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Abstract

A series of heteroaromatic ligands were synthesized and their metal binding
properties were probed using metal-directed self-assembly synthesis to construct
supramolecular architectures. Through self-assembly processes, the binding information
stored in both the metal and ligand building blocks was translated into the geometries of

the products formed.

The transition metal-based template synthesis of a porphyrin cube was studied
employing axial coordination as a binding motif. In order to emulate the octahedral
geometry of a cube, a template was designed around an octahedral transition metal
containing three (4,4°-di(4’’-pyridyl)-2,2’-bipyridine) tetrapyridyl ligands. In this
environment, six porphyrin walls were assembled around the central template that

produced a false cube.

The viability of axial coordination in supramolecular chemistry was studied and
exploited to construct a series of neutral and charged arrays with controlled topology.
The spatial arrangements of the molecular components can be modified and controlled by
the central template building block. The central templates were used to position

ruthenium(Il) carbonyl porphyrins in linear, tetrahedral, and octahedral spatial

arrangements.
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Coordination to the axial position of a metalloporphyrin effectively end-capped
the 1,2-bis(4,4’-dipyridinium)ethane dicationedibenzo[24]crown-8 [2]pseudo-rotaxane to
generate the stable porphyrinic [2]rotaxane. 'H NMR spectroscopy was used to highlight
the dynamic properties of the [2]rotaxane and it provided a convenient method for

tracking the progress of the self-assembly process.

Mononuclear and Binuclear ruthenium(ll) carbonyl complexes with Schiff base
ligands were prepared and their axial coordination properties were probed. The
mononuclear ruthenium(II) carbonyl complex was shown to spontaneously form linear
and three-dimensional assemblies through axial coordination to pyridyl Lewis bases. The
binuclear ruthenium(ll) carbonyl complexes offered two accessible axial metal binding
sites separated by different intermetal distances. By taking advantage of axial
coordination, molecular prisms and rectangles were constructed using these bimetallic

carbonyl complexes.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.3

1.4

1.5

1.6

"~
(93]

~
&

Table of Contents

Preamble

Supramolecular Chemistry and Self-Assembly Synthesis
Self-Assembly Synthesis Using Coordination Chemistry
Self-Assembly Synthesis of Closed-Shelled Molecules

The Template Synthesis of a Porphyrin Cube

The Photosynthetic Reaction Center

1.5.1 Excited-State Properties of Porphyrins

[.5.2 Positioning Chromophores in Space Using Metal Coordination

References

Axial Coordination and Multi-Component Porphyrinic Arrays
Characterizing Supramolecular Architectures
Spectroscopic Properties of the Building Blocks
2.2.1 Pyridyl Adducts of Ru(Il) Carbonyl Metalloporphyrins
2.2.1.1 'H NMR Spectroscopy
22.1.2 UV/Vis and IR Spectroscopy
2.2.2  Characterizing Polypyridyl Transition Metal Complexes
22.2.1 'H NMR Spectroscopy
2222 UV/Vis Spectroscopy
2223 Electrospray lonization Mass Spectrometry
Solvent Effects on Axial Coordination

General Remarks

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

40

41

42

43

45

46

46

47

49



2.5 Linear Axially Coordinated Metalloporphyrin Arrays

2.5.1 Transition Metal Complex Design for Linear Templates

2.5.2 Results and Discussion

2.5.2.1

25.2.2

2.5.2.3

2524

2.5.2.5

2.5.2.8

Metalloporphyrin Synthesis

Core Complex Ligand Synthesis

The Synthesis of the Transition Metal Core Complexes
Self-Assembly Synthesis of the Linear Porphyrin Arrays
Characterizations Using '"H NMR Spectroscopy
Characterizations Using ESI Mass Spectrometry
Characterizations Using IR Spectroscopy

Photophysical Properties of the Ru(Il) and Os(II) Triads

2.6  Tetrahedral Axially Coordinated Metalloporphyrin Arrays

2.6.1 Transition Metal Complex Design for Tetrahedral Templates

2.6.2 Results and Discussion

26.2.5

Self-Assembly Synthesis of a Tetrahedral Porphyrin Array
Stabilized Bipyridine Complexes of Copper(I)
Characterization Using ESI Mass Spectrometry
Characterization Using IR Spectroscopy

Characterization Using UV/Vis Spectroscopy

2.7 Octahedral Axially Coordinated Metalloporphyrin Arrays

2.7.1 Transition Metal Complex Design for Octahedral Templates

2.7.2 Results and Discussion

2.7.2.1

Synthesis of the Transition Metal Core Complexes

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

51

52

53

53

56

57

60

64

64

65

69

69

71

87

88

89

89



33

2.72.2 Synthesis of Another Metalloporphyrin

2.7.2.3 Synthesis of the Ruthenium(II) Octahedral Arrays

2.7.24 Self-Assembly Synthesis of the Iron(II) Octahedral Arrays
2.7.2.5 Characterizations Using IR Spectroscopy
2.7.2.6 Characterizations Using ESI Mass Spectrometry
2.7.2.7 Photophysical Properties of the Ru(II) Octahedral Arrays
Experimental
References

Axially Coordinated Metalloporphyrin Stoppers for Rotaxanes
Introduction

3.1.1 Methods in Rotaxane Synthesis

Metalloporphyrin Stoppered Rotaxanes

Results and Discussion

3.3.1 [2]Pseudo-Rotaxane Design

3.3.2 Spontaneous Pseudo-Rotaxane Formation

3.3.3 Metalloporphyrin Capping for [2]Rotaxane Formation
3.3.4 [2]Rotaxane X-Ray Crystal Structure

3.3.5 [2]Rotaxane Solution Dynamics

3.3.6 [2]Rotaxane Synthesis Using an Axially Coordinated Axle
3.3.7 Characterization Using ESI Mass Spectrometry

3.3.8 Characterizations Using IR Spectroscopy

3.3.9 Characterization Using UV/Vis Spectroscopy

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

144

144

146

150

151



34

3.5

4.1

4.2

4.7

4.8

Experimental

References

Ruthenium(II)salophen Assemblies Using Axial Coordination

Introduction

4.1.1

Metallosalens and Metallosalophens in Supramolecular Chemistry

Results and Discussion

42.1

4.2.

[
(3%

4.2.8

Synthesis of the Ru(Il) Carbonyl Salophen Building Block

'H NMR Solution Studies of the Ru(lI) Carbonyl Salophen

'H NMR Variable-Temperature Studies

Two-Dimensional 'H NMR COSY and NOESY Studies

X-Ray Crystallographic Analysis of the Ru(II) Carbonyl Salophen
Synthesis of the Ru(Il) Carbonyl Salophen Pyridyl Adduct
Construction of Neutral Assemblies

Construction of Charged Assemblies

Synthesis of the Bis(salophens) and Bis(metallosalophens)

UV/Vis Spectroscopic Analysis

Electrochemistry of the Metallosalophens

Self-Assembly Studies of Bimetallic Salophens and Porphyrins

4.6.1

4.6.2

The Construction of Two Dimensional Rectangles

The Construction of Three Dimensional Prisms

Experimental

References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

168

173

176

177

178

179

179

183

184

189

92

195

197

199

203



5 Conclusions

W
—

Metalloporphyrins and Metallosalophens in Supramolecular Chemistry

5.2 Future Studies
5.2.1 Characterization of the Supramolecular Properties
5.2.2 The Templated Synthesis of the Porphyrin Cube
5.3 Future Extensions

5.3.1 Photoelectromchemical Devices Using Axial Coordination

5.4 References

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

251
252
253
253
255
257
257

261



Chapter 1
Equation 1

Equation 2

Chapter 2
Equation 1
Equation 2
Equation 3
Equation 4
Equation 5

Equation 6

Chapter 3
Equation 1
Equation 2
Equation 3

Equation 4

Chapter 4
Equation 1
Equation 2

Equation 3

List of Equations

Equation of Supramolecular Chemistry

Thermodynamic Expression of Formation Constants

Synthesis of the Iron(II) Pyridylterpyridine Complex
Self-Assembly Synthesis of the Iron(II) Linear Porphyrin Array
Synthesis of the Bipyridine Ligand for the Tetrahedral Complex
Synthesis of the Tetraphenylbipyridine

The Bond Rotation of Bipyridine Ligands for Chelation

Synthesis of the Tris(bipyridyl)iron(Il) Core Complexe

[2]Pseudo-rotaxane Formation
Metalloporhyrin Capping of the [2]Pseudo-rotaxane
Schematic Representation of Solution Equilibria

Synthesis of the Axially Coordinated Axle

Formation of the Metallosalophen Tetrameric Complex
Synthesis of the Metallosalophen Pyridine Adduct

Synthesis of the Metailosalophen Bipyridine Assembly

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

~

58

61

71

76

82

90



Equation4  The Self-Assembly Pathway of the Bis(porphyrin) Rectangle
Equation 5  The Self-Assembly Pathway of the Bis(porphyrin) Rectangle
Equation 6  Schematic Representation of the Bis(metalloporphyrin) Prism

Equation 7 Schematic Representation of the Bis(metallosalophen) Prism

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

214

218

220

221



Chapter 1
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure I3
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20

Figure 21

List of Figures

Examples of Metal Coordination in Supramolecular Chemistry
Examples of Dative Bonds
Position and Electrostatic Relationships of a Metal [on’s Orbitals

Strong and Weak Ligand Field Splitting Effects

6

7

9

10

Crystal Field Stabilization Energies for the Irving—Williams Series 12

The Jahn-Teller Tetragonal Distortion

12

The Removal of Orbital Degeneracy via the Jahn—Teller Distortion 12

Orbital Energy Level Diagrams for Transition Metal Complexes
Metal Binding Motifs of Some Common Ligands

Examples of Closed-shelled Tetrahedrons

The Platonic Hexahedron

Chemical Equivalents of a Square and an Octahedral Template
Example of Molecular Templating

Molecular Templating Approach to Synthesize a Porphyrin Cube
The Octahedral Porphyrin Array

Bacterial Photoreaction Center of Rhodobacter sphaeroides
Photoexcitation of Porphyrins

Dexter Mechanism for Energy Transter

Oxidative and Reductive Electron Transfer of Porphyrins

An Artificial Photoreaction Center Mimic

Examples of Polymeric and Dendritic Porphyrin Arrays

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19

(1]
—

(8]
~

~
(V%]

24



Figure 22
Figure 23

Figure 24

Chapter 2
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17

Figure 18

Examples of Cyclic and Non-cyclic Porphyrin Arrays

Examples of Ambidentate Ligands

Molecular Models of the Templating Transition Metal Complexes

Key Spectroscopic Changes Upon Pyridine Coordination

The Bonding Modes of Carbon Monoxide to Metal d Orbitals
The Conformational Change of 2,2’-Bipyridine for Chelation
Molecular Model of the Linear Porphyrin Array

Design Layout of the Linear Template

The Reduced Porphyrin Macrocycle of Chlorin

Upfield Shifts of Pyridine Resonances in 'H NMR Spectroscopy
'H NMR Studies of the Ru(Il) Linear Porphyrin Array
Absorption Spectra of the Os(II) Linear Array and Components
Emission Spectra of the Os(II) Linear Array and Components
Emission Spectra of the Ru(Il) Linear Array and Components
Design Layout of the Tetrahedral Template

Solvent Assisted Oxidation of Copper(l) to Copper(Il)
Preventing the Solvent Assisted Oxidation of Copper(I)

Crystal Structure of a Stabilized Copper(I) Complex

Selected Bonds Angles of a Pseudotetrahedral Cu(I) Complex
'H NMR Spectra of Proper Bipyridine Copper(l) Chelation

'H NMR Self-Assembly Studies of the Stable Tetrahedral Array

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

32

33

41
44
45
51

53

65

66

67

70

73

74

77

77

79

81



Figure 19 Molecular Model of the Tetrahedral Porphyrin Array 82

Figure 20 ESI Mass Spectrum of the Tetrahedral Porphyrin Array 85
Figure 21 Absorption Spectrum of the Tetrahedral Porphyrin Array 86
Figure 22 Design Layout of the Octahedral Template 88

Figure 23 Characteristic Upfield Shifts of Axially Coordinated Pyridines 95
Figure 24 'H NMR Studies of the Ru(lI) Octahedral Porphyrin Arrays 96
Figure 25 Molecular Models of the Octahedral Arrays and Components 98
Figure 26 ESI Mass Spectrum of a Ru(II) Octahedral Porphyrin Array 101
Figure 27 Absorption Spectra of a Ru(Il) Octahedral Array and Components 102

Figure 28 Absorption Spectra of a Ru(Il) Octahedral Array and Components 103

Figure 29 Emission Spectra of an Octahedral Array and Components 105
Figure 29 Emission Spectra of an Octahedral Array and Components 107
Chapter 3

Figure | [2]Rotaxane Formation 144
Figure 2 A Molecular Shuttle 145
Figure 3 Three Common Strategies Used for Rotaxane Synthesis 146
Figure 4 Imine Stoppering Method 147
Figure 5 Metal Directed Stoppering 148
Figure 6 Alternative Methods Used to Assemble Wheels and Axles 148
Figure 7 'H NMR Self-Assembly Study of [2]Pseudo-rotaxane Formation 153
Figure 8 Important Interactions Involved in the Threading Process 153
Figure 9 'H NMR Self-Assembly Study of Metalloporphyrin End-Capping 156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 10 X-ray Crystal Structure of [2]Rotaxane 158

Figure 11 'H NMR Spectra of the Solution Behaviour of the [2]Rotaxane 159

Figure 12 'H NMR Spectra of Metalloporphyrin End-Cap Removal 162
Figure 13 'H NMR Self-Assembly Study Using the Capped Axle 164
Figure 14 Absorption Spectrum of the [2]Rotaxane 167
Chapter 4

Figure 1 Structures of Metallosalen and Metallosalophen Complexes 178
Figure 2 Molecular Structures of an Iron(Il) Salen Dimer 180
Figure 3 Molecular Structure of an Aluminum(III) Salen Dimer 182
Figure 4 'H NMR Solution Dynamics of the Ru(ll) Salophen Monomer 184
Figure 5 Spectra of the Variable-Temperature 'H NMR Experiment 185
Figure 6 Spectra of the Variable-Temperature 'H NMR Experiment 186
Figure 7 The Enantiomeric Pair of Trigonal Bipyramidal Complexes 187
Figure 8 The Enantiomeric Pair of Distorted Square Pyramidal Complexes 188
Figure 9 The Oxygen-Bridged Dimer Equilibrium 189
Figure 10 COSY Map of the Ru(Il) Salophen Monomer at —20°C 190

Figure 11 NOESY Spectrum of the Ru(II) Salophen Monomer at -20°C 191
Figure 12 X-Ray Crystal Structure of the Ruthenium Salophen Tetramer 193
Figure 13 'H NMR Study of the Bipyridine Assembly 198
Figure 14 X-Ray Crystal Structure of the Small Nickel(II) Bis(salophen) 206
Figure 15 X-Ray Crystal Structure of the Large Nickel(II) Bis(salophen) 207

Figure 16 Crossley’s Ruthenium(II) Carbonyl Bis(porphyrin) Complex 208

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 17
Figure 18
Figure 19
Figure 20
Figure 21

Figure 22

Chapter §
Figure 1
Figure 2
Figure 3
Figure 4

Figure 5

UV/Vis Spectra of the Mono- and Bis(metallosalophens) 210
Cyclic Voltammograms of the Mono- and Bis(metallosalophens) 212
Schematic Representations of Bimetallic Panels and Linkers 213
'H NMR Self-Assembly Study of the Bis(porphyrin) Rectangle 216
'H NMR Self-Assembly Study of the Triangular Prism 222

Molecular Models of the Water Accessible Surfaces of the Prism 223

Examples of Suitable Control Complexes 254
Molecular Models of Octahedral Templates 256
An Example of a Photoelectrochemical Device 258
A Photoelectrochemical Device Using Axial Coordination 259

A Larger Photoelectrochemical Device Using Axial Coordination 260

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1
Scheme 1

Scheme 2

Chapter 2
Scheme |
Scheme 2
Scheme 3
Scheme 4
Scheme §
Scheme 6
Scheme 7
Scheme 8
Scheme 9
Scheme 10
Scheme 11
Scheme 12
Scheme 13
Scheme 14
Scheme 15

Scheme 16

List of Schemes

Preorganization of Hydrogen Bonding Surfaces Using Metal lons 3

Retrosynthetic Approach to a Molecular Cube 20

Synthesis of Ruthenium(II) Carbonyl Tetratolylporphyrin Complex 54

Synthesis of the Pyridylterpyridine Ligand 56
Synthesis of the Phenylterpyridine Ligand 57
Synthesis of the Bis(terpyridyl)ruthenium(ll) Complexes 58
Synthesis of the Bis(terpyridyl)osmium(II) Complexes 59

Synthesis of the Fe(Il), Ru(Il), and Os(1l) Linear Porphyrin Arrays 60

Synthesis of a Bis(bipyridyl)copper(l) Porphyrin Array 71
Synthesis of the Stabilized Ligand for Copper(I) Chelation 75
Synthesis of a Protected Ligand for Copper(I) Chelation 78

Self-Assembly Synthesis of the Tetrahedral Porphyrin Array 80
The Unproductive Binding Algorithm of the Bipyridine Ligand 83
The Unproductive Binding Algorithm of the Bipyridine Ligand 84
Synthesis of the Tris(bipyridyl)ruthenium(Il) Core Complex 90
Synthesis of Ru(II) Carbonyl Octaethylporphyrin Complex 92
Synthesis of Ruthenium(II) Octahedral Porphyrin Arrays 9%

Self-Assembly Synthesis of Iron(II) Octahedral Porphyrin Arrays 99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

Scheme | Synthesis of the Dicationic Axle Component

Chapter 4

Scheme 1 Synthesis of the Salophen and Ru(Il)salophen Carbonyl Complex
Scheme 2 Synthesis of the Charged Linear Assemblies

Scheme 3 Synthesis of the Charge Octahedral Assemblies

Scheme 4 Synthesis of the Small Bis(metallosalophen)

Scheme § Synthesis of the Large Bis(metallosalophen)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

152

181

203



Chapter 1

Table |

Chapter 2
Table 1

Table 2

Chapter 3
Table 1

Table 2

Chapter 4
Table 1
Table 2
Table 3
Table 4

Table 5

List of Tables

Exampies of Metal-Ligand Complexes

Spectrometric Methods and Applicable Conditions

Crystallographic Data of [Cu(16):]PF;

Selected 'H NMR data of the [2]Rotaxane

Crystallographic Data of the [2]Rotaxane

'H NMR Data of the Pyridyl Adduct

'H NMR Data of the Bipyridyl Adduct

'H NMR Data of the Charged Assemblies

Selected UV/Vis Absorption Data of the Assemblies

Crystallographic Data of the Bimetallic Nickel(II) Analogs

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

16

40

139



Ac
APT
bpy
BSP

BS2P

BS2DP

br
calcd
coO
COSY
5

d
decomp
DB24CS8
DN
DNA
DMF
DMSO
dpybpy

dpyphbpy

List of Abbreviations
acetyl
attached proton test
2,2’-bipyridine
N,N’-bis(3,5-di-terr-butylsalicylidene)-1,2-phenylenediamine
NN N'""N'""""-tetra~(3,5-di-tert-butylsalicylidene)-1,2,4,5-
phenylenetetra-amine
NN NN " -tetra-(3,5-di-terr-butyl-salicylidene)-2,3,7,8-
dibenzo[1,4]dioxin-tetraamine
broad
calculated
carbon monoxide
correlated Spectroscopy
chemical shift in parts per million downfield from TMS
doublet
decomposition
dibenzo-24-crown-8
donor number
deoxyribonucleic acid
dimethylformamide
dimethylsulfoxide
4,4°-di(4’’-pyridyl)-2,2’-bipyridine

4,4°:6,6'-(4,” 47 -dipyridyl)-2,2-bipyridine

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



El electron impact

ESI electrospray ionization

Et ethyl

Et,O diethyl ether

g gram

IR infrared

J coupling constant

K, association constant

K formation constant

K, equilibrium constant (where n equals an integer)
Kot decomplexation rate

Kkan complexation rate

m multiplet

MHz megahertz

min minute

M.p. melting point

MS mass spectrometry

miz mass to charge ratio

NOESY nuclear Overhauser and exchange spectroscopy
NMR nuclear magnetic resonance

OEP 2,3,7,8,12,13,17,18-octaethylpophyrinato dianion
Ph phenyl

phtpy 4’-phenyl-2,2:6’,2”-terpyridine

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ppm parts per million

PPh; triphenylphosphine

py pyridine

pYtpy 4’-(4’’-pyridyl)-2,2’:6’ ,2”-terpyridine

R rest of molecule

RT room temperature

s singlet

t triplet

t-Bu tert-butyl

THF tetrahydrofuran

T™S trimethylsilane

TPP 5,10,15,20-tetraphenylporphyrinato dianion
TTP 5,10,15,20-tetratolylporphyrinato dianion
uv ultraviolet light

Vis visible light

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Metal-Directed Self-Assembly Synthesis:
Supramolecular Chemistry Using
Axial Coordination and Metal Chelation

by
Kelly Chichak

Chapter 1 — Preamble

An atom is comprised of a nucleus containing neutrons and protons that is
surrounded by electrons. Because atoms are mostly empty space it is amazing that
chemists are capable of manipulating them to form molecules. The logic of chemistry
stems from its theoretical and physical roots which provide the understanding of the
fundamental events that are related to atomic structure and chemical bonding. In the field
of synthetic chemistry, the construction of molecules is carried out through a series of
manipulations based on an understanding of chemical reactivity. The development of new
synthetic methods assists in providing efficient routes to prepare small molecules. Several
questions remain: How can we take chemistry further? Is the traditional synthetic
approach the best suited to prepare nanoscale molecular architectures? How can a 90°
bond be created using only carbon atoms (p-block elements) when the theory of
hybridization does not accommodate this geometry? To address these questions, a lesson
should be taken from Nature. Nature uses dynamic events to create macroscopic

assemblies from small building blocks with maximum efficiency via self-assembly. In
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this process, the building blocks aggregate with a high degree of specificity and structural
integrity guided by the structural information provided by strategically placed labile
intermolecular bonding motifs. The use of these small building blocks provides Nature
with an extremely large pool of molecules that can be used for aggregate formation. As a
consequence, the aggregation of small building blocks, whose preparation requires
significantly fewer synthetic steps than the final assembly, has allowed Nature to go
“beyond the molecule”. The concept of taking chemistry “beyond the molecule” is the

underlying principle behind Supramolecular chemistry.'

1.1 — Supramolecular Chemistry and Self-Assembly Synthesis

Supramolecular chemistry relies on the manipulation of kinetically labile bonds
(intermolecular associations) and is concerned with the structure/function relationships of
the assemblies formed by the directed association of two or more monomeric species
(Equation 1). The results are similar to those found in polymer chemistry, where the
properties of the assemblies are not the same as those of the monomers. The discovery of
assemblies whose properties out weigh the sum of the properties of the monomers is a

paramount feature in Supramolecular chemistry (Equation 1).

Posersiy £ P 5
P assembly >> 2 P moRomers
Equation 1.

(38
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The key to the success of supramolecular chemistry is the design of molecules
that contain molecular recognition elements as the means to control the aggregation
process and construct the desired architecture. The molecular recognition elements can be
thought of as different types of supramolecular glue, which is a generic term used to
describe the kinetically labile bonding interactions that force molecules to associate with
each other. Common types of glue include: ion pairing, the hydrophobic effect, hydrogen
bonding, n-w stacking, and van der Waals interactions.! Another common supramolecular
glue is the coordination motif, which uses transition metals, multidentate ligands and
dative bonding to drive and direct aggregate formation. The different types of
supramolecular glue can also be used in combination. For example, metal ions can be
used to preorganize hydrogen bonding surtaces under strict geometric control (Scheme

1).2

Scheme 1.

Unlike the supramolecular approach, the use of traditional synthesis to prepare
large aggregates through kinetically non-labile attachments can be plagued with problems

that are usually manifested by the formation of unwanted side products or undefined
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polymers. Problems can also surface in the form of geometric constraints because
building-up from only sp, sp’, and sp’ carbon atoms, or other light p-block elements,
restricts the variation of how small molecules project in space. For example, it is
extremely laborious to create a 90° angle between two points of attachment when relying
on basic organic carbon, oxygen, and nitrogen covalent bonds that provide bond angles
ranging from 180° to 109°. One way to get around these synthetic challenges is to drive
molecular associations in a directed fashion using a combination of coordination
chemistry and self-assembly synthesis as will be highlighted within this thesis.

In order to take full advantage of the supramolecular approach when designing
supramolecular systems, one needs to have a good appreciation for the molecular
recognition elements in terms of their electronic and steric restrictions. The advent of
computer programs devoted to molecular modeling assist in answering the question of
whether or not the supramolecular components will be structurally compatible with each
other. Ideally, the construction of a properly designed supramolecular system requires
only the mixing of the component compounds that then assemble into the desired
aggregate. Using this “self-assembly” approach, extensive synthetic steps are minimized
because the pathway to the formation of the assemblies is guided by the binding
information of the recognition surfaces programmed into the components. This provides
access to high yields under thermodynamic control because the kinetically labile bonds
holding the species together are able to reversibly form, eventually producing the
thermodynamically favoured product. The reversible formation of the favoured assembly
at the expense of unfavourable ones defines the concept of “error filtering™ and is what

makes self-assembly chemistry so powerful. Any intermediates formed along the self-
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assembly pathway whose electronic and steric requirements are destabilizing as
compared to those of the desired assembly are eliminated. In a different sense, this “error
filtering” behaviour may be amplified through the use of “cooperativity”. Cooperativity
results from inter-component communication and reorganization that enhances the
strengths of the interactions used. For example, once a process is initiated, the subsequent
steps will be more effective if the initial interaction causes a structural change that
prepares the compound for the next recognition process. The “zipping up” of a DNA
double helix is a good example of a cooperative self-assembly process. In this case, the
process is nucleated by the interaction ot two complementary hydrogen bonding surfaces
located on the nucleic acid partners. As a result of this nucleation, a larger aromatic
surface is created (the nucleic acid dimer). This surface can then attract incoming
aromatic surfaces through secondary n-nt stacking interactions. Although n-1 stacking is
generally a weak interaction, it guides subsequent nucleotides into place, and when it is
combined with hydrogen bonding, this positive attractive force is propagated

cooperatively throughout the helix providing stability.
1.2 — Self-Assembly Synthesis Using Coordination Chemistry

The proper function of well-ordered supramolecular assemblies requires strict
control over the relative positioning of the building blocks within the final assembly. In

light of this, self-assembly synthesis has been combined with the concepts of

coordination chemistry’ to produce a variety of elegant structures including helicates,*
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squares,’ closed-shell capsules,® linear ribbons, 2-dimensional nets and 3-dimensional

weaves (Figure 1).

helicates squares closed-shelled
capsules

Figure 1. Examples of metal-coordination in supramolecular chemistry.

The metal coordination motif has proven to be a reliable tool to construct large
assemblies because the final morphology can be controlled by the strict choice of the
metal and ligand. As constituent parts of the design and construction phases for metal-
based supramolecular architectures, it is important to consider structural elements of
topology and symmetry. In order to gain control over these elements, it is critical to
carefully select the coordination states and geometries of transition metals (d-metals) as
well as the shapes and geometries ot the multidentate ligands.

The literature acceptance of the utility of metal-ligand coordination motifs as the
supramolecular glue is based on an understanding of four important features. First, metal-

ligand coordination motifs have varying degrees of binding strengths. The types of dative
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bonds formed range from pure 6-bonds and/or m-bonds as well as bonds that posses

combinations of 6- and n-character (Figure 2).

= I

d(C-y?) d(xy) d(xz) d(yz)

o-bond mbond r-acid n-base
Figure 2. Types of dative bonds.

In general, the binding strengths for metal ions increase as their effective nuclear
charge increases and ionic radius decreases. In addition, a dative bond increases in it’s
strength when moving to higher atomic numbers within the same group or moving to
higher oxidation numbers and is attributed to additional electrostatic attractions due to an
increase in nuclear charge of the metal ion.’

Instead of rationalizing bond strength trends of transition metal complexes based
on their electronegativities and ionic radii, the stability of the complex can be expressed
thermodynamically (AG) and reveal the strengths (AH) of the interactions holding the
complex together and of any binding induced solvent reorganization effects (AS)

(Equation 2).
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Equation 2.

For example, the Irving-Williams series that states: for any given ligand the
stability order for complexes with M*" ions of the first row transition metals follows:
Mn®" < Fe’” < Co*" < Ni*" < Cu*" > Zn*" (10 d"° complexes). These observations
contradict bond strength trends that are based solely on the electronegativities and ionic
radii of the metal ions. Alternatively, crystal field theory can be used to explain the
gradual increase and decrease in stability (changes in the magnitude of the formation
constant K;) and is expressed by changes in the crystal field stabilization parameter (A).’

Crystal tield theory explains the outcome of electrostatic interactions between
electrons located in the metal & orbitals and in the surrounding ligand orbitals in
octahedral, tetragonal, square planar, and tetrahedral environments. For example,

consider the case where a spherical dmetal ion is placed in an octahedral environment
8
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with six ligands regarded as negative point charges directed toward the metal (top of
Figure 3). In the absence of ligands, the five metal d orbitals: d(z’), d(x’- ’), d(xy), d(yz),
and d(xz) are equivalent and have the same energy. These orbitals are degenerate.
However, when the metal ion is placed in an octahedral ligand field, the metal d orbitals
are effected differently by the negative charges on the ligands and are split into two

orbital sets (bottom of Figure 3).

d(xy)

Tre— d(xy), d(x2),
= dy2)

Figure 3. Schematic representation of position and electrostatic relationships between a metal
ion’s « orbitals and six point charges in an octahedral environment (top). The ligand field splitting
effects of' a metal’s « orbitals in an octahedral environment (bottom). The symbol A, represents
the octahedral crystal field stabilization parameter.

The orbital splitting results from whether or not the d orbitals are positioned along
the axes connecting the metal and ligands or in the directions bisecting the axes (top of
Figure 3). In this hypothetical case, the d(=’) and d(x"—, ’) orbitals are destabilized

because they experience a greater electrostatic repulsion than the d(xy), d(xz), and d(vz)
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orbitals (top of Figure 3). The energy difference between the two sets of orbitals in an
octahedral ligand field is assigned the symbol A, (crystal field stabilization parameter)
(bottom of Figure 3). The values 0.6 A, and 0.44, in the figure result from maintaining the
average energy of the ten electrons in the d metal orbitals when changing from five
degenerate d metal orbitals to two degenerate sets. For example, if these five metal d
orbitals contained ten electrons with their spins paired the crystal field stabilization
energy will equal zero (4, = (4 X 0.64,) — (6 x 0.44,) = 0). Deviations in this energy
occur when placing more than three electrons into these orbitals. For example, consider
the case of the &’ Mn”" ion. The first three electrons can be placed into the low energy

orbitals with parallel spins (left of Figure 4).

—_— dOC—P),
A=) L ey,
d(Z)
0.64, 0.64, ]
Ao ------ 0 ---e--
0.44, 0.44, 1
Lt o), dixz),
; d(yz)
d(xy), d(xz),
r d(yz)
strong field weak field

Figure 4. The strong ligand field splitting effects of a @ Mn™" ion in an octahedral environment
(left). The weak ligand field splitting effects of a &’ Mn™" ion in an octahedral environment
(right). The symbol A, represents the octahedral crystal field stabilization parameter.

The next two electrons can pair with two of the electrons in the half-filled lower
energy d orbitals. If this occurs, these electrons are penalized by a pairing energy (P) due

to strong coulombic repulsions (4, = (0 x 0.64,) — (5§ x 0.44,) + P =-2.04, + P). Instead

10
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of pairing up, the two electrons may enter the higher energy orbitals avoiding the pairing
penalty, but with a cost in the amount of 24, because the crystal field stabilization energy
now equals zero (4, = (2 x 0.64,) — (3 x 0.44,) = 0) (right of Figure 4). The two
outcomes are governed by the relative sizes of the values of A, and P, and the final
placement of electrons depends on which outcome provides the greater stabilization
energy. [n this case, the choice is ~2.04, + P or zero. These two possible outcomes are
referred as the strong and weak ligand field effects (Figure 4).

These strong and weak field effects are determined by the ligand. The size of A,
increases through the ligand spectrochemical series for any fixed metal ion. More
specifically, the size of A, is controlled by how the metal d orbitals overlap with the
ligand orbitals which effects their relative energy values. The size of 4, is also controlled
electrostatically by the nature of the metal ion, it’s charge, and the distance separating the
metal and ligands.

Using this theory, the crystal field stabilization energies can be calculated and the
values can be compared for the Irving—Williams series of dicationic metal ions placed in
a weak octahedral ligand tield environment (Mn*~ < Fe?” < Co>” < Ni*” < Cu*™ > Zn™)
(Figure 3). The trends in stability for this series reflect a balance between gradual
increases in A, and P up to Ni*", all of which stabilize the complexes. But these trends do
not explain how & Cu*, which has a lower A, value and pays a larger pairing energy
penalty, is more stable than a® Ni*". This anomaly is a result of a Jahn—Teller distortion of
an octahedral to a tetragonal complex (Figure 6). A distortion of this type lengthens the
two axial bonds along the z-axis and compresses the four equatorial bonds along the x-

and y-axes. As a consequence, this distortion for & Cu”" removes the degeneracy of the

11
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d(z”) and d(x"—y”) orbitals by lowering the energy of the d(z”) orbital and raising the

energy of the d(x’-y°) orbital (Figure 7).

d(e-y%),
d(z)
d(xy), d(xz),
d(yz)
Mn2* Fe?* Co?* Ni2* cu®* Zn?*
& &£ 4 &P & a'°
CFSE= 04, 044, +P -08A+P -123,+P —064,+P 04, + P

Figure 5. The calculated crystal field stabilization energies (CFSE) for the Irving-Williams series
of dicationic metal ions in a weak field octahedral environment (Mn"~ < Fe*” < Co*~” < Ni*”" < Cu*"
> Zn""). The symbol A, represents the octahedral crystal field stabilization parameter.

octahedral tetragonal

Figure 6. The Jahn-Teller tetragonal distortion of an octahedral complex.

a2, 4 e )

-
-

4e) e _H_ d(Z)

d(xy), d(x2), ik
d(yz) RIS .

d(xz), d(yz)

Figure 7. The Jahn—Teller distortion of an octahedral &’ Cu ion resulting in the removal of
orbital degeneracy and stabilization of the complex.
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The two electrons that occupy the d(z’) orbital are stabilized while the single
electron that occupies the d(x’-)’) orbital is destabilized. The departure from octahedral
to tetragonal symmetry results in a gain in the crystal field stabilization energy and in the
process generates two labile axial ligands. If @ Ni** proceeds through the same tetragonal
distortion, the orbital degeneracy is removed but there is no gain in stabilization energy
because the amount that the electron in the d(z”) orbital is stabilized is equaled by the
amount that the electron in the d(x’~y°) orbital is destabilized. This also applies to the
lower stability observed for of @'’ Zn*" complexes because they cannot gain stabilization
energy by proceeding through a tetragonal distortion, nor do they initially gain any
crystal field stabilization energy (recalling that for o' "Zn>" Ay = (4 X 0.64,) — (6 x 0.44,)
= 0). If the tetragonal distortion continues with the eventual loss of both axial ligands, the
tetracoordinate square planar or tetrahedral complex is formed. This is a very simple
theory that can be used to quickly visualize the effects of ligands on the metal’s d orbitals

and justify the stability of a complex in different ligand field environments (Figure 8).

.... " + L

de-y) —_— W)
AB) e dxy), dx2),
p—_— dyz) . e—
P | T — e d(xy) I
—— ”,' 0.6“0 ::_».'~~ d(i) ——— i 0.4A°
dorbitals mmmmme:—-—-~-- Ao ) dorbitals =———- .- Ar
— 0y 7 — . 064, l
d , d , — " tveall — . “"\ ——
ae - —= dx2). dy2) dé-y),

a2

Figure 8. The changes in orbital energy levels of octahedral, tetragonal, square planar and
tetrahedral & metal complexes. The symbol A, represents the octahedral crystal field stabilization
parameter. The symbol Ar represents the tetrahedral crystal field stabilization parameter.
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The second feature that must be taken into consideration when using coordination
chemistry to construct supramolecular assemblies is that the strengths of the bonds and
the stability of the complex can be controlled through the number of attachment points
that the ligand uses to coordinate to the metal ion. The known metal binding motifs
include: monodentate (one attachment point), bidentate (two attachment points),
tridentate (three attachment points), tertradentate (four attachment points), macrocyclic
tetradentate, and polydentate. Some common examples of ligands that utilize these
different binding motifs include: pyridines, polypyridines, Schiff bases, and porphyrins

respectively (Figure 9).

E’N
O
g Q)

monodentate bidentate tridentate tetradentate tetradentate
pyridines bipyridines terpyridines salophens porphyrins

o
H

Y

Figure 9. Metal binding motifs of some common ligands.

The latter four ligands in Figure 9 are chelating and form complexes of higher
stability. This is due to a more positive change in entropy by increasing the number
solvent molecules released into solution after coordination. These ligands are easily
modified and have well-established synthetic procedures. This allows other molecular

recognition elements to be installed onto the backbone of the ligand. It is this ability to

14
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introduce other molecular recognition elements onto the ligand that allows for the
formation of larger polymolecular aggregates.

The third consideration is that transition metals provide well-defined coordination
sites that position, with precision, ligands in space. This is more commonly referred to as
metal-directed templating.'® The number and placement of coordinating ligands can be
rapidly altered by a simple change of the metal. As a result of having controlled
geometries, the position of any molecular recognition elements installed onto the ligand
will also be subjected to changes in the geometry of the metal. Thus, a properly chosen
ligand and metal pair can be used to position the tethered molecular recognition vectors
in square planar, tetrahedral, square pyramidal or octahedral environments, for example.
Examples of metal-ligand complexes that provide different geometries are given in Table
1.

The last consideration is that transition metal complexes of the types listed in
Table | have well behaved electrochemical and photochemical properties and numerous
efforts have been initiated to incorporate such complexes into highly organized

multicomponent assemblies where these interesting properties can be harnessed.
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Table 1. Metal-Ligand Complexes

Cocometry

Frxamples

Common Vetals

Properties

Fe(II), Ru(ll),

Square Planar CN\ A Rh(1), Pd(I), Pt(1I) Redox-active
/‘ '''' N ‘ = M<L
Tetrahedral @ > Photo- and redox-
BT Cu(l), Ag(l), Zn(I), active
) Ni(Il)
i =
Square Pyramidal - N NF Photo- and redox-
N_’N( SN Cu(lD active
LTS W o P
Octahedral D \p} 3 Fe(II), Ru(Il), Photo- and redox-
N\J( S Co(11), Ni(ID), active
TN N~ N Co(HI),Cr(1I)
7 N\

Photo- and redox-

=) | Os(ID), NidID), active
—I Nt_ Cu(Il)
7\
&@T? Fe(II/I1I), Ru(ll),
% Co(lil), Zn(Il) | Photo- and redox-
. active
g
L
g@ Fe(IL/I1T), Ru(ll),
N : Os(II), Rh(III), Photo- and redox-
_ Zn(II) active

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




1.3 - Self-Assembly Synthesis of Closed-Shelled Molecules

Pioneering self-assembly and metal-coordination studies helped to conceptualize
the development of a meral-directed template synthesis of closed-shelled molecules. A
closed-shelled molecule is one that possesses discrete walls that enclose some three-
dimensional space. Because they enclose space, they are capable of encapsulating guest
molecules. With this in mind, literature examples describe the design and synthesis of
encapsualting molecules and their important ties to applications concerning transport,''
isolation,'? and catalysis."* The smailest closed-shelled molecule that can be made from

walls of exactly the same shape is a tetrahedron (Figure 10).

0 = pd"

The platonic Fujita's Raymond's
tetrahdron tetrahdron tetrahdron

Figure 10. Closed-shelled tetrahedrons.

The groups of Fujita and Raymond have already shown that self-assembly
synthesis can afford this type of architecture using the metal-coordination strategy and

triangular-shaped walls.®
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The example of Fujita’s tetrahedron and other encapsulating molecules that he has
designed and synthesized uses labile Pd(II) hinges that hold the organic panels in place.®*
Encapsulation occurs readily with small molecules that have similar dimensions to the
apertures of the closed-shelled structure which allows their passage.®® In order to
encapsulate molecules that have larger dimensions then the apertures, the hinged
assembly must be heated to disassemble it and then encapsulation occurs during the
reassemble process. The term “labile” is relative and can be amplified by raising the
temperature of the environment. The labile nature of the hinges may intertere when the
size of an encapsulated guest molecule is large enough to destabilize the closed-shelled
structure and prevent encapsulation. Thus, it will be difficult to permanently trap large
guest molecules inside containers of this type.

The incorporation of transition metals into closed-shelled molecules can result in
new properties for these potential host molecules. More specifically, important properties
including magnetism, redox activity, Lewis acidity or luminescence can be introduced
into closed-shelled molecules that incorporate transition metals. The two tetrahedrons in
Figure 10 contain transition metals that are tied-up in connecting the organic ligands
together and the ligands themselves do not confer interesting properties to the final
assembly. The appeal lies in the creation of a molecular-scale chamber that can
encapsulate guest species and place them inside a reactor that contains interesting
catalytic/photochemical/electrochemical walls. The construction of closed-shelled
capsules using transition metal complexes of the types listed in Table | may lead to

encapsulating molecules with novel properties.
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The next largest closed-shelled molecular chamber has six walls of the same
shape and is a hexahedron (Figure 11).® The triangular-walled version® has already been
synthesized but the square-walled version, namely the cube, has not been made and this is

the starting point of this thesis.

Figure 11. The platonic hexahedrons.

1.4 — The Template Synthesis of a Porphyrin Cube

If the synthesis of a molecular cube is the goal, then six square walls must be
brought into close proximity long enough to be covalently fused together. This seemingly
impossible task can be readily accomplished using the strategies of self-assembly and
molecular templating. The symmetry of the cube allows a regular octahedron to be placed
inside, such that each vertex of the octahedron points to the center of each wall. The
synthesis of a cube can be realized and designed from a retrosynthetic templated point of
view; six square walls need to be assembled around an octahedral template and then

fastened together (Scheme 2).
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cube regular
octahedron

Scheme 2. The retrosynthetic approach to a molecular cube.

The chemical-equivalent of a square wall with a central molecular recognition site
that can be positioned 90° to the template is a metalloporphyrin. The chemical-equivalent
ot” an octahedron that emulates this environment is a tris(bipyridyl) transition metal
complex and these two building blocks are shown in Figure 12. A wide variety of
substituents can be introduced onto the meso-position of porphyrins and this is the
position that must be modified appropriately to facilitate future wall connection. Insertion

of the appropriate metal into a porphyrin brandishes a vacant axial coordination site that
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can be accessed by Lewis bases such as pyridines and, thus, axial coordination can be

used to hold the porphyrins around the template.

/ M =2Zn", L = none
M=Ru!, L=CO

M=Rh'"' L=

Figure 12. Chemical equivalents of a square and an octahedral template. The arrows highlight the
meso-substituents of the porphyrin where covalent bonds can be formed to hold the cube together.

Sanders and coworkers have taken advantage of axial coordination to zinc(Il),
ruthenium(Il), and rhodium(IIl) porphyrins in combination with template synthesis to
construct macrocyclic polyporphyrinic assemblies.'* This example is useful to outline the
steps involved in the molecular templating strategy.'*® It is a two step procedure. The first

step 1s an assembly step while the second step is a coupling step (Figure 13). The first
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step involves the pre-organization of building blocks that strategically places them in
space and directs their connection sites around the template, a triangle in the case of
Sanders and coworkers. In the second step, the strategically placed connection sites are
fused together. Since this coupling reaction occurs more rapidly while the synthons are
wrapped around the template, the triangular macrocycle is exclusively formed over

dimeric, tetrameric, and oligomeric products.

Q
» (OS2 SO
// (o] \\
1) assembiing
—————
* 2) coupling
I P
Ty
S ¢ i S
P4 ~N

>80%

Figure 13. An example of molecular templating a triangular macrocycle that highlights the
required steps of assembling and coupling.

In order to synthesize a porphyrinic cube following a templated synthetic
protocol, the six porphyrins must be pre-assembled around the octahedral template and
then a total ot twelve wall-connecting reactions must follow (Figure 14). The reaction
conditions of the coupling step should be compatible with axial coordination, such that
displacement of the porphyrins off the template does not occur. Another important aspect

regarding the twelve coupling reactions is that they must be high yielding in order to

(18]
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synthesize the cube in sufficient quantities. For example, if a coupling reaction used
results in an 80% to 90% yield for a single reaction then the expected maximum yield for

the cube, which requires twelve reactions, is only between 7% to 28% yield.

wall-connection
sites between
substituents labeled
llxu

other wall-connection
> sites are represented
as spheres

Figure 14. The positions of the twelve wall-connection sites.

Unlike the two tetrahedrons of Fujita and Raymond, which are made from walls
that do not confer additional properties to final assembly previously mentioned in this
introduction, the proposed cube’s walls will be photo- and redox-active. They will also
contain a central metal that in combination can provide the cube with photochemical,
electrochemical, and multi-point binding properties. The ability to form the octahedral
porphyrin array was tirst tested using the known ruthenium(ll) carbonyl tetratolyl-

porphyrin'® and the known iron(Il) octahedral template'® (Figure 15).
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Figure 15. The octahedral porphyrin array.

The covalent fusing of the walls together was not pursued in this thesis work, not
because it was deemed impossible, but rather because of the need to investigate the
formation and spectral properties of other porphyrinic arrays using axial coordination.
This synthetic strategy can provide an alternative method to construct, control, and alter
the position of porphyrins (chromophores) around transition metal complexes and
provide suitable model systems for studying the photo-induced energy and electron

transfer reactions that occur during photosynthesis.

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.5 — The Photosynthetic Reaction Center

One of the primary concerns when designing photosynthetic reaction center
mimics is to control how the chromophoric building blocks project in space, as their
relative positioning will influence the resulting energy or electron transfer processes. For
example, in Nature, the bacterial photosynthetic reaction center consists of ten important
components that are held and positioned in the thylakoid membrane by three protein

subunits (Figure 16)."”

Car

Figure 16. Crystal structure of the bacterial photosynthetic reaction center of Rhodobacter
sphueroides.'” P is the special pair; B is the monomeric bacteriochlorophyll-a molecule: H is the
monomeric bacteriophrophytin molecule; Q is the ubiquinone molecule; Car is the caroteniod
molecule and Fe is the non-heme iron. The subscripts M and L denote the protein/component
relationship.'”®

The ten components responsible for efficient energy and electron transfer are two

closely positioned bacteriochlorophyll-a molecules (P) that make up the “special pair”
25
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electron donor, two monomeric bacteriochlorophyll-a molecules (Bm and B.), two
bacteriophrophytins (Hy and Hy), two ubiquinones (Qwm and Q), a carotenoid (Car), and
a non-heme iron as shown in Figure 16. Excitation of the special pair is achieved by rapid
and efficient energy transfer from either the monomeric bacteriophrophytins (Hwm and Hy)
and bacteriochlorophylls (Bm and By). After the light energy is transferred to the special
pair (P), an electron is transferred to an electron acceptor (H.) which traps the excitation
energy as a charge-separated species.'® In order to afford efficient energy and electron
transfer rates (k = 3 x 10'' s™') Nature positions the active porphyrinic species with a
center-to-center separation of ca. 17 A (10 A for H/B and 10 A for B/P) (Figure 16).'*
The controlled center-to-center separation between chromophores maximizes the

electronic interactions of the distance dependent energy transfer processes.

1.5.1 - Excited-State Properties of Porphyrins
Porphyrin chromophores are attractive supramolecular building blocks as they
have rich photo- and redox-properties in their ground and excited states. Depending on

the type of porphyrin, either free-base or metallo-, photo-excitation produces a singlet or

triplet excited state (Figure 17).

— + —

hv ) hv

+r -+ + %+

Por 'Por’ Por 3por’

Figure 17. Photoexcitation of a porphyrin producing either a singlet (left) or triplet (right) excited
state. The abbreviation ISC stands for intersystem crossing.
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The triplet excited state is produced from the singlet state via an intersystem
crossing (ISC) process in which the spin of the electron is inverted. Intersystem crossings
are promoted by heavy-atom effects which increase the overlap between vibrational
states and increase the spin/orbital interactions. Excited porphyrins will fluoresce from
their singlet state or phosphoresce from their triplet state when relaxing down to their
ground state (Figure 17)."

When porphyrins are excited in the presence of excitation energy acceptors, as in
the photosynthetic reaction center, two types of energy transfer processes can occur and
are defined by electronic interactions. The first type is the Coulombic interaction affected
by through-space dipole-dipole moment coupling and is identified as the Férster energy
transfer mechanism. The Forster mechanism is operative at large interchromophore
distances and the rate of this energy transfer depends on the distance separating the
energy donor and energy acceptor.”® In order for a Forster mechanism to occur for a
given donor-acceptor pair, there must be significant spectral overlap between the
fluorescence and absorption spectra of the donor and the acceptor. Spectral overlap is
important for the Forster mechanism because the energy is transferred in the form of a
photon (fluorescence) and therefore the energy acceptor must be able to absorb that
particular wavelength of light.

The second type of energy transfer process is the electron exchange interaction
and is governed by orbital overlap of the excited state electron donor and the electron
acceptor. This electron exchange interaction is identified as the Dexter mechanism and is
effective at much smaller interchromophore distances because orbital overlap is only

maximized at shorter distances.”' For a Dexter energy transfer process. a double electron
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transfer occurs which transfers a portion of the initial energy absorbed to an excited state

quencher; the donor/acceptor species (Figure 18).

+ - 4+
g 4+

Por’ DA Por DA’

Figure 18. The Dexter mechanism for energy transfer between a porphyrin and a donor/acceptor
species.

This type of a double electron transfer resuits in no net charge transfer, requires
less solvent reorganization energy and is preferred over the Forster mechanism when
there is significant orbital overlap between the active components. The overall product of
the two energy transfer processes is the production of the gucnche: > cacited siale and the
porphyrin’s (chromophores) ground state or visa-versa.

The cascade of light driven events for the photosynthetic reaction center results in
a final electron transfer reaction that traps the energy by forming a charge separated
species. In general, the driving force for electron transfer processes relies on the relative
differences in redox potentials of the electron donor and electron acceptor. The reasoning
tollows that the promotion of an electron from a filled low energy orbital to an empty
high energy orbital results in the creation of an excited state that is either a stronger
oxidizing or reducing agent than it was in the ground state (Figure 19). The promoted
electron can transfer to an electron poor quencher and act as a reducing agent (left of

Figure 19). On the other hand, the half-filled orbital that is created after excitation can
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accept an electron from an electron-rich quencher and act as an oxidizing agent (right of
Figure 19). A single electron transfer produces a net charge and requires higher solvent

reorganization by forming a charge-separated species.

+’\ — -+ -+
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Figure 19. Oxidative (left) and reductive (right) electron transfer processes involving porphyrins.

1.5.2 - Positioning Chromophores in Space Using Metal Coordination

To date, numerous polymolecular assemblies held together by covalent or labile
bonding interactions have been used 1o model solar energy capture and transfer in
naturally occurring photosystems as well as to create artificial molecular photonic wires,
optoelectonic gates, and light-harvesting funnels.”> Some significant challenges for
developing models of energy capture and transfer reactions lies in the synthesis of the
active components and connecting them together, with special attention paid towards
their relative spatial arrangements.

For example, Sauvage’s triad (Figure 20) acts as a model for the electron transfer
steps in bacterial photosynthesis. but it is synthesized in seven steps in 0.05% yield.”*
Even though the yield is extremely low: it’s functions are extraordinary. The central
transition metal complex plays three important roles: 1) it controls the spatial

arrangement of the two different porphyrins, 2) it mediates component communication,
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and 3) it regulates the important electron transfer steps from the free base porphyrin to

the Au'"" porphyrin.

electron electron

transfer transfer
\\‘Il\‘/\

Figure 20. Artificial photosynthetic reaction center mimic.

The properties of this linearly arranged porphyrin array can be altered either by
inserting a Zn" metal ion into the free base porphyrin, changing the porphyrins, or by
changing the metal located in the central terpyridine fragment from Ru' to Ir''l.7¢
These alterations tune the excited state oxidizing and reducing properties of the active
component compounds, which alters the system’s electron transfer rates or changes its
behaviour to cause energy transfer processes to occur. The major drawback of this system
presents itself when major variants or modifications ot the components are desired. This
will require new syntheses starting from the rather difficult formation of dissymmetric
porphyrins. Also, this system is limited in providing only linear arranged components
because of the central transition metal complex’s design. Again, if changing the spatial
arrangement of the porphyrins is desired, then additional synthetic steps are required. An
alternative to this is to use a much more modular approach to control the final topology
by designing and synthesizing small component compounds and taking advantage of

metal-ligand coordination. For example, there are several literature examples that use
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



axial coordination to metalloporphyrins to construct polymeric, dendritic, cyclic and

24,25

noncyclic porphyrin arrays (Figure 21 and 22).

polymeric
array

dendritic
array

Figure 21. Examples of polvmeric™* and dendritic™* porphyrin arrays.

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cyclic noncyclic
array array

25a

Figure 22. Examples of cyclic™ and noncyclic**® porphyrin arrays.

These axially coordinated arrays are rapidly generated from their component
compounds and have been used to study the relationship between structure and function.
Sauvage’s linear multicomponent array highlights how transition metal complexes can be
used to control the porphyrins’ positions as well as how they participate in electron and
energy transfer processes. By using a more convergent synthetic protocol (self-assembly
synthesis for example), and incorporating axial coordination motifs into molecular
architectures such as that of Sauvage’s, small building blocks can be programmed to
assemble into the final porphyrinic array in fewer synthetic steps. This thesis will
describe how transition metals can be used in combination with ambidentate ligands to

template the positioning of divergent pyridyl Lewis bases that, in turn, axially coordinate

(93]
(9]
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to ruthenium-based metalloporphyrins and metallosalophens controlling their position in

space (Figure 23 and Figure 24).%

a) b) c)

Figure 23. Ambidentate ligands that are used to form a) linear, b) tetrahedral, and c) octahedral
porphyrin and salophen arrays.
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Figure 24. Computer generated molecular models that highlight the desired position to attach
peripheral Lewis basic sites that can effectively extend the geometry around the central metal to
form a) linear, b) tetrahedral, and c) octahedral arrays. The brick-walled balls on the periphery of
the ligands denote the important positions where divergent pyridines will be appended to
selectively extend the central metals’ geometry. Refer to the legend for other atom types.

This thesis will focus on the synthetic utility of using axial coordination of small
component compounds to chromophores to construct supramolecular aggregates and how

such systems can be characterized and studied. Where possible, the focus has been placed
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on highlighting the important self-assembly pathways that are responsible for aggregate
formation. Chapter 2 introduces the features of axial coordination to ruthenium(Il)
carbonyl metalloporphyrins and describes how their spectroscopic features change upon
pyridine coordination and how these changes can be probed to verify aggregate
formation. The remaining three sections of Chapter 2 describe the metal-directed
synthesis of hybrid porphyrin arrays based on transition metal complexes using the
ambidentate ligands shown in Figure 23 and 24. Chapter 3 explores the utility of axial
coordination to metalloporphyrins as new stoppering methods for rotaxane synthesis.
Chapter 4 introduces metallosalophens as an alternative source of axial coordinating
chromophores to construct a variety of hybrid salophen arrays. Chapter 5 summarizes the
thesis, highlights the important future studies, and provides examples of future extensions

using axial coordination to chromophores.
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Chapter 2 - Axial Coordination and Multi-Component Porphyrinic Arrays

2.1 - Characterizing Supramolecular Architectures

In general, as the structural complexity of a supramolecular architecture increases,
the characterization of the final assembly increases in difficulty as well. The structure and
stability of the architecture is of great importance, and relies on the choice of
intermolecular interactions used. Whether the supramolecular assemblies are to be
utilized in the solid, solution, or gaseous states will also dictate the characterization
method. Characterization ot solids is simple it high quality crystals can be isolated and,
X-ray crystallographic analysis will accurately provide atom connectivity, atom
positions, and molecular composition. Unfortunately, obtaining X-ray quality crystals is
not a simple task because the isolated crystals can be plagued by two factors: improper
crystal packing and crystal desoivation. These factors are magnified as the structural
complexity increases and, as a consequence, effects the accuracy of the crystallographic
data obtained. Independent methods to solid state characterizations are those pertormed
in solution. Studies performed on solutions provide important kinetic, thermodynamic,
and as well as structural information. The solution characterization methods and
conditions chosen will rely heavily on the building blocks inherent associative properties.
For instance, the lability ot the molecular recognition elements and the stability of the
architecture will vary when the solution’s bulk properties are changed (pH, ionic strength
and polarity, for example). Solvents can strongly compete with the molecular recognition

elements and tavour disassociation or decomplexation with the ultimate misleading of
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any structural conclusions made. Fortunately, we are the beneficiaries of a wide variety
of spectrometric methods that are used to characterize compounds under solid, solution,
and gaseous conditions. In this aspect, we can be more intelligent in our design of the
supramolecular building blocks and can choose methods that will provide facile structural
characterizations. The common spectrometric methods that are used in characterizing
supramolecular architectures, the information they provide and their applicable

conditions are listed in Table 1.

Table 1. Summary of the spectrometric methods and applicable conditions

Spectrometric
Method Information Conditions
Nuclear Magnetic Resonance kinetic, structural, solution or solid
(NMR) and thermodynamic
X-ray Crystallography structural crystalline solid
(X-ray)
Mass Spectrometry structural solution, solid, or
(MS) composition gaseous
Infrared Spectroscopy functional and solution, solid, or
(IR) structural gaseous
Ultraviolet—Visible spectroscopy solution or solid
(UV/Vis)

2.2 - Spectroscopic Properties of the Building Blocks

As mentioned in the final section of Chapter 1, the spectroscopic methods will be

discussed in the context of characterizing axially coordinated arrays. First the discussion
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will focus on the important spectroscopic properties specific to ruthenium(Il) carbonyl
metalloporphyrins. The focus will then shift to mention of the important spectroscopic
properties used to characterize the polypyridy! transition metal complexes that make up
the core units of the arrays. Finally, some general remarks regarding the methods and

conditions used to characterize the axially coordinated arrays in this thesis will be

highlighted.

2.2.1 - Pyridyl Adducts of Ruthenium(II) Carbonyl Metalloporphyrins

The binding of pyridines to ruthenium(Il) carbonyl metalloporphyrins is strong
and the large aromatic ring produces characteristic NMR,' IR,* and UV/Vis’ absorption
spectroscopic properties (Figure 1). The most diagnostic and easily probed consequences
of the binding of pyridines are highlighted separately for the known ruthenium(Il)
carbonyl tetraphenylporphyrin (Ru(TPP)(CO)) in Figure | and will serve to illustrate how

ruthenium(If) metalloporphyrins are characterized.

Amax = 410 Foax = 414
V(CO) = 1930 cm™" V(CO)= 1943cm™'
Q K, ca 108 M~! o]
Ny Ha kon €@ 107 M™~'s™
L - oz

kg ca10™'s™

Mo \s=-20

Figure 1. The keyv spectroscopic changes upon pyridine coordination to Ru(TPP)(CO). (1) a red-
shift in the porphyrin’s UV/Vis Soret absorption,” (2) an increase in the C=O stretching
frequency,” (3) uptield shifts (A8 in ppm) of the pyridine’s resonances in its '"H NMR spectrum.'
Also shown are the rapid complexation rates (k,, ca 10" M™! s™') and slow decomplexation rates
(kogrca 107" s™") which are correlated to the formation constant (Kgca 10° M™).?
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The characterization of axially coordinated compounds of Ru(TPP)(CO) follows a
standard approach by comparing spectra of the starting materials to those of the products.
Each building block has a unique set of spectral data, which are different from those in
the assembly and based on this, the appearance, disappearance, or the shifting of signals

can be compared, evaluated and concluded upon.

2.2.1.1 - '"H NMR Spectroscopy

'H NMR spectroscopy 1s a very diagnostic technique for studying assembly
processes involving axial coordination to ruthenium(ll) carbonyl metalloporphyrins.'
This technique is highly diagnostic because it conveniently provides component
stoichiometry and the structure ot axially coordinated metalloporphyrins. Not only does
this technique provide important structural information, it also provides important kinetic
and thermodynamic information about the self-assembly pathway. For example. consider
Ru(TPP)(CO). As a consequence of the porphyrin’s anisotropic ring current, the addition
of pyridine results in the immediate appearance of new, sharp, and unchanging signals
that correspond to the coordinated pyridyl adduct. These new signals do not shift from
their relative positions when additional pyridine is added nor do they shift over the time
course of a typical experiment. Important information can be extracted from these
observations and each will be highlighted. First, trom a structural point of view, the
pyridine has an axial arrangement with the porphyrin plane with a bond angle of ca. 90°.
Secondly, from a kinetic point of view, the immediate appearance of a new set of signals
when less than one equivalent of pyridine is added means that the complexation rate (koq)

is fast and values have been calculated to be on the order of 10°-10” M's™ } Lastly, since
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the shapes of the signals are sharp and they do not shift when additional pyridine is
added, this means, again from a kinetic point of view, that the decomplexation (ko) is
slow and values have been calculated to be on the order 10™' s™.* In other words, the
coordinated pyridine is involved in a slow exchange process that can be monitored on the
NMR time scale. The kinetic properties of axial coordination can be translated into
thermodynamic terms, by taking the quotient of the on- and off-rates (kon/korr), an
estimation of the formation constant can be calculated and it is large (K,=10*M™").* From
these simple observations, we can conclude that the pyridine is tightly coordinated to the
metalloporphyrin’s axial site and it is positioned ca. 90° to the porphyrin plane, but it is

not permanently bound because the dative bond is still kinetically labile.

2.2.1.2 - UV/Vis and IR Spectroscopy

The information obtained from '‘H NMR spectroscopy can be combined with
other techniques such as UV/Vis and IR spectroscopy to support the event of pyridine
coordination.™ For example. UV/Vis spectroscopy is useful for monitoring axial
coordination to Ru(TPP)(CO) because a bathochromic shift (red shift from 410 to 414
nm) of the Soret band occurs when pyridine coordinates to the axial site.’ It must be
remembered that UV/Vis spectroscopy is performed at lower concentrations (typically
107 M) than NMR spectroscopy and. thus, the competitive nature of the solvent for the
axial site plays a larger role.

IR spectroscopy is another useful technique for probing axial coordination to
Ru(TPP)(CO) by monitoring the changes in the stretching frequencies (Avco in cm™) of
the axial carbon monoxide ligand.” The CO stretching band is located in an uncluttered
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region of the IR spectrum and can be used to elucidate bonding properties of coordinating
ligands to ruthenium(II) carbonyl metalloporphyrins. Historically, the monitoring of Avco
has been common practice for examining changes in the electron density of metal
carbonyl complexes after ligand coordination occurs. The coordination of CO to Ru(TPP)
occurs through the formation of two bonds and is a useful example to illustrate the

versatile bonding modes of metal 4 orbitals (Figure 2).

(a)

Figure 2. (a) The 6-bond of CO between metal drz") or drx"-y") orbitals and (b) the n-bond of
CO between metal drxys, drxzi, or d(vz) orbitals. The arrows represent the direction of electron
delocalization.

First, CO forms a weak 6-bond, which donates electron density to the metal
(Figure 2a). After this weak bond is formed. the electron density that is localized on the
metal can be donated from ftilled metal 4 orbitals into the empty nt* orbitals on CO via n-
back-bonding. Here the CO acts as a n-acid (Figure 2b). The amount of n-back-bonding
alters the bond orders ot both the carbon-oxygen triple bond and the metal-carbon bond.
The greater the m-back-bonding, the greater the decrease in vco and the greater the
stability ot the metal-carbon bond. Changes in v¢o are amplified when an incoming
ligand is trans to the CO because they compete for the same set of metal & orbitals. The
magnitude of the change depends on whether the ligand is a strong or weak o-donor. n-
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donor, or m-acceptor. For example, the vco of Ru(TPP)(CO) shifts from 1930 cm™ 1o
1943 cm™ when pyridine coordinates.” Since the vco increases in frequency, this
suggests that pyridine alters the amount of electron density back bonded to CO when it

coordinates to the ruthenium(Il) metal in Ru(TPP)(CO).

2.2.2 - Characterizing Polypyridyl Transition Metal Complexes.

In the absence of X-ray quality crystals, '"H NMR, UV/Vis, and MS spectroscopy
can be used to characterize the formation of polypyridine d metal complexes. The
characterization is important to mention because these charged complexes make up the
core units of the arrays. The approach is the same as already mentioned for characterizing
pyridyl adducts ot Ru(TPP)(CO), namely the comparison ot the spectra of starting

materials to those of the complexes.

2.2.2.1 - 'H NMR Spectroscopy
'H NMR spectroscopy can be used to monitor conformational changes in the
ligand that occur after coordination and signals in a ligand’s '"H NMR spectrum will shift

(Figure 3).

| X | ~
N /\ =N RU“
—_— —_—
=N ~N
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Figure 3. The contformational change ot 2.2"-bipyridine required tor chelation to occur.
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Not only do the signals shift because of conformational changes, they will also
shift from through-bond electron induction caused by the Lewis acidic transition metal

that is held by the ligand(s).

2.2.2.2 - UV/Vis Spectroscopy

One other property of d metal complexes is the characteristic color change, in the
visible spectral region, that occurs after coordination and the color change can be
monitored using UV/Vis spectroscopy. Transition metal complexes that incorporate
aromatic polypyridine ligands, for example tris(2,2’-bipyridyl)ruthenium(ll) in Figure 3.
have pronounced charge transfer bands.” Charge transfer bands are responsible for the
colors of transition metal complexes seen in solution and solid states. There are two types
of charge transter bands. The first type is called a ligand-to-metal charge transter band
(LMCT) and results trom the promotion of an electron trom a ftilled ligand orbital to an
empty d metal orbital. The second type is called a metal-to-ligand charge transter band
(MLCT) and results from the promotion ot an electron from a filled & metal orbital to an
empty ligand t*-orbital. Typically. ligand-to-metal charge transter bands occur at shorter
wavelengths while metal-to-ligand charge transter bands occur at longer wavelengths.

The excited state that arises from MLCT charge transfer bands is used to study

photochemical redox properties of polypyridyl transition metal complexes.

2.2.2.3 - Electrospray lonization Mass Spectrometry
Since the molecular composition of complex supramolecular architectures must

be investigated, a technique that provides minimal loss of structural integrity is required.
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Because mass spectrometry detects molecular ions, the most important aspect to mass
spectrometry is the formation of molecular ions from a sample. Some MS methods
require solid samples to be heated to high temperatures under vacuum or mixed with ion
carrier matrices to transter molecular species into the gas phase. The gas phase molecular
species are then subsequently bombarded with electrons (EI), gases (FAB), or chemical
species (CI) to produce molecular ions. Because of the sensitive nature of supramolecular
complexes, these specitic techniques are avoided because their conditions can promote
fragmentation and jeopardize the architectures’ structural integrity. A more mild
technique to EI, FAB. and CI is ¢lectrospray ionization mass spectrometry (ESI-MS).
This technique is gaining acceptance because of its case to detect extremely large cations
and anions in solution. Since most polypyridine ¢ metal complexes bear charges, their
molecular composition can be readily obtained using electrospray ionization mass
spectrometry (Figure 3). The results trom ESI-MS can not be used to make claims on
solution equilibria because the solvent is striped away and the strengths of
supramolecular interactions are thus altered. But, these results can be used to verity the
results obtained from solution characterizations using 'H NMR, IR, and UV/Vis

spectroscopy.

2.3 — Solvent Effects on Axial Coordination

Since the axially coordinated arrays in this thesis were characterized mainly using

solution techniques. solvent selection plays an important role in producing reliable

results. One important aspect when studying axial coordination in solution is a good
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understanding of how the solvent properties effect the strength of the intermolecular bond
(ie. the stability of the assemblies) formed between pyridine and the ruthenium metal
center. Since axial coordination is a Lewis acid/Lewis base interaction, solvents that act
as Lewis bases will alter the stability of the ruthenium-pyridine bond. One measure of the
solvent’s ability to interfere with Lewis acid/Lewis base associations is the solvent’s
donor number (DN) and these values have been provided by Gutmann.® Gutmann has
defined the donor number as the negative of the enthalpy of reaction of the solvent with
the strong Lewis acid anitimony(V) chloride. These numbers represent the ability of the
solvent to donate electron density to electron deficient substances. In particular, these
values can be used to estimate the ability of a solvent to act as a Lewis base and compete
for the Lewis acidic metal of a metalloporphyrin. A solvent’s donor number can be
examined and the lower the number the greater the expected stability of the ruthenium-
pyridine bond in that solvent. Kadish and Chang provide a better model. as their results
directly represent solvent ettects on axial coordination to Ru(TPP)(CO) than would the
reference to just donor number values.”® In their study. the magnitude of the formation
constant was calculated for a variety of Lewis basic solvents, in CH.Cl-—-0.1M TBAP. by
monitoring changes in the UV/Vis spectrum of the five coordinate Ru(TPP)(CO) when
torming the six coordinate Ru(TPP)(CO)(solvent) species. From these studies acetone
and nitromethane ranked as the least stable adducts (Ky= 10'° and 10'** M™', DN = 17.0
and 2.1 respectively) while pyridine ranked as the most stable adduct (K; = 10*% M,

DN = 33.1).
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2.4 — General Remarks

Of course, one critical feature of the solvent is that it can dissolve the
metalloporphyrin and the charged core transition metal complex. The charged transition
metal complexes exhibit low solubilities in non-polar hydrocarbon and chlorinated
solvents, while ruthenium(Il) carbonyl porphyrins are very soluble in chloroform.
dichloromethane, benzene, and toluene. The ruthenium(Il) carbony! metalloporphyrins
greatly enhance the solubility of the charged transition metal complex, which make up
the core of the axially coordinated arrays. The axially coordinated arrays are soluble in
non-polar hydrocarbon and chlorinated solvents. [t was tound that using combinations ot
acetone or nitromethane mixed with dichloromethane provided the best results for
studying axial coordination at varying complex concentrations. Due to increased
solubility, the charged arrays were also studied in solvents such as dichloromethane and
toluene, which do not compete and keep the pyridine adduct intact at lower
concentrations.

These solvent mixtures were used in 'H NMR, UV/Vis, IR, and ESI-MS studies.
The IR studies were also performed on solid samples and, in doing so. the associated
solvent effects of solution IR studies are eliminated. ESI mass spectrometry was chosen
because the metalloporphyrins were assembled around charged templates. and the
template acts as a carrier matrix and avoids the need tor harsh ionization and the risk of
fragmentation. One important teature to the nature ot the ESI spectrometer, is that. due to
the limitations of the machine, the upper mass limit for obtaining high-resolution spectra

was 1000 mass units. Because of the high molecular weights of the arrays, low-resolution
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experiments were performed and the spectra’s isotopic distribution patterns were
compared to the calculated patterns. However, in the absence of X-ray crystal structures,
the array’s final structure and composition was determined by combining the ESI-MS
results with '"H NMR, UV/Vis, and IR spectroscopy using methods already prescribed in
the literature for studying axially coordination and transition metal complexes.

In this chapter, the use of self-assembly synthesis to create linear, tetrahedral and
octahedral porphyrin arrays that are held together by metal-chelation and axial
coordination is described. The arrays are templated through the use of transition metal

complexes that are designed to govern the tinal geometries of the assemblies.
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2.5 - Linear Axially Coordinated Metalloporphyrin Arrays

This section of the thesis describes the unprecedented formation of three linear
multicomponent arrays constructed around bis(terpyridyl) transition metal complexes
(also referred to as the “cores” of the arrays). More specifically, core complexes of
transition metal complexes of tron(Il), ruthenium(ll), and osmium(!Il) link two

metalloporphyrins via axial coordination that are spatially separated by ca. 11 A (Figure

4).
core complex
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Figure 4. Molecular model that highlights the “core™ ot the porphyrin array. The porphyrins’
substituents have been omitted for clarity.

The molecular models of the core complexes and arrays presented in this section
and in the tollowing sections of this chapter of the thesis were adapted from crystal

structures of the pyridyl adduct of ruthenium(II) carbonyl tetraphenylporphyrin and
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bis(terpyridyl) octahedral transition metal complexes. Both of these structures can be
found in the Cambridge Structure Database and were used, as is, without further
minimization because the MacroModel program does not contain parameters suitable for
transition metal atom types. Instead, the molecular models were created by simply
connecting the metalloporphyrins’ coordinated pyridine ligand to the central pyridine of
the bis(terpyridyl) transition metal complex in the para-position. In doing so, the
modeling program only applies the standard bond lengths and angles ot a sp” carbon atom
and does not alter the bond angles or bond lengths elsewhere in the complexes. In the
absence of crystal structures, these molecular models provide a good representation of the
overall topology of the linear arrays.

Initially. the design and synthesis of the important building blocks of the linear
arrays will be discussed. Following this discussion. the self-assembly studies probed
using '"H NMR spectroscopy are highlighted. These studies serve to introduce the
dramatic and characteristic upfield shifts seen in '"H NMR spectra of the pyridine
coordination to the axial site of ruthenium(ll) carbonyl porphyrins. Lastly, the
photophysical properties are presented. These properties show that there is intramolecular
phosphorescence quenching for the ruthenium(Il) and osmium(ll) arrays in contrast to

their molecular components which phosphoresce.

2.5.1 - Transition Metal Complex Design for Linear Templates

The design layout of the ambidentate ligand 1 is limited to torming linear arrays

because it preferentially forms the stable bis-chelate complex and positions the
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monodentate pyridine moiety as an extension of the two trans-coordination site vectors of

the central metal (Figure 5).

axial
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site on ligand 1

3 7
:,\ -\’V
Ny e -( :’Q—,_ y
S PR TTR ETY
—_— — - ,-)—‘q ‘.F-—-:\ ““1‘; v-—':::)’—“/{ 3“ =
DT T AT
N\ S
:’,— - -
< -
‘4\"}'-‘ ,:
metai ) linear template
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Figure 5. The design layout of the linear template. M = Fe''", Ru'™, Os'™"".

Other advantages that terpyridines have in forming the central complex are: 1) a
wide variety of substituents in the 4 -position can be easily introduced, and 2) because
the mer-isomer is possible with a terpyridine ligand this eliminates stereoisomers that

accompany the tormation ot mono-substituted bipyridine transition metal complexes.

2.5.2 - Results and Discussion

2.5.2.1 -~ Metalloporphyrin Synthesis
The meso-substituted porphyrin (3) (5.10,15,20-tetratolylporphyrin) was prepared
following Alder’s procedure by heating pyrrole with one molar equivalent of p-

tolualdehyde in propionic acid at reflux (Scheme 1).*
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H_O
H propionic
acid,
)
W, 140°C
CH,
HaC
3 CHgClz. I[_' 4 L = EtOH, 80%
- g%."dme' L s5L- pyridine, 98%
Scheme 1.

The known metalloporphyrin Ru(TTP)}CO)EtOH) (4) (TTP = 3.10,15.20-
tetratolylporphyrinato dianion)’ was prepared using a slightly moditied procedure of an
earlier report by heating three molar equivalents of Ru;CO;> with one molar equivalent of
3 in phenol, instead of toluene, at retlux. Chromatographic purification was carried out
using basic alumina (activity [I-IIl) by sequentially changing the eluting solvents trom
non-coordinating to weakly coordinating. When eluting with dichloromethane. the
metalloporphyrin strongly interacts with the solid support and allows the removal of any
unreacted Ru;CO, 2 and tree base porphyrin. The gradient addition of dichloromethane
’ethanol (up to 95:5) decreases the metalloporphyrins” affinity towards the solid support
and elutes it off the column as the ethanol adduct. Typically. atter chromatography. a
green band characteristic of chlorin impurity is retained on the column (Figure 6).”° The
amount of chlorin in the product can be assessed using UV/Vis spectroscopy, where the
characteristic band associated with the chlorin impurity appears at 600 nm. If chlorin is
present. it can be removed by repeating the purification procedure (basic alumina activity

H-I1I) using a much slower gradient addition of dichloromethane/ethanol (up to 95:3).
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Figure 6. The reduced porphyrin macrocycle of Chlorin.

The labile ethanol ligand of 4 was replaced by adding pyridine to a
dichloromethane solution containing Ru(TTP)(CO)XEtOH). The UV/Vis absorption
spectrum, [R spectrum, and 'H NMR spectrum of this metalloporphyrin product was
consistent with the spectra previously reported in the literature.” Removal of the solvent
and recrystallization from hexane atforded the pyridine adduct Ru(TTP)(CO)(py) (5) in
nearly quantitative yield. The solid state IR spectrum ot Ru(TTP)YCO)(EtOH) showed
that the v¢o appears at 1946 em ™' and when pyridine coordinates to the metal. the vco
shifted to 1933 ¢m™ in 5. The 'H NMR spectrum of Ru(TTP)CO)(py) (5) was also
consistent with the pyridine ligand occupying the axial site by showing the expected
uptield shifts tor all pyridine proton resonances which experience the metalloporphyrin’s

anisotropic ring current.

wh
n
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2.5.2.2 — Core Complex Ligand Synthesis

The central pytpy ligand (pytpy = 4’-(4”""-pyridyl)-2,27:6",2"-terpyridine, 1)’ and
phtpy ligand (phtpy = 4" -phenyl-2,2":6°.2 -terpyridine, 2)"" were prepared according to
known methods described by Krohnke (Scheme 2 tor ligand 1).'" In Krohnke's pyridine
synthesis, the conjugate addition of a pyridinium ylide to an «,B-unsaturated carbonyl

compound leads to the construction of a 1,5-diketone that cyclizes directly to a pyridine.

N\
Os_H Os_CHj3 |
NaOH, 7
SN + SN MeOH P
B [
N RT | N 0
=N
'o
= NH;OAc,
+ @N\ l HOAC.
120°C
0] 7
N~

Scheme 2.
Alternatively, if the |.5-diketone can be readily isolated. tollowing a Hantzch type

reaction. the addition of ammonium acetate will lead to pyridine formation (Scheme 3 for

ligand 2)."
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Os_H Os_CH;
NaOH,
+ l ~ N MeOH

NH,OAc,
HOAc,

120°C

Scheme 3.

These are excellent routes to prepare large quantities of pyridines that have
substituents in the 2-, 4-, and 6- positions and the products are usually readily puritied by

simple recrystallization.

2.5.2.3 — The Synthesis of the Transition Metal Core Complexes

The core units of the linear arrays [(M(pytpy)gz', pyvtpy = +4’-(4’""-pyridyl)-
2.27:6".2 -terpyridine. M = Fe 6a, Ru 6b. Os 6¢)] and their phenyl substituted analogs
[(M(phtpy)>™". phtpy = 4’-phenyl-2.2":6.2"-terpyridine. M = Ru 7b. Os 7¢)] were
prepared as their air-stable hexafluorophosphate or tetrafluoroborate salts according to
previously reported literature procedures.”"?
The iron(Il) core 6a complex was prepared in one step by heating Fe(BF;):*6H-0

with two molar equivalents of pytpy in methanol at reflux (Equation 1).” The lability of

the iron(ll) tetratluoroborate synthon produced a diagnostic and immediate change in
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color from colorless to deep purple signifying the formation of the desired core complex.

The iron(II) core complex was purified by recrystallization from methanol.

Fe(BF4)2°6H20.

L

methanol,
reflux

6a
(85%)

Equation 1.

The ruthenium(Il) core complexes 6b and 7b were prepared by heating
Ru(DMSO),Cla or RuCl;*H2O with two molar equivalents pytpy or phtpy in ethylene

glycol at reflux producing deep red solutions (Scheme 4)."

1) "“Ru”,
ethylene glycol,
180°C, 3 hours

2) NH4PF

6b, X = N, "Ru” = Ru(DMSO0),Cl, (58%)
7b, X = CH, "Ru" = RuCl, (25%)

Scheme 4.

Using the dimethylsulfoxide complex as the source of ruthenium(il) is advantageous
because it is non-acidic and. thus prevents the tormation unwanted oxidized and

protonated products. Also. the labile dimethylsulfoxide ligands are more easily displaced
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than the chlorine ligands of RuCl;exH-O, resulting in shorter reaction times with higher
yields. The chloride counterions in the initially formed core complexes were exchanged
by pouring the ethylene glycol solution into water and then adding a methanolic solution
containing ammonium hexafluorophosphate to precipitate 6b and 7b as crude products.
Purification was carried out using column chromatography through silica gel eluting the
complexes with a mixture of water-acetonitrile-saturated potassium nitrate (7:1:0.5). This
produced colortul columns that aided in product separation.

The osmium(Il) core complexes 6¢ and 7¢ were prepared in an analogous manner
using either basic Na»[OsCl¢] or acidic OsCl;, both of which produced dark brown
13a

solutions (Scheme 5)."** The complexes were puritied in an identical tashion as described

tor the ruthenium(ll) terpyridine complexes.

1) "Os",
ethylene glycol,
180°C, 3 days

(PFg)2

2) NH,PFg

6c. X = N, "Os" = Na,[OsClg] (52%)
7¢. X =CH, "Os" = OsCl; (16%)

Scheme 5.

The formation of the osmium(Il) core complexes required substantially longer reaction
times (typically 3 days) compared to only 3 hours for the ruthenium(Il) complex. The
longer reaction times are a result of stronger metal-chloride bond in the case of osmium

starting materials than that of ruthenium.
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2.5.2.4 — Self-Assembly Synthesis of the Linear Porphyrin Arrays

The final triads 8a, 8b and 8¢ were prepared in greater than 95% yield by adding
two molar equivalents of Ru(TTP)(CO)(EtOH) (4) to one molar equivalent of the
appropriate core complex M(pytpy).®~ in acetone and gently heating (Scheme 6). As an
alternative to this procedure, the fully assembled arrays can be prepared at room

temperature by adding an excess of the metalloporphyrin.

Hj

12-{»

(X)2

6a M =Fe, X = BF,~ H,C
6b M =Ru, X = PF" .
6c M=0Os, X = PFg"
acetone
2 EtOH

(X)2

8a M =Fe, X =8BF,;", (98%)
8b M =Ru, X =PFg~, (98%)
8¢c M =0s, X =PFg", (98%)

Scheme 6. The porphyrins’ tolyl substituents and double bond representations have been omitted
tor clarity.
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The iron triad 8a can also be prepared in high yield (98%) using a one—pot
procedure by dissolving a 2:2:1 solid mixture of metalloporphyrin 4, terpyridine 1, and
Fe(BF4)2#6H>0 in acetone (Equation 2). The synthesis of the iron(ll) array exemplifies
the power ot self-assembly synthesis to minimize the number of synthetic steps to form

products in high yields.

4, Fe(BF,),%6H,0, N\ N
e RU—
acetone /\
N
1 8a, (98%)

Equation 2. The porphyrins’ tolyl substituents and double bond representations have been
omitted for clarity.

For all tour syntheses, acetone was used as the solvent because it dissolves all the
components and it is easy to remove, while at the same time does not signiticantly
compete with axial coordination. Coordinating solvents may compete with the pyridyl
group of the ligand for the metal of the metalloporphyrin which, if strong enough, favours
dissociation of the array. In order to maximize the yields of the tully assembled linear
arrays. acetone (DN = 17) was removed and replaced with dichloromethane (DN = 0), a
non-competitive solvent.” The addition of pentane to the dichloromethane solutions
precipitated the fully assembled arrays and also removed any unreacted
metalloporphyrin. In either case, the fully assembled triad complexes were isolated as

red-purple (Fe), red (Ru), and red-brown (Os) solids and characterized by 'H NMR
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spectroscopy, UV/Vis spectroscopy, IR spectroscopy, ESI mass spectrometry, and e

NMR spectroscopy.

2.5.2.5 — Characterizations Using 'H NMR Spectroscopy

'H NMR spectroscopy proved to be a very diagnostic technique for studying self-
assembly processes that involve axial coordination to metalloporphyrins (Figure 7). As
mentioned in the introduction of this chapter, when a pyridine binds to a ruthenium(II)
carbonyl metalloporphyrin, the heterocyclic ring experiences the porphyrin’s anisotropic
ring current and shifts the proton resonances upfield. For example, protons "a’ in Figure
7. which are closer to the porphyrin plane, are shifted further uptield than protons *b’ that

. 1.14
are tarther away."'

Figure 7. AJ represents uptield shifts of the pyridine’s resonances in ppm in its '"H NMR
spectrum.

The 'H NMR spectra of all complexes 8a. 8b. and 8¢ show signtficant upfield
shifts for all hydrogen atoms of the M(pytpy).~~ core units as anticipated for protons
lying within the close proximity of the porphyrin plane (Figure 8)."'* Interestingly, the

anisotropic effect never completely disappears and extends over the entire distance
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spanned by the core unit (ca. 11 A) and is attributed to an additive effect of both
porphyrins forming the complex’s walls. As expected, the protons immediately adjacent
to the pyridine nitrogen of the core unit are the most affected and are seen to move as

much as 7.5 ppm upfield upon complexation (protons H, in Figure 8).

He
e
/'R \ },-"\\ = H
\) U“,—N____/ \ /RU ’
/ \ N [P WV
RN 7R —
=/ 6.28

| i
|

|
i
i
i
i

7 6 5 4 3 2 1 ppm

b
o
©o
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Figure 8. '"H NMR (300 MHz, [D,]acetone) spectra of [Ru(pvtpy):](PF,). 6b (bottom trace) and
triad 8b (top trace). The inset spectrum corresponds to protons H, when only one molar
equivalent of Ru(TTP)(CO)(EtOH) 4 was added showing both mono- (peaks on left) and bis-
coordination (peaks on the right) arrays. The porphyrin is represented as a simple macrocycle.

The smallest. but still significant. shielding etfect acts on the hydrogen atoms closest to

the central metal which are shifted 0.5 ppm to higher tield (protons H. in Figure 8). The

'H NMR studies revealed that, even in a competitive solvent such as acetone.
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coordination to the metalloporphyrin is strong and ligand-exchange is slow on the NMR
time scale, and sharp, unchanging peaks for the statistical mixture of non-, mono- and di-
addition products were clearly visible when only one molar equivalent of
Ru(TTPYCOXEtOH) (4) was added (Figure 8, inset). This observation is useful when
preparing complexes in situ and is utilitarian when constructing larger porphyrin arrays
because signals that correspond to the fully assembled array will be shifted the furthest

uptield. This diagnostic tool will be very usetul later in this chapter.

2.5.2.6 — Characterizations Using ESI Mass Spectrometry

The linear arrays 8a, 8b, and 8¢ were also characterized by electrospray mass
spectrometry (ESI-MS) using a CH:Cly/nitromethane solvent mixture. The peak tor the
parent cation of 8a, 8b, and 8¢ at m/z = 1136, 1159, and 1203 [M - 2X]*" (X = counter
ion PFs or BF;) was seen along with peaks corresponding to the consecutive loss of

porphyrin units. The isotopic abundance of each peak matched the calculated values of

double charged species.

2.5.2.7 - Characterizations Using IR Spectroscopy

The linear arrays 8a. 8b. and 8¢ were also characterized in the solid state using IR
spectroscopy. It should be remembered that when pyridine coordinated to
Ru(TTP)(CO)EtOH), the vco shifted from 1946 ecm™ to 1933 cm™'. For the linear arrays
8a, 8b, and 8¢, the vco shifted to 1961, 1959, and 1961 cm™ respectively. Since the vco
increases in frequency, this suggests that the amount of electron density back-bonded to
CO is reduced when the core unit coordinates to Ru(TTP)(CO).
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2.5.2.8 — Photophysical Properties of the Ruthenium(II) and Osmium(II) Triads
Initial photophysical studies show that the absorption spectra of complexes 8b
and 8c in the UV/Vis region are essentially the sum of the absorption spectra of the
triads’ constituents (only 8c and components are shown in Figure 9). This indicates that
there is an absence of strong coupling between the different units of the assemblies and

the chromophores behave independently.

N w

intensity / arbitrary units

400 500 600 700

wavelength / nm

Figure 9. Overlay of absorption spectra of the osmium(i[) array 8¢ (solid line), Ru(TTP}CO)(py)
(5) (dashed line), and the osmium core complex [Os(pytpy):}(PF,): (6¢) (dotted line).

The steady-state emission properties of the triad complexes, however, differ
greatly tfrom those of their building blocks. In order to evaluate the photoemission
properties ot each of the triads™ building blocks without complications from other
luminescent species, the triads composed of the two different core units 6b and 6¢ were

investigated independently.
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The osmium core unit 6c phosphoresces from its triplet excited state at room
temperature in CH;Cl,"* but the phosphorescence of the triad 8¢ is significantly
quenched (trace (b) and (c) in Figure 10 respectively). Here, the substantial reduction in
phosphorescence intensity of the core unit on going from 6c¢ to 8¢ can most likely be
ascribed to ligation-induced quenching, where the porphyrin is acting as a Lewis acid for
the monodentate pyridine of 6c. This claim is supported by the complete luminescence
quenching ot 6¢ upon in situ protonation with two equivalents of trifluoroacetic acid,
although, at this stage, intramolecular triplet energy transfer trom the core complex to the

porphyrin cannot be completely ruled out.'®

o 12 ;

c (a)

P

©

g o

[4v]

>

7]

< (b)

QD

g 4

< |

o ’

@ ()

£ L0

® 0 . . . _
675 700 725 750 775

wavelength / nm

Figure 10. Emission spectra of CH:Cl. solutions of the osmium(II) series (a) [Os(phtpy):](PFs)-
(7¢) (Aex = 670 nm), (b) [Os(pytpy)2](PF,): (6¢) (Aex = 670 nm), (¢) Osmium(Il) array 8¢ (Aex =
670 nm). All spectra were run in dry deoxygenated solvent.
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The lack of room temperature photoemission of the bis(terpyridine)ruthenium
core unit 6b enabled the study of the porphyrin unit, which shows substantially weaker
phosphorescence intensity at room temperature in comparison with the osmium core unit
6¢.'” Again, significant phosphorescence quenching was observed for triad 8b in
comparison with the free pyridine-coordinated porphyrin species Ru(TTP)(CO)(py) (5)

(trace (¢) and (a) in Figure 11 respectively).
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Figure L1. Emission spectra of CH:Cl; solutions of (a) Ru(TTP)}CO)py) (5) (A = 530 nm), (b)
2:1 mixture of 5 and [Ru(phtpy):](PF,)2 (7b) (A« = 530 nm), (¢) Ruthenium(Il) array 8b (A, =
530 nm). All spectra were run in dry deoxygenated solvent.

In order to rule out the existence of intermolecular phosphorescence quenching
between non-coordinated chromophores, the phenyl analog of 6b, [Ru(phtpy):}*~ (phtpy

= 4’-phenyl-2,27:6°,2" -terpyridine) 7b. which cannot axially coordinate to the

metalloporphyrin, was examined. There was no observable intermolecular quenching of
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the excited state of porphyrin chromophore § when treated with two molar equivalents of
7b, clearly indicating that the luminescence quenching occurs only when the
metalloterpyridine complex is intimately coordinated to the porphyrin (trace (b) in Figure
11). The conclusion that can be drawn from these observations is that there is effective
electronic communication between chromophores within the assembled triad. A possible
explanation for the luminescence quenching is that photoinduced electron transter occurs
from the metalloporphyrins to the core complex, followed by non-radiative decay of a

charge-separated species.'”'®®
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2.6 — Tetrahedral Axially Coordinated Metalloporphyrin Arrays

This section of the thesis describes the formation of novel tetrahedral
multicomponent arrays through the self-assembly of a central bis(bipyridyl) transition
metal complex linking four metalloporphyrins via axial coordination. Initially, the design
and synthesis of the important building blocks of the tetrahedral array will be described.
Following this, the probing of the self-assembly studies using '"H NMR spectroscopy will
be discussed. Revealed in these studies is the importance of having a properly matched
ligand/metal pair. which plays a critical role in the stability of the core complex and. thus,
the resulting porphyrin array. It is because of this component-matching that only one
tully-assembled tetrahedral array can be isolated as an air-stable solid and characterized
by 'H NMR spectroscopy, UV/Vis spectroscopy, IR spectroscopy, ESI mass

spectrometry, and C NMR spectroscopy.

2.6.1 - Transition Metal Complex Design for Tetrahedral Templates

In order to extend the metal coordination strategy into the third dimension, the
divergent central tetrapyridyl copper(l) chelating ligand dpybpy (dpybpy = 4.4°-di(4""-
pyridyl)-2,2"-bipyridine, 9)'* was examined (Figure 12). All molecular models of the core
complexes and arrays presented in this section were adapted from the crystal structure of
the pyridyl adduct of tetraphenylporphyrin ruthenium(ll) carbonyl and the
bis(bipyridyl)copper(l) compiexes. Both of these structures can be found in the

Cambridge Structure Database and were used as is. As in the case of the terpyridyl
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complexes described in last section of the thesis, the molecular models were created by
simply connecting the metalloporphyrins’ coordinated pyridine ligands to the pyridines of
the bis(bipyridyl) transition metal complex in the appropriate para-positions. In the
absence of crystal structures of the tetrahedral arrays, these molecular models provide a

good representation of the overall topology of the tetrahedral arrays.

AN ~2< d

ey <

tetrahedral template

(O =ca® O=c O =N

Figure 12. Design layout of the tetrahedral template highlighting the four divergent axial
coordination sites provided by ligand 9 and Cu(l).

The central diimine nitrogens of the ligand 9 can chelate Cu(l) to position the terminal o-

donating nitrogens into an extended tetrahedral geometry that can axially coordinate to

four units of Ru(TTP)(CO)(EtOH) (4) (Figure 12).
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2.6.2 - Results and Discussion

2.6.2.1 — Self-Assembly Synthesis of a Tetrahedral Porphyrin Array
Muitigram quantities of the central dpybpy ligand (9) were conveniently prepared
following a literature procedure in one step using a palladium catalyzed dehydrogenative
coupling of 4,4 -bipyridine (Equation 3).'®
~NA N e

150°C

9 (75%)
Equation 3.
The tetrahedral core complex [Cu(9)2]PF¢ (10) was generated in situ by reacting 9
with [Cu(CH;CN)JPF, in a 2:1 molar ratio in deuterated nitromethane at room
temperature until the desire core complex was evident by 'H NMR spectroscopy (Scheme

7).

[Cu(CH;CN),JPFg 4
_— —_—
CD,;NO,, RT CD;NO,, RT
9 10 11

Scheme 7. The porphyrins’ tolyl substituents and double bond representations have been omitted
for clarity.
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It is especially attractive to use [Cu(CH;CN);]PFs as the source of the central
transition metal because the metal-ligand bond is labile, eliminating extra synthetic steps
to prepare the core complex. Because the core complex can be generated rapidly and
with minimal side reactions, it can also be generated in situ and the self-assembly
pathway can be monitored using 'H NMR spectroscopy. With this in mind, ligand 9
must undergo a conformation change in order to bind Cu(l) and this change in
conformation was monitored by comparing the initial positions of the resonances for the
uncomplexed ligand with the '"H NMR spectra generated in situ. However this was a
ditticult task because the spectra were complicated by the production of extremely broad
resonances. The broad signals might be a resultant of three possibilities: 1) an oxidation
of diamagnetic Cu(l) to paramagnetic Cu(ll), 2) a ligand exchange process, or 3) polymer
formation via the involvement of the divergent pyridines. Instead of isolating the
tetrahedral core complex, the tully-assembled tetrahedral array 11 was immediately
prepared by the addition of tour equivalents of Ru(TTP)(CO)(EtOH) (4) directly to the
NMR sample (Scheme 7). Signals that are diagnostic, although extremely broad, for
axial coordination include the protons of the core unit which are significantly shielded as
they lie directly over the porphyrin’s anisotropic ring current. Another, and perhaps the
most convenient, testament to successtul axial coordination is the appearance of signals
corresponding to the cthanol that is released from Ru(TTP)(CO)(EtOH) upon
complexation. But in this case, complexes 10 and 11 could not be isolated even when
rigorously anhydrous and anaerobic conditions were maintained. Use of anhydrous and

anaerobic conditions should eliminate the amount of Cu(l) oxidized to Cu(ll). This was
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not the case, however, and the results suggest that the ligand was improperly designed to

bind Cu(l). This ligand/metal pair mismatch is discussed in the next section.

2.6.2.2 - Stabilized Bipyridine Complexes of Copper(l)

All difficulties encountered in attempting to isolate the core fragment 10 and the
tetrahedral array 11 can be attributed to improper metal/ligand pairing between Cu(l) and
dpybpy which influences the complex’s stability. It has been suggested that this
metal/ligand pair will often result in Cu(l) complexes of low stability that are prone to
oxidation of the metal ion."® This instability is most likely due to the absence of bulky
non-coordinating groups adjacent to the diimine nitrogen atoms on the ligand.'” In the
absence of these substituents, the Cu(l) metal atom can be accessed by a Lewis base trom

an axial approach resulting in a distortion of the initial tetrahedral geometry to square

pyramidal (Figure [3).

geometric distortion

tetrahedral copper(l) square pyramidal copper(ll)

Figure 13. Schematic representation of the geometric distortion of copper(I) that promotes the
oxidation of copper(l) to copper(II).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This distortion promotes the oxidation of the diamagnetic '’ Cu(l) to paramagnetic &
Cu(lI) species. Considering the Lewis base strengths of all species in solution, the axial
site was more than likely being accessed by the terminal pyridines of the ligand (DN =
33.1) and not the nitromethane solvent (DN = 2.7) molecules.® In the presence of bulky
non-coordinating groups in the 6,6’-positions on the bipyridine ligand, the axial site is
blocked and the geometric distortion is prevented because severe inter-ligand repulsions

occur which prevent this process (Figure 14)."

geometric distortion

tetrahedral copper(l) square pyramidal copper(ii)
Figure 14. Schematic representation of preventing the solvent assisted oxidation of copper(l) to
copper(ll).
To overcome the ligand/metal pair mismatch described for the core complex 10,
the unknown bis(phenyl)bipyridine ligand 15 was synthesized (Scheme 8).
Cyclocondensation of the known ketopyridine with |-cyanomethylpyridinium iodide®
using the protocol described by Krohnke afforded gram quantities of the

acetamidobipyridine 12."' The acetamide was hydrolyzed with 48% hydrobromic acid
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into the known amine salt 13,” which was cleanly converted to bromide 14 usin
y g

Sandmeyer conditions followed by nickel(II)-catalyzed coupling to yield the final

tetrapyridine 15.'

l " | N
Z ® # =
\ NW NH,OAc, AcOH
X -
@ + - =
| % 07 Ph reflux ﬁ ~ |
N H5C N~ ~Ph
H
12
(75%)
| s I s
Z =
1) 48% HBr, .
. | Bl'z. -10°C . | NICIz, pPh3
x> N Nal, Zn,
HNTON e BTENOz B SNTYPR THE s0%c
HBr
14
(72%)
Scheme 8.

48% HBr, EtOH

-

reflux

=

z

o |
HN" "N” “Ph
HBr

13
(95%)

15
(75%)

The in siru generation of the tetrahedral core complex [Cu(15).]PFs was

monitored using 'H NMR spectroscopy when ligand 15 was reacted with

[Cu(CH;3;CN)4]PFs in a 2:1 molar ratio in deuterated nitromethane. Surprisingly, instead

of suggesting the clean conversion into the Cu(l) complex, the resulting spectrum

consisted of broad signals. Also, the expected change in color from colorless to red-

brown which is evidence for proper Cu(l) chelation. did not occur. Instead, the reaction

produced a light green solution containing a green precipitate.

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In order to determine the origin of these unexpected problems concerning the
stability of the tetrahedral complex using this suitably substituted bipyridine, the known
tetraphenylbipyridine 16 analog was synthesized (Equation 4).'' By following the
protocol described by Krohnke, the conjugate addition of a pyridinium ylide to the bis-
o,B-unsaturated carbonyl compound afforded gram quantities of the tetraphenyl-

bipyridine 16.

* | N =
O P I P . ~ NquAC, ACO_"L / N / /
0 O g reflux —
; O O
16

(63%)

Equation 4.

When subjected to the same protocol as already described for the formation of the
tetrahedral complex [Cu(15):]PFs, ligand 16 readily reacted with [Cu(CH;CN);]PFs
producing a red-brown solution which supports the formation of the tetrahedral Cu(l)
complex [Cu(16):]PFs. The higher stability of complex [Cu(16):]PFs provided single
crystals suitable for X-ray analysis shown in Figure 15. The structure confirms the
anticipated bis-ligand formulation of the Cu(I) complex. The structure also reveals that,
in the solid state, the copper(I) complex adopts a distorted tetrahedral geometry
(pseudotetrahedral). Each bipyridine ligand coordinates in a bidentate manner via the
pyridines, but the dihedral angle between the planes defined by copper and each set of

bipyridyl nitrogens is ca. 65°, and is far from being perpendicular.
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Figure 15. Molecular structure of [Cu(16):]PFs in the crystal. Non-hydrogen atoms are
represented by Gaussian ellipsoids at the 20% probability level.

The distortion is partly due to how the bipyridine ligands impose small bite angles
for the two N-Cu-N chelates of ca. 82°, which causes the other N-Cu-N angles to vary
between 103° and 132° (Figure 16). These angles force a geometry around Cu(l) that is
appreciably distorted from regular tetrahedral, at least in the solid state, and the distortion

allows potential access to the metal center by incoming ligands.

Figure 16. Sclected bond angles of the distorted tetrahedral complex [Cu(16).]PF;.
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The pronounced distortion and greater stability of complex [Cu(16):]PFs also
stems from multiple intramolecular face-to-face aryl interactions between aryl-aryl and
aryl-pyridyl rings. These interactions compress the dihedral angle but also prevent Cu(l)
oxidation by blocking the axial approach, and to a greater extent, prevent further
distortion of the complex. In light of this, the problems encountered with ligand 1§
suggest that the terminal pyridines on the ligand were initially coordinating to
[Cu(CH;CN),]PFs before the diimine portion could properly form the stable chelated
copper(l) complex. In order to support this observation, the unknown protected
bis(methyl)-bipyridinium 17 was synthesized and isolated as the hexafluorophosphate
salt (Scheme 9). The methylated ligand effectively removes the terminal pyridine
fragments from coordinating to copper(I). The protected ligand readily reacted with
[Cu(CH;CN);]PFs in deuterated nitromethane to form the stable [Cu(17).](PFs)s complex

(Figure 17).

“ He D 2PFs
| P N
’l\lﬁf‘* 1) Mel, CHCN Cu(CH,CN):PFg
: | 2) NHLPFQ CO,NO,, RT
I X
2N g"CH:,
15 17 17a

Scheme 9.

The higher stability of the Cu(I) complex of ligand 17 is highlighted using 'H

NMR spectroscopy by the immediate formation of the desired pseudotetrahedral complex
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when only 0.25 molar equivalents of [Cu(CH3CN)s]PF¢ was added (Figure 17). After the
addition, the signals are sharp, unchanging, and the only product that is formed is the bis-
coordinated Cu(l) complex. The chemical shifts of the signals for complexed and
uncomplexed ligand are easily distinguished which account for fourteen aromatic
resonances in the spectrum. Also revealed are the face-to-face m-stacking interactions

centred on the phenyl rings as these signals are shifted 0.5 ppm upfield.

3.0 3.9 3.0 7.5 7.0 6.5 6.0 5.5 5.0 ppm

Figure 17. '"H NMR (500 MHz, [D¢]nitromethane) spectra of 17 (bottom trace), 17 + 0.25 molar
equivalents [Cu(CH;CN),]PF,s (middle trace), and 17 + 0.5 molar equivalents [Cu(CH;CN);]PF,
(top trace) at room temperature. A molecular model highlights the important face-to-face n-
stacking interactions of ligand 17 and which are labeled with arrows (inset).

Having a better understanding of the cocrdination algorithm of ligand 185, the final

tetrahedral array 18 could be formed and isolated as a purple air-stable solid following a
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one-pot protocol. The previous observations suggested that the terminal pyridines were
involved in the coordination algorithm of ligand 15 and to copper(l). Therefore, pre-
assembling the ruthenium porphyrin units onto the terminal pyridine nitrogens prior to
assembling the final array will effectively protect these nitrogens and prevent their
coordination to copper. Thus, treatment of 15§ with two molar equivalents of
Ru(TTP)(CO)}EtOH) (4) followed by 0.5 molar equivalents of [Cu(CH;CN),;]PFs
immediately formed assembly 18 in greater than 95% yield (Scheme 10 and Figure 18).
The synthesis of the copper(l) pseudotetrahedral array also exemplifies the power of self-
assembly synthesis to limit additional synthetic steps and rapidly form products in high
yields. The addition of pentane to a concentrated dichloromethane solution containing 18

precipitated the fully assembled array.

18
(95%)

Scheme 10. The porphyrins’ tolyl substituents and double bond representations have been
omitted for clarity. CuPF; is used as an abbreviation for the copper(I) source [Cu(CH;CN),]PF.
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10 9 8 7 6 S 4 3 2 1 ppm

Figure 18. 'H NMR (400 MHz, CD-Cl.) spectra of 1S + 2 molar equivalents
Ru(TTP)Y(CO)XEtOH) (4) (bottom trace), and after the addition of 0.5 molar equivalent
[Cu(CH;CN))PFs (top trace) at room temperature. Peak assignments correspond to the atom
labels in Scheme 10. The symbol t refers to free Ru(TTP)(CO)(EtOH) and the symbol ¥ refers to
residual pentane in the sample.

The copper(l) binding event results in the shifting of the resonances due to the
central core complex (protons H,, Hy, He, Hy, and H, in Scheme 10) into a visible region
of the spectrum that are well separated from neighboring signals. Their final chemical
shifts result from a combination of three effects: 1) the bond rotation around the central
2,2’-bipyridine and, thus, the breaking of two C—Hee*N hydrogen bonds between the
3,3’-hydrogens and the imine nitrogens (Equation 5), 2) the additive effect of the
anisotropic ring currents of the four metalloporphyrins that point towards the core of the
complex (Figure 19), and 3) the introduction of multiple face-to-face n-stacking effects
between the flanking aromatic rings. The combination of these three effects results in

shifting all of the signals for the core complex uptield from their original chemical shifts.
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Figure 19. The additive anisotropic ring currents directed into the core tetrahedral template. The
porphyrins’ tolyl substituents have been omitted for clarity.

Interestingly, the air-stable copper complex [Cu(15):](PFs) can be isolated and
characterized further as the porphyrin caps are cleaved from the core fragment by adding
four molar equivalents of a Lewis basic solvent such as pyridine. This observation lends
support to the argument that the inability to prepare the core unit directly is due to the
terminal monodentate nitrogen atoms.

[n light of the copper(I) metal binding studies, the inability to directly prepare the
core unit [Cu(9)2]” and [Cu(15)2]" can be attributed to competitive binding events

between the monodentate and the chelating nitrogen atoms of these ligands. It is also

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



well known that phenanthrolines derivatives have a higher tendency than bipyridine
ligands towards forming chelate complexes with copper(I).'> The lower affinities in the
case of bipyridine ligands are a result of the additional bond rotation around the
2,2’~-bond required for these ligands to form the proper chelate pocket. Coordination to
the divergent monodentate pyridines, before the 2,2’-bond rotation, can result in forming
polymeric species [Cun(9)n]"" and [Cua(15)s]"" which effectively remove copper from the

binding algorithm (Scheme 11).

[

o= D =Cu ~ ~7
4\ — e @
& e

Scheme 11. The unproductive binding algorithm of ligand 15. Only one of the terminal pyridines

of ligand 1S is represented in the molecular model. The brick-walled atom type refers to the rest
of ligand 18.

Alternatively, the formation of tetrakis-, pentakis-, or hexakis-coordination
compounds will result in the direct oxidation of copper(l) to copper(Il) (Scheme 12). The
reasoning follows that if tetrakis-coordination compounds were formed first through the
monodentate pyridines, the metal atom would not be protected against subsequent ligand
attacks. The additional attacking ligands can distort the complex and promote the

oxidation of &'’ copper(l) to d’ copper(ll). The presence of these competitive reactions
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reduces the amount of the desired chelated copper(I) compound formed. The addition of
phenyl appendages does, in fact, greatly enhance the stability of the copper(l) complexes
as the coordination compounds based on ligands 16 and 17, which lack the monodentate
Lewis-basic sites, are rapidly formed. For these two ligands, the phenyl rings fully
enclose the metal and prevent an axial approach by coordinating solvent molecules which
invoke the distortion from tetrahedral to square pyramidal resulting in a solvent-assisted

oxidation of copper(I) to copper(Il).

F{:_j_" = P c:
= -~ S ; 4Ty S :
N T {7 35 A
~ v S ~ Rt 23 e SO \\,U[i L
P Ty St g
o - R o foren s
\g.jo ot _E; _— 7\'_‘ \h‘:»__: _.Y.f} f‘\,\ *J =
8 W{ R
= £ L

'O =CU(1) O =C O:N

Scheme 12. The unproductive binding algorithm of ligand 15. Only one of the terminal pyridines
of ligand 15 is represented in the molecular model. The brick-walled atoms refer to the rest of
ligand 15.
2.6.2.3 — Characterization Using ESI Mass Spectrometry

The tetrahedral array 18 was also characterized by electrospray mass spectrometry
(ESI-MS) using a CH,Cly/nitromethane solvent mixture (Figure 20). The peak for the
parent cation at m/z = 4180 [M - PFs]” was seen along with peaks corresponding to
consecutive loss of porphyrin units (m/z = 3383, 2584, and 1789). The isotopic
abundance of each peak displayed the typical 1.0 peak separation of singly charged

species.
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Figure 20. ESI mass spectrum of [Cu(15)(TTP);]” in CH.Cl./nitromethane.

2.6.2.4 - Characterization Using IR Spectroscopy

The pseudotetrahedral array 18 was also characterized in the solid state using IR
spectroscopy. Recall that when pyridine coordinates to Ru(TTP)(CO)(EtOH) the vco
shifted from 1946 cm™ to 1933 cm™'. In the case of the tetrahedral array 18 the vco
shifted to 1950 cm™'. Since the vco increases in frequency. this suggests that the terminal
pyridines on the core complex [Cu(18):](PFs) reduce the amount of electron density

back-bonded to CO when they coordinate to the ruthenium(Il) metal in Ru(TTP)(CO).

2.6.2.5 — Characterization Using UV/Vis Spectroscopy

[nitial photophysical studies show that the absorption spectra in the UV/Vis

region of assembly 18 are essentially the same as the pyridyl adduct § (only 18 and
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Ru(TTP)Y(CO)py) (5) are shown in Figure 21). In order to compare the absorption
spectra of the array and the arrays’ constituents, the UV/Vis spectrum of the core
complex is required. A complete comparison of the arrays’ constituents was not made
because an appropriate method to readily isolate the core complex of assembly 18 was
not fully investigated. These results seem to indicate that there is an absence of strong
coupling between the different units of the structure and the chromophores behave

independently.

w
tbsne— 433

N

-
"

intensity / arbitrary units

300 400 500 600 700
wavelength / nm

Figure 21. Overlay of absorption spectra of the pseudotetrahedral array 18 (solid line) and
Ru(TTPYCO)(py) (5) (dotted line) in dry deoxygenated dichloromethane. Both spectra are
normalized to have the same porphyrin concentration of 1.45 x 10~ M.
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2.7 -Octahedral Axially Coordinated Metalloporphyrin Arrays

This section of the thesis describes the formation of novel octahedral
metalloporphyrin arrays originally used to model the metal-directed templated synthesis
of a porphyrin cube. The octahedral arrays are formed around two different central
tris(bipyridyl) transition metal complexes of iron(Il) and ruthenium(ll) linking six
metalloporphyrins via axial coordination. Initially, the design and synthesis of the
important building blocks of the arrays will be described. After this description, the self-
assembly studies, probed using 'H NMR spectroscopy, will be discussed. Highlighted in
this discussion is how the iron(Il) arrays are constructed from their constituent parts in a
one-pot procedure which follows a metal-directed self-assembly template synthesis.
Included in this discussion is a comparison of the rates of octahedral array formation that
incorporate the tris(bipyridyl)ruthenium(ll) core complex using two different
ruthenium(II) carbonyl metalloporphyrins. Also included in this section, are the initial
photophysical properties of two different tris(bipyridyl)ruthenium(Il) octahedral arrays.
The results suggest that energy transfer may occur between the arrays’ components
because, after excitation, emission from the two octahedral arrays is detected. These
arrays behave quite ditferently from their linear array counterparts. The fully assembled
octahedral arrays are isolated as air-stable solids and characterized by 'H NMR

spectroscopy, UV/Vis spectroscopy, IR spectroscopy, ESI mass spectrometry, and °C

NMR spectroscopy.
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2.7.1 - Transition Metal Complex Design for Octahedral Templates

A ligand displaying multiple, divergent Lewis basic sites that provides a means to
extend the metal coordination self-assembly strategy to the third dimension is the already
described tetrapyridyl ligand (4,4’-di(4’’-pyridyl)-2,2’-bipyridine, 9)'8 (Figure 22). This
ligand was not suited to form stable tetrahedral copper complexes as explained in the
previous section, but is well suited to generate stable iron(II) and ruthenium(Il)
octahedral complexes. The resulting tris(bipyridyl) octahedral template positions six
Lewis basic lone pair vectors as extensions of the central metal-ligand complex’s

geometry and can axially coordinate to six metalloporphyrins.

octahedral template

O =M, Fe or Ru™ =C () =N

Figure 22. Design layout of the octahedral template.
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All molecular models of the core complexes and arrays presented in this section
were adapted from the crystal structure of the pyridyl adduct of tetraphenylporphyrin
ruthenium(il) carbonyl and the tris(bipyridyl) octahedral complexes. Both of these
structures can be found in the Cambridge Structure Database and were used as is. As in
the case of the bipyridyl and terpyridyl complexes described in the previous sections of
this thesis, the molecular models were created by simply connecting the
metalloporphyrins’ coordinated pyridine ligands to the pyridines of the tris(bipyridyl)
transition metal complex in the appropriate para-positions. In the absence of crystal
structures of the octahedral arrays, these molecular models provide a good representation

of the overall topology of the octahedral arrays.

2.7.2 — Results and Discussion

2.7.2.1 - Synthesis of the Transition Metal Core Complexes

The known octahedral ruthenium core unit 19 was prepared by heating
Ru(DMSO),Cl; or RuCl;exH-O with three molar equivalents of 9 and was isolated as its
hexafluorophosphate salt (Scheme 13).> The chloride counterions were exchanged by
pouring the ethylene glycol solution into water and then adding a methanolic solution
containing ammonium hexafluorophosphate, which precipitates the crude product which
was collected by filtration. The complex was purified using column chromatography
through silica gel eluting with a mixture of water-acetonitrile-saturated potassium nitrate

(7:1:2) affording an orange solid.
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Scheme 13.

The known iron(ll) core complex 20 was prepared in one step by adding
Fe(BF,;)2*6H:0 to three molar equivalents of ligand 9 in methanol at reflux (Equation
6).'® Again, the lability of iron(ll) tetrafluoroborate produces a diagnostic and immediate
change in color from colorless to red signifying the formation of the desired core

complex.

(BF:)2
N
Fe(BF;),*6H,0, N l _ I
methanol, reflux ] =
/ 1l
Sy

(72%)
Equation 6.
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2.7.2.2 — Synthesis of Another Metalloporphyrin

In order to provide insight into the nature of the self-assembly process and how
the size of the building blocks affect the process, the smaller octaethylporphyrin (21) was
prepared according to known methods described by Dolphin (Scheme 14).” Following
this procedure, diethylmalonate was first converted into the ethoxymagnesium salit and
then reacted with propionyl chloride, all in the same reaction vessel, to give
diethylpropionyl malonate. This crude product was subject to steam distillation, which
produces a mixture of the desired ethylpropionylacetate and diethylmalonate in a ratio of
80:20. This mixture was then converted, in the same pot, into the corresponding oximes
and reacted with 2,4-pentanedione following the standard Knorr procedure to produce a
mixture of pyrroles.”* The desired acetylpyrrole was isolated as a mixture of two pyrroles
and reduced with diborane. The unreactive dimethylpyrrole was removed during work-
up as it was converted and extracted into water as the Mannich base. The diethyipyrrole
was then treated with bromine followed by diethylamine to give the pyrrylmethylamine.
This heterocycle was finally converted into its potassium salt and then treated in situ with
an excess of acetic acid at reflux with a stream of air to give octaethylporphyrin (21). The
known metalloporphyrin Ru(OEP)(CO)(EtOH) (OEP = 2,3,7,8,12,13,17,18-
octaethylporphyrinato dianion, 22)*° was prepared using a modified procedure of an
earlier report by heating three molar equivalents of Ru;CO,2 with one molar equivalent of

21 in phenol at reflux (Scheme 14).
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Chromatographic purification was carried out through basic alumina (activity II-III) by
sequentially changing the eluting solvents from dichloromethane to dichloromethane
/ethanol (up to 95:5) which afforded the metalloporphyrin ethanol adduct. The labile
ethanol ligand was replaced by adding pyridine to a dichloromethane solution containing
Ru(OEP)(CO)(EtOH). Removal of the solvent and recrystallization from hexane
afforded the known pyridine adduct Ru(OEP)(CO)(py) (23) in nearly quantitative
yield.m When pyridine was coordinated to Ru(OEP)(CO)(EtOH), the vco shifted from
1936 cm™ to 1934 cm™.? Since the vco remains relatively the same, this suggests that
the pyridine removes approximately the same amount of electron density that it adds

when it coordinates to the ruthenium(Il) metal in Ru(OEP)(CO).

2.7.2.3 —Synthesis of the Ruthenium(II) Octahedral Arrays

Arrays 19(TTP) and 19(OEP) were synthesized by treating the core template 19
with six equivalents of Ru(TTP)(CO)EtOH) (TTP = 4) and Ru(OEP)YCO)(EtOH) (OEP
= 22), respectively, in acetone with gentle heating (Scheme 15). Arrays 19(TTP) and
19(OEP) were isolated as air-stable red solids in greater than 90% yields by adding
pentane to concentrated dichioromethane solutions, which precipitated the fully

assembled arrays.
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Scheme 15. The porphyrins’ substituents and double bond representations have been omitted for
clarity.

Both arrays exhibit significant upfield shifts of the signals in their 'H NMR
spectra corresponding to the protons on the core unit which are completely surrounded by
the shielding cones of as many as six porphyrin building blocks (Figure 23). The most
significant shift corresponds to the protons directly adjacent to the axially directed

nitrogen atoms (Ad as much as 8.1 ppm upfield) as it is these hydrogen atoms that are
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buried deepest within each porphyrin's shielding cone and experience the greatest

anisotropic effect.”’
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I~ — —
3 u. = R u. =
N3 l — F1 — R
R R
| AN Hb Ad=-7.4 | N\ Hb Ad=-8.1
= 4
Ha as=—27 Ha \s=-3.2

R = ‘Q—CH3 R = CHzCHg

Figure_l 23. Characteristic upfield shifts for pyridy! protons labeled *b’ and *d’ from this thesis
work.’

There is also an apparent difference in the additive effects of the two different
metalloporphyrins® anisotropic ring currents on the octahedral core with greater upfield
shifts observed for 19(OEP) than for 19(TTP) (protons labeled ‘b’ and *d’ in Figure 23).
This phenomenon can be attributed to the differences in the electron density located on
the porphyrin ring and, hence, on the metal.' X-ray structure determinations of meso-
phenyl substituted metalloporphyrins have generally shown that the phenyl rings adopt
90° angles to the porphyrin plane.” In solution, the aromatic meso-substituents are
rotationally restricted and electron density is removed away from the metal and the
porphyrin ring system through moderate n induction and conjugation.zs Thus, the electron
density of the octaethylporphyrin is not removed and is largely centered on both the ring

and on the metal and a stronger anisotropic ring current is produced.
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The most notable feature of the self-assembly process arises from the steric bulk

expressed by the porphyrinic building blocks and is highlighted by the different rates at

which 19(TTP) and 19(OEP) form in solution (Figure 24).

(d)

2+ ; il
(PFs )2 b I &
“ V i
c
Ru a e IH- 1 \-&
3 ] | | 1 | ] 1
90 80 70 60 50 1.0 ppm

Figure 24. 'H NMR (300 MHz. [D,]acetone) spectra of (a) 19, (b) 19 + 6 equivalents
Ru(TTPYCO)(EtOH) (4) before and (c) after heating at 45°C for 2 h, and (d) 19 + 6 equivalents
Ru(OEP)CO)EtOH) (22) at room temperature.

'H NMR studies of 19(TTP) reveal that the self-assembling process is slow on
the NMR time scale and sharp peaks for the statistical mixture of fully assembled and

lower-generation arrays were clearly visible even when six molar equivalents of
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Ru(TTP)(CO)EtOH) (4) were added (Figure 24b). Only upon heating to 45°C did the
spectrum simplify to signals that correspond to 19(TTP) alone (Figure 24¢). On the other
hand, despite the fact that the ruthenium atom in the octaethylporphyrin is a weaker
Lewis acid," complex 19(OEP) assembles at a significantly greater rate than 19(TTP) as
illustrated by the immediate appearance of major signals for the fully assembled array
(Figure 24d). The octaethylporphyrin is less Lewis acidic because it contains four
electron-rich pyrroles and lacks meso-substituents. Thus, the electron density of the
octaethylporphyrin is not removed and is largely centered on both the ring and on the
metal. Based solely on Lewis acidity, it might be expected that the TTP array would
form faster than the OEP array. However, the Lewis acidity differences contradict the
observed rates by which the arrays 19(TTP) and 19(OEP) form and these phenomena
can be attributed to the relative steric bulk of the tolyl and ethyl groups.

The need to input additional energy in the case of 19(TTP) can be explained by
the fact that the tetratolylporphyrin traces out a circle of a diameter that is significantly
larger than that inscribed by the octaethyl analog (18.5 A vs 12.7 A) (Figure 25a). The
result is that the CH3- groups on the phenyl ring overlap with those on adjacent porphyrin
rings in 19(TTP) (Figure 25b). Molecular modeling also revealed that these steric
interactions are not equally shared between the six porphyrins. Since bipyridine ligands
have small bite angles, this places porphyrins on the same ligand closer together than
those on adjacent ligands (Figure 25c). Based on information from the self-assembly
studies and molecular modeling, the construction of arrays with larger porphyrins using

this octahedral template will be difficulit.
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a)

b)

Figure 25. Molecular models of the components that highlight the (a) size restrictions of the two
porphyrins, (b) steric interactions between porphyrins on the same ligand, (c) how the distorted

octahedral template places the porphyrins in space. The porphyrins’ substituents have been
omitted for clarity.
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2.7.2.4 —Self-Assembly Synthesis of the Iron(IT) Octahedral Arrays

The octahedral iron analogs 20(TTP) and 20(OEP) were readily synthesized in
greater than 70% isolated yield in one step when a 1:2 mixture of solid 9 and solid
Ru(TTP)(CO)(EtOH) (4) or Ru(OEP)(CO)(EtOH) (22) were dissolved in an

[Des]acetone/CD:Cl> solution of Fe(BF;)2°6H,O (0.33 molar equivalents) with gentle

heating (Scheme 16).

P (EO 2+
\ BF,
~ ~ N\W‘-‘: (BF;7);
Z
3
G
N
9 Fe(BF,);*6H,0
-+ ———————
acetone
?O
N\ /N
NSy
4 0or22
20(TTP), (84%)
20(OEP), (70%)
TO
N~o -N = or
NN

Scheme 16. The porphyrins’ substituents and double bond representations have been omitted for
clarity
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The iron(II) arrays were isolated by adding pentane to concentrated dichloromethane
solutions and filtering the precipitate. Again, this particular iron synthon was chosen for
these studies because the highly labile nature of the metal’s ligands allows for the rapid
generation of the octahedral core fragment in high purity at room temperature, avoiding
the harsh conditions required to form the ruthenate counterpart. Here, ten molecular
species must organize and form twelve dative metal-ligand bonds in this assembly
pathway. It is clear that, under these conditions, the self-assembly process results from
the reading of both ruthenium and iron's inherent coordination algorithms and from the

binding information stored in ligand 9.

2.7.2.5 — Characterizations Using IR Spectroscopy

The octahedral arrays 19(TTP), 19(OEP), 20(TTP), and 20(OEP) were also
characterized in the solid state using IR spectroscopy. Recall that when pyridine
coordinates to Ru(TTP)(CO)(EtOH) the vco shifted from 1946 cm™ to 1933 cm™. For
the octahedral arrays 19(TTP) and 20(TTP), the vco of Ru(TTP)(CO) appeared at 1968
and 1953 cm™ respectively. Since the vco increases in frequency, this suggests that the
terminal pyridines on complex 19 reduce the amount of electron density back-bonded to
CO when they coordinate to the ruthenium(Il) metal in Ru(TTP)(CO). Recall that when
pyridine coordinates to Ru(OEP)(CO)(EtOH) (23), the vco shifted from 1936 cm™ to
1934 cm™. For the octahedral arrays 19(OEP) and 20(OEP), the vco of Ru(OEP)(CO)
appeared at 1942 and 1941 cm™ respectively. Since the vco increases in frequency, this
suggests that the terminal pyridines on complex 19 reduce the amount of electron density

back-bonded to CO when they coordinate to the ruthenium(Il) metal in Ru(OEP)(CO).
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2.7.2.6 — Characterizations Using ESI Mass Spectrometry

The octahedral arrays 19(TTP), 19(OEP), 20(TTP), and 20(OEP) were also
characterized by electrospray mass spectrometry (ESI-MS) using a CH.Cly/nitromethane
solvent mixture. The peak for the parent cation of 19(TTP), 19(OEP), 20(TTP), and
20(0OEP) at m/z = 2909, 2503, 2888, and 2479 [M - 2X]™ (X = counter ion PFs or BF,)
were seen along with peaks corresponding to consecutive loss of porphyrin units (a
representative mass spectrum of 19(TTP) is shown in Figure 26). The isotopic abundance

of each peak matched the calculated values of double charged species.
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Figure 26. ESI mass spectrum of 19(TTP) in CH.Cl/nitromethane.
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2.7.2.7- Photophysical Properties of the Ruthenium(II) Octahedral Arrays

The absorption spectra in the UV/Vis region of 19(TTP), 19(OEP), 20(TTP), and
20(OEP) are essentially the sums of the spectra of the arrays' constituents. This indicates
that there is an absence of strong coupling between the different units of the structure and

the chromophores behave independently (only 19(TTP) and 19(OEP) are shown in

Figures 27 and 28).
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Figure 27. Overlay of absorption spectra ot 19(TTP) (solid line), Ru(TTP)CO)(py) (5) (dashed
line), and the octahedral core complex 19 (dotted line).
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Figure 28. Overlay of absorption spectra of 19(OEP) (solid line), Ru(OEPYCO)(py) (23)
(dashed line), and the octahedral core complex 19 (dotted line).

Only the ruthenium(ll) core complexes 19(TTP) and 19(OEP) were studied by
luminescence spectroscopy because of the production of a long-lived excited state of
Ru(bpy)s;’~ type coordination compounds at room temperature (trace (b) in F igures 29
and 30).° The iron(Il) analogs, on the other hand, possess excited states that are too short
lived to monitor conveniently. Monitoring the phosphorescence of 19(TTP) and
19(OEP) can, in the presence of appropriate quenchers, be used to evaluate possible
energy and/or electron transfer processes. The excited states of metalloporphyrins are
known to exhibit photoredox behaviour involving both oxidative and reductive
quenching. Normally, ruthenium(Il) metalloporphyrins lack fluorescence at room
temperature because of strong orbital coupling provided by the metal. This leads to very
fast intersystem crossing from the singlet to the triplet state and subsequent

hosphorescence.? The spatial arrangement of the arrays’ com onents, with the core
phosp p g y P
103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



being completely surrounded by six porphyrins, may lead to efficient energy or electron
transfer processes in the assembled array. The initial steady-state emission spectra of
these complexes argue that there are significant differences between the excited states of
each array and their building blocks. In order to evaluate the photoemission properties of
each octahedral array, the arrays composed of the same core unit but with different
porphyrins were investigated independently. The solutions containing the fully assembled
octahedral arrays were “optically mismatched™ to contain less than the total concentration
of metalloporphyrin when compared to concentrations of the solutions containing
Ru(TTP)(CO)(py) (5) or Ru(OEP)(CO)(py) (23). For instance, the solutions containing
arrays 19(TTP) and 19(OEP) were prepared at 1.67 x 107° M, and since there are six
metalloporphyrins in the array, the solution had an effective total pyridyl coordinated
metalloporphyrin concentration of 1.00 x 107 M (6 x 1.67 x 10 M). When comparing
these effective total concentrations with the pyridyl adduct control solutions
Ru(TTP)(CO)(py) (5) or Ru(OEP)(CO)(py) (23), which were prepared at 1.67 x 10° M,
the arrays contained 40% less pyridyl coordinated metalloporphyrin, and are termed
“optically mismatched”. The difference in concentrations will help to evaluate the
arrays’ ability to harness the available light tor possible photoinduced electron or energy
transfer reactions. For example, if in the excited state, the arrays’ component compounds
do not communicate and behave independently, then the control solutions of
Ru(TTPYCO)(py) (5) and Ru(OEP)(CO)(py) (23) would expectantly emit more light.
Exciting the core unit 19 at 530 nm resulted in the appearance of an emission

centred at 625 nm corresponding to phosphorescence (trace (b) in Figure 29).”* Exciting
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the porphyrin unit § at 530 nm resulted in the appearance of a band centred at 725 nm

also corresponding to phosphorescence (trace (a) in Figure 29).
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Figure 29. Emission spectra of CH,Cl; solutions of (a) § (A« = 530 nm) run at 1.67 x 107 M. (b)
19 (Aex = 530 nm) run at 2.04 x 1075 M, (¢) 19(TTP) (Aex = 530 nm) run at 1.67 x 107° M. All
spectra were run in dry deoxyvgenated solvent.

However, exciting the array 19(TTP) at 530 nm resulted in the appearance of a band
centred at 625 nm that closely resembles emission from the core unit (trace (c) in Figure
29). It should be recalled that excitation of the linear porphyrin arrays 8b and 8¢ resulted
in the quenching of the porphyrins’ phosphorescence through a non-radiative process and
the inability to monitor any secondary emissions was due to the non-emissive properties
of the central transition complex at room temperature. Thus, the absence of the
porphyrin’s phosphorescence for the octahedral array can be explained by considering the

presence of a non-radiative process, but this does not account for the emission at 625 nm.

This suggests that the core unit 19 does, in fact, emit light while the porphyrins do not
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when assembled in the array. The band at 625 nm may be a result of a double electron
transfer that follows the Dexter mechanism or an energy transfer that follows the Forster
mechanism (see Chapter 1 of this thesis) between the core unit and porphyrins. Both
mechanisms can produce the triplet excited state of 19 which is protected from external
collision quenching because the core complex is completely surrounded by six
porphyrins. The tree energy for photoinduced electron transfer calculated using the
Rehm—Weller <:quation30 for 19¢(TTP) (-12.17 kcal mol™") indicates, that for a Dexter
energy transfer mechanism, the first electron transfer reaction from the porphyrin to the
core unit is thermodynamically favourable. However, a Forster type energy transfer
mechanism cannot be completely ruled out because non-zero overlap integrals between
the absorption and emission spectra of the components exist. Also because of the close
proximity of the components it is expected that there would be significant orbital overlap.
If this occurs, the intensity of the emission will depend on two competitive pathways.
One pathway proceeds through a non-productive charge recombination and the second
produces the excited state of the core.

The steady-state emission studies of array 19(OEP) showed that there exists a
dramatic difference between the excited states of the array and building blocks. Exciting
the porphyrin unit 23 at 515 nm resulted in the appearance of two intense bands at 572
and 621 nm (trace (a) in Figure 30). Exciting the array 19(OEP) resulted in the
appearance of three bands centred at 572, 621, and 666 nm (trace (c¢) in Figure 30). The
two high-energy bands overlap well with the two bands of the free porphyrin unit
Ru(OEP)(CO)(py) (23) and it is reasonable to assume that they arise from either

coordinated or non-coordinated porphyrins that are not completely quenched. In a
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suggested future study, the addition of an excess of Ru(OEP)(CO)(EtOH) (22) to the
solution of 19(OEP) may increase the intensity of the lower energy bands and would

answer whether these emissions are from coordinated or non-coordinated Ru(OEP)(CO).
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Figure 30. Emission spectra of CH,Cl, solutions (a) 23 (Aex = 515 nm) run at 1.58 x 107 M, (b)
19 (A = 515 nm) run at 2.04 x 10~° M, (c) 19(OEP) (A = 515 nm) run at 1.58 x 10° M. All
spectra were run in dry deoxygenated solvent.

The substantial reduction in intensity of the porphyrin bands originally centred at 575 and
625 nm seems to be coupled to the new emission that appears at longer wavelengths
(trace (c) in Figure 30). Taking into account the relative absorptivities and the emission
intensities of each component, this new emission can be viewed as a function of the sums
of the parts and attributed to an energy transfer between the porphyrins and the core. The
tfree energy for photoinduced electron transfer calculated using the Rehm—Weller
equation30 for 19(OEP) (-15.88 kcal mol™) indicates that for a double electron transfer

that follows the Dexter mechanism the first electron transfer reaction is
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thermodynamically favourable. However, a Forster type energy transfer mechanism
cannot be completely ruled out because non-zero overlap integrals between the
absorption and emission spectra exist. Also because of the close proximity of the
components it is expected that there would be significant orbital overlap. Again, a
possible explanation is that two electron-transfers occur between the porphyrins into low

lying d-orbitals on the core metal center, which are protected from recombination and the

array emits light efficiently.
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2.8 — Experimental

General Remarks: All solvents (Caledon) were distilled prior to use. Solvents used for
UV/Vis spectroscopy were deoxygenated by bubbling argon through the solvent. Solvents
for NMR spectroscopic analysis (Cambridge Isotope Laboratories) were used as received.
All reagents and starting materials were purchased from Aldrich. 4°-(4’°’-pyridyl)-
2,2:6°,2 -terpyridine (1),  4’-phenyl-2,2":6’,2"’-terpyridine  (2),'° 5,10,15,20-
tetratolylporphyrin 3).8 Ru(TTP)(CO)EtOH) (TTP = 5,10,15,20-
tetratolylporphyrinato dianion, 4),” [Fe(pytpy).]{BF.]: (6a),” [Ru(pytpy).][PFs]. (6b),"
and [Os(pytpy):][PFel> (6¢)" (pytpy = 4’-(4’7-pyridyl)-2,2":6",2" -terpyridine, 1),
[Ru(phtpy)]{PFe]> (7b)," [Os(phtpy)][PFs]> (7¢)'® (phtpy = 4’-phenyl-2,2°:6°,2"-
terpyridine, 2), l-cyanomethylpyridinium iodide,” 2-acetamido-6-phenyl-4,4’-bipyridine
(12),'! 2-amino-6-phenyl-4,4’-bipyridine (13),!' 4,4’:6,6’-tetraphenyl-2,2’-bipyridine
(16),'" [Ru(dpybpy);][PFsl: (19)** (dpybpy = 4,4’-di(4""-pyridyl)-2,2 -bipyridine),
[Fe(dpybpy);]1[BF,] (20)'® (dpybpy = 4,4’-di(4’’-pyridyl)-2,2’-bipyridine), 4,4’-di(4"’-
pyridyl)-2,2’-bipyridine  (9)'%,  2,3,7.8,12,13,17,18-octaethylporphyrin  (21),*
Ru(OEP)(CO)EtOH) (OEP = 2,3,7,8,12,13,17,18-octacthylporphyrinato dianion, 22).
Ru(OEPYCO)py) (OEP = 2,3,7,8,12,13,17,18-octaethylporphyrinato dianion, 23),*
and [Ru(DMSO),Cl,]*' were prepared as described in the literature. 'H NMR
spectroscopic characterizations were performed on a Varian Inova-500 instrument,

working at 499.92, on a Varian Inova-400 instrument, working at 399.96, or on a Varian
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Inova-300 instrument, working at 299.96 MHz. Chemical shifts (d) are reported in parts
per million relative to tetramethylsilane using the residual solvent peak as a reference
standard. FT-IR measurements were performed using a Nicolet Magna-IR 750 on solid
samples using a microscope unless otherwise stated. UV/Vis measurements were
performed using a Varian Cary 400 Scan spectrophotometer. Steady-state
phosphorescence spectra were recorded on a PTI spectrofluorimeter. Electrospray
ionization mass spectra were recorded on a Micromass ZabSpec Hybrid Sector-TOF with
positive mode electrospray ionization. The liquid carrier was infused into the
electrospray source by means of a Harvard syringe pump at a flow rate of 10 ul/minute.
The sample solution, in the same solvent, was introduced via a | uL-loop-injector.
Prepurified nitrogen gas was used as a pneumatic aid and filtered air as the bath gas,
heated at ca. 80°C. For low resolution, the mass spectra were acquired by magnet scan at
a rate of 5 seconds/decade at ca. 1000 resolution. For exact mass measurements, the
spectra were obtained by voltage scan over a narrow mass range at ca. 10000 resolution.
Data acquisition and processing was achieved by using the OPUS software package on a

Digital Alpha station with VMS operating system.
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4°-(4°"’-pyridyl)-2-,2":6°,2"-terpyridine (pytpy) (1)’: 2-Acetylpyridine (12.5 mL, 0.11
mol) was added dropwise to a stirred emulsion of 4-pyridinecarboxaldehyde (11 mL, 0.11
mol) in ethanol (100 mL) and aqueous sodium hydroxide solution (75 mL, 1.5 M). The
mixture was then stirred for 24 h at ambient temperature, after which period the
precipitate was collected by filtration. The light yellow solid was washed with ethanol
(25 mL). This solid was carried on to the next step without further purification. (3-
pyridacyl)-pyridinium iodide (1.6 g, 0.0049 mol), 1-(2-pyridyl)-3-(4-pyridyl)-1-
oxopropene-2-ene (0.75 g, 0.0036 mol), and ammonium acetate (6.3 g) were boiled for 3 h
in acetic acid (3 mL). The acetic acid was removed and the residue dissolved in hot
methanol. The product precipitates on cooling. Yield: 75%.

'H NMR (300 MHz, CDCl;, 22°C): 8 = 8.73 (s, 2 H), 8.71 (dd, 2 H), 8.65 (td, 2 H), 7.88

(m, 4 H), 7.48 (dd. 2 H), 7.37 (ddd. 2 H).

4’-(4>"’-phenyl)-2-,2":6’,2""-terpyridine (phtpy) (2)'°: 2-Acetylpyridine (25 mL, 0.22
mol) was added dropwise to a stirred emulsion of benzaldehyde (11 mL, 0.11 mol) in

ethanol (200 mL) and aqueous sodium hydroxide solution (150 mL, 1.5 M). The mixture
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was then stirred for 24 h at ambient temperature, after which period the precipitate was
collected by filtration. The white solid was washed with ethanol (50 mL). This solid was
carried on to the next step without further purification. A suspension of 3-phenyl-1,5-
bis(2-pyridyl)-1,5-pentanedione (0.75 g, 0.0036 mol) and ammonium acetate (6.3 g) in
acetic acid (3 mL) was heated at reflux for 3 h. The acetic acid was removed under reduced
pressure and the residue dissolved in hot methanol. The product precipitates on cooling.
Yield: 70%.

'H NMR (300 MHz, CDCls, 22°C): § = 8.75 (s, 2 H), 8.71 (m, 2 H), 8.66 (1d, 2 H), 8.30

(m, 2 H), 8.20 (m, 2 H), 7.88 (dt, 2 H), 7.68 (t, 1 H), 7.36 (ddd, 2 H).

Ru(TTP)(CO)EtOH) (4)°: Meso-tetratolylporphyrin  (0.500 g, 0.746 mmol) and
triruthenium dodecacarbonyl (0.750 g, 1.17 mmol) were heated in phenol (2.0 g) at reflux
for 45 min. The solution was then cooled and EtOH (1 mL) was added. The crude
product was precipitated by the addition of water then collected by vacuum filtration and
washed with water. The residue was chromatographed through Alumina (neutral, activity

[I-1IT) eluting tirst with CH-Cl. and finally with a mixture of EtOH/CH,Cl, (5/95) which
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removed a red band. The red band was concentrated to dryness to give a red solid which
was recrystallized from ethanol. Yield: 0.456 g (73%).

'H NMR (300 MHz, CD-Cl,, 22°C): § =8.72 (s, 8 H), 8.09 (d, J/=7.8 Hz, 4 H), 7.75 (d,
J=17.8 Hz, 4 H), 7.56 (d, /=8.5 Hz, 4 H), 7.54 (d, /=8.1 Hz, 4 H), 2.69 (s, 12 H), 0.49 (bs,
3 H), -0.48 (bs, 2 H); °C NMR (125.7 MHz, CD:Cl,, 22°C): § = 182.2, 144.5, 139.8,
137.6, 134.5, 134.3, 132.0, 127.7, 127.6, 122.4, 21.6; Selected IR (microscope): v = 1946

(CO)em™.

Ru(TTP)(CO)(py) (5): Ru(TTP)(CO)EtOH) (4) (25 mg, 0.031 mmol) was dissolved in
CH5Cl; (5 mL) and pyridine (0.5 mL) was added. The solution was evaporated to
dryness under reduced pressure and hexanes (5 mL) was added, the residue was sonicated
and then filtered then washed with hexanes. Yield: 26 mg (98%).

'H NMR (500 MHz, CD:Cl,, 22°C): § = 8.64 (s, 8 H), 8.09 (dd, /=2.0, 7.5 Hz, 4 H),
7.92 (dd, /=2.0, 7.5 Hz, 4 H), 7.55 (d. /=8.0 Hz, 4 H), 7.50 (d, J=8.0 Hz, 4 H), 6.13 (tt,
J=1.5, 7.5 Hz, 1 H), 5.23 (dd, J=1.5, 5.5 Hz, 2 H), 1.50 (dt, J=1.5, 5.5 Hz, 2 H), 2.69 (s,
12 H); UV/Vis (CH3Cly): Amax / nm (log € / M~'em™) = 238 (4.66), 312 (4.29), 414 (5.36),

534 (4.23), 568 (3.66); Selected IR (microscope): v = 1933 (CO) em™.
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Fe?*

2 BF,

- 2
[Fe(pytpy):|[BF;); (6a)’: To a hot solution of pytpy (1) (120 mg, 0.387 mmol) in
methanol (5 mL) was added Fe(BF,),*6H-0O (28 mg, 0.116 mmol), and the resulting deep
purple solution was stirred at reflux for 30 min. Upon cooling the product precipitates
from the solution and was collected by filtration and recrystallized from methanol. Yield:
110 mg (85%).

'H NMR (300 MHz, [Ds]acetone, 22°C): § = 9.60 (s, 4 H), 9.08 (d, /=8.1 Hz, 4 H), 8.95
(dd, J=1.8, 4.8, Hz, 4 H), 8.25 (dd, J=1.8, 4.8 Hz, 4 H), 8.00 (dd, /=1.5, 7.8 Hz, 4 H),

7.73 (d, J=5.1 Hz, 4H). 7.30 (dd, J=1.5. 5.7 Hz, 4 H).

Ru?*

2PF¢

[Ru(pytpy)](PFel: (6b)*: A solution of pytpy (1) (pytpy = 4’-(4"-pyridyl)-2-
.27:6".2""-terpyridine) (73 mg, 0.24 mmol) and Ru[DMSO];Cl, (37 mg, 0.078 mmol) in
ethylene glycol (5 mL) was heated at reflux for 3 h. The reaction mixture was cooled to
room temperature, diluted with water (3 mL) and treated with excess of a methanolic

solution of NH;PF¢. The resulting dark red precipitate was collected by filtration on a
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Celite pad, washed with water and the crude product was removed by eluting with
acetonitrile. The crude mixture was concentrated to 5 mL and then chromatographed
through silica gel with acetonitrile-saturated aqueous potassium nitrate-water (7:1:0.5) as
cluent. After discarding the initial yellow band, the red-orange band was collected and
concentrated until a precipitate formed. The precipitate was collected by filtration,
redissolved in acetonitrile and treated with excess NH;PFs. The red product was
precipitated by the addition of ether, collected by filtration and washed with water to
remove excess NHPFq. Yield: 45 mg, (57%).

'H NMR (300 MHz, [Dg]acetone, 22°C): § = 9.58 (s, 4 H), 9.08 (d, /=8.1 Hz, 4 H), 8.95
(dd, /=1.8, 4.8 Hz, 4 H), 8.29 (dd, J=1.8, 4.8 Hz, 4 H), 8.46 (dd, J=1.5, 7.8 Hz, 4 H),
7.84 (d, J=5.1 Hz, 4 H), 7.40 (dd, J=1.5, 5.7 Hz, 4 H); MS (ESI+): m/z = 361.0 (M -

2PF¢]*". 867.0 [M - PF4]".

Os2*

2PFg

— -2

[Os(pytpy):|(PFsl2 (6¢)°: A solution of pytpy (1) (pytpy = 4'-(4'"-pyridyl)-2-
,27:6°,2" -terpyridine) (150 mg, 0.483 mmol) and Na,[OsClg] (70 mg, 0.161 mmol) in
ethylene glycol (5 mL) was heated at reflux for 3 days. The reaction mixture was cooled
to room temperature, diluted with water (3 mL) and treated with excess of a methanolic

solution of NH,PF;. The resulting dark brown precipitate was collected by filtration on a
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Celite pad, washed with water and the crude product was removed by eluting with
acetonitrile. The crude mixture was concentrated to 5 mL and then chromatographed
through silica gel with acetonitrile-saturated aqueous potassium nitrate-water (7:1:0.5) as
eluent. After discarding the initial yellow band, the brown band was collected and
concentrated until a precipitate formed. The precipitate was collected by filtration,
redissolved in acetonitrile and treated with excess NH PFs. The brown product was
precipitated by the addition of ether, collected by filtration and washed with water to
remove excess NH,PF;. Yield: 92 mg (52%).

‘H NMR (300 MHz, [Dsacetone, 22°C): & = 9.60 (s, 4 H), 9.08 (d, /=8.1 Hz, 4 H), 8.95
(dd, J=1.8, 4.8 Hz, 4 H), 8.25 (dd, J=1.8, 4.8 Hz, 4 H), 8.00 (dd, J=1.5, 7.8 Hz, 4 H),
7.73 (d, J=5.1 Hz, 4H), 7.30 (dd, J=1.5, 5.7 Hz, 4 H); MS (ES+): m/z = 406.0 [M -

2PF¢]*". 957.0 [M - PFq]".

Ru?*

2PFg

- —2
[Ru(phtpy):][PFs]: (7b)'*: A solution of phtpy (2) (phtpy = 4°-(4 7’-phenyl)-2-
,27:6°,27 -terpyridine) (120 mg, 0.387 mmol) and RuCl;*H,O (28 mg, 0.116 mmol) in
ethylene glycol (5 mL) was heated at reflux for 3 h. The reaction mixture was cooled to
room temperature, diluted with water (3 mL) and treated with excess of a methanolic

solution of NH,PF,. The resulting dark red precipitate was collected by filtration on a
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Celite pad, washed with water and the crude product was removed by eluting with
acetonitrile. The crude mixture was concentrated to S mL and then chromatographed
through silica gel with acetonitrile-saturated aqueous potassium nitrate-water (7:1:0.5) as
eluent. After discarding the initial yellow band, the red-orange band was collected and
concentrated until a precipitate formed. The precipitate was collected by filtration,
redissolved in acetonitrile and treated with excess NH PFs. The red product was
precipitated by the addition of ether, collected by filtration and washed with water to
remove excess NH,PFg. Yield: 30 mg (25%).

'H NMR (300 MHz, [Dg]acetone, 22°C): § = 9.44 (s, 4 H), 9.07 (d, J=8.1 Hz, 4 H), 8.33
(dd, J=1.8, 4.8 Hz, 4 H), 8.10 (dd, J=1.5, 7.8 Hz, 4 H), 7.84 (d, J=5.1 Hz, 4 H), 7.74 (m,

8 H), 7.30 (dd, J=1.5, 5.7 Hz, 4 H).

Os?*

2PFg

L J2
[Os(phtpy):l[PFel: (7¢)’: A solution of phtpy (2) (phtpy = 4’-(4’"’-phenyl)-2-
,27:6’,2" -terpyridine) (120 mg, 0.387 mmol) and OsCl;*H,O (28 mg, 0.116 mmol) in
ethylene glycol (5 mL) was heated at reflux for 3 h. The reaction mixture was cooled to
room temperature, diluted with water (3 mL) and treated with excess of a methanolic
solution of NH,PF¢. The resulting dark brown precipitate was collected by filtration on a

Celite pad, washed with water and the crude product was removed by eluting with
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acetonitrile. The crude mixture was concentrated to 5 mL and then chromatographed
through silica gel with acetonitrile-saturated aqueous potassium nitrate-water (7:1:0.5) as
eluent. After discarding the initial yellow band, the brown band was collected and
concentrated until a precipitate formed. The precipitate was collected by filtration,
redissolved in acetonitrile and treated with excess NH;PFs. The brown product was
precipitated by the addition of ether, collected by filtration and washed with water to
remove excess NH,PF,. Yield: 20 mg (16%).

'H NMR (300 MHz, [Dg]acetone, 22°C): § =9.47 (s, 4 H), 9.08 (d, /=8.! Hz, 4 H), 8.30
(dd, /=1.8, 4.8 Hz, 4 H), 7.97 (dd, J=1.5, 7.8, Hz, 4 H), 7.78 (t, /= 8.1 Hz, 4 H), 7.70 (d,
J=5.1 Hz, 4 H), 7.60 (t, J/=8.1 Hz, 2 H), 7.25 (dd, J=1.5, 5.7 Hz, 4 H). UV/Vis
(CHACly/Acetone): Ap,, / nm (log € / M~'em™) = 315 (4.72), 490 (4.23), 561 (3.74), 668

(3.62).

[Fe(pytpy):1[BF,]:|Ru(TTP)(CO)}, (8a): A solution of pytpy (1) (13.0 mg, 4.19x107
mmol) in acetone (5.0 mL) was treated with 1.1 molar equivalents of
Ru(TTPYCO)EtOH) (4) (40 mg, 4.74x107 mmol) followed by Fe(BF,;),*6H-O (7.0 mg,
2.08x10™ mmol) and stirred at ambient temperature for 22 h. The solvents were

evaporated to dryness and the resulting solid was dissolved in CH,Cl,. The product was
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precipitated by adding a mixture of Et;O/pentane (20:80) and collected by filtration. The
product was washed with a mixture of Et;O/pentane (20:80) and dried under vacuum.
Yield: 50.0 mg (98%).

M.p. >300°C (decomp); '"H NMR (500 MHz, [Ds]acetone/CH,Cls, 22°C): § = 8.66 (s,
16 H), 8.26 (s, 4 H), 8.19 (d, J=7.0 Hz, 4 H), 8.08 (d, J/=7.0 Hz, 8 H), 7.96 (d, J=7.0 Hz,
8 H), 7.53 (m, 12 H), 7.48 (d, /=7.0 Hz, 8 H), 6.72 (m, J=5.1 Hz, 4 H), 6.59 (m, 4 H),
6.11 (d, J=5.5 Hz, 4 H), 2.63 (s, 24 H), 1.77 (d, J=4.5 Hz, 4 H); ’C NMR (125.7 MHz,
[DeJacetone/CH,Cl., 22°C) (21 of 22 signals): = 181.1, 160.6, 157.7, 152.9, 145.7,
145.5, 144.3, 140.0, 139.1, 137.6, 134.6, 134.4, 132.3, 127.9, 127.8, 127.6, 124.5, 122.2,
121.1, 1204, 21.4; MS (ESI+): m/z = 1136 [2%, M - 2BF,}*", 737 [4%, M - TTP,
2BF,]*"; UV/Vis (CH5Cl): Amax / nm (log € / M~'em™) = 246 (4.99), 279 (4.97), 287
(3.04). 323 (4.86), 414 (5.68), 533 (4.67), 572 (4.55); Selected IR (microscope): v = 1961

(CO)em™.

[Ru(pytpy):|[PFe]:[Ru(TTP)(CO)I, (8b): A solution of [Ru(pytpy).][PFs]. (6b) (17.0

mg, 1.68x10~2 mmol) in acetone (5.0 mL) was treated with 2.5 molar equivalents of
Ru(TTP)(CO)EtOH) (4) (35 mg, 4.20x1072 mmol) and stirred at ambient temperature

for 22 h. The solvents were evaporated to dryness and the resulting solid was dissolved in
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CH,Cl,. The product was precipitated by adding a mixture of Et,O/pentane (20:80) and
collected by filtration. The product was washed with a mixture of Et;O/pentane (20:80)
and dried under vacuum. Yield: 43.0 mg (98%).

M.p. >300°C (decomp); 'H NMR (500 MHz, [Dg)acetone/CH,Cl,, 22°C): & = 8.66 (s,
16 H), 8.27 (d, J/=8.1 Hz, 4 H), 8.16 (s, 4 H), 8.08 (dd, J/=2.1, 7.8 Hz, 8 H), 7.93 (dd,
J=1.8, 7.8 Hz, 8 H), 7.62 (ddd, J=1.5, 1.5, 7.8, 4 H), 7.55 (d, J=8.5 Hz, 8 H) 7.47 (d,
J=8.1 Hz, 8 H), 6.91 (d, J=5.1 Hz, 4 H), 6.85 (dd, J=1.5, 5.7 Hz, 4 H), 6.00 (d, /=7.5 Hz,
4 H), 2.64 (s, 24 H), 1.72 (d, J/=7.0 Hz, 4 H); 'H NMR (300 MHz, [Ds]acetone, 22°C): §
= 8.70 (s. 16 H), 8.44 (d, J=8.1 Hz, 4 H), 8.40 (s, 4 H), 8.14 (dd, J=2.1. 7.8 Hz, 8 H),
7.96 (dd, J=1.8, 7.8 Hz, 8 H), 7.74 (dd, J=1.5. 7.8 Hz, 4 H), 7.63 (d, J=8.5 Hz, 8 H) 7.55
(d, J/=8.1 Hz, 8 H), 7.16 (d, J=5.1 Hz, 4 H), 6.94 (dd, J=1.5, 5.7 Hz, 4 H), 6.20 (dd,
J=1.8, 4.8 Hz, 4 H), 2.64 (s, 24 H), 1.79 (dd, J=1.8, 4.8 Hz, 4 H); '’C NMR (125.7
MHz. [Dglacetone/CH,Cls, 22°C) (19 of 22 signals): = 157.5, 155.4, 153.1, 145.2,
144.1, 139.8, 138.3, 137.4, 134.4, 134.2, 132.1, 128.0, 127.7, 127.3, 1249, 122.0, 121.1,
120.1, 21.3; MS (ESI+): m/z = 1664 [5%, M - TTP, PF¢]'", 1159 [12%, M — 2PF4}*",
867 [100%, M — 2TTP, PF¢]", 760 [15%, M — TTP, 2PF4}*"; UV/Vis (CH2Cly): Ama /
nm (log € + M~'em™) = 278 (4.93), 286 (4.93), 314 (4.89), 413 (5.59), 494 (4.54), 532

(4.58), 567 (4.07); Selected IR (microscope): v = 1959 (CO) cm ™.
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[0s(pytpy):1|PF¢):[Ru(TTP)(CO)); (8¢c): A solution of [Os(pytpy).][PFs]> (6¢) (11.0
mg, 1.00x1072 mmol) in acetone (5.0 mL) was treated with 3.0 molar equivalents of
Ru(TTP)CO)EtOH) (4) (25 mg, 3.00x107*> mmol) and stirred at ambient temperature for
22 h. The solvents were evaporated to dryness and the resuiting solid was dissolved in
CH,Cl,. The product was precipitated by adding a mixture of Et;O/pentane (20:80) and
collected by filtration. The product was washed with a mixture of Et-O/pentane (20:80)
and dried under vacuum. Yield: 9.0 mg (98%).

M.p. >300°C (decomp); 'H NMR (500 MHz, [Dg]acetone/CH,Cl,, 22°C): § = 8.66 (s,
16 H), 8.33 (d, J=8.1 Hz, 4 H), 8.26 (s, 4 H), 8.08 (dd, J=2.1, 7.8 Hz, 8 H), 7.93 (dd,
J=1.8, 7.8 Hz, 8 H), 7.57 (d, J=8.5 Hz, 8 H), 7.52 (ddd, J=1.5, 1.5, 7.8 Hz, 4 H), 7.48 (d,
J=8.1 Hz, 8 H), 6.87 (d. J=5.1 Hz. 4 H), 6.81 (dd. J=1.5. 5.7 Hz. 4 H), 6.03 (d, J=1.5, 4.8
Hz, 4 H), 2.64 (s, 24 H), 1.72 (dd, J=1.5. 4.8 Hz, 4 H); 'H NMR (300 MHz,
[DgJacetone, 22°C): 3 = 8.70 (s, 16 H), 8.44 (d, /=8.1 Hz, 4 H), 8.40 (s, 4 H), 8.14 (dd,
J=2.1, 7.8 Hz, 8 H), 7.96 (dd, /=1.8, 7.8 Hz, 8 H), 7.74 (dd, J=1.5, 7.8 Hz, 4 H), 7.63 (d,
J=8.5 Hz, 8 H) 7.55 (d, J=8.1 Hz, 8 H), 7.16 (d, J=5.1 Hz, 4 H), 6.94 (dd, J=1.5, 5.7 Hz,
4 H), 6.20 (dd, /=1.8, 4.8 Hz, 4 H), 2.64 (s, 24 H), 1.79 (dd, /=1.8, 4.8 Hz, 4 H); °C
NMR (125.7 MHz, [Dglacetone/CH,Cl,, 22°C) (19 of 22 signals): § = 159.5, 154.9,

152.2, 145.1, 144.3, 140.0, 138.4, 137.6, 134.6, 134.3, 132.3, 128.2, 127.9, 127.5, 125.2,
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122.2, 120.5, 120.2, 21.4; MS (ESI+): m/z = 1203 [25%, M — 2PF¢)*, 957 [5%, M —
2TTP, PF¢]", 805 [45%, M — TTP, 2PF¢]*", 406 [100%, M — 2TTP, 2PF¢]*"; UV/Vis
(CH2Chy): Amay / nm (log € / M~'em™) = 242 (4.89), 279 (4.97), 286 (4.98), 316 (4.95),
413 (5.66), 493 (4.60), 532 (4.66), 567 (4.19); Selected IR (microscope): v = 1961 (CO)

cm™,

YUY,

SN S
_ N

N
2,27:4,4°*:4° 4°**-quaterpyridyl (dpybpy) (9)'*: A solid mixture of 4,4 -bipyridine (7.5 g,
48 mmol) and 10 % palladium on carbon (1.0 g) was heated in a 10 mL round bottom
flask at 160°C for 3 days at which time a precipitate had formed. The crude product was
dissolved in hot EtOH and filtered to remove an insoluble solid. The mother liquor was
treated with decolorizing charcoal then filtered hot. The mother liquor was concentrated
until a precipitate formed and refrigerated overnight. The product was collected by
vacuum filtration and dried under vacuum. Yield: 5.6 g (75%).
'H NMR (300 MHz, CDCl;, 22°C): § = 8.81 (dd, J=0.6, 5.1 Hz, 2 H), 8.78 (m, 6 H),
7.71 (dd, J=1.8, 4.8 Hz, 4 H), 7.60 (dd, J=2.1, 5.1 Hz, 2 H); HRMS (EI) Calcd for M
(CyoH3Ny). 310.1219. Found: 310.1218.
| \%’\gN
F I
[(Cyanomethyl) Pyridinium lodide]**: 2-chloroacetonitrile (45.0 g, 396 mmol) and KI

(110 g, 662 mmol) were heated in methanol at reflux for 4 h. The mixture was then cooled
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to ambient temperature and concentrated to dryness. The residual oil was dissolved in
CH,Cl; (100 mL) and filtered to remove inorganic salts. The filtrate was dried over
MgSO; and filtered, and pyridine (200 mL) was added dropwise over a period of 1 h. The
mixture was stirred at ambient temperature overnight. The resulting yellow precipitate
was collected by filtration, washed with Et-O and dried under vacuum. Yield: 113 g
(75%).

'H NMR (300 MHz, [Dg]DMSO, 22°C): § = 9.20 (m, 2 H), 8.75 (m, | H), 8.28 (m, 2

H), 6.03 (s, 2 H).

/

\

x
| o
H,

2-amino-6-phenyl-4,4’-bipyridine (13)'': To a solid suspension containing 1-phenyl-3-
(4’-pyridyl)-2-propenone (4.5 g, 21.7 mmol) and cyanomethylpyridinium iodide (5.4 g
22.0 mmol) was added an acetic acid solution (10 mL) containing NH;OAc (8.0 g, 104
mmol) and the reaction mixture was heated at reflux for 15 h. The solution was cooled and
concentrated to give a tar. The residue was sonicated with MeOH/H,O (50:50) until a
solid appeared which was collected by vacuum filtration and washed with MeOH/H-O to
atford the acetamido derivative as a beige solid (1.90 g). The filtrate was concentrated to
dryness and redissolved in absolute EtOH (10 mL) and treated with 48% HBr (6 mL) and
heated under reflux for 3 h. The reaction mixture was refrigerated producing a solid which

was collected by vacuum filtration and washed with cold EtOH tollowed by ether to give
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the hydrobromide derivative as an yellow-brown solid (2.5 g). The acetamido derivative
was treated with 48 % HBr in EtOH following the same procedure as mentioned above to
yield 2.5 g of the hydrobromide. Combined yield: 5.0 g (70%).

Mp. 118-119°C; 'H NMR (300 MHz, CDCl;, 22°C): § = 8.70 (dd, J=1.8, 6.3 Hz, 2 H),
7.96 (m, 2 H), 6.58 (d, /=7.0 Hz, | H), 7.51 (dd, J=1.5, 6.3 Hz, 2 H), 7.40 (m, 2 H), 7.28
(d, J=1.5 Hz, 1| H) 6.65 (d, J=1.5 Hz, 1 H), 4.65 (bs, 2 H); '"H NMR (300 MHz, DO,
22°C) (HBr salt): 3 = 8.88 (dd, J=1.8, 6.3 Hz, 2 H), 8.32 (dd, J=1.5, 6.3 Hz, 2 H), 7.74
(m, 2 H), 7.56 (m, 3 H), 7.39 (d, J=1.5 Hz, | H) 7.29 (d, J=1.5 Hz, 1 H); 'H NMR (300
MHz, CDCl;, 22°C) (acetamide): § = 8.75 (dd, J=1.8, 6.3 Hz, 2 H), 8.45 (br s, 1 H), 8.13
(brs, 1 H), 7.98 (m. 2 H), 7.69 (d. J=1.5 Hz, | H), 7.63 (dd, J=1.5. 6.3 Hz. 2 H), 7.50 (m,
3H) 2.24 (s, 3H); HRMS (EI) Calcd for M (C¢H3N>). 247.1110. Found: 247.1110; IR
(microscope): v = 3423, 3278, 3149, 3062, 2208, 1623, 1594, 1579, 1538, 1516, 1498,

1438, 1466, 1406, 1376, 1325, 1293, 1249, 1071, 1000, 823, 778, 695, 668, 621 cm™".

YA Y

Br

2-bromo-6-phenyl-4,4’-bipyridine (14): Using a mechanical stirrer (teflon paddle) 2-
amino-6-phenyl-4,4’-bipyridine (13) (2.5 g, 7.65 mmol) was added to a 48% HBr (5 mL)
and cooled to —20°C using a dryice-acetone bath. To this stirred solution was added

bromine (1 mL) which caused the solution to thicken and was stirred at —20°C for 45 min.
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Over a period of 2h the mixture was then allowed to warm to ambient temperature and
then cooled back down to —20°C. An aqueous solution of NaNQO, (2 mL) was added
dropwise and kept at —20°C until bubbles formed (1 h). Over a period of 2 h the solution
was allowed to warm to ambient temperature and the dark red solution was stirred tor an
additional 2 h. The mixture was cooled to and maintained at —15°C and powdered NaOH
was added until the solution was at a pH of 9 (indicator paper). The solution turned
bright yellow and a beige tar was left on the stirring paddle and was stirred for 2 h.
Stirring was stopped and the yellow solution was decanted and discarded. The paddle and
tar were sonicated in water until a solid was produced and the solid was collected by
filtration. The solid was then dissolved in CH,Cl, (200 mL), transferred to a separatory
funnel and washed with 5% NaOH (2 x 100 mL), the organic layer was then dried
(Na-SO,;) and evaporated. Column chromatography (activity I AlLO;, 1:l
CH,Cl,/Hexanes) afforded the bromide as a white solid. Yield: 1.70 g (72%).

Mp 124-126°C; 'H NMR (300 MHz, CD.Cl,, 22°C): § = 8.75 (d, J=6.3 Hz, 2 H), 8.05
(m. 2 H), 7.93 (d, J=1.5, | H). 7.68 (d. J=1.5 Hz, | H) 7.53 (m, 5 H); )C NMR APT
(75.5 MHz, CD,Cl,, 22°C): 8 = 159.5 (C), 151.2 (CH), 149.7 (C), 144.8 (C), 143.2 (C),
137.7 (C), 130.4 (CH), 129.3 (CH), 127.4 (CH), 124.5 (CH), 121.8 (CH), 117.7 (CH);
HRMS (EI) Caled for M (C6H;N>*'Br) 312.0085; (C6H;N,"Br) 310.0106. Found:
312.0075; 310.0099; IR (microscope): v = 3064, 3041, 2990, 1587, 1560, 1523, 1497,
1418, 1385, 1309, 1259, 1226, 1189, 1153, 1097, 1075, 1052, 1026, 999, 980, 915, 870,
816, 790, 776, 724, 696, 690, 669, 648, 632,619,612, 589 cm™.
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4,47:6,6’-(4" 4" -dipyridyl)-(diphenyl)-2,2’-bipyridine (dpyphbpy) (15) : All of the
following manipulations require anhydrous and inert conditions. To a stirred solution of
thionyl chloride (2 mL) was added NiCl,*6H,0 and the mixture was heated at reflux until
the solid changed from green to yellow in color. The thionyl chloride was removed under
reduced pressure and was dried under vacuum (2 mmHg). The anhydrous NiCl, was
placed under an inert atmosphere of argon. A mixture of NiCl, (330 mg, 1.40 mmol), PPh;
(1.10 g, 4.20 mmol), Zn dust (823 mg, 12.59 mmol) and Nal (500 mg, 3.30 mmol) in
freshly distilled THF (25 mL) was warmed to 50°C for 30 min, resulting in a blood red
solution. To this solution was added 2-bromo-6-phenyli-4,4’-bipyridine (14) (870 mg,
2.81 mmol) in THF (10 mL) and the mixture heated at 60°C for 15 h. The mixture was
quenched with 6 M HCI (50 mL), made basic with concentrated ammonia solution, filtered
and extracted three times with CH,Cl,. The combined organic layers were washed with
brine. dried (MgSO,) and evaporated to atford the crude product which was recrystallized
tfrom a mixture of EtOH and water. Yield: 487 mg (75%).

Mp 286-288°C; 'H NMR (300 MHz, CDCl;, 22°C): § = 8.86 (d, J=1.5 Hz, 2 H), 8.21
(dd, J=1.5, 6.9 Hz, 4 H), 8.21 (m, 4 H), 8.01 (d, J=1.5 Hz, 2 H), 7.73 (dd, J=1.5, 6.9 Hz,
4 H), 7.54 (m, 6 H); "C NMR (125.7 MHz, CD-Cl, 22°C): § = 157.9. 156.9, 151.0.

148.1, 146.5, 139.3, 129.8, 129.2, 127.5, 122.1, 119.0, 118.0; HRMS (EI) Calcd for M
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(C3:HaN,). 462.1845. Found: 462.185S; IR (microscope): v = 3057, 3038, 1588, 1564,

1538, 1495, 1386, 1305, 1256, 1222, 1086, 1074, 1024, 995, 986, 891, 826, 775, 739,

694, 667, 637, 622, 613 cm’".

4,4°:6,6’-tetraphenyl-2,2°-bipyridine (16)'' : A suspension of 1-(phenacyl)-pyridinium
chloride (or bromide) (2.0 g, 8.43 mmol), 1,6-diphenylhexa-1,5-diene-3,4-dione (0.6 g,
2.1! mmol), and ammonium acetate (6.8 g) in glacial acetic/propionic acid (5 mL/I mL)
was heated a retlux for 3 h. The acetic/propionic acid mixture was removed under reduced
pressure and the residue dissolved in hot methanol. The product did not dissolve in hot
methanol and was collected by filtration (0.62 g, 64%).

'H NMR (300 MHz, CDCl;, 22°C): § = 8.86 (d, J=1.2 Hz, 2 H), 8.21 (dd, J=1.5, 6.9

Hz, 4 H), 7.99 (d, /=1.8 Hz, 2 H), 7.83 (dd, J=1.5, 6.9 Hz, 4 H), 7.51 ‘m, 12 H).

4,4’:6,6’-(1"°,1"’-dimethyl-4"’,4’"’-dipyridinium)-(diphenyl)-2,2’-bipyridine
hexafluorophosphate (medpyphbpy) (17) : A solution of dpyphbpy (15) (50.0 mg,

1.09x10™" mmol) in CH;CN (10.0 mL) was treated with an excess of CH;I (1 mL) and
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stirred at reflux for 22 h. The mixture was concentrated and the resulting solid product
was suspended in CH,Cl, and filtered. The solid was dissolved in water and treated with
excess NH,PF, which precipitated the product. The product was collected by filtration
and recrystallized from a mixture of EtOH/CH;CN. Yield: 63 mg (74 %).

Mp 345-346°C; 'H NMR (500 MHz, CD;NO,, 22°C): § =9.12 (d, /=1.5 Hz, 2 H), 8.91
(d, J/=7.0 Hz, 4 H), 8.62 (d, /=7.0 Hz, 4 H), 8.42 (d, J=1.5 Hz, 2 H), 8.36 (d, J/=7.0 Hz, 4
H), 7.61 (m, 6 H), 4.58 (s, 6 H); ’C NMR (125.7 MHz, CD;NO,, 22°C): § = 159.8,
157.9, 155.9, 147.0, 145.6, 139.6, 131.5, 130.5, 128.6, 127.5, 120.6, 119.1, 49.4; HRMS

(ESI+): m/z Caled for M™ (C;33H2gN, F6P) 637.1950. Found: 637.1956.

[Cu(medpyphbpy):[PFs]s (17a) : To a stirred solution of medpyphbpy (17) (20.0 mg,
0.026 mmol) in CH;NO- (5 mL) was added Cu(CH;CN),PF¢ (4.8 mg, 0.013 mmol) which
was accompanied with an immediate change in color of the solution from colorless to
brown-red. The solution was concentrated to 2 mL and ether was added to precipitate out
the copper complex. The product was collected by vacuum filtration and washed with

MeOH/ELO (1:1) and was then dried under vacuum. Yield: 20.0 mg (92%).
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'H NMR (500 MHz, CD;NOs, 22°C): § =9.00 (d, /=6.5 Hz, 8 H), 8.72 (s, 4 H), 8.61 (d,

J=6.5 Hz, 8 H), 8.17 (s, 4 H), 7.91 (d, J=7.0 Hz, 8 H), 7.08 (m, 12 H), 4.61 (s, 12 H);

MS (ESI+): m/z = 1627 [M - PF4]".

[Cu(dpyphbpy):[PF4][Ru(TTP)(CO)); (18) : A solution of dpyphbpy (15) (10.0 mg,
2.17x107> mmol) in 5% acetone/CH,Cl, (5.0 mL) was treated with 2.2 molar equivalents
of Ru(TTPYCOXEtOH) (4) (37.0 mg, 4.35x1072 mmol) followed by Cu(CH;CN)PF,
(4.0 mg, 1.07x10™* mmol) and stirred at ambient temperature for 22 h. The solvents were
evaporated to dryness and the resulting solid was dissolved in CH>Cl>. The product was
precipitated by adding a mixture of Et,O/pentane (20:80) and collected by filtration. The
product was washed with a mixture of Et,O/pentane (20:80) and dried under vacuum.
Yield: 45 mg (97%).

M.p. >300°C (decomp); 'H NMR (500 MHz, [Dg]acetone/CD5Cl,, 22°C): 8 = 8.66 (s,
32 H), 8.11 (dd, J=1.5, 7.5 Hz, 16 H), 7.84 (dd, J=1.5, 7.5 Hz, 16 H), 7.63 (d, J=7.5 Hz,
16 H), 7.45 (d, J/=7.5 Hz, 16 H). 6.88 (s, 4 H), 6.55 (d, /=7.5 Hz, 8 H), 6.50 (s. 4 H),
6.06 (1, /=7.5 Hz. 4 H), 5.87 (1, /=7.5 Hz, 8 H), 5.45 (d, /=7.0 Hz, 8 H), 2.67 (s, 48 H),
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1.54 (d, /=6.5 Hz, 8 H); 'H NMR (300 MHz, CD,Cl,, 22°C): 8 = 8.67 (s, 32 H), 8.13
(dd, J=1.5, 7.5 Hz, 16 H), 7.89 (dd, J=1.5, 7.5 Hz, 16 H), 7.63 (d, /=7.5 Hz, 16 H), 7.45
(d, J=7.5 Hz, 16 H), 6.45 (d, /=7.5 Hz, 8 H), 6.33 (s, 4 H), 6.28 (s, 4 H), 6.11 (t, J=7.5
Hz, 4 H), 5.92 (t, J=7.5 Hz, 8 H), 5.26 (d, J=7.0 Hz, 8 H), 2.70 (s, 48 H), 1.60 (d, /=6.5
Hz, 8 H); '3*C NMR (125.7 MHz, [DgJacetone/CD,Cla, 22°C) (22 of 23 signals): 8 =
156.6, 152.5, 145.0, 144.9, 143.9, 142.6, 139.7, 137.5, 137.1, 134.6, 133.9, 132.0, 131.7,
128.7, 127.8, 127.3, 126.9, 126.8, 122.2, 119.6, 118.4, 21.2; MS (ESI+): m/z = 4180 [1%,
M — PFq]", 3383 [1%, M — TTP, PF4]", 2584 [4%, M — 2TTP, PF¢]", 1789 [5%, M —
3TTP. PFe]", 987 [100%, M - 4TTP, PF¢]": UV/Vis (CHsCly): Ama / nm (log € /
M~em™) = 246 (5.25), 308 (5.02), 412 (5.93), 532 (4.88), 567 (4.37); Selected IR

(microscope): v = 1950 (CO) cm™'.

\RUZ .

L
i r‘ 2 PFg’

L _J3
[Ru(dpybpy)s}[PFs; (19)*: A solution of dpybpy (9) (120 mg, 0.387 mmol) and
Ru[DMSOI,Cl, (56 mg. 0.116 mmol) in ethylene glycol (5 mL) was heated at reflux for 3
h. The reaction mixture was cooled to room temperature, diluted with water (3 mL) and
treated with an excess of a methanolic solution of NH;PFs. The resulting dark red

precipitate was collected by filtration on a Celite pad, washed with water and the crude

product was removed by eluting with acetonitrile. The crude mixture was concentrated to
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5 mL and then chromatographed through silica gel with acetonitrile-saturated aqueous
potassium nitrate-water (7:1:2) as eluent. After discarding the initial band, the red-orange
band was collected and concentrated until a precipitate formed. The precipitate was
collected by filtration, redissolved in acetonitrile and treated with excess NH;PF¢. The
product was precipitated as a red solid by the addition of ether, collected by filtration and
washed 95% EtOH to remove excess NH PF4 and was then dried under vacuum. Yield: 30
mg (20%).

'H NMR (500 MHz, [Dg]acetone, 22°C): 8 = 9.51 (d, J=1.5 Hz, 6 H), 8.82 (d, J=5.0 Hz,
12 H), 8.42 (d, J/=5.5 Hz, 6 H), 8.02 (dd, J=2.0, 6.0 Hz, 12 H), 7.94 (d, J/=6.0 Hz, 6 H);
3C NMR (125.7 MHz, [Dslacetone, 22°C): § = 158.9, 153.6, 151.4, 148.1, 144.3. 126.5,
123.6, 122.5; MS (ESI+): m/= = 516 [M - 2PF¢]*". 1177 [M - PF¢]"; UV/Vis (1%

CH;NO+/CH,Cla): Apax / nm (log €/ M~'em™) = 328 (4.60), 381 (4.48), 496 (4.57).

2
\l x>
l/ L
Fe*
/P’ Fo
PN 2BF.
N
N s

[Fe(dpybpy)s|[BF,]; (20)'3: A solution of dpybpy (9) (150 mg, 0.484 mmol) and
Fe(BF,)-*6H,0O (54 mg, 0.161 mmol) in MeOH (25 mL) was heated at reflux for 3 h. The
reaction mixture was cooled to room temperature and concentrated to dryness. The
precipitate was suspended in 95% EtOH containing NaBF;. The product was

precipitated as a purple solid by the addition of ether, collected by filtration and washed
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with 95% EtOH to remove excess NaBF; and was then dried under vacuum. Yield: 135
mg (72%).

'H NMR (300 MHz, [Dg]acetone/CD;0D 22°C): § = 9.45 (s, 6 H), 8.75 (d, /=5.7 Hz, 12
H), 7.96 (m, 24 H); '"H NMR (300 MHz, [Dg]acetone, 22°C): § = 9.00 (d, /=2.1 Hz, 6
H), 8.82 (dd, J=1.5, 4.8 Hz, 12 H), 7.98 (d, J/=5.7 Hz, 6 H), 7.85 (dd, J=1.5, 4.8 Hz, 12
H), 7.94 (dd, J=2.1, 5.7 Hz, 6 H); MS (ESI+): m/z = 493 [M - 2BF,]*"; UV/Vis (1%

CH;3;NO2/CH,Cla): Apay / nm (log € / M~'em™) = 328 (4.60), 381 (4.48), 496 (4.57).

[Ru(OEPYCO)EtOH)] (21): Octaethylporphyrin (0.500 g, 0.935 mmol) and
triruthenium dodecacarbonyl (0.75 g, 1.17 mmol) were heated in phenol (2.0 g) at reflux
for 45 min. The solution was then cooled and EtOH (1 mL) was added. The crude
product was precipitated by the addition of water then collected by vacuum filtration and
washed with water. The residue was chromatographed through Alumina (neutral, activity
[I-11I) eluting first with CH,Cl, and finally with a mixture of EtOH/CH,Cl, (5/95) which
removed a red band. The red band was concentrated to dryness to give a red solid which

was recrystallized from ethanol. Yield: 510 mg (82%).
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'H NMR (300 MHz, [Dglacetone, 22°C): & = 10.04 (s, 4 H), 4.07 (g, J=7.8 Hz, 16 H),
1.91 (t, J=7.8 Hz, 24 H); °C NMR (125.7 MHz, CD,Cl,, 22°C): & = 183.8, 142.5,

141.9,99.1, 55.4, 20.1, 18.7, 14.6; Selected IR (microscope): v = 1936 (CO) cm™.

IRu(OEP)(CO)(py)] (22): Ru(OEP)YCO)EtOH) (21) (25 mg, 0.0378 mmol) was
dissolved in CH>Cl, (5 mL) and pyridine (0.5 mL) was added. The solution was
evaporated to dryness and hexanes (5 mL) was added, the residue was sonicated, filtered
and then washed with hexanes. Yield: 27 mg (96%).

'H NMR (500 MHz, CD,Cl,, 22°C): § =9.90 (s, 4 H), 5.89 (m, | H), 4.94 (m, 2 H), 4.02
(m, 16 H), 1.91 (t, J=7.8 Hz, 24 H), 0.84 (m, 2 H); UV/Vis (CH,Cl,): Apa / nm (log € /
M~lem™) = 250 (4.27), 323 (4.20), 395 (5.31), 517 (4.10), 549 (4.30); Selected IR

(microscope): vV = 1934 (CO) ecm™'.

[Ru(dpybpy);][PFs]:[Ru(TTP)(CO)]s 19(TTP): A solution of [Ru(dpybpy);][PFs]. (19)
(10.0 mg, 7.56x10~* mmol) in acetone (5.0 mL) was treated with 6.3 molar equivalents of

Ru(TTPYCO)EtOH) (4) (40.0 mg, 4.76x10™" mmol) and stirred with gentle heating at
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45°C for 22 h. The solvents were evaporated to dryness and the resulting solid was
dissolved in CH,Cl,. The product was precipitated by adding a mixture of Et,O/pentane
(20:80) and collected by filtration. The product was washed with a mixture of
Et;O/pentane (20:80) and dried under vacuum. Yield: 43.0 mg (93%).

M.p. >300°C (decomp); 'H NMR (300 MHz, [DgJacetone, 22°C): § = 8.62 (s, 48 H),
8.13 (dd. J=2.1, 7.8 Hz, 24 H), 7.75 (dd, J=1.8, 7.8 Hz, 24 H), 7.71 (d, /=8.5 Hz, 24 H),
7.45 (d, J=8.1 Hz, 24 H), 7.27 (d. J=1.8 Hz, 6 H), 6.53 (d, J=6.3 Hz, 6 H), 6.02 (dd,
J=1.8,6.0 Hz, 6 H), 5.16 (d, J/=6.9 Hz, 12 H), 2.73 (s, 72 H), 1.37 (d, J=6.9 Hz, 12 H),
'H NMR (300 MHz, CD,Cl,, 22°C): & = 8.59 (s, 48 H), 8.09 (dd, J=2.1, 7.8 Hz, 24 H),
7.74 (dd. J=1.8, 7.8 Hz, 24 H), 7.61 (d, /=8.5 Hz, 24 H), 7.37 (d, J=8.1 Hz, 24 H), 6.42
(d. /=1.8 Hz, 6 H), 5.91 (d, /=6.3 Hz, 6 H), 5.81 (dd, /=1.8 Hz, 6.0 Hz, 6 H), 4.97 (dd,
J=1.5, 6.9 Hz, 12 H), 2.71 (s, 72 H), 1.35 (dd, J=1.5, 6.9 Hz, 12 H); *C NMR (125.7
MHz, CD,Cl,, 22°C) (19 of 19 signals): 8 = 181.4, 156.8, 151.6, 145.2, 144.8, 144.5,
142.2, 140.3, 138.1, 134.9, 134.5, 132.2, 128.5, 128.0, 124.5, 122.5, 122.1, 120.1, 21.6;
MS (ESI+): m/= = 2911 [10%, M = 2PF¢]*", 2511 [13%, M — TTP, 2PF4)*", 2112 [12%,
M - 2TTP, 2PF]*, 1713 [10%, M — 3TTP, 2PFs)*", 1314 [12%, M - 4TTP, 2PF¢)*",
915 [14%, M — STTP, 2PF4]*", 516 [100%, M — 6TTP, 2PFs]*"; UV/Vis (CH2Cl2): Amax /
nm (log € / M~'em™) = 248 (5.48). 3.11 (5.34), 411 (6.16), 533 (5.09), 568 (4.57);

Selected IR (microscope): v = 1968 (CO) cm™.
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[Ru(dpybpy)s|[PF¢l:[Ru(OEPYCO)|s 19(OEP): A solution of [Ru(dpybpy);][PFs]>
(19) (10.0 mg, 7.56x10”° mmol) in acetone (5.0 mL) was treated with 6.3 molar
equivalents of Ru(OEP)(CO)EtOH) (21) (35.0 mg, 4.76x10 mmol) and stirred at
ambient temperature for 22 h. The solvents were evaporated to dryness and the resulting
solid was dissolved in CH,Cl,. The product was precipitated by adding a mixture of
Et;O/pentane (20:80) and collected by filtration. The product was washed with a mixture
of Et;O/pentane (20:80) and dried under vacuum. Yield: 40.0 mg (98%).

M.p. >300°C (decomp); 'H NMR (300 MHz, [Dg)acetone, 22°C): § = 9.93 (s, 24 H),
6.94 (s, 6 H), 6.15 (d, J/=5.7 Hz, 6 H), 5.73 (d, /=6.0 Hz, 6 H), 4.77 (d, J=6.6 Hz, 12 H),
4.16 (m, 96 H), 1.93 (m, 144 H), 0.73 (d, J=6.0 Hz, 12 H); '"H NMR (300 MHz, CD,Cl,,
22°C): § =9.93 (s. 24 H), 6.98 (s. 6 H), 6.53 (d, /=5.7 Hz, 6 H), 5.76 (dd, J=1.8. 6.3 Hz.
6 H), 4.81 (d, /=6.9 Hz, 12 H), 4.16 (m, 96 H), 1.93 (m, 144 H), 0.73 (d, J=6.0 Hz, 12
H); “C NMR (125.7 MHz, CD,Cl,, 22°C) (14 of 14 signals): § = 183.0, 156.5, 151.1,
145.1, 144.3, 142.9, 141.9, 141.4, 124.4, 121.3, 119.0, 98.9, 20.3, 19.0; MS (ESI+): m/z =
2503 [10%, M — 2PF,]*", 2171 [10%, M — OEP, 2PF¢)*", 1839 [10%, M - 20EP,
2PFq]*", 1509 [10%, M ~ 30EP, 2PF¢]*", 1178 [10%, M — 40EP, 2PF¢]*", 847 [15%, M
- SOEP, 2PF¢]*, 516 [100%, M — 60EP, 2PF¢]*"; UV/Vis (CH2Cly): Amay / nm (log € /
M'em™) = 253 (5.37), 312 (5.33), 394 (6.07), 516 (5.00), 548 (5.14); Selected IR

(microscope): v = 1942 (CO) cm™.
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(Fe(dpybpy)s][BF4]:|[Ru(TTP)(CO)|¢ 20(TTP): A solution of [Fe(dpybpy);}[BF,]. (20)
(8.8 mg, 7.56x1073 mmol) in acetone (5.0 mL) was treated with 6.3 molar equivalents of
Ru(TTP)(CO)(EtOH) (4) (40.0 mg, 4.76x107* mmol) and stirred with gentle heating at
45°C for 22 h. The solvents were evaporated to dryness and the resulting solid was
dissolved in CH,Cl,. The product was precipitated by adding a mixwre of Et,O/pentane
(20:80) and collected by filtration. The product was washed with a mixture of
Et.O/pentane (20:80) and dried under vacuum. Yield: 38 mg (84%).

M.p. >300°C (decomp); 'H NMR (300 MHz, [Ds]acetone/CD-Cl,, 22°C): § = 8.60 (s,
48 H), 8.08 (dd, J=2.1, 7.8 Hz, 24 H), 7.72 (dd, J=1.8, 7.8 Hz, 24 H), 7.62 (d, J=8.5 Hzg,
24 H), 7.40 (d. J/=8.1 Hz, 24 H), 7.13 (d, /= 1.8, 6 H), 5.98 (d, J=6.3 Hz, 6 H), 5.89 (dd,
J=1.8.6.0 Hz. 6 H). 5.08 (dd. J=1.5. 6.9 Hz. 12 H), 2.71 (s. 72 H), 1.33 (dd. J=1.5. 6.9
Hz, 12 H); '"H NMR (300 MHz, CD,Cl,, 22°C): § = 8.59 (s, 48 H), 8.09 (dd, /=2.1, 7.8
Hz, 24 H), 7.74 (dd, /=1.8, 7.8 Hz, 24 H), 7.61 (d, /=8.5 Hz, 24 H), 7.37 (d, J=8.1 Hz.
24 H), 6.42 (d, /= 1.8 Hz, 6 H), 5.91 (d, /=6.3 Hz, 6 H), 5.81 (dd, J=1.8, 6.0 Hz, 6 H),

4.97 (dd, J=1.5, 6.9 Hz, 12 H), 2.71 (s, 72 H), 1.35 (dd, J=1.5, 6.9 Hz, 12 H); MS
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(ESI+): m/z = 2889 [10%, M — 2BF,]>", 2489 [15%, M — TTP, 2BF,]*", 2089 [20%, M —
2TTP, 2BF,]*", 1689 [20%, M — 3TTP, 2BF,]*", 1292 [20%, M — 4TTP, 2BF,]*", 892
[25%, M — STTP, 2BF,]*", 493 [100%, M — 6 TTP, 2BF,]*"; UV/Vis (CHsCl1): Agax / nm
(log e/ M™em™) = 251 (5.44), 316 (5.26), 411 (6.05), 533 (5.05), 567 (4.71); Selected IR

(microscope): v = 1953 (CO)cm™.

[Fe(dpybpy)s|(BF4}:[Ru(OEPYCO)|s 20(OEP): A solution of [Fe(dpybpy);][BF.}-
(20) (11.0 mg, 9.49x10~° mmol) in acetone (5.0 mL) was treated with 6.3 molar
equivalents of Ru(OEP)YCO)EtOH) (21) (42.0 mg, 5.98x107> mmol) and stirred with
gentle heating at 45°C for 22 h. The solvents were evaporated to dryness and the resulting
solid was dissolved in CH,Cl,. The product was precipitated by adding a mixture of
Et,O/pentane (20:80) and collected by filtration. The product was washed with a mixture
of Et;O/pentane (20:80) and dried under vacuum. Yield: 32 mg (70%).

M.p. >300°C (decomp); 'H NMR (500 MHz, [DgJacetone, 22°C): = 9.96 (s, 24 H),
6.95 (s, 6 H), 5.83 (d, J=6.5 Hz, 6 H), 5.72 (d, J/=6.0 Hz, 6 H), 4.81 (d, J=6.5 Hz, 12 H),
4.10 (m, 96 H), 1.96 (m, 144 H), 0.69 (d, J=7.0 Hz, 12 H); 'H NMR (300 MHz, CD-Cl,,
22°C): 8 =9.93 (s, 24 H), 6.98 (s, 6 H), 6.53 (d, J=5.7 Hz, 6 H), 5.76 (dd, J=1.8, 6.3 Hz,
6 H), 4.81 (d, /=6.9 Hz, 12 H), 4.16 (m, 96 H), 1.93 (m, 144 H), 0.73 (d, /=6.0 Hz, 12
H); 'C NMR (125.7 MHz, [DsJacetone, 22°C) (14 of 14 signals): d = 183.0, 158.5,
153.7, 145.1, 145.0, 1429, 141.9, 141.4, 124.1, 120.8, 119.1, 98.9, 20.3, 19.0; MS
(ESI+): m/= = 2479 [10%. M - 2BF,}*". 2146 [5%. M — OEP, 2BF,]*", 1815 [10%, M —
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20EP, 2BF,]*", 1487 [5%, M - 30EP, 2BF,]*", 1156 [10%, M —~ 40EP, 2BF,]*", 825
[15%, M - SOEP, 2BF,]*", 493 [100%, M — 60EP, 2BF,]>"; UV/Vis (CH:Clb): Amac / nm
(log €/ M™'em™) =252 (5.42), 315 (5.27), 394 (6.10), 517 (5.01), 548 (5.19); Selected IR

(uscope): v = 1941 (CO) cm™.

X-ray Crystallographic Study: The crystallographic data for the complex [Cu(16),]PF¢
is shown in Table 2. Crystais of [Cu(16),]PF¢ were grown from a CH-Cl, solution. X-
Ray data were collected on a Bruker PLATFORM/SMART 1000 CCD at 193 K using a
graphite-monochromated Mo-K, radiation (A = 0.71073 A) by taking @ scans at 0.2°
intervals. The structures were solved by direct methods/fragment search using the
computer program DIRDIF-96 and refined by full-matrix least-squares with anisotropic
displacemicnt parameters for the non-hydrogen atoms using the computer program
SHELXL-93.*? Hydrogen atoms were introduced in their idealized positions as indicated

by the sp” geometries of their attached carbon atoms.
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Table 2. Crystallographic data for the Pseudotetrahdral Complex [Cu(16).]PF,

Moiecular Formula
Molecular Weight
Crystal size/mm
Crystal system
Space group

alA

b/A

c/A

a/®

B/o

y/°

VIA®

Density/g cm™

wmm™

Data collection 26 limiv/°
Total data collected
Independent reflections
Observed data with / > 26())
Absorption correction method
Range of transmission factors
Data/restraints/parameters
Goodness-of-tit on F*

Final R indices [I 2 2o(I)]*
Ri = [F.} 2 20(F.))

wR; = [F,)} > -306(F.})]

CexHuC uF, 6N4P *(0.5C HzC lz
M =1172.08

0.42 x 0.21 x 0.04
triclinic

Pl (No.2)

14.579 (2)

15.427 (5)

16.578 (4)

73.012 (3)

66.023 (3)

65.533 (3)

2

3066.4 (8)

1.229

0.487

53.00

15340 (-10 < h<18,-13<k<19,-20</220)

12449 (R = 0.0538)

4599

Gaussian integration (tace indexed)
0.9808-0.8215

12449 / 57/ 767

0.968

0.1121
0.3456
1.772 and -1.812 ¢ A™*

Largest difference peak and hole

PRu= YR~ IFVEIF wRy = {X[w(Fs = FOY VEIw(F)

® Distance within the disordered solvent dichioromethane molecule were assigned tixed idealized values:
d(ClIS-C18) = d(CI12S-C1S) = d(CI3S-C1S) = 1.80 A; d(CIIS...CI2S) = d(CIIS...CI3S) = 295 A
(C11S and C1S were refined with an occupancy factor of 0.5; CI2S and CI3S are two sites for the
disordered half-occupancy chlorine atom, thus were each refined with an occupancy factor of 0.25).
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Chapter 3 - Axially Coordinated Metalloporphyrin Stoppers for Rotaxanes

3.1 — Introduction

Rotaxanes are molecules that consist ot one or more wheel components that are
localized on the axle of a dumbbell-shaped component (Figure l)."l Pseudo-rotaxanes,
which are precursors to rotaxanes, lack the bulky end-stoppers and, as a result, the wheel
is free to move on and off the axle. To name rotaxanes and pseudo-rotaxanes, the
number of interlocked components is allocated a numerical prefix so that, for example,
one wheel trapped on a central axle would be termed a [2]rotaxane. The trapped wheel
fragments in rotaxanes are able to treely move in relation to the axle because the
components are non-covalently attached and are classified as being “mechanically

interlocked™.’

axle st
end-stopper
@ o
o — O — 00
wheel (2]pseudo-rotaxane [2]rotaxane

Figure 1. [2]Rotaxane formation.

The rotaxane motif has served as a conduit for designing multicomponent systems
displaying novel chemical and physical properties. The unique mechanical association of
these interlocked fragments is the impetus for using rotaxanes in prototypical molecular

machines.” For example, light can be used to trigger the shuttling of the wheel between
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two stations ‘A’ and ‘B’ of a [2]rotaxane which behaves like a molecular shuttle (Figure
2).”* The [2]rotaxane in Figure 2 consists of a nt-electron-donating wheel that can interact
with two m-electron-accepting axle stations. The irradiation of the tris(2.2’-
bipyridyl)ruthenium(Il) complex is followed by a rapid electron transfer to station *A’
which reduces the dication axle. The reduction results in the disruption of the nt-
acceptor-donor interactions used to hold the wheel at station *‘A’. As a result, the wheel

is then shuttled to station ‘B’ because of stronger nt-acceptor-donor interactions.

“ N
N P , °
SR ey X
station '8' C - : O\/? |

1 N
=

I
stat

ion ‘A’
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Figure 2. A molecular shuttle
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3.1.1 — Methods in Rotaxane Synthesis

In order for rotaxanes to be used effectively as architectures when building
nanoscale machines and new materials, the macrocyclic wheel, once threaded onto the
molecular axle, must be held there to prevent the components from disassembling.! At
present, there are several synthetic routes for fabricating rotaxanes that, based on the
method used, are either formed under kinetic or thermodynamic control. These
established synthetic routes can be grouped into three types of classes clipping, slipping,

and threading (Figure 3).

cycllzatlon

0+0 0 = 050

O T stoppering

. + O threading _._: )_

Figure 3. Three common strategies used to synthesize rotaxanes.

Clipping is accomplished by assembling a preformed dumbbell with a hemi-
circular synthon and then reacting it with an agent causing cyclization. This strategy is
challenged by tinding appropriate cyclization methods to bring about macrocyclization of
the pseudo-rotaxane, instead of polymerization and, thus, requires extra efforts in
designing components that have compatible reactivity. The slippage strategy involves
threading a presynthesized stoppered axle through the macrocyclic wheel with
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appropriate heating.® The sl/ippage strategy is a thermodynamically controlled process
because of the existence of a higher activation barrier for the dethreading process than the
threading process. However, the harsh reaction conditions that tend to accompany this
strategy may not be conducive for synthesizing rotaxanes containing highly sensitive
molecular components. The s/ippage strategy is also limiting because rotaxanes can only
be prepared from stoppered axles small enough to allow for the wheel to pass over them.
The threading strategy, which is the most widely used route, involves threading an axle
through a macrocycle wheel and finally fastening bulky end-stoppers to the pseudo-
rotaxane. The threading strategy is the most versatile and widely used because it offers
several ways to carry out the last step involving pseudo-rotaxane sloppering.5 For
example, a recently reported stoppering method utilizes the dynamic nature of the imine
bond to end-cap pseudo-rotaxanes under thermodynamic control (Figure 4).° Unlike the
clipping and slipping strategies, a thermodynamically controlled end-capping method has
the advantage of greatly limiting the number of synthetic steps required to prepare the

rotaxane and pseudo-rotaxane components.

end-stopper

o 2 Q%ﬂ@

{2]pseudo-rotaxane [2]rotaxane

Figure 4. The reversible imine stoppering method.

An alternative to using reversible carbon-heteroatom bond formation is to exploit

metal-directed self-assembly synthesis which, as has been reiterated throughout this
147
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thesis, has the advantage of being thermodynamically driven but is accomplished more
rapidly and under milder conditions. Despite its being introduced almost two decades
ago, there are few examples that utilize this approach to generate interlocking rotaxane

structures (for example see Figure 5).

,Ph l/\ 0/\

Pd—Oﬂgﬁ%@% o - jl@

Ph

Figure 5. Metal-directed stoppering.

The synthetic strategies mentioned (clipping, slipping, and threading) can be
further classitied as statistical, directed, and remplated based on the construction

methodology (Figure 6).

O stoppering
statistical + _ : .-’— —_— O—.—:’-Q
+

stoppering covalent bond
directed — —_ e - .
removal

. R stoppernng )
templated + S _." - - @

————

Figure 6. The alternative methods for assembling the axle and wheel.
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The statistical method is less commonly used because the reaction is equilibrating
and lacks any intermolecular interactions that can enhance the formation of the pseudo-
rotaxane. This results in very low yields of the rotaxane. The directed and remplated
methods are preferred because they increase the amount of pseudo-rotaxane formed by
using temporary covalent bonds or incorporating weak intermolecular forces,
respectively. Examples of the directed method are few in their numbers because they
rely on the cleavage of the covalent bonds that hold the wheel onto the axle. Again,
systems of this type are plagued with the problem of finding compatible covalent
synthetic steps to form and modify the linked axle and wheel. The remplated method is
the most widely used because it relies on easily incorporated and modified
supramolecular glues into the components that are used to drive the threading process.
The glues can be incorporated into a wide variety of axle and wheel components, and this
affords a great deal of component versatility when building variants of the rotaxane
structure. The types of supramolecular glue include m-mt acceptor-donor interactions,
hydrogen bonds, van der Waals forces, and metal-ligand associations. Of course, the
interactions can also be used in combination.

The synthetic utility of the three synthetic methods is only realized after
compiling their adaptability with the three strategies of clipping, slipping and threading.
The directed method relies on covalent bond formation and can only be combined with
the clipping approach. Also limited, but still more versatile than c/ipping, is the
statistical method which can be combined with the s/ipping and threading approaches for

rotaxane synthesis. Whereas, the template method can be combined with all three
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approaches. It is because of this that it is the most widely used and accepted method for

rotaxane synthesis.

3.2 — Metalloporphyrin Stoppered Rotaxanes

The growing interest in rotaxanes containing chromophores as stoppers'>*"®
prompted the development of a mild porphyrin-based end-capping method. The
incorporation of porphyrins as stoppers is particularly attractive not only because of their
bulkiness, but also because of their rich electro- and photophysical properties, which have
played important roles in synthetic electron and energy transfer systems as already
discussed in previous chapters."***® [n this study, axial coordination to the central metal
of the metalloporphyrin Ru(TTP)CO) (TTP = 5,10,15,20-tetratolylporphyrinato dianion)
is used in combination with the rhreading strategy as a means to conveniently synthesize
a porphyrin stoppered [2]rotaxane under thermodynamic control. A similar procedure
surfaced in the literature after our initial publication. The strategy reported by Sanders
and co-workers also takes advantage of axial coordination to a rhodium(III)

metalloporphyrin using a slightly different wheel and axle components.’ Their results are

similar to ours.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.3 - Results and Discussion

3.3.1 - [2]Pseudo-Rotaxane Design

In order to effectively end-cap a pseudo-rotaxane vig axial coordination, the
pseudo-rotaxane must display divergent Lewis-basic sites appropriately distanced from
the threaded wheel so as not to interfere with the self-assembly process. The 1,2-
bis(4,4’-dipyridinium)ethane dicationedibenzo[24]crown-8 [2]pseudo-rotaxane (3)
recently spot-lighted by Loeb™"® provided the suitable model pseudo-rotaxane for this

purpose (Equation 1).
/N
2PFg- (O O
=\__//\7 o) o
OO - OF 2 o0
N/ \ 7 (o]

S

1

CDCl,/CD4NO,
RT

axial coordination
axial coordination

Equation 1.

Within the [2]pseudo-rotaxane, the two divergent nitrogen atoms are positioned

with an atom separation of approximately 17 A that is ideally suited to axially coordinate
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to Ru(TTP)(CO). The threading of the 1,2-bis(4,4’-dipyridinium)ethane dication (1)
through dibenzo[24]crown-8 (DB24C8, (2)) forms the [2]pseudo-rotaxane (3) which is
held together through three supramolecular glues: n-m acceptor-donor, C—HeeO
hydrogen bonding, and N7+*+O ion-dipole. The importance of these glues will be
highlighted in a more detailed discussion later in the Chapter.

Multigram quantities of the central 1,2-bis(4,4’-dipyridinium)ethane dication (1)
were easily prepared according to known methods described by Summers.'® Following
this procedure, a dimethylformamide solution containing 4,4’-bipyridine was treated with
an excess of dibromoethane at 70°C. The dibromide salt precipitated from the reaction
mixture and was recrystallized from water. The bromide counter ions were exchanged

with organic soluble hexafluorophosphate ions (Scheme 1).

2PFg”
1) BrCH,CH,Br N@—C;
- - DMF, 70°C /N7 S -\
2) NH,PFg
1
Scheme 1.

3.3.2 - Spontaneous Pseudo-Rotaxane Formation

Dissolving equimolar amounts of axle 1 and wheel 2 in a [:1 mixture of CDCl;
and CD;NO, immediately generated [2]pseudo-rotaxane 3 as apparent by 'H NMR
spectroscopy (Figure 7 and Figure 8). The direct evidence for the formation of [2]pseudo-
rotaxane 3 is the observation of diagnostic down-field shifts of the methylene protons on

the axle component as they are involved in C—Hee*O hydrogen bonds. There are also
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characteristic upfield shifts of the aromatic protons on the axle and wheel components

whose rings are involved in n-rt stacking interactions. Both of these interactions are

responsible for driving the threading process.”’®

.9 [
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d ¢ b. ‘ b
oy
~ i
i l . i [ |
. b e ' | i !
¥ ‘ . I {
e e N A e ¥ Y U — A | AR | o
10 3 8 ’ 6 s 3 3 2 1 ppm

Figure 7. 'H NMR (500 MHz) of [2]pseudo-rotaxane 3 formation (3 mM in 1:! CDCI;-CD;NO»).
For signal numbering refer to the structures in Figure 8. Primed () signals cotrespond to unbound

components.
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Although the [2]pseudo-rotaxane is soluble in two-component systems such as a
mixture of nitromethane and acetonitrile, the poor solubility of Ru(TTP)(CO) in
nitromethane alone eliminated the possibility of using this solvent. Acetonitrile was
avoided as its nitrogen atom effectively competes as a Lewis base with those on 1 for
coordinating to the transition metal. However, once formed and isolated, the [2]rotaxane
4 is freely soluble in single organic solvents alone such as CHCl; or CH,Cl..

Integrating the area under the peaks corresponding to the methylene protons of
free and bound 1 and 2 (signals labeled e’ and e in Figure 7), both of which were clearly
separated in the 'H NMR spectrum, allowed for the facile determination of the
association constant (K;) in the slow-exchange threading process using the single point
method.!' This value was measured to be in the range of 3000-10000 M™' in the mixed-
solvent system (1-3 mM in CDCI3/CD;NO: 1:1 solutions). The association constant K, is
reported as being within a range because the extent of threading was sensitive to the
concentration of 1 and 2 in the sample, and the magnitude of the association constant
increased as the concentration of both components were raised. This unexpected
concentration dependency can be attributed to the trace amount of residual water in the
solvents. Because the solvent shells surrounding all species (1-3) certainly can include
water, it is reasonable to assume that the concentration of free and bound water would
change throughout the complexation reaction at the low water concentrations found in
these solutions. The result is that water cannot be eliminated from the thermodynamic
equilibrium equation and will thus have a great effect on the ability to form the
[2]lpseudo-rotaxane 3. The strength of the hydrogen bonds that are holding the axle in

place is lowered because water is an effective hydrogen bond competitor. Also, it could
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be expected that, along with the solvent shell, there are water molecules networked inside
the cavity of any uncomplexed crown ether and these bonds must be broken to bind the
axle. In this way, the slightly hydrous nature of the solvents used (and the difficuit task
of drying these solvents) affects the precision of K, measurements. Support of this
suggestion came in the observed lowering of K, for solutions at any concentration when
additional water was added to the sample. The association constants leveled out at 800-
1000 M~' when enough water (200-300 equivalents) was added so that its concentration
remains unchanged during the threading process. Despite this, the strength of the
interactions holding the interlocked components together compensates for the presence of

such a competitive solvent like water.

3.3.3 — Metalloporphyrin Capping for [2]Rotaxane Formation
The [2]rotaxane 4 was immediately formed when 2 molar equivalents of
Ru(TTP)(CO) were added directly to the NMR sample of the pseudo-rotaxane (Equation

2 and Figure 9).

Q,/\o/\ 2PF4"
\_ (8% RU(TTP)(CO) N N\ Q—:f H 2 /
o. o] =————= oc- —RU—I\C>—< @—@N—— u—-CO
h CDCl,/CD4NO, N = C HOHT
Q AT 2 o\j’Q
4

\

Z 4

3 N

Equation 2. The porphyrins’ substituents and double bond representations have been omitted for
clarity.
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Signals for all the hydrogen atoms of both 1 and 2 shift significantly upfield, as
would be expected for protons that reside within the additive shielding cones of the
porphyrin stoppers. This effect has already been described in detail in previous chapters.
The pyridine hydrogen atoms immediately adjacent to the coordinating nitrogen are
closest to the end-caps (2.7 A average nitrogen-to-porphyrin distance) and are the most
affected by the anisotropic effect (signals “a™ in Figure 9 and Table 1). The shielding
effect is minimally felt by the methylene protons on the dication axle (-CH., signals “e”
in Figure 9) which are as far as 10.2 A from the stoppers, although the shielding effect is
still significant (A3 = 0.72 ppm). All protons on the crown ether are also shielded, the
most effected being those on the phenyl ring which are 3.0 A and 5.1 A from the mean

centre of the porphyrin planes.

J

Figure 9. 'H NMR (500 MHz) of [2]rotaxane 4 formation (3 mM in 1:1 CDCl;-CD;NQO-). Primed
(") signals correspond to stoppered axle and unbound wheel component 2.
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Table 1 Selected '"H NMR data (500 MHz) of 4 in 1:1 CDCl;-CD;NO,

8/ ppm
axle fragment wheel fragment
H(a)" H(b) H(c) H(d) H(e) H(f) H(g) H(h)
1.65 5.36 6.91 8.60 5.01 5.33 5.94 3.67-3.59

(-7.18Y  (-2.14)  (-1.17) (-0.72) (-0.72) (-1.37 (-0.76) (-0.48)

“ Atom numbering scheme refers to structures in Figure 9. ° Refers to upfield shifts of the
protons relative to those in the spectrum of [2]pseudo-rotaxane 3.

At this time, it is important to consider the effects that axial coordination may
have on the interactions responsible for holding the pseudo-rotaxane together. As a result
of axial coordination, the Lewis acidic ruthenium metal will pull electron density away
from the axle making the pyridine rings less electron rich thereby increasing the acidity
of any protons involved in hydrogen bonding. Also effected are the electron poor
pyridine rings on the axle as these rings will become even more electron poor after axial
coordination. Considering these effects, it is safe to assume that the m-m stacking
between the pyridines and the electron rich aromatic rings on the wheel and hydrogen
bonding interactions used to hold the pseudo-rotaxane together will increase in their
strengths. Overall, the result should be seen as an increase in stability of the axle and

wheel components in the rotaxane.

3.3.4 - [2]Rotaxane X-Ray Crystal Structure
Crystals of [2]rotaxane 4 suitable for structure determination were obtained by
treating acetone solutions of 1 with excess 2, end-capping the in situ formed [2]pseudo-

rotaxane 3 with two molar equivalents of Ru(TTP)(CO), followed by slow evaporation.
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The crystal structure is consistent with the binding interactions observed in the 'H NMR
spectrum (Figure 10). All methylene protons of 1 are within hydrogen bond distances to

the oxygen atoms of the crown ether (3.54 A average Ce++O distance).

Figure 10. Molecular structure of [2]rotaxane 4 in the crystal. The thermal ellipsoids are drawn
at the 20% probability level.

Also, the pheny! rings of the crown ether wheel are lying parallel to the heterocycles of
the axle and are within n-7t stacking range (3.4 A mean Ph-Ph distance). Also revealed
are the weak but important N”+eQO ion—dipole interactions that range from 4.12 t0 3.35 A
tor all nitrogen atoms which are in close proximity to the crown ether’s oxygen
atoms.”"® The crystal structure shows that the distance between the porphyrin stoppers
(21.692(3) A Ru(1)-Ru(2) distance) is just enough to accommodate the entire crown ether
fragment without sacrificing any of the favourable n-n stacking interactions between the

wheel and the axle.
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3.3.5 - [2]Rotaxane Solution Dynamics

The most notable feature of [2]rotaxane 4 appears in the solution behaviour of the
isolated complex. The thermodynamic properties of the [2]rotaxane are quite intriguing
because they involve two reversible binding events, threading/dethreading and the
stoppering. Since the [2]rotaxane 4 was created using a reversible approach, it serves as
an example of how the thermodynamic properties of the components are retained in the
final assembled [2]rotaxane. This is highlighted in Figure 11, which compares the
solution behaviour of 4 in two different solvent systems (CD,Cl, and CD,Cls/[Dg)acetone
1:1). These solvents were chosen because they have varying degrees of competition with
respect to axial coordination and hydrogen bonding. The signals that are highlighted with
arrows in Figure 11 correspond to the NCH: protons on the central dication axle involved

in hydrogen bonding with the crown ether wheel.

4
N 4 5
5 N/
l ]
— ..l'»“ .,I»__,'-a \.-l\._.—-a 'i __¢L__' ‘--—‘Lalvl—

Figure 11. 'H NMR (500 MHz) spectra of isolated [2]-rotaxane 4 highlighting the solvent
dependency on the equilibrium mixture. The left trace was obtained in CD-Cl,. The right trace
was obtained in 1:1 [Dglacetone/CD-Cl.. Both spectra were obtained at the same concentration of
0.80 mM. See Equation 3 for schematic representations of the peak assignments.

The signal that is shifted further down field corresponds to the [2]rotaxane 4. I[n both

cases, an equilibrium mixture of the components was produced and shows the dynamic

nature of using axial coordination as a rotaxane end-capping method (Equation 3).
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Equation 3. The schematic representation of the equilibria involved.

It was not unexpected that in acetone 4 was less favoured over § to a larger extent
than it was in dichloromethane. Acetone therefore, effectively reduces the strength of
axial coordination and hydrogen bonding which allows the wheel to slip off more easily.
It is important to note that the equilibrium mixture of 4 and § may also result from
unfavourable steric interactions that are present when the wheel bumps into one or both
of the stoppers thus aiding in their removal. Even though the solid state structure
suggests that there is enough room to accommodate the wheel, it only represents a static
version of the [2]rotaxane. Integrating the area under the peaks corresponding to bound
and free 4 and § in acetone, both of which were clearly separated in the 'H NMR

spectrum, allowed for the facile determination of the association constant (K;) in the
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slow-exchange threading process using the single point method (Figure 10). An
association constant K, of 2000 M™' (0.80 mM in CD-Cl/[Ds]acetone) was calculated for
the acetone solvent system.

Changing the solvent to dichloromethane, which can be considered as being a
non-competitive solvent for both axial coordination and hydrogen bonding, shows that
the equilibrium favours the [2]rotaxane 4 (Equation 3 and Figure 11). By integrating the
area under the peaks corresponding to bound and free, 4 and § respectively, an
association constant K, of 8000 M™' (0.80 mM in CD-Cl,) was calculated for this solvent
system. A comparison of this value to that for the acetone solution (2000 M™* at 0.80
mM in CD:Cly/[Ds]acetone) suggests that the interactions used to hold the wheel and axle
together are stronger in dichloromethane and supports the solvent dependency of
rotaxane formation. Even though axial coordination is strong, the [2]rotaxane still
disassembles in dichloromethane lending support to the argument that the stoppers are
exchanging and their removal might be assisted by interactions with the wheel. In light
of this, the reversible and thermodynamically controlled assembly of this [2]rotaxane is
revealed by the shifting of the dichloromethane equilibrium mixture to favour 4 after the
addition of excess crown. Therefore, it is possible to aiter the conditions necessary to
enhance [2]rotaxane formation by simple mixing of the wheel, axle and stoppers in
appropriate ratios. This should facilitate the rapid synthesis of more elaborate structures.
Alternatively, addition of an excess of a competitive Lewis basic solvent such as pyridine
to the dichloromethane solution containing 4 resulted in the quantitative displacement of
the stoppers as Ru(TTP)(CO)(py) and the regeneration of the dynamic mixture of pseudo-

rotaxane 3 and the non-threaded wheel and axle (Figure 12). Integration of the area
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under the peaks in the 'H NMR spectrum showed that the reaction mixture had 1:1:2
stoichiometry between components axle:wheel:porphyrin. This study reveals the dynamic
nature of the end-capping process and will serve usefully when removable stoppers are

desired.
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Figure 12. 'H NMR (500 MHz, CD,Cl.) spectra of the isolated [2]rotaxane 4 (bottom trace)
highlighting the ability to remove the porphyrin stoppers by adding pyridine (top trace).
3.3.6 - [2]Rotaxane Synthesis Using an Axially Coordinated Axle

The reversible and thermodynamically controlled self-assembly process was
further probed by testing the ability to prepare the [2]rotaxane 4 from the preformed
coordinated axle §. First, the axially coordinated axle was prepared in greater than 95%
yield by adding 2.5 molar equivalents of Ru(TTP)(CO) to an acetone solution of 1 at
room temperature (Equation 4). The solvent was removed, replaced with

dichloromethane and § precipitated by adding pentane.
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I\ M\ =
N /7 N\ N +
1
Acetone,
RT

2PFg"

\
oc- —R{J—O——CN-%—‘O—C —Ru-—CO
N

S
(95%)

Equation 4. The porphyrins’ substituents and double bond representations have been omitted for
clarity.

'H NMR spectroscopy was then used to follow the progress of the self-assembly reaction
involving the stoppered axle § and the wheel 2. In this 'H NMR study, aliquots of
dibenzo[24]crown-8 were added to a [Ds]acetone sample containing § and the
disappearance of the signals corresponding to § was monitored (Figure 13). Acetone was
chosen as the solvent because it dissolves all of the components and this competitive
solvent should increase the exchange rate of the stoppers thus facilitating the addition of

the wheel onto the axle. It is clear from Figure 13 that the addition of 5 uL (0.7 molar
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equivalents) of dibenzo[24]crown-8 resulted in the formation of the [2]rotaxane 4

(signals labeled ‘¥’ in Figure 13).
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Figure 13. 'H NMR (500 MHz) during the titration of capped axle § (0.75 mM) in [Ds]acetone
with aliquots of dibenzo[24]crown-8 2 (85 mM) dissolved in CD:Cl, forming [2]-rotaxane 4.
The symbol *§' refers to signals that correspond to excess dibenzo[24]crown-8, the symbol **’
refers to selected signals of unbound §, the symbol ‘1’ refers to selected signals of bound
[2]-rotaxane 4 and the symbol ‘%’ refers to residual solvent CH:Cl, peak.

Evidence for [2]rotaxane 4 formation is supported by the diagnostic down-field shifts of
C~He++O hydrogen bonds and the appearance of the crown ether’s two phenyl ring
resonances. It is not unexpected that the signals corresponding to the crown ether’s
phenyl rings are shifted dramatically uptield when they are associated on the axle
because they lie within the porphyrins’ anisotropic ring currents. The yield of

[2]rotaxane 4 was calculated by comparing the area under the signals (signals labeled ‘1’

and **’ in Figure 13) and was found to be 38% for this first addition. By adding more
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dibenzo[24]crown-8 the yield of the [2]rotaxane increased and leveled off at 75% when
20 puL (2.67 molar equivalents) of dibenzo[24]crown-8 were added. An average
association constant K, of 2300 M™' (0.80 mM in [De)acetone) was calculated for each
addition and again it reflects the solvent dependency of rotaxane formation in acetone.
This study reveals the reversible nature of this stoppering method and demonstrates the
ease at which the rhreading and stoppering of the axle can be monitored. The
information obtained from this study can be used to calculate the amount of wheel
required to maximize [2]rotaxane formation using a one step procedure.

All of the 'H NMR studies mentioned in this chapter of the thesis have shown that
axial coordination of porphyrins is an effective end-capping method to convert dynamic
[2]pseudo-rotaxanes into dynamic [2]rotaxanes. The driving force for [2]rotaxane
formation results from cooperative templating forces of m-1t acceptor-donor interactions,
C-He++O hydrogen bonding, and N ee¢O ion-dipole interactions. The importance and
strength of these templating interactions and the reversible sroppering method was
revealed by their dynamic solution state behaviour. A solvent dependency of these
processes was found and highlighted by noticeable changes in the association constants
calculated for pseudo-rotaxane and rotaxane formation. The reaction conditions can be
aitered to maximize rotaxane formation, and the stoppers can also be quantitatively

removed under mild conditions by treating the [2]rotaxane 4 with the appropriate solvent.

3.3.7 — Characterization using ESI Mass Spectrometry
Attempts were also made to characterize the [2]rotaxane 4 by electrospray mass
spectrometry (ESI-MS) using a CH:2Cly/nitromethane solvent mixture. Unfortunately, the
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spectrum was absent of the peaks that correspond to the singly or to the doubly charged
species of the [2]rotaxane 4. The spectrum contained a peak for the singly charged
stoppered axle § at m/z = 2080 [M — (DBZ24CS8, PF¢)]™ along with a peak corresponding
to the loss of a porphyrin unit. Also present in the spectrum was a peak for a singly
charged species at m/z = 1998 which is consistent with [M - (DBZ24CS8, 2PF¢) +
CH3NOs]™ along with a peak corresponding to the loss of a porphyrin unit. The isotopic

abundance of each peak matched the calculated values of singly charged species.

3.3.8 — Characterizations using IR Spectroscopy

The [2]rotaxane 4 and stoppered axle § were also characterized in the solid state
using IR spectroscopy. It should be remembered that when pyridine coordinated to
Ru(TTP)(CO)EWOH), the vco shifted from 1946 cm™ to 1933 cm™. For both the
[2]rotaxane 4 and the stoppered axle §, the vco appeared at 1959 cm™. Since the vco
increases in frequency, this suggests that the terminal pyridines on the axle component 1
reduce the amount of electron density back-bonded to CO when they coordinate to the
ruthenium(lI) metal in Ru(TTP)(CO). These results also suggest that when the crown

ether is on the stoppered axle §, as in the [2]rotaxane 4, the amount of electron density

back-bonded to CO is not altered.

3.3.9 — Characterization Using UV/Vis Spectroscopy

[nitial photophysical studies show that the absorption spectra in the UV/Vis
region of [2]rotaxane 4 are essentially the same as the pyridyl adduct of
Ru(TTP)(CO)(py) (Figure 14). In order to compare the absorption spectra of the
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[2]rotaxane and it’s constituents, the UV/Vis spectrum of the [2]pseudo-rotaxane 3 and of

the stoppered axle § are required.

w

N

' N

intensity / arbitrary units

N

300 400 500 600 700
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Figure 14. Overlay of absorption spectra of [2]rotaxane 4 (solid line) and Ru(TTP)(CO)(py)
(dotted line) in dry deoxygenated dichloromethane. Both spectra are normalized to have the same
porphyrin concentration of 1.00 x 107 M.

These results seem to indicate that there is an absence of strong coupling between the

different units of the structure and the chromophores behave independently.
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3.4 — Experimental

General Remarks: All solvents (Caledon) were distilled prior to use. Solvents used for
UV/Vis spectroscopy were deoxygenated by bubbling argon through the solvent. Solvents
for NMR spectroscopic analysis (Cambridge Isotope Laboratories) were used as received.
All reagents and starting materials were purchased from Aldrich. 'H NMR spectroscopic
characterizations were performed on a Varian Inova-500 instrument, working at 499.92 or
on a Varian Inova-300 instrument, working at 299.96 MHz. Chemical shifts (d) are
reported in parts per million relative to tetramethylsilane using the residual solvent peak
as a reference standard. FT-IR measurements were performed on solid samples using a
Nicolet Magna-IR 750 equipped with a microscope. UV/Vis measurements were
performed using a Varian Cary 400 Scan spectrophotometer. Electrospray ionization
mass spectra were recorded on a Micromass ZabSpec Hybrid Sector-TOF with positive
mode electrospray ionization. The liquid carrier was infused into the electrospray source
by means of a Harvard syringe pump at a tlow rate of 10 uL/minute. The sample
solution, in the same solvent, was introduced via a 1 pL-loop-injector. Prepurified
nitrogen gas was used as a pneumatic aid and filtered air as the bath gas, heated at ca.
80°C. For low resolution, the mass spectra were acquired by magnet scan at a rate of 5
seconds/decade at ca. 1000 resolution. For exact mass measurements, the spectra were

obtained by voltage scan over a narrow mass range at ca. 10000 resolution. Data
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acquisition and processing was achieved by using the OPUS software package on a Digital

Alpha station with VMS operating system.

2PF5

3

\
oc- —?FO—Q‘L woo
N

[Ru(TTPYCO)|;|PF):|2|rotaxane (4) : A solution of 1,2-bis(4,4’-dipyridinium)ethane

dication (1)'° (15.0 mg, 2.38x107> mmol) in CH;NO«/CH,Cl> (1:1) (5.0 mL) was treated
with 3.0 molar equivalents of dibenzo-24-crown-8 (32.0 mg, 7.14x107> mmol) and stirred
at ambient temperature for 5 min. To this mixture was added 2.1 molar equivalents of
Ru(TTP)CO)EtOH) (44 mg, 5.23x1072 mmol) and stirred for an additional 30 min. The
reaction mixture was poured into ether (15 mL) and the resulting solid was collected by

filtration and was washed with a mixture of Et,O/pentane (20:80) and dried under

vacuum. Yield: 49 mg (77%).

M.p. >300°C (decomp); ‘H NMR (500 MHz, CD.Cl,, 22°C) (primed signals (’) refer to
unbound components): § = 8.67 (s, B—pyrrole CH). 8.65 (s, f—pyrrole’ CH), 8.57 (br s,
bpy’ CH2 and CH6), 8.43 (d, /=7.0 Hz, bpy CH2 and CH6), 8.08 (m, meso—aromatic
CH), 796 (dd, J=1.5, 7.5 Hz. meso-aromatic CH), 791 (dd, J=l.5, 7.5 Hz.
meso—aromatic’ CH), 7.55 (m, meso—aromatic CH), 7.49 (m, meso—aromatic CH), 7.03

(d, J=7.0 Hz, bpy’ CH3 and CHS), 6.75 (d, J/=7.0 Hz, bpy CH3 and CHS5), 6.69 (br s,
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catechol’), 6.65 (br s, catechol’), 6.03 (dd, J=3.0, 9.5, catechol), 5.72 (dd, J=3.0, 9.5,
catechol), 5.46 (d, J/=7.0 Hz, bpy’ CH3’ and CHS’), 5.22 (dd, J=1.5, 5.8 Hz, bpy CH3’
and CHS’), 4.86 (br s, ethyl CH,), 4.74 (br s, ethyl’ CH,), 3.95 (br s, ether’ OCH,), 3.78
(t, J=4.5 Hz, ether’ OCH,), 3.72 (s, ether’ OCH.), 3.59 (m, ether OCH,), 3.51 (m, ether
OCH.,), 3.59 (s, ether OCH,), 2.66 (s, meso—-aromatic CH;), 1.70 (dd, J=1.5, 5.0 Hz,
bpy’ CH2’ and CH6"), 1.60 (dd, J=1.5, 5.0 Hz, bpy CH2’ and CH6"); >*C NMR (125.7
MHz, CD,Cl,, 22°C): 3 = 181.2, 152.2, 149.3, 146.8, 145.9, 145.7, 145.6, 144.1, 139.8,
138.6, 137.5, 134.62, 134.57, 134.3, 132.2, 127.8, 127.5, 125.5, 123.9, 122.1, 121.8,
121.5, 120.0, 119.7, 114.6, 112.1, 71.4, 71.0, 70.5, 70.3, 69.5, 67.9, 57.8, 21.5; MS
(ESI+): m/z = 2879 [M + CH;NO,, PF¢]", 2080 [2%, M — (DBZ24CS8, PF¢)]™ ,1998 [5%,
M - (DBZ24CS8, 2PF¢) + CH;NO,]", 1282 [4%, M - (TTP, DBZ24C8, PF¢)]™ 1200
[5%, M - (TTP, DBZ24C8, 2PFs) + CH;NO,]"; UV/Vis (CHyCla): Ay, / nm (log € /
Mem') = 250 (4.44), 273 (4.43), 413 (5.25), 533 (4.16), 567 (3.62); Selected IR

(microscope): v = 1959 (CO) cm™.

2PFg"

oc N?a{;— N N IS — N-|-Rli——cO
- @SN @)=
N NN

[Ru(TTP)(CO)|;[PF|:[2]rotaxane (5) : A solution of 1,2-bis(4,4’-dipyridinium)ethane

dication (1) (15.0 mg, 2.38x1072 mmol) in acetone (5.0 mL) was treated with 2.1 molar
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equivalents of Ru(TTP)(CO)EtOH) (44 mg, 5.23x107> mmol) and stirred for 30 min.
The reaction mixture concentrated to dryness and redissolved in dichloromethane (2 mL).
The resulting solution was diluted with pentane (15 mL) and the resulting solid was

collected by filtration and was washed with a mixture of Et-O/pentane (20:80) and dried

under vacuum. Yield: 56 mg (95%).

M.p. >300°C (decomp); 'H NMR (500 MHz, [Dg]acetone, 22°C): & = 8.67 (s, 16H),
8.59 (d, J/=7.0 Hz, 4H), 8.11 (dd, J=2.0, 7.5 Hz, 8H), 7.89 (dd, J=2.0, 7.5 Hz, 8H), 7.63
(d, J=7.5 Hz, 8H), 7.51 (d, J=7.5 Hz, 8H), 7.49 (d, J=7.5 Hz, 4H), 5.90 (dd, J=1.5, 5.5
Hz, 4H), 5.17 (s, 4H), 2.68 (s, 24H), 1.72 (dd, J=1.5, 5.5 Hz, 4H); °C NMR (125.7
MHz. [Dglacetone, 22°C): & = 146.1, 145.9, 144.6, 140.3, 138.1, 134.9, 134.6, 132.7,
128.4, 128.0, 126.5, 122.6, 121.0, 60.1, 21.5; MS (ESI+): m/z = 2080 [5%, M — PF¢]",

1282 [5%, M — (TTP, PFe)]"; Selected IR (microscope): v = 1959 (CO) e .

X-ray Crystallographic Study: The crystallographic data for [2]rotaxane 4 is shown in
Table 2. Crystals of [2]rotaxane 4 were grown from acetone. X-Ray data were collected
on a Bruker PLATFORM/SMART 1000 CCD at 193 K using a graphite-monochromated
Mo-K , radiation (A = 0.71073 A) by taking @ scans at 0.2° intervals. The structures were
solved by direct methods/fragment search using the computer program DIRDIF-96 and
retined by full-matrix least-squares with anisotropic displacement parameters for the non-

hydrogen atoms using the computer program SHELXL-93.'> Hydrogen atoms were
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introduced in their idealized positions as indicated by the sp’ or sp’ geometries of their

attached carbon atoms.

Table 2. Crystallographic data for the [2]Rotaxane 4

Molecular Formula
Molecular Weight

Crystal size/mm

Crystal system

Space group

alA

b/A

/A

B

V4

VIA’

Density/g cm”

u/mm™

Data collection 260 limiv/°
Total data collected
Independent retlections
Observed data with / 2 26())
Absorption correction method
Range of transmission factors
Data/restraints/parameters
Goodness-of-fit on F°

Final R indices {1 > 26(D]*
R = [F.)} 2 26(F.)

wR: = [F,” 2 =36(F.))]

Largest difference peak and

Cies.sHisoF12 Ni2 O175 P2Rua2

M =3110.22

0.59 x 0.08 x 0.05

monaclinic

P2/n (a nonstandard setting of P2,/c [No. 14])
11.655(2)

30.385 (5)

24.340 (4)

103.745 (3)

5

8373 (2)

1.234

0.276

53.10

41325

17184

4929
SADABS
0.9803-0.5738
17184/0/976
0.864

0.0877
0.2673
1.418 and 0901 e A™*

YRy = S = IFIIZIF ) wRa = {SIW(F, = ) VI w(FhH)'"-.
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Chapter 4 — Ruthenium(II)salophen Assemblies Using Axial Coordination

This chapter of the thesis introduces ruthenium(Il) carbonyl salophen complexes
as new synthons for supramolecular chemistry. The discussion will focus on the
synthesis, properties and application of a series of unprecedented mononuclear and
binuclear ruthenium(ll) carbonyl complexes with N,O, Schiff base ligands based on 3,5-
di-rert-butyl-salicylaldehyde and three different ortho-diamines. The mononuclear
metallosalophen complex acts as a versatile supramolecular synthon as illustrated by the
fact that it spontaneously forms linear and three-dimensional assemblies through axial
coordination to pyridyl Lewis bases. Using this motif, neutral and charged assemblies are
prepared and characterized in the same manner as the metalloporphyrin arrays described
in Chapter 2. The mononuclear carbonyl complex either exists as a non-rigid molecule or
as a species that is involved in an exchange process with an unidentified axial ligand at
room temperature. These processes are prevented when a Lewis base occupies the axial
coordination site. The versatility of the salophen ligand is highlighted by the preparation
of novel bimetallic ruthenium(ll) carbonyl salophen complexes from 1,2,4,5-
tetraaminobenzene and 2,3,7,8-tetraaminodibenzo[ 1,4]dioxin which are compared to the
analogous bimetallic porphyrin complex. The bimetallic complexes are isolated as a
mixture of cis- and trans-diastereomers with respect to the spatial relationship between
the two axially bound carbon monoxide ligands. The electronic spectral and
electrochemical properties of the ruthenium(II) carbonyl mono- and bis(salophen) pyridyl

adducts are compared. These studies reveal that the central tetraamino linker regulates the
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communication between the two metal centres. Also presented are preliminary self-
assembly studies using the novel bimetallic salophen and porphyrin complexes with

pyridyl Lewis bases to construct molecular rectangles and a three dimensional triangular

prism.

4.1 - Introduction

As discussed in Chapters 2 and 3, the use of vacant axial coordination sites on
metalloporphyrins in conjunction with substituted pyridines to create supramolecular
assemblies with well-defined architectures and novel properties has been well exploited
and extensively documented.! The construction of more elaborate porphyrin-based
assemblies would provide access to new materials with tunable optical and
electrochemical properties suitable for modeling photosynthetic functions such as energy
capture and transfer reactions as well as new photonic devices such as solar cells and
gated molecular circuitry.? There are, however, significant shortcomings in the utility of
substituted porphyrins. The syntheses tend to provide the macrocycles in low yields
and the macrocycles are tedious to isolate and purify, making the “design-to-realization”
period of highly functionalized porphyrinic building blocks lengthy. Alternative molecular
platforms that provide free binding sites suitable for axial coordination, but are more

conducive to convenient synthesis, modification and isolation, need to be explored.
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4.1.1 — Metallosalens and Metallosalophens in Supramolecular Chemistry
Metallosalens (salen = N,N -bis(salicylidene)ethylenediamine, (1)) and
metallosalophens (salophen = N,N’-bis(salicylidene)-1,2-phenylenediamine, (2)) have

received little attention as sources of planar supramolecular building blocks (Figure 1).

-~ —

(M ] N)wio

Figure 1.

These tetradentate ligands are particularly attractive for several reasons: 1) they
are conveniently prepared in a single synthetic step by condensing substituted ortho-
diamines with salicylaldehyde and, as a result, can be readily tailored by modifying the
substituents on the diamine synthon, 2) they form stable, easily isolated coordination
compounds with a wide variety of metals, and 3) if the appropriate metal is inserted into
the ligands, the resulting complexes brandish accessible axial Lewis-acidic sites. Despite
this appeal, there is only one report describing the use of metallosalens or
metallosalophens to construct multicomponent supramolecular assemblies through axial
coordination. In it, the authors describe how 4,4'-bipyridine axially coordinates to two

methylcobalt(III) salen complexes to produce a linear three-component assembly.’
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The success in constructing multicomponent assemblies using axial coordination to
ruthenium(Il) carbony! porphyrin synthons* prompted the evaluation of ruthenium(II)
carbonyl salophen analogues in supramolecular chemistry. The reported examples of axial
coordination to ruthenium(ll) carbonyl salen and ruthenium(ll) carbonyl salophen
complexes are limited in their scope and have certainly not been given the same degree of

attention as their porphyrin counterparts.

The remaining sections of this chapter describe the synthesis, properties and
application of the Ru(BSP)}CO) building block 4 (BSP = N,N’-bis(3,5-di-terr-butyl-
salicylidene)-1,2-phenylenediamine) and the bimetallic complexes [Ru(BS2P}(CO).] 14
(BS2P = NN N''N''-tetra-(3,5-di-tert-butylsalicylidene)-1,2,4,5-phenylenetetra-
amine) and [Ruy(BS2DP)(CO),] 16 (BS2DP = NN’ N’ N’ '-tetra-(3,5-di-tert-butyl-
salicylidene)-2,3,7,8-dibenzo[ 1 ,4]dioxin-tetraamine) to the generation of supramolecular

assemblies.

4.2 — Results and Discussion

4.2.1 - Synthesis of the Ruthenium(lI) Carbonyl Salophen Building Block

In an early report of metal-carbonyl insertion into salens, Calderazzo and
coworkers describe the reaction of the unsubstituted ligand 1 (M = 2H) with Ru3(CO),»
to produce a metallosalen dimer in high yield.> Owing to the insolubility of this dimeric

product, it was characterized primarily using elemental analysis techniques which gave

179

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the correct 1:1 metal-to-ligand stoichiometry for the coordination compound but not its
three-dimensional structure. The authors postulated that the dimer is held together
through axial coordination to the ruthenium center of each monomer by one of the Lewis
basic oxygen atoms of the other. This claim was based on the fact that analogous iron(IIl)
coordination compounds have been characterized in the solid-state which possess this

bridged arrangement (Figure 2).°

Q =Fe™ T =cCI O =C { =N & =0

Figure 2. An example of an iron(Ill) salen dimer.

In a later report, Farrell and coworkers describe how the [Ru(1)}(CO)], dimer can
be broken into its monomeric fragments only when heated in pyridine, where it
dissociates to yield the pyridine-coordinated metallosalen monomer Ru(salen)(CO)(py).7
Khan and coworkers described an alternative, milder approach to metal-carbonyl insertion
whereby a variety of chloro- and methoxy-substituted salens and salophens were reacted
with Cs>[RuCl;(CO)(H.0)].® However, the axial coordinating behaviour of these chloro-

and methoxy-substituted ruthenium(lI) Schiff base complexes have not been reported.
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In light of the dimerization product described by Calderazzo and Farrell, and the
less than satisfactory structural and binding information for the reported metallo-Schiff
base complexes, a more soluble salophen ligand that is amenable to characterization in
self-assembly processes was desired. Based on these requirements the decision was made
to use the known N,N'-bis(3,5-di-rerr-butylsalicylidene)-1,2-phenylenediamine (3), which
precipitates as a yellow solid when 3,5-di-tert-butylsalicylaldehyde and 1,2-diamino-
benzene are condensed in hot ethanol.” Metal insertion was accomplished by heating

ligand 3 with an excess of Ru3(CO),, in toluene (Scheme 1).

Bu
O OH Bu
NH, H Bu EtOH OH
2HCI + ©[ 3
NH, reflux N OH
Bu I Bu
Bu
tBu tBu
Bu Bu
r‘] OH RUS(CO)«‘g |\L /O
X I JAico
|\f H toluene, A l\f
Bu 46% Bu
tBu tBu
3 4
Scheme 1.
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Ru(BSP)(CO) (4) was isolated as a burgundy air-stable solid by a combination of
column chromatography through alumina (activity II-III) and recrystallization from
aqueous ethanol. The isolation of 4 as a monomer was first suggested by the absence of
signals in the positive ion ESI mass spectrum corresponding to higher aggregates or
multiply-charged species, and then by the ease of forming axially-coordinated
supramolecular assemblies. In addition to peaks corresponding to the parent ion (m/z =
668) and the loss of carbon monoxide (m/z = 640), the ESI mass spectrum of a
nitromethane solution of 4 contained peaks corresponding to the hydrated (m/z = 686)
and solvated (m/z = 729 for [M + CH;NO,]") coordination compounds. It is reasonable
to assume that, under these conditions, the solvent molecule (CH;NO> or H,O) most
likely occupies the axial site on the metal center. It can be postulated that the presence of
the bulky rerr-butyl substituents on the salophen ligand inhibits the dimerization of
Ru(BSP)CO) (4). Similar results have been reported for the zinc(Il) analogues of these
types of coordination compounds.'® However, an example of a dimer was reported for
the group 13 aluminum(IIl) analogue that used a similar salophen ligand to that of 3

(Figure 3).'®

O =C
O =

Figure 3. An example of an aluminum(IIi) salophen dimer.
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In this case, the dimer crystallized after the metallosalophen complex ejected two of the
eight bulky rert-butyl substituents via a Friedel-Crafts dealkylation process at —30°C.
This observation suggests that Ru(BSP)(CO) (4) could form an oxygen-bridged dimer.
Computer-assisted molecular modeling of 4, derived from the crystal structures of
[Fe(1)(CD)]. and the aluminum(IIl) complex, revealed that the sterically demanding rert-
butyl substituents hinder the metallosalophens from approaching each other, enough to

impede the formation an analogous dimer as that originally reported by Calderazzo.

4.2.2 - '"H NMR Solution Studies of the Ruthenium(Il) Carbonyl Salophen
Investigations using 'H NMR spectroscopy showed that 4 exists at room
temperature as either a structurally non-rigid molecule or as a species that is involved in a
fast exchange process on the NMR time scale with an unidentified axial ligand in
deuterated dichloromethane (a non-coordinating solvent). The broad signals in the
spectrum sharpened after the addition of Lewis basic solvents such as acetone or pyridine
(Figure 4). In the presence of these Lewis basic solvents, the axial site will be occupied
and a rigid hexacoordinate metallosalophen complex will be formed. It was also apparent
that these Lewis basic solvents coordinate strongly enough to prevent the unidentified

ligand from competing in the coordination process.
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Figure 4. '"H NMR (500 MHz) experiment of the aromatic region of 4 in CD,Cl, (top) and
after the addition of excess [Dglacetone (bottom). Spectra were recorded at room
temperature. Peak assignments correspond to the atoms labels of structure 4.

4.2.3 - '"H NMR Variable-Temperature Studies

The coordination event was also studied by performing variable-temperature 'H
NMR, two-dimensional COSY, and NOESY experiments on dichloromethane samples of
4 prepared under inert nitrogen atmosphere and anhydrous conditions. The variable-
temperature 'H NMR study was repeated with the same sample and the same spectra
were reproduced. This suggested that the coordination of the unidentified ligand was
reversible. For the variable-temperature study, the samples were first heated to 40°C and
at this temperature there were no observable changes (sharpening of the signals) in their
spectra. This suggested that the proton resonances were in coalescence at room

temperature and appeared as two very broad resonances at 8 = 7.8 and 6.8 ppm with one
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sharper signal at § = 7.4 ppm (Figure 5). The samples were then cooled from 27°C down
to —50°C and the spectra generated are shown in Figure 5. Upon cooling the sample from
27°C to 20°C, the resonances changed in their appearance with one signal splitting (8 =
6.8 ppm) and the sharp signal broadening (3 = 7.4 ppm). Upon cooling to 0°C, the signals

eventually separated into five domains that consisted of unresolved and resolved signals.

ll lk‘lgl Pt -10°C

— - - — I - h—— e ——— — e
. aQ l ’ ‘
3 B 0 C i ”- } . . -50 C
—_— —
10°C Lo -40°C
— T — e o - “, — R
20°C - -30°C
i e —— ‘ "“ '
i - — — _— - JE S —
. | e
o 27°C | “’l'l‘. || 20°C

1.9 9.0 8.5 8.0 7.5 7.0 6.5 ppm 9. 9.9 8.5 8.8 7.5 7.0 6.5 ppm

Figure 5. Variable-temperature 'H NMR (500 MHz) experiment of the aromatic region of 4
in CD,Cl..

The spectra obtained at ~10°C to —30°C consisted of fifteen signals in total: five broad
signals, two triplets (/= 7.5 Hz), two doublets (J =7.5 Hz), four doublets (J/ = 1.5 Hz),
and two singlets (Figure 5 and Figure 6). The positions of these signals shifted as the
temperature was lowered from —10°C to -30°C. Based on these shitts, the relative
positions of the ten sharp signals (signals labeled 1-10 in Figure 6) and the five broad
signals (signals labeled a-e in Figure 6) in each spectrum were located. The areas under the
ten sharp peaks were integrated and had values that were consistently equal to one

proton. The five broad signals were consistent with a C, symmetric 4, which will also
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display five signals in the aromatic region. The broad signals in each spectrum were

assigned and located by comparing their positions to the spectrum of 4 obtained in

CD-Cly/[Dg)acetone.
b
Ru
Bu
¢ tBu He
4
CD,Cl,/[Dglacetone
|
A
. |
/ Ll LL ~30°C
. o~ N ,
. [ 0
5
1 6 8
S
LERTIE AR o -10°C
LN AN Y oem——
9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm

Figure 6. 'H NMR (500 MHz) spectrum of the aromatic region of 4 in CD,Cly/[De]acetone
(top trace). '"H NMR (500 MHz) spectra of the aromatic region of 4 at —10°C, -20°C, and
-30°C in CD,Cl, (bottom traces). The arrows highlight the shifts and positions of the 5 broad
signals as labeled in the structure of 4 (top). The sharp signals are labeled with numbers *1°
through ‘10’ (bottom trace).
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The two signals for the ortho-diamine fragment of a C; symmetric 4 appeared as an
AA’BB’ pattern (J = 7.5 Hz) (signals labeled ‘a’ and ‘b’ for 4 in the top trace of Figure
6). At -20°C these signals were split into four unique signals that were consistent with a
dissymmetric ABCD pattern comprised of two doublets and two triplets (J = 7.5 Hz)
(signals labeled 2, 3, 4 and 7 in the bottom trace of Figure 6). The four signals labeled 5.
6, 9 and 10 in the trace obtained at —10°C sharpened and were separated from
neighbouring signals at -20°C and -30°C. The traces obtained at —20°C and -30°C
revealed that these signals were doublets (/ = 1.5 Hz) and were consistent with protons
that reside on the rers-butyl substituted phenyl rings. From these observations it was
postulated that 4 might be interconverting between two non-ridgid trigonal bipyramidal
(4a and 4b) penta-coordinate complexes (Figure 7). In this extreme case, the 'H NMR

spectrum would consist of five aromatic resonances because structures 4a and 4b are C»-

symmetric.
8u tBu
Bu 0 8u
l ' Bu $ 8u I
N.... Bu-QO ,owp-su .....
@:N/F!IU—C-O — R, o-c—au\N>©
o]
I Bu Bu l
8Bu 4 tBu
4a ab

Figure 7. Two trigonal pyramidal isomers 4a and 4b interconvert through square pyramidal
4.

Penta-coordinate metallosalophen complexes prefer the square pyramidal

geometry because the salophen ligand does not provide enough flexibility to attain the
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trigonal bipyramidal geometry.'® In light of this, a distorted geometry between square
bipyramidal and trigonal bipyramidal could produce 10 aromatic resonances for a

dissymmetric 4 as seen in the '"H NMR spectra (structures 4¢ and 4d in Figure 8).

Q:Ru‘"’ =C ¢ =N D)

"
o

Figure 8. Molecular models of two distorted square pyramidal isomers 4c and 4d as obtained
by MM2 calculations.

The modeled structures 4¢ and 4d reveal that this distortion introduces
dissymmetry that might lead to ten signals in the aromatic region of the 'H NMR
spectrum. The plane of symmetry that bisects the Schiff base is lost and the tilted carbon
monoxide can differentiate the two rert-butyl substituted phenyl rings. It is possible that
the shielding region of the tilted carbon monoxide is close to one of these pheny! rings and
will shift the phenyl ring’s proton resonances upfield from the other signals in the
spectrum (signals labeled 9 and 10 in Figure 6). If the two forms 4¢ and 4d were frozen
out at -20°C, with some unchanged 4 still present, this would lead to the production of
fifteen aromatic signals in its '"H NMR spectrum. One other possibility remains. At
colder temperatures there may be a higher propensity for 4 to form a dimer of the type
known for iron(IlI) salens (Figure 9). This would also produce fifteen aromatic signals,
five signals for the free monomer and ten signals for the dimer assuming the process is
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slow on the NMR time scale. The dimer introduces dissymmetry and results in
nonequivalent proton resonances because the metallosalophen complexes are offset. The
presence a dimer would also explain why the two doublets at ca. 6.7 ppm (J = 1.5 Hz),
are shifted upfield because it is possible that these protons might be positioned above the
shielding regions of an aromatic ring resulting in an upfield shifting of the proton

resonances.

g 1 g Q\N,;
B@\;ﬁ o~ >t L3
=N U-.,,N_

= — S

||-L

-y
4

%
o)

Figure 9. Schematic representation of the oxygen-bridged dimer of complex 4. The
substituents and double bond representations of the dimer have been omitted for clarity.

Q
2
Al

The assignment of the signals of 4 in the aromatic region of the 'H NMR spectrum
could provide some detailed information about the molecular structure of 4 at lower

temperatures. Therefore, two-dimensional 'H NMR measurements were performed.

4.2.4 — Two-Dimensional 'H NMR COSY and NOESY Studies

A COSY experiment performed on samples cooled to —20°C allowed the sharp
resonances in the region of 6.5-7.8 ppm to be assigned to the ring system of 4. The
COSY map is presented in Figure 10. The cross-peaks a and b between the aromatic rert-

butyl phenyl protons identified the resonances at 6.8 and 6.6 ppm to be the protons
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located on rings A and B of the structure shown in Figure 10. If these resonances
corresponded to the protons located on the same ring then they should have displayed
cross-peaks. The cross-peaks ¢ and d allowed the connectivity pattern between aromatic
protons on the ortho-diamine fragment to be identified. The two sharp singlets at 7.8 and
7.2 ppm did not show cross-peaks and were identified as the imine proton resonances of

4 (signals labeled ‘¥’ in Figure 10).

B,
\

; &)
I & a '
1koc\ I S Roeo
1\ i . D \/KIY/ \
[‘ ,z‘ H @ Bu
. . J&
o o v o et e - BU

F1 ajl ¥ . —_
1 ppm} ¢
6.8 b ‘ . R
4 ¥

7.0 L
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7.2 < —_
7.3 ¢ ta - -_

¢ ib - - - —
7.6° df ¢ T
0 -
7-8 ’ C,
8.0 <
8.2
8.1
8.5 '
3 a 3
34 ' <
9.2
9.3
g.2 8.8 8.4 8.0 7.6 7.2 6.8
F2 (ppm.

Figure 10. The COSY (500 MHz) map of 4 cooled to -20°C. The aromatic resonances
labeled *A’, *B’, and *C’ refers to the ring they reside as shown in the inset structure. The
symbol ‘T’ refers to the imine proton resonances.
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The connectivity pattern of 4 could not be confirmed by the presence of NOE
cross-peaks obtained in a NOESY experiment performed on samples cooled to -20°C
(Figure 11). At this temperature, the five broad signals exchanged with the ten sharp
signals and produced strong exchange peaks instead of peaks that are related to close

proximity effects.
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d.d" d e
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(ppm§ e R ¢ T
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3.9 . C
9.2
3 1

3.2 3.4 8.4 8.0 7.6 7.2 6.8
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Figure 11. The NOESY spectrum (500 MHz) of 4 cooled to —20°C. The cross-peak labels a-
¢ refer to the proton resonances of a symmetrical monomer 4. The signals with primed labels
refer to the protons resonances of a dissymmetric 4 as labeled in the structure.

191

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This observation possibly suggests that a monomer/dimer exchange process was
occurring. The exchange peaks provided an additional route to identify the resonances of

the ring system of 4 at -20°C.

4.2.5 - X-Ray Crystallographic Analysis of the Ruthenium(II) Carbonyl Salophen
In order to provide information that might support or shed light on the variable
temperature 'H NMR solution studies of 4, attempts were made to determine its solid
state structure. Unfortunately, suitable crystals for these studies were not obtained from
samples dissolved in THF, hexanes, toluene, or combinations of the three that were
allowed to slowly evaporate inside a nitrogen atmosphere glove box kept at room
temperature. Instead, an oxidation product was formed after the solvent (dichloromethane
or toluene) was allowed to slowly evaporate from solutions containing 4 that were not
protected from the atmosphere. Single crystals of this oxidation product suitable for
structural determination were obtained from both of these solutions. The crystal
structure shows that this product was an oxo-bridged ruthenium(salophen) tetramer 19

(Equation 1 and Figure 12).

Bu

|

N, O O Q/OO N/ O\PO NN

@[ R—Cco 0C-\{—fu7-0—(—Hu-0—\o| —Fuz0—{—fuyco
o ( so

u
L} . j
N CH,Cl, N [o{ ) ;N d o)
N Bu or
| P toluene
Bu 19
4

Equation 1. The substituents and double bond representations of 19 have been omitted for
clarity.
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The X-ray structure shows that each Ru(BSP) unit is slightly puckered due to adjacent
ligand-ligand repulsions. All aromatic protons of 19 are lying within the anisotropic ring

current of the adjacent salophen complex (Figure 12).
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Figure 12. Molecular structure of 19 in the crystal.

The phenyl rings of the ligands are lying parallel to each other within m-n stacking
range (3.5 A mean Ph-Ph distance). The crystal structure shows that the distance
between the metal centres is just enough to accommodate these m-mt stacking interactions
(Ru(1)-Ru(2) = 4.098, Ru(2)-Ru(3) = 3.631, and Ru(3)-Ru(4) = 4.098 A). Another
feature of the crystal structure is that each Ru(BSP) fragment is slightly tilted with
respect to its neighboring Ru(BSP) ligand with bond angles of 160.6° (Ru(1)-O(1)-Ru(2)),
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171.4° (Ru(2)-0(2)-Ru(3)), and 158.6° (Ru(3)-O(3)-Ru(4)). The most striking feature
arises from the steric constraints of the rerr-butyl substituents that results in the adoption
of a twisted geometry with half a helical turn. Similar oxo-bridged dimers have been
reported for iron(lI) analogues.'" This is the first observed instance of a tetrameric oxo-
bridged ruthenium(II/IV) salophen complex. The reversible binding of dioxygen to
ruthenium(III) carbonyl and iron(Il) salophen complexes have been previously described
in the literature.'"> For ruthenium(III) salophens, the binding results in the reversible
oxidation of Ru(III) to Ru(IV) that is accompanied by the reduction of O, to the unstable
superoxide ion O,”. The superoxide ion further degrades and forms the presumed
Ru(V)(O) complex. Based on these reports, the tetrameric structure 19 could have
formed via the reduction of molecular oxygen dissolved in solution or oxygen scavenged
from the air/dichloromethane interface. Since oxo ligands are formally O, then the outer
most ruthenium atoms must have an oxidation state of Ru(lll), while the two central

ruthenium atoms should have an oxidation state of Ru(IV).

Redissolving a sample of the crystals in dichloromethane generated a very complex
'"H NMR spectrum with greater than 30 resonances due to the disymmetry of the
tetrameric complex 19. The spectrum contained four doublets (J/ = 1.5 Hz) located in the
aromatic region between (8 = 6.1 and 6.7 ppm). The chemical shifts of these four
doublets were similar to the two doublets (/ = 1.5 Hz) found in the same region of the
variable-temperature '"H NMR spectra generated between —10°C and —30°C for complex

4. These results can only suggest that the spectra generated from the 'H NMR
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temperature studies using nitrogen purged samples might result from the formation of a
weakly bridged dinitrogen dimer or an oxygen-bridged dimer. In light of the literature
example that describes the formation of an analogous aluminum(IIl) salophen dimer at
-30°C, these results would suggests that a weakly associated oxygen-bridged dimer was

probably formed at colder temperatures.

4.2.6 - Synthesis of the Ruthenium(II) Carbonyl Salophen Pyridyl Adduct

The pynidine adduct Ru(BSP)CO)(py) (5) was obtained when 4 (0.9 molar

equivalent) was added to pyridine in dichloromethane (Equation 2).

Q pyridine

—N\ s CH,CI
_Ru \ 98% - = NN \,\
Bu o’io< H»mu & N= —/aoTj—co
su O by 0
4 5

Equation 2. The salophen’s substituents and double bond representations of § have been
omitted for clarity.

Compound $§ was isolated as a purple solid by filtering the solution through silica
gel which effectively removed any unchanged 4 as the pyridyl adduct is the only
compound that elutes with CH,Cl,. The formation of § was contirmed by the upfield
shifts (A8 = —0.6 to -0.1 ppm) for the protons on the coordinated pyridine, which lie
within the shielding regions of the aromatic rings of the salophen (Table | and Equation

2).
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Table 1. Selected 'H NMR spectroscopic data of § prepared in this study

S/ ppm
Compound (AS)?
H' H? H?
s° 8.12 7.09 7.59

(-0.46) (-0.18)  (-0.10)

* Upfield shifts of the si%nals for the protons in the assemblies relative to those in free
pyridine for complex §." In CD,Cl,.

The generation of § using such mild conditions clearly indicates that, although the
bulkiness of the tert-butyl substituents might inhibit the dimerization of 4, they do not
impede the approach of Lewis bases such as pyridine towards the metal center. The ESI
mass spectrum of § was comprised of the parent ion peak (m/z = 747) as well as peaks
corresponding to the loss of pyridine (m/z = 668) and both axial ligands (m/z = 640). A
peak corresponding to the solvated compound (CH;NO-) was also present (m/z = 729).
The intense band for vcg in the IR spectrum of § was shifted to higher frequency (1944
cm™') trom the value for 4 (1931 cm™) as expected for the strengthening of the CO bond
upon addition of a m-acid.”> It is well known that aromatic imine ligands can accept
electron density into empty n*-orbitals from electron rich metals which, in effect,
increases the stability of the metal—carbonyl dative bond. This type of back-bonding aids
in the removal of electron density from the metal and also from any other ligands present
on the metal that are acting as nt-acids, and especially those that are trans- to the incoming
n-acid. It is. therefore, expected that the vco would increase if the pyridine ligand acts, to

some degree, as a n-acid. The magnitude of this shift is comparable to that reported for
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the v¢o of the flexible dimer salen complex [Ru(1)(CO)}, when it is converted to its

pyridine adduct Ru(1)(CO)(py).’

4.2.7 — Construction of Neutral Assemblies

The use of the novel metallosalophen 4 as a supramolecular synthon was studied
using 'H NMR spectroscopy and then by the isolation of several air-stable
multicomponent assemblies. A minimalist linear trimeric assembly [Ru(BSP)(CO)],(4,4’-
bpy) (6) was prepared by treating a dichloromethane solution of 4,4'-bipyridine with 2.2

equivalents of Ru(BSP)(CO) (4) in the same solvent (Equation 3).

Bu
. 4,4'-bipyridine
u CH,Cl,
N/ 92% 3 /O 7N\ = N /N\.—\
N/R{JO—-CO oC- —/R'tlJJ—N o\ = —/HBT’/—CO
K@BU N ©
6
Bu
4

Equation 3. The salophens’ substituents and bond representations of 6 have been omitted
for clarity.

The 'H NMR spectrum of 6, whether generated in situ or isolated as described for
5. showed the expected upfield shifts for the signals assigned to the protons of the
coordinated 4,4’-bipyridine fragment (Figure 13 and Table 2). These initial studies

revealed that ligand-exchange is slow on the NMR time scale and sharp unchanging peaks
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for the statistical mixture of mono- and di-addition products were visible when one molar

equivalent of 4 was added (Figure 13).

|
I
i
i

9.5 9.0 8.5 8.0 7.5 ppm

Figure 13. 'H NMR (300 MHz) spectra of 4,4'-bipyridine (bottom trace), 4 + 1.0 equivalent
of 4,4'-bipyridine (middle trace), and 4 + 0.5 equivalents of 4,4'-bipyridine (top trace). Signals
corresponding to the protons of 4,4'-bipyridine for both the mono- (*) and the di-
coordination (1) assemblies are highlighted. All spectra were run in CD-Cl..
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Table 2. Selected 'H NMR spectroscopic data of 6 prepared in this study

S/ ppm
Compound (Ad)*
H' H?
6 8.12 7.09
(-0.46) (-0.18)

* Upfield shifts of the signals for the protons in the assemblies relative to those in free
4,4’bipyridine for assembly 6.

® In CD.Cl,.

The ESI mass spectrum of 6 exhibits a parent ion peak (m/z = 1492) as well as a
peak (m/z = 824) corresponding to the loss of one metailosalophen. The spectrum also
contained peaks that correspond to the fragmentation of the metallosalophen as
previously seen for 4 and 5. The IR spectrum of toluene solutions of 6 exhibits an

intense band for vcg at 1947 cm™.

4.2.8 - Construction of Charged Assemblies

Metallosalophen assemblies incorporating coordination compounds as the central
fragments were also prepared in an identical fashion as their porphyrin counterparts
described in Chapter 2 (Scheme 2). Addition of two molar equivalents of Ru(BSP)(CO)
(4) to bis(4’-(4>* -pyridyl)-2,2":6°,2""-terpyridine)ruthenium (7)"* in acetone afforded the
triad 9a, which was isolated as a purple solid by precipitation with pentane. The iron
analogue 9b was readily synthesized from its simplest building blocks in a single self-

assembly process when equal parts of 4°-(4”"’-pyridyl)-2,2’:6",2’"-terpyridine (8)'° and
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Ru(BSP)(CO) (4) are added to a acetone solution containing 0.5 molar equivalents of
Fe(BF;):*(H,0)6.

1Bu

pL Bu 7 ¢
acetone O A =
@[ N/Ré:_co oC-\/—HuN_
or N
! tBu 8
Fe(BF,);*(H,0)¢

acetone . o
By 9a M =Ru, X = PFg, 91%

9 M =Fe, X =BF,", 92%

Scheme 2. The salophens’ substituents and double bond representations of 9a and 9b have
been omitted for ciarity.

The 'H NMR spectrum of 9a and 9b, whether generated in situ or isolated,
showed the expected upfield shifts for the signals assigned to the protons of the
coordinated 4’-(4’"’-pyridyl)-2,2°:6’,2" -terpyridine fragment (Table 3). The ESI mass
spectra of both 9a and 9b each show parent ion peaks (m/z = 1028 for [M — 2PF4}*" and
1006 for [M — 2BF,]*", respectively) as well as peaks corresponding to the loss of one
metallosalophen (m/z = 695 for [M - 4 — 2PF¢]*" and 672 for [M — 4 - 2BF,]*,
respectively). The IR spectrum for 9a and 9b obtained in the solid-state exhibits intense

bands for vco at 1933 and 1934 cm™, respectively.
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Table 3. Selected 'H NMR spectroscopic data of assemblies 9a, 9b, 12a, and 12b prepared in

this study
Compound
Hl HZ H3 Hvl H5 Hb H'/'
92a° 8.48 8.16 9.39 7.63 8.00 7.21 8.91
(-0.48)  (-0.13) (-0.17)  (-0.20) (-0.13)  (-0.15) (-0.17)
9b° 8.53 8.27 9.55 7.3 7.95 7.11 8.27
(-0.47)  (-0.12)  (-0.20) (-0.21)  (-0.13)  (-0.15)  (-0.12)
12a° 8.23 7.58 9.04 7.45 7.88
(-0.79)  (-0.66) (-0.49) (-0.62) (-0.58)
12b° 8.24 7.59 9.03 7.56 7.54
(-0.56)  (-0.33)  (-0.52) (-0.47) (-0.58)

* Upfield shifts of the signals for the protons in the assemblies relative to those in free
pyridine for complex 7 for assembly 9a, tetrapyridine 8 for assembly 9b, for complex 10 for
assembly 12a and tetrapyridine 11 for assembly 12b. " In [D4]acetone.

The syntheses of the octahedral ruthenium(l[) and iron(l[) assemblies 12a and 12b
were accomplished following the previously reported metal-directed synthesis employed
to prepare the corresponding metalloporphyrin analogues in Chapter 2 (Scheme 3).** The
addition of [Dglacetone to a 3:6:1 molar mixture of solid 4,4’-di(4’’-pyridyl)-2,2°-
bipyridine (dpybpy, 11),'® Ru(BSP)CO) (4) and Fe(BF,),*(H.0)s followed by five

minutes of heating cleanly afforded assembly 12b. The octahedral assembly 12a was
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prepared by treating the pre-assembled [Ru(dpybpy);][PFs], core fragment (dpybpy =

4,4'-di(4"’-pyridyl)-2,2’-bipyridine, 10)!” with a slight excess of 4.

f zu
1 8u 10, acetone

:F(l.?—'CO o

11, Fe(BF4)2¢(H20)6
Bu acetone
8u
4
N,
\ N
N 24 oc 12a M = Ry, X = PFs’, 84%
\\ I \N_‘ (PFG)Z 12b M = Fe, X = BF4., 94°/o
S >
NGLL x
u
- /E\’* N
l/ // Z Z |
4 / x-N
N
/N’ 10

Scheme 3. The salophens’ substituents and double bond representations of 12a and 12b have
been omitted for clarity.

The 'H NMR spectrum of 12a and 12b, whether generated in situ or isolated,
showed the expected upfield shitts for the signals assigned to the protons of the
coordinated 4,4’-di(4’’-pyridyl)-2,2’-bipyridine fragment (Table 3). The ESI mass
spectra of both 12a and 12b each show a peak corresponding to the dications (m/z = 2519
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for [M — 2PF4]*" and 2496 for [M — 2BF,]*", respectively) as well as peaks for the loss
of subsequent metallosalophens. Recall that when pyridine coordinates to Ru(BSP)(CO)

(4), the v¢o shifted from 1931 cm™ to 1944 cm™. The IR spectra for 12a and 12b
obtained in the solid-state exhibit intense bands for vcgat 1947 and 1946 cm™,

respectively. As expected for the strengthening of the CO bond upon addition of a n-acid.

4.3 - Synthesis of the Bis(salophens) and Bis(metallosalophens)

[llustrative examples that highlight the versatility of the salophen ligand are the

bis(metallosalophen) complexes 14-17 (Scheme 4 and Scheme 3).

OH HzN NH, 1) EtOH, reflux, 70%
«4HC
HZN NH, 2) Ru3(CO)1z

toluene, reflux, 21% g, ; J ‘\@/Bu

pyridine
CH,Cl,

co
P e S G
N\ ,0 ) N1
* A SR
18(cis)/15(trans) 81%, Ar = @

Scheme 4. The substituents and double bond representations of 15 have been omitted for
clarity.
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[
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



HO u
OH
tBu t-Bu Bu Bu
+ 1) EtOH, reflux, 91% /O
- ocC ]@: Ru—CO
HzN o NH2 2) RU3(00)12 o N (@) w \O
:@[ J@[.‘;HQ toluene, reflux, 91% Bu | ] Bu
H;N (o) NH,
13
8Bu 16 tBu
~ pyridine
SN N N o CHCl
- /ElZD i L=

17(cis)17(trans) 81%., Ar = C(o ]@
o

Scheme 5. The substituents and double bond representations of 17 have been omitted for
clarity

These metallosalophens offer two accessible axial metal binding sites separated by
different intermetal distances based on the size of the tetraamine synthon (7.62 A for 14
and 15, and 12.32 A for 16 and 17). The corresponding salophen ligands used to prepare
these complexes were synthesized by condensing 1,2,4,5-tetraaminobenzene
hydrochloride salt for 14 and the unknown 2,3,7,8-tetraaminodibenzo[l,4]dioxin
hydrochloride salt 13'® for 16 with 3,5-di-terr-butylsalicylaldehyde in ethanol at retlux
(Scheme 4 and Scheme 5 respectively). Metal insertion was accomplished by heating the
resulting salophens with Ru3(CO),, in either toluene or diglyme, followed by purification

using column chromatography through alumina (activity [I-[II). Complexes 14 and 16
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were isolated as deep-red air stable solids. The ESI mass spectrum of 14 showed a parent
ion peak (m/z = 1258) as well as peaks corresponding to the solvated complex (m/z =
1336 for [M + H,O + CH;NO,]", 1318 for (M + CH;NO-]™ and 1370 for [M — CO +
H,O + 2CH;NO,]". The ESI mass spectrum of 16 shows a similar trend. The IR spectra
for these bis(metallosalophens) obtained in the solid state exhibit intense bands for vcg at
1950 cm™ for 14, and at 1943 cm™ for 16.

The 'H NMR spectrum of 14 in acetone reveals that the isolated product is a
mixture of cis- and trans-diastereomers based on how the two carbonyl ligands project in
space with respect to each other. This is manifested as the appearance of two singlets of
equal intensity corresponding to the C—H protons on the central tetraaminobenzene ring
fragment of 14. The production of these stereoisomers is not unexpected as the chelation
sites are far enough removed from each other so that they can act independently during
the metal-insertion reactions. The diastereomeric mixture is even more apparent in the
case of the pyridine adduct 15, which was formed by treating the hydrated complex 14
with pyridine, followed by filtering the solution through a plug of silica gel to remove
trace amounts of unreacted 14. The 'H NMR spectrum of 15 shows an analogous pair of
singlets corresponding to the C-H hydrogens on central tetraaminobenzene fragment.
The signals corresponding to the imine and flanking rerr-butyl substituents on the
bis(salophen) ligand as well as C-H protons on the coordinated pyridine also appear as
duplicate signals. The detection of these diastereomers was not limited to 'H NMR
spectroscopy, but were also apparent in the °C NMR spectrum for 15 which contains

duplicate signals for the coordinated pyridine ligand. On the other hand, the symmetrical
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nickel(IT) analogue of 13 (Figure 14), prepared as a burgundy precipitate by reacting the
metal-free salophen ligand with five equivalents of Ni(OAc),(H,0),, showed the expected

absence of signal splitting in both the 'H and '*C NMR spectra.

26> A~C20 C3EC38 C3F
wc28
c25
(4
C36 O
) . C34 c3g
Q. C234 ofrr
C27 5
c2B¢ Sac
c2C
‘ c4s
Q C1C C47
cao
oA C149 6
c18 cas L
DO C40C COCAF
COCF

Figure 14. Molecular structures of the nickel(II) analogs of 14 in the crystal. The thermal
ellipsoids are drawn at the 20% probability level.

The 'H NMR spectra of the coordination compounds using the larger
bis(metallosalophens) 16 and 17 show an absence of signal splitting for all protons due to
the greater separation between the two coordination sites. The '*C NMR spectrum of 16
also lacks any signal splitting, however, the '*C NMR spectrum of 17 exhibits two sets of

signals corresponding to the coordinated pyridine ligands. All of the carbons on the
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salophen ligand remain unaffected and appear as one set of signals. The symmetrical
nickel(II) analogue of 16 (Figure 15) does not result in any multiple peaks in the NMR

spectra.

c28H2 °5 N
. A . 20
) c23y Yc21 cw'
A& A Q) ‘
Yc2s c1s”(
€285, Coce

Figure 15. Molecular structures of the nickel(Il) analogs of 16 in the crystal. The thermal
ellipsoids are drawn at the 20% probability level.

The ESI mass spectrum of 15 is made up of the parent ion peak (m/z = 1416) and
peaks corresponding to the loss of pyridine (m/z = 1338 for [M — py]~ and 1258 for [M
- 2py]"). The ESI mass spectrum of 17 shows a similar pattern. The IR spectra of the
pyridine complexes 15 and 17 in the solid-state show two intense overlapping bands for
stretching vibrations of the axial carbon monoxide (1955 cm™ and 1924 cm™ for 15, 1951
cm™ and 1934 cm™ for 17). The IR spectra measured in toluene exhibit two completely

resolved vco at 1944 cm™ and 1924 cm™ for 15 and at 1947 cm™ and 1924 cm™ for 17. A

solvent dependency was also observed for the vco of both pyridine complexes, and the [R
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spectra of dichloromethane solutions show a single band at 1940 cm™ and 1931 cm™ for
15 and 17, respectively.

The convenience of incorporating the bis(metallosalophens) into supramolecular
chemistry becomes clear when their syntheses are compared to that for the analogous

bis(metalloporphyrin) 18a (Figure 16).

18a L = EtOH
18b L = pyridine

Figure 16.

Although the metal insertion into Crossley's bis(porphyrin)'® proceeded
uneventfully by heating the bis(porphyrin) with an excess of Ru3(CO),, in phenol, the
preparation of the free-based porphyrin was accomplished in 5 steps and a 50% yield as
reported by Burn and coworkers.® This is a significant drawback when compared to our
single-step preparation of the bis(salophen) precursor to 14 and two-step procedure for
the precursor of 16. The bis(metalloporphyrin) 18a was puritied as a brown air stable
solid by a combination of column chromatography through alumina (activity [I-IIl) and
recrystallization from aqueous ethanol. When an excess of pyridine was added to 18a in
dichloromethane, the more Lewis basic amine immediately displaced the labile ethanol

affording the pyridine adduct.
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4.4 - UV/Vis Spectroscopic Analysis

Initial photophysical studies reveal that the UV/Vis absorption spectra of the
metallosalophen assemblies 6, 9, and 12 are essentially the sum of the absorption spectra
of the corresponding components, and electronic absorptions are limited to minor shifts

(AA =t 2 nm) (Table 4).

Table 4. Selected UV/Vis absorption data for the pyridyl-coordinated assemblies prepared in

this study
Compound Amax / DM
(log e/ M'em™')*
4 258 306 382 491 541°
(4.48) (4.26) (4.38) (3.91) 3.75)
5 264 310 391 503 555°
(4.68) (4.38) (4.60) (4.02) (3.09)
6 264 310 391 501 555°
(4.81) (4.56) (4.70) (4.17) (4.00)
92a 276 312 330 390 493 555°
(5.01) (4.88) 4.77) (4.74) (4.59) (4.18)
9b 282 291 327 393 508 573°
(5.02) (5.02) (4.82) (4.75) (4.35) (4.52)
12a 255 311 388 490 555°
(5.34) (5.19) (5.18) (4.77) (4.53)
12b 285 311 391 506 555°
(5.39) (5.16) (5.21) (4.72) (4.70)
15° 313 325 407 492 551° 614°
(4.58) (4.57) (4.62) (4.42) (4.37) (4.35)
17 263 304 317 400 520 566°
(4.75) (4.70) (4.70) (4.80) (4.29) (4.22)

* Run in deoxygenated CH,Cl, at 10~ to 10 M.
® Observed as a shoulder.
© As a mixture of both cis- and rrans-isomers.
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The absorption spectra of dichloromethane solutions of §, 15 (as the mixture of
cis- and trans-isomers), and 17 (as the mixture of cis- and trans-isomers) are characterized
by intense ligand-centred (LC) bands with maxima in the 250-400 nm region (Figure

17).32

intensity / arbitrary units

400 500 600 700 800
wavelength / nm

Figure 17. UV/Vis absorption spectra of Ru(BSP)YCO)py) (5) (solid line),
[Rus(BS2P)(CO):(py).] (15, both isomers) (dotted line) and [Ru,(BS2DP)(CO).(py).] (17,
both isomers) (dashed line) in CH,Cl. at room temperature.

These bands have been designated as n—nt* transitions for the electrons localized
on the azomethine group of the Schiff base ligand. The bands at longer wavelengths are
most likely due to ligand(nt)-metal(d*) charge transfer, as has been reported for similar
complexes.®2'>2!* The similarity of the electronic spectra of complexes § and 17 suggests
that the central dibenzo[l,4]dioxin fragment laterally separates the metal centers

adequately to regulate electronic communication, allowing them to act independently.
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This effect, however, does not apply to complex 15, which exhibits a unique pattern of
red-shifted charge transfer bands. This observation is indicative of the fact that 15 is

behaving as one extended chromophore and not as two independent metallosalophens.

4.5 — Electrochemistry of the Metallosalophens

The cyclic voltammograms of dichloromethane solutions of complexes §, 1§ (as
the mixture of cis- and trans-isomers), and 17 (as the mixture of cis- and rrans-isomers)
are shown in Figure 18. The voltammograms do not show any reduction waves at
negative potentials, but do show two quasi-reversible (AE = 70-90 mV) oxidation waves
centred at 0.58 V (assigned as a Ru(ll)/Ru(lll) process) and 1.29 V (assigned as a
Ru(III)/Ru(lV) process) vs. saturated Ag/AgCl (Figure 18).°'* For the scan rates used, the
cathodic-to-anodic peak current ratio (i, - i) is constantly equal to unity for the first
oxidation and slightly less than unity for the second oxidation; the quotient of the anodic
peak current and the square root of the scan rate (i, / v'”?) remains constant. Complex 5
is well-behaved, showing two one-electron oxidations at 0.56(7) and 1.29(4) V. For the
bimetallic species 15 and 17, the first oxidation waves are two-electron processes
(actually, twice a one-electron oxidation of each ruthenium(Il) centre) and are shifted to
slightly more positive potentials (0.60(0) and 0.58(2) V for 15 and 17, respectively).
This indicates that the metal centers do not communicate with each other for the
Ru(II)/Ru(III) couple. The second oxidation wave of the bimetallic species are split into

two one-electron oxidation waves at 1.27(7){1.36(8) V for 15 and 1.28(4)|1.33(0) for 17
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indicative of weak interactions between the covalently linked metallosalophens. This
metal-to-metal communication is amplified in the case of the smaller complex 15 (AV = 91

mV) as compared to the larger complex 17 (AV =50 mV).

15 (cis)/15(trans)

17 (cis)/17(trans)

1.5 1.0 0.5 0.0
eV

Figure 18. Cyclic voltammograms of (a) Ru(BSP)(CO)(py) (5), (b) [Rus(BS2P)(CO):(py)-]
(15(cis) and 15(¢rans)) (c) [Ru(BS2DP)(CO).(py).] (17(cis) and 17(trans)) at identical scan
rates of 50 mV/s in CH,Cl, with 0.1 M TBAP at room temperature.

4.6 — Self-Assembly Studies of Bimetallic Salophens and Porphyrins

An alternative to the molecular templating approach to construct encapsulating
molecules described in Chapter 1 is molecular paneling, an approach that only requires
simple mixing ot components. The literature examples of Fujita and Raymond mentioned

in Chapter 1 serve to illustrate how molecular paneling can be used to construct three
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dimensional molecules from singular metals and chelating aromatic ligands that form the
walls or panels. The two bimetallic complexes 17 and 18 can be used as flat panels.
These complexes provide two axial coordination sites that are laterally separated and can
be used to possibly form squares and closed-shelled molecules. This next section of the
thesis describes the preliminary self-assembly studies using two different types of two-
dimensional linkers that axial coordinate to these bimetallic panels to form molecular

squares and closed-shelled molecules (Figure 19).

| |

17 18

N\ | N\
| =
Z
@ T N o
< NN SN
N '(j\ | 2N

20 21

Figure 19. Schematic representations of the required rectangular panels and linkers. The
substituents, double bond representations, and atom labels have been omitted for clarity.

4.6.1 — The Construction of Two Dimensional Rectangles
The cis- and trans- mixture of carbonyl compounds of 18 were not separated but

used as is to study the self-assembly synthesis of closed-shelled molecules. Some of the
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possible products of a self-assembly reaction using the linear 4,4’-bipyridine 20 linker are

shown in Equation 4.

18(trans)

18(cis)

mixed polymer
of panels
18(trans/cis)

fully coordinated * % fully coordinated
panel 23 QM S o pane! 24

2%, el gy + 3

2 macrocycle
; 22

Equation 4. Schematic representation of some of the possible products during the self-
assembly reaction using cis-/trans-18 and 20. The substituents, double bond representations,
and atom labels have been omitted for clarity.
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A series of competitive axially-coordinating reactions involving both components
will exist and form the fully coordinated panels, (also mixed polymers of 23 and 24), the
desired macrocycle, and other aggregates that have a 1:1 component stoichiometry of the
linker 20 and the panel 18. As depicted in Equation 4, the fully coordinated panels 23 and
24 should be involved in an exchange process with any non-coordinated 4,4’ -bipyridine in
solution or with any mono-coordinated 4,4’-bipyridine on a panel. The equilibrium
concentrations should be controlled by the amount of 4,4’-bipyridine present in solution.
The macrocycle 22 can be formed when two cis-carbonyl panels each bearing one linear
linker combine. It was postulated that cooperative metal coordination should exist in the
macrocycle 22 because of the additive effects of the two associations. It should, therefore,
be harder to break two bonds in 22 to reform the fully coordinated panel 24. In addition
to cooperative associations, the direct access of competitive ligands to the coordination
sites of 22 should be restricted in the cyclic form, and thus, the macrocycle acts as
thermodynamic trap for the cis-panel 18. Another important consideration, is the amount
of solvent reorganization that occurs when two of the cis-18 panels combine to form the
macrocycle, and if this occurs, then macrocyclization will be favoured due to an increase
in the entropy and favour the formation 22.

To highlight these self-assembly pathways, the'H NMR studies of cis-/trans-18
and 20 will be shown, primarily because axial coordination to porphyrins produces
diagnostic shifts in the '"H NMR spectra that are easily monitored. Two approaches were
used to probe the self-assembly pathway. In the first approach, 4,4’-bipyridine (20) was

added to a solution containing the mixture of cis-/trrans-18 in a 1:1 molar ratio. It was
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expected that a complicated polymer should form first. The second approach keeps 4.4’-
bipyridine in large excess, which should prevent polymer formation in the first step, and
produce the two fully coordinated products 23 and 24 as highlighted in Equation 4.

Using the first approach, the addition of one molar equivalent of 4,4’-bipyridine

to cis-/trans-18 resulted in the formation of broad signals in the 'H NMR spectrum

(Figure 20b).
e) : |l ¥ x 3 i
fll l‘*“ ' M ,
L e S 4o .
d) St
T
* * * M l + *x T
T ) - . .
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Figure 20. '"H NMR (500 MHz, CD-.Cl,) self assembly studies of a) cis-/trans-18, b) cis-
/trans-18 plus one molar equivalent 20, c) cis-/trans-18 plus excess 20, d) 20 plus 0.1 molar
equivalents of cis-/rrans-18, e) the isolated macrocycle. The symbols: ‘]’ refers to signals
corresponding to polymer, **’ refers to signals of the biscoordinated panel, ‘t’ refers to
signals of the macrocycle, and *§’ refers to excess 4,4’-bipyridine.
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The two broad signals, which are shifted furthest upfield from the broad
porphyrin signals in the aromatic region, correlate well to the formation of a polymeric
species made up of both 23 and 24 (signals labeled ‘%’ in Figure 20b). If a polymer was
formed in the first step, then the addition of 4,4’-bipyridine should break the polymer
apart and form the fully coordinated panels 23 and 24. This hypothesis was supported
by the appearance of four sharp signals, after the addition of 4,4’-bipyridine, which
correlate to the non-cyclic products 23 and 24 (signals labeled ‘*’ in Figure 20c). Also,
the signals that remained furthest upfield sharpened in their appearance which suggested
that the symmetrical product 22 was formed (signals labeled ‘+' in Figure 20c). Also
revealed, were the additive porphyrin anisotropic ring current effects centered on the two
linear linkers 20 when forming the symmetrical macrocycle 22. These two signals were
shifted turthest upfield from the four signals that correspond to the fully coordinated
panels of 23 and 24 (signals labeled **’ in Figure 20c). The macrocycle 22 was also
formed when cis-/trans-18 was added to a solution containing excess 4,4’-bipyridine 20
(Figure 20d). In this way, the formation of polymer was prevented during the self-
assembly process and the fully ligated porphyrins were formed first. The integration of
the area under the peaks labeled ‘*’ and ‘+’ in Figure 20d suggested that the second
approach afforded the macrocycle 22 in substantially lower quantities.

By disregarding the competitive effects that the unproductive rrans-18 panel
would have on the self-assembly processes, the resuits obtained from these two
approaches can be compiled, combined, and three general routes emerge for the formation

of macrocycle 22. Route (1): from the union of bis-coordinated and mono-coordinated
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panels. Route (2): from the union of two mono-coordinated panels. Route (3): from the

union of bis-coordinated and non-coordinated panels (Equation 5).

state state state
B8 Cc

$$%$ E
RV

1
|
[ ]
Route 1 Route 2

L <;1>o<l}. ___g____ <¥_>c<{> e

. . ;l o
i

Equation 5. Schematic representation of three possible routes that lead to the formation of
macrocycle 22 from cis-18 and 20. The substituents, double bond representations, and atom

labels have been omitted for clarity.

The third would probably be the least common route when the solution was

saturated with 4,4’-bipyridine because the number of free coordination sites would be
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appreciably low, and therefore, the quantity of non-coordinated panels at any given time
would be limited. In light of this, Routes 1 and 2 would be more plausible because the
concentrations of the important building blocks, namely the bis- and mono-coordinated
panels, should exist in the greatest amounts at any given time (states labeled ‘A’ and ‘B’).
By following these two routes, the two states labeled ‘D’ and ‘E’ in Equation 5 emerge.
In order to form the macrocycle 22 from state ‘D’, the removal of one 4,4’-bipyridine
linker is required and this aids in populating the last and most important state labeled "E’.
From state ‘E’, the rotation of one of the three bonds of the shared 4,4’-bipyridine would
result in the formation of macrocycle 22 and this intramolecular reaction should occur
rapidly. With regard to the second approach where 4,4’-bipyridine is present in excess,
the pathways that populate the important state "E’ will be impeded because the number
of free coordination sites will always be very low and hence form 22 in substantially
lower yields. The fact that 22 still forms under these conditions should support the
existence of cooperative associations, which increases the stability of the macrocycle 22.
In light of these results, the macrocycle 22 should be synthesized by adding a slight
excess of 4,4’-bipyridine (1.1 molar equivalents) to a solution containing cis-/trans-18 and
then heated because 22 will be produced in substantially higher yields.

The reaction mixture was purified by filtering the solution through silica gel which
effectively removed any unchanged 18 and any bis-coordinated panels (23 and 24) as the
macrocycle was the only product that elutes with CH,Cl, (Figure 20e). The fact that the
product comes off intact lends support to the stability of the metal-coordinated

macrocycle.
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Preliminary self-assembly studies showed that molecular rectangles were also
formed using the binuclear salophen panel 17 with 20 as a linker using the same self-
assembly protocol described for 18. Modeling provided an estimate of the size of the
cavities of the porphyrin and salophen rectangles which have dimensions of 15.4 x 7.0 A’

and 12.5 x 7.0 A? respectively.

4.6.2 - The Construction of Three Dimensional Prisms
To make closed-shelled molecules using bimetallic panels, two triangular ligands
21 can be used to hold three bis-porphyrin panels 18 together forming a triangular prism

(Equation 6).

(cis)-18

;
u

(trans)-18

25

Equation 6. Schematic of the self-assembly reaction using cis-/trrans-18 and 21. The
porphyrins’ substituents and double bond representations have been omitted for clarity.
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N
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Self-assembly reactions using cis-/trans-18 panels failed to form the desired prism.
Molecular modeling suggested that unfavorable intraligand interactions occur when
positioning and holding the rather bulky platform around the small triangular template.
The bulky rert-butyl substituents on the inner flanking phenyl rings interact with adjacent
substituents to destabilize the prism and prevent its formation.

On the other hand, the less sterically demanding cis-/trans-17 panel was shown to
assemble into the desired triangular prism (Equation 7 and Figure 21). The reaction
conditions were slightly different. In this case, a 50/50 mixture of chloroform/methanol
was used as the solvent because Lewis basic solvents would increase the ligand exchange

rates and assist in breaking up the more complicated polymer.

(cis)-17

(trans)-17
25

Equation 7. The salophens’ substituents and double bond representations have been omitted
for clarity. The molecular model of 25 was obtained by MM2 calculations.

(804
(28]
—
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The addition of the three molar equivalents of cis-/rrans-17 panel to two molar
equivalents of 21 in an NMR tube resulted in the formation of a precipitate, most likely a
polymer. Broad resonances for all signals present in the spectrum were observed in the 'H

NMR spectrum of this reaction (Figure 21b).

10 9 8 7 ppm 6

Figure 21. '"H NMR (500 MHz, CD.Cl.) of a) 21, b) 21 plus 1.5 molar equivalents of cis-
/trans-17 at room temperature, c) after heating, d) the isolated prism

The reaction mixture was then heated which resuited in the appearance of well
ordered signals that were superimposed on the broad signals (Figure 21¢). The reaction

mixture was purified by filtering and eluting the solution through silica gel with CH,Cl,..
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The product that was eluted clearly consists of unique triangles and panels consistent of a
D;4-symmetric prism (Figure 21d).

The cavity of the triangular prism can be more clearly viewed by examining its
molecular model which shows the water-accessible surfaces (Figure 22). The top and
bottom faces cannot be penetrated, but the cavity can be accessed by passage through any
of the three apertures 10.2 x 10.4 A in size. With this in mind and a better understanding
of the cavity size, the encapsulation of small organic molecules using this prism is

possible and studies of this nature still need to be explored.

Figure 22. The water accessible surtaces of the prism. The molecular model of 25 was
obtained by MM2 calculations.
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4.7 - Experimental Section

General Remarks: All solvents (Caledon) were distilled prior to use. Solvents used for
UV/Vis spectroscopy were deoxygenated by bubbling argon through the solvent. Solvents
for NMR spectroscopic analysis (Cambridge Isotope Laboratories) were used as received.
All reagents and starting materials were purchased from Aldrich. NN '-bis-(3,5-di-rerr-
butylsalicylidene)-1,2-phenylenediamine (3),” [Ru(pytpy):][PFs)> (7)'* (pytpy = 4'-
(4’ -pyridyl)-2,2:6’,2"’-terpyridine), 4’-(4’*’-pyridyl)-2,2’:6’,2" -terpyridine  (8),"°
[Ru(dpybpy);][PFs]> (10)**!7 (dpybpy = 4,4’-di(4" -pyridyl)-2,2’-bipyridine) and 4,4'-
di(4" -pyridyl)-2,2’-bipyridine (11)'® were prepared as described in the literature. 'H
NMR spectroscopic characterizations were performed on a Varian Inova-500 instrument,
working at 499.92 or on a Varian Inova-300 instrument, working at 299.96 MHz.
Chemical shifts (8) are reported in parts per million relative to tetramethylsilane using the
residual solvent peak as a reference standard. FT-IR measurements were performed using
a Nicolet Magna-IR 750 on solid samples equipped with a microscope unless otherwise
stated. UV/Vis measurements were performed using a Varian Cary 400 Scan
spectrophotometer. Cyclic voltammetry measurements were performed in CH,Cl, using a
PINE bipotentiostat, a platinum working electrode, a platinum counter electrode and a
Ag/AgCl reference electrode, and tetrabutyl ammonium hexafluorophosphate as the
electrolyte. MALDI mass spectra were recorded on an Applied Biosystems Voyager

Elite equipped with delayed extraction and an ion mirror (reflectron). All spectra were
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generated with the use of a pulsed nitrogen laser (337 nm) and an ion acceleration voltage
of 20 kV. The instrument was operated in delayed extraction mode with the reflectron
and with a delay time of 200 ns. Dithranol was used as the matrix and was prepared by
dissolving 10 mg/mL in toluene. The sample was prepared by dissolving in 1:1 methanol
toluene and mixed 1:1 with the matrix solution. A one microlitre drop was applied to the
sample target and allowed to dry. Electrospray ionization mass spectra were recorded on
a Micromass ZabSpec Hybrid Sector-TOF with positive mode electrospray ionization.
The liquid carrier was infused into the electrospray source by means of a Harvard syringe
pump at a flow rate of 10 uL/minute. The sample solution, in the same solvent, was
introduced via a | pL-loop-injector. Prepurified nitrogen gas was used as a pneumatic aid
and filtered air as the bath gas, heated at ca. 80°C. For low resolution, the mass spectra
were acquired by magnet scan at a rate of 5 seconds/decade at ca. 1000 resolution. For
exact mass measurements, the spectra were obtained by voltage scan over a narrow mass
range at ca. 10000 resolution. Data acquisition and processing was achieved by using the

OPUS software package on a Digital Alpha station with VMS operating system.
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Ru(BSP)(CO) (4): A solution of N,N'-bis(3,5-di-terr-butylsalicylidene)-1,2-
phenylenediamine (3) (130 mg, 0.242 mmol) and Ru3(CO),; (65.0 mg, 0.102 mmol) in
toluene (5 mL) was heated at reflux for 15 h under an argon atmosphere. The reaction
mixture was cooled to room temperature, filtered through Celite and concentrated under
reduced pressure. The resulting dark red residue was chromatographed through alumina
(activity II-{II) eluting first with toluene to remove an orange band followed by CH,Cl; to
remove a yellow band and then with a mixture of EtOH/CH,Cl, (5:95) to remove a red-
pink band. The red-pink band was concentrated to dryness under vacuum affording 4 as a
glassy red solid which was recrystallized from aqueous EtOH. Yield: 73 mg (46%).
M.p. >300°C (decomp); 'H NMR (300 MHz, [Dg]acetone, 22°C): § = 9.34 (s, 2 H), 8.29
(dd,J=3.3,9.6 Hz, 2 H), 748 (d, /= 2.7 Hz, 2 H), 7.40 (d, /= 2.7 Hz, 2 H), 7.33 (dd, J
= 3.3, 9.6 Hz, 2 H), 1.55 (s, 18 H), 1.33 (s, 18 H); ')C NMR APT (125.7 MHz,
[DgJacetone, 22°C): & = 170.6 (C), 157.2 (CH), 146.9 (C), 142.7 (C), 135.2 (C), 131.0
(CH), 130.1 (CH), 126.7 (CH), 121.7 (C), 116.1 (CH), 36.6 (C), 34.5 (C), 31.7 (CH;),
30.4 (CH;); HSMS (ESI+): m/z = Calcld for M~ (C3;HN2O;3;Ru) 668.2252. Found:
668.2251; UV/Vis (CHyCls): Aoy / nm (log € / M~'cm™!) = 258 (4.48), 306 (4.26), 382
(4.38), 491 (3.91) 541sh (3.75); Selected IR (microscope): v = 1931 (CO) cm™.
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Ru(BSP)(CO)(py) (5): A solution of pyridine (0.25 mL) in CH,Cl, (5 mL) was treated
with Ru(BSP)(CO) (4) (38.0 mg, 0.055 mmol) and stirred at room temperature for 30
min. Silica gel (1 g) was added and the mixture was evaporated to dryness. The solid
residue was applied to a small column of silica gel (1 x 2 cm) and eluted with CH,Cl,. The
first band was collected and concentrated to dryness affording § as a purple solid. Yield:
37 mg (90%).

M.p. >300°C (decomp); '‘H NMR (300 MHz, CD,Cl,, 22°C): 8 = 8.90 (s, 2 H), 8.12 (m,
2 H), 8.01 (dd, /= 3.3,9.9 Hz, 2 H), 7.59 (m, 1 H), 7.42 (d,/=2.7 Hz, 2 H), 7.32 (dd, J
=3.3,9.6 Hz, 2 H), 7.09 (m, 4 H), 1.56 (s, 18 H), 1.28 (s, 18 H); °C NMR APT (125.7
MHz, CD,Cl,, 22°C): § = 170.0 (C), 155.0 (CH), 149.5 (CH), 145.9 (C), 143.0 (C),
138.0 (CH), 135.1 (C), 130.1 (CH), 130.0 (CH), 126.2 (CH), 124.6 (CH), 120.5 (C),
115.1 (CH), 36.3 (C), 34.1 (C), 31.4 (CH53), 29.9 (CH3); HSMS (ESI+): m/z = Calcld for
M™ (C4:Hs5N3O5Ru) 747.2974. Found: 747.2965; UV/Vis (CH5Cly): Apa / nm (log € /
M 'cm™) = 264 (4.68), 310 (4.38), 391 (4.60), 503 (4.02) 555sh (3.09); Selected IR

(microscope): v = 1942 (CO) cm™.

9
9
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[Ru(BSP)(CO)|,[4,4°-bipy] (6): A solution of 4,4’-bipyridine (3.9 mg, 0.025 mmol) in
CH,Cl; (5 mL) was treated with Ru(BSP)(CO) (4) (35.0 mg, 0.051 mmol) and stirred at
room temperature for 30 min. Silca gel (1 g) was added and the mixture was evaporated to
dryness. The solid residue was applied to a small column of silica gel (1 x 2 cm) and
eluted with CH,Cl,. The first band was collected and concentrated to dryness affording 6
as a purple solid. Yield: 34 mg (92%).
M.p. >300°C (decomp); 'H NMR (300 MHz, CD,Cl,, 22°C): § = 8.91 (s, 4 H), 8.19
(dd,J=1.5,6.6 Hz, 4 H), 8.02 (dd, /= 3.6, 9.9 Hz, 4 H), 7.43 (d, J = 2.4 Hz, 4 H), 7.34
(dd, 1 =3.3,9.6 Hz,4 H), 7.16 (dd, J = 1.5, 6.6 Hz, 4 H), 7.11 (d, J = 2.4 Hz, 4 H), 1.50
(s, 36H), 1.27 (s, 36 H); '*C NMR APT (125.7 MHz, CD,Cl,, 22°C): § = 1699 (C),
155.1 (CH), 150.3 (CH), 146.4 (C), 145.8 (C), 143.0 (C), 135.2 (C), 130.0 (CH), 126.1
(CH), 122.4 (CH), 120.5 (C), 115.1 (CH), 36.2 (C), 34.1 (C), 31.3 (CHj;), 29.9 (CH;);
MS (ESI+): m/z = 1492 M™; UV/Vis (CH3Cla): Ao / nm (log € / M~'cm™) = 264 (4.81),
310 (4.56), 391 (4.70), 501 (4.17) 555sh (4.00); Selected IR (microscope): v = 1938 (CO)

em™.
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[Ru(BSP)(CO)L;{Ru(pytpy):1[PFsl: (93): A solution of [Ru(pytpy).][PFel. (D™ (2.2
mg, 2.2 umol) in acetone (5 mL) was treated with Ru(BSP)(CO) (4) (3.4 mg, 5.0 umol)
and stirred at room temperature for 30 min. The solvents were evaporated to dryness and
the resulting solid was triturated with a mixture of Et,O/pentane (20:80) and dried under
vacuum. Yield: 4.7 mg (91%).

'H NMR (300 MHz, [DgJacetone, 22°C): § = 9.40 (s, 4 H), 9.39 (s, 4 H), 8.91 (d, J = 8.1
Hz, 4 H), 8.48 (d, /= 6.6 Hz, 4 H), 8.39 (dd, J = 3.6, 9.9 Hz, 4 H), 8.17 (d, J = 6.6 Hz, 4
H), 8.00 (1, J = 7.8 Hz, 4 H), 7.63 (d, J = 4.8 Hz, 4 H), 7.50 (d, J = 2.4 Hz, 4 H), 7.40 (m,
8 H), 7.21 (t,/=6.0 Hz, 4 H), 1.61 (s, 36 H), 1.32 (s, 36 H); MS (ESI+): m/z = 1028 [M
- 2PF¢]*": UV/Vis (CH5Cl): Aoy / nm (log € / M~'em™) = 276 (5.01), 312 (4.88), 330
(4.77), 390 (4.74) 493 (4.59), 555sh (4.18); Selected IR (microscope): v = 1933 (CO)

em™,
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[Ru(BSPY(CO)|:[Fe(pytpy):}IBF ], (9b): A solid mixture of 4’-(4’"'-pyridyl)-
2,2°:6°,2" -terpyridine (8)" 3.1 mg, 0.0l mmol), Fe(BF,).*(H.0)s (1.7 mg, 5.0 umol),
and Ru(BSP)CO) (4) (15.0 mg, 0.022 mmol) was dissolved in acetone (5 mL) and stirred
at room temperature for 30 min. The solvents were evaporated to dryness and the
resulting solid product was triturated in a mixture of Et,O/pentane (20:80) and dried
under vacuum. Yield: 20 mg (92%).

'H NMR (300 MHz, [DgJacetone, 22°C): § = 9.56 (s, 4 H), 9.42 (s, 4 H), 8.86 (d, /= 7.8
Hz, 4 H), 8.53 (d, /= 6.6 Hz, 4 H), 8.40 (dd, /= 3.3, 9.6 Hz, 4 H), 8.27 (d, / = 6.6 Hz, 4
H). 7.95 (t. J=7.8 Hz, 4 H), 7.50 (d. /= 2.4 Hz, 4 H), 7.40 (m, 12 H), 7.11 (1, /= 6.0
Hz, 4 H), 1.63 (s, 36 H), 1.32 (s, 36 H); MS (ESI+): m/z = 1006 [M — 2BF,]*"; UV/Vis
(CH3Cl3): Amax / nm (log € / M~'em™) = 282 (5.02), 291 (5.02), 327 (4.82), 393 (4.75) 508

(4.35), 573sh (4.52); Selected IR (microscope): v = 1934 (CO) cm™.
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[Ru(BSP)(CO)|s[Ru(dpybpy);}[PFsl, (12a): A solution of [Ru(dpybpy);][PFsl,
(10)**'7 (2.0 mg, 1.5 mmol) in acetone (5 mL) was treated with Ru(BSP)(CO) (4) (6.4 mg,
9.6 mmol) and stirred at reflux for 30 min. The solvents were evaporated to dryness and
the resulting solid product was triturated in a mixture of E1,O/pentane (20:80) and dried
under vacuum. Yield: 6.8 mg (84%).

'H NMR (500 MHz, [Dglacetone, 22°C): & = 9.27 (s, 12 H), 9.04 (s, 6 H), 8.31 (m, 12
H), 8.23 (d, J = 6.5 Hz, 12 H), 7.88 (d, /= 6.0 Hz, 6 H), 7.58 (d, J = 6.5 Hz, 12 H), 7.45
(m, 18 H), 7.38 (dd, /= 3.5, 9.5 Hz, 12 H), 7.30 (s, 12 H), 1.55 (s, 108 H), 1.30 (s, 108
H); MS (ESI+): m/z = 2519.5 [M - 2PFs]*"; UV/Vis (CH:Cla): Aga / nm (log € /
M 'em™) = 255 (5.34), 311 (5.19), 388 (5.18), 490 (4.77) 555sh (4.53); Selected IR

(microscope): v = 1946 (CO) cm™.

~
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[Ru(BSPY(CO)}:[Fe(dpybpy):|{BF4}; (12b): A solid mixture of 4,4’-di(4’’-pyridyl)-
2,2’-bipyridine (11)'® (1.2 mg, 3.9 umol), Fe(BF,);*(H,0)s (0.5 mg, 1.5 umol), and
Ru(BSP)(CO) (4) (6.5 mg, 9.5 umol) was dissolved in acetone (5 mL) and stirred at retlux
for 30 min. The solvents were evaporated to dryness and the resulting solid product was
triturated in a mixture of Et;O/pentane (20:80) and dried under vacuum. Yield: 7.1 mg
(94%).

'H NMR (500 MHz, [Dg]acetone, 22°C): § = 9.28 (s, 12 H), 9.03 (s, 6 H), 8.32 (m, 12
H), 8.24 (d,/=7.0 Hz, 12 H), 7.59 (d, /= 7.0 Hz, 12 H), 7.56 (dd, /= 1.5, 6.0 Hz, 6 H),
7.54 (d,J=6.0 Hz, 6 H) 7.45 (m, 12 H), 7.38 (dd, J = 3.5, 10.0 Hz, 12 H), 7.31 d, J =
2.5 Hz, 12 H), 1.57 (s, 108 H), 1.31 (s, 108 H); MS (ESI+): m/= = 2496.5 [M - 2BF,]*";
UV/Vis (CH2Cla): Agay / nm (log € / M~'em™) = 285 (5.39), 311 (5.16), 391 (5.21), 506

(4.72) 614sh (4.35); Selected IR (microscope): v = 1946 (CO) cm™.

~
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NN’N’’ N’ ’-Tetra-(3,5-di-tert-butylsalicylidene)-1,2,4,5-phenylenetetraamine
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(bis(salophen) precursor to 14) (BS2P): 3,5-Di-rerr-butylsalicylaldehyde (1.00 g, 4.27
mmol) and 1,2,4,5-benzenetetramine tetrahydrochloride (250 mg, 0.880 mmol) were
heated in EtOH (5 mL) at reflux for 15 h. The solution was cooled to —10°C and stirred
there for 3 h. The yellow-orange precipitate was collected by filtration, washed with
EtOH and dried under vacuum. Yield: 610 mg (70%).

M.p. 285-286°C: '"H NMR (360 MHz, CD,Cl,, 27°C): 8 = 13.53 (s, 4 H), 8.83 (s, 4 H),
7.49 (d,J=2.2Hz, 4 H), 7.32 (d,J = 2.3 Hz, 4 H), 7.25 (s, 4 H), 1.52 (s, 36 H), 1.33 (s,
36 H); C NMR APT (125.7 MHz, CDCl;, 27°C): 8 = 164.7 (CH), 158.7 (C), 141.6
(©), 140.6 (C), 137.3 (C), 128.6 (CH), 127.0 (CH), 118.4 (C), 111.2 (CH), 35.2 (C), 34.1
(C), 31.5 (CH3), 29.5 (CH3); MS (ESI+): m/z = 1004 [M + H]™; IR (microscope): v =
2962, 2908, 2870. 1653, 1615, 1607, 1580, 1492, 1463, 1440, 1392, 1362, 1316, 1273,

1250, 1168, 1027, 983, 963, 937, 909, 882, 874, 866, 837, 771, 749, 686, 642 cm™'.

~
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Ru;[(BS2P)(CO);] (14): A solution of BS2P (200 mg, 0.20 mmol), Ru;(CO);» (102 mg,
0.16 mmol) in toluene (5 mL) was heated at reflux for 40 h under an atmosphere of argon.
The reaction mixture was cooled to room temperature, filtered through Celite and
concentrated under reduced pressure. The resulting dark red residue was chromatographed
through alumina (activity II-Ill) eluting first with CHCI; to remove a red-orange band
followed by EtOH/CHCI; (5:95) to remove a purple band. The purple band was
concentrated to dryness under vacuum affording the product as a glassy purple solid.
Yield: 52.0 mg (21%).

'H NMR (300 MHz, [Dg]acetone, 22°C): § = 9.41 (s, 4 H), 9.14 (s, 1 H), 9.13 (s, 1 H),
7.51(d,J = 2.7 Hz, 4 H), 7.31 (d, J = 2.4 Hz, 4 H), 1.56 (s, 36 H), 1.36 (s, 36 H); "*C
NMR APT (125.7 MHz, [Dglacetone, 22°C): § = 170.9 (C), 156.9 (CH), 144.7 (C),
142.9 (C), 135.5(C), 130.6 (CH), 130.4 (CH), 121.8 (C), 101.3 (CH), 36.7 (C), 34.5 (C),
30.3 (CH;), 31.7 (CH3); MS (ESI+): m/z = 1258 M™; UV/Vis (CHyCla): Ay, / nm (log € /
M™em™) = 320 (4.58), 395 (4.62), 486 (4.47), 539sh (3.75) 568sh (4.42), 579sh (4.41);

Selected IR (microscope): v = 1950 (CO) cm™'.
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Ru,[(BS2P)(CO):(py).] (15): A solution of pyridine (0.25 mL) in dichloromethane (5
mL) was treated with Ru>[(BS2P)(CO),(H,0),] (14) (35.0 mg, 0.055 mmol) and stirred at
room temperature for 30 min. The mixture was evaporated to dryness and applied to a
small column of silica gel (1 x 2 cm) and eluted with CH,Cl,. The first band was collected
and concentrated to dryness affording a dark purple solid. Yield: 32.0 mg (81%).

'H NMR (500 MHz, CD,Cl,, 22°C): § = 9.04 (s, 2 H), 8.52 (s, | H), 8.51 (s, | H), 8.20
(m,, 4 H), 7.64 (m, 2 H), 7.47 (d, J=2.5 Hz, 4 H), 7.28 (d, J = 2.5 Hz, 4 H), 7.16 (m, 4
H), 1.56 (s, 18H), 1.55 (s, 18 H), 1.35 (2 singlets, 36 H); '3*C NMR APT (125.7 MHz,
CD,Cl,, 22°C): § = 170.3 (C), 154.3 (CH), 149.6 (CH), 149.5 (CH), 143.5 (C), 143.2 (C),
143.2 (C), 138.2 (C), 135.6 (C), 130.6 (CH), 130.1 (CH), 130.0 (CH), 124.8 (CH), 124.6
(CH), 120.9 (C), 99.7 (CH), 99.6 (CH), 36.35 (C), 34.3 (C), 31.6 (CH3), 29.9 (CHj;); MS
(ESI+): m/z = 1416 M™; UV/Vis (CH,Cla): Ao, / nm (log € / M~'em™) = 313 (4.58), 325
(4.57), 407 (4.62), 492 (4.42) 551sh (4.37), 614sh (4.35); Selected IR (microscope): v =

1954 (CO)cm™.

Niy(BS2P): A solution of BS2P (100 mg, 0.1 mmol), Ni(OAc),(H,0); (124 mg, 0.5

mmol) in absolute EtOH (5 mL) was heated at reflux for 2 h. The reaction mixture was
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cooled to room temperature and the red solid was collected by filtration, washed with
cold EtOH and dried under vacuum. Yield: 100 mg (89%).

'H NMR (300 MHz, CD,Cl,, 22°C): § = 8.33 (s, 4 H), 8.01 (s, 2 H), 7.46 (d, J = 2.7 Hz,
4 H), 7.28 (d, J = 2.4 Hz, 4 H), 1.45 (s, 36 H), 1.36 (s, 36 H); ’C NMR APT (125.7
MHz, CDCls, 22°C): 8 = 165.4 (C), 153.5 (CH), 141.5 (C), 140.9 (C), 137.4 (C), 131.2
(CH), 126.5 (CH), 119.7 (C), 98.5 (CH), 35.9 (C), 34.0 (C), 31.2 (CH3), 29.7 (CH;); MS
(MALDI, no matrix) : m/z = 1116 M™; UV/Vis (CH-Cl»): Apay 7/ nm (log € / M'em™) =
268 (4.78), 322 (4.45), 374sh (4.46), 394 (4.55), 494 (4.58), 3541lsh (4.50); IR
(microscope): v = 2957, 2907, 2869, 1703, 1616, 1589, 1546, 1522, 1495, 1462, 1423,
1385, 1359, 1322, 1258, 1177, 1130, 1026, 971, 933, 916, 868, 828, 788, 749, 654, 637

cm™.

Hsz NHz
*4HCI
HoN NH,
2,3,7,8-Tetraaminodibenzo[1,4|dioxin tetrahydrochloride (13)'%: Tin metal (7.0 g
59.0 mmol) was added in small portions to a suspension of 2,3,7,8-
tetranitrodibenzo( 1 ,4]dioxin (1.70 g, 4.72 mmol) in concentrated hydrochloric acid (25
mL). The reaction mixture became extremely exothermic after 30 min. at which point the

color of the suspension changes from yellow to creamy-white. The mixture was heated at

reflux for 8 h to dissolve any residual solid tin metal. The mixture was filtered leaving a
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white solid. The product was washed with concentrated HCl, then with EtOH and finally
with Et,0, and dried under vacuum. Yield: 1.35 g (74%).

'H NMR (300 MHz, D,O/CD;CO,D, 22°C): § = 6.63 (s); *C NMR APT (125.7 MHz,
D,O/CD;CO,D, 22°C): 8 = 140.6 (C), 123.1 (C), 112.4 (CH); MS (ESI+): m/z = 244 [M

-4 HCI}".

Bu

tBu
.’Bu@\l 7Y Bu
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NN’ NV N *-Tetra-(3,5-di-tert-butylsalicylidene)-2,3,7,8-dibenzo-{1,4]-
dioxintetraamine (bis(salophen) precursor to 16) (BS2DP): 3.5-Di-rerr-
butylsalicylaldehyde (750 mg, 3.20 mmol) and tetraaminodibenzo[l,4]dioxin
tetrahydrochloride (310 mg, 0.795 mmol) were heated in EtOH (18 mL) at reflux for 15 h.
The solution was cooled to —10°C and stirred at that temperature for 3 h. The yellow
precipitate was collected by filtration, washed with cold EtOH and dried under vacuum.
Yield: 802 mg (91%).

M.p. > 350°C; 'H NMR (500 MHz, [D]THF, 22°C): § = 13.57 (br s, 4 H), 8.85 (s, 4
H), 7.46 (d, J = 2.5 Hz, 4 H), 7.37 (d, J = 2.5 Hz, 4 H), 7.14 (s, 4 H), 1.45 (s, 36 H), 1.33
(s, 36 H); °C NMR APT (125.7 MHz, [Dg]THF, 22°C): § = 165.9 (CH), 159.5 (C),
141.6 (C), 141.0 (C), 140.3 (C), 137.6 (C), 128.7 (CH), 128.2 (CH), 119.7 (C), 108.2
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(CH), 35.8 (C), 34.8 (C), 31.8 (CH3), 30.0 (CHj;); MS (ESI+): m/z = 1109 [M + H]"; IR
(microscope): v = 2957, 2907, 2870, 1615, 1593, 1489, 1440, 1393, 1369, 1307, 1275,

1252, 1229, 1203, 1167, 937, 875, 861, 811, 774, 687 cm™'.

1Bu
!Bu@\l
Q N
oo 6 IO o
O
tBu @/’

Bu Bu

Ru,[(BS2DP)(CO),] (16): A solution of BS2DP (250 mg, 0.225 mmol) and Ru;(CO);»
(220 mg, 0.470 mmol) in diglyme (15 mL) was heated at 135°C for 12 h. The reaction
mixture was cooled to room temperature, filtered and concentrated to dryness under
reduced pressure. The resulting dark red residue was chromatographed through alumina
(activity [I-1II) eluting first with CHCI; to remove a yellow and an orange band followed
by EtOH/CHCI; (5:95) to remove a red-pink band. The latter was concentrated to
dryness under vacuum affording a glassy purple solid. Yield: 277 mg (91%).

'H NMR (300 MHz, [Dglacetone, 22°C): 8 =9.20(s, 4 H), 7.96 (s, 4 H), 749 d, J = 2.7
Hz. 4 H), 7.41 (d, J = 2.4 Hz, 4 H), 1.55 (s, 36 H), 1.35 (s, 36 H); '°C NMR APT (125.7
MHz, [Dslacetone, 22°C): & = 170.6 (C), 157.1 (CH), 143.2 (C), 142.7 (C), 140.4 (O),
135.4 (C), 130.9 (CH), 130.2 (CH), 121.8 (C), 103.5 (CH), 36.6 (C), 34.5 (C), 31.7

(CH3), 30.4 (CH;); MS (ESI+): m/z = 1363 M™; UV/Vis (CH:Cly): Apa / nm (log € /
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M-lem™) = 262 (4.67), 302 (4.59), 313 (4.61), 375sh (4.59), 393 (4.64), 420sh (4.44),

507 (4.30) 550sh (4.19); Selected IR (microscope): v = 1943 (CO) cm™.

Ru,;[(BS2DP)(CO)y(py):] (17): A solution of pyridine (0.25 mL) in CH,Cl, (5 mL) was
treated with 16 (50 mg, 0.055 mmol) and stirred at room temperature for 30 min. The
mixture was evaporated to dryness and applied to a small column of silica gel (1 x 2 cm)
and eluted with CH,Cl,. The first band was collected and concentrated to dryness under
vacuum affording a dark purple solid. Yield: 51.4 mg (81%).

'H NMR (300 MHz, CD:Cl,, 22°C): § = 8.72 (s, 4 H), 8.16 (m,, 4 H), 7.63 (1, J = 2.4
Hz, 2 H), 7.60 (s, 4 H), 7.43 (d, /= 2.4 Hz, 4 H), 7.14 (m, 8 H), 1.54 (s, 36 H), 1.32 (s,
36 H); *C NMR APT (125.7 MHz, CD:Cl,, 22°C): § = 170.0 (C), 154.5 (CH), 149.5
(CH), 149.5 (CH), 143.1 (C), 142.1 (C), 139.9 (C), 138.1 (CH), 135.3 (C), 130.2 (CH),
130.0 (CH), 124.7 (CH), 124.6 (CH), 120.5 (C), 102.5 (CH), 36.3 (C), 34.2 (C), 31.4
(CH3j), 29.9 (CH;); MS (ESI+): m/z = 1522 M™; UV/Vis (CH:Cls): Ao / nm (log € /
M~'em™) = 263 (4.75), 304 (4.70), 317 (4.70), 400 (4.80) 520 (4.29), 566sh (4.22);

Selected IR (microscope): v = 1933 (CO) cm™'.

o
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Niy(BS2DP): A solution of BS2DP (150 mg, 0.135 mmol) and Ni(OAc),(H,0); (168
mg, 0.676 mmol) in diglyme (15 mL) was heated at 140°C for 10 h under an inert
atmosphere of argon. The reaction mixture was cooled to room temperature and the red
solution was concentrated to dryness. The residue was suspended in hot 95% EtOH (30
mL), filtered while hot and washed with EtOH. The product was then dried under
vacuum. Yield: 140 mg (85%).

'H NMR (300 MHz, [Dg]THF, 22°C): & = 8.40 (s, 4 H), 7.63 (s, 2 H), 7.41 (d, 7= 2.7
Hz, 4 H), 7.26 (d, J = 2.4 Hz, 4 H), 1.47 (s, 36 H), 1.33 (s, 36 H); °C NMR APT (125.7
MHz, [Dg]THF, 22°C): § = 165.4 (C), 156.2 (CH), 141.0 (C), 141.0 (C), 140.1 (C),
137.2 (C), 130.9 (CH), 127.8 (CH), 120.9 (C), 103.2 (CH), 36.6 (C), 34.6 (C), 31.6
(CH;), 30.3 (CH;); MS (MALDI, no matrix): m/z = 1222 M™; UV/Vis (CH-Cls): Aqax /
nm (log €/ M 'em™") = 246sh (4.74), 270 (4.88), 304sh (4.61), 313 (4.63), 392 (4.65), 429
(4.63), 505 (4.40); IR (microscope): v = 2956, 2908, 2869, 1617, 1590, 1526, 1494, 1480,
1464, 1429, 1386, 1358, 1322, 1298, 1258, 1238, 1207, 1175, 1130, 1024, 960, 934, 917,

867, 842, 787, 676, 638 cm™".
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Porphyrin Complex (18a): A solution of Crossely’s bis(porphyrin)'®*° (225 mg, 0.100
mmol) and Ru3(CO),, (215 mg, 0.338 mmol) in phenol (2.0 g) was heated at reflux for I h
under an atmosphere of argon. The reaction mixture was cooled to room temperature and
diluted with EtOH (2 mL) and the crude product was precipitated by adding water. The
crude product was collected by filtration and washed with H-O/EtOH (50:50) to remove
the phenol. The dark brown solid was dissolved in toluene and chromatographed through
alumina(II-11I) eluting tirst with toluene to remove an orange band followed by CH,Cl, to
remove a yellow band and then with a mixture of EtOH/CH,Cl, (5:95) to remove a dark
brown band. The latter was concentrated to dryness under vacuum and recrystallized

trom hydrous ethanol to give a brown solid. Yield 168 mg (65%).

'H NMR (500 MHz, CD,Cl,, 22°C): 8 = 8.75 (s, 4 H), 8.72 (d, J = 5.0 Hz, 4 H), 8.63 (d,
J=35.0 Hz, 4 H), 8.53 (s, 2 H), 8.11 (m, 4 H), 8.06 (m, 4 H), 8.02 (m, 8 H), 7.99 (m, 4
H), 7.83 (m, 4 H), 1.56 (m, 144 H), 0.83 (broad, EtOH); '*C NMR (125.7 MHz, CD,Cl,,
22°C): & = 153.1, 149.4, 149.3, 149.2, 147.0, 144.4, 143.0, 141.6, 141.5, 139.9, 137.1,
132.8, 131.0, 132.43, 129.5, 129.3, 129.2, 129.2, 128.9, 128.8, 125.9, 121.5, 120.3, 120.2,
35.4,35.3, 32.3,31.9; MS (ESI+): m/z = 2508 [M - 2EtOH]"; Selected IR (microscope):

v=1933 (CO)cm™.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Porphyrin Pyridine Complex (18b): A solution of pyridine (0.25 mL) in
dichloromethane (5 mL) was treated with porphyrin complex (18a) (30.0 mg, 0.012
mmol) and stirred at room temperature for 30 min. The mixture was evaporated to
dryness and applied to a small column of silica gel (I x 2 ¢cm) and eluted with CH,Cl,.
The first band was collected and concentrated to dryness affording a dark brown solid.
Yield: 20.0 mg (63%).

'H NMR (300 MHz, CD-Cl,, 22°C): 8 = 8.69 (s, 4 H), 8.65 (d, J = 4.8, Hz 4 H), 8.57 (d,
J=4.8 Hz 4 H), 8.45 (s, 2 H), 8.05 (m, 4 H), 8.03 (m, 4 H), 7.96 (m, 8 H), 7.90 (m, 4 H),
7.81 (m,4 H), 6.29 (1, /=75 Hz,2 H),5.46 (t, /= 7.5 Hz, 4 H), 2.13 (d, /= 5.1 Hz, 4
H), 1.55 (s. 72 H), 1.53 (s, 36 H), 1.52 (s, 36 H); '*C NMR (125.7 MHz, CD,Cl,, 22°C):
O = 153.4. 149.4, 149.3. 149.3, 149.2, 149.0. 146.4, 144.8. 1439, 142.6, 141.7, 141.7,
139.8, 136.5, 135.4, 135.4, 132.8, 132.1, 131.4, 130.0, 129.8, 129.5, 129.4, 129.0, 128.7,
128.6, 125.5, 122.6, 121.4, 120.2, 120.1, 35.4, 35.3, 32.3, 31.8; MS (ESI+): m/z = 2508

[M - 2py]; Selected IR (microscope): v = 1933 (CO) cm™.
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Porphyrin Bipyridine Complex (22): A solution of 4,4’-bipyridine (15.0 mg, 0.096
mmol) in CH,Cl, (10 mL) was treated with porphyrin complex (18a) (55.0 mg, 0.021
mmol) and stirred at room temperature for 15 h. The mixture was evaporated to dryness
and filtered through a small two-layered pipette of celite and silica gel (3 cm each) and
eluted with CH,Cl,. The first band was collected and concentrated to dryness affording a
dark brown solid. Yield: 28.0 mg (50%).

'H NMR (500 MHz, CD:Cl,, 22°C): § = 8.54 (s. 8 H), 8.50 (d, /=4.8, Hz, 8 H), 8.37 (d.
=38 Hz, 8 H), 8.24 (s, 8 H), 7.95 (t, /=2.0 Hz, 8 H), 7.87 (1, J=2.0 Hz, 8 H), 7.86 (t,
J=2.0 Hz, 8 H), 7.76 (t, J/=2.0 Hz, 8 H), 7.70 (t, J/=2.0 Hz, 8 H), 7.61 (t, J/=2.0 Hz, 8 H),
4.70 (dd, J=1.5, 6.0 Hz, 8 H), 1.77 (dd, J=1.5, 6.0 Hz, 8 H), 1.48 (s, 72 H), 1.45 (s, 72
H). 1.45 (s, 72 H), 1.40 (s. 72 H); '°C NMR (125.7 MHz, CD,Cl,, 22°C): § = 183.2,
153.2, 149.4, 149.3, 148.9, 148.8, 146.3, 144.9, 143.7, 142.5, 142.4, 141.5, 141.4, 139.6,
136.2, 132.6, 132.0, 131.3, 130.0, 129.5, 129.2, 128.8, 128.4, 125.4, 121.4, 119.9, 119.8,
35.3, 35.21, 35.19, 32.19, 32.16, 31.9, 31.8; Selected IR (microscope): v = 1969 (CO)

em™.
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Bis(salophen) Bipyridine Complex : A solution of 4,4-bipyridine (15.0 mg, 0.096
mmol) in acetone (10 mL) was treated with salen complex (16) (50.0 mg, 0.037 mmol) and
stirred at room temperature for 15 h. The mixture was evaporated to dryness and filtered
through a small two-layered pipette of celite and silica gel (3 cm each) and eluted with
CH,Cl,. The first band was collected and concentrated to dryness affording a dark purple
solid. Yield: 28.0 mg (50%).

'H NMR (500 MHz, CD-Cl,, 22°C): 8 = 8.63 (br s, 8H), 8.21 (br d, J=1.5, 6.5 Hz, 8H),
7.56 (br s, 8H), 7.40 (br d, J=1.5 Hz, 8H), 7.26 (dd. /=1.5, 6.5 Hz. 8H), 7.06 (br d, J=1.5

Hz, 8H), 1.52 (brs, 72H), 1.27 (br s, 72H).
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W e
i) : 8
H 8

T} >4 »
v € P 9
i) Q'M'a H
H :o~d

Bis(salophen) Tripyridyltriazine Complex (25): A solution of 2,4,6-tripyridyltriazine
(8.9 mg, 0.029 mmol) in 1/l CHCI;—EtOH (10 mL) was treated with salen complex (16)

(38.5 mg, 0.043 mmol) and stirred at room temperature for 15 h. The mixture was
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evaporated to dryness and filtered through a small two-layered pipette of celite and silica
gel (3 cm each) and eluted with CH,Cl,. The first band was collected and concentrated to
dryness affording a dark purple solid. Yield: 30 mg (45%).

'H NMR (500 MHz, CD,Cl,, 22°C): § = 8.72 (s, 12H), 8.14 (dd, J=1.5, 6.5 Hz, 12H),
7.99 (dd, J=1.5, 6.5 Hz, 12H), 7.46 (d, J/=1.5 Hz, 12H), 7.34 (s, I12H), 7.21 (d, J=1.5 Hz,

12H), 1.40 (s, 108H), 1.32 (s, 108H).

X-ray Crystallographic Study: The crystallographic data for the complexes Niy(BS2P),
and Niy(BS2DP) are shown in Table 5. Crystals of Niy(BS2P) were grown from a
mixture acetone/CH,Cl, and crystals of Ni;(BS2DP) were grown trom THF. X-Ray data
were collected on a Bruker PLATFORM/SMART 1000 CCD at 193 K using a graphite-
monochromated Mo-K, radiation (A = 0.71073 A) by taking @ scans at 0.2° intervals. The
structures were solved by direct methods/fragment search using the computer program
DIRDIF-96 and refined by full-matrix least-squares with anisotropic displacement
parameters for the non-hydrogen atoms using the computer program SHELXL-93.
Hydrogen atoms were introduced in their idealized positions as indicated by the sp~ or sp°

geometries of their attached carbon atoms.

[}S)
s
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Table §. Crystallographic data for the Nickel(Il) analogs of 14 and 16

Ni(BS2P) Ni(BSD2P)
Molecular Formula C0.625Hos.25Clo.62sNsN12Os 4375 CioHi0sNaNi:Os
Molecular Weight 1226.83 1367.09
Crystal size/mm 0.38 x 0.37 x 0.33 0.28 x 0.27 x 0.08
Crystal system orthorhombic monoclinic
Space group Pbcn (No. 60) P2,/c (No. 14)
alA 27.4494(13) 10.6955(13)
blA 21.7996(11) 14.073(2)
c/A 23.3535(12) 25.424(4)
B 95.733
Z 8 2
VIA’ 13974.4(12) 3807.7(9)
Density/g cm™ 1.166 1.192
w/mm’ 0.612 0.550
Data collection 28 limiv° 52.82 52.82
Total data collected 88377 16031
Independent retlections 14337 7685
Observed data with / 2 2o(/) 10691 4974
Absorption correction method SADABS SADABS
Range of transmission factors 0.8236~0.8007 0.9574-0.8613
Data/restraints/parameters 14337 / 15°/ 740 7685/ 0/ 424
Goodness-of-fit on F* 1.054 0.972
Final R indices [I > 2o(1)]*
R, =[F. 2 20(F, ) 0.0667 0.0519
wR: = [F,)} 2 -36(F.)] 0.2130 0.1291

Larzest dlﬂ'erence peak and hole

2.350 and —1.647 ¢ A~

0.577 and -0.273 ¢ A”’

R, = YI[Ful - IFd/SIFul; wR: =

{Y[W(F - F, )]/Z[M(F )]

Thc tollowmg distance restraints were applled to the dlsordered solvent acetone and dichloromethane

molecules: d(O"S-CSS) = d(03S-C8S) = 1.2

d(02S...C4S) =

2 A; d(C4S—C5S) = d(C55-C6S) = d(C8S-C9S) = 1.54 A;
d(032S...C6S) = d(O3S.. C9S) =240 A; d(C4S...C6S) = d(C9S...C9S") = 2.67 A;
d(CNS-C7S) = d(C12S-C7S) = d(C13S-C10S) = 1.80 A; d(Cl1S...CI12S) = d(CI3S...CI3S’ ) =

295 A

(primed atoms are related to unprimed ones via the crystallographic twofold rotational axis (0, y, '12)).
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Chapter S — Conclusions

Despite the fact that the templated synthesis of a cubic molecular-scale chamber
was not completed, the body of this thesis work clearly illustrates the ease of bringing
axial coordinated ruthenium(Il) carbonyl porphyrin and salophen complexes around
central templates that bear divergent pyridines. The design and synthesis of suitable
building blocks, and the exploitation of coordination chemistry and self-assembly
synthetic methods provides an attractive approach to construct complex architectures
with novel morphologies and interesting supramolecular properties. The distinct
advantage that self-assembly synthesis has over its classical counterpart is that the desired
assemblies form rapidly and in fewer synthetic steps. The self-assembly approach is also
modular because the key components are interchangeable, as illustrated by employing
axial coordination to either metalloporphyrins or metallosalophens. Also, the spatial
arrangements of the molecular components can be modified and controlled by the central
template building block. This synthetic strategy is an alternative method to construct,
control, and tailor the position of chromophores around transition metal complexes and
provides suitable model systems to study electron and energy transfer processes within
supramolecular assemblies.

In this chapter, the important supramolecular properties associated with
metalloporphyrins and metallosalophens will be summarized and compared. Then, a
description of the important studies that are required to completely characterize the
supramolecular photophysical properties of the axially coordinated porphyrin and

salophen arrays described in this thesis will be outlined. The chapter closes with a
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discussion highlighting the design of a second-generation core template for the synthesis

of a porphyrin cube suggesting possible future extensions of this aspect of the thesis

work.

5.1 — Metalloporphyrins and Metallosalophens in Supramolecular Chemistry

The direct comparison of the important chemical properties and design features of
ruthenium(1l) carbony! porphyrin and salophen complexes is useful to reveal their utility

as building blocks in supramolecular chemistry.

1. The rich electrochemical, photophysical, and coordination properties of ruthenium(ll)
porphyrin carbonyl complexes have been extensively documented and, thus, represent
a significant advantage over the lesser known properties of the salophen analogues.
(Although, the absence of a full understanding of these properties is certainly the

impetus for studying the latter in more detail).

o

. Axial coordination to either the ruthenium(Il) carbonyl porphyrin or the salophen
complexes is monitored due to their characteristic signals in their '"H NMR spectra.
However, the larger shielding effect of the porphyrin produces more diagnostic
upfield shifts (A3 as much as 7.0 ppm) of the axial ligands proton resonances and,
thus, represents a significant advantage over the smaller upfield shifts (Ad = 0.5 ppm)

provided by the salophen analogue.

W)

A less significant but common feature used to verify the success of axial coordination
of pyridines to either the ruthenium(II) carbonyl porphyrin or the salophen complexes
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are the characteristic shifts produced in their IR vibrational and UV/Vis absorption
spectra.

4. The most important feature that determines the utility of using porphyrins and
salophens in supramolecular chemistry is the preparation of the building blocks
themselves. The synthetic routes to porphyrins provide the macrocycles in low yields.
The macrocycles are also tedious to isolate and purify, making the *“design-to-
realization” of new supramolecular building blocks lengthy. On the other hand, the
ease at which salophens can be prepared, isolated, and tailored represents a significant
synthetic advantage over their porphyrin analogues, as was demonstrated by the
formation of the ruthenium(Il) carbonyl bis(metallosalophens). This last argument

should spark efforts to further develop this class of supramolecular building blocks.

5.2 - Future Studies

5.2.1 - Characterization of the Supramolecular Properties

The photophysical properties of the axially coordinated metalloporphyrin and
metallosalophen arrays remain to be studied and should be studied extensively. The
experiments should focus on examining the importance of the spatial orientation of the
chromophores on the communication between them in each array. A direct comparison
of the properties of the arrays with appropriate control molecules must be made. The
controls should be analogous to those used to study the photophysical properties of the

linear porphyrin arrays (Chapter 2), more specifically, controls that retain the intrinsic
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properties of each isolated building block. For example, the origin of the octahedral
arrays’ excited state behaviour can be probed by synthesizing the known
tris(bipyridine)rutheniun(Il) octahedral complexes 1 and 2 which are unable to coordinate
to Ru(TTP)(CO) or Ru(OEP)(CO) (Figure n.! By studying these complexes, the
existence of intermolecular phosphorescence quenching between non-coordinated

chromophores can be evaluated and compared to the tully assembled arrays.

O x | ?ér)z

Ru

8+
(PFg7)g

Ru

Figure 1.

In order to study the photophysical properties of the tetrahedral array (Chapter 2)
an appropriate method to isolate the core complex needs to be found. Once the core
complex has been isolated and characterized. A complete comparison can be made
between the UV/Vis absorption properties of the array and it’s constituent parts. The
tetraphenylbipyridine analog of the tetrahedral core complex (Structure [Cu(16)2]PFs in
Chapter 2) can be used as the control to evaluate the importance of intermolecular
phosphorescence quenching between non-coordinated chromophores. The same approach
can be taken to study the excited state behaviour of the [2]rotaxane, the salophen arrays,
and their components. These future studies also should include detailed electrochemical,
time-resolved luminescence and absorption spectroscopy to reveal the existence of any

electronic communication between the components of the arrays. In light of this, Dr.
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Luca Prodi, at the University of Bologna, has expressed his interest in studying the time-
resolved luminescence and absorbance properties of the porphyrin arrays. Dr. Piero
Zanello, at the University of Sienna, has studied the electrochemical properties of the
porphyrin arrays. When these results are compiled with the time-resolved luminescence
and absorbance experimental data the true pathway behind any excited state quenching
processes of the arrays can be extracted.

Since the excited state properties of the ruthenium(Il) carbonyl salophen building
blocks are unknown, they need to be studied in order to evaluate the photophysical
properties of the salophen arrays. Dr. Luca Prodi, at the University of Bologna, has
expressed his interest in studying the time-resolved luminescence and absorbance
properties of the metailosalophen monomer and the bimetallic metallosalophen pyridine
complexes. Also, the association constant tor the coordination of pyridine to the metal is
not known and can be measured either by monitoring changes in the UV/Vis spectrum or

by performing Isothermal Titration Calorimetry (ITC) experiments.

5.2.2 — The Templated Synthesis of the Porphyrin Cube

The major problem associated with the first-generation template is how the
components are organized. To highlight this problem and to provide solutions, molecular
models of the first-generation template and two alternative second-generation templates
are shown in Figure 2. The organization problem stemmed from how the small bite
angles provided by the bipyridine ligand 3 force the pyridines involved in axial

coordination to be positioned in a distorted octahedral geometry (3a in Figure 2). As is
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clear in the molecular model of the porphyrin array 3b, the first-generation template
improperly positions the six porphyrins in space and, thus, makes it difficult to design a
substituted porphyrin with appropriate wall-connecting reaction sites to synthesize the
cube.
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Figure 2.
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To solve this problem, a second-generation template should use a ligand that
exhibits a larger bite angle. In this way, distortions further away from the central
templating metal are minimized. For example, the methylene spacer of ligand 4 positions
the divergent pyridines of the octahedral template 4a in a more appropriate geometry.
However, this ligand might be more difficult to synthesize. On the other hand, these
distortions can be minimized if 4,4’-bipyridine (5) is used as the templating ligand. The
octahedral template Sa that is created using the 4,4 -bipyridine ligand organizes the
divergent pyridines and positions the six porphyrins so that they are evenly spaced when
forming the octahedral array Sb. As such, the octahedral array 5§b provides a better model
to design an appropriately substituted porphyrin and to find an appropriate wall-

connecting reaction to synthesize the porphyrin cube.

§.3 - Future Extensions

5.3.1 - Photoelectrochemical Devices Using Axial Coordination

The axial coordinated arrays described in this thesis illustrate the ease of bringing
two, four, and six porphyrins together in a single stcp and may direct attention towards
the advancement of creating tunable nanoscale devices. In order to achieve this, the
porphyrin antennae must be within appropriate distances to provide suitable electronic
interactions between chromophores. Naturally, having a larger number of antennae units
will lead to higher efficiencies in harnessing light energy for electron transfer reactions.

The ability to harness the energy and perform electron transfer reactions in the presence
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of tunable photo- and redox-active molecules (transition metal complexes) may lead to
the successful design of prototypical photoelectrochemical devices.
An example of a known version of such a device is shown in Figure 3. The device

is divided into three parts: 1) antennae, 2) a sensitizer, and 3) a semiconductor surface of

TiOs.
X
sensitizer
H N antenna 1
semiconductor (o] \
surface R/""“ >X
\ N \N\ C/
. N S
N\';-‘! n/ N X - hv
N N X
N * w7
/ ¥ 7 | C\ (]‘,:/ o
/B‘J"\N = Scandola, X = H
40
\

e (o) Gratzel, X = COOH, Me, Ph
H X | 4
antenna 2

electron flow

Figure 3. An example of a photoelectrochemical device.

The antennae and sensitizer are covalently linked through bridging cyanides and serve as
the light harvesting and the electron injecting components, respectively. The carboxylic
acid groups located on the sensitizer are used to adhere the bridged trimeric ruthenium(II)
complex onto TiOs particles which are immobilized on a conducting glass sheet surtace.
The properties of device 6 are described by two independent literature reports by Gritzel
and Scandola.” The results from each report are the same. Excitation of the external
ruthenium(II) complexes results in the injection ot an electron into the conduction band

of a semiconductor film of TiO, which produces a current.
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The major problem that these reports attribute to this device is the antenna’s
efficiency at harvesting the incident light energy. One possible solution to improve the
light-harvesting efficacy of device 6 is to incorporate more effective antennae units,
porphyrins for example (Figure 4). By following a similar procedure used to prepare the
photoelectrochemical device 6, it should be possible to manufacture the
photoelectrochemical device 7 using axial coordination to position four light harvesting

antennae onto the scaffold (Figure 4).

electron flow

electron flow

7
Figure 4. A photoelectrochemical device that uses axial coordination. The porphyrins’ double
bond representations have been omitted for clarity.

The antennae (porphyrins) can be removed and, thus, provides a means to tune

and maintain the device. For example, the surface can be treated with a Lewis basic
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solvent, such as pyridine, removing the porphyrins that are located on the TiO; surface,
and replace them with different porphyrins. Different types of metals that display axial
coordination sites can be inserted into the porphyrins to provide a method to readily tune
the photo- and electrochemical properties of the proposed photoelectrochemical device 7.
A larger photoelectrochemical device 8 can be envisaged which uses 4,4’-bipyridine as
spacers instead of the cyano spacers of 6. This design provides a route to introduce eight

additional light harvesting antennae (Figure 5).
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Figure 5. A larger photoelectrochemical device that uses axial coordination. The porphyrins’
double bond representations have been omitted for clarity.
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