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CHAPTER 1 

Metal Cluster-Supported Supramolecular Design and Discovery 
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Supramolecular chemistry, the "chemistry beyond the molecule", is based on the 

notion of creating novel structural and functional extended systems by linking prefabricated 

molecular or ionic building blocks via intermolecular interactions such as hydrogen bonding 

and metal-ligand coordination, among others.' Distinct aims and goals of this relatively 

nascent yet highly futuristic endeavor include (1) strategic and methodological concerns; (2) 

aesthetically motivated supramolecular synthesis based upon symmetry, topology, and 

network properties; and (3) efforts directed toward functional materials of practical 

importance. 

The practice of supramolecular chemistry can be divided into three steps (Scheme 

1.1). From the top down, the first step concerns the conception of a specific synthetic target. 

The primary impetus is the potential application of the supramolecular system to be realized. 

Such applications can be fundamental, practical, or simply derived from intellectual 

curiosity. The second step is to identify an appropriate building block or blocks for the 

targeted supramolecule. This is more or less in line with the strategy of retro-synthesis 

extensively employed in synthetic organic chemistry. The principal consideration involved 

in the design of these building blocks is whether these preformed components are capable 

of engaging in noncovalent interactions, as alluded to above, which will eventually lead to 

the formation of the supramolecular systems. Generally speaking, suitably functionalized 

building blocks are not commercially available, and therefore, need to be synthesized from 
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easily accessible starting materials. This constitutes the third step in this top-down scheme 

of rational supramolecular design. However, one should realize that, in principle, the 

creation of any supramolecules takes a "bottom-up" approach. By judiciously designing the 

building blocks and making use of various intermolecular forces to assemble these individual 

construction pieces, one has enormous control over the structure, property, and ultimately, 

function of the eventual supramolecular systems. 

Scheme 1.1 

Structural or Functional 
Supramolecular Systems 

properties 

Assembly Strategies 

Building Blocks C built-in 
functionalities. 

/\ 

accessibility 
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Extensive research in the past few decades has produced numerous supramolecular 

constructs, many of which are not only of consummate structural beauty, but also have 

interesting and potentially useful properties?"'" In the course of such studies, chemists have 

learned a great deal of the principles of supramolecular design, namely the intermolecular 

forces that glue the building blocks together." Although there are certainly underlying 

principles and design rules yet to be discovered, further development in the immediate future 

of this highly interdisciplinary research field appears to hinge upon our creativeness to design 

and synthesize building blocks in order to manipulate and utilize the known intermolecular 

forces. 

In light of this observation, over the past few years, the Zheng group has been 

focusing on the development of metal cluster-based building blocks and their applications 

for supramolecular construction. The term "cluster" takes on many meanings within the field 

of chemistry. To inorganic chemists, the definition most generally recognized is the one 

provided by Cotton, namely, "compounds containing a finite group of metal atoms which are 

held together entirely, mainly, or at least to a significant extent, by bonds directly between 

the metal atoms, even though some nonmetal atoms may be associated intimately with the 

cluster".'^ Sometimes for the sake of convenience, dinuclear complexes with metal-metal 

bonds are included as the starting point of the group clusters. The community has become 

increasingly forgiving, however, and under many circumstances, accepts the inclusion of 

polynuclear complexes such as polyoxometallates and oligomeric species of main group 

elements, [Al(OPr')3]4 for example, as clusters; the metal atoms are merely brought together 

through the agency of bridging ligands in these compounds. 
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The unique structural and functional properties of a metal cluster, both propitious to 

supramolecular design, are easily appreciated. First and foremost, the availability of multiple 

metal sites in a cluster allows for site-differentiation, that is, selective binding of purpose-

specific ligands. A range of building blocks with systematically varied and rigidly fixed 

stereochemistry may be realized. The fixed stereochemistry imparts the shape and 

directionality critical to supramolecular synthesis. In contrast, supramolecular construction 

relying on the coordination of single metal ions is frequently complicated by flexible 

coordination. Fixing the stereochemistry of monocluster complexes usually constitutes the 

first, although nontrivial, step in the design of the building blocks. The expanded size of a 

cluster constitutes a second attractive feature of this unique class of building blocks, as 

dimensionally enlarged molecular or polymeric assemblies are expected. This aspect is 

particular attractive for the preparation of porous solids with extra large pores - a class of 

materials that are being vigorously pursued for potential separation, storage, and sensing 

applications. Further, in terms of making functional supramolecular systems, metal clusters 

are unique and attractive because, in addition to the anticipated magnetic, electronic, optical, 

or catalytic properties associated with mononuclear metal complexes, clusters frequently 

exhibit interesting and potentially useful traits that are inherent to metal-metal bonded 

species. Thus, the efforts to build cluster-supported supramolecular structures are expected 

to offer many fascinating research problems with potentially significant ramifications. A 

number of groups have investigated the supramolecular chemistry of certain metal cluster 

systems. In some cases interesting properties and potentially important applications of the 

supramolecular materials have been identified. For example, Yaghi and coworkers 
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synthesized porous metal-organic frameworks supported by zinc carboxylate clusters 

showing capacity of methane and hydrogen storage.Using a trinuclear zinc cluster 

complex with an enantio-pure carboxylate ligand, homo-chiral metal-organic porous 

materials have been realized by Kim and coworkers for enantio-selective separation and 

catalysis.'^ More recently, Cotton and coworkers have elaborated supramolecular 

constructions using metal-metal bonded dimeric clusters as building blocks.'^ In a similar 

capacity, Shriver and coworkers have applied hexanuclear clusters containing the [MOg^Uj-

Cl)g]''^ core and bridging 4,4'-bipyridine ligands for the preparation of microporous xerogels 

that are capable of size-selective ion exchange.They have also created network structures 

of the hexamolybdenum clusters mediated by hydrogen bonding interactions.^" Utilizing the 

structurally related octahedral tungsten cluster anion [W6(u3-S)8(CN)(i]^" as a cluster complex-

based ligand, three-dimensional extended coordination networks with a number of transition 

metal ions have recently been obtained.^' 

Stimulated by these previous efforts and also by the potential applications of metal 

chalcogenide clusters for heterogeneous catalysis, photovoltaics, and semiconductor 

fabrication,^^ this dissertation work focuses on supramolecular construction by employing 

as building blocks the hexarhenium chalcogenide clusters containing the [Re6(//3-Q)8]^"^ (Q 

= S, Se, Te) core;^^'^"* these clusters structurally resemble the well-known superconducting 

Chevrel phases.^^ 

The 24-electron, face-capped cluster core can be viewed as an octahedron of 

rhenium atoms enclosed in a cube formed by substitutionally inert chalcogenide ligands 
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(Figure 1.1). Using the dimensional reduction protocol,halide-terminated clusters of the 

general formula [Re6(//3-Q)8X5]''" (X = CI, Br, I; Q = S, Se) are obtained from high-

temperature solid-state sjaithesis.^'-^^ 

Figure 1.1. The structure of the [Re6(//3-Q)8]^^ cluster core shown with terminal ligands (T). 

The foundation of this cluster system's application in supramolecular sjmthesis is its 

favorable synthetic chemistry. Unlike their well-known isomorphs of the earlier transition 

metal halides or chalcogenides,^^'^" these clusters are stable to aerobic handling and vigorous 
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sjoithetic conditions, yet labile enough that multiple-step, solution-phase transformations are 

easily accomplished.^'"^® It has been found that the terminal halides of the starting cluster 

undergo facile ligand substitution reactions with triethylphosphine to yield site-differentiated 

complexes of the general formula [Reg(u3-Q)g(PEt3)„Xg_„]'""'''^ (Q = S: « = 2-6, X = Br"; Q = 

Se: n = 4-6, X = I") (Scheme 1.2).^''^'' Subsequent de-halogenation in coordinating media L, 

often a coordinating solvent, leads to corresponding derivatives of the general formula 

[Re6(«3-Q)8(PEt3)„L6_„]^^ with unperturbed stereochemistries (L = acetonitrile, Scheme 

1.3).^'"^" The weakly coordinated solvent molecules offer increased reactivity for further 

chemical transformations. In the context of supramolecular design, the halide clusters can 

be viewed as the starting materials while the cluster solvates serve as the immediate 

precursors to the final supramolecular constructs via an appropriate assembly strategy. Of 

course, the cluster solvates can be further converted into other derivatives; with the desired 

functions for the final step of synthesis, these new derivatives, rather than the solvates, are 

now the building blocks. 

More attractive from the perspective of creating novel functional materials are the 

interesting electrochemical andphotophysical properties of these clusters. A reversible, one-

electron oxidation event is typically observed.^^'^^ The parent and oxidized clusters exhibit 

markedly different absorption characteristics, and more intriguingly, both are luminescent 

and the luminescence is dependent on both the oxidation state and coordination environment 

of the cluster.^®"''® These interesting traits, though not yet fully understood due largely to the 

complicated electronic structures of the cluster system, suggest the possibility of tuning the 
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absorption and emission characteristics of the cluster by altering electrochemical conditions. 

For example, electrochromic and electroluminescent materials featuring these clusters may 

be envisaged."'-"^ 

PEt, 

Scheme 1.2 

1 

PEta (6 eq.)/DMF 

reflux, 72 hrs 
chromatography 
(silica gel) 

PEto 

PEt, 

PEt3 

Eta LL 
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Scheme 1.3 

[Re6(//3-Se)8(PEt3)j6-A7] + AgSbFe/MeCN 

NCMe 
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MeC 
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8 

Indeed, the well-behaved chemistry and interesting electrochemical and 

photophysical properties have made these clusters the subject of recent intensive research. 

Recent literature has seen some impressive demonstrations of cluster-expanded networks 

with remarkable properties. For example, Long'*^'^^ and Fedorov''® have independently 
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prepared cyano ligand-bridged [RegC/ij-Q)^]^^ cluster-metal framework solids, including 

cluster-expanded Prussian blue analogues by Long and coworkers/^ Some of these materials 

display rather interesting host-guest chemistry that maybe usefiil for sensory applications/'*''^^ 

Using the cluster core as a scaffold, Sasaki and coworkers attached six porphyrin units as 

ligands to the central cluster.''^ Kim and coworkers have prepared framework structures of 

manganese complexes utilizing the cyano complexes of the hexarhenium clusters as 

ligands,and have shown the potential of these arrays of metalloporphyrins to catalyze the 

oxidation of alkenes to epoxides.'" 

Rather than relying on a single highly symmetric building block such as 

[Re6(/^3-Q)8(CN)g]''", more extensive and versatile supramolecular chemistry may be 

anticipated with the use of stereospecific cluster complexes featuring two different types of 

terminal ligands, one of which serves to protect certain metal sites, while the other provides 

the reactive sites necessary for subsequent supramolecular construction.The cluster core's 

relative inertness prohibits stereochemical scrambling, ensuring a fixed geometry for a given 

isomer, hi effect, the site-differentiated clusters form a set of rigid building blocks with 

defined geometry that limit the structural possibilities of a multicluster array upon assembly 

and effectively eliminates the flexibility that frequently complicates supramolecular synthesis 

based on mononuclear and even dinuclear complexes.'^ 

The relevant stereospecific precursors for the supramolecular chemistry currently 

undertaken in the Zheng group are the acetonitrile solvates of the general formula [Re6(//3-

Se)8(PEt3)„(MeCN)6_„]^"^ {« = 0 (5), 4 [trans- (6) and cis- (7)], 5 (8)}, readily prepared by de-

iodination of the corresponding [Re6(u3-Se)8(PEt3)„l6_„]*""'''"' complexes with AgSbF^ in the 
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presence of MeCN (Scheme 1.3).^^"^^ hi our investigation, these conveniently prepared 

solvates have acted as the geometric basis. 

Their applications in actual supramolecular construction fall into two distinct 

methodologies, hi one approach, the solvates react with specific multitopic ligands to create 

arrays, wherein a number of clusters are "condensed" by the bridging ligands with 

concomitant expulsion of the acetonitrile molecule(s) from the cluster solvates.^^'""'® The 

second method, representing something of a paradigm shift, entails solvent displacement by 

ligands that bear additional functional groups capable of secondary (with respect to primary 

cluster hgation) non-covalent interactions, such as hydrogen bonding and metal-ligand 

coordination.^^"®" hi this way, multicluster arrays mediated by the secondary interactions can 

be fabricated. 

Some previous efforts have provided stimulation for the present work. Zheng and 

Holm have conceived and realized several dumbbell-shaped diclusters featuring two units 

of [Re6(a3-Se)g(PEt3)5]^^ bridged by dipyridyl-based ditopic ligands (Scheme 1.4).^^ In 

addition, the first examples of molecular squares composed of four comer-occupying clusters 

and four bridging ligands have recently been prepared by Selby and coworkers (Scheme 

1.5)." hi addition to the appealing structures, these soluble, highly charged entities with 

nanosized pores invite examination of their potential of guest binding and activation, with 

an eye to possibilities in separation technology and homogeneous catalysis. 
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Detailed in this dissertation are the design, synthesis, characterization, and property 

investigation of a number of discrete and preprogrammed supramolecular architectures 

utilizing structurally well-defined hexanuclear octahedral rhenium chalcogenide clusters as 

the fiandamental building blocks. Distinctly different from the aforementioned cluster 

dumbbells or cluster squares, the cluster arrays discussed herein are geometrically divergent, 

expanding into two and three dimensions. In Chapter 2, the construction of a molecular 

Tinkertoy set consisting of site-differentiated cluster solvates and two pyridyl-based star-

shaped multitopic ligands is described.'" The design, synthesis, and characterization of two-

dimensional tri- and tetraclusters stationed at these planar platforms will be presented. 

Metallation of one of these novel cluster arrays, the tetrapyridylporphyrin-supported 
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tetracluster, is detailed in Chapter 3. Electronic spectroscopy and electrochemical studies 

of these cluster-studded metallophorphyrins are presented and discussed in the spirit of 

possibly designing new metalloporphyrin catalysts. The efforts to extend the molecular 

Tinkertoy approach to constructing even more sophisticated supramolecular systems, namely, 

cluster-supported dendritic architectures are detailed in Chapter 4. The very first examples 

of bona fide metallodendrimers of clusters featuring cluster building blocks at the core, 

within the branch, and on the periphery of a dendritic framework are presented/® Also 

provided is the successful application of ^^Se NMR techniques for the structural 

determination of these unique multicluster arrays, whose characterization is otherwise 

difficult.®' The work presented in Chapters 2-4 aims at creating novel supramolecular 

systems with the hope of identifying interesting and potentially useful properties; the 

research is therefore exploratory in nature. Representing a somewhat unconventional 

supramolecular design, cluster-polymer hybrid materials have been prepared by co-

polymerization of judiciously designed cluster-based monomers and styrene, and the 

demonstration-of-feasibility synthesis is detailed in Chapter 5. The characterization and 

electrochemical studies of these novel inorganic-organic hybrid materials is also discussed.®^ 

This particular research project puts our synthetic efforts into an even broader context of 

supramolecular design and discovery, and offers a glimpse of what may be achieved in this 

exciting and rapidly growing research area. 

Although we have explored a range of structural types and their synthetic methods, 

often with interesting and unexpected results, we are only at the beginning of a very exciting 

journey. With continuing efforts from our group and others, we anticipate many new 
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discoveries and rapid advancement of the chemistry of the [Re60u3-Q)g]^^ cluster chemistry 

and supramolecular chemistry in general. 

IpEta [2+ 

EtsP-... 

NCMe 

Scheme 1.5 

NCMe 

PEta 

CIC6H5/CH2CI2 
reflux, 72 hrs 

PEta PEta [8+ 

PEta 

PEta 

PEta PEta 



28 

CHAPTER 2 

Star-Shaped Supramolecular Arrays of the [Reg(M3-Se)8]^^ Core-Containing Clusters 

Abstract 

The reaction between the tritopic hgand 2,4,6-tri(4-pyridyl)-l, 3, 5-triazine (11) and 

[Re6(w3-Se)8(PEt3)5(MeCN)](SbF6)2 (8), a hexarhenium(ni) selenide cluster complex site-

differentiated with five inert PEtj and one substitutionally labile MeCN ligands, produced 

a star-shaped tricluster array (13). An analogous reaction involving the same cluster solvate 

and 5, 10, 15, 20-tetra(4-pyridyl)-21//, 23//-porphine (12) led to the formation of a 

tetracluster array (14), where the component cluster units are supported by the tetratopic 

ligand. These novel "clusters of clusters" were characterized by microanalysis (CHN), NMR 

('H and ^'P), and MALDI-TOF mass spectrometry. Their molecular and solid-state 

structures were determined crystallographically. Cyclic voltammetry revealed one 

chemically reversible oxidation step corresponding to simultaneous removal of one electron 

firom each of the cluster units. Attempts to create other extended arrays utilizing preformed 

multiclusters similar to 13 and 14 were made, and the preliminary results will be presented. 
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2.1 Introduction 

One of the ultimate goals of supramolecular chemistry is to construct electronic, 

photonic, or mechanical devices using well-defmed molecular. Although the applications 

of such molecular machinery remain in the realm of speculation, the challenges it presents 

have inspired the development of various synthetic strategies. One of these techniques is the 

creation of molecular "Tinkertoy" kits (analogous to the children's toy sets) which permits 

the assembly of complicated obj ects from a limited number of cormectors and rods. In recent 

years, much attention has been devoted to the research of supramolecular arrays whose 

construction kit contains well-defmed geometrical and functional cormectors and rods that 

allow for precise control over the geometry and incorporation of specific properties within 

the resulting structure.®''^ 

Present in the literature are numerous choices for both the connectors and rods. A 

rod can be a linear molecule that contains moieties at either end to permit coupling with 

connectors (a. Figure 2.1).®^'®^ Cormectors canbe divided into two broad categories, "points" 

and "stars"(b. Figure 2.1)^''''^'^^ Point connectors are bare central units with multitopic 

reactive sites capable of linking rod molecules at regular angles in a plane. Connectors of 

this tj^e are typically transition metals ions or complexes. Although a large number of such 

connectors exist, most have limited synthetic use due largely to the lack of geometrical 

control about the central unit, hi contrast, applications of star-shaped connectors have been 

very successful. Such a connector features a center carrying three or more rigid arms with 

terminal functionalities capable of coupling to a rod or to other star connectors. Planar star-
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shaped connectors featuring a number of metal-coordinating sites arranged at fixed angles, 

11 and 12 (Figure 2.2), for example, can introduce structural sophistication, such as 

branches, angles, or loops which are necessary for constructing geometrically complex 

supramolecules. 

HOOC GOGH 

Figure 2.1. Examples of (a) rods and (b) connectors. 
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Two- and three-dimensional coordination polymers have been prepared using pyridyl-

based star connectors.^'^'^^"^^ However, there are problems associated with assemblies of this 

kind. First, the geometry ofthe resulting structure can be difficult to predict. Second, there 

is little ability to manipulate the structure once the array is formed. Finally, such large 

assemblies can be prone to solubility problems. As a solution, the preparation of discrete 

assemblies containing star connectors is becoming increasingly popular. For example, Lu 

and coworkers have prepared a neutral prismatic cage by connecting two star ligands to six 

alkoxo-bridged rhenium centers (Figure 2.3).^^ Solvatochromic properties of the cage have 

been demonstrated. Lindsey, Sanders, and others™"^^ have utihzed the molecular Tinkertoy 

methodology to create porphyrin and mixed porphyrin-phthalocyanine assemblies. The first 

of these arrays contains one central metalloporphyrin connector linked through alkynyl 

benzene rods to four other metalloporphyrins to form a large tetra-pointed star-shaped 

structure. Continued research in this area has culminated in the preparation of a 

supramolecular array composed of twenty-one linked porphyrins with a Mandala-type 

pattern (Figure 2A)P In efforts to incorporate other potentially useful properties into such 

supramolecular arrays, metal complexes have been attached to the periphery of 

porphyrins and phthalocyanines. These additional functional groups include ruthenium'"'^^ 

and osmium complexes'' and ferrocene'^ '"' (Figure 2.5). 



11 

Figure 2.2. Pyridyl-based star-shaped connectors. 

OR 

RO 

OR 

RO 
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OR 

Re 
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Figure 2.3. Structural rendering of a prismatic cage prepared by Lu and coworkers. 
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Metal clusters owing to their well-defined geometry and intrinsically interesting 

electronic, photophysical, magnetic, and catalytic properties are excellent choices for 

building functional supramolecular structures. Surprisingly, they have only recently been 

recognized in this capacity. 

1—M—N 

T 

,N—I ,N—I 

,NH 

;N—M—N \] N—I 

,N—1^—I 

Figure 2.4. A Mandala-type array of porphyrins. 
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For example, Toma and coworkers have prepared ^3-oxo-triruthenium clusters 

supported by a central tetrapyridylporphyrin.'"^"""' They have also studied extensively the 

interesting electrochemical properties of these novel materials. Applications of other 

potentially interesting clusters in a similar role may be envisioned. One candidate is the 

structurally well-defined hexanuclear clusters. Albeit a recent development in transition 

metal cluster chemistry, the [Reg(u3-Se)g]^^ core-containing clusters have received much 

attention due largely to their well-behaved chemistry and interesting electrochemical and 

photophysical properties. 

(H3N)5Rh, ,Rh(NH3)5 

(HjNjjRh^ Rh(NH3)5 
o> 

Figure 2,5. An example of a tetrapyridylporphyrin and a phthalocyanine peripherally 
modified by metal complexes. 
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This chapter describes the creation of a new molecular Tinkertoy set composed of 

solvates of the [Reg(w3-Se)g]^^ core-containing clusters and two star-shaped connectors. The 

assemblies of supramolecular arrays featuring multiple clusters stationed on the planar 

divergent connectors are also detailed here. The potentially interesting electronic structures 

of these cluster arrays add interest to these novel supramolecules. Furthermore, with 

appropriate modification to the cluster building blocks, formation of even more extended 

arrays of the clusters with new interesting properties may be possible. 
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General Considerations. 

5, 10, 15, 20-Tetra(4-pyridyl)-21i/, 23i/-porphine (12), (n-Bu4N)PFg, and AgSbFg 

were purchased from Aldrich and used as received. 2,4,6-tri(4-pyridyl)-l, 3,5-triazine (11) 

and clus ter  complexes  4 and 8 were prepared according to  publ ished procedures .^The 

silica gel (mesh size 200-400) used for column chromatography was purchased from Natland 

International Corporation, Research Triangle Park, North Carolina. 'H and NMR spectra 

were recorded on a Varian Unity-3 00 spectrometer in CD2CI2. Chemical shifts of ^ 'P spectra 

were referenced to 85% H3PO4 (§ = 0 ppm, with negative values meaning upfield). NMR 

resonance multiplicities are designated: s (singlet), d (doublet), t (triplet), q (quartet), and m 

(multiplet). Elemental analyses (CHN) were performed by Desert Analytics Laboratory, 

Tucson, Arizona. 

Complex 13. A mixture of 8 (274 mg, 0.0962 mmol) and 11 (10.0 mg, 0.0323 

mmol) in 30 mL of chlorobenzene was stirred under reflux for 72 hours. The orange-red 

residue obtained upon removal of solvent was dissolved in 5 mL of dichloromethane, and 

the solution was triturated with ether to give an orange-colored powder. Recrystallization 

(ether/dichloromethane) produced light-brown crystals. Yield; 200 mg (72.2%). 'H NMR: 

1.00-1.20(m), 2.10-2.30(m), 8.45(d), 9.56(s). ^^P NMR: -25.05(s), -28.59(s). MS: m/z 

2679.4 [M-SSbFg-]^ 1951.0 [M-4SbF6f+. Anal. Calcd. Re,8Se24P,5N6C,o8H238Sb6F36: C, 
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14.8; H, 2.72; N, 0.96. Found: C, 15.95; H, 2.82; N, 0.98. 

Complex 14 was obtained as a purple-red powder in a manner similar to complex 13 

except that 12 was used in place of 11. Upon recrystallization using ether and 

dichloromethane, dark red crystals were obtained Yield: 157 mg (82.0%). 'H NMR: -3.00 

(s), 1.05-1.30(m), 2.10-2.40(m), 8.18(d), 9.04(s), 9.72(d). ''P NMR: -23.64(s), -27.59(s). 

MS: m/z 2729.4 [M-4SbF6-]'^ 2137.9 [M-SSbF^f ̂  1742.5 [M-eSbF^f ̂  1459.2 [M-7SbF6-

Anal. Calcd. for Re24Se32P2oN8Ci6oH324Sb8F4g: C, 16.19; H, 2.73; N, 0.94. Found: C, 

16.50; H, 2.75; N, 0.98. 

rrans-[Re6(/^-Se)8(PEt3)4(MeCN)(I)](Sbr6) (15). To a solution of2 (479 mg, 0.193 

mmol) in 300 mL of dichloromethane was added a solution of AgSbFg (66.0 mg, 0.193 

mmol) in 10 mL of acetonitrile over 10 hours in a dark room maintained at 5 °C. The red 

residue obtained after removal of solvent was treated with 20 mL of dichloromethane. The 

resulting mixture was filtered through a plug of Celite, and the filtrate was collected. The 

red residue obtained upon removal of the solvent was subjected to flash column 

chromatography using silica gel and an eluting solvent of dichloromethane and acetonitrile 

(v/v 20:1; R^ 0.50). Yield: 329 g (65.4%). 'H NMR: 1.05-1.24(m), 2.10-2.30(m), 2.82(s). 

^^PNMR: -21.44(s). MS: m/z 2625.4 [M^. 

rra«s-[Re4(/^-Se)8(PEt3)4(isonicotinamide)(I)](SbFj) (16). A mixture of 15 (150 

mg, 0.0578 mmol) and isonicotinamide (240 mg, 1.96 mmol) in 50 mL of 

chlorobenzene/nitromethane ( v/v 5:1) was stirred under reflux for 12 hours. The orange-red 

residue obtained upon removal of the solvent was extracted using dichloromethane and 
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water (4 x 50 mL). The organic phase was dried over anhydrous MgS04. The red residue 

obtained upon removal of the solvent was subjected to flash column chromatography using 

silica gel and an eluting solvent of dichloromethane and acetonitrile ( v/v 5:1; Ry= 0.75). 

Yield: 142 mg (92.5%). 'H NMR: 1.05-1.24(m), 2.10-2.35(m), 6.42(s), 6.96(s), 7.58(d), 

9.39(d). NMR: -21.39(s). 

rrflns-[Re5(/^-Se)8(PEt3)4(isoiiicotinami{le)(MeCN)](Sbr6)2 (17). To a solution of 

16 (80 mg, 0.029 mmol) in 30 mL of dichloromethane/acetonitrile (v/v 1:1) was added 

AgSbFg (66 mg, 0.085 mmol). The mixture was stirred in a dark room maintained at 5 °C for 

30 minutes, exposed to light for 2 hours, and then filtered to afford a light orange solution. 

The red-orange residue obtained upon removal of the solvent was treated with 10 mL of 

dichloromethane. The resulting mixture was filtered through a plug of Celite, and the filtrate 

was collected. Upon recrystallization from ether and dichloromethane, orange-red crystals 

were obtained. Yield: 787 mg (93.1%). 'HNMR: 1.08-1.20(m), 2.24-2.35(m), 2.69(s), 

6.42(s), 6.98(s), 7.58(d), 9.36(d). ^'P NMR: -16.65(s). 

Other Physical Measurements. 

Electronic absorption spectra in dichloromethane solutions were recorded on a Perkin 

Elmer Lambda 10 spectrophotometer. Mass spectrometry data were collected on a Bruker 

Reflex III MALDI-TOF instrument. Dithranol (DTH) was used as the matrix. The samples 

were mixed with saturated DTH solutions in a 1:10 ratio so that the estimated sample/matrix 

ratio was about 1:100 on the MALDI plate. An N2 laser (337 run) was used to ionize the 

samples. The reflectron was used to achieve a good enough resolution (> 5000) to separate 
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the isotopes. The acquisition file was optimized for the range of m/z 1000-3500 by using a 

peptide mixture. Cyclic voltammograms were acquired with an EG&G Instruments 283 

potentiostat, using 500-/im diameter Pt working electrode, a Pt counter electrode, and an 

Ag/AgCl pseudo-reference electrode ireshly prepared by plating a thin layer of AgCl onto 

a Ag wire from a saturated KCl solution at 100 mV/s. («-Bu4N)PFg (0.1 M acetonitrile 

solution) was used as the supporting electrolyte. The working electrode was cleaned between 

each experiment by polishing with 0.3-^m alumina paste for 1 minute, followed by copious 

solvent rinses. After each voltammetric experiment, ferrocene was added (ca. 1 mM). An 

additional voltammogram was then recorded, and the potential axis was calibrated against 

the formal potential of the ferrocenium/ferrocene (Fc^/Fc) redox couple. 

An electrode was designed such that coulometry measurements could be made using 

the above setup for standard cyclic voltammetry, where the working electrode is simply 

replaced with a thin layer electrode (TLB) (Figure 2.6). A 0.25-mm diameter Pt wire was 

threaded through a 0.7-mm iimer diameter(ID) glass capillary tube and the distal end was 

fused, such that 6-mm of Pt wire extended beyond the distal end of the capillary. A 0.4-mm 

glass capillary tube was cut to 7 mm and was used to sheath the exposed Pt wire. A small 

kink in the wire near the distal end of the larger capillary was sufficient to hold the sheath 

in place, producing a thin open layer surrounding the wire with a theoretical gap of 75 fim 

and a volume of approximately 0.5 |j,L. The TLB was stabilized by threading the entire 

assembly through a fritted glass holder with an NMR septum cap. This entire assembly is 

placed in the solution cell, and the distal end is submerged (2-5 mm) into the analyte 
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solution, causing the solution to reproducibly fill the entire cavity created between the Pt 

wire and the small capillary as a result of capillary action. Thin-layer cyclic voltammograms 

were collected at 1 mV/s, and the cell volume was first calibrated using a 1 mM solution of 

ferrocene. 

Fritted glass holder 

1 
Small Glass Capillary 

Tube Sheathx 
0.4 ram ID 

Vfree=0-50nL 

/• 6 mm 

NMR Septum 

Large Glass Capillary Tuoe 
Sealed on distal end 

0.7 mm ID 

Figure 2.6. A sketch of the thin layer electrode. 

X-ray Structure Determinations. 

Single crystals suitable for X-ray diffraction were grown from a dichloromethane 

solution by ether vapor diffusion. A red rod of 13 having approximate dimensions of 0.15 

X 0.15 X 0.30 mm was mounted on a glass fiber in a random orientation. Data were collected 

on the SMART1000 system using graphite monochromated Mo Ka radiation (A,=0.71073A). 

Cell constants and an orientation matrix for integration were determined from 

reflections obtained in three orthogonal 5 ° wedges of reciprocal space. A total of 3736 

frames at 1 detector setting covering 0° < 20 < 60° were collected, having an omega scan 
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width of 0.2° and an exposure time of 30 seconds. The frames were integrated using the 

Bruker SAINT software package's narrow frame algorithm. A total of 91310 reflections 

were integrated and retained, of which 4640 were unique. Of the unique reflections, 2674 

(57.6%) were observed I>2a(I). Empirical absorption and decay corrections were applied 

using the program SADABS. 

The structure was solved using SHELXS in the Braker SHELXTL (Version 5.0) 

software package. Refinements were performed using SHELXL, and illustrations were made 

using XP and XShell. Solution was achieved utilizing direct methods followed by Fourier 

synthesis. Hydrogen atoms were added at idealized positions, constrained to ride on the atom 

to which they are bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that 

bonded atom. Due to the low data to parameter ratio, only the best defined atoms were 

refined anisotropically. The final anisotropic full-matrix least squares refinement based on 

of all reflections converged (maximum shift/esd = 0.011) at R1 = 0.1865, wR2 = 0.2792, 

and goodness-of-fit =1.115. "Conventional" refinement indices using the 2674 reflections 

with F > 4 C)(F) are R1 = 0.0910, wR2 = 0.1962. The model consisted of 543 variable 

parameters, 0 constraints, and 207 restraints. There were 24 correlation coefficients greater 

than 0.858. The highest and lowest peaks on the final difference map were 1.529 and -1.235 

O -5 

e/A , respectively. Scattering Factors and anomalous dispersion were taken from 

hitemational Tables Vol C Tables 4.2.6.8 and 6.1.1.4. 



2.3. Synthesis and Characterization 

42 

Utilizing the pentaphosphine-substituted nitrile solvate 8 and the star-shaped 

connectors 11 and 12, two-dimensional cluster-based supramolecules were obtained, wherein 

three or four cluster units are attached to the planar scaffold (13 and 14, Scheme 2.1). 

Spectroscopic and structural characterizations of these assemblies are discussed below. 

2.3.1. Synthesis of a Star-Shaped Tricluster 

This supramolecular complex features three units of [Re5(«3-Se)8(PEt3)5]^'^ attached 

to a central tritopic pyridyl-based ligand via N-Re coordination. The synthesis takes 

advantage of the substitutional lability of the coordinated nitrile molecule of 8 when reacted 

with pyridyl-based ligands (Scheme 1.4). Thus, reacting stoichiometric amounts of 8 and 11 

in chlorobenzene under reflux led to the displacement of the solvent ligand and the 

concomitant formation of the tricluster 13. This cluster array is soluble in dichloromethane, 

acetonitrile, and other common polar organic solvents to yield brown-red solutions. 

Several lines of spectroscopic evidence supported the successful production of 13. 

Upon formation of 13, the 'H signal of the coordinated nitrile of 8 disappears, indicating the 

displacement of the previously attached solvent molecule. This is accompanied by a new 

signal corresponding to the a-H of the coordinated pyridyl moieties at 9.56 ppm (top, a, 

Figure 2.7) which is shifted by 0.62 ppm downfield from that of the free ligand (bottom, a. 
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Figure 2.7). There is also a small but noticeable upfield shift of the p-H of the pyridyl 

moiety fi-om 8.62 to 8.45 ppm. The simplicity of the 'H NMR spectrum is consistent 

with the anticipated symmetric structure. The unsophisticated NMR spectrum of 13 (b, 

top, Figure 2.7), showing two resonances at -25.05 and -28.59 ppm in a 4:1 relative ratio 

consistent with the stereochemistry of apentaphosphine-substituted isomer, serves as fiirther 

evidence supporting the highly symmetrical construction. 

Scheme 2.1 

ICMe 

PEtj 

CIC8H5/CH2CI2 
reflux, 72 hrs 

14 

•PEtj EtaP 
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(a) (b) 

9.5 9.0 

PPM 

8.5 8.0 -20 -25 
PPM 

-30 

Figure 2.7. (a) 'H NMR spectra of 11 (bottom) and 13 (top). Only the aromatic resonances 
are shown, (b) NMR spectra of 8 (bottom) and 13 (top). 

MALDI-TOF mass spectrometry revealed two major envelopes centering at 2679.4 

and 1951.0 a.m.u, corresponding to the molecular ion less 3 and 4 counter ions, respectively 

(Figure 2.8). The existence ofthetricluster 13 is clearly suggested. The composition of 13 

is further confirmed by satisfactory elemental analyses (CHN). 



1951.0 

[M-4SbF6]''^ 

2000 2200 

Figure 2.8. MALDI-TOF mass spectrum of 13. 

[M-aSbFe]^'* 
2679.4 

2800 2400 2600 
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2.3.2. X-ray Structural Determination of 13 

Reported in Table 2.1 are the crystallographic data and structural refinement 

parameters. The metrical parameters describing the cluster core and its terminal bonding are 

summarized in Table 2.2. As shown in Figure 2.9, the [Reg(a3-Se)8]^^ cluster core consists 

of a regular Re^ octahedron which closely approaches symmetry and is concentric with 

an Scg cube. However, this symmetry is somewhat disrupted by the terminal ligands, which 

lie slightly and irregularly displaced from their ideal positions along the four-fold axes. The 

mean Re-Re bond distance of 2.623(5) A, is comparable to that observed in other [Re6(a3-

Se)g]^^ core-containing complexes and corresponds to a Re-Re single bond. The trigonal 

symmetry of the complex cation contributes to the trigonal symmetry of the space group. 

The packing is dominated by the formation of pseudo-dimers in which two cations interlock 

to form a unit. The two central rings in a pseudo-dimer unit are separated by 11.26 A. The 

distance between the mean planes of two closest rings in different pseudo-dimer units is 7.51 

A (Figures 2.10 and 2.11). Within a unit cell there are four layers, each of which contains 

one complex cation and three anions. The remaining cations and solvent fit in between 

layers and between pseudo-dimers in the same stack. 
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Table 2.1. Crystallographic Data and Structural Refinement of 13. 
Empirical formula Ci08H237F36Ng O9 05Pi5Rei8SbgSe24 

Formula weight 8897.73 

Crystal size 0.30 X 0.15 X 0.15 mm 

Crystal system Trigonal 

Space group P-31c 

Unit cell dimensions fl = 16.960(2) A 

b = 20.695(2) A 

c = 20.184(6) A 

Volume, Z 22822(4) k\ 4 

Density, calcd. Mg/m^ 2.590 

Abs. coeff, mm"' 14.196 

F(000) 16096 

Theta range for data collection 1.85 to 17.25° 

Limiting indices -22 < h < 22, -22 < k < 22, -31 < 1 < 31 

Reflections utilized 91310 

Independent reflections 4640 [R(int) = 0.2629] 

Data/restraint/parameter 4640/207/543 

GOF on 1.115 

R indices [/ > 2a(i)] R1 =0.0910, wR2 = 0.1962 

R indices (all data)" /?1 =0.1865, wi?2 = 0.2792 
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Table 2.2. Selected bond lengths (A) and angles (°) of 13. 
Bond lengths 

Re-Re 2.605(5)-2.642(5); mean 2.623 

Re-Se 2.466(10)-2.518(10); mean 2.498 

Re-P 2.45(15)-2.49(14); mean 2.47 

Re-N 2.17(3) 

Bond angles 

Re-N-C 120(2) and 120(2) 
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Figure 2.9. An ORTEP view (50% probability) showing two units of the cationic cluster 
core of 13, in a staggered disposition with a separation of 11.27 A between the central 
aromatic rings. Ethyl groups are omitted for clarity. Color schemes: C (gray), N (blue), 
P(purple), Re (green), Se (brown). 



Figure 2.10. Crystal packing of 13. 



Figure 2.11. Edge-on view of the crystal packing of 13. 
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2.3.3. Synthesis of the Tetrapyridylporphyrin-Supported Tetracluster Array 

The tetrapyridylporphyrin-supported cluster array 14 was prepared in an analogous 

manner to 13 with the substitution of the tritopic ligand for the tetratopic one. The formation 

of 14 is clearly established by comparative 'H and NMR studies of 14 and 8. Specifically, 

the proposed structure was confirmed by several spectroscopic methods. The 'H NMR 

spectrum, of 14 displays resonances due to the coordinated tetrapyridyl moiety. The a-H of 

the pyridyl portion of the porphyrin shifts from 9.05 for the free ligand to 9.72 ppm for 14 

(a, Figure 2.12). The |3-H also shifts downfield from 8.13 to 8.18 ppm, though it is less 

noticeable. The pyrrole protons are slightly shifted from 8.86 to 9.04 ppm. There is a peak 

at -3.00 ppm that is diagnostic of unmetallated porphyrins due to the two protons associated 

with the interior nitrogens. Corroborating is the disappearance of the resonance observed for 

8. The simplicity of the 'H NMR spectrum is consistent with the symmetry of the cluster 

array. Additional supporting evidence comes from the simple NMR spectrum (top, b. 

Figure 2.12) of 14 , which shows two resonances in a 4:1 ratio at -23.64 and -27.59 ppm, 

respectively. Tetracluster 14 has further been characterized by MALDI-TOF mass 

spectroscopy (Figure 2.13). A series of peaks corresponding to the loss of 4, 5, 6, and 7 

counter ions are observed at 2729.4, 2137.9, 1742.5, and 1459.2 a.m.u, respectively. 
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9.5 9.0 8.5 8.0 -20 -25 -30 

Figure 2.12. (a) 'H NMR spectra of 11 (bottom) and 14 (top). Only the aromatic resonances 
are shown, (b) NMR spectra of 8 (bottom) and 14 (top). 

Low-quality single crystals of 14 were obtained by slow evaporation of a 

concentrated nitromethane solution. Albeit a preliminary crystal structure, (Figure 2.14), it 

clearly shows four cluster units peripherally organized by the central tetrapyridylporphyrin 

platform to give a star-shaped structure. 
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Figure 2.13. MALDI-TOF mass spectrum of 14. 
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Figure 2.14. An ORTEP view of a preliminary structure of 14. 
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2.4. Electronic Spectroscopic Studies of Tri- and Tetraclusters 

The electronic absorption data for 13 and 14 at295 Kare collected inTable2.3. UV-

visible spectra of 8, 11, and 13 are shown in Figure 2.15. The poorly defined broad 

absorption between 250 and 500 nm is due to the ligand-to-cluster charge transfer.^' The 

absorption due to the organic moiety is obscured by the cluster absorption, reflecting the 

dominance of the charge-transfer transitions. 

Table 2.3. Electronic Absorption Data of 13 and 14. 

Complex 
Wavelength 

(nm) 
Absorbance 

Concentration 
(mol/L) 

£ 

(L mortem"') 

13 245 0.87790 3.32 X lO"*^ 266030.3 

14 644 0.00968 5128.2 

589 0.01917 10333.9 

553 0.03000 
1.85 xlO *^ 

16172.1 

517 0.05381 29007.3 

426 0.85280 459718.1 

The absorption spectra of 12 and 14 are shown in Figure 2.16, and are typical of this 

class of molecules. A strong transition to the second excited state (So ^ Sj) at 426 nm (the 

Soret or B band) and weak transitions to the first excited state (Sq ^ Sj) at 517, 553, 539, and 

664 nm (the Q bands) were observed. The B and Q bands both arise from tt-ti* transitions 
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and can be explained by considering the Gouterman four-orbital model(Figure 2.17): two 

7t orbitals (a,u and ^nd a degenerate pair of k* orbitals (Cg^ and Cgy). The two highest 

occupied tc orbitals happen to have about the same energy. Instead of almost coincident 

absorption bands due to a,„ Cgand aj^ Cg, these two transitions mix together by a process 

called configuration interaction, which results in two bands with very different intensities and 

wavelengths: Constructive interference leads to the intense short-wavelength B band, while 

destructive combinations lead to the weak long-wavelength Q band. The tetracluster array 

absorption spectrum shows a combination of 8 and the porphyrin Soret and Q-band, though 

upon coordination of the clusters, the absorption peaks are red shifted. This clearly shows 

that the fimdamental properties of both components remain intact upon formation of the 

supramolecular array, but interactions between these building blocks are significant. 

1 . 0  

0.8-

0 . 6 -

A 
0 . 4 -

0 . 2 .  
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220  3 0 0  4 0 0  5 0 0  600 700 

X / n m  

Figure 2.15. Electronic absorption of 8 ( ), 11 ( ), and 13 ( ). 
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Figure 2.16. Electronic absorption of 12 ( ) and 14 ( ). 
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Figure 2.17. The Gouterman four-orbital model and energy level representation of the 
electronic excitation of porphyrins. 
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2.5. Electrochemical Studies 

The abihty of the [Reg(«3-Se)g]^^ cluster core to undergo a one-electron oxidation is 

a well-known phenomenon. Zheng and coworkers^^'^^ have investigated the electrochemistry 

of mono- and dicluster derivatives. It has been concluded that there is very little difference 

in the oxidation potentials for derivatives with ligands of similar molecular structure. They 

also performed oxidative coulometry and discovered that in the 4,4'-dipyridyl bridged 

dicluster, two electrons, one from each cluster unit, are removed simultaneously. It has been 

postulated that this behavior arises as a consequence of the extended bridge which places the 

cluster cores too far apart from each other to interact. In an effort to explore the potential 

intercluster electronic coupling of the two supramolecular arrays, cyclic voltammetry and 

oxidative coulometry were performed. 

2.5.1. Cyclic Voltammetry 

Cyclic voltammetry results of four relevant cluster derivatives are presented in Figure 

2.18. The potential axis is referenced to the Fc'^/Fc redox couple (E° = 0.46 V vs. SCE; 0.70 

V vs. NHE). A reversible oxidation process is clearly visible for each of the cluster 

complexes. These derivatives, regardless of the number of cluster units, are oxidized at 

essentially the same potential that is also close to those reported for similar compounds 

containing the [Reg(//3-Se)g]^^ cluster core. 
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Figure 2.18. The overlay of cyclic voltammograms of 8 and three "clusters of clusters" (9, 
13, and 14) showing qualitatively the correlation of the number of cluster units and the 
number of electrons involved in the redox event. 

2.5.2. Coulometry 

With coulometry the quantity of electricity required to carry out an exhaustive 

electrolysis is determined.'"^ The amount of materials or the number of electrons involved 

in the electrolysis can then be determined. The method used to acquire the results reported 

here were obtained by thin-layer electrolysis using controlled potential methodology. To 

enable a successfiil experiment, three conditions must be satisfied: (1) It must be of known 

stoichiometry; (2) it must be a single reaction or at least without a side reaction of 
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different stoichiometry; and (3) it must occur with close to 100% efficiency. The following 

relationship (Equation 2.1) relates the total amount of charge passed (Q) to the number of 

electrons per redox event (n), where F is Faraday's constant, C is the bulk analyte 

concentration, and V is the cell volume. Table 2.4 summarizes the important values in 

determining the number of electrons transferred. It is clear from the value of n, there is no 

electronic communication existing between the cluster units of the tri- or tetracluster arrays, 

as simultaneous removal of three and four electrons, one fi"om each of the clusters, have been 

determined. 

Q = n F C V  (Eq.2.1) 

Table 2.4. Electrochemical Data. 

Complex vs. Fc^/Fc (V) Electrode Volume (jiL) Q/C (iiiC/mM) n 

1 0.69 0.466 40 0.9 

9 0.72 0.373 79 2.2 

13 0.71 0.415 119 3.0 

14 0.68 0.373 153 3.8 
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2.6. Attempts to Construct More Extended Supramolecular Arrays of Clusters 

By utilizing and manipulating hydrogen-bonding interactions between prefabricated 

cluster arrays similar to 13 and 14, the construction of new and more sophisticated 

supramolecular species is anticipated. The Recent surge of research activities aiming at the 

creation of inorganic-organic materials by assembling metal complexes through hydrogen 

bonds provides some inspiration. Below the efforts to create hydrogen-bonded extended 

structures utilizing prefabricated cluster arrays are discussed. 

The idea is to equip a prefabricated cluster Tinkeroty with functional groups that are 

capable of hydrogen-bonding interactions. The retrosynthesis of one such target is depicted 

in Scheme 2.2. The targeted tricluster 18 is different from 13 in that each of the three clusters 

possesses one isonicotinamide ligand that is known to engage in strong hydrogen-bonding 

interactions. The first step is to differentiate the two reactive sites of 2. This was 

accomplished by carefully controlhng the reaction temperature, the amount of AgSbF^ added, 

and the addition rate. The reaction mixture contained, not surprisingly, unreacted 2, the 

known disolvate 6, the desired complex 15, and Agl byproduct. The product was separated 

by column chromatography and its structure can be easily be established by a combination 

of 'H and NMR. Specifically, the 'H NMR shows (Figure 2.19), in addition to the 

resonances of the ethyl groups of the phosphine ligand, a signal at 2.82 ppm. This peak is 

due to the coordinated acetonitrile molecule. The ratio of these three resonances of 

12:8:1 (phosphine CH3: phosphine CH2: acetonitrile CH3) is in agreement with the structure 
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of 15. ^'P NMR spectrum, showing only one signal at -21.44 ppm, indicates retention of the 

trans stereochemistry of the cluster. 

The next step is the introduction of isonicotinamide to replace the nitrile ligand. 

Upon formation of complex 16, the resonance corresponding to the coordinated solvent 

molecule disappears, and a number of downfield signals appear. These signals arise from 

the coordinated isonicotinamide ligand. The coupling scheme shown by these resonances 

is one expected for isonicotinamide. Nevertheless, the coordination to a cationic cluster 

causes some distinct downfield shifts of these signals. The a-pyridyl proton appears at 9.36 

ppm with respect to its counterpart at 8.70 ppm in the free ligand. The P-H signals are less 

significantly shifted, upfield from 7.67 to 7.56 ppm. The two broad singlets due to the amide 

protons do not shift noticeably when compared to those of the free ligand. The integration 

of the signals agrees with the coordination of only one isonicotinamide ligand. 



Scheme 2.2 

tJCMe 

MeCN-

4^ 
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With 16 in hand, the remaining iodide can be displaced for a solvent molecule to 

achieve the reactivity necessary for its conversion into the tricluster. The synthesis of 17 was 

first attempted under the conventional de-iodination conditions (excess AgSbF^, 12 hours). 

However, the desired product could not be isolated. A mixture of inseparable products was 

formed instead. It has been found, however, by using only two equivalents of AgSbFg and 

a much shorter reaction time (30 minutes), 17 can be prepared in excellent yields. The 'H 

NMR spectrum of 17 is shown in Figure 2.19. As compared with 16, there is little change 

in the downfield region except that a new peak at 2.69 ppm due to a coordinated acetonitrile 

molecule now appears. The integration of the peaks provides additional confirmation of the 

stoichiometry. 

The final step is to transform 17 into a hydrogen-bonding-capable cluster array. The 

reaction between 17 and the tritopic star-shaped connector was thus carried out, using a 

procedure similar to the one used for the synthesis of 13. Unfortunately, despite the 

formation of 17, its isolation from the rather complicated product mixture, was unsuccessful. 

Several other solvent systems were used to vary the reaction temperature from 80°C to 

105°C. It was found that at 80°C or below, no reaction took place, but as the temperature 

became high enough to remove the coordinated acetonitrile, the isonicotinamide ligand also 

began to be exchanged. It was decided at this point that with the current knowledge of the 

reactivity of these clusters, it was not possible to create the desired molecules without also 

forming the undesired ligand-exchange products. Furthermore, the mixture could not be 

separated due to the similar properties of its components. 
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Figure 2.19. 'HNMR of 15 (bottom), 16 (middle), and 17 (top). 



2.7. Summary and Perspectives 
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In summary, two star-shaped cluster arrays have been successfully prepared. One 

features three [Reg(/^-Se)8]^^ cluster units organized by the tritopic ligand 2,4,6-tri(4-

pyridyl)-1,3,5 -triazine, while the second contains four cluster units supported by 5,10,15, 

20-tetra(4-pyridyl)-2 \H, 23if-porphine, a tetratopic scaffold. The synthetic approach, based 

upon step-wise build-up of metal clusters with organic linking groups, offers the potential 

for exquisite control over the structure of the final assembly. It has been found by cyclic 

voltammetric and coulometric studies that intercluster electronic couplings are negligible, 

if present at all, in these novel cluster arrays. Attempts to expand the discrete multiclusters 

into more extended and sophisticated supramolecular assemblies have also been made, but 

were not successful. Nevertheless, a number of potentially useful cluster precursors have 

been prepared, and other structurally unique cluster arrays may be possible by making use 

of these intermediates. Further investigation is needed to explore the potential application 

of the tritopic star assembly as octapolar non-linear optical materials.^®' 
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CHAPTER 3 

Cluster-Studded Metalloporphyrins: Spectroscopic and Electrochemical Studies 

Abstract 

Metallation of 14 with metal (Co^^, Ni^^, Cu^^, Zn^^) salts successfully produced the 

corresponding cluster arrays supported by the metallated porphyrins (19-22). These novel 

cluster complexes were characterized by microanalysis (CHN) and NMR spectroscopy ('H 

and ^^P). Detailed electrochemical studies revealed one chemically reversible oxidation 

event attributable to the simultaneous removal of four electrons, one from each of the four 

cluster units. In addition, the cyclic voltammetry of the Ni^"^ complex revealed a second 

oxidation event corresponding to two electrons, which can be ascribed to metal-based 

oxidation. For the Cu^^complex two additional oxidation events, each attributable to the loss 

of one electron, were observed. These cluster arrays have also been studied by UV-visible 

spectroscopy. The electronic spectra of Co^^, Ni^^, and Cu^^ complexes each show the 

absorptions due to the metalloporphyrins and the cluster complex. For the Zn^^ complex, 

solvatochromism was observed and its electronic absorption in a variety of solvents of 

different dielectric constants were studied. 
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3.1. Introduction 

Metalloporphyrins occupy a special position in catalysis. Over the years, metal 

complexes of specifically designed porphyrins have been synthesized, and their properties 

have been investigated including those related to catalysis. Specifically modified porphyrin 

systems have found use in diverse applications such as living polymerization initiators"""'^'' 

and efficient modeling of certain proteins and enzymes. 

Of specific interest is the rich chemistry associated with the tetrapyridylporphyrin 

(TPyP). The ability of this porphjTin to coordinate metal ions through the peripheral pyridyl 

nitrogens, combined with the photophysical and redox properties inherent to porphyrins, has 

made TPyP a popular choice for creating supramolecular arrays. One of the most interesting 

subareas within this field is the modification of TPyP with metal complexes, chosen for their 

propensity to serve as electron donors. The idea is to attach one, two, three, or four metal 

complexes to the periphery of the porphyrin. Upon oxidation of the metal centers, a total of 

four electrons could be donated to assist in the reduction of O2 to H2O (Equation 3.1). To 

this end, Anson, Toma, and their respective coworkers independently studied TPyPs 

modified by ruthenium complexes on the periphery. 

O 2  +  c a t a l y s t  — >  H 2 O 2  +  H 2 O  (Eq. 3.1) 
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M = Co, Mn 

(C) 

CH3-N 

(d) 

Figure 3.1. Representative ruthenium porphyrin complexes studied by Toma and Anson. 

Toma and coworkers'^^''^"* investigated systems that contain peripheral [Ru'"(edta)]^" 

groups attached to cobalt or manganese TPyP complexes (a, Figure 3.1, carbonyl oxygens 

removed for clarity). They demonstrated enhanced catalytic activity of the modified 

metalloporphyrin over the unsubstituted analog towards the four-electron reduction of 
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molecular oxygen. The first series of catalysts that Anson and coworkers studied were based 

on cobalt TPyP with four Ru(NH3)5^"^ moieties covalently bound through the pyridyl nitrogen 

(b, Figure 3.1).'^^ '^' Prior to ruthenation, the porphyrin complex catalyzes only the two-

electron reduction of Oj to H2O2. hi comparison, three-quarters of the O2 present was 

reduced to HjO and only one-quarter to HjOj when the ruthenated analog was utilized. This 

result was consistent with the notion that rapid intramolecular electron-transfer within the 

metal complex-modified metalloporphyrins converted the reduction of O2 from a two-

electron to a four-electron process. 

Anson and coworkers also synthesized cobalt porphyrins containing three or fewer 

ruthenium complexes to further explore the catalytic mechanism.'^^ '^' Experiments showed 

that only porphyrins with three or four ruthenium complexes gave the four-electron reduction 

product. This result was in conflict with their expectation because if intramolecular 

electron-transfer was indeed the correct mechanism, only one ruthenium group would be 

necessary to supply all of the electrons needed to produce the four-electron reduction 

product. They continued the investigation into this problem by preparing metalloporphyrins 

that contain four [Ru(edta)]^" groups.Since [Ru(edta)]^" is a significantly stronger 

reductant than [Ru(NH3)5]^^, [Ru(edta)]^" should engage in electron-transfer even more 

readily, but only H2O2 is formed under otherwise identical conditions. ICnowing that 

intramolecular electron-transfer was unlikely to be the correct catalytic mechanism, other 

sources for the enhanced catalytic activity of the porphjains were explored. 

The back-bonding argument seemed to provide a reasonable understanding of the 

above observations because [Ru(NH3)5]^"^ is a stronger back-bonder than [Ru(edta)]^'. To 



72 

explore this possibility, Anson and coworkers synthesized ruthenated cobalt porphyrins with 

the more strongly ti accepting 4-cyanophenyl ligands (c, Figure 3.1) instead ofpyridyls, and 

discovered that these molecules are indeed potent catalysts for the reduction of O2 to H2O. 

Since the amount of electron density transferred through back-bonding is dependant on 

the position of the cyano group on the phenyl ring, Anson and co-worker further prepared 

3-cyanophenyl porphyrin derivatives (d, Figure 3.1), which should have little electron density 

transferred via back-bonding. Indeed, these molecules did not catalyze the four-electron 

reduction of molecular oxygen. It has since been concluded that back-bonding rather than 

intramolecular electron-transfer is responsible for enhanced catalytic activity of the cobalt 

complex of the porphyrins. 

The recent work by Toma and coworkers focused on an extremely interesting area 

of research involving the synthesis and catalytic studies of supramolecular porphyrin species 

containing four |a,3-oxo-ruthenium acetate clusters (Figure 3.2).The first complex they 

reported was the manganese complex of the tetracluster porphyrin (MnTCP).'"^'"*^ They 

found that this compound efficiently catalyzed the selective epoxidation of cyclooctene 

(Equation 3.2), but its capcity is no better than the unsubstituted manganese porphyrin 

(MnTPyP). When MnTPyP was used as the catalyst for oxidation of cyclohexane (Equation 

3.3), a less reactive substrate, cyclohexanone and cyclohexanol resulted. However, the use 

of the Mn(TCP) catalyst led to the formation of cyclohexanol alone. It has been found that 

CoTCP, the analog of MNTCP, was also capable of efficiently reducing O2 to H2O. 
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Only one research group to date has used octahedral hexanuclear chalcogenide 

clusters in catalytic studies. Kim and coworkers'" reported the synthesis of a new rhenium 

cluster-containing Mn(TPP) (TPP = tetraphenylporphyrin dianion) complex where 

manganese(III)porphyrin units are linked through the axial position to the cluster via cyanide 

bridges to form discrete supramolecular assemblies shown in Figure 3.3. They evaluated the 

potential of this cluster-modified porphyrin array as a heterogeneous catalyst for the 

epoxidation of olefins with iodosylbenzene. It was found that cyclooctene was completely 

converted to cyclooctene oxide, in a much higher conversion ratio than the unsubstituted 

Mn(TPP) complex. Also, while only a trace amount of ^raw^'-stilbene was converted to the 

epoxide when Mn(TPP) was used, the epoxide was obtained in high yields when the cluster 

derivative was the catalyst. 

The results described above clearly demonstrate the propensity of porphjoin cluster 

supramolecular arrays to catalyze the epoxidation of olefins or the four-electron reduction 

of O2 to HjO. However, there is still much room for improvement in the selectivity, 

conversion rate, and overall stability of these catalytic systems. [Reg(/^-Se)8]^"^ cluster-

containing metalloporphyrins might have potential in this role and could further expand this 

research field. The focus of the research described in this chapter is to prepare new 

metalloporphyrins with the [Re6(//3-Se)g]^^ core-containing cluster attached to their periphery 

and to examine their photophysical and electrochemical properties. 



75 

Figure 3.3. The structure of [Mn(TPP)]4[Re6(//3-Se)8(CN)6].^'' Hydrogen atoms are omitted 
for clarity. 



3.2. Experimental Section 
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General Considerations. 

5, 10, 15, 20-Tetra(4-pyridyl)-21//, 23i/-porphine (12), («-Bu4N)PFg, and AgSbFg 

were obtained from Aldrich and used as received. Cluster complexes 4 and 8 were prepared 

according to published procedures.^The silica gel (mesh size 200-400) used for flash 

column chromatography was purchased from Natland International Corporation, Research 

Triangle Park, North Carolina. 'H and ^'P NMR spectra were recorded on a Varian AM-300 

spectrometer in CD2CI2. Chemical shifts of ̂ 'P spectra were referenced to 85% H3PO4 (5 = 

0 ppm, with negative values meaning up field). Elemental analyses (CHN) were performed 

by Desert Analytics Laboratory, Tucson, Arizona. 

Complex 19. A mixture of 14 (50.0 mg, 0.004 mmol) and Ni(C2H302)2*4H20 (60.0 

mg, 0.241 mmol) in 30 mL of chloroform was stirred under reflux for 48 hours. The red 

residue obtained upon removal of the solvent was extracted using dichloromethane and 

water. The combined organic phase was dried over MgS04. A purple-red residue was 

obtained upon removal of the solvent. Upon recrystallization from ether and 

dichloromethane purple-red crystals were obtained. Yield: 45 .0 mg (90.3%). 'H NMR: 6 

1.00-1.30 (m), 2.00-2.40 (m), 7.91 (d), 8.85 (s), 9.62 (d). ^'PNMR: 5 -19.50 (s), -22.79 (s). 

Anal.CalcdforRe24Se32P2oN8Ci6oH324NiSb8F43: C, 16.13;H,2.72;N,0.94. Found:C, 16.48; 

H, 2.89; N, 1.10. 
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Complex 20 was obtained as a purple powder in a similar manner to complex 19 

except that Cu(C2H302)2»H20 was used in place of Ni(C2H302)2*4H20. Yield: 0.046 g 

(92%). 'HNMR: 5 0.80-1.10 (m), 1.85-2.25 (m), 9.30 (bs). NMR: 6 -24.85 (s), -28.30 

(s). Anal. Calcd for Re24Se32P2oN8C,6oH324CuSb8F48: C, 16.12; H, 2.72; N, 0.94. Found: C, 

16.42; H, 2.90; N, 1.07. 

Complex 21 was obtained as a purple powder in a similar manner to complex 19 

except that Co(C2H302)2*4H20 was used in place of Ni(C2H302)2*4H20. Yield: 0.046 g 

(92%). NMR: 6 0.55-1.33 (m, 180), 1.85-2.50 (m, 120), 9.03 (bs), 10.32 (bs), 12.49 

(bs). NMR: 6 -25.36 (4), -28.65 (1). Anal. Calcd for Re24Se32P2oN8Ci6oH324CoSb8F48: 

C, 16.13; H, 2.72; N, 0.94. Found: C, 16.18; H, 2.91; N, 1.07. 

Complex 22 was obtained as a green powder in a similar manner to complex 19 

except that Zn(C2H302)2*2H20 was used in place of Ni(C2H302)2*2H20. Yield: 0.047 g 

(94%). NMR: 6 1.00-1.30 (m), 2.04-2.40 (m), 8.09 (d), 8.95 (s), 9.67 (d). ^'P NMR: 5 

-19.32 (s), -22.62 (s). Anal. Calcd for Re24Se32P2oNgCi6oH324ZnSb8F4g: C, 16.12; H, 2.72; N, 

0.94. Found: C, 16.47; H, 2.69; N, 1.11. 

Other Physical Measurements. 

Electronic absorption spectra in dichloromethane solutions were recorded on a Perkin 

Elmer Lambda 10 spectrophotometer. Electrochemical experiments were carried out using 

a thin layer electrode whose design has been described in Chapter 2. 
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In this study, we sought the synthesis of metal complexes of tetrapyridylporphyrin 

modified at the peripheral pyridyl with [Reg(//3-Se)g]^^ clusters. Two synthetic routes may 

be used to prepare the tetracluster-studded mettaloporphyrins. One way is to metallate the 

porphyrin first and then to attach the four clusters, as shown in Scheme 3.1. Alternatively, 

the supramolecular array 14 is prepared first, followed by the introduction of the metal ion 

(Scheme 3.2). Both methods have their respective advantages and disadvantages. The 

former allows for large quantities of the metalloporphyrins to be prepared and purified prior 

to cluster attachment, but de-metallation in the following reaction is of potential concern, as 

the coupling with clusters is carried out under rather forcing conditions. By adopting the 

latter strategy, porphyrin-supported cluster arrays can be prepared and purified, but cluster 

dissociation may occur because of the acetic acid byproduct generated in the subsequent 

metallation step. The former route was tested first because of the difficult purification 

anticipation of the latter route. 

As an example, 12 and a large excess of nickel acetate were dissolved in chloroform 

and stirred under reflux overnight. The solvent was then removed, and the remaining solid 

was extracted with methanol for 12 hours using a Soxhlet apparatus. The product was shown 

to be pure by electronic absorption and 'H NMR spectroscopy. The purified metallated 

porphyrin was then combined with 8 , in chlorobenzene, and the mixture was stirred under 

reflux overnight. Unfortunately, the potential problem of de-metallation did occur during 
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the cluster-coupling experiment. The reaction mixture contained both the metallated and 

unmetallated tetracluster porphyrins. Purification by recrystallization or extraction was 

unsuccessful. 

Scheme 3.1 

metal acetate 

CHCI3, reflux, 12 hrs A 
M = Zn^"", Co^"-, Cu^"" 

CIC6H5/CH2CI2 

reflux, 72 hrs 

•NCMe 



Scheme 3.2 

metal acetate 

M = Zn^^ Co^^ Ni^^ 
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Undaunted by the first unsuccessful attempt to synthesize the metallated tetracluster 

arrays, we resorted to the second synthetic route, hi a representative synthesis, 14 and an 

excess of nickel acetate was dissolved in dichloromethane and stirred under reflux. The 

resulting mixture contained only the desired metallated product as well as unreacted nickel 

acetate. The solvent was removed, and the product was extracted into dichloromethane. The 

excess metal salt was removed by repeated washing with water. The complex is soluble in 

dichloromethane, acetonitrile, and other common polar organic solvents to yield red and 

purple solutions, depending on the solvent used. and NMR and electronic absorption 

spectroscopy are in agreement with the proposed structure. The and NMR of the 

unmettalated tetracluster porphyrin array (14) was described in detail in Chapter 2. The 

following discussions will only focus on the changes to the spectra of 14 upon metallation 

of the porphyrin. The 'H NMR of 19 is shown in Figure 3.4, The effect of metallation upon 

the spectrum is small. The a-H of the pyridyl moiety shifts the least from 9.72 to 9.62 ppm. 

The pyrrole protons and the P-H of the pyridyl have more noticeable shifts of 0.19 and 0.27 

ppm, respectively. The most convincing evidence of successful metallation is the 

disappearance of the resonance at -3.00 ppm, which corresponds to the protons bound to the 

interior nitrogens in 14. The ^'P NMR (b. Figure 3.4) has two resonances at -24.3 and 

-27.6 ppm in a 4:1 ratio, indicating that the pentasubstituted cluster motif is present and 

remains intact. UV-visible spectroscopic studies of porphyrins are diagnostic of both the 

porphyrin type and the nature of the metal ions, and can be used reliably as evidence for 

metallation. Details of such studies will be discussed in a separate section below. 
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(a) 

9.5 9.0 8.5 8.0 -20 -25 -30 

Figure 3.4. (a) 'H NMR spectra of 14 (bottom) and 19 (top). Only the aromatic resonances 
are shown, (b) NMR spectrum of 19. 

Insertion of Cu^^ was achieved in an analogous manner to that of 19. Upon 

metallation of the tetracluster porphyrin, dramatic changes to the 'H NMR spectrum 

occurred. There are three important observations: (1) The peak at -3.00 ppm is no longer 

present, suggesting the copper ion has replaced the two protons; (2) the upfield resonances 

are noticeably broader and less well-defined; and (3) the original resonances in the aromatic 

region are not visible and only a broad resonance at 9.30 ppm is present. The last two 

observations are probably due to the influence of the paramagnetic species Cu^"^. Little 

change to the NMR spectra was observed upon metallation, however. There are two 
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slightly broadened resonances at -24.9 and -28.8 ppm in a 4:1 ratio, consistent with the 

stereochemistry of a of pentaphosphine-substituted cluster. 

The tetracluster cobalt porphyrin complex can be synthesized if cobalt acetate and 14 

are refluxed in dichloromethane. As with the copper complex, the 'H NMR of 21 is 

dramatically different than that of its unmetallated parent. Again, this can be ascribed to the 

influence caused by the paramagnetic Co^^ ion. Disappearance of the original up field proton 

signals corroborates the insertion of a metal and the complete displacement of the interior 

protons. The signals due to the triethylphosphine ligands are broadened, but most interesting 

are again the signals in the aromatic region. The well-defined resonances associated with the 

pyridyl and pyrrole protons are replaced by three new resonances, but only one of them is 

clearly visible at 10.32 ppm. The other two resonances, at 9.03 and 12.49 ppm, are too broad 

to be detected. The NMR shows two characteristic signals at -25.36 and -28.65 ppm 

in a 4:lratio. 

The Zn^^ ion was incorporated into the tetracluster array analogously. However, the 

complex is red-green in color when dissolved in dichloromethane, distinctly different from 

the purple-red solutions of its Cu^"^, Co^"^, and Ni^^. The 'H NMR spectrum clearly indicates 

the insertion of Zn^^ because the resonance of the protons bound to the interior nitrogen at 

-3.00 ppm disappears. The downfield resonances are still clearly visible, but slightly shifted 

up field when compared with the unmetallated 14. The NMR has two resonances at -

19.32 and -22.62 ppm in a 4:1 ratio, in agreement with the penta-substituted stereochemistry. 



3.4. Electronic Spectroscopic Studies 

84 

The basic theory behind the electronic absorption of porphyrin complexes is outlined 

briefly in Chapter 2. The effect of porphyrin metallation will be discussed here. Upon 

introduction of a metal ion, bonds are formed with the nitrogen atoms, causing changes to 

the symmetry of the molecule, and therefore, the n-n* transition. This leads to a change in 

the mixing of the aj^^Cg and aj^^Cg transitions, the effects of which can be seen in the 

alteration of the Q band absorbance pattern, and therefore, can be used for identification of 

specific metallated porphyrin species. As discussed in Chapter 2, the addition of four metal 

clusters to the porphyrin periphery only changes the wavelength of the electronic absorptions, 

but not the configurational interactions. It is therefore reasonable to expect similar electronic 

spectra of the cluster-modified metalloporphyrins and their unmodified parent. 

The electronic spectra of 19-21 are shown in Figure 3.5, and the data are 

summarized in Table 3.1. Upon insertion of a metal ion into the tetracluster porphyrin, the 

absorption of the Q band changes significantly. The unmetallated porphyrin has four Q band 

peaks. In contrast, only one absorption is visible for its nickel, copper, and cobalt 

complexes. Complete metallation of the porphyrin is thus inferred. 
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Table 3.1. Electronic Absorption Data of 19-22. 

Complex 
Wavelength 

(nm) 
Absorbance 

Concentration 
(mol/L) 

e 
(L mor'cm"') 

530 0.0654 25977.3 
19 2.51 X 10"® 

422 0.7478 297031.4 

544 0.0567 30159.5 
20 2.51 X 10"^ 

422 0.7770 413776.5 

535 0.0588 23426.3 
21 2.51 X 10"^ 

426 0.5530 220318.7 

617 0.0335 13313.9 

22 568 0.0529 2.51 X 10® 21024.0 

443 0.7205 286348.5 

1.0-1 

A 

0.2-

0 . 0  
230 300 350 450 500 550 600 650 

nm 

Figure 3.5. Electronic spectra of 19 ( ), 20 ( ), and 21 ( ). 
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Figure 3.6. Electronic spectra of the non-cluster modified zinc porphyrin ( ) and 22 ( ). 

The electronic spectrum of the non-cluster modified zinc porphyrin (Figure 3.6) has 

only one Q-band at 559 nm. However, in the spectrum of 22, not only is there a band at 569 

nm, but a new absorption at 617 nm is observed. Since fluorescence is only detectable from 

the Si^Sq (Q band) transition because internal conversion from Sj to S, is rapid, the 

appearance of a new Q band at 617 nm greatly affects the color observed. Furthermore, upon 

dissolution in solvents of different polarity, the color of the resulting solution varies 

significantly. To explore such solvatochromic properties of this supramolecular system, the 

differences in the electronic absorptions of 22 were observed in organic solvents of varying 

polarity (Table 3.2). As seen in the cases of other zinc metalloporphyrins, the band positions 

of the zinc tetracluster porphyrin exhibits a pronounced solvent dependence. The spectral 

shift of the intense Soret absorption is the easiest to follow. This band can shift up to 14 rrni. 
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depending on the solvent used. The accepted description of the Lewis acid-base interaction 

is the equilibrium (Equation 3.4) in which zinc(II) has fourfold coordination with the 

porphyrin ring and can accept only a single additional ligand L. 

Zn(TPP) + L ^ Zn(TPP)L (Eq. 3.4) 

Many attempts have been made to correlate various experimental parameters with the Soret 

shifts. For example, free energy changes for the reaction relate linearly to the pAT^ of the 

donor, but only if the ligands are closely related structurally.'''^ There is no general 

correlation between the red shift and dielectric constant,''''* Drago's parameters,'''^ or 

Gutmann's Donor numbers.''"' The behavior of the present porphyrin system is similar to the 

results reported in the literature; when a limited number of solvents were used, a correlation 

with the parameters previously mentioned could be obtained. However, when a larger 

number of solvents are incorporated, there is no general correlation observed. It was 

postulated that the limited data set reflects a minor trend of a much more complex 

phenomenon. Other analyses based upon combinations of parameters fit better with the 

observed shifts.However, if the parameters include contributions from many effects, 

the significance of such a correlation is diminished. Clearly, more data is required before any 

specific contribution to the spectral shifts can be understood. 



Table 3.2. Electronic Absorption Data of 22 in Various Solvents 

Solvent 
Soret Q Band 1 Q Band 2 

Solvent 
X (nm) X (nm) 1 (nm) 

Acetone 451.89 563.98 609.57 

Acetonitrile 441.81 562.72 606.55 

Chloroform 451.39 570.28 611.08 

Dichloroethane 440.50 562.72 605.04 

Dichloromethane 440.30 558.19 598.99 

Dimethylformamide 453.90 574.81 623.17 

Dimehtyl sulfoxide 444.84 565.74 608.06 

Nitromethane 440.83 562.72 605.04 

T etrahydrofuran 447.86 567.25 609.57 



89 

3.5. Electrochemical Studies 

Metalloporphyrins have their own unique electrochemistry. Upon addition of metal 

clusters to the periphery of a metalloporphyrin, a combination of cluster and 

metalloporphyrin properties is anticipated. New electrochemical processes may even be 

possible due to the change of electronic state upon cluster attachment. Similar to the 

unmetallated cluster porphyrin array, the zinc and cobalt metalloporphyrin arrays both exhibit 

only one oxidation at 0.71 V that corresponds to four electrons per oxidation event, 

established coulometrically. Relevant data for all the porphyrin complexes are summarized 

in Table 3.3. These oxidations are similar to those observed for other [Reg(//3-Se)g]^^ core-

containing derivatives reported in the literature. 

Table 3.3. Cluster-based Electrochemical Data of 19-22. 

Complex vs. FcVFc (v) Electrode Volume (fiL) Q/C (^iC/mM) n 

19 0.72 0.373 134 3.7 

20 0.70 0.373 137 3.8 

21 0.71 0.394 142 3.7 

22 0.71 0.466 184 4.1 

The voltammogram of 19 is shown in Figure 3.7. In addition to the cluster-based 

oxidation at 0.72 V, a second peak at 0.86 V was also observed. This signal was found to 

be a two-electron oxidation ascribed to the Ni^^ ion. Similar observations have been 

previously reported by other groups studying different nickel porphyrin complexes. The 
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copper metalloporphyrin cluster array voltammogram (Figure 3.8) has three oxidations 

occurring at 0.70, 0.90, and 1.10 V, respectively. The first oxidation again corresponds to 

the simultaneous oxidation of four clusters. The other two oxidations were determined to 

originate from the Cu^^ ion, and each corresponds to a one-electron oxidation event. These 

observations are consistent with what have been reported for other copper porphyrin 

complexes. 
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Figure 3.7. CycUc voltammogram of 19. 

Potential (V) vs. Ag/AgCI Pseudoreference 

Figure 3.8. Cyclic voltammogram of 20. 



3.6. Summary and Perspectives 
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It has been shown that metal ions can be incorporated into the tetracluster array 

centered on the tetrapyridyl porphyrin platform. Specifically, the synthesis and 

characterization of Co^^, Ni^^, Cu^^, and Zn^ complexes of 14 were demonstrated. The 

electrochemistry of these novel metalloporphyrins revealed a combination of the 

metalloporphyrin and metal cluster oxidations with little, if any, interactions between the two 

moieties. Furthermore, insights were gained into the photophysics of these assemblies with 

the examination of the effects of different solvents upon the electronic spectra of the Zn^"^ 

tetracluster metalloporphyrin. Future work will include the study of possible catalytic 

properties, supramolecular construction of extended one-dimensional stacks of 

metalloporphyrins linked via axial coordination of the central metal ion, as well as two-

dimensional arrays via secondary interactions involving the peripheral clusters. Electronic 

properties of these novel cluster arrays will be probed, as will their self-organization on the 

nanoscale. 



CHAPTER 4 

Metallodendrimers Supported by [Refi(M3-Se)8]^^ Core-Containing Clusters 

Abstract 

Ligand substitution of 8 with three pyridyl-based ditopic hgands, namely 1,2-bis(4-

pyridyl)ethane (25), (£)-1,2-bis(4-pyridyl)ethene (26), and 4,4' -trimethylenedipyridine (27), 

produced three new cluster complexes (28, 29, and 30) wherein the pyridyl-based ligand 

coordinates the originally nitrile capped Re(III) site via one of the two N atoms; the other 4-

pyridyl group is readily available for further metal complexation. All three complexes were 

characterized by microanalysis (CHN) and NMR ('H, ̂ 'P, ^^Se). The molecular structure of 

complex 28 has also been established crystallographically. Reactions of these cluster-based 

ligands with 5, a cluster derivative fully solvated with acetonitrile, yielded the first bona fide 

metal cluster dendrimers (31 - 33), featuring the cluster building blocks at the core, within 

the branches, and on the periphery of a dendritic architecture. These dendritic cluster arrays 

were characterized by microanalysis (CHN) and NMR ('H, ̂ 'P, ^^Se). The formation of the 

heptacluster dendrimers was confirmed by comparative "Se NMR studies of the nitrile 

solvate 5, the cluster ligands (28 - 30), and the cluster dendrimers (31- 33). Electrochemical 

studies of 32 have shown two well-defined redox events, one corresponding to a six-electron 

oxidation and the other, to a one-electron oxidation. These observations are in agreement 

with the molecular structure of the dendrimers featuring a central cluster unit and six 
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peripheral ones. It provides an interesting example of electrochemically interactive 

multicluster system. The unusual electrochemical behavior of 32 is discussed in terms of 

charge build-up as well as through-bond coupling. 
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4.1. Introduction 

Dendrimers are a class of highly branched, monodisperse, synthetic polymers 

emanating from a central core. Figure 4.1 depicts the structure of a generic dendrimer with 

the highlight of three distinct structural regions: the core, the branching units, and the surface 

functional groups 

With such a unique architecture, it is possible to position functional groups in a 

controlled manner to a specific region of dendrimers, and the potential of creating useful new 

materials is enormous. 

periphery 

core 
moiety 

branching 
units 

Figure 4.1. A generic dendrimer structure highlighting specific structural regions. 
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The integration of well-estabUshed inorganic and organometalhc chemistry with the 

newly developed dendrimer chemistry is one strategy by which functionality can be 

introduced into dendritic framework. Within this context, new composite materials referred 

to as metallodendrimers are created (Figure The impetus is to combine the unique 

electronic, magnetic, or catalytic properties of metals with the organic properties and 

nanoscopic dimensions of dendrimers, thus affording materials that have potential uses in 

drug delivery,'®®"'®' catalysis,'®^ and biomedical imaging.'®^ Well-defined metal clusters can 

in principle replace single metal centers, but offer two advantages over the mononuclear 

complex-based design. The accessible multiple metal sites of a cluster allow for structurally 

unique positioning of the ligands and therefore, the realization of stucturally unique 

functional materials. More importantly, the inherent metal-metal and/or metal-ligand 

interactions provide opportunities for realizing interesting and possibly useful physical and 

chemical properties, potentially giving rise to new functional composite materials. Though 

it is expected that the study of metal cluster-based dendrimers will produce many compelling 

research opportunities with important consequences, only a handful of metal cluster 

dendrimers have been reported to date. 
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Figure 4.2. Structural depiction of Gorman's first-generation dendrimer featuring a Fe4S4 
cluster at the core. 
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The first metal cluster supported metallodendrimers were reported by Gorman and 

coworkers. They prepared metallodendrimers centered on a [Fe4S4]^"^ cluster.'®"' They were 

able to demonstrate that the organic dendritic ligands (dendrons) regulated both the kinetics 

and potential of the cluster-based redox processes. They also speculated that these 

compounds could have applications for information storage based upon the electrochemical 

behavior. Luck and coworkers prepared dendrimers containing dimolybdenum centers and 

reported that the larger the dendrimer, the more positive the oxidation potential. Wang and 

Zheng reported the initial efforts using the [Reg(//3-Se)8]^"^ cluster as a core motif (Scheme 

4.1).^^ These novel compounds exhibit intriguing photophysical properties. Dramatic color 

changes with slightly structurally different dendrons (Figure 4.3) have been observed. 

Gorman and coworkers subsequently reported dendrimers supported by an analogous 

[M0(;(//3-C1)8]''"^ core, but no property investigation was reported."''' 

Several other groups have introduced metal clusters onto the periphery of dendrimers 

(Figure 4.4). For example, Rossell and coworkers have coordinated four different types of 

gold containing clusters to the exterior of dendrimers, including AuMo2, AuMn2, 

[AuFe3(C0)ii], and [AuFe2(CO)7(PPh2)]."'^"'™ Their work has culminated in a 

metallodendrimer that contains 192 FcjAu clusters. Shephard and coworkers, in an attempt 

to prepare monodisperse nanoparticles with well-defined molecular structures and surface 

functional groups, constructed clusters of clusters containing [Ru5(CO)i2] and 

[Au2Ru6(CO)i6]."' Cherioux and coworkers prepared dendrimers based on dinuclear 

ruthenium or rhodium units and explored the catalytic potential of these novel materials. 

They found that a ruthenium-containing dendritic cation increases the catalytic activity of 
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[Rh(CO)2Cl2] for the carbonylation of methanol. Astruc and Alonso also synthesized and 

studied ruthenium cluster metallodendrimers and observed interesting and potentially useful 

electronic and photophysical properties.'" Newkome and coworkers attached 

polyoxometalates to the surface of hydroxylated dendrimers and determined that there was 

considerable catalytic activity as well.*''* 

Scheme 4.1 

I CMe 12+ 

MeCi 

MeC^ 
'NCMe 

MeCI 
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Figure 4.3. Electronic spectra of 5 ( ), 23 ( ), and 24 ( ). 

None of the above mentioned reports have exploited more than one region of a 

dendrimer's architecture until Constable and coworkers incorporated [C2Co(CO)6] clusters 

both on the periphery and in the branches (Figure 4.5).''^ This was the first report of more 

than one region being modified by clusters in a single dendritic system. However, no one 

has successfiilly synthesized a bona fide cluster metallodendrimer characterized by the 

presence of cluster motif at the core, within the dendrons, and on the surface. The creation 

of such a molecule is of significance for a couple of reasons; (1) to demonstrate the 

feasibility of constructing this new class of dendrimers, and (2) to create novel materials by 

selectively modifying the structure of a dendrimer and introducing functionalities at specific 

positions. 
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Figure 4.4. Representative dendrimers featuring surface-bound metal clusters. 
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M = Co(CO)3 

Figure 4.5. Molecular structure of a dendrimer supported by a cobalt carbonyl cluster. 
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This chapter details our efforts in making the very first, albeit the first generation, 

bona fide metal cluster dendrimers that are characterized by the presence of clusters at the 

core, within the branches, and on the periphery of a dendritic architecture.^® Herein, the 

design and synthesis of three heptacluster dendrimers featuring one central and six peripheral 

cluster units bridged by dipyridyl-based ligands are elaborated. The targeted dendrimers 

were characterized by NMR('H, ^^Se) and elemental analysis. Their electrochemical and 

photophysical properties were also studied. 



4.2. Experimental 
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General Considerations. 

l,2-bis(4-pyridyl)ethane (25), l,2-bis(4-pyridyl)ethene (26), 4,4'-

trimethylenedipyridine (27), (n-Bu4N)PF6, and AgSbFg were obtained from Aldrich and used 

as received. Complexes 5 and 8 were prepared according to published procedures.^^'^^ The 

silica gel (mesh size 200-400) used for flash column chromatography was purchased from 

Natland International Corporation, Research Triangle Park, North Carolina. 'H and NMR 

spectra were recorded on a Varian AM-300 spectrometer in CDjClj. Chemical shifts of ^'P 

spectra were referenced to 85% H3PO4 (6 = 0 ppm, with negative values meaning upfield). 

'^Se NMR spectra were recorded on a Bruker 500 spectrometer in CD3CN. Chemical shifts 

of ^'Se spectra were referenced to diphenyldiselenide [460 ppm relative to a 6% solution 

(v/v) of dimethylselenide in CD3CN (0 ppm)]. Elemental analyses (CHN) were performed 

by Desert Analytics Laboratory, Tucson, Arizona. 

Complex 28. A mixture of 8 (362 mg, 0.127 mmol) and 25 (860 mg, 4.67 mmol) in 

50 mL of a chlorobenzene/nitromethane mixture (v/v 10:1) was stirred under reflux for 24 

hours. The orange-red residue obtained upon removal of the solvent was washed with 

toluene (4 x 50 mL) to remove unreacted 25. The resulting orange-red powder was subjected 

to flash column chromatography using silica gel and an eluting solvent mixture of 

dichloromethane and acetonitrile (5:1 v/v; Rj-= 0.50). Yield: 0.320 g (85.3%). NMR: 5 
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1.00-1.40 (m), 2.00-2.40 (m), 3.10 (s), 7.10 (d), 7.42 (bs), 8.55 (bs), 9.10 (d). NMR: 5 

-21.67 (s), -24.97 (s). "Se NMR: 6 -307 (s), -361 (s). Anal. Calcd for 

C42H87N2P5Re6SegSb2F,2: C, 17.17; H, 3.18; N, 0.93. Found: C, 16.81; H, 2.96; N, 1.00. 

Complex 29 was obtained as an orange-red powder in a maimer similar to 28 except 

that 26 was used in place of 25. Yield: 0.309 g (82.7%). 'H NMR: 5 1.00-1.60 (m), 2.00-

2.30 (m), 7.35-7.53 (m), 8.62 (d), 9.20 (d). ^^P NMR: 6 -24.95 (s), -28.29 (s). ^^Se NMR: 5 

-305 (s), -360 (s). Anal. Calcd for C42H85N2P5Re6Se8Sb2F,2: C, 17.17; H, 3.18; N, 0.93. 

Found: C, 16.81; H, 2.96; N, 1.00. 

Complex 30 was obtained as an orange powder in a manner similar to 28 except that 

27 was used in place of 25. Yield: 0.143 g (52.4%). NMR: § 0.99-1.16 (m), 2.05-2.30 

(m), 2.67-2.85(m), 7.12 (d), 7.21 (d), 8.45 (d), 9.12 (d). ^'PNMR: 6 -22.56 (s), -25.82 (s). 

^'SeNMR: 6 -306 (s), -361 (s). Anal. Calcd for C43H89N2P5Re6Se8Sb2Fi2: C, 17.17; H, 3.18; 

N, 0.93. Found: C, 16.81; H, 2.96; N, 1.00. 

{Re,(;/3-Se)J(Re,(A-Se)3(PEt3)5(4,4'-py2C2HJ],}(SbF6),4(31).Amixtureof5(14.0 

mg, 0.0056 mmol) and 25 (100 mg, 0.0333 mmol) in 75 mL of chlorobenzene was stirred 

under reflux for 2 hours. The light brown residue obtained upon removal of the solvent was 

subjected to Soxhlet extraction with chlorobenzene for 48 hours. Yield: 0.080 g (68%). 'H 

NMR: 5 1.05-1.40 (m), 2.10-2.40 (m), 3.10 (s), 7.20-7.40 (md), 9.15 (d), 9.55 (d). ^'PNMR: 

5 -24.89 (s), -28.56 (s). ''Se NMR: 6 -249 (s), -307 (s), -361 (s). Anal. Calcd for 

C252H522Ni2P3oRe42Se56Sb,4F84:C, 14.99;H,2.61;N,0.83. Found:C, 15.19;H,2.66;N,0.94. 
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{Re6(/(3-Se)8[(Re6(/<3-Se)8(PEt3)5(4,4'-py2C2H2)]6}(SbFs)i4 (32) was obtained as a 

lightbrownpowderinamanner similar to 31 exceptthat26 was used in place of 25. Yield: 

0.080 g (50%). 'HNMR: 5 1.05-1.20 (m), 2.10-2.30 (m), 7.40-7.60 (md), 9.20 (d), 9.65 (d). 

NMR: 8 -24.93 (s), -28.43 (s). '^Se NMR: 5 -240 (s), -305 (s), -360 (s). Anal. Calcd for 

C252H5,oNi2P3oRe42Se56Sbi4Fg4;C, 15.00;H,2.55;N,0.83. Found: C, 15.33;H,2.67;N, 1.02. 

{Re6(//3-Se)8[(Re6Ct/;5-Se)8(PEt3)5(4,4'-py2C3H6)]6}(SbF6)i4 (33) was obtained as an 

light brown powder in a manner similar to 31 except that 27 was used instead of 25. Yield: 

0.070 g (50%). 'HNMR: 6 1.05-1.30 (m), 2.15-2.35 (m), 7.10-7.35 (m), 9.15 (d), 9.55 (d). 

NMR: 5 -19.10 (s), -22.42 (s). ''Se NMR: 5 -248 (s), -307 (s), -360 (s). Anal. Calcd for 

C258H534Ni2P3oRe42Se56Sb,4F84: C, 15.27;H, 2.63;N, 0.83. Found: C, 15.30; H, 2.76;N, 0.82. 

Other Physical Measurements. 

Electronic absorption spectra in dichloromethane solutions were recorded on a Perkin 

Elmer Lambda 10 spectrophotometer. Electrochemical studies were carried out using a thin 

layer electrode whose design has been described in Chapter 2. 

X-ray Structure Determinations. 

An orange block of 28 having approximate dimensions of0.09 x 0.10 x 0.27 mm was 

mounted on a glass fiber in a random orientation. Data were collected on the SMART 1000 

system using graphite monochromated Mo Ka radiation (k = 0.71073A ). 

Cell constants and an initial orientation matrix were determined from reflections 

obtained in three orthogonal 5 ° wedges of reciprocal space. A total of 4898 frames at a 
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detector setting covering 0 ° < 20 < 60 ° were collected, having an omega scan width of 0.15 ° 

and an exposure time of 10 seconds. A total of 80327 reflections were integrated and 

retained, of which 16388 were unique. Of the unique reflections, 12908 (78.8%) were 

observed I>2o(I). Empirical absorption and decay corrections were applied using the 

program SADABS. 

The structure was 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. 

Hydrogen atoms were added at idealized positions, constrained to ride on the atom to which 

they are bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded 

atom. The final anisotropic full-matrix least squares refinement based on of all reflections 

converged (maximum shift/esd = 0.005) at R1 = 0.0417, wR2 = 0.0790 and goodness-of-fit 

= 1.057. "Conventional" refinement indices using the 12908 reflections with F > 4 o(F) are 

R1 = 0.0299, wR2 = 0.0753. The model consisted of662 variable parameters, X constraints, 

and 13 restraints. There were 18 correlation coefficients between 0.694 and 0.5. All 

correlation coefficients were between the thermal parameters of the multiple fluorines with 

unresolved disorder. The highest and lowest peaks on the final difference map were 2.190 

and -2.170 e/A^ respectively. Scattering Factors and anomalous dispersion were taken fi-om 

International Tables Vol. C, Tables 4.2.6.8 and 6.1.1.4. 
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4.3.1. Synthesis of Cluster Dendrons 

Synthesis and characterization of metal cluster dendrons is the first step in 

synthesizing the targeted dendrimers. The reaction of the acetonitrile solvate 8 with an 

excess of 25, 26, or 27 in a mixture of chlorobenzene/nitromethane (v/v 5:1) under reflux 

(Scheme 4.2) produced the desired dendrons. As an example, reacting 8 with an excess of 

25 afforded 28 in good yields after column chromatography using a mixture of 

dichloromethane/acetonitrile (v/v 5:1). Several spectroscopic studies support the proposed 

structure and stereochemistry of 28. Upon the formation of 28, the proton resonance of the 

coordinated nitrile of 8 disappears, indicating the displacement of the bonded solvent 

molecule. This is corroborated by the emergence of a signal at 9.10 ppm (a, Figure 4.6), 

attributable to the a-H of the coordinated pyridyl moiety; this is significantly shifted from 

the corresponding resonance of the uncoordinated pyridyl moiety at 8.55 ppm. Also clear 

from Figure 4.6 is the noticeable but less dramatic shift of the (3-H signal. The NMR 

spectrum of 28 (a. Figure 4.6) is straightforward, showing two resonances at -21.67 and 

-24.97 ppm in a relative ratio of 4:1, which is characteristic of a pentaphosphine-substituted 

isomer. The corresponding signals of the starting cluster solvate appear at -19.10 and -23.3 

ppm, respectively. The '^Se NMR is also unsophisticated, showing two resonances of equal 

intensities at -307 and -361 ppm, in agreement with the two distinct environments for the 

eight Se atoms. 
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(a) (b) 
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Figure 4.6. (a) NMR spectra of 25 (bottom) and 28 (top). Only the aromatic resonances 
are shown, (b) NMR spectrum of 28. 

The syntheses of 29 and 30 were accomplished in the same manner as 28. As in the 

case of 28, formation of 29 and 30 is marked by the displacement of acetonitrile with 26 or 

27, as confirmed by 'H NMR spectroscopy. The coordinated a-H and P-H resonances are 

centered at 9.10 and 7.42 ppm for 29 and 9.12 and 7.21 ppm for 30. Two signals with a 4:1 

relative intensity in the spectrum confirm two different phosphine environments 

characteristic of the pentaphosphine-substituted isomer. The NMR has two resonances 

of equal intensity. 
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4.3.2. X-ray Crystallography of Complex 28 

The structure of 28 was determined and the crystal data and refinement parameters 

are reported in Table 4.1. Parameters describing the cluster core and its terminal bonding are 

summarized in Table 4.2 and are unremarkably similar to the corresponding values reported 

for similar compounds. The dipyridyl organic ligands are well-known to be excellent 

spacers for supramolecular design. As a consequence of the freedom of rotation exhibited 

by the ethylene group, 25 can adopt two different conformations, anti or gauche. Due to 

steric hindrance the majority of the structures featuring this ligand are oriented in the anti 

conformation. However, there are examples in the literature where 25 assumes the gauche 

conformation. These structures are usually stabilized by metal coordination'^®"'^^ or 

hydrogen-bonding."'"'^" The ligand having a torsion angle of 56.4(9)"similar to the values 

reprted for analoguous structures, and is clearly in the gauche conformation (Figure 4.7). 

This conformation is stabilized in the present structure by hydrogen bonding interaction of 

the uncoordinated pyridyl nitrogen and triethylposphine ligands of a neighboring [Re6(«3-

Se)8]^"^ cluster. 



Table 4.1. Ciystallographic Data and Structural Refinement of 28. 

I l l  

Empirical formula 

Formula weight 

Crystal size 

Crystal system 

Space group 

Unit cell dimensions 

Volume, Z 

Density, calcd Mg/m^ 

Abs. coeff, mm"^ 

F(000) 

Theta range for data collection 

Limiting indices 

Reflections utilized 

Independent reflections 

Data/restraint/parameter 

GOF on 

R indices [/ > 2a(/)] 

R indices (all data)" 

p= 96.263(2)° 

^42^87^ I2N2P 

299531 

0.27 X 0.10 X 0.09 mm 

Monoclinic 

P2^/n 

a = 16.960(10) A 

b = 20.695(9) A 

c = 20.184(10) A 

7044.3(6) A\ 4 

2.824 

15.330 

5440 

1.41 to 28.34° 

-22 < h < 22, -27 < k < 27, -26 < 1 < 25 

80327 

16388 [R(int) = 0.0472] 

16388/13/662 

1.057 

R1 = 0.0229, wR2 = 0.753 

R1 =0.0417, wR2 = 0.0790 

" R i  =  w R 2  =  { Y M F , ^ - F ' f V Y i y { F , W -



Table 4.2. Selected bond lengths (A) and angles (°) of 28. 
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Bond lengths 

Re-Re 2.6287(3)-2.6463(3); mean 2.636 

Re-Se 2.505(6)-2.533(6); mean 2.517 

Re-P 2.466(15)-2.479(14); mean 2.476 

Re-N 2.203(4) 

Bond angles 

Re-N-C 121.5(4) and 121.8(4) 

C(3)-C(6)-C(7)-C(ll) 56.4(9) 

Figure 4.7. An ORTEP view (50% probability) showing cationic core of 28. Color 
schemes: C (gray), N (blue), P (purple), Re (green), Se (brown) 
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4.3.3. Synthesis of Cluster-Based Metallodendrimers 

These metal cluster dendritic arrays feature a [ReeO/s-Se)^]^^ central core bridged by 

pyridyl-based ditopic ligands to six peripheral [Reg(/i3-Se)g(PEt3)5]^'^ cluster units. The 

synthesis is based upon the divergent methodology for dendrimer construction as described 

in the literature. Unfortunately, the initial attempted synthesis utilizing 4,4'-dipyridyl, the 

simplest pyridyl-based ditopic ligand, failed to produce the desired dendrimer. One possible 

explanation is that the charge build up is too great for such a compact structure, but the 

reason remains to be determined. 

The next attempt used the more complex derivative 28. As a representative, 5 and 

6 equivalents of 28 in chlorobenzene were stirred under reflux for 2 hours (Scheme 4.3). The 

solution contained primarily the desired product 31, in addition to a small amount of 

unidentified impurities. Initially, the purification of the cluster dendrimer appeared to be the 

road block. Both flash column chromatography and recrystallization failed to produc pure 

cluster dendrimer 31. However, since the precipitate formed appears to be the major product 

31, it seemed reasonable to believe that extraction with chlorobenzene could separate the 

desired product from the more soluable impurities. Soxhlet extraction was thus employed 

using chlorobenzene as the extraction solvent. Indeed, pure 31 was obtained as a leght 

brown solid after extraction for 72 hours. 

Upon formation of 31, the proton resonances of the coordinated nitriles of 

Se)g(MeCN)(;](SbF5)2 disappear, indicating that all the bonded solvent molecules are 

displaced. Also supporting this are the disappearance of the a-H resonance at 8.55 ppm of 
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the uncoordinated pyridylof 28 and the accompanying appearance of a signal at 9.5 5 ppm (a, 

Figure 4.8), due to coordination to the cationic cluster. Less drastic is the downfield shift 

from 9.10 to 9.15 ppm of the a-H of the coordinated pyridyl moiety and the convergence of 

the pyridyl p-H between 7.20 and 7.40 ppm. The observation of two pyridyl-based 

resonances shifted well downfield with respect to any signals of 25 clearly indicates that both 

pyridyl nitrogen atoms are now coordinated to clusters, but in different chemical 

environments. Also, the convergence of the P-H is consistent with a more symmetrical 

chemical environment experienced by these protons. The simplicity of the 'H NMR is due 

to the symmetric structure of 31, where all the bridging ligands are equivalent. The NMR 

spectrum of 31 is unsophisticated, showing two ^'P resonances in a relative ratio of 4:1 

shifted downfield from -24.89 and -28.56 ppm to -21.67 and -24.97 ppm,(b. Figure 4.8). 
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Figure 4.8. (a) 'H NMR spectra of 28 (bottom) and 31 (top). Only the aromatic resonances 
are shown, (b) NMR spectra of 28 (bottom) and 31 (top). 

The most convincing evidence supporting the formation of the desired heptacluster 

dendrimers is provided by the comparative ^'Se NMR studies of 8, 28, and 31. Complex 5 

is completely symmetrical and gives rise to one ^^Se resonance peak at -284 ppm (bottom, 

Figure 4.9). As mentioned previously, 28 has two distinct '^Se resonances with a 1:1 ratio 

(middle. Figure 4.9). The selenium atoms of 31 are present in three different chemical 

environments (top. Figure 4.9). The relative signal intensity indicates a ratio of 3:3:1 for the 

different types of selenium; such a ratio is mandated by, and thus in agreement with, the 

formulation of the heptacluster dendrimer. More significant is the signal at -249 ppm, which 

is a new feature when the spectrum is compared with that of 28, and is assigned to the 

selenium atoms associated with the central cluster. This resonance is shifted downfield by 

35 ppm from its equivalent at -284 ppm for 8. The ^^Se resonances of the peripheral clusters 

remain essentially unchanged, likely because the local structural alteration upon dendrimers 
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formation is minimal. The use of ̂ 'Se NMR has been instrumental for the characterization 

of many selenium-containing compounds and is especially valuable when the product cannot 

be unambiguously established by other characterizations techniques, such as mass 

spectrometry. Microanalysis (CHN) is also in agreement with the expected stoichiometry. 

^ ^ ^  1  ^  1  '  ^ ^  r  "  1  ^ ^ ^  1  '  ^ ^  r  
-200 -220 -240 -260 -280 -300 -320 -340 -360 -380 -400 

Figure 4.9. NMR spectra of 5 (bottom), 28 (middle), and 31 (top). 
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Encouraged by the successful synthesis and purification of 31, two additional cluster 

metallodendrimers, 32 and 33, were prepared analogously. Similar to 31, the formation of 

32 and 33 are accompanied by the loss of the upfield 'H NMR signal, corresponding to the 

displacement of all the bonded nitriles of the central cluster. Corroborating is the 

appearance of downfieldsignals, attributable to the a-H atoms of the coordinated pyridyl 

moiety. The NMR spectra are not complicated, as is expected, showing two resonance 

peaks with a relative ratio of 4:1. The ̂ 'Se NMR spectra have three different chemical shifts 

in a 3:3:1 intensity ratio, which is in agreement with the formation of the heptacluster 

dendrimers. The signal at -240 ppm confirms that the bonded solvent molecules were 

replaced by six dendrons, creating a different chemical environment around the central 

cluster core. 
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4.4. Electronic Spectroscopic Studies 

Shown in Figure 4.10 are the absorption spectra of the three dendrons in 

dichloromethane solutions. The broad, mostly featureless absorption in the region 210-500 

nm is due to ill-resolved ligand-to-metal cluster charge transfer transitions. Though it has 

been demonstrated that dramatic color changes can occur when structurally different ligands 

are allowed to react with the cluster core, this was not the case with these dipyridyl-based 

ligands. The spectra of28-30 are almost identical, as are their respective molar absorptivity. 

Figure 4.11 shows the electronic spectra of the corresponding metallodendrimers. 

Complexes 31 and 33 have very similar absorption spectra to those of the dendrons, but 32 

has two ill-defined peaks in the region of 270-400 nm, not observed in any other spectra. 

This is thought to be due to changes in chemical and electronic structures cuased by 

delocalization through the conjugated ligand system. 
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Figure 4.10. Electron spectra of 28 ( ), 29 ( ), and 30 ( ). 
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Figure 4.11. Electron spectra of 31 ( ), 32 ( ), and 33 ( ). 
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4.5. Electrochemical Studies 

Cyclic voltammetry was performed to determine the oxidation potentials of the 

dendrons and dendrimers. Relevant data are listed in Table 4.3. All three dendrons 28-30 

have similar oxidations at 0.70, 0.72, and 0.68 V, respectively. Coulometry was not 

performed on the dendrons because there are literature precedents which suggest that only 

one electron oxidation will occur. 

Table 4.3. Electrochemical Data for 28-33. 

Complex VS. FC^/FC (V) Electrode Volume (JIL) Q/C (|LiC/mM) n 

28 0.70 

29 0.72 

30 0.68 

31 0.71 0.373 237 6.6 

32 0.73,0.88 0.373 207,39 5.8,1.1 

33 0.69 0.373 255 7.1 

Electrochemistry of the dendrimers is of great interest because of possible electronic 

communication between the cluster units. It is demonstrated by ''Se NMR that the peripheral 

clusters are chemically different from the central cluster. Therefore, there is the possibility 

of electronic interaction between the clusters on the periphery and the cluster at the core of 

the dendrimer. Dendrimer 33 has a similar voltammogram to that of the dendrons. The 

dendrimer gives rise to one oxidation occurring at 0.69 V (top. Figure 4.12) Coulometric 

studies reveal that this dendrimer has no observable electronic interaction between clusters 
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and that all seven clusters oxidize simultaneously. This suggests that each cluster acts like 

a single cluster species. Dendrimer 31 also exhibits one oxidation event corresponding to 

seven electrons. Unlike 33, however, the cyclic voltammogram of 31 is not as 

straightforward (middle. Figure 4.12). Since the only change to the structure is the length 

of the linker molecule, it seems that the effect is due to build up of charge around the 

complex. This would have the effect of slowing down the process of removing all seven of 

the electrons form a specific complex. A competition would be set up between those 

complexes that have had multiple electrons removed and those who are just getting their first 

electron removed. Due to this process the oxidation wave is complicated. The remaining 

dendrimer 32 , however, gives rise to two oxidations occurring at 0.73 and 0.88 V in a 6:1 

ratio (bottom, Figure 4.12). The difference in the resuhs cannot be rationalized with a charge 

build-up argument because the change in the length of the linker ligand is minimal when 

compared to 31. This suggests the ability to delocalize the charge build-up through the 

conjugated ligand 29, which would make removal of electrons from the core cluster more 

difficult and its oxidation would thus occur at a higher potential than the peripheral clusters, 

which is indeed what has been observed. This is the first known example of electronic 

coupling between clusters bridged by dipyridyl ligands. 
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Figure 4.12. Cyclic voltammograms of 32 (bottom), 31 (middle), and 33 (top). 
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Figure 4.13. Cyclic voltammogram of 32. 
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4.6. Summary and Perspectives 

It has been shown that structurally well-defined metal cluster complexes can be 

incorporated into dendritic architectures. Specifically, we have achieved the goals of 

synthesizing and characterizing the first bona fide dendrimers of metal clusters based upon 

the [Reg(^3-Se)8]^"^ building blocks that are situated at the core, within the branches, and on 

the periphery of the dendrimers. The identity and stereochemistry of the metallodendrimers 

have been established, with the most convincing evidence supplied by a unique comparative 

^^Se NMR study. One metallocluster dendrimer showed electronic interaction between the 

cluster at the core and the clusters on the periphery of the dendrimer, while the other two 

showed no interactions. Areas that still need to be explored include: (1) higher-generation 

dendrimers, (2) different linker moieties that can incorporate other functions or properties, 

and (3) mixed linker units that will allow incorporation of more than one type of functions. 
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CHAPTERS 

Isosteric [Reg(/^-Se)8]^^ Clusters as Precursors to Cluster-Polymer Hybrid Materials 

Abstract 

Cluster complexes of the general formula [Re6(//3-Se)8(PEt3)„(4-vinylpyridine)g. 

„](SbF6)2 [34 (n = 5); 35 (n = 4, trans-); 36 (n = 4, cis-)], site-differentiated with inert 

triethylphosphine and polymerizable 4-vinylpyridine ligands, were prepared by de-iodination 

of corresponding [Re6(u3-Se)g(PEt3)„Ig.„]I„.4 (2-4, n = 4,5) with AgSbF^ in the presence of 4-

vinylpyridine. These new cluster derivatives were characterized by elemental analysis 

(CHN) and NMR (^H and ̂ 'P) spectroscopy. In addition, the molecular structures of 34 and 

35 have also been established by single crystal X-ray diffraction. Free radical co-

polymerization of cluster 34 with styrene afforded high molecular weight cluster-polystyrene 

hybrid 37 with a relatively low polydispersity index. Cluster incorporation into the 

polymeric framework is indicated by the orange color characteristic of the metal cluster and 

fiirther confirmed by NMR spectroscopy. The NMR studies also established the structural 

integrity of the cluster building blocks upon hybrid formation. Cyclic voltammetry of the 

cluster-containing hybrid revealed a reversible, cluster-based oxidation event. Co-

polymerization of clusters 35 and 36 also resulted in cluster-polystyrene hybrids, but the 

materials were less well-defined, possibly an indication of cross-linking due to the presence 

of two polymerizable ligands on each cluster monomer. 
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5.1. Introduction 

The creation of novel materials with improved property and performance is a 

continually expanding frontier at the interface of chemistry and materials science. A 

significant advance in this pursuit has been the development of hybrid materials that are 

characterized by spatially identifiable domains of organic and inorganic components 

organized into a single molecular framework. This unique class of materials offer 

exceptional opportunities not only to combine the desirable properties from both worlds, but 

also to create truly unique properties not exhibited by either component. For example, it has 

been found that inorganic-polymer hybrids can enhance conductivity, mechanical toughness, 

optical activity, and catalytic activity. More recently, hybrid materials have been used to 

fabricate membranes that exhibit enhanced permeability and selectivity for molecular 

separation of large organic molecules over small gases. 

The novel properties unique to composite materials originate from the synergism 

between the inorganic and organic components, which in turn, is dictated by the subtle 

interfacial interactions between these dissimilar and commonly incompatible phases. It is 

the nature and degree of such interfacial interactions that play a pivotal role in the 

characteristics of resulting composites, such as solubility, optical and electrical properties, 

and mechanical strength. Recognizing the critical importance of such interactions in 

engineering novel properties, Sanchez andRibot'^' classify hybrid materials into two general 

categories, distinguishing "class I materials", in which the inorganic and organic components 

interact only weakly and noncovalently, from "class II materials", in which the constituents 

are more strongly linked through ionic or covalent bonding. It is therefore critically 
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important to be able to clearly define the interfacial interactions, whether they are covalent 

or noncovalent. Even more important is the ability to systematically tune the interfacial 

interactions so that the properties of the composite materials can be modulated and their 

performance be optimized. 
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Figure 5.1. Representatives of polyhedral oligomeric silsesquioxanes. 

However, hybrid materials sprang originally from sol-gel chemistry, and the 

interfacial interactions of sol-gel materials are typically poorly defined. A solution to this 

problem is to interconnect preformed and structurally well-defined organic and/or inorganic 

building blocks. Particularly successful has been the use of polyhedral oligomeric 

silsesquioxanes (POSS, Figure 5.1) as constituents for synthesizing inorganic-organic 

composite materials.'^^'^^^ The POSS precursors can be homo-polymerized or co-

polymerized with suitable organic monomers to produce a wide variety of high-performance 

plastics. Physical properties of these materials, such as porosity, thermal stability, refi-active 

index, optical clarity, chemical resistance, hydrophobicity, and dielectric constant can be 

controlled at the molecular level by employing judiciously designed POSS precursors 
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combined with the use of appropriate polymerization techniques. These materials are being 

evaluated in diverse applications ranging from "super absorbents" for waste water 

remediation to materials for fabrication of non-linear optical devices. 

The successful application of POSS in making useful hybrid materials with more or 

less well-defined interfacial interactions has broadened our view on what is conceivable with 

other inorganic building blocks. Along this direction is a new area utilizing structurally well-

defined metal clusters as building blocks for the synthesis of inorganic-organic composites. 

Such materials, combining the advantages of both metal clusters and organic polymers, are 

expected to find applications in a variety of upcoming advanced technologies, including 

biomedical imaging and organic light-emitting devices. 

Encouraging results have been generated using two distinct types of metal clusters. 

The first is represented by the work of Schubert,' Sanchez,^ and their respective coworkers 

in making hybrid cluster-polymer hybrids using metal oxide/alkoxide (Figure 5.2) clusters 

as the inorganic components. Hybrids featuring such clusters have been prepared via either 

homo-polymerization of the cluster-bound polymerizable group(s) or co-polymerization of 

such cluster-based monomers with suitable organic monomers. The structural integrity and 

the physical and chemical properties of the clusters are retained in most cases upon their 

incorporation into the polymers. It has been shown that cluster-supported composites exhibit 

enhanced thermal and chemical stability and mechanical strength. Moreover, in marked 

contrast to their pure organic counterparts, cluster-reinforced polymers swell instead of 

dissolving in common organic solvents, suggesting cross-linking due to the inorganic 

building blocks. Diffraction studies have revealed that the distribution of the clusters in the 
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polymeric matrices is largely homogeneous and without cluster aggregation or phase 

separation over extended storage periods. The size and shape of the clusters and the number 

of polymerizable surface groups per cluster has been found to play a small but significant 

role in modifying the properties of the nanocomposites. The independent research by 

Nocera, Shriver, and DiSalvo constitutes the second direction of creating cluster-polymer 

hybrid materials, wherein hexanuclear transition metal halide or chalcogenide clusters are 

utilized (Figure 5.3). The Nocera'^^ and Shriver'^^''^^ groups almost concurrently reported 

the incorporation of hexanuclear metal chalcogenide clusters into a polymeric matrix by 

reacting poly(4-vinylpyridine) (PVP) with cluster precursors, including MogCli2, 

[Mo6Cl8Cl4(EtOH)2], and [MogCl8(S03CF3)g]^'. It has been found that the materials obtained 

from M06CI12 and [MogCl8Cl4(EtOH)2] retain the photophysics and oxygen reactivity of the 

parent cluster, but the polymer-bound triflate derivative lacks the characteristic luminescence 

profile. The observations were rationalized in terms of the different extent to which the 

different cluster precursors interact with the polymeric matrix; the presumably more 

extensive coupling between the polymer and the triflate precursor may establish additional 

non-radiative decay pathways, not present in the starting cluster, which compete effectively 

with luminescent decay. However, the exact reasons for these disparities in photophysical 

properties remains unclear, inviting comparative studies using a series of closely related but 

systematically altered clusters. 



Figure 5.2. The molecular structure of Zr6(0H)404(methacrylate) 

0 = C1 • =Mo 

Figure 5.3. Structural representation of the MogClg cluster core. 
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One obvious drawback of the above synthesis is the anticipated masking of 

coordinating pyridyl groups by the steric bulk of the polymer; the coordinating functionality 

may not be easily accessible. As such, the density of cluster incorporation may be low, and 

the homogeneity of the cluster distribution may be a serious concern in terms of possible 

aggregation and phase separation. 

The collaborative work by DiSalvo and Frechet'^' offered a potential solution to the 

phase separation/cluster aggregation problem. By co-polymerizing n-vinylimidazole (NVI) 

with [MogClsCNVI)^]''"^, a monomer featuring the organic monomer as ligand, these 

researchers successfully prepared composites of polyvinylimidazole cross-linked by the 

cluster units. It is still not possible, however, to modulate the properties of such materials 

by systematically altering the structure and composition of the cluster building blocks. More 

recently, DiSalvo and Sogah"" reported the synthesis of a star-shaped polystyrene by 

growing divergently the polymer chains using W^Sg cluster complexes equipped with 

polymerization-initiating nitroxyl ligands (Scheme 5.1). Unimolecularly dispersed metal 

clusters in a well-defined soluble polymer matrix - a true polymer-cluster hybrid - is 

produced. Fine distribution of the clusters has also been illustrated by electron microscopic 

experiments. Unfortunately, detailed characterization and property investigation of these 

materials are unavailable. 



Scheme 5.1 

Cl • = Mo,W 
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The progress made with the use of metal oxide/alkoxide and hexanuclear 

halide/chalcogenide clusters suggest high potentials for future developments. However, a 

number of issues associated with these previous efforts are obvious. First of all, alkoxide 

groups are known to be unstable toward water or other types of nucleophiles. As a result, 

radical polymerization reactions, typically employed for the synthesis of cluster-polymer 

hybrid materials, must be performed in a nonprotic solvent such as toluene, benzene, or 

tetrahydrofuran. Second, many of the metal clusters studied have a rather small core 

structure. Due to the bulk of the accompanying alkoxide groups, access to the pol)'merizable 

functionalities may be sterically hindered. As a result, the polymerization reaction may be 

sluggish or even impossible. Third, the cluster-based monomers have been shown to be 

amenable only to free radical polymerization, with or without organic monomers. Clusters 

with functional groups that would allow the application of other polymerization techniques, 

such as epoxide or controlled radical polymerization or polyaddition reactions, are clearly 

desirable, but presently unavailable. Fourth, it is yet to establish in a systematic manner, how 

the structure (stereochemistry and the number of polymerizable functional groups) of a 

cluster building block affects the properties of the final hybrids. However, almost all the 

clusters studied so far are substituted with multiple polymerizable groups, leading to highly 

cross-linked polymers, and only the influence of the reaction mixture composition (cluster 

loading) on certain physical properties of the hybrids has been studied. Lastly, other than the 

property enhancements similar to those observed for POSS-reinforced polymers, the 

potentially exciting and important value-adding properties anticipated of cluster-containing 

nanocomposites remain largely unrealized. 
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By making use of the recently intensively investigated hexarhenium chalcogenide 

clusters, the work discussed in this chapter is aimed at establishing a novel chemical system 

or platform to address some, if not all, of the problems, elaborated above. Specifically, the 

existence of multiple metal sites and the well-behaved synthetic chemistry allow for the 

construction of a complete kit of systematically altered building blocks that are different only 

in the number and steric arrangement of the polymerizable ligand(s). The degree of 

polymerization, the composition and structure, and ultimately, the property of these 

composites may thus be controlled and optimized, and the structure-property relation may 

be established. Functionally, these clusters are luminescent, and the luminescence has been 

found to be dependent on the rhenium coordination environment, suggesting that one might 

be able to tune the optical properties of the final materials containing these clusters. The 

inherent properties of the cluster species can now be expressed in a confined, controllable, 

and systematically modifiable environment. 

To this end, we designed and synthesized a set of complexes containing the [Re^C/^-

Se)g]^^ cluster core. These new cluster derivatives, featuring at least one polymerizable 4-

vinylpjridine ligand, in addition to inter and site-protecting triethylphosphine ligands, are 

then applied to co-polymerization with styrene to produce the desired cluster-polymer 

hybrids. 
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General Considerations. 

4-vinylpyridine, styrene, 2,2'-azo-bis-isobutyrylnitrile (AIBN), («-Bu4N)PF6, and 

AgSbFg were obtained from Aldrich and used as received. Styrene was purified according 

to published procedures. Cluster complexes 2-4 were prepared according to published 

procedures.^The silica gel (mesh size 200-400) used for flash column chromatography 

was purchased from Natland hitemational Corporation, Research Triangle Park, North 

Carolina. 'H and ^'P NMR spectra were recorded on a Varian AM-300 spectrometer in 

CDjCN. Chemical shifts of ^'P spectra were referenced to 85% H3PO4 (5 = 0 ppm, with 

negative values meaning upfield). Elemental analyses (CHN) were performed by Desert 

Analytics Laboratory, Tucson, Arizona. 

[Re,Ca,-Se)8(PEt3)5(4-vinylpyridine)](SbF,)2 (34). To a mixture of 4 (100 mg, 

0.0386 mmol) and 4-vinylpyridine (200mg, 1.90 mmol) in 50 mL of tetrahydrofliran was 

added AgSbFg (100 mg, 0.292 mmol). The mixture was stirred in the absence of light at 

room temperature for 24 hours, exposed to light for 2 hours, and then filtered to afford a light 

orange solution. The orange-red residue obtained upon removal of the solvent was treated 

with 20 mL of dichloromethane. The resulting mixture was filtered through a plug of cotton, 

and the filtrate was collected. After removal of the solvent, the orange-red residue was 

subjected to flash column chromatography using silica gel and an eluting solvent mixture of 

dichloromethane and acetonitrile (v/v 20:1; Rf= 0.70). Yield: 70.2 mg (62.1%). NMR 
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(300 MHz, CD2CI2): 1.02-1.20(m),2.05-2.29(m), 5.72(d), 6.16(d), 6.73(dd), 7.25(d), 9.12(d). 

NMR: -20.49, -23.82. Anal. Calcd for Cag.jHgj 5Ni.5F,20P5Re6Se8Sb2 (34-0.5DMF): C, 

15.66; H, 2.92; N, 0.71. Found: C, 15.61; H, 3.09; N, 0.64. 

rrfl«s'-[Re6(/^-Se)g(PEt3)4(4-vinylpyridine)2] (SbFj)2 (35) was obtained as an orange 

powder in a manner similar to 34 except that 2 was used in place of 4 (Yield: 43%). 'H 

NMR (300 MHz, CD3CN): 1.10-1.21(m), 2.28-2.39(m), 5.72(d), 6.12(d), 6.78(dd), 7.28(d), 

9.08(d). NMR: -22.28. Anal. Calcd for C38H74N2Fi2P4Re6Se8Sb2: C, 15.72; H, 2.55; N, 

0.96. Found: C, 15.96; H, 2.62; N, 1.18. 

Cw-[Rej(/^-Se)8(PEt3)4(4-vinylpyridine)2](SbFg)2 (36) was obtained as an orange 

powder in a manner similar to 34 except that 3 was used in place of 4 (Yield: 47%). 'H 

NMR (300 MHz, CD3CN): 1.05-1.20(m), 2.14-2.35(m), 5.74(d), 6.23(d), 6.82(dd), 7.35(d), 

9.33(d). ^'P NMR: -21.87, -24.65. Anal. Calcd for C38H74N2F,2P4Re6Se8Sb2: C, 15.72; H, 

2.55; N, 0.96. Found: C, 15.79; H, 2.66; N, 0.95. 

Complex 34-Polystyrene Hybrid (37). A mixture of 34 (20.0 mg, 6.90 |imol), 

AIBN (3.0mg, 0.018mmol), and styrene(l 80.0 mg, 1.7 mmol)in l.OmLofacetonitrilewas 

de-oxygenated by the freeze-pump-thaw method and then stirred at 78°C under dry nitrogen 

for 12 hours. Dropwise addition of the cooled reaction mixture to a mixture of diethyl 

ether/petroleum ether (v/vl: 1) generated an orange-yellow precipitate. The precipitate was 

collected, washed with diethyl ether/petroleum ether (v/v 1:1; 3 x 5 mL), and re-dissolved 

in a minimum amount of dichloromethane to give an orange-red solution. Trituration of this 

solution with diethyl ether/petroleum ether afforded a sticky orange-red solid as the product 
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(40 mg). Its molecular weight was determined by gel-permeation chromatography using 

polystyrene as the standard to be Mn = 344,388 Da with a polydispersity index of 1.33. 'H 

NMR (300 MHz, CD2CI2): 1.15(b), 1.49(b), 1.83(b), 2.24(b), 6.61(b), 7.09(b). NMR: -

19.88, -23.09. 

Complex 2-Polystyrene Hybrid (38) in a manner similar to 37 except that 35 was 

used in place of 34. 'H NMR (300 MHz, CDjClj): 1.15(b), 1.48(b), 1.83(b), 2.32(b), 

6.61(b), 7.09(b). ^'P NMR:-21.11. 

Complex 3-Polystyrene Hybrid (39) in a manner similar to 37 except that 36 was 

used in place of 34. 'H NMR (300 MHz, CD^Cy: 1.16(b), 1.54(b), 1.84(b), 2.19(b), 

6.61(b), 7.10(b). ^'PNMR: -22.16, -23.53. 

Other Physical Measurements. 

Cyclic voltammograms were acquired with an EG&G Instruments 283 potentiostat, 

using 500 jxm diameter Pt working electrode, a Pt counter electrode, and an Ag/AgCl 

pseudoreference electrode freshly prepared by plating a tine layer of AgCl onto a Ag wire 

from a saturated KCl solution. («-Bu4N)PF6 (0.1 M acetonitrile solution) was used as 

supporting electrolj^e. The working electrode was cleaned between each experiment by 

polishing with 0.3-//m alumina paste for 1 minute, followed by copious solvent rinses. After 

each voltammetric experiment, ferrocene was added (ca. 1 nM). An additional 

voltammogram was then recorded, and the potential axis was calibrated against the formal 

potential for the ferrocenium/ferrocene (Fc^/Fc) redox couple. 
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Gel Permeation Chromatography. 

The polymer samples were dissolved at 5 mg/ml in dichloromethane and run by a 

Waters 2695 Separations Module at 1 ml/min using dichloromethane as the mobile phase. 

Jordi DVB columns (500,1000, and 10000 A) were used at ambient temperature. A Waters 

2996 Photodiode Array was used as the detector. 

X-ray Structure Determinations. 

Complex 34. 

An orange triangular plate of 34 having approximate dimensions of 0.02 x 0.12 x 

0.15 mm was mounted on a glass fiber in a random orientation. Data were collected on a 

Bruker SMART 1000 CCD detector X-ray diffractometer at 173(2) K using graphite 

monochromated Mo Ka radiation (k = 0.71073 A). 

Cell constants and an orientation matrix for integration were determined from 

reflections obtained in three orthogonal 5° wedges of reciprocal space. A total of 3686 

fi-ames at 1 detector setting covering 0° < 20< 60° were collected, having an omega scan 

width of 0.2° and an exposure time of 20 seconds. The frames were integrated using the 

Bruker SAINT software package's narrow frame algorithm. A total of 39156 reflections 

were integrated and retained, of which 13919 were unique. Of the unique reflections, 9280 

(66.7%) were observed />2o(7). Empirical absorption and decay corrections were applied 

using the program SADABS. 

The structure was solved using SHELXS in the Bruker SHELXTL (Version 5.0) 

software package. Refinements were performed using the freely available SHELXL and 



139 

illustrations were made using XP. Solution was achieved utilizing direct methods followed 

by Fourier synthesis. Hydrogen atoms were added at idealized positions, constrained to ride 

on the atom to which they are bonded and given thermal parameters equal to 1.2 or 1.5 times 

Uiso of that bonded atom. The final anisotropic full-matrix least squares refinement based 

on of all reflections converged (maximum shift/esd = 0.002) at R1 = 0.1005, wR2 = 

0.0880 and goodness-of-fit = 0.970. "Conventional" refinement indices using the 9280 

reflections with F > 4a(F) are R1 = 0.0531, wR2 = 0.0774. The model consisted of 685 

variable parameters, 1 constraint, and 434 restraints. There were 24 correlation coefficients 

between 0.8 and 0.67, all involving thermal parameters of the anion F atoms. The highest 

and lowest peaks on the final difference map were 1.617 and -1.056 e/A^, respectively. 

Scattering Factors and anomalous dispersion were taken fi^om International Tables Vol C 

Tables 4.2.6.8 and 6.1.1.4. 

Complex 35. 

A red block of approximate dimensions of 0.15 x 0.20 x 0.40 mm was mounted on 

a glass fiber in a random orientation. Data were collected on the SMART 1000 system using 

graphite monochromated Mo K radiation (k = 0.71073A). 

Initial cell constants and an orientation matrix for integration were determined fi-om 

reflections obtained in three orthogonal 5° wedges of reciprocal space. A total of 909 

frames at 1 detector setting covering 0° < 20 < 60° were collected, having an omega scan 

width of 0.3 and an exposure time of 10 seconds, excluding the fourth run in which only 562 

frames were collected. The frames were integrated using the Bruker SAINT software 

package's narrow fi-ame algorithm. A total of3 5 919 reflections were integrated and retained 
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of which 14590 were unique. Of the unique reflections, 9761 (67%) were observed />2CT(I). 

Empirical absorption corrections were applied using the program Sadabs, Shelxl97, 

Sheldrick, G.M. (1997). 

The structure was 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 Patterson methods followed by Fourier synthesis. 

Hydrogen atoms were added at idealized positions, constrained to ride on the atom to which 

they are bonded and given thermal parameters equal to 1.2 or 1.5 times Uiso of that bonded 

atom. The final anisotropic full-matrix least squares refinement based on of all reflections 

converged (maximum shift/esd = 0.001) at R1 = 0.0870, wR2 = 0.1195 and goodness-of-fit 

= 0.968. "Conventional" refinement indices using the 9761 reflections with F > 4 a(F) are 

R1 = 0.0516, wR2 = 0.1073. The model consisted of 649 variable parameters and 0 

restraints. The highest and lowest peaks on the final difference map were 2.407 e/A^and -

o ^ , 

3.165 e/A . Scattering Factors and anomalous dispersion were taken from International 

Tables Vol C Tables 4.2.6.8 and 6.1.1.4. 
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5.3.1. Synthesis of Polymerizable Cluster Complexes 

The synthesis of the targeted cluster complexes is set out in Scheme 5.2. Addition 

of AgSbFg to a solution of the starting cluster and an excess of 4-vinylpyridine in 

tetrahydrofuran caused an immediate yellow precipitation, presumably that of Agl. Removal 

of iodide was followed by the binding of 4-vinylpyridine to afford the desired products in 

good yields. The complexes are readily soluble in dichloromethane, acetonitrile, and other 

common polar organic solvents to yield orange-red solutions. The compounds were 

identified spectroscopically. Complexes 34 and 35 were also confirmed by X-ray diffraction 

analysis. Among the most interesting spectroscopic observations are the 'H resonances of 

4-vinylpyridine upon binding to the cluster. The well-defined doublet at 9.12 ppm 

corresponds to the a-H of the coordinated pyridyl moiety, which is shifted significantly 

downfield with respect to the free ligand. The signal at 7.25 ppm is associated with the yff-H 

of the coordinated pyridyl moiety and is shifted slightly from 7.05 ppm of the uncoordinated 

ligand. Further, the other three sets of resonances associated with the vinyl protons are 

downfield from that of free 4-vinylpyridine (Figure 5.4). Similar downfield shifts of 

comparable magnitude have also been observed for trans- and cw-tetratriethylphosphine 

substituted clusters. Clusters 34-36 are readily differentiated by their NMR spectra, 

whose resonances occur in the interval -20 to -25 ppm in acetonitrile solution (Figure 5.5). 

hi each case, unsophisticated patterns of ^'P resonances are observed. For complex 34, two 

signals in a relative integration of 4:1 are shown at -24.80 and -28.00 ppm, respectively. 
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consistent with the pentaphosphine-substituted structure. For complex 35, a single signal at 

-22.28 is observed, while resonances of equal intensity are observed for 36 at -21.87 and -

24.65 ppm, respectively. Alternative syntheses of complexes 34-36 were also attempted. 

However, the reaction between the corresponding acetonitrile solvates with an excess of 4-

vinylpyridine in chlorobenzene under reflux only produced mixtures that were hard to purify 

despite the fact that such ligand substitution reactions have been very successful for the 

preparation of a variety of other cluster derivatives. This may have been due to some 

unwanted reactions (polymerization of 4-vinylpyridine, for example) as a result of the rather 

forcing conditions. 
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Figure 5.4. Partial showing of the 'H NMR spectra of 4-vinylpyridine (bottom) and 34 (top). 

Figure 5.5. ^'P NMR spectra of 35 (top), 34 (middle), and 36 (bottom). 
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5.3.2. X-ray Structural Determinations of 34 and 35 

The molecular structures of cluster 34 and 35 were established by single-crystal X-ray 

diffraction. Crystal data and structure refinement parameters are reported in Tables 5.1 and 

5.2. Dimensional data describing the cluster core of both structures are collected in Table 

5.3 and 5.4. The values are unremarkably close to those reported for similar compounds. 

The molecular structures are depicted in Figure 5.6. The cluster core in both structures, as 

expected, contains a Re^ octahedron concentric with a Seg cube whose atoms cap the 

triangular octahedral faces. The correct stereochemical phosphine substitution is readily 

apparent. The 4-vinylpyridine ligand is bound to the non-phosphine protected rhenium site 

via the pyridyl nitrogen, while its vinyl group is disposed, as expected, away fi^om the 

molecular bulk, establishing a site readily accessible for further transformations. 
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Table 5.1. Crystallographic Data and Structural Refinement of 34. 

Empirical formula 

Formula weight 

Crystal size 

Crystal system 

Space group 

Unit cell dimensions 

Volume, Z 

Density, calcd. Mg/m^ 

Abs. coeff, mm"' 

F(000) 

Theta range for data collection 

Limiting indices 

Reflections utilized 

Independent reflections 

Data/restraint/parameter 

GOF on 

R indices [/ > 2cr(i)] 

P= 94.411(3)^ 

C4oHg9F J2N2OP 5Re6Sb2Seg 

2989.36 

0.02 X 0.12 X 0.15 mm 

Monoclinic 

P2, 

a = 11.748(1) A 

6= 15.122(2) A 

c= 19.941(2) A 

3531.8(7) A^ 2 

2.810 

15.288 

2714 

1.02 to 26.04° 

-14 < h < 14, -18 < k < 18, -24 < 1 < 24 

39156 

13919 [R(int) = 0.0896] 

13919/434/685 

0.970 

R1 =0.0531, wR2 = 0.0774 

R indices (all data)" R1 = 0.1005, wR2 = 0.0880 
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Table 5.2. Crystallographic Data and Structural Refinement of 35. 
Empirical formula C38H7]Fi2N2P4Re(;Sb2Se8 

Formula weight 2900.23 

Crystal size 0.40x0.20x0.15 mm 

Crystal system Triclinic 

Space group P-\ 

Unit cell dimensions a = 12.0859(16) A a-= 87.429(3)° 

6 = 15.157(2) A p-= 88.613(3)° 

c= 19.853(2) A y-= 67.517(3)° 

Volume, Z 3356.8(8) A^ 2 

Density, calcd. Mg/m^ 2.869 

Abs. coeff., mm"' 16.057 

F(000) 2610 

Theta range for data collection 1.03 to 27.06° 

Limiting indices -15 < h< 15,-19 < k< 19,-25 < 1 < 25 

Reflections utilized 35727 

Independent reflections 14584 [R(int) = 0.0718] 

Data/restraint/parameter 14584/0/649 

GOFonF^ 0.968 

R indices [/ > 2a(i)] R1 =0.0516, wR2 = 0.1073 

R indices (all data)" R1 =0.0870, wR2 = 0.1195 

"R1 =ZI|fJ-|^'.|/Zln|. wR2= 
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Table 5.3. Selected bond lengths (A) of 34 and 35. 

Complex 34 

Re-Re 2.6272(1)-2.6454(1); mean 2.6369 

Re-Se 2.505(2)-2.520(2); mean 2.513 

Re-P 2.463(5)-2.485(5); mean 2.474 

Re-N 2.220(13) 

C=C (vinyl) 1.265(10) 

Re-Re 
Complex 35 

2.6298(l)-2.6436(6); mean 2.6363 

Re-Se 2.5050(12)-2.5240(13);mean 2.5211 

Re-P 2.474(5)-2.489(5); mean 2.481 

Re-N 2.196(9) and 2.208(9) 

C=C (vinyl) 1.265(10) 

Table 5.4. Selected bond angles (°) of 34 and 35. 

Re-N-C 
Complex 34 

121.3(12) and 122.0(11) 

C-C=C(vinyl) 117(3) 

Re-N-C 
Complex 35 

121.4(7)-122.6(8); mean 122.0 

C-C=C(vinyl) 117(12) and 118(12) 



Figure 5.6. An ORTEP view (50% probability) showing the cationic cluster core of 34 
(top) and 35 (bottom). Color schemes: C (gray), N (blue), P (purple). Re (green), Se 
(brown). 



150 

Scheme 5.3 
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5.3.3. Syntheses of Cluster-Polystyrene Hybrids 

With the desired polymerizable clusters in hand, reactions leading to cluster-

containing polymeric materials in desired local substitution patterns or stereochemistry were 

undertaken. The reaction employed, set out in Scheme 5.3, proceeds by co-polymerizing 

complexes 34-36 with an excess of styrene in acetonitrile. The purified products exhibit an 

orange color, characteristic of the parent cluster, and hence, a qualitative support of its 

incorporation into the polymeric support. Additional supporting evidence comes from 

comparative NMR ('H and studies of the 37 and 34. The 'H NMR spectrum of the 37 

(a, top. Figure 5.7) is considerably broadened as compared with that of 34 (a, bottom. Figure 

5.7). Also of notice is the upfield shift of the pyridyl a-K resonance from 9.12 to ca. 8.66 

ppm (inset. Figure 5.7) upon polymerization. The remaining resonances in the aromatic 

region are significantly broadened compared to 34, but the shape and chemical shift are 

typical of polystyrene. Saturation of the vinylpyridine double bond is confirmed by the 

disappearance of the proton signals at 5.72 and 6.16 ppm (bottom. Figure 5.7) attributed to 
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the terminal CH2 of the vinyl group of 34; the new resonances are inadvertently obscured by 

the triethylphosphine signals. As indicated by the NMR of the hybrid (b, top, Figure 7), 

not only the cluster core remains intact, the cluster stereochemistry is also preserved, as two 

considerably broadened peaks with a relative integration of 4:1 are observed. The 

unsophisticated NMR spectrum also points to the purity of the product as well as a 

chemically homogeneous environment for the dispersed cluster units. Nevertheless, direct 

evidence for a fine dispersion of the cluster in the polymeric matrix remains to be obtained 

by electron microscopy. The cluster:styrene ratio was estimated to be 1:26 on the basis of 

'H NMR integration of the hybrid, corresponding to a cluster loading of 51.8 wt% or 3.7 

mol%. Its molecular weight was determined by gel-permeation chromatography using 

polystyrene as the standard to be Mn = 344,388 Da with a polydispersity index of 1.33 

(Figure 5.8), corresponding to an average of 70 repeating units, each composed of 1 cluster 

and 26 styrene. 

I I ' I 
PPM 9.0 

T-T" 
8.0 

' I ' I I I I I I 

7.0 6.0 -20 -25 

Figure 5.7. (a) Partial showing of the 'H NMR spectra of 34 (bottom) and 37 hybrid (top), 
(b) ^^P NMR spectra of 34 (bottom) and 37 hybrid (top). 
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Figure 5.8. GPC trace of 37. 

Encouraged by the successful synthesis of the polymeric hybrid containing the 

pentaphosphine-substituted cluster unit, we sought the preparation of cluster-polymer hybrids 

by employing the other two cluster monomers 35 and 36. These two cluster precursors are 

expected to produce more complicated hybrids as cross-linking is expected due to the 

presence of two polymerizable ligands. Furthermore, the trans- and cis- stereochemistry is 

expected to create some disparity in polymer properties, hideed, analogous co-

polymerization reactions employing 35 and 36 proceed smoothly, and sticky orange-red 

materials were obtained in both cases. For 35, upon co-polymerization with styrene, the 

vinyl double bond is completely saturated, as indicated by the absence of the peaks at 6.20 

and 5.72 ppm. As in case of hybrid 34, the resulting saturated resonances are obscured by 

the triethylphosphine signals. The aromatic proton resonances are considerably broadened 
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compared to that of the monomer, and are typical of polystyrene. Also noticeable is the 

upfield shift of the pyridyl protons from 9.12 to 8.55 ppm. The NMR is unsophisticated 

with a slightly broadened resonance at -21.11 ppm. This is consistent with the equivalent 

chemical enviroimients that would occur if the cluster core were incorporated into the 

polymer matrix, and is also typical of a /ran^-tetratphosphine-substituted isomer. The cluster 

loading could not be determined due to poor resolution of the a-H of the coordinated 

pyridine. Due to the potential cross-linking that may occur with two possible polymerizable 

groups the molecular weight of the polymers formed spanned a very large range. 

Complex 36 has the potential to create the most complex polymeric system because 

the polymerizable groups are positioned at a right angle, thus creating some stereochemical 

constraints during polymerization reaction. The 'H NMR is similar to the previous polymers. 

Saturation is confirmed by the dissapearance of the double bond protons at 6.22 and 5.75 

ppm. The resonances corresponding to the saturated proton are not visible due to the overlap 

with the triethylphosphine signals. The aromatic proton resonances are broad, but typical of 

polystyrene. Also, the pyridyl peak has shifted upfield from 9.33 to 8.98 ppm. Unlike the 

spectra of the other two hybrids, the NMR of 39 is complex. Although two sets of 

significantly broadened resonances centered at -22.16 and -23.52 ppm, respectively, were 

observed, each set contains many poorly resolved signals, possibly an indication of the 

complexity of polymerization due to the cis- arrangement of the vinyl groups. As with co­

polymer of 35, the molecular weight of the polymers formed spanned a very large range. 
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5.4. Electrochemical Studies. 

Electrochemical studies have been carried out to determine if the polymeric matrix 

has any affects on the redox potential of the clusters. Cyclic voltammetry revealed only one 

chemically reversible oxidation step at Eyj^Q.ll V (AEp = 100 mV) vs. the Fc"^/Fc redox 

couple (Fc = ferrocene; E° = 0.46 V vs. SCE; 0.70 V vs. NHE) for 37, comparable to that 

(£•1/2 = 0.76 V) observed for the starting cluster 34 (Figure 5.9). The observation of a single 

oxidation event at the same potential as the free cluster suggests that the clusters are 

unperturbed by the polymerization, are noninteracting, and are effectively in the same 

environment, in agreement with the conclusion reached by the comparative NMR studies 

detailed above. However, the smaller peak current for the hybrid, when compared to that of 

a solution of free clusters with an equivalent cluster concentration, is indicative of the slower 

diffusion when incorporated into the high molecular weight polymer. Additionally, any 

masking of buried cluster units would contribute to this decrease. 
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Figure 5.9. Cyclic voltammograms of 34 and the hybrid 37 in CH3CN solutions. The 
current scale for polystyrene sybrid has been normalized such that the voltammograms can 
be compared at the same effective molar concentration of clusters. 
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5.5. Summary and Perspectives 

The goals of this work were to create a new series of polymerizable cluster complexes 

and to explore their applications as precursors to novel cluster-containing inorganic-polymer 

hybrids. To this end, three cluster complexes of the general formula [Reg(/Z3-Se)g(PEt3)„(4-

vinylpyridine)6.„](SbF5)2 [34(« = 5); 35 (n = 4, trans-)-, 36 (n = 4, cw-)], site-differentiated 

with inert triethylphosphine and polymerizable 4-vinylpyridine ligands were prepared. 

Polymerization reactions of these novel derivatives with styrene were investigated. It has 

been found that each of these cluster-based monomers is capable of co-polymerization with 

styrene to afford cluster-polystyrene hybrids. In the case of cluster 34, polymeric hybrid of 

high molecular weight and low polydispersity index was obtained. Both the integrity of the 

cluster and its stereochemistry are maintained upon polymerization, as can be concluded 

from comparative and NMR studies of the monomer and copolymers. 

Electrochemical studies revealed no electronic communication between clusters within a 

single cluster-polymer hybrid. By utilizing these isosteric building blocks, it is possible to 

control the loading of clusters and to tune the properties of the resulting hybrid materials. 

Future work will include the optimization of reaction conditions in the hope that more well-

defined hybrids using 35 and 36 can be obtained. In addition, the potentially interesting 

electrochemical and photophysical properties of these novel materials will be investigated, 

with an eye on their applications as organic light-emitting and redox-active coating materials. 
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Overall Summary and Outlook 

The body of this dissertation is concerned with the chemistry of the hexarhenium 

selenide cluster and its use as a synthetic building block. Two themes underlay the research 

presented here: (1) to create of novel supramolecular arrays and (2) to provide possible 

solutions to problems associated with the synthesis of inorganic-organic hybrid materials. 

Chapter 2 discussed the use of star-shaped scaffolding to develop a molecular 

Tinkertoy kit containing pieces which incorporate a variety of angles. Further 

functionalization of a molecular Tinkertoy based upon TPyP by incorporation of metal ions 

was discussed in chapter 3 along with the new electrochemical and photophysical properties 

observed. A new metallodendrimer motif containing clusters a the core, within the 

branches, and on the periphery was developed and discussed in chapter4. Also examined is 

the hitherto unseen electrochemical communication between [Re6(j«3-Se)g]^"^ clusters bridged 

by an organic moiety. Chapter 5 provides possible solutions to problems involved with the 

synthesis of inorganic-organic hybrid materials. A demonstration-of-feasibility synthesis was 

provided demonstrating the successful copolymerization of [Reg(u3-Se)8]^^ vinylpyridine 

derivative with styrene. 

This dissertation has laid the ground-work for continued research in this area. 

Examples of future work includes exploration of different types of molecular Tinkertoys, 

synthesis of more complex extended arays based upon these cluster-based Tinkertoys. 

Higher-generation dendrimers, as well as dendrimers containing different organic bridges 

need to be looked into. Finally, just the surface of hybrid inorganic-organic hybrid materials 
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has been touched. By changing the monomer and the initiator, more intesting polymers 

maybe formed with greater control over the resulting structure and properties. 
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