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ABSTRACT

The subject of this dissertation is the development of synthetic methods to allow the
employment of the hexanuclear octahedral [Req(i3-Se)s]*" cluster core as both a structural
component in host materials and as anovel photoactive Lewis acid catalyst. The first chapter
describes the first method, cluster condensation, and its application in the preparation in a series
of cluster-supported molecular squares. The squares, of the general formula cyclo-[Req(pis-
Se)s(PR3)4(L)]4(SbF)s (R =Et, Ph; L=4,4'-dipyridyl derivative), use the cis- coordination mode
ofthe starting material cis-[Reg(j1-Se)s(PEt;)4(MeCN), [(SbF), as the sole structure directing
component. The reaction is shown to be useful for small cyclic species and discrete molecules
which feature more elaborate ligands. Based on the limitations of the cluster condensation reaction,
adifferent approach to cluster linkage formation is developed in Chapters two and three. Inthe
interest of continuing the expression of cluster stereochemistry in assemblies larger than the squares,
these chapters introduce monocluster complexes featuring secondary functionality placed at the
ends of pyridyl based ligands. These secondary functions are moieties capable of hydrogen
bonding and metal ion coordination. Chapter three describes a range of hydrogen bound polymers
and the use of cluster stereochemistry to dictate their dimension and shape. Chapter four
elaborates a series of clusters linked by coordination to secondary metal ions forming porous and
nonporous coordination polymers. The rational use of cis-[Reg(3-Se)s(PPhy).(4,4'-

dipyridyl),](SbFe), as a shape directing ligand results in the creation a chain of fused squares and
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arelated zig-zag polymer which can also be created by direct conversion of the square chain
structure. Chapter five describes the design of a novel photoactivated Lewis acid catalyst for the
preparation of imino esters based on the activated nitrile of [Reg(13-S€)s(PEt )s(MeCN)[(SbF),.
The synthesis and subsequent photolysis of two imino ester complexes is recounted. Chapter six

summarizes the dissertation and proposes some future experiments.
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CHAPTER 1. FROM DIMENSIONAL REDUCTION TO CLUSTEREXPANSION OF
NOVEL MATERIALS: AN OVERVIEW OF THE SYNTHETIC PAST, PRESENT,

AND FUTURE OF THE [Re,(2,-Se)s]** CLUSTER CORE

1.1 INTRODUCTION

The work recounted in this thesis is composed of two distinct parts. The first part,
Chapters 2-4, describes the synthetic and structural aspects of supermolecules and supramolecular
arrays supported by the hexanuclear, octahedral [Reg(j1;-Se)s]** cluster core (Figure 1.1). The
second component, although contained only in Chapter 5, is concerned with the application of the
cluster core’s unique photochemistry in the context of synthesis. While very different emphases
in practice, an overarching theme ties the two sections together. This theme, or more precisely, the
purpose of the research, is the development of synthetic methodologies necessary to bring the
[Req(115-Se)g]** system out of the limited sphere of fundamental cluster chemistry and into general
synthetic applicability.

The significance of this research is born of its novelty — but not the trite observation that no
one has done such an investigation before. Rather, the research is significant because no other
inorganic system, cluster or otherwise, exhibits the same range of reactivity, durability, and
physicochemical activity that makes the [Re,(j3-Se)s]** system so useful.' There are many
examples of clusters of various geometries and nuclearities that exhibit similar physical properties

due to the presence of metal-metal bonds.>® Likewise, there are examples



Figure 1.1 Schematic diagram of the [Re(1;-Se);]”" cluster core. Red ligands
are the outer “a” ligands and range from halides to solvents and traditional
coordination chemistry ligands. The selenide anions are the inner ligands,
designated “1”; structural analogs are known fori=§, Se, Te. The octahedral

Re™ core is common to all of these complexes.
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of clusters which have been incorporated in unusual and interesting molecules and materials.*
There are even several known examples of cluster systems with very desirable reactivities, leading
to catalytic systems or extensive coordination chemistry.>® However no single system shares all
of these traits, save the [Req(p;-Se)g** cluster. The significance of this work, and that of others,
is particularly enhanced in the context of supramolecular materials chemistry. As willbe explored
in greater detail, this burgeoning field relies entirely upon the prefabrication of building blocks to
construct materials of specific dimension or function.”'* To date, most efforts have synthesized
unique building blocks to suit each target. In the limit of application, thisis clearly impractical.
What is needed is a set of a few versatile building blocks that may be trivially modified. The
[Req(1t3-Se)s]** cluster system may ultimately prove to be such a system. The fact that this same
cluster may be used to great effect in purely molecular chemistry apf)lications, e.g. photocatalytic
generation of useful small molecules, underscores its potential for general interest well beyond the
cluster community.'* Thus, this research will ideally demonstrate its significance by contributing

modestly to the realization of the [Reg(p15-Se)s]*" cluster core’s full potential.

1.2. RATIONALE

Modem materials chemistry is in a state of rapid evolution, perhaps even revolution. Inthe
years preceding 1987, the connection between “traditional” materials science (e.g. silicon
technology, ceramics, polymer science), biology, and physics was made only flestingly; usually to

address one particular problem. The year 1987 marked the official recognition of the field of
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supramolecular science with the bestowing of the Nobel Prize in Chemistry upon Lehn, Cram, and
Pedersen.'* Althoughinitially achemical endeavor, the field was quickly revealed to be inherently
interdisciplinary, and scientists began to attack their respective problems with ideas rooted in
seemingly unrelated fields. Using the concepts formalized by supramolecular chemistry, it seemed
likely that materials and devices need no longer be machined, molded, or etched from bulk
substances. Instead, materials and devices might be buiit from the “bottom-up” using molecular
scale components, allowing unprecedented control of their ultimate properties.!® This was
effectively anew paradigm for materials chemistry, and synthetic chemistryin general. However,
while a theoretical foundation for molecular engineering of materials was in place, execution
presented fundamental challenges. One ofthe areas most intensely explored using supramolecular
principles has been the preparation of molecules and extended solids with pores or cavities.'>
Designed to bind other species (guests), the engineered host compounds are very desirable due
to their huge potential as selective phase transfer catalysts, drug delivery systems, hetero- and
homogeneous catalysts, and as molecular sensors. ' Host systems prepared using traditional
approaches such as the crown ethers, cyclodextrins, and synthetic zeolites are all well known. 18242
Each of these host materials excels in its specific role, but modification to incorporate multiple
functions ornovel physical properties is exceedingly difficult, typically requiring totally new species
to be devised and prepared. As the supramolecular approach is based on the notion of

constructing hosts from simple building blocks, modification of the final structure to snita given

purpose should require only trivial changes in the building blocks.?*?® However, building block
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modification is often not trivial in practice, and can lead to unexpected results. The challenge
remains to prepare a genuinely flexible system that can be easily adapted to suit a range of
applications.

Such a system must meet the following criteria in order to be viable: First, and most critical,
is structural predictability.”® Manymolecular and extended solid hosts have beenreported in
the literature, but these are frequently the result of serendipity as much as rational design. The
second requirement is the ability to “tune” pore size and selectivity.’® The desire to perform
increasingly sophisticated chemistry in the host environment necessitates the molecular design be
based around the nature of the cavity(ies). Of particular interest is the generation of larger cavities,
a task made more complicated by Nature’s abhorrence of voids.***! Finally, depending on the
specifications of the application, the host compound must incorporate function beyond simply
accommodating the guest. For example, if the guest is inactive in the free state, the host compound
must have some property or chemical functionality that will activate the guest. Alternatively, ifthe
host is to be amolecular sensor, it must have some means of transducing the binding event into a
physically or chemically detectable signal 2°>3* The goal of this research effort is to demonstrate
that the site-differentiated clusters, formulated as [Reg(p3-Se)s(PR3)sn(L)n (R =Et, Ph; L=
halide, coordinating solvent, lone-pair donor ligand), are the structural and functional basis ofa
system that meets the above requirements.***’ This demonstration will be accomplished by
developing synthetic methods and executing them to create structurally well defined host complexes

and related materials supported by the site-differentiated cluster elements.
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The [Reg(113-Se)s(PR,)s. (L), J** cluster derivatives are well suited to address the challenges
of functional host preparation. From a structural perspective, they are ideal. Site-differentiation,
the practice of protecting specific numbers of Re™ coordination sites with inert phosphine ligands,
affords a range of substitutional isomers. The stereochemistry of these isomers forms the geometric
basis set of building blocks for construction of cluster based hosts. As will be elaborated more fully
in the following sections and chapters, the fixed stereochemistry of the phosphine-protected clusters
acts as the primary structure directing element in the synthetic process. Moreover, the wider
displacement of ligands relative to their mononuclear counterparts minimizes structural ambiguity
due to mononuclear complex flexibility.*® Consequently structural predictability will be greatly
enhanced. A corollaryto the observation of wider ligand displacement in cluster complexes is
simply the statement of the cluster’s size. In terms of chemically accessible sites, the cluster
complex is effectively an octahedron of six Reatoms. The Re—Re bond length averages 2.6 A,
making any cluster complex considerably larger than a mononuclear analog.* The effect of this
is to make any cluster based assembly expanded relative to mononuclear assemblies. In this way,
cluster based assemblies will automatically generate hosts with the desired larger cavities. The size
of the pore should be readily tunable, because facile ligand substitution chemistry allows
replacement of linking moieties in a modular fashion.*** This modular substitution chemistry also
allows for the introduction of secondary functionality on the linking groups. The effect of the
modular substitution is precise control over host size and selectivity. The [Reg(13-Se)g(PR;)s.

{L)nJ* system also has potential to offer host complexes with tunable fimetion. The cluster core
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isknownto be photo- and redox active. This activity is quite sensitive to the number, type, and
coordination geometry of ligands bound to the Re™ sites.'***%! Therefore, itis possible to alter
the physical properties of the core in a deliberate manner by altering the ligands involved in the host
assembly. This suggests that the cluster core might make a good signal transducer if the ligand field
were perturbed in the event. In addition, the cluster core is exceptionally Lewis acidic.
Consequently, chemical function is built into a cluster based host by virtue of the inductive influence
of its presumably electrophilic interior.

In addition to the practical materials applications addressable by the [Req(p13-Se)s]*
system, a vast amount of fundamental chemistry remains unexplored. One particularly intriguing
avenue for the synthetic chemist is the realization of a cluster based photocatalytic system. Recent
work by R. Holm and colleagues has conclusively demonstrated that the cluster core expels Re™
coordinated ligands upon broadband UV excitation.'**! This opens the door to an entire subset
of cluster chemistry, namely the photocontrolled manipulation of organic substrates. Should such
reactions prove general, the implications for the synthetic community at large are notable: The
ability to selectively bind, activate, and release molecular substrates is currently the subject of
intense study.” Classic transition metal catalysts are well developed, highly generalized catalytic
systems, but often lack reaction control and require sophisticated modification to achieve regio-
or stereochemical control. . Biological systems offer exquisite selectivity and impressive reaction

control, but are typically hampered by limited substrate types, poor solubility and durability, and

slow development.® The cluster’s easy chemical modification, robustness, and strong Lewis
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acidity, combined with the ability to photocleave ligands suggests that the [Req(115-Se)g |2 system
could provide alarge step forward in chemical catalysis.>>®” The research reported in Chapter 5

marks the first small step into this new area.

1.3 BACKGROUND

1.3.1. The octahedral [Reyu;-Se)s]’* cluster core: Physical and synthetic fundamentals
The ability to pursue the research described in the preceding sections isbased onovera
decade of continuous, intensive investigation into the solution phase chemistry of the unique
[Res(15-Q)s]** (Q=chalcogenide anions S, Se, Te) clusters.*”*® Qur current knowledge of the
cluster’s chemistry and physical properties was developed in this period; an overview of the
fundamental discoveries is therefore crucial to the understanding of the present research.
Closed polyhedral clusters of varying composition and geometry have fascinated inorganic
chemists since the 1950's. Their topologies, chemistries, and physical properties have been an
endless source of fundamental and practical research. The main difference between clusters and
traditionally catenated organic and inorganic species is the inherently three dimensional nature of
theirbonding schemes. The study of this unusual arrangement of atoms has been instrumental in
our understanding of the very nature of the chemical bond — advancing the concept of electron
delocalization, creating critical electron counting rules, and establishing the notion of muticenter

bonding.® During the oil crisis of the 1970's, the desire to develop refinement catalysts for very



27

crude feedstocks spurred renewed interest in transition metal clusters.® It was recognized that the
smaller the metal particles involved, the more efficient the catalyst wounld be. Consequently
molecular transition metal clusters were the material of choice, as they represented the finest
catalyst dispersion possible.

Transition metal clusters are of particular interest, as their metal-metal bonds imbue them
with the properties that drive their study. In fact, itis important to note that the transition metal
cluster is defined by the presence of metal-metal bonding. The definition of a true transition metal
cluster, provided by F. Cotton in 1966, “is a finite group of metal atoms that are held together
mainly or at least to a significant extent, by bonds directly between metal atoms, even though some
non-metal atoms may also be intimately associated with the cluster.”® Clusters fitting this definition
have been observed with nuclearities from 3 to more than 40.> However, if nuclearity is the
equivalent of a good advertising campaign, one class of cluster has received attention that belies
its metal content. These are the hexanuclear clusters of the formula [MgX';,X%]X”, and
[MX'4X?]X", wherein the X' atoms are either edge or face bridging inner (i) ligands, X® are the
six apical ligands coordinated axially to the metal atoms (“a” for ausser, Ger. “outer”, from von
Schnering and Shifer notation), and X, denotes any uncoordinated counterions.>%*% Although
hexanuclear clusters are known in a range of geometries, the octahedron is the most common,
probably due to favorable thermodynamics relative to other isomers. The nuclearity of six marks
the transition from trivial electron counting schemes derived from topological rules or localized

bonding to more complicated “cluster based electron” counts and quantum mechanical
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explanations. The octahedral clusters are known for most transition elements, including Zr, Nb,
Ta, Mn, Re, the Cr and Fe families, as well as all of the platinum metals save Ag. With few
exceptions, the stable forms of the octahedral clusters have 24 electrons associated with the core.?
Interesting though these observations may be, the real reason for the octahedral clusters being so
well studied is largely the result of their structural similarity to the superconducting Chevrel phases.

The Chevrel phases are superconducting solid state materials which are composed of
extended chains of M,[ Mo¢Qs] (M = electropostive transition, rare earth, or main group element;
Q=S, Se, Te) which are formed by intercluster Mo—Q' linkages (an a—i linkage). Structurally
characterized in 1971 by R. Chevrel, the phases exhibit unusual superconductivity that persists in
the presence of magnetic fields.* Consequently, considerable effort has been made to understand
the structure/function relationship in the Chevrel phases, with particular emphasis placed on the
preparation and study of their structural analogues.

The [Re(p3-Se)s** cluster core is a member of a large family of Chevrel phase analogues,
all based on the [Reg(j13-Q)s]* core. These materials were first studied by Fedorov in 1971 but
were not structurally characterized until 1983 by Leduc, Perrin, and Sergent.*%* The solid state
chemistry of the Re containing materials is extensive and has been exhaustively reviewed recently.!
However, it was Perrin’s discovery of the soluble phase K[Re(SesCly] in 1987 which opened the
door to the solution phase chemistry that has really distinguished the [Req(11,-Q)s]** cluster from
others.>® From a structure/fumction perspective, isolation of soluble cluster species is really a critical

step. In principle, a soluble cluster is subject to systematic chemical modification, allowing a
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thorough examination of the influences of ligand sphere and solvation on the properties of the
cluster. It is then conceivable that the desirable properties of a cluster containing solid state
material may come to be understood and incorporated in a rational way in new materials prepared
by gentler solution phase syntheses. In practice, this isnot so easily done. Although there are five
conceptually distinct routes to clusters, most involve solid state methods in practice.>%*% The
resultant materials are often intractable, usually due to polymeric linkages between clusters such
as those observed in the Chevrel phases. Yields of suchreactions are typically poor. Should a
soluble species be isolable in significant quantity, systematic chemical modification can prove
difficult: Many cluster systems, particularly those of the earlier transition elements, are unstable
to both ligand exchange and core decomposition. Ifligand exchange reactions occur, they are
frequently confounded by persubstitution.®*®® The one system that has evaded these pitfallsis the
[Reg(113-Q)s]*" family, and the [Req(13-Se)g]** core in particular.

Atthe heart of the [Reg(1u;-Q)q]** systems’ successes is an extremely convenient synthesis.
In 1992, Yaghi, Scott, and Holm investigated the excision of soluble clusters from 1- and 2-D
polymers which featured bridging halide moieties.® The excision processruptured the Re-X—Re
bond and generated mono- and disolvated clusters, respectively. Althoughnothigh yielding as
such, it was noted that only the bridging halide interaction (a-a) could be ruptured with solvents,
and that increased dimensionality of this linkage decreased the tractability of the solid. The group
hit upon the notion that it might be possible to reduce the number, and hence dimensionality, of the

bridging interactions by executing the solid state reaction in the presence of excess halide, affording
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the tetraanions M JRey(p3-Se)g(X)s] M =Cs", Rb"; X =Cl, Br, I) as free clusters interacting only
weakly with the interstitial metal cations. This concept was demonstrated empiricallyin 19961in
the Holm group, and has been termed dimensional reduction (Scheme 1.1).*® Using the
dimensional reduction protocol, the group produced phases which indeed contained discrete, zero
dimensional cluster anions; the clusters were easily extracted into acidic solution in very high yields.
It remains the most reliable and highest yielding route to soluble [Req(p3-Q)s]>" species.

The next big leap forward in [Rey(13-Q)g]** development was delivered in 1997 by Zheng,
Long, and Holm.” These researchers found that the six Re™ sites in the [Re¢(p13-Q)s]** (Q=S,
Se) clusters could be differentiated from one another by reacting the starting (n-Bu,
N);[Re™Re™ (13-Q)g(I),] anions with varying ratios of PEt;. Depending on the relative ratio of
cluster to phosphine, the number (n) of apical halides displaced could be varied from three to six
(Scheme 1.2). This was completely unlike any other known molecular cluster system. Instead of
cluster decomposition or persubstitution, the phosphine substitution reactions could be executed
in acontrollable fashion. Other cluster systems have since been found that are subject to similarly
controllable substitution but lack the [Req(11;-Q)s]*" systems’ more versatile reactivity.”! Citing
biological terminology, the process was referred to as site differentiation.

Site differentiation was extremely significant however, as it marked the departure from
cluster chemistry in the traditional sense. The Harvard group discovered that phosphines were

completely inert once bound to the Re™! sites, thus fixing the stereochemistry of the
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Scheme 1.1 The dimensional reduction protocol. By adding stmchmmetric excesses of
halide to the solid state reaction used to create the 3-D lattice on the lefi, it is possible to
reduce its dimensionality in a predictable way. Dimensional reduction is the most reliable
and highest yielding route to the [Re{(u;-Q)]** cluster cores (represented by ‘M’ for

simplicity).
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Scheme 1.2 Site differentiation yields a range of stereoisomers that are readily
isolated in good yields. These isomers provide the geometric basis for
supramolecular construction.
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system in all but the most extreme conditions. More importantly, the remaining sites could be
dehalogenated conveniently to afford the labile cluster solvates [Reg(jt3-S€)s(PEt)s (501v), I (solv
=MeCN, DMSO, DMF, pyridine, and pyrazine).*! These solvate sites were subject to further
ligand exchange, making the structural possibilities limited only by imagination. The combination
of easily controlled ligand exchange, robust cluster core, and large size allowed the chemist to
contemplate the synthesis of cluster complexes for more sophisticated purposes than elucidation
of fundamental properties. The effect of site differentiation was to create a basis set of stable,
chemically accessible, geometric building blocks. Although the use of mononuclear complexesin
this role was already commonplace, no cluster system had ever been available in sufficient yields,
with sufficient stability and range of stereochemistries, to replace them. With the site differentiated
solvates in hand, it was clear that their large size and rigid stereochemistry would make them ideal
components of supra- and supermolecular constructs. Early steps in this direction were
demonstrated by Zheng, Gray, and Holm in the preparation of simple bridged di- and tricluster
linear assemblies based on the displacement of MeCN from [Rey(pt5-Se)s(PEt;)s(MeCN)1(SbF),
(12) and trans-[Reg(13-Se)y(PEL)(MeCN), |(SbFy), (14) with 4,4'-dipyridyl derivatives (Scheme
1.3).” Theroute to these bridged species will be referred to as the cluster condensation method
throughout the thesis. Cluster condensation is one of the three major synthetic methods employed
in the construction of cluster based supramolecular species.

Interestingly, current synthetic efforts outside of our own research group have emphasized

the symmetric cluster species, particularly the hexacyano derivatives.
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Scheme 1.3 The prototypical “cluster condensation reaction, which used 4,4'-dipyridyl
derivatives to bridge the monoclusters trans-[Reg(u;-Se) (PEt,),(MeCN),](SbF,), and
[Re(15-Se)e(PEL,)(MeCN)(SbF,),. X Denotes available active sites on the cluster
core, and corresponds to the proper ligand/cluster ratio and cluster/cluster ratio.



Figure 1.2 Examples of cluster (blue) expanded Prussian
Blue phases. Bottom image shown with isopropyl alcohol
(red) guests incorporated in the voids. Adapted from ref. 79.
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Independent works by the groups of Fedorov and Long have afforded a series of structurally
stunning extended solid networks based on the [Reg(j13-Q)s(CN)4]* tetraanion. These “cluster-
expanded” Prussian Blue analogues featured porous networks of clusters bridged by a variety of
cyano-N coordinated secondary metal ions.***%5% % Altering the choice of metal and relative
cluster/metal stoichiometryresulted in linkages of varied dimensionality and porosity. These
fascinating materials incorporated guests readily and have demonstrated rapid and reversible guest
binding events that were easily followed colorimetrically (Figure 1.2). Other examples of
symmetric core based cluster molecules include the sterically surprising hexaporphyrin cluster
prepared by Kim and coworkers, as well as a series of novel metallodendrimers that feature the
[Reg(13-Se)s]*" cluster at the core.® Later bona fide cluster dendrimers were prepared which
also featured the symmetric [Req(115-Se)g* core, as well as cluster based branching units (Scheme
1.4).81 Only two other site differentiated complex types have been reported; the chelating
diphosphane complexes prepared by the Sasaki group and the PEt; site differentiated cyano
complexes by Holm’s group.'>%? Neither of these series of complexes have been investigated
beyond their basic preparation and characterization.

Beyond the desirable structural characteristics, the extension of the [Req(p13-Se)s]*" system
to endeavors not normally associated with clusters is supported by a host of potentially useful
physical properties. The first of these is the now well characterized luminescence of all [Reg(13-
Q)]?* cores. 24445495183 Ajthough initially the subject of some debate, it has been conclusively

demonstrated that the cluster cores are luminescent.



Scheme 1.4 Bona fide cluster dendrimers prepared via the cluster
condendsation route. Adapted from ref. 81.
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This was predicted by early computational work by Arratia-Perez and coworkers, who calculated
the theoretical band structure of the hexahalogenated cores and calculated their density-of-states.*
It should be noted that these computations have been recently challenged by Holm over the true
nature of the HOMO: The electronic complexity of 3™ row transition metal containing clusters and
their significant relativistic effects render such computations treacherous, and must be coupled with
experimental work to be considered reliable, or at least consistent. The Holm group contended
that the HOMO in fact is metal based, rather than halogen based as described by the Chilean
group.”! Despite ongoing controversy, the luminescence has been well established experimentally.
Asbriefly described above, the luminescence is significant because it has been demonstrated to be
most sensitive to the apical ligand environment. The wavelength, lifetimes, and quantum yields have
all been shown to shift as a function of the number and nature of the apical ligands (Figure 1.3).%!
The excited state characteristics closely follow the energy gap law; clusters with hard nitrogen and
oxygen donor ligands experience the highest quantum yields and excited state lifetimes, those with
softer phosphine ligands have correspondingly lower lifetimes and quantum yields. The
photophysical studies have also revealed that the cluster is labile only in the excited state. Ithas
been shown that even exchange reactions of weaker solvate ligands exhibit rate constants similar
to [Cr(H,0)s]*". Yet, when exposed to broadband UV irradiation, the clusters readily expel apical
ligands, excluding the inert phoshpines.” This convenient means of bypassing cluster inertness has
deep implications for the cluster’s use in small molecule synthesis, and forms the basis for the work

described in Chapter 5.
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Figure 1.3 An example of the absorption (blue) and emission (red)
profiles of the [Rey(us-Q)sl”" cluster core. The emissions and
absorptions shift upon changing ligand hardness according to the energy
gap law. Adapted from ref. 51.
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Also supporting the work of Chapter 5 is the strong Lewis acidity of the [Re¢(1i;-Se)s]** cluster
system. The original preparation of the site differentiated cluster solvates made extensive use of
'H and *'P spectroscopy. In all cases, the protons of the coordinated solvents all exhibited
dramatic downfield shifts relative to their free forms.*! These shifts were attributed to strong
deshielding by the cluster core, a common feature of the NMR spectra of Lewis acidic complexes.
Such deshielding also activates the bound molecules to nucleophilic attack. Since the Re" sites can
accommodate a large range of ligand types, the cluster might act as a very general Lewis acid
catalyst.

The [Reg(u3-Q)s]** cluster systems also feature extensive electrochemistry. Like the
luminescence, the electrochemistry is acutely sensitive to both inner and apical ligands. Half-wave
potentials for monocluster species exhibit cover the range from 1.36V to -1.97 V’ (vs.
SCE).1:4756828485 Fysed cluster dimers bound by complementary, thombic i—a linkages exhibit
two sequential, coupled oxidations which suggest significant electronic communication between the
intimately linked clusters.” Another particularly intriguing feature of the hexaiodinated species is
their isolation as the stable, one electron oxidized (n-BuyN);[Re™Re™ (11;-Se)s(I),] cluster.”
These species are marked by a dark green color, whereas the 24 electron species are universally
reddish in color. Incorporation of electronically bistable cluster complexes into polymeric matrices
could result in novel electroactive materials for use in displays and other devices.* Veryrecent

work by Roland et al., has initiated investigations in this direction.
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1.3.2. Supramolecular chemistry

Supramolecular chemistry developed as an intellectual side-product of traditional synthetic
efforts in macrocycle research. The macrocycles, namely crown ethers, cryptands, and carcerands
were the original synthetic hosts. 2?*8% These species were designed to selectively bind guests
such as cations (organic and inorganic), anions, and neutral organic molecules. Although these
host-guest complexes had been known since the 1960's, their broader significance remained largely
overlooked. The subdued element was the fact that the host-guest interaction was noncovalent.
This appeared to be simply a statement of the obvious, but J.-M. Lehn and a few others began to
connect the use of the elaborate, large host molecules and their noncovalent binding to substrates
with analogous events in biological systems.” These scientists realized that life itself depended on
the noncovalent interactions of large, complex biomolecules: Enzyme/substrate binding and
activation and DNA transcription were the cited examples in Lehn’s definitive 1985 Science
publication.” Explicit and implicit in this review was the notion that chemists could mimic biology’s
exquisite workings by preprogramming the noncovalent interaction of synthetic species. If executed
properly, the biomimectic approach might provide effective solutions to problems difficultor
impossible to achieve by classical synthetic means.”*** More than amethod of simplifying natural
product syntheses, the noncovalent assembly of prefabricated building blocks had deep
implications for materials chemistry as well. Ifbiology could make intricate, functional materials
such as cell walls, muscles, and connective tissues from the noncovalent association of molecular

components, one might conclude that sophisticated molecular machines, electronic devices, and
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molecularly engineered bulk materials could be prepared in an analogous fashion.”>* Combined
with concepts employed in crystal engineering and phase separated polymers, materials chemists
began to employ the noncovalent paradigm to the realization of novel materials. %' What had
been arelatively simple concept had blossomed into what could truly be referred to as “chemistry
beyond the molecule”.

Because of its highly interdisciplinary nature, as well as its somewhat fluid definition, it is
not practical to consider all aspects of supramolecular chemistry.'* Asmentioned above, we are
concerned with the preparation of next-generation host compounds based on the physical and
stereochemical attributes of the [Reg(13-Se)s(PR3)e(L).J* cluster species. Ofrrelevanceis the
concept of self-assembly and the original supramolecular subfield, (inorganic) host-guest (HG)

chemistry.

1.3.3. Inorganic host-guest materials

As we have seen, the original supramolecular entities were the HG complexes that
ultimatelyreceived recognition with the Nobel prize.'* Very generally, HG chemistryis the study
and design of energetically favorable interactions between a host molecule and specific guests. The
interactions are made favorable by arraying each species with moieties capable of complimentary
non-covalent binding, such that only the correct guest binds to its proper host to form the HG
complex in solution or the solid state.!1%*231% This chemical complementarityis analogous to,

albeit less precise than, the lock-and-key concept of enzyme-substrate binding. 1% The critical
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attribute of built in chemical complementarity between host and guest or prefabricated building
blocks in general, is that it allows the control of the self-assembly process.

Self-assembly is simply the tendency of molecules or ions to aggregate to varying degrees
depending on a system’s state (e.g. temperature, concentration) and therelative strength of the
competing forces of mutual attraction and dispersive solvation/dissociation.’® Inmanybiological
and abiotic systems the tendency to aggregate is considerably stronger than the dispersive forces,
resulting in classic examples of self-assembled architecture. These include cell walls and protein
complexes such as hemoglobin and ferritin, as well as the various phases of liquid crystalline
polymers and the HG complexes discussed above.”>?%1-1% Uncontrolled, self-assemblyis a
blind, natural process which simply proceeds to thermodynamic equilibrium. However, the latter
examples are important because they indicate that the process can be used in a deliberate fashion
to create novel structures. In fact, ifthere is a single way to distinguish a supramolecular synthesis
from aclassical one, it is that the supramolecular product is the result of a self-assembly process.
The trick is to find a way to control the self-assembly process.

Although there are many different forces that may be manipulated to control self-assembly,
those most useful for the creation of specific architecture are shape and directionality.”'%!® The
original HG complexes used shape and polar (directional) bonds to recognize and bind their guests,
but the overall architecture was closed. In other words, the properties which directed the self-
assembly were only expressed in the realization of the HG complex, leading to a discrete

supermolecule with no capacity to generate additional supramolecular structure. In this sense, these
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complexes were somewhat unsophisticated. It has since been shown that judicious design of
molecules containing shape and/or directional bonding properties may be made to self-assemble
into both discrete and extended ensembles which may themselves act as hosts. Indeed, itis this
approach which we have adopted to prepare cluster based host systems.

Shape is the guiding principle for generating structures with predictable geometry and
dimension, with directional bonding acting as the means of expressing shape.'? As implied inthe
beginning of this section, if a specifically shaped building block is allowed to self-assemble without
the assistance of chemical complementarity, the structure is subject to the whims of Nature. The
resultant assembly will likely be unanticipated, with shape confined only to the building block.
However, building in chemical complementarity in the form of directional bonding capable moieties
placed at geometrically significant points on the building block ensures that the shape is expressed
throughout the assembly (Figure 1.4).2!1%122 The two most powerful ways to accomplish this task
is the incorporation of moieties capable of hydrogen bonding or metal-ligand dative bonding. The
latter bears closer examination because the metal ion itself may be both the source of shape and
directionality. As the hydrogenbond does not have inherent shape, further discussion will beleft
for Chapter 3. Since the earliest development of supramolecular chemistry as a coherent field,
metals were known to be useful supramolecular “glue” for holding together HG complexes with an
enormous array of fascinating structures.!'>!* The obvious example is the work that marked the

birth of supramolecular chemistry: the crown ether/cryptand complexes studied
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Figure 1.4 The synergistic effects of shape and chemical complementarity on
self assembly. The top reaction is the “crystallization” of a shape-only building
block, with geometry expressed only in the molecules” immediate environments.
The lower reaction is the same crystallization assisted by the shaped molecule
featuring moieties (X) that have a strong preference for self-complementary
interactions, e.g. hydrogen bonding units, disposed in such a way that the
molecular shape is expressed in the bulk material.
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by Lehn, Cram, and Pedersen. Later examples included arange of metallomacrocyles, catenanes,
and rotaxane complexes that formed when the organic host bound the metal(s) viametal-ligand
dative bonds.'*1" In these early examples the metals were almost always used spherical, non-
shape-directing capacity to template the self-assembly of the HG complex via relatively polar/ionic
bonds. The complex might later take advantage of some of the incorporated metallic properties,
e.g. d-d transitions for optical applications, but the full potential of the metals’ electronic and steric
properties were onlyrealized in the late 1980's and early 1990's. In 1987, Lehn and coworkers
took advantage of Cu(l) ions’ preference for tetrahedral coordination to direct the assembly of
oligo-2,2"-dipyridyl hosts into helical HG complexes about the cuprous ions.'® This work marked
aparadigm shift in synthetic supramolecular chemistry. Up to this point, structural sophistication
was the purview of the ligand and the design principles of organic chemistry. Lehn’s rational use
of aspecific metal ions’ coordination geometry to direct self-assembly added a very useful new tool
to the supramolecular chemist’s toolbox. Subsequently HG complexes (amid myriad other self-
assembled arrays) were soon realized which featured the stereochemical preferences of the metal
ions as the primary design element. 122

The first use of the platinum metals’ square planar geometryin the preparation of rationally
designed supramolecular assemblies came in 1990 with M. Fujita’s tetranuclear Pd(IT) “molecular
square”.'” For this classic preparation, cis-[Pd(en),(NO,),] (en = ethylene diamine) was treated
with 1 equivalent of4,4'-dipyridyl (bpy) in water/methanol solution to quantitatively afford the bpy

bridged molecular square [Pd(en),(bpy)14(INO;)s under ambient conditions (Figure 1.5). The work
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of Fujita was significant for two reasons. First, the entire assemblyitself was designed as ahost
from the outset; a sort of inorganic cyclodextrin. To be sure, many ofthe aforementioned HG
complexes incorporating metals were also intended to be host species, often with an eye to using
their metals to interact with secondary guests for sensing or catalytic applications. However,
Fujita’s squares were the first host species that demonstrated both structure and function (K, for
N-(2-Naphthyl)acetamide = 1.8 x 10°) due primarily to the coordination mode of the metal ion.>*
The second point of significance is Fujita and coworkers’ use of the concept of site protection to
enforce a desired coordination mode. By using the inert en ligand to enforce cis-binding ofthe
bridging ligands, the Pd(II) ion could only function as a 90° corner, thus preventing the formation
of extended, sheet-like oligomers (Scheme 1.5). The prefabrication of inorganic building blocks,
in contrast to uncontrolled self-assembly about unprotected metal ions, has since become the
dominant methodology used in inorganic supramolecular chemistry. The concept of site protection
was later generalized by Stang and Atwood (Section 1.3.4.), allowing for the generation of myriad
rationally designed supramolecular assemblies based upon geometrically precise, site-protected
metallic building blocks in conjunction with selected organic linkers.”*' Molecular squares remain
the most studied of these assemblies due to their simplicity, potential applications, and the inherently

interesting electronic properties of multinuclear complexes.

1.3.4. The Stang-Atwood model for assembly of inorganic modules and linkers
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Figure 1.5 Fujita’s archetypal molecular square.
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Scheme 1.5 Fujita’s notion of using “complementary self-recognition” between the cis-
protected platinum metal and linear ditopic bridging ligands to form molecular squares (A)
vs. the uncontrolled coordination polymer with unprotected metals (B)
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Atthetime of Fujita’s groundbreaking work, syntheses of HG complexes incorporating
metals often relied on the metal ion to “template” the formation of amacrocyclic host from carefully
designed organic precursors. Whether the resultant macrocycle had the intended structure or not,
the preparations were somewhat haphazard, relying on “naked” metal ions.'*"%” There was no
coherent theoretical underpinning to guide the synthetic chemist, resulting in empirical work
illuminated largely by serendipity. In 1994, P. Stang and coworkers reported a series of Pt(If)-
phosphine based molecular squares analogous to Fujita’s.®'® More importantly, Stang realized
the full implication of site-protected metallic building blocks. Stang observed that the method could
be extended to whatever metal/protecting ligand system necessary to generate any particularly
shaped building block (his so-called “molecular library”, a term taken from combinatorial chemistry
jargon). In effect, the controlled geometry of the inorganic building block allowed a degree of
structural predictability analogous to that of a traditional organic reaction. Stang therefore
concluded that the ability to predict the outcome of a self-assembly process should allow one to
design supramolecular targets based on the geometric attributes of their components (Scheme
1.6). Stang’s conclusion delineated the supramolecular equivalent to retroanalysis applied in
traditional organic synthetic design.¥!**!3! For example, if one wished to prepare a square shaped
motif, it is clear that the shape may be broken into four 90° expressing components and four linear
linkers; a triangular structure would require three 60° corners and three linear linkers, and so on.
This geometric dissection can be applied to any type of simple polyhedron or three dimensional

polygon with trivial symmetries.?® Other researchers reached
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Scheme 1.6 An abbreviated version of the Stang-Atwood model for geometric
“retrosynthesis” of supramolecular architectures. Angular components are
typically metals, but structure direction may come from the metal, ligand, or

both.
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similar conclusions, notably J. Atwood and to a less specific degree, K. Raymond. The latter two
researchers have primarily pursued discrete, three dimensional Archimedean solids and molecular
“containers’ and “flasks”, respectively; their geometric analyses approach the problem from slightly
different perspectives.'>*1* Nevertheless, the net effect has been to provide a clearly elaborated
theoretical model for planning and executing the supramolecular synthesis of geometric host
compounds. The concept of dissecting a potential synthetic target into geometric subunits that will
force the desired symmetry upon self-assembly is hereafter referred to as the Stang-Atwood

model.

1.4. EXPERIMENTAL PLAN

The principles developed in this introductory chapter will be elaborated in the following four
chapters. Chapter 2 will explore the synthesis of cluster-only macrocycles for applications as
molecular hosts. This effort incorporates the use of ““cluster condensation” of four prefabricated
cluster species about four bridging ligands to form a series of the first cluster supported molecular
squares. Taking the insights gained from Chapter 2, a new synthetic approach to assembling
cluster species into arrays is developed in Chapters 3 and 4. This approach relies on using the
cluster building blocks’ stereochemistries to direct the assembly of clusters via strictly noncovalent,
secondary interactions. In Chapter 3, the secondary interaction is the ubiquitous hydrogen bond.
This work emphasizes the use of the cluster to control dimensionality and shape of the resultant

array. Chapter 4 uses secondary (with respect to primary cluster-ligand bonding) metal ion
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coordination to link clusters in a variety of extended arrays. These supramolecular assemblies
exhibit a range of interesting structures, including several with usefully large pores. Finally, Chapter

5 develops the chemistry for the first potentially photocatalytic system, based on the alcoholysis of

cluster coordinated nitriles.
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CHAPTER 2. MOLECULAR SQUARES: SERENDIPITY TO RATIONAL DESIGN

2.1. INTRODUCTION

The primary goal of inorganic HG chemistryis to add the known catalytic, electronic, and
magnetic properties of transition metals to a host species, thereby giving the resultant host
functionality not easilyrealized in a purely organic analog.'*® With the exception of the early and
late transition metal ions, the 90° angle observed in both octahedral and square-planar coordination
modes has made the molecular square ubiquitous almost by default. Indeed, the very first
molecular square reported was not a platinum metal compound, but one supported by four
octahedral Mo(0) centers reported seven years prior to Fujita’s work by Verkade and
colleagues.!® The ubiquity of the molecular square is not however, a simple function of
coordination chemistry happenstance. The molecular square represents the optimal balance
between complex function and synthetic simplicity.'*®

Functionally, molecular squares are the inorganic equivalents of the well known and highly
successful organic hosts, the cyclodextrins and calix[n]arenes.”* Molecular squares have been
shown by several groups to have admirable guest binding capacities, thus demonstrating functional
competitiveness with the organic molecules.** Even in the simple role of host for phase transfer or
drug delivery purposes, the metallic components of molecular squares add layers of functional

nuance unobserved in the organic species. For example, known affinities of metals for particular

ligand types could add a degree of chemoselectivity.’1*” Taking advantage of the redox capacity
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of metals may aliow for switchable guest binding and release."** Using the metal components’
exquisitely sensitive optical and magnetic properties, molecular squares can be transducers of
binding events par excellence."**'* Applications in chemical sensing and signaling are
consequently being explored.

Synthetically, the molecular square is an ideal target for inorganic host compounds. All
macrocycle syntheses are subject to the constraints of thermodynamics and kinetics. Several
groups have shown that the combination of strong metal-ligand dative bonding and the unstrained
90° bend of the cis- coordinated bridging ligands provide strong enthalpic impetus for square
formation."*'*® Polycyclic cubes or larger oligomers (open or cyclic) are strongly disfavored
entropically, tipping the reaction energetics in favor of square macrocycles. The rapid, likely
concerted self-assembly process, combined with preset cis- coordination serves as a powerful
kinetic tool for forming square-shaped macrocycles. Inlight of their synthetic facility and functional
prospects, it is evident that molecular squares will remain the subject of vigorous study in the

foreseeable future.

2.1.1. Synthetic considerations and examples

Incorporation of transition metals into amolecular square requires accounting for two

factors: The structural role of the metals (and ligands) and the reactivity of the metals. The first

factor 1s made evident by applying the Stang-Atwood analysis to a square. As with any



56

retrosynthesis, the requisite disconnects may be made anumber of ways. Scheme 2.1 indicates
some trivial routes to molecular squares. Although the vast majority of molecular squares feature
the metal as the structure directing component, it is clear that the ligand may also be used in this
capacity. The synergy between relative stoichiometry and structural contributions of the metal and
ligand allows for an unprecedented degree of variability in structural and functional tuning in
molecular squares. Far and away the most widely explored examples of this come from the work
of Stang and coworkers, using the cis- chelated Pt(Il) and Pd(II) precursors as their main building
blocks.?®

The most basic tetranuclear, 4,4'-dipyridyl bridged square prepared by the Utah group
demonstrates the use of only the metal center as the structure directing component, in 1:1
stoichiometry with the linear bridging ligand. This simple method has been used to prepare
numerous functional complexes. For example, varying the size of the bridging ligand makes the
central pore larger or deeper to accommodate guests of varying size. The group of J. Hupp has
used this concept to great effect, demonstrating size selective binding in thin films of molecular
squares with varying pore sizes.'*® Guest selectivity may be optimized by using bridging ligands
with more or less hydrophobic character (typically by increasing the number of aromatic groups
present), or using judiciously functionalized bridging moieties. Chirality has been induced by using
chiral bridging ligands, chiral metal complexes, or bridging ligands with no rotational symmetry to
induce helicity in the resultant square assembly.'*1*! Using the same approach with octahedral

Re(I) complexes, Lees and coworkers have prepared molecular squares wherein the bridging
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ligand is in fact asecond metal complex.'* Similar work by Hupp using Zn-pyrdiyl porphyrins as

the bridging ligands for Re(l) corners was reported earlier.'*
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Scheme 2.1 The three trivial routes to molecular squares according to the Stang-
Atwood model. Route (A) uses only the metal to direct the structural outcome, (B)
uses both metal and ligand, and (C) uses only ligand geometry as the template.
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Inboth cases, the novel heterometallic hosts exhibit electronic and magnetic properties that are
sensitive to the presence of guest molecules. Consequently, these squares have potential as
chemical sensing devices. Stang has prepared multifunctional host complexes by modifying the
chelating ligands with calixarenes or crown ethers with the possibility of binding different guestsin
the square pore and in the chelating pockets. These complexes may also function as chemical
sensors or enzyme mimics. Finally, Stang has incorporated metallocenes in the chelating ligands to

introduce additional optical/redox activity to the square host.'*?

An example that is particularly
relevant to our own research is the veryrecent and impressive work of Lin and Cotton. The group
has prepared a vast number of metal-directed square and triangular macrocyles, both as discrete
molecules and extended networks.!* What makes these compounds unique and significant is the
use of formamidinate bridged dimetal units in place of amononuclear complex. Not onlyhas the
Cotton group prepared and structurally characterized a large number of host compounds, they have
demonstrated a range of interesting physical properties that are a function of the unique electronics
of the dimetal building blocks’ metal-metal multiple bonds.*® Although not exhaustive, the
possibilities arising from using the metal as the sole structure directing component are summarized
in Figure 2.1.

Using the both the ligand and the metal to direct the assembly of molecular squares has also
been explored. Key examples by Stang and coworkers include dinuclear molecular squares that

have shape that is the result of both square-planar platinum and palladium coordination and

pseudo-bipyramidal iodonium cations.'®
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Figure 2.1 The inherent tunability of the metal directed route to molecular
squares.
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The bis-((4-pyridyl-)phenyl)iodonium cations have their terminal pyridyl nitrogens placed at 90°
from one another on the ends of the corner shaped ligand. The bent ligand cooperates with the cis-
chelated metal complex to form the square. Also dinuclear in Pd(I) and Pt(II) are squares which
use ligands based on bis-isonicotinate titanocene complexes to form the necessary second set of
90° angles.'?*!%* These compounds are shown in Figure 2.2. Owing to their inherently uneven
charge distribution, the “‘shared geometry” heteronuclear squares are expected to exhibit interesting
and potentially useful electronic properties. The bent iodonium ligands have also been used in the
final canonical form of square construction.

The last simple means of constructing molecular squares reverses therole of themetal and
ligand. Inthisapproach, itis the ligand that imparts the shape to the host molecule. Themetals act
as simple linear conmectors. Again, Stang’s work is prominent. By combining the iodonium ligand
described above with a linear, dinuclear platinum complex in 1:1 stoichiometry, the octanuclear
square with iodonium corners shown in Figure 2.3 was realized. Stang also utilized organometallic
complexes with pendant coordinating nitriles or pyridines to act as corner ligands for the same
linear unit to isolate the dodecanuclear structural analog of the iodonium super-square. The groups
of Lehn and Stang have prepared tetranuclear squares which use the right angle imposed by cis-
(bis-pyridyl) porphyrins to direct the self-assembly process about trans-coordinated Pd(II) and
Pt(IT) precursors.’® Similar to the work of Hupp, these complexes have unique spectroscopic

shifts that may prove useful in sensing applications.
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Another unique example of amolecular square held together by an organometallic bond between
trans-PA(ID(PEL,), and ortho-benzenediacetylide.'* It must be reemphasized that these are
simply prominent examples of square construction modes; within these modes there are virtually
unlimited ways of making the requisité bonds, number and type of metal atom, and bridging
ligand. 47149
The second factor to consider in molecular square synthesis is the reactivity of the chosen
metal center. Presuming the mode of assembly is already chosen (i.e. metal directed, mixed, or
ligand directed), the metal’s reactivity is critically important. Specifically, therelative inertness or
lability of the chosen metal determines how the reaction must be carried out to avoid unwanted side
reactions. Also, the thermodynamic preferences of ametal for a given type of coordinating atom
must be added inthe balance. The delicate interplay between kinetics and thermodynamics was
most elegantly demonstrated by Fujitain some of the earliest studies on molecular squares.** In
the first synthesis the lability of the starting PA(IT) complex allowed the reaction to proceed to the
thermodynamically stable molecular square. The Japanese group reasoned that the only slightly
stronger (than Pd-ONO,) Pd-N,,;4, bond allowed the cis-chelated complex to “sample” all the
structural possibilities prior to precipitating out as the favored square. The equilibrium between
squares and other oligomers was therefore driven toward squares by virtue of the square’s lower
solubility and the slightly favorable entropy and enthalpy of cyclization. However, when the more
inert Pt(II) analog was prepared in an identical manner, only a complicated mixture of oligomers

was obtained. This observation suggested that the Pt(Il) reaction was subject to kinetic control
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— the inert Pt{(I)-N,,;a,; bond, once formed, was irreversible under ambient conditions and led to
rapid oligomerization and precipitation. Using the mixture of Pt(I[) based oligomers, the group then
provided strong evidence for the thermodynamic stability of the square motif. When the mixture
was heated (T>100°C) for prolonged periods or in very polar media, the oligomers gradually
converted quantitatively into molecular squares. Stang’s later work, using the very labile Pt(Il)
triflate starting materials, also appears to be kinetically controlled. Presumably, the PH(ID-Npiq
bonds were also inert once formed (the chelating ligands were phosphines instead of the amines
used by Fujita) and the geometric influence of the starting complex simply forced the near
quantitative formation of squares because of the more rapid cyclization relative to
poly/oligomerization. The exact nature of the process is much less clear in Stang’s work. The
observed results were rationalized as the result of built in complementarity and concerted self-
assembly. More edifying results using an inert metal center were obtained by Hupp, who observed
that his Re(I) system appeared to be insensitive to temperature and concentration.*’ This
suggested that the formation ofthe molecular squares was thermodynamically driven, but the
mechanism was not obvious. Hupp proposed that a labile solvate intermediate must be formed in
the process, which would subsequently allow the system to be drawn to the energetically favored
square. The second step is exactly the same as the thermodynamically controlled formation
observed in the labile palladium systems of Fujita. Hupp provided support for his hypothesis with
execution of a control synthesis in non-coordinating media and isolated only complicated mixtures

of oligomers. The practical conclusion that may be drawn from these works is, despite some
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ambiguity regarding the self-assembly process itself, itis possible to prepare molecular squares
from both inert and labile metal centers. The former requires the use of complexes made labile by
good leaving groups such as solvents or weakly coordinated anions, the latter needs strong

chelators or other means to ensure maintenance of the cis- coordination modes.

2.1.2. [Rey(us-Se)s]*" supported molecular squares

The examples seen thus far have all been work done with mono- or dinuclear building
blocks. All are structurally pleasing and many have exhibited interesting and potentially useful
properties. However, there are some difficulties that are encountered when using mononuclear and
dimetallic building blocks. The most significant challenge is simply the lack of a single multipurpose
system. Ifone wishes to use the traditional Pt(IT) and Pd(II) systems for example, it is relatively
straightforward to generate the square motif. However, significant modification is necessary to
incorporate useful spectroscopic or electrochemical properties in the host. Depending on the
choice of transition metal, one may encounter problems with air and moisture sensitivity. Ifthe
metal center is labile, elaborate chelating ligands and careful choice of strongly binding bridging
ligands limit how much modification the system may actually be capable of sustaining. A little
mentioned but often observed problem is the relative flexibility of the bridging ligands. Provided
the ligand still has sufficient overlap with the d-orbitals to remain bound to the metal, the actual
angle between the unbound ligand termini may stray significantly from 90° 1415151 This flexibility

has led to the isolation of several examples of molecular triangles instead of the expected squares.
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The triangle is the entropically (and kinetically) favored structure when “ring strain” does not
provide a significant enthalpic counterbalance. Notably, molecular triangles have been observed
even in the dimetal systems. This is to be expected because the necessary cis- carboxylate
bridging ligands span the dimetal units parallel to the dimetal bond axis, making them no further
apart than a set of cis- coordinated ligands in a mononuclear complex. With these problemsin
mind, we proposed a series of molecular squares supported by the site-differentiated [Reg(ps-
Se)g]** cluster core. The [Re4(us-Se)g]* core is singularly suited to address the problems
described in the preceding paragraph, as its structure and adjustable stereochemistrymakeit a truly
multipurpose building block.

From a synthetic standpoint, the cluster is very convenient. By varyingthe conditions of
the site differentiation reaction, one mayrealize any given cluster isomer in good yields. Because
the cluster core is inert, the use of the same simple monodentate phosphine is all that is required
to fix the stereochemistry of all cluster based building blocks, in contrast to the chelating ligands
used in mononuclear systems. Thus the cis-[Reg(f3-Se)s(PR;3)4(L),]* building block has an
inviolate 90° angle between the L ligands (L= solvent, 4,4'-dipyridyl derivative) regardless of
further preparative manipulation. In addition to having the requisite stereochemistry easily
accessible, none of the synthetic steps to generate the building blocks are particularly sensitive.
Indeed, the exclusion of moisture and air during the phosphine site-differentiation step is necessary
to protect the phosphine, not the cluster. One ofthe particularly important reasons for using the

cluster building blocks in place of a mononuclear one is that the cis-disposed ligands are
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significantly further apart (Re-Rebond lengths average 2.6 A). The wider spacing minimizes the
probability of forming molecular triangles provided that the ligands themselves are reasonably stiff

(Scheme 2.2).



Scheme 2.2 [Reg(p;-Se)]*" cluster core’s wide displacement of ligands
minimizes ligand flexibility and subsequent side products. The cluster is shown
schematically from the “axial perspective”, looking down the two-fold axis of
a cis- cluster building block.
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The novel characteristics of the [Req(13-Se)g]** core also make it very desirable when
considering applications. The core’s ligand tunable electro- and photochemical responses are well
suited to chemical sensing and signaling (vide supra). Another particularly promising feature of the
[Reg(15-Se)s]*" coreisits very strong Lewis acidity. With judicious bridging and protecting ligand
choice, it is possible to prepare molecular squares which will selectively and strongly bind electron
rich substrates. Takento the idealized limit, the bound substrates might even be activated toward
nucleophilic attack while in the cluster-based host. Finally, any cluster-based square will be
expanded relative to the analogous mononuclear structure. The cluster expansion makes the cluster
hosts more generally applicable in binding of larger, more synthetically interesting guests.

Realizing the potential of the cluster to redress some of the shortcomings of mononuclear
based molecular squares, and with an eye to the possibility of realizing novel functionality, we
proposed the synthesis of the first [Req(p1;-Se)g]* cluster core supported molecular squares
(Scheme 2.3). The preparation falls into the first category of the Stang-Atwood model — the sole
structure directing component is the cis-[Reg(113-Se)s(PR3)4(MeCN),](SbFy), cluster building
block. Within the context of cluster supported supramolecular chemistry, the reaction utilized here
is of the cluster condensation type, wherein two or more clusters are condensed into a single
molecule with the concomitant expulsion of the 1abile solvent molecule. This work was intended to
prove that the cluster core could surrogate for amononuclear complex, apossibility hinted at by
the formation of bridged cluster dimers executed by Zheng et al. in the prototypical cluster

condensation synthesis.”
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Scheme 2.3 Proposed cis-[Reg(p;-Se)g(PEt;),(MeCN),](SbF), supported
molecular square synthesis.
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The actual use of the cluster building block’s stereochemistry to generate shape had not yet been
explored. Aswell asbeing proofs-of-concept, the square syntheses were designed to demonstrate
the possibility of tuning the size of the host pore in a predictable way using bridging linkers of
varying lengths. Thebridging ligands were also chosen to simultaneously allow initial exploration
of any electronic coupling between clusters in the final assembly. Two conjugated dipyridyl
derivatives, one with an unsaturated spacer, would provide preliminary evidence for distance
dependent phenomena, and the ligand with the saturated spacer would act as a control for the

relative role ligand electronics might play in any observed coupling.

2.2. EXPERIMENTAL

2.2.1. General methods

Standard Schlenk and vacuum line techniques were employed for all manipulations of
dioxygen- and/or moisture-sensitive compounds. Solvents were distilled from appropriate drying
agents and degassed prior to use. Reagents were of commercial origin and were used as received.
'H and*'P NMR spectra of all compounds were determined with acetonitrile-d; solutions with a
Bruker AM-250 or a Varian Gemini 300 (*'P) spectrometer and were referenced to SiMe, (‘H)
and 85% H;P0, in H,O (*'P). Low resolution ES mass spectra were obtained using an AX-
505H mass spectrometer (JEOL USA, Inc., Peabody, MA). High resolution ES-MS were

measured with a SX-102A mass spectrometer (JEOL USA, Inc., Peabody, MA) using a mass
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resolution of 10 000; the solvent was methylene chloride. FAB-MS and MALDI-MS (6 and 7)
were performed at the University of Arizona’s Mass Spectrometry Facility. Microanalytical
services (carbon, hydrogen, and nitrogen) were provided by Desert Analytics Laboratory, Tucson,

Arizona.

Cyclic Voltammetry

Electrochemical measurements were performed in acetonitrile, witha PAR Model 263
potentiostat/galvanostat using a glassy carbon working electrode. The supporting electrolyte was
0.1 M (n-Bu,N)PF,. Potentials were referenced to the standard calomel electrode. Redox
potentials of compounds 2, 3, and 4 were determined by cyclic voltammetry. Compounds 2 and
3 display reversible reductions near -0.8 V with irreversible reductions at more negative potentials.
The -0.8 V reduction events of 2 and 3 exhibit anodic to cathodic peak séparations (AE,) of~100
mV, which is comparable to that of ferrocene (136 mV), confirming that deviation from the
theoretical value of 59 mV is owing primarily to uncompensated cell resistance. All three
compounds undergo quasi-reversible oxidation at ca. 1 V. Values of the ratio of anodic and
cathodic current maxima /,:/, varied from 1.7 to 3.2. Anodic to cathodic peak separations (AE,)

for the oxidative processes are 200 mV (2) and 167 mV (3 and 4).

2.2.2. Synthesis and characterization molecular squares: cyclo-[Re6(ps-Se)s(PEt;),(L)]4-

(SbFe)s (2-4)
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A mixture of cis-[Reg(113-Se)s(PEL; )4 (MeCN), [(SbF,), (1) (250mg, 0.090 mmol, prepared by
literature methods)’ and Ln [0.090 mmo}; 14.1, 16.4, and 16.6 mg for L1 (4,4-dipyridyl), L2
((E)-1,2-bis(4-pyridyl)ethene), and 1.3 (1,2-bis(4-pyridyl)ethane), respectively] in 50 mL ofdry
chlorobenzene was refluxed under N, for about 30 min. to produce orange-red crystalline solids
and a pale-yellow supernatant. The solids were collected by filtration, washed with chlorobenzene
(2x20mL) and diethyl ether (5x10 mL), and dried under vacuum for 3 h. Products were obtained
as reddish-brown crystalline solids: 2 (243 mg, 94.7%), 3 (235 mg, 90.7%), and 4 (240 mg,

92.6%).

Chemical analyis and NMR: Found: C, 14.21; H, 2.54; N, 1.00. Calc. for 2
(C36H27,F 45NsP 4R €,4SbgSes,): C, 14.33; H, 2.41; N, 0.98%. '"H NMR: § 1.07-1.24 (m, Me),
2.33 (q, CH,), 2.43 (q, CH,), 7.85 (d, B-H), 9.79 (d, a-H). *'P NMR: -23.1, -25.8. 3
(C4sH50F 4sNgP R e,4SbgSes,): Found: C, 14.87; H, 2.69; N, 0.96. Calc. for 3: C, 15.02; H,
2.50; N, 0.97%. '"HNMR: & 1.07-1.27 (in, Me), 2.32 (g, CH,), 2.43 (q, CH,), 7.65 (d, B-H),
7.72 (s, olefinic CH), 9.59 (d, a-H).*'PNMR: -23.6,-26.5. 4 (C,4H,55F 1sN5P;¢Re,,SbsSes,):
Found: C, 14.75; H, 2.46; N, 0.94. Calc. for 4: C, 15.03; H, 2.44; N, 0.97%. 'H NMR: 8
1.10-1.26 (m, Me), 2.31 (q, CH,), 2.42 (q, CH,), 3.18 (s, CH,), 7.43 (d, B-H), 9.48 (d, a-H).

3P NMR: -22.9, -26.2.



75

ES-MS: (2) miz: 1152 {[Re(is-Se)s(PBt),(L1),1}, 1209 {[Reg(is-Se)s(PEts)s(L1),1*}, 1268
{[Reg(15-Se)s(PEL)y(L1),1%}, 1585  {[Rep,Ses(PBL)(L1),1*), 2613  {[Reg(s
Se)s(PEty),(L1)](SbFg)™}, 2691  {[Re;,Se;(PEL)(L1)](SbF), >}, 2769  {[Reg(iis-
Se)(PEL)(L1)J(SbFe), ). (3) miz: 16039 {[RepSeioPR)s(L2),1"), 1682.6
{[Re,Se16(PEt;)s(L2),](SbF6)*}, 1743.9 {[Re;Seis(PBty)s(L2)s]si}, 1804.7
{[Re;5Se,u(PEL)p(L2),]*}, 18632  {[Re,sSe,s(PEts);5(L2);](SbRe)*}, 2640.9
{[Re,Se;s(PEL)(L2),](SbF),2"s . (4) miz: 1604 {[Re;,Se;o(PEL;)s(L3),*"}, 1682
{[Rep,Se;s(PEL)L3),J(SbF)*}, 1744 {[Re;,Se;o(PEty)s(13);](SbF)*}, 2640 {[Res(ps-

Se)s(PEL;)f(L3)J(SbFs)*"}, 2529 {[Req(ts-Se)g(PEL:))y(L3),](SbFe)'}

2.2.3. Synthesis and characterization of cis-[Reg(p1-Se)s(PPhs)4(D),] (6)

A 250 mL heavywalled roundbottom flask was charged with 1.50 g (4.31 x 10™*mol) (n-
Bu,N);[Re™;Re™(11;-Se)s(I)s], a magnetic stirring bar, and dry, degassed DMF. Upon complete
dissolution to yield a dark green solution, 678.4 mg (2.587 mmol, 6 eq.) triphenylphosphine was
added to the flask. The flask was fitted with a septum capped condenser, placed under dynamic
N, blanket, and allowed to reflux for 72 hours. Solvent was removed from the resultant blood-red
mixture which was then triturated 3x with dichloromethane (DCM)/ether and dried under vacuum
for 3 hours. The orange-red solid was then extracted into neat DCM (leaving an insoluble orange
powder), the velume reduced to 1.5 ml, and subjected to flash chromatography over silica. 6 was

eluted in 20:1 DCM/MeCN as the second broad band (r;=0.7). The sample was evaporated to
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dryness, affording an orange-red crystalline powder (444.2 mg, 33.7%). 'HNMR: 7.1 (t, y-
Hpen); 7.2 (m, broad); 7.3 (m, overlapped). *'P NMR:-35.8,-36.4. FAB-MS: 3051.8 [M]";

2924.3 [Reg(13-Se)s(PPhy)4(D]'; 2662.1 [Reg(j15-Se)s(PPhs), 1",

2.2.4. Synthesis and characterization of cis-[Reg(13-Se)s(PPh;),(MeCN),](SbF¢), (7)
444.2 mg (0.1455 mmol) 6 was dissolved in a 50 mL roundbottom flask in a 10:1
DCM:MeCN (20 mL) mixture with vigorous magnetic stirring. A large excess of AgSbF;was
quicklytransferred to the red solution to immediately yield a dark orange slurry. The flask was
stoppered, covered with aluminum foil to exclude light, and left to stir for 12 hours. The foil was
then removed from the flask which was allowed to stir for two additional hours inthe light. Thered
supernatant was decanted from the gray metallic precipitate and solvent was slowly removed with
heating. The mixture was redissolved in ca. 10 mL of neat DCM and filtered over Celite. This
process was repeated until no further metallic silver could be detected via thin-layer
chromatographic analysis. The pure compound was recrystallized from DCM with ether diffusion
to afford block-like red crystals (400.1 mg, 82.02%). '"HNMR: 2.8 (s,-CH,); 7.1 (m, Y-Hper)s
7.3-7.6 (m, broad, phenyl). P NMR: -12.3, -13.5. FAB-MS: 3031.5 [Req(js-

Se)s(PPh;),](SbFe)"; 2796.2 [Req(i13-Se)s(PPhs);1(SbFy)"; 2507.8 [Req(1t3-Se)s(PPhs), J(SbF) .

2.2.5. Synthesis and characterization molecular squares: cyclo-[Reg(;-S€)s(PPhy)(L)],-

(SbF)s (8-10)
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8,9, and 10 were prepared exactly as for 2-4, using 302 mg (0.0900 mmol) 7 and 14.1,
16.4,and 16.6 mg for L.1,1.2, and .3, respectively. All three compounds contained significant
impurity which was removed with 2-3 days of soxhlet extraction with neat chlorobenzene.
Extractions were monitored via "H and *'P NMR until no impurity was detected. Once pure,
products were recrystallized from DCM/Ether to afford crystalline orange powders: 8 (100 mg,
8.11%); "H NMR: 7.4 (m, broad); 7.7 (d, H,); 9.3 (d, H,). *’PNMR: -17.3,-18.0.9 (189 mg,
15.2%); 'H NMR: 7.3 (m, broad); 9.3 (d, broad H,). *'P NMR: -17.5, -17.8. 10 (77 mg,

6.20%); 'H NMR: 7.4 (m, broad); 8.9 (d, broad H,). *'P NMR: -17.7, -18.1.

2.3. RESULTS AND DISCUSSION

Typical cluster condensation syntheses of molecular squares involve the stoichiometric
reaction of 1 with a pyridyl-based bidentate ligand (Ln, n=1, 2, 3) inrefluxing chlorobenzene.
Orange-red crystalline solids deposit after 30 min, leaving a pale-yellow supernatant due to the
slight solubility of the product. With .1, L2, and L3, the squares 2, 3, and 4 were obtained,
respectively. Analytically pure samples were isolated in high yields after washing (chlorobenzene
followed by diethyl ether) and drying the solid products in air. All three compounds arereadily
soluble in polar organic solvents, including dichloromethane, acetone, and acetonitrile, to yield
orange-yellow solutions. New compounds were characterized by microanalysis, 'H and *'P
NMR, and mass spectrometry; all three have resisted crystallization. In all cases, disappearance

ofthe 'H NMR signal at 2.69 ppm (acetonitrile-d,) of the coordinated acetonitrile ligandsin 1
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indicates quantitative substitution by the ditopic ligands. Significant downfield shifts were observed
inthe "H NMR of the bridging ligands upon coordination, owing to the inductive effect of Re™. For
example, the resonances of .1 in 2 shift by 1.0 (a-H, pyridyl, 3 9.8 ppmin2 vs. 8.8 ppm inL1)
and 0.2 ppm (B-H, pyridyl, 8 7.9 ppm in 2 vs. 7.7 ppm in L.1) with respect to those of the free
ligand (Figure 2.4). Similar chemical shift changes occur for 1.2 and L3 upon binding. 3'P NMR
spectra are consistent with symmetric assemblies. In each case, two *'P peaks of equal intensity
appear, indicating distinct sets of PEt; ligands, one in the plane of the square and the other
perpendicular to it. No other *'P signals were observed.

Time-of-flight electrospray mass spectra were collected to discern the degree of
multicluster oligomerization. Electrospray ionization is the preferred technique for supramolecular
compounds; ES-MS was used to characterize the quasi-linear tricluster [Reg(ps-
Se)g(PEty),4(1.1),](SbF,)s, and related bridged diclusters.'* Alternative methods involve more
severeionization processes or smaller available mass ranges. Figure 2.5 depicts results for the
representative compound 3. Of interest are peaks corresponding to multiclusters (assignments in
parentheses) at m/z 1603.9 {[Re;,Se;((PEt;)s(L2),]°*}, 1682.6
{[Re,Seis(PEL)s(1.2),] (SbFe)*"}, 1743.9  {[Rei,Sei(PEt;)s(L2);]*"}, 1804.7
{I[ResSe,u(PEL)1»(1L2),]1*), 1863.2  {[Re4Senu(PEL,) ,(1L2),](SbFs)*}, and 2640.9
{[Re,Se ((PEL)5(IL2),](SbF),**}. Fragment charges are deduced from m/z interpeak
separations; for example, the signal at m/z 1603.9 is resolved as a sequence of smaller peaks

ranging from ca. m/z 1595 to 1610, all spaced 13 amu apart (z = +3). Peak structures
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associated with putative 4+ entities are more complicated, and may imply additional, more massive
fragments coincident with those proposed. Parent ions were not observable for any of the three
new compounds. Mass spectral results for compounds 2—4 are equally consistent with bridged
tetraclusters or with trimers. 'H and *'P NMR experiments indicate a single species prevalent in
solution, which we believe to be tetrameric. In all known [Reg(t5-Se)g|** clusters, the angles
between any two cis-oriented Re—(terminal ligand donor) bond vectors closely approach or equal
90°; the N(1)-Re6 centroid-N(2) angle in 1 is 88.1°.7° This regularity should logically govern the
present oligomers. A trimeric macrocycle would dispose bridging ligands at 60° to each other,
straining the complex relative to the unstrained square. If trimers and tetramers equilibrate, entropy
would favor the trimers (three tetramers vs. four trimers), and we do not at this juncture exclude
their presence; they might coexist in solution with tetrameric 2—4 in such an equilibrium. ! We
deem this unlikely, as most known examples tend to give clear spectroscopic evidence if more than
one species exists in solution. Nonetheless, the flexible linker 1,2-bis(4-pyridyl)ethane in
compound 4 does pose special difficulties in characterization. While ostensiblymuch like 2 and 3,
clear precedents exist for adimer of thekind 4' { 4' =[Re,;Se;(PEt;)s(1.3),]*"} : Inspection of
ES-MS results for 4 finds a signal corresponding to a triply charged cation at m/z 1743.8, assigned
to {[Re;,Se;6(PEt;)s(L.3);](SbF4)}3*. We cannot easily account for this fragment, with three
ditopic ligands, in terms of the dimer 4'."°*!>* Analogously to 2 and 3, we expect 4 to be

predominantly tetrameric.
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Cyclic voltammetry reveals a single process of chemically reversible oxidation (£,,=1.09
V vs. SCE) in each case, from which no intercluster redox coupling is evident. This observation
concurs with a similar result for bridged diclusters.” Clusters 2 and 3 also display reversible
reductions near -0.8 V, with irreversible processes at more negative potentials. Reversible
reductions (vs. SCE) atca. -1.4 V in [Reg(j13-S)g(C1)4(LL1),]* clusters, and at-1.2 and -1.4 Vin
neutral, non-cluster rhenium(T) carbonyl cyclophanes were ascribed to electron uptake at dipyridyl
ligands. We contend that the irreversible reductive processes observed in the 2-4 are due to this
same mechanism.'** Observed redox events in 2-4 are anodically shifted from those in anionic
[Reg(13-Q)s] (Q=S8, Se, Te) clusters and neutral analogue compounds, a likely consequence of
positive charge buildup.

Encouraged by the successful realization of 2-4 but frustrated by the lack of structural
proof, we pursued the synthesis of an analogous series of squares, using cis-[Reg(ps-
Se)s(PPh,)4(MeCN),(SbF), as the cluster building blocks. Replacing the aliphatic and easily
disordered ethyl groups of the original phosphine with phenyl rings could enhance crystallinity and
therefore increase the odds of obtaining single crystals. The previously unknown 6 and 7 were
prepared using the same methods used for the PEt; equivalents, affording similar red, crystalline
materials at each step. Syntheses of the three new squares 8-10 were also prepared according to
their PEt, analogs, with similar results. However, initial 'H and *'P NMR spectra were notnearly
as clean as the 2-4 signals were. Although the two symmetric peaksat-17.3 and-18.0ppm (8,

representative) in the >'P spectra were present, they were significantly broadened and weakened
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(in the same approximate analyte concentrations) relative to 8-10. '"H NMR revealed similar
troubling results, with poor signal-to-noise ratios, small shoulder peaks on the coordinated L1-L.3
signals, and poor resolution of all cluster based peaks. Thethird square, bridged by L3, was the
worst of the three. Some of these observations could be accounted for by the decreased solubility
of the phenyl-rich squares relative to the aliphatic species, but the extraneous peaks and
shouldering suggested the presence of other cluster based oligomers. It was surmised that the
smaller oligomers, notably the plausible trimer almost certainly present in the 10 sample, would be
more soluble than the squares. Protracted soxhlet extraction of the three aromatic square samples
in neat chlorobenzene afforded pure materials as flocculent orange powders upon washing with
ether. Yidds were modest. Much improved spectra were obtained for all three species, with
those for 8 shown in Figure 2.6. Although considerably cleaner than the crude materials, the
spectra still had poorer resolution in the cluster based peaks, possibly due to agglomeration in
solution or to the samples actually being open oligomeric chains of sufficient length to surpress the
signals from the chain ends. The latter possibility is remote, as all samples were soluble inarange
of solvents. Crystallinity in all samples was improved. Small single crystals were grownovera
period of several months but proved too delicate to use for structural determination. Owing to their
uncertain nature and resistance to forming stable crystals, no further study of these materials was

undertaken.
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2.4. CONCLUSION

The successful synthesis of the [Req(11;-Se)s|** cluster directed molecular squares 2-4
marked our initial foray into inorganic host-guest chemistry. Although we were unable to obtain
single crystal structural data, the primary goals of the study were achieved. We have shown that
the cluster condensation reaction is a viable route to discrete supermolecules using a variety of
bridging ligands, confirming the structural tunability in the cluster system. The use of the cis-
[Reg(p3-Se)s(PEL;),(MeCN), (SbF), building block as the sole structural determinant has been
successfully demonstrated. All available data support our conjecture that the wider displacement
ofthe cis-coordinated bridging ligands has prevented the formation of smaller oligomers, with the
possible exception of those compounds with inherently flexible linkers. Electrochemical
examination has shown the cluster components to be electronically independent within the square
architecture inall cases. This finding is in line with the redox behavior of the known bridged cluster
dimers. Although disappointing from phenomenological standpoint, the reversibility of what
appears to be a simuitaneous four electron oxidation process may prove useful in chemical
applications that require multiple electron transfers without decomposition of the host structure.
Finally, with the preparation of the PPh; protected building blocks and squares, the intrinsic
synthetic malleability of the cluster core has once again been highlighted.

Aswell as a proof-of-concept project, the [Req(us-Se)g]* " directed molecular squares
open useful discussion regarding the general applicability of the cluster condensation method.

While speculative, examination of the reaction conditions suggests that cluster directed square exists
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on the border of thermodynamic and kinetic control. Thermolytic studies and more recent kinetic
work have shown that the coordinated acetonitrile molecule of the 1 building block is inert to ligand
exchange under ambient conditions.*®' Hence it is necessary to use refluxing chlorobenzene to
initiate the displacement of the solvent molecule. The conditions imply that subsequent cyclization
must be rapid relative to the possible polymerization. Althoughno direct evidence exists for such
amechanism, itis reasonable to invoke a version of Hupp’s highly labile solvate intermediate
wherein the more inert acetonitrile is displaced by a very weakly coordinating chlorobenzene
molecule, allowing the cluster direct the thermodynamically favored square formation (Re-pyridyl
bonds are inert). This mechanism is supported by two ancillary pieces of evidence. The first,in
an unpublished ligand exchange reaction using [Reg(u;-Se)s(PEt;)s(MeCN)}(SbF,), and a
polytopic pyridyl based ligand under identical cluster condensation conditions, afforded single
crystals of [Reg(u;-Se)s(PEL;)s(CDI(SbFg). The only possible halide source for this product was
the chlorobenzene solvent, which supports the proposed formation of a chlorobenzene solvated
intermediate. The second line of support comes from the PPh;protected cluster squares. Ifone
considers the possibility that the broadened spectra were the result of open oligo/polymerization
and not agglomeration, it becomes clear that the rate of polymerization begins to compete with the
favorable rates and thermodynamics of cyclization. Given that the increased inductive effects of
the PPh;, ligands cause stronger binding of the acetonitrile (the 7 methyl singlet is 0.2 ppm downfield

shifted relative to 1), it follows that the ligand exchange reaction will be markedly slowed, favoring
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polymerization. It was later found that the use of fac-[Reg(13-Se)g(PPh;):(MeCN);](SbF), to
direct the assembly of amolecular cube resuited in the formation of a completely intractable solid.

The synthetic significance of these correlated observations is that the stable cluster solvates
[Req(j3-Se)s(PR3)e(MeCN),J** are useful for creating discrete supermolecules with a range of
bridging ligands via the cluster condensation reaction. However, consideration mustbe given to
structures with geometry directed solely by the solvates whenn>2. With relativelylow ligand
exchange rates, even elevated temperatures may not prevent a polymerization reaction from
competing with the desired one. Consequently, other means of capitalizing on the cluster’s great
potential for directing the self-assembly process must be developed. These efforts are summarized

in the following chapters.
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CHAPTER 3.

HYDROGEN BONDED SUPRA

MOLECULAR ARCHITECTURES

SUPPORTED BY SITE-DIFFERENTIATED [Reg(i1;-Se)g]** CLUSTER UNITS

3.1. INTRODUCTION

Recent work by our research group and others has conclusively shown that the [Req(ut;-
Se)s]* cluster core isideally suited to its role as a supramolecular building block. The cluster need
not only act as simple 0-dimensional ([Req(p;-Se)s(PEt)s(L)]*) or symmetric ([Req(ps-
Se)s(L)s]*" structural scaffolds, however. Withits readily modifiable stereochemistry, the cluster
can be a powerful geometric determinant of the overall assembly inits ownright. Given this fact,
it is reasonable to presuppose that the site-differentiated cluster systems [Reg(113-S€)s(PR3)(L)gnl*
might serve equally well directing the assembly of arrays not directly supported by coordinate-
covalent ligand-cluster dative bonding, Specifically, ifthe L species bound to the cluster bore
additional functionality capable of secondary interactions with neighboring clusters or other
moieties, the supporting cluster’s stereochemistry would likely determine the extent and geometry
of the subsequent assembly.

Encouraged by our success using the cluster’s geometry to direct the coordinate-covalent
assembly of molecular squares* but frustrated by the difficulty in obtaining stable crystals, we
began to look at new synthetic routes to discrete and extended species with two or more
intercluster linkages (n > 2). The somewhat vague concept of “cluster geometry at adistance”

described above consequently took the form of using cluster derivatives with secondary
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functionality capable ofhydrogen bonding or secondary metal ion coordination to achieve the
desired intercluster linkages. Both of these approaches offered the advantage of requiring the only
traditional synthetic step to be the preparation of properly finctionalized monocluster species which
would be highly soluble and readily purified. The supramolecular intercluster linkage(s) would then
be formed only upon concentration in the solid state, obviating the need for careful control of
synthetic conditions and reagent stoichiometry. More importantly, metal ion coordination and
directed hydrogen bonding are classic crystal engineering motifs, so the slow concentration and
self-assembly of the monocluster units are likely to yield stable single crystals of predictable
structure.®>'% The subject of this chapter is the exploration of [Reg(13-Se)s|*" directed assemblies

that feature the hydrogen bond as the secondary noncovalent interaction.

3.2. AUFBAU SYNTHESIS

Asone of the principal aims ofthis entire thesis work had been to develop methods for
generating porous host materials (both discrete molecular and extended solid), use of the hydrogen
bond as the cluster linking mode seemed an ideal means of creating such species. The main
advantage of the hydrogen bond is its inherent directional and selective binding. Directional
hydrogen bonding is usually achieved by choosing strong hydrogen bond donor-acceptor (DA)
pairs such as amides, carboxylic acids or purine/pyrimidine groups and arranging them in molecules
such that the hydrogen bond donors (and acceptors) extend along one or more independent axes

or in symmetrically significant directions (e.g. displaced 60° from one another for ahexagonal
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array).'”’ Provided the DA interactions are significantly stronger than other possible interactions
with solvent or counterions, the final aggregate will exhibit hydrogen bonding only in the directions
dictated by their placement in the starting monomer (Figure 3.1a). Incontrast, anaked metalion
has effectively spherical symmetry and requires careful choice of ligands to impart any vectorial
quality to the metal-ligand bond. The selectivity ofthe hydrogenbond is largely dictated by the
number, electronegativity, and orientation of the donor and acceptor atoms within the hydrogen
bonding functionality itself. Thisisbestillustrated by the high fidelity of the cytosine-guanine an
thymine-adenine hydrogen bond sets that ensure the proper assembly of DNA (Figure 3.1b).
Many years of crystal engineering have created some provisional rules for choosing DA pairs such
that only the desired interactions occur. The hydrogen bond’s ideal combination of selectivity and
directionality has become a cornerstone of crystal engineering; an entire literature on the rational
use of these features to construct rationally designed 1-, 2-, and 3-D hydrogen bonded arrays
exists. 15816

Implicit in the selectivity and directionality of the hydrogen bonded assembly is the
geometry of the substructures that support it, i.e. the molecule that places the DA group along the
aforementioned axes and symmetry elements. It is therefore somewhat surprising that the quasi-
rational use of coordination complexes bearing hydrogen bonding capable ligands was not explored
in detail until the 1995 work of D. Mingos et al..! Not only do transition metal complexes offer
arange of structural scaffold types not easily achieved with purely organic species, they necessarily

add a dimension of electronic, magnetic, and catalytic functionality to the material. Since the work
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of Mingos, a number of reports using transition metal complexes to direct hydrogen bonded

assembly have appeared.'71%
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However, the field is still in its infancy and serendipity often plays as large a rolein the final structure

asrational design does.'8!"!%2

Because of their wide ligand displacement, stereochemical rigidity,
and their large steric bulk, the site-differentiated [Reg(13-Se)s(PR3) (L) 1(SbF¢), clusterisomers
seemed ideal hydrogen bond directors. These structural features might prevent some of the
ambiguity present in even the strong hydrogen bond regime, such as intramolecular bonding and
hydrogen bond polymorphism (e.g. ladders vs. chains in amide-amide bonding) that can arise due
to the close proximity of the hydrogen bonding units in mononuclear systems.'® To demonstrate
the enhanced structure directing properties of site-differentiated clusters in hydrogen bonded
assemblies, we prepared a series of cluster derivatives that used 1, 2, and 3 hydrogen bond
capable ligands. This series was designed to increase the dimensionality and geometric complexity
ofthe assemblies in a controlled way, going from ““zero dimensional’ hydrogen bonded dimers to
two dimensional chains and potentially to three dimensional cubic structures (Figure 3.2). This
“aufbau” approach contrasted with the only other known example of cluster supported hydrogen
bonded arrays, which used persubstituted hexamolybdate clusters as symmetric supports for non-
directional hydrogen bonding.'®> The first series in our research used isonicotinamide as the
hydrogen bond capable ligand, as shown in Scheme 3.1. Isonicotinamide was chosen as the
amide-amide homotopic hydrogen bond is one of the strongest neutral hydrogen bonds and

therefore one of the most predictable.’®® Later compounds featured nicotinamide and 3,5-

pyridinedicarboxylic acid as the hydrogen bonding ligands.
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The final compound, [Reg(113-Se)g( OH),(OH,), ]« (H,0);,, was intended to be the symmetric core
of a dendrimer assembled by hydrogen bonding, but proved too unstable in this role. The structure
of'this “hexaaqua” species was the only known example and was of fundamental interest to the

cluster community.

3.3. EXPERIMENTAL

Preparation of Compounds

Reagents were of commercial origin and were used asreceived. Cluster solvates [Reg(jis-
Se)s(PR3),(MeCN);.,J(SbF¢), [n=3 (fac-, R =Ph), 4 (cis- and trans-, R =Et), 5, R=Et] were
prepared according to published procedures.*-”> NMR spectra were recorded on a Bruker AM
300 spectrometer in CD;CN. Chemical shifts of *'P spectra were referenced to 85% H;PO, (8
=0 ppm, with negative values indicating upfield shifts). Microanalyses (CHN) were performed

by Desert Analytics Laboratory, Tucson, Arizona.

3.3.1. [Reg(ps-Se)g(PEL;)s(isonicotinamide){(SbF), (11)

To a solution of 26 mg (9.0 mmol) of [Rey(p3-Se)s(PEt;)s(MeCN)](SbFy), in 5 mL of
chlorobenzene/nitromethane (v/v 1:1) was added isonicotinamide (20 x excess) as asolid. The
mixture was stirred and refluxed for 12 hrs to afford an orange solution. The solvent was

evaporated, and the residue was extracted using dichloromethane and water. The organic phase
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was dried over anhydrous MgSQ,, and the product was obtained as an orange-red powder after
removal of solvent (20.5 mg, Yield: 79.0%). "HNMR: 0.95-1.17 (m, 5-CH;),2.12 (g, 1 -CH,),
2.23 (q, 4 -CH,), 6.43 (broad s, amide 1 -0H), 7.00 (broad s, amide 1 -H), 7.57 (d, pyridyl 2
B-H), 9.40 (d, pyridyl 2 a-H). *'P NMR: -19.5 (4 PEty), -23.0 (1 PEt;). Anal. Calcd for

C36H81N2F120P5R658688b2: C, 1468, H, 292, N, 1.06. Found: C, 1474, H, 278, N, 0.96.

3.3.2. trans-[Req(13-Se)g(PEL;) (isonicotinamide), |(SbF), (13)

Prepared in amanner similar to 11 except that trans-[Req(113-Se)s(PEL)(MeCN), J(SbFe),
was used in place of [Reg(p3-Se)s(PEL,)s(MeCN)(SbFy), (Yield: 75.0%). 'THNMR: 1.15(q,
CH,), 2.31(q, CH,), 6.42 (broad s, amide 1H), 7.00 (broad s, amide 1H), 7.55 (d, pyridyl 2 -
H),9.30(d, pyridyl 2 a-H). 3'P NMR: -16.7. Anal. Calcd for C;¢H,,N,F;,0,P,ReSegShb,: C,

14.48; H, 2.47; N, 2.00. Found: C, 14.72; H, 2.47; N, 1.91.

3.3.3. cis-[Reg(u3-Se)s(PEL;) (isonicotinamide), |(SbF,), (15)

Prepared in amanner similar to 11 except that cis-[Req(j13-Se)g(PEt; ),(MeCN), J(SbFg),
was used in place of [Reg(j1;-Se)s(PEL)s(MeCN)|(SbFy), (Yield: 72.0%). "HNMR: 1.08-1.20
(m, -CH,), 2.23 (g, -CH,), 2.35 (q, -CH,), 6.48 (broad s, amide 1 H), 7.06 (broad s, amide 1
H), 7.64 (d, pyridyl 2 B-H), 9.57 (d, pyridyl 2 a-H). *'P NMR: -20.4,-17.5. Anal. Calcd for

Cy6HaNF1,0,PResSesSh,: C, 14.48; H, 2.47; N, 2.00. Found: C, 14.46; H, 2.28; N, 1.86.
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3.3.4. fac-(n-BuyN)[Reg(ps-Se)(PPhy)s(D)s] (16)

A 250 mL heavy walled roundbottom flask was charged with 1.426g (4.09 x 10 mol) (n-
Bu,N);[ResReV(;-Se)s(Ds] (5), a magnetic stirring bar, and dry, degassed DMF. Upon
complete dissolution to yield a dark green solution, 344.0 mg (1.311 mmol, 4 eq.)
triphenylphosphine was added to the flask. The flask was fitted with a septum capped condenser,
placed under dynamic N, blanket, and allowed to reflux for three days. Solvent was removed from
the resultant blood-red mixture which was then triturated 3x with dichloromethane/ether and dried
under vacuum for 3 hours. The orange-red solid was then extracted into neat dichloromethane
(leaving an insoluble orange powder), the volume reduced to 1.5 mL, and subjected to flash
chromatography over silica. 16 was eluted in 10:1 dichloromethane/acetonitrile as the fourth broad
band (r;=0.5). The sample was evaporated to dryness, affording an orange-red crystalline
powder (200.5 mg, 16.7%). 'H NMR: 1.0 (t, -CH,); 1.3 (m, -CH,-) 1.9 (m -CH,-); 3.1 (m,
ammonium -CH,-); 7.2 (m, phenyl). 3P NMR: -19.1. FAB-MS: 3157.4 [M]"; 2776.5

{[Res(pa-Se)g(PPha)s]}*"; 2514.2 {[Reg(ii5-Se)s(PPhs),1}*".

3.3.5. fac-[Reg(us-Se)g(PPhs);(MeCN);(SbFy), (17)

A 20mL vial was charged with 200.5 mg (0.069 mmol) 16, a small magnetic stirrer, and
a 10:1 mixture of dichloromethane:acetonitrile. Three equivalents (120.9 mg) AgSbF, were quickly
transferred to the stirring red solution, which immediately became a yellow, turbid suspension. The

vial was promptly capped and covered with aluminum foil. The mixture was lefi under stirring
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overnight. Following a two hour exposure to light, the slurry was transferred to a 50 mL
roundbottom flask from which solvent was removed with rotary evaporation and heat. The
product, 17, was extracted into dichloromethane and filtered 3x over a celite plug to remove
excess metallic silver. Yield: 133.7mg, 61.9%. 'THNMR: 2.88 (s, -CH,); 7.2 (1, y-Hpen); 7.5
(m, b, phenyl). P NMR: -11.3. FAB-MS: 31294 [M]" 2894 {[Res(ps-

Se)s(PPhs);(MeCN);J(SbFg)}*; 2577 {[Req(113-Se)s(PPhs);}(SbFg)}".

3.3.6. fac-[Req(p13-Se)g(PPh;)s(isonicotinamide); |(SbF¢), (18)

Prepared in amanner similar to 11 except that fac-[Req(p3-Se)g(PPhs)(MeCN); J(SbF),
(17) was used in place of [Req(113-Se)s(PEL;)s(MeCN)(SbFy), (Yield: 26.0% after semi-micro
workup). "HNMR: 6.42 (broad s, amide 1H), 7.08 (broad s, amide 1H), 7.4 (m, b, phenyl) 7.62

(d, pyridyl 2 B-H), 9.45 (d, pyridyl 2 ¢-H). 3P NMR: -12.55.

3.3.7. [Reg(p3-Se)g(PEt;)s(nicotinamide) (SbF¢), (19)

To a solution of 26 mg (9.0 mmol) of [Reg(j13-Se)s(PEL;)s(MeCN) [(SbF), in 5 mL of
chlorobenzene/nitromethane (v/v 1:1) was added nicotinamide (20 x excess) as asolid. The
mixture was stirred and refluxed for 12 hrs to afford an orange solution. The solvent was
evaporated, and the residue was extracted using dichloromethane and water. The organic phase
was dried over anhydrous MgSO,, and the product was obtained as an orange-red powder after

removal of solvent (20.5 mg, Yield: 79.0%). '"HNMR: 0.99-1.17 (m, 5 -CH;), 2.07-2.30 (m,
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5-CH,), 6.36 (broad s, amide 1 -H), 6.96 (broad s, amide 1 H), 7.40 (dd, pyridyl 1 H), 8.24(d,
pyridyl 1 H), 9.38 (4, pyridyl 1 H), 9.79 (s, pyridyl 1 H). *'PNMR: -21.19 (4 PEt,), -25.02 (1
PEt;). Anal. Caled for C3dHg N, F,OPsReSeShy: C, 14.68; H, 2.92; N, 1.06. Found: C,

14.82; H, 2.72; N, 1.13.

3.3.8. trans-[Reg(u;-Se)y(PEL;) (nicotinamide), |(SbF), (20)

Prepared in amanner similar to 11 except that trans-[Rey(15-Se)s(PEt;) 4 MeCN), |(SbFy),
was used in place of [Reg(13-Se)s(PEt;)s(MeCN)J(SbF), (Yield: 75.0%). 'THNMR: 1.15(q, -
CHs;), 2.32(q, -CH,), 6.32 (broad s, amide 1 H), 6.96 (broad s, amide 1 H), 7.38 (dd, pyridyl
1 H), 8.22 (d, pyridyl 1 H), 9.24 (d, pyridyl 1 H), 9.69 (s, pyridyl 1 H). *’P NMR: -20.1. Anal.
Calcd for C;¢H,N,F1,0,P,ReSesSh,: C, 14.48; H, 2.47; N, 2.00. Found: C, 14.42; H, 2.59;

N, 1.94.

3.3.9. cis-[Reg(p3-Se)g(PEL;) (nicotinamide), [(SbFy), (21)

Prepared in amanner similar to 11 except that cis-[Req(ji3-Se)y(PEt;)(MeCN),1(SbF),
was used in place of [Re4(13-Se)s(PEt,)s(MeCN)](SbF), (Yield: 72.0%). '"HNMR: 1.08-1.23
(m, -CH,), 2.23 (q, -CH,), 2.35 (q, -CH,), 6.37 (broad s, amide 1 H), 6.97 (broad s, amide 1
H), 7.42 (dd, pyridyl 1 H), 8.27 (d, pyridyl 1 H), 9.51 (d, pyridyl 1 H), 9.83 (s, pyridyl 1 H).*'P
NMR: -17.6,-20.5. Anal. Calcd for C;¢H;,N,F,0,P,ResSesSbh,: C, 14.48; H, 2.47; N, 2.00.

Found: C, 14.79; H, 2.25; N, 2.06.
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3.3.10. [Re4(p3-Se)g(PEL)s(pdca)}(ShFy), (22)

To amixture of [Reg(u;-Se)g(PEL:)s(D]1 (26 mg, 9.0 mmol) and a large excess of 3,5-
pyridyldicarboxylic in S mL of dichloromethane was added 150 mg of AgSbF. The mixture was
stirred at room temperature in the absence of light for 12 hours. The resulting mixture was then
exposed to light with stirring for 2 hours before the solvent was removed under vacuum. About
20 mL of dichloromethane was added to the residue, and the resulting mixture was filtered through
a plug of Celite. The orange-red filtrate was collected, and the product was obtained as an
orange-yellow solid upon removal of the solvent (20.5 mg, Yield: 79.0%). '"HNMR: 1.01-1.17
(m, 5-CH,), 2.07-2.19(q, 1 -CH,),2.21-2.35(q, 4 -CH,), 8.80 (s, pyridyl 1 H), 9.97 (s, pyridyl
2-H). *'"PNMR: -24.29 (4 PEt;), -28.67 (1 PEt,). Anal. Caled for C3;HgoN,F,0,PsResSesSby:

C, 14.93; H, 2.69; N, 0.47. Found: C, 15.27; H, 2.89; N, 0.65.

3.3.11. trans-[Reg(p;-Se)s(PEt;)4(pdca),](SbF), (24)

Prepared in amanner similar to 4 except that trans-[Req([;-Se)g(PEL)(1),] (25) was used
inplace of [Req(p3-Se)s(PEL)s(DH (Yield: 75%). 'THNMR: 1.15 (g, CH,), 2.32 (g, CH,), 8.70
(s, pyridyl 1H), 9.76 (s, pyridyl 2H). 3P NMR: -19.3. Anal. Caled for

CigHqoN,F1,04P,ResSegSh,: C, 15.08; H, 2.31; N, 0.92. Found: C, 15.32; H, 2.48; N, 1.21.

3.3.12. cis-[Reg(p3-Se)g(PEL;)(pdcea), |(SbF), (26)
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Prepared in a manner similar to 4 except that cis-[Reg(u3-Se)s(PEt;)4(1),] (27) was used
in place of [Reg(13-Se)g(PEL)s(D]I (Yield: 75.0%). 'H NMR: 1.05-1.25 (m,-CH,), 2.24 (q, -
CH,), 2.36 (q, -CH,), 8.81 (s, pyridyl 1 H), 10.02 (s, pyridyl 2 H). *'P NMR: -20.5, -23.6.
Anal. Caled for CsgHNLF ,04P,ResSesSh,: C, 15.08; H, 2.31; N, 0.92. Found: C, 15.26; H,

2.07; N, 1.18.

3.3.13. [Reg(ps-Se)g(OH),(OH,),]1=(H,0)y, (28)

A 250 mL roundbottom flask was charged with SOmg (n-Bu,N);[Re™Re™ (15-Se)g(Ds]
(0.014 mmol), which was then dissolved with ca. 80 mL of acetone under magnetic stirring. A
large excess of aqueous NaOH was added to the dark green solution, and the flask was then fitted
with a condenser and placed under a dynamic N, blanket. The solution was refluxed 12 hours
followed by rotary evaporation. The yellow solid was extracted 3x with ethanol to remove excess
base and ammonium salt. The solid was then redissolved in deionized water to yield a straw yellow
solution. The solution was place in a vial and allowed to slowly concentrate, affording small
rhomboid shaped crystals that rapidly decomposed into green powder upon removal from the

liquor.

X-ray Structure Determinations
X-ray crystallographic data are summarized in Appendix 1. Red plate-shaped crystals of

11,14, and 18 were grown from corresponding dichloromethane solutions upon vapor diffusion
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of diethyl ether at room temperature, while red block-shaped crystals of 13 were obtained
analogously starting from a mixed solution of dichloromethane and nitromethane. Crystals 0of24
were afforded from acetonitrile solution as red plates via ether diffusion. Crystals of theremaining
compounds were grown in the same fashion but were of unsatisfactory quality for full structural
analysis. Yellow rhomboidal crystals of 28 were grown from the basic aqueous mother liquor.
Data were collected using a Bruker SMART 1000 CCD based area detector diffractometer with
graphite monochromated MoKa (A=0.71073 A) radiation. Structures were solved with direct
methods followed by ourier synthesis using Bruker’s SHELXTL (v. 5.0) software package. ***
Anisotropic thermal parameters were applied to all non-hydrogen atoms. Hydrogen atoms were

added atidealized positions, constrained to ride on the atom to which they were bonded and given

thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded atom.

3.4. RESULTS AND DISCUSSION
3.4.1. Synthesis and Characterization of Cluster Complexes

In this work, we sought the synthesis, structural characterization, and supramolecular
organization of a series of site-differentiated cluster complexes of the general formula [Reg(ps-
Se)(PR2),(L)s.]* [11 (n=5, L=isonicotinamide); 13 (n=4, trans-, L=1isonicotinamide); 15
(n=4, cis-, L =isonicotinamide); 18 (n=3, fac-, R =Ph, L =isonicotinamide); 19 (n=5,L=
nicotinamide); 20 (n =4, trans-, L =nicotinamide); 21 (n =4, cis-, L =nicotinamide); 22 (n=>5,

L=pdca); 24 (n=4, trans-, L=pdca); 26 (n=4, cis-, L=pdca) ]. When L =isonicotinamide
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or nicotinamide, the targeted complexes were prepared via the reaction of the corresponding
acetonitrile solvates [Rey(1i3-Se)s(PR;),(MeCN)g, J(SbF ), with excess ligand in arefluxing mixture
of chlorobenzene/nitromethane (1:1) (Scheme 3.1). In arepresentative synthesis, reacting[Req(pi5-
Se)(PEL;)s(MeCN)J(SbFy), with an excess of isonicotinamide afforded [Req(us-
Se)s(PEt,)s(isonicotinamide)](SbFy), (11), the first member of the series, in good yields after
straightforward work-up. When L = pdca, the ligand exchange was carried out on the iodo-
complexes [Reg(113-Se)s(PR,), (D ] €™ owing to the poor solubility of pdca in the solvents used
in the iso-/nicotinamide syntheses. A representative synthesis of this class of complexes involved
the Ag(I) abstraction of the halide anions from [Rey(t;-Se)s(PEt;)s(1)]1(23) by adding a large
excess of both the ligand and the silver salt AgSbF,, as solids to a stirring dichloromethane solution
ofthe cluster complex. After 12 hours of stirring in darkness, followed by two additional hours in
the light, the slurry was dried. The pure, red product 22, was simply extracted into
dichloromethane and filtered to remove remaining silver. Yields were reasonable in all cases. The
final compound, 28, was prepared by addition of concentrated NaOH(aq) to an acetone solution
of (n-Bu,N);[Re™sRe™(u;-Se)g(I)s] which was then refluxed overnight. After workup, 28
crystallized from aqueous solution in low yields. Microanalysis (CHN) is in agreement with the
proposed stoichiometry for 11-26. Microanalysis of 28 was not possible due to its lability,
uncertainty in molecular formula (degree of solvation), and the refractory nature of M—O bonds.

Several lines of spectroscopic evidence support the molecular structure and

stereochemistry of 11. Specifically, upon the formation of 11, the 'H NMR resonance of the
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coordinated nitrile of [Rey(5-Se)g(PEt;)s(MeCN)](SbF),, the starting solvate, disappears,
indicating the displacement of the bonded solvent molecule. Thisis corroborated by the emergence
ofasignal at 9.56 ppm (A, Figure 3.3) which is attributed to the a-H of the coordinated pyridyl
moiety and is significantly downfield-shifted from the corresponding resonance of free
isonicotinamide at 8.70 ppm. Also clear from Figure 3.3 is the noticeable but less dramatic shift
ofthe B-H signal. The two magnetically nonequivalent amide protons, appearing as broad singlets
at 6=6.43 and 7.00 ppm, respectively, are also revealed by 'H NMR. The*'P NMR spectrum
of 11 is unsophisticated, showing two *'P resonance peaks at-19.5 and -23.0 ppm, respectively,
in arelativeratio of 4:1 characteristic of a pentaphosphine substituted species (B, Figure 3.3). The
corresponding signals of the starting nitrile solvate appear at-19.1 and -23.3 ppm, respectively.
Complex 11 is readily soluble in dichloromethane, acetonitrile, and other common polar organic
solvents to yield orange-red solutions.

Encouraged by the successful isolation and supramolecular organization of 11, we hoped
to extend the cluster-supported hydrogen bonding to the next level of complexity. Byplacing the
amide ligands at rhenium apices trans to each other, the expected hydrogen bonding should yield
aone-dimensional chain of clusters in the solid state. Complex 13 was accordingly prepared. The
synthesis was accomplished in the same manner as 11, with the only difference of using trans-
[Reg(pa-Se)s(PEL)(MeCN), J(SbFy), as the starting cluster. Asinthe caseof 11, formationof13
is marked by the displacement of MeCN with isonicotinamide, as confirmed by 'H NMR studies.

In the 'H spectrum, the ortho and meta
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Figure 3.3 A) 'H spectra of the ligand signals in 11 (top) and the free ligand

B) 'P spectra of 11 (top) and [Re(jt;-Se)s(PEt,){(MeCN)1(SbF,),
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proton multiplets are centered about 9.30 and 7.55 ppm, respectively, clearly shifted from those
ofthe free ligand. The amide protons in 13 appear as two magnetically nonequivalent signals at &
= 6.42 and 7.00 ppm, respectively. A single peak at-16.7 ppm in the*'P spectrum suggests one
symmetric phosphine environment and retention of the trans- stereochemistry upon reaction. In
comparison, the 3'P resonance of the starting dinitrile complex appears at -17.9 ppm.*!:7%72

Compound 15 was prepared with the hope of achieving a discrete square-shaped
tetracluster array with hydrogen-bonded isonicotinamide ligands serving to link neighboring clusters.
Upon assembly in the solid state, however, only one-dimensional zigzag polymeric chains of
clusters mediated by hydrogen bonding have been obtained (see below). This is in fact not
surprising considering nature’s abhorrence of void space, which has been manifested by the
formation of numerous polymeric supramolecular structures whose presumably more desired

supramolecularisomorphs!®*

are the porous structures. Displacement of the nitrile ligands was
indicated by the disappearance of 'H signal of the originally bound nitrile molecules.
Accompanying are the 'H signals of the newly implemented isonicotinamide ligands. The*'P
spectrum confirms the preservation of the cluster stereochemistry, with two peaks of equal intensity
at -17.5 and -20.4 ppm, respectively; the corresponding values of cis-[Reg(jis-
Se)s(PEL;)4(MeCN),[(SbF,), appear at -15.6 and -19.0 ppm, respectively.

Compound 18 was prepared in an ambitious effort to realize a hydrogen bonded molecular

cubeinthe solid state. The complex was prepared the exact same fashion as 11-15, differing only

in the fact that the starting cluster complex achieved the fac- coordination with protection by
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triphenylphosphine rather than the triethyl analog. Although partially obscured by the phosphine
'H signals, the characteristic pyridyl signals appears in the appropriately downfield-shifted
positions, accompanied by the complete disappearance of the nitrile singlet (2.88 ppm). The *'P
spectrum reveals asingle peak at -12.55 ppm, shifted slightly from that of the starting nitrile solvate
(-11.3 ppm). Likely for the same reasons cited in the discussion of 15, 18 does not self-assemble
to form a discrete molecular cube in the solid state, but does form a fascinating channel structure
discussed below.

The preparation of the fris-triphenylphosphine complexes warrants mention as their
preparation to date has not been straightforward. Because the Re™ sites on the cluster strongly
favor the very strong PEt; nucleophile, even careful control of stoichiometry and reaction conditions
provides only vanishingly small quantities of fac, mer-(n-Bu,N)[Re(p3-Se)s(PEt;)5(1);].%7 If PPh,
is substituted for PEt; the nucleophilicity of the protecting ligand is reduced and should slow the
reaction enough to allow stoichiometry to better control the product distribution. Using the
literature preparation for fac-(n-Bu,N){ Reg(u;3-Se)g(PEt;)s(1);] with PPh; instead of PEt; does
indeed dramatically enhance the yields of the #ris-phosphine complexes, affording usable quantities
of fac-(n-Bu, N)[Reg(13-Se)g(PPhs)y(D);] (16); mer-(n-BuN)[Req(ps-Se)s(PPhs)s(D)s] is not
readily separated from other isomers. The complex 16 is characterized by several broad multiplets
at 7.2 ppm and the characteristic multiplets of the tetrabutylammonium counterion at 1.0, 1.3, 1.9,
and 3.1 ppm. Integration of these signals reveals the presence of only one counterion. The *'P

spectrum reveals a single peak at -19.1 ppm. The nitrile solvate, fac-[Reg(ps-
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Se)s(PPh;);(MeCN), J(SbF), (17), is prepared via the usual silver metathesis route. Upon
standard workup, the 'H spectrum is free of the ammonium cation and has a sharp singlet at 2.88
ppm due to the three coordinating nitriles. The unsurprising *'P spectrum has its peak shifted to

-11.3 ppmrelative to the iodo-complex. Mass spectral analysis of 16, 17, and 18 are satisfactory.

Compounds 19-21 were synthesized to explore what effect, if any, adding one simple
modification to otherwise identical ligands [meta- vs. para-(iso)nictotinamide] might have on the
overall structure. Ideally, the meta-substituted amide would be conformationally “prochiral” and
would engender the adoption of polar or helical arrangements in the solid state. As the only
difference between compounds 11-18 and 19-21 was the placement of the amide moiety on the
pyridine ring (para to meta), the cluster based phosphine 'H and *'P signals 0f19-21 are virtually
unchanged relative to the corresponding stereoisomers of 11-18. Compound 19 exhibits the same
4:1 intensityratio of 11 in the 'P spectrum, with the signals shifted only slightly with respectto 11
[-21.19 (4), -25.02 (1) ppm vs. -19.5 (4), -23.0(1) ppm]. The 'H spectrum reveals similar
downfield shifts of the nonequivalent a-protons, appearing at 9.38(s) and 9.79(d) ppm. The
meta- and para- protons appear as a doublet of doublets at 7.40 ppm and a doublet at 8.24 ppm,
respectively. Amide protons appear in the range of their isonicotinamide analogs as broad singlets
at 6.36 and 6.96 ppm. As before, the addition of the nicotinamide ligand is marked by the
complete elimination of the acetonitrile signal. Compounds 20 and 21 also exhibit very similar 'H

signals due to the nicotinamide ligands, and the *'P signals in each case indicate retention of
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stereochemistry from the starting solvate. Unfortunately, despite providing single crystals, all of the
samples from 19-21 were too delicate to survive the duration of the diffraction experiment. This
is the likely result of inefficient packing enforced by the nicotinamide ligand; further complicated by
the inclusion of large amounts of volatile solvent necessary to fill the resultant void volume. Similar
difficulties occur with 11-18, but the straight extension of the amide moiety appears to yield
sufficiently stable packing modes via collinear (with respect to the ligand cluster bond vector)
hydrogen bonding, allowing complete analysis.

The compounds 22-26 are also the result of efforts to explore new modes of generating
hydrogen bonded networks supported by cluster stereoisomers. In this series of compounds, each
ligand bears two hydrogen bonding DA groups placed at 120° from each other on the pyridyl ring.
The DA groups are carboxylic acids and are subject to a variety of different hydrogen bonding
modes. The combined effect of the increased number of hydrogen bonding DA units per molecule,
and the increased variability of the hyrdogen bonding modes, is to reduce the influence of the
cluster stereochemistry over the final self-assembled architecture. Thus, the resultant hydrogen
bonded arrays should reflect a synergy between cluster and ligand geometry, possibly affording
novel structure and function not possible with only one component dominating the self-assembly
process. Spectroscopic analyses of22-26 confirm the molecular structure of the series. The *'P
spectra of all the compounds are all consistent with retention of cluster stereochemistry during the
ligand metathesis reaction, as might be expected given the milder conditions of the reaction relative

to the acetonitrile displacement. With the exception 024, the 3,5-pyridinedicarboxylic acid (pdca)
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ligands induce a slight upfield shift of the phosphorus signals relative to the (iso)nicotinamide ligands.
22's characteristic 4:1 ratio resonates at-24.29 and -28.67 ppm, the single peak of 24's equatorial
phosphines appears at -19.3 ppm, while 26's twin phosphine signals are at -20.5 and -23.6 ppm.
As no nitrile signal is present to track the conversion of the iodo-complexes into the target
compounds, only the signals of the pdca ligand are useful 'H structural handles. For 22, these
appear as a two proton singlet at 9.97 ppm for the equivalent a-protons and a single proton singlet
at 8.80 ppm for the para-proton. The same signals appear for 24 and 26 with neglibible shifts in
each case.

The final compound, 28, could not characterized spectroscopically due to its high symmetry
and labile coordination sphere. The only useful analysis is the crystallographic structure

determination, described in the following section.

3.4.2. Molecular and supramolecular structures of the cluster complexes
Structures were determined for six compounds, 11-18, 24, and 28. Cluster core and
M-L gpicqy Parameters are within standard ranges of known compounds. 3-36:40:4157.70.72.8284,185-153

Only distinct features pertinent to intercluster hydrogen bonding and the resulting supramolecular

organization are discussed below.
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3.4.2.1. [Reg(p3-Se)g(PEty)s(isonicotinamide) }(SbF), (11)
This monoisonicotinamide complex is derived from the penta(triethylphosphine) substituted
cluster unit [Req(1i5-Se)s(PELy);]*". Asshown in Figure 3.4, the isonicotinamide ligand is bound

to the non-phosphine protected Re site via the pyridyl nitrogen.



Figure 3.4 The hydrogen bonded dimer of 11. Atoms rendered at the 50%
probability level. Disordered groups, solvent, and the aliphatic portion of the
phosphine ligands have been removed for clarity. Color scheme: Re (green); Se

(vellow); P (purple); N (blue); O (red); C (gray); H (light green).
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The amide portion of the ligand is twisted with respect to the pyridyl plane, but the deviation is
within normal limits relative to that observed for the free ligand."™ Each cluster engages in self-
complementary amide-amide hydrogen bonding to a cluster in a neighboring cell, generating a
hydrogen-bonded dimer. The dimers' packing arrangement yields pseudo-chains being formed
along a body diagonal, with each neighboring dimer translated 1/4 of a repeat unit along the
pseudo-chain axis. Small voids are found at the ends of dimer units along a given chain in which
librationally disordered solvent (CH,Cl,) and SbF counterions reside (Figure 3.5). Interestingly,
the pseudo-chains of 11 pack into a checkerboard-like pattern, resulting in small channels running
parallel to the pseudo-chain axis (Supporting Information). Located in these channels are
additional counterions, some portions of which appear to be in close contact with the pendant
hydrogen of the amide group, suggesting the existence of a weak hydrogen bond to fluorine.
However, the disorder of both the SbFy moiety and the amide unit prohibit direct calculation of
the hydrogen bond. Similar observations have also been made in the structures of 13 and 15

described below.

3.4.2.2. trans-[Reg(p;-Se)g(PEt;) (isonicotinamide), (SbFy), (13)
This compound is the trans-bis(isonicotinamide) derivative of the trans- isomer of the
tetra(triethylphosphine) substituted cluster unit [Reg(13-Se)s(PEt;)*". The two symmetry-related

isonicotinamide ligands are bound to the Re centers via the pyridyl nitrogen. The amide groups
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Figure 3.5 Pseudo-chain packing motif of 11. Atoms rendered at the 50% probability
level. Ethyl groups and disordered counterions and solvent are excluded for clarity.
Color scheme: Re (green); Se (yellow); P (purple); N (blue); O (red); C (gray); H (light
green).
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Figure 3.6 The hydrogen bonded chain of 13. Atoms rendered at the 50% probability
level. Ethyl groups and disordered counterions and solvent are excluded for clarity.
Color scheme: Re (green); Se (yellow); P (purple); N (blue); O (red); C (gray); H (light
green).
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undergo conventional N-H---O hydrogen bonding with the ligand of a neighboring cluster complex,
generating infinite chains featuring the cluster units and the pairwise cluster-linking hydrogen bonds
(Figure 3.6). The amide portion of the ligands is twisted by 38.3(6)° out of the pyridyl ring plane.
This canting of the amide moieties is likely the result of a weak hydrogen-bonding interaction with
a fluorine atom of one of the SbF, counterions that occupy the spaces above and below the amide
nitrogen. The fluorine hydrogen bonding is to the pendant hydrogen atom of the amide, and does
not disrupt the N-H---O scheme. The packing mode of the linear polymer chains of 13, similar
totheone for 11, is observed. When viewed down the chain axis, the polymers form a pseudo-
hexagonal array with individual polymer chains extending along abody diagonal. However, the
formation of an additional hydrogen bond in 13 due to the second isonicotinamide ligand prohibits
the formation of the intra-chain voids observed in 11. Thus, all solvent and counterions contained
in such voids are forced, in the present case, into the inter-chain channels. As aresult, the more

open and less dense framework of 13 is generated.

3.4.2.3. cis-[Reg(p3-Se)g(PEL,),(isonicotinamide), ](SbFy), (15)

This compound is the cis-bis(isonicotinamide) derivative of the cis- isomer of the
tetra(triethylphosphine) substituted cluster unit [Re4(1;-Se)g(PEt,),]*". The two cis- disposed
isonicotinamide ligands are bound to the Re centers via the pyridyl nitrogen, and the amide-amide
hydrogen bonding leads to infinite chains of clusters (Figure 3.7) as observed for 13. Similarto 11

and 13, the chains of 15 extend along a body diagonal. However, due to cis- displacement of the



Figure 3.7 The hydrogen bonded zig-zag chain of 15, shown extending out of
the page. Atoms rendered at the 50% probability level. Ethyl groups and
disordered counterions and solvent are excluded for clarity. Color scheme: Re

(green); Se (yellow); P (purple); N (blue); O (red); C (gray); H (light green).
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isonicotinamide ligands, the hydrogen-bonded chains have a zigzag topology. This zigzag shape
results in the chains fitting together to form sheets of chains. The lamellae are apparently stabilized
by hydrophobic interdigitation of the phosphine groups between layers. Disordered solvent
molecules and counterions are found in the interlayer spaces. Like 13 (and possibly 11), 15
undergoes a secondary hydrogen-bonding interaction with one of the fluorine atoms of the

counterion that does not interrupt the primary homotopic amide-amide linkage.

3.4.2.4. fac-[Reg(ps-Se)g(PPhy)s(isonicotinamide); ](SbFy), (18)

With atiny crystal of fac-[Reg(14-Se)g(PPhs);(isonicotinamide); J(SbFy), a preliminary
structure was obtained. Despite a weak dataset, the identification and fac- displacement of all the
ligands is easily accomplished. Instead of a cube however, the cluster complexes appear to form
small, three-dimensional channels by packing such that the isonicotinamide cluster faces form the
inner walls of the channels (Figure 3.8). The channels are stitched together by weaker, non-
complementary hydrogen bonds from the equatorial amides in adjacent clusters along the channel
axis (Figure 3.9), and bridged by the axial amide from the cluster across the channel. The
hydrogen bonding mode is best described as a “three center, two proton” mode, which causes the
hydrogen bonding chain to alternate across the channel (every axial amide group is opposed with
respect to its neighbors as dictated by inversion symmetry). The alternation of the hydrogen
bonding creates small holes in the channel walls which are filled with ether molecules. A single

disordered methanol molecule sits in a small inter-channel space. The very bulky and hydrophobic
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PPh, cluster faces form the outer channel walls. Indeed, the structure may be stabilized by the
clear separation of the relatively polar hydrogen bonding faces from the hydrophobic PPh, groups,
which subsequently engage in extensive 7-xt interactions with neighboring channels. Although small,
the crystals were quite robust. It should be noted that a very similar packing mode was observed

in some fac-Ni(isonicontinamide), compounds reported by Stang and coworkers.'?



Figure 3.8 The view down the channel composed of hydrogen bound 18.
Atoms rendered at the 50% probability level. Ethyl groups and disordered
counterions and solvent are excluded for clarity. Color scheme: Re (green);
Se (yellow); P (purple); N (blue); O (red); C (gray); H (light green).
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Figure 3.9 The hydrogen bonded channel of 18 shown side-on; note the “three
center, two proton” hydrogen bonding scheme. Atoms rendered at the 50%
probability level. Phenyl groups and disordered counterions and solvent are
excluded for clarity. Color scheme: Re (green); Se (yellow); P (purple); N (blue);

O (red); C (gray); H (light green).
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3.4.2.5. trans-[Reg(11-Se)s(PEL;)(pdea), |(SbFy), (24)

Compound 24 is the trans-bis(3,5-pyridinedicarboxylic acid) (pdca) complex of [Res(pis-
Se)s(PEL )%, trans-[Req(us-Se)s(PELy), (pdca),J(SbFe), The centroid of the cluster sits on an
inversion center. The unique pdca ligand is bound to aRe™ center (Re3) via the pyridyl nitrogen
atom (N1). Applying the inversion operator reveals that the pdca ligands, including the carboxylic
acid moieties, are virtually coplanar with the plane of four Re atoms that includes the two to which
they are bound (Re2, 2a, 3, and 3a). The inversion related carboxylic acid groups
[0O71(H71a)~C7-072,071a(H71aa)-C7a—072a] undergo complementary hydrogen bonding
with the neighboring sets. Asthe ligands are trans-coordinated to Re(IIl) sites, and only one of
the two sets per ligand engage in hydrogen bonding, these carboxylic acid moieties may be
considered trans- related across the complex. The result of this trans-ligand, trans-acid
arrangement is the formation of zig-zag hydrogen bonded cluster polymers, which extend parallel
to the a-b cell face (Figure 3.10). Each chain is skewed with respect to its neighbors
approximately 0.25 translational units in the a and ¢ directions, forming a pronounced lamellar
structure. The layers of chains span the a-b dimension, and are stacked along c. Disordered SbF

counterions occupy the space between the layers.
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Figure 3.10 The zig-zag chain structure of 24. The free carboxylic acid moiety is
“blocked” from complementary hydrogen bonding by a disordered solvent molecule.
Atoms rendered at the 50% probability level. Ethyl groups and disordered
counterions and solvent are excluded for clarity. Color scheme: Re (green); Se

(yellow); P (purple); N (blue); O (red); C (gray); H (light green).
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Interestingly, the second acid group on each ligand (O61(H612)-C6-062) does not participate
in any hydrogen bonding. Instead, the acid group extends into a small space between the chains
and appears to be in close contact with a selenium atom on a neighboring cluster, aswell as a
hydrogen atom of that cluster’s PEt, ligands. When viewed alongthe c axis, small channels are
revealed. The channels are filled with the ethyl groups of the site-protecting phosphine ligands and
badly disordered solvent molecules, for which an adequate model could not be found. Application
ofthe SQUEEZE module in the PLATON suite of programs reveals the presence of 67 electrons
in the void space. This number corresponds approximately to the non-hydrogen electron count of
1.5 diethyl ether and 1.5 acetonitrile molecules per unit cell.

Itis of note that the second acid group does not engage in the complementary hydrogen
bonding mode of its companion, as this is considered a strong hydrogen bonding interaction. Akey
tenet of crystal engineering is that strong hydrogen bond capable groups will optimize their
interactions to the greatest extent geometry and sterics will allow.”® However, such an
optimization in the present case would likely lead to the formation of very large hexagonal voids
analogous to the melamine/cyanuric acid rosettes prepared by Whitesides and coworkers.!®
These voids would likely overwhelm the thermodynamic stability provided by maximizing the
number of hydrogen bonds. Consequently, the chains are slipped slightly from the positions
necessary to create the hexagonal voids, leaving one acid group free and an overall denser
structure. A very similar hydrogen bonding scheme is observed in a mononuclear trans-

Pd(pdca),(Cl), analogreported by Puddephatt et al..'” Although the hydrogen bonding in their



126

case is mediated by methanol molecules, the zig-zag chain motifis observed, as well as the chain
skewing. In the Ontario group’s work, the free carboxylic acid group is stabilized by weak
hydrogen bonding to the chloride ligands of neighboring complexes, quite analogous to the close
contacts observed in our own example.

3.4.2.6. [Req(p3-Se)s(OH),(OHy)g]e(H,0)1; (28)

Several features of the structure of this compound are of interest. Chief among these is the
formulation [Reg(p5-Se)g(OH),(OH,),]e(H,O),,. This formulais a strictly formal representation of
the coordination environment based on the charge requirements of the 24 ¢ Re™ cluster core. In
the actual structure, the classification of apical ligands as OH™ or H,0O is prohibited by
crystallographically imposed symmetry. The structure may be generally described as the [Req(j13-
Se)g]** core with apical Re sites bound to an inner-sphere O atom (O1) (Figure 3.11). Inclose
hydrogen bonding contact is an outer coordination sphere of 12 water molecules generated from
asingle oxygen site (02). Both O1 and O2 are the only unique O atoms in the structure. Hence,
all Re—O bonds are equivalent, precluding distinction of the hydroxo and aqua ligands. An
isomorphous structure of [Mo,Clg(OH)4(H,0),,] shares this doubled hydration sphere feature and
is also formulated according to charge balance considerations.*® However, the title complex was
prepared under highly basic conditions. This fact, combined with the observation of [Re4(ji5-
S)s(H,0)s]*" under acidic conditions by Fedin and coworkers, suggests that the title compound

should exist at least as the neutral title formula, if not as the hexahydroxo tetraanion."’
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Figure 3.11 The structure of 28, shown without outer sphere water molecules
{02). Itis not possible to accurately assign charge to all oxygen atoms due to
the high symmetry of the crystal and the lack of counterions. Atoms rendered
at the 50% probability level.
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In the neutral scenario, one might expect a lowering of symmetry allowing the proper identification
ofthe ligands. Alternatively, one should observe a lengthening of the apparent Re-O bond due to
a larger aqua occupancy in a disordered structure. In the case of the tetraanion, a completely
different structure might be expected, and accompanying cations would be easily located. A search
ofthe Cambridge Structural Database reveals that the observed bond length [2.146 (7) A} lies near
the mean Re— OH bond length [2.16 (6) A] but is also within 36 of the mean Re-OH, bond length
[2.2 (1) A]."% Therefore, although the observed bond length is quite short, we cannot confidently
state that the inner sphere consists entirely of hydroxo ligands. Furthermore, the expected four Na
cations were not observed in the structure. A possible explanation is that the cluster core was
oxidized during synthesis, but this is not supported by the structural parameters of the cluster core.
The mean Re-Re and Re-Se bond lengths [2.6037 (6) A and 2.56 (1) A] do not differ significantly
from those of the starting material. The Re-Re bond is only slightly shorter, and the Re-Se bond
slightly longer. Despite several different efforts, no reliable data could be obtained to reveal
addtional clues to 28’s structure or formula. Thus, while formally [Reg(ps-
Se)g(OH),(OH,)4]¢(H,0),5, the true formula remains uncertain.

Unfortunately, the compound is unstable in the presence of even moderately coordinating
species; decomposing to an intractable greenish-black powder upon removal from the mother
liquor. These characteristics have made further application in hydrogen bonding schemes

impractical to date.
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3.5. CONCLUSION

The purpose of this work at the outset was to demonstrate the [Reg(3-Se)g]** cluster
core’s capacity to not only support hydrogen bonded arrays, but to direct their geometry and
dimensionality. Use ofthe specific cluster stereoisomers [Req(i3-Se)s(PEL;)s 1%, trans-[Req s
Se)e(PEL). %, cis-[Reg(13-Se)y(PEL), ], and fac-[Reg(1i3-Se)g(PPhs); * in the “aufbau” synthesis
of arrays 11-18 succeeded in large part in this endeavor, and provided useful guidance for future
studies. With 11 and 13, the targeted 0-D and 1-D dimer and polymer were realized; in both
cases the cluster geometry exert the dominant influence on the bulk structure. While the discrete
hydrogen bonded square and cube were not realized with arrays 15 and 18, the local cluster
geometry was still expressed in the extended chains and channel structures observed in the solid
state. These latter results are not too surprising considering that both targeted structures would
involve large void volumes that directly contradict the principle of close packing. Still, 15 and 18
provide useful clues for obtaining the desired structure in future work. Inboth structures, one of
the most striking aspects is the molecular packing not associated with the hydrogen bonding
scheme. Both 15 and 18, and to some degree all of the crystallographically characterized species,
exhibit pronounced separation of polar hydrogen bonding units and the aliphatic/aromatic
phosphines. For 15 and 18 it appears that the phase separation effect (summed van der Waals
stabilizing interactions), combined with close-packing, are the dominant forces in the solid state.
The power of the combined forces evidently overwhelms (18) or compromises with (15) the strong

complementary hydrogen bonds ofthe amide moieties to yield what must be the most stable, most
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dense structure. To combat the strong thermodynamic forces, one must include additional
thermodynamic features in the experimental design.! "' One possible route is toinclude large,
polar, electron rich guest species which may act as templates, prearranging the cluster units to favor
the targeted structures. A potentially ideal guest might be a small polyoxometallate anion.

The second group of hydrogen bonded compounds were intended to demonstrate the
synergy between cluster geometry and ligand influence on overall aggregate architecture.
Unfortunately, the increased complexity in molecular structure also translates to complications in
crystallization. With the nicotinamide ligand (19-21), no stable crystals could be obtained, possibly
the result of the additional kink in the ligand prohibiting an efficient packing mode. Similar results
are observed with the pdcaligand, wherein the vagaries of the carboxylic acid hydrogen bond motif
may further complicate the picture. Nevertheless, a single structure was obtained in pdca series
with 22, which exhibits an interesting dual zig-zag chain structure that is primarily a function of the
ligands’ DA unit orientation, rather than the strict 180° linear polymer expected from the trans-
displacement of the ligands. Finally, the unique hexaaqua cluster complex 28 is the only known,
structurally characterized compound ofits type. The 28 metric parameters will prove useful for
fundamental studies regarding cluster reactiviiy, as the persubstituted aqua species of any transition
metal complex is generally the regarded as the key starting material for quantitative stability and
ligand exchange kinetic studies. Although the compound is difficult to handle, itis likely that it may

yet prove useful.
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CHAPTER 4. THE “CLUSTER-AS-LIGAND” APPROACH TO

SUPRAMOLECULAR ARCHITECTURES

4.1. INTRODUCTION

Over the aeons, Nature has developed incredibly sophisticated and subtle means of
controlling the self-assembly process. In the hands of humans however, the process is still crude,
with the observed products often the result of serendipity rather than rational design. Undaunted,
people have continued to pry Nature’s secrets from its grasp, resulting in the discovery of several
guiding principles and modes for supramolecular construction. One ofthe fundamental principles
is the notion of “preshaping” building blocks such that self-assembly occurs only in a specific
manner between specific blocks.?® Knowledge of relative stoichiometry and shape of the building
blocks then allows predictability in the final assembly. In Nature, this is manifest in the relationship
of primary sequence to the higher order structures of proteins and DNA. The in vitro equivalent
is the Stang-Atwood model for supramolecular construction. Once the gross structure is planned,
it remains to establish the linking mode. Although the linking mode is subordinate to the design
principle in terms of intellectual hierarchy, the myriad subtle forces at work in noncovalent assembly
make the choice and execution of construction mode at least as important in practice. Perhaps for
this reason Nature has chosen the hydrogen bond as the predominant mode of securing self-
assembled structures: The first of the self-assembly modes, the hydrogen bond has the advantage

of directionality and relative strength and can be counted on for reasonably predictable assembly
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patterns. 8161201203 Hawever, the second mode, metal mediated self-assembly, offers the
tantalizing prospect of materials with desirable properties such as magnetic, catalytic, and photo-
and electrochemical activity.?%*

Despite the lack of inherent directionality, transition metal ions do exhibit at least local
geometric preferences and often have bond strengths approaching that ofa covalentbond. Thus,
with judicious choice of ligand set, the desired directionality and predictability of self-assembly may
be realized with transition metals.!7#27205212 Recently, several groups have extended the ligand
set to include complete metal complexes with peripheral groups capable of further metal binding.
These “metal complexes-as-ligands” offer two distinct advantages over traditional organic
ligands.?!**!* The first and most obvious is the fact that the complex ligand will bring its own
physicochemical properties to the ensemble, significantly easing the challenge of creating
heterometallic and/or mixed redox state materials. Second, as discussed in some detail in Chapter
2, the geometric preferences of a given complex ligand allow the realization of building blocks with
shapes not trivially nor cheaply generated with purely organic molecules. Relative to traditional
coordination polymers and oligomers, more sophisticated structures may be
anticipated.**213221

With the demonstration of the aufbau synthesis of hydrogen bonded arrays directed and
supported by the [Reg(t3-Se)s** cluster stereoisomers, we were confident that the cluster core
would be ideal in the role of “cluster complex-as-ligand”.?* Although the coordination to anaked

metal ion sacrifices some of the directionality and predictability of a hydrogen bonded linkage, the

large size and rigid displacement of cluster supported ligands are likely to ameliorate some of the
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potentially complicating factors associated with self-assembly (e.g. packing forces, ligand

flexibility).

4.1.1. Background

There are a few examples in the literature of the cluster complex-as-ligand approach to
self-assembled architectures. The first intentionally created cluster-ligands were the product of an
effort to create novel heterogeneous catalysts that maintained some of their molecular catalytic
behavior upon agglomeration. This fascinating work, executed by T. Fehlner and colleagues, used
trinuclear cobalt carbonyl alkylidyne carboxylates as the cluster-ligands (Figure 4.1a).?** The
trinuclear cobalt alkylidynes were reasonably stable and were readily modified to the alkylidine
carboxylates. The cluster carboxylates could then be used in place of traditional organic
carboxylates to bridge two or more secondary metalions (Figure 4.1b). The resultant assemblies
exhibited a range of known and novel structural types. More significantly, the polycluster
assemblies could be considered nanoscopic catalyst precursors, with the secondary metal ions at
the core, the catalytic clusters in the next layer, and the labile carbonyl groups forming a protective
outer shell. The Fehlner group successfully demonstrated the creation of metastable phases by
thermal evolution of CO from the molecular solids, presumably exposing the tricobalt layer and
opening pores in the formerly crystalline materials. A series of investigations supported the

hypothesis that the clusters remained intact, and sintering to Co metal only occurred above 300°

C.
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Figure 4.1 The “cluster-complex-as-ligand”, as demonstrated by
Fehlner et al. A) The trinuclear cobalt alkylidyne cluster-ligand. B)
A representative use of the cluster-ligand to bridge secondary metal
ions.
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The materials were found to be catalytically active, readily reducing 1,3-butadiene and selectively
hydrogenating crotonaldehyde to the alcohol.
Morerelevant to our own research is the recent work of the groups of V. Fedorov and J.

STISTET8 23226 Both of these groups have focused on using the [Re(3-Se)s]** cluster core

Long.
to create analogues of the well-known Prussian blue phases. By replacing the hexacyano- iron
complex with the persubstituted [Reg(jt3-Se)s(CN), |+ tetraanion, the two groups independently
synthesized cluster expanded Prussian blues. In contrast to the classic solid state routes, these
complexes could be prepared under mild, solution phase conditions by mixing the hexacyano-
cluster ligands with labile salts of various secondary metal ions. By controlling the relative
cluster/salt ratios a variety of structural motifs were realized. Common to most of these assemblies
were significant void volumes, the result of the large clusters expanding the lattices relative to the
mononuclear structures. Both groups investigated the host properties of the porous materials and
found reversible inclusion of several different guest species was feasible. The Berkeley group also
explored the possibility of using the cluster based materials as chemical sensors. With the cobalt
containing phase, dramatic vapochromic behavior was observed. Microcrystalline samples of the
cluster based materials were exposed to vapors of oxygen containing solvents such as ether and
small alcohols, resulting in rapid (<1 s) and reversible color changes. The vapochromism was
attributed to alocal change in Co(I) coordination geometry upon absorption and desorption of the
guests. The compounds were quite thermally stable as well, making them very promising for

practical applications.
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Despite the obvious beauty and intriguing properties of these examples, all arebased on
very simple and structurally limited cluster-ligands. The work of Fehiner et al. is somewhat
analogous to our [Reg(1u;-Se)s(PEt;)s(L)]* building block, with only one potentially active
coordination site. Aswe have seen, monofunctional units are best suited to preparing dimeric
systems when only cluster-cluster linkages are formed, or convergent, discrete assemblies such as
our own molecular tinkertoys and Fehlner’s multilayered clusters. At the other end of the
polyfunctional spectrum are the totally symmetric, hexacyano cluster complexes employed by the
Novosibirsk and Berkeley research groups. Although these compounds have large numbers of
potentially coordinating sites available, the sites are disposed in a symmetric fashion. The effect
of octahedral coordination is to remove any directionality in the resultant assembly. This fact forces
the synthetic chemist to rely only on charge balance and stoichiometry to exert any influence on the
self-assembly process. Even with obviously careful planning and execution of these experiments,
serendipity plays a large role in the structural outcome.

Our experience using specific stereoisomers of the site-differentiated cluster species
[Res(us-Se)s(PR;)sn(L), 1% (R=Et, Ph; L=solv, dipyridyl derivative) to direct the self-assembly
process taught us that it was possible to generate predictable supramolecular architectures.
Although serendipity had not been entirely eliminated, the cluster building blocks had certainly
limited its influence. To further extend the method, we proposed the synthesis of a series of
compounds that used cluster expanded complex ligands (“big bpy’s”) in lieu of purely organic

equivalents to mediate the self-assembly of extended metal ion arrays.
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4.1.2. Synthetic methods

The experiments using cluster-ligands to direct secondary metal ion coordination represent
the second half of our noncovalent cluster assembly paradigm. Like the hydrogen-bond supported
cluster assemblies, the metal mediated assemblies are based on the creation of easily synthesized
and purified monocluster building blocks. Even though the additional step of adding the secondary
metal ion to a solution containing the cluster-ligands is necessary, slow crystallization from the liquor
increases the likelihood of realizing thermodynamically stable (not kinetically trapped) products as
single crystal samples.'® Animportantimplication of the slow crystallization from clear solution is
the continued solubility of the extended materials affer synthesis. All ofthenew cluster/secondary
metal assemblies must be soluble (recrystallizable) in order to assure reproducibility and reinforce
the notion that the observed structure is the true preferred structure.

Our efforts focused on two distinct supramolecular motifs. The first, intended as aproof
of concept, was a series of linear coordination polymers based on trans-[Reg(p3-Se)s(PEt;)4(4,4'-
dipyridyl),](SbF¢), (29). The preparation of the polymers was accomplished via the route shown
in Scheme 4.1. The secondary metal ions, Co**, Zn**, and Cd** were chosen to represent both
open and closed shell ions and to establish what role orbital and electronic factors might playin the
final assembly. The second motifwas inspired by our original work with molecular squares and

was intended to increase structural and functional
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Scheme 4.1 Using cluster-expanded dipyridyl ligands (“big bpy”) to assemble
coordination polymers about secondary metal ions.
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sophistication in arational way. By using cis-[Reg(pi;-Se)s(PPhy)(4,4'-dipyridyl), J(SbFe), (30),
we hoped to realize a very large molecular square with 30 forming the comers. Of course, several
other structures were possible and perhaps more likely when considered from a crystal energetics

perspective. The trivial structural possibilities and their syntheses are shown in Figure 4.2.

4.2. EXPERIMENTAL

Reagents were of commercial origin and were used as received. Cluster solvates [Reg(js-
Se)s(PR3)4(MeCN),](SbF¢), (cis-, R = Ph; and trans- R = Et) were prepared according to
published procedures, as was 29. 30 was prepared using the same procedure for 29, with cis-
[Reg(13-Se)s(PPh;)4(MeCN), I(SbFy), (detailed in Chapter 3) in place of trans-[Reg(pis-
Se)s(PEt;)(MeCN),1(SbFy),. NMR spectra were recorded on a Bruker AM 300 spectrometer
in CD,CN. Chemical shifts of *'P spectra were referenced to 85% H;PO, (8 = 0 ppm, with
negative values indicating upfield shifis). Microanalyses (CHN) were performed by Desert
Analytics Laboratory, Tucson, Arizona, using samples that had been dried under high vacuum. The
formulae reported below differ from the crystallographic versions by not possessing any solvent of

crystallization.
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Figure 4.2 Some a priori structural possibilities based on the self-assembly of 30 with
a closed shell metal ion.
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X-ray crystallography

Structures were determined for the six compounds reported herein. X-ray quality
parallelepiped-shaped crystals of 31-34, 35, and 36 were obtained from respective
dichloromethane, acetonitrile, or methanol solutions at room temperature. Data were collected with
Mo Ka radiation ( A = 0.71073 A) using a Bruker SMART CCD-based diffractometer at
170K.'# Cell parameters were obtained using SMART software and refined using SAINT on all
observed reflections.’® Empirical absorption corrections were applied using the program
SADABS for compounds 31-34, 35, and 36. The structures were solved using SHELXS in the
Bruker SHELXTL (Version 5.0) software package. Refinements were performed using SHELXL,
and illustrations were made using XP.'¥"??7 Solution was achieved utilizing direct methods followed
by Fourier synthesis. For all compounds, hydrogen atoms were added to the appropriate atoms
ofthe mainresidue. Where possible, hydrogen atoms were included for free solvent molecules.
The hydrogen atoms were constrained to ride upon their bound atom in geometrically idealized
positions and given thermal parameters of 1.2 or 1.5 U, of the bound atom. Most of the
compounds exhibited some degree of disorder. Disordered dichloromethane and methanol
molecules were generally treated by identifying one set of sites for the constituent atoms,
constraining their internuclear distances to “‘standard” covalent bond lengths, and splitting the first
site into two or more partially occupied sites. The positions of the solvent sites were then allowed
torefine freely. Disorder in the main residues was typically librational disorder of the phosphine

ligands and/or the nitrate/nitrato ligands and counterions. The main residue disorder was treated
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in amanner analogous to the solvent disorder; splitting the offending moieties and altering their
occupancies always resulted in amuch-improved model. Disordered groups wererefined with

isotropic thermal parameters.

4.2.1. Synthesis and characterization of polymers 31-34

Alllinear polymers were synthesized using identical procedures. Allsecondarymetalion
salts were introduced as the nitrate hydrates M(NO,),¢(H,0),. A sample of the cluster complex
(30.0mg, 10.0 mmol) was dissolved in 3 mL of dichloromethane to yield an orange-red solution.
To this solution was added 3 mL of a saturated methanolic solution of M(NO3), (Aldrich, M=Cd,
Co, Zn). The clear solution mixture thus obtained was stirred for 5 min. All compounds, save 31,
were quickly recrystallized from methanol or acetonitrile solutions to afford orange powders.
Redissolution in either acetonitrile or methanol with subsequent overnight vapor diffusion with
diethyl ether afforded single crystal samples of the products in quantitative yields.
Elemental Analysis for 31: {CA(NO,);[Res(13-Se)s(PEt;)4(4,4'-dipyridyl), ]} (SbF); (porous
compound) Cy H76N-FsOsP,ResSesSbCd. Aral. C,17.06; H, 2.38; N, 3.33; Calc. C, 17.23;
H, 2.50; N, 3.19.
Elemental Analysis for 32: {Cd(NO;);[Res(p;-Se)s(PEL;)4(4,4'-dipyridyl), ]} (SbFy); (wavy
compound) C,H;¢N;FsOsPResSesSbCd. Anal. C, 17.54; H, 2.50; N, 3.13; Calec. C, 17.23;

H, 2.50; N, 3.19.
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Elemental Analysis for 33: {Co(NOs)s[Reg{13-Se)g(PEt;),(4,4"-dipyridyl), ]} (SbF)e2CH,0H,
(wavy compound) C,Hg,N-FO,,P,Re;SeShCo. Anal. C, 18.08; H, 2.68; N, 3.10; Calc. C,
17.89; H,2.74; N, 3.17.

Elemental Analysis for 34: {Zn(NO;);[Req(13-Se)s(PEL;),(4,4"-dipyridyl), |} (SbFy); (zigzag
compound) C,H;6N;FsOoPResSesSbZn. Anal. C, 17.64; H, 2.54; N, 3.27; Calc. C, 17.50;

H, 2.54; N, 3.24.

4.2.2. Synthesis and characterization of

{[Res(13-Se)s(PPhy)y(4,4'-dipyridyl), ], [CA(NO;), ]} (SbF), (35)

Dropwise addition of amethanolic solution of CA(NO;),24H,0 (0.09 mmol; 14.1 mg) to
a dichloromethane solution of 30 (50 mg, 0.09 mmol) generated a light yellow solution, to which
vapor diffusion of diethyl ether afforded single crystals of 35 in quantitative yield. NMR spectra
were indistinguishable from 30. C,3,H,5,N;,CdF,,04P:Re;,Sb,Se q: Anal. C,29.81; H, 1.96;

N, 2.05; Calc. C, 29.86; H, 2.07; N, 1.89.

4.2.3. Synthesis and characterization of

{{Re(13-Se)g(PPhy),(4,4-dipyridyl), ][ CA(NO;)3]} (NOs) (36)

36 is prepared following the same procedure as 31-34, using an excess of
Cd(NO,),#4H,0. The compound was also prepared by adding an excess of Cd(NO;),24H,0

to amethanolic solution of 35 to yield a light orange solution. The solution was concentrated
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slightly, subjected to ether diffusion, affording 36 in quantitative yield. Co,H;sN;CdO,,P,ReqSe;:
Anal. C,31.82; H, 2.25; N, 3.29; Calc. C, 31.84; H, 2.21; N, 3.23.
4.3. RESULTS AND DISCUSSION
Synthesis

Coordination polymers consisting of hexanuclear thenium-chalcogenide clusters and single
transition metal ions were sought in this work. Using trans-[Res(;-Se)s(PEt;)4(4,4'-
dipyridyl),](SbF),—a stereospecific complex of the face-capped octahedral rhentum cluster —as
acluster-expanded dipyridyl ligand for secondary coordination with M, polymeric cluster arrays
mediated by the metal ions were obtained. The synthesis was straightforward, and the product
yields were quantitative. In stark contrast to the starting cluster complex, these highly crystalline
compounds were insoluble in dichloromethane, which may be rationalized in terms of their extended
rigid structures. It is worth noting that water addition to a heterogeneous mixture of the
coordination polymer in dichloromethane led to the dissolution of the crystalline solids, presumably
due to the disruption of its polymeric structure. The starting cluster complex was subsequently
reclaimed in pure form by extraction using this solvent system. The coordination polymers were,
as expected, readily soluble in alcoholic solvents as well as other polar organic solvents (MeCN,
DMF, and DMSO, for example), but the extended structure was presumably disrupted in these
highly polar solvents; otherwise the rigid polymeric arrays should have exhibited poor solubility.
Upon ether vapor diffusion to these solutions, the hybrid polymers can be re-generated, as

confirmed by cell parameter determination of the single crystals. Indeed, this dissolution and






