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ABSTRACT

In order to develop better catalysts for the cleavage of aryl-X bonds fundamental
studies of the mechanism and individual steps of the mechanism have been
mvestigated in detail. As the described studies are difficult at best in catalytic systems,
model systems are frequently used. To study aryl-oxygen bond activation, a terphenyl
diphosphine scaffold containing an ether moiety in the central arene was designed.
The first three chapters of this dissertation focus on the studies of the nickel
complexes supported by this diphosphine backbone and the research efforts in regards
to aryl-oxygen bond activation.

Chapter 2 outlines the synthesis of a variety of diphosphine terphenyl ether
ligand scaffolds. The metallation of these scaffolds with nickel 1s described. The
reactivity of these nickel(0) systems 1s also outlined. The systems were found to
typically undergo a reductive cleavage of the aryl oxygen bond. The mechanism was
found to be a subsequent oxidative addition, 8-H elimination, reductive elimination
and (or) decarbonylation.

Chapter 3 presents kinetic studies of the aryl oxygen bond in the systems
outlined i Chapter 2. Using a series of nickel(0) diphosphine terphenyl ether
complexes the kinetics of aryl oxygen bond activation was studied. The activation
parameters of oxidative addition for the model systems were determined. Little
variation was observed in the rate and activation parameters of oxidative addition with
varying electronics in the model system. The cause of the lack of variation is due to the
ground state and oxidative addition transition state being affected similarly. Attempts

were made to extend this study to catalytic systems.
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Chapter 4 mnvestigates aryl oxygen bond activation in the presence of additives. It
was found that the addition of certain metal alkyls to the nickel(0) model system lead
to an increase in the rate of aryl oxygen bond activation. The addition of excess
Grignard reagent led to an order of magnitude increase in the rate of aryl oxygen bond
activation. Similarly the addition of AlMe: led to a three order of magnitude rate
increase. Addition of AlMe; at -80 °C led to the formation of an intermediate which
was 1dentified by NOESY correlations as a system in which the AlMes 1s coordinated
to the ether moiety of the backbone. The rates and activation parameters of aryl
oxygen bond activation in the presence of AlMes were investigated.

The last two chapters involve the study of metalla-macrocycles as ligands.
Chapter 5 details the synthesis of a variety of glyoxime backbones and diphenol
precursors and their metallation with aluminum. The coordination chemistry of 1ron
on the aluminum scaffolds was investigated. Varying the electronics of the aluminum
macrocycle was found to affect the observed electrochemistry of the 1iron center.

Chapter 6 extends the studies of chapter 5 to cobalt complexes. The synthesis of
cobalt dialuminum glyoxime metal complexes 1s described. The electrochemistry of
the cobalt complexes was investigated. The electrochemistry was compared to the
observed electrochemistry of a zinc analog to identify the redox activity of the ligand.
In the presence of acid the cobalt complexes were found to electrochemically reduce
protons to dihydrogen. The electronics of the ancillary aluminum ligands were found
to affect the potential of proton reduction in the cobalt complexes. These potentials

were compared to other diglyoximate complexes.



TABLE OF CONTENTS

Dedication
Acknowledgements
Abstract

Table of Contents
List of Figures

List of Schemes
List of Tables

Chapter 1
General Introduction

Chapter 2
Title

Abstract
Introduction
Results and Discussion
Conclusions
Experimental Section
References

Chapter 3
Title

Abstract
Introduction
Results and Discussion
Conclusions
Experimental Section
References

Chapter 4
Title

Abstract
Introduction
Results and Discussion
Conclusions
Experimental Section
References

Chapter 5
Title
Abstract
Introduction

111
v
X
xil
X1v

X1X

94

97
120
121
128

130

131
132
137
149
150
152

154

xi



Results and Discussion
Conclusions
Experimental Section
References

Chapter 6
Title

Abstract
Introduction
Results and Discussion
Conclusions
Experimental Section
References

Appendix A

Spectra

158
172
173
191

194

196
197
198
210
211
219

222

xii



LIST OF FIGURES

Chapter 2
Figure 2.1
Hindered rotation around substituted terphenyl rings.
Figure 2.2
Variable temperature NMR spectra of 1.
Figure 2.3
Solid-state structure of 2
Figure 2.4
Solid-state structure of 5
Figure 2.5
Solid-state structure of &
Chapter 3
Figure 3.1
"P{'H} NMR spectrum of the products of 2 at 60°C.
Figure 3.2
Kinetic plots of the first order Decay of 2 at 318, 333, 343,
and 353 K.
Figure 3.3
Kinetic plots of the first order Decay of 2s. at 318, 333, and
353 K.
Figure 3.4

Kinetic plots of the first order Decay of 2 at 333, 343,
353, and 373 K.

Figure 3.5
Eyring plots of 2, 2s., and 2ces

Figure 3.6
Hypothetical reaction coordinate diagram for oxidative
addition in the studied nickel(0) model systems.

Figure 3.7
Kinetic plots of the first order Decay of 15 at 308, 313, 318,
and 323 K.

Figure 3.8
Eyring plot of 15

Chapter 4
Figure 4.1
Catalytic cycle of Ni(0) catalyst with magnesium napthalate
substrate
Figure 4.2
Palladium magnesium bimetallic system for the directed
activation of aryl halide bonds

17

18

23

37

100

107

107

108

108

110

113

113

xiii



Figure 4.3
Rate acceleration of aryl-oxygen bond activation in 2 with 1
and 10 equivalents of MeMgBr.

Figure 4.4
Addition of AlMes to 2. at -80 °C

Figure 4.5
NOESY spectra of 2s.2AlMes collected at -80 °C

Figure 4.6
Rate of aryl oxygen bond activation in 2s.°AlMes with
varying concentration of AlMe; at -40 °C

Chapter 5

Figure 5.1
Solid-state structure of 26

Figure 5.2
UV-Vis spectra at 70 uM of complexes 26, 25, 25™, and 25
plus excess pyridine

Figure 5.3
Solid state structures of 29 and 32"

Figure 5.4
Cyclic voltammagrams of complexes 32 and 32"

Figure 5.5

Cyclic voltammograms of complexes 317 and 31™

Chapter 6
Figure 6.1
Solid state structures of 36™ and 36"
Figure 6.2
Solid state structure of 35
Figure 6.3
Cyclic voltammograms of complexes 35, 86™, 36", 87, 34,
and 34"
Figure 6.4
Cyclic voltammograms of the Co"™" couples of 36™, 36,
35, 34", and 34"
Figure 6.5
Addition of trichloroacetic acid to 35
Figure 6.6
Addition of trichloroacetic acid to 36™
Figure 6.7
Addition of trichloroacetic acid to 36™*

138

144

145

148

160

162

166

169

169

201

202

204

205

206

207

208

xiv



Appendix A
Note: Appendix A is comprised exclusively of figures
displaying the NMR data for the compounds presented in
this dissertation.

222

XV



xvi

LIST OF SCHEMES

Chapter 2
Scheme 2.1 9
Ortho directed Lithiation
Scheme 2.2 10

Several Catalytic Nickel Systems for the Cross Coupling
and or Reductive Cleavage of Aryl Oxygen Bonds in
Relevant Substrates

Scheme 2.3 11
Several Nickel Terphenyl Diphosphine Systems

Scheme 2.4 11
Design of Alkyl Ether Terphenyl Scaffold

Scheme 2.5 12
Diphosphine terphenyl methyl ether Synthesis

Scheme 2.6 14
Diphosphine dimethylamino terphenyl alkyl ether
synthesis

Scheme 2.7 16
Diphosphine terphenyl diaryl ether synthesis

Scheme 2.8 19
Synthesis of nickel(0) compound 2

Scheme 2.9 21
Synthesis of nickel(II) methoxide complex 3

Scheme 2.10 22
Synthesis of nickel(II) hydride 4 from complex 2

Scheme 2.11 23
Synthesis of nickel(II) 1odide 5 from complex 4

Scheme 2.12 25
Alternate syntheses of 3 from 4 and 5

Scheme 2.13 26
Synthesis of 4-d from 2-d

Scheme 2.14 27
Synthesis of nickel(0) carbonyl complex 6 from 2

Scheme 2.15 27
Alternate Synthesis of 6 from 7

Scheme 2.16 30
Observed model system reactivity

Scheme 2.17 30
Overall anisole reductive cleavage products

Scheme 2.18 31
Reactivity of 2-ds in the presence of H.

Scheme 2.19 33

Labeling studies of 2 with Triethylsilane
Scheme 2.20 35



xvii

Reactivity of 1 with NiCL,(DME)

Scheme 2.21 38
A possible nickel(I/IIT) mechanism for cross coupling
Scheme 2.22 39

Proposed mechanism for aryl-O bond activation
containing nickel(I) species

Scheme 2.23 40
Synthesis of 9 from Ni(COD). and NiCl:(DME)
Scheme 2.24 41
Synthesis of different variants of 9
Scheme 2.25 43
Transmetallation reactivity of 9
Scheme 2.26 44
Synthesis of 2™
Scheme 2.27 45
Observed 2 model system reactivity
Scheme 2.28 45
Overall 1sopropyl aryl ether reductive cleavage products
Scheme 2.29 46
Synthesis of 2%
Scheme 2.30 47
Observed 2% model system reactivity
Scheme 2.31 48
Overall Ethyl aryl ether reductive cleavage products
Scheme 2.32 49
Reactivity of 4 with acetaldehyde
Scheme 2.33 49
Reactivity of nickel(0) model systems with acetaldehyde
Scheme 2.34 50
Synthesis of 12 from 1™
Scheme 2.35 51
Synthesis of 13
Scheme 2.36 52
Treatment of 13 with methyl Grignard
Chapter 3
Scheme 3.1 99
Oxidative addition in the nickel(0) model system 2
Scheme 3.2 101
Synthesis of 16 from 2 and formaldehyde
Scheme 3.3 103
Reactivity of 2 at 60 °C
Scheme 3.4 104

Reductive elimination of 13 to form nickel(0) complex 8



Scheme 3.5
Synthesis of 9°* from diphosphine 1°*

Scheme 3.6
Proposed catalytic cycle for the nickel catalyzed cross
coupling of Aryl ethers with Alkyl Grignards

Scheme 3.7

Equilibrium reaction between 19 and Arenes

Chapter 4

Scheme 4.1
Reactivity of 2 with excess Grignard reagent

Scheme 4.2
Addition of AlMes to 2 leads to a room temperature aryl
oxygen bond activation

Scheme 4.3
Reactivity of AlMes with 1

Scheme 4.4
Reactivity of AlMes with 7u

Scheme 4.5
Coordination of AlMe; to 7 through the NMe. moiety

Scheme 4.6
Addition of AlMes to 2.

Scheme 4.7

Possible Mechanism for rate acceleration with excess
AlMe;

Chapter 5

Scheme 5.1
Synthesis of metal complexes supported by aluminum
macrocycles

Scheme 5.2
Ancillary and Axial Ligand effects on Fe Coordination

Scheme 5.3
Effect of the ancillary ligand of aluminum on the
symmetry of the metallomacrocycle

Scheme 5.4
Synthesis of 1ron complexes supported by aluminum
macrocycles with G-symmetric ancillary ligands

Chapter 6
Scheme 6.1
Synthesis  of  mono  and  dialuminum-bridged
bisglyoximato cobalt complexes

111

115

118

138

140

141

142

143

143

147

158

161

165

170

199

xviii



Xix

Scheme 6.2 203
Synthesis of dialuminum-bridged bisglyoximato zinc
complex via dialuminum templation of bisglyoximato
macrocycle



XX

LIST OF TABLES

Chapter 3

Table 3.1 97
Hammett parameters and carbonyl stretching frequencies of
2, 2, and Z2crs

Table 3.2 105
Observed rate constants for the oxidative addition of 2 in the
presence of varying amounts of Me-MgT'MEDA in CDs at
60°C.

Table 3.3 109
Observed rate constants for 2, 2s., and 2 at different
temperatures

Table 3.4 109
Calculated activation parameters for 2, 2e., and 2cs

Table 3.5 112
Observed kinetics of oxidative addition mn 14 at different -
temperatures and Derived activation parameters for 14

Table 3.6 116
Relative rates obtained from competition reactions

Table 3.7 119
Equilibrium constants for 19 with listed arenes

Chapter 4

Table 4.1 138
Rate acceleration of aryl-oxygen bond activation in 2

Table 4.2 148

Observed activation parameters of aryl oxygen bond
activation in 2s. with 2 and 10 equivalents of AlMes:

Chapter 6
Table 6.1 208
Potentials of Synthesized Complexes in DMF
Table 6.2 209

Summary of Bulk Electrolysis Studies



CHAPTER 1

General Introduction



This dissertation 1s focused on two main areas, specifically the study of aryl
oxygen bond activation i a nickel(0) diphosphine terphenyl ether complex and the
study of aluminum glyoxime macrocycles and the effects of sterics and electronics on
the coordination and chemistry of the central metal center.

The efficient elaboration of aryl oxygen bonds to a variety of functional groups 1s
emerging as a versatile tool in organic methodology. One very important use of aryl
oxygen moieties 1s for the facile modification of arene rings. These substituents can be
mtroduced mto the aromatic ring via a number of pathways, notably electrophilic
aromatic substitution. One widely used example 1s for the lithiation of arene rings
where the aryl-lithium salt can be quenched with an electrophilic species leads to
derivertization of the ring.

Although the utility of aryl oxygen groups cannot be understated, their removal 1s
not straightforward. The aryl oxygen bond is strong and hence resists efforts at its
activation. Some catalytic systems have been developed albeit the systems typically
suffer from low turnover and low rates. Another utility of this cleavage 1s in cross
coupling. Cross coupling of aryl ethers allows for the utilization of phenolic precursors
i organic synthesis. While catalytic systems have been developed few in-depth
mechanistic studies have been done on the reactivity of aryl oxygen bonds with nickel.

While few experimental studies had been done some computational studies had
been undertaken where it was found that a nickel arene interaction was of present
prior to the activation of the aryl oxygen bond. Our group has been focusing on
several novel terphenyl diphosphine scaffolds. These terphenyl diphosphines were
found to encourage metal arene interactions with a variety of metals. Given that the
ligands predisposed the metal to interact with the arene we envisioned observing

intramolecular reactivity with an ether moiety in close proximity with the central arene
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ring. Hence we come to the main ligand of this thesis. We developed a diphosphine
terphenyl containing an ether moiety in the central arene of the terphenyl. Using this
novel diphosphine studies were undertaken to gain mechanistic insight into the
mechanism of aryl oxygen bond activation. From this system, in collaboration with my
colleagues Sibo Lin and Guy A. Edouard, a mechanism for the reductive cleavage of
aryl oxygen bond was able to be worked out, which we were able to extend to catalytic
systems.

From there I directed myself to studies on the effect of electronics in aryl oxygen
bond activation (Chapter 3). I was able study the rate of oxidative addition in great
detail in variants of the nickel diphosphine discussed in chapter two. I was able to
show that the rates and kinetics of oxidative addition are not affected significantly by
the electronics of the ether. This 1s proposed to result from similar changes in the
energy of the fround and transition states. Attempts were made to extend these studies
to actual catalytic systems however due to the complexity of the systems the
conclusions were always less than satisfying.

However, during the kinetic studies I was able to observe the acceleration of aryl
oxygen bond activation in the presence of Lewis metal alkyls. Through careful low
temperature studies we were able to ascertain that the Lewis acidic metal 1s
coordinated to the ether moiety. The rate was found to show a dependence on Lewis
acidic metal alkyl hinting a much more complicated mechanism.

The second part of my thesis deals with the study of iron and cobalt glyoxime
complexes. What sets these compounds apart 1s the large aluminum linker between
the glyoximes. The aluminum linkers and the ancillary ligands on the aluminum were

found to affect the chemistry and geometry of the metal center. The structural and
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electrochemical parameters of the iron complex were investigated. Analogous cobalt

complexes were studied for proton reduction as a function of the aluminum linkers.






