ribbed secondary and one apical ternary amine
nitrogen atoms; the distance between them is
approximately 14.7 A. In the cage complex of 15
with encapsulated water molecules, the distance
between the cross-linking nitrogen atoms does
not exceed 12.3 A because each of such two
guests forms only one hydrogen bond, thus mak-
ing the encapsulating ligand 15 rather labile. As a
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result, its macrobicyclic framework undergoes a cal nitrogen atoms, whereas in the analogous
rotation—contraction distortion along the C;- dinuclear silver(I) complex the ribbed fragments
symmetry pseudoaxis passing through these api- of 15 are practically parallel [23].
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Selectivity of encapsulation of trihydroxyben-
zenes by the bipyridine-based covalent capsules
16-18 shown in Scheme 2.7 has been studied in
[24]. The ligands 16 and 17 encapsulate phloro-

—H0

glucinol and 1,2,4-trihydroxybenzene to give 1:1
cage complexes, but 18 does not. This result is
explained [24] by host—guest hydrogen bonding
within the inner cavities of 16 and 17, which have
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suitable size and can discriminate between phlo-
roglucinol derivatives. All attempts to encapsulate
tricarboxylic acids such as 1,3,5-benzenetricar-
boxylic acid or the tris(amrnoniurn) salt of
1,3,5-tris(aminomethy 1)benzene by 16-18 have
failed. Thus, even a small structural change, such
as the introduction of methyl or carboxyl substitu-
ents, can prevent encapsulation by these caging
ligands [24].

Highly symmetrical cube-shaped polyamine
caging ligand 19 has been prepared in [25] by
imine condensation of tripodal amine tren with
formaldehyde by Scheme 2.8; its 7,-symmetric
hexahedral cage framework encapsulates two
water molecules.

A very efficient one-pot synthesis of the octahe-
dral hexacavitand caging ligand 20 with a cavity
volume of approximately 1700 A3 has been
performed in [26] by Scheme 2.9 through 18-com-
ponent imine condensation of 6 aldehyde-
functionalized cavitand ligand syntones and 12
terminal diamine linkers, followed by the reduction
of a Schift-base cage intermediate with NaBH,.

Similar multicomponent dynamic imine con-
densation by Scheme 2.10 gave a Schiff-base

Scheme 2.8

4 /—\&/—\ + 12 CH,0
HoN N NH,

NH

Scheme 2.9
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rhombicuboctahedral cage framework 21 with a
cavity volume of approximately 5000 A3 co-
encapsulating tetraalkylammonium salts and sol-
vent molecules [27].

A pyrrole-based caging ligand 22 has been
designed in [28] for selective encapsulation of
p-glucopyranosides by Scheme 2.11. This cova-
lent capsule specifically recognizes f-anomer of
D-glucose and the corresponding alkyl gluco-
sides with complete p-/a-selectivity and effec-
tively discriminates f-monosaccharides, the
glucoderivatives, from both the a- and f-anomers
of the galacto- and mannoderivatives.

Hybrid boron ester—Schiff-base hemicar-
cerand capsules 23-28 have been prepared in
[29] by imine condensation of
3-aminophenylboronic acid with the correspond-
ing carbonyl-containing ligand syntones by
Scheme 2.12; these covalent capsules encapsulate
solvent benzene molecules, thus giving the host—
guest 1:2 cage complexes.

Condensation of various aromatic and
heteroaromatic ~ dialdehydes (e.g., ortho-,
meta-, and para-isomers of diformylbenzene)
with 1,3,5-trisubstituted aromatic amine by

- /{N /\/%N//\\N 3+

HCIO,

CH3COONa Z

= H,0

CsHyy
Cott NaBH,; HCI_
CgHyy

CsHiry
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Scheme 2.10

Scheme 2.11

Scheme 2.13 gave the corresponding hexai-
mine capsules 29-32 only in the case of
1,3-dialdehyde syntones [30]. Their reduction
with NaBH, afforded the amine macrobicy-
clic ligands 33-36. The early experiments used
secondary amine groups as donors of hydrogen

D

(18) = (MC7H15)aN)BY, ((7-CaH17)aN)Br

£ ((n-C14H29)4N)Br
((n-C1gH37)4N)Br

, ((n-C46Ha3)4N)Br,

bonds to bind the encapsulated species, while the
authors of [30] performed alkylation and acyla-
tion of these ligands to study the hydrogen-donor
ability of ternary amino groups. Such alkylation
reactions allowed attaching the functionalizing
pendant arming groups; so the capsule 33 has
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been permethylated in [30] using the standard
Eschweiler—Clarke reaction conditions, while its
hexafold Michael addition with acrylates gave
the hexafunctionalized cage framework 38 with
six methyl ester pendants by Scheme 2.14. The
prolonged tosylation of the capsules 33 and 36
as macrobicyclic precursors with tosyl chloride
in the presence of triethylamine afforded their
persulfonylated derivatives 39 and 40. The X-ray
diffraction data for 37, 38, and 40 demonstrate
an influence of tertiarization of amino groups
of such cage frameworks with three ribbed aro-
matic fragments forming the faces of a regular
TP on their conformation. This alkylation caused
the elongation of these frameworks: two parallel
apical aromatic fragments of the C;-symmetric
alkylated macrobicycles 37 and 38 are at 10 A
from each other, whereas in 33 this distance is
approximately 7.6 A. In 40, these nitrogen atoms
are strictly sp>-hybridized and planar, while their
bulky tosyl substituents cause the distortion of
a TP macrobicyclic framework. As a result, the
apical aromatic fragments are nonparallel result-
ing in lowering of its molecular symmetry [30].
According to the X-ray diffraction data of
[31], the covalent capsule 33 encapsulates aceto-
nitrile and propionitrile solvate molecules giving
1:1 cage complexes by Scheme 2.15. The caged
propionitrile molecule is located between two
aromatic fragments of the encapsulating ligand,
and its C=N group occupies the center of a dis-
torted tetrahedron formed by four nitrogen atoms

2 Encapsulation by Covalent Capsules

of secondary amino groups belonging to two
di(aminomethyl)pyridine fragments of 33; at the
same time, it did not encapsulate a relatively
large molecule of benzonitrile [31].

A dynamic combinatory library of pyridine-
2,6-dicarbaldehyde and tripodal triamine fren
and ethylene glycol diamine (Scheme 2.16) has
been studied in the absence and in the presence of
Ca* jons [32]. The imine capsule 41, presenting
in the equilibrium reaction mixture, has been
reduced with NaBH, to its octaamine analog 42.
This amine capsule is the major product of the
one-pot subsequent imine condensation—hydro-
gen reduction synthetic procedure in the absence
of Ca** ion [32].

The same approach (i.e., the condensation of
aromatic triamine with aromatic dialdehyde fol-
lowed by reduction of the Schiff-base product)
has been used in [33] for the synthesis of a series
of covalent capsules 43—46 designed for selective
carbon dioxide uptake (Scheme 2.17); the analo-
gous reaction of the corresponding aromatic trial-
dehyde syntone with aromatic diamine by
Scheme 2.18 gave a similar macrobicycle 47.
Among a series of the oligomeric products of
such reversible imine condensation, only the TP
cage framework, which is enthalpy-favored due
to the absence of angle strains and entropy-
favored because of minimum of its building
blocks, dominates in this reaction mixture [33].
Within the range of the so-called “cage-to-
framework” and ‘“bottom-to-up” strategies, a



2.1

Scheme 2.13

polybromine macrobicyclic precursor 45 has
been transformed in [33] by Sonogashira reaction
with 1,4-diethylbenzene to a pentacage ligand 48
(Scheme 2.19). All these caging ligands have
high affinity to and selectivity of CO, uptake over
that of N,; the largest selectivity (138:1) has been
observed in the case of a covalent capsule 46. The
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molar % absorption capacity of CO, is practically
the same for all the monocage ligands 43-46;
their polycage analog 48 has four times higher
absorption capacity due to the presence of five
vacant cavities per one of its molecule. Such CO,
uptake strongly depends on the density of amino
groups in the caging ligand and is substantially
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less sensitive to the size of its pores. In contrast,
nitrogen uptake by these capsules substantially
increases with their size. Moreover, in the case of
the polycage compound 48, N, uptake becomes
eight times higher due to the cooperative absorp-
tion effect of its monocage fragments [33].

A [4+6] condensation by Scheme 2.20 of
benzene-1,3,5-tricarbaldehyde with ethylenedi-
amine quantitatively afforded a macropolycyclic

S
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Schiff-base imine capsule 49 with an enlarged
cavity [34].

The Schiff-base chiral imine covalent cap-
sules 50 and 51 have been prepared in [35] using
[8+12] condensation of chiral diamines (R,R)-
1,2-cyclohexanediamine and (R,R)-1,2-cyclohex-
4-enediamine with aromatic trialdehyde syntone
2 by Scheme 2.21. As follows from X-ray dif-
fraction data, their cage frameworks with a cavity
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volume of approximately 1500 A3 have a tetrahe-
dral 7 symmetry and are reported to encapsulate
solvent guest molecules.

One-pot synthesis of a shape-persistent endo-
functionalized imine cage framework 52 using
reversible imine condensation of a triamine
ligand syntone 3 and salicylic dialdehyde by
Scheme 2.22 has been performed by
M. Mastalerz in [36]. The covalent capsule 52
has an adamantoid 7, symmetry with six endo-
hedral directed hydroxyl groups forming a regu-
lar octahedron with O...O distance between the
opposite oxygen atoms of 15.7 A and an edge
length of 11.3 A. The outer diameter of its cage
framework is 27.2 A, and the smallest cavity
volume is estimated in [36] to be approximately
680 A3. In its C;-symmetric tetrahedral cage
framework, three adjacent edges are twisted
around their common vertex by about 32°, and
two different types of imine bonds are observed
in [37]: one of them forms a six-membered ring
stabilized by hydrogen bond, whereas the other
does not. The hydroxyl groups are directed into
the cavity of this covalent capsule, thus forming
a slightly distorted octahedron with an average
edge length of r;(0...0)=10.53 A and a cavity
volume of approximately 550 A3. This imine
framework 52 is self-assembled through stack-
ing interactions between the phenolic arene
rings that are coplanar to each other at a dis-
tance of 3.65 A. It is reported in [37] to have a

H/ \/—\H

/—\[»/—\ N— HN
N N N
Ha N Hp HaCO p%OCH OCHg H3COr \ / 3:}60% OCHjz
Ha
\_/V;/

42
NaBH,

very high surface area and CO,/CH, selectivity
of 10:1 (w/w).

A [4+6] condensation of triptycene triamine
with the corresponding salicyl dialdehydes by
Scheme 2.23 afforded 12-imine covalent cap-
sules 52-56; the pseudooctahedral cage frame-
works of 52 and 53 are reported in [38] to be
self-assembled through stacking interactions of
their aromatic fragments.

Exo-functionalized imine [2+3] capsules 57
and 58 have been prepared in [39] using conden-
sation of two bis-salicylaldehyde ligand syntones
with triptycene triamine by Scheme 2.24. As fol-
lows from the X-ray diffraction data, the covalent
capsule 57 with the distances of 7.81 or 7.66 A
between its two interior triptycene bridgehead
hydrogen atoms has a shape-persistent cage
framework with the intramolecular distance
between its apical protons of 9.81 A.

Imine synthesis of the Schiff-base [4+6]
covalent capsules 53, 54, and 59 (Scheme 2.25),
having shape-persistent frameworks and perma-
nent porosity, has been performed in [40]. One-
pot condensation by Scheme 2.26 gave an
exo-functionalized imine capsule 60 of the same
stoichiometry with shape-persistent cage frame-
work that showed a very high specific surface
area [41].

The Schiff-base [6+4] covalent capsules 61—
65 can be obtained using two different synthetic
approaches shown in Scheme 2.27: the direct
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12-fold imine condensation (Pathway I) was
found [42] to be uneffective, but the post-
synthetical modification of the cage precursor
50 by sixfold Williamson ether formation
(Pathway II) afforded the target capsules in
moderate yields. The capsule 61 has a C; sym-
metry, and its inner triptycene bridgehead pro-
tons form a slightly distorted tetrahedron with
an average edge length of 11.4 A; six methyl
carbon and oxygen atoms are in the vertexes of
a distorted octahedral cage framework 50 with

an average edge lengths of 8.53 and 9.70 A,
respectively [42].

The [4+4] imine capsules 66 and 67 with
unique pseudocubic frameworks have been syn-
thesized in [43] by Scheme 2.28 using the
corresponding tripodal triamine and aromatic tri-
aldehyde ligand syntones.

A Schiff-base large cuboctahedral covalent
capsule 68 with 24 imine bonds has been prepared
in [44] using thermodynamically driven [8+12]
condensation by Scheme 2.29; its O,-symmetric
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cage framework with a cavity volume of 2680 A’
can be approximated into a sphere with the radius
of 8.52 A. The structural stability of this strain-
free capsule is explained [44] by E-configuration
of its imine fragments forming hydrogen bonds
with vicinal hydroxyl group.

The [12+ 8] imine condensation of the corre-
sponding triptane tetraols with aromatic tribo-
ronic acid by Scheme 2.30 gave the target
cubooctahedral capsule 69 only in the case of a
diethyl-containing triptycene precursor 4 [45].
This host having a cavity with minimum and
maximum inner diameters of 26 and 31 A, respec-
tively, is capable of encapsulating solvent mole-
cules forming the corresponding cage complexes.
To activate their porous crystals for gas sorption,
these guests have been removed giving a meso-
porous organic material with a very high specific
surface area [45].

The [4+4] polycondensation of C;-
symmetric triamine ligand syntones 5 and 6
with the designed metallamacrocyclic building
blocks containing reactive aldehyde groups has

been used in [46] for the synthesis of covalent
capsules 70-73 by Scheme 2.31. The capsule
70 has an approximate tetrahedral 7 symmetry,
which is in agreement with its solution NMR
spectra. Trinuclear metallamacrocyclic cap-
ping fragments of 70 occupy its four vertices
with the largest Ru...Ru distance of approxi-
mately 23 A, while the triphenylmethane
groups of the corresponding ligand syntone
span each of the four faces of its cage frame-
work. All four capping fragments have the
same configurations with respect to their rota-
tion around the C;-pseudosymmetry axes con-
necting such vertex with an opposite face, and
the X-rayed crystal of 70 is the equimolar race-
mic mixture of these stereoisomers. A cavity
volume of this imine covalent capsule is esti-
mated in [46] to be approximately 500 A3,
while that of its larger analog 73 with maximal
Ru...Ru distance of 29 A is calculated to be
approximately 1500 A3,
K. Severin and coworkers

more complex (arene)ruthenium

also used
trinuclear
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metallamacrocycles 7—11 (Scheme 2.32) with
three terminal aldehyde groups per molecule
as ligand syntones. The macrocycles 7-9 are
reported in [47] to be inert in self-assembly reac-
tion conditions, whereas their meta-phenylene-
containing homologs /0 and /] are more labile;

the C;-symmetric triamines /2—/4 have been
used as amine components of these condensa-
tion reactions. Schiff-base dodecanuclear cage
products 74-82 of the diastereoselective [4+4]
imine condensations by Schemes 2.33, 2.34, and
2.35 have been characterized using ESI-MS and
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Scheme 2.30

NMR methods. The self-assembly of /2 and /3
with a tris-iso-propyl(arene)ruthenium precursor
9 gave no target cage products due to bulkiness of
its arene m-ligand [47]. In contrast, these (arene)
ruthenium trialdehydes form the covalent cap-
sules with a labile tripodal aliphatic compound
tren as an amine component (Schemes 2.33, 2.34,
and 2.35). As follows from single-crystal X-ray
diffraction data [47], all these Ru,,L, imine cap-
sules have a similar structure: four apical tri-
nuclear ruthenium metallamacrocycles with the
same configuration are linked by the bridging
triamine fragments to form a 7-pseudosymmetric
dodecanuclear cage framework encapsulating the
disordered solvent molecules; their ruthenium
metallocenters are stereogenic.

Imine condensation of 7 with
1,3,5-tris(aminomethyl)benzene in a molar ratio
2:3 gave a hexanuclear (para-cymene)ruthenium
covalent capsule 83 as the only reaction product.
Its cage framework with a length of approximately

25 A has a cylindrical shape, and the trinuclear
(arene)ruthenium cross-linking groups have
opposite chirality (achiral meso-form). This
hexanuclear framework 83 in a chloroform solu-
tion undergoes transformation into its dodecanu-
clear derivative 84 by Scheme 2.36.

The cylindrical covalent capsules 85-88 have
been synthesized in [47] by Scheme 2.37 using
tris-(para-cymene)ruthenium trialdehyde 7 as a
metallamacrocyclic precursor. Its imine conden-
sation with para- and meta-xylenediamines gave
a mixture of two diastereomers of an imine cap-
sule. One of these diastereomers with a D;-
symmetric cylindrical shape has the apical
trinuclear metallamacrocyclic fragments of the
same chirality, whereas the C;,-symmetric cylin-
drical diastereomer has these fragments of oppo-
site chiralities.

Condensation of the trialdehyde building
block 7 with ethylenediamine and 2,7-bis-
(aminomethyl)-3,6-dimethoxynaphthalene
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afforded single diastereomeric forms of Dj;-
symmetric cylindrical covalent capsule 87 and
tetrahedral polyimine cage framework 82, respec-
tively. These ligand syntones [47] demonstrate
self-sorting behavior: only two products (i.e., 82
and 87) of imine condensation by Scheme 2.38
have been isolated from the reaction mixture in
the case of the system metallamacrocyclic trial-
dehyde 7 — ethylenediamine — tren in their molar
ratio 6:3:4.

The metallamacrocyclic trialdehydes /0 and 71
undergo [1+ 1] condensation by Scheme 2.39 with
tris(aminomethyl)benzene as a rigid triamine
ligand syntone giving the capsules 89 and 90; those
are not formed with more nucleophilic tripodal
alkylamines. A cylindrical hexanuclear capsule 91
and its trinuclear analog 92 have been prepared in
[47] by one-pot self-assembly of [(para-cymene)
RuCl,],, the corresponding pyridone, and di- and

OH cHO

72 (arene = para-cymene)

73 (arene = 1,3,5-trimethylbenzene)

triamine ligand syntones, respectively, by
Scheme 2.40. At the same time, the attempts to
obtain large tetrahedral cage frameworks of this
type are reported in [47] to be unsuccessful. So,
one-pot reaction is suitable for the synthesis of
more simple covalent capsules of this type, whereas
their more complex analogs can be obtained using
a two-stage synthetic procedure.

2.1.2 Encapsulation of Anions

Hexaprotonated forms of the covalent capsules 8
and 10 [48] can encapsulate perchlorate and
hexafluorosilicate anions, respectively, thus
forming 1:1 cage complexes by Scheme 2.41.
The latter guest has been preferentially encapsu-
lated by H* - 8 even in the presence of a large
excess of tetrafluoroborate ion [48].
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According to the data from potentiometric
titration, solution 'H NMR, and single-crystal
X-ray diffraction [49], the hexaprotonated form
of 14 encapsulates two nitrate anions, thus giving
the corresponding 1:2 cage complex shown in
Schemes 2.42. Encapsulation of nitrate and per-
chlorate anions by the hexaprotonated forms of
caging ligands 10 and 14 has been studied in
detail [50] using potentiometric and NMR titra-
tion methods; they showed dominant formation
of 1:1 cage complexes for both of these guests
(Scheme 2.43). Good geometric host—guest com-
plementarity has been confirmed for the perchlo-
rate ion by X-ray diffraction experiment. The
nitrate anion is also reported in [50] to also form
the corresponding host—guest 1:2 cage complexes
in the presence of its large excess [50].

A hexaamine capsule 14 is described in [51]
to bind a fluoride anion in a wide range of

AN

pH. Its hexaprotonated form encapsulates one
F~ion and a solvent water molecule, thus giving
a heteroguest 1:1:1 cage complex by
Scheme 2.42. As follows from X-ray diffraction
data, these caged guest species are shifted from
the geometrical center of this covalent capsule
in the direction of one of its three ribbed
fragments.

Detailed X-ray diffraction and solution phase
studies of encapsulation of double negatively
charged guest oxoanions S,05>", SO,>~ and CrO,*
by hexaprotonated forms of covalent capsules 8,
10, and 14 have been performed in [52]. The
encapsulation is reported to involve a complex
balance of competing factors such as anion free
energy of hydration, host basicity and solvation,
and complementarity of steric matching between
these hosts and thiosulfate, sulfate, and chromate
dianionic guests. No correlation between the sta-
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bility constants and host—guest hydrogen-bond-
ing distances has been observed, thus suggesting
that substantial entropic effects (first of all, solva-
tion—desolvation) contributed to the free energies
of such encapsulation. This deduction is sup-
ported in [52] by observation of higher stability
constants in the case of least highly hydrated
oxoanions.

Caging ligands of appropriate size and with
suitable donor groups are reported in [53] to be
very promising for selective encapsulation of
perrhenate and pertechnetate oxoanions. In par-
ticular, polyamine capsules, the derivatives of
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tripodal amine tren, in their protonated forms of
varying size and geometry, are good candidates
for encapsulation of these anions through mul-
tiple hydrogen bonds and electrostatic interac-
tions involving protonated amino groups [53].
The selectivity of this binding is governed by
geometric complementarity between the guest
oxoanion and the cavity of a capsule depending
on the degree of protonation: at low pH, the cav-
ity of its fully protonated form is expanded due
to electrostatic repulsions thus representing the
best condition for selectivity [54]. Polyamine
caging ligands 7, 8, 10, and 14 and their per-
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methylated derivatives 93-96 (Scheme 2.44)
have been studied in [55] as potent extractants
for ReO, and TcO,™ anions. In all cases, the
pertechnetate anion has been extracted better
than ReO,~ anion due to higher lipophilicity of

HoN

the former. The extractive ability of these mac-

robicyclic ligands increases in a row
7<8<94~93<95<96, and N-methylated cap-
sules showed better extractive abilities than
their amine precursors. The N-methylated



2.1 Schiff-Base Imine Encapsulating Ligands and Their Polysaturated Cage Derivatives 35

H3CO NH,
8 |
() nmea
H3;CO NH,
12 082003

CHO
6 N on 43 ¢ _Cl_ _Cl
CI/RU\CI(RU\ —_—
N (@]
H

HaCO N
A
/Hu

W NI 91

~

[r— —RL|J~O 0 7
O/ Ru—O
(¢
/@/ NH,

2
CHO NH,
H,N

cl cl
6 on +3 \Ru/ : f 12 CSQCO3
x o’ N
N o
H

Scheme 2.40

Scheme 2.41



36

2 Encapsulation by Covalent Capsules

)

QBD%D

@ _|6+

"B0=d Bp

. 14 / Htg - 14
Hz / A Hp _|4+
=NOg~ ® NH &
@0
Vo
¥
Ho N Ha
Scheme 2.42
ol N, H,N@ S /—\ e+ , \o e
HzN ; H2N® i ; HZNQE
1A— @N"z

_|5+

1A- = N03 ClO4

Scheme 2.43

pyridine-based ligand 96 has the highest extrac-
tive ability [55].

Macrobicyclic ligands 7, 8, 10, 14, and 97
with different ribbed fragments have been stud-
ied in [56] as extragents for perrhenate anion.
The binding ability of their hexaprotonate forms
decreases in a row H*-7 > H*-14 >> H*10 ~
H*¢-8. These forms of 7 and 14 also encapsulate
ReO, to give 1:1 cage complexes. The highest
stability of the cage complex of encapsulating
ligand H*4-7 is explained by complimentary of its
cavity to the caged anion occupying the center of
the covalent capsule (as follows from X-ray dif-
fraction data [56]) and forming hydrogen bonds

I\ /—\ _|6+ NH2 N/_\ _|4+

if 3133 S "23133 i{

@t

with ribbed secondary amino groups and with
apical tertiary amine fragments as well. This
macrobicyclic host binds *TcO,~ anion in acidic
aqueous solutions giving a 1:1 cage complex,
which is more stable than its analog with per-
rhenate anion [53].

The solid phases 98-100 (Scheme 2.45) with
immobilized polyamine covalent capsules have
been designed in [57] for binding, separation,
and extraction of perrhenate and pertechnetate
anions from their aqueous solutions. While the
Amberlite CG50 derivative 100 was unsuitable
for this purpose, the silica-based sorbents 98 and
99 showed a promising performance. Their
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spacer fragments are slightly different in length
and flexibility; the sorbent 98 has a higher con-
centration of active sites, but its analog 99 dis-
plays higher affinity to these oxoanions and faster
kinetics of their encapsulation [57].

Introduction of a fluorescent anthracene ribbed
fragment into the polyamine cage framework 101
(Scheme 2.46) has been used in [58] for selective
recognition and fluorescent detection of pertech-
netate anion in its micromolar acidic aqueous
solutions. The encapsulation by hexaprotonated
form of 101 caused quenching of the ligand’s
anthracene emission due to the formation of a
stable 1:1 cage complex by multiple strong hydro-
gen bonds between the protonated amino groups
of this caging ligand and TcO," anion.

The protonated form of the octaamine macro-
bicyclic ligand 7 encapsulates perchlorate, hydro-
sulfate, and hydrohexafluorosilicate monoanions

by Scheme 2.47 to give 1:1 cage complexes;
those have been studied in [59] by X-ray diffrac-
tion. Hexaprotonated cage framework of 7 in its
supramolecular assembly with encapsulated
ClO,™ anion and octaprotonated form of 7 in its
cage complexes with HSO,~ and HSiFs~ anions
have an endo,endo-conformation with the N...N
distances between the apical nitrogen atoms of
approximately 9.85, 7.76, and 7.57 A, respec-
tively. These caged tetrahedral and octahedral
anions form NH...O and NH...F hydrogen bonds
with the protonated secondary amino groups of
H* - 7 and H*g - 7 [59].

Condensation of tripodal amine tren with dial-
dehyde 15 followed by reduction of the hexai-
mine Schiff-base product afforded an amine
macrobicyclic ligand 102; its hexaprotonated
form gave 1:1 complexes with a series of mono-,
bis-, and tris-carboxylate anions (Scheme 2.48).
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The binding constants for this caging ligand at
pH = 55 decrease in a guest row
19>18>16~17>21~20. It has been shown [60]
that the electrostatic (Coulombic) interactions,
hydrogen bonds, and structural and size matching
between the macrobicyclic host and the substrate
guest species [60] played the key roles in such
molecular recognition.

The hexaprotonated form of tris-1H-pyrazole
polyamine capsule 103, prepared in [61] by
Scheme 2.49 using an imine condensation of
3,5-pyrazoldicarbaldehyde with tripodal amine
tren followed by reduction, is described in [62] to

104

be a macrobicyclic receptor for chloride anion.
The caging ligand H*-103 encapsulates one
chloride ion and two water molecules, thus form-
ing a heteroguest 1:1:2 cascade cage complex by
hydrogen bonding between the caged species. A
1D helical coordination polymer 104
(Scheme 2.49) formed by the protonated poly-
amine capsules, which are cross-linked by
copper(Il) ions, also encapsulates chloride anion
behaving as a multianionic receptor. Switching
from the monomeric capsule 103 to the corre-
sponding polymeric receptor 104 is described in
[62] to be performed by metal ions and pH.
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An octaprotonated form of the covalent cap-
sule 13 is described in [20] to encapsulate chlo-
ride anion by Scheme 2.50 giving a 1:1 cage
complex. In this case, the guest forms hydrogen
bonds only with two protonated ternary capping
amino groups of the caging ligand in in—in con-
formations. As a result, this cage complex is con-
tracted along its C,-symmetry axis (with tripodal
apical groups shifted inward the macrobicyclic
cavity), whereas the protonated secondary amino
groups of the ribbed fragments are shifted out-
ward due to the expansion of the macrobicyclic
framework along its C,-symmetry axis [20].

Imine macrobicyclic complexes 105 and 106
with two and four encapsulated metal(IT) ions
respectively, have been prepared in [63] by
Scheme 2.51; their reduction with NaBH, gave
tris-bipyridine capsules 107 and 108 with tripo-
dal amine capping fragments. These covalent
capsules are described in [63] to be more flexible
and thus more suitable for the encapsulation of
large anionic guests.

2.1.3 Encapsulation of Cations

A Schiff-base macrobicyclic ligand 109 has been
designed in [64] for efficient encapsulation of
complementary  aromatic  molecules: its
1,3,5-substituted benzene bases are able to form
strong stacking interactions with aromatic guests,
while the lability of ethylene glycol ribbed frag-
ments with polar donor centers allows for fine-
tuning the shape of the encapsulating ligand to
match that of the guests as well as for binding
them with these donor centers. Template conden-
sation by Scheme 2.52 afforded [2]-rotaxane as
the sole product of this multicomponent template

/

Scheme 2.50

s 3;33
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reaction in the presence of dumbbell-shaped ste-
rically hindered aromatic dication as a matrix.
According to the force-field modeling calcula-
tions, [2]-rotaxane is formed by both stacking
and hydrogen bonding interactions as the origin
of thermodynamic selectivity [64].

2.1.4 Intraligand Metal-Assisted

Binding

Tren-capped binucleating caging ligand 110 and
its N-methylated derivative 111 (Scheme 2.53)
have been synthesized for the first time by
J.-M. Lehn and coworkers [65, 66] using the mac-
rocyclic precursor 22. The ligand 110 undergoes
anion-depended stepwise protonation: the lower
protonation constants are substantially higher in
the presence of chloride and nitrate anions than
those with 2,4,6-trinethylbenzenesulfonate and
perchlorate ions (probably, due to the encapsula-
tion of CI- and NO;™ anions by the protonated
capsule H*q - 110). This ligand also encapsulates
zinc, copper, nickel, and cobalt(Il) ions in a step-
wise manner to give host—guest 1:1 and 1:2 cage
complexes; its protonated form gave the same
mono- and binuclear complexes by Scheme 2.54.
Their stability constants decrease in a row Cu’* >
Zn*, Ni** > Co*, and those for binding of the
second guest metal ion are lower by the factor of
10*-10°. These binuclear complexes encapsulate
hydroxide ion to give cascade 1:2:1 heteroguest
capsules with a bridging OH™ anion between
their encapsulated metallocenters; the binding of
the second hydroxide ion is less common. The
binuclear cobalt(Il) complex of 110 is described
n [65] to reversibly bind molecular oxygen,
forming doubly bridged species with both
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hydroxo and peroxo bridges within a cavity of
the cage framework; however, its affinity to O,
is relatively low due to the steric hindrances
within this cavity. In the case of a binuclear
cobalt(Il) complex with encapsulated dioxygen
molecule (Scheme 2.55), the oxygenation con-
stant is three orders lower than those for regular
polyamine cobalt(II) chelates [67]. UV-vis
spectrum of this dioxygen-containing het-
eroguest 1:2:1 cage complex contains the inten-
sive CTB at 380 nm that is characteristic of
oxygenated cobalt polyamines. The band disap-
pears after heating of an aqueous solution of
this complex up to 90 °C and re-appears after
its cooling back to 25 °C, suggesting reversibil-
ity of the oxygenation process during cycling of
temperature. An irreversible oxidation of the
1:2:1 cobalt(IT) complex to its cobalt(Ill)-con-
taining oxygen-inactive analog by Scheme 2.56
is observed in [67] above 90 °C.

Stepwise protonation of a macrobicyclic
ligand 110 and its complexation with copper(Il)
ion have been thoroughly studied in [68]. This
ligand undergoes protonation to give up to hepta-
protonated macrobicyclic species; this heptaca-
tion has been detected in the presence of
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HF,™ anion formed in the system HF-NaF. Its
hexaprotonated form H* - 110 is reported in [68]
to be the most efficient caging ligand for the
encapsulation of halide ions by Scheme 2.57 with
high affinity toward fluoride anion. The copper(II)
ion gave mono- and binuclear cage complexes
with the covalent capsule 110, followed by cas-
cade encapsulation of a halide ion by
Scheme 2.57. These 1:1 and 1:2 copper(Il) cage
complexes most efficiently bind fluoride anion
(as compared to chloride ion) by strong hydrogen
bonding within the cavity of 110. In the case of
its binuclear cage complex, iodide anion gave a
more stable cascade compound than chloride ion,
as I” ion better fits into the vacant cavity between
the two caged copper(Il) cations. The OH™ ion
competes with these bridging halide anions due
to its polarity and the ability to form hydrogen
bonds with oxygen atoms of the ethylene glycol
ribbed fragments of the macrobicyclic ligand
110. Thus, the encapsulation of hydroxide ion by
this binuclear copper(Il) cage complex at high
pH values is reported in [68] to exclude its bind-
ing with halide anions.

Protonation and binding properties of a
pentamethylene-containing  ligand 111  as
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aliphatic analog of ethylene glycol-based macrobi-
cycle 110 have been studied in [69] by potentio-
metric titration. The initial polyamine capsules
have six successive protonation constants and bind
the seventh H* ion only in the presence of fluoride
ion by Scheme 2.58. In both these cases, its binding
causes an increase in the protonation constants, and
the seventh protonation step takes place only with
an encapsulation of HF,™ anion. This process is
more favorable for the trioxygen-containing cap-
sule 110 than for its aliphatic analog 111 with fully
extended aliphatic chains and causes an increase in
the distance between its apical tren fragments.

Scheme 2.55
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Moreover, the exterior of a cavity in this case is
more hydrophobic than that of 110 [69]. For both
these encapsulating ligands, their hexaprotonated
forms most efficiently bind F~ and HF,™ anions,
while the stability constant for a 1:1 cage complex
of an aliphatic macrobicycle 111 with one encapsu-
lated copper(Il) ion is two orders lower than that
for its ethylene glycol-based analog 110 due to less
efficiently preorganized donor groups in 111. The
same constant for the second guest copper ion sig-
nificantly exceeds that of 110 due to the above pre-
organization on the first complexation stage.
Substantial increase observed experimentally in the
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protonation constants for the caging ligand 111 is
explained in [69] by higher basicity of its amino
groups due to electrometric effects of the ribbed
fragments. The dramatic difference between their
1:2 cage complexes with copper(I) ion has been
observed in the case of an encapsulation of hydrox-
ide ion: the complex of the ethylene glycol-based
macrobicyclic ligand 110 is stabilized by hydrogen
bonds of this bridging ion with oxygen atom of one
of its three ribbed fragments. Mononuclear
copper(Il) complexes of these capsules undergo
hydrolysis only in very basic media. Both the
mono- and binuclear copper(Il) cage complexes
encapsulate fluoride ion, but in the case of 110 this
process is more efficient than for 111 due to higher
stability of the initial binuclear complex [69].

An octaamine caging ligand 7 effectively
encapsulates  silver(I), copper, cobalt, and
nickel(I) cations by Scheme 2.59 to give host—
guest 1:2 cage compounds [70]. In the case of Co*

VI

o - @) D .

ion, the cascade complex with a bridging u-OH~
anion has been isolated in this work; imidazolate
and azide anions are also described to form the
same cascade complexes. In the case of iron and
manganese(Il) triflates, the tetraprotonated form
of the ligand 7 has been formed: it has the intramo-
lecular hydrogen bonds preventing the encapsula-
tion of solvent molecules and metal cations [70].
As follows from X-ray diffraction data [71],
1:2 cage complex of the furan-based hexaamine
macrobicyclic ligand 110 with two encapsulated
copper(Il) ions also binds p-hydroxo guest
anion, thus giving heteroguest 1:2:1 compound
by Scheme 2.60. The intramolecular Cu"...Cu"
distance is approximately 3.9 A and its linear
Cu...OH...Cu" moiety has a trigonal bipyrami-
dal geometry around the caged metal ions [71].
The hexaimine binucleating caging ligand 1
forms cascade 1:2:1 cage complex with two
copper(Il) ions and one bridging OH™ anion by

:N " - COQ"', Cu2+
1Ccat2t = Mn2+, Fe2+ )
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Scheme 2.60
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Scheme 2.61 [72]. This compound is diamag-
netic, which suggests efficient antiferromag-
netic  exchange  between the  caged
metallocenters. Its octaamine derivative 14 also
encapsulates copper(Il) ions to give heteroguest
1:2:1 cascade complex with nonlinear bridging
u-hydroxo anion between its metallocenters.
This binuclear copper(Il) complex can also
accommodate larger N5~ and Im™ ions. As fol-
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lows from single-crystal X-ray diffraction data,
in the imidazolate-containing complex this
bridging ion is sandwiched between two ribbed
aromatic  fragments. The  encapsulated
copper(Il) ions have trigonal bipyramidal coor-
dination polyhedra with the largest Cu—N dis-
tance for the third ribbed fragment that does not
form stacking interactions with a caged anionic
guest [72].



2.1 Schiff-Base Imine Encapsulating Ligands and Their Polysaturated Cage Derivatives 49

Cascade cage complexes of polyamine capsules
7 and 14 (Scheme 2.62) with encapsulated p; ;-
azide anion have been synthesized and structurally
characterized in [73]. The manganese(Il) ion is
reported in this work to be too large to form such a
cage complex with the meta-phenylene capsule 14.
In the cascade nickel(Il) complex of this ligand,
two caged nickel(Il) ions are bridged by the linear
uy-azide monoanion; each of these nickel(I) ions
has adistorted trigonal bipyramidal Ns-coordination
polyhedron. This anionic guest forms stacking
interactions with ribbed aromatic fragments of 14.

A fluorescent covalent capsule 112 with an
extended cage framework and a 9,10-anthracene
ribbed substituent has been synthesized in [74] by
Scheme 2.63. Its cavity can accommodate two
metal ions, thus allowing a cascade binding of
suitable ambidentate anions such as N;~ and
NCO". As the copper(Il) ion is a fluorescence
quencher (so its complexes cannot be used as fluo-
rosensors), the authors of [74] choose a 1:2 cage
complex with encapsulated redox-inactive zinc(Il)
ions [74]. In acidic media, the fluorescence of the
initial capsule 112 quenches in the range pH 4-6
because its amino groups display reducing proper-
ties and are able to ensure the ET to the neighboring
excited anthracene fragment that quenches fluo-
rescence. Addition of two equivalents of a zinc(I)
salt causes a decrease in the fluorescence up to pH
7 (with plateau of pH 8.5). This result has been
explained [74] by the coordination of the donor
amino groups of 112 to the encapsulated metal
ions that prevented the ET to the anthracene fluo-
rophore. The fluorescence intensity goes down
with pH due to the formation of a hydroxide-con-
taining cage complex with encapsulated pentaco-
ordinate zinc(Il) ions: the bridging OH™ anion is
included in this ET process and in quenching of
fluorescence. The same effect has been observed
in the presence of N5~ anion: in its heteroguest
1:2:1 cage complex, the ET from electron-rich
encapsulated N;~ ion to the neighboring anthra-
cene fragment quenches its fluorescence [74].

The potentiometric titration has been used in
[75] to study coordination—chemical properties
of the furan-based macrobicyclic ligand 10 with
copper(Il) ions at different pH in the absence and
in the presence of halide ions. This ligand forms
homoguest 1:2 and heteroguest 1:2:1 copper(Il)

cage complexes by Scheme 2.64 at pH 4-7 and
6-11, respectively. In the heteroguest complex,
the encapsulated hydroxide ion is located
between the copper(Il) ions as a bridging moiety.
The spectrophotometric titration of these cage
complexes in the presence of Cl~, Br~, and I" ions
at pH > 3 showed the encapsulation of these
anions in the manner similar to OH™ ion with an
intensive Hal- — Cu?* CTB in the visible range.
This suggestion is confirmed by X-ray diffraction
study of 1:2:1 cage complex with encapsulated
bromide anion: this bridging guest occupies the
vacant cavity between the two caged metallocen-
ters. These heteroguest halide-encapsulating cap-
sules are stable only in the narrow range of pH
and easily undergo exchange reactions to hydrox-
ide anion. The binuclear copper(Il) cage complex
of 10 has an affinity to chloride ion; the corre-
sponding binding constant is two orders higher
than those for bromide and iodide ions. It is also
able to encapsulate linear N3~ and NCS~ anions
owing to the lability of its 2,5-dimethylfuran-
containing ribbed fragments [75].

Anion-binding properties of the thiophene-
based macrobicyclic ligand 13 (Scheme 2.65)
have been studied [76] by potentiometric titration.
Three binuclear copper(Il) cage complexes have
been found to exist in the range of pH 5-12; the
one with the vacant cavity was the most suitable
for the encapsulation of anions. At neutral pH,
monohydroxide-encapsulating heteroguest 1:2:1
cage complexes dominate over other complex
forms, and binding of a wide range of monoanions
proceeds through hydroxide exchange reaction. In
the case of N5, NCO-, and NCS~ ions, the UV-vis
spectra contained characteristic Cu** - A~ CTBs
in the visible range, thus suggesting the formation
of cascade 1:2:1 cage complexes with encapsu-
lated pseudohalide ions. The binding of halide
anions by 13 has not been observed. In the azide-
encapsulating binuclear copper(Il) cage complex,
bridging anion and two encapsulated copper(Il)
cations form a linear Cu*...N=N - N-...Cu**
fragment. Due to the intrinsically higher length of
the cage framework 13, it cannot form stable com-
plexes with spherical monoanions [76].

Encapsulation of three copper(Il) cations in
basic conditions by the extended analog of 8 shown
in Scheme 2.66 in the presence of imidazole allowed
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obtaining a cascade imidazolate-encapsulating cage
complex 1:3:1 with an anionic guest bridging two
of these three caged Cu?* ions [77].

Similar dicopper cascade complexes of the
caging ligand 14 with encapsulated p;;-
cyanamide and dicyanamide bridging anions
(Scheme 2.67) have been isolated and structur-
ally characterized in [78]. Para-phenylene analog
7 of this macrobicyclic ligand is reported in [79]
to form a H;0,-bridged dicopper covalent cap-
sule shown Scheme 2.68.

At the same time, the N-methylated macrobi-
cyclic ligand 113 (Scheme 2.69) encapsulates

only one copper(Il) cation in the presence of
oxygen-centered cationic co-guest H;O" species
that form strong hydrogen bonds with its three
N-methylated amino groups. This hydrogen
bonding successfully competes with coordina-
tion of this covalent capsule to second Cu** ion,
thus suppressing the formation of the correspond-
ing dicopper cage complex [80].

Encapsulation of cyanide ion by binuclear
copper(Il) complexes of the octaamine capsules 7,
10, and 14 [71] by Scheme 2.70 has been performed
in [81]. In these complexes, a bridging CN™ anion is
located between the metallocenters with a nearly
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linear geometry. These metallocenters have slightly
distorted trigonal bipyramidal polyhedra and the
copper(Il) ions are substantially (by approximately
0.18-0.27 A) shifted in the direction of the geo-
metrical center of the cage framework [81].

The X-ray diffraction study [82] of the analo-
gous cage complex of 10 with an encapsulated chlo-
ride ion (Scheme 2.71) showed the guest to be
linked with two trigonal bipyramidal CuN,Cl-
coordination polyhedra and to interact with furan
rings of the ribbed fragments [82]. The spectropho-
tometric titration of this 1:2 cage copper(Il) com-
plex with tetraalkylammonium chloride caused a
change in its color from light blue to bright yellow,
and the intensity of the Cl- — Cu®* CTB increased

up to their equimolar concentrations and then went
down to zero at one molar excess of the chloride
ions. These experimental results have been
explained in [82] by the processes shown in
Scheme 2.71: on the initial stage, bridging chloride
anion links two copper(Il) ions of the different cage
species, and then it undergoes encapsulation by the
binuclear copper(Il) macrobicyclic complex; fur-
ther addition of chloride ions results in the corre-
sponding cage complex by Scheme 2.71. The
analogous coordination transformations (i.e., the
formation of three types of macrobicyclic species)
have been also observed in the case of bromide ion
and another cage complex of this type (Scheme 2.72).
The spectrophotometric titration with bulky iodide
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ion performed in [82] evidences the formation of
only two types of such species for both these cova-
lent capsules (Schemes 2.71 and 2.72).

In the C,-symmetric binuclear copper(II)-con-
taining heteroguest 1:2:1 cage complex of 7, the
encapsulated u,-azide anion forms a linear
Cu*...N = N - N-...Cu* chain, and stacking
interactions between it and the aromatic frag-
ments of the encapsulating macrobicyclic ligand
at the distance of approximately 3.06 A have
been observed in [83].

An analogous tren-based capsule 114 has been
synthesized in [84] by self-assembly of para-for-
mylphenylboronic acid, pentaerythritol ligand
syntone, and this tripodal amine by Scheme 2.73.
The macrobicyclic ligand 114 forms a host—guest

Scheme 2.73

HO _OH
OH OH
6 + 3% +
o OH OH
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=Cut

Cat*

1:2 cage complex with two encapsulated copper(I)
ions, which is suitable for caging of anions, thus
giving their cascade complexes.

The anion-encapsulating ability of the per-N-
methylated para- and meta-phenylene capsules 93
and 94 have been studied in [85]. As follows from
X-ray diffraction data, cage framework of 93 is
doubly protonated through its two ternary apical
amine fragments, and this structure is stabilized by
trifurcated hydrogen bonding with all three ribbed
nitrogen-containing fragments of a macrobicyclic
ligand. This per-N-methylated capsule does not
form heteroguest binuclear 1:2:1 cage complexes
with copper(Il) cations and isocyanide and azide
counterions: those are outside the ligand cavity.
The same type of outer-sphere complexes has been
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observed in [85] for its meta-phenylene analog 94:
it binds atmosphere carbonate dianion in the pres-
ence of copper(Il) ions by Scheme 2.74, thus form-
ing the 1:2:1 complex with an open-ended basket
conformation of the ligand 94. The N-methylation
of the macrobicycles 93 and 94 is reported in [85]
to reduce their encapsulation ability [85].

A-

Bh\/ - |6+

At the same time, hexaprotonated form of the
parent caging ligand 7 is described in [86] to
form cascade cage complexes with two encap-
sulated fluoride ions and one bridging water
molecule by Scheme 2.75; an attempt to obtain
a heteroguest F~, Cl™-encapsulating complex is
reported in this work to be unsuccessful.
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2.2 Amine, Amide, and Pyrrole
Caging Ligands
2.2.1 Free Cages and Encapsulation

of Neutral Molecules

A hexaamide capsule 115 has been designed by
A.P. Davis and coworkers for selective recogni-
tion of carbohydrates in their organic solutions
[87]; the synthetic strategy shown in
Scheme 2.76 used a biphenyl-containing
unsymmetrically protected intermediate 23 that
resulted from two [2+2] macrocyclizations.
According to '"H NMR and fluorescence data,
the caging ligand 115 forms 1:1 cage com-
plexes with octylated pyranosides in their chlo-
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roform solutions and selectively binds
monosaccharide 24 [87]; there was a 50-fold
difference in binding constants for the mono-
saccharides 24 and 25.

A similar synthetic approach with two key
[2+2] macrocyclization stages allowed obtaining
a lipophilic caging ligand 116 (Scheme 2.77) for
the membrane transport of monosaccharides
[88]. The peripheral substituents in the phenylene
fragments of a cage framework of 116 only
slightly affect its binding properties. According
to 'H NMR data, it forms a stable 1:1 cage com-
plex with n-octyl-f-D-glucopyranoside 26 in
chloroform and is an efficient extractant of mono-
saccharides 27-33 from their aqueous solutions
to chloroform media. The ligand 116 also showed

HO. HO. HO |,

- HO o} . HO jo}

= Ho OCyH,, 5 HO ; HO OCH,
HO' HO Gemn HO
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the selective extraction of glucose relative to
galactose and mannose. This suggests stereospe-
cific interactions of a glucose guest with this
encapsulating receptor: the internal groups in its
cavity can bind substrates with suitable equato-
rial substituents. Xylose also can be efficiently
transferred to the organic phases from its aqueous
solutions using a capsule 116 [88].

An extended octaamide caging ligand 117 for
the efficient binding of disaccharides has been
prepared in [89] using two synthetic approaches:
one of them (Pathway I on Scheme 2.78) gave a
poorly separable mixture of the target macro-
polycyclic product with its regioisomer, while the
second one (Pathway II) allowed isolating the
capsule 117. Its geometry is similar to that of
the above macropolycyclic receptor 115, and this
covalent capsule is suitable for selective
encapsulation of equatorially substituted carbo-
hydrates. In particular, all-equatorial n-octyl-f-
D-cellobioside 34 interacts with 117 to form a
1:1 cage complex with loss of symmetry (as fol-
lows from NMR, fluorescence emission, and CD
data). Octyl glycosides 35 and 36 as well as their
disaccharide analogs 37-39 caused no changes in
these spectra; so this extended ligand 117 has
been reported in [89] to selectively bind the
disaccharide 34.

The octaamide caging ligand 115 is described
in [87] to efficiently encapsulate octylated glyco-
sides (mainly, the p-glycosylated derivatives of
35) in organic media (see above), but the main
goal is the binding of saccharides in aqueous solu-
tions. Unfortunately, this tetracarboxylate capsule
underwent aggregation under these conditions; the
attempts [88] to use the macrobicyclic ligand 116
with tris(hydroxybenzyl)methyl substituents were
also unsuccessful. As a result, the dodecacarboxyl-
ate capsule 118, designed for the recognition in
aqueous media, has been synthesized in [90] by
Scheme 2.79. As follows from NMR titration
experiments, this ligand encapsulates carbohy-
drates 40-54 in chloroform media, and the binding
constants obtained as well as the corresponding
NMR chemical shifts were similar to those for the
analogous amide macrobicyclic ligands. The same
effects have been observed in aqueous solutions of
these carbohydrates: both the NMR and fluores-

2 Encapsulation by Covalent Capsules

cent titration experiments suggest the formation of
1:1 cage complexes. The binding constants vary
with history of the glucose aqueous solution from
4.6 mol~'cm? for freshly dissolved substrate with
anomeric a/f ratio 72:28 to 9.2 mol-'cm? in the
case of the ratio 60:40 due to the selective binding
of its f-anomer by the caging ligand 118. The
binding of other carbohydrates shown in
Scheme 2.79 has been also studied in [90] using
NMR and fluorescent methods. Similar to the ana-
logs 115 and 116, this ligand selectively encapsu-
lates fJ-glycosylated guests with higher binding
constants for methyl #-D-glucoside 35 and cello-
biose 52; the selectivity to 52 as compared to lac-
tose 53 and maltose 54 is observed. This result is
in a good agreement with the experimental data
[89] for 115 in organic media and those for the
extended terphenyl-based macrobicyclic ligand
117. The dodecacarboxylate capsule 118 also effi-
ciently binds other carbohydrates with equatorial
substituents (2-deoxy-D-glucose 47 and D-xylose
48), while the termination of hydroxyl groups (the
saccharide 47 and glucose) causes no increase in
the binding constants; the receptor 118 poorly
encapsulates thamnose 50 and fucose 51. The
encapsulation of glucose and its interactions with
the interior of 118 has been confirmed in [90] by
NOESY experiments.

Functionalization of such macrobicyclic plat-
form with various groups in different positions
by Scheme 2.80 has been performed in [91] to
increase the efficiency of binding of glucose and
the selectivity to f-glycosylated carbohydrates
relative to others (including N-acetylglucosamine,
GlcNAc). For this purpose, 4,4'-substituents in
its biphenyl moieties are more prospective than
those in 2,2'-positions as well as the groups in the
iso-phthalimide spacer, as 4,4'-substituents only
slightly affect the conformation of a macrobicy-
clic framework but are fold inward between the
iso-phthalimide to reinforce the cavity walls [91].
As follows from 'H NMR titration data, this
causes an increase in the stability constants of the
corresponding 1:1 cage complexes with encapsu-
lated saccharide guests. In a series of the capsules
119-122 (Scheme 2.80), their methoxylation
(119) causes an increase in the affinities except
that for the carbohydrate 59. In the homological
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series of the alkoxyl substituents (macrobicycles
119-121), the binding constants increase for the
p-glycosylated substrates such as 69, 55, and 56
and for their closely related all-equatorial saccha-
rides 57 and 58; the binding of the substrates 59
and 60 substantially decreases. Going to the mac-
robicyclic ligand 122 with even longer alkyl
spacers causes an increase in its affinity for all
the carbohydrates studied in [91]. As compared
with an unfunctionalized macrobicyclic platform
118, the caging ligand 121 encapsulates glucose
much more efficiently and selectively: in particu-
lar, the selectivities of 121 for the carbohydrate
pairs glucose/galactose and glucose/GIcNAc are
20:1 and 9:1, respectively, while those for 118 are
4.5:1 and 1:6. Thus, the affinity of the caging
ligand 121 to glucose is much worse than those
of the natural lectins but is described in [91] to be
still enough for the blood glucose monitoring.
The authors also mentioned that normal blood
contained no soluble components that interfere

5 AHN

73

with the binding of glucose. Two 1:1 cage com-
plexes (60)@119 and (69)@121 have been theo-
retically and experimentally studied in [91] by
MM calculations and NMR spectroscopy. The
molecular structure of (60)@119 is practically
the same as that of the cage complex (60)@118
[92]. The stability constant for the latter com-
pound is equal to 730 mol~'cm?®, while the com-
plex (69)@121 is considerably less stable
(K=60 mol-'cm?). Only f-glucose can be encap-
sulated by these caging receptors. The substantial
difference in the binding of glucose and GlcNAc
by them has been explained in [91] by steric rea-
sons: the NHAc moieties of GIcNAc are directed
to the narrow portals, and an increase in the size
of alkoxyl substituents causes the hindrances dis-
favoring the encapsulation of this guest [91].

Synthesis of a polyamine capsule 123 by
Scheme 2.81 is described in [93]; its protonation
has been studied by 'H and '3*C NMR and poten-
tiometric titration methods.
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Tripodal tris-aldehyde ligand syntones, which
have been prepared in [94] using Vilsmeier—
Haack-type formylation of the corresponding
tris-pyrroles by Scheme 2.82, gave the covalent
capsules 124 and 125, the derivatives of ethylene-
1,2- and butan-1,4-diamines, respectively. These
macrobicyclic  ligands encapsulate parent
diamines during the template condensation with

2 Encapsulation by Covalent Capsules

N/_\N/
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a diamine guest as a matrix to give the corre-
sponding 1:1 cage complexes. In these com-
plexes, the guests form intramolecular hydrogen
bonds within the ligand’s cavity. In particular,
hydrogen bonding between two terminal amino
groups of butan-1,4-diamine as guest and seven
hydrogen atoms of 125 is observed in such a
manner that only two of the three pyrrole groups
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of each of the tripodal capping fragments are ori-
ented inward the host cavity and form hydrogen
bonds with a guest molecule, while the third
outward-oriented pyrrole group forms only weak
C-H(diamine)...n(pyrrole) interactions. The
encapsulated butan-1,4-diamine molecule has a
less energetically preferable gauche, gauche,
trans-conformation, while the caged ethylene-
1,2-diamine is in a gauche form and can be
extracted from the ligand’s cavity with methanol.
According to NMR titration data, the binding
constants of the macrobicyclic ligand 124 with
ethane-1,2-diamine and ethane-1,2-diol as guests
are approximately 1500 and 1060 mol™' cm?,
respectively, whereas ethane-1,2-dithiol does not
form the same cage complex due to a reduced
hydrogen bonding ability, larger size, and sub-
stantially lower stability of its gauche conforma-
tion [94].

The first urotropin-like capsule 126 has been
prepared in [95] using one-pot synthetic proce-
dure by Scheme 2.83 from its diamine and dibro-
mine syntones. In this covalent capsule, all four
lone pairs of the bridgehead nitrogen atoms are
oriented toward the center of its cage framework,
but the cavity size of 126 is described in [95] to
be too small to encapsulate guest species except
H* ions.

Covalent capsules 127-129 with donor pyri-
dyl groups and their 1:1 cage complexes with an
encapsulated potassium(I) cation have been syn-
thesized in [96] wusing similar synthetic
approaches (Scheme 2.84). These complexes
underwent demetalation with hydrochloric and
nitric acids. A reversible protonation—deproton-
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Scheme 2.83

ation cycle of the capsule 128 [96] is shown in
Scheme 2.84. Treatment of tetraprotonated form
of this ligand with benzyltrimethylammonium
hydroxide as a strong organic base gave not the
target fully deprotonated macrobicycle 128 but
its monoprotonated form. The latter reacts with
potassium hydroxide giving a 1:1 cage complex
with an encapsulated potassium(I) cation [96].
This encapsulated cation can be also substracted
from its complex by 18-crown-6 giving the cova-
lent capsule 128 by Scheme 2.85 [97]. The cag-
ing ligands 128 and 129 are described in [97] to
slowly form their host—guest 1:1 complexes with
encapsulated water molecule: the X-ray diffrac-
tion study excluded the possibility of encapsula-
tion of H;0" cation. The caging ligand 129 binds
chloride anion, thus giving the corresponding 1:1
cage complex [97]. The methoxyl- and chlorine-
containing analogs 130 and 131 (Scheme 2.85) of
the bis-pyridine capsule 127 have been synthe-
sized in [97] starting from the corresponding
4-substituted bis-aminomethylpyridine ligand
syntones.

2.2.2 Encapsulation of Anions

J.-M. Lehn and coworkers are pioneers in the use
of covalent capsule (so-called “anion cryptates”)
for anion encapsulation, separation, and
detection.

Tetraprotonated form of the oxoamine cova-
lent capsule 132 is reported in [98] to form 1:1
cage complex with chloride anion by

Scheme 2.86; this anionic guest forms four
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J
Scheme 2.84

hydrogen bonds with the protonated amino
groups of a caging ligand.

The covalent capsule 134 has been prepared in
[99] by Eschweiler—Clarke methylation of its
amine precursor. As follows from *C NMR data,
protonated forms of this macrobicyclic ligand
and its analogs 132 and 133 selectively bind chlo-
ride, fluoride, and bromide ions but discriminate
other monoanions shown in Scheme 2.87 [99].

a long time

Protonated form of a macrobicyclic receptor
110 has been used in [100] for encapsulation of
linear triatomic azide anion, forming 1:1 cage
complex by Scheme 2.88. The single-crystal
X-ray diffraction structures of 1:1 cage complexes
of H*c - 110 with fluoride, chloride, bromide, and
azide anions have been determined in [100]. The
small fluoride ion is tetracoordinated by this mac-
robicyclic ligand, while chloride and bromide
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anions form six hydrogen bonds with it. The non-
complementarity between these spherical anionic
species and an ellipsoidal cavity of H*s - 110
caused the distortions of its cage framework. Such
structural complementarity has been observed in
[100] for the linear N~ ion, which is bound by
two pyramidal arrays of three hydrogen bonds,
each interacting with a terminal nitrogen atom of
this anion. As follows from potentiometric titra-
tion data, the macrobicyclic ligand H* - 110 also
binds other anionic guests shown in Scheme 2.88.

3Cl NMR spectroscopy has been used in
[101] for the study of encapsulation of chloride
anion by the protonated forms of covalent cap-

g
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sules 110, 132, 133, 135, and 136 (Scheme 2.89),
forming its 1:1 cage complexes.

The synthesis of macrobicyclic polyamine
ligands 110 and 137-140 using tripode—tripode
coupling of a protected derivative of the tripodal
amine tren and its propylene-containing homolog
with corresponding protected tripodal polyether
ligand syntones by Schemes 2.90 and 291 is
reported in [102]. This synthesis sequence is
described to be appreciably shorter than the step-
wise construction via macrocyclic precursor and to
give better yields.

The protonated form of covalent capsule 138
is described in [103] to selectively form stable
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1:1 cage complexes with encapsulated sulfate
and oxalate dianions. At the same time, more
bulky malonate anion cannot enter its cavity
[103]. Like in the case of 110, this protonated
form also binds monoanions (first of all, halide
ions) by Scheme 2.92. At pH 3-5, the resulting
cage complexes are formed by their octa- and
heptaprotonated forms, while the hexaprotonated
form of 138 dominates in the range pH 5-7. The
stability of these 1:1 complexes with halide
guests increases in a row Cl- < Br~ < I". Thus, the
encapsulating ligand 138 with large and spherical
cavity has affinity for a bigger iodide ion, whereas
the opposite sequence of the stability constants
I" < Br- < CI" has been observed in [103] for the
capsule 110.

A tripodal-tripodal coupling of the corre-
sponding protected triether and triamine ligand
syntones by Scheme 2.93 gave 1,3,5-cyclophane-
like capsules 141-143 having a cylindrical shape;
the protonation of these ligands afforded their
hexaprotonated forms. According to 'H NMR
and X-ray diffraction data, those form 1:1 cage
complexes with nitrate, sulfate, chloride, tartrate,
and dithionate anions both of the inclusive (with

2 Encapsulation by Covalent Capsules
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an encapsulation of an anion) and exclusive
(without such caging) types [104].

An octaamine macrobicyclic ligand 144 has
been first prepared by Scheme 2.94 using stepwise
synthetic procedure in high-dilution reaction condi-
tions [105]. Its hexaprotonated form with a spheri-
cal cavity binds the sterically complementary
fluoride anion that is coordinated within a distorted
TP Ns-coordination polyhedron formed by six sec-
ondary amino groups of this covalent capsule.

An optimized non-template synthetic pathway
by Scheme 2.95 to the amine caging ligand 144
using reduction of its imine macrobicyclic pre-
cursor 145 has been elaborated in [106]. Both
these cage molecules have a D; pseudosymmetry,
and the capping tertiary amine nitrogen atoms
with the lone pairs located within their cavities
are 6.37 and 6.84 A apart, respectively [106].

Protonation of the encapsulating ligand 144
and its cage complexes with fluoride anion has
been studied in [107] by '"H NMR spectroscopy.
This strongly basic macrobicycle (log
KH,=11.18) undergoes stepwise protonation,
and the log K%, ; values decrease (and, there-
fore, basicity lowers) with the degree of proton-



2.2 Amine, Amide, and Pyrrole Caging Ligands 69
AN ) A ) L0,

TSN | 4o NS TS(\N N—Ts Ni N N:

q K CCo)

o ko o < (0 > < (o >
( ) N NH

<0M5 OMs MsO \ ! I

(\\N/\
Ts\N N/Ts

N/TS

OMs MsO

U

—Ts

AN\
N AN A\
Ts\(\ /\/Ts (\ N/\ (%N/\
N T N Ts— —Ts H. H
( LN s Nl N (N " N3
CH k
(CHp)s (CHa)s  (CHy)s (CH)s (CH)s  (CHI)s (CH)s (CHp)s  (CHA)s

(OMS )
OMs MsO' /

Scheme 2.91

ation. The decrease in pH from 8.8 at which the
doubly protonated species mainly exist to pH =
3.6 leads to predominate formation of a tetra-
protonated form of this ligand. Further lowering
of pH results in three new signals that eventu-
ally replace initial ones due to the rupture of
hydrogen bond network within its cavity (these
intramolecular hydrogen bonds are formed by
inward-oriented secondary amine groups at pH
above 4) and the following conformation
changes including the outward rotation of the
protonated positively charged amino groups
because of their electrostatic (Coulombic)
repulsions [107]. The cage complexes with an
encapsulated fluoride anion are substantially
more basic than the initial macrobicyclic ligands
[107]. Increase in a degree of their protonation

USRS

leads to the increase in fluoride affinity relative
to the chloride binding up to seven orders of
magnitude. This F/Cl selectivity has been also
confirmed by the MM calculations and is
explained in [107] by the cavity size suitable for
binding of small fluoride ion forming strong
hydrogen bonds (especially, in the case of the
hexaprotonated form of this caging ligand) and
decreasing electrostatic (Coulombic) repulsions
in hexapositively charged macrobicyclic frame-
work [107].

The protonated forms of octaamine macrobi-
cyclic ligands 138, 144, and 146 are reported in
[108] to encapsulate chloride and bromide anions
by (Scheme 2.96), thus giving 1:1 cage com-
plexes, which were structurally characterized by
single-crystal X-ray diffraction data. The cova-
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lent capsule H*s - 144 binds fluorine anion with
higher selectivity than the chloride ion (selectiv-
ity coefficient F-/Cl~ > 10%). The ligand 138 binds
strongly both F~ and CI- anions [108].
Condensation of tren with aromatic dichloride
74 by Scheme 2.97 gave a hexaamide caging
ligand 147 for anion binding [109]. As follows
from NMR titration data, this covalent capsule in
polar organic media selectively encapsulates a
series of monoanions; its binding constants are in
arow F~ > Cl~ > CH;COO~ > H,PO,", and it only
slightly binds NO;~, HSO,~, and Br~ ions. The
increase in such constants by two orders in a row
F~ > CI~ > Br is explained in [109] by both the

size effects and the hydrogen-bonding ability.
The difference in binding constants for trigonal
ions CH;COO~ » NO5™ and for tetrahedral anions
H,PO,~ » HSO,™ is explained in [109] by only
weak hydrogen-bonding abilities of nitrate and
hydrosulfate ions. The monoprotonated form of
capsule 147 encapsulates a hexacoordinated
chloride anion that is shifted from the geometri-
cal center of the ligand’s cavity in the direction of
one of the two apical cross-linking nitrogen
atoms. A caged fluoride anion in its 1:1 complex
with hexaprotonated capsule H*s - 147 occupies
its center, thus forming hydrogen bonds with all
six amide protons of this ligand [109].
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1:1 cage complexes of the hexaamide capsule
147 and its hexaamine analog 14 have been pre-
pared in [110] by their reactions with (NH,),SO,
and sulfuric acid, respectively (Scheme 2.98). In
the cavity of octaprotonated ligand H*; + 147, an
encapsulated sulfate dianion is hydrogen-bonded
only with five of its eight protonated amino groups.
In the intracomplex (SO,2")@ H*, - 147, the caged

dianion forms such bonds with all amino groups of
the doubly protonated capsule 147 [110].

A hexaamide covalent capsule 148 with an
extended macrobicyclic framework has been
described in [111] as a first polynucleating
amide caging ligand with two of three pyridine-
containing ribbed fragments having the same
orientation and the third one looking at the
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opposite directions. This ligand encapsulates water molecule or one sulfate ion and two water
three guest species in its cavity by Scheme 2.99; molecules. In contrast, its N-methylated deriva-
those are either two chloride anions and one tive 149 has a bowl-like shape with the same
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orientation of all ribbed hydrogen-donor frag-
ments [111].

A similar synthetic approach has been used
[112] to obtain a hybrid N;O;-macrobicyclic
ligand 150 (Scheme 2.100) with an extended cav-
ity, which gave a 1:1 cage complex with bromide
anion. This complex contains a hydrogen-bonded
encapsulated Br~ ion and its C;-symmetry axis
passes through this guest and the capping nitro-
gen atoms of a caging ligand 150. Six adaman-

Scheme 2.100

tanoid (H,0),, clusters form a 3D cage-like
supramolecular network via hydrogen bonding
with other water molecules and bromide ions.
The cage complex (Br)@150 is located within
this supramolecular cage-like framework, thus
forming a “Matreshka” complex-in-complex
assembly [112].

Condensation of a tris-pyrrole ligand syntone
75 with its diformylated derivative 76 by
Scheme 2.101 has been used in [113] for the syn-
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75

thesis of the first macrobicyclic calixpyrrole 151
with bridgehead carbon atoms showing their in—
in configuration with meso-like bridging carbon
atoms, which are oriented inward of the cavity of
151 (as follows from X-ray diffraction and NMR
data). This caging ligand encapsulates only small
spherical fluoride anion from a series of monoan-
ions. In their 1:1 cage complex, two of the three
ribbed tris-pyrrole fragments form a large pocket
in which six calixpyrrole NH groups are
hydrogen-bonded with the encapsulated F~ ion;
the third ribbed moiety does not interact with this
guest. In contrast, chloride ion forms a host—
guest 2:1 bis-cage complex with this ligand in
which it is hydrogen-bonded with 12 NH groups
of two molecules of 151. When deposited in air,
this complex is described in [114] to undergo
oxidation leading to the change in its coloration
from colorless to light red due to the formation of

Ts
Ts\N / \ '!‘ / \ N/Ts

H H

Scheme 2.102

a calixphyrine analog 152 of its macrobicyclic
calixpyrrole precursor 151. The stoichiometric
oxidation of 151 with oxidant 76 gave in 60 %
yield a bright-red calixphyrine product of lower
symmetry; six signals of non-equivalent f-pyrrole
protons instead of three and no signals of methine
protons of apical groups have been observed in
its 'TH NMR spectrum. The covalent capsule 152
has more opened cavity and, therefore, is more
suitable for encapsulation of guests than that of
151 [114].

A labile octaaminophenolic macrobicyclic
ligand 153, prepared in [115] by Scheme 2.102,
and its hexaprotonated form are able to encapsu-
late metal cations as well as suitable anionic
guests (first of all, chloride ion), thus forming 1:1
cage complexes. The covalent capsule 153 under-
goes a stepwise protonation; its initial deproton-
ated and first two protonated forms are strong

L
N/TS TS\N NHg lig.
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bases. This ligand forms both 1:1 and 1:2 cage
complexes with encapsulated copper and zinc(II)
ions. The former complexes undergo protonation,
while the latter are stable at pH >6. As follows
from **Cl NMR spectra, hexa-, penta-, and tetra-
protonated forms of 153 encapsulate chloride
anion by Scheme 2.102 [115].

A bis-cyclopeptide covalent capsule 154 for
selective binding of sulfate dianion has been pre-
pared in [116] using copper(I)-catalyzed “click”
reaction—cycloaddition of the corresponding
azide to alkyne ligand syntones by Scheme 2.103
and characterized using NMR and X-ray diffrac-
tion data. Thermodynamics and kinetics of the
encapsulation reaction for this guest have been
studied by ITC and temperature-depended 'H-'H
NOESY NMR methods, respectively.

Condensation of tripodal amine tren with a
phthalimide-protected dicarboxylate ligand syn-
tone 77 by Scheme 2.104 afforded a binucleating
hexacarboxamide caging ligand 155; its Cj;-
unsymmetric macrobicyclic framework easily
accommodates cobalt, iron, nickel, and zinc(II)
ions to give host—guest 1:2 complexes [117, 118].
The encapsulated metal ions in all these isostruc-
tural cage complexes occupy apical tren cavities
having the distorted trigonal pyramidal N,
coordination polyhedra with a cofacial orienta-
tion; the dipropoxyphenoxyl substituents are
splayed out to the periphery of these capsules.
The M"...M" distance is the smallest for the binu-
clear manganese(Il) cage complex (approxi-
mately 6.08 A), and the metal ions are shifted
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from the mean plane of equatorial donor nitrogen
atoms of a caging ligand. For the zinc(II) com-
plex, this distance is approximately 6.42 A, and
their metallocenters are relaxed into its tripodal
tren-based binding pockets. This fact is explained
in [118] by a difference in sizes of the encapsu-
lated metal ions. The analogous iron(II) complex
underwent both the electrochemical and chemical
oxidations giving its high-spin diiron(III)-con-
taining derivative (as it follows from the ’Fe
Mossbauer spectrum). The re-reduction of this
iron(II) compound with cobaltocene gave the ini-
tial binuclear iron(Il) cage complex, which has
been identified in [118] by NMR spectroscopy.
These electrochemical and chemical redox reac-
tions are reversible. The host—guest 1:2 iron- and
cobalt(IT)-encapsulating hexacarboxamide cage
derivatives of 155 bind a cyanide anion by
Scheme 2.104, thus forming cascade complexes.
According to the X-ray diffraction, IR, and 'H
NMR data, this anion is located between two
metallocenters substantially changing the geome-
try of their coordination polyhedra: the encapsu-
lated cations are pulled from tren-based apical
pockets causing elongation of Co—N bonds (and,
therefore, their coordination polyhedra may be
described as tetrahedral) and nonequivalence of
the encapsulated high-spin iron(II) ions due to
their different (C or N) coordination mode (as fol-
lows from the >’Fe Mossbauer spectrum), respec-
tively. According to magnetometry data, these 1:2
cage complexes of paramagnetic transition metal
ions are in a high-spin state with antiferromag-
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netic and extremely weak magnetic coupling
between their remote caged metallocenters [118].

Two covalent capsules 156 and 157 with an
azol-modified cyclic peptide platform have been
designed in [119] for the selective binding of
anions, as their thiourea groups in the side pep-
tide chains are able to form strong hydrogen
bonds with these anionic guests. The condensa-
tion of a cyclic tris-amine peptide syntone 78
with tris-isocyanides 79 and 80 by Scheme 2.105
afforded these macrobicyclic ligands. According
to X-ray diffraction data, those encapsulate sol-
vate molecules. In the case of 156, the guest mol-
ecule of methanol forms strong hydrogen bonds
with the capping ternary amine fragment in its
endo-conformation, and the thiourea hydrogen-
donor groups of 156 are directed inward the cav-
ity of its cage framework. One of the two
independent macrobicyclic species in the unit
cell of the crystal 157 encapsulates one acetoni-
trile and two water molecules, while the second
one contains three molecules of water. The
observed difference in the caging properties of
these capsules 156 and 157 is explained in [119]
by larger size of the cavity of the 1,3,5-triethyl-
benzene-based ligand 157 as compared with that
in tren-based analog 156; the thiourea groups of
157 are also directed inward its cavity forming
the hydrogen bonds with the encapsulated solvate
molecules. The binding of monoanions by these
caging ligands has been studied in [119] using
their titration with n-tetrabutylammonium salts
of F~, CI-, Br~, and CH;COO™ monoanions. In all
cases except for F~ ion, the fast exchange of these
guests has been observed. The ligand 156 binds
the CI~ and Br~ anions three times stronger than
its analog 157, and both of them efficiently
encapsulate small halogenide anions; their bind-
ing with I, NOs~, and HSO,  ions is much
weaker. Both of these encapsulating ligands also
form stable 1:1 cage complexes with acetate
anion (in the case of 157, the difference with
other anions becomes more than three orders of
magnitude). The observed lower selectivity of the
macrobicyclic ligand 156 is explained in [119] by
lability of its tripodal aliphatic amine cap as com-
pared with the rigid 1,3,5-triethylbenzene-based
capping group of 157.

2 Encapsulation by Covalent Capsules

Encapsulation of halide anions by the tetraca-
tionic quaternary ammonium N,-capped capsules
158-160 (Scheme 2.106) has been observed in
[120]. Their 1:1 cage complexes with bromide and
iodide anions are substantially more stable than
those with CI~ ion. The ligands 159 and 160 also
form the stable cage complexes with other anionic
guests shown in this scheme. Those are reported in
[121] to discriminate between these anions accord-
ing to their size, and the stability of the corre-
sponding cage complexes depends on both the
electrostatic and hydrophobic interactions, domi-
nating for 159 and for 160, respectively [121]. In
the molecule of 1:1 cage complex of 159 with
iodide anion, this spherical guest is encapsulated
symmetrically within the spherical cavity of this
ligand and, because of its electrostatic interactions
with the four quaternary ammonium centers, the
latters are arranged at the corners of an almost
ideal tetrahedron; the average N*...I" distance is
approximately 4.54 A [122].

The apically functionalized neutral analogs
161 and 162 of the above N,-capped cationic
capsules have been used in [123] as tetracationic
caging hosts for encapsulation of a series of
monoanions shown in Scheme 2.107.

The first borane—amine caging ligand 163 of
this type has been prepared in [124] by
Scheme 2.108 and characterized by single-crystal
X-ray diffraction data. This covalent capsule also
encapsulates anionic guests, thus giving the cor-
responding 1:1 cage complexes.

Both the side chain of the amino acid pendant
substituents and the substituents at the aromatic
tripodal fragment are reported in [125] to affect
chloride binding ability of the macrobicyclic
amide ligands 164-166 obtained in [125] by
Scheme 2.109. The covalent capsules having the
1,3,5-benzene moieties showed low affinity to
chloride anion, whereas those with triple methyl-
and ethyl-substituted benzene panels displayed
stronger binding by one order of magnitude [125].

2.2.3 Encapsulation of Cations

The covalent capsule 132 is reported in [98] to
encapsulate one ammonium cation, thus giving a
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Scheme 2.107

Scheme 2.108

1:1 cage complex by Scheme 2.110. Such caged
cationic guest forms four NH,*...N hydrogen
bonds stabilizing this supramolecular assembly.

A combined synthetic strategy including subse-
quent imine condensation—-hydrogen reduction
reactions and condensation of a diamine-
terminated macrocyclic precursor with the
corresponding aromatic dichloroanhydride by

Scheme 2.111 gave a 1:1 cage complex of macro-
bicyclic ligand 167 [126]. It contains one encapsu-
lated water molecule that forms N-H...O and
O-H...N hydrogen bonds with four nitrogen-
containing fragments. The distance between the
center of its crown ether moiety with donor oxy-
gen atoms and that of N,polyhedron is
approximately 6.19 A, thus allowing for the
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encapsulation of one cationic or one anionic sub-
strate. The extraction capacity of 167 for encapsu-
lation of alkylammonium salts, alkali metal
halides, and amino acids has been studied in [126]
using 'H NMR and ESI-MS spectra. This ligand
extracts potassium halides from their aqueous
solutions to chloroform media, whereas neither
solid-liquid nor liquid-liquid extractions are
observed in the case of methylammonium chloride
and several amino acids (Scheme 2.111). Thus, the
presence of potassium(I) cation is described in
[126] to play an important role in these extraction
processes. The binding constants with halide
anions strongly depend on the extractant; however,

in all the cases studied they decrease in a row I >
Br~ > CI~ > F~. Therefore, all these halide anionic
substrates are bonded to the same sites of the cova-
lent capsule 167 via the same interaction pattern
[126]. This caging ligand undergoes protonation
of its capping (cross-linking) ternary amine frag-
ments; the doubly protonated form of 167 weakly
binds trifluoroacetate anion that may be easily
exchanged by another anionic guests. This form
gave 1:1 cage complexes with halide anions, and
its affinity decreased in arow CI" > Br > I" = F~.
The observed discrimination between these spher-
ical monoanions is explained in [126] by the size-
match between the cavity of the doubly protonated
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caging ligand and that of an anionic substrate,
which displays the best fit for chloride ion. Going
from initial neutral caging ligand 167 to its proton-
ated forms, the selectivity of chloride anion encap-
sulation and the corresponding binding constants
increase, whereas other halide anions demonstrate
an opposite effect [126].

Template condensation of the aromatic trial-
dehyde ligand syntone 8/ with tripodal amine
tren on a cesium(I) ion as a matrix by
Scheme 2.112 has been used in [127] for the
synthesis of a hybrid O;N;-macrobicyclic
ligand 168, which contains a tripodal O;-donor
cross-linking fragment as well as a Schiff-base
tris-azomethine Nj;-donor capping apical
group. Its reduction with NaBH, gave a trioxa-
triamine capsule 169 in a moderate yield. This
ligand forms 1:1 cage complexes with transi-
tion metal ions; in particular, it easily encapsu-

)

>7 cooH s HaN"T CooH , HNT > cooH

lates Cu?* ions having a pseudotetrahedral
CuN ,~coordination polyhedron within a cavity
of 169 (as follows from UV-vis and EPR data).
The N;Oj;-macrobicyclic ligand 169 is
described in [127] also to encapsulate various
organic and inorganic mono- and dications
shown in this Scheme.

2.3  Cryptophane and Cryptand
Capsules
2.3.1 Free Cages and Encapsulation

of Neutral Molecules

D;- and Cj-symmetric cryptophane capsules
170-176 have been prepared in [128] using two-
step synthetic procedures by Scheme 2.113. This
series of cryptophane caging ligands has been
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proposed for xenon encapsulation; the capsule
177 and its congeners (Scheme 2.114) are also
described in [129] as prospective encapsulating
ligands for a wide range of neutral molecules.
The cavity of 177 with an approximate volume
of 81 A3 can also efficiently encapsulate xenon,
as static dimensions of its portals are smaller
than van der Waals diameter of this guest
(approximately 4.3 A). The binding constant for
this caging ligand is 3.5 times higher than that
for 170 [129].

Enantiopure cryptophane capsules 178-183
have been prepared in [130] by Scheme 2.115.
Experimental ECD and VCD methods and quan-
tum chemical calculations allowed studying their
chiroptical properties and determining of their
absolute configurations.

Optical resolution of bromochlorofluoro-
methane was performed in [131] using its encap-
sulation by Scheme 2.116 within the cavity of a
chiral caging host 184, cryptophane-C, designed
to fit substrates of a given size. The diastereo-
meric 1:1 cage complex formed by the (—)-mac-
robicyclic ligand and the (—)-guest molecule is
more stable than those formed by hosts and

NH

|2t
| HSHHS , NH,OH*

@
NH; ® ®

guests with opposite signs of their optical rota-
tions. Absolute configuration of the enantiose-
lectively caged molecule within the cavities of
R- and S-capsules and the corresponding free
energy difference have been also evaluated in
[132].

Monofunctionalized cryptophane-A caging
ligands 185-190 with achiral and chiral substitu-
ents such as amino acid residues (Scheme 2.117)
have been designed in [133] for xenon encapsula-
tion. Their binding properties have been
theoretically and experimentally studied in this
work using quantum chemical calculations and
12Xe NMR spectra, respectively.

Scalable synthesis of the capsule 177 by
Scheme 2.118, giving a target product in a high
yield, is described in [134]. This ligand exhibits
high affinity for xenon encapsulation in organic
media and easily undergoes bromination and
iodination, thus affording monohalogen-
containing cryptophanes 191 and 192. The cata-
Iytic  hydrodehalogenation, lithiation, and
palladium-catalyzed Heck reactions of these
reactive precursors allowed obtaining monofunc-
tionalized capsules 193-195.
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The carboxyl-containing covalent capsule 194
undergoes Schotten—Baumann peptide coupling
reaction by Scheme 2.119 to give a mixture of
racemic diastereomers of its water-soluble ana-

log 196 with an amino acid polysulfonate linker
[135]. According to '2Xe NMR data, these
caging ligands efficiently encapsulate xenon in
aqueous solutions [135].
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A water-soluble pentahydroxyl-containing cryp-
tophane capsule 198 has been prepared in [136]
from its precursor 197 by Scheme 2.120. Chiroptical
properties of their MM- and PP-enantiomers have
been studied by polarimetry, ECD, and VCD meth-

Scheme 2.119

SRS
)

ods. This covalent capsule 198 undergoes guest-
induced conformational changes upon encapsulation
of guest solvent molecules [136].

A facile synthetic procedure based on
copper(I)-mediated [3 +2] azide—alkyne Huisgen
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cycloaddition has been developed in [137] to
obtain a water-soluble caging ligand 199 by
Scheme 2.121 [137]. According to fluorescence
quenching and ITC data, this ligand shows high
affinity toward xenon, especially at physiological
temperature [137].

A triacetate cryptophane capsule 200 has been
synthesized in [138] by Scheme 2.122. Its binding
constant with xenon is much higher than that for
the above tris-(triazolopropionic acid)-containing
ligand 199. The fluorescence studies showed that
the encapsulated xenon guest quenched fluores-
cence by promoting intersystem crossing from the
first singlet excited state of a chromophore (S;) to
the lowest triplet state (7;). The lifetime experi-
ments suggest the presence of two isomers of 200:
major C;-symmetric  crown—crown —isomer
(approximately 95 %), which can encapsulate this
guest (as both its cyclotriveratrylene fragments
have a concave form allowing to form a molecular
cavity), and its minor crown—saddle conformer
(approximately 5 %) [138]. The deprotonated car-
boxyl groups of 200 are poorly solvated due to
them being close to the cryptophane cage frame-
work that causes partial destabilization of the
encapsulating crown—crown conformer. The
higher fluorescence lifetime of 1:1 cage complex
(Xe)@199 than that of (Xe)@200 suggests that
xenon is a better fluorescence quencher of 200
than of 199.

Microwave-assisted modification of the cryp-
tophane precursor 177 with an excess of
[Cp*Ru(u;-CD)], (82) by Scheme 2.123 afforded

N
%
1/

-

]
Q,

i
L,
N

Scheme 2.123
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a water-soluble permetallated cryptophane 201
[139]. According to X-ray diffraction data, its
empty cavity adopts a contracted conformation
with a cavity volume of approximately 32 A3.
Such behavior of the cryptophane capsule 201 is
unusual, as other macrobicyclic species collapse
upon emptying via partial inversion of one of
their caps. As follows from Xe NMR data, this
caging ligand encapsulates xenon; the process is
described [139] to be significantly affected by six
cationic arene-containing electron-withdrawing
substituents.

A tris-triazoloethylamine capsule 202 of this
type with high xenon and radon affinity has been
prepared in [140] wusing copper-catalyzed
1,3-cycloaddition “click” reaction of appropriate
alkyne- and azide-containing syntones by
Scheme 2.124.

Encapsulation of small gas guests by the
cryptophane ligand 177 has been studied in
[141] by variable-temperature 'H NMR spec-
troscopy. This ligand forms a more stable 1:1
cage complex with methane than that its analog
170. The high negative entropy of this complex-
ation reaction in the case of 177 suggests strong
reorganization of the guest and the rigid struc-
ture of a transition state of its cage complex
[141]. According to '"H NMR data, covalent cap-
sule 177 also encapsulates carbon dioxide, eth-
ane, ethylene, and molecular hydrogen, but
discriminates chloro- and dichloromethanes and
propane as guests. The binding constants for the
cage complexes with encapsulated ethane and




2.3 Cryptophane and Cryptand Capsules 91

Ly A%

1 \:\O Bor, SoH H+ HCO  Q 0 CH, OCHO
ST N,y TR LS
HCO  OH ug'  ‘ocH, OCHPH o >/ oo T \q 9 9 0_/\?5
OH // HO OH // N

HoN—"N3

G =Xe, Rn [Cu™]
SRR E a - -
HCO \H, OCHO HCO Qo ‘ocH, OCHP

HQN\/\N/’\L\

Scheme 2.124

Scheme 2.125 .

O . r o ; -. . \.I — O
0\ (g
fe) O q Q ‘\___N__’__/' Q
N ¢ > (2
177
. 'G | =CH,, CoHs CoHa, COp, Hy

%

b T— / /é CHacI, CH2C|2, C3H8

o R ()l DS

o] Q  OCHz OCHj| Hs OCH3O
/ ) ) — g
2 -
170 G =CH,

ethylene have been found in [141] to be substan- small hydrocarbon molecules. In contrast to
tially lower than that for methane. Thus, the methane, the encapsulation of ethane and ethyl-
caging ligand 177 is highly selective host for ene is enthalpically driven and entropically dis-
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favored; the encapsulation of ethane by 177
needs more free energy in its transition state
than those of ethylene and methane [141]
(Scheme 2.125).

Cryptophane capsules 203 and 204 have been
obtained by template macrobicyclization of their
reactive macrocyclic syntones with CICH,Br
(Scheme 2.126) in the presence of an excess of
Cs,CO; both as a base and as a matrix (Cs* ion).
Chiral HPLC data suggest the presence of two
enantiomers of their chiral D;-symmetric anti-
form; as follows from '2Xe NMR spectra, both
these ligands effectively encapsulate xenon
[142].

Diastereomeric hemicryptophanes 205 and 206
and their enantiomers have been synthesized in
[143] by intramolecular H*-catalyzed
macrobicyclization of its chiral tripodal ligand syn-
tone by Scheme 2.127 in the presence of
scandium(III) triflate. The use of (S)-(+)-enantiomer
of glycidyl tosylate allowed obtaining S,S,S-
diastereomeric analogs of the capsules 205 and 206.
The C;-symmetry of all these cage species and their
absolute configurations have been obtained from
NMR and CD spectra [143]. The reaction of the
ligand 205 with vanadium(V) oxytriisopropoxide
afforded the corresponding vanadium(V)-contain-
ing Cs-symmetric capsule 207 with a cavity volume
of approximately 110 A [143].

cryptophane-122
204

The vanadium(V)-containing capsule 207
exist as diastereomeric mixtures with P- and
M-handedness of the cyclotriveratrylene frag-
ments and chiral ether groups in their
S-configuration (Scheme 2.128) [144].
Diastereomerically pure chiral forms of 207 can
exist as two diastereomeric conformers A-M-
(SSS)-207/A-M-(SSS)-207 and  A-P-(SSS)-
207/A-P-(SSS)-207 corresponding to the A and A
forms of their caged vanatrane fragments. A ste-
reoconversion between the forms A < A in solu-
tion is described in [144] to have unexpectedly
high energetic barrier. As follows from 'H NMR
data, this process depends on the nature of a sol-
vent that governs the direction of the rotation
motion (clockwise or anticlockwise) of such
vanatrane fragments. For these two diastereo-
mers, the change of a solvent to that of an oppo-
site nature is described in [144] to cause a
preference to the clockwise rotation.

S,S,5-diastereomers of the capsule 207 have
been synthesized in [145] by Scheme 2.129 start-
ing from the corresponding precursor 205. The
solution '"H and 3V NMR spectra of each of these
diastereomers contain two sets of the signals sug-
gesting the presence of two C;-symmetric cage
species. This result is explained in [145] by a
rigidity of the cyclotriveratrylene fragment and
propeller arrangement around its V-N bond. This
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rigidity decreases the conformational mobility of
three atrane-type five-membered rings and
caused the formation of the A and A diastereo-
mers. Thus, a low rate of interconversion between
them on the NMR time scale allowed detecting
two diastereomers of the caging ligands
(M-(S,S,S5-A)-207/M-(S,S,S-4)-207 and P-(S,S,S-
A)-207/P-(S,S,5-A)-207) in both these cases.
P-(S,S,5)-diastereomer of 207 has a compact
structure with a cyclotriveratrylene cavity that is
occupied by one of the linkers, so its atrane frag-
ment is pushed outward. This molecule does not
retain its C; symmetry in solution, as suggested
from 'H NMR spectrum. Single crystals of only
one P-(S,S,5-A)-diastereomer have been obtained
in [145]. Initially, the '"H NMR spectrum of its
CDCl; solution contained one set of the signals,
and the second minor set of signals appear in
time; so the A form dominates in crystal as well
as in chloroform solution over its A form. These
experimental data have been confirmed in [145]
by quantum chemical DFT calculations. A con-
version between these A and A forms, which are
at equilibrium in solution, is described in [145] to
have a concerted character.

OCH, OCH

[9)

Scheme 2.130
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95

A new class of C;-symmetric hemicryptophane
caging ligands, the triamide- and tren-based mac-
ropolycyclic covalent capsules 208 and 209, have
been prepared in [146] by Scheme 2.130. As fol-
lows from '"H NMR data, their cage frameworks
have Cj;-symmetry axis passing through their
cyclotriveratrylene fragment in solution. In the
X-rayed crystal of 208, its molecule is asymmetric
due [146] to inward orientation of one amide C=0
bond that is stabilized by hydrogen bonding with
the neighboring NH groups. This ligand encapsu-
lates one dichloromethane molecule, while 209
forms 1:1 cage complex with a caged n-pentane
guest [146]. The mixture of enantiomeric forms of
the hemicryptophane capsule 208 has been sepa-
rated by HPLC. These optically resolved cage
compounds have been characterized by CD spec-
tra, and the absolute configuration assignment of
these inherently chiral hemicryptophane species
has been performed in [146].

The gram-scale synthetic procedure for prepa-
ration of the hemicryptophane capsule 209 by
Scheme 2.131 has been elaborated in [147]; its
isomers 210 and 211 have been also prepared
using similar synthetic procedures. This synthetic
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approach allowed obtaining the hemicryptophane
ligands with different shape and functionality and
in various cavity sizes; the latter has been shown in
[147] to be affected by the position of aldehyde
and hydroxyl groups in the aromatic linkers.
According to X-ray diffraction data, the ligand
209 encapsulates one of its own aromatic linkers.
The methoxyl- and chlorine-substituted capsules
212-214 (but not those with fluorine and nitro sub-
stituents) and the caging ligands 215 and 216 with
naphthalene linker moieties have been synthesized
in [147]; the preparation of their isomer 217 by
Scheme 2.132 is described in [148].

The hemicryptophane ligand 208 is described
in [149] to give 1:1 cage complexes with inorganic

N S
211 212
AT

NHL NH NH| N
N &N‘/
215 216

anions as well as with organic cations and their
ionic associates by Scheme 2.133. As follows
from 'H NMR titration data, the encapsulated
guest anions form strong hydrogen bonds within
the cavity of this ligand with its triamide fragment.
Affinity of the ligand 208 to spherical halogenide
anions decreases with their hydrogen bond-accept-
ing ability in a row F- > CI- > Br™ > I". A more
basic tetrahedral dihydrophosphate anion forms a
more stable cage complex than the hydrosulfate
guest, while that of acetate ion is less stable due to
its angular nature [149]. At the same time, the
covalent capsule 208 encapsulates tetramethyl-
and tetraethylammonium cations by Scheme 2.133
to give 1:1 cage complexes and discriminates their
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tetra-n-butyl-containing analog due to steric
clashes; those also cause preferential binding of
tetramethylammonium cation over that of its tetra-
ethyl-containing homolog. These encapsulated
cations form C-H...n and cation...n interactions
with a lipophilic cyclotriveratrylene fragment of
the cage framework of 208. As these anionic and
cationic guests occupy different sites in the inner
cavity of 208, the authors of [149] have also stud-
ied cooperative binding of the ionic pairs formed
by tetramethylammonium cation. In this case, F~,
Cl, Br, I, and CH;COO~ counteranions form
heteroguest 1:1:1 cage complexes more efficiently,
and a factor of cooperativity (i.e., a ratio of the
binding constants of anions in the absence and in

the presence of (CH;),N*) increases in a row Br~ <
CH;COO™ < F~ < CI". Thus, inversion of selectiv-
ity against chloride and fluoride anions takes place,
and tetramethylammonium chloride is described
in [149] to be optimal ionic associate for its coop-
erative encapsulation.

The ability of covalent capsule 208 to encap-
sulate ionic pairs has been used in [150] for
recognition of taurine  neurotransmitters
(Scheme 2.134) in their aqueous solutions. These
zwitterions very selectively form 1:1 cage com-
plexes of the ligand 208 in the presence of other
related substrates (including glycine). This result
is explained in [150] by simultaneous action of
three main factors: their zwitterionic character,
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an appropriate shape, and van der Waals volume.
At the same time, according to '"H NMR data, this
caging ligand did not encapsulate ionic pairs of
NH,*, (CH;),N*, or (n-C,Hy),N* cations with
CH;S0O;5~, CH5COO", or H,PO,™ anions in their
acetonitrile—water solutions due to an entropic
factor. Going from taurine and fS-alanine to their
methyl-containing analogs as well as to homo-
logs with other number of methylene chains in a
spacer fragment also caused a substantial
decrease in the corresponding binding constants;
these data are in a good agreement with the cal-
culated packing coefficients. The DFT calcula-
tions of the cage complexes of 208 with
zwitterionic guests suggest only weak intermo-
lecular cation...n interactions of a cyclotrivera-
trylene fragment with hydrophobic cavity as well
as hydrogen bonding of three of its amide moi-
eties with the negatively charged SO;™ group of a
guest [150].

Enantiomerically pure M- and P-forms of 208
have been used in [151] for encapsulation of the
diastereomeric glucoside guests 83 and 84 by
Scheme 2.135 to give 1:1 cage complexes

(as follows from 'H NMR data). These
encapsulating hosts showed diastereomeric dis-
crimination: the M-form of 208 binds the guest 83
three times better than its analog 84 and seven
times better than the P-form; the latter does not
encapsulate the pf-anomer of the glucoside
guest. In contrast, the f-anomer is described in
[151] to form more stable cage complexes with
enantiomeric pure hemicryptophane ligands
M-(S5S)-205, M-(RRR)-205, P-(S55)-206, and
P-(RRR)-206 [143] by Scheme 2.136 than those
of the a-analog 83. The f-/a-diastereomeric dis-
crimination strongly depends on the stereochemistry
of the encapsulating ligands 205 and 206: its value
increases from 1.2 for M-(SSS)-205 and 1.8 for
M-(RRR)-205 to an exceptional binding of the dia-
stereomer 84 by their enantiomer P-(SSS)-206.
These results demonstrate high diastereoselectivity
of the hemicryptophane capsules in the recognition
of the glucoside guests. The hemicryptophane
ligands with the M-cyclotriveratrylene fragment
encapsulate the derivatives of D-glucoside more
effectively than their analogs with the
P-cyclotriveratrylene fragment: the binding constant
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of 84 for the caging ligand M-(RRR)-205 is two
times higher than that for its enantiomer P-(SSS)-206.
The latter ligand showed high enantioselectivity
with respect to P-(RRR)-531 that does not encapsu-
late a glucoside guest. The guest 83 forms a 1:1 cage
complex only with the hemicryptophane ligand 205
containing the M-cyclotriveratrylene fragment. At
the same time, three stereogenic carbon atoms only
slightly affect the stereoselective binding: the
binding constants of this glucoside for covalent
capsules M-(SSS)-205 and M-(RRR)-20S are close
to each other [151].

The first hybrid cage complex of hemicrypto-
phanophosphatrane 218 with a superbasic center
(so-called “Verkade’s superbase”) has been syn-
thesized in [152] by Scheme 2.137. This complex
contains one encapsulated dichloromethane mol-
ecule, which forms supramolecular bonds with

aromatic rings of the cyclotriveratrylene fragment
of its caging ligand. The caged phosphatrane
superbase is substantially more basic than its acy-
clic analog 85, whereas the deprotonation rate for
this analog is described in [152] to be approxi-
mately 500 times higher than that for 218.

A hemicryptophane capsule 219 has been
synthesized in [153] by Scheme 2.138. As
follows from 'H NMR titration experiments, it is
an efficient heteroditopic receptor encapsulating
zwitterionic neurotransmitters, and its binding
constants with them are higher by up to three
orders of magnitude than those for the caging
ligand 208 [150]. This result is explained in
[153] by the presence of three additional
hydrogen-donor amide groups in 219 that
strongly stabilize anionic species within its inner
cavity. The most stable is 1:1 cage complex with
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an encapsulated taurine 87: the size and shape of
this zwitterionic guest are complementary to
those of 219 [153].

Arsenic-, antimony-, and bismuth-capped
M,L; covalent capsules 220-222 have been pre-
pared in [154] by Scheme 2.139 using two
synthetic approaches: by direct capping
(cross-linking) of their dithiolate syntone with

no encapsulation

HOH
Ho

2G - HO

= Ho OCgH17

OH

pnictogen trihalides and by transmetalation of
the initially synthesized antimony-containing
macrobicyclic precursor with arsenic and bis-
muth trichlorides; the latter reaction has been
used for the synthesis of phosphorus-capped
macrobicycles 223 and 224. These capsules
have similar structures, although going from
arsenic- and antimony- to bismuth-capped ones
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caused elongation of E-S bond lengths and angles. This allows retaining the same geometry
shortening of intramolecular E...E distances, of a macrobicyclic framework in all these cova-
accompanied by a decrease in S—-E-S bond lent capsules [154]. Each of them is stabilized
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by six intramolecular n? E...n interactions
caused by m-donation of the ligand’s aryl frag-
ments to the c*-orbital of the corresponding
capping pnictogen atom; for their phosphorus-
containing macrobicyclic analog 223, the intra-
molecular P...n interactions have not been
observed. Moreover, if the P,L; macrobicycle
has been found to adopt only one conformation
in its solution, other capsules can adopt two
conformations. First one with a C;, symmetry is
identical to that in crystal, and in the other one
of its three ribbed fragments is flipped so that
the macrobicyclic framework has a Cy
symmetry. This conformer dominates in the
case of the Bi,L.; macrobicycle, while its content
is substantially lower for the antimony- and
arsenic-containing analogs 220 and 222 (47 and

SH

ASC|3
(FC3H7)2(CoHs)N OO KOH O i
SH
221

oSk
e
=205 %

5 %, respectively). These experimental 'H NMR
data [154] are in a good agreement with the the-
oretical DFT calculation.

The use of a mixture of pnictide trichlorides as
cross-linking agents allowed obtaining hetero-
capped AsSbL; and AsBiL; capsules 225 and 226
by Scheme 2.139. Their phosphorus-containing
SbPL; analog 224 has been synthesized by trans-
metalation of the labile antimony-containing com-
plex with phosphorus(Ill) tribromide. The same
synthetic approach based on the lability of the
antimony-containing macrobicyclic precursors
has been widely used for the synthesis of various
hybrid and heterocapped tris-dioximate and tris-
oximehydrazonate clathrochelates [155-161].

Main bond angles and bond distances in the
AsSb, AsBi, and PSb-heterocapped capsules

AsCI3 + BiClg
I'C3H C2H
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224-226 are intermediate between those for their
homocapped analogs, and they also form six
intramolecular E...C,,, contacts (and, therefore,
E...n interactions). All these C;-symmetric het-
erocapped capsules are chiral in solution. This
result is explained in [154] by the rigidity of cage
frameworks due to the non-equivalence of their
capping atoms.

The bis(meta-phenylene)-32-crown-10-based
covalent capsules 227-230 have been prepared in
[162] by Scheme 2.140 in pseudo-high-dilution
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conditions. These caging ligands strongly bind
paraquat derivatives as dicationic guest species,
and such efficient encapsulation is explained in
this work by a combination of the preorganiza-
tion of these macrobicyclic hosts and the intro-
duction of additional binding sites to their cage
frameworks. In particular, the pyridine-containing
caging ligand 227 has the highest binding con-
stant with paraquat dication, and this constant is
approximately four orders of magnitude greater
than those of its crown ether analog.

Cat?*

o/ N/ S
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An efficient synthetic procedure of [163] allowed Homologous bis(meta-phenylene)-32-crown-
obtaining the bis(meta-phenylene)-26-crown-8-  10-based covalent capsules 232-239 with a dif-
based caging ligand 231 in a moderate yield under ferent size of their ligand’s cage frameworks have
mild reaction conditions by Scheme 2.141. been prepared in [164] by Scheme 2.142.
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The crown ether caging ligand 240 is reported
in [165] to only slightly bind the aromatic dione 90
as guest. However, encapsulation process is more
pronounced in the presence of potassium(I) cations
as co-guests giving a heteroguest 1:1:2 cage com-
plex by Scheme 2.143; the latter has been charac-
terized by NMR spectra and X-ray diffraction data.

Scheme 2.143
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Tris-di-yne macrobicyclic compounds 241-
243 have been obtained in [166] from the corre-
sponding C;-symmetric tripodal precursors with
terminal alkyne bonds using their copper(I)-cata-
lyzed homocoupling reactions by Scheme 2.144.

Bis(meta-phenylene)32-crown-10-based cap-
sule 244 has been prepared in [167] by
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Scheme 2.145 under pseudo-high-dilution reac-
tion conditions.

Eglinton homocoupling of the tripodal rigid
alkyne-terminated precursor 9/ in high-dilu-
tion conditions by Scheme 2.146 in the pres-
ence of large excess of copper(I) and copper(II)
salts has been used in [168] for the synthesis of
a robust covalent capsule 245. Its calculated
energy-minimized model had a distorted TP
geometry with vertical and horizontal inner
sizes of 13.5 and 12 A, respectively. According
to X-ray diffraction data, this macrobicycle has
a cavity volume of approximately 1300 A3 and
a geometry that is in a good agreement with the
calculated one; its crystal contains 1D chan-
nels comprised of the adjacent cage frame-
works connected by windows approximately
4 A wide [168].

Scheme 2.145
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2.3.2 Encapsulation of Anions

A m-basic cryptophane capsule 171 (see Sect. 2.3.1)
is described in [169] as an efficient encapsulating
ligand for small organic cations and neutral mole-
cules but not for anions. The electrophilicity of its
arene carbon atoms can substantially be increased
by #°-metalation with certain electron-withdrawing
transition metal-containing moieties, in particular
the [(arene)Ru]?** dications. The metalation of 171
by Scheme 2.147 has been used in [169] for the
synthesis of a m-acidic [Cp*Ru]*-functionalized
caging ligand 246, which is able to encapsulate
different anions (e.g., triflate and hexafluorostibate
ions, as follows from X-ray diffraction and NMR
data). The addition of tetrafluoroborate anions
does not affect the NMR spectrum of the cage
complex with an encapsulated triflate anion,

.............

(

+

an excess of
CuCl
Cu(CH3C00),
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whereas hexafluorophosphate and hexafluorosti-
bate anions very slowly exchange this guest. The
CF;CO,, CH;SO;7, and CH;CH,SOs™ anions
compete with encapsulated triflate ion and
decrease its overall binding, whereas the NO;™ and
HCO,™ anions are described in [169] to turn the
cavity binding off.

2.3.3 Encapsulation of Cations

The crown ether-based capsule 244 (see
Sect. 2.3.1) is described in [167] to encapsulate
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paraquat dication by Scheme 2.148 giving a 1:1
cage complex. Such caged aromatic dication
forms hydrogen bonds as well as stacking inter-
actions with two arylene fragments of macrobi-
cyclic ligand 244 [167].

The covalent capsules 227-230 are reported in
[162] to form host—guest complexes with encap-
sulated aromatic dications 92 and 93 by
Scheme 2.149. In solution and gas phase, only
1:1 cage complexes have been detected by 'H
NMR and ESI-MS methods. In the case of 228 its
2:1 cage complex with paraquat dicationic guest
92 has been characterized by X-ray diffraction
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data. The guest dication with parallel pyridinium
fragments and N-methyl hydrogen atoms form-
ing hydrogen bonds with interiors of cage frame-
works is encapsulated by two macrobicyclic
ligands [162].

A comparative study of the binding properties
of 32-crown-10-based capsules 227 and 244
toward diquat dication has been performed in
[170]. These ligands gave 1:1 cage complexes by
Scheme 2.150; those have been characterized
using '"H NMR spectra and by X-ray diffraction
experiments. As follows from X-ray diffraction

2 Encapsulation by Covalent Capsules

data, this encapsulated dication forms hydrogen
bonds and face-to-face stacking interactions of
its two electron-deficient pyridinium fragments
with two electron-rich phenylene bases of these
capsules [167]. The binding constant for the pyr-
idine-containing caging ligand 227 has been
found in [167] to be substantially higher than that
for its analog 244.

Condensation of a dihydroxyl-containing
macrocyclic precursor 94 with the corresponding
dichloroanhydride by Scheme 2.151 has been
used in [171] for the synthesis of a functionalized
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capsule 247, which gave a 1:1 cage complex with
an encapsulated paraquat dication. This complex
is stabilized by hydrogen bonds and face-to-face
stacking interactions with the caging macrobicy-
clic ligand. According to X-ray diffraction and
ESI-MS data, its molecules form dimers both in
crystal and in solution through intermolecular
face-to-face stacking and dipole—dipole interac-
tions. The electron-rich aromatic apical fragment
of 247 forms a dipole with the pyridinium groups
of the guest, and two such dipoles are arranged to
give w...w interactions between the donor—accep-
tor pairs [171].

Effect of the guest size on its encapsulation by
meta-phenylene-based covalent capsules 227 and
244 (Scheme 2.152) has been studied in [172].
The UV-vis and ESI-MS spectra and X-ray dif-
fraction experiments showed that both these mac-
robicyclic ligands form 1:1 cage complexes with
an encapsulated diazapyrene cation both in solu-
tion and in crystal. This diazapyrene guest better
fits in the capsule 244 than the paraquat ion, and
due to this geometrical effect and stronger face-

227
——I 2+
Cat2+ / \ \ /
=N N
@\ / @

to-face stacking interactions, it forms a substan-
tially (by approximately 30 times) more stable
cage complex. In contrast, paraquat dication
forms a more stable cage complex with 227 than
its diazapyrene analog. These results were
explained in [172] by the effects of host—guest
size fit and the absence of hydrogen bonding with
pyridyl nitrogen atoms in the case of the encapsu-
lating ligand 244.

The covalent capsule 248 also forms cage com-
plexes of the same stoichiometry with paraquat
and diquat dications [173]. According to X-ray
diffraction data, the molecule with an encapsu-
lated paraquat ion has a mechanically interlocked
geometry and is stabilized by hydrogen bonding,
CT, and aromatic edge-to-face stacking interac-
tions. As follows from NMR spectra, this complex
undergoes a reversible protonation—deprotonation
in solution (Scheme 2.153), and the protonation
causes an extrusion of the encapsulated organic
cation [173].

A new and efficient synthetic pathway
(Scheme 2.154) toward the covalent capsules 249
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and 250 has been proposed in [174]. As follows
from X-ray diffraction data of [174], their cavi-
ties are suitable for encapsulation of guest spe-
cies. According to ESI-MS and 'H NMR spectra,
those form stable 2:1 cage complexes with
paraquat dication shown in Scheme 2.154. These
complexes have [3]-pseudorotaxane structures
with host—guest hydrogen bonding and face-to-
face stacking interactions between the aromatic
host bases and pyridinium fragments of this dica-
tion and with CT interactions between them as
well [174]. These ligands 249 and 250 also form
[2]-rotaxane 1:1 cage complexes with encapsu-
lated dication 94 having the terminal stoppers;
such complexes have been also obtained in [175]
using a one-pot synthetic procedure.
Condensation of the dibromomacrocyclic
precursor 251 with 4,4’-dihydroxybenzene
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allowed obtaining by Scheme 2.155 a capsule
251 with a photoresponsive azobenzene frag-
ment. This ligand is described in [176] to be
able to change the size of a cavity and its
encapsulating properties by photoswitchable
cis—trans isomerization of the azobenzene
fragment. According to NMR data, the cage
framework adopts a trans-conformation in the
dark after heating for 1 h; the UV irradiation
causes a trans-to-cis transition of this frame-
work, whereas that with visible light resulted
in the opposite process. As follows from
ESI-MS and 'H NMR data, cis-isomer of 251
forms 1:1 cage complexes with
2,7-diazapyrenium dications. The X-ray dif-
fraction and MM data suggest that its frans-
isomer cannot encapsulate these guests due to
geometrical restrictions. In the case of the
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cis-form of 251, the m-electron-rich benzene
rings of both the host and guest are almost par-
allel that results in the efficient stacking inter-
actions and the ET between them. The intensive
fluorescence of 2,7-diazapyrenium guests
allowed revealing encapsulation of these dica-
tions and cis—trans isomerization of 251 [176].
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The cis-dibenzo-24-crown-8- and bis(meta-
phenylene)-32-crown-10-based capsules 227 and
252 (see Sect. 2.3.1) are described in [177] to
form host—guest 1:1 and 2:1 cage complexes
(Scheme 2.156), respectively, with an encapsu-
lated N-methylated 1,2-bis-(4-pyridinium)ethane
dication. In them, the N-methyl group of this
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Scheme 2.154

dicationic guest is oriented toward the dibenzo-
24-crown-8 fragments of the macrobicyclic
ligands forming hydrogen bonds and edge-to-face
and face-to-face stacking interactions [177].
These ligands and  their  bis(meta-
phenylene)-26-crown-8-based  analog 253
encapsulate tropylium cation by Scheme 2.157,

K

2 C at2+

[H]

thus giving 1:1 cage complexes by the formation
of C-H...O hydrogen bonds, face-to-face stack-
ing, and CT interactions [178].

Hybrid cavitandomacrocyclic ligands 253-
255 have been synthesized in [179] by
Scheme 2.158; their 18-membered N;O0;-
macrocyclic fragments selectively bind the
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2.4 Arene-and Cavitand-Based Caging Ligands

cationic species. In particular, the capsule 254
efficiently encapsulates methylammonium cation
but discriminates its homologs with longer ali-
phatic substituents [179].

The ditopic crown ether—amide caging ligand
256, prepared in [180], co-encapsulates cationic
and anionic species by Scheme 2.159. This ligand
transports NaCl, KCl, NaBr, and KBr salts from
their aqueous solutions through a liquid organic
membrane with the selectivity changing in a row K*
> Na* > Li*. The selectivity order is reversed when
this covalent capsule extracts solid alkali metal
chlorides and bromides into organic phases [180].

2.4  Arene- and Cavitand-Based
Caging Ligands
2.4.1 Free Cages and Encapsulation

of Neutral Molecules

Condensation of stoichiometric amounts of a tet-
rathiol cavitand syntone 95 and its tetrachloride
analog 96 in the presence of cesium carbonate by
Scheme 2.160 has been used in [181, 182] to
obtain a bis-cavitand covalent capsule (car-
cerand) 257. The latter gives 1:1 cage complexes
(carceplexes) with solvent and gas guest mole-
cules as well as those with encapsulated inor-
ganic cations and anions.

Its tetramethylene-cross-linked analog 258
has been synthesized in [183] by condensation of
two tetraol cavitand syntones with dichlorometh-
ane in the presence of cesium carbonate
(Scheme 2.161). This covalent capsule forms 1:1
cage complexes with various solvent guests.
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Bis-cavitand capsules 257, 259, and 260 have
been prepared [184, 185] in high-dilution
conditions by Scheme 2.162. They encapsulate sol-
vent guests as well as alkali metal cations and their
salts to give the corresponding cage complexes.

Enantiomerically pure complex
(CHCl;)@R,-261 and its S,-containing analog
have been synthesized in [186] by Scheme 2.163
using rigid bowl-shaped cavitand syntone 97 and
enantiomerically pure R- and S-cross-linking
dibromide 98; they form 1:1 carceplexes with
various neutral guest molecules.

Cage complexes of the bis-cavitand capsules
262-264 (Scheme 2.164) with encapsulated sol-
vent molecules have been isolated in [187] as the
products of cross-linking of their deep-cavitand
hemispherical precursors, containing phenolic
hydroxyl groups, with the molecules of BrCH,Cl
in the presence of potassium carbonate as a strong
inorganic base. The carbonyl group of the encapsu-
lated DMF molecule in its C,-symmetric 1:1 cage
complex with 262 is described to point toward the
portal of this covalent capsule. Their cage com-
plexes release encapsulated solvent molecules
upon heating to give the corresponding capsules by
Scheme 2.164. Those are described in [187] to bind
other solvents (CH;CN, CS,, CH,Cl,, CH,Br,, and
H,0) and gases (O,, N,, and Xe) in their CDCI,
solutions, forming host—guest 1:1 cage complexes.
Among them, only one with the encapsulated
xenon is kinetically stable. The tetrabutylene-con-
taining capsule 264, obtained by a similar synthetic
procedure [188], is reported in [189] to encapsulate
aromatic guests shown in Scheme 2.164, including
a reactive benzocyclobutenedione molecule (see
Sect. 5.2).

(cat)
O, o} N
NH HN A
R —
¢ ° ©
N N Cat+
—0, o— —o
256
(Cat = Li*, Na*, Kt - =CI, Br
Scheme 2.159 S , Na’,
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@ = (S)-BrCH,CH(CH3)CH>CH3

= 1,4-(CH3)206H4 ) CH3CH|CHQCH3 )
CH3CHOHCH2CH3 ; BI’CHQCH(CH3)2

Scheme 2.163

Rigid piperazine bridging fragments have
been used in [190] to obtain bis-resorcinarene
covalent capsules 265-267 by Scheme 2.165.
According to '"H NMR data, they are symmetric
in solution and encapsulate solvent molecules of
ethanol, methanol, and dichloromethane during
the Mannich reaction. These encapsulated mole-
cules can leave the cavities of covalent capsules
265-267, and the vacant cavities of these ligands
are described in [190] to adopt acetonitrile and
nitromethane solvent molecules. In one of the
two X-rayed single crystals of 266, upper and
lower resorcinarene capping fragments are simi-
lar with the helix turn of approximately 54.3°,
and they both have a cone-conformation

stabilized by four intramolecular hydrogen bonds
between the neighboring hydroxyl groups and
those of four remaining groups with piperazine
nitrogen atoms. Its caging ligand with a cavity
volume of 166 A® encapsulates two disordered
methanol molecules. The second crystal of this
capsule contains two independent cage species
with resorcinarene fragments in a cone-confor-
mation; the helix turn between them is equal to
52.6°. These species with a cavity volume of
177 A3 are more open, so they can encapsulate
one disordered iso-propanol molecule [190].
Chiral hemicarcerand cage complexes of
covalent capsules 268 and 269 with encapsulated
chloroform molecules have been synthesized in
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Scheme 2.164

[191] by Scheme 2.166 using the corresponding
diol and enantiomerically pure (S)-(-)- and S,S-
ligand syntones.

Two cyclotriveratrylene capsules 270 and 271
have been prepared in [192] by Scheme 2.167
using intramolecular cyclization of their hydro-
gen bonding—preorganized tripodal syntones
with the formation of three imine bonds. This
reaction gave only their anti-isomers with an
opposite orientation of the methoxyl and imine
groups relative to the linker fragments. According
to one- and two-dimensional 'H NMR data, the
cavities of 270 and 271 can accommodate fuller-
enes Cqo and Cy to give 1:1 cage complexes. This
efficient binding is explained in [192] by strong
stacking interactions between fullerene guests
and two aromatic fragments of these encapsulat-
ing ligands.

The cavitand syntone 99 with opposite benzyl-
protected hydroxyl groups (those prevent the

formation of the corresponding monocage prod-
uct) has been used in [193] to obtain a tetracavi-
tand bis-cage capsule 272 by Scheme 2.168. This
ligand efficiently encapsulates two pyrazine mol-
ecules forming host—guest 1:2 complex (one
guest molecule per a host cavity). These caged
guests do not leave the cavities even after boiling
this complex in 1,2,4-trichlorobenzene for a long
time [193]. The bis-caging ligand 272 also encap-
sulates methyl acetate molecules by Scheme 2.169
in the presence of DBU to give the corresponding
1:2 cage complex. Such an encapsulation is
described in [194] to be highly cooperative: an
analogous 1:1 complex is not found in apprecia-
ble amounts. In contrast to nitrobenzene, one
chloroform molecule can be co-encapsulated by
its cavity, and the corresponding heteroguest
1:1:1 complex has been detected in [194].
Addition of methyl acetate causes the exchange
of the chloroform guest by methyl acetate, thus



120

Ol
H

2 QOO'

HQ OH HO
CeHis

CeHia  CeHyg

CeHiz  CeHyg

267
G | = CoH50H, CH30H, CH.Cly, CH3CN, CH3NO,, iso-C3H7OH

Scheme 2.165

giving a homoguest 1:2 cage complex. Such
unusual communication between the neighboring
guests co-encapsulated by 272 has been detected
in [194] using NMR spectroscopy.

Analogous tris-caging capsules 273 and 274
have been synthesized in [195] by Scheme 2.170
using the hexacavitand ligand syntone /00. They
encapsulate three methyl acetate molecules, thus
forming 1:3 cage complexes. As in the case of
their bis-caging analogs, no formation of the cor-
responding 1:1 and 1:2 complexes has been
observed in this work.

The first representative of Cj-symmetric
calix[6]azacrown caging ligand, the capsule 275,
has been prepared in [196] by Scheme 2.171.
According to NMR data, the functionalizing
methoxyl substituents are remoted from its

csHmﬁ CeHia CsH|3/\
HO ; go E;OEOH i ©OH HO O 0 O O OH
O D HO OHyd “EYHO ou. !
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CeHia

symmetry axis, and all the ferz-butyl groups have
the same orientations due to hydrogen bonding
between its anisole fragments and amino groups
of the tripodal cap [196].

Two synthetic strategies with similar efficien-
cies shown in Scheme 2.172 have been used in
[197] for the synthesis of a tris-pyridyl calix[6]
arene capsule 276. According to '"H NMR data,
its cage framework has a Cj;-symmetric flat-
tened cone-conformation and is able to co-
encapsulate Na* cation and solvate ethanol
molecule, giving a heteroguest 1:1:1 cage com-
plex. At the same time, 276 does not form simi-
lar complexes with an encapsulated K* cation in
the absence of ethanol, and vice versa. The
X-rayed crystal of the protonated form of 276
contains three cage molecules, two of which
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Scheme 2.166

'0CH,

HaCl

Scheme 2.167
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BrCH,CI

KoCOs H,, Pd/C

Scheme 2.168

have a flattened cone-conformation, and the
third one is an /,3-alternate. According to NMR
data of [197], the capsule H* - 276 does not
encapsulate neutral solvate molecules but forms
C;,-symmetric 1:1 cage complexes of encapsu-
lated ammonium cations, the derivatives’ pri-
mary amines (Scheme 2.172).

A bis-hemicarcerand caging ligand 277 is
reported by D. Rudkevich and coworkers in [198]
to encapsulate solvent molecules and gases
shown in Scheme 2.173 in solid state.

Condensation  of the  corresponding
tetrakis(dihydroxyboryl)-containing cavitand
ligand syntone and 1,2-bis(3,4-dihydroxyphenyl)
ethane by dynamic formation of boronic ester
gave the covalent capsule 278 [199]. This caging
ligand highly selectively and solvent-dependently
encapsulates polyaromatic guests shown in
Scheme 2.174, thus giving the corresponding 1:1
cage complexes.

2 Encapsulation by Covalent Capsules

KoCOj

Self-assembly of analogous ligand syntone
101 with a bis-catechol /02 by Scheme 2.175
afforded a covalent capsule 279 in a quantitative
yield [200]. This ligand and its analog 278 form
1:1 cage complexes with different aromatic
guests. In the cage complex of 279 with an encap-
sulated 4,4’-diacetoxybiphenyl, two cavitand
entities are linked by eight boronic ester bonds of
four bis-catechol linkers, and acetoxyl groups of
the guest are oriented toward the aromatic cap-
ping fragments, thus maximizing their C-H...n
interactions [200]. The same orientation of the
caged 4,4'-diacetoxy-2,2’-bis(methoxycarboxyl)
biphenyl molecule within the cavity of 278 has
been elucidated in [200] using '"H NMR method
in solution. Methyl ester groups of the guest are
oriented toward the equatorial portals of the cag-
ing ligand, and solvent effect on the encapsula-
tion has been observed. According to
thermodynamic data, the encapsulation in
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deuterobenzene solution is enthalpically driven,
whereas in deuterochloroform it is both enthalpi-
cally and entropically driven. The same effect has
been observed going from a more polar guest to
its less and least polar analogs [200]. The ligand
278 strictly discriminates between the terminal
groups of the guest (via C-H...r and C-H...0O=C
interactions within the ligand’s cavity) as well as
between the guests of the different sizes

o CoHsOn__O
CoHsO Oj/
» 7
\_< ©

(\N /)\
OzN(ﬂ)Es\N OB~y |\ _Bs(0)NO,

(

C{ w})

o

T«
T

275

2G = CszNHg, n-CSH7NH2! n-C4H9NH2
o
# DMSO, CoHsOH, CHz0H, Ay
-/

(Scheme 2.175). Three possible pathways of this
caging process are discussed in [200]. The first
one is an extended portal mechanism based on
conformational changes in the linker’s moieties;
however, this mechanism does not agree with
X-ray diffraction data. The second pathway
includes complete dissociation of the linker, but
it was not observed experimentally on the NMR
time scale. Therefore, the most probable
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101
R = (CHyp)2CeHs )

Scheme 2.175

mechanism of encapsulation and release of guest
molecules includes partial dissociation of each
one of the respective two boronic ester bonds of
the two linkers. Such mechanism has been con-
firmed in [200] by kinetic studies: these encapsu-
lation reactions follow second-order Kkinetics,
while the release of a guest molecule is first-order
reaction.

(G)@278

0,CH;y 0,CgH17 0,C4HgPh
} HyCOLC 3 CatHi70,C > PhC,Hg05 ;

CTO

CH3 Hs

i

CHs

CHg

Ion pair-driven formation of the boron ester-
based heterodimeric arene covalent capsule 280
by Scheme 2.176 is described in [201].

Another boronic ester-based arene covalent
capsule 281 has been prepared [202] using
[6+3+2] condensation by Scheme 2.177.

Dissymmetric tetraureacalix[4]pyrrole—tetra-
ureacalix[4]arene caging ligands 282 and 283
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Scheme 2.176

Scheme 2.177
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with two mechanically locked hemispheres have
been synthesized in [203] by Scheme 2.178. Bis-
macrocycle 703 acts both as a reactive ligand
syntone and as a matrix for template coupling
with alkenyl calix[4]pyrrole 104 that proceeds
only in the presence of N-oxides /05 and 106.
The resulting 1:1 cage complexes of 282 under-

NH,

(Cat* - A") @280

= ((C2H5)4sN™)(CH5COOT)
((CH3)4N*)(CH3COO")
CH3COOK ; ((CoHs)sN*)F~
((CoHg)N*)I™ ; KI

went further metathesis and catalytic hydrogena-
tion reactions giving the capsule 283. Its calix[4]
pyrrole fragment can accommodate guest mole-
cules by hydrogen bonding, while the calix[4]
arene semisphere provides strong supramolecular
cation...nr and C-H...n interactions. According
to 'H NMR data, 283 has C,, symmetry in solu-
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tion but is dissymmetric in solid state. Racemic
bis-[2]-catenane and its supramolecular assem-
blies with encapsulated achiral guests are mix-
tures of two pairs of cyclodiastereomers that are
enantiomers. In contrast, encapsulation of enan-
tiomerically pure N-oxide /07 by the racemic
caging ligand 283 afforded a mixture of four dia-
stereomeric 1:1 cage complexes; 'H NMR spec-
trum of this mixture was assigned in [203] after
HPLC separation of the two enantiomers {(+)-
and (—)-283}. The enantiomerically pure capsule
283 showed complete lack of chiral discrimina-
tion in recognition of chiral guests. It has a cavity
volume of approximately 280 A3, and the N-oxide
guests 105 (V~80 A%) and 106 (V~ 120 A?) are
too small to fit in. As a result, those are co-encap-
sulated with one solvate chloroform molecule (as
follows from ROESY NMR data), whereas the
co-encapsulation is not observed in the case of
their more bulky analog 707 (V& 180 A%) [203].
The cage framework of 283 is formed by the
calix[4]arene fragment with a lipophilic cavity
formed by electron-rich aromatic rings (and,
therefore, is suitable for binding of tetraalkylam-
monium cations) and by the calix[4]pyrrole
hemisphere with more deep aromatic cavity that
is able to accommodate anions and electron-rich
guests. As a result, it encapsulates tetraalkylam-
monium and tetraalkylphosphonium chlorides as
ionic pairs [203].

The hemicryptophane capsule 209 (see
Sect. 2.3.1) is described in [204] as an efficient

HCO 6 d_ beoH,
0
NH
HNK&/N_)
209
Catt = O/\gH

Scheme 2.179
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receptor for alkylammonium cations; the bind-
ing constants are three orders of magnitude
higher than those for other ligands of this type.
According to NMR titration data, these cationic
guests form 1:1 cage complexes by
Scheme 2.179, and the affinity of 209 to them
decreases in a row CqHsCH,NH;* > CH;NH;* >
tert-C,HoNH;* = n-C;H;NH;*. It is governed by
a set of hydrogen bonds between the cationic
guest and the tripodal amine capping fragment
of 209 as well as by the fit and C—H...x interac-
tions between the guests and the interior of this
covalent capsule. Its high affinity to benzylam-
monium cation is explained in [204] by the pres-
ence of additional m—rm interactions between
their aromatic fragments. The caging ligand 209
also efficiently binds dopamine monocation,
thus being a potent receptor for neurotransmit-
ters [204].

The largest of the two cyclotriveratrylene
caging ligands 284 and 285 (Scheme 2.180),
prepared in [205], showed a higher affinity to
C, as compared to Cy allowing for their separa-
tion and purification directly from fullerene
extracts.

2.4.2 Encapsulation of Anions

Synthesis of calix[4]arene-based capsules 286—
289 with tripodal amine and crown ether capping
fragments has been performed in [206] by

H NH3
®
s ) CH3NH3+; tefT—C4HgNH3+; n—C3H7NH3+; O:O/\/
HO'
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Scheme 2.180

Scheme 2.181 using the para-tert-butylcalix[4]
arene as a ligand syntone. According to X-ray
diffraction data, one of the ethoxy-containing
benzyl cross-linking moieties of H*, - 287 passes
through its cavity that is formed by two such
chains. '"H NMR spectrum of H*, - 289 suggests
higher symmetry of its glycolic chains. The cap-
sules 287 and 289 have different structures, and
the sizes of their cavities is also different. As a
result, they and their tetraprotonated forms dem-
onstrate different binding properties toward cat-
ions and anions; Scheme 2.181 summarizes the
results obtained in [206]. Among the tested
spherical (F-, Br~, and I"), trigonal planar (CO;>"),
angular (AsO,), and tetrahedral (H,PO,,
HPO,*-, SO,*, and PO,*) anions, fluoride and
sulfide ions do not enter into the corresponding
frameworks as encapsulated species, as they do
not fit well in to the cavity. The tetraprotonated

2 Encapsulation by Covalent Capsules

285

forms of 287 and 289 gave 1:1 cage complexes
with Br, I, and NO;™ anions; their stability
increases in a row Br~ < I" < NO;™ in the presence
of Na* counterion. The ligand H*; - 287 binds
nitrate anion more efficiently than H*, - 289 due
to the better fit of its cavity size to that of this ion
[206]. In the case of tetrabutylammonium coun-
terion, iodide anion forms the most stable cage
complex with H*, - 289. The presence of
potassium(I) cation causes 1.5-fold increase in
the binding of bromide anion by the encapsulat-
ing ligand H*, - 287. Therefore, the crown ether
fragment of this capsule has higher affinity to K*
than to Na*. The binding of the alkali metal cat-
ion changes structural organization of the ligand
H", - 287 making it more suitable for the binding
of anions. The binding of Br~ and I" anions by
H", - 289 decreases in the presence of Na* and K*
cations [206].
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Encapsulation by Hydrogen-
Bonded and Other Supramolecular

Capsules

Most of the supramolecular capsules are neutral
compounds that are self-assembled by hydrogen
bonding between complementary organic ligand
syntones to form unimolecular, dimeric, tetra-
meric, or hexameric hydrogen-bonded cage frame-
works. In several cases, electrostatic (Coulombic)
and stacking interactions have been used for self-
assembly of the corresponding supramolecular
capsules. The template effect of encapsulated
species (mostly of neutral guests or co-guests)
has been observed in many systems. Moreover,
co-encapsulation of various guests caused the spe-
cific types of stereoisomerism (so-called “social
isomerism” and “isomeric (diastereomeric) con-
stellation”, see Sect. 3.1.1) to appear, which are
characteristic of these “soft” capsules. Another
important feature of these capsules is the so-called
Rebek’s rule postulating that the encapsulation
proceeds efficiently at the packing coefficient of
the guest of approximately 55 % (see below).

3.1 Arene-Based Encapsulating
Supramolecular Assemblies
3.1.1 Free Cages and Encapsulation

of Neutral Molecules

A novel type of stereoisomerism within the cav-
ity of a calix[4]arene-based caging ligand 290
as a result of different orientations of solvent
guests (social isomerism) has been reported for
the first time by D.N. Reinhoudt and coworkers

© Springer International Publishing Switzerland 2016

in [1]: the corresponding 1:1 cage complex
switches between its two isomeric states A and
B (an example for DM A-containing compound is
shown in Scheme 3.1).

Reversible formation by Scheme 3.2 of a
self-assembled hydrogen-bonded capsule 291
through hybridization of two nonequivalent
calix[4]arene ligand syntones having carbox-
ylic acid residues or pyridyl groups on their
upper rim is described in [2].

Synthesis and  self-assembly self-
complementary calix[4]Jarene ligand syntone
shown in Scheme 3.3 are performed by J. Rebek,
Jr. and coworker; this syntone has been designed in
[3] to reversibly dimerize and to form an egg-
shaped supramolecular capsule 292. Hydrogen-
bonding interactions in this capsule are formed by
four self-associating urea fragments giving a cyclic
array with 16 hydrogen bonds. The caging ligand
292 is able to encapsulate neutral aromatic guests
such as para-xylene, ethyl-, and fluorobenzene. An
asymmetry of this dimeric capsule 292 is explained
[3] by slowed rotation about its aryl-urea bonds;
the circular hydrogen-bonded array forces all eight
urea groups to orient in the same direction.

Urea-functionalized calix[4]arene syntones
shown in Scheme 3.4, fixed in their cone-
conformation, have been synthesized in [4]. These
syntones undergo dimerization and hybridization
in apolar solvents, leading to hybrid dimeric cap-
sules with two nonequivalent urea-substituted
arene fragments and their homodimeric analogs
as well.

of

139

Y. Voloshin et al., The Encapsulation Phenomenon: Synthesis, Reactivity and Applications of Caged

Ions and Molecules, DOI 10.1007/978-3-319-27738-7_3

3



140 3 Encapsulation by Hydrogen-Bonded and Other Supramolecular Capsules

CitHes CiHa CHy CiHas

CiHos CiHas CHyy CuiHas

(G)@290

= DMF, DMA, NMP

f

CiHas CiiHas oMy CiiHas

Scheme 3.1

NaClO,
NH,SO,H

CH,Clp —

Scheme 3.2



3.1

Arene-Based Encapsulating Supramolecular Assemblies

141

QNH@ el

Scheme 3.3

OHN

\ /

NHHN

_R' o]
HN KH g NHHN HN\f¢
HN R
° R\/NH RUNH  HN R )
R RONH - HN R pN R

= n'CSH11, CHQCOOCzH5, CH206H5

Scheme 3.4

In particular, self-assembly of two calix[4]arene
ligand syntones /08 with four pendant urea groups
at their upper rim by Scheme 3.5 afforded a hydro-
gen-bonded dimeric capsule 293, characterized in
[5] by single-crystal X-ray diffraction. Its cage
framework with a cavity volume of 202 A is formed
by two crystallographically independent calix[4]
arene fragments of a slightly different shape that
are hydrogen-bonded through their urea residues;
all analogous atoms of their four phenolic units are
located at the corners of regular squares [5].

An analogous C,-symmetric calix[4]arene
ligand syntone /09, having different ether resi-
dues attached to the narrow rim, is reported in [6]

homo- and heterodimers

to form a hydrogen-bonded dimer 294. Its guest-
templated formation by Scheme 3.6 has been
induced by the presence of a suitable guest such
as deuterobenzene.

Bis(ureido)calix[4]arene ligand syntones in
their pinched cone-conformation underwent
dimerization by Scheme 3.7 giving the hydrogen-
bonded capsules 295 and 296 [7].

An upper-rim-functionalized calix[4]arene tet-
racarboxylic syntone //0 is described in [8] to form
in chloroform media the hybrid hydrogen-bonded
capsules 297 and 298 with lower-rim-functionalized
tetra(4-pyridyl)- and tetra(3-pyridyl)-calix[4]arenes
shown in Scheme 3.8.
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Scheme 3.8

Arene supramolecular capsules 299-302
(Scheme 3.9) have been self-assembled in [9]
through multiple electrostatic (Coulombic) inter-
actions between positively charged calix[4]arene
ligand syntones and negatively charged calix[4]
arene species in polar solvents.

First unimolecular capsule 303, designed by
J. Rebek, Jr and coworkers, has been self-
assembled in [10] by Scheme 3.10 using the
ligand syntone //17; different options for its self-
assembly are also shown in this Scheme. The
hydrogen-bonded caging ligand 303 readily
encapsulates ammonium salts, thus providing ion
labeling for their cage complexes [10].

The dimeric capsule 304 has been prepared in
[11] by Scheme 3.11 through self-assembly of a
self-complementary ligand syntone /72, which
has specific features that allow it to dimerize into
tennis ball-like cage framework. Cut along its
seam, this capsule gives two identical pieces: the
ends are complementary to the middle, and the
subunits feature curvatures that dictate the overall
spherical shape of the dimer with a vacant cavity.
Indeed, the lactam functions of its ligand syntone
112 are reported to provide self-complementary
hydrogen bond donors and acceptors. The curva-
ture of the molecule along its length is a conse-
quence of folding caused by seven-membered
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Scheme 3.10
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Scheme 3.11

rings when the phenyl units are all on the same
face of the molecule. The curvature along its
width is caused by cis-fusion of five-membered
rings. Thus, two self-complementary syntones
112 assemble to form the supramolecular capsule
304 with a closed-shell, three-dimensional surface

through a network of hydrogen bonds. As follows
from 'H NMR data of [11], this hydrogen-bonded
capsule is able to selectively encapsulate few
small molecules such as methane, ethane, and eth-
ylene, discriminating other, more bulky gaseous
guests shown in Scheme 3.11.
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Scheme 3.13

Two self-complementary ligand syntones 773
and /14 are described in [12] to assemble into
dimeric capsules 305 and 306 by Scheme 3.12.
The size and shape of their cavities are similar to
those of 304; however, peripheral functional
groups cause their enhanced solubility. Peripheral
basic sites of one of these capsules 305 permit the
control over the assembly by protonation—deprot-
onation reactions. These caging ligands are able
to encapsulate methane, ethylene, and xenon
guests, forming 1:1 cage complexes; the encapsu-
lation of xenon has been detected in [12] for a
capsule 306 using 'H and '¥Xe NMR spectra.

Self-assembly of the tetraurea ligand syntones
115 and 116 performed in [13] gave

: N/ENH ° = i N/QNH ¢
W sg7 S —Girm
I 308 ¥
[e]
hydrogen-bonded capsules 307 and 308

(Scheme 3.13). Guests of appropriate size and
shape such as benzene, adamantanes, and ferro-
cenes can be encapsulated by these pseudospherical
dimeric hosts; those that fit best into their cavities
and offer chemical complementarity to 307 and 308
are reported to be preferentially caged by them.

As follows from '"H NMR data of [14] for their
cage analog 309, this self-assembled hydrogen-
bonded ligand encapsulates guests shown in
Scheme 3.14 in a reversible and entropy-driven
process, giving rise to unusual temperature
dependence of encapsulation. The positive
entropy of this process is explained [14] by cag-
ing of more than one solvent molecule into the
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ligand’s cavity making their replacement by a
single large guest molecule (in particular, ada-
mantane or ferrocene derivatives) entropically
favorable [14].

Ligand syntones [/7-119, having glycol-
uril subunits held apart by various rigid spacers
{ethylene (/17), naphthalene (//8), and ethe-
noanthracene (//9)}, are described in [15] and
[16] to assemble through hydrogen bonds by
Scheme 3.15 into pseudospherical homo- and
heterodimeric supramolecular frameworks. A
hydrogen-bonded capsule 306 was studied using
X-ray diffraction method. This capsule contains
eight almost linear (167-178°) hydrogen bonds
with r;=2.78-2.89 A that hold these ligand syn-
tones together; the phenyl spacers and all four
methylene groups connecting the glycoluril spe-
cies are coplanar resulting in an almost tetrahedral

geometry of its cage framework. These caging
ligands (except of 311) are able to encapsulate
guests in a reversible manner as shown by 'H
NMR spectroscopy. Hydrogen-bonded homodi-
meric capsules undergo disproportionation to
give corresponding heterodimeric frameworks,
which have been characterized using various
NMR techniques; those feature inner cavities of
varying sizes and shapes and the formation of
hybrid dimers 313-315 (Scheme 3.15) have been
observed in solutions containing mixtures of two
corresponding homodimeric capsules. Their dis-
proportionation equilibria have been tuned by
addition of appropriately sized solvents: even the
energetically unlikely hybrid hydrogen-bonded
capsules 314 and 315 were found in [15] and [16]
to be the dominant species when suitable guests
such as CDBr; are present in solution.
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Detailed study of binding selectivity of able to discriminate between methane and eth-
a dimeric hydrogen-bonded capsule 310 ane in CDCl; medium. Direct evidence for this
(Scheme 3.16) in solution is performed in [17]. selectivity is a consequence of host-to-guest size
This bis-glycoluril caging ligand, formed by match (the host’s cavity is sufficiently small to
a series of intramolecular hydrogen bonds, is encapsulate the larger ethane molecule); the
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thermodynamic parameters for the binding of
methane were obtained from variable-tempera-
ture 'H NMR data.

Analogs of 306 with electron-rich or electron-
deficient inner cavities and enhanced solubility in
organic media have been prepared in [18] by
Scheme 3.17. In addition to self-assembly of the
ligand syntones [20-122 into homodimeric
hydrogen-bonded capsules 316 and 317, their
disproportionation into corresponding heterodi-
meric cage frameworks 318-320 has been
observed in the mixtures of hydroquinone /21,
quinone /22, or both with the capsule 306. These
encapsulating ligands form 1:1 cage complexes
with methane, ethane, and fluoromethane, but
they are unable to bind CF,. Qualitative evidence
for the encapsulation of nitric oxides within the
capsule 317 has been obtained in [18].

The threefold symmetric ligand syntone
shown in Scheme 3.18 has been designed in [19]
for efficient encapsulation of disk-shaped guest
molecules. As follows from 'H and 3C NMR
data, its hydrogen-bonded derivative 321 binds a
suitable solvent molecule discriminating other
neutral guests. The driving force for this encapsu-
lation process has an enthalpic nature arising
from favorable van der Waals interactions
between the convex surface of the guest and the
concave surface of the host [19]. At the same
time, the loss of entropy due to the decreased
translational freedom of the confined guest mol-
ecule hinders their encapsulation, and the disk-
shaped molecules, which form the multiple

host—guest interactions and fill the cavity without
a strain, are most suitable guests in this case.
Small molecule of CDCl; has been replaced by
benzene within the cavity of 321, while the larger
para-xylene guest, which is poorly accommo-
dated by this caging ligand, exchanges readily by
cyclohexane that is more complementary for this
hydrogen-bonded capsule [19]. The ring inversion
dynamics of a caged cyclohexane molecule
within the cavity of 321 and its bis-calixarene
analog 322 (Scheme 3.19) has been studied in
[20] using 'H NMR method; their host—guest
C-H...m interactions are reported in this work to
raise the ring-inversion barrier of the guest.
Threefold- and tetrafold-symmetric ligand
syntones /23—128 have been used in [21] for the
design of D;,- and D,-symmetric hydrogen-
bonded capsules and their analogs. Dimerization
and hybridization of these syntones by
Schemes 3.20 and 3.21 gave homo- and heterodi-
meric ligands 323-329, respectively, which form
1:1 cage complexes with various encapsulated
mono- and dications shown in these Schemes.
Reversible encapsulation of suitable guests by
the fluorine-containing bis-calixarene capsule
330 has been studied in [22]. As follows from 'H
and F NMR data, this hydrogen-bonded capsule
forms 1:1 cage complexes by Scheme 3.22. If the
calculated volume of the fluorine-free capsule
331 is approximately 210 A3, the shape of the
cavity of its fluorinated analog 330 is more com-
plex: each of the calix[4]arene ligand syntones
can be represented by a square pyramid with its



3 Encapsulation by Hydrogen-Bonded and Other Supramolecular Capsules

150

z%&f wrz

o

<
¢ gpa—
3
Ng uonezuawip
go]

°ON dzuA 9; |

A ,

e N

SHO-U-000—= H

ocl
‘H®0000-=H
X X
IZ/_ﬂz zJﬂZI

o o

o _/

"40 7

48HD 9HZD THO uA o, |

_ >

uoezipugAy

L1°E dwdYdS




3.1 Arene-Based Encapsulating Supramolecular Assemblies 151

N -
T " .
o H N/&o R NY,O' R [ G \,'I — » R
JL NN@ N NN NN I\\. J/I ( y ,ﬁfx‘ IR
2 RHN NR OO‘ r A q&'}o‘{ ;w Nj N\ﬁo:\‘ R — R q’\‘j\O* C,},>:O‘ _____ Ft\i,\\‘%"ﬁ
HN, N N L o i
lf O = R
R o
A
o
R= )J\o&/k
Scheme 3.18

T S <
7 NNH ) N \®\/ f \,1
/\% GHN“'/ HNU \ G y = O
/\\NH ﬁ\ OHN/& -
(CoHyp) @321
(C6H12)@322
Scheme 3.19

triangular faces corresponding to the phenyl rings
of the macrocycle, and after dimerization, these
pyramids become offset by 45°. Their corners are
cut off to simulate the eight interleaved urea
groups forming the equator of the dimeric cap-
sule, while a horizontal slice through the plane of
the urea group yields its octagonal cavity. Its ver-
tical slice gives a diamond-shaped inner cavity of
330 with the height of approximately 10 A and
width of 7-8 A, having different angles and
lengths for the top and bottom sections [22].
Asymmetric microenvironments from Sg to
racemic and optically active cavities, induced by
appropriate chiral guests within the homo- and het-
erodimeric calix[4]arene-based capsules 332-337
shown in Scheme 3.23, are described in [23]. These
dimeric caging ligands provide a set of increasingly
asymmetric environments, but their peripheral

asymmetric centers are not well positioned to pro-
vide the steric information to encapsulated guests.
The reasons for the exclusive formation of these
heterodimeric hydrogen-bonded capsules and their
encapsulation abilities toward neutral guests with
different shapes and sizes have been theoretically
and experimentally studied in [24] using MD and
"H NMR methods, respectively.

The calix[4]arene-based ligand syntones /29—
133 with either aryl urea or sulfonylurea frag-
ments onthe upperrimsintheir cone-conformation
gave small hydrogen-bonded capsules 338-342
by Scheme 3.24, while their heterodimeric cap-
sules have been exclusively formed when both
aryl- and sulfonylureas-containing syntones are
present in solution [25]. All these homo- and het-
erodi- and tetrameric capsules are able to revers-
ibly encapsulate suitable guests in organic media.
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The resorcinarene ligand syntones /34 and
135 having extended pedant substituents and
self-complementary hydrogen-bonding sites are
reported in [26] to undergo dimerization and
hybridization by Scheme 3.25. The resulting
dimeric capsules 343-345 encapsulate two hep-
tyl or octyl chains of their ligand syntones thus
giving the self-encapsulated cage complexes.

Expanded bis-calix[4]arene homo- and het-
erodimeric capsules 346-348 have been self-
assembled in [27] from an appropriate ligand
syntones /36 and 137 by Scheme 3.26. As fol-
lows from NMR, CIS, and UV-vis data, the ligand
348 forms 1:1 cage complexes with encapsulated
cationic guests.

Binding affinities of the supramolecular cap-
sule 308 (Scheme 3.27) for the reversible encap-
sulation of neutral guests of suitable size and
shape have been studied in [28]. The variable-
temperature '"H NMR studies allowed calculat-
ing positive enthalpies and entropies of these

encapsulation processes to show that they are
entropy driven. The caging host in its resting
state contains two caged solvent molecules, and
the encapsulation of a single large guest liber-
ates these molecules, resulting in an increase in a
number of free species. This suggestion has been
improved in [28] by experiments in solvent mix-
tures and MD calculations. Sizable guest such as
adamantane or ferrocene derivatives (specifically,
I-adamantanecarboxylic acid, 1,3-dicarboxylic
acid, 1-adamantylamine, and ferrocene acid) are
reported in [28] to undergo autoencapsulation.
Hydrogen-bonded capsules 307-309, which
accelerate Diels—Alder reactions between dienes
and dienofiles, have been prepared in [29-31]
using dimerization of the ligand syntones /15,
116, and 138 by Schemes 3.28 and 3.29; kinetic
and thermodynamic studies of these reactions
within the above capsules were performed in
[31]. Two solvent molecules occupying their cav-
ities form the corresponding 1:2 cage complexes,
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and liberation of these guests are responsible for
unexpected thermodynamic parameters of encap-
sulation processes observed in [31]; these supra-
molecular capsules also bind various dienes and
dienofiles (Schemes 3.28 and 3.29).

The dimerization of nonsymmetric ligand
syntone /39 by Scheme 3.30 has been used [32]
for the preparation of diastereomeric hydrogen-
bonded capsules 349 and 350.

Template effect of guest solvent molecules
such as benzene, toluene, and para-xylene has

been observed in [33] for the formation of a pseu-
dospherical hydrogen-bonded capsule 308,
resulted from dimerization of self-complementary
ligand syntone /40 by Scheme 3.31. On the other
hand, the amount of its C-shaped molecules in
chloroform and dichloromethane solutions was
found to be lower than expected statistically, as
these solvents favored the formation of S-shaped
isomer of 7140 [33].

The supramolecular capsules 351 and 352
with dissymmetric cavities, presented in
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Scheme 3.32, are able to perform molecular rec-
ognition of chiral guests, such as terpenes [34].
In particular, the cavities of 351 and 352 have
calculated volumes of 241 and 231 f‘ﬁ, respec-
tively; those may vary within ~10 % via “breath-
ing” dynamics of their labile hydrogen-bonded
cage frameworks. The guests with suitable shape
have been bonded more strongly if their volumes
were approximately 55+9 % of the cavity vol-
ume. The hydrogen-bonded capsules 351 and
352 are reported to encapsulate deuterated ben-
zene and toluene solvent molecules. Those also
bind chiral guests /4/—-145 forming diastereo-
meric 1:1 cage complexes. As follows from the
'"H NMR data of [34], one of these two possible
complexes is formed with some degree of prefer-
ence; with a rather small guest such as /41, no
selectivity has been observed. It increases with
the size of the guest, and the maximum selectiv-
ity was found for the one largest /45. The selec-

tivities for the same guests are higher with the
smaller capsule 352 that forms more host—guest
interactions. The presence of functionalizing
groups in the guest molecule that can form
hydrogen bonds with the caging host is also
important. The greatest selectivity has been
observed in [34] for guests of appropriate size
that share the C, symmetry of the capsules, mak-
ing extensive surface contacts with their inner
cavities and offering a specific array of hydro-
gen-bonding sites to interact with the seam of
these encapsulating ligands. Those are flexible
enough to arrange appropriately around a caged
guest while maintaining enough rigidity to be
formed mostly in the presence of a given chiral
guest. Thus, these dissymmetric capsules are
accessible through self-assembly by weak inter-
molecular forces, and guest enantioselectivity is
described to be possible even for labile supramo-
lecular caging ligands [34].
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The homodimeric capsules 353 and 355 and
their heterodimeric derivative 354 are also able to
encapsulate a series of bulky organic guest mol-
ecules shown in Scheme 3.33 to give the corre-
sponding 1:1 cage complexes [35].

Template effect of appropriate solvent guests
on self-assembly of dimeric supramolecular cap-
sules 308, 356, and 357 by Scheme 3.34 is
described in [36]. These hydrogen-bonded
solvent-occupied cage complexes have been

@ O/N—\N?'N

mixture of enantiomers

CD,
D D
D D

D

formed predominantly in aromatic solvents such
as benzene, toluene, and para-xylene by
C-shaped ligand syntones //6 and /46. In the
case of the solvents that do not suit for dimeriza-
tion (CHCl; and CH,Cl,) or those competing for
hydrogen bonds (DMSO and THF), only statisti-
cal amounts of C-, S-, and W-shaped stereoiso-
mers of these ligand syntones have been detected.

Molecular recognition by the above “soft”
supramolecular capsules through encapsulation
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processes is reported by J. Rebek, Jr. [37] to be
largely determined by the volumes of the guest
molecule and of the cavity of such caging ligand.
The encapsulation of guests of suitable dimen-
sions in solution by Scheme 3.35 takes place
when the packing coefficient (the ratio of the

N
N

HN

HN

guest’s volume to the host’s volume) is in the
range of 0.55+0.09; the larger packing coeffi-
cients (up to 0.70) have been reached if the cage
complex was stabilized by strong supramolecular
interactions such as hydrogen bonds. These con-
siderations are also applicable for multiguest
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Scheme 3.36

capsules. The best binding is reached when the
packing coefficient is approximately 0.55, if the
guest has the shape that well suits for given cag-
ing ligand [37]. In particular, the rigid ligand syn-
tone 738 is reported in [38] to form 1:1 cage
complexes of hydrogen-bonded capsule 309 with
encapsulated 1-adamantane- and 1-ferrocenecar-
boxylic acids by Scheme 3.36.

Guest-induced chirality within the cavity of
hydrogen-bonded “softballs” 307, 308, 359, and
360 (a racemic mixture of the latter is formed as
a result of dimerization of nonsymmetric ligand
syntone /48) after encapsulation of chiral cam-
phor derivatives (Scheme 3.37) has been exam-
ined [39] by '"H NMR method.

Cage complexes of reversibly formed
dimeric supramolecular capsules 351 and 361
(Scheme 3.38) with asymmetric microenviron-
ment within their cavities, which hydrogen bonds
were imprinted by long-departed guests as chiral
templates, have been synthesized in [40]. As fol-
lows from "H NMR data [40], these chiral caging
ligands remain after removal of the template-
caged molecules, and their recognition abilities
persist for hours in organic media. The chiral
capsule 351 is formed by dimerization of two
corresponding self-complementary ligand syn-
tone /49 in organic solvents through a seam of
eight hydrogen bonds. These syntones are achiral

<

ol
(@) OH on 2/

Fe (G)@309

and their dimerization gives a distorted spheric
supramolecular capsule with C,-symmetry axes
only, existing as a pair of enantiomers. These
enantiomers undergo interconversion (racemiza-
tion) by complete dissociation and recombina-
tion of such entities. As a result, the asymmetric
guests recognize one enantiomer of the caging
ligand over its mirror image. The dimerization of
the ligand syntone /50 in a number of solvents
gave a more robust hydrogen-bonded capsule
361; its phenolic groups form four additional
hydrogen bonds that slow its racemization. This
template-formed host is described in [40] to
have memory effects: as follows from the com-
petition experiments data, it still prefers the
template guests after multiple guest exchanges
(Scheme 3.39) and physical manipulations. The
pyridazinyl cyclic fragment of the ligand syntone
150 having a very low inversion barrier creates
openings in its dimeric capsule 361 that are large
enough to easily accommodate incoming and
outgoing guests; each of them in turn experiences
imprinted asymmetric cavity of this hydrogen-
bonded capsule [40].

The complimentary ligand syntones 125
(Scheme 3.21) and /5] are described in [41] to
undergo dimerization and hybridization by
Scheme 3.40 leading to Dj;,-symmetric supramo-
lecular capsules 327, 362, and 363. The

<

Scheme 3.35
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hydrogen-bonded capsule 327 in CDCl; solution
does not form cage complexes with a variety of
neutral guests (in contrast with cationic species
[21], see Scheme 3.21), whereas 363 encapsulates
several organic molecules in CDCl; medium. For
example, the latter ligand readily binds ferrocene
derivatives, whereas the capsule 327 does not
encapsulate them even at their large exterior con-
centrations. This result is explained in [41] by the

@5

N

K
e

R

guest exchange

difference in size and shape of the supramolecular
capsules 327 and 363. Encapsulation of large
guest molecules by these porous caging ligands,
which have been regarded in [41] as self-assembled
sieves, does not depend on entropically favorable
release of caged solvent molecules and thus is an
enthalpy-driven process.

Hydrogen-bonded bis-calix[4]arene capsules
364 and 365 have been prepared in [42] by
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Scheme 3.40

dimerization of their ligand syntones
(Scheme 3.41) with four urea substituents at the
upper rims and four secondary amide fragments
at the lower rims, forming inter- and intramolecu-
lar hydrogen bonds in apolar solvents. The com-
munication between the calixarene rims of these
syntones affects the size and shape of the cavity
of the self-assembled ligands 364 and 365 with
cone-conformation of their calixarene entities.
These capsules are stabilized by intramolecular
C=0...HN hydrogen bonds at the lower rim of

these fragments, and their seam is cycloenantio-
meric with either clockwise or counterclockwise
arrangements of the head-to-tail amides.
Encapsulation of sodium cation by these capsules
breaks hydrogen bonds at the lower rim of the
calixarene fragments but the cage framework
remains intact. The presence of amide groups at
the lower rims causes substantial difference in
the binding properties of 364 and 365 as com-
pared to those of their ester-containing analogs
366 and 367 [42].
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Different congeners of the ligand syntones /50,
152—156 shown in Scheme 3.42 are proposed in
[43] for enantioselective encapsulation. Two dif-
ferent spacer elements in these syntones give chi-
ral capsules, although they themselves are achiral.
The resulting capsules 351 and 368-372 have dis-
symmetric spheric cavities with the volumes of
190-390 A3, and asymmetric guests such as ter-
penes are reported to discriminate one enantiomer
of the corresponding capsule over its mirror image
with moderate selectivities. The complexation
studies suggested that these hydrogen-bonded
capsules (except of 368) were flexible enough to
arrange themselves comfortably around the guest
but still maintain enough rigidity to be affected by
its occupancy. These enantiomeric cage frame-
works are reported in [43] to undergo interconver-
sion (racemization) through dissociation and
recombination of their ligand syntones.

The pyrrogallolarene ligand syntones /57 and
158 are reported in [44] to undergo dimerization
by Scheme 3.43 in the presence of suitable cat-
ionic guests giving the hydrogen-bonded cap-
sules 373 and 374 that are highly stable in
competing with solvents such as alcohols [44].
The solvent molecules participate in this self-
assembly as bridging fragments cooperating with
direct hydrogen bonds between the ligand syn-
tones. Strong cation...mt and CT interactions
between the encapsulated species and the n-basic
pyrogallol rings stabilize the bis-pyrrogallolarene
cage complexes with encapsulated organic cat-
ions. The reversible encapsulation of tropylium
cation prevents its alcoholysis, and a characteris-
tic change of color caused by host-guest CT
interactions is observed [44].

Supramolecular electrostatically driven assem-
bly of the L-alanine-functionalized calix[4]arene
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159 with negatively charged carboxylate pendant
groups and the calix[4]arene /60 with positively
charged amidinium groups by Scheme 3.44 is
reported in [45] to give a bis-calixarene capsule
375. This ligand encapsulates
N-methylquinuclidinium cation to give a 1:1 cage
complex, which was characterized using ITC,
ESI-MS, and NMR methods.

The pyridine[4]arene ligand syntone 161
undergoes dimerization by Scheme 3.45 giving

no encapsulation
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the hydrogen-bonded capsule 376 [46]. This cap-
sule selectively encapsulates several carboxylic
acids, acetamide and trifluoroacetamide, but not
more bulky molecules of butyric, 2-methyl- and
2,2-dimethyl-containing carboxylic acids [46].
Assembly of the negatively charged calix[4]arene
162 and its analogs 163 and 164 (Scheme 3.46) with
165 and the caging properties of supramolecular
bis-calixarene capsules 377-379 have been studied
in [47] using ESI-MS, 'H NMR, and ITC meth-
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ods. According to 'H NMR data, those encapsulate
N-methylquinuclidinium cation as well as various
neutral aromatic guests. At the same time, they do
not form the cage complexes with acetylcholine and
tetramethylammonium cation [47].
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Self-complementary L-phenylalanine-
functionalized resorcinarene syntone /66
resulted from Mannich condensation has been
used in [48] for the design and preparation by
Scheme 3.47 of a hydrogen-bonded capsule 380
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Scheme 3.45

with both polar and non-polar interior function-
alities. This capsule contains complementary
amine and carboxyl functionalizing groups and
has an almost D, symmetry with the dihedral
angle between the resorcinarene fragments of
44°. Besides the dipole—dipole interactions
between them, these fragments also form hydro-
gen bonds involving their hydroxyl and carboxyl
substituents. As a result, the cage framework
of 380 has dense packing without holes and it
encapsulates two nitromethane and four water
solvent molecules. The guest water molecules
form hydrogen bonds with H-bond donor amino
groups of this capsule, while the latter gave
hydrogen bonds with its H-bond acceptor car-
boxyl substituents [48]. Possibility for the forma-
tion of the heterodimeric analog of homodimeric
capsule 380 has been also studied in this work.
According to '"H NMR data, the hybrid capsule
381 is not formed even upon heating of a mixture
of D- and L-phenylalanine-functionalized resor-
cinarene ligand syntones for 2 weeks; however,
few dissolve—evaporate cycles of this mixture in
the presence of methanol afforded the target cage
compound in a quantitative yield. The heterodi-
meric capsule 381 is more thermodynamically
stable than its kinetically stable homodimeric
analog, and this ligand and its cage complexes
with encapsulated solvent chloroform, water,
and ethanol molecules and a self-encapsulated

phenylalanine chain have been characterized in
[48] using NMR spectra.

The self-encapsulation with the caging ligand
380 “biting its own tail” is reported in [49] to
occur in the absence of water and in appropriate
solvents. According to NMR and X-ray diffrac-
tion data, water molecules can also be encapsu-
lated by this homodimeric capsule (Scheme 3.48)
causing the changes in both the structure of its
cage complexes and in the guest dynamics within
its cavity. In the case of malonic acid, water mol-
ecules also affect the stoichiometry of host—guest
complexation: 1:2 and 1:1 cage complexes with
D, and C, symmetric molecules are formed
without and in the presence of water, respec-
tively, together with encapsulation from two to
four water molecules in the latter case. Such co-
encapsulation is described in [49] to affect the
NMR spectra due to structural and dynamical
changes of the caged guest. The encapsulated
water molecules lead to slight decrease in the chi-
ral discrimination of the guest hydroxyl-contain-
ing carbonic acids and play a role of plasticizer
causing the binding site to be more adaptable.
This effect is, however, too small to discriminate
the enantiomers [49].

The use of RTP allowed encapsulation a guest
organic molecule by dimeric para-phosphonic
acid-containing calix[5]arene capsule 382 [50].
This hydrogen-bonded capsule binds carboplatin
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by Scheme 3.49 giving a 1:1 cage complex in this complex has been characterized using multi-
aqueous solution after stirring the reaction mix- nuclear NMR and ESI-MS methods. At rotational
ture inside inclined rotating tube more than speeds less than 1500 rpm, the cage framework
1500 rpm under ambient conditions for 5 min; of 382 does not appear [50]. Cavity volume of
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Scheme 3.49

this encapsulating ligand is

approximately
550 A3, while the volume of the caged guest does
not exceed 170 A3 Coordination capsule 382
gives uniform 2 nm layer on the surface of single-
wall carbon nanotubes even under the excess of

calix[5]arene [50].

Tetrameric hydrogen-bonded encapsulating
ligands 383 and 384 shown in Scheme 3.50 are
reported in [51] to give 1:1 cage complexes with
adamantane derivatives /67—173 and appropriate
dimers /74—-176 formed by ureas and cyclic
amides. Complementarity of their ligand syntones
plays a key role in these supramolecular capsules
being formed by weak interactions directing the
self-assembly to one aggregate rather than
another. The suitable hydrogen-bonding interac-
tions and an appropriate molecular curvature
favored the supramolecular assembly of four self-
complementary ligand syntones into the corre-
sponding hydrogen-bonded pseudospherical cage
framework, the filling of which with complemen-
tary guest molecules provides the final instruction
for the building process [51]. In particular, a
highly ordered pseudospherical 1:1 cage complex
has been formed by encapsulation of adamantane;
an exchange of its molecule is slow on the NMR
time scale. The shape and volume of this guest,
which forms only weak van der Waals interac-
tions with the concave surface of the host’s

interior, fits into the cavity of a caging ligand. Its
interactions overcome entropic disadvantages
caused by assembly of five individual species into
a highly ordered cage complex. Such adamantane
molecule competes successfully for its cavity
with the solvent CD,Cl, molecules, and this tetra-
meric cage self-assembly is reported in [51] to be
stabilized by the presence of H-bond acceptor
groups in the encapsulated guest through the for-
mation of bifurcated hydrogen bonds with the
glycoluril NH groups of its caging ligand. In par-
ticular, carbonyl-containing 2-adamantanone and
adamantane-2,6-dione filling the appropriate vol-
ume of its cavity are shown to be very good
guests. At the same time, 1,4-cyclohexanedione
with carbonyl groups available for hydrogen-
bonding fragments of the caging tetrameric host
does not fill its cavity properly, and thus it does
not form such a capsule. Urea /74 and sulfamide
175 have been used in [51] to test their host—guest
interactions within the cavity of this hydrogen-
bonded capsule. Dilution experiments with these
individual guests and with their 1:1 mixture
showed that heterodimerization of their molecules
giving the heteroguest 1:1:1 cage complexes is
preferred over homodimerization forming the
homoguest 1:2 capsules.

Solid-state and solution studies of a tetra-
meric hydrogen-bonded capsules 385 and 386


http://www.chemspider.com/4575370#_blank#Chemspider Compound link for:carbon

174 3 Encapsulation by Hydrogen-Bonded and Other Supramolecular Capsules

"F\\S/’ ° L’

Ry /SN /ﬁN Yo
N LU b
3 )

. T,

A )
HN” N N N X
A Y o —— i
FL N\n,NR N/so HNH__.'% m/l

H

N

X R }/’9:_4‘/
)1 g

A G

LY

R =—(_)—o(383); —_)—cus (384)

/ /C1oH21
N N
oD [ >=o ; C[ 80,
= N\ N
H M
167 168
o C10H21\N
/H'—_O:< j
N
N /
(¢] [ >=o_--H
N\
C10H21
173 174
Scheme 3.50

and their 1:1 cage complexes with encapsulated
adamantane derivatives (Scheme 3.51) have been
performed in [52]. The nature of these ligand syn-
tones allows 24 hydrogen bonds to form between
these four entities. As follows from X-ray diffrac-
tion data for the cage complex of 385 with encap-
sulated adamantane-2,6-dione, those are held in a
head-to-tail arrangement of their glycoluril (urea)
and sulfamide functionalities. Its cage framework
also contains additional equatorial eight phenolic
hydrogen bonds, which stabilize this supramo-
lecular capsule. The hydroxyl groups on oppos-
ing sides of each of these ligand syntones donate
hydrogen bonds to one intermolecular and one
intramolecular acceptors, thus alternating this
structural motif in such a way that the mirror
symmetry of each ligand syntone disappears
leading to a chiral tetrameric capsule that crystal-
lizes as a racemate [52]. The distance between
the opposite aromatic walls of this capsule is
approximately 10 A, and the distance between

H

\
\

W%

the two glycoluril-sulfamide hydrogen-bonded
seams is approximately 8 A, resulting in a cavity
volume of 184 A3 Adamantane-2,6-dione guest
matches for this cavity, so it forms a set of CH...n
interactions and van der Waals contacts with the
electron-rich aromatic wall of the caging ligand
385. The position of such encapsulated molecule
is well defined: its long axis is oriented along the
short axis of the host cavity through hydrogen
bonds. The oxygen atoms of this guest, which
form polar interactions with the glycoluril-sul-
famide seam of 385, are located in each end of
its cavity. Each carbonyl group accepts hydrogen
bonds from four identical donor atoms, giving
eight bifurcated hydrogen bonds and four CH...n
host—guest interactions with space filling of
approximately 72 % [52]. These cage complexes
of 386 with encapsulated adamantane deriva-
tives have D,, symmetry that results from fast
exchange between its two slightly twisted D,-
symmetric enantiomers. Solution and solid-state
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Scheme 3.51

Scheme 3.52

studies performed in [52] showed that host—guest
hydrogen bonding not only is an important driv-
ing force for the formation of this supramolecular
capsule but also dictates its guest-encapsulating
selectivity.

The chiral microenvironments within the self-
assembled capsule 387 arised from tetrameriza-
tion of its non-racemic ligand syntone 177
(Scheme 3.52). The self-assembly of this chiral
syntone yielded multiple functional groups, which
are asymmetrically arranged within the cavity of
387. This tetrameric capsule showed a special
affinity for chiral ketones, discriminating between
their enantiomers in solution. The caging ligand
387 achieves enantioselective recognition through

multiple interfaces between the lining of its cavity
and a chiral guest, despite relative weakness and
elasticity of the hydrogen bonds that are respon-
sible for its cage framework [53].

Hydrogen-bonded tetrameric capsule 388 that
encapsulates neutral polycyclic molecules has
been prepared in [54] using guest-templated self-
assembly of the corresponding ligand syntone
178 by Scheme 3.53. The spin polarization trans-
fer experiments suggested that these cage com-
plexes  underwent rapid  guest-exchange
processes; however, they are kinetically stable
even at elevated temperatures [54].

A tris-3-pyridyl hexagram-shaped ligand
syntone /79 is reported in [55] to aggregate in
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aqueous methanol giving a box-shaped cage
framework 389 that is self-assembled through
hydrophobic van der Waals and CH...n inter-
actions. Its hydrophobic cavity encapsulates
two guest molecules of hexasubstituted ben-
zene derivatives thus giving 1:2 cage complexes
by Scheme 3.54. In this hexameric supramo-
lecular capsule with two stacked face-to-face
tribromomesitylene guests, the ligand syntones
179 do not have their original C;-symmetry axes
because of the pyridyl and para-tolyl substituents
became nonequivalent [55].

Small spherical molecules, such as ada-
mantane, are reported in [56] to be templat-
ing guests that form tetrahedral 1:1 cage
complexes of the ligand 390 through rearrange-
ment of the hexameric supramolecular cap-
sule 389 by Scheme 3.55. This rearrangement
strongly depends on both the size and shape of
a template molecule, the encapsulation of which

arises mainly from hydrophobic host—guest inter-
actions. This tetrahedral supramolecular capsule
is able to reversibly encapsulate and to release
the adamantane molecule through acid-base con-
trolled dissociation and reconstruction of a cage
framework of 390. The X-ray diffraction data
showed that four hexagram-shaped C;-symmetric
ligand syntones form the supramolecular capsule
with the hydrophobic inner cavity that encap-
sulates one adamantane molecule. The pyridyl
groups of 390 are situated between the clefts
formed by other hexagram-shaped syntones, and
six pairs of these stacked groups are located on
the six sides of its framework. Thus, the tetrago-
nal tetrameric 1:1 cage complex of 390 formed
by four hexagram-shaped ligand syntones has
been self-assembled [56] exclusively in an
induced-fit manner in the presence of a spherical
template molecule. In contrast, a hexameric box-
shaped capsule 389 has been formed without the
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template molecule. The reversible encapsulation
and release of the guest molecule as a result of
the dissociation and reconstruction of this cap-
sule was achieved in [56] by acid—base control.
Self-assembly of six and four gear-shaped
ligand syntones [80-182 and similar guest-
templated reactions (Scheme 3.56) have been
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tested in [57] to obtain highly stable and water-
soluble, box-shaped supramolecular capsule 391
and its tetrahedral analog 392 with encapsulated
2.4,6-tribromomesitylene and adamantane mole-
cules. The design of the ligand syntone /80 has
been based on the structure of the hexameric cap-
sule 389 with hydrophilic pyridyl nitrogen atoms
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put outward and the hydrophobic surface of the
hexaphenylbenzene part buried deep. Replacement
of its pyridyl substituents with N-methylpyridinium
groups in 391 made this capsule remarkably solu-
ble in water and more thermodynamically stable
due to electrostatic interactions between the posi-

tively charged pyridinium and the electron-rich
pyridyl nitrogen atoms in the triply stacked aro-
matic rings of the caging ligand. Indeed, this highly
symmetric box-shaped capsule and its 1:2 cage
complex have been exclusively formed in D,O
solution and in solid state. In the case of the ligand
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Scheme 3.57

syntone /81 with one N-methylpyridinium group,
the corresponding hexameric capsule that exists as
several structural isomers has been formed in aque-
ous methanol, but it was insoluble in water. Guest-
templated self-assembly of four gear-shaped ligand
syntones /82 with three N-methylpyridinium
groups each and the template adamantane mole-
cule gave a water-soluble tetrahedral 1:1 cage com-
plex of the supramolecular capsule 396. The
relative stability of this tetrahedral capsule is
explained in [57] by electrostatic repulsion between
its three pyridinium groups. As a result, the cage
complex of 396 is selectively formed by hydropho-
bic effects and template effects of a guest as well.

The possibility of the formation of hexameric
hydrogen-bonded capsules has been first shown
by J. L. Atwood and coworker [58] for C-undecyl-
and C-methylcalix[4]resorcinarene ligand syn-
tones giving the supramolecular assemblies 397
and 398, respectively.

The hexaresorcinarene capsule 397 in its wet
chloroform solution co-encapsulates chloroform
and water molecules, forming the corresponding
heteroguest cage complexes by Scheme 3.57
[59]. This caging ligand also co-encapsulates
benzene and water, and the benzene co-caged
molecules easily undergo exchange with chloro-
form as a concurrent guest giving the corresponding
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cage complexes with co-encapsulated chloro-
form and water molecules [59].

Kinetics and thermodynamics of the forma-
tion of the cage complexes of the hydrogen-
bonded hexameric capsule 397 with encapsulated
organic monocations have been studied in [60].
The corresponding ligand syntone forms these
1:1 cage complexes by Scheme 3.58 in wet
CDCl; solution in the presence of an appropriate
tetraalkylammonium salt. The remaining space
within the cavity of 397 is occupied by co-encap-
sulated solvent molecules, and a maximum of
three and a minimum of one CHCI; co-guest
molecule(s) were found to be co-encapsulated
with tetrapropyl- and tetraheptylammonium
cations, respectively. Encapsulation of these cat-
ionic guests is reported in [60] to be endothermic
and entropically favored by the liberation of sev-
eral caged solvent molecules. Thus, the number
of co-encapsulated species decreases with the
increase in the cation size. This allows control-

ling the reversible encapsulation of solvent by
this hydrogen-bonded caging ligand. The stabili-
ties of its cage complexes and the rates of their
guest exchange decrease for larger cations as a
result of [60] higher activation barriers for both
in—out exchange by conformational restraints in
the transition state. The dissociation of one resor-
cinarene ligand syntone from this hexameric cap-
sule 397 is required for guest exchange.

Detailed study of self-assembly, stability, and
guest affinity of the pyrogallol- and resorcin[4]
arene capsules in their deuterochloroform solu-
tions in the presence of polar solvents by diffusion
NMR spectroscopy has been performed in [61].
The diffusion coefficients of 1:1 cage complexes
of the hexameric encapsulating ligands 397 and
399401 with guest solvent molecules
(Scheme 3.59) in chloroform were found to be
relatively low and to increase in the presence of
deuteromethanol due to their disaggregation giv-
ing the corresponding monomeric arenes. A new
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signal of encapsulated chloroform appearing in the
'H NMR spectra of these cage complexes disap-
peared after addition of this polar solvent [61]. The
pyrogallol[4]arene capsules 400 and 401 are more
stable than their resorcin[4]arene analogs 397 and
399, and more lipophilic capsules 397 and 401 are
more stable than their homologs 399 and 400.
According to diffusion NMR data and in contrast
to their pyrogallol[4]arene analogs, the resor-
cine[4]arene capsules 397 and 399 contain eight
water molecules that form hydrogen bonds with
the resorcin[4]arene entities in its cage framework.
Six binar mixtures of four different arene mono-
mers have been tested in [61] to study self-recog-
nition in such systems. According to NMR data,
the self-assembly of these arenes gave only the
mixtures of the corresponding homohexameric
capsules. The resorcine[4]arene caging ligands
397 and 399 encapsulate both the tetraalkylammo-
nium cations and trialkylamines by Scheme 3.60,
whereas their pyrogallol[4]arene analogs 400 and
401 can accommodate only neutral guests [61].

According to 'H NMR data of [62, 63], the
caging ligand 400 with a cavity volume of
approximately 1300 A3 encapsulates polar sol-
vent molecules and those of initial reagents
shown in Scheme 3.61.
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The hydrogen-bonded hexapyrogallol[4]arene
capsule 397 is reported in [64] to co-encapsulate
normal, branched, and cyclic alkanes, tetraethyl-
silane and tetrabutylgermane by Scheme 3.62.
These caged guest molecules undergo exchange
processes that are slow on the NMR time scale.
As follows from NMR data of [65], this ligand is
also able to bind 1,2-cis-cyclohexanediol and
L-phenylalanine as neutral guests to give the cor-
responding 1:1 cage complexes.

Encapsulation of ADMA as a fluorescent
probe by Scheme 3.63 has been used in [62] to
examine microenvironment of 397; the changes
in its fluorescent properties resulted from confor-
mational restrictions and movement of the guest
within the cavity of this caging ligand. Their 1:1
cage complex has been characterized both in
solid state and in solution using single-crystal
X-ray diffraction data and solution '"H NMR and
fluorescent spectra, respectively. In the former
case, encapsulation of the relatively small guest
molecule is reported to substantially change the
crystal packing of this large and robust cage
framework due to the formation of a series of
supramolecular host—guest interactions. The flu-
orescence emission intensity of the anthracene
moiety of the encapsulated ADMA molecule in
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solution is dramatically increased compared to
free ADMA. This effect is attributed in [62] to
structural constraints imposed by the caging
ligand 397, minimizing the possibility of non-
radiative excited-state deactivation such as colli-
sional quenching by the solvent molecules.
FRET has been used in [66] to probe dynamic
behavior of the hexaresorcinarene ligands 402
and 403, and their cage complexes. The resor-
cinarenes /83 and /84 with donor and acceptor
fluorophore pyrene- and perylene-containing

400
H A.__.OH
= H,0; CHClg; OT T

= (n-C4Hg)3N, (n-CgH13)3N, (n-CgHy7)3N

OH
|

substituents, respectively, have been used as
ligand syntones. Each of these syntones eas-
ily forms the corresponding hexameric caging
ligand in the presence of tetrahexylammonium
bromide, a well-known suitable guest for such
a self-assembly (Scheme 3.64). As follows from
luminescent spectra and change in FRET sig-
nal, mixing of these homohexamers 402 and
403 resulted in the formation of hybrid cag-
ing ligands by Scheme 3.65. FRET has been
also observed in the case of the encapsulation
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of a pyrene-containing azaadamantane guest by
the donor-containing hexaresorcinarene caging
ligand 403; in all these cases, FRET signals dis-
appeared after addition of methanol [66].

The same approach based on FRET between
the donor and acceptor pendant substituents has

been used in [67] to study dynamic behavior of
the hexapyrogallolarene (404 and 405) and
hexaresorcinarene (402 and 403) capsules using
concentration and temperature variations. The
importance of water for self-assembly of their
arene syntones and sensitivity of the cage
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framework stability to polar solvents have been
FRET tested in [67]. Such study of the pyrene-
and perylene-labeled hexapyrogallolarene syn-
tones (Scheme 3.66) at their different
concentrations showed that the exchange of the
pyrogallolarene syntones was faster at their low
concentrations, while higher ET was observed at
high concentrations. Kinetics of the formation of
these pyrogallolarene capsules 404 and 405 is
temperature-dependent: the elevation of tempera-
ture by 20° C causes the decrease in a half-life
time to reach equilibrium from ca. 96 to ca.
8 min. This time also decreases in the presence of
water impurities, which shift the equilibrium in
the direction of monomeric ligand syntones. In
contrast, the formation of hexaresorcinarene cap-
sules 402 and 403 is only slightly concentration-
and temperature-dependent, and the process
requires the presence of water. During the self-
assembly reactions between the donor- and
acceptor-containing pyrogallolarene and resorci-
narene syntones by Scheme 3.67, no formation of
the hybrid capsules has been detected in [67].
Thus, these pyrogallolarene and resorcinarene
syntones undergo self-assembly and self-sorting
exclusively into the homohexameric capsules in
solution even at their low concentrations [67].
Encapsulation of /85 as a guest that contains a
fluorophoric anthracene fragment and a quench-
ing dimethylaniline group with possible CT
between them by the hexapyrogallol[4]arene
capsules 397 and 406 by Scheme 3.68 has been
studied in [68]. According to 'H NMR data, pop-
ulation of the cage framework of 397 in the pres-
ence of acetonitrile and ethyl acetate becomes
only 50 % due to the conformational lability of
an encapsulated molecule /85 and its transition
from sandwich-like cage framework with stack-
ing interactions between this guest and polyaro-
matic fragments of the host to fully extended
conformation (without such interactions). 1:1
cage complexes of 397 and 406 with encapsu-
lated molecule /85 in the presence of ethyl ace-
tate have very week, if any, exciplex emission. Its
intensity increases approximately two- and five-
fold in the presence of ethyl acetate and acetoni-
trile, respectively. The same results have been
obtained in [68] for the self-assembly of these

3 Encapsulation by Hydrogen-Bonded and Other Supramolecular Capsules

hexameric capsules in the presence of /85 and
for its interaction with the initially formed caging
ligands; the steady-state data showed that the
encapsulated guest molecule is in extended con-
formation. Heteroguest 1:1:1 cage complex of
397 with encapsulated acetonitrile and /85 mol-
ecules undergoes slow disproportion in time
(from 10 to 40 % per 12 days) causing a substan-
tial increase in the exciplex emission of the free
molecules of /85 in their folded conformation. In
contrast, the analogous 1:1 cage complex with an
encapsulated ethyl acetate molecule is stable
[68].

Pathways of disassembly and reassembly of
the hexa-C-alkylpyrogallol[4]arene capsules 401
and 407410 (Scheme 3.69) and their possibility
to be used as dihydrogen molecular cargo have
been discussed in [69]. The formation of the tar-
get capsules and their cage complexes has been
detected by DLS and 'H NMR methods. Mixing
of the capsules 407 and 410 in chloroform gave
only homodimeric assemblies that under SDP
conditions underwent disassembly on a disk fol-
lowed by reassembly to give their heterodimeric
derivatives. The flash disassembly-reassembly
process has been used in [69] to encapsulate
molecular hydrogen by Scheme 3.70. Such
encapsulation is hampered for the homohexa-
meric caging ligands, and the caged H, molecule
can be released from their cavities by heating or
during a long-time storage [69].

Self-assembled hexaresorcinarene capsules
397 and 398 (Scheme 3.71) have been used in
[70] as potent hosts for paramagnetic nitroxide
spin probes (e.g., the derivatives of tempo).
According to EPR data, they encapsulate cationic
and amine nitroxide guests, which are comple-
mentary to the mostly aromatic inner cavities of
these caging ligands, but discriminate oxo- and
hydroxyl-functionalized nitroxides [70].

A highly efficient solvent-free synthetic proce-
dure has been elaborated in [71] to obtain the hexa-
pyrogallol[4]arene capsule 406 and its kinetically
trapped cage complexes with encapsulated organic
guests by Scheme 3.72. Using pyrene as a model
guest, three solvent-free methods have been tested:
dry grinding with mortar and pestle, melting of the
mixtures with heat gun, and melting of the mixture
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Scheme 3.67
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Scheme 3.68

plus paraffin wax as a “solvent.” First one gave no
target compound, whereas the melting by the sec-
ond method resulted in the formation of the cage
complex with an encapsulated pyrene molecule.
This method is, however, limited by the temperature-
resistant guests with a low melting point. The use of
paraffin wax as a “solvent” is described in [71] to be
the most convenient method of the solvent-free syn-
thesis of the hexameric capsules of this type.
According to NMR data, the capsule 406 adopts a
metastable configuration that undergoes re-configu-
ration in time giving the very stable structure. Its
cage complex (pyrene)@406 releases the caged
pyrene molecule upon heating up to 70° C, and the
caging ligand 406 re-encapsulates the solvent chlo-
roform molecules. It also efficiently binds a wide
range of organic guests but discriminates some
bulky molecules shown in Scheme 3.72.

NMR study of binding of various alcohols
shown in Scheme 3.73 by the hexametric resor-
cin[4]arene capsule 397 has been performed in
[72]. 2-octyl-1-dodecanol and 1-octadecanol
did not interact with it, whereas bulkier and
branched alcohols such as 3-ethyl-3-pentanol
and 2-ethyl-1-butanol underwent encapsula-
tion. At the same time, small and unbranched
alcohols such as 3-pentanol and 2-methyl-1-bu-
tanol are reported in [72] to be a part of this
hydrogen-bonded capsule.

The capsule 397 is reported in [73] to be a rea-
sonably strong Bronsted acid with high affinity
toward tertiary amines, their salts, and other
guests shown in Scheme 3.74. This allowed per-
forming highly substrate-selective Witting reac-
tion and substrate-selective diethyl acetal
hydrolysis within its cavity.
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Scheme 3.70

3.1.2 Encapsulation of Anions

Formation of a 1:1 cage complex of the supramo-
lecular capsule 412 by dimerization of a tetraca-
tionic calix[4]arene ligand syntone /86
(Scheme 3.75) in the presence of the dianionic
guest /87 has been studied in [74] using NMR,
ESI-MS, and ITC methods. The double-headed
guest molecule with aromatic fragments is deeply
included into a lipophilic “pocket” in the ligand’s
cavity. The polar anionic sulfonate groups are
located close to the positively charged upper rim
of the calix[4]arene platform due to electrostatic
interactions between them, while the ethylene
glycol spacer is in equatorial region between the
facing calixarene entities [74].

3.1.3 Encapsulation of Cations

Hydrogen-bonded capsules 309, 353, 355, and
413 formed by self-complimentarily ligand syn-
tones are reported in [75] to encapsulate organic
cations by Scheme 3.76; the formed cage com-
plexes remain even in gas phase under the condi-
tions of ESI-MS experiments.

Cage complexes of homo- and heterodimeric
hydrogen-bonded  capsules 414-416, the
derivatives of calixarene tetraurea-containing
ligand syntones and their analogs, with encapsu-
lated organic cations shown in Scheme 3.77, have
been detected in gas phase using ESI-MS method
[76]. The competition experiments with different

mixture
—_ of
SDP hexamers

guest cations revealed a clear dependence of the
encapsulation process on their size and shape.
The formation of dumbbell-like assemblies 417
and 418 containing two positively charged guest
species by Scheme 3.78 has been also observed.
The hydrogen-bonded triple-capsule 419 shown
in Scheme 3.79 is reported to contain seven enti-
ties: one tripodal cross-linking fragment, three
cage frameworks, and three encapsulated
cations.

A D,symmetric hydrogen-bonded capsule
420 with a cavity volume of approximately
950 A3 is reported in [77] to encapsulate suitable
cryptand and cryptate guests (including their
ionic associates with SCN~ and CN~ anions) hav-
ing the volumes of 390-420 A3 thus forming the
host-homoguest and host-heteroguest 1:1 and
1:1:1 “Matreshka” complex—in—complex assem-
blies by Scheme 3.80.

The tetrameric hydrogen-bonded capsules 383
and 384 with encapsulated cations and neutral
guests, formed by self-assembly of their self-
complimentary ligand syntones (Scheme 3.81),
have been characterized in [78] both in solution
and in gas phase using NMR and ESI-MS meth-
ods, respectively. The data of competition experi-
ments with a series of different guest cations
suggest that size selectivity is characteristic of
these hydrogen-bonded capsules. MS experi-
ments have revealed the formation of heterotetra-
meric cage complexes from different ligand
syntones that could not be determined using NMR
spectra. At the same time, the NMR method
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Scheme 3.76
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allowed observing in [78] the competitive encap-
sulation of neutral and cationic guest species that
could not be detected using mass spectra.

Template dimerization of the self-complemen-
tary resorcarene tetraester syntones /88—190 by
Scheme 3.82 in the presence of tropylium cation as
a matrix is reported in [79] to give 1:1 cage com-
plexes of the homodimeric capsules 421423 with
an encapsulated tropylium cation. These ligands,
however, do not encapsulate benzene or toluene as
potent space-filling guests. In the case of a mixture
of ligand syntones, a heterodimeric assembly
(C;H;*) @424 has been detected in [79] by 'H NMR
method. As follows from X-ray diffraction data, a
1:1 cage complex of 423 with an encapsulated tro-
pylium cation is stabilized by eight intermolecular
C-0...H-O bonds.

A detailed study of the homo- and heterodi-
meric resorcinarene capsules 425-427 and their
cage complexes, the derivatives of the tetraester
syntone /9] and its analogs /92 and /93, has
been performed in [80]. These hydrogen-bonded

A7 7]

3 Encapsulation by Hydrogen-Bonded and Other Supramolecular Capsules

s |+
= 7
s

’

CZHS n—CsH7

capsules in solution gave a statistical mixture of
the homo- and heterodimeric products. Quantum
chemical calculations performed in [80] suggest
that the heterodimers formed by =n-donor and
m-acceptor resorcarene syntones should be more
stable than their homodimeric analogs. Indeed,
the 'H NMR study of their self-assembly in the
presence of tetramethylammonium cation con-
firmed the formation of the corresponding 1:1
cage complexes by Scheme 3.83. The benzyl car-
boxylate analog of these syntones does not form
the same cage complexes with the encapsulated
tetramethylammonium cation due to the weak
hydrogen-bonding properties and lability of its
benzyl substituents. On the other hand, the caging
ligands 425-427 do not encapsulate BF,~ anion
and triethyl- and tetraecthylammonium cations. At
the same time, their resorcarene ligand syntones
form the heterodimeric cage complexes with the
encapsulated tetraethylammonium cation (see an
example of the assembly (Cat')@428 on
Scheme 3.84) [80].
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Scheme 3.83

The hexameric resorcinarene caging ligand
401 with a cavity volume of approximately
1400 A® encapsulates calix[4]arene or thiaca-
lix[4]arene molecules in the presence of tetra-
methylammonium or trimethylsulfonium cations
by Scheme 3.85, giving the highly stable
“Matreshka” heteroguest 1:1:1 assemblies [81].
This synergetic co-encapsulation is size selective:
the cavity of this supramolecular capsule can
adopt thiacalix[4]arene molecule but not fert-
butylcalix[4]arene or calix[4]arene tetramethyl
ethers. Similarly, cage complexes of this type are
not formed in the presence of the more bulky tet-
raethylammonium cation as potent guest [81].

The hexameric arene capsules 397 and 401
(Scheme 3.86) have been studied in [82] as
potent caging ligands for the encapsulation of
cobaltocenium cation. According to NMR data,
these ligands form 1:1 cage complexes that result
in substantial changes in the CVs: the reversible
wave characteristic of the free cobaltocenium cat-
ion disappears after caging. Tetraalkylammonium
halides do not affect this encapsulation process.
In the case of hexafluorophosphate, tetrafluo-
roborate, and perchlorate salts of these cations,

(car) = (CHa)
2 (CoHs)aNH*, (CoHs)4N+

no encapsulation of this organometallic guest has
been observed in [82]. The stability of the cage
complex of 401 with the encapsulated cobaltoce-
nium cation is substantially lower than that of 397
and increases in the presence of tetraalkylammo-
nium cations in a row (C,Hy),N* < (C¢H3)4N* <
(CioHys5)uN™ [82].

3.2 Cavitand-Based Caging
Ligands
3.2.1 Free Cages and Encapsulation

of Neutral Molecules

For the first time, the synthesis and characteriza-
tion of a nanosized bis-cavitand hydrogen-bonded
capsule 429, which is large enough to encapsulate
two different guest molecules by Scheme 3.87,
are reported by J. Rebek, Jr. and coworkers in
[83]; its size- and shape-selective binding has
been used for exclusive encapsulation of the het-
eroguest pair benzene—para-xylene.

Formation of the same social isomers by a-,
p-, and y-picolines and toluene as co-guests by
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Scheme 3.84

Scheme 3.88 within the cavity of a bis-tet-
raimide cylindrical hydrogen-bonded capsule
429 has been observed in [84] to proceed revers-
ibly on time scales that range from milliseconds
to hours. These guests occupy various microen-
vironments along its cylinder’s axis: the central
part of 429 formed by eight imide fragments
attracts their more polar parts, while the more
hydrophobic sites were found in [84] to be near
the capsule’s ends.

no reaction

@ = (CHg)4N*

Molecular recognition of various rigid, flexi-
ble, and complex guests (Scheme 3.89) within
the cavity of the self-assembled dimeric cylindri-
cal host 429 is reported in [85] to show a range of
rates of their uptake, release, and exchange.
Small solvent guests such as benzene, toluene,
and para-xylene that give 1:2 cage complexes
rapidly undergo these transformations, while
large molecules (in particular, anilide and stil-
bene) also replace poorly accommodated
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Scheme 3.89

mesitylene on the same time scale. The exchange
rates between these large caged molecules are,
however, slow (up to days). The sequence of the
encapsulation behavior of this hydrogen-bonded
caging ligand 429 arises from the considerable
size of its cavity and elongated shape thus deter-
mining its selectivity for congruent guests [85].
In particular, this capsule is described in [86] to
encapsulate large organic guests shown in

Scheme 3.90, allowing for 'H NMR spectroscop-
ical estimation of the internal cavity dimensions
with the use of a series of homologous molecular
“rulers” (e.g., the corresponding aromatic
amides). The available space within 429 is esti-
mated to be 5.7x14.7 A, and it readily encapsu-
lates dibenzoyl peroxide in [D;,] mesitylene
solution, which does not decompose for a long
time at 70° C. Moreover, the cavity of 429
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Scheme 3.90

prevents this encapsulated peroxide guest from
oxidizing triphenylphosphine and diphenylcarba-
zide as reductants. The chemical reactivity of this
reactive molecule can be restored by its release
from the capsule in the presence of DMF, which
competes for hydrogen bonds with such caging
ligand [86].

The encapsulated solvent molecules shown in
Scheme 3.91 are described in [87] to exchange
their positions slowly on the NMR time scale
within the cavity of the hydrogen-bonded capsule

N> ;

o
® O~ ]
; ; ; 6
A )\

429. Translational motion of gas molecules
within this cavity and co-encapsulation of these
guests by Scheme 3.91 — 1308 have been studied
in [88] using various NMR techniques. The caged
cyclopropane and butane exchange their loca-
tions slowly on the NMR time scale. When those
were co-encapsulated with long flexible solvent
molecules such as n-heptane, their slower motion
has been detected.

The hydrogen-bonded caging ligand 429 also
encapsulates a series of N-protected amino acid
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esters and alkanes shown in Scheme 3.92 [89].
As follows from 'H NMR data, these guests that
are slightly longer than the inner dimensions of
the cavity of 429 have been accommodated by
this capsule through adopting of their compacted
conformations (in particular, helical folding
[90]). Encapsulation of N-nitrosoamides also
shown in this Scheme by 429 is reported [91] to
prevent the rearrangement reactions of these
caged guests.

Reinhoudt’s social isomerism (see Sect. 3.1.1)
is described in [92] to appear in the cage com-
plexes of 429 in the case of co-encapsulation by
Scheme 3.93 of the solvent guests with para-
substituted toluene derivatives. In the case of

CiiHzs CiiHag €y Hyy

CiiHpg CiiHas CyHyg ) Hog

= CHClg; CICH,CH,CI; CICH(CHg),

chloroform and para-ethyltoluene, two isomeric
capsules with these co-guests have been detected
by 'H NMR method. The orientational prefer-
ence of the guest molecule of one sort depends on
the nature of its co-guest; in particular, the pres-
ence of a large co-guest gave the isomer with the
methyl substituent near ends of the cavity of 429
owing to better fit of this group into that space or
more attractive interactions of the ethyl substitu-
ent with the co-guest [92].

So-called “isomeric constellations” (arrange-
ments of several molecules) within this cylindri-
cal host that encapsulates two different solvent
guests (chloroform and isopropyl chloride) have
been studied in [93], and almost all their
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combinations (i.e., five of the possible six) were
detected within its cavity by NMR method. Other
solvent pairs showed fewer isomeric constella-
tions. This type of isomerism is characteristic of
guest assemblies shown in Scheme 3.94 rather
than of their individual molecules owing to nearly
identical shapes, dimensions, and volumes of
these two solvent molecules.

Co-encapsulation of small gaseous hydro-
carbons with sizable aromatic molecules by this
hydrogen-bonded capsule is described in [94].
The presence of the large aromatic co-guest slows
in—out exchange of these gases with the rates
becoming detectable by NMR method: although
no evidence of methane co-encapsulation with
para-xylene as a co-guest was obtained, this gas-
eous guest has been detected within the cavity
in the presence of a larger anthracene co-guest.
With appropriately substituted large co-guests,
these co-encapsulated gases showed social isom-
erism. In particular, para-ethyltoluene and cyclo-
propane gave two different heteroguest cage
complexes of 429. This isomerism [94] results
from interactions between the guests and their
limited motion within the cavity of the caging

CyHa CiHes  CiHa G\ H,

ligand. The para-ethyltoluene guest is too long to
tumble within this capsule, and either its methyl
group or ethyl substituent is co-encapsulated with
cyclopropane co-guest. Moreover, naphthalene
and azulene do not undergo encapsulation with
429, but their co-encapsulation takes place with
ethane or propene as co-guests. For propene—azu-
lene guest system, only the single social isomer
shown in Scheme 3.95 has been detected by 'H
NMR method. The space not occupied by a larger
molecule is appropriate for a smaller one [94].
The social isomerism of three solutes and var-
ious solvents also shown in Scheme 3.95 within
the cavity of 429 and individual solvent—solute
interactions between these guests are described
in [95]. The size and shape of the caging ligand
limits the mobility of the encapsulated molecules
within its cavity. They are too large to slip past
each other or to exchange places, and the encap-
sulated toluene derivative is too long to tumble
within the capsule to give a social isomer. This
suggests that intermolecular interactions between
the caged guests are constrained to two contact
areas and are attenuated by the inner surface (i.e.,
the lining and shape of this hydrogen-bonded
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Scheme 3.94

caging ligand): the tapered ends of its cavity are
able to accommodate smaller functional groups,
while the seam of hydrogen bonds in the center
favors the polar fragments of the guests [95].
Cylindrical hydrogen-bonded capsules such
as 429 are proposed in [96] for encapsulation of
two different guest molecules, thus offering a
mode for enantioselection via co-encapsulation:
if one of these guests is chiral, their inner spaces
also become chiral. The dimensions of these
spaces allow selecting appropriately sized
combinations of co-encapsulated guests, while
their shape prevents tumbling of the rigid caged
molecules by orienting their polar groups within
the cavity. Chiral mandelic and R-Br-butyric
acids are reported to be promising guests for dia-
stereoselection, which is, however, relatively
small (<25 %). Encapsulation of a chiral guest (in
particular, R-mandelic acid) by a cylindrical cag-
ing ligand of appropriate size allows for only two
possibilities (A and B, Scheme 3.96), and the
asymmetric element near the middle of its capsule

and closer to the other guest (type A) is described
in [96] to be more effective in distinguishing
enantiomers than one near the end of the caging
ligand 429 (type B). Therefore, the asymmetric
recognition is determined by (i) multiguest
encapsulation, (ii) preferential caging of two dif-
ferent molecules as shown in Scheme 3.96, and
(iii) localization (orientation) of these species
within the cavity of a caging ligand that allows
the asymmetric elements to be near one another.
In the case of R-styrene oxide as guest and the
cylindrical capsule 429, one caged molecule fills
too little space within the cavity of this host,
while two molecules of this type fill too much.
Addition of isopropyl chloride as a co-guest
resulted in quantitative formation of the corre-
sponding heteroguest 1:1:1 cage complex [96].
Chiral guests within these achiral capsules create
their chiral inner spaces. To determine the ability of
the chiral element outside the capsule to affect the
environment of its inner cavity, the authors of [97]
synthesized a series of hydrogen-bonded capsules
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429-434 (Schemes 3.97) from the corresponding
ligand syntones by varying the number of asymmet-
ric centers and the distance from the cage frame-
work. The shorter syntone of 430 had the array of
asymmetric centers with one methylene group closer
to the end of the capsule than its homolog in the cage

CiHzs  CiHay . H,,

CyHys CyHy  CiHao CiiHzg

429

CiiHa CyHy  CiiMas

Secondary racemic

of 431, while the longer syntone of 432 had the array
with one methylene chain being further away. The
influence of the chiral centers outside these hydro-
gen-bonded capsules on guests encapsulated within
their cavities has been clearly shown. The distance
between the external asymmetric center and the
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cavity of the caging ligand and the mobility of caged
guests within it are reported [97] to be the factors of
this influence.

Isotope effects on guest encapsulation by the
capsule 429 have been studied in [98] by compe-
tition NMR experiments for its cage complexes
shown in Scheme 3.98. A preference for encap-
sulation of CDj; rather than CH; near the resorci-
narene fragment of this caging ligand has been
observed owing to larger weight of deuterium
causing a smaller vibration amplitude and
frequency for C-D relative to C-H bonds.

CiiHys CiHes  CyHas ¢\ H,,

Yreead

[

A

CiiHy

CyHyy  CyHys CiiHag

Social isomers

Interactions of the methyl hydrogen atoms and
the n-systems of the hydrogen-bonded capsule
increase the force constant for stretching of these
bonds in its proximity [98].

Two model methane—benzene and methane—
tetrachloromethane systems have been tested in
[99] to determine the effect of isotopic substitu-
tion on the stabilities of the corresponding weakly
bonded social isomers of these co-guests
(Scheme 3.98) within the cavity of 429. Attraction
between the methyl group and benzene is reported
to be relatively large due to strong dispersion
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forces between methane and benzene, while the
methane—tetrachloromethane interaction is negli-
gible because of low polarizability of the later co-
guest. Thus, the cavity of the capsule 429 provides
suitable environment to probe these differential
nonbonding interactions [98].

Reversible encapsulation of a series of normal
alkanes shown in Scheme 3.99 by this cylindrical
host has been studied in [100] by NMR methods.
For small hydrocarbons, such as n-pentane and
n-hexane, 1:2 cage complexes with two encapsu-
lated alkane molecules have been detected. These

CiiHzs

CitHas  CyyHyg

= n-C7H4g; N-CgHqg; N-CgoHog; N-CyoHoo; N-C11Ho4
n-CqoHgg; N-Cy3Hog; n-Cq4Hzp; N-C14Hog; N-CysH3p

guests moved freely within the cavity of 429,
whereas this ligand does not encapsulate n-
heptane. Longer alkanes, such as n-decane, form
1:1 cage complexes with 429, and its aromatic
walls twist to avoid empty spaces and to increase
favorable interactions with the encapsulated
hydrocarbon molecule. As a best guest, n-
undecane adopts the conformation with a mini-
mum of gauche-interactions; the longest alkane
(n-tetradecane) adopts helical conformation to fit
the cavity of 429, as this shape maximizes supra-
molecular host—guest interactions. Therefore, the
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encapsulation of alkanes by the hydrogen-bonded
capsule 429 resulted in conformational changes
of both the guest and the host, which are driven by
the combination of size and shape complementar-
ity with supramolecular interactions between
them [100].

Kinetics of encapsulation and thermodynamic
stability of hydrogen-bonded homo- and het-
eroguest cage complexes of 429 shown in
Scheme 3.100 in protic media have been studied
in [101] using conventional 'H NMR methods.
Positive enthalpies and entropies of the encapsu-
lation are indicative of liberation of caged solvent
molecules. The rates of dissociation—association
of these cage complexes were found to be com-
parable to those for in—out exchange of large
guests, suggesting that the guest exchange occurs

in protic solvents by complete dissociation of the
hydrogen-bonded capsule 429. Its stability in
such media depends strongly on the nature of the
encapsulated guests, and the best of them is
reported in [101] to be dimethylstilbene.
Encapsulation of oligoethylene glycols and
perfluoro-n-alkanes (Scheme 3.101) by a caging
ligand 429 is described in [102]. The following
driving forces for this encapsulation have been
noted: (i) attractive interactions between this cap-
sule with a cavity volume of approximately
425 A3 and the caged guest molecule that includes
CH...x interactions and van der Waals contacts,
and (if) entropical effects of the formation of
hydrogen-bonded seam of the host (its self-
assembly does not occur in the absence of suit-
able guests that can form sufficiently favorable
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contacts with the interior of 429 to allow them to
fill its cavity) [102]. This hydrogen-bonded cap-
sule also effectively binds tetrathiafulvalene
derivatives (Scheme 3.101), showing the CT
within its cavity [103]. Co-encapsulation of three
suitable guest species (including the examples of
a highly selective binding) by the caging host 429
giving the anionic heteroguest 1:1:1:1 cage com-
plexes by Scheme 3.102 is reported in [104].

Co-encapsulation of [2,2]-paracyclophane
with other guests shown in Scheme 3.103 and its
mechanically regulated rotation within the cavity
of the hydrogen-bonded capsule 429 has been
studied in [105]; as follows from '"H NMR data,
these co-guests are able to affect rotational free-
dom of the caged paracyclophane.

When three chiral guests (R- and/or
S-propylene sulfide) have been co-encapsulated
by this cylindrical capsule, the formation of six

diastereomeric cage complexes by Scheme 3.104
has been observed in [106]; four of them are
reported to demonstrate a diastereomeric con-
stellation. The hydrogen-bonded capsule 429
also selectively bind chiral guests shown in
Scheme 3.105 to give the corresponding 1:2 cage
complexes [107].

Encapsulation of tertiary amides
(Scheme 3.106) by 429 is described in [108] to
affect their rotational barriers: for amides /95—
200, the rotation rates decrease or increase within
this capsule by up to an order of magnitude as
compared with those of free amides in solution
depending on their chemical constitution. Such
acceleration (deceleration) of rotation is gov-
erned by selective destabilization (stabilization)
of the ground or transition states of these 1:1 cage
complexes. In the case of tertiary amide 201, this
rotation generates and discriminates its two
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isomers: those are equimolar in bulk solution, but
only one of them has been detected within the
cavity, and its rotation rate was slowed by several
orders of magnitude as a result of such encapsu-
lation. A competition experiment performed in
[59] for amide 200 showed the acceleration of its
rotation resulted from the destabilization of the

)= CH,Cl,, CHCI5
C,HsOH

A = PF6_, |O4_, C|O4_

@

- GHACHy; (CHg)200; CHOl /5 [ ]
(CHg),CHCI: (CHa),CHBr; CCl,
CHBI’s; CC|3BF

ground state of the guest. The caging ligand 429
also encapsulates a series of solid adamantane
derivatives shown in this Scheme thus forming
their 1:1 cage complexes [109].
Co-encapsulation of suitable guests by the
hydrogen-bonded capsule 429 (Scheme 3.107)
has been used [110] for direct observation of



Encapsulation by Hydrogen-Bonded and Other Supramolecular Capsules

Scheme 3.104

halogen bonding by various NMR methods. The
co-caging amplifies the concentrations of both
the donor and acceptor of such bonds, while the
shape of 429 permits the proper alignment and
the extended lifetime of its heteroguest cage
complexes [110].

The capsule 429 has been used in [111] to
alter the photoluminescence of guest benzyl
derivatives shown in Scheme 3.108 by tuning the
conformational space available for the aromatic
guest within its cavity. This has been used for
elucidation of internal dynamics of these cage
complexes by luminescence methods.

The use of 429 and its extended analog 435
(Scheme 3.109) allowed the authors of [112] to
elucidate coiling (uncoiling) cycles of tetradec-
ane guest. The latter is encapsulated as a helical
coil within the cavity of 429, but upon addition of
spacer glycoluril fragments to the solution longer
self-assembled capsule 435 appears with the
guest relaxes to its extended conformation.
Protonation of the aniline sites of these spacers

Diastereomeric constellation

caused this system to revert to coiled tetradecane
molecule within the parent capsule 429, while
further addition of triethyl amine to the reaction
mixture regenerates the longer capsule 435 with
extended guest [112]. NMR experiments have
been performed in [113] for the capsule 435 and
a series of normal alkanes C¢H,, to C,oH,o. They
showed the coiled forms for the caged C;H;s —
C9H,o molecules. This coiling exerts pressure on
the cage framework of 435: its hydrogen-bonded
seams were loosened, and rotation of the cap-
sule’s ligand syntones occurred on the NMR time
scale, resulting in racemization of the cage com-
plexes. The racemization rates increase with the
length of the alkane because longer guests exert
more pressure. At the same time, hexadecane
guest has been encapsulated in its fully extended
conformation exerting no pressure within the
cavity of 435 [112].

Encapsulation by a regular hydrogen-bonded
capsule 429 of trans-stilbene caused its fluores-
cence quenching due to the distortion of the
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ground-state geometry [114]. When this cage
framework has been elongated by incorporation
of four glycoluril spacer fragments to give an
extended capsule 435, the caged trans-stilbene
molecule adapts fully coplanar arrangement that
displays fluorescence.

Regular and extended hydrogen-bonded cap-
sules 429 and 435 are also able to encapsulate gas
molecules shown in Scheme 3.110, thus forming
multiguest 1:n and 1:m cage complexes, respec-
tively [115]. These capsules also bind a series of
alkenes and alkynes shown in Scheme 3.111 in

Scheme 3.106

201

CaHy

S

C4H9

contorted conformations to reduce their lengths
in order to fit the cavities of these encapsulating
ligands [116].

The encapsulated hydrogen-bonded dimers of
carboxyl benzoic acids (Scheme 3.112) are
reported in [117] to undergo compression within
the extended capsule 435. Caged hydrogen-
bonded hetero- and homodimers of benzoic acid
and benzamide guests shown in Scheme 3.113
within the cavities of regular and extended
hydrogen-bonded capsules 429 and 435 have
been investigated in [118] using DFT approach.
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Assembly of two cavitand ligand syntones of
different nature shown in Scheme 3.114, each of
which is able to form homohexameric- and
homodimeric capsules 397 and 429 and to encap-
sulate solvent chloroform molecules, has been
studied in [119]. The hybrid cylindrical frame-
work of 436 is stabilized by eight hydrogen bonds
and encapsulates suitable guests that properly fill
its inner cavity. Screening of the guests per-
formed in [119] showed that this hybrid capsule
can efficiently bind aromatic and metallocene
guests as well as the derivatives of cyclohexane.
This efficient encapsulation with a proper space
filling is the main driving force for the formation
of the corresponding hydrogen-bonded capsules
that prevent the self-sorting of their cavitand syn-
tones [119].

A deep-cavitand caging ligand 437 with cav-
ity dimensions of 23x 10 A and a cavity volume
of approximately 800 A3, formed by two
resorcinarene-based ligand syntones  with
extended aromatic spacer between them, has
been self-assembled in [120] by Scheme 3.115.
As follows from 'H NMR data, this ligand encap-
sulates rigid and long (ca. 18 A) guest molecules
202 and 203 forming kinetically stable 1:1 cage
complexes. In the case of more flexible guest 204
and/or shorter (<14 A) adamantane derivatives
205 and 206, slow exchange between free and
caged guest species has been observed at low
temperatures. The small guest 206 is reported in
[120] to form a host—guest 1:2 cage complex.

The self-assembled in [121] dimeric water-
soluble capsule 438 with ionic pendant substituents
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435 and 439-446 by

molecular capsules

encapsulates long-chain hydrocarbons and other

lipophilic guests shown in Scheme 3.116.

Scheme 3.117 has been studied in [122] and

[123]. These capsules contain from 4 and 8 to 12

Alkane guest-driven reversible assembly of
extended and hyperextended cylindrical supra-

glycoluril spacer fragments and have the cavity
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volumes increased up to 530 A and the lengths up
to approximately 21 A [123].

Self-assembly dynamics of the hybrid bis-
cavitand capsule 447 and its cage complexes with
different guests shown in Scheme 3.118, the
ligand syntones of which were labeled with donor
and acceptor fluorophores, has been studied in
[124] using FRET. For these guests, a remarkable
range of exchange rates (more than four orders of

CyiHog

CiiHag CiiHzg CriMas

CiiHas CiiHas CyyHyy

\ CiiHas

437

CiiMag CiiHag Gy Hy,

CitHes  CyHz CyyHy Cribeo

HN/LO
206

magnitude) has been observed. The same
approach has been used in [125] to monitor the
self-assembly and the guest exchange for the
arene capsules (see Sect. 3.1.1).

The influence of remote asymmetric centers in
one of the two co-encapsulated molecules shown
in Scheme 3.119 on its partner guest within the
cavity of hydrogen-bonded capsule 429 has been
studied in [126] by 'H NMR method. Due to the
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remoteness of asymmetric functions of the chiral syntones by Scheme 3.121 has been studied in
guest on its co-encapsulated partner, this result [128]. Ethane can be easily accommodated by
cannot be explained by steric repulsions: their the cavity of the caging ligand 455 and co-encap-
centers are separated by the benzene ring and the sulated by Scheme 3.121 with [2,2]-paracyclo-
proximal asymmetric function as well. So, such phane. Mixing of these cage complexes gave only
remote effects were assigned in [126] to the a mixture of enantiomers of the hybrid 1:1 cage
strictly magnetic effects. complex with the encapsulated [2,2]-paracyclo-

Effects of remote chiral centers of the resorci- phane. This bulky guest can be also accommo-
narene and cavitand ligand syntones on encapsu-  dated by hybrid capsules 456 and 457. According
lated guests have been observed in [127] for their to NMR data, it undergoes fast rotation within
hybrid supramolecular capsules 448—454 giving the cavity of these ligands. Fast exchange reac-
1:1 cage complexes with encapsulated neutral tion between their enantiomers is also detected
guest 202 by Scheme 3.120. These distal effects by NMR spectroscopy even at low temperatures;
are additive or subtractive, depending on the rela- however, this method could not be used to inves-
tive configurations of the chiral elements. tigate the dynamics of the hybrid capsules that is

Assembly of phthalimide deep-cavitand too fast. The latter has been thus studied [128] by
precursor with complimentary resorcinarene FRET using the perylene-labeled resorcinarene
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syntone as an acceptor fluorophore and the
pyrene-labeled deep-cavitand /94 as a donor
fluorophore. No FRET signal has been detected
in the absence of guests, whereas in the case of
[2,2]-paracyclophane, an intensive signal appears
after few days, which indicates the formation of
the hybrid cage complex of 456 with the encap-
sulated [2,2]-paracyclophane [128]. Among
the guests that cannot be encapsulated by the
homodimers of these ligand syntones but can be
accommodated by their hybrid 457, the nonsym-
metrical guests (in particular, para-ethyltoluene)
form two carceroisomers. In the case of 1,7-diox-
aspiro[5.5]undecane and menthol as chiral
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guests, diastereomeric cage complexes have not
been detected due to their free rotation within the
cavity, while 2-methylheptane and 2,2-dimethyl-
hexane can be encapsulated by 457. The open-
ings and seams of hydrogen bonds at the “upper”
part of this hybrid capsule are described in [128]
to favor bulky and polar guest fragments.
Dimerization of heteroditopic bis-cavitand
ligand syntone (Scheme 3.122), containing both
self-folding and dimer-forming fragments, has
been used in [129] to obtain a polytopic hydrogen-
bonded capsule 458. This host encapsulates
guests at the distal binding sites without their
direct interaction, and the guests can be released
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Scheme 3.122

independently from such sites with appropriate
chemical reagents. Their orthogonality is reported
in [129] to extend the guest exchange dynamics
occurring in this case in well-separated time
frames.

Hybrid and extended chiral capsules 459 and
460 have been prepared in [130] by Scheme 3.123
using the corresponding methylated glycoluril
syntone and parent capsule 429. The intercon-
verting hydrogen-bonded caging ligands allow
tuning the dimensions and conformations of nor-
mal alkanes within their cavities.

Hydrogen bonding-directed pairwise
encapsulation of para-ethylphenylboronic acid and
its amide- and carboxyl-containing analogs as part-
ners by Scheme 3.124 leading to 1:2 homo- and
1:1:1 heteroguest cage complexes of 435 has been
detected in [131] by 'H NMR spectroscopy.

The use of thiourea-containing capsule 461 as
a host allowed encapsulation of inconveniently
shaped long and bent molecules such as normal
Cy — C;5 alkanes by Scheme 3.125 [132].

Extended capsules 462 and 463 with a cavity
volume increased by 200 A and the lengths of

CO-
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approximately 7 A, are reported in [133] to
encapsulate long-chain alkanes in the their
gauche-conformation by Scheme 3.126.

Binding properties of the extended hydrogen-
bonded capsules 435, 462, and 463 with the cavity
volumes of approximately 620 A have been stud-
iedin [134]. These caging ligands can encapsulate
capsaicin and two para-methylstyrene molecules
as guests; slow tumbling of caged para-disubsti-
tuted benzene molecule on the NMR time scale

within their cavities leads to their social isomer-
ism depictured in Scheme 3.127. Gases such as
propane, butane, isobutene, propylene, 2-methyl-
propene, 1,3-butadiene, and xenon are reported
in [134] to be co-encapsulated with other guests
shown in this Scheme.

The use of propane—diurea ligand syntones
allowed [135] obtaining of S- and banana-
shape capsules 464-467 by Scheme 3.128. The
banana-shaped capsule is reported to selectively
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Scheme 3.124

Scheme 3.125
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G | = CqsHzp, Cy5Haz + CgHyp-OCgH17, C17Hzs, C1gHa0, Co1Haa

Scheme 3.126

encapsulate complementary shaped alkane
guests. T—x interactions on the outside of these
capsules have been used in [136] to selectively
trigger changes in their cage frameworks.

The redox-active ferrocene and stilbene mol-
ecules are described in [137] to form bis-cavi-
tand 1:1 cage complexes of supramolecular
capsule 468 by Scheme 3.129 in the presence of
tert-amine-containing ferrocenyl cation but not
with the anionic ferrocenecarboxylate. Such
octaacid caging ligand also encapsulates tet-
rathiafulvalene to give the corresponding 1:1
cage complex but discriminates its more bulky
derivatives (as follows from 'H NMR spectra).
The caging of the tetrathiafulvalene guest causes
dramatic changes in its redox properties; the hin-
dered voltammetric response of these species is
explained in [138] mainly by kinetic factors (first
of all, by very low ET from an electrode surface
to the caged redox-active guest). Relatively free
rotation of this guest within the capsule 468
causes a decrease in the stability of the cage
complex leading to broadening of its proton sig-
nals in '"H NMR spectrum by the exchange of the

trapped guest among its several possible loca-
tions [138].

Hyperextended hydrogen-bonded capsule 469
is described in [139] to encapsulate two
y-aromatic cations and two carboxylate anions as
ion-pairing guests within its cavity; the anionic
species are located in the tapered ends of its cage
framework, while two cations are near the glycol-
uril spacers in the capsule’s center [139]. In the
case of a heteroguest 1:1:1 cage complex of the
parent capsule 429 with encapsulated picoline
molecules, the strong social isomerism has been
observed. A detailed study of the interactions of
a-, f-, and y-picoline guests within the cavity of
the cylindrical capsule 469 leading to this type of
isomerism has been performed in [140]. In the
case of a- and y-picolines, about 95 % of their
cage complexes correspond to the isomer with
the methyl group of the a-component inwardly
directed and that of the y-component outwardly
directed, respectively. The f-picoline gave pre-
dominantly (by approximately 70 %) the 1:2
host—guest complexes (Scheme 3.130) with an
outward orientation of its methyl groups [140].
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Dimerization of the nonsymmetric cavitand
ligand syntone with one short and three long
walls in the presence of an appropriate guest mol-
ecule by Scheme 3.131 allowed the authors of
[141] to obtain two constitutional isomers 470
and 471 of the corresponding hydrogen-bonded
capsule. The use of such guests induces predomi-
nant formation of only one of these isomers due
to the different hydrogen-bonding patterns of the
capsules 470 and 471 that affect size, shape, and
dynamics of their cavities.

Guest-induced reversible assembly of the water-
soluble tetracationic cavitand syntone 207 led to
robust 1:1 cage complexes of supramolecular

= n-CygHzg, N-CigHao, N-CooHaz, N-CoqHya,

T
z
< 3
Z
E3

(?G)@465

CyiHag CiHy CiHas CiMa

(“G) @466

o
,/J\\

n-C7H1g" n-C7His

capsule 472 with encapsulated aromatic dications
and neutral molecules by Scheme 3.132 [142].

A deep-cavity cavitand octaacid ligand syn-
tone 208 is described by B. C. Gibb and coworker
[143] to form a dimeric capsule 473 that is stabi-
lized by hydrophobic effects. As follows from 'H
NMR data, this ligand with hydrophobic concave
surface and hydrophilic convex surface selec-
tively encapsulates several steroidal guests by
Scheme 3.133. The corresponding binding con-
stants decrease in a row (+)-dehydroisoandros-
terone 2/0 > progesterone 213 > estradiol 209 >
17a-ethynylestradiol 272 > estriol 211 > corti-
sone 214, cholesterol 216, spironolactone 215; so
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the caging ligand discriminates these steroids by
their size and polarity [143]. Encapsulation of
guest molecules with a covalently attached
’N-labeled nitroxide substituent (Scheme 3.133)
by this bis-cavitand self-complimentary capsule
has been performed in [144, 145] for further
NMR, EPR, and ESP studies (see Sect. 6.3).
Capsule 473 binds neutral aromatic molecules
in different coordination modes to give 1:1 or 1:2
cage complexes depending on the size of these
guests [146]. As follows from NMR and lumi-
nescence spectra, this caging ligand can adopt
two molecules of naphthalene, and both the
excimer and monomer emissions have been
observed in [146]. Therefore, these caged guests
are not constrained within its cavity. At the same
time, two encapsulated anthracene molecules
form a sandwich excimer via stacking interac-
tions. In the case of more bulky tetracene, the
ligand 473 encapsulates only one guest molecule
giving a 1:1 cage complex and only monomeric

emission has been detected [146]. According to
NMR, cyclic, and square-wave voltammetry
data, the capsule 473 also efficiently binds the
hydrophobic ferrocene guest to give a 1:1 cage
complex by Scheme 3.134 but does not encapsu-
late doubly positively charged aromatic dications
[147]. This caging ligand has been also used in
[148] as a molecular flask for photochemical
reactions (see Sect. 5.2) of encapsulated a-alkyl
dibenzyl ketones (Scheme 3.134). According to
"H NMR data, these ketones form 1:1 cage com-
plexes that can be divided into three main groups
depending on the orientation of the guest within
the cavity of such dimeric encapsulating host. In
the case of the caged ketones 2/7-229, their two
aromatic fragments occupy both the semisphere
entities of 473, while the propyl group of the
guest 279 competes with the neighboring phenyl
substituent; the alkyl groups and distal phenyl
substituents of the encapsulated ketones 220 and
221 occupy the above semisphere fragments. The
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Scheme 3.131

proximal phenyl substituent of the guest 221
occupies one of the two probable isoenergetic
positions. In the case of the bulky ketones 222—
224, the corresponding alkyl group and the phe-
nyl substituent occupy semisphere entities of the
caging ligand, while the distal substituent of this
type is in an equatorial position [148].

The bis-cavitand ligand 473 also encapsulates
long-chain esters 225-234 forming 1:1 cage com-
plexes by Scheme 3.134 [149]. The guests with 13
non-hydrogen atoms have a volume of approxi-
mately 228 A3 and are the best for filling of its
cavity, while the esters with 16 non-hydrogen

Enantiomers of 470

CiiHz Has CiHae C, H23 CiHas CiHas  CHy
\\ o]
k \" °°
N N N
\;
\ /

1Hes  CyHyy  CiiHas

Enantiomers of 471

atoms have been anticipated in [149] to nearly fill
the inner space of 473. These guests are slightly
too long to adopt a fully extended conformation,
but the authors of [149] observed no evidence
from NOESY NMR that any of them adopted
well-defined helical structures allowing for the
efficient packing in the ligand cavity [149]. In the
first series of these esters, their binding constants
increase in a row 227<226<228<229<225
according to two main principles. Those are (i) a
shift of the ester group from the center of a guest
molecule to its terminus leading to an increase
in steric hindrances between the encapsulated
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Scheme 3.134

ester and the caging host ligand, and (ii) these
hindrances being compensated by C-H...x inter-
actions with the energy increasing for more ter-
minal alkoxy group and causing the polarization
of the C-H(Me) bonds [149]. If these esters have
the similar binding constants, the kinetic resolu-
tion does not take place; if they are different in an
order or more, it did (in particular, for the esters
225 and 227). The esters 230-234 containing 16
non-hydrogen atoms have a volume of approxi-
mately 283 A3 and have been anticipated in [149]
to nearly fill the inner space of 473. They also
form 1:1 cage complexes, the stability of which
increases in a row 232<23]1<234<233<230
and, in general, is substantially lower than those
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for the esters of the first series. The preferential
binding of the methyl ester 230 is explained in
[149] by the formation of strong C-H(Me)...n
interactions; the Kinetic resolution in this series of
esters is very bad and does not exceed 19 %.

The Gibb’s octaacid deep-cavity cavitand syn-
tone 208 has been used in [150] as a precursor
for the synthesis of its amine- and ammonium-
functionalized derivatives. According to 'H NMR
data, the latter syntones form caging ligands 474
and 475 in aqueous solutions by Scheme 3.135;
those encapsulate neutral organic guests to give
1:1 and 1:2 cage complexes. These complexes
were not found in chloroform and methanol
media; therefore, the hydrophobic effect is very
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247

Scheme 3.136

important for their formation. The caging process
in the case of the 1:1 complex of 474 with pyrene
is confirmed by observation of only the mono-
mer emission in its fluorescence spectrum. The
spectra for such cage complexes of 474 suggest
that no water molecules are encapsulated within
its cavity along with organic guests. The encap-
sulated anthracene dimer also showed strong
excimer emission that was absent in its aqueous
solution [150]. Encapsulation also allows con-
trolling the phosphorescent properties of organic
guests. In particular, the caged camphorthione
and 4,4'-dimethylbenzyl molecules showed
intensive phosphorescence after their exciting at
room temperature, whereas both self- and oxy-
gen-quenching of phosphorescence of their free
molecules in solution was observed at room tem-
perature. The caging ligand 474 can isolate these
encapsulated neutral molecules from ambient
water or from atmospheric oxygen. Alkylation of
this capsule with ethyl iodide gave its analog 475
with eight triethylammonium groups. It encapsu-
lates camphorthione and 4,4’-dimethylbenzyl in
aqueous solutions but do not form the cage com-
plexes with aromatic guests [150].

Normal Cs—C,; alkanes are described in [151]
to form cage complexes of different stoichiometry
depending on the size of the guest by dimeriza-

P o, e
e S N e T

k\/\/\/\/\/\/\/\/

tion of the deep-cavity cavitand syntone 208 by
Scheme 3.136. The Cs—C,; alkanes gave host—
guest 1:2 cage complexes of 473, and n-octane
forms both 1:2 and 2:2 complex species. In the
case of its more bulky homologs, only 1:1 cage
complexes have been detected in [151] by 'H
NMR spectroscopy. The terminal methyl groups
of these guests are deeply anchored in each of the
two cavitand semispheres, and the guests from
n-decane to n-hexadecane adopt their folded con-
formations to fit into the cavity of an encapsulat-
ing ligand 473 [151].

The bis-cavitand capsule 473 is also able to
encapsulate trioxolane guests 235-238 in aque-
ous solutions thus forming 1:1 cage complexes
by Scheme 3.137 [152].

A bis-cavitand analog of 473 with methyl
substituents, which are partially included in the
ligand cavity as well as into its rim, has been syn-
thesized in [153] by Scheme 3.138. The presence
of these substituents decreases the ability of the
deep-cavitand ligand syntone to form a dimer
giving the encapsulating ligand 476. According
to 'H NMR and PGSE diffusion experiments, it
forms a host—guest 1:2 cage complex with n-pen-
tane and those of host—guest stoichiometry 1:1
with normal Cy—C, alkanes by Scheme 3.138. As
follows from NMR data [153], the guest in the
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cage complex (n-C,4H;,) @476 adopts a pole-to-
pole conformation with terminal methyl groups
located close to the apical fragments of the cag-
ing ligand 476.

In the case of n-hexadecane as a guest, forma-
tion of its 1:2 cage complex with tetrameric
D, /pseudo-T, caging ligand 477 having a cavity
volume of approximately 1500 A3 by
Scheme 3.139 has been detected [153] using
NMR diffusion experiment; the use of tetra-(n-
hexyl ester) pentaerythritol as a guest gave a 1:1
cage complex [154]. The T,-symmetric 1:2 cage
complexes were detected for n-octadecane,

237

n-nonadecane, and n-eicosane, while n-tetraco-
sane formed a hexacavitand 1:3 cage complex of
supramolecular capsule 478 having an O, sym-
metry. The same octahedral cage complexes were
also detected [154] for n-pentacosane and
n-hexacosane.

Encapsulation of these long-chain alkanes
by the bis-cavitand caging ligand 473 and its
diamine-linked hexalene analog 479 has been
studied in details [155]. All long-chain guests
(Scheme 3.140) starting from n-undecane cannot
adopt their fully intended conformation within
the cavity of 473 and should be in compressed
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Scheme 3.138

Scheme 3.139

or helical conformations. The guests from n-
octadecane to tricosane adopt U-shape confor-
mation, while normal C,,—C,¢ alkanes exhibit a
“spinning-top” motif. A supramolecular capsule
473 is described in [155] to form both the host—
guest 1:1 and 1:2 cage complexes with molecular
D,, and D, symmetry, respectively. The n-hexane
and n-octane as guests form 1:2 complexes with

(c)@4a76

e

(3G @478

this caging ligand (or their mixture with the
corresponding 1:1 complexes), while normal
Cy—C,; alkanes gave 1:1 stoichiometry only.
Encapsulation of normal C;—C,; alkanes by
capsule 479 shown in Scheme 3.141 afforded
the cage complexes of two types. According to
'"H NMR data, the major products are 1:1 com-
plexes with an encapsulated guest molecule in a
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Scheme 3.140

U-shape conformation, while the minor products
with a relatively large D,,-symmetric guest mol-
ecule are host—guest 2:1 cage complexes [155].
'"H NMR titration studies performed in [156]
suggest the formation of a cage complex of the
hydrogen-bonded capsule 473 with two encapsu-
lated polyaromatic guests shown in Scheme 3.142;
the photodimerization of such encapsulated ace-
naphthylene molecules is described in Sect. 5.2.
Conformational  preference of phenyl-
substituted alkanes, alkenes, and alkynes guests
and their piperidine analogs shown in
Scheme 3.142 within the cavity of octaacid bis-
cavitand caging ligand 473 has been studied in

5J
Y

"spinning-top" packing motif

[157] using '"H NMR and MD methods. Small
hydrocarbons adopt a linear conformation, while
longer alkanes prefer a folded conformation. The
extent of folding and the location of the end
groups (methyl and phenyl) are affected by the
nature of the group (H,C—CH,, HC = CH, or
C=C) adjacent to the phenyl substituent.

As follows from 'H NMR and fluorescence
data, bis-cavitand caging ligands 480 and 481,
which are formed by dimerization of the corre-
sponding 6-O-modified p-cyclodextrin ligand
syntones 239 and 240, encapsulate one pyrene
molecule in deuterobenzene and deuterocyclo-
hexane solutions by Scheme 3.143 thus giving 1:1
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cage complexes. The orientation of the guest mol-
ecule within their cavities in solution has been
deduced in [158] from two-dimensional NMR
spectra. According to X-ray diffraction data, the
bis-cavitand caging ligand 480 formed through
head-to-head hydrogen-bonding interactions
between terminal hydroxyl groups of its two
p-cyclodextrin entities encapsulates one pyrene
guest molecule. The latter is located in the center
of the cavity and forms a sandwich-like supramo-
lecular associate with two benzene molecules
through stacking interactions [158].

Chiral recognition of aromatic amines in non-
polar solvents by the bis-cavitand caging ligand
480 has been studied in [159] using various
NMR techniques. Both the R- and S-isomers of
1-(1-naphthyl)ethylamine and 1-(2-naphthyl)
ethylamine form 1:1 cage complexes with this

RsSI0  OSiR;  OSiR, OSPs
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ligand by Scheme 3.144 (in deuterocyclohexane
for both and in deuterobenzene for R- and
S-isomers of 1-(1-naphthyl)ethylamine). Thus,
the position of the 1-aminoethyl substituent in
the guest aromatic molecule plays an important
role in the encapsulation. According to 2D NMR
data, the long axes of the naphthalene guests are
perpendicular to that of the cavity of the ligand
that passes through the centers of its cyclodex-
trin entities in their deuterobenzene solutions;
those are tilted toward this axis in deuterocyclo-
hexane solutions [159]. As in the case of the
cage complex (pyrene)@480 (see above), the
encapsulated guest in the molecule of (S-1-(1-
naphthyl)ethylamine) @480 is located in the cen-
ter of the cavity of the capsule 480 and forms
stacking interactions with two solvate benzene
molecules [159].
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Scheme 3.145

A dendrimeric deep-cavity cavitand capsule
482 has been prepared in [160] by dendrimeriza-
tion of the corresponding hexahydroxyl-terminated
ligand syntone. At neutral pH, this caging ligand
easily forms 1:1 cage complexes with various neu-
tral guests shown in Scheme 3.145 [160].
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Encapsulation by Coordination

Capsules

Coordination capsules are the species that typi-
cally self-assembled from ligand syntones with
appropriate terminal donor groups and the coor-
dinate transition and non-transition metal ions or
their labile and coordination-unsaturated com-
plexes. The resulting cage frameworks can be
divided into three main structural types: (i) tetra-
hedral capsules and their analogs, such as cuboid
frameworks, containing 4n end-capping metal
ion, (ii) octahedral and TP capsules and their ana-
logs with 6n end-capping metal ions, and (iii)
coordination capsules with bridging (cross-
linking) metal ions. Most of these caging ligands
are positively or negatively charged (cationic and
anionic coordination capsules, respectively);
templation of their formation by anionic or cat-
ionic guests of appropriate size and shape has
been observed in many cases.

4.1 Caging Ligands with 6n
End-Capping Metal lons
4.1.1 Free Cages and Encapsulation

of Neutral Molecules

For the first time, the coordination-driven self-
assembly of a rigid tris-pyridyl tridentate ligand
syntone 24/ with ethylenediamine palladium(II)
nitrate by Scheme 4.1 has been used by M. Fujita
and coworkers in [1] to obtain a nanosized PdgL,
coordination capsule 483. Its expanded analogs

© Springer International Publishing Switzerland 2016

484 and 485 have been synthesized in [1] by
Scheme 4.2 using mono- and diphenylene-
containing homologs of 241.

The caging ligand 483 encapsulates hydro-
phobic organic molecules by Scheme 4.3 form-
ing host—guest 1:1 and 1:4 cage complexes
depending on the size of such guest molecules,
but not with 1,4-dibromo-, 1,3,5-tribromo-, and
perfluorobenzenes. Its hydrophobic and electro-
philic cavity thus discriminates these electron-
deficient organic molecules [2]. This coordination
capsule is also able to encapsulate polyaromatic
guests shown in Scheme 4.3 giving 1:2 cage
complexes (as follows from 'H NMR data); the
photochemical reactions of these caged species
performed in [3] are described in Sect. 5.2.

The coordination capsule 483 has been used in
[4] for AND/OR bimolecular recognition of neu-
tral organic guests (Scheme 4.4). In the case of
AND, this ligand encapsulates the corresponding
guests and their mixtures giving the homoguest
and heteroguest cage complexes, respectively. In
particular, it binds both cis-decalin and perylene,
thus forming a host-heteroguest 1:1:1 cage com-
plex with a visible CT between its caging ligand
and perylene guest (according to '"H NMR and
UV-vis data), but does not give the cage com-
plexes with their individual molecules. This type
of bimolecular recognition has been observed in
[4] for large aromatic guests and suitable ali-
phatic co-guests. In the case of OR bimolecular
recognition, the caging ligand can adopt either
these individual components or their mixture;
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G = Ac-Trp-Trp-Ala-NH, (242), Ac-Trp-Ala-Trp-NH, (243) >> Ac-Ala-Trp-Trp-NH, (244),
Ac-Trp-Trp-Gly-NH, (245), Ac-Ser-Gly-Ala-Trp-Trp-Ala-NH, (247),
Ac-Ala-Trp-Trp-Ala-Gly-Ser-NH, (248), H-Trp-Trp-Ala-OH (249),
Ac-Ala-Trp-Trp-Ala-Gly-Lys-NH, (250), Ac-Ala-Trp-Trp-Ala-Gly-Glu-NH, (257),
Ac-Ala-Tyr-Tyr-NH, (252)

f Ac-Gly-Gly-Ala-NH, (246)

Scheme 4.5

this type of bimolecular recognition has been
observed for relatively small aromatic guests. In
particular, both azulene and 1,4-naphthoquinone
form homoguest 1:2 cage complexes with 483,
while the use of their mixture resulted in the for-
mation of a corresponding heteroguest 1:1:1
assembly that has been detected in [4] by 'H
NMR method.

The following advanced properties of PdgL,
caging ligand 483 for molecular recognition of
different guests are summarized in [5]: (i) its
inner cavity, formed by four aromatic ligand syn-
tones, can effectively bind aromatic molecules
through hydrophobic van der Waals interactions;
(i) electron-rich guest molecules form CT inter-
actions with triazine coordination capsule 483,
which is electron deficient due to coordination to
platinum(Il) ions; (iii) its relatively rigid cage
framework discriminates guests by their size and

substantially higher chemical stability in both the
acidic and basic media than the palladium(II)-
capped cage framework 483 [5].

The capsule 486 selectively recognizes aro-
matic oligopeptides 242—245 (Scheme 4.5) but dis-
criminates their aliphatic analog 246. In the case of
longer guests 247 and 248, steric effects of this
ligand cause preferential binding of hexapeptide
247 with an additional peptide chain at its
N-terminus over its analog 248 having this
sequence at the C-terminus. The latter cage com-
plex is less stable due to steric “mismatches”
between the cavity of the host and the guest mole-
cule. According to the X-ray diffraction data for a
1:1 cage complex of capsule 486 with 242, the
guest C-terminus is more deeply buried in its cavity
than N-terminus. Due to the cationic character of
this caging ligand, it binds anionic (such as 257)
and neutral peptides much more (up to two orders)
efficiently than their cationic analogs (such as 250).
In the case of charged peptides, this binding is
affected by pH. Encapsulation of aromatic peptides
becomes more efficient in the basic conditions and
causes an intensive coloration of a solution as a
result of strong CT interactions (such as in the cage
complexes of the guests 244 and 252) [5].

The Pdg¢L, coordination capsules 483 and 487
are reported [6] to form heteroguest 1:1:1 cage



4.1 Caging Ligands with 6n End-Capping Metal lons

Scheme 4.6

complexes with the encapsulated polyaromatic
molecules shown in Scheme 4.6 and the deriva-
tive of maleimide; the chemical reactivity of
these caged guests is described in Sect. 5.1.

The coordination capsule 487 is reported in
[7] to form a host—guest 1:4 cage complex with
four encapsulated TTF molecules, which has
been characterized both in solution and in solid
state by "H NMR and single-crystal X-ray dif-
fraction data, respectively. The crystals of 487
extract 4-hydroxydiphenylamine from its toluene
solution, thus forming 1:4 host—guest complex
[8]. These guest molecules within the cavity of
487 lie along its S,~symmetry axis in such a man-
ner that their secondary amino groups are com-
pletely isolated from external factors, whereas
hydroxyl substituents are directed to interstitial
pores of the crystals [8].

A caging ligand 488 has been self-assembled
in [9] by coordination of tris-pyridyl ligand syn-
tone 241 to palladium(II) bipyridinate; this ligand
encapsulates neutral organic guests shown in
Scheme 4.7. In the case of 4,4’-dimethoxydiben-
zoyl, the formation of host—guest 1:2 cage com-
plex caused desymmetrization of its cage
framework from T,symmetric to S,-symmetric
due to a specific orientation of two guest mole-
cules. According to NMR and X-ray diffraction
data, they aggregate in an orthogonal fashion and
adopt a chiral twisted conformation with opposite
screw axes. In the case of asymmetric analogs of
this guest, an equimolar mixture of two diastereo-
meric forms of the corresponding cage complexes
has been detected in [9] using single-crystal X-ray
diffraction experiment. This coordination capsule
also encapsulates ten solvent water molecules by
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Scheme 4.8 — 649, thus forming an adamantanoid
cluster (H,0),, (so-called “molecular ice”) within
its cavity. Such “molecular ice” does not melt
even at room temperature and is not sustained by
any metal cation or anion coordination [10]; it fills
the void of the cavity of 488 forming OH...x and
H,O...rinteractions. A single-crystal neutron dif-
fraction study of [10] showed that the cluster
(H,0),y donated the electrons of a lone pair of the
bridgehead water molecule.

The capsules 483 and 488 are reported in [11]
to simultaneously encapsulate ortho-quinones
253 and 254 and an adamantane derivative 253,
thus giving heteroguest 1:1:1 cage complexes by

Cc,_.C
_ /OCH3 C,Hs0, _ /OCH3
i X . X
: ; b
\ \
[¢] o}

OCyHs  CoHsO

Schemes 4.9 and 4.10. The encapsulated aromatic
guest forms stacking interactions with facial azine
fragments of 488, while that with bulky adaman-
tyl substituent occupies the remaining free space
within its cavity; the photomediated 1,4-radical
reaction of the caged molecules is described in
Sect. 5.2. The coordination capsule 483 also gave
the corresponding homoguest 1:1 and 1:2 cage
complexes shown in Scheme 4.10 [11].
Cavity-induced spin—spin interactions between
organic radicals encapsulated within the Pd¢L,
coordination capsule 488 have been studied in
[12] using EPR method. The organic radical 256
forms a stable 1:2 cage complex with this host by
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Scheme 4.8

Scheme 4.11 and two radical centers of the caged
guest molecules are enforced to be close to each
other within its cavity. As a result, the through-
space interaction between them has been detected
both in solution and in solid state [12].

Guanidinium nitrate, DMF, DMA, and DMSO
have been used in [13] as efficient ionization-
promoting reagents for CSI-MS study of encap-
sulation abilities of its platinum-based analog
489 in aqueous solutions. This allowed the
authors to characterize caged guests shown in
Scheme 4.12 (including the direct observation of
their molecular behavior) and to elucidate the
structures of various labile cage complexes.

The Pdg¢L, coordination capsule 487 forms
host—guest 1:1 and 1:2 cage complexes with
encapsulated acenaphtylene molecule(s) by
Scheme 4.13, which were characterized in [14]
by single-crystal X-ray diffraction data; the ole-
fin photodimerization reactions of these caged
guests are described in Sect. 5.2. A sequence-
selective recognition of peptides also shown in
this Scheme by 487 has been performed in [15].
The ligand 487 selectively binds a peptide Ac—
Trp-Trp—Ala—NH,, giving a stable 1:1 cage com-
plex, while the tripeptides with other sequences
as well as those with one changed amino acid
residue form the corresponding cage complexes
with substantially lower stability constants. In
the former cage complex, the encapsulated tri-

peptide guest having two electron-rich indole
fragments forms strong stacking interactions
with the electron-deficient triazine fragment of
487 (i.e., the ET indole — triazine) [15]. At the
same time, this ligand is described to discrimi-
nate aromatic-free and cationic peptides; in the
latter case, this feature is explained by electronic
repulsions between the positively charged cage
framework and the cationic guest. The same
sequence-specific recognition has been also
observed in [15] for larger oligopeptides.

The coordination capsule 487 has been used
in [16] to stabilize reactive transition metal com-
plexes such as manganese cyclopentadienyl
MeCpMn(CO);, giving a host—-guest 1:4 cage
complex with this coordinately unsaturated guest
shown in Scheme 4.13.

Self-assembly of a triazine ligand syntone 24/
with bulky capping ruthenium(II) thiomacrocy-
clic precursor by Scheme 4.14 is reported in [17].
According to the single-crystal X-ray diffraction
data, the donor pyridyl groups of the formed cap-
sule 490 are twisted due to the steric restriction at
its vertex metallocenters. This ligand encapsu-
lates four guest molecules of adamantanol iso-
mers, thus forming host—guest 1:4 cage
complexes. Such binding causes coplanarity of
the triazine facial fragments of 490 and a sub-
stantial longwave shift of its metal-to-ligand CT
bands [17].
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Scheme 4.9

Self-assembly of a verdazyl radical tris-
pyridyl ligand syntone 257 with palladium(II)
2,2'-bipyridinate by Scheme 4.15 afforded a
ML, capsule 491 with four spin centers, which
showed intramolecular antiferromagnetic inter-
actions [18]. The obtained paramagnetic caging
ligand encapsulates nitroxyl radical 258, giving a
1:1 cage complex with more pronounced interac-
tions of this type. Therefore, the spin state of 491
can be controlled by encapsulation of appropriate

guests; in particular, the radical guest 259 forms
a host—guest 1:2 cage complex with multiple
H-G-H-G spin—spin interactions between its six
radical centers [18].

The photoinduced self-assembly of platinum(II)-
capped coordination capsule 492 has been
performed in [19] by Scheme 4.16.

A robust, porous crystalline network 493
(Scheme 4.17) that arises from an infinite array of
the CogL, cage entities occupying approximately
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20 % of its crystal volume has been prepared in  syntones, and each vertex metal ion is shared by
[7] by self-assembly of cobalt(Il) thiocyanate two adjacent cage entities. Its coordination poly-
with the ligand syntone 24/. In the crystal, the hedron is formed by four pyridyl donor groups
octahedral coordination capsules are formed by of the four syntones 24/ and two apical thiocya-
six cross-linking cobalt(Il) ions and four paneling nate anions. The adjacent and opposite Co...Co
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distances in the capsule are equal to 13.24 and
18.73 A, respectively. This caging host is also
reported [7] to bind organic guests, such as TTF
and diphenylamine. In the crystal of a host—guest
1:4 cage complex of 493 with TTF, four tightly
packed guest molecules in each ML, entity are
stacked with its paneling syntones at the distance
of approximately 3.7 A. Large interstitial voids
in the crystal of 493 occupy approximately 60 %
of its total lattice volume and contain two types
of cuboctahedral M,Ls and M,,L,, cage frame-
works. The first one is surrounded by and shares
the paneling ligand syntones and the cobalt(Il)
vertices with eight octahedral ML, capsules,
and the second one is formed by the edges of 24
bridging syntones 241, each of which joins two
metallocenters. Thus, the porous crystals of 493
contain a small octahedral cage framework, hav-
ing the narrow windows with a van der Waals
diameter of 4.8 A and two big cuboctahedral

frameworks with substantially wider windows
(11.5 A); those allow encapsulating bulky organic
guests. In particular, the nanosized cuboctahedral
capsules bind fullerene guest molecules and dis-
play their molecular recognition by preferentially
extracting the fullerene C;, from its 1:1 mixture
with Cg.

Coordination of a tris-pyridyl ligand syntone
260 to palladium(II) ions by Scheme 4.18 has been
used in [20] for the synthesis of the first spherical
ML caging ligand 494. All eight bridging frag-
ments of this ligand that encapsulate DMSO mol-
ecules are equivalent, and C,symmetry axis
passes through its apical metallocenters. These six
centers with PdN, square-planar coordination
polyhedra form a regular octahedron.

The Pd¢L;, cubic coordination capsule 495
has been formed in a quantitative yield by
coordination-driven self-assembly of a bis-
pyridyl ligand syntone 26/ having a bend angle
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of 90° with palladium(II) ions by Scheme 4.19
[21]. This capsule has highly symmetric
30x30x30 A cage framework with a cavity vol-
ume of approximately 27,000 A3 and a Pd...Pd
distance between the opposite PdN, square-
planar metallocenters of approximately 26 A; it
encapsulates solvent DMSO molecules and tri-
flate anions [21].

Self-assembly of a Cj;-symmetric tris-meta-
pyridyl ligand syntone 262 and palladium(Il)
ions has been used in [22] for the synthesis of a

(Gp)(A™m) @495

PdgLg coordination capsule 496 as the only prod-
uct of the reaction by Scheme 4.20. The '"H NMR
and ESI-MS data suggest an equivalence of all
the C;-symmetric facial entities in its cage frame-
work with a diameter of approximately 24 A and
a truncated octahedral geometry. The combina-
tion of a donor nitrogen atom in a meta-position
to the carboxamidopyridinyl fragment and the tilt
of a pyridyl ring versus the facial mean plane of
this syntone provided the needed curvature for
the formation of such octahedral coordination
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capsule; the cross-linking PdN, fragments have a
square-planar geometry. Two statistically disor-
dered conformational isomers occurring in the
ratio of 3:2 have been observed in [22]; the major
syn-isomer has a cavity volume of approximately
1600 A3, and that of its trans-analog is above
1900 A3 At the same time, only the syn-
conformer of 496 has been detected in solution
[22]. The analogous synthetic approach allowed
obtaining O,-symmetric truncated octahedral
coordination capsule 497 starting from tris-para-
pyridyl ligand syntone 263. Its truncated octahe-
dral cage framework has a diameter of
approximately 26 A and is slightly larger than

that for 496; a cavity volume of 497 (approxi-
mately 2200 A%) is also larger than those for the
above syn- and anti-conformers of 496 [22].

A similar truncated octahedral Pdg¢lg coordi-
nation capsule 498 with pendant monodentate
quinoxalyl donor groups has been synthesized in
[23] by Scheme 4.21. As follows from ESI-MS
data, this ligand encapsulates four solvent
DMSO-ds; molecules, thus giving a host—guest
1:4 cage complex.

Coordination-driven self-assembly of a rigid
angular bis-pyridyl ligand syntone 264 with
palladium(Il) ions by Scheme 4.22 afforded a
cuboctahedral M,,L,, capsule 499 in quantitative
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yield [24]. This spherical capsule has a uniformed
dimension of 35 A, while its analog 500, the
derivative of 2,5-(bis-pyridyl)furane ligand syn-
tone 265, has a diameter of approximately 34 A;
the latter encapsulates nitrate anions and solvent
DMSO molecules. An extended angular bis-
pyridyl syntone 266 with phenylene spacer
fragments forms highly symmetric M,,L,, coor-
dination capsule 501 as the only product of its
coordination-driven  self-assembly with Pd*
ions. The use of monofunctionalized syntones
267 and 268 with porphyrin and fullerene pen-
dants allowed obtaining spherical capsules 502
and 503 (Scheme 4.23) with 24 peripheral func-
tionalizing groups [24].

A bowl-shaped Pd¢L; precursor 269 under-
goes dimerization in the presence of a nine-
residue peptide in NaNO; aqueous solution by
Scheme 4.24 to give a 1:1 cage complex of the
Pd;;L¢ coordination capsule 504 with large
hydrophobic cavity; this capsule is in equilibrium
with its cavitand analog [25]. According to the
NMR data, the guest peptide molecule adopts
a-helical conformation within the hydrophobic
cavity of 504 [25].

Functionalized angular bis-pyridyl diacety-
lene syntones 265—268 have been used in [26] for
the synthesis of spherical M;,L,; coordination

capsules 505-508 (Scheme 4.25) decorated with
24 endohedral substituents. The rigid acetylene
spacers in this case not only increase the size of
their cage frameworks but also prevent their col-
lapse. The bis-pyridyl ligand’s fragments have a
planar conformation, and each of four pyridyl
donor groups is perpendicular to @ mean plane of
the square-planar PdN, coordination polyhedron
of the corresponding metallocenter [26].

Self-assembly of 24 analogous perfluoroalkyl-
functionalized bis-pyridyl ligand syntones 269—
272 with 12 palladium(II) ions by Scheme 4.26
afforded in quantitative yields the fluorophilic cag-
ing ligands 509-512 with an inner superhydropho-
bic interior able to encapsulate perfluoroalkanes
[27]. As follows from °F NMR data, the coordina-
tion capsule 509 can accommodate up to six of
these molecules to give mostly a host-guest 1:6
complex. The complex with encapsulated disor-
dered perfluorooctane molecules has a rigid oval
Pd;,L,, cage framework of approximate size of
49x42 A with disordered perfluoroalkyl chains in
its inner cavity. The coordination capsules 510 and
511 with more bulky inner perfluoroalkyl substitu-
ents can accommodate up to 2.5 guest molecules
per one cage framework. Their analog 512 does
not form such a cage complex with encapsulated
perfluorooctane molecule(s) [27].
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Similar Pd,L,, long-chain alkyl-

functionalized caging ligands 513-515 with a
diameter of approximately 50 A have been syn-
thesized in [28] by Scheme 4.27. These spheri-
cal coordination capsules have hydrophobic
inner cavities that are formed by alkyl chains
and are able to encapsulate hydrophobic guests

(such as dye Nile red) by Scheme 4.27 giving
host—guest 1:2, 1:10, and 1:12 cage complexes,
respectively [28].

The use of angular amino acid- and peptide-
functionalized bis-pyridinyl ligand syntones
allowed preparing nanosized spherical Pd;,L,,
coordination capsules 516524 with peptide-lined
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chiral cavities by Scheme 4.28 [29]. While the
yield of the corresponding caging ligand with
one-residue peptide substituents is quantitative,
in the case of five-residual functionalizing
groups, it is substantially lower due to steric
restrictions within the inner cavity of the capsule.
The ligand 516 has a spherical cage framework
with a diameter of approximately 46 A and 24
inner asymmetrical peptide substituents that form
chiral environment. As follows from CD data, the
chirality of these pendants is conducted through

(G)@504

this framework. The use of a combinatorial
library of such bipyridyl syntones afforded a
mixture of Pd,,L.'L?,, coordination capsules
with different inner peptide substituents [29].

A caging ligand 525 with a polycationic
quaternary ammonium interior and its neutral
analogs 526 and 527 have been synthesized in
[30] by self-assembly of angular aromatic syn-
tones 273-275 with palladium(II) ions, giving
by Scheme 4.29 the corresponding M,L.,, coor-
dination capsules in quantitative yields.
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R = CH,CH,(CF,)5CF5 (269)
CH,CH,(CF5);CF3 (270)

CH,CH,(CF,)sCF(CF3), (271)

CH,CH,(CF5)3CF3 (272)

= CBF‘IB’ n =6 (for 509),
n=2.5 (for 510 and 511),
CGF14, n = 8 (for 509)

Scheme 4.26

According to MM data, the cage framework of
525 with a diameter of approximately 46 A has
cuboctahedral symmetry, and its inner cavity
with a diameter of approximately 23 A is deco-
rated by 24 cationic residues allowing for mul-
ticenter interactions within the cationic
microenvironment. Indeed, encapsulation of
anionic guests shown in Scheme 4.30 by this
spherical caging ligand has been performed.

|24+

While the carboxylate anions caused complete
destruction of its cage framework due to their

coordination to palladium(Il) ions, SO;-
containing anions (especially the correspond-
ing polyanionic guests) form 1:1 cage
complexes. These caged anions interact with
multicationic interior in a multipoint fashion,
and such electrostatic interactions are more
pronounced in the case of multivalent anions.
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As follows from DOSY NMR experiments,
supramolecular interactions of these anionic
guests within the cavities of capsules 526 and
527 with neutral pendant substituents are sub-
stantially weaker [30].

Nanosized Pd;,L,, coordination capsules 528—
530 have been prepared in [31] by coordination-
driven self-assembly of rigid angular bis-bipyridyl
ligand syntones 276—278 by Schemes 4.30. The
caging ligands 528 and 530 encapsulate tetrame-
thoxysilane molecules; their further reactivity
within the cavities of these coordination capsules
is described in Sect. 5.1.

Coordination-driven  self-assembly of 18
palladium(II)ions and six triangular 3,5-pyrimidyl
ligand syntones 279 by Scheme 4.31 has been
used in [32] to obtain the first hexahedral Mgl

(520) AH%A/N%H/EOAAHAI&IGW (523)
(521) *u*g”ﬁh Yol (saa)

© AlaPheAlaGly

coordination capsule 531 with a cavity volume of
approximately 900 A3,

Distorted TP — TAP M¢L',1.%; capsules 532-534
have been prepared in [33] by Scheme 4.32 using
one-pot self-assembly of aromatic tris-carboxylate
ligand syntones 280-282 with hexaazamacrocycle
283 and copper(Il) ions. Their cage frameworks are
formed by three copper(Il) azamacrocyclic frag-
ments linked by two n'-O-bridging tris-carboxylate
donor fragments, and each of them is coordinated
to three CuN;O-metallocenters having a rigid
square-planar geometry. TP — TAP framework of
532, stabilized by stacking interactions, is distorted
around its Cj;-symmetry axis with the distortion
angle ¢ of approximately 58° [33].

Dimerization of a tris-ethynyl-containing
organocobalt precursor 284 in the presence of
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copper(Il) acetate and copper(I) chloride by
Scheme 4.33 gave the hexanuclear TP capsule
535 [34].

Coordination-driven self-assembly of the ligand
syntone 24/ with organoruthenium precursors by
Scheme 4.34 has been used in [35] for the synthesis
of ruthenium-based TP hexacationic capsules 536—
539. Their assembly in the presence of large aro-
matic molecules, which is also shown in this
Scheme, gave the corresponding 1:1 cage com-
plexes. As follows from single-crystal X-ray dif-
fraction data, the capsule 536 encapsulates two
pyrene or benzo[e]pyrene guests that form stacking
interactions with the aromatic rings of its caging
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ligand at the distance of 3.42 A. The average Ru...
Ru distance is 7.93 A for the pillar fragments and
becomes 13.2 A for the trigonal bases of this TP
framework. The cavity volumes of the hexanuclear
coordination capsules 536-539 are approximately
700 A3 [35].

Self-assembly of a diruthenium precursor 285
as a bimetallic connector with tris-pyridyl ligand
syntone 24/ in the presence of silver(I) ions by
Scheme 4.35 afforded a cationic TP (arene)ruthe-
nium Rug'L;’L, coordination capsule 540 [36].
This capsule encapsulates palladiom and
platinum(I) acetylacetonates to give the corre-
sponding 1:1 cage complexes [36]. In the platinum-
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Scheme 4.30

containing complex of this type, the guest molecule
is located between the planar base triazine frag-
ments of 540, thus forming a “Matreshka” com-
plex-in-complex cage assembly [36]. The ligand
540 has been used in [37] for encapsulation of a

triazine-containing pyrene derivative 286 as a fluo-
rescent aromatic guest by Scheme 4.35; this cag-
ing process is reported in [37] to quench its
luminescence. The coordination capsule 540 also
efficiently binds other planar aromatic guests
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shown in Scheme 4.35 [38]. Encapsulation of
monosubstituted pyrenyl-containing guest pro-
ceeds in two steps: (i) the reaction of an (arene)
ruthenium complex syntone with silver(I) ions to
give a reactive intermediate, and (ii) reaction of the
formed intermediate with a tris-pyridyltriazine
ligand syntone and a functionalized pyrene deriva-
tive to give a cage complex (as follows from the
solution '"H NMR spectra). The observed upfield
shift of the signals of protons of pyrene guests sug-
gests that these encapsulated molecules are sand-
wiched between two tris-pyridyl panels of 540
through their stacking interactions [38].

Similar dimetallic (cyclopendadienyl)irid-
ium linkers (connectors) have been used in [39]
to obtain the flexible coordination capsules 541
and 542. Self-assembly of six organometallic
capping fragments, two tridentate paneling tris-
pyridyl ligand syntones and three Z-like pillar-
ing syntones by Scheme 4.36 afforded a mixture
of a symmetric caging ligand 541 with the same
orientation of methyl substituents and its non-
symmetric analog 542. In the molecule of 541,

its parallel aromatic panels are situated very
close each to other on the distance of approxi-
mately 3.3 A due to strong stacking interactions
between them, and this causes a substantial (by
33°) deviation of the iridium-based metallocen-
ters from their mean planes. As follows from
'"H NMR data, these capsules encapsulate aro-
matic guest molecules by Scheme 4.36 with a
“closing-to-opening” conversion of the corre-
sponding cage frameworks, allowing to accom-
modate such guests as a result of the face-to-face
and edge-to-edge interactions with an interior of
their cavities [39]. In particular, in the molecule
of 1:1 cage complex of 541 with an encapsu-
lated coronene, this guest forms face-to-face
stacking interactions with 1,3,5-triazine bases at
the distance of 3.3 A. As a result, the distance
between them increases up to 6.8 A, while the
deviation of iridium metallocenters goes down
to 13°. At the same time, the caging ligands 541
and 542 are described in [39] do not encapsu-
late more bulky aromatic molecules such as
hexamethoxytriphenylene.
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Guest-template effect of hexamethoxytriphen-
ylene molecules in the formation of a pyrazine-
pillared TP capsules 543 and 544 has been
observed in [40]. According to the '"H NMR data,
these ligands forms the corresponding 1:1 cage
complexes by Scheme 4.37. In their Dj,-
symmetric molecules, the encapsulated aromatic
guest is oriented within the ligand’s cavity to
maximize its stacking interactions with the aro-
matic fragments of the corresponding caging
ligand. Extraction of hexamethoxytriphenylene
from such cage complexes gave the free coordi-
nation capsules 543 and 544, which efficiently
encapsulate other aromatic guests shown in
Scheme 4.37. The ligand 544 has been also used
to control an equilibrium between planar and
non-planar tautomers of these aromatic guests. In
particular, only the enol form of the correspond-
ing fp-diketone 287 is found in [40] to be encap-
sulated by this caging ligand.

Encapsulation of minimal hydrogen-bonded
nucleotide pairs (duplexes) by the ligand 544 in
aqueous solution has been studied in [41] using
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"H NMR spectroscopy. In the heteroguest 1:1:1
cage complex shown in Scheme 4.38, nucleobase
fragments of the encapsulated nucleotides are
located within the cavity of the coordination cap-
sule being encaged by its aromatic ribbed panels.
The ribose moieties of these co-guests remain
outside the cage framework of 544. The 'H NMR
signals of its protons are substantially broadened
as compared with those of the corresponding
homoguest cage complexes also shown in this
Scheme. Thus, the duplex guest is described in
[41] to give a more stable coordination capsule
with this ligand than its homodimeric analogs.
All these nucleotide anionic species form hydro-
phobic, stacking, and electrostatic interactions
with the cationic aromatic host, but only in the
case of their heterodimeric pair formation of the
hydrogen-bonded duplex caused the additional
stabilization of the corresponding cage complex.
The X-ray diffraction data of [41] for the cage
complex of its §,5-1,2-diaminocyclohexane ana-
log 545 (Scheme 4.39) confirmed the anti-Hoog-
steen hydrogen bonding between the encapsulated
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Scheme 4.35

nucleotides. Stacking interactions of a planar A—
U base-pair guest with triazine fragments of this
caging ligand stabilize their heteroguest 1:1:1
cage complex; the formation of an anti-
Hoogsteen-type nucleobase pair is also con-
firmed by N NMR experiments for the
5N-labeled nucleotides. Encapsulation of dinu-
cleoside monophosphate duplexes in their
aqueous solutions by the caging ligand 546 with

4 Encapsulation by Coordination Capsules

an extended cavity (Scheme 4.40) has been also
studied in [41]. In this case, thymidylyl-(3'-5)-
2'-deoxyadenosine forms the corresponding
host—guest 1:2 cage complex. As follows from 'H
NMR data, two caged dinucleotides adopt U con-
formations within its cavity, thus giving two A-T
hydrogen-bonded base pairs. Formation of these
pairs has been confirmed in [41] by X-ray
diffraction data for the cage complex of the

\/

Scheme 4.37
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S,5-1,2-diaminocyclohexane coordination cap-
sule 547 (Scheme 4.41), which showed the anti-
Hoogsteen-type pairing between its encapsulated
A-T species that also form stacking interactions
with the triazine bases of this caging ligand.
Duplex binding of the complementary G—C
nucleotides by the TP coordination capsule 544

(Scheme 4.42) has been detected in [42] using
'"H NMR method in aqueous solutions of diso-
dium 5’-guanosine monophosphate and disodium
5’-cytidine monophosphate. In their heteroguest
1:1:1 cage complex, the encapsulated nucleobase
fragments are shielded by the aromatic panels of
the caging host. Its S,5-1,2-diaminocyclohexane-
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containing analog 545 (Scheme 4.43) encap-
sulates these complementary guests with the
Watson—Crick hydrogen bonds between them; the
G-C base pair stacks with the electron-deficient
triazine bases of the coordination capsule 545
stabilizing their cage complex. The hydropho-
bic cavity of 544 also contains one nitrate anion
and one water molecule. As a result, the caged
nucleobase pair is hydrated as in a DNA struc-
ture and retains its selectivity and stability in
aqueous solutions even without templating DNA
helix or additional stabilizing interactions [42].
In the absence of the complementary nucleotide,
each of these nucleotides gives the corresponding
homoguest 1:2 cage complexes. The first one is
more stable owing to its extended aromatic frag-
ment forming strong hydrophobic and aromatic—
aromatic interactions between their electron-rich
guanine moieties and the electron-deficient tri-
azine bases of the caging ligand. This caused
host—guest CT bands to appear in the UV-vis
spectrum of an adenosine-containing complex,

N
Pt2tuNH,
H N

which are absent in the spectrum of its cytidine-
containing analog; this suggestion has been
confirmed in [42] by the competition '"H NMR
experiments.

Tetraazaporphine 288 is reported in [43] to
form a 1:1 cage complex with a TP coordination
capsule 544 as host (Scheme 4.44). This caged
guest, in contrast to the free molecule, exhibits
strong fluorescence within the highly cationic
caging ligand; the encapsulation also enhanced
the acidity of its interior protons, and addition
of triethylamine quenched its emission by
deprotonation. Unlike the aromatic hydrocar-
bons, an electron-deficient macrocyclic tet-
raazaporphine guest does not form a CT
complex with 544 [43]. The reactivity of analo-
gous palladium(Il) ethylenediamine-capped
capsules 548-550 also shown in this Scheme is
described in Chap. 5.

The verdazyl tris-pyridyl radical syntone 257
has been used in [44] for the guest-templated
synthesis of a host-guest 1:1 complex of TP


http://dx.doi.org/10.1007/978-3-319-27738-7_5

290

4 Encapsulation by Coordination Capsules

Scheme 4.41

caging ligand 551 by Scheme 4.45 on the
triphenylene guest molecule as a matrix. In this
coordination capsule, the parallel verdazyl-
radical bases showing an EPR-detected magnetic
interaction at the distance of 6.8 A are tilt by
120°. The caging ligand 551 also encapsulates
planar copper(Il) p-diketonates 289 and 290
(Scheme 4.45) to give the corresponding 1:1 cage
complexes with through-space spin—spin interac-
tions [44].

Guest-template self-assembly of tris- and bis-
pyridyl ligand syntones 24/ and 297 with
palladium(II) ions by Scheme 4.46 on the corre-
sponding aromatic molecules as a matrix afforded
1:1 cage complexes of the heterotopic Mg'L,*L;
ligand 552 with encapsulated coronene and
pyrene molecules in quantitative yield [45]. These
D;,-symmetric coordination capsules have been
characterized by NMR and CSI-MS methods;

12+

12

P,

HoN HoN
N PN,

the same coordination-driven but template-free
reaction gave the mixture of 552, a homotopic
ML, capsule 483 and some oligomeric by-
products. 1:2 cage complex of 552 with pyrene
has a quadruple-stacking structure with the effi-
ciency of stacking interactions governed by a
substantial (approximately 36°) distortion of its
cage framework. Use of an extended bis-pyridyl
ligand syntone 292 allowed obtaining the coordi-
nation capsule 553 with an expanded cavity by
Scheme 4.47 [45]. This ligand accommodates
two molecules of coronene and one molecule of
tris-pyridyl syntone 241, thus forming a het-
eroguest 1:2:1 cage complex. Efficient A-D-A—
D-A stacking within its cavity is explained by the
donor—acceptor CT interactions between the
electron-deficient 24/ and two electron-rich mol-
ecules of coronene. The even-odd-number effect
of this stacking appears in the UV-vis spectra: the
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corresponding CT bands undergo a longwave
shift going from the A—D-D-A cage complexes
to their A—D-A-containing analogs [45]. The
caged pyrene molecule also forms strong stack-
ing interactions with a TP ligand 552, and the
methoxylated pyrene derivatives have been used
in [46] as appropriate guests to obtain host—guest
1:2 cage complexes by Scheme 4.46; their chem-
ical reactivity within the cavity of 552 is described
in Sect. 5.1.

A Pd¢'L,’L; caging ligand 552 encapsulates
planar platinum, palladium, and copper(Il) acety-
lacetonates by Scheme 4.48 to give host—guest
1:2 cage complexes in quantitative yields [47].
The metal-metal interactions between their effi-
ciently stacked guest molecules have been stud-
ied in solution using UV-vis and Pt NMR
spectroscopies and in solid state by X-ray diffraction.

-
04PO N /or 77777 HN% OP:‘
O}Ygﬂ/\

OP:‘A_

In the platinum-containing cage compound, two
platinum(II) ions are located on the C,-axis of the
stacked complex dimer; the Pt...Pt distance of
approximately 3.32 A is characteristic of the
platinum(II)...platinum(Il) d—d interactions (ca.
< 3.5 A). Its encapsulated complex molecules are
tilt by 24.8° to decrease steric hindrances between
their methyl substituents. Square-planar guest
molecules of Cu(acac), in its cage complex with
552 showed d—d interactions between the copper
metallocenters with s=1 within the cavity of this
coordination capsule; the average Cu...Cu dis-
tance of 3.6 A is substantially longer than that in
its platinum(Il)-containing analog. This result
has been explained in [47] by different types of
their d—d interactions: in the case of platinum(II)
acetylacetonate, those are caused by an overlap
of the d_, and p, orbitals, while the Cu?*...Cu?*
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Scheme 4.43

interactions involve non-bonding stacking of two
d_,, orbitals.

The coordination capsule 552 is reported in
[48] to encapsulate also two tetrathiafulvalene
molecules, thus giving a host—guest 1:2 cage
complex. Its UV-vis spectrum contains an inten-
sive band assigned to the CT from electron-rich
caged TTF molecules to the electron-deficient
triazine bases of 552, thus suggesting the cation-
radical nature of its encapsulated guests that
causes substantial broadening of their 'H NMR
signals [48].

The same capsule 552 has been also prepared
[49] by guest-templated self-assembly on pyrene
as a matrix. The methyl substituents in its pillaring
ligand syntone are reported to be crucial for the
self-assembly of this 1:2 cage complex with two
encapsulated stacked pyrene molecules by

Scheme 4.49. Use of its homolog without such
substituents afforded the mixture of homotopic
M,L, square-planar metallomacrocycle and octa-
hedral MgL', cage complex. The caging ligand 552
is also able to encapsulate a cofacial stacked por-
phine dimer forming a 1:2 cage complex by
Scheme 4.50; its extended analog 553 is described
in [50] to give a heteroguest 1:2:1 compound with
triple-decker encapsulated species containing two
cofacial porphine molecules that sandwich one
tris-pyridyl aromatic syntone 241 (Scheme 4.50).
The host—guest and guest—guest stacking
interactions have been used in [51] for the syn-
thesis of an aromatic heteroguest 1:3:2, 1:4:2,
and 1:5:2 cage complexes of double-cage coordi-
nation capsules 554,-556,, respectively, by
Schemes 4.51 and 4.52; the formed encapsulated
aromatic towers provide vertical t-conjugations.
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Discrete linear Cu...Cu...Cu, Cu...Pd... ligands 544, 552, and 553 (Scheme 4.54) having

Cu, and Cu...Co...Cu metal arrays have been
obtained in [52] by Scheme 4.53 within the coor-
dination capsule 553 encapsulating metal(I)
azaporphine(porphine) guests (where M?* are Cu?*,
Pd**, or Co** cations); such metal arrays showed
unique magnetic interactions in the EPR spectra.
Encapsulation of square-planar 3d-metal com-
plexes (in particular, nickel(Il) acetylacetoneiminate
and cobalt(I) tetraazaporphine) by TP caging

aromatic bases is reported in [53] to induce an
SCO in these guests. This effect was explained
by the confined cavity of these coordination cap-
sules inhibiting the changes in the coordination
polyhedra of 3d-metal ions and promoting their
configurational changes through metal d_?-orbital
and ligand = electronic interactions.

A coordination-driven guest-templated self-
assembly of rigid triazine and bis-pyridyl ligand
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syntones 291, 293, and 294 with palladium(II)
ions by Scheme 4.55 in the presence of pyrene-
4,5-dione as a guest with high dipole moment
afforded the corresponding host—guest 1:2, 1:3,
and 1:4 cage complexes of coordination capsules
552, 554, and 557 [54, 55]. These complexes
were used to study discrete stacks of the polar-
ized guests and their preferred conformations.
The above caged molecules within these capsules
are rotated by approximately 120° with respect to
each other, thus canceling the net dipole moment
rather than the local dipole moment [54].
Guest-induced transformation of a TP Ruglg
coordination capsule 558 to its pseudoicosahe-
dral dodecanuclear derivative 559 is reported in
[56]. The coordination capsule 558 has been self-
assembled from the ligand syntone 295 and the
organometallic precursor 296 by Scheme 4.56.
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NH, HN___J

(1G3)(2G2) @554,

Its six ruthenium vertices are connected by six
3,5-pyridinedicarboxylate ligands, and each of
them is coordinated to three different metal ions
through two carboxylate oxygen atoms (the aver-
age Ru—O distance is equal to 2.10 A) and the
pyridine nitrogen atom (the Ru—N distance is
approximately 2.12 A). The vertex ruthenium
metallocenters form a TAP polyhedron with the
lowest Ru...Ru distances of 8.00 and 8.61 A.
This capsule, having an inversion center, encap-
sulates a disordered methanol molecule. Half of
the carbonyl oxygen atoms of 558 are positioned
in close proximity to each other at the average
distance of approximately 4.25 A, thus giving O;-
binding sites for metal cations (see insert in this
Scheme). A K*-induced rearrangement of this
hexanuclear capsule gave the Pd,,L;, cage frame-
work 559 with the coordination modes similar to



4 Encapsulation by Coordination Capsules

298
N
| X
Z
6 NTSN

Scheme 4.52

12 Pd(en)(NOg),

12 Pd(en)(NO3),

('Gs)(°G) @556,



4.1 Caging Ligands with 6n End-Capping Metal lons 299
12+
M2+ = 2H* Ccu2* A
+ 6Pd(en)(NO3),
12+

—2H+ Cu2+ Pd?*, Co?*

@

Scheme 4.53

those for 558 and also contains eight potassium(I)
cations. The vertex ruthenium metallocenters
of 559 form an icosahedral polyhedron with
the lowest Ru...Ru distances from 8.2 to 8.7 A.
The Ru...Ru distances for symmetry-related
ruthenium centers are approximately 16 A, and
those for the corresponding nitrogen atoms are
equal to 13.8 A. A cavity volume of 559, having
the outside diameter of 23.8 A, is approximately

1100 A3, and this coordination capsule encapsu-
lates 18 disordered water molecules. Twelve faces
of its icosahedral cage framework are occupied
by bridging 3,5-pyridinecarboxylate ligand syn-
tones, while the remaining eight faces, having a
small opening, are surrounded by three carbonyl
groups. These groups form a metal binding site
(like those in the case of 558; see above) occupied
by potassium(I) ions. Such a rearrangement of the
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hexanuclear capsule 558 into a dodecanuclear
framework 559 is reported in [56] to be an entro-
pically disfavored process, which is compensated
by the formation of more potassium(I)—oxy-
gen interactions in the case of 559 and by more
favorable geometry of its binding sites for the

coordination to alkali metal ions as compared
with 558: the O...O distances in this RuglL4 cag-
ing ligand are approximately 4.25 A, thus being
rather long for K* and Cs* ions, whereas those
in the dodecanuclear capsule 559 are approxi-
mately 3.8 A [56].
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4.1.2 Encapsulation of Anions

A 12-cationic caging ligand 483 (see Sect. 4.1.1)
is described in [1] to encapsulate adamantylcar-
boxylate anions to give a host—guest 1:4 cage
complex by Scheme 4.57. In this complex,
hydrophobic carbocyclic fragments of the caged
anionic species are located within the cavity of

483, and their hydrophilic carboxyl groups are
directed to the palladium-containing vertices,
thus stabilizing this octahedral coordination
capsule [1].

An exo-hexadentate ligand syntone 279 has
been used in [32] for the synthesis of a trigonal
bipyramidal Pdjls caging ligand 531 by
Scheme 4.58. In its host—guest 1:5 complex with
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encapsulated nitrate ions, each equatorial corner
of this hexahedral coordination capsule with a
cavity volume of approximately 900 A? is formed
by four triangular PdN, fragments, giving a cyclic
moiety with a small “pinhole” of approximate
size 2x2 A [32].

4.1.3 Encapsulation of Cations

An octahedral coordination capsule 560 with
triangular faces covered by threefold chelating
synthones has been prepared in [57]. One-pot
coordination-driven self-assembly of tris(2-
hydroxybenzylidene)triaminoguanidinium
chloride with palladium(II) chloride and
sodium 5,5-diethylbarbiturate by Scheme 4.59
in the presence of triethylamine and tetraeth-
ylammonium chloride gave the crystals of a
cage complex of 560. This 7-symmetric chiral
complex contains four encapsulated sodium
cations and caged solvent water molecules as
well [57].

Use of an analogous bromine-containing
ligand syntone 296 is described in [58] to
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prevent the formation of the same octahedral
coordination capsule due to steric effects of its
bulky bromine substituents. One-pot condensa-
tion of this syntone with the same co-reagents
by Scheme 4.60 in the same reaction conditions
gave a trigonal bipyramidal host-heteroguest
1:4:1 cage complex of the capsule 561. Its chiral
framework contains six tridentate syntones in
the trigonal faces; each of them is coordinated
to three palladium(II) ions. This dodecaanionic
capsule with a cavity volume of approximately
1600 A3 encapsulates four triethylammonium
and one tetracthylammonium cations and sol-
vent water molecules. The self-assembly by
Scheme 4.60 also gave a tetrahedral coordina-
tion pseudocage 562 with one open bottom face.
Its closed faces are formed by three palladium(II)
ions and one tridentate bromoguanidinium
ligand syntone. Four of the 11 palladium(II)
metallocenters coordinate the monoprotonated
barbiturate anion, and these four anions are
hydrogen-bonded with each other. The resulting
chiral pseudocaging ligand with a cavity volume
of approximately 800 A3 encapsulates three tet-
racthylammonium cations [58].
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4.2 Caging Ligands with 4n
End-Capped Metal lons
4.2.1 Free Cages and Encapsulation

of Neutral Molecules

The first tetrahedral Mg,Ls coordination capsule
563 has been synthesized by R. Saalfrank [59]
using one-pot coordination-driven self-assembly
of malonic ester, oxalyl chloride, and methyl-
magnesium iodide (Scheme 4.61); the corre-
sponding tetradentate ligand syntone could not
be isolated, as it readily undergoes acid cleavage.
The formation of analogous “adamantoid” com-
pounds 564-567 with vertex manganese, zinc,
cobalt, and nickel(I) ions is reported in [60].
Although the Co,L tetraanionic capsule 565 has
an exact C, symmetry in crystal, it can be
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described as having nearly 7 symmetry with
three C, and four Cj; axes, and its tetrahedral cage
framework is therefore chiral. All four metallo-
centers (i.e., Mg, Mn**, Co*, Ni**, and Zn** cat-
ions) in these chiral racemic T-symmetric
tetraanions have identical AAAA-fac or AAAA-fac
coordination polyhedra [61]. The use of iron(III)
ions for cross-linking of the same ligand syntones
allowed obtaining the first neutral ‘“adaman-
tanoid” coordination capsule using similar one-
pot self-assembly procedures (Scheme 4.62). The
neutral Fe,L; capsule 568 has an almost ideal
tetrahedral geometry with iron(III) ions in all of
its vertices. Six edges of this tetrahedral cage
framework are each formed by the corresponding
bis-bidentate doubly negatively charged bridging
ligand syntone and six oxygen atoms surround-
ing each of the four cross-linking iron(III) ions in

14
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an octahedral arrangement [61]. Two enantio-
meric pairs (A-, A-fac, and A-, A-mer) are possi-
ble, in general, for octahedral tris-bidentate
complexes. The Fes cage framework 568
is described in [61] to have an exact S, symmetry
in crystal and is thus achiral (meso-form); its
ligand syntones around the four iron(III) metal-
locenters are arranged facially, and two of the
four iron centers have the same (4,4)-/(A, A)-fac
configurations.

The mixed-valence Fe;™Fe'Ly 1:1 cage com-
plexes with an encapsulated ammonium cation
have been isolated in [62] when iron(II) chloride
was used as a source of cross-linking metal ions
(Scheme 4.63). The encapsulated ammonium

cation serves as a template for their coordination-
driven self-assembly. This caged cationic guest
also compensates the negative charge of the
encapsulating ligands, thus allowing to isolate
the tetranuclear mixed-valence intracomplexes.
The coordination capsules 569 and 570 were
characterized using 3'Fe Mossbauer, EPR and
CV methods, and single-crystal X-ray diffraction
data as well. Their cage frameworks have a
geometry of regular tetrahedron with four vertex
metallocenters formed by one iron(Il) and three
iron(Ill) ions. Six edges of these coordination
capsules are each formed by the corresponding
bis-bidentate, doubly negatively charged bridg-
ing ligand syntone, and each of the four iron ions
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coordinates six oxygen atoms forming the octa-
hedral Fe’O4 or Fe™ Oy coordination polyhedra.
All four cross-linking metallocenters in these
chiral racemic coordination capsules 569 and 570
have identical coordination environments, SO
they are present as either AAAA-fac- or as AAAA-
fac stereoisomers. In an idealized representation,
those are regarded [62] as having an approximate
T symmetry. Note that their phenylene-contain-
ing analog 568 has an exact S, symmetry (see
above) and thus is achiral (meso-form).

For the first time, tetrahedral M,L, coordina-
tion capsules 571 and 572 have been synthe-
sized by K. Raymond and coworkers in [63] by
coordination-driven self-assembly of Ga* and
Fe** cations with tetradentate hydroxamate
ligand syntone 297 by Scheme 4.64. As follows

307

G =DMF

M = Fe3* (571), Ga®* (572)

from single-crystal X-ray diffraction data for
572, this caging ligand encapsulates four sol-
vent DMF molecules within its hydrophobic
cavity [63]. Dynamic isomerization of its cage
framework both in aqueous solution and in solid
state has been studied in [64] using single-crys-
tal X-ray diffraction and variable-temperature
"H NMR methods, respectively. In this frame-
work, each vertex metallocenter is chiral (4 or
A), resulting in the caging ligands with 7 (AAAA
or AAAA), C; (AAAA or AAAA), or S, (AAAA)
symmetry. The rigid ligand syntone 297 is
bimodal (accommodate either mixed or
homochiral metal centers at either end), but
locks in the chirality of the cage framework is
formed. All three isomers are seen in solution,
and their interconversion, although still on the
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NMR time scale, is significantly slower than
isomerization of similar unimolecular hydroxa-
mate complexes. The distribution of the 7, Cj,
and S, isomers in aqueous solution is 4, 58, and
38 %, respectively. In the crystal of complex
(DMF,)@572 with the symmetry-related four
guest solvent molecules, the Ga...Ga distances
between the metallocenters with the same and
the opposite chiralities are 9.0 and 8.8 A, respec-
tively. Two different ligand conformations are
observed, with one bridging homochiral metal
center and with mixed chiral centers; their
nearly equal stability explains the mix (7, C;, or
S,) of cluster isomers. This ligand couples the
metal vertices in the cluster to significantly
increase the transition-state free energy for A-A
interconversion but does not couple the chirality
for the A or A ground state. The rigid ligand is
bimodal in the four metal cluster: it can accom-
modate equally either A or A chirality at one end
when the chirality at the other end is fixed.
Quantitative NMR studies have shown that all
of the possible isomers are present in solution
with nearly statistical distribution. Various ste-
reoisomers form and interconvert with the iden-
tical activation barrier for the interconversion.
The cage framework, however, inhibits a disso-
ciative or trigonal twist path required for the A
«— A interconversion [64].

The octaanionic tetrahedral ML, capsules
573 and 574 have been obtained in [65] by
coordination-driven self-assembly of the hexa-
dentate tris-catecholate ligand syntone 298 with
oxophilic Sn** and Ti* cations (Scheme 4.65). In
574, all vertex titanium(IV) ions have the same
chirality (all A or A). No evidence of encapsulation
of any guest by its small cavity was found in this
work, whereas its analogs were recognized as
efficient cation receptors (see Sect. 4.2.3).

A dodecaanionic tetrahedral Gayl, capsule
575 (see Sect. 4.2.3) is described in [66] to form
1:1 cage complexes with normal Cs—C, alkanes,
Cs—Cy, cycloalkanes, and related hydrocarbons
by Scheme 4.66; this encapsulation is explained
by hydrophobic effect and C—H...xn interactions
between the caging ligand 575 and a caged
alkane. The ligand, however, has a limited cavity
size and cannot encapsulate n-decane due to ste-
ric reasons. Relative binding affinities of 575 to
Cs—C; normal and cycloalkanes have been stud-
ied in [66] by 'H NMR method. These affinities
increase from Cs to Cg hydrocarbons and from
normal alkanes to their alicyclic analogs in accor-
dance with the corresponding hydrophobic
effects as the entropy-driven force of this supra-
molecular binding [66].

Encapsulation by this coordination capsule
575 with hydrophobic interior has been also used
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for simultaneous binding of hydrophobic aro-
matic guests and for resolution of chiral natural
products shown in Scheme 4.67 in aqueous solu-
tions [67]. Small aromatic guests underwent
encapsulation, and simultaneous caging of vari-
ous multiple species has been observed in many
cases. This host is reported in [67] to be able to
recognize different substitutional isomers of
disubstituted benzene guests: ortho-substituted
guest forms a host—guest 1:2 compound, whereas
meta- or para-isomers gave 1:1 cage complexes.
Upon encapsulation of chiral molecules of natu-
ral products by this racemic capsule, diastereo-
meric host—guest complexes have been formed
with diastereoselectivities of up to 78:22 [67].
Selective guest-induced formation of a tetra-
hedral capsule 576 has been accomplished in
[68] by Scheme 4.68 with the use of stabilizing
effect of encapsulated guest molecules such as
CBry, giving a host—guest 1:1 cage complex. The
coordination-driven self-assembly of triangular

ligand syntones is reported to be controlled by
sterically demanding substituent(s) in appropri-
ate positions.

Dynamic coordination-driven self-assembly
of bis-3-pyridyl ligand syntones 299 and 300
with palladium(II) ions is reported in [69] to give
M;L¢ metallomacrocycles and M,L; tetrahedral
coordination capsules 577 and 578 (Schemes 4.69
and 4.70); interconversion between such metal-
lomacrocycles and capsules has been also
observed in this work. These processes are
affected by the nature of a solvent and counterion
as well as by concentrations of the reaction com-
ponents. In aqueous solution, the M,L, trench-
like complex 301 (Scheme 4.69) has been formed.
In DMSO, a mixture of this complex and a M;L;
metallomacrocycle 302 were in equilibrium; at
higher concentration of these reagents, the MyL,
metallomacrocycle 303 has been mostly
observed. The tetrahedral M,Lg coordination cap-
sule 577 has been prepared in quantitative yield
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by self-assembly of 299 with Pd(NO;),, whereas
that with Pd(CF;SO;), gave a corresponding
M;L4 double-walled triangular complex 304. The
anion is thus an important template in the forma-
tion of these coordination assemblies. Self-
assembly of the extended ligand syntone 300
with Pd(NO;), by Scheme 4.70 gave mostly a
tetrahedral Pd,Lg coordination capsule 586, along
with a corresponding double-walled triangular
complex 305. Reaction of 300 with Pd(CF;S0s3),

SO eENS]

Soieation

afforded the latter complex with a negligible
amount of the coordination capsule (such prod-
ucts are in dynamic equilibrium). The Pd,Lg
coordination capsule 578 has been also prepared
in [69] using palladium(Il) para-tosylate as an
initial Pd** salt.

A tris-pyridyl ligand syntone 306 has been used
in [70] for the synthesis of Ag,L, and Ag¢L, coor-
dination capsule 579 and pseudocapsule 580 by
Scheme 4.71. As follows from 'H NMR titration
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experiments, self-assembly of these compounds
depends on the molar ratio of components (i.e.,
Ag* ions and the above syntone): they are quanti-
tatively formed at the component’s ratios 1:1 and
3:2, respectively. These thermodynamically stable
compounds easily undergo interconversion with a
change in this molar ratio [70]. As follows from
'H NMR data, 579 has a trigonal pyramidal cage
framework with four tetracoordinate vertex Ag*
ions; each of them coordinates three pyridyl
groups of different tris-pyridyl syntones. This
AgJ., caging ligand efficiently encapsulates
adamantane by Scheme 4.71, giving a 1:1 cage

3
1 equiv. of V

06
1.5 equiv. of Ag*
(Ag"

Ik

9

complex. The AggL, pseudocapsule 580 has a dis-
torted octahedral (tetragonal bipyramidal) geom-
etry in which doubly coordinate Ag* cations
occupy vertex positions, and half of its faces are
formed by these syntones with others being
opened [70].

A water-soluble tetrahedral Fe,L, coordina-
tion capsule 581 has been isolated in [71] by
Scheme 4.72 from a dynamic library of linear
diamine and aromatic aldehyde ligand syntones
and iron(Il) sulfate in the presence of tetrameth-
ylammonium hydroxide as organic base. The
caging ligand 581 with an approximate cavity
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volume of 141 A3 encapsulates cyclohexane or
cyclopentane as guests to give 1:1 cage com-
plexes with occupations of 61 and 55 %, respec-
tively; those are close to the optimal Rebek’s
value of 55 % (see Chap. 3). At the same time,
this tetraanionic caging ligand does not encapsu-
late n-butanol and alkylammonium cations. In
the latter case, this fact has been explained in [71]
by screening of the potent cationic guest from
externally directed anionic sulfonate groups,
along with the presence of four positively charged
vertex iron(Il) ions within the ligand’s cavity.
The caging ligand 581 is also reported in [72] to
selectively encapsulate sulfur hexafluoride to
give a 1:1 cage complex by Scheme 4.72. In the
latter complex, this guest is located in the geo-
metrical center of the cavity of 581 and forms van
der Waals interactions with its hydrophobic inte-
rior. Such encapsulating ligand, however, does
not form analogous cage complexes with other
gas molecules shown in Scheme 4.72 [71].

At the same time, the coordination capsule 581
efficiently binds air-sensitive white phosphorus
by Scheme 4.73, thus giving an air-stable 1:1 cage
complex with an encapsulated P, guest molecule.
This complex has been characterized in [73] using
'H and 3P NMR spectra and by X-ray diffraction
data. The P, molecule within the cavity of a coor-
dination capsule 581 is stabilized by van der
Waals interactions with the hydrophobic phenyl-
ene ribbed fragments of its cage framework and is
air stable for a long time, even in aqueous solu-

)

tions. This result is explained by a possible oxy-
gen-containing intermediate that is large enough
to be accommodated by the cavity of 581. This
explanation has been confirmed by irreactivity of
this cage complex against single-oxygen atom
transfer reagents (e.g., nitrous oxide or pyridine
N-oxide) [73]. According to 'H NMR data of [74],
a tetraanionic capsule 581 also encapsulates
furan, preventing its Diels—Alder reaction with
maleimide; the exchange reactions and reactivity
of this 1:1 cage complex are described in Sect.
5.4. A detailed kinetic and thermodynamic study
of encapsulation of a wide range of various neu-
tral guest molecules shown in Scheme 4.74 by
581 has been performed in [75].

To explain the stereochemical coupling (i.e.,
the influence of chirality of an iron(Il)-based ver-
tex on the chirality of neighboring apical moi-
eties), the authors of [76] have used
tetramethyl-substituted and isomeric dimethyl-
containing aromatic diamines 307-310. These
C,-symmetric diamines form diastereomeric
Fe,L¢ capsules 582-585 by Scheme 4.75. In the
case of 2,2"-dimethyl-substituted diaminoterphe-
nyl, this reaction gave a mixture of the 7-, S,-,
and C;-diastereomers of 583 (67, 10, and 23 %,
respectively). The X-rayed crystal of 583 con-
tains in its asymmetric unit two homochiral mol-
ecules with AAAA or AAAA configurations at
their metallocenters. As follows from 'H NMR
data, the acetonitrile solution of these crystals
contains only 7-diastereomer of the coordination
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Scheme 4.73

Scheme 4.74

capsule, and the reversible mixture of its diaste-
reomers appears in 5 days [76]. The use of
tetramethyl-substituted aromatic diamine as a
ligand syntone in the coordination-driven imine
condensation gave only S,- and C;-diastereomers
of the caging ligand 584 (88 and 12 %, respec-
tively), whereas the dissolution of its single crys-
tals, suitable for X-ray diffraction experiment,

gave an S,-diastereomer only just after this proce-
dure. The coordination capsule 585 exists in
solution as a mixture of 7-, S,-, and C;-
diastereomers (44, 35, and 21 %, respectively).
Thus, (i) the parent aromatic diamine gave the
mixture of diastereomers in nearly equal amounts,
(i) the presence of two methyl substituents in ter-
minal aromatic groups causes the 7-diastereomer
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to dominate, and (iii) the use of the tetrasubsti-
tuted diamine ligand syntone generates predomi-
nantly the S,-diastereomer, whereas that with two
methyl substituents in the central benzene frag-
ment gave mainly the C;-diastereomer of the cor-
responding Fe,L¢ coordination capsule [76].
Cooperative stereochemical communication
between iron(IT) metallocenters up to 20 A apart
has been studied in [77] using Fe,L¢ coordination
capsules of various sizes. The large, optically
active Fe L4 caging ligands 586-595 have been
prepared by Scheme 4.76 using self-assembly of
linear 5,5’-bis(2-formylpyridinate) non-, mono-,
di-, and tris-para-phenylene-containing ligand
syntones 37//-315, chiral amines, and iron(II)
ions. When the coordination capsule has been
prepared from the syntone bridged by one para-
xylene spacer and a bulky chiral amine, both a
homochiral Fe,l.; helicate and an Fe,ls cage
framework coexist in solution. In the case of a
less bulky chiral amine, only the Fe,L¢ capsule
has been formed [77]. The larger bis- and
tris-para-phenylene capsules showed a long-
range stereochemical coupling between their
metallocenters: stereochemical information from
the less bulky chiral amine is transmitted to each
vertex iron(II) ion inefficiently, although this
transfer is amplified by cooperative stereochem-
ical communication between these four metal-
locenters. This communication is reported in
[77] to be mediated by the syntone’s geometries
and rigidity, as opposed to gearing effects
between xylene methyl groups, and takes place
even in the larger coordination capsules with the
shortest Fe...Fe distances more than 20 A (inde-
pendent of the ligand’s axial configuration).
Therefore, the axial chirality of these ligand
syntones does not affect the chiral information
transfer between the vertex metallocenters. The
transmission of stereochemical information
within their cage frameworks does not depend
the length of their edge fragments in helical
conformations and bridging vertex iron(Il) ste-
reocenters. The long-range cooperative stereo-
chemical communication originates from
three-dimensional geometric effects within the
tetrahedral M L framework as a whole. The

4 Encapsulation by Coordination Capsules

energetic preference of such coordination cap-
sules for adopting approximate 7 symmetry is
due to the distortion of their cage frameworks
that incorporate metallocenters of opposite
handedness, the latter being relevant to the tetra-
hedral polyhedra of various sizes [77].

Interconverting tetrahedral Fe,Ls and pentago-
nal prismatic FejoL;s coordination capsules 596
and 597 have been self-assembled in [78] by
Scheme 4.77. The tetrahedral capsule 596 with
the average Fe...Fe distance of 12.8 A has one
bis-bidentate bridging syntone along each of its
six edges; all the vertex metallocenters have fac-
coordination polyhedra. The cage framework of
597 has a geometry of a twisted pentagonal prism
and is formed by two parallel staggered FesLs
pentagonal metallomacrocycles, connected to
each other at the vertex iron(Il) ions with a mer-
arrangement by five ligand syntones. The Fe...Fe
distances are from 12.23 to 12.40 A in the Fe;Ls
cycles and from 12.14 to 12.20 A between the
pentagonal bases [78].

A long diaminoterphenylene ligand syntone
316 bearing chiral glyceryl groups has been used
in [79] for the enantioselective formation of a
large water-soluble Fe,L¢ coordination capsule
598 (Scheme 4.78) that encapsulates a wide range
of guests (e.g., chiral natural products). The suit-
able guests for this caging host include (i) large
hydrophobic molecules that bind weakly (those
that can fit within its cavity demonstrate a slow
exchange on the NMR time scale), (i/) medium-
sized hydrophobic guests that bind strongly (those
appear to be suitably sized for the cavity of AAAA-
598, forming host—guest 1:1 cage complexes, and
they also show a slow exchange on the NMR time
scale), and (iif) smaller molecules such as cyclo-
pentane, dichlorvos (famous acetylcholine ester-
ase inhibitor insecticide), and benzene for which
the fast exchange on this time scale has been
observed in [79].

A face-capped tetrahedral coordination cap-
sules 599 and 600, the derivatives of the Cj-
symmetric trialdehyde ligand syntone 377, formed
in situ by metal-templated imine condensation of
tris(formylpyridyl) benzene and the correspond-
ing chiral amine, have been diastereoselectively
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self-assembled in [80] by Scheme 4.79. Strong
cooperative stereochemical coupling between the
vertex iron(Il) stereocenters allows retaining the
configuration upon replacement of its chiral amine
precursors to their achiral analogs (Pathway II). In
contrast, the direct self-assembly of the same alde-
hyde, achiral amines, and iron(Il) ions (Pathway I)
afforded a mixture of AAAA- and AAAA-isomers
of these coordination capsules. Strong communica-
tion of handedness between the vertex metallocen-
ters effectively mediated by the helical sense of the
Cs;-symmetric ligand syntones, robustness of the
face-capped cage frameworks, and conduction of
stereochemical information through chiral amine
syntones are described in [80] to be the key features

that enable its stereochemical memory: it prevents
racemization of these capsules, thus allowing long-
lasting storage of chiral information.

Face-capped tetrahedral Fe,L, coordination
capsules 601 and 602 have been prepared in [81]
using self-assembly of iron(Il) ions, 2-formyl-N-
methylimidazole, and the corresponding triamine
ligand syntone by Scheme 4.80. The caging
ligand 601 has a larger cavity than its analog 602
and is able to encapsulate guests, whereas the lat-
ter is not. Both these Fe,L, capsules are reported
to undergo temperature-induced SCO in solution
and in solid state; the binding of either carbon
tetrabromide or carbon disulfide as guests sub-
stantially affects this behavior.
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Cobalt- and nickel-containing analogs 603
and 604 of the Fe,Ls coordination capsule 581
have been prepared in [82] by Scheme 4.81. In
the case of cobalt(Il) ion, the self-assembly gave
a mixture of the capsule 603 and its 1:1 cage
complex with an encapsulated 2-formylpyridine

guest. This difference results from the larger
cavity of the Co,L framework that allows it to
encapsulate more bulky guests [82]. All these
nickel-, and cobalt(Il)-capped capsules
have crystallographic and approximate non-
crystallographic 7" symmetry; their solvent-filled

iron-,
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cavities have the volumes of approximately 118,
140, and 149-153 A3, respectively. The caging
ligand 603 encapsulates a wide range of neutral
organic guests shown in Scheme 4.81-1089a but
discriminates bulky molecules of cyclodecane,
n-heptane, n-octane, and naphthalene. In 1:1 cage
complexes of 581 and 604 with di-, tri-, and tetra-
chloromethanes and tetrabromomethane, the cavity
volumes are substantially (by approximately 20 A3)
larger than those of the initial capsules. This results
[82] from the large size of the encapsulated guests
giving rise to a distortion of cage frameworks, as
they occupy from 60 to approximately 100 % of
those cavities, respectively.

Self-assembly of a diformyl ligand syntone
318, tripodal amine frpn, and cadmium (II)
ions by Scheme 4.82 has been used in [83] for
the synthesis of a tetrahedral Cd,Ls caging
ligand 605. It has four tris(3-aminopropyl)
amine fragments in its vertex metallocenters
and six ligand syntones that form its edge frag-
ments. Each cross-linking cadmium(II) ion
coordinates seven nitrogen donor atoms and
adopt an approximately face-capped octahe-
dral coordination geometry. This coordination
capsule has a cavity volume of approximately
200 A3, the latter being larger than that of its
Fe,Ls analog by 60 A [83].
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A heterometallic FegPtl,4 cubic coordination
capsule 606 has been prepared in [84] using two
synthetic approaches shown in Scheme 4.83, one
including one-pot self-assembly of four different
components (of 62 building blocks in total) and

3
@ = CCly; CBry; @

the other being a more efficient two-step proce-
dure that involves isolation of a square-planar
platinum-based intermediate 3/9.

Self-assembly of 12 3,3’-diformyl-4,4'-
bipyridine ligand syntones, 24 primary aromatic
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Scheme 4.84

amines 320 or 321, and 8 iron(Il) ions by
Scheme 4.84 has been used in [85] to obtain
FegL, cubic coordination capsules 607 and 608.
In the cage framework of 607, each of its metal-
locenters of A-stereochemistry is adjacent to
three A-centers and vice versa, thus giving the
coordination capsule with an almost 7 symmetry.
The average Fe...Fe distance along the edges is
approximately 11 A, and a cavity volume of this
caging ligand (approximately 1000 A3) is
reported in [85] to be enough to encapsulate vari-
ous guests also shown in Scheme 4.84.

A rigid ligand syntone obtained by imine con-
densation of para-toluidine and 6,6'-diformyl-3,3'-
bipyridine has been used in [86] for the study of
synergistic and competing effects of metal ions and
anion templation on the formation of coordination
capsules shown in Schemes 4.85. Coordination-
driven self-assembly of this syntone in the presence
of iron, cobalt, nickel, and zinc(II) cations and tri-
flimide, tetrafluoroborate, triflate, perchlorate, and
nitrate anions gave six main types of products: dis-
crete tetragonal 7-symmetric MyLg, cuboid S,
symmetric Mgl.;, and pentagonal prismatic M;oL5
coordination capsules, metallopolymers, or their
dynamic combinatorial library. The tetrahedral
iron-based caging ligand 609 (Scheme 4.85) encap-
sulates BF,~, OTf", or PF;~ monoanions within its

inner cavity but not the large NTf,” ion. Therefore,
an anion is not a necessary template for this coordi-
nation-driven self-assembly. The 1:1 cage com-
plexes of this Fe,l¢ capsule with encapsulated
tetrafluoroborate and perchlorate anions undergo
the structural rearrangements upon heating into
their pentagonal prismatic Fe,4L,5 analog 610. This
Ds-symmetric barrel-like ligand with a distorted
pentagonal prismatic polyhedron is formed by two
FesLs circular helicates with iron(Il) ions having
mer-coordination environment. These helicates are
bridged by five axial ligand syntones, thus saturat-
ing the coordination polyhedra of these ten vertex
metallocenters. Such cage framework is stabilized
by strong stacking interactions between its elec-
tron-rich toluidine and electron-poor pyridine rings
[86]. More wide range of the reaction products
shown in Scheme 4.86 in the case of the high-spin
cobalt(Il) cation as compared with those for the
low-spin iron(II) ion are explained in [86] by the
increased Shannon radius of Co?* ion. Nickel(II)
cation in octahedral coordination environment,
having a smaller Shannon radius than the Co?* ion,
also forms the various coordination capsules,
depending on the nature of the anionic component
(Schemes 4.86 and 4.87). The S,~symmetric com-
plex of 615 has a distorted cuboid Nigl.;, cage
framework, and each of its two binding pockets
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with the cavity volumes of approximately 155 A3
encapsulates two nitrate anions. The tetrahedral
NiyLs coordination capsule 616 and its cobalt-
based analog 611 encapsulate acetonitrile solvate
molecule; the Ni...Ni distances in the capsule 616
(approximately 9.7 A) is intermediate between
those for its iron(II)- and cobalt(I)-based analogs
609 and 611 (9.5 and 9.8 A, respectively).
Self-assembly of the same ligand syntone with
zinc(II) cation, which has a larger Shannon radius
than the low-spin iron(Il) ion, caused the forma-
tion of a wide range of the products shown in
Scheme 4.88. Such reactions in the presence of
appropriate templating anions gave ZnL,s and
ZngL, coordination capsules 617 and 618, but not
the tetrahedral Zn,Ls cage framework. This result
is explained in [86] by fast ligand exchange kinet-
ics in the case of zinc(Il) complexes and thus by
rapid equilibration of the reaction mixtures.
Anionic templation has been confirmed by the
formation of the dynamic library of the reaction
products in the case of zinc(Il) triflimide.

The following main conclusions were made
by the authors of [86]: (i) larger metal ions
enhance structural diversity of the coordination
capsules that they form with the same ligand syn-
tone, (ii) subtle differences in the size of the tem-
plating anions substantially affect the structure of
these capsules, and (iii) both fac-and mer-coordi-
nation environments of their capping metallocen-
ters must be considered.

A C,symmetric tetrakis-bidentate ligand syn-
tone 322, a derivative of the molybdenum(II) “pad-
dle wheel” complex, has been self-assembled in
[87] with iron(II) cations by Scheme 4.89 to give a
polycationic FesMo,, cubic capsule 619. Its coordi-
natively unsaturated molybdenum centers are
located on each face of the cage framework and are
able to coordinate donor species. Eight Cj;-
symmetric tris-pyridylimine iron(Il) vertex metal-
locenters have fac-coordination polyhedra with the
same A or A stereochemistry; both enantiomers are
presented in its X-rayed crystal. The faces of this
capsule, encapsulating three disordered acetonitrile
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molecules, with a cavity volume of 560 A3 are
formed by six dimolybdenum(II) “paddle wheels”.
The average distance between the interior molyb-
denum centers of these faces is equal to 11.3 A,
while the average Fe...Fe distance diagonally
across them is approximately 18.7 A [87]. This

.
2 dynamic library of products

18+

(“A"),@613
S TIer

+ precipitate

highly positively charged caging ligand encapsu-
lates halogenide anions and neutral guests to give
1:1 cage complexes. It can also form heteroguest
1:1:1 host—guest compounds by Scheme 4.90; if
ammonium is encapsulated by 619, the affinity of
this capsule to iodide ion [87] increases eightfold.
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A more weakly binding trimethylamine guest
results in a further increase in this affinity, while
more strongly binding guest CH;PO shows the
smallest increase in the iodide binding strength. In
contrast, the presence of an excess of trifluoroace-
tate anion competitively inhibits the encapsulation
of iodide anion. Therefore, the lining of the hosting
cavity of 619 with well-defined binding sites
allowed co-guest species to directly influence each
other’s binding affinities through their mutual ste-
ric and electronic interactions [87].

Binding properties of the FegMo,, caging
ligand 619 have been tuned in [88] by allosteric

binding to its molybdenum sites shown in
Scheme 4.91: the externally binding donors (such
as tricyclohexylphosphine, tri-n-octylphosphine,
or tetraphenylborate anion) are described to allo-
sterically reduce its encapsulating ability. In par-
ticular, trialkylphosphines that are coordinated to
the exterior of the coordination capsule 619 at its
molybdenum sites inhibit the encapsulation of
neutral and anionic guests; the binding of anionic
species has been allosterically inhibited by tetra-
phenylborate anion due to electrostatic repul-
sions. As the two allosteric active sites of its cage
framework act independently of each other, they
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provide parallel modes of modulating the binding
of Mo0,0.* or iodide anionic guests [88].

An FepL;, coordination capsule 620 with
an icosahedral cage framework has been self-
assembled in [89] from appropriate ligand syn-
tones and iron(II) ions by Scheme 4.92. This
capsule is preferentially formed from iron(Il)
triflate in a 1:1 methanol-acetonitrile mixture
at 343 K, while an Fe,L, tetrahedral capsule
621 has been isolated from iron(Il) triflimide in
acetonitrile at 323 K in the presence of cyclohex-
ane as a template. The longest Fe...Fe distances
between the antipodal vertices of 620 are approx-
imately 27 A and its overall diameter is approxi-
mately 36 A; the average Fe...Fe distance along
its edges is 14.3 A. The caging ligand 620 encap-
sulates dodecafluoro-closo-dodecaborate dianion

to give a 1:1 cage complex; this binding occurs
through electrostatic attraction and van der Waals
supramolecular interactions [89].

A tetraaminoporphyrin 323 and its metallocom-
plexes have been successfully used in [90] for the
design and preparation of Schiff-base Mgl cubic
coordination capsules 622—624 by Scheme 4.93. In
this one-pot coordination-driven imine condensa-
tion, 2-formylpyridine and iron(Il) ions play the
roles of an active aldehyde component and a coordi-
nate metallocenter, respectively. The nickel(II)-
based coordination capsule 623 has an O, symmetry,
and each of its six low-spin capping NiNs metallo-
centers has the same (either A or A) configuration.
Therefore, its crystal contains both A,A,A,A,A,A and
AAAAAA enantiomeric cage frameworks with
opposite Ni...Ni distances of approximately 15 A
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and a cavity volume of 1340 A3 These cubic
polyaromatic caging ligands are described in [90] to
encapsulate planar aromatic molecules of coronene,
giving host—guest 1:3 complexes. The ligands 622—
624 preferably bind non-spherical (i.e., forming
more stacking interactions) C,—Cgy fullerenes
rather than their spherical analog C; all these bulky
guests form 1:1 cage complexes with such hosts

[90].
Dodecanuclear cuboctahedral M o(us-
L),(u»-L");» coordination capsules 625-627

(Scheme 4.94) have been self-assembled in [91]
from the corresponding bidentate edge-bridging
and triface-capping ligand syntones and charac-

= Ce0, C70, C76, C7s, Cgo, Cga

B

terized using 'H and '3Cd NMR and ESI-MS
data. The dodecacadmium cage framework 625
with fourfold D, symmetry is reported in this
work to remain intact in solution.

A bis-bidentate pyrazolyl-pyridine ligand syn-
tone 324 with a luminescent naphthalene spacer
has been used in [92] to design polyhedral com-
pounds bearing photoactive peripheral pendants
with high-energy excited states. Its coordination-
driven self-assembly with Ni(BF,), in their molar
ratio 3:2 by (Scheme 4.95) gave a NigL;, coordina-
tion capsule 628 with an unusual octanuclear
“cuneane”-like framework, which was character-
ized by single-crystal X-ray diffraction experiment.
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Scheme 4.95

This C,,-symmetric framework is a topological
isomer of the cube with a capping hexacoordinate
nickel(Il) ion at each of its eight vertices that are
bridged by bis-bidentate ligand syntones forming
each of 12 edges of this cage framework; the Ni...
Ni distances along these edges vary in a wide range
from 9.77 to 11.21 A. The NigL;, cage framework
of 628 is stabilized by strong stacking interactions
between the electron-rich naphthalene linkers and
the bridging pyrazolyl-pyridine fragments, which
are electron deficient due to their coordination to
the nickel(IT) ions. The authors of [92] noted that
among 257 possible eight-vertex polyhedra, only
in cubic and cuneane frameworks the capping frag-
ments are three-connected.

Dynamic equilibrium between the bis-
ruthenium metallomacrocycle 325, ligand syn-
tone 241, and a Rugl4 coordination capsule 629
(Scheme 4.96) is reported in [93] to be shifted in
the direction of the corresponding host—guest 1:2
cage complex by addition of coronene as an
appropriate guest. In this coordination capsule,
the triazine ligand syntones are stacked on top of
each other, and two coronene molecules are sand-
wiched between them.

Self-assembly of a rigid ligand syntone 24/
and its spacer-containing analog 326 with palla-
dium and platinum(II) ions by Scheme 4.97
afforded M,'L,’L, catenanes 630 and 631. These

coordination capsules contain two interlocked
cage frameworks with an efficient quadruple
stacking interaction between their aromatic frag-
ments [94].

4.2.2 Encapsulation of Anions

A tetrahedral Co4Ls caging ligand 632
(Scheme 4.98) has been prepared by M.D. Ward
and coworkers [95] by coordination-driven self-
assembly of a bis-bidentate ortho-phenylene
pyrazolyl-pyridine ligand syntone 327 with
cobalt(Il) ions. Each of four cross-linking metal-
locenters of 632 with pseudooctahedral coordina-
tion polyhedron coordinates three bidentate
donor fragments of three bis-bidentate syntones
and those form a tetrahedral cage framework
with six ribbed bridging fragments 327; the latter
is stabilized by intramolecular stacking interac-
tions of their aromatic groups. This positively
charged ligand encapsulates tetrafluoroborate
anion to give a 1:1 cage complex. Each fluorine
atom of the guest is directed to the center of a Cos
face of this tetragonal ligand 632; the same is
also observed in solution. The efficient encapsu-
lation of BF,™ anion by it is explained [95] by a
good fit of its size to that of the cavity of 632 and
by their electrostatic (Coulombic) interactions.
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The use of an analogous chiral bis-bidentate syn-
tone 328 allowed diastereoselectively obtain ML
pseudotetrahedral 1:1 cage complexes of coordina-
tion capsules 633 and 634 (Scheme 4.99) with ver-
tex cobalt and zinc(Il) cations, respectively, and

629

encapsulated tetrafluoroborate anion [96]. Their
only diastereomers showing more than 30-fold
increase in the optical rotation per mol have a T
symmetry. The conformational changes at this dia-
stereoselective formation of a cage complex are
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reported to cause an increase in the optical rotation
of each chiral bis-bidentate ligand syntone 328 by a
factor of 5 upon its coordination to a cross-linking
metal ion [96].

Anion-template effect of BF,” ion on self-
assembly of a T7T-symmetric Co,Ls ortho-

(A7) @632

naphthalene capsule 635, the derivative of
ligand syntone 329 (Scheme 4.100), has been
confirmed in [97] by 'H NMR studies; it has
been also observed for C1O, anion. In the Co,L,
cage complex with encapsulated BF,™ anion, its
vertex cobalt ions have fac-pseudooctahedral
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Scheme 4.99

tris-chelate coordination polyhedra, and four
fluorine atoms of the encapsulated tetrahedral
guest are directed to the centers of four face
fragments of this coordination capsule [97].
The same ortho-naphthalene pyrazolyl-
pyridine ligand syntone 329 has been self-
assembled in [98] with zinc(Il) ions by
Scheme 4.101 to give a similar tetrahedral 1:1
cage complex with encapsulated BF,~ ion, form-
ing C-H...F hydrogen bonds with methylene
fragments of the coordination capsule 636. Such
complex also remains in solution [98].
Self-assembly of a more extended 2,6-pyri-
dine pyrazolyl-pyridine ligand syntone 330 with

zinc and cobalt(Il) ions by Scheme 4.102 has
been performed in [99]. The obtained ML,
caging ligands 637 and 638 encapsulate BF,~
and ClO, anions to give the corresponding 1:1
cage complexes. In the Zngl.,, capsule 637 with
encapsulated CIO,4 anion, its Ss-symmetric cubic
framework is formed by eight vertex zinc(II) ions
with the Zn...Zn separations of 9.75-10.15 A,
linked by bridging ligand syntone fragments.
Two of these eight metallocenters have fac-tris-
chelate coordination polyhedra, while other
six Zn** ions has mer-Ng-polyhedra. A non-
crystallographic C;-symmetry axis of this cage
framework passes through the opposite zinc(II)
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ions with fac-coordination polyhedra; the encap-
sulated perchlorate anion is located in its cavity
center [99].

The analogous meta-phenylene bis-bidentate
ligand syntone 33/ also forms the cubic host—guest

1:2 cage complexes 639 and 640 with zinc(I) ions
by Scheme 4.103 on tetrafluoroborate anion as a
matrix [100]. Their ZngL, cage frameworks with
two symmetry-related encapsulated anionic guests
have almost cubic geometry, and S;-symmetry axis
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of these frameworks with strong stacking interac-
tions between their aromatic fragments passes
through their long diagonal [100].

The detailed X-ray diffraction study of the
above ML, capsules has been performed in
[101]. In meta-phenylene Cogl;, cage com-
plex of 638, eight vertex metal ions form an
approximate cubic framework with 11 bridg-
ing bis-bidentate ribbed fragments between
the hexacoordinate metallocenters. The meta-
phenylene spacer of each of these linkers is
sandwiched between the coordinated pyrazolyl-
pyridine donor fragments of two other linkers
of this type. Stacking interactions between the
electron-deficient and the electron-rich aromatic
entities at the distance of approximately 3.5 A
additionally stabilize this coordination capsule
that encapsulates four BF, ions. Going to the
pyridine-containing cage complexes of 639 and
640 causes a decrease in the number of encapsu-
lated tetrafluoroborate anions: only one BF,~ ion
is caged in their cavities [101].

Anion-templated self-assembly in a system of
cobalt(Il) ion—aromatic bis-bidentate ligand syn-
tone 332 by Scheme 4.104 in the presence of
BF,, ClO4, PF4, and I monoanions gave para-
magnetic Co,L¢ pseudotetrahedral 1:1 cage com-
plexes of coordination capsule 641 with an
encapsulated monoanion [102]. In this capsule,

337

(A7) @641

one of its four vertex cobalt(Il) ions has a fac-tris-
pyrazolyl-pyridine coordination polyhedron with
a molecular C;-pseudoaxis passing through its
cross-linking fragment and the caged anion; other
three metallocenters have mer-tris-chelate poly-
hedra. The encapsulated BF,~and PF4~ ions are
shifted in the direction of one of these vertex
cobalt(IT) metallocenters. Fluorine atoms of large
PF4 anion are directed to the hydrogen atoms of
the encapsulating ligand 641, thus forming weak
C-H...F hydrogen bonds; the average Co...Co
distance in this case is similar to those for tetra-
fluoroborate- and perchlorate-encapsulating com-
plexes (11.92, 11.80 1 11.88 A, respectively). The
same cage structures are also found in solution
[102]. Template effect of a caged anion in the case
of this cobalt-based encapsulating ligand is less
probable than for their zinc-based analogs: the
faces of the Co,L¢ framework contain holes that
are large enough for the anions to exchange (as
follows from variable-temperature “F NMR
experiments of [102] for BF,~ and PFy ions).
Coordination-driven self-assembly of a para-
phenylene bis-bidentate pyrazolyl-pyridine syn-
tone 333 with labile hexacoordinate metal ions
such as Zn** and Cd** by Scheme 4.105 afforded
Migl,4 coordination capsules 642 and 643,
respectively, having tetracapped truncated tetra-
hedral cage frameworks with the cavity volumes
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of approximately 700 A3 [103, 104]. The
cadmium(II)-based ligand 643 encapsulates eight
perchlorate anions and six solvate acetonitrile
molecules. In this cage complex, each apical
metallocenter has a truncated tetrahedral CdN-
coordination polyhedron formed by three bridg-
ing bis-bidentate fragments of its framework.
Electron-rich para-phenylene spacers as donors
(D) interact with coordinated to a metal ion,
electron-deficient pyrazolyl-pyridine acceptors
(A) forming 12 five-component A-D-A-D-A
stacks. These interactions stabilize the cage
framework with an effective diameter of its cav-
ity of 11 A and a cavity volume of approximately
700 A3; this large cavity allows encapsulating at
least eight perchlorate anions and six solvent
acetonitrile molecules [104]. While the analo-
gous zinc(II)-based cage complex of 642 has the
same crystal and molecular structure, in the
case of copper(Il) ion a hexanuclear 1:1 cage

3)

complex 646 with encapsulated BF,” ion has
been isolated in [104]. As follows from X-ray dif-
fraction data, the guest anion is included in
C-H...F hydrogen bonds. Self-assembly of the
same ligand syntone and Ni(BF,), in the molecu-
lar ratio 3:2 gave an octanuclear 1:1 cage com-
plex of 647 with eight cross-linking metallocenters
forming a distorted cubic  polyhedron
(Scheme 4.105) that contains encapsulated BF,~
anion. This capsule has S; symmetry, and exten-
sive interligand aromatic stacking with
electron-rich phenyl ring sandwiched between a
pair of coordinated electron-deficient pyrazolyl-
pyridine unit gives a total of eight five-layer alter-
nating A—-D—-A—D-A stacks, each one associated
with a face of the cubic cage framework. As fol-
lows from '"H NMR and ESI-MS data, the Cd4L,,
capsule 643 is only a kinetic intermediate prod-
uct of a self-assembly reaction that easily con-
verts to the thermodynamically more stable
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hexanuclear cage framework 645. In the case of
nickel(IT) ions, both the hexanuclear and octanu-
clear capsules 644 and 647 have been detected in
[104].

Coordination-driven self-assembly of a mix-
ture of an edge-bridging bis-bidentate ligand syn-
tone 333 and a face-capping tris-bidentate
syntone 334 with cadmium(Il) ions allowed
obtaining by Scheme 4.106 heteroligand
Cd,,L,’; coordination capsules 648 with an
unusual cuboctahedral cage framework formed
by eight trigonal and six square faces [103]. The
formation of the corresponding homoligand cap-
sules has been also observed in this work. The
copper(Il)-based caging ligand 649 with a cavity
volume of approximately 450 A3 encapsulates
disordered tetrafluoroborate anions and solvent
nitromethane molecules [103].

Naphthalene-containing analogs of 642 and 643
have been prepared in [105] from the corresponding

rd \"
L AS
-

24+

rigid bis-pyrazolyl-pyridine ligand syntone 335.
Its self-assembly with cadmium(Il) ions by
Scheme 4.107 gave a tetracapped truncated tetra-
hedral CdsL,4 coordination capsule 651 with
Cd...Cd distances of 9.17-10.46 A. Each of 24
ribbed fragments of its 7-symmetric framework
with a cavity volume of 1300 A® is formed by
these rigid syntones, which are cross-linked by 16
chiral hexacoordinate metallocenters. The caging
ligand 651 with stacking intramolecular interac-
tions between its electron-rich naphthalene groups
and electron-deficient pyrazolyl-pyridine frag-
ments encapsulates nine tetrafluoroborate anions
to give a host—guest 1:9 cage complex. As follows
from 'H and '3Cd NMR data, this complex is
stable even in its diluted solution for a long time
due to the above extensive stacking interactions.
Its cage framework contains 12 mer- and 4 fac-
tris-bidentate cadmium(II)-based metallocenters,
as confirmed [105] by X-ray diffraction study. A
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fluorescence solution spectrum of the above com-
plex in the visible range also contains a broad
low-energy band characteristic of an excited state
of the naphthalene fragments stabilized by their
interactions with neighboring electron-deficient
groups in a stacked ligand array [105]. Self-
assembly of the ligand syntone 335 with copper(Il)
ions proceeds much less efficiently: the authors of
[105] failed to obtain an analogous Cu¢L,4 coor-
dination capsule and its cage complexes by
Scheme 4.107 with a reasonable yield; only crys-
tals of the Cu,L ;s framework 652 with an uncom-
plete and irregular polyhedron have been isolated
in a low yield and then characterized by X-ray dif-
fraction data [105].

The pyrazolyl-pyridine ligand syntone 336 is
reported in [106] to undergo self-assembly by
Scheme 4.108 with 3 metal (II) ions that prefer
octahedral coordination to give D,symmetric
M;L, pseudocubic capsules 653—655; their two
cyclic tetranuclear helicate ML, units are con-
nected by four additional pillar ligand syntones.
As follows from X-ray diffraction data of [106],
these 16-cationic coordination capsules encapsu-
late tetrahedral BF,~ and C10, anions, thus form-
ing 1:1 cage complexes.

Self-assembly of a 1,8-naphthalene pyrazolyl-
pyridine syntone 337 with copper(Il) ions by

Scheme 4.109 gave 1:4 cage complex of a dodeca-
nuclear Cupl;y ligand 656 [107]. This
T-symmetric coordination capsule with a non-
crystallographic C; symmetry has a truncated tet-
rahedral framework with the vertex hexacoordinate
Jahn-Teller distorted copper(II) ions. The naph-
thalene spacers and pyrazolyl-pyridine fragments
form strong stacking interactions on a periphery
of this cage complex with four encapsulated per-
chlorate ions forming weak O...H-C hydrogen
bonds with the interior of the inner cavity of 656.
All tris-chelate metallocenters of this framework
have the same configurations that results in its
chirality. Cobalt and cadmium(Il) ions are
described to give the same structurally labile
M,Ls capsules 657 and 658. In contrast, self-
assembly of zinc(Il) ions with an optically active
pyrazolyl-pyridine ligand syntone 338 afforded a
tetrahedral Zn,l, cage framework 659 by
Scheme 4.110. This framework, which encapsu-
lates disordered BF,~ anion, contains four vertex
zinc(Il) ions and ribbed bridging bis-bidentate
fragments. It is the single enantiomer in which the
chirality of its pinene fragments controls the chi-
rality of coordination capsule 659 [107].

A 1:1 cage complex of the tetrahedral Hgyl ¢
coordination capsule 660 with encapsulated per-
chlorate anion has been prepared in [108] by



4.2 Caging Ligands with 4n End-Capped Metal lons

341

12 Cu?t

18@? Db
7\

12 Cd?t

12 Co?*

/'_-_""\ B _
A =Clos BF,

Scheme 4.109

Scheme 4.111. It has a C;-symmetric cage frame-
work with Hg...Hg separations along the edges
varying in a narrow range of 11.64-12.23 A. Two
types of metal coordination geometry are present
in this framework: one of Hg?* ions has a fac-tris-
chelate geometry, when the three others have a
mer-geometry. All metal centers have the same
optical configuration (all A or all A) with both
enantiomers presentin the unitcell. Intramolecular
stacking interactions are reported in [108] to be
an important feature of 660.

Extensive stacking interactions between the
adjacent ligand syntones resulted in red-shifted
“excimer-like” luminescence in the Zn,J's and

(A~,) @658

Cu,,L" 4 cage complexes of naphthalene-containing
coordination capsules 636 and 656 (Scheme 4.112),
allowed the monitoring of their formation [109].

A 1,8-naphthalene-containing CdyL, coordi-
nation capsule 661 having a tetrahedral cage
framework with an average Cd...Cd distance of
9.28 A is reported in [110] to encapsulate BF,
anion. The use of zinc(Il) hexafluorosilicate in
the self-assembly gave a 1:1 cage complex of its
zinc-based analog 636 with encapsulated SiFg>
dianion. The average Zn...Zn distance in its tet-
rahedral framework (approximately 9.73 A) is
very close to that in the analogous complex with
caged BF," anion (approximately 9.72 A) [107].
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Scheme 4.110

Scheme 4.111

A similar ligand syntone 339 with a
1,10-anthracene spacer fragment has been assem-
bled with zinc and cobalt(II) ions by Scheme 4.113
to give Myl capsules 662 and 663 [110]. The
cage complex of 662 with encapsulated tetrafluo-
roborate anion has a non-crystallographic 7 sym-
metry caused by the same chirality of its vertex

_|7+

tris-chelate metallocenters. The anthracene spac-
ers are sandwiched between the coordinated
pyrazolyl-pyridine fragments of two neighboring
ribbed bridging fragments; the Zn...Zn distances
along them are approximately 9.7 A. Its cage
framework retains a twofold symmetry in solu-
tion. The isostructural cobalt(Il)-based capsule
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Scheme 4.113

663 has been prepared in [110] using a solvother-
mal method.

Fe,L, face-capped tetrahedral coordination
capsules 664-667 have been synthesized in [111]
using imine condensation (including a guest-
templated procedure) of the corresponding Cj-
symmetric triamines 340-343, 2-formylpyridine,
and iron(Il) ions by Scheme 4.114; three of these
amine syntones also form the corresponding
Fe,L; helicates.

An eight-cationic Fe s coordination cap-
sule 668 has been self-assembled in [112] by
Scheme 4.115 from 4,40-diaminobiphenyl,
2-formylpyridine, and iron(II) ions. Its cage
framework exists in solution as a mixture of
interconverting 7-, C;-, and S,-diastereomers,
and encapsulation of guest anions resulted in a
redistribution between them [112].

A tripodal ligand syntone 344, obtained by
condensation of pyridyl-containing donor com-
ponents with an appropriate rigid triptycene
precursor, is reported in [113] to undergo coor-
dination-driven self-assembly with europium(III)
ions by Scheme 4.116, giving a tetrahedral Eu,L,
1:1 cage complex with encapsulated perchlorate
anion. An average Eu...Eu distance in coordina-
tion capsule 669 is approximately 12.0 A; there-
fore, its cavity is large enough to encapsulate also
tetrafluoroborate and triflate anions [113].

4 Encapsulation by Coordination Capsules

Rigid 3-pyridyl-terminated iron(Il) clathro-
chelates 345 and 346 have been used in [114] as
ditopic N-donor angular ligand syntones for the
synthesis of large heterometallic Pd4L,, coordi-
nation capsules 670-673 by their coordination-
driven self-assembly with palladium(II) ions by
Scheme 4.117. The cavities of their octahedral
cage frameworks 670, 672, and 673 are almost
completely occupied by guest solvent mol-
ecules and NO;~ or BF,~ anions. These anions
are located in interior binding pockets close to
the vertex palladium(Il) ions. A cavity volume
of these frameworks is approximately 5200 A3,
but much of it is occupied by the ribbed sub-
stituents of their macrobicyclic ligand syn-
tones. As a result, these coordination capsules
have the void cavity volumes of approximately
1400/1800, 1300, and 1100 A3, respectively.
The conformation of their clathrochelate syn-
tones in crystal affects the internal space within
these dodecacationic coordination capsules hav-
ing central cavity with a hydrophobic internal
environment formed by methyl or cyclohexane
substituents at the cage framework. The coordi-
nation capsule 670 gave 1:1 cage complex with
encapsulated lipophilic tetraphenylborate anion
by Scheme 4.119; this encapsulation has been
confirmed in [114] by single-crystal synchro-
tron X-ray diffraction data.
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4.2.3 Encapsulation of Cations

Encapsulation-driven interconvertion of
anthracene-containing M,L; triple helicates into
the corresponding M,Ls cage complexes by
Scheme 4.118 in the presence of tetramethylam-
monium cation as a guest has been performed by
K. Raymond and coworkers in [115]. Self-
assembly of the ligand syntone 347 with
TiO(acac), and Ga(acac); gave these helicates in
the absence of this cation and the M,L¢ coordina-
tion capsules 674 and 675 in its presence. These
tris-helicates have been converted into their
tetrahedral cage derivatives by addition of

tetramethylammonium chloride. A highly sym-
metric TiyLg 1:1 cage complex with encapsulated
(CH;),N* cation is reported to be a racemic mix-
ture of homochiral tetrahedral frameworks
(AAAA or AAAA at its metal vertices) with an
average Ti...Ti distance of 16.1 A.

Five  bis-catecholate  ligand  syntones
(Scheme 4.119) have been used [116] to evaluate
combinatorial libraries of their coordination self-
assemblies with metal ions as hosts for various
guests. As follows from ESI-MS and NMR data,
the dynamic combinatory library with many
assemblies simultaneously being present in a
solution is made from labile ligand syntones and
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coordinate metal ions forming kinetically inert
coordination capsules.

To avoid the formation of M,L; complexes as to
favor the tetrahedral ML capsule, K. Raymond and
coworkers used [117] a rigid ligand syntone 348
with a naphthalene spacer. The latter gave a 1:1 cage

T7+

mixture of Czand S, isomers

complex of capsule 575 (see Sect. 4.2.1) with
encapsulated tetrabutylammonium cation by
Scheme 4.120; this complex was characterized by
'"H NMR and X-ray diffraction data. The caging
ligand 575 is also able to encapsulate various organic
cations, such as (CHj3),(C;H;),N*, (C;H;),N*, and
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N,N,N',N'-tetramethyl-1,3-propanediammonium, in
their aqueous solutions [118].

Complete resolution of isomers of a chiral
anionic capsule 577 has been performed in [119]
with the chiral N-methylnicotinium cation as a
guest. The latter is an ideal probe for determining
the diastereomeric excess of the resolved capsule,
as it readily undergoes further exchange reaction

with tetraethylammonium cation with complete
retention of chirality (such enantiopurity retains
in alkaline aqueous solution for a long time). It
gives the enantiopure AAAA and AAAA isomers of
the corresponding 1:1 cage complexes
(Scheme 4.121) the absolute configuration and
enantiopurity of which was determined in [119]
from their CD spectra; the absolute configuration
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of its AAAA isomer was also confirmed by X-ray
diffraction data. The vertex gallium(III) ions have
a distorted octahedral Og-coordination polyhedra
with average Ga—O distances equal to 1.966 A
with the distortion angle of 40.2° and Ga...Ga
distances of approximately 12.66 A [119].

This caging ligand is also reported in [120] to
be able to encapsulate not only alkali metal cations
but also their complexes with crown ethers, thus
forming the corresponding 1:1 “Matreshka” com-
plex-in-complex assemblies by Scheme 4.122. As
follows from the multinuclear NMR data, these

coordination capsules are in a dynamic equilib-
rium in their aqueous solutions [120].

A similar Fe,L, capsule 676 has been prepared
in [121] by a one-pot synthetic procedure
(Scheme 4.123) from iron(II) chloride and the
corresponding ligand syntone. The use of bis-
para-tolyl malonate instead of bis-fert-butyl syn-
tone under the same reaction conditions resulted
in the formation of a FesLs cage framework of
677. As follows from their >’Fe Mossbauer spec-
tra, both these coordination capsules contain only
the vertex iron(IIl) ions [121].
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Scheme 4.122

Scheme 4.123

Bis- and tris-catecholate syntones 298, 348,
and 349 (Schemes 4.124, 4.125, and 4.126) have
been used [122] for the synthesis of M,L4 and
M,L, capsules, respectively, by their coordina-
tion to oxophilic and strongly Lewis-basic
gallium(IIl), tin, and titanium(IV) ions; these
polyanionic caging ligands are reported to be

R' = Ot-C4Hy
R? = CO,t-C4Hg

prospective cation receptors. Self-assembly of
gallium(Ill) acetylacetonate with a tris-
catecholate ligand syntone 349 in the presence of
triethylamine by Scheme 4.124 gave a highly
symmetric Ga,L, capsule 678 as the only product
of this reaction. In the case of tin(IV) tetrachlo-
ride, it afforded a Sn,L, cage framework 573 with
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Cs-symmetry axes that pass through its facial
tris-catecholate fragments. The slightly modified
self-assembly with titanium(IV) tetrabutylate
gave a Ti,L, coordination capsule 574. Its crystal
contains a racemic mixture of homoconfigura-
tional tetrahedra (all A or all A at the metallocen-
ters within a given 7T-symmetric capsule), while
four Cj;-symmetric tris-catecholate fragments
form the faces of this tetrahedral cage framework
and are cross-linked by four vertex titanium(IV)
ions. Self-assembly of the bis-catecholate ligand
syntones 350 and 348 with gallium(III), tin, and
titanium(I'V) cations by Schemes 4.125 and 4.126
afforded M,L¢ coordination capsules 575, 679,
and 680. As follows from their 'H NMR spectra,
the 7-symmetric ligands 575 and 680 in the
course of this reaction encapsulate tetraethylam-
monium cation, giving the corresponding 1:1
cage complexes. The authors of [122] noted that
the caged cation began to experience the chiral
environment of their 7-symmetric inner cavities.
These coordination capsules thus seem to be
potent chiral molecular flasks (see Sect. 6.3).
The cation-induced synthesis of tetrahedral
cage complexes by Scheme 4.127 is reported in
[123]; the formation of such derivatives of the
rigid pyrenocatecholate ligand syntone 350 is

4 Encapsulation by Coordination Capsules

(Cat+) @681

( Cat+ = (CH3)4N+, (C2H5)4N+, (C3H7)4N+

induced by the interactions between an appropri-
ate cationic guest species and the anionic caging
host 681. This coordination-driven self-assembly
is described in [123] to be size selective: small
cationic species do not form such cage com-
plexes, whereas the tetraalkylammonium cations
(CH;),N*, (C,H,).N*, and (C;H;),N* do. The
binding constant for (C,Hs),N* ion is higher by
approximately 300 times than that for tetrapro-
pylammonium cation. In the host — guest 1:1
complex ((C,Hs),N*)@681, all the vertex metal-
locenters of its cage framework have the same (A
or A) configurations; thus, it exists as a racemic
mixture of the homoconfigurational ligand frame-
works with the tetracthylammonium cation
encapsulated within their cavities. The space-
filling model of the resulting solid-state structure
showed this cationic guest to be completely iso-
lated from external factors by the extended
n-system of the pyrene rings [123] and the host—
guest interactions play a key role in the formation
of coordination capsule 681 [123].

The example of reactive guest stabiliza-
tion within the cavity of a caging ligand
575 is described in [124]. Cationic species
[(CH;),C(OH)P(C,Hs);]* easily decomposes
in aqueous solutions, but its encapsulation
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by this caging ligand results in the stabiliza-
tion of a phosphine—acetone adduct within the
ligand’s cavity. The resulting cage complex
with the encapsulated adduct is reported in
[124] to be stable in aqueous and wet methano-
lic solutions. A detailed study of stereoselective
encapsulation of phosphonium guests has been
performed in [125] for a wide range of the phos-
phines {(CH;);P, (C,H;s);P, C¢Hs(CH;),P, and
(C¢H;5),CH3P)} and ketones (acetone, methyl
ethyl ketone, 1,1,1-trifluoroacetone, and fluoro-
acetone) shown in Scheme 4.128. Stabilization
of reactive phosphonium-ketone adducts of a
general formula [R'CH;C(OH)PR;]* using their

encapsulation by a Gayl4 tetrahedral capsule
575 is reported in [125]; although these cations
decompose in aqueous solution, in its hydropho-
bic cavity they have substantially longer life-
times, in some cases, up to weeks. By varying
the phosphines and ketones that form the adducts
and the pD of the solutions, it was shown that
the size and shape of the guest cations and acid-
ity (basicity) of the aqueous solution play an
important role in the stability of these host—guest
complexes. Encapsulation of chiral guests by the
chiral capsule 575 results in the formation of dia-
stereomers, which were characterized in [125]
using 'H, F, and *'P NMR spectra. Although
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this capsule is formed from non-chiral ligand
syntones, it has AAAA or AAAA chirality around
its vertex metallocenters. Due to the chirality
of 5§75, diastereomeric selectivity is observed
upon initial guest encapsulation (typical dia-
stereomeric excesses in this case are 30-50 %).
The initial diastereomeric selectivity decreases
over time to reach an equilibrium but does not
become 1:1, indicating that both the kinetic and
thermodynamic processes promote this selec-
tive encapsulation. The stability of the caged
phosphonium—ketone adducts increases with
decreasing pH, and fit of the guest molecule into
the cavity of 5§75 is an important consideration
for these cage complexes; dramatic increases in
stability of caged reactive species are observed
upon encapsulation by this capsule [125].

The ligand 575 is reported in [126] to stabilize
reactive aromatic diazonium (357) and tropylium
cations, forming 1:1 cage complexes by
Scheme 4.129. In contrast, its methoxyl-
containing analogs 352 and 353 do not form such

complexes (as follows from '"H NMR data). This
result is explained in [126] by the difference in
the hydrophobicity and in the size of the guest
molecules; encapsulation prevents these reactive
aromatic cations from solvolysis or this process
is slowed by their caging [126]. This ligand also
encapsulates dialkylphosphinegold(I) cations to
give cage complexes of the same stoichiometry
by Scheme 4.129 [127].

Two tris-catecholate ligand syntones 354 and
355 (Scheme 4.130) have been tested in silico as
potent tris-bidentate chelators for the synthesis of
very large MyL, capsules 682—685 [128]. In the
Ga,L, cage framework of 682, the distance Ga...
Ga is approximately 19 A, while the estimated
volume of its cavity is approximately 450 A3, In
contrast, the bis-phenylene spacers in 355
increase its lability, causing a distortion from a
planar geometry that is necessary for the design
of MyL, capsules; according to the MM data, this
ligand cannot form such capsules. Indeed, self-
assembly of the designed M,L, derivatives 682—
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685 of the tris-catecholate ligand syntone 354 has
been performed in [128] by Scheme 4.130.
According to the NMR data, their highly sym-
metric tetrahedral cage frameworks have four C;-
symmetry axes. The anionic Ga,L, and TijL,
ligands 682 and 683 encapsulate organic mono-
cations of suitable size and shape but do not form
the cage complexes with anions, neutral mole-
cules, or polycations. As follows from the NMR
data, these capsules bind tetraethylammonium
and tetraethylphosphonium cations with approxi-
mate volumes of 360 and 390 A3, respectively,
giving 1:1 cage complexes. In contrast, tetrapro-
pylammonium and tetramethylammonium cat-
ions with an approximate volume of 770 and
150 A3, respectively, do not form cage complexes
with these caging ligands. Besides, such tetrahe-

@ O

dral hosts are selective for the guest’s shape: they
also do not encapsulate cylindrical molecules of

bis(cyclopentadienyl)cobaltocenium and
bis(decamethyl cyclopentadienyl)cobaltocenium
ions with the approximate volumes of 190 and
450 A3, respectively [128].

Titanium- and germanium(IV)-containing
analogs of the tetrahedral Fe,L, and Ga,L, cap-
sules 575 and 680 have been prepared in [129]
under more rigorous reaction conditions (at
higher temperature and with more prolonged
reaction time) than used for the gallium(III)
complex due to the reduced lability of their tita-
nium and germanium(IV) catecholate precur-
sors. In contrast to the metal(IIl) cations, the
formation of such metal(IV)-based coordination
capsules demands suitable guest templates; the
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guest-templated self-assembly by Scheme 4.131
gave 1:1 cage complexes of coordination capsules
686 and 687 with encapsulated tetramethyl- and
tetracthylammonium cations [129].

The Ga,L, caging ligand 575 is reported in
[130] to interact with an organometallic com-
pound [CpRuCl(cod)], giving two diastereomeric
forms of 1:1 cage complex with an encapsulated
cationic species [CpRu(cis-1,3,7-octatriene)]* by
Scheme 4.132. In contrast to the free form of this
cation that easily and irreversibly hydrolyses, the
encapsulated one is stable in aqueous solutions
for a long time. This organometallic precursor
[CpRu(cis-1,3,7-octatriene)]* also reacts with
carbon monoxide to give an organometallic cat-
ion [CpRu(cod)(CO)]* that undergoes encapsula-
tion in its aqueous solution by 575, thus giving
1:1 cage complex. The same coordination cap-
sule has been prepared by a reaction of the cage
complex of a parent organometallic guest cation
with carbon monoxide in aqueous solution; the
Cp*-containing analog of this guest gave a stable
1:1 cage complex with the tetrahedral coordina-
tion capsule 575 [130]. This ligand is reported in
[131] also to form 1:1 host—guest complexes with
very reactive iridium metallocomplex cations
shown in Scheme 4.133.

The  catecholate  TiJlL,;  coordination
capsule 574 and the cage complexes of

4 Encapsulation by Coordination Capsules

naphthalene-containing Ga,L, ligand 575 with
encapsulated (CH;),N*, (C,Hs),N, (C;H;) N*,
and Cp*Co* cations have been thoroughly char-
acterized in [132] and [133] by ESI-ITMS and
ESI-MS, respectively.

Resolution of racemic mixtures of the tetrahe-
dral Ga,L,, Fe,L,, and Al,L, capsules 575, 680,
and 688 onto their homochiral AAAA and AAAA
forms has been performed by Scheme 4.134 in
[134] with chiral S-nicotinium cation as a guest.
This resolution can also be accomplished using
the ionic associates of this cation with the corre-
sponding polyanionic 1:1 cage complexes with
encapsulated (C,Hs),N* cation blocking the cav-
ity interior. This suggests that the external bind-
ing sites of the cage frameworks are responsible
for the difference in their enantiomer interactions
with the above chiral cationic guest [134].

A 1:1 cage complexes of 575 with various
encapsulated reactive organometallic rhodium
cations have been prepared in [135] by
Scheme 4.135. To understand the factors driving
the molecular recognition process by the tetrahe-
dral M L¢ caging ligands, the authors of [136]
determined standard thermodynamic parameters
for the encapsulation of a series of organometal-
lic cations also shown in this Scheme. Such cag-
ing process for these guests is reported in [135] to
have enthalpy—entropy compensation effects.
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Scheme 4.134

The caging ligand 575 enantioselectively
binds organoruthenium cations shown in
Scheme 4.137 to give 1:1 cage complexes. As
follows from 'H NMR data, the encapsulation of
these chiral cations proceed with diastereoselec-
tivities up to 70 %, and the resolved assembly is
exploited for a dynamic resolution of one of the
organometallic species [137]. Cage complexes
with encapsulated cationic ruthenium sandwich
guests have been characterized in [138] using
ESI-MS and NMR methods. The reactivity of
these caged organometallic cations is altered by
their encapsulation, and the binding of the achiral
guest [CpRu(para-cymene)]* within the cavity of
such chiral ligand 575 caused its enantiotopic
methyl protons to become diastereotopic [138].

Cage complexes of 575 with encapsulated
ruthenocene guest cations, beared with long-
chain alkyl spacer substituents, are reported in
[139] to undergo fluxional structural changes by
Scheme 4.137. These changes are caused by the
dynamic second-order Jahn—Teller effect: at low
temperatures, this system does not have enough
thermal energy to populate its appropriate excited
states sufficiently to overcome the activation
energy, and the alkyl chain of the guest is extruded
through a single face of a caging ligand 575, but

®= Gé (575), Fe (680), Al (688)

1=

=

AAAA and AAAA forms
2t = (CoHg)gN*

1=

AAAA and AAAA forms

at higher temperatures, its greater statistical pop-
ulation of excited electronic states permits the
distortion of the transition state toward the
T-symmetric intermediate. This system can eas-
ily overcome a smaller activation barrier to return
to one of the C; ground states. At ambient tem-
peratures, this distortion is very fast, allowing the
system to interconvert rapidly between the four
degenerate Cj; states through the 7 intermediate
one, leading to the time-averaged 7' symmetry on
the NMR time scale [139] .

The ligand 575 has been also used in [140]
for stabilization of iminium ions formed in situ
by imine condensation of the corresponding
secondary amines and ketones in aqueous solu-
tion. This binding (Scheme 4.138) is size selec-
tive: encapsulation of too small or too large
iminium guests is inefficient. Thus, caging by
575 allowed generating iminium ions in basic
aqueous solutions and stabilizing these species
at room temperature [140].

Encapsulation of protonated amine and
phosphine guests (Scheme 4.139) by coordina-
tion capsule 575 is described in [141] to make
them more basic; the process leads to a dramat-
ical shift in the effective basicity of their caged
protonated forms. For encapsulated protonated
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amine and phosphine guests, the size selectivity
is consistent with a constrained binding envi-
ronment of 575. Protonation of the encapsu-
lated guests has been confirmed by *'P NMR
and MS data and a pH dependence of the encap-
sulation. The binding by this caging ligand dra-
matically alter the effective basicities of caged
amines by over 4 pKa units for a wide variety
of such guests; those are exchanging freely to
the exterior of the capsule 575, eliminating the
possibility of encapsulation acting as a kinetic
trap [141].

1:1 cage complexes of coordination capsule
689 with an extended cavity have been synthe-
sized in [142] by Scheme 4.140 using an appro-
priate 1,1’-binaphtyl ligand syntone 357. Such

ﬂ'\

(HaC)sP Ha

cavity allowed efficient encapsulation of rela-
tively large tetraalkylammonium and
tetraaryl(alkyl)ammonium cations shown in this
Scheme.

A coordination-driven self-assembly of tris-
pyrocatecholate ligand syntones 358 and 359
with titanoyl bis(acetylacetone) by Schemes 4.141
and 4.142 afforded truncated tetrahedral M,L,
capsules 690 and 691 with more “close” and
more “open” cage frameworks, respectively
[143]. In the host—guest 1:4 cage complex of 690
with an encapsulated cationic guest [K(DMF);]*,
the distance Ti...Ti between its vertex metallo-
centers (approximately 17 A) is substantially
shorter than that in the case of its analog 691
formed by the more extended tris-pyrocatecholate
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Scheme 4.136

Scheme 4.137



4.2 Caging Ligands with 4n End-Capped Metal lons 361

Me Me)\/MeMe 2Me

; G ; @ ;
M ejl\eaMe Me)\%Me
G e
YEtJI\WSMe ’Et/w(l))/Me
s

’Etjl\ﬁ/sMe

£ e

IZ@

+ -
Q\IH +  n-BuNHg Mej\m

Scheme 4.138



362

4 Encapsulation by Coordination Capsules

- 12-

Substrate
+ H*

\\

-:\ cat*| = Substrate - H*

y
S
= N
SUbStrate = /f%;’ |:‘>/\|:‘>/ ; (HaC)oP
HN(C,Hy), ; HN (i-CgH, %N/

N -
VN ;D ““““ ‘/7\ ; \N/\N/;\N/\/"\l

j> \

-~ e
\N/\/\/’\\l ; \N/\/\/\/N

- .
“N f\‘l ;
\
/\N/\/\/\/\/N/\
.
_

i [

; /\N/\/\/\/\/\/N

-

(CoHs)oP”  P(CoHs)s ; N(CoHs)s

\

NN~

P(CHj3), ; N(CgH,)3

/N
A

ﬂ
/_/

S OSNTTSNT
\ \ \ \

N/

Ve e W W Q:““Z; [%j; ﬁ
N \ NH, H SN H
CH3
Hy PENCH G PNCC
Hac/fNj\CHa ’C3H(O\’ -CgHy’ HzN/\/N\/\NHZ d d

Scheme 4.139

syntone 359 (approximately 23.5 A). Therefore,
the latter capsule can easier encapsulate and
release the guest molecules [143].

Detailed analysis of the cavity shapes and vol-
umes and the effect of charge on the cage frame-
work properties for a series of ML coordination
capsules 575, 680, and 686 with encapsulated
ammonium and organometallic cations shown in

Scheme 4.143 has been performed in [144].
Single-crystal X-ray diffraction data showed that
intermolecular =x...w, cation...wr, and CH...w
interactions depend on the nature of the cationic
guests. The cation...w interactions are formed
near the electron-rich catechol fragments of the
caging ligand, while the =...m interactions are
localized near its naphthalene rings. Changing of
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@ = Ga®* (575); Fe3* (680); Ti** (686)

Scheme 4.143

the vertex metal ions and their charges does not
affect the geometry and shape of their cage
framework, whereas the interior cavities undergo
distortion to accommodate a wide range of guest
molecules; the volume of their cavities falls from
253 to 434 A® depending on the nature of the
caged guest cation [144].

'"H NMR chemical shifts for the encapsulated
tetraalkylphosphonium, tetraalkylammonium, and
trimethylarylphosphonium cations and neutral
methane molecule within the cavity of a coordina-

18-

| Cat® | = (C,Hs)aN*; BaN(CHy)s™

i +
o

tion capsule 575 have been calculated in [145]
using DFT approach, allowing accurately probing
“a caging host-caged guest” geometry and map-
ping a magnetic environment of the interior of its
cage framework, which discriminates between the
different host—guest geometries. The unexpected
downfield NMR chemical shifts experimentally
detected in [145] has been thus explained for these
caged species. Substantial differences between the
internal and external binding of mono- and tetraal-
kylammonium guest cations by this Ga,L, caging
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Scheme 4.144

ligand have been detected in [146] using NMR,
UV-vis, and ITC methods. External binding due to
attractive interactions between the guests and the
exterior surface of this dodecaanionic coordina-
tion capsule is enthalpy driven, while the encapsu-
lation, which results in desolvation and release of
solvent molecules from its cavity, is entropy
driven. Tetraethylammonium cation binds more
strongly to both the interior and exterior of the
coordination capsule than its methyl-containing
homologs. These different internal and external
host—guest interactions of 575 are explained in
[146] by high negative charge and hydrophilic
outer surface of this coordination capsule in con-
trast to its hydrophobic inner cavity.

This coordination capsule 575 is reported
in [147] to only partially encapsulate
ruthenocenyl-based zwitterionic ~ guests by
Scheme 4.144. Whereas their cationic “heads”
are situated within its cavity, the spacer to the
anionic terminal group passes through one of the
small openings at the centers of the triangular
faces of its dodecaanionic cage framework.

4.3 Coordination Capsules
with Bridging

(Cross-Linking) Metal lons

Edge-directed coordination-driven self-assembly
of 50 predesigned precursors (30 diplatinum lin-
ear complexes 360 and 367 and 20 tris-pyridyl
ligand syntones 362 with directing angle of
approximately 108°) by Scheme 4.145 afforded
dodecahedral coordination capsules 692 and 693.
As follows from TEM and 'H, 3'P, and PGSE
NMR data, these highly symmetric cage frame-
works have the diameters along their Cj;-
symmetry axes of 52 and 75 A, respectively. The
self-assembly includes the formation of 60 new
coordination bonds from 50 ligand syntones;
their rigidity and fitting in size are described in
[148] to play a key role.

A similar approach has been used in [149] for
the synthesis of a cuboctahedral Pt,,'L,,?Lg coor-
dination capsules 694 and 695. It allows control-
ling the positioning of their either ferrocene or
crown ether functionalizing pendant substituents.
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These  coordination-driven  reactions by
Scheme 4.146 include a self-assembly of the
diplatinum complexes 362 or 363 as an acceptor
with a directing angle of 120° and the tris-pyridyl
ligand syntone 364 as a donor. The multinuclear
NMR data suggest the formation of only these
capsules with highly symmetric cuboctahedral
rigid frameworks and the external diameters of
approximately 67 and 84 A; those of their inner
cavities are approximately 50 A. According to the
CV data, 694 and 695 undergo redox processes
that are reversible on the CV time scale; the
authors of [149] report a fast ET between the pen-
dant redox-active ferrocenyl substituents in 694.
The S;-symmetric Ag,l; and S,-symmetric
Cul, cage complexes with encapsulated

monoanions have been self-assembled in [150]
by Scheme 4.147. In the coordination capsule
696, each silver(I) ion triangularly coordinates
three imine nitrogen atoms of three C;-symmetric
ligand syntones adopting a cis-conformation.
Their two benzimidazole substituents are perpen-
dicular to the arene ribbed fragment of the caging
ligand, thus giving the trigonal prismatic coordi-
nation capsule 696 with one encapsulated triflate
anion. Its C;-symmetry axis passes through the
two capping silver(I) ions, and the capsule has a
S; symmetry. The encapsulated triflate ion inter-
acts with two capping silver(I) ions; the distance
O-Ag and Ag...Ag are 2.543 and 7.5 A, respec-
tively. In the coordination capsule 697, the four
ligand syntones adopt a cis-conformation and
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are cross-linked by two copper(Il) cations; each
of these ions coordinates nitrogen donor atoms
of the benzimidazole groups from four differ-
ent ligand syntones, forming a square-planar
CuN, coordination polyhedron. The aromatic
bases of 697 are reported in [150] to “turn up,”
thus allowing an encapsulation of tetrahedral
perchlorate anion. The C,-symmetry axis of 697
passes through two cross-linking copper(II) ions,
and it thus has a S, symmetry. The Cu...Cu dis-
tance of approximately 7.4 A and the distance
of 10.3 A between the two parallel arene ribbed
fragments of the cage framework are reported in
[150] to define the void cavity volume of this C,-
symmetric coordination capsule.
Coordination-driven self-assembly of the
arene-based ligand syntone having three benz-
imidazolyl pendant substituents with an excess

AgBF, and Cul by Scheme 4.148 gave ML, cage
complexes 698 and 699, respectively. In the coor-
dination capsule 698, three doubly coordinate
silver(I) ions almost linearly bind two face-to-
face positioned ligand syntones, giving the Ag;L,
framework. The six benzimidazolyl groups are
nearly perpendicular to its arene bases, thus
forming a TP cage framework with the height &
of approximately 11 A and the distance between
its edges of approximately 6 A. This caging
ligand encapsulates one tetrafluoroborate anion,
one acetonitrile, and one water molecules, thus
giving a heteroguest 1:1:1:1 cage complex. A
similar Cu;L, cage complex 699 has been pre-
pared by reaction of the same ligand syntone with
Cul. The obtained TP coordination capsule
framework with slightly bent N-Cu-N fragments
encapsulates Cul;*~ dianion. The template effect
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of these anionic guests is reported [151] not to be
specific because they can vary from the tetrahe-
dral F,~ monoanion to the planar Cul;*~ dianion.

A tris-imidazolyl ligand syntone 364 has been
used in [152] to obtain by Scheme 4.149 host—
guest 1:1 cage complexes of a TP coordination
capsule 700 with encapsulated tetrahedral and
octahedral monoanions.

Tetragonal prismatic M,L, (701 and 702) and TP
M,L; and M;L, (703-705) coordination capsules
with bridging and capping silver(I) and nickel(I)
ions, respectively, have been self-assembled in
[153] by Scheme 4.150 from the corresponding
angular ditopic ligand syntones 365-367.

Aliphatic and aromatic multidentate N-donor
bridging ligand syntones and silver(I) acetylide

(2A7) @697

Ag,(C=C), have been used in [154] to obtain dif-
ferent types of monomeric and polymeric coordi-
nation capsules 706-710 with encapsulated
acetylide dianions. In the case of the rigid aro-
matic pyrazine linker, the self-assembly by
Scheme 4.151 gave a cage-based polymer 706
with pyrazine-linked silver columns, which was
characterized by X-ray diffraction data. Its mono-
meric unit contains a double-cage framework,
and each of the distorted TP and TAP entities
encapsulates one acetylide dianion. The use of
more Lewis-acidic and bulky aliphatic
1,8-diazabicyclooctane allowed obtaining a
monomeric capsule 707. Its crystal contains Agy,
double-cage frameworks with a C, pseudoaxis
that passes through their shared edges; each of its
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distorted triangulated dodecahedral entities also
contains one caged acetylide dianion. The more
labile bis-pyridyl linker 368 forms two types of
coordination capsules: the major product 708
contains the monoprotonated linkers, while in the
minor product 709 this bis-pyridyl fragment is a
neutral connector between its two cage frag-
ments. The capsule 708 has a branched-tree
architecture based on the distorted square-
antiprismatic cage frameworks sharing their

edges. These frameworks are bonded through
additional Ag...Ag interactions, giving chain-
like silver columns. The monoprotonated bis-
pyridyl linker has a gauche-conformation and
forms hydrogen bonds with a carboxylate anion
of a neighboring coordination chain that gives an
undulated layer in this crystal. In contrast, the
bidentate linker in the crystal of 709 has both
gauche- and anti-conformations. Its building
blocks, the decanuclear coordination capsules
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[(Ag.Cy)(AgCF;CO,)g], are linked by anti-con-
formers in the chains, forming a 2D network
through its gauche-conformers. The same 2D
network has been observed by the authors of
[154] in the crystal of capsule 710 that is formed
by an angular aromatic bridging ligand syntone
364. In this case, the tetracage building block
framework is formed by two types of the Ag;
monocages. The C=C bond length for the encap-
sulated acetylide dianions falls in the range 1.16—
1.23 A in all these coordination capsules; i.e., the
triple character of this bond persists within their
cavities. The Ag...Ag distances in these cage
frameworks (2.821-3.368 A, within twice the van
der Waals radius of Ag*) suggest the presence of
argentophilic interactions [154].

A hydrothermal synthesis of the analogous
coordination capsules 711-715, the derivatives
of para- and meta-cyanopyridines and the cor-
responding pyridinecarboxamides as the prod-
ucts of their hydrolysis, has been performed in
[155]. Coordination-driven self-assembly of
silver(I) salts by Scheme 4.152 with meta- and

371

para-cyanopyridines at different temperatures
afforded mono- and tetracage complexes 711
and 712 at 108 °C and their tetracage analogs
713 and 714 at 60 °C; meta-cyanopyridine also
forms a coordination capsule 715 at 85 °C. The
branched-tree motif of the capsule 711 is formed
by square-antiprismatic Agg polyhedral sub-
units encapsulating an acetylide anion. These
cages form a columnar structure throughout
the trifluoroacetate anion, which is stabilized
by coordinated meta-pyridinecarboxamide
ligand syntones. Hydrogen bonding between
their amino groups and solvent water molecules
as H-donors and oxygen atoms of trifluoroac-
etate anions as H-acceptors gave a 3D colum-
nar network. In the crystal of 712, the distorted
triangulated-dodecahedral polyhedral entities
that are conjugated by two Ag—Ag bonds form
zigzag composite chains. These chains are linked
by para-pyridylcarboxamide ligand syntones
into a 2D network. 3D network in the crystal
of 713 is formed by bis-capped TP Agg cage
frameworks, which are linked by meta-pyridyl-
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carboxamide ligand syntones. The coordination
capsules 714 and 715 also have the same 3D
architectures [155].

In the case of tripodal tris-aminopyrrolyl
ligand syntones, metal dithiocarbamate moieties
can play arole of linkers in the ribbed fragments
of the corresponding coordination capsules.
One-pot reactions of these capping syntones
with CS, and metal(IT) halides by Scheme 4.153
in high dilution conditions gave nickel-, zinc-,
and copper(Il)-based M;L, capsules 716-719.
UV-vis study performed in [156] for the capsule
717 showed that this copper(Il)-based caging
ligand efficiently binds only benzoate anion and
discriminates chloride and dihydrophosphate
ions, while its copper(IIl)-containing oxidized
derivative 720 preferably encapsulates chloride
ion. Therefore, the encapsulation stabilizes such
neutral copper(Il, III)-containing capsule (CI")
@720 [156].

An 11-nuclear 21-vertex alcohol capsule 721,
formed by 11 sodium cations and 10 tert-
butanolate anions, has been prepared in [157] by
Scheme 4.154. This capsule contains one encap-
sulated hydroxide anion and retains its cage
framework in solution [157].

The MgL¢ coordination capsules 722 and
723 have been self-assembled in [158] by
Scheme 4.155 from copper and silver(I) ions
and an alkyne tetrapyridyl ligand syntone 371.
Each of their metallocenters coordinates four
nitrogen atoms of three tetrapyridyl fragments.
These caging ligands encapsulate BF, and SbF4
monoanions both in solution and in solid state
but discriminate more bulky [Co(C,H;By),]
anion [158]; the preparation of their analog 724
(Scheme 4.156) is described in Chap. 5.

The meta- and para-tris-pyridyl cyclotrivera-
trylene ligand syntones 372 and 373 have been
used in [159] for the synthesis of dimeric M,L,
and tetrahedral prismatic MyL, coordination
capsules 725 and 726 by Scheme 4.157. The cag-
ing ligand 725 encapsulates solvent acetonitrile
molecules, giving a host—guest 1:2 cage com-
plex. In this C,-symmetric capsule, the caged
molecules are coordinated to cross-linking
silver(I) metallocenters. The tetranuclear Ag,L,
capsule 726 also encapsulates acetonitrile mol-

4 Encapsulation by Coordination Capsules

ecules to give a 1:5 cage complex. As follows
from X-ray diffraction data of [160], capping
(cross-linking) Ag+ cations in its vertices form
a tetrahedral Ag,L, framework with Ag...Ag
distances of 8.591 and 9.034 A. Each of the
ligand syntones is coordinated to three silver
cations forming a face of the coordination cap-
sule 726. Its 2-quinolyl-containing analog 727
has been prepared in [161] by Scheme 4.158.
Cross-linking silver(I) cations in its vertices
have a linear geometry with Ag—N distances of
2.21 and 2.17 A and N-Ag-N angle of 176.0°.
These four crystallographically equivalent Ag*
cations are arranged in a distorted tetrahedron
manner with Ag...Ag distances of 9.31 and
10.34 A. While in the above tetrahedral cage
framework 726 the capping silver(I) ions form
the vertices of the tetrahedron and each ligand
syntone is coordinated to three metallocen-
ters forming a face of this tetrahedral capsule,
each ligand syntone in the cage framework of
727 is coordinated to two Ag* cations through
only two of its three quinolyl fragments of 374
[161]. Detailed synthetic procedure, NMR and
X-ray diffraction characterization of this coor-
dination capsule and its dimeric analog 725
(Scheme 4.159) are reported in [162]. In the
coordination capsule 725, two ligand syntones
372 are arranged in a face-to-face manner by
two tetrahedral bridging silver(I) ions; each Ag*
cation coordinates two pyridyl groups from one
ligand syntone and one pyridyl nitrogen donor
atom from the other. The encapsulated aceto-
nitrile molecule completes its coordination
polyhedron.

A similar ligand syntone 375 has been
self-assembled in [163] with silver(I) cations
to give a Agsl; coordination capsule 728 by
Scheme 4.160. It has a trigonal bipyramidal
polyhedron with two ligand syntones as an
enantiomeric pair; this capsule encapsulates sol-
vent acetonitrile molecules [163].

A starburst prismatic PdgLg coordination cap-
sule 729 with a stella octangular geometry has
been prepared in [164] by Scheme 4.161. In it,
the Pd...Pd distances along the edges of its octa-
hedral cage framework range from 16.58 to
16.65 A, and the longest one between the vertices
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is approximately 23.54 A. The ligand syntones
376 occupy eight faces of 729, all the cavities of
which face the center of this coordination cap-
sule. Each 12-cationic Pd¢Lg framework is self-
assembled with eight ligand syntones of the same
chirality; so this 3.1 nm-sized capsule 729 is chi-

(719)

ral but exists as a racemate with both the enantio-
mers present in its X-rayed crystal [164].
Analogous [2]-catenane MgL, and monocage
M;L, coordination capsules 730-732 with bridg-
ing silver(I) and copper(Il) ions (Schemes 4.162
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Scheme 4.154

Scheme 4.155
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and 4.163) have been isolated and structurally
characterized in [165].

Self-assembly of four polyaromatic bis-
pyridyl ligand syntone 377 with two
palladium(II) ions by Scheme 4.164 gave a C,-
symmetric macrotricyclic coordination capsule
733 encapsulating one nitrate anion to give a
1:1 cage complex [166].

Anion-templated synthesis of a 1:1 cage com-
plex of arigid Co,L, coordination capsule 734 with
two tripodal cross-linking cobalt(II) ions and four
ribbed bridging bis-benzimidazolyl ligand syn-
tones 378 by Scheme 4.165 has been performed
in [167]. In it, these coordinatively unsaturated
cross-linking cations form the donor—acceptor
bonds Co—F (r,=2.045 ;\) with encapsulated BF,~
anion, and this anion does not undergo complete
exchange reaction with PFg ion but gives only
a mixture of the corresponding cage complexes.
The host—guest 1:1 compound with encapsulated
hexafluorophosphate anion has been prepared in
[168] in a straightforward manner by self-assem-
bly of a solvato-complex [Co(CH;CN),](PFy),
with the same bis-benzimidazolyl syntone 378. Its
cobalt(Il) metallocenters with a solvent-contain-
ing square-pyramidal polyhedra also coordinate
caged PFg anion, thus forming the donor—accep-
tor Co—F bonds [168].
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A tetranuclear octaanionic iron(Il)-bridged bis-
resorcene[4]arene capsule 735 has been prepared
in [169] by Scheme 4.166 using coordination-
driven self-assembly of iron(Il) chloride with the
iminodiacetic acid-functionalized ligand syntone
379. The tetranuclear cage framework of 735 is
formed by four iron(II) cations linking together
two hemispherical syntones 379 by coordination of
their two iminodiacetate moieties in an N,N-cis-
fac-manner. Coordination polyhedra of these
metallocenters that form a belt around the outside
of the cavity of 735 have a TP geometry. The inte-
rior of this capsule is surrounded by phenyl, ether,
and hydrocarbon groups, and it encapsulates six
water molecules, giving a distorted octahedron
with the distances O...O of approximately 3 A
through the hydrogen-bonded network. The caging
ligand 735 is reported in [169] to be suitable in size
(11.0x9.71 A) for encapsulation of small organic
molecules, such as benzene, THF, and hexane. As
follows from solution NMR data [169], this cap-
sule binds guests shown in Scheme 4.166; such
caging of bromobenzene in solid state is confirmed
by X-ray diffraction study of the corresponding
host—guest 1:1 complex that contains one disor-
dered guest molecule.

Analogous  tetranuclear  cobalt(IT)-based
coordination capsules 736 and 737 have been
self-assembled in [170] by Scheme 4.167.
Bridging cobalt ions in 736 with one principle C,
and two perpendicular Co...Co C, axes have an
alternating AAAA arrangement. The cage frame-
work of its 1:1 cage complex with one encapsu-
lated disordered ethylbenzene molecule has the
same structure and consists of two hemispheri-
cal resorcinarene syntones 380 bridged by four
cobalt(Il) ions. These cations are positioned at
the edge of its resorcinarene rims and are close
to the equator of this D,,symmetric capsule.
Two iminodiacetate moieties are coordinated in
an N,N-cis-fac-manner to each such metallocen-
ter having a distorted TP coordination polyhe-
dron, thus giving an octaanionic capsule. The
dimensions of its cavity are 10.9x9.7 A, and it
encapsulates a variety of organic guests shown in
Scheme 4.167 [170].

Coordination-driven self-assembly of six
pyrogallol[4]arene ligand syntones 382 with 12



4 Encapsulation by Coordination Capsules

376

LSL'y dwaYds




4.3 Coordination Capsules with Bridging (Cross-Linking) Metal lons

KoCOyq

c‘>H —o

4\

4 o oH ——————

( G )=CHgON

Scheme 4.158

((CHsCN),) @725

Scheme 4.159

gallium(IIl) cations by Scheme 4.168 gave a
large coordination capsule 738 with a “rugby
ball” shape and a cavity volume of approximately
1150 A%, Its cage framework is formed by four
cross-linking Ga,0O; arrays, 16 intramolecular
OH...O" hydrogen bonds, and four intramolecu-
lar OH...OH hydrogen bonds. This ligand encap-
sulates 12 solvent water molecules coordinated
to its metallocenters, six uncoordinated water and
eight acetone molecules. Due to spatial limita-
tions, encapsulated water molecules are reported
in [171] to form two pseudolinear hydrogen-
bonded (H,O)s chains.

Encapsulation of large aromatic guests
(Scheme 4.169) by a D,symmetric bis-cavitand
Agyl, coordination capsule 739 has been studied

in [172]. This capsule provides a highly rigid
cavity in which guest molecules with the length
of approximately 14 A can be selectively accom-
modated, thus making it possible to distinguish
slight structural differences in flexible alkyl-
chain molecules and rigid aromatic guests.
Detailed thermodynamic studies revealed that
not only the CH...w interactions between the ter-
minal methyl groups of these guests and the aro-
matic cavity walls play a key role in the
encapsulation but also does the desolvation of
the cavity. It selects hydrogen-bonded heterodi-
mers of a mixture of two or three carboxylic
acids. This chiral capsule 739 is also reported in
[172] to diastereoselectively encapsulate chiral
guests.

The Mn,s coordination capsules 740 and 741
with the encapsulated complex cation obtained
by Scheme 4.170 are reported in [173, 174] to
show single-molecule magnet behavior. The
caged guest of 740 [173] is formed by 16 Mn'!
ions, 12 methoxide, and 16 oxide bridges and is
surrounded by the strands of 12 manganese(Il)
ions and ten linking ligand syntones 383. The
adamantanoid cage framework of 740 is formed
by four Mn" ions found at the threefold axes that
are bridged by 383-Mn""-383 chains [173]. In its
analog 741 [174], the analogous adamantanoid
Mn",-capped coordination capsule also encapsu-
lates the same manganese oxide guest.

“Matreshka” complex-in-complex assemblies
of the metallacrown caging ligand 742 have been
prepared [175, 176] by Scheme 4.171. In the
terbium(III) complex of 742 [175], an eight-
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coordinate central metal ion is sandwiched
between the two concave metallacrown syntones.
This sandwich complex is encapsulated within
the cavity of the ZnyL,, cage framework of 742
having an overall Sg symmetry. Its metallamacro-
cyclic fragments are formed by octacoordinate
zinc(Il) ions that possess alternating A and A

4 Encapsulation by Coordination Capsules

stereochemical

absolute
insert in Scheme 4.171). In its dysprosium(III)-
containing analog [176] with the crystallographic
fourfold axis that passes through the Dy** ions,
the cationic coordination capsule also has an
overall Sg symmetry and consists of three layers:
a large [24-MCpyquinna-81(py)s ring is sand-

configurations (see
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wiched between two smaller concave
[12-MCpuaiquinia-4] rings. Unusual photophysi-
cal properties of these highly emitting near-
infrared lanthanide metallacrown cage complexes
with excitation shifted toward lower energy are
explained [176] by their encapsulated sandwich
metallacrown structure, which allows one to put
lanthanide ions at a predetermined and relatively
shielded position. As a result, the closest C—H
group in these capsules is located at a fixed and

constant distance of approximately 7 A from the
central lanthanide metal ion [176].

Hexanuclear [Cug(ps-O),L'sL.%]~  coordina-
tion capsules 743-746 have been prepared in
[177] by two synthetic approaches shown in
Scheme 4.172: one of them is based on direct
self-assembly of copper(Il) ions with the corre-
sponding pyrazolate ligand syntones and
bis(triphenylphosphine)iminium chloride in the
presence of NaOH and the second approach uses
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condensation of initially prepared trinuclear
Cu;- and Ag;-metallomacrocycles as complex
syntones. As follows from the CV data, their two
redox-active Cuj(p;-O) cross-linking metallo-
centers demonstrate strong electronic interac-
tions through rigid conjugated cage frameworks.
No template effect of anions on the formation of
these coordination capsules has been observed in
[177], but they are able to encapsulate them as
guests. In the framework of 743, six cross-link-
ing copper(Il) ions form a TP CugL',L"; cage
framework that is contracted along its C;-
symmetry pseudoaxis.

Self-assembly of an excess of copper(Il) ions
with pyrogallol[4]arene ligand syntone 384 by
Scheme 4.173 gave M,,L¢ coordination capsule
747, which encapsulate water (approximately 35)
and methanol (approximately 20) solvate mole-
cules. The same reaction of a propyl-
containing pyrogallol ligand syntone with
gallium(II) ions afforded a Ga,s-containing pseu-
docapsule 748, which forms a heterometallic
GaCug coordination capsule 749 [178] by
Scheme 4.174 with copper(Il) ions. In the case of
a mixture of the pyrogallol[4]arene C4- and C;-
containing ligand syntones, non-discriminate
nature of their self-assembly with copper(II) ions
to give the corresponding heteroarene coordina-
tion capsules with each possible permutation has
been observed in [178].

Coordination of a deprotonated tripodal tris-f-
diketone ligand syntones 385 to copper(Il) ions by

26 Mn(CI0,),
51 NaOH

AN 30,
2 CHyOH
0 O T 2-

N, N,

X ‘ A
- - { 4
383 ’

(Cat*)@741

| = {Mn""16(0%)16(CH30")12}*

Scheme 4.175 has been used in [179] for the syn-
thesis of a neutral Cu;L, coordination capsule 750.

A heterometallic MMl capsule 751
(Scheme 4.176) has been prepared in [180] by a
stepwise coordination-driven synthetic procedure
based on the “bottom-to-up” principle. Its tris-
pyrazolyl-pyridine ligand syntone 386 with two
types of nonequivalent donor centers underwent
two-step transformation. First one gave a copper(I)
hydroborato-tris-pyrazolate (scorpionate) complex
precursor 387 as a building block with terminal pyri-
dyl donor groups for their further coordination to a
metal ion preferring an octahedral coordination (in
particular, iron(Il) ion). Therefore, the self-assembly
of this complex precursor with Fe** and NCS- ions
gave a nanoball capsule 751, the distorted rombo-
dodecahedral framework of which with the diameter
of approximately 30 A is formed by Fes-octagedral
and Cug-cubic polyhedra; this coordination capsule
encapsulates disordered acetonitrile solvent mol-
ecules. The use of 0 «» 5/2 SCO iron(Il) ions for
cross-linking of the scorpionate precursors 387 is
explained in [180] by their well-known potential
magnetic switching ability. Indeed, the SQUID mag-
netometry data suggests this SCO for approximately
50 % of total iron(Il) ions per cage framework con-
taining two types of coordination polyhedra of these
cross-linking ions Fe?*¢Cu*Lg {Fe(NCS)(py)i]
(Fe—A, 56 %) and [Fe"(NCS)(CH;CN)(py),] (Fe-B,
44 %}. As follows from Fe Mossbauer spectra,
two crystallographically nonequivalent Fe—A sites
with a total occupancy of 57 % are in a high-spin
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state at 4.2 K. Therefore, the Fe-B sites undergo  molecular switch (see Sect. 6.5). The above SCO
a spin transition because their acetonitrile ligands  behavior [180] is affected by encapsulation of sol-
have a higher ligand field strength than thiocya- vate molecules, which undergo temperature desorp-
nate anion [180]. The capsule 751 also undergoes tion giving the cage framework with a vacant cavity
a reverse light-induced SCO by the LIESST effect, and only high-spin metallocenters. This coordina-
and this allowed it to be a thermal- and light-operated  tion capsule does not undergo SCO but is able to
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encapsulate acetonitrile molecules after soaking in
this solvent. The resulting cage complex with the
encapsulated solvent molecule that undergoes ther-
mal SCO. Thus, the capsule 761 demonstrates the
guest-dependent SCO properties [180].

Analogous heterometallic Mg**Cu*glg coordi-
nation capsules 752-757 (where M?*" are Cu?,
Mn?*, Zn?**, Cd*", and Fe?* ions) with a diameter
of approximately 28 A have been prepared in
[181] by Scheme 4.177 using a generated in situ
copper(I) scorpionate 387 as a complex precur-
sor. In the copper(Il)-containing capsule 752,
each of its tetracoordinate copper(I) ions is
located in a pocket of tripodal scorpionate frag-
ment and forms three donor—acceptor Cu—N
bonds and one Cu—N bond a with solvate acetoni-
trile molecule. These complex fragments, solvate
acetonitrile molecules, and counterions form a
pseudooctahedral (tetragonal bipyramidal) coor-
dination polyhedra of the cross-linking M?* ions;
approximately half of its copper(Il) metallocen-
ters coordinate nitrogen atoms of four pyridyl
donor groups, perchlorate anion, and encapsu-

lated solvate acetonitrile molecule. Six caged
acetonitrile molecules are arranged within its
cavity, forming a hydrogen-bonded polyhedral
motif of the same geometry through short
C-H...O contacts [181].

Two Cu'Fe-heterometallic capsules 758 and
759 with encapsulated acetonitrile molecules, the
derivatives of selenocyanate and cyanoborohy-
dride anions, have been synthesized in [182] by
Scheme 4.178. As follows from the magnetome-
try data, those and its analog 751 undergo ther-
mal andlight-induced SCObetween theirhigh-and
low-spin states with 7,, of 173, 162, and 124 K,
respectively; no hysteresis or small cooperativity
between the bridging iron(Il) cations have been
observed in all these coordination capsules. The
inrising transition temperatures in a row 751 <
758 < 759 [182] govern their diverse photomag-
netic behavior: they exhibited a LIESST effect at
different degrees and at different temperatures as
well.

Tris-para-pyridyl ligand syntone 373 (see above)
underwent coordination-driven self-assembly with
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Scheme 4.174

Scheme 4.175

cadmium(II) acetate by Scheme 4.179, giving the
ML, cage framework 780 [183].

A hexadigallium-containing (M,)sLs coordi-
nation capsule 761 with six tricarboxylate
fragments has been self-assembled in [184] by
Scheme 4.180. Analogous diindium and dialu-
minum complexes have not been isolated due

R= n—C3H7

0
/
M3+
D
o) \\MQ\FO‘\W
I AN oM

24 M™ =16 Ga®* + 8 Cu?* = R

to side reactions of their metal-metal bonds
with this protonogenic ligand syntone. The
framework of 761 is substantially flattened but
is able to encapsulate solvate THF molecule
that does not undergo exchange reactions. The
resulting 1:1 cage complex also retains in solu-
tion [184].
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Anionic tetrahedral ML, capsules 762-764
have been prepared in [185] by self-assembly
of a cyclotricatechylene ligand syntone 388
with vanadyl(I), manganese, and cobalt(Il)
cations by Scheme 4.181. A 1:2 cage com-
plex of the vanadyl-based capsule 762 has
a tetrahedral framework formed by three-
connecting  cyclotricatechylene  fragments
cross-linked by two-connecting vanadyl cat-
ions. Six metallocenters of 762 form a tetrago-

12+
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LT . onon, o0 v
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nal bipyramidal polyhedron that is elongated
along its C,-symmetry axis passing through
its two vanadium-containing vertices (with
four encapsulated disordered 1,4-dioxane
molecules); the manganese-based capsule 763
has the similar structure [185]. An attempt to
obtain such anionic MngL, cage complexes with
encapsulated Rb* and Cs* ions unexpectedly
allowed isolating a highly symmetric 1:1 cage
complex with one encapsulated [Na(H,O)]*
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cation and four outside Cs* cations; the same
crystal and molecular structure is observed for
its cobalt(IT)-based analog 764 [185].

Four such cyclotricatechylene ligand syntones
388 and six copper(Il) ions have been self-
assembled in [186] by Scheme 4.182 to give a
tetrahedral CuglL, coordination capsule 765. Its
highly symmetric cage framework with four Cj;-
symmetry axes and six crystallographically
equivalent metallocenters forming an octahedral
polyhedron encapsulates sodium cations, iodide
anion, and solvate water molecules. The cross-
linking copper(Il) ions have a square-planar
CuO -coordination polyhedra formed by two
chelate catecholate donor fragments. Each of
these capsules is associated “edge by edge” with
other four cage entities by both hydrogen bond-
ing and electrostatic (Coulombic) interactions at
the distance of approximately 16 A. Such supra-
molecular binding gave in the crystal a diamond-
like network with unusually large adamantanoid
chambers having the volumes of approximate
2900 A* [186].

A Pd,L; coordination capsule 766 has been
prepared in [187] in a quantitative yield by self-
assembly of palladium(Il) ions with a banana-
shaped ligand syntone 389 by Scheme 4.183. This
rigid capsule is formed by two cross-linking
palladium(II) ions with square-planar coordination
polyhedra at the distance of 17 A and four ribbed
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banana-shaped ligand fragments. As follows from
'H DOSY NMR data, the cage framework of 766
has a radius of approximately 11 A in solution, in
a good agreement with X-ray diffraction data
showing its spherical shape and an average diam-
eter of 20 A in crystal [187]. The caging ligand
766 encapsulates guest molecules such as 1,1'-fer-
rocenyl-bis-sulfonate dianion through its four
large portals. The electrochemically generated
reduced form of this caged redox-active guest is
stabilized due to electron-withdrawing effect of
two positively charged palladium-containing
cross-linking fragments [187].

Coulombic interactions between the tetraca-
tionic Pd,L; and Pt,L; caging ligands 766 and
767 as hosts and bis-sulfonate dianionic guests
of a suitable size are reported by G.H. Clever and
M. Shionoya [188] to be a driving force for their
encapsulation, leading to the corresponding host—
guest 1:1 cage complexes and pH-switchable
pseudorotaxanes by Scheme 4.184.

A discrete stretch of stacked dianionic and
dicationic platinum complexes has been gener-
ated in [189] through their encapsulation by the
above coordination capsule 767: two PtPy, mean
planes of its cage framework are parallel to each
other and are approximately 17 A apart. The con-
cave shape of this capsule creates a spherical cav-
ity co-encapsulating an alternately stacked
dianionic trimeric guest {[PtX,]J[PtY,][PtX,]}*
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between the doubly positively charged planes of
767, thus forming a heteroguest 1:2:1 cage com-
plex with an approximate C, symmetry by
Scheme 4.185. All four ligand syntones of its
framework are twisted in a helical manner around
the Pt...Pt axis, and two enantiomers of this chi-
ral capsule in solid state have the same amounts
[189]. At the same time, the caging ligand 766 is
reported in [190] to quantitatively encapsulate a
hexamolybdate [MosO,0]?>~ dianion in solution,

\
= CH(Si(CHg)s)2 R :
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forming a 1:1 cage complex by Scheme 4.186.
This complex undergoes interconversion during
its recrystallization into the corresponding
hydrogen-bonded cyclic complex 390.
Self-assembly of angular dibenzosuber-
one ligand syntones 390, 391, and 392 with
palladium(II) ions by Scheme 4.187 under mild
reaction conditions afforded M,L, coordination
capsules 768 and 769 characterized in [191]
by NMR and ESI-MS data. Their double-cage
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analog 770 with an extended framework has
three vacant cavities, and it forms a highly sym-
metrical host—guest 1:3 cage complex with one
tetrafluoroborate anion tightly encapsulated in its
inner cavity and two anionic guests caged in outer
pockets. This capsule has been prepared [191] in
quantitative yield after a prolonged heating of
the same reaction mixture. In the double-cage
framework 770 with Pd...Pd distances of 24.436,
8.093, and 8.251 A between terminal, inner, and
inner—terminal metallocenters, respectively, four
cross-linking palladium(II) ions occupy its four-
fold symmetry axis.

Coordination-driven self-assembly of homol-
ogous bis-phenothiazine sulfide, sulfoxide, and
sulfone  ligand  syntones 393-395 by

Scheme 4.188 has been used in [192] for the syn-
thesis of Pd,L; eight-phenothiazine double-cage
capsules 771-773 with three encapsulated tetra-
fluoroborate anions. The sulfide capsule 771
undergoes eightfold mono- and dioxygenation in
solution and in crystal, giving its oxidized forms
772 and 773, respectively. The relative affinity of
these capsules and their dibenzosuberon-based
analog 770 toward Cl- and Branions has been
studied in [193]. Structural changes between the
double cages 771-773, which are a consequence
of the oxidation state of the ligand’s sulfur atoms,
are reported affect the size of their cavities. The
binding affinity of these encapsulating hosts
toward halide anions decreases with an increase
in the cavity size. The dibenzosuberone-based
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capsule 770 is described in [193] to bind CI
anion substantially stronger than Br~ ion.

Single-crystal X-ray diffraction study of 1:3
double-cage complex of 773 with three encapsu-
lated tetrafluoroborate anions (Scheme 4.188)
and systematic structural comparison of all the
X-ray structurally characterized Pd,Lg frame-
works of this type with that of their monocage
analog 774 (Scheme 4.189) have been performed
in [194]; general scheme for the formation of
these palladium(Il)-based coordination capsules
by various angular ligand syntones is also
reported. A push-and-pull model for the alloste-
ric anion binding in such double-cage coordina-
tion capsules with three encapsulated monoanions
has been evaluated in [195].

i o—

4-1C4Ho(CeHa) 2—
AT O vemens
“To

44C4Hg(CeHa)

Quantum chemical calculations and a simple
push-and-pull model have been used in [195] to
explain the allosteric effect in anion binding by
the capsule 770. For this purpose, the double-
cage framework has been divided into three
subsystems as shown in Scheme 4.187, and the
DFT-calculated geometrical and thermody-
namic parameters are reported in [195] to be in
an excellent agreement with the experimental
data.

Use of structural differences between the two
isomeric ligand syntones 396 and 397 allowed
obtaining [196] both the non-intertwined Pd,L,
coordination capsule 775 and its intertwined
Pd;L¢ analog 776, respectively (Scheme 4.190).
The double trefoil knot-mimicking capsule 776
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CF3

= PtPy,4?*, Pt(n-C4HgNH,)4>* = PtCl4>~, PtBr,>~

Scheme 4.185

Scheme 4.186

gave 1:1 cage complexes with an encapsulated
chiral camphorsulfonate anion [196].

Both the yellowish flexible opened and inten-
sively blue-colored forms of the angular
acetylene-bis-pyridinate syntones 398 and 399
have been used in [197] for the synthesis of Pd,L,

OCF

coordination capsules 777 and 778 by
Scheme 4.191. These ligands as well as their
angular syntones can be reversibly interconverted
without photodegradation using UV and white
irradiation. As follows from 'H and DOSY NMR
data, labile molecules of 777 are smaller than
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Scheme 4.187

those of its rigid analog 778. These caging ligands
encapsulate a dodecafluorododecacarborate dian-
ion giving host—guest 1:1 cage complexes as a
result of entropy-driven and endothermic
processes: the effect of solvent release from the
interior of these capsules governs the driving
force of such encapsulation [197]. Their binding
constants are, however, substantially (by approxi-
mately 500 times) different. This result has been
explained in [197] by lability of 777 that allowed
closely surrounding this anionic guest in the fash-
ion of an induced fit, whereas its rigid analog 778
cannot adopt this guest in the same manner.

The coordination capsules 766 and its poly-
ethylene glycol-containing analog 779 are
reported in [198] to encapsulate most of the
tested dianionic guests shown in Scheme 4.192,
thus giving 1:1 cage complexes (as follows from
the NMR and ESI-MS data). Only oversized
para-substituted aromatic dianion 400 does not
form the corresponding cage complex, and its
outside binding mode has been detected. In the

«——— outer subsystem

case of the capsule 766, the composition of its
cage complexes in solid state and in solution can
be controlled by the order in which their guest
molecules are added. Addition of one equivalent
of the dye Japan Red 1 401 resulted in the forma-
tion of red-colored 1:1 dicationic cage species by
Scheme 4.193, giving the red precipitate with an
aromatic dianion 400 [198]. In contrast, addition
of this dianion to a solution of the capsule 766
gave the corresponding colorless precipitate with
two outside-coordinated dianions.

Use of an uncoordinating solvent allowed
obtaining 1:1 cage complex of Co,L, coordi-
nation capsule 780 (Scheme 4.194) with one
encapsulated and two outside-coordinated tetra-
fluoroborate anions [199]; its caged BF,™ anion
forms a donor—acceptor Co-F bond of 2.31 A,
and the Co...Co distance is approximately 6.9 A.
The use of other cobalt(Il) salts (in particular, its
nitrate or chloride) gave either a 1D coordina-
tion polymer or a metallomacrocyclic complex,
respectively; no template effect of these anions in
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Scheme 4.190

this coordination-driven self-assembly has been
observed in [199].

Self-assembly of a tris-pyridyl ligand syntone
402 with palladium(II) ions in the molar ratio 2:1
by Scheme 4.195 gave a cage complex of macro-
tricyclic Pd,L, caging ligand 781 with encapsu-
lated disordered solvent methanol and water
molecules as the only product of this reaction
[200]. In its coordination-saturated quadruply
stranded cage framework; each of the cross-link-
ing palladium(Il) ions coordinates four pyridyl
donor groups of four tridentate ligand syntones
forming a square-planar PdN,-coordination poly-
hedron. The capsule 781 encapsulates two cispla-
tin molecules to give a host—guest 1:1 cage
complex. As follows from the X-ray diffraction
data, the caged guests form NH...N and CH...ClI
hydrogen bonds with the interior of 781, and the
platinum(II) ions are aligned, suggesting a Pt...
Pt interaction between them at the distance of
approximately 3.32 A [200].

A M,L, coordination capsule 782 with an
aromatic shell has been prepared in [201] and
[202] by Scheme 4.196. Its D,symmetric cage
framework is formed by four bis-anthracene

4 Encapsulation by Coordination Capsules

ligand syntones 403 having a twisted conforma-
tion; they are cross-linked by two palladium(II)
ions possessing a square-planar geometry of their
coordination polyhedra. The cavity of 782 with a
diameter of approximately 10 A and a cavity vol-
ume of 580 A3 is defined by the Pd...Pd distance
of 13.6 A and by the diagonal distance between
the opposite meta-phenylene hydrogen atoms of
11.2 A. The solvent guests (seven methanol and
one water molecules) and nitrate anion are caged
within this cavity. In a 1:2 cage complex with
two encapsulated 1-methylpyrene molecules,
their stacked dimer with an interplane distance
of 3.5 A interacts with the capsule 782 through
complementary CH (guest)...n (anthracene host)
and CH (pyridine host)...n (guest) interactions
[201]. Spherical (such as paracyclophane, ada-
mantane derivatives, and fullerene Cs), planar
(such as pyrenes, phenanthrene, and triphenyl-
ene), and bowl-shaped molecules (such as coran-
nulene) can also be encapsulated within the large
spherical cavity of 782, giving host—guest 1:1 and
1:2 cage complexes by Scheme 4.196 [202]. The
caged planar guests adopt a stacked-dimer struc-
ture, while the bowl-shaped guests form a con-
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Scheme 4.191

cave-to-concave capsular geometry. Competitive
binding experiments performed in [201] for a set
of planar guests showed a decrease in the bind-
ing affinity in a row pyrenes = phenanthrene >
triphenylene. The coordination capsule 782 also
selectively forms a heteroguest 1:1:1 cage com-
plex shown in Scheme 4.196 with encapsulated
triphenylene and corannulene as co-guests [202].

Anthracene-based M,L, coordination capsules
783-785 have been self-assembled in [203] by

white light

Scheme 4.197 from the corresponding metal(II)
ions (M?* = Zn**, Ni**, and Pd**) and bent bidentate
ligand syntone 404 with anthracene fluorophoric
fragments. The distorted spherical D,-symmetric
cage framework of the nickel(I)-based capsule 784
is formed by four syntones and two cross-linking
nickel(I) ions with Ns-coordination polyhedra pos-
sessing octahedral geometries: four pyridyl groups
of these ligand syntones are coordinated in the
square-planar positions, and the apical positions



4 Encapsulation by Coordination Capsules

398

00y ~fos |
_fos §fo-
O Ret B B $
O €08 \Om -fos
—g| fos -2 T <L -2 T -2 -2l

€ €| 4 4
®HOP(OPHO?HO)—0 HOY(O°HO™HO)}-0 - £(0°HOHO)OPH HOH(O°HOHO)—O

*HO®(O*HOHO)-

+Z onofofov\o

-

*HO*(O*HOHO)
(2 4 €|
0-%(0*HO?HO)OH +¥ | Ho(0*HOHO)-O

Z6L'v dwaYds

_%0s %08
MG o) =
OS
-2 -2

*HOP(O*HO’HO)-O

\ Iy \
QNN \.
S N L G VI - U»Nu..._"“u.z
N

O N

-*(0°HO®HO)OH



4.3 Coordination Capsules with Bridging (Cross-Linking) Metal lons 399

no encapsulation

FaC

sog | 2-

Scheme 4.193



400

4 Encapsulation by Coordination Capsules

Scheme 4.194
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Scheme 4.196

are occupied by water and/or acetonitrile mol-
ecules. The zinc- and nickel(I)-capped capsules
783 and 784 are reported in [203] to be fluorescent
emissive with high to moderate quantum yields.
The detailed X-ray diffraction, NMR, ESI-TOF,
and fluorescent studies of these coordination cap-
sules and their platinum-, cobalt-, manganese-,
and copper(Il)-capped analogs 786-789 have
been performed in [204]. The fluorescence prop-
erties of these isostructural coordination capsules
depend on the nature of cross-linking metal ions.
The zinc-capped capsule 783 emits strong blue
fluorescence with a high quantum yield,; its nickel-
and manganese-based analogs 784 and 788 are
weakly emissive, and palladium-, platinum-, and
cobalt(II)-based capsules 785-787 are completely
non-emissive. The copper(II)-capped coordination
capsule 789 is reported in [204] to exhibit solva-

tochromism and a solvent-dependent emission
behavior.

The disk-shaped tridentate ligand syntone 405
is reported in [205] to form structurally equiva-
lent dodecacationic MglLg coordination capsules
790-799 with a series of d°~d!’ metal dications
by Scheme 4.198. In the mercury-based coordi-
nation capsule 799, eight ligand syntones are
arranged in an octahedral cage framework with
six cross-linking mercury(Il) ions in its vertices.
Each of these ions coordinates four pyridyl nitro-
gen donor atoms of four ligand syntones and two
oxygen atoms of axial triflate anions from inside
and outside of this capsule, giving a N,O,-
coordination polyhedron. The distances between
two neighboring mercury(Il) ions and two diago-
nal ions of this type are 17.9 A and 25.4 A. The
cavity volume of this Hg¢Ls coordination capsule
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Scheme 4.198
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has been estimated in [205] as equal to approxi-
mately 2700 A3, which allows encapsulating six
triflate anions to give a hexacationic 1:6 host—
guest cage complex. These encapsulated guests
have been site-selectively replaced in [205] by
para-tolyl- and 3-pyridinesulfonate anions. The
authors of [206] have designed a rod-shaped bis-
sulfonate dianion 406 (Scheme 4.199) as a ditopic
dianionic guest. In this dianion, the distance
between the two negatively charged oxygen
atoms is approximately 20 A, and it is suitable for
bridging two apical cross-linking mercury(Il)
ions of the coordination capsule 799.

A 4 nm-sized covalent analog 801 of the
metal(Il)-based coordination capsules 790-799
has been obtained in [207] by Scheme 4.200,
starting from its Pd¢Ly cage precursor 800 by a
three-step synthetic procedure that included (i)

olefin metathesis reaction between nearest-
neighbor olefin groups in this precursor, (ii)
removal of the cross-linking palladium(II) ions,
and (iii) reduction of internal olefin groups. The
24 pyridyl substituents of the covalent capsule
801 underwent methylation giving its 5 nm-sized
derivative 802.

Quantitative self-assembly of a HgeL, coordi-
nation capsule 803 and its reversible interconver-
sion with a Hgglg cage framework 799 by
Scheme 4.201 in response to Hg?*/-ligand syn-
tone ratio are reported in [208]. This structural
rearrangement is described as elimination of four
ligand syntones from the closely packed octahe-
dral capsule accompanied by changes in the
coordination polyhedra of mercury(II) ions from
Ns-octahedral to N,-linear geometry. These
dynamic structural changes caused the fluores-

Scheme 4.199
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Scheme 4.202

cence switching between the fluorescent Hgglg
capsule 799 and the non-fluorescent Hgel, cage
framework 803 [208].

Coordination-driven self-assembly of a multi-
porphyrin Zn;,L¢ coordination capsule 804 with
different types of cross-linking zinc(Il) ions has
been performed in [209] by Scheme 4.202. Its
cage framework possess a triangular bipyramidal-
shaped cavity of an approximate size of 9x 18 A
with a cavity volume of 730 A‘; this cavity is sur-
rounded by six metalloporphyrin rings 407. The
caging ligand 804 has three windows with a
diameter of approximately 4 A in the middle of
its framework, which allow it to encapsulate up
to  two  symmetric  m-acceptor  guests
(Scheme 4.202), thus giving 1:1 and 1:2 host—
guest cage complexes [209].

JIND

((H20)16) @804

An analogous tetraporphyrin 1:1 cage com-
plex of coordination capsule 805 has been pre-
pared in [210] by guest-templated self-assembly
(Scheme 4.203) of labile tetrakis(bipyridyl)por-
phyrin ligand syntones 407, zinc(Il) ions, and
guest Cg. In this coordination capsule, four such
zinc(Il) porphyrin syntones are wrapped around
the fullerene guest, resulting in a barrel-like
shape with a S, pseudosymmetry of the encapsu-
lating ligand 805. Its metallocomplex fragment
adopt a C; symmetry, so this cage complex is
achiral [210].

The hybrid diphenylphosphine-functional-
ized catecholate ligand syntone has been used in
[211] and [212] for preparation of M,M;'Lg
coordination capsules 806 and 807 with the
cross-linking titanium and tin(IV) ions by
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Scheme 4.203

Scheme 4.204. As follows from X-ray diffrac-
tion data [211] for their cesium salts, these cage
frameworks have a crystallographically imposed
C;, symmetry and are achiral with one cross-
linking titanium or tin ion having A and the other
having A configuration; the intramolecular Ti...
Ti distance is equal to 6.76 A. The three bridging
palladium(II) ions of this framework have dis-
torted square-planar coordination polyhedra
formed by trans-coordinated phosphine moi-
eties; three cesium cations are encapsulated in its
clefts. The Sn...Sn distance is approximately
6.88 A being 0.12 A larger than that for the tita-
nium-based coordination capsule. This higher
separation is explained [211] by larger ionic
radius of tin(IV) ion compared to that of
titanium(IV) (,=0.830 and 0.745 A, respec-
tively). This allowed observing Cs...Br interac-
tions that occurred within the clefts of the
tin-based caging ligand, which are absent in the
case of its titanium-containing analog. The
exclusive formation of these coordination cap-
sules is reported in [212] to be sensitive to the
nature of their counterions: those are formed in
high yields with alkali metal cations such as K*,

Rb*, and Cs*, while (C,H;);NH* and (CH;),N*
ions gave none of the corresponding cage com-
plexes. The synthetic procedure by Scheme 4.204
with DABCO or NH,OH as bases afforded 1:3
cage complexes of the corresponding cations;
these guests are encapsulated into the deep clefts
of the coordination capsules. As follows from
X-ray diffraction data [212] for the DABCO-H*-
containing complex of 807, its cage framework
also has a C;, symmetry with the twist angle
around its tin center of 41.9°; an average Sn—O
distance is approximately 2.05 A. The signifi-
cantly larger Sn...Sn distance (7.47 A) compared
to one observed in the Sn,Pd;L¢ cage framework
of 807 (6.88 A) is explained in [212] by neces-
sity to accommodate three bulky organic
DABCO-H* cations as guests encapsulated
within its expanded ligand’s clefts.

The titanium(IV) tris-catecholate 408 has
been used in [213] as a complex syntone for the
synthesis of a heterometallic M,!M,%L,s cage
framework 808 by its reaction with palladium(II)
ions (Scheme 4.205). The coordination capsule
808 has been also obtained by reversible conver-
sion from the metallamacrocyclic precursor 409
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Scheme 4.205

by changing the acidity—basicity of the reaction
mixture and the ratio of components. This
dynamic molecular system is therefore based on
interconvertion between palladium(II)—
titanium(I'V) heteronuclear metallomacrocyclic
and cage complexes, which is triggered by Ti*-
centered coordination changes between homoli-
gand  titanium(IV)  tris-catecholate  and
heteroligand catecholato-acetylacetonate
species [213].

Dithiocarbamate building blocks are reported
in [214] to form coordination capsules 809—820
(Scheme 4.206) with appropriate octahedral tran-
sition metal cations, such as cobalt and iron(III)
ions, by one-pot reaction of the corresponding
secondary amine, carbon disulfide, organic (tri-
ethylamine), or inorganic (KOH) base and the

H21 y ((n-C4Hg)4N)OH
PACla(CHaCN),

corresponding metal(III) halide. As follows from
ESI-MS, CV, and square-wave voltammetry data,
cobalt(Ill)-containing polyether caging ligands
encapsulate alkali metal cations, and this pro-
cess is regulated by the fitting of these ions to the
cavity size, while in the case of their iron(III)-
containing analogs, the encapsulation of these
cations is insignificant. The oxidized forms of the
amide capsules 815-820 efficiently encapsulate
H,PO, anion as a donor of hydrogen bonds, giv-
ing 1:1 cage complexes. The nickel(IV)-based
capsule 821 of this type has been prepared by an
alternative pathway using chemical oxidation of
its square-planar nickel(II) bis-dithiocarbamate
precursor 4/0 (Scheme 4.207). According to
the CV data, this oxidized capsule 821 is able to
encapsulate chloride and nitrate anions [214].
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Unusual chemical and photochemical reactivity
(or, in contrast, incredible stability) of encapsu-
lated species and the unexpected products of such
reactions within the confined cavities of molecu-
lar capsules have been observed in many cases.
This can be explained by steric restrictions due to
relative rigidity of covalent and coordination cap-
sules, by isolation of these guests from external
factors such as solvent effects, and by relatively
strong supramolecular host—guest interactions.

5.1 Chemical Reactions

A cyclic trimer 409 (Scheme 5.1) has been
obtained in [1] by condensation of trialkoxysi-
lane guest molecules encapsulated within the
nanosized cavity of a self-assembled coordina-
tion capsule 488. If the free trimer 409 is a
kinetic and short-lived product rapidly convert-
ing to the corresponding thermodynamically
favored cyclic tetramer and other condensed
products, its caged molecule is remarkably sta-
ble and remains intact over a long time at room
temperature in both neutral aqueous solutions
and acidic media (pH <1) [1].

Selective oligomerization of alkoxysilanes as
an example of cavity-directed synthesis (i.e., a
reaction that is controlled by encapsulation of
reactive species within the caging ligands so that
their optimal guests are formed as products) has
been performed in [2] using a series of the coor-
dination capsules 483, 548, and 549 with the

© Springer International Publishing Switzerland 2016

cage frameworks of the same ML, stoichiome-
try but with different size and shape of their cavi-
ties. A TP caging ligand 548 has the smallest
cavity and can accommodate only one rodlike
guest molecule; its cavity promotes only hydro-
lysis of trialkoxysilanes into silanetriol products
without their subsequent polycondensation (an
example for 2-naphthyltrimethoxysilane giving
410 is shown in Scheme 5.2). In contrast, selec-
tive preparation of a silanol dimer 47/ from the
condensation reaction of 2-naphthyltrime-
thoxysilane or meta-biphenyltrimethoxysilane
has been performed within the tetrahedral cap-
sule 549. The latter has a cavity large enough to
accommodate two molecules of the correspond-
ing silane precursor or one molecule of its dimer.
Within the spherical cavity of the octahedral
coordination capsule 483, the same guest,
2-naphtyltrimetoxysilane, underwent trimeriza-
tion into a caged cyclic trimer 4/2 with all-cis-
conformation. Thus, the formation of monomeric,
dimeric, and trimeric products strongly depends
on the size and shape of the cavities of these cag-
ing coordination capsules [2].

Encapsulated molecules of trimethoxy(meta-
tolyl)silane are reported in [3] to easily hydrolyze
within the cavity of coordination capsule 488,
and resulting trihydroxyl-containing guests
undergo trimerization leading to a 1:1 host—guest
complex of this ligand with caged trioxane trimer
413 (Scheme 5.3). C;, symmetry of this cage
complex in solution and in solid state has been
confirmed in [3] using 'H NMR and X-ray

419
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Scheme 5.1

diffraction methods, respectively. The encapsu-
lated molecule of 413 has all-cis-configuration of
its substituents relative to the almost planar six-
membered siloxane ring.

Sol-gel condensation of encapsulated tetrame-
thoxysilane guest molecules within the spherical
cavities of coordination capsules 529 and 530 has
been used in [4] for preparation of monodisperse
silica nanoparticles by Scheme 5.4.

The similar spherical caging ligand 525 with
cationic interior has been used in [5] for con-
trolled polymerization of anionic monomers
within its cavity. Free radical polymerization of
sodium para-styrenesulfonate (Scheme 5.5), ini-
tiated by the redox system (NH,),S,05 — NaHSO;,
gave an insoluble cage complex with encapsu-
lated polymeric species. The cationic capsule 525
accelerates the initial stage of the polymerization
reaction; however, the final degree of conversion
in this case (30 %) is substantially lower than that
in the absence of this caging ligand (45 %).
Increase in the concentration of the initiator
caused an increase in the degree of conversion up
to 62 % in the absence of 525, whereas it did not
affect the polymerization process in the presence

5 Reactivity of Encapsulated Species

_|12+

of such molecular flask. This result is explained
in [5] by tight incorporation of a growing poly-
meric chain within the ligand’s cavity that
resulted in fast polymerization of only mono-
meric entities trapped in (around) its polycationic
interior through electrostatic (Coulombic) inter-
actions. As follows from GFC data, the number
average molecular weight (M) and polydisper-
sity (M,/M,; where M, is a weight average
molecular weight) in the presence of 525 are
equal to 2860 and 1.61; in its absence they are
5800 and 3.53, respectively. Therefore, this cap-
sule allows tuning the number of monomeric spe-
cies of sodium para-styrenesulfonate that
undergo polymerization and controlling the
molecular weight of the polymeric product [5].
Similar results are reported for the caging ligand
526: the corresponding M, and M,,/M, values are
equal to 2100 and 1.41, respectively. There is a
clear correlation between the molecular weight
of the polymeric product and the number of inte-
rior cationic residues: cationic centers govern the
number of anionic monomeric species trapped in
(around) this capsule. A plausible scheme of the
polymerization process includes the electrostatic
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Scheme 5.4

accumulation of anionic monomers within the
cavity of a coordination capsule followed by their
polymerization. The growing polymer chain hav-
ing multivalent negative charges is tightly incor-
porated in its polycationic interior. This resulted
both in the increase in the polymerization rate
and in the formation of the insoluble counterionic
cage complex that prevents further polymeriza-
tion and limits the degree of conversion [5].
Suitable aromatic guests within the cavities of
coordination capsules 483 and 487 undergo both
[2+2] and [2+4] pericyclic additions by
Scheme 5.6 depending on the reaction conditions
[6]. A thermal initiation of these Diels—Alder

reactions gave endo-[2+4] adducts with syn-
stereochemistry at the projecting terminal ben-
zene fragment of acenaphthylene, whereas
irradiation of the same solution afforded [2+2]
cross-adducts. A reactivity of these guest mole-
cules is reported in [6] to be very sensitive to the
nature of a caging ligand.

Two encapsulated molecules of the constitu-
tionalisomers4/4and415 of bis(trimethoxysilyl)
pyrene undergo dimerization within the cavity
of coordination capsule 552 by Scheme 5.7 giv-
ing 1:1 cage complex of only one conforma-
tional isomer of the resulting dimer 416 having
the parallel syn-conformation and that with
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syn-[3, 3] cyclophane molecule 4/7 as a guest,
respectively [7].

Caged organoiridium cation 418 is reported [8]
to selectively activate C—H bond in several alde-
hydes thus giving new encapsulated organometallic
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products in moderate yields by Scheme 5.8 and
discriminating other aldehyde substrates. These
C—H bond activation reactions within a Ga,L cap-
sule 575 depend strongly on the size and shape
of the guest during the diastereoselective product
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formation; the selectivity of activation of aldehyde
molecules is explained [8] by occurrence of these
reactions within its cavity rather than by extrusion
of a metallocomplex guest from the coordination
capsule, the further outside reaction with aldehyde
and re-encapsulation by 575. As a result, the C-H
bond activation of aldehydes proceeds with highly
specific size and shape discrimination and modest
diastereoselectivity [8].

Scope and mechanism of this C-H bond
activation reaction by an encapsulated iridium
guest metallocomplex and its more reactive
propene- and cis-butane-containing analogs
419 and 420 (Scheme 5.9) have been thor-
oughly studied in [9] using thermodynamic,
mechanistic, and kinetic approaches as well as
by '"H NMR techniques. The use of cis-butene-
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Scheme 5.9

425

containing guest not only allowed providing
more efficient activation of aldehyde substrates
but also extending it over other organic and
inorganic compounds (Scheme 5.9), such as
ethers, strained alkanes (in particular, cyclopro-
pane), and molecular hydrogen. All these reac-
tions are reported in [9] to exhibit significant
kinetic diastereoselectivity within the capsule;
they are largely entropy driven, and the caged
iridium complex leaves its cavity by a stepwise
mechanism including the formation of a

strongly bound ion-pair intermediate. Thus, the
result of [9] demonstrated the ability of caging
hosts to act as nanoscale molecular flasks for
the functional encapsulation of reactive organo-
metallic guests and their further reactions
within the ligand’s cavity.
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The same caging ligand 575 has been used transformation, the initial enammonium cation
in [10] for unimolecular transformation (i.e., undergoes [3, 3]-sigmatropic rearrangement lead-
3-aza-Cope rearrangement) of cationic guest ing to iminium ion that then hydrolyzes to the
species within its cavity by Scheme 5.10. In this corresponding aldehyde [10]. Encapsulation of
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substrates in their reactive conformations afforded
acceleration in the rates of this rearrangement by
up to three orders of magnitude thus suggesting
the ability of tetrahedral M,L4 capsules to provide
their size- and shape-defined cavities for the catal-
ysis of different types of unimolecular organic
reactions [10] as so-called “nanozymes” [11].
More detailed kinetic and quantitative NMR stud-
ies of this reaction with various substrates
(Scheme 5.11) have been performed in [12]. Their
results suggest that this cavity-catalyzed rear-
rangement is followed by the release of the imin-
ium product from the cavity to the exterior
ion-pairing binding site, and then an ionic associ-
ate undergoes hydrolysis [12].

The same rearrangement has been performed
in [11] for various propargyl enammonium cat-
ions shown in Scheme 5.12. In this case, the ini-
tial propargyl derivative undergoes [3,
3]-sigmatropic rearrangement giving an allenyl
iminium cation; its hydrolysis results in an alle-
nyl aldehyde. The rates of this reaction for the
encapsulated propargylamine substrates increase
by a factor of 200 due to a decrease in the entropy
of its activation as compared with the background
(i.e., encapsulating catalyst-free) reaction, typi-
cally requiring a Lewis or Brgnsted acid; the
plausible catalytic cycle of this rearrangement of

propargyl derivatives is also shown in this
Scheme. The catalytic reaction within 575 as a
molecular flask is enhanced due to entropy fac-
tors and obeys the Michaelis—Menten enzymatic
kinetics [11]. This tetrahedral coordination cap-
sule, acting as enzyme mimics, has been also
used [13] as a chiral caging catalyst to catalyze
3-aza-Cope rearrangement of allyl enammonium
cations by Scheme 5.13 through their preorgani-
zation into reactive conformations within its
cavity.

Moreover, encapsulation by the dodecaan-
ionic caging ligand 575 with a hydrophobic inte-
rior cavity, which thermodynamically stabilizes
the protonated forms of guest molecules, is
reported in [14] to catalyze the acidic hydrolysis
of various orthoformates by Scheme 5.14 in basic
solution at pH=11 with rate acceleration of up to
three orders of magnitude. The size-selective
catalytic reaction obeys the Michaelis—Menten
kinetics characteristic of enzymatic reactions and
exhibits competitive inhibition [14]. The enzyme-
like mechanism of this orthoformate hydrolysis
reaction within the cavity of the caging ligand
575 has been studied in [15] using kinetic, ther-
modynamic, and mechanistic approaches (includ-
ing 3C-labeling experiments) and solvent isotope
effects as well. Their results confirmed an
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A4-S, mechanism (Scheme 5.15) within the
capsule with a rate-limiting stage being the pro-
ton transfer in contrast to the A—/ mechanism of
the uncatalyzed reaction [15]. In the latter case,
the decomposition of the protonated substrate is
the rate-limiting stage.

This “nanozyme” capsule 575 in basic solu-
tion at pH 10 also catalyzes deprotection of vari-
ous acetals and ketals shown in Scheme 5.16
[16].

The caged organorhodium cation 421, gener-
ated in situ by Scheme 5.17, has been used [17]
for catalyzing allylic alcohol isomerization of

OR

429

OH- o I-
+2ROH H)Koo + 3ROH

# CgHs

various allylic substrates. As follows from 'H
NMR data, the encapsulation of this organome-
tallic catalyst by the capsule 575 allows control
of the catalytic isomerization of allylic alcohols
to give highly specific size and shape substrate
selectivity; crotyl alcohols are nonreactive under
the same reaction conditions.

Encaged enzyme-like catalysis of the Nazarov
cyclization (i.e., the acid-catalyzed reaction of
1,4-dien-3-0l giving cyclopentadiene) by
Scheme 5.18 within the tetrahedral coordination
capsule 575 as a molecular flask is reported in
[18]; Cp*H product is a competitive guest in this
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case, and addition of maleimide to the reaction
mixture has been used to convert it into the
uncompeting Diels—Alder adduct. When this
reaction proceeds in DMSO-water mixture at
45 °C in the presence of maleonitrile, the
concentration-vs-time plots for cyclization reac-
tion showed no deviation from pseudo-first-order
kinetics. This allows observing the efficient
catalysis of Nazarov cyclization of three possible
stereoisomers of olefin 1,4-pentadien-3-ol. The
rate of the catalytic reaction is two million times
higher than that of the uncatalyzed cyclization,
which is explained in [18] by preorganization of
the guest substrate and stabilization of the transi-
tion state within the cavity of 575 as well as by an
increase in basicity of the alcohol group of the
caged molecule. An unexpected transformation
has been observed in [19] when performing the

capsule-catalyzed Nazarov cyclization by
Scheme 5.19 in unbuffered D,O at room temper-
ature: while in the case of the unsymmetric iso-
mer 424 the catalyzed condensation gave Cp*H
as the expected product, in the case of symmetric
substrates 422 and 423 under the same reaction
conditions the process yielded its isomer — dihy-
drofulvene 432. This result is explained in [19]
by the stereochemistry of the corresponding
encapsulated cyclopentenyl cationic intermedi-
ates 426 and 428: as 4 electrocyclization of pen-
tadienyl cations occurs in a conrotatory fashion,
the alkene stereochemistry of the pentadienyl cat-
ions governs the stereochemistry of the resulting
cyclopentenyl cation. Therefore, the electrocycli-
zation of the pentadienyl cations 430 and 425
yields the cation 43/ with methyl groups in a
trans-conformation, while the E,Z-pentadienyl
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cation 427 undergoes a transformation by
Scheme 5.19 leading to the product 428 with
methyl groups in a cis-orientation. This sugges-
tion has been supported in [19] by the observa-
tion of 432 as the only product of the
capsule-catalyzed dehydration of the alcohol 424
by Scheme 5.19, which proceeds through an
intermediate trans-cyclopentenyl cation 431.
Thus, the regiochemistry of deprotonation in this
encaged catalytic reaction is determined by the
stereochemistry of the intermediate cyclopente-
nyl cation, the structure of which is governed by
the alkene stereochemistry of the guest substrate.
Changing the relative stereochemistry of two
methyl groups in the caged carbocationic inter-
mediate from trans to cis has been used in [19]
to completely switch the regioselectivity of
deprotonation.

Detailed kinetic analysis and '830-exchange
experiments performed in [20] allowed evaluating
the mechanism of the encaged Nazarov cycliza-
tion shown in Scheme 5.20. It includes reversible
encapsulation, protonation, and water loss from
substrate, followed by irreversible 4z electrocy-
clization. Although the electrocyclization is a
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reaction

rate-determining stage in the uncatalyzed reac-
tion, the water loss and the electrocyclization pro-
cesses have similar reaction rates within the
capsule 575. Analysis of the energetics of the
catalyzed and uncatalyzed reactions performed in
[19] showed that transition state stabilization
through its encapsulation contributed significantly
to the higher rate of the capsule-catalyzed
cyclization.

The catalytic activity of an organogold(I)
cationic guests 434 and 435 (Scheme 5.21),
caged by the Ga,L¢ coordination capsule 575,
in hydroalkylation reaction of allenes has been
studied in [21]. These encapsulated cations in
its cavity leave enough vacant space for coordi-
nation of an organic substrate. In particular, an
allenyl alcohol 436 undergoes 50 % catalytic
conversion in the target cyclic product with
relatively high turnover number and substan-
tially (eight times) higher rate than in the
absence of the caged catalyst. In the case of a
more bulky allenyl substrate 437, the observed
acceleration of the catalytic cyclization reac-
tion is lower than that for its less bulky analog
436 [21].
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An encapsulated monoterpene citronellal 438
and its two gem-dimethyl-containing and -lack-
ing analogs 439 and 440 are described in [22] to
undergo selective cyclization by Scheme 5.22
within the cavity of a caging ligand 575. Such
encapsulation prevents nucleophilic capture of
reactive intermediates by water, directing the
cyclization of monoterpene guest toward
deprotonation.

The same effect has been observed in the case
of an encapsulated organogold catalyst of cycloi-
somerization of enyne 44/ by Scheme 5.23, and
it has been attributed [22] to the hydrophobic
environment within the coordination capsule
575, preventing carbenium-ionic intermediates
of the catalytic process from their side reactions
with water. The same caging catalyst has been
used in [23] to perform the combined enzymatic
and transition metal catalysis of tandem reactions
by Scheme 5.24. The authors of this work also
developed a tandem olefin isomerization—reduc-
tion reaction by Scheme 5.25 with the encapsu-
lated organoruthenium cation as a catalyst on its
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first step and ADH as a reductant on the second
step.

The caged (CH;);PAu* cation also catalyzes
with high turnovers of the allyl alcohol isomeri-
zation in aqueous solutions by Scheme 5.26, per-
forming more than 1000 catalytic cycles [24].

Oxygenation of furan into fumaraldehydic
acid with an 80 % yield by Scheme 5.27
(Pathway I) in the presence of a catalytic amount
of the coordination capsule 581 is reported in
[25]. In the absence of this caging ligand,
hydroxybutenolide has been formed in a 35 %
yield by Pathway II along with other oxidation
products by Pathway III. Upon addition of this
catalyst to the reaction mixture, the target prod-
uct, fumaraldehydic acid, has been generated.
Therefore, functioning of this one-pot produc-
ing system is based on the catalytic activity of
such robust capsule giving the target product in
a high yield by Pathway I. This approach is
scalable up to 50-fold allowing to avoid inter-
mediate purification procedures and changes in
reaction conditions [25].
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Scheme 5.21

Catalytic activity of oxidovanadium(V)-con-
taining hemicryptophane capsules P-(S,S,S5)-207
and M-(S,S,5)-207 and their tripodal analog in a
model oxidation of organic sulfides to sulfoxides
with cumyl and fert-butyl hydroperoxides as oxi-
dants by Scheme 5.28 has been studied in [26].
These caging ligands showed a very high cata-
lytic activity (the yields up to 95 %) together with
a high (up to 100 %) sulfoxide—sulfone selectiv-
ity and a turnover number up to 180. The differ-
ent diastereomeric forms of these encapsulating
catalysts (i.e., those with A and A configurations
of their vanatrane fragments) have the similar
catalytic activity. In the case of their non-caging
tripodal analog shown in this Scheme, the yields

) - (CH)sP)AU* (434);
" (CoHe)oP)AU* (435)

435

\ 0
437

of the oxidized products are substantially lower,
and more time is needed; the corresponding
kinetic rate constants are up to six times lower
than those for its caging analogs P-(S,S,5)-207
and M-(S,S,S5)-207 [26].

Competitive study of the catalytic activity of a
1:1 cage complex of covalent capsule 209 with
encapsulated copper(Il) ion, its tripodal non-
caging analog 441, and hexahydrated Cu* ion in
oxidation of cyclohexane, cyclooctane, and ada-
mantane with hydrogen peroxide by Scheme 5.29
has been performed in [27]. This cage complex
showed high catalytic activity and turnover num-
bers (from 110 to 130) at various reaction condi-
tions, thus being a substantially more efficient
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catalyst than the solvato-complex or the non-
caging analog. According to concurrent catalytic
experimental data, the cage catalyst also discrim-
inates cyclohexane over cyclooctane and ada-
mantane, suggesting that encapsulation of a
substrate by covalent capsule 209 plays a key role
in this catalytic oxidation reaction [27].

Catalysis of Diels—Alder reactions by a
hydrogen-bonded capsule 309 (Schemes 5.30,
5.31, and 5.32) is described in [28-30] and

explained by encapsulation of reactants in this
“soft” caging ligand. The product inhibition (lack
of dissociation) prevents these systems from show-
ing true catalytic behavior, while an increase in the
reaction rate of over two orders of magnitude due
to the effective enhancement of reagent concentra-
tion within the cavity of 309 (Scheme 5.30) has
been detected in [28]. Its use as a true catalyst of
the specific Diels—Alder reaction of para-benzo-
quinone with the thiophene dioxide derivative by
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Scheme 5.31 is reported in [29]; the plausible cata-
Iytic cycle is also given in this scheme. Bimolecular
Diels—Alder reactions between the caged dienes
and dienophiles by Scheme 5.32 are reported in
[30] to be accelerated by 309: both the reactants
can be encapsulated by this ligand concurrently,
and the observed size selectivity, saturation kinet-
ics, and product inhibition studies suggest that
these reactions take place within the cavity of its
hydrogen-bonded cage framework [30].

A 1,3-dipolar cycloaddition reaction by
Scheme 5.33 between the reactants, which are
co-encapsulated within the cavity of a hydrogen-

bonded capsule 429, has been performed in [31]
to give 1:1 cage complex with an unsymmetri-
cally loaded product molecule.

Reversible cyclization reactions within the
cavity of this self-assembled bis-cavitand 429
have been studied in [32] using 'H NMR spectra;
amplification and stabilization of otherwise unfa-
vored forms of the caged guest molecules in their
ring-to-chain isomerization processes are illus-
trated by Scheme 5.34.

The reactions of para-tolylacetic acid 442
with n-butyl isonitrile 443 within the cavity of
the hydrogen-bonded capsule 429 (Scheme 5.35)
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444

afforded a rearrangement product 444 even at
room temperature, while under the same reaction
conditions but in the absence of this capsule, the
corresponding formamide and anhydride prod-
ucts are formed. Thus, this rearrangement takes a
different and accelerated reaction course within
429 [33]. Indeed, the capsule-free reaction of 442
with isopropyl isonitrile gave a formamide in a
40 % vyield and only 1 % of a rearrangement
product, whereas 429 forms a heteroguest 1:1:1
complex with co-encapsulated reagents by
Scheme 5.35, and their isonitrile and acid groups
are located near one another in the polar middle
of its cage framework. Further transformation of
these encapsulated molecules gave a 1:1:1 cage
complex with co-encapsulated formamide 445
and acid 442 as co-guests, while the expected

o
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Scheme 5.36
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rearrangement product 446 has not been detected.
The following principles of co-encapsulation of
the different guest molecules within the capsule’s
cavity have been evaluated in [33]: congruence of
shapes, compatibility with lengths, conformity
with volumes, and complementarity of surfaces.

An extended hydrogen-bonded capsule 435
has been used in [34] to facilitate reactions of
encapsulated isocyanates with water to give
N,N-dialkylureas by Scheme 5.36.

A 1:1 cage complex of the ligand 822
(Scheme 5.37) with encapsulated nitrosonium cat-
ion has been described in [35] to be a mild nitrosa-
tion agent for secondary amides RCONHR’: this
agent selectively reacts with N-methylated amides
only due to the steric hindrances between more
bulky alkyl substituents of analogous alkylamide

N
+R7 SC
N

- COZ

Hay
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Scheme 5.37

445

substrates. The caged NO* cation is described in
[36] to be a soft nitrosylating agent for secondary
amides also in the case of its encapsulation by bis-
calix[4]arene capsule 823, giving the correspond-
ing N-nitroamides and the initial caging ligand by
Scheme 5.38.

Kinetics of the hydrolysis of esters 447451
shown in Scheme 5.39 as guests encapsulated by
hydrogen-bonded capsule 473 has been studied in
[37] using '"H NMR method. The lowest hydroly-
sis rates are observed for pentyl- and hexyl-
containing guests 450 and 451, while the highest
reaction rate is found to be for their methyl-
containing analog 447, but the observed difference
is reported to be not enough for efficient kinetic
resolution. The kinetic curves in the absence and
in the presence of the encapsulating ligand are
substantially different, which results from two
plausible mechanisms: either the encapsulated
ester molecule releases in to the bulk solution and
undergoes the hydrolysis or it is the hydroxide
anion entering the cavity of 473 that it does [37].

822

Encapsulation of organogold catalyst 452 by the
hexameric hydrogen-bonded capsule 397 has been
used in [38] to control chemo- and regioselectivity
of transformations of an alkyne substrate by
Scheme 5.40 within the cavity of 397. The reaction
of this substrate in bulk solution quickly leads to an
almost exclusive and quantitative formation of the
regular product, the corresponding ketone. The
same reaction within the cavity of 397 occurs much
slowly and gives, in addition to this product, sig-
nificant amounts of the linear aldehyde (4 %).
Moreover, the formation of 1,2-dihydronaphthalene
453 as aresult of intramolecular rearrangement has
been observed in [38] only in the absence of water:
this intramolecular reaction is reported to be
favored if taking place within the cavity of 397 due
to specific folding of an alkyne substrate.

Enantiomeric N-acylation of the racemic
guest 454 with acetic or benzoic anhydride in the
presence of the cavitand syntone 238 by
Scheme 5.41 has been performed in [39]. In all
cases, the enantioselectivity of acylation of its
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R-isomer exceeds 50 % and increases with the
concentration of 238. This suggests that selec-
tive encapsulation of 454 by the corresponding
bis-cavitand capsule 480 plays a key role in the
process. Moreover, in the case of benzoic anhy-
dride as a substrate with more bulky substitu-
ents, its N-benzyl alkylation reaction proceeds
with higher enantioselectivity [39].

5.2  Photochemical Reactions

Irradiation of a solution of homoguest 1:2 cage
complexes of 483 with two encapsulated acenaph-
thylenes 455 and 456 resulted in regioselective
dimerization of these guests by Scheme 5.42 lead-
ing to the corresponding 1:1 complexes with caged
syn-isomeric products only. The regioselectivity in
the photodimerization of 2-metylnaphthoquinone
within this capsule is reported in [40] to be also
very high (96 % of the head-to-tail isomer). These
[2+2] addition reactions do not proceed without
encapsulation at the same photochemical reaction
conditions even at high concentrations of these
aromatic monomers, and the coordination capsule

483 acts as a molecular flask to promote this inter-
molecular photodimerization of large olefins in a
highly efficient fashion [40].

Photoreactivity of the encapsulated adaman-
tane molecule within the cavity of coordina-
tion capsules 487 has been studied in [41].
Irradiation of the homoguest 1:4 cage complex
of 487 afforded a mixture of its heteroguest
1:1:3 derivatives with one caged oxidized
1-adamantylhydroperoxide or 1-adamantanol
molecule, whereas three other adamantane guests
remained unchanged (Scheme 5.43). Under
anaerobic conditions, the photooxidation of this
cage complex in solution and in solid state gave
blue air-sensitive radical products. Going from
the tris-bipyridyltriazine ligand syntone to its
1,3,5-substituted benzene-containing analog pre-
vents this photoreaction; so these radical species
are generated by its triazine fragment. The use of
180 labeling on O, or H,O allowed evaluating the
photoreaction pathway shown in Scheme 5.43: it
includes a photochemical excitation of the tri-
azine fragment and electron transfer from the
adamantane guest to the cage framework, giving
a l-adamantyl radical and H* ion as well as the
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corresponding anion-radical cage species. Oxygen
or water molecules under aerobic conditions
trap the encapsulated 1-adamantyl radical giving
l-adamantanol or 1-adamantylhydroperoxide.
Under anaerobic conditions, these radical species
are stable but are rapidly quenched with molecular
oxygen under aerobic conditions. The same oxida-
tion reactions, leading to the corresponding hydro-
peroxides and ketones, have been observed in [41]
for encapsulated six-, seven-, and eight-membered
alicyclic guest molecules.

Unusual photooxidation of alkanes within the
cavity of the coordination capsule 488 has been

studied in [42] using in situ IR, UV and electro-
chemical measurements, and quantum chemical
calculations; the X-ray diffraction study of its 1:4
cage complex with encapsulated adamantane
molecules [41] revealed the close aggregation of
these guests within the cavity of 488. A plausible
reaction mechanism shown in Scheme 5.44
involves generation of host anionic and guest cat-
ionic radical species by guest-to-host PET; the
former anion radical has been experimentally
detected using in situ IR spectra. The electro-
chemical experiments and theoretical calcula-
tions performed in [42] showed strong
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electron-withdrawing effects of the triazine frag-
ments of this capsule. Four guest molecules are
tightly bound and packed within its cavity, so that
the guest adamantane molecules are located very
close to the triazine fragments, thus facilitating
this unusual PET [42].

Highly selective [2+2]
photodimerization of olefins by Scheme 5.45
within the PdgLs capsule 483 has been performed
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in [43]. It encapsulates acenaphthylene and
5-ethoxynaphthoquinone molecules in a pair-
wise selective fashion, thus giving a heteroguest
1:1:1 cage complex. The encapsulation assists
this photoreaction of the caged olefins allowing
it to proceed extremely efficiently with high
reaction rate, stereoselectivity, and pairwise
selectivity. In particular, maleimide derivatives,
which themselves are photochemically inactive
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under ordinary reaction conditions, quite
efficiently undergo cross-dimerization with ace-
naphthylene and dibenzosuberenon within the
cavity of 483. It facilitates [2 + 2] cross-photodi-
merization of large olefins giving the corre-
sponding syn-dimers in high yields. In such a
cavity-directed synthesis, the capsule’s confined
space allows strictly controlling the encapsula-
tion process of the co-guests by steric effects; the
subsequent chemical transformation of these co-
caged reagents may also be strictly controlled by
this coordination capsule playing a role of a
molecular flask [43]. The encapsulated arene

O, [HO]
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molecules are reported in [44] to also undergo
[2 +2] photoaddition and [2 +4] thermoadditions
by Scheme 5.46 within the cavities of 483 and its
PtsLs and Pd¢L analogs 486 and 487. Highly
efficient, syn-selective [2+2] photoadditions of
N-cyclohexylmaleimide to phenanthrene and of
maleimide to fluoranthene have been also per-
formed under similar reaction conditions [44].
Encapsulated olefin guests undergo photodi-
merization within the cavity of the coordination
capsule 487 even in crystals [45]. In particular,
two caged acenaphthylene molecules have been
thermally tumbled: their [2+2] photoaddition
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reaction by Scheme 5.47 gave the syn-isomer of
the corresponding dimeric guest in a quantitative
yield. This photoaddition reaction within the cav-
ity of 487 involves the disordered acenaphthylene
monomers that are located rather far (up to 9 A)
from each other; such a distance substantially
exceeds those for regular organic crystals
(approximately 4.2 A). The rigidity of the coordi-
nation capsule prevents destruction of these crys-
tals in the course of this reaction; the high cavity
volume of 487 is described in [45] to be a reason
for the above non-topochemical photoreactions
without a loss of its single crystallinity [45].

One of the four encapsulated coordination-
saturated complex guests (CH;cp)Mn(CO),
underwent photodissociation by Scheme 5.48
within the cavity of the coordination capsule 487,
giving its coordination-unsaturated analog
(CH3cp)Mn(CO),. In the formed heteroguest
1:1:3 cage complex, this 16-electron molecule
has a pyramidal geometry and undergoes no
recombination with CO molecules [46].

Irradiation of an aqueous solution of the
heteroguest 1:1:1 cage complex of 483 with

HNS NH,
—

483

R =0CHg; CHy

encapsulated pyrene-4,5-quinone and para-
adamantyl toluene molecules highly selec-
tively gave a 1:1 cage complex with an
encapsulated 1,4-adduct 457 shown in
Scheme 5.49 [47]. The plausible mechanism of
this photoaddition reaction proposed in [47]
includes radical recombination process: the
photoexcited pyrene-4,5-quinone molecule
abstracts hydrogen atom from the para-
adamantyl toluene co-guest giving the corre-
sponding benzyl and semiquinone radicals, the
recombination of which resulted only in the
O-coupled 1,4-adduct 457. Due to the proxim-
ity of the reactive centers of these intermediate
radical species, the formation of their
1,2-adduct is not observed [47]. In the case of
its analog with an encapsulated 9,10-phenan-
threnequinone, the caged guest molecule also
selectively undergoes photomediated radical
coupling within the cavity of the coordination
capsule 483. On the initial stage of the encap-
sulation reaction, the formation of the corre-
sponding homoguest cage complexes by
Scheme 5.49 together with their heteroguest
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analog has been detected. Irradiation of the
equilibrium mixture gave a 1:1 cage complex
with an encapsulated 1,4-adduct in a moderate
yield; so the equilibrium between the homo-
and heteroguest cage complexes of the encap-
sulating ligand 483 is reached quickly. In
contrast, the uncaged substrate molecules do
not form any O-coupled 1,4-adducts. Therefore,
an encapsulation of these reactants by the coor-

dination capsule promotes an O-coupling reac-
tion preventing other side processes [47].
Immersing the crystals of the host—guest 1:4
cage complex of polymeric capsule 493 with
encapsulated 4-hydroxyphenylamine 458 in
n-decan solution of ethyl isocyanate has been used
in [48] for chemoselective O- and N,0-acylation
of these guests by Scheme 5.50. The simple
N-acylated product has been not detected due to
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Scheme 5.49

the protection of its secondary amino groups by
493: this intermediate formed on the early stage of
the reaction undergoes further O-acylation giving
the N,O-acylated guest 460. Thus, two parallel
reactions occur in the reaction mixture: (i)
N-acylation of 4-hydroxydiphenylamine followed
by O-acylation of a product in large interstitial
pores, where such substrates are mobile, and (ii)
O-acylation within the cavity of 493 without sub-
sequent chemical reactions of capsule-protected
amino groups (the product 459). This protection

5 Reactivity of Encapsulated Species

has been confirmed in [48] in a study of analogous
reactions within the molecular capsule 483,
also encapsulating 4-hydroxydiphenylamine that
undergoes O-acylation with ethyl isocyanate
within its cavity. The O-acylated product is not a
suitable guest for the capsule 483 releasing such
product from its cavity [48].

Selective thiocarbamoylation of aromatic
amines by Scheme 5.51 using encapsulated
methyl thiocyanate molecules of a host—guest
1:4 cage complex of the metallopolymeric cap-
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sule 493 has been performed in [49]. The caged
reactant discriminates aniline over its more
bulky substituted analogs, in particular,
2,6-dimethylaniline: a competitive experiment
showed a substantial (by approximately one
order) increase in the reaction rate. It also dis-
criminates 2- and 1-naphthylamines in this
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thiocarbamoylation reaction with a fivefold
product selectivity [49].

1:1 cage complexes of Pd,L, coordination
capsules 779 and 766 with encapsulated cis-4,4'-
azobenzene bis-sulfonate dianion are reported in
[50] to release the guest after its photoisomeriza-
tion in a trans-isomer by Scheme 5.52-1446. In
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the case of the highly soluble caging ligand 779,
the full reversibility of this light-driven encapsu-
lation/release process has been observed. The
analogous cage complex of 766 resulted in imme-
diate crystallization upon photoisomerization
reaction with a release of this caged dianion from
this capsule, thus giving coordination polymers
with its outside binding to cross-linking
palladium(II) metallocenters [50].

Analogous coordination capsules 777 and 778
formed by four photoswitchable bis-monodentate
pyridyl ligand syntones are reported in [51],
allowing the light-triggered guest uptake and
release by Scheme 5.53: irradiation of host—guest
1:1 cage complexes with encapsulated spherical
fully fluorinate dodeca-closo-borate dianion
resulted in reversible uptake and release of this
guest.

Encapsulated a-pyrone molecule of 1:1 hemi-
carceplex of the covalent capsule 262 undergoes
thermal and photochemical transformations by
Scheme 5.54 within its cavity [52]. A key stage
of these processes is the formation of the corre-
sponding cage complex with encapsulated cyclo

HiG(OH,CH,C)3-0—
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butadiene molecule by decarboxylation of the
photoproduct of transformations of this a-pyrone.
This observation stimulated further research [53]
into the encapsulation of ortho-benzyne and its
analogs by the caging ligand 264 (Scheme 5.55),
which has been selected for the following rea-
sons: MM data suggested that this capsule has the
cavity large enough to accommodate benzocy-
clobutenedione but prevented ortho-benzyne
from leaving through one of its four equatorial
portals at ambient temperature. Sharp decrease of
UV absorption of this capsule above 275 nm
allowed the photolysis of the guest molecules to
occur at larger wave lengths. As follows from 'H
and C NMR experiments [53] with deuterated
and *C-enriched guests, the parent 1:1 cage com-
plex of 264 with encapsulated benzocyclobutene-
dione molecule underwent photochemical
transformations by Scheme 5.55 giving the target
capsule with the caged ortho-benzyne molecule.

Two modes of photodimerization of the ace-
naphthylene guests within the octaacid hydrogen-
bonded capsule 473 have been studied in [54].
The photoreaction of the singlet excited state of
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Scheme 5.55

acenaphthylene by Scheme 5.56 gave only syn-
dimer, but in the case of its triplet state in the
presence of eosin Y, it afforded a mixture of syn-
and anti-forms; the former form has been encap-
sulated by 473, while the latter has been detected
by NMR spectroscopy in a bulk solution. On the
time scale of S; state (0.35 ns), the guest acenaph-
thylene molecules are preorganized in a syn-
form, the photodimerization of which gave only
the caged syn-dimer. Irradiation of an aqueous
solution of this 1:2 cage complex in the visible
region (A>500 nm) in the presence of a triplet
sensitizer (the lifetime of T, state is 6 ms) gave a
mixture of the dimeric forms. It seems that the
excited acenaphthylene molecules in their triplet
state leave the hydrogen-bonded capsule as an
excimer that then undergoes rearrangement with
the formation of a biradical intermediate giving
its anti-isomer by Scheme 5.56 [54].

The encapsulated molecules of the alkyl-
substituted benzyl ketones are described in [55]
to undergo unusual photoreactions within the
cavity of a hydrogen-bonded capsule 473. The
products of these reactions suggest that the inter-
mediate radical pairs are also encapsulated by the

capsule during their transformation. C,—C;
a-alkyl dibenzyl ketones undergo Norrish type II
and/or type I photoreactions by Scheme 5.57 in
their bulk solutions and within the cavity of 473
[55]. Their cage complexes are kinetically stable
and fall into three packing motifs modulated by
the length of their a-alkyl chain with the capsule
473 acting as an external template to promote the
formation of distinct guest conformers. The
major products from all these ketones upon irra-
diation in bulk solutions resulted from their
Norrish type I reaction. Within the cavity of 473,
the photoreactions of their caged molecules
depend on the length of the alkyl chain. The
o-hexyl-, a-heptyl-, and a-octyl-substituted
dibenzyl ketones as guests mainly gave the prod-
ucts of Norrish type II transformations. The
caged a-butyl- and a-pentyl-substituted dibenzyl
ketones yielded equimolar amounts of their two
rearranged  isomers, while encapsulated
a-methyl-, o-ethyl-, and o-propyl-substituted
dibenzyl ketones yielded only one isomer of the
initial ketone [55].

Encapsulation of optically pure
a-alkyldeoxybenzoins within the cavity of the
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octaacid capsule 473 [56] also affects the prod-
ucts of the Norrish type I and type II photo-
reactions of the caged molecules shown in
Scheme 5.58.

Photodimerization of appropriate reactive
guests (Scheme 5.59) giving 1:2 cage complexes
with the supramolecular capsule 473 has been per-
formed in [57]. This caging ligand plays the role of
a molecular flask that not only solubilizes organic
molecules in water and brings two molecules close
to each other but also preorganizes them to yield
one or two encapsulated dimeric products.

Reversible light-induced and thermoinduced

trans-to-cis isomerization of encapsulated

anti-dimer

4,4'-dimethylazobenzene is reported in [58]
to affect its binding abilities, allowing one to
control co-encapsulation of a co-guest mole-
cule by the hydrogen-bonded capsule 429
(Scheme 5.60). This remote control of the
reversible binding is prospective for the
design of a supramolecular fluorescence on—off
switching devices: when trans-4-ethyl-4'-
methylstilbene has been used as a co-guest, its
fluorescence is altered depending on whether it
is in bulk solution or encapsulated within a cav-
ity of 429. As a result, such encapsulation
(and, therefore, the guest fluorescence intensity)
has been controlled in [58] by light-triggered
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Scheme 5.58

trans-to-cis isomerization of 4,4’-dimethylazo-
benzene as a concurrent guest.

The same approach (i.e., cis-to-trans photoi-
somerization of azobenzenes shown in
Scheme 5.61) has been used in [59] for photo-
chemical control of reversible encapsulation by
hydrogen-bonded capsules 429, 435, and 440.
Photoexcitation of the guest trans-4,4'-
dimethylazobenzene molecule caused the release
of its formed cis-isomer, which no longer fits
within this capsule, thus making it possible to
encapsulate other guests. On heating its bulk solu-
tion, cis-4,4’-dimethylazobenzene undergoes a
reverse thermal isomerization to its frans-isomer,
easily and rapidly releasing caged molecules in to
the bulk solution; the release—exchange cycle
can be repeated many times [59]. The same
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wavelength-dependent and sequential light-
triggered processes by Scheme 5.62 for the hydro-
gen-bonded capsules 429 and 440 have been
performed in [60]. A photo- and thermochemi-
cally operated self-assembled system shown in
Scheme 5.63 allowed the authors of [61] to revers-
ibly control the switching process between the
homodimeric bis-cavitand capsule 429 and its
hybrid analog 436. Undesired cage complexes
have been eliminated from the reaction mixture
using appropriate guests with high selectivity and
affinity for this encapsulating ligand.
Encapsulation of ruthenium(II) tris-bipyridinate
by a hydrogen-bonded hexameric resorcin[4]arene
capsule 397 (Scheme 5.64) is described in [62]
to turn off photocatalytic aerobic oxidation of an
aliphatic sulfide with this photosensitizer.
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Scheme 5.62

5.3 Redox Reactions

Two encapsulated TTF molecules undergo step-
wise oxidation by Scheme 5.65 within the cavity
of a coordination capsule 552, which results in
mixed-valence monocation-radical species and
bis(cation-radical) form and then a bis-dicationic
cage complex [63]. This complex is unstable on
the CV time scale, as it releases the guests,
whereas the monooxidized caged radical species,
which do not form in a bulk solution, are stable
for a relatively long time. Their stability is
explained [63] by efficient stacking interactions
between two caged TTF molecules [63]. Slow
electrochemical oxidation of the same guest
within the cavity of a bis-cavitand hydrogen-
bonded capsule 468 resulted in disassembly of its

5 Reactivity of Encapsulated Species

cage framework and in the release of less hydro-
phobic cation-radical species (Scheme 5.66) [64].

Redox reactions of the encapsulated ferrocene
within the cavity of the octaacid caging ligand
468 have been studied in [65]. The oxidized dica-
tionic ferrocene derivative undergoes intramo-
lecular ET from the guest molecule with its
re-reduction to ferrocenyl monocation giving its
cage complex. This complex releases the mono-
cation, thus electrochemical reduction of which
resulted in the ferrocene re-encapsulation by
Scheme 5.67 [65]. When ferrocenylcarboxylate
anion has been tested instead of Fc* ion, the ET
process did not occur due to the absence of any
strong interactions between the ferrocenyl-
based electron mediator and the exterior of the
molecule (Fc)@468. Indeed, the study of this
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mediated electrochemical oxidation process in
the presence of cucurbit[7]uril as a host for the
ferrocenyl cation showed decrease in the rate of
this process due to the formation of their host—
guest complex. Its occurrence at measurable rates
thus needs strong outer-sphere binding between
the ferrocene-based mediator and the hydrogen-
bonded capsule [65].

5.4 Exchange, Extraction (Guest
Release), Rearrangement,
and Decomposition

Reactions

Mixing of tetrahedral MgL!, and TP M;L?, coor-
dination capsules 483 and 550 is reported in [66]
to give a hybrid cage framework 631 by
Scheme 5.68.

Encapsulation by molecular and polymeric
coordination capsules 483 and 493 is reported in
[67] to be reversible: organic solvents (such as

(TTF?),@552 Hal__J

@
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toluene) extract the guests from the cavities of
these capsules, thus giving the empty cage frame-
works by Scheme 5.69.

As the Ag,L, coordination capsule 579 is able
to encapsulate one adamantane molecule to give
a 1:1 host—guest cage complex in contrast to its
Aggl, analog 580, this system has been used in
[68] for reversible encapsulation/release of such
guest by addition of two equivalents of AgPFg
that resulted in the formation of 580
(Scheme 5.70). The following addition of two
equivalents of the cryptand 461 that traps these
Ag* ions caused re-encapsulation of the
adamantane molecule with the formation of the
initial cage complex of 579 [68].

A tetrahedral Ga,L¢ coordination capsule 578,
a derivative of the labile achiral ligand syntone
348, is reported in [69] to exhibit structural mem-
ory (i.e., retention of chirality of a cage frame-
work). Although its molecular composition has
been altered, chirality of the coordination capsule
serves as a structural reporter, preserving the
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Scheme 5.70

initial cage structure. As follows from 'H NMR
and CD data, the interaction by Scheme 5.71 of
tetrahedral 1:1 cage complex of the naphthalene
AAAA ligand syntone 348 with encapsulated
(C,H5),N* cation and the corresponding M,L;
helicate 824 of its para-phenylene analog 354,
which does not form a tetrahedral Ga,L¢ coordi-
nation capsule, gave heteroligand Ga,L¢ L',
cage complexes of the same chirality [69].
Host—guest exchange kinetics for the Ga,Lg
coordination capsule 575 has been studied in [70]
using various 'H NMR techniques. Cationic
guest self-exchange in this host by Scheme 5.72
proceeds through a non-dissociative mechanism
in which an aperture in its cage framework
enlarges to accommodate guest passage. Note
that the guest displacement reaction proceeds
through dissociation of an initially caged cation,
and then encapsulation of a second positively
charged guest takes place. The cations showing
binding are reported in [70] to produce higher
rates of the guest exchange. As follows from
PGSE 'H NMR data [71], the diffusion coeffi-
cient of this capsule also depends on the nature of
cationic counterions (Scheme 5.73) in solution.
Saturation studies revealed a small number of
ion-association sites on the exterior of 575 and
provided direct observation of ionic association
in water. Addition of an excess of alkali metal
cations caused displacement of the associated

;
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hydrophobic tetraalkylammonium cations, while
the comparison between (C,Hs),N* and
(n-C;H;),N* cations as guests showed a prefer-
ence for ionic association with more hydrophobic
guests suggesting a stepwise guest encapsulation
process. On the first stage, the freely solvated cat-
ionic guest forms an ionic associate(s) with the
dodecaanionic host 575, and this process is fol-
lowed by its encapsulation [71].

Deuterium substitution in cationic guests, iso-
topologues of the [D,][CpRu(n®-C¢Hg)]* cation
(Scheme 5.73), has been used in [72] to probe the
sensitivity limits of the guest exchange process
with the highly negatively charged caging host.
Kinetics of their exchange in the presence of an
excess of (C,Hs),P* cation as a more strongly
binding guest has been monitored by 'H NMR
spectroscopy, which showed the deuteration of
the guests to result in an inverse kinetic isotope
effect (i.e., faster displacement of the deuterated
guest from the cavity of 575). Deuteration at
cyclopentadienyl and benzene rings has a mea-
surable impact on the guest exchange kinetics
and the calculated isotope effect per deuterium
atom values (up to 11 %). This effect has been
attributed to increases in the relative spacing of
C-H/D vibrational zero-point energy levels of
the guest. It arises from steepening of the vibra-
tional potential energy functions at the sterically
strained transition state [72].
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Scheme 5.71
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NMR titration method has been used in [73] to
measure secondary EIEs on the binding affinity
of cationic guests shown in Scheme 5.73, which
are isotopologues of benzyltrimethylphospho-
nium cation, toward the cavity of 575. Deuteration
of the methyl and benzyl C—H groups of the guest
had larger equilibrium isotope effects than that of
its aromatic C—H groups. This suggests small dif-
ferences in the interactions of these C-H/D
groups with the caging ligand [73]; the details of
such high-precision NMR experiments are
reported in [74]. The obtained EIE values have
been explained by considering changes in vibra-
tional force constants and zero-point energies,
while DFT calculations confirmed the origins of
these EIEs and suggested that changes in low-
frequency C-H/D vibrational motions were
mainly responsible for EIEs.

Motion dynamics (i.e., bond rotation and tum-
bling) of caged ortho-substituted benzyltrialkyl-
phosphonium guest cations also shown in
Scheme 5.73 has been used in [75] to probe steric
consequences of encapsulation within the cavity
of 575 using selective inversion recovery NMR
method. The encapsulation increases the Ph—CH,
bond rotational barrier for these caged cations in
the range of 3—6 kcal per mol (depending on both
their size and shape). The longer prolate-shaped
guests tumble more slowly in the host’s cavity
than larger but more spherical cations reducing
the symmetry of this capsule from 7 to C; in solu-
tion at low temperatures; such a distortion has
been also observed in solid state [75]. The motion
of the guest [76] is affected by the nature of a
bulk solvent (water, methanol, or DMF) and
applied pressure (up to 150 MPa), allowing one
to use their rotational dynamics to probe changes
in host’s cavity size and flexibility. The NMR
experiments demonstrate that an increase in sol-
vent internal pressure or in applied external pres-
sure reduces this size or flexibility, restricting the
motion of the encapsulated guests and allowing
one to tune their physical properties and reactiv-
ity within the cavity of this labile coordination
capsule 575 [76].

A detailed study of the mechanism of guest
exchange reactions for 1:1 cage complexes of the
tetrahedral MyL¢ coordination capsules with
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encapsulated organic monocations has been per-
formed in [77] using three different theoretical
and experimental strategies. First one tested the
caging hosts with different lability of their frame-
works, while the second theoretical and third
experimental approach used MM calculations
and the experimental data on the exchange of
guest species with different sizes. These exchange
reactions can proceed either by the Pathway I
(Scheme 5.74) through partial dissociation of one
catecholate fragment or by deformation of the
cage framework to create a portal for guest pas-
sage by the Pathway II. The M,L¢ capsules have
four hollows on their C;-symmetry axes leading
from an inner cavity to the surrounding solution,
and the non-dissociative Pathway II includes an
increase in size of one of these hollows for the
transport of encapsulated guests. To study a rele-
vance of the dissociative Pathway I, the guest
exchange experiments for the labile Ga,L¢ caging
ligand 575 and its inert TiyL¢ and Ge,L¢ analogs
686 and 687 (Scheme 5.75) have been performed
in [77]. According to '"H NMR data, the reaction
rates are nearly equal, with minor differences
explained by different charges of their dodeca-
and eight-anionic frameworks, respectively.
Therefore, the guest exchange rate does not
depend on the nature of metal-ligand interac-
tions. The facile guest exchange for all these
M,Ls coordination capsules suggests a non-
dissociative mechanism by the Pathway II: the
guest species squeeze into and out of a cage
framework through its faces. High lability of
these capsules has been confirmed in [77] by the-
oretical MM calculations. The extension of their
C;-symmetric hollows is 7.3 A for tetramethyl-
ammonium guest ion and becomes 9.8 A for pen-
tamethylcyclopentadienyl cobalt cation, with
twice the calculated activation energy. In the case
of the partial dissociation mechanism (Pathway
I), the guest exchange is practically independent
from the nature of a MyL¢ caging ligand. In con-
trast, the rate of the non-dissociative process
strongly depends on these factors. As follows
from the experimental data for the 1:1 cage com-
plex with an encapsulated Cp*,Co* cation, this
large cationic guest cannot freely rotate within
the ligand’s cavity, so the corresponding 1:1 cage
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complex loses its C;-symmetry axis. As a result,
it adopts a D, symmetry instead of a T symmetry
for all small guest cations. This organometallic
guest did not undergo an exchange reaction with
an excess of tetraethylphosphonium cation even
for 21 days at r.t., and it starts at 75 °C only,
whereas for other cationic guests, the exchange
reaction started in less than 10 min (in particular,
half-life for the exchange reaction in the system
((CH5)4N)"™—((C,H5),P)* is approximately 23 s at
r.t.). A dramatic difference in the exchange reac-
tion rates is explained [77] by the non-dissociative
mechanism with strong dependence on the size
and shape of the encapsulated guests.

Four [Li(DMF);]* cations encapsulated by a
TisL, coordination capsule 690 are reported in

473
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[78] to wundergo stepwise substitution by
Scheme 5.76 with 4-bromoanilinium and
3,5-dimethylanilinium ions as concurrent cat-
ionic guests, which also form host—guest 1:4 cage
complexes. In contrast, neutral electron-rich or
electron-deficient guests do not substitute the
caged [Li(DMF);]* cations under the same reac-
tion conditions [78].

A cage complex of the coordination capsule
581 with cyclohexane decomposes in the pres-
ence of amine fren through imine exchange by
Scheme 5.77 with a following release of the
guest [79], and the initial complex does not re-
form after addition of an acid. In contrast, vari-
ation in pH has been used for the reversible
release of cyclohexane by its exchange with an
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excess of cyclopentane [79]. A 1:1 cage com-
plex of 581 with encapsulated SF¢ molecule
[80] releases the guest by Scheme 5.78 via two
main pathways: (i) while the complex is heated
or kept in acidic media or (i) while it is treated
with the same tripodal amine to remove iron(II)

NH,

ions and to form the corresponding Schiff bases
with 2-formylpyridine syntones [80].

As follows from the '°’F NMR data [81], the tet-
rahedral coordination capsules 581 and 825 can
encapsulate PF;™ ion that completely substitutes the
caged BF,” and CF;SO;™ species by Scheme 5.79.
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Scheme 5.79

Their para-chloroaniline cage complexes undergo
exchange reactions with electron-rich anilines by
Scheme 5.80 giving the corresponding imine
capsules with the same encapsulated anions. As
follows from ESI-MS data, the imine condensation
of 3,3'-bipyridine-6,6'-dicarboxaldehyde with a
mixture of para-bromo-, para-chloro-, and para-
iodoanilines by Scheme 5.81 afforded a library of
the corresponding imine capsules 826 and 827.
Addition of para-methoxyaniline to this mixture
gave a homoleptic capsule 827 as the only product
of the re-imination reaction [81].

Cubic hexaporphyrin Fegl4 coordination cap-
sules 622—624 are reported in [82] to decompose

N\ =BF,”, CF,SO4"

5 Reactivity of Encapsulated Species

|7+

by Scheme 5.82 in acidic media or in the pres-
ence of tripodal amine tren. Their 1:1 complexes
with an encapsulated fullerene Cq, molecule eas-
ily undergo guest exchange reactions with an
excess of coronene and fullerene C,, giving the
corresponding 1:1 cage compounds.

A 1:1 cage complex of tetragonal coordination
capsule 581 with an encapsulated furane mole-
cule (Scheme 5.83) is described in [83] to slowly
dissociate in aqueous solution, whereas in the
presence of benzene as concurrent guest, it
releases furane into bulk solution during 1 h.
Addition of maleimide resulted in its Diels—Alder
reaction with furane in this solution [83].
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Subcomponent substitution of a racemic mix-
ture of isomers of 1:1 cage complex of 826 with
encapsulated triflate anion in the presence of
optically active primary amine 462 by
Scheme 5.84 allowed to obtain an optically active
AAAA form of this complex [84]. The use of a
racemic mixture of R,S-isomers of the amine sub-
component afforded R,S-imine capsules 828 but
not its homochiral analogs. Therefore, chiral self-
sorting is not observed in this system.

Conversion of a tetrahedral M L, coordina-
tion capsule 829 into a heterometallic cubic
cage framework 606 upon addition of a square-
planar metallocomplex ligand syntone 3179, fol-
lowed by the conversion of this cubic capsule
into a tetrahedral capsule 668 upon addition of

Fe2+ a mixture HaCOONHZ

products

> = BF,, CF3SO37, PFg™ g

HaCO

4,4’-diaminobiphenyl (Scheme 5.85), has been
performed in [85].

Guanidinium-sulfonate interactions between
the faces of a tetragonal Fe,Ls coordination cap-
sule 581 have been used for modulation of its
guest exchange kinetics. A correlation between
the concentration of guanidinium ions and the
rate of the encapsulation process by Scheme 5.86
is described in [86].

Differential binding affinities of the smaller and
larger Fe,L¢ tetrahedral coordination capsules 668
and 830 for a series of guest anions in solution are
reported in [87]; the corresponding anion-exchange
sequence can be illustrated by Scheme 5.87.

Addition of triethylamine as an allosteric
effector to a 1:1 cage complex of the coordination
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Scheme 5.82

capsule 619 with encapsulated fert-butylphosphine
molecule has been used in [88] to allosterically
release this guest from the cavity of 619 into bulk
solution by Scheme 5.88.

An encapsulated anion Cu(Au(CN),),” under-
goes transmetallation with silver(I) cation by
Scheme 5.89 within the cavity of the coordina-
tion capsule 724 to give a 1:1 cage complex of
monoanionic guest Ag(Au(CN),),”, which is sub-
stantially more stable than its copper-containing
analog. This fact is explained in [89] by a larger
size of the Ag* cation as compared to Cu*, so it
forms strong van der Waals interactions with
n-electron-donating cavity of this encapsulating
ligand. All the cage complexes of 724 release the
encapsulated guest molecules in their DMSO
solutions by Scheme 5.90 giving the D,
symmetric guest-free capsule 724 [89].

5 Reactivity of Encapsulated Species

M2+ = 2H* (622), Ni®* (623), Zn>*(624)

NH, HoN NH,

Anion-exchange reactions of cage complexes
of the Ag;L, ligand 700 with tetrahedral (ClO,~
and BF,") and octahedral (PFs~ and SbF;™) anions
by Scheme 5.91 have been studied in [90]. Anion-
exchange experiments showed the anion selectiv-
ity to vary in arow SbF¢~ > PF¢~ > BF,~, C1O,~ and
this ligand to prefer encapsulating octahedral and
tetrahedral anions rather than their linear or trian-
gular analogs.

Cage complexes of a coordination capsule 780
undergo transformation with an excess of tetra-n-
butylammonium nitrate by Scheme 5.92 resulting
in a 1D coordination polymer. This fact has been
explained in [91] by the template effect of NO;~
ion in this metathesis of the Co,L, framework.

Disassembly and reassembly of a 1:1 cage
complex of the capsule 781 with an encapsu-
lated cisplatin guest molecule by Scheme 5.93
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Scheme 5.85

in response to stimuli are reported in [92]. Its
interaction with 4-dimethylaminopyridine as a
competing ligand caused the complete destruc-
tion of this cage framework, but the following
addition of para-toluenesulfonic acid or
(+)-camphor-10-sulfonic acid resulted in a
quantitative reassembly of the initial coordina-
tion capsule. This caging ligand also undergoes
complete destruction with tetrabutylammonium
chloride, while the followed addition of AgSbFg
caused its reassembly. The initial cage complex
also releases an encapsulated cisplatin molecule
with D,0 [92].

Two tetrafluoroborate ions that are encapsu-
lated in the outer cavities of the 1:3 cage complex
with caging ligand 770 undergo ion-exchange

reactions by Scheme 5.94, not only with the
water-soluble tetraalkylammonium chlorides but
also with insoluble AgCl giving a heteroguest
1:1:2 double-cage complex (Cl)(BF,")@770.
This process is reversible and gives the initial
homoguest capsule with a high excess of BF,~
anion [93].

An  enantiomerically  pure  carceplex
(G)@R,261 (where G is (S)-BrCH,CH(CH,)
CH,CH;, Scheme 5.95) and its S,isomer are
reported in [94] to display stereoselectivity in the
chiral guest release from their cavities with a fac-
tor from 1.5 to 2. The rate constants for release of
these guest molecules from the R,- and S,-isomers
of caging ligand 261 are different by order of
magnitude.
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Binding properties of bis-hemicarcerand
capsules 268 and 269 toward a wide range of
chiral and achiral guests (Scheme 5.96) have
been studied in [95] using '"H NMR method. The
caged solvent molecules undergo exchange with
diastereomeric equilibrated ratios from 2.7:1 for
BrCH,CH,C*HBrCH; as a guest to 1:1 for
CICH,C*HCICH; and (CH;),CHCH,CH,C*HO
HCH; as concurrent guests, entering and depart-
ing through the chiral portals of covalent

805~

capsule, which are larger than non-chiral por-
tals. Encapsulation of six enantiomeric pairs of
guests within the cavity of 268 gave the diaste-
reomeric ratios up to 1.4: the two non-chiral
26-membered ring portals of this caging ligand
are described in [95] to be less sterically over-
loaded than its two chiral 26-membered ring
portals. The equilibrium chiral recognition fac-
tors for encapsulation of chiral guest molecules
by S5-269 (Scheme 5.96) are from 1 (for two
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Scheme 5.87

| = (tert-C4Hg)sP

Scheme 5.88

branched alcohols and 1,2-dichloropropane as
guests) to more than 20 for R-4-CH;C4H,S(O)
CH;. Higher chiral recognition has been
observed [95] for the covalent capsule S-269 as
compared with that for its analog SS-268.

A bis-hemicarcerand capsule 277 has been
reported by D. Rudkevich and coworkers in [96]
to be a prospective caging ligand for encapsula-
tion, storage, and release of gases in the solid
state. Its cavity volume allows for reversible

encapsulation-release of the solvent molecules
and gaseous guests such as CO,, N,, O,, Xe, and
N,O in solution (Scheme 5.97). According to
NMR data, the molecules of CO,, N,O, and N,
undergo in—out exchange processes, which are
affected mainly by the distance between the
hemispheric entities of a caging ligand 277
rather than the inner size of this covalent cap-
sule. It can also encapsulate two or more small
gas molecules such as molecular hydrogen and
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helium; such exchange reactions take place in
solution but not in solid state [96].

Encapsulated NO* cationic species of their
cage complexes with arene capsules 823 and 831—
833 are described in [97] to undergo reversible
release/re-absorption reactions by Scheme 5.98 in
solution with 18-crown-6 and SnCl,, respectively.
Addition of water to their solutions caused irre-
versible release of these guests due to the forma-
tion of nitrous acid [97].

D;,-symmetric coordination capsules 743-746
undergo slow self-rearrangement by Scheme 5.99
in their solutions leading to the corresponding
polynuclear metallomacrocyclic complexes [98].

Imine bonds in a Schiff-base tetrahedral cova-
lent capsule 82 are reported in [99] to be rather
labile in the substitution reaction giving a cylin-
drical cage framework 87 with an excess of ethyl-
ene diamine (Scheme 5.100) by releasing of
tripodal amine tren.

A caging ligand 248 encapsulates aromatic
dications in its two asymmetrical 24-crown-8
cavities, and the caged species undergo reversible

exchange reactions with potassium(I) cations by
Scheme 5.101 [100].

Rates of dissociation—association reactions for
dimeric hydrogen-bonded capsules 350 and 351
and the scheme of guest exchange have been
evaluated in [101]. The use of two differently
substituted glycoluril functions on the durene
spacer of the ligand syntone reduces the symme-
try of 350 and 351, and these self-assembled cage
frameworks are pair of enantiomers shown in
Scheme 5.102. These enantiomers undergo inter-
conversion (racemization) through dissociation
and recombination of their two ligand syntones.
The dynamics of both methane and ethane guest
exchange for their cage complexes with 350 and
351 have been examined in [101] by NMR exper-
iments. Two plausible schemes of guest exchange
in these hydrogen-bonded dimeric capsules
involve ring inversion of a seven-membered
cyclic fragment connecting the glycoluril to the
aromatic spacer. This inversion breaks four
hydrogen bonds, and the ring that undergoes
inversion may be either proximal or distal to the
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hydrogen bonds being broken, while the remain-
ing four hydrogen bonds hold two ligand syn-
tones of these tennis ball-like capsules together.
Such motion provides an opening large enough to
allow the guest exchange to occur through an
Sy2-like process, the displacement of the outgo-
ing guest by an incoming one [101].

Single-molecule guest exchange from the cav-
ity of a cylindrical hydrogen-bonded capsule 429
(Scheme 5.103) has been studied in [102]; this
process depends on the size and shape of the
guest molecules but does not involve complete
dissociation of the caging ligand or creation of
empty cavities. The solvent-bridged intermedi-
ates are reported to determine the kinetic param-
eters of this exchange.

A reaction of a hydrogen-bonded capsule
330 with a urea derivative 463 by Scheme 5.104
is reported in [103] to liberate encapsulated

para-fluorobenzene guest. The bis-calix[5]
arene cage complex of 382 with an encapsulated
carboplatin molecule (Scheme 5.105) releases
this guest after removing of water giving also
the corresponding ligand syntone [104].
Solvent-induced denaturation of the supramo-
lecular bis-cavitand capsule 473 with encapsu-
late trioxolane guests by Scheme 5.106 has been
examined in [105].

Reversible photochemical transformations by
Scheme 5.107 between the hemicarcerand 834
and its closed carcerand derivative 835 are
reported in [106]. A photoswitchable cycle
between the open (hemicarcerand) and closed
(carcerand) states of this host has been controlled
by using different wavelengths of radiation, and
the controlled encapsulation and release of the
guest molecules such as 1,4-dimethoxybenzene
have been also observed in this work.
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6.1 Chemical Separation, Guest
Recognition, Carrying,

and Storage

A cascade of dicobalt-containing capsule shown
in Scheme 6.1 has been proposed [1] as an oxy-
gen carrier: spectrophotometrical studies of its
oxygenation, deoxygenation, and degradation
showed to be a suitable encapsulating reagent for
separation of O, from gaseous mixtures.
Host—guest complexes of a calix[4]arene
ligand 822 (Scheme 6.2) with encapsulated mul-
tiple nitrosonium guests have been used [2] as
precursors of peptide-based NO-releasing phar-
maceuticals (including their chiral derivatives)
and stable reagents for regioselective activation
of peptides through their N-nitrosation. Its nano-
tube calix[4]arene-based analogs 823 and 831-
833 are reported [3] to be prospective for
reversible storage of NO, gases, for generating
NO gas within the capsules, and for releasing the
caged guest. Calix[4]arene caging ligand 277
(Scheme 6.3) and robust polymeric materials
based on it have been also used in [4] for gas
separation, storage, and sensing as well as for
manipulating with and storing of reactive gases.
An octaamide macrotricyclic caging ligand
117 (Scheme 6.4) has been used in [5] as a highly
selective synthetic receptor for recognition of
disaccharides. A similar macrotricyclic polyam-
ide capsule 118 is reported [6] to be a biomi-
metic carbohydrate receptor with consistent
behavior across a wide range of media. The

© Springer International Publishing Switzerland 2016

covalent capsules 119-122 of this type play a
role of synthetic lectin for recognition of
p-glycosyl; the selectivity of this binding is quite
low but still strong enough for blood glucose
monitoring [7].

A nanoball M,,L,, coordination capsule 508
(Scheme 6.5) with a poly(ethylene oxide) inner
cavity is suitable for reversible storage of metal
cations (in particular, of lanthanides), which can
be released by addition of highly donor solvents
such as DMSO [8].

CT-induced colorization of solutions of an aro-
matic peptide as a result of their encapsulation by
coordination capsule 486 (Scheme 6.6) is reported
in [9] to be applicable for the naked-eye recogni-
tion of three aromatic residues (Trp, Tyr, and
Phe); the selectivity of this binding may be used
for site-specific recognition of protein surfaces.

A hydrophobic dimeric bowl-shaped caging
ligand 504 (Scheme 6.6) has been used in [10] for
encapsulation and a-helical folding of a nine-
residue oligopeptide. This ligand stabilizes sec-
ondary structure of the guest peptide that mimics
biological systems. f-strand, f-hairpin, and turn
structures can be also stabilized within its hydro-
phobic cavity. Their encapsulation is suitable for
studying the pathways of protein folding [10].

Cage complexes with encapsulated cytotoxic
guests have been widely used as so-called “Trojan
horses” for cancer cells. A comparative study of
cytotoxicities of an arene-ruthenium TP coordi-
nation capsule 540 (Scheme 6.7) and its 1:1
“Matreshka” complex-in-complex assemblies
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{(Co?*),(OH)}@110

Scheme 6.1

with encapsulated palladium and platinum(II)
acetylacetonates against A2780 human ovarian
cancer cells has been performed by P.J. Dyson
and coworkers in [11]. The cationic capsule 540
plays the role of a carrier that promotes uptake in
cancer cell by encapsulating cisplatin, which eas-
ily undergoes extrusion from its hydrophobic
cavity in aqueous solutions [11]. Palladium and
platinum(II) acetylacetonates as more hydropho-
bic guests form more stable cage complexes, but
they themself show no cytotoxic effect against
these cancer cells; the encapsulating ligand 540
demonstrates moderate cytotoxicity. Its cage
complexes are the most active in this series: 1:1
host—guest compound (Pt(acac),)@540 is two

Scheme 6.2
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times more active than this capsule, while its
palladium-containing derivative is ten times more
cytotoxic than the platinum-encapsulating com-
plex. This result is explained in [11] by a higher
rate of release of caged palladium(Il) acetylace-
tonate from the cavity of 540.

The similar results have been obtained in [12]
for 1:1 cage complex of 540 with encapsulated
pyrene-R molecule. In this case, fluorescent flow
cytometry suggested more intensive fluorescence
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of the cells treated with the complex and allowed
quantitatively estimating the uptake of the fluoro-
phore, thus providing a direct evidence for the
efficient release of this hydrophobic molecule
from the cavity of a TP coordination capsule 540
following the uptake into a cell. The use of such
a complex with caged fluorescent guest as a cargo
allowed increasing the cytotoxicity and cellular
uptake and monitoring its accumulation into the
cells by microscopy and fluorescent flow cytom-
etry. The entry of coordination capsules of this
type into the cell is reported [12] to depend on the
assisted diffusion pathway. The existence of a
facilitated mode of this process implies certain
cell specificity, offering a potential advantage for
the use of the cage complexes with encapsulated
cytotoxic guests as drug candidates [12]. An
in vitro study [13] of the cytotoxicities of water-
soluble 1:1 cage complexes of 540 with encapsu-
lated lipophilic pyrenyl guests also showed
higher activity of some of them as compared to
the initial coordination capsule. For one of these
guests, the effect is the most pronounced, and its
cage complex is ten times more cytotoxic than
540. Thus, the nature of the guest pyrenyl deriva-
tive strongly affects the cytotoxicity of its cage
complex, allowing increasing it by using appro-
priate functionalizing substituents in the pyrene
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Scheme 6.5

Scheme 6.6

guest. In particular, the encapsulation of carbonic
anhydrase and glutathione transferase inhibitors
for their selective delivery to the tumor environ-
ment may be useful to avoid additional side
effects of the capsules [13].

A 1:1 complex of para-phosphonic acid—
beared calix[5]arene-based caging ligand 382
(Scheme 6.8) with an encapsulated carboplatin
molecule releases this guest in aqueous solutions,
so the ligand can be used for delivery of these
drug molecules [14]. A similar approach, devel-
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oped in [15], used a Pd,L, coordination capsule
781: its 1:1 cage complexes are reported to have
great potential as stimuli-responsive vectors for
targeted and controlled drug delivery. Cage com-
plexes of a bis-cavitand capsule 473 (Scheme 6.9)
with trioxalane guests are proposed [16] as new
class of prospective anti-malarials.

Covalent, supramolecular, and coordination
capsules have been also widely used for storage
of reactive species. In particular, a paramagnetic
caging ligand 551 (Scheme 6.10) is reported in
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[17] to encapsulate radical guests, thus allowing
for their further manipulations in aqueous solu-
tions. The coordination capsule 581 is described
in [18] to encapsulate the potent greenhouse gas
SFs; under ambient conditions, its caged mole-
cule is significantly compressed and can be read-
ily stored in solution, separated, and recycled.
Moreover, the air-sensitive white phosphorus
after its encapsulation within the hydrophobic
inner cavity of a caging ligand 581 became air
stable and water-soluble (see Chaps. 1 and 4).
The guest P, molecules can be released in a con-
trolled fashion without disrupting the cage
frameworks by adding benzene as a competing
guest [19].
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A tube Cugl, coordination capsule 724
(Scheme 6.11) has been used in [20] for selective
encapsulation and release of dicyanoaurate guest
anion; the process is reported to be useful for
extraction and refining of gold [20]. A TP caging
ligand 552 has been used [21] for stabilization of
a mixed-valence state of guest organic dimer
[(TTE),]*.

Polyamine caging ligands 144 and 836
(Scheme 6.12), their homologs, and solid
support-bound derivatives have been patented in
[22] as promising chelators for encapsulation of
[*F]-fluoride anion and as reagents for the prepa-
ration of F-radiopharmaceuticals suitable for
such radiodiagnostics.
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The observed template effect of a coordina-
tion capsule 14 (Scheme 6.13) on the formation
of 2D-layered water clusters is reported in [23] to
be very important for correct description of asso-
ciation of water molecules in biological systems
[23, 24].

Reactive cationic intermediates of a chemical
reaction have been stabilized within the cavity of
M,L¢ coordination capsule 691 (Scheme 6.14),
while the final products are released quickly [25].
A boronic ester-based bis-cavitand 278 has been

Scheme 6.9
—
HaN,  NHp
'PHZ+
i '\}\
o I
NH, T N
HoNipd2+—N— = | —
\ Pd)
N N
7 N,
— N
T N\N¢\©
I — ‘
H2N“”"‘Ed2+_©/
NHs

Scheme 6.10

6 Practical Applications of Molecular Capsules and Their Cage Complexes

used in [26] as a photosensitized and covalent
capsule preventing the photochemical reactions
of an encapsulated polyaromatic molecule.

An anthracene-based Pd,L, coordination cap-
sule 837 has been also used in [27] for safe stor-
age of radical initiators shown in Scheme 1480.
Their caged molecules have remarkable stability
toward light and heat within the well-defined
cavity of this polyaromatic caging ligand. The
encapsulated and stabilized initiators are suitable
for radical polymerization of olefins upon their
spontaneous release from the cavity of 837 under
reaction conditions (Scheme 6.15) [27].

6.2  Chiral Separation

Coordination capsules with chiral inner cavities
are prospective for chiral recognition and reso-
lution of chiral guests. In particular, diastere-
oselective formation of tetrahedral MyLy cage
complexes of coordination capsules 633 and
634 (Scheme 6.16) from a chiral bridging
ligand syntone, which resulted in a substantial
chiral amplification caused by adoption by their
encapsulating ligands of a suitable conforma-
tions upon binding, is reported in [28]. These
complexes are of interest not only owing to
their chiroptical properties but also to the pos-
sible stereoselectivity in the host—guest chemis-
try associated with their large central cavities.
Chiral cationic M¢L,, caging ligands 642 and
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Scheme 6.14
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Scheme 6.15

643, M,L,L’, and coordination capsules 648—
650 (Scheme 6.17) with homochiral vertex
metallocenters have been proposed in [29] as
suitable encapsulating hosts for chiral anionic
guests.

Enantiomerically defined tetranuclear coordi-
nation capsules 582—585, 826, and 828 shown in
Scheme 6.18 are described [30, 31] to provide
useful chiral spaces for enantioselective cataly-
sis and differential molecular recognition of
enantiomers, allowing for the discrimination and
transformation of the diastereomeric guests. The

6 Practical Applications of Molecular Capsules and Their Cage Complexes

R = (CH,)sCH,
278

N par

observed higher amplification in the case of
these tetranuclear capsules than their cage ana-
logs is explained in [31] by the presence of coop-
erative communication between its vertex
metallocenters. This allowed one to elucidate the
mechanisms by which stereochemical informa-
tion has been transmitted between their subunits
to provide new methods for the design and syn-
thesis of diastereomerically pure capsules with
large inner cavities that allow performing chiral
separations and transformations of the caged
guests [31].
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6.3  Chiral and Achiral Caging

Catalysts and Cage Flasks

Size-based substrate selectivity of the reaction of
C-H-activated substrates with a caged organoirid-
ium complex encapsulated by the Ga,L¢ dode-
caanionic coordination capsule 575 (Scheme 6.19),
allowing for a nondissociative in—out guest
exchange, has been observed in [32].

Two reactive organometallic intermediates of
the catalytic dimerization and oligomerization of
substituted butadienes have been stabilized in
the cavity of a chiral capsule 575: encapsulation
by this size- and shape-complementary host is

507

M2+ = Cd2* (648), Cu?* (649), Co>* (650)

reported [33] to prevent their decomposition. At
the same time, they react stoichiometrically with
CO using this coordination capsule as a molecu-
lar flask.

Activity of a (CH;);PAu* cation as a catalyst
of intramolecular hydroalkoxylation of allenes
became eight times higher upon its encapsulation
within the cavity of the Ga,L¢ coordination cap-
sule 575. This allowed performing these reac-
tions in water: up to 67 catalytic turnovers by the
caged catalyst have been observed in [34].

A peptide-lined coordination capsules
516-524 (Scheme 6.20) is reported [35] to gener-
ate chiral vacant cavities that could be used as
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AAAA-form of 828

Scheme 6.18
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Scheme 6.19

Scheme 6.20

binding pockets for asymmetric molecular recog-
nition and reactions. The ratio and position of
amino acid residues within these cavities, playing
the role of artificial enzyme pockets, can be con-
trolled by the choice of appropriate ligand syn-
tones and template guests.

A large water-soluble Fe, L caging ligand 598
(Scheme 6.21) is reported [36] to catalytically
accelerate the hydrolysis of acetylcholine ester-
ase inhibitors, such as insecticide dichlorvos (see
Sect. 4.1.1).

If free radical polymerization of sodium para-
styrenesulfonate as an anionic monomer was

509

BDCHij\Ofl

[e]
ﬁD[A'a O/ 51 i: ;
o]

0 Boc o
BocHN. Qkoﬁ C Qj\oﬂ Tlrp
Y Leu : Pro ©:>
519 520 i 521
o H o o H o
)J\N Nyj\o7| )J\HJ\A/NQJ\H Ofl
AlaGly

AlaAlaGly
523

o H o H o
ANJ\Q/NQJ\NJ\%/ Ndj\ofl
i o AlaPheAlaGly
@ 524

BocHN.

carried out [37] with a cationic coordination cap-
sules 525 and 526 (Scheme 6.22) as a template,
acceleration of the polymerization and control of
the molecular weight of the polymeric product,
depending on the number of positive charges on
the cage template, have been achieved.

A chiral hemicryptophane covalent capsules
205 and 206 and their oxidovanadium-containing
derivatives 207 (Scheme 6.23) are proposed [38]
as artificial models of enzymes and supramolecu-
lar asymmetric catalysts. In particular, the
hemicryptophane oxidovanadium(V) caging
ligands with the helical chirality (i.e., A or A con-


http://dx.doi.org/10.1007/978-3-319-27738-7_4
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Scheme 6.21

Scheme 6.22

figurations) of the atrane moiety of the capsule
allows modeling specific features of vanadate-
dependent haloperoxidases, such as the trigonal
bipyramidal O,N—coordination polyhedron of
their oxidovanadium(V) metallocenters and the
chiral environment of its active center. The chi-
rality is described in [39] to be switched by
changing the solvent. Chiral covalent capsules
208 and 209 are also reported [40] to provide a
suitable environment for the formation of their
cage metal complexes, having a caged catalyti-
cally active metallocenter.
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6.4 Electrochemical,
Paramagnetic, Optical,
and X-ray Caging Sensors

and Caged Probes

Bimetallic dithiocarbamate coordination capsules
809-820 (Scheme 6.24) with redox-active metal—
ligand fragments are proposed in [41] as electro-
chemical sensors for encapsulated guest molecules.

A radical caging ligand 491 (Scheme 6.25)
with four spin centers is reported in [42] to be a
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M-(R,R,R)- and M-(S,S,S)- isomers
205

P-(R,R,R)- and P-(S,S,S)- isomers
206

Scheme 6.23

prospective for the design of spin probe reagents
and MRI contrast agents.

Simultaneous EPR observation of the elec-
tron spin—spin superexchange between the
encapsulated paramagnetic nitroxide molecule
(Scheme 6.26) within the cavity of a hydrogen-
bonded bis-cavitand capsule 473 (Scheme 6.8)
and the nitroxide molecule in the external

aqueous solution is reported in [43]. The EPR
data also provide direct information on the
motion and the polarity of the ’N-labeled encap-
sulated guest and its *N-labeled free molecule in
the bulk solution; communication has been con-
trolled by supramolecular attraction and repul-
sion between the cage complex of this charged
guest and charged nitroxide molecules in the
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Scheme 6.26

bulk solution. Such encapsulation by 473 has
been evidenced [43] through paramagnetic NMR
relaxation experiments that involved electron
spin—nuclear spin interactions. The following
supramolecular and electron spin effects have
been observed [43]: (i) pronounced spin—spin
interactions between two nitroxide species, even
with one of them protected by the hydrogen-
bonded capsule, (ii) they can be increased by
supramolecular  binding  resulting  from
Coulombic attractions or inhibited by Coulombic
repulsions, and paramagnetic nuclear relaxation
of an encapsulated guest molecule and internal
relaxants can be used to elucidate these supra-
molecular  interactions and  structures.
Thioxanthone molecule with a covalently
attached '“N-labeled nitroxide group encapsu-
lated by the same octaacid capsule is reported in
[44] to generate ESP of the nitroxide in the bulk
aqueous solution through its cage framework
after photoexcitation of the guest.

A 1:1 cage complex of cryptophane covalent
capsules 177, 199, 203, and 204 (Scheme 6.27)
with encapsulated xenon-129 molecule is
reported in [45-47] as '2Xe MRI biosensors
owing to the chemical shift sensitivity and large

NMR signal of hyperpolarized '?Xe. They are
described as excellent candidates for in vivo MRI
experiments after chemical transformations,
improving their solubility and stability in biolog-
ical media; the xenon T value of the bound state
can be lengthened by deuteration of such cap-
sules. The improvements for sensing applications
also include tuning of the in—out exchange rate to
increase sensitivity and selectivity of xenon
encapsulation [46].

A cascade binuclear cage complex of 112 with
two encapsulated zinc(Il) ions (Scheme 6.28) has
been reported [48] to be an efficient fluorescent
sensor for anions (first of all, azide ion) in aque-
ous solutions. An analogous covalent capsule
with two encapsulated copper(Il) ions, the caging
macrobicyclic ligand 10 of which contains func-
tionalizing 2,5-dimethylfuran spacer fragments,
has been used in [49] for specific recognition and
colorimetric sensing of chloride and bromide
anions, forming anion-to-metal CTBs upon their
encapsulation.

A hexaresorcinarene caging ligands 402 and
403 (Scheme 6.29) with pendant donor and
acceptor fluorophore substituents that show
FRET has been used in [50] as a tool to probe the
dynamic behavior of hydrogen-bonded hexa-
meric capsules at nanomolar concentrations. The
encapsulation of a fluorescent molecule by the
supramolecular capsule 561 (Scheme 6.30) is
reported [51] to cause FRET that occurs from the
caged guest to its labeled caging ligand [51]. A
truncate octahedral supramolecular capsule 498
has been used in [52] as an artificial chemosensor
for the fluorescence detection of nucleosides. The
double hydrogen bonding of its amide group
makes this caging ligand an adaptive receptor for
selective sensing of uridine over other nucleo-
tides; this amide group works as an efficient com-
municator converting the recognition information
into fluorescent signals.

A covalent capsule 251 (Scheme 6.31) exhib-
its an ON/OFF caging ability relative to guest
2,7-diazapyrenium derivatives, forming the cor-
responding cage complexes with only a cis-
isomer of the ligand. The photocontrolled process
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515

Scheme 6.29

is reported [53] to have fluorescence output,
allowing for its optical monitoring.

Covalent capsules 50 and 838-841
(Scheme 6.32) are proposed [54] as potent highly
affinity organic materials for sensing of
y-butyrolactone: the selectivity of its encapsula-
tion over ethanol and water is determined by the
presence of interior functionalizing groups allow-
ing for preferential hydrogen bonding to
y-butyrolactone guest molecule by intramolecu-
lar protonation of amino groups of the capsules
838-841, thus creating a supramolecular system
with strong hydrogen bonding of y-butyrolactone

to these ammonium centers. The hydrogen bond
donor ability decreases in the range of caging
ligands 839-841: while the proton in 50 is situ-
ated between the imine and the phenolate units
and is too hindered to form an additional inter-
molecular hydrogen bond, the capsule 838 forms
intramolecular zwitterionic species with an acidic
proton that transforms its amine fragment in to a
very potent H-donor. The encapsulating ligands
839 and 840 demonstrate the affinities that are
intermediate between these two. The covalent
capsule 839 is reported [54] as being able to acti-
vate the proton on its hydroxyl group, while the
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Scheme 6.30
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cage framework 840 cannot form such supramo-
lecular bonds; so their affinity to y-butyrolactone
as a guest is comparable to that of the caging host
50. Effects of cavity size and of functioning
groups within this cavity allowed designing of
triptycene-based caging ligands 50 and 838-841

Scheme 6.31
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for the detection of y-butyrolactone in sensor
devices [54].

A method of single-crystal X-ray diffraction
not requiring the crystallization of the compound
under study has been developed in [55, 56]. The
method is based on the use of networked cobalt-
and zinc-containing metallopolymers 493 and
464 [57, 58] shown in Scheme 6.33 as so-called
“crystalline sponges”.

Near-infrared luminescent lanthanide com-
plexes are considered [59] very promising for
practical applications, as their optical properties
have several complementary advantages over
organic fluorophores and semiconductor nanopar-
ticles. The specificity of f-f emission signals and
long luminescence lifetimes have made lanthanide
ions the key elements for a large number of novel
advanced materials for bioanalytical applications
and biological imaging, telecommunications,
lasers, OLED/LED devices, and energy conver-
sion. The fundamental challenge for lantha-
nide luminescence is their sensitization through

Scheme 6.32
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Scheme 6.33
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suitable chromophores, and the use of metalla-
crown complexes is proposed [59] as a prospective
strategy to arrange several organic sensitizers at a
well-controlled distance from the central lantha-
nide ion. Unusual photochemical properties of
highly  emitting near-infrared lanthanide-
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encapsulated sandwich metallacrown capsules
(Cat*)@742 (Scheme 6.34) with excitation shifted
toward lower energy, such as long luminescence
lifetimes and high quantum yields, allow [59] con-
sidering them as novel and promising compounds
for a wide variety of applications.
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Scheme 6.34

6.5 Molecular
and Supramolecular
Electronic and Mechanic

Devices and Building Blocks

AND/OR bimolecular recognition of organic
guests by the coordination capsule 483
(Scheme 6.35) providing a prototypical molecu-
lar logic gate is described in [60]. The output in
this system comes from the intrinsic nature of the
input neutral organic molecules and is much less
disturbed than in the case of their
encapsulating analogs. More importantly, by
combining two input molecules with physical or
chemical interactions, physical properties of the
reaction products can be generated as outputs of
their bimolecular recognition [60]. For AND
bimolecular recognition, a caging host ligand
does not encapsulate guests G; and G, separately,
thus giving no corresponding homoguest cage
complexes but only a heteroguest capsule. For
OR bimolecular recognition, this caging ligand

ion-

519

— Dy3+ Er3+ Eu3+ Gd3+
Nd3+ Tb3+ Y3+ Yb3+

can adopt two of these guests or each of them
separately. In particular, AND bimolecular rec-
ognition has been observed in [60] for large aro-
matic and suitable aliphatic guests, while OR
recognition is found in [60] for two smaller aro-
matic guests.

Nanoball coordination capsules 751-757
(Scheme 6.36) are proposed [61, 62] for the design
of a family of metal-varied discrete cage-like mate-
rials with a range of supramolecular and material
functionalities. In particular, a discrete capsule 751
showed the reversible LIESST between its high-
and low-spin states. Its nanosized cage molecules
monodispersed on a solid surface in a display
device or electronic switch are described in [62] to
undergo a solvent-sensitive, physically addressable
electronic spin switching. The switching occurs by
thermal, light, or solvent perturbation, and its ON
and OFF states can be switched by green or red
laser irradiation, respectively. Moreover, this coor-
dination capsule undergoes the LIESST: according
to SQUID magnetometry data, photoexcitation of
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R = (CH,)¢CH3
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R = CH4CN, SCN",
Clo,~, BF,~

Fe?*/SCN™ (751), Cu?*/ ClO,~ (752), Zn?* / ClO,~ (755),
Mn2* / ClO,~ (753), Fe / CIO,~ (756), Cd?* / CIO,~ (754),
Cu2*/BF,~ (757)

Scheme 6.36

low-spin cage species caused their transition to a
“metastable” high-spin form. The photoinduced
“stored” information can be “erased” by heating of
this capsule up to 55 K or by its irradiation with red
diode laser with A=830 nm at 10 K by the reverse
LIESST effect. This ON/OFF process is reported in
[62] to be fully reversible during numerous
cyclings.

A chiral caging ligand 278 (Scheme 6.36)
is reported [63] to form a supramolecular
gyroscope directed toward unidirectional guest
rotation. NMR study of rotation of substituted
biphenyl guests within the cavity of the capsule
showed structure-dependent rotation rate; for one
of them, the rotation is very slow on NMR time
scale at room temperature [63].
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capsules M-(S,S,5)-207 and P-(S,S,5)-207
(Scheme 6.23) exhibit reversible change in
chirality controlled by the solvent, allowing one
to obtain solvent-directed molecular switches
and molecular propellers with clockwise and
anticlockwise tilting motions [39, 64].

Rotation of an encapsulated aromatic guest
within the covalent capsule 240 as a molecular
gyroscope has been controlled in [65] by
Scheme 6.37 using changes in its binding geom-
etry with respect to the macropolycyclic host
upon the addition and extrusion of co-caged
potassium(I) cations.
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