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1. Introduction

In 1893, Alfred Werner described the structure of octahedral transition metal complexes and
provided the basis for assigning coordination number and oxidation state to what were then
known as double salts.! This term arose from the observation that transition metal ions
appeared to form bonds not only to anion ligands with which to neutralize their charge, but
also to additional species which seemed unnecessary since neutrality was already achieved.
This work was the origin of modern coordination chemistry and greatly expanded the field
of inorganic chemistry. By understanding the preferred coordination geometry about a metal
ion, rational synthetic methodologies to install specific ligands was now possible. The past
119 years have witnessed a tremendous growth in coordination chemistry, leading to
advances in our understanding of the synthesis, structure and reactivity of novel complexes
and materials from simple metal-ligand complexes to organometallic catalysts and extended
inorganic polymers. In recent decades, two new branches of coordination chemistry have
emerged—metal-organic frameworks (MOFs) and supramolecular coordination complexes
(SCCs). The former is comprised of infinite networks of metal centers or inorganic clusters
bridged by simple organic linkers through metal-ligand coordination bonds. The latter
encompasses discrete systems in which carefully-selected metal centers undergo self-
assembly with ligands containing multiple binding sites oriented with specific angularity to
generate a finite supramolecular complex. On the most basic level, both SCCs and MOFs
share the design of metal nodes linked by organic ligands and such constructs can be broadly
defined as metal-organic materials (MOMs).

1.1 Supramolecular Coordination-Driven Self-Assembly

Supramolecular polygons and polyhedra based on metal-ligand coordination emerged in part
as a result of studies in the 1960s by Pedersen and coworkers which demonstrated that
complementary small molecules could exhibit intermolecular recognition via noncovalent
interactions.? Early molecular-recognition systems were simple: crown ethers could by
synthesized and selectively accommodate simple guest ions. New host/guest systems
quickly followed, leading to more complex ensembles such as cryptand and spherand hosts
with small molecule guests, pioneered by Lehn? and Cram.# The non-covalent interactions
governing host/guest formation were then applied to construct large entities from molecular
components. These constructs, held together by intramolecular hydrogen bonding, -1t
interactions, van der Waals forces and other weak interactions were dubbed
“supermolecules.” Supramolecular chemistry is a broad field, owing to the vast number of
diverse structures which can be formed by using a variety of noncovalent intermolecular
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interactions. Notable examples include biologically relevant enzyme mimics,> molecular
devices including light harvesters,5 sensors,” wires® and rectifiers,? liquid crystals, 0
molecular flasks'! and more.12 One subset of this chemistry is the self-assembly of
coordination compounds.

Supramolecular coordination complexes are discrete constructs, typically obtained by
mixing soluble metal and ligand precursors which spontaneously form metal-ligand bonds to
generate a single thermodynamically-favored product. Since coordination bonds are the
impetus for formation, this process is often referred to as coordination-driven self-assembly.
A pioneering example of macrocycles formed from coordination bonds was given by
Verkade and coworkers in 1983.13 By mixing a diphosphine bridging ligand, P(OCH,)3P,14
with either Cr, Mo or W carbonyl precursors, 20-membered tetranuclear rings were obtained
(Figure 1). Exploiting the directionality of transition metal coordination spheres and rigid
organic ligands was largely overlooked until the early 1990s when Fujital® and Stang6
provided examples of rationally-designed supramolecular squares with Pd and Pt. Over the
next two decades, various methodologies for the rational design of polygons, polyhedra and
prisms were developed, led by the groups of Stang,1” Raymond,11¢.d:18 Fyjita,11a.19
Mirkin20 and Cotton.2! From squares came the rationale to generate triangles,2? rectangles?3
and higher polygons,?* as well as extensions to 3D systems including tetrahedra,2> cubes,26
octahedra,?” cuboctahedra,?8 dodecahedra?® and others.39 As a subset of supramolecular
chemistry, SCCs have been employed in a range of applications including those listed
above.

1.2 Coordination Polymers and Metal-Organic Frameworks

Like SCCs, metal-organic frameworks owe their development to coordination chemistry. In
a broad sense, MOFs have a rich history beginning with the development of coordination
polymers.31 Coordination polymers are a subset of inorganic polymers which contain metal-
ligand bonds as the primary design feature. The term coordination polymer has been traced
back to a 1964 review by J. C. Bailar which was concerned with polymeric structures
comprised of metals and ligands. The motivation behind early interest in inorganic and
coordination polymers was application-driven from the very beginning. Inorganic materials
were recognized to potentially withstand thermal and oxidative stress better than their
organic counterparts.3! The induction time between the first coordination polymers and
modern MOF chemistry is much greater. The synthetic pigment commonly known as
Prussian Blue has been in use since the early 1700s. Its structure was determined by X-ray
diffraction in 1977 to reveal a mixed-valent Fe(11)/Fe(l11) network with Fe(Il)-carbon
distances of 1.92 A and Fe(l11)-nitrogen distances of 2.03 A (Figure 2).32

In 1897, Hoffman and coworkers discovered that the addition of benzene into a solution of
Ni(CN), in ammonia furnished a coordination network but early work on these polymers
was hindered by a lack of structural characterization techniques. In fact, the structure of the
Hoffman complex was not fully understood until X-ray studies by Powell and coworkers
over half a century after the initial synthesis was reported.34 The material, Ni(CN),(NH3)
-CgHg shared similar structural elements with Prussian Blue; the extended structure
consisted of metal nodes bridged by cyanide ligands. However, the Ni(CN), network did not
extend into three dimensions. Instead, parallel 2D sheets with ammine-capped nickel sites
were layered to give benzene-containing channels between independent arrays. These
exemplary coordination polymers provided the motivation to explore alternative bridging
ligands, guests, and capping moieties. As characterization techniques became more refined,
efforts to define, classify, and synthesize such materials accelerated throughout the 1960s,
cementing coordination polymers as a distinct area of research.3® Early MOMs consisted of
Hoffman type topologies in which the metal centers, capping ligands and guests were
systematically swapped with similar species, for example by replacing the original benzene
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guests with biphenyl (Figure 3).33 From the late 1960s into the 1980s, a variety of such
species were reported. The final exodus from these early materials occurred when the
cyanide ligand was replaced with alternative organic ligands which rapidly led to the
discovery of a myriad of new MOMs.

A hallmark discovery was made by Robson and coworkers in 1989, in which Cu(l) centers
were linked with 4,4”,4” 4" -tetracyanotetraphenylmethane (tctpm; Figure 4).36 This
tetratopic organic donor adopted a tetrahedral geometry due to the central carbon atom. The
four nitrogen atoms each coordinate to a unique Cu(l) center, which are themselves
coordinated to three other tctpm ligands. The extended network adopts a diamond-like
topology comprised of repeating adamantanoid subunits. This was a key material in that it
set the foundation for the use of tunable organic ligands in coordination polymers; such
materials were not limited to cyanide bridges.

Soon thereafter, ligand diversity continued to increase, from cyanide, to organic nitriles, to
pyridyl-based donors. Of the pyridyl ligands, 4,4 -bipyridine (4,4"-bpy) is the most iconic.
The early adoption of 4,4"-bpy as a building block for both MOFs and SCCs can be
attributed to its suitability as a ligand for a variety of metals, its structural rigidity as a linear,
ditopic donor, and its ready availability from a number of commercial sources. Four years
after demonstrating its use in forming a supramolecular square, Fujita and coworkers
utilized 4,4”-bpy in the assembly of square grids.3” Treatment of Cd(NO3), with 4,4"-bipy
ina 1:2 ratio in aqueous ethanol led to the deposition of colorless crystals characterized as
[Cd(4,4"-bpy)2(NO3),] (Figure 5). Motivated by materials utilizing the ditopic 4,4”-bpy, the
field then moved towards polytopic donors with varying geometries. In the mid 1990s, the
exploration of carboxylate-based materials garnered significant interest, building upon the
milestone discovery of permanently microporous pyridyl-based MOMs by Kitagawa and
coworkers38 with an example of carboxylate-based porosity by Yaghi and coworkers.3°
These coordination polymers distinguished themselves by possessing reversible gas
adsorption and adopted the name metal-organic frameworks. The term metal-organic
framework is technically suitable for any extended array comprised of metal nodes (either
mono- or polynuclear), however it’s not uncommon for the term MOF to be reserved for
materials which are characterized as micro-crystalline, well-defined materials containing
polynuclear clusters and often showing permanent porosity. The clusters themselves are
stabilized by bridging ligands and the networks of clusters are supported by the strong
covalent bonds found within the organic components of the MOFs#0

Modern MOF synthesis is driven in part by a goal to generate extremely porous materials
often accompanied by very large internal surface areas. This is accomplished by a careful
selection of molecular precursors and reaction conditions which dictate the
thermodynamically-favored architecture. In addition to ongoing synthetically-focused
research, a major hallmark of MOF chemistry results from the properties afforded by the
aforementioned surface area and porosities. MOFs are increasingly applied towards
applications which require efficient uptake of substrates, such as energy storage*!, chemical
purification,*2 sensing,*3 and more.%4

1.3 Scope of this Review

The coordination bond between a metal center and organic ligands is the fundamental theme
underpinning the synthesis of both MOFs and SCCs. Because of this common element, there
are many similarities including the specific building blocks used, the structural topologies
and the possible applications. However, the two fields have also diverged due to the
differences—sometimes subtle, other times straightforward—associated with targeting
infinite arrays versus discrete molecular systems. While some groups have provided elegant
examples that bridge the gap between MOFs and SCCS, sometimes even using the same
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molecular building blocks, a wider appreciation of the relationship between the two fields
would be beneficial to the chemical community at large. This comprehensive review
provides a discussion of the commonality and differences of SCCs and MOFs, in order to
present a linkage between these two important fields and share concepts and applications
which may be useful to both. To achieve this, we compare four different aspects of a
collection of reported SCCs and MOFs: design methodologies, synthetic conditions, post-
assembly modifications and applications. It is important to note that both SCCs and MOFs
have grown to contain a gigantic body of work. Independent reviews detailing SCCs or
MOFs are themselves typically limited to one area, be it a particular class of building blocks,
design methodology or application. As such, this review does not attempt to exhaustively
present all known MOFs and SCCs, which would require several hundred pages and many
thousands of references, resulting in little practical value. Instead, representative examples
are given in each section which best highlight the relationship of the two fields, from
pioneering work to contemporary discoveries. The reader will also be directed to a number
of relevant manuscripts and reviews which will guide further investigations into a particular
aspect of SCC or MOF chemistry which may be of interest.

2. Design Methodologies

2.1 Classifying Networks

Every MOF and SCC necessarily contains at least two components, a ligand and a metal
center. While the complexity of these units can vary widely from one assembly to the next,
they can often be simplified conceptually. Important fundamental characteristics of a given
material include the number of binding sites available on the metal or metal clusters, the
relative orientation of these binding sites, the number of Lewis-basic sites on a ligand, the
modes of coordination of these sites, and the relative angularity of these sites. Modern
researchers often think of MOFs and SCCs in terms of their constituent building blocks.
This methodology has origins as early as the mid-1950s, during which time A. F. Wells
developed a description of the structure of inorganic polymers by reducing the components
to nodes and spacers.*°

By viewing an extended network as an array of nodes connected by linear spacers it became
possible to assign a given structure to a specific network, or net. Since this method requires
that all spacers are linear in nature, all divergent sites become nodes, including sites on
organic ligands which break linearity. For example, in Robson’s coordination polymer
introduced, the central carbon of the tctpm ligand would be described as a 4-conneted node
with the 4-cyanophenyl fragments acting as linear spacers to a second type of node, the Cu
centers (Figure 6).

Since Well’s introductory papers in the 50s, the net approach has been widely applied and
reviewed.4® There are a few common ways to name nets which are based on a few
parameters: the connectivity of the nodes, the number of nodes in the smallest loop
containing a spacer-node-spacer unit, and the size of these loops (sometimes referred to as
shortest circuits). When a net possesses both one type of node and identically sized loops, it
is dubbed a Platonic uniform net. Wells introduced the (7,6) nomenclature to describe nets
of this type, wherein nis the number of nodes in the smallest loop and p is the connectivity
of the nodes. For example, Figure 7(a) shows a honeycomb lattice which is comprised of
three-connected nodes with six nodes comprising the smallest loop containing a unique
spacer-node-spacer motif. Since all nodes are the same and all shortest circuits are identical,
this is a Platonic uniform net designated (6,3). Nets (b) and (c) are not Platonic uniform.
This is readily apparent in net (c) since it contains both six-connected and three-connected
nodes. Net (b) contains only one type of four-connected node, but there are two unique
loops. If the spacer-node-spacer unit contains c/s-spacers, the loop contains four nodes.
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However, taking a frans-spacer orientation results in a six-node shortest loop. These unique
loops appear as outlines in Figure 7, with the ¢/s or frans spacer motifs highlighted in red.
Since this is not technically a Platonic uniform net due to the two different loops, the
common designation as a (4,4) net is not correct and a more detailed haming scheme is
needed.

A second naming system uses Schlafli symbols and can also be used for non-Platonic
uniform nets. This system also indicates the number of nodes in a shortest loop and then
indicates the number of times this loop occurs as a superscripted number. For example, in
Figure 7(b), the cis-oriented spacer-node-spacer motif repeats four times at each node,
giving rise to four independent four-node loops. The frans motif occurs twice for each node,
one set oriented vertically and the other horizontally. This results in the Schl&fli symbol
4,62, When the topology increases in complexity with multiple types of nodes, for example
in Figure 7(c), the Schl&fli symbol still indicates all unique shortest circuits with the unique
nodes separated by parenthesis, such as (43),(45.66.83). Though it can be applied to any net,
the Schlafli notation is still limited in that two different geometric nets can still have the
same symbol. In addition, it can be very difficult to convert from a complicated Schlafli
symbol to a corresponding topology. Because of the disconnect between the symbols and a
spacial description, many nets are simply named in analogy to well-known topologies.

Schlafli symbols also appropriately describe discrete polyhedra and thus have relevance to
SCCs in addition to extended networks. In fact, the symbols originate in the realm of
geometry rather than chemistry and took their name from Ludwig Schléfli, a mathematician
who studied multidimensional geometry.*’ When describing polygons, the notation
indicates regular shapes as {77} where 77is the number of edges. Regular polyhedra are
represented by {p,g} where pis the number of sides of the polygons acting as faces and g is
the number of faces meeting at each vertex. For example, {4} represents a square, whereas
{4,3} represents a cube, which consists of vertices at which three squares meet. While used
even less in the description of SCCs than for MOFs, Schlafli symbols are nonetheless
intriguing in their ability to mathematically describe both infinite tessellations (i.e. extended
networks) as well as discrete polytopes. It has long been known from a geometric standpoint
that increasing the dimensionality of a vertex figure requires a change to the angle defect.
That is, if the angles of a vertex do not sum to 360° or 180°, the figure folds around itself to
close around itself. This is exactly what occurs when moving from an infinite square lattice
(2D) to a cube (3D). Chemists forming MOFs and SCCs exploit this by designing ligands
and metal nodes with specific angularity, oftentimes without realizing the relevance to
multidimensional geometry. It remains to be seen whether the mathematical tools utilized in
exploring polytopes, such as Schlafli symbols, will be useful in the design of new MOMs.

It is important to note that the classification of a network concerns only topology. The
methods described above are naming tools to sort existing frameworks into common groups.
As a topological description, two very different geometric arrays will sometimes share a net
type and a single array can be described multiple ways, depending on how one defines the
nodes and spacers (Figure 8).35 A honeycomb lattice contains the same shortest circuits as
an array containing offset rectangular loops. It may be useful to recall that topology is the
study of properties that are preserved upon deformation of a system. Deformation of a net
does not affect the connectivity of the nodes, nor the number of components in the shortest
circuits. For example, compressing the nodes in a hexagonal grid so that offset rectangular
loops are formed does not result in any topological change and such nets thus share the same
name (see the (6,3) nets in Figure 8). Likewise, shearing a square lattice into one containing
repeating rhomboids does not change the topological description despite the obvious
geometric differences in these nets (Figure 8). This is, of course, problematic when used as a
synthetic tool. Since the properties and potential applications of a material are intimately
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linked to its size and shape, especially for supramolecular applications which so often rely
on host/guest phenomena, topology is too general to guide complex designs. While the
connectivity of a node is undoubtedly important, rational design strategies emerge only
when considering other fundamental parameters of a MOM. From a synthetic standpoint it is
advantageous to consider organic ligands as complete building blocks which need not be
linear or ditopic. Metal clusters can be represented as single nodes with specific
connectivities, rather than considering each metal ion as an independent node. The size of
the ligands and clusters cannot be ignored, nor can the angularity and coordination
geometries of these species.

2.2 Directional Bonding and Reticular MOFs

While the net approach was used to classify inorganic structures, it was not until the 1990s
that its node-and-spacer foundations would be used to develop synthetic methodologies to
construct discrete and infinite self-assemblies. The realization that the concept of nodes and
spacers could be exploited not for the description of structures, but for the rational design of
new constructs, would later grow into a suite of methodologies and a myriad of novel SCCs
and MOFs.

The early 1990s reports of molecular squares by Stang and Fujita using Pt and Pd,
respectively, using 4,4”-bipyridine as linear donors to link four metal centers were the start
of a design methodology based on distilling a target construct to rigid molecular precursors
encoded with the proper directionality.1>-16 Using Well’s description, these squares are
classified as 0-periodic nets, as phosphine or amine “caps” enforce discrete, closed
constructs. Over the next decades, Stang used these early squares as motivation for what
would become known as the “directional bonding” approach to self-assembly.172

Beginning with 2D architectures, this emerging methodology was used to construct
macrocycles in the shape of selected polygons by rationally designing organic ligands and
metal-containing precursors to occupy the edges and vertices of the target shape. As such,
this design approach is sometimes referred to as “edge-directed self-assembly,” in contrast
to “face-directed self-assembly” which uses molecular precursors as panels to occupy the
faces of a given 3D shape. Regular convex polygons were logical early targets for edge-
directed self-assembly since satisfying the geometric requirements was possible by
employing traditional organic and organometallic syntheses. To refresh, a regular convex
polygon requires identical internal angles of less than 180° and sides of uniform length. By
breaking such a polygon along its edges, each component consists of a fragment with no
higher than a two-fold symmetry axis (see Figure 9).12178 The internal angles found in these
shapes are serendipitously found in simple molecules and were employed by Stang and
others to generate a suite of polygons. Fused aromatics and benzene ring substitutions are
especially useful, as are ethynyl groups to provide additional spacing and a site for
organometallic carbon-metal bond formation.

Examples from the molecular library of directional bonding components populated by Stang
and others are shown in Figure 10. An angle of 0°, found in the so-called molecular clips,
can be encoded by functionalization of the 1 and 8 position of anthracene.*® A 60° precursor
is similarly exemplified by a dinuclear organoplatinum complex in which the anthracene is
replaced by a 3,6-substituted phenanthrene.#? The iconic 90° acceptor used by the Stang
group is a c/s-capped mononuclear Pt complex found in a number of SCCs similar to the use
of diamine-capped Pd precursors popularized by Fujita.12 Angles of 120° are readily
encoded by /meta substitution of a benzene ring.24? Lastly, para substitution of a benzene
ring provides a scaffold for dinuclear 180° acceptor.>0 The current molecular library of rigid
building blocks far exceeds the Pt-based examples shown here. Many of these angles are
readily encoded using other functionalities, such as the 120° orientation enforced by sp?
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carbonyl carbon atoms. Two-component SCCs are often referred to as an [/ + 7] self-
assembly, wherein mand n denote the total number of acceptor and donor units in a single
discrete ensemble.

When a molecular component possesses a symmetry axis that is higher than two-fold, more
complex geometries can be achieved. There are a few ways to encode this higher symmetry.
The method most similar to that used to form the 2D polygons above is to simply increase
the number of binding sites on a donor, the number of labile coordination sites on a metal, or
the number of metals in an organometallic acceptor. When tritopic building blocks are
combined with simpler ditopic precursors, the species formed are 3D metallacages (Figure
11).1217a There are a few notable points illustrated by this expansion from 2D to 3D
systems. The first is that the ditopic subunits may be chemically identical in both cases. The
same molecules developed to make 2D assemblies are readily adapted to 3D ensembles
when paired with a different donor or acceptor. A second point to note is that the specific
identity of the acceptor and donor is not important. If the precursor is designed such that
metal ligand bond formation can occur, the identity of the organic fragment and metal-
containing fragment can be exchanged, provided that the necessary angles are preserved.
That is, for a given [+ mj] two-component assembly, suitable precursors can often be
synthesized such that an [/m7+ ] assembly will generate a geometrically similar ensemble. A
hexagon can thus be assembled from the [6 + 6] combination of a linear, ditopic organic
donor and a dinuclear metal acceptor with 120° between metal sites or from the combination
of a linear metal acceptor with a ditopic, 120° ligand. This versatility allows for a variety of
unique chemical compositions for a single structure type. However, synthetic feasibility
often guides the identity of one component over another. For example, 90° angles are readily
available from square planar metal coordination geometries but are substantially rarer for
organic-only molecules.

The versatility of directional-bonding becomes apparent when considering that the same
strategy used by Stang and coworkers to construct [2 + 2] rectangles®8 and [3 + 3]
triangles*® comprised of four and six total building blocks has been used to design [8 + 12]
cuboctahedra of twenty individual units?82 and [20 + 30] self-assembled dodecahedra
consisting of fifty total precursors.2% Once properly encoded ligands and metal acceptors
are in hand, there is fundamentally little difference between these self-assembly reactions
(Figure 12). In theory, the two components are simply mixed under suitable reaction
conditions and the thermodynamics of the system delivers the desired closed structure.

A noteworthy consideration for edge-directed self-assembly which has implications for SCC
versus MOF chemistry is the relationship of the angularity of the two components. In order
to generate a closed structure, either one or both components must have a bite angle of less
than 180 degrees. One way to visualize this is to consider 3D Cartesian coordinate axes
(Figure 13). Each Lewis-basic site of a polytopic ligand or coordination site of a metal can
be used to orient a coordination vector. That is, the vector collinear with a metal-ligand bond
involving that site. If the bisector of these vectors is placed at the origin, it is easy to predict
which combinations of ligands will give closed structures by considering which octants the
coordination vectors occupy. If their highest symmetry axes are placed along the positive x-
axis, one or both of the building blocks must have coordination vectors which extend only
into the four octants with positive x-values (octants i, ii, iii, and iv in Figure 13). If the bite
angle is exactly 180 degrees such that the building block is planar, the only way for a
convergent structure to be realized is for the other component to have an angle of less than
180°. This may appear to be a needless analysis for the simple polygons shown in Figure 9,
but it illustrates why capping ligands are oftentimes used for metal centers which can extend
coordination vectors into a variety of directions. Ditopic building blocks contain either two
Lewis basic sites or two subsitutionally labile ligands on a metal. Such molecules never have
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a symmetry axis greater than two-fold, and thus either are planar, or have bite angles of less
than 180 degrees. Most transition metal coordination spheres have more than two ligands,
introducing higher order symmetry axes. This can be problematic when trying to generate
closed structures, since extension into all eight octants is not conducive to closed structures.
The archetypal Pt(I1) and Pd(I1) ions used in coordination-driven self-assembly of SCCs
adopt square planar geometries. By capping specific sites, a level of control is afforded since
the number of coordination vectors is reduced and the relative angularity of these vectors is
controlled. An octahedral geometry which extends vectors in all three dimensions is harder
to force into convergent structures. As such, octahedral building blocks are more commonly
found in MOFs. That said, it is possible to confine the coordination vectors of an octahedron
to the positive x octants. A fac-capped octahedral metal center has three coordination
vectors oriented with 90 degree angularity, meaning closed structures are possible. Indeed,
hexanuclear cubes have been synthesized by using a three-site capping ligand.

Using uncapped transition metals or metal clusters is more difficult from a design
perspective, leading to an increasing in complexity when using planar coordination
environments (trigonal and square), to tetrahedral and octahedral geometries which are
inherently divergent due to the orientation of their coordination vectors. Since the planar
geometries do not extend beyond the positive x octants, it is possible to form closed
structures when a suitably angled ditopic building block is also used. This is the theory
behind the formation of [8 + 12] cuboctahedra, first reported by Stang and coworkers.282 A
planar, trinuclear organoplatinum precursor will assemble with a ditopic ligand to give a
closed structure if the bite angle of the ligand is 108°. In practice, it is easier to synthesize a
ligand based around a tetrahedral carbon center, and structural distortion easier
accommodates the ~109.5° disposition of the coordination vectors. Interestingly, a tritopic
planar tripyridyl donor will assemble with a dinuclear organoplatinum acceptor with a bite
angle of 120 degrees. It was theorized that the large size of the assembly allowed for the
necessary structural distortions to still furnish a closed cuboctahedron despite the non-ideal
angle of the acceptor unit.

Elegant examples of uncapped square planar metal centers used for coordination-driven self-
assembly of SCCs can be found in recent reports by Fujita and coworkers on the
construction of a suite of “molecular spheres” based on homoleptic Pd-pyridine self-
assembly. These impressive examples of edge-directed assembly draw upon the observation
that My L, constructs are well suited for the construction of entropically favored regular and
semi-regular polyhedra for finite values of 7. Such species are designed so that the four-
coordinate metal centers occupy the vertices of the structure with ditopic ligands occupying
the edges (Figure 14). Four-coordinate metal centers with ditopic bridging ligands are
special in that closed structures consisting of these two components will always utilize twice
as many ligands as metal nodes. The smallest example occurs when 7= 6, the easily
recognized octahedron consisting of six vertices and twelve edges.25¢ The next value for
which the number of edges is twice the number of vertices occurs when 7= 12.%1 This
describes a cuboctahedron. The next largest assembly of this type is a Myl ag
rhombicuboctahedron. Fujita and coworkers described this 72 component self-assembly by
carefully tuning the angularity between the binding sites of a dipyridyl donor.52 Subsequent
studies concerning these ML, complexes highlights the importance of the careful angular
control required of directional bonding.>3 When a furan-based dipyridyl donor was
employed, a M15L»4 cuboctahedral sphere was obtained. This ligand possess a bite angle
(defined as the angle between the two coordination vectors of the pyridine groups) of 127°.
When this angle was expanded to 149° by replacing the furan with a thiophene, the system
shifted to favor Moyl 4g spheres. A systematic tuning of angles between 127° and 149°
revealed that no intermediate structure was possible. Expansion of the ligand only eight
degrees to a pyrrole-based 135° ligand resulted in exclusively Mol ag spheres.53
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In the case of uncapped square planar geometries and ditopic ligands, as the ligand bite
angle approaches 180 degrees, the ideal ML, closed structure becomes larger and larger
(reducing the curvature of the sphere) until ultimately resulting in no curvature. An MpLop,
material with zero curvature is readily recognizable as a 2D square lattice. Fujita and
coworkers first reported such a material by replacing the Pd centers with Cd(ll) ions and
utilizing 4,4’ -bpy as a linear, ditopic donor, as mentioned in Section 1.2. When the
uncapped, square planar Cd(I1) ions assembled with the dipyridyl donor in a 1:2 ratio, a
repeating network of [Cd(4,4”-bpy),]?* was generated.3” Other examples of square ML,
lattices are known with 4,4”-bpy,>* as well as larger diptopic pyridyl-based ligands.>®

Other researchers have found creative ways to utilize uncapped metal centers to generate
closed, discrete SCCs despite the divergent nature of naked metal ions. In all cases, the
methodology is highly dependent on carefully understanding the directionality and
angularity of the subunits.

The directional bonding approach developed to construct SCCs translates well into synthetic
approaches for MOF formation, though there has been a divergence in terminology. One of
the major design strategies which has fueled MOF synthesis since its development in the
mid 1990s has been termed reticular synthesis by Yaghi and coworkers.>® Generally
speaking, this term refers to the formation of periodic networks. The fundamentals are more
or less identical to the directional bonding paradigm developed by Stang and coworkers, but
with its own unique nomenclature and nuances.

Ligands are categorized by their number and orientation of Lewis-basic sites and are
combined with metal centers or clusters with well-defined geometries. These ligands and
metal nodes can be combined to give predictable arrays via coordination-driven self-
assembly. The term Seconaary Building Unit (SBU) was borrowed from zeolite chemistry to
refer to metal nodes and clusters used in an array and are analogous to the metal acceptors
used in SCC formation. While oftentimes chemically distinct from the metallic building
blocks used for SCCs, the various SBUs used in MOF formation are themselves an
extension of the molecular library of the directional bonding approach. These SBUs are
rigid, well-defined molecular entities which maintain their directionality through the self-
assembly process.

For a given ligand, it is easy to conceptually transition between SCCs and MOFs simply by
replacing a “capped” metal-center iconic of SCC formation with its uncapped analogue. For
example, a 90° c/s-capped square planar metal center which is the basis for molecular
squares will become a four-coordinate square node, resulting in a square grid. In practice,
however, reticular MOF synthesis typically employs metal clusters rather than single metal
ions (see Figure 15).57 As discussed above, naked metal ions are challenging to use in SCC
synthesis since they have inherently divergent coordination vectors and for a given
geometry, the orientation may differ from one site to the next. Certain SCCs circumvent this
through the use of capping ligands which, in addition to preventing infinite array formation,
add directionality. A c/s-capped metal precursor will have two and only two sites for
incoming ligands and these sites are oriented with a 90° angle. While a divergent
coordination sphere is well suited for MOF formation, the lack of orientation associated with
single metal-centers can lead to low-quality MOFs and higher instances of defect sites. In
addition, the chelating ligands which are used in many clusters afford structural stability
which is advantageous from an application standpoint in which permanent pores are sought.
When multiple metal ions are arranged as a cluster, usually using carboxylate linkers, rigid
well-defined metal SBUs can be accessed which avoid the geometric ambiguity of naked
metal ions.
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While SBUs based on metal-nodes can be described by the directional-bonding method of
noting the number and orientation of their attachment sites, these building blocks are often
formed /n situ during MOF synthesis since the individual clusters are oftentimes not
isolable. As such, the molecular library of isolable building blocks for MOF synthesis is
populated predominantly by organic linkers and has substantial overlap with the building
blocks of SCCs. The use of metal-based SBUs focuses more on elucidating the synthetic
conditions and precursors needed to generate the metal clusters during the self-assembly
process. Conditions are chosen such that the organic linkers act solely as ligands and
maintain their structural integrity during the synthesis. It is important to note that the
geometry of an SBU is determined by the carboxylate carbons of the organic ligands. Many
inorganic and organometallic precursors for SCC formation possess substitutionally labile
ligands which are displaced by organic donors. In MOF chemistry, the bridging ligands are
an important structural part of the cluster. Using carboxylate clusters as an example, the
carboxylate carbons are the points from which the MOF will extend.

A common design feature of both reticular MOF synthesis and directional-bonding
formation of SCCs is “expansion.” That is, for a given structure, increasing the distance
between nodes can often be achieved simply by employing extended spacers.>8 Most
commonly this is done by adding phenyl or ethynyl groups, which rigidly and linearly
increase the distance between Lewis basic sites of a polytopic ligand while maintaining the
angularity between sites (Figure 17). A series of reticular MOFs which have the same
topology is most easily formed simply by expanding a ligand for use with a particular SBU.
Yaghi and coworkers grouped together sets of /soreticular MOFs (IRMOF), which share a
net type, typically assigning each as IRMOF-/7where r7is simply a unique integer designator
for members of the series.

A further ramification of the use of clusters rather than single metal sites for MOF synthesis
is the concept of decoration, which refers to the replacement of a vertex in a periodic net
with a group of vertices.®8 This is shown in Figure 18 wherein a square lattice comprised of
four-connected nodes and linear spacers is expanded by replacing the nodes with square
clusters. The Schléfli symbols of Figure 18(a) and Figure 18(b) are 44.62 and 4.82,
respectively. While these are obviously very different nets in terms of topology, the reticular
MOF approach takes advantage of the synthetic similarities between the two systems. If
conditions to make a suitable square SBU /n situ are known, the square precursors simply
replace whatever mononuclear node was used previously. In this way, decoration allows for
the rapid formation of many topologically different frameworks without having to
completely reinvent synthetic routes. Whereas expansion is typically a ligand-centered
modification, preserving the metallic SBU used across an isoreticular series, decoration
allows one to use the same ligand while altering the SBU.

The decoration of a net need not be limited to replacing mononuclear sites with metal
clusters. Metal clusters can themselves be replaced by larger and larger constructs, which
has led to the use of SCCs as building blocks for MOFs, described as supramolecular
building blocks (SBBs) by Zaworotko and coworkers in a critical review.%® This recent
strategy for MOF formation typically uses metal-organic polyhedra (MOPs) which are well-
suited to act as building blocks since they are modular, highly symmetric and compatible
with the synthetic conditions used in MOF formation. MOPs are a subset of SCCs
constructed using metal-nodes more commonly employed for MOF synthesis. A recent
paper on SBBs coauthored by Zaworotko observes the overlap in building blocks between
MOF and SCC chemistry.50 Yaghi and coworkers developed a series of MOPs after
extensive experience with MOF chemistry, so it follows that studies of such materials often
employ the jargon of MOF chemistry. The synthetic approach to these materials follows the
same systematic analysis of angularity and number of binding sites enumerated by Stang’s
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directional bonding strategy. As such, a molecular library of SBUs and linkers has been
developed to generate a number of polyhedra.b1

In some cases, discrete polyhedra can be isolated or incorporated into frameworks
depending on synthetic conditions. For example, Eddaoudi and coworkers showed that the
combination of Ni2* ions and 4,5-imidazoledicarboxylic acid generates a MglL1» cube in an
edge-directed assembly when a base such as dipiperdine is present to partially deprotonate
the carboxylic acid.f22 This base then occupies a structural role in the solid state, bridging
the cubes through hydrogen bonding interactions. Xu and coworkers later carried out the
self-assembly of the same ligand with Ni2* in the presence of NaOH which led not to
discreée cubes, but rather a framework of deprotonated cubes linked by sodium ions (Figure
19).62

In other cases, discrete polyhedra are formed with terminal capping ligands. By replacing
specific ligands with bridging analogues, extended networks comprised of the MOPs are
generated. For instance, Fe-based polyhedra can be formed by capping three sites of
Fe30(CO,)g clusters with sulfate groups to form triangular building blocks.®3 The angularity
of the remaining sites is suitable for the formation of closed structures, either truncated
tetrahedra or truncated heterocubanes, when combined with linear ditopic or trigonal tritopic
carboxylate ligands, respectively. The formation of these MOPs requires the presence of
pyridine, which is incorporated into the Fe3O(RCO5)3(S04)3(py)3 clusters (R = linking
polyphenyl moiety). By replacing pyridine with c/s-1,2-bis-4-pyridylethane in the assembly
process, the resulting MOPs were linked into an extended framework dubbed MOF-500.64

While the MOF-500 formation was best achieved as a one-pot synthesis due to the
insolubility of the MOP precursor, examples of stepwise interconversion between MOPs and
MOFs are known. Zhou and coworkers described the synthesis of solvated
[Cuy(CDC),(DMA)(EtOH)]s (CDC = 9H-carbazole-3,6-dicarboxylate; DMA = N, N-
dimethylacetamide) which adopts a supramolecular octahedral geometry.5% This polyhedron
possessed somewhat rare solubility in organic solvents which made it well suited as a
precursor for further chemistry. When solutions of the octahedral-like MOP were treated
with 4,4”-bipy, a twofold-interpenetrated framework was formed. In addition to being an
interesting example of MOP to MOF conversion, the framework could be deconstructed
back to discrete polyhedra when dissolved in DEF/py solvent mixtures (Figure 20).

A versatile MOP SBB was reported by Zaworotko and coworkers based on anionic
“nanoballs” of the formula [Cux(BDC),L,]12 (L = pyridine, substituted pyridine, MeOH).66
These rhombihexahedra have multiple sites of possible modification, either at the axial
ligation sites of Cu, or on the BDC organic linkers. When sulfonated BDC was employed to
the 24- charged [Cuy(5-SO3-bdc),(4-methoxypyridine)g 50(MeOH) (H20)1 50-,]12 MOP, the
sulfonate groups were nicely disposed to bind additional metal ions. Upon treatment with a
Cu(ll) source, a framework was generated comprised of nanoballs bridged by cross-linking
[Cu(methoxypyridine),]?* ions. If methoxy-substituted BDC is used in lieu of the sulfonated
form, a neutral rhombihexahedron is formed. The Lewis-basic methoxy sites form double
cross links between nanoballs, resulting in 1D chains.5’

These examples nicely illustrated the close relationship between SCCs and MOFs in that for
certain groups of SCCs which utilized capped nodes, freeing these capped sites will generate
extended frameworks. That is, if synthetic conditions can be found which generated closed,
capped MOPs, an analogous synthesis of MOFs can sometimes involve simply replacing the
capping reagent with a suitable bridging ligand.

A second class of MOFs is comprised of MOP building blocks which share polyhedral
faces, rather than having discrete linkers joining the polyhedra together. In 1999, Williams
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and coworkers reported the combination of copper nitrate with H3BTC in an aqueous
ethanol solution.®® In order to avoid lower dimensionality frameworks previously observed
when mild conditions were used,59 the mixture was heated to 180°C for 12 hours in a high-
pressure vessel. This produced crystals of face-sharing rhombihexahedra dubbed HKUST-1
(Figure 21). Zawortko and coworkers observed that this type of fused structure does not
utilize the MOP as a node and is therefore distinct from the concept of MOPs as SBBs.
These fused faces and resulting extended frameworks are difficult to approach from a
rational design standpoint and rationally-designed constructs of this type are relatively rare.

2.3 Symmetry-Interaction Self-Assembly

The symmetry interaction approach to forming SCCs oftentimes employs uncapped,
tetrahedral metal centers as nodes. As such, very careful ligand design is necessary to ensure
that single, discrete thermodynamic products can be favored over unwanted side-products.
Due to the divergent nature of a tetrahedral coordination environment, combining tetrahedral
centers with non-chelating ligands will not produce discrete, closed structures. Simple
examples are diamond-like networks consisting of tetrahedral nodes and linear spacers
which give repeating adamantanoid units. To favor discrete systems without using capping
ligands, the spacers themselves must enforce structural convergence, achieved by carefully
designing polytopic chelating ligands which occupy all available coordination sites of the
metal nodes while still maintaining strict directionality.

This methodology introduces and expands upon concepts from edge-directed self-assembly.
The coordination vectors that were critical to defining the angularity and directionality of
molecular building blocks remain an important parameter when designing ligands for
symmetry-interaction self-assembly (see Figure 22). As was discussed previously, for
monodentate ligands the coordination vector is simply the vector collinear with the M-L
bond. For chelating ligands, it bisects the chelating atoms and is oriented towards the metal.
When multiple chelating ligands are bound to a single metal center, the coordinate vectors
define the chelate plane, which is the plane containing all of these vectors. A final parameter
required for rational design using the symmetry interaction approach is the approach angle.
This angle is found between the principle rotation axis of the metal center and the line
defined by the two coordinating atoms of the chelating ligand.

As pioneers of this strategy, Raymond and coworkers have demonstrated the formation of
triple helicates,’0 triple mesocates,’! MyLg clusters,’2 M4L, clusters’3 and two-metal
clusters.” In each of these designs, a careful assessment of the required symmetries of
metals and ligands guides the selection of building blocks. Rigid, polychelating ligands with
predictable configurations of coordinate vectors are at the heart of this design strategy.
While the metal centers are, of course, important, many structures feature homoleptic
octahedral or tetrahedral geometries. Since many different metals can adopt these
geometries, a particular structure can oftentimes be accessed using a suite of different
metals.

To this point, the methodologies discussed have focused on edge-directed self-assembly.
However, for 3D polyhedra and prisms, it is possible to design ligands to occupy the faces
of a given shape, oriented by metal nodes at the vertices. Thus, a distinction may be made
between edge-directed and face-directed self-assembly. Some species, such as
supramolecular cubes, have been constructed using both approaches. An edge-directed cube
assembles from eight tritopic building blocks with 90° angles between sites and twelve
linear ditopic units. Alternatively, a face-directed cube may be constructed from six
tetratopic panels held together by twelve 90° ditopic units, as shown in Figure 24.
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Symmetry-interaction self-assembly is well-suited for face-directed assembly with uncapped
metal centers. A face-directed assembly requires that the ligands match the symmetry
elements found affecting the faces of a desired geometry. The faces of a tetrahedron have 3-
fold symmetry, which can be built into a tritopic ligand (Figure 25). This route yields MyL4
tetrahedra. The orientation of the coordination vectors must be maintained since the metal
nodes are identical between Myl 4 and MyL g tetrahedra. The same octahedral tris-chelate
metal centers are used in both designs, which is one advantage of this approach over
traditional directional bonding. Since almost all structural information is encoded in the
ligand, a single metal center may be used for a variety of structures and swapping out the
metal for a different element does not require new syntheses. In contrast, the conditions used
to cap a square planar or octahedral metal center may not work for a different metal ion.

The geometry of a carboxylate cluster SBU for MOF synthesis is not determined by the
coordination environment of the metal, but rather by the carboxylate carbons which are the
points where the node is extended. This geometric analysis is also applicable to the SCC
structures formed by the symmetry-interaction approach. Returning to the Cartesian octant
analysis of two-component assembly, it is readily apparent that a tetrahedral metal ion
extends coordination sites on both sides of the convergence/divergence plane described in
Figure 13. However, the points of extension of a symmetry-interaction self-assembly are not
the metal ions, but rather the metal-ligand fragments. That is, the determination of the space
group and the highest rotation axis must be determined for the resulting coordination sphere.
This makes it somewhat harder to apply the symmetry interaction approach to extended
networks. This is related to the relatively small number of MOF structure types compared to
the theoretical possibilities. Certain SBUs orient a specific number of points of extension
into space and these common fragments (see Figure 15) end up being shared among most
MOFs. The clusters that have delivered stable, robust frameworks are naturally favored by
chemists such that they dominate the known materials. That said, an analysis of the
symmetry of a given framework will provide guidelines for the symmetry elements required
of the bridging ligands. For instance, one type of honeycomb lattice has nodes with D3,
symmetry so the construction of such a MOF requires SBUs with the associated symmetry
elements. The C, axes dictate that linear ditopic links must join these D3, SBUs.
Alternatively, a hexatopic fragment with Dg, symmetry will also fulfill the symmetry of a
similar looking lattice. In this case, the Dgr, SBUs would again require linear ditopic spacers
to maintain the mirror plane and C, axes, while it fulfilled the requirements for Cg axes at
the center of each node (Figure 26). Similar analyses can of course be made on 3D lattices;
all symmetry elements of a given lattice must logically manifest themselves in the building
blocks used. While the use of the symmetry interaction method has not yet been exploited
by MOF chemists, it is nonetheless a potential tool, and in some cases is used without
realization. A diamondoid network necessarily contains adamantane-like units. The network
of Robson and coworkers3 which has been previously discussed in terms of tetrahedral
metal centers and tetratopic, tetrahedral-based ligands is easily broken down to its symmetry
elements. Each adamantanoid has T4 symmetry and thus building blocks used to construct
diamondoid must reflect this. That is, they must have Cs, C», S4 and o4 elements in
accordance with the T4 space group. A quick analysis of the Cu and organic fragments used
in the aforementioned example confirms this to be the case.

2.4 Face-Directed Self-Assembly: Molecular Paneling

Briefly introduced in Section 2.3, face-directed assembly is a subset of directional bonding
that deconstructs 3D architectures to their faces rather than edges. This technique has been
used to construct a wide range of structures, from relatively small prisms and truncated
tetrahedra to the significantly larger cuboctahedra.
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It is not always necessary to occupy all the faces of a given polyhedron with panels. For
example, rather than constructing all eight faces of an octahedron, trigonal panels can be
joined by 90° metal centers to cover alternating faces, as shown in Figure 27. Since the
alternating faces destroy the C,rotational axis of symmetry, the resulting structure is a
truncated tetrahedron with 7;symmetry. The organic ligands that comprise the faces of
these cages oftentimes do not occupy the full space implied by their representation as panels.
While this gives rise to opening in the cages, such constructs are often well-suited for host/
guest chemistry, even in the case of a truncated tetrahedron with alternating trigonal faces.

Truncated polyhedra are excellent examples of applying the reticular MOF concept of
decorationto SCCs. A special case of decoration is the replacement of an 7-connected node
with a group of 77nodes, a process which is known as augmentation. A tetrahedron contains
four vertices which are most simply represented as three-connected nodes. If each of these
three vertices are replaced by three new nodes, an augmented structure results. In the case of
a tetrahedron, augmentation delivers a truncated tetrahedron, converting the structure from a
Platonic solid to an Archimedean solid (see Figure 28). A truncated tetrahedron is an eight-
sided solid with four hexagonal faces and four triangular faces. From a synthetic standpoint,
only the hexagonal faces share edges, making them the logical choice for panels to be joined
by two-connected nodes. If the depth of the truncation is large enough such that the new
vertices overlap, the resulting solid is octahedral with eight trigonal faces. However, if the
faces corresponding to the previously hexagonal sites are occupied with the remaining
trigonal faces still open the symmetry of the solid remains 7, This augmentation may also
be applied to octahedra to generate truncated octahedra. Unlike the tetrahedral case,
however, when the depth of the augmentation is such that the new nodes overlap, an entirely
new solid results, known as a cuboctahedron.

Aside from the Platonic and Archimedean solids, a number of prisms have also been formed
which contain panels or faces in their design. As shown in Figure 29, a trigonal prism can be
constructed either by combining three square panels with six ditopic donors or by using two
triangular panels with ditopic nodes spanned by linear ligands acting as pillars. The former
design requires a two-component self-assembly and delivers an open-faced prism. The latter
requires a third building block for a multi-component self-assembly. It is important to note
that the steric bulk surrounding the metal nodes can play a role in determining overall
structure. If large phosphines are used, rather than assembling a trigonal prism, the angles
between panels can be expanded to give other prismatic shapes. For instance, open
hexagonal barrels are formed when tetrapyridyl porphyrin is combined with Pt(dppf)(OTf),
(dppf=1,1"-bis(diphenylphosphino)ferrocene).”® Multicomponent self-assembly is a
relatively new technique for the formation of SCCs and as demonstrated by Fujita’® and
Mukherjee,’” such structures can require a fourth species to act as a template for prism
formation.”® Despite the need for a template in some syntheses, template-free prism
formation can occur, as demonstrated by Stang’® and Mukherjee.””:89 Multicomponent self-
assembly is especially appealing since structures of higher complexity, if controllable, are
promising for a variety of applications. This topic is the focus of a recent tutorial review by
Ward and Raithby in which supramolecular assemblies are used to illustrate current design
methods for multicomponent structures, potential applications are highlighted, and future
directions are proposed.8!

2.5 Weak-Link Approach

The design principles discussed thus far focused on obtaining singular, thermodynamic
products by the careful selection of building blocks. The weak-link approach, as developed
by Mirkin and coworkers, utilizes hemilabile ligands such that the initial SCCs formed can
undergo post-self-assembly modifications to access new structures.2%P The majority of SCCs
made using this approach are 2D macrocycles containing asymmetric chelating ligands in
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which one donor atom of the chelate forms a stronger M-L bond than the other. The moniker
stems from the displacement of this weaker donor, rendering the b/s-chelator into a bis-
monodentate bridging ligand upon addition of a suitable exogenous ligand. As the chelating
coordination mode is broken, the macrocycle expands and the metal centers incorporate new
ancillary ligands en route to the formation of a new thermodynamic product.

Upon expansion, the resulting macrocycle is typically conformationally flexible, owing to
the once-chelating ligand sites which are necessarily non-rigid. The conversion from a
condensed to expanded structure has been shown to trigger catalytic activity and useful
applications in sensing.

It is important to note that the initial condensed structure is not always the
thermodynamically favored product in the primary self-assembly reaction. By carefully
selecting reaction conditions the kinetic condensed structure can be isolated preferentially.
Treatment of this SCC with an additional ligand alters the system such that the expanded
structure is now the favored product (Figure 30). The demonstration of post-self-assembly
modifications of the ligand sphere of a metal node has since been applied to SCCs formed
using directional bonding in the conversion of 2D and 3D constructs to entirely new
topologies. At elevated temperatures, the condensed structure can be driven to the
thermodynamic monomer species, however in practice this requires temperatures of over
100°C and the stability of the kinetic product is thus high enough to circumvent the
unwanted thermodynamic sink.82

Since the ligands which initial the expansion from the condensed structure to the open
structure can be multitopic, it is possible to use condensed structures as precursors to larger
constructs and potentially networks (Figure 31). For example, Mirkin and coworkers
describe the formation of a molecular cylinder by linking two open structures using either
4,4’ -biphenyldicarbonitrile or 4,4’ -biphenyldiisocyanide.83 The tetranuclear cylinders were
examined by single crystal X-ray diffraction to confirm the tetranuclear structure comprised
of two linked macrocycles capped by either CO or acetonitrile. Since each end of the
cylinder could conceivably be uncapped and treated with further equivalents of bridging
ligands, the weak-link approach could be used to generate extended MOF tubes.

2.6 Dimetallic Building Block Self-Assembly

The dimetallic building block approach wonderfully illustrates the intimate relationship
between MOFs and SCCs in that the paddlewheel metal units used to form SCCs are widely
employed in MOF syntheses as well. Paddlewheel complexes are characterized as two metal
centers bridged by four ligands. Depending on the metal centers used, direct metal-metal
bonding can occur. The bridging ligands occupy equatorial coordination sites. If present,
ligands that cap the remaining coordination sites which fall along the metal-metal axis are
assigned as ax/al ligands.

The dinuclear paddlewheel building block is versatile in that individual units can be fused
either by linkages between equatorial sites, linkages between axial sites, or both. As
demonstrated most prolifically by Cotton and coworkers,?! a variety of different linking
ligands can be used in controllable stoichiometries to furnish rhomboidal “loops,” triangles,
squares and polygons. In most cases, a dinuclear precursor is utilized in which two or more
equatorial sites are occupied by easily displaced acetonitrile ligands. The remaining
equatorial sites are capped with bridging ligands, commonly N,N’-di(o-
anisyl)formamidinate, which stabilize the dinuclear building blocks and prevent
oligimerization.
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Since there is synthetic control over which ligands occupy which site, there are a variety of
different outcomes when using a dimetallic SBU. As shown in Figure 32, paddlewheel
complexes can theoretically lead to 3D cubic grids, 2D square lattices, linear wires and
supramolecular squares. When all sites are used, the building block can be represented by an
octahedron. A square SBU results either from capping both axial sites, or capping two
equatorial sites fransto one-another (the axial sites then complete two vertices of the
square). A trans-capped square requires all sites to be capped save for two frans equatorial
sites or by capping all equatorial sites and instead using the axial positions. Alternatively, all
equatorial sites can be capped and the dinuclear sites linked through the axial positions
instead. Lastly, a c/s-capped square can be made either by capping all but two c/s-oriented
equatorial sites or by capping all but one equatorial and one axial site. In practice, such
species usually use two c/s equatorial sites.

Dinuclear building blocks were described previously in the system described by Zhou and
coworkers which can convert between discrete octahedra and a bridged cubic network. This
conversion was possible due to the versatility of the dinuclear building block. By extending
all four equatorial sites using a ligand with a 90 degree turn, the discrete octahedron was
formed. In this case, one axial site from each of the six dinuclear centers was oriented
inward, with the remaining axial sites capped by pyridine. By extending not only from the
equatorial sites, but also from the axial positions, the octahedra were linked into a MOF.6°

The first chelate-carboxylate SCC, dubbed MOP-1 contains dinuclear paddlewheel building
blocks, specifically copper ions bridged by meta-BDC.86¢ While similar in composition to
MOFs (hence the MOP moniker), MOP-1 is readily soluble in refluxing DMF which
allowed traditional recystallization methods and afforded single crystals suitable for X-ray
diffraction studies. Since the vast majority of SCCs to this point utilized pyridyl-based
ligands, the discovery that chelating carboxylate ligands could be used to form discrete
structures set the state for a myriad of SCCs sharing carboxylate-based chelating ligands and
SBUs more traditionally found in MOF synthesis.

2.7 Alternative MOMs

Strictly speaking, the various design methodologies described above for forming both SCCs
and MOFs are all based on directional bonding first proposed and described by Stang and
coworkers.84 The only way to rationally design a material comprised of nodes and spacers to
possess a given topology is to enforce specific interactions between building blocks.
However, the different approaches have led to different methodologies which oftentimes
employ unique nomenclatures, ideally to distinguish between strategies but sometimes to
distinguish between researchers. While this review focuses primarily on MOFs and SCCs,
there are other coordination polymers that merit note:

Metal-Organic Zeolites (MOZs) are a subset of coordination polymers which are MOF-like
in that they are microporous extended networks comprised of metal and organic building
blocks. In fact, MOZs are perhaps best described as a subset of MOFs in which the building
blocks are chosen to closely mimic the directionality and topology of existing zeolite
materials. For example, the tetrahedral Si, Al, etc. sites of known zeolites can be replaced by
common transition metals such as Zn, Co or Cu. Zeolites often contain Si-O-Si motifs which
have an angle of 145 degrees. This angularity is also present in bridged M-Im-M imidazolate
moieties. As such, a number of zoelitic imidazolate frameworks (ZIFs) have been developed
with over eleven unique topologies. A pioneering example of such a material was reported
in 2002 by You and coworkers with the synthesis of [Cos(im)1g:-2 MB] (im = imidazolate,
MB = 3-methyl-1-butanol).8® Originally these MOFs were known as metal-azolate
frameworks (MAFs) before the term ZIF was popularized in a paper by Yaghi and
coworkers in 2006 in which twelve unique frameworks were synthesized and
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characterized.86 Nonetheless, the term MAF persists, especially in a recent review by Chen
and coworkers which offers an excellent analysis of these frameworks.8” Recent work by
Feng, Bu and coworkers has explored the use of trifunctional ligands such as BTC in the
formation of zeolite-type MOFs.88 By breaking the paradigm of tetrahedral nodes and
ditopic ligands, the library of potential ligands is greatly expanded which may prove
promising in the discovery of new zeolite mimics.

A second class of MOF-like materials has been dubbed infinite coordination polymers
(ICPs) by Mirkin and coworkers. ICPs are distinguished by an emphasis not only on the
building blocks used, but also additional factors such as size dispersity and intramolecular
interactions. ICPs encompass a range of materials, spanning between crystalline (MOF-like)
and amorphous structure types. Since a goal of ICP chemistry is to arrest network formation
to give controllable particle size, synthetic methods often rely on triggering precipitation of
the material from a mixture of its building blocks. These building blocks have some overlap
with traditional MOF and SCC chemistry, with Lewis binding sites oftentimes consisting of
carboxylates, amines or N-heterocyclic donors. Unlike SCC and MOF chemistry which can
employ diffraction techniques for characterization, ICPs rely heavily on microscopy due to
their oftentimes amorphous nature. Unlike traditional nanoparticles which are constructed
from simple elemental precursors, ICPs enjoy the tunability and modularity associated with
MOF chemistry due to the similarity in building blocks. An informative tutorial review of
ICPs has been written by Mirkin and coworkers and is an excellent resource on this
emerging field.8?

It is important to note that the use of metal nodes is attractive from a synthetic standpoint
due to the ease of self-assembly afforded by metal-ligand coordination. These metal sites
also can impart interesting functional characteristics if redox, photophysical or catalytically
active metals are used. Of course, the very moniker metal-organic materials requires their
presence in order to be an accurate description. That said, from a structural standpoint, if
proper angles can be encoded into purely organic-based building blocks, metal sites are not
required for the formation of extended frameworks. Such is the case in the covalent organic
frameworks recently reviewed by Jiang and coworkers,% which offers an interesting look at
a related class of materials to which traditional MOF and SCC chemists may be
underexposed.

3. Synthetic Conditions and Characterization

The conditions used for SCC and MOF synthesis are necessarily dictated by the chemical
properties of the building blocks and final materials. Forming large, high-quality crystalline
porous MOFs which are stable to solvent loss require robust metal-ligand bonds. Because
labile bonds are detrimental to crystal integrity, MOFs are often inert at ambient conditions.
Conversely, SCCs are often soluble constructs which are isolated like more traditional
coordination compounds, either as powders or small crystals. If single crystals are desired,
either for characterization or a specific application, these crystals need not be formed upon
the initial synthesis. The solubility of SCCs allows standard methods of crystallization to be
applied and if suitable quality is not obtained, the material can be recycled and used again.
Thus, the major distinction is that MOF synthesis contains strong metal-ligand bonds
throughout the entire material in the solid state, while SCCs are subject to the same
relatively weak intramolecular interactions which are found in small molecule chemistry.

The synthesis of SCCs and MOFs typically target thermodynamic products. One major

advantage of coordination-driven self-assembly is that metal-ligand bonds are oftentimes
substitutionally labile. If a rigid ligand coordinates in an improper orientation such that a
closed structure will not form, the ligand can dissociate. In a sense, SCCs and MOFs are
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self-healing during their assembly, automatically rectifying structural defects en route to a
thermodynamic minimum (see Figure 33). Thus, a major characteristic of coordination-
driven self-assembly, both for SCCs and MOFs, is kinetic reversibility. If kinetic products
are inert or sluggish to self-correct the reaction time may become unfeasible and the product
mixture may be plagued by impurities. One particular issue can be insoluble kinetic
products. If an incomplete or incorrectly oriented fragment precipitates out of solution there
is no way for ligand dissociations and substitutions to occur to remedy the defects. As such,
synthetic conditions must be determined such that all kinetic intermediates are free to
transform further.

Since SCCs possess weak intermolecular forces, conditions to maintain Kinetic reversibility
are oftentimes more mild than for MOF chemistry. Since the structures are relatively smaller
than fragments of MOFs, solubility can oftentimes be maintained and extremely high yields
can be realized. The substitutional lability of Pt-based SCCs has been explored by Stang and
coworkers, revealing that Pt-pyridine systems continue to undergo ligand self-exchange over
the course of days in solution at room temperature,! complementing earlier investigations
on ligand exchange which rationalize faster rates for Pd versus Pt on the basis of the
activation enthalpies for the associative substitution mechanisms.®2 This exchange was
observed for both rectangular and triangular systems by employing deuterium-labeled 4,4’ -
bipy ligands primarily monitored by high-resolution mass spectrometry and supported by
NMR studies. For this system, the exchange was sensitive to temperature, solvent and
counterions. This is to be expected given the associative mechanism of exchange on square
planar complexes. When weakly coordinating nitrate anions were replaced with non-
coordinating hexafluorophosphate, exchange was no longer observed. The role of solvent
was thought to modulate the ability of the counterion to coordinate and initiate substitution.
The rate of exchange decreased as the concentration of water was added, suggesting that
hydrogen bonding between nitrate and water attenuated the weakly coordinating nature of
the anion.

This exchange has also been investigated by Fujita and coworkers using Pd-based
cuboctahedra.®3 Rather than isotopically labeling the ligands, two endo-functionalized 120°
dipyridyl ligands were used with alkoxy moieties of different lengths. Two PdoLo4
cuboctahedra were independently formed using the two ligands in which the alkoxy groups
were determined to be non-interacting. The ligand exchange between cages was then
monitored by mass spectrometry to reveal that the cages were highly stable. The half-lives
of exchange were on the order of 20 days, about 10° times longer than Pd monomers with
similar coordination environments.%* The attenuated exchange rate for spheres relative to
small molecules is likely due to the closed nature of the polyhedra. Each Pd center is liked to
four others and therefore even if ligand substitution is initiated such that one bridging ligand
is removed, the overall structure will remain intact. Deconstruction of an M1sLo4 sphere,
which contains 48 Pd-pyridyl bonds, would require an unfeasible number of rapid
substitutions or dissociations without reformation of the thermodynamically preferred
structure, which is unlikely. The fact that smaller Pd-pyridyl species are more
substitutionally labile helps large systems funnel towards single thermodynamic products.
As intermediates spontaneously form, the better they resemble the final polyhedra the slower
their exchange kinetics will be.

These studies by Stang and Fujita indicate why SCCs can be formed rapidly and
quantitatively provided that all intermediate species remain soluble throughout the assembly
process. If kinetic intermediates precipitate out of solution, self-correction cannot occur,
yield necessarily drops and stoichiometric control is lost. This requirement can often be met
by careful selection of the solvent rather than using elevated temperatures. The library of
polygons, polyhedra and prisms formed by the Stang group typically form either at room
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temperature or with mild heating using common solvents with assembly times spanning
from hours to overnight.%> Even the [20 + 30] self-assembly of large dodecahedra occurs at
room temperature in an acetone/CH,Cl, mixture. The [12 + 24] and [24 + 48] assemblies of
molecular spheres (cuboctahedra and rhombicuboctahedra, respectively) occur remarkably
quickly when heated to 70°C in DMSO, finishing in around three hours.>3 Fujita and
coworkers utilized continuous-flow techniques to monitor the self assembly of My,L4
species, observing a number of intermediate M(1o_n)L(24-m) Species. Since these species
remained in solution, their dynamic nature drove the reaction mixture to the thermodynamic
product. Most impressively, Fujita reported the quantitative formation of a sphere-in-a-
sphere double-cuboctahedron which formed over six hours of stirring at 80°C in DMS0.%
This twenty-four Pd construct contains 96 Pd-pyridyl bonds yet still forms as the sole
reaction product due to the kinetic reversibility of the undoubtedly countless number of
intermediates formed en route to the final construct.

The strong metal-ligand bonds found throughout the entirety of a MOF structure mean that
kinetic reversibility can be more difficult to maintain during self-assembly. The chelating
carboxylate-metal bonds often exploited to form robust materials are useful for maintaining
structural integrity but make kinetic intermediates a larger concern. Single crystals of MOFs
are highly desirable both from a characterization and application standpoint, which is
problematic in traditional crystallization methods are not applicable to inert, insoluble
framework. Thus, crystals must be formed concurrently with self-assembly and conditions
must be found to maximize the quality of the materials.

There are a few methods which have been effectively employed to avoid defect sites in
MOF synthesis. When carboxylate ligands are used, one approach is to throttle the self-
assembly by using carboxylic acid building blocks rather than carboxylate salts. By either
slowly introducing an organic base or heating the solutions at elevated temperatures in high-
pressure vessels, the rate of deprotonation and metal-ligand bond formation can be
controlled such that proper cluster formation and long range ordering is correct from the
onset. This “slow growth” method largely circumvents kinetic intermediates, providing
high-quality materials.>’

If hydrothermal techniques are used, kinetic intermediates are likely unavoidable, but due to
the relatively harsh conditions, the system is reversible and defect sites can be resolved.
Under these conditions anionic ligands are also used in their acidic form to attenuate the rate
of coordination. Once the material is isolated from the elevated temperatures and pressures
all ligand exchange ceases and the quality is fixed, since the material is typically insoluble in
common solvents. For example, in an early use of 1,3,5-benzenetricarboxylate (BTC) for
MOF synthesis Yaghi and coworkers mixed aqueous solutions of metal salts (Co, Ni or Zn)
with protonated BTC.97 This mixture was heated to 140°C for 24 hours, and then slowly
stepped down in temperature for a total reaction time of 34+ hours. This technique produced
1D chains in the form of crystalline rods, insoluble in all common solvents save for limited
solubility in methanol.

The same ligand was also used to form 2D sheets upon the slow diffusion of pyridine into
alcohol solutions of cobalt nitrate and protonated BDC.%8 Over the course of three days,
large crystals insoluble in common solvents deposited from solution containing three
equivalents of BTC per Co, with one BTC fully deprotonated and the other two remaining in
carboxylic acid form. In this case, the pyridine was found integrated into the MOF, with one
pyridine coordinating to cobalt and a second equivalent occupying the pores. This guest
pyridine could be removed by heating to 200°C. Characterization of samples held at 350°C
indicated that the coordinated pyridine could also be reversibly removed from the material.
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The inclusion and identity of the organic base plays a large role in the topology of the
resulting MOF. For the examples above, the absence of any base produced 1D chains
whereas the presence of pyridine resulted in 2D sheets incorporating the base with partial
deprotonation of acidic BTC. If pyridine is replaced by the poorly-coordinating but strongly
basic triethylamine, a third topology is obtained.%® The slow diffusion of triethylamine into a
mixture of zinc nitrate and the acid form of BTC over six days results in the formation of
large cubic crystals. Yaghi and coworkers characterized this material as a 3D framework of
two unique Zn environments bridged by three carboxylates belonging to three different BTC
moieties.

While high quality materials can be obtained by hydro- or solvo-thermal methods, seeking
alternative synthetic pathways can be useful in obtaining more functional materials. A good
example of this may be found in a recent paper by Matzger and coworkers10 in which a
room temperature synthesis of Zn,O(ndc)3 (ndc = naphthalene-2,6,-dicarboxylate) resulted
in a bulk material which was less interpenetrated than the same framework obtained via
solvothermal routes.101 The MOF thus obtained was in good agreement with theoretical
predictions for a non-interpenetrated framework (4400 m2 g~1).

lonothermal techniques have also been employed in the formation of MOFs. Such methods
utilize ionic liquids that can fulfill a dual role of solvent and template agent. This is
advantageous in that the number of species involved in framework formation is minimized,
which in theory can deliver high quality materials. An excellent review by Parnham and
Morris explore ionothermal methods for the formation of zeolites and MOFs.102

For some self-assemblies of SCCs, a non-coordinating template species is needed to
maximize the formation of a single species as was described earlier in the formation of 3D
cages.”’~"8 In one interesting example, the choice of template agent can direct the assembly
either to a discrete SCC or infinite MOF. In 2005, Eddaoudi and coworkers described the
assembly of In(NO3)3-2H,0 with 2,5-pyridinedicarboxylic acid (2,5-H,PDC) in an aqueous
ethanol solution.103 When this reaction was carried out in the presence of 4,4'-
trimethylenedipiperdine (TMPD) a 2D framework was obtained with a Kagomé topology. If
this same reaction was instead treated with 1,2-diaminocyclohexane (1,2-DACH) a discrete
octahedron was formed. Both species were isolated after 12 hours of stirring at 85°C with
both materials reported as insoluble in organic solvents. This example not only shows the
close relationship between SCCs and MOFs, but also demonstrates the importance of
reaction conditions in the formation of such species.

The characterization of MOFs and SCCs shares considerations with their syntheses. That is,
the discrete soluble nature of SCCs allows certain techniques to be employed which may be
difficult to apply towards extended networks. While the crystallization of SCCs shares
methodologies with small molecules, for example vapor diffusion or layering, it is not
always possible to obtain crystals of sufficient quality for single crystal X-ray diffraction.
Because of this, most papers reporting the characterization of SCCs use mass spectrometry
with a variety of ionization methods. Electro-spray and cold-spray ionization have been
widely used and oftentimes allow for the observation of intact SCCs, with various charge
states arising from the loss of counterions. Since charge states corresponding to the loss of
counterions still reflect intact SCCs, these peaks are used to confirm the stoichiometry of
assembly. For example, the characterization of dendrimer-functionalized hexagons by Stang,
Muddiman and coworkers revealed [M — 40Tf]** and [M — 50Tf]°* peaks which were
consistent with the sole formation of [3 + 3] assemblies,104

Computational studies play a significant role in both MOF and SCC research. When
sufficient resources are available, calculations popularized by small molecules chemistry
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have been applied towards SCCs, for example geometry optimizations using DFT and time-
dependent DFT to afford photophysical information. That said, the large size of even
simplified model systems oftentimes makes molecular mechanics calculations a more
sensible options, especially when qualitative structural information is desired.
Computational information is not limited, however, to structural calculations. A recent paper
by Calero, Lopez and coworkers includes a combination of Monte Carlo simulations, DFT
and molecular dynamics in order to elucidate the degradation of isoreticular MOFs in the
presence of water molecules.19% These studies, performed on MOF-5 (referred to as
IRMOF-1 in the manuscript), identified that lattice disruption occurs via displacement of a
terephthalic acid ligand by water, leading to five-coordinate Zn sites. Yoneya and coworkers
used molecular mechanics to study the assembly of Fujita’s MgLg nanospheres by
simulating a random orientation of building blocks and letting the ensemble spontaneously
aggregate into discrete SCCs.106 This study offers a unique look at the self-assembly process
and supports that ligand-exchange is extremely important in allowing an evolution from
randomly oriented intermediate fragments to final assemblies through reversible metal-
ligand coordination.

The insoluble nature of many MOFs means that solution-based characterization techniques
are not as useful. As such, most labs equipped to study such materials instead use infrared
spectroscopy which is readily performed on solid samples. Crystallography, both powder
and single crystal, is oftentimes employed as the ultimate method for structural
determination, but requires materials of suitable quality.

4. Molecular Building Blocks

As was discussed previously, the cyanide bridging ligands of Prussian blue and the
Hoffman-type complexes set the stage for such arrays to be generalized to metal sites
connected by specific organic donors. The molecular library of precursors popularized by
Stang for the rational design of SCCs by directional bonding can be joined with the suite of
SBUs and ligands inspired by Yaghi’s development of reticular MOFs to offer an impressive
number of building blocks which continued to grow throughout the 1990s through today,
providing new topologies and functionalities to MOMs of all types.

Scheme 1 and Scheme 2 demonstrate the two most widely used classes of ligands for SCC
and MOF formation, N-donors and O-donors, with pyridyl and carboxylate-based ligands
dominating these two groups, respectively. From these two schemes and the exemplary
references given in Tables 1 and 2, it is clear that N-containing ligands dominate SCC
syntheses, while carboxylate ligands are more commonly used to construct MOFs. This is
expected, given the differences in synthetic methodologies discussed above. MOFs require
the strong metal-ligand bonds associated with chelating carboxylate ligands so that the
frameworks remain structurally sound even when solvent molecules are removed. The
substitutional lability of pyridyl ligands, on the other hand, is perfect for SCCs in which
kinetic intermediates can be rectified under the mild conditions of self-assembly. Both
classes of ligands, however, are dominated by rigid phenyl and/or ethynyl containing
molecules. This rigidity is fundamental to directional bonding.

4.1. Pyridyl-based MOMs

From the early discoveries of cyanide acting as a linear bridge between two metal sites, as
described above, a number of ditopic linear donors have been used, ranging from the simple
and iconic 4,4"-bpy, to more elaborate species shown in Scheme 1. Despite being the
simplest of the donors used in MOF and SCC synthesis, linear ligands can be used to
construct a wide variety of topologies. We will begin the discussion with 4,4”-bpy, which
deserves special distinction since it has been used in both MOF and SCC chemistry from the
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very start, and as such has been used to construct a number of different materials and
provides nice examples of syntheses of both SCCs and MOFs.

The combination of 4,4"-bipy with a suitable capped Pd or Pt precursor generates molecular
squares, best exemplified by [(en)Pd(4,4"-bpy)]48* and [(dppp)Pt(4,4"-bpy)4]8*, as reported
by the labs of Fujital® and Stang,16 respectively. The amine-capped Pd square was
synthesized by mixing (en)Pd(NO3), and 4,4’ -bpy in a mixture of methanol and water
(Scheme 3). The water-soluble supramolecular square fully formed during 10 minutes of
stirring at room temperature. The Pt-based square, [(dppp)Pt(4,4"-bpy).]8*, forms under
similar conditions. Mixing the (dppp)Pt(OTf), precursor with 4,4 -bpy in CH,Cl, results in
the self-assembled supramolecular square (Scheme 4). These synthesis demonstrate the
kinetic reversibility of metal-pyridyl chemistry under mild conditions.

This square unit can be extended to an infinite 2D lattice when the square planar metal node
is uncapped. For example, when Cd(I1) ions replace Pd or Pt, a repeating network of
[Cd(4,4"-bpy),]?* is generated.3” Experimentally, this material is obtained by treating
Cd(NO3), with 4,4”-bipy in a 1:2 ratio. Over the course of 24 hours, colorless crystals of the
2D network fall out of the H,O/EtOH solution.

Since 4,4’ -bpy is a linear ligand, it necessarily falls in a plane and thus any additional
dimensionality must be encoded via the metal nodes. As such, these 2D constructs (square
and square grid) can be extended to three dimensions by using octahedral centers. An
example of a discrete 3D assembly is given by the Ru-based cube of Thomas and coworkers,
reported in 1998.262 When [Ru([9]ane-S3)Cl,(DMSO0)]?* is combined with 4,4”-bpy, the
chlorides and DMSO ligands are displaced. The fac-capping nature of the [9]ane-S3 ligand
means the 4,4”-bpy occupies the remaining three binding sites of the octahedral Ru
coordination environment, which are held at 90° with respect to one another. Unlike
[(en)Pd(4,4"-bpy)].8* and [(dppp)Pt(4,4”-bpy)4]®*, the supramolecular cube is not rapidly
formed, but rather assembles slowly over the course of two weeks in solution, presumably
due to slower ligand exchange kinetics. Each Ru site acts as the vertices of a cube, with the
4,4"-bpy molecules comprising the edges (see Scheme 5).

In analogy to the discrete Pt/Pd bpy square expanding to a 2D Cd grid by uncapping the
metal nodes, the supramolecular cube can be generalized to an infinite 3D array by utilizing
uncapped octahedral or tetrahedral metal nodes. The first reports of such materials were
given by Zaworotko and coworkers and Yaghi and coworkers. Zaworotko et al described the
synthesis of a [Zn(4,4”-bpy)(SiFg)],, network in which 2D Zn-4,4’-bipy arrays were
connected by bridging SiFg molecules to generate a 3D topology (Figure 34).243 The MOF
was synthesized by first dehydrating [Zn(OH,)g]SiFg after which 4,4”-bpy was added and
the mixture refluxed in DMF and dioxane. Upon cooling, crystals of the framework could be
collected however they would desolvate and lose crystallinity rapidly upon isolation.

It is noteworthy that no examples of a cubic lattice consisting of only octahedral metal
centers and 4,4 -bpy exist. Though removing the capping ligands of a cube like that formed
by Thomas and coworkers should conceptually give a cubic network, a homoleptic
hexapyridyl complex is not known and therefore such nodes are not practical. There are,
however, many examples of octahedral-shaped polynuclear SBUs which give cubic
networks with linear bridging ligands, such as the paddlewheel complexes described in
Figure 32. There has also been research into Molybdenum-halide clusters of the type
[MogXg]** which arrange into an octahedral clusters, originally studied in the 1980s due to
their interesting redox properties.244 Such clusters are isolable when capped with six triflate
ligands to generate dianionic species. Shriver and coworkers treated the MogClg cluster with
4,4”-bipy to generate a xerogel which was used as evidence of a rigid, 3D structure. While
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single crystal X-ray diffraction was not possible, a suite of spectroscopic techniques were
used to support a cubic network of clusters bridged by 4,4”-bpy.245 Discrete clusters capped
by six pyridine ligands have also been isolated, indicating that a hexapyridyl-cluster
coordination environment is feasible.246

The rapid decomposition of extended solids based on 4,4"-bpy is another reason for the
paucity of pyridyl-based MOFs relative to the more stable carboxylate version. That said,
there are examples of porous 4,4’ -bpy and pyridyl-based networks. The first such
frameworks were reported by Kitagawa and coworkers in 1997 using Co, Ni and Zn as
metal nodes.38 By combining 4,4 -bpy with the hydrated nitrate salts of the metals,
crystalline frameworks of ([M(4,4"-bipy)3(NO3)4]-H,0), (M = Co, Ni, Zn) deposited out
of solution over the course of a week. The resulting frameworks possessed unique
interpenetrated double-sheets with channels imparting gas adsorption functionality to the
materials (Figure 35).

A second example of a porous MOF using pyridyl-based ligands can be found in the 2006
report of a 2D framework comprised of tetrapyridyl porphyrin ligands with Cu-based
paddlewheel complexes.173 Treatment of the free-base porphyrin with copper acetate
generates the framework shown in Figure 36. Since the sheets do not interpenetrate, there
are significant channels which run through the structure which can be used for gas
absorption once the MOF is evacuated. This material also nicely illustrates the relationship
between SCC and MOF synthesis since both porphyrin and paddlewheel complexes can be
applied to both types of materials depending on the connectivity. In this case, all equatorial
sites of the paddlewheel copper acetate are capped (the acetate in unfunctionalized). This
leaves the axial sites open and allows the complex to act as a linear, two-connect node (see
Figure 32). The porphyrin in this case is fully functionalized with four pyridyl groups and
thus acts as a planar tetratopic donor. The directional bonding approach treats this system
like the Cd(4,4"-bpy), network since both contain a tetratopic square building block bridged
by a linear ditopic building block. Chemically, the roles of the metal acceptor and organic
donor are flipped, with little consequence on the overall structure.

These pyridyl-based MOFs have their origins in SCCs.24” By reducing the square tetratopic
ligand to one of lower symmetry, closed structures are possible. A trans-dipyridyl porphyrin
represents a linear ditopic donor and a cis-pyridyl porphyrin is a 90° donor. Suitable
complementary building blocks can be found in Figure 9 to generate closed macrocycles.
Both Stang?4® and Lehn24° have reported supramolecular squares in which both cisand
trans dipyridyl porphyrins have been used. Three different types of squares can be formed
from these porphyrins, depending on the type of metal node used. Like with the two square
lattices described above, the building blocks acting as donor and acceptor can be freely
swapped with little consequence to the overall structure. As depicted in Figure 37, a cis-
pyridyl porphyrin can act as a 90° corner unit with a linear metal acceptor, or the metal
acceptor can act as the corner unit with a linear dipyridyl porphyrin to give two types of
related [4 + 4] assemblies. Alternatively, the square can be attenuated by using both metal
and ligand as 90° units, resulting in a [2 + 2] assembly.

The materials described above have all focused on square and octahedral metal coordination
environments which limits the resulting constructs to 180° and 90° angles. There is a rich
chemistry of 4,4"-bpy and related pyridyl-based ligands which extends beyond square and
cubic SCCs and MOFs.

For example, in 1994, Zaworotko and coworkers described the formation of two unique

MOFs based on linear pyridyl ligands and Cu(l) centers. When 4,4”-bpy was combined with
[Cu(CH3CN)4]PFg, repeating adamantoid units formed four interpenetrating diamondoid
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frameworks of [Cu(4,4”-bpy),]PFs. Each Cu(l) center adopted a tetrahedral geometry with
four pyridyl ligands. Diamondoid frameworks of this type are a common thermodynamic
sink for tetrahedral nodes and linear spacers. Interestingly, the synthesis of a 2D honeycomb
lattice using pyrazine (pz) as a linear ditopic donor can be found in the same manuscript.2°0
While the same Cu precursor was used, it adopted a trigonal coordination environment,
furnishing [Cu,(pz)3]SiFg as a two dimensional honeycomb framework. The very different
topologies between the pz and 4,4’ -bpy-based materials were attributed to the role of the
noncoordinating anions. The PFg~ of [Cu(4,4”-bpy),]PFg occupied channels which placed
them on the four-fold crystallographic axes. It was observed that if [Cuy(pz)3]SiFg would
have formed a similar diamondoid framework, the shorter length of the pz ligand would
result in a 1-fold rather than 4-fold interpenetration. Even with SiFg2~ occupying the voids,
this would have resulted in considerably more free space. Instead, by adopting a woven
honeycomb framework, the SiFg2~ anions pack better.

Around the same time, Yaghi and coworkers reported the hydrothermal synthesis of an array
[Cu(4,4"-bpy)1 5(NO3)(H20)] sites.174 Unlike the diamond-like network of Zaworotko’s
tetrahedral [Cu(4,4"-bpy),]PFe, the material obtained by Yahgi possessed trigonal-planar
Cu(l) centers which formed six unique interpenetrating arrays. Despite the higher degree of
interpenetration, the tolopogy of [Cu(4,4”-bpy)1 5(NO3)(H20)] results in significant voids,
organized as rectangular channels running through the MOF. These three unique materials
are interesting in that they each contain Cu(l) and a linear N-heterocyclic bridging ligand,
yet each adopts a very different topology.

These examples reinforce why MOF chemistry has diverged from SCCs by using metal
clusters rather than single metal ions. All three materials used Cu(l) centers with linear,
ditopic ligands, yet three different topologies resulted. Single metal ions give rise to too
much structural diversity to allow rational designs of MOFs, either by adopting different
coordination geometries or entirely different extended structures even for the same
coordination geometry at the metal center.

4.2 Carboxylate-based MOMs

The anionic, chelating nature of carboxylate ligands is desirable for more than just the robust
metal-ligand coordination it affords. The anionic charge neutralizes some or all of the
cationic charge imparted by the metal nodes used in SCCs and MOFs. This is especially
important for host/guest materials in which these anions will lower the space available in the
internal channels and cavities.

The discovery of the first permanently porous MOF in 1998 by Yahgi and coworkers
marked an obvious shift towards carboxylate ligands.2>1 The carboxylate-based linear donor
counterpart to 4,4”-bpy is 1,4-benzenedicarboxylate (BDC). While similar to 4,4"-bpy in
that it contains two Lewis-basic moieties, BDC is more versatile as a ligand since it has
multiple possible binding modes. As shown in Scheme 6, carboxylates are commonly found
in three binding modes: a) monodentate, which is noteworthy in that the 4-position of
phenylcarboxylates is held collinearly to the metal-oxygen bond; b) bidentate, in which the
4-position is held collinearly to the chelate vector bisecting the two metal-oxygen bonds; c)
bridging, in which two metal centers are joined in close-contact. The monodentate mode is
most analogous to 4,4”-bpy, the obvious differences being the formal charge imparted by
carboxylate and the different steric profile. Thus, many topologies constructed from 4,4’ -
bpy may also be achieved with BDC. The other two binding modes are significantly
different. Chelation of a carboxylate ligand occupies two coordination sites, unlocking new
topologies.
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Arguably the best known example of a BDC MOF is given by Yaghi and coworkers
assembly of Zn,O(BDC)3-(DMF)g(CgHsCl), commonly referred to as MOF-5.252 The
notoriety of this framework stems from its permanently porous nature upon guest removal
by heating at temperatures up to 350°C. The BDC ligands link together Zn nodes possessing
a basic zinc acetate structure to generate a cubic network. The unprecedented Langmuir
surface area of 2900 m2/g of this framework solidified a reputation that MOFs are highly
desirable as new materials for applications requiring high surface areas. MOF-5 is also the
simplest of a series of sixteen isoreticular MOFs which demonstrate the power of expansion
of a ligand.2>3 By employing a suite of related dicarboxylate ligands, the pore size and gas
absorption properties of the resulting cubic MOFs could by systematically tuned without
affecting the overall topology.

The versatile binding modes of the carboxylate functionality make carboxylate-based
ligands suitable for a wide number of SBUs, including both mononuclear and polynuclear
clusters (Figure 15; Scheme 6.) As such, the same BDC ligand used in MOF-5 readily forms
alternative frameworks when used in conjunction with metal precursors and reaction
conditions to form different SBUs during assembly. For example, Férey and coworkers
combined H,BDC with Cr(NO3)3-9H,0 with HF in water under hydrothermal conditions (8
hours at 220°C) resulting in the formation of hydrated Cr3F(H,0),0[(BDC)]3 (dubbed
MIL-101) containing trinuclear clusters in a fundamentally different topology to MOF-5.

The tritopic analogue of BDC, BTC was used in the formation of HKUST-1 by Williams
and coworkers, as discussed above.88 An expanded form of BTC in which phenyl spacers
are added, 1,3,5-benzenetribenzoate (BTB), can be used to link basic zinc acetate nodes to
form a framework called MOF-177 (Figure 38).2342 This MOF was synthesized by
combining H3BTB with Zn(NO3),:6H,0 in DEF and heating to 100°C for 23 hours. This
framework was especially novel when first reported, since it possessed a record-breaking
surface area of 4500 m?/g. Like BDC, tricarboxylate ligands are certainly not limited to
basic zinc acetate SBUs. The same trinuclear Cr cluster used to form MIL-101 was used a
year prior with BTC to generate MIL-100 by combining metallic chromium in an aqueous
HF solution with H3BTC and heating for 96 hours before ramping back to room
temperature.254 This resulted in the formation of a green powder, characterized as hydrated
Cr3F(H20)30[CgH3-(CO2)s3]2.

Despite the widespread use of carboxylate ligands for MOFs, a relatively small number of
SCCs have employed such species. The first example of a Pt-carboxylate SCC was given by
Stang and coworkers in the form of molecular rectangles in which BDC was used to bridge
dinuclear organometallic complexes.2%° Because of the milder synthetic conditions possible
for SCC chemistry, the BDC was added as its sodium salt to an aqueous acetone solution of
the diplatinum precursor. Hor and coworkers pioneered the use of mixed pyridyl-
carboxylate ligands as linear spacers in the formation of a suite of Pt and Pd squares,
triangles, and rectangles.25¢ Expanded forms of the archetypal 4-pyridylcarboxylic acid
were later used by Stang and coworkers to generate a series of rectangles either using
mononuclear bis-phosphine platinum nodes or the same dinuclear clips used in the
carboxylate-only rectangles described above.?>” Additional studies by Mukherjee and
coworkers emerged which continued to illustrate the preference for heteroligation in mixed
pyridyl-carboxylate and related systems.190:258 The fact that both Pt and Pd centers were
observed to contain heteroligated pyridyl-carboxylate coordination in almost all cases led to
the realization that using carboxylate ligands and pyridyl ligands in the same synthesis could
generate multicomponent assemblies as single thermodynamic products. In 2010, Mukherjee
and coworkers reported the first example of a multicomponent Pd-prism,’” while Stang and
coworkers provided a suite of 2D and 3D multicomponent Pt-based polygons and cages.”%
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The multicomponent approach to panel-directed SCC formation has yet to take advantage of
a number of polytopic planar carboxylate ligands, as shown in Scheme 2. In theory, a
number of these polycarboxylates could serve as panels to be joined either using dinuclear
molecular clips or through multicomponent assembly with a second type of ligand acting as
pillars. Since multicomponent assembly is a relatively new development to SCCs, it is likely
that carboxylate-based panels will enjoy future use in such assemblies.

Multicomponent MOFs are much more common than multicomponent SCCs. MOFs have
the advantage of being extended frameworks in which mixed ligands can disperse
throughout the structure. In 2010, Yaghi and coworkers synthesized a number of MOF-5-
based frameworks containing up to eight functionalities in a single phase.198f
Crystallographic studies in tandem with NMR experiments on segments of large single
crystals indicated that macroscopic domains of specific functional ligands were not present.
Other examples of multicomponent MOFs have been given by Baiker,2% Burrows,?130 and
Cohen.2131 Quantitative formation of mixed-functionalities is more difficult for SCCs
because if two ligands differ only by appended functionalities while possessing the same
directionality and type of Lewis-basic sites, statistical mixtures will result. Instead of a
single thermodynamic product an assembly will produce all iterations of ligand and metal
node combinations. This is why quantitative formation of multicomponent SCCs requires
either: i) a driving force for heteroligation using two different Lewis-basic groups; ii)
ligands of drastically different directionality, such as for the formation of pyridyl-based
prisms; iii) asymmetric ligands designed to have one bulky end which prevent two such ends
from coordination to the same metal site.

5. Functionalized MOFs and SCCs

Since both MOFs and SCCs are characterized by having internal cavities or pores, both
classes of materials are well-suited for applications involving adsorption or host/guest
chemistry. These include gas storage, drug delivery, sensing and more. For certain
applications, the extended solid nature of MOFs makes them more attractive, such as
hydrogen storage or CO, uptake where the goal is to maximize the density of the substrate.
In other applications, the molecular nature of SCCs imparts an advantage, for instance when
solubility is a requirement. The ability to tune the hydrophobic/hydrophilic pockets of an
SCC can allow host/guest chemistry and provides a strategy to solubilize drug molecules for
targeted delivery or transport, or act as biological sensors.

The functionality of both types of materials is not limited to their inherent pores and
cavities, however. Both MOFs and SCCs employ rigid organic ligands as a structural
element. These organic linkers can oftentimes be modified with functional groups that can
be carefully chosen to not interfere with the self-assembly process. Once the structures are
formed, these functional groups can impart unique properties relative to the unfunctionalized
materials.

5.1. Chirality and MOMs

Both SCCs and MOFs can be constructed using building blocks that impart chirality on the
final materials. There are a few strategies which can be used to obtain chiral structures. The
use of chiral bridging ligands or metal nodes is perhaps the most straightforward, wherein
the chirality can either be inherent to the ligand itself, or a chiral molecule can be appended
to an existing ligand through coupling chemistry. Templated self-assembly in the presence
of chiral molecules can also be used. There are also rare examples of homochiral
frameworks from achiral building blocks,18% though typically such materials are generated
as racemic mixtures.
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Achiral building blocks can deliver homochiral frameworks in the presence of chiral
coligands which will dictate the handedness of certain structures. For example, Rosseinsky
and coworkers260 described the use of 1,2-propanediol as a bidentate coligand in the
formation of MOFs comprised of octahedral metal centers and BTC. The coligand binds to
in the equatorial plane of the metal nodes and directs the formation of helices, which in the
case of 1,2-propanediol results in a chiral framework. Desolvation of the resulting material
furnishes chiral pore cavities.

The first examples of chiral SCCs were reported by Stang and coworkers in the form of
molecular squares made using carefully selected bidentate donors (2,6-diazaanthracene and
2,6-dizaanthracene-9,10-dione).261 These molecules were oriented orthogonally to the plane
of the square and while they still acted as linear, ditopic donors, the relative location of the
N-atoms imparted Cop, Symmetry, rather than the more common Dyg4 or Dy, symmetry found
in typical ditopic linear ligands. This resulted in two specific face-orientations of the ligands,
of which there were four in each molecular square, generating six diasteromeric
possibilities. The same group also demonstrated chiral SCCs by appending stereocenters
onto tripyridyl methane donors which could then be used to form trigonal prisms.13%

A pioneering example of a porous homochiral MOF built from enantiopure SBUs was
provided by Kimoon Kim and coworkers who synthesized chiral building blocks based on
tartaric acid.262 When these ligands were combined with zinc ions, trimetallic clusters
formed which were held together by Zn-pyridyl bonds. Chirality does not need to be an
inherent part of the ligand backbone, but rather can be included via coupling schemes. For
example, Stoddart, Yaghi and coworkers appended chiral recognition sites in the form of
enantiopure crown ethers with binaphthyl moieties onto linear dicarboxylates.263 The
resulting MOFs were thus decorated with numerous chiral sites for host/guest chemistry.
The rigidity of binaphthyl groups allows their direct incorporation into the bridging ligands
of a MOF, as demonstrated by Lin and coworkers who used dipyridyl binaphthyl ligands to
link 1D chains of cadmium chloride.264 The same group had previously reported the use of
analogous dipyridyl binaphthyl ligands into SCCs rather than MOFs by linking four fac-
capped carbonyl rhenium chloride centers to yield chiral molecular squares.169 These
squares possessed enantioselective emission quenching in the presence of 2-amino-1-
propanol. The versatility of this ligand type was further illustrated by Lin and coworkers26°
in the formation of chiral triangles. In this case, three c/s-capped Pt centers were joined by
diethynyl binaphthyl ligands and were successful in catalyzing enantioselective additions of
diethylzinc to aromatic aldehydes, generating chiral secondary alcohols. Lin’s expertise in
generating homochiral frameworks is evident in a 2005 paper which focuses on the synthesis
and study of such materials with an emphasis on their use and design.26¢

In some cases, chiral centers can be incorporated into a MOF scaffold without playing a
structure role. For instance, Duan and coworkers267 recently prepared photoactive chiral
frameworks by forming 2D sheets of Zn ions with 4,4”,4” -nitrilotribenzoic acid. When L- or
D-pyrrolidine-2ylimidazole was present, these proline derivatives occupied the cavities of
the MOF, bound to open coordination sites on the Zn centers and assisted in the
photochemical asymmetric alkylation of aldehydes.

5.2. Post-Self-Assembly Modifications (PSMs)

Functionalization of both MOFs and SCCs can occur either by preserving or disrupting the
overall topology of the MOMSs. The ability of MOFs (and by extension, SCCs) to undergo
such transformations was predicted by Robson and coworkers, stemming from the
observations that reagents could pass through the porous frameworks to access reactive sites.
While a relatively new chemistry of MOFs, post-synthetic modifications (PSMs) have been
effective enough to warrant a critical review.268 Early examples of MOF modifications
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include the reversible crystal-to-crystal transformation of Ag(TEB)(OTf)-2CgHg (TEB =
1,3,5-tris(3-ethynylbenzonitrile) shown in 1995 by Lee and coworkers to release four
equivalents of benzene molecules upon heating while maintaining structural integrity.25°
The loss of guest molecules following assembly is an important aspect of MOF chemistry
through which porous materials may be accessed.38

One of the simplest forms of PSM is anion exchange. It is typically more facile to exchange
the anions of an SCC versus a MOF since the former are typically more soluble and the
counterions are not trapped within an infinite array. In many cases, anion exchange reactions
of SCCs are identical to those of small coordination complexes. A suitable solvent is
selected in which the SCC is soluble and a salt containing the desired anion is added after
which either the SCC or salt is precipitated from solution. Pt-based assemblies initially
isolated as triflate salts can be converted to their corresponding hexafluorophosphate forms
by treatment with a PFg™ salt. For example, a truncated tetrahedron possessing a 24+
cationic charge has been formed by Stang and coworkers by combining twelve equivalents
of Pt(PEt3),(OTf), with four equivalents of a hexapyridyl donor. Treatment of the triflate
complex with KPFg in aqueous acetone solution replaces all twenty four triflate counterions
with hexafluorophosphate, causing the material to precipitate out of solution.2’% This
approach has been successful for both 2D and 3D SCCs with both pyridyl and carboxylate
ligands.”92

Anion exchanges in MOFs may occur, however whereas salt metathesis occurs within
minutes for SCCs, the reaction time is often longer for frameworks in which the anions are
embedded throughout and the materials are not soluble. For example, Oliver and coworkers
have shown reversible anion exchange on Cu and Ag-based MOFs of the type M5(4,4’-
bipy)2(EDS)-4H,0 (M = Ag, Cu; EDS = 03SCH,CH,S03).174¢ The ethanedisulfonate
anions could be replaced by either nitrate or perchlorate by soaking the crystalline material
in aqueous 0.1 M solutions of the salts. The exchange took seven days for static mixtures
and up to three days for stirred solutions, after which the crystals could be collected and
washed. The EDS anions could be replaced by subsequent three-day stirring ina 0.1 M EDS
solution.

Long and coworkers have demonstrated cation exchange in MOFs by exploiting charge-
balancing Mn2* guest ions in Mn3[(Mn4Cl)3(BTT)g(CH30H)10], (BTT = 1,3,5-
benzenetristetrazolate).2’1 The three equivalents of Mn2* were replaced with Fe, Co, Ni,Cu,
Zn, Li, and Cu by immersing the parent Mn MOF in concentrated methanolic solutions of
the metal chloride salts. Fresh solutions were added three times over the course of one
month to achieve cation exchange, after which the crystals were washed with methanol.
Exchange of the Mn2* with singly charged Li* or Cu* was problematic and incomplete
exchange was observed, attributed to the lack of available space to accommodate six
equivalents of monocation per manganese site.

If a MOM possesses uncoordinated Lewis-basic sites, PSM can involve treatment with an
exogenous metal source to induce coordination. Lin and coworkers described a Cd-based
MOF constructed with a binaphthyl bipyridine ligand with two hydroxy groups. The pyridyl
functionalities acted as primary ligation sites leaving the hydroxy groups free to bind
titanium ions upon treatment with Ti(O’Pr)4.254 This bimetallic MOF was an active catalyst
for enantioselective addition of diethylzinc to aromatic aldehydes. In a similar design Stang
and coworkers have described the synthesis of polygons with uncoordinated pyridyl sites,
however no metallations have been reported using these materials.272

The incorporation of metal centers has been demonstrated on MOFs even when an obvious
site for PSM is not present. In 2008, Long and coworkers hypothesized that the BDC ligands
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of MOF-5 could bind metals via n® coordination of their benzene rings.2’® This was
achieved by treatment of MOF-5 with Cr(CO)g as a mixture in ether a sealed ampoule for
five days at 140°C. The framework was stable to guest solvent removal after which the Cr
could be used for gas uptake upon photolysis, liberating CO and opening up coordination
sites.

It is also possible to initiate PSM of MOFs by treatment with exogenous ligands rather than
metals. In 2008, Hupp and coworkers described the removal of DMF from [Zn,(btba)
(DMF)5]n(DMF),, (btba = 4,4" 4,4-benzene-1,2,4,5-tetrayltetrabenzoic acid) from its
position on the axial sites of the Zn paddlewheel SBUs.2492 This was accomplished by
heating the material at 150°C for 24 h under vacuum. Treatment of activated MOF in
CH,Cl, solutions of five different pyridyl ligands resulted in uptake of the exogenous Lewis
bases over 24 hours. Characterization of the resulting materials indicated that all axial sites
of the Zn paddlewheel nodes were occupied, resulting in enhanced CO,/N, uptake
selectivity in the materials.274

Covalent transformations of MOM s typically involve PSM using well-established organic
reactions which take place on functionalities built into the organic linkers (Figure 40). One
early example of this type of PSM is given by Cohen and coworkers who systematically
investigated amide couplings by using amine-functionalized SBUs in the construction of
porous MOFs.27> For example, they used monoaminated BDC (NH,-BDC) as a linker for
Zn-based MOFs which could be modified by one of two methods. The first involved
treatment of vacuum-dried material with organic anhydrides in chloroform solution. After
three days the solid material was collected and washed for three additional days before being
isolated and dried. The second method involved heating the MOF/anhydride mixtures in
chloroform for 24 hours, replacing the anhydride solutions, and reheating for 24 hours. This
resulted in the formation of amido-functionalized materials. This reactivity was
demonstrated for a variety of alkyl anhydrides, revealing that short-chain anhydrides were
effective amide-coupling reagents, giving quantitative modifications, whereas long-chain
anhydrides (hexane or longer) greatly reduced the efficacy of coupling. The eighteen-carbon
chain anhydride modified less than 10% of the amine sites.208"

In some cases, amine-functionalized MOFs can produced multi-functional species. After
demonstrating a series of individual functionalizations using various reagents for amide
couplings, Cohen and coworkers treated IRMOF-3 (an amine-functionalized derivative of
MOF-5) with a mix of anhydrides and isocyanates in a stepwise fashion.2’6 By utilizing
smaller, highly reactive reagents in the final functionalization steps, such as crotonic
anhydride, it was possible to generate a MOF containing up to four different amides. These
couplings were performed by treatment of crystalline samples of IRMOF-3 with the desired
coupling agent in CHCI3 for up to three days, refreshing the CHCI3 solutions every 24
hours.

A PSM need not be entirely functional in nature. A recent report by Zhang and coworkers?’’
describes the incorporation of rigid pillars into a MOF which tunes both the stability and
porosity of the resulting frameworks. By treating Zn and Cu-carboxylate-based MOFs with
4,4"-bipy in solution at elevated temperatures for 2-3 days, the bipyridine molecules were
taken up into the MOFs and rigidified the structures. In the case of the Cu-based framework,
this increased rigidity resulted in a notable change in CO, over N, selective gas absorption.

Covalent PSMs using SCCs are rarer than their MOF counterparts. However, since similar
ligands can be employed, form a practical standpoint such reactions may be more facile for
SCCs given that reagents can more effectively reach reactive sites in the discrete structures
and conditions can be found in which all materials are soluble. Stang and coworkers have
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demonstrated similar amide-couplings using amine-functionalized SCCs. A amine or
succinimide-decorated benzenedicarboxylate ligand was used in the construction of
supramolecular hexagonal prisms.1492 Treatment of the amine-functionalized prisms with
isocyanate or maleic anhydride for 12 hours in nitromethane solutions effected coupling
transformations in greater than 70% isolated yields. The succinimide prism was decorated
with a ferrocene-containing moiety upon a Diels-Alder reaction with (9-methylene
anthracenyl)-1-ferrocenoate.

These covalent transformations are not limited to amide couplings. The same NH,-BDC
used in Cohen’s PSMs has been employed by Yaghi and coworkers for a condensation
reaction with aldehydes to furnish imine-containing MOFs.278 The (Zn,0);(BDC-
NH,)3(BTB),4 framework (BTB = benzene tribenzoate) was treated with 2-
pyridinecarboxaldehyde in toluene for five days to form the imine MOF. This material was
suitable for further PSM since the imine sites could bind additional metal centers. As such,
the addition of 1.5 equivalents of Pd(MeCN),Cl, afforded quantitative metallation of the
iminopyridine sites with Pd ions.

Another well-known small-molecule coupling that has been used for PSM is the azide-
alkyne Huisgen cycloaddition2”9 popularized under the moniker “click chemistry,”280 first
demonstrated on MOFs by Sada and coworkers.281 They described the synthesis of an azide-
decorated framework by combining a diazide phenylcarboxylates ligand with Zn(ll) ions.
The resulting MOF was analogous to the undecorated analog dubbed MOF-16 by Yaghi and
coworkers and is an expanded form of MOF-5.253 Treatment of the isolated framework with
small alkynes was carried out at 80°C in the presence of CuBr in N, N-diethylformamide. As
the reaction progressed, the stretching band of the azides observable in IR spectroscopy
vanished, indicating a quantitative yield. Observations of crystals of the framework
throughout the cycloaddition indicated that the material did not dissolve in order to facilitate
coupling.

Shortly thereafter, Hupp and coworkers applied this transformation to a Zn-cornered MOF
containing two types of bridging ligands, a 2,6-naphthalenedicarboxylate and a TMS-
protected acetylene-functionalized dipyridylethene compound.?22d The resulting material
formed a doubly interweaved network in the solid state which was subjected to TMS
deprotection using THF solutions of tetrabutyl ammonium fluoride (TBAF). After treatment
with TBAF, the MOF was combined with ethidium bromide monoazide to install a
fluorescent handle to assess successful cycloaddition. Complete characterization indicated
that while click chemistry had occurred, less than 0.8% of the acetylene sites were modified.
The low conversion was attributed to the chemistry being limited to the surface of the MOF.
While the material was microporous (BET surface area of ~510 m? g~1), the pore width of
5.1 A was apparently too small to allow efficient diffusion of reagents throughout the
material.

These experiments set the groundwork for a general method of click chemistry on MOFs
utilizing amino-decorated frameworks as precursors. Farrusseng and coworkers described
“one pot click” reactions on MOFs utilizing the NH,-BDC SBU.208i Treatment of the
amino-MOF with tBuONO and TMS-N3 in THF for 24 hours generated the azide-decorated
framework. This material was used without workup for click reactions with phenylacetylene
with a copper catalyst. After 24 hours of stirring the azide stretching band was no longer
observable, supporting quantitative click chemistry had occurred, as in the Sada system.

Recently, the first example of a Huisgen cycloaddition using an SCC scaffold was reported
by Stang and coworkers who utilized copper-free click chemistry on cyclooctyne-
functionalized rhomboids.282 Given that the PSM chemistry of SCCs is similar to that of
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MOFs, it is likely that such reactions will find growing use to decorate the organic ligands of
various discrete constructs. In fact, since the functional sites of the ligands are more
accessible in SCCs, as described above, such reactions are likely to meet or exceed the
efficiency of similar transformations on MOFs. The challenge of suitable reagents being
limited by pore size is a fundamental issue concerning PSM of MOFs.283 A second concern
which is valid for both MOFs and SCCs is that the functionalities used for PSM must not
interfere with the self-assembly process. This can be an issue when such sites can act as
competing ligands for the metal nodes. On a related note, the reagents added to the
assembled materials must be carefully chosen to not disrupt structural integrity due to
competitive binding with labile SBUs.

5.3 Applications

The popularization of MOFs starting in the 1990s was spurred by the promising applications
of permanently porous, high surface area materials, a motivation that continues today.284 As
described in the introduction, metal-organic frameworks were synthesized well prior to the
relatively recent emergence of MOF chemistry. It wasn’t until examples of catalysis, gas
storage, and other uses, however, that the field of MOFs reached its current level of rigorous
and systematic study. The main advantage of MOFs over alternative materials is the
tunability of pore size and shape, topology, and functionality. This is a direct result of the
modularity of the node-and-spacer design in which building blocks can be judiciously
selected to deliver a framework best suited to address a particular application. In addition to
the tunability resulting from the directionality of the SBUs and organic linkers, a systematic
examination of various building blocks has revealed design considerations for frameworks
that can retain crystallinity under a variety of conditions, including solvent or guest removal
or post-assembly chemical reactions.

SCCs share the same features of node-and-spacer design and tunability and as such, hold
similar promise in their use in practical applications. While some common uses are sought,
these applications diverge as a result of fundamental difference between MOFs and SCCs,
their infinite versus discrete structures. Since MOFs are typically synthesized as large
macroscopic crystals, they are much better suited to take up guest molecules into their
internal pores, resulting in applications in gas separation, purification and storage. These
applications fall under the general category of solid phase guest storage which requires high
porosity to maximize uptake as well as continuous networks to minimize the amount of
wasted space in a given volume. Such applications make little sense for soluble, discrete
MOMs. While also adept for host/guest chemistry, there is little advantage to using discrete
supramolecules which lack the extra stability afforded by an infinite network topology and
whose solid-state forms may be easily dissolved. Because the entirety of a solid sample of a
MOF is the framework itself, surface area is maximized. A crystal of an SCC will have
solvent-occupied voids and regions of intermolecular interactions which are not defined or
tunable like the internal cavity. As such, applications of SCCs are logically more geared
towards uses which can exploit individual supramolecule/guest interactions, namely solution
phase guest storage. For example, the delivery of biological agents or other /in vivo
applications which require soluble, biologically compatible materials. Both SCCs and MOFs
are excellent candidates for catalysis either by the materials themselves for by guest catalyst
molecules. MOFs make practical sense for high-throughput heterogeneous applications
while SCCs offer better opportunities to characterize the chemical transformations taking
place, since their soluble nature allows traditional solution-based techniques to be used
while still allowing for crystallizations to employ diffraction techniques.

The application most synonymous with MOF chemistry is gas uptake and storage. As such,
the design of MOFs has evolved to target the uptake of specific gases. Many excellent
summaries of the interactions of MOFs with specific molecules exist. Recently, Long and
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coworkers reviewed the uptake of CO,, including selective CO, sequestration from pre- and
post-combustion mixtures.285 The topic of PSM has also recently proven relevant to gas
uptake in a paper by Zaworotko and coworkers in which biphenyl-3,4” 5-tricarboxylate and
tetrapyridyl porphyrin was used in the formation of a Cd-based MOF.286 This MOF
underwent single-crystal-to-single-crystal transformations upon addition of simple metal
chloride salts through which the metal cations were taken up into the framework. This PSM
resulted in a change in the CO,/CH, binding isotherms, revealing that the metal-containing
frameworks were up to 42% more selective for CO, (for the MnZ* PSM). Another recent
review on hydrogen storage in MOFs was given by Suh and coworkers which focused on
MOFs formed with various ligand types, from carboxylates to imidazolates and mixed-
ligand systems.#! The uptake of alcohols and hydrocarbons is also of interest, as evidenced
by two reviews by Li and coworkers287 and Snurr and coworkers.288 The former focuses on
commensurate absorption in which the guest molecule reaches an uptake equilibrium that is
consistent with the internal cavity size and symmetry of the MOF. The latter highlights
computation studies on the interactions of MOFs specifically with methane, acetylene and
hydrogen.

While the solubility and host/guest capabilities of SCCs make them well-suited for
biomedical applications, there has been growing progress in the use of MOFs in such
applications as well. Serre, Horcajada and coworkers recently summarized biological MOF
chemistry.#42 Their review stresses the lack of toxicological studies of MOFs and discusses
the various synthetic methods available to create particle sizes and delivery mechanisms
which are required if such materials are to be effective medicinal agents. While much work
remains to find biocompatible and stable MOFs, preliminary work has shown that certain
frameworks can obtain high loadings of pharmaceuticals for drug delivery. By expanding
the basic structure of Nip(dhtp)(H20),:8H,0 (dhtp = dihydroxylterephthalic acid), first
discovered?®? and dubbed CPO-27 by Dietzel and coworkers and later renamed MOF-74, to
an isoreticular series, Yaghi and coworkers created MOFs with extremely large pore
dimensions were obtained. MOF-74 is constructed from a trinuclear metal-oxide cluster and
dioxidoterphthalate (DOT). Like BDC, DOT may be expanded by including additional
phenyl rings. The larger MOFs of this isoreticular series are capable of encapsulating
proteins such as myoglobin in the hexagonal channels found in the extended network.29
The formation of large pore sizes is not trivial since MOFs have a tendency to
interpenetrate. That is, unique arrays will thread into each other to occupy void spaces in a
crystal. A major challenge in forming large pore diameter networks is avoiding such
interpenetration which obviates any practical use of such internal cavities. By virtue of being
discrete, soluble constructs, SCCs tend to circumvent interpenetration due to the entropic
penalties associated with fusing two cages together. As such, large cavities in SCCs have
been achieved, with the formation of dodecahedra and cuboctahedra by Stang and coworkers
as pioneering examples.282.2% Fyjita and coworkers have made recent progress towards
protein encapsulation within a cage with a report on the formation of a protein-tethered
ligand which is poised to self-assemble into a molecular sphere (M1,L54 cuboctahedron)
with one protein per cavity.29

The biomedical applications of SCCs is by no means a mature field, however, significant
inroads have been made. Interactions of supramolecules with DNA have been reviewed by
Hannon.292 Therrien and coworkers have established the significance of Ru-based self-
assembly in biological applications with studies on interactions between tetragonal prisms
and DNAZ% as well as anticancer studies.1759 Pt-based squares have been shown to bind to
G-quadruplex DNA and act as telomerase inhibitors, as first described by Sleiman and
coworkers 294 and later explored by Mao and coworkers.2%° Chi and coworkers have
recently been studying a suite of Ru-based rectangles and prisms which have shown promise
as anticancer agents,110¢.29 and well as the interaction of such species with DNA.2%7
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Both MOFs and SCCs have shown promise in sensing and other photophysical-based
applications, since the binding of an analyte to their internal cavities can oftentimes induce
electronic structure changes which result in emission changes. Hupp and coworkers have
described Zn-based ZIF type MOFs in the sensing of chemical vapors and gases, such as
propane.298 Such sensing is oftentimes carried out by forming a thin MOF film, either by
sequential immersion of a substrate in solutions of the molecular precursors21! or by
particle deposition.2% In some cases, MOF films can form within gel layers.298] Hupp and
coworkers recently reviewed the use of MOFs in sensing applications, encompassing
photoluminescence-based sensors as well as more exotic techniques such as
electromechanical techniques such as surface acoustic wave devices and microcantilevers.*3
That said, host/guest sensing is not the only photophysical-based application of such
materials. Qian and coworkers30 recently described the nonlinear optical properties of an
In-based MOF capable of orienting an organic dipolar chromophore into an ordered array.
The resulting host/guest ensemble is an interesting proof-of-concept for the potential
development of nonlinear optical materials. This approach affords a higher degree of control
over chromophore-based ligands which may be directly incorporated into a framework in a
manner which does not necessarily optimize the optical properties of the MOF due to non-
ideal orientations of the chromophores, which are forced to specific arrangements due to
their role as structural elements..44?

Photoluminescence quenching by SCCs is well documented. Severin and coworkers
demonstrated that chiral squares may be quenched by amino acids in organic solutions.169
Mirkin and coworkers showed that chiral assemblies made via the weak-link approach can
be used as enantioselective sensors using a Cu-based assembly with mandelic acid as an
example.301 Stang, Chi and coworkers also used photoluminescence as the basis for the
detection of nitroaromatics using trigonal prismatic cages constructed from Ru-based
precursors.141i Mukherjee and coworkers have reported both MOF392 and SCC sensors for
nitroaromatic-containing explosives, as well.”} The former consisted of micron sized
particles of a Zn carboxylate MOF dispersed in ethanol which could be recycled after use by
centrifugation and subsequent washing. The latter consisted of trigonal prismatic cage which
was soluble in organic solvents and whose emission was quenched in the presence of
nitroaromatic-containing compounds.

Catalysis has been carried out in both MOFs and SCCs with success both in achieving
efficient transformations as well as the characterization of reactive intermediates. A recent
review by Kim and coworkers focuses on homochiral MOFs which may be used for
asymmetric catalysis under heterogeneous conditions.3%3 Twenty seven different
frameworks are described, carrying out a range of transformations from the ring-opening of
epoxides to Diels-Alder reactions. Corma and coworkers have also recently reviewed
heterogeneous MOF catalysis with a broad focus from hydrogenations, CO oxidation and
photocatalysis*4C. This review categorizes catalytically active MOFs based on those with
reactive metal centers, reactive functional groups, and those with cavity-based reactivity.

The internal cavities of SCCs are also well-suited for such transformations. Examples of
Diels-Alder reactions have been given by Fujita and coworkers, 1370304 a5 well as
Mukherjee and coworkers.30> Raymond and coworkers have demonstrated cavity controlled
catalytic reactions using cages made via symmetry-interaction self-assembly, including
examples of aza-Cope rearrangements3% and Nazarov cyclizations.3%7 Raymond has also
reported interesting examples of acid-catalyzed reactivity in basic solutions, such as the
hydrolysis of orthoformates.3%8 Hupp and coworkers have also described selective olefin
epoxidations and enantioselective sulfoxidations reactivity using interesting SCCs
constructed from eighteen porphyrin units and containing four Zn trimers, two Sn dimers,
and a single Mn dimer.3%9 The stabilization of otherwise reactive intermediates can be
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achieved by using suitably-sized prisms. Raymond and coworkers showed that 16-electron
organometallic species can be stabilized for weeks while remaining an active species
demonstrated via reaction with CO.310 Similarly, Fujita and coworkers showed that a
truncated tetrahedron is also capable of stabilizing unusual organometallic intermediates via
in situ crystallographic techniques.311 An excellent summary of SCCs used for catalysis and
characterization of reactive intermediates can be found in the general review of SCCs by
Chakrabarty and coworkers.12

6. Conclusion

The rich ongoing research of SCCs and MOFs is a testament to the structural and functional
versatility of coordination chemistry. While the fundamental themes behind both were
established a century ago with the birth of coordination chemistry, the pioneering studies
motivating modern metal-organic materials emerged merely decades ago. In a short time,
both fields have matured and grown to encompass the rich chemistry described above, with
topics ranging from design methodologies to post-self-assembly chemistry to functional
applications. This rapid development attests to the power of coordination-driven self-
assembly and directional bonding, which are central to all metal-organic materials. Each
newly discovered molecular building block further extends the library of possible structures,
increasing the complexity and functionality of materials without commensurate increases to
synthetic difficulty. As such, the ongoing development of new scaffolds and design
strategies together with the adaptation and application of existing small molecule chemistry
to SCCs and MOFs ensures that both will enjoy continued growth.

As shown in this review, the interplay between the two fields is significant but understated.
There are common themes spanning all aspects of the two classes of metal-organic
materials, from design strategies and synthesis to structure and function. A solid
understanding of both fields is beneficial in that concepts from one can be adapted or in
some cases seamlessly applied to the other. Emerging strategies such as multi-component
assembly and post-self-assembly modifications can be studied on both systems, and the
lessons learned from one field can accelerate studies in the other. In fact, as larger SCCs are
developed and new MOFs created with SCCs as primary building blocks, the division
between fields is blurred. This review is intended to illustrate the commonalities in design,
building blocks and applications while also pointing out how and why the chemistry of
MOFs and SCCs is unique. It should serve as an introduction to the origin of coordination-
driven self-assembly at the heart of both materials and inspire new directions in MOF and
SCC chemistry.
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Abbreviations

4,4’ -bpy 4,4’ -bipyridine

ATC 1,3,5,7-adamantanetetracarboxylate
BDC 1,4-benzenedicarboxylate

BTB 1,3,5-benzenetribenzoate

BTC 1,3,5-benzenetricarboxylate

CDC 9 H-carbazole-3,6-dicarboxylate
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dhtp dihydroxylterephthalic acid

DMA N, N-dimethylacetamide

DOT dioxidoterphthalate

dppf 1,1’-bis(diphenylphosphino)ferrocene

ICP infinite coordination polymer

im imidazolate

IRMOF isoreticular metal-organic framework

MAFs metal-azolate frameworks

MB 3-methyl-1-butanol

MOF metal-organic framework

MOM metal-organic material

MOP metal-organic polyhedron

MOz metal-organic zeolite

NDB norbornadiene

SBB supramolecular building block

SBU secondary building unit

SCC supramolecular coordination complex

tctpm 4,4 4” 4" -tetracyanotetraphenylmethane

tmpa N,N,N ,N -tetramethyl-1,3-diaminopropane

ZIF zeolite imidazolate framework
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Figure 1.

An early example of coordination-driven self-assembly. Square metallacycles may be
formed upon combination of a metal precursor with a linear ligand with two bridgehead
phosphorus atoms. An intermediate monomer species is isolable, permitting the construction
of both homo and hetero-tetranuclear squares.13
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Figure 2.

Idealized structure of Prussian Blue, the first synthetic coordination polymer. Alternating
octahedral sites of Fe(ll) and Fe(l11) ions are bridged by cyanide ligands to generate a cubic
3D array.32
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Figure3.
The structure of a Hoffman-type complex, Ni(CN)»(NH3)(C12H10)2. Hydrogen atoms
omitted for clarity.33
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Figure4.

The slow evaporation of a solution of a tetranitrile ligand with a Cu(l) precursor deposits a
coordination polymer containing tetrahedral metal nodes with tetrahedral tetratopic spacers.
Two views are shown (fgp) with hydrogen atoms omitted for clarity revealing a diamond-
like network comprised of repeating adamantanoid units (bottorn).38

Chem Rev. Author manuscript; available in PMC 2014 January 09.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Cook et al.

Page 62

Figure5.
The structure of [Cd(4,4”-bpy),(NO3),], a square lattice with channels capable of
accommodating guests such as o-dibromobenzene. Hydrogen atoms omitted for clarity. 37

Chem Rev. Author manuscript; available in PMC 2014 January 09.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cook etal. Page 63

N
Il 4-connected node
four linear spacers

'y,
Q / fl'f”,
NP

4-connected node
\\
N

Figure6.

The Cu coordination network of Robson and coworkers3® can be broken down to nodes and
spacers. The tetrahedral organic ligand is deconstructed to a four-connected node and linear
spacers while the Cu centers represent a second four-connected node.
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Figure7.

Inorganic polymers may be classified as nets consisting of nodes and linear spacers. For
these three examples of 2-periodic nets, the shortest circuits containing unique spacer-node-
spacer motifs are outlined, with the motifs highlighted in red.
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4462 nets

Figure8.
Net descriptions are based on topology and can result in distinct arrays sharing a common
name.
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Figure9.

Ditopic building blocks generate a suite of 2D convex polygons via self-assembly.
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Figure 10.

Metal-based molecular precursors possessing rigid directionality for coordination-driven
self-assembly.
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Figure 11.

The combination of ditopic and tritopic building blocks results in 3D polygons.
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Figure12.

The versatility of the directional bonding approach to SCC formation allows the same
methodology used to make simple rectangles and triangles to be applied to far more
complex structures, such as a cuboctahedron or dodecahedron.
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Figure 13.
A Cartesian axis defines octants (eighth octant is hidden) which can be useful for

determining if a convergent (discrete SCC) or divergent (MOF) construct will be obtained
for a two-component self-assembly of well-defined building blocks.

Chem Rev. Author manuscript; available in PMC 2014 January 09.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Cook et al. Page 71

N/
N2

Figure 14.

Molecular spheres of general formula ML, may be formed for specific values of nby
using homoleptic square planar metal nodes joined by ditopic ligands. The specific
polyhedron formed is sensitive to the angularity encoded in the ligand: a cuboctahedron (&)
has four-connected nodes, but the dihedral angle is ~125 degrees. Square planar metal nodes
thus require angled ligands to close the structure. This angle is reduced for a
rhombicuboctahedron (4). If this angle is flattened to 180 degrees, a closed structure is not
possible and a square lattice is produced (¢).
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Figure15.

Some common SBUs used in reticular MOF synthesis: a) a mononuclear tetrahedral center
with four monodentate acetate ligands; b) a dinuclear paddlewheel center with four bridging
acetates and two axial ligands; c) a trinuclear basic chromium acetate structure with six
bridging acetates and three terminal ligands; d) a tetranuclear basic zinc acetate structure
with six bridging acetate ligands
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Figure 16.

Simple ditopic, tritopic and tetratopic organic linkers represented by 1,4-
benzenedicarboxylate, 1,3,5-benzenetricarboxylate and 1,3,5,7-adamantanetetracarboxylate.
These basic ligands can be tuned both spatially and functionally while maintaining the same
rigid directionality of binding sites.
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Figure 17.

By adding rigid phenyl or ethynyl spacers, the pore size of MOFs and inner cavities of SCCs
can be expanded without significant effects on the synthetic conditions used for self-
assembly
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Figure18.
Decoration of a net replaces a vertex with a group of vertices. The four-connected nodes of
(a) are replaced by square clusters of four nodes in (b).
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Figure 19.

Treatment of nickel nitrate with 4,5-Imidazoledicarboxylic acid generates cubic clusters.
Depending on the reaction conditions, a discrete cube (/ef?) or an extended cubic network
bridged by sodium atoms (righf) can be isolated.52
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Figure 20.

Discrete octahedra containing capping ligands are closely related to cubic networks of
bridged octahedral sites. In some cases, such SCCs can be used as precursors to generate
MOFs when suitable conditions may be found to replace capping ligands with bridging
ligands. Solvated paddlewheel complexes of the type [Cuy(CDC)(DMA)(EtOH)]g may be
converted to a pyridine-capped analog (/eff) or a 4,4’ -bipy bridged network (right, only one
of the two interpenetrating networks shown).%°
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Figure 21.

Mixtures which gave low-dimensionality frameworks under mild reaction conditions
generated fused Cu-based rhombihexahedra (HKUST-1) with solvothermal techniques.
Atom (color): copper (copper), carbon (grey), oxygen (red). Hydrogen atoms omitted for
clarity.68
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Figure 22.

The symmetry interaction approach defines a coordination vector collinear to the metal-
ligand bond of a monodentate ligand and bisecting the metal-ligand bonds of a chelate
ligand. A collection of coplanar coordination vectors defines the chelate plane of a metal
node. The angle between the highest order symmetry axis and the line defined by the chelate
atoms is known as the approach angle.
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M,L, tetrahedron

Figure 23.
MyL g tetrahedra can be constructed by designing C, symmetric ligands with the proper
angle between coordination vectors such that all chelation falls on the four chelate planes.
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Figure 24.

A supramolecular cube can be constructed from a linear ditopic and 90° tritopic building
blocks using a edge-directed method (/ef?) or from six tetratopic panels joined by twelve 90°
ditopic building blocks using a face or panel-based approach (righi).
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o

M,L, tetrahedron

Figure 25.

A Myl 4 face-directed tetrahedron can be constructed from four ligands reflecting the facial
symmetry of the four triangular panels with the proper orientation between coordination
vectors.
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Figure 26.

The symmetry interaction approach can be applied to extended networks. In this case, the
symmetry elements of the entire lattice must appear as local symmetry elements of the
building blocks.
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Figure 27.
Polytopic organic linkers can be represented as panels for the construction of 3D SCCs, such
as truncated tetrahedra
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hexagonal panels

trigonal panels

Figure 28.

Depending on the depth of the cuts, truncated tetrahedra contain hexagonal (fgp) or trigonal
(bottom) faces. Note that if all faces of the bottom truncated tetrahedron are occupied, the
structure is an octahedron.
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Figure 29.

The panel approach to forming SCCs provides a logical route to two types of trigonal
prisms. One using a two-component assembly with a square or rectangular panel, the other a
three component using a triangular panel and linear pillars.
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Figure 30.

The weak-link approach generates condensed structures as kinetic products. These [2 + 2]
macrocycles can convert to [1 + 1] monomeric species under thermodynamic control, or be
expanded to open structures upon treatment with strong ligands.
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The weak-link approach can be used to extend 2D structures into 3D cylinders consisting of
two macrocycles linked by ditopic ligands. In theory, the remaining monodentate ligands
could be replaced by additional bridging ligands to give extended frameworks.
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Paddlewheel dimetallic building blocks can be used to make 3D MOFs (a), 2D MOFs (b),
1D wires (c) or supramolecular squares (d) depending on how the six sites of the equatorial
and axial ligands are used: either as bridges to neighboring dinuclear sites or as caps to
prevent propagation along that vector. Note that capped squares can be achieved by alternate
capping methods, as discussed in the text.
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Figure 33.

The self-assembly of a square may proceed through incorrectly oriented intermediate
species. As these fragments associate and dissociate in solution, they will eventually funnel
to the thermodynamically favored square, automatically healing any defects.
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Figure 34.

The [Zn(4,4’-bpy)(SiFg)]n network consists of 2D Zn(4,4"-bpy), square lattices bridged by
SiFg to give a 3D array. Element (color): Zn (orange), N (blue), C (grey), Si (tan), F (teal).
Hydrogen atoms omitted.243
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Figure 35.

Structure of {[Co(4,4"-bpy)3(NO3)4]- 4 H,0, the first porous MOF using 4,4’ -bpy as an
organic linker. The extended structure consists of double-sheets (fgp) which interpenetrate in
the solid state (bottom), leaving small voids for guest inclusion. Element (color): Co
(orange), N (blue), C (grey), O (red). Hydrogen atoms and waters omitted.38
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Figure 36.
Tetrapyridyl porphyrin assembles into staggered 2D square lattices when combined with
copper acetate. The layered sheets, shown here as black and red, are separated by 7.12 A 173]
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Three different supramolecular squares have formed by assembling dipyridyl porphyrins

with Pt or Pd-based acceptors.
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Figure 38.

The basic Zn acetate SBU found in MOF-5 can assemble with the tritopic carboxylate ligand
1,3,5-benzenetribenzoate to furnish the highly porous MOF-177.234a The disordered metal
nodes (fop) are comprised of basic Zn acetate scaffolds (botton, single part of disorder
shown) Atom (color): Zn (yellow), C (grey), O (red). Hydrogen atoms omitted for clarity.
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Figure 39.

A binaphthyl moiety provides a rigid, functionalizable platform from which linear bridging
ligands can be constructed which are appropriate for both SCC and MOF formation as one
strategy to obtain chiral materials.
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Figure 40.
Covalent post-synthetic modifications are possible when SCCs or MOFs are constructed
with ligands possessing reactive sites.
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Scheme 1.
N-donor-based ligands as building blocks for SCCs and MOFs
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O-donor-based building blocks for SCCs and MOFs.
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Table 1

N-donor-based ligands for SCC and MOF formation

Ligand Bindingsites Symmetry® References
N1 2 Doy, 107

N2 2 Cs 7k,108
N3 2 Dyp, 109

N4 2 Doy, 110

N5 2 Dy, 110e,111
N6 2 Con 112

N7 2 Doy, 113

N8 2 Coy 7a

N9 2 Doy, 114

N10 2 Dy, 115

N11 2 Doy, 116

N12 2 Cyy 117

N13 2 Cov 118

N14 2 Cyy 119

N15 2 Cyy 24,119-120
N16 2 Cyy 51-52,121
N17 2 Cyy 122

N18 2 Cov 123

N19 2 Cyy 124

N20 2 Coy 125

N21 2 Cy 126

N22 2 Cyy 127

N23 2 Cov 128

N24 2 Cyy 129

N25 2 Cov 130

N26 2 Cyy 131

N27 2 Con 132

N28 2 Cyy 26¢

N29 2 Cyy 132,133
N30 2 C, 134

N31 2 Cov 120d,135
N32 3 Dap, 136

N33 3 Cap 137

N34 3 Can 132a,133a,1379,138
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Ligand Bindingsites Symmetry@ References
N35 3 Cay 29b,¢,120c,124,139
N36 3 Cav 140

N37 3 Dap, 141

N38 3 Cav 139d,139f,g,142
N39 3 Cap 143

N40 4 Dy, 144

N41 4 C, 141a,145

N42 4 Doy, 125a,146

N43 4 Doy, 792,147

N44 4 Doy, 148

N45 6 Dgn 149

N46 2 Doy, 150,151

N47 2 Dap, 152, 95}, 100b, 133, 24a,49,79b,115j,120b,153
N48 2 Con 154

N49 2 Doy, 110a,110e,154d,155
NS0 2 Doy, 113,154b,156

N51 2 Doy, 110e,132g,151c,154d,157
N52 2 Doy, 113,152b,156b,c, 158
N53 2 Doy, 157b,1579,159
N54 2 Con 160

N55 2 Con 161, 147b

N56 2 Dyp, 162, 115

N57 2 Cov 163, 7h,i,164

N58 2 Cyy 165

N59 2 Cyy 166167

N60 2 Cyy 168, 169

N61 2 Cyy 170, 171

N62 2 Doy, 172,172¢

N63 4 Dapn 150ag,173, 75,79%
N64 3 Dsp, 152¢,152h,152j,152m—q, 152,174, 175
N65 3 Can 141g,176

N66 4 Ty 177

N67 2 Con 178

N68 2 Con 179

N69 2 Cyy 180

N70 2 Cyy 181
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Ligand Bindingsites Symmetry@ References
N71 3 Csp 182

N72 3 Can 183

N73 3 Cap 184

N74 3 Can 179d,185

N75 3 Dan 186

N76 4 Cay 187

N77 4 Coy 188

Page 106

aThe symmetry of certain pyridyl-containing ligands depends on the relative orientation of the pyridyl-groups, especially for 3-pyridyl species. As
such, the point groups assigned may reflect a particular conformation of a ligand which can change upon free rotation about certain bonds, altering
the symmetry.
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Table 2

O-donor-based ligands for SCC and MOF formation

Ligand Bindingsites Symmetry® References

Ol 2 Con 189

02 2 Cs 190

o3 2 Con 191

04 2 Cs 192

0O5 2 Cs 67

06 2 Cyy 65,193

o7 2 Coy 194

08 4 Cuy 195

09 2 Ci 196, 197

010 2 Con 152¢,152u,174k,198, 1510,199
o1 2 Cs 1982,200, 151p,193c,200p,201
012 2 Con 202, 203

013 2 Con 204,194

014 2 Con 198p,200e,205, 197b

015 2 Cs 152n,198ae,206, 207

016 2 Cs 152],198f,198p, 198w, 208, 147b
0o17 2 Coy 165b,198p,198x,1982,200p,208h,2080,209, 149b
018 3 Can 98,1982,198a¢,208h,208,210, 211
019 2 Coy 58,212

020 2 Cs 174d,198f,198p,198w,208b,208d.€,208h,213
021 2 Cs 198v,210s,214

022 2 Cov 208h,213d,215

023 2 Cs 209p,q,216

024 2 Cyy 206b,217

025 2 Cs 218

026 2 Coy 219

027 2 Cov 1982,208,220

028 2 Cyy 63

029 2 Cyy 221

030 2 Con 58,165b,198u,1982,209¢,2091,209n,0,222
031 2 Con 200p,223

032 2 Cov 209h,224

033 2 Cs 200f,225

034 2 C, 200b,200f,g,200p,205f,217u,226
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Ligand Bindingsites Symmetry® References
035 4 Cs 227

036 2 Cov 228

037 2 C, 229

038 3 Cs 230

039 3 Cs 177¢,231

040 3 Cs 198r,232

041 3 Cap 209¢,233

042 3 Can 58,198r,198v,198y,198ae,2099,213i,2131,2229,234
043 4 Cov 235

044 4 Cyy 236

045 4 Cyy 234d,237

046 4 Cop 200i

047 4 Cyy 238

048 4 Cun 152b,152d,172a,239
049 4 Coy 156¢,161,172b,240
050 4 Ty 58,1982,241

051 6 Cen 242

Page 108

a N L . . . . . - .
The symmetry of carboxylic acid-containing ligands oftentimes depends on the relative orientations of the acid moieties. Rotation about C.-Cp

bonds can oftentimes result in a different molecular symmetry. As such, the point groups assigned here are not rigorous and a practical use of these
ligands requires a consideration of how the carboxylate groups may bind and the ramifications that monodentate coordination versus chelation have

on local symmetry.
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