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ABSTRACT 

The subject of this dissertation is the development of synthetic methods to allow the 

employment of the hexaiiuclear octahedral [Re,,(n3-Se)g]'* cluster core as both a structural 

component in host materials and as a novel photoactive Lewis acid catalyst. The first chapter 

describes the first method, cluster condensation, and its application in the preparation in a series 

of c 1 uster-support ed molecular squares. The squares, of the general formula cyclo-\RQ(,{\)iy 

Se)x(PR3)4(L)]4(SbF(,)g (R = Et, Ph; L=4,4'-dipyridyl derivative), use the cis- coordination mode 

of the starting material cw-[Re6(p.3-Se)g(PEt3)4(MeCN)2](SbF5)2 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, 

a different approach to cluster linkage formation is developed in Chapters two and three. In the 

interest of continuing the expression of cluster stereochemistry in assemblies larger than the squares, 

these chapters introduce monocluster complexes featuring secondary functionalityplaced 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 c7\.9-[Re(,([i3-Se)ij(PPh3)4(4,4'-

dip>Tidyl)2](SbFft)2 as a shape directing ligand results in the creation a chain of fused squares and 
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a related 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[Re,,(n3-Se)g(PEt3)5(MeCN)](SbF(,)2. 

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 L FROM DIMENSIONAL REDUCTION TO CLUSTER EXPANSION OF 

NOVEL MATEMALS: AN OVERVIEW OF THE SYNTHETIC PAST, PRESENT, 

AND FUTURE OF THE [Re^(^3-Se)8]^^ 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 supemiolecules and supramolecular 

arrays supported by the hexanuclcar, octahedral [Re(,( )i3-Se)^]"^ 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. WMle very different emphases 

in practice, an overarching theme ties the two sections together. Tliis theme, or more precisely, the 

purpose of the research, is the development of synthetic methodologies necessary to bring the 

[Re(,().i3-Se)g]*'^ system out of the limited sphere of fundamental cluster chemistry and into general 

synthetic applicability. 

The significance of this research is bom of its novelty-but not the trite observation that no 

one has done such an investigation before. Rather, the research is signi ficant because no other 

inorganic system, cluster or otherwise, exhibits the same range of reactivity, durability, and 

physicochemical activity that makes the [Ref,(|a.3-Se)x]'^ system so useful.' There are many 

examples ofclusters of various geometries and nuclearities that exhibit similar physical properties 

due to the presence of metal-metal bonds."* ' Likewise, there are examples 
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Figure 1.1 Schematic diagram of the [Reg(fi3-Se)g]^'^ 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 "i"; structural analogs are known for i = S, 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 [Reh(|i3-Se)s]'"^ cluster. The significance of this work, and that of others, 

is particularly enhanced in the context of supramolecular materials chemistiy. As will be explored 

in greater detail, this burgeoning field relies entirely upon the prefabrication ofbuilding blocks to 

construct materials of specific dimension or function.'"'^ T o date, most efforts have synthesized 

unique building blocks to suit cach target. In the limit of application, this is clearly impractical. 

What is needed is a set of a few versatile building blocks that may be trivially modified. The 

[Re(,(ii3-Se)g]^"^ cluster system may ultimately prove to be such a system. The fact that this same 

cluster maybe used to great effect in purely molecular chemistry applications, 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 [Re,,(|a,3-Sc)g]^'^ cluster core's full potential. 

1.2. RATIONALE 

Modem materials chemistiy is in a state ofrapid evolution, perhaps even revolution. In the 

years preceding 1987, the connection between "traditional" materials science (e.g. silicon 

technology, ceramics, polymer science), biology, and physics was made only fleetingly; usually to 

address one particular problem. The year 1987 marked the official recognition ofthe field of 
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supramolecular science with the bestowing of the Nobel Prize in Chemistry upon Lehn, Cram, and 

Pedersen. Although initially a chemical 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 built from the "bottom-up" using molecular 

scale components, allowing unprecedented control of their ultimate properties.'" This was 

effectively a new paradigm for materials chemistry, and synthetic chemistry in general. However, 

while a theoretical foundation for molecular engineering of materials was in place, execution 

presented fundamental challenges. One of the 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. 

Each ofthese host materials excels in its specific role, but modification to incorporate multiple 

functions or novel physical properties is exceedingly di fficult, 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 ofthe final structure to suit a 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 structuralpredictability J Many molecular and extended solid hosts have been reported 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 chemistiy in the host environment necessitates the molecular design be 

based around the nature ofthe cavity(ies). Ofparticular interest is the generation oflarger cavities, 

a task made more complicated by Nature's abhorrence ofvoids.-'"-^' Finally, depending on the 

specifications of the application, the host compound must incorporatefunction 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, if the 

host is to be a molecular sensor, it must have some means of transducing the binding event into a 

physically or chemically detectable signal.^'-'""^ The goal of this research effort is to demonstrate 

that the site-differentiated clusters, formulated as [Re5(|X3-Se)^(PR3)5.n(L)„]*XR = Et, Ph; L = 

halide, coordinating solvent, lone-pair donor ligand), are the structural and fiinctional basis of a 

system that meets the above requirements. """ This demonstration will be accomplished by 

developing synthetic methods and executing them to create structurallywell defined host complexes 

and related materials supported by the site-differentiated cluster elements. 
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The [Re(,(^3-Se)s(PR06.n(L)n]^" cluster derivatives are well suited to address the challenges 

of functional host preparation. From a stractural perspective, they are ideal. Site-differentiation, 

the practice of protecting specific numbers ofRe'" coordination sites with inert phosphine ligands, 

affords a range of substitutional isomers. The stereochemistry of these isomers forms the geometric 

basis set ofbuilding blocks for construction of cluster based hosts. As will be elaborated more fully 

in the following sections and chapters, the fixed stereochemistry ofthe 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 5'fractora/predictability will be greatly 

enhanced. A corollary to 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 Re atoms. The Re-Re bond length averages 2.6 A, 

making any cluster complex considerably larger than a mononuclear analog. The effect ofthis 

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 oflinking 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 [Re6(n3-Se)g(PR3)6. 

system also has potential to offer host complexes with XmsiaXQfunction. The cluster core 
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is known to 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, it is possible to alter 

the physical properties ofthe 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 ofthe inductive influence 

of its presumably electrophilic interior. 

In addition to the practical materials applications addressable by the [Re,,(f.i3-Se)8]*^ 

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 [Re5(|i3-Se)g]^^ system 

could provide a large 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 [Re/jUs-Se)J^* cluster core: Physical and synthetic fundamentals 

The ability to pursue the research described in the preceding sections is based on over a 

decade of continuous, intensive investigation into the solution phase chemistry of the imique 

[Re6(|i3-Q)s]"" (Q=chalcogenide anions S, Se, Te) clusters."*'-''^ Our 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 pol}tiedral 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 

their bonding 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 197()'s, the desire to develop refinement catalysts for very 
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crude feedstocks spurred renewed interest in transition metal clusters.' It was recognized that the 

smaller the metal particles involved, the more efficient the catalyst would 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, it is 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 [M(,X',2X%]X"n and 

[M<^'gX\]X"n wherein the X' atoms are either edge or face bridging inner (i) ligands, X® are the 

six apical ligands coordinated axial ly to the metal atoms ("a" for ausser, Ger. "outer", firom von 

Schnering and Shafer 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, Mb, 

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 maybe, 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^pVIogQg] (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 byR. Chevrel, the phases exhibit unusual superconductivity that persists in 

the presence ofmagnetic 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(,(^3-Se))j]^^ cluster core is a member of a large family of Chevrel phase analogues, 

all based on the [Re(,(|.i3-Q)s]"' core. These materials were first studied byFedorov in 1971 but 

were not structurally characterized imtil 1983 byLeduc, Perrin, and Sergent.®'®"^ The solid state 

chemistry ofthe Re containing materials is extensive and has been exhaustively reviewed recently.' 

However, it was Perrin's discovery of the soluble phase K[Re(,Se5Cl9] in 1987 which opened the 

door to the solution phase chemistry that has really distinguished the [ReiXjj.^-Q)^]^'^ cluster from 

others From a stnicture/function perspective, isolation of soluble cluster species is really a critical 

step. In principle, a soluble cluster is subject to systematic chemical modification, allowing a 



29 

thorough examination of the influences ofligand sphere and solvation on the properties ofthe 

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 is not so easily done. Although there are five 

conceptually distinct routes to clusters, most involve solid state methods inpractice.^^'"^*' The 

resultant materials are often intractable, usually due to polymeric linkages between clusters such 

as those observed in the Chevrel phases. Yields of such reactions are topically 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 pitfalls is the 

[RegCua-Q)^]^'^ family, and the [Re,,([i_rSe)x]^'^ core in particular. 

At the heart ofthe [Re(,(^3-Q)g]~" systems' successes is an extremely convenient synthesis. 

In 1992, Y aghi, Scott, and Holm investigated the excision of soluble clusters from 1 - and 2-D 

polymers which featured bridging halide moieties.® The excision process ruptured the Re-X -Re 

bond and generated mono- and disolvated clusters, respectively. Although not high 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, ofthe 

bridging interactions by executing the solid state reaction in the presence of excess halide, affording 
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the tetraanions M4[Re(,(n3-Se)s(X)(,] (M=Cs' , Rb"; X=CI, Br, I) as free clusters interacting only 

weakly with the interstitial metal cations. This concept was demonstrated empirically in 1996 in 

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 [Re6(|i3-Q)s]^'^ species. 

The next big leap forward in [Re,,(|i3-Q)^]^' development was delivered in 1997 by Zheng, 

Long, and Holm.'" These researchers found that the six Re"' sites in the [Re(,(|i3-Q)8]^'*' (Q = S, 

Se) clusters could be differentiated from one another by reacting the starting (n-Bu4 

N)3 [Re'"5Rc'''(u3-Q)s(I)6] anions with varying ratios ofPEtj. 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). Tliis was completely unlike any other known molecular cluster system. Instead of 

cluster decomposition or persubstitution, the phosphine substitution reactions could be executed 

in a controllable fashion. Other cluster systems have since been found that are subject to similarly 

controllable substitution but lack the [Re(,(m-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 stoichiometric excesses of 
halide to the solid state reaction used to create the 3-D lattice on the left, it is possible to 
reduce its dimensionality in a predictable way. Dimensional reduction is the most reliable 
and highest yielding route to the [ResCuj-Q)^]"' cluster cores (represented by 'M' for 
simplicity). 
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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 [Re(,{)i3-Se)x(PEt3),„,{solv)J^^ (solv 

=MeCN, DMSO, DMF, pyridine, and pyrazine)."^' These solvate sites were subj ect 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 complexes in 

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 supennolecular 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 ofMeCN from [Re(,(^3-Se)8(PEt3)5(MeCN)](SbF6)2 

(12) and /ra/is'-[Re,,(|i3-Se)s,(PEt3)4{MeCN)2](SbF(,)2 (14) with4,4'-dipyridyl derivatives (Scheme 

1.3).^" The route 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 fra«5'-[Re6(|ii3-Se)g(PEt3)4(MeCN)2](SbFg)2 and 
[Re6(p3-Se)g(PEt3)5(MeCN)](SbFg)2- 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 ofFedorov and Long have afforded a series of structurally 

stunning extended solid networks based on the [Re(,(|^,-Q)s(CN),,]'*' tetraanion. These "cluster-

expanded" Prussian Blue analogues featured porous networks of clusters bridged by a variety of 

cyano-N coordinated secondary metal Altering the choice of metal and relative 

cluster/metal stoichiometry resulted 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 

[Re(,(|i3-Se)8]" '" cluster at the core."^**'^" Later bonafide cluster dendri mers were prepared which 

also featured the symmetric [Re6(}j,3-Se)g]^"^ core, as well as cluster based branching units (Scheme 

1.4).^' 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 byHolm'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 [Re(,(fi3-Se)g]^"^ system 

to endeavors not normally associated with clusters is supported by a host of potentially usefiil 

physical properties. The first of these is the now well characterized luminescence of all [Re6(^3-

Q)x]'' Although initially the subject of some debate, it has been conclusively 

demonstrated that the cluster cores are luminescent. 
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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. 

As briefly described above, the luminescence is significant because it has been demonstrated to be 

most sensitive to the apical ligand environment. The wavelength, lifeti mes, 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. It has 

been shown that even exchange reactions of weaker solvate ligands exhibit rate constants similar 

to [Cr(H20)(,]"'' . Yet, when exposed to broadband UV irradiation, the clusters readily expel apical 

ligands, excluding the inert phoshpines. This convenient means ofbypassing 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 [Reg(n3-Q)g]^'' 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(,(M.3-Se)g]'^ 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 

deshi elding by the cluster core, a common feature of the NMR spectra ofLewis acidic complexes. 

Such deshielding also activates the bound molecules to nucleophilic attack. Since the Re'" sites can 

accommodate a large range ofligand types, the cluster might act as a very general Lewis acid 

catalyst. 

The [Re6(^3-Q)g]^^ 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 -1.97V (vs. 

Fused cluster dimers bound by complementary, rhombic 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-Bu4N)3[Re'"5Re^(|i3-Se)8(I)6] 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^ Very recent 

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

Suprainolecular chemistiy 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.^®'^"^'^®"® 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 tliat 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 bypreprogramming the noncovalent interaction of synthetic species. If executed 

properly, the biomimectic approach might provide effective solutions to problems difficult or 

impossible to achieve by classical synthetic means.^"®'^ More than a method 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 a relatively 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.As mentioned above, we are 

concerned with the preparation of next-generation host compounds based on the physical and 

stereochemical attributes of the [Re(,(^3-Se)s(PR3)6.n(L)n]^^ cluster species. Of relevance is 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 

ultimately received recognition with the Nobel prize.Veiy generally, HG chemistry is 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-covalcnt binding, such that only the correct guest binds to its proper host to form the HG 

complex in solution or the solid state.' This chemical complementarity is analogous to, 

albeit less precise than, the lock-and-key concept of enzyme-substrate binding. The critical 
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attribute ofbuilt 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 the relative strength of the 

competing forces of mutual attraction and dispersive sol vation/'dissociation.In many biological 

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.Uncontrolled, self-assembly is 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, if there is a single way to distinguish a supramolecular synthesis 

from a classical one, it is that the supramolecularproduct 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 maybe 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, hi other words, the properties which directed the self-

assembly were only expressed in the realization of the HG complex, leading to a discrete 

supemiolecule 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 thatjudicious design of 

molecules containing shape and/or directional bonding properties maybe made to self-assemble 

into botli discrete and extended ensembles which may themselves act as hosts. Indeed, it is 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 in the 

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 ofNature. 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 

tliroughout the assembly (Figure 1.4).'^'"'^"~ The two most powerful ways to accomplish this task 

is the incorporation of moieties capable ofhydrogen bonding or metal-ligand dative bonding. The 

latter bears closer examination because the metal ion itself maybe both the source of shape and 

directionality. As the hydrogen bond does not have inherent shape, further discussion will be left 

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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X 

A. 
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assisted by strong 
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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 a range of metallomacrocyles, catenaries, 

and rotaxane complexes that formed when the organic host bound the metal(s) via metal-Ugand 

dative bonds.' hi 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 only realized 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 

a paradigm 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 a specific 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. 

The first use of the platinum metals' square planar geometry in the preparation of rationally 

designed supramolecular assemblies came in 1990 with M. Fuj ita's tetranuclear Pd(Il) "molecular 

square".'--' For this classic preparation, cw- [Pd( en)2(N 03)2 J (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)2(bpy)]4(NO,)8 under ambient conditions (Figure 1.5). The work 
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of Fujita was significant for two reasons. First, the entire assembly itself was designed as a host 

from the outset; a sort of inorganic cyclodextrin. To be sure, many of the 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-N aphthyl )acetam ide =1.8x10^) due primarily to the coordination mode of the metal ion.-^"^ 

The second point of significance is Fuj ita and coworkers' use of the concept of site protection to 

enforce a desired coordination mode. By using the inert en ligand to enforce cm-binding of the 

bridging ligands, the Pd(U) ion could only function as a 90 ° comer, thus preventing the formation 

of extended, sheet-like oligomers (Scheme 1.5). The prefabrication ofinorganic building blocks, 

in contrast to uncontrolled self-assembly about unprotected metal ions, has since become the 

dominant methodolog)' 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 multinuclcar 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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At the time of Fujita's groundbreaking work, syntheses of HG complexes incorporating 

metals often relied on the metal ion to "template" the formation ofamacrocyclic 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. Stioig and coworkers reported a series of Pt(ll)-

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-caEed "molecular library", a term taken from combinatorial chemistry 

j argon). 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.^"'''-'"''" For example, if one wished to prepare a square shaped 

motif, it is clear that the shape maybe 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 tlie problem from slightly 

different perspectives. 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 ofdissecting a potential synthetic target into gcomctric subunits that will 

force the desired symmetry upon self-assembly is hereafter referred to as the Stang-Atwood 

model. 

lA EXPERIMENTAL PLAN 

The principles developed in this introductoiy 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 strictlynoncovalent, 

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 ofinteresting structures, including several with usefully large pores. Finally, Chapter 

5 develops the chemistry for the fu^t 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 chemistry is to add the known catalytic, electronic, and 

magnetic properties of transition metals to a host species, thereby giving the resultant host 

functionality not easily realized 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 deliver}'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. T aking advantage of the redox capacity 
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of metals may allow 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 subj ect 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. In light of their synthetic facility and functional 

prospects, it is evident that molecular squares will remain the subj ect of vigorous study in the 

foreseeable future. 

2.1.1. Synthetic considerations and examples 

Incorporation of transition metals into a molecular square requires accounting for two 

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

factor is made evident by applying the Stang-Atwood analysis to a square. As with any 
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retrosynthcsis, the requisite disconnects may be made a number of ways. Scheme 2.1 indicates 

some trivial routes to molecular squares. Although the vast maj ority 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 stmctural contributions of the metal and 

ligand allows for an unprecedented degree of variability in structural and functional tuning in 

molecular squares. F ar and away the most widely explored examples ofthis come from the work 

ofStang and coworkers, using the cis- chelated Pt(ll) andPd(n) 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.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 a second metal complex. Similar work by Hupp usiHg Zn-pyrdiyi porphyrins as 

the bridging ligands for Re{I) comers was reported earlier. 
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I = ditopic bridging iigand 

1^= as-protected metal ion 
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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 Iigand, and (C) uses only Iigand geometry as the template. 
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In both cases, the novel hcterometallic 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 ofbinding different guests in 

the square pore and in the chelating pockets. These complexes may also function as chemical 

sensors or enzyme mimics. Finally, Stang has incorporated raetallocenes 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 very recent and impressive work ofLin and Cotton. The group 

has prepared a vast number of metal-directed square and triangular macrocyies, both as discrete 

molecules and extended networks. What makes these compounds unique and significant is the 

use of fbnnamidinate bridged dimetal units in place of a mononuclear complex. Not only has 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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properties dependent on meta properties via bonds to P, N, S, etc.; 
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octahedral and multinudear function/metal ion 

Linker vanabiltty 
Alter pore size, depth, hydrophobicity; 

Induce chirality, add secondary metal ions 

Figure 2.1 The inherent tunability of the metal directed route to molecular 
squares. 
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The 6w-((4-pyridyl-)phenyl)iodonium cations have their terminal pyridyl nitrogens placed at 90 ° 

from one another on the ends of the comer shaped ligand. The bent ligand cooperates with the cis-

chelated metal complex to form the square. Also dinuclear in Pd(n) and R(ll) are squares which 

use ligands based on /)«-isonicotinate titanocene complexes to fonn 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 constmcting molccular squares reverses the role of the metal and 

ligand. In this approach, it is the ligand that imparts the shape to the host molecule. The metals act 

as simple linear connectors. 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 comers shown in Figure 2.3 was realized. Stang also utilized organometallic 

complexes with pendant coordinating nitriles or pyridines to act as comer ligands for the same 

linear unit to isolate the dodecanuclear stmctural analog ofthe iodoniuin super-square. The groups 

ofLehn and Stang have prepared tetranuclcar squares which use the right angle imposed by cis-

f&M-pyridyl) poiphyrins to direct the self-assembly process about /raw.v-coordinated Pd(II) and 

Pt(ll) precursors. Similar to the work ofHupp, these complexes have unique spectroscopic 

shifts that may prove useful in sensing applications. 
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Figure 2.2 Examples from the work of Stang et al. 
of using both ligand and metal to direct structure. 
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PPhj PPha 

Figure 2.3 Stang's "super square", featuring the ligands as the sole structure 
directing component. 
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Another unique example of a molecular square held together by an organometaliic bond between 

/ra«.s-Pd(n)(PEt3)2 and o/t/jo-benzenediacetylide.''"' It must be reemphasized that these are 

simplyprominent examples of square construction modes', within these modes there are virtually 

unlimited ways of making the requisite bonds, number and type of metal atom, and bridging 

ligand. 

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, the relative 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 a metal for a given type of coordinating atom 

must be added in the balance. The delicate interplay between kinetics and thermodynamics was 

most elegantly demonstrated by Fuj ita in some ofthe earliest studies on molecular squares.-^"^ In 

the first synthesis the lability of the starling Pd(II) complex allowed the reaction to proceed to the 

thermodynamically stable molecular square. The .Tapanese group reasoned that the only slightly 

stronger (than Pd-0N02) Pd-Np^Tidyi bond allowed the cw-chclated 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 ofthe square's lower 

solubility and the sightly favorable entropy and enthalpy of cyclization. However, when the more 

inert Pt(Ll) analog was prepared in an identical manner, only a complicated mixture of oligomers 

was obtained. This observation suggested that the Pt(ll) reaction was subj ect to kinetic control 
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- the inert Pt(II)-Npyridy! bond, once formed, was irreversible under ambient conditions and led to 

rapid oligomerization and precipitation. Using the mixture ofPt(n) 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. S tang's later work, using the very labile Pt(n) 

triflate starting materials, also appears to be kinetically controlled. Presumably, the R(II)-Nj^yy, 

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 ofbuilt 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 of the 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 maybe drawn from these works is, despite some 
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ambiguity regarding the self-assembly process itself, it is 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. [Re^/ju_rSe)sJ' ^ 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 

dimetalHc building blocks. The most significant challenge is simply the lack of a single multipurpose 

system. If one wishes to use the traditional Pt(Il) and Pd(ll) 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. If the 

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°. flexibility 

has led to the isolation of several examples ofmolccular 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 fiirther 

apart than a set of cis- coordinated ligands in a mononuclear complex. With these problems in 

mind, we proposed a series of molecular squares supported by the site-differentiated [Re6(^3-

Se)s]^"^ cluster core. The [Re(,(ii,rSe)g]''' core is singularly suited to address the problems 

described in the preceding paragraph, as its structure and adjustable stereochemistry make it a truly 

multipurpose building block. 

From a synthetic standpoint, the cluster is very convenient. By varying the conditions of 

the site differentiation reaction, one may realize 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 cw-[Re6(jirSe)^(PR,)4(L)2]^^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 ofmoisture and air during the phosphine site-differentiation step is necessary 

to protect the phosphine, not the cluster. One of the particularly important reasons for using the 

cluster building blocks in place of a mononuclear one is that the cw-disposed ligands are 
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significantly further apart (Re-Re bond 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). 
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Scheme 2.2 [Re6<H3-Se)gJ^' 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 [Re6(|i3-Se)§]^"^ 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 

[Re,,()j, ,-Se)i^]^"^ core is its very strong Lewis acidity. With j udicious bridging and protecting ligand 

choice, it is possible to prepare molecular squares which will selectively and strongly bind electron 

rich substrates. Taken to 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 ofthe shortcomings ofmononuclear 

based molecular squares, and with an eye to the possibility of realizing novel functionality, we 

proposed the synthesis of the first [Ree,(|.i3-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 c/6-[Re(,(n3-Se)s(PR3)4(MeCN)2](SbFft)2 cluster building 

block. VV ithin 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 labile solvent molecule. This work was intended to 

prove that the cluster core could surrogate for a mononuclear complex, a possibility 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 cw-[Reg(^3-Se)g(PEt3)4(MeCN)2](SbFg)2 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. As well as being 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. The bridging 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 tecliniques 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 SiMe4 ('H) 

and 85% H3PO4 in H2O (""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-102 A mass spectrometer (JEOL USA, Inc., Peabody, MA) using a mass 



73 

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, with a PAR Model 263 

potentiostat/galvanostat using a glassy carbon working electrode. The supporting electrolyte was 

0.1 M (n-Bu4N)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 separations (AEp) 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 4:4 varied from 1.7 to 3.2. Anodic to cathodic peak separations (A£p) 

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

2.2,2. Synthesis and characterization molecular squares: c>'c/o-[Re6(ji3-Se)g(PEt3)4(L)]4-

(SbF<,)a2-4) 
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Amixtureofm-[Re6(|i3-Se)8(PEt3)4(MeCN)2](SbF6)2 (1) (250 mg, 0.090 mmol, prepared by 

literature methods)"' and Ln [0.090 mmol; 14.1,16.4, and 16.6 mg for LI (4,4-dipyridyl), L2 

((F)-1,2-bis(4-pyridyl)ethene), and L3 (1,2-bis(4-pyridyl)ethane), respectively] in SOmLofdry 

chlorobenzene was reflux ed under N2 for about 30 min. to produce orange-red crystalline solids 

and a pale-yellow supernatant. The solids were collected by filtration, washed with chlorobenzene 

(2x20 mL) and diethyl ether (5x 10 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 

(C,3„H272F4sNgP,6Re24SbsSe3,): C, 14.33; H, 2.41; N, 0.98%. 'H NMR: 5 1.07-1.24 (m, Me), 

2.33 (q, CH2), 2.43 (q, CH,), 7.85 (d, p-H), 9.79 (d, a-H). ^'P NMR: -23.1, -25.8. 3 

(C,44H28,)I-48NgP,(,Re24Sb8Se32): Found: C, 14.87; H, 2.69; N, 0.96. Calc. for 3: C, 15.02; H, 

2.50; N, 0.97%. 'H NMR: 5 1.07-1.27 (m, Me), 2.32 (q, CHj), 2.43 (q, CH2), 7.65 (d, p-H), 

7.72 (s, olefmic CH), 9.59(d,a-H). "PNMR: -23.6,-26.5. 4 (C,44H2S8F41JN8P,6Re24Sb8Se32): 

Found: C, 14.75; H, 2.46; N, 0.94. Calc. for 4: C, 15.03; H, 2.44; N, 0.97%. 'H NMR: 5 

1.10-1.26 (m. Me), 2.31 (q, CH2), 2.42 (q, CHj), 3.18 (s, CH2), 7.43 (d, p-H), 9.48 (d, a-H). 

"PNMR: -22.9, -26.2. 
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ES-MS: (2)/«/z; 1152 {[Re(,(^3-Se)s(PEt,)2(Ll 1209 { [Re„m.rSe),(PEt3)3(Ll),]2n, 1268 

|[Re,(^.rSe)g(PEt3)3(Ll)2]^^}, 1585 {[Rci^Se^CPEt^MLl)^]-'^, 2613 {[Re,(^3-

Se)8(PEt3)4(Ll)](SbF,)'}, 2691 {[Re,,Se,„(PEt3)s{Ll)3](SbF,)2-"}, 2769 {[Re,(^3-

Se)g(PEt3)4(M)2](SbF„)2'}. (3) miz: 1603.9 {[Re„Se„(PEt3),(L2)2]-^^}, 1682.6 

{[Re,2Se„.(PEt3)s(L2),](SbF6)^^}, 1743.9 {[Re,2SeK,(PEt3)B(L2)3]34, 1804.7 

URe,»Se,4(PEt3),2(1.2)3]^^}, 1863.2 {[Re,sSe24{PEt3),2(L2)3](SbF,r}, 2640.9 

{[Re,2SeK,(PEt3ML2),](SbF,)/^}. (4) m/z: 1604 {[Re„SeK,(PEt3)g(L3)2]^^}, 1682 

{[Re,2Se,5(PEt3)(L3)2](SbF,f^}, 1744 {[Re,2Se„(PEt3)8(L3)3](SbF,)^"}, 2640 {[Re<,(^3-

Sc)g(PEt3)4(L3)](SbF,f^1,2529 {[Re,(^i3-Se),(PEt3))4(L3)2](SbF,n 

2.2.3. Synthesis and characterization of cw-[Re6(}i3-Se)g(PPh3)4(I)2] (6) 

A 250 niL heavy walled roundbottom flask was charged with 1.50 g (4.31 x 10"^mol) (n-

Bu4N)3[Re'"5Re''^ (^3-Se)j{(l)6], a magnetic stirring bar, anddiy, 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 

N2 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)/etlier and dried under vacuum 

for 3 hours. The orange-red solid was then extracted into neat DCM (leaving an insoluble orange 

powder), the volume reduced to 1.5 ml, and subj ected 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-

Hphen); 7.2 (m, broad); 7.3 (m, overlapped). ''P NMR: -35.8, -36.4. FAB-MS: 3051.8 [M]*"; 

2924.3 [Re6(^3-Se)g(PPh3)4(D]"; 2662.1 [Re,{^irSek(?Ph,hr. 

2.2.4. Synthesis and characterization of c/.s-[Re(,(|i3-Se)j^(PPh3)4(MeCN)2](SbF(,)2 (7) 

444.2 mg (0.1455 mmol) 6 was dissolved in a 50 raL roundbottom flask in a 10:1 

DCM:MeCN (20 niL) mixture with vigorous magnetic stirring. A large excess of AgSbPg was 

quickly transferred 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 in the light. The red 

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, -CH3); 7.1 (ni, y-Hphen); 

7.3-7.6 (m, broad, phenyl). "P NMR: -12.3, -13.5. FAB-MS: 3031.5 

Se)8(PPh3)4](SbF5)^; 2796.2 [Re6(^3-Se)s(PPh3)3](SbIvy; 2507.8 [Re,(n3-Se)s(PPh3)J(SbF,)^ 

2.2.5. Synthesis and characterization molecular squares: cj'c/o-[Re6(|i3-Se)jj(PPh3)4(L)]4-

(SbF,), (8-10) 
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8,9, and 10 were prepared cxactly as for 2-4, using 302 mg (0.0900 mmol) 7 and 14.1, 

16.4, and 16.6 mg for LI, L2, and L3, 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, Hb); 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. RESUL TS AND DISCUSSION 

Typical cluster condensation syntheses of molecular squares involve the stoichiometric 

reaction of 1 with apyridyl-basedbidentate ligand (Ln, n=l, 2,3) in refluxing chlorobenzene. 

Orange-red crystalline solids deposit after 30 min, leaving a pale-yellow supernatant due to the 

slight solubility of the product. With LI, L2, and L3, the squares 2,3, and 4 were obtained, 

respectively. Anal}tically pure samples were isolated in high yields after washing (chlorobenzene 

followed by diethyl ether) and drying the solid products in air. All three compounds are readily 

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 

of the 'H NMR signal at 2.69 ppm (acetonitrilc-dj) of the coordinated acetonitrile ligands in 1 
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indicates quantitative substitution by the ditopic ligands. Significant downfield shifts were observed 

in the 'H NMR of the bridging ligands upon coordination, owing to the inductive effect ofRe"'. For 

example, the resonances of LI in 2 shift by 1.0 (a-H, pyridyl, 59.8 ppm in 2 vs. 8.8 ppm inLl) 

and 0.2 ppm (p-H, pyridyl, 5 7.9 ppm in 2 vs. 7.7 ppm in LI) with respect to those of the free 

ligand (Figure 2.4). Similar chemical shift changes occur for L2 and L3 upon binding. NMR 

spectra are consistent with s>Tnmetric assemblies. In each case, two "P peaks of equal intensity 

appear, indicating distinct sets of PEt3 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 [Re6(}i3-

Se))5(PEt3)i4(Ll)2](SbF(,)(j, and related bridged diclusters. Alternative methods involve more 

severe ionization 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 

p a r e n t h e s e s )  a t  m l z  1  6 0 3 . 9  { [  R e ,  2 S e i ( , ( P E 1 3 ) 8 ( L 2 ) ^ ] ' ' " } ,  1 6 8 2 . 6  

{[Re,,Se,6(PEt3),(L2)2]'XSbF,)-'^}, 1743.9 {[Re,,Se„(PEt3),(L2)3]-^M, 1804.7 

{[Re,gSe24(PEt3)i2(L2)3]^n, 1863.2 {[Re,,Se2,iPEt,Mh2h](ShF,r\, and 2640.9 

{[Rei2Se,5(PEt3)g(L2)2](SbF6)2^"^}. Fragment chargcs 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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Figure 2.4 and ^'P NMR of 2. Colored letters represent the unique protons 
of the 4,4'-dipyridyI bridging ligand. Similar shifts are observed for L2 and L3 
upon coordination to the cluster core in 3 and 4, respectively. 
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Figure 2.5 Mass spectrum of 3. 
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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 tetranieric. In all known [Re5(|4,3-Se)s]"'* clusters, the angles 

between any two cw-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°.™ This regularity should logically govem 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 ostensibly much like 2 and 3, 

clear precedents exist for a dimer of the kind 4' {4' = [Re,2Sei5(PEt3)s(L3)2]}: Inspection of 

ES-MS results for 4 finds a signal corresponding to a triply charged cation at miz 1743.8, assigned 

to {[Rei2Se,(,(PEt3)s(L3)3](SbF(,) }-'\ We cannot easily account for this fragment, with three 

ditopic ligands, in terms of the dimer 4'.1^2,153 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 {E^a =1.09 

V vs. SC E) 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) at ca. -1.4 V in [Re(,(^3-S)3(Cr)4(Ll)2]^" clusters, and at-1.2 and -1.4 V in 

neutral, non-cluster rhenium® 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 

[Re6(|i3-Q)g] (Q = S, 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 c/5-[Re(j(|.ir 

Se)g(PPh3)4(MeCN)2]{ SbF(,)2 as the cluster building blocks. Replacing the aliphatic and easily 

disordered ethyl groups of the original phosphine with phenyl rings could enhance ciystallinity 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 PEt3 analogs, with similar results. However, initial 'H and ^'P NMR spectra were not nearly 

as clean as the 2-4 signals were. Although the two symmetric peaks at-17.3 and-18.0 ppm (8, 

representative) in the ^'P spectra were present, they were signi ficantly broadened and weakened 
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( i n  t h e  same approximate anal>1e concentrations) relative to 8-10. 'H NMRrevealed similar 

troubling results, with poor signal-to-noise ratios, small shoulder peaks on the coordinated L1-L3 

signals, and poor resolution of all cluster based peaks. The third 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. Yields 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 in a range 

of solvents. Crystallinityin all samples was improved. Small single crystals were grown over a 

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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Figure 2.6 and NMR of 8. Assignments of unique 'H signals are the same as 2. 
Unlabeled signals are from the PPhg protons. Note weakened and broadened signals in 
both 'H and ^'P spectra. 
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2.4. CONCLUSION 

The successful synthesis of the [Re6( ji3-Se)g]^"^ 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-

[Re(,{|Xj-Se)s( PEt3)4(MeCN)2]{ SbF(,)2 building block as the sole structural determinant has been 

successfully demonstrated. All available data support our conj ecture that the wider displacement 

of the civ-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 in all cases. This finding is in line with the redox behavior ofthe known bridged cluster 

dimers. Although disappointing from phenomenological standpoint, the reversibility of what 

appears to be a simultaneous 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. 

As well as a proof-of-concept project, the [Reg(|.i3-Se)g]^^ directed molecular squares 

open useful discussion regarding the general apphcability ofthe cluster condensation method. 

While speculative, examination ofthe reaction conditions suggests that cluster directed square exists 
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on the border of thermodynamic and kinetic control. Themiolytic 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 retluxing chlorobenzene to 

initiate the displacement of the solvent molecule. The conditions imply that subsequent cyclization 

must be rapid relative to the possible polymerization. Although no direct evidence exists for such 

a mechanism, it is reasonable to invoke a version ofHupp' 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 ancillarypieces of evidence. The first, in 

an unpublished ligand exchange reaction using [Re(,(|J.3-Se)y(PEt3)5(MeCN)](SbF6)2 and a 

poiytopic pyridyl based ligand under identical cluster condensation conditions, afforded single 

crystals of[Re(,(n3-Se)j,(PEt3)5{Cl)](SbFf,). The only possible halide source for this product was 

the chlorobenzene solvent, which supports the proposed fonnation of a chlorobenzene solvated 

intermediate. The second line of support comes from the PPh3 protected cluster squares. If one 

considers the possibility that the broadened spectra were the result of open oligo/polymerization 

and not agglomeration, it becomes clear that the rate ofpolymerization begins to compete with the 

favorable rates and thermodynamics of cyclization. Given tliat the increased inductive effects of 

the PPh3 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/«c-[Re(,(|Li3-Se)s(PPh3)3(MeCN)3](SbF6)2 to 

direct the assembly of a molecular cube resulted in the formation of a completely intractable solid. 

The synthetic significance of these correlated observations is that the stable cluster solvates 

[Re6(p,3-Se)g(PR3)6.ij(MeCN)J^'^ are useful for creating discrete supermolecules with a range of 

bridging ligands via the cluster condensation reaction. However, consideration must be given to 

structures with geometry directed solely by the solvates when n>2. With relatively low ligand 

exchange rates, even elevated temperatures may not prevent a polymerization reaction from 

competing with tlie 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 SUPRAMOLECULAR ARCHITECTURES 

SUPPORTED BY SITE-DIFFERENTIATED lRe6(|i3-Se)gf+CLUSTER UNITS 

3.1. INTRODUCTION 

Recent work by our research group and others has conclusively shown that the [Re^Xiij-

86)^]'"* cluster core is ideally suited to its role as a supramolecular building block. The cluster need 

not only act as simple 0-dimensional ([Re6(|i3-Se)8(PEt3)5(L)]^^) or symmetric ([Re^Cn,-

Se)g(L)<,]-') structural scaffolds, however. With its readily modifiable stereochemistry, the cluster 

can be a powerful geometric determinant of the overall assembly in its own right. Given this fact, 

it is reasonable to presuppose that the site-differentiated cluster systems [Re6(ii3-Se)g(PR3)n(L)5j^'^ 

might serve equally well directing the assembly of arrays not directly supported by coordinate-

covalent ligand-cluster dative bonding. Specifically, if the 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 a distance" 

described above consequently took the form of using cluster derivatives with secondary 
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functionality capable of hydrogen 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 ofproperly functionalized 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 subj ect of this chapter is the exploration of[Ref,(n3-Se)jj]^' directed assemblies 

that feature the hydrogen bond as the secondary noncovalent interaction. 

3.2. AUFBAUSYNTHESIS 

As one of the principal aims of this 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 syinmetrically significant directions (e.g. displaced 60" from one another for a hexagonal 
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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). In contrast, a naked metal ion 

has effectively spherical symmetry and requires careful choice ofligands to impart any vectorial 

quality to the metal-ligand bond. The selectivity of the hydrogen bond is largely dictated by the 

number, electronegativity, and orientation of the donor and acceptor atoms within the hydrogen 

bonding functionality itself. This is best illustrated by the high fidelity of the cytosine-guanine an 

thymine-adenine hydrogen bond sets that ensure the proper assembly ofDNA (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. 

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 Not only do transition metal complexes offer 

a range 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. 
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Directional hydrogen bonding 

[ReeSeg] 

• = (PR3) 

i2+ • = Ligand bearing hydrogen 
bond functionality 

X = complementary hydrogen 
bond interaction 

Selective hydrogen bonding 

Figure 3.1 A) An example of the the directional nature of hydrogen 
bonding; the strong bond 'x' extends only along the direction set by the 
scaffold. B) Properly chosen DA groups exhibit binding only to the most 
complementary species as seen in the classic example ofDNA base pairs. 
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However, the field is still in its infancy and serendipity often plays as large a role in the final structure 

as rational design does.Because of their wide Egand displacement, stereochemical rigidity, 

and their large steric bulk, the site-differentiated [Re,,(M.rSe)8(PR3)„(L)5j{SbF(,)2 cluster isomers 

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 pol>'morphism (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 

of the 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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Figure 3.2 The control of geometry and dimensionality of the hydrogen 
bonded arrays following the aufbau approach of adding dimension and 
complexity by stepwise variation in cluster support. 
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Scheme 3.1 The representative preparation of complexes 11,13, and 15. The 
ligand exchange reaction is similar to the cluster condensation method, but 
executed in the presence of excess ligand. This route is used for all complexes 
save those with pdca, which was not soluble in these solvents. 
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The final compound, [Re5(|a ,-Se)ij(0H)2(0H2)4]*(H20)i2, 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 as received. Cluster solvates [Refi(p.3-

Se)>j(PR3)n(MeCN)5.„](SbF(,)2 [n = 3 (fac-, R = Ph), 4 {cis- and trans-, R = Et), 5, R = Et] were 

prepared according to published procedures.'" NM R spectra were recorded on a Bruker AM 

300 spectrometer in CD3CN. Chemical shifts of^'P spectra were referenced to 85%H3P04 (5 

= 0 ppm, with negative values indicating up field shifts). Microanalyses (CHN) were performed 

by Desert Analytics Laboratory, Tucson, Arizona. 

3.3.1. [Re(j(|i3-Se)g{PEt3)5(isonicotinamide)](SbF,,)2 (11) 

To a solution of 26 mg (9.0 mmol) of [Reft(|.i3-Se)g(PEt3)5(MeCN)](SbF6)2 in 5 niL of 

chlorobenzcne/nitromethane (v/v 1:1) was added isonicotinamide (20 x excess) as a solid. 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 MgS04, 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 -CH3),2.12 (q, 1 -CHj), 

2.23 (q, 4 -CHj), 6.43 (broad s, amide 1 -OH), 7.00 (broad s, amide 1 -H), 7.57 (d, pyridyl 2 

p-H), 9.40 (d, pyridyl 2 a-H). -''P NMR: -19.5 (4 PEtj), -23.0 (1 PEt,). Anal. Calcd for 

CjfiHgiNaFiaOPsRegSegSbz: C, 14.68; H, 2.92; N, 1.06. Found: C, 14.74; H, 2.78; N, 0.96. 

3.3.2, ?raK5'-[Re6(!i3-Se)g(PEt3)4(isonicotinamide)2](SbF6)2 (13) 

Prepared in a manner similar toll except that ̂ ra/w-[Re(,(|a3-Se)8(PEt3)4(MeCN)2](SbF6)2 

was used in place of [Re6(}j.3-Se)8(PEt3)5(MeCN)](SbF6)2 (Yield: 75.0%). 'H NMR: 1.15 (q, 

CH3), 2.31 (q, CH2), 6.42 (broad s, amide IH), 7.00 (broad s, amide IH), 7.55 (d, pyridyl 2 P-

H), 9.30 (d, pyridyl 2 a-H). ^>PNA4R: -16.7. Anal. Calcd for C36H72N4F,202P4Re(,Se«Sb2: C, 

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

3.3.3. cw-[Re(,(//3-Se)^(PEt3)4(isonicotinamide)2](SbFh)2 (15) 

Prepared in a manner similar to 11 except that cw-[Re6(ii3-Se)8(PEt3)4(MeCN)2](SbF6)2 

was used inplace of [Re6(p,3-Se)g(PEt3)5(MeCN)](SbF6)2 (Yield: 72.0%). ^HNMR: 1.08-1.20 

(m, -CH3), 2.23 (q, -CHj), 2.35 (q, -CHj), 6.48 (broad s, amide 1 H), 7.06 (broad s, amide 1 

H), 7.64 (d, pyridyl 2 P-H), 9.57 (d, pyridyl 2 u-H). -^'PNMR: -20.4,-17.5. Anal. Calcd for 

C.^6H72N4F,202P4Re„SegSb2: 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. /flc-(n-Bu4N)[Re„(^3-Se),(PPh3)3(I),] (16) 

A 250 niL heavy walled roundbottom flask was charged with 1.426g (4.09 x lO""^ mol) (n-

Bii4N)3[Re5™Re^(pi3-Se)8(I)6] (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 N2 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 elutedin 10:1 dicMoromethane/acetomtrile 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, -CH3); 1.3 (m, -CH.-) 1.9 (m -CH,-); 3.1 (m, 

ammonium -CH^-); 7.2 (m, phenyl). ^'P NMR; -19.1. FAB-MS: 3157.4 [M]^; 2776.5 

{[Res(H3-Se)s(PPh3)3]}^+; 2514.2 {[Res(|i,-Se)8(PPhj)2]}2+ 

3.3.5. /ac-[Res(n3-Se)8(PPh,)j{MeCN)j](SbFj)j (17) 

A 20 mL vial was charged with 200.5 mg (0.069 mmol) 16, a small magnetic stirrer, and 

a 10:1 mixture of dicMoromethane:acetonitrile. Three equivalents (120.9 mg) A^bF,, 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 left 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%. 'H NMR: 2.88 (s, -CH3); 7.2 (m,y-Hpha,); 7.5 

(m, b, phenyl). ^'P NMR: -11.3. FAB-MS: 3129.4 [M]"; 2894 {[ReeC^a-

Se)H(PPh3)3(MeCN)3](SbF,)'/; 2577 {[ROf,{yirSc),(P?h,h]iShF,y} '. 

3.3.6. /ac-[Reft(|i3-Se)g(PPh3)3(isonicotinamide)3](SbFf,)2 (18) 

Prepared in a manner similar to 11 exccpt that j^c-[Re6(p.3-Se)g(PPh3)3(MeCN)3](SbF5)2 

(17) was used in place of[Re(,()i3-Se)g(PEt3)5(MeCN)](SbF(,)2 (Yield: 26.0% after semi-micro 

workup). 'HNMR: 6.42 (broads, amide IH), 7.08 (broad s, amide IH), 7.4 (m, b,phenyl) 7.62 

(d, pyridyl 2 P-H), 9.45 (d, pyridyl 2 a-H). ''P NMR: -12.55. 

3.3.7. [Re,,(|J.3-Se)g(PEt3)5(nicotinamide)](SbF(,)2 (19) 

To a solution of 26 mg (9.0 mmol) of [Re(,(n.3-Se)g(PEt3)5(MeCN)](SbF(,)2 in 5 mL of 

chlorobenzen e/ni tromethane (v/v 1:1) was added nicotinamide (20 x excess) as a solid. 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 MgS04, 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 -CH3), 2.07-2.30 (m, 
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5 -CH2), 6.36 (broad s, amide 1 -H), 6.96 (broad s, amide 1H), 7.40 (dd, pyridyl 1H), 8.24 (d, 

pyridyl 1 H), 9.38 (d,pyridyl 1 H), 9.79 (s,pyridyl 1 H). "PNMR: -21.19 (4PEt3), -25.02 (1 

PEt,). Anal. Calcd for C3(J-l8iN2Fi20P5Ref,SexSb2; C, 14.68; H, 2.92; N, 1.06. Found; C, 

14.82; H, 2.72; N, 1.13. 

3.3.8. /ra«.s-[Re5(p,3-Se)8(PEt3)4(nicolinamide)2](SbF(,)2 (20) 

Prepared in a manner similar to 11 except that r/-aA2.v-[Re(Xn3-Se)g(PEt3)4(MeCN)2](SbFft)2 

was used in place of [Re6(|i3-Se)8(PEt3)5(MeCN)](SbF6)2 (Yield: 75.0%). 'HNMR: 1.15 (q,-

CH3), 2.32 (q, -CH2), 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 C3(,H72N4F,202P4Re5SegSb2: C, 14.48; H, 2.47; N, 2.00. Found: C, 14.42; H, 2.59; 

N, 1.94. 

3.3.9. c/5-[Re,,(^3-Se)x(PEt3)4(nicotinamide)2](SbF5)2 (21) 

Prepared in a manner similar to 11 except that 0«-[Re(,(|Li3-Se)g(PEt3)4(MeCN)2](SbF6)2 

wasusedinplaceof[Re„(^i3-Se)g(PEt3)5(MeCN)](SbFj2(Yield:72.0%). 'HNMR: 1.08-1.23 

(m, -CH3), 2.23 (q, -CH,), 2.35 (q, -CH2), 6.37 (broad s, amide 1 H), 6.97 (broad s, amide 1 

H), 7.42 (dd, pyridyl 1H), 8.27 (d, pyridyl 1H), 9.51 (d, pyridyl 1H), 9.83 (s. pyridyl 1H). ̂ 'P 

NMR:-17.6, -20.5. Anal. Calcd for C3„H72N4F,202P4Re„Se55Sb2: 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. [Re,(P3-Se)H{PEt3)5(pdca)](SbF,), (22) 

To a mixture of[Re(,(|i3-Se)sj(PEt ,)5(0]I (26 mg, 9.0 mmol) and a large excess of 3,5-

pyridyldicarboxylic in 5 mL of dichloromethane was added 150 mg ofAgSbPg. The mixture was 

stirred at room temperature in the absence oflight 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 ofthe solvent (20.5 mg. Yield: 79.0%). 'HNMR: 1.01-1.17 

(m, 5 -CH,), 2.07-2.19 (q, 1 -CHj), 2.21-2.35 (q, 4 -CH,), 8.80 (s, pyridyl 1H), 9.97 (s, pyridyl 

2 -H). 3ipNMR: -24.29 (4PEtO, -28.67 (1 PEt,). Anal. Calcd forC37H8oN,F,204P5Re6Se8Sb2; 

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

3.3.11. /raHi'-[Re6(n3-Se)s(PEt3)4(pdca)2](SbFf,)2 (24) 

Prepared in a manner similar to 4 except that fra«s-[Reg()i,3-Se)8(PEt3)4(T)2] (25) was used 

inplace of[Re6(^i3-Se)g(PEt3)5(I)]I(Yield; 75%). 'H NMR; 1.15 (q, CH3), 2.32 (q, CHj), 8.70 

(s, pyridyl IH), 9.76 (s, pyridyl 2H). NMR; -19.3. Anal. Calcd for 

C3sH7oN2Fi208P4Re,SesSb2; C, 15.08; H, 2.31;N, 0.92. Found; C, 15.32; H, 2.48; N, 1.21. 

3.3.12. c«-[Re6(n3-Se)B(PEt3)4(pdca)2](SbF„)2 (26) 
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Prepared in a manner similar to 4 except that m-[Re(,( |J.3-Se))5(PEt3)4(l)2] (27) was used 

in place of[Rert(,U3-Se)R(PEt,)5{l)]l (Yield; 75.0%). 'H NMR: 1.05-1.25 (m, -CH3), 2.24 (q, -

CH2), 2.36 (q, -CH2), 8.81 (s, pyridyl 1 H), 10.02 (s, pyridyl 2 H). -^'P NMR: -20.5, -23.6. 

Anal. Calcd for C.,8H7,>N2F,208P4Re(,SegSb2: C, 15.08; H, 2.31; N, 0.92. Found: C, 15.26; H, 

2.07; N, 1.18. 

3.3.13. [Re,(^3-Se)g(OH)2(OH2)4]-(H20),2 (28) 

A 250 mLroundbottom flask was charged with 50mg (n-Bu4N)3[Re'"5Rc''''(|i3-Se)g(l),,] 

(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 N2 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 

rhom boid 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 of 24 

were afforded from acetonitrile solution as red plates via ether diffusion. Crystals of the remaining 

compounds were grown in the same fashion but were of unsatisfactory quality for full structural 

analysis. Y el low rhomboidal crystals of 28 were grown from the basic aqueous mother liquor. 

Data were collected using aBruker 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 at idealized 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-di fferentiated cluster complexes of the general formula [Re,i(|.i3-

Se)g(PR3)„{L)h.n]^'^ [11 {n=5, L = isonicotinamide); 13 (n = 4, trans-, L = isonicotinamide); 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 [Re(,(iu.,rSe)8(PR-3)n(MeC'N),^J(SbF„)2 with excess ligand in arefluxing mixture 

of chlorobenzene/nitrometlianc (1:1) (Schcme 3.1). In a representative synthesis, reacting [RegCin,-

Se)g(PEt3)5(MeCN)](SbF6)2 with an excess of isonicotinamide afforded [Re,,(113-

Se)8(PEt3)5(isonicotinamide)](SbF5)2 (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 [Re6(|Li3-Se)g(PR3)n(r),,.J""*'^" 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 [Re5(n3-Se)jj(PEt3)5(I)]l (23) by adding a large 

excess ofboth the ligand and the silver salt AgSbFg, as solids to a stirring dichloromethane solution 

of the 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-Bu4N)3[Re'"5Re'''(^3-Se)g(I)(,] which was then refluxed ovemiglit. After workup, 28 

crystallized from aqueous solution in low yields. Microanalysis (CFIN) 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 rcfractory nature ofM-0 bonds. 

Several lines of spectroscopic evidence support the molecular structure and 

stereochemistry of 11. Specifically, upon the formation ofll, the 'H NMR resonance of the 
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coordinated nitrile of [Re6(|i3-Se)g(PEt3)5(MeCN)](SbF6)2, the starting solvate, disappears, 

indicating the displacement of the bonded solvent molecule. This is corroborated by the emergence 

of a signal 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 

of the P-H signal. The two magnetical ly nonequi valent amide protons, appearing as broad singlets 

at S = 6.43 and 7.00 ppm, respectively, are also revealed by 'H NMR. The ̂ 'P NMRspectrum 

of 11 is unsophisticated, showing two resonance peaks at-19.5 and -23.0 ppm, respectively, 

in a relative ratio of 4:1 characteristic of apentaphosphine 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. By placing the 

amide ligands at rhenium apices trans to each other, the expected hydrogen bonding should yield 

a one-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-

[Re(,(^3-Se)g(PEt3)4(MeCN)2](SbF(,)2as the starting cluster. As in the case of 11, formation of 13 

is marked by the displacement ofMeCN with isonicotinamide, as confirmed by 'H NMR studies. 

In the 'H spectrum, the ortho and meta 
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Figure 33 A) 'H spectra of the ligand signals in 11 (top) and the free ligand 
B) spectra of 11 (top) and [Re6(n3-Se)g(PEt3)s(MeCl^](SbFg)2. 
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proton multiplets are centered about 9.30 and 7.55 ppm, respectively, clearly shifted from those 

of the free ligand. The amide protons in 13 appear as two magnetically noneq ui valent signals at S 

= 6.42 and 7.00 ppm, respectively. A single peak at-16.7 ppm in the''P spectnim suggests one 

symmetric phosphine environment and retention of the trans- stereochemistry upon reaction. In 

comparison, the resonance of the starting dinitrile complex appears at -17.9 ppm."*''™'^^ 

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 poijoneric 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 

supramolecular isomorphs'^'* are the porous structures. Displacement of the nitrile ligands was 

indicated by the disappearance of 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 cij'-[Re(,(n3-

Se)8(PEt3)4(MeCN)2](SbF6)2 appear at -15.6 and -19.0 ppm, respectively. 

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

cube in the 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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triphenylphosphi ne 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 ofthe nitrile singlet (2.88 ppm). The 

spectrum reveals a single 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 frw-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 carcful control of stoichiometry and reaction conditions 

provides only vanishingly small quantities of/af./wer-(n-Bu4N)[Re(,(n3-Se)g(PEt3)3(I)3].-'^ IfPPhs 

is substituted for PEt3 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/ac-(n-Bu4N)[Re(,()i3-Se)s(PEt3)3(I)3] with PPhj instead of PEt3 does 

indeed dramatically enhance the yields ofthe /ra-phosphine complexes, affording usable quantities 

of/ac-(n-Bu4N)[Re6(n3-Se)8(PPh3)3(I)3] (16); wer-(n-Bu4N)[Re5(n3-Se)s(PPh3)3(I)3] is not 

readily separated from other isomers. The complex 16 is characterized by several broadmultiplets 

at 7.2 ppm iuid tlie characteristic multiplets of the tetrabutylainmonium 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, /ac-[Ree,(|j,3-
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Se)s(PPh3)3(MeCN)3](SbF,,)2 (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 ppm relative 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 meto-substitutcd 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 of 19-21 are virtually 

unchanged relative to the corresponding stereoisomers ofll-18. Compound 19 exhibits the same 

4;  1  intensi ty rat io of  11 in the "P spectrum, with the signals  shif ted only shghtly with respect  tol l  

[-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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stereochemistjy 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 ofvolatile 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 subj ect to a variety of different hydrogen bonding 

modes. The combined effect of the increased number ofhydrogen 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 stereochemistr>' during the 

ligand metatliesis reaction, as might be expected given the milder conditions of the reaction relative 

to the acetonitrile displacement. With the exception of 24, the 3,5-pyridinedicarboxyl ic acid (pdca) 



I l l  

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 useftil '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 withneglibible 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 siipramolecular structures of the cluster complexes 

Structures were determined for six compounds, 11-18,24, and 28. Cluster core and 

M-L(apicai) parameters are within standard ranges ofknown compounds.^--^'^'^'""-^''™-"^-^^^''®^'^''''^ 

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

organization are discussed below. 
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3.4.2.1. [RC(,(|j.,-Se)j{(PEt3)5(isonicotmamide)](SbF(,)2 (11) 

This monoisonicotinamide complex is derived from the penta(trieth>'lphosphinc) substituted 

cluster unit [Re^Oi rSe jfjCPEt ,),]^*. As shown in Figure 3.4, the isonicotinamide ligand is bound 

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



Figare 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 
(yellow); P (purple); N (blue); O (red); C (gray); H (light green). 
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The amide portion of the ligand is twisted with respcct to the pyridyl plane, but the deviation is 

within nonnal 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 (CH2CI2) and SbFg" counterions reside (Figure 3.5). Interestingly, 

the pseudo-chains of 11 pack into a checkerboard-like pattem, 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 ofboth the SbF,," 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. frart5-[RC(,(|i3-Se)jj(PEt3)4(isonicotinamide)2](SbF(,)2 (13) 

This compound is the /ra/z.9-bis(isonicotinamide) derivative of the trans- isomer of the 

tetra(triethylphosphine) substituted duster unit [RC(,(«3-Se)g(PEt04]"". 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 ofthe amide moieties is likely the result of a weak hydrogen-bonding interaction with 

a fluorine atom of one of the SbFg" 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 

to the one for 11, is observed. When viewed down the chain axis, the polymers form a pseudo-

hex agonal array with individual polymer chains extending along a body diagonal. However, the 

fomiation 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 a result, the more 

open and less dense framework of 13 is generated. 

3.4.2.3. d5-[Re,;(|.i3-Se)g(PEt3)4(isonicotinamide)2](SbFft)2 (15) 

This compound is the m-bis(isonicotinamide) derivative of the cis- isomer of the 

tetra(triethylphosphine) substituted cluster unit [Re6(//3-Se)g(PEt3)4]^'^. 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. Similar toll 

and 13, the chains of 15 extend along a body di agonal. 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. /ac-[Re(,(^rSe)8(PPh3)3(isonicotinamide),](SbF,,)2 (18) 

With a tiny crystal of /ac-[Re6(/f3-Se)g(PPh3)3(isonicotinamide)3](SbF6)2 a preliminary 

stmcture was obtained. Despite a weak dataset, the identification andfac- 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 altemate 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 ofthe relatively pohu- hydi-ogen bonding faces from the hydrophobic PPI13 groups, 

which subsequently engage in extensive n-K interactions with neighboring channels. Although small, 

the crystals were quite robust. It should be noted that a very similar packing mode was observed 

in someyGc-Ni(isonicontinamide)3 compounds reported by Stang and coworkers.'''^ 
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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. /ra«5-[Re6(!i3-Se)fj(PEt3)4(pclca)2](SbF(,)2 (24) 

Compound 24 is the rra/is--bis(3,5-p>Tidinedicarboxylic acid) (pdca) complex of [Reg(fi3-

Se)x(PEt3)4]^'', /ra«5-[Re6(}.i3-Se)x(PEt,)4 {pdca)4](SbF(,)2, The centroid of the cluster sits on an 

inversion center. The unique pdca ligand is bound to a Re'" center (Re3) via the pyridyl nitrogen 

atom (Nl). Applying the inversion operator reveals that the pdca ligands, including the carboxylic 

acid moieties, are virtually coplanarwith the plane of four Rc atoms that includes the two to which 

they are bound (Re2, 2a, 3, and 3a). The inversion related carboxylic acid groups 

[071 (H71 a)-C7-072,071a(H71 aa)-C7a-072a] undergo complementary hydrogen bonding 

with the neighboring sets. As the ligands are trans-coordinatcd to Re(III) 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 c directions, forming a pronounced lamellar 

structure. The layers of chains span the a-h 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 sccond acid group on each ligand (061 (1161 a)-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, as well as a 

hydrogen atom of that cluster's PEt^ ligands. When viewed along the c axis, small channels are 

revealed. The channels are filled with the ethyl groups ofthe 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. 

It is 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. A key 

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 thennodynamic 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)2(Cl)2 analog reported by Puddephatt et al. Although the hydrogen bonding in their 
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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 ofneighboring complexes, quite analogous to the close 

contacts observed in our own example. 

3.4.2.6. [Re5(^3-Se)g(0HM0H2)4].(H20),, (28) 

Several features of the structure of this compound are of interest. Chief among these is the 

formulation [Re(,(fi3-Se)s(0H)2(0H2)4]*(H20) ,2. This formula is a strictly formal representation of 

the coordination environment based on the charge requirements of the 24 e" Re"' cluster core. In 

the actual structure, the classification of apical ligands as OH" or H2O is prohibited by 

crystallographically imposed symmetry. The structure may be generally described as the [Re(,(fi3-

Se)g]^" core with apical Re sites bound to an inner-sphere O atom (01) (Figure 3.11). In close 

hydrogen bonding contact is an outer coordination sphere of 12 water molecules generated from 

a single oxygen site (02). Both 01 and 02 are the only unique O atoms in the structure. Hence, 

all Re-0 bonds are equivalent, precluding distinction of the hydroxo and aqua ligands. An 

isomorphous structure of[Mo,,Cl)<(OH)4(H20)i4] 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 [Re6(}i3-

S)8(H20)6]^" 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 hexaliydroxo tetraanion.'^' 



Figure 3.11 The structure of 28, shown without outer sphere water molecules 
(02). It is 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. 



128 

In the neutral scenario, one might expect a lowering of symmetry allowing the proper identification 

of the ligands. Alternatively, one should observe a lengthening of the apparent Re-0 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 

of the 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 3a of the mean Re-0H2 bond length 

[2.2(r)A].'''^ Tlierefore, although the observed bond length is quite short, we cannot confidently 

state that the inner sphere consists entirely ofhydroxo 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 [Re6(|i3-

Se)g(0H)2(0H2)4]*(H20)i2, 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 [Re(,(|i3-Se)g]-'^ cluster 

core's capacity to not only support hydrogen bonded arrays, but to direct their geometry and 

dimensionality. Use of the specific cluster stereoisomers [Re(,(|-i3-Se)8(PEt3)5]^', trans-[RQ(,{iiy 

Se)g(PEt3)4]-\ c«-[Re(,()X3-Se)g(PEt3)4]^' , and^;r-[Re(,(n3-Se)j{(PPh3)3]-^' in the "aufbau" synthesis 

of arrays 11-18 succeeded in large part in this endeavor, and provided useful guidance for fixture 

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, hi botli 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 crystaJlographically 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 to include large, 

polar, electron rich guest specics 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 ofhydrogen 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 

arc observed with the pdca ligand, wherein the vagaries of the carboxylic acid hydrogen bond motif 

may further complicate the picturc. 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 of its type. The 28 metric parameters will prove useful for 

fundamental studies regarding cluster reactivtiy, 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, it is 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 ofhumans 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 

guidingprinciples and modes for supramolecular construction. One of the fundamental principles 

is the notion of'preshaping" building blocks such that self-assembly occurs only in a specific 

manner between specific blocksKnowledge of relative stoichiometry and shape of the building 

blocks then allows predictability in the final assembly. In Nature, this is manifest in the relationship 

ofprimary 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 ofintellectual hierarchy, the myriad subtle forces at woik 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' - 2 " ' H o w e v e r ,  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 ofinherent directionality, transition metal ions do exhibit at least local 

geometric preferences and often have bond strengths approaching that of a covalent bond. Thus, 

with judicious choice ofligand set, the desired directionality and predictability' of sel f-assembly may 

be realized with transition metals.'^-"^--'"'"-^'^'- 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 discusscd in some detail in Chapter 

2, the geometric preferences of a given complex ligand allow the realization ofbuilding blocks with 

shapes not trivially nor cheaply generated with purely organic molecules. Relative to traditional 

coordination polymers and oligomers, more sophisticated structures may be 

a n t i c i p a t e d . '  

With the demonstration of the aufbau synthesis of hydrogen bonded arrays directed and 

supported by the [Re(,().i3-Se)8]'' cluster stereoisomers, we were confident that the cluster core 

would be ideal in the role of''cluster complex-as-ligand".*^ Although the coordination to a naked 

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 4.1 a).-" The 

trinuclear cobalt alkyhdynes 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 metal ions (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-comp!ex-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. 

More relevant to our own research is the recent work of the groups of V. Fedorov and J. 

Long.J23-226 ofthese groups have focused on using the [Re5(|i3-Se)g]'^ cluster core 

to create analogues of the well-known Prussian blue phases. By replacing the hexacyano- iron 

complex with the persubstituted [Ref,(|irSe)x(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 ofthese assemblies 

were significant void volumes, the result ofthe 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. Microciystalline samples ofthe 

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 a local change in Co(E) coordination geometry upon absorption and desorption ofthe 

guests. The compounds were quite thermally stable as well, making them ver>'promising for 

practical applications. 
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Despite the obvious beauty and intriguing properties of these examples, all are based on 

very simple and structurally limited cluster-ligands. The work of Fehlner et al. is somewhat 

analogous to our [Re,,(|^3-Sc)s(PEt3)5(L)]-" building block, with only one potentially active 

coordination site. As we 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 stoichiometiy 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 

[Re5(|i3-Se)g(PR3)5^,(L)n]'"^ (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 secondaiy 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 themiodynamically stable (not Mnetically trapped) products as 

single crystal samples. An important implication of the slow crystallization from clear solution is 

the continued solubility of the extended materials after synthesis. All of the new 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 fi rst, intended as a proof 

of concept, was a series oflinear coordination pol>'mers based on rraR5-[Re5(^rSe)g(PEt3)4(4,4'-

dipyridyl)2]{SbFft)2 (29). The preparation of the polymers was accomplished via the route shown 

in Scheme 4.1. The secondary metal ions, Co"', Zir'^, and Cd^^ were chosen to represent both 

open and closed shell ions and to establish what role orbital and electronic factors might play in 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 duster-expanded dipyridyl ligands ("big bpy") to assemble 
coordination polymers about secondary metal ions. 
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sophistication in a rational way. By using c/'5-[Re(,(|i3-Se),j(PPh04(4,4'-dipyridyl)2](SbF(,)2 (30), 

we hoped to realize a very large molccular 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 [Re6(^3-

Se)g(PR3)4(MeCN)2](SbF6)2 {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-

[Re(,(|.i3-Se)g(PPh3)4(MeCN)2](SbF,,)2 (detailed in Chapter 3) in place of rra«5'-[Re6(n3-

Se)s(PEt3 )4(MeCN)2](SbFft)2. NMR spectra were recorded on a Bruker AM 300 spectrometer 

in CD3CN. Chemical shifts of -"P spectra were referenced to 85% H3PO4 (8 = 0 ppm, with 

negative values indicating upfield shifts). 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 

paral lelepipcd-shaped crystals of 31-34, 35, and 36 were obtained from respective 

dichloromethane, acetonitrile, ormethanol solutions at room temperature. Dataware collected with 

Mo Ka radiation ( \ = 0.71073 A) using a Bruker SMART CCD-based diffractometer at 

17OK.'^' 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. Solution was achieved utilizing direct methods followed 

by Fourier synthesis. For all compounds, hydrogen atoms were added to the appropriate atoms 

of the main residue. 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 Ujso 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 intemuclear 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 

to refine 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 a manner analogous to the solvent disorder; splitting the offending moieties and altering their 

occupancies always resulted in a much-improved model. Disordered groups were refined with 

isotropic thermal parameters. 

4.2.1. Synthesis and characterization of polymers 31-34 

All linear polymers were synthesized using identical procedures. All secondary metal ion 

salts were introduced as the nitrate hydrates M(N03)2®(H20)x. A sample of the cluster complex 

(30.0 mg, 10.0 mmol) was dissolved in 3 mL of dichloromethane to yield an orange-red solution. 

T o this solution was added 3 mL of a saturated methanolic solution of M(N03)2 (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 di ffusion with 

diethyl ether afforded single crystal samples of the products in quantitative yields. 

Elemental Analysis for 31: {Cd(N03)3[Re,,(|.i3-Se)g(PEt3)4(4,4'-dipyridyI)2]}(SbF6); (porous 

compound) C44H7^N7F60.)P4Re6Sei5SbCd. Anal. C, 17.06; H, 2.38; N, 3.33; Calc. C, 17.23; 

H, 2.50; N, 3.19. 

Elemental Analysis for 32: {Cd(N03)3[Re,,(|.i3-Se)g(PEt3)4(4,4'-dip>Tidyl)2] }(SbFf,); (wavy 

compound) C44H7(,N7F„0<,P4Re(,SegSbCd. Anal. C, 17.54; H, 2.50; N, 3.13; Calc. C, 17.23; 

H, 2.50; N,3.19. 
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Elemental Analysisfor 33: {Co(N03)3[Re(,{|a3-Se)s(PEt3)4(4,4'-clipyridyl)2]}(SbFf,)*2CH30H; 

(wavy compound) C4<^g4N7F(,0] iP4Re,,SesSbCo. 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(N03)3[Re„((.i3-Se)i,(PEt3)4{4,4'-dipyridyl)2]}(SbF(,); (zigzag 

compound) C44H7(,N7F(,09P4Re(,SegSbZn. 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 

{[Re,(^3-Se)s(PPh3)4(4,4'-dipyridyl)2]2 [Cd(N03)2]}(SbF,)4 (35) 

Dropwise addition ofamethanolic solution of Cd(N03)2®4H20 (0.09 mmol; 14.1 mg) to 

a dichloromethane solution of30 (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|g4H 152N,oCdF2406PxRe 12Sb4Se 1 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 

{[Re6(^i3-Se)g(PPh3)4(4,4'-dipyridyl)2][Cd(N03)3]}(N03) (36) 

36 is prepared following the same procedure as 31-34, using an excess of 

Cd(N03)2®4H20. The compound was also prepared by adding an excess of Cd(N03)2®4H20 

to a methanolic 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. C>,2H7f,NgCdO]2P4Re(,Seg: 

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 ofhexanuciear rhenium-chalcogenide clusters and single 

transition metal ions were sought in this work. Using /ra«5--[Re(,(|i3-Se)g(PEt3)4(4,4'-

dip>Tidyl)2](SbF(,)2 - a stereospecific complex of the face-capped octahedral rhenium cluster - as 

a cluster-expanded dipyridyl ligand for secondary coordination with 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 maybe 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 
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recrystallization process provided a convenient means of purifying the products. The stoichiometry 

of all the compounds reported herein was confirmed by satisfactory elemental analysis (CHN). 

It should be noted that the elemental analysis of compound 34, as for compounds 31-33, was in 

excellent agreement with charge balancing by three nitrato ligands and one SbFg'counterion, 

despite crystallographic analysis revealing only nitrate anions. This may have been the result of 

anion exchange during workup. 

The square-shaped oligomers sought in the second portion of the foray into metal mediated 

self-assembly were prepared in manner similar to the linear polymers. However, as observed in 

the condensation reactions of the cluster-only squares, careful control of cluster ligand and 

secondary metal ion stoichiometr>'was critical. Once it was discovered that the 1; 1 stoichiometry 

led to the observed "fused-square" polymeric array 35 (following sections), the simpler zig-zag 

polymer 36 was prepared using the same conditions as the linear polymers. In both cases, the 

materials were worked up following the same procedures for 31 -34, and all exhibited the same 

solubilities as their linear counterparts. As observed for 31-34, both 35 and 36 analyses were in 

good agreement with their solvent free formulations.^^^ 

X-ray crystallography 

Compound 31 is the first complex synthesized in the series of linear polymers. Many of 

its structural features are shared with the rest of the molecules, with one surprising exception. 

Compound 31 is a linear polymer with a repeat unit consisting of a single fra«6'-[Re(,(^3-
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Se)s(P Et,)4(4,4'-dip>Tidyl)2] unit bound to a Cd'^ ion via the open nitrogen of a single 4,4'-

dipyridyl ligand. The cadmium (and all M""^ species in the series) is bound to a secondpyridyl 

nitrogen from the next repeat unit. For compounds 31-33, the Npyridyj-M^'^-NpjTidyi coordination 

mode is trans. Charge is balanced in 31 by a single SbFg" counter]on located near the cluster and 

three nitrato ligands bound to the cadmium ion. All nitrato species are disordered; one 

monodentate site is disordered about a two-fold axis and the two remaining nitrato sites are half 

bidentate and half monodentate. The polymer formed by tliis repeat unit has significant curvature 

between the Re atom coordinated to one end of the 4,4'-dipyridyl ligand and the Cd^^ unit at the 

other. The curvature is the result of the summation of small shifts from linearity at each individual 

bond between the two metals, and is a feature shared with compounds 32 and 33. The curvature 

results in the polymers forming sinusoidal chains of modest amplitude. The chains in compounds 

31 -33 form lamellar structures in the solid state with each layer composed of parallel polymer 

chains. Compound 31 is unique, however, in the manner in which the chains interact within a given 

layer. Each adj acent chain is oriented with the cluster units and the Cd^^ units exactlyparallel and 

in close contact. In this way the peaks and troughs of the neighboring sinusoidal chains meet and 

are held together by hydrophobic and hydrophilic interactions at the cluster and cadmium positions, 

respectively. The result of this unique packing mode is a large opening between sets of chains. 

When viewed down the c-axis, this opening is clearly a large channel that runs parallel to the c 

direction (Figure 4.3). A PLATON check revealed the volume of this channel to be 848 



Figure 4.3 The porous structure formed 
from 31's unique "out-of-phase" packing. 
Disordered groups, solvent, and the aliphatic 
portion of the phosphine ligands have been 
removed for clarity. Color scheme: Re 
(green); Se (yellow); P (purple), N (blue); O 
(red); C (gray); Cd (green, 0-bound). 
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This channel is likely filled with diffuse solvent that could not be accurately located. Concerns 

regarding inaccurate cell determination or twinning that might give rise to an erroneous structure 

with such a large void volume were duly investigated and were found to be unwarranted. Further 

supporting the existence of the channel structure is the extreme difficulty in handling the samples. 

All crystals desolvated extremely rapidly, requiring low temperature mounting in an atmosphere 

saturated with the liquor vapors. It should be mentioned that 31 may be a kinetically trapped 

polymorph as the sample was grown from the dichloromethane rich mother liquor. The presence 

of the less polar solvent might lead to a stabilization of the separation of polar and nonpolar 

components by keeping the aliphatic moieties solvated for a longer time. In the purely methano lie 

solutions of the latter compounds, the aliphatic groups are more likely to simply aggregate in the 

densest possible configuration, as observed in 32-33. 

Compound 32 is chemically identical to 31, but does not feature the large pores found in 

31. Instead, the chains within a given layer pack in a more dense fashion. Adj acent chains have 

the cluster and cadmium units shifted slightly with respect to one another (Figure 4.4). The 

sinusoidal shape of the chains of in 31 persist, but altemating layers have opposing "phases" which 

serve to make the overall packing scheme denser. The nitrato disorder was not observed in 32, 

with the Cd'" coordination sphere (excluding pyridyl) completed by one r|2- and two t),-nitrato 

ligands. 

Compound 33 is the Co'" analog of 32, and is isomoiphous and isostructural, differing only 

by the number of solvent molecules that could be located. 
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Figure 4.4 The sinusoidal coordination polymer of 32. The chains pack "in-phase", 
resulting in a more dense structure relative to 31. Disordered groups, solvent, and the 
aliphatic portion of the phosphine ligands have been removed for clarity. Color 
scheme: Re (green); Se (yellow); P (purple); N (blue); O (red); C (gray); Cd (green, 
0-bound). 



150 

Compound 34, the final complex in the series, uses Zn*^ as the secondary metal ion and is 

chemically ver>' similar to compounds 31-33 , cxccpt that the structure does not contain any SbF^" 

counterions. Instead, charge balance is achieved entirely with nitrate/nitrato groups {vide supra). 

Structurally however, it is quite distinct. The repeat unit is essentially the same as 31-33 except that 

the Npyri(iyi-Zn^"^-Npyri(jyi coordination mode is cis- with respect to the zinc ion, with an average 

NpyridyrZn^"^-Npyridyi angle of 88°. The effect ofthis coordination mode is to produce pseudo-linear 

zigzag polymer chains, rather than the sinusoidal polymers of31-33 (Figure 4.5). Indeed, one 

might consider the zigzag motif the canonical limit of the curvature observed in the previous 

structures: The relativelyrigid 4,4'-dipyridyl ligand can only accommodate a certain amount of 

distortion before adopting the cis- configuration about the secondary metal ion. The relative 

contributions of electronic, steric, and packing energetics that result in a given configuration remain 

speculative, however. As in the previous four structures, the zigzag polymers form layers ofparallel 

chains, but the layers are interpenetrated. In the spaces between chains in a given sheet, chains 

forming the penetrating layer run roughly normal to the plane of the sheet (Figure 4.6). This 

packing mode results in the formation of small channels that pass through the crystal in the b 

direction between neighboring Zn^"^ sites. These channels are filled with solvent molecules and one 

badly disordered nitrato ligand that required extensive constraints. The Zn^" coordination sphere 

consists of the two cw-4,4'-dipyridyl ligands, two ri2- and one rij-nitrato ligands. The fourtli nitrate 

was located in the interstices close to the cluster. 
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Figure 4.5 The zig-zag chain formed by 34. Disordered groups, solvent, 
and the aliphatic portion of the phosphine ligands have been removed for 
clarity. Color scheme: Re (green); Se (yellow); P (purple); N (blue); O 
(red); C (gray); Zn (green). 



Figure 4.6 The porous packing that results from the interpenetration of 
the zig-zag chains of 34. Disordered groups, solvent, and the aliphatic 
portion of the phosphine ligands have been removed for clarity. Color 
scheme: Re (green); Se (yellow); P (purple); N (blue); O (red); C (gray); 
Zn (green). 
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The dimensions of the metal clusters in compounds 31-34 are unremarkably similar to those for 

literature precedents, and the distances fall into the normal ranges. 

The linear polymers 31-34 are aesthetically pleasing supermolecules and serve as excellent 

proofs-of-concept for the utility of cluster expanded "big-bpy" type ligands. Most interestingly, 

two ofthe compounds (31 and 34) contain pronounced, channel-like void volumes; fitting well in 

the overall effort to obtain cluster based host materials. However, both examples are clearly the 

result of serendipity, rendering reproducibility and ultimate utility unlikely. As our goal is the 

creation of rationally designed host compounds, it is clear that greater control over the geometry 

and dimension of the assembly is required. The first cluster ligand 29 is no more than a linear 

linking unit of the Stang-Atwood model. Consequently, it is not a true structure director: the final 

assembly is subject to the geometric preferences ofthe secondary metal ion, not 29. The obvious 

route to exerting control over the self-assembly process in the context of metal ion coordination 

events is the introduction of a cluster-ligand that will impose its geometry over the assembly 

process. 

The cluster buildingblock of interest is c/.s-[Re,,{|i.rSe)H(PPh3)4(4,4'-dipyridyl)2](SbF(,)2 

(30), prepared by reacting cw-[Re,,(|i3-Se)8(PPh3)4(MeCN)2](SbF(,)2 (described in Chapter 2) 

with an excess of 4,4'-dipyridyl. There is an enforced right angle between the two dipyridyl 

ligands, each with one of its N atoms coordinated to the cluster, leaving the other available for 

furtlier metal coordination. This molecule is a true structure director. As described above, a 1:1 

(molar) mixture of 30 in dichloromethane and Cd(N03)2®4H20 in methanol was subjected to ether 



154 

diffusion, resulting in thick plate-shaped crystals. The product is readily soluble in alcoholic 

solvents, but in stark contrast to 30, insoluble in dichloromethane. CrystallograpMc analysis 

revealed that this compound (35), formulated as 

{[Re„(|i3-Se)s{PPh3)4(4,4'-dipyridy])2]2[Cd(N03) J} (SbF,)4'21C4H ,oO*21 CH.CU, forms a one-

dimensional chain of comer-sharing squares (F igure 4.7) in the solid state. Each shared comer is 

a single octahedrally coordinated Cd^ ̂  ion, bound in the equatorial plane by four pyridyl nitrogens 

and axially by two ri'-NOj" ligands. The unshared corners are fomied by the [Re(,(|i3-Se)g]" *' 

clusters. The chains of squares extend along the b direction. Adj acent chains are stacked along 

c with a slippage of the chains in the b and c directions. Serendipitously, this packing results in 

large channels (Figure 4.8) that pass through the center of the squares, at roughly 40 degrees from 

the b-c bisector and at a constant a of 0.25 or 0.75, connecting one square with its neighbor at an 

upper or lower value ofb. Smaller cross channels about the Cd'" link all channels into one large 

area. Perhaps most interesting, however, is the observed cluster/Cd"'^ratio. Although pains were 

taken to ensure a 1:1 ratio, the structure exhibits a 2:1 cluster/Cd^" ratio. 

Because of this unexpected result, we sought to probe what effects, if any, the cluster/Cd^^ 

ratio had on the final outcome by reacting 30 with a large excess of the Cd'^ salt. Compound 36, 

formulated as 

{[Re(3(!i3-Se)g(PPh3)4(4,4'-dipyridyl)2][Cd(NO3)3]}(NO3)®2C4H,0O®CH2Cl2, was isolated 

quantitatively. The solid-state structure of 36 (Figure 4.9) is a one-dimensional zigzag chain, 

featuring repeating units of {[Re(,(^3-Se)g(PPh3)4(4,4'-dipyridyl)2][Cd(N03)3]}". 



Figure 4.7 The fused square structure. 
Disordered groups, solvent, and the 
phenyl portion of the phosphine ligands 
have been removed for clarity. Color 
scheme: Re (green); Se (yellow); P 
(purple); N (blue); C (gray); Cd 
(green). 
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Figure 4.8 The porous structure formed by stacking the chains of fused 
squares, viewed down the c axis. This packing is stabilized by extensive 
interchain aromatic interactions. Disordered groups, solvent, and the 
phenyl portion of the phosphine ligands have been removed for clarity. 
Color scheme: Re (green); Se (yellow); P (purple); N (blue); C (gray); Cd 
(green). 



Figure 4.9 The cis-, cis- (cis- at both cadmium and cluster sites) zig-zag chain 
observed for 36. Disordered groups and solvent have been removed for clarity. 
Color scheme: Re (green); Se (yellow); P (purple); N (blue); O (red); C (gray); Cd 
(green). 
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As with 35, the chains clearly reflect the geometric constraint imposed bytlie cluster ligands, but 

also show flexibility at the Cd~^ site. The coordination environment about the Cd' *" ion is distorted 

trigonal bipyramidal, with one pyridyl axial and one equitorial (N-Cd-N bond angle of 87.2®). The 

remaining three sites are occupied by ri^-NOs" ligands. 

Curiously, the chain structure of 36 can be formally considered to be derived from 35 by 

replacing the cluster on one side of the squares with anitrato ligand. In our somewhat crude set 

of structural possibilities shown in Figure 4.2, the polymeric chain possibilit>' was anticipated to 

have a trans- coordination mode at the Cd^"^site. This assumption was based on the notion that 

cis- coordination might bring the cluster-ligands too close together, creating steric repulsion. In 

addition, all previous pol5TOeric structures, save 34, exhibited trans- coordination at the secondary 

metal ion. Nevertheless, as confirmed by crystallographic determination of cell parameters, 

complex 36 was isolated from the reaction of complex 35 with an excess of Cd(N03)2®4H20 in 

a methanolic solution upon ether vapor diffusion (Figure 4.9). As with all previous soluble 

polymers, the extended structure of 35 is presumably disintegrated in a highly polar solvent like 

methanol into the component cluster complex and Cd''^. Thus, the formation of a particular 

polymeric structure may be rationalized in terms of two competing thermodynamic forces -

optimization of crystal density/close packing ofthe multicluster airays and the maximization of Cd^^ 

pyridyl coordination. Specifically, the fused square, representing a compromise between optimal 

Cd^^ coordination and structural density, is the favored structure when the concentration of the 

cluster complex and that of the Cd^ ' salt are comparable. In the presence of excess Cd^ ̂  
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however, the balance shifts to favor close packing, thus affording the zigzag chain that still exhibits 

the same skeletal arrangement of Cd'"* and cluster-ligands. 

In both structures, the cluster complexes serve as dimensionally expanded and shape 

specific ligands. The rigid geometry of the cis'-[Re5()j,3-Se)g(PPh3)4(4,4'-dipyridyI)2]^^ ligand limits 

the number of possible architectures that may be generated with such rationally designed building 

blocks. The formation of the extended structure is nevertheless dependent as well on the 

coordination of the secondary metal ions. Conceivably it is the balance between the 

thermodynamic forces of the close packing of the polymeric chains and the coordination ofCd^^ 

that is ultimately responsible for the formation of a particular structure. 

4.4. CONCLUSION 

The work described in this chapter completes our initial exploration ofthe second mode 

of constructing supramolecular architectures supported by the [Ret,(|irSe)s]*'' cluster core. The 

first mode, cluster condensation, does rely on the metal-ligand dative bond as a supramolecular 

motif. However, the cluster-ligand-cluster bond formation reactions are much more akin to 

traditional synthetic reactions. Bond strengths are greater, reactions are slower, and synthetic 

conditions require elevated temperatures to proceed cleanly. Although the reactions that produce 

the desired products appear to be concerted, or at least very rapid, the cluster condensation 

reactions are best suited to convergent syntheses of discrete supermolecules such as dendrimers, 

small macrocycles, and the so-called molecular Tinkertoys.''2.230 order to execute the 
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synthesis of divergent, extended arrays of clusters, a new paradigm for cluster assembly must be 

developed. This paradigm, the use of noncovalent interactions to join prefabricated building 

blocks, is notliing new to supramolecular chemists. While the basic rules of reliably forming such 

linkages are still somewhat vague, the basic principles appear relatively clear. Ofprimary concern 

to those interested in forming assemblies with specific size, shape, and dimension is the principle 

oflinking preshaped building blocks. As has been firmly established, the site-differentiated cluster 

core is an ideal building block that maybe made to exhibit a variety of basic shapes, from zero 

dimensional to linear, angular, and three dimensional angular units. If the goal is to construct 

divergent cluster assemblies one simply selects the appropriately dimensioned blocks and then 

contemplates the mode of assembling them. There are numerous modes to choose from, ranging 

from the very weak (van derWaals interactions) to strong (hydrogen bonds and metal-ligand dative 

bonds) which approach the energies oftrue covalentbonds. Selectionofmode is critical since 

these modes have to compete with numerous environmental factors which, when summed over the 

entire assembly, may affect the structural outcome as much as the preshaped-principle molecule 

and the linkage mode. This is certainly a disadvantage where predictability is concerned. 

However, the assembly process is typically executed slowly, often during a crystallization 

experiment, and is therefore more likely to reflect the minimum energy stmcture. This empirical fact 

implies that the dominant thermodynamic forces, ideally the combined influence ofbuilding block 

shape and strong linking mode, will be expressed in the final assembly. The noncovalent linkage 

methodology has an additional advantage for cluster based assemblies. When using the cluster-
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condensation route, the reactions have to be quantitative to ensure purity, otherwise extensive and 

difficult purification is required. With the noncovalent route, the only synthesis required is that of 

the monocluster building blocks. The nionocluster units are easily prepared and purified, and are 

readily soluble in a host of solvents. The site differentiated cluster stereoisomers had already 

proven their worth as structure directing principles; it only remained to apply them to the direction 

of noncovalent assembly. 

T o combat the summed forces of crystallization, we relied on the two strongest noncovalent 

interactions, the hydrogen bond and the metal-ligand dative bond to exert their strong preferences 

for specific interactions over the energetics of the entire assembly process. The efforts using the 

hydrogen bond as the linking mode culminated in the aufbau syntheses of cluster arrays of 

increasing complexity and dimension described in Chapter 3. Altliough some unanticipated results 

were obtained, the general success of the method pushed us on to attempt the control of the 

second linkage mode. 

As aproof-of-concept, four coordination polymers 31-34 were prepared. Because the 

cluster-ligand involved, 6^aw-[Re6(^3-Se)8(PEt3)4(4,4'-dipyridyl)2](SbF6)2 was acluster expanded 

Stang-Atwood linear linker, all assemblies were, as expected, pseudo-linear polymers. 

Unexpectedly, all polymers exhibited a pronounced curvature, the likely result of favorable 

hydrophobic and hydrophilic interactions at the cluster and metal ion sites. Although serendipitous, 

this curvature resulted in porous structures in the cases of 31 and 34. To introduce porosity in a 

rational manner, we revisited the square as a structural motif, preparing arrays based on the 90 ° 
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containing cluster ligand cw-[Re6(^3-Se)g(PPh3)4(4,4-dipyridyl)2] (SbF5)2. Although we did not 

manage to isolate a molecular square, we did prepare pseudo-linear chains which featured large, 

porous, square shaped links. Because the polymer had an unexpected 2:1 clusterimetal ion ratio, 

we probed the effects of metal ion concentration on the assembly process. What we discovered 

was a novel, concentration driven structural intcrconversion between the fused square structure 35 

and a linear polymer 36. This structural intcrconversion may ultimately prove to be a useful 

addition to the supramolecular toolbox in its own right, acting as a concentration "switch" for 

dictating which particular architecture will be realized given a manifold of possibilities. 

With the addition of the metal mediated assemblies described in this chapter, we have 

established the completeness of the [RC(,().i3-Se)g]'"^ cluster system as a supramolecular building 

block. Despite the successes however, it is obvious that Nature still has a few tricks up her sleeve. 

The complete set ofbuilding blocks available from the cluster basis, combined with the adaptability 

to any assembly mode, will no doubt make the task of uncovering these secrets considerably 

easier. 
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CHAPTERS. THE [Re^Ciii.-Se)^]^^SYSTEM AS A NOVEL PHOTOACTIVE LEWIS 

ACID CATALYST: ALCOHOLYSIS OF ACTIVATED NITRILES AND STUDIES OF 

A LABILE ALCOHOL SOLVATE 

5.1. INTRODUCTION 

Transition metal cluster chemists have traditionally emphasized two avenues of research, 

almost to the detriment of other potentially fruitful investigations. These avenues are synthesis and 

physical investigation. The former is significant because there are few reliable routes to useful 

quantities of clusters as molecular species. Moreover, ifisolable, the clusters often suffer from poor 

stability or worse, inertness. For this reason, synthetic work is usually limited to efforts to elucidate 

fundamental reactivity, once a feasible route to the cluster itself is discovered. Consequently, 

synthetic progress has been fairly slow. The hexanuclear cluster motif has been known since the 

mid-20"' century yet remains very much in the realm of academic research. It is also fair to say that 

the maj ority of the synthetic work done with molecular clusters has been executed in the service 

ofthe second avenue, physical study. The fascinating electrochemical andphotophysicalbehaviors 

of polynuclear clusters continue to be the subject of intense scmtiny. Polynuclear clusters 

commonly exhibit properties that reflect their metal-metal bonds and unusual symmetries, such as 

fluorescence and phosphorescence. Depending on the system, the cluster can act as a robust 

electron reservoir, with two or more quasi-stable redox states.^ While the physical properties 

suggest many exciting applications, progress has generally been sluggish.' With each potential 
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application new synthetic methods must be developed, and the slow cycle only inches along. The 

one notable exception to this process has been the [RejXii^-Se)^]^ '" cluster system. The advent of 

the dimensional reduction method dramatically enhanced yields of the molecular species, making 

it possible to explore not only the cluster's many intriguing physical properties, but also to perform 

a range of synthetic manipulations in a short period of time.'i''7.231 Rg^dy 

availability coupled with very favorable solution phase chemistry has led to imprecedentedly rapid 

development of the cluster as a synthetically useful entity in its own right. As our group and others 

have demonstrated, the cluster is particularly useful as a large building block in "bottom-up" 

syntheses of molecular and supramolecular materials. Still, much of this chemistry has been based 

on the careful execution of only one or two reactions. 

Throughout the period of this research project, we have had occasion to consider the 

fundamental nature ofthe cluster core. Despite the fact that the [Re(,(^3-Se)s]^^ cluster core is 

electron precise, it is an early transition metal cluster. Consequently, the Re"' apices "desire" 

electron density and are extremely strong Lewis acid sites. This is most noticeable in the 'H NMR 

spectra of the solvates and pyridine derivatives, all of which feature strong down field shifts relative 

to the free ligands.^- In certain experiments involving the acetonitrile solvates [Re,,(113-

Se)jj(PR3)n(MeCN)(,^,]^^, workup using water or alcohols resulted in spectra that revealed not only 

the solvate but some unexpected signals. Aware that the coordinated nitrile was likely activated 

toward nucleophihc attack, we surmised that the new species were the result of limited 

hydro/alcoholysis at the nitrile carbon. Still, quantities were minute - the new products were 
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treated as impurities and removed. More importantly, the cluster was known to be inert to ligand 

exchange, making the removal of any modified ligands for further analysis difficult. Because ofthe 

issue with cluster inertness, further research in this vein was deemed futile. 

However, two recent articles by R. Holm and colleagues dramatically changed the 

situation. The Harvard group had been studying the effects of the outer ligand field on cluster 

luminescence when a pronounced solvent effect was discovered.In the absence of 

coordinating media, it was found that excited state lifetimes and quantum yields were significantly 

attenuated. In a coordinating solvent, lifetimes were restored along with increased quantum yields. 

The group concluded that this evidence was consistent with excited state dissociation of the apical 

ligands. The second paper quantified the ground state ligand exchange kinetics and conclusively 

demonstrated that the cluster is inert in the ground state and that the previously observed ligand 

exchange could only be the result of photoexpulsion. Now the way was clear to a whole new 

chapter of very promising synthetic chemistry. In fact, the Holm group even suggested the 

possibility of combining nucleophilic addition with photoexpulsion oftlie modified ligand to create 

a photocatalytic cycle. 

5.1.1. Photocatalysis 

The use of the word "photocatalytic" is often a contentious matter. Improper usage 

abounds in the literature; some authors have suggested that its use be eliminated entirely. The 

reason for such an extreme stance stems from the almost absurd vagueness of the term itself. What 
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is really meant by "photocatalysis"? Taken at face value, photocatalysis suggests the possibi lity of 

cheaply mimicking photosynthesis, controlling reactions with the flip of the light switch, running 

reactions difficult or impossible thermally, and isolating novel compoxmds unattainable by traditional 

methods. In principle, these fantastic results could be obtained under ambient conditions using only 

' 'free'' photons. However, even a cursory survey of the literature reveals that there is no single 

chemistry nor class of reactions that define photocatalysis, yet the term regularly headlines articles. 

In fact, photocatalysis does not have a specific meaning and is more a semantic construct which 

encompasses a range of reaction types."-"""-^"* Consequently, photocatalysis is often misused, 

frequently with reference to one or more of the aforementioned tantalizing prospects. Usage issues 

notwithstanding, many have pursued photocatalytic research, making significant headway toward 

realizing some of the its vast potential. 

There are actually two very distinct types of chemistry that are categorized as 

photocatalytic chemistry.^^^ The first, heterogeneous photocatalysis, is the most well developed 

field.^^^ The focus of this type of research is the development of surfaces and colloids, typically 

metal oxide based, which act as photoactivatcd sensitizers of molecular oxygen, water, and 

alcohols. It is generally accepted that these materials generate radicals or local concentrations of 

potent oxidizers which may then be used in applications such as water purification.™-^^^^^*^ While 

mechanistic and optimization studies remain areas of fundainental research, the field has matured 

to the point of widespread application. Indeed, the undeclared use of the term photocatalysis 

usually implies this reaction type. Of note in this arena has been the work of H. Gray and D. 
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Nocera, both of whom have shown that hexanuclear [MogXiJ^" (X=halide, mostly CI") clusters 

can be made to photo- and electrochemically oxidize organic substrates such as alkenes and 

alcohols (ironically, these were homogeneous reactions).'*-^' '-^'^ However, the majority of the 

research has emphasized the heterogeneous form. 

The second type ofphotocatalytic chemistry is homogeneous photocatalysis, which is much 

less clearly defined.It is this area which gives rise to the confusion, and the one which is the 

focus of the present chapter. Unlike heterogeneous photocatalysis, homogeneous photocatalysis 

encompasses a range of different reactions. These reactions maybe both organic and inorganic; 

of relevance are only those reactions based on transition metal coordination complexes. 

Photocatalytic processes are more correctly thought of as one aspect of coordination compounds' 

rich photochemistry. Light interacts with metal complexes in myriad ways, each with a potentially 

chemically addressable outcome. The most commonly photochemically exploited features include 

complex polarizations (typically via charge transfer or intraligand excitation), outer sphere charge 

transfer (photoinduced redox chemistry), and ligand dissociation. Their application in catalytic 

reactions depends on several factors, including quantum yield for the fundamental photochemical 

process, substrate diffusion rates, relaxation rates, and complex stability to name just a few. Once 

a given photochemical process is optimized to become photocatalytic, i.e. superstoichiometric in 

product-to-reagent ratio, it is typically categorized under one of two limiting reaction types. The 

limiting reaction types are the most precise and accurate definitions ofphotocatalysis, and should 

be used preferentially to the generic photocatalysis to eliminate confusion. 
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The limiting reaction types are photoinduced catalytic and photoassisted reactions. 

Photoinduced catalytic reactions are those reactions which are initiated by photons and proceed 

catalytically via normal chemical means. Because of the range of aforementioned photochemical 

processes available to metal complexes, photoinduced catalytic reactions can be based on a 

number of distinct phenomena. However, all share the common feature that the procatalytic metal 

complex is activated by photons and the chemically catalytic process depends primarily on the 

overall potency ofthe photoactivated complex. A hallmark of the photoinduced reaction is very 

high quantum yields, expressed as the ratio ofmoles ofproduct-to-photons. In this formulation, 

photons are considered a reagent, and quantum yields can be greater than one. Some authors 

further muddy the waters by referring to this situation as being catalytic in photons, or true 

photocatalysis. 

The second limiting case, photoassisted reactions, aren't considered catalytic unless the 

process can be made to cycle, resulting in the accumulation of stoichiometric excess of products. 

Photoassisted reactions are marked by the requirement of one photon per cycle as a theoretical 

upper limit. Therefore quantum yields in this reaction type cannot exceed one.^~^ These reactions 

typically involve a photochemical reaction in the excited state that decays to the starting complex 

ground state plus products. The research described in this chapter is much more like a 

photoassisted reaction than a photoinduced catalytic reaction, although the actual catalytic process 

does not require light. As will be demonstrated, the photoassisted reaction is simply the 

regeneration of the procatalyst. 
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5.1.2. Proposed research: A photoassisted Pinner reaction 

In light of Holm's findings and our own observation of niicleophilic additions to the 

acetonitrile cluster solvates, we began to look more closely at nitrile chemistry. The study of nitrile 

hydrolysis to yield amides is a mature field; the reaction is known in biology through the action of 

the nitrile hydratases, and both metal and Bronsted acid/base catalyzed processes are well 

documented.^'*® More interesting from both a fundamental and application standpoint are the 

analogous alcoholysis reactions. The process of nuclcophilic addition of alcohols to the nitrile 

carbon is known in organic synthesis as the Pinner reaction (Scheme 5.1).'"" Because the 

HN=C(OR)R' fragment cannot tautomerize like the hydrolytic intennediate HN=C(OH)R, the 

isolated product is the reactive imino ester. The iniino esters are desirable intermediates in polymer 

and peptide syntheses but are usually prepared as the iminium hydrochloride. The iminium 

hydrochloride often requires neutralization to be accessible, and the process can easily destroy the 

imino ester by hydrolysis to the more stable amide. 

Consequently, a vast amount ofliterature exists on the use ofLewis acid catalysis (both 

transition metal and main group elements) to generate the neutral imino ester directly."'*^""'*^ This 

method is based on the two-step process shown in Scheme 5.2. The first step entails the 

coordination of the free nitrile to the catalyst via the nitrogen lone pair. The Lewis acid then 

polarizes the C-N triple bond, shifting electron density away from the nitrile 
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Scheme 5.1 The acid catalyzed Pinner reaction, affording the unstable 
imintiim cation. 
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Scheme 5.2 The metal-mediated Pinner reaction, yielding the generally inert imino 
ester complex. 
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carbon nucleus. This lowers the activation barrier to nucleophilic attack at the nitrile carbon; 

subsequent addition of the alcohol generally proceeds at rates comparable to the Bronsted 

acid/base catalyzed process. The challenge lies in the implicit third step, release ofthe coordinated 

imino ester. Transition metal complexes, particularlythe stronger Lewis acids ofthe early series, 

tend to make decomplexation very difficult or impossible. The first reason for this is the Lewis acid 

strength itself. The more activating the complex, the more tightly bound the substrate. Worse, 

imino ester nitrogens are more basic than nitrile nitrogens. Once converted to the imino ester, the 

ligand is even less labile than the activated nitrile. The second barrier to release often comes from 

the formation of a chelate complex. The oxygen atom of the imino ester bears lone pairs which 

readily coordinate to available sites on the complex. Naturally, the chelate effect virtually prohibits 

release of the imino ester, save by complete decomposition of the complex. There exist a few 

examples of this type of reaction in rhenium chemistry, the most relevant being the work of Y. 

Mi ronov, who prepared trinuclear bridged amidates by hydrolysis of acetonitrile on atrinuclear 

Re'" cluster. There are means of surmounting these two obstacles, but they require particularly 

careful catalyst design and control of conditions.''^-^""'^** The work ofPombeiro, Kukushkin, and 

colleagues is some ofthe most thorough and well developed in this area.-"*-^ The collaborative effort 

has developed processes based on Pt(lLTV ) complexes which do release free imino esters and 

related compounds. Still, their "pop-the-cork" strategy relies on the introduction of strong chelating 

ligands to displace the imino esters, limiting the turnover number to one. As might be expected, 

catalytic generation of imino esters is rarer still. T o the best of our knowledge, only one study 
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demonstrated catalytic generation of free imino esters, and these were from "preactivated" 

halonitriles such as NC(CCl2H).^'^ 

Our review of metal mediated Pinner chemistry clearly revealed a challenge that the 

[Re(,().trSe)g]^" cluster core might easily address. Although only circumstantial evidence suggested 

that the alcohol addition reaction could work, the cluster's strong Lewis acidity made success seem 

highly probable. More importantly, the cluster's newfound photolability promised to overcome 

issues regarding the release of the addition product. With the ultimate goal of creating a 

(photo)catalytic cycle, we proposed the photoassisted Pinner reaction shown in Scheme 5.3 

5.2. EXPERIMENTAL 

Preparation of Compounds 

Reagents were of commercial origin and were used as received. Cluster solvates [Re6(}i3-

Se)ij(PEt3)n(MeCN)[,.„](SbF(,)2 [n = 4 (trans-), 5] were prepared according to published 

procedures.^" NMR spectra were recorded on a Brakcr AM 300 spectrometer in CD3CN or 

CDjCU. Chemical shifts of ̂  'P spectra were referenced to 85% H3PO4 (5 = Oppm, with negative 

values indicating upfield shifts). 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 ones by not possessing any crystallization solvent. 



PRs 

PPv 
.NH m-

OR 

R = Me, Et 

•OR 

Scheme 5.3 Proposed photocatalytic generation of free imino 
cluster based Lewis acid catalyst. 
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Photolysis experiments were performed using a mercury vapor lamp generously provided by the 

Lichtenberger research group at the University of Arizona. 

5.2.1.  Synthesis of {Re6(|i,rSe)g(PEt3)5[HN-C(OCH2CH,)(CH3)]}(SbF,,), (37) 

A 100 mL, roundbottom flask was chargcd with a stirring bar, 112 mg [Re6(p.3-

Se)s(PEt3)5{McCN)](SbF(,)2 (12), 45 mL of reagent grade ethanol and 0.4 mL ofacetonitrile (as 

received). The flask was fitted with a 5 inch condenser, capped with a septum, and placed in a 

heating mantle on a magnetic stirring plate. The system was placed under dynamic N, blanket and 

allowed to reflux overnight. Solvent was removed under vacuum. The sample was then refluxed 

vigorously for no more than 2 hours in neat EtOH to complete the reaction. This mixture was then 

concentrated and flash-columned over a short silica-gel plug using 50:2:1 

dichloromethane:acetone;ethyl acetate to afford the ca. 90%: 10% 37:diadduct mixture. The dried 

solid was subjected to anion exchange with NaBPh4 by dissolving 37 in 2 noL of dichloromethane 

in a small vial containing a magnetic stirrer. Under stirring, 2.3 mL saturated methanolic NaBPlxj 

was added to the vial containing 37 until the solution became turbid. The vial was then fitted with 

a septum and the solvents removed under vacuum. The 37(BPh4)2 salt was extracted from the 

resultant mass of NaBPh4 crystals by extraction with CHCI3 (3x). The extract was then 

concentrated and washed 5x with cold ethanol. The remaining sample was redissolved in 

acetonitrilc and subj ected to ether vapor diffusion to afford bunches ofplate-like crystals. These 

were washed with ether and dried overnight under vacuum. Yield as the SbF(," salt was 96%, with 

4% attributed to the diadduct by 'H and ^ 'P NMR integration. Yield as the BPl^salt was 60 mg 
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(48.9%) due to sample loss during removal of excess NaBPh4. Microanalysis of 37 as 

Cg2Hi24B2NOP5Re(,Ses: Calc. C, 32.23; H, 4.09; N, 0.46. Anal C, 31.75; H, 4.17; N, 0.56. 

NMR data in CD3CN, 'H: 0.9-1.9 ppm (m, ff); 1.35 (t, H"); 2.0-2.28 ppm (m, ff); 2.29 ppm 

(s, H''); 4.2ppm(q, H®); 6.85 ppm (t, tf); 6.9 ppm (t, H®); 7.28 ppm (m, H^); 8.29ppm (s, H'). 

-^'P: -23.5 and -25.4 ppm. 

5.2.2. Synthesis of /ra«s-[Re6((i3-Se)s(PEt5)5(HOEt)2](SbF6)2 (38) 

A 100 niL roundbottom flask was charged with 50.0 mg of trans-\RQ4,\iy 

Se)g(PEt3)4(MeCN)2](SbF(,)2 (14), a magnetic stirring bar and 45 inL of reagent grade ethanol (as 

received). The flask was then fitted with a condenser and brought to reflux under a nitrogen 

blanket. The system was allowed to reflux for two continuous days. After two days, the reaction 

was quenched and the solvent removed with vacuum. Just prior to complete removal of solvent, 

yellow block-like crystals were observed precipitating from the liquor. A few were collected with 

the liquor for structural detemiination. The remaining material was dried overnight. A small sample 

(ca. 7 mg) was collected as a light orange powder and quickly dissolved in CD2CI2. 'H and ^ 'P 

NMR spectra were immediately collected. Yield after the above samples were collected was 

88.2%. Microanalysis of 38 as C28H72Fi202P4Re6Sb2Seg(C,H); Calc. C, 12.07; H, 2.59. Anal. 

C, 11.99; H, 2.56. NMR data in CD2CI2, 'H: 1.2 (m, -CH,); 1.62 (s, broad -CH3 coordinated 

ethanol); 2.3 (m, -CfL-); 3.88 (q, broad -CH^- coordinated ethanol) 4.49 (s, broad -OH 

coordinated ethanol). "P: -18.86. 
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5.2.3. Synthesis of {Re(,(H3-Se)H(PEt3)5[HN=C(OCH3)(CH3)]} (SbF,,), (39) 

A 100 mLroundbottom flask was charged with a stirring bar, 85.2 mg of 12, and 35 mL 

of reagent grade methanol (as received). The flask was stoppered and placed on a magnetic 

stirring plate. Upon two minutes of vigorous stirring, a clear yellow-orange solution was observed. 

After one night of stirring at ambient temperature the solvent was removed under vacuum. The 

sample was triturated three times from dichloromethane with ether to afford a flocculent yellow 

powder, which was dried under vacuum for four hours. The dried solid was subj ected to anion 

exchange withNaBPh4 bydissolving 39 in 2 mL of dichloromethane in a small vial containing a 

magnetic stirrer. Under stirring, 2.3 mL of saturated methanolic NaBPh4 was added to the vial 

containing 39 until the solution became turbid. The vial was then fitted with a septum and the 

solvents removed under vacuum. The 39(BPh4)2 salt was extracted from the resultant mass of 

NaBPlxt crystals by extraction with CHCI3 (3x). The extract was then concentrated and washed 

5x with cold ethanol. The remaining sample was redissolved in acetonitrile and subj ected to ether 

vapor diffusion to afford thin, orange, bladelike ciystals. These were washed with ether and dried 

overnight under vacuum. Yield as the SbF,,' salt was 96%, with 4% attributed to the diadduct by 

'H and -^'P NMRintegration. Yield as the (BPh4)"salt was 38.0 mg (44.08%) due to sample loss 

during removal of excess NaBPh4. Microanalysis of 2 as C33Hg2Fi2NOP5RegSb2Seg: Calc. C, 

13.73; H, 2.84; N, 0.49. Anal C, 13.92; H, 2.76; N, 0.64. NMR data in CD3CN, 'H: 0.95 

to 1.9 ppm (m, ff); 2 to 2.28 (m, H''); 2.38 ppm (s, ff); 3.85 ppm (s, tT*); 6.83 ppm (t, H®); 

6.99ppm (t, H'); 7.28 ppm (m, H®); 8.55 ppm (s,b H''). ^'P; -23.4 and -25.6 ppm. 
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5.2.4. Photolysis of 37 and 39 

Photolytic studies ofboth 37 and 39 were performed in an identical fashion. AnNMR 

tube was charged with approximately 10 mg of either sample, dissolved in CD3CN, and capped 

with a rubber septum. A preliminary set of'H and ' 'P spectra were obtained. The deuterated 

solvent was subsequently removed through the septum with application of vacuum through a small 

syringe tip. The samples were then redissolvcd in reagent grade acetonitrile and fixed 10 mm from 

a high intensity Hg arc. The entire apparatus was covered with aluminum foil and allowed to react 

for 12 hours. After the 12-hour period, solvent was removed by evaporation through the septum. 

The sample was again dissolved in the deuterated solvent and the and spectra were 

obtained. This process was repeated 3x, or until only the starting solvate 12 was present with no 

evidence of 37 or 39 observed in the NMR spectra. 

5.3. RESULTS AND DISCUSSION 

To demonstrate the feasibility of the catalytic cycle shown in Scheme 5.3, it was necessary 

to execute one complete stoichiometric loop. The first step was to prepare the imino ester adduct 

complexes 37 and 39. We determined that the first efforts would be made with ethanol as the 

nucleophile. Initial experiments were complicated by the poor solubility of 12 in ethanol. 

However, when heated to reflux, the suspension became a clear solution. After refluxing overnight, 

solvent was removed and initial NMR spectra were acquired. T o our surprise, no observable ^ 'P 

signals could be obtained and the 'H spectrum was complicated. It was clear that 12 was 
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completely consumed but it was not clear what had been formed. A weak, broad peak near 8.2 

ppm suggested that the imino ester had formed, as this was close to literature values for an imine 

nitrogen proton. Further, a weak, sharp quartet at 4.3 ppm and corresponding triplet at 1.4 ppm 

also were visible. These multiplets were notably downfield from free ethanol, corroborating the 

evidence provided by the first peak. The methyl singlet from the starting nitrile had also been 

shifted notably upfield. However, several broad and ill-shaped peaks dominated the spectrum and 

could not be accurately assigned. Evidently a mixture of at least three components had been 

formed, with no component sufficiently concentrated to allow the detection of the ''P signals. 

To our dismay, when the experiment was repeated with a longer reaction time, only the 

broad 'H signals could be observed, with no sharp signals save those of the phosphine ligands. 

^ 'P spcctra were again unattainable. The sample had been prepared in CD2CI2. Upon removal 

from the instrument bore, the sample had undergone a dramatic color change from yellow-orange 

to greenish-black. The sample had become notably turbid. This observation, coupled with the 'H 

peaks and undetectable "P signals suggested that some form of rapid exchange or complex 

decomposition was occurring. The color change was strikinglyreminiscent of the so-called rhomb-

linked dimers reported several years earlier.'^ These complexes were formed by solid state 

elimination of acctonitrile from cluster solvates to yield fused cluster dimers linked by the 

complementary binding of selenium atoms of one cluster to the vacant rhenium site on its neighbor. 

These complexes formed dark greenish-black solutions. The qualitative observation of color 

change pointed to the possibility that instead of 37 being formed, some very labile entities were 
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instead prepared, which rapidly condensed into rhomb-linked dimers. Since reaction conditions 

were quite forcing, ligand exchange could be possible. One plausible explanation was the 

preferential formation of an alcohol solvate. Unfortunately, no such solvate could be characterized, 

likely due to extreme lability, although several repeated experiments displayed the same strange 

spectra and color change. 

In the meantime, we had been perfomiing parallel experiments with 14, with the hope that 

multi-site catalysts could be produced. Using identical conditions as for the first experiments with 

12, we isolated a compound the "H spectrum of which is shown in Figure 5.1. As is apparent, no 

coordinated acetonitrile was present, and the single peak in the "P spectrum indicated retention 

ofphosph ine stereochemistry. In the 'H spectrum, two broad, poorly resolved peaks at 1.62 and 

3.88 ppm were found right next to the sharp multiplets of the free ethanol solvent. No evidence 

for any imino ester adduct formation was observed. Interestingly, the decomposition to greenish-

black material occurred much more slowly than with the 12 equivalent; complete loss ofintelligible 

signal required more than a day. These spectra were the strongest evidence supporting the solvent 

exchange hypothesis. Confirmation of the hypothesis came when the mother liquor was cooled and 

condensed slightly. Single block-like crystals were observed precipitating from the liquor. These 

crystals were suitable for X-ray structural analysis. The compound crystallized in the monoclinic 

space group P2,/n, with two molecules per unit cell. The structure of the his alcohol solvate 38 

is shown in Figure 5.2. The cluster centroid occupied an inversion center with one half 
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Figure 5.1 The 'H spectrum of the putative ethanol solvate 38. 
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Figure 5.2 The crystal structure of 38. Atoms are rendered at 
the 50% probability level. Color scheme: Re (green); Se 
(yellow); P (purple); O (red); C (gray). Counterions, H-atoms 
and solvent are omitted for clarity. 
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molecule in the asymmctric unit. As is clear from the figure, the acetonitrile ligand had been 

completely replaced with an ethanol molecule. Although no hydrogen atoms could be located for 

the coordinating oxygen atoms, the presence of two SbFg" anions in small lattice voids confirmed 

that the ligands were neutral. The Rc'"-0 bond length was 2.140(5) A, in the middle of the range 

for monodentate Re"' alcohol complexes. Re-Re, Re-Se, and Re-P bond lengths and angles were 

unremarkably similar to previously characterized compounds. Although not shown in Figure 5.2, 

a second well ordered ethanol molecule was found in close hydrogen bonding contact with the 

coordinated molecule, as well as with the unique SbF,," anion. 

Although moderately stable innoncoordinating media and in air, 38 was indeed quite labile. 

Addition of 2 drops of reagent grade acetonitrile to an NMR sample (CD2CI2) of the compound 

resulted in the immediate, quantitative reconversion to 14. While we were unable to isolate the 

pentaphosphine equivalent of38,38 did confirm our suspicion that ligand exchange competed with 

the desired formation of imino ester complexes. The rapid reformation of 14 from 38 and 

acetonitrile also confirmed that any alcohol solvate was likely to be extremely labile, being formed 

in significant quantity only by virtue of the vast excess of alcohol in the reaction medium. With this 

data in hand, we realized that imino ester formation could be favored over the ligand exchange 

reaction by suppressing the latter. This was accomplished by returning to the 12 addition reaction 

and adding a few drops of acetonitrile to the reaction vessel. The spectra obtained using this 

method are shown in Figure 5.3. 
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Figure 5.3. 'H and ^'P (inset) spectra of the first imino ester cluster complex, 37, 
using acetonitrile to surpress ethanol solvate fomation; note impurity at ca. 4.0 ppm. 
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It is clear from the 'H spectrum that no alcohol solvate had been formed using the 

suppression method. All peaks were clearly resolved, with no evidence of dynamic processes 

observable. This was corroborated by the easily obtained spectrum. All previously observed 

peaks tentatively assigned to an imino ester ligand were observed, this time with even greater 

clarity. However, a new problem presented itscl f: Both 'H and ^ 'P spectra clearly indicated the 

presence of approximately 10% impurity. From the "P spectrum, it was evident that the 

compound shared the 4:1 peak area ratio of the putative pentaphosphine imino ester complex. The 

weaker signals were shifted only slightly from those of the desired compound and could therefore 

not be unreacted 12. The ' H spectrum revealed that the impurity signals also appeared slightly 

upfield from the maj or product's peaks and shared their multiplicities. It was evident fliat whatever 

the impurity was, it was not labile and was very chemically similar to the imino ester complex. 

Because of the very similar spectra, it was proposed that the impurity was the result of the addition 

of a second equivalent of alcohol, a diadduct. Unfortunately, the mixture proved intractable and 

no diadduct was ever isolated. Worse, the mixture yielded large, apparently single crystals. When 

examined, these crystals did not extinguish cleanly under polarized light and diffracted poorly. 

However, several different diffraction data sets were collected from different mixtures. All 

experiments yielded the same structural results. Each solution revealed what appeared to be the 

persubstituted hexaphosphine cluster complex. This was chemically impossible given the synthetic 

conditions. Closer examination of the structure and the raw data revealed a reasonable 

explanation. The data in all cases contained significant amounts of diffuse scattering and all 
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observed peaks were fairly broad. The stmctures refined poorly; all phosphine ligands and SbF^ 

counterions were severely disordered, with the location of all atoms nearly impossible. Re-P bond 

lengths were unreasonable. These observations suggested that the cluster itself was statistically 

disordered, making it impossible to differentiate imino ester ligands from phosphine ligands. 

Evidently, the difference between an imino ester, a diadduct, and a triethyl phosphine was 

sufficiently small to make the complexes all appear to be essentially spherical. Consequently, there 

was no preferred orientation in the lattice, resulting in statistical disorder. Although an apparent 

dead end, the disorder actually provided a critical clue to the ultimate solution to both the 

purification and structural determination problems of the imino ester complex. 

If the diadduct and 37 cocrystallized due to essentially identical surface shapes and charge 

densities, the polarity difference between the two compounds must also have been negligible. This 

likely explained why no separation could be achieved using standard chromatographic techniques. 

However, one puiification method remained. By performing an anion exchange reaction with the 

much less easily disordered BPh/, we might at least realize well ordered single crystals, if not a 

pure product. This avenue was explored with surprising results. After workup, it was found that 

the pure compound 37 was obtained as the 37(BPli4)2 salt. The spectra are shown in Figure 5.4. 

No evidence of the diadduct was detected in either 'Hor ^'P spectra. As hoped, single crystals 

were also readily grown. This time, the crystals were excellent. They extinguished sharply under 

polarized light and diffracted strongly, with little diflfuse scattering. Peak widths were narrow. The 

compound 
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Figure 5.4 'H and spectra (inset) of anion exchanged 37. No impurity 
is evident. 
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crystallized in the space group Pbca and solved readily. The structure is shown in Figure 5.5. The 

cluster core appears unaffected by the addition reaction, with bond lengths and angles varying 

insignificantly relative to 12. Although the Re-N bond length is also unremarkable, other metric 

parameters concerning the coordinated imino ester ligands clearly manifest the anticipated 

consequence of the nitrile-to-imino ester transformation. The C1-N4 bond length is 1.23(3) A, 

consistent with an imine (N=C) moiety, whereas the counterpart in 12 is 1.091(3) A, typical ofa 

coordinated nitrile. The Re4-N4-Cl angle is reduced significantly to 138(2)° relative to 12 

[173(1)°]. The angles about CI [N4-C1-C3, 127(3)°; C3-C1-01, 119(2)°; N4-C1-01, 

114(3)°] are all close to the expected values for sp" hybridization. As with the bis alcohol solvate 

38, the 37 structure contained a tightly hydrogen bound solvent molecule, although in the 37 case, 

the molecule was acetonitrile, not ethanol. The free acetonitrile is hydrogen bound to the imine 

hydrogen. Also of note was the position of one of the BPlV anions. The anion was found in close 

contact with the pendant "nitrile" methyl group of the imino ester, with two ofthe phenyl rings acting 

like pincers. Presumably, the anion actcd to lock the ester in place, significantly inhibiting rotational 

disorder of the ligand. An unexpected side effect of this pincer action was the steric protection of 

one side of the imino ester complex. A second crystal grown from chloroform solution actually 

crystallized in the chiral space group P2,2|2,, due to conformational chirality imposed by the pincer 

BPI14" anion. The only obvious difference in the chiral structure and the centrosymmetric one was 

the absence of the hydrogen bonded solvent. Curiously, the 'H methyl singlet was shifted even 

further upfield relative to the unexchanged 37 sample, which suggested that the pincer 
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Figure 5.5 The crystal structure of 37. Atoms are rendered at 
50% probability; anions and H-atoms have been removed for 
clarity. Color scheme: Re (green); Se (yellow); P (purple); N 
(blue); O (red); C (gray). 
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effect might persist to some degree in solution. Although not explored, the implication for 

asymmetric synthesis was noted. 

Extremely encouraged by the successful isolation of 3 7, we broadened our investigation 

to include the methanol adduct 39. Although very similar to 37, the preparation of 39 had one 

pronounccd di fference. As the reaction vessel was charged with bulk methanol, it became clear 

that 12 was quite soluble in the alcohol. Since we suspected the elevated temperature required to 

prepare appreciable amounts of 37 were the reason for competitive ligand exchange reactions, the 

room temperature solubility of 12 in methanol offered a way to avoid this problem. Instead of 

bringing the solution to reflux, it was simply left to stir overnight. The resultant NMR spectra are 

shown in Figure 5.6. As hoped, no solvate was evident. The broad 'H singlet at 8.55 ppmofthe 

imine proton was present, as was an intense singlet from the methoxy group at 3.83 ppm. As 

observed for 37, the 39 methyl singlet had moved up field from the position of the 12 nitrile methyl, 

and resonated at 2.21 ppm in the 39 spectrum. The ^'P spectrum also indicated a 4:1 peak 

ratio, shifted from the 12 set. This evidence confirmed the quantitative conversion of 12 at room 

temperature. However, the methanol diadduct was also present. Unsurprisingly, disordered 

crystals vi rtually identical to those of37 were obtained. Fortunately, the 39 impurity problem also 

succumbed to anion exchange with BPh4". Our luck also held with regard to crystallization, as 

single crystals of 39(BPh4)2 were eventually grown. These crystals were isomorphous with those 

of 37(BPh4)2 and when solved, virtually i so structural. 
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Figure 5.6 The 'H and ^'P (inset) spectra of the methanol addition analog. Anion 
exchange also successfully removes diadduct impurities from this mixture. 



Figure 5.7 The crystal structure of 39. Atoms are rendered at 50% 
probability; anions and H-atoms have been removed for clarity. 
Color scheme; Re (green); Se (yellow); P (purple); N (blue); O 
(red); C (gray). 
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The structure of the 39 core is shown in Figure 5.7. The only difference between the two 

structures was simply the presence of a methoxy group in 39 instead of the ethoxy group of 37. 

Even the hydrogen bound acetonitrile was present in the 39 stmcture, as well as the pincer BPhj" 

anion. All bond lengths and angles were similar to those of 37. 

With both compounds in hand, it remained to complete the second half of the catalytic 

cycle shown in Scheme 5.3. To this end, an acetonitrile solution (ca. 0.5 niL) of approximately 10 

mg of 39(SbF(,)2 was exposed to a mercury vapor lamp. NMR spectra ('H and ^'P) were 

obtained every 12 hours ofirradiation to monitor reaction progress. The spectra showed a smooth 

consumption of the starting imino ester complexes and simultaneous emergence of signals due to 

12, and complete conversion of39(SbFt,)2 into 12 was accomplished after ca. 48 hours. Figure 

5.8 depicts the progress of this reaction. The identical process was performed using 37, with 

similar results. Diethyl ether extracts of the photolysis product(s) did not contain enough material 

for reliable NMR characterization, but were sufficient for GC-MS analysis. An early eluting 

fraction ionized to yield abase peak that matched the molecular ion of the free methyl imino ester 

{m/z 73 amu) and a second peak corresponding to acetamide {m/z 59 amu), the very stable 

hydrolysis product of the imino ester. 
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Figure 5.8 The monitoring traces of the photolysis of 37 and concomitant 
regeneration of the procatalytic cluster solvate. 
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5.4. CONCLUSION 

In summary, we have successfully completed each step in a novel, cluster-based 

photocatalytic cycle. Although currently stoichiometric, these early results demonstrate the 

feasibility of such a cycle, which may become catalytic in 12 upon optimization of conditions. In 

the process, we uncovered an unexpected ligand exchange reaction which afforded the very labile 

alcohol solvates. These solvates are more than a nuisance. Because they are far more labile than 

the acetonitrile solvates, the alcohol solvates may open new opportunities for supramolecular 

construction. Specifically, the alcohol solvates may offer a way around the slow exchange kinetics 

which led to intractable materials in the cluster condensation reactions. This reopens the study of 

cluster-only extended arrays. 

More generally, this work offers a new route to metal-mediated organonitrile additions with 

a built-in means to avoid the typical inertness of the resultant imino ester complexes. Given the 

known versatility of the Re® coordination chemistry in these cluster systems, it is not unreasonable 

to imagine applying cluster-based Lewis acid activation to a range of substrates beyond nitriles. 

The work reported in this chapter therefore marks the beginning of what promises to be an exciting 

new chapter in the remarkable chemistry of the [Reg(|i3-Se)g]^"^ cluster core. 
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CHAPTER 6. CONCLUDING REMARKS 

The purpose of this thesis proj ect was to demonstrate the general synthetic utility of the 

[ Re5()i ?-Se)s]^"^ cluster core. This was to be accomplished by developing and executing synthetic 

strategies and methods to address two current themes in chemistry at large: Supramolecular 

construction ofhost materials and catalysis. Of course, the proj ect could only approach specific 

areas within these two large fields. With regard to supramolecular construction, we sought to 

demonstrate that the stereochemistry of the site-differentiated cluster derivatives [Re6(iJ,3-

Se)g(PR3)6.n(L) could dictate the structural outcome of self-assembly processes. The catalytic 

problem we pursued was the activation of nitriles to nucleophilic attack by the strongly Lewis 

acidic rhenium sites of the cluster. The prospect of a catalytic cycle was only recently made 

possible by the discovery of the cluster core's excited state photolability. 

The bulk of the thesis was focused on supramolecular construction. The first successful 

synthesis of cluster supported molecular squares was encouraging, but also revealed that the cluster 

condensation reaction was not generally applicable (Chapter 2). Because of competing, 

uncontrollable polymerization reactions, it was determined that the cluster condensation reaction 

was best suited to the synthesis of small, convergent supermolecules. This shortcoming led us to 

explore the possibility ofusing methods more in line with the supramolecular philosophy of using 

preconstructed molecules that would self-assemble in a predictable manner. W e approached the 

problem by attempting to express the cluster's geometric characteristics in the solid state by 
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prefabricating stereospecific cluster building blocks that contained traditional supnimolecular linking 

motifs: Hydrogen bond DA units and metal ion coordinating functionality. In both Chapters 3 

(hydrogen bonded cluster assemblies) and 4 (metal mediated cluster assemblies), the cluster 

derivatives shapes were indeed faithfully expressed in the resultant multicluster arrays. However, 

attempts to realize hydrogen bound or metal linked analogues of the cluster based molecular 

squares revealed that such efforts compete with the often stronger tendency to form the most 

dense architecture. Nevertheless, several porous structures were created, includingpolymeric 

"fused squares" which may ultimately function as host materials. 

Perhaps most promising was the development of the catalytic proj ect. The isolation and 

characterization of two imino ester complexes proved that the cluster core is a powerful Lewis acid 

catalyst. More significant from the grounds ofreal application was the successful photocleavage 

of the imino esters from the host cluster, with concomitant regeneration of the procatalytic [Re6(|Li3-

Se)g(PEt3)5(MeCN)](SbF6)2 cluster solvate. This step effectively closed a photocatalytic loop, 

overcoming the typical problems of imino ester isolation or liberation from metal complexes. 

In all chapters, the principal focus was on the isolation and structural characterization of 

the targeted molecules. Since the thesis proj ect was intended to prove the general utility of the 

cluster core in synthesis, preparative methods needed to be developed. However, this is merely 

the first step in practical development. It is therefore important to consider future directions for the 

research and suggest experiments to further our understanding of the [Re5(|i3-Se)jj]""^ core's 

chemistry. 
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With regard to the supramoleciilar aspects of the cluster system, the potential for future 

experimentation is truly limited onlyby imagination. As has been demonstrated, the combination 

of readily controlled cluster stereochemistry and carefully selected ligands and linking modes, 

virtually any structural motif may be realized. However, simply generating novel structure by blind 

empiricism is not necessarily a useful scientific pursuit. In light of the current status of the 

supramolecular endeavors, there are two fundamental and practical directions the research must 

take. 

The first is the development of a reliable method to control the "tertiary structure" of the 

host materials. The primary (cluster stereochemistry) and secondary (cluster linkage mode) 

structure was demonstrated in this thesis work. However, realization of porous materials (tertiary 

structure) was often hindered by the multitude of competing forces involved in the self assembly 

process. One of the most promising methods for controlling the assembly process is the use of 

templates, or "innocent guests'" which maybe removed upon isolation of the host compounds. 

This maybe accomplished in a number of ways, such as the use of! inking moieties that feature 

functionalities designed to interact weakly with the templates, for example. Another means of 

controlling the tertiary assembly might be the employment of the new alcohol solvates. Since the 

alcohol ligands appear to be extremely labile, it is conceivable that the problems we faced with 

slow cyclization might be avoided by replacing the acetonitrile solvates with alcohol solvates. In 

this way, the extremely rapid ligand exchange reaction should favor cyclized products, and may 
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even be sufficient to overcome the n > 2 (n=the number of exchange reactions) barrier described 

i n  C h a p t e r  2 .  

The second critical direction the supramolecular studies must follow is the characterization 

of the host materials functions. Of course, this depends to some degree on the success of the 

further development of the synthetic chemistry since most of the complexes prepared in the present 

project were proofs-of-concept. Once better control over tertiary structure is achieved, 

quantification of structural robustness and strength and extent ofhost-guest interactions needs to 

be performed. Also, in order to address possible applications as catalysts or molecular sensors, 

the bulk physical properties of the materials should be characterized. Of particular interest are 

guest diffusion rates and binding constants, as well as photo- and redox shifts observed upon guest 

incorporation. 

The work described in Chapter 5 is a purely chemical endeavor and it is consequently 

more straightforward to suggest future directions for the research. Clearly the work is only the first 

brief glance at what promises to be a very thiitful research proj ect. As such, the most obvious 

focus for the immediate future is a more thorough investigation of the nuances of the already 

executed research. For example, it is necessary to fully describe the actual Lewis acid catalytic 

rate enhancement for the alcohol addition reaction in the context of other known systems. It would 

be desirable to detennine how general the chemistiy is, i.e., establish what types ofbonds may or 

may not be formed and to explore the use of more than one Re*^ site. Of critical importance is to 
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isolate and characterize the putative diadduct impurity. This compound may prove quite significant 

in terms of practical application and mechanistic understanding. 

Beyond the addition reaction itself, a great deal of work remains to be done in optimizing 

the photolysis conditions: Twelve hour cycles don't lend themselves to rapid, high-yieldiag industrial 

processes. In addition, the scale of the reaction needs to be increased in order to isolate useful 

quantities of the imino ester products. Finally, long term stability of the catalyst needs to be 

investigated. 

In terms of realizing the initial goal, the final proj ect was the most successful. However, like 

the supraraolecular proj ects, many issues remain unexplored, both fundamental and practical. 

Perhaps it is the discovery of questions and the need for further research that makes a project 

worthwhile and ulti mately measures its true success. Regardless, the only regret on the part of the 

author is the end of his time to pursue the research personally. 
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APPENDIX 1 

CRYSTALLOGRAPHIC REFINEMENT PARAMETERS 

Crystal data and structure refinement for 11. 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z  
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta - 29.09° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F^ 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff peak and hole 
RMS difference density 

11 

C37 H83 C12 F12 N2 O P5 Re6 Sb2 
Se8 
3018.18 
170(2) K 
0.71073 A 
Triclinic 
P-1 
a = 14.5249(11) A a= 92.955(2)° 
b = 14.7424(11) A p= 106.210(2)° 
c - 20.537(2) A 7 = 115.1720(10)° 
3747.6(5) A3 
2 
2.675 Mg/m3 
14.478 mm'l 
2736 
.2 X .1 X .03 mm3 
1.63 to 29.09°. 
-19<=h<=19, -20<=k<=20, 
-28<=1<=28 

54605 
19640 [R(int) = 0.0935] 
97.7 % 
Semi-empirical 
1.0 and 0.401675 
Full-matrix least-squares on F^ 
19640/828/916 
0.939 
R1 =0.0612, wR2 = 0.1218 
R1 =0.1669, \vR2 = 0.1552 
2.875 and -3.298 e.A-3 
0.293e.A-3 
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Crystal data and structure refmement for 13 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 26.37° 
Absorption correction 
Max. and min. transmission 
Refmement method 
Data / restraints / parameters 
Goodness-of-fit on F^ 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
RMS difference density 

13 
C40 H83 C12 F12 N7 08 P4 Re6 
Sb2 SeS 
3205.29 
170(2)K 
0.71073 A 
Triclinic 
P-1 
a = 11.790(2) A 
b = 12.944(3) A 
c= 13.471(3) A 
1875.6(7) A3 
1 
2.838 Mg/m3 
14.462 mm'l 
1462 
0.25 X 0.25 X 0.10 mm-^ 
2.10 to 26.37°. 
-14<=h<=14, -15<=k<=15, -
16<=1<=16 

19430 
7441 [R(int) = 0.0375] 
97.0 % 
Semi-empirical 
1.0 and 0.431008 
Full-matrix least-squares on F^ 
7441 / 69 / 439 
1.011 

R1 = 0.0278, wR2 = 0.0596 
R1 = 0.0379, wR2 = 0.0633 
1.633 and -2.407 e.A-3 
0.213e.A-3 

a- 77.20(3)° 
72.18(3)° 

Y = 76.15(3)° 
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Crystal data and structure refinement for 15. 
Identification code 15 
Empirical formula C44.50 H93 CI F12 N4 04 P4 Re6 

Sb2 Se8 
Formula weight 3127.94 
Temperature 173(2)K 
Wavelength 0.71073 A 
Crystal system Triclinic 
Space group P-1 
Unit cell dimensions a= 15.515(2) A a= 75.958(2)' 

b = 15.736(2) A (3= 69.934(2)' 
c= 19.451(3) A Y= 60.681(2)= 

Volume 3873.3(9) A3 
o Zu 

Density (calculated) 2.682 Mg/m3 
Absorption coefficient 13.964 
F(OOO) 2858 
Crystal size 0.20 X 0.15 X 0.08 mm3 

Theta range for utilized data 1.12 to 25.03°. 

Limiting Indices -18<=h<=16, -18<=k<=17, -
23<=1<=11 

Reflections utilized 19554 
Independent reflections 13372 [R(int) = 0.0418] 
Completeness to theta = 25.03° 97.6 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.4013 and 0.1666 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 13372 / 692 / 709 
Goodness-of-fit on F^ 0.829 
Final R indices [I>2sigma(I)] R1 =0.0528, wR2 = 0.1265 

R indices (all data) R1 = 0.0981, wR2 = 0.1380 

Largest diff peak and hole 2.989 and -2.133 e.A-3 
RMS difference density 0.301 e.A-3 
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Crystal data and structure refinement for 18 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 22.49° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F^ 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
RMS difference density 

18 
C81 H63 F12 N6 06 P3 Re6 Sb2 
SeS 
3529.66 
170(2) K 
0.71073 A 
Triclinic 
P-1 
a = 15.6554(15) A 
b= 18.1542(18) A 
c = 21.575(2) A 
5367.2(9) A3 
2 
2.184 Mg/m3 
10.056 mm'l 
3232 
0.20 X 0.05 X 0.01 mm-^ 
1.56 to 22.49°. 
-16<=h<=16, -19<=k<=19, 
-23<-l<=23 

30611 
13946 [R(int) = 0.1709] 
99.5 % 
Semi-empirical 
1 and 0.501133 
Full-matrix least-squares on F^ 
13946/ 1112/917 
0.939 
R1 = 0.0845, wR2 = 0.2148 
R1 =0.2444, wR2 = 0.3146 
2.911 and-2.485 e.A-3 
0.326e.A-3 

a= 70.587(2)° 
77.179(2)° 

7=69.152(2)° 
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Crystal data and structure refinement for 24 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 27.65° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F^ 
Final R indices [I>2sigma(l)] 
R indices (all data) 
Largest diff peak and hole 
RMS difference density 

24 
C38 H70 F12 N2 08 P4 Re6 Sb2 
Se8 
3027.22 
170(2) K 
0.71073 A 
Triclinic 
P-1 
a = 12.5090(10) A 
b= 12.5169(10) A 
c = 12.5642(10) A 
1889.4(3) A3 
1 
2.661 Mg/m3 
14.277 mm-1 
1368 
0.15 X 0.10 X 0.05 mm-^ 
1.63 to 27.65°. 
-16<=h<=16, -16<=k<=16, 
-16<=1<-16 

22860 
8717 [R(int) = 0.0436] 
98.8 % 
None 
0.5354 and 0.2233 
Full-matrix least-squares on F^ 
8717/0/362 
0.996 
R1 = 0.0428, wR2 = 0.0955 
R1 =0.0714, wR2 = 0.1035 
4.347 and -3.279 e.A-3 
0.256e.A-3 

a-105.420(2)° 
(3=4.520(2)° 

7=90.674(2)° 



Crystal data and structure refinement for 28 
Identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
RMS difference density 

28 
018 Re6 Se8 
2036.88 
100(2) K 
0.71073 A 
Trigonal 
R-3m 
a = 15.1655(6) A 

o O 
o^ 

b--= 15.1655(6) A p= 90° 

c = 11.0678(7} A Y = 120° 

2204.48(19) A3 
5 

4.603 Mg/m3 
34.575 mm-1 
2598 
0.015 X 0.015 X 0.01 mm3 
2.41 to 31.51°. 
-22<=h<=22, -22<=k<=22, -
16<-1<=16 

13294 
905 [R(int) = 0.0649] 
31.51° 100.0% 
Semi-empirical from equivalents 
1 and .62912 
Full-matrix least-squares on F^ 
905/0/31 
1.141 
R1 = 0.0267, wR2 = 0.0558 
Rl = 0.0490, wR2 = 0.0683 
1.856 and -2.535 e.A-3 
0.386e.A-3 
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Crystal data and structure refinement for 31. 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 26.51° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of fit on 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff peak and hole 
RMS difference density 

31 
C46 H80 Cd C14 F6 N7 011 P4 Re6 
Sb Se8 
3269.88 
170(2) K 
0.71073 A 
Monoclinic 
C2/c 
a = 35.413(12) A a-90° 
b = 18.054(4) A (3=100.817(6)° 
c- 15.455(6) A 7 = 90° 
9706(5) A3 
4 
2.238 Mg/m3 
11.169 mm'l 
5984 
0.2 X 0.1 X 0.01 mm3 
1.77 to 26.51°. 
-44<=h<=44, -22<=k<=22, 
-19<=1<=19 

58016 
10027 [R(int) = 0.1258] 
99.6 % 
None 
1 and 0.649239 
Full-matrix least-squares on F^ 
10027/ 129/464 
1.083 
R1 =0.0618, wR2 = 0.1524 
R1 =0.1395, wR2 = 0.1998 
0.946 and -0.873 e.A-3 
0.128e.A-3 
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Crystal data and structure refinement for 32. 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta - 25.IT 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F^ 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff peak and hole 
RMS difference density 

32 
C48 H92 Cd F6 N7 015 P4 Re6 Sb 
Se8 
3228.20 
170(2) K 
0.71073 A 
Monoclinic 
P2/n 
a= 16.955(3) A a= 90° 
b= 11.857(2) A p= 104.99(3)° 
c = 21.055(4) A y = 90° 

4088.6(14) A3 
2 
2.622 Mg/m3 
13.132 mm-1 
2968 
0.3 X 0.2 X 0.1 mm3 
1.79 to 25.77°. 
-20<=h<=20, -14<=k<=14, 
-25<=1<=25 

39923 
7776 [R(int) = 0.0542] 
99.0 % 
None 
1.0 and 0.498305 
Full-matrix least-squares on F^ 
7776/2/410 
1.116 
R1 = 0.0356, wR2 = 0.0758 
R1 - 0.0656, wR2 = 0.0935 
2.239 and-1.835 e.A-3 
0.255e.A-3 
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Crystal data and structure refinement for 33. 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 26.42'^ 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
RMS difference density 

33 
C48 H76 Co F6 N7 014 P4 Re6 Sb 
Se8 
3142.60 
170(2) K 
0.71073 A 
Monoclinic 
P2/n 
a = 16.7533(16) A a= 90° 
b = 11.8072(12) A (3=104.710(2)° 
c - 20.935(2) A y = 90° 
4005.5(7) A3 
2 
2.606 Mg/m^ 
13.344 mm-1 
2878 
.25 X .1 X .05 mm3 
1.40 to 26.42°. 
-20<=h<=15, -12<-k<=14, 
-24<=1<=25 

21315 
7948 [R(int) = 0.1733] 
96.4 % 
None 
1 and 0.582873 
Full-matrix least-squares on F^ 
7948 / 20 / 407 
0.927 
R1 = 0.0629, wR2 = 0.1489 
R1 =0.1193, vvR2 = 0.1874 
3.744 and -4.161 e.A-3 
0.597e.A-3 



Crystal data and structure refinement for 34. 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
hidependent reflections 
Completeness to theta = 23.30° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F^ 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff peak and hole 
RMS difference density 
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34 
C47.50 H76 FO N8 015.50 P4 Re6 
SbO Se8 Zn 
2945.29 
170(2)K 
0.71073 A 
Orthorhombic 
Pbcn 
a = 23.924(5) A a= 90° 
b = 25.868(5) A p= 90° 
c = 29.116(6) A 7 = 90° 
18019(6) A3 
8 
2.171 Mg/m3 
11.643 mm' ̂  
10824 
0.35 X 0.2 X 0.1 mm3 
1.16 to 23.30°. 
-26<=h<=26, -28<=k<=25, 
-32<=1<=30 

75059 
12978 [R(int) = 0.1577] 
99.7 % 
Multiscan 
1 and 0.464517 
Full-matrix least-squares on F^ 
12978/436/714 
1.121 

R1 =0.0766, wR2 = 0.1963 
R1 =0.2141, wR2 = 0.3158 
2.410 and-2.435 e.A-3 
0.388e.A-3 
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Crystal data and structure refinement for 35. 
Identification code 35 
Empirical formula C287 H400 Cd CI3X F24 Nio O27 Pg Rei2 

Sb4 Scjft 
Formula weight 10570.19 
Temperature 170(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group I2/a 
Unit cell dimensions a = 36.949(2) A a= 90° 

b- 19.4415(13) A P=102.624(10)° 
c = 42.134(3) A 7 = 90° 

Volume 29535(3) A3 
A /v 

Density (calculated) 2.377 Mg/m3 
Absorption coefficient 7.767 min"l 
F(OOO) 20344 
Crystal size 0.30 X 0.30 X 0.10 mm^ 
Theta range for utilized data 1.19 to 20.85°. 
Limiting Indices -36<=h<=36, -19<-k<=19, 

-42<=1<=42 

Reflections utilized 94657 
Independent reflections 15483 [R(int) = 0.0793] 
Completeness to theta = 20.85° 99.5 % 
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.5105 and 0.2040 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 15483/ 1465/ 1116 
Goodness-of-fit on F^ 0.918 
Final R indices [I>2sigma(I)] R1 = 0.0443, wR2 = 0.1128 
R indices (all data) R1 -0.0703, wR2 = 0.1212 
Largest diff peak and hole 1.492 and -2.224 e.A-3 
RMS difference density 0.162e.A-3 
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Crystal data and structure refinement for 36. 
Identification code 
Empirical formula 

Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 25.78° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
RMS difference density 

36 
ClOl H98 Cd C12 N8 014 P4 Re6 
Se8 
3703.93 
170(2) K 
0.71073 A 
Triclinic 
P-1 
a= 18.4029(10) A a= 99.166(10)° 
b = 18.5309(9) A p= 117.996(10)° 
0= 19.1906(10) A 7 = 91.070(10)° 
5671.9(5) A3 
2 
2.169 Mg/m3 
9.291 mm-1 
3472 
0.20 X 0.20 X 0.05 mm^ 
1.26 to 25.78°. 
-22<-h<=13, -22<=k<=21, 
-23<-l<-23 
30363 
21093 [R(int) = 0.0316] 
96.7 % 
Semi-empirical from equivalents 
0.6537 and 0.2580 
Full-matrix least-squares on F^ 
21093/619/ 1180 
0.858 
R1 = 0.0395, wR2 = 0.0830 
R1 = 0.0887, wR2 = 0.0961 
1.988 and-1.411 e.A-3 
0.210e.A-3 



Crystal data and structure refinement for 37. 
identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 20.00° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff. peak and hole 
RMS difference density 
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37 
C81 H122 B2 N O P5 Re6 Se8 
3051.15 
170(2) K 
0.71073 A 
Orthorhombic 
Pbca 
a = 23.316(2) A a-90° 
b = 20.3713(18) A p= 90° 
c = 38.278(3) A Y= 90° 
18181(3) A3 
8 
2.229 Mg/m3 
11.291 mm-1 
11440 
0.10 X 0.10 X 0.05 mm^ 
1.06 to 20.00°. 
-22<=h<=22, -19<=k<=19, 
-36<=1<=36 

108523 
8491 [R(int) = 0.2170] 
100.0 % 
Semi-empirical from equivalents 
1.000 and 0.471862 
Full-matrix least-squares on F^ 
8491 / 960 / 937 
1.080 

R1 = 0.0675, wR2 = 0.1297 
R1 = 0.1009, wR2 = 0.1421 
2.623 and-1.831 e.A-3 
0.283e.A-3 
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Crystal data and structure refinement for 38. 
Identification code 38 
Empirical formula C32 H84 F12 04 P4 Re6 Sb2 SeS 
Formula weight 2877.25 
Temperature 170(2) K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group P2(l)/n 
Unit cell dimensions a = 15.0089(12) A p

 II o
 0 

b = 15.5578(12) A p=l 13.026(10)' 
c = 15.3548(12) A 7 = 90° 

Volume 3299.8(4) A3 

Li 
Density (calculated) 

Z 

2.896 Mg/m3 
Absorption coefficient 16.336 mm'l 
F(OOO) 2600 
Crystal size .1 X .1 X .1 mm3 
Theta range for utilized data 1.61 to 27.64°. 

Limiting Indices -19<=h<-19, -20<=k<=20, 
-19<=l<-20 

Reflections utilized 39664 
Independent reflections 7671 [R(int) = 0.0621] 
Completeness to theta = 27.64° 99.8 % 
Absorption correction None 
Max. and min. transmission 1 and 0.676592 
Refinement method Full-matrix least-squares on F^ 
Data / restraints / parameters 7671 /21 /307 
Goodness-of-fit on F^ 1.064 
Final R indices [I>2sigma(I)] R1 = 0.0367, wR2 = 0.0706 

R indices (all data) R1 = 0.0542, wR2 = 0.0755 

Largest diff. peak and hole 1.677 and-1.226 e.A-3 
RMS difference density 0.221e.A-3 



Crystal data and structure refinement for 39. 
identification code 
Empirical formula 
Formula weight 
Temperature 
Wavelength 
Crystal system 
Space group 
Unit cell dimensions 

Volume 
Z 
Density (calculated) 
Absorption coefficient 
F(OOO) 
Crystal size 
Theta range for utilized data 
Limiting Indices 

Reflections utilized 
Independent reflections 
Completeness to theta = 27.98° 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on 
Final R indices [I>2sigma(I)] 
R indices (all data) 
Largest diff peak and hole 
RMS difference density 

215 

39 
C82 H124 B2 N O P5 Re6 Se8 
3065.17 
170(2) K 
0.71073 A 
Orthorhombic 
Pbca 
a = 23.2438(18) A a= 90° 
b = 20.4871(16) A p= 90° 
c = 38.355(3) A y = 90° 

18265(2) A3 
8 
2.229 Mg/m3 
11.240 mm'l 
11504 
0.30 X 0.20 X 0.10 mm3 
1.06 to 27.98°. 
-30<=h<=30, -27<=k<=26, 
-50<=1<=50 

222383 
21918 [R(int) = 0.1000] 
99.6 % 
Semi-empirical from equivalents 
1 and 0.3224 
Full-matrix least-squares on F^ 
21918/0/946 
1.031 
R1 = 0.0387, wR2 = 0.0624 
R1 = 0.0650, wR2 = 0.0684 
2.259 and-1.030 e.A-3 
0.194e.A-3 



216 

REFERENCES 

1. Gabriel, J. C. P.; Boubekeur, K.; Uriel, S.; Batail, P. Chem. Rev. 2001,101, 2037. 

2. Sailo, T. J. Chem. Soc. Dalton Trans. 1999, 97. 

3. Mingos, D. M. P.; May, A. S. In The Chemistry of Metal Cluster Complexes', Shriver, 
D. F.; Kaesz, H. D.; Adams, R. D., Eds.; VCH: New York, 1990, p 11. 

4. Jackson, J. A.; Newsham, M. D.; Worsham, C.;Nocera,D. G. Chem. Mater. 1996,8, 
558. 

5. Cotton, F. A.; Wilkinson, G. Advanced Inorganic Chemistry, 5; 5; John Wiley and Sons: 
New York, 1988, p 1074. 

6. Gray, H. B.; Maverick, A. W. Science 1981, 214, 1201. 

7. Lehn, J.-M. Supramolecular Chemistry: Concepts and Perspectives', VCH: Weinheim, 
1995. 

8. Steed, J. W.; Atwood, J. L. Supramolecular Chemistry, Wiley: Chichester, U.K., 2000. 

9. Lehn, J. M. Science 1985. 227, 849. 

10. Whitesides, G. M.; Boncheva, M. Proc. Nat. Acad. Sci. 2002, 99, 4769. 

11. Monger, F. M. Proc. Nat. Acad. Sci. 2002, 99, 4818. 

12. Philp, D.; Stoddart, J. F. Angew. Chem. Int. Ed. Engl. 1996, 35, 1154. 

13. Gray, T. G.; Holm, R. H. Inorg. Chem. 2002, 41, 4211. 

14. Dietrich, B.; Sauvage, J. P. New J Chem. 1988,12, 725. 

15. Davis, A. V.; Yeh, R. M.; Raymond, K. R. Proc. Nat. Acad. Sci. 2002, 99, 4793. 

16. Hof, F.; Rebek, J. J. Proc. Nat. Acad Sci. 2002, 99, 4775. 



217 

17. Yaghi, O.; O'Keeffe, M.; Kanatzidis, M. J. Solid State Chem. 2000,152,1. 

18. Yaglii, O.; Li,H.;Davis,C.;Richardson,D.;Groy,T. Acc. Chem. Res. 1998,51,474. 

19. Hayward, R. C. Chem. Soc. Rev. 1983,12, 285. 

20. Lehn, J. M. Pure Appl. Chem. 1978, 50, 871. 

21. Trend, J. E.; Kipke, C. A.; Rossman, M; Yafuso, M. P., S. L. U.S. Pat. No. 5,474,143, 
1993. 

22. Rebek, J., Jr. Acc. Chem. Res. 1999, 32, 278. 

23. Evmeyer, F.; Vogtle, F. Inclusion Compounds', Atwood, J. L.; Davies, J. E. D.; 
MacNicol, D. D., Eds.; Adacemin Press: London, 1991, pp 263-282. 

24. Pedersen, C. J. J. Am. Chem. Soc. 1967, 89, 7017. 

25. Bender, M. L.; Komiyama, M. Cyclodextrin Chemistry, Springer-Verlag; Berlin, 1978. 

26. Michl, J.; Magnera, T. F. Proc. Nat. Acad. Sci. 2002, 99, 4788. 

27. Zaworotko, M. Crystal Engineering: The Design and Application of Functional 
Solids; Seddon, K.; Zaworotko, M., Eds.; Kluwer: Dordrecht, 1999. 

28. Seidel, S. R.; Stang, P. J. Acc. Chem. Res. 2002, 35, 972. 

29. Ercolani, G. M., L.; Mencarelli, P.; Roelens, S. J. Am. Chem. Soc. 1993,115, 3901. 

30. Eddaoudi, M.; Moler, D.; Li, H.; Chen, B.; Reineke, T.; O'Keeffe, M.; Yaghi, O. Acc. 
Chem. Res. 2001, 34, 319. 

31. Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.; Yaghi, O. 
Science 2002, 295, 469. 

32. Kang, J.; Rebek, J., Jr. Nature 1996, 382, 239. 

33. Kang, J.; Santamaria, J.; Hilmersson, G.; Rebek, J., Jr. J. Am. Chem. Soc. 1998,120, 
3650. 



218 

34. Fujita, M.; Yazaki, J.; Ogura, K. Chem. Lett. 1991, 1031. 

35. Long, J. R.; Williamson, A. S.; Holm, R. H. J. Am. Chem. Soc. 1996,118, 4603. 

36. Long, J. R.; Williiimson, A. S.; Holm, R. H. Angew. Chem. Int. Ed. Engl. 1995,34,226. 

37. Wilier, M. W.; Long, J. R.; McLauchlan, C. C.; Holm, R. H. Inorg. Chem. 1998, 37, 
328. 

38. Cotton, F. A.; Lin, C.; Murillo, C. A. Arc. Chem. Res. 2001, 34, 759. 

39. Larina, T. V.; Ikorskii, V. N.; Vasenin,N.; Aniifricnko, V.; Naumov, N.; Ostanina, E. V.; 
Fedorov, V. E. Russ. J. Coord. Chem. 2002, 28, 554. 

40. Mironov, Y. V.; Cody, J. A.; Albrecht-Schmitt, T. E.; Ibers, J. A. J. Am. Chem. Soc. 
1997,119, 493. 

41. Zheng, Z.; Holm, R. H. Inorg. Chem. 1997, 5^,5173. 

42. Selby, H. D.; Zheng, Z.; Gray, T. G.; Holm, R. H. //jorg. Chim. Acta 2001, 312, 205. 

43. Yoshimura, T.; Chen, Z.-N.; Itasaka, A.; Abe, M.; Sasaki, Y.; Ishizaka, S.; Kitamura, N.; 
Yarovoi, S. S.; Solodovnikov, S. F.; Fedorov, V. E. Inorg. Chem. 2003, 42, 4857. 

44. Kobayashi, N.; Ishizaka, S.; Yoshimura, T.; Kim, H.-B.; Sasaki, Y.; Kitamura, N. Chem. 
Lett. 2000, 234. 

45. Yoshimura, T.; Ishizaka, S.; Sasaki, Y.; Kim, H.-B.; Kitumura, N.; Naumov, N. G.; 
Sokolov, M. N.; Fedorov, V. E. Chem. Lett 1999, 1121. 

46. Arratia-Perez, R.; Hemandez-Acevedo, L. J. Chem. Phys. 1999,110, 2529. 

47. Gabriel, J. C.; Boubekeur, K.; Batail, P. Inorg. Chem. 1993, 32, 2894. 

48. Wang, R.; Zheng, Z. J. Am. Chem. Soc. 1999,121, 3549. 

49. Guilbaud, C.; Deluzet, A.; Domercq, B.; Molinie, P.; Coulon, C.; Boubekeur, K.; Batail, 
P. Chem. Commun. 1999, 1867. 



219 

50. Gray, T. G.; Rudzinski, C. M.; Noccra, D. G.; Holm, R. H. Inorg. Chem. 1999, 38, 
5932. 

51. Gray, T. G.; Rudzinski, C. M.; Meyer, E. E.; Holm, R. H.; Nocera, D. G. J. Am. Chem. 
Soc. 2003,125, 4755. 

52. Coontz, R.; Fahrenkamp-Upperbrink, J.; Szuromi, P. Science 2003, 299,1683. 

53. Yoon, T. P.; Jacobsen, E. N. Science 2003, 299, 1691. 

54. Schoemaker, H. E.; Mink, D.; Wubbolts, M. G. Science 2003, 299, 1694. 

55. Fedin, V. P.; Fedorov, V. E.; Imoto, H.; Saito, T. Polyhedron 1997,16, 1615. 

56. Tulsky, E. G.; Long, J. R. Inorg. Chem. 2001, 40, 6990. 

57. Naumov, N. G.; Virovets, A. V.; Sokolov, M. N.; Artemkina, S. B.; Fedorov, V. E. 
Angew. Chem. Int. Ed. 1998, 37, 1943. 

58. Batail, P.; Ouahab, L.; Penicaud, A.; Lenoir, C.; Perrin, A. C. R. Acad. Sci. Ser. 21987, 
304, 1111. 

59. Cotton, F. A. Quarterly Reviews 1966, 20, 389. 

60. Saito, T. In Early Transition Metal Clusters with Pi Donor Ligands; Chisholm, M. H., 
Ed.; VCH: New York, 1995, p 63. 

61. Schafer, H.; von Schnering, H. G. Angew. Chem. 1964, 20, 833. 

62. Chevrel, R.; Sergent, M.; Prigent, J. J. Solid State Chem. 1971, 3, 515. 

63. Opalovskii, A. A.; Fedorov, V. E.; Lobkov, E. U.;. Russ. J. Inorg. Chem. 1971,16, 
790. 

64. Leduc, L.; Perrin, A.; Sergent, M. C. R. Acad. Sci. Paris, Ser. 2 1983, 296, 961. 

65. Emirdag-Eanes, M.; Ibers, J. A. Inorg. Chem. 2002, 41, 6170. 

66. Hughes, H. K.; Wade, K. Coord Chem. Rev. 2000,197, 191. 



220 

67. Jena, P.; Khanna, S. N.; Rao, B. K. Understanding Chem. React. 1995,12, 123. 

68. Prokopuk, N.; Shriver, D. F. Adv. Inorg. Chem. 1999, 46, 1. 

69. Yaghi, O. M.; Scott, M. J.; Holm, R. H. Inorg. Chem. 1992, 31, 4778. 

70. Zheng, Z.; Long, J. R.; Holm, R. H. J. Am. Chem. Soc. 1997,119, 2163. 

71. Jin, S.; Venkataraman, D.; DiSalvo. F. J. Inorg. Chem. 2000, 39, 2747. 

72. Zheng, Z.; Gray, T. G.; Holm, R. H. Inorg. Chem. 1999, 38, 4888. 

73. Baudron, S. A.; Deluzet, A.; Boubckeur, K.; Batail, P. Chem. Commun. 2002, 2124. 

74. Beauvais, L. G.; Shores, M. P.; Long, J. R. J. Am. Chem. Soc. 2000,122, 2763. 

75. Shores, M. P.; Beauvais, L. G.; Long. J. R. J. Am. Chem. Soc. 1999,121, 775. 

76. Beauvais, L. G.; Shores, M. P.; Long, J. R. Chem. Mater. 1998,10, 3783. 

77. Artemkina, S. B.; Naumov, N. G.; Virovcts, A. V.; Gromilov, S. A.; Fenske, D.; 
Fedorov, V. E. Inorg. Chem. Commun. 2001, 4, 423. 

78. Naumov, N. G.; Sokolov, M. N.; Imoto, H.; Saito, T.; Fedorov, V. E. J. Struc. Chem. 
2001, 42, 326. 

79. Naumov, N. G.; Soldatov, D. V.; Ripmeester, J. A.; Artemkina, S. B.; Fedorov, V. E. 
Chem. Commun. 2001, 571. 

80. Ttasaka. A.; Abe, M.; Yoshimura. T.; Tsuge. K.; Suzuki, M.; Imamura, T.; Sasaki, Y. 
Angew. Chem. Int. Ed. 2002, 41, 463. 

81. Roland, B. K.; Carter, C.; Zheng, Z. J. Am. Chem. Soc. 2002,124, 6234. 

82. Chen, Z.-Z.; Yoshimura, T.; Abe, M.; Tsuge, K.; Sasaki, Y.; Ishizaka, S.; Kim, H.-B.; 
Kitamura, N. Chem. Eur. J. 2001, 7, 4447. 

83. Yoshimura, T.; Ishizaka, S.; Umakoshi, K.; Sasaki, Y.; Kim., H.-B.; Kitamura, N. Chem. 
Lett. 1999, 697. 



221 

84. Chen, Z.-N.; Yoshimura, T.; Abe, M.; Sasaki, Y.; Ishizaka, S.; Kim, H.-B.; Kitamura, 
N. Angew. Chem. Int. Ed. 2001, 40, 239. 

85. Yoshimurd, T.; Umakoshi, K.; Sasaki, Y.; Ishizaka, S.; Kim, H.-B.; Kitamura, N. Inorg. 
Chem. 2000, 39, 1765. 

86. Cram, D. J. Science 1983, 219, 1177. 

87. Cram, D. J. Nature 1992, 356, 29. 

88. Lehn, J. M.; Behr, J. P. J. Chem. Soc. Chem. Commun. 1978, 949. 

89. Lehn. J. M. Acc. Chem. Res. 1978,11,49. 

90. Breslow, R. Science 1982, 218, 532. 

91. Kellogg, R. M. Topics Curr. Chem. 1982,101, 111. 

92. Tabushi, I.; Yamamura, K. Topics Curr. Chem. 1983,113, 145. 

93. Breslow, R.; Dong, S. D. Chem. Rev. 1998, 98, 1997. 

94. Brackmaim, S. Biophys. Chem. 1997, 66, 133. 

95. Alberts, B.; Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J. D. Molecular Biology 
of the Cell, Garland: New York, 1994. 

96. Fuhrhop, J.-H.; Koning, J. Membranes and Molecular Assemblies: The Synkinetic 
Approach', The Royal Society of Chemistry: Cambridge, U.K., 1994. 

97. Balladini, R.; Balzani, V.; Credi, A.; Gandolfl, M. T.; Venturi, M. Acc. Chem. Res. 2001, 
34, 445. 

98. Kaifer, A. E.; Gomez-Kaifer, M. Supramolecular Electrochemistry, 1999. 

99. Balzani, V.; Credi, A.; Venturi, M. Froc. Nat. Acad. Sci. 2002, 99, 4814. 

100. Brunsveld, L.; Flomcr, B. J. B.; Meijer, E. W.; Sijbesma, R. P. Chem. Rev. 2001,101, 
4071. 



222 

101. Lehn, J.-M. Supramolecular Polymers; Ciferri, A., Ed.; Dekker: New York, 2000, p 
615. 

102. Desiraju, G. R. The Crystal as a Supramolecular Entity, Perspectives in 
Supramolecular Chemsitry; Wiley: Chichester, U.K., 1995. 

103. Thomas, E. L. Science 1999,286,1307. 

104. Dance, I. New J. Chem. 2003, 27, 1. 

105. Houk, K. N.; Menzer, S.; Newton, S. P.; Raymo, F. M.; Stoddart, J. F.; Williams, D. J. 
./. Am. Chem. Soc. 1999,121, 1479. 

106. Fischcr, E. Ber. Dt. Chem. Ges. 1894, 27, 2985. 

107. Proulxcurry. P. M.; Chasteen, N. D. Coord. Chem. Rev. 1995,144, 347. 

108. Eigen, M. Self-Organizing Systems; Plenum: New York, 1971. 

109. Whitesides, G. M.; Simanek, E. E.; Gorman, C. B. NATO Advanced Study Institute on 
Chemical Synthesis: Gnosis to Prognosis; Chatgilialoglu, C.; Snieckus, V., Eds.; 
Kluwer: Dordrecht, the Netherlands, 1996, p 565. 

110. Lu, Y.; Yin, Y.; Xia, Y. Adv. Mater. 2001,13, 409. 

111. Duan, X.; Huang, Y.; Cui, Y.; Wang, J.; Lieber, C. M. Nature 2001, 409, 66. 

112. Bachtold, A.; Hadley, P.; Nakanishi, T.; Dekker, C. Science 2001,294, 1317. 

113. Swiegers, G. F.; Malefeste, T. J. Chem. Rev. 2000,100, 3483. 

114. Saalfrank, R. W.; Demleitner, B. Perspectives in Supramolecular Chemistry; Sauvage, 
J.-P., Ed.; Wiley: Chichester, U.K., 1999. 

115. Albrecht, M. Chem. Rev. 2001,101, 3457. 

116. Stoddart, J. F.; Tseng, H.-R. Proc. Nat. Acad. Sci. 2002, 99, 4797. 

117. Sauvage, J.-P. Acc. Chem. Res. 1990, 23, 312. 



223 

118. Amabilino, D. B.; Stoddart, J. F. Chem. Rev. 1995, 95, 2725. 

119. Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J. F. Angew. Chem. Int. Ed. 2000,39, 
3348. 

120. Lehn, J.-M.; Rigault, A.; Siege), J.; Harrowfield, J.; Chevrier. Proc. Natl. Acad. Sci. 
1987, 84, 2565. 

121. Youinou,M. T.; Rahmouni, N.; Fischer, J.; Osbom, J. A. Angew. Chem. Int. Ed. Engl. 
1992, 31, 733. 

122. Fuchs, R.; Habermann, N.; Klufers, P. Angew. Chem. Int. Ed. Engl. 1993, 32, 852. 

123. Fujita, M.; Yazaki, J.; Ogiira, K. J. Am. Chem. Soc. 1990,112. 

124. MacGillivray, L.; Atwood, J. L. Angew. Chem. Int. Ed. 1999, 38, 1018. 

125. Maverick, A. W.; Klavetter, F. E. Inorg. Chem. 1984, 23, 319. 

126. Dietrich-Buchbecker, C.; Sauvage, J.-P.; Kintzinger, J. P. Tetrahedron Lett. 1983,24, 
5095. 

127. Ogino, H. J. Am. Chem. Soc. 1981,103, 1303. 

128. Stang, P. J.; Cao, D. H. J. Am. Chem. Soc. 1994,116, 4981. 

129. Stang, P. J.; Cao, D. H.; Saito, S.; Arif, A. M. J. Am. Chem. Soc. 1995,117, 6273. 

130. Stang, P. J. Chem. Eur. J. 1998, 4, 19. 

131. Stang, P. J.; Olenyuk, B. Acc. Chem. Res. 1997, 30, 502. 

132. Caulder, D. L.; Raymond, K. N. J. Chem. Soc., Dalton Trans. 1999, 1185. 

133. Sun, S.-S.; Anspach, J. A.; Lees, A. J. Inorg. Chem. 2002, 41, 1862. 

134. Stricklen, P. M; Volcko, E. J.; Verkade, J. G. J. Am. Chem. Soc. 1983,105, 2494. 

135. Jones, C. J. Chem. Soc. Rev. 1998, 27, 289. 



224 

136. Belanger, S.; Keefe, M. H.; Welch, J. L.; Hupp, J. T. Coord. Chem. Rev. 1999,190,29. 

137. Slone, R. V.; Benkstein, K. D.; Belanger, S.; Hupp, J. T.; Guzei, I. A.; Rheingold, A. L. 
Coord. Chem. Rev. 1998,171, 221. 

138. Woessner, S. M.; Helms, J. B.; Houlis, J. F.; Sullivan, B. P. Inorg. Chem. 1999, 38, 
4380. 

139. Fan, J.; Whiteford, J. A.; Olenyuk, B.; Levin, M. D.; Stang, P. J.; Fleischer, E. B. J. Am. 
Chem. Soc. 1999,121, 2741. 

140. Sun, S.-S.; Silva, S. A.; Brinn, I. M.; Lees, A. J. Inorg. Chem. 2000, 39,1344. 

141. Zhang, Y.; Wang, S.; Enriglit, G. D.; Breeze, S. R.J. Am. Chem. Soc. 1998,120,9398. 

142. Slone, R. V.; Hupp, J. T. Inorg Chem. 1997, 36, 5422. 

143. Leininger, S.; Olenyuk, B.; Stang, P. J. Chem. Rev. 2000,100, 853. 

144. Cotton, F. A.; Daniels, L. M.; Lin, C.; Murillo, C. A. J. Am. Chem. Soc. 1999,121, 
4538. 

145. Stang, P. J.; Whiteford, J. A. Res. Chem. Intermed. 1996, 22, 659. 

146. Onitsuka, K.; Yamamoto, S.; Takahashi, S. Angew. Chem. Int. Ed. 1999, 38,174. 

147. Oshio,H.; Tamada, O.; Onodera, H.;Ito, T.;lkoma, T.; Tero-Kubota, S.Inorg. Chem. 
1999, 38, 5686. 

148. Jeong, K.-S.; Cho, L. Y.; Song, J. U.; Chang, H.-Y.; Choi, M.-G. J. Am. Chem. Soc. 
1998,120, 10982. 

149. Matthews, C. J.; Avery, K.; Xu, Z.; Thompson, L. K.; Zhao, L.; Miller, D. O.; Biradha, 
K.; Poirier, K.; Zaworotko, M. J.; Wilson, C.; Goeta, A. £.; Howard, J. A. K. Inorg. 
Chem. 1999, 38, 5266. 

150. Sun, S.-S.; Lees, A. J. J. Am. Chem. Soc. 2000,122, 8956. 



225 

151. Lee, S. B.; Hwang, S. G.; Chung, D. S.; Yun, H.; Hong, J.-I. Tetrahedron Lett. 1998, 
39, 873. 

152. Fujita, M.; Nagao, N.; lida, M.; Ogata, K.; Ogura, K. J. Am. Chem. Soc. 1993,115, 
1574. 

153. Slone, R. V.; Yoon, D. L; Calhoun, R. M.; Hupp, J. T. J. Am. Chem. Soc. 1995,117, 
813. 

154. Benkstein, K. D.; Hupp, J. T.; Stem, C. L. Inorg. Chem. 1998, 37, 5404. 

155. Desiraju, G. R. Ace. Chem. Res. 2002, 35, 565. 

156. Subramanian, S.; Zawarotko, M. J. Coord. Chem. Rev. 1994,137,357. 

157. Rivas, J. C. M.; Brammer, L. Coord. Chem. Rev. 1999,183, 43-80. 

158. Aakeroy, C. B. Acta Crystallogr. 1997, B53, 569. 

159. Fyfe, M. C. T.; Stoddart, J. F. Acc. Chem. Res. 1997, 30, 393. 

160. Conn, M. M.; Rebek, J. Chem. Rev. 1997, 97, 1647. 

161. Russell, V. A.; Ward, M. D. Chem. Mater. 1996, 8,1654. 

162. Fredericks, J. R.; Hamilton, A. D. Compr. Supramol. Chem. 1996, 9, 565. 

163. Whitesides, G. M.; Simanek, E. E.; Mathias, J. P.; Seto, C. T.; Chin, D. N.; Mammen, 
M.; Gordon, D. M. Acc. Chem. Res. 1995, 28, 37. 

164. Lawrence, D. S.; Jiang, T.; Levett, M. Chem. Rev. 1995, 95, 2229. 

165. Aakeroy, C. B.; Beatty, A. M. Aust. J. Chem. 2001, 54, 409. 

166. Burrows A. D.; Chan, C.-W.; Chowdhry, M. M.; McGrady, J. E.; Mingos, D. M. P. 
Chem. Soc. Rev. 1995, 24, 329. 

167. Qin, Z.; Jennings, M. C.; Puddephatt, R. J. Inorg. Chem. 2001, 40, 6220. 

168. Beatty, A. M. CrystEngComm 2001, 51, 1. 



226 

169. Wilton-Ely, J. D. E. T.; Schier, A.; Mitzel, N. W.; Schmidbaur, H. J. Chem. Soc., Dalton 
Trans. 2001, 7, 1058. 

170. Kurth, D. G.; Fromm, K. M.; Lehn, J.-M. Eur. J. Inorg. Chem. 2001, 6, 1523. 

171. MacDonald, J. C.; Dorrestein, P. C.; Pilley, M. M.; Foote, M. M.; Lundburg, J. L.; 
Henning, R. W.; Schultz, A. J.; Mason, J. L. J. Am. Chem. Soc. 2000,122,16292. 

172. Gianneschi, N. C.; Tiekink, E. R. T.; Rendina, L. M. J. Am. Chem. Soc. 2000,122, 
8474. 

173. Sigel, R. K. O.; Freisinger, E.; Metzger, S.; Lippert, B. J. Am. Chem. Soc. 1998,120, 
12000. 

174. Kumar, R. K.; Balasubramanian, S.; Goldberg, I. Chem. Commun. 1998, 1435. 

175. .Tames, S. L.; Mingos,D. M. P.; Xu, X.; White, A. J. P.; Williams, D. J. J. Chem. Soc., 
Dalton Trans. 1998, 1335. 

176. Rivas, J. C. M.; Brammer, L. New J. Chem. 1998, 22, 1315. 

177. Aakeroy, C. B.; Beatty, A. M.; Leinen, D. S. J. Am. Chem. Soc. 1998,120, 7383. 

178. Schauer, C. L.; Matwey, E.; Fowler, F. W.; Lauher, J. W. J. Am. Chem. Soc. 1997, 
119, 10245. 

179. Carlucci, L.; Ciani, G.; Prosperio, D. M.; Sironi, A. J. Chem. Soc., Dalton Trans. 1997, 
1801. 

180. Munakata, M.; Wu, L. P.; Yamamoto, M.; Kuroda-Sowa, T.; Maekawa, M. J. Am. 
Chem. Soc. 1996, 7/5,3117. 

181. Chandrasekhar, V.; Nagendran, S.; Bansal, S.; Cordes, A. W.; Vij, A. Organometallics 
2002, 21, 3297. 

182. Kuang, S.-M.; Fanwick, P. E.; Walton, R. A. J. Chem. Soc., Dalton Trans. 2002,12, 
2501. 

183. Deluzet, A.; Rousseau, R.; Guilbaud, C.; Granger, I.; Boubekeur, K.; Batail, P.; Canadell, 
E.; Auban-Senzier, P.; Jerome, D. Chem. Eur. J. 2002, 8, 3884. 



I l l  

184. Zaworotko, M. J. Chem. Commun. 2001,1. 

185. Prokopuk, N.; Weinert, C. S.; Siska, D. P.; Stem, C. L.; Shriver, D. F. Angew. Chem. 
Int. Ed. 2000, 39, 3312. 

186. SMART Reference Manual Version 5.0; Bruker AXS Inc.: Madison, WI, USA, 2000. 

187. SHELXTL Reference Manual Version 5.0; Bruker AXS Inc.: Madison, WI, USA, 2000. 

188. SAINT Reference Manual Version 5.0; Bruker AXS Inc.: Madison, WI, USA, 2000. 

189. Mironov, Y. V.; Fedorov, V. E.; McLauchran, C. C.; Ibers, J. A. Inorg. Chem. 2000, 
39, 1809. 

190. Itasaka, A.; Abe, M.; Yoshimura, T.; Tsuge, K.; Suzuki, M.; Imamura, T.; Sasaki, Y. 
Angew. Chem. Int. Ed. 2002, 37, 1943. 

191. Bennett, M. V.; Beauvais, L. G.; Shores, M. P.; Long, J. R. J. Am. Chem. Soc. 2001, 
123, 8022. 

192. Roland, B. K.; Selby, H. D.; Carducci, M. D.; Zheng, Z../. Am. Chem. Soc. 2002,124, 
3222. 

193. Kim, Y.; Park, S.-M.; Nam. W.; Kim, S.-J. Chem. Commun. 2001, 1470. 

194. Toriumi, Y.; Kasuya, A.; Itai, A. J. Org. Chem. 1990, 55, 259. 

195. Kuehi, C. J.; Tabellion, F. M.; Arif, A. M.; Stang, P. J. Organometallics 2001,40,1956. 

196. Brosset, C. Arkiv. Kemi. 1945, A20. 

197. Fedin, V. P.; Virovets, A. V.; Sykes, A. G. Inorg. Chim. Acta 1998, 271, 228. 

198. Allen, F. H.; Kennard, O. Chem. Des. Autom. News 1993, 8,31. 

199. Furlan, R. L. E.; Otto, S.; Sanders, J. K. M. Proc. Nat. Acad. Sci. 2002, 99, 4801. 

200. Decurtins, S.; Pellaux, R.; Antorrena, G.; Palacio, F. Coord. Chem. Rev. 1999,190-192, 
841. 



228 

201. Braga, D.; Grepioni, F.; Desiraju, G. Chem. Rev. 1998, 98, 1375. 

202. Aakeroy, C.; Beatty, A. Aust. J. Chem. 2001, 54, 409. 

203. Selby, H. D.; Roland, B. K.; Carducci, M. D.; Zheng, Z. Inorg. Chem. 2003,42,1656. 

204. Braga, D. Dalton 2000, 21, 3705. 

205. Holliday, B.; Mirkin, C. Angew. Chem., Int. Ed. 2001, 40,2022. 

206. Constable, E. NATO ASISeries; Ser. C; vol. 448, 1994, p 81. 

207. Ward, M.; McCleverty, J.; Jeffrey, J. Coord. Chem. Rev. 2001, 222, 251. 

208. Moulton, B.; Zaworotko, M. Coord. Chem. Rev. 2001,101, 1629. 

209. Robson,R.; Abrahams,B.; Batten, S.; GableR.W.;Hoskins, B.; Liu, J.ACSSymp. Ser. 
1992, 499, 256. 

210. Fujita, M. Chem. Soc. Rev. 1998, 27, 417. 

211. Batten, S.; Robson, R. Angew. Chem. Int. Ed. 1998, 37, 1460. 

212. Janiak, C. Angew. Chem., Int. Ed. Engl. 1997, 36, 1431. 

213. Denti, G.; Serroni, S.; Camapagna, S.; Juris, A.; Ciano,M.; Balzani, V. Perspectives in 
Coordination Chemistry; Williams, A.; Floriani, C.; Merbach, A., Eds.; VCH: New 
York, 1992. 

214. Alivisatos, P.; Barbara, P.; Castleman, A.; Chang, J.; Dixon, D.; Klein, M.; McLendon, 
G.; Miller, J.; Ratner, M.; Rossky, P.; Stupp, S.; Thompson, M..Adv. Mater. 1998,10, 
1297. 

215. Kim, J.; Chen, B.; Reineke, T.; Li, H.; Eddaoudi, M; Moler, D.; O'Keeffe, M.; Yaghi, 
O. J. Am. Chem. Soc. 2001,123, 8239. 

216. Bourne, S. A.;Lu, J.;Mondal, A.; Moulton, B.; Zaworotko,M. Angew. Chem., Int. Ed. 
imi, 40,2111. 

217. Hagrman, P.; Hagrman, D.; Zubieta, J. Angew. Chem., Int. Ed. 1999, 38, 2638. 



218. 

219. 

220. 

221. 

222. 

223, 

224. 

225, 

226, 

227, 

228, 

229, 

230, 

231, 

232, 

233, 

234, 

229 

Copp, S.; Holman, K.; Sangster, J.; Subramanian, S.; Zavvorolko, M. J. Chem. Soc., 
Dalton Trans. 1995, 2233. 

Seo, J.; Whang, D.; Lee, H.; Jun, S.; Oh, J.; Jeon, Y.; Kim, K. Nature 2000,404, 982. 

Bera, J.; Smucker, B.; Walton, R.; Dunbar, K. Chem. Commun. 2001, 2562. 

Chisholm, M. Acc. Chem. Res. 2000, 33, 53. 

Lei, X.; Wolf, E. E.; Fehlner, T. P. Eur. J. Inorg. Chem. 1998, 1835. 

Shores, M.; Beauvais, L.; Long, J. Inorg. Chem. 1999, 38, 1648. 

Beauvais, L.; Shores, M.; Long, J. J. Am. Chem. Soc. 2000,122, 2763. 

Bennett, M. V.; Shores, M. P.; Beauvais, L. G.; Long, J. R. J. Am. Chem. Soc. 2000, 
122, 6664. 

Naumov, N.; Artemkina, S.; Virovets, A.; Fedorov, V. J. Solid State Chem. 2000,153, 
195. 

SADABS: Bruker, 2000. 

Selby, H. D.; Orto, P.; Carducci, M. D.; Zheng, Z. Inorg. Chem. 2002, 41, 6175. 

Spek, A. Acta Cryst. A 1990, 46, C34. 

Roland, B.; Carter, C.; Zheng, Z. J. Am. Chem. Soc. 2002,124, 6234. 

Zheng, Z.; Selby, H. D.; Roland, B. K. Acta Cryst. E 2001, 57, ill. 

Hennig, H. Coord. Chem. Rev. 1999,182, 101. 

Chanon, M.; Schiavello, M. Jn Homogeneous Photocatalysis; Chanon, M., Ed.; John 
Wiley and Sons: New York, 1997, p 1. 

Kutal, C. MHomogeneous Photocatalysis; Chanon, M., Ed.; John Wiley and Sons: New 
York, 1997, p 135. 



230 

235. Julliard, M. In Homogeneous Photocatalysis; Chanon, M., Ed.; John Wiley and Sons: 
New York, 1997, p 222. 

236. Kamat, P. V.; Vinodgopal, K. In Organic and Inorganic Photochemistry, Ramamurthy, 
v.; Schanze, K. S., Eds.; Marcel Dekker, Inc.; New York, 1998, p 307. 

237. McGirapsey, W. G. In Inorganic and Organic Photochemistry; Ramamurthy, V.; 
Schanze, K. S., Eds.; Marcel Dekker, Inc.; New York, 1998, p 249. 

238. Schanze, K. S.; Walters, K. A. In Inorganic and Organic Photochemistry, 
Ramamurthy, V.; Schanze, K. S., Eds.; Marcel Dekker, Inc.; New York, 1998, p 75. 

239. Jackson, J. A.; Mussel, R. D.; Nocera, D. G. Inorg. Chem. 1993, 32, 4643. 

240. Kukushkin, Y. V.; Pombeiro, A. J. L. Chem. Rev. 2002,102, 1771. 

241. Dunn, P. J. Comprehensive Organic Functional Group Transformations', Katritzky, 
A. R.; Meth-Cohn, O.; Rees, C.;, Eds.; Elsevier: Oxford, 1995, p 741. 

242. Bokach, N. A.; Kukushkin, V. Y.; Kuznctsov, M. L.; Gamovskii, D. A.; Natile, G.; 
Pombeiro, A. J. L. Inorg. Chem. 2002, 41, 2041. 

243. Bokach, N. A.; Kukushkin, V. Y.; Haukka, M.; da Silva, J. J. R.; Pombeiro, A. J. L. 
Inorg. Chem. 2003, 42, 4603. 

244. Kaminskaia, N. V.; Guzei, I. A.; Kostic, N. M. J. Chem. Soc., Dalton Trans. 1998, 
3879. 

245. Eglin, J. L. Comments Inorg. Chem. 2002,13, 23. 

246. Neuman, D.; Paraskevopoulou, P.; Psaroudakis, N.; Mertis, K.; Staples, R. J.; 
Stavropoulos, P. Inorg. Chem. 2000, 39, 5530. 

247. McGaff, R. W.; Dopke, N. C.; Hayashi, R. K.; Powell, D. R.; Treichel, P. M. 
Polyhedron 2000,19, 1245. 

248. Mironov, Y. V. Eur. J. Inorg. Chem. 1999, 997. 


