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1. INTRODUCTION

Fascination with supramolecular chemistry over the past few
decades has led to the synthesis of an ever-increasing number of
elegant and intricate functional structures with sizes that ap-
proach nanoscopic dimensions. Today, it has grown into a
mature field of modern science whose interfaces with many
disciplines have provided invaluable opportunities for crossing
boundaries both inside and between the fields of chemistry,
physics, and biology. This chemistry is of continuing interest for
synthetic chemists, partly because of the fascinating physical and
chemical properties and the complex and varied aesthetically
pleasing structures that supramolecules possess. For scientists
seeking to design novel molecular materials exhibiting unusual
sensing, magnetic, optical, and catalytic properties, and for
researchers investigating the structure and function of biomole-
cules, supramolecular chemistry provides limitless possibilities.
Thus, it transcends the traditional divisional boundaries of
science and represents a highly interdisciplinary field.

In the early 1960s, the discovery of “crown ethers”, “cryptands”,
and “spherands” by Pedersen,' Lehn,” and Cram®, respectively,
led to the realization that small, complementary molecules can be
made to recognize each other through noncovalent interactions
such as hydrogen bonding, charge—charge, donor—acceptor,
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71—, and van der Waals, etc. Such “programmed” molecules can
thus be self-assembled by utilizing these interactions in a definite
algorithm to form large supramolecules that have different
physicochemical properties than those of the precursor building
blocks. Typical systems are designed such that the self-assembly
process is kinetically reversible; the individual building blocks
gradually funnel toward an ensemble that represents the thermo-
dynamic minimum of the system via numerous association and
dissociation steps. By tuning various reaction parameters, the
reaction equilibrium can be shifted toward the desired product.
As such, self-assembly has a distinct advantage over traditional,
stepwise synthetic approaches when accessing large molecules.

It is well-known that nature has the ability to assemble
relatively simple molecular precursors into extremely complex
biomolecules, which are vital for life processes. Nature’s building
blocks possess specific functionalities in configurations that allow
them to interact with one another in a deliberate manner. Protein
folding, nucleic acid assembly and tertiary structure, phospholi-
pid membranes, ribosomes, and microtubules, etc., are but a
selective, representative example of self-assembly in nature that is
of critical importance for living organisms. Nature makes use of a
variety of weak, noncovalent interactions such as hydrogen
bonding, charge—charge, donor—acceptor, 77—, van der Waals,
and hydrophilic and hydrophobic, etc., interactions to achieve
these highly complex and often symmetrical architectures. In fact,
the existence of life is heavily dependent on these phenomena.
The aforementioned structures provide inspiration for chemists
seeking to exploit the “weak interactions” described above to
make scaffolds rivaling the complexity of natural systems.

The breadth of supramolecular chemistry has progressively
increased with the synthesis of numerous unique supramolecules
each year. On the basis of the interactions used in the assembly
process, supramolecular chemistry can be broadly classified into
three main branches: (i) those that utilize H-bonding motifs in
the supramolecular architectures; (ii) processes that primarily
use other noncovalent interactions such as ion—ion, ion—dipole,
m—m stacking, cation—s, van der Waals, and hydrophobic
interactions; and (iii) those that employ strong and directional
metal—ligand bonds for the assembly process. However, as the
scale and degree of complexity of desired molecules increase, the
assembly of small molecular units into large, discrete supramo-
lecules becomes an increasingly daunting task. This has been due
in large part to the inability to completely control the direction-
ality of the weak forces employed in the first two classifications
above. Coordination-driven self-assembly, which defines the
third approach, affords a greater control over the rational design
of two- (2D) and three-dimensional (3D) architectures by
capitalizing on the predictable nature of the metal—ligand
coordination sphere and ligand lability to encode directionality.
Thus, this third strategy represents an alternative route to better
execute the “bottom-up” synthetic strategy for designing mol-
ecules of desired dimensions, ranging from a few cubic angstroms
to over a cubic nanometer. For instance, a wide array of 2D
systems (rhomboids, squares, rectangles, and triangles, etc.) and
3D systems (trigonal pyramids, trigonal prisms, cubes, cubocta-
hedra, double squares, adamantanoids, dodecahedra, and a
variety of other cages) have been reported. As in nature, inherent
preferences for particular geometries and binding motifs are
“encoded” in certain molecules depending on the metals and
functional groups present; these moieties help to control the way
in which the building blocks assemble into well-defined, discrete
supramolecules.*

Since the early pioneering work by Lehn® and Sauvage®
on the feasibility and usefulness of coordination-driven self-
assembly in the formation of infinite helicates, grids, ladders,
racks, knots, rings, catenanes, rotaxanes, and related species,7
several %roups—those of Stang,® Raymond,” Fujita,'® Mirkin,""
Cotton, > and others">'*—have independently developed and
exploited novel coordination-based paradigms for the self-
assembly of discrete metallacycles and metallacages with well-
defined shapes and sizes. In the past decade, the concepts and
perspectives of coordination-driven self-assembly have been
delineated and summarized in several insightful reviews covering
various aspects of coordination-driven self-assembly.'® In the
past decade, the use of this synthetic strategy has led to
metallacages dubbed as “molecular flasks” by Fujita et al,'® and
Raymond et al,'” which due to their ability to encapsulate
guest molecules, allowed for the observation of unique chemical
phenomena and unusual reactions which cannot be achieved in
the conventional gas, liquid, or solid phases. Furthermore, these
assemblies found applications in supramolecular catalysis'®"’
and as nanomaterials as developed by Hupp et al*° and
others.”"**

This review focuses on the journey of early coordination-
driven self-assembly paradigms to more complex and discrete 2D
and 3D supramolecular ensembles over the past decade. We
begin with a discussion of various approaches that have been
developed by different groups to assemble finite supramolecular
architectures. The subsequent sections contain detailed discus-
sions on the synthesis of discrete 2D and 3D systems and their
functionalizations and applications.

2. BACKGROUND AND DESIGN PRINCIPLES

The assembly of supramolecular ensembles depends on the
information coded within the complementary building blocks
that form the rigid framework of the architectures. The highly
directional and predictable nature of the metal—ligand coordina-
tion sphere is a critical feature of coordination-driven self-
assembly. The energies of metal—ligand bonds (15—50 kcal/mol),
which are intermediate between the energies of organic covalent
bonds (ca. 60—120 kcal/mol) and the weak interactions
(ca. 0.5—10 kcal/mol) that nature employs so elegantly to self-
assemble biomolecules, help in modulating the coordination
kinetics of the self-assembly process by introducing rigidity and
reversibility. The kinetic reversibility between complementary
building blocks, reaction intermediates, and self-assembled ar-
chitectures provides a way for the system to self-correct (an
“incorrectly” formed bond can dissociate and reassociate
“correctly”), leading to a product that is thermodynamically
more stable than the starting components and any kinetically
formed intermediates. Transition metals, with their preferred
coordination geometries, have served as acceptor units that can
logically self-assemble with various rigid or flexible donors into
predictable architectures. Although macrocyclization is a kineti-
cally unfavorable process, thermodynamic conditions facilitate
the formation of macrocycles at the expense of increased angle
strain. This is due, among other factors, to the fact that entropy
favors closed structures with a minimum number of components
rather than polymeric structures, which involve a far larger
number of components.

With a growing knowledge of the synthesis and characteriza-
tion of large, complex molecules, the past few years have seen a
tremendous proliferation of new supramolecules and strategies
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to achieve complex topologies. Of the various strategies devel-
oped in recent years using metal—ligand coordination, directional
bonding,® symmetry interaction,” molecular paneling,'® weak link,""
and dimetallic building block'® approaches are the most exten-
sively used and adopted. These synthetic strategies have led to a
wide variety of 2D and 3D molecular architectures of different
shapes and sizes, which can be modulated through the judicious
choice of metals and ligands. The metal—ligand bond serves as
the cornerstone in all of these design principles. Mechanistically,
the first four approaches rely on thermodynamic control; the
global minimum of the reaction coordinate is the desired
product. The weak link approach utilizes both thermodynamic
and kinetic control to access a variety of large, open, and flexible
2D and 3D structures.

2.1. Directional Bonding Approach

The directional bonding approach is a general, high-yielding
synthetic strategy that gives access to a wide variety of 2D and 3D
supramolecular ensembles.® Since the seminal studies on the
rational synthesis of molecular squares in the early 1990s by
Fujita”>** and Stang's™® group a plethora of metalla-macrocycles
and metallacages have been assembled using this design strategy.
This rational design strategy allows for a combinatorial molecular
library consisting of complementary building blocks that allows
one to think retrosynthetically on how best to achieve the
geometry of a particular discrete assembly.

There are two basic structural requirements for the construc-
tion of supramolecular architectures by this approach. First, the
complementary precursor units must be structurally rigid with
predefined bite angles; and second, the appropriate stoichiometric
ratio of the precursors must be used. The donor building blocks are
generally organic ligands having two or more binding sites possess-
ing angular orientations ranging from 0 to 180° (Figure 1).

The acceptors are metal-containing subunits that are vital in
this design approach because they possess available coordination
sites, which are at a fixed angle relative to one another for binding
incoming ligands. The symmetry and number of binding sites
within each precursor unit guide the shape of the target assembly.
While the design of monocyclic ensembles requires subunits
having symmetry axes no higher than a 2-fold axis, polycyclic
entities require one of the subunits to possess a symmetry axis
higher than 2-fold. In this strategy, the shapes of the resulting
monocyclic entities resemble convex polygons and those of
polycyclic frameworks bear a resemblance to canonical polyhe-
dra. For example, a molecular rectangle can be designed by the
combination of two 0 acceptor units with 180 two donor units
and vice versa. A molecular triangle can be prepared by the
combination of three 60° donor units and three 180° acceptors.
A molecular square can be accessed in different ways: the
combination of four ditopic 90° angular units and four 180°
linear units or the 2:2 assembly of two different 90° angular units.
Three-dimensional polyhedral architectures can be designed
using a combination of angular and linear subunits that have
more than two binding sites (Figure 2). For example, a truncated
tetrahedron can be designed by combining four tridentate
subunits, where the angles between the binding sites are 120°,
with six ditopic subunits having an angular disposition of
80—90°. A trigonal bipyramid can be formed in several ways,
such as by combining two tritopic units, where the binding sites
are orthogonal to each other, with three 80—90° ditopic units or
by combining two tridentate 60° building blocks with three
ditopic units which have 90° angles between the donor sites.
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Figure 1. Combination of various building units for accessing convex
polygons and canonical polyhedra.
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Figure 2. Three-dimensional architectures formed by the combination
of ditopic and tritopic subunits by the directional bonding approach.

Similarly, eight tritopic subunits possessing 90° angles between
their binding sites and 12 linear ditopic units lead to the
formation of a cube. Although it is assumed that the angle
subtended at the angular subunit does not change upon incor-
poration into the assembly, in practice the angles can distort up to
several degrees. Nevertheless, due to the relatively weak nature of
metal—ligand bonds compared to covalent ones, the final geometry
of the supramolecular entity remains more or less intact.

2.2. Symmetry Interaction Approach

This design strategy has been developed as a rational synthetic
approach for the synthesis of high-symmetry coordination
clusters using metal—ligand bonds. It is based on the geometric
relationship between the chelating ligands and the metals used.
The strong binding affinity and coordination mode of chelating
ligands, along with the inherent symmetry of the coordination
sites available on the naked metal center, act as the driving force
for the assembly process. In general, multibranched chelating
ligands with rigid backbones are used in conjunction with transi-
tion metals or main group metals. The orientation of the multiple
binding sites that are rigidly fixed is critical to the selectivity of a
particular molecular geometry and helps to avoid the formation
of oligomers and polymers. Similar to the directional bonding
approach, it relies on the thermodynamic control and kinetic
reversibility for error checking and self-correction.
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Raymond and co-workers have defined the requisites of this
design principle in terms of the geometric relationship between
the ligand and the metal component using symmetry
considerations.” A coordinate vector represents the interaction
between a ligand and metal. For chelating ligands, the plane
orthogonal to the major symmetry axis of a metal complex is the
chelate plane (Figure 3), which in the case of bidentate chelators
holds all chelate vectors. Thus, depending on the orientation of
the chelate planes, the construction of high-symmetrical coordi-
nation clusters can be realized. Furthermore, the proper organi-
zation of the multiple binding sites with respect to one another is
of paramount importance.

For example, to design a M,L; triple helicate having an
idealized D3;, symmetry, it must be ensured that both the C,
and C; axes are orthogonal and are preprogrammed into the
chelating ligand and the metal center. Since the two pseudo-
octahedral metal centers share the same Cj axis, the two chelating
planes must be parallel to achieve the triple helicate (Figure 4).

A similar approach can be applied for the rational design of
tetrahedral clusters. In a ML tetrahedron, the four metal atoms
occupy the vertices and the six ligands are disposed on the edges
of the tetrahedron. This requires that the C, axes of the
tetrahedron lie within the chelate plane at each of the metal
centers. Furthermore, the chelate vectors within the ligand must
maintain an angle of 70.6° (Figure Sa). A tetrahedron can also be
generated by the combination of four metal atoms with four
ligands (M,4L,). In this case, the four ligands occupy each of the
four faces of the tetrahedron with four metal atoms at the
vertices. Symmetry considerations thus require that both the
ligands and metals possess C; symmetry (Figure Sb).

2.3. Paneling Approach

This design strategy, pioneered by Fujita and co-workers, has
led to the formation of various functional and aesthetically
elegant 3D architectures that resemble platonic solids, including
equilateral triangles, squares, and pentagons.'® Thus, 3D molec-
ular architectures can, in principle, be designed by reducing these
polyhedra to molecular components. For example, a tetrahedron
can be designed by stitching together four triangular panels, while
an octahedron can be prepared by bringing together eight such
triangular panels (Figure 6). Similarly, the paneling of squares
results in the formation of cubes and prisms. In this paradigm,
flat, panellike organic ligands having more than two linking sites
are paneled together using appropriate structural corner units.

C3 TCS
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= (0]
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- C, 7\
iy
= )
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Figure 4. Design of a Dy-symmetrical triple helicate.
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(a) MyLg tetrahedron

(b) MyL4 tetrahedron

Figure S. Design strategy for (a) MyLs and (b) M4L, tetrahedra by the
symmetry interaction approach.

These 2D molecular panels span all or some of the faces of the
resulting platonic architectures. The corner units employed are
usually cis-protected square-planar Pt(II) or Pd(I) metal cen-
ters. In contrast to the naked metal centers used in the symmetry
interaction approach, cis-protection makes the coordination
geometry around the metal center convergent. This enables
the efficient generation of discrete supramolecular arrays without
the formation of oligomeric products.

The triangular molecular panels, in conjunction with the cis-
blocked corner unit, lead to varied supramolecular architectures
including the ML, truncated tetrahedral cage, the MgL, square-
pyramidal cone, MgL, tetrahedra and cones and M;gL¢ hexahe-
dra. Square and rectangular panels can be used to construct
cubes, parallelopipeds, and prisms of various topologies—trigonal,
square, pentagonal, and hexagonal, etc.—by the judicious
introduction of multiple binding sites into the edges and/or
corners of the panels. Placement of the donor binding sites in
the panel is vital and guides the final geometry of the resulting
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Figure 6. Representation for assembling a tetrahedron and an octahe-
dron using triangular panels.
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Figure 7. Representation for assembling: (a) a MgL, truncted tetra-
hedron and (b) an ML, square-pyramidal cone using triangular panels.

architectures. For example, an MgL, octahedron can be designed
by using triangular molecular panels having D5, symmet with
three linking sites at the vertices of the triangle (Figure 7a). ®The
four triangular panels span alternate faces of the octahedron and
are linked together at the vertices by cis-blocked corner units. A
slightly different disposition of the donor sites in the triangular
panel would result in the formation of a bowl-like ML, square-
pyramidal cone (Figure 7b).*’

Similarly, tetratopic square panels having Dy, symmetry can
lead to different topologies depending upon the positions of the
donor sites on the panel (Figure 8). While panels having linkin
sites on the edges of the square form MgL; trigonal prisms,”
donor sites on the four corners give access to M;,Ls hexagonal
prisms.”” One of the prime advantages of this strategy is that the
ensembles formed through this approach have large accessible
interior cavities, which have been exploited for reversible guest
inclusion, molecular recognition, and cavity-driven catalysis.

MsLs
trigonal prism
2 Q
i )
Q
o o
(¢
© o
Mol

@ = cis-blocked corner unit

hexagonal prism

Figure 8. Representation for assembling: (a) a MgL; trigonal prism and
(b) a M;,Ls hexagonal prism using tetratopic panels.
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However, to achieve some of the designed architectures, guest
molecules need to be used as a template during the formation of
the prisms.

2.4. Weak Link Approach

In this design strategy, pioneered by Mirkin and co-workers,
both 2D and 3D supramolecular assemblies are accessible using
hemilabile ligands and transition metals.'"! The hemilabile,
flexible ligands coordinate in a bidentate chelating mode to the
metal center such that one of the metal—ligand bonds is weaker
than the other. The formation of the kinetically controlled
product is driven by the chelating effect of the bidentate ligands
and the 77— interaction between the two central bridging units
(Scheme 1). The weak ligands of this condensed intermediate
structure can be selectively displaced upon treatment with small
molecules or ions that have stronger affinity for the metal center,
thereby generating the thermodynamically controlled product.
One important feature of this approach is the conformational
flexibility of the ligand. The coordinative lability of the metal
centers imparts flexibility to the supramolecular arrays, making
this design strategy different from the other approaches in which
the final products are rigid. The flexibility of the architectures also
makes the ensembles potential candidates for applications that
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Figure 9. Modes of assembly of dinuclear units in dimetallic building
block approach.

require conformational changes, such as in molecular sensing,
catalysis, and host—guest chemistry. The fact that the metal
centers are free for further coordination without the supramolec-
ular assembly being destroyed makes this approach amenable for
the construction of more complex topologies.

2.5. Dimetallic Building Block Approach

In Cotton’s dimetallic building block approach'* well-known
paddlewheel or lantern frameworks form the basic structural
units. Dimetallic units of Mo,"" and Rh,*" have been extensively
used in conjunction with a variety of organic linkers to construct
a wide array of neutral supramolecules. The cis-blocked dime-
tallic units have one or more of the edges blocked by nonlabile
chelating N-donor ligands such as amidinate, while the other
coordination sites are occupied by labile ligands such as acetoni-
trile or chloride ions (Figure 9). Polycarboxylate and polypyridyl
ligands serve as the equatorial and axial ligands, respectively.
Depending on the choice of the dimetallic unit (Figure 9a) and
linkers, the units can be joined face-to-face with an axial linker
(Figure 9b), end-to-end with an equatorial linker (Figure 9¢), or
by a combination of both linkers (Figure 9d).

3. TWO-DIMENSIONAL ENSEMBLES

Since the synthesis of metal-cornered molecular squares by
Fujita et al.”*> and Stang and Cao™ in the early 1990s, a wide
variety of metalla-macrocyles consisting of varied 2D geometries
and sizes ranging from simple dinuclear rhomboids to endo- and
exo-functionalized polynuclear hexagons have been prepared.
Although most of these fascinating molecular ensembles were
synthesized by employing the design principles described above
(section 2), some have been obtained using different synthetic
pathways, such as the transformation of mononuclear metal
complexes or the metal-induced transformation of added re-
agents. Our main focus in this section will be on the synthetic and
topological aspects of the self-assembled metallacycles using the
design principles described above. The functional properties of
these 2D architectures will be discussed in a separate subsection.

3.1. Charged Systems

In metal-mediated, self-assembled, supramolecular metalla-
cycles, the reactivity and coordination geometry of the metal
center plays a vital role in guiding the topologies of the final
architectures. These ensembles have typically been prepared

Scheme 2
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utilizing transition metals as directing units, due to their well-
defined coordination preferences. In particular, electron-poor
square-planar divalent Pt(Il) and Pd(II) ions have been exten-
sively used in conjunction with electron-rich nitrogen-containing
moieties in the self-assembly process. In contrast, the use of main
group metals as the directing units has found less favor with
supramolecular chemists due to their rather unpredictable co-
ordination preferences. Nevertheless, interest involving main
group elements as structure-directing units has been growing
in recent years.’”® The vast majority of these metallacycles are
highly charged due the use of neutral N-donor ligands with
oxidized metal ions. This has a profound impact on both the
solubilities of the complexes and their potential to act as hosts for
anions/cations via electrostatic interactions.

3.1.1. Molecular Rhomboids. From a topological point of
view, dinuclear molecular rhomboids are the simplest among the
metallacycles. It has been observed that flexible bridging ligands
generally favor the self-assembly of low-nuclearity macrocycles.
Using the directional bonding approach, a molecular rhomboid
can be assembled by a [2 + 2] combination of 120° donor and
acceptor units. Fujita and co-workers reported some early
examples of self-assembled dinuclear cationic molecular rhom-
boids.>* ** In all of these assemblies, a high fidelity for the
formation of the dinuclear macrocyclic cores was observed from a
reaction of 90° cis-blocked [Pd(en)(NO3),] (en = ethylenedia-
mine; 1) with bidentate bis(pyridine) based ligands having a
wide range of angles between the donor sites. For example, the
synthesis of rhomboid 3 involved the assembly of 90° cis-blocked
1 with bis(4-pyridyl)methane (2) in methanol—water medium
(Scheme 2).

Introduction of flexible, nonlinear spacer 1,4-CH,(C¢H,)CH,
in the bispyridyl bridging ligand led to the interesting observation
of a dynamic equilibrium between a dinuclear rhomboid and an
interpenetrating [2]catenane at ambient temperature.32’33 The
Pt analogue of 1 has led to the formation of a stable interpene-
trating [2]catenane, due to the higher strength of the Pt—N bond.**
Batten et al.>> have demonstrated that the formation of a
[2]catenane is also dependent on the length of the bridging
ligand. The assembly of 90° cis-blocked [Pd(dppp)(OTH),]
(dppp = 1,3-bis(diphenylphosphino)propane; 4) with ditopic
ligands S, containing two 4-(4-pyridyl)pyrazolyl arms that are
connected by ethane and propane bridges, led to the formation
of [2]catenane (6) and molecular rhomboid 7, respectively
(Scheme 3). The face-to-face 77 interaction between the aromatic
rings drives the formation of 6. Disruption of this array due to an
increase in the length of the bridging ligand led to the formation
of only a single noncatenated rhomboid (7).

Stang et al. have reported cationic dinuclear rhomboids of
carbon- and silicon-based tectons using cis-[ Pt(PEt;),(OTf),] (8)
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and cis-[Pd(PEt;),(OTf),] (9) as the corner units.*® For exam-
ple, treatment of dimethylbis(4-pyridyl)silane with 90° corner
units 8 and 9 in a 1:1 ratio led to the formation of silicon-
containing rhomboids 10 and 11 (Scheme 4). An analogous
rhomboid was also prepared from bispyridyl acetal using cis-[Pt-
(PEt;),(OTf),] as the corner unit. Multinuclear NMR, fast-atom
bombardment—mass spectrometry (FAB—MS) and X-ray struc-
tural studies established the formation of the rhomboids. Due to
the unexpected hydration of ketone, treatment of bis(4-pyridyl)-
ketone with 8 gave a similar rhomboid instead of the less strained
trimeric assembly. It was observed that entropy plays an important
role in the formation of these macrocyclic systems, favoring the
formation of the smallest macrocycle even though the hydration
is thermodynamically disfavored. Similarly, using a bis(pyridyl)
subunit possessing a tethered Cgo molecule in conjunction vmth 8
gave a supramolecular rhomboid containing two Cg units.’
Similarly, a series of molecular rhomboids have been prepared
using flexible bispyridyl ligands to assemble molecular rhomboids.*®
The combination of a 60° bent bifunctional Pt(II)-based building
block (12) with a structurally rigid 120° linker, 2,6-di(4,4'-
dipyridyl)-9-thiabicyclo[3.3.1]nonane, resulted in an octacatio-
nic molecular rhomboid (13) having large cavity dimensions in
excellent yields (Scheme 5).*° Several other dinuclear endo and
exo functionalized molecular rhomboids with large cavity spaces
have been designed using the same 60° bent Pt(II) acceptor as the
directing unit (vide infra).

Scheme §

/ ~,
Et3P ON02
8+
Et3P O/O O\O PEty
_N -
7z N‘Pt
PEt3 Ets

O . ] O

R
s \N,Pt
EF “PEt

() —EW>— 1800 + Lo % M/\M
L.\
M

/ 5 180° [3+3]
) A5+ —

e p [3+3]
© e F —
o = 80-90° B =120-180°

Figure 10. General design strategy for the synthesis of M3L; molecular
triang]es.

3.1.2. Molecular Triangles. A large number of molecular
triangles designed by coordination-driven self-assembly have
appeared in the literature in the past few decades and have been
reviewed.* In principle, molecular triangles can be designed in
three general ways (Figure 10). A strain-free molecular triangle
can be obtained by the combination of 180° linear metal-
containing acceptors with 60° angular donor moieties (Figure 10a).
Though the complementary method should also lead to a
triangle (Figure 10b), the lack of appropriate metallocorner
acceptor units with 60° bite angles makes this assembly imprac-
tical. However, the combination of distorted metallocorner units
with flexible linear donor units can also give rise to molecular
triangles (Figure 10c). 0

There exist a large number of strain-free molecular triangles
wherein the 60° donor units occupy the vertices and linear metal-
containing acceptors form the edges. A well-known family of
triangles of this type are the [M(u-pz)]; (14; M = Cu, Ag, Au)
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Figure 11. Few examples of molecular triangles of Cu(I), Ag(I),
and Pd(II).

metallatriangles synthesized using pyrazole or substituted pyr-
azole and coinage metals (Figure 11).*"** Dias and co-workers
have reported a number of such triangles containing fluorinated
pyrazolate ligands and Cu(I), Ag(1), or Au(I).*’ These metalla-
cycles have interesting photophysical properties with potential
applications as molecular light-emitting devices.** Closely related
Cu(1)*® and Ag(I)** metallatriangles (15) of the fluorinated
triazolate ligand have also been synthesized using the correspond-
ing metal(I) oxides and the triazole. Other molecular triangles
have also been reported, in which 4,7-phenanthroline acts as a
rigid 60° donor occupying the corners, while the linear phen;rl-
bridged dipalladium fragment spans the sides of triangle 16.*

Espinet et al.*® have reported the formation of a strain-free
metallotriangle (19) via the 1:1 stoichiometric reaction of
trans-[Pt(C4Fs),(AsPhs),] (17) with 1,2-phenylene diisocya-
nide (18; Scheme 6). The solid-state structure showed that the
phenylene diisocyanide moieties occupy the vertices while the
trans-Pt(Cg4Fs), fragments act as the linear linkers comprising
the sides. The C4Fs rings dispose themselves perpendicular to the
plane of the metallotriangle. Following this report, a heterome-
tallic anionic Pt,Au triangle was synthesized in which trans-[Pt-
(PMes),]*" fragments spanned two of the edges with the other
edge consisting of one Au(I) edge connected by an {o-C=C-
(CeMe,)C=C}*" fragment.*’

A novel approach for the formation of cationic metallotrian-
gles of this type was demonstrated by Lippert's group where
the vertices of the triangle are metal-containing 60° ligands.50
The reaction between [Pd(en)(H,0),]** (20) and 2,2'-bipyr-
azine (2,2'-bpz; 21) leads to the formation of a cis-blocked
mononuclear complex [Pd(en) (2,2—bpz)]2Jr (22) with two avail-
able N-donor sites with coordinate vectors oriented at 60°. The
subsequent combination of 22 with trans-[Pt(NH;),]*" in a 1:1
ratio forms the cationic metallotriangle 23 (Scheme 7)3132
Another strategy to achieve this class of metallotriangles involves
the use of predesigned terpyridine-based angular linkers that
possess a 60° angle between the two terpyridine binding sites.>®
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For example, the 1:1 stoichiometric reaction of terpyridine-based
ligand 24 with FeCl,-4H,0 or RuCl,-(DMSO), in MeOH
leads to the formation of cationic homonuclear molecular
triangles [M;(24);]*" [M = Fe** (25), Ru>*] (Scheme 8).*
NMR ('H, °C) and electrospray ionization—mass spectrometric
(ESI-MS) studies established the formation of the molecular
triangles. Heteronuclear triangles can also be accessed by a
stepwise construction process by first preparing a [M,(24),]*"
species followed by treatment with a different metal ion. Similar
predesigned terpyridine-based 60° ligand afforded a trinuclear
Fe(II) molecular triangle and a tetranuclear molecular square.>*

As mentioned above, the design of molecular triangles with
60° metal-containing corner units and linear donors as edges is
impractical due the unavailability of single-center acceptor units
with 60° bond angles between the coordinated ligands. However,
an elegant use of a 60° diplatinum(1I) acceptor unit 12 has made
it possible to realize such triangles through coordination-driven
self-assembly.> The [3 + 3] assembly of 12 with different linear
bridging bispyridyl ligands, 4,4’ -bipyridine, trans-1,2-bis(4-pyridyl)-
ethylene, and trans-[bis(4-pyridylethynyl)bis(triethylphosphine) ]
platinum(I1), allows for the formation of strain-free hexacationic
supramolecular triangles (26—28; Scheme 9). The exclusive
formations of the supramolecular triangles were confirmed by
multinuclear NMR, elemental analysis, and ESI-MS, and in the
case of 26, by X-ray crystallography, which revealed a large,
accessible cavity. Although the self-assembly of 90° metal corners
with linear linkers should form molecular squares, the distor-
tions from linearity of the linkers also permit the formation of
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triangular structures. A decrease in rigidity of the linkers (i.e.,
upon increasing the length) allows the coordination sphere to
maintain near 90° angles; the strain of the trinuclear metallacycle
is relieved by a bending of the ligands. A large number of molecular
triangles reported in the past 2 decades belong to this class. The
self-assembly of such triangular assemblies is often accompanied
by the concomitant formation of molecular squares. Several
research groups have extensively investigated the dynamic equi-
libria observed in such systems. A discussion of such systems is
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presented in section 3.1.4. There are, however, but a few
examples where charged molecular triangles of this class were
selectively obtained through coordination-driven self-assembly
of cis-protected metal corner units with linear linkers.

Puddephat et al. have reported the synthesis of cationic
molecular triangles by a combination of cis-blocked square-
planar palladium(II) or platinum(II) units with linear unsymme-
trical bis(pyridyl) ligands possessing bridging amides.’**” The
[3+3] self- assembly of [Pt(bu,bpy) (OTf),] (29; bu,bpy = 4,4'-di-
tert-butyl-2,2/-bipyridine) with N-(4-pyridinyl)isonicotinamide
(30) led to the formation of molecular trlangle [Pt;(bu,bpy)s-
(u-N-(4- pyrldmyl)1son1c0t1nam1de)3 o (31), as shown in
Scheme 10. The analogous Pd(II) acceptor unit [Pd(bu,bpy)-
(thf),][BF,], also forms a molecular triangle with 30. X-ray
structural studies of 31 showed that the three platinum metals
occupy the vertices of an approximately equilateral triangle. The
unsymmetrical ligand 30 bridges the metal centers and is bowed
slightly outward. Of the two possible isomers due to the relative
orientation of the unsymmetrical linkers, only one of the lower
symmetry isomers was isolated in the solid state.

Interestingly, the use of the ambidentate ligand S-pyrimidine
carboxylate with cis-blocked Pd(II) and Pt(II) metal corners led
to the formatlon of the higher symmetry isomer out of two possible
arrangements % The [3 + 3] self- assembly of cis-[M(dppf) (OTt),]
(M = Pd (32), Pt (33); dppf = 1,1"-bis(diphenylphosphino)-
ferrocene) with sodium S-pyrimidine carboxylate (S-pmc; 34)
led to the formation of cationic triangles [ (dppf);Pd3(S-pmc);]-
(OTf); (35) and [(dppf)3Pts(S-pmc);](OT); (36), as shown
in Scheme 11. Multinuclear NMR, mass spectrometry, and X-ray
structural studies established the formation of these complexes.
The crystal structures show that both symmetrical heterometallic
molecular triangles 35 and 36 consist of three partially distorted
square-planar Pd(II) or Pt(II) centers present at the vertices, of
an approximate triangle with three S-pmc ligands bridging the
metal centers in end-to-end fashion through the pyrimidyl-N on one
end and the carboxylate-O on the other. The angle of ca. 100°
between the two asymmetric donor sites in the S-pyrimidine
carboxylate ligand favors the exclusive formation of triangles over
squares since it reduces the ring strain. A variable-temperature
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*'P NMR study of complexes 35 and 36 established that the
triangle is the only product in both cases. The steric bulkiness of
the dppf ligand is also a driving force for the preferential
formation of triangles. Similar self-selection for the symmetrical
isomer was also observed in the self-assembly of the ambidentate
isonicotinate ligand with 90° acceptor, cis-[Pd(dppf)(OTf),]
(32).% Hor et al. have used nicotinates (Nic) as ambidentate
linkers for the exclusive assembly of molecular triangles using
phosphine-based Pd(II) and Pt(II) metal complexes as corner
building units.®° The molecular triangles [(dppf);Pts(Nic);]-
(OTf); and [(PPh;)¢Pt;(Nic);](OTf); were synthesized by
self-assembly. Use of the dimetallic gold containing unit
[Au,(dppf) (MeCN),](OTf), in the self-assembly with isonico-
tinate as the linker led to the formation of hexametallic gold
cornered metallotriangles."

Extended and flexible ditopic bispyridyl ligands “beaded” with
cucurbituril have been used to assemble interesting molecular
necklaces by coordination-driven self-assembly.> To design the
ditopic flexible ligand, terminal pyridyl groups were attached to
1,4-diaminobutane or 1,5-diaminopentane to form short
“strings” that were then treated with cucurbituril “beads” to form
stable pseudorotaxanes. The self-assembly of the ditopic ligands
with 90° cis-blocked [Pt(en)(NOs3),] (37) led to the formation
of cationic molecular triangles. X-ray structural studies on the
1,5-dimaniopentane-derived ditopic ligand showed that Pt(II)
metal units occupy the vertices of the triangle and are linked on
the edges by the sigmoidal-shaped bispyridyl rotaxane (Figure 12).
The nature of the pseudorotaxane linkers and reaction con-
ditions significantly influences the final assembly. While refluxing
conditions leads exclusively to triangular assemblies, reaction at
lower temperature leads to a mixture of triangle and square.

Stang et al. have established the formation of an unusual
molecular triangle [(PMe;)sPts(u-pyz);](OTf)s (39) upon
treatment of cis-[Pt(PMe;)(OTf),] (38) with pyrazine
(Scheme 12).% Solid-state structural studies show that, despite
the considerable strain present in 39, the coordination geometry
about the Pt atoms is not significantly distorted from ideal 90°
angles to account for the triangular assembly. This result was
believed to be due to a combination of entropic factors and the
electronic effects of having two platinum centers per pyrazine
unit. Two isostructural Pd(II)- and Pt(II)-based triangles have
been synthesized and structurally characterized using short 4,5-
dicyanoimidazolato ligands as the linkers and [M(bu,bpy)ClL,]
(M = Pd, Pt) as the metal corners.**

Figure 12. Structure of a triangular molecular necklace. Color code:
green, Pt; red, O; blue, N; gray, C.
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A redox-active molecular triangle [(cyclen);Rus(bpy);]Clg
(cyclen = 1,4,7,10-tetraazacyclododecane) was synthesized by
the 1:1 stoichiometric self-assembly of [(cyclen)Ru(DMSO)-
CI]Cl and 4,4"-bpy in a 3:1 ethanol:water mixture.”> X-ray
structural studies revealed a strained equilateral triangle wherein
the 4,4’-bpy bridges are bowed outward, forcing the pyridine
rings in each linker to be coplanar and perpendicular to the Ru;
triangle. Using [Ru"([9]aneS;)] ([9]aneS; = 1,4,7-trithiacyclo-
nonane) as corner unit, kinetically inert Ruz molecular triangles
that display well-behaved reversible electrochemical behavior were
also reported through self-assembly.**” For example, a reaction
of [([9]aneS;)Ru(DMSO)CL,] and 9-methyladenine in the pre-
sence of a strong Bronsted base led to the formation of a mixed
valent Ru; molecular triangle. '"H NMR, FAB, and high-resolution
mass spectra as well as elemental analysis established the formation
of the tricationic Ruz molecular triangles. The triangular com-
plexes were found to be kinetically inert in all oxidation states.

Schmittel and Mahata have designed several heterometallic
and heteroleptic triangles through a novel multicomponent
approach.%® The metallacycles were assembled in a stepwise
fashion. A kinetically locked copper(I) complex [Cu(phen),]PFq
(40) was constructed as a hinge to which free phenanthroline
units 41 were attached through Sonogashira coupling, resulting
in hinge 42 (Scheme 13). Treatment of precursor 42 with linear
ligand 43, containing two free phenanthroline units, in the pre-
sence of Cu(I) and Ag(I) ions resulted in the formation of trinuclear
metallacycles [Cu3(43)(42)](PF¢)3 (44, homometallic and het-
eroleptic) and [CuAg,(43)(42)](PFs); (45, heterometallic and
heteroleptic). Using a similar strategy, it was possible to synthe-
size heterometallic isosceles molecular triangles.é9
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Scheme 13

3.1.3. Molecular Squares. Among the metal-mediated assem-
bly of molecular polygons, molecular squares are the most exten-
sively studied.” Interest in square metallacycles has been fueled
by their ease of preparation, conformational stability, and the
distinctive properties they exhibit. According to the directional
bonding approach, a molecular square can be formed by the
combination of a 90° corner unit with a linear bridging ligand.
Thus, there are two complementary ways to design a molecular
square: (a) by the combination of a 90° metal-containing acceptor
having two accessible cis-coordination sites with linear donor
units (Figure 13a) and (b) by using a 180° linear metal-containing
acceptor and a ligand with 90° turn (Figure 13b). Almost any
transition metal with a square-planar, trigonal-bipyramidal, or
octahedral geometry can be used as a corner unit. However,
transition metals with square-planar geometries are most widely
used because cis-protected 90° metal corner units can be easily
derived by blocking adjacent coordination sites with strong
chelating ligands, leaving the other two sites accessible for ligand
substitution.

Fujita et al. described the first molecular square (46) via coordina-
tion-driven self-assembly of 90° cis-protected palladium(II) with
4,4'-bipyridine as the linear linker, under ambient conditions
(Scheme 14).>*** Since then, a vast number of molecular squares
have been reported utilizing this strategy. Interestingly, the
Pt(II) analogue of square 46 can be obtained only after heating
the reaction mixture at 100 °C for 4 weeks. This is due to the
kinetic inertness of the Pt—N bond relative to the Pd—N bond.

M
180°
Koo° [4+4]
M

180° 0 [4+4]
(b) —£Md™= + Iﬁ —

Figure 13. General design strategy for the synthesis of ML, molecular
squares.

Consequently, Pt(II)-containing molecular squares are more
stable than their palladium analogues. This exemplifies that
kinetically stable macrocycles can be obtained under thermo-
dynamic control.

Stang and co-workers have used diphosphine-blocked cis-
blocked Pd(II) and Pt(II) complexes extensively as 90° metallo-
corner units to synthesize a large library of molecular squares of
varied size and functionality.® For example, the phosphino-based
counterpart (47) of Fujita’s square can be assembled from a 1:1
stoichiometric mixture of 90° cis-blocked [Pd(dppp)(OTf),]
(4) and 4,4 -bipyridine in CH,Cl, (Scheme 15).*° The selection
of phosphine complexes as corner units enables easy monitoring
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and reliable characterization of the self-assembled products
through *'P NMR spectroscopy. However, the use of phos-
phine-based ligands makes the ensembles hydrophobic, in con-
trast to the ensembles derived from amine-based acceptor units.

A number of square assemblies containing various other rigid
linking subunits, such as p-benzonitrile, 1,4-dicyanobenzene,
4,4'-dicyano-1,1-biphenyl, diazapyrene, and diazaperylene, com-
bined with both chelated and nonchelated bisphosphines have
been reported by the same group.”"” The versatility of this self-
assembly strategy allows for the synthesis of a series of molecular
squares that contain crown ethers or calixarenes as angular
units” or squares which contain porphyrins as linear linking
components.”* All of these molecular squares were isolated in
high yields as robust, air-stable, microcrystalline solids and
characterized by multinuclear NMR, mass spectrometry, and
X-ray crystallographic studies.

Several platinum-based, large metallo-supramolecular squares
with linear metal-containing acceptors on the edges and donor
ligands with a 90° turn were also designed using a similar
strategy.”” 7 For example, molecular square 50 was made by
the self-assembly of linear diplatinum ditopic acceptor 48 with
alkynylpyridine-containing donor ligand 49 in CD,Cl, at room
temperature (Scheme 16). Use of bis(heteroaryliodonium) salts
as corner units have also led to similar molecular squares with
large dimensions. These novel supramolecular species were
formed in quantitative yields as assessed by NMR via sponta-
neous self-assembly and their tetrameric natures were established
by electrospray ionization—Fourier transform—ion cyclotron
resonance —mass spectrometry (ESI-FT-ICR-MS), multinuclear
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NMR, and physical data. Force field calculations and modeling
established the size of these species as ranging from approxi-
mately 3.6 to 4.7 nm (diagonally) and from 2.6 to 3.4 nm (side).
Likewise, a series of molecular squares were recently assembled
from 90° Pt(II)-based alkynylpyrldlne contalmng donor ligands
via coordination-driven self-assembly.”” Photophysical studies of
these metallacycles revealed high room-temperature phosphor-
escence quantum yields and lifetimes attributed to the excited
state becoming localized on the sr-conjugated bridging ligands
following intramolecular charge transfer sensitization.

A series of terpyridine-based, cationic, novel heterometallic
squares {(dppf)Pd[(pyterpy),Ru]}4(PF¢)s(OTf)g and {fac-Br-
(CO);Re[(pyterpy)>M]}4(PFg)s (M = Fe, Ry, or Os, pyterpy =
4-(4'"-pyridyl)-2,2:6',2"'-terpyridine, were prepared by a self-
assembly between Re(CO)Br or [Pd(dppf) (OTf),] (32) with
(pyterpy),M(PFy),.”® Wiirthner et al. have constructed molec-
ular squares of nanometer dimensions via the self-assembly of
ditopic perylene bisimide brldgmg ligands with Pt(II) and Pd(II)
phosphine corner units.”” Treatment of ditopic perylene ligand
51 with [M(dppp)(OTf),] (M = Pd (4), Pt (52)) in CH,Cl,
leads to the exclusive formation of molecular squares 53 and 54
(Scheme 17). The squares were characterized by elemental
analysis, '"H and *'P NMR spectroscopy, and mass spectrometry.
The optical and electrical properties of the ligands are conserved
in the final assemblies with platinum-based molecular square 54
showing a fluorescence quantum yield of almost unltg and
multlple, fully reversible redox couples. Ferrocenyl®® and
pyrene® functional moieties were also incorporated into the
perylene bisimide bridging ligands. The assembly of these
functionalized ligands with the Pt(II) phosphine corner unit
gave functionalized molecular squares with interesting photo-
physical and electrochemical properties.

Several other molecular squares were also assembled using
titanocene®”** and fluxional thiacrown-based®* ligands as
the corner units. The reactions of the low-valent titanocene
sources [ Cp*,Ti(17°-C,(SiMes),)] and [‘BuCp,Ti(17>-C,(SiMes),)]
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with various ditopic bridging linkers such as pyrazine, tetra-
zine, 4,4'-bipyridine, and trans-4,4'-azobispyridine resulted in
the formation of titanium-based supramolecular squares.**
Similarly, treatment of a thiacrown-capped Pt(II) complex,
[Pt([9]aneS;)Cl,] with 4,4'-bipyridine in the presence of
silver triflate led to a platinum(II) molecular square incorporat-
ing four fluxional thiacrown ligands at the corners.** Hor
et al. have described a cationic molecular square [(dppf),Pt,-
(isonicotinate),] (OTf), obtained through a ligand displacement
reaction in which a dinuclear Pt,Br,(dppf),(CsH,S,) species
exchanges with isonicotinic acid to release free bithiophene,
giving the molecular square.®® Solid-state structural studies
revealed that a highly symmetrical structure was formed with
the four bridging isonicotinate ligands oriented in a head-to-tail
fashion. In a separate study, the palladium analogue of the molecular
square was crystallized from an equilibrating mixture of a triangle
and square (vide infra).%¢

A series of [2 + 2] self-assembled molecular squares were
recently reported utilizing a 90° platinum(II)-based carbazole
ligand as the acceptor in conjunction with various flexible ditopic
ligands as donors.”” The treatment of 3,6-bistrans-Pt(PEts),-
(NO;)(ethynyl) Jcarbazole (55) with pyridyl donor ligands 1,
3-bis(4-pyridyl )isophthalamide (56); 1,3-bis(3-pyridyl)isophth-
alamide (57), and 1,2-di(4-pyridyl)ethane (58) led to the forma-
tion of molecular squares $9—61 in good yields (Scheme 18).
Multinuclear NMR and ESI-MS studies established the formation of
the squares. Fluorescence studies on the square 59 showed that it
could selectively sense pyrophosphate anion. Enhancement of
fluorescence intensity was observed upon titration with aqueous
P,0,*" in dimethylformamide (DMF) solution. Interestingly,
no such perturbation in fluorescence intensity was observed when the
titration was carried out with other anions (F~, ClO, , H,PO, ).
A novel redox-active [2 + 2] molecular square containing two
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vinylogous tetrathiafulvalenes and two molybdenum tetracarbo-
nyl fragments was also reported via coordination-driven self-
assembly of complementary angular units.**

Mirkin et al. have designed a tetranuclear hetero-bimetallic
square through the cooperative ligand binding properties of
square-planar and tetrahedral metal centers.*” The treatment
of a flexible phosphinothioether-based hemilabile ligand with a
mononuclear Rh(I) source in a 2:1 ratio, followed by the addition
of 1 equiv of Zn(II) leads to the formation of heterobimetallic
square 62 in high yield (Figure 14). X-ray structural studies have
shown that the two square-planar Rh(I) centers and the two
distorted tetrahedral Zn(1I) centers are bound by four hemilabile
ligands. It was observed that the cis-phosphine/ cis-thioether arrange-
ment of the ligands around the Rh center is crucial in enforcing
the directionality of the ligand.*” A homometallic Rh(I) tetra-
nuclear metallacycle (63) was also isolated and structurally
characterized (Figure 14).°

3.1.4. Triangle-Square Equilibrium. The composition of a
self-assembly product depends upon the rapid chemical ex-
change between the complementary building blocks, reaction
intermediates, and the final ensembles. This enables the system
to self-correct, giving the most stable thermodynamically con-
trolled product. However, thermodynamic control only affords
the formation of a single product when there is a sufficient
energetic advantage of one species over the other possible
species. There are several metallo-supramolecular systems where
two or more macrocyclic species exist in dynamic equilibrium in
solution, due to the lack of a clear thermodynamic preference for
one species over the other.

According to the directional bonding approach the self-
assembly of 90° metal corners with linear and relatively rigid
bridging ligands, in principle, should result in molecular squares.
However, several such systems have afforded instead an equilib-
rium mixture of supramolecular squares and triangles. These
equilibria can be rationalized from a thermodynamic point of
view; a delicate balance between entropy and enthalpy deter-
mines the ratio of squares and triangles. While a molecular square
is enthalphically favored due to a smaller conformational strain as
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compared to triangles, entropy favors the formation of triangles
since they are assembled from a smaller number of components.
The equilibrium between triangle and square can be written as

K
4 A -3 D Where, K = equilibrium constant

Thus, according to Le Chatelier’s principle, an increase in the
concentration of the components in the mixture shifts the
equilibrium from triangles to squares, while an increase in
temperature drives the equilibrium toward the triangles, since
the transformation from squares to triangles is expected to be an
endothermic process (Figure 15).

The nature of the linear ligands also plays a vital role in the
triangle—square equilibrium. An increase in the flexibility of the
ligands favors the formation of triangles by delocalizing strain
through small deformations in the backbone. Sufficiently rigid
linkers shift the equilibrium significantly in the direction of the
molecular square since the enthalpic gain compensates for the
entropic penalty of square formation. It was Fujita et al. who first
observed that molecular triangles are favored over the corre-
sponding squares when extended and constitutionally flexible
bispyridyl linkers were employed.”* For example, the assembly of
[Pd(en)(NO3),] (1) with trans-1,2-bis(4-pyridyl)ethylene led
to the formation of two different macrocycles: molecular square
64 and molecular triangle 65 (Scheme 19). The two macrocycles
were in dynamic equilibrium with 64 being the major product. At
higher concentration, the equilibrium shifted toward the square,
producing three molecules of 64 from four molecules of 65.

Schalley et al.”> have employed a series of extended and flexible
bispyridyl linkers with cis-blocked [M(dppp)(OTf),], (M =Pd (4),
Pt (52)) complexes as the corner building units to demonstrate
the triangle—square equilibrium in solution. Scheme 20 shows
the equilibrium for Pd(II) square 66 and triangle 67 in the
reaction of [Pd(dppp)(OTf),] (4) and N,N'-di(4-pyridyl)tere-
phthalamide. The complexes under study were characterized by a
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combination of multinuclear NMR, ESI-FT-ICR-MS, and X-ray
crystallography. Temperature, concentration, and solvent type
significantly influenced the equilibrium. At higher temperature,
the equilibration of the squares and triangles is significantly faster
as determined from variable-temperature NMR spectroscopy.
Due to the greater kinetic stability, the ligand exchange process in
the Pt(II) complexes is slow compared to the Pd(II) complexes.
Consequently, the triangle—square equilibration is significantly
faster for Pd(II) complexes than their Pt(II) analogues. It was
observed that the square:triangle ratio is influenced by the
change in building block concentration. Increasing amounts of
nonpolar solvents promotes the exchange processes, resulting in
an increased preference for triangle formation.”

The triangle—square equilibria also depend on the nature of
the ancillary ligands on the metal fragments. It has been shown
that even the rigid linker 4,4’-bipyridine can lead to a mixture of
the two macrocycles: square and triangle when 2,2 -bipyridine
replaces the ethylenediamine capping ligand.”* The effect on the
equilibrium of the ancillary ligands on the metal fragments was
suggested to be due to the steric repulsion between the 2,2'-
bipyridine and 4,4'-bipyridine moieties present in the macrocycles,
pushing the equilibrium to some extent toward the formation of
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the molecular triangle. A recent study on the influence of the
steric properties of chelating diamines on the position of the
trimeric—tetrameric equilibrium has also corroborated the above
suggestion.93 In the self-assembly of [Pd(N—N)](NO;), with
4,4'-bipyridine as the bridging ligand, the effects of several
diamine ancillary ligands (N—N) such as N,N,N’,N'-tetra-
methylethylenediamine, N,N,N’,N'-tetraethylethylenediamine,
1,3-diaminopropane, N,N’-dimethylpiperazine, homopipera-
zine, and ethylenediamine on the final assembly were system-
atically investigated by "H and DOSY NMR spectroscopy
and X-ray diffraction. All of the chelating diamine ligands
exhibited dynamic triangle—square equilibria. Molecular trian-
gles became the major components of the mixture when the
diamine was bulky, while less bulky chelates favored molecular
squares.

Ferrer and co-workers”* have also extensively investigated the
effect of the ancillary ligands on the equilibria between molecular
triangles and squares with different diphosphine chelating
ligands. The reaction of cis-blocked [M(P—P)(OTf),] precursors
(M =Pt, Pd) obtained from different diphosphines—dppp, dppf,
and 1,2-bis(diethylphosphino)ethane (depe) with the rigid lin-
ker 1,4-bis(4-pyridyl)tetrafluorobenzene—led to the formation
of a mixture of the corresponding molecular squares and triang]es.
The characterization of the dynamic triangle—square equilibria
by multinuclear NMR in combination with mass spectrometry
revealed a dependency of the square:triangle ratio on several factors,
such as the nature of the metal corners, concentration, and solvent.
The use of sterically demanding diamines 4,4’ -R,bpy (R =H, Me,
t-Bu) as ancillary ligands in the cis-protected palladium(II) and
platinum(II) complexes [M(4,4'-R,bpy)(OTf),] (M = Pd, Pt;
R = H, Me, t-Bu) with the same 1,4-bis(4-pyridyl)tetrafluoro-
benzene ligand also showed a dynamic equilibrium between
molecular triangle and square.”> However, the analogous reac-
tions where ethylenediamine was used as the ancillary ligand led
to only molecular squares.”* Interestingly, it has also been shown
that mononuclear species may also participate in square—triangle
equilibria when longer octafluoro-containing rigid linkers are

used in conjunction with cis-[Pd(tmen)(NO;),] (tmen = tetra-
methylethylenediamine).”®

The nature of the linear linkers also has a profound impact on
triangle —square equilibria. In their study of the self-assembly of
90° cis-protected [Pd(dppp)(OTf),] (4) with phenoxy-substi-
tuted diazadibenzoperylene linear linker, 68, Wurthner and co-
workers have observed a complex dynamic equilibria between
molecular triangle 69 and square 70 (Scheme 21 ).”” Linear linker
68 has a highly twisted and nonflexible aromatic backbone.
Despite the possibility of 77— interactions between the two
phenyl groups of the dppp ligand and the 7-surface of the
diazadibenzoperylene ligands, which should stabilize the molec-
ular square, the steric requirement of the phenoxo groups on 70
drives the equilibrium toward the triangle, as more space is
available. The additional space makes the triangle energetically
favorable, despite the distorted geometry at the metal centers.
However, the use of a perylene bisimide ligand that is signifi-
cantly longer and thus can reduce the steric crowding of the
phenoxo substituents results in the exclusive formation of the
molecular square.”®*”

Unfortunately, selective isolation of both species involved in a
square—triangle equilibrium is not always possible. In their
investigation of the equilibrating mixture of a triangle and square
obtained by the self-assembly of [Pt(PMe;),(OTf),] (38) with
bispyridyl ethylene (bpe), Stang and co-workers accomplished
the selective crystallization of either of the two species via the
appropriate choice of solvents and nature of the anions present in
the system.' While the cationic molecular square was crystal-
lized as the triflate salt, [(PMe;),Pt(bpe),](OTf)s, the molecular
triangle was crystallized as a mixed triflate/cobalticarbo-
rane (CoB sC,H,, ) salt, [(PMe;),Pt(bpe);](OTf),(CoBs-
C4H,, " ),. Similar results were observed in a study86 focused on
the use of ambidentate linkers to construct supramolecular
macrocycles with cis-blocked Pd(IT) and Pt(II) complexes as corner
pieces. The self-assembly reaction of 90° acceptor cis-[ Pt(dppf)-
(OTf),] (33) with an equimolar amount of the ambidentate
ligand sodium isonicotinate (71) allows for the formation of a
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mixture of symmetrical triangles (72) and squares (73) in
solution (Scheme 22). Selective crystallization of a rhomboid
was achieved from a dynamic equilibrium between a supramo-
lecular dimeric rhomboid and trimeric hexalgon.101 However, the
species isolated in the solid state might not be necessarily the
predominant species in solution. An analogous reaction using
cis-[Pd(tmen)(NO3),] also produced a mixture of symmetrical
triangles and squares in solution. The assemblies were character-
ized by 'H, *'P, and DOSY NMR spectroscopy and X-ray diffrac-
tion. Though only the molecular square crystallized in both cases,
the solution composition was a mixture of square and triangle,
with the latter as the major component in both cases. The square:
triangle ratio depends on the temsperature as well as the con-
centration of the building blocks.®

There are other systems where self-assembly reactions have
led to the formation of a mixture of triangles and squares without
any equilibrium between them. For example, Yu et al. have
reported the synthesis of bispyrazole-based molecular triangles
and squares using Pd(1I)- and Pt(II)-based dimetal clips.'* The
self-assembly reaction of a series of tetramethyl-substituted bis-
pyrazolato ligands—3,3',5,5'-tetramethyl-4,4'-bipyrazolyl, 1,4-bis-
4'-(3,5'-dimethyl)-pyrazolylbenzene, and 1,4-bis-4'-(3',5'-dimethyl-
pyrazolylbiphenyl—of different lengths with dimetal clips
[M(2,2"-bpy)(NO;),](NO3), (M = Pd or Pt) or [M(phen)-
(NO3),],(NO3), (M = Pd or Pt, phen = 1,10-phenanthroline)
allowed for the formation of molecular triangles and squares
through spontaneous deprotonation of the pyrazolato ligands. As
determined by NMR, the macrocycles were stable and no
dynamic equilibrium between the corresponding triangles and
squares was observed. The treatment of Pd(II) dimetal clips with
the longer bispyrazolate linkers led to the formation of a none-
quilibrating mixture of the corresponding molecular triangles and
squares. The triangle:square ratio is dependent on the length of
connecting linkers. With longer linkers, the ratio of triangle:
square is nearly unity. However, with shorter ligands, the triangle:
square ratio significantly shifts in favor of the square. Interest-
ingly, with the shortest bispyrazole ligand (3,3',5,5'-tetramethyl-
4,4'-bipyrazolyl), molecular triangles were obtained exclusively
with both Pd(I1) and Pt(II) dimetal clips. These tetrasubstituted
bispyrazole linkers have interplanar angles of about 50—90° due
to the steric repulsion of the four methyl groups, resulting in the
formation of distorted metallo-macrocyclic assemblies. The
synthesis of symmetrical triangular and square assemblies using
an unsubstituted coplanar 4,4’-bipyrazolate ligand has also been
reported.'”?

Scheme 23
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Sauvage et al.">*'* have observed the existence of a dynamic
equilibrium between trinuclear and tetranuclear cyclic pseudor-
otaxanes. The Cu(I)-mediated assembly of trinuclear [Cu(74)]5>"
and tetranuclear [Cu(74)],*" pseudorotaxanes were attained by
using a phenanthroline-containing macrocycle which is rigidly
attached to a filament bearing a second phenanthroline unit, 74
(Scheme 23)."%° The coordination vectors of the two binding
sites are orthogonal to each other, forcing the ligand to orient in
an isofashion. A similar ditopic ligand having phenanthroline and
terpyridine binding sites orthogonal to each other gave a none-
quilibrating mixture of dinuclear and trinuclear macrocycles where
the Cu(I) atom was pentacoordinated to a terpyridine unit and a
phenanthroline unit from another ligand.'*®

3.1.5. Molecular Rectangles. The design and synthesis of
molecular rectangles has motivated supramolecular chemists for
some time, largely due to their interesting photophysical and
molecular recognition properties."”” However despite the rela-
tive topological simplicity, the syntheses of molecular rectangles
are not straightforward. The combination of a 90° metal pre-
cursor with two rigid linear linkers of differing lengths in the
absence of any driving bias should result in a molecular rectangle.
However, two molecular squares of different sizes are generally
obtained instead of a rectangle due to the strong enthalpic driving
force in favor of square formation (Figure 16) and the lack of
selective recognition by the two different linear linkers. Only in
the case of Re(I) were a few rectangles obtained using a three-
component assembly approach where two linear linkers of
different lengths were utilized.'"®

As aresult, various groups have developed several different appro-
aches over the past few years for the preparation of supramolecular
rectangles. Stang and co-workers have developed an approach
wherein a predesigned platinum-based molecular clip containing
two parallel donor sites that are disposed in the same direction is
treated with linear ditopic ligands to achieve self-assembled
molecular rectangles.'® The [2 +2] self-assembly of diplatinum(1I)
molecular acceptor 1,8-bis[trans-Pt(PEt;),(NO;)Janthracene
(75) with rigid bispyridyl bridging ligands—4,4'-bipyridine, trans-1,
2-bis(4-pyridyl)ethylene, 1,4-bis(4’-pyridylethynyl)benzene,
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Figure 16. Formation of molecular squares of different sizes instead of a
rectangle due to the strong enthalpic driving force.
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2,5-bis(4'-pyridylethynyl)furan, and 3,8-bis-pyridin-4-yl-ethynyl-
[1,10]-phenanthroline—led to the formation of cationic molec-
ular rectangles 76—80 (Scheme 24). Characterization of
the rectangles was accomplished with multinuclear NMR and
UV—visible spectroscopy, FAB—MS, and X-ray crystallography.
Spectroelectrochemical studies on 76 and 77 showed that the
compounds could be reversibly reduced at the neutral bispyridyl
acceptor ligands while oxidation occurs at the dianionic anthracene
clips.'*® The phenanthroline functionalized molecular rectangle
80 has been shown to act as an optical sensor for Ni(II), Cd(II),
and Cr(1II) ions.""!

Similarly, the [2 + 2] self-assembly of a diplatinum(II)
molecular clip (75) with alinear unsymmetrical bispyridyl ligand,
N-(4-pyridinyl)isonicotinamide (30), led to the formation of a
symmetrical rectangle.''> Of the two possible linkage isomers,
only the most symmetrical one was observed on the basis of
multinuclear NMR, mass spectrometry, and X-ray structural
studies. The solid-state structure of the rectangle shows that
the bispyridyl ligands occupy the long edge of the rectangle. A
functionalized bis(pyridyl)-substituted perylene diimide ligand
was also incorporated by treatment with the anthracene-based
clip (75) to form a functional molecular rectangle.'"* Extending
the same strategy further, a series of discrete cationic rectangles
(82—85) were synthesized using a di-Pt(II) molecular clip con-
taining ethynyl functionality 81 with bispyridyl linear linkers such
as 4,4'-bipyridine, trans-1,2-bis(4-pyridyl)ethylene, N-(4-pyridyl)-
isonicotinamide, and N,N'-bis(4-pyridylidene )ethylenediamine
(Scheme 25).'** The assemblies were characterized by multi-
nuclear NMR and mass spectrometry. Rectangle 85 was designed
with the aim of introducing a N, pocket that could act as a receptor
site for transition metal ions. The incorporation of ethynyl func-
tionalities introduced fluorescent behavior into the discrete assemblies.
Molecular rectangle 85 was fluorescent and showed quenchlng in
solution upon the binding of hard transition metal ions (Fe’*,
Cu™*, Ni**, and Mn™") into the N, pocket. Ko et al. have reported
a series of Pt rectangles from a diplatinum aromatic molecular clip
bearing two symmetrically bound platinum moieties.""®

Bosnich et al. reported the synthesis of a molecular clip bearing
two symmetrlcally bound terpyridyl chelators separated by aromatic
spacers.''® Dipalladium(II) complexes of these spacer-chelators
readily form large molecular rectangles with linear linkers such as
4,4 -bipyridine. Hupp and co-workers have designed rhenium-
based molecular rectangles via a stepwise process (Scheme 26).""7 A
stable bimetallic edge 86 was created first by treating fac-Re(CO)Cl
with a rigid 2,2-bipyrimidine ligand. Subsequent assembly of the
edges with bispyridyl ditopic linker 4,4-bipyridine and trans-1,2-bis-
(4-pyridyl)ethylene resulted in the formation of cationic molecular
rectangles 87 and 88.""” Cationic molecular rectangles containing
cofacial porphyrin edges were assembled from the reaction of
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bis(4- ethynylpyndyl)porphyrm with bimetallic edge 86 in an
equimolar ratio."

Siiss-Fink and co-workers' " have prepared the cationic molecular
rectangle [Ruy(p-cymene),(u-bpy),(1-C,0,),1*" (91) by first
creating a bimetallic edge 90, formed from the treatment of
dimeric ruthenium arene precursors 89 with oxalate, and then
assembling it with the ditopic linear linker 4,4'-bipyridine in
MeOH (Scheme 27). Alternately, reactions of [Cp*MCl, ], (M =
Rh, Ir) with bidentate ligand (L = pyrazine; L' = diisocyanide)
gave the bimetallic edge [Cp*MCL(L or L')],, which upon
treatment with silver trifluoromethanesulfonate (AgOTY) led to
tetranuclear cationic metallarectangular complexes [Cp*,M,Cl,-
(L)(L")],(OTf), containing different ligands."*

Building upon the same strategy, Therrien's group'>! prepared
aseries of cationic arene ruthenium-based molecular rectangles having
large cavities. For example, metallarectangles [Ruy(7° -p-cymene) 4-
(u-NNN),(00 N 00),]* were synthesized from the dinuclear
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arene ruthenium complexes [Ru,(7°-p-cymene),(u-00 N 00),-
Cl,] (00 N 00 =2,5-dihydroxy-1,4-benzoquinonato (dhbgq),"**
2,5-dichloro-3,6-dihydroxy-1,4-benzoquinonato (dchq),122 S,
8-dihydroxy-1,4-naphthoquinonato (dhnq),"** 9,10-dihydroxy-1,
4-anthraquinonato (dhaq),"** or 6,11-dihydroxy-naphthacene-
5,12-dionato (dhtq)'**) by reaction with pyrazine, bipyridine, or
1,2-bis(4-pyridyl)ethylene linkers (N N N = pyrazine, 4,4’
bipyridine, 1,2-bis(4-pyridyl)ethylene) in the presence of AgOTf
in methanol. The complexes were characterized by spectroscopic
methods, X-ray crystallography, and cyclic voltammetry. Host—
guest studies using aromatics as the guest molecules in these
metallarectangles suggested that metallarectangles incorporating
1,2-bis(4-pyridyl)ethylene as the linkers were able to host an
anthracene, pyrene, perylene, or coronene molecule in their
cavity while rectangles having 4,4'-bipyridine as the linker can
only encapsulate anthracene. However, out-of-cavity interactions
were observed between 4,4'-bipyridine-containing rectangles and
pyrene, perylene, or coronene. In contrast, the small pyrazine-
containing metallarectangles show no interaction in solution. Jin
and co-workers have also synthesized similar metallarectangles
by the combination of the unsaturated dinuclear arene ruthe-
nium, iridium, and rhodium clips and various linear bidentate
pyridyl connectors, pyrazine, 4,4-bipyridine, 1,2-bis(4-pyridyl)-
ethylene, and 4—[5—(4—pyridyl)—1,3,4—0xadiazol—2—?fl]pyridine to
generate the corresponding metallarectangles.'*>'>® The metal-
larectangles having 1,2-bis(4-pyridyl)ethylene as the connectors
were also shown to undergo a [2 + 2] cycloaddition of the olefinic
double bonds under UV radiation both in solution and in the
solid state.'*”"® Recently, the same group reported the synthesis
of half-sandwich iridium metallarectangles induced by C—H
activation.”*”"3° Bimetallic edges, formed from half-sandwich
iridium arene precursors and pyrazine or bispyridyl linkers, were
converted to tetranuclear metallarectangles upon treatment with
dicarboxylic acids such as fumaric acid, 1,3-benzenedicarboxylic acid,
S-amino-1,3-benzenedicarboxylic acid, or azobenzene 4,4'-dicar-
boxylic acid. The Cp*Ir'"" fragment catalyzes the C—H activation
of dicarboxylic acids to build the macrocyclic architectures.
Silver-based cationic molecular metallacycles were designed
using 4-(2-pyridyl)pyrimidine (92) as the ligand."*" Due to the
presence of the two orthogonal metal binding sites, a head-to-tail

Scheme 27

aggregation would give a molecular square while the head-to-
head or tail-to-tail aggregation would result in a rectangle. The
reaction of 92 with AgOTf in a 1:1 stoichiometric ratio led to
head-to-head and/or tail-to-tail aggregation, resulting in rectan-
gular ensemble 93 (Scheme 28). However, the use of AgBF,
(instead of AgOTHY) led to the formation of square assembly 94
with a head-to-tail aggregation. Treatment of a N-methylated
bis(amidopyridine) ligand with silver salts AgNO3, AgO,CCF;,
AgO;SCF3, AgBF,, and AgPFs gave the corresponding cationic
disilver(I) macrocycles.'** Heteronuclear cationic molecular
rectangles having two redox-active ferrocene subunits and a 3pair
of transition metal atoms were reported by Lindner et al.">* A
redox-active Pd-based rectangle [(7°>-CsH4C,-3-py),Fe],Pd,Cl,
was prepared from PdCL,(COD) and (175—C5H4C2—3—py)2Fe.
The same donor clip yielded a Ag(I)-based molecular rectangle
upon treatment with AgClO,. The Ni, rectangle, [(1°-CsH,Co4-
py)2Fe]oNiy (NO3) 4, was obtained by treatment of [Ni(H,0)s]-
(NOs), with (17°-CsH,4C,-4-py),Fe.

3.1.6. Higher Polygons and Large Ring Systems. Several
other higher order 2D polygons have been reported by using
specifically designed organic acceptors with directional metal
acceptors. Using the directional bonding approach, hexagonal
assemblies can be realized in two complementary ways (a) by the
combination of six 120° units with six complementary linear
units or (b) by the combination of three 120° units with three
complementary 120° units. Similarly, discrete pentagonal en-
sembles can be assembled by the incorporation of five 108° building
units with five complementary linear units. For example, Scheme 29
illustrates the assembly of a molecular hexagon via the combination
of nitrogen-containing corner units having 120° bond angles with
complementary linear organometallic linking units. As the cova-
lent angle of an sp” hybrid carbon is 120°, in the case of bis-
(4-pyridyl))ketone (95), treatment with 96 in dichloromethane
at room temperature afforded the desired hexamer, 97."** In a
complementary approach, the 120° diplatinum(II) acceptor
forms the corner unit with 4,4’-bipyridine as the linear linker
to also afford a [6 + 6] molecular hexagon. A [3 + 3] molecular
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hexagon was assembled from a 1:1 reaction of 95 with comple-
mentary 120° di-Pt(II) acceptor.'>

However, an equilibrium mixture of hexagonal and pentagonal
metallacycles was often observed in such an assembly due to the
small, 12° difference between the 120° internal turning angles
needed for the hexagonal assembly and the 108° angle in
analogous pentagonal assemblies. The relatively large size of
the assemblies and the flexibility of the building units allow the
distortion needed for shifting the equilibrium from one to the
other. The use of two metal—carbonyl coordinated dipyridyl
donors, 98 and 99, with linear diplatinum(II) acceptor 100 led to
the interesting observation that the steric bulk of the metal
carbonyl corners controls the hexagonal—pentagonal equilibri-
um (Scheme 30)."*® The use of a sterically less-imposing ligand
(98) resulted in a mixture of a [S + 5] pentagon (101) and a [6 + 6]
hexagon (102), while the exclusive formation of a [S + S]
pentagon (103) was achieved by the use of bulkier molybdenum
donor ligand 99 with linear organoplatinum(II) acceptor 100.
Multinuclear NMR and electrospray ionization—time-of-flight —
mass spectrometry (ESI-TOF-MS) established the formation of
these assemblies.

Using a different approach developed by Lehn and co-workers,
naked metal ions were utilized as the effectors to trigger the
spontaneous ordering of individual components into higher
order stereospecific circular helicates."*” Iron-containing metal-
lacyclic pentagons and hexagons were assembled by using a
trisbipyridyl ligand, tris(2,2-bipyridine). When the ligand was
treated with FeCl, in ethylene glycol at 170 °C, the formation of a
pentanuclear assembly was observed, while replacement of FeCl,
with FeSO,4 led to the generation of hexanuclear circular
helicates. In the pentanuclear assembly, the chloride ion occu-
pied the cavity of the macrocycle and is perhaps responsible for
the preferred formation of the molecular pentagon in the first
reaction. However, increasing the flexibility of the trisbipyridyl
ligand by introducing ether Iinka%es led only to molecular
squares with different Fe(II) salts."® These reactions demon-
strate the remarkable influence of the ion-templating effect on
the formation of polynuclear assemblies.

Dunbar et al. extensively investigated the role of anions in
anion-templated self-assembly reactions between first-row tran-
sition metal ions and a divergent bis-bipyridine ligand."**'*°
Anions can direct the course of an assembly process via non-
covalent interactions due to their wide range of coordination
geometries, pH sensitivity, and high free energy of solvation. In
the reaction of 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) with
Ni*" ions, the larger anion [SbFs]  favored the formation of
molecular pentagon [{Nis(bptz)s(CH3CN);} CSbF,]*", while
relatively smaller anions — CIO,~ and BF,  yielded molecular
squares [{M,(bptz),(CH;CN)g}CX]™" (M = Ni(II), Zn(II);
X = ClO, and BF; ). The molecular pentagon can easily be
converted to the square in the presence of an excess of BF, ",
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ClO,, or I anions. However, the Ni(II) square can be partially
converted to the less stable pentagon only under more forcing
conditions in the presence of excess [SbFs] ions. Thus, by
proper choice of counterions, the assembly process can be tuned
to the desired macrocyclic assembly. These circular helicates can
have helical (interwoven) and parallel (grid-type) arrangements
of the ligands, depending on the transoid or cisoid orientations of
the coordinating sites in the ligand. This is in contrast to the
assemblies generated through the directional paradigm, where all
the ligands and the metal centers lie on the same plane. von
Zelewsky and co-workers synthesized an interwoven molecular
hexagon by employing a pinene-2,2'-bipyridine ligand.'*' Treat-
ment of the o,a’-bis(pinene-2,2’-bipyridyl)-p-xylene linker with
AgPF in a mixture of acetonitrile and chloroform spontaneously led
to the formation of circular single-stranded helicates, as observed
from X-ray structural studies. NMR and circular dichroism (CD)
spectroscopies in solution, along with ESI-MS results, indicated
that the assembly was stable in solution. An equilibrating mixture of a
[2 X 2] grid-type tetranuclear assembly and a hexanuclear
assembly was obtained when a ligand designed with a rigid 4,
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Figure 17. Molecular structure of [Cug(terpy-phen)s(PF)s]®.
Weakly coordinating PFs~ were omitted for clarity. Color code: golden,
Cu; red, O; blue, Nj; gray, C.

7-phenanthroline unit between the two binding sites was treated
with copper(II) cations in a 1:1 ratio in acetonitrile."** Interest-
ingly, a solvent-dependent reversible switching between tetramer
and hexamer was observed. While acetonitrile favored the formation
of hexamer, nitromethane afforded the formation of the tetra-
nuclear assembly only. Coronado et al. have reported the synthesis
of a metallo-supramolecular hexagon from the self-assembly of a
mixture of Cu(II) ions and a rigid heteroditopic ligand contain-
ing phenanthroline and terpyridine binding units.'** The 1:1
reaction of a ditopic ligand containing a terpyridine tridentate
ligand and a 1,10-phenanthroline bidentate moiety directly
connected to one another (terpy-phen) with Cu(OAc), in
methanol yielded the hexameric cation [Cug(terpy-phen)s-
(PFg)sl®* (Figure 17). Each copper ion is bound to two ligands
through the phenanthroline and terpyridine binding sites and a
weakly coordinated PFs anion. As expected for grid-type
assemblies, the coordinating ligands are disposed in a cisoid
fashion above and below the mean plane of the hexamer.

A number of higher ordered 2D multinuclear supramolecular
assemblies were constructed using specifically designed mono-
and bis-terpyridine ligands with various transition metals.'**
Newkome and co-workers assembled both homonuclear'*
and heteronuclear*®'*” hexametallic macrocycles using a bis-
(terpyridyl) monomer possessing a 120° angle with respect to
the two ligating moieties. The reaction of the bis(terpyridyl)
monomer with 2 equiv of RuCl;+nH,0 or FeCl,-4H,0 pro-
duced the corresponding bis-metallic adducts which, on further
treatment with 1 equiv of bis(terpyridyl) ligands under reducing
conditions, yields the self-assembled diamagnetic hexameric
ruthenium and iron-based macrocycle of benzenoid architecture.
More recently, sterically congested, hexameric Pd(IT)- and Cd(1II)-
tetrakispyridinyl-based macrocycles were reported using both
mono- and tridentate coordination sites.'*® In addition to 'H
and "*C NMR and 2D COSY NMR studies, the formation of
these hexagonal macrocycles was established using traveling
wave ion mobility mass spectrometry (TWIM-MS) which al-
lowed for the deconvolution of the isotope patterns of different
charge states, thus avoiding the isomer superposition prevalent in

S

Scheme 31

Q =Fe?*
— >

NH4PFs, MeOH

regular ESI-MS and FT-MS. The same group also reported a
novel family of metallocyclic pentagons constructed by the facile
self-assembly of a bis(terpyridine)carbazole (104) utilizing
terpyridine—metal coordination as the driving force for the
assembly process."*’ The treatment of 104 with 1 equiv of M>*
ion [M = Fe (105), Ru, Zn] in MeOH allowed for the formation
of pentameric cationic macrocycles (Scheme 31). Multinuclear
NMR, UV —visible, and mass spectrometry established the struc-
tures of these pentagonal architectures. The photophysical studies
on these pentagonal assemblies showed interesting light harvest-
ing properties.

Recently, a series of anion-templated hexanuclear macrocycles
has been reported, formed by treating half-sandwich Rh(III)
metal corners with deprotonated 2,4-diacetyl-5-hydroxy-5-meth-
yl-3-(3-pyridinyl)cyclohexanone (dhmpc).'*® The size of the
counteranion significantly affects the nuclearity of the final self-
assembled macrocycles. While larger counteranions OTf , PF¢
and SbFs  favor the formation of hexanuclear metalla-macrocycles,
BF,  favors the formation of a tetranuclear metalla-macrocycle.
Single-crystal X-ray structural analysis for the macrocycles reveals
that the two counteranions are encapsulated within the cavities of
each of the host hexanuclear metalla-macrocycles. Figure 18
shows the molecular structure of [Cp*Rh(dhmpc)6]6+.
"H NMR studies also indicated the retention of the counterions
within the molecular cavities in solution. Interestingly, the tetra-
nuclear macrocycle can be converted to hexanuclear macrocyclic
assemblies by the addition of the appropriate anion as its
[NBu,]" salt with preferred selectivity for larger anions in the
order of SbFs~ > PF4s~ > OTf > BF,” > Cl .

The weak link approach (WLA), a strikingly different design
strategy, developed by Mirkin and co-workers has led to the
realization of a vast plethora of flexible 2D homo- and hetero-
dimetallic macrocyclic rings."" These large ring systems have
been prepared from specifically designed hemilabile ligands
containing phosphanyl alkyl ether, thioether, and amine groups.
The phosphorus group serves as the strong binding site for the
late transition metals while ether, thioether, and amine groups
serve as the weak binding sites. These ligands also provide a way
to control the reactivity of the condensed structures and in-
corporate functionalities, such as fluorescent, redox-active, or
catalytic moieties, into the final supramolecular architecture. In
one early demonstration of this strategy, a Rh(I)-containing
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Figure 18. Molecular structure of [Cp*Rh(dhmpc)6]6+. Color code:

green, Rh; red, O; blue, N; gray, C
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homodimetallic cationic macrocycle was synthesized from phos-
phinoether-based hemilabile ligand 1,4-bis[2- (lehenylphos-
phanyl)ethoxy]-2,3,5,6-tetramethylbenzene (106).">" A 1:1 stoi-
chiometric reaction of 106 with a Rh(I) precursor formed by the
reaction between [RhCI(COT),], (COT = cyclooctene) and
AgBF, in CH,Cl, resulted in a condensed macrocycle 107. The
addition of strongly coordinating CO (1 atm) in CH,Cl, resulted
in displacement of the labile Rh'—O bond leading to the
formation of a large cationic macrocycle (108) in quantitative
yield. Removal of CO from 108 and dissolution in MeCN resulted
in the MeCN adduct of 109 (Scheme 32).

Subsequently, reports of the use of other weak linkers, such as
thioether and amines, to synthesize a number of bimetallic Rh(I)
cationic macrocycles have emerged.">” For example, treatment of
a Rh(I) source with the thioether-containing hemilabile ligand
1,4-bis[2-(diphenylphosphino)ethylthio |benzene led to the for-
mation of a cationic fused macrocycle (110)."** Interestingly,
due to the greater inertness of the metal—thioether bond, the
Rh'—S bonds of 110 are inert under conditions that result in the
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displacement of the ether moieties in complex 107 upon addition
of CO, CH;CN, or both. However, altering the electronics of the
aromatic core in the thioether-containing ligand allows the
opening up of the condensed structure by ancillary ligands."'>*
Introduction of fluoride substituents on the aromatic core of the
phosphinothioether-based ligand allows for the synthesis of
condensed structure 111 that reacts similarly to the ether-based
macrocycles to give expanded macrocycle 112 (Scheme 33). Also
reported were several other PA(II)-, Ir(I)-, Ru(Il)-, and Cu(I)-
based cationic macrocycles. Treating a Pd(II) source with
phosphinoalkyl ether-containing hemilabile ligands gave access
to condensed cationic complexes (113) which could be opened
up into larger metallacycles (114) by treatment with MeCN
(Scheme 33)."° Similarly, the cationic bimetallic Cu(I) macro-
cycles, 116, have been synthesized by addition of small ancillary
ligands such as acetonitrile, isonitriles, diimines, or pyridine to
the condensed structures, 115 (Scheme 33).'*® Heteoro-bime-
tallic macrocycles can also be synthesized by using dissymmetric
hemilabile ligands that incorporate both ether and thioether
weak links. Due to the differences in the labilities of metal—ether
and metal—thioether bonds, different metals can be selec-
tively placed on the macrocycles by changing the reaction
conditions."’

3.2. Neutral Systems
As described above, the majority of synthetic strategies for
metalla-macrocycles involve the use of neutral polypyridyl
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ligands with multivalent metal ions that result in charged
assemblies. In these charged species, counterions often block
the cavities that are formed; however, in contrast, neutral
assemblies can provide a cavity devoid of counterions that may
serve as a host for the encapsulation of neutral organic guests.
Neutral assemblies can be designed by (1) directly using anionic
bridging ligands that can compensate for the cationic metal
charge or (2) synthesizing a neutral precursor acceptor followed
by treatment with a neutral donor.

Square-planar divalent platinum and palladium complexes, in
which two or three coordinating sites are occupied by strong
M—P or M—C bonds and the remaining site(s) are coordinated
by labile, weakly coordinating anion(s) such as nitrate and
triflate, have been used as the acceptor units with dianionic
bridging ligands as the donor linkers. The spontaneous self-
assembly of neutral nanoscopic molecular rectangles 122—126
was achieved by a 1:1 stoichiometric combination of an acetone
solution of a predesigned platinum-based molecular clip, 1,8-
bis[trans-Pt(PEt;),(NO;) Janthracene (75), with an aqueous
solution of linear dicarboxylates 117—121 (Scheme 34)."°%'%*
Multinuclear NMR, mass spectrometry, and single-crystal X-ray
structural analysis established the formation of the macrocycles.
The utilization of the Pt—O bonding interaction as the driving
force for designing the discrete assemblies is an interesting
feature of these macrocycles, as large supramolecules incorpor-
ating a Pt—O bond were believed to be unstable due to the
unfavorable hard—soft combination. Platinum-based macro-
cycles incorporating cyclic oxocarbon-dianions, squarate and
croconate, and their acyclic analogue, oxalate, have also been
synthesized in excellent yield via self-assembly. The combination
of diplatinum molecular clip 75 with all three dianions afforded
molecular rectangles.'® In all cases, multinuclear NMR spectra
were consistent with the formation of single, highly symmetrical
species. Single-crystal X-ray structural studies of these rectangles
revealed that all of the ligands coordinate to the molecular clip in
bis-monodentate mode. An analogous neutral Pd, rectangle,
128, was reported which used a predesigned ethynyl-containing
Pd(1I)-based molecular clip (127) in conjunction with disodium
fumarate as the donor linker (Scheme 35).'" Rectangle 128
represents an example of a neutral Pd(II) macrocycle obtained
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using Pd—O coordination bonding as the driving force. While
oxygen-based hard donors are expected to be unsuitable for the
soft acid PA(II), the electrostatic interaction between the anionic
fumarate and Pd(II) plays an important role in obtaining this
neutral molecular rectangle.

Building upon a similar strategy, neutral molecular rhomboids
and triangles were assembled using dicarboxylate anions as the
donor linkers."*®'** Both kinds of macrocycles use 60° Pt(II)-
based building block 12 as an acceptor unit and ditopic linear
118—120 (in the case of triangles 130—132) or angular 129 (in
the case of rhomboid 133) dicarboxylate bridging ligands
(Scheme 36). The formations of the macrocycles were unam-
biguously confirmed by single-crystal X-ray structural analyses
and NMR spectroscopy. The crystallographic studies revealed
the presence of different types of channels within the crystal
lattices that were occupied by solvent molecules. The diplatinum
60° acceptor unit 12 also produced a supramolecular rhomboid
with croconate (CsOs>) ion and a molecular triangle with
squarate ion."®” Multinuclear NMR, single-crystal X-ray crystal-
lography, and FAB—MS established the formation of the assemblies.
Heterobimetallic Pt,Fe, neutral macrocycles were assembled
using a flexible bridging 1,1’-ferrocenedicarboxylate as the donor
linker.'®* While the combination of the 1,1’-ferrocenedicarboxylate
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with 0° Pt-based molecular clip 75 as the acceptor unit leads to a
neutral molecular rectangle, the use of 60° Pt-based molecular
clip 12 leads to a neutral rhomboid. Spectroelectrochemical
analysis of the molecular rectangle reveals a reversible two-
electron transfer due to the ferrocenyl moieties.

Severin and co-workers have demonstrated the formation of a
series of neutral metallacycles from half-sandwich Ru(II), Rh-
(111), and Ir(III) metal corners and tridentate linkers.'®> For
example, treatment of [(p-cymene)RuCl,], (89) with 3-hydro-
xy-2-pyridone 134 in the presence of base (Cs,COj3 or K,CO3)
allowed the formation of trinuclear metallacycle 135 in a
diastereoslective manner in almost quantitative yield (Scheme 37).'**
The macrocycle 135 showed high affinity and selectivity for
Li" and Na' ions at its central receptor site. The formation of
the macrocycle 135 was confirmed by mass spectrometric and
single-crystal X-ray analysis. The dianion of 3-hydroxy-2-pyri-
done acts as a bridging, tridentate ligand with the half-sandwich
ruthenium centers occupying the vertices of the triangle. A
prerequisite for the formation of such trinuclear macrocycles is
that the ligands must be relatively rigid and the two coordinate
vectors must be orthogonal. Other di-, tri-, and tetranuclear
metallacycles of Ru(1I) and Rh(III) were also obtained using
deprotonated heterocyclic compounds such as 2-hydroxynicotinic
acid, 2-aminonicotinic acid, imidazole-4-carboxylic acid,
2,3-dihydroxyquinoline, 2,3-dihydroxyquinoxaline, or 6-methyl-
2,3-phenazinediol as linkers.'®® Using the same strategy, hexa-
nuclear coordination cages of the formula [(CsMe,R)M(C,H;-
NO,)]s (M = Rh, Ir; R = Me, H) were obtained by the stepwise
treatment of [(CSMe4R)MC12]2 with AgOAc followed by
pyridine-3,5-dicarboxylic acid.'

The same group has also demonstrated the formation of
neutral macrocycles that contain four or 10 palladium metal
centers using 2,3- dlhydroxgyrldme and its derivative as the
dianionic bridging ligands.”™™" The reaction of chloro-bridged
palladium-based acceptor unit [(PEt;)PdCL ], (136) with 2,3-
dihydroxypyridine 137 in methanol, using Cs,COj as the base,
led to the formation of a neutral tetranuclear molecular square
(138; Scheme 38). The use of S-chloro-2,3-dihydroxypyridine
under similar condition gave a decameric complex. Similar to 2,3-
dihydroxypyridine, the use of 2-hydroxynicotinate also resulted
in the formation of a tetranuclear molecular square. However, a
potential drawback of these assembly reactions is that they do not
give a single product and often need additional crystallization for
purification.
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Figure 19. Molecular structure of CosLs(pyridine)s [H,L = 1,1'-(4,4'-
biphenylene)bis-3,3-dimethylpentane-1,3-dione]. Color code: green,
Co; red, O; blue, N; gray, C

Lindoy and co-workers utilized a range of aryl-linked bis-{3-
diketonato ligands incorporating both parallel and 60° orientated
coordination vectors to form a variety of neutral supramolecular
architectures with appropriate transition metal ions.'®® While
1,3-phenylene-linked bis-3-diketonato ligands led to the forma-
tion of dinuclear metallacycles,"*'7% 1,4- phenglene -linked bis-f3-
diketonato ligands gave trinuclear assemblies.'”"'”* These planar

“platformlike” macrocycles, upon interaction with ditopic het-
erocyclic bases, led to the formation of both sandwichlike
discrete and extended 3D supramolecular architectures.'”*'”*
Recently, the same group reported one of the largest neutral
triangular supramolecular assemblies.'”> A biphenyl-spaced j3-
diketonate ligand with its donor sets oriented at 60° was used to
form the trinuclear metallacycle, CosL;(pyridine)s [H,L = 1,
1'-(4,4'-biphenylene )bis-3,3-dimethylpentane-1,3-dione]. The
single-crystal X-ray structural analysis (Figure 19) showed the
formation of a discrete triangular architecture in which three
p-diketonate ligands bridge three Co(IIl) ions such that each
ligand forms the side of a neutral, essentially equilateral triangle.
Each Co(III) center is in a pseudooctahedral geometry wherein
the axial coordination sites are occupied by pyridine ligands.
The metallacycle contains a considerable triangular void area
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(~118 A%), with a disordered pyridine molecule occupying this
void in the solid state.

Neutral molecular rectangles were also prepared using a
stepwise synthetic route. Hupp et al.'’®'”” have synthesized
rhenium-based neutral molecular rectangles 141—146 in a
stepwise fashion by first creating a stable bimetallic edge (140)
using a rigid dianionic benzimidazole ligand (139) and then
assembling the edges by adding bifunctional dipyridyl or diazine
ligands, as shown in Scheme 39. The dimensions of the cavities,
as determined from X-ray structural studies, range from 5.7 X 7.2
to 5.7 x 19.8 A. Interestingly, electrochemical reduction of the
rectangles yields unusual mixed-valent complexes in which the
ligands themselves are the redox centers and interligand electro-
nic communication is controlled by direct ligand orbital overlap
rather than by superexchange through the metal ions. The overall
charge neutrality and optical electron-transfer properties of these
rectangles make them attractive for application as sensory materials
for neutral organic guests. Alkoxy-bridged neutral molecular rec-
tangles [{(CO)s;Re(u-OR),Re(CO);},(u-L),] were obtained
by treatment of Re,(CO) o with bipyridyl ligands such as pyrazine
(pz), trans-1,2-bis(4-pyridyl)ethylene (bpe) , 1,4-bis[2-(4-pyri-
dyl)ethenyl]benzene (bpeb), and 4,4-bipyridine in the pre-
sence of hlgher aliphatic alcohols under solvothermal con-
ditions."” Slmllarly, a furan-decorated neutral Re(I)-based
2D rectangle was recently obtained by the treatment of Re,-
(CO) o with bpe in the presence of 2-furanmethanethiol in a
one-pot synthesis.'”” These works build upon the strategy
earlier developed independently by Hupp et al.'** and Sullivan
et al.'®" wherein rhenium complexes bridged by either thiolate
or alkoxy ligands as the bimetallic edges were assembled using
N-donor ligands.

A series of neutral luminescent molecular rectangles
[{Re(CO);(i-bpy)Br} {(Re(CO);(1L)Br} ], [147, L = pa;
148, L = 4,4'-dipyridylacetylene (dpa); 149, L = dipyridylbuta-
diyne (dpb); and 150, L = 1,4-bis(4’-pyridylethynyl)-benzene
(bpeb)] having fac-Re(CO)3Br as corners and bpy as the
bridging ligand on one side and bipyridyl ligands of varying
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length (L) on the other side have been reported, as shown in
Scheme 40."® Similarly, neutral molecular rectangles [{Re(CO);-
(u-bpe)Br}{Re(CO);(u-L)Br}],, (L = pz, b y) have also been
shown to exhibit light emitting properties.'® Sun and Lees'®*
also described a series of neutral self-assembled macrocycles
featuring fac-Re(CO);X (X = Cl, Br) as corners and linear
bipyridyl bridging ligands as linkers. Depending on the flexibility,
lengths, and angles of the bridging bipyridyl ligands dpb, 4,4'-
azopyridine (azp), 1,4-bis(4'-pyridylethynyl)-2,S-dihexyloxyben-
zene (bpdb), 1,4-bis(4’-pyridylethynyl)-2,5-didodecyloxybenzene
(bpddb), and 2,5-bis(4-pyridylethynyl)thiophene (bpet), var-
ious macrocyclic complexes—squares {[CIRe(CO);(dpb)],
and [CIRe(CO);(azp)],, triangles [BrRe(CO);(bpdb)]; and
[BrRe(CO);3(bpddb)];, or a dimeric species [CIRe(CO)s-
(bpet)],—were obtained.

Through the dimetallic building block approach, Cotton and
co-workers have described a large number of neutral metalla-macro-
cycles such as loops, triangles, and squares using dimetallic paddle-
wheel units as the corner pieces to link divalent anions, such as
dicarboxylates.'” Because of the idealized orthogonality between
the planes defined by the metal atoms and replaceable equatorial
ligands, these dimetallic units, upon treatment with equatorial
linkers, form square arrays. The first series of neutral molecular
squares (159—165) derived from quadruple bonded dimolybdenum
subunits were synthesized via the reaction of [Mo,(cis-DAniF),-
(CH;CN),]*" (151; DAniF = N,N'-di- -p-anisylformamidinate)
and (Bu",N*),(Carb®>") [Carb® = oxalate (152), fumarate
(183), acetylenedicarboxylate (154), tetraﬂuoroterephthalate
(155), ferrocene dicarboxylate (156), 4,4'-biphenyldicarboxylate
(1587), and carborane dicarboxylate (158)] as shown in
Scheme 41."%5'%¢ The X-ray structural characterization of molec-
ular squares 159—162 showed that each corner consisted of a
quadruply bonded dimolybdenum unit, with two cisoid forma-
midinate paddles and two carboxylate paddles from the dicar-
boxylate linkers. The conformation of each dicarboxylate anion
is such that both carboxylate groups are equatorially disposed.

6833 dx.doi.org/10.1021/cr200077m |Chem. Rev. 2011, 111, 6810-6918



Chemical Reviews

Scheme 41
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The dimensions of the squares, defined by the four Mo, corners
in each molecule, are 7 X 7,9 x 9, 10 x 10, and 15 x 15 A” for
159—162, respectively. Thus, tuning the shape and size of the
linkers can modulate the dimensions of the channels created by
the squares. 'H NMR studies on the squares showed that they are
fairly stable in solution and are highly symmetrical. These
compounds also display rich electrochemical behaviors that are
affected by the nature of the carboxylate linkers. Extending
this strategy to other metals, similar neutral molecular squares
having Rh,"" units were reported by treating [Rh,(cis-DAniF),-
(CH;CN,,)4(CH5CN,,),] (BE,), with (Bt,N"),(Carb®~) where
Carb®™ represents the dicarboxylate anions bicyclo[1.1.1]pentane-
1,3-dicarboxylate, tetrafluoroterephthalate, 1,4-cubanedicarbox-
ylate, terephthalate, fumarate, and trans-1,4-cyclohexanedi-
carboxylate.'®” Neutral molecular squares having ruthenium
corner pieces, Ru,”", using oxalate and terepthalate as the linkers
were also reported by the same group.'®® The groups of Bonar-
Law'®"* and Schiavo'®" have also reported a few other dirhodium
neutral squares based on Rhy*" corner units and dicarboxylate
anions as the linkers.

Several neutral molecular triangles were also synthesized usin
the dimetallic corner units such as [Mo,**],*** [Rh,*],**>*®
and [Re,**]" by varying the reaction conditions and length and
flexibility of the dianionic linkers. Several neutral triangles
designed using this strategy were obtained by treating dimolyb-
denum [Mo,*"] subunits, [Mo,(cis-DAniF),(CH;CN),]*" with
flexible 1,4-cyclohexanedicarboxylate linkers.'”> The molecular
triangle [{cis-Mo,(DAniF),(1,4-0,C—CgH,0—CO,)} 5, as ob-
served from crystal structure analysis, has Mo,(DAniF), units
occupying the three vertices of the triangle while both

Figure 20. Single-crystal X-ray structure of [cis-Mo,(DAniF),(1,4-
0,C—CgH,0—CO0,)];5. Color code: green, Mo; red, O; blue, N gray, C.
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carboxylate groups of the 1,4-cyclohexanedicarboxylate linker
orient themselves in an equatorial (eqeq) fashion. Figure 20
shows the molecular structure of the triangle.

An analogous [Rh,(DAniF),]** dimetallic corner unit also led
to the formation of a neutral molecular triangle [Rh,(DAniF),-
(u4-C,04)]3 (167) from a 1:1 equimolar mixture of [Rh,-
(cis-DAniF),(CH;CN),]** (166) and (C,0,>") (152), in near
quantitative yield. Interestingly, using a 10-fold excess of oxalate
linker, under the same reaction conditions, selectively gave the
corresponding molecular square [Rh, (DAniF), (144,—C504)]4
(168; Scheme 42)."**'* In solution, a dynamic equilibrium
between the triangle 167 and square 168 was found to exist. The
dirhenium complex cis-Re,(#-O,CCH3),CL (u-dppm), (dppm =
Ph,PCH,PPh,), which contains two substitutionally labile acetate
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ligands, afforded the molecular triangle [cis-Re,Cl,(u-dppm),-
(u-0,CC¢H,CO,)]5 upon treatment with an excess of ter-
ephthalic acid in refluxing ethanol.'”® By employing [cis-
Mo, (DAniF),]*" as the vertex building block and terephthaloyl-
diamidate as the linker, dimolybdenum-containing neutral
metallacycles of general formula [cis-Mo,(DAniF),((ArNOC),-
C¢H,),], were synthesized and structurally characterized.'*®
The geometries of the products are guided by the identities of
the aromatic groups present in the linkers. When the aromatic group
is phenyl, a molecular triangle is the exclusive product; changing
the aromatic substitutents to p-trifluoromethylphenyl or m-tri-
fluoromethylphenyl affords a molecular square selectively.

Cotton and Murillo have also investigated the dynamic equilib-
rium between a neutral molecular square, [cis-Mo,(DAniF),],-
(0,CC4F4CO,)4 (164), and its corresponding triangle, [cis-
Mo, (DAniF),]5(0,CC¢F,CO,);, in CDCIl; solution from a
reaction mixture of [cis-Mo,(DAniF),]** and the perfluoroter-
ephthalate anion."”” The compounds were characterized by X-ray
structural studies and solution NMR spectroscopy. Since the
perfluoroterephthalate linkers are linear and relatively rigid, the
formation of a molecular square was expected. However, multi-
nuclear NMR studies show that a dynamic equilibrium exists
between the square and triangle. As determined from NMR
studies, the conversion of squares to triangles is entropically
favored but enthalfically disfavored with an equilibrium constant
of 1.98(7) x 10~ " at 23.7 °C. However, a recent study showed
that use of substoichiometric amounts of oxalate gave a molecular
triangle as the major product with no observable equilibrium with
its molecular square counterpart.'*®

Mirkin and co-workers synthesized a number of neutral metalla-
macrocycles using a wide range of transition metal precursors
with a variety of flexible hemilabile ligands by the weak link
approach. In one of the early examples of this strategy, they
reported the formation of a Rh(I)-containing, neutral macrocycle
via the halide induced ring opening of a cationic condensed
intermediate by breaking a weak Rh'—S bond.">* A 1:1 equimolar
mixture of [RhCI(COT),], and the phosphinothioether-based
hemilabile ligand 1,4-bis[2-(diphenylphosphino )ethylthio |benzene
combined to form a cationic condensed intermediate (169;
Scheme 43). The addition of [Me,N]Cl in the presence of CO
(1 atm) resulted in the displacement of the labile Rh'—S bonds
leading to the formation of neutral macrocycle 170 in quantita-
tive yield. Condensed macrocycles containing ether instead of
thioether linkages can also be opened up by CO/CI™ to give
neutral macrocycles. Using a bis(phosphinoalkyl-thioether)arene
ligand with a fluorinated aryl group, [1,4-(Ph,PCH,CHS,S),-
CgF,J, instead of benzene-based phosphinothioether-based hemi-
labile ligands, Rh(I)- and Ir(I)-containing neutral macrocycles
were reported.'>* Treatment of [Rh(NBD)Cl], (NBD = norb-
ornadiene) or [IrCI(COT),], with [1,4-(Ph,PCH,CH,S),-
CgF,] generated condensed structures 171 and 172, respectively.
Addition of CO/I" cleaved the Rh—S and Ir—S bonds to yield
173 and 174, respectively (Scheme 43). Expanding the paradigm
to other d° square-planar transition metals, the same group reported
Pd(II)-based neutral macrocycles by treating [Pd(MeCN),]-
[BF,], with phosphinoalkyl ether or a thioether-containing
hemilabile ligand to give condensed cationic complexes 175,
which can be opened up into neutral metallocycles 176 by
introducing CN ™ ions (Scheme 43).15° Similarly, the d® octahe-
dral transition metal Ru(Il) was used to synthesize neutral
condensed and open macrocycles by addition of CO, pyridine,

and alkyl diamines."*
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3.3. Chiral Systems

Due to their ability to mimic complex biological systems, chiral
supramolecular assemblies have been extensively studied over
the past 2 decades.”” The biological implications of chirality
demand that we improve our ability to access chiral molecules as
pure entities.””" Through properly designed and preprogrammed
building units, supramolecular self-assembly can provide rela-
tively easy, simple access to chiral supramolecules with controlled
stereochemistry that may help in our understanding of nature’s
intricate biochemical processes. Furthermore, these systems may
also provide ways to study newer approaches to enantioselective
molecular recognition, chiral sensing, and asymmetric catalysis.

Chiral 2D metallacycles are among the most extensively
studied due to their relative ease of preparation and their potential
applications in enantioselective recognition, sensing, and catalysis.”*
The rational design of these discrete chiral ensembles by the
directional bonding approach can be achieved by using (1) chiral
metal auxiliaries as corner units with achiral multidentate ligands
as the connectors, (2) achiral metal corner units with chiral
multidentate ligands as the connectors, (3) inherently chiral
metal centers having specific coordination geometries with
achiral multidentate linkers, or (4) combinations of the above.

In the first strategy, apzpropriate metal corner units with optically
active chiral auxiliaries”” are combined with achiral bridging
ligands, resulting in chiral metallacycles. An early example of this
strategy was provided by Stang et al. wherein optically active
[M(R-BINAP)(OTf),] (M = Pd (177) or Pt (178), BINAP =
2,2-bis(diphenylphosphino)-1,1’-binaphthalene) were used as
shape-defining corner units due to their high reactivity toward
the coordination of nitrogen-containing ligands, as well as the
significant degree of conformational rigidity of BINAP.>***%*
When treated with 90° diaza ligands, bis(3-pyridyl)iodonium
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triflate (179) or bis(4-(4-pyridyl)phenyl)iodonium triflate (180),
chiral supramolecular squares 181 and 182 were obtained
(Scheme 44).%> The macrocyclic nature of these complexes
was established by multinuclear NMR and confirmed by mass
spectrometric analysis. Reactions of anthracene-based C,;, sym-
metrical diaza ligands 2,6-diazaanthracene and 2,6-diazaanthra-
cene-9,10-dione with [M(R-BINAP)(OTf),] (M = Pd (177) or
Pt (178)) have also led to the formation of similar chiral
molecular squares.”®® Interestingly, as determined from *'P
NMR studies, the use of 2,6-diazaanthracene in acetone at
ambient temperature as the linker led to only a single dia-
steromer out of a possible six. However, the use of 2,6-
diazaanthracene-9,10-dione under similar conditions led to a
mixture of diastereomers. Chiral macrocyclic assemblies con-
taining two or four porphyrin units were also readily synthe-
sized by employing [cis-Pd(R-BINAP)(OTf),] (177) as the
chiral metal auxiliary with di- and tetra-pyridyl-substituted
porphyrins.*® The chiral macrocycles have a chirality-induced
puckered geometry of D, symmetry at ambient temperature.
The high solubility and ease of synthesis of these self-assembled
chiral porphyrin macrocycles provides excellent examples for
the study of porphyrin exciton coupling interactions and induced
circular dichroism.

A homochiral molecular triangle was reported by Mirkin et al,,
in which a chiral enantiopure (S)-binaphthyl diamine derivative
was used as the corner linker.”*® Each corner linker encloses a
Cu(II) ion chelated by the N,N,0,0 set of donor atoms which
further connect to a [Cu(py);(H,0)] fragment through the
carboxylate groups present on the periphery of the salen pre-
cursors to form a molecular triangle (Figure 21). It is the inherent
chirality of the Cu(II)-enclosed corner unit that imparts the
chirality to the molecular triangle. Interestingly, an unusual
solvent-induced, spontaneous and reversible transformation of
the triangular macrocyclic complex into a homochiral helical
polymer was also observed.

In the second approach, chiral metallacycles were assembled
by interacting chiral organic multidentate ligands with achiral

Figure 21. X-ray crystal structure of the homochiral molecular triangle.
Color code: golden, Cy; red, O; blue, Nj gray, C.
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metal auxiliary units. An example of this approach was provided
by Lin and co-workers wherein they used pyridyl functionalized-
1,1'-binaphthyl ligands (183—185) derived from enantiopure
1,1'-binaphthyl-2,2’-diol (BINOL) with achiral fac-[ReCl-
(CO);s] metal corners to assemble a family of chiral molecular
squares (186—188; Scheme 45).>°” The formations of the chiral
metallacycles were confirmed by NMR, mass spectrometry,
UV —visible, and CD spectroscopic techniques. Using angular
bipyridine bridging ligands derived from enantiopure 1,1’-bi-
naphthyl-2,2'-diol (BINOL) and [M(dppe)]** (M = Pd or Pt
and dppe = bis(diphenylphosphino)ethane) metallocorners, a
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series of chiral molecular squares were readily assembled by the
same group.””® The macrocycles were characterized by a variety
of techniques including infrared, UV—visible, CD, multinuclear
NMR spectroscopies and ESI-MS. All of these chiral molecular
squares were highly luminescent in solution at room temperature
with good quantum efficiency.

A series of chiral molecular triangles, 193—195, was afforded
by the equimolar treatment of bis(alkynyl) derivatives of BINOL
ligands 189—191 with the cis-protected Pt(II) metallocorner,
cis-[PtCL,(PEt3),] (192), utilizing the facile insertion of Pt(II)
into alkyne C—H bonds (Scheme 46).% Although, from a
geometric consideration, molecular squares were expected, the
kinetic preference for smaller metallacycles drives the assembly
toward the exclusive formation of molecular triangles. Interest-
ingly, replacement of cis-blocked ligand 159 with cis-[Pt(4,4-
d'BuPy)Cl,] leads to both a molecular triangle and a square in 29
and 22% yields, respectively.”'® However, using the same ligand
systems, molecular squares can be exclusively formed via step-
wise directed-assembly reactions in modest yields.”""

A mixture of chiral organometallic molecular polygons, ran-
ging from triangles to octagons, resulted when 1 equiv of
trans-[PtCl,(PEt;),] was treated with the atropoisomeric brid-
ging ligand 2,2'-diacetyl-1,1"-binaphthyl-6,6'-bis(ethyne).*'*
The analytically pure molecular polygons were isolated by silica
gel column chromatography and characterized by ESI-MS,
multinuclear NMR, and CD spectroscopy. By adopting a similar
methodology, the robustness of the Pt—alkynyl bond was
utilized to assemble chiral dinuclear metallocyclophanes with
exo>" and endo®'* functionalization. Jiang and Lin®" also
reported a series of chiral mesoscopic metallacycles having as
many as 47 metal centers using a stepwise assembly method.
These molecular polygons were built from a similar binapthyl-
based ligand and trans-Pt(PEt;), as the metallocorner.

Another category of ditopic chiral linkers has side chains con-
nected by an ethylene bridge with a rigid gauche conformation.
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Chiral, enantiopure metallosupramolecular rhomboids have
been self-assembled in solution through the coordination of
bis-pyridyl-substituted chlral dltOplC ligands with cis-blocked
Pd(1II) and Pd(II) acceptors.” ¢ For example, treatment of chiral
ditopic ligand 196 with [M(en)(NO3),] [M =Pd (1), Pd (37)]
led to the assembly of enatiopure SSSS rhomboids, 197—198
(Scheme 47). The R-enantiomer also forms under the same
conditions as the all-S enantiomer. The assemblies were char-
acterized in detail by NMR and CD spectroscopies in solution
and by ESI-FT-ICR-MS in the gas phase and could be adsorbed
and imaged at surfaces in an electrochemical environment. The
chirality of these assembhes manifests itself on surfaces at both
local and global levels.”'® Jeong et al. have used a very similar
carboxylate functionalized bis-pyridyl-substituted chiral ditopic
ligand with Cu(II) ions in DMF to self-assemble a chiral triangular
metallacycle.”'” A chiral Cs-symmetric hexanuclear triangular-
prismatic copper(II) cluster was also assembled from a enantiomeric
dipeptidic N,N'-terephthaloyl-bis(S-aminocarboxylato) ligand.**®

Schalley and co-workers have also established the diastereo-
selective self-assembly of metallo-supramolecular squares utiliz-
ing axially chiral 4,4'-bipyridine bridging ligands. Chiral
molecular squares 199—201 were synthesized by the treatment
of enantiopure chiral 4,4’-bipyridine ligands with cis-blocked
Pd(II) building block [Pd(dppp)(OTf),] (4) as the corner units
in a 1:1 molar ratio (Scheme 48).>"’ Corresponding Pt(II)-based
chiral molecular squares were also prepared. Amino acids such as
(S)-alanine incorporated into the axially chiral 4,4'-bipyridine
ligands afforded amino acid functionalized chiral metallo-supra-
molecular squares.**® As established from multinuclear NMR
and X-ray structural studies, only one diastereomer was formed
in which the side chains were positioned outward and the
pairwise, opposite bipyridines had the same axial chirality.
Although the chiral centers of the alanines favor one of the
axially chiral biaryl configurations in the free ligand, the ratio of
both diastereomers is strictly 1:1 in the squares. This diastereos-
electivity is governed by the stereoelectronic effects of the dppp
ligand, which lead to the exclusive formation of heterochiral
assemblies.
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The synthesis of enantiopure molecular rectangles was achieved
using the platinum-based molecular clip, 1,8-bis[trans-Pt(PEt;),-
(NO;)Janthracene (75) with (2R,3R)-(+)-tartarate and (25,3S)-
(—)-tartarate.’”" These enantiopure rectangles showed the
phenomenon of induced circular dichroism (ICD). Although
(2R,3R)-(+)-tartaric acid is CD-inactive in the long wavelength
and shows only one negative Cotton effect at 214 nm, the cor-
responding molecular rectangle showed bands which corresponded
to anthracene moiety above 350 nm. This indicated the presence
of ICD in the anthracene moiety and, as such, in the chiral
supramolecule upon association with chiral inducers, (2R,3R)-(+)-
tartarate dianions.

In an interesting study, Yeh and Raymond observed supra-
molecular chiral induction in dinuclear triple-stranded helicates
composed entirely of achiral components.”*> The anionic heli-
cates show strong intermolecular asymmetric induction in the
presence of chiral organic cationic molecules such as N-methyl-s-
nicotinium (s-nic), N-methyl cinchoninium (cinc), and N-
methylquininium (quin). These chiral cations can transmit
chirality to the metal centers of the helicates (by associating in
the cleft between the ligand planes) leading to the determination
of the chirality of the entire helicate. The van der Waals contact
and cation—JT interaction plays an important role in commu-
nicating chirality to these metallohelicates. In fact, due to the
precise nature of these interactions, minor variations in the
structures of the chiral cation as well as the central ligand scaffold
of the helicate significantly affect the level of intermolecular chiral
induction.***

In the third strategy, inherently chiral octahedral (tris-chelated)
metal complexes were used to assemble chiral metallacycles with
achiral multidentate ligands as the building blocks. Chiral
molecular trian%les and squares of Co(III) were reported by
Yamanari et al.”** through the self-assembly of inherently chiral
mononuclear octahedral complexes based on the multidentate
bridging ability of the achiral ligands. The treatment of fac-[ CoCls-
(tacn)] (202; tacn =1,4,7-triazacyclononane) with purine-6-thiones
(203) in the presence of an equimolar amount of NaOH initially
produced a chiral species, 204. Subsequent deprotonation resulted
in the formation of chiral molecular square 205 via self-assembly
of the mononuclear complex, 204 (Scheme 49). Along the same
line, reaction of octahedral Co(II) ions with multidentate achiral
ligands which have a ~90° twist (D, symmetry), such as the
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tetraacetylethylene dianion, facilitated the formation of chiral
molecular squares.”** The reaction between [Mo(CO),] and
3,6-di-tert-butyl-1,2-benzoquinone in the presence of trace quan-
tities of dioxygen led to the initial formation of molybdenum
complexes of 3,6-di-tert-butylcatechol. Condensation of this
monomer through bridging oxo ligands gives cyclic, chiral
[{Mo-(u-O)(3,6-DBCat),}4] square with four Mo centers of
the same chirality.**®

Using the dimetallic building block approach, Cotton and co-
workers described a series of chiral molecular triangles contain-
ing Rh,*" dimetallic corner units.”*® The reaction of cis-Rh,-
(CgH,4PPh,),*" units with the tetraethylammonium salts of the
linear dicarboxylates, in organic solvents, produced racemic
crystals of the corresponding chiral molecular triangles
[{Rh,(C4H,4PPh,)}3(1-L)3X;] (L = oxalate, terephthalate, and
4,4 -biphenyldicarboxylate; X = DMF, py).>*’ Due to the head-
to-tail arrangement of the two orthometalated bridging ligands,
the cis-Rh,(CgH4PPh,),>" unit is inherently chiral, and the
molecular triangles based on this unit are thus chiral. However,
the chirality induced by the conformational arrangement of the
ligands in these supramolecules is only secondary when com-
pared to the chirality (R or S) that arises from the configurational
arrangement of the molecules. Interestingly, as determined from
single-crystal structural analysis, multinuclear NMR, mass spec-
trometry, and electrochemical studies, molecular triangles were
exclusively formed both in solution and in the solid state. The
reason for this well-defined preference was due to the preferred
twist (ca. 23°) of the cis-Rh,(CgH4PPh, ), corners which induces
very little strain on the triangular structures as compared to the
corresponding square structures. Thus, the entropic preference
for the smaller ring becomes the controlling thermodynamic
factor. A resolved enantiomer of the same starting dimetallic
corner unit cis-Rh,(CgH,4PPh,),** resulted in enantiopure mo-
lecular triangles (RRR and $85).>*® As ascertained from the
crystal structural analysis, the enantiomers are isostructural.
Figure 22 shows the single-crystal X-ray structure of the SSS-
[cis-Rhy(CeH4PPh,),(0,CCqH4CO,) (py)3(MeOH);]5. Cotton
et al. have also reported enantiopure chiral molecular loops
RR-[cis-Rhy(CsH4PPh, ), (py)2(0,C(CF,),CO,) ], (n = 2, 3)
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Figure 22. Single-crystal X-ray structure of SSS-[cis-Rh,(CsH,4PPh,),-
(0,CC4H,4CO,)(py).]s. Axial py and MeOH ligands were omitted for
clarity. Color code: green, Rh; pink, P; red, O; gray, C.
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Figure 23. Incorporation of functional moieties into assemblies
through the use of functionalized edge or corner building blocks
or covalent attachment of functional groups endo or exo to the
metallacycles.

using the same Rh,*" dimetallic unit cis-Rh,(CgH4PPh,),>" in

. 229
organic solvents.

3.4. Functional Systems and their Properties

The rational design and synthesis of functionalized metallo-
supramolecular architectures through coordination-driven self-
assembly has generated a great deal of interest in recent times and
has been extensively reviewed.”** Several of these functional
assemblies can be employed as precursors of electronic, catalytic,
and photophysical materials and used for molecular recognition
and encapsulation. Assemblies containing transition metals are
generally more sensitive and responsive to electro- and photo-
chemical stimuli as compared to metal-free organic structures.
The rigid architecture of the supramolecular ensembles offers
well-defined scaffolds for the incorporation of functional moi-
eties where the stoichiometry and position of the individual
functional groups can be precisely controlled. Moreover, upon
formation, these functional moieties can interact further to give
rise to a higher level of functionality. The directional bonding
approach, due to its highly modular nature, allows the incorpora-
tion of various functionalities into the edge and corner of a
building block. Likewise, tethering of functional moieties
through a covalent attachment to the building blocks allows
the positioning of the functionality into the cavity or on the
periphery of a resulting assembly (Figure 23).
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A variety of functional moieties such as crown ethers, carbor-
anes, cavitands, dendrimers, ferrocenyl units, and lipophilic and
lipophobic groups onto the edges and corners and on the
periphery of a number of discrete supramolecular assemblies.”*"
The combination of functionalized diaza crown ethers with a 0,
60, or 90° di-Pt(II) acceptors led to the facile formation of a
series of geometrically distinct edge and corner functionalized
supramolecules. Incorporation of a flexible pyridine functional-
ized 18-member diaza crown ring was achieved by treatment with
varying Pt(II) acceptors, for example, the [2 + 2] self-assembly of
60° di-Pt(1I) acceptor 12 with a diaza crown ring, 206, led to the
formation of cationic metallacycle 207 (Scheme 50).*** Neutral,
Pt-based discrete assemblies containing flexible 32-member
dibenzo crown ether were also synthesized and characterized
by NMR and X-ray structural studies.”*

If properly functionalized, cavitands can be utilized as building
units for supramolecular ensembles to give unique structures.
The introduction of diametrically opposed pyridyl donor groups
at the bridging positions on the rim of a cavitand bowl can lead to
the formation of corner functionalized metallacycles.** For
example, the tethering of two tolyl pyridyl moieties as bridging
ligands on a cavitand bowl and subsequent self-assembly with
fac-[Re(CO)sBr] in chloroform gave a self-assembled rhombic
metallacycle after 24 h, which is neutral and kinetically stable at
room temperature.”** "H NMR and ESI-MS studies established
the formation of the metallacycle. Similarly, diametrically op-
posed pyridyl groups substituted on the rim of a cavitand bowl,
which, projecting outward at an angle of 60° relative to one
another, generated corner functionalized metallo-supramolecu-
lar assembhes when assembled with linear ditopic Pt(II)
acceptors.”*® The [2 + 2] and [3 + 3] self-assembly of a
pyridyl-containing cavitand corner donor units with 60 and
180° diplatinum acceptors led to cavitand functionalized rhom-
bic and triangular supramolecular assemblies, respectively. The
assemblies and building blocks were characterized with multi-
nuclear NMR spectroscopy, ESI-MS, and elemental analysis.
Similarly, a number of metallacycles were assembled by incor-
porating carborane functionalized linear donors as well as linear
and 120° carborane functionalized di-Pt(II) acceptors.”?”?*®
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Treating the linear carborane-containing bis-pyridyl donor with
0, 60, and 90° Pt(II) acceptors led to the formation of [2 + 2]
rectangular, [3 + 3] triangular, and [4 + 4] square metallacycles,
respectively.”>” Likewise, the treatment of an edge functionalized
carborane-containing linear diplatinum(II) acceptor units, upon
combination with a 90° bis-pyridyl donor unit, generated a large
metallosupramolecular square. The assemblies and building
blocks were characterized with multinuclear NMR spectroscopy,
ESI-MS, and elemental analysis. In addition to these examples,
neutral molecular rectangles and rhomboids were designed usm%
platinum—oxygen bonds as the driving force for assembly.”
The combination of m- and p-carborane dicarboxylate units with
a 0° diplatinum acceptor yielded a neutral molecular rectangle
and a rhomboid, respectively. Multinuclear NMR and X-ray
structural studies established the formations of the assemblies.

Edge functionalized hydrophobic and hydrophilic self-assembled
supramolecular rectangles were synthesized from functionalized
180° 1,4-bis(4-ethynylpyridyl)-2,3-substituted benzenes with 0°
diplatinum(II) acceptors via coordlnatlon driven self-assembly
to give supramolecular rectangles.”** The hydrophobic rectan-
gles were functionalized with CsH;3, C1,Has, and CigH3; alkyl
chains while the hydrophilic rectangles were decorated with
methyl terminated di-, tetra-, and hexaethylene glycol units.
Multinuclear NMR (*H and *'P) and ESI-MS were used to
characterize the assemblies. Molecular force-field modeling
suggested that the hydrophobic and hydrophilic chains of each
exohedrally functionalized rectangle prefer to wrap around and
aggregate in solution. Similar edge functionalized alkoxy-bridged
Re(I) supramolecular rectangles decorated with long alkyl chains
(C4Hy, CgH, and Cj,H,5) have also been reported. 249 In the
presence of increasing water concentrations these Re(I) rectangles
aggregated in solution. Such self-aggregation led to an enhanced
luminescence efficiency presumbably from the restriction of
torsional molecular motion in the aggregates. Furthermore,
intermolecular quenching experiments of Re(I) aggregates with
various amines and quinones showed aggregation-facilitated
electron transfer between the rectangles and electron donors
and acceptors via both static and dynamic quenching processes.

Considerable research effort has been expended on the
functionalization of metallo-supramolecular squares by employ-
ing functional ligands or/and metal corners in the assembly
processes. Upon square formation, these functions may interact,
leading to a higher level of functionality. Moreover, the cavities
of the molecular square may accommodate guest molecules.
Notably, Wurthner et al. have designed light harvesting metallo-
supramolecular squares having of perylene bisimide walls and
fluorescent antenna dyes.”*' The fluorescent dye 4-dimethyla-
mino-1,8-naphthalimide was incorporated at the bay area of N,
N'-bispyridyl perylene bisimide ligand. Subsequent assembly of
this ditopic ligand with [Pd(dppp)(OTf),] gave a self-assembled
molecular square. Optical studies of the macrocycle by UV—
visible and steady-state and time-resolved fluorescence spectroscopy
revealed that the light captured by the dye antennas gets
transported to the perylene-bisimide core by a fluorescence
resonance mechanism with high quantum efficiency. Thus, this
multichromophore square assembly with aminonaphthalimide
antenna dyes is an artificial model for the cyclic light harvesting
complexes in purple bacteria. Earlier a molecular square having
16 pyrene chromophores attached to four ditopic bay function-
alized perylene bisimide chromophores exhibited extremely fast
electron-transfer processes that are normally only observed in
solid materials.®"

Scheme 51

o
6
O 07

oTf
Et3P_Pt‘PEt3

e, 0 @ e @
. N TfO" PEta EtsP "OTf EtgP-Pt-PEty
l\ll/ oTf
48
zos
3

[6+6]

Multiple crown ethers were incorporated into the metallo-
supramolecular assemblies by exofunctionalization of the build-
ing blocks with crown ethers to yield 2D macrocycles with well-
defined cavities with varied geometries.”***** Dibenzo-
[24]crown-8 was appended to both the 120° donor and the
120° acceptor units through covalent attachment. The combina-
tion of the predesigned 120° bispyridyl donor unit, 208, contain-
ing dibenzo[24]crown-8 pendent with the complementary 120°
di-Pt(II) acceptor, 209, in a 1:1 stoichiometric ratio allowed the
formation of a [3 + 3] hexagonal metallocyclic assembly, 210. A
[6 + 6] hexagonal assembly, 211, was afforded when 208 was
treated with the 180° di-Pt(1l) acceptor, 48 (Scheme S1).

Likewise, by using a similarly designed dibenzo[24]crown-8
pendent containing a 120° diplatinum(II) acceptor unit, different
types of [3 + 3] and [6 + 6] hexagonal assemblies can be
generated through combination with di-2-pyridyl ketone (60°
donor) and 4,4’-bipyridine (180° donor), respectively. Rhom-
boidal assemblies containing multicrown ethers can also be
synthesized via the [2 + 2] self-assembly of 120° di-Pt(II)
acceptor and 120° bis-pyridyl donor unit (208) with their
complementary 60° building blocks. These multicrown archi-
tectures have been investigated as the hosts for the multivalent
self-assembly of poly[2]pseudorotaxanes. Dialkylammonium ions
can form a 1:1 host—guest complex with dibenzo[24]crown-8
ether in nonprotic solvents held together by H-bonding, m—m
stacking interactions, and electrostatic forces. Hence, dibenzy-
lammonium ions were used to form a new class of poly[2]pseudo-
rotaxanes from the above discrete molecular rhomboids
and hexagons having pendant multicrown ether moieties in
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their periphery.”***** As determined by multinuclear 1D and 2D
NMR as well as mass spectrometry, the hexagonal assemblies
such as 210 and 211 can complex three and six dibenzylammo-
nium ions, respectively. The rhomboidal assemblies can complex
two such ions. In all cases, the underlying rigid nature of the 2D
polygonal cavity is retained while the flexibility of each crown
ether is reduced as a result of host—guest complexation. The
orthogonal, noninteracting nature of the coordination-driven
self-assembly of the underlying polygons allows for rhomboidal
and hexagonal poly[2]pseudorotaxanes to be prepared.

Dendritic moieties were also incorporated into metallo-supra-
molecular assemblies via the directional bonding approach by
functionalizing the building blocks with predesigned dendrons.
Dendrimers are highly branched, monodisperse macromolecules
emanating from a central core. Incorporation of these dendritic
moieties as functional units in supramolecular assemblies is of
interest due their potential application in biology,*** catalysis,***
and photo- and electrochemistry.**® A number of metalloden-
drimers of varying size and shape were assembled by the
combination of predesigned bis-pyridyl donor building blocks
212—215 on which Fréchet-type dendrons were tethered
through covalent attachment. The self-assembly of rhomboidal
metallodendrimers, 217—220, was achieved by the combination
of 120° Fréchet-type dendritic donor units 212—215 and 60°
di-Pt(II) acceptor unit 12 in a 1:1 stoichiometric ratio
(Scheme 52).**”*** Single-crystal X-ray structural studies of
rhomboidal metallodendrimers 217 and 218 showed well-de-
fined rhombic structure with approximately 2.3 x 1.3 nm” cavities.
Treatment of 120° donors 212—215 with 120° diplatinum(II)
acceptor units 216 and 180° diplatinum(II) acceptor 48 units led
to the formation of [3 + 3] hexagons 221—224 and [6 + 6]
hexagons 225—228, respectively (Scheme 52). In a complemen-
tary approach, [3 + 3] coordination-driven self-assembly be-
tween 120° diplatinum acceptor subunits containing tethered
dendrons with the bis-pyridyl donor building blocks afforded six-
component hexagonal metallodendrimers.”*’ Likewise, neutral
dendritic metallacycles were achieved through the platinum—
oxygen coordination bonds. The combination of rigid 120°
dicarboxylate donor linkers funtionalized with Fréchet-type
dendrons with complementary 60 and 120° di-Pt(II) acceptor
subunits 12 and 216 yielded neutral rhomboidal metallodendri-
mers and hexagonal metallodendrimers, respectively.”>* All of
these assemblies were characterized with multinuclear NMR,
mass spectrometry, and elemental analysis. Molecular modeling
studies revealed that these exo functionalized cavity-cored me-
tallacycles have well-defined cavities and may thus function as
transport vehicles for small, biologically active molecules. Similar
Fréchet-type dendrons were also incorporated on the edges of
Pd(II)- and Pt(II)-based metallo-supramolecular squares.251
Functionalization of 4,4’-bipyridines in their 3,3'-positions with
different generations of Fréchet-type dendrons and subsequent
self-assembly with [M(dppp)(OTf),] (M = Pd, Pt) led to
nanometer-sized metallo-supramolecular squares. ESI-FT-ICR-
MS and NMR experiments established the formation of these
dendritic molecular squares, which showed interesting dy-
namic behavior. Variable-temperature NMR studies revealed
the coexistence of different conformers in solution, which
interconvert slowly due to high barriers for both ligand
rotation, caused by the dppp phenyl groups and for the
racemization of the bipyridine ligands. The ligand exchange
process was much slower for the Pt(II) squares as compared to
their PA(II) analogues.

The design and synthesis of macromolecules that contain
multiple redox centers is of interest due to their potential
application in electro- and photochemical devices.*** However,
traditional covalent synthetic strategies to prepare functionalized
dendritic and polymeric architectures have often led to relatively
unsatisfactory yields and demand considerable synthetic effort.
Exo functionalization of the building blocks at the vertices with
ferrocene moieties and their subsequent self-assembly with
complementary subunits provides an efficient synthetic pathway
with precise control over the location and number of the
ferrocenyl moieties introduced into the system. Following a
synthetic strategy similar to that above, the combination of a
1:1 stoichiometric ratio of ferrocene appended bispyridyl 120°
donor unit 229 with 60, 120, and 180° diplatinum acceptors 12,
209, and 48 allows the self-assembly of [2 + 2] rhomboidal 230,
[3 + 3] hexagonal 231, and [6 + 6] hexagonal 232 metallacycles,
respectively (Scheme $3).*** In a complementary approach,
ferrocenyl tethered 120° di-Pt(II) acceptor units were assembled
into a [6 + 6] hexagon by treatment with the linker 4,4’
bipyridine.”®> A [3 + 3] self-assembly between the ferrocenyl
appended bispyridyl 120° donor unit 229 with complementary
ferrocenyl tethered 120° di-Pt(II) acceptor units yields a hex-
agonal metallacycle with six ferrocenyl units. Multinuclear NMR
and mass spectrometric analysis confirmed the formation of
these assemblies. Electrochemical investigations on the multi-
ferrocenyl assemblies 230—232 revealed that the redox sites are
well-isolated from each other electrochemically and are active.
The sizes of the assemblies have an effect on the observed
diffusion coeflicients and half-wave potentials. Larger hexagonal
assemblies led to a decrease in diffusion coefficient and an
increase in half-wave potential. Heterofunctional hexagons con-
taining orthogonal functionalities, redox-active ferrocenyl— host—
guest crown ether,”>* ferrocenyl—Fréchet-type dendrons,”
and host—guest crown ether—Fréchet-type dendrons,*® were
also assembled through a coordination-driven self-assembly
approach. The precise positioning of the functional groups
present at the vertex of the hexagons leads to supramolecules
that are capable of carrying out a variety of functions both
simultaneously and independently. Recently, Newkome et al.**”
reported the formation of pentameric and hexameric metallama-
crocycles functionalized with sugar moieties at the corners from
the Fe(I) mediated complexation of 120° 3,5-bis(terpyridinyl)-
arene ligands. Treatment of 120° 3,5-bis(terpyridinyl)arene donors
with FeCl, - 4H,0 in MeOH for 24 h gave a mixture of pentameric
(4.3%) and hexameric (11.9%) metalla-macrocycles which were
separated by gradient column chromatography. Although the hex-
amer was the expected product, the formation of pentamer was a
result of an initially formed kinetic product. "H NMR, "*C NMR,
UV—visible spectroscopy, cyclic voltammetry, and mass spectrometry
established the structures of the macrocycles. These macrocycles
generated nanofibers having diameters ranging from 10 to 80 nm.

Endo functionalized two-dimensional supramolecular archi-
tectures have also been designed via coordination-driven self-
assembly.”>® The construction of endo functionalized metalla-
cycles including two [2 + 2] thomboids (235 and 236) and a [3 + 3]
hexagon (237) were achieved by the self-assembly of a 120°
dipyridyl donor ligand (233) with three different di-Pt(II)
acceptors 12, 234, and 209, respectively (Scheme 54). The
metallacycles, containing several nitrobenzyl moieties at their
interior surfaces, were characterized by multinuclear NMR (*'P
and 'H) and ESI-MS. Significant C—H- - - O hydrogen bonding
between the nitrobenzyl acceptor and the edge molecules of the
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boid 235, and this interaction gradually decreased upon the through a rhomboid 236, to a hexagon 237.

6842 dx.doi.org/10.1021/cr200077m |Chem. Rev. 2011, 111, 6810-6918



Chemical Reviews

Scheme 53
oTf
Et:R ,
S prONO2 o) EtsP-Pt-PEt;
‘ PEt,
O Et;R O O PEt3
Pt Pt.
Pet, O PE EtP OTF  Et,P-Pt-PEt
Pton oTf
EtsP 2
12 209 48

230

The incorporation of porphyrin moieties into supramolecular
assemblies has generated much interest in recent years due to
their potential application in varied fields such as photodriven
molecular switches, artificial photosynthetic systems, fluores-
cence-based chemical sensors, photonic wires, reaction catalysis,
and anticancer pharmaceutical behavior.**® Ligands derived from
porphyrin units have the ability to serve as either linear or angular
building units depending on the position of the donor functional
groups, leading to both edge and corner functionalized supra-
molecular matallacycles. One of the earliest examples where
porphyrin units were used to assemble metallacycles was pro-
vided by the work of Drain and Lehn in 1994.>°° The formation
of edge functionalized neutral molecular squares was achieved by
treating 5,15-(4-pyridyl)-10,20-phenylporphyrin (4'-trans-DPyP)
or its Zn complex with 1 equiv of cis-Pt(NCPh),Cl,. Similar
treatment of S,10-derivatized isomers (4'-cis-DPyP or its Zn
complex) with trans-Pt(NCPh),Cl, gave corner functionalized
assemblies. Studies performed by Stang et al.**® also involved the
use of derivatized porphyrin units not only as the corners but also
as the edges of self-assembled metallacyclic squares using bi-
sphosphine coordinated Pd(II) and Pt(II) angular and linear
modules as the metallic precursor. Hetero-bimetallic [2 + 2]
metallacycles of porphyrins have been assembled through a
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two-step modular approach using octahedral Ru(II) units as
the building blocks.*®' Treatment of [transcis,cis-[RuCl,-
(DMS0),(CO),] (238) with S,10-(4-pyridyl)-10,20-phenyl-
porphyrin (4'-cis-DPyP; 239) in a 1:4 molar ratio allowed for
the formation of bis-porphyrin ruthenium intermediate 240
which can be quantitatively assembled by reaction with
[Pd(dppp)(OTf),] (4) into a [2 + 2] rhomboidal metallacycle,
241 (Scheme 55). X-ray structural studies revealed a butterfly
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geometry due to stacking interactions between a phenyl ring of
the dppp and the pyridyl ring of the porphyrin. The structural
features compare well with the palladium [2 + 2] metalla-
cycle Pd(dppp)(as DPyP),](OTf), reported earlier by Stang
et al.*® Homometallic neutral metallacycles of porphyrins
[RuCl,(DMSO-S),(cis-DPyP)], (242) can be obtained by treat-
ment of the bis-porphyrin ruthemum intermediate, 240, with 1
equiv of 238 (Scheme 55).> Interestingly, treatment of 238
with 5,10-(3-pyridyl)-10,20-phenylporphyrin (3'-cis-DPyP) rather
than of 4’-cis-DPyP yielded the corresponding [2 + 2] metalla-
cycle with a staggered geometry in which two porphyrin units
were held in a shpped cofacial arrangement by the ruthenium
metal corners.”® This staggered geometry, as determined by
X-ray structural studies, is reminiscent of those of the special pair
of bacteriophylls in the reaction centers and of adjacent B850
units in the LH2 light harvesting antenna systems of photosynthetic
bacteria.*** Metalation of 242 with zinc acetate led to incorporation
of Zn in to the porphyrin cavities. These Zn metalated metalla-
cycles can further be assembled through axial coordination with
linear bridging ligands to form molecular sandwiches and wires.
As determined from NMR studies, the titration of Zn metalated
macrocycles with 1 equiv of 4,4’-bipyridine leads rapidly to the
quantitative assembling of sandwich-like 2:2 supramolecular
adducts where the porphyrin moieties adopt cofac1al geometry,
as evidenced by X-ray crystallographic studies.*®
Hupp et al. have studied in some detail the synthetic and
functional chemistry of molecular squares having porphyrins as
edges and Re(CO);Cl as corners.”® The nanoscale cavities of
these prophyrin assemblies were chemically tailored for incor-
poration of rece};tor groups with high affinities for specific ions or
molecules.”****” For example, the edge funtionalized supramo-
lecular square,”®® 244, derived from 2,8,12,18-tetrabutyl-3,7,13,-
17-tetramethyl-5,15-bis(4-pyridyl) porphyrin (243) and Re(CO);Cl
(Scheme 56) renders lattices of 244 responsive to aqueous
Zn(1I) ions upon cavity functionalization with tris(2-aminoethyl)-
amine, whereas functionalization with 1,6-hexanedithiol enhanced the
lattice response to molecular iodine by a mechanism involving

formation of a charge-transfer complex.*****’ Fabrication of
these porphyrinic squares as thin membrane films led to size-
selective transport, and thus they act as a nanofilters for various
probe molecules.*® Photoelectrochemical cells based on these
cavity-containing porphyrinic molecular squares were able to
sensitize flat indium—tin oxide (ITO) electrodes to photocur-
rent production with visible light.”>*”! Recently, it has been
demonstrated that large porhyrinic squares derived from meso-
triazolyl-appended zinc(II) porphyrins can show efficient energy
trasfer between the meso—meso-linked zinc(II) porphyrin units,
thus having interesting 1mphcat10ns toward development of
artificial light harvesting apparatus.”’> Covalently linked cyclic
porphyrin arrays have been synthesized to mimic natural light
harvesting systems and to investigate the highly efficient energy
migration processes occurring in these systems for future appli-
cations in molecular photonics.””>*”* Molecular rectangles con-
taining cofacial porphyrin edges were synthesized by the same
group through the reaction of bis(4-ethynylpyridyl)porphyrin
with [Re,(CO)sCly(u-bipyrimidine)] or a [Re,(CO)g(u-bis-
(benzimidazolate)] in an equimolar ratio.''® The collapsed
structure of the macrocycles brings the two porphyrin faces in
close proximity, thereby substantially reducing the cavity for the
incorporation of guest molecules. However, the distortion of the
nominally rigid ethynylpyridyl linkages in the porphyrin ligand
edges imparts significant charge-transfer characteristics to these
rectangles. A series of neutral rhenium-based symmetric por-
phyrin dimers synthesized by the reaction of the methoxyphenyl
derivatives of 4’-cis- DPyP with octahedral Re(CO)sCl in tetra-
hydrofuran (THF) display eﬂicient intramolecular porphyrin—
porphyrin energy transfer.””> A cyclic self-assembled tetramer of
an asymmetric meso-ethynylpyridyl functlonahzed zinc(II) por-
phyrin was also structurally characterized.””® Femtosecond tran-
sient absorption and anisotropy spectroscopies have established
fast energy transfer within a self-assembled cyclic porphyrin
tetramer between porphyrin subunits.

Metallosalen complexes have long been known for their
ubiquitous use in a variety of catalytic transformations.””” Salen
scaffolds have been incorporated into metallo-supramolecular
assemblies via the coordination-driven directional bonding
approach.””® The availability of a large and diverse library of
salen scaffolds and the relative ease with which salen moieties can
be derivatized make them ideal building blocks for the construc-
tion of functional, supramolecular assemblies for their potential
application in various areas of research such as catalysis,”””
materials,””” and biology.”*® Hupp et al.**' have assembled a
series of metallacycles having salen scaffolds at the edges. For
example, the reaction of bis(4-pyridyl) functionalized salen
ligand 245 with 8 gave access to a [2 + 2] molecular loop 246
and a [4 + 4] molecular square 247 (Scheme 57). When free base
semiflexible ligand 245 was used, preferential formation of a
molecular loop was observed in nearly quantitative yield. The
curvature that allows for loop closure, as determined from X-ray
structural studies, was achieved via backbone distortion of the
bridging salen ligand and likely entropic effects predominate in
the assembly process. Alternatively, molecular square 247 was
obtained directly by combination of 8 with Zn(II)-245 ligand.
Using a similar approach, the same group has introduced pyridyl-
containing salen scaffolds into molecular squares using Re(CO)sCl as
corner units. The use of the bimetallic edge [{(CO),Re},-
BisBzIm] 86 instead of Re(CO)sCl resulted in the formation
of molecular rectangles.”®” Interestingly, postmetalation of the
salen cavities of the molecular loop 246 with ZnEt,, which
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reduces the flexibility of the salen segments, leads to quantitative
supramolecule-to-supramolecule transformation to the analo-
gous molecular square 247.>*' Similar structural conversion from
tetranuclear to dlnuclear squares induced by light was also
observed earlier.”® Introduction of donor and acceptor centers
in the same molecule can induce self-complementarity, leading to
self-coordination and formation of supramolecular structures
without participation of other ligands.

The templated approach to higher order supramolecular
assemblies using bis-Zn(II)-salen building blocks and various
ditopic bipyridine donors through coordinative Zn(II)—N,,
interactions have been demonstrated.”®* The use of bipyridine
ligands of various sizes such as 4,4'-bipyridine, 1,4-di(4-pyri-
dyl)benzene, and 1,2-di(4-pyridyl)ethane enabled the modula-
tion of the dimensions of the resulting assemblies. For example,
[2 + 2] assembly of bis-Zn(II)-(salphen) 248 with 4,4’-bipyr-
idine generated dimeric assembly 249 (Scheme 58). Binding and
NMR studies showed that macrocyclic assemblies were formed
under dilute conditions. The solid-state structure of the bipyr-
idine congener shows the presence of porous channels that could
be potentially exploited to make porous materials and in the
construction of supramolecular transition metal catalysts. Simi-
larly, a [2 + 2] assembly of bis-Zn(II)-(salphen) with a bispyridyl
Ni(salphen) derivative led to the formation of a rectangular
metallacycle through Zn(II)—N coordination.”®® Salen-based
molecular scaffold that contains both pyridyl donor and Lewis
acidic Zn(II) acceptor sites in the same molecule have been
designed and as a consequence, the molecular scaffolds assemble
into a tetrameric vase structure through self-coordination.*®
Although the building block was achiral, the tetrameric assembly
was chiral and both enantiomeric forms were present in the

Scheme 58

solid-state structure. A metal-templated approach recently afforded
a tetra-Zn(salphen) supramolecular assembly from the combina-
tion of a diimine based on 3,3/-diaminobenzidine scaffold and a
dialdehyde precursor, 4,6-dihydroxy-1,3-benzenedicarboxaldehyde,
in the presence of Zn(OAc),-2H,0 as a templating agent.”®’
The macrocycle showed strong cooperative self-assembly mediated
by the formation of Zn(salphen) dimer units held together via
U-phenoxo interactions.
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3.5. Applications and Uses of 2D Systems

Over the past few decades, metallosupramolecular architec-
tures have found applications in various fields such as molecular
recognition, photo- and electrochemical sensing, cavity con-
trolled catalysis, and molecular biology. These applications
exploit the presence of the cavity in the assemblies.

3.5.1. Molecular Recognition. The design of discrete
molecular entities that can selectively recognize molecules and
signal the presence of a specific analyte is one of the main
achievements of supramolecular chemistry.”** The use of supra-
molecular assemblies as hosts for molecular recognition is
governed by various noncovalent interactions such as electro-
static, hydrogen bonding, and van der Waals interactions.
Metallo-supramolecules have generated a great deal of interest
due the relative ease with which they can be designed from simple
complementary metal precursors and organic ligands. The
necessary components to detect analytes and generate analyti-
cally useful and observable signals can be incorporated into the
ensembles, and the stoichiometry and position of the individual
functional groups can be precisely controlled. From a biological
point of view, studies on molecular recognition using supramo-
lecular ensembles allow for the development and design of small
discrete molecules that can interact with biological systems for
therapeutic use, e.g, as anticancer drugs. One of the early
examples of the application of metallo-supramolecular assembly
toward molecular recognition was provided by the investigations
carried out by Maverick et al. in 1986,>****" in which they studied
the binding properties of various guest molecules such pyridine,
quinuclidine, pyrazine, and diazabicyclo[2,2,2]octane (DABCO)
in chloroform solutions by a cofacial copper(Il) dinuclear
metallacycle. X-ray crystallographic and solution studies have
shown that DABCO preferentially binds at the cavity with a
binding constant of 220 L/mol.

Molecular squares, with their tunable and easily accessible
cavities, can lead to the selective inclusion of a wide range of
organic molecules. Some of the early pioneering work of Fujita
and Stang has shown that molecular squares can selectively
recognize a wide variety of aromatic guests through various
noncovalent interactions. For example, the first molecular
square, [{Pd(en) (4,4 -bipyridine) }4]** 46 synthesized by Fujita
and his co-workers™*" showed the ability to recognize neutral
aromatic guests such as benzene, naphthalene, and so on,
through charge-transfer interactions as well as hydrophobic
interactions between the electron-deficient pyridine nuclei and
the electron-rich aromatic guests. While the binding of small
molecules such as dimethoxybenzenes showed small binding
constants,”®° the larger 1,3,5-trimethoxybenzene formed 1:1
host—guest complexes in D,O (Figure 24). However, incorpora-
tion of a highly electron-deficient perfluorinated phenylene
moiety in molecular rhomboid 250 led to high size and shape-
specific molecular recognition of various polymethoxybenzenes
such as 1,3,5-trimethoxybenzene, p-dimethoxybenzene, m-di-
methoxybenzene, and o-dimethoxybenzene with association
constants K, = 2500, 2680, 1560, and 1300 M, respectively.291
Other large substrates were poorly or hardly recognized.

Stang et al. successfully encapsulated dihydroxynaphthalenes
in a related molecular square [{Pd(dppp)(4,4’-bipyridine)},]**
(47) in CD;0D.** Later, they were able to introduce Lewis base
recognition sites into the squares by encapsulating AgOTf
molecules through interactions with the ethynyl bonds.”*® This
host—guest precursor, 251, that contains silver atoms coordi-
nated via the “;T-tweezer effect” between each respective set of
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Figure 24. Molecular square, [{Pd(en)(4,4'-dipyridyl)},]** (46), and
molecular rhomboid 250 for selective binding of aromatic guest
molecules.
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Figure 25. Molecular square, [{Pd(dppp)(4,4-dipyridyl)}4]%" (47),
and AgOTf encapsulated host—guest precursor 251 for dihydroxy-
naphthalenes and Lewis bases, respectively.

acetylene moieties, serves as the receptor for bidentate coordi-
nating Lewis bases such as pyridine, pyrazine, phenazine, or 4,4'-
dipyridyl ketone (Figure 25).*>> Single-crystal X-ray structure
determination of the phenazine encapsulated molecular square
revealed a 1:1 stoichiometry of the Lewis acid—base receptor
host—guest complex. The overall geometry of the perimeter for
this complex is almost planar with the guest phenazine oriented
nearly orthogonal to the Pt—Pt*" —Pt plane.

Jeong at al.*** reported a palladium-based metallomacrocycle
252 with two topologically discrete binding subcavities that
showed homotropic cooperative binding behavior toward N,N,
N',N’-tetramethylterephthalamide through hydrogen bonding
(Figure 26). It was proposed that the binding of the guest
molecule in one subcavity allosterically activates the other
subcavity to form stronger hydrogen bonds with the second
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Figure 26. Metallomacrocycle 252 containing two topologically dis-
crete binding subcavities for homotropic cooperative binding of guest
molecules.
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Figure 27. Heterotropic cooperative binding in macrocycle 253 having
cofacial, fused zinc porphyrin arrays.

guest molecule. The same group also designed and explored a
series of osmium(IV) molecular squares and rectansgles for the
molecular recognition of various diamide guests.””> While the
osmium-based molecular square selectively binds adipamide and
terephthalamide, osmium(IV) rectangle was found to preferen-
tially bind a larger amide guest, such as biphenyldicarboxamide.
The strong binding of the diamides was due to the presence of
hydrogen-bonding pockets of the hosts. hydrogen-bonding sites
have also been utilized for the size-selective molecular recognition of
a number of mono- and disaccharides in neutral platinum(1I)-based
metallocycles.””® Fluorescence and "H NMR studies established
a 1:1 binding stoichiometry in chloroform through intermolecular
hydrogen-bonding interactions.

Heterotropic cooperative binding of fullerene and a diamine
(4,4 -bipyridine or N,N,N’,N'-tetramethylhexane-1,6-diamine)
was achieved in a macrocycle having cofacial, fused zinc porphyr-
in arrays (Figure 27).*”” The guest molecules, with complemen-
tary electronic effects on the binding properties of 253,
communicate with one another through the s-electronic con-
jugation. The binding of diamine increases the electron density in
the porphyrin ring, which disfavors the binding of a second
diamine molecule but favors the binding of an electron acceptor
such as fullerene. Similarly, binding of fullerene into the host
activates the subsequent binding of the diamine into the other
cavity.

3.5.2. Chemosensing. The essential components of a fluor-
escent chemosensor are a molecular recognition unit for selective
interaction with an analyte and a signaling unit, generally a
chromophore or a fluorophore. These are designed in such a
way that the binding unit and the event reporter (chromophore
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or fluorophore) are structurally integrated so as to maximize the
communication between the units. Since luminescence is very
sensitive to subtle changes in geometry upon binding of a guest,
fluorescent chemosensors are attractive for sensing of various
analytes. Recently, electron-rich and photoluminescent hetero-
metallic self-assembled molecular squares were shown to exhibit
high quenching selectivities and sensitivities toward multi-
carboxylate anions and nitroaromatics, particularly picric acid.*®
No significant quenching was noticed with electron-rich mol-
ecules such as benzene, xylene, and 2,4,6-TMP, even at relatively
higher quencher concentrations. A similar quenching pattern was
observed with polar aromatics such as benzoic acid and phloro-
glucinol. The highly selective quenching effect with electron-
poor molecules was ascribed to the induced 77— interactions
between the 77 electron system of the metallic donor of the
molecular square and the analyte.

Chiral, luminescence molecular squares have been shown to
exhibit interesting enantioselective fluorescence quenching be-
havior by chiral amino alcohols in THE.>*” The emission was
assigned to both ligand-centered and MLCT excited states. The
luminescence signal of the enantiopure molecular square can be
quenched by both enantiomers of 2-amino-1-propanol but at
significantly different rates. The quenching of the luminescence is
proposed to be due to the inclusion of the chiral amino alcohols
in the cavity of the squares through hydrogen-bonding interac-
tions. Enantioselective molecular sensing of chiral mandelic acid
was investi9gated by using specifically designed tweezer
complexes.”” The enantiometrically pure monomeric four-co-
ordinate Cu(I) metallacycle (S)-254 upon chelation of 2,2'-
bipyridine (bpy) to the Cu(I) center breaks the weak Cu—S links
and opens up the condensed structure, (S)-254, into a 27-
membered macrocycle (S)-255 which can recognize mandelic
acid (Scheme $9). Thus, the binding of the (R)- or (S)-mandelic
acid was pseudoallosterically regulated by binding of the anciliary
ligand bpy, resulting in an increased cavity size. The condensed
structure (S)-254 shows no binding of the guest molecules due to
the inaccessibility of the binding pocket, as determined from
fluorescence intensities.

Severin and co-workers have designed a number of half-
sandwich complexes of Ru(I), Rh(III), and Ir(Ill) with arene
or cyclog)entadienyl ligands as sensors for small cations and
anions.'®® Many of these metallacycles were found to act as highly
selective receptors for lithium and sodium ions, the binding con-
stants being dependent upon the nature of the half-sandwich
complex, the ligand, and the pH.>****" While the trinuclear
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Figure 28. Trinuclear Ru(II) metallomacrocycles (256) for high affi-
nity and selective binding of Li" and Na" ion.

Ru(1I) metallo- macrocycles (256 Fl%ure 28) showed high affinity
and selectivity for Li* and Na* ion,"®**°* the Ir(IIl) macrocycles
act as a fluoride ion receptor in which a precoordinated lithium
ion serves as the binding site.’® The quantification of the
host—guest complexes were done by NMR, electrochemical,
and colorimetric methods. Extending the same strategy further,
they have also designed and synthesized a Ru-based metalloma-
crocycle for the selective detection of lithium ions in water and in
serum by fluorescence spectroscopy.”** An interesting feature of
these macrocycles is the incorporation of different pendent
fluorophores—pyrene, dansyl, and methoxycoumarin—into
the trinuclear metallacycles. The cavities in the assemblies serve
as a Li" ion recognition unit. Addition of LiCl to an aqueous
solution of metallomacrocycle led to an increase in the fluores-
cence signal intensity due to a “turn on” response of the receptor
upon binding of Li". Fluorescent titration with NaCl instead of
LiCl showed a negligible response, indicating its highly specific
and selective nature. The application of methoxycoumarin-
appended sensor 256 in a complex matrix such as human serum
also revealed its high specificity and selectivity toward biologi-
cally important lithium ion.

Puddephatt and co-workers®* have synthesized several Pd-
(I1)-based molecular triangles using a 4(3H)-pyrimidone ligand
which act as efficient anion sensors. Binding of the anions was
determined by X-ray structural and NMR studies in solution. The
"H NMR titration data demonstrated that the molecular triangles
are an effective host for planar nitrate and tetrahedral oxoanions.
X-ray structures determined for triangles showed that binding of
BE,, ClO, , and CF3SO; follow the 1:1 binding model. The
oxoanions, including ClO,, NO;, HSO, , and CF3SO; ", are
bound more strongly than BF,  while PFs  is bound more
weakly. A series of dinuclear cationic Ag(I) macrocycles synthe-
sized from N-methylated b1s(am1d0pyr1d1ne) ligands showed
easy anion exchange properties.'>> As determined from struc-
tural studies, the counterions occupy the cavity of the macro-
cycles. Anion exchange studies carried out with ESI-MS
demonstrated that these counterions could be replaced by
other anions of a similar nature. Similarly, Pd(II) “lantern
complexes” synthesized from bispyridyl amide ligands were
shown to act as hosts for either cations or anions by adjusting
the conformation of the amide substituents to accommodate
the guests.>**%7
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Figure 29. Molecular rectangles having Ny pockets for selective che-
mosensing of 3d transition metal ions.

A molecular rectangle 85 that can selectively sense 3d transi-
tion metal ions has also been designed and synthesized.''* The
anthracene-based clip acts as the fluorophore, while the edge
functionalized imine-based donor that contains a N, pocket for
binding moderately hard transition metal ions acts as a molecular
recognition site (Figure 29). Due to the presence of a metal ion
receptor site, the solution fluorescence intensity was quenched
efficiently upon titration with 3d transition metal ions such as
Mn**, Fe**, Ni**, and Cu®". Interestingly, no such quenching
was observed when the titration was performed with soft metal
ions (Zn** or Cd*") with a d'® electronic configuration. The
metal-containing design of these rectangles and the presence of a
specific binding core for metal ions make them suitable as
fluorescent sensors for transition metal ions. Stang et al. have
also designed a molecular rectangle (80) containing the phenan-
throline moiety on the longer edge and have shown that it is an
efficient chemosensor for Ni** v Cd**, and Cr** up to a 1:1
host—guest ratio (Figure 29).M Bmdlng of the metal ions in the
N, pocket was determined by UV —visible spectroscopy.

Lu et al. have assembled two gondola-shaped tetrarhenium
metallocyclophanes, which were capable of selectlvely recogniz-
ing metal ions and planar aromatic molecules.**® The metalla-
cycles were formed via a reaction of Re(CO);, a ditopic
heterocyclic clip, and a bischelating bridging unit using an
orthogonal bonding approach. These highly luminescent cyclo-
phanes selectively bind mercury cations and anthracene mole-
cules. With Hg*" ions, quenching of the emission was observed
with formation of a 1:1 host—guest complex, as determined by
binding studies. With other metal ions such as Li", Sr**, Co™,
Ni**, Cu®’, Zn**, Pb**, and Ag" these metallocyclophanes
showed no 51gn1ﬁcant fluorescent quenching activity.

3.5.3. Cavity Controlled Catalysis. One of the major
applications of supramolecular chemistry is the design and
understanding of catalysts and catalytic processes. Supramole-
cular architectures provide a unique opportunity for the study of
noncovalent interactions that govern the binding of the reactants
into conformations suitable for lowering the energy of the
transition state of a given transformation. The cavity of an
assembly can also stabilize reactive species or lead to enhanced
reactivity and selectivity by isolating encapsulated guests
from the bulk environment and can catalyze reactions effectively
due to guest discrimination.'” Supramolecular catalysts can also

6848 dx.doi.org/10.1021/cr200077m |Chem. Rev. 2011, 111, 6810-6918



Chemical Reviews

Scheme 60

=0 _ o
N N /X
X o)
257 of N ON
v s wie:
o o o [
P =N
| N N~
5 b endo-adduct exo-adduct
=N

activate otherwise unreactive substrates without the use of
distinct covalent interactions between the catalyst and substrate,
promoting reactions which cannot occur under normal condi-
tions. With the vast number of metallo-supramolecular assem-
blies known and the ease with which new molecules of
predictable geometries can be generated, the study of their
catalytic activity is an attractive proposition for supramolecu-
lar chemists.

One of the earliest examples of the application of metallo-
supramolecular architecture in a catalytic organic transformation
was provided by Sanders and co-workers where they used a
covalently bound trimeric porphyrin (257) as a host for the
acceleration of the intramolecular Diels—Alder reaction of a
furan-based diene and a maleimide-based dienophile (Scheme 60).>*
In the absence of any catalyst, both endo- and exo-adduct were
observed. However, with 1 equiv of 257, the reaction rate was
enhanced 200-fold with the exo-adduct as the sole product
observed. The metallo-supramolecular assembly was also found
to be an active catalyst for the acyl-transfer reaction. The reaction
proceeded through a tightly bound intermediate, in which both
the pyridyl ring and the imidazole group were coordinated to two
of the Zn(II) centers within 257, bringing the reactive sites into
close proximity.®"°

Lin et al*"? investigated enantioselective catalysis using chiral
metallo-supramolecular cyclophane 258 derived from the en-
atiopure BINOL ligand and cis-[Pt(PEt;),Cl, ]. A combination of
258 with Ti(O'Pr), forms an active catalyst for the enantiose-
lective diethylzinc additions to aromatic aldehydes to afford the
corresponding chiral secondary alcohols (Scheme 61). With
1-naphthalehyde as the substrate, a 95% conversion with 94%
enantiomeric exess (ee) was observed. Interestingly, enantios-
electivity drops when smaller aromatic aldehydes were used as
substrates and was postulated to be due to the rigid architecture
of the metallo-cyclophane 258. However, the disposition of
chiral dihydroxy groups in an endo fashion renders the catalyst
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less enantioselective due to the steric congestion preventing the
reaction with Ti(OPr), to form an active catalyst.”'* The Ti(IV)
complex of metallo-supramolecular triangle 193 was also found
to efficiently catalyze the enantioselective (ee up to 92%)
additions of diethylzinc to aromatic aldehydes.**

Hupp et al.*'" have used a zinc porphyrin lined metallacyclic
square to encapsulate a simple manganese porphyrin unit, a
known catalyst for epoxidation reactions. Manganese porphyrin
catalysts suffer deactivation under aerobic conditions. The
protective encapsulation provided by the supramolecular square
to the dipyridyl and tetrapyridyl form of the manganese porphyr-
in catalyst units prevents this deactivation and affords a 10- to
100-fold increase in turnover number and a substantial increase
in the lifetime of the Mn catalyst. With the dipyridyl catalyst, the
square also induced substrate size selectivity by 3,preventing access
to the active site by large substrate molecules.’'!

Allosteric regulation is a ubiquitous form of control for
biological molecules to regulate substrate binding but is a rarity
for synthetic catalysts.>'*>'®> Mirkin et al. have developed me-
tallo-supramolecular architectures containing two structural do-
mains that can mimic an abiotic assay similar to the enzyme-
linked immunosorbent assay (ELISA).*'* An important design
feature of these allosteric catalysts is the structural Rh(I) and Cu(T)
metal centers which act as allosteric regulators while the chiral
Zn(II)-salen moieties act as the catalytic active sites. The
reversible binding of CO and Cl™ at the metal (M) centers in 259
(M = Rh(I)) and 260 (M = Cu(I)) results in the opening up of
the structure to 261 and 262, respectively (Scheme 62). This
opening up allowed substrate molecules to enter so that they
could undergo a fast intramolecular reaction. The investigations
of the acyl-transfer reaction between acetic anhydride and pyridyl
carbinol showed that the reaction rate increased significantly
upon binding of CO and CI™ at the M centers, which opened
up the structure.”"® Since metallosalens can catalyze the reaction
in a bimetallic fashion, the substrate molecules can access the
cavity and can undergo a faster intramolecular reaction. Coupling
of the catalytic amplification step to a pH-sensitive fluorophore
(diethylaminomethylanthracene) that interacts with the reaction
byproduct, acetic acid, provides a straightforward method for
visually and spectrophotometrically monitoring the reaction.
Recently, the same group has developed a supramolecular
triple-layer allosteric catalyst for the ring-opening polymerization
of é-caprolactone.*'® The allosteric supramolecular structure
contains a monometallic catalytic site buried in the middle layer
of a triple layer of the complex, which can reversibly open and
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close upon addition of small molecules and elemental anions,
thus reversibly exposing and concealing the catalytic center. The
ring-opening polymerization of &-caprolactone can be turned on
by the in situ opening of the triple-layer complex and then
completely turned off by re-forming it through the abstraction of
Cl, the allosteric effector agent, without appreciable loss of
catalytic activity.

Supramolecular allosteric cofacial porphyrin assemblies can
also function as catalysts for acyl-transfer reactions.>'”*'® The
cavities of these macrocycles are tunable via introduction of simple
ancillary ligands that bond to the structure control domains. This
enables the cofacial porphyrin structures to act as allosteric
catalysts capable of discriminating different substrate combinations
and selectively transforming them into the desired products. The
change in cavity size that occurs allows the acyl-transfer reaction
between pyridylcarbinol and 1-acetylimidazole. A tetrametallic
macrocycle having two Zn catalytic centers assembled via the
weak link approach was shown to be an efficient allosteric catalyst
for the hydrolysis of 2-(hydroxypropyl)- P nitrophenyl phosphate
(HPNP), a model substrate for RNA.>'” The binding of CO and
Cl" induces a transition of the catalytically inactive condensed
structure to the highly active open structure. Of the Cr(III)- and
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Zn(II)-containing molecular tweezer complexes 263 and 264,
Cr(III)-containing tweezer, 263, was found to be an active enantio-
selective catalyst for the asymmetric ring-opening reaction of
cyclohexane oxide by azidotrimethylsilane (TMSN3; Scheme 63).%*°

Cotton et al.”** investigated a metal carbine transformation
using the model intermolecular cyclopropanation of styrene with
thyl diazoacetate in both homogeneous and heterogeneous phases
by using enantiopure chiral molecular triangles SSS-[cis-Rh,-
(C6H4PPh,),(CsH,4O4) (py)2ls (265), SSS-[cis-Rhg(CsH4PPhy -
(C204)3(py)s(CH,CL,)] (266), and SSS-[cis-Rhs(CsH4PPh, )6-
(C14H04)3(py)4+(CH,CL,),] (267) obtained from the
dimetallic corner unit cis-Rh,(CgH,PPh,),>" (Scheme 64). These
studies showed that the metallo-supramolecular ensembles were
very active and had remarkable enationselectivity.”*® The enatio-
control achieved was superior to that of known dirhodium(II)
catalysts with chiral carboxamide ligands.>*'

3.5.4. Biological Applications. Recently, 2D metallo-
supramolecular assemblies have been investigated as potential
candidates for selective antitumor therapies. G-quadruplexes
are the most recent secondary DNA structures that are being
considered as targets for anticancer drug design.””> Guanine-rich
stretches of DNA can self-assemble into a cyclic arrangement of
four guanines (G-quartet) held together by eight Hoogsteen
hydrogen bonds. Further association of these G-quartets leads
to the stacking of tetramers on top of each other to form four-
stranded structures called a G-quadruplex. These G-quadru-
plexes appear at the ends of chromosomes in the telomeric and
transcriptional regulatory regions in several important onco-
genes. Because telomere maintenance mechanisms and the
transcriptional regulation of oncogene expression are important
targets for drug design, G-quadruplexes represent potentlally
important targets in drug development. Sleiman et al.*>® have
shown that Fujita’s platinum-based metallo-supramolecular
square™ [{Pt(en)(4,4'-bipyridine)},]*" could efficiently bind
to G-quadruplex DNA and effectively inhibit telomerase activity.
Thermal denaturation studies with duplex and quadruplex FRET
probes and enzymatlc assays demonstrated that [{Pt(en)(4,4’-
bipyridine)},]** strongly binds to G-quadruplexes and can act as
an inhibitor of telomerase. The highly electropositive nature of this
square, as well as hydrogen-bonding interactions between the
ethylenediamine ligands and phosphates of the DNA backbone,
contributed to the observed strong binding affinity to the
G-quadruplex. The interaction of DNA with supramolecular
squares [{Pt(en)(4,4'-bipyridine)},]*" and [{Pt(en)(1,4-bis-
(4-pyridyl)tetrafluorobenzene)},]*" showed modification of
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the secondary and tertiary structure of DNA due to intercalation be-
tween base pairs.”>* Assays against HL-60 tumor cell lines displayed
discrete antiproliferative behavior for both molecular squares as
compared to cisplatin. Appending a long lipophilic chain on one of
the carbon atoms of the ethylenediamine moiety of 268, followed
by self-assembly with 4,4’ -bipyridine, formed molecular square 269
and led to the interesting observation of channel formation in
planar bilayer lipid membranes (Scheme 65).>*° It was hypothe-
sized that the membrane-bound lipophilic metallo-supramolecular
square led to the formation of long-lived and highly conducting ion
channels due to extended aggregation of the complexes and lipids
surrounding a toroidal pore in the membrane.

Therrien et al. have investigated a series of cationic arene
ruthenium-"** and osmium-based**® tetranuclear molecular rec-
tangles for their anticancer activity against ovarian A2780 cancer
cells lines. The large rectangles incorporating 1,2-bis(4-pyri-
dyl)ethylene linkers are more cytotoxic than the 4,4'-bipyri-
dine-containing smaller cationic rectangles. However, the
observed cytotoxicity may also arise due to fragmentation of
the rectangles within the cell, leading to cytotoxic mononuclear
complexes. Similar ruthenium-based molecular rectangles having
dipyridyl amides as linkers also showed potent anticancer activity
against various human cancer cell lines.*”” Dyson et al,, in their
study on the cytotoxic activity of a series of trinuclear p-cymene
ruthenium metallacycles on human cancer and fibroblast cells,
observed the interconversion between trimeric metallacycles and
monomeric complexes as a function of pH.>**

4. THREE-DIMENSIONAL NANOSCOPIC CAGES

Self-assembly processes to form complex three-dimensional
(3D) structures, such as the icosahedral or dodecahedral shapes
of the viral capsids, are abundant in nature. However, abiological
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preparation of such complex structures has proved challenging.
Thus, not surprisingly, many of the first examples of complex 3D
topologies were the result of serendipity rather than design.
However, the development of different design principles over the
past couple of decades (section 2) for the preparation of high-
symmetry coordination cages via self-assembly has led to an
incredible variety of structures ranging from simple “platonic”
solids (tetrahedron, octahedron, cube, dodecahedron, and
icosahedron), which have faces consisting of only single regular
polygons, to more complex “Archimedean” solids, which have
faces consisting of two or more regular polygons, with precise
control over the geometry. Coordination-driven self-assembly
provides synthetic control on a supramolecular scale to carefully
design and understand the geometric requirements of a particular
ligand vis-a-vis the stereoelectronic preferences of a specific metal
center. In this section, we will discuss the synthetic and topolo-
gical aspects of the self-assembled coordination cages, their
functional properties, and various applications and uses.

4.1. Archimedean and Platonic Systems

4.1.1. Tetrahedra. A tetrahedron, the simplest of the platonic
solids, can be assembled utilizing a few different metal—ligand
stoichiometries: (a) M,L¢ tetrahedra, where the four metal ions
occupy the vertices and the six ligands act as the edges, (b) ML,
tetrahedra, where the metal ions act as the four vertices, and the
four faces of the tetrahedra are covered by ligands with 3-fold
symmetry, and (c) MgL, tetrahedra, or truncated tetrahedra,
where the ligands occupying each of the four faces of the
tetrahedron are connected by metal centers on the middle of
the edges (Figure 30).

In 1988, Saalfrank and co-workers serendipitously stumbled
upon the first coordination-driven tetrahedral assembly.**® In
their pursuit of tetradonor-substituted allenes, the double de-
protonation of malonic ester with methyl Grignard to generate its
dianion led to the in situ formation of a ditopic, bisbidentate
ligand (L) via C—C coupling of two dialkyl malonate mono-
anions with oxalyl chloride and spontaneous deprotonation of
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Figure 30. Schematic representation of the different ways of assembling
a tetrahedral topology. Only one of the ligands is shown for clarity.
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the bis(enol) intermediates (Scheme 66). The tetraanionic
assembly [(NH,)4N{Mg4(L)s}] (270) consists of a distorted
tetrahedron composed of four magnesium(II) ions occupying
the apexes, which are linked along each of the six edges by the
bisbidentate ligands such that each of the four magnesium(II)
ions are octahedrally coordinated. The ammonium counterions
are hydrogen bonded to the oxygen donors at the triangular faces
of the tetrahedron.**® Temperature-dependent 'H NMR studies
showed the presence of homochiral, racemic complexes that
were kinetically stable on the NMR time scale. Replacement of
magnesium(II) by divalent transition metals allowed the syntheses
of the corresponding tetranuclear complexes [ (NH,),N{M4(L)s} ]
(M = Mn(II), Co(1I), Ni(1I), Zn(II)).>*" Homovalent and
mixed-valent tetranuclear iron complexes [MC{FeHnFeIH4,n—
(L)6}]"™* (M = NH,*, Na*, K, Cs* K*, H,O) can also be
accessed by using FeCl, or FeCl,.*** The use of 4,4'-phenylene
and 4,4'-biphenylene as spacers in the bisbidentate ligands led to
tetrahedra with enlarged cavities. For instance, deprotonation of
the stable tetramethyl 2,2-terephthaloyldimalonate compound
with sodium hydride yielded a negatively charged ditopic tetra-
dentate ligand, which reacted with iron(III) chloride to form a
tetrahedral tetrairon core bridged by six chelate ligands with a
much larger cavity.**?

Raymond and co-workers assembled early examples of anionic
M,Lg and M,L, tetrahedral clusters with trivalent and tetravalent
metal ions such as Ga(III), AI(III), In(III), Fe(III), Ti(IV), and
Sn(IV) using the symmetry interaction approach and delineated
the design principles in order to predict and construct the formation
of self-assembled systems, as discussed in section 2.2.” Though
composed of achiral building units, many of these tetrahedral
assemblies are intrinsically chiral (vide infra, section 4.3). The use
of bis-hydroxamate-****** and bis-catecholate-based** ligands
having C, symmetry and octahedral metal ions have led to the
assembly of a vast number of tetrahedral clusters of varying sizes.
For example, deprotonation of 6 equiv of 271 with KOH,
followed by the addition of Et,NCl and 4 equiv of Ga(acac);
led to the isolation tetrahedral assemblies [NEt, C Ga,(271)¢]"' ™

Scheme 67
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(272; Scheme 67).**® The naphthalene spacer between the two
pryocatechol units provides rigidity and predisposes the ligand
for interaction with the trivalent metals to exclusively form
tetrahedral assemblies over the entropically more favorable
M,L; helicates.**® These anionic, tetrahedral assemblies can
selectively encapsulate a variety of monocationic guests (vide
infra, section 4.5.1)**” and can form without thermodynamically
templating cationic guest molecules. However, the formation of
M,L¢ tetrahedra with larger cavities, using anthracene in the
ligand backbone, can only be achieved in the presence of suitable
cationic guest molecules. In the absence of such a guest,
entropically favored M,L; triple helicates are formed. Although
the use of a bulkier spacer such as pyrene®® prevents the
formation of helicates, tetrahedra are formed only in the presence
of a guest molecule. Larger MLy cages with 1,1’-binaphthyl as
the spacer have also been designed with an aim to accommodate
larger guest molecules.**

McCleverty, Ward, and co-workers have reported a number
of cationic MyLg tetrahedra ustilizing symmetry interaction
approach.**® These tetrahedra were assembled from flexible
bispyrazolylpyridine ligands with 1,2-phenyl,**"** 2,3-napthyl, ****
9,10-anthracenyl,*** and biphenyl*****® spacers between the
binding sites. Treatment of bispyrazolylpyridine ligands having
a 1,2-phenyl central spacer (273) with a divalent metal Co (1)
as their fluoroborate or perchlorate salt afforded racemic
tetrahedral cages [C04(273)sX]X, [X = BF, , ClO, ] (274;
Scheme 68).>*"** X.ray structural studies showed that the
ligands in 274 bridge along each of the six edges, spanning two
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metal ions. Each pseudo-octahedral metal ion is coordinated by a
bidentate unit from each of three different ligands with one of the
tetrahedral counterions trapped in the cage cavity. In fact, the
formation of these intrinsically chiral assemblies was templated
by the trapped anions. The encapsulated BF,  anion is com-
plementary in both charge and shape to the cavity with respect to
the Co, tetrahedron. Each fluorine atom of the trapped anion is
directed toward the center of a triangular face of the Coy
tetrahedron. Interestingly, variable-temperature ''B and '"F
NMR studies revealed that the BF, anion is effectively trapped
within the cavity and does not exchange with the seven outer-
sphere BF,~ counterions.>** Similar flexible bispyrazolylpyridine
ligands having 1,8-napthyl spacers led to a M,L;g assembly
having a topology consistent with a truncated tetrahedron with T'
symmetry upon reactlon with Co(II) or Zn(1I) in the presence of
NaBF, or NaClO,>*” However, in a study using a related
tetrahedral [Fe4L6]8+ (L = 5,5"-dimethyl-2,2":5',5":2"2""'-
quaterpyridine) complex it has been shown that templating by poly-
atomic anions is not always necessary for the assembly of cage
structures as demonstrated by the isolation of the anion- free cage.”®
In an elegant approach, Nitschke and co-workers®* designed
M,L¢ tetrahedral cages utilizing dynamic covalent and coordi-
native bonds in tandem from multicomponent systems. The
synthesis of the tetrahedral cage, 277, was achieved by treatment
of 2-formylpyridine (275) and 4,4'-diaminobiphenyl-2,2’-disul-
fonic acid (276) subcomponents with iron(II) and base in
aqueous media (Scheme 69). The single-crystal X-ray structure
analysis of the tetramethylammonium salt of 277 revealed that
the dynamic covalent bonds formed in situ between a 4,4'-
diaminobiphenyl-2,2-disulfonic acid and two 2-formylpyridine
moieties give rise to a bis-bidentate ligand which cheleates the
Fe(II) atoms occupying the vertices of the tetrahedron in a
hexaimine ligand environment. Strong binding interactions
between the Fe(Il) and imine ligands confer structural stability
to cage 277. The sulfonate groups of 4,4'-diaminobiphenyl-2,
2'-disulfonic acid are symmetrically exposed to the exterior of the
cage thereby contributing toward its solubility in aqueous solutions.

Tetrahedral cage 277 was also assembled from a multlcompo—
nent system via a sequential self-assembly approach.**® Each of
the imine ligands formed from three different amines have
flexible, bent, and linear rigid motifs, respectively. When treated
with 2-formylpyridine, they form entropically favored, self-
assembled architectures through a self-sorting process. The cage
has an internal void volume of 141 A.

Recently, the same group reported a new class of MyLg
tetrahedral cages, which have reconfigurable exteriors in
solution.”" The Fe(II)-templated reaction of 3,3'-bipyridine-
6,6'-dicarboxaldehyde with para-substituted anilines led to the
formation of these MyLs tetrahedral cages decorated with
externally directed amine residues. For example, treatment of
3,3'-bipyridine-6,6’-dicarboxaldehyde with p-chloroaniline in the
presence of an appropriate Fe(II) salt gave a homochiral tetra-
hedral cage having 12 p-chloroaniline residues on the periphery.
The C,-symmetric bis-bidentate pyridylimine ligands define the
edges of the tetrahedron, bridging the four Fe(Il) ions at the
vertex. Addition of p-toluidine or p-methoxyaniline to a solution
of a p-chloroaniline-containing cage resulted in the quantitative
displacement of p-chloroaniline residues to form p-toluidine-
containing and p-methoxyaniline-containing cages, respectively.
Electronic effects drive these subcomponent substitutions
wherein electron-rich anilines effectively substitute for the elec-
tron-poor aniline residue. Each of these cages encapsulates an
anion within their cavities. The peripheral substitution does not
impact the anion binding preferences in these cages and follows
the order of BF,~ < OTf < PF¢ . Interestingly, a large library of
91 distinct heteroleptic M4L¢ cages, assembled from a reaction of
3,3 -bipyridine-6,6'-dicarboxaldehyde with p-chloroaniline, p-
bromoaniline, and p-iodoaniline in the presence of Fe(Il) ions,
collapsed into a single homoleptic p-methoxyaniline-containing
M,L¢ cage upon addition of more electron-rich p-methoxyaniline
to the mixture.

Lindoy and co-workers assembled neutral MyLg tetrahedral
cages by utilizing a 3-diketonate ligand having phenylene spacers
with its donor sets oriented at 60°. Treatment of iron(III)
chloride with 1,4-phenylene-bridged bis-3-diketonato ligands
in THF in a 2:3 molar ratio led to the formation of a series of
M, L tetrahderal cages of the type [Fe,Lg] - (solvent),.!”! Single-
crystal X-ray structural studies of these cages revealed a tetra-
hedral topology with four iron(I1I) ions situated at the vertices of
the tetrahedron and the six bis-f3-diketonato ligands defining the
edges. Increasing the size of the bis-3-diketonato ligand by extending
the bridge between the coordination domains from phenylene to
blphenylene 1ed to the assembly of a large neutral MyL¢ tetra-
hedral cage 52 Treatment of biphenylene-spaced bis-3-diketone
ligand, 1,1'-(4,4'-biphenylene)bis-3,3-dimethylpentane-1,3-dione,
with iron(I1I) chloride led to the formation of the cage with four
encapsulated tetrahydrofuran guest molecules. A corresponding
tetrahedral cage was assembled from a phenylene-spaced bis-f3-
diketone ligand, 1,1’-(1,4-phenylene)bishexane-1,3-dione, and
could encapsulate only one tetrahydrofuran molecule as a guest.

A M,L, tetrahedron can be assembled by utilizing ligands that
have three bidentate metal binding sites with a Cs-axis of symmetry
in their idealized structure in conjugation with metal ions that
prefer octahedral coordination geometries.””>* Raymond et al.>>*
assembled Ti(IV)- and Sn(IV)-containing MyL, tetrahedrons,
279 and 280, using a catecholamide trigonal trisbidentate ligand
(278) under basic conditions (Scheme 70). "H NMR and mass
spectrometric studies indicated the formation of MyL, clusters.
The X-ray structural analysis of (Et;NH)s[Ti,(278),] (279)
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revealed that the cluster lies on a crystallographic 3-fold axis but
has the molecular symmetry of the rotation group T, such that all
the metal ions have the same chirality (all D or L). Similarly,
tetranuclear Fe(IIl) cages generated in a one-pot reaction from
benzene-1,3,5-tricarboxylic acid trichloride, bis(tert-butyl mal-
onate), methyllithium, and iron(II) dichloride under aerobic
conditions,” and tris-pyrazolyl borate based ML, tetrahedral
assemblies were also reported.*****” The internal cavities of
these tetrahedral cages are too small to encapsulate guest
molecules. Utilizing the same design strategy, Raymond et al.
designed larger ML, tetrahedra based on a C;-symmetric ligand,
1,3,5-tris(4'-(2" 3" -dihydroxybenzamido) phenyl)benzene.**® Tet-
rahedral assemblies with AI(IIT), Ga(IIl), In(III), and Ti(IV)
as the pseudooctahedral metal centers were synthesized with
cavity sizes of around 450 A>. In contrast to tetrahedral clusters
279 and 280, where no evidence of guest encapsulation was
observed in the small cavity, these cages were able to encapsulate
charge-, size-, and shape-selective guest molecules within their
cavities. Along the same line, the assembly of triscatechol imine
ligands with titanium(IV) ions in the presence of alkali metal
carbonate as a base (Li, Na, K) in DMF led to the formation of
metallo-supramolecular tetrahedra with huge internal cavities.****
The X-ray crystal structure of the Ti(IV) catecholate octaanionic
cluster showed the presence of an internal cavity with four
potassium cations bound to the internal catecholate oxygen atoms.
Additionally, three DMF molecules were bound to each of the
potassium ions.

N-centered tripodal heptadentate liéands have been used to
assemble M,L, tetranuclear clusters.*®’ Treatment of 281 with
Cs,CO; followed by the addition of In(ClO,); in methanol
resulted in a tetrahedral cluster [CsC{In4(281),}]ClO, (282)
with a cesium ion as the encapsulated guest molecule (Scheme 71).
The same reaction in the absence of base gave N-protonated
tetranuclear In(11I) complex [In,(H-281),](ClO,), (283) with-
out the cesium guest molecule. Furthermore, treatment of
In(ClO,); with 281 and subsequent addition of triethylamine
afforded the neutral tetranuclear complex [In,(281),] (284).
The tetrahedral cluster, 282, was also accessible from 283 by
deprotonation with Cs,COj3. Cluster 284 can be formed by the
deprotonation of 283 with triethylamine (Scheme 71). All of
these complexes were characterized by "H NMR spectroscopy,
mass spectrometry, and single-crystal X-ray structural studies.
While 282 and 283 crystallize as racemic mixtures of homochiral
tetrahedra with AAAA or AAAA-fac stereoisomers with T
molecular symmetry, complex 284 crystallizes in an idealized S,
symmetry with a AAAA configuration due to the loss of C;
symmetry of ligand 281 during deprotonation.
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MgL, tetrahedra or truncated tetrahedra contain tripodal
ligands at each of their four faces connected by metal centers
at the middle of the edges. They can also be envisioned as being
derived from a tetrahedron whose corners have been capped. In
1995, Fujita et al.*® reported the first synthesis of truncated
tetrahedra (Fujita and co-workers refer to them as octahedral
cages, depicting them as octahedral molecules with missing
faces) using the molecular paneling approach. ML, tetrahedral
cages 286—290 were quantitatively assembled by the treatment
of cis-capped metal ion hinges with 2,4,6-tri(4-pyridyl)-1,3,5-
triazine 285 (Scheme 72). Each panel spans a face of the
tetrahedron and is linked to another at the edges by six metal
ions. For example, (en)Pd" cornered cage 286 was readily
prepared by treating [Pd(en)(NO3),] (1) with 285 in a 6:4
ratio in aqueous medium. Replacement of the end-capping ligand
with (N,N,N',N/-tetramethylethylenediamine)PdH, (2,2/-bipyri-
dine)PdH, or (en)PtII resulted in cages 287, 288, and 289,
respectively, with altered bulk properties.**> Use of [Ru([12]-
aneS,)(H,0)(DMSO)](NO;), under similar reaction condi-
tions led to the formation of Ru(II)-cornered coordination cage
290 having interesting sensing properties.363 NMR, cold-spray
ionization mass spectrometry (CSI-MS), and X-ray crystal
structural analysis established the formation of these assemblies.

Using the directional bonding approach, Stang et al. have
designed truncated tetrahedra via the face-directed self-assembly
of planar tritopic 120° subunits with angular ditopic 90° corner
units. The ratio of faces to corners must be 2:3 with a total
number of 10 subunits to obtain a closed structure. The [6 + 4]
self-assembly reaction of 1,3,5-tris(4-pyridylethynyl)benzene (291)
with cis-[M(dppf) (OTf),] (M = Pd (32), Pt (33)) resulted in
the formation of cationic MgL, truncated tetrahedra 292 and 293
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(Scheme 73).>** The use of ooptically active, chiral 90° angular
units, [M(R-BINAP)(OTf),]*** (M = Pd (177) or Pt (178)) or
cis-[Pt(PMe;)(OTf),]*% (38) in conjugation with 291 has led
to the formation of similar truncated tetrahedrons. The struc-
tures of these tetrahedra were established by multinuclear (>'P
and "H) NMR spectroscopy, ESI-MS, and X-ray crystallography.
Recently, the same group reported the coordination-driven self-
assembly of a truncated tetrahedron (Figure 31) using 90°
platinum acceptors and a hexapyridyl ligand with 6-fold symme-
try, under mild conditions.**” The tetrahedron was characterized
by multinuclear (*'P and "H) NMR spectroscopy, ESI-MS, X-ray
crystallography, and pulsed-field-gradient spin—echo (PGSE)
NMR, along with computational simulations. X-ray diffraction
studies showed that the highly symmetrical hexapyridyl ligand
acts as the faces and the 90° platinum acceptors are connectors at
the edges. These truncated tetrahedra show a unique 3D nanoscale

Figure 31. Single-crystal X-ray structure of a truncated tetrahedron
formed using a hexapyridyl ligand. Solvents and PFs~ are omitted for
clarity. Color code: green, Pt; pink, P; blue, N; gray, C.

pore suitable for encapsulation of guest molecules and prelimin-
ary studies indicated that the nanocavity is able to encapsulate up
to three molecules of 1,3,5-triphenylbenzene.

In an elegent approach, Severin and co-workers have recently
assembled molecular cages with tetrahedral geometries by com-
bining metalla-supramolecular chemistry with dynamic covalent
chemistry in an orthogonal fashion.**®*** Polycondensation of
triamines with metalla-macrocyclic building blocks, containing
pendent aldehyde groups, has enabled the facile synthesis of
these nanoscopic cages. Reactions of [(arene)RuCl,], [arene =
p-cymene, 1,3,5-CsH3Mes, 1,3,5-C¢H;(i-Pr);] with formyl-sub-
stituted 3-hydroxy-2-pyridone ligands gave trinuclear metalla-
macrocycles with pendant aldehyde groups. Subsequent con-
densation with Cs-symmetric triamines led to the formation of
tetrahedral cages. For example, treatment of [(p-cymene)RuCl,],
(89) with 4-formyl-3-hydroxy-2(1H)-pyridone (294) in the pre-
sence of Cs,CO; provided trinuclear metalla-macrocycle 295
(Scheme 74).% As observed from X-ray crystallographic studies,
three pendent aldehyde groups in the metallo-macrocyclic trimer
were oriented toward the same face of the macrocyclic framework. A
subsequent [4 + 4] condensation reation of the macrocyclic
trialdehyde, 295, with C;-symmetrical triamine 1,1,1-tris(4-ami-
nophenyl)ethane (296) in a mixture of CH,Cl, and MeOH
led to the formation of tetrahedral cage 297 after several days.
The formation of the molecular cage was supported by NMR and
mass spectrometric studies. The X-ray crystal structure of the
supramolecular tetrahedron 297 revealed that the trinuclear
metalla-macrocycles occupy four vertices of a tetrahedron, while
the triphenylamine units span each of the four faces. This
paradigm can also be used to design even larger cages. Indeed,
the use of an expanded triamine with the trialdehydic metalla-
macrocycles gave [4 + 4] condensation products with larger
dimensions.

4.1.2. Cubic Systems. Supramolecular cubic systems can be
achieved by employing two distinct, yet related, design para-
digms: (a) edge- and (b) face-directed self-assembly. In the edge-
directed self-assembly method, the precursor subunits define the
edges of the cube. Thus, an edge-directed cube can be assembled
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via the reaction of 8 tritopic 90° corner units with 12 ditopic
linear linkers (Figure 32a). In the face-directed self-assembly
paradigm, some or all of the faces of the target assemblies are
spanned by the linkers themselves, which hold together the
overall architecture. Thus, in this paradigm, a supramolecular
cube results from the combination of 6 tetratopic, planar, 90°
faces with 12 ditopic, 90° subunits (Figure 32b,c). Here, the
corners of the cube are missing, while the surfaces are covered.

Thomas et al.>’® have reported an edge-directed M;gL,
supramolecular cube from 8 tritopic 90° corner units and 12
linear linkers following the directional bonding approach. The
treatment of [ ([9]aneS;)Ru(DMSO)CL, ] (298) with 4,4'-bipyr-
idine in a 8:12 molar ratio in the presence of silver triflate in
nitromethane resulted in the cationic supramolecular cube, 299,
over a period of 4 weeks (Scheme 75). NMR and ESI-MS
confirmed the structure of the cage compound. The kinetic
stability of cube 299 in coordinating solvents such as acetonitrile
also indicated the formation of an unstrained cubic structure.
Electrochemical studies on 299 showed three irreversible oxida-
tion processes.

Fujita and co-workers®”' have assembled a face-directed
ML, supramolecular cube by combining 90° ditopic linkers
with palladium ions, which act as tetratopic acceptors. The
reaction of ditopic ligand 300 with Pd(NO;), in DMSO-dg led
to the quantitative self-assembly of a face-directed supramole-
cular cube (301; Scheme 76). In the molecular cube, Pd(II) ions
are located in each face and ligand 300 acts as corner pieces. 'H
NMR spectroscopy was in agreement with the formation of a
single, highly symmetric product. After anion exchange from
NO;™ to OTf ions, CSI-MS studies confirmed the formation of
a MgL, cube. Single-crystal X-ray structural studies revealed the

M

90° 180°
+ 12 e ——)

(a) S/M

M12L5 cube

Figure 32. General design strategy for the synthesis of (a) MgL,,, (b)
MgL,,, and (c) M;,Lg molecular cubes.
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dimensions of nanoscale cube 301 to be approximately 3 x 3 x
3 nm® (27 nm?). Similar ML, cubes were also realized using a
bimesityl-based tetrapyridyl ligand.*”*> Slow evaporation of a
solution of a 1:1 mol equiv of Cu(OAc),*H,O or Ni-
(NO3),+6H,0 and the tetrapyridyl ligand in MeOH over a
period of 7—10 days yielded the molecular cubes. Although
NMR and mass spectrometric studies were inconclusive, the
single-crystal X-ray studies showed the compounds to be supra-
molecular cubes with Oj, symmetry. The nature of the counter-
ions plays a vital role in the assembly of these cages.

Brisbois et al.*”? designed a M;,Lg supramolecular cube by
assembling 12 ditopic 90° metal corner units and 6 tritopic
linkers through the directional bonding paradigm. The treatment
of 12 equiv of 1 with 6 equiv of tetrapyridyl ligand scaffold 302 in
a methanol—water mixture led to the quantitative assembly of
metallo-supramolecular cube 303 (Scheme 77). NMR and mass
spectrometric studies confirmed the formation of the cube. The
tetrapyrldyl ligand, 302, spanned the faces of the cube while the
(en)Pd" hinges cliped the edges.
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In other strategies, cyanides have been utilized as effective
ditopic linkers in a design approach wherein dimerization of two
molecular squares in a complementary orientation result in a
molecular cube. Rauchfuss and co-workers®”* successfully ap-
plied this approach to design novel organometallic cubes where
metal centers occupy all eight corners. For example, in the first
step in this synthesis, the tricyanometalate Et,N[Cp*Rh(CN);]
(Cp* = CsMes) was employed to prepare a Rhy molecular square
by treatment with the dimeric rhodium chloride complex
[Cp*RhCL],. The synthesis of the final molecular cube was
achieved by removing the chloride ligand from the Rh, molecular
square with AgPF in acetonitrile. The same group also reported the
formation of molecular cubes {M[Cp*Rh(CN);]4,[Mo(CO);]4}>~
(M =K%, Cs") isolated from reactions of [Cp*Rh(CN);]~ with
equimolar [(7s-CsH3)Mo(CO);3] in the presence of K' or
Cs".*7® The alkali metal ions act as templates in the formation
of the organometallic cubes. X-ray crystallographic studies on the
complexes revealed boxlike Mg(¢-CN);, cages containing alkali
metal cations at the center of the cages. The cages feature 12 external
CO and 4 external CsMes ligands. The directionality of the metal—
cyanide bond was also used to assemble a supramolecular cube,
[(Cp*WS;Cu;)sClg(CN) ,Li,] from a precursor, the incom-
plete cubane-like compound [PPh,] [Cp*WS3(CuCN)3].376

Long et al. prepared several molecular cubic clusters having
analogous structures inherent to Prussian blue by utilizing ditopic

Scheme 78

/I
XN

Z N ,
Q=cCo(n

N
Ly
12<\ /N

B

Y

cyanides as linkers. Reactions between [M(H,0);(tacn)]**
(M =Cr, Co) and [Co(CN);(tacn)] gave molecular box clusters
[Cr4Co4(CN);,(tacn)g]*** and [Cog(CN);,(tacn)g]'** with
core structures consisting of single cubic units.>”” As determined
from single-crystal X-ray crystallography, the structure of the
latter species is shown to consist of a cube of eight Co™" ions
occupying the corners capped by tacn ligands with each edge
spanned by a linear cyanide bridge. The same group was also able
to generate larger cubic metal—cyanide clusters by using a
blocking ligand on one of the mononuclear reaction com-
ponents.>’® This design paradigm was demonstrated by the
synthesis of a 14 metal [(Mestacn)sCrgNig(CN),,]"*" cluster.
The geometry of this cluster consists of a cube of eight Mestacn-
ligated Cr(III) ions connected via bridging cyanide ligands to six
square-planar Ni(II) ions situated just above the center of each cube
face. A still larger tetracapped edge-bridged cubic [(Mestacn) ,-
Cry5Nij(CN),s]">* cluster was synthesized from the direct
assembly reaction between [(Mestacn)Cr(CN);], Nil,, and KCN
in aqueous solution.”” The structure of this cluster features a
cube of eight Cr(III) centers linked along the edges by 12 trans-
coordinated [Ni(CN),]> units and capped on four faces by
[(Mestacn)Cr]** moieties.

Ward and co-workers have reported a number of supramole-
cular MgL,, cubes using flexible bispyrazolylpyridine ligands and
octahedral metal ions via the symmetry interaction approach.>*’
For example, the bispyrazolylpyridine ligand, 304, having a pyridyl
spacer, reacts with Co(II) salts to afford [Cog(304),] 16+ cubic
cage 305 (Scheme 78).%* The metal ions occupy each vertex of
the cube, and the ligands coordinate in a bis-bidentate bridging
manner via the two bidentate pyrazolyl—pyridine units spanning
each edge. Although ligand 304 is potentially pentadentate, the
central pyridyl unit does not participate in the coordination
and thus behaves like a bidentate bridging ligand having a
m-phenylene spacer.’®' In contrast to the M,Lg tetrahedral
clusters synthesized using the same flexible bispyrazolylpyridine
ligands, these assemblies are achiral due to the fact that the tris-
chelate metal centers in these “cubes” do not have the same
optical configuration and possess crystallographic inversion
centers. There is a C; axis in each case along the long diagonal,
with the two M(II) centers on this axis having a facial tris-chelate
coordination, and the other six all having a meridional geometry.
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The combination of a C5 axis and an inversion center means that
these cages actually have noncrystallographic Sg symmetry.
There is extensive m—s stacking between the overlapping
portions of the ligand moieties. Similar octanuclear cubic assem-
blies with 1,5-napthyl (L,epwm), 9,10-anthracenyl (Loem), 1,4-
phenyl (L), 2,5-furan (Lg,), and 2,5-thiophene (Lg,) spacers
afforded [M8L12]16+ cages (M = Cu, Zn, Co, Nj, and Cd).>*
While the cages based on Ly, have Sg symmetry, with
diagonally opposite pairs of corners having facial tris-chelate
configuration and the other six being meridional, all metal centers
in these cages based on L,,s, have meridional tris-chelate
configurations. The cubic cages based on Ly, show extensive
interligand aromatic 7-stacking interactions at their peripheries.
In contrast, cubes containing L,,s, do not show significant
interligand aromatic stacking interactions.

Recently, Nitschke and co-workers self-assembled a M,Lg
cubic cage utilizing dynamic covalent and coordinative bonds
in tandem via a reaction between tetrakis(4-aminophe-
nyl)porphyrin, 2-formylpyridine, and iron(II) triflate in DMF
as evidenced by '"H NMR and ESI-MS studies.’**Replacing
tetrakis(4-aminophenyl)porphyrin with nickel(II)- or zinc(II)-
tetrakis(4-aminophenyl)porphyrin under identical conditions
yielded the nickel-containing and zinc-containing congeners.
Single-crystal X-ray structure determined for the nickel-contain-
ing MyLg cubic cage showed that each face of the cube was
spanned by the porphyrin ligands with each corner of the cube
defined by a six-coordinate low-spin Fe(II) ion. All of the Fe(1I)
centers within each cage adopted the same A or A configuration.
In the crystal lattice, both enantiomers were present. The cubic
cage has a large internal void volume (>1300 A®), which enabled
it to selectively encapsulate higher fullerenes from fullerene soot.

4.1.3. Octahedra. Formation of supramolecular octahedral
architectures using a coordination-driven self-assembly is quite
rare in the literature. Similar to cubic systems, supramolecular
octahedral assemblies have been achieved through edge- and
face-directed self-assembly paradigms. Shionoya et al. have
reported the construction of MgLg octahedral metallo-supramo-
lecular assemblies using a series of divalent d°—d" transition
metal ions M>* (M = Mn, Fe, Co, Ni, Pd, Pt, Cu, Zn, Cd, and Hg)
and tritopic pyridyl ligand 306.%** A [6 + 8] assembly led to the
formation of cationic [M4(306)s]"*" (307) octahedral-shaped
cages in which six metal ions occupy the vertices and the eight
faces of the octahdron are spanned by eight ligands (Scheme 79).
Single-crystal X-ray structural studies on [Hgs(306)s]"*" rea-
veled a 3 nm sized octahedron-shaped capsule with sides of
1.8 nm. It was also demonstrated that the [Hgs(306) N
capsule is reversibly interconvertible with a [H§6(306)4] >* cage
by changing the ratio of ligand to metal.**> The structural
interconversion between the two distinct complexes was accom-
panied by reversible changes in the coordination mode of the Hg*"
ion between octahedral and linear coordination geometries. A
similar [PdgLs]"*" cage has been reported with the cyclotriver-
atrylene-type ligand—tris(isonicotinoyl)cyclotriguaiacylene—and
anaked palladium ion.**® Lah et al. assembled a similar face-directed
molecular octahedron from a combination of 3,3,3”-[1,3,5-benze-
netriyltris(carbonylimino) ] trisbenzoate as a Cs-symmetric tritopic
ligand and a paddlewheel Cu,(COO), moiety as a corner unit.**’
Here, eight ligand molecules span the faces of the octahedron
connected by six Cu,(COO), paddlewheel units at the corners.

Miiller et al. utilized a 3-fold chelating ligand, tris(2-hydro-
xybenzylidene)triaminoguanidinium chloride [HgL]Cl (308), to
form the triangular faces of an octahedral metallo-supramolecular

Scheme 79
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assembly.388 The one-pot reaction of PdCl,, Et,NCI, [HsL]Cl
(308), sodium S$,5-diethylbarbiturate (NaHbar, 309), and Et;N
in acetonitrile at room temperature leads to the formation of an
anionic octahedral molecular assembly [{Pd;L}s{u-(bar)};,]""
(310; Scheme 80). Octahedral complex 310 was characterized by
>C MAS NMR spectroscopy and X-ray crystallography. The
solid-state structure showed that ligand 308 forms triangular
molecular panels through N, N, O chelation with paladium,
leaving a free coordination site for the bridging ligand. The
ditopic sodium $,5-diethylbarbiturate (NaHbar, 309) ligands
connect the faces of the octahedron through the middle of
the edges.

Zhou and co-workers®® have assembled an edge-directed
supramolecular octahedron from an angular (90°) dicarboxylate

6858 dx.doi.org/10.1021/cr200077m |Chem. Rev. 2011, 111, 6810-6918



Chemical Reviews

Scheme 81
H
|
N
12 Q O + 6CuNOy), —DMAEOH _
HO 0
[e]

/\

311

ligand and a paddlewheel Cu,(COO), cluster. A solvothermal
reaction between 9H-carbazole-3,6-dicarboxylic acid (H,CDC;
311) and Cu(NO;),+2.5H,0 in a 1:1 DMA:EtOH solution
(DMA = N,N-dimethylacetamide) afforded molecular octahe-
dron [Cu,(CDC),(DMA)(EtOH)]sxS (S = noncoordinated
solvent molecule; 312; Scheme 81). Single-crystal X-ray struc-
tural studies showed that the molecular octahedron is composed
of six axially coordinated Cu,(COO), paddlewheel clusters
occupying the vertices joined by 12 CDC linkage units along
the edges. Interestingly, molecular octahedron 312 can be
reversibly assembled into a three-dimensional metal organic
framework by interlinking the octahedra through ditopic 4,4’
bipyridine ligands.

4.1.4. Dodecahedra. In principle, the most complicated
member of the five Platonic polyhedra is a dodecahedron. It
contains 12 fused five-membered rings that comprise the highest
symmetry group I;,. The 12 pentagonal faces are formed from 20
vertexes and 30 edges. Hence, a dodecahedron can be prepared
via edge-directed assembly of 20 tripodal subunits with approxi-
mately 108° directing angles in combination with 30 bidentate
linear subunits. Only a few examples of Pt(II)-based molecular
dodecahedra are known, where diplatinum-based linear linkers
(48, 96) were assembled with tripodal ligand tri-4-pyridylmetha-
nol 313 to obtain dodecahedra 314 and 315 of nanodimensions
(Scheme 82).****°! Though no direct structural evidence was
provided for their exact shape, NMR along with mass spectro-
metric results and TEM images demonstrated the formation of
the expected dodecahedra. These dodecahedra are significantly
larger than the hydrocarbon C,oH,q of the same sgmmetry,
synthesized by classical covalent synthesis in 23 steps.>”>*"* The
cavities of the self-assembled dodecahedra 314 and 315 are
expected to be capable of encapsulating large globular oligomers
and molecules with solvation shells.

4.1.5. Cuboctahedra. The cuboctahedron is a rare archime-
dean semiregular polyhedron that combines square and triangu-
lar faces. Overall it has 12 vertices, 24 edges, and a dihedral angle
of 125° between the triangular and the square surfaces. Using the
directional bonding approach, a cuboctahedron can be con-
structed by combining planar tridentate faces with 108° turning
angles via bidentate angular components. Since a 109.5° angle is
close to 108°, the bidentate angular linking subunit may have a
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tetrahedral atom connected to a rigid linear donor or acceptor
site. Stang and co-workers have reported the formation of
nanoscopic molecular cuboctahedra from the combination of
12 tritopic planar units and eight ditopic angular units.>** The
tridentate Pt; acceptor, 316, was treated with bidentate 4,4’
bipyridylacetal 317 in 2:3 molar ratio to obtain the first Pt-based
molecular cuboctahedron 318 (Scheme 83). Despite its large
molecular mass (26592 Da) and high charge (24+), cuboctahe-
dron 318 is remarkably soluble in organic solvents, such as
dichloromethane or acetone. In a complementary approach,
1,3,5-tris(4-pyridylethynyl)benzene 291 was assembled with
bis(4-[trans-Pt(PPh;);OTf]phenyl)ketone to yield similar cubo-
ctahedra.*®* The self-diffusion coefficient at 25 °C was 1.92 x
107> em ? s~ ', which gave an experimental hydrodynamic
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diameter of 5.0 nm, was in good agreement with predictions
based on force-field simulations as well as the size of the
component building units. Finally, ESI-MS was used to establish
the exact composition.

Ward and co-workers have also reported the formation of
cuboctahedral cages from the combination of ligands having
different binding modes with octahedral metal ions. >3 A
3:1:3 reaction of tris-bidentate ligand 319, which can cap one
triangular face of a metal polyhedron; a bis-bidentate ligand 320,
which can span one edge of a metal polyhedron; and a range of
M>" ions results in the assembly of mixed-ligand cuboctahedral
cages [M5(43-319)4(42-320),,]**" [M = Co (321), Cu, Cd]
in MeNO, (Scheme 84). Single-crystal X-ray structural studies
of [Mi,(u5-319)4(1>-320)1,]**" (M = Cu, Cd) show that
they are isostructural, having a dodecanuclear cuboctahedral
metal framework containing eight triangular and six square
faces. Four of the eight triangular faces were capped by triply
bridging ligands 319. Twelve doubly bridging ligands 320 span
the remaining edges. Counterions and solvent molecules occu-
py the central cavity. A cooperative interaction between the two
types of ligand renders the formation of the mixed ligand
cuboctahedral cage more favorable than the homoleptic cages.
The ESI-MS on solutions of re-dissolved crystals showed a
clear sequence of peaks corresponding to the intact mixed-
ligand cage with no peaks for the homoleptic cages. All 12 tris-
chelate metal centers have meridional geometry, and again, all
have the same chirality, indicating that the same chiral config-
uration at each metal center is necessary for the closed cage
to form.

Scheme 85

4.2. Other Coordination Cages

4.2.1. Trigonal Bipyramids and Double Squares. A large
number of molecular trigonal bipyramids synthesized via coor-
dination-driven self-assembly have been reported in the litera-
ture. In principle, a ML, trigonal bipyramid can be designed by
assembling two tritopic, tetrahedral donors with three ditopic
90° subunits through the edge-directed self-assembly. Fujita and
co-workers prepared one of the earliest trigonal-bipyramidal
cages in 1995.*”7 Treatment of 2 equiv of the tritopic ligand
1,3,5-tris(4-pyridylmethyl)benzene, 322, with 3 equiv of ditopic
90° 1, in the presence of sodium 4-methoxyphenylacetate led to
the exclusive formation of trigonal-bipyramidal cage 323
(Scheme 85). However, in the absence of a specific guest, self-
assembly resulted in the formation of oligomeric products.
Monocarboxylate guests with bulky hydrophobic moieties in-
duce the assembly of 323 more effectively as compared to less
hydrophobic substrates.

Stang et al. reported the synthesis of a number of M;L,
trigonal-bipyramidal cages using tritopic 109° linkers.*”** A
[2 + 3] self-assembly reaction between ~109° tripodal angular
unit 324 and generic 90° angular units such as cis-[Pt(PMe;),-
(OTH),] (38), cis-[Pt(dppp)(OTf),] (52), and cis-[Pt(dppe)-
(OTf),] (325) resulted in trigonal-bipyramidal cages 326—328
(Scheme 86).*”® Multinuclear NMR studies and mass spectro-
metric analysis confirmed the formations of these cages. Simi-
larly, the use of flexible tritopic tectons containing amide® and
ester*® functionalities resulted in the exclusive formation of
trigonal-bipyramidal cages. Such a reaction, however, with less
flexible ligands resulted in the formation of double square
architectures.**"**> For instance, treatment of 1 with the tripyr-
idylmethane acetate (329) resulted in self-assembly of a double
square cage (330) in which four ligand molecules are held
together by six metal ions (Scheme 87).*°' Similarly use of
preorganized tripodal metalloligand incorporating octahedral
metal centers, aluminum or gallium, in which the orientation of
the pyridyl coordination sites for self-assembly were controlled
by the metal’s octahedral coordination environment, afforded
novel heterometallic trigonal-bipyramidal cages when assembled
with appropriately angled (60 or 90°) platinum acceptors.**®

The reaction of a rigid tripodal ligand having ester function-
alities with a 90° Pt(II) acceptor also gave an assembly of similar
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architecture.*®> Thus, if enough flexibility was incorporated into
the tritopic units, the thermodynamics of the reaction would
favor the formation of trigonal bipyramids over the double square
architectures. The double square represents a balance between
entropy, where the smallest structure is favored, and enthalpy,
where the structure with the least strain is prevalent. A flexible
tripodal ligand, 331, containing pyrazolyl functionality led to a
2:3 self-assembled double square cage 333 upon treatment with
cis-[Pd(tmen)(NOs),] (332) in a 2:3 molar ratio (Scheme 88).***
A similar reaction using CuCl,-3H,0 instead of the cis 90°
acceptor, 332, yielded a Cuj trigonal-bipyramidal cage (334).
For the M;L, trigonal-bipyramidal cage, 334, the tripodal ligand
adopts a symmetrical cis-,cis-,cis-conformation while in the
double square cage 333 the ligand adopts a nonsymmetrical
cis- trans- trans-conformation.

Scheme 88
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334
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Youngs et al.*>® reported the synthesis of a trigonal-bipyrami-
dal supramolecular cage based upon rhodium and platinum metal
centers in a stepwise process. The treatment of 4-ethynylpyridine
with tert-butyllithium, followed by its addition to (Mestacn)-
RhCl; afforded the formation of facial octahedral complex
(Mestacn)Rh(CCPy)5 335. Subsequent assembly of the tritopic
linker with the square-planar complex cis-[Pt(dcpe)(NO3),]
336 [dcpe = 1,2-bis(dicyclohexylphosphino)ethane] resulted in
a self-assembled hexacationic trigonal-bipyramidal cage (337;
Scheme 89) with Rh(III) and Pt(II) atoms occupying the
vertices. Multinuclear NMR and crystal structural studies were
used to characterize the assembly.

4.2.2. Adamantanoids. Adamantanoids have a shape similar
to a tetrahedron that has its edges kinked into 109.5° angles at
their points of bisection. While these distortions cause the sides
and angles to deviate from those of a tetrahedron, adamantane
retains its overall symmetry, that of a point group T;. Supramolec-
ular adamantanoids can be designed according to the directional
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bonding approach by adopting an edge-directed strategy. The
shape itself consists of four fused, chair-conformed cyclohexane-
like rings, which requires that all of the pertinent angles should be
109.5°, matching the ideal tetrahedral geometry of sp>-hybridized
carbon atoms. Thus, a combination of six 120° ditopic units with
four 109.5° tritopic units can lead to a self-assembled molecular
adamantanoid. For example, a [6 + 4] self-assembly reaction
between ditopic units (338 or 339) with tritopic units (340) in
CD,(Cl, led to the formation of adamantanoids 341 and 342 in
quantitative yields (Scheme 90).**® 'H and *'P NMR as well as
ESI-MS studies confirmed the formation of these assemblies. As
aresult of the stereogenic centers present in the backbone of the
ester moiety of ligand 340, the resulting assemblies were chiral in
nature. Fréchet-type dendron-decorated adamantanoids, assembled
utilizing similar building units, have also been reported recently.*"”

Lin et al.**® reported chiral ML adamantanoids from lantha-
nide salts and C, symmetric racemic mixtures of binaphthalene-
based ligands. The treatment of lanthanide nitrate or perchlorate
with 2,2-hydroxy-1,1-binaphthalene-6,6-dicarboxylate (bda)
forms distereoselective porous molecular adamantaniods [Ln,-
(bda)s(H,0) ] - 12DMF (Ln = Gd(III), La(III)). Single crystal
X-ray structural studies on [Gd,(bda)s(H,0),,]* 12DMF
(Figure 33) revealed the formation of a porous nanosized
assembly having an internal cavity with a volume of ca. 1700 A.
Within the adamantanoid, Gd atoms reside on the crystallo-
graphic 3-fold axis, adopting idealized tricapped trigonal-pris-
matic coordination geometries by ligating three chelating
carboxylate groups from three different bda ligands and three
water molecules. In the solid-state, six DMF molecules occupy
the internal cavity.

4.2.3. Trigonal Prisms. The simplest way of designing a tri-
gonal prism is the combination of an end-capped acceptor, a tritopic
planar donor, and a bidentate linear donor in a 6:2:3 molar ratio.

Figure 33. X-ray crystal structure of [Gd,(bda)s(H,O);, ]- 12DMF.
Color code: green, Gd; red, O; gray, C

Fujita and co-workers have reported a few trigonal prisms using
this multicomponent self-assembly approach. For example, the
self-assembly of the 90° cis-blocked 1, tritopic electron-poor
triazine panel 2,4,6-tri(4-pyridyl)-1,3,5-triazine (285), and pyr-
azine, which acts as bidentate pillar, led to the formation of
trigonal-prism 344 (Scheme 91).*° The charged metal ion
hinges endow the cages with water solubility. In this three-
component self-assembly approach there is the possibility of the
formation of smaller analogues, such as molecular tetrahedra and
squares, from the combination of individual donors with the
metal acceptors. However, large aromatic molecules such as
coronene (343) effectively template the selective formation of
the trigonal prism and can be removed after assembly by simple
extraction with organic solvents. Prism 344 remains stable after
removal of the template and allows the intercalation of various
organic molecules. In the presence of 1,3-diketone the ketone is
found to exist only in its enol form, suggesting a stabilization
effect of prism 344, as confirmed by NMR spectroscopy 4% The
pyrazine pillar can be replaced by tetramethyl-4,4'-bipyridine or
longer 1,4-bis(2,6-dimethylpyridin-4-yl)benzene which results
in cages 345 and 346 with larger cavities for stacking of 2 and
3 equiv of aromatic guests, coronene,’’ pyerene,4 ° and
porphine*'" and mononuclear M(II) complexes4 (M = Py,
Pd, and Cu). Use of an elongated 4,4-bipyridine extends the
cavity of the cage to an ideal size for the accommodation of three
guest molecules.*'! The stacking of these aromatic molecules
within the cavity is driven and controlled solely by noncovalent
interactions.

Using a two-component approach, Stang and co-workers have
designed trigonal prisms 348 and 349 using a 0° Pt-based
molecular clip (75) as the acceptor unit in combination with
planar tripodal linkers 291 and 347 by a 3:2 self-assembly
reaction (Scheme 92).*"* The structures of these macrobicyclic
species were established with multinuclear NMR and ESI-MS.
Although several M;L, prismatic cages using flexible ligands have
been reported,*'* they often require the use of templates to
assemble in solution or assemble only in the solid state. Use of
these rigid donors and acceptors has made it possible to
synthesize prismatic cages in the absence of templates. Building
upon this strategy, Ko and co-workers''® have reported the
formation of trigonal prisms using a bulkier Pt, molecular clip in
a 3:2 self-assembly reaction with several tritopic planar donors.
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Multinuclear NMR and mass spectral data confirmed the forma-
tion of trigonal prisms. The use of isocyanide as the linker also led
to the facile formation of molecular trigonal prisms. In a
complementary approach, the use of tritopic planar Pt; acceptors
in combination with 0° organic clips has also led to the formation
of several trigonal prisms in a 2:3 self-assembly processes.*'>*'¢
These 7t-electron-rich fluorescent cages showed efficient quench-
ing of fluorescence intensity both in solution and solid state in the
presence of planar oxidizing nitroaromatics, which are the

chemical signatures of many commercially available explosives.
The cages have open spaces to accommodate electron-deficient
small nitroaromatics, and the bulky PEt; groups help to avoid
intermolecular stacking, thus preventing self-quenching of fluores-
cence. The solution fluorescence was quenched efficiently by addin,
nitroaromatics such as dinitrotoluene and trinitrotoluene.*>*'¢

Distorted trigonal prisms 351—353 were also designed by
using trigonal-pyramidal acceptors 313, 324, and 350 in con-
junction with the 0° Pt-based molecular clip (75) in a 2:3 molar
ratio (Scheme 93).*'” NMR and mass spectrometric results,
along with single-crystal X-ray analysis, established that the sizes
of the propeller-type 3D structures range from 1 X 2 nm” to 1 x
4 nm”. The formation of the smallest of these prisms, 351, was
accompanied by the entrapment of a nitrate ion inside its
molecular cavity. The PFy salt of the largest prism of this series,
353, however, crystallizes with no counteranion inside the cage.
A complementary approach using a 0° donor organic molecular
clip also led to the assembly of similar molecular prisms.*'®
Tetrahedral carbon, silicon, and phosphorus were used as
structure-defining elements in these coordination-based cages.
Multinuclear NMR, elemental analysis, and ESI-FT-ICR-MS
established the formations of these structures.

Bosnich et al.*' have constructed trigonal prisms from a
palladium-based cleft, 354, that contains cofacially disposed
terpyridyl-Pd units. The 1:1 reaction of planar tritopic linkers,
285 and 291, with 354 led to the quantitative formation of
trigonal prisms 355 and 356 (Scheme 94). Multinuclear NMR
and ESI-MS data confirmed the formations of the prisms. These
supramolecular trigonal prisms, each bearing three molecular
clefts, are shown to form 1:6 and 1:7 host—guest complexes with
9-methylanthracene, and one of the prisms also forms a 1:2
host—guest complex with a tritopic trianthracene guest that
registers with the recognition sites of the host.
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A number of Re(I)-, Ru(II)-, Ir(I)-, and Rh(I)-based metal-
loprisms with tridentate triazine ligand, 2,4,6-tri(4-pyridyl)-1,3,5-
triazine (285) possessing N,N'- or O,0’-donor spacers acting
as pillars have also been reported. Hupp et al.'”’ reported
the synthesis of trigonal-prism 359 by using the bimetallic edge
86 prepared from fac-Re(CO);sCl and 2,2-bipyrimidine ligands
and subsequently reacting these edges with triazine ligand 285
(Scheme 95). Alternately, the trigonal-prism 359 can be as-
sembled in a one-step process by treating Re(CO);(OTf) and
2,2-bipyrimidine with 285 in a 6:3:2 ratio in THF.** The use of
2,2"-bis(benzimidazolate) (357) or a pair of benzylthiol-based
(358) bimetallic edges led to the formation of trigonal prisms
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360 and 361, respectively (Scheme 95).*' The prisms 360 and
361, in their singly reduced form, are comprised of highly
coupled mixed valence systems with orbitally degenerate organic
redox centers. The orbital degeneracy of the redox sites of 285
has pronounced effects on light-induced (IT) charge redistribu-
tion within the molecules. The self-assembly of Re,(CO), and
triazine panel 285 in ROH (R = C,Hy, CgH,5, C;,H,s), using
solvothermal methods at elevated temperatures, led to the
formation of thermodynamically stable trigonal cages in excellent
yields.** In an extension of the methodology, indigo was used as
the organic pillar to assemble a trigonal prism in good yield.*
The structural features of this metalloprism showed very strong
JT—7T interactions between the 77-clouds of 285 to pull the inner
core of the prism inward with a distance one-half of that of the
outer core. In THF, the metalloprism displayed intense bands in
the near-UV region (200—300 nm) due to 7—7* transitions of
both 285 and indigo ligands.

Several trigonal-prismatic cationic cages in which six (nS-arene)-
ruthenium(II), (7°-pentamethylcyclopentadienyl)rhodium(I),
or (17°-pentamethylcyclopentadienyl)iridium(I) units are held
together by two trigonal 2,4,6—tri(4—pyrid271)-1,3,5-triazine panels
(285) and three dichloro***** or oxalate*****” bridges were also
reported. An extension of this principle led to the construction of
larger cationic hexanuclear metalloprisms from p-cymene or
hexamethylbenzene (C¢Meg) ruthenium building blocks and
2,5-dihydroxy-1,4-benzoquinonato (dhbq) or 2,5-dihchloro-3,
6-dihydroxy-1,4-benzoquinonato (dchq) or §,8-dihydroxy-1,
4-naphthoquinonato (dhnq) or 9,10-dihydroxy-1,4-anthraquinona-
to (dhaq), or 6,11-dihydroxynaphthacene-5,12-dionato(dhtq)
bridges.***** For example, treatment of diruthenium bridges
362—366 with 285 in a 3:2 molar ratio led to the formation of
cationic trigonal prisms [Rug(p-cymene) 5(285),(dhbq) 3] **(367),
[Rug(p-cymene)s(285),(dchq);]°" (368), [Rug(p-cymene)s-
(285),(dhnq);]°" (369), [Rus(p-cymene)s(285),(dhaq);]**
(370), and [Rug(p-cymene)4(285),(dhtq)s]** (371) (Scheme 96).
Similarly, use of 2,4,6-tri(3-pyridyl)-1,3,5-triazine as the trigonal
panel instead of 285 in conjunction with dhnq or dhtq bridges
has also led to the formation of hexanuclear arene ruthenium
complexes with trigonal-prismatic architecture.”® These prisms
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were capable of encapsulating various aromatic molecules to
form the corresponding inclusion systems as established from
one-dimensional ROESY "H NMR experiments, mass spectro-
metry, and single-crystal structure analysis. The self-assembly of
these cationic prisms was also achieved in the presence of
Pt(acac), or Pd(acac), [acac = acetylacetone] to yield Pd(acac),
or Pt(acac), encapsulated prisms in almost identical isolated
yields.* The formation of the Pd(acac),/Pt(acac), encapsu-
lated cages was monitored by NMR and finally by X-ray structure
determination. Interestingly, the use of an oxygen-donor tritopic
panel, 1,3,5-benzenetricarboxylate, instead of N-donor panels in
combination with oxalate-bridged diruthenium unit has led to
the assembly of an incomplete Ru"g trigonal prism, which
exhibits a remarkable shape-selective binding affinity for neutral
phenolic compounds via hydrogen-bonding interactions.**
Along the same line, Severin et al.*** designed a trigonal prism
having an adaptable cavity size. Using a carboxylate-based diruthe-
nium unit in combination with tritopic ligand 285, the formation

of a trigonal-prismatic cage was achieved. The cage can adopt two
distinct conformations: a compressed antiprismatic structure
without an internal cavity and an elongated structure having a
trigonal-prismatic geometry that is able to accommodate two
corronene molecules as guests. The modulation of the cavity
space from nearly zero to more than 500 A was achieved by a con-
formational change in the flexible ligand rather than the more com-
monly observed guest-induced constitutional rearrangement.

Hupp et al. have designed supramolecular porphyrinic prisms
featuring three, six, or nine porphyrin panels via coordination-
driven self-assembly. These molecular prisms were formed by
reversible coordination of planar tritopic panels to the Zn(II)
sites of the porphyrinic dimers and trimers.”****> However, due
to the weaker Zn-ligand bonds, these assemblies dissociated in
highly polar solvents or at high dilution. The use of templated
ring-clousure metathesis (tRCM) to permenently “set” the
structure resulted in the formation of both metalated and
metal-free torsionally rigid, irreversible porphyrin prisms.**® A
3:2 molar ratio reaction of a zinc diporphyrin conjugated through
abutadiyne linker and 2,4,6-tri(4-pyridyl)-1,3,5-triazine (285) or
triethynylpyridylbenzene (291) panels preorganizes these panels
into assemblies that are ready for ring-clousure metathesis. The
tRCM using a first generation Grubb’s catalyst afforded the
trigonal prisms in high yield. The tridentate panels are important
for the formation of the corresponding prisms. Wurthner and co-
workers described the characterization of a porphyrin-based
assembly based on zinc porphyrins as planar units induced by
coordination to a bispyridyl-functionalized perylene bisimide.*”**
The perylene bisimide ligands act as pillars via two axial
coordination bonds with the porphyrinic Zn(II) ions, fixing the
planes of the porphyrin units in a nearly cofacial orientation and
inducing the formation of molecular rectangles and trigonal-
prism-like structures.

A novel approach toward the construction of heteroleptic
trigonal prisms was recently demonstrated from a three-compo-
nent reaction of carboxylate and pyridyl donor ligands with
platinum acceptors.** Such multicomponent, selective self-
assembly represents a unique assembly process in which multi-
ple, varying components can selectively recognize and combine
to generate only one discrete structure within a mixture. Self-
assembly of cis-[Pt(PEt;)(OTf),] (8) with linear dicarboxylate
119 and tris(ethynylpyridyl)benzene (291) in 6:3:2 molar ratio
led to supramolecular trigonal-prism 372 as the predominant
species after equilibration (Scheme 97). Multinuclear (*'P and 'H)
NMR spectroscopy, ESI-MS, and PGSE NMR measurements,
along with the computational simulations, established the selec-
tive self-assembly of heteroleptic trigonal-prism 372. The self-
assembly process is directed, possibly, by a charge separation
effect, whereby the anionic carboxylate ligand and a neutral
pyridyl donor favor a heteroligated motif upon coordination with
Pt(II) centers rather than relying only on the stoichiometry and
directionality of their molecular components. Furthermore, this
selective self-assembly can be achieved via supramolecule-to-
supramolecule transformations wherein a homoleptic truncated
tetrahedron 373 can be transformed into the heteroleptic
trigonal-prism 372 by addition of a solution of homoleptic
neutral trianzgle having carboxylate ligands as the edges
(Scheme 98)." Similar supramolecule-to-supramolecule trans-
formations in self-assembled polygons,**>**! helicates*** and
cavitand cages*” via coordination-driven assembly based on
thermodynamic or kinetic control have also been observed. In
a complementary approach, heteroleptic Pd(II)-based trigonal
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prisms were assembled using tritopic carboxylates and linear
ditopic eridyl ligands in conjunction with 90° Pd(Il) as an
acceptor.”** Isolation of the guest-free cage as well as guest-
induced selective formation of the encapsulated cage was
achieved using this paradigm.

Using a three-component self-assembly approach, Schmittel
et al** designed molecular trigonal prisms from tritopic tris-
phenanthroline (374) and various bis-terpyridine ligands 375—377.
The reaction of 374 with [Cu(MeCN),]PF in dichloromethane,

Scheme 99
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followed by the addition of bis-terpyridine ligands 375—377, led
to the formation of heteroleptic trigonal prisms [ Cug(374),(X)3]%"
(X=375—377),378—380 (Scheme 99). These prisms exist in a
dynamic equilibrium with smaller oligomers as determined from
NMR and mass spectrometric studies. However, the use of tris-
pyridines as templates drives the equilibrium completely toward
the trigonal prisms. In a complementary approach, use of a tris-
pyridine as the tritopic panel with bis-phenanthroline as the pillar
also led to the formatiom of molecular nanoprisms.

4.2.4. Tetragonal Prisms. A number of tetragonal prisms
have been assembled in recent years using various design paradigms.
One of the earliest M,L, cages having a tetragonal ;arismatic
architecture was reported by Atwood and co-workers**” wherein
two octahedral Cu(II) ions were bridged by four bispyridyl
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bidentate building units. While all four equatorial positions of
each Cu(Il) were coordinated by the pyridyl nitrogens of the
ligands, the axial positions were occupied by water molecules.
The use of semirigid ligands in conjunction with Cu(II) ions has
also led to the assembly of tretragonal prisms. A 1:2 reaction of
Cu(II) ion with semirigid bisbenzimidazole ligand 381 led to the
formation of cationic tetragonal prism [Cu,(381), D ClO, ]**
382 having S, symmetry (Scheme 100).**® Single-crystal X-ray
structural analysis showed that the ligand 381 adopts a syn
conformation in order to bridge two Cu(Il) ions. Each of the
Cu(Il) ions are held by the benzimidazole arms of the four
different ligands via Cu—N coordination to metal ions in a
square-planar geometry. The ClO,  counterion resides in the
cavity of the cage. Under similar conditions, the use of NiCl, led
to the formation of a neutral tetragonal prism [Ni,(381),Cl, D
H,0].** The use of ditopic, semirigid ligands that contain long
central bases and two pyridyl coordinating rings linked by
methylene groups, 2,6-bis(3-pyridylmethyl)hexahydro-4,8-ethe-
nopyrrolo[3,4-flisoindole-1,3,5,7-tetrone also led to a M,L,
tetragonal prism.450 Twisted dinuclear Cu(II) cages of the M,L,
type with an encapsulated chloride between the metal centers were
also reported.*" Use of other metal ions with preferred square-
planar coordination geometries, such as Pd(II), have also led to
the formation of tetragonal-prismatic cage structures. Fujita and
co-workers**> have reported a Pd(II)-based M,L, cage using a
rigid organic clip-type donor with naked square-planar Pd*" as
tetratopic acceptors. Pd(NOs), yielded the tetragonal cage 384
upon 2:4 self-assembly with a bidentate pyridyl ligand, 383
(Scheme 101), which was characterized by NMR and single-
crystal X-ray structural analysis. An analogous dinuclear Pd(1I)
M,L, tetragonal cage encapsulating both anionic** and cationic***
guest molecules inside the cavity was also investigated.

Scheme 102

386 387 388

Therrien et al.**® have reported a series of cationic tetragonal
prisms incorporating a dhbq ligand instead of an oxalato bridge.
The tetragonal prisms, having general formula [Rug(#%-arene)-
(u-tppH,),(dhbq),]** (389, arene = C¢HsMe; 390, arene = p-
cymeme; 391, arene = C4Meg), were assembled by a 1:2 reaction
between $,10,15,20-tetra(4-pyridyl)porphyrin (tppH,, 385) and
ruthenium building blocks 386—388 bridged by a dhbq ligand
(Scheme 102). Similarly, toluene or p-cymene ruthenium build-
ing blocks bridged by the dhbq ligand and connected by a zinc
porphyrin §,10,15,20-tetra(4-pyridyl)porphyrinzinc(II) (tppZn)
tetradentate ligand led to the formation of tetragonal prisms:
[Rus(céHsMe)s(/A't§’PZﬂ »(dhbq),]** and [Rug(p-cymene)s-
(u-tppZn),(dhbq),] ¥ These supramolecular tetragonal
prisms interact strongly with duplex and human telomeric
quadruplex DNA.

Using the same design principle, Jin and co-workers**” have
reported tetragonal prisms incorporating tetra-4-pyridylporphyr-
in as a tetratopic donor in combination with oxalato-bridged half-
sandwich Ir(III), Rh(III), and Ru(II) connectors. Single-crystal
X-ray structure analysis of the Rug tetragonal prism [Rug(p-
cymene)g(u-tppH, ), (1-C,04),]%" (Figure 34; tppH, =
5,10,15,20-tetra-4-pyridylporphyrin, 385) showed the complex
possessed helical chirality with a porphyrin—porphyrin separa-
tion of 4 A. The open space volume inside the prism was
approximately 800 A°. The cavity of the octanuclear prism was
too small to accommodate a guest molecule, and strong 77-stacking
interactions between two porphyrin panels were observed. As a
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Figure 34. Single-crystal X-ray structure of Rug tetragonal prism

[Rug(p—cymene)g(/A—tpsz)Z(,Lt—CZO4)4]8+. Color code: green, Ru;
red, O; blue, N; gray, C.

Scheme 103

393:R = C8H17
394:R = C12H25
395: R =CsH;

consequence of the twist in the oxalato clips, two porphyrin
panels, although being approximately parallel, are twisted along
their normal vector and thus give rise to two helical isomers.
Chiral discrimination of these enantiomers can be achieved by
using anionic chiral A-BINPHAT as NMR solvating agent.**®

Lu and co-workers**® have reported a series of octametallic
tetragonal prismatic cages, [ {(CO);Re(u,-OR),Re(CO)3}4(tty-
tpeb),] (393, R = -CgH,; 394, R = -C,,H,s; 395, R = -C,H,)
obtained in excellent yields at elevated temperatures under
solvothermal conditions by mixing Re,(CO);, and the tetra-
dentate ligand 1,2,4,5-tetraethynyl(4-pyridyl)benzene (tpeb,
392), in a 2:1 ratio in high boiling alcohols (Scheme 103). These
prisms 393—395 were the first examples of neutral luminescent
molecular tetragonal prisms possessing eight octahedral Re(I)
centers and two different kinds of ligands. Single-crystal X-ray
structural studies on 393 established that two tpeb ligands were
coordinated to four [(CO);Re(u,-OCH,Cg¢Hs),Re(CO);]
edge moieties, thereby forming a tetragonal prism. Molecular
recognition studies revealed that these prisms engage in host—
guest interactions with pyrene molecules.

Scheme 104
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Discrete tetragonal prisms were constructed via a multicom-
ponent coordination-driven self-assembly approach from a com-
bination of a tetraphenylethylene-based tetratopic donor 396, a
linear dipyridine donor, and a 90° platinum metal complex in
appropriate stoichiometric ratios in the absence of any
template.**® The 1:2:4 reaction of 396, 4,4’ -bipyridine or (E)-
1,2-di(4-pyridyl)ethane and 8 in CDCl,/CD3;NO, led to the
formation of tetragonal prisms 397 and 398 (Scheme 104).
Heteroleptic tetragonal prisms were assembled from tetratopic
donor 396 and $,10,15,20-tetra-4-pyridylporphyrin (tppH,)
ligand using sodium terepthalate as the pillar with 8 as the
acceptor.*” These heteroleptic prisms can be achieved through
supramolecule-to-supramolecule conversion from their homo-
leptic counterparts. Using this methodology, the self-assembly of
supramolecular hexagonal prisms has also been achieved upon
mixing a hexakis[4-(4-pyridyl)phenyl]benzene donor ligands
and carboxylate donor ligands such as sodium terephthalate,
sodium (1,10-biphenyl)-4,4’-dicarboxylate, and sodium 4,4’
(diazene-1,2-diyl)dibenzoate with 8 in a 1:3:6 ratio.**" Recently,
the combination of tetraphenylethylene-based tetratopic donor
396 and ditopic bipyridine or carboxylate ligands functionalized
with hydroxyl or amine groups, hydrophobic alkyl chains, or
electrochemically active ferrocene was reported to yield a suite of
self-assembled tetragonal prisms under mild conditions.**>
These metallacages were characterized by multinuclear NMR
(*'P and '"H) and ESI-MS. Their shapes and sizes were estab-
lished using molecular force field simulations and PGSE NMR
experiments.

4.2.5. Molecular Boxes. Tetratopic buiding units, in combi-
nation with a 90° acceptor, may generate several discrete
molecular arctictures ranging from a trifacial box to higher
analogues or even molecular cubes (Figure 35). Though the
smallest homologue (trifacial box) is the entropically most
preferred isomer, higher analogues like cubes, tetrafacial boxes,
and even hexagonal barrels have been reported.

The coordination-driven self-assembly of several trifacial
boxes was achieved using rationally designed tetrapyridyl star
connectors with 90° platinum linkers.**> The 1:2 combination
of tetratopic planar donors 302, 392, 399, and 400 with
cis-[Pt(PMe;)(OTf),] (38) in nitromethane led to the forma-
tion of trigonal prisms 401—404 (Scheme 10S). This face-
directed approach gives high yields without template assistance.
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Figure 35. Few possible discrete architectures from 1:2 self-assembly of
tetratopic donor with 90° acceptor.

Scheme 105

Each trifacial box consists of three tetrapyridyl star connectors
that span the faces with Pt(II) hinges clipping the vertices. The
prisms have been characterized by multinuclear ("H and *'P) and
DOSY NMR and dual electrospray ionization—Fourier trans-
form—ion cyclotron resonance—mass spectrometry (dual ESI-
FT-ICR-MS). The use of a conformationally chiral star con-
nector, 302, leads to a face-based conformationally chiral prism
(401) when the connector arm ends attached to a vertex have a
strongly correlated twist sense and chirality is communicated
across polyhedral faces, edges, and vertices. Molecular mechanics
studies suggested that in the smallest trifacial box 401, collective
effects dominate and the all-P and all-M conformers are strongly
favored. One-dimensional EXCHSY NMR studies revealed

Scheme 106

406

pyridine edge interconversion processes in 401 —404 compatible
with pyridine rotation around the Pt—N bond. Theoretical studies
showed that the largest trifacial box, 404, displayed a highlzf
unusual kinetic behavior during the pyridine ligand rotation.*®

Fujita and co-workers have employed zinc tetra-3-pyridylpor-
phyrin (405) in conjunction with [Pd(en)(NOj3),] (1) to
assemble a M¢L; trifacial box, (406; Scheme 106), utilizing the
coordination-driven face-directed self-assembly paradigm.*®
"H NMR, ESI-MS, and X-ray analyses confirmed the formation
of the prismatic structure. The crystal structure of 406 showed
that the three porphyrin-based ligands span the faces of the prism
with six palladium atoms occupying the apical positions. Addi-
tion of a pyrene guest molecule for encapsulation triggered a
conformational change in host 406 from D5, to C, symmetry.
The treatment of a tetrapyridyl rectangular molecular panel,
407, with 1 at 50 °C for 4 d in D,O/CD3OD led to the formation
of tetrafacial box 408 as the major product (Scheme 107).* As
detemined from NMR and CSI-MS studies, tetrafacial box 408
exists in a dynamic equilibrium with several other products
ranging from a trifacial box to a pentafacial box. However, this
product equilibrium can be tweaked to favor the quantitative
formation of trifacial box 409 through use of biphenyl as a
template in the assembly reaction. The use of a 60° donor, 1,2-
bis(4-ethynylpyridine )benzene, in combination with Pd(NO3),
yielded the solvato-controlled assembly of trifacial M3Ls and
tetrafacial MyLg open boxes. Due to the lability of Pd(I)—N
bonds, a facile interconversion between M;Lg and MyLg boxes
was observed by removal or addition of solvent.**® Addition of
CD;CN to a solution of MyLg in DMSO-ds promoted the
smooth conversion of complex M Lg into a MzLg box, as
revealed by 'H NMR spectroscopy.

A hexagonal barrel was reported using tppH, (385) in com-
bination with a 90° Pt(1I) acceptor.29 The molecular box [{cis-
(dppf)Pt} 1o(tppHa)e] **" (410; dppf=1,1-bis(diphenylphosphino)-
ferrocene) was obtained in quantitative yield by treatment of a
solution of tppH, in dichloromethane with 2 equiv of cis-[ Pt(dppf)-
(OTf),] (33) in nitromethane (Scheme 108). NMR and single-
crystal X-ray diffraction studies established the exclusive formation
of this hexagonal Fe—Pt heterometallic barrel. Structural analysis
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revealed the formation of a hollow barrel of 2.7 nm X 2.7 nm X
1.9 nm dimensions with an internal void volume of around
13550 A%, In contrast to the self-assembly reactions in which
similar tetratopic donors in conjunction with 90° Pt(1I) accep-
tors give trifacial boxes,**® the use of bulky dppfligands to cap the
90° Pt(1I) acceptor led to the assembly of a wider hexagonal box.

4.2.6. Molecular Spheres. A molecular sphere/ball can be
formulated as eight trigonal curved surfaces and six square-planar
centers. Proper selection of tripodal ligands which can fit on these
trigonal faces, in conjunction with square-planar metal centers, may
generate molecular balls by an 8:6 face-directed self-assembly. An
early example of a coordinatively saturated Pdg molecular ball
was reported by Liu and Tong.467 A flexible tripodal imidazole

Figure 36. Molecular structure of MLg molecular spheres [ Pdy(titmb)s] >
and [Pd,(322)5]"*". Color code: pink, Pd; blue, N; gray, C.

Scheme 109
SN
l 4
Oy NH
8 H + 6 Pd(NO3). %
N N (0] O

41

donor ligand (titmb = 1,3,5-bis(imidazol-1-ylmethyl)-2,4,6-trimethyl-
benzene) produced a nanometer sized MgLg molecular sphere
[Pd(titmb)s]"** upon treatment with PdCl, (Figure 36). The
inner cavity of the ball was determined to be 1000 A®, which was
enough to accommodate eight Cl™ ions inside the ball. Despite
the possibility of several conformational isomeric forms due to
the flexibility of the ligand, only one configuration was adopted in
the structure. An analogous molecular sphere [Pdg(322)5]"*
was reported by Fujita and co-workers using a flexible tripodal
pyridyl ligand 1,3,5-tris(4-pyridylmethyl)benzene (322) in com-
bination with Pd(NO3), (Figure 36).*® The average distance
between axially located Pd(IT) centers was 152 A and that
between equatorial centers was 10.7 A. The distance between
the central benzene rings of the ligands situated at the terminus of
the 3-fold axis was 19.2 A. The same group also prepared a neutral,
nanometer-sized metallo-supramolecular sphere [Nig(tpst)sCl,5]
(tpst = 2,4,6-tri[ (4-pyridyl)sulfanylmethyl]-1,3,5-triazine) from
an assembly reaction of NiCl, and the tpst ligand in DMF.**
Using a similar approach, a nanosized molecular sphere
[Pdg(tpbc)s]'** 412 (tpbc = N,N',N"-tri(3-pyridinyl)-1,3,5-
benzenetricarboxamide) was reported independently by Lah
et al.*’® and Ghosh and Mukherjee*”" using suitably designed
Cs-symmetric triangular ligands as facial components and C4-
symmetric Pd(I) metal ions as corner linkers. Treatment of 4
equiv of tpbc (411) with 3 equiv of Pd(NO3), in DMSO-dg led
to the quantitative self-assembly of a single product (412;
Scheme 109) as determined by 'H NMR spectroscopic studies.
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X-ray crystallographic studies*’® revealed that the nitrogen donor
atom at the meta position of the carboxamido pyridinyl group
and the tilted pyridyl versus the facial plane of the ligand both
provide the needed curvature for the formation of a molecular
sphere. Along similar lines, a Pd(II)-based molecular sphere,
[Pd(tpte) 8]12+, incorporating ester functionalities, was as-
sembled using a C; symmetric tripodal linker, N,N',N”-tris(4-
pyridylmethyl) trimesic ester (tpte), with Pd(NO3), in a 4:3
molar ratio. NMR, ESI-MS, TEM, and MM2 force-field calcula-
tions support the formation of the nanoball with eight trigonal faces
occupied by C; symmetric donor linkers. Host—guest studies on
molecular sphere [Pdg(tpte)s]"*" showed efficient encapsulation
of Et,N" cations despite the sphere’s high positive charge.*”!
Batten and co-workers*’> have reported a new approach for
preparing bimetallic molecular balls using tripodal metalloligands
in combination with metal centers of appropriate coordination
environments. This efficient, one-pot assembly process involves
two distinct steps. First, the central tris(pyrazolyl) hydroborate core
of the bifunctional ligand, [tris{3-(4-pyridyl)-1-pyrazolyl}hydro-
borate] (413) is utilized in an in situ, preorganizational step to form
the neutral metalloligand [Cu'(413)(CH;CN)] (Scheme 110).
This building block conformationally locks an otherwise flexible
organic ligand, thereby providing directionality to the peripheral
4-pyridyl donor groups for further reaction with an octahedral
metal ion. In the second step, crystallization of the discrete
nanoball species [{Cu'(413)(CH;3CN)}s{Fe"(NCS),} 10/3-
{Fe''(NCS)(CH;CN)} /3] (ClO4)s/3- (CH5CN),, (414) oc-
curs by self-assembly upon addition of Fe" ions and a thiocyanate
salt. Single-crystal X-ray structural studies revealed that nanoball
414 possesses a rigid [Fe"{Cu'(413)}] shell in which the
octahedral arrangement of Fe" ions and cubic arrangement of
Cu' ions forms a distorted rhombic dodecahedron. The fact that
Fe' ions exist in two different magnetic environments helps the
nanoball reversibly switch between HS and LS states triggered by
thermal, light, and guest perturbation. Treatment of metalloli-
gand [Cu'(413)(CH;CN)] with a range of divalent metal salts
(MX,) (M" = Cu, Mn, Zn, Cd, Fe; X = ClO,, NO; ™, BF,")
gave a series of nanoballs of the general formula [(413)-
Cu'(MeCN)sM"((X),0(MeCN),](X), - «MeCN,  produc-
ing isostructural crystalline samples in a matter of hours.*’>

Scheme 111
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These porous nanoballs showed hydrogen gas adsorption as well
as solvent adsorption behavior in the solid state.

Unlike the approach used in previous examples of face-
directed molecular balls, Fujita and co-workers have revealed a
new strategy using edge-directed self-assembly. In this approach,
12 Pd(II) square-planar metal ions were assembled with 24 units
of rigid bent dipyridyl linkers 415—417 to obtain spherical
hollow structures 418—420 (Scheme 111).** '"H NMR and
CSI-MS studies confirmed the formation of M;,L,, molecular
spheres. X-ray structural studies on 418 revealed that the spheres
have cuboctahedron symmetry in which each of the 12 Pd(II)
atoms occupy the 12 vertices, while the dipyridyl bridging ligands
span the 24 edges. Related molecular spheres having cubocta-
hedral symmetry with copper(II) dinuclear tetracarboxylate
junctions have also been reported.*’®

Interestingly, when a ligand analogous to 416, dipyridylthio-
phene, was used in conjunction with Pd(II) square-planar metal
ions, it resulted in the formation of 72-component self-assembled
giant Pdy,Lsg coordination spheres using 24 palladium ions
(Pd) and 48 curved bridging ligands (L).*’® X-ray crystallo-
graphic analysis showed that the Pd,4L,s coordination sphere
(Figure 37) forms a rhombicuboctahedron, which is an Archi-
medean solid with eight triangular and 18 rectangular faces (26 in
total), with one triangle and three rectangles meeting at each
vertex. Each of the 48 curved bridging ligands span the edges
while 24 metal ions occupy the vertices. Although the ligand
dipyridylthiophene differs very little from 416, the difference in
ligand bend angle from 127° in 416 to 149° in dipyridylthio-
phene, stemming from longer C—S bonds (1.80 A) in thiophene
as compared with the C—O bonds (1.39 A) in furan, accounts for
the difference in the final polyhedral geometry. Furthermore, a
self-organization study using a mixture of both the bent ligands
with Pd(II) ions, where the ligand ratio was varied to reflect the
continuous modulation of mean ligand angle from 149 to 127°,
revealed that a slight change in the mean ligand bend angle
critically switches the final structure between M,,L45 and M;,1,4
coordination spheres.
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Figure 37. X-ray crystal structure of Pd,,L45. PFs~ counterions and
protons are omitted for clarity. Color code: pink, Pd; red, O; blue, N;
green, S; gray, C.

4.3. Chiral Systems

Chirality is an inherent property of almost all biomolecules
since they are made up of building blocks that are chiral in nature.
Almost all biochemical reactions that occur in nature are stereo-
specific and extremely efficient. Thus, the creation of chiral, 3D
spaces for carrying out enantioselective reactions, molecular
recognition, and catalysis in confined cavities using natural
systems for motivation is a much sought after goal. In recent
years, discrete, chiral 3D supramolecules of finite sizes have been
assembled b7y means of weak intermolecular noncovalent
interactions®’” as well as metal—ligand coordination.*”® These
assemblies have proved themselves as powerful tools to aid in the
understanding and exploration of chirality and its effects in
host—guest interactions, chemosensing, and enantioselective
catalysis.

All Platonic and Archimedean solids, along with prisms and
antiprisms, with the exception of snub cube and snub dodecahe-
dra, are inherently achiral. However, chirality can be introduced
in these architectures through coordination-driven self-assembly
by removing symmetry elements: centers of inversions and
mirror planes. This can be achieved through different design
strategies: (a) through the use of achiral building blocks where
chirality arises at the metal center due to strong mechanical
coupling between metal sites through the ligands used, resulting
in exclusive homochiral assemblies; (b) using achiral compo-
nents where chirality is introduced as a consequence of the
twisting of the ligands; (c) using enantiopure or racemic scaffolds
to assemble chiral supramolecules (the stereogenic center may be
incorporated into the organic ligand bridging the metal centers or
on an auxiliary ligand); (d) through the encapsulation of a guest
molecule within the cavity which perturbs the architecture to lose
symmetry elements, thereby making it chiral.

Among the chiral supramolecular architectures, tetrahedral
assemblies are perhaps the most extensively studied. Saalfrank
et al. reported the earliest example of a chiral supramolecular
tetrahedron as described above (section 4.1.1).**°% The tera-
nuclear magnesium(II) assembly, [(NH,),N{Mg,(L)s}] (270)
was formed as a racemic mixture of homochiral AAAA and

AAAA ensembles as determined by time-dependent 'H NMR
spectroscopy. The overall T symmetry of the ensembles is due to
the restricted rotation around the C—C single bonds in the
tetracarboxylate ligands, which make the ligands twist in the same
sense when coordinating to the four metal centers.’” The
replacement of the R group in the tetracarboxylate ligand
(Scheme 77) with hydrogen results in isosturctural homochiral
AAAA and AAAA assemblies.*”® Variable-temperature
"H NMR studies revealed that the assembly undergoes nondisso-
ciative enantiomerization from AAAA to AAAA symmetry
without the formation of diastereomeric intermediates.*** The
interconversion involves four simultaneous Bailar twists asso-
ciated with (A)/(A) isomerization at the four octahedral metal
centers that are synchronized with the atropenantiomerization
process on the four sterically unhindered ligands. When a bulky R
group such as CO,Et in the tetracarboxylate ligand is present, a
restriction of the rotation around the central C—C bond in L*
occurs, thereby preventing enantiomerization.

Raymond and co-workers designed a series of chiral MyLg
tetrahedra based on bis-hydroxamate®***** and bis-catecholate®*
ligands through the symmetry interaction approach. As described
above (section 4.1.1), these tetrahedral anionic cages were
assembled from four metal ions such as Ga(III), AI(III), In(III),
Fe(IIL), Ti(IV) Ge(IV), and Sn(IV), which are coordinated by
six bifunctional bis-chelating ligands spanning along the edges of
the tetrahedra. The chiral environment of the cavities was probed
using a monocationic ruthenium(II) half-sandwich complex
[CpRu(p-cymeme)]™ as a guest molecule.*®" The two enantio-
tropic methyl groups of the isopropyl substituent of p-cymene
become diastereotopic upon binding with the chiral host and are
thus distinguishable, as evidenced by NMR spectroscopy. This
implies that the guest is increasingly able to sense the chiral
environment of the host molecule.

Though the bis-chelating ligands are achiral in nature, the
chirality in these tetrahedral assemblies results from the trisbi-
dentate coordination at each metal center, leading to either a A
or A configuration. Due to strong mechanical coupling between
the metal centers through the ligands, the chirality is commu-
nicated from one vertex to the next, resulting exclusively in
homochiral tetrahedra (with either AAAA or AAAA config-
uration). Depending on the chiralities at the metal centers, these
clusters can have idealized C; (AAAA/AAAA), S, (AAAN),
or T (AAAA/AAAA) symmetry. However, the use of achiral
components almost always leads to racemic chiral supramole-
cules due to the lability of the metal—ligand bonds, which
facilitate interconversion of the enantiomers. These racemates
can be enantiomerically resolved through use of a chiral auxiliary
molecule. For example, as shown in Scheme 112, the tetrahedral
assembly [Ga,(271)s]"> preferentially precipitates the diaster-
eomeric ion pair of (AAAA)-KH;(S-nic),[(S-nic) C Ga,(271)6]
when treated with chiral auxiliary (S)-N-methylnicotinium (S-nic),
leaving the soluble AAAA-K¢(S-nic)s[(S-nic) C Gay(271)4]
species in solution.**>*** The chiral auxiliary S-nic can then be
replaced through ion exchange by an achiral guest cation such as
NMe," or NEt,". The mechanism for chiral resolution of the
M,L tetrahedron was shown to be proton-dependent and relies
on interactions of the chiral S-nic” counterion with the exterior of
the anionic host. Interestingly, the ML tetrahedron [NEt, C
Ga,(271)6]""™ (272) retains the “chiral structural memory”.***
In a solution of (AAAA)-[NEt, C Ga,(271)]"' ", as many as
three of the six-edge bridging ligands can be replaced by phenyl
derivatives while maintaining the original chirality.
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McCleverty, Ward, and co-workers have assembled chiral
MyL¢ tetrahedral clusters using flexible bispyrazolylpyridine
ligands having a central aromatic spacer between the binding
sites.>*® These cationic cages are chiral, having noncrystallo-
graphic T symmetry with all four metal centers possessing the
same tris-chelate optical configuration with a C; axis running
through each vertex but no mirror planes.>** X-ray structural
studies have shown that the assemblies crystallize as a racemic
homochiral mixture with equal numbers of AAAA/AAAA
enantiomers. The chiropticity of the internal cavities of the tetra-
hedral cages of the type [Co4(274)6(BF,)]”* can be probed by
using an enantiopure chiral solvating agent [tris(tetrachloro-
catecholato)phosphate(V)] (TRISPHAT).*** Addition of 2
TRISPHAT A-1, to a solution of racemic mixtures of AAAA
and AAAA enantiomers of [Co,4(274)s(BF4)]”" in 5% CD5NO,
in CDCl; led to the enantiodifferentiation of the protons of the
ligands. The "F NMR signal (a singlet) for the encapsulated
achiral BF, ™~ anion also gets split into two peaks with a separation
of 2 ppm between the components arising from the two
diastereoisomers. The chiral environment can thus be detected
through the enantiodifferentiation of an achiral guest in the chiral
cavity. In an alternative approach, diastereoselective formation of
a chiral tetrahedral cage has been achieved using a ligand in which
a chiral auxiliary, 0--pinene, was appeneded to a similar flexible
bispyrazolylpyridine ligand, having a central 1,2-phenyl aromatic
spacer.”®® As evidenced from its 'H NMR spectrum, the cage
exists as a single diastereoisomer in solution and crystallizes as a
single diastereoisomer in the acentric space group C,.

A number of chiral MyL, tetrahedral cages have been as-
sembled from tris-bidentate chelating ligands and pseudo-octa-
hedral metal ions by the groups of Raymond,****® Saalfrank,”>®
Ward**%*” and Albrecht.>***® The C;-symmetric ligands in
these cages span the faces of MyL, tetrahedra with octahedral
metal ions occupying the vertices. The chirality in these tetra-
hedral assemblies originates from the tris-bidentate metal che-
lates, where each metal center can adopt a A or A configuration
within each tetranuclear structure. As a result, a ML, tetrahedron
can adopt T (AAAA or AAAA), C3 (AAAA or AAAA), or S,
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(AAAA) symmetry. The chiral induction studies carried out on
[Gay(278),4]">" showed that the chiral auxiliary S-nic can induce an
enantiomeric excess in a racemic population of [Ga,(278),]"*"
tetrahedra.**® Larger Myl clusters from analogous tris-bidentate
chelating ligands having phenylene spacers fail to show enatiomeric
enrichment due to the rotational freedom of the phenylene spacers
in the ligand.

Achiral tetratopic ligands derived from hydrogen bond-direc-
ted solid-state synthesis have also been used to assemble chiral
polyhedral cages. A linear template based on resorcinol was used
to direct a regiocontrolled synthesis of tertrapyridyl ligand 421
from trans-1-(2-pyridyl)-2-(2-pyridyl)ethylene).**” Addition of
an acetonitrile solution of 421 to an acetonitrile solution of
Cu(NO;),+2.5 H,O led to the formation of a chiral tetrahedral
assembly [Cu,(421),(H,0),]%" (422; Scheme 113). X-ray
structural studies revealed that each of the four Cu(II) ions
occupies a corner of the tetrahedron. Similar tetratopic ligands
derived from trans-1-(2-pyridyl)-2-(4-pyridyl)ethylene) have
earlier been shown to assemble with Cu(II) ions to form
a hexanuclear cage structure that conforms to a trigonal
:mtiprism.488

Chiral molecular assemblies have also been achieved using
achiral components in which chirality arises as a consequence of
the way the organic ligands are twisted in space. For example,
Robson et al.**” and Miiller et al.**® reported chiral truncated
tetrahedra having ML, stoichiometries utilizing guanidine-
based ligands. The chirality in these assemblies originated from
the screwlike orientation of the ligands upon coordination to the
metal centers at each face of the tetrahedra. The reaction of CdCl,
with  tris[ (S-bromo-2-hydroxybenzylidene)amino]guanidinium
chloride, [HBr;L]Cl in methanol in the presence of Et,NCI,
and Et;N led to the formation of chiral ML, tetrahedra.**® X-ray
structural studies revealed that each cadmium atom lies in a
square-pyramidal center with three of the basal coordination sites
occupied by a ligand and one CI™. The fifth site was occupied
by a phenolate oxygen atom from the neighboring [(CdCl)3-
(HeBrsL)] triangular panel, formed upon the binding of three
CdCl units. This led to to the formatiom of the chiral cage
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(Et4N)s(EtsNH)3[{(CdCl)3(HgBrsL)} 4]. Of the eight counter-
ions, one [Et,N]" gets trapped in the cavity of the terahedron.
These guanidine-based ligands have also been used to assemble
a chiral trigonal bipyramid*' and a molecular octahedron
[{Pd;L}s{u-(bar)}1,]"* (310).%%

Hannon and co-workers*”> have reported the assembly of a
M,,L, chiral ball (424) from bis-bidentate ligand 423 and Cu(I)
ions. X-ray structural studies revealed that three bis-bidentate
ligands (423) assembled to form a chiral trinuclear circular
helicate {Cu;(423)3}" with a Cu(I) ion occupying the vertices
of the triangle in a four-coordinate pseudotetrahedral environment.
Four of these bowl-shaped circular helicates {Cus(423),}>" aggre-
grate to form a tetrameric ball-shaped molecular assembly
[{Cu3(423)3}4])""" (424) held together by CH— interactions
(Scheme 114). The chirality of each triangular circular helicate
makes the overall ball-shaped structure chiral. The chirality of
424 is due to the propeller-type twist arrangement of the pyridyl
rings of each triangle.

Molecular scaffolds that are intrinsically chiral have been used
as both enantiopure and racemic mixtures to assemble chiral
supramolecular assemblies. The chiral center may be introduced
into the bridging ligand and/or on the auxiliaries attached to the
metal center. Using the directional bonding approach, MgL,
adamantanoids have been assembled using enatiopure chiral
building blocks having stereogenic centers in their carbon back-
bones. For example, the presence of a chiral center on the ligand
backbone makes adamantanoids 341 and 324 chiral.**® Their
stereogenic centers reduce the overall symmetry of the adaman-
tanoids from T,; symmetry, as expected for achiral species, to D,
symmetry. A racemic mixture of binaphthalene-based ligands
with lanthanide salts led to chiral adamantanoids having perfect T
symmetry, as a result of the C,-symmetric nature of the ligand
and Cz-symmetric lanthanide centers.**® Cui et al.** reported
the synthesis of distereoselective tetrahedral cages using the
enantiopure atropisomeric biphenyl bridging ligand 5,5',6,6'-
tetramethyl-3,3-diketone-2,2'-bis(methoxy—methoxy)biphenyl
and Cs-symmetric metal ions. A 3:2 molar reaction of the
bridging ligand with M(III) chloride (M = Fe, Ga) in DMF,
followed by layering the solution with methanol, afforded the
homochiral (AAAA) or (AAAAA) ML tetrahedral cages in
moderate yields. These cages demonstrated a high enantioselec-
tive ability to resolve small racemic alcohols by crystallization
inclusion.

Jeong et al.*** reported a chiral nanoball encapsulating lantha-
num ions in a ferritin-like assembly. The enatiopure carboxylate
ligand (S,S)-425, synthesized from 4,4'-dibromostilbene through
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Sharpless asymmetric dihydroxylation, assembled into a molec-
ular cluster having the formula [La;s{(S,S)-425},4(CO3),-
(H,0)3,]*" (426; Scheme 115) in the presence of LaCly-
6H,0. X-ray structural studies showed that 24 ligands encompass
18 metal ions in the assembly. The ball consists of six Las[(S,S)-
425], units which are related by pseudo-octahedral symmetry.
Each unit is further interconnected with another four equatorial
units by four organic ligands, completing the assembly. These
ferritin-like chiral assemblies form double helices in the solid
state with single-handedness.

Stang and co-workers®®® were able to assemble chiral MgL,
truncated tetrahedra by introducing stereogenic centers on the
auxiliary ligands attached to metal donor units. A 3:2 combina-
tion of [M(R-BINAP)(OTf),] (M = Pd (177) or Pt (178),
BINAP = 2,2/-bis(diphenylphosphino)-1,1’-binaphthalene) and
tridentate ligand 1,3,5-tris[ (4-pyridyl)ethynyl]benzene (291)
led to the formation of an assembly having a truncated tetra-
hedral geometry with T symmetry. Both NMR and ESI-FT-ICR-
MS studies established the formation of these assemblies.
Similarly, utilizing the [(R)-(+)- BINAP]PA(II) bistriflate as a
chiral donor unit, Ikeda et al.** assembled Zn-based porphyrins
bearing four pyridyl groups into a chiral ML, square-prismic
supramolecule possessing Dy, symmetry. Chirality in these
assemblies arises due to the chiral auxiliaries present on the
periphery of each cage. Fujita et al.**® have used chiral (R,R)-
diaminocyclohexane as an auxiliary attached to a Pd(II) center to
assemble C, chiral MgL, truncated tetrahedra. A chiral MgL,
cage, 429, was assembled from the D,;-symmetric pyridyl ligand,
427, with 90° cis-[ (R,R)-diaminocyclohexane]Pd(NO3), (428)
in the presence of 1,4-dichlorobenzene (Scheme 116). The self-
assembly process was driven by the template-effect of the
aromatic guest molecule. "H NMR studies revealed the forma-
tion of two diastereomers in a 1.3:1 ratio. With (S,S)-diamino-
cyclohexane auxiliary ligands, the resulting assembly showed a
negative Cotton effect.

Chirality in a supramolecular assembly can also be induced
through encapsulation of guest molecules into the achiral
assembly, triggering a conformational change from achiral to
chiral. Hiraoka and Fujita observed that the inclusion of flat,
achiral 1,3,5-benzenetricarboxylic acids as guest molecules dis-
torts trigonal-bipyramidal cage 323 (Scheme 85) into a chiral
cage.”” The chirality of this asymmetric cage was shown by
complexation of R-mandelic acid, which induces diastereomeric
organization resulting in P- and M-cages. Furthermore, the
observation of two diastereomers also indicated that no racemiza-
tion takes place on the NMR time scale. Notably, diastereomers
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were not observed when racemic mandelic acid was used.
Encapsulation of a spherical guest such as CBrCl; or CBr, led
to the formation of an achiral trigonal-bipyramidal cage under
similar conditions. This was explained through molecular mod-
eling studies wherein it was observed that the asymmetric cage
possesses flat internal cavities while the symmetric cage possesses
spherical cavities. The same group also observed a conforma-
tional change from D3, symmetry to C, symmetry in a porphyrin-
based ML trifacial box (406; Scheme 106) upon encapsulation
of pyrene as a guest molecule.”®

4.4. Functionalized Systems

The functionalization of 3D supramolecular assemblies has
been intensively investigated over the past few years with an aim
to develop nanoscale ensembles that can emulate biological
systems and can find applications in various fields such as
host—guest chemistry, cavity directed synthesis, catalysis, photo-
nics, redox activity, magnetic behavior, self-organization, and
sensing.”*® Although various functionalized nanoscopic systems
have been developed through conventional covalent synthesis,
when issues such as the control of functional groups and
structural precision, the ability to perform selective encapsula-
tion, and synthetic ease and building-block versatility come into
question, coordination-driven self-assembly emerges as a power-
ful tool to assemble 3D functional supramolecules with relative
ease. The conformational rigidity of supramolecular ensembles
allows for greater structural control and positioning of functional
groups on the tectons to form novel, multifunctional structures.
Precise control over the number, location, orientation, and
relative distribution of functional moieties is possible in these
systems. Using the directional bonding approach, functional
groups have been 1ntroduced both on the exterior and interior
of supramolecules.”

Exo-functionalization of metallacages can be achieved by the
attachment of a functional moiety on the convex side of a
building block. This positions the groups on the periphery of
the resulting self-assembled suprastructure. Fujita and co-workers
have designed a number of Pd;,L,, exo-functionalized molecular
spheres (Scheme 117) decorated with many different functional
groups on the surface by simply attaching the desired moiety to
the convex dipyridyl ligands (430—435). In one early example,
metal porphyrins and fullerene nanoballs were introduced on the
periphery of a Pd;,L,, sphere (436 and 437).**
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Similarly, attachment of saccharide groups at the periphery led
to saccharide-coated Pd;,L,, molecular sgheres that form ag-
gregates upon interaction with proteins.”" Studies with con-
canavalin A, which is a well-known lectin that selectively
recognizes O-mannopyranoside and O-glucopyranoside at its
four binding sites, showed the formation of aggregates with o.-
mannopyranoside- and @-glucopyranoside-coated Pd;,L,4
spheres 439 and 440, respectively, but not with o.-galactopyrano-
side- or f-glucopyranoside-coated ones, indicating that conca-
navalin A can recognize the terminal saccharide units of Pd;,L,,
molecular spheres. Recently, the same group also reported the
facile preparation of self-assembled Pd,,L,4 spherical complexes
438 and 441 with their surface modified with oligonucleotide
chains*”® and hexapeptlde aptamers (Arg—Lys—Leu—Pro—
Asp—Ala), respectively.’®® The oligonucleotide-coated spheres
can recognize complementary nucleobases through Watson—
Crick base pair formation. These well-defined DNA nanoparti-
cles templated by self-assembled Pd,,L,4 molecular spheres may
lead to systems that can recognize natural DNA in aqueous media.

Stang et al. reported the construction of multifunctional cubo-
ctahedra having crown ether and ferrocene as functional groups
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Scheme 118

on the periphery (Scheme 118).°°" Treatment of 120° exo-
functionalized acceptors 442 and 443 with the planar tritopic
donor 1,3,5-tris(4-pyridylethynyl)benzene (314) in 3:2 resulted
in the formation of cuboctahedral complexes 444 and 445 with
12 pendant crown ether or ferrocene groups, respectively, at the
vertexes. Multinuclear NMR ('H and *'P), ESI-MS, and cyclic
voltammetric studies established the structures of the complexes.
Both functionalized supramolecular systems were obtained in
high yield and all of the functional units retained their functional
fidelity while surrounding a nanoscopic hollow “core” environ-
ment ideal for guest encapsulation. The multiferrocenyl cuboc-
tahedron molecule shows a single redox couple indicating that
the redox species react more or less independently of one
another. These assemblies may find uses as multielectron cata-
lysts and sensors. Also, the complementary recognition proper-
ties of the peripheral crown ether hosts and the interior cavity of
the crown ether functionalized cuboctahedron may be used to
develop both an exo and endo receptor.

Endohedral functionalization of supramolecular architectures
can be achieved by covalently attaching a functional moiety on
the concave side of a directional building block, precisely
orienting the group inward. Fujita et al. assembled a variety of
discrete, endo-functionalized Pd;,1,, molecular spheres (452—457)
by combining 12 naked Pd(II) ions with 24 bis-4-pyridyl ligands
(446—451) involving two acetylene spacers (Scheme 119).
The acetylene spacers play an important role in the overall
architecture of the resulting ensembles. In addition to provid-
ing a larger cavity space as compared to that in exohedral
Pd;,L,4 cages assembled using dipyridyl ligands 430—43S5, the
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acetylene spacers prevent the ligands from adopting unfavorable
nonplanar conformations, which are caused by steric repulsion
between the pyridyl groups and the core benzene ring in the
absence of the spacer. The large cavities of the Pd;,1,4 molecular
spheres allow for the introduction of a variety of pendant
functional moieties such as oligo(ethylene oxide) chain (452) 302
perfluoroalkyl chain (453),°* extended aromatic system (454),°**
polymerizable methyl methacrylate®® (455), sodium p-styrene-
sulfonate units,**® peptide (456),°”” and sugar*®® (457) lining
the interior surface. The well-defined nanoscale cavities of these
functionalized assemblies have helped in the understanding and
illustration of interesting properties otherwise not observable
under standard conditions. For example, the attachment of
perfluoroalkyl chains generated a fluorous nanophase within
the cavity, allowing it to solubilize up to approximately eight
perfluoroalkane molecules per spherical complex. Their solubi-
lity can be tuned by varying the length of the pendant perfluor-
oalkyl chains.** Lining the inner surface with extended aromatic
systems such as corronene created an aromatic nanophase
resulting in increased solubility of fullerenes, which are sparingly
soluble in most solvents.*** Fujita and co-workers also prepared
Pd;,L,, molecular spheres (455) that can confine 24 methyl
methacrylate (MMA) units at their internal cavities.’>> These
monomer units can be polymerized to PMMA through radical
polymerization using 2,2'-azobis(isobutyronitrile) (AIBN) as a
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radical initiator. The sphere with tri(ethylene oxide) linkers
afforded the best efficiency, with 73% conversion. These nano-
molecular materials may find applications as high-density data
storage materials.

One of the key challenges in materials science is to gain a high
degree of control over the size and shape of nanoparticles.
Recently, Fujita and co-workers>”® succeded in restricting the
size and shape of growing silica nanoparticles by using a Pd;,L,4
molecular cage (457) whose inner surface was lined with sugar
residues, creating an environment for the sol—gel condesation of
tetramethoxysilane. The hydrophilic cavity of the cage served as
an endo-template for the condensation process to give mono-
dispersed silica nanoparticles with diameters of 2—4 nm relative
to the dimensions of the Pd,,L,, spheres (2—4 nm). As
monitored by NMR spectroscopy, signals corresponding to free
siloxane disappeared during the reaction, whereas a signal arising
from methanol appeared and increased in intensity, indicating
the formation of condensation products. The sol—gel condesa-
tion process took place within the endo-template rather than on
the bulk solvent, as evidenced by the homogeneity of the
solution. Remarkably, the polydispersities of the silica nanopar-
ticles achieved with this method approached unity, with M,,/M,,
< 1.01. Recently, the Pd;,L,4 molecular cage 457, whose inner
surface was lined with sugar residues, was also utilized to generate
core—shell SiO,/TiO, and SiO,/ZrO, nanoparticles with high
monodisperse molecular weight distributions (M,,/M,, < 1.01) as
characterized by TEM and MS analyses.’”

Similarly, tethering of azobenzene units*' created a confined
and well-defined hydrophobic phase inside the cavity of a
Pd;,L,4 self-assembled spherical complex. The hydrophobicity
of the cavity can be switched through the photoisomerization of
appended azobenzene chromophores. Azobenzenes are well-
known to undergo cis—trans isomerization upon irradiation with
UV light resulting in large changes in size and polarity. The use of
a hydrophobic guest, 1-pyrenecarboxaldehyde, as a probe
showed that the hydrophobic environment of the confined cavity
becomes less hydrophobic due to the reversible isomerization of
tethered azobenzene. Likewise, lining the inner surface of a
Pd;,L,4 cage with alkyl chains®'! allowed the solubilization of
hydrophobic dyes such as Nile red in polar solvents.

Recently, endo-functionalized Pd,,L,; (L = 2,6-bis(4-
pyridylethynyl)toluene) molecular spheres were shown to as-
semble into large, monolayered, hollow, vesiclelike blackberry
structures in polar solvents.>'* As established from laser-light
scattering studies, these Pd;,L,, cationic cages self-assemble into
larger structures in DMSO-ds mediated by both electrostatic and
hydrophobic interactions similar to viral-capsid formation in
biological systems. A continuous increase in total scattered
intensity from the solution in static light scattering (SLS) studies
indicated the formation of large self-assembled structures. Dy-
namic light scattering (DLS) studies revealed that the large
assemblies have a narrow size distribution. The very similar
values of average radius of gyration (R,) and average hydro-
dynamic radius (Ry,) obtained fron light-scattering studies in-
dicated the formation of large hollow spherical structures. Like
viral-capsids, these assemblies form monolayer spheres with
individual nanocages evenly distributed in the wall of the vesicle-
like structures. The vesiclelike structures formed by the nano-
cages also responded to external stimuli (i.e., ionic strength and
solvent polarity) and subsequently changed their sizes. Similar
spontaneous self-assembly of M,L¢ truncated tetrahedral cages
[(en)PdgLy](NO3), (286, L = 2,4,6-tris(4-pyridyl)triazine)

Scheme 120

into large monodisperse hollow vesiclelike structures was also
observed in dilute solutions.”"

Self-assembly of trimeric zinc(II) porphyrin units into trigo-
nal-prismatic architectures was achieved by using linear ditopic
N-donor ligands such as 1,4-diazabicyclo[2.2.2]octane (DABCO),
4,4 -bipyridine and S,15-(4-pyridyl)-10,20-phenylporphyrin
(4 -trans-DPyP). These ligands act as pillars via two axial coordi-
nation bonds with the porphyrinic Zn(II) ions, locking the planes
of the porphyrin units in an almost cofacial orientation.”***'> For
example, treatment of zinc(I1) tris-porphyrin (458) with DABCO
in a 2:3 ratio led to the formation coordination cage (459;
Scheme 120). Measurement of stability constants using UV—visible
and "H NMR spectroscopic studies revealed that, in the presence
of an excess of the ditopic N-donor ligand, these coordination
cages fall apart to give open species. At micromolar concentra-
tions, the formation of a fully assembled coordination cage
was highly favored over the formation of intermediate species
stabilized by fewer interactions. In contrast, at millimolar con-
centrations, the relative stability of intermediate species in-
creased, leading to a stepwise self-assembly process. The presence
of a 2:2 intermediate was identified using 'H NMR spectroscopy.
Cage 459 was found to effectively recognize benzene-1,3,5-
tricarboxamide derivatives through hydrogen-bonding and aro-
matic interactions.

Reek and co-workers also reported a similar DABCO-induced
porphyrinic architecture using a zinc(II) tris-porphyrin phosphite
ligand. Self-assembly of two zinc(Il) tris-porphyrin phosphite
ligands with three ditopic DABCO ligands led to the formation of
a trigonal-prismatic cage.”'® The cage can encapsulate an active
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Rh(I) catalytic center through coordination to the phosphorus
atoms of the zinc(II) tris-porphyrin phosphite panels. Remark-
ably, the cage showed high selectivity for linear aldehydes in the
rhodium-catalyzed hydroformylation of 1-octene. Similar por-
phyrin cages were assembled by the same group through a ligand-
templated approach wherein bifunctional phosphine ligands
possess groups to form cages through coordination to porphyri-
nic Zn(II) ions while also complexing an active transition metal
center for regioselective catalytic applications (vide infra)."*""
Hupp and co-workers demonstrated an elegant way to assem-
ble cavity-tailored porphyrinic boxes through coordination-
driven self-assembly. Treatment of porphyrinic trimer 460
with pyridine-derivatized porphyrin dimer 461 in a 2:1 ratio
led to the generation of a symmetrical 16-porphyrin box, 462
(Scheme 121).>"” Chemically orthogonal metalation of 460, with
Zn(I) and 461 with Sn(IV) ensured that self-recognition
between trimers or dimers was avoided. The steric demand of
the axial tert-butyl benzoate groups on 461 ensured that four of
them were directed inward so as to force the dimeric units 461 to
link selectively with the first and third porphyrins of 460, leaving
the central Zn sites unoccupied. NMR (‘H and PGSE) and
UV—visible spectroscopy established the exclusive formation of the
porphyrinic box 462. Solution-phase small-angle X-ray scattering
(SAXS) measurements confirmed the formation of monodis-
perse assemblies of precisely the size expected from model box
structures. The large cavity (22 x 14 x 10 A®) of the assembly
was exploited for both size-selective and enantioselective cata-
lysis. Introduction of bulky R groups such as 3',5'-bis(4-tert-
butylphenyl)biphenyl-4-carboxylates on prophyrin dimer 461
produced an unusual twisted box. The steric crowding makes the
dimer incapable of combining with trimeric unit, 460, thus
forming a porphyrinic box having the architecture of 462.

Osuka et al. have extensively investigated the formation of a
number of supramolecular porphyrin boxes via enantiomeric self-
sorting of racemic 4-pyridyl appended meso—meso-linked zinc-
(11) diporphyrins.>'® As established by '"H NMR and CSI-MS
studies, meso—meso-linked zinc(II) diporphyrin units (463)
quantitatively self-assembled into supramolecular porphyrinic
box 464 in CDCl; (Scheme 122).°"” Due to the presence of
different meso-aryl substituents, the diporphyrin unit 463 is
intrinsically chiral, and hence two enantiomers (R and S) are
present in equal abundance in solution. Accordingly, both (R)-
464 and (S)-464 porphyrin boxes were formed in solution
through homochiral self-sorting from their respective (R)-463
and (S)-463 isomers. The optical resolution of these chiral boxes
was achieved with a chiral HPLC setup. Nanoscale porphyrin box
464 has a cavity dimension of 22 x 14 x 10 A%, Extension of the
pyridyl arms of the zinc(Il) diporphyrin units led to the forma-
tion boxes with larger dimensions. These porphyrin boxes were
demonstrated to serve as well-defined light-harvesting models,
exhibiting excitation energy hopping rates that depend on the
vertical distance between the meso—meso-linked zinc(II) dipor-
phyrin subunits.>** The 90° dihedral angle between the dipor-
phyrin and the 4-pyridyl groups played a key role toward the
formation of the box-shaped assemblies.

Cavitands, which have half-bowl-shaped structures, can be
used as building blocks for supramolecular cages. Early ground-
breaking works of Cram demonstrated that covalent linking of
two cavitand bowls in a “rim-to-rim” manner resulted in the
generation of the closed-shell host molecules, named carcerands
and hemicarcerands, that could accommodate complementary
guest molecules or ions.”*' More recently, attention has been
turned toward the development of larger covalent cavitand cages,
which can lead to higher order supramolecules that incorporate a
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Scheme 122

CHCl,

greater number of cavitand hosts.’** Incorporation of donor
groups at the apical positions on the rim of cavitands makes them
interesting molecular building blocks for the self-assembly of
coordination-driven metallacages, and the majority of these
cavitand-based assemblies involve tetrasubstituted cavitands
connected by metal centers.”>* In 1997, Jacopozzi and Dalcanale
reported the first metal-directed, dimeric cavitand-based coordi-
nation cages (466 and 467) from a 1:2 reaction of tetracyano
cavitands 465 with [M(dppp)(OTf),] (M =Pd (4), Pt (52)) at
room temperature (Scheme 123).>** The X-ray crystal structure
of 466 showed the presence of an encapsulated triflate ion within
the cage. A further comprehensive study on a series of similar
cavitand-based coordination cages showed that the self-assembly
process depends on a P—M—P angle close to 90° between the
chelating ligand and the metal precursor (Pd and Pt), weakly
coordinated counterions, and preorganization of the tetradentate
cavitand ligand.****** Calorimetric measurements on the forma-
tion of these cages together with dynamic NMR (IH, "F PGSE,
NOE, and EXSY) experiments helped determine the thermo-
dynamics, interionic sructure, kinetic stability, and degree of
anion encapsulation in these assemblies. The introduction of
phenyl spacers to tetracyano cavitand 465 led to the formation of
cavitand cages with larger internal cavities of nanoscopic
dimensions.”*® In this case, as monitored by '’F NMR spectros-
copy, no permanent inclusion of triflate ion was observed due to
the rapid exchange with the external counterions because of the
larger dimensions of the lateral portals. Heteronuclear cavitand-
based coordination cages were also assembled from a tetrasub-
stituted cavitand having one 4-pyridylethynyl and three 4-cya-
nophenyl donor groups at the apical positions with Pd(II) and
Pt(II) as the metal centers.>*’

Scheme 123

466: M = Pd
467: M = Pt

Using a different synthetic route Kobayashi et al. were able to
introduce pyridyl, pyridylethynyl, and cyanophenyl groups on
the apical positions of the cavitands to assemble both dimeric
homo- and heterocavitand cages via metal coordination based on
thermodynamic and kinetic control.****® A 1:1:4 mixture of
tetra(4-pyridyl)-cavitand (468), tetrakis(4-cyanophenyl)-cavi-
tand (469) and Pd(dppp)(OTf), (4) in CDCIj selectively self-
assembled into thermodynamically stable heterocavitand cage
470 (Scheme 124). Interestingly, a 1:1:4 mixture of tetrakis(4-
cyanophenyl)-cavitand (469), tetrakis(4-pyridylethynyl)-cavi-
tand, and Pd(dppp)(OTf), (4) gave rise to only homocavitands
in CDCl;, indicating that a combination of factors such as
coordination ability and steric demand of cavitand ligands can
control the selective self-assembly of homo- or heterocavitand
coordination cage. The fact that tetra(4-pyridyl)-cavitand, 468,
failed to form any discrete assembly as compared to tetrakis(4-
pyridylethynyl)-cavitand, which formed homocavitand assembly,
indicated that tetra(4-pyridyl)-cavitand, 468, is sterically more
hinderd than the tetrakis(4-pyridylethynyl)-cavitand. Similarly, a
1:1:4 mixture of cyanophenyl-cavitand, pyridylethynyl-cavitand,
and Pd(dppp)(OTf), self-assembled into the kinetically as well
as thermodynamically most stable homo(pyridylethynyl)-cavi-
tand cage and most labile homo(cyanophenyl)-cavitand cage in a
1:1 ratio as determined by "H NMR spectroscopy. However,
heating the reaction mixture at 50 °C for 2 h shifts the thermo-
dynamic equilibrium toward heterocavitand assembly.

Other examples of coordination-driven self-assembly of cavi-
tand-based Pd(1I) and Pt(II) dimeric cages were shown by Lim
and Hong using tetrasubstitued cavitands having fexible pyridyl
donors at the apical positions of the cavitands.”*”**° Formation
of these cavitand cages was affected by subtle changes in the
solvent system. While interclipped homocavitand cages were
readily formed in organic solvents (acetone, CH,Cl,, or CHCly),
intraclipped supramolecular bowls were formed in aqueous
solutions.**' Subsequest studies using nitromethane as a solvent
showed the existence of a dynamic equilibrium between the
interclipped homocavitand cage and the intraclipped supramo-
lecular bowl.** "H NMR and CSI-MS studies confirmed the
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Scheme 124

coexistence of two ensembles in nitromethane. Variable-tem-
perature 'H NMR studies have shown that the conversion from
the interclipped homocavitand cage to the intraclipped bowl is
entropically favored and enthalpically disfavored. Haino et al.
introduced phenyl—bipyridine donors at the apical positions of
cavitands to form stable dimeric cages via coordination of four
Ag(T) metal centers.”*® Each metal center coordinates with two
bipyridine units in a tetrahedral fashion. The large internal cavity
of the cavitand cage allowed for the selective encapsulation of
large aromatics as well as aliphatic mono- and diacetates as guest
molecules. The detailed thermodynamic studies on guest en-
capsulation revealed that both CH— interactions between the
methyl groups on the guest termini and the aromatic cavity and
desolvation of the inner cavity play a key role in guest
encapsulation.** Attachment of iminodiacetate moieties at the
apical position of resorcinarene-based cavitands followed by
treatment with CoCl, or FeCl, under basic conditions led to
the formation of dimeric coordination cages consisting of four
octahedrally coordinated metal ions holding together two cavi-
tand scaffolds.**>**¢ X-ray structural studies on both cages
revealed that each metal ion is coordinated to two doubly
deprotonated iminodiacetate moieties, resulting in octaanionic
complexes. These pH-dependent, water-soluble cages were
found to selectively encapsulate a wide variety of guests includin

aromatic molecules, alkanes, alkenes, haloalkanes, and alcohols.>®

For example, in the case of the Co(Il) cavitand cage, the
encapsulation preference for p-xylene was 26700 times more
favorable as compared to that of o-xylene or m-xylene. Calori-
metric studies have shown that guest molecules having optimum
sizes, shapes, and polarities occupy the greatest percentage of
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cavity space and have the greatest number of favorable bonding
interactions with the internal cavity of the cage.>*®

In an alternative design strategy, pendant donor groups were
introduced as bridges between the phenolic OH groups of
resocinarene scaffolds. Treatment of tetrasubstituted cavitand
471 with [M(dppp)(OTf),] (M=Pd (4), Pt (52)) ina 1:2 molar
ratio at room temperature led to the formatiom of coordina-
tion cages 472 and 473, respectively (Scheme 125).%3*°*" The
formation of the cages was established by multinuclear NMR ("H
and *'P) and mass (ESI and MALDI-TOF) spectrometry and by
single-crystal X-ray structural studies in case of cavtiand cage 472.
Cage 472 has a large internal cavity of ca. 840 A’, ideal for the
encapsulation of guest molecules such as fullerenes. Cavitand
cages with larger cavity dimensions were similarly assembled
using a tetrasubstituted cavitand ligand having a phenyl spacer
between the methylene bridge and pyridine donor unit.>*'
Host—guest studies using cage 472 as host gave a 1:1 host—guest
complex (472 D guest) with methano[60]fullerene derivatives as
evidenced in "H NMR and ESI-MS studies.>*

Since the early studies by Ikeda and Shinkai *** on metal -
mediated self-assmebly of calix[4]arene-based dimeric cages, a
number of novel coordination cages using tetrasubstituted calix-
[4]arenes in conjunction with various metal ions have been
reported. Hunter and co-workers assembled DABCO-induced
calixarene —porphyrin cages utilizing calixarenes having two and
four pendant zinc(II) porphyrin units.>* While the calix—
bisporphyrin formed a 2:2 complex with DABCO, calix—
tetraporphyrin formed four different complexes depending on
the stoichiometry and concentration of DABCO. Careful titra-
tion experiments, coupled with a combination of UV —visible and
"H NMR spectroscopy, revealed that, during the course of a
titration, all four intramolecular and intermolecular calix—
tetraporphyrin—DABCO sandwich complexes were populated,

4
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Figure 38. Single-crystal X-ray structure of {NEt, C [cis-Rh,(DAniF),-
(H0),/2(MeCN), /5 ]4[ calix[4]arene(CO,)4],} . The anisyl groups of
all formamidinate ligands and the axial ligands (two H,O and two
MeCN molecules which occupy one axial position of each of the four
Rh,*" units) have been removed for clarity. Color code: green, Rh; red,
O; blue, N; gray, C.

and only at a precise calix—tetraporphyrin:DABCO ratio of 2:4
was the dimeric cage assembly observed.

Cotton et al. reported a dimeric calixarene coordination cage
using a calixarene scaffold, calix[4]arene(CO,)y, functionalized
with four carboxylic acid groups.>** Two tetrasubstituted calix-
arene subunits, calix[4]arene(CO,),, were assembled via four
[Rh,(DAniF),]** (DAniF = N,N'-di-p-anisylformamidinate)
dimetallic corner units to give dimeric cage {NEt, C [cis-Rh,-
(DAnIF),(H,0)1/2(MeCN); 5] 4[ calix[4]arene(CO,) 4], BE,,
with a tetraethylammonium cation trapped inside the cavity. '"H
NMR, IR, mass spectrometry, and X-ray crystallographic studies
established the formation of the dimeric cage having NEt," as an
entrapped cation. Figure 38 presents the single-crystal X-ray
structure of dimeric cage {NEt, C [cis-Rhy(DAniF),(H,0);/»-
(MeCN) 5 ]4[ calix[4]arene(CO,) 415} ™.

Cavitand-based trimeric and tetrtameric cages via coordination-
driven self-assembly were first reported by Beer and co-workers.
Tetrasubstitued dithiocarbamate functionalized cavitands were
assembled into trimeric and tetrameric cavitand cages with late
transition metals (Ni, Pd, Cu, Au, Zn, and Cd).>*** The
coordination geometry of the transition metal used dictated
the architecture that was adopted. X-ray crystallographic studies
showed that square-planar coordination geometries result in
tetrameric cages, whereas square-based pyramidal metal geome-
tries favor trimeric architectures. Thus, while Zn(II) and Cd(II)
formed trimeric cages, with Cu(Il), a tetrameric cage was
observed. Ni(II), Pd(II), and Au(II) also formed tetranuclear cages.
These cavitand cages possess large internal cavity dimensions suitable
for encapsulation of Cgy and Cy fullerenes. Host—guest studies

using these cages as hosts have showed the formation of strong
1:1 host—guest complexes with fullerenes, with the Cd(II)
trimeric cage being the best host system.**’ Electrochemical,
NMR, and molecular modeling studies suggested that the
electronic character of dithiocarbamate sulfur donor atom, which
was affected by the nature of the metal ions, dictated the binding
efficiency of the electron-deficient fullerene guests. A hexameric
spheroidal cavitand cage based on cavitand—terpyridine subunits
was assembled from a reaction between a tetrasubstituted
terpyridyl—phenyl cavitand with [Zn(NCMe¢) ][ TFPB], (TFPB =
tetrakis(3,5-bis(trifluormethyl)phenyl)borate) containing lipo-
philic anions, which enhanced the solubility of the highly charged
assembly in nonpolar organic solvents.”** The hexameric assem-
bly was characterized by ESI-MS, elemental analysis, small-angle
X-ray scattering (SAXS), and diffusion NMR spectroscopy.

4.5. Applications and Uses of 3D Cages

The past decade has seen remarkable progress in the applica-
tion and use of 3D cages, designed primarily through metal—
ligand coordination® " and hydrogen bonding,** in diverse
fields such as host—guest chemistry and molecular recognition,
reactivity modulation, catalysis, and biology. Three-dimensional
cages engineered via the coordination-driven self-assemly para-
digms have a distinct advantage over conventional covalent
container molecules due to the synthetic ease with which the
coordination cages can be realized, the availability of a large
library of building blocks, and the ability to exhibit selective guest
encapsulations. The strong and highly directional nature of
metal—ligand interactions results in the formation of stable
and rigid coordination cages with well-defined internal cavities.
The confined nanospaces within the enclosed cavities in these
coordination cages create unique environments and geometric
constraints different from the bulk media. It is this localized
microenvironment that allows access to hitherto inaccessible
molecules and stabilization of short-lived intermediates and leads
to unusual reactions.

4.5.1. Host—Guest Chemistry. Host—guest studies using
discrete 3D supramolecular cages having well-defined cavities as
hosts for the selective binding of guest molecules play a crucial
role in understanding the underlying mechanism, thermody-
namics, and specific interactions involved in guest binding. The
fundamental knowledge thus gained forms the basis for molec-
ular recognition and sensor applications, allowing the chemistry
of supramolecular ensembles to be expanded into the field of
catalysis and drug delivery. A variety of 3D supramolecular cages
have been utilized to encapsulate multiple numbers of guests
driven both by specific interactions between the guest and host,
as well as nonspecific, weak, supramolecular interactions such as
Coulombic, van der Waals, hydrogen bonding, ion-association
forces, and steric interactions. Furthermore, a synergistic combi-
nation of charge, dielectric, shape, size, and solvation also dictate
the guest binding preferences in host molecules. Mechanistic
studies have shown that in these systems the guest encapsulation
is entropically driven and operates either through an associative
mechanism, where the guest replaces the noncovalently bound
molecules/solvents from the cavity in a concerted fashion, or
through a dissociative mechanism, where guest egress yields an
“empty” assembly which is trapped by an incoming guest.>>

4.5.1.1. Molecular Encapsulation and Recognition. In the
context of host—guest studies, Raymond and co-workers utilized
a series of anionic tetrahedral MyLg (M = Ga'", A" 0™ Fe™
Ti", and Sn') cages wherein the metal atoms occupying the
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corners of a tetrahedron were br1d§ed by six bis-catecholate-
based ligands having C, symmetry.”>*® Although composed of
achiral components, these tetrahedral assemblies are intrinsically
chiral due to the strong mechanical coupling between the metal
centers, resulting in homochiral assemblies of AAAA or AAAA
configuration. The tetrahedral assembly [Gay(271)6]">", de-
rived from naphthalene-based bis-catecholate ligand 271, was
used extensively as host due to its favorable properties, including
its solubility in water, structural integrity during guest exchange,
and non-interconvertible and resolvable enatiomers. The anionic
tetrahedral assembly [Ga,(271)s]">~ was soluble in various
polar solvents and contains a hydrophobic cavity volume of
450 A. The assembly could selectively encapsulate a variety of
monocationic guests such as NMe, ", NEt,", Me,Pr,N", Pr,N",
and PEt," with remarkable discrimination to form host—guest
complexes [guest C Gay(271)])"' . The affinity of the guest
molecules for the cavity depends on their size, hydrophobicity,
enthalpy of desolvation, and charge.*” X-ray crystallographic
analyses to probe the host—guest interactions in [MyLg]" " cages
of different metals (M = Ga', Fe'™, Ti"") and different encapsu-
lated guests (NEt*, BaNMe®*, Cp,Co", Cp*,Co") showed that
the nature of the metal ions has little impact on the assemblies.
However, the encapsulated guests significantly d1stort the sizes
and shapes of the interior cavities of the assemblies.>>" Studies to
understand the guest encapsulation into [Ga,(271)¢ 1
through van’t Hoff thermodynamic analysis showed that the
encapsulation of cationic guests is an endothermic process with
positive AH and AS values. Spontaneous, entropically driven
processes are a consequence of the desolvation of bound waters
from the solvation shell of the guest and release of water from the
cavity host into the bulk solvent thus paying an enthalpic penalty
through entropic gains.>*’ Further studies using a series of guests
ranging from simple alkylammonium cations to complex orga-
nometallic iridium species have confirmed that guest encapsula-
tion in polar protic solvents involved initial desolvation of the
guest with concomitant entropy—enthalpy compensation effects
due to the rearrangement of the hydrogen bond network in
solution.>®> A recent study using a combination of NMR,
UV—visible, and isothermal titration calorimetry has shown553
remarkable differences between the internal and external b1nd1ng
of simple alkylammonium cations, NEt* and NMe*" into
[Gas(271)6]"*". The encapsulation process was entropically
driven while external binding was enthalpically driven and
involved ion association®** and the loss of degrees of freedom
as a consequence of the high charge and hydrophilic outer space
of the cage. Mechanistic studies to elucidate the guest exchage
process in these tetranuclear assemblies using [Ga,(27 1)6]"* as
the host for a series of tetraalkylammonium, phosphonium, and
organometalhc catlons have shown that, unlike hydrogen-
bonded cages,** guest exchange in these tetrahedral cages
occurs by the expansion of the cage apertures without metal—
ligand bond rupture. "H NMR kinetic studies have shown that
the rate of guest exchange is significantly retarded with sterically
demanding Cp*,Co" as the anionic guest comgared to smaller
guests such as NMe*", NEt*", and CoCp**.**> This indicated
that the steric repulsions that must be overcome by the guest in
order to escape increases with guest size and rigidity. Further-
more, guest exchange in hosts composed of more inert metal—
ligand bonds was as facile as guest exchange in more labile
analogues, suggesting that the exchange was independent of
metal—ligand interations. Computational studies revealed that
guest exchange takes place through one of the four C; apertures

Scheme 126
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at the center of each face of the tetrahedron. Further kinetic
studies of the host—guest dynamics of [Gay(271)6]"* sug-
gested a nondissociative mechamsm ® The fact that larger
guests have much more negative AS" values than their smaller
counterparts substantiate the squeezing of the guests through
host apertures rather than bond rupture.

Nitschke and co-workers designed an anionic tetrahedral cage,
277, through a combination of dynamic covalent and metal
ligand coordination bonds, which could reversibly disassemble
and reassemble upon application of an external stimulus.*** A
change in pH of the aqueous solution of 277 having cyclohexane
as a guest induced a reversible opening of the cage (Scheme 126).
Addition of p-toluenesulfonic acid made the cage come apart and
liberate the cyclohexane guest. Changing the solution pH to a
basic regime by addition of sodium bicarbonate induced the
reassembly of the cage. Tetrahedral cage 277 was effectively used
to store the potent greenhouse gas SF¢ in aqueous solution.>*’
The stored payload could be released in a controlled fashion
through different physical and chemical stimuli such as tempera-
ture, pH, and imine exchange reactions. However, in contrast to
tetrahedral host cage [Ga,(271)s]"*", it failed to encapsulate
NMe*" and other small alkylamonium cations despite being
anionic and having an ideal shape and size. Recently, the same
group designed a MgLg porphyrin-based cubic cage that can
efficiently encapsulate large aromatic guest molecules such as
coronene and fullerenes.*®> Addition of excess of coronene to the
M;gLg cube led to the formation of host—guest complexes in
which exactly 3 equiv of this flat, aromatic guest were encapsu-
lated per host, as confirmed by NMR spectroscopy, ESI-MS, and
microanalysis. The cube also showed selective binding affinity for
fullerenes. From a commercially available fullerene soot, the cube
selectively encapsulated C,q, Css Csg and Cgy to form 1:1
host—guest complexes.

Raymond, Bergman, and co-workers were also able to en-
capsulate neutral, hydrophobic guests including n-alkanes, cy-
cloalkanes, arenes, and enantiopure terpenoids into a tetrahedral
host, [Ga,(271)] 12 in aqueous solution.>**%%° The driving
force for the binding of these neutral guests was attributed to a
hydrophobic effect. The molecular host assembly selectively
encapsulated different substitutional isomers of disubstituted
benzenes with ortho-substitution leading to the encapsulation
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of two guests, while meta- or para-substitution lead to the
encapsulation of only one guest. Therrien et al. were able to
encapsulate different planar aromatic molecules such as phenan-
threne, pyrene, fluoranthene, benzo[e]pyrene, triphenylene, and
coronene into the hydrophobic cavity of a series of cationic
(arene)ruthenium-based trigonal prisms [Rug(7°-p-cymene)-
(285),(00 N 00)5]°" 363—367 [00 N OO0 = dhbq, dchg,
dhng, dhag, or dhtq] by using them as templating guests.**>**
Empty trigonal-prismatic cages 363—367 have been used for
host—guest studies and have shown that small aromatic mole-
cules (phenanthrene and pyrene) show rapid inclusion into the
hydrophobic cavities of the cages upon gradual addition of
guests. However, molecules that are too large to exit the portal
of the cages get permanently incarcerated, thus giving rise to
stable carceplex systems.

Lindo&r et al. have recently reported the selective encapsulation
of a [Fe™Cl,]™ anion over a [Fe"'Cl,]*~ anion within the central
cavity of a tetrahedral cage of the type [Fe',L¢]*" (L = 5,5""'-
dimethyl-2,2':5,5":2" 2'""-quaterpyridine).**° The treatment of
quaterpyridine ligand L with FeCl, - SH,O in acetonitrile at reflux
for 24 h followed by the addition of KPFg led to the isolation of
an [Fe"'Cl,]™ encapsulated tetranuclear cage [Fe",Lg D
Fe"'Cl,](PF¢), as established from "H NMR, microanalysis,
and X-ray crystallography. The cr¥stal structure of [Fe'';Lg D
Fe™'Cl,](PF¢), showed that [Fe"'Cl,]~ occupies the central
cavity and has a perfect tetrahedral symmetry with Cl—Fe—Cl
bond angles of 109.5°. It is noteworthy that the tetrahedral cage
[Fe",Ls]* selectively extracts a [Fe™'Cl,]™ anion from a mix of
Fe" and/or Fe™ chloro species undoubtedly present in the
solution. Such an observation is consistent with the earlier
observation by Raymond and co-workers®*>” where they found
that larger enthalpy of desolvation associated with doubly
charged species significantly hampers their ecapsulation within
a confined cavity, making it less favorable. The same system was
earlier shown to encapsulate both BF, and PFs counteran-
ions within the central cavity with marked selectivity for PFs
over BF47.348

Fujita and co-workers have extensively investigated self-
assembled trigonal-prismatic cages constructed from a combina-
tion of end-capped Pd(II) ions as hinges, two tridentate planar
panels and N-donor bidentate pillars for the intercacaltion of flat
aromatic molecules (Scheme 102).>°" For example, the trigonal-
prism 344, pillered by pyrazine, could encapsulate one coronene
molecule, stabilized through ;71— interactions with the host
assembly in aqueous media.*”” The aromatic molecule, coro-
nene, acts as templating agent in the selective formation of the
trigonal-prism architecture and can be removed after assembly
through extraction with CHCI;. The efficient intercalation of
planar guest molecules within the cavity of 344 was applied to
control the equilibration between keto and enol forms of 1,3-
bis(4-methoxyphenyl)propane-1,3-dione. As cofirmed by by 'H,
3C,and COSY NMR spectra, exclusive enolization was observed
due to the selective encapsulation of the planar enol form over
the nonplanar keto form. The cavity space of these trigonal
prisms can be altered by changing the length of the pillars, thus
facilitating encapsulation of more than one flat, aromatic mole-
cule inside the cavity.*'® The extended cavity afforded through
the use of longer pillars, 2,2,6,6'-tetramethyl-4,4'-bipyridine
and 1,4-bis(2,6-dimethyl-4-pyridyl)benzene, results in cages
345 and 346, repectively, ideal for for stacking of 2 or 3 equiv
of an aromatic templated guest. Thus, 2 equiv of eletron-rich
aromatic guests such as pyrene, coronene, or porphine form

acceptor—donor—donor—acceptor (A—D—D—A) quadruple
stacks through charge-transfer interactions with donor guests
sandwiched between electron-poor triazine panels in cage 34S.
Recently, a dissymmetrical hetero A—D—A—A quadruple stack
was also obtained with two different guest molecules, tripheny-
lene and naphthalenediimide, using trigonal-prism 34$ as a
host.*** Cage 346 showed quintuple (A—D—A—D—A) stacking
with an intercalated triazine panel and two coronene or porphine
molecules.*'*'" The use of a less electron-rich, planar red
fluororescent dye, tetraazaporphine, led to templated encapsula-
tion of 3 equiv of tetraazaporphines.**® The host—guest complex
346 D (azaporphine); was highly soluble in water as compared
to free tetraazaporphine, which was sparingly soluble in aqueous
solutions. Fluorescent studies with the 344 O (tetraazaporphine)
system showed that tetraazaporphine retains its fluorescent
properties upon encapsulation, in contrast to those in aqueous
solution, which quench due to aggregation.’®* The fact that
tetraazaporphine retained its fluorescent properties indicated
there is a minimal charge-transfer interaction between the host
and the guest molecule. Interestingly, reversible quenching of the
fluorescence was achieved in aqueous solution through the
addition of NEt;, leading to the abstraction of an acidic proton
from the tetraazaporphine, forming a nonemissive 344 O
(tetraazaporphine) species, which then can be treated with acid
to reestablish emission. The selective encapsulation of tetraaza-
porphine/porphine stacks allowed for the generation of metal-
containing homo- and heteroarrays Cu(Il)—M—Cu(Il) (M =
Cu(II) or Pd(I1)).>® The inclusion complex 345 D [Cu(Il)-
azaporphine]; showed a ferromagnetically coupled spin—spin
interaction between the three copper(II) —azaporphine units, as
determined from ESR studies, which revealed a quartet state of
the Cu(I) centers despite the absence of any covalent or
noncovalet bonds between the stacked azaporphine nuclei.
The heterometal ion arrays also showed strong metal—metal
interactions as indicated by broadening of their ESR spectra.

Fujita and co-workers have also demonstrated the formation
of columns of aromatic molecules consisting of seven to nine
discretely stacked aromatic molecules. The reaction of organic
pillars of appropriate length, planar panel ligands, aromatic
planar templating guests, and end-capped Pd(II) metal hinges
in a suitable ratio led to the quantitative formation of 2-fold
interpenetrated self-assembled trigonal-prismatic cages.’*® For
example, combination of trans-1,2-bis(4-pyridyl)Jethene (bpe) as
a pillar, triazine panel 285, triphenylene as a aromatic templating
guest, and 1 in a 6:4:3:12 molar ratio in aqueous solution gave a
2-fold interpenetrated self-assembled trigonal-prismatic cage
(474; Scheme 127) containing three triphenylene guest mole-
cules sandwiched between four triazine panels. The 'H NMR
spectrum, which showed two sets of signals in a 2:1 ratio for the
intercalated triphenylene guest, and CSI-MS studies, indicated
the formation of a septet aromatic stacked motif, 474. X-ray
crystallographic studies using a (tmen)Pd(II) hinge and pyrene as
guest confirmed the formation of septet (A—D—A—D—A—
D—A) aromatic stacked architectures. Adjusting the pillar lengths
facilitated the assembly of taller octuplet (A—D—A—D—D—A—
D—A) and nonuplet (A—D—A—D—D—D—A—D—A) stacks.
These discrete, interpenetrating, self-assembled hosts were
utilized as “magnetic aligners” to orient a small organic molecule
in a magnetic field.>*® Septet columnar stacks with solubiliz-
ing side chains showed aggregation at higher concentrations in
aqueous solution via intermolecular hydrophobic and 7—m
interactions.*®”
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Scheme 127

1 285

The entrapped molecules within the cavities of the trigonal
prisms are unrestrained and have rotational freedom within the
cages. This enabled encapsulated guests to dispay unique stack-
ing and orientation preferences, depending upon the number of
stacked guests. Three highly polarized aromatic guest molecules,
pyrene-4,5-dione, formed a triple-layered host—guest complex
when mixed with triazine panels, end-capped Pt(II) as hinges and
trans-1,2-bis(4-pyridyl)ethylene (bpe) as pillars.**® The pyrene-
4,5-dione molecules rotated freely within the cage, as indicated
by the '"H NMR resonances which suggest high symmetry.
However, in the solid state, three pyrene-4,5-dione molecules
stack in a staggered fashion by 120° with respect to each other
(Figure 39). By adopting such an orientation, the dione triple
stack achives a negligible overall dipole moment. By system-
atically altering the pillar heights, the number of stacking
molecules can be controlled without restricting the orientation
of the guests.S(’9 ‘When the number of stacks was even, the dione
molecules adopted a head to tail orientation to cancel the local
and net dipole moments. In odd-numbered stacks the net dipole
is canceled at the expense of local dipole interactions.

Using the same approach as described above, Fujita et al.
engineered discrete, stacked arrays of planar transition metal
complexes via d—d interactions between the metal centers for
studying interesting chemical phenomena otherwise unobservable
in infinite assemblies, in crystalline or liquid crystalline phases.*®"

Figure 39. X-ray crystal structure of three pyrene-4,5-dione molecules
stacked in a 120° twisted fashion in a trigonal-prism cage. Solvents
(H,0) and counteranions (NO3) are omitted for clarity. Color code:
pink, Pd; red, O; blue, N; gray, C.

For examzple, the suspension of 2 equiv of planar M(acac), (M =
Pt**, Pd™*, or Cu®, acac = acetylacetonate) in an aqueous
solution of trigonal-prismatic cage 345 led to the formation of
host—guest complexes 345 D [M(acac)2]2.412 X-ray crystal-
lographic analysis and UV —visible measurements of host—guest
complex 345 D [Pt(acac),], showed strong Pt(II)—Pt(II) d—d
interactions. The inclusion complex 345 D [Cu(acac), ], showed
spin—spin interactions as evidenced by a broadening of ESR
signals at low temperature and Cu(Il)—Cu(Il) interactions
involving nonbonding stacking of two d,._,» orbitals. Recently,
three-dimensional m X n stacked arrays of discrete, planar
polynuclear metal complexes were assembled within the cavity
of triginal prismatic cages.”’® Cyclic trinuclear Au(I) complexes
[3 x 2] and [3 x 3] Au(I) clusters were encapsulated along the
C; axis of trigonal-prismatic cages to form 3D columnar metal
arrays. Therrien et al. have also achieved the encapsulation of
M(acac), (M =Pt or Pd) as guests into the hydrophobic cavity of
an (arene)ruthenium-based trigonal-prism [Rug(p-cymene)s-
(285)2(dhbq)3,]6Jr (367) using M(acac), as a templating
guest.*! Studies of their cytotoxicity toward cancer cells revealed
that these inclusion complexes 367 D [M(acac),] were more
active as compared to the free cage or Pd/Pt(acac), complexes.

The host—guest complexes containing square-planar Ni(II)
and Co(II) complexes as guest in trigonal-prismatic hosts
344—346 showed interesting spin-crossover phenomena with-
out changing the coordination number or geometry of the metal
complexes.””" The encapsulation of the square-planar low-spin
Ni"(acen) (acen = N,N"-ethylenebis(acetylacetoneiminato))
complex in cages 344 and 345 gave inclusion complexes
344D [NiH(acen)] and 345D I:Nin(acen)]QJ respectively. "H NMR
and CSI-MS comfirmed their stoichiometry. Upon encapsula-
tion, the spin state of Ni' (acen) changed from low-spin to high-
spin, as indicated by magnetic measurements. SQUID measure-
ments showed paramagnetic behavior, confirming the high-spin
state of the complex within the host assembly. X-ray structural
studies on the 1:2 host—guest complex 345 D [Ni"(acen)],
revealed that the square-planar geometries of the two Ni' (acen)
guests were perfectly preserved. The two planar molecules were
twisted by 150° due to steric repulsion of the methyl groups of
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Scheme 128

Guest:

the acen moieties. A spin-crossover phenomenon was also
observed when Co"'(tetetraazaporphine) was intercalated along
with two coronenes into 346 to give inclusion complex 346 D
[coronene - Ni"(acen)  coronene]. The anisotropic and tem-
parature-dependent nature of the ESR signal is indicative of
the involvement of a high-spin state. The observed spin-cross-
over of the Ni(II) and Co(II) complexes, upon entrapment in the
host cages, was ascribed to interactions between the metal d,.
orbital and the 77 orbitals of aromatic cage panels or coguests.
To study the noncovalent spin—spin interaction between the
host and the guest, Fujita et al. designed spin cages by replacin
the typical triazine panels 285 with verdazyl panels 475.5">%
The trigonal-prismatic-shaped cage assembled efficiently from a
mlxture of verdazyl panels, (en)Pd(I) hinges, and pyrazine
pillars.*”* The encapsulation of triphenylene by this host showed
spin exchange interactions between the two parallel panels with
verdazyl cores, as evidenced by the broadening of the ESR signal
at room temperature. At low temperature, the ESR spectrum
showed characteristics of magnetic dipole interactions. Nonco-
valent host—guest spin—spin interactions were also observed
when Cu(acac), was encapsulated as a guest. The ESR studies of
the resulting inclusion complex clearly indicated that the Cu(1I)
center magnetically interacts with the radical panel of the cage.
Similarly, a M¢Ly tetrahedral spin cage (476) was assembled by
using a 2,2'-bipyridine-capped Pd" complex with a verdazyl
radical ligand, 475, in place of triazine panels (Scheme 128).
The cage demonstrated host—guest spin—spin interactions.>”>
The four spin centers of cage 476 showed intramolecular
magnetic interactions indicated by the broadening of the ESR
signal as compared with free ligand 475, which showed hyperfine
splitting. Upon the encapsulation of a stable nitrosyl radical, 477,
the 1:1 host—guest inclusion complex 476 D 477 showed
antiferromagnetic spin—spin host—guest interactions. Similar
treatment of 478 with spin cage 476 formed a 1:2 host—guest
complex 476 D (478), which showed enhanced magnetic
interactions through host—guest and guest—guest interactions.
Fujita and co-workers also demonstrated that the confined
cavities of the Mg4L, coordination cages could induce through-
space spin—spin interactions between encapsulated stable organic
radicals in solution. When stable organic nitrosyl radical 478 was

Scheme 129

288 O(479), 288 479

encapsulated in self-assembled cage 288, a 1:2 host—guest
complex 288 D (478), was formed.”’* Due to the restriction
imposed by the confined cavity of the cage, two organic radicals
were forced to be close to each other within the cavity. Such close
encapsulation induced through-space spin—spin interactions
between the two radicals, as observed by ESR spectroscopy.
The ESR spectrum of 288 D (478),, in both solution and the
solid state, showed a broadened signal assignable to a dimeric
aggregate of radical 478 in a triplet state, stemming from an
intermolecular spin—spin interaction. The quantity of the triplet
state generated by encapsulation also increases with an increase
in the affinity of the radical to the cage.””* Since these organic
radicals are held together only through weak hydrophobic forces,
the through-space spin—spin intercations are sensitive to ex-
ternal stimuli such as temperature and pH. The use of an organic
radical having an amine group (479), which can be protonated,
reduced the affinity of the radical to the cage due to cationic
repulsions (Scheme 129).5’° As a result, the encapsulated
organic radicals were released from the 288 D (479), 1:2
inclusion complex into an acidic solution, as indicated by the
disappearance of the signal for the triplet state in the ESR
spectrum of the host—guest complex in solution. Upon treat-
ment with K,COj, the triplet signal reappeared, signaling the
reencapsulation of the radicals into the host.

Enantioselective recognition and resolution of chiral guest
molecules was also exploited using self-assembled coordination
cages having well-defined cavities. Raymond et al. utilized the
homochiral tetrahedral assembly [Ga,(271)s]"> as a host for
the chiral recognition of half-sandwich organometallic spec1es
of a general formula [Cp*Ru(n*-diene)(H,0)]Cl (Cp* =
Cs(CH;)s).>” The combination of an aqueous solution of racemic

[Gay(271)6]"*™ with an ethereal layer of racemic Cp*Ru(#*
diene)Cl led to the formation of a 1:1 host—guest complex,
[Ga,(271)6] D [Cp*Ru(7*-diene) (H,0)]"' ", with two diaster-
eomeric pairs of enantiomeric host—guest complexes (A/R,A/S
and A/S, A/R). When Cp*Ru(2-ethylbutadiene)Cl was used as
the encapsulated guest, the ensemble showed a diastereomeric
excess of 70%. Studying the scope of enantioselective recognition
with a series of 1- and 2-substituted diene containing complexes
revealed that the encapsulation process was controlled not only
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by the guest’s size but also by its shape. Using enatiopure host
cage AAAA-[Gay(271)6]" with Cp*Ru(2-ethylbutadiene)Cl
as a guest in a 1:2 ratio led to the quantitative formation of
AAANA-[Gay(271)6] D [Cp*Ru(y7*-diene) (H,0)]"' .

Fujita and co-workers utilized a bowl-shaped host 480,”
assembled from the reaction of planar triazine panels tris(3-
pyridyl)triazine and (en)Pd" hinges in a 6:3 ratio, to study the
preferential encapsulation of a homochiral pair of 1,1’-bi-
naphthyl-2,2'-diol (BINOL).>”® Treatment of an aqueous solu-
tion of the bowl-shaped host, 480, with an organic solution of
(S)- BINOL at a 50% enatiomeric excess led to the formation of a
1:2 host—guest complex with 1 equiv each of (S)-BINOL and
(R)-BINOL selectively encapsulated within the cavity of 480
(Scheme 130). The efficient heterorecognition of enantiomers
afforded a significant enantiomeric enrichment of BINOL in the
organic phase from 50 to 81%.

4.5.1.2. Stabilization of Reactive Molecules and Intermedi-
ates. Ever since the early pioneering work of Cram and co-
workers, where a covalently constructed carcerand derived from
calix[4]arene was able to stabilize (:yclobutadinene,579 there has
been a sustained interest in designing molecular containers that
can incarcerate unstable molecules and reactive intermediates
within their cavities.>*"*** The unique microenvironment that
exists within a cavity protects otherwise unrealizable molecules
and intermediates from the bulk phase, making them amenable
to detection and characterization. Raymod and co-workers have
utilized a homochiral tetrahedral assembly, [Ga4(271)s]"*", to
stabilize Sghosphonium,sgo’581 diazonium,”” tropylium,”” and
iminium®* ions and organometallic reactive intermediates.”®*
Reactive phosphonium ions [R' MeC(OH)PR;]" generated by
the reaction of phosphines and ketones in acidic medium can be
stabilized by encapsulation as guests within the tetrahedral
assembly, [Ga,(271)¢]'*", in aqueous solution.>*® Although
these phosphonium ions have a transient existence in an aqueous
medium, entrapment within the hydrophobic cavity of the cage
increases their lifetimes considerably. Encapsulation of a range of
phosphonium ions showed that the sizes and shapes of the guest

Scheme 131

O =Ga® [Gay271)6]'%

—_—

,\—: (0]
+
N RJLM? D,0, 23°C
R=Me;n=0-7
R=Etn=26

[Ga,(271)g > Guest] '

cations play a vital role in the stability of the inclusion complexes.
The stability of the phosphonium cations also increases with
decreasing pH of the solutions. Similarly, tetrahedral assembly
[Ga,(271)6]"* effectively encapsulated diazonium and tropy-
lium cations within its hydrophobic cavity.*** The combination
of a tetrafluoroborate diazonium salt and [ Ga,(271)4]"> ™ in aqueous
solution resulted in the formation of a 1:1 host—guest complex.
Subsequent addition of 2,4-pentanedione showed no reaction,
indicating stabilization of the diazonium ion within the cage.
Iminium ions generated in situ from amines and ketones have
a transient stability in aqueous solutions at neutral or basic pH.>**
However, stabilization of such ions in water can be achieved via
encapsulation within the hydrophobic cavity of the tetrahedral
assembly, [Ga,(271)s]"*". For example, reaction of pyrrolidine
with a wide variety of ketones in the presence of tetrahedral cage
[Gay(271)6]"* in aqueous solutions led to the formation of an
encapsulated iminium ion complex (Scheme 131). Once encap-
sulated, these iminium ions were stable for months at room
temperature. In the absence of host [Ga,(271)s] ">, no iminium
ion could be observed by "H NMR spectroscopy. The binding
efficiency of the iminium cations depended on their size, shape,
charge, and hydrophobicity. Encapsulation of proton-bound amine
homodimers in self-assembled host cage [Gay(271)6])"* was
achieved in water. These homodimers are otherwise not oberse-
vable in aqueous medium.>* A wide range of cyclic amines showed a
proton-bound homodimer for N-alkyl aziridines, azetidines,
pyrrolidines, and piperidines. Cyclic amines were chosen as
guests due to their reduced degrees of rotational freedom, which
attenuates the entropic price paid for encapsulation of multiple
guests. Theoretical calculations suggest that formation of proton-
boung homodimers is highly enthalpically favorable.
Expanding on the incarceration of water-sensitive guests,
Raymond, Bergman, and co-workers investigated the stabilization of
reactive organometallic intermediates inside the self-assembled host
[Ga,(271)6]"*>** [CpRuCl(cod)] (cod =1,5-cyclooctadiene),
a catalyst for C—C bond formation that undergoes halide
dissociation in polar media to form a cationic solvated species
[CpRu(cod)(H,0)]". Surprisingly, suspending [ CpRuCl(cod)]
in an aqueous solution containing tetrahedral host [ Ga,(271)s]"*~
resulted in the formation of an unusual 1:1 host—guest
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complex [Ga,(271)s D CpRu(1,3,5-octatriene)]117 containing
a highly unstable 16-electron ruthenium complex [CpRu(1,3,5-
octatriene) | " within the cavity. The encapsulation provided enough
binding energy to prevent the decomposition of the reactive species
for several weeks. The incarcerated complex, [CpRu(1,3,5-
octatriene)]”, still retained its reactivity and reacted stoichiomet-
rically with CO to form [CpRu(cod)(CO)]". The addition of
CO was belived to happen inside the cavity of the cage.

Fujita and co-workers were able to generate, stabilize, and
characterize elusive organometallic species w1th1n the confined
cavity of the self-asembled coordination cage 287.°% Treatment
of an aqueous solution of coordination cage 287 with an excess
amount of stable organometallic complex Cp'Mn(CO); (Cp’ =
methylcyclopentadienyl) gave a 1:4 host—guest complex 287 D
[Cp'Mn(CO);],. Photoirradiation of crystals of 287 D
[Cp'Mn(CO);]4at 100 K generated a 16-electron coordinatively
unsaturated species Cp'Mn(CO), in situ due to the dissociation
of a single CO from one of the four guest molecules. The
unsaturated manganese species Cp'Mn(CO), retains its pyra-
midal geometry within the cage. Earlier, the same group was able
to isolate and characterize reactive intermediates of a polycon-
densation reaction of trialkoxysilanes using tetrahedral coordina-
tion cage 286.°*°% Unstable cyclic silanol trimers formed
during the polycondensation reaction were stabilized within
the cavity of the coordination cage. The stability of the reactive
species was attributed to its large size and rigidity, making it
unable to escape the cavity of the cage. Modulating the cavity
space through the use of a variety of coordination cages led to the
observation of other short-lived species generated in the poly-
condensation of trialkoxysilanes.

In aqueous medium, short nucleotide fragments such as
mono- and dinucleotides do not form stable hydrogen-bonded
base pairs at molecularities less than four, due to competition
from water. However, within the hydrophobic confines of
biomolecules, even very short nucleotides can selectively form
base pairs during translation, replication, and transcription. Fujita
et al. have recently achieved the selective formation of stable
mono- and dinucleotides in water using self-assembled trigonal-
prismatic cages.ssg’sgo In the presence of coordination cage 344,
§'-adenosine monophosphate (AMP) and 5'-uridine monopho-
sphate (UMP) formed a 1:2 host—guest complex 344 D
(AMP-UMP) in aqueous solution (Scheme 132), as indicated
by an upfield shift of the nucleobase proton resonances in the 'H
NMR spectrum. The encapsulation of AMP—UMP base pairs
was driven by a combination of hydrophobic, electrostatic, and
JT—JT interactions.

X-ray crystal structural studies of the encapsulated base pair
revealed that it is not linked through the usual Watson—Crick
hydrogen bonding observed in duplexes, but rather through an
anti- Hoogsteen hydrogen-bonding pattern usually observed in
triplexes. "N NMR spectroscopic studies also supported the
formation of anti-Hoogsteen nucleobase pairs within the cavity
of the cage. Similarly, dinucleoside monophosphate duplexes
were formed when an aqueous solution of thymidylyl-(3'-5")-2'-
deoxyadenosine (TA) was stirred with the 4,4'-bypyridine pil-
lared cage having an extended cavity to form a 1:2 host—guest
complex. NMR (1D and NOESY) spectroscopic studies sug-
gested the formation of a discrete base paired (TA), dimer
through anti-Hoogsteen hydrogen bonding within the cavity.
The X-ray crystal structure of the host—guest complex, however,
showed an infinite network, whereas dinucleotides formed
hydrogen-bonded chains threaded through adjacent host cages.
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The authors suggested that the two structures (disctere and
polymeric) were in equilibrium with discrete species being dominant
in solution, while the polymeric structure was trapped in the
solid state.

Nitschke et al. utilized a self-assembled, water-soluble tetra-
hedral cage (277) to encapsulate highly pyrophorlc white
phosphorus P, thus making it inert and air-stable.””' Uptake
of P, within the hydrophobic cav1ty of 277 of the anionic cage
was observed in aqueous solution. "H NMR and X-ray crystal-
lographic studies indicated the incorporation of P, through the
formation of a 1:1 host—guest complex 277 D P4 (Scheme 133).
The host—guest complex remained stable upon exposure to air
for 4 months. Despite oxygen molecules’ smaller size than P,
molecules, suggesting that they could gain access to the interior
of the cage, O, did not react with P, confined within the cavity.
The reason for such an unusual behavior was attributed to the
unavailability of space to form the reaction intermediates inside
the cavity during the steps of phosphorus oxidation. The incarcer-
ated P, molecule could be easily released by layering an aqueous
solution of host—guest complex 277 D P, with benzene, causing
benzene molecules to replace P, as the guests.

4.,5.2. Cavity Controlled Reactions. Self-assembled coor-
dination cages have been successfully applied as nanovassels for
carrying out various stoichiometric and catalytic reactions. A
wide variety of reactions such as thermal, photochemical, and
encapsulated transition metal catalyzed reactions have been
shown to occur within the nanospaces of coordination cages.
The unique microenvironment created within the nanometer-
sized cavities of these assemblies, due to their specific sizes,
shapes, and hydrophobicities, can force substrates to adopt
unusual conformations often unobservable in bulk phases
through 7-stacking and hydrophobic effects. Furthermore, the
stabilization of transition states and reactive intermediates within
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Scheme 133

the cavities can also change the course of the reaction by
manipulating the reaction energetics. Protection of these species
from the bulk phase, similar to enzyme pockets, blocks the bulk
reaction pathway, leading to new, unsual regio-, chemo-, and
stereoselective products.

4.5.2.1. Cavity Controlled Stoichiometric Reactions. Fujita
and co-workers utilized steric constriction within the nanospaces
of coordination cages to achieve unusual regio- and stereoselective
Diels—Alder reactions between anthracenes and maleimides.>*>
For example, suspending a mixture of 9-hydroxymethylanthra-
cene 481 and N-cyclohexylmaleimide 482 in an aqueous solution
of a stoichiometric amount of coordination cage 287 resulted in
the formation of 1:2 host—guest complex 287 D (481-482).
Upon heating the reaction mixture to 80 °C, unusual stereo- and
regioselective formation of a [2 + 2] cycloaddition product, 483,
was observed in more than 98% yield (Scheme 134). NMR and
X-ray crystallographic studies of 287 D 482 revealed the for-
mation of a syn-1,4-Diels—Alder adduct via a reaction at the
terminal anthracene ring. The observation of such an unusual
Diels—Alder reaction was due to coordination cage 287 enfor-
cing the two substrates to adopt specific orientations, thus
preventing interactions at the expected 9,10 position of the
anthracene.

Similarly, otherwise inert arenes also underwent unusual [2 + 2]
and [2 + 4] thermal cycloaddition reactions within the cavities of
analogous palladium and platinum tetrahedral cages.*”* Highly
stable aromatic molecules, such as triphenylene, perylene, sub-
stituted naphthalenes, aceanthrylene, and 1H-cyclopentall]-
phenanthrene, afforded the corresponding [2 + 2] and [2 + 4]
endo Diels—Alder adducts with N-cyclohexylmaleimide (482) in
good yields.***** The steric demand of the N-cyclohexyl group
on 482 is important as it directs the preorganization of the
substrates within the hydrophobic cavity, thus promoting en-
ergetically unfavorable stereo- and regioselective reactions.

Fujita and co-workers investigated cavity-directed, highly stereo-
selective photodimerization of olefins mediated by self-assembled
coordination cages. For example, when excess amounts of the
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bulky olefin acenapthylene (484) were suspended in an aqueous
solution of coordination cage 286, formation of a 1:2 host—guest
complex 286 D (484), was observed, as indicated by the upfield
shift of the "H NMR signals corressponding to the encapsulated
guest molecules (Scheme 135a).”>° Photoirradiation of this
host—guest complex led to the exclusive formation of the syn
dimer 48S in quantitative yield. Similarly, encapsulation of two
molecules of 1-methylacenapthylene followed by irradiation gave
exclusively the head-to-tail syn dimer. Exclusive formation of syn
dimer 485 was also observed, even in the presence of sensitizers
such as xanthine dyes, although the sensitized reactions generally
go through triplet states.’®” X-ray structural analyses of 286 D
(484), and 286 D 485 both before and after [2 + 2] photo-
dimerization allowed in situ crystallographic tracking of the
photochemical transformation.>”® Before photoirradiation, the
two encapsulated substrate molecules interacted with the cage
through s-interactions and were disordered over three positions
at 240K, providing a fluidlike environment even in the crystalline
state. This allowed the guest molecule to thermally tumble within
the host cavity. Nevertheless, quantitative formation of syn dimer
485 was observed upon irradiation at 240 K, as revealed by the
single-crystal X-ray structure of 287 D 485. Bowl-shaped host
480 also showed the exclusive formation of the syn dimer in more
than 98% grield in the [2 + 2] photodimerization of naptho-
quinones.*”® X-ray structural studies of the dimer-encapsulated
cage revealed a syn conformation for the dimer, which was held
through 77— and CH— interactions. Ramamurthy et al,
working with coordination cage 286, also investigated the [2 + 2]
photodimerization of trans-cinnamic acid esters in water.>” Irradia-
tion of a series of trans-cinnamic acid methyl esters encapsulated
host—guest complexes showed mostly the formation of syn
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head-to-head dimers in a range of 21—63% yields along with the
corresponding monomeric isomerization products. In two cases,
however, anti head-to-tail dimers were also observed, indicating
that substituents can also play a role in the packing of the
substrates and thus the photochemical outcome of the reaction.
A series of derivatives of coumarin also led to the exclusive
formation of syn head-to-head dimers with coordination cage
286 as the nanovassel for the [2 + 2] photodimerization
reaction.’”® Selective [2 + 2] cross-photodimerization was also
investigated using self-assembled coordination cage 286 as a host
in aqueous medium.* Such reactions are challenging, as the
host cage must selectively and pairwise recognize two different
olefins in a proper orientation for the cross-photodimerization to
occur. Suspension of acenaphthylene 484 and S-ethoxynaphtho-
quinone 486 in an aqueous solution at 80 °C in the presence of
coordination cage host 286 led to the formation a 1:2 host guest
complex, 287 D (484 -486), as determined by the upfield shift of
the signals due to the encapsulated guests in the 'H NMR
spectra. Upon photoirradiation with a mercury lamp, a hetero-
syn-dimer 487 was obtained in 92% yield (Scheme 135b).
However, olefins having smaller or no substituents gave both
hetero- and homodimers. The steric bulk of the substrate is
essential for preorganization of the substrate within the host
cavity, which prevents the formation of other possible products.
Thus, the use of sterically demanding N-cyclohexylmaleimide
and its derivatives afforded a [2 + 2] photodimerization with
planar arenes such as acenapthylene, pyrene, phenanthrene, and
fluoranthene.>***°! Chiral induction of an assymertic [2 + 2]
cross-photoaddition was also observed with chiral cages analogous

to 286 by replacing the ethXIenediamine end cap on each Pd
center with chiral diamines.®”* The [2 + 2] cross-photoaddition
reaction of N-cyclohexylmaleimide and fluoranthene led to the
formation of a [2 + 2] product with an enantiomeric excess of up
to 50%. The remote chiral auxiliaries induce chiral deformation
of the central cavity through deformation of the triazine panels.

The confined cavity of a coordination cage was also utilized to
suppress the photocleavage of a-diketones to give cyclization
products through kinetically unfavorable pathways.®®* Typically,
a.-diketones undergo homolytic cleavage followed by degrada-
tion upon photoirradiation. However, encapsulation of benzil, a
a.-diketone, within the cavity of coordination cage 287 gave a 1:2
host—guest complex which, upon irradiation, gave unusual rear-
ranged products with an overall yield of 52%, indicating that
homolytic clevage is completely suppressed and a kinetically
unfavorable pathway becomes dominant. The photomediated
1,4-radical addition of o-quinones to a bulky toluene derivative
was also observed within the cavity of self-assembled host 286.°%*
The photoexcited quinone abstracts a proton from the neighbor-
ing methyl group of the toluene derivative to generate a benzylic
radical and semiquinone radicals, which subsequently recombine
to selectively produce the 1,4-adduct in 70% yield.

Fujita and co-workers have also achieved the oxidation of
alkanes through photochemical excitations of self-assembled
coordination cage 287.%° It is important to note here that the
host cage actively participates by influencing the reaction path-
way rather than remaining an inert and passive component. To
explore the photoresponsible nature of cage 287, an inert alkane
guest, adamantane, was encapsulated to give a 1:4 host—guest
complex 287 D (adamantane),. Upon irradiation under aerobic
conditions, regioselective oxidation of adamantane afforded
1-adamantylhydroperoxide and 1l-adamantanol in 24% yield
(or 96%, assuming that only one guest is oxidized per cavity).
Detailed spectroscopic, electrochemical, and theoretical studies
revealed that host—guest complex 287 O (adamantane), was
well-suited for photoinduced electron transfer.**® The electron-
poor triazine panels accept an electron from the encapsulated
adamantane to give rise to an adamantyl radical. Subsequent
quenching of the adamantyl radical by oxygen or water resulted
in the formation of oxidation products 1-adamantylhydroper-
oxide and l-adamantanol. Tight host—guest contact brings
triazine panels close to the adamantane molecules, thus promot-
ing unusual photoinduced electron transfer.

Encapsulation of half-sandwich iridium complexes within the
cavity of supramolecular host cage [Gay(271)6]"*~ showed
selective C—H bond activation of aldehydes.*”” The addition
of monocationic iridium complex [Cp*(PMe;)Ir(Me)(C,H,)]"
and tetrahedral cage [Ga,(271)] ">~ in aqueous medium led to
quantitative encapsulation resulting in a 1:1 host—guest complex
272 D [Cp*(PMe;)Ir(Me)(C,H,)], as indicated by the upfield
NMR shifts of the resonances of guest molecule. Heating an
aqueous solution of host—guest complex [Gay(271))"™ D
[Cp*(PMe;)Ir(Me)(C,H,)] and acetaldehyde at 75 °C led to
the formation of a new encapsulated product, [Cp*(PMe;)-
Ir(Me)(CO)], which resulted from the C—H bond activation
of the acetaldehyde. Substrate scope and mechanistic studies
showed that size and shape selectivities play vital roles in the
encapsulated C—H bond activation reactions.”® The fact that
the dissociation of the guest was slower than the rate of C—H
bond activation indicated that the reactions occur within the
cavity of the host—guest assembly. Kinetic studies revealed that
the iridium guest dissociation proceeds through a strongly bound
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ion pair intermediate through a two-step process in which the
guest exits the cavity but remains bound to the outside of the host
cage before fully dissociating from the host.
4.5.2.2. Cavity Controlled Catalytic Reactions. Self-as-
sembled coordination cages can be efficient reaction nanovassels
for various catalytic reactions. The unique microenvironments of
the hydrophobic cavities coupled with the size- and shape-
defined nanospaces drive reactions often unobservable in bulk
solution. However, in many such cavity-mediated reactions,
strong complexation and/or the large size of the reaction product
traps it within the cavity, resulting in a low catalytic turnover.
Judicious choice of the host and substrate can prevent such
product inhibition, leading to truly catalytic systems. Raymond
and co-workers demonstrated that the problem of product
inhibition might be circumvented through prudent choice of
compatible hosts and guests. The anionic self-assembled cage
[Ga,(271)4]"*™ was shown to act as a true catalytic host in the
unimolecular aza-Cope rearrangement of enamonium cations in
aqueous medium.®” Enamonium cation 488, the reaction sub-
strate for the cationic aza-Cope rearrangement reaction, are
analogous to the known>*” strong binding ammonium cationic
guest NMe,Pr’* and thus effectively bind within the cavity of
anionic self-assembled cage [Ga,(271)6]"* to form 1:1 inclu-
sion complex [Ga,(271) D 488]"" ™ (Scheme 136). Subsequest
[3,3] sigmatropic rearrangement led to the formation of iminium
cation 489, which escape from the interior of the cavity to an
exterior binding site where they undergo hydrolysis to give the
corresponding y,0-unsaturated aldehyde (490) with turnover
numbers (TON) of ca. 8. Since the neutral molecules are bound
weakly within the cavity of the host assembly [Gay(271)6]">",
neutral aldehydes were rapidly displaced from the cavity by the
cationic substrate molecules, preventing product inhibition.
When enamonium ions were substituted unsymmetrically
(R, # Ry), the rearrangement generated a chiral center, resulting

in the formation of chiral product aldehydes. A series of prochiral
enamonium tosylates, upon treatment with catalytic amounts of
(NMe,)1.[AAAA-Ga,(271)¢), resulted in the asymmetrlc in-
duction of a catalyzed aza-Cope rearrangement.®'® The enantios-
electivities achieved for the products were highly dependent on
the substrate size and charge. Detailed substrate scope and
mechanistic studies revealed that, upon encapsulation, the con-
fined cavity of the host assembly enforces the substrates to adopt
reactive conformations, as evidenced by kinetic, activation para-
meter, and quantitative NOE studies, thus accelerating the rate of
rearrangement by factors up to 3 orders of magnitude.®’
Extention of the study to the rearrangement of less reactive
propargyl enamonium cationic substrates showed rate accelera-
tions by factors of up to 184 as compared with the background
reaction rate.®’> Detemination of the kinetic parameters revealed
that the catalytic reactions follow the Michaelis—Menten model
of enzyme kinetics. Activation parameters indicated the reasons
for the rate acceleration were due to a more positive value of AS*,
Raymond, Bergman, and co-workers recently achieved a
reaction rate accleration by a factor of 10° comparable in size
to those observed in the domain of enzyrnatlc catalysis. The
tetrahedral self-assembled cage [Ga,(271)]" Jras shown to
acclerate the Nazarov cyclization of pentendiols.’"® Suspension
of 10 equiv of 3,4,5-trimethylhepta-2,5-dien-4-ol in an aqueous
solution of coordination cage [Gay(271)¢] 27 at 50 °C resulted
in the quantitative formation of the Nazarov cyclized product,
pentamethylcyclopentadiene. The pseudo-first-order reaction
rate was, however, impeded due the competitive binding of the
cyclized product within the host cavity, leading to product
inhibition. This problem was avoided by using maleimide as a
trapping agent for the cyclized product. The resulting Diels—
Alder adducts have less affinity for the host as compared to the
substrate, accordingly restoring the pseudo-first-order kinetic
behavior. The rate-determining step for the reation was found to
be the rearrangement of the encapsulated substrate to adopt a
bent conformation prior to or at the transition state. Thus, the
constricted environment within the cavity of [Ga,(27 1)6]"
facililates a million-fold rate enhancement due to the combina-
tion of an increase in the basicity of the alcohol functionality
upon encapsulation, preorganization of the bound substrate, and
stabilization of the transition state of the electrocyclic reaction.
In previous studies, the same group demonstrated that tetra-
hedral cage [Gay(271)6]"* could mediate acid- catalyzed reac-
tions within its cavity in basic solutions. Due to the high binding
affinity of cationic guest molecules over neutral species, addition
of neutral guests leads to thermodynamically driven encapsula-
tion and stabilization of the corresponding protonated species
within the cavity of the anionic cage. Since hydrolysis of
orthoformates goes through a protonated reactive intermediate,
orthoformates HC(OR); undergo rapid hydrolysis to the corre-
sponding formates in the presence of a catalytic amount of
coordination cage [Ga,(271) 1" in a basic aqueous solution
(pH 11).°"* The catalytic cycle for the process is shown in
Scheme 137. Initially, orthoformate gets encapsulated within
the hydrophobic cav12y of the cage to give a 1:1 inclusion
complex, [Gas(271)6]"*~ D [HC(OR);]. The protonated ester
HC(O)OR, generated through protonation from water, is sub-
sequently hydrolyzed by OH ™ to the fomate ion. Mechanistic
studies revealed that electrostatic and hydrophobic effects drive
the initial encapsulation of the neutral guest. Protonation of the
substrate within the cavity through proton transfer from water is
the rate-limiting step. Determination of the kinetic and activation
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parameters revealed that the hydrolysis follows Michaelis—
Menten kinetics in parallel to enzymatic pathways. The observed
entropy of activation and solvent isotope effect suggested that the
initial step of the hydrolysis proceeded through an A-Sg2
mechanism in contrast to an A-1 mechanism for orthoformate
hydrolysis in bulk solution. A kinetic analysis of the rate constants
in comparison with the uncatalyzed reaction showed a 10°-fold
rate acceleration. For tri-n-orthoformate, a 3900-fold accleration
was observed.’"® Similarly, the acid-catalyzed hydrolysis of
acetals was also investigated using tetrahedral self-assembled
coordination cage [Gay(271)6)"* . Acetals are stable in neutral
and basic media and require Bronsted or Lewis acid catalysts for
their hydrolysis. This makes tetrahedral cage [Ga,(271)¢] 2" an
ideal catalytic host for the reaction. For example, addition of 2,2-
dimethoxypropane as a substrate in a basic aqueous solution
containing a catalytic amount of [Ga,(271)e] 27 at pH 10
showed the expected hydrolyzed products.®’®®'” Mechanistic
studies revealed that the mechanism of hydrolysis takes place
inside the assembly and proceeds through an A-2 mechanism, in
contrast to the A-1 mechanism operating in the uncatalyzed
reaction. The rate-limiting step of the reaction involves negative
entropy of activation and an inverse solvent isotope effect.

As discussed above, the Diels—Alder cycloaddtion reaction
between substituted anthracenes with N-cyclohexylmaleimide in
aqueous medium requires use of a stoichiometric amount of
coordination cage to mediate the reaction, due to the strong
complexation of the product to the host molecule.*”* However,
the same reaction proceeded catalytically upon use of bowl-
shaped cage 480 as the host. For example, in the presence of a
catalytic amount of coordination cage 480 (10 mol %), 9-hydro-
xymethylanthracene (481) with N-phenylmaleimide efficiently
produced the Diels—Alder adduct with good TON (ca. 10).>”

In this reaction, however, a conventional 9,10-adduct was formed
in contrast to the unusual 1,4-adduct observed when coordina-
tion cage 287 was used. The open hydrophobic cavity of bowl
480 ensured facile encapsulation of the substrate molecules
through hydrophobic, 77-stacking and/or charge-transfer inter-
actions. The bent shape of the anthracene moiety in the resulting
adducts hampers 7-stacking within the host cage, thus reducing
the affinity to the host as compared to the substrates. This
enables substrate molecules to displace adducts and maintain the
catalytic cycle.

Self-assembled coordination cages having encapsulated active
organometallic catalysts have led to new and hithero unobserved
reactions. Encapsulation of a catalyst within the cavity of self-
assembled host cage may alter its activity through changes in its
structure, giving rise to different properties. The rate-determin-
ing step in a catalytic cycle of a known organometallic catalyst
may also be altered due to encapsulation, leading to new
selectivities. Raymond, Bergman, and co-workers utilized self-
assembled tetrahedral cage [Ga,(27 1)6]" to encapsulate an
active rhodium comég)lex to investigate the catalytic isomerization
of allylic alcohols.’® A combination of the tetrahedral cage
[Gay(271)6]"* and small bisphosphine rhodium complexes of
the general formula [(P—P)Rh(diene)]BF, (P—P = PMe; or
1,2-bis(dimethylphosphino)ethane (dmpe), diene =1,5- cy-
clooctadiene (COD), or norbornadiene (NBD)) in aqueous
solution led to the formation of discrete 1:1 inclusion complexes
[Ga,(271) D {(P—P)Rh(diene)}]""'~. Upfield shifting of the
NMR resonances of the encapsulated guest molecules indicated
the formation of a host—guest assembly. The encapsulated
catalyst precursor was hydrogenated to generate a reactive
catalyst, [Ga,(271)s D {(P—P)Rh(OD,),}]""". Upon addition
of allylic alcohol to this activated, catalytic host—guest assembly,
the corresponding isomerized products were formed within
30 min at room temperature. While the shape and size selection of
the catalytic host—guest assembly allowed encapsulation of small
and unsubstituted allylic alcohols, it prevented encapsulation of
large and branched substrates by denying access to the active site
of the catalyst. Apertures of the host—guest assembly regulate
the encapsulations of substrate molecules. Recently, gold(I)—
phosphine complexes encapsulated by a self-assembled tetrahedral
cage [Gay(271)4]"" were utilized to investigate the intra-
molecular hydroalkoxylation of allenes.®’® The combination of
Me;PAuBr with the tetrahedral cage [Ga,(271)] 7 in D,0 or
MeOD led to the formation of a discrete 1:1 inclusion complex
[Gay(271)g D (MesPAu*)]"' ™ as observed by "H NMR spec-
troscopy. Addition of 6-methylhepta-4,5-dien-1-ol to an aqueous
solution of [Ga,(271)s D (MesPAu*)]"' ™ showed 48% conver-
sion of the allene to the desired cyclized product after 18 h at
room temperature. In contrast, Me3PAuBr under similar reaction
conditions gives only an 11% yield of cyclized product after 18 h.
This reaction constitutes an elegant example of the enhancement
of catalytic activity of an organometallic complex in which the
reactivity and lifetime of the catalyst are both enhanced by
supramolecular encapsulation.

Fujita et al. utilized coordination cage 286 as a phase-transfer
catalyst because of its amphiphilic nature in the Wacker-type
oxidation of styrene and its derivatives. For example, the addition
of styrene to an aqueous solution containing a catalytic amount
of 286 led to the formation of host—guest system 286 O
(styrene), (n = ca. 3) as indicated by its '"H NMR spectrum.
Subsequent addition of a catalytic amount of [Pd(en)(NOj3),]
followed by heating at 80 °C for 24 h gave acetophenone in an
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82% yield with a TON of 8. The oxidation proceeds through a
biphasic reaction wherein styrene is encapsulated by the host
cage and then transferred into the aqueous phase where it is
oxidized to acetophenone by the Pd(II) reagent. The reaction
product, acetophenone, being less hydrophobic, was displaced
from the host cavity by the substrate molecules.”>® Similarly,
coordination cage 287 catalyzed the Wacker-type oxidation of
linear alkenols.®”!

Hupp and co-workers utilized a supramolecular porphyrinic
box as catalyst for selective olefin epoxidation and enantioselec-
tive sulfoxidation.>* The cavity-tailored supramolecular catalytic
box consists of 18 porphyrin units—four zinc(II) porphyrin
trimers, two tin(IV) porphyrin dimers, and one manganese(III)
porphyrin dimer. The catalytically active manganese(III) por-
phyrin dimer unit was encapsulated within the rigid porphyrin
box cavity that was tailored with carboxylate ligands via a self-
sorting process. A competitive study of size-selective epoxidation
between cis-stilbene and cis-3,3',5,5'-tetra(tert-butyl)stilbene
showed that cis-stilbene was 5.5-fold more reactive than sterically
bulky cis-3,3',5,5-tetra(tert-butyl)stilbene. The steric bulk of the
carboxylate ligands present on the adjacent tin(IV) porphyrin
dimer inhibits the access of the larger olefin to the Mn(III)
catalytic center resulting in size-selective catalysis. When the
cavity was modified with a chiral amino acid ligand, N-acetyl-p-
phenylalanine, on the Sn(IV) dimer, an enantioselective sulfox-
idation of methyl p-tolyl sulfide with an enantiomeric excess of
12% ee was observed. Remarkably, the sense of chiral excess was
reversed when N-acetyl-L-phenylalanine was used. No enantio-
meric excess was observed when the free manganese(III)
porphyrin dimer was used in the presence of free tin(IV)
porphyrin dimer.

Recently, a trigonal-bipyramidal cage was utilized as a catalyst
for Suzuki-Miyaura C— C cross-coupling reactions.>* The molecular
cage [{(Mesen)Pd};L,](BF,)s (L = 1,3,5-tris(isonicotinoyl-
oxyethyl)cyanurate), assembled from a reaction of (Me,en)-
Pd(BF,), and 1,3,5-tris(isonicotinoyloxyethyl)cyanurate, has a
truncated trigonal-bipyramidal architecture with a Cs;, symmetry
point group. Each L occupies a pyramid, and three Pd(II) ions lie
in equatorial positions with a single, disordered water molecule
nestled into the cavity. Both [{(Me,en)Pd};L, D H,0]%" and
desolvated [{(Meyen)Pd};L,]" efficiently catalyzed C—C cross-
coupling reactions in N,N-dimethylformamide with K,CO; as a
base without phosphine or any other additives. The cage
[{(Me4en)Pd};L, D H,0]%" gave higher yield of the cross-
coupled product compared to [{(Me,en)Pd}5L,]%" due to the
water-assisted effects of the Suzuki-Miyaura C—C cross-coupling
reaction.

4.5.3. Biological Applications. Biological applications of
self-assembled supramolecular ensembles are still in their in-
fancy. Only in the past few years have researchers begun to
apply coordination-driven self-assembled supramolecular en-
sembles toward biological applications by building functional
structures that mimic the complex recognition, regulatory, and other
properties of biological systems. Incorporation of biological func-
tionalities into these supramolecular structures and control of their
relative arrangements have led to the observation of interesting
phenomena. Furthermore, these self-assembled supramolecular
metallacages are increasingly being applied to hitherto under-
explored biochemical and biomedical applications.®**

The binding of proteins regulates the expression of genetic
information encoded in DNA in a reversible and noncovalent
manner through weak interactions. Thus, the study of noncovalent

interactions of DNA with synthetic, small molecules may provide
insight into DNA structure control by proteins. Supramolecular
chemistry allows the design of DNA-binding agents of similar
dimensions to protein DNA-recognition motifs.*”* Furthermore,
such studies are also of great importance toward effective drug
design and development. Hannon and co-workers have exten-
sively studied supramolecular DNA recognition by coordination-
driven metallohelicates. The supramolecular triple helicates
[M,L;]*"" (n = charge on each metal) were assembled through
the interaction of metal ions with bis(pyridylimine) ligands (L)
having diphenylmethane spacer.”*® As determined from induced
circular dichroism, linear dichroism, AFM, NMR, and computa-
tional studies, racemic [Fe',L;]*" was found to interact with
DNA in a single binding mode consistent with major groove
binding, an often prefered site for recognition by protein, and
induces DNA bending and intramolecular coiling.”**®*” The
enantiomers of [Fe",L;]*" bind differently with DNA. The M
enantiomers bind the major groove with partial insertion of one
chelate between DNA bases. P isomers bind in the minor groove,
spanning the two phosphate backbones.””® However, an exten-
sion of the structure of the triple helicate through ligand
modulation affects the DNA binding ability significantly. The
extended helicates, having two ketimine spacers, do not bind to
DNA, as established from induced circular dichroism studies.®*’
This is due to the loss of CH— interactions among the ligand
strands resulting in the disruption of the relay of chiral informa-
tion between the two metal centers, leading to the formation of a
mixture of rac and meso isomers, with the meso isomer being
dominant. A dicationic Cu(I) double helicate [Cu',L,]** binds
less strongly to DNA and in a slightlkr different orientation as
compared to tetracationic helicate [Fe LL;]* %% This indicates
that the charge, size, and shape of the helicates serve as important
parametrs for effective DNA binding. The same group also
observed a rare mode of DNA recognition wherein the tetra-
cationic helicate [Fe',L;]*" interacts with a palindromic DNA
hexanucleotide. X-ray structural studies revealed that the helicate
binds into the central trigonal hydrophobic cavity of a three-way
DNA junction.631

G-quadruplex DNA structures based on guanine quartets are
found in the telomeric and transcriptional regulatory regions of
chromosomes. In cancer cells, the telomeres are elongated by the
enzyme telomerase, thereby conferring immortality to the can-
cerous cell line. Thus, molecules that can bind specifically to
quadruplex DNA may lead to potential anticancer drugs.’*”
Therrien et al. studied the interaction of arene ruthenium-based
tetragonal coordination cages [Rug(né—arene) 8(/4—tppH2)2—
(dhbq),]** (389, arene = CcHsMe; 390, arene = p-cymeme)
and [Rug(n(’-arene)sw-tppZn)z(dhbq)ﬂ8+ with both duplex
and quadruplex DNA.™" A fluoroscence intercalation displace-
ment assay (FID) and surface Plasmon resonance (SPR) study
showed that the metallacages bind strongly to telomeric and
c-myc DNA. Although SPR results indicated that these cages bind
more strongly with quadruplex DNA than duplex DNA, selec-
tivity for quadruplex over duplex DNA was modest, supposedly
due to the high cationic charge of the tetragonal cages, which
increases nonspecific binding of DNA via eletrostatic interaction.

In the context of recognition and folding of peptides, Fujita
et al. utilized a variety of self-assembled molecular cages as hosts.
Using tetrahedral cage 287 as a supramolecular host, sequence-
selective recognition of oligopeptides within the hydrophobic
cavity of was observed in aqueous media.*** Coordination cage
287 showed a strong and specific binding affinity toward
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Ac—Trp—Trp—Ala—NH, over other sequences of tripeptides.
A tetrapeptide and hexapeptide possessing the Trp—Trp—Ala
sequence also bind strongly to tetrahedral cage 287. The specific
binding affinity for the Trp—Trp—Ala sequence was attributed
to efficient 71— interactions between the indole rings of Trp
residues and triazine panels of the host cage. Likewise, the bowl-
shaped host, 480, encapsulated a nine-residue peptide (Ac-Trp1-
Ala2-Glu3-Ala4-AlaS-Ala6-Glu7-Ala8-Trp9-NH,) inside the hy-
drophobic pocket in aqueous solution (Scheme 138).°**%** The
binding of the peptide within the cavity induced and stabilized a
a-helix conformation. 'H NMR titration studies revealed that the
two terminal tryptophan residues (Trpl and Trp9) bind to the
bowl leading to a 1:1 host—guest complex. TOCSY and NOESY
measurements, coupled with molecular modeling, revealed that
the 9-mer peptide adopts an a-helical conformation with two
Trp residues deeply buried into the hydrophobic pocket. How-
ever, the 2:1 host—guest complex, wherein two bowls wrapped
the whole 9-mer residue, was predominantly formed in the
presence of an excess amount of cage. Varying the hydrophobic
residues in the short oligopeptides revealed that the aromatic—
aromatic interactions are the key driving force for enclathration.®**
Further studies using a trifacial cage by the same group have showed
that it has a remarkable ability to fold Ala-Ala-Ala sequences into
B-turns via encapsulation in the hydrophobic cavity.*****” This
result demonstrated that peptide recognition within the large
cavity of self-assembled cages is a powerful method to produce
the secondary structures of peptides, even if the peptide fragment
is considerably short.

Recently, Therrien and co-workers have utilized a trigonal
prism, [Rug(p-cymene)s(285),(dhbq);] ¢+ (367),asa prototype
for a drug delivery system. Cage 367 can act as a carrier for
cisplatin ,and its high charge potentially facilitates uptake in
cancer cells, although it leaches rapidly from the hydrophobic
pocket in water.*" However, more hydrophobic complexes
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[M(acac),] (M = Pd, Pt) are strongly immobilized within 367,
while being almost insoluble in water in their free form under
ambient conditions. The cage 367 was moderately cytotoxic
toward human ovarian A2780 cancer cells, while the encapsu-
lated cages were more active. The platinum-containing species
was about twice as active as the empty cage, and the palladium-
entrapped species was more than 1 order of magnitude more
cytotoxic. Recently, a series of biologically relevant, planar
hydrophobic pyrenyl guest (pyrene-R) molecules (491—498)
were encapsulated within the hydrophobic cavity of cage 367 to
form 1:1 cationic host—guest complexes [367 D pyrene-R] o, as
evidenced by "H NMR and ESI-MS studies (Scheme 139).9%
The in vitro anticancer activity of these water-soluble systems
showed that these inclusion complexes were more cytotoxic than
the empty cage itself. Cytotoxicity studies of empty cage 367 on
human ovarian A2780 cancer cells using an MTT assay, which
measures mitochondrial dehydrogenase activity as an indication
of cell viability, showed it to be moderately active. However,
encapsulation of pyrenyl derivatives within the cavity of the cage
367 either increases or has negligible effect on the cytotoxicitzf.
The host—guest complex [367 D 492]°" and [367 D 493]°*
have ICy, values of 2 + 0.6 and 3 & 1.1 uM, respectively, that are
comparable to the ICg, value of cisplatin (1.6 #M). Similar anti-
proliferative activity studies on both A2780 (cisplatin sensitive)
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and A2780cisR (cisplatin resistant) human ovarian cancer cells
using porphyrin-based open arene ruthenium assemblies showed
that both the charge and the length of the spacer between the
porphyrin panels significantly affect the cytotoxic acitivity.**
The ability of the trigonal-prism 367 to deliver guest molecules
into the A2780 cells was studied using the host—guest complex
[367 D 491]°".°* The uptake and release of guest molecule 491
was monitored by means of flow cytometry. Once incarcerated
within the cavity of the cage, the natural fluoroscence of the guest
molecule was quenched. The freed molecules were monitored by
fluorescence spectroscopy following incubation of [367 D 491]%*
with A2780 cell lines. Efficient uptake and release of the incarcerated
payload was observed from the cages. The rate of uptake and
release was found to be dependent on the incubation time and
concentration of the host—guest complex. Recently, the same
group studied the effect of sizes of the guest molecules on
cytotoxicity by encapsulating a series of large pyrenyl-containing
dendrimers of different generations within hexanuclear arene-
ruthenium cage [Rué(p-cymene)é(ZSS)z(dhnq)3]6+ (370; dnhq
= 5,8-dihydroxy-1,4-naphthoquinonato).*' The cytotoxicity of
the host—guest systems, with the pyrenyl moiety being encap-
sulated in the hydrophobic cavity of the cage and the dendritic
functional group dangling outward, was evaluated on human
ovarian A2780 and A2780cisR cancer cell lines. The host—guest
systems show similar cytotoxicity to the empty metalloprism 370
and remain intact before internalization by the cancer cells. This
demonstrated that metallacage host systems were able to deliver
a hydrophobic payload with large appendages into cancer cells.

A similar hexanuclear arene ruthenium complex [Rug(p-
cymene)(291),(dhnq);]°* having a trigonal-prismatic architec-
ture assembled from dinuclear arene ruthenium complexes
[Ru, (7°-p-cymene),(u-00 N 00),(OTf),] (00 N 00 =
dhnq) and 1,3,5-tris(4-pyridylethynyl)benzene (291) also
showed effective growth inhibition activity in SK-hep-1 (liver
cancer), HeLa (ovary cancer), HCT-1S (colon cancer), A549
(lung cancer), and MDA-MB-231 (breast cancer) tumor cell
assays.*” The cage showed low micromolar inhibition against all
cancer cell lines. In particular, the hexanuclear cage [Ru(p-
cymene)(291),(dhng);]®* was found to inhibit the prolifera-
tion of A549 cells with an ICsq of 3.4 uM, which is comparable to
the effect seen with cisplatin (ICso = 2.4 uM). Mechanistic
studies to understand the antiproliferative effect of the nanocage
suggested that the anticancer activity through apoptosis
originated from the interaction of the cytotoxic dhnq with
[(p-cymene)RuCl(u-Cl)], which was enhanced in the nanocage
due to increased nuclearity and by the presence of the extended
JT-conjugated system.

5. MISCELLANEOUS

5.1. Self-Selection and Self-Sorting in Coordination-Driven
Self-Assembly

Of late, there has been a paradigm shift from supramolecular
preorganization to more complex systems where the system
undergoes self-organization through self-selection and self-sort-
ing to generate one or more well-defined and ordered supramo-
lecular architectures.'****7%*7  Self-selections of structurally
“instructed” components allow controlled assemblies from com-
plex mixtures of components following specific programs. Nature
provides an amazingly wide array of successful examples of
complex structures designed through self-organization using
noncovalent interactions. For example, in the biosynthesis of

4N 4N T 4N

statistical amplified absolute
Figure 40. Representation of differing extents of self-organization

phenomena that can occur within a complex mixture of subunits.

lipid membranes, proteins, nucleic acids, protein aggregates, and
virus particles, nature utilizes the noncovalent information stored
within the structural and electronic properties of the components
to self-assemble them into the preferred biomolecules. In fact
self-organization is the driving force that led up to the evolution
of the biological world from inanimate matter.
Coordination-driven self-assembly paradigms have been ex-
tensively used by the research groups of Lehn,*** Raymond,***
Albrecht,645 Stang,646 Severin,®*’ and others'* over the past
decade to develop and understand the phenomena of self-
organization that occurs in nature and biological systems. Wide
ranges of complex synthetic mixtures were investigated that
undergo varying degrees of self-organization. The facile kinetic
reversibility of metal—ligand coordination that drives systems to
the formation of thermodynamically favorable collections of
supramolecular ensembles is the cornerstone of such synthetic
strategies. Several other factors such as temperature, concentra-
tion, association constants of complementary pairs, and the
presence of competitors, however, also play a vital role in
controlling the extent of self-organization phenomena in these
systems. Depending on the extent of self-organization occurring
in a complex mixture of subunits, the process can range from a
statistical mixture of different supramolecules to amplified orga-
nization, where some supramolecules are formed in greater ratios
than others and to absolute self-organization and the exclusive
formation of discrete supramolecules (Figure 40).°*¢
Coordination-driven self-assembly, with its highly modular
character, along with the extensive library of individual molecular
subunits of varying size, geometry, and physical properties that
have been prepared in recent years, has allowed the study of self-
organization in both 2D and 3D supramolecular architectures. In
this paradigm, by combining multiple rigid acceptor and donor
subunits, the directional nature of the coordination-driven self-
assembly protocols can be used to study the phenomena of self-
selection and self-sorting under mild conditions. In one of the
earliest demonstrations of self-selection, in 1993, Lehn et al.**®
described the spontaneous formation of metal helices from a
mixture of ligands triggered by a metal ion. Upon treatment with
Cu(I) ions, mixtures of oligo(2,2")-bipyridine strands containing
2—35 bipyridine units led to the formation of double helicates
without significant crossover. Similarly, when a mixture of the
two different tris-bypyridine ligands was allowed to react with
Cu(I) and Ni(II) ions, only a double helicate and a triple helicate
were formed. The process represents a self-recognition involving
the preferential binding of like metal ions by like ligand strands in
a mixture to selectively assemble into the corresponding helicates.
Caulder and Raymond®*® have shown that naked metal ions can
act as a trigger for the self-organized assembly of rationally designed
bis(catecholamide) ligands of different lengths (499—501).
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These structurally instructed rigid bis(catecholamide) ligands, in
the presence of the Ga(III) ions, undergo facile self-organization,
resulting in a highly ordered system of helicates (502—504) in
solution (Scheme 140). Albrecht and co-workers have also
observed that rigid oligo-p-phenylene-type dicatechol ligands
having different lengths undergo template-directed self-organi-
zation to dinuclear Ti(IV)-based triple stranded M,L; helicates
in the presence of appropriate counterions (M = Li, Na, K, or
NH,").%%%! Ligands having similar geometric preferences do
not lead to self-organization. Self-assembly of heterodinuclear
triple-stranded helicates was achieved on the basis of metal
selection by “geometric discrimination”.**>

One of the earliest examples of the self-sorting of molecular
components resulting in the absolute self-organization into
discrete supramolecular rectangles via the directional bonding
approach was demonstrated by Hupp and co-workers.'®® The
combination of a metal precursor with two rigid linear linkers of
differing lengths should, in the absence of any driving bias, result
in a statistical mixture of two molecular squares of different sizes
and a rectangle. However, the combination of the octahedral
Re(CO);sCl as the corner unit and linear pyridyl linkers of
different lengths, namely, pyrazine and 4,4'-bipyridine, led to
the exclusive formation of only two types of molecular squares
rather than a statistical mixture of squares and rectangle.

Stang et al. extensively studied self-organization of glatinum-
based 2D and 3D metallacycles and metallacages.64 Square-
planar platinum(II) metal acceptors of varying angles between
the coordination sites ranging from 0 to 90° with electron-rich
pyridyl donors were used as molecular subunits. It was shown
that by a careful modulation of the intrinsic geometric parameters
of the molecular subunits (angle, size, and relative orientation of
coordination centers), absolute self-organization could be
achieved without introducing any external effectors and the
process could be applied to a diverse set of coordinative
supramolecules. As shown in Scheme 141, the use of square-
planar platinum(II) acceptors 75, 12, and 505 having 0, 60, and
90° angles between their coordination sites in conjunction with a
180° linear pyridyl donor ligand, 4,4’-bipyridine in 1:1:1:3 molar
ratio resulted in the absolute self-organization into the discrete
supramolecular rectangle 76, triangle 26, and square 3506,
respectively.®* Although a random combination of different
subunits was observed initially as determined by NMR and
ESI-MS, prolonged reaction led to fully equilibrated mixtures
of the discrete individual assemblies. The major driving force for
the selective formation of the discrete polygons was the angular
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differences in the organoplatinum acceptor units. The size of the
resulting assembly can also direct the absolute self-organization
of 2D and 3D supramolecular ensembles.** For example, mixing
two pyridyl donors of different lengths, 4,4'-bipyridine and 1,2-
bis(4-pyridyl)ethyne (507), with diplatinum acceptors 75 and 12
having 0 and 60° angles leads to molecular rectangles (76, S08)
and triangles (26, 509), respectively (Scheme 142).

The combination of different subunits of varying size, shape,
and dimensions also leads to absolute self-organization into
discrete supramolecules.> A complex 7:2:2:2 mixture of 0°
diplatinum(II) acceptor (75) with three donors, 4,4'-bipyridine,
1,4-bis(4-pyridylethynyl)benzene, and tris(4-pyridyl)methanol
(313), differing in size, shape, and orientation of the coordina-
tion sites has been successfully assembled exclusively into
discrete structures—rectangles (76 and 78) and a distorted
trigonal prism (511)—demonstrating the strength and utility
of the directional bonding approach in studying self-organization
(Scheme 143). Besides these structural and geometric factors,
the reaction temperature and choice of solvent also determines
the extent of self—organization.655 It is interesting to note that,
in all of the examples cited above, absolute self-organization
occurs in acetone/water (1:1) solvent mixture, but not in
dichloromethane.

Similarly, the formation of discrete 3D polyhedra from multi-
ple subunits in a complex mixture was also investigated.®*® The
self-recognition process was found to be strongly dependent
upon the structural information stored within individual building
blocks, i.e., geometry, directionality, and rigidity. In addition, the
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thermodynamic stability of the products also played a great role
in the self-recognition process. Self-recognition and self-assem-
bly were achieved as the kinetically labile Pt—N bond allowed for
the dynamic exchange of complementary molecular components
by internal rearrangement, exchange, extrusion, and incorpora-
tion of different components, through which intermediate as-
semblies are self-selected and proof-read in order to generate the
most thermodynamically preferred 3D cages. In fact, constitu-
tional dynamic exchange of complementary molecular compo-
nents in coordination-driven self- assembly was recently shown
usmg ESI-MS for molecular polygons 7 Treatment of 'H and
’D isotope-labeled 4,4’-bipyridines with 60° diplatinum(II)
acceptors (12) gave the corresponding molecular triangles.
Mixing these two homoisotopic triangles resulted in ligand
exchange to give heteroisotopic triangles. Similarly, mixing of

Scheme 144
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homoisotopic rectangles generated from 60° dlplatmum(II)
acceptors (75) and 'H and D isotope-labeled 4,4’-bipyridines
also resulted in heteroisotopic rectangles. Formation of these
heteroisotopic polygons was established on the basis of quanti-
tative mass spectroscopic results. The exchange process was
found to be dependent upon the temperature, solvent, and the
nature of the counteranions.

Self-organization during self-assembly of a series of linear
bispyridyl donors functionalized with hydrophobic alkyl (C4H, 3,
C1,Hys, and CgHsy) chains or hydrophilic (di-, tri-, or tetra)-
ethylene glycol chains with complementary 0° di- Pt(II) accep-
tors into supramolecular rectangles was also explored.*® The
connectivity and location of functional groups on the bispyridyl
ligands ensured that they did not interfere sterically or electro-
nically with their respective binding sites. Employing carefully
controlled reaction conditions so that the only means of self-
organization during self-assembly was through “second-order”
effects arising from the distal functional groups themselves, it was
observed that increasing the chain length drove the self-assembly
process toward amplified self-organization.

Ambidentate ligands having two different binding sites have
been used to demonstrate absolute self-sorting in the self-
selection of a single linkage isomeric product. The combination
of molecular clip 75 with ambidentate pyridyl carboxylate ligands
512—514 led to the assembly of the most symmetrical isomers,
515—517, with isooriented (i.e., each Pt atom is bound to a
pyridyl nitrogen and a carboxylate oxygen atom), ligands, despite
the possibility of formation of two isomeric rectangles
(Scheme 144).°° Similarly, self-selection for the symmetric
supramolecular rectangles was observed when molecular clip
75 was treated with linear ambldentate hgand N-(4-pyri-
dyl)isonicotinamide (30), in a 1:1 ratio.''* It was also found
that steric interactions among the substituents present on the
subunits in a complex mixture of ditopic ligands could drive the
process of self-organized assembly from statistical to absolute
organization.®® By preparing a number of unsymmetric bis(4-
pyridyl)acetylene ligands with one of the two pyridyl moieties
substituted with 2,6-dimethyl-, 2-chloro-, and 3,5-dichloro- sub-
stituents and treating them with the 90° cis-[Pd(PMe;),(NO3), ]
acceptor, it was shown that the asymmetry of the linear donors
leads to four different supramolecular squares, depending upon
the relative orientations of each squares’ constituent donors. In
keeping with the previous observation of molecular rectangles, in
the case of molecular triangles also, due to the different bonding
connectivity of the ambidentate ligands, two linkage isomeric
triangles were expected. However, when the 90° heterobimetallic
cis-[Pt(dppf) (OTf),] (32; dppf = diphenylphosphinoferrocene)

acceptor was treated with unsymmetrical ambidentate ligand,
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Scheme 145

sodium isonicotinate, a symmetric molecular triangle was ob-
tained as exclusive product.® Similarly, sodium pyrimidinecar-
boxylate in conjunction with 32 led to the self-selection for the
symmetrical isomer.*® As determined from *'P and 'H NMR,
ESI-MS, and X-ray crystallography, of the two possible linkage
isomers, the most symmetrical one, in which all the ambiden-
tate ligands are isooriented, was observed. The driving force
for such absolute self-sorting is the enthalpic gain achieved by
heteroligation at each Pd center. Furthermore, by orienting
the ligands in an alternating fashion, the geometric strains
on the triangles are relieved. The combined effect of these
driving factors leads to the thermodynamically preferred
metallacycles.

Schmittel et al. have demonstrated multicomponent integrative
self-sorting leading to the formation of trapezoids,661 triangles,662

Scheme 146

and ladders.®® For example, the isosceles trapezoid 521 was
constructed through sequential addition of the specifically de-
signed ligands—two bisphenanthroline ligands 518 and 519
with varied length serve as the shorter edge of the trapezoid while
the phenethroline-terpyridine hybrid ligand, 520, serves as the
longer edge of trapezoid 521 (Scheme 145).°" First, a mixture of
519 and 520 were treated with Zn(II) followed by the addition of
518 and Cu(I). NMR and ESI-MS studies confirmed the
exclusive formation of the macrocycle. Steric effects, m—m
interactions, electronic effects, and metal—ion interactions play
a vital role in controlling the self-sorting process. Similarly, a
molecular triangle assembles from five-components via self-
sorting from related building units.*>

Recently, the same group also demonstrated the assembly of a
tris-heterometallic scalene triangle with three different self-
assembled corners from an eight-component algorithm via self-
sorting.664 The combination of a phenanthroline—porphyrin
hybrid ligand (522), terpyridine—phenanthroline ligand (523),
phenanthroline—pyridine hybrid (524), Zn>*, and Cu" in
1:1:1:1:1 ratio under refluxed condition for 2 h in acetonitrile/
DCM (2:1) led to the formation of scalene triangle [CuZn-
(522)(523)(524)](0Tf),(PFs) (525; Scheme 146). The ex-
clusive formation of triangle 525 was established by ESI-MS,
'"H NMR, DOSY, DPV, and elemental analysis. Steric and electronic
effects, 71— interactions, and metal—ion interactions drive the
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3-fold completive self-sorting process, which leads to the assem-
bly of a single species in solution.

Schalley et al. have also successfully demonstrated the concept
of integrative self-sorting with a hetero[3]pseudorotaxane as a
model system.’® The synthesis of a hetero[3]rotaxane with an
efficient cascade-stoppering system was achieved from a four-
component mixture. In a similar study®®® of a four-component
self-sorting system of crown ethers and ammonium ions, six
building blocks were designed in which two identical or different
binding sites are incorporated. These building blocks, when
mixed in many different ways, led to distinctly different pseudor-
otaxane assemblies. The self-sorting process integrates all build-
ing blocks in specific places so that this approach permits one to
exert positional control and can widely influence the resulting
assemblies with respect to the details of their structures.

In an interesting study, the same group recently demonstrated
a thermodynamically controlled self-assembly of hetero-bime-
tallic metallo-supramolecular macrocycles through self-sorting
caused by different ancillary ligands present on the cis-blocked
Pd(I1) and Pt(II) metal centers.””” The self-sorting of metallo-
supramolecular macrocycles was investigated using a tetratopic
ligand (527) that has two different metal-binding sites, a central
2,2 -bipyridine core, which act as a chelate ligand, and two
terminal pyridine coordination sites, which mediate assembly
formation. Treatment of 527 with M(dppp)(OTf), [M=Pd (4),
Pt (52); dppp = diphenylphosphinopropane] and/or M(dppe)-
(OTf), [M = Pd (526), Pt (325); dppe = diphenylphosphino-
ethane] in all four possible combinations led to a high-fidelity
self-sorting upon equilibration for 3 days, resulting in the generation
of two self-sorted heterobimetallic (528 and 529) and two
homobimetallic (530 and 531) macrocycles (Scheme 147).
*'P NMR and tandem mass spectrometric experiments pro-
vided the evidence for the formulation of the macrocyles. In all four
macrocycles, (dppp)M" hinge coordinates to the pyridines. The
(dppe)M" is displaced from the pyridine and binds exclusively to
the bipyridine sites when thermodynamic equilibrium is achieved.
Thus, a difference of merely one methylene group incorporated in
the ancillary ligands induced high-fidelity self-sorting.

Osuka et al. have investigated high-fidelity homochiral self-
sorting in porphyrin-based systems where meso-pyridyl-ap-
pended zinc(1I) porphyrins assemble to form macrocycles and
cages of different dimensions. Due to the restricted rotation
around the meso—meso linkages, 4-pyridyl-appended me-
so—meso-linked zinc(II) diporphyrins exist as both R and S
enantiomers in solution, leading to formation of the correspond-
ing homochiral (R)- and (S)-porphyrin boxes through self-
sorting.>*® The homochiral self-sorting behaviors of meso-cinch-
omeronimide (3,4-pyridinedicarboximide)-appended zinc(II)
porphyrin and 10,10’-cinchomeronimide-appended meso—meso-
linked zinc(IT) diporphyrins in noncoordinating solvents were
also investigated.®*® While the former undergoes complete
assembly to yield its trimer, the latter led to trimeric, tetrameric,
and pentameric rings, through rigorous homochiral self-sorting
processes, due to the presence of three stable conformers with
respect to the orientation of the pyridyl nitrogen atoms. Simi-
larly, meso—meso’-bis(S-azaindol-2-yl)-appended zinc(II) por-
phyrin formed a trimeric fluorescent assembly that consisted of
three single atropisomers due to the facile rotation of the
S-azaindol-2-yl substituent and effective trapping via self-sorting
assembling by complementary coordination.*”

Severin and co-workers have demonstrated the self-sorting
process to generate dynamic combinatorial libraries based on
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half-sandwich complexes having triangular topologies.647 A
combinatorial assembly of three Ru half-sandwich complexes
having sterically different 77-ligands—a small benzene ligand, a
large 1,3,5-triisopropybenzene ligand, and a very large hexam-
ethylbenzene ligand with 2,3-dihydroxypyridine—gave only
three s7pecies in significant amount out of 10 possible pro-
ducts.”® From a thermodynamic point of view, the trinuclear
metalla-macrocycles with the smallest steric congestion, i.e., the
compound with three (benzene)Ru fragments, is expected to be
most stable. However, in the equilibrated mixture, all three
macrocycles contained only one (benzene)Ru fragment
(Scheme 148). This demonstrated that a higher thermodynamic
stability of a dynamic combinatorial library member does not
necessarily correlate to an elevated concentration. A more
complex mixture containing half-sandwich metal building blocks
[{Ru(p-cymene)Cl,},], and [{Ir(Cp*)CL,},] and two different
dihydroxypyridine ligands in buffered aqueous solution form a
dynamic combinatorial library with unique network topology.®”*
Upon mixing, these complexes undergo scrambling reactions to
give only eight out of a possible 24 macrocycles (Scheme 149).
The eight different complexes can be divided into two partially
orthogonal sublibraries. Within these sublibraries, an exchange of
metal fragments and ligands is possible, but communication between
the sublibraries is restricted to an exchange of metal fragments.

Nitschke and co-workers have investigated self-sorting phe-
nomena by using the dynamic nature of both metal—ligand
coordination and reversible imine bond formation.'* For exam-
ple, when 2-formylpyridine (275) and benzaldehyde-2-sulfonate
(532) were mixed with a diamine (533) in aqueous medium, a
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complex library of ligands was §enerated in dynamic equilibrium
with the starting materials.*”> However, addition of CuBF,
triggered a collapse of the library leading to the formation of
only two self-sorted supramolecules 534 and 535 (Scheme 150).
Formation of any other structures is both entropically and
enthalpically unfavorable.

Similar self-organization phenomena were observed when
2-aminoquinoline and 4-chloroaniline were mixed with the
phenanthroline dialdehyde to generate a dynamic library of
ligands which subsequently collapse to form dicopper and
tricopper helicates upon addition of copper(I).*”* Use of two
different metals, Cu(I) and Fe(Il), also induced a dynamic
combinatorial library of 11 structures to self-organize into only
two discrete supramolecules.”’* The efficiency and selectivity of
self-organization could be correlated with the electronic nature
of the substituted amine subunits, which were studied using
Hammett Oy, values, and on the coordination geometries of the
metal ions used.®”®

5.2. Surface Confined Ensembles

Over the past decade, a great deal of attention has been paid to
assembling metallo-supramolecular macrocycles and metalla-
cages on solid supports to understand the factors that govern
and control the assembly process on surfaces and accordingly
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develop materials with novel properties.”* > As delineated in
previous sections, metallo-supramolecular assemblies having novel
electronic, magnetic, photophysical, redox, and catalytic properties
have been extensively investigated in solution using a wide variety
solution-phase analytical techniques. However, in the solution
phase, supramolecular assemblies generally lack coherence in
their orientation, alignment, and packing order, prohibiting the
large-scale uniformity and coordination required for advanced
functional materials. On the other hand, assembling supramolecules
on surfaces imparts a high degree of coherence and uniformity for
fabrication of nanostructures and nanodevices for material applica-
tions. Various substrates such as SiO,, Cu(100), gold, indium—
tin oxide (ITO), and highly ordered pyrolytic graphite (HOPG)
have been used to prepare metallo-supramolecular adlayers.
Scanning probe techniques, in particular scanning tunneling
microscopy (STM) and atomic force microscopy (AFM), have
been commonly used to study the formation and properties of
such surface-confined self-assembled molecular systems.

Hupp and co-workers have extensively studied film- and
membrane-based porous materials derived from surface-con-
fined metallo-supramolecular assemblies for molecular sieving
and chemosensing.20 In their initial studies in this area, micro-
porous thin films composed of discrete Re(I)-based metallo-
supramolecular squares were prepared on inert conductive plat-
forms such as gold, glassy carbon, ITO, and platinum to act as
electrodes to evaluate the size-selective transport of small molecules
and complexes.”’*®”” Re(I)-based porphyrin and pyrazine-
containing molecular squares were assembled on permeable
polyester membranes, and their thickness (~25 nm), morphology,
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and crystallinity were characterized by low-resolution optical
microscopy and by AFM measurements.”*”%”® These film-
coated electrodes, when exposed to solutions containing redox-
active probe molecules and complexes of various sizes, led to size-
selective transport across the membrane as determined from
their voltammetric responses. Only those species capable of
permeating the film showed faradic current flow. More robust
films have been obtained by assembling phosphonate-function-
alized Re(1) égorphyrinic squares on ZrP-modified ITO and SiO,
surfaces.”’*®*® The high affinity of Zr(IV) for phosphonate
allowed for layer-by-layer assembly either by direct attachment
of the octaphosphonated squares to metal-oxide surfaces or by
first derivatizing the supporting surfaces with zirconium binding
ligands. This layer-by layer assembly approach allowed precise
control over the film thickness as well as the morphology by
overridding the defects associated with vapor deposition. Inter-
digitation of phosphonated porhpyrinic molecular squares with
phosphonated perylenediimides through layer-by-layer assembly
on ZrP-coated ITO surfaces has led to bulk heterojunctions.
When employed in photovoltaics, these molecularly interlaced
heterojunctions generate photocurrent with visible light.””**”" In
aqueous I3~ /I solutions these photoelectrochemical cells pro-
duce cathodic photocurrents, in contrast to generally observed
anodic photocurrents with conventional dye-senstized solar cells.
Microporous thin films (~50—400 nm) composed of discrete,
cavity-containing Mn(I)- and Re(I)-based molecular rectangles
assembled on electrically conductive ITO-coated glass slides
yielded a collection of needle-shaped structures that were readily
visualized via low-resolution optical microscopy and AFM measure-
ments.”®*" These rectangle-based thin film materials displayed
both size- and shape-selective membrane transport behavior
when placed in contact with aqueous solutions of redox-active
probes. Only those probes that were short and narrow in at least
one dimension were allowed to permeate through the mem-
brane. The shape selectivity, however, was found to be through
intramolecular rather than intermolecular cavities. Quantitative
and semiquantitative measurement using rotating disk electrode
(RDE) voltammetry and scanning electrochemical microscopy
(SECM), respectively, showed that the transport was roughly 2
orders of magnitude slower than observed in thin films of
molecular squares featuring similar-sized cavities.

Wan and co-workers have investigated the self-organization of
supramolecular metallacycles and metallacages on Au(111) and
HOPG surfaces by scanning tunneling microscopy (STM).*!
Well-ordered self-organized architectures with three metallo-
supramolecular assemblies, a square, a rectangle, and a three-
dimensional cage, on Au(111) surfaces were fabricated.®* The
self-assembled adlayers were prepared by immersing the Au
beads in an ethanol solution of the respective assemblies. These
supramolecular assemblies adsorb on Au(111) surfaces and self-
organize to form highly ordered adlayers with distinct conforma-
tions that are consistent with their chemical structures. For
example, the metallo-supramolecular square [Pt(dppp)(4,4'-
bipyridine)]4(PF¢)s spontaneously adsorbed on the Au(111)
surface to give regular rows of squares lying flat on the surface and
extending in the A and B directions, forming 90° angles (Figure 41).
The dimensions of each molecular square were determined from
the STM image and found to be 2.1 £ 0.1 nm on each side,
consistent with the size previously determined from X-ray
crystallography.”®> Molecular rectangles, [{(1,8-bis[trans-Pt-
(PEt3)2)anthra«:ene}2(4,4/—bipyridine)2]4+ (76) also assembled
into well-ordered arrays on Au(111) surfaces. Similarly, adsorption

Figure 41. (a) Space-filling model of molecular square [Pt(dppp) (4,4'-
bipyridine)]4(PF¢)s, (b) high-resolution STM images of the adlayer of
square on Au(111), and (c) structural model of the adlayer.

of bis-terpyridine-based [2 x 2] grid-type Zn(II) and Co(II)
assemblies on HOPG surfaces led to well-organized adlayers.**>*%*

Schalley and co-workers also studied the assembly of a
metallo-supramolecular square [Pt(en)(4,4'-bipyridine) ] ,(NO3)sq
on Cu(100) surfaces modified with a chloride adsorbate layer.685
Chloride-covered Cu(100) surfaces were prepared by adsorbing
chloride anions on positively polarized Cu(100) electrode from
chloride-containing electrolytes. The adsorbed chloride layer
adopted the symmetry of the copper substrate and essentially
retained its full charge upon adsorption. The negatively charged
chloride layer caused the cationic squares to adsorb and lie flat on
the electrode surface. While adsorbate—substrate interactions
were driven by attractive electrostatic interactions, lateral order-
ing was governed by van der Waals interactions. However, due to
the acidic conditions used to prepare the surface, the square
slowly opened up and chainlike oligomers coadsorbed. On
HOPG surfaces the molecular squares showed a striped pattern
in the STM images. Self-organization of Fréchet-type dendron-
functionalized Pd(II)- and Pt(1I)-based metallo-supramolecular
squares on mica and HOPG surfaces were also investigated
by the same group.”’ AFM studies on the materials revealed
two distinctly different morphological arrays of adsorbed self-
assembled dendronized squares depending on the solvent in
which the sample was applied to the surface. When ethanol
solutions of squares were used, towerlike aggregates appeared on
both mica and HOPG surfaces. When ethanol/acetone solutions
of the dendronized squares were used for deposition, the mica
surface showed similar towerlike aggregation. However, on a
HOPG surface, a mixed solvent solution showed formation of
monolayers. Thus, a balance between surface—dendrimer and
dendrimer—dendrimer interactions plays a vital role in driving
such self-organization.
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In addition to 2D metallacycles, 3D metallacages were also
shown to form well-ordered adlayers on Au(111).%* The dis-
torted trigonal prism, [(1,8-bis(trans-Pt(PEt;),)anthracene);-
(tris(4-pyridyl)methanol),](PF4)s(NO;) self-organized into
two-dimensional array with regular molecular rows. The cages
oriented themselves in such a way that their propeller “blades”
were interdigitated along the A direction while along the A—B
diagonal, the faces of their bis-Pt(I) anthracenyl moieties
aligned roughly parallel. Such an arrangement maximized inter-
molecular van der Waals interactions, thereby providing stability
to the adlayers. Self-organization of a supramolecular chiral
trifacial box (401) on Au(111) showed domain-separated
monolayers.®®*® The self-assembled adlayers were prepared by
suspending gold beads in a racemic mixture of the trifacial box,
401, in ethanol. Upon adsorption of the racemic mixture on
Au(111), each enantiomer formed separate, well-ordered, locally
chiral domains of MMM and PPP helical enantiomers. The
supramolecules lie edge-down on the Au(111) surface while
projecting one of their three flat faces upward. A similar
manifestation of chirality into separate enentiomerically pure
domains on Cu(100) surfaces modified with a chloride adsorbate
layer was also observed with Pt(II)-chiral molecular rhomboids,
198.>'° STM experiments revealed spontaneous separation of
enantiomers at the surface resulting in enantiomerically pure
domains when a racemic mixture was used. Only one well-
defined orientation with respect to the underlying substrate was
observed when enantiomerically pure rhomboids were adsorbed.

The nature of the substrate used for deposition of the
supramolecular assemblies was found to profoundly affect the
morphology of self-organization on surfaces. For example, the
supramolecular rectangles (79) shown in Figure 42a self-assem-
ble in an “face-on” geometry on Au(111) surfaces, while on the
HOPG surface the same molecules self-assemble in an “edge-on”
geometry.687 When gold beads were immersed in a 10 ® M
solution of 79 in toluene, a uniform, well-ordered molecular
adlayer with few defects was observed. STM images showed that
the rectangles lie flat on the Au(111) surface, forming linear
chains (Figure 42b). In contrast, on HOPG surface, the long
edges of the rectangle stand on the surface, forming a 2D
molecular network (Figure 42d). The observation that supra-
molecular rectangle 79 adopted two different orientations on
Au(111) and HOPG surfaces demonstrated that molecular
adlayers of coordination-driven self-assemblies could be domi-
nated by the nature of their solid supports. The substrate—
adsorbate interaction is much stronger in the case of Au(111)
due to the strong Au—7 interactions that are maximized when
the rectangles lie flat on the surface. The self-organization on
HOPG surfaces, on the other hand, was primarily governed by
intermolecular 77— and van der Waals interations between the
adjacent rectangles, forcing them to adopt a close-packed 2D
molecular network.

Molecular templates have been found to promote the mono-
dispersion of a well-ordered array of supramolecular assemblies
that otherwise form disordered adlayers on surfaces. For example,
use of the triple-armed amphiphile, 1,3,5-tris(10-carboxydecyloxy)-
benzene (TCDB) as template for coadsorption with supramo-
lecular rectanzgles [{(1,8-bis[trans-Pt(PEt;),)anthracene },(4,4'-
bipyridine),]*" (76) led to the formation of well-distributed and
monodispersed adlayers on a HOPG surface, which otherwise
form disordered adlayers.®*® The judicious choice of template is
vital as various interactions such as tetplate—template, adsorbate—
template, template—surface, and adsorbate—surface along with
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Figure 42. (a) Space-filling models of molecular rectangle 79, (b) high-
resolution STM images of the adlayer of 79 on Au(111), (c) structural
model of the adlayer on Au(111), (d) high-resolution STM images of
the adlayer of 79 on HOPG, and (e) structural model of the adlayer on
HOPG surface.

appropriate size complementarities act as driving forces for
templation and monodispersion. An ethanolic solution contain-
ing a 1:3 mixture of TCDB and molecular rectangle 76 deposited
on a HOPG surface gave a well-ordered assembly. STM images
showed that the rectangles were entrapped in the molecular
template, thus forming the ordered adlayer. Similarly, use of
shape-persistent arylene—ethynylene—butadiynylene macro-
cycles as templates for co-deposition with molecular square
[Pt(dppp)(4,4'-bipyridine) ] 4(PF¢)s or molecular rectangle 76
allowed for 2D ordered arrays on HOPG surfaces.®® For each
underlying shape-persistent macrocycle, one metallacycle has been
detected, indicating that the structural information of the macro-
cycle layer was perfectly transformed to the guest molecules.

6901 dx.doi.org/10.1021/cr200077m |Chem. Rev. 2011, 111, 6810-6918



Chemical Reviews

Dalcanale and co-workers have reported the generation of
cavitand-based coordination cages directly on surfaces by using
self-assembled monolayers on gold.**>*®" The formation of the
molecular cages was monitored directly by atomic force micro-
scopy (AFM). Self-assembled monolayers of a cavitand, func-
tionalized with four cyano groups at the apical positions on the
upper rim and four alkylthioether groups on the lower rim, were
prepared by adsorption on gold surfaces at 60 °C from an EtOH/
CHCI; solution for 12 h.*° Monolayers of self-assembled
coordination cages were obtained by soaking the self-assembled
monolayers of cavitands in a solution of [M(dppp)(OTf),] (M =
Pd, Pt) and tetracyano-substituted cavitand 46S5. The self-
assembly process was monitored by directly measuring the
height profile of these cages by means of AFM using substrates
containing internal height references prepared by microcontact
printing. Similarly, larger cavitand-based coordination cages were
assembled on gold surfaces through metal-induced coordination
by using a cavitand having four tolylpyridyl groups at the
bridgehead positions on its upper rim and four 11-mercaptoun-
decanol groups on its lower rim.*”" Reversible disassembly of the
resulting coordination cages could also be achieved by exposing
the monolayers of the cages to a solution of triethylamine in
ethanol for 1 h. Triethylamine was able to shift the equilibrium
toward the formation of [Pd(dppp)(NEt;),(OTf),] and free
cavitand by competing with the Pd coordination centers. AFM
studies indicated that more than half of the cages were disas-
sembled, leaving free cavitand molecules.

5.3. Novel Characterization Methods

The growth of coordination-driven self-assembly over the past
decade has been spurred to some extent by the immense
technological advancement made in the characterization tools
for supramolecular emsembles. The development of novel
characterization methods helped to answer questions associated
with these complex architectures held together by coordination
bonds. It is equally true that problems faced by supramolecular
chemists with characterization served as the impetus for the
development of new methodologies and improvement of existing
characterization tools to a great extent. Thus, this symbiotic
relationship has worked to the benefit of both supramolecular
chemistry and analytical chemistry. Today, many novel methods
as well as conventional tools, which have improved remarkably in
terms of sensitivity, resolution, and precision, are at hand for the
characterization of supramolecular ensembles. We present here
in the following sections a brief overview on some of the novel
techniques that are being increasingly used in recent years in the
context of elucidating the structures and properties of coordina-
tion-driven metallacycles and metallacages.

5.3.1. Mass Spectrometry. Mass spectrometry is perhaps
one of the most extensively used tools for the characterization of
coordination-driven supramolecular assemblies. In addition to
analytical characterization of supramolecules with respect to their
exact masses, isotopic patterns, charge states, stoichiometries, and
impurities, mass spectrometry can provide a wealth of informations
about the structures, fragmentation pathways, reactivities, and
thermodynamic properties of supramolecular ensembles.®>%">
Many of the commonly available ionization techniques such as fast
atom bombardment and matrix-assisted laser desorption/ionization
are incompatible with supramolecular assemblies that contain non-
covalent bonds because these ionization methods are intrinsically
harsh and impart large internal energy to the ions of the analyte

molecule, consequently leading to fragmentation to a significant
extent.

Electrospray ionization,®* which is a soft ionization tech-
nique, has emerged in the past decade as an indispensable tool for
analyzing supramolecular assemblies that contain noncovalent
bonds.””> ESI works by generating charged droplets through
dispersion by electrospray from a solution of the desired analyte.
The small droplets, through evaporation of solvents, shrink and
as a result of Coulombic repulsion undergo fission into even
smaller droplets until desolvated ions are formed. The advantage
of ESI is that it keeps the internal energy of the ions low and thus
not only suppresses extensive fragmentation but also make the
intact ionization of noncovalent emsembles feasible. Moreover,
the analyte can be ionized from almost any suitable solution,
provided that a charge is present in the complex or can be
delivered to it during ionization. The combination of ESI sources
with time-of-flight mass analyzer was developed to increase the
ion sepration time so that much higher mass accuracy and
resolution could be achieved. Similarly, combination of ESI
sources with Fourier transform—ion cyclotron resonance sys-
tems allows one to investigate the isotope patterns in a broad
distribution of different charge states with high accuracy and
resolution. These sophisticated techniques, especially ESI-MS,
have been extensively used to analyze a wide variety of supra-
molecular assemblies.’”®

Cold-spray ionization—mass spectrometry, a gentler alterna-
tive to ESI-MS, was developed to characterize labile self-
assembled species.””® The fundamental difference between
ESI-MS and CSI-MS is that, in CS]I, the ion source and desolva-
tion chamber operate at low temperature. While ESI-MS is not
suitable for these compounds because of their instability, CSI-MS
affords multiply charged molecular ions with attached solvent
molecules and, thus, analytical data on molecular mass, charge
state, and isotope pattern are easily obtained. Fujita and co-
workers have used this technique to characterize a large number
of metallacycles and metallacages.**®

Another softer variant of ESI-MS, sonic spray ionization—
mass spectrometry (SSI-MS), allows fragile compounds to
remain unfragmented during ionization and results in singly
charged species.”””%”® The two ionization techniques differ in the
way the solvent droplets are formed, the solution concentrations
and flow rates required, the magnitude of the applied voltage, and
the method of ion production. In SSI, the ion source involves two
capillaries, one nested inside the other. While the inner capillary
introduces a solution of analyte, the outer capillary provides a
coaxial nitrogen gas flow to facilitate droplet nebulization. SSI-
MS is typically operated at atmospheric pressure and without
applying an electric potential to the source. The soft-ionization
method reduces the fragmentation of noncovalent assemblies,
fragile analytes, and thermodynamically labile emsembles. For
example, transition metal (Fe**, Co*, and Cu**) induced,
resorcinarene-based coordination cages were characterized via
SSI-MS.* In contrast to ESI-MS, which shows multiply charged
peaks, SSI-MS spectra showed monocharged ion peaks, making
the identification of the cages straightforward.

In recent years, researchers have increasingly focused on using
mass spectrometry as a tool for studying various aspects of co-
ordination-driven supramolecular systems such as host—guest
chemistry, fragmentation and reactivity in solution and gas phase,
and structural elucidation, through tandem mass spectroscopic
experiments.*”> Miiller et al. have studied the encapsulation of
guest cations within the cavity of a metallo-supramolecular cage
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having ML, truncated tetrahedral topology.*”® A remarkable

difference between ESI-FT-ICR-MS of MgL, tetrahedron
[{(CdC1)3(HgBrsL)}4]*" (HeBrsL = tris[(5-bromo-2-hydro-
xybenzylidene )amino]guanidinium) encapsulating NEt," or
NEt;H" ions as templating guest was observed. When NEt,”
was encapsulated, it exactly filled up the internal space and signals
for each charge state accompanied by successive losses of of
NEt,Cl or by exchange of NEt," against H" appeared in the mass
spectrum. The simulated isotopic pattern also agreed with the
experimental one. When NEt;H" acted as guest, an additional
signal due to water molecule was observed indicating that
NEt;H" leaves enough space for an additional water molecule,
which is coencapsulated in the cavity of the tetrahedron.
Tandem MS experiments have also led to the elucidation of
structure and the energetics of fragmentation process in metallo-
supramolecular assemblies. Fragmentatmn pathways of the
metallo-supramolecular square® [Pt(dppp)(4,4’-bipyridine)],-
(OTf)g have been studied by Schalley et al. by carefully mass-
selecting trlply charged squares in the gas phase via tandem MS
experiments.”” Infrared multiphoton dissociation (IRMPD)
spectra of Pt(II) squares in their +3 charged state in the gas
phase have been recorded on a ESI-FT-ICR mass spectrometer.
The mass spectrum showed a doubly charged 3:3 complex (m/z
1443) and a singly charged 1:1 complex (m/z 912) of Pt(II)
corners and bipyridines as primary products. No doubly charged
2:2 complex was observed, indicating that no fragmentation into
two half-squares occurred, although the same number of me-
tal—nitrogen bonds needed to be broken (Scheme 151). Instead,
a singly charged half-square was formed from the 3:3 complex
(m/z 1974) as a secondary fragmentation product. The reason
for the preference of one pathway over the other has been
explained by invoking a rear-attack mechanism. When irradiated
by the IR lasers, the internal energy of the ions increases, leading

to an opening of the first bond. This gives rise to a chainlike
conformer where an uncomplexed pyridine end can attack at the
third metal center, thus forming a new M—N bond while
facilitating the cleavage of a M—N bond to form species having
m/z 1443 and 912. Although not observed in the solution phase
by NMR experiments, triangles were formed under the gas-phase
conditions. To understand the effect of charge repulsion on the
fragmentation pathway, tandem MS experiments performed with
+5 charged states of the same squares showed strong dependencies
of fragmentation patterns on the parent ions’ charge states.”%"
For species with a lower number of charges, expulsions of edge
ligands prevailed, whereas charge separation pathways dominated
over the dissociation pathways for more highly charged species.
Tandem MS experiments carried out on Pt(II)- and Pd(II)-
based chiral molecular rhomboids also provided access to
fragmentatlon processes that are difficult to study in the condensed
phase.”’® To understand the fragmentation behavior of the
rhomboids in the gas phase, the ions of interest were mass-
selected in the FT-ICR cell and subjected to a collision-induced
decay (CID) experiment. CID experiments revealed that doubly
charged 2:2 complexes fragment into two identical, singly charged
species followed by C—H and C—C bond activation mediated
by coordinatively unsaturated metal centers. The observed f3-
hydrogen shift was analogous to ones encountered in transition-
metal-mediated catalytic processes such as the Heck reaction.
Ton mobility spectrometry—mass spectroscopy (IMS-MS),”*
a widely used method for studylng conformations of protein and
other large biomolecules,”** has been recently used to obtain the
structures of coordination-driven metallo-supramolecular assem-
blies that cannot be unambiguously characterized through tradi-
tional methods such as X-ray crystallography or NMR spectroscopy.
Wesdemiotis, Newkome, and co-workers used traveling wave
IMS-MS to obtain qualitative conformational information and
high-resolution mass spectra for Cd(I), Fe(II), and Ru(II)
metallacycles.”**’* Traveling wave IMS-MS, which enables
two-dimensional gas-phase separation and complete deconvolution
of the isotope patterns of ions with the same m/z value, facﬂltates the
structural analysis for self-assembled supramolecules.”® With tra-
veling wave IMS-MS, ions with different charges and shapes are
separated on the basis of their drift time in the ion mobility
device, thus avoiding the isomer superposition prevalent in
regular ESI-MS or Fourier transform mass spectroscopy. The
separated structures or charge states are subsequently character-
ized by their mass spectra and their fragmentation patterns in
tandem mass spectra. Bowers and co-workers have used drift cell
IMS-MS to obtain absolute cross-sections of a number of
coordination-driven supramolecular assemblies.”’” Ton-mobility
studies on a molecular rectangle,109 [(1,8-bis(trans-Pt(PEt;),)-
anthracene), (4,4’ -bipyridine), ] (PF),, and a molecular triangle,55
[ (3,6-bis(trans-Pt(PEt;),) phenanthrene) ;(4,4'-bipyridine ) ;] (PF¢),
gave cross-sections that matched well with the values obtained
from their corresponding single-crystal X-ray structures. For a
trifacial prismatic box,**> [((cis-Pt(PEts),)s(tetrakis(4-pyridyl)-
cyclobutadienecyclopentadienylcobalt(I));](OTf) 5, the experi-
mental cross-section values obtained from IMS-MS agreed well
with the calculated cross-sections from molecular modeling
studies. These studies indicate that IMS-MS can be a powerful
new tool in supramolecular structure determination and is
complementary to existing methods such as X-ray and NMR.
5.3.2. Solution-Phase X-ray Measurement. One of the
major challenges that was and is still faced by supramolecular
chemists is the inability to characterize the supramolecules
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structurally. The structural complexity, conformational flexibil-
ity, and nanoscale dimensions of supramolecular architectures
often makes them difficult to crystallize and therefore limits the
use of classical single-crystal X-ray diffraction methods. Although
multinuclear NMR and mass spectroscopy provides information
about the general features and composition of the supramole-
cular architectures, these techniques do not provide direct
structural information. Application of multidimensional NMR
techniques, widely used to deduce conformations of biomole-
cules, is limited in supramolecular assemblies due to the presence
of repetitive, chemically analogous groups in the building blocks.

Solution-phase X-ray measurements provide an extraordina-
rily useful means to characterize supramolecular architectures
whose structures and sizes cannot be determined by traditional
crystallographic, spectroscopic, and mass spectrometric meth-
ods. In addition, this method provides insight into the formation,
shape, and structure of the supramolecular species in solution.
Since many of the applications of supramolecular assemblies are
in solution phase, the knowledge of their structural conforma-
tions in solution, which can sometimes significantly vary from
their solid-state structures, can better explain the fundamental
principles involved at the atomic scale. X-ray solution scattering
in both the small-angle (SAXS) and wide-angle (WAXS) regimes
have been extensively used to understand structural conforma-
tions of biological macromolecules such as proteins in
solution.””® While SAXS allows for low-resolution structural
characterization of macromolecules in solution, WAXS afford a
high-resolution pattern that approaches that of conventional
X-ray crystallographic measurements, thus providing atomic
scale insight into the structure and conformational dynamics of
macromolecules in solution.

In recent years, solution-phase X-ray scattering experiments in
conjunction with coordinate-based molecular modeling have
been used to elucidate solution-phase structures of coordina-
tion-driven self-assembled architectures. WAXS have been used to
obtain direct structural information on supramolecular Pt(II)-based
molecular triangle,55 [(3,6—bis(trans—Pt(PEt3)2)ghenanthrene)3—
(4,4 bipyridine) ;] (PF)s, molecular rectangle'® [(1,8-bis(trans-
Pt(PEt;),)anthracene), (4,4’ -bipyridine), ] (PFs),, and trigonal
prism*'” [(1,8-bis(trans-Pt(PEts;), )anthracene) (tris(4-pyridyl)-
methanol),](PF¢), in solution.””” X-ray scattering patterns
recorded for the low-angle region (0.12—2.48 A™") that compared
well with their calculated patterns indicated that the supramolecules
retained their shape when dissolved in nitromethane solution.
Scattering patterns obtained from a large-angle region (0.19—
16 A™") gave platinum—platinum distances and coordination
number, and the results correlated well with the theoretical
calculations. Although the solution-phase structures of these
assemblies are similar to that in the crystalline solid state, they
are significantly less rigid in solution as indicated by smaller
diagonal platinum—platinum interaction as compared to that
seen in single-crystal X-ray data.

Tiede and co-workers determined the solution-phase struc-
ture of a series of Re(I)-based supramolecular squares using
WAXS experiments.”'* WAXS patterns recorded for the molec-
ular squares showed a strong interference pattern corresponding
to rhenium spacing within the discrete squares. The observed
interference patterns are markers of the overall macrocycle
structure, molecular motions, configurational flexibility, and
solvent interactions. The radius of gyration (R,) values obtained
from scattering patterns agreed well with the sizes of the squares
calculated from molecular modeling studies. The Re—Re edge

distances determined from pair distribution function (PDF)
patterns also matched well with the model and solid-state
X-ray structures. The solution-phase WAXS pattern recorded
for small and conformationally rigid molecular square’"'
[(Re(CO)sCl)(pyrazine)], showed a good match with the
scattering pattern calculated from the single-crystal X-ray structure.
Interestingly, the analogous molecular square [(Re(CO);Cl)-
(44 -bipyridine)],, which has two different X-ray structures—
one with a flat geometry’'" and the other with a puckered
butterfly form®”®—showed a solution-phase structure that differs
from either of the two solid-state structures. The solution-phase
structure appeared to be a bimodal distribution of conformers
that are interrelated by a butterfly-type motion spanning about
25° in the improper Re—Re—Re—Re torsion angle.

Hupp and co-workers have used solution-phase X-ray scatter-
ing measurements to obtain structures of porphyrin-based
supramolecular assemblies in solution. SAXS patterns obtained
for a series of supramolecular porphyrinic prisms assembled from
Zn(II)-containing porphyrin monomers, dimers, or trimers gave
R, values that a§reed well with the values calculated from
modeling studies.”** WAXS measurements to obtain informa-
tion about interatomic spacing within the assemblies showed
Zn—7n interactions unique to prism assemblies. Likewise, the
structures of other porphyrinic assemblies such as a tetrameric
zinc(II) porphyrin assembly®”® and cavity-tailored porphyrin
boxes®'” in solution were ascertained using solution-phase
X-ray scattering measurements. Similarly, Tiede et al. were able
to structurally characterize a hexameric, diphenylene-linked zinc-
(II) porphyrin macrocycle and the corresponding host—guest
complex formed by inclusion of a trip;rridyl guest in solution
using X-ray scattering measurements. 12713 X-ray scattering
patterns coupled with pair distance function (PDF) analyses
revealed that the hexameric assembly is structurally nonrigid and
exists as a distribution of conformers. The host assembly under-
went an expansion upon guest inclusion.

5.4. Photophysical Studies Using Laser Spectroscopy
Self-assembly, which provides a facile way to assemble a large
number of molecules into highly organized supramolecular archi-
tectures, has been applied to assemble chromophores and electro-
active molecules for use as molecular devices and machines in
nanoscale dimensions.”'* These novel materials have found
applications in molecular electronics, photonics, and photovol-
taics. In these multichromophoric assemblies, collective excita-
tions at multiple sites contribute to the observed optical behavior.
A wide variety of two- and three-dimensional supramolecular
systems containing perylene imide and diimide dyes, and por-
phyrins have been assembled to study the electron transport and
charge separation processes.”"> Recently, various spectroscopic
techniques such as transient absorption, two-photon absorption,
steady-state fluorescence, and time-resolved fluorescence have
been used to explore the charge-transfer and photophysical
properties of self-assembled metallacycles and metallacages.
The crystal structure of the LH2 light-harvesting antenna
system of purple photosynthetic bacteria Rhodopseudomonas
acidophila revealed a circularly arranged chromophoric assembly
of bacteriochlorophylls, leading to considerable efforts to devel-
op biomimetic artificial photosynthetic systems that may offer
insights into the yhotophysics of energy collection and transfer in
these proteins.”'> Multiporphyrin ensembles can function as
light-harvesting antennae as in natural photosynthetic systems if
sufficiently fast electron transfer between the porphyrin subunits
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can be achieved. The most common approach to achieve efficient
electron transfer is to design ensembles that have photoactive
porphyrin moieties and electron-deficient chromophores. Photo-
physical studies on self-assembled zinc(Il) trisporphyrin prisms
having 1,4-diazabicyclo[2.2.2]octane (DABCO), 4,4'-bipyridine,
and $,15-(4-pyridyl)-10,20-phenylporphyrin (4'-trans-DPyP) as
pillars have shown efficient photoinduced energy transfer from
the triporphyrin unit to the pillars upon excitation of both com-
ponents within the assemblies.>’> Luminescence experiments
showed that when 4'-trans-DPyP was used as a pillar, a highly
efficient photoinduced electron transfer (96% efficiency) from
the trisporphyrin units to the 4'-trans-DPyP pillars occurred. The
analogous trigonal prisms having ditopic N-donor ligands based
on perylene tetracarboxylic acid bisimide also showed efficient
photoinduced electron transfer from the zinc porphyrin units to
the axially coordinated bisimide pillars, occurring from the singlet
excited states localized on both chromophores.**”

Photoinduced energy-transfer processes have also been observed
in self-assembled porphyrin/perylene bisimide ensembles.**®
The metallo-supramolecular ensembles (ZnMC),(PBI), were
prepared by axial coordination of N,N'-dipyridyl-functionalized
perylene bisimide (PBI) dyes to the zinc ion centers of two [2 + 2]
porphyrin metallacycles (ZnMC) [trans,cis,cis-RuCl,(CO),-
(Zn-4'~cis-DPyP)],). These complexes were structurally char-
acterized by single-crystal X-ray crystallography.”' Ultrafast
absorption techniques showed that the observed photophysical
behaviors depended on the substituents present at the bay area of
the PBI pillars. When a tert-butylphenoxy substituent was pre-
sent, efficient quenching of both perylene bisimide and the zinc
porphyrin chromophores was observed, leading to a charge-
separated state, PBI” —Zn", in which a perylene bisimide unit
was reduced and zinc porphyrin was oxidized. In contrast, PBI-
bearing pyrrolidinyl substituents led to singlet energy transfer
from the zinc porphyrin chromophores to the perylene bisimide
units with an efficiency of 0.7. This value was due to a competing
quenching mechanism, leading to PBI —Zn*.*®

Wasielewski and co-workers investigated energy-transfer pro-
cesses in a cyclic self-assembled zinc(II) porphyrin tetramer by
transient absorption measurements using femtosecond laser
pulses. A cyclic tetramer self-assembled from meso-ethynylpyr-
idyl-functionalized zinc(II) porphyrin showed efficient electron
transfer between the porphyrin units.”’® The electron-transfer
rate was found to be ~8 times faster than the analogous zinc(II)
porphyrin tetramers.”””'® A self-assembled cyclic zinc chloro-
phyll tetramer exhibited an ultrafast intramolecular energy-transfer
rate as determined from femtosecond singlet—singlet annihilation
and transient absorption anisotropy studies.”** The cyclic tetramer
upon excitation with 120 fs laser pulses yielded its lowest singlet
excited state in which the rate of energy transfer was ~20 times
faster than the tetramer in the ground state. However, this ultrafast
energy-transfer rate is still ~10 times slower than what is
observed in the photosynthetic proteins. This difference is attributed
to the larger transition dipole moment found in chlorophyll as
compared to porphyrin. Thus, subtle changes in the structures of
assemblies can profoundly affect electron-transfer rates.

Extending this concept, butadyine-linked zinc(II) chlorophyll
and porphyrin dimers were assembled into trigonal prisms to study
the photophysics of electron-transfer dynamics.”*° The butadiyne-
linked dimers, upon treatment with 3-fold symmetric ligands such as
triethynylpyridine, assembled into prismatic structures in which
the dimers comprised the faces of the prism. The incorporation
of butadiyne linkages increased the ability of these dimers to

absorb the solar spectrum over a broad range of wavelengths. The
prismatic architecture restricted the rotation of the macrocycles
about the joining butadiyne bond. Photoexcitation of these prismatic
assemblies, using femtosecond transient absorption spectrosco-
py, revealed efficient, through-space energy transfer between the
macrocyclic dimers within the prisms. Use of a 3-fold symmetric
ligand possessing longer arms gave larger trigonal prisms, result-
ing in more efficient energy transfers between the prism faces.

Recently, ultrafast excited-state relaxation dynamics of a
number of Pt(II)-containing self-assembled metallacycles and
metallacages were studied using femtosecond measurements of
fluorescence upconversion and transient absorption spectra.721
In the case of the metallacycles, the charge-transfer dynamics and
intersystem crossing were found to be dependent on the
geometries and dimensions of the metallacycles. For rectangular
anthracene-containing metallacycles, the electronic coupling
between adjacent ligands was relatively weak, whereas for the
triangular phenanthrene-containing structures, there was a clear
interaction between the conjugated ligand and the metal center.
The photophysical properties of the coordination-driven self-
assembled metallo-supramolecular rhomboids having donor
ligands 1,2-bis(3-pyridyl)ethyne and 1,4-bis(3-pyridyl)-1,3-
butadiyne were also investigated by the use of both time-resolved
fluorescence spectroscopy and quantum chemistry calcula-
tions.”*> Steady-state absorption and fluorescence as well as
the time-correlated single photon counting techniques revealed
that the nature of the excited states for these metallo-supramo-
lecular rhomboids varies with the acetylene chain length of the
donor ligands and with the different conformers. Thus, the
results demonstrate that differences in the dimensionality and
structure of the metallacycles results in different optical proper-
ties, which may be utilized in the design of nonlinear optical
materials and potential longer lived excited-state materials for
further electronic applications.

6. CONCLUSIONS AND PROGNOSTICATION

As described above, coordination-driven self-assembly is a
vibrant, active field. It is evident that considerable progress has
been made since the beginnings of the field some 2 decades ago.
Early work involved the self-assembly of helicates, grids, and
other infinite ensembles. Out of this area evolved the self-
assembly of finite closed systems, both two-dimensional and
three-dimensional with well-defined shapes and sizes, that is the
topic of this review. Early work in this field focused on the
development of rational methodologies for the self-assembly of
predesigned systems along with their characterization. At the
start, only architechtures based on just two components were
prepared primarily involving Pt and Pd pyridine interactions.
However, other transition metals and different donor units were
rapidly adopted. As it was and still is a challenge to get suitable
single crystals of these large systems with cavities filled with
solvent for X-ray structure analysis, proper characterization was
and remains a challenge. Multinuclear, high-resolution NMR and
electrospray mass spectrometry are the primary and essential
tools for proper characterization along with X-ray and more
recently synchrotron X-ray methods.

As seen in this review, considerable progress has been made in
our understanding of these abiological, coordination-based self-
assembly processes. Moreover, multicomponent self-assembly
along with self-sorting and self-organization has been developed.
However, the greatest progress, mostly in the past half-dozen
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years, has been in the uses and applications of these self-
assembled metallacycles and metallacages. Both 2D and 3D
systems have been used in chemosensing and host—guest
chemistry. Particularly interesting are Fujita’s use of 3D cages
for the encapsulation of reactive species as described above.
However, the most recent and arguably interesting applications
have been in catalysis, use as microreactors and biological
applications. In particular Raymond and Bergman have elegantly
exploited the cavities of self-assembled 3D cages for enzyme-like
catalysis as detailed in section 4.5.2. Likewise, Fujita and co-
workers have used 3D cages as nanoreaction vessels to carry out
unusual reactions as described in the preceding sections. In the
past couple of years the biological applications of self-assembled
metallacycles and metallacages have been described. Particularly
relevant are the antitumor studies of Therrien and co-workers
and the investigation of Sleiman and co-workers on nucleic acid
interactions.

It is clear that coordination-driven self-assembly will continue
to be an active area of research and an important component of
supramolecular chemistry and nanoscience. Future develop-
ments are likely to involve the formation and characterization
of even more complex ensembles and their applications. In
particular we are likely to see further advances in multicompo-
nent self-assembly of functionalized systems. Emphasis will likely
be on applications and uses both in material science and
biochemical and biomedical areas. More sophisticated sensors
as well as better and more useful catalytic applications will
undoubtedly emerge. Likewise, the biomedical applications of
these systems, such as potential antitumor agents, protein and
nucleic acid interactions, and so on are new vistas that will see
increasing activity. Self-assembly in general, and coordination-
driven self-assembly in particular, will play an important role in
the “bottom-up” manufacturing of novel materials in the evolving
nanotechnology arena. Likewise, similarity and evolving synergy
between coordination-driven self-assembly of metallacages and
MOFs will lead to new developments and applications.
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