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Abstract

Coordination compounds involving stable radicals represent a promising avenue
toward the design of new magnetic materials. In this respect, a series of new metal-
verdazyl radical complexes has been prepared and their magnetic properties reported.
These systems can be envisioned as model systems designed to help elucidate the
fundamental electronic interactions between one paramagnetic metal ion and one
verdazyl radical that lead to magnetic exchange.

A new chelating verdazyl diradical has also been prepared and fully characterised.
The electronic ground state of this diradical species has been established through
magnetic and variable temperature electron paramagnetic resonance (VT-EPR) studies.
In an effort to expand the metal-radical model systems beyond simple 1:1 metal:radical
complexes, this verdazyl diradical was employed as a ligand to prepare a succession of

first row transition metal complexes. The magnetic properties of the resulting
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coordination compounds have been studied in an effort to understand how the nature of
the metal-diradical magnetic exchange changes with the metal used.

In addition to the wide-spread interest in the magnetic properties of stable organic
radicals, there is a growing awareness of the redox properties of this class of compounds.
Electrochemical and spectroelectrochemical techniques were utilised to probe the redox
properties of a verdazyl diradical and a structurally similar verdazyl monoradical.
Coordination compounds involving the redox-inert metal zinc were also prepared and
their redox properties investigated. While the addition of zinc to the verdazyl diradical
had no significant impact on the magnetic properties of the diradical, there is a distinct
difference between the redox properties of the diradical itself and its zinc complex.
Coordination to zinc also affected the redox properties of the verdazyl monoradical,

although to a lesser extent than what was observed for the diradical.
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Chapter 1: Introduction and background

1.1Stable radicals

Science progresses when discoveries are made that inspire others to take up the
same line of research. Further experiments are carried out, which either support or refute
the original results. Sometimes new findings follow rather intuitively from the existing
body of knowledge and quietly make their way into the literature. Occasionally,
however, a controversial proposal is put forward that attracts the attention of the cream of
the scientific crop. In 1900, Moses Gomberg’s discovery of the triphenylmethyl radical’
1.1 shed light on a new class of compounds and the study of radicals was born. At the
turn of the 20" century this discovery sparked intense debate among leading researchers
of the time and would ultimately lead to a change in the fundamental understanding of
electronic interactions in molecules. Gomberg’s work, and the debate that filled the
chemical literature in the ensuing years,” established the existence of unpaired electrons

in stable organic molecules.

11

In the intervening century-plus since Gomberg’s seminal paper, significant
progress has been made in the field of radical chemistry. Many new families of stable
organic radicals, incorporating structural motifs beyond the original triphenylmethyl

framework, have been developed and examples of both charged and neutral stable



radicals are now known.” * Because the research presented in this thesis deals
exclusively with neutral radicals the remainder of the introductory section will focus on

this class of compounds.

Although the existence of radicals is now universally accepted, an exact definition
of stability, as it applies to organic radicals, has proven to be elusive. The term persistent
is often applied to radicals whose lifetime is highly environment-specific; for example
radicals that last long enough to be characterised under a given set of conditions.* The
classification of stable is generally reserved for radicals that can actually be isolated and
stored for an indefinite period. Ingold’s definition of a stable radical as one that can be
handled using “no more precautions than would be used for the majority of commercially

9,5

available organic chemicals”™ serves as a practical distinction between stable and

persistent for the purposes of this thesis.

The desire to design radicals with predictable and tuneable properties has
precipitated a proliferation of new families of stable radicals and the synthesis and
characterisation of new stable radicals continues to be an important area of research in
this domain.” Beyond these fundamental studies, stable radicals are being used in an
increasing number of direct applications. Various spin trapping agents — organic
compounds that can combine with a reactive radical to produce a stable radical adduct —
have been known for more than 40 years.”” A classic mechanism of spin trapping, which
uses 5,5-dimethyl-1-pyrroline-N-oxide (DMPO 1.2) to yield a stable nitroxide radical 1.3,
is presented in Scheme 1.1. The use of spin labels, whereby a stable radical is appended
to a molecular fragment to allow characterisation of the species by electron paramagnetic

resonance spectroscopy, can be used in vivo for biological and biochemical studies.'®



Other nitroxides have been thoroughly investigated as oxidation catalysts to effect the

1

transformation of alcohols to aldehydes.!' Stable radicals have factored heavily in the

development of molecule-based magnetic materials; the first strictly organic radical to

12, 13
1.~

show bulk magnetic ordering was reported in 199 Since that time, many more

stable radicals have been discovered that show bulk magnetic ordering.'

o .
? Q
N& N_ R
1.2 1.3

Scheme 1.1: Spin trapping mechanism whereby DMPO 1.2 is added to a reactive
organic radical to form a stable nitroxide radical 1.3.

In addition to the applications that have been previously described in this chapter,
certain families of radicals have more recently been cultivated as ligands in coordination
chemistry. Metal-radical complexes offer a unique opportunity to study the relationship
between unpaired electrons on a metal centre with those on an open-shell organic ligand.
The following sections will give an overview of some well-known classes of neutral
radical coordination compounds, which will serve as an introduction to the research to be

presented in the balance of this thesis.

1.2 Stable radical coordination chemistry

Coordination chemistry is an important aspect of the study of stable radicals.
Many organic compounds have been developed as ligands and a similar trend is

continually evolving with stable radicals. Radical coordination chemistry comprises a



number of different avenues, from the biological importance of naturally-occurring
metal-radical interactions to the rational design of stable radical coordination complexes

directed at materials and synthetic applications.

Nitric oxide and dioxygen are two open-shell species that are vitally important in
biology and biochemistry. Both compounds coordinate to metals in proteins and much
effort has been devoted to elucidating the structure of these complexes and the nature of
the metal-ligand interactions in vivo.">"® Molecular oxygen coordination has also been
studied with respect to oxidation catalysts for organic substrates.”’ Notwithstanding the
significance of nitric oxide and dioxygen as ligands, they are quite distinct from the
coordinating stable radicals at the hub of this thesis, as neither NO nor O, can be
derivatised or “tuned” as a ligand. The focus here will be on stable neutral radicals
whose organic framework allows for synthetic modification of the spin-bearing unit. In
this way so-called “designer” radical ligands can be adapted to a variety of coordination

environments.

1.2.1 Nitroxide coordination compounds

Nitroxides are the most well known classes of stable organic radicals. They are
generally inert towards dimerisation, disporportionation and reaction with oxygen. A
large number of nitroxide radicals have been isolated and characterised.”'?® The inherent
stability of nitroxides is attributed to two factors; delocalisation of spin density and steric
protection. In nitroxide radicals such as TEMPO 1.4 and di-tert-butylnitroxide 1.5, the
singly occupied molecular orbital (SOMO) is a 7 -orbital, delocalised over the nitrogen
and oxygen atoms.”” The radical is further stabilised by the incorporation of significant

steric bulk around the nitroxyl moiety.
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Nitroxide coordination compounds were first reported in the 1960s.”” The earliest
examples were complexes of di-tert-butylnitroxide with cobalt halides™ (1.5C0Xa,
X = Br, Cl) and copper B-diketonates® (1.5Cu(hfac), and 1.5Cu(tfac),). Although none
of these complexes were structurally characterised, the radical nature of the nitroxide
ligand was confirmed by spectroscopic techniques. The first example of a nitroxide-
metal complex whose structure was determined by X-ray crystallography was compound
1.6.°° Here, the TEMPO radical binds as a o-donor ligand through the oxygen atom,
which is the normal coordination mode for simple nitroxide derivatives. Nitroxide
coordination has also been reported where the binding mode is side-on, as in 1.7, with the

N-O" moiety of the TEMPO radical acting as a z-donor.”’
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Nitroxide radicals have been investigated as oxidation co-catalysts, used in
conjunction with transition metals. In particular, mixtures of TEMPO with Ru and Cu
complexes have been found to be active in the oxidation of a variety of alcohols.*
Catalytic activity can be tuned depending on the metal and ancillary ligands used, and

many of these systems use atmospheric oxygen as the oxidising agent.'' Although the



exact nature of the catalytically active species remains uncharacterised, the electronic
interactions among metal, radical and organic substrate are clearly central to the activity
of these systems.

In addition to the catalytic activity of these radicals, the progress of molecular
magnetism has factored even more heavily in the growth of nitroxide coordination
chemistry.”>  One approach to the design of new magnetic materials requires
paramagnetic ligands that can bridge multiple metal centres, thus mediating extended
magnetic communication. Coordination polymers involving various bridging nitroxide
radicals have been reported and some of these exhibit bulk magnetic ordering.**>°
However, these examples are rare and the temperatures below which these complexes
magnetically order are extremely low. For these reasons, pertinent model systems
designed to investigate fundamental electronic interactions among metals and radicals are
still highly sought-after synthetic targets.

In general, TEMPO and other simple nitroxides are not the best candidates to be
magnetic building blocks. They have only one spin-bearing binding site and, as such, do
not lend themselves to the development of extended structures. Imino nitroxides 1.8 and
nitronyl nitroxides 1.9 provide a solution to this problem; having two donor sites inherent
in the molecular framework allows coordination of one radical ligand to multiple metal
centres. Moreover, both imino and nitronyl nitroxides are amenable to synthetic
modification. The incorporation of substituents that contain other donor atoms provides a
means to enhance the binding affinity of the ligand beyond the relatively weak donor
strength of the nitroxyl moiety. Imino and nitronyl nitroxides also exhibit increased

delocalisation of the unpaired electron, compared to that in the simple nitroxide



derivatives discussed previously. Imino nitroxides show positive spin density on the
imine nitrogen as well as the nitroxyl group, while an equal distribution of spin density

over both nitroxyl groups is seen in nitronyl nitroxides.”’
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Nitronyl nitroxide coordination compounds have been reported where the nature
of the R-substituent has a pronounced affect on the ultimate structure of the metal-radical
complex. A phenyl-substituted nitronyl nitroxide has been shown to form rings
consisting of six repeating metal-radical units with Mn(II) as the metal centre and
hexafluoroacetylacetonato ancillary ligands 1.10.*® The formation of the macrocyclic
structure was attributed to 7 interactions between the phenyl rings of the radical and the
hfac ancillary ligands. Complexes involving the same metal and ancillary ligands, but
with isopropyl 1.11 and ethyl groups in place of the phenyl subsituent formed chains,
rather than a discrete ring structure.”® Incorporation of a coordinating quinoline moiety
resulted in a different macrocyclic structure 1.12 consisting of two Mn(hfac), units and

two quinoline-substituted nitronyl nitroxide radicals.*
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There is a pronounced difference in the fundamental coordination chemistry of
imino and nitronyl nitroxides. Nitronyl nitroxides coordinate exclusively through oxygen
atoms, while imino nitroxides are capable of binding metals via oxygen or nitrogen
coordination. Luneau et al. demonstrated that a phenyl-substituted imino nitroxide ligand
can bind copper(II) through both oxygen and nitrogen simultaneously.*’ Furthermore,
this group reported that the magnetic coupling in the metal-radical oligomer 1.13 depends
on both the binding mode of the ligand (axial vs. equatorial coordination) and the nature

of the metal-radical bond (NO-M vs. N-M).

1.13

Examples of 1:1 metal:radical complexes involving both nitronyl nitroxide and
imino nitroxide ligands have been used as model systems to investigate discrete
electronic interactions between these radicals and a variety of metal centres.”” Chelating
nitroxides have also been used to prepare 2:1 radical:metal complexes 1.14a-b*>*, 1.15*
extending these model systems to allow the investigation of radical-metal-radical spin
communication. To overcome the weak Lewis basicity of the nitroxyl moiety,
substituents containing donor atoms are routinely employed to make a bidentate nitroxide
ligand.  Strongly withdrawing ancillary ligands are also common in nitroxide

coordination compounds for the same reason. Lanthanide coordination compounds



involving bidentate imino and nitronyl nitroxide ligands have recently been investigated
for their luminescent properties.*”*” Compounds 1.16*, 1.17** and 1.18" are presented
as representative examples of bidentate imino and nitronyl nitroxide complexes involving
electron-withdrawing ancillary ligands.
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1.2.2 Phenoxyl radical coordination compounds

The coordination chemistry of phenoxyl radicals 1.19 has been developed
tangentially to that of most other classes of stable radicals. The roots of this chemistry
are in biological systems, far removed from the modern materials development trend that
has driven the proliferation of nitroxide coordination chemistry. In fact, the breadth of
known phenoxyl-metal compounds can be traced to two biologically important enzymes;

49,50 Ribonucleotide

ribonucleotide reductase (RNR) and galactose oxidase (GO).
reductase, specifically the R2 subunit of this enzyme, has at its active site a tyrosyl

radical (1.20, derived from the amino acid tyrosine) in close proximity to an iron centre.
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Although X-ray diffraction studies have indicated that the radical is not actually
coordinated to iron in this system (the phenoxyl oxygen sits 5.3 A from the closest iron
site’!), the electronic interactions between the metal centre and the radical are
fundamental to the activity of this enzyme.® Galactose oxidase, on the other hand,
includes a tyrosyl radical directly coordinated to a copper(Il) centre, making this complex

more germane to a discussion of phenoxyl coordination compounds.

o
o)
OH
1.19 NH;
1.20

Galactose oxidase provides an interesting example of a coordination compound
where both the metal and ligand are paramagnetic. However the significance of this
protein is not related to any magnetic coupling between metal and ligand electrons, but
rather to the unique redox properties that this motif imparts on the enzyme.”> Galactose
oxidase is involved in the catalytic oxidation of primary alcohols in vivo. The electronic
interplay between the metal centre and the tyrosyl ligand lead to three distinct, stable
oxidation states of the active site (shown in Scheme 1.2). While an inactive form of the
enzyme was characterised by X-ray crystallography in 1991, detailed spectroscopic
investigations by Whittaker et al. were the first studies aimed at elucidating the electronic

nature of both the copper centre and the tyrosyl ligand in the active enzyme.’*
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Scheme 1.2: The site of galactose oxidase has three redox-accessible stable states: (a)
Catalytically active phenoxyl-copper(Il) complex; (b) catalytically inactive form
representative of the first crystallographic characterisation of the active site; (c)
catalytically active phenolate-copper(I) complex.

The catalytic oxidation process involving galactose oxidase is compatible with a
range of primary alcohols yet the enzyme is inert toward secondary alcohols.”® This has
spurred a great interest in developing phenoxyl coordination compounds that mimic the
oxidative activity of GO.>” Much of the early research in this area involved the synthesis
of complexes with redox-inert metals. In these systems, any redox processes must be
strictly ligand-based. Model complexes have been prepared comprising Ga(Ill) and
Sc(IIT) with coordinated phenolate ligands 1.21a-d.>® Analogous complexes where the
macrocyclic ligand has both appended phenol and phenolate derivatives coordinated to
Zn(II) have also been reported.” In all cases the ligands were oxidised to give complexes
where the phenoxyl ligand is unambiguously coordinated to the metal centre. Cyclic
voltammetry studies on these systems have shown that depending on the nature of the R

and R’ substituents on the phenoxyl moiety, mono-, di- and tri-radicals are

electrochemically accessible.
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Complexes involving the phenolate/phenoxyl moiety and containing redox-active
metals have also been reported. Redox activity can be mainly ligand-based or metal-
based, depending on the metal involved; a good deal of research has been dedicated to
identifying the origin of the electrochemistry in GO-type systems.” Of the first-row
transition metal complexes reported, those involving copper(Il) are the most heavily
studied.”” A variety of ligand systems have also been studied in an effort to replicate the
amino acid residues surrounding the copper(Il) centre in galactose oxidase. Nitrogen-
based macrocycles with phenol-derivatives 1.22, similar to those used in the Zn, Ga and
Sc complexes described earlier, are featured prominently in the work of Wieghardt and
co-workers.”'  Substituted amine ligands 1.23, 1.24 where the three N-substituents are a
mixture of pyridine and phenol derivatives have also been used.”> ©  Sulfur-bridged
phenol derivatives 1.25 have recently been used to give phenoxyl-copper(Il) complexes
that are stable in air.** The coordinated phenol ligands undergo one-electron oxidation to
give a coordinated phenoxyl moiety. Ultimately, the redox activity and spectroscopic
properties of a variety of galactose oxidase models have been thoroughly investigated.”

Catalytic activity of certain systems towards alcohol oxidation has also been examined.**
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1.2.3 Thiazyl radical coordination chemistry
A class of radicals that continues to show promise as a potential building block

% Thiazyl radicals are open-shell

for various materials applications is the thiazyl family.
species containing the —S—N'— moiety. Examples of thiazyl radicals encompassing a
variety of molecular frameworks are known; linear species and cyclic radicals of varying
ring size have been reported.®® ®’

While the number of thiazyl radical derivatives is diverse, the family of known
thiazyl radical coordination compounds is much smaller. In fact, thiazyl-based metal-

radical complexes primarily involve only two main categories of this radical family;

namely, 1,2,3,5-dithiadiazolyl 1.26 and 1,3,2-dithiazolyl radicals 1.27.

R .
SIS
NN =
S-S R R
1.26 1.27

Many of the early examples of 1,2,3,5-dithiadiazolyl coordination compounds
feature a number of structural similarities. The radical ligands are bound through the
sulfur atoms and, in many cases, contain a phenyl substituent on the 1,2,3,5-

dithiadiazolyl ring. = What differentiates these preliminary thiazyl coordination
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compounds is the nature of the coordinated radical. Banister et al. reported what was
believed to be the first 1,2,3,5-dithiadiazolyl complex 1.28 in 1989.°* However,
subsequent analysis of this compound revealed the presence of an N-H bond, indicating

that the thiazyl ligand was not actually a radical.”” "

The same group later reported an
analogous dimetallic complex 1.29 involving nickel.”! The structure was characterised
by X-ray crystallography and magnetic measurements indicated that this complex was
paramagnetic.  Extended-Hiickel calculations imply that the unpaired electron is
delocalised over the nickel, sulfur and carbon atoms of the metallacycle framework. A
monometallic platinum complex 1.30 was reported in which the ligand also retained its
radical nature upon coordination to the metal centre.”” Again in this case, the sulfur-

sulfur bond of the original dithiadiazolyl radical is broken and the platinum centre is

incorporated into a six-membered metallacycle.
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Similarly to what has been demonstrated in nitroxide coordination chemistry,
recent research has shown that inclusion of R-groups containing donor atoms can modify
the coordination mode of the dithiadiazolyl ligand. The use of chelating ligands leads to
the formation of discrete N-bound complexes 1.31a-c.” ™ Since there is significant spin
density on the nitrogen atoms of the dithiadiazolyl ring, these complexes can act as model
systems to investigate magnetic coupling between the radical ligand and paramagnetic
metal centres. Complexes involving bis-bidentate ligands 1.32 extend this model system

to investigate metal-radical-metal communication.”
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Extended chain-like structures have also been reported for both 1,2,3,5-

dithiadiazolyl and 1,3,2-dithiazolyl radicals.

Formation of a polymeric arrangement

1.33a-c involving monodentate N-coordination of the radical ligand results from the

incorporation of a cyanofuran derivative on a 1,2,3,5-dithiadiazolyl ring.76

Another

coordination polymer involving Cu(hfac), and a bicyclic 1,3,2-dithiazolyl radical 1.34

has also been reported and the magnetic properties of the chain have been characterised.”’

Here, the ligand bridges

Cu(hfac), moieties using two electronically distinct nitrogen

atoms, only one of which bears significant spin density. Because of this binding mode,

there is no propagation of magnetic communication through the chain.
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1.2.4 Aminyl radical coordination compounds

Aminyl radicals (RoN") differ from those discussed to this point in that the
majority of the spin density associated with these radicals resides on a lone nitrogen
atom. As a result, these radicals do not enjoy the same level of stability as the nitroxide
or thiazyl family, where the unpaired electron is delocalised over multiple atoms. A
variety of aminyl radicals have been generated in thermolysis and photolysis reactions
and characterised by EPR spectroscopy.” However, most of these aminyl radicals have
very limited lifetimes and are far from isolable. The few examples that are stable enough
to be isolated and characterised require the presence of bulky substituents on nitrogen.”

Aminyl coordination compounds had been proposed in the early 1980s,** however
it was not until 2005 that the first metal-aminyl complex was fully characterised.*’ The
cationic complex 1.35 was proposed as an aminyl radical coordinated to a rhodium(I)
centre, in contrast to an amide ligand coordinated to rhodium(II). This suggestion was
corroborated by EPR spectroscopy and DFT calculations, both of which indicate that the
majority of the spin density for this structure resides on the nitrogen atom. An analogous
complex was reported in which a diamine ligand is oxidised to give a coordinated aminyl
1.36 where the unpaired electron is delocalised over two nitrogen atoms, with significant

spin density also on the metal centre.®
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1.35 1.36

Aminyl complexes 1.37, 1.38 have also been reported where a significant amount
of spin density is delocalised over other parts of the ligand framework, rather than on the
metal centre.*” * These compounds involve aromatic groups directly bound to the spin-
bearing nitrogen atom. Compound 1.37 presents an interesting case where there exist
multiple redox-active sites within the complex; the aminyl and semiquinone ligands and
the metal centre itself can all undergo redox chemistry. In fact, the authors of this paper
present spectroscopic evidence for the existence of analogues in which the ligands and
metal are in various oxidation states.** Compound 1.38 was structurally characterised by
X-ray crystallography, and EPR studies of this complex indicate that the unpaired
electron is mostly ligand-based.*> The non-innocent nature of aminyl ligands provides a
motivating source of academic inquiry. Furthermore, some aminyl coordination
compounds are being investigated as potential oxidation catalysts, stemming from their

appealing redox activity.*>
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1.2.5 Metal-verdazyl complexes

Verdazyls are resonance-stabilised radicals in which the bulk of the spin density is
delocalised over the four nitrogen atoms in the heterocyclic framework.*” This leads to
stability that compares favourably with what is seen in the nitroxide family. The earliest
verdazyls 1.39 contain a saturated carbon®™ within the heterocyclic framework.
6-Oxoverdazyls and related derivatives 1.40 were developed in the 1980s and are

distinguished from 1.39 by the presence of a carbonyl or thiocarbonyl group.®-*°

X
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The synthetic approach to 6-oxoverdazyls (1.40, X=0O) allows for the relatively
straightforward incorporation of a variety of substituents at the R3 position.”” This, in
turn, gives a facile route to an array of multidentate ligands based on the verdazyl

framework. Ligand motifs based on pyridine 1.41, pyrimidine 1.42 and bipyridine 1.43
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are examples of the bidentate, bis-bidentate and tridentate binding capacity of verdazyl-

based radicals, respectively.
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The binding modes presented above allow for the examination of direct electronic
communication between the verdazyl moiety and a metal centre. This mode of direct
coordination of the verdazyl nitrogen to a metal centre is found in the majority of
verdazyl coordination compounds. A notable exception to this binding mode in verdazyl
coordination compounds was recently reported by Fujita et al.”! The 3-dimensional cage
compound 1.44 features a 4-pyridyl-substituted verdazyl radical 1.45 coordinated to three
Pd centres through the pyridine nitrogen atoms. This cage complex is a unique example
of verdazyl coordination where the binding mode does not directly involve the verdazyl
heterocycle. It also differs from the majority of verdazyl coordination compounds in that
the ligand itself contains the saturated ring carbon in place of the more common carbonyl
group at that position. The cage compound 1.44, and another prepared by the same
group,” were shown to enclathrate a variety of guests, including nitroxide radicals and

various copper(Il) complexes.
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6-Oxoverdazyl coordination compounds involving both paramagnetic and
diamagnetic metal centres have been investigated. Simple metal-radical complexes
1.46a-c have been studied in an effort to better understand the magnetic coupling

93,9 The nature of the

between the radical z~SOMO and the relevant metal d-orbitals.
magnetic exchange (ferromagnetic or antiferromagnetic) in these complexes has been
shown to be highly dependent on the character of the magnetic orbital on the metal.”
Diamagnetic metals have been shown to affect the spatial arrangement, and hence the

magnetic coupling, between verdazyl units in compound 1.47,°° although no metal-

radical coupling is possible in such systems.
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Other examples of verdazyl coordination compounds involving more than one

metal and radical have also been reported.”””

Various combinations of metals and
substituted verdazyls have been employed to study magnetic interactions within the
metal-radical-metal 1.48a-b’° and radical-metal-radical 1.49a-d motifs®®. Additionally,

the g-halide bridging motif (similar to that seen in 1.47) has been further explored using a

paramagnetic metal 1.50.°
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As noted above, the main driving force behind this research has so far been to
develop building blocks for new magnetic materials. However, discovering new
materials requires systems that exhibit long-range magnetic ordering. To this end, a one-

dimensional coordination polymer 1.51 has been reported that incorporates a



22

bis-bidentate pyrimidine-substituted verdazyl radical coordinated to silver(I) ions.'” The
diamagnetic silver ions mediate antiferromagnetic coupling between the verdazyl
radicals, which is propagated along the length of the chain. Another coordination
polymer 1.52 has been reported that incorporates a verdazyl diradical combined with

copper(I) ions and bridging bromides.'"'

This chain exhibits antiferromagnetic coupling
between the discrete spin centres of each diradical, and also antiferromagnetic
interactions among the diradical units along the chain. The first verdazyl coordination
compound involving lanthanides 1.53 was recently reported.'” The compound is best
described as a ferrimagnetic chain that is unique because of both the metals involved and
the radical coordination mode. This is the first example of 6-oxoverdazyl coordination
through the carbonyl oxygen. Additionally, 1.53 represents a rare example of a verdazyl

ligand that does not form a chelate ring with the metal centre, despite having another

donor atom (nitrogen) in the substituent at the 3-position of the verdazyl ring.
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Br

A great deal of the known coordination chemistry of stable radicals has been

developed with an eye towards molecular magnetism. Much of the work in this area has

focussed on finding suitable pairings between metals and radicals to give the best

combination of strong magnetic exchange with the possibility to extend this electronic

communication beyond discrete complexes.

To this end, most of the work done by

previous members of the Hicks research group has been aimed at studying verdazyl-metal

model complexes.

One of the primary goals of these studies has been to better

understand the nature of the metal-verdazyl electronic communication across a range of

metals.
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The choice to use the verdazyl radical as the basis of our research was made
because of the inherent stability associated with this radical and the ease of synthetic
modification, as previously discussed. At the outset of the research described herein, the
1,5-dimethyl-substituted oxoverdazyl framework (1.40, X=0; R;=R,=CH3) was the most
familiar structural motif within our research group. Despite the stability associated with
the verdazyl heterocycle, early results indicated that not all of these methyl-substituted
radicals were equally stable. Furthermore, it was impossible to predict which derivatives
would have great enough stability to allow for complete structural characterisation,
physical property determination and a systematic study of the coordination chemistry.
Georges et al. have recently established that the methyl-substituted verdazyls are prone to

103

disproportionation reactions involving the methyl hydrogens. These compounds are

currently being investigated as potential living-radical polymerisation catalysts.'** '*°
In 2005, Brook et al. published a synthesis of new verdazyl derivatives with

isopropyl substituents in place of the methyl groups.'®

This modification imparts
enhanced stability over the methyl-verdazyls and allowed us to revisit a number of target
complexes that were otherwise too unstable for thorough investigation. The primary goal
of this thesis was to employ the new synthetic methodology to create a series of N-
isopropyl-substituted 6-oxoverdazyl radicals and diradicals. The superior stability of
these ligands would then enable the generation of a corresponding series of metal
complexes in a more predictable fashion. Ultimately, these compounds would be utilised

to complete a systematic examination of the fundamental electronic relationships between

the radical moieties and various metals.
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The first goal of this work was to investigate the coordination chemistry and
magnetism of metal-verdazyl complexes using N-isopropyl substituted 6-oxoverdazyl
ligands. Early work included the synthesis and characterisation of coordination
compounds involving an isopropyl derivative of the pyridine-substituted verdazyl
monoradical 1.40 (X=0, R;=R,='Pr; R;=2-pyridyl). Magnetic studies were conducted
and compared with those previously reported for complexes involving the N-methyl
substituted variety of this radical.”*

Another highly sought-after target was the pyridine-bridged verdazyl diradical
1.54. Exhaustive attempts (by a former graduate student in our research group) to
synthesise 1.54 proved futile when working with the N-methyl based verdazyl. More
recent attempts by another former group member to make phenyl-bridged N-isopropyl
derivatives of this compound led to stable diradicals 1.55 and 1.56 that showed a
variation in the magnetic coupling with the nature of the phenyl bridge (meta vs. para).'"’
However, the presence of a phenyl linker limits the utility of 1.56 as a ligand in
coordination chemistry. In light of this, we desired an N-isopropyl substituted version of
1.54 that would act as a stable tridentate diradical ligand. Chapter 2 details the synthesis
and characterisation of the 1,5-diisopropyl-3-pyridyl-substituted verdazyl radical and
diradical, and a series of related coordination compounds. Additionally, structural

characterisation and magnetic studies were performed on metal complexes of both the

monoradical and diradical ligands.
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Recently our group has also become interested in the redox properties of verdazyl

radicals.'®

Redox activity of metal complexes involving non-innocent ligands represents
a growing area of research in the field of general coordination chemistry.'” """ One
aspect of the current research in our group focuses on the role of verdazyls as non-
innocent ligands and a number of ruthenium-verdazyl complexes have been investigated

in this light.""!

In the course of studying magnetic coupling in the isopropyl-derivative of
1.54, we also became interested in exploring the redox properties of this compound.
Chapter 3 describes a variety of electrochemical and spectroelectrochemical studies
carried out on the pyridine-bridged isopropyl diradical and the related zinc complex. In
an effort to better appreciate the differences in electrochemical behaviour between mono-
and diradicals, a bipyridine-substituted verdazyl monoradical was also prepared. This
compound mimics the coordination environment of the diradical, but has only one

unpaired electron. Analogous coordination chemistry and electrochemical studies were

performed and the results compared with those from the diradical analyses.
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Chapter 2: Structural and magnetic properties of a series of
coordination compounds based on verdazyl radicals and
diradicals

2.1 New magnetic materials

Magnetic components have played an important role in the evolution of device-
based technology over the last 50 years. Despite the growth in the number of materials
and devices that make use of this property, the actual magnetic components have not

changed significantly. Today’s magnets are predominantly based on metals and metal

112

oxides. The synthetic routes to these materials are expensive and energy-intensive.

Additionally, metals are intrinsically heavier than carbon-based materials. In an age
where the trend in materials and devices is to pack more technology into smaller and

lighter packages, an organic approach to magnetic materials represents a new paradigm in

the field.''>

A number of different approaches towards the design of molecule-based magnets

115-119

have been established with the goal of developing new magnetic materials. Purely

. . . . . . 14
organic strategies have focussed on organic radical polymers and crystal engineering. ™

120. 21 Metal-organic hybrid materials have utilised diamagnetic bridging ligands to

122125 The metal-radical

optimise magnetic exchange among paramagnetic metals.
approach has been developed in a similar fashion to the metal-organic hybrid framework
described above, with the notable exception that the ligands in this case are also

. 126
paramagnetic.

This design strategy offers further opportunities for exchange coupling
among spin centres, owing to the unpaired electrons on the organic ligands. Each of

these archetypes has its own inherent benefits and detriments. Exclusive use of organic
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radicals offers the potential to achieve magnetic materials that could be manufactured and
processed in a similar manner to commercial plastics. However, the use of organic
radicals (where S = %) as the primary building blocks limits the overall number of spins
available for magnetic coupling in the ultimate material. Within the coordination
network paradigm, research based on cyanide-bridged metal networks has yielded
materials that show magnetic ordering at or above room temperature.'*”"*°  Although
these systems have shown considerable promise in terms of utility as room temperature
magnetic materials, no other organic bridging ligands have so far been shown to mediate
strong inter-metal magnetic exchange. The metal-radical approach combines the benefits
of carbon-based materials with the potential for enhanced magnetic exchange between
paramagnetic metals and organic radical ligands. Of the various research avenues
currently being explored, the metal-radical approach is the most germane to the research

presented in this thesis.
2.2 The metal-radical approach to magnetic materials

The metal-radical approach to designing new magnetic materials relies on
magnetic coupling interactions between organic radical ligands and paramagnetic

12
metals.'?®

It is this use of paramagnetic organic ligands to better mediate magnetic
exchange among metal centres that offers a great advantage over the diamagnetic ligands
discussed in the previous section. The construction of multidimensional polymeric

networks of metals and radicals (Figure 2.1) that exhibit bulk magnetic ordering

represents the ultimate goal in this line of research.
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Figure 2.1: Schematic depiction of a coordination network composed of paramagnetic
metals (circles) and organic radical ligands (rectangles) with ferromagnetically coupled
magnetic moments.

Figure 2.1 is a schematic representation of an ideal metal-radical network in
which all of the spins are coupled ferromagnetically, which can lead to bulk magnetic
ordering. However, antiferromagnetic metal-radical interactions are also possible, and
this does not necessarily preclude magnetic ordering in the bulk sample. Two factors are
critical to the overall bulk magnetic properties in systems where the primary exchange
mechanism is antiferromagnetic coupling: The overall topology of the coordination
network, as well as the difference between spin states of the radical ligands (typically
S =) and metal centres (typically S > %) can both lead to scenarios wherein the metal
spins are not fully compensated by antiferromagnetically coupled radical spins. This
results in ferrimagnetism — a situation where the metal magnetic moments are coupled

ferromagnetically with respect to each other — which can also give rise to bulk ordering.
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Figure 2.2 presents a coordination network where antiferromagnetic coupling between

metals and radicals with inequivalent magnetic moments leads to ferrimagnetism.
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Figure 2.2: Hypothetical coordination network where antiferromagnetic interactions
between metal centres (circles) and radical ligands (rectangles) with unequal magnetic
moments leads to ferrimagnetism.
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Much effort has been devoted to developing metal-radical coordination polymers
and multi-dimensional networks that show magnetic ordering. The most successful
ligands are based on tetracyanoethylene (TCNE) and tetracyanoquinodimethane (TCNQ)

. . 131-1
radical anions.'?!!%

Although there are examples of TCNE-based networks that
magnetically order at or above room temperature, until very recently the exact structures
of such coordination networks have been poorly characterised.”** This lack of structural

information inhibits the ability to derive direct structure-property relationships, which is

crucial in the design of new materials.
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By comparison, there are relatively few examples of coordination polymers
involving neutral organic radicals that demonstrate magnetic ordering at any temperature.
To this point, the most extensively-used ligands in such complexes are based on nitroxide

. 135-139
radicals.

Although certain nitroxide-based coordination compounds do show
magnetic ordering, making them viable candidates for materials development, the critical
temperatures are still far too low to be practically useful. Coordination polymers
involving other families of radicals have been reported, but so far none have been shown

o : . 0, 102, 140
to exhibit magnetic ordering.'* '*>

2.3 Metal-radical complexes as model systems in magnetic materials

design

Despite the abundance of reports on the subjects of organic ferromagnets and
metal-radical coordination compounds, there remains a dearth of molecular systems
whose magnetic ordering temperatures are high enough to be functionally useful. Clearly
there is still a lot of room to optimise the fundamental electronic interactions between
metals and radicals that lead to magnetic coupling and ultimately, magnetic ordering. A
“bottom-up” approach to resolving this challenge involves the preparation and study of
model compounds; small-molecules that allow the study of discrete metal-radical
electronic interactions. The imminent goal of this line of attack is then to discover
combinations of metals and radicals that will give strong magnetic coupling. As suitable
metal-radical combinations are realised, they can be exploited to prepare systems that can

be expanded into coordination polymers or multi-dimensional networks.
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Model compounds of varying degrees of complexity can be envisioned that would
facilitate the study of metal-radical coupling. The simplest systems are those comprising
one metal and one radical (Figure 2.3a). A direct determination of the orbitals involved
in magnetic exchange is then facilitated by having only one coupling interaction to
consider. Larger, yet still discrete, molecular prototypes provide an opportunity to probe
the coupling interactions that arise when multiple metal and radical sites are introduced.
A bridging radical could be combined with two metal centres to explore metal-radical-
metal coupling interactions (Figure 2.3b). Similarly, diradical coordination compounds

can be used to study radical-metal-radical magnetic exchange (Figure 2.3c).
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Figure 2.3: Schematic representation of potential model systems to investigate (a) metal-
radical coupling, (b) metal-radical-metal coupling and (c¢) radical-metal-radical coupling.

For the purposes of model systems, an organic radical framework that is robust
and amenable to synthetic modification is desirable. In this way, it is straightforward to
prepare and scan a library of different radicals with the aim to tune the binding properties
of the radical and enhance the electronic communication between metal and radical.

Finding suitable building blocks may then greatly facilitate the pursuit of
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multidimensional coordination networks that exhibit magnetic ordering at high

temperatures.

The compounds presented in this chapter were designed to act as model systems
to study discrete magnetic coupling interactions between different metal-radical
combinations. These complexes are not meant to be expanded into coordination
polymers or grids because the radicals employed are simply not bridging ligands. At this
point, it is worthwhile to introduce the concept of single molecule magnetism. This
phenomenon can arise in discrete molecular entities with high intrinsic spin values
whereby the individual molecular entity exhibits the physical properties associated with
magnetic ordering."*'"** Single molecule magnets (SMMs) represent another intensely

studied avenue toward the design of new magnetic materials.'*’

While the explicit design
of new SMMs is not the primary focus of this work, the fundamental knowledge gained

from this study of metal-radical interactions nonetheless has the potential to be applied to

a variety of purposes.
2.3.1 Verdazyl radical systems as model complexes for magnetic materials design

Radical stability is of paramount importance in the pursuit of new processes to
design magnetic materials. Reactions that lead to the loss of unpaired electrons
necessarily result in decreased magnetic character in the end material. Verdazyls, along
with nitronyl nitroxides, are the most stable general family of radicals. Furthermore, the
synthetic methodology used to prepare verdazyls lends itself to straightforward

modification of the radical. The inherent stability and ease of synthetic variation make
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this family of compounds an attractive target for use in expanding the realm of metal-

radical model systems.

Verdazyl-based complexes have been the basis of metal-radical magnetic

93, 94, 97-99, 146, 147 96, 148-150

coupling studies by our group and others. Examples of both
ferromagnetic and antiferromagnetic metal-verdazyl coupling have been reported, with
the nature of the magnetic exchange being dependent on the metal used. Verdazyl-based
diradicals have been the subject of both theoretical”" '*? and practical analyses,'®" '**

although so far few have been employed as ligands in coordination chemistry.'"'
2.3.2 General syntheses of 6-oxoverdazyl radicals

Although various sub-classes of verdazyl radicals are known (see Chapter 1),
research in our group has focussed on the 6-oxoverdazyl family. At the outset of this
project, all of the verdazyl radicals and associated coordination compounds studied by
former group members were 1,5-dimethyl-3-substituted-6-oxoverdazyls 2.4. A typical

synthesis of 1,5-dimethyl-substituted-6-oxoverdazyls®” *°

comprises the condensation of
two equivalents of methylhydrazine 2.1 with one equivalent of phosgene. The resulting
bis(methylhydrazide) 2.2 is then condensed with an aldehyde to give a tetrazane 2.3,
which is subsequently oxidised with p-benzoquinone or another suitable oxidant to give
the desired verdazyl radical 2.4. This synthetic pathway is shown in Scheme 2.1. One of
the most attractive features of this synthetic scheme is that a diverse array of radicals is

attainable in only a few steps from virtually any commercially available aldehyde.'>*'>
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Scheme 2.1: General synthesis of 1,5-dimethyl-3-substituted-6-oxoverdazyls 2.4.

Although the synthesis presented in Scheme 2.1 provides an efficient route to a
diverse array of 6-oxoverdazyl radicals, certain limitations associated with this
methodology and the resulting radicals began to arise early in this project, as has been
noted by others.'* '°7 The primary obstacle is related to the stability of the radical. As
noted in Chapter 1, N-methyl-substituted verdazyls are prone to disproportionation via a

103,195 This reaction limits the stability of the radical

hydrogen-abstraction pathway.
building block and, as such, impedes subsequent studies of verdazyl-metal magnetic

coupling. A secondary challenge is related to the availability of starting materials for this

synthesis; namely, that methylhydrazine is now exceedingly difficult to purchase.

Brook’s synthesis of 1,5-diisopropyl-substituted verdazyls'®® 2.11 presents a
means to circumvent both of these problems. The route presented in Scheme 2.2 involves
readily available starting materials and ultimately leads to verdazyl radicals whose
stability is greatly enhanced over the 1,5-dimethyl-substituted generation. Furthermore,
since the steps involved in the preparation of the tetrazane precursor and the subsequent
oxidation to the radical remain intact, there is no loss in the variety of R-substituents that

can be installed onto the C3-position of the verdazyl framework.
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Scheme 2.2: Synthesis of 1,5-diisopropyl-3-substituted-6-oxoverdazyls.

The results presented in the balance of this chapter focus on the use of
1,5-diisopropyl-substituted verdazyl radicals in the synthesis and study of metal-radical
model complexes. A succession of 1:1 metal:verdazyl complexes was prepared and used
to investigate the magnetic coupling interactions within the series. A study of the effects
of different R-substituents on magnetic coupling was achieved by comparing the
N-isopropyl-substituted coordination compounds to previously reported N-methyl-
substituted analogues. The general synthesis presented in Scheme 2.2 was also used to
prepare a verdazyl-based diradical ligand and a corresponding series of metal complexes.
Magnetic studies of the diradical and associated complexes served to extend the model

system beyond the realm of discrete 1:1 metal:radical interactions.
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Results and Discussion

2.4 1:1 metal-verdazyl complexes

2.4.1 Synthesis and characterisation of 1:1 metal-verdazyl complexes

As outlined in Chapter 1, one goal of this project was to use the new synthetic
methodology outlined above to explore the coordination chemistry of N-isopropyl-
substituted analogues of previously prepared verdazyl radical ligands. Specifically, the
first target was the bidentate pyridine-substituted ligand 2.13.  Carbonic acid
bis(1-isopropylhydrazide) 2.9 was condensed with 2-pyridinecarboxaldehyde to give the
pyridine-substituted tetrazane (2.10, R = 2-pyridyl), as shown in Scheme 2.2. Oxidation
with p-benzoquinone followed by purification on a column of neutral alumina (to remove
any hydroquinone by-product) gave the desired pyridine-substituted verdazyl radical
2.13. Specific synthetic details and structural characterisation of verdazyl 2.13 have been

reported previously.” '

Radical 2.13 was used to synthesise a succession of coordination compounds
according to the general methodology presented in Scheme 2.3. One equivalent each of
the appropriate aquated metal bis(hexafluoroacetylacetonate) salt and 2.13 were heated
together in refluxing dichloromethane to give the resulting metal-verdazyl complexes
2.14 — 2.16. Crystallisation of 2.14 was straightforward and was accomplished by slow
cooling of a saturated hexanes solution of the crude reaction product. This same method
resulted in crystalline material of 2.15 only at sub-zero degree Celsius temperatures.

Attempts to isolate the product at room temperature resulted in the crystals reverting to a
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thick, tarry mixture. Suitable crystalline samples of 2.15 were ultimately realised using

vapour diffusion methods with ethyl acetate as solvent and n-pentane as counter-solvent.

Vapour diffusion techniques yielded an exceedingly small sample of the
manganese complex 2.16, which crystallised in an anomalous manner to the nickel and
cobalt compounds, 2.14 and 2.15, respectively. The synthesis and structure of 2.16 is
discussed in further detail in Section 2.4.6. The original yield of 2.16 was insufficient to
allow the electronic and magnetic characterisation that is presented for 2.14 and 2.15.

Subsequent attempts to synthesise suitable samples of 2.16 were unsuccessful.

CF3 O CF3
Y PYP PN T
F?’C O, | \OH ! ! F3C O [ \\‘N X .
-y OHz NN UM 2.14: M = Ni
P + s sE— - .
07 | TOH, DCM. A O” | NN 2.15: M = Co
F.e~/ O Q ' Fe~ O N__N
= | N =P X ipy
CFs3 = cr; ©
2.12a: M = Ni 2.13
2.12b: M =Co

Scheme 2.3: Synthesis of verdazyl coordination compounds 2.14 and 2.15.

Coordination of 6-oxoverdazyl radicals to a metal centre can be conveniently

monitored by infrared spectroscopy.”” '

The stretching frequency of the carbonyl
group in the radical ligand is sensitive to the electronic structure of the verdazyl
heterocycle. Typically, this signal shifts to higher energy upon coordination. This trend
is evident in both coordination compounds 2.14 and 2.15. The C=O stretch is seen at

1686 cm™ in the free ligand 2.13, but upon coordination the band shifts to 1711 cm™ in

2.14 and 1709 ¢cm'in 2.15.



39

Electronic spectra for complexes 2.14 and 2.15 and radical 2.13 are compared in
Figure 2.4. The absorption maximum at 410 nm in the spectrum of 2.13 represents a
transition associated with the verdazyl SOMO."” For the metal complexes 2.14 and
2.15, this absorption is red-shifted by about 20 nm. This is consistent with radical
coordination to the metal centre that has been reported for analogous methyl-substituted

verdazyl M(hfac), compounds.”
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Figure 2.4: Electronic spectra of radical 2.13 and coordination compounds 2.14 and 2.15
in dichloromethane.

2.4.2 Structural characterisation of nickel-verdazyl complex 2.14

The molecular structure of 2.14 is shown in Figure 2.5 with selected bond lengths
and angles highlighted in Table 2.1. The verdazyl heterocycle and its substituent
pyridine ring are mutually coplanar. The geometry around the central nickel(Il) ion is

pseudo-octahedral and the verdazyl ligand forms a 5-membered chelate ring with the
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metal centre. Bond lengths and angles around the verdazyl ligand are consistent with
those reported for 1,5-dimethyl-substituted analogues of this complex,” as well as with
the other metal coordination compounds reported in this section. Furthermore, the
verdazyl bond lengths and angles are not significantly different from those reported for
radical 2.13.” The N4-isopropyl group (distal to the Ni*" centre) is positioned with the
C5-proton aligned syn to the carbonyl group in the verdazyl ring, which coincides with
the arrangement of these bonds in the radical itself.”> '° Conversely, the N3-isopropyl
group is positioned such that the analogous methine-proton (located on C1) is anti to the
carbonyl group to minimise steric interactions of the isopropyl group with the
hexafluoroacetylacetonate ancillary ligands. With respect to the coordinative bonds in
2.14, the pyridine nitrogen is located closer to the metal centre [Nil-N1 =2.040(3) A]
than the verdazyl nitrogen [Nil-N2 =2.120(3) A]. This difference is common to other

98, 99

chelating verdazyl ligands with nitrogen-containing substituents and it underscores

the difference in o-donor strength between the verdazyl and pyridine nitrogen atoms.
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Figure 2.5: Molecular structure of 2.14. Thermal ellipsoids displayed at 50% probability
level. Fluorine and hydrogen atoms removed for clarity.

Table 2.1: Selected bond lengths (A) and angles (degrees) for 2.14.

Atoms Length (A) Atoms Angle (°)
C4-05 1.219(5) N3-C4-N4 114.7(4)
C4-N3 1.378(5) N2-C8-N5 127.5(4)
C4-N4 1.382(5) Nil-N1-C9 116.5(3)
C8-C9 1.480(5) Nil-N2-C8 112.8(3)
C8-N2 1.341(5) N3-N2-C8 115.3(3)
C8-N5 1.316(5) N2-N3-C4 122.9(4)
N2-N3 1.370(4) N5-N4-C4 124.5(4)
N4-N5 1.367(4) N4-N5-C8 114.5(4)
Nil-N1 2.040(3) N1-Nil-N2 78.78(14)
Nil-N2 2.120(3)

2.4.3 Magnetic properties of nickel-verdazyl complex 2.14

Magnetic properties of 2.14 were measured from 300 — 2 K and the results are
displayed in Figure 2.6. The product of magnetic susceptibility and temperature (yT) at
300 K is 1.76 emusKemol™. This value is higher than the expected spin-only value of

1.38 emueKemol™ for two uncoupled spins of S=1 and S =" (with the spin-only value
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calculated assuming a g-value of 2.00). As temperature is lowered from 300 to 68 K, T
gradually increases. Between 68 and 25 K, the data plateaus at a maximum value of
1.98 emusKemol™. Below 25 K, ¥ T decreases rapidly. The observed magnetic behaviour
is qualitatively consistent with a previous report for the 1,5-dimethyl-substituted

analogue of this complex.”
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Figure 2.6: T vs. T for 2.14 between 300 and 2 K. Experimental data (o) and
calculated model fit (—).

The solid red line in Figure 2.6 represents the curve calculated from Equation 2.1
(see Appendix D for raw magnetic data and derivation of magnetic models) with the
following parameters: gyq=2.00, gni =2.10, J=+140 cm™ and 6 =-0.5 K. The model
gave a goodness of fit factor of R = 0.014 (with goodness of fit calculated as
R = [Z(%obs - Ycale) /Zxons ]"?). At 300 K, the ¥ T value of 1.76 emusKemol™ is slightly

lower than the spin-only value for an S = 3/2 system (1.88 emusKemol ™), which would
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result from ferromagnetic coupling of the S = 1 Ni*" ion with the S = % verdazyl radical.
This ¢ T value implies that at 300 K there is some population of uncoupled excited states.
On lowering the temperature, these states become depopulated, and the ferromagnetically
coupled ground state becomes the predominant intramolecular magnetic interaction. The
sharp decrease in T observed in the low temperature regime can be explained by
intermolecular antiferromagnetic interactions and/or zero-field splitting of the nickel
d-orbitals. These interactions were modelled by introducing a Weiss constant, 0, in

Equation 2.1.

NBZ 10g%exp(§%) + g%exp(g%)

X= (2.1)
4k(T-0) 2exp(%) + exp(%)
_ 8vat 2gNi _ 8vat 4gni
3 2 3

2.4.4 Structural characterisation of cobalt-verdazyl complex 2.15

The molecular structure of 2.15 is shown in Figure 2.7, with selected bond lengths
and angles presented in Table 2.2. Compound 2.15 shares many of the same structural
characteristics with its Ni(II) analogue 2.14. The two six-membered rings comprising the
radical ligand are again mutually coplanar. The geometry around the central cobalt(I)
ion is pseudo-octahedral, with the metal ion sitting just above the plane of the verdazyl
radical. A 5-membered chelate ring incorporates Col and the N1-C9-C8-N2 fragment of
the verdazyl ligand. Alternation of the positioning of the N-substituted isopropyl groups
(with HIC anti to the C4-O5 carbonyl group and H5C syn to this group) is also seen in
2.15. The difference in bond lengths between the two N-N bonds of the verdazyl ring is

slightly more pronounced in 2.15 [N2-N3 = 1.365(4) A; N4-N5 = 1.347(5) A] than what
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is seen in nickel complex 2.14. A similar discrepancy in the coordinative bonds to the
metal centre is seen with cobalt complex 2.15 [Col-N1=2.092(3)A;
Col-N2 =2.163(3) A] as was evident with nickel complex 2.14; again this highlights the
difference in o-donor strength between the two different coordinating nitrogen atoms in

the ligand.

Figure 2.7: Molecular structure of 2.15. Thermal ellipsoids displayed at 50% probability
level. Fluorine and hydrogen atoms removed for clarity.

Table 2.2: Selected bond lengths (A) and angles (degrees) for 2.15

Atoms Length (A) Atoms Angle (°)
C4-05 1.209(5) N3-C4-N4 113.8(3)
C4-N3 1.387(5) N2-C8-N5 127.4(4)
C4-N4 1.389(5) Col-N1-C9 117.5(3)
C8-C9 1.485(6) Col-N2-C8 114.4(3)
C8-N2 1.339(5) N3-N2-C8 114.93)
C8-N5 1.308(5) N2-N3-C4 123.2(3)
N2-N3 1.365(4) N5-N4-C4 124.5(3)
N4-N5 1.347(5) N4-N5-C8 115.3(3)
Col-N1 2.092(3) N1-Col-N2 76.52(12)

Col-N2 2.163(3)
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2.4.5 Magnetic properties of 2.15

Magnetic properties of 2.15 were measured from 300 — 2 K and the results are
displayed in Figure 2.8. At 300 K, ¥T is 3.26 emusKemol™, which is much higher than
the expected spin-only value of 2.25 emusKemol™ for two uncoupled spin systems of
S =3/2 and S ='.. This value gradually increases as temperature is lowered from 300 to
84 K. Between 84 and 72 K, % T stays at a maximum value of 3.49 emusKemol™ before

decreasing at temperatures below 72 K.

O-O 1 1 T T 1
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Figure 2.8: T vs. T for 2.15 between 300 and 2 K. Experimental data (o) and
calculated model fit (—).

Magnetic data for 2.15 was modelled (solid red line in Figure 2.8) with Equation
2.2 using the following parameters: gyq=2.00, gco =2.24, J=+155 cm™ and 0 = -2.5 K.

The model gave a goodness of fit factor of R = 0.034. These parameters are consistent
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with an S = 3/2 Co®" ion that is strongly ferromagnetically coupled to an S = % verdazyl.
This assignment is further validated by the fact that the room temperature moment for
2.15 is higher than the expected moment for an S=2 spin system
(xT = 3.00 emusKemol ™), implying that the ferromagnetically coupled ground state is
fully populated at this temperature. Previously reported cobalt-verdazyl coordination
compounds have been shown to exhibit ferromagnetic exchange between Co’" and
coordinated verdazyl radicals.”” '¥ Cobalt complexes incorporating a different radical
but the same ancillary ligands and similar coordination geometry have also been reported
to exhibit ferromagnetic cobalt-radical coupling.”* Octahedral cobalt complexes are
known to have large spin-orbit coupling parameters, which can exacerbate the difficulties

in modelling the magnetic data.'®® '*'

The model described by Equation 2.2 and the
above parameters does not account for any spin-orbit coupling interactions associated
with the cobalt ion and, as such, can only be considered as an estimate of the true metal-
verdazyl exchange interactions in 2.15.

_ang? Seltexp(cr) + gdexn (i)
X= k(T-6) 5exp(%) + 3exp(k]—T)

(2.2)

_ 8vdt 38co _ Bvat 58co
4 2 4

2.4.6 Structural characterisation of manganese-verdazyl complex 2.16
Attempts to coordinate radical 2.13 to manganese resulted in the product complex
2.16, which crystallised as a 1:1 adduct with p-hydroquinone (Scheme 2.4). The source

of the hydroquinone is apparently from insufficient purification of verdazyl 2.13 prior to

conducting the coordination reaction.
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Scheme 2.4: Synthesis of compound 2.16, crystallised with hydroquinone.

The molecular structure of compound 2.16 is shown in Figure 2.9. Selected bond
lengths and angles for 2.16 are given in Table 2.3. The complex crystallised with

molecules of both hydroquinone and n-pentane in the unit cell.

Figure 2.9: Molecular structure of manganese complex 2.16. Thermal ellipsoids
displayed at the 50% probability level. Fluorine and hydrogen atoms removed for clarity.
Atoms associated with n-pentane and p-hydroquinone have also been removed.
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Table 2.3: Selected bond lengths (A) and angles (degrees) for 2.16.

Atoms Length (A) Atoms Angle (°)
C4-05 1211(2) N3-C4-N4 114.83(17)
C4-N3 1.380(3) N2-C8-N5 127.08(17)
C4-N4 1373(3) Mnl-NI-C9  118.19(12)
C8-C9 1.487(3) Mnl-N2-C8  11621(12)
C8-N2 1.334(2) N3-N2-C8 115.08(15)
C8-N5 1.318(2) N2-N3-C4 123.14(16)
N2-N3 1.366(2) N5-N4-C4 124.16(16)
N4-N5 1.351(2) N4-N5-C8 115.42(16)
Mnl-N1 22140(16)  NI-Mnl-N2  73.14(16)
Mn1-N2 2.2623(15)

The verdazyl heterocycle and its substituent pyridine ring are mutually coplanar.
The geometry around the central manganese(Il) ion is pseudo-octahedral, which is
consistent with the previously reported 1,5-dimethyl-substituted analogue of this
complex.”® The manganese(II) centre sits just above the plane of the verdazyl radical and
forms a 5-membered chelate ring with N1-C9-C8-N2. The two N-substituted isopropyl
groups are again positioned with the C5-proton aligned syn to the carbonyl group in the
verdazyl ring, and the Cl-proton anti to this same group. This positional alternation is

common to all of the 2.13M(hfac), complexes discussed in this section.

An examination of the bond lengths around the verdazyl ring reveals that the two
N-N bonds differ by only 0.015 A [N2-N3 = 1.366(2) A; N4-N5 = 1.351(2) A]. The C-N
bonds at the carbonyl carbon (C4) in the verdazyl ring are also almost identical in length
[C4-N3 =1.380(3) A; C4-N4 =1.373(3) A]. There is a small difference in the C-N bond
lengths at the point of pyridine-substitution [C8-N2 = 1.334(2) A; C8-N5=1.318(2) A].
These results, in addition to the various bond angles in the verdazyl moiety, are consistent

with those previously reported for analogous verdazyl coordination compounds.” A



49

disparity in the coordinative N-M bond lengths is seen in 2.16, similar to what was noted
in the analogous nickel and cobalt complexes (2.14 and 2.15, respectively). The pyridine
nitrogen is slightly closer to the metal centre [Mnl-N1=2.2140(16) A] than is the

verdazyl nitrogen [Mn1-N2 = 2.2623(15) A].

2.5 Synthesis and magnetic characterisation of a verdazyl-based diradical

and associated coordination compounds

In an effort to further expand the breadth of metal-verdazyl model systems and
move beyond discrete 1:1 metal:radical complexes, a new verdazyl-based diradical ligand
was prepared. This ligand was subsequently coordinated to a series of first-row transition
metals. The verdazyl diradical and the product complexes were analysed with respect to
their structural and magnetic properties. The majority of complexes in this series exhibit
pseudo-trigonal bipyramidal geometry, which represents a novel coordination
environment for metal-verdazyl complexes.

2.5.1 Synthesis of verdazyl diradical 2.18

A pyridine-bridged diradical derived from the 1,5-dimethyl-substituted verdazyl
moiety (compound 1.54) was reported in 2004.">> However, this compound proved to be
one of the least stable verdazyl species investigated by previous members of our research
group. As such, full characterisation of this compound (including elemental and X-ray
diffraction analysis) has not been reported. An investigation of the coordination
chemistry of 1.54 was also precluded by its inherent instability. An N-isopropyl-
substituted analogue of this diradical was prepared, as shown in Scheme 2.5, which

shows greatly enhanced stability over 1.54. Two equivalents of 2.9 were condensed with
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2,6-pyridine dicarboxaldehyde to give the tetrazane precursor 2.17. Tetrazane 2.17 was
then oxidised with three equivalents of p-benzoquinone to give diradical 2.18. Diradical
2.18 was purified on neutral alumina to remove the hydroquinone by-product and

recrystallised by slow-cooling of a saturated ethyl acetate solution.

0 OH
o] H H N X
N H | H \
)\NX‘J\ )\ N N7 NNJ\ o} OH )\NN‘ i ‘NNJ\
NH, NH, o)\N NH HN\NAO — O}\N N N N/&O
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Scheme 2.5: Synthesis of diradical 2.18.

2.5.2 Structural characterisation of diradical 2.18

In the absence of using conventional nuclear magnetic resonance techniques to
follow reactions involving verdazyl radicals, infrared spectroscopy provides a convenient
means of assessing reaction progress. The C=O bond stretching frequency shows a
distinct shift to higher energy upon oxidation; from 1615 cm™ in tetrazane 2.17 to
1683 cm™ in diradical 2.18 (Figure 2.10). Additionally, the broad N-H stretching band
around 3240 cm™ in the spectrum of tetrazane 2.17 is not present in the spectrum of 2.18,

indicating the absence of N-H bonds in the diradical.
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Figure 2.10: Infrared spectra of (a) tetrazane 2.17 and (b) diradical 2.18 recorded as
pressed KBr disks with air background. Carbonyl band in both (a) and (b) indicated by
¥; N-H band in (a) indicated by t.

The molecular structure of diradical 2.18 is presented in Figure 2.11, with
selected bond lengths and angles given in Table 2.4. The two verdazyl rings are co-
planar and together are twisted 14.10° with respect to the plane of the central pyridine
ring. Bond lengths around the verdazyl rings are consistent with those reported for the
1,5-diisopropyl-3-pyridyl-substituted verdazyl monoradical 2.13. The two N-N bond
lengths in 2.18 are virtually identical [N2-N4 = 1.365 A(2); N3-N5 = 1.3646(19) A], as
are the C-N bonds involving the carbonyl carbon [C5-N4=1.373(3)A;
C5-N5=1.374(3) A]. The C-N bonds at the pyridine-substituted carbon are similarly
close in length [C4-N2=1.331(2) A; C4-N3 =1.325(2) A]. Bond angles within the

verdazyl ring likewise reflect those reported for the monoradical analogue.
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Figure 2.11: Face-on (top) and edge-on (bottom) view of the molecular structure of 2.18.
Thermal ellipsoids displayed at 50% probability level.

clarity.

Table 2.4: Selected bond lengths (A) and angles (degrees) for 2.18.

Atoms Length (A) Atoms Angle (°)
C1-C4 1.490(2) N2-C4-N3 127.13(14)
C4-N2 1.331(2) N4-C5-N5 114.03(16)
C4-N3 1.325(2) C4-N2-N4 115.06(15)
C5-01 1.214(2) C4-N3-N5 114.57(14)
C5-N4 1.373(3) N2-N4-C5 124.10(15)
C5-N5 1.374(3) N3-N5-C5 124.81(17)
N2-N4 1.365(2)

N3-N5 1.3646(19)

Hydrogen atoms removed for
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A partial view of the packing among individual diradical 2.18 molecules is
presented in Figure 2.12. Although there are no close contacts between nitrogen atoms
(which bear the majority of the spin density associated with the verdazyl moiety), Figure
2.12 shows selected close contact points between atoms that have been shown to have
non-zero spin density in 1,5-diisopropyl-substituted-6-oxoverdazyl radicals.'”” These
contact points can have implications for the low temperature magnetic properties of this
diradical as they provide a possible pathway for intermolecular exchange interactions.

The magnetic properties of 2.18 are discussed in detail in Section 2.5.4.

Figure 2.12: Partial view of the crystal packing of 2.18 showing close contact points
between selected atoms with non-zero spin density.

2.5.3 Solution-phase electronic properties of diradical 2.18

The electron paramagnetic resonance (EPR) spectrum for compound 2.18 is
shown in Figure 2.13. The spectrum was recorded on a frozen toluene solution of 2.18 at
77 K. The experimental EPR spectrum consists of a broad multiplet, characteristic of
diradicals. Although the simulated spectrum is not an exact match of the experiment, the
position of the maxima and minima in the two spectra correspond well (save for the

signal due to monoradical impurity, highlighted in the centre of the experimental
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spectrum).  The simulated spectrum gives the following parameters for 2.18:
g=2.00942, |D/hc| =0.00756 cm™, |E/hc| =0.000218 cm™. The parameters D and E
are zero-field splitting parameters that are commonly reported with EPR spectra of
organic diradicals.''®” Furthermore, D is a measure of the dipolar interaction between
the two unpaired electrons in a diradical and is related to the distance between these two
electrons according to Equation 2.3, where p represents the spin density associated with
each radical site and d,; i1s the distance between the unpaired electrons.'®® ' With
respect to the benzene-bridged verdazyl diradicals 1.55 and 1.56, |D/hc| = 0.00210 cm™
for the para-substituted diradical 1.55 and 0.00348 cm™ for the meta-substituted diradical
1.56."" The larger values of |D/hc| for diradicals 1.56 and 2.18, compared with that for
1.55, correspond to a smaller distance between unpaired electrons in the meta-bridged

diradicals versus that in the para-substituted analogue.

3 22
D = 3H08"B" papy

16m d3, (2.3)
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Figure 2.13: Experimental (solid line) and simulated (dashed red line) X-band EPR
spectra of diradical 2.18 in frozen toluene (77 K). Highlighted (green box) signal in
experimental spectrum is due to S = ’2 impurity in the sample.

The intensity of the (formally forbidden) triplet signal (Amg = 2) for 2.18 at half-
field was plotted against inverse temperature between 90 and 5 K (Figure 2.14). The
linear relationship in this Curie plot can be interpreted two ways: The unpaired electrons
of the verdazyl moieties are ferromagnetically coupled, or the respective energies of the

singlet and triplet state are degenerate. This distinction is further probed through the

study of the solid state magnetic properties of 2.18, which are discussed in Section 2.5.4.
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Figure 2.14: Curie plot of the intensity of Amg = 2 signal for 2.18 between 4.5 and 90 K.
Inset: Amq signal centred at 1667 G.

The electronic spectrum of 2.18 in dichloromethane solution is presented in

Figure 2.15, along with the spectrum of monoradical 2.13 for comparison. The

absorption maxima at 410 and 460 nm in the spectrum of 2.18 coincide with those

reported for other 6-oxoverdazyl diradicals.'”” '>>

Previous reports have asserted that the
distinct SOMOs in aryl-bridged verdazyl diradicals experience little mutual conjugation,
owing to the fact that the aryl substituent is located at a nodal point of the verdazyl
SOMO.'”  This claim is further substantiated when comparing Am. values for the
pyridine-substituted verdazyl monoradical 2.13 (409 and 450 nm)'* and diradical 2.18
(410 and 460 nm). The minor differences between these absorptions in the monoradical

versus the diradical imply that there is effectively no electronic communication between

the verdazyl SOMOs.
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Figure 2.15: UV-Vis spectra of monoradical 2.13 (dashed line) and diradical 2.18 (solid
line) in dichloromethane.

2.5.4 Magnetic properties of diradical 2.18

The magnetic properties of 2.18 were recorded between 300 and 2 K and the
results are displayed in Figure 2.16. The data was corrected for diamagnetism by
subtracting the slope of the line in the paramagnetic regime of the uncorrected ¥ T versus
T plot from the entire data set. The % T value at 300 K is 0.84 emuKemol™', which is
higher than the expected spin-only value of 0.75 emusKemol” for two non-interacting
S ="' spin systems. This value remains relatively constant between 300 and 100 K.
Below 100 K, ¥ T increases to a maximum value of 0.92 emusKemol" at 20 K. The yT
value drops off rapidly between 20 K and the low temperature limit of the experiment.

The magnetic data was fit to a modified Bleaney-Bowers dimer model'’*'"!

using
the Hamiltonian operator H = -J(Syq*Svg). The equation defining the interaction of a two-

spin system where Sp = Sg =2 is given in Equation 2.4. To model the observed low
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temperature magnetic behaviour in 2.18, a molecular field approximation was applied to

4171 Ap arbitrary parameter 2zJ’ was added to account for any

Equation 2.
intermolecular interactions that might contribute to the overall magnetic moment in the
bulk sample, where J’ represents an intermolecular exchange interaction and z is the
number of molecules involved in the interaction (Equation 2.5). Additionally, a purity
factor (p) was incorporated into the model to account for any S =% impurities in the
sample, whose magnetic behaviour would deviate from the dimer model. The best fit of
the magnetic data for diradical 2.18 with Equation 2.5 (where ¥ T is given by Equation

2.4) gave the following parameters: gyq=2.00 (fixed), J=+40+5cm’,

22’ =-1.46+0.09 cm™ and p=0.99 + 0.01.
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Figure 2.16: T vs. T data (0) and model fit (—) of diradical 2.18 from 300 — 2 K.
Diamagnetic corrections made using the slope method.

XT_ 2Ng282

(2.4)
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XT=p—2—+ (1-p) ¥ s(5+1) 2.5)
= ()

A qualitative examination of Figure 2.16 reveals that the model used here closely
replicates the low temperature magnetic exchange. However, there is some discrepancy
between the model and experimental data in the high temperature regime. In an attempt
to address this situation, Pascal’s constants were used to make the diamagnetic correction
to the raw data, instead of using the previously described slope method. The resulting
corrected data were modelled with Equation 2.5 and the best fit gave the following
parameters: gya=2.00 (fixed), J=+40+5cm’, 2zJ’=-1.05+0.07cm”’ and
p=0.94+0.01. The experimental data and model fit are presented in Figure 2.17. The
parameters gained by fitting the data corrected with Pascal’s constants do not differ
significantly from those found using the slope method correction. In this case Pascal’s
constants do not appear to sufficiently correct for the diamagnetism in the molecule since
the ¥ T plot does not appear to reach the paramagnetic regime even at high temperatures.
Furthermore, correcting the data in this manner does not lead to a substantially better fit

of the high temperature data.
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Figure 2.17: T vs. T data (o) and model fit (—) of diradical 2.18 from 300 — 2 K.
Diamagnetic corrections made using Pascal’s constants.

Notwithstanding the shortcomings of the model used to describe the magnetic
behaviour of diradical 2.18, there are some important conclusions that can be gleaned
from this data. Most importantly, the shape of the T vs. T plot is characteristic of two
weakly ferromagnetically coupled S=' spins. The T value does not change
significantly in the paramagnetic regime between 300 and 100 K (Figure 2.16). On
cooling below 100 K, uncoupled excited states become thermally depopulated, leaving
the ferromagnetically coupled ground state as the predominant contributor to the overall
spin state of the molecule. This is manifested by the maximum in T of
0.92 emusKemol" at 20 K, which is close to the spin-only value of 1.00 emusKemol" for
an S=1 spin system. Below 20K, intermolecular antiferromagnetic interactions
represent the main source of the observed magnetic behaviour in 2.18. The value of

J=+40 cm™ for 2.18 agrees very well with coupling constants calculated for the
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pyridine-bridged, N,N-dimethyl-subsituted verdazyl diradical 1.54 (J =+37 or +41 cm™,

depending on the basis set used in the calculation'”!

). The experimental J value for 2.18
is largely unaffected by the diamagnetic correction method employed, which implies that
any magnetic interactions affecting the room temperature moment do not influence the
singlet-triplet energy gap.

Ferromagnetic exchange interactions are well-established in meta-substituted

174, 175

aryl-bridged diradicals. This exchange is rationalised through a spin-polarisation
mechanism.'’® '”7 Consider first the case of an aryl-substituted monoradical, where the
presence of the unpaired electron causes a polarisation of the electrons in the 7-system in
the aromatic ring (Figure 2.18a). For a meta-substituted diradical to satisfy the
polarisation pattern in the aromatic bridging unit, the two radical moieties must
necessarily be mutually ferromagnetically coupled (Figure 2.18b). The same argument
explains the antiferromagnetic coupling that is common to para-substituted aryl-bridged
diradicals (Figure 2.18¢).'”® The experimental coupling constant for 2.18 is slightly
higher than that reported for an analogous benzene-bridged bis-verdazyl 1.56

(J=193+1.7cm™).'"”” Inclusion of a heteroatom in the aryl bridge linking the verdazyl

moieties does not significantly alter the magnetic exchange pathway in the diradical.
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a b c

Figure 2.18: The presenie) of a radical polari(sezs the 7-electrons i:l )an aromatic ring (a).
This spin polarisation mechanism favours ferromagnetic coupling in meta-substituted
diradicals (b) and antiferromagnetic exchange in a para-substituted diradicals (c).
2.6 Coordination complexes of diradical 2.18

Diradical 2.18 was used to prepare a series of coordination compounds involving
first row transition metals from chromium to zinc, inclusive. Complexes of the general
form 2.18MCl,, (M = Mn, Fe, Co, Ni and Zn) were prepared according to Scheme 2.6. A
solution of 2.18 was added slowly to an equimolar solution of the appropriate metal
dichloride salt and the reaction was allowed to stand without stirring for a period of
approximately 16 hours. Crystals were typically separated from the mother liquor by
vacuum filtration followed by washing with minimal amounts of ice-cold acetonitrile.

Diradical complexes of chromium and copper proved to be structurally dissimilar to those

shown in Scheme 2.6 and will be discussed separately.

X X
)\ PPN P N TR
N j\ N, /’L 2.20: M=Mn
N NN MCLxHO o AT M 252 M= Co
)\ )\ > )\ CI T )\ 2.23: M = Ni
2.18
Scheme 2.6: Synthesis of complexes with the general structure 2.18MCl..
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Infrared spectroscopy provided evidence of successful coordination of 2.18 to the
various metals; the carbonyl band shifts from 1683 cm™ in diradical 2.18 to between
1699 and 1704 cm” in complexes 2.19—2.23. UV-Vis spectra were collected to
investigate the electronic nature of this series of coordination compounds. These spectra
are presented and compared to that of diradical 2.18 in Figure 2.19. The most notable
distinction among the spectra is the modest bathochromic shift of the absorption
maximum at 410 nm in the 2.18 spectrum to about 430 nm in the spectra of the
corresponding coordination complexes 2.19 — 2.23, analogous to what was observed with
the monoradical coordination compounds discussed in Section 2.4.1. The spectra
presented in Figure 2.19 for complexes 2.19 —2.23 are qualitatively nearly identical,

despite the range of metals involved.
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Figure 2.19: UV-Vis spectra of diradical 2.18 and related coordination compounds
2.19 - 2.23 in dichloromethane.
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2.6.1 Structural characterisation of zinc-diradical complex 2.19

The molecular structure of zinc-diradical complex 2.19 is presented in Figure 2.20
with selected bond lengths and angles summarised in Table 2.5. The geometry around
the zinc centre can be described as pseudo-trigonal bipyramidal, with the pyridine
nitrogen atom and the two chloride ligands forming the trigonal plane. In general, the
bond lengths and angles associated with the verdazyl rings are comparable to those
reported in Section 2.5.2 for diradical 2.18. The difference between the two N-N bond
lengths in the verdazyl ring is more pronounced in complex 2.19 than in diradical 2.18.
The N-N bond involving the coordinated nitrogen atom is slightly longer
[N3-N5=1.364(3)A] than on the non-coordinated side of the radical
[N2-N4 = 1.355(3) A]. The pyridine ring and the two verdazyl rings are mutually co-
planar in complex 2.19. There is a significant difference in the lengths of the
coordinative bonds to zinc between the pyridine nitrogen [Zn1-N1 = 2.065(3) A] and the
verdazyl nitrogens [Zn1-N3 =2.3095(19) A]. In zinc-terpyridine complexes the central
pyridine nitrogen atom is necessarily closer to zinc than are the terminal pyridine
nitrogen atoms. This is a result of the bonding geometry and bite angle of the terpyridine
ligand, since the three nitrogen atoms are close to equivalent in terms of o-donor
strength. It follows that the verdazyl nitrogen atoms in 2.19 should also be further from
the zinc ion than is the central pyridine nitrogen. However, this coordinative bond-length
difference is much more pronounced in 2.19 than in comparable terpyridine coordination
compounds, such as complexes 2.24 —2.27. Among these examples, typical nitrogen-
zinc bond length differences with respect to the central pyridine nitrogen versus the

terminal pyridine nitrogen atoms range from 0.0778 to 0.125 A (specifically, the largest
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differences are 0.1061 A in 2.24, 0.0801 A in 2.25, 0.0778 A in 2.26 and 0.125 A in
2.27)."""82 The large disparity between the corresponding nitrogen-zinc bond lengths in
2.19 (Zn-Nyerdazgt minus Zn-Npyrigine = 0.2445 A, which is almost double the largest
difference in the 2.24 —2.27 series) suggests that this variation in bond length is
influenced by more than just topological factors. Moreover, the difference in o-donor
ability between the different ligating nitrogen atoms is even more evident in 2.19 than in

the monoradical complexes 2.14 and 2.15 discussed in Section 2.4.

Figure 2.20: Molecular structure of zinc-diradical complex 2.19. Thermal ellipsoids
displayed at 50% probability level. Hydrogen atoms removed for clarity.



Table 2.5: Selected bond lengths (A) and angles (degrees) for 2.19.

Atoms Length (A) Atoms Angle (°)
C1-Ca 1.480(3) N2-C4-N3 128.1(2)
C4-N2 1.327(3) N4-C5-N5 115.0(2)
C4-N3 1.324(3) C4-N2-N4 114.42)
C5-01 1.209(3) C4-N3-N5 115.59(19)
C5-N4 1.382(3) N2-N4-C5 124.35(19)
C5-N5 1.392(3) N3-N5-C5 122.51(19)
N2-N4 1.355(3) N1-Zn1-N3 74.21(5)
N3-N5 1.364(3) N3-Znl-N3* 148.42(10)
Znl1-NI 2.065(3) Cl-Zn1-Cl* 114.71(4)
Znl-N3 2.3095(19)
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2.6.2 Magnetic properties of 2.19

Magnetic properties of zinc complex 2.19 were recorded between 300 — 2 K and

the results are displayed in Figure 2.21 as the product of magnetic susceptibility and

temperature versus temperature (yT vs. T). The shape of the curve in Figure 2.21 is

qualitatively very similar to the analogous data for diradical 2.18. At room temperature

the value of ¥ T for 2.19 is 0.88 emusKemol™, which is higher than the expected spin-only

value of 0.75 emusKemol" for two non-interacting S = ' spin systems. As temperature

is decreased, T increases to a maximum of 0.97 emusKemol™ at 17 K. Below 17K, T
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decreases rapidly. The decrease at cryogenic temperature is most likely caused by

intermolecular antiferromagnetic interactions.
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Figure 2.21: T vs. T data (0) and model fit (—) of complex 2.19 from 300 — 2 K.

Fitting the magnetic data for zinc complex 2.19 to the same two-spin model used
to analyse the magnetic properties of diradical 2.18 (Equation 2.5) gives the following
parameters: g = 2.00 (fixed), J=+50+ 9 cm™, 2z’ =-0.7+ 0.1 cm™ and p = 1.00 £ 0.02.
As was the case with the model used to reproduce the magnetic behaviour of diradical
2.18, Figure 2.21 shows that this model is much better at replicating the low temperature
magnetic interactions in 2.19 than it is the high temperature behaviour. Similar steps
were taken to better fit the data for 2.19 as were described for diradical 2.18, but the
resulting parameters were largely unchanged.

Zinc(Il) is a d'° ion and thus has no unpaired electrons. The synthesis and

magnetic analysis of 2.19 were designed as a control experiment to examine the magnetic
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behaviour of diradical 2.18 when coordinated to a diamagnetic metal. The qualitative
aspects of the yT vs. T plots for diradical 2.18 and zinc complex 2.19 are similar, which
indicates that the presence of the zinc(Il) ion is not providing any new pathways to
mediate magnetic exchange in the diradical ligand. The modest differences in the
coupling constants seen for 2.18 and 2.19 further corroborate that the inclusion of zinc
into the binding pocket of 2.18 does not dramatically alter the magnetic properties of this
verdazyl diradical.

2.6.3 Structural characterisation of manganese-diradical complex 2.20

Figure 2.22 shows the molecular structure of manganese-diradical complex 2.20.
Selected bond lengths and angles are presented in Table 2.6. The manganese
coordination compound 2.20 is pseudo-trigonal bipyramidal and is structurally similar to
zinc complex 2.19. The bond lengths and angles associated with the verdazyl rings in
2.20 are comparable to those seen in 2.19 and they do not differ significantly from those
in diradical 2.18 itself. The three rings of the ligand are also completely co-planar in
manganese complex 2.20. As with other metal-verdazyl complexes, the pyridine nitrogen
in 2.20 coordinates to the manganese centre more strongly than do the verdazyl nitrogen

atoms [Mn1-N1 = 2.1824(15) A; Mn1-N3 = 2.3247(11) A].
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cio ¢

Figure 2.22: Molecular structure of manganese-diradical complex 2.20. Thermal
ellipsoids displayed at 50% probability level. Hydrogen atoms removed for clarity.

Table 2.6: Selected bond lengths (A) and angles (degrees) for 2.20.

Atoms Length (A) Atoms Angle (°)
Cl1-C4 1.4793(17) N2-C4-N3 127.68(12)
C4-N2 1.3215(16) N4-C5-N5 114.99(11)
C4-N3 1.3344(17) C4-N2-N4 115.24(11)
C5-01 1.2118(17) C4-N3-N5 115.06(11)
C5-N4 1.3824(19) N2-N4-C5 123.97(10)
C5-N5 1.3892(17) N3-N5-C5 122.95(11)
N2-N4 1.3512(15) NI1-Mn1-N3 71.98(3)
N3-N5 1.3663(15) N3-Mn1-N3* 143.96(6)
Mnl1-N1 2.1824(15) Cl-Mn1-CI1* 110.68(2)
Mn1-N3 2.3247(11)

2.6.4 Magnetic properties of 2.20

Magnetic properties of manganese complex 2.20 were recorded from 300 — 2 K
and the results are displayed in Figure 2.23. At 300 K, 3T is 3.54 emueKemol ™, which is
considerably lower than the expected spin-only value of 5.13 emusKemol™ for three non-

interacting spin systems Syg — Sy — Svd, Where Syq =% and Sy, = 5/2. The value of ¥ T
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decreases with temperature down to a plateau value of 2.00 emuKemol ™" between 50 and
25 K, below which point T increases.
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Figure 2.23: 4T vs. T data (o) and model fit (—) of complex 2.20 from 300 — 2 K.

The overall shape of the T vs. T plot for 2.20 is consistent with an
antiferromagnetically coupled system. The solid red line in Figure 2.23 represents the
magnetic model calculated from Equation 2.6 with the following parameters: gyq=2.00
(fixed), gvn = 2.05, Jyn-va=-71.0 cm™, Jyqva = +40 cm™ (fixed) and 6 =+0.55 K. The
model gave a goodness of fit factor of R = 0.017. The plateau value of 2.00 emueKemol™
between 50 and 25 K is slightly higher than the spin-only value of 1.88 emusKemol" for
an S = 3/2 system. The S = 3/2 value is important because this represents the spin system
for the case where the two unpaired verdazyl electrons are antiferromagnetically coupled
to the Mn(II) ion (Figure 2.24). At 300 K the magnetic moment of 2.20 does not reach

the expected spin-only value for two S = 'z radicals and an S = 5/2 metal centre, implying
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that antiferromagnetic coupling interactions persist at room temperature.

Antiferromagnetic interactions have been reported in other manganese-verdazyl

complexes.” %
6]y, 7Ssnova™ 2hg
NG2 30 g% + 252 g% exp(—N:}Vd> + 105 g% exp(—Mrl VSkT vd Vd)
X= : 6] 7] -2] (2.6)
12k(T-6) 244 Mnvd) | g Mn-vd” Zvd-vd
EXP\ Tt €xp 2KT

_ -2gvda+ 78mn _ 28vdt 58mn _

81= — ¢ 82= — - 83= 8Mn

.
.
.
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Figure 2.24: Simplified antiferromagnetic coupling relationship between S = 5/2 Mn*"
ion and two S = 2 verdazyl (Vd) radicals.

Figure 2.24 is an over-simplification of the actual coupling interactions present in
2.20. In a pseudo-trigonal bipyramidal coordination geometry, Mn”" has one unpaired
electron in each of the five metal-centred d-orbitals. Each of these orbitals has a different
spatial relationship with the z-symmetry orbitals housing the verdazyl unpaired electrons.
Figure 2.25 shows the relationship between each of the manganese d-orbitals and the
7-SOMOs of the verdazyl diradical ligand. Rather than a discrete interaction between the
verdazyl SOMOs and five energetically degenerate unpaired electrons (as is depicted in
Figure 2.24), there are potentially five different coupling interactions taking place at the

same time. Magnetic orbitals that have non-zero overlap with respect to each other will
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lead to antiferromagnetic exchange, while mutually orthogonal orbitals produce

ferromagnetic coupling.'”" '*?

The observed magnetic exchange is then determined by
the magnitude of the combined antiferromagnetic versus ferromagnetic interactions. For
2.20, the combined orbital interactions leading to antiferromagnetic coupling dominate
the ferromagnetic interactions. In the frame of reference shown in Figure 2.25, the only
interaction leading to orbital overlap is between the verdazyl SOMOs and the manganese
dy,-orbital. Therefore this interaction must be the prevalent factor contributing to the
intramolecular magnetic exchange in 2.20. The overall magnetic behaviour of 2.20 is
also influenced by weak intermolecular ferromagnetic interactions, as evidenced by the
increase in xT below 20 K. These low-temperature intermolecular interactions were

addressed by incorporating a Weiss constant, 0, into the magnetic model for this system

(Equation 2.6).
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Figure 2.25: Metal-based d-orbitals in order of relative energies in trigonal bipyramidal
coordination geometry. p-Orbitals represent t-SOMO of verdazyl radicals to show

relationship with metal d-orbitals (6-oxoverdazyl rings omitted in some cases for clarity).

2.6.5 Structural characterisation of iron-diradical complex 2.21

The molecular structure of 2.21 is displayed in Figure 2.26 with selected bond
lengths and angles highlighted in Table 2.7. The iron coordination compound 2.21 is
structurally similar to the other diradical coordination compounds presented in this
section. The bond lengths and angles associated with the verdazyl rings in 2.21 are
comparable to those seen in complexes 2.19 and 2.20 and they do not differ significantly
from those in diradical 2.18. The three rings in the ligand framework are co-planar in
iron complex 2.21. The three coordinating nitrogen atoms have different bond lengths to
iron, with the pyridine nitrogen located closer to the metal than are the two verdazyl

nitrogen atoms [Fel-N1 =2.088(2) A; Fel-N3 =2.2772(14) A].



Figure 2.26: Molecular structure of iron-diradical complex 2.21. Thermal ellipsoids
displayed at 50% probability level. Hydrogen atoms removed for clarity.

cig ©MN

Table 2.7: Selected bond lengths (A) and angles (degrees) for 2.21.

Atoms Length (A) Atoms Angle (°)
C1-C4 1.478(2) N2-C4-N3 127.74(16)
C4-N2 1.325(2) N4-C5-N5 114.95(15)
C4-N3 1.337(2) C4-N2-N4 115.02(15)
C5-01 1.211(2) C4-N3-N5 115.03(14)
C5-N4 1.384(3) N2-N4-C5 124.13(14)
C5-N5 1.389(2) N3-N5-C5 123.03(15)
N2-N4 1.351(2) N1-Fel-N3 74.41(4)
N3-N5 1.365(2) N3-Fel-N3* 148.81(8)
Fel-N1 2.088(2) Cl-Fel-CI* 114.48(3)
Fel-N3 2.2772(14)

2.6.6 Magnetic properties of 2.21

74

Figure 2.27 shows the T versus T plot for 2.21 from 300 —2 K. At 300 K, T is

2.95 emueKemol™. In this case, Sge = 2, Syq = Y4 and the expected spin-only T value for

these three non-interacting spin systems is 3.75 emusKemol™.

On lowering the

temperature, ¥T gradually decreases down to a plateau value of 1.21 emusKemol™

between about 50 and 15 K. Below 15 K, T drops off significantly.
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Figure 2.27: T vs. T data (0) and model fit (—) of complex 2.21 from 300 — 2 K.

The shape of the ¥ T vs. T plot for 2.21 is consistent with an antiferromagnetically
coupled system. The model fit (red line) in Figure 2.27 was calculated from Equation 2.7
with the following parameters: gyq=2.00 (fixed), gpe=2.14, Jpe.va=-59.0 cm'l,
Jvava = +40 cm’! (fixed) and 6 =-1.15 K. The model gave a goodness of fit factor of
R =0.041. The magnitude of the coupling constants for 2.20 and 2.21 indicates that the
antiferromagnetic exchange interaction between manganese(Il) and diradical 2.18 is
stronger than that between iron(Il) and the same ligand. The plateau value of about
1.2 emusKemol™ between 50 and 15K is slightly higher than the spin-only value of

1.00 emusKemol™ for an S = 1 system.
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Orbital symmetry arguments, analogous to those described in Section 2.6.4 for
manganese complex 2.20, also apply to the iron complex 2.21 in this situation. However,
in this case, the iron(Il) centre in 2.21 has four unpaired electrons in metal-centred
d-orbitals. Antiferromagnetic coupling between the unpaired ligand electrons and two of
the d-electrons on iron would result in an S = 1 spin system, in an over-simplified view of
the magnetic coupling. A more rigorous treatment of the magnetic orbital interactions
would again show the verdazyl SOMOs experiencing simultaneous distinct relationships
to the various iron d-orbitals. Similarly to what was observed in manganese complex
2.20, the antiferromagnetic orbital interactions must account for the major contribution to
the intramolecular exchange in iron compound 2.21. Evidence of weak intermolecular
interactions is also present in the magnetic profile of 2.21. These intermolecular
interactions were again modelled by incorporating a Weiss constant into Equation 2.7. In
this case, the intermolecular contribution to the overall magnetic behaviour is
antiferromagnetic in nature.

2.6.7 Structural characterisation of cobalt-diradical complex 2.22

The molecular structure of 2.22 is displayed in Figure 2.28 with selected bond
lengths and angles highlighted in Table 2.8. Cobalt complex 2.22 is structurally similar
to the other diradical coordination compounds presented in this section and the bond

lengths and angles associated with the verdazyl rings do not differ significantly among



77

the complexes described so far. The pyridine nitrogen coordinates more strongly to the
cobalt ion [Col-N1=2.031(2)A] in 2.22 than do the verdazyl nitrogens

[Col-N3 =2.2564(14) A].

cax

Figure 2.28: Molecular structure of cobalt-diradical complex 2.22. Thermal ellipsoids
displayed at 50% probability level.

Table 2.8: Selected bond lengths (A) and angles (degrees) for 2.22.

Atoms Length (A) Atoms Angle (°)
C1-C4 1.472(2) N2-C4-N3 127.90(16)
C4-N2 1.323(2) N4-C5-N5 115.03(15)
C4-N3 1.327(2) C4-N2-N4 114.96(15)
C5-01 1.207(2) C4-N3-N5 115.03(14)
C5-N4 1.376(3) N2-N4-C5 124.09(14)
C5-N5 1.389(2) N3-N5-C5 122.92(15)
N2-N4 1.349(2) N1-Col-N3 75.40(4)
N3-N5 1.363(2) N3-Col-N3* 150.80(8)
Col-N1 2.031(2) Cl-Col-CI* 113.38(3)
Col-N3 2.2564(14)

2.6.8 Magnetic properties of 2.22

Magnetic properties of cobalt complex 2.22 were recorded from 300 — 2 K and

the T vs. T plot is displayed in Figure 2.29. The expected spin-only magnetic moment
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for an S = 3/2 cobalt(IT) ion and two S = ¥ radicals is 2.63 emusKemol™. At 300 K, T is
3.06 emusKemol”', which is higher than the expected value if the three spin systems

considered here are not coupled.
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Figure 2.29: 4T vs. T data (o) and model fit (—) of complex 2.22 from 2 — 300 K.

The high-temperature ¥ T value for 2.22 is consistent with ferromagnetic coupling,
which has been observed in other cobalt-verdazyl complexes.”” '* The model fit (red
line) in Figure 2.29 was calculated from Equation 2.8 with the following parameters:
gva=2.00 (fixed), gco=2.10, Jcova=+10.0cm™, Jygva=+40cm™ (fixed) and
0 =-2.00 K. This model appears to be a good qualitative fit of the data (R = 0.021).
However, a closer inspection of the resulting parameters reveals an important
inconsistency with the observed magnetic behaviour. The metal-radical coupling
constant of +10 cm™ is representative of very weak ferromagnetic coupling. This

contradicts the high-temperature T data, which is consistent with a Co®" ion that is
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strongly ferromagnetically coupled to two S =2 verdazyl radicals. The most probable
explanation for this discrepancy arises from strong spin-orbit coupling associated with
the Co”" ion. Cobalt complexes can exhibit a large contribution to the magnetic moment
from the first-order orbital contribution to the magnetic moment associated with the
cobalt d-orbitals alone, making it difficult to model the magnetic behaviour based on
simple isotropic interactions.'® Zero-field splitting effects, including spin-orbit coupling,

184185 1t is clear, in this case, that the

are common to other cobalt-radical complexes.
model described by Equation 2.8 underestimates the strength of the magnetic exchange in

2.22. For this reason, the Jcovq value presented here should be considered an

approximation of the lower limit of the true ferromagnetic coupling constant.
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2.6.9 Structural characterisation of nickel-diradical complex 2.23

The molecular structure of 2.23 is presented in Figure 2.30. Selected bond
lengths and angles are presented in Table 2.9. Nickel complex 2.23 is
crystallographically distinct from the other diradical coordination compounds presented
in this chapter in that 2.23 does not lie on a crystallographic mirror plane. Furthermore,
the three rings in the diradical ligand of complex 2.23 are not perfectly coplanar; one of

the verdazyl rings is slightly twisted out of the plane. Nonetheless, 2.23 is analogous to



80

compounds 2.19 —2.22 in that the bond lengths and angles of the two verdazyl rings in
2.23 are not appreciably altered from those reported for diradical 2.18. The pyridine
nitrogen is again closer to the nickel ion [Nil-N1 =1.9728(18) A] in 2.23 than are the
verdazyl nitrogens [Nil-N2=2.1478(19) A, Nil-N6=2.1213(19) A]. The CI-M-ClI
bond angle is noticeably larger in 2.23 [140.44(3)°] than in any of the previously
described metal-diradical complexes 2.19 —2.22 (in which the analogous bond angle

ranges from 110.68° — 114.71°).

Cc9 c17

Figure 2.30: Molecular structure of nickel-diradical complex 2.23. Thermal ellipsoids
displayed at 50% probability level. Hydrogen atoms removed for clarity.



Table 2.9: Selected bond lengths (A) and angles (degrees) for 2.23.

Atoms Length (A) Atoms Angle (°)
C1-C6 1.478(3) N2-C6-N3 1273(2)
C5-Cl4 1.478(3) N4-C7-N5 114.6(2)
C6-N2 1.336(3) N6-C14-N7 127.92)
C6-N3 1.322(3) N8-C15-N9 114.9(2)
C7-01 1213(3) N4-N2-C6 115.73(18)
C7-N4 1.382(3) N5-N3-C6 114.81(19)
C7-N5 1.393(3) N2-N4-C7 122.84(19)
C14-N6 1.334(3) N3-N5-C7 124.13(18)
C14-N7 1.318(3) N8-N6-C14  115.46(19)
C15-02 1.2103) NO-N7-C14  114.57(19)
C15-N8 1.383(3) N6-N8-C15 122.72)
CI5-N9 1.387(3) N7-N9-C15 124.41(19)
N2-N4 1.368(2) NI-Nil-N2 77.49(7)
N3-N5 1.359(3) N1-Nil-N6 78.11(7)
N6-N8 1.369(3) N2-Nil-N6 155.58(8)
N7-N9 1.357(3) Cl1-Nil-CI2 140.44(3)
Nil-N1 1.9728(18)

Nil-N2 2.1478(19)

Nil-N6 2.1213(19)

2.6.10 Magnetic properties of 2.23

Magnetic properties of nickel complex 2.23 were recorded from 300 -2 K and
the results are displayed in Figure 2.31. At 300 K, T is 3.51 emusKemol”, which is
much higher than the expected spin-only value of 1.75 emusKemol"' for three non-

coupled spin systems of S=1, S=% and S =Y.

81

The value of ¥T does not change

drastically as temperature is decreased from 300 to 80 K. Below approximately 80 K,

however, the magnetic moment begins to decrease. This behaviour is consistent with
strong ferromagnetic coupling between the nickel(Il) and the verdazyl moieties of the
diradical ligand. Ferromagnetic exchange has been reported for other nickel coordination

compounds involving verdazyl monoradicals® and pyridine-bridged imino nitroxide

. 186
diradicals.
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Figure 2.31: T vs. T data (©) and model fit (—) for complex 2.23 from 2 — 300 K.

The red line in Figure 2.31 was calculated from Equation 2.9 with the following
parameters: gyq = 2.00 (fixed), gni = 2.40, Jniva = +180.0 cm'l, Jvavg = +40 cm’! (fixed)
and 0 =-5.00 K. The model gave a goodness of fit factor of R = 0.114. The metal-
radical coupling constant of +180 cm™ infers strong ferromagnetic coupling between the
nickel ion and the two verdazyl moieties, which is consistent with the high-temperature
T data shown in Figure 2.31. The low temperature drop in ¥T was again modelled
using a Weiss constant in Equation 2.9. However, the low-temperature magnetic
behaviour in nickel-diradical complex 2.23 (Figure 2.31) is qualitatively dissimilar to that
observed for the nickel-monoradical complex 2.14 (Figure 2.6). This indicates that there
is more contributing to the low-temperature magnetic moment in 2.23 than just weak
intermolecular interactions. The Weiss constant used in this case appears insufficient to

completely model this behaviour. Zero-field splitting in the nickel ion is likely also
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contributing to the magnetic behaviour in 2.23. Additionally, the nickel g-value in 2.23 is
higher than those described in other five-coordinate nickel complexes,'®” which can be a

sign of strong spin-orbit coupling.'*®
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2.7 Synthesis and characterisation of other coordination compounds
involving diradical 2.18
2.7.1 Synthesis and characterisation of chromium complex 2.28

At the outset of this research, there had been no verdazyl-chromium complexes
reported. In an effort to use diradical 2.18 to investigate an as yet unexplored aspect of
verdazyl coordination chemistry, the general synthesis presented in Scheme 2.6 (used to
prepare compounds 2.19 — 2.23) was modified to incorporate a Cr(III) starting material.
This procedure is shown in Scheme 2.7. Chromium trichloride tris(tetrahydrofuran) and
diradical 2.18 were combined in dichloromethane and stirred at room temperature for a
period of 16 hours. However, analysis of the product revealed that the ligand did not
simply coordinate to the chromium(III) centre to give the expected complex 2.28a. In
fact, structural analysis of the product revealed that one of the N-isopropyl substituents is
absent in the resulting metal complex. Intuitively, this leaves two likely possibilities with

respect to the structure of the product: One of the verdazyl rings may have a hydrogen-
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substituted amide-type nitrogen atom, and the radical nature of the heterocycle remains
intact (2.28b); or that particular ring is no longer a radical and there should be alternating

double and single bonds (2.28c¢).
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Scheme 2.7: Synthesis of the chromium(III) coordination compound 2.28.

The molecular structure of the chromium-diradical complex is presented in Figure
2.32. Selected bond lengths and angles are highlighted in Table 2.10. The most
conspicuous aspect of this structure is the replacement of one N-substituted isopropyl
group with a hydrogen atom (H4N), which was located in difference maps and refined
isotropically during the X-ray diffraction experiment. The presence of this hydrogen
atom points toward 2.28b as the accurate representation of this chromium-verdazyl
complex. However, locating hydrogen atoms in an X-ray diffraction experiment is not
always reliable. Additional structural evidence to support the assignment of this
coordination compound as 2.28b, rather than 2.28c, can be gleaned from an inspection of
the bond lengths and angles around the two verdazyl moieties. The ring bearing only one
N-isopropyl substituent is structurally similar to its disubstituted counterpart and the bond
lengths around the respective rings are consistent with delocalisation of the unpaired

electron in each radical unit. The N-N bonds [N2-N4 = 1.351(4) A; N3-N5 = 1.354(4) A]
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in the N-H substituted ring are comparable to those in the diisopropyl-substituted
heterocycle [N6-N8 =1.361(4) A; N7-N9 =1.360(4) A]. These values also correlate
well with the corresponding N-N bond lengths in diradical 2.18 [1.365(2) A and
1.3646(19) A]. There is no evidence of single and double bond alternation around the
ring, as would be expected in the case where the disparate ring is not a radical (structure
2.28¢). The structural similarities between the two verdazyl rings imply that both of the

7-SOMOs are still electronically intact.

C14 15

Figure 2.32: Molecular structure of 2.28b. Thermal ellipsoids displayed at 50%
probability level. Calculated hydrogen atoms removed for clarity.



Table 2.10: Selected bond lengths (A) and angles (degrees) for 2.28b.

Atoms Length (A) Atoms Angle (°)
C1-C6 1.471(5) N2-C6-N3 126.0(4)
C5-Cl1 1.479(5) N4-C7-N5 114.5(4)
C6-N2 1.348(5) N6-C11-N7 127.2(4)
C6-N3 1.313(5) N8-C12-N9 115.2(4)
C7-01 1.207(5) N4-N2-C6 114.6(3)
C7-N4 1.360(6) N5-N3-C6 116.6(3)
C7-N5 1.385(5) N2-N4-C7 125.1(4)
C11-N6 1.356(5) N3-N5-C7 123.0(3)
C11-N7 1.300(5) N8-N6-C11 114.5(3)
C12-02 1.207(5) N9-N7-C11 115.7(3)
C12-N8 1.374(5) N6-N8-C12 123.4(3)
CI12-N9 1.378(5) N7-N9-C12 123.6(3)
N2-N4 1.351(4) N1-Cr1-N2 77.28(13)
N3-N5 1.354(4) N1-Crl1-N6 77.41(13)
N6-N8 1.361(4) N2-Crl-N6  154.68(13)
N7-N9 1.360(4) Cl1-Cr1-CI2 91.21(5)
Crl-N1 2.001(3) CI2-Cr1-CI3 91.16(4)
Cr1-N2 1.980(3) Cl1-Cr1-CI3 176.91(5)
Crl-N6 2.093(3)
Crl-Cll1 2.2986(13)
Cr1-CI2 2.3274(12)
Crl-CI3 2.3071(13)

86
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Figure 2.33: Infrared spectra of (a) diradical 2.18 and (b) chromium complex 2.28b
recorded as pressed KBr disks with air background. N-H band in 2.28b indicated by t.

The infrared spectrum of this complex (Figure 2.33) further substantiates the
presence of a hydrogen atom at the N4 position. The broad signal around 3250 cm’
corresponds to an N-H stretch. An analogous band is seen at 3240 cm™ in the IR
spectrum of tetrazane 2.17, but not in the corresponding spectrum of diradical 2.18 (see
Figure 2.10). Furthermore, the characteristic carbonyl band appears as a small fork,
indicating two discrete C=O stretching frequencies are represented. This is consistent
with two distinct verdazyl radical rings comprising the ligand in this chromium

coordination compound.

The electronic spectrum of the chromium complex is compared to that of diradical
2.18 in Figure 2.34. The typical bathochromic shift of the absorption maximum

associated with the verdazyl SOMO is also evident in this spectrum. The magnitude of
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the shift is consistent with that seen in the 2.18MCl, series (2.19 — 2.23). The energy and
intensity of these electronic transitions indicate that a verdazyl radical is present in this
species. However, examination of the UV-Vis spectrum alone does not relieve the
ambiguity as to whether the ligand is a mono- or diradical, as the reported transitions
would still be present in the case where only one of the verdazyl rings contains an

unpaired electron.
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Figure 2.34: UV-Vis spectra of diradical 2.18 (dashed line) and chromium complex
2.28b (solid line) in dichloromethane.

2.7.2 Magnetic properties of chromium complex 2.28b

Figure 2.35 plots the magnetic behaviour of 2.28b as yT vs. T from 300 — 2 K. At
300 K, % T for this complex is 0.63 emusKemol™. On lowering the temperature from 300
to 150 K, xT shows a steady decrease. Between 150 and 10 K, ¥ T remains relatively

constant at about 0.46 emusKemol'. Below 10K there is a rapid drop-off in the

magnetic moment.
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Figure 2.35: T vs. T data (o) and model fit (—) of complex 2.28b from 2 — 300 K.

A close examination of the magnetic behaviour presented in Figure 2.35 provides
the best evidence for the assertion that the verdazyl ligand remains a diradical despite the
acute physical change that occurs upon coordination to chromium. The high temperature
¥T value of 0.63 emusKemol” is considerably lower than the spin-only value of
2.63 emusKemol™ for an S = 3/2 chromium(III) ion and two S = % radicals. However, it
is also much lower than the spin-only value of 2.25 emusKemol™ that would result from
an S = 3/2 chromium(IIl) ion and only one S =’ radical. Whether the ligand is a mono-
or diradical is uncertain, based on this value alone. For the case of a diradical ligand
coordinated to an S =3/2 chromium(IIl) ion, an antiferromagnetically coupled system
would result in an S = complex and a spin-only T value of 0.375 emusKemol™, with
each of the two diradical spins compensating one of the three unpaired electrons on

chromium. Conversely, antiferromagnetic coupling between the same chromium ion and
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only one S = radical would leave two unpaired electrons on the metal, resulting in an
S = 1 system and a spin-only % T value of 1.00 emusKemol™. The observed plateau value
of 0.46 emusKemol" (between 150 and 10 K in Figure 2.35) represents the ground state
for this molecule. Since this value is less than 1.00 emusKemol™, it could only arise from
antiferromagnetic coupling of a Cr’* ion with two S =14 radicals. Modelling the
magnetic data with Equation 2.10, based on a three-spin system, gave the following
parameters: gvq = 2.00 (fixed), gcr = 2.13, Jvd.cr = -255 cm'l, Jvavg = 1+40.0 cm’! (fixed)
and 6 =-0.3 K. The model gave a goodness of fit factor of R = 0.031. The combined
structural and magnetic analyses provide compelling evidence that the chromium
complex here is, in fact, the diradical coordination compound 2.28b. This is the first
example of a 6-oxoverdazyl radical that does not bear an N-alkyl or N-aryl substituent

alpha to the carbonyl group.
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2.7.3 Synthesis and characterisation of copper complex 2.29

Copper complexes are well-represented in the realm of metal-radical coordination

- 146, 189-192
chemistry. ™

The general procedure from Scheme 2.6 that was used to prepare the
2.18MCl, series of coordination compounds 2.19 — 2.23 was employed in an attempt to

realise an analogous copper(Il) complex. However, the result of this reaction was
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dramatically different from all of the other coordination compounds involving diradical
2.18. Rather than a discrete verdazyl-copper complex, the product crystallised as an
extended structure with two distinct copper ions in the asymmetric unit. Furthermore, the
ligand in complex 2.29 was significantly altered from its original diradical structure.

This reaction is shown in Scheme 2.8.

| X | X
)\N/Nw/fl\lj\/N\NJ\ )\N/N\W/(Nj\//N\NJ\
SN cwwawo 7Y TR
’ )N; J\l\ ’ ) ’I\I/HZO(CU \N °

Cl—Cu——

Cl

2.18 2.29
Scheme 2.8: Synthesis of the copper(Il) coordination compound 2.29.

Figure 2.36 shows the molecular structure of the asymmetric unit as well as a
view of the extended structure of 2.29. A number of structural differences discriminate
2.29 from the other coordination compounds presented here; the most obvious feature is
the polymeric nature of the structure. Another distinguishing feature of this compound is
the presence of two distinct copper ions in the asymmetric unit. The typical tridentate
binding pocket of the ligand contains one copper ion with octahedral geometry while a
second copper centre is tetrahedrally coordinated to three chlorides and the N5 nitrogen
atom; a coordination mode that is not seen in any other complexes involving this ligand.
Furthermore, the ligand in 2.29 has two fewer N-isopropyl substituents than does the

parent diradical 2.18.
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Figure 2.36: Molecular structure of 2.29 showing structure of repeat unit (top) and
extended structure (bottom). Thermal ellipsoids displayed at 50% probability level.
Hydrogen atoms removed for clarity.
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Table 2.11: Selected bond lengths (A) and angles (degrees) for 2.29.

Atoms Length (A) Atoms Angle (°)
C1-C6 1.470(6) N2-C6-N3 125.6(4)
C5-Cl1 1.460(6) N4-C7-N5 117.4(4)
C6-N2 1.300(5) N6-C11-N7 123.9(4)
C6-N3 1.370(5) N8-C12-N9 115.8(4)
C7-01 1.209(5) N4-N2-C6 115.2(3)
C7-N4 1.370(5) N5-N3-C6 119.5(3)
C7-N5 1.418(5) N2-N4-C7 124.0(3)
C11-N6 1.299(5) N3-N5-C7 118.2(3)
C11-N7 1.364(5) N8-N6-C11 116.7(4)
C12-02 1.197(5) N9-N7-C11 120.4(4)
C12-N8 1.387(6) N6-N8-C12 123.7(4)
C12-N9 1.414(6) N7-N9-C12 119.4(4)
N2-N4 1.346(5) N1-Cul-N3 79.71(14)
N3-N5 1.323(5) N1-Cul-N7 79.70(14)
N6-N8 1.322(5) N3-Cul-N7  159.41(14)
N7-N9 1.292(5)
Cul-N1 1.941(3)
Cul-N3 2.018(3)
Cul-N7 2.046(3)

A close examination of the bond lengths and angles of the ligand reveals further
dissimilarities between 2.29 and other complexes involving this ligand, particularly with
respect to the verdazyl rings. The differences in N-N bond lengths within the verdazyl
rings are not insignificant in 2.29 [N2-N4=1.346(5) A; N3-N5=1.323(5) A;
N6-N8 = 1.322(5) A; N7-N9 = 1.292(5) A]. This is indicative of alternating single and
double bonds in at least one of the verdazyl heterocycles. Furthermore, no N-H hydrogen
atoms were located in the crystal structure determination for 2.29. This arrangement of
alternating bonds contrasts what is seen in other verdazyl radicals and coordination
compounds. The bonding motif observed in 2.29 suggests that the electronic nature of

these rings is something other than an unpaired electron delocalised over four nitrogen
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atoms, as is typical of other verdazyl radicals. In fact, it is likely that the ligand in 2.29 is

no longer a diradical upon coordination to copper.

It should be noted that elemental analysis of this product does not match the
molecular structure as determined by X-ray diffraction analysis. This suggests that the
bulk material isolated is different from the single crystal that was analysed. The UV-Vis
spectrum of 2.29 (Figure 2.37) shows a broad band between 350 and 450 nm, rather than
any discrete absorptions in this region. Owing to the apparent structural and electronic

complexity associated with 2.29, no magnetic studies were pursued with this compound.
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Figure 2.37: UV-Vis spectra of diradical 2.18 (dashed line) and copper complex 2.29
(solid line) in dichloromethane.
2.8 Summary
The work presented in this chapter represents a fundamental study of the

coordination chemistry of highly stable 6-oxoverdazyl radicals and diradicals. The
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compounds presented here can be envisioned as model systems to further the
understanding of discrete metal-radical electronic interactions that give rise to magnetic
coupling. The series of complexes studied here encompasses new coordination
compounds using a known verdazyl radical as the ligand, as well as the design and
coordination chemistry of a novel verdazyl diradical ligand.

Incorporation of isopropyl substituents onto the framework of a chelating
verdazyl monoradical ligand allowed a comparison of the structural and magnetic
properties between the new complexes prepared and presented here and previously
reported methyl-substituted analogues. While switching from the methyl to the isopropyl
derivatives increases the stability of the resulting verdazyl radicals, it has no significant
impact on the coordination mode of the ligand. In turn, the magnetic properties of the
resulting complexes show little significant variation with this change.

The enhanced stability of the isopropyl verdazyl framework allowed for the
synthesis and complete characterisation of a novel diradical, as well as a rigorous study
of the associated coordination chemistry of this ligand. This meta-substituted pyridine
diradical exhibits weak ferromagnetic coupling between the two verdazyl moieties, which
is consistent with other nitroxide and verdazyl diradicals featuring similar aryl linkers.
The lack of any noteworthy intermolecular exchange pathways in the crystal packing
motif of this diradical allowed for an unambiguous examination of the intramolecular
electronic communication parameters.

A series of metal complexes was prepared using this ligand, which represents the
first systematic study of the coordination chemistry of a verdazyl diradical. The pseudo-

trigonal bipyramidal geometry observed in the majority of complexes presented herein is
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a unique coordination framework for verdazyl complexes, further adding to their value as
model systems in the metal-radical paradigm. The nature of the magnetic interactions
among these compounds is highly dependent on the metal involved, owing to the spatial
relationship between the magnetic orbitals of the respective metals and the diradical
ligand. Incorporation of a diamagnetic zinc centre was shown to have minimal impact on
the magnetic exchange in the diradical ligand. Manganese(Il) and iron(II) complexes
experience strong antiferromagnetic exchange between the metal ion and the two
verdazyl moieties. Conversely, nickel(Il) couples ferromagnetically (and rather strongly)
to the diradical ligand. Cobalt(Il) also exhibits ferromagnetic metal-radical coupling.
However, spin-orbit coupling clearly plays a significant role in the magnetic behaviour of
the cobalt complex, making it difficult to obtain the exact metal-radical coupling
parameters. A more rigid analysis of the magnetic data for the cobalt and nickel diradical
complexes could endeavour to fully account for the low-temperature zero-field splitting
effects that were discussed for these compounds. The compounds presented in this
chapter are intended to be considered as a series of magnetic model systems. In this light,
it is the trend in magnetic exchange within this series of coordination compounds (that is
to say the sign and relative magnitude of the metal-radical coupling) that represents the
real value in this study.

Two of the diradical coordination compounds studied proved to be noticeably
structurally distinct from the rest of the series. Complex 2.28b is the first example of a
chromium-verdazyl complex. Perhaps even more intriguingly, this compound represents
a unique example of a verdazyl radical where one nitrogen atom in the heterocyclic

framework is bonded to a hydrogen atom, rather than an alkyl or aryl substitutent.
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Although the origin of the ligand transformation upon coordination to chromium is not
known, the magnetic and structural data for 2.28b provide confirmation that the ligand is
indeed a diradical. This study is an interesting example of magnetic data being used to
confirm the electronic structure of what might otherwise be an ambiguous
characterisation. Conversely, structural characterisation of the coordination polymer 2.29
shows that this same ligand not only loses its radical nature upon coordination to copper,
but also undergoes pronounced structural changes to the ligand framework.
2.9 Experimental
2.9.1 General considerations

Solvents were typically dried over an appropriate drying agent'” and distilled
under argon prior to use. Reagents were purchased from various commercial supply
companies and used without further purification (1,4-benzoquinone was recrystallised
prior to its use as oxidant in the preparation of 6-oxoverdazyl radicals and diradicals).
NMR spectra were recorded using a Bruker Avance III 300 MHz spectrometer with
IconNMR 4.2 acquisition software. Infrared spectra were recorded as pressed KBr disks
using a Perkin Elmer Spectrum One FT-IR spectrometer with Spectrum 5.0 acquisition
software. Electronic spectra were recorded using an Agilent 8453 UV-Vis spectrometer
with Chemstation acquisition software. EPR spectra were recorded using a Bruker EMX
EPR spectrometer with an X-band microwave bridge and using WinEPR acquisition
software. Variable-temperature EPR data were collected by Drs. Joe Gilroy (University
of Victoria) and Pierre Kennepohl (University of British Columbia) using a Bruker
AMX360 EPR spectrometer with a helium cryostat. Samples for VT-EPR studies were
prepared in deoxygenated toluene, using three freeze-pump-thaw cycles. All EPR spectra

were simulated using WinEPR SimFonia. Magnetic measurements were made using a
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Quantum Design MPMS SQUID magnetometer operating at a field strength of 1 T.
(measurements of 2.20 were made by Dr. Laurence Thompson at the Memorial
University of Newfoundland). Diamagnetic corrections were made by subtracting either
Pascal’s constants (2.18, 2.20, 2.21, 2.28b) or the slope of the uncorrected ¥ T vs. T plot
in the paramagnetic regime (2.14, 2.15, 2.18, 2.19, 2.22, 2.23) from the T data.
Elemental analyses were carried out at Canadian Microanalytical Services, Ltd. in Delta,
British Columbia. Melting points were determined using a Gallenkamp melting point
apparatus. Mass spectra were obtained using a Kratos Concept H spectrometer using
electron impact (EI-MS) or liquid secondary ionisation (LSI-MS) or a Micromass Q-TOF
II spectrometer using electrospray ionisation (ESI-MS) in the positive mode.

2.9.2 Synthesis and characterisation of 2.13M(hfac), coordination compounds
1,5-diisopropyl-3-(pyridine-2’-yl)-6-oxoverdazylbis-(1,1,1,5,5,5-
hexafluoroacetylacetonato)nickel(II) (2.14). Equimolar amounts of 2.13'% (259.9 mg,
0.9984 mmol) and Ni(hfac),*2H,0 (507.6 mg, 0.9976 mmol) were dissolved in CH,Cl,
(100 mL) and heated at reflux for 1.25 hours. After 1.25 hours, heat was removed and
solvent was removed under reduced pressure to yield red solid residue. The residue was
further dried under vacuum for 30 minutes. Hexanes (50 mL) were added to residue and
the mixture was heated at reflux for 15 minutes then filtered while still hot to remove any
unreacted Ni(hfac),*2H,0. Filtrate was allowed to cool to room temperature, then set in
a freezer for 36 hours. X-ray quality crystals of 2.14 were isolated by filtration and
washed with 3 x 5 mL cold hexanes. Yield 479.3 mg (65.4 %). Mp. 110 — 112 °C
(uncorrected). FT-IR (KBr): 3284 (m), 3137 (w), 2987 (w), 2943 (w), 1711 (vs), 1643

(vs), 1608 (m), 1554 (s), 1527 (s), 1484 (vs), 1395 (m), 1370 (m), 1348 (m), 1258 (s),



99

1200 (s), 1146 (s), 1097 (m), 1051 (w), 796 (s), 671 (s), 589 (s), 529 cm™ (w). UV-Vis
(CH2Cly): Amax 318 (e = 15500), 403 (¢ = 1650), 418 (¢ =2020), 431 (¢ = 1880), 494 nm
(e =462 Lemol'ecm™). Anal. Calcld. for Co3HaoF,NsNiOs: C, 37.68; H, 2.75; N, 9.55.
Found: C, 37.94; H, 2.70; N, 9.44.
1,5-diisopropyl-3-(pyridine-2’-yl)-6-oxoverdazylbis-(1,1,1,5,5,5-
hexafluoroacetylacetonato)cobalt(Il) (2.15). Equimolar amounts of 2.13'% (311.6 mg,
1.197 mmol) and Co(hfac),*2H,O (611.3 mg, 1.201 mmol) were dissolved in CH,Cl,
(50 mL) and heated at reflux for one hour. After one hour, heat was removed and solvent
was removed under reduced pressure to yield red solid residue. The residue was further
dried under vacuum for 30 minutes. Hexanes (50 mL) were added to residue and the
mixture was heated at reflux for 15 minutes then filtered while still hot to remove any
unreacted Co(hfac),*2H,0. Filtrate was allowed to cool to room temperature, then set in
a freezer for 20 hours. Crystals were observed in the cold flask, but attempts to isolate
the crystals at room temperature resulted in the crystals apparently melting to yield a red,
tarry mixture. X-ray quality crystals of 2.15 were attained by vapour diffusion with ethyl
acetate as solvent and n-pentane as counter solvent. Yield 663.8 mg (75.8 %). Mp. 106 —
108 °C (uncorrected). FT-IR (KBr): 3262 (m), 3142 (w), 2987 (w), 2943 (w), 1709 (vs),
1640 (vs), 1606 (m), 1554 (s), 1529 (s), 1486 (vs), 1460 (sh), 1395 (m), 1370 (m), 1346
(m), 1256 (s), 1202 (s), 1146 (s), 1097 (m), 1049 (w), 796 (s), 669 (s), 585 (s), 527 cm™'
(w). UV-Vis (CHxCly):  Amax 289 (e =23900), 404 (¢=2320), 417 (¢ =2330), 430
(e =2380), 474 nm (=990 L°mol'1'cm'1). Anal. Calcld. for Cy3H,¢CoF2Ns5O5: C,

37.67; H, 2.75; N, 9.55. Found: C, 38.09; H, 2.71; N, 9.30.
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1,5-diisopropyl-3-(pyridine-2’-yl)-6-oxoverdazylbis-(1,1,1,5,5,5-
hexafluoroacetylacetonato)manganese(Il) (2.16). Equimolar amounts of 2.13'%
(205.3 mg, 0.7887 mmol) and Mn(hfac),*2H,0 (398.8 mg, 0.7896 mmol) were dissolved
in CH,Cl, (100 mL) and heated at reflux for 1.25 hours. After 1.25 hours, heat was
removed and solvent was removed under reduced pressure to yield red solid residue. The
residue was further dried under vacuum for one hour. X-ray quality crystals of 2.16 were
attained from vapour diffusion by dissolving the bulk reaction product in
dichloromethane and using n-pentane as counter solvent. Yield 109.9 mg (19.1 %).

2.9.3 Synthesis and characterisation of diradical 2.18

2,6-pyridinebis(1,5-diisopropyl-1,2,4,5-tetrazane-6-oxide-3-yl) (2.17). A solution of
2,6-pyridinedicarboxaldehyde'* (0.77 g, 5.7 mmol) in methanol (200 mL) was added
drop-wise to a refluxing mixture of carbonic acid bis(1-isopropylhydrazide)-2HCI
(2.84 g, 11.5 mmol) and sodium acetate (1.89 g, 23.0 mmol) in methanol (30 mL) over a
period of 3 h. After complete addition of the dialdehyde solution, the reaction was
refluxed in air overnight. After 16 h at reflux, heat was removed from the reaction and
methanol was removed under reduced pressure. The residue was dissolved in
dichloromethane and washed with distilled water (3 x 50 mL). The organic fraction was
dried with MgSQ,, gravity filtered, and then dichloromethane was removed under
reduced pressure. The residue was taken up in boiling ethyl acetate (50 mL) and set in
the freezer overnight, which gave 2.17 (1.39 g, 54 %) as a white powder. This product
was further purified by dissolving in dichloromethane and evapourating the solvent under
reduced pressure. The cycle of dissolving in dichloromethane followed by evapourating

the solvent under reduced pressure was then carried out two additional times to remove
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any traces of ethyl acetate. The white powder was then heated under vacuum at 70 °C for
48h. Mp. 189—191°C (uncorrected). 'H NMR (DMSO-d¢): & 1.01 (d, 24 H,
3J=7Hz), 438 (t, 2 H, *J =12 Hz), 4.49 (m, 4 H, *J =7 Hz), 5.18 (d, 4 H, *J = 12 Hz),
7.61 (d, 2 H, *J =8 Hz), 7.90 ppm (t, 1 H, °J =8 Hz). *C NMR (DMSO-de): 18.4, 19.5,
47.0, 71.1, 104.7, 123.2, 138.4, 153.6, 154.3 ppm. FT-IR (KBr): 3445 (br), 3236 (m),
2967 (s), 2928 (m), 2868 (w), 1613 (vs), 1602 (sh), 1456 (s), 1410 (s), 1360 (m), 1294
(w), 1193 (w), 1127 (m), 1064 (m), 880 (w), 820 (w), 792 (w), 727 cm™ (w). MS (LSI-
MS): m/z 448.3 {{M+1]", 100 %}. Anal. Calcld. for C,;H3;NoO,: C, 56.35; H, 8.33; N,

28.17. Found: C, 55.74; H, 8.38; N, 27.71.

2,6-pyridinebis(1,5-diisopropyl-6-oxoverdazyl-3-yl) (2.18). 2.17 (1.44 g, 3.21 mmol)
and p-benzoquinone (1.04 g, 9.64 mmol) were dissolved in toluene (100 mL). The
solution was refluxed in air for 45 minutes, by which point the solution had turned a deep
red colour. Toluene was removed under reduced pressure and the residue was then
purified by column chromatography on neutral alumina with dichloromethane as eluent.
Like fractions were combined and the solvent was removed under reduced pressure to
yield 2.18 (1.12 g, 78.8 %) as a bright red microcrystalline solid. X-ray quality crystals
were attained by cooling a saturated ethyl acetate solution of the microcrystalline solid in
the freezer overnight. Mp. 154 — 156 °C (uncorrected). FT-IR (KBr): 2978 (s), 2928
(m), 2868 (w), 1681 (vs), 1574 (m), 1467 (m), 1382 (s), 1363 (s), 1237 (s), 1163 (s), 1080
(m), 1056 (m), 724 (m), 683 (m), 650 (m), 565 cm™ (m). UV-Vis (CH,Cly): Amax 238
(e = 42160), 285 (¢ = 14600), 410 (¢ = 3510), 460 nm (¢ = 980 Lemol'ecm™). MS (ESI-
MS): m/z 464.25 {{M+Na]’, 100 %}. Anal. Calcld. for CyH3NyO,: C, 57.13; H, 7.08;

N, 28.55. Found: C, 57.12; H, 7.04; N, 28.89.
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2.9.4 Synthesis and characterisation of 2.18MCl, coordination compounds

2,6-pyridinebis(1,5-diisopropyl-6-oxoverdazyl-3-yl)zinc(II) chloride (2.19). To a
solution of 2.18 (197.5 mg, 0.447 mmol) in acetonitrile (3 mL) was added drop-wise via
Pasteur pipet a solution of ZnCl, (63.6 mg, 0.467 mmol) in acetonitrile (5 mL) in a
25 mL Erlenmyer flask. The reaction was left to stand without stirring for approximately
18 hours. Deep red plate-like crystals were isolated by vacuum filtration, followed by
washing with 3 x 5 mL ice-cold acetonitrile, to yield 182.6 mg of 2.19 (70.7 %) X-ray
quality crystals were attained by slow cooling of a saturated acetonitrile solution of the
crude crystalline product, followed by sitting in a freezer for 24 hours. Crystals were
isolated by vacuum filtration and then dried under vacuum for 24 hours. Mp. 258 —
260 °C (uncorrected). FT-IR (KBr): 2972 (m), 2934 (m), 2879 (w), 1700 (vs), 1604 (s),
1577 (s), 1484 (s), 1451 (w), 1380 (w), 1363 (s), 1283 (s), 1242 (s), 1160 (s), 1127 (m),
1075 (s), 817 (m), 716 (m), 661 (m), 642 (m), 562 (m), 524 cm™ (m). UV-Vis (CH,Cl,):
Amax 244 (e = 27270), 310 (¢ = 14320), 321 (¢ = 13510), 412 (¢ = 2510), 433 nm
(€ =4030 Lemol'scm™). Anal. Calcld. for CyH3NoO,ZnCly: C, 43.65; H, 5.41; N,

21.82. Found: C, 43.67; H, 5.32; N, 21.85.

2,6-pyridinebis(1,5-diisopropyl-6-oxoverdazyl-3-yl)manganese(I) chloride (2.20).
To a solution of 2.18 (101.3 mg, 0.2294 mmol) in acetonitrile (3 mL) was added drop-
wise via Pasteur pipet a solution of MnCl,*4H,0 (45.8 mg, 0.231 mmol) in acetonitrile
and methanol (10 mL CH3CN, 5 mL CH3OH) in a 25 mL Erlenmyer flask. The reaction
was left to stand without stirring for approximately 18 hours. Red plate-like crystals
were isolated by vacuum filtration, followed by washing with 3 x 5 mL ice-cold

acetonitrile, then dried under vacuum for 24 hours to yield 79.2 mg of 2.20 (60.7 %). No
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further recrystallisations were necessary. Mp. 244 — 246 °C (uncorrected). FT-IR (KBr):
2972 (s), 2934 (m), 2879 (w), 1700 (vs), 1602 (s), 1577 (s), 1484 (s), 1451 (m), 1382(m),
1363 (s), 1283 (s), 1242 (s), 1157 (s), 1127 (m), 1075 (s), 817 (m), 716 (m), 658 (m), 642
(m), 562 (m), 524 cm™ (m). UV-Vis (CH,Cly): Amax 245 (e = 36110), 310 (¢ = 16460),
434 (¢ = 5153), 501 (g = 1045), 529 (908), 575 nm (& = 848 Lemol'scm™). Anal. Calcld.
for C1H31NoO:MnCly: C, 44.45; H, 5.51; N, 22.22. Found: C, 44.06; H, 5.47; N, 22.11.
2,6-pyridinebis(1,5-diisopropyl-6-oxoverdazyl-3-yl)iron(II) chloride (2.21). To a
solution of 2.18 (488.7 mg, 1.106 mmol) in dichloromethane (30 mL) was added drop-
wise via Pasteur pipet a solution of FeCl,»4H,O (224.0 mg, 1.127 mmol) in
dichloromethane (100 mL) in a 500 mL Erlenmyer flask. The reaction was left to stand
without stirring for approximately 18 hours. Red plate-like crystals were isolated by
vacuum filtration, followed by washing with 3 x 5 mL ice-cold acetonitrile, then dried
under vacuum for 24 hours to yield 232.8 mg of 2.21 (37.04 %). No further
recrystallisations were necessary. Mp. 236 — 238 °C (uncorrected). FT-IR (KBr): 2972
(s), 2934 (m), 2873 (w), 1700 (vs), 1604 (s), 1577 (s), 1484 (s), 1451 (m), 1382 (m), 1363
(s), 1283 (s), 1242 (s), 1157 (s), 1127 (m), 1072 (s), 817 (m), 716 (m), 661 (m), 642 (m),
559 (m), 526 cm™ (m). UV-Vis (CH,Cly): Amax 246 (€ = 28790), 312 (¢ = 13640), 436
nm (¢ = 4164 Lemol'ecm™). Anal. Calcld. for C,;H;NoO,FeCl: C, 44.38; H, 5.50; N,
22.18. Found: C, 44.58; H, 5.59; N, 22.15.
2,6-pyridinebis(1,5-diisopropyl-6-oxoverdazyl-3-yl)cobalt(II) chloride (2.22). To a
solution of 2.18 (176.4 mg, 0.3995 mmol) in acetonitrile (5 mL) was added drop-wise via
Pasteur pipet a solution of CoCl,*6H,0 (96.8 mg, 0.4068 mmol) in acetonitrile (5 mL) in

a 25 mL Erlenmyer flask. The reaction was left to stand without stirring for
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approximately 48 hours. Purple plate-like crystals were isolated by vacuum filtration,
followed by washing with 3 x 5 mL ice-cold acetonitrile, then dried under vacuum for 24
hours to yield 184.4 mg of 2.22 (80.78 %). No further recrystallisations were necessary.
Mp. 279 — 281 °C (uncorrected). FT-IR (KBr): 2972 (s), 2934 (m), 2873 (w), 1703 (vs),
1607 (s), 1577 (s), 1486 (s), 1451 (w), 1382 (w), 1363 (s), 1286 (s), 1240 (s), 1157 (s),
1127 (m), 1072 (s), 817 (m), 716 (s), 666 (W), 642 (m), 562 (m), 526 cm™ (m). UV-Vis
(CH2CLy):  Amax 245 (e = 34500), 316 (¢ = 13560), 434 (¢ = 3545), 571 nm
(e=474 L°mol'1-cm'1). Anal. Calcld. for C,;H3:NoO,CoCl,: C, 44.14; H, 5.47; N, 22.06.
Found: C, 44.52; H, 5.35; N, 22.27.

2,6-pyridinebis(1,5-diisopropyl-6-oxoverdazyl-3-yl)nickel(II) chloride (2.23). To a
solution of 2.18 (218.0 mg, 0.4937 mmol) in acetonitrile (3 mL) was added drop-wise via
Pasteur pipet a solution of NiCl,*6H,O (117.6 mg, 0.4947 mmol) in acetonitrile and
methanol (5 mL CH3;CN, 5 mL CH30H) in a 50 mL Erlenmyer flask. The reaction was
left to stand without stirring for approximately 72 hours. Red plate-like crystals were
isolated by vacuum filtration, followed by washing with 3 x 5 mL ice-cold acetonitrile
and 3 x 5 mL cold hexanes, then dried under vacuum for 24 hours to yield 117.6 mg of
2.23 (41.71 %). No further recrystallisations were carried out. Mp. 252 — 254 °C
(uncorrected). FT-IR (KBr): 2972 (s), 2934 (m), 2879 (w), 1698 (vs), 1604 (s), 1577 (s),
1489 (s), 1456 (s), 1390 (w), 1366 (s), 1286 (s), 1237 (s), 1157 (m), 1130 (w), 1075 (s),
823 (s), 718 (m), 672 (m), 644 (m), 565 (m), 526 cm™ (m). UV-Vis (CH,CLy): Amax 250
(e = 35350), 305 (¢ = 16890), 434 nm (g = 6276 Lemol'scm™). MS (EI-MS): m/z 571.1
{[M]+, 7 %}. Anal. Calcld. for C;;H31NgO;NiCl,: C, 44.16; H, 5.47; N, 22.07. Found:

C,43.49; H, 5.42; N, 21.81.



105

2-(1,5-diisopropyl-6-oxoverdazyl-3-yl)-6-(1-isopropyl-6-oxoverdazyl-3-yl)pyridine
chromium(III) chloride (2.28b). Inside an inert-atmosphere glove box, a dry 50 mL
Erlenmyer (filter) flask, equipped with a dry dropping funnel was charged with
CrCl3*3THF (174 mg, 0.464 mmol). The flask was removed from the glove box and
attached to a Schlenk line. Dry acetonitrile (10 mL) was added to the flask, via syringe,
to dissolve CrCl3*3THF. In a separate, dry flask, 2.18 (204.5 mg, 0.4632 mmol) was
dissolved in dry dichloromethane (5 mL) and this solution was transferred via syringe to
the dropping funnel. 2.18 was then added slowly, drop-wise to the solution of
CrCl3»3THF and the reaction was left to stand under argon for 8 days. Argon was
removed and the solvent was allowed to evaporate slowly in air to yield deep green
crystalline material with a yield of 121.1 mg (46.89 %). X-ray quality crystals were
attained by dissolving the crude crystalline product in a minimal amount of refluxing
ethyl acetate, then cooling the solution in a freezer for 2 days. Mp. > 385 °C. FT-IR
(KBr): 3241 (br), 3081 (w), 3068 (w), 2982 (s), 2935 (m), 2875 (w), 1724 (vs), 1709 (sh),
1610 (s), 1580 (m), 1509 (m), 1458 (m), 1408 (m), 1391 (m), 1367 (m), 1286 (s), 1241
(s), 1178 (m), 1152 (m), 1131 (m), 1112 (w), 1077 (m), 935 (w), 875 (W), 856 (w), 821
(m), 750 (m), 716 (m), 656 (m), 563 (m), 497 cm™ (m). UV-Vis (CH,Cly): Amax 245
(e = 40200), 320 (¢ = 12600), 451 (¢ = 6530), 570 nm (¢ = 1080 Lemol'ecm™). Anal.
Calcld. for C1sH,5NoO,CrCls: C, 38.76; H, 4.52; N, 22.60. Found: C, 38.64; H, 4.29; N,
22.89.

Reaction of 2,6-pyridinebis(1,5-diisopropyl-6-oxoverdazyl-3-yl) with copper(Il)
chloride dihydrate (2.29). To a solution of 2.18 (45.3 mg, 0.103 mmol) in acetonitrile

(5 mL) was added drop-wise via Pasteur pipet a solution of CuCl,*2H,0 (18.2 mg, 0.107
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mmol) in acetonitrile (10 mL) in a 25 mL Erlenmyer flask. The reaction was left to stand
without stirring for approximately 16 hours. Purple needle crystals were isolated by
vacuum filtration, followed by washing with 3 x 5 mL ice-cold acetonitrile, then dried
under vacuum for 24 hours to yield 53.8 mg of 2.29 (93.4 %). No further
recrystallisations were carried out. Mp. 156 — 160 °C (dec.). FT-IR (KBr): 3081 (w),
2982 (m), 2935 (w), 2879 (vw), 2349 (s), 1703 (vs), 1458 (w), 1367 (m), 1292 (m), 1245
(m), 1159 (w), 1131 (w), 1107 (w), 1079 (m), 1032 (w), 824 (m), 746 (w), 720 (w), 649
(m), 566 cm™ (m). UV-Vis (CHyCly): Amax 253 (8 = 15390), 308 (g = 9550), 405 nm (& =
2390 L°mol'1°cm'1). Anal. Calcld. for C;5H;7NyO,Cu,Cl3e2H,0O: C, 28.83; H, 2.74; N,

20.17. Found: C, 40.71; H, 5.01; N, 23.51.
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Chapter 3. Redox properties of verdazyl radicals, diradicals and
derived coordination compounds

3.1 Redox properties of stable radicals and their coordination compounds

Much of the interest in stable radical chemistry stems from using the unpaired
electron as a building block for magnetic materials, as described in the preceding chapter.
The ability to do chemistry on a stable organic radical, while preserving its paramagnetic
nature, has driven a new line of materials-based research. Intuitively, a stable open-shell
molecule should have two other stable states arising from either the addition or removal
of one electron to give the corresponding closed-shell anion or cation, respectively. This

has lead to intense study of the fundamental redox properties of stable radicals.
3.1.1 Redox-based applications of stable radicals

A great deal of research into the redox properties of stable radicals has focused on
their potential application as molecular conductors. Stable radicals have a half-filled
molecular orbital. If such radicals were made into polymers, the SOMO then becomes
akin to a conducting band. The idea is that stable-radical based polymers would then
show the combined advantages of being intrinsically conducting materials that are easy to
process. In this respect, the phenalenyl radical has been extensively derivatised and the

associated redox properties studied."”> Haddon et al. have thoroughly delineated the

196-201
1.

conductance observed in phenalenyl-derived radicals 3. Sulfur-nitrogen based

radicals 3.2 (and others, as introduced in Chapter 1) have also been investigated in terms

202-204

of their electrical conductivity. Recently, heavy-element congeners of the sulfur-

nitrogen radicals 3.3 have also been synthesised and their conductivity reported.”> 2%
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Redox properties of nitroxide radicals have been extensively studied by Nishide et

207211 This class of radicals is

al. with a focus on the design of flexible organic batteries.
thought to be a promising avenue towards the design of commercial flexible batteries for
a number of reasons. Nitroxide radicals 3.4 can be reversibly reduced or oxidised to give
an aminoxy anion 3.4 or an oxoammonium cation 3.4", respectively, as shown in
Scheme 3.1.7'* Perhaps even more importantly, stable oxoammonium salts of TEMPO
have been isolated, which translates to the possibility of using nitroxide radicals as both
cathode and anode in an organic battery set-up.”’’ Furthermore, the redox potentials of
nitroxide radicals can be tuned by synthetically altering the organic framework around

the NO* moiety.”"

Nitroxide radicals can be appended to a polymeric backbone to give a
fully organic battery whose electrochemical functionality and processability are

combined in one package, eliminating the need for excess support materials.

Il +e +e

3.4* 3.4 3.4

Scheme 3.1: Redox properties of nitroxide radicals.
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Another increasingly important application of stable radicals is the use of TEMPO

and other nitroxides in the catalytic oxidation of alcohols.'! *'* *!?

The catalytic activity
of the nitroxide radical again stems from its reversible redox couples to generate both
cationic and anionic species. In fact, the oxoammonium cation, rather than the nitroxide
radical itself, has been proposed as the active oxidant in TEMPO-catalysed alcohol

oxidations.>'®

The cation is generated in situ from the stable TEMPO radical. Oxidation
of the substrate alcohol is accompanied by reduction of the oxoammonium salt to its
hydroxylamine form. Bleach is used in this system to regenerate the oxoammonium
catalyst. TEMPO-based catalytic systems have been intensely studied in terms of their
potential as eco-friendly alternatives to metal-based catalysts. As such, there is a lot of
interest in reducing the need for co-catalysts as well as facilitating the process of
recycling the radical catalyst itself. In this respect, various heterogeneous catalysts have
been investigated using TEMPO radicals anchored to solid supports.”’’  Polymeric
versions of TEMPO — coined polymer-immobilised piperidinyl oxyl, or PIPO, 3.5 — have

also been investigated where the nitroxide radical is synthetically grafted onto a polymer

backbone,*'**'” eliminating the need for silica or other support material.

Z-0O-

/
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\

—4

NH(tert-octyl)

3.5
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3.1.2 Stable radicals as redox-active ligands

Many transition metal complexes of radical-anion quinoid-type compounds have

110, 220
d

been reporte These compounds have been studied extensively in terms of valence

222

tautomerism>*' and potential applications as molecular switches.””” Furthermore, many

studies have been dedicated to unambiguously assigning oxidation states to both the
metal and ligand,”* a non-trivial task when dealing with open-shell ligands. Radical-

anion ligands based on bis(imino)pyridine have experienced a recent surge in popularity

based on their use as catalysts in conjunction with base metals such as iron and cobalt.***

»2 While these compounds are nonetheless important in terms of redox-active radical

ligands, they do not involve neutral radicals, and will not be discussed in any further

detail here.

With respect to redox properties of coordination compounds involving neutral

radicals, studies have been driven, in large part, by the interest in galactose oxidase®" ***

2% (see Chapter 1). Interest in GO-type phenoxyl-metal complexes has focused on the

ability of these compounds to catalyse the oxidation of alcohols to carbonyls. Especially
fascinating is how the interplay of the electronic states of the metal centre and radical

ligand gives rise to the catalytic activity of this enzyme. To this end, model complexes

that mimic the catalytic activity of GO have been extensively studied with copper®> **°

and other transition metals.>” ?*’

Nitroxide radicals have also figured prominently in metal-based catalysis.”

Metal-TEMPO systems have been shown to catalyse the oxidation of alcohols to

238-242

aldehydes or ketones in air. However, these nitroxide systems are distinct from the
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galactose oxidase mimics in that they do not consist of well characterised, pre-made
metal-TEMPO complexes. Rather, mixtures of free TEMPO radical and metal pre-
catalysts are typically combined and the active species is formed in situ.**® Conversely,
certain coordination compounds involving aminyl radicals have been synthesised and

characterised.***

Selected examples of this class of compounds were presented in
Chapter 1. In light of the interest in replicating the catalytic activity of galactose oxidase,
aminyl coordination compounds have also been investigated in terms of their potential

. . 86
use in catalysis.*

3.2 Redox properties of verdazyl radicals and coordination compounds

245-24 . . 24
2% and diradicals®” have been reported,

Redox properties of verdazyl radicals
although to a lesser extent than with nitroxides. In general, 6-oxoverdazyl radicals 3.6
show similar redox behaviour to nitroxides in that they can be both reversibly oxidised
and reduced electrochemically, as shown in Scheme 3.2. Previous group members have
thoroughly studied the substituent-effects on the oxidation and reduction potentials of

verdazyl radicals.'®

In general, for the 6-oxoverdazyl radicals examined, electron-
withdrawing N-substituents lead to more facile reduction of the radical while making
oxidation more difficult. However, this same work found that the overall cell potential
(Ecen = |E°x - E°kdql) was relatively unaffected by the electronic nature of the

N-substituent; the reduction and oxidation potentials changed by approximately the same

amount throughout a given series of substituents.



112

O O o
Riwy ALE Ry _ Ris ANy R _ Riwy AL -R1
N N — N N — N N
NS —_—~ NS . _—~ NS @
e e T e T
R2 RZ R2
3.6" 3.6 3.6

Scheme 3.2: Redox properties of verdazyl radicals.

Despite the variety of investigations into the redox properties of verdazyl radicals
themselves, there had been no reports on the redox activity of verdazyl coordination
compounds until a 2010 paper detailed the electrochemical behaviour of various
ruthenium-verdazyl complexes 3.7a,b.""' The primary aim of this chapter is to further
elucidate the redox properties of verdazyl radicals and diradicals both as stand-alone
compounds and as non-innocent ligands in transition metal complexes. A new, tridentate
verdazyl radical was prepared and its electrochemical behaviour was studied. The redox
properties of diradical 2.18, whose coordination chemistry and magnetic properties were
the focus of Chapter 2, are also described in this chapter. In order to probe the
electrochemical behaviour of these two verdazyl species as ligands, zinc complexes were
prepared and studied. The use of a redox-inert metal centre facilitated the examination of

the ligand-based redox properties.
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Results and Discussion
3.3 Synthesis of verdazyl radical 3.9

A new verdazyl radical ligand 3.9 was designed to have similar coordination
properties to diradical 2.18. Both compounds feature a tridentate binding pocket and can
coordinate to a metal centre through at least one verdazyl nitrogen atom bearing
significant spin density. Carbonic acid bis(1-isopropylhydrazide) 2.9 was condensed
with 2,2’-bipyridinecarboxaldehyde to give the bipyridine-substituted tetrazane 3.8,
which was identified in the "H NMR spectrum of the product mixture but could not be
sufficiently purified to allow its full characterisation. Nonetheless, this in situ generated
tetrazane 3.8 could be oxidised with p-benzoquinone to generate the corresponding
radical in a similar fashion to other verdazyl radicals and diradicals (Scheme 3.3).
Verdazyl radical 3.9 was isolated as an orange microcrystalline product and purified on a
column of neutral alumina. Elemental analysis of the recrystallised product indicated that
none of the impurities associated with the tetrazane precursor 3.8 were carried through to

the final radical product.

2.9 3.8

Scheme 3.3: Synthesis of radical 3.9.
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3.4 Structural characterisation of verdazyl radical 3.9

The molecular structure of 3.9 is presented in Figure 3.1, with selected bond
lengths, bond angles and torsion angles given in Table 3.1. The verdazyl ring is twisted
almost 40° with respect to the plane of the central pyridine ring [N3-C2-C9-N5 torsion
angle is 38.80(15)°]. Additionally, the angle between the planes formed by the two
pyridine rings is about 10° [N5-C13-C14-C15 = 10.58(17)°]. Bond lengths around the
verdazyl ring are consistent with those reported for other 1,5-diisopropyl-3-pyridyl-

substituted verdazyl radicals.

Figure 3.1: Molecular structure of 3.9. Thermal ellipsoids displayed at 50% probability
level. Hydrogen atoms removed for clarity.



Table 3.1: Selected bond lengths (A) and angles (degrees) for 3.9.
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Atoms Length (A) Atoms Angle (°)
C1-01 1.2174(15) NI-C1-N2 114.18(10)
CI-N1 1.3791(15) N3-C2-N4 127.91(11)
C1-N2 1.3779(16) C1-N1-N3 124.46(10)
C2-C9 1.4892(16) CI1-N2-N4 124.16(9)
C2-N3 1.3278(16) NI1-N3-C2 114.26(10)
C2-N4 1.3237(16) N2-N4-C2 114.98(10)
N1-N3 13674(14)  N3-C2-C9-N5  38.80(15)
N2-N4 1.3613(14) N5-C13-C14- -170.06(11)
N6
N5-C13-C14- 10.58(17)
CI5

3.5 Synthesis of zinc complex 3.10

Radical 3.9 was used to prepare the zinc complex 3.10 according to Scheme 3.4.
In a similar synthesis to that used to prepare the zinc diradical complex 2.19, an
acetonitrile solution of radical 3.9 was added dropwise to an acetonitrile solution of
ZnCl,. The reaction was allowed to stand in air, without stirring, overnight. A purple
microcrystalline sample of 3.10 was filtered from the reaction and subsequently

recrystallised by dissolving in dichloromethane and layering with diethyl ether.

ZnCl,

Y

3.9

Scheme 3.4: Synthesis of zinc complex 3.10.
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3.6 Structural characterisation of zinc complex 3.10

The molecular structure of zinc complex 3.10 is presented in Figure 3.2, with
selected bond lengths, bond angles and torsion angles given in Table 3.2. The bond
lengths and angles associated with the verdazyl moiety do not differ significantly from
those reported for verdazyl radical 3.9. The three rings of the verdazyl ligand become
nearly mutually coplanar upon coordination to the zinc ion. In complex 3.10 the verdazyl
moiety is twisted 7.5(2)° with respect to the plane of the central pyridine ring, compared
to the 38.80(15)° twist in the free ligand 3.9. The two pyridine rings are also closer to
coplanarity in complex 3.10 [N5-C13-C14-N6 dihedral angle = -1.99(19)°] than in
radical 3.9 [N5-C13-C14-N6 = -170.06(11)°]. As with the series of diradical 2.18
coordination compounds, the geometry around the metal centre is pseudo-trigonal
bipyramidal. The two chloride ligands, along with the nitrogen atom on the central
pyridine ring constitute the equatorial ligands while two other nitrogen atoms (one from
the coordinating verdazyl and the terminal pyridine nitrogen) are in axial positions. In
this case there are three distinct coordinating nitrogens. The two bipyridine nitrogen
atoms are much closer to the metal [Zn1-N5 = 2.0910(13) A; Zn1-N6 = 2.1461(12) A]
than is the verdazyl nitrogen [Zn1-N3 = 2.3658(12) A]. This is further evidence that the
coordinating verdazyl nitrogen atom is a much weaker o-donor than are the bipyridine

nitrogen atoms.
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Figure 3.2: Molecular structure of 3.10. Thermal ellipsoids displayed at 50%
probability level. Hydrogen atoms removed for clarity.

Table 3.2: Selected bond lengths (A) and angles (degrees) for 3.10.

Atoms Length (A) Atoms Angle (°)
C1-01 1.2141(19) N1-CI1-N2 114.89(13)
C1-N1 1.387(2) N3-C2-N4 127.82(14)
CI1-N2 1.382(2) CI-NI-N3 123.00(13)
C2-C9 1.481(2) C1-N2-N4 124.31(13)
C2-N3 1.330(2) NI1-N3-C2 115.43(12)
C2-N4 1.3291(19) N2-N4-C2 114.41(13)
NI1-N3 1.3637(17) N3-Znl1-N6 148.38(5)
N2-N4 1.3604(18) N3-Znl1-N5 72.29(4)
Znl1-N3 2.3658(12) N5-Zn1-N6 76.43(5)
Znl1-N5 2.0910(13) Cl1-Zn1-CI12 118.290(18)
Znl1-N6 2.1461(12) N3-C2-C9-N5 7.5(2)
N5-C13-Cl14- -1.99(19)
N6

3.7 Solution-phase electronic properties of 3.9 and 3.10
The electronic spectra of 3.9 and 3.10 are presented in Figure 3.3. The spectrum
of 3.9 shows the typical absorption maximum associated with the verdazyl SOMO at

408 nm. This absorption is shifted to lower energy in the spectrum of complex 3.10,
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where Amax 1S at 432 nm. These values are consistent with the radicals and associated

coordination compounds presented in Chapter 2.
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Figure 3.3: UV-Vis spectra of radical 3.9 (black) and zinc complex 3.10 (red) in
dichloromethane.

The solution electron paramagnetic resonance spectra for compounds 3.9 and 3.10
are shown in Figures 3.4 and 3.5, respectively. Hyperfine coupling parameters calculated
from the simulated spectra are presented in Table 3.3. Coupling to two sets of two
equivalent nitrogen nuclei (I = 1), and also to one pair of equivalent protons (I = 2) can
be seen in the spectrum of 3.9. The typical nine-line pattern from coupling to four
nitrogen nuclei is also seen in the experimental spectrum of 3.10. However, coupling to
the hydrogen nuclei on C3 and C6 of the isopropyl groups is not observed in the spectrum
of zinc complex 3.10 because of the line-broadening that is seen in this spectrum.

Coordination of the verdazyl radical in 3.10 breaks the equivalency of N3 and N4
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(compared with 3.9) and this was taken into account when simulating the spectrum (see

Table 3.3).

3470 3490 3510 3530 3550
Field /G

Figure 3.4: Experimental (black) and simulated (red) X-band EPR spectra of 3.9
(5.0 x 10" M in toluene).
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Figure 3.5: Experimental (black) and simulated (red) X-band EPR spectra of 3.10
(9.5 x 10° M in CH,CL).

Table 3.3: Calculated hyperfine coupling parameters for 3.9 and 3.10.

Compound g an3 /mT an4 /mT anl1,2 /mT ap3,6 /mT
3.9 2.0036 0.651%* 0.651%* 0.527 0.142
3.10 2.0034 0.651 0.637 0.583 0.143

* Simulation for 3.9 was performed with N3 = N4, 3.10 was simulated with N3 # Ny

3.8 Redox properties of verdazyl radical 3.9 and zinc complex 3.10

Cyclic voltammograms (CVs) for compounds 3.9 and 3.10 are presented in Figure
3.6 and the accompanying data is summarised in Table 3.4. Verdazyl radical 3.9
undergoes a reversible, one-electron reduction at -1.36 V versus Fc/Fc' and a
corresponding quasi-reversible one-electron oxidation at +0.20 V. The differences in
peak-to-peak potentials between anodic and cathodic waves for the oxidation and
reduction processes are 60 mV and 80 mV, respectively. A redox process is deemed to

be reversible if it meets the following electrochemical conditions: The cathodic and
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anodic waves are equal in size (i.e. they integrate to approximately a 1:1 ratio), the
cathodic and anodic peak separation is within the acceptable limit (0.059 V for a

250-252 .
In zinc

one-electron process) and the peak potential does not change with scan rate.
complex 3.10, both the oxidation and reduction processes are quasi-reversible and are
shifted to more positive potentials. The complex is reduced at -0.87 V (AE, = 100 mV)
and oxidised at +0.43 V (AE, = 70 mV). The cell potential of zinc complex 3.10 (1.30 V)

is noticeably smaller than that of the uncoordinated verdazyl 3.9 (1.56 V).

Izo LA
(@)
(b)
200  -1.50 -1.00  -0.50 0.00 0.50 1.00

E (V vs. Fc/Fc?t)

Figure 3.6: Cyclic voltammograms of 3.9 (a, 1.1 mM) and 3.10 (b, 1.0 mM). Both CVs
recorded in CH3CN with 0.1 M BusNBF;, as supporting electrolyte.

Table 3.4: Electrochemical parameters for 3.9 and 3.10.

Compound E'ox E e E el
3.9 +0.20 -1.36 1.56
3.10 +0.43 -0.87 1.30

Potentials reported in volts versus ferrocene/ferrocenium couple.
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Coordination of radical 3.9 through one of the verdazyl nitrogen atoms directly
affects the energetics of the ~SOMO in complex 3.10. Ultimately, the verdazyl-based
7~SOMO is more stabilised in complex 3.10, relative to radical 3.9. Because this is the
orbital that factors in the verdazyl redox chemistry, the addition of one electron to
complex 3.10 is more facile, with respect to 3.9, while the removal of one electron is
more difficult.

Electron-withdrawing substituents have been shown to affect the energy of the
verdazyl SOMO and thus, the electrochemical potentials of a variety of verdazyl radicals
3.6, 3.11."" Electron-withdrawing substituents lower the energy of the verdazyl SOMO,
making the radical at the same time easier to reduce and more difficult to oxidise.
However, for a given type of verdazyl radical (methylene-bridged, 3.11, versus
6-oxoverdazyl, 3.6), the substituent effects on the reduction and oxidation potentials are
approximately equal (the reduction and oxidation potentials shift by about the same

amount) and the overall cell potential remains essentially constant.

3.11
The origin of the observed difference in redox properties between verdazyl radical
3.9 and its corresponding zinc complex 3.10 must be different from the substituent effects
described above. A shift to more positive potential of both the reduction and oxidation

waves of complex 3.10 (compared to radical 3.9) is consistent with the presence of an
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electron-withdrawing substituent. However, the magnitude of the respective shifts is
different and, as a result, the cell potential of zinc complex 3.10 is 260 mV smaller than
that of radical 3.9. Coordination to zinc, therefore, should not be considered as a simple
substituent effect when considering the differences between the CVs of 3.9 and 3.10.
Furthermore, the substituent effects described above have been linked to the amount of

delocalisation of spin density onto a given substituent.'”®

In the case of complex 3.10,
there is no evidence of any spin delocalisation onto the zinc ion.
3.9 Redox properties of diradical 2.18 and zinc complex 2.19

Cyclic voltammograms (CVs) for verdazyl diradical 2.18 and its related zinc
complex 2.19 are presented in Figure 3.7 and the important potentials are highlighted in
Table 3.5. The electrochemical behaviour of diradical 2.18 is qualitatively similar to that
of verdazyl radical 3.9 (Figure 3.7, Table 3.5). An important distinction between the CV
of radical 3.9 and that of diradical 2.18 is that both the oxidation and reduction waves in
the CV of 2.18 represent two-electron transfer processes. Diradical 2.18 is quasi-
reversibly reduced to a dianion at -1.30 V versus Fc/Fc™. A quasi-reversible two-electron

oxidation process occurs at +0.26 V. The reduction and oxidation potentials for diradical

2.18 are both shifted by +60 mV with respect to radical 3.9.



124

50 pA
€)]

(b)

-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00
E (V vs. Fc/Fc?t)

Figure 3.7: Cyclic voltammograms of (a) 2.18 and (b) 2.19. Both CVs recorded on
1.0 mM solutions in CH3CN with 0.1 M BusNBF, as supporting electrolyte. Potentials
reported in volts versus ferrocene/ferrocenium couple.

Table 3.5: Electrochemical parameters for 2.18 and 2.19.

Compound Eoox Eored EOcell
2.18 +0.26 -1.30 1.56
2.19 +0.48" -0.74 1.22

Potentials reported in volts versus ferrocene/ferrocenium couple. Eoox and Eocen for 2.19
based on the cathodic wave of oxidation process.

Previous studies have highlighted reversible or quasi-reversible two-electron
redox processes in other verdazyl diradicals.'”** Furthermore, electrochemical studies
of benzene-bridged verdazyl diradicals 1.55 and 1.56 relieved the ambiguity as to
whether the respective diradical oxidation and reduction processes are best considered as
a two-electron transfer process or two subsequent one-electron transfer processes.'”’ In
the case of diradical 2.18, as was the case for both diradicals 1.55 and 1.56, each of the

respective redox processes (i.e. oxidation and reduction) should be considered as two
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distinct one-electron transfers that occur at virtually the same potential. The differences
in peak-to-peak potentials between anodic and cathodic waves for the oxidation and
reduction processes are 110 mV and 100 mV, respectively. A condition for
electrochemical reversibility is that the peak-to-peak potential difference should follow
the equation AE,=59/n mV at 25 °C; where n = number of electrons transferred.””’
According to this relationship, the oxidation and reduction waves in the CV of 2.18
would be much smaller than the observed AE, values of 110 and 100 mV if these redox
processes, respectively, involved concomitant two-electron transfer.

To further elucidate the nature of the electron-transfer processes in 2.18,
Osteryoung square wave voltammetry (OSWYV) experiments were performed. Oxidation
and reduction processes for equimolar amounts of 2.18 and octamethylferrocene are
presented in Figure 3.8. OSWYV experiments reported for benzene-bridged diradicals
1.55 and 1.56 were able to resolve the signals associated with the respective reduction
processes into two discernable peaks (showing that in both cases the reduction proceeds

107, 158
by two separate one-electron processes).

Unfortunately, the experiment presented
in Figure 3.8 was not able to resolve the individual electron transfer processes for
diradical 2.18 in this case. However, a comparison of the peak areas of the diradical
oxidation and reduction processes with that of the octamethylferrocene redox couple
indicates that the redox processes in diradical 2.18 involve two electrons. On the basis of
the CV and OSWYV data, and by comparison with the bezene-bridged analogues, the
respective redox processes observed in diradical 2.18 can each be assigned as two

separate, but overlapping, one-electron transfers. In essence, oxidation or reduction of

one of the verdazyl rings does not affect the corresponding potential of the second radical
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moiety. This electrochemical behaviour is consistent with a lack of conjugation between
the two verdazyl SOMOs, which was established in Chapter 2 by comparing the

electronic spectrum of 2.18 with that of an analogous verdazyl monoradical.

{20 A 120 nA
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Figure 3.8: Osteryoung square wave voltammograms showing reduction (left) and
oxidation (right) of 2.18 (0.997 mM solution in CH3CN with 0.1 M BwNBF, as
supporting electrolyte). Peak centred at 160 mV is due to ocatmethylferrocene (added as
internal standard, 0.972 mM).

There are obvious qualitative differences in the CV of zinc complex 2.19 (Figure
3.7b) when compared with either diradical 2.18 or zinc-monoverdazyl complex 3.10.
The cell potential of 2.19 is smaller than the cell potential of the diradical alone, which
mirrors the change in cell potential between monoradical 3.9 and its corresponding zinc
complex 3.10 (see Figure 3.6 and Table 3.4). The reduction process at -0.74 V vs. Fc/Fc"
is quasi-reversible (peak-to-peak potential difference is 75 mV), but the peak size is about
half that of the oxidation process, inferring that the reduction is actually a one-electron
process. The oxidation process, on the other hand, is electrochemically irreversible; the
peak-to-peak separation between the cathodic and anodic waves of this process is more
than 220 mV. Both redox processes associated with 2.19 were afforded further study,

and will be discussed in greater detail, individually.
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3.10 Reduction of zinc diradical complex 2.19

The cyclic voltammogram of 2.19 (Figure 3.7) indicates that the quasi-reversible
reduction centred at -0.74 V is a one-electron process. The size of this wave is half the
size of the corresponding two-electron reduction wave for diradical 2.18. The
reversibility of this redox event was probed by comparing the CVs recorded as a function
of scan rate (Figure 3.9). The difference in peak-to-peak potentials between the cathodic
and anodic waves does not change significantly with scan rate in the range 10 mV/s to
500 mV/s, which is consistent with a reversible or quasi-reversible electron-transfer
process. Furthermore, scanning this region multiple times at a given scan rate does not

alter the shape or position of the peak potentials (Figure 3.9).
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Figure 3.9: Cyclic voltammograms of reduction process for 2.19 (1.0 mM solution in
CH;CN with 0.1 M BusNBF4 as supporting electrolyte) showing scan-rate dependence
(left) and multiple scan reproducibility at 100 mV/s (right).

Upon scanning to more negative potentials, another electron-transfer process is
evident in the cyclic voltammogram for 2.19 (dashed line in Figure 3.10). A second,

irreversible reduction is centred at -1.30 V vs. Fc/Fc”. Additionally, the cathodic wave

associated with this scan to more negative potentials shows that the original one-electron
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reduction no longer appears to be reversible, as the anodic and cathodic peaks are not
symmetric. ~ While diradical 2.18 can be reversibly reduced to a dianion, the
corresponding zinc complex 2.19 can be reversibly reduced by only one electron. Further

reduction generates a reactive species.

20 pA

220 1.70 -1.20 -0.70 -0.20
E (V vs. Fe/Fc*)

Figure 3.10: Cyclic voltammogram of 2.19 (1.0 mM in CH3CN with 0.1 M BusNBF; as
supporting electrolyte) showing a reversible one-electron reduction at -0.74 V (solid line)
and a second irreversible reduction at more negative potential (dashed line).
3.11 Oxidation of zinc diradical complex 2.19

The oxidation process for 2.19 is electrochemically irreversible. The peak
potential of the cathodic wave is +0.48 V while that of the corresponding anodic wave is
+0.26 V; a difference of 0.22 V. However, the size and shape of these two CV waves are
very similar, which is not typical of a simple irreversible electron-transfer process.

To further probe this electrochemical process, scan-rate dependence experiments

were carried out. Figure 3.11 shows that neither the shape nor the position of the

cathodic or anodic waves of this oxidation process change significantly with scan rate.
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Additional data was collected by cycling through the potential range of the oxidation with
multiple scans at the same scan rate (Figure 3.11, right). Again, the overall shape and

position of the CV waves for this process remain unchanged throughout multiple scans.

CH3;CN with 0.1 M BusNBF, as supporting electrolyte) showing scan-rate dependence
(left) and multiple scan reproducibility at 100 mV/s (right).

The observed AE, value of 220 mV for the oxidation of 2.19 indicates an
electrochemically irreversible process. One plausible explanation is that diradical 2.19
experiences a structural change upon oxidation, and this new species is subsequently
reduced at a potential that is 220 mV more negative than the original oxidation.
However, the reproducibility of the data in Figure 3.11 indicates that the overall sequence
of oxidation and reduction events must be reversible. Scheme 3.5 proposes an EECEEC
(where E is an electron-transfer step and C represents a chemical change) mechanism,
which results in an overall reversible cycle. Oxidation of 2.19 to a dicationic species
219" is followed quickly by a chemical change that yields a structurally distinct species
2.19b™". This species is subsequently reduced at a different potential from the original
oxidation to give 2.19b. This electron-transfer is followed by a second chemical change
that regenerates the original zinc-diradical complex 2.19. Analysis of the crystal

structure of 2.19 (see Section 2.6.1) reveals that the verdazyl nitrogen atoms do not
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coordinate to the zinc centre as strongly as the central pyridine nitrogen of the diradical
ligand. Upon oxidation of the verdazyl rings, these nitrogen atoms should be even
weaker o-donors than in the diradical form of the ligand. Therefore a plausible structural
change would be for the verdazyl rings of the diradical ligand to dissociate from the zinc
centre, as shown in 2.19b"". Because the ligand remains coordinated through the
pyridine nitrogen atom, this new species is sufficiently stable on the time-scale of the CV
experiment that it can be re-reduced to the uncoordinated diradical form 2.19b. The
verdazyl rings of this regenerated diradical then re-coordinate to the zinc centre to give

the original species 2.19.
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Scheme 3.5: 2.19 undergoes two electron-transfer processes (E, E) to give the dicationic
species 2.19"". This species undergoes a chemical change (C) to yield the uncoordinated
dication 2.19b™". Two-electron reduction of this species (E, E) gives an uncoordinated
diradical 2.19b, with undergoes a chemical change whereby the verdazyl rings
recoordinate to zinc to regenerate the original species 2.19.

A




131
3.12 Redox-induced structural changes in organometallic compounds

Reversible redox-induced structural changes have been described for a number of

253

organometallic compounds. Scheme 3.6 shows an example of a sandwich complex

3.12a in which one of the arene ligands undergoes a shift in hapticity, from n° to n*, upon
reduction.”* *>* This system was the first example where the reduced form, exhibiting
n*-arene hapticity, was characterised by X-ray crystallography.”® Other systems have

subsequently been shown to undergo electrochemically instigated structural changes

256-260 262,

including hapticity shifts, geometric isomerisation®®’ and bond rearrangements.

263
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Scheme 3.6: Redox-induced structural changes in the ruthenium sandwich complex
3.12a whereby ligand hapticity changes upon reduction. Boxed structures represent
isolated and characterised species.

The redox process presented in Scheme 3.6 is proposed to proceed by an
EECEEC mechanism, analogous to the one presented in Scheme 3.5. Two-electron
reduction of complex 3.12a gives 3.12b. This electron-transfer event is quickly followed
by a structural change in which the coordinating ligand experiences a hapticity shift to
generate 3.12c. This new species (3.12¢) is then re-oxidised to give a dicationic,

n*-sandwich complex 3.12d. Complex 3.12d experiences a fast chemical structural

change and the original n®-structure (3.12a) is regenerated. The structure of 3.12¢ was
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later solved by X-ray diffraction analysis, confirming the presence of both n* and n°

ligands.”®*

The redox-induced structural changes described above involve metal-centred
electron-transfer.  Ligand-based redox-induced structural changes have also been
described.® However, many of these so-called ligand-derived redox processes actually
occur at appended ferrocene groups, distal to the inner coordination sphere of the metal
centre.”® 2" An example of this type of “ligand-based” redox-induced structural change

268 The mechanism in this case is similar to those presented in

is presented in Scheme 3.7.
Schemes 3.5 and 3.6; the main difference is that the mechanism shown in Scheme 3.7
involves the transfer of only one electron (and is therefore described as ECEC).
Oxidation of the ferrocene moiety in 3.13a effects a change in the organic framework of
the ligand, resulting in the oxygen atoms becoming more labile. This oxidation is
followed by a chemical change whereby the coordinating oxygen atoms in 3.13b are
replaced by coordinating solvent molecules to give 3.13¢. Reduction of the ferrocenium
moiety in 3.13c¢ gives 3.13d and restores the ligand to its original electronic structure.

The oxygen atoms recoordinate to rhodium, replacing the coordinated acetonitrile

molecules and the original structure of the complex (3.13a) is restored.
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Scheme 3.7: Ligand-based redox-induced structural changes in 3.13a rely on redox-
activity of appended ferrocene groups.

Elaborate ligand designs have utilised the redox-activity of distal ferrocene groups
to indirectly control the inner coordination sphere of the metal, giving these systems
possible catalytic applications.”®  Conversely, genuine ligand-based redox activity
leading to structural changes in coordination compounds is rare. Metal complexes
involving quinonyl-substituted phosphine ligands have been reported wherein the metal
coordination sphere can be influenced by the intrinsic redox-activity of the quinonyl
moiety.””® However, the redox reactions involved in these systems are also accompanied
by corresponding proton-transfer chemistry. The electrochemical process described for

zinc-diradical 2.19 offers the prospect of exercising a measure of control over the zinc
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coordination sphere based solely on the redox-activity of the organic diradical ligand and

without the need to account for any extraneous proton-transfer chemistry.

3.13 Potential-dependent spectroscopy of verdazyl ligands and metal
complexes

Although the voltammetric experiments presented in the preceding section point
towards some interesting electrochemical behaviour with respect to 2.19, no structural
information can be gleaned from this data alone. Potential-dependent spectroscopy was
employed in an effort to identify the possible species present in solution at the varying
potentials throughout the electron-transfer processes described for 2.19. Unfortunately,
there are thus far no systematic reports on the spectroscopic features of verdazyl
dications. To this end, the bipyridine monoradical 3.9 and its corresponding zinc
complex 3.10 were first investigated using potential-dependent UV-Vis spectroscopy.
The rationale behind these experiments was to first try to identify a spectroscopic
“signature” of the redox products of a structurally analogous compound in which there is
only one radical moiety to consider. These experiments are described in the ensuing

section.

3.13.1 Potential-dependent spectroscopy of radical 3.9 and zinc complex 3.10

Potential-dependent UV-Vis spectra were recorded for verdazyl radical 3.9 and its
corresponding zinc complex 3.10. The spectra were recorded using a quartz glass cell
with a 1 mm path length, coupled to a standard potentiostat (see Section 3.16.1 for a
detailed description of electrochemistry and potential-dependent spectroscopy

experiments). The cell was held at a given potential while the spectrum was collected.
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The data in Figure 3.12 indicate that there is little change in the respective electronic

spectra with changing potential.
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Figure 3.12: Potential-dependent UV-Vis spectra for 3.9 (left) and 3.10 (right).
Successive coloured lines correspond to spectra recorded at different potentials.
Potentials listed represent actual applied potential and are not corrected to the Fc/Fc'
redox couple.

3.13.2 Chemical titration of monoradical 3.9

Inspection of the spectra in Figure 3.12 indicates that there is very little change to
the electronic spectra of 3.9 or 3.10 with varying potential in the range of the respective
oxidation processes. This is inconsistent with the CV data presented for both of these
compounds, which indicates that cationic species should be electrochemically attainable
(it follows intuitively that the cationic species generated should have distinct electronic
spectra). In a further effort to determine the spectroscopic signature of a cationic
derivative of a verdazyl monoradical, 3.9 was titrated with NOPF¢ to chemically oxidise
the radical. Figure 3.13 shows the UV-Vis spectra collected after successive additions of
NOPFg. Substantial changes in the UV region of the spectrum are evident, stemming

from a modification of the conjugated z-system of the bipyridine portion of radical 3.9.
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The presence of isosbestic points in Figure 3.13 is consistent with radical 3.9 being
converted to a single new species as the oxidation proceeds. However, the band at
400 nm remains largely qualitatively unchanged, which implies that the cation generated
has an electronic transition that is very close in energy to the 400 nm transition involving
the SOMO of 3.9. The lack of a significant observable change in this region of the
spectrum makes it difficult to unequivocally identify the oxidised species using this

spectroscopic technique.
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Figure 3.13: UV-Vis spectra for the chemical titration of 3.9 with NOPFg as the oxidant.

3.13.3 Spectroelectrochemical studies of diradical 2.18 and zinc complex 2.19

Similar potential dependent experiments were carried out with diradical 2.18 and
the corresponding zinc complex 2.19 and these results are displayed in Figure 3.14. The

response in both spectra (2.18 and 2.19) is qualitatively better than what was observed for
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the parallel monoradical compounds 3.9 and 3.10. As the applied potential is increased,
the shoulder around 300 nm in the spectrum of 2.18 becomes more pronounced and also
slightly red-shifted. An entirely new absorption grows in at 337 nm and the absorption
centred at 400 nm becomes significantly broadened. The spectra for zinc complex 2.19
also show distinct changes with varying applied potential. The absorption at 308 nm with
a shoulder at 319 nm is blue shifted to 296 nm and the shoulder is almost indiscernible.

There is also a noticeable broadening of the absorption maximum near 430 nm.
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Figure 3.14: Potential-dependent UV-Vis spectra for 2.18 (left) and 2.19 (right).
Successive coloured lines correspond to spectra recorded at different potentials.
Potentials listed represent actual applied potential and are not corrected to the Fc/Fc'
redox couple.

3.14 Chemical oxidations of verdazyl radical and diradical compounds

In light of the fact that few systematic studies of ionic verdazyl species have been
reported, it was difficult to correlate the spectroelectrochemical studies presented in the
preceding sections to any meaningful structural characteristics of the associated
compounds. For this reason, much effort was dedicated to carrying out chemical

oxidations of 3.9, 3.10, 2.18 and 2.19 in an attempt to isolate, crystallise and structurally
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characterise a verdazyl cation or dication. This would then allow for the determination of

spectroscopic signatures of known cationic verdazyl species.

3.14.1 Synthetic efforts towards verdazyl-derived cationic and dicationic species

271
NOPFg was chosen as a

After experimenting with a variety of oxidising agents,
suitable chemical oxidant and reactions were carried out as shown in Scheme 3.8.
Equimolar amounts of 3.9 and NOPFs were dissolved in dichloromethane and stirred
overnight, under argon. The colour of the reaction mixture changed from the deep orange
of the verdazyl radical to a green solution after stirring overnight. A green powder was
recovered by removing the solvent under reduced pressure. Oxidations of diradical 2.18
and zinc complexes 3.10 (Zn-monoradical) and 2.19 (Zn-diradical) were conducted in a
comparable manner (two molar equivalents of NOPFs were used in reactions with 2.18
and 2.19). Attempts to recrystallise the powder residues were carried out using a variety
of different techniques; slow evaporation of solvent, layering of counter-solvent on a
saturated solution of the respective cationic species and vapour diffusion methods.
Unfortunately, none of these approaches resulted in the recovery of any crystalline
material. Additionally, attempts to characterise the putative closed-shell cationic species
using 'H NMR spectroscopy resulted in spectra that showed substantial line broadening,
making it difficult to identify any reaction species using this technique. Any unreacted
radical species remaining in the analytical sample (i.e. in the NMR tube) would cause
significant line broadening because of spin-spin coupling between the protons and the
unpaired electrons associated with the unreacted radical species. Nonetheless, samples of

the hexafluorophosphate salts of 2.18, 2.19, 3.9 and 3.10 that were stored under argon for

weeks showed no appreciable signs of deterioration (the green colour of the salts
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persisted and infrared spectra of the stored salt samples showed no change from the

original spectra).

© o
PF6 + NO(g)

3.9 3.9"PFg

Scheme 3.8: Chemical oxidation of 3.9 using NOPF; as oxidant.

3.14.2 Electronic nature of amide moiety in 6-oxoverdazyl radical species

In light of the difficulty in obtaining any structural data on verdazyl cations and
dications, another approach to identifying these putative species was necessary. As
described in Chapter 2, the use of infrared spectroscopy to monitor the carbonyl
stretching frequency in 6-oxoverdazyl species is invaluable to identifying coordinated
versus uncoordinated verdazyl radicals. This analytical tool should also prove useful in
identifying ionic verdazyl species. The sensitivity of the carbonyl stretch to the
electronic nature of the verdazyl ring stems from the amide moiety; this relationship is

shown in Scheme 3.9.
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Scheme 3.9: Resonance contributions to the amide moiety in the verdazyl ring that
dictate the sensitivity of the carbonyl stretch in the infrared spectrum.
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Any perturbation to the verdazyl system that increases the contribution of the
neutral resonance structure (Scheme 3.9a) should lead to more double-bond character
between carbon and oxygen, resulting in a higher infrared frequency for the carbonyl
stretch. In cases where the Zwitterionic resonance structure (Scheme 3.9b) is the major
contributor, the carbonyl group has more single-bond character and a lower infrared

frequency is expected.
3.14.3 Infrared spectra of verdazyl monoradical and monocationic species

Infrared spectra were collected for samples of the chemical oxidation products of
3.9 and 3.10. Table 3.6 shows the trend in the carbonyl stretching frequency that
accompanies coordination and oxidation of the neutral verdazyl radical 3.9. Upon
coordination to zinc, the infrared signal for the carbonyl group increases from 1677 to
1701 cm™. This coincides with a decrease in electron density at the coordinating
nitrogen, which requires a stronger contribution from the neutral resonance structure
(Scheme 3.9a) to avoid having positive charge on adjacent nitrogen atoms. The same
trend is evident with oxidation of the radical; oxidation of 3.9 to 3.9"PF is accompanied
by an increase in vco from 1677 to 1688 cm™’. Oxidation also decreases electron density
at the sites hosting the largest spin density (i.e. the non-substituted nitrogen atoms in the
verdazyl ring). Intuitively, it follows that the cationic zinc complex 3.10"PFs should
have a carbonyl stretching band at a higher frequency than that of the neutral zinc
complex 3.10 and the uncoordinated cation 3.9"PFs, since both oxidation and
coordination are working to reduce electron density at the imine-like nitrogen atoms. In

fact this is the case, and the cationic zinc complex 3.10"PFq has a carbonyl stretch at
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1706 cm™, the result of the cationic nitrogen also being the coordinating nitrogen, which

requires a very strong contribution of the neutral resonance structure (Scheme 3.9a).

Table 3.6: Infrared frequency of the carbonyl group in radicals 3.9 and 3.10 and salts

3.9"PF¢ and 3.10"PF .
P
N

P
o

.
_N—7,—N
O)\N Zn/ =

N

3.9 3.10

Vco = 1677 cm’!

veo = 1688 cm™ veo = 1706 cm™

3.14.4 Infrared spectra of verdazyl diradical and dicationic species

Infrared spectra were collected for samples of the chemical oxidation products of
diradical 2.18 and zinc complex 2.19 and the relevant data is summarised in Table 3.7.
The carbonyl stretching frequency increases from 1683 cm™ in diradical 2.18 to
1704 cm™ in the coordination compound 2.19. Oxidation of diradical 2.18 is also
accompanied by an increase in the carbonyl stretching frequency from 1683 to 1698 cm™
in the dicationic species 2.18%*(PFg),. By the same reasoning that was presented for the

monoradical/monocationic species in the preceeding section, the carbonyl groups in the
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zinc dication complex 2.19*(PF¢), should exhibit a stretching frequency at higher
energy than both the neutral zinc complex 2.19 and the uncoordinated dication
2.18*"(PFy),. However, the data presented in Table 3.7 indicate that this is not the case.
The carbonyl signal in zinc dication 2.19**(PFy), is found at 1696 cm™, a value that is
almost identical to that for the uncoordinated dication 2.182+(PF6')2 (vco = 1698 cm™).
This indicates that the electronic structures of dication 2.182+(PF6')2 and zinc dication
2.192+(PF6')2 have similar contributions from the two limiting resonance structures,
which is consistent with the verdazyl rings not being coordinated to zinc in the dicationic

structure 2.19**(PF¢)s.

Table 3.7: Infrared frequency of the carbonyl group in diradicals 2.18 and 2.19 and
dications 2.18*"(PFy), and 2.19**(PF¢),.
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3.15 Summary

This chapter presents a detailed analysis of the electrochemical behaviour of four
discrete compounds based on the 6-oxoverdazyl framework; a monoradical, a diradical
and the respective zinc coordination complexes. Prior to the work described in this
chapter, only one electrochemical study of metal-verdazyl complexes had been
published,'"" which involved a 6-oxoverdazyl radical coordinated to a redox-active metal
centre. For the study at hand, zinc was chosen as the metal of interest in an effort to
better understand the redox properties of the coordinated verdazyl radicals and diradicals
in the absence of metal-centred electron-transfer processes.

A bipyridine-substituted verdazyl radical 3.9 was prepared and fully
characterised. The oxidation and reduction potentials of this compound fall well within
the expected range, based on other similar verdazyl monoradicals.'”® The observed
electrochemical behaviour of the corresponding zinc complex 3.10 was slightly
unexpected. The oxidation potential of the zinc complex (+0.42 V) is slightly more
positive than that of the radical itself (+0.20 V). However, the zinc complex is much
more easily reduced (at -0.87 V) than is the radical (at -1.36 V). This corresponds to a
difference in cell potential of 260 mV between the verdazyl radical and its zinc
coordination compound. Reports of substituent effects on oxidation and reduction
potentials of verdazyl radicals indicate that oxidation and reduction potentials are
typically shifted by approximately equal amounts, resulting in no significant change to
the overall cell potential. Based on these data and the electrochemical behaviour

observed herein, the addition of a metal — even a redox-inert one — to the binding pocket
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of this verdazyl ligand cannot be considered in the same way as simple organic
substituent effects.

Pyridine-bridged diradical 2.18 was also subjected to a number of electrochemical
experiments. In Chapter 2, the magnetic properties of diradical 2.18 and zinc-diradical
complex 2.19 were compared. The addition of a diamagnetic metal had a negligible
impact on the magnetic coupling between the two verdazyl moieties of the diradical.
However, the electrochemical properties of this same diradical were greatly affected by
the introduction of the redox-inert metal. The oxidation and reduction potentials of the
diradical (+0.20 V and -1.36 V, respectively) do not differ significantly from those of the
bipyridine monoradical 3.9 described in this chapter. These redox potentials also
compare well with those reported for other aryl-bridged verdazyl diradicals 1.55 and
1.56."7 Coordination of this diradical to zinc brought about significant changes in the
redox properties of the resulting complex 2.19. A shift in the reduction potential was
observed, qualitatively similar to that seen in the zinc monoradical complex 3.10.
However, further examination showed that this reduction represented only a one-electron
process. The oxidation process for diradical 2.19 was also affected by coordination to
zinc. The process appears to be irreversible, with the cathodic and anodic waves
associated with the process separated by more than 200 mV. Oxidation of zinc complex
2.19 was subsequently shown to be reversible, overall, although not in the strict
electrochemical sense. A square, EECEEC mechanism is proposed for this oxidation
whereby removal of two electrons from the zinc-diradical complex (EE) is quickly
followed by a chemical structural change (C) in which the verdazyl nitrogens dissociate

from the zinc centre. Re-reduction of this compound regenerates the original zinc-
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diradical, again via a two-step process in which electron-transfer (EE) is followed by a
structural change (C).

A number of spectroscopic experiments were carried out in an attempt to identify
a spectroscopic signature of the putative cationic species. These efforts were, in large
part, unsuccessful at unambiguously identifying the target species. Ultimately, infrared
spectroscopy was employed in conjunction with chemical oxidation to observe the
difference in stretching frequency of the carbonyl group between the radical and cationic
species. A comparison of the carbonyl stretch among the various species (diradical, zinc-
diradical, dication, zinc-dication) indicates that the zinc-dication has an electronic
structure very similar to that of the uncoordinated dication. In the absence of direct
structural characterisation of the cationic verdazyl analogues, this interpretation of the
infrared spectra offers convincing, albeit indirect, evidence that the zinc-diradical
complex does in fact undergo a significant redox-induced structural change. On the other
hand, CV and IR data imply that oxidation of the zinc-monoradical complex 3.10 does
not induce the same structural change (dissociation of the verdazy moiety from the

metal). Complex 3.10 represents a rare example of a coordinated cationic ligand.

3.16 Experimental

3.16.1 General Electrochemical Considerations

Cyclic voltammetry and Osteryoung square wave voltammetry experiments were
performed using Bioanalytical Systems CV-50W voltammetric analyser with a cell
consisting of a glassy carbon working electrode, platinum wire counter electrode and

silver wire reference electrode. Potential-dependent electronic spectra were recorded in a
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quartz glass cell with 1 mm path length, using a platinum gauze working electrode,
platinum wire counter electrode and silver wire reference electrode. Voltammetric
experiments were conducted using analyte concentrations of ~1 mM in distilled and
degassed acetonitrile with nBuyN'BF;” (~0.1 M) as supporting electrolyte and were

referenced against the ferrocene/ferrocenium redox couple.
3.16.2 Synthesis of verdazyl 3.9 and zinc complex 3.10

1,5-diisopropyl-3-(2°,2”-bipyridin-6’-yl)-6-oxoverdazyl (3.9) To a solution of 2.9'%
(1.417 g, 5.733 mmol) and sodium acetate (0.941 g, 11.5 mmol) in refluxing methanol
(50 mL) was added drop-wise a solution of 2,2’-bipyridine-6-carboxaldehyde®* *7
(1.053 g, 5.717 mmol) in methanol (200 mL). After complete addition (2-3 hours) the
reaction was heated at reflux for a further 20 hours. Heat was then removed and solvent
was removed under reduced pressure to yield a yellow slurry. n-Heptane was added and
the mixture was heated at reflux for 10 minutes, and then hot-filtered to remove insoluble
material. Solvent was removed from filtrate under reduced pressure to yield an off-white
solid (1.628 g). 1,5-diisopropyl-3-(2°,2”-bipyridin-6’-yl)-1,2,4,5-tetrazane-6-oxide 3.8
was identified in the "H NMR spectrum of this off-white solid (Appendix A, Figure A-1),
which also contained significant impurities. The tetrazane product could not be
sufficiently purified to allow complete characterisation. Nonetheless, the off-white solid
product of the above reaction and p-benzoquinone (0.7876 g, 7.286 mmol) were
dissolved in toluene (200 mL) to give a faint yellow-coloured solution. The solution was
refluxed in air for 60 minutes, by which point the solution had turned dark orange.

Toluene was removed under reduced pressure and the residue was then purified by

column chromatography on neutral alumina with dichloromethane as eluent. Like
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fractions were combined and the solvent was removed under reduced pressure to yield
3.9 (0.681 g, 35.30%, based on 5.717 mmol of 2,2’-bipyridine-6-carboxaldehyde) as an
orange microcrystalline solid. A saturated dichloromethane solution of the
microcrystalline solid was layered with hexanes and X-ray quality crystals were attained
by slow evaporation of this solvent mixture. Mp. 122-124 °C (uncorrected). FT-IR
(KBr): 2972 (s), 2928 (m), 2868 (m), 1677 (vs), 1577 (s), 1563 (s), 1426 (s), 1385 (s),
1240 (s), 1163 (s), 1127 (m), 1083 (m), 1039 (m), 990 (m), 790 (s), 751 (m), 721 (m),
694 (m), 620 cm™ (m). UV-Vis (CH2Cly): Amax 237 (e = 28840), 284 (¢ = 16110), 407
nm (¢ = 1690 Lemol'scm™). MS (ESI-MS): m/z 337.7 {{M]", 90 %}. Anal. Calcld. for

CisH21NgO: C, 64.08; H, 6.27; N, 24.91. Found: C, 64.13; H, 6.32; N, 24.55.

1,5-diisopropyl-3-(2’,2”-bipyridin-6’-yl)-6-oxoverdazylzinc(II) chloride (3.10) To a
solution of ZnCl, (43.8 mg, 0.32 mmol) in CH3CN (10 mL) was added drop-wise a
solution of 3.9 (111 mg, 0.33 mmol) in CH3CN (5 mL). Upon standing in air for 3 days
dark purple microcrystalline material was isolated from the mother liquor by vacuum
filtration to yield 3.10 (94.2 mg, 60%). A saturated dichloromethane solution of the
microcrystalline solid was layered with diethyl ether and X-ray quality crystals were
attained by slow evaporation of this solvent mixture. Mp. 256 - 258 °C (uncorrected).
FT-IR (KBr): 3445 (br), 2967 (m), 2928 (m), 1700 (vs), 1596 (s), 1577 (s), 1492 (m),
1465 (s), 1363 (m), 1248 (s), 1160 (s), 1078 (s), 1026 (m), 790 (s), 685 (m), 663 cm’
(m). UV-Vis (CH3CN): Amax 243 (€ =25760), 268 (¢ = 14910), 276 (¢ = 14240), 315 (¢ =
16150), 328 (¢ = 16930), 432 nm (¢ = 1524 Lemol'ecm™). Anal. Calcld. for

CisH21N6OZnCly: C, 45.64; H, 4.47; N, 17.74. Found: C, 45.98; H, 4.51; N, 17.60.



149
3.16.3 Chemical oxidations of 2.18, 2.19, 3.9 and 3.10

The following experiments were carried out using dry glassware, dry, distilled

solvents and standard dry-box and Schlenk techniques.

Reaction of 2,6-pyridinebis(1,5-diiospropyl-6-oxoverdazyl-3-yl) with nitrosonium
hexafluorophosphate [2.18*"(PF¢),] A side-arm round bottom flask was charged with
2.18 (74 mg, 0.17 mmol) and NOPF¢ (98 mg, 0.56 mmol). The flask was put under
argon and acetonitrile (50 mL) was added via gas-tight syringe. The reaction was stirred
for 17 hours at room temperature, under argon. After stirring for 17 hours, the reaction
mixture had changed colour from orange to dark green. Solvent was removed under
reduced pressure and 2.18%"(PF¢), was isolated as a green powder (58 mg, 47%). FT-IR
(KBr): 3262 (w), 3228 (w), 3116 (w), 2987 (m), 2939 (m), 2983 (m), 1698 (vs), 1623 (s),
1524 (m), 1460 (m), 1391 (m), 1370 (m), 1294 (m), 1254 (m), 1219 (w), 1170 (w), 1140

(W), 1049 (w), 843 (vs), 723 (m), 637 (W), 557 (s), 492 cm™ (m).

Reaction of 2,6-pyridinebis(1,5-diiospropyl-6-oxoverdazyl-3-yl)zinc(II)chloride with
nitrosonium hexafluorophosphate [2.192+(PF6')2] A side-arm round bottom flask was
charged with 2.19 (46 mg, 0.080 mmol) and NOPF¢ (30 mg, 0.17 mmol). The flask was
put under argon and acetonitrile (50 mL) was added via gas-tight syringe. The reaction
was stirred for 3 days at room temperature, under argon. After stirring for 3 days, the
reaction mixture had changed colour from orange to dark green. Solvent was removed
under reduced pressure and 2.19°°(PF¢); was isolated as a green powder (68 mg, 99%).

FT-IR (KBr): 3431 (w), 3262 (w), 3224 (w), 3116 (w), 2987 (m), 2939 (m), 1696 (vs),
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1623 (s), 1524 (m), 1460 (m), 1389 (m), 1370 (m), 1297 (s), 1249 (m), 1219 (w), 1165

(m), 1140 (m), 1131 (m), 1082 (W), 845 (s), 723 (m), 634 (w), 557 (m), 492 cm™ (m).

Reaction of 1,5-diisopropyl-3-(2°,2”-bipyridin-6’-yl)-6-oxoverdazyl with nitrosonium
hexafluorophosphate (3.9"PF¢) A side-arm round bottom flask was charged with 3.9
(36 mg, 0.11 mmol) and NOPFs (33 mg, 0.19 mmol). The flask was put under argon and
acetonitrile (50 mL) was added via gas-tight syringe. The reaction was stirred for 17
hours at room temperature, under argon. After stirring for 17 hours, the reaction mixture
had changed colour from orange to dark green. Solvent was removed under reduced
pressure and 3.9"PF¢ was isolated as a green powder (30 mg, 58%). FT-IR (KBr): 3422
(br, m), 3258 (m), 3116 (m), 2982 (m), 2935 (m), 2879 (m), 1688 (s), 1623 (s), 1589 (m),
1535 (m), 1458 (m), 1391 (w), 1370 (w), 1297 (s), 1262 (w), 1223 (w), 1174 (w), 1135
(W), 1112 (w), 1041 (w), 996 (w), 843 (vs), 778 (s), 740 (m), 619 (w), 557 (s), 497 cm™'

(m).

Reaction of 1,5-diisopropyl-3-(2°,2”-bipyridin-6’-yl)-6-oxoverdazylzincdichloride
with nitrosonium hexafluorophosphate (3.10'PF¢) A side-arm round bottom flask
was charged with 3.10 (64 mg, 0.14 mmol) and NOPF¢ (24 mg, 0.14 mmol). The flask
was put under argon and acetonitrile (50 mL) was added via gas-tight syringe. The
reaction was stirred for 4 days at room temperature, under argon. After stirring for 4
days, the reaction mixture was a deep red-brown colour. Solvent was removed under
reduced pressure to give a dark green powder, 3.10PF¢ (55 mg, 66%). FT-IR (KBr):
3439 (br, m), 3094 (w), 2918 (s), 2849 (s), 1706 (s), 1608 (m), 1597 (m), 1580 (w), 1492

(w), 1464 (s), 1389 (w), 1367 (m), 1299 (w), 1260 (m), 1232 (w), 1159 (w), 1133 (w),



151

1107 (w), 1051 (w), 1026 (m), 1015 (m), 907 (w), 845 (s), 781 (m), 720 (W), 688 (W),

669 (W), 637 (W), 557 (), 495 cm™ (m).
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Chapter 4. Conclusions and future work

The design of new stable radicals continues to be a driving force behind the
development of modern materials. Biological and chemical spin labels, molecular
conductors, organic batteries, catalysis and, of course, molecule-based magnets are all
tied to stable organic radicals. The work described herein offers new insights into stable
radical chemistry by presenting a detailed study of the magnetic and redox properties of
novel 6-oxoverdazyl radicals and diradicals, and their corresponding coordination
compounds.

A known 1,5-diisopropyl-3-pyridine-substituted chelating verdazyl monoradical
was employed to prepare coordination compounds using nickel, cobalt and manganese.
Methyl disubstituted analogues of the Ni and Mn complexes have been previously
reported.” The isopropyl version of the nickel complex that was presented in this work
exhibits magnetic behaviour that qualitatively matches that of the methyl analogue. Both
complexes show relatively strong ferromagnetic coupling between the S = 1 nickel ion
and the S = ' verdazyl radical, although the magnitude of the coupling constant in the
isopropyl version is smaller than that in the methyl variety. The sign of the coupling
constant for the isopropyl-verdazyl cobalt complex agrees with other cobalt-radical

74, 97, 274
complexes reported;”™ ~"

this is another example of ferromagnetic metal-radical
coupling in an octahedral (or in this case, pseudo-octahedral) cobalt coordination
compound. Unfortunately, the manganese complex presented in this work could not be

crystallised in a high enough yield to allow for its magnetic characterisation.

Nonetheless, some important conclusions can be drawn based on the nickel and cobalt
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complexes of the isopropyl verdazyl monoradical ligand. The superior stability of the
isopropyl verdazyl derivative over the methyl version has been discussed both in this

. 106
thesis and elsewhere.

The advantages of increased radical stability as it relates to
materials design have also been established.”” However, with respect to magnetism, the
benefits of the enhanced radical stability from the isopropyl groups would be lost if it
were also accompanied by a decrease in metal-radical magnetic exchange. A comparison
of the magnetic properties of the nickel and cobalt complexes here with those of similar
coordination compounds shows that there is no significant change in the magnetic
properties of the complexes in changing from methyl substituents to isopropyl groups.
This finding is important to the rest of the thesis, as all subsequent compounds studied
here are based on the isopropyl verdazyl paradigm.

A new stable organic diradical 2.18 was prepared and its electronic and magnetic
properties were described. The magnetic properties of this diradical are consistent with
previously reported meta-bridged aryl diradicals."”’ Diradical 2.18 exhibits weak
ferromagnetic exchange between the radical moieties, according to an established spin
polarisation mechanism (see Chapter 2). This verdazyl diradical was then employed as a
ligand in the preparation of a comprehensive series of first row transition metal
complexes. A Zn>" complex 2.19 was prepared and used as a control to examine the
effect of adding a diamagnetic metal to the binding pocket of the diradical. The magnetic
properties of zinc complex 2.19 showed no significant change from those of diradical

2.18. This indicates that the presence of a diamagnetic metal centre does not provide any

new pathways for magnetic exchange.
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Coordination compounds incorporating manganese, iron, cobalt and nickel were
also prepared. Each of these complexes was structurally similar to the zinc-diradical
complex. However, each showed unique magnetic behaviour. Both iron and manganese
displayed antiferromagnetic coupling to the diradical ligand, although the magnitude of
the coupling constants differed. Analysis of the magnetic behaviour of the cobalt-
diradical complex indicates that ferromagnetic metal-radical coupling is the predominant
intramolecular exchange mechanism. This complex also shows signs of zero-field
splitting effects, which are common in cobalt coordination compounds, and which make
it difficult to precisely evaluate the magnitude of the metal-radical coupling constant.
Ferromagnetic interactions were also observed for the nickel-diradical complex.
Although zero-field splitting effects are also manifested in the magnetic behaviour of this
complex, the quantitative values gained from the magnetic analysis are on the same order
of magnitude as those seen in other nickel-diradical complexes.'®® In general, this
sequence of diradical coordination compounds represents a detailed, systematic study of
the magnetic interactions of a stable diradical ligand with a series of first row transition
metals. These compounds can be envisioned as discrete model systems in the study of
metal-radical interactions that expand beyond 1:1 metal:radical complexes. Furthermore,
these pseudo-trigonal bipyramidal complexes represent a novel coordination environment
for verdazyl radicals and diradicals.

In addition to the isostructural series of complexes discussed above, two other
diradical coordination compounds were synthesised whose composition was distinct from
the rest of the series. Chromium complex 2.28b is notable not only because of its

structural irregularity with respect to the other compounds in the series (one verdazyl
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nitrogen is substituted by a hydrogen rather than the typical isopropyl group), but also
because it is the first example of a chromium-verdazyl complex. This compound is also a
distinctive example of an open-shell verdazyl species in which there is no organic
substituent on one of the verdazyl nitrogen atoms. This compound presents an interesting
avenue for future study with respect to the origin of this structural change. Although the
studies presented in this thesis detail the structural and magnetic properties of this unique
complex, they do not attempt to address the mechanism by which diradical 2.18
essentially loses one of its isopropyl substituents upon coordination to chromium.
Whether or not this modification is intrinsic to the synthesis of the complex itself or
perhaps an aspect of the crystallisation of this particular compound are interesting
questions that could be addressed in the future.

Finally, the same diradical ligand was combined with copper(Il) chloride leading
to an unpredictable result. The product of this synthesis was a coordination polymer
2.29, in which the diradical ligand undergoes a structural change that is even more
pronounced than the one seen in the chromium complex 2.28b. In the case of copper
complex 2.29, the verdazyl ligand appears to lose the radical nature of at least one of the
verdazyl rings upon coordination to copper. This complex represents a severe departure
from the structure shared by most of the other diradical coordination compounds
presented in this work. Elemental analysis of this compound indicates that the
composition of the bulk material is different from the individual crystal that was studied
by X-ray diffraction. This presents a few interesting questions with respect to this
compound: Are there possibly other discrete complexes present in the bulk sample?

Does the coordination polymer observed by X-ray diffraction break down to give other
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by-products? And if there are multiple products present, can these somehow be
controlled by varying the synthetic procedure to favour one product over the others?

In addition to a detailed magnetic study of metal-verdazyl complexes, this thesis
also encompasses an in-depth analysis of the redox properties of verdazyl radicals,
diradicals and coordination compounds. A bipyridine-substituted verdazyl radical 3.9
was prepared and fully characterised. This compound, having a tridentate binding
pocket, was designed as a monoradical analogue of diradical 2.18. Both compounds
show reversible or quasi-reversible redox processes, with the oxidation and reduction
potentials of the verdazyl mono- and diradicals being almost identical. However, one
distinct difference is that both the oxidation and reduction processes associated with
diradical 2.18 represent two-electron processes. Nitroxide radicals have been extensively
studied as potential building blocks for the manufacture of flexible organic batteries (see
Chapter 3). Verdazyl diradicals could also be promising candidates in this field.
Verdazyl radicals are known to exhibit stability that is on par with nitroxides and the
prospect of increasing the number of electrons transferred adds to their potential utility in
this respect.

The addition of zinc, a diamagnetic and redox-inert metal, to diradical 2.18
proved to have no significant affect on the magnetic properties of the diradical.
However, the same cannot be said for the redox properties of the radical and diradical
studied here. Addition of zinc to the binding pocket of the bipyridine-substituted
verdazyl monoradical 3.9 produced a significant decrease in the observed cell potential.
The origin of this modification is not clear and high-level calculations of the molecular

orbitals involved with these electron-transfer processes may help elucidate the source of
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this change. Coordination of diradical 2.18 to zinc produced a complex that showed
drastically different redox properties, compared to the original diradical. Not only did the
cell potential decrease, but the character of both the oxidation and reduction processes
showed remarkable changes. While the diradical displays a quasi-reversible two-electron
reduction, the zinc complex can only be reversibly reduced by one electron. Addition of
a second electron to the system results in an unstable species. Oxidation of the zinc
complex 2.19 is electrochemically irreversible, with the cathodic and anodic waves
separated by 220 mV. However, the reproducibility of the CV of this complex indicates
that the overall combination of oxidation and reduction processes results in a reversible
process. A possible mechanism to explain the observed redox behaviour involves a
redox-induced structural change in the zinc-diradical complex (see Chapter 3). Although
no cationic species could be isolated, infrared spectroscopy of the chemically oxidised
verdazyl species supports the proposed structural change in the zinc-dication.

There is a lot of room for future work with respect to the electrochemical
properties of verdazyl diradical coordination compounds. The most obvious is to
continue the efforts to realise an isolable verdazyl cation or dication. A full spectroscopic
analysis of such a species would then facilitate the explicit identification of the dicationic
species described in this thesis. However, in the absence of such a study, the
combination of electrochemical and spectroscopic data presented herein indicates that the
zinc-diradical complex 2.19 undergoes an interesting redox-induced structural change.

Another valuable and intriguing area for future study would be to examine the
redox properties of other metal-diradical complexes whose structural and magnetic

properties were described in this thesis. Coordination compounds involving radical-
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anionic ligands 4.1, 4.2 have been employed to expand the realm of base-metal catalysis

224,225, 275, 276 ST -
223,275,275 These complexes share structural similarities with the

using iron and cobalt.
iron 2.21 and cobalt 2.22 diradical complexes presented in Chapter 2. The potential to
influence the coordination sphere in 2.21 and 2.22 via the redox properties of the

diradical ligand could make verdazyl diradical complexes interesting targets to study any

potential catalytic activity.
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2.21: M =Fe 4.1:
2.22: M=Co 4.2:
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Appendix A: 'H NMR Spectrum of tetrazane precursor of 3.9

. ‘R
o

?

r 'ﬁ - \\w
(NS

7.220

KA-04-2367 BIPY TET

.| INTEGRAL

_M,J
—"2 128
4,389
e BEENKE)
e
701

e

MA4080S 131

Al PROG
X00 . AU

NATE 15-5-8
3F 2580. 133
SY 250.0

01 4360 . 000
5[ 16384

TH 16384

Sk 5000.000
HZ/PT .610
Pl 0.0
RD 0.0
AQ 1.638
RG t6

NS 16

TE 297

Fu 6300

G2 0.0
DF EB3L PO

[:) 250
GB 0.G
CX 21.00
cy 15.00
F1 5.498P
Fz2 500P

HZ/CM 119,106
PEM/CM 476
SH 2870 .13

Raw 'H NMR Spectrum of tetrazane precursor of 3.9.

Figure A-1



Appendix B: Crystallographic parameters

Table B-1: Crystallographic parameters.

177

Parameters 2.14 2.15 2.16
Formula C23H20N5O5F12Ni C23H20N505C0F12 C23H20N505F12Mn.4/5 [C6H402]. 1/5 [C5H12]
FW 733.15 733.37 783.43
D“?;‘;;‘)‘)“S 0.02x0.04x0.12  0.10 x 0.25 x 0.40 0.20 x 0.50 x 0.50
a(A) 10.0255(17) 10.0154(13) 9.3133(6)
b (A) 10.7689(18) 10.8054(14) 12.6040(8)
c(A) 15.015(2) 15.012(2) 14.9205(11)
o (°) 108.466(7) 108.201(5) 101.182(3)
B (%) 94.629(7) 95.264(5) 96.267(3)
v (° 105.188(7) 104.628(5) 104.943(3)
Volume (&%) 1460.0(4) 1467.3(3) 1636.5(2)
Pealc (g/cm’) 1.668 1.660 1.590
System Triclinic Triclinic Triclinic
Space Group P-1 (#2) P-1 (#2) P-1 (#2)
Z 2 2 2
u (cm™) 7.84 7.04 5.19
T (K) 173.15 173.15 173.15
20, (°) 46.4 50.1 56.0
Unique 4077 9770 7599
Reflections (Rin = 0.075) (Rine = 0.041) (Rine = 0.028)
R1? 0.114 0.088 0.064
wR2" 0.075 0.204 0.107

"R1 = 3||Fo|-|Fe|[/Z[Fo|; "WR2 = [Z(W(F*-F2)*)/Ew(Fo*) ]
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Table B-1, continued: Crystallographic parameters.

Parameters 2.18 2.19 2.21
Formula C,H5NyO, C21H31CIpN9gO2Zn Cp1H31CIpMnNgOy  Cp1H31ClaFeNgO)
FW 441.53 577.82 568.30
D“?;‘;fll)ons 0.50 x 0.40 x 025  025x0.19x0.03  0.63 x 0.53 x 0.27 0.42 x 0.17 x 0.07
a(A) 11.3905(4) 22.8237 (15) 23.1108 (14) 22.8409 (18)
b(A) 29.861(1) 9.2189 (6) 9.2524 (7)
c(A) 7.4195(3) 13.2976 (9) 13.3575 (11)
o (°) 90.0 90.0 90.0
B (°) 90.0 107.5370 (10) 107.5997 (7) 107.9432 (12)
v (%) 90.0 90.0 90.0
V‘()ké‘;le 2523.6(2) 2667.9 (3) 2685.6 (4)
Peatc (g/cm’) 1.162 1.439 1.406
System Orthorhombic Monoclinic Monoclinic
(S}fgfl; Pnma (#62) C2lc (#15) Colc (#15)
z 4 4 4
n 0.80 cm™ 1.157 mm™ 0.797 mm’'
T (K) 296.15 193.15 193.15
264 (°) 55.8 52.74 52.70
Unique 3074 2739 2756
Reflections (Rine = 0.027) (Rine = 0.0473) (Rine = 0.0138) (Rine = 0.0334)
R1° 0.088 0.0377 0.0326
wR2° 0.189 0.0981 0.0846

"R1 = 2||Fo|-|Fe|[/Z[Fo|; "WR2 = [Z(W(F*-F2)*)/Ew(Fo*)*]"?
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Table B-1, continued: Crystallographic parameters.

Parameters 2.22 2.23 2.28b
Formula C21H31N902COC12 C21H31N902NiC12 C18H25N902CI'C13
FW 571.38 571.16 557.82
D“?;‘;fll)ons 0.05 x 0.20 x 0.25 0.05 x 0.15 x 0.45 0.07 x 0.25 x 0.25
a(A) 22.711(2) 9.1374(5) 10.3177(13)
b (A) 9.2571(9) 12.4841(9) 13.607(2)
c(A) 13.5063(12) 13.2342(9) 17.176(2)
o (°) 90.0 108.147(1) 90.0
B (°) 108.394(4) 108.704(2) 98.217(3)
v (©) 90.0 91.302(2) 90.0
Volume (A3) 2694.5(4) 1346.1(2) 2386.7(5)
Peale (g/crn3) 1.409 1.409 1.552
System Monoclinic Triclinic Monoclinic
Space Group C2/c (#15) P-1 (#2) P2,/c (#14)
Z 4 2 4
n 8.71 cm™ 9.55 cm™ 8.51 cm’
T (K) 298.15 173.15 173.15
20max (°) 55.9 50.0 50.4
Unique 3230 4525 4235
Reflections (Riny=0.030) (Riny=0.038) (Rine=0.051)
R1? 0.051 0.043 0.093
wR2" 0.088 0.083 0.137

"R1 = 3|[Fol-|Fel/Z|Fo|; "WR2 = [S(W(Fo>-F )2 )/ Zw(Fo’) ]
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Table B-1, continued: Crystallographic parameters.

Parameters 2.29 3.9 3.10
Formula C 5H17.15119_I(2)(2)CH2C13 CisH21N6O CsH21N6OZnCl,
FW 624.84 337.41 473.68
Dm(l;‘;i‘)ons 0.04 x 0.08 x 0.25 0.22 x 0.40 x 0.55 0.20 x 0.31 % 0.36
a(A) 22.541(2) 9.8826(3) 16.7156(16)
b (A) 18.535(2) 9.4674(3) 9.2917(9)
c(A) 13.379(2) 9.9540(3) 13.3007(13)
a(®) 90.0 90.0 90.0
B (°) 121.664(6) 109.959(1) 98.978(4)
v (° 90.0 90.0 90.0
Volume (A’) 4757(1) 875.38(5) 2040.5(3)
Peate (g/cm’) 1.745 1.280 1.542
System Monoclinic Monoclinic Monoclinic
Space Group C2/c (#15) P2, (#4) P2,/c (#14)
Z 8 2 4
n 21.67 cm™ 0.85 cm™ 14.87 cm™
T (K) 173.15 103.15 173.15
20max (°) 50.4 56.1 56.0
Unique 4211 4223 4914
Reflections (Rine = 0.055) (Rine = 0.026) (Rine = 0.023)
RI1? 0.066 0.035 0.034
wR2° 0.100 0.083 0.064

“R1 = 3||Fo|-[F[/Z|Fol; "WR2 = [Z(W(Fo -F )Y/ Zw(Fo )]



Appendix C: Complete list of bond lengths and angles
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Figure C-1: ORTEP view of 2.14. Thermal ellipsoids displayed at 50% probability
level. Hydrogen atoms removed for clarity.

Table C-1: Bond lengths (A) and angles (°) for 2.14.

C(1)
C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C(5)
C(6)

N@3)
C(2)
C(3)
H(1)
H(2A)
H(2B)
H(2C)
H(3A)
H(3B)
H(3C)
0()
N@)
N(4)
N(4)
C(7)
C(6)
H(5)
H(6A)

1.484(5)
1.508(5)
1.517(5)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.219(5)
1.378(5)
1.382(5)
1.479(5)
1.494(5)
1.522(5)
1.0000
0.9800



C(6)
C(6)

C(7)

C(7)

C(7)

C(8)

C(8)

C(8)

C(9)

C(9)

C(10)
C(10)
C(11)
c(11)
C(12)
C(12)
C(13)
C(13)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(15)
C(15)
C(16)
C(16)
C(17)
C(17)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(19)
C(19)
C(19)
C(19)
C(20)
C(20)
c21)
Cc21)
C(22)

H(6B)
H(6C)
H(7A)
H(7B)
H(7C)
N(5)
N(Q2)
C(9)
N(1)
C(10)
C(11)
H(10)
C(12)
H(11)
C(13)
H(12)
N(1)
H(13)
F(143)
F(145)
F(141)
F(144)
F(146)
F(142)
C(15)
0(4)
C(16)
c(17)
H(16)
0(3)
C(18)
F(183)
F(184)
F(186)
F(182)
F(185)
F(181)
F(192)
F(193)
F(191)
C(20)
0(2)
C21)
C(22)
H(21)
o(1)

0.9800
0.9800

0.9800

0.9800

0.9800

1.316(5)
1.341(5)
1.480(5)
1.345(5)
1.373(5)
1.374(6)
0.9500

1.364(6)
0.9500

1.372(6)
0.9500

1.334(5)
0.9500

1.307(6)
1.308(8)
1.308(6)
1.311(9)
1.312(8)
1.316(6)
1.523(6)
1.248(5)
1.390(5)
1.376(6)
0.9500

1.257(5)
1.527(7)
1.284(7)
1.286(8)
1.291(8)
1.291(7)
1.298(8)
1.302(6)
1.296(6)
1.325(5)
1.330(5)
1.526(6)
1.251(4)
1.377(5)
1.386(6)
0.9500

1.249(5)

182



C(22)
C(23)
C(23)
C(23)
N(1)
N(2)
N(2)
N(4)
o(1)
0(2)
0(3)
0(4)

N@3)
N@3)
C(2)
N@3)
C(2)
C(3)
C(D)
C(D)
H(2A)
C(D)
H(2A)
H(2B)
C(1)
C(1)
H(3A)
C(1)
H(3A)
H(3B)
O(5)
O(5)
N@)
N(4)
N(4)
C(7)
N(4)
C(7)
C(6)
C(5)
C(5)
H(6A)
C(5)
H(6A)
H(6B)

C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C(6)
C(6)
C(6)

C(23)
F(233)
F(231)
F(232)
Ni(1)
NQ3)
Ni(1)
N(5)
Ni(1)
Ni(1)
Ni(1)
Ni(1)

C(2)
C(3)
C(3)
H(1)
H(1)
H(1)
H(2A)
H(2B)
H(2B)
H(20)
H(20)
H(20)
H(3A)
H(3B)
H(3B)
H(30)
H(3C)
H(30)
N(@3)
N(4)
N(4)
C(7)
C(6)
C(6)
H(5)
H(5)
H(5)
H(6A)
H(6B)
H(6B)
H(6C)
H(6C)
H(6C)

1.528(6)
1.314(6)
1.318(5)
1.343(5)
2.040(3)
1.370(4)
2.120(3)
1.367(4)
2.049(3)
2.032(3)
2.028(3)
2.032(3)

110.1(3)
111.1(3)
113.8(3)
107.2
107.2
107.2
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
123.2(4)
122.1(4)
114.7(4)
110.6(3)
109.6(3)
112.6(4)
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5

183



C(5)
C(5)
H(7A)
C(5)
H(7A)
H(7B)
N(5)
N(5)
N(2)
N(1)
N(1)
C(10)
C(9)
C(9)
C(11)
C(12)
C(12)
C(10)
C(11)
C(11)
C(13)
N(1)
N(1)
C(12)
F(143)
F(143)
F(145)
F(143)
F(145)
F(141)
F(143)
F(145)
F(141)
F(144)
F(143)
F(145)
F(141)
F(144)
F(146)
F(143)
F(145)
F(141)
F(144)
F(146)
F(142)
0(4)

C(7)

C(7)

C(7)

C(7)

C(7)

C(7)

C(3)

C(®)

C(3)

C(®)

C(%)

C(%)

C(10)
C(10)
C(10)
C(11)
C(11)
C(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(15)

H(7A)
H(7B)
H(7B)
H(7C)
H(7C)
H(7C)
N(Q2)
C(9)
C(9)
C(10)
C(8)
C(8)
C(11)
H(10)
H(10)
C(10)
H(11)
H(11)
C(13)
H(12)
H(12)
C(12)
H(13)
H(13)
F(145)
F(141)
F(141)
F(144)
F(144)
F(144)
F(146)
F(146)
F(146)
F(146)
F(142)
F(142)
F(142)
F(142)
F(142)
C(15)
C(15)
C(15)
C(15)
C(15)
C(15)
C(16)

109.5
109.5
109.5
109.5
109.5
109.5
127.5(4)
116.0(4)
116.5(4)
122.6(4)
114.6(4)
122.7(5)
118.3(5)
120.9
120.9
119.3(5)
120.3
120.3
119.7(4)
120.1
120.1
121.7(5)
119.1
119.1
27(3)
106.1(9)
116(2)
87(4)
105(3)
26(5)
130(2)
107(3)
73(3)
99(3)
107.2(8)
80(3)
108.2(8)
131(4)
37(3)
112.1(7)
122(2)
113.6(6)
107(2)
113.3(16)
109.4(6)
129.0(4)
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0(4)
C(16)
C(17)
C(17)
C(15)
0(3)
0(3)
C(16)
F(183)
F(183)
F(184)
F(183)
F(184)
F(186)
F(183)
F(184)
F(186)
F(182)
F(183)
F(184)
F(186)
F(182)
F(185)
F(183)
F(184)
F(186)
F(182)
F(185)
F(181)
F(192)
F(192)
F(193)
F(192)
F(193)
F(191)
0(2)
0(2)
1)
C(20)
C(20)
C(22)
o(1)
o(1)
1)
F(233)
F(233)

C(15)
C(15)
C(16)
C(16)
C(16)
c(17)
C(17)
c(17)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(20)
C(20)
C(20)
C21)
C21)
C21)
C(22)
C(22)
C(22)
C(23)
C(23)

C(14)
C(14)
C(15)
H(16)
H(16)
C(16)
C(18)
C(18)
F(184)
F(186)
F(186)
F(182)
F(182)
F(182)
F(185)
F(185)
F(185)
F(185)
F(181)
F(181)
F(181)
F(181)
F(181)
c(17)
C(17)
c(17)
C(17)
c(17)
C(17)
F(193)
F(191)
F(191)
C(20)
C(20)
C(20)
C21)
C(19)
C(19)
C(22)
H(21)
H(21)
C21)
C(23)
C(23)
F(231)
F(232)

113.3(4)
117.7(5)
122.3(5)
118.9
118.9
128.9(4)
112.4(5)
118.6(5)
137.3(12)
58(3)
105(3)
105.2(7)
60.8(16)
49(4)
55(3)
108(3)
109(2)
140.3(12)
106.6(8)
52.1(14)
130.5(13)
108.1(10)
57(3)
112.5(6)
110.0(13)
116.0(13)
110.7(6)
108.8(12)
113.2(6)
107.2(4)
107.3(5)
104.4(4)
112.3(4)
114.6(5)
110.5(4)
129.2(4)
112.6(4)
118.2(4)
122.1(4)
119.0
119.0
128.2(4)
114.2(5)
117.6(4)
107.7(5)
106.9(5)
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F(231)
F(233)
F(231)
F(232)
C(13)
C(13)
C(®)
C(8)
C(®)
N@3)
N(2)
N(2)
C4)
N(5)
N(5)
C(4)
C(®)
C(22)
C(20)
C(17)
C(15)
0(3)
0(3)
0(4)
0(3)
0(4)
0(2)
0(3)
0(4)
0(2)
N(1)
0(3)
0(4)
0(2)
N(T)
o(D)

C(23)
C(23)
C(23)
C(23)
N(1)
N(1)
N(1)
N(Q2)
N(Q2)
N(Q2)
NQ3)
N(3)
NQ3)
N(4)
N(4)
N(4)
N(5)
o(1)
0(2)
0(3)
0(4)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)

F(232)
C(22)
C(22)
C(22)
C)
Ni(1)
Ni(1)
N@)
Ni(1)
Ni(1)
C(4)
C(1)
C(1)
C(4)
C(5)
C(5)
N4)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
0(4)
0(2)
0(2)
N(1)
N()
N(T)
O(1)
O(1)
O(1)
O(1)
N(2)
N(2)
N(2)
N(2)
N(2)

105.9(4)
112.4(4)
114.8(4)
108.8(4)
118.3(4)
125.0(3)
116.5(3)
115.3(3)
112.8(3)
131.9(3)
122.9(4)
116.93)
120.3(3)
124.5(4)
116.8(4)
118.4(4)
114.5(4)
124.8(3)
123.7(3)
121.9(3)
121.8(3)
89.64(12)
85.16(12)
85.58(11)
92.42(14)
97.33(12)
176.21(12)
91.61(12)
173.68(12)
88.35(11)
88.81(13)
170.56(13)
88.15(12)
103.80(12)
78.78(14)
91.59(12)

186
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Figure C-2: ORTEP view of 2.15. Thermal ellipsoids displayed at 50% probability

level. Hydrogen atoms removed for clarity.

Table C-2: Bond lengths (A) and angles (°) for 2.15.

C(1)
C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C0S)
C(5)
C(5)
C0S)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(®)

N(3)
C@3)
C(2)
H(1)
H(2A)
H(2B)
H(2C)
H(3A)
H(3B)
H(3C)
0(5)
N@)
N4
N(4)
C(7)
C(6)
H(5)
H(6A)
H(6B)
H(6C)
H(7A)
H(7B)
H(7C)
N(5)
N(2)

1.495(5)
1.510(6)
1.521(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.209(5)
1.387(5)
1.389(5)
1.481(5)
1.505(6)
1.528(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.308(5)
1.339(5)



C(8)
C(9)

C(9)

C(10)
C(10)
c(11)
c(11)
C(12)
C(12)
C(13)
C(13)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(15)
C(15)
C(16)
C(16)
C(17)
C(17)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(19)
C(19)
C(19)
C(19)
C(20)
C(20)
Cc21)
c21)
C(22)
C(22)
C(23)
C(23)
C(23)
N(1)

N(2)

N(2)

C9)
N(1)
C(10)
C(11)
H(10)
C(12)
H(11)
C(13)
H(12)
N(1)
H(13)
F(141)
F(145)
F(142)
F(146)
F(144)
F(143)
C(15)
O(1)
C(16)
C(17)
H(16)
0(2)
C(18)
F(182)
F(186)
F(184)
F(183)
F(181)
F(185)
F(193)
F(192)
F(191)
C(20)
0(3)
C(21)
C(22)
H(21)
0(4)
C(23)
F(233)
F(231)
F(232)
Co(1)
N(3)
Co(1)

1.485(6)
1.334(5)
1.386(6)
1.388(7)
0.9500

1.367(7)
0.9500

1.389(7)
0.9500

1.343(5)
0.9500

1.288(6)
1.294(7)
1.296(6)
1.296(7)
1.301(7)
1.305(6)
1.536(6)
1.254(5)
1.397(6)
1.391(7)
0.9500

1.246(6)
1.550(7)
1.278(7)
1.283(8)
1.285(8)
1.295(7)
1.303(7)
1.309(8)
1.305(6)
1.319(5)
1.331(6)
1.531(6)
1.268(5)
1.369(6)
1.392(6)
0.9500

1.255(5)
1.545(6)
1.305(6)
1.323(5)
1.333(6)
2.092(3)
1.365(4)
2.163(3)
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N(4)
O(1)
0(2)
0(3)
O(4)

N@3)
N@3)
C(3)
N@3)
C(3)
C(2)
C(D
C(1)
H(2A)
C(1)
H(2A)
H(2B)
C(D
C(1)
H(3A)
C(1)
H(3A)
H(3B)
O(5)
O(5)
N@3)
N(4)
N(4)
C(7)
N(4)
C(7)
C(6)
C(5)
C(5)
H(6A)
C(5)
H(6A)
H(6B)
C(5)
C(5)
H(7A)
C(5)
H(7A)
H(7B)
N(5)

C(1)
C(1)
C(1)
C(1)
C(1)
C(1)
CQ2)
C(2)
C(2)
C(2)
C(2)
C(2)
CQ3)
C(3)
C(3)
C(3)
C(3)
C(3)
C4)
C(4)
C(4)
C(5)
C(5)
C(5)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(7)
C(7)
C(7)
C(8)

N(5)

Co(1)
Co(1)
Co(1)
Co(1)

C(3)
C(2)
C(2)
H(1)
H(1)
H(1)
H(2A)
H(2B)
H(2B)
H(20)
H(20)
H(20)
H(3A)
H(3B)
H(3B)
H(30)
H(3C)
H(30)
N(@3)
N(4)
N(4)
C(7)
C(6)
C(6)
H(5)
H(5)
H(5)
H(6A)
H(6B)
H(6B)
H(6C)
H(6C)
H(6C)
H(7A)
H(7B)
H(7B)
H(7C)
H(7C)
H(7C)
N(Q2)

1.347(5)
2.055(3)
2.061(3)
2.066(3)
2.070(3)

111.4(3)
110.1(3)
113.6(4)
107.1
107.1
107.1
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
123.5(4)
122.7(4)
113.8(3)
110.6(3)
109.6(3)
112.4(4)
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
127.4(4)
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N(5)
N(2)
N(1)
N(1)
C(10)
C(9)
C(9)
c(11)
C(12)
C(12)
C(10)
c(11)
C(11)
C(13)
N(1)
N(1)
C(12)
F(141)
F(145)
F(145)
F(146)
F(141)
F(142)
F(141)
F(145)
F(142)
F(146)
F(144)
F(143)
o(1)
o(1)
C(16)
C(17)
C(17)
C(15)
0(2)
0(2)
C(16)
F(186)
F(182)
F(182)
F(183)
F(186)
F(184)
F(182)
F(186)

C(8)
C(8)

C(9)

C(9)

C(9)

C(10)
C(10)
C(10)
c(11)
c(11)
c(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(15)
C(15)
C(15)
C(16)
C(16)
C(16)
C(17)
c(17)
C(17)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)

C(9)
C(9)
C(10)
C(8)
C(8)
c(11)
H(10)
H(10)
C(10)
H(11)
H(11)
C(13)
H(12)
H(12)
C(12)
H(13)
H(13)
F(142)
F(146)
F(144)
F(144)
F(143)
F(143)
C(15)
C(15)
C(15)
C(15)
C(15)
C(15)
C(16)
C(14)
C(14)
C(15)
H(16)
H(16)
C(16)
C(18)
C(18)
F(184)
F(183)
F(181)
F(181)
F(185)
F(185)
c(17)
C(17)

116.8(3)
115.8(3)
122.9(4)
115.1(3)
121.9(4)
117.5(4)
121.3
121.3
120.2(4)
119.9
119.9
119.0(4)
120.5
120.5
121.5(5)
119.2
119.2
107.7(6)
107.5(7)
107.2(7)
106.9(7)
107.4(6)
106.8(6)
109.0(7)
117.3(10)
114.6(8)
108.1(11)
109.5(7)
111.0(8)
128.3(4)
114.0(4)
117.7(4)
121.7(4)
119.1
119.1
129.2(4)
113.1(4)
117.7(4)
108.2(7)
108.0(6)
107.4(6)
105.4(6)
106.3(7)
105.8(7)
115.5(6)
113.7(11)
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F(184)
F(183)
F(181)
F(185)
F(193)
F(193)
F(192)
F(193)
F(192)
F(191)
0(3)
0(3)
Cc21)
C(20)
C(20)
C(22)
0(4)
0(4)
Cc21)
F(233)
F(233)
F(231)
F(233)
F(231)
F(232)
C(9)
C(9)
C(13)
C(8)
C(8)
N(3)
N(Q2)
N(2)
C(4)
N(5)
N(5)
C(4)
C(8)
C(15)
C(17)
C(20)
C(22)
o(1)
o(1)
0(2)
o(1)

C(18)
C(18)
C(18)
C(18)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(20)
C(20)
C(20)
C(21)
C(21)
C(21)
C(22)
C(22)
C(22)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
N(@3)
N(3)
N(@3)
N(4)
N(4)
N(4)
N(5)
O(1)
0(2)
0(3)
04)
Co(1)
Co(1)
Co(1)
Co(1)

C(17)
C(17)
C(17)
C(17)
F(192)
F(191)
F(191)
C(20)
C(20)
C(20)
C(21)
C(19)
C(19)
C(22)
H(21)
H(21)
C(21)
C(23)
C(23)
F(231)
F(232)
F(232)
C(22)
C(22)
C(22)
C(13)
Co(1)
Co(1)
N(@3)
Co(1)
Co(1)
C4)
C(1)
C(1)
CH4)
C(5)
C(%)
N(4)
Co(1)
Co(1)
Co(1)
Co(1)
0(2)
0Q3)
0(3)
04)
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116.3(10)
109.1(6)
111.0(6)
105.7(7)
108.0(4)
108.4(5)
105.2(4)
111.1(4)
113.8(4)
110.2(4)
128.0(4)
112.6(4)
119.3(4)
122.5(4)
118.8
118.8
127.9(4)
114.3(4)
117.6(4)
107.8(4)
109.2(5)
106.2(4)
111.5(4)
113.1(4)
108.9(4)
118.9(4)
117.5(3)
123.4(3)
114.9(3)
114.43)
130.6(2)
123.2(3)
116.8(3)
120.0(3)
124.5(3)
117.6(3)
117.6(3)
115.3(3)
122.7(3)
122.3(3)
125.0(3)
126.0(3)
87.70(12)
84.92(11)
85.22(12)
170.97(11)
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0(2) Co(1) 0(4) 93.86(12)
0(3) Co(1) 0(4) 86.35(11)
o(1) Co(1) N(1) 99.99(12)
0(2) Co(1) N(1) 93.35(13)
0(3) Co(1) N(1) 174.84(12)
0(4) Co(1) N(1) 88.80(12)
o(1) Co(1) N(Q2) 87.59(11)
0(2) Co(1) NQ) 167.90(12)
0(3) Co(1) N(Q2) 105.45(11)
0(4) Co(1) N(Q) 92.53(12)
N(1) Co(1) N(Q2) 76.52(12)

F181 F143

F193

Figure C-3: ORTEP view of 2.16. Thermal ellipsoids displayed at 50% probability
level. Hydrogen atoms removed for clarity.



Table C-3: Bond lengths (A) and angles (°) for 2.16.
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C(1)
C(1)
C(1)
C(1)
CQ2)
C(2)
CQ2)
C3)
C@3)
C(3)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C05)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(8)
C(8)
C®)
CO)
C(10)
C(10)
C(11)
C(11)
C(12)
C(12)
C(13)
C(13)
C(14)
C(14)
C(14)
C(14)
C(15)
C(15)
C(16)

NQ@3)
CQ2)
C(3)
H(1)
H(Q2A)
H(2B)
H(2C)
H(3A)
H(3B)
H(3C)
0(5)
N(4)
N(@3)
N(4)
C(7)
C(6)
H(5)
H(6A)
H(6B)
H(6C)
H(7A)
H(7B)
H(7C)
N(5)
NQ)
C(9)
N(1)
C(10)
c(11)
H(10)
C(12)
H(11)
C(13)
H(12)
N(1)
H(13)
F(141)
F(143)
F(142)
C(15)
o(1)
C(16)
c(17)

1.476(3)
1.498(4)
1.506(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.211(2)
1.373(3)
1.380(3)
1.489(2)
1.497(3)
1.512(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.318(2)
1.334(2)
1.487(3)
1.341(2)
1.375(3)
1.384(3)
0.9500
1.374(3)
0.9500
1.370(3)
0.9500
1.341(2)
0.9500
1.318(3)
1.320(3)
1.326(3)
1.523(3)
1.249(2)
1.390(3)
1.389(3)



C(16)
C(17)
C(17)
C(18)
C(18)
C(18)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(20)
C(20)
Cc21)
Cc21)
C(22)
C(22)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(24)
C(24)
C(24)
C(25)
C(25)
C(26)
C(26)
N(1)

N(2)

N(2)

N(4)

o(1)

0(2)

0(3)

0(4)

C(27)
C(27)
C(27)
C(27)
C(28)
C(28)

H(16)
0(2)
C(18)
F(183)
F(182)
F(181)
F(194)
F(193)
F(195)
F(191)
F(192)
F(196)
C(20)
0(3)
C(21)
C(22)
H(21)
0(4)
C(23)
F(235)
F(234)
F(231)
F(232)
F(233)
F(236)
C(26)#1
C(25)
H(24)
0O(6)
C(26)
C(24)#1
H(26)
Mn(1)
N@3)
Mn(1)
N(5)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
C(28)
H(27A)
H(27B)
H(27C)
C(29)
H(28A)

0.9500
1.245(2)
1.526(3)
1.285(3)
1.311(4)
1.317(3)
1.170(13)
1.287(6)
1.297(17)
1.299(5)
1.335(6)
1.401(15)
1.537(3)
1.249(3)
1.379(3)
1.392(3)
0.9500
1.245(2)
1.528(3)
1.220(13)
1.241(9)
1.280(5)
1.289(6)
1.339(5)
1.363(9)
1.302(5)
1.480(5)
0.9500
1.207(4)
1.466(5)
1.302(5)
0.9500
2.2140(16)
1.366(2)
2.2623(15)
1.351(2)
2.1395(14)
2.1726(14)
2.1498(14)
2.1411(14)
1.483(9)
0.9800
0.9800
0.9800
1.490(13)
0.9900
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195

C(28) H(28B) 0.9900

C(29) C(30) 1.490(13)

C(29) H(29A) 0.9900

C(29) H(29B) 0.9900

C(30) C(31) 1.42(7)

C(30) H(30A) 0.9900

C(30) H(30B) 0.9900

C(31) H(31A) 0.9800

C(31) H(31B) 0.9800

C(31) H(31C) 0.9800
N(3) c(1) C(2) 111.5(2)
NQ@3) c(1) C(3) 111.34(19)
CQ) c(1) C(3) 114.7(2)
NQ3) c(1) H(1) 106.2
CQ2) c(1) H(1) 106.2
C(3) C(1) H(1) 106.2
c(1) CQ2) H(2A) 109.5
c(1) CQ2) H(2B) 109.5
HQA)  CQ) H(2B) 109.5
(1) CQ2) H(2C) 109.5
HQA)  CQ) H(20) 109.5
H(2B)  C(2) H(2C) 109.5
c(1) C(3) H(3A) 109.5
c(1) C(3) H(3B) 109.5
HGA)  C(3) H(3B) 109.5
c(1) C(3) H(30) 109.5
HGA)  C(3) H(30) 109.5
HG3B)  C(3) H(30) 109.5
0(5) C(4) N(4) 122.96(19)
0(5) C(4) N(3) 122.19(19)
N(4) C(4) NQ3) 114.83(17)
N(4) C(5) C(7) 110.91(19)
N(4) C(5) C(6) 109.04(19)
C(7) C(5) C(6) 112.4(2)
N(4) C(5) H(5) 108.1
C(7) C(5) H(5) 108.1
C(6) C(5) H(5) 108.1
C(5) C(6) H(6A) 109.5
C(5) C(6) H(6B) 109.5
H(6A)  C(6) H(6B) 109.5
C(5) C(6) H(6C) 109.5
H(6A)  C(6) H(6C) 109.5
H(6B)  C(6) H(6C) 109.5
C(5) C(7) H(7A) 109.5

C(5) C(7) H(7B) 109.5
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H(7A)  C(7) H(7B) 109.5

C(5) C(7) H(7C) 109.5
H(7A)  C(7) H(7C) 109.5
H(7B)  C(7) H(7C) 109.5

N(5) C(8) N(Q2) 127.08(17)
N(5) C(8) C(9) 116.23(16)
N(Q2) C(8) C(9) 116.69(16)
N(1) C(9) C(10) 122.75(18)
N(1) C(9) C(8) 115.66(16)
C(10) C(9) C(8) 121.59(18)
C(9) C(10) C(11) 118.5(2)
C(9) C(10) H(10) 120.8
C(11) C(10) H(10) 120.8
C(12) C(11) C(10) 119.4(2)
C(12) C(11) H(11) 120.3
C(10) C(11) H(11) 120.3
C(13) C(12) C(11) 118.5(2)
C(13) C(12) H(12) 120.7
C(11) C(12) H(12) 120.7

N(1) C(13) C(12) 123.12)
N(1) C(13) H(13) 118.4
C(12) C(13) H(13) 118.4
F(141)  C(14) F(143) 107.0(2)
F(141)  C(14) F(142) 106.2(2)
F(143)  C(14) F(142) 106.5(2)
F(141)  C(14) C(15) 112.11(19)
F(143)  C(14) C(15) 114.2(2)
F(142)  C(14) C(15) 110.4(2)
o(1) C(15) C(16) 128.4(2)
o(1) C(15) C(14) 113.82(18)
C(16) C(15) C(14) 117.71(19)
C(17) C(16) C(15) 121.82(19)
C(17) C(16) H(16) 119.1
C(15) C(16) H(16) 119.1
0(2) C(17) C(16) 128.29(19)
0(2) c(17) C(18) 112.72)
C(16) C(17) C(18) 118.9(2)
F(183)  C(18) F(182) 107.2(3)
F(183)  C(18) F(181) 107.9(3)
F(182)  C(18) F(181) 105.0(2)
F(183)  C(18) C(17) 111.3(2)
F(182)  C(18) C(17) 110.7(2)
F(181)  C(18) C(17) 114.4(2)
F(194)  C(19) F(193) 122.8(8)
F(194)  C(19) F(195) 112.2(15)

F(193)  C(19) F(191) 112.1(5)



F(193)
F(191)
F(194)
F(195)
F(194)
F(193)
F(195)
F(191)
F(192)
F(196)
0(3)
0(3)
1)
C(20)
C(20)
C(22)
0(4)
0(4)
cl)
F(235)
F(235)
F(231)
F(231)
F(232)
F(235)
F(234)
F(235)
F(234)
F(231)
F(232)
F(233)
F(236)
C(26)#1
C26)#1
C(25)
0(6)
0(6)
C(26)
C(24)#1
C4)#1
C(25)
C(13)
C(13)
C(9)
C(8)
C(8)

C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(20)
C(20)
C(20)
C21)
C21)
c21)
C(22)
C(22)
C(22)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(23)
C(24)
C(24)
C(24)
C(25)
C(25)
C(25)
C(26)
C(26)
C(26)
N(1)

N(1)

N(1)

N(2)

N(Q2)

F(192)
F(192)
F(196)
F(196)
C(20)
C(20)
C(20)
C(20)
C(20)
C(20)
C(21)
C(19)
C(19)
C(22)
H(21)
H(21)
C(21)
C(23)
C(23)
F(234)
F(231)
F(232)
F(233)
F(233)
F(236)
F(236)
C(22)
C(22)
C(22)
C(22)
C(22)
C(22)
C(25)
H(24)
H(24)
C(26)
C(24)
C(24)
C(25)
H(26)
H(26)
C(9)
Mn(1)
Mn(1)
N@3)
Mn(1)

104.9(5)
104.2(5)
109.2(17)
95.4(11)
118.6(8)
114.4(3)
112.8(10)
111.4(3)
109.1(3)
105.7(5)
128.9(2)
112.8(2)
118.3(2)
122.17(19)
118.9
118.9
128.4(2)
114.0(2)
117.6(2)
112.6(10)
128.8(9)
112.1(5)
106.7(5)
102.1(4)
98.2(9)
105.7(9)
114.9(8)
116.4(5)
111.8(3)
114.4(4)
108.9(3)
106.8(4)
121.6(3)
119.2
119.2
121.8(4)
121.5(4)
116.7(3)
121.7(3)
119.1
119.1
117.70(17)
124.06(13)
118.19(12)
115.08(15)
116.21(12)
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NQ3)
N(2)
N(2)
C(4)
N(5)
N(5)
C4)
C(8)
C(15)
C(17)
C(20)
C(22)
o(1)
o(1)
0(4)
o(1)
0(4)
0(3)
o(1)
0(4)
0(3)
0(2)
o(1)
0(4)
0(3)
0(2)
N(1)
C(28)
C(28)
H(27A)
C(28)
H(27A)
H(27B)
C(27)
C(27)
C(29)
C(27)
C(29)
H(28A)
C(30)
C(30)
C(28)
C(30)
C(28)
H(29A)
C(31)

N(2)

N(@3)

N@3)

N(@3)

N(4)

N(4)

N(4)

N(5)

O(1)

0(2)

0Q3)

04)

Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
C(27)
C(27)
C(27)
C(27)
C(27)
C(27)
C(28)
C(28)
C(28)
C(28)
C(28)
C(28)
C(29)
C(29)
C(29)
C(29)
C(29)
C(29)
C(30)

Mn(1)
C(4)
C(1)
C(1)
CH4)
C(5)
C(5)
N(4)
Mn(1)
Mn(1)
Mn(1)
Mn(1)
0(4)
0Q3)
0Q3)
0(2)
0(2)
0(2)
N(1)
N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
N(2)
N(2)
H(27A)
H(27B)
H(27B)
H(27C)
H(27C)
H(27C)
C(29)
H(28A)
H(28A)
H(28B)
H(28B)
H(28B)
C(28)
H(29A)
H(29A)
H(29B)
H(29B)
H(29B)
C(29)

128.72(11)
123.14(16)
116.02(15)
120.83(16)
124.16(16)
117.11(16)
118.55(17)
115.42(16)
129.97(13)
129.15(13)
122.87(14)
123.97(14)
164.76(5)
93.86(6)
83.20(6)
82.06(5)
82.80(5)
85.60(6)
101.79(6)
93.25(6)
91.26(6)
175.21(6)
90.98(6)
95.82(6)
164.32(6)
109.86(6)
73.14(6)
108.3
109.5
109.5
110.5
109.5
109.5
115.4(14)
109.6
110.8
108.4
104.7
107.5
114.2(17)
105.2
105.8
111.1
112.3
107.7
118(4)
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C(31)
C(29)
C(31)
C(29)
H(30A)
C(30)
C(30)
H(31A)
C(30)
H(31A)
H(31B)

C(30)
C(30)
C(30)
C(30)
C(30)
C(31)
C(31)
C(31)
C(31)
C(31)
C(31)

H(30A) 107.3
H(30A) 104.7
H(30B) 108.3
H(30B) 110.6
H(30B) 107.3
H(31A) 110.1
H(31B) 109.8
H(31B) 109.5
H(31C) 108.6
H(31C) 109.5
H(31C) 109.5
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Figure C-4: ORTEP view of 2.18. Thermal ellipsoids displayed at 50% probability

level. Hydrogen atoms removed for clarity.

Table C-4: Bond lengths (A) and angles (°) for 2.18.

C(1)
C(1)
C(1)
CQ2)
CQ2)
C@3)
C(3)
C(4)
C(4)
C0S)
C(5)
C0)
C(6)
C(6)
C(6)

N(1)
C(2)
C(4)
C@3)
H(2)
C(2)#1
H(3)
N@3)
N(Q2)
O(1)
N(4)
N(Q)
C(8)
N(4)
C(7)

1.3364(17)
1.391(2)
1.490(2)
1.377(2)
0.9300
1.377(2)
0.9300
1.325(2)
1.331(2)
1.214(2)
1.373(3)
1.374(3)
1.475(4)
1.481(3)
1.484(4)



N(1)
N(T)
C(2)
CQ3)
C@3)
C(1)
C(2)
C(2)

C(6)
C(7)
C(7)
C(7)
C(®)
C(8)
C(®)
C(9)
CO)
C(9)
CO)
C(10)
C(10)
C(10)
C(11)
C(11)
C(11)
N(1)
N(2)
N@3)

C()#1

N@3)
N@3)
NQ@)
O(1)
O(1)
N(4)
C(8)
C(8)
N(4)
C(8)
N(4)
C(7)
C(6)
C(6)

H(7A)

C(6)

C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(7)

H(6)
H(7A)
H(7B)
H(7C)
H(8A)
H(8B)
H(8C)
C(11)
C(10)
N(5)
H(9)
H(10A)
H(10B)
H(10C)
H(11A)
H(11B)
H(11C)
C(1#1
N(@4)
N(5)

CQ2)
C(4)
C(4)
C(1)
H(2)
H(2)
C(2)#1
H(3)
H(3)
N(Q©)
C(1)
C(1)
N(4)
N(5)
N(5)
N(4)
C(7)
C(7)
H(6)
H(6)
H(6)
H(7A)
H(7B)
H(7B)
H(7C)

0.9800
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600

1.472(4)
1.473(4)
1.479(3)

0.9800
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600

1.3364(17)
1.365(2)
1.3646(19)

122.91(14)
116.26(14)
120.74(13)
118.86(15)
120.6
120.6
118.8(2)
120.6
120.6
127.13(14)
116.79(13)
115.96(14)
123.4(2)
122.5(2)
114.03(16)
110.3(2)
111.9(3)
110.2(2)
108.1
108.1
108.1
109.5
109.5
109.5
109.5

200



H(7A)
H(7B)
C(6)
C(6)
H(8A)
C(6)
H(8A)
H(8B)
C(11)
C(11)
C(10)
C(11)
C(10)
N(S)
C®)
CO)
H(10A)
CO)
H(10A)
H(10B)
C®)
CO)
H(11A)
CO)
H(11A)
H(11B)
C(1#l
C(4)
C4)
N(2)
N(2)
CG5)
N(3)
NE@)
C5)

C(7)
C(7)
C(3)
C(3)
C(3)
C(3)
C(3)
C(®)
C(%)
C(®)
C(%)
C(®)
C(%)
C(®)
C(10)
C(10)
C(10)
C(10)
C(10)
C(10)
C(11)
C(11)
C(11)
C(11)
C(11)
C(11)
N()
N(@)
N(3)
N4)
N(4)
N4
N(5)
N(5)
N(5)

H(7C)
H(7C)
H(8A)
H(8B)
H(8B)
H(8C)
H(8C)
H(8C)
C(10)
N(5)
N(5)
H(9)
H(9)
H(9)
H(10A)
H(10B)
H(10B)
H(10C)
H(10C)
H(10C)
H(11A)
H(11B)
H(11B)
H(11C)
H(11C)
H(11C)
C(1)
N(4)
N(5)
C(5)
C(6)
C(6)
C(5)
C(9)
C(9)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
112.5(3)
109.9(2)
111.4(2)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
117.64(18)
115.06(15)
114.57(14)
124.10(15)
115.57(18)
119.77(17)
124.81(17)
114.79(16)
120.26(17)
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Symmetry transformations used to generate equivalent atoms: #1 x,-y+1/2,z
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Figure C-5: ORTEP view of 2.19. Thermal ellipsoids displayed at 20% probability
level. Hydrogen atoms removed for clarity.

Table C-5: Bond lengths (A) and angles (°) for 2.19.

Zn Cl 2.2208(6)
Zn N(1) 2.065(3)
Zn N(3) 2.3095(19)
o(1) C(5) 1.209(3)
N(1) C(1) 1.342(3)
N(2) N(4) 1.355(3)
N(2) C(4) 1.327(3)
N(3) N(5) 1.364(3)
N(3) C(4) 1.324(3)
N(@) C(5) 1.382(3)
N(4) C(6) 1.490(3)
N(5) C(5) 1.392(3)
N(5) C(9) 1.484(3)
c(1) C(2) 1.385(3)
C(1) C(4) 1.480(3)
C(2) C(3) 1.382(3)
C(6) C(7) 1.512(4)
C(6) C(8) 1.497(4)
C(9) C(10) 1.514(4)

C(9) C(11) 1.528(4)



Cl
Cl
Cl
Cl
cr
cr
cr
N(1)
N(1)
NQ@3)
/n
Zn
C(1)
N(4)
/n
Zn
N(5)
N(2)
N(2)
C®)
N(@3)
N(@3)
C(5)
N(1)
N(D)
C(2)
C()
C(2)
N(2)
N(2)
N(@3)
O(1)
O(1)
N4)
N@4)
N4)
C(7)
N()
N(5)
C(10)

/n

/n

/n

/n

/n

/n

/n

/n

/n

/n

N(D)
N(1)
N(D)
N(2)
N(@3)
N(3)
N(@3)
N(4)
N(4)
N(4)
N(5)
N(5)
N(5)
C(1)
C(D)
C(1)
C(2)
C(3)
C4)
C4)
C4)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C9)
C9)
C9)

cr
N(1)
N@)
N@3’)
N(I)
N@3)
N@’)
N@3)
N@’)
N@3’)
C()
C(1’)
C(17)
C(4)
N(5)
C(4)
o))
C@5)
C(6)
C(6)
)
C9)
CO)
C(2)
o))
C(4)
C3)
C(2)
N@)
C(1)
C(M)
N(4)
N(5)
NG)
C(7)
C(8)
C®)
C(10)
C(11)
C(11)

114.71(4)

122.645(19)

98.65(5)
98.23(5)

122.643(19)

98.22(5)
98.65(5)
74.21(5)
74.21(5)
148.42(10)
120.74(14)
120.74(14)
118.5(3)
114.4(2)
131.23(15)
113.14(15)
115.59(19)
124.35(19)
116.02)
119.64(19)
122.51(19)
115.74(19)
121.6(2)
122.3(2)
116.02)
121.7(2)
118.8(2)
119.2(3)
128.1(2)
116.0(2)
115.9(2)
122.9(2)
122.12)
115.0(2)
109.8(2)
110.6(2)
112.6(3)
110.8(2)
110.3(2)
114.1(2)
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Primed atoms are related to unprimed ones via the crystallographic twofold axis (0, Y, 1/4).
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Figure C-6: ORTEP view of 2.20. Thermal ellipsoids displayed at 20% probability
level. Hydrogen atoms removed for clarity.

Table C-6: Bond lengths (A) and angles (°) for 2.20.

Mn Cl 2.3238(4)

Mn cr 2.3238(4)

Mn N(1) 2.1824(15)
Mn NQ3) 2.3247(11)
Mn N3’ 2.3247(10)
o(1) C(5) 1.2118(17)
N(1) c(1) 1.3443(14)
N(1) (1) 1.3442(14)
N(Q2) N(@4) 1.3512(15)
N(Q2) C(4) 1.3215(16)
N(3) N(5) 1.3663(15)
NQ3) C(4) 1.3344(17)
N(4) C(5) 1.3824(19)
N(4) C(6) 1.4893(16)
N(5) C(5) 1.3892(17)
N(5) C(9) 1.4875(17)

C(1) C(2) 1.383(2)



Cl
Cl
Cl
Cl
cr
cr
cr
N(1)
N(1)
NQ@3)
Mn
Mn
C(1)
N(4)
Mn

N(S)
NQ@)
N(2)
C(5)
N@)
N@3)
)
N(1)
N(I)
C(2)
C()
C(2)
N(2)
NQ@)
N@)
o)
o)
N(4)
N(4)

C()
C(2)
CQ2)
C(6)
C(6)
C)
CO)

Mn
Mn
Mn

Mn
Mn
Mn
Mn
Mn

N(I)
N(1)
N(I)
NQ@)
N@)
N@3)
N@)
N(4)
N(4)
N(4)
N(5)
N(5)
N(S)
C(1)
C)
C(1)
CQ2)
C@3)
o))
C(4)
o))
C(S)
)
C(S)
C(6)

C4)
C(3)
C@3’)
C(7)
C(8)
C(10)
C(11)

Ccr
N(1)
N@)
N@3’)
N(I)
NG3)
N(@’)
NG3)
N@’)
N@3’)
C()
C(1’)
C(17)
C(4)
N(S)
C(4)
o))
C(5)
C(6)
C(6)
)
C9)
CO)
C(2)
o))
C(4)
C3)
C(2)
N@)
C(1)
C(M)
N(4)
N(5)
NG)
C(7)

1.4793(17)
1.3822(18)
1.3822(18)
1.516(2)
1.506(2)
1.516(2)
1.522(2)

110.68(2)

124.662(11)

100.10(3)
100.17(3)

124.662(11)

100.17(3)
100.10(3)
71.98(3)
71.98(3)
143.96(6)
120.62(8)
120.62(8)
118.77(16)
115.24(11)
129.40(8)
115.52(8)
115.06(11)
123.97(10)
116.18(11)
119.83(11)
122.95(11)
116.09(11)
120.81(11)
122.11(12)
115.50(12)
122.39(12)
118.84(14)
119.3(2)
127.68(12)
115.93(12)
116.39(11)
122.57(12)
122.43(13)
114.99(11)
109.73(12)
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N(4)
C(7)
N(5)
N(S)
C(10)

C(6)
C(6)
CO)
C9)
CO)

C(®)
C(®)
C(10)
C(11)
C(11)
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110.40(11)
112.95(15)
111.28(13)
111.12(12)
113.90(14)

Primed atoms are related to unprimed ones via the crystallographic twofold axis (0, y, 1/4).

Figure C-7: ORTEP view of 2.21. Thermal ellipsoids displayed at 20% probability
level. Hydrogen atoms removed for clarity.

Table C-7: Bond lengths (A) and angles (°) for 2.21.

Fe
Fe
Fe
Fe
Fe
O(1)
N(1)
N(1)
N(Q2)
N(2)

Cl
Ccr
N(1)
N@)
N@3’)
)
C(1)
C(17)
N(4)
o))

2.2710(5)
2.2710(5)
2.088(2)
2.2772(14)
2.2772(14)
1.211(2)
1.344(2)
1.344(2)
1.351(2)
1.325(2)



Cl
Cl
Cl
Cl
cr
cr
cr
N(1)
N(1)
NQ@3)
Fe
Fe
C(1)
N(4)

Fe

N(5)
N(2)
N(2)
C®)
N(3)
N@3)
C(5)
N(1)
N(1)
C(2)
C(1)
C(2)

N@)
N@3)
N(4)
N(4)
N(S)
N(5)
C)
C(1)
CQ2)
C(2)
C(6)
C(6)
CO)
C)

Fe
Fe

Fe
Fe
Fe
Fe
Fe

Fe

N(1)
N(I)
N(1)
N(2)
N@3)
N(@3)
N@3)
N(4)
N(4)
N(4)
N(5)
N(5)
N(5)
C(1)
C(1)
C(1)
C(2)
C(3)

N(S)
C(4)
Co)
C(6)
Co)
C9)
CQ2)
C(4)
C3)
C@3")
C(7)
C(8)
C(10)
C(11)

cr
N(I)
N@3)
N(@3’)
N(1)
N@G)
N@3’)
N@)
N@3’)
N@’)
C(1)
C(17)
C(1”)
o))
NG)
o))
C(4)
)
C(6)
C(6)
C(5)
CO)
C9)
CQ2)
C(4)
o))
C@3)
C(27)

1.365(2)
1.337(2)
1.384(3)
1.493(2)
1.389(2)
1.485(2)
1.382(3)
1.478(2)
1.384(2)
1.384(2)
1.514(3)
1.503(3)
1.515(3)
1.518(3)

114.48(3)
122.759(16)
98.48(4)
98.25(4)
122.759(16)
98.25(4)
98.48(4)
74.41(4)
74.41(4)
148.81(8)
120.47(11)
120.47(11)
119.12)
115.02(15)
131.35(12)
113.58(11)
115.03(14)
124.13(14)
116.09(15)
119.77(15)
123.03(15)
116.01(14)
120.86(15)
121.94(17)
115.20(16)
122.86(16)
118.85(19)
119.43)
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N(2)
NQ@)
N@)
O(1)
o)
N(4)
N(4)
N(4)
C(7)
N(5)
N(@)

C(10)

C4)
C(4)
C4)
C@S)
C(5)
C@S)
C(6)
C(6)
C(6)
C9)
CO)
C9)

N@)
C(1)
C(1)
N(4)
N(S)
N(5)
C(7)
C(8)
C(8)
C(10)
C(11)
C(11)

127.74(16)
115.91(16)
116.35(15)
122.62(17)
122.43(19)
114.95(15)
109.73(15)
110.42(15)
112.8(2)

111.00(17)
110.89(16)
114.13(18)
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Primed atoms are related to unprimed ones via the crystallographic 2-fold axis (1-X, Y, 1/272).

Figure C-8: ORTEP view of 2.22. Thermal ellipsoids displayed at 50% probability
level. Hydrogen atoms removed for clarity.

Table C-8: Bond lengths (A) and angles (°) for 2.22.

C(1)
C(1)
C(1)
C(2)
CQ)
C@3)
C@3)
C(4)
C(4)
C)

N(T)
C(2)
C(4)
C(3)
H(Q2)
C(2)#1
H(3)
N(2)
N@3)
O(1)

1.3423(19)
1.376(3)
1.472(2)
1.373(3)
0.9300
1.373(3)
0.9300
1.323(2)
1.327(2)
1.207(2)



N(1)
N(1)
CQ2)
C(3)
C(3)
C(1)

C(5)
C(5)
C(6)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(®)
C(8)
C®)
C©)
C®)
CO)
C(10)
C(10)
C(10)
C(11)
C(11)
C(11)
N(T)
N()
N(2)
N@3)
N(3)
CI(1)
Co(1)
Co(1)

CQ)#1
C(2)#1

CQ2)
NQ©)
NQ@)
N@3)
O(1)
O(1)
N(4)

C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C(5)
C(5)
C05)

N(4)
N(5)
N(4)
C(7)
C(8)
H(6)
H(7A)
H(7B)
H(7C)
H(8A)
H(8B)
H(8C)
N(5)
C(10)
C(11)
H(9)
H(10A)
H(10B)
H(10C)
H(11A)
H(11B)
H(11C)
C(1H#1
Co(1)
N(4)
N(5)
Co(1)
Co(1)
CI(1)#1
NQG)#1

C(2)
C(4)
C(4)
C(1)
H(2)
H(Q2)
C(2)
HQ3)
H(3)
N@3)
C(1)
C(1)
N(4)
N(S)
N(5)

1.376(3)
1.389(2)
1.491(2)
1.497(3)
1.502(3)

0.9800
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600

1.483(2)
1.509(3)
1.514(3)

0.9800
0.9600
0.9600
0.9600
0.9600
0.9600
0.9600

1.3423(19)
2.031(2)
1.349(2)
1.363(2)

2.2564(14)
2.2370(5)
2.2370(5)
2.2564(14)

121.69(17)
115.27(16)
123.03(17)
119.0(2)
120.5
120.5
119.6(3)
120.2
120.2
127.90(16)
116.05(16)
116.04(15)
122.66(18)
122.30(19)
115.03(15)
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N(4)
N(4)
C(7)
N(4)
C(7)
C(®)
C(6)
C(6)
H(7A)
C(6)
H(7A)
H(7B)
C(6)
C(6)
H(8A)
C(6)
H(8A)
H(8B)
N(5)
N(5)
C(10)
N(5)
C(10)
C(11)
C©)
C)
H(10A)
C©)
H(10A)
H(10B)
C)
C)
H(11A)
CO)
H(11A)
H(11B)
C(D)
C(1)
C(1#l
C(4)
C(4)
C4)
N(5)
N(@2)
N(2)
C5)

C(6)
C(6)
C(6)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(7)
C(7)
C(7)
C(®)
C(8)
C(8)
C(8)
C(8)
C(8)
CO)
C(9)
CO)
C(9)
CO)
C(9)
C(10)
C(10)
C(10)
C(10)
C(10)
C(10)
C(rn)
C(11)
C(1)
C(11)
C(1)
C(11)
N(1)
N(I)
N(1)
N(2)
N@3)
N@3)
N@3)
N(4)
N(4)
N(4)

C(7)
C(8)
C(8)
H(6)
H(6)
H(6)
H(7A)
H(7B)
H(7B)
H(7C)
H(7C)
H(7C)
H(8A)
H(8B)
H(8B)
H(8C)
H(8C)
H(8C)
C(10)
C(11)
C(11)
H(9)
H(9)
H(9)
H(10A)
H(10B)
H(10B)
H(10C)
H(10C)
H(10C)
H(11A)
H(11B)
H(11B)
H(11C)
H(11C)
H(11C)
C(hH#1
Co(1)
Co(1)
N(4)
N(5)
Co(1)
Co(1)
C(5)
C(6)
C(6)

110.39(16)
109.59(17)
113.6(2)
107.7
107.7
107.7
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.85(17)
110.72(17)
114.34(19)
106.8
106.8
106.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
119.1(2)
120.45(10)
120.45(10)
114.96(15)
115.03(14)
112.83(11)
132.11(11)
124.09(14)
116.09(16)
119.82(15)
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N(3)
NE@3)
C(5)
N(T)
N(1)
CI(1)
N(1)
CI(1)

CI(1)#1

N(D)
CI(1)

CI(1)#1

N(3)

N(5)

N(5)

N(5)

Co(1)
Co(1)
Co(1)
Co(1)
Co(1)
Co(1)
Co(1)
Co(1)
Co(1)
Co(1)

C(5)
C(9)
C(9)
ClI(1)
CI(1)#1
CI(1)#1
NQ3)
N(3)
N(3)
NQG)#1
NQ)#1
NQ)#1
NQ)#1
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122.92(15)
116.08(14)
120.94(15)
123.312(16)
123.312(16)
113.38(3)
75.40(4)
97.92(4)
97.99(4)
75.40(4)
97.99(4)
97.92(4)
150.80(8)

Symmetry transformations used to generate equivalent atoms: #1 -x+1,y,-z+3/2

Figure C-9: ORTEP view of 2.23. Thermal ellipsoids displayed at 50% probability
level. Hydrogen atoms removed for clarity.

Table C-9: Bond lengths (A) and angles (°) for 2.23.

C(1)
C(1)
C(1)
CQ2)
CQ2)
C(3)
C(3)
C(4)
C(4)

N(1)
C(2)
C(6)
C(3)
H(Q2)
C(4)
H(Q3)
C(5)
H(4)

1.336(3)
1.384(3)
1.478(3)
1.392(3)
0.9500
1.384(3)
0.9500
1.387(3)
0.9500



C(5)
C(5)

C(6)

C(6)

C(7)

C(7)

C(7)

C(8)

C(8)

C(8)

C(8)

C(9)

C(9)

C(9)

C(10)
C(10)
C(10)
C(11)
C(11)
C(11)
C(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(14)
C(14)
C(15)
C(15)
C(15)
C(16)
C(16)
C(16)
C(16)
C(17)
C(17)
C(17)
C(18)
C(18)
C(18)
C(19)
C(19)
C(19)
C(19)

N(1)
C(14)
NQ@3)
N(Q2)
o(1)
N(4)
N(5)
N(4)
C(10)
C(9)
H(8)
H(9A)
H(9B)
H(9C)
H(10A)
H(10B)
H(10C)
N(5)
C(12)
C(13)
H(11)
H(12A)
H(12B)
H(12C)
H(13A)
H(13B)
H(13C)
N(7)
N(6)
0(2)
N(8)
N(©9)
N(8)
C(18)
C(17)
H(16)
H(17A)
H(17B)
H(17C)
H(18A)
H(18B)
H(18C)
N(9)
C21)
C(20)
H(19)

1.339(3)
1.478(3)
1.322(3)
1.336(3)
1.213(3)
1.382(3)
1.393(3)
1.490(3)
1.507(4)
1.513(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.486(3)
1.498(4)
1.500(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.318(3)
1.334(3)
1.210(3)
1.383(3)
1.387(3)
1.488(3)
1.519(4)
1.522(4)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.487(3)
1.507(4)
1.527(5)
1.0000
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N(I)
N(1)
CQ)
C(1)
C(1)
C@3)
C4)
C(4)
CQ)
C@3)
C@3)
C)
N(1)
N(1)
C(4)
N@3)
N@3)
N(Q@)
O(1)
O(1)
N(4)
N(4)
N(4)
C(10)
N(4)
C(10)
C(9)
C(8)
C(8)

C(20)
C(20)
C(20)
C(21)
C(21)
C21)
N(1)
N(2)
N(2)
N@3)
N(6)
N(6)
N(7)
CI(1)
CI(2)

H(9A)

C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(®)
C(8)
C(®)
C(8)
C(®)
C()
C()
CO)

H(20A)

H(20B)

H(20C)

H(21A)

H(21B)

H(21C)

Ni(1)

N#)

Ni(1)

N(5)

N(®)

Ni(1)

N(©)

Ni(1)

Ni(1)
C(2)
C(6)
C(6)
C@3)
H(2)
H(2)
C(2)
HE)
HQ3)
C(5)
H(4)
H(4)
C(4)
C(14)
C(14)
N(2)
C(1)
C(1)
N#)
N(5)
N(5)
C(10)
C(©)
CO)
H(8)
H(8)
H(8)
H(9A)
H(9B)
H(9B)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.9728(18)
1.368(2)
2.1478(19)
1.359(3)
1.369(3)
2.1213(19)
1.357(3)
2.2612(7)
2.2488(6)

121.8(2)
113.46(19)
124.7(2)
117.6(2)
121.2
121.2
120.6(2)
119.7
119.7
118.2(2)
120.9
120.9
121.1(2)
113.90(19)
125.0(2)
127.3(2)
117.5(2)
115.07(19)
123.0(2)
122.4(2)
114.6(2)
110.6(2)
111.3(2)
113.6(2)
107.0
107.0
107.0
109.5
109.5
109.5
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C(8)
H(9A)
H(9B)
C(8)
C(8)
H(10A)
C(8)
H(10A)
H(10B)
N(5)
N(5)
C(12)
N(5)
C(12)
C(13)
c(11)
C(11)
H(12A)
C(11)
H(12A)
H(12B)
C(11)
C(11)
H(13A)
C(11)
H(13A)
H(13B)
N(7)
N(7)
N(6)
0(2)
0(2)
N(8)
N(8)
N(8)
C(18)
N(8)
C(18)
C(17)
C(16)
C(16)
H(17A)
C(16)
H(17A)
H(17B)
C(16)

C(9)
C(9)

C(9)

C(10)
C(10)
C(10)
C(10)
C(10)
C(10)
c(11)
c(11)
c(11)
c(11)
c(11)
c(11)
C(12)
C(12)
C(12)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(15)
C(15)
C(15)
C(16)
C(16)
C(16)
C(16)
C(16)
C(16)
C(17)
C(17)
C(17)
c(17)
C(17)
C(17)
C(18)

H(9C)
H(9C)
H(9C)
H(10A)
H(10B)
H(10B)
H(10C)
H(10C)
H(10C)
C(12)
C(13)
C(13)
H(11)
H(11)
H(11)
H(12A)
H(12B)
H(12B)
H(12C)
H(12C)
H(12C)
H(13A)
H(13B)
H(13B)
H(13C)
H(13C)
H(13C)
N(6)
C(5)
C(5)
N(8)
N(©9)
N(©9)
C(18)
C(17)
c(17)
H(16)
H(16)
H(16)
H(17A)
H(17B)
H(17B)
H(17C)
H(17C)
H(17C)
H(18A)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
108.9(2)
110.69(19)
114.2(2)
107.6
107.6
107.6
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
127.9(2)
117.22)
114.87(19)
122.9(2)
122.2(2)
114.9(2)
110.8(2)
110.9(2)
114.12)
106.9
106.9
106.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(16)
H(18A)
C(16)
H(18A)
H(18B)
N(9)
N(9)
Cc21)
N(9)
c21)
C(20)
C(19)
C(19)
H(20A)
C(19)
H(20A)
H(20B)
C(19)
C(19)
H(21A)
C(19)
H(21A)
H(21B)
c(1)
c(1)
C(5)
C(6)
C(6)
N(4)
C(6)
N(2)
N(2)
C(7)
N(3)
N(3)
C(7)
C(14)
C(14)
N(8)
C(14)
N(6)
N(6)
C(15)
N(7)
N(7)
C(15)

C(18)
C(18)
C(18)
C(18)
C(18)
C(19)
C(19)
C(19)
C(19)
C(19)
C(19)
C(20)
C(20)
C(20)
C(20)
C(20)
C(20)
c21)
C21)
Cc21)
C21)
Cc21)
C21)
N(1)
N(1)
N(1)
N(2)
N(Q2)
N(2)
N(@3)
N(4)
N(4)
N(4)
N(5)
N(5)
N(5)
N(6)
N(6)
N(6)
N(7)
N(8)
N(8)
N(8)
N(©9)
N(9)
N(©9)

H(18B)
H(18B)
H(18C)
H(18C)
H(18C)
C21)
C(20)
C(20)
H(19)
H(19)
H(19)
H(20A)
H(20B)
H(20B)
H(20C)
H(20C)
H(20C)
H(21A)
H(21B)
H(21B)
H(21C)
H(21C)
H(21C)
C(5)
Ni(1)
Ni(1)
N(4)
Ni(1)
Ni(1)
N(5)
C(7)
C(8)
C(8)
C(7)
C(11)
c(11)
N(8)
Ni(1)
Ni(1)
N(©9)
C(15)
C(16)
C(16)
C(15)
C(19)
C(19)

109.5
109.5
109.5
109.5
109.5
110.7(2)
108.5(3)
112.0(3)
108.5
108.5
108.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.62(19)
120.19(15)
119.18(15)
115.73(18)
112.98(14)
130.68(14)
114.81(19)
122.84(19)
116.04(18)
121.07(19)
124.13(18)
115.40(18)
120.19(19)
115.46(19)
113.59(15)
130.64(14)
114.57(19)
122.7(2)
115.92(18)
121.4(2)
124.41(19)
115.89(19)
119.7(2)

215



N(1)
N(1)
N(6)
N(1)
N(6)
N(Q)
N(I)
N(6)
NQ©)
Cl(2)

Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)
Ni(1)

N(6)
N(2)
N(2)
Cl(2)
Cl(2)
Cl(2)
CI(1)
CI(1)
CI(1)
CI(1)

78.11(7)
77.49(7)
155.58(8)
112.68(6)
96.18(5)
92.16(5)
106.85(6)
93.03(6)
95.05(5)
140.44(3)
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Figure C-10: ORTEP view of 2.28b. Thermal ellipsoids displayed at 50% probability

level. Calculated hydrogen atoms removed for clarity.

Table C-10: Bond lengths (A) and angles (°) for 2.28b.

C(1)
C(1)
C(1)
CQ2)
CQ2)
C(3)
C(3)
C(4)
C(4)
C05)
C(S)
C(6)
C(6)

N(1)
CQ2)
C(6)
CB3)
H(Q2)
C(4)
H(Q3)
C05)
H(4)
N(1)
C(11)
N@3)
N(@)

1.347(5)
1.376(6)
1.471(5)
1.387(6)
0.9500

1.386(6)
0.9500

1.384(5)
0.9500

1.329(5)
1.479(5)
1.313(5)
1.348(5)



C(7)
C(7)
C(7)
C(8)
C(8)
C(8)
C(8)
C(9)
C(9)
C(9)
C(10)
C(10)
C(10)
c(11)
c(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(15)
C(15)
C(15)
C(16)
C(16)
C(16)
C(16)
C(17)
C(17)
C(17)
C(18)
C(18)
C(18)
N(1)
N(2)
N(2)
N(3)
N(4)
N(6)
N(6)
N(7)

o(1)
N(4)
N(5)
N(5)
C(10)
C(9)
H(8)
H(9A)
H(9B)
H(9C)
H(10A)
H(10B)
H(10C)
N(7)
N(6)
0(2)
N(8)
N(©9)
N(8)
C(14)
C(15)
H(13)
H(14A)
H(14B)
H(14C)
H(15A)
H(15B)
H(15C)
N(9)
C(17)
C(18)
H(16)
H(17A)
H(17B)
H(17C)
H(18A)
H(18B)
H(18C)
Cr(1)
N(4)
Cr(1)
N(5)
H(4N)
N(8)
Cr(1)
N(©9)

1.207(5)
1.360(6)
1.385(5)
1.481(5)
1.500(6)
1.512(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.300(5)
1.356(5)
1.207(5)
1.374(5)
1.378(5)
1.488(5)
1.504(6)
1.520(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.480(5)
1.501(6)
1.505(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
2.001(3)
1.351(4)
1.980(3)
1.354(4)
0.83(5)
1.361(4)
2.093(3)
1.360(4)
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CI(1)
CI(2)
CI(3)

N(I)
N(1)
CQ)
C(1)
C(1)
C@3)
C4)
C(4)
CQ)
C(5)
C(5)
C@3)
N(I)
N(1)
C4)
N@3)
N@3)
N(Q@)
O(1)
O(1)
N(4)
N(5)
N(5)
C(10)
N(5)
C(10)
C(9)
C(8)
C(8)
H(%A)
C(8)
H(%A)
H(9B)
C(8)
C(8)
H(10A)
C(8)
H(10A)
H(10B)
N(7)
N(7)
N(6)

C(1)
C(1)
C(1)
C(2)
C2)
C(2)
CQ3)
C(3)
CQ3)
C(4)
C4)
C(4)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(8)
C(8)
C(8)
C(8)
C(8)
C(9)
C(9)
C(9)
C(9)
C(9)
C(9)
C(10)
C(10)
C(10)
C(10)
C(10)
C(10)
C(11)
C(r1)
C(11)

Cr(1)
Cr(1)
Cr(1)

2.2986(13)
2.3274(12)
2.3071(13)

C(2) 121.0(4)

C(6) 111.3(3)

C(6) 127.8(4)

C(3) 118.2(4)

H(2) 120.9

H(2) 120.9

C(2) 120.7(4)

H(3) 119.7

H(3) 119.7

C(3) 117.7(4)

H(4) 121.1

H(4) 121.1

C(4) 121.6(4)

C(11) 113.0(3)

C(11) 125.4(4)

NQ) 126.0(4)

C(1) 121.0(4)

C(1) 113.0(4)

N(@4) 121.8(4)

N(5) 123.7(4)

N(5) 114.5(4)

C(10) 110.7(3)

C(9) 110.3(4)

C(9) 113.0(4)

H(8) 107.6

H(S) 107.6

H(8) 107.6

H(9A) 109.5

H(9B) 109.5

H(9B) 109.5

H(9C) 109.5

H(9C) 109.5

H(9C) 109.5

H(10A) 109.5

H(10B) 109.5

H(10B) 109.5

H(10C) 109.5

H(10C) 109.5

H(10C) 109.5

N(6) 127.2(4)

C(5) 118.4(3)

C(5) 114.43)
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0(2)
0(2)
N(8)
N(8)
N(8)
C(14)
N(8)
C(14)
C(15)
C(13)
C(13)
H(14A)
C(13)
H(14A)
H(14B)
C(13)
C(13)
H(15A)
C(13)
H(15A)
H(15B)
N(9)
N(©9)
C(17)
N(©9)
C(17)
C(18)
C(16)
C(16)
H(17A)
C(16)
H(17A)
H(17B)
C(16)
C(16)
H(18A)
C(16)
H(18A)
H(18B)
C(5)
C(5)
c(1)
C(6)
C(6)
N(4)
C(6)

C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(15)
C(15)
C(15)
C(15)
C(15)
C(15)
C(16)
C(16)
C(16)
C(16)
C(16)
C(16)
c(17)
C(17)
C(17)
c(17)
C(17)
C(17)
C(18)
C(18)
C(18)
C(18)
C(18)
C(18)
N(1)

N(1)

N(1)

N(2)

N(Q2)

N(2)

N(@3)

N(8)
N(©9)
N(©9)
C(14)
C(15)
C(15)
H(13)
H(13)
H(13)
H(14A)
H(14B)
H(14B)
H(14C)
H(14C)
H(14C)
H(15A)
H(15B)
H(15B)
H(15C)
H(15C)
H(15C)
c(17)
C(18)
C(18)
H(16)
H(16)
H(16)
H(17A)
H(17B)
H(17B)
H(17C)
H(17C)
H(17C)
H(18A)
H(18B)
H(18B)
H(18C)
H(18C)
H(18C)
c(1)
Cr(1)
Cr(1)
N(4)
Cr(1)
Cr(1)
N(5)

122.9(4)
121.9(4)
115.2(4)
110.7(4)
110.5(3)
114.4(4)
107.0
107.0
107.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.3(4)
108.9(3)
113.8(4)
107.9
107.9
107.9
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
120.8(3)
119.9(3)
119.3(3)
114.6(3)
119.0(3)
126.4(3)
116.6(3)
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N(@2)
N(2)
C(7)
N@3)
N@3)
C(7)
C(11)
C(11)
N(8)
C(11)
N(6)
N(6)
C(12)
N(7)
N(7)
C(12)
N(@2)
N(2)
N(1)
N(2)
N(1)
N(6)
N(@2)
N(1)
N(6)
CI(1)
N(@2)
N(1)
N(6)
CI(1)
CI(3)

N(4)
N(4)
N(4)
N(5)
N(5)
N(5)
N(6)
N(6)
N(6)
N(7)
N(8)
N(8)
N(8)
N(@©9)
N(@©)
N(@©9)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)
Cr(1)

C(7)
H(4N)
H(4N)
C(7)
C(8)
C(8)
N(8)
Cr(1)
Cr(1)
N(9)
C(12)
C(13)
C(13)
C(12)
C(16)
C(16)
N(1)
N(6)
N(6)
CI(1)
CI(1)
CI(1)
CI(3)
CI(3)
CI(3)
CI(3)
Cl(2)
CI(2)
Cl(2)
CI(2)
Cl(2)

125.1(4)
110(3)
124(3)
123.0(3)
118.2(3)
118.7(3)
114.5(3)
114.6(3)
130.9(2)
115.7(3)
123.4(3)
116.7(3)
119.9(3)
123.6(3)
115.9(3)
120.2(3)
77.28(13)
154.68(13)
77.41(13)
91.38(10)
87.47(10)
88.11(10)
90.57(10)
90.62(10)
89.10(10)
176.91(5)
90.89(10)
168.06(10)
114.43(10)
91.21(5)
91.16(4)
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Table C-11: Bond lengths (A) and angles (°) for 2.29.

cr
Figure C-11: ORTEP view of 2.29. Thermal ellipsoids displayed at 50% probability
level
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C(1)
C(1)
C(1)
CQ2)
CQ2)
C(3)
C(3)
C(4)
C(4)
C(5)
C0S)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(8)
C(8)
C(8)
C(9)
C(9)
C(9)
C(10)

N(1)
C(2)
C(6)
C@3)
H(2)
C(4)
HQ3)
C(5)
H(4)
N(1)
C(11)
N(2)
N(3)
O(1)
N4
N(5)
N(4)
C(9)
C(10)
H(8)
H(9A)
H(9B)
H(9C)
H(10A)

1.336(5)
1.374(6)
1.470(6)
1.384(6)
0.9500
1.384(6)
0.9500
1.378(6)
0.9500
1.333(5)
1.460(6)
1.300(5)
1.370(5)
1.209(5)
1.370(5)
1.418(5)
1.480(6)
1.506(7)
1.507(8)
1.0000
0.9800
0.9800
0.9800
0.9800



N(1)
N(1)
CQ2)
C(1)
C(1)
C(3)
CQ2)
CQ2)
C(4)
C(5)
C(5)
C@3)
N(1)
N(1)

C(10)
C(10)
C(11)
C(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(15)
C(15)
C(15)
N(1)
N(2)
N(3)
NQ3)
N(5)
N(6)
N(7)
N(7)
0(3)
0(5)
Cl(1)
CI(1)
Cl(2)
CI(3)

C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C(5)
C05)

H(10B)
H(10C)
N(6)
N(7)
0(2)
N(8)
N(@©)
N(8)
C(14)
C(15)
H(13)
H(14A)
H(14B)
H(14C)
H(15A)
H(15B)
H(15C)
Cu(l)
N(4)
N(5)
Cu(l)
Cu(2)
N(8)
N(@©9)
Cu(l)
H(30)
H(5A)
Cu(l)
Cu(2)
Cu(2)
Cu(2)

C(2)
C(6)
C(6)
CB3)
H(Q2)
H(2)
C(4)
H(3)
HQ3)
C@3)
H(4)
H(4)
C(4)
C(11)

0.9800
0.9800

1.299(5)
1.364(5)
1.197(5)
1.387(6)
1.414(6)
1.488(5)
1.502(7)
1.513(6)

1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

1.941(3)
1.346(5)
1.323(5)
2.018(3)
1.881(4)
1.322(5)
1.292(5)
2.046(3)
0.979(10)

1.06(6)

2.2244(11)
2.7068(12)
2.1670(14)
2.2246(14)

121.0(4)
112.5(4)
126.5(4)
118.1(4)
120.9
120.9
120.6(4)
119.7
119.7
117.9(4)
121.0
121.0
121.1(4)
112.6(4)
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C4)
N(2)
N(2)
N@3)
O(1)
O(1)
N(4)
N(4)
N(4)
C©)
N(4)
CO)
C(10)
C(8)
C(®)
H(9A)
C(®)
H(9A)
H(9B)
C(8)
C(®)
H(10A)
C(®)
H(10A)
H(10B)
N(6)
N(6)
N(7)
0(2)
0(2)
N(®)
N(®)
N(8)
C(14)
N(8)
C(14)
C(15)
C(13)
C(13)
H(14A)
C(13)
H(14A)
H(14B)
C(13)
C(13)
H(15A)

C(5)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(®)
C(3)
C(®)
C(3)
C(®)
C(3)
C()
C(%)
C(®)
C(%)
C(®)
C(%)
C(10)
C(10)
C(10)
C(10)
C(10)
C(10)
C(11)
C(11)
C(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(14)
C(14)
C(14)
C(15)
C(15)
C(15)

c(11)
N(3)
C(1)
C(1)
N(4)
N(5)
N(5)
C(9)
C(10)
C(10)
H(8)
H(8)
H(8)
H(9A)
H(9B)
H(9B)
H(9C)
H(9C)
H(9C)
H(10A)
H(10B)
H(10B)
H(10C)
H(10C)
H(10C)
N(7)
C(5)
C(5)
N(8)
N(©9)
N(©9)
C(14)
C(15)
C(15)
H(13)
H(13)
H(13)
H(14A)
H(14B)
H(14B)
H(14C)
H(14C)
H(14C)
H(15A)
H(15B)
H(15B)

126.3(4)
125.6(4)
120.5(4)
113.9(4)
123.5(4)
119.2(4)
117.4(4)
110.6(4)
109.5(4)
113.1(5)
107.8
107.8
107.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
123.9(4)
120.7(4)
115.3(4)
123.4(4)
120.9(4)
115.8(4)
110.0(4)
108.1(4)
113.7(4)
108.3
108.3
108.3
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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C(13)
H(15A)
H(15B)
C(5)
C(5)
C(1)
C(6)
N()
N(5)
C(6)
N(2)
N(2)
C(7)
N@3)
N(3)
C(7)
C(11)
N(©O)
N(©)
C(11)
N(6)
N(6)
C(12)
N(7)
Cu(1)
N(T)
N(1)
N@3)
N(1)
N@3)
N(7)
N(S)
N(5)
CI(2)
N(5)
CI(2)
CI(3)

C(15)
C(15)
C(15)
N(D)
N(D)
N(1)
N(2)
N@3)
N(@3)
N(3)
N(4)
N@4)
N(4)
N()
N(5)
N(5)
N(6)
N(7)
N(7)
N(7)
N(8)
N(8)
N(8)
N(©)
CI(1)
Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(l)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)
Cu(2)

H(15C)
H(15C)
H(15C)
C(1)
Cu(l)
Cu(l)
N(4)
C(6)
Cu(l)
Cu(l)
C(7)
C(8)
C(8)
C(7)
Cu(2)
Cu(2)
N(8)
C(11)
Cu(l)
Cu(l)
C(12)
C(13)
C(13)
C(12)
Cu(2)
N(@3)
N(7)
N(7)
CI(1)
CI(1)
CI(1)
CI(2)
CI(3)
Cl(3)
CI(1)
CI(1)
CI(1)

109.5
109.5
109.5
121.3(4)
119.4(3)
119.2(3)
115.2(3)
119.5(3)
125.6(3)
114.33)
124.0(3)
116.3(4)
119.1(4)
118.2(3)
121.8(3)
109.6(3)
116.7(4)
120.4(4)
126.7(3)
113.0(3)
123.7(4)
115.8(4)
120.3(4)
119.4(4)
92.75(4)
79.71(14)
79.70(14)
159.41(14)
176.70(11)
97.29(10)
103.30(10)
142.94(12)
94.58(11)
117.67(6)
89.10(11)
97.02(5)
107.98(4)
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Figure C-12: ORTEP view of 3.9. Thermal effipsoids displayed at 50% probability

level. Hydrogen atoms removed for clarity.

Table C-12: Bond lengths (A) and angles (°) for 3.9.

C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C0S)
C(5)
C0S)
C(6)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(8)

o(1)
N(Q2)
N(1)
N(4)
NQ3)
C(9)
N(2)
C(5)
C(4)
HE3)
H(4A)
H(4B)
H(4C)
H(5A)
H(5B)
H(5C)
N(1)
C(7)
C(8)
H(6)
H(7A)
H(7B)
H(7C)
H(8A)
H(8B)

1.2174(15)
1.3779(16)
1.3791(15)
1.3237(16)
1.3278(16)
1.4892(16)
1.4785(14)
1.512(2)
1.5145(19)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.4779(16)
1.514(2)
1.518(2)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800



C(8)

C(9)

C(9)

C(10)
C(10)
c(11)
c(11)
C(12)
C(12)
C(13)
C(13)
C(14)
C(14)
C(15)
C(15)
C(16)
C(16)
C(17)
C(17)
C(18)
C(18)
N(1)

N(2)

O(1)
O(1)
N@)
N(4)
N(4)
N@3)
NQ©)
NQ©)
C0)
NQ©)
C(5)
C(4)
C(3)
C@3)
H(4A)
C@3)
H(4A)
H(4B)
C(3)
C@3)
H(5A)
CB3)

C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
C(3)
C(3)
C(3)
C(3)
C(3)
C(4)
C(4)
C(4)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C05)

H(8C)
N(5)

C(10)
c(11)
H(10)
C(12)
H(11)
C(13)
H(12)
N(5)

C(14)
N(6)

C(15)
C(16)
H(15)
c(17)
H(16)
C(18)
H(17)
N(6)

H(18)
N(3)

N(4)

N(2)
N(1)
N()
N@3)
C()
C©)
C(5)
C(4)
C(4)
H(3)
HQ3)
H(3)
H(4A)
H(4B)
H(4B)
H(4C)
H(4C)
H(4C)
H(5A)
H(5B)
H(5B)
H(5C)

0.9800
1.3358(15)
1.3938(16)
1.3822(17)
0.9500
1.3783(17)
0.9500
1.3930(16)
0.9500
1.3407(15)
1.4844(15)
1.3415(15)
1.3884(17)
1.3855(17)
0.9500
1.3813(19)
0.9500
1.3826(19)
0.9500
1.3346(16)
0.9500
1.3674(14)
1.3613(14)

122.76(11)
123.06(11)
114.18(10)
127.91(11)
114.93(10)
117.14(10)
110.27(11)
109.83(11)
112.68(13)
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
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HG5A)  C(5) H(5C) 109.5
H(5B)  C(5) H(5C) 109.5
N(1) C(6) C(7) 110.27(11)
N(1) C(6) C(8) 109.27(12)
C(7) C(6) C(8) 112.66(12)
N(1) C(6) H(6) 108.2
C(7) C(6) H(6) 108.2
C(8) C(6) H(6) 108.2
C(6) C(7) H(7A) 109.5
C(6) C(7) H(7B) 109.5
H(7A)  C(7) H(7B) 109.5
C(6) C(7) H(7C) 109.5
H(7A)  C(7) H(7C) 109.5
H(7B)  C(7) H(7C) 109.5
C(6) C(8) H(8A) 109.5
C(6) C(8) H(8B) 109.5
HGBA)  C(8) H(8B) 109.5
C(6) C(8) H(8C) 109.5
HEBA)  C(8) H(8C) 109.5
H(8B)  C(8) H(8C) 109.5
N(5) C(9) C(10) 123.94(11)
N(5) C(9) C(2) 116.64(10)
C(10) C(9) C(2) 119.42(10)
C(11) C(10) C(9) 117.73(11)
C(11) C(10) H(10) 121.1
C(9) C(10) H(10) 121.1
C(12) C(11) C(10) 119.30(11)
C(12) C(11) H(11) 120.3
C(10) C(11) H(11) 120.3
C(11) C(12) C(13) 119.02(11)
C(11) C(12) H(12) 120.5
C(13) C(12) H(12) 120.5
N(5) C(13) C(12) 122.60(10)
N(5) C(13) C(14) 117.04(10)
C(12) C(13) C(14) 120.36(11)
N(6) C(14) C(15) 122.77(11)
N(6) C(14) C(13) 116.39(10)
C(15) C(14) C(13) 120.83(11)
C(16) C(15) C(14) 118.65(12)
C(16) C(15) H(15) 120.7
C(14) C(15) H(15) 120.7
C(17) C(16) C(15) 119.18(12)
C(17) C(16) H(16) 120.4
C(15) C(16) H(16) 120.4
C(16) C(17) C(18) 118.05(12)

C(16) C(17) H(17) 121.0



C(18)

N(6)
N(6)

C(17)

N@3)
N@3)
C(1)
N(4)
N(4)
C(1)
CQ)
C(2)
CO)

C(18)

C(17)
C(18)
C(18)
C(18)
N(T)
N()
N(1)
N(2)
N(2)
N(2)
N(3)
N
N(5)
N(6)

H(17)
C(17)
H(18)
H(18)
(D)
C(6)
C(6)
C(1)
C3)
C(3)
N(1)
N(2)
C(13)
C(14)
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121.0
123.97(12)
118.0
118.0
124.46(10)
115.69(9)
119.76(10)
124.16(9)
115.43(10)
120.40(10)
114.26(10)
114.98(10)
117.37(10)
117.38(11)

T

Figure C-13: ORTEP view of 3.10. Thermal ellipsoids displayed at 50% probability
level. Hydrogen atoms removed for clarity.

Table C-13: Bond lengths (A) and angles (°) for 3.10.

C(1)
C(1)
C(1)
CQ2)
CQ2)
CQ2)
C(3)
CB3)

O(1)
N(Q2)
N(1)
N(4)
N@3)
C09)
N(2)
C(4)

1.2141(19)
1.382(2)
1.387(2)
1.3291(19)
1.330(2)
1.481(2)
1.4918(19)
1.501(2)



CQ3)
C(3)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(8)
C(®)
C(8)
C®)
CO)
C(10)
C(10)
C(11)
C(11)
C(12)
C(12)
C(13)
C(13)
C(14)
C(14)
C(15)
C(15)
C(16)
C(16)
C(17)
C(17)
C(18)
C(18)
N()
N(2)
N(3)
N()
N(6)
CI(1)
CI(2)

C(5)

H(@3)

H(4A)
H(4B)
H(4C)
H(5A)
H(5B)
H(5C)
N(1)

C(8)

C(7)

H(6)

H(7A)
H(7B)
H(7C)
H(8A)
H(8B)
H(8C)
N(5)

C(10)
C(rn)
H(10)
C(12)
H(11)
C(13)
H(12)
N(5)

C(14)
N(6)

C(15)
C(16)
H(15)
C(17)
H(16)
C(18)
H(17)
N(6)

H(18)
N@3)

N(4)

Zn(1)
Zn(1)
Zn(1)
Zn(1)
Zn(1)

1.512(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.488(2)
1.515(2)
1.521(3)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.3403(19)
1.388(2)
1.384(2)
0.9500
1.386(2)
0.9500
1.388(2)
0.9500
1.3509(18)
1.486(2)
1.347(2)
1.390(2)
1.387(2)
0.9500
1.380(2)
0.9500
1.389(2)
0.9500
1.334(2)
0.9500
1.3637(17)
1.3604(18)
2.3658(12)
2.0910(13)
2.1461(12)
2.2532(4)
2.2425(4)
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O(1)
O(1)
N(2)
N(4)
N(4)
N@3)
N(@2)
N(2)
C4)
N(2)
C(4)
C(5)
C(3)
C(3)
H(4A)
C(3)
H(4A)
H(4B)
C(3)
C(3)
H(5A)
C(3)
H(5A)
H(5B)
N(1)
N(1)
C(®)
N(1)
C(®)
C(7)
C(6)
C(6)
H(7A)
C(6)
H(7A)
H(7B)
C(6)
C(6)
H(8A)
C(6)
H(8A)
H(8B)
N(5)
N(5)
C(10)
C(11)

C(1)
C(1)
C(1)
C(2)
CQ2)
C(2)
CQ3)
C(3)
CQ3)
C(3)
CQ3)
C(3)
C4)
C(4)
C(4)
C(4)
C(4)
C(4)
C(5)
C(5)
C(5)
C(5)
C(5)
C(5)
C(6)
C(6)
C(6)
C(6)
C(6)
C(6)
C(7)
C(7)
C(7)
C(7)
C(7)
C(7)
C(8)
C(8)
C(8)
C(8)
C(8)
C(8)
C(9)
C(9)
C(9)
C(10)

N(2)
N()
N(1)
N@3)
C)
C(©)
C(4)
C(5)
C(5)
HE)
H(3)
HE)
H(4A)
H(4B)
H(4B)
H(4C)
H(4C)
H(4C)
H(5A)
H(5B)
H(5B)
H(5C)
H(5C)
H(5C)
C(®)
C(7)
C(7)
H(6)
H(6)
H(6)
H(7A)
H(7B)
H(7B)
H(7C)
H(7C)
H(7C)
H(8A)
H(8B)
H(8B)
H(8C)
H(8C)
H(8C)
C(10)
C(2)
C(2)
CO)

122.73(15)
122.37(15)
114.89(13)
127.82(14)
116.19(13)
115.93(13)
110.37(13)
109.78(13)
112.56(17)
108.0
108.0
108.0
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
110.71(14)
111.25(14)
114.02(15)
106.8
106.8
106.8
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
122.16(14)
115.21(13)
122.57(14)
118.38(15)
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C(11)
C)
C(10)
C(10)
C(12)
C(11)
C(11)
C(13)
N(5)
N(S)
C(12)
N(6)
N(6)
C(15)
C(16)
C(16)
C(14)
C(17)
C(17)
C(15)
C(16)
C(16)
C(18)
N(6)
N(6)
C(17)
N(3)
N(3)
C(1)
N(4)
N(4)
C(1)
C(2)
CQ2)
N()
CQ2)
)
CO)
C(13)
C(18)
C(18)
C(14)
N(5)
N(S)
N(6)
N()

C(10)
C(10)
C(rn)
C(11)
C(11)
C(12)
C(12)
C(12)
C(13)
C(13)
C(13)
C(14)
C(14)
C(14)
C(15)
C(15)
C(15)
C(16)
C(16)
C(16)
C(17)
C(17)
C(17)
C(18)
C(18)
C(18)
N(1)
N(1)
N(1)
N(2)
N(2)
N(2)
N@3)
NQ@3)
N(@3)
N(#4)
N(5)
N(5)
N(5)
N(6)
N(6)
N(6)
Zn(1)
Zn(1)
Zn(1)
Zn(1)

H(10)
H(10)
C(12)
H(11)
H(11)
C(13)
H(12)
H(12)
C(12)
C(14)
C(14)
C(15)
C(13)
C(13)
C(14)
H(15)
H(15)
C(15)
H(16)
H(16)
C(18)
H(17)
H(17)
C(17)
H(18)
H(18)
C(1)

C(6)

C(6)

C(1)

C@3)

C@3)

N(1)

Zn(1)
Zn(1)
N(2)

C(13)
Zn(1)
Zn(1)
C(14)
Zn(1)
Zn(1)
N(6)

Cl(2)
Cl(2)
CI(1)

120.8
120.8
119.62(15)
120.2
120.2
119.03(14)
120.5
120.5
121.17(14)
114.96(13)
123.85(13)
121.64(14)
114.80(13)
123.53(14)
118.75(15)
120.6
120.6
119.41(15)
120.3
120.3
118.71(15)
120.6
120.6
122.24(15)
118.9
118.9
123.00(13)
115.80(12)
121.19(13)
124.31(13)
115.55(13)
120.13(13)
115.43(12)
113.28(9)
131.06(9)
114.41(13)
119.46(13)
122.84(10)
117.69(10)
119.24(13)
124.65(11)
116.06(10)
76.43(5)
117.85(3)
101.25(4)
123.58(4)
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N(6)
Cl2)
N(5)
N(6)
Cl(2)
CI(1)

Zn(1)
Zn(1)
Zn(1)
Zn(1)
Zn(1)
Zn(1)

CI(1)
CI(1)
NQ3)
NQ3)
NQ3)
NQ3)
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97.86(4)
118.290(18)
72.29(4)
148.38(5)
97.33(3)
95.51(3)
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Appendix D: Raw magnetic data and derivation of magnetic
models
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Figure D-1: Raw yT vs. T magnetic data for nickel-verdazyl complex 2.14.
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Figure D-2: Raw % T vs. T magnetic data for cobalt-verdazyl complex 2.15.
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Figure D-3: Raw % T vs. T magnetic data for diradical 2.18.
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Figure D-4: Raw T vs. T magnetic data for zinc-diradical complex 2.19.
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Figure D-5: Raw y T vs. T magnetic data for manganese-diradical complex 2.20.
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Figure D-6

50

- Raw y T vs. T magnetic data for iron-diradical complex 2.21.
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Figure D-7: Raw yT vs. T magnetic data for cobalt-diradical complex 2.22.

4.0
E g
X g
= } 20 4 O
5 s
- 1.5
o
s
=10 -
05 -
00 T T T T T
0 50 100 150 200 250 300

Temperature /K

Figure D-8: Raw y T vs. T magnetic data for nickel-diradical complex 2.23.
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Figure D-9: Raw yT vs. T magnetic data for chromium-diradical complex 2.28b.

Magnetic data for compounds 2.18 and 2.19 were modelled according to
previously described procedures for verdazyl-based diradical compounds.®™® Equations
2.1 (compound 2.14), 2.2 (compound 2.15), 2.6 — 2.9 (compounds 2.20 — 2.23, inclusive)
and 2.10 (compound 2.28b) are based on the derivation of the Van Vleck equation
presented by Kahn for multiple spin systems.?”” Equations 2.1 and 2.2 are derived for a
simple two-spin system, while equations 2.6 — 2.10 are based on a three-spin triangle."
Magnetic data for compounds 2.14, 2.15, 2.20 — 2.23 and 2.28b were simulated by
manually plotting the corresponding equations in the desired temperature range using the
given parameters (vida infra). The best fit was achieved by first visually comparing the
model with the data for a range of parameters. The fit was then fine tuned by comparing

the goodness of fit factor between the model and the data (see p. 42) resulting from

incremental changes in the given parameters.
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