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Abstract

This thesis describes the synthesis and characterisation of metal complexes
that contain chemically reduced bipyridyl ligands. The crystal structures
of twenty-six novel complexes are reported alongside detailed discussions
on the electronic and spectroscopic effects and trends associated with the

different oxidation states within these species.

Chapter One introduces the isomers of bipyridine and their redox chem-
istry, the concept of non-innocent ligands and the spectroscopic techniques
that are currently used in determining ligand oxidation states. Subse-
quently, examples of main group, transition metal, lanthanide and ac-
tinide species that contain or may contain reduced forms of the ligand are

discussed.

Chapter Two details the synthesis and structural characterisation of
alkali metal salts of singly and doubly reduced forms of the three com-
mercially available bipyridine isomers. The effects of this reduction are
investigated with the aim of developing diagnostic fingerprints for each of

the ligand oxidation states.

Chapter Three discusses the synthesis of an homologous series of com-
pounds of the form [M(2,2"-bipy)(mes)q|* where M = Cr, Mn, Fe, Co, Ni
and n = 0, 1. Trends in magnetism, bonding and electronic structure are
investigated with reference to theoretical calculations and the diagnostic

fingerprints identified in the previous chapter.



Chapter Four describes the synthesis and characterisation of three com-
pounds containing the isostructural motif [Zns (4,4 -bipy)(mes)4|™ where
n = 0, 1, 2. Structural and spectroscopic changes are discussed and com-

pared to theoretical calculations.

Chapter Five contains descriptions of the spectroscopic techniques em-
ployed in the above research and synthesis routes to all compounds fea-

tured in this thesis.
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Chapter 1

Introduction

1.1 Bipyridine as a Ligand

Since its discovery in 1888, 2,2 -bipyridine (2,2 -bipy) has become one of the most
ubiquitous and well-documented ligands in coordination chemistry.! There is a large
amount of literature concerning the spectroscopic and electronic properties of the
isolated ligand, and it has been incorporated into a vast number of complexes.? Two
other readily available isomers of bipyridine exist (2,4~ and 4,4 -bipyridine) as well
as many other related compounds. This research project has focused on complexes
that contain chemically reduced forms of bipyridine with a view to exploiting the
unusual electron-rich properties of the reduced ligand to synthesise compounds with

interesting electronic properties and/or unusual metal oxidation states.

1.1.1 Isomers of Bipyridine

There are six structural isomers of bipyridine: 2,2°-) 2,3°-, 24"~ 3,3"-, 3,4"- and
4,4"-bipyridine (Figure 1.1). The ubiquity of 2,2"-bipyridine in the chemical literature
stems from its ability to chelate metal centres in a wide variety of complexes, while

4.4’ -bipyridine is frequently employed as a rigid linker in polymers and metal-organic
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Figure 1.1: The isomers of bipyridine.

frameworks.®® 2.4 -bipyridine is the only other commercially available isomer, but
is far less widely studied, possibly because of its inability to act as a chelating ligand
or as a linker with a predictable geometry. A survey of crystallographically charac-
terised structures in the Cambridge Structural Database (CSD) bears out this trend,
listing 6652 compounds containing 2,2 "-bipyridine and 5115 compounds containing
the 4,4 - isomer.® This is in stark contrast to the other isomers which are far less
numerous. There are 58 listed structures containing the 2,4 “-bipyridine moiety while
the 2,37-) 3,37- and 3,4~ isomers are present in only 2, 32 and 7 structures, respec-
tively. This is despite the fact that the 2,3°- and 3,3’- isomers are the only known
naturally occurring forms of bipyridine.”® Structurally similar compounds such as
1,10-phenanthroline or trans-1,2"-bis(4-pyridyl) ethylene (Figure 1.2) are also well
known (incorporated in 6301 and 820 structures in the CSD, respectively) while sub-
stituted bipyridine compounds such as 4,4 -dimethyl-2,2 “-bipyridine are also readily

available, if less abundant (394 structures in the CSD).5

1.1.2 Bonding of Bipyridines

Bipyridine ligands are able to interact in two different ways with metal cations. For

many alkali metal complexes, including those discussed in Chapter 2, such interactions
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N

1,10-phenanthroline trans-1,2"-bis(4-pyridyl) ethylene

Figure 1.2: Related pyridyl-based ligands.

are almost entirely ionic (due to the angular distribution function of the spherical

9 These metal cations, having little preference for specific

metal valence s orbitals).
bonding orientations, interact by electrostatic attractions either with the electron-rich
nitrogen sites, or by an interaction with the electron-rich = manifolds above and below
the pyridyl ring systems. In the alkali metal cation containing systems described in
this thesis, specific effort has been made to refer to these electrostatic contributions
as ‘interactions’ rather than ‘bonds’, reflecting the very low levels of covalency.'”

By contrast, when a bipyridine ligand is coordinated to a transition metal cation,
the presence of occupied and vacant d orbitals on the metal allows primary o-donation
of electron density from the nitrogen lone pair. This may be augmented by n-
backbonding from the transition metal to a ©* antibonding orbital on the bipyri-
dine ring system (Figure 1.3). However, the ability of bipyridine ligands to act as
n-acceptors has been the subject of some debate, with recent computational research
suggesting that the effect may not be as strong as previously postulated.!*® The

implications of this are discussed in more detail later in the chapter and throughout

this thesis.

1.2 Redox Chemistry of Bipyridine Isomers

The accessibility of reduced states of bipyridine has been known for 50 years. The
first example of a reduced bipyridine radical was reported by Bruin and co-workers

in 1962, who observed that a deep blue colour developed upon addition of sodium
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Figure 1.3: (a) o and (b) n bonding between a transition metal and a bipyridine
ligand.
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Figure 1.4: The synthesis and chemical reduction of 4,4 -bipyridine.

to pyridine.'® This was caused by the in situ reduction of pyridine by sodium metal
to form pyridyl radicals which combine with other solvent molecules to form a 4,4 -
bipyridine radical and hydrogen gas. Loss of the radical electron to the solvent yielded
the neutral 4,4 -bipyridine species. Alternatively, further reduction by alkali metal
yielded the 4,4 -bipyridyl dianion (Figure 1.4). The singly reduced radical species was
characterised using solution EPR spectroscopy by Carrington et al. in the same year,
revealing the hyperfine structure associated with the 4,4 ’-bipyridyl radical anion.!”
Subsequently, a vast amount of information has been published on both experimental
and theoretical studies of the reduced forms of bipyridine. This includes IR,!® Ra-
man,'? 2 UV-vis,? 2" and EPR spectroscopic data,?® 32 in addition to electrochemical
and computational studies.?3 4!

However, closer inspection of the spectroscopic data often reveals contradictory

reports, potentially due to the difficulties of manipulating such air- and moisture-

sensitive species. One prominent example concerns the solution EPR spectrum of
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the 2,2 -bipyridyl radical anion. dos Santos Veiga and co-workers have stated that
they are unable to reproduce the EPR spectrum reported by Zahlan and co-workers
and although they observe a spectrum similar to that reported by Konig, there is
disagreement over hyperfine coupling constants.!52%31 A second example is found in
the UV-vis spectrum of the 2,2 -bipyridyl radical reported by Konig and Kremer,?”
who reference three other articles they believe to either omit or erroneously report
data.

Please note that from this point forward, ‘bipyridine’ will be used to refer to the

neutral form of an isomer whilst ‘bipyridyl’” will be used when discussing a reduced

state.

1.3 Non-Innocent Ligands

1.3.1 Definitions

The term ‘oxidation state’ is used throughout this thesis to describe the (frequently
hypothetical) charge that an atom would possess if all bonding interactions were
purely ionic. This is defined by the IUPAC as: “the charge an atom might be imagined
to have when electrons are counted according to an agreed-upon set of rules.”*? These
rules state that the oxidation state of a free element is zero while that of a monoatomic
ion is equal to the charge of the ion. Additionally, the algebraic sum of the oxidation
states of all atoms in a molecule must add up to the net charge on that molecule.
For a molecular system or ligand where charge is delocalised across multiple atoms,
the oxidation state of the system as a whole may be considered, with the zero point
now taken as the neutral, uncharged system or ligand. It should be noted that the
terms ‘oxidation state’ and ‘valence state’ or ‘valence number’ are frequently used
erroneously to mean the same thing, which was the subject of a recent article in the

literature.*> Whilst oxidation state is used as defined above, [UPAC defines valence as:
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“the maximum number of univalent atoms (originally hydrogen or chlorine atoms) that
may combine with an atom of the element under consideration, or with a fragment,
or for which an atom of this element can be substituted”.*? As such, whilst oxidation
state is a description of the number of electrons on an atom or molecule, valence refers
instead to coordination numbers of univalent atoms. This is an important distinction,
not least because valence number is necessarily positive, whilst oxidation state may
be both positive or negative.

Although the concept of oxidation state and its weaknesses are frequently de-
bated,*#6 the term is helpful, both in providing a general tool for electron counting
(for example the balancing of charges in an equation) and also as a guide to electronic
configurations and hence the likely reactivity or physical properties of a system.*” It
is also crucial in the context of non-innocent ligands.

The descriptor ‘non-innocent’ was first used by Jgrgenson in 1966 to describe
the difficulty in assigning oxidation states in a complex containing both redox active
ligands and a redox active central metal cation: “Ligands are innocent when they allow
the oxidation states of central atoms to be defined”*® Conversely, the presence of a
‘suspect’ or ‘non-innocent’ ligand can lead to significant difficulty in unambiguously
stating oxidation levels of metal and ligand. The archetypal example is the NO
ligand, capable of existing in three oxidation states: (NO)™, (NO) and NO, and is
incorporated in the [Fe(NO)(H,0);]?" ion which is responsible for the colour produced
in the ‘brown ring’ analytical test for nitrites and nitrates.?® In this system three
possible assignments could be plausible: Fe(I) / (NO)™, Fe(II) / (NO)", and Fe(III)
/ (NO)~, and it was only relatively recently with the use of electron paramagnetic
resonance (EPR) and Mossbauer spectroscopic measurements that the presence of
Fe(IIT) was demonstrated.5°

However, the term ‘non-innocent ligand’ can be a poor choice of words because

while a ligand may exhibit redox activity in one complex, this certainly does not
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a)  LM™—NIL* 3 LMMIr—NILT-

b) LM —NIL- = L ,MOD*—NIL&*1)-

Figure 1.5: Types of interconversion: (a) Resonance canonicals (b) Valence tau-
tomers.

guarantee that it will act similarly in all other complexes. This led Ward and Mc-
Cleverty to refine the term, referring to a ligand’s ability to demonstrate ‘non-innocent
behaviour’ rather than suggesting that ‘non-innocent ligands’ exist universally.®!
For the generic interconversion between Ly, (M»)(NIL*") and L, (M®*D+)(NIL&+1)-)

(NIL = non-innocent ligand) there are two distinct energy surfaces. Transitions that
proceed without a barrier to conversion are termed ‘resonance forms’ and can be
drawn as several contributing structures. These exist in an equilibrium position be-
tween the contributing resonance canonical forms (Figure 1.5a). Alternatively, if there
1s a barrier to conversion then the structures are termed ‘valence tautomers’, with
each structure representing a separate energy minimum (Figure 1.5b). In the latter
case it is (theoretically) possible to isolate each form while in the former case it is by

definition impossible because only one state physically exists.

1.3.2 Techniques to Probe Oxidation State

As mentioned in section 1.1.2, complexes incorporating transition metals may demon-
strate significant covalent bonding between ligands and the central metal atom by
means of strong o-donation and n-backbonding. In such situations oxidation states
are seldom precise and often the metal is described as having a ‘formal oxidation
state’, referring to its oxidation state were all interactions purely ionic.’?> In many
systems the magnitude of such effects is not so pronounced and it is meaningful
to examine the oxidation state of a central metal. However, when a metal is co-

ordinated to a non-innocent ligand the consequence can be misassignment of the



CHAPTER 1. INTRODUCTION

metal oxidation state. For example, Ga(Il) was proposed in the system [Ga(II)(*Bu-
dab?")('Bu-dab)| where ‘Bu-dab = 1,4-di-tert-butyl-1,4-diazabutadine.?®>> However,
more careful examination of the published EPR spectra (the basis of the original
assignment) revealed inconsistencies in hyperfine couplings and show a better de-
scription is |Ga(III)(*Bu-dab)~(*Bu-dab)?].5¢ Another example centres around the
complex |[Re(2,2-bipy)(CO)3Cl|~ which was originally assumed to contain Re(0),>’
while subsequent EPR studies revealed a more conventional Re(I) cation and a re-
duced bipyridine ligand.?® A similar oxidation state reassignment was published for
[Cu(dpp)a| (dpp = 2,9-diphenyl-1,10-phenanthroline) which was originally reported
to contain Cu(0),% but again EPR studies showed the presence of a reduced ligand
and Cu(I) rather than Cu(0).%° These cases alone demonstrate that while EPR tech-
niques are powerful tools in the analysis of non-innocent behaviour, interpretation
of spectra is not necessarily straightforward and other complementary techniques are
essential for the accurate characterisation of suspect complexes.

The choice of characterisation technique is inevitably limited by the nature of the
species under investigation. For example, Mossbauer spectroscopy may be used to
determine the oxidation state of a nucleus with high precision, but is very limited
with regards to the nuclei that may be studied.® In complexes that are potentially
capable of displaying non-innocent behaviour, study of both the central metal ion and
the suspect ligand can aid assignment of oxidation states. Among the most frequently
encountered techniques are UV /vis, IR, Raman, NMR and EPR spectroscopy, SQUID
magnetometry, cyclic voltammetry and X-ray diffraction.??% Less frequently used
(presumably a consquence of lower availablility) is X-ray absorption fine structure
(XAFS) spectroscopy. The technique observes X-ray absorption as a function of en-
ergy, with each oxidation state of each element providing a unique fingerprint. Thus,
by fitting sample spectra to known absorption profiles it is possible to determine un-

known oxidation states in samples and to detect ratios of different oxidation states
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of the same element when present. This has some overlap with the information pro-
vided by Mdossbauer spectroscopy although the requirement for a tunable energy X-ray
source has meant that these measurements typically require a dedicated synchrotron

beam station.

1.3.3 Examples of Non-Innocent Ligands

The study of non-innocent ligands has grown substantially in recent years and the

07 Figure 1.6 shows examples of

area has been the subject of multiple reviews.
common ligand architectures from both inorganic and biological chemistry that may
exhibit non-innocent behaviour.

The first examples, I and II, represent two of the first identified ligands that have
been shown to demonstrate non-innocent behaviour, with I specifically described by
Jorgenson as “the simplest case of a suspect ligand”.*® The three different charge
states found: NO", NO" and NO™, are easily distinguished by structural techniques,
with X-ray diffraction proving a particularly effective tool to measure M-N-O an-
gles.” However, as can be seen from the other examples in Figure 1.6, distinction by
significant structural variation may not be a viable approach in many cases.

The role of NO as a signaling agent in biological systems has been extensively
investigated.” The production and regulation of NO is known to involve iron co-
ordination complexes. A frequently discussed haem complex (Fe-porphyrin) has re-
cently been investigated, in which multiple accessible oxidation state combinations
of both metal and ligand are accessible.” Calculations show the R,Fe(II)-NO"and
R, Fe(IIT)-NO™ states to have very similar energies (with the latter marginally more
favourable) and the authors postulate that small steric or electronic perturbations in
protein active sites would be sufficient to dictate ligand oxidation state; a crucial step
for NO uptake, release and transfer.

78-81

The dioxide, superoxide and peroxide non-innocent ligand series (IT), are also
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Figure 1.6: Examples of ligands commonly found to exhibit non-innocent behaviour.
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Figure 1.7: Redox states for 1,2-diketone bis(2,6-diisopropylphenyl)glyoxal %6

of substantial biological importance, particularly in the process of oxygen transport.
Conflicting opinions as to the precise electronic structure of oxymyoglobin and oxy-
haemoglobin have caused debate in the literature: the coordination complexes are
diamagnetic, which may be explained (in a manner which parallels the NO example
earlier) either as R,Fe(IT)-(03),%? or R,Fe(I1)-(0y7),® with the spins in the latter
tautomer being antiferromagnetically coupled. More recent computational analysis
suggests the latter is the better description, showing the O, ligand exhibiting non-
innocent behaviour.®4

Example III represents three related redox systems. In all cases successive re-
ductions lead first to a delocalised radical and then to separated charges localised on
the more electronegative heteroatoms. During this process the C—C bond contracts
as it gains increasing double bond character while the C-E bonds are found to elon-
gate.8>86 For example, in 1,2-diketone bis(2,6-diisopropylphenyl)gloxyl (Figure 1.7,
where E = O), the C—C bond length reduces from 1.51 A in the neutral species to
1.45 A in the radical anion and to 1.39 A in the dianion, accompanied by elongations
of the C-O bond lengths from 1.21 A to 1.29 A and 1.35 A, in the respective states.3
Table 1.1 shows two further examples with varying E groups which illustrate the same
trend. Because of this incremental change in bond metrics, high quality single crys-
tal X-ray diffraction data is required to aid determination of these ligand oxidation
states.

These systems are able to bind to transition metals in a bidentate manner. In

ITI (E = N), o-diimine ligands are generally derived from two structures: 1,4-diaza-

1,3-butadiene or o-diiminobenzene (Figure 1.8) and both are known to display non-

11
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CC C_Re
Oxidation State: 0 -1 -2 0 -1 -2
N
:[: 1.47 1.38 1.36 1.29 1.34 1.40
N

H N
1.52 1.42 1.36 1.29/1.22 | 1.33/1.30 | 1.43/1.37
O
88

Table 1.1: Bond lengths in A for examples of other III type redox systems. “Bond
distances for the final example are given in the format C-NR / C-O.

a b - -
) R-N  N-r P RN N-R
\) 4
A &
Figure 1.8: (a) 1,4-diaza-1,3-butadiene and (b) o-diiminobenzene ligand bases.

innocent behaviour when coordinated to transition metals.8979°

96-99 with considerable

Dithiolates (III, E = S) behave in an analogous manner,
biochemical research focusing on the effects of their presence at catalytic sites of Mo
and W complexes in oxotransferases.!” Of note is a recent paper by Weighart and
co-workers describing the lack of substantial deviation in bond metrics between the
neutral and reduced forms of benzene-1,2-dithiolate, seemingly caused by a favourable
delocalisation of radical and anion position around the aromatic ring.!°* As a result,
the use of other techniques such as sulfur K-edge X-ray absorption and EPR are

discussed in the context of tools to identify oxidation states of this ligand in transition

metal complexes.

12
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Non-innocent behaviour has been also observed in several other related ligands in-

102,103 88

cluding o-iminopyridines, o-iminoketones,®® a-iminophenolates!®*11? and thio-
phenolates, 11113 that all demonstrate the same fundamental redox steps (albeit with
differing heteroatoms) outlined in III.

Azo groups and their reduced hydrazido forms (IV') exhibit three readily accessible
oxidation states and hence have considerable potential for non-innocent behaviour,
particularly in cases where the radical species may be stabilised by delocalisation

of the unpaired electron.!*4 11

One example of this is 2,2 -azobispyridine which
exists in two stereoisomeric forms, each of which is found in multiple coordination
environments (Table 1.2) and which has been extensively studied in the areas of dye
development and nitrogen fixation.!1> 119 Recently the first structurally characterised
example of an azoaromatic radical anion was published as the product of reacting
the pro-ligand with [(PhsP),Cu|(PFg).1?° The ligand based radical is stabilised by
coordination to two Cu(I) sites (Figure 1.9). UV /vis spectroelectrochemical analysis,
single crystal X-ray diffraction and EPR spectroscopy were used to determine the
existence and location of the radical, with the latter revealing a single resonance with
a g value of 2.0077 showing no evidence of any contribution from a copper centred
spin. Comparison with previously published X-ray data of the same complex with a

net 2+ charge (with an innocently behaving ligand),'?!

shows the expected elongation
of the N=N bond from 1.248(1) A to 1.345(7) A upon reduction, concomitant with
lowering of bond order.

Another heavily studied example of a non-innocent ligand is tetracyanoethylene
(TCNE) (V). This, and the related compound 7,7,8,8-tetracyano-p-quinodimethane
(TCNQ, Figure 1.10a) both incorporate four strong acceptor groups, providing con-
siderable stabilisation by delocalisation of charge in the reduced forms of the ligands.
This is reflected in the low reduction potentials which are around +0.2 V.22 affording

non-innocent behaviour in a variety of complexes.!?

13
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Two metal sites: ‘

One metal site:

’ Ligand conformation: ‘
R ~
. | N N=N | N Q — | -
cis N N N™ "N=N" °N
Z ¥ Y Y
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\ \ \
N N N7
N M/ N M/ N
VY VY’ VY’
trans N/ \M \N/ \M N/ M
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~ — —
5

Table 1.2: Coordination environments of 2,2 -azobispyridine.!!

@® Phosphorus

® Carbon @ Chlorine @ Copper @ Nitrogen

Figure 1.9: The first structurally characterised azo-based radical system and crystal

structure of the cation.'?”
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a) NC CN b) S S
== L~]
NC CN S S
Figure 1.10: (a) 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) and (b) tetrathiaful-
valene.

When TCNE or TCNQ is mixed with a suitable electron donor, such as tetrathi-
afulvalene (Figure 1.10b) in acetonitrile, crystals containing alternating layers of
the two reagents are precipitated. Such compounds demonstrate anisotropic low-
resistance semiconducting properties and have been described as organic metals.!247126
Electron transfer between the two species allows both to gain aromaticity, permitting
intermolecular electron transfer between adjacent molecules throughout the crystal.

The chemistry of 1,2,4,5-tetrazines (VI) represents a growing research interest
with applications in conducting polymers in the field of molecular electronics.!?7 132
The R groups depicted in Figure 1.6 are typically a pyridine-like heterocycle contain-
ing one or more nitrogen atoms to either allow bidentate binding of multiple metal
cations, or act as a linker in a similar manner to 4,4 -bipyridine (Figure 1.11a).!33
One interesting publication from Kaim and co-workers reveals the crystal structure
of a neutral ligand and its singly reduced radical form, illustrating the variation in
bond metrics associated with the presence of the radical on the tetrazine ring (Fig-
ure 1.11b).13* EPR measurements show hyperfine splitting constants consistent with
interactions with the nuclear spin of the N ring atoms, the %3/°Cu(I) centres and
also the P nuclei of the phosphine ligands.

The final example in Figure 1.6, VII, is perhaps the oldest and best known exam-
ple of an organic non-innocent ligand. The o-quinone / o-semiquinone / catecholate
redox system and its ability to act in a non-innocent manner was first documented
in 1973 when the ligand centred radical was identified using UV /vis and EPR spec-
troscopic measurements. Since that time the ligands have become better known for

35

their role in multiple biological processes including photosynthesis,!*® and enzyme
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Figure 1.11: (a) Two examples of 1,24 5-tetrazines illustrating their coordination
modes. (b) Bond metric changes as a result of ligand reduction.’®* All distances are
given in A.
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Figure 1.12: The simplified proposed mechanism of catechol dioxygenase.'4!

functions related to nutrition,'*® pathology and toxicology.'3" 13

Two proteins containing Fe and Cu complexes incorporating the catecholate ligand
are believed to exploit its non-innocent behaviour. Figure 1.12 shows a simplified
reaction scheme for the iron based catechol dioxygenase which is able to split the
C-C bond between o-diols by an intramolecular electron exchange.!49142

An analogous mechanism has been proposed for the Cu(II) site in amine oxidase,
thought to be responsible for the the conversion of primary amines to aldehydes using

topaquinone (Figure 1.13) as a cofactor.}® The topaquinone cofactor is oxidised to

a semiquinone which was detectable using EPR spectroscopy. In the absence of the
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HO O
O

Figure 1.13: Topaquinone.

cofactor no reaction is observed to take place and is consistent with the requirement
of a Cu(I) oxidation state to bind and activate oxygen.!4

While the ligands described in this section represent some of the most commonly
encountered examples that may exhibit non-innocent behaviour, this list is by no
means exhaustive and recent reviews show an increasing number of reactions are
being investigated, particularly in biochemistry, looking for previously missed non-
innocent behaviour as an explanation for reactivity or substrate selection.™ 727

The cytochrome P450 family of enzymes, widely studied and present in all organ-
isms, catalyse the splitting of dioxygen and subsequent insertion of an oxygen atom
into an unactivated hydrocarbon bond.!*> Although the active site and specifically the
location of an iron atom in a porphyrin ring is well known, the exact mechanism that
allows this reaction to take place is still not fully understood, and multiple competing
theories exist.!46714® However, the broad reaction process is widely accepted to pro-
ceed by a radical rebound mechanism, shown in a simplified form in Figure 1.14.'49
This process relies on non-innocent behaviour of the supporting haem porphyrin,
which has been investigated using EPR spectroscopy, among other techniques.'®

Inorganic examples of catalytic cycles dependent upon the redox activity of ligands
have also been observed.!® One investigation examined the cyclisation of dienes as
catalysed by a bis(imino)pyridine Fe complex.'®? Although the complex was initially
thought to contain Fe(0), multiple spectroscopic tools and theoretical calculations

have been used to demonstrate that Fe(II) is a better descripton and that the ligand

is instead doubly reduced, acting as an electron store during the catalytic cycle (Figure

17



CHAPTER 1. INTRODUCTION

R-O-H HO OH H-R
| - ROH

Fe(lll) —_— Fe(lll) _— QIIEIIID

-CYS S-CYS S-CYS

S

O

" H-R H-R
Fov)

S -CYS S -CYS

o) y H-0-0 0,

" H-R| _ho | H-R  Hte | H-R
Fe(lV) - Fe(lll) - Fe(ll)

- | |

S -CYS S -CYS S -CYS

Figure 1.14: Simplified mechanism of the P450 catalysed hydrolysis of a hydrocarbon,
highlighting the radical rebound steps.'®
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Figure 1.15: Proposed mechanism for the catalytic cyclisation of dienes involving a
non-innocent ligand. The active species is Fe(II) rather than Fe(0) throughout the
cycle. 5

1.15).

A second example comes from a very recently published study of the complex
Re(2,2"-bipy)(CO)3CL3 This compound is known to electrochemically reduce car-
bon dioxide catalytically to carbon monoxide under protic conditions, with the ac-
tivated catalyst believed to be [Re(2,2-bipy)(CO)s]". The authors document the
synthesis of the anion by reaction of the parent compound with two equivalents of
KCs. IR and NMR spectroscopy, and comparisons of bond metric data from crystal
structures to those published in work described in Chapter 2 of this thesis, provide

evidence for the reduction of the bipyridine ligand and not the Re(I) metal centre.
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1.4 2,2°-Bipyridine

As mentioned at the start of this introduction, 2,2 ’-bipyridine is extensively employed
in the field of coordination chemistry because of its ability to act as a bidentate
ligand towards a range of main group, transition metal and f-block elements. A
large number of these complexes have been structurally characterised and recorded
in the CSD allowing a discussion of bond metrics. Chapter 2 examines in detail the
structural effects of bipyridine reduction, but at this point it is sufficient to state
that the largest structural change observed is a contraction of the inter-pyridyl bond:
the structure of uncoordinated 2,2°-bipyridine was reported by Chisholm and co-
workers to have an inter-ring bond length of 1.490(3) A.'* For a singly reduced
bipyridyl radical this value is 1.429(av) A and for a doubly reduced bipyridyl ligand
the observed inter-ring bond length is 1.399(6) A 155 Once structure solutions showing
high R factors, disordered models, room temperature data collections, powder pattern
derived results and other sources of error or inconsistency are excluded, the mean value
for coordinated 2,2 -bipyridine ligands recorded in the CSD is 1.476 A. Figure 1.16
shows a histogram plot of these data. It is immediately obvious that the vast majority
of bond distances fall within a narrow range of around 1.45 to 1.50 A. However, there
are a number of structures with bond lengths shorter than might be expected, within
the 1.40 to 1.43 A range.

It is interesting to note that while alkali metal compounds containing reduced
bipyridine isomers have been well characterised (particularly in solution), there are
substantially fewer main group, transition metal or f-block examples described in the

literature.
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Figure 1.16: Histogram showing the distribution of inter-pyridyl ring bond lengths
(in A) in structures containing 2,2 -bipyridine.

1.4.1 Main Group Compounds

Excluding the alkali metal salts discussed in Chapter 2, there are five main group
complexes incorporating reduced forms of 2,2 “-bipyridine for which crystal structures
exist. The first example was studied in 1979 and details the synthesis of Si(2,2°-
bipy)s using a vapour deposition technique.!®® The X-ray data were collected using
instruments with significantly less capability than modern diffractometers and conse-
quently the structure (Figure 1.17) is less well determined (only the silicon atom is
refined anisotropically). High esd values prohibit a conclusive interpretation of bond-
ing, but inter-ring bond lengths of 1.34(1) and 1.35(1) A are certainly indicative of
doubly reduced ligands and support the authors’ conclusion that the system exists as
Si(IV) and two dianionic bipyridyl ligands. Unfortunately no other characterisation
techniques are presented to corroborate this assignment.

Other structures are newer and more comprehensively characterised. In 2003
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@ Carbon @ sSilicon @ Nitrogen

Figure 1.17: Crystal structure of Si(2,2-bipy)s. Hydrogen atoms have been omitted
for clarity.1®¢

[Li(THF)4|[Al(2,2"-bipy)s| was synthesised by the reaction of Ti(2,2’-bipy); with
AICl3 in THF and subsequent crystallisation from Et,0."7 The [Al(2,2"-bipy)s|
anion is a pseudo-tetrahedral complex (Figure 1.18), with inter-pyridyl bond lengths
of 1.365 and 1.371 A (no esd values available). The authors note that these bond met-
rics are highly similar to those found in alkali metal salts of the dianion (see Chapter
2) and formally classify the complex as containing an aluminium(III) centre and two
dianionic ligands. However, 'H NMR studies show that weak resonances associated
with the bipyridyl protons exhibit broadened shifts between 6.7 and 4.9 ppm while
DFT calculations indicate that a sub ‘43’ charge is present on the aluminium site.
These results suggest the existance of some amount of radical, monoanionic character
on the ligands, and the authors conclude that the oxidation states of aluminium and
bipyridine ligands are likely non-integer values.

The three remaining main group complexes were very recently reported by Russell,
Norman and co-workers, and involve the coordination of 2,2 -bipyridyl species to
boron centres.!®®1%9  Reaction of By(NMey)oCly with 2,2 -bipyridine in n-hexane
followed by slow evaporation of solvent yielded crystals of [B(2,2"-bipy)Cly| (Figure
1.19). The bipyridyl fragment has a reported inter-ring bond length of 1.413(3) A
which is typical of a singly reduced, radical ligand. This view was corroborated using

EPR spectroscopy, and DFT calculations which show almost all radical spin density
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@ Aluminium @ Carbon @ Nitrogen

Figure 1.18: Crystal structure of the [Al(2,2"-bipy)s| anion in [Li(THF)4|[Al(2,2"-
bipy)s|. Hydrogen atoms have been omitted for clarity.'”

J Boron @ Carbon 0 Chlorine @ Nitrogen

Figure 1.19: Crystal structure of [B(2,2 -bipy) Cly].'*® Hydrogen atoms have been
omitted for clarity.

lies on the ligand. The EPR spectrum shows extremely detailed fine structure and the
authors note that even after excluding lower abundancy isotope contributions (1°B
and 37Cl) the expected number of lines is 11340, of which about 150 are resolved.
This fine detail arises because of the contributions of many inequivalent nuclei: 4 x
2 x H (I =1/2),2x YN (I =1),1x "B (I =3/2)and 1 x *Cl (I = 3/2).
Expected line splitting is given by: [[,(2n;/;4 1) where n is the number of equivalent
nuclei and [ is the nuclear spin of the nucleus. Thus for this system, the calculated
spectrum is composed of: (2 x 2 x 1/2 + D32 x 2 x 1 + 1)(2 x 1 x 3/2 + 1)(2
X 2x3/2+1)=3"x5 x4 x7=11340 lines. As a result of this, modelling the

data was not attempted.
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J Boron @ Carbon Q Chlorine @ Nitrogen

Figure 1.20: The crystal structures of (a) B(2,2 -bipy)Cl and (b) B(2,2 -bipy)Ph.
Hydrogen atoms have been omitted for clarity.!>

The reaction of Liy(2,2 -bipy) with BCl3 or BPhCly, followed by slow evapora-
tion of solvent was reported to give rise to the related compounds B(2,2"-bipy)Cl
and B(2,2"-bipy)Ph, respectively (Figure 1.20).1%° The inter-pyridyl bond lengths
in these structures are 1.379(2) and 1.380(av) A, consistent with a doubly reduced
species. DF'T calculations support this assignment and additionally show a decrease
in aromaticity of the two bipyridine rings relative to those of free bipyridine, together

with increasing aromaticity in the N-B-N containing 5 membered ring.

1.4.2 Lanthanide Compounds

Traditionally believed to have very small levels of covalency in bonding interactions
with ligands, lanthanide compounds have nonetheless proven to pose interesting ques-
tions with regard to complexes containing non-innocent ligands, and in particular
2,2 -bipyridine.

In the decade following the publication of the first crystallised main group com-

plex of a reduced bipyridyl, the first structure of a lanthanide complex was also docu-
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@ Carbon @ Nitrogen ‘ Samarium

Figure 1.21: Crystal structure of Sm(2,2”-bipy)Cp*, (Cp* = Cs;Mes). Hydrogen
atoms have been omitted for clarity.!°
mented. Evans and co-workers crystallographically characterised Sm(2,2"-bipy)Cp*y
(Cp* = C5Mes) from the reaction of Cp*sSm(THF), and 2,2 -bipyridine in toluene
(Figure 1.21).1%% TIn this complex there exist two potential electronic structures:
Sm(II) accompanied by a neutral bipyridine ligand, or Sm(III) with a charge bal-
ancing radical bipyridyl ligand. The authors note the diagnostic inter-pyridyl bond
length of 1.429(4) A suggests the latter case is correct, an assignment which is corrob-
orated by reference to the *C NMR shifts of the Cp* ligands (which are consistent
with the presence of an Sm(III) cation) and IR absorption frequencies, which fit the
diagnostic bands for a bipyridyl radical, first identified by Nakamoto and co-workers.!8
The synthesis and structural characterisation of two interesting bipyridine lan-
thanum complexes was reported in 2003 by Marques and co-workers. These are
La(2,2"-bipy)(TpMe2)Cl, and La(2,2”-bipy)(TpMe2),, where TpM°2 = hydrotris(3,5-
dimethylpyrazolyl)borate. The first contains a neutral 2,2 -bipyridine ligand which
is reduced to form the second (Figure 1.22).'6! The inter-pyridyl bond length in the

neutral species is 1.484(8) A while in the reduced species it contracts to 1.45(2) A.
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Figure 1.22: Synthetic route and crystal structures of La complexes containing 2,2"-
bipyridine. The neutral species is La(2,2 -bipy)(TpMe2)Cly, which is reduced to
La(2,2 -bipy)(TpMe2),. TpMe2 = hydrotris(3,5-dimethylpyrazolyl)borate. Hydrogen
atoms are omitted for clarity in addition to a THF solvent molecule present in the
lattice of the reduced compound.!®!

Although the latter bond distance has a statistically large esd, stronger evidence for
the presence of a bipyridine centred radical comes from magnetic susceptibility mea-
surements where a temperature independent paramagnetic response of 1.5 ug was
recorded. The discrepency between this and the spin-only formula calculated value of
1.73 pp is ascribed to the presence of either an anti-ferromagnetic interaction between
adjacent complexes in a crystallite, or by the presence of traces of a contaminant re-
sulting from a small amount of sample oxidation/decomposition. The authors also
note that while the 'H NMR spectrum of the neutral species exhibits sharp reso-
nances, the reduced species shows highly broadened peaks, again consistent with the
presence of a radical species.

Perhaps the most rigorously investigated lanthanide complexes of reduced bipyridyl
ligands come from Andersen and co-workers who have published three increasingly
analytical papers discussing the electronic structure of Yb(2,2"-bipy)Cp*y (Figure
1.23) and several related compounds. The first paper identifies the potential for non-

innocent behaviour analogous to that described for the related samarium complex

above, arising from either Yb(II) or Yb(III) oxidation states that may be present in the
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complex.0? A single crystal X-ray diffraction structure provides evidence to support
a reduced bipyridyl ligand (inter-pyridyl bond length: 1.383(av) A), and is corrobor-
rated by comparison of the IR spectrum with the Nakamoto diagnostic absorption
bands,'® and by the observation of broadened resonances in the 'H NMR spectrum.
However, SQUID magnetic susceptability measurements reveal that the system is far
more complex than initially anticipated. In the case of an Yb(II) complex containing
an innocent bipyridine ligand, the sample would be expected to be diamagnetic. For
the Yb(III) alternative, the authors describe the expected two-regime response arising
as a result of inaccessibility of low lying energy levels at temperatures below 30 K,
but which become fully accessible above 90 K, resulting in two separate Curie-Weiss
regions with differing paramagnetic responses. Instead of this response, the system
was found to exhibit a continuously varying magnetic moment with temperature,
and at all points susceptibility was substantually lower than that which might be
expected from coupled, non-interacting spins on the Yb(III) cation and the bipyridyl
radical (0.5 to 2.5 up observed compared to 4.3 — 5.6 up calculated). Virtually iden-
tical responses were found for the related compounds Yb(2,2 -bipy)(MesCsH), and
Yb(1,10-phenanthroline) Cp*,. Variable field measurements provided evidence of anti-
ferromagnetic ordering at low temperatures, but no associated quantum mechanical
theory existed to model this interaction. However, f-orbitals typically act as core or-
bitals with little participation in bonding interactions and antiferromagnetic coupling
(to the degree required to explain such low magnetic susceptibiliies) would suggest
a substantial bonding interaction. The possibility of a temperature dependant equi-
librium between Yb(II) and Yb(III) complexes was examined and determined highly
unlikely by XANES analysis of the compound, which showed no changes in signal
intensity ratio between 10 and 400 K.!63

A second paper published several years later examined the effects of substituent

groups on the bipyridyl moiety (Figure 1.24).15% These compounds were examined
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Figure 1.23: Crystal structure of Yb(2,2"-bipy)Cp*s. Hydrogen atoms have been

omitted for clarity.®?
R R
/I N\ _/— R = H, Me, t-Bu, OMe, Ph, CO,Me and CO,Et
N/
—N N

Figure 1.24: Substituted bipyridine systems employed by Andersen and co-workers.

using extensive magnetic susceptability measurements, X-ray crystallography and
variable temperature 'H NMR. All compounds were found to exhibit similar para-
magnetic properties to those described above and the authors noted an elegant cor-
relation between molar magnetic susceptibility and the displacement of resonance
positions, relative to those of the related innocent compound [Yb(2,2 -bipy)Cp*s]L.
Orbital analysis studies revealed that symmetry related 4f and 5d orbitals allowed
hybridisation and subsequent interaction with the bipy radical orbital providing a
potential route to allow stronger antiferromagnetic interactions.

The third paper from Andersen and co-workers further examines the magnetic
effects of substituted bipyridine ligands, as well as a series of related diazabutadiene

systems.!®® XANES data were used to probe the oxidation state of the Yb atom
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in all compounds and reveals varying Yb(II) and Yb(III) contributions across the
compounds, all of which were found to be invariant with temperature (again ruling
out the possibility of temperature dependant equilibria between Yb(II) and Yb(III)
complexes in all cases). EPR and SQUID measurements, together with CASSCF
theoretical calculations, are used to argue that the ground state for these complexes
is multiconfigurational (with intermediate valence), and that the observed magnetism
arises as a result of the previously described intramolecular coupling as well as a
smaller intermolecular contribution. The authors conclude that electron—electron
repulsion in Yb(II) is greater than in Yb(III), but because of the lack of covalent
bonding between Yb and the coordinated bipyridine molecule, charge transfer is not
permitted. Instead, hybridisation of the Yb(II) and Yb(III) states to form a mixed
valency ground state with associated partial negative charge on the ligand is driven

by the lowering of the total energy of the molecule.

1.4.3 Actinide Compounds

The chemistry of actinides is dominated by uranium chemistry and this element is
similarly present in the majority of actinide complexes that contain reduced forms of
bipyridyl ligands.

The first recorded structure was published in 1975 by Del-Piero and co-workers.
U(2,2 -bipy), contains four unique inter-bipyridyl bond lengths of 1.416(av) A (Figure
1.25).156 Originally discussed as a formal U(0) complex, and although there are rela-
tively large esd values associated with this crystal structure, it is entirely consistent
with the presence of a U(II) or higher charged cation with an appropriate number
of reduced ligands, and indeed has been discussed as such in the literature.!¢”168
However, without further characterisation it is not possible to be more definitive.

More recently, multiple spectroscopic techniques were used to conclusively prove

the existance of bipyridyl based radicals in two analogous compounds. The reac-
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@ Carbon @ Nitrogen ‘Uranium

Figure 1.25: Crystal structure of U(2,2 -bipy),. Hydrogen atoms were not modelled
in the literature structure.®®

tion of (Cp*U(CgHg))2(11-CsHg) with either of 2,2"-bipyridine or 4,4 -dimethyl-2,2"-
bipyridine yielded two equivalents of Cp*(CgHg)U(2,2"-bipy) or Cp*(CgHg)U(4,4"-
dimethyl-2,2"-bipy), respectively, and one equivalent of CgHg as depicted in Figure
1.26.1%9 Crystal structures of these species both have shortened inter-pyridyl bond
distances of 1.427(3) A for the 2,2 -bipyridyl containing structure and 1.436(4) A
for the disubstituted analogue, suggesting that the ligands are singly reduced radi-
cals. Broadened NMR spectra resonances and IR bands falling within the diagnostic
regions identified by Nakamoto were used as confirmation of this, while DF'T calcu-
lations revealed the SOMO orbital to be largely bipyridine based, with the U site
carrying a +4 charge and the bipyridyl ligand a —1 charge. The authors believe re-
duction arises as a result of displacement of the bridging (CgHg)? ligand by neutral
bipyridine followed by electron transfer to form the reaction products. This is argued
on the basis of relative reduction potentials of 2,2 "-bipyridine / 2,2 "-bipyridyl radical
anion, and CgHg / CgHg?* (~2.10 and 1.68 V, respectively, versus SCE) which would
require prior complexation of the bipyridine to lower its redox potential, then allowing
the reaction to take place.

A second paper detailing the synthesis of a different uranium coordination complex
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Figure 1.26: Synthetic route to and crystal structure of U(2,2"-bipy)Cp*(CgHg). Hy-
drogen atoms have been omitted for clarity.!%

Ul3+(THF),4

+

2,2'-bipy

JBoron @ Carbon @ Nitrogen OUranium

Figure 1.27: Synthetic route and crystal structure of U(2,2"-bipy)(TpMe2),. TpMez
= hydrotris(3,5-dimethylpyrazolyl)borate. Hydrogen atoms are omitted for clarity as
well as two THF solvent molecules present in the lattice.!™
incorporating a bipyridyl radical ligand was published in the same year.!™ Bart and
co-workers detail the synthesis and reduction of a uranium analogue of the La(2,2"-
bipy)(TpMe2)Cl, complex described in the previous section (Figure 1.27). Crystallo-
graphic characterisation of the reduced compound reveals an inter-pyridyl distance of
1.409(13) A while a 'H NMR spectrum reveals resonance shifts that are also consistent
with the presence of a bipyridyl radical.

The only crystallographically characterised non-uranium actinide complex con-

taining a reduced bipyridine ligand is a very recently published thorium complex.
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Figure 1.28: Crystal structure of Th(2,2 -bipy)(n°-1,2,4(*Bu)3CsHs)2. Hydrogen
atoms have been omitted for clarity.!”

Walter and co-workers describe the reaction of Th(n°-1,2,4(*Bu)3CsHy)2Cly with 2,27~
bipyridine and an excess of KCg to form Th(2,2 "-bipy)(n°-1,2,4(*Bu)3CsHs,), (Figure
1.28).1™" Unlike the 'H NMR spectra of the uranium compounds above, in this in-
stance the authors noted a diamagnetic response with resonance shifts slightly offset
from those of neutral bipyridine. Coupled with a very short inter-pyridyl bond length
of 1.382(8) A, the system is described as Th(IV) complexed to a dianionic bipyridyl

ligand.

1.4.4 Transition Metal Compounds

By contrast with main-group and f-block compounds, the numbers of transition metal
compounds containing reduced bipyridine ligands where oxidation states of both
metal and ligand are comprehensively analysed are far fewer. The earliest example is
the sodium salt of [(CO),Cr(2,2"-bipy)|”, for which EPR and UV-Vis spectroscopic
measurements were used along with DFT calculations to suggest the presence of a
bipyridyl radical anion, complexed to a Cr(0) metal 172717

Of note is the absence of any crystallographically characterised transition metal

complexes where a negative charge is assigned to the bipyridine ligand. This may be
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Figure 1.29: Resonance canonical proposed by Chisholm and co-workers.
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Figure 1.30: Resonance canonical proposed by Brookhart and co-workers.

due to ambiguity in charge assignment, a result of multiple accessible oxidation states
at both the central metal and the bipyridine ligand. Although in other areas of the
periodic table, the presence of a reduced bipyridyl monoanion or dianion is readily
apparent, there are several instances where the assignment is less trivial.

The structure of Mo(i-PrO),(2,2"-bipy)s reported by Chisholm and co-workers,
has an inter-pyridyl ring bond length of 1.425(4) A,'%* suggesting that ligand reduction
could have taken place. However, this explaination was not considered and instead
the unusual bond metric was explained by reference to the resonance canonical in
Figure 1.29 and thus implies extensive donation from the electron rich metal to the
7* orbital of bipyridine.

Similarly, Brookhart and co-workers noted that the reaction of Co(CsMes)(n*-
H,C=CHSiMe3), with 2,2 -bipyridine to yield Co(CsMes)(2,2 -bipy), gave rise to
crystals exhibiting a shorter than expected inter-pyridyl ring bond length of 1.419(3)
A1 The authors interpret this as a consequence of the m-acceptor ability of 2,2"-

bipyridine and also suggest a resonance canonical that allows for increased double

bond character between the pyridine rings (Figure 1.30).
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A final example comes from Tilley and co-workers who crystallographically char-
acterised [K(dibenzo-18-crown-6)][Ru(CsMes)(2,2 -bipy)| (dibenzo-18-crown-6 = di-

benzola,j|-1,4,7,10,13,16-hexaoxacyclooctadeca-2,11-diene).1 7"

In this complex the
2,2 -bipyridyl moiety exhibits an inter-pyridyl ring bond length of 1.401(9) A. The
authors do not specifically discuss this highly shortened bond but observe that NMR
measurements of a freshly prepared sample yield reasonable spectra while samples
stood in solvent for several hours show significant symptoms of paramagnetism. Both
of these suggest the formation of a bipyridyl dianion (that is partially oxidised to the
radical as it decomposes in solvent).

In all three cases discussed above there is evidence to suggest the formation of
complexes that incorporate a reduced bipyridyl ligand, but in the absence of EPR
spectroscopy and magnetic susceptibility measurements, it is not possible to state
categorically that this is the case. It is important to note that, as will be seen in
Chapter 2, the reduction of bipyridine causes population of the same * orbital that
would act as an acceptor in the case of extensive backbonding. This is an important

observation as both effects would potentially give rise to the same changes in bond

metrics. This is discussed further in Chapter 3.

1.5 4,4 -Bipyridine

The ubiquity of 2,2"-bipyridine as a chelating ligand is mirrored by the multitude
of structures that incorporate 4,4 -bipyridine as a rigid linker. In common with the
previously described 2,2 “-isomer, the inter-ring bond length shows the greatest change
upon ligand reduction. As will be discussed in Chapter 2, in a neutral uncoordinated

species, a bond distance of 1.487 A is reported, '™

while in the singly reduced bipyridyl
anion this length is shortened to 1.425(av) A and in the doubly reduced analogue it

is 1.363(av) A.'™ A survey of crystallographically characterised compounds in the

34



CHAPTER 1. INTRODUCTION

400

300

200

Number of structures

100

1.36 1.40 1.44 1.48 1.52 1.56
Inter-pyridyl ring bond length

Figure 1.31: Histogram showing the distribution of inter-pyridyl ring bond lengths
(in A) in structures containing 4,4 -bipyridine.
Cambridge Structural Database reveals a mean bond length of 1.484 A and an even
narrower range of bond lengths of between 1.47 and 1.50 A.S The histogram shown
in Figure 1.31 illustrates this and shows the presence of a smaller group of structures
with bond lengths between 1.38 and 1.43 A. Almost all of these structures are the
results of the research documented in this thesis, with the only exception being a
recently published polyoxometalate based coordination polymer.!®® Unfortunately,
the refinement is dominated by the large tungsten containing clusters with the result
that, despite having a low R factor (4.0%), esd values for C—C bonds are too large to
be statistically meaningful. Additionally, the incorporation of water molecules within
the lattice would seem to preclude the possibility of a bipyridiyl radical, which are
typically highly air- and moisture-sensitive.

The structure of a related compound does however contain a relevant bond metric.

The viologen [1,1 -diethyl-4,4"-bipyridilium|I; was reacted with the disodium salt of
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@ Carbon J Iron @ Nitrogen @ Oxygen J Platinum

Figure 1.32: Crystal structure of [1,1 -diethyl-4,4 "-bipyridilium|s[Fe,Pt(CO)16]. The
bipyridilium molecules are symmetry related but both are included to highlight dimer
stacking. Hydrogen atoms have been omitted for clarity.!®!
[FePt4(CO)16)* to generate |1,1 -diethyl-4,4 -bipyridilium]s[Fe,Pt(CO);6], with the
aim of exploiting the multiple redox states of the bipy-like ligand together with those
of the cluster to form new semiconductors (Figure 1.32).'®! Note that the normal
charge on the bipyridilium molecule is +2 because of the presence of two pseudo
quaternary nitrogen atoms. In this example they appear to carry a +1 charge. Struc-
tural characterisation using single crystal X-ray diffraction revealed an inter-pyridyl
ring bond length of 1.421 A (no esd value available; the two bipyridilium cations are
symmetry related), suggesting the presence of a radical ligand. The authors use EPR
spectroscopy to determine that this is indeed the case, and are able to show that the
radicals exist in pairs in close proximity (4.15 A separation) in the crystal lattice with
their spins aligned to create a triplet state.

Although (outside of work described in the chapters of this thesis) there are no
crystal structures containing reduced forms of 4,4 -bipyridine, the literature does

contain many examples of complexes of the ligand that exhibit redox chemistry. One
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Figure 1.33: Structures of 4,4-bipyridine containing molecular squares.

interesting example concerns the reduction of molecular square or rectangular shaped

1827184 Qeveral related coordination complexes, each incorporating two 4,4 -

systems.
bipyridine ligands have been synthesised (Figure 1.33). These are found to undergo
reversible single, double and triple reductions while retaining connectivity. Reduc-
tion was effected either by use of a potentiostat, or more quantitatively by the use of
sodium amalgam in conjunction with 2,2,2-crypt. Reduction products were charac-
terised in solution using a mixture of cyclic voltammetry, fluorescence spectroscopy

and spectroelectrochemistry, the latter allowing continuous monitoring of IR and

UV /vis absorption at a range of applied potentials.

1.6 2,4 -Bipyridine

The final isomer of bipyridine investigated in the course of this thesis is 2,4 “-bipyridine.
Unlike the 2,2°- and 4,4°- isomers, 2,4 -bipyridine is far less frequently encountered
in the literature and has no well defined single coordination mode: while the nitrogen
at the 4 position is typically bonded to a cation, the remaining nitrogen atom may
be coordinated to another point in the same isolated molecule, act as a bridge in a

polymer, or not be bonded to anything (Figure 1.34).
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. Cadmium ’ Carbon ' Chlorine O Silver . Manganese 0 Nitrogen . Oxygen

Figure 1.34: The coordination modes of 2,4 "-bipyridine: (a) Mono-coordinated within
an isolated molecule as seen in Mn(2,4"-bipy-N "), Cly(H,0)5.1®° (b) Bonded at both
nitrogen atoms in a discrete molecule, as seen in the molecular square [Cd(2,4°-
bipy)(NO3)2MeCN],.!%6 (c) Bonded at both nitrogen atoms as part of an extended
structure, exemplified by [Ag(2,4 -bipy)(NO)3|,.!%” Hydrogens have been omitted
from all structures for clarity.
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Figure 1.35: Histogram showing the distribution of inter-pyridyl ring bond lengths
(in A) in structures containing 2,4 -bipyridine.

Although the number of structures in the CSD containing this isomer is far fewer,
an analysis of bond metrics similar to those in the previous two sections is still mean-
ingful. For uncoordinated 2,4 “-bipyridine, the interpyridyl ring bond length has been
reported as 1.484(av) A, which shortens to 1.429(3) A in the singly reduced radical,
and further contracts to 1.386(av) A in the doubly reduced species.'® Examination
of a histogram (Figure 1.35) of the length of this bond in high quality structures in
the CSD reveals a familiar (if less well populated) narrow range of values (1.47 to
1.50 A).G The entirety of the results not found within this range are from the work
detailed in this thesis, and are discussed in Chapter 2. Due to the low total numbers
of structures containing the 2,4 -bipyridine isomer, the inclusion of complexes con-
taining a reduced ligand species has a considerable effect on the mean bond length of

the dataset, reducing it to 1.464 A.
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1.7 Project Aims

The broad aim of this project is to investigate the effects of chemical reduction on
the structural properties of bipyridine ligands and to evaluate whether this may be
used to identify complexes where the ligand isomers exhibit non-innocent behaviour.

This is broken down into two distinct parts:

1. The existing chemical literature provides little by way of established bond metric
data for the reduced states of the three bipyridine isomers so an initial inves-
tigation of non-ambiguous radical anion and dianionic complexes is necessary.
To this end, Chapter 2 details the synthesis and characterisation of alkali metal
salts of the reduced species, augmenting the existing spectroscopic information
in the literature and providing a series of diagnostic tools that may be used to

help determine unknown ligand oxidation states in more complex systems.

2. The tools identified in Chapter 2 are subsequently evaluated for the two most
common bipyridine isomers. It is acknowledged that strong n-backbonding from
an electron rich metal to the ™ orbital of bipyridine could lead to the same
changes in bond metrics that are demonstrated by the alkali metal salts; how-
ever Wieghardt recently postulated that bipyridine may not actually be as good
a T acceptor as is widely thought,'*1® and questioned the relative magnitudes
of donation versus reduction. Chapter 3 details the synthesis of a homologous
series of top row transition metal complexes of the form M(2,2"-bipy)(mes)s(M
= Cr, Mn, Fe, Co, Ni; mes = 2,4,6-Me3CgHs), together with their singly reduced
analogues, all of which have been crystallographically, magnetically and spec-
troscopically characterised. The results are discussed both with reference to the
usefulness of the diagnostic tools of Chapter 2, but also with regards to trends
within the series. In particular this permits discussion of the magnitude of -

backbonding and the validity of using single crystal X-ray diffraction as a guide
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Chapter 2

Alkali Metal Salts of Bipyridine

Radical Anions and Dianions

2.1 Introduction

The 2,2°- and 4,4°- isomers of bipyridine (bipy) are among the most ubiquitous
ligands in coordination chemistry. As discussed in the introduction, when complexed
to transition metals their capacity to act as non-innocent ligands can make the precise
determination of metal and ligand oxidation states extremely challenging. The earliest
evidence for the existence of reduced forms of bipyridine was published 50 years
ago, when Carrington used electron paramagnetic resonance (EPR) spectroscopy to
examine the radicals produced by addition of alkali metals to pyridine.! Subsequently,
multiple authors have used a variety of techniques to spectroscopically characterise
the radical anions and, to a lesser extent, the dianions that make up the bipyridine

reduction products. Published data includes IR,> Raman,>*® UV-vis, 1! and EPR

12-17 18-26

spectroscopic data, as well as electrochemical and computational studies.

For the 2,2 "-bipy isomer in particular, structural measurements of the reduced species

have also been reported.?™ 30
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2,2"-Bipyridyl Radical

Neutral 2,2 "-Bipyridine Monoanion

Ring deformation mode:

900 - 1000 cm ! No bands strong: 950 cm!

C=C, C=N stretching:
1490 — 1650 cm ™

multiple strong bands:

) _ -1
strong: 1600 — 1610 cm 1490 — 1575 e

Table 2.1: Diagnostic peaks in the IR spectrum for determining the oxidation state
of 2,2 -bipyridine.?

’ Half equation: \ Standard potential: ‘
stilbene + e — [stilbene| ™ 221V
biphenyl + e~ — [biphenyl|™~ -2.60 V
styrene + e — [styrene|” -2.65 V

Table 2.2: Standard electrode potentials (E°) for selected aromatic compounds.®!

Distinguishing between the different oxidation states of bipyridine is important,
particularly in situations where bipy ligands are complexed to metal centres that
themselves are capable of existing in multiple oxidation states. Perhaps the most
widely cited attempt to provide a diagnostic tool for the identification of the oxidation
state of a bipy moiety is a paper by Nakamoto and co-workers, where the authors
describe infrared (IR) absorption bands that can be used to distinguish the different
oxidation states of 2,2 -bipyridine.? The results from this paper are summarised in
Table 2.1.

Most of the samples that have been reported are generated in situ by the use
of alkali metals. The use of the group 1 metals to reduce similar systems is well
known and Table 2.2 shows several examples of related organic systems together
with their electrode potentials. One interesting conclusion from the electrochemical
measurements of the bipyridine isomers is that while alkali metals are able to drive
the formation of the radical monoanionic species, a second reduction is also accessible,
to yield bipyridyl dianions, as shown in Tables 2.3 and 2.4.

As a result of this, an early project aim was to synthesise and structurally char-

acterise a series of alkali metal salts of the 2,2°-, 2,4~ and 4,4 -bipyridine reduction
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’ Half equation: ‘ Standard potential ‘

Na®™ + e — Na 271V
K" +e — K 293V
Rb™ + e — Rb -2.98 V
Cst +e — Cs 292V

Table 2.3: Standard electrode potentials (E°) for the alkali metals.??

H 2,2 -bipyridine ‘ 2,4 -bipyridine ‘ 4,4 -bipyridine ‘
bipy + e — bipy™ -1.47V -1.34V 117V
bipy™ + e — bipy* -1.88V -2.05V -1.66 V

Table 2.4: Standard electrode potentials (E°) for the stepwise reduction of bipyridine
isomers.!82%33 Data have been re-referenced to the SCE using literature values from
Bratsch and Lagowski.

products to establish bond metric parameters that could be used as a tool to aid in
the assignment of ligand oxidation state in less trivial complexes. A secondary aim
was to extend the work of Nakamoto and provide a series of diagnostic IR and Raman

bands that may be used to aid identification of the the oxidation state of the 2,4"-

and 4,4 -bipy isomers.

2.2 General Synthesis

The same general synthetic approach was taken for the formation of all of the com-
pounds described in this chapter. Approximately 100 mg of 2,2 -bipy, 2,4 -bipy or
4.4 -bipy were reacted with one or two equivalents of an alkali metal and stirred in
ethylenediamine (en) for 14 hours in a capped sample vial in an inert atmosphere
glovebox. During this time the colourless solutions acquired a deep purple colour
consistent with the reduction of bipyridine. The solution was then filtered into a
crystallisation ampoule through a Pasteur pipette containing packed glass wool at the
constriction. Prior to use, the glass wool packed pipette was placed in an ampoule and
heated under vacuum to remove all traces of air and moisture. The filtered solution

was transferred in a sealed ampoule to a Schlenk line where it was layered with a suit-
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able anti-solvent (benzene, toluene or diethylether as required, to induce the formation
of crystals) and in some cases placed in a 8 — 10 °C fridge to further aid crystallisation.
It is worth noting at this point that although the reduction of ethylenediamine by
alkali metals to form the amide and hydrogen gas is thermodynamically favourable,
it is kinetically very slow. Amide formation is readily apparent, as the typical deep
purple reaction solutions become dark brown. This affords a window of opportunity
in which the reduction of bipyridine may take place without reducing the reaction
solvent. Whilst sodium and potassium reactions occurred largely without detectable
solvent reduction, the reaction time available was found to substantially decrease with
decreasing first ionisation energies of the group one metal used. Rubidium reactions
often produced a small quantity of an amorphous brown precipitate whilst caesium
would react with ethylenediamine almost immediately upon contact, as evidenced by
the rapid evolution of hydrogen. Ethylenediamine was chosen as a solvent because of
its ability to solvate electrons at room temperature, though due to the potential for
solvent reduction, other alternatives were also examined. Dimethylformamide (DMF)
was found to solvate electrons and caesium ions but reaction kinetics were slowed to
the point that sample decomposition would frequently take place before reactions
reached completion. Additionally, the hygroscopic nature of DMF made it difficult
to remove water traces to the degree required for these reactions. Tetrahydrofuran
(THF), while useful in the reactions detailed in subsequent chapters, also proved to
have very slow reaction kinetics.

The bonding between bipyridyl moieties and alkali metal cations in the salts pro-
duced is predominantly ionic. Lattices are held together through electrostatic at-
tractions between the positively charged metal cations and either the lone pairs on
nitrogen atoms in a o-type interaction, or the negatively charged m manifold of the

bipyridyl anion via a n-type interaction.
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2.3 2,2°-Bipyridine

Of the three most readily available isomers of bipyridine, the 2,2~ isomer is by far
the most frequently studied because of its ability to chelate to metal centres.®* This
isomer has been extensively used in the field of coordination chemistry and the chem-
ical literature contains a wealth of information about both the electrochemical and
spectroscopic properties of the isolated ligand, as well as extensive characterisation
for the vast number of complexes that it forms with metal centres. As noted in the
introduction, the CSD structural database (at the time of writing) lists 6652 struc-
tures incorporating the ligand, a number greater than the combined entries for the

other 5 isomers.3®

2.3.1 2,2°-Bipyridyl Radical Anion

The reduction of 2,2"-bipyridine to form a radical species has been known for sev-

36.37 Throughout this period it has been investigated using a variety of

eral decades.
techniques: IR,? Raman,®>® UV-vis,> ! and electron paramagnetic resonance (EPR)
spectroscopic data have been published,'?"!7 typically from either in situ prepared
salts or in coordination compounds. The electrochemical generation of the radical
has also been explored.'® ! However, closer inspection of published data often re-
veals contradictions, possibly as a result of the extreme air- and moisture-sensitivity
of this species and the difficulties associated with its manipulation and isolation. In
spite of the wealth of data available in the chemical literature, there is little structural
data available for this species, particularly for ‘charge-separated’” compounds. While
an alkali-metal salt of the 2,2 -bipy dianion has been reported,?” no analogous struc-
ture is available for the radical monoanion. Lanthanide complexes where a bipyridine

ligand is assigned a singly reduced radical state are known.?®2?° There are also several

reports by Andersen and co-workers where critical magnetometry studies are used to
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unequivocally prove the presence of a bipyridyl radical in (Cp*),Yb(2,2"-bipy) (Cp*
= C5(CHz);57).3% Following the publication of the work described in this chapter,
a boron complex containing a bipyridyl radical anion in BCly(bipy) has also been
documented, supported by EPR measurements and extensive DFT calculations.3°
Additionally, there are several transition metal complexes reported where bond met-
rics suggest the presence of a reduced bipyridine species but instead the structural

distortion is explained in terms of extensive n-backbonding into the ©* orbital on the

ligand.*™# This is discussed in more detail in Chapter 1.

2.3.1.1 Synthesis

K(2,2"-bipy)(en) (1) was prepared by the reaction of 2,2"-bipy with one equivalent
of potassium metal in ethylenediamine. This yielded an intensely coloured purple
solution from which dark-purple air- and moisture-sensitive crystals containing the
2,2 -bipyridyl radical anion, 2,2"-bipy~ were isolated four days after layering with

toluene.

2.3.1.2 Structural Characterisation

Two compositionally identical polymorphs of 1 were found to crystallise from en/toluene
solutions: K(2,2"-bipy)(en) (1a) and K4(2,2"-bipy)4(en)s (1b), both exhibiting sim-
ilar bond metric parameters in the bipyridyl moiety. Phase 1b appears to be the
major product based upon visual analyses and single-crystal X-ray diffraction studies
of multiple crystals. Some batches of the reaction products were found to only show
evidence for the presence of 1b. Although loss of crystallinity upon sample grinding
prevented the collection of powder X-ray diffraction data in order to precisely deter-
mine polymorph ratios, bulk sample composition has been corroborated by elemental
microanalysis. The minor phase, 1a, consists of a single crystallographically unique

potassium cation coordinated to a 2,2 -bipyridyl radical and an ethylenediamine
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N2E _
N1 O~
S @m
S CoE
/ N1E ()
UIN2 C1E™
\ c10
~0

Figure 2.1: (a) Thermal ellipsoid representation of the atoms in the asymmetric unit
of 1la. Anisotropic displacement ellipsoids pictured at the 50% probability level.
(b) Interactions within the asymmetric unit forming the one-dimensional chain-like
structure. (c) Packing diagram viewed along the crystallographic a axis highlighting
the absence of interactions between chains. (d) Packing diagram viewed along the
crystallographic b axis. Note that in (b), (¢) and (d), hydrogen atoms have been
omitted for clarity.
molecule (Figure 2.1). The structure consists of dimeric units containing two potas-
sium atoms bridged by two 2,2 “-bipyridyl radical anions. Terminally bound ethylene-
diamine molecules bridge adjacent dimers giving rise to one-dimensional chains that
run parallel to the unit cell ¢ axis with no obvious inter-chain interactions present.
The nitrogen sites N1 and N2 interact with two potassium cations K1 and KI1A
(generated by symmetry). These have distances from K1 of 2.820(2) A and 2.841(2)

A, respectively and as such may be considered as electrostatic interactions with the

nitrogen lone pairs.*> The equivalent distances to KI1A are both 2.960(2) A and
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have a greater interaction with the ©* SOMO due to the ‘side-on’ position of the
potassium atom. This interaction appears to extend to C5 and C6, which also have
relatively short contacts to K1A of 3.337(2) A and 3.314(2) A, respectively. Dimers
are linked to adjacent units by bridging ethylenediamine molecules; the K1 to N1E
distance is 2.851(3) A at one dimer and the K1A to N2E distance at the linked dimer
is 2.892(2) A. As with the other structures discussed in this chapter, the ability of
ethylenediamine to act both as a flexible linker and as a bidentate chelating ligand
is crucial in the formation of the isolated crystalline structures and can give rise to
the multiple polymorphs observed for some of these reaction products. Whilst there
is much discussion in the literature of the effects of ether-based Lewis bases in the
formation of alkali-metal networks,*64? the relative rarity of en-like solvents in such
complexes has limited similar analysis.’*>* Crystals of 1a were found to crack when
cooled below 200 K, attributed to strain caused by a phase transition.

The second and more commonly encountered polymorph, 1b, has a more complex
structure. The asymmetric unit contains four crystallographically unique potassium
cations, four 2,2 "-bipyridyl radical anions and four ethylenediamine linkers that serve
to bridge adjacent tetramers (Figure 2.2). This gives rise to a two-dimensional sheet-
like structure, with sheets in the crystallographic ab plane stacking along the ¢ axis.
This extended structure shows no obvious interaction between adjacent sheets.

Tetrameric units are held together by both ‘end-on’ and ‘side-on’ interactions
between the potassium cations and the bipyridyl anions. Each potassium site is coor-
dinated to one bipyridyl radical by two nitrogen lone pair interactions and to one or
two additional bipyridyl anions via the n ring system. K1 is joined by two ethylenedi-
amine linkers to K2 of an adjacent tetramer and K3 is joined by two ethylenediamine
linkers to K4 of a different adjacent tetramer (distances are between 2.876(2) A and
2.951(2) A with mean distance 2.916 A). These interactions form the two-dimensional

sheets that stack together to generate the complete structure.
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c24 :@f’ :

®°/ces NG

Figure 2.2: (a) Thermal ellipsoid representation of the atoms in the asymmetric unit
of 1b. Anisotropic displacement ellipsoids pictured at the 50% probability level. (b)
The structure of a single sheet in the crystallographic ab plane. (c) View along the
crystallographic a axis showing the lack of interaction between adjacent sheets. Note
that hydrogen atoms are omitted for clarity.
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—— experimental
—— calculated

. — -

L 1 1 1 1 1
1.992 1.996  2.000 2.004  2.008 2.012
g value

1 1 1 1 1

350 351 352 353 354
B,/ mT

Figure 2.3: (a) Comparison of experimental and calculated solution-phase EPR spec-
tra for 1. (b) Solid state EPR spectrum for 1.

2.3.1.3 Spectroscopic Characterisation

In situ EPR measurements of sodium and lithium salt solutions containing 2,2°-
bipyridyl radicals provided some of the first evidence of the existence of the radical
anion,'? owing to the technique’s ability to measure responses from very low concen-
trations of paramagnetic compounds. Both solid and solution EPR measurements of
1 were used to test for and confirm the presence of the 2,2 -bipyridyl radical anion.
Solution spectra reveal a resonance with a ¢ value of 2.0035 and significant hyper-
fine splitting from coupling of the unpaired electron with two N (I = 1) and eight
"H (I = 1/2) nuclear spins (Figure 2.3a). The g value is very similar to that of a
free electron (g = 2.002319) and is typical for an unpaired electron delocalised over

an an aromatic system. DFT calculated isotopic Fermi contact coupling constants
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4a 3a 3 4 Sites: | DFT Calculated: | Least-Squares Fit:
— 1, 1a 8.74 9.03
5a 5 3, 3a ~4.65 —4.32
\ / \ / 4, 4a —0.98 ~1.77
P N— 5, ba —1454 ~15.87
a la 1
6, 6a 2.42 0.32

Table 2.5: Comparison of DF'T calculated and least-squares fitted hyperfine coupling
constants for the solution EPR response of 1. All frequencies are in MHz.

were found to compare well to those determined from least-squares fittings of the
data (Table 2.5).”> These values are also similar to those previously reported in the
literature. 217

EPR measurements of a solid sample of 1 show an asymmetric resonance centred

on g = 2.0033, again close to the g value of a free electron (Figure 2.3b). The

anisotropy of the resonance may arise due to two possible effects:

1. The sample measured is a mixture of polymorphs 1a and 1b, each of which may
give rise to slightly different resonances which partially overlap in the observed

spectrum.

2. If 1b is by far the major product as is believed, then differing parallel and
perpendicular contributions to the g value may arise due to the highly ordered
crystal structure which causes the bipyridyl radicals to be stacked perpendicular

to the ab plane.

In either case the results are conclusive in showing the presence of the radical in both
solution and solid states.

Outside of EPR, one of the most commonly used spectroscopic tools in the deter-
mination of bipyridine oxidation state is IR. While several papers on the subject have
been published, the most detailed was reported by Nakamoto and co-workers, who
describe a series of diagnostic regions in the IR spectrum that may be used to differen-

tiate between neutral 2,2 "-bipy and the reduced radical species in more complicated
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coordination complexes.? The first region is between 900 and 1000 cm ! which shows
no absorption bands when measuring neutral 2,2 "-bipyridine. By contrast, compound
1 shows an absorption at 939 cm ! which is in good agreement with the value of 944
cm ! observed for Li(bipy)-nTHF. This vibrational mode corresponds to a ring de-
formation. The second region Nakamoto identifies is the C=C and C=N stretching
area between 1475 and 1625 cm !, Neutral species of 2,2 -bipyridine are expected to
show a strong absorption band at around 1600 to 1610 cm* while radical anions are
predicted to exhibit medium or strong bands between 1490 and 1575 cm™!. In the
spectrum of 1 we observe two strong bands at 1495 and 1561 cm™! which are again in

good agreement with the previously mentioned lithium salt, where these bands were

observed at 1486 and 1554 ¢cm !.24!

2.3.2 2,2°-Bipyridyl Dianion

A two electron reduction of neutral 2,2 "-bipyridine affords the dianionic species which
was recently characterised crystallographically as alkali metal salts in three forms in-
cluding the polymer [(2,2 -bipy)?* (Na"(dme))s|s (dme = dimethoxyethane).?” Later
in the same year an example of the dianion in the lanthanide complex (Yb(2,2 -
bipy)(THF),)3 was also reported.®® The synthesis of an alkali metal salt containing
the 2,2"-bipyidyl dianionic species was desired to allow for comparison of spectro-

scopic data with existing literature values, and to perform additional studies.

2.3.2.1 Synthesis

Rbs(2,2"-bipy)(en)s (2) was prepared by the reaction of 2,2”-bipy with two equiv-
alents of rubidium metal in ethylenediamine. The resulting dark purple coloured
solution yielded black-purple rod-like air- and moisture-sensitive crystals containing

the 2,2 -bipyridyl dianion, 2,2 -bipy?", several days after layering with toluene.
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Figure 2.4: (a) Thermal ellipsoid representation of the atoms in the asymmetric unit
of 2. Anisotropic displacement ellipsoids pictured at the 50% probability level. (b)
The structure of a single sheet running parallel to the ab plane. (c) Packing diagram
viewed along the crystallographic a axis highlighting the absence of interactions be-
tween sheets. Note that in (b) and (c) hydrogen atoms have been omitted for clarity.

2.3.2.2 Structural Characterisation

As mentioned at the start of this section, prior to this work the crystal structures
of three sodium salts of the 2,2 -bipyridyl dianion had previously been published by
Bock and co-workers, all of which resulted from direct reduction of bipyridine by the
alkali metal.?” The asymmetric unit of 2 contains a single rubidium cation, half a
bipyridyl dianion and a single ethylenediamine molecule (Figure 2.4).

In all three structures published by Bock and co-workers, the bipyridyl dianion
adopts a cis conformation, the opposite geometry to that observed in 2. For a gaseous
2,2 -bipy?” ion the trans conformation is favourable due to the increased distance be-

tween like partial charges localised on the two electronegative nitrogen atoms. The
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existence of crystalline forms of both stereoisomers suggests that in the solid state,
the thermodynamic benefit of increased distance between nitrogen atoms can be out-
weighed by electrostatic attraction. The trans orientation of 2,2 -bipy? in 2 allows
for interaction with four neighbouring rubidium cations. There are two nitrogen lone
pair interactions (one from each nitrogen) to different, symmetry generated rubidium
cations with a distance of 2.946(3) A. An additional interaction between the © man-
ifold of the bipyridyl dianion and symmetry related metal cations above and below
the bipyridyl plane has a Rbl to N1 bond distance of 2.976(3) A as well as several
close contacts to C4, C5 and the symmetry generated C5A of 3.225(3), 3.236(3) and
3.131(3) A, respectively. Together these interactions form one-dimensional chains
which are bridged by pairs of ethylenediamine molecules between rubidium cations.
These are coordinated in a doubly chelating fashion with bond lengths of 3.081(3)
and 3.164(3) A to one rubidium and 3.180(3) and 3.110(3) A to the neighbouring
site in an adjacent chain (Figure 2.4b). The resultant two-dimensional sheets form
parallel to the crystallographic ab plane and stack along the unit cell ¢ axis with no
obvious interactions present between adjacent sheets.

Bulk sample composition has been confirmed by elemental microanalysis and pow-

der X-ray diffraction measurements (Figure 2.5).

2.3.2.3 Spectroscopic Characterisation

While a large volume of data has been published on the 2,2 -bipyridyl radical anion,
information on the dianion is far rarer. Owing to the presence of a centre of inversion
in the bipyridyl trans stereoisomer (point group Csgp), no coincidental peaks in IR
and Raman spectra are expected because of the mutual-exclusion rule. This is largely
observed, with the very small number of peaks common to both being attributed to
the presence of ethylenediamine molecules in the crystal structure. There are several

potentially diagnostic peaks in the IR spectrum: two strong bands at 1560 and 1590
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Figure 2.5: Comparison of calculated and experimental powder X-ray diffraction
patterns for 2.

em ! from C=C and C=N stretches are much more intense and shifted to higher
wavenumbers than those observed for the radical species. Additionally, three peaks
occurring at 801, 830 and 867 cm ! have no counterpart in the spectra of the neutral
or singly-reduced species. The Raman spectrum shows several strong peaks, with the
band at 957 cm ! having potential diagnostic value as it was also observed at 956
cm ! in Liy(2,2 -bipy).?

It is interesting to note that an EPR measurement of a solid sample of 2 (which
should be diamagnetic) showed a weak resonance with a g value of 2.0033. This is
attributed to the presence of trace amounts of the singly reduced species 1 which
was formed either as a reaction byproduct or while manipulating the sample and is
only detectable due to the highly sensitive nature of the EPR technique (capable of

detecting paramagnetic compounds at concentrations as low as 102 M).*7
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9

Figure 2.6: (a) DFT calculated 2,2 -bipy LUMO showing the alternating bonding and
antibonding interactions in the © manifold. (b) Numbering scheme used in describing
bond metric changes.

2.3.3 Electronic Structure and Bond Metric Parameters

Examination of the crystallographic structures of neutral bipyridine, 1a, 1b, and 2
shows clear correlations between bond metric parameters and the oxidation state of
the bipyridine moiety. The first reduction causes population of the lowest unoccupied
molecular orbital (LUMO) of the neutral species to form a singly occupied molecular
orbital (SOMO) in the radical species. A further reduction fills this orbital; the high-
est occupied molecular orbital (HOMO) of the dianionic species. Density functional
theory (DFT) calculations have revealed that this orbital is non-degenerate with net
m*-antibonding character.® The calculated orbitals are largely unchanged by oxida-
tion state with the LUMO of the neutral species being very similar to the SOMO
calculated for the radial anion, which in turn strongly resembles the HOMO of the
doubly reduced species. The calculated LUMO of the neutral species is pictured in
Figure 2.6, together with a numbering scheme for the 2,2 "-bipy bonds.

It is important to note that the orbital contains eight nodes such that upon popu-
lation any bonds with a local bonding interaction would be expected to have increased
bond order (and hence shorten). Conversely, any bonds with a local antibonding in-
teraction will have reduced bond order (manifested as longer bond lengths). Thus
bonds 1 and 6 are expected to shorten while bonds 2, 5 and 7 are expected to elongate.

These predicted variations are indeed observed experimentally and substantial C—C
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| 2.2 -bipy \ 2.2 -bipy~ [ 2.27-bipy* |
| Bond: [| literature™ | [DFT| | 1a | 1b | [DFT]| 2 | [DFT] |
1 1.490(3) | [1.494] [ 1.431(3) | 1.429(av) | [1.436] [ 1.399(6) | [1.400]
2 1.346(2) | [1.357] [ 1.390(av) | 1.388(av) | [1.403] [ 1.436(4) | [1.442]
3 1.341(2) | [1.350] | 1.337(av) | 1.337(av) | [1.341] | 1.343(4) | [1.339]
4 1.384(2) | [1.397] | 1.373(av) | 1.382(av) | [1.405] | 1.381(5) | [1.412]
5 1.383(3) | [1.397] | 1.404(av) | 1.404(av) | [1.419] | 1.429(5) | [1.440]
6 1.385(2) | [1.395] | 1.365(av) | 1.364(av) | [1.382] [ 1.358(5) | [1.376]
7 1.394(2) | [1.407] [ 1.428(av) | 1.428(av) | [1.438] [ 1.452(4) | [1.453]

Table 2.6: Bond lengths for neutral 2,2 -bipyridine and its reduced forms in 1a, 1b
and 2. When multiple crystallographically unique bonds are present in a structure,
mean lengths are given. Values in square brackets were obtained from geometry
optimised structures using DFT calculations. All bond lengths are in A.
and C-N bond length changes were noted upon reduction. These are summarised in
Table 2.6 and Figure 2.7. The effect is greatest for bond 1, the inter-ring bond, which
shortens from 1.490(3) A in the neutral species,*! to 1.431(3) and 1.429(2) A in 1a
and 1b, respectively, as it gains © character. The second reduction causes a further
decrease in bond length to 1.399(6) A when the interaction effectively becomes a
double-bond, showing a variation of 0.091 A or 6% relative to the neutral species.
This bond distance is very similar to those in the three known alkali-metal salts of
the bipyridyl dianion: 1.375(4), 1.376(5), and 1.380(av) A,?7 as well as that in the
reported lanthanide complex (Yb(2,2 -bipy)(THF)y)s: 1.407(av) A5 The inter-ring
bond lengths of the radical species 1a and 1b are also very much in line with previ-
ously reported complexes: (Cp*),Sm(2,2"-bipy), 1.429(4) A;%® (Cp*),Yb(2,2 -bipy),
1.426(5) A;3® Mo(O'Pr)y(2,2-bipy)s, 1.425(av) A;*' and (n°-Tol)Fe(2,2 -bipy) (Tol
— toluene),* 1.417(3) A; all of which may be considered as formally containing a
bipyridyl radical anion. Similar arguments and comparisons may be made for the
other bipyridine bonds. Both the bond metric values and resultant trends are consis-
tent with those computed from unrestricted geometry optimised DF'T calculations.
In addition to the above consideration of bond metrics, variation of the bipyridine

inter-ring torsion angle was also investigated. As the LUMO of the neutral species is
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Figure 2.7: Graphical comparison of experimental and calculated bond lengths in
2,2-bipyridine and its reduced forms in 1a, 1b and 2.

incrementally populated, bond 1 gains n character, leading to increased coplanarity
of the ring system. However, the 2,2°- isomer of bipyridine is a poor candidate
to demonstrate this due to its bidentate bonding mode which favours a coplanar
geometry. Values observed from single-crystal X-ray diffraction studies are generally
small, with the mean torsion angle from 5801 structures in the CSD being 4.5°.3% The
angles observed for 1a, 1b and 2 are 5.6°, 1.8° and 0° respectively and as such it is

not reasonable to use this value diagnostically to determine ligand oxidation states.

2.4 2,4 °-Bipyridine

In contrast to both the 2,2°- and 4,4°- isomers of bipyridine, for which there is a
large volume of spectroscopic and structural information available, 2,4 "-bipyridine
is far less frequently reported in the chemical literature, presumably because of its

inability to bind as either a bidentate ligand or a rigid linker. This is evidenced in the
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number of complexes available through the Cambridge Structural Database, where
the 6652 2,2 -bipy containing structures and the 5115 4,4 "-bipy containing structures

vastly outnumber the 58 structures reported with 2,4 -bipyridine ligands.3?

2.4.1 2,4°-Bipyridyl Radical Anion

Compared to the two other commercially available isomers, 2,4 "-bipyridine is far less
frequently encountered in the literature and publications concerning its reduced forms
are rarer still. A surface enhanced Raman study of an electrode mounted sample
of neutral 2,4 -bipyridine at different potentials was published in 1990,” and more
recently an electrochemical study was reported,?’ but outside of these papers there
is very little information available concerning the reduced forms of 2,4 "-bipyridine.
To augment existing literature information for the other isomers, crystalline samples
of alkali metal salts of both the radical anion and the dianion have been synthesised

and structurally and spectroscopically characterised.

2.4.1.1 Synthesis

Reaction of 2,4 °-bipy with one equivalent of potassium metal in ethylenediamine
yields K(2,4"-bipy)(en) (3), an intensely coloured dark purple solution. Dark-purple
air- and moisture-sensitive plate-like crystals containing the 2,4 -bipyridyl radical

anion, 2,4 -bipy", were isolated several days after layering with toluene or ether.

2.4.1.2 Structural Characterisation

The asymmetric unit of 3 contains a 2,4 -bipyridyl radical anion, a potassium cation
and an ethylenediamine solvent molecule (Figure 2.8a) Each potassium site is co-
ordinated to four atoms: two terminally bonded ethylenediamine molecules (one at
N1E and one at N2E), and two bipyridyl radical anions, both at the 4" position

(N2); one as a interaction with the nitrogen lone pair and the other in a ‘side-on’
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Figure 2.8: (a) Thermal ellipsoid representation of the atoms in the asymmetric unit
of 3. Anisotropic displacement ellipsoids pictured at the 50% probability level. (b)
The interactions giving rise to the extended framework. (c) Packing diagram viewed
along the crystallographic b axis showing the bridging ethylenediamine and 2,4 “-bipy
radical anion linkers. Note that hydrogen atoms have been omitted from (b) and (c)
for clarity.

manner to the © manifold (Figure 2.8b). These bond lengths are 2.798(2), 2.882(2),
2.800(2) and 3.249(2) A, respectively. The latter ‘side-on’ interaction may also extend
to carbon atoms C6 and C7 with close contact distances of 3.078(2) and 3.348(2) A,
respectively. In this way, each ethylenediamine and 2,4 “-bipy anion bridge separate
symmetry generated potassium atoms to create the extended crystal structure which
has a heavily distorted diamondoid type structure. It is interesting to note that the 2
position (N1) of the 2,4 -bipyridyl radical is not involved in the bonding in any way.

Bulk composition has been confirmed by powder X-ray diffraction and elemental

microanalysis (Figure 2.9).
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Figure 2.9: Comparison of calculated and experimental powder X-ray diffraction
patterns for 3.

2.4.1.3 Spectroscopic Characterisation

Solid and solution EPR spectroscopic measurements on 3 clearly prove the existence
of the bipyridine radical anion (Figure 2.10). The solution-phase spectrum shows
a complex hyperfine coupling pattern that arises due to the coupling of magnetic
moments between the delocalised electron, two inequivalent N nuclei (I = 1) and
eight inequivalent 'H nuclei (I = 1/2). Theoretically, this would give rise to 2304 lines,
though these are not all observable due to detector resolution limits and concomitant
line broadening. The resonance is centreed at a g value of 2.0037 which is identical to
that of the 2,2 -bipy isomer (g = 2.0035) and very similar to that of a free electron (g
= 2.002319). DFT calculated isotopic Fermi contact coupling constants were found
to compare well to those determined from least-squares fits of the data (Table 2.7).%°
The solid-state spectrum shows a single resonance centred at g = 2.0037. No hyperfine
interactions are observed (as is expected) and the resonance shape is symmetrical.

1

IR measurements on 3 show a strong band in the 900 — 1000 cm™ region at
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Figure 2.10: (a) Comparison of experimental and calculated solution EPR spectra

for 3. (b) Solid state EPR spectrum for 3.

Site: | DFT Calculated: | Least-Squares Fit:
1 9.23 6.56
3 -3.88 -3.52
23 1 4 ~1.95 —2.88
5) —14.40 -12.42
l'N\ / \ / 576 2.58 1.28
N 1’ 13.69 10.10
2 3 1 6 27 —0.35 -1.15
37 —6.66 —6.56
5 —6.68 -7.99
6° 0.22 1.21

Table 2.7: Comparison of DFT calculated and least-squares fitted hyperfine coupling

constants for the solution EPR response of 3. All frequencies are in MHz.
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944 cm! corresponding to a ring deformation mode, and a C=C or C=N stretch
at 1559 cm™!, neither of which are present in the spectrum of the parent compound.
Conversely, several bands in the spectrum of the neutral species at 730, 773, 851, 1043
and 1066 cm ! are not present in the singly reduced radical anion spectrum and may
also be useful in the diagnosis of bipyridine oxidation state. Raman measurements
show similar peak positions with differing intensities but which are comparable to

7 This is reasonable as the

the surface enhanced spectra reported in the literature.
(s point group of planar 2,4 -bipyridine allows for IR and Raman excitations of all

vibrational modes.

2.4.2 2,4°-Bipyridyl Dianion

The work carried out here provides the first detailed study of the doubly reduced form
of 2,4 -bipyridine. Similar reactions to those mentioned previously allowed isolation
of two isostructural salts containing the dianionic species which will be discussed

together in the following subsections.

2.4.2.1 Synthesis

K4(2,4"-bipy)z(en)s 5 (4) was prepared by the reaction of 2,4 -bipy with two equiva-
lents of potassium metal in ethylenediamine. This yielded an intensely coloured dark
purple solution from which dark-purple/black air- and moisture-sensitive needle-like
crystals containing the 2,4 -bipyridyl dianion, 2,4 -bipy? were isolated several days
after layering with toluene. Rb4(2,4 -bipy)a(en)ss (5) was prepared in an analogous

manner, forming purple rod-like crystals.

2.4.2.2 Structural Characterisation

Both 4 and 5 share a common structure and will be discussed in tandem. From here

on in the potassium salt will be referenced unless otherwise stated. Figures 2.11a
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and b show the asymmetric units of both salts and highlight their similarities. The
asymmetric unit of 4 contains four potassium cations, two 2,4 °-bipyridine dianions
and three and a half crystallographically unique ethylenediamine molecules. The
extended structure consists of two-dimensional sheets that lie parallel to the ac plane
of the unit cell. Within each sheet are chains of 2,4 "-bipyridyl dianions held together
by potassium cations. N11 and N21 (both at the 2 position of different 2,4 -bipy
moieties) each interact with three metal atoms. One interaction is in the plane of the
bipyridine rings with N11 interacting with K2 and N21 interacting with K1 (these
interaction distances are 2.860(2) and 2.834(2) A, respectively). The two remaining
interactions are to cations above and below the ring system and show short contacts
between ring nitrogen and carbon atoms. For example, K1 interacts with N11, C15,
C16 and C110 with inter-atomic distances of between 2.832(2) and 3.259(2) A while
on the opposite face of the ring system, K3 interacts with N11, C14, C15, and C16
with distances between 2.945(2) and 3.497(2) A. N12 and N22 (both at the 4" position
of 2,4°-bipy) are each bonded to two potassium ions. A o-type interaction links a
cation in the plane of the bipyridine system in each case, binding N12 to K3 and N22
to K4 with bond lengths of 2.925(2) and 2.816(2) A, respectively. In addition, a cation
lies above the plane of these sites, again with short contacts to ring carbon atoms.
In this way K2 interacts with N12, C18, and C19 with contact distances between
2.861(2) and 3.157(2) A while K1 is bonded to N22, C27, C28, and C29 with distances
that range between 2.998(2) and 3.478(2) A (Figure 2.11c). These interactions form
potassium-bipyridyl chains with the K3 sites of one chain linked to the K4 sites of an
adjacent chain by ethylenediamine bridges to create two-dimensional sheets. These
ethylenediamine bridges are almost all coordinated in a bidentate manner with K3
and K4 bridged by N1E, N2E and N1G with distances ranging between 2.864(2)
and 3.068(2) A. The exception is N2G which only interacts with K4, at a distance of

2.858(2) A. Potassium cations in adjacent sheets are held together by further bridging
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Figure 2.11: (a) Thermal ellipsoid representation of the atoms in the asymmet-
ric unit of 4. Anisotropic displacement ellipsoids pictured at the 50% probability
level. (b) Thermal ellipsoid representation of the atoms in the asymmetric unit of
5. Anisotropic displacement ellipsoids pictured at the 50% probability level. (c)
The structure of a single sheet of 4 in the crystallographic ac plane highlighting the
role played by ethylenediamine molecules in cross-linking chains of potassium cations
and bipyridyl anions. (d) View along the crystallographic ¢ axis showing the role of
ethylenediamine in holding adjacent sheets together. Note that hydrogen atoms have
been omitted from all structures for clarity.
ethylenediamine molecules: N1H and K1 with bond length 2.962(2) A (the second
half of the ligand is generated by symmetry) together with K2 and N1F and K3
and N2F at opposite ends of the same ligand with bonding distances of 2.934(2) and
3.074(2) A, respectively. These interactions cause the stacking of sheets to reveal the
three-dimensional crystal structure.

The compositional purity of both samples was confirmed by elemental microanal-

ysis and a powder X-ray diffraction pattern was collected for 5 to check for phase

purity (Figure 2.12).
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Figure 2.12: Comparison of calculated and experimental powder X-ray diffraction
patterns for 5.

2.4.2.3 Spectroscopic Characterisation

The IR spectra of 4 and 5 are very similar as would be expected for closely related
structures which vary only in the nature of the metal cation. Two strong bands appear
in the 900 — 1000 cm ™ region that are not present in the spectra of the neutral or
singly reduced species at 900 and 950 cm ! for 4 and at 902 and 951 cm ! for 5. Two
strong peaks arising from in-plane bending modes are found at 1257 and 1290 cm !
for 4 and at 1255 and 1291 cm™ for 5. This area contains only very weak peaks
for the neutral species and a weak band at 1267 cm ! for the radical monoanionic
species. As such it may be used diagnostically to distinguish the oxidation state of
2,4 -bipyridine. The C=C and C=N stretching region contains two further strong
peaks at 1574 and 1607 cm! for 4 and at 1576 and 1604 cm* for 5. These lie
approximately 10 cm™ higher than similar bands for the single reduced species and
as such are less useful in a diagnostic context. The Raman spectra of 4 and 5 are
again very similar to the IR spectra as the Cs symmetry of the 2,4 -bipy ligand means

that all possible vibrational modes are both IR and Raman active. Non-coincident

76



CHAPTER 2. ALKALI METAL SALTS OF BIPYRIDINE ANIONS

Figure 2.13: (a) DFT calculated 2,4 °-bipy LUMO showing the alternating bond-
ing and antibonding interactions in the m manifold. (b) Numbering scheme used in
describing bond metric changes.

peaks between IR and Raman spectra are attributed to the different bonding modes
of ethylenediamine in the crystal lattices or to trace impurities.

As was found with the 2,2 “-bipyridyl dianion, EPR measurements on solid samples
of 4 and 5 give rise to very weak resonances (¢ = 2.0035 and 2.0038, respectively) at
or around the ¢ value of 3 (¢ = 2.0037). This is again assumed to be the result of a
trace of the 2,4 -bipyridyl radical monoanion present either in the crystal structure,
occupying a dianion site, or alternatively introduced as a result of manipulations of

this highly air- and moisture-sensitive compound.

2.4.3 Electronic Structure and Bond Metrics

A comparison of the crystal structures of neutral 2,4 -bipy, 3 and 4 / 5 shows clear
trends in bond metrics due to the varying oxidation state of the bipyridine moiety.
DFT calculations show that the non-degenerate LUMO of the neutral species is very
similar to that of the SOMO of the radical species and the HOMO of the doubly
reduced species. It is this orbital that is populated upon reduction. This orbital has
net m-antibonding character and is shown, together with a bond numbering scheme,
in Figure 2.13.

During the step-wise reduction of 2.4"-bipyridine the neutral species LUMO is

half and then fully populated. Any areas with local bonding character cause an
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Figure 2.14: Graphical comparison of experimental and calculated bond lengths in
2,47-bipyridine and its reduced forms in 3, 4 and 5.

increase in bond order and shortening of bond lengths, while conversely any areas
of local antibonding character cause a decrease in bond order and an elongation of
bonds. Thus upon reduction bonds 1, 6, 9 and 12 would be expected to shorten
while bonds 2, 5, 7, 8, 10, 11 and 13 would be expected to become longer. This is
observed experimentally and data are provided in Figure 2.14 and Table 2.8. The
most substantial changes are to the lengths of bonds 1, 2, 7, 8 and 13. Bonds 3 and
4 show small, often statistically meaningless changes. The greatest variation in bond
length is observed for bond 1, the inter-ring bond which contracts from 1.484(av)
A in the neutral species, to 1.429(3) A in 3 due to an increase in © character. A
second reduction causes a further decrease in bonding distance to give an effective
double-bond with lengths of 1.385(av) or 1.386(av) A in 4 and 5, respectively. Similar
arguments can be made to rationalise the changes in other bond lengths. The trends
observed and the bond lengths themselves are consistent with those computed from

unrestricted geometry optimised DFT calculations.
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| 2.4 -bipy | 247-bipy | 2,47 -bipy*" |

| Bond: [| literature®®® [ [DFT] [ 3 | [DFT] | 4 \ 5 | [DFT] |
1 1.484(av) [1.489] | 1.429(3) | [1.431] | 1.385(av) | 1.386(av) | [1.395]
2 1.338(av) [1.360] | 1.382(3) | [1.408] | 1.434(av) | 1.436(av) | [1.452]
3 1.333(av) [1.350] | 1.345(3) | [1.343] | 1.344(av) | 1.341(av) | [1.334]
4 1.362(av) [1.397] | 1.383(3) | [1.403] | 1.375(av) | 1.377(av) | [1.417]
5 1.354(av) [1.398] | 1.404(3) | [1.422] | 1.428(av) | 1.424(av) | [1.439]
6 1.370(av) [1.395] | 1.371(3) | [1.381] | 1.353(av) | 1.350(av) | [1.376]
7 1.373(av) [1.405] | 1.432(3) | [1.435] | 1.457(av) | 1.455(av) | [1.461]
8 1.385(av) [1.405] | 1.430(3) | [1.437] | 1.464(av) | 1.469(av) | [1.467]
9 1.379(av) [1.395] | 1.375(3) | [1.384] | 1.357(av) | 1.354(av) | [1.381]
10 1.325(av) [1.356] | 1.360(3) | [1.375] | 1.386(av) | 1.386(av) | [1.389]
11 1.334(av) [1.358] | 1.363(3) | [1.380] | 1.377(av) | 1.371(av) | [1.400]
12 1.376(av) [1.393] | 1.369(3) | [1.381] | 1.359(av) | 1.359(av) | [1.376]
13 1.385(av) [1.406] | 1.431(3) | [1.436] | 1.465(av) | 1.468(av) | [1.464]

Table 2.8: Bond lengths for neutral 2,4 -bipyridine and its reduced forms in 3, 4 and
5. When multiple crystallographically unique bonds are present in a structure, mean
lengths are given. Values in square brackets come from geometry optimised structures
using DFT calculations. All bond lengths are in A.

Unlike the case of 2,2 -bipyridine, the positions of the nitrogen atoms in 2,4°-
bipyridine and its reduced forms do not allow chelation to take place, allowing ex-
amination and discussion of the inter-ring torsional angle. As 2,4 -bipyridine is se-
quentially reduced there is an increasing preference for ring co-planarity due to the
increasing double bond character of bond 1. However, for the four examples of the
neutral species crystallographically characterised and published in the CSD this angle
ranges between 0.16° and 32.31°. As a result it appears that the ring torsion angle is
strongly affected by crystal packing effects. Mean torsional angles of 4.27° in 3 and
0.77° and 1.31° in 4 and 5, respectively, show quite clearly that this is an unsuitable

diagnostic metric for determination of the oxidation state of 2,4 -bipyridine.
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2.5 4,4 -Bipyridine

The literature contains a vast amount of information on 4,4 -bipyridine, detailing
both its spectroscopic characteristics as well as reporting its inclusion in a wealth of
structures. In particular, 4,4 -bipy has seen considerable use in the fields of coordi-
nation polymers and metal-organic frameworks, where it is routinely employed as a
rigid, linear linker.®?%7 At the time of writing, the CSD structural database lists 5115
structures incorporating the ligand, however prior to this research only the neutral

species had been crystallographically characterised.

2.5.1 4,4 -Bipyridyl Radical Anion

The earliest documentation of the 4,4 -bipyridyl radical anion (4,4 -bipy~) comes
from solution EPR studies of organic radicals which were generated in situ from the
reduction of pyridine by alkali metals.! Further spectroscopic and electrochemical
investigations corroborated the existence of the radical species and provided consid-
erable information about the redox behaviour of the solvated molecule.!® 2123 More
recently the use of ab initio methods and Raman spectroscopic measurements have

8:24-26 1owever out-

been used to further investigate the structure of the monoanion,
side of this computed model, no structural information existed for the 4,4 -bipyridyl

radical anion prior to this research.

2.5.1.1 Synthesis

Na(4,4"-bipy)(en) (6) was prepared by the reaction of 4,4"-bipy with one equiva-
lent of sodium metal in ethylenediamine. This yielded an intensely coloured purple
solution from which dark-purple air- and moisture-sensitive crystals containing the
4,4”-bipyridyl radical anion (4,4 -bipy~) were isolated four days after layering with

benzene.
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Figure 2.15: Comparison of calculated and experimental powder X-ray diffraction
patterns for 6a and 6b.

2.5.1.2 Structural Characterisation

Two compositionally identical polymorphs of 6 were found to crystallise, Na(4,4"-
bipy)(en) (6a) and Nay(4,4"-bipy)s(en)s (6b), both of which display similar bond
metric parameters in the bipyridyl moiety. Powder X-ray diffraction measurements
indicate that 6a is the major product with contributions from 6b frequently not
observable in the resultant patterns (Figure 2.15). Bulk composition has additionally
been confirmed by elemental microanalysis however this technique cannot be used to
verify product ratios in this instance.

The structure of 6a consists of one-dimensional zig-zag chains that lie in a plane
perpendicular to the mid-plane of the ab and be crystallographic planes (Figure 2.16a
and b). Each sodium atom is in a distorted square planar environment, interacting
with one bidentate ethylenediamine with a Nal to N1E distance of 2.504(3) A, and

two symmetry related bipyridyl anions at N1 at a distance of 2.427(4) A. Adjacent
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Figure 2.16: (a) Thermal ellipsoid representation of the atoms in the asymmetric
unit of 6a. Symmetry generated atoms are not labelled. Anisotropic displacement
ellipsoids pictured at the 50% probability level. (b) Interactions forming the one-
dimensional chain-like structure highlighting packing to form a sheet. (c) Packing
diagram illustrating the electrostatic interactions between adjacent sheets. Note that
in (b) and (c), hydrogen atoms have been omitted for clarity.

sheets are then held together by electrostatic interactions between the sodium cations
of one sheet and the © manifolds of bipyridyl anions in neighbouring sheets, with a
closest contact point of 3.042(2) A between Nal and C4 (Figure 2.16c).

The minor product polymorph, 6b, has a slightly more complex structure. Nal
is coordinated to four bipyridyl anion linkers in a distorted tetrahedral environment,
giving rise to a negatively charged pseudo diamondoid network with Na—N interaction
distances in the range of 2.359(2) to 2.392(2) A (Figure 2.17a). Networks of this
topology, incorporating 4,4 -bipyridine linkers and a range of metal centres are well
known, but ordinarily carry a positive charge with anions situated in lattice cavities.®
An charge-inverted situation is present in 6b where the negatively charged network
must incorporate [Na(en)s|™ charge balancing cations in the lattice cavities. Both

ethylenediamine molecules are coordinated to Na2 in a bidentate manner with N-Na

distances between 2.421(2) and 2.518(4) A. An open face allows a further interaction

82



CHAPTER 2. ALKALI METAL SALTS OF BIPYRIDINE ANIONS

with C21, C22 and C23 of a nearby bipyridyl anion with the closest contact being
3.026(2) A to C22 as depicted in Figure 2.17a. The crystal structure is made up of

three such interpenetrating networks, illustrated in Figure 2.17b and c.

2.5.1.3 Spectroscopic Characterisation

EPR studies on bipyridyl radicals generated in situ by the use of alkali metals provided
some of the first evidence of the reduced form of 4,4 -bipyridine.! Both solid and
solution EPR measurements were run on samples of 6 and prove the existence of the
4,4"-bipyridyl radical species. Solution studies reveal a resonance, centred at a g value
of 2.0046. The relatively high symmetry of 4,4 -bipyridine compared to the 2,2"-
and 2,4°- isomers results in less hyperfine coupling. Coupling to two magnetically
identical N nuclei (I = 1), and two sets of four magnetically identical 'H nuclei (I
= 1/2), should give rise to a splitting pattern with 125 peaks: a quintet of quintets of
quintets. However, these splittings overlap, making the quintets less obvious (Figure
2.18a). The simulated spectrum was calculated using coupling constants reported
by Carrington and compares well with the solution resonance observed.!®> A solid
sample of 6 gave rise to a single, symmetric resonance with a g factor of 2.0025
(Figure 2.18b). This is a close match to the value for a free electron (g = 2.002319)
and is consistent with the presence of an unpaired electron in a n-orbital.

1

Raman measurements reveal an intense band at 1345 cm™ associated with an

inter-ring stretching mode, which though present in spectra of the neutral 4,4°-

1 This value compares well with literature

bipyridine species, occurs at 1300 cm™
reported peak positions of 1350 cm*.2426 A second intense, diagnostically useful
band occurs in the C=C and C=N stretching region at 1510 cm ™ (reported in the

literature at 1509 cm ') in a region containing no intense bands in the neutral species.
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Figure 2.17: (a) Thermal ellipsoid representation of the atoms in the asymmetric unit
of 6b. Atom positions are labelled with primes to denote symmetry generated equiv-
alents, included to illustrate coordination environment. Anisotropic displacement
ellipsoids pictured at the 50% probability level. (b) One of the three interpenetrated
distorted diamondoid networks depicted with translucent charge balancing cation
complexes. (c) Packing diagram showing all three interpenetrated networks with the
network in b) highlighted to guide the eye. Note that in (b) and (c), hydrogen atoms
have been omitted for clarity.
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Figure 2.18: (a) Comparison of experimental and calculated solution EPR spectra
for 6. (b) Solid state EPR spectrum for 6.

2.5.2 4,4°-Bipyridyl Dianion

While there has been a considerable amount of research published concerning the
singly reduced radical species 4,4 -bipy~, there is much less information on the dou-
bly reduced species, 4,4 -bipy?", despite electrochemical studies that show that the

dianion should be chemically accessible using alkali metals.!® %223

2.5.2.1 Synthesis

Nay(4,4 -bipy)(en)s (7) was prepared by the reaction of 4,4 “-bipy with slightly greater
than two equivalents of sodium metal in ethylenediamine. This yielded an intensely
coloured dark purple solution from which dark-purple air- and moisture-sensitive
plate-like crystals containing the 4,4 -bipyridyl dianion (4,4 -bipy? ) were isolated

several days after layering with benzene.
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2.5.2.2 Structural Characterisation

The 4,4 -bipyridyl dianion, 7, was found to undergo a phase transition between 200
and 250 K, changing from the Pnma space group (7a) at low temperatures to the
closely related but non-isomorphic supergroup Cmca (7b) at higher temperatures.
The structure of 7a initially appears complex, but a closer examination reveals a
layered, interpenetrated structure. Each 4,4 -bipyridyl dianion acts as a bridge be-
tween two crystallographically distinct sodium atoms Nal and Na2 with nitrogen to
sodium interaction distances of 2.360(2) and 2.372(2) A, respectively. These units are
in turn linked by terminally bonded ethylenediamine molecules, forming undulating
two-dimensional sheets (Figure 2.19a and b) with interaction distances of 2.462(2)
and 2.472(2) A for Nal-N1A and Na2 N2A, respectively. Three such sheets are in-
terpenetrated to form layers, running parallel to the crystallographic bc plane. Aside
from the mechanical weave holding sheets together, each bipyridyl dianion interacts
with sodium cations of the neighbouring sheets via the © manifold, as indicated in
Figure 2.19a. In this way Na2 interacts with the C2, C3 and C2° positions of a
bipyridyl moiety in an adjacent sheet with contact distances of 2.873(2), 2.801(2) and
2.873(2)A, respectively. On the opposite side of the anion C5, C4 and C5” inter-
act with Nal with bond distances of 2.879(2), 2.828(2) and 2.879(2) A, respectively.
Sheets stack along the crystallographic a axis with no obvious inter-layer interactions
(Figure 2.19c¢).

The structure of the higher temperature phase, 7b is closely related to that of
the lower temperature phase with the most significant change being the converging of
the previously crystallographically distinct Nal and Na2 atoms in 7a to form a single
crystallographically unique cation in 7b. This causes minor changes in the interaction
distances of coordinated nitrogen atoms with new distances of 2.363(4) and 2.471(3)
A for Nal-N1 and Nal-N1A, respectively. Coordination distances to the t manifold

of the bipyridyl dianion are also affected, changing to 2.886(4) and 2.826(4) A for
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Figure 2.19: (a) Thermal ellipsoid representation of the atoms in the asymmetric
unit of 7a. Atom positions are labelled with primes to denote symmetry generated
equivalents included to illustrate coordination environment. Anisotropic displacement
ellipsoids pictured at the 50% probability level. (b) One of the three interpenetrated
sheets present in a layer viewed along the crystallographic a axis. (c) Packing diagram
showing two adjacent layers. The three interpenetrated sheets are shown in different
colours on the top layer. This view along the crystallographic b axis also highlights
the lack of inter-layer interactions. Note that in (b) and (c), hydrogen atoms have
been omitted for clarity.
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Figure 2.20: (a) DFT calculated 4,4 -bipy LUMO showing the alternating bond-
ing and antibonding interactions in the m manifold. (b) Numbering scheme used in
describing bond metric changes.

Nal-C2 and Nal-C3, respectively. Bulk sample composition was corroborated by

elemental microanalysis.

2.5.2.3 Spectroscopic Characterisation

As with the other bipyridyl dianion isomers already discussed in this chapter, EPR
measurements on solid samples of 7 reveal a very weak resonance of the same shape
and position as that of the 4,4 -bipyridyl radical anion. This indicates that a small
amount of the singly reduced species remains, despite the excess of sodium used in
the synthesis of the dianion. Alternatively, a small amount of decomposition may
occur in the course of sample manipulations, causing partial oxidation to form trace
amounts of the radical.

The Raman spectra of multiple samples of 7 look very similar to that of the singly
reduced species 6 and as such no useful diagnostic bands may be identified in this

instance.

2.5.3 Electronic Structure and Bond Metrics

When comparing bond metric data from the crystal structures of neutral 4,4 “-bipyridine
and its reduced forms in 6a, 6b, 7a and 7b, a strong correlation between bond lengths

and bipyridine oxidation state emerges. Analogous DFT calculations to those used
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| 4,4 -bipy \ 4,4 -bipy~ \ 4,4 -bipy?
| Bond: | CSD* [[DFT|| 6a | 6b [[DFT]| 7a | 7b | [DFT]
1 || 1.484(av) [ [1.494] | 1.424(3) | 1.425(av) | [1.435] | 1.383(3) [ 1.384(8) | [1.392]
2 || 1.390(av) | [1.407] | 1.427(av) | 1.424(av) | [1.440] | 1.465(av) | 1.460(4) | [1.472]
3 ]| 1.383(av) | [1.394] | 1.368(av) | 1.368(av) | [1.382] | 1.364(av) | 1.359(4) | [1.378]
4 [ 1.336(av) | [1.356] | 1.357(av) | 1.354(av) | [1.377] | 1.378(av) | 1.369(4) | [1.395]

Table 2.9: Bond lengths for neutral 4,4 -bipyridine and its reduced forms in 6a,
6b, 7a and 7b. When multiple crystallographically unique bonds are present in a
structure, mean lengths are given. Values in square brackets come from geometry
optimised structures using DFT calculations. All bond lengths are in A.

for the 2,27- and 2,4"-bipy isomers again show that the neutral species LUMO is
very similar to the radical species SOMO and to the dianionic species HOMO, and
that it is this orbital that becomes incrementally populated upon ligand reduction.
The orbital has overall rt-antibonding character but contains localised bonding and
antibonding regions on alternate bonds. This is shown in Figure 4.18 along with a
bond numbering scheme. Areas with a local bonding interaction are expected to in-
crementally shorten upon orbital occupation as the bond order increases, whilst those
areas with a local antibonding interaction are expected to elongate due to a decreased
bond order. As such, bonds 1 and 3 are expected to shorten whilst bonds 2 and 4 are
expected to lengthen with successive reductions. Again, experimental results follow
the predicted trends with the inter-ring bond, bond 1, showing the greatest changes:
1.484(av) A in the neutral species, reducing to 1.424(av) A in the radical anion and
further contracting to 1.384(av) A in the dianion. These bond lengths and trends are
mirrored by the unrestricted geometry optimised structures from DFT calculations
as can be seen in Figure 2.21 and Table 4.2.

Torsion angles between the pyridyl rings of 4,4 -bipyridine are perhaps the most
likely of all the bipyridine isomers to provide a diagnostic means to determine oxida-
tion state as the linker is free to rotate about this axis without the changes to bonding
that would typically accompany such a motion in the 2,2” or 4,4 "-bipyridine isomers.

Theoretical studies have show that the preferred torsion angle for the neutral species
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Figure 2.21: Graphical comparison of experimental and calculated bond lengths in
4,4 -bipyridine and its reduced forms in 6 and 7.

of 4,4 -bipyridine is 40.8°,5® with the rings expected to become increasingly coplanar
as successive reductions add increasing double-bond character to bond 1. The mean
torsional angle of structures in the CSD is 18°,> however many near planar examples
do exist and so lattice effects appear dominant. The mean torsion angles for the
singly and doubly reduced species are 0.815° and 1.93°, respectively, meaning that

this remains unusable as a diagnostic metric, even in the case of 4,4 "-bipyridine.

2.6 Summary of Chapter 2

This chapter details the synthesis and structural characterisation of the single and
double reduction products of the 2,2°, 2.4” and 4,4 -bipyridine isomers. In all cases
results are compared to literature values (where available) and explained by reference
to DFT calculated models. The following chapters build upon this work by exam-

ining the incorporation of reduced bipyridine ligands in a range of transition metal
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Chapter 3

Reduction of Transition Metal

Complexes of 2,2 -Bipyridine

3.1 Introduction

The ability of 2,2 -bipyridine to act as a bidentate ligand to elements from all areas
of the periodic table has resulted in its incorporation into a vast number of complexes
making it a ubiquitous ligand in the field of coordination chemistry. One result of
this extensive use is that there exists a large volume of data reported in the chemical
literature documenting the properties of both bipyridine itself and of the complexes
it forms.

The reduction of 2,2 -bipyridine to yield its radical anionic and dianionic forms
has been well established, as discussed in Chapter 2. DFT calculations were used to
rationalise changes in bond metrics, determined experimentally from single crystal
X-ray diffraction studies. These show that chemical reduction involves the stepwise
population of an energetically low-lying bipyridine n orbital with overall antibonding
character (Figure 3.1a). Nodes between bonds and the resulting opposing phases of

the orbital around adjacent bonds causes alternating bond elongation and contrac-
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Figure 3.1: (a) The LUMO of neutral 2,2"-bipyridine. (b) Lewis structure rep-
resentations of the neutral, radical anionic and dianionic forms of 2,2 -bipyridine,
rationalising the decrease in inter-ring bond length.

tion as the orbital is populated, with the largest change occuring at the previously
identified inter-ring bond which was found to contract in statistically significant steps

from approximately 1.49 A in the neutral species, to 1.43 A in the singly reduced

radical anion and to 1.39 A in the dianion (Figure 3.1b).*

3.1.1 Structurally Characterised Compounds Containing Re-
duced 2,2 "-Bipyridyl Ligands

Several main group, lanthanide and actinide complexes incorporating reduced forms
of bipyridine have been synthesised and structurally characterised. These findings are
briefly summarised here, with reference to the diagnostic bond metric data determined

from the alkali metal salts detailed in the previous chapter.

3.1.1.1 Main Group Compounds

Structures containing reduced forms of 2,2’-bipyridine have been reported for five
main group compounds. The crystal structure of the earliest reported example,
Si(2,2-bipy)s from 1979, was determined using considerably poorer instrumentation

than is available today (Figure 3.2).> Large esd values and anisotropic refinement
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@ Carbon @ sSilicon @ Nitrogen

Figure 3.2: Crystal structure of Si(2,2"-bipy)s. Hydrogen atoms have been omitted
for clarity.’

of the silicon atom alone prevent a rigorous interpretation of the X-ray data, but
inter-pyridyl bond lengths of 1.34(1) and 1.35(1) A are certainly consistent with the
authors interpretation of the compound’s electronic configuration, namely an Si(IV)
cation and two doubly reduced bipyridyl ligands.

The remaining four structures were published far more recently and benefit from
extensive improvements in single crystal X-ray diffraction experiment techniques. In
2003 the anion [Al(2,2"-bipy)s|” was characterised in [Li(THF)4|[Al(2,2-bipy)s], dis-
playing bipyridyl inter-ring bonds of 1.365 and 1.371 A (no esd values given, Figure
3.3).% Though the bond metrics and intuitive charge assignments suggest the complex
should contain two dianionic ligands, NMR and computational studies indicate that
the charge on aluminium is non-integer, lying between 2+ and 3+, requiring some
radical anionic ligand character.

Most recently, three related boron complexes were reported by Russell, Norman
and co-workers.”® BCly(2,2 -bipy), BCI(2,2 -bipy) and BPh(2,2 -bipy) (Figure 3.4)
crystallise with inter-ring bond lengths of 1.413(3), 1.379(2) and 1.380(av) A, respec-
tively. This corroborates EPR or NMR (as appropriate) spectroscopic results and
DFT calculations supporting the assignment of the first compound as containing a
radial monoanionic bipyridyl ligand and the latter two as containing dianionic ligands.

A summary of these findings is presented in Table 3.1.
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@ Aluminium @ Carbon @ Nitrogen

Figure 3.3: Crystal structure of the [Al(2,2"-bipy)s|™ anion structurally characterised
in |Li(THF)4][Al(2,2 -bipy)s]. Hydrogen atoms have been omitted for clarity.®

a) b)

J Boron @ Carbon 0 Chlorine @ Nitrogen

Figure 3.4: Crystal structures of (a) BCly(2,2 -bipy) (b) BCI(2,2"-bipy) and (c)
BPh(2,2 -bipy). Hydrogen atoms have been omitted for clarity.”8

Compound: Inter-pyridyl Proposed electronic configuration:
bond length (A)
Si(2,2-bipy)s 1.34(1), 1.35(1) Si(IV)[(2,2-bipy)? |-
[Li(THF)4|[AL(2,2 "-bipy)s] 1.365, 1.371 [AI(TID)[(2,2 " -bipy)? ]o]
[BClLy(2,2"-bipy)] 1.413(3) BCly[(2,2-bipy) |
[BCI(2,2"-bipy)] 1.379(2) BCI[(2,2"-bipy)? ]
[BPh(2,2"-bipy)] 1.380(av) BPh|(2,2"-bipy)* |

Table 3.1: Summary of inter-pyridyl bond distances and proposed electronic config-
urations for the main group compounds discussed in this section.
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@ Carbon @ Nitrogen ‘ Samarium

Figure 3.5: Crystal structure of Cp*sSm(2,2"-bipy) (Cp* = C;Mes). Hydrogen atoms
have been omitted for clarity.’?

3.1.1.2 Lanthanide Compounds

While ligand bonding within lanthanide compounds is often interpreted as being
highly ionic in character, there is potential for multiple cation oxidation states in the
presence of redox active ligands such as 2,2 -bipyridine. This phenomenon has made
the study of these species far from trivial. For example, in 1989 Evans and co-workers
structurally characterised Cp*,Sm(2,2"-bipy) (Cp* = CsMes, Figure 3.5).° This com-
pound may be rationalised within two competing formulations; either as a Sm(II) site
coordinated by a neutral bipyridine ligand, or as a Sm(III) site coordinated by a rad-
ical anionic bipyridyl ligand. The structural data reveal an inter-ring bond length
of 1.429(4) A, making a case for the Sm(III) assignment, which was corroborated by
NMR and IR studies.

The ytterbium analogue of this structure, Cp*;Yb(2,2 -bipy), was structurally
characterised in 2002 by Tilley, Andersen and co-workers (Figure 3.6a).!° The authors
report a bipyridyl inter-ring bond length of 1.383(av) A which suggested the presence

of a reduced bipyridyl ligand. Subsequent EPR, SQUID and DFT measurements were
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J Boron @ Carbon ‘ Lanthanum @ Nitrogen JYtterbium

Figure 3.6: Crystal structures of (a) La(TpM®)y(2,2"-bipy) (TpM®2 = hydrotris(3,5-
dimethylpyrazolyl)borate and (b) Cp*3Yb(2,2"-bipy). Hydrogen atoms have been
omitted for clarity.!%13
used to investigate the electronic structure of this system which was found to have a
significant temperature dependance, varying between (Me;Cs)2Yb(II)(2,2"-bipy) and
(Me;Cs)2 Yb(IID)[(2,2 " -bipy) .1 12

NMR spectroscopy and SQUID magnetometry were used by Roitershtein and co-
workers in 2003 to demonstrate the presence of a singly reduced bipyridyl radical anion
in La(TpMe2),(2,2"-bipy) (TpM®2 = hydrotris(3,5-dimethylpyrazolyl)borate which was
crystallographically characterised and exhibited a bipyridyl inter-ring bond distance
of 1.44(2) A (Figure 3.6b)."* NMR studies revealed a spectrum containing no reso-
nances associated with the bipyridyl ligand while the magnetic response recorded was
consistent with a single unpaired electron.

A summary of these findings is presented in Table 3.2.
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Compound: Inter-pyridyl Proposed electronic configuration:
bond length (A):
Cp*3Sm(2,2 -bipy) 1.429(4) Cp*ySm(III)[(2,2"-bipy) |
Cp*2Yb(2,2"-bipy) 1.383(av) Cp*y Yb(III)[(2,2 "-bipy) |
La(Tp™2)4 (2,2 -bipy) 1.44(2) La(IIT)(Tp™e2)[ (2,2 -bipy) |

Table 3.2: Summary of inter-pyridyl bond distances and proposed electronic config-
urations for the lanthanide compounds discussed in this section.

@ Carbon @ Nitrogen OUranium

Figure 3.7: Crystal structure of U(2,2"-bipy),. Hydrogen atoms were not modelled
in the literature structure.*

3.1.1.3 Actinide Compounds

The earliest structurally characterised actinide complex containing a 2,2 -bipyridine
ligand with a short inter-pyridyl bond distance was published in 1975. Despite a re-
ported short inter-pyridyl ring bond length of 1.416(av) A, U(2,2”-bipy), (Figure 3.7)
was initially regarded as a U(0) compound.!* Although esd values for this structure
are large, it has been more recently discussed as a U(II) complex with two electrons
delocalised across all four bipyridyl ligands. However without further characterisation
no definitive analysis is possible.!% 16

The oxidation state ambiguity in the previous complex is partially addressed by
two related species, Cp*(CgHg)U(2,2 -bipy) (Figure 3.8a) and (TpMe2),U(2,2"-bipy)

(TpMe2 = hydrotris(3,5-dimethylpyrazolyl)borate, Figure 3.8b). Both systems have
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& Boron . Carbon O Nitrogen 'Uranium

Figure 3.8: Crystal structures of (a) Cp*(CgHg)U(2,2"-bipy) and (b) (Tp™©2),U(2,2"-
bipy) (TpMe2 = hydrotris(3,5-dimethylpyrazolyl)borate. Hydrogen atoms have been
omitted for clarity.!”!8
been discussed as U(II) complexes incorporating reduced bipyridyl ligands. Single
crystal X-ray diffraction measurements reveal inter-ring bond lengths of 1.427(3) and
1.409(13) A, respectively, which in conjunction with spectroscopic and theoretical in-
vestigations, strongly suggest the existence of singly reduced bipyridyl radical ligands
in each complex.!”18

Most recently, the thorium complex (1°-1,2,4(¢-Bu)3CsHs)2 Th(2,2-bipy) was crys-
tallographically characterised (Figure 3.9) by Walter and co-workers.!® The reported
inter-pyridyl bond length of 1.382(8) A is considerably shorter than those of the ura-
nium complexes above. The potential presence of a 2,2 -bipyridyl dianion was con-
firmed by NMR studies: the 'H spectrum was consistent with a diamagnetic Th(IV)
compound but showed unusual bipyridyl resonance shifts of between 7.08 and 5.29

ppm, attributed to reduced deshielding around the bipyridyl aromatic rings.

A summary of these findings is presented in Table 3.3.

102



CHAPTER 3. REDUCTION OF T.M. COMPLEXES OF 2,2°-BIPYRIDINE

@ Carbon @ Nitrogen JThorium

Figure 3.9: Crystal structure of (n°-1,2,4(¢-Bu)3Cs;Hs)oTh(2,2 -bipy). Hydrogen
atoms have been omitted for clarity.!®

Compound: Inter-pyridyl Proposed electronic configuration:
bond length (A):
U(2,2"-bipy), 1.416(av) U(II)(2,2"-bipy)2[(2,2 "-bipy)" |2
Cp*(CgHg)U(2,2"-bipy) 1.427(3) Cp*(CgHg)U(ID)[(2,2"-bipy) ]
(TpMe2),U(2,2 -bipy) 1.409(13) (TpMe2), U(I1)[(2,2 " -bipy) |
(Cp'Bus),Th(2,2 -bipy) 1.382(8) (CpBus), Th(IV)[(2,2 " -bipy)? ]

Table 3.3: Summary of inter-pyridyl bond distances and proposed electronic config-
urations for the actinide compounds discussed in this section. Cp?™Bu = (n°-1,2,4(¢-
BU)3C5H2)
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3.1.2 Transition Metal Compounds

There are far fewer transition metal complexes unequivocally shown to incorporate a
reduced bipyridine ligand, none of which have been structurally characterised. The
first example of such a complex was Na|Cr(CO)4(2,2"-bipy)|, synthesised via the alkali
metal reduction of Cr(CO)4(2,2"-bipy). Several independent studies have been car-
ried out on this species and EPR, electronic absorption, IR spectroelectrochemistry
and UV /Vis spectroscopy as well as DFT calculations indicate the presence of rad-
ical monoanionic character on the bipyridine ligand.?%2! Small increases in electron
density were calculated for all carbonyl groups in the reduced species. This increase
in electron density was observed experimentally by IR spectroscopy, with the two
equatorial CO ligands in particular found to be considerably weakened. This is ex-
plained as a consequence of significant t-backbonding from the electron rich bipyridyl
radical anion to the metal d orbitals which can then donate electron density to the
antibonding 7*(CO) orbital .?2:23

However, although no publications specifically report coordination complexes con-
taining an anionic bipyridyl ligand, three structures exist in which bond metric data
is consistent with the presence of a reduced bipyridyl moiety. These were discussed
in detail in Chapter 1 and so only a brief summary is provided here.

The crystal structures of Mo(i-PrO),(2,2”-bipy)a, Co(CsMe;)(2,2-bipy) and the
anionic complex in [K(dibenzo-18-crown-6)|[Ru(CsMes)(2,2"-bipy)| are shown in Fig-
ure 3.10.24°26 The inter-pyridyl bond lengths in these ligands are 1.425(4), 1.419(3)
and 1.401(9) A, respectively, suggesting that the first two compounds may contain a
bipyridyl radical monoanion while the latter system may contain a dianion. In the
first two examples, unusual bonding is rationalised by reference to resonance canon-
icals and not by consideration of ligand reduction. The shorter bipyridyl inter-ring
bond in the ruthenium complex was not discussed by the authors, but time resolved

NMR measurements reveal a diamagnetic system that decomposes to give a param-
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4
N \\ ”

ot

@ Carbon ‘ Cobalt O Molybdenum @ Nitrogen @ Oxygen o Ruthenium

Figure 3.10: Crystal structures of (a) Mo(i-PrO),(2,2"-bipy)s, (b) Co(CsMes)(2,2 -
bipy) and (c) the anionic complex in [K(dibenzo-18-crown-6)|[Ru(Cs;Mes)(2,2"-bipy)].
Hydrogen atoms have been omitted for clarity.

agnetic response. Of particular note are two bipyridyl hydrogen resonances occuring
at 5.87 and 5.57 ppm. These are considerably more shielded than might be ordi-
narily expected for an aromatic system and are very similar to the 5.29 ppm shift
observed for the thorium complex discussed in the previous section. This provides
some support for the existence of a doubly reduced bipyridyl ligand (which would be
diamagnetic) that is slowly oxidised to the singly reduced (and paramagnetic) radi-
cal monoanion. The authors note that the high air- and moisture-sensitivity of the

compound prevented a more rigorous analysis.

3.1.3 Non-Innocent Behaviour

When a ligand capable of existing in multiple oxidation states is coordinated to
a central atom that may also be found in one of several oxidation states there
can be ambiguities in assignment of electronic structure and the potential for non-
innocent behaviour. For the alkali metal salts detailed in the previous chapter this
uncertainty was not possible, but for a transition metal complex containing 2,2°-
bipyridine there are up to three potential electronic structure assignments. Consider
the hypothetical complex [MLy, (2,2 -bipy)|™"; this could exist as [ML,|™" (2,2 "-bipy),

[ML, |t +D+(2,2"-bipy)~ or [ML,|™*?%(2,2"-bipy)*. Distinguishing between such
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species without EPR spectroscopy and magnetic data is highly challenging.

An additional subtlety is that reduction of the metal could conceivably lead to
increased m-backbonding from an electron rich metal centre to the same bipyridine
orbital that would be occupied by direct reduction of the ligand. Were this to happen
there would be considerable difficulty associated with distinguishing the two effects.
This problem has been identified and discussed in the literature with recent theoretical
calculations suggesting that 2,2 -bipyridine is a poor m-acceptor and thus that if this
donation does take place, its effect will not be great.?”3!

The aim of the work reported in this chapter is the synthesis and characterisa-
tion of a homologous series of complexes where neutral and reduced forms of 2,2"-
bipyridine are coordinated to dimesityl metal centres. Subsequently, trends in the
magnetic and electronic properties of these compounds may be analysed to deter-
mine the extent to which X-ray structure bond metrics may be used as a tool in
the identification of 2,2 -bipyridine ligand oxidation states in transition metal com-
pounds. Furthermore, comparison of results across the series will be used to probe

the level of n-backbonding that takes place.

3.2 Neutral Compounds: [M(2,2 -bipy)(mes),|°

The structures discussed here and in the next section (the reduced analogues) are
subsequently analysed together allowing for trends and their potential causes to be

discussed.

3.2.1 General Synthesis

The neutral species M(2,2 -bipy)(mes)s (M = Cr, Mn, Fe, Co, Ni) discussed in this
section were (with the exception of Ni) synthesised by the reaction of a M(mes),

containing precursor with 2,2 -bipyridine. Crystalline samples were obtained by the
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slow diffusion of hexanes into a concentrated THF solution of the reaction products.

3.2.2 Synthesis and Structural Characterisation
3.2.2.1 Cr(2,2-bipy)(mes).-THF

This compound was prepared following an adapted literature preparation.?? Reac-
tion of CrCly with two equivalents of (mes)MgBr at —78 °C in THF and addition
of an excess of 2,2 -bipyridine formed a purple solution and light purple precipitate.
The purple solution was filtered and combined with multiple THF washings of the
purple solid. Slow diffusion of hexanes into a concentrated THF solution yielded
crystals of Cr(2,2"-bipy)(mes),-THF (8), while diffusion of benzene yielded Cr(2,2"-
bipy)(mes)2-1.5CsHg (Figure 3.11). Solvent elimination from samples exposed to
vacuum and subsequent loss of crystallinity prevented collection of powder X-ray
data. An elemental microanalysis measurement was consistent with a solvent free

composition.

3.2.2.2 Mn(2,2-bipy)(mes);

Reaction of Mn(mes); with 2,2 -bipyridine in THF caused the formation of a blue
solution, which yielded small crystals of Mn(2,2 -bipy)(mes)s (9, Figure 3.12) upon
slow diffusion of hexanes. Bulk purity of the solid was confirmed by both a powder
X-ray diffraction pattern which was found to match that calculated from the single

crystal X-ray diffraction data (Figure 3.13), and by elemental microanalysis.

3.2.2.3 Fe(2,2"-bipy)(mes)2

As with the synthesis of 9, reaction of Fes(mes), with half an equivalent of 2,2"-
bipyridine in THF, generated a deep red solution. Crystals from this solution were

determined to be Fe(2,2”-bipy)(mes)s (10, Figure 3.14), with bulk sample purity
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Figure 3.11: (a) Thermal ellipsoid representation of the asymmetric unit in 8.
(b) Orientation highlighting the pseudo square planar coordination environment,
®(Cr1,N1,N2)-(Cr1,C11,012) — 8.1°% Anisotropic displacement ellipsoids pictured at the
50% probability level. Hydrogen atoms and solvent molecules have been omitted for
clarity.

Figure 3.12: (a) Thermal ellipsoid representation of the asymmetric unit of
9. (b) Orientation highlighting the pseudo tetrahedral coordination environment,
(Mn1,N1,N2)-(Mn1,C11,012) — 70.6°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Hydrogen atoms have been omitted for clarity.
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—— experimental
—— calculated
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Figure 3.13: Comparison of calculated and experimental powder X-ray diffraction
patterns for 9.
confirmed by a powder X-ray diffraction pattern (Figure 3.15) and elemental micro-

analysis.

3.2.2.4 Co(2,2"-bipy)(mes).-THF

Co(mes)o(PPhEts)s and 2,2 -bipyridine were reacted together in THF to form a dark
red solution, from which black crystals of Co(2,2-bipy)(mes),-THF were isolated (11,
Figure 3.16). A powder X-ray diffraction pattern was found to match that calculated
from a separate room-temperature single crystal X-ray data collection (Figure 3.17)
due to anisotropy in the unit cell expansion with temperature (no change of space
group was observed). Table 3.4 lists the unit cell parameters at 150 and 293 K.

Elemental microanalysis demonstrated compositional sample purity.
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C23

Figure 3.14: (a) Thermal ellipsoid representation of the asymmetric unit of
10. (b) Orientation highlighting the pseudo tetrahedral coordination environment,
G (Fe1,N1,N2)-(Fe1,C11,c12) = 0.2°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Hydrogen atoms have been omitted for clarity.

—— experimental
—— calculated

10 15 20 25 30 35 40
2 Theta / degrees

[

Figure 3.15: Comparison of calculated and experimental powder X-ray diffraction
patterns for 10.
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Figure 3.16: (a) Thermal ellipsoid representation of the asymmetric unit of 11.
(b) Orientation highlighting the pseudo square planar coordination environment,
D (Col N1,N2)-(Col,C11,c12) — 22.0°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Atom positions labelled with primes denote symmetry gener-
ated equivalents related by 0.5 — z, 0.5 — y, 2. Hydrogen atoms and solvent molecules
have been omitted for clarity.

] 150(2) K \ 203(2) K \
space group Pcen Pcen
crystal system | orthorhombic | orthorhombic
a/ A 10.7358(1) 11.4458(2)
b/ A 14.5102(1) 14.2281(2)
c/ A 17.9942(1) 18.1595(4)
V /A3 2803.11(4) 2957.31(10)
Peale | g cm > 1.245 1.180

Table 3.4: Selected X-ray data parameters from a crystal of 11 at 150 and 293 K.
Note the difference in unit cell parameters arising due to the effects of anisotropic
thermal expansion.
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—— experimental
—— calculated (293 K)
calculated (150 K)

2 2 35 3 w0
2 Theta / degrees
Figure 3.17: Comparison of temperature resolved (red, 293 K and green, 150 K)
calculated powder patterns with experimental (blue, 293 K) powder X-ray diffraction

data for sample 11, illustrating the effects of anisotropy in the temperature dependent
crystal lattice expansion of this sample.

112



CHAPTER 3. REDUCTION OF T.M. COMPLEXES OF 2,2°-BIPYRIDINE

b)

Figure 3.18: (a) Thermal ellipsoid representation of the asymmetric unit of 12.
(b) Orientation highlighting the pseudo square planar coordination environment,
N1, N1,N2)-(Ni1,c11,c12) — 12.4°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Hydrogen atoms have been omitted for clarity.

3.2.2.5 Ni(2,2 -bipy)(mes)-

33,34 Crystals were isolated from a

This was prepared following a literature procedure.
purple THF solution and were confirmed to be Ni(2,2 -bipy)(mes), (12, Figure 3.18).
Phase purity was determined by comparison of a powder X-ray diffraction pattern

with that calculated from the single crystal X-ray diffraction (Figure 3.19). Bulk

purity was confirmed by elemental microanalysis.

3.3 Reduced Compounds: [M(2,2 -bipy)(mes)s|”

3.3.1 General Synthesis

The compounds detailed in this section were all formed by the reduction of the rel-
evant neutral species precursor, using either potassium metal or potassium graphite

(Figure 3.20). The variety of sequestering agents used is a result of the requirement
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—— experimental
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Figure 3.19: Comparison of calculated and experimental powder X-ray diffraction
patterns for 12.

_ -0
o=a
\_/ 78\ K, seq. agent N\ /N
N N= M
\M/ >

THF

[K(seq.agent)] ®

Figure 3.20: General scheme for the synthesis of the [M(2,2 -bipy)(mes),|” products
described in this chapter.
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for highly accurate X-ray structural information. Formation of sufficiently large, high
quality crystals of these very air- and moisture-sensitive samples proved challenging
and frequently a specific sequestering agent was needed to ensure optimal crystal
growth. Crystals were typically grown by the slow diffusion of hexanes into a concen-

trated THF solution of the product.

3.3.2 Synthesis and Structural Characterisation
3.3.2.1 [K(dibenzo-18-crown-6)-THF]|[Cr (2,2 "-bipy)(mes).|-2THF

The reaction of 8 with KCg in the presence of dibenzo-18-crown-6 yielded a brown
solution, from which dark brown crystals of [K(dibenzo-18-crown-6)-THF|[Cr(2,2"-
bipy)(mes)q|-2THF were isolated (13, Figure 3.21). A loss of crystallinity upon grind-
ing prevented collection of a powder X-ray diffraction pattern, while the high air- and
moisture-sensitivity of the sample appeared to lead to at least partial decomposition
and incomplete combustion (likely due to carbide formation) of samples submitted

for elemental microanalysis.

3.3.2.2 [K(18-crown-6)][Mn(2,2 "-bipy)(mes),]

The reduction of 9 was effected using potassium metal in THF in the presence of
18-crown-6, resulting in a dark brown solution from which small crystals of [K(18-
crown-6)|[Mn(2,2 “-bipy) (mes)s|-2THF were isolated in low yield (14a, Figure 3.22).
Due to the size of crystals produced, data were collected using synchrotron radia-
tion at Beam Station 119 of the Diamond Light Source. Larger crystals could be
grown from pyridine/toluene solutions, characterised as [K(18-crown-6)|[Mn(2,2°-
bipy)(mes)2]-0.67py-0.67tol (14b, Figure 3.23, py = pyridine, tol = toluene). At-
tempts to synthesise a pure microcrystalline sample of this compound were unsuc-
cessful for two reasons: very low yields were obtained of this highly reactive species

making product manipulation challenging; and the tendency of mixtures containing
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b)

Figure 3.21: (a) Thermal ellipsoid representation of the asymmetric unit of
13. (b) View highlighting the pseudo square planar coordination environment,
G(cr1,N1N2)-(Cr1,cl1,c12) — 22.7°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Hydrogen atoms and solvent molecules have been omitted for
clarity.

even a slight excess of reducing agent to yield oils rather than crystals.

3.3.2.3 [K(2,2,2-crypt][Fe(2,2 "-bipy)(mes)2]

Compound 10 was reduced by potassium metal in the presence of 2,2,2-crypt in
THF. The resulting dark brown solution yielded dark purple and pale green crys-
tals. The dark purple product was crystallographically characterised as [K(2,2,2-
crypt)|[Fe(2,2-bipy)(mes)q| (15, Figure 3.24), while the pale green crystals were de-
termined to be [K(2,2,2-crypt)|[Fe(mes);]-C¢H12(18, Figure 3.25). A pure sample of
15 was obtained by the slow diffusion of toluene into a mixture of 15 and 18 in pyri-
dine. The success of this technique was confirmed by elemental microanalysis and a
powder X-ray diffractogram which matched the pattern calculated from the crystal
structure of 15 (Figure 3.26). Despite repeated attempts, the synthesis or isolation
of a pure sample of 18 was unsuccessful. Selected structural parameters from the

crystal structure of 18 are given Table 3.5.
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Figure 3.22: Thermal ellipsoid representation of the asymmetric unit of 14a.
dvn1,N1,N2)-(Mn1,c11,c12) = 81.9°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Atom positions labelled with primes denote symmetry gener-
ated equivalents related by z, -y, 2. Hydrogen atoms and solvent molecules have been
omitted for clarity.

Distance: Fel-C11 2.074(3)
Distance: Fel-C21 2.085(3)
Distance: Fel-C31 2.083(3)
Angle: C11-Fel C21 116.1(1)
Angle: C21 Fel 31 121.1(1)
Angle: C31-Fel-C11 122.7(1)
‘Blade angle’ mes(C11) 64.7
‘Blade angle’ mes(C21) 60.9
‘Blade angle’ mes(C31) 70.6
Distance Fel-plane(C11, C21, C31) | 0.044

Table 3.5: Selected structural parameters from the crystal structure of 18. ‘Blade
angle’ refers to the rotation of the associated mesityl group relative to the C11, C21,
C31 plane. Distances are given in Angstrom and angles in degrees.
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Figure 3.23: Thermal ellipsoid representation of the asymmetric unit of 14b.
P (Mn1,N1,N2)-(Mn1,C11,c12) = 82.3(av)°’. Anisotropic displacement ellipsoids pictured at
the 50% probability level. Atom positions labelled with primes denote symmetry gen-
erated equivalents related by —z, y, —z+1/2. Hydrogen atoms and solvent molecules
have been omitted for clarity.

118



CHAPTER 3. REDUCTION OF T.M. COMPLEXES OF 2,2°-BIPYRIDINE

Figure 3.24: Thermal ellipsoid representation of the asymmetric unit of 15.
@ (Fe1 N1,N2)-(Fel,C11,c12) — 8.6°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Hydrogen atoms have been omitted for clarity.

Figure 3.25: Thermal ellipsoid representation of the asymmetric unit of 18.
Anisotropic displacement ellipsoids pictured at the 50% probability level. Hydrogen
atoms and a hexane molecule have been omitted for clarity.
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Figure 3.26: Comparison of calculated and experimental powder X-ray diffraction
patterns for 15.

3.3.2.4 [K(2,2,2-crypt)][Co(2,2 “-bipy)(mes),]

Potassium metal in the presence of 2,2,2-crypt was used to reduce a solution of 11 in
THF, forming a dark brown solution which yielded crystals of [K(2,2,2-crypt)][Co(2,2 -
bipy)(mes)s| (16, Figure 3.27). A powder X-ray diffraction pattern was found to
match that calculated from the single crystal structure (Figure 3.28) while bulk com-

position was proved by elemental microanalysis.

3.3.2.5 [K(2,2,2-crypt)]|[Ni(2,2 "-bipy)(mes)2]

The reduction of 12 was achieved using KCg in the presence of 2,2, 2-crypt in THF.
The resulting solution yielded dark purple crystals of [K(2,2,2-crypt)|[Ni(2,2"-bipy)-
(mes)s] (17, Figure 3.29). Phase and compositional purity were determined using

powder X-ray diffraction (Figure 3.30) and elemental microanalysis.
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b)

Figure 3.27: (a) Thermal ellipsoid representation of the asymmetric unit of
16. (b) View highlighting the pseudo square planar coordination environment,
®(Col N1,N2)-(Col,C11,c12) — 4.2°. Anisotropic displacement ellipsoids pictured at the
50% probability level. Atom positions labelled with primes denote symmetry gener-
ated equivalents related by y, x, —z. Hydrogen atoms have been omitted for clarity.

—— experimental
—— calculated

5 10 15 20 25 30 35 40
2 Theta / degrees

Figure 3.28: Comparison of calculated and experimental powder X-ray diffraction
patterns for 16.
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b)
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Figure 3.29: (a) Thermal ellipsoid representation of the asymmetric unit of
17. (b) View highlighting the pseudo square planar coordination environment,
G(Ni1,N1,N2)-(Ni1,c11,¢12) = 9.3°. Anisotropic displacement ellipsoids pictured at the 50%
probability level. Atom positions labelled with primes denote symmetry generated
equivalents related by ¥, x, —z. Hydrogen atoms have been omitted for clarity.

—— experimental
—— calculated

e,

Figure 3.30: Comparison of calculated and experimental powder X-ray diffraction
patterns for 17.

20 25 30 35 40
2 Theta / degrees
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3.4 Results and Discussion

3.4.1 Trends in Bond Metrics

The crystal structures given in the previous section show both tetrahedral and square
planar coordination modes. By considering the atoms immediately surrounding the
transition metal a torsion angle (¢) may be defined between the plane containing M,
C11 and C12, and the plane containing M, N1 and N2. For a pseudo square planar
species this value should fall between 0 to 20° while in pseudo tetrahedral compounds
a much larger angle of 70 to 90° is found. Within the neutral species, the chromium,
cobalt and nickel containing structures (8, 11 and 12) fall into the former category (¢
= 8.1, 22.0 and 12.4°, respectively), while the manganese and iron complexes (9 and
10) are in the latter category (¢ = 70.6 and 70.2° respectively). Ligand field theory
explains the preference for the pseudo square planar orientation of the d* chromium
(8) and d® nickel (12) complexes as well as the pseudo tetrahedral coordination

35 However, cobalt complexes

around the d® manganese (9) and d°® iron (10) sites.
may exhibit either tetrahedral or square planar geometry and for this system DFT
calculations reveal only a small energy difference between the two, with the observed
square planar species having the lower energy, potentially a result of the relatively
strong ligand field generated by the mesityl ligands.

Moving across the series, there is substantial variation in M—C and M-N bond dis-
tances (Figure 3.32a). Initially considering only the pseudo square planar complexes
(chromium, cobalt and nickel), there is a systematic decrease in both sets of bond
distances. This is due to increased effective nuclear charge on traversing the first
row transition metal series from left to right. The two pseudo tetrahedral complexes
(manganese and iron) show a similar trend though bond distances are longer owing to

the population of orbitals with M-C and M-N antibonding character in this geome-

try (relative to the square planar complexes). This effect is shown diagramatically in
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Tetrahedral: Square Planar:
A dZ 2
= b1
g
mean d mean d
- . d . d
& orbital energy oy e "y tz orbital energy 2 b
- | _ _ 2g
< dad. .
L LI N d.
— al
g
d
Xz _yz
g

Figure 3.31: Diagramatic representation of the relative energies of the d orbitals in
idealised tetrahedral and square planar geometries.
Figure 3.31 where the highlighted orbitals have antibonding character. The high-spin
tetrahedral d® manganese (9) and d°® iron (10) complexes populate the t, antibonding
orbitals while the other (square planar) systems populate primarily bonding orbitals.
The occupied antibonding orbitals in the tetrahedral geometry are responsible for the
observed elongation of M—C and M-N bonds. Interestingly, bond metrics within the
bipyridine ligand remains virtually unchanged across the series, suggesting no signifi-
cant backbonding from the metal takes place. This is consistent with the calculations
of 2,2 -bipyridine having low m-acceptor ability reported by Dieck and co-workers.?”

The anionic complexes maintain the same general structures adopted by their neu-
tral congeners. Pseudo square planar coordination was observed about the chromium
(13), cobalt (16) and nickel (17) metal centres, with torsion angles of 22.7, 4.2, and
5.3°, respectively while the manganese (14a and b) and iron (15) anionic complexes
retain tetrahedral geometry, exhibiting torsion angles of 81.9, 82.3 and 78.6°, respec-
tively).

Trends in M—C and M-N bond lengths are similar to those observed for the neutral

species (Figure 3.32b), and show the same decrease in bond lengths due to increase
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in effective nuclear charge, superimposed over the bond lengthening effects of the
tetrahedral geometry of the manganese and iron complexes.

Comparison of the datasets in Figure 3.32 (numerical values given in Table 3.6)
shows that M—C bond lengths are not substantially affected by complex reduction; the
largest change being 0.032 A between the cobalt systems. The M-N bond lengths show
more dependance on complex charge around the early nuclei (chromium, manganese
and iron) with contractions of around 0.07 A; the effect is far less pronounced for
the later nuclei in the series. As with the neutral species, the bipyridyl inter-ring
bond lengths are almost invariant with metal cation. A mean contraction of 0.06 A
relative to the metrics from the neutral species provides an early indication of ligand
reduction in all cases.

For compounds containing either oxidation state of bipyridine, the almost invari-
ant inter-pyridyl bond lengths observed would be highly unanticipated in the presence
of metal to ligand n-backbonding, which might well be expected to vary with transi-

tion metal and thus to change this bond length substantially across the series.

3.4.2 Magnetism and Spectroscopy

SQUID magnetometry was used to examine the magnetic properties of all complexes
described in this chapter with the aim of clarifying oxidation states of metals and de-
termining whether the bipyridine ligands of the reduced species exhibit non-innocent
behaviour. Due to the high air- and moisture-sensitivity of these compounds (in par-
ticular the reduced species) it proved challenging to synthesise samples without for-
mation of trace amounts of ferromagnetic decomposition products. Though difficult
to detect by other methods, such small levels of impurity were revealed by magnetom-
etry studies because they give rise to a response several orders of magnitude larger

36

than a paramagnetic species would generate.”® In such situations high field mea-

surements were made, saturating the ferromagnetic impurity and allowing magnetic
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Figure 3.32: Trends in bond bond metrics for a) neutral species 8 to 12 and b)
reduced species 13 to 17.
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susceptibility to be determined from the gradients of linear sections of magnetisation
versus field plots. All samples were found to exhibit paramagnetic responses with the
exception of 12, the neutral Ni species, which is diamagnetic.

The neutral species 8 to 11 show approximately linear responses, as is expected
for paramagnetic species with little to no spin-orbit coupling (Figure 3.33a). Such
data may be modelled using the Curie-Weiss law:

_ NapopgS(S+1) ¢
Xmol = 3k T_—0© + X

where x.,, 1S the temperature-independent magnetism. Values of g, © and x,,,
were determined using the simplex algorithm to locate the global minimum in the
error functional defined as F' = > | u? — uS |, where u$ and uS§ are the observed and
calculated magnetic moments, respectively. The temperature-independent parameter

is likely to receive contributions from several possible effects:

1. Any contribution from population of excited states (i.e. the real temperature-

independent paramagnetism).

2. Approximations made in estimating diamagnetic contributions using Pascal’s

constants.
3. The contribution from the sample container.
4. Contributions from any trace ferromagnetic impurities.

Despite these potential sources of error, the fitted results are sufficiently accurate
to determine numbers of unpaired electrons in each complex and, for the reduced
species, the coupling occurring between metal and ligand-based spin densities. These
results are given in Table 3.7.

The g values for the first three compounds (8, 9 and 10) are close to that of a free

electron, suggesting minimal spin-orbit coupling takes place. A slight increase in pig
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Complex | Diamagnetic | peg/p, | spin state S g |O/K | Xow/
(metal) correction/ at 107 emu
104 emu mol* | 300 K mol *
8 (Cr) —2.95 4.55 2 184] 04] 23
9 (Mn) —2.04 5.74 572 191 | 03| 47
10 (Fe) -2.93 5.12 2 2.09 | 0.9 0.0
11 (Co) 2.02 2.62 v 267 | 04| 64
13 (Cr) 5.35 387 |[2—12|=%:|188 | 10| 74
14 (Mn) 479 185 | |%2—1/2]=2 | 181 | 54 | 196
15 (Fe) ~5.60 108 | [2- 1 [=3k
16 (Co) 5.59 188 [ [1a+i2]=1
17 (Ni) 5.5 127 ||0—12]=12| 183 | -15 | -3.7

Table 3.7: Parameters obtained by fitting Curie-Weiss Law behaviour to magnetic
responses of paramagnetic compounds 8 to 17.

at around 150 K shown by the iron species (10) is attributed to a partial reorientation
of the unanchored polycrystalline sample upon warming and has prevented more
complete modeling of the data.

In contrast, the large g value of 2.67 found for complex 11 is consistent with a
significant mixing of orbital angular momentum. A potential complication in this
case is the significant change in lattice parameters observed when measuring crys-
tals at different temperatures (Table 3.4). Although distortions of the cobalt centre
are small, changes to intermolecular distances may affect exchange interactions with
neighbouring molecules. Any such interactions are likely to be small however, as
evidenced by the small and negative value of the Weiss constant.

The magnetic responses of reduced compounds 13 to 17 are shown in Figure 3.33b.
The chromium and manganese species (13 and 14) are consistent with structures
containing M(II) metal centres (having Syetar = 2 and 5/2, respectively), that are
antiferromagnetically coupled to a Syi,y = /2 radical ligand. In such a system the
ground spin state is given by Swin = [Smetal — Sbipy| and an excited state Spax =
| Smetal + Sbipy|- The energy difference between these states is then given by: A =
~J /2[S max(Smax + 1) = Smin(Smin + 1)].37 This leads to the values of A shown in Table
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Figure 3.33: Effective magnetic moments of (a) neutral species 8 to 11 and (b)

reduced species 13 to 17. Shapes represent observed data points observed for each
compound while calculated fits are represented by continuous lines.

130



CHAPTER 3. REDUCTION OF T.M. COMPLEXES OF 2,2°-BIPYRIDINE

| Complex (metal) | A | J /cm! (DFT) |

13 (Cr) Y 508
14 (Mn) 37 492
15 (Fe) 52 656
16 (Co) 27 1396
17 (Ni) - -

Table 3.8: Values of A and DFT computed values of J.

3.8. For these first two examples (13 and 14) the antiferromagnetic interaction is
sufficiently strong (J < —350 cm ') that the S, ground state is exclusively populated
at all temperatures measured. Thus the effective magnetic moment remains constant
and results may be modelled using the Curie-Weiss law.

The magnetic behaviour of the reduced iron complex 15 is less straightforward
to interpret. There are three distinct limiting cases for a system with Sg. = 2 and
Shipy = /2. If the spins are ferromagnetically coupled then Siopa = /2 and the
effective magnetic moment is given by jieg = g[(Stotal) (Stotal + 1)]/2 = 5.92 p,,, while
completely antiferromagnetic coupling would give Siota = 3/2 and peg = 3.87 . If
both spin systems were present but non-interacting then preg = (g2 + p2?)/? = 5.20
iy At low temperatures the observed magnetic moment is 3.8 p,, consistent with a
S = 3/2 ground state. However at temperatures above 100 K this model breaks down.
By fitting the data with a Heisenberg-Dirac Hamiltonian function, the temperature
dependent behaviour of pg is explained by the accessibility and partial occupancy of
the higher energy S = 5/2 state at elevated temperatures.

The reduced cobalt species 16 displays a similar temperature dependent magnetic
response, varying from 1.2 p, at 20 K to 1.9 p, at 300 K. These values lie between
the spin-only values calculated for a Sioa = 0 and a Sioa1 = 1 system, which are 0
and 2.83 p,,, respectively. This may reflect either an analogous behaviour as discussed
above for the iron analogue, a substantial orbital angular momentum contribution as
was found for the neutral species 10, or a combination of both effects.

No magnetic exchange is expected between the diamagnetic Ni(II) complex 17
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and the bipyridyl radical. At 20 K the observed magnetic susceptibility of 1.51 f,
is close to the predicted 1.73 u, of a S = 1/2 system. The decrease in e at higher
temperatures is attributed to unsaturated trace impurities.

The interpretation of the magnetic data presented here was done in collaboration

with Radovan Herchel of Palacky University, Olomouc, Czech Republic.

3.4.3 Mossbauer Spectroscopy

The iron containing compounds in this chapter can uniquely be examined using °"Fe
Moéssbauer spectroscopy to accurately determine the oxidation state of the central
iron atoms in 10 and 15. This permits distinction between two potential reduction

products:
1. The bipyridine ligand is reduced to form a bipyridyl radical anion.
2. The iron(II) atom is reduced to iron(I) with the bipyridyl ligand unaffected.

Temperature resolved measurements of spectra between 85 and 295 K show that the
neutral species 10 is a paramagnetic high-spin iron(II) complex in a pseudo tetrahe-
dral coordination environment. The 85 K spectrum is shown in Figure 3.34a. The
observed quadrupole doublet is asymmetric because of anisotropic absorption effects,
in turn a result of the needle-like crystal morphology of the sample. The data were
fitted with a single quadrupole doublet having uniform line width but differing com-
ponent areas to reflect this. The isomer shifts () observed fall between 0.511 and
0.406 mm s ! over the 85 to 295 K range (Table 3.9). These values are slightly lower
than would be expected for a tetrahedral complex, and possibly result from the strong
o-donor properties of the mesityl ligands.®® The quadrupolar splitting (AEq) of ap-

1

proximately 0.65 mm cm " is consistent with a distorted tetrahedral coordination

environment.
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Figure 3.34: Maossbauer spectra of (a) compound 10 and (b) compound 15, both
obtained at 85 K. The lower spectrum shows the fitted components that generate the
observed plot.

133



CHAPTER 3. REDUCTION OF T.M. COMPLEXES OF 2,2°-BIPYRIDINE

| Complex | T /K |6/ mms' [AEq /mms! | /mms!|area/ % | assignment

295 0.406 0.62 0.28 100 10
255 0.425 0.63 0.25 100 10
10 225 0.441 0.64 0.26 100 10
155 0.481 0.67 0.25 100 10
85 0.511 0.69 0.28 100 10
0.408 1.36 0.34 30.9 15
295 0.406 0.62 0.28 21.4 10
0.156 0.62 0.37 756 Fe(I1I)
0.455 1.49 0.30 52.1 15
225 0.441 0.64 0.26 19.0 10
15 0.182 0.74 0.40 28.9 Fe(T1I)
0.497 1.56 0.29 59.0 15
155 0.481 0.67 0.25 13.6 10
0.206 0.62 0.46 274 Fe(I1I)
0.516 1.56 0.29 71.2 15
85 0.511 0.69 0.28 15.3 10
0.235 0.59 0.29 135 Fe(I1I)

Table 3.9: Mossbauer spectral parameters of 10 and 15 relative to 295K a-iron
powder.

The reduced species, 15, proved to be significantly more air- and moisture-sensitive
than its neutral precursor, with spectra revealing the presence of three iron environ-
ments. The major component is consistent with a tetrahedral iron(II) compound
while two minor components are also present. One minor component has identical
parameters to the neutral species 10 while the other is consistent with a high-spin
iron(III) compound (presumably a decomposition product (Figure 3.34b)). It is not
known if this final component is a result of the synthetic route employed, or arises as
a result of sample manipulations in preparing the Md&ssbauer spectral absorber, but
the latter seems more likely as samples are unavoidably necessarily briefly exposed to
air before mounting them in the spectrometer. Isomer shifts (0) for the major compo-
nent range between 0.516 and 0.408 mm s ! between 85 and 295 K (Table 3.9). These
values are close to those reported by Wieghardt for two related bis(a-diamine)iron(II)
complexes (0.50 and 0.65 mm s ! at 80 K).3*1° Despite having similar isomer shifts,

the quadrupolar splittings for 10 and 15 are significantly different with the latter be-
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ing more than double the former at all temperature points measured. This change is
unexpected as the coordination environment around the iron site is not substantially
changed between 10 and 15. However, DF'T calculations indicate that this variable is
highly dependent upon immediate ligand positions. Furthermore, to distinguish be-
tween the effects of ligand movement and any influence of a negatively charged radical
anionic ligand, DF'T computations were performed to calculate the parameters for 10
with the geometry of 15 and vice versa. In both cases the quadrupolar splitting was
found to be heavily influenced by ligand geometry with virtually no contribution from
the presence of an electron in the bipyridine LUMO.

In conclusion, the Mossbauer data indicate that in both 10 and 15 the oxidation
state of the central iron atom can be assigned as II.

The collection and interpretation of Mossbauer data presented here was done in

collaboration with Gary Long of The University of Missouri, Rolla, Missouri.

3.4.4 EPR Spectroscopy

All paramagnetic samples were additionally studied by EPR spectroscopy. The re-
quirement for highly diluted solution samples (on the order of millimolar), coupled
with the highly air- and moisture-sensitive nature of the compounds involved fre-
quently meant that it was not possible to obtain solution measurements. Despite
rigorous drying of solvents, glassware and other apparatus, sample decomposition in
solution remained a challenging problem.

The neutral species 8 (chromium) and 10 (iron) are S = integer systems and
as such exhibit non-Kramers ion behaviour and remained virtually EPR silent, with
very weak resonances observed being of similar size to the response of the microwave
cavity. Samples 9 (manganese) and 11 (cobalt) gave rise to extremely broad sig-
nals around g factors of 2.009 and 2.428, respectively (Figure 3.35 a and b). These

values are consistent with those obtained from a fit of the magnetic data for each
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’ Nucleus: ‘ 2x 1N ‘ 2x 'H ‘ 2x 'H ‘ 2x 'H ‘ 2x 'H ‘
Model / Hz 9.501 | 11.126 | 4.288 | 1.989 | 2.017
Model / mT 0.339 0.397 | 0.153 | 0.071 | 0.072

Literature / mT | 0.335 0.408 | 0.150 | 0.081 | 0.065

Table 3.10: Comparison of coupling constants obtained from fitted data of the EPR
spectrum of 17 (Ni) with previously published literature values.?*

compound: 1.91 and 2.67, respectively). This substantial broadening may occur due
to the close proximity of spin-active nuclei in the crystal lattice introducing inter-spin
dipole-dipole and exchange interactions and allowing rapid relaxation. Attempts to
magnetically dilute samples by the co-precipitation of 9 with [NBuy|[PFg] were found
to only slightly reduce this effect.

The reduced species 13 to 17 are all EPR active. The solid state spectra of 13
(chromium) was collected at 10 K and room temperature (Figure 3.35¢) and reveals
a sharp resonance with a ¢ factor of 1.986. Similarly, room-temperature solid- and
THF solution-state measurements of 14 (manganese) revealed a sharp resonance with
a g factor of 2.003 (Figure 3.35d). Room temperature measurements of solid samples
of both 15 (iron) and 16 (cobalt) exhibit large, broad responses around ¢ factors
of 2.086 and 2.189, respectively. This broadening is likely the result of significant
spin-orbit coupling of the radical ligand electron with the metal centre. Interestingly,
both spectra also exhibit sharp, far smaller and similarly positioned resonances at g
= 1.994 and 2.016, respectively (Figure 3.35 e and f). Both solid- and solution-state
room temperature measurements of 17 (nickel) reveal a resonance at around g =
2.010. The latter measurement demonstrates a hyperfine splitting pattern that was
modelled using MATLAB and the EasySpin toolkit (Figure 3.36).*'4? Parameters
from the model compare well with previously published data and are given in Table
3.10.3* The MATLAB code used to refine these parameters is provided electronically

on the Supporting Information disk.
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Figure 3.35: EPR responses of: a) solid-state spectrum of 9 (Mn) at 298 K; b) solid-
state spectrum of 11 (Co) at 298 K; c) solid state spectra of 13 (Cr) at 10 K (top)
and 298 K (bottom); d) Solid state (top) and solution-state (bottom) spectra of 14
(Mn) at 298 K; e) solid-state spectrum of 15 (Fe) at 298 K; f) solid-state spectrum

of 16 (Co) at 298 K.
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Figure 3.36: Solution-state EPR spectrum of 17 (Ni) at 298 K (top) and modelled
spectrum (bottom).

3.4.5 Infrared and Raman Spectroscopy

Previous work by Nakamoto and co-workers provided a series of diagnostic IR bands
to aid determination of of the oxidation state of 2,2 -bipyridine ligands.*® Table 3.11
provides a summary of these values and of additional Raman values identified by the
study of the alkali metal salts detailed in Chapter 2. The IR and Raman spectra of
each of the compounds detailed in this chapter have been recorded and are shown in
Figures 3.37 to 3.40, with the relevant diagnostic bands highlighted. Although not
conclusive by itself, it is clear that there is evidence for the presence of a neutral
bipyridine ligand in each of compounds 8 to 12 and of a reduced bipyridyl ligand in
compounds 13 to 17 that corroborates the interpretation of the other measurements

described in this chapter.
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| Range: | Neutral Species | Radical Monoanion
R 900 — 1000 cm ! No bands strong: 950 cm !
1500 — 1650 cm * strong: 1600 cm ! multiple strong: 1525 cm
630 — 670 cm ! medium band: 650 cm no bands
Raman | 950 — 1050 cm ! || medium band: 1020 cm ' | medium band: 990 cm
1200 — 1250 cm? no bands strong band: 1220 cm !

Table 3.11: Diagnostic IR and Raman bands for determining the oxidation state of
2,2 -bipyridine.*?

===Compound 8 (Cr)
===Compound 9 (Mn)

Compound 10 (Fe)

Compound 11 (Co)

W————— ~==Compound 12 (Ni)

600 800 1000 1200 1400 1600 1800
Wavenumber / cm™

Figure 3.37: IR spectra of the neutral compounds 8 to 12. The diagnostic region at
1600 cm ™! is highlighted.
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===Compound 13 (Cr)
===Compound 14 (Mn)

Compound 15 (Fe)

Compound 16 (Co)

\ ’ ===Compound 17 (Ni)

YT B

600 800 1000 1200 1400 1600 1800
Wavenumber / cm™

|
-

Figure 3.38: IR spectra of the reduced compounds 13 to 17. The diagnostic regions
at 950 and 1525 cm ™! are highlighted.

===Compound 8 (Cr)
Compound 9 (Mn)
“ Compound 10 (Fe)

~==Compound 11 (Co)

M‘A-/ o
Ny Mo A Am_l

100 300 500 700 900 1100 1300 1500 1700
Wavenumber / cm™

Figure 3.39: Raman spectra of the neutral compounds 8 to 12. The diagnostic regions
at 650 and 1010 cm ™! are highlighted.
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===Compound 13 (Cr)

Compound 14 (Mn)
Compound 15 (Fe)
Compound 16 (Co)

====Compound 17 (Ni)
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Figure 3.40: Raman spectra of the reduced compounds 13 to 17. The diagnostic
regions at 990 and 1220 cm ! are highlighted.

3.4.6 Trends in Electronic Structure

Using the coordinates determined from the single crystal X-ray diffraction structures
as a starting point, computations at the DF'T level were used to refine geometry op-
timisations and predict electronic density distributions for the neutral and reduced
complexes discussed in this chapter. Metal-ligand bond lengths were found to be sys-
tematically slightly longer than those observed experimentally; however the trends
observed experimentally are accurately reproduced. The observed ligand geometries
were likewise identified as energy minima with the calculations for the chromium,
cobalt and nickel complexes calculations yielding square planar structures and the
manganese and iron systems calculations showing tetrahedral coordination around
the metal. As mentioned earlier, close energy minima were found for square planar
and tetrahedral geometries of both cobalt species. As a consequence both sets of

data have been analysed. Comparison of inter-pyridyl bond lengths between neu-
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metal:  +4.16 +4.19 +4.78 +4.87
bipy: ~1.00 -0.88

Figure 3.41: Mulliken spin densities for the transition metal complexes in a) 8 (Cr
neutral), b) 13 (Cr reduced), ¢) 9 (Mn neutral) and d) 14 (Mn reduced).

tral and reduced computed structures reveals a contraction in going to the reduced
forms. M—N bonds are found to shorten by less than is observed experimentally while
M-C bond lengths are found to slightly elongate which was not observed crystal-
lographically. Although this suggests that M—N and M—C bonding is not perfectly
described by the calculations the overall trends in electronic structure appear to be
well reproduced. Relevant bond metrics and electronic parameters are listed in Table
3.12.

Net Mulliken spin densities on the bipyridyl ligands of the reduced compounds
show that the ligands possess radical anionic character in all cases. Figure 3.41 shows
the spin density plots for the chromium and manganese complexes.

The magnetic behaviours of the reduced complexes 13 to 17 are best explained
by considering the pseudo tetrahedral and pseudo square-planar ligand geometries
separately. The examples of the former geometry, 14 (Mn) and 15 (Fe), exhibit
very strong antiferromagnetic coupling, arising as a result of overlap of the bipyridyl
7* orbital with the transition metal d,, orbital, which additionally contains a M—C
antibonding component. Calculated exchange coupling constants, J, are large and
negative, which compares favourably with experimental measurements that suggest
J < =350 cm!. Thus in both cases anti-ferromagnetic coupling (S = 2 and S = 3/2,

respectively) are significantly more stable than the S = 3 and S = 5/2 alteratives.
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In the square planar geometry of 13 (Cr), the four low-lying metal d orbitals are
all singly occupied and the bipyridyl-based radical electron is antiferromagnetically
coupled through the essentially non-bonding d,, orbital. By contrast, in 17 (Ni) the
same four low lying orbitals are fully occupied and no exchange coupling is possible.
As was mentioned earlier, optimised geometry calculations identified tetrahedral and
square-planar conformations for both the neutral (11) and reduced (16) cobalt com-
plexes with near identical energy. In the neutral species the square-planar complex
(11gp) is favoured (S = 1/2) by 4 kcal mol* and while this is the same geometry as
is observed crystallographically, it may be argued that so small a calculated energy
difference is not statistically meaningful. Analysis of the reduced analogue (16) is
challenging owing to the potential for ferromagnetic or antiferromagnetic coupling
between the metal centre and the bipyridyl ligand radical. In a tetrahedral orienta-
tion (164q), coupling is largely analogous to the manganese and iron cases discussed
above, resulting in strong antiferromagnetic couplings and a S = 1 ground state.
The hypothetical alternative square planar case (165p) has the lowest energy electron
vacancy in the d, orbital, which is approximately orthogonal to the bipyridyl n*
orbital. A result of this orthogonality is the requirement for ferromagnetic coupling,
creating another triplet (S = 1) state, but with a substantially different electronic
structure to that of 16yq. The energy separation of these two states is calculated
to be 2 kcal mol™, with the pseudo tetrahedral structure slightly favoured (in con-
trast to the crystallographically determined geometry). Although the reasons for the
magnetic properties observed for 16 remain unclear, this very small energy difference
makes assignment of the ground state highly ambiguous and the number of accessible
electronic configurations at very similar energies would certainly be expected to show
unusual behaviour.

It is interesting to compare trends between X-ray and DFT generated structural

parameters where the effects of coordination of neutral and reduced forms of bipyri-
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dine may be examined (Tables 3.6 and 3.12). The most obvious change upon reduc-
tion is the inter-pyridyl bond length of the bipyridyl ligand. It is clear that this is
almost exclusively influenced by ligand oxidation state (as postulated by Wieghardt

and co-workers),?% 3!

and that the metric may be compartmentalised into two non-
overlapping (and hence diagnostic) regions: 1.48 A for neutral species and 1.41 A for
monoanionic forms. M—N bond lengths also appear to vary substantially with bipyri-
dine oxidation state, but the trend is less clear due to the variance in transition metal
radius across the chromium to nickel series and changes between pseudo square planar
and pseudo tetrahedral geometries. For complexes of the latter conformation (9 and
14, Mn; 10 and 15, Fe) a M-N bond length contraction of approximately 0.07 Ais
observed upon moving from manganese to iron. This is mirrored in the M-C bond
lengths and is the result of increased effective nuclear charge. However, reduction
of 9 or 10 is accompanied by a further 0.07 A decrease in M-N bond lengths while
M-C bond lengths are significantly less affected, exhibiting a 0.01 A elongation. The
theoretically calculated tetrahedral cobalt species displays a similar response, though
there is obviously no corroborating X-ray data in this case. This shortening arises
because there is strong antiferromagnetic coupling of the predominantly bipyridyl ©*
based orbital which also incorporates a component of M-N bonding character (Figure
3.42).

The square planar chromium complexes exhibit a similar 0.08 A contraction of
the M—N bond lengths upon reduction (relative to an almost invariant M—C bond
length). This is again the result of antiferromagnetic coupling and the presence of
some M-N bonding character within the bipyridyl n* based orbital (Figure 3.43a).

The ferromagnetic interaction observed in the cobalt species arises because the
bipyridyl ©* based orbital does not have the correct symmetry to overlap with the
metal d,2 orbital. The ©* bipyridine orbital contains M-N antibonding character,

causing a smaller magnitude 0.04 A elongation upon reduction (Figure 3.43b). Finally,
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Figure 3.42: The singly occupied bipyridyl n* based orbitals of a) 14 (Mn) and b)
15 (Fe), both of which incorporate M-N bonding character.

Figure 3.43: The singly occupied bipyridyl n* based orbitals of a) 13 (Cr) and b) 16
(Co), incorporating M—N bonding and antibonding character, respectively.
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in the nickel complexes, no spin-orbit coupling is possible and so M—N bond lengths
show only statistically insignificant change upon reduction.

The data presented here strongly imply that the magnitude of any n-backbonding
(in both the neutral and reduced cases) is not sufficient to influence bond metrics.
Variation in both M—C and particularly M—N bond lengths may be rationalised by
considerations of geometry, transition metal radius trends and orbital symmetries
alone. One final interesting observation is the serendipitous computation of a closed
shell Co(I) system, isoelectronic with the neutral nickel complex (12). The nature
of the calculation makes its description as a diamagnetic d® complex with a neutral
bipyridine ligand unambiguous. This theoretical complex is around 20 kcal mol™
higher in energy than the two potential ground state structures (and so has no bearing
on interpretation of magnetic data) but does feature a bipyridine inter-ring bond
length of 1.44 A. This is considerably shorter than the equivalent 1.48 A distance
in 12, and demonstrates that for a sufficiently electron rich metal it is possible to
observe structural effects due to n-backbonding. Though this species can be examined
theoretically, its phyiscal isolation seems far less plausible: the requirement of a
sufficiently electron rich site to permit n-backbonding will not be attainable without
encouraging metal to ligand electron transfer to a far greater degree to create a system
analogous to the reduced cobalt species detailed here.

The theoretical computations presented here were carried out at the DF'T level

by Tobias Kramer and Professor John McGrady of the University of Oxford.

3.4.7 Attempts to Synthesise Complexes of the Bipyridyl Di-

anion

The alkali metal salts of bipyridine described in Chapter 2 include both singly re-
duced radical bipyridyl species as well as doubly reduced dianionic species. Despite

significant effort, it has not proved possible to characterise a transition metal complex
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containing a dianionic bipyridyl ligand. Reaction products were typically either oils,
amorphous powders or mixtures of decomposition products when reducing agents
were used at ratios exceeding that required for a single reduction with, in some cases,

1.1 equivalents sufficient to prevent sample crystallisation.

3.5 Summary of Chapter 3

This chapter has detailed the synthesis and characterisation of a homologous series of
transition metal complexes of the form M(mes)2(2,2 -bipy) (M = Cr to Ni) together
with their reduction products. Subsequent analysis has shown that bond metric data
may be used as a diagnostic tool in the determination of the charge on the bipyridine
ligand. The research described in this chapter has been published in peer-reviewed

journals. 46
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Chapter 4

Reduction of Zinc Complexes of

4,4 -Bipyridine

4.1 Introduction

While 2,27-bipyridine features extensively as a chelating ligand in coordination chem-
istry, the 4,4 -isomer is similarly ubiquitous in the fields of metal organic frameworks
(MOFs) and coordination polymer chemistry.!® The ability of 4,4 "-bipyridine to act
as a rigid linear linker, coupled with transition metal preferences for specific ligand
orientations, gives rise to three-dimensional systems. Figure 4.1 shows a recent ex-
ample of such a structure that incorporates 4,4 -bipyridine, bridging tetrahedrally
coordinated copper(I) sites.? The structure is built from metal cations and neutral
linkers that form two interpenetrating diamondoid structures. Due to the overall pos-
itive charge of the framework there is a requirement for charge balancing camphorate
anions in the lattice cavities.

While 4,4 -bipyridine is still frequently encountered in these type of structures,
recent, work, in particular by Yaghi and co-workers, has led to alternative design

considerations for the synthesis of MOFs. Rather than depending upon ligand field
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@ Carbon @ Nitrogen ‘ Copper

Figure 4.1: The diamondoid network formed by 4,4 -bipyridine linkers and Cu(I)
cations in [Cuy (4,4 -bipy)4]-(d-Heam)q- (4,4 -bipy)o-12(H20).* Hydrogen atoms, a sec-
ond interpenetrated network, bipyridine guest molecules and charge balancing cam-
phorate anions have been omitted for clarity.
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Figure 4.2: The structure of one of two interpenetrated networks in MOF-5.7 Hydro-
gen atoms have been omitted for clarity.
effects to influence coordination geometry about metal atoms, the use of polyatomic
cationic secondary building units (SBUs) such as zinc oxides, together with dicar-
boxylate anionic ligands has led to the synthesis of a series of isoreticular structures
with more predictable geometries and high rigidity.>® One of the most well known
of these is MOF-5, shown in Figure 4.2.7 Very recently, the Yaghi group published a
series of similar systems incorporating increasingly long linkers to generate structures
with large, cylindrical shaped pore sizes, up to 98 A in diameter.®

Molecular squares incorporating 4,4 “-bipyridine have been shown to undergo lig-
and centred mixed valency (LCMV) whereby electrochemical reduction of a complex

causes additional electrons to be localised on the bipyridine linkers (rather than on
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Figure 4.3: Structures of 4,4 -bipyridine containing molecular squares.

the metal cations) without causing change to the square structure itself (Figure 4.3).
Both electrode and alkali metal reductions have been employed in the addition of
one or three electrons to the systems, generating asymmetry in the bipyridine linker
oxidation states. These oxidation states were found to easily interconvert, with IR
measurements and DFT calculations revealing inter-valence transitions between the
two linkers.

As mentioned in Chapter 1, while the redox chemistry of this ligand is well known,
there exists no structural data of its reduction products outside of the alkali metal
salts already published as part of this research project. The aim of the research
presented in this chapter was to synthesise a complex containing a 4,4 -bipyridine
ligand bridging two metal centres and to examine the effects of its reduction. The

reaction scheme in Figure 4.4 shows the synthetic route to the compounds discussed.

4.2 7Zny(4,4°-bipyridine)(mes),

Reactions analogous to those detailed in Chapter 3 were performed using Zn(mes),
and 4,4 -bipyridine, resulting in the synthesis of a crystalline sample of Zny(4,4"-

bipyridine)(mes)4(19). Though examples of 4,4 -bipyridine bridging two metallic
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Zn(mes),

4,4-bipy 1 equiv. K

18-crown-6

19 Zny(4,4'-bipy)(mes),

1 equiv. K 2 equiv. K
18-crown-6 18-crown-6 2 [Zn(mes)s] =
[K(18-crown-6)] *

0 [Znx(4,4"-bipy)(mes)4] *~ [Zn2(44 -bipy)(mes)4]*-
[K(18-crown-6)] * 2[K(18-crown-6)] *

Figure 4.4: Schematic of reactions described in Chapter 4.

12-14

sites are quite abundant in the chemical literature, examples of 4,4 -bipyridine

15-28

bridged dimers of otherwise homoleptic metal sites are extremely rare, with only

three structurally characterised examples.?? 3!

4.2.1 Synthesis

Zmy(4,4°-bipyridine)(mes), (19) was prepared by the direct reaction of 4,4 “-bipyridine
with two equivalents of Zn(mes), in tetrahydrofuran (THF). This yielded a pale yellow
coloured solution from which colourless air- and moisture-sensitive needle-like crystals
of the product were isolated following the slow diffusion of hexanes into a concentrated

solution.

4.2.2 Structural Characterisation

Figure 4.5 shows one of the two crystallographically distinct Zns (4,4 -bipy)(mes)
complexes in 19, each consisting of a bipyridine linker bridging two dimesityl zinc
sites. Both Zny (4,4 -bipy)(mes), units exhibit very similar structural and bond metric
parameters and hence only one complex is depicted for clarity. Bond metrics are
discussed in detail in Section 4.5 with reference to the other structures detailed in

this chapter. Bulk purity of the solid has been confirmed by powder X-ray diffraction
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Figure 4.5: Thermal ellipsoid representation of one of the two crystallographically
unique Zny(4,4"-bipy)(mes), complexes in 19. Anisotropic displacement ellipsoids
pictured at the 50% probability level. Hydrogen atoms have been omitted for clarity.

(Figure 4.6) and elemental microanalysis.

4.2.3 Spectroscopic Characterisation

Both 'H and 3C{'H} NMR studies of a dg-THF solution of 19 were carried out, with
assignment of the former aided by a two-dimensional COSY spectrum. Carbon atom
resonances were subsequently fully assigned by reference to two-dimensional HSQC
and HMBC spectra. These results are discussed in Section 4.5.

Additional solution NMR studies were carried out to determine if the crystallo-
graphically identified complex above was representative of the sample in solution or
whether some degree of dissociation takes place, as indicated in Figure 4.7. The 'H
resonances of the 4,4"-bipyridine moiety in 19 (at § = 8.57 and 7.71 ppm for the
ortho- and meta- positions, respectively) are slightly shifted, relative to those of free

4,4 -bipyridine (at 6 = 8.69 and 7.67 ppm, respectively), consistent with the existence
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Figure 4.6: Comparison of calculated and experimental powder X-ray diffraction
patterns for 19.

(mes)QZn—ND—CN'Zn(meS)z ~—— 2Zn(mes) + NQ_@N

Figure 4.7: Dissociation equilibrium for 19.

of the coordinated species in solution. However, additional NMR studies can be used
to further support this hypothesis. A one-dimensional NOESY experiment involv-
ing the selective inversion of the mesityl ortho-methyl group resonance (2.42 ppm)
resulted in enhanced signal intensities of the mesityl meta-protons and also the 4,4"-
bipy ortho-protons (Figure 4.8). A smaller signal intensity increase was also observed
for the theoretically more distant 4,4 -bipyridine meta-protons. This through-space
interaction requires physical close proximity of the mesityl ortho-methyl groups to
the 4,4"-bipyridine hydrogen atoms and as such is consistent with Zn(mes), and
4,4 -bipyridine being bonded together in solution.

Additionally, room-temperature diffusion experiments were conducted on dg-THF
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8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 ppm

Figure 4.8: (a) One-dimensional NOESY spectrum of 19, arising as a result of sat-
urating resonance C. (b) 'H NMR spectrum of 19 in the absence of irradiation at
resonance C, provided for comparison of resonance intensities.
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[ A B c [ Db [ E |
4.4 -bipy - - _ 1.913 x 109 | 1.911 x 109
) - - - (8.71 ppm) | (7.70 ppm)
Zn(mes), || 1.185 x 107 | 1.171 x 107 | 1.181 x 107 - -
) (2.24 ppm) | (6.75 ppm) | (2.49 ppm) - -
19 1.031 x 107 | 1.027 x 107 | 1.021 x 10Y | 1.132 x 107 | 1.133 x 107
) (2.26 ppm) | (6.76 ppm) | (2.46 ppm) | (8.58 ppm) | (7.75 ppm)

Table 4.1: Resonance shifts (9) and diffusion coefficient (D) values for 4,4 “-bipyridine,
Zn(mes),; and 19. Proton positions follow the notation shown in Figure 4.8 on the
previous page. All diffusion coefficient values are reported in m?/s, and associated
shifts are shown in brackets beneath.

solutions of Zn(mes)s, 4,4 "-bipyridine and 19 to determine the degree of any disso-
ciation present. The diffusion coefficients (D) observed for 19 show that the values
arising due to the 4,4 "-bipyridine resonances (1.132 x 10 and 1.133 x 10 m?/s
for ortho- and meta- positions, respectively) are very close to those of the Zn(mes),
moieties (1.027 x 1079, 1.021 x 10°?, and 1.031 x 10° m?/s, for the meta-protons,
the ortho-methyl, and para-methyl substituents, respectively). Small deviations in
the values obtained suggest that if there is a dissociation equilibrium it lies strongly
towards the complexed form. Table 4.1 summarises the results of these measure-
ments and also shows the significantly different D values obtained from solutions of
4,4"-bipyridine and Zn(mes)s, corroborating this conclusion.

IR and Raman studies were carried out to evaluate the success of potential di-
agnostic bands identified in Chapter 2 for the determination of the oxidation state

of 4,4°-bipyridine. For a neutral ligand, a medium to strong peak should be ob-

1 and there should be an absence of intense peaks in the

served at around 1300 cm~™
region around 1500 cm™!. Both of these predictions are observed with the proposed

diagnostic band appearing at 1290 cm™ in the Raman spectrum.
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4.3 Zny(4,4 -bipyridine)(mes), Radical Monoanion

Whilst bimetallic complexes comprising of metal centres bridged by a 4,4 -bipyridyl

32-34

radical anion have been proposed in the chemical literature, prior to this com-

pound no examples were known for which X-ray structural data are available.

4.3.1 Synthesis

Reaction of 19 with one equivalent of potassium metal in THF in the presence
of 18-crown-6 (1,4,7,10,13,16-hexaoxacyclooctadecane) formed a dark blue solution.
Subsequent slow diffusion of hexanes into a concentrated solution yielded dark blue
air- and moisture-sensitive block-like crystals of [K(18-crown-6)(THF),]|Zny(4,4 -

bipyridine)(mes),| (20) after several days.

4.3.2 Structural Characterisation

Two compositionally identical polymorphs of 20 were found to crystallise: [K(18-
crown-6)(THF)y|2[Zny (4,4 -bipyridine) (mes),]s in 20a and [K(18-crown-6)(THEF),];
[Zny(4,4 -bipyridine) (mes)4]; in 20b. In both 20a and 20b, the structures of all
Zny (4,4 -bipyridine)(mes), anions are very similar and share the same connectivity
as that of the neutral parent in 19. Figure 4.9 shows one radical anion moiety in 20a.
Bulk purity of the solid has been confirmed by powder X-ray diffraction, however,
due to high similarity between the two calculated powder patterns for 20a and 20b,
and poor crystallinity of the ground sample, it is not possible to distinguish which

polymorph represents the major product (Figure 4.10).

4.3.3 Spectroscopic Characterisation

Solid and solution EPR spectra were recorded for 20, with the former revealing a

strong resonance with a g factor of 2.0039 (Figure 4.11a). This value is typical for
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Figure 4.9: Thermal ellipsoid representation of one of the two crystallographically
unique [Zny (4,4 °-bipy)(mes),]” complexes in 20a. Anisotropic displacement ellipsoids
pictured at the 50% probability level. Hydrogen atoms have been omitted for clarity.

experimental
—— calculated 20a
—— calculated 20b
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Figure 4.10: Comparison of calculated and experimental powder X-ray diffraction
patterns for 20a and 20b.
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an electron delocalised in an aromatic orbital and is very similar to the value of ¢
= 2.0043 recorded for solid samples of alkali metal salts of the 4,4 -bipyridyl radical
such as Na(4,4 -bipy) in 6.

The solution EPR spectrum of 20 exhibits a highly complex asymmetric resonance
with extensive hyperfine coupling (Figure 4.11b). All attempts to model this splitting
pattern have proven unsuccessful. It is probable that the asymmetry arises due to the
superposition of two different paramagnetic species. NMR diffusion measurements of
the neutral parent, 19, indicate a small level of dissociation may be present in solu-
tion. At the high dilution levels required for EPR measurements the degree of dissoci-
ation of [Zny(4,4 -bipyridine)(mes)4|” to Zn(mes), and the 4,4 -bipyridyl monoanion
is potentially greater due to the higher effective THF concentration favouring heavily
solvated Zn(mes)s. Thus while the dominant EPR signal is due to 20, the observed
signal is the algebraic sum of both 20 and a unknown contribution from a dissociated
4,4"-bipyridyl radical. Both resonances would be expected to exhibit a high number
of hyperfine interactions and to have considerable overlap (the 4,4 -bipyridyl radical
signal is known to have a g factor of 2.0044).35 As a result of this, deconvolution of
the two signals is extremely challenging and ultimately proved impossible to achieve.
It is worth noting that the asymmetric response was found to be reproducible on each
occasion that a solution EPR recording of 20 was attempted.

Raman studies carried out on alkali metal salts of the 4,4 -bipyridyl radical, de-
tailed in Chapter 2, suggest two diagnostic peaks should be present: an inter-ring
stretching mode at around 1350 cm ™! and a C=C and C=N stretch at around 1510
cm . These are found in the Raman spectrum of 20 at 1352 and 1515 cm ™!, respec-

tively.
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Figure 4.11: (a) Solution-phase and (b) Solid-state EPR spectra for 20.
4.4 7Zny(4,4 -bipyridine)(mes), Dianion

Unlike the transition metal structures containing 2,2 -bipyridine detailed in Chap-
ter 3, reaction of the Zny(4,4 -bipyridine)(mes), neutral parent compound and two
equivalents of alkali metal yielded crystalline products containing a doubly reduced
bipyridyl moiety. The dianionic species discussed in this section represents the first
structurally characterised coordination compound containing a dianionic 4,4 "-bipyridyl

linker.

4.4.1 Synthesis

Reaction of 19 with two equivalents of potassium metal in THF in the presence
of 18-crown-6 formed a dark brown solution. Subsequent slow diffusion of hexanes

into this solution yielded dark brown air- and moisture-sensitive plate-like crystals of

[K(18-crown-6)|2[Zny (4,4 "-bipyridine) (mes),] (21).

4.4.2 Structural Charactersation

The asymmetric unit of 21 contains half a [Zny (4,4 -bipyridine)(mes)4]*" dianion and

a full [K(18-crown-6)|" cation. Unlike both polymorphs of the singly reduced species
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Figure 4.12: Thermal ellipsoid representation of the atoms in the asymmetric unit of
21. Atom positions are labelled with primes to denote symmetry generated equiv-
alents, included to illustrate coordination environment. Hydrogen atoms have been
omitted for clarity. Anisotropic displacement ellipsoids pictured at the 50% probabil-
ity level.
(20a and 20b), in 21 a [K(18-crown-6)|" cation is coordinated to each side of the
bipyridyl dianion, rather than to THF solvent molecules, possibly due to the increased
electrostatic attraction afforded by the double negative charge. K1 interacts with
C127, C137, C13 and C14 with distances of 3.318(2), 3.225(2), 3.115(2) and 3.146(2)
A, respectively, shown in Figure 4.12. A full discussion of anion bond metrics in 21
and their variation with complex oxidation state is given in Section 4.5. Bulk sample
purity was confirmed by elemental microanalysis and powder X-ray diffraction (Figure
4.13).

Whilst preparing samples of 21, occasionally a side product of the previously re-
ported trimesitylzinc(IT) anion was encountered in [K(18-crown-6)| [Zn(mes)s] (22).36

It was subsequently found possible to exclusively synthesise this by the direct reduc-

tion of Zn(mes); in THF using potassium metal and 18-crown-6 to generate a pale
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Figure 4.13: Comparison of calculated and experimental powder X-ray diffraction
patterns for 21.

brown solution. Slow diffusion of hexanes into a concentrated solution yielded colour-
less air- and moisture-sensitive block-like crystals of 22. The asymmetric unit of
22 is shown in Figure 4.14. Bulk sample purity has been confirmed by elemental

microanalysis and powder X-ray diffraction (Figure 4.15).

4.4.3 Spectroscopic Characterisation

DF'T calculations on the doubly reduced 4,4 “-bipyridyl species indicate that it should
be diamagnetic. The EPR spectrum of a solid sample of 21 shows a very weak
resonance, similar to that of 20. This is attributed to trace amounts of the singly
reduced species present, unavoidably introduced during the EPR sample preparation
due to the high air- and moisture-sensitivity of 21. Confirmation of bulk sample
diamagnetism was obtained from dg-THF solution 'H and 3C{'H} NMR spectra.

Complete assignment of the former (including identification of a small amount of 22
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Figure 4.14: Thermal ellipsoid representation of the atoms in the asymmetric unit
of 22. Hydrogen atoms have been omitted for clarity. Anisotropic displacement
ellipsoids pictured at the 50% probability level.

—— experimental
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Figure 4.15: Comparison of calculated and experimental powder X-ray diffraction
patterns for 22.
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present in samples) was aided by a two-dimensional COSY spectrum while HSQC
and HMBC spectra were employed to tentatively assign carbon resonances. The
bipyridyl dianion hydrogen resonances occur at 6 = 5.92 and 4.51 ppm for the ortho-
and meta-positions, respectively. These chemical shifts are consistent with values
previously reported for the only documented example of a 2,2"-bipyridyl dianion,
(Yb(2,2"-bipy)(THF),)3, which were observed at § = 6.54, 5.28, 5.02, and 4.01 ppm.37
Differences in 'H resonance positions are discussed with reference to those of the
neutral parent complex in Section 4.5.

The IR and Raman spectra of 21 are very similar to those of 20 and a lack of
substantially different bands prevents further analysis.

Comparison of the *H NMR spectra of 19 and 21 provides information about dif-
ferences in bonding within the 4,4 "-bipyridyl moiety in the solution state. Figure 4.16
shows the changes in resonance positions between the neutral species and the dian-
ion. The bipyridine hydrogen resonances exhibit an immediately obvious difference,
changing from ¢ = 8.57 and 7.71 ppm in the neutral species to § = 5.92 and 4.51 ppm
in the dianion. This may be rationalised using the resonance canonical pictured in
Figure 4.17. Here the two electrons are as far apart as possible, while being situated
on the most electronegative atoms. The cost for this stabilisation of negative charge is
loss of aromaticity around the ring system and the resultant formation of alternating
single and double bonds. This explains the 2 — 3 ppm shift change observed, from

the aromatic region in the neutral species to a more alkene-like region in the dianion.

4.5 Electronic Structure and Bond Metrics

Compounds 19, 20 and 21 all contain [Zny (4,4 -bipy)(mes)4|* (n = 0, 1, 2) units,
in which a 4,4 -bipyridyl moiety bridges two Zn(mes), centres. The greatest struc-

tural change observed upon the reduction of this complex is contraction of the Zn-N
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Figure 4.16: (a) "H NMR spectrum of 19. (b) 'H NMR spectrum of 21. Resonances
marked § correspond to the THF solvent, while those marked * are due to the presence
of a small amount of 22.

Figure 4.17: Resonance canonicals of the 4,4 -bipyridyl dianion in 21.
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distances. These shorten from 2.183(av) A in the neutral species, 19, to 2.043(av) A
in 20 and to 1.977(2) A in 21. This is due to an increasing electrostatic contribution
to the Zn—N bond with the result that there is slight weakening of the Zn-C bonds
to the strongly o-donating mesityl groups, which elongate from 1.975(av) A in 19 to
1.989(av) A in 20 and to 2.004(av) A in 21. Tt is interesting to note this trend is also
exhibited by the 2,2 -bipyridine complexes reported in Chapter 3, albeit to a lesser
extent.

The second largest structural deviation is found for the 4,4 -bipyridyl moiety
inter-ring bond. This shortens significantly, from 1.482(av) A in the neutral complex,
to 1.420(av) A in the radical species and to 1.373(4) A in the dianionic species. These
values are in excellent agreement with those determined for the alkali metal salts of
4.4’ -bipyridine anions detailed in Chapter 2. This contraction may be explained by
reference to the population of the same orbital. The image is reproduced here for
convenience, together with a bond numbering scheme in Figure 4.18. Though *-
antibonding overall, the lobe covering bond 1 has local n-bonding character, with the
result that its incremental population causes increasing double bond character in the
reduced species and hence a shortening of the inter-ring bond. A similar argument
would explain the contraction of bond 3, while converse reasoning rationalises the
elongation of bonds 2 and 4. An interesting result of the population of this orbital
is the increasing preference for planar bipyridyl geometry which is evidenced by a
decrease in the torsion angle between the bipyridyl rings.

DFT calculations were employed to help analyse the structure and bonding in all
three oxidation states of the Zny (4,4 "-bipy)(mes), complex. These were found to be in
good agreement with those obtained from single crystal X-ray diffraction structures.
Table 4.2 shows the variation in selected bond metrics with oxidation state, and also
includes values obtained from geometry optimised calculations.

Many examples of metal organic frameworks employ 4,4 -bipyridine as a rigid
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Figure 4.18: (a) DFT calculated 4,4 "-bipyridine LUMO showing the alternating bond-
ing and antibonding interactions in the t manifold. (b) Numbering scheme used in
describing bond metric changes.

| 4,4 -bipy \ 4,4 -bipy ™ [ 447-bipy* |

| Bond: | 19 [[DFT]| 20a [ 20b |[DFT]| 21 [[DFT]]
1 1.482(av) | [1.48] | 1.417(av) | 1.423(av) | [1.43] | 1.373(4) | [1.38]
2 1.394(av) | [1.40] | 1.426(av) | 1.425(av) | [1.43] | 1.465(av) | [1.47]
3 1.383(av [1.37] | 1.354(av) | [1.36]

Zn—N 2.183(av
Zn—mes || 1.975(av
Torsion || 35.25(av

2.07] | 1.977(2) | [1.97]
2.03] | 2.004(av) | [2.06]
2.83(av) | 2.40(av) | [0.0] 0.00 [0.0]

) )
s
1.33] | 1.361(av) | 1.359(av) | [1.36] | 1.379(av) | [1.38]
) )
) )

Table 4.2: Selected bond metrics for 19, 20 and 21. When multiple crystallographi-
cally unique bonds are present in a structure, mean lengths are given. Values in square
brackets were obtained from geometry optimised structures using DFT calculations.
All bond lengths are in A and torsion angles are in degrees.
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H Neutral species \ Dianion species \
| Resonance: || 19 | [DFT|| 21 | [DFT] |
221,s | 228 | 211,s| 1.96
6.73,s | 6.93 | 6.50,s | 6.38
242, s | 242 | 232,s | 2.32
857,d | 851 |592,d| 6.20
7.71,d | 740 |4.51,d| 4.66

| iwii@]les] o=

Table 4.3: Comparison of experimentally determined and DFT calculated 'H NMR
chemical shift values for 19 and 21. Position notation is as depicted in Figure 4.16.
All shifts are given in ppm.

linker and as a result it is worth highlighting the combined effect of reducing Zn—N,
bond 1 and bond 3 distances. The Zn-7Zn" distance is observed to reduce from
11.435(av) A in 19, to 11.232(av) A in 20 and to 11.187(1) A in 21. This represents
an overall reduction of 2.2% which may allow the formation of switchable host/guest
solids as a result of tunable pore or cavity sizes.

To verify the hypothesised relationship between aromaticity and changes in 'H
NMR resonance positions mentioned earlier, shifts were computed using DFT cal-
culations and Nuclear Independent Chemical Shifts (NICS) were employed to probe
the aromaticity of the ring system. The DFT calculations for 19 and 21 duplicate
the same change in bipyridyl hydrogen resonance positions, with ... = 8.51 and
7.40 ppm determined for the neutral species and d.,. = 6.20 and 4.66 ppm for the
dianion. Table 4.3 lists the experimentally and theoretically determined shifts for
hydrogen atoms in these species.

The NICS analysis is able to measure the degree of aromaticity in a ring by calcu-
lating the electronic environment around a dummy atom placed 1 A above a suspected
aromatic site (in this instance the centre of a pyridyl ring). In the neutral species, a
strongly negative value of —9.78 ppm is indicative of substantial aromatic character
and is virtually the same as the value of —9.82 ppm calculated for a free, neutral
4,4 -bipyridine molecule. Subsequent incremental reduction causes an increase in

NICS values, with the radical species calculated to be —1.88 ppm and the dianion
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to be +4.08 ppm. The latter value is very close to that calculated for a free 4,4"-
bipyridyl dianion (44.94 ppm) and suggests the presence of an anti-aromatic ring,
corroborating the results of the previously mentioned NMR studies.

Further computations were carried out using the Atoms In Molecules (AIM)
methodology which examines the shape of electron density at central C—C bond crit-
ical points. The calculated ellipticity (¢€) is a measure of the symmetry of electronic
density in a cross-section of a bond at this position. A value of € close to zero repre-
sents a cylindrically symmetrical, o-type bond. In the transition to a formal double
bond, the values of € increase, reflecting increasing asymmetry in electron distribution
as a consequence of increasing n-character in the bond. Aromatic systems typically
have e values close to 0.23, while double bonds have values nearer 0.45. The calculated
€ values for bond 1 in 19, 20 and 21 increase with the level of reduction, from 0.04 for
the neutral species, to 0.18 for the radical anion and to 0.34 for the dianion, showing
increasing double bond character. The changes in resonance positions observed in the
'H NMR spectra of 19 and 21 are explained by the € values calculated for bond 3:
0.22 in the neutral species and 0.37 in the dianion.

Despite multiple attempts, cyclic voltammetric measurements to determine the
standard potentials for the electrochemical reduction of the Zns(4,4 -bipy)(mes)s
complex proved unattainable. Extensive sparging of dried solvents with dinitrogen
and transfer of solutions under inert atmospheres proved inadequate in preventing
decomposition of samples of 19. The 0.1 mM concentrations required for such mea-
surements are assumed to be too low to allow manipulation of solutions of the complex

on a bench top, even under inert atmospheres.
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4.6 Summary of Chapter 4

This chapter details the synthesis of three compounds, each containing an isostruc-

tural [Zng (4,4 -bipy)(mes)4|™ moiety in a different oxidation state (n = 0, 1, 2).

Experimental structural and electronic investigations are supported by theoretical

calculations and show the effects of incremental reduction arising from the stepwise

population of the neutral species LUMO.

The work discussed in this chapter has been published in a peer reviewed journal.8
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Chapter 5

Experimental

5.1 Manipulation of Air- and Moisture-Sensitive Com-
pounds

Due to the high air- and moisture-sensitivity of the majority of the compounds dis-
cussed in this thesis, all manipulations were performed under an inert atmosphere,
either using standard Schlenk line or glovebox techniques.

A Schlenk line consists of two parallel manifolds, one connected to a cylinder of
inert gas (argon in the case of this work) and the other to a continuously operating
rotovane vacuum pump (shown as (A) and (B), respectively, in Figure 5.1). Typically
there are four dual manifold connectors allowing several pieces of apparatus to be used
at a time. Glassware is attached to the line by thick-walled tubing capable of holding
a vacuum. The vacuum manifold is connected via a liquid nitrogen filled cold trap
(C) which prevents volatiles entering the pump. Vacuum pressure is monitored by
means of a Pirani pressure gauge (D) with a typical base pressure of 4 x 103 mbar
or lower. The inert gas manifold may be purged by means of an oil bubbler (E).
The Young’s taps (shown in yellow) allow vessels and tubing to be cycled alternately

between vacuum and the inert gas. This is done three times prior to use, to remove
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Figure 5.1: Schematic of a Schlenk line and two Schlenk tubes. Argon shown in pale
green, vacuum shown in pale grey.

oxygen and moisture. Glassware is typically heated when under vacuum to facilitate
the removal of any adsorbed moisture on the vessel walls. Schlenk line techniques are
particularly suited to manipulations involving solutions: control of pressures between
different vessels allows the transfer of liquids between flasks via cannulae, without
exposure to the atmosphere.

An MBraun glovebox was used for the storage and weighing of solids, as well as
for small scale reactions. This consists of a sealed stainless steel box with a clear
Lexan polycarbonate front window, containing mounted butyl rubber gloves to allow
manipulation of the glovebox contents. Samples are transferred into or out of the
box by means of two chambers which may be cycled between vacuum and dinitrogen.
The glovebox atmosphere was maintained by gas circulation through molecular sieves,
copper catalyst and activated charcoal, removing water, oxygen and solvent vapour,

respectively. This afforded oxygen and moisture levels below 0.1 ppm.
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5.2 Physical Measurements

Multiple techniques have been used to characterise the compounds detailed in this
thesis, with many of them requiring some degree of adaptation to allow the measure-
ment of highly air- and moisture-sensitive materials. For each technique discussed in
this section, the instruments used are described, followed by a brief summary of the

theory and implementation methodologies.

5.2.1 Single Crystal X-ray Diffraction

Single crystal X-ray diffraction (SXRD) data were recorded using a Enraf-Nonius
Kappa-CCD diffractometer and a 95 mm CCD area detector with a graphite-mono-
chromated molybdenum K, source. Crystals were selected under Paratone-N oil,
mounted on fibres and positioned under a dinitrogen stream. Dinitrogen flow temper-
atures were controlled by an Oxford Cryosystems cryostream. Equivalent reflections
were merged and diffraction patterns processed using the DENZO and SCALEPACK
programs.’ Structures were subsequently solved using direct methods, and refined on
F? using the SHELXL 97-2 and WINGX packages.??3

The technique involves examining the pattern of a beam of X-rays which have been
diffracted by a crystal. X-rays are generated by the electrons from a heated element
being accelerated through a potential field (in a cathode ray tube) and directed onto
a target material (Mo for all of the structures described in this thesis). The incident
electrons can remove core electrons from the metal and, upon relaxation, X-rays are
produced as electrons in higher shells fall down into the vacated shell. Several charac-
teristic wavelengths of X-rays are produced, corrolating to orbital energy diferences.
These then pass through a monochromator to isolate the most intense K, radiation
(wavelength = 0.71073 A for Mo) and a collimator (to parallelise the beam) before

being directed towards the sample (Figure 5.2).
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Figure 5.2: Schematic diagram of a four circle single crystal X-ray diffractometer

Figure 5.3: Diagrammatic explanation of Bragg’s Law
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Bragg’s law provides the condition for diffraction to occur: 2dsin9 = nA where d
is the crystal lattice spacing, 0 is the angle between the incident beam and lattice
plane, n is an integer and A is the wavelength of the X-ray radiation (Figure 5.3).% A
detector (typically a CCD camera) records the diffraction pattern for multiple orien-
tations of the crystal, source and detector. A computer is then able to determine the
coordinates of diffracted beams. Once data has been collected, duplicated (or equiva-
lent) reflections are used to make intensities of the data self-consistent. This provides
empirical corrections for X-ray absorption effects, crystal movement in the beam
and deviations in reflection intensity caused by data collection from non-spherical
crystals. Electron density may be derived from structure factors (mathematical func-
tions describing the amplitude and phase of a diffracted beam) using the formula:
p(xyz) = 5 Y | F (hED) | exp [i¢ (hkl)] exp [—2mi (ha + ky + 1z)] where p (zyz) is
the electron density at coordinates (x,y,z), V' is the unit cell volume, | F' (hkl) | is the
amplitude of the structure factor for a diffracted beam with Miller indices h.k,l and

¢ is the phase of this beam.? Two observations are immediately apparent:

1. Each reflection gives rise to information about electron density distribution
throughout the unit cell and not (for example) about a specific atom or position

in the unit cell.

2. Since X-ray detectors are able to measure the intensity of a diffracted beam (the
square of the amplitude), but cannot determine its phase, there is a potential
major problem as both pieces of data are required to generate a map of electron

density. This has been termed the ‘phase problem’.

With the advent of fast computers, the ‘phase problem’ has largely been overcome
using a computational technique called ‘direct methods’. This generates sufficiently
accurate estimates of phases to allow Fourier transforms of reflection data to give

useful information about electron density. In turn, this may be modelled to calcu-
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late increasingly precise phase estimates. Iterations of this process and assignment
of atomic positions based upon relative magnitudes of electron density permits the

determination of a three-dimensional model of the crystal structure.

5.2.2 Powder X-ray Diffraction

Transmission powder X-ray patterns were recorded using a Siemens D5000 diffrac-
tometer in modified Debye-Scherrer geometry and equipped with an MBraun position
sensitive detector. The instrument produced Cu K,; radiation (wavelength = 1.54056
A) using a germanium monochromator and a standard Cu source. Data were recorded
on samples in flame-sealed capillaries under dinitrogen. The capillaries were mounted
on a goniometer head and aligned so that rotation occurred along the long central axis
of the capillary. During a measurement the capillary was rotated at approximately
60 rpm to minimise any preferred orientation effects that might occur.

Powder X-ray diffraction (PXRD) provides less information than single crystal
X-ray diffraction because the resultant pattern is compressed into a single spatial
dimension.®” However, once a crystal structure is known, its powder X-ray pattern
can be calculated and the PXRD pattern can be used to test whether a large sample
contains exclusively a single crystalline phase or a mixture. In the work presented
in this thesis, this technique is used extensively to determine phase purity of bulk
samples, which is immediately apparent upon comparison with a calculated pattern
from SXRD data.

The X-rays are produced in the same manner as outlined above (though typically
with a Cu source). The powder consists of a great number of single crystallites, in
theory representing every possible orientation of a single crystal. At a given angle that
satisfies Bragg’s law, rather than a single diffracted beam being produced, a conical
shaped diffraction geometry occurs instead. As the detector (typically an area or

position sensitive detector) moves it intersects these cones to collect the diffracted
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Figure 5.4: Schematic diagram of a transmission X-ray diffractometer.

pattern data (Figure 5.4).

5.2.3 Superconducting Quantum Interference Device Magne-

tometry (SQUID)

SQUID magnetometry measurements were measured on unanchored polycrystalline
samples with a Quantum Design MPMS XL SQUID magnetometer. Due to the
extreme air- and moisture-sensitivity of the complexes, samples were flame-sealed
under vacuum in Suprasil tubes.

Samples are typically cooled to 5 K in zero applied field and the magnetic sus-
ceptibility is measured between 5 and 300 K in a 0.01 T applied field. The sample
is subsequently field cooled to 5 K and the magnetic susceptibility is measured at
temperatures up to 300 K. Where values observed for samples show virtually identi-
cal responses the two measurements are merged. Diamagnetic corrections have been
calculated for all samples using Pascal’s constants.®

Where ferromagnetic impurities in samples were encountered, magnetisation was
measured at high fields, saturating the ferromagnetic response. Following an initial

zero-field cooling to 5 K, the sample was warmed to 300 K and the magnetic suscepti-
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Figure 5.5: SQUID instrument superconducting coil configuration.

bility at each temperature was measured at five applied fields between 4 and 5 T. The
slope of the resulting linear plot of the molar magnetization as a function of applied
field was used to obtain the molar magnetic susceptibility at each temperature.

A SQUID magnetometer measures extremely small magnetic fields.? In the field
of chemistry it can be used to determine the type and magnitude of magnetism
a compound exhibits (for example diamagnetism, paramagnetism, ferromagnetism
and antiferromagnetism). The sample is lowered, via a long rod, into the centre of
a magnet and is surrounded by a superconducting wire that is coiled such that any
drift in magnetic field will cause no current flow (Figure 5.5). As the rod is raised and
lowered through the coils, the magnetic moment of the sample induces a current in the
pickup wires. This is transferred to the SQUID which is situated below the magnet
and isolated from the magnetic field by a superconducting shield. The SQUID uses
Josephson junctions (two superconductors separated by an extremely thin insulator)

to convert the extremely small induced current flows into readily recordable voltages.
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5.2.4 Electron Paramagnetic Resonance

Continuous wave (CW) electron paramagnetic resonance (EPR) experiments were
performed using an X-band Bruker BioSpin GmbH EMX spectrometer equipped
with a high sensitivity Bruker probehead and a low-temperature Oxford Instruments
CF935 helium-flow cryostat. Experiments were conducted using 2-10 mW microwave
power, 0.1 mT modulation amplitude, and a modulation frequency of 100 kHz. The
magnetic field was calibrated at room temperature with an external 2,2-diphenyl-1-
picrylhydrazyl standard (g = 2.0036).

EPR may be used to probe the electronic structure of paramagnetic species.!®1!
Sample ¢ factor values may be calculated from the equation: hv = gugBy where h
is Planck’s constant, v is the microwave frequency, pup is the Bohr Magneton and
By is the applied field strength. Variation of By while v is held constant allows
determination of g factors for solid and solution state samples. Solution EPR spectra
show the environment of any unpaired electron through hyperfine splitting patterns
caused by coupling with non-zero nuclear spins of neighbouring atoms.

The technique works by placing the paramagnetic sample within a magnetic field
and exposing it to microwave radiation (with a frequency of approximately 9.5 GHz
in an X-Band spectrometer) produced by a Gunn diode.!? The magnetic field gives
rise to a Zeeman splitting, lifting the degeneracy of my = +1/2 spin states (Figure
5.6).

The frequency of the source is initially tuned to produce a standing wave in the
microwave cavity, such that no power is reflected from the cavity to the detector. Any
excitation from mg = —1/2 to mg = +1/2 will absorb microwave power and thus change
the amplitudes of the forwards and reverse wave contributions to the standing wave.
This causes a change in the reflected power from the cavity. However, such changes are
typically very small and comparable to the noise from the detector, source and cavity

assembly. To allow detection of these weak signals, the Gunn diode output is divided,
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Figure 5.6: The Zeeman effect: electronic degeneracy is lifted in a magnetic field.

with a proportion of emitted microwaves travelling directly to the detector while the
remainder travel via the sample cavity. The two beams are then recombined so that
constructive interference occurs. Secondary coils allow modulation of the magnetic
field applied to the sample (By), typically by 100 kHz, causing the signal reflected
from the cavity to be similarly modulated (Figure 5.7). Since the detected intensity
is proportional to the square of the total field, if the cavity microwave field energy is
much smaller than the reference field, the following approximation may be used:

I Etht = (Eref + Lacav)2 = rgef + 2E’refﬁjcav + E2

cav

~ Ergef + 2E/’refE:caN

and, since only E.,, is modulated, a 100 kHz phase sensitive detector is able to isolate
the rightmost term of the above equation, with the signal greatly amplified by the

FE.¢ contribution.

5.2.5 Infrared Spectroscopy

Infrared (IR) data were recorded on solid samples in Nujol mulls. The mulls were

made up inside an inert atmosphere glovebox and the KBr plates were placed in
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Figure 5.7: Simplified schematic of an EPR instrument.

an airtight container prior to data collection. Spectra were recorded on a Nico-
let Magna-IR 560 spectrometer in absorbance mode (Happ-Genzel FT apodisation)
with a Ge/Csl beam splitter and liquid nitrogen cooled Mercury Cadmium Telluride
(MCT) detector.

At its most basic level, an IR spectrum shows the radiation energies that a sam-
ple is capable of absorbing, typically causing the excitation of molecular vibrational
modes. Modern spectrometers are able to record IR spectra extremely rapidly due
to a design incorporating a Michelson interferometer (Figure 5.8).12 By moving one
mirror in a stepwise manner, each position causes multiple discrete simultaneous fre-
quencies of IR light to reach the sample, generating an interferogram. Recording data
for multiple steps allows the use of a Fourier transform to convert between mirror dis-

tance data and wavenumber (cm ') data, forming the sample IR spectrum.

186



CHAPTER 5. EXPERIMENTAL

stationary mirror

moving mirror

beam 4+ — 3
splitter
IR

source

—_—
—
e

collimator

‘ sample

detector

Figure 5.8: Simplified schematic of an IR spectrometer.

5.2.6 Raman Spectroscopy

Raman spectra were recorded from solid samples, in flame-sealed Pyrex capillar-
ies under dinitrogen using a Dilor Labram 300 spectrometer. Excitation radiation
was produced by a 20 mW helium-neon laser operating at a wavelength of 632.817
nm. Optical density filters could be inserted into the beam to reduce photon flux,
decreasing the likelihood that photochemical reactions would take place during the
measurement. Measurements were typically obtained at 0.1% of full intensity with a
counting time of 100 s. Calibration of the spectrometer was performed before each
measurement by referencing to the 520.7 nm line of a silicon wafer.

This technique is complementary to the IR measurements discussed above, but
differs in that vibrational modes of a system are instead probed by the inelastic
scattering of monochromatic light, typically from a laser source.'* Incident photons
interact with the polarisation tensor of a target molecule, causing an excitation to a

virtual energy level (which is higher in energy than a real electronic transition) before
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Figure 5.9: Raman transitions.

rapid thermal energy loss to a different vibrational energy level. The gross selection
rule for Raman spectroscopy requires that there be a change in the polarizability of the
molecule during the vibration. Excitations are usually from the ground vibrational
energy level which always spans the totally symmetric representation of the group.
This gives rise to Stokes lines. A small number of molecules will be excited from a
higher starting energy level (due to the Boltzmann populations) and once excited,
these molecules can relax to the ground state energy level creating the weaker anti-

Stokes lines. Usually only the more intense Stokes lines are recorded (Figure 5.9).

5.2.7 Nuclear Magnetic Resonance

'"H and '3C Nuclear magnetic resonance (NMR) spectra of dilute samples were ac-
quired at 299.9 and 75.4 MHz, respectively, on a Varian Mercury-vx 300 NMR spec-
trometer. 3C NMR spectra were run at 125.8 MHz on a Bruker AVII 500 spectrom-
eter equipped with a '3C cryoprobe. 3C and 'H spectra were referenced to dg-THF
(0c = 25.37 ppm) and to the most shielded residual protic solvent resonance (THF
du = 1.73 ppm), respectively. Diffusion and NOE experiments were performed on a
Bruker AVII 500 spectrometer equipped with a TXI inverse probe regulated at 298 K.
Diffusion experiments utilised the BPP-LED stimulated echo sequence with diffusion
times (A) of 50 ms, bipolar diffusion-encoding field gradient pulses of total duration
4 ms (§) and longitudinal eddy current delays (LED) of 5 ms.'> Additional 0.6 ms

purging gradients were applied whenever magnetisation was longitudinal. All gradi-
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ent pulses were of half-sine profiles with effective diffusion-encoding gradient strengths
ranging from 0.5 to 20.5 G cm ™! (corrected for half-sine profiles). Data analysis was
performed using Bruker TOPSPIN software. 1D NOESY spectra were recorded using
a single pulsed field gradient selective excitation scheme utilising a 40 ms selective
Gaussian inversion pulse and with a NOE mixing time of 0.8 s.

While the majority of compounds discussed in this thesis are paramagnetic, com-
prehensive solution phase NMR studies have been carried out on two diamagnetic
complexes detailed in Chapter 4. Like EPR, NMR arises as a result of Zeeman split-
ting of the mg = £1/2 (for an I = 1/2 nucleus) in an external magnetic field. The
energy difference for a transition is given by AE = hyBy, where h is (Planck con-
stant / 21), 7 is the nuclear gyromagnetic ratio and By is the applied field strength.!®
However, unlike EPR, the effect is nucleus based, rather than electron based. Energy
differences are extremely small making the technique intrinsically insensitive in the
absence of strong fields, large gyromagnetic ratios and high active isotope abundances.

In an NMR experiment a pulse of radiation induces transitions from the ground
state to the higher energy states and a free induction decay is recorded as the sample
returns to a Boltzmann distribution. A Fourier transform then allows conversion
from this time-domain data to a frequency-domain. A given atomic site experiences
a magnetic field that is the sum of an externally applied field and a local field caused
by electron density of other nearby nuclei that can partially shield the atom from the
external field. Excitation energies between nuclear spin levels are therefore close, but
crucially different for magnetically inequivalent nuclei, allowing different environments
to be detected. These differences are termed ‘chemical shifts’ and are reported as a
fraction (ppm) relative to the shift of a reference compound in the same field.

Sophisticated irradiation pulses may be used to carry out more advanced studies,
such as two-dimensional COSY, HSQC, and HMBC measurements or diffusion and

nuclear Overhauser effect (NOE) experiments. The latter is used to detect the through
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space proximity of two or more sites and operates by the saturation of a specific
resonance. This causes a change in resonance intensity of physically close nuclei and
may be used to determine the coordination environment of a sample, or distinguish

between different stereoisomers in an enantiomerically pure compound.

5.2.8 Mossbauer Spectroscopy

Mossbauer spectra were measured between 85 and 295 K in a Janis SuperVariTemp
cryostat with a constant-acceleration spectrometer which utilised a rhodium matrix
(o source and was calibrated at 295 K with a-iron powder. The Mdssbauer spec-
tral absorbers contained about 50 mg/cm? of powder mixed with boron nitride; the
absorbers were prepared in an argon atmosphere and mounted in the cryostat under
an atmosphere of dinitrogen. The relative statistical errors are +0.005 mm/s for the
isomer shifts, §, £0.01 mm/s for the quadrupole splittings, AEq, and line widths, T,
and +0.3% for the relative component areas; the absolute errors are approximately
twice the statistical errors.

Mossbauer spectroscopy is used to investigate extremely small changes in the
energy levels of an atomic nucleus that arise as a result of oxidation state, coordination
environment and local magnetic field.!” A solid sample is able to absorb gamma
rays of energy equal to nuclear excitation energies. These are typically produced
by an excited state of the same isomer. The most common route to this is via
a radioactive nucleus that decays via such an excited system. For example, °"Fe
Mossbauer spectroscopy uses a radioactive ”Co source which decays via electron
capture to an excited form of ®"Fe, that then releases a gamma ray as it relaxes to
the °"Fe ground state. The energy of this emitted gamma ray is extremely precise
and almost perfectly monochromatic, making the technique extraordinarily sensitive,
capable of detecting energy changes of the order of parts per 10!!. Physical movement

of the 57Co source using a constant acceleration linear motor (sinusoidal velocity)
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Figure 5.10: Simplified schematic of a Mossbauer spectrometer.

causes a Doppler effect allowing precise sweeping of a narrow range of gamma energies
(typically of the order of tens of nanoelectronvolts) as shown in Figure 5.10. For
samples containing nuclei with I = 3/2, such as 5"Fe, the resulting plot of gamma ray
absorption against source velocity shows two peaks. The peak separation is termed
the ‘quadrupole splitting’ while the mean position of the two peaks relative to 0 m/s
is called the ‘isomer shift’. These parameters can be used to probe the oxidation state

and coordination environment of a complex.

5.2.9 Elemental Microanalysis

CHN elemental analyses were performed on 5 mg samples, submitted under vacuum
in flame-sealed Pyrex ampules, to either Stephen Boyer of the London Metropolitan
University or to Elemental Microanalysis Ltd. (Devon, U.K.).

The technique examines the products from instantaneous sample oxidation to
determine percentages of carbon, hydrogen and nitrogen in the submitted sample. A
known mass of sample (approximately 1 mg) is loaded into a thin-walled tin container
which is dropped into a continuously helium purged quartz combustion tube at 1000
°C. At the same time the helium flow is briefly replaced by pure oxygen causing

flash combustion. Passage of the resulting gasses over copper removes any remaining
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elemental oxygen and reduces nitrogen oxides to nitrogen. The combustion products
are then separated as helium carries them through a chromatographic column before a
thermal conductivity detector determines the concentrations of carbon dioxide, water
and nitrogen. The percentages of carbon, hydrogen and nitrogen in the sample may

then be calculated.

5.3 Density Functional Theory Calculations

Density functional theory (DFT) calculations, including unrestricted geometry opti-
misations, have been carried out on all of the compounds described in this thesis.

Investigation of the neutral bipyridine isomers and alkali metal salts of their re-
duced forms discussed in Chapter 2 were performed using the Gaussian03 package,
revision D.01, on the University of Oxford’s “ORAC” cluster.!® All DFT calcula-
tions were seeded with atomic coordinates derived from single-crystal X-ray diffrac-
tion experiments and employed the Becke three-parameter hybrid functional with the
Lee-Yang-Parr correlation (B3LYP) in conjunction with the 3-21+G* basis set.!924
Isotropic Fermi contact coupling constants were calculated for the optimised geome-
tries of the three radical species.

Calculations on the neutral and reduced transition metal complexes containing
2,2 -bipyridine discussed in Chapter 3 were performed using the ORCA and Gaus-
sian09 (revision A.02) packages.?>?¢ Unrestricted geometry optimisations, starting
from crystal structure coordinates, were carried out using the B3LYP functional in
conjunction with the TZVP basis set on the transition metal site and immediately
coordinated atoms,?” and the SVP basis set elsewhere.?® Mossbauer parameters of
the two Fe systems were determined with non-relativistic single point calculations
on single-crystal X-ray structures using the B3LYP functional in combination with

the CP(PPP) basis set for Fe and TZVP for nitrogen, carbon and hydrogen atoms.?”
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The Mossbauer isomer shifts referenced to a-iron at room temperature were calcu-
lated from the computed electron densities at the iron centre using the expression
§ (mm/s) = a(py — C) + B, where a = —0.367 £ 0.015 (mm/s)/ag®, 3 = 6.55 4+ 0.25
mm /s and C' = 11800 electrons/ag® (where ag is the Bohr radius) proposed by Neese
and co-workers.3°

The calculations on the zinc 4,4 -bipyridine complexes described in Chapter 4
were carried out using the Gaussian09 package, Revision A.02.2° Unrestricted ge-
ometry optimisations were performed using the M05-2X functional (which provides
better geometries than the previously mentioned B3LYP alternative).3! The TZVP
basis set was used on Zn and all coordinating atoms, while the SVP basis set was
used on the remaining atoms. Atoms In Molecules (AIM) analysis was performed
using the AIM2000 package.3>3% 'H chemical shifts were calculated using the Gauge-
Independent Atomic Orbital (GIAO) method,3%3 using the optimised geometries
determined above. However, the calculations were performed using the BSLYP func-

19,20,36,37 with a basis set optimised for shielding constants, aug-pcS-2 (triple C

tional,
quality) on the hydrogen atoms of the bipyridyl moiety and one mesityl group which
acted as an internal standard.?® For other atoms the same TZVP and SVP basis sets
mentioned above were used. Relative chemical shifts (§) were obtained by referencing
the nuclear magnetic shielding constants of the probe atoms against the arithmetic
mean of the isotropic magnetic shielding constants of the ortho-methyl protons which
appear as an intense singlet in the experimental NMR spectra. Nucleus-Independent
Chemical Shift (NICS) values were calculated using the GIAO method.3%4% The NICS
probes (ghost atoms) were placed 1 A above the centres of the bipyridyl moiety rings
(defined as the average of the Cartesian coordinates of the ring atoms). The NICS(1)
values largely reflect the influence of n-electrons and are therefore a better indica-

tor of the ring current (aromaticity) than the values at the centre, where o-bonding

contributions are also of importance.
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5.4 Preparation of Materials

5.4.1 Solvents

Solvents (benzene, 99.9%; diethyl ether, 99.9%; hexanes, 99.9%; toluene, 99.9%; Rath-
burn Chemicals Ltd.) were dried using an MBraun SPS-800 solvent purification
system and stored in gas-tight ampoules under argon, with the exceptions of tetrahy-
drofuran (THF') and 1,4-dioxane (both 99.9%, Rathburn Chemicals Ltd.) which were
distilled over sodium metal/benzophenone. Ethylenediamine (99%, Alfa Aesar) and
pyridine (99.9%, Rathburn Chemicals Ltd.) were distilled over sodium metal and
calcium hydride, respectively. Small scale purification of dg-THF and dg-benzene
(Apollo Scientific Ltd.) was achieved by vacuum distillation of the solvent from
calcium hydride. All solvents were stored in gas tight ampoules under argon. Addi-
tionally, benzene, 1,4-dioxane, diethyl ether, hexanes, THF and toluene were stored
over activated 3 A molecular sieves (Acros). Ethanol (>99.8%, Sigma-Aldrich) was

used as supplied.

5.4.2 Reagents

Table 5.1 shows the reagents used in the preparation of the compounds detailed in
this thesis (including those used for the synthesis of precursors) together with any
additional purification steps undertaken. All compounds were stored in a glovebox

unless indicated by an asterisk.

5.4.3 Synthesis of Precursors

Many of the transition metal complex synthesis routes detailed in this chapter use
M, (mes)s, (mes = 2.4,6-Me3CgHs), (M = Mn, Fe, Co, Zn, with n = 3, 2, 2, 2, respec-
tively). The synthesis of these compounds and other previously reported synthetic

routes employed in the course of this research are detailed below.
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Compound Purity Source Procedure
2,2 -bipy >99% TCI Europe Dried under vacuum
2,4 -bipy >99% TCI Europe Dried under vacuum
4.4°-bipy >99% Acros Organics Dried under vacuum
CrCly 99.9% Strem Chemicals Inc. Used as supplied
CoBr, Co 26.6% min. Alfa Aesar Used as supplied
Co(mes)o(PEtoPh)s | Synthesised by a literature procedure (see subsection 5.4.3)
18-crown-6 99% Alfa Aesar Dried under vacuum
2,2,2-crypt >99% Merck Dried under vacuum
dibenzo-18-crown-6 98% Sigma-Aldrich Dried under vacuum
KCg Synthesised by a literature procedure (see subsection 5.4.3)
FeCl, 98% Strem Chemicals Inc. Used as supplied
FesMesy Synthesised by a literature procedure (see subsection 5.4.3)
graphite powder* < 20 micron Sigma-Aldrich Used as supplied
(mes)Br* 99% Alfa Aesar Stored over 3A sieves
(mes)Li Synthesised by a literature procedure (see subsection 5.4.3)
Mg turnings* not given Fisher Used as supplied
MnCl, 97% Strem Chemicals Inc. Used as supplied

Mnj(mes)g-tol

Synthesised by a literature procedure (see subsection 5.4.3)

Ni(2,2"-bipy)(mes)s

Synthesised by a literature procedure (see subsection 5.4.3)

NiBry 99+% Strem Chemicals Inc. Used as supplied
PEt,Ph 98% Alfa Aesar Used as supplied
PMes 99% Strem Chemicals Inc. Used as supplied
potassium 99.95% Sigma-Aldrich Used as supplied
rubidium 99.9+% Strem Chemicals Inc. Used as supplied
sodium in paraffin not given BDH Chemicals Washed with hexanes

ZnBry 99.9%-7Zn Strem Chemicals Inc. Used as supplied
Zn(mes)sy Synthesised by a literature procedure (see subsection 5.4.3)

Table 5.1: List of reagents used and purification methods (where relevant). An aster-
isk indicates an item was not stored in the glovebox. All compounds are anhydrous.
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5.4.3.1 Synthesis of (mes)MgBr

Typically, mesityl bromide (8.84 g, 0.044 mol) was added to a Schlenk tube containing
THF (50 mL) and Mg metal (1.537 g, 0.063 mol) which was immersed in an ice water
bath at 0 °C. The reaction mixture was stirred and allowed to warm to room temper-
ature overnight, forming a dark brown solution of the Grignard reagent (mes)MgBr.
The solution was filtered via cannula into a second Schlenk tube, leaving 0.474 g,
0.019 mol of unreacted Mg (once dried). It should be noted that this procedure was
used whenever (mes)MgBr is referenced below, with the scale adjusted to that of the

referencing reaction.

5.4.3.2 Synthesis of (mes)Li

Donor free (mes)Li was prepared following a modified literature procedure.*! A hex-
ane solution of n-BuLi (21.5 mL, 0.034 mol) was added to a solution of (mes)Br
(6.15 ml, 0.040 mol) in Et20/hexane (10/20 mL) at 0 °C. The mixture was stirred
overnight whilst warming to room temperature, during which time a white precipitate
of (mes)Li formed. This was separated by filtration and washed with hexanes (2 x

20 mL) to leave a white powder (yield: 1.62 g, 38%).

5.4.3.3 Synthesis of KCg

Potassium graphite was synthesised via a modified literature preparation.*?> Graphite
powder (5 g, 0.42 mol) was added to a Schlenk tube which was carefully evacuated
and transferred into a glovebox. A magnetic follower and one eighth of an equivalent
potassium metal was added (2.1g, 0.053 mol) before the vessel was returned to a
Schlenk line. The Schlenk was heated under an argon atmosphere in a sand bath
with vigorous stirring overnight, during which time the black powder changed to the

bronze colour of KCsg.
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5.4.3.4 Synthesis of Mns(mes)g-toluene

Mnjz(mes)g-tol was prepared according to a modified literature procedure.*®> A THF
solution of (mes)MgBr (100 mL, 0.084 mol) was added in a drop-wise manner to a
THF solution (250 mL) of MnCl,-1.5THF (9.3 g, 0.040 mol) at =30 °C. The brown sus-
pension was warmed to room temperature and stirred overnight, before the solution
was heated under refluxing conditions for a further 5 hours. Addition of 1,4-dioxane
(62 mL) caused the formation of a very fine white suspension which was stirred
overnight and left to stand for 2 hours prior to filtration. The resulting solution was
evaporated to dryness to give a green solid that was redissolved in warm toluene (40
mL). A small amount of undissolved solid was removed by filtration, whilst the so-
lution temperature was maintained. Cooling the solution in a —15 °C freezer caused

formation of the product (crystalline yield: 4.52 g, 39%).

5.4.3.5 Synthesis of Fes(mes),

The compound Fey(mes), was prepared following a literature procedure.** A THF
solution of (mes)MgBr (20 mL, 0.079 mol) was added drop-wise to a THF /dioxane
(250/50 mL) suspension of FeCly-1.5THF (9.3 g, 0.039 mol) at —30 °C. The resulting
suspension was stirred while slowly warming to room temperature. The mixture
was stirred at room temperature for a further 2 hours. Magnesium halide salts were
removed by filtration and the remaining dark coloured solution was exposed to vacuum
until a dry dark brown solid remained. This was dissolved in Et,O (150 mL) and
a small amount of undissolved solid was removed by filtration. The solution was
then concentrated to 30 mL and placed in a —20 °C freezer overnight, forming dark

red /brown crystals (crystalline yield: 7.7 g, 67%).
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5.4.3.6 Synthesis of Co(mes),(PEt,Ph),

45 Diethylphenylphos-

This compound was prepared using a literature procedure.
phine (4.0 mL, 0.23 mol) was added to an ethanol solution (40 mL) of CoBry (2.5
g, 0.011 mol). This immediately caused the precipitation of turquoise crystals of
CoBry(PEtyPh), which were isolated by filtration. Addition of benzene (50 mL) to
CoBry(PEtyPh)s (6.0 g, 0.011 mol) generated a blue solution which was added drop-
wise to a =30 °C THF solution of (mes)MgBr (26 mL, 0.039 mol). The mixture was
warmed to 20 °C and stirred for 40 minutes. The mixture was cooled again to —30
°C before hydrolysis was effected by addition of dilute hydrochloric acid. Benzene
(80 mL) was added and the organic layer separated, washed with distilled water (2
x 30 mL) and dried over MgSQO,. Filtration to remove the drying agent and vac-

uum removal of the solvent at room temperature yielded lemon-yellow crystals of the

product (crystalline yield: 5.1 g, 74%).

5.4.3.7 Synthesis of Ni(2,2 "-bipy)(mes);

Ni(2,2 -bipy)(mes), was prepared following a literature procedure.%4" Triphenylphos-
phine (11.5 g, 0.044 mol) was added to NiBry (4.4 g, 0.020 mol) in THF (50 mL) and
the suspension then stirred for 2 hours, to form a dark green solution. This was
cooled to 0 °C before a THF solution of (mes)MgBr (20 mL, 0.020 mol) was added
in a drop-wise manner. After a further 1 hour stirring, addition of aqueous sat-
urated NH4Cl (ca. 20 mL) caused hydrolysis, yielding a bright yellow precipitate
of NiBr(mes)(PPhs), that was isolated by filtration and dried under vacuum after
washing with distilled water (3 x 20 mL) and hexanes (3 x 20 mL).

2,2 -bipyridine (2,2"-bipy) (1.46 g, 9.3 mmol) was then added to a portion of
NiBr(mes)(PPhs)s (4.5 g, 8.7 mmol) in EtoO (120 mL) and the resulting suspension
was stirred for 2 hours before standing overnight in a —5 °C fridge. Dark red crystals

of Ni(2,2"-bipy)Br(mes) were isolated by filtration and washed with cold Et,O.
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Li(mes) (0.60 g, 4.7 mmol) was added to a toluene solution (50 mL) containing
a portion of Ni(2,2"-bipy)Br(mes) (1.8 g, 4.5 mmol). The mixture was stirred for 3
hours at 70 °C, during which time the dark red solution turned dark purple. Reduction
of the solvent volume to 5 mL and addition of 5 mL of Et;O caused precipitation of
Ni(2,2-bipy)(mes), which was isolated by filtration before washing with cold pentane
(3 x 15 mL) and dried under vacuum. Filtrates were combined and recrystallised from

Et20. These products were then combined (crystalline yield: 1.62 g, 76%).

5.4.3.8 Synthesis of Zn(mes),

This preparation is based on a modified synthesis of Zn('Pr),.%%4% A THF solution
of (mes)MgBr (50 mL, 0.044 mol) was added drop-wise to a Schlenk tube containing
ZnBry (4.98 g, 0.022 mol) in THF (40 mL) at —78 °C and stirred whilst the reaction was
slowly allowed to warm to room temperature overnight, yielding a white precipitate
and a light brown solution. A slight excess of 1,4-dioxane (4.0 mL, 0.047 mol) was
added and the solution then further stirred for 12 hours to aid precipitation of the
magnesium salts. The white solid was removed by filtration before the remaining

solution was placed in a freezer at —80 °C for 24 hours. This yielded white crystalline

needles of Zn(mes), (crystalline yield: 3.55g, 52.8%).

5.5 Synthesis of Compounds 1 to 22

5.5.1 Compound 1: K(2,2-bipy)(en)

2,2-bipy (0.144 g, 0.92 mmol) and potassium metal (0.038 g, 0.97 mmol) were dis-
solved in approximately 4 mL of ethylenediamine, instantly yielding a deep-purple
solution. The reaction mixture was stirred for approximately 24 hours in a capped
sample vial in a nitrogen-filled glovebox. The solution was filtered into a crystallisa-

tion ampoule while in the glovebox by passing it through a Pasteur pipette containing
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packed glass wool at the constriction. Prior to use, an ampoule containing the glass-
wool-packed pipette was heated under vacuum to drive off all traces of moisture and
air. After filtration, the sealed ampoule was transferred to a Schlenk line, where it
was layered with toluene (approximately 20 mL). During layering, the ampoule was
cooled in a water bath (8 °C) and then transferred to a fridge (8 — 10 °C) to aid the
crystallisation of the product. Two polymorphic crystalline products formed after 4
days: K(2,2"-bipy)(en) (1a) and K4(2,2"-bipy)4(en)s (1b). Both crystallised as large
purple/black block-like crystals and were found to be suitable for single crystal X-ray
diffraction. Crystalline yield: 93.7 mg, 39.8%. Anal. Calcd for C;oHgKNy: C, 56.42;
H, 6.32; N, 21.95. Found: C, 56.62; H, 6.40; N, 21.86. Solid-state EPR measurements
recorded a g value of 2.0033. Solution-phase EPR measurements recorded a g value
of 2.0035. TR (ecm™): 626 (m), 683 (s), 709 (s), 738 (w), 817 (w) 939 (s), 974 (s), 1005
(s), 1139 (m), 1155 (m), 1260 (s), 1282 (w), 1404 (m), 1495 (m), 1561 (w). Raman
(em™): 343 (m), 626 (w), 972 (m), 1020 (w), 1029 (w), 1142 (w), 1157 (s), 1208 (w),
1259 (w), 1347 (m), 1461 (s), 1471 (m), 1495 (m), 1560 (w).

5.5.2 Compound 2: Rby(2,2°-bipy)(en)-

Sample 2 was prepared by the same method as that employed for the synthesis of 1
using 2,2 -bipy (0.192 g, 1.2 mmol) and rubidium metal (0.221 g, 2.6 mmol). Pur-
ple/black rod-like crystals of 2 suitable for single crystal X-ray diffraction were iso-
lated from an ethylenediamine/toluene mixture (crystalline yield: 192 mg, 35.0%).
Powder X-ray diffraction studies found that the bulk sample matched the calcu-
lated diffraction pattern, as predicted from single crystal data. Anal. Calcd for
C14H24NgRbo: C, 37.57; H, 5.41; N, 18.79. Found: C, 37.56; H, 5.51; N, 18.70. Solid-
state EPR measurements recorded a weak resonance with a g value of 2.0033. IR
(em™): 612 (vs), 639 (m), 668 (s), 675 (s), 708 (w), 755 (m), 801 (s), 830 (m), 867
(m), 887 (s), 902 (m), 928 (w), 980 (s), 1018 (m), 1039 (vs), 1090 (s), 1099 (s), 1149
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(w), 1260 (s), 1290 (m), 1322 (w), 1363 (m), 1399 (s), 1560 (m), 1590 (m). Raman
(cm1): 327 (w), 433 (m), 464 (w), 589 (W), 607 (w), 642 (w), 709 (m), 916 (m), 957
(s), 989 (s), 1083 (s), 1108 (w), 1137 (m), 1154 (w), 1233 (s), 1303 (m), 1345 (w),
1434 (s), 1469 (m), 1493 (s), 1578 (s).

5.5.3 Compound 3: K(2,4"-bipy)(en)

K(2,4"-bipy)(en) was prepared using a method analogous to that described for the
synthesis of 1. 2,47-bipy (0.152 g, 0.97 mmol) and potassium metal (0.040 g, 1.0
mmol) were reacted in ethylenediamine and subsequently layered with toluene. Dark-
purple/black plate-like crystals of 3 suitable for single crystal X-ray diffraction were
isolated from an the solvent mixture after 4 days (crystalline yield: 25.7 mg, 11.7%).
Powder X-ray diffraction studies found that the bulk sample matched the calculated
diffraction pattern, as predicted from single crystal data. Anal. Calcd for C1oH4KNy:
C, 56.42; H, 6.32; N, 21.95. Found: C, 56.36; H, 6.27; N, 21.86. Solid-state and
solution-phase EPR measurements recorded a g value of 2.0037. IR (cm™): 625 (w),
668 (w), 689 (m), 739 (m), 745 (m), 772 (w), 793 (m), 932 (m), 944 (s), 960 (w), 978
(m), 1016 (m), 1144 (s), 1202 (s), 1252 (m), 1267 (w), 1303 (w), 1426 (s), 1559 (s),
1586 (s), 1597 (s). Raman (cm!): 335 (m), 429 (w), 590 (w), 598 (w), 741 (w), 982
(m), 1012 (s), 1028 (w), 1040 (m), 1087 (w), 1149 (m), 1204 (m), 1226 (m), 1260 (w),
1304 (w), 1348 (s), 1406 (w), 1427 (s), 1476 (s), 1504 (s), 1572 (m), 1597 (s).

5.5.4 Compound 4: K4(2,4°-bipy)z(en)s.s

K4(2,4°-bipy)s(en)s 5 was prepared using similar methodology to that described for
the synthesis of 1, using 2,4 -bipy (0.149 g, 0.95 mmol) and potassium metal (0.078
g, 2.0 mmol). Dark-purple/black needle-like crystals formed from an ethylenedi-
amine/toluene mixture after 4 days. Crystalline yield: 263.7 mg, 81.4%. Anal. Calcd
for CorHuKyNy: C, 47.73; H, 6.53; N, 22.69. Found: C, 47.62; H, 6.51; N, 22.66.
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Solid-state EPR measurements recorded a weak resonance with a ¢ value of 2.0035.
IR (em™): 620 (w), 636 (s), 671 (w), 700 (w), 710 (m), 733 (m), 748 (m), 799 (s),
819 (w), 875 (m), 900 (s), 950 (vs), 981 (m), 1018 (m), 1050 (w), 1072 (m), 1114 (s),
1171 (s), 1208 (s), 1257 (vs, sh), 1290 (vs), 1366 (m), 1410 (w), 1433 (s), 1483 (m),
1502 (m), 1574 (s), 1607 (m). Raman (cm!): 331 (m), 407 (w), 566 (w), 712 (w),
953 (w), 981 (s), 1012 (w), 1025 (w), 1038 (w), 1072 (m), 1127 (m), 1169 (w), 1210
(m), 1226 (w), 1261 (m), 1344 (m), 1372 (w), 1384 (w), 1431 (m), 1446 (w), 1474
(m), 1504 (s), 1576 (w), 1605 (s).

5.5.5 Compound 5: Rby(2,4"-bipy)2(en)ss

Rb4(2,4"-bipy)s(en)s 5 was prepared using a method analogous to that described for
the synthesis of 1. 2,4"-bipy (0.155 g, 0.99 mmol) and rubidium metal (0.178 g, 2.1
mmol) were reacted in ethylenediamine and subsequently layered with diethyl ether.
Purple rod-like crystals suitable for X-ray diffraction formed after 6 days from the
solvent mixture (crystalline yield: 349 mg, 58.2%). Powder X-ray diffraction studies
found that the bulk sample matched the calculated diffraction pattern, as predicted
from single crystal data. Anal. Calcd for CoyHyyN11Rby: C, 37.49; H, 5.13; N, 17.82.
Found: C, 37.39; H, 5.07; N, 17.83. Solid-state EPR measurements recorded a weak
resonance with a ¢ value of 2.0038. IR and Raman data for sample 5 were found to
be closely related with those recorded for sample 4: IR (cm'): 620 (w), 634 (s), 668
(s), 700 (w), 710 (m), 732 (m), 748 (m), 771 (m), 802 (m), 819 (w), 902 (s), 951 (vs),
979 (s), 987 (m), 1017 (m), 1023 (m), 1038 (w), 1050 (w), 1070 (m), 1112 (s), 1170
(s), 1205 (s), 1255 (vs), 1263 (vs), 1291 (vs), 1371 (m), 1408 (m), 1433 (s), 1497 (m),
1560 (w), 1576 (s), 1595 (m), 1604 (m). Raman (cm™'): 331 (m), 426 (w), 574 (w),
591 (w), 634 (w), 710 (w), 905 (w). 952 (m), 981 (s), 1011 (m), 1025 (w), 1067 (m),
1110 (w), 1118 (m), 1146 (w), 1166 (m), 1210 (m), 1254 (m), 1263 (w), 1346 (m),
1360 (w), 1381 (w), 1425 (s), 1434 (s), 1474 (s), 1501 (s), 1574 (m), 1602 (s).
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5.5.6 Compound 6: Na(4,4-bipy)(en)

Sample 6 was prepared by the same method as that employed for the synthesis of
1 using 4,4 -bipy (0.150 g, 0.96 mmol) and sodium metal (0.024 g, 1.0 mmol). Af-
ter layering with benzene this yielded two polymorphic crystalline products after 1
day: Na(4,4"-bipy)(en) (6a) and Nag (4,4 "-bipy)2(en)s (6b). Both crystallised as pur-
ple/black block-like crystals and were found to be suitable for single crystal X-ray
diffraction. Crystalline yield: 168 mg, 73.0%. Anal. Calcd for C1oHgN4Na: C, 60.24;
H, 6.74; N, 23.41. Found: C, 60.12; H, 6.71; N, 23.36. Solid-state EPR measurements
recorded a a g value of 2.0025 while solution-phase experiments revealed a g value
of 2.0046. Raman (cm'): 343 (w), 698 (w), 744 (m), 1001 (m), 1040 (s), 1074 (w),
1227 (w), 1348 (s), 1368 (vs), 1431 (w), 1509 (vs), 1614 (vs), 1677 (w).

5.5.7 Compound 7: Naz(4,4 -bipy)(en),

Nay(4,4 -bipy)(en)s was prepared using similar methodology to that described for
the synthesis of 1, using 4,4 -bipy (0.150 g, 0.96 mmol) and sodium metal (0.055 g,
2.4 mmol). Dark-purple plate-like crystals formed from an ethylenediamine/benzene
mixture after 2 days. Crystalline yield: 163 mg, 51.0%. Anal. Calcd for C;H;3N3Na:
C, 52.16; H, 7.50; N, 26.07. Found: C, 52.07; H, 7.53; N, 26.03. Solid-state EPR
measurements recorded a weak resonance with a g value of 2.0043. Raman (cm!):
342 (w), 742 (w), 837 (w), 970 (w), 1004 (m), 1041 (w), 1231 (w), 1347 (s), 1396 (w),
1506 (vs) 1613 (vs), 1699 (w), 1793 (w), 1860 (w).

5.5.8 Compound 8: Cr(2,2 -bipy)(mes)a

A suspension of CrCly (1.00 g, 8.1 mmol) was stirred in THF (40 mL) in a Schlenk
tube at —78 °C before the dropwise addition of a 0.41 M solution of (mes)MgBr in

THF (40 mL, 16.3 mmol). The resulting brown solution was slowly warmed to —20 °C
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to form a purple solution which was stirred for 10 hours. After re-cooling to —78 °C,
2,2 -bipy (3.81 g, 24.4 mmol) in THF (20 mL) was added in a dropwise manner and
the system then allowed to warm to room temperature overnight, yielding an intensely
coloured purple solution and a light purple precipitate, assumed to be composed of
additional undissolved product and Mg(2,2"-bipy)CIBr. Filtration and subsequent
drying in vacuo yielded 0.45 g of a dark purple solid. Further washings of the reac-
tion precipitates with THF allowed the isolation of an additional 2.07 g of product
(60% total yield). Slow diffusion of hexanes into a saturated THF solution yielded
small crystals with the literature unit cell of Cr(2,2 -bipy)(mes)s- THF,* while simi-
lar diffusion into a benzene solution yielded crystals of Cr(2,2 -bipy)(mes),-1.5C¢Hs.
The solvent of crystallisation was found to be removed when samples were sealed
under vacuum. Anal. Caled for CogCrHsgNy: C, 75.31; H, 6.77; N, 6.27. Found:
C, 74.95; H, 6.60; N, 6.06. A diamagnetic correction of ~0.00034738 cm?® mol ! was
applied to SQUID magnetometry measurements. The corrected data exhibit a mag-
netic moment of 4.82 up relative to a calculated spin-only value of 4.90 up for a
high spin chromium(II) complex. A solid state EPR spectrum was recorded at room
temperature and exhibited a very weak resonance with a ¢ value of 1.986. IR (cm):
650 (w), 733 (m), 756 (s), 767 (m), 800 (w), 842 (m), 1015 (m), 1059 (w), 1153 (m),
1171 (w), 1244 (w), 1260 (w), 1311 (w), 1377 (s), 1429 (w), 1441 (s), 1458 (s), 1562
(w), 1571 (w), 1600 (s). Raman (cm™): 132 (w), 371 (w), 650 (w), 1016 (s), 1159
(m), 1170 (m), 1227 (m), 1282 (s), 1318 (m), 1414 (w), 1468 (m), 1487 (s), 1510 (w),
1554 (m), 1561 (w), 1572 (w).

5.5.9 Compound 9: Mn(2,2’-bipy)(mes),

Mng(mes)g (150.0 mg, 0.17 mmol) and 2,2"-bipy (80.0 mg, 0.51 mmol) were weighed
out into a sample vial and dissolved in THF (5 mL) inside an inert atmosphere

glovebox and stirred for 6 hours. The resulting dark blue solution was filtered
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and layered with hexanes. After three days, very small, flat, needle-like crystals
of Mn(2,2"-bipy)(mes)s had formed which were found to be suitable for single crys-
tal X-ray diffraction (121 mg, 52% crystalline yield). A powder X-ray diffraction
pattern matched that calculated from the single crystal structure. Anal. Calcd for
CogH3oMnNy: C, 74.82; H, 6.73; N, 6.23. Found: C, 74.62; H, 6.70; N, 6.15. A
diamagnetic correction of —0.00029434 cm?® mol ! was applied to SQUID magnetom-
etry measurements. The sample displays a Curie-Weiss paramagnetic response with
a molar magnetic moment of 5.62 up compared to a calculated spin-only value of
5.92 up for a high spin, Mn(II) complex. The close proximity of spin 5/2 nuclei in
the crystal lattice is responsible for highly unusual solid-state EPR spectra due to
extensive spin coupling of adjacent sites. Attempts to reduce this by co-precipitating
9 with t-BuyNPFg were partially successful, as exhibited by the increased intensity of
a resonance with a ¢ value of approximately 2.0017, though the presence of the same
complex background indicates the presence of significant amounts of the original neat
sample. IR (ecm™): 627 (w), 645 (w), 665 (w), 704 (w), 707 (w), 737 (m), 743 (w),
763 (m), 799 (w), 839 (m), 850 (m), 892 (w), 934 (w), 963 (w), 1012 (s), 1043 (w),
1058 (w), 1102 (w), 1112 (w), 1157 (s), 1167 (w), 1210 (m), 1246 (m), 1257 (w), 1279
(w), 1314 (m), 1365 (w), 1374 (m), 1390 (w), 1485 (w), 1528 (w), 1562 (w), 1571 (w),
1588 (m), 1596 (s), 1600 (s), 1701 (w), 1726 (w). Raman (cm '): 127 (w), 237 (w),
287 (w), 343 (w), 524 (w), 632 (w), 738 (w), 963 (w), 984 (m), 1070 (w), 1159 (m),
1201 (m), 1268 (w), 1348 (w), 1458 (w), 1478 (s), 1500 (m), 1534 (w), 1559 (w), 1579
(w).

5.5.10 Compound 10: Fe(2,2 -bipy)(mes),

Fey(mes), (200 mg, 0.35 mmol) and 2,2"-bipy (110 mg, 0.70 mmol) were dissolved in
THF (5 mL) in a glovebox and stirred for an hour. A deep reddish-purple solution

was immediately observable. The resulting solution was filtered and layered with
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approximately 20 mL of hexanes. The mixture was left to crystallise over several days
affording 195 mg of red crystalline Fe(2,2"-bipy)(mes), (yield 62%). A powder X-ray
diffraction pattern was obtained which matched the simulated diffraction pattern
based on the single crystal X-ray diffraction data. Anal. Caled for CogFeH3gNy: C,
74.65; H, 6.72; N, 6.22. Found: C, 74.52; H, 6.60; N, 6.23. SQUID magnetometry
measurements were diamagnetically corrected (by —0.000286 cm?® mol!) and show
a Curie-Weiss paramagnetic response of 5.12 up which differs from the spin-only
formula calculated value of 4.90 ug due to a small amount of spin-orbit coupling.
Sample 10 is EPR silent because the Fe(II) nucleus is an example of a non-Kramers
ion (S = 2). IR (cm™): 628 (w), 647 (w), 705 (w), 735 (s), 744 (w), 763 (vs), 839
(s), 850 (m), 1012 (s), 1042 (w), 1057 (w), 1101 (w), 1112 (w), 1156 (s), 1166 (w),
1211 (w), 1247 (m), 1278 (w), 1310 (m), 1366 (m), 1392 (m), 1439 (vs), 1470 (m),
1530 (w), 1561 (w), 1571 (w), 1589 (m), 1596 (s), 1599 (s). Raman (cm1): 96 (w),
140(s), 250 (m), 293 (w), 359 (w), 419 (w), 483 (w), 548 (w), 651 (m), 770 (w), 1016
(s), 1170 (m), 1282 (m), 1315 (s), 1487 (s), 1565 (m), 1599 (w).

5.5.11 Compound 11: Co(2,2’-bipy)(mes),

Co(mes)o(PPhEts)s (301.1 mg, 0.48 mmol) and 2,2 -bipy (74.9 mg, 0.48 mmol) were
weighed out into a Schlenk tube in a glovebox. The reaction vessel was transferred
to a Schlenk line and THF added (~5 mL). The mixture was then stirred for 16
hours. During this time the brown/yellow solution turned a dark red colour. The
reaction mixture was filtered and layered with hexanes. After three days black block-
like crystals of Co(2,2"-bipy)(mes)s-THF had formed and were found to be suitable
for single crystal X-ray diffraction (101.1 mg, 40% crystalline yield). A powder X-
ray diffraction pattern was found to match that calculated from a separate room
temperature single crystal X-ray data collection. Anal. Caled for CogCoH3gNy: C,
63.78; H, 7.69; N, 6.47. Found: C, 63.66; H, 7.54; N, 6.52. SQUID measurements
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have been diamagnetically corrected by —0.00034438 cm?® mol !. 11 does not display
Curie-Weiss paramagnetism but instead exhibits a temperature dependant magnetic
susceptibility, varying linearly from 2.31 ug at 20 K to 2.62 up at 300K. The solid-state
EPR spectrum of Co(2,2 -bipy)(mes), reveals a single, extremely broad resonance (>
6000 Gauss), centred around a g value of 2.45. IR (cm): 648 (w), 652 (w), 667 (w),
712 (w), 721 (m), 728 (m), 736 (w), 755 (s), 768 (w), 841 (m), 874 (w), 888 (w), 935
(w), 963 (w), 983 (w), 1008 (m), 1016 (w), 1031 (w), 1061 (w), 1156 (w), 1216 (w),
1245 (w), 1261 (w), 1272 (m), 1308 (w), 1320 (w), 1363 (w), 1377 (m), 1394 (w),
1399 (w), 1405 (w), 1419 (w), 1427 (w), 1564 (w), 1590 (w), 1601 (w), 1709 (w), 1758
(w). Raman (cm™): 104 (w), 126 (w), 229 (w), 365 (m), 419 (w), 544 (w), 558 (w),
650 (m), 733 (w), 934 (w), 1004 (m), 1029 (w), 1001 (w), 1163 (m), 1259 (m), 1268
(m), 1317 (m), 1477 (s), 1554 (s), 1600 (s).

5.5.12 Compound 12: Ni(2,2 "-bipy)(mes)-

This was synthesised as detailed in section 5.4.3.7. Layering a THF solution with
pentane yielded dark purple crystals of Ni(2,2"-bipy)(mes)s. A powder X-ray diffrac-
tion pattern was found to match that calculated from the single crystal structure.
Anal. Caled for CogH3gNoNi: C, 74.20; H, 6.67; N, 6.18. Found: C, 74.42; H, 6.56; N,
6.05. 'H NMR (dg-benzene): § (ppm) = 8.05 (d, 2H, bipyHs 3, 3y = 6 Hz), 6.92
(s, 4H, HMes), 6.75 (t, 2H, bipyHs5-, *Juu = 6 Hz), 6.65 (d, 2H, bipyHge, *Jun
— 6 Hz), 6.14 (t, 2H, bipyHys, 3Jun = 6 Hz), 3.04 (s, 12H, 0-CHj), 2.41 (s, 6H,
p-CH3). IR (cmt): 713 (w), 722 (m), 729 (m), 737 (w), 756 (s), 843 (m), 874 (w),
889 (w), 940 (w), 1015 (m), 1021 (m), 1063 (w), 1153 (w), 1168 (w), 1218 (w), 1242
w), 1250 (w), 1256 (w), 1278 (w), 1313 (w), 1340 (w), 1362 (m), 1377 (m), 1394

(

(w), 1405 (w), 1419 (w), 1430 (m), 1443 (s), 1562 (w), 1569 (w), 1604 (w). Raman
(em™): 258 (w), 550 (W) 566 (m), 635 (w), 772 (w), 943 (w), 1016 (s), 1170 (s), 1279
(

s), 1325 (s), 1488 (s), 1564 (s), 1606 (m).
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5.5.13 Compound 13: [K(dibenzo-18-crown-6)][Cr(2,2 "-bipy)-
(mes).]

THF (5 mL) was added to a sample vial containing 8 (75.0 mg, 0.15 mmol), KCg
(22.7 mg, 0.17 mmol) and dibenzo-18-crown-6 (60.5 mg, 0.17 mmol) in a glovebox
and stirred for 4 hours. Subsequent filtration and layering with hexanes yielded
dark brown crystals of [K(dibenzo-18-crown-6)|[Cr(2,2"-bipy)(mes)q|-2THF suitable
for single crystal X-ray diffraction (40 mg, 26% crystalline yield). IR (ecm™): 726 (s),
744 (w), 841 (w), 943 (s), 958 (m), 1061 (m), 1087 (w), 1126 (s), 1209 (m), 1251 (s),
1290 (m), 1377 (s), 1419 (w), 1489 (m), 1503 (m), 1593 (w). Raman (cm'): 209 (m),
269 (w), 360 (s), 411 (w), 462 (w), 578 (w), 603 (m), 643 (s), 748 (w), 945 (w), 995
(), 1011 (w), 1080 (m), 1161 (s), 1203 (s), 1273 (m), 1288 (w), 1354 (w), 1416 (m),
1480 (s), 1507 (s), 1536 (m), 1568 (m). SQUID magnetometry measurements were
diamagnetically corrected (by —0.00069116 cm?® mol™!) and reveal a magnetic moment
of 3.85 up (compared to a spin-only value of 3.87 ugp). Solid state EPR spectra were
recorded at room temperature and at 10 K and reveal complex anisotropic resonances

centred about a ¢ value of 1.986.

5.5.14 Compound 14: [K(18-crown-6)|[Mn(2,2 -bipy)(mes),]

THF (5 mL) was added to a sample vial containing 9 (66.0 mg, 0.15 mmol), K metal
(6.1 mg, 0.16 mmol), and 18-crown-6 (39.0 mg, 0.15 mmol) in a glovebox and stirred
for 24 hours. Filtration yielded a dark brown solution which, when layered with hex-
anes, produced very small crystals of [K(18-crown-6)|[Mn(2,2 -bipy)(mes)s|-2THF
(14a) (ca. 5 mg, 4% crystalline yield). Due to the small size and weakly diffract-
ing nature of the crystalline samples, single crystal X-ray diffraction data were col-
lected at Beam Station I19 at the Diamond Light Source Synchrotron. Better qual-

ity crystalline samples suitable for single crystal X-ray diffraction on in-house in-
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strumentation could be obtained from pyridine solutions which were allowed to dif-
fuse into a toluene layer. These crystals were solved as [K(18-crown-6)|[Mn(2,2"-
bipy)(mes)2|-0.67py-0.67tol (14b) (py = pyridine, tol = toluene). Attempts to syn-
thesise a pure microcrystalline compound were unsuccessful due to the very low yields
of highly reactive species or the tendancy towards oil formation if even slight excesses
of reducing agents were present. A diamagnetic correction was applied to SQUID mag-
netometry measurements of —0.00055946 cm?® mol ™. 14 deviates from Curie-Weiss
paramagnetic behaviour with molar magnetic moments changing almost linearly be-
tween 4.15 up and 4.85 ug, at 35 K and 295 K, respectively. Solid-state and solution
phase EPR spectra show intense resonances with ¢ values of 2.0035 and 2.0033, re-
spectively. IR (cm™): 600 (w), 619 (w), 639 (w), 665 (w), 680 (w), 725 (m), 755 (w),
797 (w), 832 (w), 843 (w), 930 (w), 945 (w), 951 (s), 990 (w), 1011 (m), 1055 (w),
1077 (w), 1101 (s), 1130 (m), 1144 (m), 1172 (w), 1209 (w), 1235 (w), 1260 (s), 1273
(w), 1289 (s), 1294 (w), 1352 (s), 1358 (w), 1410 (w), 1419 (m), 1493 (m), 1506 (w),
1540 (w), 1558 (w), 1583 (w), 1617 (w), 1655 (w), 1695 (w), 1744 (w), 1807 (w), 1866
(w). Raman (cm1): 127 (w), 237 (w), 287 (w), 343 (w), 524 (w), 632 (w), 738 (w),
963 (w), 984 (m), 1070 (w), 1159 (m), 1201 (m), 1268 (w), 1348 (w), 1458 (w), 1478
(s), 1500 (m), 1534 (w), 1559 (w), 1579 (w).

5.5.15 Compound 15: [K(2,2,2-crypt)][Fe(2,2 "-bipy)(mes)-]

A portion of 10 (250 mg, 0.56 mmol) was reacted with K (22 mg, 0.56 mmol)
and 2,2,2-crypt (212 mg, 0.56 mmol) in THF (5 mL) in a glovebox and left to stir
overnight. The solution was filtered, layered with hexanes, and allowed to crystallise
over several days yielding dark purple and pale green crystals. The crystalline prod-
ucts were identified as [K(2,2,2-crypt)|[Fe(2,2 -bipy)(mes)s| (15, dark purple) and
[K(2,2,2-crypt)][Fe(mes)s]-C¢Hi2 (18, pale green). Species 15 was purified by re-

dissolving the mixture of solids in pyridine, filtering, and layering the solution with
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toluene. This yielded 148 mg of compositionally pure dark purple crystalline [K(2,2,2-
crypt)][Fe(2,2"-bipy)(mes)s]| (yield 30%). A powder X-ray diffraction pattern was ob-
tained which matched the simulated diffraction pattern based on the single crystal
X-ray diffraction data. Anal. Calcd for CysFeHggKN4Og: C, 63.78; H, 7.69; N, 6.47.
Found: C, 63.66; H, 7.54; N, 6.52. SQUID magnetometry measurements were dia-
magnetically corrected (by —0.000551 ¢cm® mol!) and show a strong deviation from
paramagnetic behaviour as a result of the mixing of different spin states. A room
temperature solid-state EPR measurement exhibits a resonance with a ¢ factor of
2.086. IR (cm™): 613 (w) 639 (w), 681 (w), 688 (w), 708 (w), 733 (m), 754 (w),
799 (w), 831 (m), 847 (w), 932 (s), 949 (s), 965 (w), 1011 (m), 1029 (w), 1105 (vs),
1130 (s), 1210 (w), 1258 (s), 1275 (w), 1290 (m), 1356 (s), 1413 (w), 1434 (w), 1444
(m), 1478 (m), 1497 (m), 1537 (w), 1556 (w), 1563 (w), 1582 (w), 1608 (w). Raman
(em™): 242 (w), 366 (w), 377 (w), 414 (w), 431 (w), 478 (w), 539 (w), 573 (m), 607
(m), 617 (m), 670 (w), 742 (w), 984 (s), 1093 (m), 1141 (m), 1213 (s), 1349 (w), 1412
(m), 1477 (s), 1512 (s), 1521 (m), 1586 (m).

5.5.16 Compound 16: [K(2,2,2-crypt)][Co(2,2 "-bipy)(mes)a]

THF (4 mL) was added to a sample vial containing 11 (50.0 mg, 0.11 mmol), K
metal (5.2 mg, 0.13 mmol) and 2,2,2-crypt (41.5 mg, 0.11 mmol) and stirred for 16
hours in a glovebox to yield a dark brown solution. Filtration and layering with
hexanes yielded crystals of [K(2,2,2-crypt)|[Co(2,2 "-bipy)(mes),| after 10 days (25.4
mg, 26% crystalline yield). A powder X-ray diffraction pattern was found to match
that calculated from the single crystal structure. Anal. Calcd for CysCoHgg KN4Og:
C, 63.57; H, 7.65; N, 6.45. Found: C, 63.26; H, 7.49; N, 6.45. A diamagnetic
correction of —0.00055946 cm?® mol 'was made to SQUID measurements of 16, which
show more complex magnetic properties than Curie-Weiss paramagnetic behaviour

alone. Magnetic moment varies between 1.27 g and 1.88 ug at 30 K and 300 K,
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respectively. EPR measurements on a solid sample of 16 show a very broad resonance
(> 6000 Gauss) centred on a g value around 2.19. IR (cm™): 608 (w), 638 (w), 667
(w), 682 (w), 714 (w), 729 (s), 756 (w), 822 (w), 832 (w), 841 (m), 864 (w), 934 (s),
943 (w), 956 (s), 1003 (w), 1019 (w), 1027 (w), 1076 (m), 1088 (w), 1107 (s), 1130
(m), 1162 (w), 1173 (w), 1211 (w), 1231 (w), 1258 (m), 1276 (w), 1289 (s), 1295 (),
1341 (w), 1351 (s), 1359 (m), 1419 (w), 1496 (s), 1556 (m), 1564 (m), 1661 (w), 1699
(w), 1726 (w), 1754 (w), 1783 (w). Raman (cm™): 72 (m), 80 (m), 88 (m), 96 (m),
103 (m), 112 (m), 120 (m), 126 (w), 136 (m), 225 (w), 365 (m), 635 (w), 803 (m,
broad), 998 (m), 1143 (m), 1207 (w), 1271 (w), 1445 (s), 1506 (m), 1552 (m), 1809
(w), 2328 (s), 2440 (w, broad), 2587 (w, broad), 2885 (w, broad).

5.5.17 Compound 17: [K(2,2,2-crypt)][Ni(2,2 *-bipy)(mes),]

THF (5 mL) was added to a sample vial containing 12 (50.0 mg, 0.11 mmol), KCg
(14.9 mg, 0.11 mmol) and 2,2,2-crypt (41.5 mg, 0.11 mmol) and stirred in a glove-
box for 4 hours. Filtration and layering with hexanes yielded dark purple crystals
of [K(2,2,2-crypt)|[Ni(mes), (2,2 "-bipy)|, suitable for single crystal X-ray diffraction.
A powder X-ray diffraction pattern matched that calculated from the single crystal
structure. A diamagnetic correction of ~0.00055946 cm® mol™! was made to SQUID
data of 17, which show more complex magnetic properties than Curie-Weiss param-
agnetic behaviour alone, with response varying between 1.52 ug and 1.27 g at 30 K
and 300 K, respectively. Solution-phase EPR measurements show a resonance centred
on a g value of 2.0045 that displays considerable hyperfine splitting. Solid-state EPR
spectra were recorded at room temperature and at 10 K and reveal a strong resonance
with a g value of 2.0084. IR (cm!): 674 (w), 717 (m), 756 (w), 805 (w), 822 (w),
841 (w), 935 (m), 959 (m), 1010 (m), 1018 (w), 1077 (m), 1107 (s), 1129 (m), 1159
(w), 1203 (w), 1261 (m), 1275 (m), 1285 (w), 1294 (w), 1351 (m), 1360 (m), 1378 (s),
1416 (w), 1488 (m), 1569 (w). Raman (cm'): 155 (w), 366 (w), 413 (w), 544 (w),
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561 (w), 647 (w), 746 (m), 940 (w), 999 (s), 1016 (m), 1086 (w), 1156 (s), 1201 (s),
1272 (m), 1314 (w), 1353 (m), 1413 (m), 1493 (s), 1549 (s), 1597 (w).

5.5.18 Compound 18: [K(2,2,2-crypt)][Fe(mes)s]

Despite efforts to target the synthesis of this compound including the direct reduction
of Fey(mes), by K metal in the presence of 2,2,2-crypt, it was not possible to isolate

a pure sample of 18. Its synthesis as a side-product is detailed in subsection 5.5.15.

5.5.19 Compound 19: Zny(4,4°-bipy)(mes)4

Zn(mes)s (300 mg, 0.99 mmol) and 4,4 "-bipyridine (77 mg, 0.49 mmol) were dissolved
in THF (approximately 4 mL) under an inert atmosphere and stirred for 5 hours,
forming a pale yellow solution. The resulting solution was filtered and layered with
hexanes. Large colourless needle-like crystals of Zny(4,4 -bipyridine)(mes), formed
overnight in good yield (240 mg, 63.6% crystalline yield). A powder X-ray diffraction
pattern was obtained which matched the simulated diffraction pattern based on the
single crystal X-ray diffraction data. Anal. Calcd for CysHsoNoZny: C 72.34, H
6.86, N 3.67. Found: C 72.25, H 6.77, N 3.58. 'H NMR (299.9 MHz, ds-THF):
§ (ppm) 8.57 (d, 4H, ortho-4,4 -bipyridyl, *Jg g = 6 Hz), 7.71 (d, 4H, meta-4,4"-
bipyridyl, 3Jg g = 6 Hz), 6.73 (s, 8H, C¢H4(CHz)3), 2.42 (s, 24H, ortho-CH3), 2.21
(s, 12H, para-CH3). The 'H NMR spectrum of 19 was assigned with the help of
a COSY 2-D experiment. ¥C NMR (75.4 MHz, dg-THF): 6 (ppm) 152.59 (s, ipso-
CeHo(CHs)s), 151.45 (s, ortho-4,4 -bipyridyl), 147.05 (s, para-4,4 -bipyridyl), 145.48
(s, ortho-CgHa(CHs)s), 136.52 (s, para-C¢Ho(CHs)s), 126.48 (s, meta-CgHa(CHs)s),
122.88 (s, meta-4,4 -bipyridyl), 27.42 (s, ortho-CHz), 21.58 (s, para-CHz). BC{'H}
NMR resonances were assigned with the help of HSQC and HMBC 2-D spectra. IR
(cm™): 515 (w), 540 (m), 580 (w), 629 (s), 668 (w), 710 (w), 721 (w), 809 (s), 818
(s), 845 (s), 965 (w), 971 (w), 984 (w), 1005 (s), 1042 (m), 1070 (m), 1099 (w), 1215
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(), 1262 (w), 1285 (w), 1317 (w), 1412 (m), 1506 (w), 1525 (w), 1531 (w), 1539 (w),
1558 (w), 1570 (w), 1578 (w), 1602 (s). Raman (cm1): 298 (w), 332 (w), 397 (w),
552 (m), 580 (m), 658 (w), 770 (w), 944 (w), 1015 (m), 1019 (m), 1176 (w), 1233 (w),
1290 (m), 1298 (w), 1350 (w), 1381 (w), 1513 (w), 1605 (w), 1613 (m), 1637 (w).

5.5.20 Compound 20: [K(18-crown-6)(THF)2][Zn2(4,4 "-bipy)-
(mes),|

A portion of 19 (100 mg, 0.13 mmol), potassium metal (5 mg, 0.13 mmol), and
18-crown-6 (35 mg, 0.13 mmol) were dissolved in THF (5 mL) under an inert atmo-
sphere giving rise to a deep blue solution. The reaction mixture was stirred overnight,
filtered, and layered with hexanes. The mixture was allowed to slowly diffuse at a tem-
perature between 8 and 10 °C over the course of several days, ultimately affording dark
blue block-like crystals of [K(18-crown-6)(THF)s|[Zns (4,4 "-bipyridine) (mes)4| in good
yield (115 mg, 72% crystalline yield). The crystals obtained from the THF /hexane
solvent mixture proved to be suitable for single crystal X-ray diffraction and were
found to contain two crystalline phases of identical composition (20a and 20b). A
powder X-ray diffraction pattern collected on the solid isolated from this reaction was
found to only contain 20a and 20b. Anal. Caled for CggHgoKNoOgZny: C 65.42, H
7.66, N 2.31. Found: C 61.60, H 6.94, N 2.73. CHN elemental analysis results con-
sistently showed low concentrations of carbon and hydrogen. The room temperature
EPR spectrum of a solid sample of 20 revealed a strong resonance with a g value of
2.0039. IR (ecm™): 539 (w), 578 (w), 618 (m), 668 (w), 687 (w), 772 (m), 775(m), 780
(w), 834 (w), 841 (m), 963 (s), 1020, (s), 1038 (w), 1103 (s), 1131 (w), 1171 (w), 1198
(s), 1220 (w), 1235 (w), 1248 (w), 1283 (m), 1350 (m) 1547 (w), 1592 (s). Raman
(em™1): 387 (w), 427 (w), 688 (w), 712 (w), 751 (m), 1015 (m), 1047 (s), 1236 (s),
1352 (s), 1514 (s), 1630 (s).
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5.5.21 Compound 21: [K(18-crown-6)]2[Zn2(4,4 "-bipy)(mes)4]

A mixture of 19 (100 mg, 0.13 mmol), potassium metal (10 mg, 0.26 mmol), and
18-crown-6 (69.8 mg, 0.26 mmol) was dissolved in anhydrous THF (5 mL) under an
inert atmosphere. The reaction mixture initially takes on a deep blue colour which,
when stirred overnight, gives rise to a dark yellow/brown solution. The reaction
mixture was filtered and layered with hexanes. After several days dark brown plate-
like crystals of [K(18-crown-6)|s|Zns(4,4 -bipyridine)(mes)y| were obtained in high
yields (141 mg, 81.9% crystalline yield). Anal. Caled for CroH00K2N2O12Zn,: C
61.34, H 7.35, N 2.04. Found: C 61.28, H 7.20, N 1.87. 'H NMR (299.9 MHz, ds-
THF): 6 (ppm) 6.50 (s, 8H, Cs¢Ho(CHs)3), 5.92 (d, 4H, ortho-4,4"-bipyridyl, 3Jy g
= 6 Hz), 4.51 (d, 4H, meta-4,4"-bipyridyl, 3Jg g = 6 Hz), 3.57 (s, 48H, 18-crown-6),
2.32 (s, 24H, ortho-CH3), 2.21 (s, 12H, para-CH3). The 'H NMR spectrum of 21
exhibits some resonances arising from a [Zn(mes);|” impurity at 6.40 (s, 6H), 2.28 (s,
18H, ortho-CH3), 2.08 (s, 9H, para-CH3). ¥C NMR (125.8 MHz, dg-THF) § (ppm):
161.48 (s, para-C¢Hy(CHs)s), 145.20 (s, ortho-C¢Ha(CHs)s), 139.78 (s, ortho-4,4°-
bipyridyl), 132.88 (s, ipso-C¢Ha(CHs)s), 124.92 (s, meta-C¢Hyo(CHs)s), 105.45 (para-
4,47 -bipyridyl), 104.42 (s, meta-4,4 -bipyridyl), 72.01 (broad, s, 18-crown-6), 27.56
(s, ortho-CHg), 21.56 (s, para-CHs). The 3C NMR spectrum of 21 also exhibits some
resonances arising from a [Zn(mes)s|” impurity at 170.05 (s, para-C¢Ha(CHgs)3), 145.31
(s, ortho-Ce¢Ha(CHs)s), 131.14 (s, ipso-CgHa(CHs)s), 124.55 (s, meta-CgHa(CHs)s),
72.01 (broad, s, 18-crown-6), 26.73 (s, ortho-CHz), 21.75 (s, para-CHz). BC{'H}
NMR resonances were tentatively assigned with the help of HSQC and HMBC 2-D
spectra. IR (em™): 668 (w), 722 (m), 801 (s), 841 (m), 934 (w), 949 (w), 962 (w),
083 (m), 1031 (w), 1109 (s), 1170 (w), 1197 (m), 1216 (w), 1252 (w), 1260 (w), 1284
(w), 1351 (m), 1506 (w), 1539 (w), 1559 (w), 1577 (w), 1608 (w). Raman (cm1): 742
(w), 989 (w), 1007 (w), 1046 (s), 1077 (w), 1233 (w), 1349 (s), 1507 (s), 1612 (s).
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5.5.22 Compound 22: [K(18-crown-6)(THF)|[Zn(mes)s]

THF (approximately 5 mL) was added to a sample vial containing Zn(mes)s (100.1
mg, 0.33 mmol), potassium metal (approximately 13.0 mg, 0.33 mmol), and 18-crown-
6 (90.4 mg, 0.34 mmol) in a glovebox. This initially formed a colourless solution, which
became pale brown after about 5 min. This was stirred overnight before filtering off
a dark precipitate (assumed to be elemental Zn), and the remaining light brown
solution was layered with hexanes. After several days colourless block-like crystals of
[K(18-crown-6)(THF)|[Zn(mes)s] formed, suitable for single crystal X-ray diffraction
(111.1 mg, 42.3% crystalline yield). A powder X-ray diffraction pattern was obtained
which matched the simulated diffraction pattern for 22 based on the single crystal
X-ray diffraction data. Anal. Calcd for C39H5;KOgZn: C 64.47, H 7.91. Found:
C 64.08, H 7.67. (Note: There is a THF molecule present in the crystal structure
which is removed when sealing the solid sample under vacuum). 'H NMR (299.86
MHz, dg-THF): § (ppm) 6.41 (s, 6H, CsHo(CHs)s), 3.57 (s, 24H, 18-crown-6), 2.28
(s, 18H, ortho-CH3), 2.09 (s, 9H, para-CH3). 3C NMR (125.80 MHz, ds-THF) ¢
(ppm): 170.05 (s, para-CgHa(CHg)s), 145.31 (s, ortho-CgHa(CHj)s), 131.14 (s, ipso-
CeHa(CHs)s), 124.55 (s, meta-C¢Ha(CHs)s), 72.01 (broad, s, 18-crown-6), 26.73 (s,
ortho-CHgz), 21.75 (s, para-CHz).
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Appendix A

X-ray Data Collection and
Refinement Parameters

This appendix provides tabulated parameters from the collection and refinement of
the crystal structures described in this thesis. Data is summarised using the nota-
tion: metal, bipyridine isomer, [bipyridine oxidation state|. For example, compound
8: Cr(2,2"-bipy)(mes)s, contains a neutral 2,2 -bipyridine ligand and would be writ-
ten as “Cr 22 [0]” while its reduction product, compound 13: [K(dibenzo-18-crown-
6)][Cr (2,2 "-bipy)(mes)s|, would be denoted “Cr 22 [-1]”.

219



X-RAY DATA COLLECTION AND REFINEMENT

APPENDIX A.

PARAMETERS

"SMOI 9[(B} OM} WO}}0q dY} UL POISI[ SB dI® senfea g pue | oy pue [¢/ (P4z — 24)] = 4 o1oym . Tm + NADJNV + onnE N&
“ f%&sw\%&%mvsﬁ —oas | o | K/ e [ - o || X = 1a apuedde sy jo daeys oy e

= M .
N\ﬁ

pourerdxe st uorjejou uordrosa(]

‘¢ 0} BT spunoduwod I10j siojourered juswOUGSI PUR UOIIR[[0D RIRP ARI-Y [V 9O[qe],

676G 059¢'T 9672 0 8L¥E0 6599'T Zr0g 0 q
6570°0 €670°0 1150°0 €090°0 ¥Zr0°0 80.0°0 v
620’1 670'T 860'T 620'T 20T 8G0'T A0D
80°0T / G9°¢ | 99°0T /259 | ST0T/0L¥F | 101 /91% | €01/ ¥SL | 1al / GTG || % / ®¥ep [ ‘cum/Ty
0£'6/26€ 666/ 20F 0L6 /007 |2c0r/86¢| G26/00F |SCTT/¥TV || %/ 1oz < I ‘Tan/T4
96700 €0€0°0 0000°0 0Z70°0 02£0°0 791070 (yun)y
cop eop gl L1T €19 291 s1ojourered ‘ou
G6LL L6V L 118¢ ze61 YGOTT 792 sugox doput “ou
z0eST VIvHT 1187 £ogce 7G8TT Cehy PO3oo[09 SUPDL "Ou
T1L°G 8150 1170 87L°G G680 7620 L ura /o
GL9'T 1261 L9€°T LEL'T z1e1 01€'T o U 8 ) Pred
(z)ogt (2)ost (2)ogt (2)ogt (z)ost (2)00z M/ L
€L0TL 0 031 ON y / X ‘uonyerpel
y i i ¢ P ¥ 7
(6)£6'STPE (1)98'68z¢ (9)eT TPET (7)09°Lg¥ (D¥eL1s | (9)z0g6al eV /A
00006 00006 00006 (2)£50 701 00006 00006 $00189p / L
(1)LFV LIT (1)STL'STT 00006 (2)£65°66 (Dotes1t | (1)000701 $00130p / ¢
000°06 000°06 00006 (2)618°96 00006 00006 $90180p / ©
(z)Lg86°€T (z)s6eLer (9)TFS0°6T (govrs6 | (g)zeas1e | (2)€Ts6'8 Y /2
(£)LL1€°0T (£)7££0°07 (2)scre6 (©)1eeol | (2)L6598T | (P)LLlEST Y /4
(2)o1€07T (1)2829°¢T (2)6696°9 (€)9r0z9 | (DITILFI (2)¥85L°6 Y/ ?
2/(T)ed o/(Ned | (De(Da(1)ed 1d 2/(1ed 2/(1ed dnoi3 ooeds
plgsiiplelifejest plasiiplelifejest JIqUIOYIOY IO OIUI[OLI) plasisplejirelesi plasiiplelirejest WOYSAS [RISAID
wﬁm:wambNU :.wawwmmmo ﬂzxwﬁmmﬁo m—\mngmno wﬁZwvm_”wwmwa vzxwﬁmmﬁo @?AEHO.%
[1-] ¥2 a4 [c] 72 3 (1] %2 lclecqg | [1]gg [1-] 2z uorydosep
| g ¥ g | z q1 ef | :punoduio)

220



"SMOI 9[(R} OM} WO}}0q A} UL POISI[ Sk dIe senfea g pue | oy pue [¢/ (24z — 24)] = 4 ooym . Tﬂm + mAn:xv -+ NAO,@ m&

mw\f%&sw\%om|%m§mw =m0 [ K/ T2 | - 10 [ K = 1g apuodde sip jo ares oty e
T
pourerdxs st uornyejou uonduwss( ¢ 0) g spunodurod 10j siojourered juLsWLULSI PUR UOIII[0D ®IRp ARI-X 7'V 9[qe],

= M

X-RAY DATA COLLECTION AND REFINEMENT

APPENDIX A.

PARAMETERS

66160 00Z8'€ TLGG'T zr99°0 8079°0 808¢°0 q
1€20°0 112070 1601°0 €290°0 6£90°0 €090°0 v
ze0'T LE0'T 980'T 190°T 720'1 9101 A0D
VeV / OFL | OF'€T /686G | $L°0C / ¥LS | ¥LCT/69C | OFCl /119 | 1611/ 089 || % / ®¥ep [[® ‘cum /1y
02€T /916 | €601/ 89F | €561 /889 | 9911 /6% | 0811/ 9¢¥% | GLOT/ 62V || %/ Toz < I '2an/T4d
€100 9220°0 0¥20°0 651070 8610°0 08200 (yun)y
08¢ L8€ GG 60T 8G¢ 3 s1ogotrered “ou
LOTF 1C1. 99/, CY61 9109 il sugox doput “ou
Ll 62GET G8el 055¢ G6LIT P18C POJoo[[09 SUPDL "Ou
65G°0 06€°0 7210 LT1°0 701°0 L0T°0 pua /o1l
837 T 681'T 99Z'T T6T T G0T'T 620 T D 8/ Prd
(z)oct (z)oct (2)05e (z)oct (z)oct (2)ogt M/ L
€L01L°0 ‘O3 OIN Y / \ ‘uorjerper
i B ) 8 ¥ ¥ 7
(7)8°1€¥2 (D¥00£9 (2)8°0691 (L)8TL59T (9)€9'8¢9z | (8)5€28aT eV /A
00006 000°06 00006 00006 00006 00006 $00189p / L
(2)s¥rzor | (1)0g8 01T 000°06 000°06 (9)929. 701 | (2)S19°60T $00180p / ¢
00006 000°06 00006 00006 00006 000°06 $00130p / ©
(9)¥F68 71 | (2)1L¥€81 ()2£9¢°8 (3)L87€'8 (£)16Lz LT | (P)er6e 0T Yy /?
(9)sceser | (1)z69Ter | (8)107E ST (£)0LL0°€T (2)er61°91 (7)01LL°6 Y /4
(9)s¥802T | (2)9668°28 | (L)3S9z el (F7)¥FST ST (1)8zSL'6 (7)ev07 €T Y /D
0/ (Ded 2/80 DouL) DU 0/(Ded 2/20 dnoid soeds
dleii plejecelent OIUI[POUOW | JIQUIOYIOYIIO | DIQUIOYIOYIIO | OIUIDOUOU OTUI[OOUOUT W9)SAS [RISAID
Nzgzommwmo NmemHUmmU @ZmZNHmmU dZmZmﬂmmU m@ZmemmwNU ﬁZwaﬁmmﬁO QMSEMOM
o] 2z U o] 22 1D [c-] ¥¥ BN [c-] ¥ BN [t]vreN | [1]¥7peN uondrsop
| 6 8 q ey, q9 eg | :punoduio)

221



X-RAY DATA COLLECTION AND REFINEMENT

APPENDIX A.

PARAMETERS

"SMOI 9[(R} OM} WO}}0q dY) UL POISI[ Sk dIe senfea g pue | oy pue [¢/ (24z — 2)] = 4 o1oym . Tﬂm + NA&TV + NAO,@ m&
e (2= Lym X~ um ¢ 0g | Z/ 20 || oq || X~ ra xwpuoedde sm jo qress oqy e

= M .
N\H

poure(dxs st uoryejou uonduss([ BT 03 QT spunoduiod 10} siojowreIed JuoWLULLI PUR UOIL[[0D vIep ARI-Y ¢y 9[qe],

0£79°€ ££96°C 9LSF'T zE8T 0 8V.0°C €1£9°0 q
£290°0 9650°0 1670°0 1L1T°0 29070 0850°0 v
0901 966°0 660’1 0S0°T 790°T 070°T 10D
9G° 11 / 90°¢ 97°21 / 688 666/ 6% | 9941 /649 | 9T'E€L/F0°S | 01T /929 || % / ®rep [1e ‘zun /Ty
6801 / 2€F 8¢ 11 / ¥0'S 916/ 88°¢ | 8991 /99°C¢ | 05l /L&¥ | FT0I/0TF || %/ 1oz < ‘zamn/1d
0£90°0 66£0°0 L¥Z0°0 8610°0 00000 g0£0°0 (yun)y
00 569 087 GG1 PLIT 08% s1ojomrered "ou
6507 GhL6 €16 €15 z61¢ PeFe supo1 dopur -ou
76201 GP08T 91101 128¥ 61 £G90T Po399[[00 SUPaL -ou
LOV0 LEE0 €180 09°0 8€9°0 §79°0 L /o
2ee 1 €92'1 82’1 0ST'T S 9T T g U 3/ P
(2)0sT ()osT ()0sT ()65 ()osT (c)oct M/ L
06889'0 ‘TOIJOITPUAS €L01L°0 O3 O\ Y / \ ‘uorjerper
8 p v v ¥ ¥ Z
(2)6°05L6 (2)9°c865¢ ($)0gL92g (1)€°LS68 (F)11°€082 | (8)91°00%% eV /A
000°06 000°06 000°06 000°06 000°06 000°06 $00130p / L
000°06 (1)19¢°L0T (Dzorert 000°06 00006 (1)290°€0T $90139p / ¢
000°06 000°06 000°06 000°06 000°06 000°06 $00139p / ©
(£)oTC1°¢T ($)7086°6 (2)0092°91 | (¥)G651'8T (Der66° L1 | (£)0816F1 Yy /?
(7)0161°2¢ (2)91PL €1 (3)5981'8T | (£)1825 ¥1 (Dzotev1 | (£)686L°€T Y /4
(2)0r80°€T (2)L02T 71 (1)68LT'8 (2)8SPF 11 (D)sseL01 | (3)9696'1T Y /D
eopd v/(Ded 2/(Ded urd UM 0/(Ded dnois soeds
OIqUIOYIOT}.I0 dlLeii plejelelont OIUI[OOUOW | DIQUIOTIOYIIO | OIqUIOYIOYIIO | OIUI[DOUOW W9)SAS [RISAID
FOENUWNMH®D | COENMBHIDYD | IN®NYHD | OPN¥HODD | O*N¥HODD | *N" Ha™¥D B[IULIO]
[1-] 2z u [1-] 2z 1D 0] 2z IN o] 25 9D o] 2z 9D o] 2z 24 uondrosep
eyl €1 4 | () 11 | T1 01 | :punoduiop)

222



"SMOI 9[(B} OM} WO}}0q S} UL POISI[ SB dIe senfea g pue | oy pue [¢/ (24z — 2)] = 4 o1ouym . Tﬂm + NA&TV + NAO,E m&

mm\f%&sw\%om|%m§mw =m0 [ K/ 2 | - 10 [ K = 1 ipusdde sip jo aress oty e
T
pourerdxs st uorjejou uondruoss(] QT 01 qFT spunodurod 10j sivjourered jUdWLULGSI PUR UOIDS[[0D RIep ARI-Y :§'y 9[qe],

= M

PARAMETERS

X-RAY DATA COLLECTION AND REFINEMENT

APPENDIX A.

790L°T1 07660 968.°0 68660 GEE6Tl q
GLL0°0 1£70°0 LT0°0 6££0°0 L8€0°0 v
Tho'1 L2701 ¢z0'1 er0'T L10T A0D
3G'GT / 889 6¢'8 / €TV 8e'L / 6G¢ €0L /) LLg 0701 / 2G'L % / e¥ep e ‘zum /Ty
0871 / €5°¢ 86'L / 8¢'¢ 8T'L / 18°¢ L9'9 / 00°¢ 1€°6 /777 % / 1oz < I ‘gum/1d
9.20°0 82200 8610°0 €500 9%20°0 (uny
179G €9z €92 €26 6. s1ojourered “ou
1068 9L1¢ 1L16 0£50T 89271 supo1 doput -ou
87TL1 PEC0T 72e01 0£50T 07802 PO3IR[[0d SUPRI “Ou
zey 0 6950 0250 9970 6170 L /o
e81'1 1221 TLT 1 A 0£Z'1 g 3 ) Pred
(z)oct (z)ost (z)oct (z)oct (z)ost M/ L
€L01L°0 ‘O3 OIN Y / \ ‘uorjerper
8 i ¥ ¥ 4 A
(2)0°96201 (2)6 685 (9)56°L857 (9)61°¢297 (2)0Fr0FT eV /A
000°06 000°06 000°06 000°06 00006 $99139p / L
(1)799°L6 000°06 00006 00006 (1)ge876 $99139p / ¢/
000°06 00006 000°06 00006 00006 $90I130p / 0
(£)TI15°88 (8)92ST LT (3)187€ LT (3)LLL9°T2 (7)L7L8°€F Y /2
(1)8056'71 (2)e0g6°2T (1)zzss el (1)686S 71 (2)12r1 ¥z YV /9
(2)TLLETT (2)c0e6°21 (1)zzssar (1)¥796°€1 (D)090g¢T Y /P
2/TD e(De(e)vd ¢(De(Dvd (De(D)z(1)ed 2/TD dnois ooeds
OTUI[DOUOUL [eUOSRINY [euOSeI}O) OIQUIOYIOT}I0 OTUI[DOUOUL W9)SAS [RISAID
@ONZM@HM@&EU @Oﬂzauzxwwmwwo wOwZMwmeOwwO wOwZMwwmwﬁﬁme wOuw.mZQEMuw.mwmwa R[NULIOJ
_[E(sour)oq] [T 2z IN [T-] 2z 0D [1-] 2z o1 [1] 2z ulN uondrmsop
8T L1 9T ST qvT ‘punoduiop)

223




"SMOI 9[(R} OM} WO}}0q A} UL POISI[ Sk dIe senfea g pue | oy pue [¢/ (24z — 24)] = 4 ooym . Tﬂm + mAn:xv -+ NAO,@ m&

mw\f%&sw\%om|%m§mw =m0 [ K/ T2 | - 10 [ K = 1g apuodde sip jo ares oty e
poure(dxs st uoryejou uonduss(] gZ 01 6T spunoduwiod 10j sivjourered JUSTWOUNSI PUR UOIPIS[[0d Rviep ARI-Y Gy 9[qe],

= M

X-RAY DATA COLLECTION AND REFINEMENT

APPENDIX A.

PARAMETERS

0699°F eIC6'T 8€0¥'9 L€T9'T 6L19°T q
1650°0 9.70°0 88600 72900 ¢0S0°0 v
6€0'T z10'T ve0'T 1601 L10°T A0D
LETT / G179 G 1T / 684 60°¢T / 80°L 19°¢T / %0°L ST0T / TIGG || % / ®¥ep I[® ‘gum/TY
LE°0T / L0V 86'6 / ¥S'F 99'1T / 1L¥ 7ol / 8LY 096 /88¢ || %/ 1oz < I ‘gum/1yd
0520°0 62£0°0 1920°0 €0v0°0 9820°0 (yun)y
38 53 Pe1T 9ey T 106 s1ogotrered “ou
GL66 7928 90£GF 11163 €LVST sugox doput “ou
96061 9e1GT 12068 LETTH 166CE POJoo[[09 SUPDL "Ou
00L°0 8780 L€8°0 £e8°0 17T Lo /7l
6021 9z T 21’1 L0271 €6z’ 1 o U § ) Prd
(z)oct (z)ost (z)oct (z)oct (z)oct M/ L
€L01L°0 ‘O3 OIN Y / \ ‘uorjerper
8 é 9 ¥ P 7
(1)L°0LL8 (1)9°z29¢ (1)9°€566 (2)6°9999 (L)ST°L70¥ eV /| A
000°06 000°06 (1)62L.°19 (1).75°86 (1)608°€. so0180p / L
00006 (1)¥L¥26 (1)L68°18 (1)L21°601 (1)2SF 08 $09139p / ¢
00006 00006 (1111792 (1)6£7°STT (1)197°¢8 soo180p / ©
(1)6503° 73 (¥)686¥ ¢ (1)8620° LT (£)09¢T' 13 (2)L185°61 Y /2
(1)989L°01 (g)szsser (1)6128°07 (£)8L£9°0T (2)6912°61 YV /9
(3)sLv9ee (2)F0eL 11 (1)$969°0g (£)8TLL61 (1)288¢°TT Y /?
u29d 2 /(Ded 1d Id 1d dnois ooeds
OIqUIOYIOT[}.I0 plissiplelefeloss OTUI[OLI) OTUI[OLI} OIUT[OLIY W9)SAS [RISAID
QN»Omemme NQNNHONZNMOOHSONU NQNwONZMNmmwwo NQNwONZMNQHun@U NQNNZNmmwwO QMSEMOM
_[¥(sour)uy] -] ¥7 uz [1-] ¥% uz [T-] 7% uz o] 77 uz uorydrsop
| zT 1% q0% ®0g 61 | :punoduiop)

224



Appendix B

List of Publications

Publications of research described in this thesis:

e “Synthesis and Characterization of the 4,4 "-Bipyridyl Dianion and Radical Monoan-
ion. A Structural Study.” Denning, M. S.; Irwin, M.; Goicoechea, J. M. Inorg.
Chem. 2008, 47, 6118.

e “Synthesis and Characterization of Alkali-Metal Salts of 2,2~ and 2,4 "-Bipyridyl
Radicals and Dianions.” Gore-Randall, E.; Irwin, M.; Denning, M. S.; Goicoechea,
J. M. Inorg. Chem. 2009, 48, 8304.

e “Experimental and Computational Study of the Structural and Electronic Prop-
erties of Fe'(2,2"-bipyridine)(mes), and [Fe'(2,2 -bipyridine)(mes)s] ", a Com-
plex Containing a 2,2"-Bipyridyl Radical Anion.” Irwin, M.; Jenkins, R. K;
Denning, M. S.; Kramer, T.; Grandjean, F.; Long, G. J.; Herchel, R.; McGrady,
J. E.; Goicoechea, J. M. Inorg. Chem. 2010, 49, 6160.

e “On the Structural and Electronic Properties of [Zny(4,4"-bipyridine)(mes),|n—
(n = 0 — 2), a Homologous Series of Bimetallic Complexes Bridged by Neutral,
Anionic, and Dianionic 4,4 "-Bipyridine.” Irwin, M.; Kraemer, T.; McGrady, J.
E.; Goicoechea, J. M. Inorg. Chem. 2011, 50, 5006.

e “A Homologous Series of First-Row Transition-Metal Complexes of 2,2 -Bipyridine
and their Ligand Radical Derivatives: Trends in Structure, Magnetism, and
Bonding.” Irwin, M.; Doyle, L. R.; Kramer, T.; Herchel, R.; McGrady, J. E.;
Goicoechea, J. M. Inorg. Chem. 2012, 51, 12301.

Additional publications:

e “Covalency in the 4f Shell of tris-Cyclopentadienyl Ytterbium (YbCps) — A
Spectroscopic Evaluation.” Denning, R. G.; Harmer, J.; Green, J. C.; Irwin, M.
J. Am. Chem. Soc. 2011 133 20644.

e “Transition Metal Complexes of Anionic N-Heterocyclic Dicarbene Ligands.”
Musgrave, R. A.; Turbervill, R. S. P.; Irwin, M.; Goicoechea, J. M. Angew.
Chem., Int. Ed. 2012, 51, 10832.

225



Appendix C

Posters Presented at Conferences

High resolution copies of posters are included on the cd accompanying this thesis.

226



POSTERS PRESENTED AT CONFERENCES

APPENDIX C.

0L1-991} ‘2 €Ly 186} "WayD "Bjjy "Biouy ‘7 | 1ebing "M ‘PPIeS (1

GELB-ECI6 ‘0T ‘91 ‘P61 00S "WeyD Wy [ e 1o "D ‘luelold (g
91€8-70€8 ‘LI ‘8Y ‘6008 "WoyD

“Buoul "\ " “B8Y990910Y) 'S "l ‘Buuuag N ‘uimi| 3 ‘|lepuey-a109) (g
0219-8L19 ‘PL

‘L ‘8002 "WayD "Biou] " " “B8Y02I0D (A ‘UIM| 'S N ‘Buuueg (1

S92UaJ9J9Y "6

aueuosay uds U0l

Duemgus ot 08} AydesbojieishiD [eolwayD pue

ASED aINDS ‘HSIVO aU} O} SS0. 10} PIOJXO

10 AUsIaAIuN By} pue sasAjeue [eyuswale

S9DUBIDS [edIWaYD Jo} (Ausseniun uepjodosa|y uopuo)

ay mc_ucm>v<_ UWN— Jekog usydelg yuey) os[e e\ "yoseesal

e T— sIy} jo pyoddns [eroueuly oy Asiwayy

sauads [earshyq pue SunseuiBu O A10100S [BAoY 8y} pue (|| diysjuspnis)

BT pioXQ Jo Ausieniun sy (ASN vHad

JdSd3 ‘1/X981+004/d3) DHST @Y} ueyl oM
sjuswabpajmouyoy ‘g

‘siowA|od pue
Sox9|dL0D UOIJBUIPIO0D OIJOXS SI0W ‘@inin} Ul Ssjuswubisse oluo09|e
Pple [IM Y40M SIY} 1By} padoy S }| "UORONPAaI JO [9AS] YoeS Jo} syead
olsoubelp BuipjaiA ‘spunodwod |[e Uo Spew Usag SABY S)USWSINSESW
UBWEY PUE Y| ‘aioy pajussaid 3iom ay) O} UoIPPE U| saxa|dwod
[EJoW UOINISUB} [9AOU Ul PUE S}ES [B]oW I[BY[e Ul Y10q paziisioeeyd
usaq aAey spueb| payejes pue aulpliAdiq Jo swioy Buonpas AlybiH
suoisnjpuo) L

‘uoluelp 8y} Ul y (01)¥Ev | O} Satoads [eanau ey}
ur'y (Re)eog | wouy sepebuoie puog siyt ‘ONNT
sel10ads [esinau 8y} Ul uonoessul Bulpuogiue ue
o} eng -ebueyd isejealb moys o} sieadde puoq
sua|e 8y} Ing ‘sisAeue oujew puog aje|dwoo e
pajuanaid sey puebl| ey} ul JopIosIq "SUOI}081I00
oljeuBeWEIp Joye [ow/NWe G-0}.7/8'2

Jo Aujiqudeosns Jejow aaiusod juspuadapul
ainjesadwa} B pue £6/£00°2 = B yum ‘oljfelow
ale swajlsAs asey} moys syuswiedxe Hd3 pue
@INDS *INojoo pjob snosisn| e Buirey e ‘punoy
ussq aABY g JO SHES JIUOIUEIP ‘UOIUE [eIped
3dg B wioy 0} sjdwalie |njsseoonsun aydsaq

S7G€00°2 = 6 :4d3

‘ONNT wm\_owaw [elnau 8y} Jo
uonejndod jo suws} ul pauejdxs urebe aie Adig-1*Z JO suLIo) paonpal
2y} Jo syibus| puog 8y *(3dg) susihyie (ApuAd-p)sig-.g‘|-sues pue

(Adig-,+'2) 2uIpUAdIg- #'Z Unm pawlopad a1em suoloesal snobojeuy
auajAyle (JApuAd
-¥)sid-.2‘ L-sueJ} pue sulpLIAdig- ‘g Jo uononpay

‘payosessal
Buiaq Apusino ae syonpoid uononpal JiIdY} pue pasisayjuAs usaq

aAeY saxe|dwoo seloeds [eanau Adig- 22 -IAylewlp- GG pue -[Aylewip

- 7' @Y1 Y10g pue SIY1 O] JSYI0 By} SAOGE SINJONJIS SUO JO UOIBLLIO) INOARY
Im senBojeue Adiq [Ayiawip sy} Jo saiuedoid oluoiosle Juaaylp Aigns
By} padoy s }1 Inq UoESLISIOBIBYD JayKNy djelpawiw] pajusaaid sjonpoid
[e3sA10 Jo aunixiw 8y "sa10ads [edlpes puE [B4NaU dU} 10} SanjeA pajoadxs
usamiag Aempiw si 3onpoud yBu-lemo] ayy ‘Adig- z°Z 10 WO} uojue

[eoipeu € Jo [eaidA} si yibus| puoq Buii-seiul 1onpoid Ya|-1amo| 8yl SJIUM

Y (Qzry' 1 3ubu

Y ()07} :yol
:syybus| puoq
Bup-ieul Adig

:90UO Je sjonpoid [9A0U UNoj

01 asl onef 1dA10-22'g pue H yum uoionpail juenbesang ,'ainjessyl| ayy

u papodai Ajsnoinaid se pazijeishio Ajjnysseoons sem (Adig-,z‘2)é(seN)uz
¥(saN)uz yum suonoeay 9

‘soloads

pa1nIsgnsun ay} o} Jejiwis

aJe syjbus| puoq uj spusi|
*—*eulpuAdig- g'g-IAuewIp- GG
pue suipLAdig- 2‘g-IAyewip

- ¥y :pesusioeleyd Ajleinjonis
aJe pue paonpai Ale|iwis

©JOM SWLIOJ) PaINYISqNS OM[

‘OINNT seloads
[eanau sy}

Jo uonendod
J0 9a1bop

o} psjejes urebe
aJe sabueyo
yibus| puog

paonpai Aignop pue A|Buls au} JO S}ES [ejaWl I[ey|e JO saunjoni)s [eishiD
sulpLiAdiq-g°g Jo uononpay ‘¢

‘Adoososoads
Jeneqsso| 1o} pasedaid Buleq Appusund are ssidwes
‘9]e}S UONEPIXO 94 8y} sulwielep Aj@yeinooe of

‘wajgo.d sy} punos siom o} Jdwaye o}
- W . pesisayjuAs ose atem Adig- z‘g 40 swioy parejfyiewip
L i s, Pauopuaw Jaljies 2y} Jo soxa|dwoy ‘suones|elsAioal

. pojeadal sep senjea **w [eoisAydun aalb Yosinoaid
[esnau sy} ul jussaud jou Ayndwi oisubew e Jo sedel}
‘Alreuonippy WwelsAs (U018 USAS) Siawely-uou

1Y} Se siy} or0id 0} 9|geuN Usaq aABY Sjuswiliadxe
Hd3 ‘eoussaid [eolpel }sebBns osje syead uewey
- 9lIyM “parejos! Ajsnoinaid suolue [esipes 8y} Jo [eoidAy
""" st jeyi enfen e ‘uoponpal uodn ()81 L 01 Y (€)28y |
wouy suspoys souesip bu-seyul Adig- 2‘z syl

o s B o
Xy,
. ‘.1 ", . ‘F

- o ,3-/ oz 1 =0 oﬂ-.

L JEERN

= o0=u

tms A4<<30 s-s

.
“[(Adia-2°2)%se)ed] +[H(4HL)(9-umoio-g1)y] SAIB O} 9-umoio-g|. 0 soussaid
sy} ul ¥ Aq peonpai Apusnbasgns pue paje|os! a1em jeyl Adig-,z gé(san)e4
Jo sjeishio papjelk Adig-,g'g pue ¢sapy°e Jo suonnjos (4H1) ueinjoipAyensl
¥(SaIN)%a4 yim suonoesy ‘g

*aBueyo iseyealb ay) Buimoys | puoq yum
‘spuoq Jebuo| sease Buipuog-ljue pue spuoq
Japoys asneo sease Buipuoq ‘pareindod
Al[eyuswaioul s| [BNQIO SIY} Sy “sjusuodwod
Buipuog-nue pue Buipuoq urejuoo o} QNN
$0109ds [e/nau By} MOYS SUOIEIND[eD | 4d

- k 62700 = b :dd3

S

e Soum
v d
{2 1 =xad ‘eN = N} (ue)(-AdIg- 1'p)°(:IN) 4O S[eIsAI0 papieiA [erew
1[esj[e Jo sjus|eAinbs om} Jo uonoeay "Hd3 Ag pawjuod sem soussaid [eolpey
{10 =x80 ‘qd M ‘BN = W} *(ue)(-Adig- ,*p)(+IN) JO se|dwes pazije3shio
pepelA yaiym Inojod anjq siep ssusiul ue swioy (Adig- p*p) suipuAdig- 'y
O suonN|os (us) aulwelPaus|AY1e O} [E1SW |[BX[e JO JUsS[eAinba auo Jo UoIHIPPY

suipLAdIg- 'y J0 UoRONPaY g

oy

‘siowAjod pue sexs|dwod UoIFeulpIood Ul SUOIIoRISIUI
J18Y} 810|dxd 0} puE SWalsAs peonpal 8say} azusjoeleyd Ajleinjonis o} swie

yolessai siy) “selpedoid BuIpuog puE DILOIOSIe SeoUSN|jUI PUE SYIBUS| PUOq

u| sebueyo sesned s[ejaw Ieyje Aq SWwialsAs oljewole-0ialay JO UoioNpal sy
uononpoau| 'L

MN ‘VLE LXO PIOIXO ‘PBOY playsueyy ‘piojxQ 40 Aysianiun Aiojeioqe] yaieasay Aipsiweyd Apsiweyd Jo juswpedsqg
,BBUO800I0K) "]\ SO pue Bujuusq 'S MBI\ ‘SUBUS UOUUBIYY ‘|lepuey-2405) pJjempd ‘UIn] SHelN

swa)sAg puebiq onewoly-049)3H paonpay A|ybiH Jo uonezualoeieys pue SISOYUAS

227



POSTERS PRESENTED AT CONFERENCES

APPENDIX C.

-aber Jo Ausieniun sy} 1e xoq AIp Jisy} Jo asn sy}

10} JUIESSNOL "D U PUE S]00[D “Y "JOId PUE UONEJUSWNASUI

0] SS9008 10} YSYD pue ‘aljua) bunndwooiedng pIoxQ

ay ‘eoineg olydeabojeisAi) pIoyxQ 8yl ueyl osje s

“yosessai siy J0 Hoddns [eioueul 40} (G0 ¥90°G" L ‘GBS9GY 6)

SHNA 81 pue ‘OSY 8} ‘(2/6822009/d3 ‘1/X981+004

/d3) DHSJT 8Y1 ‘PIOIXO JO AusIeAuN U yuBY} SM
‘uonyealignd Buniemy ‘0L0g “wayQ “Biou] e 1o “IN ‘uimif (g
"Y0ES ‘8 ‘6002 "WayD "Biou] “[e 3o '3 ‘||lepuey-e.10D (g
‘8119 ‘LY ‘8002 "WwayD "Biouj *Je 3o °S " ‘Buluusq (1

SJUBWABPIMOUNIY PUB SBOUBIBJRY "

2 DSQ

iy JSH

‘saIpys snoinaid woy
v (re)oge L sA Y (S)oLe L wbua|
puoq Buu-salul sa10ads LoIUEIQ

saipms
snoiaid woy y (re)zey'L
sAY (Ae)oey’ | ‘ibus| puoq
Bu-1a)uI SaadS UOIUEOUOW

dHL
9-UMoJo-gL
[eydw ) ‘Aba g

‘uoljebisanul
Buiobuo 308lgns
By} s sa10ads asay}
uonesusjoeIeyd
pue BuiBus|ieyo
panoid sey sw.oy
OlUOIUBIP IO [eANnau
By} Joyye Jo sanunduwl
inoyum pueby|
oJuojuBOUOW B}

1o ojdwes aind & Jo UoNE|oS| ‘Ssuolue
1ApuAdiq paonpai Algnop pue A|Buls
O UONEW.IO) 8y} JO 9oUSPIAS ALiBS
soplAoid SOLISW PUOg Ul UolBLIBA
*sjonpoud ay} Jo uolonpai juenbasans
pue aulpuAdIg- ¥y Yim g(sew)uz

10 uonoeal 8y} Aq pasisayiuis

usaq Ajjusdal aney swialsAs Jejiwis

swalsAs (Adigpp)z(F(sew)uz) ¢

dHL
9-umoJd-gL
lejaw ) ‘Aba | o

'saipnys snoinaud
woy v (Ke)ygyt
sny (ve)eay't
WBua| puoq Buu
~18ju1 saads [ennaN

31/ eamiesodusoy
(siun ou) 10108 6
0t 8z 9z vz 2T

00€ 052 002 05k 00F 08 O

1 /umesoduioy
00€ 0SZ 00Z OSL 00L 0S5 O ‘9jels 191xes

0z gL 91 vL ZTL 01
- ——— ey
3001

o oz

- |

0 o BuiAl-mo| e jo uopeindod o} enp
sainjesadway Joybly je suoleInep
UNM 3 00 PUB OE USeMIS] (¢/¢

= g) Buiidnoo onsubewoLsue
Je|nosjowe.ul Buons smoys
so109ds peonpal 8y UNOIABYSq
ssiop-a1n) [eaidA} Buniqiyxe

os  ays (|)e4 uids-ybiy oneubewesed
B S|eanal s0109ds [eJnauU ay)

-

o, By
P

<

x61d0D 64 Peonpol §o a3 eimieseduey SIGELIEA Yoidiiod panpoH GINDS
“(766°L = B) ¥ 02 mojeq suadieys yolum (980° =
b6) ainjesadwa) WooJ Je 80UBUOSS) B MOYS Xa|dWwod paonpal ay}
Jo a|dwes pI|os € Jo (Mojeq) sjuswainseaw ainjesadwa) a|gqenen
JONOMOH "Uol (g = Q) S, JoweJyj-uou e sl (|[)a4 aouls [eubis
ou sey saloads [eJinau 8y} moys A|qejolpaid syuswiadxe Hd3

‘sepms snonaid woyy
Y (ne)ezyL sAy (e)8Ly L
LbUs] puoq Bul-seiul
saieds peonpay

B

1dA

lelow ) ‘Aba |

Xo1dwog [eAnaN :aINDS

40 (uB) Answojeubew 4INDS

*M G8 1e Pa)99||00 SEM UMOYS Bleq "o|dWEs SAIISUSS

-ainjsiow pue -ie A|ybiy ayy Buipeo| ajiym uorysodwoosp ybijs o}
paNqUNE ‘UoiNGUIUOD (]][)e4 |[BWS B SUIBJUOD Wd)SAS paonpal ay ]
“Juasald aJe seys ()o4 ou pue sayis (|[)o4 [eipaye.ia} uleluod saloads
paonpal pue [eJinau 8y} Ylog MOys (48]) SjusLusINSeaL JONegsSQIA

A !

i)

== BL. A
" mjmm ﬁ‘ \,,L/rf S—

Rk
sepads peanpoy

e

o
A

A

-

dHL

10-22'T

sepads jenneN

seipris snojasd woyy
v (Ae)oey'L 'sA Y (€)z8y L
LBus| puoq BuL-ejul
sa103ds [eAnaN

e R

4HL
T
Adia-2‘z

/™

S

“xa|dwoo [elow uonisue} e ul puebl| Adiq [eoipes & Jo ajdwiexs pastieloeseyd A|leolucsiosje pue Ajfelnjonis sty aus iyl Buiew 4oa1100 S| Joje| 8y} Jey) jsebbns

AiBuons saipnis aAisuslxg “puebl Adiq [edlpe. jusoouul-uou, e pi

ue uol

o4 B ‘AjoAneusayfe ‘10 puebi| [esnau Ajjewo) e o} Buipuogsoeq-,L SAISUSIXS UM WalsAs (])o4

ue Jayye aq pinod siyl ¢'[enaio 1 Adiq sy} jo uoireindod [eiueisgns JO SAEDIPUI BIEP DLIJSW PUOd YIM Xa|dwiod a4 & jo s|eisAio papjelAk mojeq Aemyred uonoeal sy

saqupuon

W o
-

Yramom

spuebi| Juaoouul-uoN :swaysAs z(saw)(Adiggz)ed

‘pasisayjodAy ag p|nod sisWone} soueen

a|diyinw a1eym spuebi| asay} Buleiodiooul sexs|dwod
ul sebieysd Jo uoneuIWISeP ple 0} pash g Ued Jey}
sielewesed onsoubelp jo 18s e apinoid asay} Yeyiebol
‘seloads

OlUOIUE [BOIpRI JO 9ouasald 8y} WiUod 0} pash

usaq aAeY salpnis Y43 "suonisod yead uondiosqe
uewey pue Y| JO SYlys |qISIA OS|e 8. [e}IqJ0

3
Yrwsinmon

Sy} 4o uonendod o} anp JepIo puoq ul sebueyd By |

“Buipuoq suipLAdia-v*y

:Buipuoq suipuAdia-z‘z

*S9SBO Yj0g Ul puoq Bu-1ejul 8y} 0} 1nooo sebueyo
1sabie| ays ‘ONNT 8y} Jo uonendod uodn "soLlew
puoq Ul spuaJ} PaAISSAo asifeuoiiel djay SOINNT
PaleNofed | 4q 2, "PasISayIuAs a1em aulpuAdiq

- 'y pue -,zg‘g paonpai Aignop pue Ajbuis yioq

JO s)jes [ejow-i[exje Bujuieluods sejdwes suljeisiin
*selpedoud Buipuog pue dluoio9je J1ey} 0} sebueyo
SOSNeo sWwejsAs dljewole-oialey 4O uoonpey

uononpoau| °L

algnday yoazy ‘onowojQ 9¥L// ‘2L npedoisr /| 41 Ausieniun fyoeed ‘@ousiog jo Aynoeq Aisiweyd ouebiouy Jo jJuswipedsq,
0L00-601S9 ‘UNOSSIyy ‘BjjoY ‘LUNossIy 40 Aisioniun Abojouyos] pue 8ousios Jo Ausianiun Unossiyy Aiasiwey) Jo jJuswipedadg

wnibeg ‘vewiL-1eS ‘000¢-g ‘@681 Jo Aysienun ‘Gg ‘soishyd jo juswipedsq;

M ‘VLE LXO PI0IXO ‘PBOY playsuepy ‘piogxQ 4o Ausianiun ‘Aiojeioqe] yosessay Ainsiweay) ‘Aisiwey) Jo jJuswipedsq,

JUTMI] SHEIN PUE | ‘8840900109 “IN °f* »'[040IoH 'Y

¢'BUOT T D | “APRIDOIN “F [ gfueslpuBID o ‘BuluLaQ "S "IN | USWRIY "L ,‘SUNUSP 'Y |‘|[epuBY-9J09) T
Swia)SAg puebi o11ewoIy-049)9H paonpay AJYBIH Jo uonesLialoeiey) pue SISayluAs

228



N
>
=
&
&
Z,
O
Q
~
<
3
~
Z
Sa|
9]
=
Aoy
Al
e
=
~
N
o)
A

C

APPENDIX

ACKNOWLEDGEMENTS AND REFERENCES

COMPLEXES OF 4,4'-BIPYRIDINE

LN m o Poieipe o e
ONILNIWODUIINS @
2 9S(q AT

9005 ‘05 ‘1 L0T WayD Bou] “W ' ‘32303109 3 7 ‘APIDDW *1 I S ‘UMl (f

a3 Bupueapy

S3DUBIDG [edIWdYD) _ Um””— soouaDS e Susaouiiug

soads paonpa HWN

0919 ‘6 ‘0LOT wWayD ‘Biou) “W ' ‘23y2202109 '3 [ “ApeIodw
¥ “PYIRH I "D ‘BuoT 4 ‘uealpuess L Jawely IS W ‘Buluuaq 3 Y ‘SUNUBL “W ‘UMl (€

‘600T ‘Way) Bioul “W °r ‘e3Yd300109 S "W ‘Buluusg W ‘umi -3

/v '800Z Wayd Biouj “W T 83YD302I09 LW ‘UM S W ‘B
sany|oey Ayde.bojieshin

[BOIWBYD O} SS32e JOJ PIOXQ JO AUSIBAILN By

pUB UOIBIUSWINIISUl O} SSDJE 10} YSIVD pue

anua) bunndwoniadns pioyxQ 8yl yueyl

9 "Youeasal siy3 Jo 1ioddns [erdueury

10} DSY Y3 pue (z/68£2009

/d3) 2¥Sd3 Y1 ‘(IW

diysuspnis) pJojxo

Jo Aysiaaiun ayy

yueyy o3 |

pinom

M

¥ (S)OLE L :oueisip

e)OEY' L UeSIp
Buu-sa1u) Adig

gumoio-gy
etow y Abs |

((Z-0 = u) o{(Adig-,p't)2[Z(sow)uz]} enuio) [esausb Jo spunoduwiod [ein1oNIISos! pasLaIdeIeyD

AjjeoiydesbojjeisAin @iyl pepik aney Adig-z'z yum

‘uoi3onpal yoea uodn Y (Ae)08E’L 03
Y (AR)ZEY'L 01 Y (AR)pBY L Woly
‘sabueydp 3sabie| ayy smoys
uiebe puoq buii-ia3ul
ay3 asym ‘Adig- ‘v
104 PaAIdSqO
S| puall
Je|iws

v

Y (re)p8yL @ouRIsp

v0€8 ‘8¢
‘llepuey-a109 (g
8LL9 dHL
- ol

9-UMOR-8L + IHL

saads [eANaN HWN

A31217eWOJe JO SSO| B3 J2IUNOD 0 IUBDIYINS
99 1SNW UIIYM Jo 1yauaq syl ‘swole aAiebauoi1dse 1sow syl uo ‘sjqissod se jiede ey se 3y
SUOJ1D32 [BUOIIPPE B3 BIaYM ‘MO|3q [eDIUOUBD dUBLOSAI 3y Buisn pasijeuories aq ued sabueyd
ay] "suojoid Adiq sy Joj wdd € jo sabueyd 1Iys [EDIWBYD YUM ‘SUOIINPAL BY} JO Insal
Buyils 3sow ay) moys sapads padnpals A|gnop pue [einau dyl JO SAIPNIS YN H
ams owos a3

sapads paonpal A|buls ay3 ul [ed1pes ayy

4o @duasaud 8y} WlIuod 0] pasn Uaaq Sey Yd3

o

9-umoIo-gL

Adig-p't

Bup-s23u1 Adig

asoyl 01 suoideas snobojeuy soraeds pianpa

6TV | Bauelsp
-5 Adg

)18y’ | @ueIsp
Buu-sau Adig

1dkioz2e
Jelour 3 Abe |

Buipuoq yoeq-u juanbasqns
pue [e18W ¥yl JO UOIIdNPaL 2
Aq 4o ‘uononpal pueb uaypa Aq
pasned aq Aew saxa|dwod |e1sW
uonisuely ur sebueys asayy Inq

uonippe uoi1233 asimdals uodn y (AR)G6E L 01 Y (AR)6ZH L
03 ¥ (AB)06YL WOl S39eI3U0D puoq Buli-1ajul onsoubeip ay |
‘(321) =1e3s uonepixo Adig yum syibus| puoq ui spuasy

D11eWwaIsAS MOYS S1|eS [eI1D I[BY[e WOLJ SDLIISW puog

SANVOIT LNIDONNI-NON :3INIQI¥AdIE-.Z°T 40 SIXITdWOD

Y»sLrL=p

:sa12ads padnpay
YILLYL=P o y©uri-p
ﬁ \\ N A

o /V/S\.J\
. \A R
\l/ ,zj/ N
/ I/ \
:saads |e13naN

:M0[2q UaAIB a1e sadue3sIp puoq buii-1aiul “Buiobuo ase sain3on.as
21U0J123J3 Y3 03Ul SuoiebsaAy| “pasialdeleyd Ajjediydesbojielshin
pue pa1ejosl Us3q dAey saxa|dwiod padnpal IN pue uw 4D pue
saxa|dwod [ei3nau IN pue 0D ‘U 4D snobojeue ‘Ajjuadas alow

's91e3s ulds 2/ pue ¢/ Jo buixiw Juepusdap
ainjesadwal e 3sebbns syusweinsesw gINDS 9ym
‘paonpal Jou i [e3aw ay} buiuesw (j)a4 suiejuod
x|dwiod padnpal 8y} SMOUS JaNeGSSOW-24,¢

¢ Unoineyaq buinbuaur siyy suqiyxe
aJay 2quUIsep am X3|dwod a4 3yl ‘pauluLLIIap
Ajisea ssa| ey ale
21yM 4o suoirelnbiyuod
J1U0J}D3(d 3DBXd Yl
‘pasisayiuks usaq aney spueby
paonpal asayl Buiuieiuod saxa|dwod
[eIBW UONISUBL) ‘A|JUSD3) SIOW "UOIIINPaI
uodn SdU3BW puOg Ul SUOIELIEA SSI[EUOIIE]
djay SOWN1 P2iended 14Q o Pasisayiuhs
u2aq aney Adig-p't pue -,z‘zc paonpas Aignop pue
AiBuis y10q Jo syes [eraw Ijeyje buiuieuod sajduies auljeishid

O] |00

‘patiodal elep [BINIONIIS [BUIUIL YIIM ‘SIUBLIBINSEIW SIA-AM PUB UBLIEY ‘Y] NIIS Ul
Aq pasia1deieyd USR] pey SWaisAs asauyl

‘A|3us231 |13UN "SUOIUBIP PUE SUOIUEOUOW [EDIpEl

3y} ‘ssawos| auipuAdiq- 'y pue -,z'Z Syl Yloq JO S31eIS PadNpal B|qISS300e OM] PI[eIAdL
sjuawainseaw Ajawweljon diPAY sieaipes [ApuAdiq Buiuiejuod suonnjos paunojod  Ajpsusiul
03 3s11 aneb sje3auw 1jex[e ypm aulpLiAd Jo uoizoNpal NS Ul 3yl 1yl PaIaA0dsIp sem i obe sieak g Jan0

NOILDONAOYLNI

NN VLE LXO PI04X0 ‘PDOY plaLjsuby ‘piojxo Jo Alsianiun ‘Aio3pioqpT youpasay Auisiway) ‘Aiisiway) jo uawiipdag
2223021095 ‘| "9SOf pue ‘Apeind|y '3 "uyor ‘Uswely seiqol

pasnpay A|ybiH Jo sexajdwo) |e3ay JO uoljesiialdeiey) pue sisayiuks

swa3}sAg puebiq o13ewolro01319H

SUIUSS Y uouuelyy ‘9jAoq Y @duaine ] UIMI] 5 g SHeW




APPENDIX C. POSTERS PRESENTED AT CONFERENCES

IS BIPYRIDINE ALWAYS AS INNOCENT AS IT APPEARS?

Mark R. F. Irwin, Laurence R. Doyle, Rhiannon K. Jenkins, Tobias Kramer,
ohn E. McGrady, and Jose M. Goicoechea

Department of Chemistry, Chemistry Research Laboratory, University of Oxford, Mansfield Road,
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dth ring
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