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ABSTRACT
Transition metal clusters are a unique class of chemical substances. Not only do
they have well-defined molecular structures, they also exhibit interesting and potentially
useful properties that are inherent to metal-metal bonded species.

They may be viewed

as atom-like building blocks with adjustable properties. Detailed in this dissertation are
the efforts to develop synthetic methodologies necessary to bring a cluster system out of
the limited sphere of fundamental cluster chemistry and into general synthetic
applicability.

Specifically, the design and synthesis, structural characterization, and

synthetic applications of the cluster complexes of the [Re6(µ3-Se)8]2+ core will be
discussed.
Chapter 1 provides necessary background information of the [Re6(µ3-Se)8]2+
core-containing cluster system, the rationales of cluster-supported synthetic and structural
chemistry, and the impetus for these endeavors.
Chapter 2 details the synthetic applications of stereospecific complexes of the
[Re6(µ3-Se)8]2+ clusters for the assembly of nanoscopic multicluster arrays using
molecular and supramolecular approaches.

The synthesis and structural characterization

of a triangle-shaped tricluster array and a tetracluster assembly composed of two
hydrogen-bonded diclusters are described.
Chapters 3 and 4 describe the synthesis of the [Re6(µ3-Se)8]2+ core-containing cluster
complexes with the water-soluble 1,3,5-triaza-7-phosphaadamantane (PTA)

ligand and
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the chemistry of these cluster-complex ligands for the coordination of a variety of
secondary metal ions.
In Chapter 5, the supramolecular chemistry of the cluster-PTA complexes with Ag(I)
is detailed. The coordination of Ag(I) to a cluster complex with two PTA ligands
disposed trans- to each other produces a 2-dimensional, porous solid with nano-sized
hydrophobic pores that are potentially useful for storage of hydrocarbons and for
occlusion of certain substrates for activation and possible catalysis.
Chapter 6 summarizes the efforts to synthesize cluster-polymer hybrid materials by
using an initiating cluster complex for the controlled radical polymerization.

The

synthesis, spectroscopic and structural characterizations of a novel cluster complex with
an initiating ligand are described.

Preliminary results of its application for the

controlled polymerization of methyl methacrylate are detailed.
Chapter 7 draws a set of conclusions based on the results presented in Chapters 2-6
and elaborates on some future directions aimed at moving one step forward the
cluster-supported synthetic and materials chemistry.
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CHAPTER 1
[Re6(µ3-Se)8]2+ CORE-CONTAINING CLUSTER COMPLEXES AS
BUILDING BLOCKS FOR SUPRAMOLECULAR DESIGN
AND DISCOVERIES OF HYBRID MATERIALS

1.1 BACKGROUND
Inorganic-organic hybrids, materials characterized by spatially identifiable domains
of organic and inorganic components organized into a single molecular/supramolecular
framework, offer great opportunities to integrate the desirable properties of the two
distinct realms.1-3

Moreover, entirely new properties not exhibited by either may be

generated as a result of the synergism (composition, functionality, and supramolecular
organization) between the inorganic and organic components.4-10

Once the privilege of

academic research, hybrid technology now provides materials with structures,
morphologies, and properties inaccessible with conventional methods, due largely to the
technical advancement offered by the sol-gel processes,11-14 novel polymerization
procedures,15-17 and supramolecular chemistry.18,19
Challenges remain, however, for the development of complex hybrids hierarchically
organized in terms of structure and function.

Our ability to systematically modulate the

intrinsic properties of the components, those of the inorganic components in particular,
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and to precisely control their interfacial (molecular) and intermolecular (supramolecular)
interactions is generally lacking.1,3,20
Using structurally well-defined polyhedral oligosilsesquioxanes (POSS) as building
blocks, significant progress has been made in this context, not only toward a better
understanding of the structure and function of the inorganic components on the structure
and property of the resulting hybrid materials, but also toward the development of
practically useful materials.21-23

The successful use of these cage-like molecules is

based on their nanoscale dimension, excellent thermal and mechanical stabilities, and
flexible yet robust synthetic chemistry.24-26

The molecular cage can be modified with

functional groups of selected numbers and types to formulate multifunctional compounds
and nanohybrids.

Applications of such materials for nonlinear optics,5,27 sensor

technology,28,29 and separation science30,31 have been demonstrated. A schematic
representation of POSS-based polymer hybrids is shown in Figure 1.1.
The success with POSS has broadened the view on what is conceivable with other
nanoscopic inorganic building blocks, metal clusters in particular, considering the
structural and functional wealth of such chemical entities.

Such efforts can be distinctly

divided into two general areas of research, one in supramolecular construction and the
other in making cluster-polymer hybrids.1

Below, the rationales of utilizing structurally

well-defined metal clusters for these efforts will first be elaborated, followed by a brief
account of the cluster-supported synthetic work in making supramolecular and polymeric
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Figure 1.1. Polymer architectures available from POSS monomers: (A) pendant; (B) AB
multiblock ‘bead’; (C) ABA triblock; (D) star. Adapted from ref. 24.
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hybrid materials by other research groups before moving into our own work of utilizing
the [Re6(µ3-Q)8]2+ (Q = S, Se) core-containing clusters based on similar considerations.

1.2 METAL CLUSTERS AS UNIQUE BUILDING BLOCKS
The rationale of choosing metal clusters as building blocks is based on a number of
considerations.

First, a cluster is significantly larger in size than its corresponding

mononuclear complex.32,33

This expanded dimension provides a unique means of

enlarging the pore size of porous inorganic framework solids, a class of materials
attracting increasing interest due to their potential applications for guest occlusion and
separation, substrate activation and catalysis, storage of energetically significant gases
such as hydrogen and methane, and removal of CO2 from the flue exhaust of power
plants or its adsorption for environmental protection.34-36 An added advantage is the
possibility of preventing interpenetration of the desired porous solids by using sterically
encumbering groups to protect some of the metal sites of the cluster core, thus offering a
ready solution to one of the most commonly encountered challenges in making porous
materials.37-40

Second, the multiple metal sites in a cluster core allow for

site-differentiation, that is, selective site-modification with purpose-specific ligands. A
range of building blocks with systematically varied stereochemistry and functions are
thus to be expected. The fixed stereochemistry imparts the shape and directionality
critical to controlling the dimensionality of the synthetic targets that is not easily
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achieved if mononuclear building blocks are used and to establishing structure-property
relationship amongst a variety of systematically varied materials.

Third, from the

perspective of creating novel functional materials, metal clusters are attractive because, in
addition to the inherently interesting electronic, magnetic, optical, or catalytic properties
of metal complexes, clusters frequently exhibit interesting traits that are unique to
metal-metal bonded species.32,41-43 Thus, the efforts to use metal cluster in making
hybrid materials, either by supramolecular approaches or by polymerization techniques,
are expected to offer many fascinating research problems with potentially significant
ramifications.

Last but not least, the successful synthetic development using these

atom-like building units with adjustable properties is necessary to bring them out of the
limited sphere of fundamental cluster chemistry, that is, studies largely concerned with
the bonding interaction within the cluster core, into general synthetic applicability.

1.2.1

Metal cluster-supported supramolecular construction

Shriver and co-workers have applied clusters of the [Mo6(µ3-Cl)8]4+ core, together
with para-HOC6H4CONH2, for the preparation of hydrogen-bonded network structure.44
Utilizing [W6(µ3-S)8(CN)6]6- as building block, three-dimensional extended coordination
networks with transition metal ions M(II) (M = Mn, Fe, Co, Zn) have been obtained by
DiSalvo and coworkers.45-47

Multidimensional conductive networks have also been

realized using cluster complexes with TTF derivative ligands attached to the W6S8 core.46
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Using pyridine-based ligands such as isonicotinic acid and isonicotinamide, they have
also explored the synthesis of hydrogen-bonded arrays of the W6S8 clusters.47

Lachgar

and coworkers have developed framework solids containing octahedral Nb6Cl12 clusters
and mononuclear transition metal ions using crystal engineering approaches, and some of
these materials display interesting magnetic properties.48-50

In addition to these

hexanuclear transition metal clusters, other clusters have also been employed for the
construction of supramolecular assemblies, of which the work using Cu/W/S clusters by
Lang and coworkers is probably most notable. Many of these clusters have been shown
to possess nonlinear optical properties that are potentially useful for optical limiting.51-53

1.2.2

Metal cluster-polymer hybrids

Metal clusters have also been applied in making polymeric hybrids.

By

copolymerizing organic monomers and oxide/alkoxide cluster complexes equipped with
unsaturated organic ligands, Schubert and Sanchez have developed the synthesis of
hybrids, wherein the clusters act both as highly efficient cross-linkers and as fillers,
leading to enhanced thermal and mechanical stabilities of the cluster-polymer
hybrids.11,54-55

An intriguing superparamagnetic hybrid was also obtained when

Mn12O12(acrylate)16, the ligand-exchange product of the celebrated superparamagnetic
cluster Mn12O12(acetate)16 with acrylate, was copolymerized with ethyl acrylate.55 This
work provides an encouraging example of how the interesting properties of a metal
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cluster may be integrated with the propitious characteristics of organics to develop useful
materials.

Another example along the same line of interest is the cluster-cored

metallodendrimer featuring the biologically significant [Fe4S4]2+ cluster encapsulated by
dendritic ligands (dendrons).56

The kinetics and potential of the cluster-based redox

processes have been found to be tunable by the dendrons, suggesting applications of such
cluster-dendrimer hybrids for information storage.
Hexanuclear Chevrel phase-type clusters are another class of metal clusters that have
been utilized in making cluster-polymer hybrids.

For example, [Mo6Cl8]4+

core-containing clusters with unique photophysical properties were utilized by Nocera
and Shriver to prepare hybrids with poly(4-vinylpyridine).57,58

They found that the

photophysics and oxygen reactivity of the parent cluster are not always retained in the
resulting hybrids, depending on the nature of the starting cluster complex.

The

observations were rationalized in terms of the extent to which the cluster interacts with
the polymeric matrix: A cluster complex with more reactive ligands (e.g.
[Mo6Cl8(SO3CF3)6]2-) is expected to interact more extensively with the polymeric matrix,
establishing additional non-radiative decay pathways, with respect to a not-as-reactive
cluster precursor (e.g. [Mo6Cl8Cl4(EtOH)2]), to compete effectively with luminescent
decay.

Albeit reasonable, the origin of this observed difference in photophysical

properties remains unclear.

How does the structure (the number of reactive groups and

their relative orientation on the cluster core) affect the synthesis and properties of the
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resulting hybrids? The question naturally arises. To be able to answer this question,
cluster isomers, systematically altered in terms of cluster-bound functional groups
(number, type, and steric arrangement), are needed.
By

copolymerizing

n-vinylimidazole

(NVI)

with

its

cluster

complex

[Mo6Cl8(NVI)6]4+, DiSalvo and Fréchet obtained poly(vinylimidazole) cross-linked by
the clusters.59

More recently, DiSalvo and Sogah succeeded in growing polystyrene

chains from a W6S8 cluster-derived initiator.60 Soluble, and unimolecularly dispersed
metal clusters in the well-defined polystyrene matrix was produced.

Metallodendrimers

supported by clusters of the same structural type have also been reported.

Gorman and

coworkers synthesized dendrimers cored by the [Mo6Cl8]4+ cluster,61 while efforts from
our research group afforded dendrimers supported by the [Re6(µ3-Se)8]2+ core.100,101

It

has been found that the nature of the dendron profoundly affects the electronic structure
of the cluster core, giving rise to intriguing photophysical properties of the
cluster-dendrimer hybrids.

In principle, it should be possible to tune such properties via

the use of various dendron combinations.

This effort again requires starting cluster

complexes with systematically altered coordination environment.

1.3 THE NEED FOR A NEW TYPE OF CLUSTERS
The great variety of cluster derivatives and the realization of supramolecular cluster
arrays and cluster-containing polymeric hybrids attest to the wealth of cluster-supported
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synthetic and structural chemistry, which marks the beginning of what promises to be an
exciting new chapter in cluster research.
of these potentials.

Issues remain however, for the full realization

The clusters that have been studied are largely limited to 1) the

oxides and oxoalkoxides of tungsten, tin, titanium, and zirconium; and 2) the Chevrel
phase-type clusters.62,63 The oxide or oxoalkoxide clusters are mainly used in making
cluster-polymer hybrids.

They are generally sensitive to water and other types of

nucleophiles.

The choice of methods and solvents for subsequent polymerization are

thus limited.

In addition, most of the clusters that have been studied possess multiple

reactive groups.

When copolymerized with an organic monomer, highly cross-linked

hybrids were generally obtained; controlling the degree of cross-linking remains a
difficult task.

Furthermore, the structural integrity of the cluster is not always

maintained, leading to difficulty in the characterization of the final product.
The second type of clusters, namely the Chevrel phase clusters are more robust, and
have been utilized in making both supramolecular and polymeric hybrids. However,
some of them are still quite sensitive to moisture or air, thus making their general use not
particularly practical. Furthermore, almost all studies involving these species make use
of the complexes fully substituted with one type of ligand, be it for non-covalent
interactions or for polymerization. This is a fundamental limitation as it is not possible
to systematically fine-tune the composition of the end materials or to evaluate the
structural influence on materials properties, and let alone to establish the
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structure-property relationship.
There is thus a clear need for a cluster system that may provide solution to the above
issues.

As alluded to above, the desired cluster, in additional to being structurally

well-defined and chemically robust, should possess adequate reactivity for facile
derivatization for the production of appropriately designed and systematically altered
cluster building blocks, as these judiciously functionalized monocluster complexes are
key to the realization of hybrid materials (supramolecular or polymeric) with controlled
structure, composition, dimension, and functionality.

Furthermore, the cluster itself

should have certain type(s) of interesting physical properties so that they are not mere
structural support for the construction of the hybrid materials.

Instead, both the

properties of the cluster and those of the other components (organic ligand, polymeric
units, or secondary metal ions in coordination polymers) can be expressed in the same
molecular, supramolecular, or polymeric setting. Even better, new properties may be
generated because of the inorganic-organic synergism.

1.4 WHY ARE THE [Re6(µ3-Q)8]2+ (Q = S, Se) CORE-CONTAINING CLUSTERS OF
INTEREST?
Solutions to the aforementioned problems can be potentially offered by the
octahedral hexanuclear core of Re, in particular cluster complexes of the hexarhenium
chalcogenides containing the [Re6(µ3-Q)8]2+ (Q = S, Se, Te) core.64,65

These clusters,
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Figure 1.2. The structure of the Re6(µ3-Q)8 (Q = S, Se, Te) cluster core shown with
terminal ligands (L).
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structurally analogous to the Chevrel phase solids, are a rather recent development in
cluster chemistry.66-69 The 24-electron face-capped hexanuclear core can be viewed as
an octahedron of rhenium enclosed in a cube formed by the eight face-capping
chalcogenido ligands, with six additional terminal ligands (Figure 1.2).

Using the

dimensional reduction protocol, halide-terminated clusters of the general formula
[Re6(µ3-Q)8T6]4- (T = Cl-, Br-, I-, CN-) are obtained in high yields from the initial
solid-state synthesis.70
Attractive from the perspective of creating novel functional materials are the
interesting electrochemical and photophysical properties of these clusters.

A reversible,

one-electron oxidation event is typically observed, with the potential dependent upon the
nature and number of the terminal ligands.33 The parent and oxidized clusters exhibit
markedly different absorption characteristics, and more intriguingly, both are luminescent;
the luminescence is dependent on both the oxidation state and coordination environment
of the cluster.71-73 These interesting traits, though not yet fully understood owing to the
cluster’s complicated electronic structures, suggest the possibility of altering the
absorption and emission characteristics of the clusters by changing electrochemical
conditions. Electrochromic and electroluminescent materials may thus be envisioned.74
The high-yield solid-state synthesis coupled with the interesting electrochemical and
photophysical properties of the Re6 clusters have made them the subject of recent
intensive research.33,75-89 The groups of Long76-81 and Fedorov82-89 have focused on

Figure 1.3. Site-differentiated stereoisomers
[Re6(µ3-Se)8(PEt3)5I]I and their acetonitrile solvates.

trans-[Re6(µ3-Se)8(PEt3)4I2],

cis-[Re6(µ3-Se)8(PEt3)4I2]

and
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Prussian blue analogues dimensionally expanded by the [Re6(µ3-Q)8(CN)6]4- clusters.
Some of these materials display, in addition to interesting magnetic properties, rather
intriguing host-guest chemistry potentially useful for sensory applications.76-81

Fedorov

and coworkers have synthesized coordination polymers featuring the cyano complex as
ligand for the coordination of secondary metal ions.82-89

Kim and coworkers have also

constructed analogous cluster-containing polymeric structures and demonstrated their
catalytic potentials.90,91 In a related effort, Sasaki and coworkers successfully attached
six porphyrin units onto a central [Re6(µ3-S)8]2+ core.92

The luminescence study of the

resulting complexes suggests that the emission originates from the porphyrin moieties.

1.5 SITE-DIFFERENTIATED

[Re6(µ3-Se)8]2+

CLUSTERS

AS

STEREOSPECIFIC

BUILDING BLOCKS
Rather than relying on a single, highly symmetric building block such as
[Re6(µ3-Q)8(CN)6]4-, 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 serving to protect certain metal sites while the other
providing the reactive sites for further chemical transformations.93-95 This has been
made possible because of the amenable reactivity of this particular cluster system. It
has been found that the six Re(III) sites could be differentiated from one another by
reacting the starting (n-Bu4N)3[Re6(µ3-Se)8I6] with PEt3 or PPh3.93,94 This reaction can
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be executed in a controllable fashion, affording a series of substitutional isomers of the
general formula [Re6(µ3-Se)8(PR3)nI6-n]n-4 [R = Et, n = 0, 4 (cis- and trans-), 5, 6; R = Ph,
n = 3 (fac-)].

These species are different not only in the number of site-protecting

phosphine ligands, but also in ligand arrangement on the cluster core.
The site-protecting phosphine ligands are inert once bound to the cluster core,
serving primarily to define the stereochemistry of the cluster core but with an additional
role of modulating the solubility of the complex.

De-iodination of the

phosphine-substituted iodo complexes followed by coordination with acetonitrile ligand(s)
afforded corresponding solvates of the general formula [Re6(µ3-Se)8(PEt3)n(MeCN)6-n]2+
[n = 4 (trans- or cis-), 5] .93,94

The site-differentiated iodo and acetonitrile substituted

cluster complexes are collected in Firgure 1.3.

The weakly coordinated solvent

molecules offer enhanced reactivity for further chemical transformations, providing the
basis of synthetic efforts detailed in this thesis work.
The superior synthetic utilities of these cluster solvates have previously been
demonstrated through the preparation of a great variety of molecular and supramolecular
architectures by former Zheng group members. These cluster-containing substances
include molecular multicluster arrays,97-99 cluster-supported metallodendrimers,100,102
supramolecular assemblies of clusters supported by hydrogen bonding94,103 or
metal-ligand complexation,104,105 and cluster-containing polymer hybrids.106

A brief

summary of these previous works, divided into three distinct subsections according to the
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Figure 1.4. Synthesis of dumbbell-shaped dicluster bridged by the ditopic ligand.

Figure 1.5. Molecular structure of star-shaped tri- and tetraclusters.

Figure 1.6. ORTEP view (50% ellipsoids) showing two units of the cationic core of the
tricluster array, with a separation of 11.27 Å between the central aromatic rings, in a
staggered disposition. Ethyl groups are omitted for clarity. Color scheme: C, gray; N,
blue; P, purple; Re, green; Se, brown. Adapted from ref. 97.
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synthetic applications of the cluster solvates, is provided below, from which the
propitious features in synthesis, structure, and property of this unique cluster system may
be appreciated.

1.5.1

Ligand-bridged molecular arrays of the [Re6(µ3-Se)8]2+ core-containing clusters.

In this very first synthetic paradigm, the lability of the coordinated nitrile in
substitution for a stronger incoming ligand is being exploited.

Specifically,

substitutional isomers of the solvates with different numbers of coordinated nitrile ligand
and/or location on the cluster core are reacted with multitopic ligands to create
multicluster arrays with concomitant expulsion of the acetonitrile molecule(s).97-102
Direct replacement of the nitrile ligands also lead to the first metallodendrimers core by
any hexanuclear metal clusters.100

1.5.1.1

Bridged di-, tri-, and tetraclusters

One may compare the production of the end cluster arrays to the construction of
Tinkertoy sets, wherein specific isomers of the cluster solvates may be viewed as the
"spools" that are equipped with reactive sites instead of holes.

The multitopic ligands,

featuring a number of metal-coordinating sites arranged divergently can be regarded as
the "sticks" that introduce branches, angles, or loops to fix the desired geometry. The
prototype of this assembly method entailed the condensation of the nitrile solvate of the
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pentaphosphine-substituted cluster with a half equivalent of a bidentate ligand in
refluxing chlorobenzene to give a dumbbell-shaped dicluster bridged by the ditopic
ligand (Figure 1.4).96 The synthesis is readily applicable to the construction of other
structurally more sophisticated multicluster arrays of predetermined shapes and
dimensions, including star-shaped tri- and tetraclusters (Figure 1.5).97,98

The ORTEP

presentation of the crystal structure of the star-shaped tricluster is shown in Figure 1.6.97
The presence of multiple identical redox-active cluster units suggests that in addition
to their appealing structures, these novel cluster-supported architectures may exhibit
interesting electrochemical properties that may be technologically useful.

Surprisingly,

for each of the cluster arrays only a single oxidation wave at a potential that is essentially
identical to that of a monocluster was observed.98

Non-interaction between the clusters

was thus inferred, and was rationalized as a consequence of the cluster core being able to
sustain the charge associated with the oxidized state, without substantially polarizing
neighboring clusters even when conjugated linking groups exist.

1.5.1.2 Cluster-supported molecular squares
Applying the same cluster condensation approach, cluster-supported molecular
squares (Figure 1.7) have also been realized.99

In this effort, the use of

cis-[Re6(µ3-Se)8(PEt3)4(MeCN)2](SbF6)2 , the cluster solvate carrying two nitrile ligands
cis- to each other is necessary.

The cluster’s ability to dictate the product geometry is

Figure 1.7. Cluster-supported squares formed by using bipyridyl ligands as cluster linkers.
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clearly demonstrated with the formation of these uniquely structure molecules, as
characterized by a number of spectroscopic techniques.
of these cluster squares remain elusive.

Unfortunately, single crystals

The high charges, the presence of many easily

disordered counter ions, and the fairly open structures are presumably responsible for this
difficulty.

1.5.1.3 Cluster-supported metallodendrimers
The favorable reactivity of the cluster-bound nitrile ligands has also been exploited
for the synthesis of cluster-containing metallodendrimers. These tree-like molecules, by
virtue of their highly branched structure originated from a central core, represent a
fundamental departure from conventional polymers both in their unique topology as well
as the precisely defined microstructure.
The synthesis of the first metallodendrimers centered on the [Re6(µ3-Se)8]2+ core is
presented in Figure 1.8.100

It has been found that the electronic absorption

characteristics are profoundly affected by the dendritic ligands: The metallodendrimers
with pyridyl-based dendrons exhibit very similar electronic absorptions to those of the
parent cluster. In stark contrast, those equipped with pyridone-based dendrons display a
dramatic color change to emerald green from orange-red of the starting cluster.

These

observations were rationalized as a consequence of ligand-to-cluster-charge transfer.
Systematically tuning the color of the dendrimeric hybrid materials by attaching a
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Figure 1.8. Formation of the metallodendrimers centered on the [Re6(µ3-Se)8]2+ core.

Figure 1.9. Three bona fide cluster dendrimers featuring a central [Re6(µ3-Se)8]2+ core
and six peripheral cluster units bridged by the dipyridyl-based ligands.
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selected number of the pyridone-based ligands may be envisioned. These interesting
properties may be utilized to create tunable optical polymers for display applications.
Three bona fide cluster dendrimers (Figure 1.9), though of a low generation, have
also been synthesized, each featuring a central [Re6(µ3-Se)8]2+ core surrounded by six
units of [Re6(µ3-Se)8(PEt3)5L]2+, wherein the dipyridyl-based ligands L bridge the central
and the peripheral clusters.101,102 Single crystals of X-ray quality have not yet been
obtained, but the highly symmetric structure of the heptaclusters was deduced from their
1

H,
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P, and

77

Se NMR studies.

Electrochemical studies by cyclic voltammetry

indicated non-interaction or extremely weak interactions amongst the individual clusters
when adequately long non-conjugated bridging ligands are utilized.

However, when a

shorter and conjugated bridging ligand is used, significant intercluster electronic
communication was revealed.

These results suggest that the electrochemical properties

of these materials may be controlled by controlling the supramolecular structure and with
the use of judiciously chosen bridging ligands between the multiple redox centers.

1.5.2

Supramolecular cluster arrays

The difficulty in getting high quality single crystal of the multicluster arrays for
ultimate structural characterization is inherently associated with the cluster condensation
approach, mainly due to the large number of solvent molecules, easily disordered counter
ions, or large void space of the porous structures. Consequently, correlation of the

44

materials’ properties with their structures is often challenging.

Other potential

drawbacks of this methodology include the forcing reaction conditions and the difficulty
in controlling reaction stoichiometry due to the significantly different molecular weights
of the cluster and the ligand.

Furthermore, although the rapid and likely concerted

self-assembly process may be a powerful kinetic tool for making a great variety of
stereospecific cluster arrays including the square-shaped macrocycles, its limitation due
to the competitive kinetic or thermodynamic control of the formation of the final product
is also evident.

Indeed, the synthesis of certain cluster-supported squares was

complicated by the formation of acyclic oligomers.

It

was

these

difficulties

or

drawbacks of the direct cluster condensation approach that led to the practice of
supramolecular construction of cluster arrays summarized in the following sections.
A schematic representation of the approach is shown in Figure 1.10. The cluster
assemblies are obtained via noncovalent, intermolecular interactions.

To achieve this,

cluster complexes equipped with bifunctional ligands are required; one of such functions
is to coordinate the cluster core, while the other is for participation in secondary, with
respect to the cluster coordination, intercluster interactions, such as hydrogen bonding
and metal-ligand coordination. In addition to overcoming some of the synthetic and
characterization difficulties, this supramolecular approach also offers some added
advantages. The geometric preferences of a given cluster complex allow the realization
of building blocks with shapes not trivially nor cheaply generated with purely organic
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Figure 1.10. Schematic demonstration of hydrogen bonding (a) and metal-ligand
coordination (b) interactions for mediating the assembly of multicluster arrays. Adapted
from ref. 75.
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molecules or mononuclear complexes.

With the fixed stereochemistry of the

site-differentiated clusters acting as the primary structure-directing element in the
synthetic process, the secondary interactions make additional structural diversity of the
supramolecules possible.

Furthermore, the cluster complexes bring their own

physicochemical properties to the ensemble, significantly easing the challenge of creating
multifunctional materials.

The key advantages of using this supramolecular approach

are probably the ease of handling (solubility, isolation and purification) offered by the
monocluster species in solution and the high possibility of obtaining crystalline samples,
frequently in the form of single crystals, of the supramolecular materials.

1.5.2.1

Cluster arrays assembled by intercluster hydrogen-bonding interactions

A series of cluster derivatives that used one, two, and three hydrogen-bonding
capable isonicotinamide ligands were prepared.94,103

This series was designed to 1)

demonstrate the [Re6(µ3-Se)8]2+ cluster core’s capacity to support hydrogen-bonded
arrays and 2) to avoid some of the problems associated with the direct condensation of
cluster solvates as described above. Toward this end, isonicotinamide was chosen as the
bifunctional liagnd, and a number of cluster complexes with these ligands were prepared
and

their

supramolecular

assemblies

[Re6(µ3-Se)8(PEt3)5(isonicotinamide)]2+,

investigated.

Specifically,

trans-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)2]2+,

cis-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)2]2+, and
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Figure 1.11. ORTEP views (50% ellipsoids) of the hydrogen-bonded cluster dimer (top),
and linear polymer (bottom). Adapted from ref. 103.

Figure 1.12. ORTEP view (50% ellipsoids) of the hydrogen-bonded zigzag polymer.
Adapted from ref. 103.

Figure 1.13. An ORTEP view (50% ellipsoids) of the extended hydrogen-bonded
structure of fac-[Re6(µ3-Se)8(PPh3)3(isonicotinamide)3](SbF6)2. Adapted from ref. 94.

48

fac-[Re6(µ3-Se)8(PPh3)3(isonicotinamide)3]2+ were used in the “aufbau” synthesis of
hydrogen-bonded cluster assemblies.

The targeted zero-dimensional dimer and

one-dimensional polymer were realized by using respectively the first two complexes as
building blocks; in both cases the cluster geometry exerts the dominant influence on the
bulk structure (Figure 1.11).
desired

discrete

The use of the latter two complexes did not produce the

hydrogen-bonded

square

and

cube.

hydrogen-bonded assemblies were obtained in both cases.

Instead,

more

open

A zigzag arrangement of

cis-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)2]2+ was obtained (Figure 1.12),103 while a
three-dimensional channel structure describable as a “hydrogen-bonded polymer of
hydrogen-bonded cluster squares” (Figure 1.13)94 is the product in the solid state using
fac-[Re6(µ3-Se)8(PPh3)3(isonicotinamide)3](SbF6)2

as

the

starting

material.

Such

observations are not surprising because the desired porous structure would possess a large
fraction of voids, in conflict with the close-packing principle in crystallization. Unless
some other external interference is provided, for example, a guest species to stabilize the
arrangement of the cluster building blocks and/or reduce the void space, the acyclic
structures are probably thermodynamically favored.

1.5.2.2 Cluster arrays formed by metal complexation using cluster complexes as ligands
Besides hydrogen bonding, metal-ligand coordination has also been extensively
utilized in supramolecular constructions.

Like the hydrogen bond-supported cluster
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assemblies, the metal-mediated assemblies are based on the use of easily synthesized and
purified monocluster complexes as ligands. A cluster complex equipped with a ligand
that possesses a free coordinating atom is used as a cluster-derived ligand for secondary
metal coordination, and multicluster arrays can thus be assembled.

An intriguing

feature added by the secondary metal ion is the influence of its local geometric preference
for coordination on the overall structure of the end supramolecular assembly.
The efforts by Dr. Selby, a former graduate student of the Zheng group, focused
on two distinct supramolecular motifs.
series

of

linear

The first, intended as a proof of concept, was a

coordination

polymers

based

on

trans-[Re6(µ3-Se)8(PEt3)4(4,4'-dipyridyl)2](SbF6)2 (Figure 1.14 left).104 The secondary
metal ions, Co(II), Zn(II), and Cd(II) were chosen to represent both open and closed shell
ions and to establish what role orbital and electronic factors might play in the final
assembly.

Isomorphous

linear

coordination

polymers

based

on

trans-[Re6(µ3-Se)8(PEt3)4(4,4'-dipyridyl)2](SbF6)2 and Co(NO3)2 and Cd(NO3)2 have been
obtained and structurally characterized.

The structure of the Co-coordinated cluster

complex is shown in Figure 1.15 as a representative.

This coordination polymer

features a repeat unit consisting of a single trans-[Re6(µ3-Se)8(PEt3)4(4,4’-dipyridyl)2]
bound to a Co(II) ion via the open nitrogen of a 4,4’-dipyridyl ligand. The Co(II) ion is
bound to the second pyridyl nitrogen from the next repeat unit.

The polymer formed by

this repeat unit has significant curvature between the Re atom coordinated to one end of
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Figure 1.14. Molecular structures of cationic cluster complexes trans- and
cis-[Re6(µ3-Se)8(PEt3)4(4,4’-dipyridyl)2]2+ (left and right, respectively).

Figure 1.15. The sinusoidal coordination polymer mediated by Co(II). The aliphatic
portion of the phosphine ligands have been removed for clarity. Adapted from ref. 104.
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Figure
1.16.
Thermal
ellipsoid
plots
of
{[Re6(µ3-Se)8(PPh3)4(4,4'-dipyridyl)2]2[Cd(NO3)2]}(SbF6)4 (left), a polymer formed by
corner-sharing squares composed of two clusters and two Cd(II) ions and
[{Re6(µ3-Se)8(PPh3)4(4,4'-dipyridyl)2}{Cd(NO3)3}](NO3) (right), a one-dimensional
zigzag polymeric chain, both rendered at 50% probability. Noncoordinated counter ions
and phosphine phenyl groups, and hydrogen atoms, are removed for clarity. Conversion
in two steps: (i) Cd(NO3)2/CH3OH; (ii) ether diffusion. Adapted from ref. 105.
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the 4,4’-dipyridyl ligand and the Co(II) unit at the other. The curvature is the result of
the summation of small shifts from linearity at each individual bond between the two
metals, and is a feature shared with its Cd(II) cognate. The curvature results in the
polymers forming sinusoidal chains of modest amplitude. Adjacent chains have the
cluster and cadmium units shifted with respect to one another, leading to alternating
layers of opposing “phases” and an overall lamellar structure in the solid state with each
layer composed of parallel polymer chains.
A disubstituted complex ligand, cis-[Re6(µ3-Se)8(PPh3)4(4,4'-dipyridyl)2](SbF6)2
(Figure 1.14 right), was also prepared and used for the coordination of secondary metal
ions.

This cluster complex is essentially a cluster-expanded dipyridyl ligand with an

enforced right angle between the two pyridyl groups.105

The coordination of this

cluster-complex ligand with Cd(II) led to, depending on the complex:Cd(II) ratio,

either

a one-dimensional chain of corner-sharing squares (Figure 1.16, left) or zigzag chain in
the solid state (Figure 1.16, right).

1.5.3

Cluster-polymer hybrids

Along a third direction of research, the coordinated nitrile molecule(s) can be
substituted for polymerizable ligands, and copolymerization of organic monomers and
cluster monomers afforded cluster-containing polymeric hybrids.
A number of such complexes with polymerizable 4-vinyl pyridine as ligand were
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Figure 1.17. Copolymerization of styrene with a 4-vinylpyridine-functionalized cluster
monomer. Adapted from ref. 106.
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synthesized, and one of them, [Re6(µ3-Se)8(PEt3)5(4-vinylpyridine)](SbF6)2, was studied
for its copolymerization with styrene.106

The reaction produced a waxy solid displaying

an orange color characteristic of the parent cluster.

NMR studies establish 1) the

covalent attachment of the cluster to the polymeric chain; 2) maintenance of structural
integrity of the cluster core; and 3) preservation of stereochemistry.

Cyclic voltammetry

(CV) reveals the cluster-based oxidation at a potential essentially the same as that of the
cluster precursor (Figure 1.17), confirming that the clusters are unperturbed by
polymerization, are non-interacting, and are effectively in the same environment.
Homopolymerization of the same cluster complex under otherwise identical conditions
was also attempted, but did not yield any polymeric product. The lack of reactivity is
likely due to the steric hindrance experienced by the vinyl group.

1.6

JUSTIFICATIONS FOR THIS THESIS WORK
It is clear from the previous work that the [Re6(µ3-Se)8] core-containing clusters are

indeed propitious to the synthesis of a great variety of cluster-containing materials.
There remain a number of challenges, elaborated below, that provide the impetus and
justifications for the work described in this thesis.
The first is the somewhat unpredictable structure of the supramolecular assemblies.
Although the local geometry can be predicted with high degree of confidence based on
the well-established principle of hydrogen bonding or metal-ligand coordination, the
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overall structure of the product cannot be guaranteed.

In fact, the usually desired porous

framework structures are not obtained. In this thesis work, a molecular design based on
some well-known and established supramolecular motifs is employed. For example,
cluster complexes featuring functional groups disposed at certain fixed positions,
modeled after the celebrated molecule of trimesic acid, an important building block in
crystal engineering to form honeycomb structures, are designed, with which, only a
limited number of possible supramolecular assemblies may be produced. In addition, in
order to enhance the solubility of the final cluster assembly yet having the ability to
control the formation of the desired porous structure, oligomeric building blocks
consisting of a small number of cluster units will be first prepared, but with additional
functional group for further non-covalent interactions for subsequent assembly. The
pre-assembly of the component cluster units in the oligomeric building blocks puts a limit
on how many possible ways the final supramolecular arrays may be assembled, thus
offering a much needed control of the otherwise rather random aggregation of the
monocluster building blocks.

Such efforts are described in Chapter 2.

In order to increase the chance of getting highly porous framework solids, a new
molecular design of the cluster complexes using 1,3,5-triaza-7-phosphaadamantane
(PTA), a cage-like multidentate ligand capable of coordinating a number of metal ions is
attempted. The rationale is to make use of the ability of the ligand to form extended
framework structures whose formation is further reinforced by the stereochemistry of the

56

cluster isomers.

Indeed, this design has successfully led to the production of a highly

porous coordination network structure with a large fraction of void space potentially
useful for guest occlusion or activation.

In the course of these studies, some

fundamentally new chemistry of the cluster-bound PTA ligand has been discovered, thus
enriching the chemistry of this interesting and important water-soluble ligand. The
results are summarized in Chapters 3-5.
In addition to the use of specially designed cluster for the construction of
supramolecular hybrid materials, a new class of cluster complexes with ligands capable
of initiating polymerization reactions, in particular, controlled radical polymerization, are
designed and synthesized.

This work is stimulated by the need to reliably control the

degree of polymerization and the composition of the cluster-polymer hybrids and to
systematically fine-tune and optimize the properties of the hybrid materials that are not
easily achievable or even possible with the copolymerization approach described above.
The synthesis and preliminary application of a cluster-supported initiator toward
atom-transfer radical polymerization of monomers such as methyl methacrylate are
described in Chapter 6.
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CHAPTER 2
MULTICLUSTER ARRAYS ASSEMBLED BY
HYDRGON-BOND BASED CRYSTAL ENGINEERING

2.1 INTRODUCTION
The cluster chemistry revolution has promoted the development of new cluster-based
building blocks with interesting structural and chemical functions.1-3 The new role of
transition metal clusters as atom-like building units for various synthetic applications has
recently been highlighted in different areas.4-15 The wise choice of these molecular
cluster species as candidates for the discovery of new materials is based on their
structural rigidity, site-differentiated stereochemistry and unique traits that are inherently
derived from their core structures.16-22

Hence, from both structural viewpoint and the

perspective of achieving functional materials, the transition metal clusters are frequently
of the top picks by chemists.1-22

Among all that have been used widely, [Re6(µ3-Se)8]2+

core-containing clusters have captured our attention, not only because of its robust
octahedral geometry, systematically varied stereochemistries and core associated
properties, but also because of its facile and high yield initial cluster formation,
controllable

transformation

to

specific

stereoisomers

methodology for further ligand substitution.1-3,23-25

and

universal

synthetic

By careful manipulation of its outer
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sphere coordination, a series of cluster building blocks of this [Re6(µ3-Se)8]2+ core have
been synthesized and used for different synthetic purposes by our group26-38 and
others.39-53
A close literature study reveals that the recent development of supramolecular
chemistry and new hybrid materials has played an important role to impel this evolution
of the cluster chemistry.54-56

Benefit from the sound features previously discussed,

polynuclear clusters, in particular to our interest, [Re6(µ3-Se)8]2+ core-containing clusters,
are used as surrogate for single metal ions for the construction of more sophisticated
supramolecular structures.26-53

Our group has designed a series of cluster building

blocks with functional ligands such as 4, 4’-bipyridine,28,32,34 isonicotiamide33 and
tetradentate 1,3,5-triaza-7-phosphaadamantane (PTA) molecule,37,38 which provide either
hydrogen bonding or secondary metal coordination sites.

Supramolecular cluster dimers,

trimers, chains, and ribbons are achieved.32-35
Although we and others26-53 have demonstrated a number of examples in
supramolecular construction from various cluster building blocks, large porous structure
without self-interpenetration is still a challenge in this area.
[Re6(µ3-Se)8]2+

core-containing

In light of this fact, two

cluster

complexes,

trans-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)]3(2,4,6-tri(4-pyridyl)-1,3,5-triazine)(SbF6)6
(4) and cis-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)]3(4,4’-bipyridine)(SbF6)6 (8) were
designed and synthesized (Figure 2.1), wherein isonicotinamide functionalized cluster

Figure 2.1. Molecular structures of a) 4 and b) 8.
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moieties

are

connected

by

a

linear

(4,

4’-bipyridine)

(2,4,6-tri(4-pyridyl)-1,3,5-triazine) bridging ligand.

or

triangle-shaped

Structurally, complexes 4 and 8 can

be viewed as large triangle-shaped and U-shaped building blocks with amide hydrogen
bonding motifs at all open ends. These building blocks are expected to behave like the
triangle-shaped trimesic acid58-60 and U-shaped ferrocene-1,1’-dicarboxylic acid61 in the
self-assembly.

However, these multi-cluster arrays are much larger in size and also

more rigid than their organic or single metal coordinated analogs.

The larger size will

increase the chances of getting large porous structure while the rigid frame will possibly
reduce the self-interpenetration problems.

The prospect supramolecular structures of

complex 4 and 8 are cluster-based honeycomb sheets and molecular rectangles,
respectively (Figures 2.2 and 2.3).

2.2 EXPERIMENTAL
2.2.1 General
The cluster complexes trans-[Re6(µ3-Se)8I2] (trans-P4I2) and cis-[Re6(µ3-Se)8I2]
(cis-P4I2) were synthesized according to the reported procedure.43 All other starting
materials and solvents were purchased from Aldrich and used as received.

1

H and

31

P

NMR spectra were recorded on a 300 MHz Varian Unity 300 spectrometer, with 85%
H3PO4 (δ = 0.0 ppm) as the external reference.

CD2Cl2 was used as deuterated solvent

for NMR spectroscopy unless otherwise specified.

Elemental analyses were performed
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by NuMega Resonance Labs, Inc. (San Diego, CA).

2.2.2 trans-[Re6(µ3-Se)8(PEt3)4(CH3CN)I](SbF6) (1)
A pre-dissolved CH3CN solution (5 mL) of AgSbF6 (15 mg, 0.044 mmol) was
injected into a solution of trans-[Re6(µ3-Se)8I2] (100 mg, 0.039 mmol) in
CH2CL2/CH3CN (60 mL v/v 5:1) at the rate of 1 mL/hr at 5oC.

After the removal of

solvents, the crude product was subject to flash chromatography using CH2Cl2/CH3CN
(20:1) as eluent.

The second component (Rf = 0.63) was collected and was recrystalized

by diethyl ether diffusion.

Yield: 75 mg.

2.08-2.21 (m, 24H), 2.81 (s, 3H).
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1

H NMR (δ, ppm): 1.06-1.16 (m, 36H),

P{1H} NMR (δ, ppm): -26.59 (s).

2.2.3 trans-[Re6(µ3-Se)8(PEt3)4I(isonicotinamide)](SbF6) (2)
To a solution of 1 (140 mg, 0.053 mmol) in C6H5Cl/CH3NO2 (70 mL, v/v 5:1) was
added 227 mg (1.86 mmole) isonicotinamide.

And the resulting solution was stirred

under reflux for 3 hrs. Upon removal of the solvent, the residue was extracted using
CH2Cl2 and H2O (4 × 50 mL).
anhydrous MgSO4.

The organic phase was collected and dried over

The orange-red residue obtained upon filtration and removal of

solvent was subject to flash column using silica gel and an eluting solvent of
CH2Cl2/CH3CN (v/v 5:1, Rf = 0.6).

Yield: 70 mg.

1

H NMR (δ, ppm): 1.07-1.16 (m,

36H), 2.24-2.14 (m, 24H), 5.68 (s, 1H), 7.17 (s, 1H), 7.66 (d, 2H), 9.31 (d, 2H).

31

P{1H}
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NMR (δ, ppm): -26.53 (s).

2.2.4 trans-[Re6(µ3-Se)8(PEt3)4(CH3CN)(isonicotinamide)](SbF6)2 (3)
To a solution of 2 (95 mg, 0.035 mmol) in CH2Cl2/CH3CN (40 mL, v/v 1:1) was
added 35 mg (0.102 mmol) AgSbF6.
then was exposed to light for 3 hrs.

The mixture was stirred at 5oC for 45 mins and

Upon removal of the solvent, the orange-red residue

was treated with 20 mL of CH2Cl2 and was stirred overnight to get rid of the extra Ag
salts.

The solution was filtered and the filtrate was concentrated.

were obtained upon precipitation with diethyl ether.
C32H69F12N3OP4Re6Sb2Se8: C, 13.46; H, 2.44; N, 1.47.
1.64.

1

Orange-red powders

Yield: 75 mg. Anal Calcd for
Found: C, 13.81; H, 2.37; N,

H NMR (δ, ppm): 1.12-1.22 (m. 36H), 2.23-2.33 (m, 24H), 2.78 (s, 3H), 5.77 (s,

1H), 6.79 (s, 1H), 7.61 (d, 2H), 9.26 (d, 2H).

31

P{1H} NMR (δ, ppm): -20.75 (s).

2.2.5 trans-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)]3(2,4,6-tri(4-pyridyl)-1,3,5-triazine)
(SbF6)6 (4)
To a solution of 3 (95 mg, 0.033 mmol) in C6H5Cl/CH3NO2 (100 mL, v/v 5:1) was
added 3.5 mg (0.011 mmol) 2,4,6-tri(4-pyridyl)-1,3,5-triazine. The mixture was stirred
under reflux for 1.5 hrs under protection of N2.

The final products after removal of

solvents were re-dissoved in CH2Cl2 and crystallized by diethyl ether diffusion. Anal
Calcd for Re18Se24P12C108H210N12O3Sb6F36: C, 14.81; H, 2.42; N, 1.92. Found: C, 15.01;
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H, 2.47; N, 2.09.

1

H NMR (δ, ppm): 1.15-1.25 (m, 36H), 2.28-2.39 (m, 24H), 5.78 (s,

1H), 6.79 (s, 1H), 7.62 (d, 2H), 8.65 (d, 2H), 9.28 (d, 2H), 9.46 (d, 2H).

31

P{1H} NMR

(δ, ppm): -20.97(s).

2.2.6 cis-[Re6(µ3-Se)8(PEt3)4(CH3CN)I](SbF6) (5)
A pre-dissolved CH3CN solution (5 mL) of AgSbF6 (14 mg, 0.041 mmol) was
injected into a solution of cis-[Re6(µ3-Se)8I2] (100 mg, 0.040 mmol) in CH2Cl2/CH3CN
(60 mL, v/v 5:1) at the rate of 1 mL/hr at 5oC. The solvent was then removed and the
residue was subject to flash a column using CH2Cl2/CH3CN (v/v 20:1) as eluent. The
first component (Rf = 0.75) was collected and concentrated. Orange-red crystals were
obtained from diethyl ether diffusion.

1

Yield: 70 mg.

(m, 36H), 2.04-2.21 (m, 24H), 2.81 (s, 3H).
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H NMR (δ, ppm): 1.01-1.23

P{1H} NMR (δ, ppm): -23.67 (s), -25.88

(s), -27.12 (s).

2.2.7 cis-[Re6(µ3-Se)8(PEt3)4I(isonicotinamide)](SbF6) (6)
A solution of 5 (150 mg, 0.057 mmol) and isonicotinamide (35 mg, 0.287 mmole) in
100 mL C6H5Cl/CH3NO2 (v/v 5:1) was stirred under reflux for 3 hrs. Upon removal of
the solvent, the residue was extracted using CH2Cl2 and H2O (4 × 50 mL).
phase was collected and dried over anhydrous MgSO4.
was filtered and rotovaped.

The organic

The orange-red residue obtained

The crude product was re-dissolved in CH2Cl2 crystalized
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with diethyl ether diffusion to afford 6 as orange-red crystals.

Yield: 120 mg. 1H NMR

(δ, ppm): 1.03-1.19 (m, 36H), 2.06-2.29 (m, 24H), 5.87 (s, 1H), 6.69 (s, 1H), 7.61 (d, 2H),
9.53 (d, 2H). 31P{1H} NMR (δ, ppm): -23.35 (s), -25.88 (s), -26.48 (s).

2.2.8 cis-[Re6(µ3-Se)8(PEt3)4(CH3CN)(isonicotinamide)](SbF6)2 (7)
To 40 mL CH2Cl2/CH3CN (v/v 1:1) solution of 6 (95 mg, 0.035 mmol) was added 56
mg (0.163 mmol) AgSbF6.
light for 3 hrs.

The mixture was stirred for 30 min and then was exposed to

Upon removal of the solvent, the orange-red residue was treated with 20

mL of CH2Cl2 and was stirred overnight to get rid of the extra Ag salts. The resulting
solution was then filtered and concentrated. Orange-red crystals were obtained upon
crystallization of 7 in CH2Cl2 with ethyl ether diffusion.

Yield: 80 mg. Anal Calcd for

C32H69F12N3OP4Re6Sb2Se8: C, 13.46; H, 2.44; N, 1.47.

Found: C, 13.69; H, 2.25; N,

1.64.

1

H NMR (δ, ppm): 1.07-1.21 (m, 36H), 2.09-2.32 (m, 24H), 2.82 (s, 3H), 5.83 (s,

1H), 6.77 (s, 1H), 7.60 (d, 2H), 9.45 (d, 2H).

31

P{1H} NMR (δ, ppm): -21.79 (s), -25.03

(s), 25.46 (s).

2.2.9 cis-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)]3(4,4’-bipyridine)(SbF6)6 (8)
A solution of 4,4’-bipyridine (27.3 mg, 0.175 mmol ) in 25 mL CH2Cl2 was prepared
and 2 mL of this solution was added to 100 mL C6H5Cl solution of 7 (100 mg, 0.035
mmol).

The reaction mixture was stirred under reflux for 1.5 hrs under protection of N2.
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Upon removal of solvent, the crude product was crystallized with CH2Cl2/ethyl ether to
afford orange-red crystals.

1

H NMR (500MHz, δ, ppm): 1.10-1.20 (m, 36H), 2.17-2.33

(m, 24H), 5.78 (s, 1H), 6.71 (s, 1H), 7.69 (d, 4H), 9.52 (d, 2H), 9.55 (d, 2H).

31

P{1H}

NMR (δ, ppm): -21.91 (s), -25.19 (s), -25.27 (s).

2.2.10 X-ray crystallographic analysis.
A Single crystal of 8 were mounted on a glass fiber with paratone oil and cooled to
150 K for 8 in a stream of nitrogen gas.

Data were collected on a Bruker SMART CCD

1000 X-ray diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71073
Å).

Data were collected using SMART and integrated using SAINT.62

For all

structures a semi-empirical absorption correction based on symmetry equivalent and
repeated reflections were applied using SADABS.63
direct methods and refined by using SHELXTL.64

The structures were solved by

The data were truncated at 40° = 2θ

(1.04 Å resolution). The unit cell determination gave a number of possible cells.
Integration statistics for all these unit cells were generally poor and no unit cell yielded a
consistent integration correlation (i.e. comparison between the positions of expected and
observed reflections) of over 50%.

For the monoclinic unit cell: a = 60.4898Å, b =

21.8542Å, c = 22.9284Å, α = 90°, β =112.123°, γ = 90° the structure could be solved in
space group C2/c, chemically identifiable result was obtained from the structure solutions.
The refinement is very unstable when refined using the full variance-covariance matrix,
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Figure 2.2. Proposed hydrogrn-bonded multicluster array, featuring honeycomb-forming
hexagons.

Figure 2.3. Two possible modes of hydrogen bonding between the isonicotinamide complexes of the bridged dimer.
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and blows up within just a couple of cycles. Stable refinement is achieved using only
the main diagonal terms of the matrix and ignoring the off-diagonal terms (the SHELX
CGLS command). All six-member rings are forced to be perfect hexagons and most of
the P–C and C–C bonds are restrained to target values.

Hydrogen atoms were

geometrically placed. Data collection and refinement parameters are summarized in
APPENDIX 1.

2.3 RESULTS AND DISCUSSION
2.3.1 Synthesis and NMR spectroscopic characterization of 4 and 8.
To achieve the structure of 4 (Figure 2.1, left), a rigid organic ligand,
2,4,6-tri(4-pyridyl)-1,3,5-triazine, is used to construct the triangular core.
clusters are expended out from this triangular scaffold.

Rhenium

At the trans- sites, the clusters

are functionalized with isonicotinamide groups, a hydrogen-bonding capable ligand.
The calculated dimension of each arm is about 18 Å and the diameter of the proposed
self-assembled hexagon ring (Figure 2.2) is about 7-8 nm.

The cluster precursor

trans-P4I2 can be obtained by following the standard procedure mentioned in Chapter
1.43

The four-step synthetic pathway involves halogen elimination, CH3CN solvation

and ligand substitution of the cluster complex (scheme 2.1).

In the first step, the

monosubstituted CH3CN solvate 1 is purified by chromatography.

The ligand

substitution of the coordinated CH3CN with isonicotinamide, which is a stronger

Scheme 2.1. Synthesis of complexes 1, 2, 3, and 4.
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nucleophile,

is

almost

quantitative.

And

the

second

ligand,

2,4,6-tri(4-pyridyl)-1,3,5-triazine, can be linked onto the cluster by the same synthetic
routine.

NMR spectroscopy was used to monitor the transformation of all cluster

species.
In 1H NMR of 4 (Figure 2.4, middle), except for the ethyl protons in PEt3 group
showing at far upfield (not shown in Figure 2.4, 1.15-1.25 ppm for –CH3 and 2.28-2.39
ppm for –CH2–), there are four doublet peaks shown at 9.46 ppm, 9.28 ppm, 8.65 ppm,
and 7.62 ppm labeled as αA, αB, βA, and βB, respectively. αA and βA correspond to the
α and β protons of 2,4,6-tri(4-pyridyl)-1,3,5-triazine ligand; αB and βB correspond to the
α and β protons of isonicotinamide ligand. Upon coordination, the α proton signals of
both coordinated ligands exhibit significant downfield shift (from 8.92 ppm to 9.46 ppm
for αA, and from 8.74 ppm to 9.28 ppm for αB) compared to those of free ligands.
However, both β proton signals stay almost the same (from 8.58 ppm to 8.65 ppm for βA,
and βB stays at 7.62 ppm), indicating that the coordination merely effects β protons of
pyridyl groups.

The signals of two amine (-NH2) protons at 6.21 ppm and 5.81 ppm in

free isonicotinamide are broadened mainly owing to the quadrupole broadening by N14
and the fast exchange of the protons about the N site. After coordinated to the cluster,
the amines peaks become much sharper, meaning that the slow exchange of protons has
been frozen to some degree when isonicotinamide is linked to the cluster.

The 31P NMR

spectrums of 1-4 (Figure 2.5) are even more straightforward in demonstrating the

Figure 2.4. Comparative 1H NMR spectra of isonicotinamide, 4, and 2,4,6-tri(4-pyridyl)-1,3,5-triazine.
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Figure 2.5. Comparative 31P NMR spectra of trans-P4I2, 1, 2, 3, and 4.
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complete transformation in each step.

In all trans-substituted cluster species, the four

PEt3 groups are sitting at the same plane perpendicular to the axis along the two transsites, so each spectrum only have one single peak in it.

The shift of the single peak is

dependent on the ligand on the two trans- sites. Starting from trans-P4I2, the shift is at
-29.67 ppm. If one of the I is replaced by one CH3CN, the signal is greatly shifted
downfield to -26.59 ppm in 1.

But further replacement of CH3CN with pyridyl group

does not display much effect on the shift of the peak (from -26.59 ppm in 1 to -26.53 ppm
in 2).

Then another substitution of the remaining I with CH3CN cause another

downfield shift to -20.75 ppm in 3.
not shifted much from 3.

The final product 4 stays at -20.97 ppm, which is

The informative 1H NMR and straightforward

31

P NMR are

very useful tools to monitor the synthesis of 4. In the same way, the four-step synthesis
of 8 is also characterized by 1H and 31P NMR spectroscopy.
The logic to design the synthesis of 8 is the same to that of 4.

Instead of making

triangle-shaped building blocks with all angles at 120o, 8 is designed as building blocks
for the construction of molecular rectangle with all angles at 90o. The structurally
well-defined rhenium cluster itself is capable of providing this rigid angle.

By linking

two cis- substituted cluster units with 4,4’-pyridine bridging ligand, the final structure of
8 (Figure 2.1, right) is half of a molecular rectangle with two available sites for hydrogen
bonding at both ends. Depending on how these building blocks will form hydrogen

Scheme 2.2. Synthesis of complexes 5, 6, 7, and 8.
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Figure 2.6. Comparative 1H NMR spectra of isonicotinamide, 8, and 4,4’-bipyridine.
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Figure 2.7. Comparative 31P NMR of cis-P4I2, 5, 6, 7, and 8.
76
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bonds with each other, self-assembly of 8 will possibly give molecular rectangles as what
we proposed, or give other supramolecular polymers (Figure 2.3).

Similar to the

synthesis of 4, the bridging ligand 4,4’-bypyridine and the functional ligand
isonicotinamide of 8 can be linked onto the cluster by first converting the
iodine-terminated cluster precursors to acetonitrial solvates and further replace the
coordinated solvent molecule with target groups (Scheme 2.2).
The αA and αB protons of

4,4’-bypyridine and isonicotinamide ligands shift

downfield by 0.84 ppm and 0.78 ppm upon coordination to the cluster, while βA and βB
protons are only downfield shifted by 0.13 ppm and 0.07 ppm (Figure 2.6).

Meanwhile,

the amide protons shifted from 6.21 ppm and 5.81 ppm to 6.71 ppm amd 5.78 ppm,
respectively. In

31

P NMR of cis-P4I2, the cluster precursor, the two singlets at -26.53

ppm and -29.62 ppm correspond to the PEt3 groups cis- and trans- to the two I groups
(Figure 2.7).

Replacement of one I group with CH3CN molecule (5) causes the

downfield shift of cis-PEt3 phosphorous to -23.67 ppm and the split of trans-PEt3
phosphorous at -25.88 ppm and -27.12 ppm.

The substitution of CH3CN with

isonicotinamide ligand (6) does not affect their phosphorous NMR much.

Signals stay

at -23.35 ppm, -25.88 ppm and -26.48 ppm. Further conversion from I to CH3CN on the
cluster (7) cause another downfield shift of the cis-PEt3 groups to -21.79 ppm, but the
trans-PEt3 peaks are still at their original places (-25.46 ppm and -25.03 ppm). The
transformation in the last step (8) does not cause much further change in 31P NMR and

Figure 2.8. Preliminary crystal structure of 8. a) X-ray structure of 8; b) Ball-and-stick illustration of the supramolecular
cluster rectangle formed via amide-amide hydrogen-bonding interactions. All counter ions and hydrogen atoms (except
for those in amide groups) are omitted for clarity.
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the signals of the final product are at -21.91 ppm, -25.19 ppm, and -25.27 ppm,
respectively.

2.3.2 Crystal structure determination
Upon crystallization with CH2Cl2/diethyl ether, complex 8 gave large, well-formed
plate crystals.

Despite the high crystal quality and the apparently strong diffraction, this

structure contains several severe crystallographic problems.

The structure forms

discrete molecular ‘rectangles’ with a large central void, which contains both SbF6anions and a large amount of disordered solvent.

Disordered solvent has a significant

negative impact on the quality of the data, particularly at higher Bragg angles.

It is also

possible that the disorder has impacted on the repeat nature of the crystal, and the repeat
nature of the reciprocal lattice, which caused the repeat unit of the main structure and the
repeat unit of the trapped solvent not match. This also provides possible explanations
for the difficulty in indexing the data and obtaining a good unit cell and good integration
correlations. Although the structure is not of publishable quality, it is sufficient to
confirm molecular connectivity of complex 8.

Any discussion about detail bond

characters will be avoided.
The molecular structure of 8 is a ‘U’ shaped rigid cluster dimer as expected (Figure
2.8a).

The apparent hydrogen bonding between the isonicotinamide ligands holds two

of these dimers together and forms a molecular ‘rectangle’ (Figure 2.8b).

Each cluster
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core is +2 charged and all the ligands are neutral.

Eight SbF6- species are crystallized

around the main ‘rectangle’ frame to balance the charge. As can be seen from the
preliminary structure, there is little distortion of this ‘rectangle’.

With four cluster

moieties on its corners, the structure has all the pyridyl rings lie flat on the same plane.
The four amino groups all point toward the inside of the pocket while all the carbonyls
pointing outward.

Due to this arrangement, instead of forming parallel hydrogen

bonding as found in other similar systems,33 the bottom bridged dimer has slightly slid
and formed only one hydrogen bond between each of the two amino carbonyl pairs.
Such hydrogen bonding mode of amino carbonyl has also been reported before.65 As a
result, the ‘rectangle’ is a little distorted at its long side.

The dimension of the

‘rectangle’ is estimated at 15×20 Å2.
In their spatial arrangement, these discrete molecular ‘rectangles’ line up and form
cluster columns (Figure 2.9).
ethyl groups.

The space between columns is filled with hydrophobic

Within each column, the ‘rectangles’ are piled up in two orientations

along c axis, which are labeled in black and grey colors in Figure 2.10.

Although the

projection of both layers on ab plane looks like they are directly on top of each other,
they are actually not parallel.
grey layers is around 45o.

The angle between the planes going through the black and

A different packing orientation of the grey layers from the

black layers reduced the large void to some degree, but the final 3D structure still forms
1D tunnels along c axis (Figure 2.9).

The size of the void, which is mainly occupied by

81

Figure 2.9. Crystal packing diagram of 8.

View along a) c direction and b) b direction.
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Figure 2.10. Supramolecular packing of 8 in the crystal. Different layers are labeled in
black and grey colors, respectively. View of one layer of molecular squares along a) c
direction and b) b direction. And view of two layers along c) c direction and d) b
direction.
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the SbF6- anions and solvent, is roughly 2145 Å3.

This was measured by using the

SQUEEZE routine of PLATON66,67 to remove the electron density and then estimating
the size of the space left behind.

2.4 SUMMARY
Two

isonicotinamide

functionalized

multi-cluster

complexes

trans-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)]3(2,4,6-tri(4-pyridyl)-1,3,5-triazine)(SbF6)6
(4) and cis-[Re6(µ3-Se)8(PEt3)4(isonicotinamide)]3(4,4’-bipyridine)(SbF6)6 (8) were
designed and synthesized.

1

H NMR and

31

P NMR spectroscopies were studied as

important tools to monitor the transformation of cluster species in the synthesis and the
characterization of the final products.

Upon coordination, α protons of pyridyl groups

have significantly shifted towards downfield. The amide protons were better resolved in
coordinated species, indicating the fast exchange has been frozen to a certain degree.
The substitution of I with N-terminated ligands, that is, both CH3CN and pyridyl groups
will cause downfield shift of all phosphorous signals in 31P NMR.
X-ray structure analyses were attempted for both complexes. Due to the severe
disorder problem of counter ions and solvent, data quality was significantly reduced,
particularly at higher Bragg angles and the repeat nature of the crystal was disturbed.
Despite of these problems inherent to the crystal nature, a preliminary structure has been
solved for complex 8, which provides us the important connectivity information. A
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molecular ‘rectangle’ with a dimension of 15×20 Å2 has been acheived via the
self-assembly of 8.

Single hydrogen bonding mode was found between the two amino

carbonyl pairs, which caused a little distortion of the ‘rectangle’ at its long side. Two
different packing orientations of the ‘rectangles’ have been seen, which piled up together
into columns in its spatial arrangement.

Though the large void of the molecular

‘rectangle’ has been slightly reduced by the different-orientated packing, small 1D
channel are still maintained along the c axis (Figure 2.9a) and the void is measured as
roughly 2145 Å3.
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CHAPTER 3
COMPLEXES OF THE [Re6(µ3-Se)8]2+ CORE-CONTAINING CLUSTERS WITH
THE CAGE-LIKE 1, 3, 5-TRIAZA-7-PHOSPHAADAMANTANE (PTA) LIGAND:
UNEXPECTED LIGAND PROTONATION AND RELATED STUDIES

3.1 INTRODUCTION
The

chemistry

of

the

water-soluble

trialkylphosphine,

1,3,5-triaza-7-phosphaadamantane (PTA), has enjoyed recent renewed interest in a
number of areas of chemical research.1-30

The preponderance of efforts has been on the

synthesis, structural characterization, and property studies of its metal complexes,1 as
stimulated by the prospects of developing “green” catalytic schemes using water as
solvent,2-14 biphasic catalytic systems for easy separation and recycling of catalysts,15-17
bio-organometallic chemistry,18-20 metallopharmaceuticals,21-27 and functional metal
complexes.28-30

In nearly 200 reported metal-PTA complexes, the ligand displays

predominantly the P-coordination mode.1

Nevertheless, recent reports, albeit a limited

few, have shown metal coordination can also be executed through its N atom(s), with or
without the participation of the P atom.31-34 These much less common coordination
modes are collected in Figure 3.1, together with the well-established P-coordination
mode. The diverse coordination behavior suggests the use of PTA as a multitopic
ligand in the synthesis of uniquely structured metal complexes and the possibility of
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Figure 3.1. Four reported coordination modes of 1,3,5-triaza-7-phosphaadamantane
(PTA).
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realizing coordination frameworks of high dimensionality. The structural sophistication
of the resulting assemblies will be even more enhanced if this unique coordination ability
is coupled with judiciously chosen metal moieties.

As such, the prospects of

discovering new materials with interesting and useful properties become real.
Based on these considerations, we have chosen to synthesize the cluster
complexes using PTA as a functional ligand, hoping that coordination of these
cluster-complex ligands with secondary metal ions can lead to the formation of
structurally sophisticated coordination compounds, including coordination polymers with
higher-order structures, including metal-organic frameworks that are potentially useful
for guest recognition and occlusion.
Described in this Chapter is the very first step in making one such complex
[Re6(µ3-Se)8(PEt3)5(PTA)]2+ (P5PTA, 9).35

A proof-of-concept demonstration of the

coordination using this cluster complex-based ligand was subsequently attempted by
reacting 9 with HgI2.
unexpected

Surprisingly, instead of getting the anticipated Hg(II) complex, an
product,

formulated

[Re6(µ3-Se)8(PEt3)5(PTAH)][Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)5

(10,

as
PTAH

is

the

monoprotonated form of PTA) based on crystallographic characterization, was obtained.
In the crystal structure, one molecule of 9 and its protonated form (abbreviated as
P5PTAH) were found to be intimately associated via a hydrogen bond involving the
protonated site.

Stimulated by this unexpected finding, the protonation behavior of 9
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was further investigated by acid titration with HBr, from which monoprotonation of PTA
was established by NMR spectroscopy and further confirmed by X-ray crystallography.

3.2 EXPERIMENTAL
3.2.1 General
The

cluster

[Re6(µ3-Se)8(PEt3)5(MeCN)](SbF6)236

solvate

and

1,3,5-triaza-7-phosphaadamantane (PTA)37 were synthesized by following literature
procedures.

All other starting materials and solvents were purchased from Aldrich and

used as received.

1

H and

31

P NMR spectra using CD2Cl2 solutions were recorded at

room temperature on a Varian Unity 300 spectrometer, and 85% H3PO4 (δ = 0.0 ppm)
was used as an external reference.

Elemental analyses were performed by Numega

Resonance Labs, Inc. (San Diego, CA).

3.2.2 Synthesis of [Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2 (9).
A mixture of [Re6(µ3-Se)8(PEt3)5(MeCN)](SbF6)2 (150 mg, 0.0530 mmol) and PTA
(26 mg, 0.17 mmol) in 40 mL of chlorobenzene was stirred under reflux for 1.5 hrs to
afford an orange-yellow solution. An orange residue was obtained upon removal of the
solvent. It was subsequently dissolved in 40 mL of CH2Cl2 and extracted with water (4
x 50 mL). The organic phase was collected and dried over anhydrous MgSO4.

Upon

removal of CH2Cl2, the product was obtained as an orange-colored powder (115 mg,
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yield 73.0%).

Anal Calcd for Re6Se8C36H87N3P6Sb2F12: C, 14.57; H, 2.95; N, 1.42.

Found: C, 14.74; H, 2.89; N, 1.41.

1

H NMR (δ, ppm): 4.70 (d, JHH = 13.57 Hz, 3H),

4.53 (d, JHH = 13.18 Hz, 3H), 4.10 (s, 6H), 2.14 (m, 30H), 1.11 (m, 45H).

31

P{1H}

NMR (δ, ppm): -28.07 (s), -29.18 (s), -110.3 (s).

3.2.3 Synthesis of {[Re6(µ3-Se)8(PEt3)5(PTAH)][Re6(µ3-Se)8(PEt3)5(PTA)]}(SbF6)5 (10).
A solution of 9 (50 mg, 0.017 mmol) in 3 mL of CH3CN was mixed with a solution
of HgI2 (35 mg, 0.10 mmol) in 3 mL of methanol. The mixture was stirred at room
temperature for 5 minutes.

Diethyl ether vapor diffusion to this solution afforded

orange-red, thin plate-shaped crystals as the product.

1

H NMR (δ, ppm): 4.73 (d, JHH =

13.34 Hz, 3H), 4.55 (d, JHH = 13.32 Hz, 3H), 4.11 (s, 6H), 2.15 (m, 30H), 1.13 (m, 45H).
31

P{1H} NMR (δ, ppm): -28.29 (s), -29.45 (s), -106.54 (s).

3.2.4 Synthesis of [Re6(µ3-Se)8(PEt3)5(PTAH)]2(HBr)(SbF6)2Br4 (11).
A sample of 9 (50 mg, 0.017 mmol) was dissolved in a minimum amount of CH2Cl2
to yield an orange-red solution.

To this solution was added 1.9 mL of 0.020 M

methanolic solution of HBr, and the resulting mixture was stirred for 5 minutes. Onto
this solution was carefully layered 5.0 mL of diethyl ether. The product was obtained as
orange-red

crystalline

solids

after

3

days.

C72H177Br4F18N6P12Re12Sb3Se16: C, 14.36; H, 2.96; N, 1.40.

Anal

Calcd

for

Found: C, 14.50; H, 2.84;
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N, 1.42.
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1

H NMR (δ, ppm): 5.15 (br, 6H), 4.55 (br, 6H), 2.21 (m, 30H), 1.13 (m, 45H).

P{1H} NMR (δ, ppm): -27.04 (s), -29.53 (s), -97.16 (s).

3.2.5 Titration of 9 with HBr.
A solution was prepared by dissolving 9 (50 mg, 0.017 mmol) in 1.0 mL of CD2Cl2.
A methanolic solution of HBr (0.020 M) was added in incremental amounts of 0.10 mL
to the solution of 9 until a total volume of 0.90 mL was added.

After that, 2 additional

portions of 0.50 mL of the same methanolic solution of HBr were added.
addition of HBr, the solution was mixed thoroughly, and the

31

After each

P NMR spectrum of the

resulting mixture was recorded.

3.2.6 X-ray crystallographic analysis.
Single crystals of each compound suitable for X-ray diffraction studies were
obtained by vapor diffusion of diethyl ether into their respective CH2Cl2 solutions.
Single crystals were mounted on a glass fiber with paratone oil and cooled to 180 K for 9,
and 150 K for 10 and 11 in a stream of nitrogen gas. Data were collected on a Bruker
SMART CCD 1000 (9 and 11) and a Nonius Kappa CCD (10) X-ray diffractometer with
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å).

For 9 and 11 the data were

collected using SMART38 and integrated using SAINT;39 for 10 the programs were
COLLECT40 and EvalCCD.41

For all structures a semi-empirical absorption correction
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based on symmetry equivalent and repeated reflections was applied using SADABS.42
The structures were solved by direct methods and refined by full-matrix least-squares
using SHELXTL.43

Data collection and refinement parameters are summarized in

APPENDIX 1.
For 9 the non-hydrogen atoms of the solvent molecules were refined isotropically
and all of the other non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were placed geometrically and refined using a riding model.
For 10, a two-part disorder model was used to refine one of the triethylphosphine
groups (P2). Diffraction was not observed beyond a resolution of 0.92 Å, and so the
dataset was truncated at 0.92 Å.

Bond distance and anisotropic displacement parameter

restraints were used to control the geometry of some disordered ethyl groups. The
linkage of the bridged H atom was determined by considering the distortion of the PTA
cage (P12).
For 11, the structure showed reasonable low angle diffraction, but weak and
essentially unobserved diffraction at Bragg angles higher than 2θ = 45° and so the dataset
was truncated at 0.92 Å. The location of the N–H hydrogen atom was assigned based
on differences in the surrounding C–N bond lengths. Modest restraints were used to
control the geometry of one of the SbF6- counter ions and some of the ethyl groups.

3.3 RESULTS AND DISCUSSION
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3.3.1 Synthesis and NMR spectroscopic studies of compounds.
The synthesis of 9 starting from the corresponding monoacetonitrile complex,
[Re6(µ3-Se)8(PEt3)5(MeCN)](SbF6)2,36 is straightforward.

The reaction makes use of the

labile solvent ligand being easily displaced by the more strongly-bound incoming PTA.
Replacement of the nitrile ligand was indicated by the complete disappearance of the 1H
NMR signal of the cluster-bound acetonitrile and the showing of the resonances
anticipated for a coordinated PTA ligand (Figure 3.2a).

The doublets at 4.5 ppm and 4.7

ppm are ascribed respectively to the equatorial and axial hydrogen atoms of the N-CH2-N
moiety, while the singlet at 4.1 ppm arises from the P-CH2-N hydrogen. The exchange
of the nitrile ligand for PTA is also indicated by the change in the

31

P NMR spectra

(Figure 3.2b): The closely spaced set at -28.07 ppm and -29.18 ppm with a relative 4:1
integration is due to the five triethylphosphine ligands, while the singlet at -110.3 ppm is
from the PTA ligand.
ppm.1

It is interesting to note that free PTA displays a signal at -97.0

In other words, upon coordination to the positively charged cluster core, the

resonance of the PTA ligand actually shifts upfield.

To the best of our knowledge, this

is the very first observation of an upfield shift of the
formation of a metal complex.

31

P resonance of PTA upon

Computational studies are currently being carried out to

help understand this counterintuitive observation.
Previously a number of Hg(II) complexes featuring PTA as ligand have been
prepared.44 Therefore, as our first attempt at the coordination of a secondary metal ion
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Figure 3.2. Comparative NMR spectra: 1H NMR (a, b, and c for 9, 10, and 11,
respectively); 31P NMR (d, e, and f for 9, 10, and 11, respectively) (* CD2Cl2 solvent
signal).
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using 9 as a cluster complex-based ligand, the reaction of 9 with HgI2 was looked at.
Both 1H and 31P MMR studies showed sizable changes in chemical shift upon mixing 9
with HgI2, suggesting interactions between the cluster complex and the Lewis acidic
Hg(II) ion. Ether vapor diffusion into the reaction mixture afforded single crystals
suitable for X-ray diffraction studies.

Surprisingly, instead of the anticipated

Hg(II)-PTA complex, analysis revealed the structure as two cluster units, each containing
one PTA ligand, together with 5 SbF6- ions.

Since each cluster core carries a +2 charge,

there must exist an additional positive charge in order to balance the charges of the
compound.

This may come from monoprotonation of one of the PTA ligands or

oxidation of one of the cluster cores.

However, as previously established, the potential

for the oxidation of the cluster is rather high at ca. 0.7 V vs. Fc/Fc+.45,46

Cluster

oxidation thus appears unlikely under the current reaction conditions. This effectively
points ligand protonation as the source of this extra positive charge, and the compound
should be formulated as {[Re6(µ3-Se)8(PEt3)5(PTAH)][Re6(µ3-Se)8(PEt3)5(PTA)]}(SbF6)5
(10). EPR experiments confirmed that the compound was not in the oxidized form
(Figure 3.3).

Crystallographic studies revealed some salient structural features of the

cage-like ligand, providing further support to the above analysis.

Specifically, the two

individual cluster units point toward each other with a shortest N…N separation of 2.75(4)
Å.

This value is significantly smaller than the sum of the van der Waal’s radii of two N

atoms, indicating that the two N sites may be closely associated via hydrogen bonding.
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Figure 3.3. EPR spectra of 11. The experimental conditions were as follows: microwave
frequency: 9.335 GHz; microwave power: 50 µW; field modulation amplitude: 4 G;
temperature: 4.2 K; Concentration: 0.33 mM. The peak shown in the above is due to
Cu(II) (from He) ions. The reported H for oxidized rhenium cluster should be at
2500-3000G.68
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A similar situation was noted by Darensbourg and coworkers in the crystal structure of
CpFe(CN)2(PTAH), in which one of the PTA N atoms is at a distance of 2.686 Å from
the N atom of one of the two CN ligands of a neighboring complex molecule.28 Such
intermolecular hydrogen bonding interaction results in a polymeric structure featuring
individually recognizable and yet closely associated metal complex units.
The source of the proton merits further discussion.

Different from any previously

reported PTA protonation, the present result was obtained without the use of any protic
acids.

A feasible source is the trace amount of water in the solvents.

When

coordinated and activated by a Lewis acid such as a Hg(II) ion in the present case, the
water molecule becomes more susceptible to hydrolysis to afford a mercury hydroxo
species and a proton. Such a hypothesis is schematically illustrated in Figure 3.3a.
Providing support to this proposal is the crystal structure of [cis-PtCl2(PTA)2]2(µ-H2O) in
which two units of the platinum complex are held together by a bridging water molecule
via strong intermolecular hydrogen bonding interactions (Figure 3.4b).47

Elemental

analysis was not performed on 10 because the unexpected crystals were hard to be
completely separated from the rest of the reaction mixture.

However, two different

crystals were picked up from the same product mixture, and they were found to be
crystallographically identical.
The 1H and

31

P NMR spectra of this unexpected species were recorded.

As

compared with those of 9, protonation causes noticeable downfield chemical shifts of the

Figure 3.4. a) Proposed protonation of PTA ligand via a HgI2-activated water molecule; b) two PTA ligands hydrogen
bonded with a bridging water molecule.
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PTA ligand in both 1H and 31P NMR (Figures 3.2b and 3.2e).

In solution, however, the

proton is likely to be statistically associated with any of the N atoms. Only one type of
resonances is thus observed due to the averaged chemical environment. For the same
reason, although the two cluster complex units are formally distinct, only changes in
chemical shifts are observed, but not the splitting patterns.

3.3.2 Protonation of 9 studied by 31P NMR spectroscopy.
Stimulated by the unexpected protonation of the cluster-bound PTA ligand,
deliberate protonation experiments were carried out with the hope that a better
understanding of the protonation behavior of the cluster-PTA complex can be achieved.
The acid-base chemistry of free PTA has been studied extensively. It has been found
that PTA molecule can be regioselectively protonated at one of the nitrogen sites to form
[PTA(H)]+ for which the pKa was measured by Darensbourg and coworkers48 to be 5.70
and by Alyea et al. to be 6.0.49

Further protonation has proved difficult because of

energetically unfavorable cage distortion. Protonation of metal-bound PTA ligand has
also been known, and the propitious properties of the protonated species to synthetic
chemistry have been demonstrated.50-60

For example, Schibli and coworkers showed the

phase transfer behavior of a protonated Re-PTA complex due to its uniquely different
solubility in aqueous and organic phases.50 In addition, Darensbourg and coworkers
demonstrated that protonated Fe-PTA cyanide complexes were particularly useful in the
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synthesis of double metal cyanides catalysts as the accompanying salt formation was
eliminated.28
To study the protonation of the cluster-bound PTA ligand(s), titration experiments
were carried out.

Small aliquots of a methanolic solution of HBr were added in

incremental amount to a solution of 9, and the 31P NMR resonances of the mixture were
recorded to monitor any spectroscopic changes upon possible protonation.

31

P NMR

spectroscopy appeared to be a sensitive handle: Upon addition of 0.1 equivalent of the
acid, the signals of the PEt3 ligands shift toward downfield by a small number, 1.17 ppm
for the PEt3 cis to PTA and 0.41 ppm for the one trans to the PTA ligand. However, the
PTA resonance is affected much more profoundly with a 13.12 ppm downfield shift when
the titration endpoint was reached. The amount of added HBr and the corresponding
chemical shifts of the 31P (both PEt3 and PTA) resonances are collected in Table 3.1.

A

plot of the change in chemical shift vs. the number of equivalent of added HBr is shown
in Figure 3.5.

In the initial stage of the acid titration, the downfield chemical shift

changes increase linearly with the amount of added acid. The change then levels off,
and when the added HBr amounts to ca. 1.1 equivalent of the cluster complex, the
signal remained with no further change.

31

P

Monoprotonation of the complex is thus

suggested, which is also consistent with what has been observed for free PTA and a
number of metal complexes with PTA.1,28,50-60
The 1H and

31

P NMR spectra of the product of this deliberate acidification are
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shown in Figures 3.2c and 3.2f.

In addition to showing the anticipated trend of

downfield chemical shift, the 1H signals of both the N-CH2-N and P-CH2-N moieties are
significantly broadened.

Its

31

P NMR resonances are still well-defined, with the PTA

signal downfield shifted by 13.14 ppm and 9.38 ppm with respect to its counterparts in 9
and 10, respectively.

Interestingly, while the resonance of the PEt3 trans to the

protonated PTA remains at essentially the same chemical shift, that of the cis PEt3 ligand
show a downfield shift of 1.03 ppm.

These changes in chemical shifts reflect an

averaged change in chemical environment as a result of exhaustive protonation of the
cluster complex as opposed to the case of 10, when only one of the two cluster units was
protonated.

3.3.3 Crystal structure determination.
The structures of complexes 9-11 were established by single-crystal X-ray
diffraction.

They crystallized in space groups P-1, P21/c, and C2/c, respectively.

Solvent molecules were found in the structures of complexes 9 and 11.

The

[Re6(µ3-Se)8]2+ cluster cores in all three complexes possess +2 charge, and the counter
ions in the structures are SbF6- and Br-.
The crystal structures of 9, 10, and 11 are shown in 3.6.
bond lengths and bond angles are collected in Table 3.2.

Metric values of the key

The dimensions of the cluster

cores agree with those of the previously reported hexarhenium clusters.61-67

For 9, the
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Table 3.1. Volume of HBr (mL) and
experiment

31

PNMR signal (ppm) collected for titration

HBr

P on PTA

P on PEt3

HBr

P on PTA

P on PEt3

0.00
0.10
0.20
0.30
0.40
0.50

-111.80
-110.39
-109.17
-108.09
-106.95
-105.73

-29.58
-29.54
-29.54
-29.61
-29.61
-29.61

0.60
0.70
0.80
0.90
1.40
1.90

-104.71
-103.6
-102.38
-101.68
-99.39
-98.68

-29.55
-29.61
-29.17
-29.11
-29.15
-29.17

-28.63
-28.49
-28.41
-28.33
-28.28
-28.20

-28.14
-28.08
-27.6
-27.56
-27.44
-27.46

Figure 3.5. Chemical shift changes of 31P resonance of the PTA ligand of compound 9
versus the amount of HBr added in the acid titration experiments.
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Re-P(PEt3) distances, ranging from 2.462(4) Å to 2.477(4) Å, are sizably longer than that
of the Re-P(PTA) bond (2.416(4) Å).
The Re-P(PTA) distance is close to what have been reported for mononuclear
Re-PTA complexes. Within the PTA framework, the metric values of the P-C and N-C
bonds and the C-N-C angles fall in the range reported for the ligand.1 Thus, very little
distortion of the PTA cage is observed in 9 versus the many reported metal-PTA
complexes.
In the crystal structure of 10, two cluster-PTA units are disposed as such that the
two PTA ligands are pointing toward each other with a shortest N…N distance of 2.75(4)
Å.

Spectroscopic evidence suggests protonation may be responsible for this

arrangement.

Providing further support is the apparent distortion of the PTA cage

(Table 3.3). The local structure around N2 and N4, the two possible protonation sites, is
scrutinized in order to establish with which cluster-PTA unit the proton is associated in
the solid state. Protonation on PTA usually leads to longer N-C bonds about the
protonated N.

Based on this criterion, N4 appears to be the protonated site with an

average N-C bond length of approximately 1.55(2) Å, whereas the tertiary N-C bonds are
averaged at 1.48(5) Å.

In comparison, in the other cluster complex unit, the average of

the three N-C bonds about N2 is 1.51(3) Å, while the rest of the N-C bonds are averaged
to be 1.49(6) Å.

Since N2 is also involved in hydrogen bonding, the difference between

the latter two values is expected.

However, this difference (0.02 Å) is sizably smaller
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Figure 3.6. The crystal structures of [Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2 (top, 9),
[Re6(µ3-Se)8(PEt3)5(PTAH)][Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)5
(middle,
10),
and
[Re6(µ3-Se)8(PEt3)5(PTAH)]2(HBr)(SbF6)2Br4 (bottom, 11). Only the cationic cluster
complexes are shown. Counter ions, ethyl groups of PEt3 ligands of the latter two
structures, and hydrogen atoms are omitted for clarity. Anisotropic displacement
ellipsoids are drawn at the 50%, 30%, and 30 % probability level, respectively.
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Table 3.2. Selected bond lengths (Å) and bond angles (o) for complexes 9, 10, and 11
compound

10

11

cluster1
cluster2

9
Re-P(PTA)
2.416(4)
NA

2.436(9)
2.422(8)

2.417(8)
2.414(7)

cluster1 range
mean
cluster2 range
mean

5Re-P(PEt3)
2.462(4)-2.477(4)
2.469
NA
NA

5Re-P(PEt3)
2.463(10)- 2.480(10)
2.474
2.480(8)- 2.495(8)
2.489

2.470(7)- 2.484(8)
2.477
2.463(9)- 2.483(9)
2.474

cluster1 range
mean
cluster2 range
mean

P-C(PTA)
1.843(15)- 1.856(15)
1.849
NA
NA

1.81(3)- 1.85(4)
1.83
1.84(3)- 1.90(3)
1.87

1.81(3)- 1.83(3)
1.82
1.81(3)- 1.84(3)
1.82

cluster1 range
mean
cluster2 range
mean

N-C(PTA)
1.447(19)- 1.50(2)
1.462
NA
NA

1.40(5)- 1.57(5)
1.50
1.42(4)- 1.57(4)
1.50

1.38(4)- 1.51(4)
1.47
1.40(4)- 1.50(5)
1.46

cluster1 range
mean
cluster2 range
mean

C-N-C(PTA)
108.0(12)- 113.9(12)
110.5
NA
NA

106(3)- 117(4)
110
108(2)-116(3)
111

107(2)-114(3)
111
108(3)-114(3)
112
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Table 3.3. Selected bond lengths (Å) and bond angles (o) involving N2 and N4 for
complex 10.
Bond (Å)
Angle (deg)
Cluster1 average*
1.49
average*
111
N2-C35
1.48(4)
C32-N2-C35
113(3)
N2-C34
1.52(4)
C32-N2-C34
110(3)
N2-C32
1.53(4)
C34-N2-C35
106(3)
Cluster2 average*
1.48
average*
112
N4-C70
1.53(4)
C68-N4-C69
108(2)
N4-C68
1.57(4)
C70-N4-C69
110(2)
N4-C69
1.54(4)
C68-N4-C70
110(2)
*average: the average bond lengths/bond angles about all the tertiary N atoms

than that (0.07 Å) in the other cluster as the proton is more strongly associated with N4.
The PTA cage distortion due to the protonation of N4 is also clearly reflected by the
C-N4-C angle in comparison with the other non-protonated site. The C-N4-C angle,
ranging from 108(2) – 110(2)° (average 109(1)°), is significantly smaller than the angles
involving the non-protonated N atoms on the same cage (108(2) – 116(3)°, average
112(3)°).
In the structure of compound 11, there are also two cluster units, each
containing 5 PEt3 ligands and one protonated PTA ligand.

The protonation sites, as

revealed by the pertinent C-N bond lengths and C-N-C angles, are N2 and N6 on the two
separate PTA cages.

Specifically, the three N2-C bonds, ranging from 1.47(3)- 1.51(4)

Å (average 1.49(2) Å) are longer than the tertiary N-C bonds (1.38(4)–1.49(4) Å, average
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1.46(4) Å) within the same cage. The C-N2-C angles, ranging from 107(2)–113(2)°, is
overall smaller than the angles about the non-protonated N atoms (109(3)–114(3)°,
although the average happens to be the same (111(2)° for non-protonated and 111(3)° for
protonated).

The situation is very similar for the other cluster unit. The three N6-C

bonds, ranging from 1.43(4)–1.50(5) Å (average 1.47(4) Å) are longer than the tertiary
N-C bonds (1.40(4)–1.50(4) Å, average 1.46(4) Å), while the C-N6-C angles, ranging
from 108(3)–113(3)° (average 111(3)°), is smaller than the angles about the
non-protonated C atoms (108(3)–114(3)°, average 112(2)°). That the bond lengths and
angles of the two PTA ligands agree very well also suggests that both are
monoprotonated, as opposed to compound 10 wherein only one of the two cluster-PTA
units is protonated.

3.4 SUMMARY
Three new complexes of the [Re6(µ3-Se)8]2+ core-containing cluster with the
water-soluble trialkyphosphine ligand, 1,3,5-triaza-7-phosphaadamantane (PTA), have
been synthesized and structurally characterized.

Unexpected protonation of one of the

three N sites of the cagey ligand was observed when the cluster complex-based ligand
was mixed with HgI2. Subsequent deliberate protonation of the cluster-PTA complex
afforded monoprotonated cluster species, and the degree of protonation was established
by acid titration experiment using HBr as titrant and by monitoring the chemical shift
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change of the ligand’s 31P resonances.

Protonation also causes noticeable distortions of

the cage structure, as clearly revealed by crystallographic studies of these closely related
yet subtly different compounds.

The results described herein not only provide three new

members of this interesting cluster system, but also offer some useful information about
the chemistry of this unique water-soluble ligand.
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CHAPTER 4
THE COORDINATION CHEMISTRY OF Zn(II), Cu(II), AND Hg(II)
WITH THE CLUSTER-COMPLEX LIGAND [Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2

4.1 INTRODUCTION
The chemistry of the [Re6(µ3-Se)8]2+ core-containing clusters continues to attract
interest among synthetic1-12 and computational chemists.13-15

This is due not only to

their structural resemblance to the cluster motifs of the seminal superconducting Chevrel
phase solids, 16-20 but also to their facile chemical transformations,21-23 ease of control of
stereochemistry, 10, 24-26 and notable electrochemical and luminescent properties.25,27-33
A great variety of derivatives of this cluster core have been prepared by us15,24,25,33-37 and
others1-3,5-8,22,38-44 via the substitution of the terminal ligands. Depending on the reaction
conditions, complexes featuring a specific number of judiciously chosen ligands may be
synthesized.1,5-12,31,43,44

In our research, stabilizing ligands such as triethyl and

triphenylphosphine have been extensively utilized to protect a certain number of Re sites
to generate a series of closely related substitutional isomers.10,24-26

The remaining metal

sites are available for further chemical transformations should more synthetically useful
and interesting derivatives be desired.34-44
One of the synthetic uses of these nanoscopic building blocks of our interest is their
application for constructing multicluster arrays. Molecules with aesthetically pleasing
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structures and materials with interesting electronic and photophysical properties have
been obtained.1,27-44

Two strategies have been successfully explored, one by directly

attaching a number of cluster units onto a common multitopic ligand9-10,25,45,46 and the
other by making use of secondary interactions such as hydrogen bonding47,48 or
metal-ligand coordination.49,50

For the latter approach, bifunctional ligands capable of

coordinating the cluster core (primary interaction) while possessing an additional
functional group available for the secondary interaction, be it hydrogen bonding or
metal-ligand coordination, are necessary.

Ligands such as isonicotinamide and

4,4′-dipyridyl have been shown in the successful synthesis of a variety of supramolecular
cluster assemblies.48-50
In this contribution, an analogous chemistry of a [Re6(µ3-Se)8]2+ cluster complex
equipped

with

1,3,5-triaza-7-phosphaadamantane

water-soluble phosphine ligand, is described.

(PTA),51

a

unique

cage-like,

The coordination chemistry of this

particular ligand has received increasing recent interest52 because its complexes, many of
which being water-soluble, are potentially useful for green catalysis53-68 or as
metallopharmaceutics.69-75

Our research, however, is driven by the unique structure and

the possibility of various coordination modes of the ligand and the consequential
opportunities for unexpected findings. We note that in almost all metal complexes of
PTA, the ligand uses its P atom for metal coordination.52 Not until recently have there
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Figure 4.1. The molecular structure of the cationic cluster complex ligand
[Re6(µ3-Se)8(PEt3)5(PTA)]2+ and schematic depiction of its three potential metal
coordination sites.
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appeared a handful of complexes featuring N-metal coordination,76-81 including
simultaneous P- and N-coordination.79-81

With our recently prepared cluster complex

[Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2 (9, P5PTA), we hope to achieve structurally interesting
complexes with secondary metal ions using the three N atoms available (Figure 4.1),82
and even better, to possibly realize materials with useful properties as a result of the
unique metal cluster-secondary metal ion combination.

Herein our initial efforts toward

these goals, the synthesis, spectroscopic characterization, and structure determination of
five complexes (with Zn(II), Cu(II) and Hg(II) ions) of P5PTA, are detailed.

4.2 EXPERIMENTAL
4.2.1 General
The cluster complex ligand [Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2 (9, P5PTA) was
synthesized according to the recently reported procedure.82 All other starting materials
and solvents were purchased from Aldrich and used as received.

1

H and

31

P NMR

spectra using CD2Cl2 as solvent were recorded on a Varian Unity 300 spectrometer, with
85% H3PO4 (δ = 0.0 ppm) the external reference in the latter experiments. Elemental
analyses were performed by NuMega Resonance Labs, Inc. (San Diego, CA).

4.2.2 Synthesis of {Zn[Re6(µ3-Se)8(PEt3)5(PTA)](NO3)3}(SbF6) · CH3CN (12)
The cluster-complex ligand P5PTA (50 mg, 0.017 mmol) was dissolved in 3 mL of
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MeCN to yield an orange-red solution.

To this solution was added 3 mL of methanolic

solution of Zn(NO3)2 (30 mg, 0.102 mmol). This solution mixture was stirred for 5 min
at room temperature. Diffusion of diethyl ether vapor to this mixture afforded thin, pale
yellow crystalline plates as the product.

Yield: 34 mg, 68%.

Anal Calcd for

C38H90F6N7O9P6Re6Se8SbZn: C, 15.09; H, 3.00; N, 3.24. Found: C, 15.14; H, 2.87; N,
3.30.

1

H NMR (δ, ppm): 4.86 (d, J

HH

= 13.80 Hz, 3H), 4.6 (d, J

4.14 (s, 6H), 2.15 (m, 30H), 1.11 (m, 45H).
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HH

= 13.50 Hz, 3H),

P{1H} NMR (δ, ppm): −28.15 (s), −29.65

(s), −105.35 (s).

4.2.3 Synthesis of {Cu[Re6(µ3-Se)8(PEt3)5(PTA)](NO3)3}(SbF6) (13)
To 1.5 mL of MeCN solution of P5PTA (30 mg, 0.010 mmol) was added 1.5 mL of
methanolic solution of Cu(NO3)2 · 2.5H2O (14 mg, 0.060 mmol).

This solution mixture

was stirred for 5 min and then set aside for crystallization by ethyl ether vapor diffusion.
Greenish-yellow needle-shaped crystals were obtained as the product.
80%.

Yield: 24 mg,

Anal Calcd for C36H87F6N6O9P6Re6SbSe8Cu: C, 14.50; H, 2.94; N, 2.82.

Found:

C, 14.74; H, 2.70; N, 2.98.

4.2.4 Synthesis of {[Re6(µ3-Se)8(PEt3)5(PTA)]2(Hg4I9)}(SbF6)3(CH3CN)2 (14) and
{[Re6(µ3-Se)8(PEt3)5(PTA)](Hg3I8)}(CH3CN) (15)
To 1.5 mL of MeCN solution of P5PTA (30 mg, 0.010 mmol) was added 1.5 mL of
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methanolic solution of HgI2 (54 mg, 0.119 mmol).

This solution mixture was stirred for

5 min at room temperature. Diffusion of diethyl ether vapor to this mixture afforded
orange-red crystalline product (14).

However, single crystal of a different product 15

was obtained by recrystallizing 14 using MeCN as the solvent.

4.2.5 Synthesis of {[Re6(µ3-Se)8(PEt3)5(PTA)]2(Hg3I7)}(SbF6)(CH3CN) (16).
To 3 mL of MeCN solution of P5PTA (50 mg, 0.017 mmol) was added 3 mL of
methanolic solution of HgI2 (92 mg, 0.202 mmol). This solution mixture was heated
under reflux for 30 min, cooled, and set aside for recrystallization by vapor diffusion of
diethyl ether.

Needle-like crystals were obtained as the product.

Yield: 35 mg, 48%.

Anal Calcd for C38H90F6Hg3I7N4P6Re6SbSe8: C, 10.70; H, 2.13; N, 1.31.

Found: C,

10.46; H, 1.98; N, 1.51

4.2.6 X-ray crystallographic analysis
Single crystals suitable for X-ray diffraction were obtained as described in the
Experimental section. Single crystals were mounted on a glass fiber with paratone oil
and cooled to −123°C (12), −45°C (13) and -158°C (14, 15 and 16) in a stream of
nitrogen gas. Data collection were performed on a Bruker SMART CCD 1000 X-ray
diffractometer with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å). The
data were integrated using SAINT83 software, and absorption corrections were applied
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using program SADABS.84

The structures were solved by direct methods and refined

by full-matrix least-squares using SHELTXL.85

Experimental and refinement

parameters are summarized in APPENDIX 1.
For 12, diffraction was weak, with no observed diffraction beyond a resolution of 1
Å, even with very long exposure times.

The data were thus cut at 1 Å. Bond distance

and anisotropic displacement parameter restraints were necessary during refinement to
control the geometry of the disordered SbF6- anion, one of the nitrate ligands and some of
the ethyl groups.

SbF6- exhibits whole molecule disorder with a major:minor occupancy

ratio of 58:42%.

The ethyl groups attached to P2 (C7 to C12) were also refined using a

two-part disorder model with a major:minor occupancy ratio of 56:44%.
For 13, soft restraints were used during refinement for one of the PEt3 groups (P6,
C31).

In both cases hydrogen atoms were placed geometrically and refined using a

riding model.

RCH3 hydrogen atoms were refined with U(iso)H = 1.5U(eq)C and a

fixed C–H distance of 0.98 Å.

R2CH2 hydrogen atoms were refined with

U(iso)H = 1.2U(eq)C and a fixed C–H distance of 0.99 Å.
For 14, following completion of the structure it was noticed that Hg1 and I4 had
large adjacent residual peaks.

These were used as the basis of a disorder model, which

refined to give an improved R-factor, with a major:minor occupancy ratio of 55:45%.
Analysis of difference Fourier maps also showed peaks corresponding to one molecule of
solvent acetonitrile.

This solvent molecule proved very difficult to model satisfactorily.
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Unrestrained anisotropic refinement continually resulted in the molecule “blowing up”
and a model with distance and displacement parameter restraints would not converge.
Consequently it was removed using the SQUEEZE routine of PLATON.86
For 15, the compound has crystallized as a discrete, neutral species in space group
P21/c along with one molecule of acetonitrile solvent of crystallization. The acetonitrile
molecule has been refined using a two-part disorder model with a refined major:minor
occupancy ratio of approximately 53:47%.

Similarity least-squares restraints were

applied to the displacement ellipsoids of some carbon atoms and the disordered
acetonitrile molecule was refined using a pseudo isotropic model.
For 16, one disordered SbF6- counter ion is present, which was refined using a
two-part disorder model with a major:minor occupancy ratio of 65:35%.

4.3 RESULTS AND DISCUSSION
4.3.1 Synthesis and NMR spectroscopic characterization of 12 and 13
Nearly 200 transition metal complexes with PTA or its derivatives have been
reported.52-76

Considering the prevalent use of Zn(II) or Cu(II) ion in coordination

chemistry, it is somewhat surprising to find that the compounds 12 and 13 represent, to
the best of our knowledge, the first PTA complexes of these metal ions.
Compounds 12 and 13 were synthesized by the reaction of the cluster complex
P5PTA with zinc and copper nitrate respectively in a MeCN/MeOH mixture.

Although
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excess amounts of the metal salts were used with the hope of producing sophisticated
cluster-supported networks featuring multiple N-metal coordination bonds, only one of
the three available N atoms is found to coordinate the metal ion in both cases, as
established by crystallographic structural determination (see below in Figure 4.4).
Nonetheless, these two compounds are still notable examples possessing an
N-coordinating PTA ligand in the family of PTA complexes.76-81

Literature precedents

of metal complexes using metal complexes of PTA as ligands are limited to polymeric
Ru–PTA–Ag80 and Rh–PTA–BH3.87
The 1H and 31P{1H} NMR spectra of compound 12 were obtained and compared with
those of P5PTA (Figure 4.2).

There are two doublets in the 1H NMR spectrum of 12, at

4.66 and 4.86 ppm, corresponding respectively to the equatorial and axial H of the
N–CH2–N moiety.

An additional singlet appears at 4.14 ppm, attributable to the

P–CH2–N hydrogen. Compared with the cluster-complex ligand, the coordination with
Zn(II) causes the P–CH2–N hydrogen to shift downfield by 0.04 ppm, while the
equatorial and axial N–CH2–N hydrogen shift downfield by 0.16 and 0.13 ppm,
respectively, probably due to its closer proximity to the Lewis acidic metal ion. As
expected, the H resonances of the remotely located PEt3 stay essentially unchanged, at
2.15 and 1.11 ppm.

This remoteness is also reflected by its
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P{1H} resonances, at

−28.15 and −29.65 ppm; these resonances are shifted downfield by only a negligible
amount of 0.08 and 0.48 ppm, respectively, with respect to the corresponding P5PTA
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signals.

However, the

31

P{1H} signal of the PTA ligand is shifted downfield by 4.95

ppm to −105.35 ppm with respect to P5PTA, clearly a consequence of the coordination
with Zn(II). The fact that no further splittings of the PTA peaks in either 1H or 31P{1H}
NMR spectra suggests that the coordination with Zn(II) is dynamic in solution at ambient
temperature; the solid-state structure established by single crystal X-ray diffraction,
showing the metal coordination via only one PTA N atom, only reflects the static
structure of the complex.
For compound 13, despite the paramagnetic nature of Cu(II) ion, the PEt3 resonances
still appear at their usual position in both 1H (significantly broadened, however) and
31

P{1H} NMR spectra (Figure 4.3).

Again, this is probably due to the ligands’ remote

locations from the paramagnetic metal ion.
PTA ligand were observed.

However, no 1H or
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P resonances of the

These observations are distinctly different from those of the

recent reported Cu(I) complex with PTA, prepared by a redox reaction between Cu(II)
and PTA.70,88

In that report, the H resonances of the PTA ligand in the diamagnetic

complex are clearly shown at 4.6, 4.8, and 4.1 ppm for the equatorial and axial H of the
N–CH2–N moiety and the P–CH2–N hydrogen, respectively. That the reaction between
P5PTA and Cu(II) does not lead to any redox reaction as when free PTA is used70,87
suggests that in P5PTA, the electron density of the PTA ligand is significantly reduced
upon coordination to the +2 charged cluster core.

Figure 4.2.

1

H NMR spectra of 12 (a) and P5PTA (c); 31P NMR spectra of 12 (b) and P5PTA (d).
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Figure 4.3. (a) 1H NMR and (b) 31P NMR spectra of complex 13 in CD2Cl2 (* solvent
signal).
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4.3.2 Synthesis of 14, 15, and 16
Crystals of 14 were obtained from the reaction of P5PTA with excess HgI2 (12 eq.).
Unit-cell determination of the single crystals obtained from different reactions suggests
that this particular complex can be synthesized reproducibly.

However, because the

solubility of HgI2 is comparable to that of 14, purification of 14 was problematic, and the
product crystals had to be manually picked up. Leaving the crystals in solution for a
certain period (usually less than a week) leads to the formation of the protonated P5PTA,
as detailed in Chapter 3. Recrystallization of 14 in acetonitrile solution resulted in 15, a
different complex of P5PTA with Hg(II), indicating that the solid-state structure of 14 is
probably not maintained in the solution, which is not unusual for Hg(II)-based
supramolecules.91-93

Admittedly, the mechanism for this conversion is still not yet

known, the formation of various species suggests the complex nature of this assembly
involving Hg(II) ions, due either to kinetic or thermodynamic control of the reaction.
When the same reaction was carried out under reflux, yet another new complex 16 was
obtained. This compound has a structure of higher dimension and complexity than 14
or 15, and is probably the thermodynamically favored product.

4.3.3 Crystal structure determination of 12 and 13
The structures of complexes 12 and 13 were established by single-crystal X-ray
diffraction. Both compounds crystallize in space groups P21/c.

The crystal structures
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are shown in Figure 4.4. The most salient feature of the structures is the coordination of
the cluster complex with a single Zn(II) or Cu(II) ion using one of the three N atoms.
This situation is similar to what has been observed in the PTA N-coordinated complexes
of Co(II),76 Ag(I),80,81 and Mn(II) ions.78
bond angles are collected in Table 4.1.

Metric values of the key bond lengths and

The dimensions of the cluster cores agree with

those of the previously reported hexarhenium clusters.33-37

For both 12 and 13, the

Re–P(PTA) bonds are 2.42(2) Å for 12 and 2.423(2) Å for 13, close to that of P5PTA
cluster ligand (2.416(4) Å) but sizably shorter than Re–P(PEt3) bonds (ranging from
2.452(19) to 2.499(16) Å; average 2.476 Å for 12 and from 2.469(2) to 2.484(2) Å;
average 2.478 Å for 13).

It thus appears that the coordination of Zn(II) and Cu(II) to the

PTA N site has little effect on the Re–P bonding, including the Re–P(PTA) bond.

This

is also confirmed by the angles about the PTA phosphorous site: Ranging from 119(2) to
121(2)° for 12 and from 117.3(2) to 120.1(2)° for 13.

C–P(PTA)–Re bond angles in the

two structures are both averaged at 119°, almost identical to that of P5PTA at 119.2°.
The parameter manifesting the effects of metal coordination is the N–C bond length.
For 12, the N–C bond length bears a range of 0.21 Å from 1.36(9) to 1.57(8) Å (average
1.47 Å).

In comparison, a range of 0.053 Å is observed for P5PTA.

This difference is

probably an indication of the distortion of the cage-like ligand upon metal coordination.
This distortion is even more obvious in 13 in which the three N–C bonds about the
coordinated N(1) atom (1.480(8), 1.493(9), and 1.517(8) Å) are all sizably longer than the
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Figure 4.4. The crystal structures of 12 (a) and 13 (b) with partial labeling. Only the
structures of the cationic cluster complexes are shown. Counter ions, ethyl groups of
PEt3, and hydrogen atoms are omitted for clarity. Anisotropic displacement ellipsoids
are drawn at the 50% probability level.
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Table 4.1. Selected bond lengths (Å) and bond angles (°) in complexes 12 and 13.
12
13
Re–P(PTA)
2.42(2)
Re–P(PTA)
2.4234(17)
Re–PEt3
range 2.452(19)–2.499(16) Re–PEt3
range 2.469(2)–2.4841(19)
mean 2.476
mean 2.478
P–C(PTA) range 1.89(8)–1.92(7)
P–C(PTA) range 1.823(7)–1.849(7)
mean 1.90
mean 1.838
N–C(PTA) range 1.36(9)–1.57(8)
N–C(PTA) range 1.434(9)–1.517(8)
mean 1.47
mean 1.473
Zn(1)–O(2)
2.00(5)
Cu(1)–O(4)
1.961(5)
Zn(1)–O(4)
2.12(6)
Cu(1)–O(7)
1.963(5)
Zn(1)–O(7)
2.26(5)
Cu(1)–O(1)
2.021(5)
Zn(1)–N(2)
2.13(6)
Cu(1)–N(1)
2.052(6)
12
C-P-Re(PTA) Range
Mean
C-N-C(PTA) Range
Mean
C(31)–N(2)–Zn(1)
C(33)–N(2)–Zn(1)
C(32)–N(2)–Zn(1)
O(4)–Zn(1)–N(2)
O(7)–Zn(1)–N(2)
O(2)–Zn(1)–N(2)
O(2)–Zn(1)–O(7)
O(2)–Zn(1)–O(4)
O(4)–Zn(1)–O(7)

119(2)-121(2)
119
103(6)-117(6)
109
108(5)
110(4)
112(4)
92(2)
96.3(19)
113(2)
114.1(19)
133(2)
101.7(19)

13
C-P-Re(PTA) range
mean
C-N-C(PTA) range
mean
C(3)–N(1)–Cu(1)
C(6)–N(1)–Cu(1)
C(5)–N(1)–Cu(1)
O(4)–Cu(1)–N(1)
O(7)–Cu(1)–N(1)
O(4)–Cu(1)–O(1)
O(7)–Cu(1)–O(1)
O(1)–Cu(1)–N(1)
O(4)–Cu(1)–O(7)

117.3(2)-120.1(2)
119.0
107.7(5)-113.4(5)
110.7
106.7(4)
108.9(4)
112.6(4)
89.3(2)
95.5(2)
87.4(2)
88.6(2)
163.5(2)
174.9(2)
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average of the other N-C bonds ( averaged at 1.461 Å)
Although both Cu(II) and Zn(II) ions are tetracoordinate, their local coordination
spheres are different (Figure 4.5). For 12, the bond length of Zn–N(PTA) is 2.13(6) Å,
which falls right next to the mean of the reported Zn–NR3 bond lengths (2.20 Å for 1,859
entries found in the Cambridge Structural Database, version 5.29, January 2008 update).
89

The other three NO3− ligands are all monodentate, coordinating the Zn(II) ion via one

of the three O atoms (ranging from 2.00(5) to 2.26(5) Å; average 2.13 Å).

These four

ligands form a pseudo-tetrahedral coordination geometry around the Zn(II) center. The
three N–Zn–O angles range from 92(2)° to 113(2)°, while the three O–Zn–O angles range
from 101.7(19)° to 133(2)°. Besides the formal Zn–O bonds, the distances of Zn to
O(6), O(8), and O(1) are measured as 2.32(6), 2.34(5), and 2.44(5) Å, respectively.
These bond lengths are too long for a formal bond, but they still show weak electrostatic
interaction, holding an oxygen atom and a Zn(II) ion in a ‘bonding’ arrangement.
weak interactions between the metal ion and NO3− are also seen in 13.

These

For 13, the

bonding of NO3− and P5PTA ligands to Cu(II) are similar to those of 12. Cu–N(PTA)
bond is at 2.052(6) Å, and Cu–O bonds range from 1.961(5) to 2.021(5) Å.
lengths are within the reported ranges.89

All bond

The N(1)–Cu(1)–O(1) and O(7)–Cu(1)–O(4)

angles are measured at 163.5(2)° and 174.9(2)°, respectively, both being close to 180°.
Moreover, the four adjacent N (or O)–Cu–O(or N) angles range from 87.4(2)° to 95.5(2)°.
These metric values effectively qualify the coordination geometry of the Cu(II) center as

Figure 4.5. Local metal coordination geometry of Zn(II) and Cu(II) ions in 12 (a) and 13 (b).
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distorted square-planar, distinctly different from the case of 12.

This difference in

coordination geometry can be ascribed to the different electronic configurations of Zn(II)
and Cu(II): The tetrahedral geometry is generally favored by the close-shell d10
complexes as steric factors play a more important role. On the other hand, for a d9
metal ion such as Cu(II), a distorted octahedral geometry is generally observed in their
complexes due to Jahn-Teller effect with quasi-square planar being common when the
distortion reaches a certain degree.90

4.3.4 Crystal structure determination of 14, 15, and 16
Complexes 14, 15, and 16 are all Hg-P5PTA species, but with very different
coordination modes (Figure 4.6) between the ligand and the Hg(II) ion.

Rare P,N-,

P,N,N’-, and P,N,N’,N’’- coordination modes of PTA ligand have been observed in these
three complexes, enriching the coordination chemistry of this unique cage-like ligand.
In fact, complex 16 provides the very first example of a tetradentate PTAligand making
use of all four of its coordinating atoms.

The realization of this coordination mode

completes the spectrum of all possible coordination mode of TPA.

Selected bond

lengths and bond angles are summarized in Table 4.2.

4.3.4.1 Structure of {[Re6(µ3-Se)8(PEt3)5(PTA)]2(Hg4I9)}(SbF6)3(CH3CN)2 (14)
Complex 14 is a discrete molecule composed of two cluster-PTA ligands bridged by
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a unit of Hg4I9 (Figure 4.6a).

The Hg atoms are of two different coordination spheres,

but both being tetrahedrally coordinated, common to complexes of mercury halides.91-95
However, the central Hg4I3 unit has a rather unusual planar geometry (Hg1-I5-Hg1A and
Hg2-I5-Hg2A angles both at 179.998(1)o and Hg1-I5-Hg2 angle at 85.63(17)o), in which
the tetracoordinate I5 is shared by two diamond-shaped Hg2I2 moieties. In fact, a search
of the Cambridge Structural Database (CSD) for this Hg4I3 unit did not yield any
previous examples of this kind.89

Similar structures exist, however.

For example,

Hawthorne and coworkers reported a macrocycle composed of four Hg(II) ions
interconnected by four carborane units.96

This metallocycle is capable of forming

complexes with halide ions, and one of them features a planar arrangement of Hg4I,
similar to the present observation.

In addition, a planar Hg4Cl3 unit was reported by

Draper and coworkers.91,93
The cluster-PTA ligand coordinates to Hg2 using one of its N sites. The N1-Hg2
bond length is 2.456(12) Å, within the reported range for such bonds.89 The iodide ions
are bonded to Hg centers in terminal (I1, I2, and I3), µ2-bridging (I4) and µ4-bridging (I5)
manner.

The distances between Hg ions and terminal iodide ions range from 2.636(11)

Å to 2.658(10) Å (average 2.648 Å), while those about the tetracoordinate I5 are much
longer (3.099(9) Å for Hg1-I5 and 3.1830(8) Å for Hg2-I5). This is reasonable because
the electron density of the central iodide is shared by four Hg(II) ions.

The I4 ion is not

equally shared between Hg1 and Hg2; the Hg1-I4 bond length is 3.161(10) Å, while the
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Hg2-I4 bond length 2.633(6) Å.

In other words, I4 behaves more like a terminal iodide

on Hg2 but maintains weak interactions with Hg1.

The average Hg–I distance, taken

from all entries in the CSD, is 2.787 Å with an upper quartile of 3.041 Å.89

Therefore,

all Hg–I bond lengths in this structure fall within reported ranges. The tetrahedral
coordination geometry about both Hg(II) centers is severely distorted. This is reflected
by the following bond angles: I1-Hg1-I2, 144.3(4)o; I4-Hg2-I3 143.68o; I5-Hg1-I4
83.5(2)o and I5-Hg-N1 96.5o.
The coordinated N atom of the PTA ligand also displays a roughly tetrahedral
geometry, with bond angles about it ranging from 106.3(8)o to 111.6(8)o.

Similar to

what has been found in Zn(II) and Cu(II)-PTA complexes, the N-C bond lengths
involving the coordinating N atom, ranging from 1.486(18) Å to 1.516(18) Å, are
significantly longer than all other non-coordinated N-C bond lengths (from 1.440(19) Å
to 1.496(17) Å, average 1.472 Å).

4.3.4.2 Structure of {[Re6(µ3-Se)8(PEt3)5(PTA)](Hg3I8)}(CH3CN) (15)
Complex 15 was obtained from the re-crystallization of 14, presumably through the
dissociation of 14 in solution, followed by a re-assembly of the ligand and Hg (II) ion
upon recrystallization. There are two distinct types of Hg(II) ions in 15 in terms of
coordination environment (Figure 4.6b).

The first are the two Hg(II) ions coordinated

by two terminal and one bridging iodo ligands and a N atom of the PTA ligand, while the
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Figure 4.6. The crystal structures of 14 (a), 15 (b), and 16 (c) with partial labeling.
Only the structures of the cationic cluster complexes are shown. Counter ions, ethyl
groups of PEt3, and hydrogen atoms are omitted for clarity. Anisotropic displacement
ellipsoids are drawn at the 50% probability level.
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Table 4.2. Selected bond lengths (Å) and angles (°) for Hg complexes 14 to 16.
14
Hg(1)–I(1)

2.636(11)

I(1)–Hg(1)–I(2)

144.3(4)

Hg(1)–I(2)

2.658(10)

I(1)–Hg(1)–I(4)

99.2(3)

Hg(1)–I(4)

3.161(10)

I(1)–Hg(1)–I(5)

103.6(3)

Hg(1)–I(5)

3.099(9)

I(2)–Hg(1)–I(4)

102.6(3)

Hg(2)–I(3)

2.6487(14)

I(2)–Hg(1)–I(5)

106.6(3)

Hg(2)–I(4)

2.633(6)

I(5)–Hg(1)–I(4)

83.5(2)

Hg(2)–I(5)

3.1830(8)

I(4)–Hg(2)–I(5)

91.04(16)

Re(6)–P(6)

2.424(4)

I(4)–Hg(2)–I(3)

143.68(13)

P(6)–C(31)

1.848(14)

I(3)–Hg(2)–I(5)

98.71(3)

P(6)–C(33)

1.859(14)

N(1)–Hg(2)–I(3)

104.4(3)

P(6)–C(34)

1.857(14)

N(1)–Hg(2)–I(4)

109.2(3)

N(1)–C(31)

1.502(18)

N(1)–Hg(2)–I(5)

96.5(3)

N(1)–C(32)

1.516(18)

Hg(1)–I(5)–Hg(1A)

179.998(1)

N(1)–C(36)

1.486(18)

Hg(2)–I(5)–Hg(2A)

179.999(1)

N(1)–Hg(2)

2.456(12)

Hg(1)–I(5)–Hg(2)

85.63(17)

C(36)–N(1)–Hg(2)

109.2(8)

C(32)–N(1)–Hg(2)

111.6(8)

C(31)–N(1)–Hg(2)

106.3(8)

C(36)–N(1)–C(31)

111.5(11)

C(36)–N(1)–C(32)

107.0(11)

C(31)–N(1)–C(32)

111.3(12)
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15
Hg(1)–I(1)

2.6878(13)

I(1)–Hg(1)–I(3)

103.55(4)

Hg(1)–I(2)

2.6680(12)

I(2)–Hg(1)–I(1)

123.03(4)

Hg(1)–I(3)

2.8497(12)

I(2)–Hg(1)–I(3)

122.67(4)

Hg(2)–I(4)

2.6691(11)

N(1)–Hg(1)–I(1)

102.4(2)

Hg(2)–I(3)

2.8800(12)

N(1)–Hg(1)–I(2)

101.3(2)

Hg(2)–I(5)

2.6736(11)

N(1)–Hg(1)–I(3)

99.0(2)

Hg(2)–I(6)

3.0870(11)

I(3)–Hg(2)–I(6)

105.54(3)

Hg(3)–I(8)

2.7034(10)

I(4)–Hg(2)–I(3)

106.06(4)

Hg(3)–I(7)

2.6954(11)

I(4)–Hg(2)–I(5)

134.40(4)

Hg(3)–I(6)

2.7864(11)

I(4)–Hg(2)–I(6)

101.00(3)

Re(6)–P(6)

2.414(3)

I(5)–Hg(2)–I(3)

111.03(3)

P(6)–C(33)

1.832(12)

I(5)–Hg(2)–I(6)

93.80(3)

P(6)–C(34)

1.835(13)

I(7)–Hg(3)–I(6)

115.85(3)

P(6)–C(31)

1.858(12)

I(7)–Hg(3)–I(8)

125.48(3)

N(1)–C(31)

1.467(16)

I(8)–Hg(3)–I(6)

112.55(3)

N(1)–C(32)

1.496(15)

N(2)–Hg(3)–I(6)

96.1(2)

N(1)–C(36)

1.489(16)

N(2)–Hg(3)–I(7)

98.9(2)

N(1)–Hg(1)

2.565(10)

N(2)–Hg(3)–I(8)

99.4(2)

N(2)–C(32)

1.449(15)

Hg(1)–I(3)–Hg(2)

111.84(4)

N(2)–C(33)

1.471(15)

Hg(3)–I(6)–Hg(2)

131.74(3)

N(2)–C(35)

1.485(15)

C(31)–N(1)–C(32)

111.7(10)

N(2)–Hg(3)

2.574(10)

C(31)–N(1)–C(36)

110.9(10)

C(31)–N(1)–Hg(1)

106.5(7)

C(32)–N(1)–Hg(1)

111.2(7)

C(36)–N(1)–C(32)

108.0(9)
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C(36)–N(1)–Hg(1)

108.5(7)

C(32)–N(2)–C(33)

112.8(9)

C(32)–N(2)–C(35)

109.8(9)

C(32)–N(2)–Hg(3)

111.1(7)

C(33)–N(2)–C(35)

110.3(9)

C(33)–N(2)–Hg(3)

105.3(7)

C(35)–N(2)–Hg(3)

107.4(7)

16
Hg(1)–I(1)

2.6421(14)

N(1)–Hg(1)–I(2)

100.6(2)

Hg(1)–I(2)

2.6385(15)

I(2)–Hg(1)–I(1)

147.33(5)

Hg(1)–I(3)

2.9925(12)

I(2)–Hg(1)–I(3)

104.44(4)

Hg(2)–I(3)

2.7142(11)

N(1)–Hg(1)–I(1)

92.3(2)

Hg(2)–I(4)

2.6471(12)

N(1)–Hg(1)–I(3)

88.6(2)

Hg(2)–I(5)

2.8460(12)

I(1)–Hg(1)–I(3)

105.80(4)

Hg(3)–I(5)

2.8776(12)

N(2A)–Hg(2)–I(4)

101.9(2)

Hg(3)–I(6)

2.6489(13)

I(4)–Hg(2)–I(3)

137.82(4)

Hg(3)–I(7)

2.6482(13)

I(4)–Hg(2)–I(5)

109.28(4)

Re(6)–P(6)

2.390(4)

N(2A)–Hg(2)–I(3)

97.6(2)

P(6)–C(31)

1.836(14)

N(2A)–Hg(2)–I(5)

95.4(2)

P(6)–C(33)

1.844(14)

I(3)–Hg(2)–I(5)

105.63(4)

P(6)–C(34)

1.834(13)

I(7)–Hg(3)–I(6)

141.45(4)

N(1)–C(32)

1.511(16)

I(6)–Hg(3)–I(5)

108.18(4)

N(1)–C(33)

1.477(16)

I(7)–Hg(3)–I(5)

109.31(4)

N(1)–C(36)

1.477(16)

Hg(2)–I(5)–Hg(3)

100.80(4)

N(1)–Hg(1)

2.607(11)

Hg(2)–I(3)–Hg(1)

98.15(4)
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N(2)–C(34)

1.493(16)

C(32)–N(1)–Hg(1)

106.9(8)

N(2)–C(35)

1.528(16)

C(33)–N(1)–C(32)

110.7(10)

N(2)–C(36)

1.483(16)

C(33)–N(1)–Hg(1)

108.4(7)

N(2)–Hg(2A)

2.566(10)

C(36)–N(1)–C(32)

108.7(10)

N(3)–C(31)

1.460(17)

C(36)–N(1)–C(33)

111.6(11)

N(3)–C(32)

1.433(16)

C(36)–N(1)–Hg(1)

110.5(8)

N(3)–C(35)

1.455(17)

C(34)–N(2)–C(35)

110.8(10)

Hg(3)–N(3)

2.7028(3)

C(34)–N(2)–Hg(2A)

107.2(7)

C(35)–N(2)–Hg(2A)

106.6(7)

C(36)–N(2)–C(34)

110.2(10)

C(36)–N(2)–C(35)

108.1(10)

C(36)–N(2)–Hg(2A)

113.9(7)

C(32)–N(3)–C(31)

113.2(11)

C(32)–N(3)–C(35)

109.7(11)

C(35)–N(3)–C(31)

112.3(11)
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second type, also tetracoordinate, has four iodo ligands in its coordination sphere, two
being bridging and the other two being terminal. The two bridging iodo ligands of the
second type of Hg(II) ion are each shared with one Hg(II) of the first type, forming a
cyclic Hg3I6(µ-I)2 arrangement, together with a N-C-N moiety of the PTA ligand. The
only other previously known P,N,N’-coordination mode of PTA was reported by F. Mohr
and coworker who reported the same coordination mode in a complex of Ag(I) with free
PTA ligand.81
The terminal Hg-I bond distances are averaged at 2.683 Å (from 2.6680(12) Å to
2.7034(10) Å), comparable to those of 15.

I3 lies roughly in the middle of Hg1 and Hg2

with Hg-I distances of 2.8497(12) Å and 2.8800(12) Å.

Interestingly, the other bridging

iodo ligand I6 behaves more like a terminal ligand toward Hg3 while weakly interacting
with Hg2 (with Hg3-I6 at 2.7864(11) Å and Hg2-I6 at 3.0870(11) Å).

The coordination

of Hg3 may be viewed as (3+1) according to the scheme by Grdenić,94,95 that is, there are
three tightly bonded iodide ions (bond distances average at 2.728 Å) with the PTA N
atom serving as the fourth ligand at a distance of 2.565(10) Å.

The coordination

geometry about the other two Hg(II) centers are more like distorted tetrahedral.
The effect on the cluster-PTA ligand upon coordination is unexceptional.

Both

coordinated N centers exhibit tetrahedral geometry with all bond angles averaged at
109.48o (from 105.3(7)o to 112.8(9)o) and the coordinated N-C bond distances are slightly
longer than the non-coordinated N-C bond distances (1.476 Å vs. 1.465 Å on average).
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In the solid state (Figure 4.7), the individual cyclic units pack with a separation of
3.8315(15) Å between nearest iodide neighbors. Intermolecular I…I interactions are
thus suggested.

Such interactions lead to the formation of weakly connected cluster

moieties in a chain structure, which in turn, organize themselves into a two-dimensional
sheet upon self-aggregation possibly due to hydrophobic interactions of the PEt3 ligands.
The three-dimensional crystal structure is thus a stack of such sheets, as shown in Figure
4.8 where a second sheet is packed slightly staggered on top of the first one (presented in
brown and grey colors, respectively).

The view along the a-axis clearly shows the

separation between different sheets.

4.3.4.3 Structure of {[Re6(µ3-Se)8(PEt3)5(PTA)]2(Hg3I7)}(SbF6)(CH3CN) (16)
Complex 16 was obtained from a reaction of P5PTA and HgI2 under reflux in
CH3CN/CH3OH.

Its formation at a relatively high temperature indicates that it is

probably thermodynamically more favored with respect to 14 or 15. In its molecular
structure, the P5PTA ligand uses all three N sites for the coordination of three different
Hg(II) ions. Considering the weak basicity of the amine groups and the expected cage
distortions upon metal coordination, this P,N,N’,N’’-coordination mode is unusual.
The overall structure of 16 is a coordination polymer whose repeating unit is
structurally shown in Figure 4.6c. Hg1 and Hg3 each coordinate to two terminal and
one bridging iodo ligands, while Hg2 has two bridging and one terminal iodo ligands.
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Figure 4.7. One sheet of cluster chains formed by I…I interactions (red dotted bonds) in
15, view along c-axis. Counter ions, ethyl groups of PEt3, and hydrogen atoms are
omitted for clarity.
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Figure 4.8. Spatial arrangement of 15, view along a) a-axis, b) c-axis and c) b-axis.
Molecular motifs are color differentiated upon symmetry operations (brown: x, y, z and
-x, 0.5+y, 0.5-z; grey: -x, -y, -z and x, 0.5-y, 0.5+z). Red dotted bonds indicates I…I
weak interactions between molecular species. Counter ions, ethyl groups of PEt3, and
hydrogen atoms are omitted for clarity.
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All Hg-I distances involving a terminal iodo liagnd are agreeable with those of 14 and 15,
ranging from 2.6385(15) Å to 2.6489(13) Å and with an average of 2.6450 Å.

I5 ion is

shared between Hg2 and Hg3 atoms at comparable distances of 2.8460(12) Å (Hg-I5) and
2.8776(12) Å (Hg-I3). Interestingly, I3 ion is located much closer to Hg2 than to Hg1
(bond distances at 2.7142(11) Å for Hg2-I3 and 2.9925(12) Å for Hg1-I3). All three
Hg(II) ions exhibit distorted tetrahedral effective coordination of mercury with a
characteristic linear coordination.

The bond angles of I2-Hg1-I1, I4-Hg2-I3, and

I7-Hg3-I6 are 147.33(5)o, 137.82(4)o, and 141.45(4)o, respectively, while for the angles
of N1-Hg1-I3, N2A-Hg2-I5, and N3-Hg3-I5, the values are 88.6(2)o, 95.4(2)o, and 86.46o,
respectively. These metric values are also consistent with the description of a (2+2)
effective coordination of mercury by the scheme of Grdenić.94,95
The aforementioned repeating units are bridged by I3 and I5 ions form a linear
coordination polymer (Figure 4.9). The backbone of the polymeric chain is composed
of Hg-coordinated PTA motifs with bridging iodo ligands (colored in dark-red, Figure
4.9).

These infinite polymeric chains extend along the a-axis with cluster units at both

of its sides (Figure 4.10).

The top view shows that these chains are packed regularly

along the b- and c-axes. A small-angled side view (Figure 4.11) reveals that these
polymeric chains are actually cluster columns in the three-dimensional spatial
arrangement.
chemistry.

Such cluster-containing coordination columns are still rare in cluster
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4.4 SUMMARY
Five new complexes with a cluster complex-based ligand have been synthesized and
structurally characterized.

The cluster-complex ligand is characterized by the

water-soluble, cage-like 1,3,5-triaza-7-phosphaadamantane ligand. In addition to the
primary coordination of the cluster core using its P atom, the PTA ligand possesses three
N atoms, all capable of further coordination of secondary metal ion(s). All three modes,
namely simultaneous P,N-, P,N,N’-, and P,N,N’,N”- coordination have been observed in
the complexes with Zn(II), Cu(II), and three Hg(II) using the cluster-PTA complex as
ligand.

The results presented in this chapter clearly demonstrate the validity of using

cluster-complex as ligand for the development of new chemistry. The great variety of
coordination modes observed on the other hand enriches the coordination chemistry of
PTA, a ligand attracting much interest recently due to its structural and functional
uniqueness.

Figure 4.9. Formation of coordination polymer from asymmetric repeating unit of 16 through bridging iodide ions.
Counter ions, ethyl groups of PEt3, and hydrogen atoms are omitted for clarity.
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Figure 4.10. Spatial arrangement of 16, view along a) a-axis and b) b-axis. Counter
ions, ethyl groups of PEt3, and hydrogen atoms are omitted for clarity.

Figure 4.11. Illustration of cluster columns formed in the crystal structure of 16.
hydrogen atoms are omitted for clarity.

Counterions, ethyl groups of PEt3, and
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CHAPTER 5
CLUSTER COMPLEXES AS LIGANDS FOR
CRYSTAL ENGINEERING WITH AgSbF6

5.1 INTRODUCTION
The construction of coordination polymers, a class of materials containing functional
ligands and specific metal-containing moieties, has received much recent interest.1-7
Besides their general appealing structure, higher ordered coordination polymers, those of
two-dimensional or three-dimensional porous structure are stimulated from the standpoint
of practical application.
storage8-10

and

in

Interesting properties and potential applications for gas

electronic,11-14

magnetic,12,15-18

optical,13,19-22

and

catalytic

chemistry23-26 have been demonstrated or envisioned.
Despite the extensive work done, two challenges remain, one being interpenetration
and the other being the expansion of pore size without collapsing.27

Potential solutions

to these problems may be provided by using cluster-based building blocks. Based on
these considerations, we have recently prepared a [Re6(µ3-Se)8]2+

core-containing

cluster ligand [Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2 (P5PTA, 9, Chpater 3)28 and have
investigated its coordination with a number of metal ions (Zn(II), Cu(II), and Hg(II)).29
It has been found that the cluster-bound PTA ligand displays interesting and
less-commonly observed simultaneous coordination using both P and N atoms.29-32

In

Figure 5.1. The structure of a) P5PTA (9) and b) trans-P4PTA2 (18)
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one case, coordination with HgI2 generated a number of cluster-supported complexes
with extended two-dimensional structure. However, such structure exist in a rather
complex equilibrium and reproduction of one particular structure proved to be difficult.
In light of this difficulty, we turned our attention to the coordination to Ag(I) as the
chemistry is much better defined in the context of coordination polymer.
In this chapter, The results of the coordination chemistry with AgSbF6 using two
different cluster ligands (Figure 5.1) are summaried.

5.2 EXPERIMENTAL SECTION
5.2.1 General
The

cluster

solvate,

trans-[Re6(µ3-Se)8(PEt3)4(MeCN)2](SbF6)2,

[Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2, and 1,3,5-triaza-7-phosphaadamantane (PTA) were
synthesized by following literature procedures.33,28,34

All other starting materials and

solvents were purchased from Aldrich and used as received.

1

H and

31

P NMR spectra

using CD2Cl2 solutions were recorded at room temperature on a Varian Unity 300
spectrometer, and 85% H3PO4 (δ = 0.0 ppm) was used as an external reference for the
latter.

Elemental analyses were performed by Numega Resonance Labs, Inc. (San

Diego, CA).

Thermogravimetric analysis (TGA) was conducted using a TA Instruments

TGA Q50 thermogravimetric analyzer under argon protection at 3oC/min from 30oC to
300oC, then at 5oC/min to 600oC.
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5.2.2 Synthesis of Ag[Re6(µ3-Se)8(PEt3)5(PTA)]2(CH3CN)(CH3OH)(SbF6)5 (17)
A CH3CN (1.5 mL) solution of [Re6(µ3-Se)8(PEt3)5(PTA)](SbF6)2 (9，30.0 mg,
0.0101 mmol) was mixed with a MeOH (1.5 mL) solution of AgSbF6 (20.8 mg, 0.0606
mmol).

Vapor diffusion of diethyl ether caused the crystallization of orange-colored

product.

Yield: 26 mg.

2.87; N, 1.54.

Anal Calcd for Re12Se16P12C75H181N7AgSb5F30O: C, 14.18; H,

Found: C, 14.01; H, 2.98; N, 1.78.

1

H NMR (δ, ppm): 5.09 (d, 3H),

5.01 (d, 3H) (AB system, JHH = 12.6Hz), 4.33 (s, 6H), 2.16 (m, 30H), 1.10 (m, 36H).
31

P{1H} NMR (δ, ppm): -28.35 (s), -30.10 (s), -99.65 (s).

5.2.3 Synthesis of trans-[Re6(µ3-Se)8(PEt3)4(PTA)2](SbF6)2 (18)
C6H5Cl/CH3NO2

A

solution

(50

mL,

v/v

1:1)

containing

trans-[Re6(µ3-Se)8(PEt3)4(MeCN)2](SbF6)2 (100 mg, 0.036 mmol) and PTA (56.6 mg,
0.360 mmol)

was stirred under reflux for 1.5 hrs.

After cooling down, solvents were

removed on a rotary evaporator and the residue was extracted using CH2Cl2 (50 mL) and
H2O (4 × 50 mL). Organic phase was collected and dried over anhydrous MgSO4.
After filtration and evaporation of solvents, the crude product was purified by alumina
column chromatography using CH2Cl2/MeOH (20:1) as eluent (Rf = 0.5). Anal Calcd
for Re6Se8P6C36H84N6Sb2F12: C, 14.38; H, 2.82; N, 2.79.
2.82.

1

Found: C, 14.62; H, 2.50; N,

H NMR (δ, ppm): 4.69 (d, 6H), 4.55 (d, 6H) (AB system, JHH = 12.8Hz) 4.12 (s,

147

12H), 2.16 (m, 24H), 1.09 (m, 36H).

31

P{1H} NMR (δ, ppm): -27.67 (s), -111.5 (s).

5.2.4 Synthesis of {Ag2trans-[Re6(µ3-Se)8(PEt3)4(PTA)2](CH3CN)2(SbF6)4}n(CH3CN)2n
(19)
A CH3CN (1.5 mL) solution of trans-[Re6(µ3-Se)8(PEt3)4(PTA)2](SbF6)2 (30.0 mg,
9.98 mmol) was mixed with a MeOH (1.5 mL) solution of AgSbF6 (41.1 mg, 120 mmol).
Vapor diffusion of diethyl ether caused crystallization of the orange-colored product.
Yield: 26 mg. Anal Calcd for Re6Se8P6C40H90N8Ag2Sb4F24: C, 12.72; H, 2.40; N, 2.97.
Found: C, 12.77; H, 2.36; N, 2.88.

5.2.5 X-ray crystallographic analysis
Single crystals were mounted on a glass fiber with paratone oil and cooled to 150 K
for 17, and 220 K for 19 in a stream of nitrogen gas. Data collection were performed on
a Bruker SMART CCD 1000 X-ray diffractometer with graphite-monochromated Mo
Kα

radiation (λ = 0.71073 Å). The data were integrated using SAINT35 software, and

absorption corrections were applied using program SADABS.36

The structures were

solved by direct methods and refined by full-matrix least-squares using SHELTXL.37
Experimental and refinement parameters are summarized in APPENDIX 1.
For 17, the structure suffers from significant disorder of both the main cluster cation
and the SbF6- anions.

Beyond 1 Å resolution the reflections are essentially unobserved
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and so the data were truncated at 2θ = 42°.

Restraints were used to control the geometry

and displacement ellipsoids of the disordered ethyl groups and of the disordered anions.
Hydrogen atoms were placed geometrically except that the O-H hydrogen atom of the
coordinated methanol was not included in the structural model, due to its unpredictable
position according to geometry.

However the reported formula, and subsequent derived

parameters (e.g. formula mass) have been amended to include this missing atom.
For 19, the vial contained two crystal morphologies: regular tablet-shaped prisms and
irregularly shaped crystals.

A regular prism was used for data collection, a subsequent

unit cell determination on the irregularly shaped suggested they are the same as the
regular prisms. The crystal did not show diffraction beyond a resolution of 1 Å and so
the dataset was truncated at that resolution. Nevertheless the structure was solved easily
by direct methods. The space group is R-3m assigned by first solving the structure in
the space group R-3 and then checking the structure with the ADDSYM routine in
PLATON, which showed a 100% fit for the missed mirror symmetry. Selective bond
lengths (Å) and bond angles (o) are summertized in Table 5.1.

5.3 RESULTS AND DISCUSSION
5.3.1 Synthesis and X-Ray crystal structure determination of 17
The synthesis of the Ag(I) complex with the cluster-complex ligand is
straightforward and X-ray quality single crystals were obtained by vapor diffusion of
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Table 5.1. Selected bond lengths (Å) and bond angles (°) in complexes 17 and 19.
Complex 17 (range, mean†)
Re-Re
Re-Se
Re-P(PEt3)
Re-P(PTA)
P6-C/P12-C††
N1-C/N5-C††
N2-C/N4-C††
N3-C/N6-C††
Ag-N3
Ag-N6
Ag-N7
N7-C73
C73-C74
Ag-O
O-C75

cluster1(Re1-Re6)

cluster2(Re7-Re12)

2.623(2)-2.650(2), 2.638
2.507(4)-2.526(4), 2.517
2.483(10)-2.500(10), 2.49
2.416(9)
1.79(4)-1.88(3), 1.82
1.42(4)-1.52(4), 1.46
1.46(4)-1.49(4), 1.48
1.49(4)-1.51(4), 1.50
2.24(3)
2.24(3)
2.51(4)
1.18(6)
1.47(7)
2.44(3)
1.46(6)

2.620(2)-2.642(2), 2.636
2.509(4)-2.533(4), 2.519
2.462(9)-2.497(10), 2.48
2.403(9)
1.80(3)-1.86(3), 1.83
1.44(4)-1.51(4), 1.46
1.44(4)-1.52(4), 1.48
1.50(4)-1.54(4), 1.52

Complex 19 (range mean†)
Re-Re
Re-Se
Re-P(PEt3)
Re-P(PTA)
P3-C
N1-C
N2-C
Ag-N2
Ag-N3
N3-C15
C15-C16

2.611(2)-2.6509(18), 2.635
2.513(3)-2.517(3), 2.516
2.480(11)-2.482(9), 2.481
2.343(12)
1.76(3)-1.78(4), 1.77
1.44(5)-1.47(3), 1.46
1.48(3)-1.60(3), 1.52
2.32(2)
2.44(6)
0.99(9)
1.60(10)
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Complex 17 (range mean†)
cluster1(Re1-Re6)

cluster2(Re7-Re12)

Re-P6(P12)-C

116.6(10)-119.2(11), 117.5

114.2(11)-120.4(12), 118.2

C-N1(N5)-C
C-N2(N4)-C
C-N3(N6)-C
C34-N3-Ag/C71-N6-Ag
C31-N3-Ag/C69-N6-Ag
C36-N3-Ag/C70-N6-Ag
O-Ag-N3
O-Ag-N6
O-Ag-N7
N3-Ag-N7
N3-Ag-N6
N6-Ag-N7

111(3)-115(3), 112
109(3)-113(3), 111
108(3)-113(3), 110
106(2)
112(2)
109(2)
102.5(11)
98.6(11)
86.4(15)
96.7(11)
151.5(10)
103.6(11)

108(3)-113(3), 110
109(3)-113(3), 112
108(3)-112(3), 110
112(2)
104(2)
112(2)

Complex 19 (range mean†)

†

Re3-P3-C
C-N1-C
C-N2-C
C12-N2-Ag
C13-N2-Ag
C14-N2-Ag
N2-Ag-N2A

114.8(10)-118.0(14), 115.9
112(3)-113(2), 113
106(2)-109(3), 108
112.7(18)
105.9(16)
114.5(17)
129.3(13)

N2-Ag-N3

97.8(9)

The range and mean values of the bond lengths will be provided if a group of bonds
are listed together.
†† Bonds about P6, N1, N2, and N3 are on cluster1, and bonds about P12, N4, N5, and
N6 are on cluster2.
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diethyl ether to the solution containing both starting materials.

In the crystal structure

(Figure 5.2a), one of the three nitrogen sites (N3 and N6) on each PTA is shown to
coordinate a Ag(I) ion. Each Ag(I) has the coordination of two cluster-complex ligand.
In addition, the metal ion also features coordination by one MeOH and one CH3CN
molecule.

The Ag-N distance is 2.24(3) Å, shorter than those observed in

[CpRu(H2O)(µ-P,N-PTA)2AgCl2]n [2.423(6) Å]30 and [Ag(PTA)(H2O)](NO3) [2.441(4)
and 2.468(4) Å],31 but it still falls in the range of all reported Ag-N distances [2.176 Å to
2.701 Å].38 Its coordination geometry is that of a strongly distorted tetrahedron with the
N3-Ag-N6 angle being 151.5(10)o and the N7-Ag-O angle being 86.4(15)o.

Upon

coordination to Ag(I), the N-C distances about the coordination sites (N3 and N6, ranging
from 1.49(4) to 1.54(4) Å) in both cluster-PTA ligands are slightly longer than those
uncoordinated sites (from 1.42(4) to 1.52(4) Å). This bond lengthening is also observed
for other metal N-coordinated PTA complexes.29-32,39-41

In the packing diagram of

complex 17 (Figure 5.2b), two of the AgP5PTA units are connected by parallel
intermolecular hydrogen bonding formed between the coordinated MeOH and one of the
uncoordinated PTA nitrogen atoms in its neighbor. The hydrogen-bonded dimeric units
pack in the solid state, shown in Figure 5.3, along the crystallographic axes of a and c,
respectively.

5.3.2 Synthesis and X-Ray crystal structure determination of 19
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Figure 5.2. a) The crystal structures of 17. b) hydrogen-bonded dimer. Only the cationic
cluster complex is shown. Counter ions, ethyl groups of PEt3 ligands, uncoordinated
solvent molecules and hydrogen atoms are omitted for clarity.
Anisotropic
displacement ellipsoids are drawn at the 50% probability level.
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Figure 5.3. View of spatial expansion of complex 17 along a) a-axis and b) c-axis
showing parallel hydrogen bonding (red dashed lines) between O atoms of CH3OH and N
atoms of PTA in another molecule. Counter ions, ethyl groups of PEt3 ligands, and
hydrogen atoms are omitted for clarity.
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If the same local coordination of PTA with Ag(I) occurs, using a cluster complex
featuring two PTA ligands would lead to the formation of higher order coordination
polymer and possible porous solids. It was with this consideration in mind, analogous
chemistry using trans-P4PTA2 (18) was carried out.

Mixing AgSbF6 with 18 in

CH3CN/CH3OH (v/v, 1:1) produced an orange-red solution, to which vapor diffusion of
diethyl ether afforded crystalline samples of the product.
in Figure 5.4a.

Its crystal structure is shown

PTA is behaving as a rare tridentate ligand, coordinating the cluster in a

conventional way through its P atom and connecting two [Ag(CH3CN)]+ moieties using
two of its N atoms.

The only other example featuring such a mode is, interestingly, also

a Ag(I) complex wherein each PTA ligand coordinates three Ag(I) ions.32
The structural dimension of the cluster core is in a regular range (mean of Re-Re and
Re-Se distances are 2.635 Å and 2.516 Å, respectively) and the four Re-P(PEt3) distances
(ranging from 2.480(11) to 2.482(9) Å)

are similar to those found in other rhenium

clusters. 28,29 The distance of Re-P(PTA) is 2.343(12) Å, which is sizably shorter than
that of complex 17 [2.416(9) and 2.403(9) Å]. The Ag-N2 distance is 2.32(2) Å, which
lies at the shorter end of those found in other similar systems [from 2.335(6) to 2.468(4)
Å]. 30,31,42 The coordination of silver to nitrogen atom caused significant PTA cage
distortion, with N2-C distances [from 1.48(3) to 1.60(3) Å] sizably longer than the
uncoordinated N-C distances [from 1.44(5) to 1.47(3) Å] and angles of C-N2-C [from
106(2) to 109(3)o] sizably smaller than the uncoordinated C-N-C angles [range from
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Figure 5.4. a) The crystal structures of 19 (repeating unit). b) cluster-supported hexagon
ring formed via silver coordination. Only the cationic cluster complex is shown.
Counter ions, ethyl groups of PEt3 ligands, uncoordinated solvent molecules and
hydrogen atoms are omitted for clarity. Anisotropic displacement ellipsoids are drawn
at the 50% probability level.
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Figure 5.5. a) View of one extended honeycomb sheet of complex 19 along c-axis and
b) view towards (0, 1, -1) plane showing the undulating nature of the structure. Ethyl
groups of PEt3 ligands are omitted in b) to better clarify the polymeric network.
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112(3) to 113(2)o].

This cage distortion is greater than what’s been observed in

complex 17. Additional coordination with an acetonitrile molecule gives a trigonal
planar coordination geometry around the Ag(I) ion. The angles of N2-Ag-N2A and
N2-Ag-N3 are at 129.3(13)o and 97.8(9)o, respectively.

The bonded CH3CN molecule

showed a bent N3-C15-C16 angle of 157(10) o. This might due to the steric repulsion
from the nearby bulky ethyl groups and another uncoordinated CH3CN molecule, and the
latter is held in place by hydrogen bonding to carbon atoms of PEt3 groups. Though not
common, similar bending of silver-coordinated CH3CN is also observed by others.43,44
These coordination features propagate because of the two trans-disposed PTA
ligands, resulting in the self-assembled two-dimensional coordination polymer (Figure.
5.4b).

Each side of the big hexagon is equipped with one trans-substituted

cluster-ligand, and six of them are fused together by six [Ag (CH3CN)] + moieties through
N-Ag-N bonds.

More interestingly, at each corner of the big hexagon, there is a small

hexagon formed by three shared PTA lignads and three [Ag (CH3CN)] + moieties. This
structure resembles that of Mutsume-ami, a type of basketry weave originated from Japan
with lined hexagonal and triangle eyes (Figure 5.6).

Because of the positively charged

silver moieties and +2 charged clusters, the polymer framework is positively charged.
Interestingly, the sheet is undulatory (Figure 5.5b) and the geometry of the cluster-based
hexagon is similar to that of the chair form of cyclohexane. As such, there are ‘pockets’
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Figure 5.6. An illustration of Mutsume-ami.

Figure 5.7. Spacefilling representation of one sheet of complex 19 with all the counter
ions and solvent molecules.
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Figure 5.8. ABC arrangements of individual sheets of complex 19.
in different colors.

Layers are labeled
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between the individual sheets holding solvent molecules (CH3CN) and SbF6- counter ions.
The distances between two opposite silver and two adjacent silver atoms in the big ring
are 25.442 Å and 15.177 Å, respectively while the distances between one silver to its
equivalent in an adjacent ring is 26.795 Å. The smaller hexagons are flat with a Ag-Ag
distance of 6.376 Å.

When plotted as spacefillingl representation (Figure 5.7) it is clear

that although the voids are occupied by counter ions and solvent molecules there is still
much vacant room.
The individual wavy sheet stack in an ABC mode as found in the rhombohedral
graphite structure with the smaller hexagons sitting above and below the larger hexagons
(Figure 5.8).

Calculated by using PLATON,45 the solvent accessible volume, which is a

measurement of porosity, is 16% for the whole structure.
Thermogravimetry analysis (Figure 5.9) of complex 19 indicates that the cluster-Ag
framework is stable under inert atmosphere up to 220oC.

The PEt3 groups are all

removed by 307oC followed by the loss of PTA by 480oC.

The luminescence study

shows the optical property of rhenium cluster is maintained for complex 19, with a broad
but intense emission at 600-800 nm.

5.4 SUMMARY
The coordination of Ag(I) with two cluster-complex ligands with the cage-like PTA
ligand afforded two novel cluster-supported complexes, one with a dimer structure while
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the other with a two-dimensional polymeric array.

In the former, the cluster-bound PTA

ligand displays a less-commonly observed simultaneous P, N-coordination mode while in
the latter complex, the P, N, N’-coordination mode represents the second example of such
a mode.
The porous structure formed by the stacking of the individual two-dimensional
polymeric sheets suggests potential applications of such materials in guest occlusion,
particularly when the void-filling counter ions are removed by careful molecular design.
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Figure 5.9. TGA of complex 19 under argon atmosphere at 3oC/min to 300oC and then at
5oC/min to 600oC.
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CHAPTER 6
FROM INORGANIC CLUSTERS TO HYBRID MATERIALS:
[Re6(µ3-Se)8]2+ CORE-CONTAINING CLUSTER INITIATORS AND
PRELIMINARY RESULTS OF POLYMERIZATION

6.1 INTRODUCTION
Accelerated by the rapid development of living/controlled radical polymerization, the
synthesis of inorganic/organic hybrid materials with improved properties is currently
under fast expansion.1-8 The combination of inorganic and organic components at the
molecular level allows the properties of the final hybrid materials to be tuned through
varied composition. More importantly, new properties that are not associated with the
individual components may be generated as a result of the synergistic effects at the
inorganic/organic interface.9-13

Such hybrid materials hold great potential in practical

applications.14-20
In this chapter, our work of preparing metal-cluster supported polymer hybrids is
summarized.

Previously, our group have successfully prepared a hybrid by

copolymerizing a cluster complex of 4-vinyl pyridine with styrene.21 However, there
are a number of drawbacks including the poor control of the reactivity of the sterically
hindered cluster monomers.

With the hope of gaining better control of the
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polymerization, in this work, we design a cluster complex as initiator and apply this
cluster-based initiator for the controlled radical polymerization reactions.

6.2 EXPERIMENTAL
6.2.1 General
The

cluster

solvate

[Re6(µ3-Se)8(PEt3)5(CH3CN)](SbF6)2

and

cis-[Re6(µ3-Se)8(PEt3)4(CH3CN)2](SbF6)2 were synthesized by following literature
procedures.22

Pyridine-4-methanol and pentamethyl diethylenetriamine (PMDEA) were

purchased from Alfa Aesar and TCI America, respectively. All other starting materials
and solvents were purchased from Aldrich and used as received. Copper (I) chloride
was purified by stirring in glacial acetic acid overnight.

Methyl methacrylate was

passed through a short column of neutral alumina to remove inhibitors prior to use in
polymerizations.

Deoxygenation of monomers, solvents and reaction mixtures was

achieved by bubbling with argon gas for approximately 30 minutes prior to use in
polymerizations.
1

H NMR and

31

P NMR spectra in CDCl3 solutions were recorded at room

temperature on a Varian Unity 300 spectrometer, and 85% H3PO4 (δ = 0.0 ppm) was used
as an external reference for the latter.

Size exclusion chromatography (SEC) was

performed in a THF mobile phase with a Waters 1515 isocratic pump running three 5 µm
PLgel columns (Polymer Labs, pore sizes 104 Å, 103 Å, 102 Å) at a flow rate of 1 mL/min
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with a Waters 2414 differential refractometer and Waters 2487 dual wavelength UV-Vis
spectrometer.

Molar masses were calculated using the Empower software (Waters)

calibrating against low polydispersity linear polystyrene standards. Mass Spectrum was
performed by the Mass Spectrometry Facility of the Department of Chemistry at the
University of Arizona (Tucson, AZ).

Elemental analyses were performed by Numega

Resonance Labs, Inc. (San Diego, CA).

6.2.2 Synthesis of pyridin-4-ylmethyl 2-bromo-2-methylpropanoate (20, PyBr)
250 mL of THF/ hexanes (V:V/1:1) solution of pyridine-4-methanol (1.64 g, 15.0
mmol) and Et3N (3.2 mL, 22.9 mmol) was stirred in an ice-bath for 30 minutes.

To this

mixture, 10 mL pre-dissolved solution of α-bromoisobutyryl bromide (2.00 mL, 16.2
mmol) in hexanes was added at the rate of 10 mL/hr.

The stirred mixture was then

warmed up to room temperature and reacted for another 1 hour before the reaction was
quenched by 100 mL ice-water.

The organic phase was collected and rotovaped. The

dark-brown crude product was then purified by column chromatography using 10%
CH3CN in CH2Cl2 (Rf = 0.6) as eluent to give light yellow oil (2.4 g, 62%). The product
was stored in hexanes (about 20%) at 5oC to prevent self-decomposition.
ppm): 8.59 (d, 2H), 7.26 (d, 2H), 5.19 (s, 2H), 1.95(s, 6H).

6.2.3 Synthesis of [Re6(µ3-Se)8(PEt3)5(PyBr)](SbF6)2 (21, P5PyBr)

1

H NMR (δ,
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A mixture of [Re6(µ3-Se)8(PEt3)5(CH3CN)](SbF6)2 (195 mg, 0.068 mmol) and
pyridin-4-ylmethyl 2-bromo-2-methylpropanoate (53 mg, 0.205 mmol) in 50 mL of
C6H5Cl was stirred under reflux for 1.5 hrs to afford an orange-yellow solution. Upon
removal of solvent, the residue was washed by hexanes for 4 times and re-dissoved in 2
mL of CH3CN.
mg, 79.1%).

Orange crystals were obtained by vapor diffusion with ethyl ether (165
Anal Calcd for Re6Se8P5C40H87NO2BrSb2F12•(CH3CN)0.5•CH2Cl2: C,

15.89; H, 2.87; N, 0.66.

Found: C, 15.74; H, 2.64; N, 0.61.

1

H NMR (δ, ppm): 9.18 (d,

2H), 7.28 (d, 2H), 5.30 (s, 2H), 2.05-2.26 (m, 30H), 1.99 (s, 6H), 1.00-1.17 (m, 45H).
31

P{1H} NMR (δ, ppm): -25.77 (s), -28.92 (s).

Mass spectrum, m/z: 1299.33

[C40H87O2P5Re6Se8NBr]2+.

6.2.4 Synthesis of cis-[Re6(µ3-Se)8(PEt3)4(PyBr)2](SbF6)2 (22, cis-P4(PyBr)2)
The synthesis and purification of 22 followed same procedures as in the case of 21
except that 150 mg (0.054 mmol) of cis-[Re6(µ3-Se)8(PEt3)4(CH3CN)2](SbF6)2 was used
as

cluster

precursor

instead.

42.0

mg

(0.163

mmol)

Pyridin-4-ylmethyl

2-bromo-2-methylpropanoate was mixed with the cluster precursor in 40 mL of C6H5Cl,
and the reaction was refluxed for 2 hrs.

Crystals were obtained after the same

purification and crystallization process used for 22 (140 mg, 81%). Anal Calcd for
Re6Se8P4C44H84N2O4Br2Sb2F12: C, 16.47; H, 2.64; N, 0.87.
0.98.

1

Found: C, 17.09; H, 2.53; N,

H NMR (δ, ppm): 9.34 (d, 4H), 7.32 (d, 4H), 5.31 (s, 4H), 2.12-2.32 (m, 24H),
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2.00 (s, 12H), 1.05-1.21 (m, 36H).

31

P{1H} NMR (δ, ppm): -22.99 (s), -25.92 (s).

6.2.5 Preparation of poly (methyl methacrylate) (23, PyBrPMMA) from 20 using ATRP.
To a 10-mL Schlenk flask was added CuCl (15.0 mg, 0.152 mmol) and 2,
2’-dipyridyl (50.2 mg, 0.321 mmol).

The flask was then vacuum/backfilled three times

with nitrogen and the flask contents were left under nitrogen. Deoxygenated DMF (0.10
mL) was added to the flask via syringe and the mixture was stirred at room temperature
till a red complex solution was formed.

To another nitrogen-purged vial containing 20

(37.1 mg, 0.144 mmol) was added deoxygenated MMA monomer (1.52 g, 15.2 mmol)
and DMF (0.1 mL). The mixture was transferred into the Schlenk flask containing the red
complex solution.

The resulting mixture was then placed in an oil bath heated at 70 ºC

for 1.5 hrs until the reaction became completely viscous.

The crude product thus

obtained was diluted by using 10 mL of CH2Cl2 and passed through an alumina plug to
remove the copper catalyst.

The filtrate was concentrated and precipitated into stirring

MeOH (1000 mL). The dissolve/precipitation process was repeated once.

The

precipitant thus obtained was dried in vacuo to yield a white powder (0.85 g; 56% yield
based on the monomer conversion of 97%).

1

H NMR (δ, ppm): 8.60 (d), 5.06 (s), 3.58

(s, 3H), 1.76-1.95 (bm, 2H), 0.81-1.00 (bm, 3H). Mn SEC = 10309 g/mole; Mw / Mn= 1.18.

6.2.6 Preparation of cluster-poly (methyl methacrylate) (24, P5PMMA) from 21 using
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ATRP.
CuCl (5.0 mg, 0.051 mmol) was added to a 10-mL Schlenk flask, which was
vacuum/backfilled three times with nitrogen. Deoxygenated PMDEA (15.0 µL, 12.5 mg,
0.072 mmol) and CH3CN (0.20 mL) was added to the flask via syringe and the mixture
was stirred at room temperature affording a pale-green solution.

To another

nitrogen-purged vial containing 21 (148 mg, 0.048 mmol) was added deoxygenated
CH3CN (0.1 mL) and MMA monomer (0.936 g, 9.35 mmol).

The orange-red mixture

was transferred into the Schlenk flask containing the red complex solution.

The

resulting mixture was then placed in an oil bath heated at 70ºC for 1.5 hrs until the
reaction became completely viscous.

The crude product thus obtained was diluted by

using 7 mL of CH2Cl2 and passed through an alumina plug to remove the copper catalyst.
The filtrate was concentrated and precipitated into stirring MeOH (1000 mL). The
dissolve/precipitation process was repeated once. The precipitant thus obtained was
dried in vacuo to yield a pale-yellow powder (0.23 g; 22% yield based on the monomer
conversion of 81%).

1

0.82-1.19 (bm, 3H).

31

H NMR (δ, ppm): 9.20 (b), 3.58 (s, 3H), 1.79-2.22 (bm, 2H),
P{1H} NMR (δ, ppm): -25.80 (s), -29.00 (s). Mn SEC = 11366

g/mole; Mw / Mn= 1.21.
The synthetic design of all initiators and polymers are summerized in Scheme 6.1.

6.2.7 X-ray crystallographic analysis

Scheme 6.1. Synthesis of initiators (20, 21, and 22) and polymers (23 and 24).
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Single crystals suitable for X-ray diffraction were obtained by vapor diffusion of
diethyl ether into a CH3CN solution of 21.

A single crystal of 21 was mounted on a

glass fiber with Paratone oil and cooled to -173°C in a stream of nitrogen gas.

Data

collection were performed on a Bruker SMART CCD 1000 X-ray diffractometer with
graphite-monochromated Mo Kα radiation (λ=0.71073 Å).

The data were integrated

using SAINT23 software, and absorption corrections were applied using program
SADABS.24

The structures were solved by direct methods and refined by full-matrix

least-squares using SHELTXL.25

Experimental and refinement parameters are

summarized in APPENDIX 1.
The crystal of 21 has formed a twin structure. The BASF parameters refined to
0.12537 and 0.07280.

The 2θ used for data collection was from 1.89o to 28.31o.

Bond

distance and anisotropic displacement parameter restraints were necessary during
refinement to control the geometry of the disordered SbF6- anion and one of the ethyl
groups (P3B).

Four F− atoms in one of the SbF6- (Sb2) exhibits disorder with a

major:minor occupancy ratio of 67:33%. The ethyl groups attached to P3B were also
refined using a two-part disorder model with a major:minor occupancy ratio of 54:46%.
Soft restraints were used during refinement for some of the PEt3 groups (C17B and C18B;
P4B and C24B).

6.3 RESULTS AND DISCUSSION
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Figure 6.1. Specially designed difunctionalized initiator (20).
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6.3.1 Design, synthesis and NMR spectroscopy study of cluster-based macroinitiators.
There are a variety of well-established synthetic strategies to covalently incorporate
inorganic groups into polymers. Our methodology as stated in the introduction is to
make cluster complex initiator and use it for ATRP of certain organic monomers. To
this end, we have designed a bifunctional initiator: in addition to the polymerizable
initiation group, there is the pyridyl group capable of cluster coordination (Figure 6.1).
The synthesis of 20 was achieved by acylation of pyridine-4-methanol with
α-bromoisobutyryl bromide (Scheme 6.1).

The yield is low compared to other similar

systems26-28 possibly due to the instability of the final product in most polar solvents.
The synthesis was initially carried out in CH2Cl2, but a dark-brown solution was obtained
instantly after the addition of α-bromoisobutyryl bromide solution.
crude product suggested a rather complex mixture.

NMR study of the

Separation by using flash

chromatography yielded three factions, with the primary fraction (Rf = 0.6) being the
desired ligand as verified by NMR studies.

The compound decomposes gradually upon

standing. However, it has been found that a 20% solution is stable up to 6 months when
stored under N2 at 4oC.

Switching the solvent to hexanes/THF, the yield was improved

somewhat, but separation and purification of the product mixture was still needed.
As compared with the starting material, significant shift of the –CH2– hydrogen from
4.72 ppm to 5.19 ppm was observed.

In addition, broad –OH signal of

pyridin-4-methanol at 3.32 ppm disappeared upon acylation. A new single peak is
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shown at 1.95 ppm, attributable to the methyl groups of its quaternary carbon. The
resources of α- and β-hydrogen of the pyridyl group are shown as doublets at 8.59 ppm
and 7.26 ppm, respectively.
Subsequent ligand substitution reaction of 20 with a cluster nitrile solvate is
unexceptional.
20.

Two site-differentiated cluster isomers were functionalized with initiator

The conversion from cluster acetonitrile solvates to the corresponding

cluster-initiators P5PyBr (21) and cis-P4(PyBr)2 (22) are both quantitative.

The

cluster-initiator complexes were characterized by using NMR and MS; and their
composition were verified by satisfactory elemental analysis.

The 1H NMR spectra of

both P5PyBr (21) and cis-P4(PyBr)2 (22) showed significant downfield shift (from 8.59
ppm to 9.18 ppm for 21 and 9.34 ppm for 22) of the α-H in pyridyl group upon
coordination of the ligand (Figure 6.2). Shifts of other signals are not as obvious due to
their remoteness to the binding center.
31

The well-defined 4:1 and 1:1 sets of peaks in the

P NMR (Figure 6.3) suggest the stereochemistry of the cluster was maintained upon

ligand substitution.
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Figure 6.2. Comparative 1H NMR spectra of a) pyridine-4-methanol; b) P5PyBr (21) and
c) cis-P4(PyBr)2 (22).
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Figure 6.3. Comparative 31P{1H} NMR spectra of a) P5N and P5PyBr (21) and b)
cis-P4N2 and cis-P4(PyBr)2 (22).
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6.3.2 Structure determination
Needle-like single crystals of 21 were obtained by layering diethyl ether on top of the
CH2Cl2 solution of 21. X-ray diffraction studies produced the crystal structure as shown
in Figure 6.4.

The Re-P bond lengths range from 2.469(6) Å to 2.488(6) Å (2.467(7) Å

to 2.487(7) Å for B component), with an average at 2.478 Å (2.477 Å for B component).
The Re-N bond is measured as 2.211(17) Å (2.200(17) Å for B component).
bonds in pyridyl groups are averaged at 1.39 Å (1.37 Å for B component).

The C–C

These values

are agreeable with other similar pyridyl-substituted cluster species.21,29-32

The C=O

distance in the initiator part is measured as 1.17(3) Å (1.15(3) Å for B component), which
is a typical value for a carbonyl double bond.33 The terminal C–Br bond has a bond
length of 2.01(3) Å (1.99(2) Å for B component).

The overall structure of 21 confirms

the successful synthesis of the cluster-initiator. Selected bond lengths and bond angles
are summarized in Table 6.1.

6.3.3 ATRP of MMA using PyBr (20)
Polymerization of MMA using 20 as initiator was attempted under typical atom
transfer radical polymerization (ATRP) conditions.1,3

PyBr (20) and MMA were put

into reaction in a 1:100 ratio, and 1.1 eq Cu(I) salt was used as catalyst with 2,2’-bipy as
coordinated ligand.

The reaction mixture became viscous after being heated at 70oC for
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Figure 6.4. The crystal structures of 21 with a partial labeling scheme. Only the
cationic cluster complex is shown. Counter ions, ethyl groups of PEt3 ligands and
hydrogen atoms are omitted for clarity. Anisotropic displacement ellipsoids are drawn
at the 50% probability level.
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Table 6.1. Selected bond lengths (Å) and bond angles (°) in complex 21.
Bond Lengths (Å)
Re1A-PA (PEt3)

2.469(6)-2.488(6) Re3B-PB (PEt3)

2.467(7)-2.487(7)

mean

2.478

Mean

2.477

Re6A-N1A

2.211(17)

Re6B-N1B

2.200(17)

C32A-N1A

1.32(3)

N1B-C33B

1.35(3)

N1A-C33A

1.33(3)

C32B-N1B

1.36(2)

C-C (pyridyl A)

1.36(3)-1.41(3)

C-C (pyridyl B)

1.35(3)-1.42(3)

mean

1.39

mean

1.37

C35A-C36A

1.48(3)

C35B-C36B

1.48(3)

C36A-O1A

1.41(3)

C36B-O1B

1.47(3)

O1A-C37A

1.33(3)

O1B-C37B

1.34(3)

C37A-O2A

1.17(3)

C37B-O2B

1.15(3)

C37A-C38A

1.61(4)

C37B-C38B

1.53(3)

C38A-C39A

1.43(4)

C38B-C40B

1.52(3)

C38A-C40A

1.52(4)

C38B-C39B

1.59(3)

C38A-Br1A

2.01(3)

C38B-Br1B

1.99(2)

Bond Angles (o)
C37A-O1A-C36A

116.5(19)

C37B-O1B-C36B

115.1(18)

O2A-C37A-O1A

127(3)

O2B-C37B-O1B

128(2)

O2A-C37A-C38A

126(3)

O2B-C37B-C38B

124(2)

O1A-C37A-C38A

107(2)

O1B-C37B-C38B

108(2)

C39A-C38A-Br1A 109.2(19)

C40B-C38B-Br1B 107.2(15)

C40A-C38A-Br1A 103.4(19)

C37B-C38B-Br1B 103.2(15)

C37A-C38A-Br1A 102.2(19)

C39B-C38B-Br1B 105.8(16)
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1.5 hrs.

Precipitation and purification of the polymer products were carried out by

following the standard routine.

As indicated by the 1H NMR spectrum of the crude

product, 97% of the monomer was converted.
Analysis of the polymer by SEC showed that the number averaged molecular weight
(Mn) of the polymer (23) is 10309 g/mol with a polydipersity of 1.18 (Figure 6.5).
Integration of the 1H NMR of 23 indicated an averaged initiator to monomer ratio of 1:88.
The initiator efficiency is thus 94% (based on 97% conversion). These values implied
that the initiation by 20 is very effective and the polymerization was nicely controlled.
It should be noted that the SEC molar masses were calibrated against low polydispersity
linear polystyrene standards.

Nevertheless, a polymerization of MMA with the newly

synthesized initiator 20 was demonstrated and the reaction was well-controlled with a
fairly effective initiation.

6.3.4 Optimization of ATRP reaction of MMA using cluster complex initiator P5PyBr
(21)
The polymerization of MMA using the cluster-based initiator was carried out under
otherwise the same conditions as when the organic initiator (24) was used. SEC result
of the reaction product with the RI detector showed two components, one with Mn of
24716 g/mol and the other with Mn of 7930 g/mol.

Since the cluster absorbs at around

240 nm (Figure 6.7), UV detector was also used to monitor the presence of cluster in the
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product.

The UV responses (red line in Figure 6.6a) were normalized and compared

with RI detector responses (black line in Figure 6.6a).

It is clear from these traces that

the low molecular weight components contained a higher percentage of the cluster.

The

uncontrolled products may suggest decomposition of the cluster-initiator under the
polymerization reaction conditions. The presence of coordinating ligands (2,2’-bipy and
DMF) may have also competed with the ligand initiator 20 for the cluster, thus
contributing to the cluster complex decomposition and the uncontrolled polymertization.
Aiming at improving the reaction outcome, pentamethyl diethylenetriamine
(PMDEA) was used in place of 2,2’-bipyridine as ligand for Cu(I) salts. The less
cooridnating amine ligand would also accelerate the reaction, thus further decreasing the
possible decomposition of cluster-initiators.
used as solvent.

For the same consideration, CH3CN was

The modified polymerization reached the viscouse state after 1.5 hrs

with polymer conversion of 81%.
11366 g/mol and PDI of 1.21.

The SEC trace showed a main product with Mn of

Also shown is a small amount (about 1.6%) of a polymer

with Mn of 44822 g/mol and PDI of 1.02 (Figure 6.6b).

The major polymer fraction has

a strong UV absorption at 240 nm, indicating the presence of the cluster.

Based on

these results, it may be reasonable to conclude that with a less competitive ligand for Cu(I)
and a less coordinating solvent, the polymerizaiton reaction can be optimized.
remain, however.

Problems

There is a tailing shown in the SEC trace. In addition, there exists

the small amount of higher Mw fraction and the yield of the reaction has to be improved.
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Figure 6.5. SEC result of PyBrPMMA (23) performed using THF mobile phase with RI
detector.
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A parallel experiment under exactly the same reaction conditions as the second
polymerization has also been carried out, but with a longer heating time (3 hrs). The
main product band is broader (PDI of 1.43) and with a lower molecular weight (Mn) of
6056 g/mol (Figure 6.6b).
33725 g/mol) has increased.

Correspondingly, the high molecular weight polymer (Mn =
All these evidences imply that a longer heating time is not

conducive to the polymerization of MMA under such conditions.
Besides MMA, polymerization of n-butyl acrylate (nBA) using the cluster initiator
was also evaluated.

The reaction used a [Io]:[CuCl]:[PMDEA]:[nBA] ratio of

1:1:1.5:200 and acetone as solvent. The reaction mixture was heated at 70oC for 18 hrs
before it became visibly viscous (conversion of 79%). The first two polymer bands
have molecular weight (Mn) of 28650 g/mol and 8357 g/mol, respetively (Figure 6.6d).
Similar to what has been found for MMA polymerizations, the low molecular weight
band has much stronger UV absorption at 254 nm. Beyond the 18-hrs reaction period,
some highly UV-absorptive and low molecular weight bands began to show up, possibly
due to the decomposition of the cluster-containing species.

Consistent with this

argument was the observation of split 31P NMR resonances for the product mixture.

6.4 SUMMARY
A specially designed orgainc initiator 20 has been synthesized and attached onto
P5- and cis-substituted clusters to give cluster comlex initiators 21 and 22.

The purely
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Figure 6.6. SEC results of ATRP from 21. UV detector responses are normalized and
compared
with
RI
detector
responses.
a)
initial
ratio
o
[Io]:[CuCl]:[bipy]:[MMA]=1:1:2:200; 20% DMF, 70 C, 6 hr. b) initial ratio
[Io]:[CuCl]:[ PMDEA]:[MMA]=1:1.5:2:200; 30% CH3CN, 70oC, 1.5 hr. c) initial ratio
[Io]:[CuCl]:[PMDEA]:[MMA]=1:1:1.5:200; 30% DMF, 70oC, 3 hr. d) initial ratio
[Io]:[CuCl]:[ PMDEA]:[nBA]=1:1:1.5:200; 20% acetone, 70oC, 18 hr.
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Figure 6.7. UV-Vis absorption of 21 (red line), 23 (black line), and 24 (Green line) in
THF.
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organic initiator is rather unstable, but may be stored in hexanes solution.
Polymerization of MMA using this initiator was successful, producing a polymer with an
Mn of 10309 g/mol and PDI of 1.18, and the monomer conversion is 97%
Analogous polymerizations using the cluster-based initiators were also attempted, all
producing cluster-containing polymers.

Reaction conditions, including ligand used for

Cu(I) catalyst, solvent, reaction time and monomers, are varied to optimize the
polymerization in terms of high molecular weight and narrow polydispersity. At this
stage, conclusions drawn from the preliminary results include: 1) the coordinating ligands
or solvents can compete with the initiator 20 on clusters and cause uncontrolled reaction.
2) long-time heating is a negative factor to the controlled polymerization.

3) nBA

monomer is less reactive than MMA and may cause cluster-initiator decomposition.
The best reaction conditions so far are using MMA as monomer, PMDEA as ligands and
CH3CN as solvents.
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CHAPTER 7
SUMMARY OF THESIS WORK AND FUTURE DIRECTIONS

The primary goals of this thesis project are to explore the synthetic utility of the
structurally well-defined clusters of the [Re6(µ3-Se)8]2+ core and to study how the unique
and interesting properties of these cluster may be expressed in judiciously designed
molecular, supramolecular, and polymeric forms.

To these ends, a number of research

projects have been undertaken, and the activities can be divided in three major thrusts.
The first is the design and synthesis of cluster complexes bearing functional groups,
either in terms of their utility in further chemical transformations or for the realization of
useful materials.

These specially designed monocluster species are then applied in the

second thrust of research for the construction of supramolecular cluster arrays via crystal
engineering approach, either by hydrogen bonding or metal-ligand complexation, and are
used for making cluster-polymer hybrid materials along a third direction of efforts.
Overall, the original objectives of the research have been achieved, but a number of
challenges remain.

Below, a brief summary of the results obtained from this thesis work

will be given, followed by elaborations of certain issues pertinent to the possible further
development of the cluster-supported synthetic and materials research.
The research activities are schematically summarized Figure 7.1, all centered around
the design and synthesis of functional monocluster species. In Chapter 2, the synthesis
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Figure 7.1. A pictorial summary of the research activities described in this thesis work,
including the design and synthesis of multicluster arrays crystal-engineered via hydrogen
bonding or metal ligand complexation and cluster-polymer hybrid materials.
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of two cluster complexes functionalized with hydrogen bonding-capable isonicotinamide
ligand(s) have been prepared.

The first is a tricluster assembly featuring three

[Re6(µ3-Se)8]2+ cluster units stationed at a central conjugated tritopic ligand. Each of the
cluster units is in addition functionalized with an isonicotinamide ligand.

This tricluster

compound, by virtue of their divergently disposed isonicotinamide ligands, is expected to
form an extended hydrogen-bonded, honeycomb-like network structure with a pore size
of about 8 nm.

The tricluster building block has been successfully and unambiguously

characterized. Unfortunately, X-ray quality single crystals have so far eluded us, and its
solid state structure showing the anticipated supramolecular assembly has yet to be
obtained. Although disappointing, the difficulty is not unexpected, as the desired porous
structure carries a large amount of empty space, and is disfavored on the basis of close
packing principle in crystallization.1

This problem is combined with the large number

of solvent molecules and easily disordered counter ions, a frequently encountered
obstacle in getting high-quality single crystals or satisfactory dataset for structural
determination. Possible solutions include the use of a template or guest species in
co-crystallization with the desired porous framework.2-6

For example, considering the

nanosized pore structure, C60, which has a diameter of about 0.7 nm,7 may be used to fill
the empty space and therefore to stabilize the overall structure for crystallization.

A

different and rather new approach is to make use of a functionalized surface to guide the
formation of extended frameworks starting from appropriately designed building blocks,
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Figure 7.2. Schematic representation of three different approaches to generate
supramolecular nanostructures on surfaces (rods: tailored organic molecules, spheres:
metal ions). (A) Surface-assisted self-assembly by hydrogen-bond formation; (B)
surface-assisted self-assembly by coordination bond formation, and (C) the surface
deposition of previously in the bulk self-assembled supramolecular architectures.
Adapted from ref. 10.
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as demonstrated by the recent work on surface-assisted coordination chemistry and
self-assembly (Figure 7.2).8-10

While the supramolecular architectures are being built up

on surfaces, they may be investigated simultaneously by techniques such as scanning
tunneling microscopy on the single-molecule level.
Also achieved is the synthesis of a U-shaped dicluster bridged by 4,4’-dipyridyl.
Each of the clusters is equipped by an isonicotinamide ligand that is perpendicular or cisto the bridging ligand. Again, due to the hydrogen bonding between the amide ligands
of a neighboring dicluster, a rectangle composed of 4-vertex occupying cluster units was
obtained, wherein two 4,4’-dipyridyl bridging ligands and two pairs of hydrogen-bonded
isonicotinamide ligands serve as the sides to connect the four cluster units. Single
crystals of this compound were obtained, and crystallographic studies clearly revealed the
hydrogen-bonded supramolecular assembly in the solid state.

However, the dataset is

not of publication quality, probably for reasons of the large void space and presence of
solvent molecules and easily disordered counter ions as alluded to above.

An immediate

attempt to solving this problem and getting better diffraction data is to co-crystallize the
cluster precursor with aromatic guests species; the aromatic-aromatic interactions
between such a guest molecule and isonicotinamide ligands are expected to facilitate the
assembly of the building blocks and to stabilize the overall structure. Related studies
include the possible selective occlusion of certain types of guests based on their steric and
electronic structures, and the activation of such guests for further chemical
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transformations.
Chapters 3-5 deal with the design and synthesis of cluster complexes of the
[Re6(µ3-Se)8]2+ core with the cage-like ligand 1,3,5-triaza-7-phosphaadamantane (PTA).
In addition to its primary coordination using the P atom to the cluster core, the ligand has
three N atoms, all capable of coordination with secondary metal ions and to create highly
sophisticated cluster-supported coordination metal-organic frameworks, a type of
materials receiving increasing current interest because of their demonstrated or
envisioned applications in gas storage and separation.11-16

In the course of these studies,

an unexpected protonation of the cluster-bond PTA ligand was observed when the
coordination of the cluster-complex ligand with Hg(II) was attempted.

Subsequent

deliberate protonation using HBr verified this observation, and produced the protonated
species in essentially quantitative yield. The results are collected in Chapter 3.17 In
the meantime, with carefully controlled reaction conditions, a number of Hg(II)
complexes, some of which bearing unprecedented structures, have been obtained.
Coordination of the cluster-complex ligand with Zn(II) and Cu(II) have also been
investigated.18

Through these studies, a less commonly observed coordination mode of

the PTA ligand was established, namely the simultaneous coordination of metals by using
both the P and N atoms of the ligand.

The examples resulting from such efforts enrich

the chemistry of the unique PTA ligand, a ligand of intense current interest for developing
green catalysis19-24 and metal-based drugs25-27 due to its water solubility.

These
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promising results make up the content for Chapter 4. In further pursuing research by
making use of the unique coordinating ability of the cluster bound ligand, one may
expand the arsenal of the stereoisomers of the cluster by synthesizing, for example, a
complex fully substituted with PTA ligand.

This particular complex, with 6 octahedrally

disposed PTA ligands, is expected to generate cluster-supported porous structures with
pore size in the nanoscopic regime.

The pores are expected to be amphiphilic due to the

presence of the hydrogen-bonding ready N atoms and the overall lipophilic C-based
backbone. The chemistry making use of such unique porous structures is likely to
generate interesting and possibly useful results.
Another immediate task is to find the condition to selectively produce a specific
species of the Hg(II) coordination. It appeared that the 3 different structures coexist in
the reaction mixture as kinetic equivalents under the current reaction conditions. By
changing reaction temperature, duration, or using different solvents, one may produce a
particular product, which will provide some new insight into the coordination behavior of
this unique ligand.
With the hope of generating porous solids that are also luminescent, the coordination
of Ag(I) using the cluster complex with PTA ligand has also been studied.

The results

are summarized in Chapter 5.

A cluster dimer was obtained in which two cluster units

are connected to an Ag(I) ion.

This cluster dimer is further aggregated into a tetramer

through a pair of hydrogen bonds formed between the silver-coordinated MeOH and one
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of the free N atoms of the PTA ligand in the neighboring dimer.

When a cluster

complex equipped with two trans-disposed PTA was employed in analogous chemistry,
an extended two-dimensional network structure composed of a larger hexagon of the
cluster and a smaller hexagon formed by Ag(I) and PTA ligands. This coordination
polymer constitutes the second example of a metal complex where the ligand PTA
displays a mode using P and two N atoms for simultaneous coordination. Luminescence
studies showed that the cluster-supported framework maintains the vivid red
phosphorescence.

However, no luminescence due to the Ag(I) ion was observed,

probably because of the long Ag(I)-Ag(I) distance.

The successful assembly of this

cluster network structure validates the crystal engineering approach using specially
designed cluster building blocks. In continuing this work and with the effort to create
materials with larger void volume, other cluster building blocks are needed in order to
reduce the amount of counter ions. Also, using the aforementioned hexasubstituted PTA
complex of the cluster core, coordination with Ag(I) may lead to the formation of porous
materials whose structures have not yet been contemplated.

Once such porous

structures are realized, evaluating the possible luminescence responses upon guest
occlusion is worthwhile for sensory applications.
The research described in Chapter 6 represents a distinctly different yet related effort
in making use of the superior synthetic utility of the structurally well-defined clusters for
the possible making of functional materials. Specifically, cluster complexes equipped
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with a ligand bearing a polymerization-initiating functional group have been prepared.
Subsequent controlled radical polymerization of organic monomers such as methyl
methacrylate using the cluster complex as initiator yielded the desired cluster-containing
polymeric hybrid wherein the cluster’s integrity and luminescence properties are
maintained.

Clearly the highly crystalline cluster complex becomes more polymer-like

as the hybrid is waxy and viscous. However, a number of problems remain to be solved.
First is the optimization of the reaction in order to enhance the yield of polymerization.
Second, besides the major product, there exist some high molecular weight fractions that
may also contain the cluster unit. This could be due to the decomposition of the cluster
initiator under the polymerization conditions employed.

In particular, it appeared that

the ancillary ligand for the Cu(I) catalysis necessary for the polymerization and the
solvent had significant influence on the reaction outcome.
reaction conditions are therefore necessary.

Efforts to optimize the

Alternatively, new functional ligands

capable of cluster coordination besides being able to initiate polymerization reaction
should be sought to avoid the similar problems observed in this study.
In conclusion, the overall research goals originally set to use the [Re6(µ3-Se)8]2+
core-containing clusters as unique building blocks in supramolecular construction and
materials synthesis have been achieved, but significant challenges remain.

Although

our efforts have been concentrated on one particular cluster system, the chemistry is
conceptually readily extendable to other clusters.

Indeed, this statement is now firmly
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supported by the successful research done by other fellows who make use of other cluster
systems.28-51

Hopefully some aspect of this research will also catch the eye of a

non-cluster chemist who may take advantage of the superior synthetic utility of these
unique substances and to bring clusters out into full view, and possibly to some uncharted
scientific frontiers.
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APPENDIX 1
CRYSTAL DATA AND STRUCTURE REFINEMENT PARAMETERS
Compound

8

Formula

C70H140F24N6O2P8Re12Sb4Se16

Fw

5786.54

crystal system

Monoclinic

space group

C2/c

V (Å3)

28079(12)

Z

8

Dcalc (Mg/m3)

2.682

a (Å)

60.490(15)

b (Å)

21.854(5)

c (Å)

22.928(6)

α (deg)

90

β (deg)

112.123(4)

γ (deg)

90

T (K)

150(2)

µ (mm-1)

15.259

wavelength (Mo Kα, Å)

0.71073

θ range (deg)

1.4 to 20.5

GOF on F2

1.072

Final R indices [F2>2σ]†

R1 = 0.0741, wR2 = 0.1877

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

9

Formula

C40H95F12N3OP6Re6Sb2Se8

Fw

3040.39

crystal system

triclinic

space group

P-1

V (Å3)

3604.6(9)

Z

2

Dcalc (Mg/m3)

2.801

a (Å)

12.4419(18)

b (Å)

14.039(2)

c (Å)

21.218(3)

α (deg)

96.264(3)

β (deg)

99.836(3)

γ (deg)

95.576(3)

T (K)

180(2)

µ (mm-1)

15.004

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.001

Final R indices [F2>2σ] †

R1=0.0605, wR2 =0.1449

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

10

Formula

C72H175F30N6P12Re12Sb5Se16

Fw

6173.33

crystal system

monoclinic

space group

P21/c

V (Å3)

14290(5)

Z

4

Dcalc (Mg/m3)

2.869

a (Å)

25.183(5)

b (Å)

23.994(5)

c (Å)

24.244(5)

α (deg)

90

β (deg)

102.71(3)

γ (deg)

90

T (K)

150(2)

µ (mm-1)

15.327

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.109

Final R indices [F2>2σ] †

R1=0.0790, wR2=0.1430

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

11

Formula

C72H177Br4F18N6P12Re12Sb3Se16

Fw

6023.49

crystal system

monoclinic

space group

C2/c

V (Å3)

30811(6)

Z

8

Dcalc (Mg/m3)

2.597

a (Å)

47.752(5)

b (Å)

28.000(3)

c (Å)

24.028(3)

α (deg)

90

β (deg)

106.451(3)

γ (deg)

90

T (K)

150(2)

µ (mm-1)

14.897

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.044

Final R indices [F2>2σ] †

R1=0.0596, wR2=0.1423

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

12

Formula

C36H87F6N6O9P6Re6SbSe8Zn

Fw

2983.94

crystal system

Monoclinic

space group

P21/c

V (Å3)

7293(3)

Z

4

Dcalc (Mg/m3)

2.717

a (Å)

12.924(3)

b (Å)

23.605(6)

c (Å)

24.487(6)

α (deg)

90

β (deg)

102.485(4)

γ (deg)

90

T (K)

150(2)

µ (mm-1)

14.786

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.087

Final R indices [F2>2σ] †

R1 = 0.1338, wR2 = 0.2745

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

13

Formula

C40H93F6N8O9P6Re6SbSe8Cu

Fw

3064.21

crystal system

Monoclinic

space group

P21/c

V (Å3)

7564(3)

Z

4

Dcalc (Mg/m3)

2.691

a (Å)

22.209(5)

b (Å)

12.957(3)

c (Å)

26.302(6)

α (deg)

90

β (deg)

92.131(4)

γ (deg)

90

T (K)

228(2)K

µ (mm-1)

14.227

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.06

Final R indices [F2>2σ] †

R1 = 0.0521, wR2 = 0.1317

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

14

Formula

C76H180F18Hg4I9N8P12Re12Sb3Se16

Fw

7727.39

crystal system

monoclinic

space group

I2/a

V (Å3)

16107(4)

Z

4

Dcalc (Mg/m3)

3.187

a (Å)

25.195(3)

b (Å)

16.619(2)

c (Å)

38.538(5)

α (deg)

90

β (deg)

93.480(2)

γ (deg)

90

T (K)

115(2)

µ (mm-1)

18.779

wavelength (Mo Kα, Å)

0.71073

GOF on F2

0.981

Final R indices [F2>2σ] †

R1 = 0.0481, wR2 = 0.1079

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

15

Formula

C38H90Hg3I8N4P6Re6Se8

Fw

4154.81

crystal system

Monoclinic

space group

P21/c

V (Å3)

8275.2(19)

Z

4

Dcalc (Mg/m3)

3.335

a (Å)

24.959(3)

b (Å)

15.534(2)

c (Å)

23.894(3)

α (deg)

90

β (deg)

116.720(2)

γ (deg)

90

T (K)

115(2)

µ (mm-1)

20.928

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.025

Final R indices [F2>2σ] †

R1 = 0.0378, wR2 = 0.0769

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

16

Formula

C38H90F6Hg3I7N4P6Re6SbSe8

Fw

4263.66

crystal system

Triclinic

space group

P-1

V (Å3)

4252.3(11)

Z

2

Dcalc (Mg/m3)

3.328

a (Å)

12.6617(18)

b (Å)

15.058(2)

c (Å)

25.224(4)

α (deg)

104.250(2)

β (deg)

93.092(2)

γ (deg)

112.289(2)

T (K)

115(2)

µ (mm-1)

20.316

wavelength (Mo Kα, Å)

0.71073

GOF on F2

0.991

Final R indices [F2>2σ] †

R1 = 0.0479, wR2 = 0.1095

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

17

Formula

C75H181AgF30N7OP12Re12Sb5Se16

Fw

6353.29

crystal system

monoclinic

space group

P21/c

V (Å3)

15659(5)

Z

4

Dcalc (Mg/m3)

2.695

a (Å)

25.832(5)

b (Å)

22.917(4)

c (Å)

27.793(5)

α (deg)

90

β (deg)

107.881(3)

γ (deg)

90

T (K)

150(2)

µ (mm-1)

14.112

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.080

Final R indices [F2>2σ] †

R1 = 0.0609, wR2 = 0.1201

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

19

Formula

C132H288Ag6F72N30P18Re18Sb12Se24

Fw

11576.41

crystal system

trigonal

space group

R-3m

V (Å3)

23316(3)

Z

3

Dcalc (Mg/m3)

2.423

a (Å)

26.7954(14)

b (Å)

26.7954(14)

c (Å)

37.497(4)

α (deg)

90

β (deg)

90

γ (deg)

120

T (K)

220(2)

µ (mm-1)

11.257

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.107

Final R indices [F2>2σ] †

R1 = 0.0579, wR2 = 0.1304

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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Compound

21

Formula

C40H87BrF12NO2P5Re6Sb2Se8

Fw

3069.25

crystal system

Triclinic

space group

P-1

V (Å3)

7547.3(9)

Z

4

Dcalc (Mg/m3)

2.701

a (Å)

12.4511(8)

b (Å)

19.4674(15)

c (Å)

31.223(2)

α (deg)

88.618(2)

β (deg)

87.884(2)

γ (deg)

86.521(2)

T (K)

100(2)

µ (mm-1)

14.839

wavelength (Mo Kα, Å)

0.71073

GOF on F2

1.037

Final R indices [F2>2σ] †

R1=0.0637, wR2 =0.1442

†

R1 = ∑ | |Fo| - |Fc| | / ∑ |Fo|
wR2 = {∑ [w (Fo2 – Fc2)2] / ∑ [w(Fo2)2]}1/2
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