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Abstract

Abstract

Copper complexes have an enormous potential as cytotoxic compounds.
Understanding the subtle interactions of these complexes and the variable modes
of coordination with biologically relevant bases is mandatory from a biological
perspective. However, in this thesis the more specific context is to investigate in
detail the electronic and structural aspects of various copper complexes including
[Cu(acac)z], [Cu(acac)(N-N)]* and the multidentate ligand based complex [Cu(2N-
bN-2N)], and their interaction with target nitrogen bases.

Therefore, an in-depth study on the configurational aspects of adducts
formed between [Cu(acac)z2] and imidazole (Im) was performed using ENDOR,
HYSCORE and DFT calculations, providing a detailed analysis of the decoded
trans-equatorial [Cu(acac)z(Im)n - 2] conformation.

Based on N-imine coordinated complexes, a series of square planar
Casiopeina Cu?* complexes, consisting of one acetylacetonate and one diimine
ligand, have been investigated by EPR and ENDOR spectroscopy. These diimine
ligands were selected in light of the fact that the size of the aromatic diimine ligand
may influence the therapeutic activity. Subtle but not neglectable electronic and
structural changes of these [Cu(acac)(N-N)]* complexes were detected by using
X-,Q- and W-band CW EPR and 'H and *N ENDOR measurements, revealing
distortion and strain effects in the ligand system.

Multidentate ligand based complexes [Cu(2N-°N-2N)] formed with e.g. di(2-
picolyl)amine, tris(2-pyridylmethyl)amine and tris(2-aminoethyl)amine have been
investigated by EPR and ENDOR spectroscopy. The focus of this investigation is
to utilise ENDOR spectroscopy to examine copper complexes bearing
inequivalent coordination nitrogen nuclei. Interesting electronical and structural
features have been observed, illustrating the nature of the multidentate mixed
nitrogen ligand.
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Chapter 1: Copper(ll) in EPR Spectroscopy

Chapter 1: Cu?* Complexes in Electron Paramagnetic
Resonance (EPR) Spectroscopy and their
Relevance in Catalysis

To illustrate the importance of Electron Paramagnetic Resonance (EPR)
spectroscopy one may first discover the rich source of available paramagnets in
all kinds of research areas. As there is a rich source of paramagnets one must
choose. Cu?* has applications in biology, pharmacy, medicine and industry. For
this reason, Cu?+ applications are given in this chapter and the relevance to use
EPR spectroscopy.

1.1 Introduction

Transition metals have proven to be extremely important in a variety of
disciplines such as medicine, biology, physics and chemistry, and are also
important in industry from a catalysis perspective.'-5 As a transition metal, copper
is a very useful alternative in catalysis compared to the more expensive and toxic
Platinum Group Metals (PGM) and is found predominantly in the coordination
numbers Cu™ and Cu?*. In this Chapter, the focus will be mainly on the chemistry
and coordination of Cu?* complexes, which include N-imidazole and N-pyridine
derivatives in the coordination sphere. The coordination number of Cu?*
complexes is predominantly four, five and six whilst the favoured structures are
square planar, distorted tetrahedral and distorted octahedral, respectively.t’
Furthermore, a brief overview of the many reactions catalysed by copper will also
be given. The importance of why EPR spectroscopic techniques are valuable in
the study of Cu?* N-donor rich complexes, will also be presented. Finally, the
overall aims of this Thesis will be summarised and introduced later.

1.2 Metal centres in copper proteins
1.2.1 Proteins and metal proteins

Proteins are fundamental for the function of all living systems. They consist

of amino acids, which form peptide bonds and consequently polypeptide bonds.8

1
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Four examples of amino acids are shown in Figure 1a-d, including tryptophan
(Try), methionine (Met), L-histidine (L-His) and cysteine (Cys). The general
structure of the amino acids is based on one alpha carbon, at least one carboxyl
group and a residue. In the cases presented in Figure 1a-d, the residue is either
an imidazole derivative (L-His and Try), a thioether (Met) or a thiol (Cys) group.
The peptide bond is formed by the reaction of the carboxyl group of one amino
acid and the amino group of another amino acid. Consequently, polypeptides
generate primary, secondary, tertiary and quarterly structures, forming the

macrosystems known as proteins.

0]

(0]
a) ’ \/ﬁ)‘\
s
} OH ~ OH

(Try) (Met)
0 o]
c) d)
N
</ / OH HS OH
HN NH; NH;
(L-His) (Cys)

Figure 1.1 Four amino acids: a) Tryptophan (Try), b) Methionine (Met), c) L-Histidine (L
His) and d) Cysteine (Cys). All of them include either a thioether, thiol or
imidazole molecule, respectively, as a residue and functional group.®™

However, introducing metals into proteins change their functionality. More
precisely, the specific modification of these metals, such as the number, variety
of metals, including the oxidation number, coordination number, electronic and
chemical interactions, all have an impact on the reactivity and functions of these
macrosystems, often loosely referred to as metalloproteins.''-'3 They are
involved in processes such as photosynthesis of COz2, called carbon fixation, or
the conversion of molecular nitrogen into NHs. The reactivity and conversion of
small molecules takes place around the metal centres within the metalloproteins.
Considering the metal themselves, the first row transition metals including V, Cr,
Mn, Fe, Co, Ni, Cu and Zn are found to be frequently involved in
metalloproteins.’"'# In the next section, a summary of copper protein functions is
presented followed by an outlook of the more common types of copper centres.
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1.2.2 Copper proteins

Copper based proteins function as electron-transfer agents in
photosynthesis and respiration or have a function in the metabolism of dioxygen
(oxidase and oxygenase) and in the deactivation of harmful intermediates of O2

reduction.5-18

The variety of metal centres in copper proteins is diverse and can be
distinguished and categorised by three ‘classical’ protein copper centres, namely
type 1, type 2 and type 3.21920 Copper type 1 centres are commonly found in
‘blue’ copper proteins, such as azurin and plastocyanin, which display electron
transfer and antioxidative functions.?!?? The intensified blue colour of these ‘blue’
copper proteins originated from the absorptions in the visible region of the
spectrum from only symmetry-allowed electronic transitions of the metal.2324

In general, type 1 copper centres have two imidazole residues from histidine
(His) and one thiolate cysteine (Cys) strongly coordinated in a trigonal planar
arrangement, whereby a weakly bound methionine (Met) coordinates from an
axial position (Figure 1. 2a). The completed coordination environment of the
type 1 copper centre is generally distorted in an irregular fashion and has been
studied in various proteins.!12225.26 The distortion in these type 1 centres causes
the unpaired electron to be delocalized onto a sulphur ligand. As a result, the
EPR spectrum of a type 1 centre has abnormally low Ai values in the EPR

spectrum.?6

a) b)
- (His)
Met) ¢ (His) NS (i)
S/ 3 L N//// \\\\NQ/
\\ N lr,, W
\ \\\\\\ \\/NH Cu
S_/Cu“\ HN/\N/ \OH
c) . —
H20/ NNy (I-(lls))\/\NH (His)
>———‘— His
(\Cys') (His) HN/y N_—:—J
—N-_ (His)
CU\N/§
/ Ly
(X) (His}i\
/Cu/N\/NH

Figure 1.2 lllustrated are 'classic' copper protein centres, a) type 1, b) type 2 and
c) type 3.2
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The next copper centre is type 2, as illustrated in Figure 1.2b. Three
imidazole residues from histidine and one hydroxyl group are coordinated to the
copper in a square planar arrangement (Figure 1.2b). This ‘non-blue’ type 2
copper centre is EPR active but shows, in contrast to type 1, a normal EPR
spectrum.?®® In the multicopper nitrite reductase from the bacterium
Achromobacter xylosoxidans, the type 2 copper centre is the catalytic site, where
nitrite is bound and reduced to NO.2’

The last of the ‘classic’ copper centres in proteins is known as type 3, as
illustrated in Figure 1.2c. In contrast to the above mentioned copper centres,
type 3 is a dimer formed by two copper metals, linked or bridged by oxygen
atoms. Its function is the uptake of Oz in the Cu'+-Cu'+ state until it is released in
the Cu?+-Cu?* state.?82°® Each of the two coppers in type 3 centres have three
histidine molecules in a planar arrangement and in this respect, they are
somewhat similar to type 2 centres (Figure 1.2b and c).

The copper type centres were introduced separately. But very commonly at
least two of the three copper type centres can be present in metalloproteins. An
example of this situation is laccase, a well known metalloenzyme. Laccase is a
blue multi copper oxidase and catalyses the four-electron reduction of Oz to
water. The electron reduction depends on three different binding sites of the four
copper centres present in laccase, namely type 1, type 2 and type 3.2° Each of
these copper centres have an important role to play in the catalytic mechanism.
However, deciphering the mechanism is difficult as the shift of the wavelength
between type 1 and 2 are very similar. Even with EPR, the mechanism is hard to
unravel since both centres are EPR active simultaneously. In different cases,
such as in Hemocyanine, ionizing radiation methods have been used to produce
specific generations of reduced centres in enzymes. Thus decoupled Cu?+-Cu?*
paramagnets were observed, revealing good Cu?* EPR signals.3°

1.3 Copper complexes in pharmacology
1.3.1 The role of copper in pharmacology applications

Adult humans only require an amount of about 150 mg of the trace element
copper.3! Deviation from this amount in the body can cause diseases, such as
Wilson’s disease, caused by acute copper deficiency and Menke’s disease,

4
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based on the disfunction of copper transport and copper storage mechanism. The
neurodegenerative disease known as Lov Gehrig’s disease, is caused by defects
in the copper-dependent superoxide dismutase (SOD). Furthermore, copper may
also be involved in neurodegenerative diseases such as Parkinson and
Alzheimer.#31.32 Decoding the cause of copper-based dysfunctions is therefore
vital to prevent such diseases and longer term develop suitable treatments.

1.3.2 Copper as a treatment for diseases

Copper is becoming increasingly used in the design of various
pharmaceutical drugs used to treat a variety of diseases. For example,
Martins et al.3® designed copper complexes for the treatment of Chagase
disease. This copper complex has trypancidal activity in vitro against
Trypanosoma cruzi, which is the causative agent of Chagase disease. For the
design of these copper complexes, the antibacterial agents levofloxacin and
sparfloxacin were used. Additionally, nitrogen heterocyclic donor ligands, such as
1,10-phenanthroline were also used. Different copper complexes were designed,
all bearing one antibacterial agent. The difference between the copper complexes
were that some had a heterocyclic N-donor included and some were without this
N-donor unit. Martins et al.3® emphasised that i) coordinated heterocyclic N-donor
ligands improve the anti-cruzi activity for the complex, and ii) [Cu?Clz(1,10-
phenanthroline)(levofloxacin)] and [Cu?*Clz(1,10-phenanthroline)(sparfloxacin)]
were found to be the most active agents against Trypanosoma cruziin their study.

Special attention has also been given to the design of anticancer drugs
based on copper. Not only is it cheaper than the commonly used platinum group
metals but also it has shown in many cases to be less toxic and more active. 43435
The trend for the design of copper based drugs seem to be the use of planar,
aromatic N, O or S-heterocyclic ligands which bind in the bi-, tri- or tetra-dentate
mode to the transition metal.3¢3” The combination of chosen metal and ligand
provides suitable membrane permeability, stabilization but still with selective
reactivity, low toxicity, etc. These features are all important points for the design
of efficient anticancer drugs.3+383 In the following, specific anti-cancer drugs are
briefly presented to illustrate the importance of imidazole and pyridine derivatives
in the design of anti-cancer drugs.
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The first cancer drug presented below is based on copper coumarins
complexes. Coumarins are organic ligands belonging to the benzopyrone class
and are found in living organisms.#%4! They are commonly applied in the perfume
and pharmaceutical areas. Usman et al*? have designed a distorted square
planar [Cu?*(coumarin)(imidazole)]* complex (Figure 1.3a) for the treatment of
cancerous cells. Usman et al.*? established that i) the complex undergoes only
partly intercalation with the DNA at the minor groove, and ii) that partly
intercalation occurs with the coumarin ligand. The coumarin ligand interacts with
the base pair guanine residues Guai0 and Gua16 of the minor grove, as shown
in Figure 1.3b. Consequently, electrostatic and hydrogen bonding occurs
between the ligand and DNA bases.

Figure 1.3 lllustration of a) the structure of [Cu?*(coumarin)(imidazole)]* and b) the minor
groove binding site conformation of the ligand (green) and
the [Cu?*(coumarin)(imidazole)]* (red).*?

Figure 1.4 Structure of a) [Cu?*(plumbagin)]z]; (5-hydroxy-2-methyl-1,4-naphthoquinone;
plumbagin) and b) [Cu?*(plumbagin)(2,2’-bipyridine)]. 343
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\o
1 N
—s N/\ /CI\ /
/Cu\CI/Cu\ . -
aiis

Figure 1.5 Pyrazolepyridine based copper complex with flexible thioether groups, which
revealed good anticancer activities in HT 1080 cells.3"44

Another ligand commonly used for anticancer drugs is plumbagin. The
natural product plumbagin is an organic compound, which has also been used
for rheumatoid arthritis and dysmenorrhea bruising.®” In vitro cytotoxicity and
activity against several cell lines have been observed for the plumbagin based
complexes [Cu?*(plumbagin)]2] and [Cu?*(plumbagin)(2,2’-bipyridine)]
(Figure 1.4a,b). Moreover, these complexes have demonstrated considerably
higher activity against several cancer cell lines compared to cisplatin, which offers
significant promise.*®

Other anti-cancer drugs have used the pyrazolepyridine based ligands. The
pyrazolepyridine ligand provides a N2Cu-CuN2 coordination sphere (Figure 1.5).
A variety of these ligand types have been employed for the synthesis of cytotoxic
active copper complexes. It has been shown that the sulphur binding ability
strongly depends on the types of thioether fragments introduced in the ligand. As
an example, Tardito et al.** found that the highest anticancer activities for
HT1080 cells where found for complexes consisting of flexible thioether groups,
such as the complex shown in Figure 1.5.

1.4 Copper complexes in advanced materials applications

There are many cases where copper based systems have also been
successfully used for many years in the delivery and function of advanced
materials. In the following sections, the industrial applications that involve copper

complexes will be given.
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1.4.1 Antifouling agents

The use of antifouling agents for tankers, boats and marine ships reduces
the settling of microorganism, such as algae, barnacles, mussels and other
systems, which can result in drag on the hull and subsequently skin friction drags.
Preventing this settling reduces not only the economical losses, such as reduced
speed and increased fuel consumption, but also increases the lifetime of the ship
hulls. Different kind of antifouling agents have been designed and applied, from
ultrasonic examples to organic polymers and special metal complexes containing

Zn, Fe, Cu and Ti.246 Bayer et al.*’ synthesized a 5,5'-dibromohemi- bastadin-1

HO

Figure 1.6 Schematic illustration of 5,5-dibromohemi-bastadin-1 (DBHB) ligand and
(DBHB(DMF)Cu2+Cl2)2*4(CH2Cl2) complex.

(DBHB) ligand and associated copper DBHB complexes (Figure 1.6), which can
suppress the settling of barnacle larvae on ship hulls by deactivating the copper
active centre of Phenoloxidase. This copper containing enzyme is present in
many living organisms and is involved in the firm attachment of mussels to the
surfaces. Polymers of bastadin and its derivatives can coordinate to the copper
centres and thereby inhibit its function, to prevent mussels from engaging with
the hull surface. Trojers et al.? discussed the potential of Cu?* antifouling agents
for barnacles based on azole compounds, such as the imidazole containing
biocide medetomidine. Elshaarawy and Janiak*® in contrast developed Cu?*
complexes based on N-pyruvoyl anthranilate, revealing good antibacterial activity

and inhibition of biofilm formation on surfaces.
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1.4.2 Dye sensitized solar cells

The focus on renewable energy has been of interest for many decades.
Therefore, it is not surprising that the development of dye sensitized solar cells
(DSSC) and perovskite solar cells (PSC) have received a lot of attention. DSSCs
employing Cu?* and imidazole ligands were studied by Chen et al® They
combined Cu?* and imidazole as auxiliary electron acceptors with electron
donors, such as dithiophene or fluorine, to enhance the absorption intensity and
extend the absorption range of the dye sensitizer in the visible and near infrared
region. Karpacheva et al.*® and Dragonetti et al.>° used only the earth abundant
elements to construct more environmentally and economically efficient DSSCs.
Independent from each other, they designed promising copper complexes based
on heteroleptic bisdiimine ligands. Apart from dye sensitized solar cells, Cu?*
complexes have also been designed and synthesized for applications as p-type
dopants in solid-state perovskite solar cells (PSC) and have shown promising

features.5152

1.5 Copper complexes in catalysis

Most compounds and products formed in the petrochemical industry,
including bulk chemicals, polymer production and fine chemicals for
pharmaceuticals, all require the use of a catalyst at some stage of their
production.53-55 Catalysts are substances which decrease the activation energy
of a chemical reaction and thereby increase the rate constants without being
consumed themselves in the reaction. Many varieties of catalysts have been
designed. Noteworthy is that the composition and structure of a catalyst itself can
dictate the overall catalytic selectivity and activity of a particular reaction. For
example, the two catalysts, boron phosphate and Mo2C/Carbon, are active for
ethanol conversion. However, the products are ethylene, diethyl ether or
hydrogen and acetaldehyde, depending on the catalyst used.%6:57

Three main types or areas of catalysis can be broadly defined, namely
homogeneous, heterogeneous and enzymatic catalyst. In this section, only
homogeneous and heterogeneous catalysts will be considered.
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1.5.1 Copper in homogeneous catalysis

The reaction of a homogeneous catalyst takes place in the same phase as
the reactant. The metal in the catalytic reaction cycle goes through different
oxidation states. For copper catalysts, this can be Cu®, Cu'* and Cu?*. Michelet
et al.%® studied a [((oxydi-2,1-phenylne)bis(diphenylphosphine))(2,9-dimethyl-4,7-
diphenyl-1,10-phenanthroline)Cu'*]PFe catalyst, where (oxydi-2,1-phenylne)-
bis(diphenylphosphine) is a one electron rich chelating diphosphine ligand and
(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) is a one electron deficient
phenanthroline ligand. This copper catalyst is activated using visible light. The
proposed catalytic cycle involves an unusual Cu'™/Cu(')/Cu® mechanism
(Figure 1.7), when transforming organic halides into aryls or (cyclic)alkanes.
Hoover et al*® reported a copper TEMPO catalyst involving a Cu'+/Cu?*
mechanism for the aerobic oxidation of alcohols (Figure 1.8). This
Cu'(2,2-bipyridine)(3-methyl-imidazole)/TEMPO catalyst was efficient for
sterically unhindered primary alcohols. However, the catalytic activity was
reduced for aliphatic and secondary alcohols. For this reason, Steve et al.%®
varied the structure of TEMPO and used various derivatives. By applying more
oxidized nitroxyl derivatives, a decrease in the reaction rate was observed but an
increase in rate occurred when less sterically encumbered bicyclic nitroxyl
derivatives were used. Steve et al.%® also reported a catalyst system which was
efficient for primary, secondary allylic, benzylic and aliphatic alcohols. This
catalyst consisted of (4,4'-dimethoxy-2,2'-bipyridine)Cu'+(OTf) and ABNO (ABNO
= 9-azabicyclo[3.3.1]-nonane-N-oxyl).

Employing copper in homogeneous catalysis has created a wide range of
opportunities. One advantage of using copper is simply the aspect of a step
towards economical and environmentally more friendly catalysis. Copper is an
earth abundant metal, like Fe, Co and Ni. In some catalytic respects, the potential
of copper in catalytic reactions has not been fully discovered. This may be the
case for water splitting leading to hydrogen and oxygen production, which is an
important reaction for clean energy conversion and storage.®® Homogeneous
copper based water splitting catalysts have a high reactivity, stability and low light
absorption. However, the design of this copper based water splitting catalyst is

10
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fairly recently and a considerable amount of work is required to better understand

and optimise the reaction.®'62

X Ar-Ar’ Ar-X +H-Ar'

R'

Figure 1.7 Catalytic cycle of the [((oxydi-2,1-phenylne)bis(diphenylphosphine))(2,9-
dimethyl-4,7-diphenyl-1,10-phenanthroline)Cu'*]PFs catalyst for the
photoredox transformations of organic halides. This catalyst is efficient for
reductions, cyclization and direct arylation of arenes .58

R/\OH R/\o
substrate H:O
oxidation
X X
‘ P _‘OTf ‘ P _‘OTf
\Cu"—N/\‘ \Cu'—N/\‘
N e N N M
‘ / "o ‘ " on

catalyst
oxidation

12 0,

Figure 1.8 Simplified catalytic cycle for Cu'+(2,2-bipyridine)(3-methyl-imidazole)/TEMPO
catalysed aerobic alcohol oxidation.*?

1.5.2 Copper in heterogeneous catalysis

Manufacturing sulphuric acid is traditionally based on a heterogeneous
catalyst.%57 The reactants, sulphur dioxide and oxygen, are passed over a solid
vanadium oxide catalyst. In this case, the catalyst is not in the same phase as
the reactant. The two phases can be solid-liquid, solid-gas and liquid-gas (and
liquid-liquid), which is in contrast to homogeneous catalysis. Well known
examples of heterogeneous catalysts are based on zeolites which are crystalline

11
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solids made up of SiOs building blocks.%* ZSM, a type of zeolite, has been used
for selective oxidations such as methane to methanol under mild conditions using
H202 as an oxidant. In some cases, the selectivity was increased up to 97 % for
the alcohol after doping ZSM with copper, which suppresses secondary oxidation
reactions.53

Other heterogenous catalysts have been designed that integrate copper.
Phnangboonehoo et al.%* studied CuxCeyMgz/Al203 for hydrogen production with
low carbon monoxide via methanol steam reforming. Glinski et al.%% described an
experiment of dehydrogenation of cyclohexanol to cyclohexanone, using copper
as the main catalyst and SiO2 as the support material. Support materials help to
improve the mechanical resistance and dispersion of the active catalytic phase.
For dehydrogenation, a spectrum of copper-based support catalyst like Cu/SiOz,
Cu/MgO and Cu/Zn are commonly used, showing also the possible variation of

metal oxide and metal combination catalysts.58-6

1.5.3 Bridging homogeneous, heterogeneous and enzymatic catalysis

As the awareness of developing more sustainable or green based catalysts
continues, a solution for more environmentally and economical affordable
catalysts has been the focus of considerable research in the past 10 years.
Desirable features for catalyst design are for example recyclable, sustainable,
more selective and active catalysts towards specific molecules. Using copper
instead of the more expensive platinum group metals is a highly desirable goal.
However, in the case of homogeneous catalysis, the catalysts are very often not
reusable because they cannot be easily separated from the product. Over the
years, different approaches have been attempted for example by attaching the
catalysts onto a surface or by integrating homogenous catalysts into a porous
scaffold, such as a metal organic frameworks (MOFs). Farrusseng et al.”® and
Corma et al.”! gave an overview of MOFs and their modification using features
from homogeneous, heterogeneous and enzymatic catalysis. Luz et al.”
designed various copper containing MOF catalysts. They incorporated different
Cu?+ catalysts such as [Cu?*(2-hydroxypyrimidinolate)z], [Cu?*(imidazolate)z],
[Cu?*(benzene-tricarboxylate)2] and [Cu?*(benzene-dicarboxylate)], which are all
active and fully regioselective for click reactions. The resulting Cu-MOFs have
been shown to be active and regioselective catalysts for the “click” reaction with

12
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activity and selectivity as high as when using homogeneous catalysts. It was
noticeable that the copper activity changes with the organic linker used in the
MOF, meaning that CuNs4 based complexes are more active than CuOa4

containing centres.

1.6 Use of EPR to study copper nitrogen donor complexes

For paramagnetic Cu?* based nitrogen complexes, Electron Paramagnetic
Resonance (EPR) and the related hyperfine techniques such as Electron Nuclear
Double Resonance (ENDOR), as described in Chapter 2, are ideal methods in
which to examine the three dimensional structures of square planar nitrogen
donor complexes and their interaction with secondary molecules.®2273 |n this
Thesis, most of the Cu?* complexes studied have either N-donors or are
complexes that strongly coordinate N-based donor substrates, so a brief
overview will be given here to demonstrate the utility of EPR in such systems.

The [Cu(Im)4]?* complex (Im = N-imidazole) has been investigated by Van

Camp et al’, wusing EPR and hyperfine measurements (ENDOR)
(Figure 1.9a and b).
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Figure 1.9 a) EPR spectrum of none deuterated Cu(imidazole)s and b) ENDOR spectra
at the g. extreme position of selective deuterated imidazole protons of
Cu(imidazole)s.™
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Figure 1.10 Substitutions (R) of the meso-Phenyldipyrromethene acetylacetonato
Cu? complexes are shown in a). The corresponding anisotropic X-band
EPR spectra and gy and ““A, values of 1a-1c (130 K, THF) and 1d (300
K, solid; 130 K, THF) are given in b) and c) illustrates the polymer
formation hold together by different forces for the complexes 1a-1¢.””

The aim of their study was to investigate the interaction of weakly coupled protons
from the surrounding imidazole rings with the Cu?* centre. Selective deuteration
of the imidazole protons, as shown in Figure 1.9b, allowed the authors to obtain
information on the molecular structure. The information was obtained via the
interactions of the protons, neighbour nitrogen and remote nitrogen of the
imidazole rings with the paramagnetic copper centre. Van Camp et al.”* were
able to identify the interactions to several nearby atoms on the ligand group such
as the Cz-H (MHz), Cs-H (MHz), C4-H (MHz) and Cs-H (MHz), as marked in
Figure 1.9b.

Garcia-Ramos et al.”® studied isomeric effects on copper complexes by
changing the position of the methyl group on the phenanthroline ligand. The
resulting electronic changes were detected by EPR via the hyperfine coupling.
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Changes in covalent bond strength of the Cu-L-bond was especially noticeable
by the decrease of the ®“Ai coupling.

To prove that the coordination properties of synthetic imidazole differ from
natural imidazole ligands, Andersson et al.”® applied EPR, NMR and FTIR to the
complexed imidazole substitutes formed with Cu?*Cl2 and Zn?*Cl2. They were
able to show that the grade of substitution on the imidazole changes the
electronic and steric preference. Indeed changes in the expected geometry were
observed in the resulting EPR spectra.®’®

Heinze et al.”” investigated four different heteroleptic Cu?* dipyrromethene
complexes with different substitutions (R) at the phenyl moiety, as shown in
Figure 1.10a. These complexes are supposed to serve as molecular precursors
for coordination polymers, as this has been of interest for magnetic and electronic
materials and new classes of absorbents. These complexes form polymer chains,
as shown in Figure 1.10c for complex 1a-1c. The polymers are held together by
forces of varying strength such as hydrogen bonds, coordination bonds and
covalent bonds. X-band EPR spectroscopy confirmed that the primary
coordination sphere around the copper centre is the same for all complexes
(Figure 1.10, 2a-2d). The copper centre has a square planar N2O2 coordination
(Figure 1.10a).”” Due to immobilization of 1d, via attachment on a surface, this
complex is more restricted resulting in a smaller gi and Ai compared to 1a-1c
(Figure 1.10b).

From a catalytical perspective, EPR is a useful tool to gain information on
the change in oxidation states, interaction of the catalyst with the reactants and
potentially the resulting intermediates.'®7879 |t can also be used to study chiral
interactions. If chiral substrates coordinate to the metal complex, small but
different interactions with the metal centre occur. It is possible to observe these
electronic differences using EPR. Murphy et al.8® applied EPR and hyperfine
measurements to visualize the diastereomeric interactions of copper salen
complexes with chiral amines (MBA = methylbenzylamine) adducts. Hyperfine
measurements such as ENDOR confirmed the weak covalent coordination of the
N-amine of the MBA to the copper centre. Finally, W-band EPR measurements
also revealed stereometric differences in the hyperfine coupling ““A for the

methylbenzylamine molecules coordination.
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1.7 Aims of this work

The impact and importance of copper complexes in a diverse field of
chemistry has been briefly illustrated above. It is clear that owing to this
importance in many applications, it is vitally important to be able to study copper
based complexes in depth, in order to better understand the structural, chemical
and mechanistic aspects of their reactions. In this work, Cu?* based complexes
will be primarily studied. In particular, four different copper coordination spheres
or ligand environments have been focussed on, including CuO4, CuN202, CuNs
and CuN4, via EPR and ENDOR. As covered in the next Chapter, EPR can
provide unrivalled access to information on the paramagnetic centre, allowing
easier and more selective access to specific structural, chemical and physical
information. In the following work, the purpose and importance of these copper
ligand environments, including CuO4, CuN202 and CuNp-=3-4, is briefly covered.

The bis(acetylacetonate) Cu?* complex, labelled [Cu?*(acac)2], is a simple
biomimic copper centre possessing four oxygen atoms bound to the metal.
[Cu?*(acac)2] had been intensively studied via EPR spectroscopy (see
Sharples et al.8! and references therein). As a result, the structural and electronic
properties of this prototypical complex are very well known. In this work, the
interest is focused on the interaction of [Cu?*(acac)z] with various imidazole
derivatives, which are omnipresent in the coordination sphere of copper centres
in nature. The aim is to investigate the structural transformations that occur in the
adducts by different EPR and DFT methods, when imidazole derivatives
coordinate to [Cu?*(acac)2]. This study will also give some insights into the N-
donor coordination of imidazole(s).®

[Cu?*(acac)(1,10-phenanthroline)]* and [Cu?*(acac)(2,2’-bipyridine)]* are
well known for their therapeutic properties (commercially used under the name
Cu'-Casiopeina) with potential anti-cancer activities.8 However, little is known
about the electronic properties of these complexes, which can be revealed by
EPR and similarly, the inner and outer sphere ligand interactions, which can be
probed by ENDOR in frozen solution. The interest here is therefore to use EPR
and ENDOR to investigate a related diimine series of 2,2’-bipyridine and 2,2’-
bipyrdidine derivatives to contribute to a better understanding of these anticancer
drugs.

16
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Di-(2-picolyl)amine metal complexes have also shown some promising
capabilities for stoichiometric and catalytic transformations.8-9 |n this work, the
focus is based on the copper version, [Cu?*(di-(2-picolyl)amine)](NOs)2 and their
derivatives.®! However, by comparison to the above mentioned complexes, which
bear a single nitrogen environment, this system bears different nitrogen nuclei
within the ligand and therefore it is important to explore how the complex ENDOR
spectra could be analysed in such situations.

To summarise, Chapter 2 will present a brief theoretical treatment of the
EPR and ENDOR techniques, with emphasis on the Cu?* based systems.
Chapter 3 will present a detailed experimental presentation of the studied copper
complexes, including the methods and techniques used in this work. The focus
of Chapter 4 is the detailed EPR and ENDOR investigation of the configuration
and structural investigation of [Cu?*(acac)z(Im)n-1,2] adducts. Chapter 5 considers
the structural EPR analysis of square planar [Cu2*(N-N)(O-O)]* complexes.
Finally, Chapter 6 uses EPR and ENDOR to describe the interactions of two
different N-functional groups with the Cu?* centre, before presenting a final

concluding perspective in Chapter 7.

Scheme 1. 1. General illustration of the Cu?* complexes including different types of N-
ligands with oxygen or without oxygen donor groups.
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Chapter 2: EPR and ENDOR Spectroscopy

Chapter 2: Background to EPR and ENDOR
Spectroscopy

Advanced EPR spectroscopy techniques have in common that their
fundamentals are based on Electron Paramagnetic Resonance (EPR)
spectroscopy. In this chapter continuous wave (CW) EPR spectroscopy is
discussed to further explain the principles of advanced EPR spectroscopy such
as CW Electron Nuclear Double Resonance (ENDOR). Both, CW EPR and
CW ENDOR, are crucial as they provide easy access to structural information.
This is due the fact that EPR spectroscopy is high sensitivity to paramagnets and
consequently only a small amount (mM) of paramagnetic sample is required
compared to e.g. NMR. In addition, polycrystalline samples are also suitable for
EPR. This is in contrast to for example X-ray, which requires single crystals for
analysis.

2.1 Introduction

In this Chapter, the fundamental theory of Continuous Wave (CW) Electron
Paramagnetic Resonance (EPR) spectroscopy and CW Electron Nuclear DOuble
Resonance (ENDOR) spectroscopy will be introduced. These two techniques
enable one to study paramagnetic systems from a structural, configurational and
electronic perspective, leading to insights into the coordination chemistry of the
systems.’? For a more detailed treatment of the subject area of EPR and
ENDOR, the textbook Electron Paramagnetic Resonance: A Practitioner’s Toolkit
by Giamello and Brustolon is highly recommended.’

In simple terms, EPR spectroscopy is a technique based on the absorption
of electromagnetic radiation in the microwave region by a paramagnetic species
placed in an external magnetic field. At a specific microwave frequency and
magnetic field, the absorption of electromagnetic radiation takes place. The
absorption position is defined by the intrinsic characteristics of the paramagnetic
species itself.

In the following sections, the reader will be introduced to the fundamentally
important electron Zeeman and nuclear Zeeman terms, including the hyperfine

coupling interaction and the superhyperfine couplings. Additionally, the spin-orbit
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interaction will be briefly mentioned, as it is a crucial factor for the shift of the free
electron g factor and in turn this is related to the structure and symmetry of the
paramagnet. In this context, examples will be presented covering 3d° metal
systems, such as Cu?*, since these species are the primary focus of this Thesis.

This Chapter will also examine the basic principles of ENDOR
spectroscopy. ENDOR can be regarded as an advanced EPR technique, that
monitors EPR and NMR transitions simultaneously. It provides information about
the local environment around the paramagnetic centre and is useful for the
structural analysis and the interactions of the paramagnet species with nearby
EPR active nuclei.

2.2 CW Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy is reliant on the presence of a paramagnetic system,
containing an unpaired electron, including radicals or spin labels, transition
metals, defects in single crystals or a variety of biological systems.'? The simplest
paramagnet is the free electron. The main characteristic of the electron from an
EPR perspective, is the electron spin or electron magnetic momentum which has
a specific behaviour when placed into an external applied magnetic field.
Therefore, this vitally important property of the electron spin is introduced in the

next section.

2.2.1 Electron Spin

The spin angular momentum S describes the rotation and direction of an
electron spin in space, as described by a vector, with magnitude quantized in

units of A (-):

S| =SS+ 1) (2.1)
allowing a general projection of the spin orientation as 2S5+1.The electron spin is
sometimes classed as ’spin-up (a-spin)’ or ’spin down (B-spin)’. Conventionally,
the components are defined as S; along the z-axis of the Cartesian frame. This
concept is illustrated in figure 2.1a with S = +'2, -2, showing the two possible

orientations for the electron, which has a spin angular momentum S of 2.
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a) B-spin a-spin

-1/2 +1/2

=172

Figure 2.1 a) Representation of the Bspace quantization of the electron spin angular
momentum. The magnitude of the vectors are [S(S+1)]'2 in units of 4." b)
The two orientations of the electron magnetic dipole moments, ps, arising
from the B- and a-spin states, aligned parallel or anti-parallel to the applied
field (z-direction).’

The general definition for the possible orientations along S, for any given
S, are therefore, between +S and -S and are defined as:

mg = —S,—S+1,..,+§—1,+S (2.2)

where ms is the spin angular momentum quantum number. In addition to the
electron spin orientation, the electron possesses a mass me and a charge e.
Together with the mass me and charge, the spin creates a magnetic dipole

moment labelled us and given as:

h 2.3
Hs = —ySh= —ge. =S = —gelipS (@3)

eh
2me

where y is the gyromagnetic factor, ge represents the free-electron factor and

(9.274 x 10724 JT") is the Bohr magneton (symbol pg). The negative sign in (2.3)
is a result of the electron charge. Considering this and the two possible electron
spin states, the electron magnetic dipole momentum can align either clockwise

or anticlockwise (Figure 2.2). Defining the pus as oriented along the z-axis gives:

Uz = — JellpMg (24)

giving a more accurate treatment when describing the electron in an applied
magnetic field B, as discussed in the next section.
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a-spin Eoa= +1/2 geugB

,"””‘4__
a P % AE= hv = geugB
T—

B-spin Eg=-1/2 geugB

AN

Energy

g
-

B

Figure 2.2 lllustration of the electron Zeeman effect (EZ). The spin states, a and (3, are
represented by up and down arrows at B = 0 with the same energy. In the
presence of a static magnetic field (B # 0), the B-spin state is shifted to
lower energy and the a-spin to higher energy. The energy separation is
proportional to the magnetic field intensity and depends on the electron g-
factor.

2.2.2 Electron Zeeman effect (EZ)

In the presence of an external magnetic field B, the energy of the two
degenerate spin states of the electron are lifted, and two different energy levels
are created (Figure 2.2). This interaction between the electron spin and the
applied field is called the electron Zeeman (EZ) effect and the energies of the two
spin states, a and B, are given in energy terms as:

E,=hv=+ %geuBB (2.5a)

Eg=hv=—1g.usB (2.5b)

The difference in energy between the two spin states, E, and Eg, is given
as the resonance energy AE with energy of:

AE = hv = g,ugB (2.6)

As a result, the EPR signal occurs at the magnetic field position corresponding to
the resonance absorption of energy. However, to allow energy absorption the
spin magnetic momentum must be conserved, and this leads to the EPR selection
rule Ams = +1. The EPR signal appears when the resonance energy matches the
energy necessary to induce a transition from lower to upper spin states via the
absorption of a photon, as presented in Figure 2.2.
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In general, an isolated electron gives a rather uninformative EPR spectrum.
For this reason, in the next sections the nuclear spin is introduced, and in
particular the nuclear Zeeman effect will be described, along with a description of
the interaction of the nuclear spin with the electron spin and the subsequent
resulting EPR spectrum.

2.2.3 Nuclear Spin

In a similar manner to S, the nuclear spin angular momentum [ is also

quantized in units of a, as a vector with magnitude:

NHENIET) (2.7)

where the number of discrete orientations, /(/+1), is given by the magnetic
quantum number m; = -1, -I+1 ... -1, +I. Therefore, the number of possible EPR
lines for a system bearing non-zero nuclei is presented by 2n/+1, where n =
number of equivalent nuclei. Similar to the electron spin, the nuclear spin I'has a

magnetic momentum pi given by:

— — g,
= gnind = gn mpl (2.8)

where gn is the effective g-factor, pn is the nuclear magneton

(= ze—h =5.0508 x 10727 JT-1), me is the mass of a proton and i is established by

mp
coupling angular momenta of the nuclei. The nuclear isotopes have different spin
quantum numbers, owing to the variations in the proton and neutron number.
Subsequently, depending on the abundance of the isotopes, the profile of the
resulting EPR spectrum will be dependent on the number of nuclear isotopes.3*
From a EPR perspective, the nuclear spin orientation and rotations are
considered around the z-axis and given by:

MUz = gNUNT (2.9)
2.2.4 Nuclear Zeeman Effect (NZ)

Without an external applied magnetic field, the two possible spin states of
| = 2 are degenerate. If the external magnetic field is applied, two energy levels
are produced (see Figure 2.3), with m;= -2 at high energy and m;= +'2 at low
energy. This interaction of the nuclear spin with the applied magnetic field B gives
rise to the nuclear Zeeman interaction (NZ), expressed as:

Enz = —gntinmyB (2.10)
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The combined effect of the EZ and NZ interactions are shown in Figure 2.3
for a simple two spin system (S =12, I=12). In comparison to the energy gap
between the EZ levels, the energy gap for the NZ splitting is much smaller, which
is primarily due to the smaller pn of the nucleus.

2.2.5 Hyperfine Interaction (HF)

In addition to the interaction of the electron spin and nuclear spin with the
applied magnetic field, the two spins can also interact with each other. The
electron-nuclear interaction within an applied magnetic field B, therefore, leads
to a further splitting of the NZ energy level, as shown in Figure 2.3 and this is
called the hyperfine interaction (HF). In contrast to the electron Zeeman effect,
the nuclear Zeeman and hyperfine coupling interaction are significantly smaller

compared to the electron Zeeman splitting energy.

. ”_,,' RREN 7\ I+,-> E,
,—T—:: ! NMR1
. Y
B N I+,+> Ej3
EPRI
—_—
B
A I-,-> Ep
+ EPR I ENMR I
- ¥ > E
EZ NZ HF

Figure 2.3 Energy level diagram of a two-spin system S = 2, | = V2, illustrating the effect
of an applied magnetic field resulting in the electron Zeeman (EZ) splitting,
nuclear Zeeman (NZ) splitting and hyperfine (HF) coupling. The two allowed
EPR signals are marked with solid arrows and refer to the observed EPR
signals labelled EPR | and EPR Il. In this case gn and a are positive and
a <gNuNB.1
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m=-82
‘ ] -3al4
m;=-112
_ L | -al4
mg= +1/2
reemzte e TR | e
\\‘\m,=+3/2 ] +3al4
—_—
B
m; = -3/2 __________________ +3al4
mp=-112 } +al4
mg=-112
Ctceom=v2
| -al4
m=+32
} -3al4
EZ NZ HF

Figure 2.4 Energy level diagram for a two-spin system S =%, /= 3/2. The allowed EPR
signals are marked with arrows (solid). Electron Zeeman effect (EZ),
nuclear Zeeman effect (NZ) and hyperfine coupling (HF) are illustrated.’

Nevertheless, the NZ and hyperfine terms create a non-negligible contribution to
the spin Hamiltonian which can be described as:

E = geugBmg — gypunBm; + amgm, (2.11)
where the first term describes the EZ energy, the second term describes the NZ
energy and the final term describes the energy of the hyperfine interaction for a
spin system with ms and mi > "a.

Applying a two-spin system of S=12, =210 (2.11) results in the following

energy levels:

1 1 1

E, = _EgeMSB - EQNMNB —3a (2.12a)
1 1 1

E; = =2 gelsB +ogninB +5a (2.12b)
1 1 1

E3 = +29gelsB —5gnvinB +5a (2.12¢)

1 1 1
Ey = +59elsB +5gvinB — 7 a

The four discrete energy levels, labelled E1, E2, Ez and Ea, for this two spin
system are shown in Figure 2.3. The transitions between these energy levels
which produce the observed EPR transitions are dependent on the intrinsic
selection rules (Ams = +1 and Am; = 0). According to these selection rules, the
transitions, E2 — Ea (labelled EPR 1) and E1 — Es (labelled EPR II), shown in
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Figure 2.3 are therefore allowed and result in a total of two EPR (2.12d)
lines. Transition EPR | and EPR Il are separated by the hyperfine
coupling a.

A more complex energy splitting diagram is observed for systems bearing
I > 2, for example the two spin system S =%, | = 3/2 (Figure 2.4). Similar to the
previous case described above, the EZ, NZ and HF effects are illustrated in the
Figure 2.4, in this case showing four allowed energy transitions. The resulting
EPR spectrum has four lines centred around the free electron g-factor and

separated by the hyperfine coupling a.

2.2.6 Superhyperfine Interaction (shf)

In the above cases, it was assumed that the electron and interacting nucleus
are in close proximity to each other, eg., as in the hydrogen atom, He, for the two
spin system S =2, | = V2. However, the interaction of a nucleus with the electron
can be remote, over extended distances, such as with ligand nuclei attached to
a paramagnetic transition metal ion in a metal-complex. In this case, the
interaction can be referred to as a superhyperfine interaction. Two limiting cases
arise in such superhyperfine interactions; i) the ligand superhyperfine coupling is
larger than the intrinsic EPR linewidth (so that the couplings can be readily
measured by CW EPR techniques, for example), or ii) smaller or comparable to
the EPR linewidth. In the latter case, advanced EPR techniques, such as
ENDOR, are required to resolve these small superhyperfine interactions, and this
will be discussed in more detail later in section 2.3.".5~7

2.2.7 Anisotropy of g

In the above discussions, the g-factor has been considered as a scalar
quantity; its magnitude is independent of the orientation of the paramagnetic
system with respect to the magnetic field. In reality this is not the case, and in fact
the g value can vary depending on the relative orientation of the sample with
respect to the applied magnetic field, leading to an anisotropic g tensor. To
explain the origin of the g tensor in more detail, the spin system is most
conveniently described using a Cartesian coordinate system with defined
directions of x, y and z. Depending on the symmetry of the spin system, the

28



Chapter 2: EPR and ENDOR Spectroscopy

resulting components g can be different. Commonly, such cases can be classified
as isotropic, axial or rhombic.8-1011

For many chemical systems, the g-value deviates from ge due to the
changes in symmetry and bonding in the paramagnetic complex. This means that
the interaction of the electron spin with B will be orientationally dependent. The
actual source of anisotropy in the g tensor is ultimately derived from the spin-orbit

coupling.’12 As a result, a more accurate representation of g is given as:

gxx 0 0
g=|9 gy O (2.13)
0 0 gz

where gk, gyy and gzz are the components of the g tensor and the principal axes
of the g frame.

2.2.8 Symmetry

In simple terms, the EPR spectrum can be defined based on the observed
symmetry in g, which in turn provides valuable information on the structure and
geometry of the paramagnetic system. The different types of symmetry include
isotropic, axial and rhombic, as explained in the following sections.

2.2.8a Isotropic g

In an isotropic system, all three principal g values are equivalent (eg.,

Oxx = Qyy = gzz). The isotropic signal is thus centred on giso:

xxt t9zz
Giso = LT (2.14)

An example of an isotropic spectrum is shown in Figure 2.5a, for an S = 2 spin
system with no hyperfine coupling. Isotropy is typical observed for high symmetry
systems, such as cubic, octahedral (On) and tetrahedral (74). However, fast
averaging of the spectral parameters can occur for anisotropic spin systems due
to rapid molecular tumbling leading to an isotropic g value.
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Figure 2.5 Simulated CW EPR spectra for an S = 2, | = 0 spin system in an a) isotropic, b-c)
axial and d) rhombic symmetry environment. The positions of the g values are given
in red. B increases from left to right.'3
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Figure 2.6 Simulated EPR profile for an axial spin system (S = '2) with gx=gy=1.9, g- = 2.05
and g; > gr at 9.5 GHz. The angular dependency profile of the g tensor is also
shown. The EPR absorption profiles for the single crystal like orientations of gx, gy
and g are illustrated in a), b) and c). In case a), g: is parallel to B (8 = 0°), whereas
in b) and c), g« and gy are parallel to B (8 = 90°). The plot in d) illustrates the
absorption profile of the resulting powder spectrum containing randomly orientated
paramagnets (as opposed to the single crystal example shown in a-c). The first
derivative of the powder spectrum is then given in e). The highlighted points,
labelled i-iii, represent the orientation of the magnetic field vector (B) with respect
to the g tensor at magnetic field positions corresponding to i) 331 mT, ii) 343 mT
and iii) 357 mT.13
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2.2.8b Axial

Axial systems are typical observed for paramagnetic systems possessing
square planar, trigonal and pyramidal structures. The axial symmetry is defined
by the g values of g« = gyy # gzz, also abbreviated as g, = g« = gyy and gi = gzz.
As a result, two limiting g-values are observed in the powder EPR spectrum,
centred at gi and the other centred at g.. In Figure 2.5b, two possible situations
are shown where gi> g. or gi< g., which simply depend on the symmetry and
coordination of the metal complex. As mentioned earlier, the g value is dependent
on the orientation in respect to B, with gi observed when the field is aligned
parallel to the g frame (65 = 0°) and g. is observed when the field is aligned
orthogonal (6s = 90°) to the g frame. This orientational dependency is best
illustrated in Figure 2.6, showing the individual resonances (in absorbance mode)
for g in the two extreme cases (Figure 2.6a-c). When 65 = 0°, the magnetic field
is aligned along gu, resulting in one resonance line, whereas when 6 = 90°, the
magnetic field is aligned parallel to g, producing a single line at this position.
However, the powder EPR spectrum represents a sum of all possible orientations
of the g tensor with respect to the applied field, and the absorption and derivative

profiles for this powder pattern are shown in Figure 2.6d, e.

2.2.8¢c Rhombic

Finally, when all three axes are different due to spin systems possessing
lower point group symmetries, the resulting g tensors takes the form
O« # Qyy # gzz. As a result, three different g values appear in the EPR spectrum
due to the variations in the orientations of B relative to the g frame (Figure 2.5d).

2.2.9 Anisotropy of A

Two terms contribute to the hyperfine coupling interactions, namely, the
isotropic Fermi contact interaction (aiso) and the through space dipole-dipole
interaction. These two hyperfine contributions are discussed below.

From a quantum mechanical perspective, there is a small probability that
the electron may enter the nuclear volume. Inside the nucleus, the hyperfine field
originating from the nuclear magnetic dipole is constant in all directions. This

hyperfine interaction is called the isotropic interaction, or Fermi
(2.15)

31



Chapter 2: EPR and ENDOR Spectroscopy

contact interaction, and is a direct measure of the interaction between the
electron and nuclear magnetic dipole moments as a result of the finite probability
that the unpaired electron will be located at the nucleus. It arises exclusively for
s- orbitals (or orbitals with partial s-character). The isotropic coupling, aiso, is given
by:

Giso = () gHpgnin Y (0) 2
where |y(0)|? is the square of the absolute value of the unpaired electron
wavefunction evaluated at the nucleus. The magnitude of the experimentally
observed isotropic hyperfine coupling can thus be related to the electron spin
density located at the nucleus, through the theoretically determined isotropic
hyperfine coupling values.

The second contribution to the hyperfine coupling interaction occurs via the
dipole-dipole interaction, also referred to as the anisotropic hyperfine coupling.
The anisotropic hyperfine coupling describes the spatial interaction of the
electron magnetic momentum with the nuclear magnetic momentum in energy
terms Edip, which is given by the classical term:

Eqip = (Ro/4m) [11- Mz /13 =3y 1) (up 1) /7] (2.16)
and depends on the two magnetic momentum vectors in respect of their
orientation and distance to each other. ris the vector relating the electron position
in coordinate frame centred on the nucleus, and r is the electron-nucleus
distance. y, is the magnetic permeability of the vacuum.

Substitution of p; and p, with the electron spin and nuclear spin dipolar
momentums p, and py results in the following term:

Eaip = (Mo/4m)ghpgniin [S-1/r% —3(S- 1)U -1)/r] (2.17)
where the electron is centred in a coordination frame, which is centred on the
nucleus. The components of the frame are x, y and z and the position of the
electron is described over the vector r. This vector stays in correlation with the
distance to the nucleus. However, the electron position is not localized but rather
has a distribution in space. Therefore, the contribution to the hyperfine dipolar
interaction energy Edip has to be averaged over the electron distribution and can

be expressed over the traceless dipolar hyperfine T tensor:
Txx Txy sz
Tyx Tyy TJ/Z

sz sz Ty,

T = (2.18)
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2.2.10 Orientation

The importance of symmetry for paramagnetic systems, is reflected in the g
values or g tensor. The change in position of the paramagnetic centre with
respect to the magnetic field therefore has a direct impact on the profile of the
resulting EPR spectrum. For clarification, the spherical positioning of the g tensor,
regarding the magnetic field direction, is illustrated in Figure 2.7a, where the
component B; of the applied field is specified by the direction Z’. Furthermore, the
orientation of the magnetic field vector with respect to the g principal axes is given
in Figure 2.7b.

a)

gZZ

W

N
© =
= » 7' % 7= &
© =)

L
= y / Q
gyy gXX,’ ~
# KN
X Y

Figure 2.7 a) Schematic illustration of the independent axes systems relevant to EPR
showing magnetic field axes, the principal g axes and the crystal axes, with
b) representing the orientation of the magnetic field vector with respect to
the g tensor axes x, y and z.'*

First, the energy terms of the EPR resonance need to take into consideration the

importance of sample orientation so the simple resonant equation is given as:
hv = upg(6, 9)B (2.19)

with the polar angles 8 and ¢. These angles refer to the orientation of the Bo

vector within the molecular g tensor (Figure 2.7b). The individual components of
B can be defined as Bx, By and B; can be described using these polar angles as:

B, = BsinBcos@ (2.20a)
B, = BsinBsing (2.20b)
B, = BcosH (2.20c¢)

Considering, that the electron spin S can be expressed by the Pauli spin operator
vector, Sy, S, S, the spin Hamiltonian equation of the electron Zeeman splitting

can finally be expressed as follow:

H = uz(B sin 0 cos @ gy, S, + B sinOsin (pgyyfy + B cos 0 g,,5,) (2.21)
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and provides a more accurate description of the structure and electronic

configuration of the spin system.

2.2.11 Spin Orbit Coupling Interaction

In real paramagnetic systems, the unpaired electron will possess both spin and
orbital angular momentum. When combined the effective magnetic momentum
becomes:

We = Wl + gugS (2.22)

The spherical expansion of one atom is symmetrical, however, molecules
usually have low symmetry. As a result, the orbital angular momentum is
averaged to zero (quenched). Consequently, the orbital angular momentum is
considered as almost absent and the electron angular momentum coupling is
mostly due to the spin only contribution. A small amount of spin orbit coupling can
be reintroduced leading to a small deviation of the g value from free spin
(Ag = g-ge). Hence, a shift of the resonance field intensity from the value
corresponding to the free electron spin is observed. The deviation Ag is larger for
metal complexes than for organic free radicals. Deviation of the g factor of the
free electron gives, in general, important structural information. In the following
section, the influence of spin orbit coupling is discussed in terms of transition

metal ions with 3d® electron configuration.

2.2.11a 3d° Case (Cu?¥

The arrangement for the five d-orbitals dxy, dxz, dyz, dx2y2 and dz2, of 3d
metals varies for each possible molecule geometry.’ Due to the orbital
arrangement in space, the energy level of each d-orbital is different (Figure 2.8b)
and referred to as the ligand field splitting. Metals ions such as Cu?* (3d°) can
form complexes bearing octahedral, tetragonal or square planar geometries.
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Figure 2.8 a) Splitting of the d-orbitals in an octahedral ligand field (On point group
symmetry), caused by a Jahn-Teller distortion. The subsequent changes
after a tetragonal distortion (Dsn» Symmetry caused by elongation along the
z axis), and final removal of the ligands to produce a square planar
arrangement (Dsn symmetry) are shown.™

The d-orbital splitting for each geometry can be influenced by distortion of the
ligand due to, for example, elongating or compressing in the equatorial and/or
axial plane (Figure 2.8a,b), as caused by a Jahn-Teller distortion.’® Elongating
the axial ligands L' and L" of the octahedral structure (Figure 2.8a) already leads
to energy differences of the d-orbitals of the t2g and eqg set (Figure 2.8b). Further
elongation of L and L, results in removal of L' and L" and consequently creates
a square planar geometry. Comparing the d-orbital arrangement for the
elongated octahedral and square planar geometry, a further shift in energy level
is obtained (Figure 2.8a, b).

This is important as the arrangement of the d-orbital also determined the
location of the unpaired electron for Cu?*, 3d° ion. Following the Pauli principle,
the unpaired electron is found in the highest occupied d-orbital. As established
earlier, the g values depend on the orientation of the spin system with respect to
the applied field. Thus, changes in the crystal field splitting will in turn lead to
anisotropic g values.

In theory, the unpaired electron for an elongated octahedral (D4n) geometry,
is located in the dx.y?, and well separated from other d-orbitals (Figure 2.8b).
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However, spin orbit coupling can occur, leading to an admixture of the d-orbitals
and introduces angular momentum. This in turn depends on the symmetry of the

system and which orbitals can couple with which.
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Figure 2.9 Splitting of the d-orbitals for Dsn symmetry, in elongated (left) and
compressed (right) arrangements for a 3d® ion. The orbitals which
commute or mix with each other, under the influence of an applied field,
are shown by the curved arrows. Crucially this field induced mixing
introduces orbital momentum and therefore creates shifts in the g
values.™

If a magnetic field is orthogonal to the x, y or z axes, the unpaired electron can
couple from one orbital to another, inducing motion between suitable states of the
correct symmetry. This motion between suitable states is equivalent to a rotation
of the electron about the x (Rx), y (Ry) or z (R;) axis. For Dsn symmetry, the
corresponding irreducible representation for dxzy2 is Big(Figure A.1). Rotating the
z-axis is presented by the irreducible representation Azy. Coupling of Azg and Big
gives Bzg. According to the character table for point group Dan (Figure A.1), dsx-y?
can couple with dxy as the ground state. The magnitude of the anisotropic g value
for gz is therefore:

922(9)) = ge + ﬁ (2.23)
If the magnetic field is parallel to the xy plane, an xy rotation (Rx and R)) is
considered and transforms as Ey4 (A.1). Coupling of Eg with Bjg results in the
irreducible representation Eg For this reason, dxy? can admix the two
degenerated dxz and dyz orbitals, contributing to the g« and gyy.
22 (2.24)

Ez-y2)~Exzyz

gxx,yy(gl) =ge t
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To summarize, if symmetry changes then the ligand field splitting changes,
resulting in different energy states of Eo - En and therefore anisotropic g values
are produced which differ from ge.

Similar to the g values, the anisotropic A values are also dependent on the
symmetry and crystal field. Nevertheless, the prediction of the A values is not
straightforward and depends upon factors such as the Single Occupied Molecular
Orbital (SOMO) and the extent of electron delocalization on the corresponding
nucleus. However, it is still possible to calculate the value of SOMO by comparing
the experimental with the theoretical isotropic and uniaxial anisotropic hyperfine
constants, where the isotropic and uniaxial hyperfine constants represent the unit

spin density.

2.2.12 Linewidth broadening due to dynamic processes

Linewidth broadening can occur when dynamic processes are involved. To
observe linewidth broadening, the difference in resonance frequency must be
comparable in magnitude to the rate of the dynamic process. In the following
section, an example is given, illustrating the impact of rotational diffusion.
Rotational diffusion refers to the increase of molecular tumbling as illustrated in
Figure 2.10 for the [Cu(acetylacetonate)2] complex. The EPR sample was
recorded at 140 K and 300 K, respectively. The CW X-band EPR spectrum
recorded at 140 K (Figure 2.10a), exhibits the typical anisotropy of axial
paramagnets. Recording the same EPR sample at 300 K, results in the EPR
spectrum shown in Figure 2.10b, exhibiting an isotropic behaviour, where the

N
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Figure 2.10 CW X-band EPR spectra of [Cu(acetylacetonate)] dissolved in DMF and
CHCIs (1:1) recorded at a) 140 K and b) 300 K, showing the change in
the line shape from anisotropic (140 K) to isotropic (300 K).
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EPR lines are centred around giso and separated by aiso. This occurs when the
molecular tumbling is in the fast motion regime.® However to give a better
understanding of the rotations, one need to consider the Stoke-Debye-Einstein

relation:

_ 1 _ amr®
“ 6D 3kT

where 7. is the correlation relaxation time, D is the spherical diffusion coefficient,

¢ (2.25)
ris the hydrodynamic radius of the molecule modelled as a rotating sphere, 1 is

the viscosity and k is the Boltzmann contribution.!”-® Fast motion appears when

Ti is larger than the difference in resonance frequency for different molecular

orientations. In contrast, slow motion is observed if — s similar or smaller than

c

the difference in resonance frequency for different molecular orientations. This
phenomenon of fast motion and slow motion was observed for the example in
Figure 2.10a and b, due to temperature changes. Influencing the correlation
relaxation time, t., can also be done by using high viscous solvents, by
immobilization of the paramagnet system or using high pressures.2 1920

Homogenous line broadening occurs when the paramagnetic species are
all magnetically equivalent, whereas inhomogeneous broadening is observed if
different individual electron spins exist in different environments or have different
orientations with respect to the external magnetic field.?" In solid state, the
paramagnetic species are disordered, and the resulting spectrum is the sum of
each orientation. Disorder might be a result of defects in the solid matrix or slightly
different conformations in the solid phase. If a small variation of magnetic
parameters is present, due to sample inhomogeneity, strain effects may be
visible. This means that the g, A and D tensors appear in variation and effect the
profile of the EPR spectrum.2>-24 Another type of inhomogeneous broadening is
caused by weak resolved hyperfine interactions. Weak unresolved hyperfine
interactions are not related to sample inhomogeneity and usually caused by many
non-zero splitting nuclei. The non-zero splitting nuclei are too weak to split the
EPR line. However, the combined effect of these nuclear interactions leads to line
broadening.
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2.3 CW Electron Nuclear DOuble Resonance (ENDOR)
Spectroscopy

In cases where the hyperfine coupling is smaller than the intrinsic linewidth
of the EPR signal, or when an accurate identification of the nucleus responsible
for a hyperfine splitting is required, Electron Nuclear DOuble Resonance
(ENDOR) spectroscopy can be used. If the anisotropy of g and A are known, the
orientation selective approach can be used to extract further information on the
nature of the hyperfine interaction. The focus of this section is to examine the
basic principles of CW ENDOR spectroscopy and the importance of the
orientation selective measurements will be explained in more detail later.

ENDOR allows one to elucidate the molecular structure of a paramagnetic
system and provides information about the distance and orientation of atoms
(nuclei) surrounding the paramagnetic centre. To obtain an ENDOR spectrum,
microwave (EPR) and radio frequencies (NMR) are used simultaneously to
induce electron and nuclear spin transitions. The principal step in the ENDOR
measurement is to induce a saturated EPR transition (Figure 2.11a, b). At that
EPR point the radio frequency (RF) is applied to induce the NMR transitions
(Figure 2.11b, c). It should be noted, that EPR spectroscopy is more sensitive

mg my
E,4 i @ 2 -2 E,
‘RF Pump NMR |
E3—j 1 L 2 2 _A—._ ﬂ 12 12 E,
MW E MW EPRI
! Observe : Observe EPR Il
E; é.... _".'."— —".“'.— —‘-Q-Q-Q— : S - E,
:RF Pump ; NMR Il
EL—0000— —00—— —00—— —000 ' - ! Eq
(a) (b) (c) (d) (e)

Figure 2.11 Energy level diagram for the two-spin system S = 1, | = ¥, showing the
effect of the applied microwave and radio frequencies at a) low
microwave powers, b) saturating microwave power, c) saturating radio
frequency power and (d) saturating radio frequency power.'#25 The
individual EPR and NMR transitions are illustrated in e).

compared to NMR spectroscopy. Perturbations to the EPR spectrum is thus
caused by changes to the NMR transitions. Therefore, the NMR signal is only
indirectly detected via the EPR spectrum (Figure 2.11d, c).2°
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The energy levels shown in Figure 2.11 pertain to the two spin system
S=1, I=". For this spin system, the EPR transitions were labelled EPR I
(E2 & E4) and EPR Il (E1 < Es), while the two NMR transitions were labelled
NMR | (Es < E4) and NMR Il (E1 < E2). To induce the first EPR transition
(EPR 1) low microwave power is applied and resonance absorption occurs when
the energy corresponding to the Ei < Es level difference (Figure 2.11a) is
available. Due to rapid relaxation, the exited spins return quickly to the ground
state, leaving an unsaturated EPR line. At higher microwave powers, the electron

spin populations in the ground and excited state are almost equalized, resulting

E4
VN1 .7
E, ;
Ve2
Ve1
R4
E;
A~ VN2
E;
EPRII EPRI1

Figure 2.12 Energy levels for the two-spin system S = ;, I = 4, illustrating the allowed
EPR (solid) and NMR (dashed) transitions, where ver and ve2 belonging
to two different magnetic field positions in the EPR spectrum and vni and
vn2 are the two ENDOR signals. ™

in a saturated EPR signal for transition EPR Il (Figure 2.11b). By applying a
saturating RF, the NMR | transition Es < Es is pumped which restores a
population difference between the two EPR transitions E1 < Es (Figure 2.11c).
Subsequently, the first ENDOR signal is thus obtained. Consecutively, the
second RF transition NMR |l (E1 < E2) is pumped, resulting in an EPR signal
enhancement and leading to the appearance of the second ENDOR signal
(Figure 2.11d).

For convenience, these four energy levels are again illustrated in
Figure 2.12. The allowed NMR and EPR transitions are now labelled in frequency
terms as wni2 (NMR) and vei. (EPR). In this case, the two lines appear at the
frequency of vei.and are separated by the hyperfine coupling a. On the other
hand, the two NMR lines in the ENDOR spectrum appear at the frequencies wni
but are also separated by the same hyperfine coupling value of a. This simple
two spin system thus illustrates how the same value of a can be
extracted from both the EPR and ENDOR spectrum. (2.26)
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Crucially, the ENDOR spectrum does not just yield information on a (which
is readily available from the EPR spectrum) but also the identity of the nucleus

responsible for the coupling. The NMR transition frequency is actually defined by:
vy = v, %|
where v, + % defines the position of the ENDOR signals and v, is the Nuclear

Larmor frequency which is specific for each nucleus.?3:26.27
In general, weakly and strongly coupled nuclei will lead to two limiting
conditions in the ENDOR spectrum. The above pertains to nuclei with large

nuclear Larmor frequencies, such as 'H or '°F, where v, > % at high fields. The

same two ENDOR lines are observed when either EPR transition is observed
(i.e., EPR | or EPR Il). However, because vL is magnetic field dependent, the
centre of the ENDOR lines observed by saturating EPR | or EPR Il will be slightly
shifted in frequency.

Alternatively, in some cases vL < |a|/2. This is referred to as the strong
coupling regime and occurs for nuclei such as 2H, '3C and '*N particularly at low
field. In this case, the two ENDOR lines are separated by 2v. and centred at |a|/2.
In this regime, the separation (2vL) between the ENDOR resonances will be
slightly different when either EPR line (i.e., EPR | or EPR Il) is monitored owing
to the magnetic field dependency of v.. The Larmor frequency at the selected

field position (B) in the ENDOR experiment, can be calculated according to:

_ ULesoyB (2.27)

Up
B350

where Bzsso corresponds to a field value of 350 mT. As the w is specific to

individual nuclei, the hyperfine coupling a can be measured and assigned with
high resolution and accuracy.'"?°

2.3.1 Orientation Selective Hyperfine Measurements

A polycrystalline EPR spectrum can be considered as a superposition of
resonances from randomly orientated molecules, so that as the applied field B is
swept it adopts all possible orientations with respect to the chosen molecular
frame. In orientation selective measurement (in particular for ENDOR), a series
of hyperfine measurements are performed at a number of fixed magnetic field
positions across the full width of the EPR spectrum. The hyperfine (2.28)
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response at each field position arises only from the subset of molecules having
orientations that contribute to the EPR intensity at that particular Bfield. The EPR
resonance field positions, Bres, for given orientations (defined in terms of 6, ¢) are
expressed (to first order) as:

_ hv _
upg(0,9)

where A(0,9) is the expression of the A tensor orientation via the polar angles 6

Byes mA(6, @)
and o.

The profile of the hyperfine measurements recorded at different field
positions can be used to determine the anisotropic A tensor, and hence the
direction between an unpaired electron and an interacting nucleus of / = 0,
through magnetic angle selection. To demonstrate the utility of orientation
selective hyperfine measurements for the determination of the anisotropic A
values, consider the case of a simple S = 2 spin system in axial symmetry and
interacting with a remote nucleus (e.g., a 'H, I = %2) producing small A values
which will be buried under the intrinsic EPR linewidth (and so not visible by EPR).
The EPR spectrum and corresponding angular variation in resonant field is shown
in Figure 2.13. Orientation selective hyperfine measurements should be
performed at the unique single-crystal like positions and additionally at different
field positions between these extremes.
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Figure 2.13 a) The turning points of an axial EPR spectrum (S="2, I=0) (gx = gy = 2,
g.= 2.6) are given by gu (0 °) and g. (90 °) are highlighted. The unit
spheres corresponding to the orientation selection achieved at the field
position corresponding to gi and g. are shown in b)." !4
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In this axial system, at the magnetic field corresponding to g or g1, the
angle 8 equals 0° or 90°. At all other Bres positions between these two extremes
the exact value of 8 and hence the angular curve in Figure 2.13, may be
calculated as described earlier. For rhombic systems, the angle ¢ must also be
considered in the angular dependency curve. The procedure for determining the
anisotropic A values for the remote interacting nucleus will be demonstrated
below for three cases.

2.3.2a Coincident g and A frame — Case 1

The simplest case one may consider is complete coincidence of the g and
A frames for an S =" spin system in axial symmetry with /=0 for the metal
centre and where the electron interacts with a remote ligand proton (/ = '2). A
simple illustration of the alignment of these axes are shown in Figure 2.14a. The
two zcomponents of gi and Ai are parallel to each other and orthogonal to the x
and y axes (gL, A.). The resulting '"H ENDOR spectra for this spin system are
simulated and shown in Figure 2.14b, c. In the first case, the hyperfine couplings
were simulated using a positive tensor of HA1 = HA2 = HA1 = 5 MHz and "As = HAl

=10 MHz (Figure 2.14b). In the second case, the tensor contains both positive
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Y (Al
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Figure 2.14 The field orientation (85) dependence of the '"H ENDOR for a system (S =
Y2, ILigand = V2, Ivet = Q) with axial symmetry. a) the principal hyperfine
frame of the proton is coincident with the g frame (8x = 0°). b) the angular
dependency of the ENDOR spectra for a positive hyperfine tensor
(HA; =HA, ="A, =5 MHz, "A; =HA; =10 MHz). In Figure c¢) a dipolar
hyperfine tensor (HAi="4,="A.=-5MHz, "A;="Ai=10MHz) is
plotted and the profile is highlighted with a red trend line.3
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and negative components, so that HA.=-5MHz and "Ai=10MHz
(Figure 2.14c). In both cases the largest component of the tensor ("Ai = 10 MHz)
is observed when 8g= 0° (i.e., the applied magnetic field is aligned parallel to the
z axis) while the smallest component (AL =5 MHz) occurs when 6z=90°. At
positions inbetween these fields, the hyperfine tensors have intermediate values
of Ai and A.. For the positive tensor, this means that the largest coupling of
10 MHz at the field position 65= 0°, gradually decreases to the smallest coupling
of 5 MHz at the field position 85=90°. However, for the purely dipolar tensor, with
HA, = -5 MHz, HAi = 10 MHz, the coupling decreases from 10 MHz at the field
position 6= 0°, until they cross after this field position, the coupling increases
again up to 5 MHz at 6z= 90°.

2.3.2b Coincident g and A frame — Case 2

The second case occurs when the g and A frame are coincident but
orthogonal to each other as shown in Figure 2.15a. If the g and A frame are
coincident but orthogonal to each other, the A frame is tilted by 6u = 90° with
respect to the z axis. At the selected orientation of 85 =0°, gi is aligned with the

x axis of A.. The angular dependency of the 'TH ENDOR spectra for this spin
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Figure 2.15 The field orientation (6g) dependence of the '"H ENDOR for a system (S = %,
lLigand = V2, Ivetw = 0) with axial symmetry. a) shows that the parallel
component of the hyperfine matrix of the protons lies in the perpendicular
plane of the g matrix (64 = 90°). b) illustrates an example plot for a positive
hyperfine tensor of (HA1="A>="A=5MHz, "As;="A=10MHz)
including a black trend line for the resulting hyperfine profile. ¢) illustrates
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a dipolar hyperfine tensor (HA1="A>="A, = - 5 MHz, HA; = "A= 10 MHz)
with red trend line of the resulting profile.'

system is illustrated in Figure 2.15b, ¢ for positive ("AL =5 MHz, HAi = 10 MHz)
(Figure 2.15b) and negative, or dipolar (HAL = -5 MHz, HAi = 10 MHz) hyperfine
tensors (Figure 2.15c). For both cases, a single proton coupling of "AL = 5 MHz
at the field position 6s= 0° is observed, since A. is aligned with gi. However, at
Bs= 90°, two proton couplings are observed for the positive and dipolar proton
hyperfine tensors. The two proton couplings are "A. = 5 MHz and HAi = 10 MHz
since "Ai and HA. are aligned with g1 (Figure 2.15a). At intermediate field
positions the contributions to the hyperfine coupling arises from HAi and HA..
Furthermore, as "A. is aligned with gi and g., the hyperfine coupling of 5 MHz,
arises at each field position. This is true for both the positive hyperfine coupling
tensor and the purely dipolar tensor. In the case of the positive hyperfine coupling,
the HAi component gradually decreases from 10 MHz at 65 = 90° to 5 MHz at
Bs=0°. In contrast to the positive hyperfine coupling, for the dipolar hyperfine
coupling, HAi (10 MHz) decreases and at 8z = 40° the lines cross and increase

gradually to 5 MHz at the field position 8z= 0°.

2.3.2c Non-Coincident g and A axes — Case 3

In most real systems, the g and A frames are completely non-coincident, as
shown below in Figure 2.16. In the specific example shown, the z axis of the
proton frame is tilted by 61 = 50° compared to the g frame, such that none of the
three axes are aligned with the g frame. The resulting '"H ENDOR spectra for
such a system are therefore far more complicated than for the earlier cases
described above, and simulation of the spectra is absolutely required to extract

the correct hyperfine components.

Z (gy)

X (qu)

Y (A1)

Figure 2.16 Orientation of the g and A frames relative to each other. The blue circle
represents the change of the A frame by 84 = 50°. The resulting position
overlaid on the g frame is also shown."'3
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2.3.3 Quadrupole Coupling (P)

All previously considered nuclear spin systems in this Chapter had / = %.
However, in this thesis Cu?* complexes bearing coordinated #N-donor ligands,
are studied. There are two isotopes of nitrogen, including '*N and "N, with a
nuclear spin of / = 1 and |/ = 2, respectively. However, since the natural
abundance of 5N is 0.364% this can be neglected for CW ENDOR studies; only
the more abundant / =1 nucleus should be considered for EPR purposes.’

The quadrupole coupling is the interaction of the electric quadrupole
moment Q of the nucleus for systems with /= 1, with the electric field gradient of
the paramagnet.?®2® Analysis of the resulting nuclear-quadrupole parameter
matrix (P) therefore affords valuable information on the nature of the atomic
orbitals at the nucleus and the electron distributions.

The quadrupole interaction, when smaller than the nuclear Zeeman and
hyperfine interactions, only shifts the energy levels according to the nuclear
states m;. The quadrupole energy (or energy of alignment) is thus represented by
the spin-Hamiltonian:

Hy=1-P-1 (2.29)
Here P is a tensor which is traceless and symmetric as defined by:

1 0 0
P=P 10 (2.30)
2
and where Pis given as:
p-—19 2.31
4121 1) (2.:31)
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The principal values of the nuclear quadrupole tensor are Py =
[-(e2qQ/4h)](1-m), Py = [-(€2qQ/4h)](1+n), and P.; = €2qQ/2h. The asymmetry
parameter (n) is equal t0 (Px - Pyy)/Pz with |Pz] > |Py| > |Px]. Since the
quadrupole tensor P is traceless, it is determined, apart from its orientation, by
only two parameters. Usually in the literature and in this Thesis, the two quantities
e2qQ/h and n are reported. The dimensionless asymmetry parameter n also
provides a measure of the field gradient deviation from uniaxial symmetry

(ranging from n = 0 for uniaxial symmetry to n > 0 for rhombic symmetry).

2.4 Spectral simulation

Finally, it must also be stated that the above theory has demonstrated the
wealth of information that can be accessed through the EPR and ENDOR
measurements. The complexity of the experimental spectra, particularly the
angular selective ENDOR, means that the accurate determination of the spin
Hamiltonian parameters relies on computational simulation. Numerous simulation
programmes are freely available, although throughout this Thesis the package
EasySpin in Matlab has been used to analyse all spectra.
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Chapter 3: Experimental

3.1 Introduction

Within this Chapter an overview of the experimental procedures used
throughout this thesis is given, including details of the characterisation techniques
and synthesis methods. An outline of the instrumental setup of the EPR, ENDOR
and HYSCORE spectrometer is also provided and the general sample
preparation and measurement details are summarised.

HYSCORE and pulsed EPR and pulsed ENDOR spectra were recorded and
analysed by Prof. Mario Chiesa.

3.2 Materials

3.2.1 Reagents

Reagents were commercially sourced from Sigma Aldrich UK at the highest
purity level. The solvents were dried if necessary. Chloroform was dried over
calcium hydride, whereas ethyl ether, tetrahydrofuran and toluene were purified
using an MBraun SPS-800 solvent purification system. Ultrapure water was
obtained using a Millipore milli Qplus 185 unit and deuterated solvents were
obtained from Sigma Aldrich UK and Goss Scientific in sealed ampoules and
used as received.

3.3 Synthetic Procedure

3.3.1 Preparation of [Cu(acac)(N-N)]JCF3SOs (N-N = bipy, phen or Py-bipy) !

The complexes [Cu(acac)(N-N)]JCFsSOs, where N-N is 2,2’-bipyridine and
1,10-phenanthroline, hereafter labelled bipy and phen, respectively, used in this
study were synthesised by Kate Sharples? according to the methods given by
Onawumi et al'. This same synthesis route was also used for [Cu(acac)(N-
N)]JCF3SOs, where N-N is 2,3-di(2-pyridinyl)pyrazine, labelled as Py-bipy, as
shown below.
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[Cu(acac)(2,2’-bipyrididne)]CF3S0O3

Cu(CF3S03)2 (362 mg, 1 mmol) was dissolved in EtOH (10 mL) and
acetylacetonate (103 pL, 1 mmol) was added. Afterwards solid diamine was
added and a yellow solution was obtained. To the yellow solution an aqueous
solution of NaOH (6 M, 200 pL) was added dropwise under stirring. The reaction
was stirred at room temperature for 30 mins. and slowly evaporated for 72 hrs.
which resulted in blue solid. This was washed with a small amount of cold ethyl

ether. The product was isolated as teal plates (403 mg, 86 %).?

[Cu(acac)(1,10-phenanthroline)]CF3SOs

Prepared according to the preparation of [Cu(acac)(2,2’-bipyridine)]CF3SOs3
using 1,10-phenanthroline (phen) (180 mg, 1 mmol). The product was isolated as
teal plates (426 mg, 87 %).?

[Cu(acac)(2,3-di(pyridin-2-yl)pyrazine)]CF3S O3

Prepared according to the preparation of [Cu(acac)(2,2’-bipyridine)]CF3SOs3
using 2,3-di(pyridin-2-yl)pyrazine (dpp4n) (234 mg, 1 mmol) instead. The product
was isolated as a green solid with a yield of 0.070 g (9 %).

3.3.2 Preparation of [Cu(acac)(N’-N’)JCF3SOs 3

[Cu(acac)(N-N)]CF3S03, where N-N is dipyrido[3,2-a:2',3'-c]phenazine or
dipyridol-2,3-phenazine-11-carboxylate, hereafter labelled dppz and dppCOOEH,
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respectively, were synthesised by Kate Sharples? according to the method of
Chen et al3

EtO

dppz dppzCOOEt

[Cu(acac)(dipyrido[3,2-a:2',3"-c]phenazine)]CF3S03

Diimine was dissolved in MeOH (4 mL) and DMF (4 mL). The acetylacetone
(10 pL, 97 umol) was added and stirred for 10 min. KO'Bu was dissolved in H20
and added dropwise to the yellow solution. A yellow precipitation was observed
and then stirred for a further 30 min. To the yellow precipitation, Cu(OTf)2 was
dissolved in 1 mL H20. Immediately a green precipitation was observed and
stirred for 6 h and then filtered. The product was recovered as a dark green solid
(28 mg, 57%).?

[Cu(acac)(dipyridol-2,3-phenazine-11-carboxylate)]CF3SOs

Prepared according to the preparation of [Cu(acac)(dipyridol-2,2’,3,3’-
phenazine)|CFsSOs, using ethyl dipyridol-2,3-phenazine-11-carboxylate
(dppzCOOEt) (354 mg, 1 mmol) instead. The product was recovered as a dark
green solid (31 mg, 46%).2
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3.3.3 Preparation of [Cu(di(2-picolyl)lamine)](NO3)2*

0,NO N'\ N'\ X N X

SIS

O0,NO \N N G =
L4

Cu(NOs3)2.3H20 (24.1 mg, 0.1 mmol) was dissolved in 1 mL MeOH and
added to di(2-picolyl)amine (L1) (39.8 mg, 0.2 mmol) dissolved in 1 mL MeOH.
The combined solution was stirred for 2 hrs. The dark blue powder was filtered
and dried. A yield of 0.057 g (65 %) was obtained.

N
W SN | RN L N "
R ) | N
0,NO \ N-J X B n=3
n=3
- - L, Ls

3.3.4 Preparation of [Cu(tris(2-pyridylmethyl)amine)(NO3)z]

Prepared according to the preparation of [Cu(di(2-picolyl)amine](NOs)z2 in
section 3.3.3 using tris(2-pyridylmethyl)amine (Lz2) (41.03 mg, 1 mmol) with the
solvent system DMF:CHCI3 (1:1) instead. An Emulsion with purple precipitation
was observed. After filtration, the product was obtained as a yellow solution.

3.3.5 Preparation of [Cu(tris(2-aminoethyl)amine)(NQO3)2]

Prepared according to the preparation of [Cu(di(2-picolyl)amine](NOs)z2 in
section 3.3.3 using tris(2-aminoethyl)amine (L3) (30.26 mg, 1 mmol), with the
solvent system DMF:CHCI3 (1:1) instead, resulting in a dark blue solution.
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3.3.6. Preparation of [Cu(N-N)Clz] complexes

[Cu(2,2’-bipyridine)Cl2] ®

CuCl2 (0.586 mg, 3.4 mmol) was dissolved in THF (2 mL) and acetonitrile
(2 mL) and added to diimine (0.537 mg, 3.4 mmol). The solution was stirred for
24 hrs. A precipitation was observed, which was washed and air dried. The
product was isolated as blue solid with a yield of 0.634 g (56 %).

[Cu(1,10-phenanthroline)Clz] ®

Prepared according to the preparation of [Cu(2,2-bipyridine)Cl2] in section
3.3.6 using 1,10-phenanthroline (phen) (1.027 g, 5.7 mmol). The product was
isolated as green solid with a yield of 1.70 g (84 %).

3.4 EPR characterisation

3.4.1 EPR and ENDOR measurements

The continuous wave (CW) X-band EPR measurements were performed on
a Bruker EMX spectrometer utilizing an ER4119HS resonator, 100 kHz field
modulation at 140 or 298 K, and typically using 10.17 mW MW power. The CW
Q-band EPR and ENDOR measurements were recorded on a Bruker Elexsys
E500 spectrometer using a Bruker ER5106 QT-E Q-band resonator operating at
10 kHz field modulation and 10 K for ENDOR and for EPR at 100 kHz and 50 K.
The CW ENDOR spectra were obtained using 5 dB RF attenuation (80 W) from
an ENI 3200L RF amplifier at 100 kHz RF modulation depth and 0.5 mW
microwave power. X-band Davies ENDOR measurements were recorded on
Bruker Elexsys E580 spectrometer and carried out using the following pulse

52



Chapter 3: Experimental

sequence: m — T - m/2 - 1 — m — 1-echo. The experiments were done with MW
pulse lengths of t; = 256 ns, tm2= 128 ns, and an interpulse time 1 of 800 ns. An
RF 7 pulse of variable frequency and a length of 18 us were applied during time
T of 20 ps. The W-band EPR spectra were recorded at 20 K using at about
94 GHz using a Bruker Elexsys E-600 EPR spectrometer equipped with a E600-
1021H TeraFlex resonator. A modulation amplitude of 7 Gauss was used.

3.4.2 Hyperfine Sublevel Correlation (HYSCORE) measurements

The HYSCORE experiments® were performed on a Bruker Elexsys E580
spectrometer utilizing a Bruker EN 4118X-MD4 pulsed EPR/ENDOR resonator
at 10 K. The experiments were carried out with the pulse sequence /2 - 1 - 11/2
-ty —m -t — m/2 - 1-echo. The microwave pulse lengths fr2 = 16 ns and
tr = 16 ns were adopted. The time intervals t; and t- were varied in steps 16 ns
starting from 100 to 3300 ns. The adopted shot repetition rate was 1 kHz. A four-
step phase cycle was used for eliminating unwanted echoes. Spectra were
recorded at two magnetic field positions, corresponding to Bp = 338.6 mT (g. and
Bo=283.2 mT) due to the single crystal-like position, m;,=-3/2, where only
molecules with their g; axis aligned along the external magnetic field are selected.
The magnetic field was measured by means of Bruker ER035 M NMR
gaussmeter. The choice of solvent system is dictated by the solubility of the
studied system. However, potential for non-innocent interactions with the
paramagnets and dielectric loss are important too, as an optimized glass is
fundamental for structural analysis. It is important that, if the solution, including
the paramagnet, is cooled down a glass with random ensemble of paramagnet is
formed. Examples of suitable solvent system can be found in literature. In this
project specifically, the solvent mixtures CHCI3:DMF (1:1), acetonitrile:THF (1:1),
EtOH:DMF (1:1) and H20:Glycerin (7:3) have been found to give a satisfactory
glass. Samples for EPR X-band measurements were carried out at 0.02 mM and
increased up to 0.03 mM for Q-band measurements. For [Cu(acac)(N-N)]*
complexes a concentration of 0.03 mM (X-band) and 0.04 mM (Q-band) has
been applied.
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3.4.3 EPR sample preparation

EPR samples in frozen solution are required to be magnetically dilute, such
that each paramagnet behaves independently. Otherwise magnetically
concentrated samples tend to have significant line broadening caused by
magnetic exchange, resulting in a loss in resolution and ultimately in structural
information. To optimize the spectral resolution, the EPR samples are diluted on

a molecular level, either in a solvent system or selection of single crystals.’
3.4.4 Experimental methods
Variable ratio studies with coordinating substrates

A series of solutions containing [Cu(acac)z] and imidazole in different ratios
were prepared such that the ratio of copper to Im was systematically varied
(0.5,1, 2, 5, 10, 30, 40, and 50 equiv.) while the concentration of [Cu(acac)z]
(0.02 M) and the composition of the CHCI3:DMF (1:1) solvent was kept constant.
The same procedure was used for variable ratio studies of [Cu(acac)(N-N)]*
(0.03 M) complexes with either imidazole and L-histidine using copper to nitrogen
base ratios of 1:2, 1:5, 1:10, 1:30, 1:50, 1:70 and 1:100. The composition of the
solvent was kept constant within a series of measurements to ensure the quality
of the frozen solution (140 K) and fluid solution (295 K) was unchanged.

For the variable study of [Cu(NQOs)z] with the ligand L1 (di(2-picolyl)amine),
L2 (tris(2-pyridylmethyl)amine) or Ls (tris(2-aminoethyl)amine), the following
procedure was applied. The variable ratio study was conducted for ratios of 1:0,
1:1, 1:2, 1:5, 1:10 and 1:50 of [Cu(NOs)2] with either L1, L2 or Ls. The general
preparation was carried out in a DMF:CHCIs (1:1) solvent system. A 1 M Stock
solution of [Cu(NQOz3)2] was prepared and added to 1:1, 1:5, 1:10 or 1:50 (Cu?*:L)
equivalent solution of the desired ligand. The combined solution was stirred for
two hrs and if necessary purified.

Variable Temperature Study

Variable temperature (VT) studies (10 K - 300 K) were typically conducted
in 10 K increments. Progressive cooling of the cavity, as opposed to gradual
heating of the cavity, combined with a flow of N2 gas through the resonator helped
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to limit condensation in the cavity. Samples were left at each operating
temperature for ca. 10 mins in order to ensure the sample reached thermal
equilibrium, before beginning the acquisition of the spectrum to prevent falsify

results.

Saturation study

Saturation studies were conducted in 2-5dB increments at a constant
temperature of 300 K, 140 K or 10 K, respectively. For the acquisition of the
spectrum, the scan number was set to a fixed value for each saturation study to

ensure consistency in the results.

3.4.5 Spectral simulations

All of the EPR, ENDOR, and HYSCORE simulations were performed using
the Easyspin® software package running within the MathWorks MatLab
environment. The rotational correlation times for the different complexes were
computed in Easyspin® assuming an isotropic rotational diffusion in the fast
motion regime. Once a value of the correlation time is imposed, line widths were
computed using the Kivelson formulas® within the Redfield limit (motional

narrowing)'°.

3.5 DFT calculations

3.5.1 Geometry Optimisation

Geometries of all species were fully optimized without symmetry constraint
using the M06-2X'" meta-hybrid functional and basis set of 6-31+G(d,p)'>'* on
light atoms and Stuttgart-Dresden effective core potential and basis set on Cu'®
using the Gaussian09 suite'®. The resulting geometries were used estimate EPR
parameters in ORCA'’ using the hybrid PBE('8 functional and basis of EPRII'&1°
for light atoms and the Core Properties all-electron basis set for Cu?® with spin-
orbit effects accounted for in a mean field approach.?!
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Chapter 4: Understanding the Coordination Modes of
[Cu?*(imidazole)n=1,2] Adducts by EPR,
ENDOR, HYSCORE and DFT Analysis

This study highlights the relevance of imidazole as a model substrate in
medical biological research. Interactions between Cu?* complexes and imidazole
substrates are thus potentially important as model systems for the better
understanding of Cu?* coordination chemistry, and of wider relevance to study
proteins and nuclei acids. Therefore, in this Chapter a detailed discussion on the
coordination mode and structure of the Cu-based Im adducts will be described
using a combination of EPR, hyperfine techniques and density functional theory
(DFT).

4.1 Introduction

Transition metal ions play important roles in biological systems.’
Haemoglobin and Myoglobin, for example, are oxygen transporting Fe-proteins
in the human body and both involve the oxidation state change from Fe?* to Fe3+
for the oxygen transport. Zinc is also involved in diverse enzymatic activities and
processes associated with the brain, muscle, bones, kidney, liver as well as the
general immune system and is most likely found in the Zn?* oxidation state. The
human body contains about 100-150 mg of copper, both in the Cu* and Cu?*
state, particularly in copper proteins such as superoxide dismutase and
cytochrome c oxidase. All these metal proteins display high catalytic activities,
structural and geometric flexibility and good chemo-selectivity. Therefore, metal
proteins remain an ambitious field of research in medicinal inorganic chemistry,
pharmaceutical chemistry and biochemistry.24

Transition metal ions not only interact with proteins and amino acids, but
also with nucleic acids and their components.’-2 For this reason, transition metals
and their complexes have now become an important area of investigation as
potentially new classes of anticancer agents. A special interest has focussed on
Cu?* complexes as these systems have shown less toxicity and higher likelihood
for clinical exploitation compared to other metal complexes based on Ru, As, Au,
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V and Ti.5> ¢ Unlike these latter metals, copper has an endogenous presence in
human body and has proven its potential as an anti-cancer agent, not least due
to its active role in proteins.®

For anti-cancer drug design, the range of oxidation states, coordination
geometries and ligand structures available to Cu complexes also enables and
supports a wider range of ligand design flexibility.>° Unlike cisplatin and its
derivatives, Cu complexes are believed to non-covalently bind to DNA, either
through major and minor grooves or via intercalation between base pairs.>’
Nevertheless, detailed structural information on how these metal complexes bind
to receptors, base pairs and their mode of action, remains vital for the complete
understanding of the anti-cancer activity and to facilitate a broader program of
rational drug design.

For these reasons, many analytical techniques are employed to analyse
metal interactions and binding, including NMR, UV-vis, circular dichroism,
isothermal calorimetry and X-ray crystallography. However, for paramagnetic
compounds, the resolution offered by NMR is often compromised and
considerably diminished. In such cases, the sophistication of information
extracted by NMR can be matched by using Electron Paramagnetic Resonance
(EPR) spectroscopy.’1%2 EPR in combination with related hyperfine techniques,
including Electron Nuclear DOuble Resonance (ENDOR) and HYperfine Sublevel
CORrelation Spectroscopy (HYSCORE), are extremely powerful spectroscopic
methods to investigate the electronic and geometric structure of metal complexes
and their interactions in biological systems.'3'8 In this study, the coordination
modes of copper complexes will be investigated by EPR techniques, illustrating
the scale of information obtainable by this technique. Imidazole (abbreviated
hereafter to Im) was chosen as a model substrate to study copper binding,
primarily because it is common to both protein and nucleic acids, and since it is
present in histidine residues and purine bases, respectively, thereby rendering it

biologically relevance.®'".12.19
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Scheme 4.1 Structures of (1) Imidazole (Im), (2) 2-Methyl-imidazole (Im-2), (3) 4(5)-
Methyl-imidazole  (Im-3) showing resonance structures, (4)
Benzimidazole (Im-4), (5) Histidine, (6) Guanine and (7) Adenine.

4
1

Ho [ | \>

5
Coordination of imidazole to Cu?* ions occurs readily, since in many copper

N

proteins the imidazole ring of histidine coordinates by the imino nitrogen (N2) and
not by the amino nitrogen (N') of the imidazole unit. However, direct coordination
of Cu?* ions to DNA has been established to occur predominantly via the N”
nitrogen of guanine (Scheme 4.1).%

It has been reported that Cu complexes bearing a variety of imidazole
substitutes, such as methyl- and phenyl-benzimidazoles, have an impact on the
related cytotoxicity. Indeed, detailed EPR and ENDOR studies of a Ru®+ based
anticancer agent, including coordinated imidazole substrates, have been
reported recently.?%-2" This study highlights the relevance of imidazole as a model
substrate in medical biological research. Interactions between Cu?* complexes
and imidazole substrates are thus potentially important as model systems for the
better understanding of Cu?* coordination chemistry, and of wider relevance to
study proteins and nuclei acids. Therefore, in this Chapter a detailed discussion
on the coordination mode and structure of the Cu-based Im adducts will be
described using a combination of EPR, hyperfine techniques and density

functional theory (DFT).
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4.2 Experimental Section

A detailed experimental section was already presented in Chapter 3.
Therefore, only a brief summary of the key experimental points, relevant to this
specific Chapter, are given here.

4.2.1 Materials

The bis(acetylacetano)-copper(ll) complex, hereafter labelled [Cu(acac)z],
imidazole (1) (hereafter labelled Im), (2) 2-Methyl-imidazole (Im-2), (3) 4(5)-
Methyl-imidazole (Im-3), (4) Benzimidazole (Im-4) and fully deuterated
imidazole-ds4, were all purchased from Sigma Aldrich and used without further
purification. Reagent grade CHCIs was purchased from Fisher Scientific and dried
over calcium hydride. Reagent grade DMF was sourced from Sigma Aldrich and
used as received. Deuterated solvents, including CDCls and DMF-dz, were
obtained from Goss Scientific in sealed ampules and used without further

purification.

4.2.2 Sample preparation

A series of solutions containing [Cu(acac)z] and imidazole in different ratios
were prepared such that the ratio of Cu?* to Im was systematically varied (0.5, 1,
2, 5,10, 30, 40 and 50 equiv.), whilst the concentration of [Cu(acac)2] (0.02 M)
and the composition of the CHCI3:DMF (1:1) solvent was kept constant. The
variable ratio study was monitored by CW X-band EPR in both frozen solution
(140 K) and fluid solution (298 K). X-/Q-band CW EPR, CW ENDOR and X-band
HYSCORE studies were conducted on samples containing [Cu(acac)z]:Im molar
ratios of 1:0 and 1:50 at 10K using 0.03 M solutions prepared in
CDCl3:DMF-d7 (1:1). All samples used for EPR, ENDOR and HYSCORE
measurements were prepared on the bench. Dry CHCIs and DMF solvents were
used to prepare the solutions.
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4.3 Results and Discussion

4.3.1 CW EPR

The experimental and simulated CW EPR spectrum of the unbound
[Cu(acac)z2] and bound [Cu(acac)z2](Imp=1,2) complex in CHCI3:DMF are shown in
Figure 4.1 and the resulting spin Hamiltonian parameters for these complexes
are listed in Table 4.1. For unbound [Cu(acac)z] in frozen solution, it is known that
the g and €UA parameters depend subtly on the choice of solvent used.?? In most
cases, a well-defined signal is produced showing the ¢3:65Cu isotope splitting, as
evident on the low field hyperfine component. However, the solvent will have an
impact on the resulting g and overall A values. Whilst very dry non-coordinating
solvents, such as CHCIs:Tol, give values of giso =2.117 and aiso = 237 MHz,
weakly coordinating solvents such as CHCIs:DMF, and even slightly wet
CHCI3:Tol solvents??, produce notably different values, as in the current case with
giso = 2.135 and aiso = 196 MHz.

To investigate the nature and coordination mode of the adducts formed
between [Cu(acac)z2] and Im, a speciation study was first performed by increasing
the Cu:lm ratios from 1:0 up to 1:50 in the CHCI3:DMF (1:1) solvent. Figure 4.2
illustrates the observed changes in the EPR spectra as the imidazole
concentration was increased. At 1 equivalent of Cu:Im, a mixed EPR spectrum is
observed, composed of unbound [Cu(acac)z] bearing no Im coordination along
with a second signal assigned to a bound [Cu(acac)2lm] mono-adduct species.
At 1:5 equivalent of Cu:lm, only this [Cu(acac)z2lm] mono-adduct is detected in
the EPR spectrum. As the Cu:Im ratio is increased further, a third signal appears
in the spectrum. This signal can be assigned to a [Cu(acac)2lmz] bis-adduct. At
1:50 equivalent of Cu:lm only this [Cu(acac)zlmz] bis-adduct is observed in the
spectrum, as shown in Figure 4.3.

The experimental and simulated EPR spectra of the [Cu(acac)zlmp-12]
mono- or bis-adduct, obtained at Cu:lm ratios of 1:5 and 1:50, are shown in
Figure 4.1b and c, respectively. The [Cu(acac)2lm] mono-adduct reveals a small
increase in the gs value (Ag-=0.022) and a concomitant decrease in As
(AA; = 48 MHz) relative to the unbound [Cu(acac)2] complex in the weakly
coordinated CHCI3:DMF (1:1) solvent system. These shifts in gs and As are even
larger when using dry non-coordinating CHCIs:Tol (1:1) solvent (Agz = 0.055 and
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AA; = 100 MHz)?2 and are indicative of axial substrate coordination to the
predominantly square planar Cu-O4 environment in [Cu(acac)2].22 Comparing the

coordinated Im adducts with various substituted pyridines for [Cu(acac)z] in dry
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Figure 4.1 Experimental (black) and simulated (red) CW X-band EPR spectra of a)
unbound [Cu(acac)2], b) the [Cu(acac)2lm] mono-adduct (Cu:Im ratio of 1:5)
and c) the [Cu(acac)2lmy] bis-adduct (Cu:lm ratio 1:50). See Table 4.1 for
spin Hamiltonian parameters.
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Table 4.1 Spin Hamiltonian g and ““A parameters for [Cu(acac)2lm-o,1,2] complexes and comparative literature values of cis-equatorial and
trans-equatorial Cu-OsN2 type complexes.?

[Cu(acac)z]’
[Cu(acac)z]d
DFT

[Cu(acac)zlm]’
[Cu(acac)zlm]”
[Cu(acac)zIm-2)]
[Cu(acac)z(m-3)]
[Cu(acac)z(m-4)]
DFT

[Cu(acac)z2lmz]”
[Cu(acac)z(Im-3)]

[Cu(acac)zen]’
[Cu(hfacac)2bipy}
[Cu(nap)2bipy]*

[Cu(acac)zlmz]”
[Cu(AcO)2lm2]’
[Cu(nap)2(4-picoline)z]*
DFTcIs-mixed plane

D FTtrans—axiaI

DFT trans-equatorial

g1

2.060°
2.048
2.053

2.063°
2.060
2.064
2.064
2.063
2.063

2.059
2.063

g1

2.033
2.056
2.066

2.047

2066
2.070
2.080
2.060

ge

2.060°
2.052
2.056

2.063
2.060
2.064
2.064
2.063
2.076

2.0590
2.063

g2

2.033
2.056
2.066

2.047

2.066
2.109
2.083
2.110

g3 Giso CuA;
unbound
2.285b 2.135 -35¢
2.252 2117 -81
2.188 2.099 -130
monoadduct
2.307° 2.114 26°¢
2.260 2127
2.307 2.145 26°
2.307 2.145 26°
2.305 2.144 26°
2.221 2.120 -34
bis-adduct
2.288° 2.135 30
2.289 2.138 30
reference complexes
g3 Jiso CuA;
cis-equatorial
2.184 2.083 77
2.299 2.137 77
2.281 2.137
Trans-equatiorial

2.260 2.118
2.267
2.304 2.145
2.248 2.142 47
2.245 2.136 -21
2.243 2.138 -151

Cup,

_350
-58.5
-134

15¢

15¢
15¢
15¢
-96

30
30

CuA,

77
77

-76
-30
154

CuA:3

-5209
572
-891

4724
557

4699
4724
4754
-855

4984
4969

CuAs

621
486
502

547
486
486
-834
-843
-794

diso

-196¢
-237
-385

171e

170¢
171e
172¢
-329

186°
185¢

diso

213

-288
-298
-264

ref

tw
22

tw

tw

tw
tw
tw
tw

tw
tw

ref

37
38
25

39
18,32
40

t.w
t.w
t.w

atw = this work; ®“NA values given units of MHz. °+0.003. °+5. %+3. ®+2. 'CHCI3:DMF (1:1). 9CHCls:Tol (1:1). "DMSO:H,0 (90:10). ‘Single

crystal. /‘Doped solid of [Zn(hfacac)2Bipy]:[Cu(hfacac):Bipy] (50:1). “CHCI3:CHCI2 (1:1). H.O. Ligand abbreviations: hfacac

hexafluoroacetylacetonate and nap = 2-nitroacetophenone.
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Figure 4.2 CW X-band EPR spectra (298 K) of [Cu(acac).] recorded with increasing Cu:lm
ratios of a) 1:0, b) 1:1, ¢) 1:2, d) 1:5, e) 1:10, f) 1:20, g) 1:30, h) 1:40 and i) 1:50.
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Figure 4.3 X-band CW EPR spectra (140 K) of [Cu(acac)2] in the presence of increasing ratios
of imidazole; a) 1:0, b) 1:1, ¢) 1:2,d) 1:5, e) 1:10, f) 1:20, g) 1:30, h) 1:40 and i)
1:50.
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Chapter 4: Coordination modes of Cu(ll)-Im adducts

non-coordinating CHCIs:Tol suggested a stronger axial coordination of Im with
[Cu(acac)?] than for the various substituted pyridines (Ag:=0.043,
AA; = 74 MHz)2® with [Cu(acac)z]. This observation stands to reason considering
that Im is a stronger base compared to pyridine. Mono-adducts of the type
[Cu(acac)2Py], where Py refers to pyridine, methyl-pyridine or amine-methyl
substituted pyridines, have already been formed at a Cu:Py ratio of 1:1. In
addition, even at a Cu:Py ratio of 1:50, only [Cu(acac)2Py] mono-adducts were
formed. Whereas the weakly coordinated CHCI3:DMF solvent system currently
used in this work contributes to the Cu:lm ratio of 1:5 required to form the axial
[Cu(acac)2lm] mono-adduct. Nevertheless, the N superhyperfine interaction in
these axially coordinated square planar mono-adduct complexes bearing
nitrogen bases, such as [Cu(acac)zIm], is not visible in the EPR spectrum due to
the predominantly dx, ground state for the Cu?* ion.2> Compared to substituted
pyridine coordination, Im is able to coordinate more than once to [Cu(acac)z],
which is observed at higher ratios of Cu:lm.

At a Cu:Im ratio of 1:50, a second Cu?* signal is clearly visible in the EPR
spectrum and appears at the expense of the [Cu(acac)2lm] mono-adduct signal,
as see Figure 4.3g-i. The EPR signal of this adduct is predominantly axial and
exhibits pronounced '*N superhyperfine splitting in the parallel and perpendicular
CuA hyperfine components. Further analysis of the '“N superhyperfine pattern
suggests the presence of two equivalent nitrogen nuclei (/ = 1) originating from
two (equatorially) bound Im bases in a six-coordinate [Cu(acac)zlmz] bis-adduct.
According to the literature,®?* for equatorial bound nitrogen bases, it is
reasonable to presume an equatorial Im coordination rather than a bis-axial
coordination, which causes the large superhyperfine splitting. The simulated spin
Hamiltonian g and ©UA parameters for this [Cu(acac)z2lmz] bis-adduct are listed in
Table 4.1. For a more accurate determination of the '*N hyperfine values,
hyperfine measurements were used and the resulting '*N values are given in
Table 4.1. Therefore, it can be concluded that the structural nature of the
[Cu(acac)2lmz] bis-adduct cannot reliably be extracted from the frozen solution
EPR spectrum alone.
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Chapter 4: Coordination modes of Cu(ll)-Im adducts

Scheme 4.2 Schematic illustration showing a) unbound [Cu(acac).] and b) [Cu(acac)zlm]
axial mono-adduct and the structural isomers of the [Cu(acac)2lm;] bis-
adducts, including c) trans-axial, d) cis-mixed plane, e) trans-equatorial
and f) cis-equatorial.
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The observed g values (gL = 2.059 and gi = 2.288) are consistent with a
Cu?* centre in an axially elongated tetragonal ligand field (g1 > g1).2425 Also, the
14N superhyperfine pattern shown in Figure 4.1c and Figure 4.3i, indicates that
both Im substrates must be coordinated in the equatorial (xy) plane and therefore
limiting the plausible coordination geometries to trans-equatorial or cis-equatorial
(Scheme 4.2). Comparing the Cu-OsN2 environments with cis-equatorial and
trans-equatorial geometries based on the representative g and CUA parameters,
does not help to easily differentiate these geometries by EPR alone, primarily due
to their reasonable variation in the g and “A values for both coordination isomers
(Table 4.1). In addition, theory would suggest that the point group symmetries for
MA4B2-type complexes for trans- and cis-equatorial isomers should produce
different axial or rhombic g tensors. In practice the resulting distortion that occurs
in the complexes coupled with the broad line-widths experienced in frozen
solution does not allow one to detect their small differences in g and CUA
anisotropy at X- or Q-band frequencies. It can also be excluded that Im displaces
the acac ligand in the complex, because the spectral features observed in
Figure 4.1 are not consistent with those arising from [Cu(Im)a4]."

In addition, formation of the mono- and bis-adducts are expected to be
temperature dependent as evidenced by the v.t. EPR spectra of the mono- and
bis-adduct at 140 K and 298 K. At 140 K, the X-band EPR spectra showed a
distribution of copper species, including those arising from unbound [Cu(acac)z],
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Chapter 4: Coordination modes of Cu(ll)-Im adducts

Table 4.2 Rotational correlation times and line width contributions for the room temperature (298 K) X-band CW EPR spectra of the
[Cu(acac)z2lmpwo,1,2] complexes.?

species Iw my = +3/2 Iw my = +1/2 wm;=-1/2 lw m, =-3/2 TR
[Cu(acac)s] 151.33 0.9+0.1 15+ 15 10+15 0+ 150
[Cu(acac)z2lm] 156.94 0.2 -141 88.2 2.4¢
[Cu(acac)zImo] 137.32 0.1 21.4 42.1 18.30

aThe line widths (Iw) of each of m; line are given in MHz. The rotational correlation times (Tr) are given in ps with uncertainties of *x10 ps. °+20 ps

b

79 %
21 %

270 280 290 300 310 320 330 340
Magnetic Field / mT
Figure 4.4 Experimental (black) and simulated (red) X-band CW EPR spectra (298 K) of [Cu(acac):] recorded with a Cu:lm ratios of a) 1:0
and b) 1:50. The deconvoluted simulation of b), shown in the green and blue traces, is due to 79 % [Cu(acac).lm] (green) and

21 % [Cu(acac)z2lmy] (blue). The spectra were recorded in a CHCI3:DMF (1:1) solvent. The simulation parameters are listed in
Table 4.2.
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[Cu(acac)2lm] and [Cu(acac)z2lmz], depending on the ratios of Cu to Im used (see
Figure 4.3). The mono-adduct was almost exclusively formed at a ratio of Cu:lm
of 1:10 at 140 K, whereas the [Cu(acac)2lmz] was dominant at a ratio of Cu:lm
1:50 (Figure 4.3). However, at 298 K, a wider distribution of copper adducts was
observed in the X-band EPR spectra depending on the Cu:Im used. The isotropic
EPR spectra were simulated by using the anisotropic spin Hamiltonian
parameters listed in Table 4.1 and in the fast motional regime using Easyspin.
The resulting rotational correlation times (tr) are given in Table 4.2.
Representative examples of the simulated EPR spectra for the Cu:Im ratios 1:10
and 1:50 are shown in Figure 4.4. According to the analysis of the isotropic
simulation, the EPR spectrum at a low ratio of Cu:Im (1:10) bears a contribution
from both unbound [Cu(acac)z] (45.5 %) and [Cu(acac)z2lm] (54.5 %). However,
for a Cu:lm ratio of 1:50, the room temperature isotropic spectrum shown in
Figure 4.4 contains a contribution of 79.0 % [Cu(acac)zlm] and 21.0 %
[Cu(acac)zlmz], unlike the 140 K equivalent spectrum in Figure 4.1 which
revealed only the presence of the [Cu(acac)z2lmz] bis-adduct. It should also be
noted that the integrated EPR signal intensity in the room temperature spectrum
was found to decrease by ca. 45 % as the Im concentration in solution increased,
as illustrated in Appendix, Figure C.1b. A similar trend was also found in the
140 K frozen solution EPR spectra. Anderson et al.,'" also reported a reduced
Cu?* signal with high Im concentrations and ascribed the observations to the
possible precipitation of coordination polymers, such as [Cu(Im)2(Im°)]»™, and the
bridging ligands for the coordination polymers were suggested to be anionic Im-.
Certainly, under basic conditions, deprotonation at the N' atom will produce an
imidazolate anion (Im°), which is well documented to bridge transition metal ions
trough N' and N3 coordination.0:19-26-28 Moreover, imidazole bridges are present
in SOD,* and other multimetal enzymes, that can mediate magnetic couplings
between metal centers.?®3" Therefore, although no precipitation was evident in
the current study, it seems reasonable that the observed loss of Cu?* signal is
partially caused by spin-spin interactions occurring via Im- bridged polymer
complexes of the type [Cu(acac)(lm)(lIm’)],™, similar to those reported by
Anderson et al."’
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4.3.2 DFT analysis of the Cu-adducts

The geometry optimized structure of the axial mono-adduct was calculated
and found to be square pyramidal with an Im ligand axially coordinated, as shown
in Figure 4.5a. The resulting Cu-N distance has a length of 2.27 A and all Cu-O
distances range between 1.97 A and 1.98 A. The geometry optimized cis-mixed
plane structure for the [Cu(acac)z2lmz] bis-adduct was characterized by one axial
and one equatorial Im ligand (Figure 4.5b) at Cu-N distances of 2.35 A and
2.08 A, respectively. For the three equatorial positions of Cu-O, the distances
were found to be between 1.99 A and 2.01 A and the axial Cu-O distance was
2.22 A.

Figure 4.5 Geometry optimized structures for a) mono-axial [Cu(acac)2lm], b) cis-mixed
plane, c) trans-axial, and d) trans-equatorial isomers of the [Cu(acac)2lm2]
adduct. In each structure, the g frame is reported on the Cu atom with the
same colour coding as the molecular frame on the right-hand side of each
structure: x, y (green) and z (blue).
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The differences in the Cu-O distances can be explained by Jahn-Teller
elongation of one Cu-N and one Cu-O bonds. The trans-axial [Cu(acac)zlmz] bis-
adduct was found to have both of the Im ligands in the axial position with Cu-N
distances of 2.35 A and 2.34 A. The Cu-O bond lengths range between 1.99 A
and 2.00A. In contrast, the trans-equatorial [Cu(acac)zlmz] adduct was
established to be a Jahn-Teller distorted octahedral complex with both Im ligands
occupying equatorial positions, as shown in Figure 4.5d, at Cu-N distances equal
to 2.00 A. Two Cu-O distances measure 2.05 A and correspond to the equatorial
oxygen atoms, while the remaining two Cu-O bonds, measuring 2.17 A, are
consistent with oxygen atoms in axial positions. It should be noted that the trans-
equatorial structure was predicted to lie 23.0 kJ mol! higher in energy compared
to the trans-axial structure and 17.3 kd mol™' higher than the cis-mixed plane at
the M06-2X (PBEOQ) level and these energy differences are ascribed to the choice
of functional and basis set used (Appendix, Table C.2).

4.3.3 CW 'H ENDOR

In the case of [Cu(acac)zIm], the geometry could be determined using EPR
alone. In other words, to reliably distinguish between the two structural isomers
of cis-mixed plane and frans-equatorial [Cu(acac)z2lmz], EPR alone is not enough.
Therefore, 'H ENDOR experiments were used to discriminate between the
possible structures formed in frozen solution. A complete angular selective 'H
ENDOR analysis can be used to extract structural information on the coordination
geometry of the Cu-Ou4 plane in [Cu(acac)2lm2].?2 To distinguish Im derived proton
couplings from the bis(acetylacetonate) ligand in the Q-band '"H ENDOR spectra,
both protic and deuterated Im (Appendix, Figure C.3) were used (ie.,
[Cu(acac)2lmz] and [Cu(acac)2lm-ds)2]. The remaining proton couplings observed
in the Q-band 'H ENDOR spectra must then arise from the proton of the
bis(acetylacetonate) ligand itself. Looking at the 'TH ENDOR spectra of only the
unbound [Cu(acac)2]?* complex reveals couplings that arise from the methine
protons, the averaged methyl group protons and a subset of methyl group protons
undergoing hindered rotation on the EPR time scale such that a very anisotropic
hyperfine tensor is produced. This hindered rotation was found to occur in 120°
jumps creating a large Adipolar and aiso component, which are always observed in

the spectra and are greater than the fully averaged methyl group tensor.?2 Taking
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Figure 4.6 CW Q-band 'H ENDOR spectra (10 K) of the [Cu(acac)2lm2] bis-adduct
dissolved in dry CDCIs:DMF-d; (1:1) recorded at the field positions
corresponding to the g values indicated beside each spectrum.
Corresponding simulations are shown in red.
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Figure 4.7 Experimental (black) and simulated (red) X-band 'H ENDOR spectra (10 K)
of the [Cu(acac)z2lmz] bis-adduct dissolved in dry CDCls:DMF-d7 (1:1),
recorded at the two field positions corresponding to g = 2.316 and 2.57 (see
Figure 4.1). The deconvoluted contributions to the simulations are: H>? —
H*4 (blue), H>% (green), H"" (orange).
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Table 4.3 'H principal hyperfine values for [Cu(acac).lmz] complex dissolved in CDCls:DMF-d; (1:1).

atom a B v Ax Ay A; @iso
[Cu(acac)z2lm,o]: experimental (ENDOR)
set | (H¥/H*) 20 45 -10 0.10 -0.14 6.55 217
set Il (H®) 10 75 0 1.21 1.17 2.43 1.60
set Il (H") 30 20 -30 3.15 1.80 1.95 2.30
Mono-adduct [Cu(acac)zlmn-¢]: DFT
H* -19.9 70.3 22.8 2.83 -1.47 -1.39 -0.01
H? -30.3 40.90 -33.90 -2.06 -1.83 3.98 0.03
H® 2.0 83.50 37.10 0.76 -0.48 -0.47 -0.06
H' -26.9 21.7 -42.5 -0.56 -0.56 0.90 -0.07
cis-mixed [Cu(acac)zlm,.o]: DFT
H* -25.4 32.2 11.8 -1.61 -1.80 3.38 -0.01
H? -3.0 56.0 -0.10 3.25 -1.65 -1.55 0.02
HS 5.1 14.4 41.00 -0.48 -0.48 0.8 -0.05
H -6.8 74.7 -4.8 0.83 -0.55 -0.54 -0.09
H¥ 1.7 87.8 -44.0 -0.65 6.03 0.17 1.85
H? -2.6 88.8 36.60 -1.22 5.95 -0.54 1.40
H® 38.1 0.8 -55.10 0.33 2.1 0.24 0.89
HY -1.2 87.2 13.9 0.47 2.42 0.65 1.18
trans-axial [Cu(acac).lm,o]: DFT
H* 13.6 64.1 19.4 2.76 -1.39 -1.47 -0.03
H? -21.2 38.8 44.8 -2.01 -1.79 3.83 0.01
H° 3.8 84.4 34.8 0.74 -0.47 -0.47 -0.07
H -10.5 19.4 39.9 -0.57 -0.56 0.86 -0.09
H¥ -13.5 64.9 48.6 2.69 -1.35 -1.43 -0.03
H? 16.5 39.5 26.1 -2.07 -1.83 3.92 0.01
H® -6.0 86.2 39.2 0.74 -0.46 -0.47 -0.06
H" 0.6 20.6 35.2 -0.57 -0.56 0.88 -0.08
trans-equatorial [Cu(acac).lmn_o]: DFT
H* 24.3 44.6 -11.2 0.09 -0.14 6.55 2.16
H? 31.3 55.3 -41.2 6.52 -0.44 -0.31 1.92
H° 16.1 74.9 -4.8 0.51 0.47 2.43 1.14
H' 32.8 211 -34.2 3.15 1.10 1.25 1.83
H¥ 29.1 45.2 -13.2 0.10 -0.14 6.55 2.17
H? 33.6 57.0 -43.0 6.50 -0.44 -0.31 1.92
H¥ 18.9 751 -5.4 0.51 0.46 2.43 1.13
HY 38.9 22.9 -40.1 3.14 1.09 1.24 1.82

aFor comparison, the DFT calculated 'H hyperfine tensors for the geometry optimized adducts are also listed. Euler rotation of hyperfine tensor Ato g
tensor is given as a set of three Euler angles based on the zyz’ convention. Euler angles are in degrees and their uncertainties are listed in footnotes
a and b. »+10°: hyperfine tensor principal values are in MHz with uncertainty. ¢+0.4 MHz: for the bis-adducts, the protons from one Im unit are labelled
H'-5, and for the second Im unit, they are labelled H'-5'
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Table 4.4 Experimental and DFT calculated N hyperfine and nuclear quadrupole values of the [Cu(acac).Im;] bis-adduct.

label a B y Ax Ay A: aiso |e2qQ/h| n o’ B v
[Cu(acac).lm,z]: experimental
. 33
:rEII\TICD)(;\IR) 0£10 0£10 905 34.8+0.2 43504 34.0+0.4 37.4+0.4 22+0.1 0.2+0.1 0£10 0£10 905
Amine N""
(HYSCORE) 85+5 8010 0 1.5£0.2 1.4+£0.2 25+0.2 1.8£0.2 1.4+£0.1 0.9+0.1 1515 -10£15 0+£15
cis-mixed [Cu(acac)zlm;]
Imino N3 -0.7 88.8 7.3 -0.50 -1.42 -1.42 -1.11 3.4 0.2 -141 88.2 2.4
Amine N’ -7.2 79.8 1.7 0.02 -0.16 -0.16 -0.10 2.9 0.1 -21.4 42.1 18.3
Imino N¥ -1.3 86.9 -1.8 29.25 35.95 28.55 31.25 2.7 0.4 -0.1 87.1 -0.5
Amine N1’ 0 87.5 1.4 1.46 1.96 1.60 1.67 2.8 0.05 1.6 87.8 -35.1
trans-axial [Cu(acac)zlm,]
Imino N3 5.7 1.1 108.6 -1.62 -1.64 -0.74 -1.33 3.4 0.2 24.4 11.6 23.7
Amine N’ 7.4 14.0 39.2 -0.17 -0.17 0.01 -0.11 2.9 0.1 5.2 63.3 445
Imino N*¥ 6.6 1.4 -40.1 -1.61 -1.63 -0.73 -1.32 3.4 0.2 -35.6 14.5 57.1
Amine N" -12.2 15.0 36.9 -0.16 -0.17 0.01 -0.11 2.9 0.1 -9.1 64.9 27.2
trans-axial [Cu(acac)zlm,]
Imino N® -6.9 8.3 -85.0 37.45 45.31 36.40 39.72 25 0.5 -9.3 9.2 -82.5
Amine N’ -19.0 9.3 -72.40 2.25 2.83 2.40 2.49 2.9 0.05 11.0 57.2 -8.2
Imino N*¥ -6.1 10.5 -85.8 37.42 45.27 36.37 39.69 25 0.5 -8.0 11.6 -83.9
Amine N" -15.5 11.7 -76.1 2.24 2.83 2.40 2.49 2.9 0.05 13.5 58.5 -9.5

The experimental values were obtained by ENDOR (for the imino N33) and HYSCORE (for the amine N'-*). Hyperfine tensor principal values quadrupole
coupling are given in units of MHz; Euler angles, referred to the g frame, are given in degrees.
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this knowledge into consideration in the 'H ENDOR spectra of [Cu(acac)z2imz]
with protic Im, the previously mentioned proton couplings of [Cu(acac)2] are still
visible in Figure 4.6. However, for clarity, only the 'TH ENDOR signals originating
from the coordinated Im substrates are shown in the simulation and for this
reason not all of the experimental lines are reproduced by the simulation. The
resulting experimentally derived principal hyperfine values for the Im protons are
listed in Table 4.3.

Three sets of hyperfine tensors were used to achieve a sensible and
satisfactory fit to the experimental spectra. The simulation is shown in Figure 4.7
and the hyperfine tensors (I, Il, and Ill) used for the simulation are given in
Table 4.3. As a starting point for the simulation, however, DFT calculated
hyperfine tensors were also used and modified slightly, as necessary, to match
the experiment. Afterwards the resulting hyperfine values of [Cu(acac)z2lmz] were
compared to the theoretical DFT calculated 'H hyperfine tensors (Table 4.3). The
theoretical 'H hyperfine of the Im derived protons of [Cu(acac)2lmz], are different
for all cases, including the cis-mixed plane, trans-axial or trans-equatorial
structures. However, the most closely matched set of couplings are found for the
structures bearing one or two equatorially bound Im substrates; e.g., cis-mixed
plane and trans-equatorial as illustrated in Scheme 4.2 and Figure 4.5b and d.
This helps to assign the experimental values to the H%/H* protons, H®protons and
H' proton of the Im ligand. A less complex ENDOR spectrum is expected for the
higher symmetry trans-equatorial structure, which contains two equivalent Im
substrates. The cis-mixed plane structure has two inequivalent Im substrates,
leading to more hyperfine couplings and consequently to a more complex
ENDOR spectrum compared to the trans-equatorial structure. Even the angular
selective 'H ENDOR data seems to be more consistent with the trans-equatorial
structure. Nevertheless, one cannot confidently discriminate between the cis- and
trans-structures (Figure 4.5) based on the 'TH ENDOR measurements alone. For
this reason, '*N ENDOR and HYSCORE were additionally employed.

4.3.4 "N ENDOR and HYSCORE

Structural information about the coordination mode of the [Cu(acac)zlmz]
adduct can be obtained from the *N superhyperfine pattern obtained in the CW
X-band EPR spectrum, exhibited in Figure 4.1. However, line broadening effects
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causes poor resolution in frozen solution spectra. For this reason, accurate
determination of the nitrogen hyperfine data from the EPR spectrum is not
straightforward. The '“N hyperfine (NA) and quadrupole (NQ) tensors can in
principle be determined by hyperfine techniques such as ENDOR and
HYSCORE. The strongly coupled "N nucleus observed in the EPR spectrum (N3,
Scheme 4.1) can be analysed by ENDOR, whereas the remote N of the Im ring
(N', Scheme 4.1) can be detected by HYSCORE. When combined, these
methods can be utilized to further investigate the structure of the bis-adduct.
Indeed, lwaizumi et al.,'®32 demonstrated that "N ENDOR spectroscopy could
be used to discriminate between copper complexes bearing pseudo planar arrays
of donor sets, including N4, cis-N202, and frans-N202. However, depending on
the hybridized state of the nitrogen atoms or the changes in symmetry of the
complex, this simple correlation between N hyperfine and structure may be of
limited diagnostic value and must be treated cautiously.

The angular selective CW Q-band N ENDOR spectra were therefore
recorded and the resulting experimental and simulated spectra are shown in
Figure 4.8a. The spectra were successfully simulated using a single “N tensor,
indicative of an equivalent nitrogen environment, with no evidence of a second
strongly coupled nitrogen. The resulting parameters are listed in Table 4.4. The
hyperfine tensor was found to deviate slightly from axial symmetry with the largest
principal axes approximately directed to the copper ion. According to the DFT
geometry optimized structures, the '*N hyperfine tensor calculated for the imino
N3 nitrogen in the trans-equatorial adduct most closely matches the experimental
values (Table 4.4).

In addition, angular selective X-band Davies ENDOR measurements were
conducted to support the findings of the Q-band ENDOR experiments and are
shown in Figure 4.8b. As expected at this frequency, the spectra contain
overlapping signals from both 'H and "N nuclei in the region between
10 — 25 MHz. The broad line width of the '“N signals prevented the accurate
determination of NA and NQ. Hyperfine selective Davies ENDOR measurements
were also performed to suppress the 'H signals without reducing or distorting the
14N signals. Whilst proton suppression was successful, the *N signal remained
broad and poorly resolved, as commonly observed for strongly coupled nitrogen
atoms in several copper proteins.16:33
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Figure 4.8 a) Q-band CW "*N ENDOR spectra and b) X-band Davies 'H and "N ENDOR
spectra of the [Cu(acac)2lm;] adduct dissolved in dry CDCl3:DMF-d7 (1:1).
The spectra were measured at 10 K and recorded at the g values indicated
beside each spectrum. The corresponding simulations are shown in red.
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Figure 4.9 Experimental (black) and simulated X-band Davies 'H and '“N ENDOR
spectra (10 K) of the [Cu(acac)2lmz]adduct dissolved in dry CDCls:DMF-
d7 (1:1), recorded at g = 2.111. The deconvoluted simulated contributions
are as follow: imino N2 (blue), H2# (green), H® (orange), H' (magenta).
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Figure 4.10 2D HYSCORE spectra of [Cu(acac)z2lmz] recorded at a) By = 338.6 mT and
T=176ns, and b) By =283.2 mT and 1= 144 ns. Both spectra were
recorded at 10 K. The assignments of these cross peaks are shown on
the spectrum. The arrows indicate the combination peaks.

Nevertheless, an excellent fit to the experimental X-band Davies ENDOR
was achieved using the 'H and *N hyperfine tensors extracted from the Q-band
spectra. The deconvoluted simulation of the Davies ENDOR is shown in
Figure 4.9. The low anisotropy in the nitrogen hyperfine coupling is characteristic
of Im coordination and is typical of & dominant bonding as expected for Cu?*-Im
coordination.® Combined, these observations are consistent with equatorial
coordination of Im to [Cu(acac)z].
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The X-band HYSCORE spectrum of the [Cu(acac)2lmz2] adduct complex is
shown in Figure 4.10 and characterized by cross peaks in both the (+,+) and (-,+)
guadrants, arising from transitions associated with the remote amine '“N nucleus
of the imidazole ring (N'). At X-band, the hyperfine coupling term for this specific
14N interaction is approximately twice the nuclear Zeeman term, leading to the
so-called cancellation condition, such that the two terms cancel out in one of the
two Ms spin manifolds. The nuclear frequencies of this particular Ms manifold
correspond to the nuclear quadrupolar resonance (NQR) frequencies v-, v+ and
vo, which appear in the ESEEM spectra at 0.7 MHz (v:) and 1.4 MHz (v- = vo). A
feature appearing at about 4 MHz in the ESEEM spectrum is due to the nuclear
double-quantum transition frequency, vba of the other Ms manifold.'#3435 The
HYSCORE spectrum recorded at the maximum echo intensity in Figure 4.10a, is
dominated by elongated cross peaks appearing at (+0.65, +4), (¥4, +0.65),
(1.4, +4) and (¥4, +1.4) MHz, which correspond to (v+, vba) and (v-(vo), vbQ)
frequencies of the remote Im nitrogen nucleus, consistent with the ESEEM
results. As reported by Mims and Peisach,3® these frequencies correspond to a
Fermi contact interaction term (aiso) of 1.5—- 2.0 MHz, a nuclear quadrupole
coupling e?qQ/h=1.4 MHz and an asymmetry parameter (n) of 0.9-1. In
addition to these signals, two cross peaks at about (2.2, 3.9) and (3.9, 2.2) MHz
are present in the (+,+) quadrant, associated with the combination frequencies
due to the presence of at least two remote nitrogen nuclei coupled to the same
electron spin.3® The HYSCORE spectra were thus simulated by considering a
three-spin system (S="2, =1, and b = 1) with two equivalent nitrogen nuclei
having spin Hamiltonian parameters typical for the remote '*N nuclei of Im, as
listed in Table 4.4. The simulations are displayed in red in Figure 4.10 and
provide a convincing fit at both magnetic field settings. HYSCORE experiments,
thus, indicate the presence of magnetically equivalent remote N' nitrogen atoms
of the Cu coordinated Im rings.

4.3.5 EPR spectra of [Cu(acac)z] with different imidazole derivatives (Im-2 — 4)

It is also necessary to explore whether the formation of the [Cu(acac)2lmz]
bis-adduct is limited only to Im. Hence, a number of other Im derivatives, shown
in Scheme 4.1 and including 2-methyl-imidazole (Im-2), 4(5)-methyl-imidazole

(Im-3) and benzimidazole (Im-4), were also investigated. The EPR spectra of
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[Cu(acac)z] dissolved in CHCI3:DMF containing increasing ratios of Im-2, Im-3 or
Im-4 are given in the Appendix C.1. The corresponding EPR spectra recorded at
a Cu:lm ratio of 1:50 are shown in Figure 4.11. At Cu:Im-2 — 4 ratios of 1:10, only
the monoaxial [Cu(acac)z2(lIm-2 — 4)] adducts were formed, see Appendix
Figure C.1 and C.4, as revealed by the small change in the g and A values,
given in Table 4.1. Moreover, at higher concentrations (Cu:Im-2 — 4 ratios of
1:50), no further changes were detected in the EPR spectra for Im -2 and Im - 4
(Figure 4.11c and b, respectively). In contrast to these imidazole derivatives, the
EPR spectra of Im -3 exhibited the characteristic superhyperfine patterns
observed earlier for [Cu(acac)z(Im)z2] (compare Figure 4.1c to Figure 4.11e),
indicating the formation of the [Cu(acac)z(Im—3)2] bis-adduct (Figure 4.11d).

The absence of any bis-adduct for Im — 2 and Im — 4 must be attributed to
steric effects of the substrate, because the basicity for all of the Im-derivatives is
relatively large. Im — 4 for example is clearly too bulky to form the trans-equatorial
conformation, whereas the presence of a methyl group in position 2 of Im — 2 also
prevents formation of the trans-equatorial coordination mode. In contrast, in the
case of Im — 3, tautomerization will effectively result in the methyl group occurring
at position 5 (see Scheme 4.1), therefore pointing away from the ligand methyl
groups of the acetylacetonate units and thus enabling the formation of the trans-

equatorial structure.

4.3.6 Coordination mode of the [Cu(acac)2lm2] adduct

Over the years, numerous Cu?* complexes have been studied as model
systems to explore the structure, coordination and binding in Cu?* proteins.
Invariably, studies of imidazole, substituted imidazoles and histidine interactions
with Cu?* ions or complexes have been undertaken using EPR, ENDOR and
ESEEM,'> 19. 26 |argely because imidazole is an important component of many
proteins and is, for example, the side chain in histidine and a constituent of purine
bases. Although the imino nitrogen N3 (Scheme 4.1) is the common binding site
for the metal ions, in deprotonated Im, both nitrogens are sufficiently basic
enough to facilitate binding. Therefore, the study of Im coordination is extremely
important for the evaluation of the binding between metal ions and the imidazole
residues of proteins. In many cases, the combined use of EPR and ENDOR or
ESEEM was employed to determine the complete conformation of the coordinated
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Figure 4.11 Experimental (black) and simulated (red) CW X-band EPR spectra of a)
[Cu(acac)2im], b) [Cu(acac)z(lm-4)], c¢) [Cu(acac)z(lm-2)], d)
[Cu(acac)z(lm-3)2] and e) [Cu(acac)zlmz]. The spectra were recorded at
140 K in a CHCI3:DMF (1:1) solvent with a Cu:Im 1 — 4 ratio of 1:50 in all
cases. The simulated spectra for a) and e) were shown earlier in
Figure 4.1. The simulation parameters are listed in Table 4.1.
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Figure 4.12 Geometry optimized DFT structure for the trans-equatorial [Cu(acac)2Im;]

adduct, showing the relative orientation of the 'H and N hyperfine
tensors with respect to the g-frame.
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substrates by analysis of the 'H and '“N hyperfine and ('“N) quadrupole
parameters. However, a growing number of mixed chelate Cu?* complexes
containing the acetylacetonate ligand and a bidentate nitrogen-based N-N ligand,
i.e., [Cu(acac)(N-N)]*, have received considerable interest recently owing to their
cytotoxicity and DNA binding capabilities (Chapter 5), but the interaction of these
mixed chelate complexes with imidazole has not been investigated to date.

In this Chapter, a number of possible conformations for the [Cu(acac)zlmz]
bis-adducts in solution were considered. Through a combined computational and
experimental EPR approach, an accurate assignment to one particular
coordination mode, i.e., trans-equatorial [Cu(acac)z2lmz], was established. Initially
at low Im concentrations, the axial mono-adduct [Cu(acac)2lm] is formed, as
confirmed by the small shift in g and C“A values relative to the unbound
[Cu(acac)z] complex (Table 4.1). At higher Im concentrations, a bis-adduct was
formed, as revealed by the '*N superhyperfine pattern on the m; = +3/2 8365Cy
hyperfine component. Owing to the strong basicity of the Im substrate, the in-
plane bis(acetylacetonato) ligands must rearrange themselves to facilitate the in-
plane equatorial coordination of the two Im units. The resulting tetragonally
distorted octahedral complexes contains a Cu-N202z plane with two coordinating
nitrogens coming from the N3 Im substrate. The gx component of the g tensor is
positioned along this equatorial N-Cu-N direction with the gy component lying
almost along the equatorial O-Cu-O direction and with g almost along the axial
O-Cu-O direction (Figure 4.12). Orientation selective '"H ENDOR revealed that
the hyperfine couplings can be assigned to three sets of protons on the Im ring.
The two protons adjacent to the imino N3 nitrogen (H? and H*) gave similar
hyperfine tensors, according to the DFT calculations, which were
indistinguishable in the experimental ENDOR spectra. The remaining two
protons, labelled H> and H' in Scheme 4.1, produced sufficiently different
hyperfine tensors so that all proton sets could be distinguished in the angular
selective 'TH ENDOR simulations.

Angular selective N ENDOR spectra were also recorded at X-band
(Davies ENDOR) and Q-band (CW ENDOR) frequencies, yielding information on
the hyperfine coupling and nuclear quadrupole coupling to the coordinating N3
nitrogen listed in Table 4.4. The N hyperfine tensor of the imino N2 nitrogen was
found to be nearly axially symmetric with the largest principal axis, NAy, orientated
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almost directly along Cu-N bond direction and the gx component (Figure 4.12).
The experimental and theoretical NA values for the trans-equatorial
[Cu(acac)2lmz] structure were in excellent agreement with each other ([34.8, 43.5,
34.0] versus [37.4, 45.3, 36.4] MHz, respectively). The NA values for the cis-
mixed plane and trans-axial structures were by comparison considerably smaller
([29.2, 35.9, 28.5] and [-1.62, -1.64, -0.74] MHz, respectively; Table 4.4). The
experimental e>gQ/h and n values were also typical for strongly coordinating
nitrogens in Cu-N202-type complexes. The experimental NA values for the remote
N' Im nitrogen, as determined by HYSCORE, were smaller compared to the
theoretical values (Table 4.4) because DFT often overestimates these
parameters for remote nitrogens. Nevertheless, the observed values were in the
region expected for equatorially bound Im and were certainly larger than those
predicted for the cis-mixed plane and trans-axial structures. Taken together, it is
clear that the N ENDOR and HYSCORE analysis is entirely consistent with the
formation of the trans-equatorial [Cu(acac)2Im2] adduct.

4.4 Conclusion

An experimental (EPR, ENDOR, HYSCORE) and computational study of
imidazole coordination with a simple [Cu(acac)z2] complex was undertaken. A
growing number of cytotoxic Cu?* based complexes contain the acetylacetonate
ligand and therefore, a better understanding of how such complexes interact with
imidazole, representing the side chain moiety of the amino acid histidine, is
extremely important and timely. At a relatively low ratio of Cu to Im, a
[Cu(acac)2lmp-1] mono-adduct is formed. The Im was found to coordinate to the
Cu in the axial position, as confirmed by the small shift in the gs value
(Ag- = 0.022) and the concomitant decrease in the CUAs value (AA: = 48 MHz)
relative to the unbound [Cu(acac)2] complex. At higher ratios of Cu to Im, a
[Cu(acac)2lmz] bis-adduct is formed, as revealed by the superhyperfine pattern
detected in the CW EPR spectra, which can be interpreted only based on two
strongly coordinating and largely equivalent nitrogen nuclei. Different structural
isomers of this bis-adduct are possible and detailed 'H and '“N hyperfine analysis
reveals that the trans-equatorial conformer is formed. Three individual sets of 'H
tensors were detected in the '"H ENDOR spectra and assigned to the H%/H*, H®
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and H' protons of Im (see Scheme 4.1 for labels). These values were consistent
with either a cis-mixed plane or trans-equatorial structure for [Cu(acac)zlmz].
However, angular selective N ENDOR (both CW and pulsed) provided more
detailed insights into the hyperfine and quadrupole values for the coordinating
imino N2 nitrogen, and these parameters were in excellent agreement with the
geometry optimized structure for the trans-equatorial [Cu(acac)2lm2] adduct.
Equally, the hyperfine and quadrupole values for the remote '#N amine nucleus
were determined by simulation of the X-band HYSCORE spectra, and a
reasonably good agreement was achieved between theory and experiment. The
ability of the coordinating ligand in the Cu-based complexes to flip between cis-
and trans-conformations (from unbound to Im-bound adducts) must therefore be
considered when designing novel cytotoxic Cu?* based complexes for target

interactions with proteins bearing imidazole residues.
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Chapter 5: Copper(ll) Casiopeina

Chapter 5: An EPR and ENDOR investigation of a series
of Copper(ll)-Casiopeina type coordination
complexes [Cu(O-0)(N-N)]-.

A series of unbound casiopeina complexes with the general formula
[Cu(acac)(N-N)]* have been prepared due to their relevance in pharmaceutical
research. The electronic properties of these casiopeina complexes have been
thoroughly explored through the spin Hamiltonian using EPR and ENDOR
spectroscopy. Within the series of complexes studied, the diimine ligand (N-N)
was systematically varied in size using 2,2’-bipyridine (bipy), 1,10-phenanthroline
(phen), dipyridophenazine (dppz) and a pyridine substituted 2,2’-bipyridine ligand
(Py-biby). These diimine ligands were selected in light of the fact that the size of
the aromatic diimine ligand may influence the therapeutic activity.

5.1 Introduction

The casiopeinas are a class of mixed chelate, cationic copper complexes
which have well known antineoplastic properties. They have the general formula
[Cu(O-O)(N-O)]* or [Cu(O-O)(N-N)]*, where O-O typically represents an
acetylacetonate (acac) or salicylaldehydate (sal) chelate ligand, N-O denotes an
aminoacidate or peptide, and N-N generally indicates an aromatic diimine such
as 1,10-phenanthroline (phen) or 2,2’-bipyridine (bipy).! The most commonly
studied derivatives  are based on the [Cu(4,7-dimethyl-1,10-
phenanthroline)(glycinato)]NOs complex>® (labelled Cas ll-gly) and the
[Cu(4,4’dimethyl-2,2’-bipyridine)(acetylacetonato)]NOs complex?367 (labelled
Cas lll-ia); see Scheme 5.1. These complexes and numerous analogues®-'4 have
been evaluated both in vitro and in vivo, and have demonstrated antineoplastic,'®
cytotoxic,'® genotoxic®'* and antiviral activities. Notably, some casiopeinas have
been found to be active on cisplatin-resistant cell lines,*'” whilst others have
displayed improved anti-cancer activity compared to cisplatin.'® Their potential to
combat a broader spectrum of disease with fewer toxic side effects has therefore
stimulated extensive studies on this class of complex.
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Scheme 5.1 Structures of Cas ll-gly and Cas lll-ia casiopeina complexes.

The mode of action of these copper complexes however remains poorly
understood. DNA has been established as its primary cellular target and the
planar aromatic diimine ligand is known to bind DNA by intercalative %22 and non-
intercalative interactions.?® Once bound, the redox properties of the copper centre
are capable of generating reactive oxygen species (ROS) which can cause
oxidative damage to the DNA that is postulated to ultimately result in cell death.23-
26 Adduct formation between the copper complex and the DNA may induce
conformational change within a strand of DNA and cause denaturation. This
could also contribute to the therapeutic mechanism of casiopeinas. It has been
demonstrated that cisplatin acts by forming inter-strand crosslinks between
guanine bases causing the DNA to kink, preventing replication processes.?’~29

Quantitative structure-activity relationship (QSAR) studies indicate that the
biological activities of casiopeina type anticancer agents are affected by
substitution effects on the ligands.? Physicochemical properties of the complex
which may be influenced by ligand substitutions include the affinity towards DNA,
the specificity of the DNA interaction and the redox potential of the copper centre.
For instance, electron donating ligands on the diimine ligand were found to
increase anti-tumour activity by modulating the redox chemistry of the copper
centre.? In contrast, electron withdrawing groups present on the diimine ligand
increased the stability of intercalative 1r-11 interactions between the diimine and
nucleobases of the DNA scaffold.?® In addition, phen-type derivatives have been
found to be more active than their bipy-type counterparts, suggesting that the size
of the aromatic ring system of the diimine ligand influences the DNA affinity for
the copper complex. Clearly, there is a delicate balance to achieve in order to
optimise the performance of these complexes.

A complete description of the electronic and geometric structure of the

casiopeina type complexes in both the ‘unbound’ state (free of DNA) and in the
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bound DNA adduct, may therefore offer interesting insights into the therapeutic
action of this class of compounds and ultimately contribute to the design of novel
casiopeina inspired drugs with improved therapeutic activity. Electron
Paramagnetic Resonance (EPR) and its related hyperfine techniques, such as
Electron Nuclear Double Resonance (ENDOR), can offer a direct measure of this
electronic and geometric information, as has in the past been demonstrated for
the elucidation of the structure-function relationships in copper proteins,®°-32 and
thus these methods have the potential to examine and interrogate the structure
of these copper based therapeutics. A small number of papers have used EPR
to study the covalency in the casiopeina complexes,” whilst Chikira et al.,1933
focussed on the g and CYA parameters when the copper complexes were
intercalatively bound to DNA fibres. By comparison, no ENDOR studies of these
complexes have been reported. Unlike EPR, ENDOR is able to probe the
configuration of surrounding spin-active ligand nuclei, providing more detailed
information on the overall electronic structure of the complex. Indeed the
importance of electron distribution in these complexes was highlighted in an
experimental and theoretical study by Ruiz-Azuara et al.3* This level of detail in
the electronic structure may be necessary in order to resolve subtle structural
differences in the complexes which may have significant consequences in terms
of activity.

In this work, we have therefore prepared a series of unbound casiopeina
complexes with the general formula [Cu(acac)(N-N)]* and thoroughly explored
their electronic properties through the spin Hamiltonian using EPR and ENDOR
spectroscopy. Within the series of complexes studied, the diimine ligand (N-N)
was systematically varied in size using 2,2’-bipyridine (bipy), 1,10-phenanthroline
(phen), dipyridophenazine (dppz) and a pyridine substituted 2,2’-bipyridine ligand
(Py-biby); see Scheme 5.2. These diimine ligands were selected in light of the
fact that the size of the aromatic diimine ligand may influence the therapeutic

activity.
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[Cu(acac)(3)]* [Cu(acac)(4)]*

Scheme 5.2 Structures of the casiopeina type complexes with the general formula
[Cu(acac)(N-N)]*, where N-N represents 2,2’-bipyridine (bipy)
[Cu(acac)(1)], 1,10-phenanthroline (phen) [Cu(acac)(2)],
dipyridophenazine (dppz) [Cu(acac)(3)]* and the pyridine substituted
2,2’-bipyridine (Py-bipy) [Cu(acac)(4)]*, using a CFsSOs anions in all
cases.

5.2 Experimental Section

5.2.1 Materials

The copper salt Cu(CFsSOs)2 was sourced from Sigma Aldrich.
Acetylacetone and the diimine ligands (2,2’-bipyridyl (bipy), 1,10-phenanthroline
(phen), 2,3-bis(2-pyridyl)pyrazine (Py-bipy)) and L-Histidine (L-his) and imidazole
(Im) were also bought from Sigma Aldrich and used as received. The
dipyridophenazine (dppz) ligand were prepared and purified according to the
procedure given in literature.®®. Reagent grade EtOH, MeOH and DMF were
purchased from Sigma Aldrich and used without further purification. Deuterated
solvents; EtOD-de and DMF-dz were sourced from Goss Scientific in sealed

ampules and used as received.

5.2.2 Sample preparation

Complexes with the general formula of [Cu(acac)(N-N)]* were prepared
using methods described in the literature''3637. Once isolated and purified,
0.03 M solutions of the [Cu(acac)(N-N)]* complexes were prepared in an
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EtOH:DMF (1:1) solvent system and flash frozen to 140 K for X-band EPR
analysis. Q-band EPR, 'H and "“N ENDOR studies were performed using 0.03 M
solutions prepared in EtOD-ds:DMF-d7 (1:1) at 10 K. The same solvent system
was used for W-band EPR studies with a sample preparation of 0.04 M

5.2.3 Variable Ratio studies

Speciation studies of adducts formed between [Cu(acac)(N-N)]* and
nitrogen bases (N-base) at various [Cu(acac)(N-N)]*:[N-base] molar ratios were
monitored by X-band EPR (140 K) (N-base = imidazole (Im) and L-Histidine
(L-his). A series of samples were prepared at a fixed [Cu(acac)(N-N)]*
concentration of 0.03 M, whilst the molar equivalence of the N-base was
systematically varied from 0 - 100 molar equivalents. The composition of the
solvent system was kept constant within a series of measurements to ensure the

quality of the frozen solution was unchanged.

5.2.4 EPR/ENDOR spectroscopy

The continuous wave (CW) X-band EPR measurements were performed on
a Bruker EMX spectrometer utilizing an ER4119HS resonator, 100 kHz field
modulation at 140 K or 298 K and typically using 10.17 mW MW power. The CW
Q-band EPR and ENDOR measurements were recorded on a Bruker
Elexsys E500 spectrometer using a Bruker ER5106 QT-E Q-band resonator
operating at 10 kHz field modulation and 10 K for ENDOR (and at 100 kHz and
50 K for the EPR). The CW Q-band ENDOR spectra were obtained using 1 dB
RF power from an ENI 3200L RF amplifier at 100 kHz RF modulation depth and
0.5 mW microwave power. The W-band EPR spectra were recorded at 20 K at
about 94 GHz using a Bruker Elexsys E-600 EPR spectrometer equipped with a
E600-1021H TeraFlex resonator. A modulation amplitude of 7 Gauss was used.

All of the EPR and ENDOR simulations were performed using the
Easyspin® software package running within the MathWorks® MatlLab®

environment.
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5.3 Results and discussion

5.3.1 CW-EPR

The experimental and simulated CW X-band EPR (140 K) spectra of the
[Cu(acac)(1-4)]* complexes dissolved in ETOH:DMF are shown in Figure 5.1.
The g values (Table 5.1) for the [Cu(acac)(1-4)]* complexes are similar to
analogous Cu(ll) complexes possessing a square planar geometry.”.'"3® The
influence of the varying aromatic ring size is barely perceptible in the g and VA
values, in agreement with the derived DFT values. This suggests that the
increasing diimine ring size and the possibility of greater spin delocalisation, has
only a marginal influence of the g and €A values (Table 5.1).

To obtain more accurate g-values, the EPR spectra were also recorded at
Q- and W-band frequencies. The multi-frequency EPR spectra for [Cu(acac)(1)]*
are shown in Figure 5.2 (the corresponding spectra for [Cu(acac)(2-4)]* are
shown in Appendix, Figure D1-2), where the spectra clearly illustrate the changes
in EPR profile, going from a hyperfine dominated spectra to a spectrum where
the g factors prevails.
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Table 1 Experimental and DFT calculated g and ©“A spin Hamiltonian parameters for the [Cu(acac)(N-N)JOTf complexes.

gi g2 gs a B Y Cup, CuA, CuA3 o B Y ref.

Euler angles rotation of the g frame with Euler angles rotation of the A frame with

respect to the molecular frame respect to the molecular frame

/rad /rad /rad /MHz /MHz /MHz /rad /rad /rad
¢[Cu(acac)(1)]* a2.052 a2.057 a2.250 4-3.00 90.350 d-2.005 30 ®40 °550 9.0.007 92.85 90.0044 tw
¢[Cu(acac)(2)]* a2.054 22.058 a2.259 4-3.00 93.10 4-3.00 30 ®40 °540 4.0.6862  9-3.0391 90.0010 tw
¢[Cu(acac)(3)* a2.057 a2.057 a2.258 9-1.0998 93.1346 41.0991 535 b35 540 90.4670 90.0072  90.0596 tw
°[Cu(acac)(4)]* a2.056 42.056 22.256 90.55 90.55 90.5825 535 b35 540 90.5690 90.5690  90.1927 tw
[Cu(acac)(1)]* 2.0427 2.0457 2.1479 -1.9045 0.3283 -0.1955 -127.4047 -129.3347 -857.0561 -1.7724 2.8131 1.9044 DFT
[Cu(acac)(2)]* 2.0431 2.0464 2.1510 1.7724 3.1396 -1.3767 -127.6904  -130.6619 -858.3587 -3.0391 0.0019 -1.6862 DFT
[Cu(acac)(3)]* 2.0433 2.0468 2.1538 -1.0998 3.1346 1.9991 -126.8962  -129.5250 -858.8942 0.4670 0.0072 1.0596 DFT

4)

[Cu(acac)(4)]* 2.0422 2.0459 2.1493 -0.9515 1.5732 1.5825 -123.3794  -131.4145 -852.2420 0.8328 1.5690 -2.1927 DFT
Cup, Cup, Cups o
Euler angles rotation of the A frame with

respect to the g frame

/MHz /MHz /MHz /rad /rad /rad
[Cu(acac)(1)] -129.3347  -127.4047 -857.0561 0.0052 0 0 DFT
[Cu(acac)(2)] -130.6619  -127.6904 -858.3587 0.0052 0 0 DFT
[Cu(acac)(3)]* -129.5250 -126.8962  -858.8942 0.0017 0 0 DFT
[Cu(acac)(4)] -852.2420  -131.4145 -123.3794 -0.0017 1.5656  -0.7261 DFT

t.w = this work. CUA is given in MHz. 2+ 0.03 b+ 5 MHz ¢+ 4 MHz 9+ 0.26 rad. Diimine ligands, (1) 2,2"-bipyridine (bipy), (2) 1,10-phenanthroline (phen), (3)
dipyridophenanzine (dppz), (4) 2,3-bis(2-pyridyl)pyrazine (Py-bipy). Solvent system; ¢eEtOH:DMF (1:1).
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As seen in the W-band spectra for [Cu(acac)(1)]* (Figure 5.2), the g values reveal
a small but noticeable rhombic symmetry. A similar behaviour was also found for
[Cu(acac)(2)]*, whereas both [Cu(acac)(3)]* and [Cu(acac)(4)]* retain a distinct
axial set of g values (Figure 5.3 and Table 5.1). In Figure 5.3 the experimental
and simulated W-band spectra of [Cu(acac)(1-4)]* are shown together. These
observations suggests a greater degree of distortion in the Cu(ll)-N2 plane for
bipy and phen compared to the dppz and Py-bipy ligands which enable the Cu(ll)
ion to retain a more localised axial environment.*°

The “N superhyperfine splitting, caused by the two nitrogen atoms (/= 1)
of the diimine, are clearly visible in the X-band EPR spectra (Figure 5.1), both at
low g = g field position (m; = + 3/2) and at the higher g = g1 position. However,
the contributions to the spin Hamiltonian parameters from the two 8365Cu isotopes
and the "N nuclei could not be accurately determined from the X-band EPR
spectra alone. In general, large "N superhyperfine couplings can be directly
observed in the X-band EPR spectra of Cu(ll) nitrogen macrocycles.*'-* The
presence of such well-resolved features in Figure 5.1 arises from the
considerably large magnitude of the '“N coupling. As the g-anisotropy is
responsible for the overlap of g1, g2 and gs features, accurate determination of
the g-values due to the superimposed N superhyperfine pattern requires the
higher microwave frequencies. However, at higher microwave frequencies the
14N superhyperfine splitting is lost due to strain effects, which become first order
at Q and W-band. For example, the g-strain effect is 10 times larger at W-band
frequencies compared to X-band, and as a result the hyperfine splitting resolution
is lost. To successfully extract the superhyperfine couplings, and for N the
additional quadrupole coupling, angular selective ENDOR measurements are
required. For this reason, N and 'H ENDOR spectra were also recorded.
ENDOR spectroscopy provides more information on the extent of spin
delocalisation onto the surrounding ligand nuclei. By recording the ENDOR data
at selected magnetic field positions, one can observe spectra from copper
complexes having a specific orientation with respect to the external magnetic
field, providing unique insights into the Cu(ll) paramagnetic centre and its non-
zero nuclei surrounding.4647
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Figure 5.1 X-band CW-EPR spectra (recorded at 140 K) of a) [Cu(acac)(1)]*, b)
[Cu(acac)(2)]*, ¢) [Cu(acac)(3)]* and d) [Cu(acac)(4)]*, using a OTf
counterions in all cases. All complexes dissolved in EtOH:DMF (1:1).
Corresponding simulations are shown in red trace (a’-d’).
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Figure 5.2 Multi-frequency CW EPR spectra of 2,2’-bipyridine (bipy) [Cu(acac)(1)]*
recorded at X-, Q- and W-band frequency. All spectra measured at 10 K.
All complexes dissolved in EtOH:DMF (1:1).
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Figure 5.3 W-band CW-EPR spectra (recorded at 10 K) of a) [Cu(acac)(1)]*, b)
[Cu(acac)(2)]*, c¢) [Cu(acac)(3)]* and d) [Cu(acac)(4)]*, using a OTf
counterions in all cases. All complexes dissolved in EtOH:DMF (1:1).
Corresponding simulations are shown in red trace (a’-d’)
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Figure 5.4 Q-band CW 'H ENDOR spectra (measured at 10 K) of [Cu(acac)(1)]*
dissolved in EtOH:DMF (1:1) recorded at the field positions corresponding
the labelled g-values. Corresponding simulations shown in red trace.
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Atom No.

¢[Cu(acac)(1)]+
H-Imine
Methine
Methyl (1)
Methyl (2)
¢[Cu(acac)(2)]+
H-Imine
Methine
Methyl (1)
Methyl (2)
¢[Cu(acac)(3)]+
H-Imine
Methine
Methyl (1)
Methyl (2)
¢[Cu(acac)(4)]+
H-Imine
Methine
Methyl (1)
Methyl (2)
Atom No.

[Cu(acac)(1)]+
H-Imine
H-Imine
Methine

H-Methyl
H-Methyl
H-Methyl
H-Methyl
H-Methyl

27H/3H
6H

27H/30H
6H

27H/30H
6H

33H/36H
26H

27H
31H
6H
8H
9H
10H
12H
13H

THA4

/MHz

#2.10

41.10
1.10

2-0.90

a2.30
91.50
1.50

4-0.90

a2.90
92.10
1.50

4-0.90

23.00
92.10
1.40

2-0.90
THA

/MHz

3.0944
3.0956
0.8800
0.5127
0.8553
1.9335
0.8570
0.5115

THA,

/MHz

43.30
4-1.80
1.60
41.60

3.60
9210
1.60
%1.60

a2.90

4210
1.50

41.60

23.00
4.2.10
1.40
21.60
HA,

/MHz

4.6294
4.6311

-2.2499
-2.6452
-2.4482
2.6694
-2.4468
-2.6459
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Table 2 Experimental and DFT calculated 'H principal hyperfine values for the [Cu(acac)(N-N)]JOTf complexes.

HA3 a B Y

Euler angles rotation of the A frame

with respect to the molecular frame

/MHz /rad /rad /rad
10.20 -1.60 1.60 -2.10
4.2.70 -0.50 0.50 -1.00
1.80 1.00 -1.70 -2.00
4.1.00 0 0 0
210.00 -0.80 1.60 -2.00
d.2.80 0 0.70 -1.00
1.80 -0.20 0.40 2.40
9-1.00 0 0 0
29.80 1.70 1.70 1.70
4.3.00 0 1.00 -1.00
2.20 0.5 0.5 -0.60
4.1.00 0 0 0
210.00 1.70 1.70 1.70
4.3.00 0 1.00 -1.00
2.20 0.50 0.50 -0.60
2-1.00 0 0 0
1HA3 o B v

Euler angles rotation of the A

frame with respect to the

g frame

/MHz /rad /rad /rad

11.2683 0.3144 1.4689 0.6301

11.2696 -0.3272 1.5928 -2.7361
-3.0904 -2.9551 0.3422 -1.2292
-3.3541 1.8033 1.1932 -1.9232
-3.2436 -0.5095 0.5108 0.6142
4.9599 -0.2986 1.2249 2.4297
-3.2426 -2.6530 0.6337 -2.7028
-3.3545 1.7137 2.0408 2.9216

95

ref.

tw
tw
tw
tw

tw
tw
tw
tw

tw
tw
tw
tw

tw
tw
tw
tw
ref.

DFT
DFT
DFT
DFT
DFT
DFT
DFT
DFT
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H-Methyl 14H 1.9325 2.6683 4.9590 0.1734 1.1856 1.7921 DFT
[Cu(acac)(2)]+
H-Imine 27H 3.3818 4.6888 11.0554 -0.0001 1.5675 1.701878 DFT
H-Imine 31H 0.2193 0.4127 2.3182 -0.0038 1.5681 1.164614 DFT
Methine 6H 0.8747 -2.2766 -3.1357 -3.0306 0.0133 -0.11896 DFT
H-Methyl 8H 0.5056 -2.6852 -3.4054 2.0622 0.9502 -1.01325 DFT
H-Methyl 9H 0.8503 -2.4869 -3.2935 -1.0289 0.6729 2.086045 DFT
H-Methyl 10H 2.0009 2.7514 5.0599 0.1357 1.6278 0.286984 DFT
H-Methyl 12H 0.8566 -2.4826 -3.2905 -2.1159 0.6723 -2.09954 DFT
H-Methyl 13H 0.5014 -2.6863 -3.4056 1.0821 0.9515 0.99543 DFT
H-Methyl 14H 1.9968 2.7471 5.0557 -0.1362 1.6301 -0.30297 DFT
[Cu(acac)(3)+
H-Imine 27H 3.2377 4.5865 10.9852 0.0046 1.5743 1.6608 DFT
H-Imine 31H 0.2385 0.4290 2.3445 -0.0057 1.5770 1.1353 DFT
Methine 6H 0.8867 -2.2507 -3.0975 -0.3742 0.0189 0.3320 DFT
H-Methyl 8H 0.5177 -2.6614 -3.3735 2.0511 0.9406 -1.0423 DFT
H-Methyl 9H 0.8502 -2.4682 -3.2638 -1.0190 0.6808 2.0428 DFT
H-Methyl 10H 1.9679 2.7079 5.0069 -0.1253 1.5092 -2.8868 DFT
H-Methyl 12H 0.8575 -2.4629 -3.2603 -2.1125 0.6652 -2.1349 DFT
H-Methyl 13H 0.5131 -2.6627 -3.3737 1.0822 0.9565 0.9625 DFT
H-Methyl 14H 1.9639 2.7036 5.0028 -0.1422 1.6300 -0.3401 DFT
[Cu(acac)(4)]+
H-Imine 33H 3.0380 4.7215 11.3327 1.0669 2.8135 -1.0142407 DFT
H-lmine 36H 3.1572 4.6423 11.1289 1.5682 3.0895 -0.6905183 DFT
Methine 26H 0.8623 -2.2832 -3.1320 1.7407 1.5997 -2.2027207 DFT
H-Methyl 27H 0.6436 -2.5991 -3.3733 0.1317 0.9775 1.56622162 DFT
H-Methyl 28H 0.6653 -2.6233 -3.3890 0.1665 2.1243 0.35674377 DFT
H-Methyl 29H 2.1081 2.8642 51711 1.6006 1.1056 -0.6363181 DFT
H-Methyl 30H 0.6598 -2.5740 -3.3066 -0.5391 0.8233 0.57390318 DFT
H-Methyl 31H 0.6664 -2.5497 -3.2970 -2.5906 0.8413 -1.8399565 DFT
H-Methyl 32H 1.9161 2.6503 4.9292 1.5739 1.6940 -0.629672 DFT

t.w = this work. 'HA given in MHz. a+0.2 b+0.5 °+0.26 rad, 9+0.1. Diimine ligands, (1) 2,2'-bipyridine (bipy), (2) 1,10-phenanthroline (phen), (3)
dipyridophenanzine (dppz), (4) 2,3-bis(2-pyridyl)pyrazine (Py-bipy). Solvent system; ®eEtOH-ds:DMF-d7 (1:1).
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5.3.2'H ENDOR

The Q-band angular selective experimental and simulated '"H ENDOR
spectra of [Cu(acac)(1)]* are shown in Figure 5.4. The analogous 'H ENDOR
spectra for the [Cu(acac)(2-4)]* complexes are shown in Appendix, Figure D3
and D4. All four complexes produce a similar '"H ENDOR pattern with large
couplings arising from the imine 'H (labelled blue in Scheme 5.2 above). For this
reason, only the ENDOR spectra of [Cu(acac)(1)]* will be described in detail here,
and the necessary comparisons between the resulting spin Hamiltonian
parameters of the other three [Cu(acac)(N-N)]* complexes (see Table 5.2) will be
discussed accordingly.

A distinct feature of these type of copper complexes are the large couplings
for the imine protons, as reported elsewhere in literature. The large coupling is
attributed to the conjugation of the imine proton with the coordinating nitrogen
atoms, resulting in significant unpaired spin density delocalising over the proton.

The maximum coupling for [Cu(acac)(1)]* is observed at the field position
corresponding to g = 2.054, with a value of 10.20 MHz (Figure 5.4). The two
remaining hyperfine components of the hyperfine tensor were postulated to be
2.10 MHz and 3.30 MHz and these can be readily assigned to the H-imine proton.

a

v-v_[ MHz

Figure 5.5 CW Q-band 'H ENDOR spectra (10 K) of a) a) [Cu(acac)(1)]*, b)
[Cu(acac)(2)]*, c¢) [Cu(acac)(3)]* and d) [Cu(acac)(4)]*, dissolved in
EtOD-ds:DMF-d7 (1:1), recorded at the field positions corresponding to
g=2.05.

97



Chapter 5: Copper(ll) Casiopeina

Overall the 'H imine coupling for the [Cu(acac)(1-4)]* complexes follow the same
trend, possessing a positive 'H tensor with a considering rhombic character for
[Cu(acac)(1)]* (MA = [2.103.3010.20] MHz) and [Cu(acac)(2)]*
("HA =[2.30 3.60 10.00] MHz) in contrast to the more axial "HA-tensor values for
[Cu(acac)(3)]* (MA= [2.90 2.90 9.80] MHz) and [Cu(acac)(4)]* (""A=
[3.00 3.00 10.00] MHz). In summary, the largest hyperfine components for the
[Cu(acac)(1-4)]* complexes were found to be 10.20 MHz (bipy), 10.00 MHz
(phen), 9.80 MHz (dppz) and 10.00 MHz (Py-bipy), respectively, and this subtle
variation in "HAz can be clearly seen below in Figure 5.5.

The decrease in magnitude of the coupling appears to correlate with the
increase size of the diimine ligands and suggests that the imine protons are very
sensitive to the delocalisation of the spin density over the aromatic ring system.
For example, the coupling magnitude is greatest for 2,2'-bipyridine, where the
spin density is delocalised over two six-membered rings whilst it is smallest for
the dppz ligand, where the spin density is localised over a more extended
aromatic ring system.

This trend was not only observed experimentally but also was predicted by
DFT calculations (Table 5.2) and are in good agreement with the observed
experimental hyperfine value for the "H-imine protons. Also, the small increase
of the largest hyperfine coupling value for Py-bipy was also observed in the DFT
calculation. The pyridyl residue is substituted on the 2,2'-bipyrdine ring. Even so,
the diimine is still fully aromatic, the delocalisation effect is similar to the bipyridine
and this explains the hyperfine coupling value of 10.00 MHz. Simulation of the
complete angular selective 'H ENDOR spectra of [Cu(acac)(1)]* is given in
Figure 5.4. The imine derived resonances were accounted for using the proton
tensor above, whilst the acetylacetonato ligand derived resonances were
accounted for by a combination of the methine protons (Scheme 5.2) and the
combined variation of rotational and hindered methyl group protons.

It should be noted that the components of the methine tensor in
[Cu(acac)(1)]*, and the other complexes described herein, are slightly different
compared to [Cu(acac)2], which has been thoroughly investigated by
Sharples et al.8. Slight differences in the values might be explained from the fact
that the [Cu(acac)(N-N)]* complexes were recorded in EtOD-ds:DMF-d7 (1:1),

whilst the [Cu(acac)2]*® complexes were recorded in CDClz:Tol-ds (1:1) and this
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may account for the slight differences. However, the proton labelled Methyl (1)
(Table 5.2) is not in agreement with the reported couplings and might be due to

the fact that different angles have been applied.

5.3.3 "N ENDOR

The '“N superhyperfine patterns observed in the CW X-band EPR spectra
(Figure 5.1a-d) are a rich source of structural information and can help to
understand the coordination of the different sized diimine ligands on the copper
centre. In order to extract the hyperfine and nuclear quadrupole values of the 4N
nuclei from the diimine ligand, Q-band CW ENDOR measurements were
conducted on each sample [Cu(acac)(1-4)]*. The experimental and
corresponding simulations for [Cu(acac)(1)]* are shown in Figure 5.6. The
corresponding N ENDOR spectra for the [Cu(acac)(2-4)]* are given in
Figure D6l-Il and D7 in the Appendix. The “N couplings are well resolved,
enabling one to simulate the angular selective profile more accurately than for
the *N couplings observed in the X-band EPR spectra in Figure 5.1.

M;MW 2.297
MW\? 2.186
M 2,095
?\%\\/djd\/\\,\//’—\/’ 2.071
MCF__/A/\/\;Y* 2.057
M@/\f:f@m 2052
M/F:: 2.045
M’F\: 2041

9 12 15 18 21 24 27 30
v/MHz

Figure 5.6 Q-band CW N ENDOR spectra (measured at 10 K) of [Cu(acac)(1)]*
dissolved in EtOH:DMF (1:1) recorded at the field positions corresponding
the labelled g-values. Corresponding simulations shown in red trace.
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The resulting couplings are given in Table 5.3. The hyperfine and quadrupolar
coupling from the "N (/= 1) nuclei in [Cu(acac)(1)]* and [Cu(acac)(2)]* complex
are of rhombic symmetry with the largest hyperfine coupling found as
14NA3 = 40 MHz or 38.7 MHz, for both complexes respectively. In the case of
[Cu(acac)(3)]* and [Cu(acac)(4)]* complex, the hyperfine and quadrupole appear
to be of more axial symmetry with the largest hyperfine coupling of
14NA3 =38.8 MHz and 39.1 MHz, respectively. For the ™N ENDOR
measurements, it is given that the size of the diimine ligand has a subtle impact
on the magnitude of the hyperfine coupling, in the following order for the largest
coupling '“NAs for the [Cu(acac)(1-4)]* with, 40 MHz (bipy), 38.7 MHz (phen),
38,8 MHz (dppz) and 39.1 MHz (Py-bipy). This is analogous to the trends
observed with the 'H data.

5.3.4 DFT data

The DFT data, used to calculate the spin Hamiltonian parameters via
ORCA, was obtained from the geometry optimised structures, shown below in
Figure 5.7 for [Cu(acac)(3)]*. The corresponding structures for [Cu(acac)(1,2,4)]*
are shown in Appendix, Figure D5. The relative orientation of the g-frame with
respect to the molecular frame is indicated in the figure. The '*N hyperfine tensor

is also found to be largely coincident with the g-frame.

Figure 5.7 Geometry optimised structure for [Cu(acac)(3)]*. The g-frame is reported on
the Cu atom with the same colour coding as the molecular frame on the
right-hand side of the structure: x (red), y (green) and z (blue).
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Table 3. Experimental and DFT calculated '*N principal hyperfine and quadrupole values for the [Cu(acac)(N-N)]JOTf complexes.

9Cu(acac)(1)]*
9Cu(acac)(2)]*
9[Cu(acac)(3)]*
9Cu(acac)(4)]*

[Cu(acac)(1)]*
[Cu(acac)(1)]

[Cu(acac)(2)]*
[Cu(acac)(2)]

[Cu(acac)(3)]*
[Cu(acac)(3)]

[Cu(acac)(4)]*
[Cu(acac)(4)]

[Cu(acac)(1)]
[Cu(acac)(1)]*
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(3) dipyridophenanzine (dppz), (4) 2,3-bis(2-pyridyl)pyrazine (Py-bipy). Solvent system; dEtOH-de:DMF-d7 (1:1).
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5.3.5 Adduct study

As the copper casiopeina complexes are used for the intercalation with
DNA, it was deemed necessary to investigate the adduct formation properties of
the complexes with a series of N-based donor substrates. Guanine and adenine
are not dissolvable in the solvent system adopted in the current studies, and for
this reason only the model substrates of imidazole and L-histidine were
investigated. The CW X-band EPR spectra (140 K) of [Cu(acac)(1)]* dissolved in
EtOH:DMF are shown in Figure 5.8, with increasing ratios of added imidazole
(abbreviated Im). To investigate the nature and coordination mode of the adducts
formed between [Cu(acac)(N-N)]* and imidazole, a speciation study was
performed by increasing the Cu:Im ratios from 1:0 to 1:100 in EtOH:DMF (1:1)
solvent.

At a ratio of 1:2 (Cu:lm) a shift to lower field position for the €Az value is
clearly observed, indicating the coordination of one imidazole to the square
planar copper complex in the axial position. A similar observation was observed
in the previous Chapter 4, for the [Cu(acac)z2] complex.*® In addition at least one
additional Im substrate binds to the [Cu(acac)(1)]* complex, as noted by the
appearance of a second signal. This second signal increases when the
concentration of Im increases, with the steady decrease in the first signal. Similar
trends have been observed for [Cu(acac)(2)]* (see Appendix, Figure D8). On the
contrary, in the case of [Cu(acac)(3)]* and [Cu(acac)(4)]* (Figure D8Il and D9),
the coordination of one imidazole, forming a square pyramidal complex, appears
to be the only dominant species. Only small traces of a second bis-adduct
species, especially at high Cu:lm ratios of 1:50, 1:70 and 1:100, can be observed.
A variable ratio study was also conducted for L-histidine (L-his) with
[Cu(acac)(1)]* and [Cu(acac)(2)]* (Figure D10I-II). The coordination trend of L-
his is from an axial position, forming square pyramidal [Cu(acac)(1-2]* adducts.
For completeness the EPR spectra are given in the supporting information
(Figure D10I-II).
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Figure 5.8 CW X-band EPR spectra (140 K) of [Cu(acac)(1)]* recorded with increasing
Cu:lm ratios, a) 1:0, b) 1:2, ¢) 1:5, d) 1:10, e) 1:30, f) 1:50, g) 1:70 and h)
1:100.

5.4 Conclusions

Copper casiopeina type complexes have been studied for many years, as
they are showing promising potential as therapeutic agents. In general,
casiopeina complexes have shown to possess less toxic side effects compared
to existing cis-platinum drugs. The therapeutic mechanism of the casiopeina still
remains unclear and many approaches have been made, such as structural
modifications of the complex and spectroscopic studies, to explore this
mechanism. To this date, no ENDOR spectroscopic studies have been reported
in the literature. ENDOR spectroscopy has proven to be a powerful tool for
unravelling the structure-function relationships in proteins, particularly in copper
protein chemistry. This tool could therefore be extended to copper based
therapeutics.

Therefore, a series of unbound casiopeina complexes with the general

formula [Cu(acac)(N-N)]* were prepared, and their electronic properties
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examined through EPR and ENDOR spectroscopy. Within the series of
complexes studied, the diimine ligand (N-N) was systematically varied in size
using 2,2’-bipyridine (bipy), 1,10-phenanthroline (phen), dipyridophenazine
(dppz) and a pyridine substituted 2,2’-bipyridine ligand (Py-bipy). These diimine
ligands were selected in light of the fact that the size of the aromatic diimine ligand
may influence the therapeutic activity. The EPR spectra, recorded in ETOH:DMF
(1:1) were characterised by rhombic g and A values for [Cu(acac)(1)]* and
[Cu(acac)(2)]*, with predominantly axial parameters for [Cu(acac)(3)]* and
[Cu(acac)(4)]*, indicating that the size of the diimine ligand can influence the EPR
symmetry. The diimine ligand bipy and phen might have small but not negligible
strain effect on the coordination to the copper centre. As a result, a very small
distortion of the resulting square planar geometry might occur, which can be
detected by EPR spectroscopy.

Differences between the four complexes were also detected in the 'H
ENDOR data. The magnitude of the largest imine hyperfine component observed
at 90 °, was found to be sensitive to size of the diimine ligand. Larger couplings
were observed for smaller aromatic ring systems, i.e., bipy, due to the restricted
spin delocalisation. Smaller couplings were observed for larger aromatics ligands
(i.e., dppz), where spin delocalisation is more diffuse. This observation was
confirmed by N ENDOR measurement revealing a decrease of the largest "*NAs
coupling for the [Cu(acac)(1-4)]*, from 40 MHz (bipy), to 38.7 MHz (phen), to
38,8 MHz (dppz) and to 39.1 MHz (Py-bipy). The spin distribution in the diimine
ligand could provide valuable information on DNA intercalation. The -1
interactions involved in the intercalation may influence the spin density
distribution in the diimine ligand and be manifested as changes in the magnitude
of the largest imine hyperfine component in the '"H ENDOR spectra. The adduct
study with heterocycle nitrogen molecules has shown the tendency of Im and
L-his to coordinate in the axial position. However, further investigations need to
be carried out to gather a wider picture of the possible interaction with heterocycle

nitrogen molecules such as nitrogen bases.
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Chapter 6: The coordination chemistry of Cu(ll) mixed
nitrogen donor multidentate (N-amine and

N-imine) ligands investigated by EPR.

Cu?+ complexes formed by di(2-picolyl)amine L1 have been studied with the
focus on the coordination chemistry using EPR and ENDOR spectroscopy. To
date, EPR has only been used to confirm the coordination of L+ to various Cu?*
centres, but it has not been used to further investigate the impact of the two
different nitrogen nuclei on the copper centre. This is a surprise as EPR is a high
sensitive tool detecting changes in the conformation and configuration of a
molecule. Comparative EPR studies have also been undertaken to investigate
the Cu?* complexes formed by tris(2-pyridylmethyllamine L2 and tris(2-
aminoethyl)amine Ls since they have shown interesting features based on their
multidentate ligand configuration.

6.1 Introduction

Transition metal complexes consisting of multidentate ligands are highly
desirable in a range of applications including pharmacology, biology and
chemistry.' In simple terms, multidentate ligands can form more than one bond
with the metal ion via the ligand donor groups. However, the possible coordination
mode of the ligand and resulting structures depend strongly on many parameters,
including i) the number of available donor groups and positions within the ligand
structure, ii) on the properties of the chosen metal ion.”® Their ligand structures
often contain P, N, O or S integrated as donor groups.'®-'3 The binding mode of
the multidentate ligands is then tuneable and along with a suitable choice of
solvent and temperature, good catalytic activities can be achieved, particularly in
the activation of small molecules, i.e., the hydrogenation of COz2 or the activation
of N2.14-16 Multidentate ligands have also been used in polymeric chemistry, due
to their ability to coordinate to a varies of metal ions in different coordination
fashions.7-20

A well known example of a multidentate ligand is the Schiff base ligand,
which are aldehyde or ketone like compounds in which the carbonyl group is
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replaced by an imine.?! The general structure of Schiff base ligands is given in
Scheme 6.1, showing the salicylic Schiff base derivatives salicylaldehy-
benzylhydrazone and salicylaldehydeacetylhydrazone.??2® Schiff bases are of
interest due to their biological activity, anti-bacterial activity and coordination
properties used in industrial application such as antifouling agents and drug
designes.?’?425 A common derivative of the Schiff base ligand is
di(2-picolyl)amine (labelled L1) and shown in Scheme 6.2.

In the literature a variety of di(2-picolyl)amine L1 based transition metal
complexes have been prepared and studied over the years. Transition metal ions
such as Ni?*, Fe?*, Cu?*, Mn?* and Zn?* have all been studied, and all have in
common the fact that L1 forms the configuration bases of the resulting complex

structure.?”-26-30

Scheme 6.1 Structures of the Schiff bases salicylaldehydebenzylhydrazone (A) and
salicylaldehydeacetylhydrazone (B).?%%3

cancalcant

A

Scheme 6.2 Structure of di(2-picolyl)amine Li, showing the hydrogen labelled Hi, Ha,

H3) H4s H5, Ha and Hb.
H1 Hb Ha
H, \ N \
I
ool
Hs N N A
Hy L1

Sung et al.,3' used di(2-picolyl)sulfide, a derivative of L1, for the reaction
with either CuCl2 or CdCl2. The reaction was carried out with one equivalent of
di(2-picolyl)sulfide and one equivalent of CuCl2 or CdClz, respectively, resulting
in an mononuclear distorted square pyramidal [Cu?*(di(2-picolyl)sulfide)Clz]
complex and the binuclear dioctahedral [(di(2-picolyl)sulfide))(Cl)Cd?*(I-
Cl)2Cd?+(Cl)(di(2-picolyl)sulfide)] complex. This experiment illustrated the
influence of the coordination mode by using different transition metal ions.
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Furthermore, [Cu(di(2-picolyl)sulfide)Cl2] was compared to [Cu(L1)Cl2]. Both
complexes revealed a distorted square pyramidal structure. However, the
oxidation potential of [Cu(di(2-picolyl)sulfide)Clz] was reported to be slightly more
positive and the reduction potential was slightly decreased (less positive) than
that of [Cu(L1)Cl2]. Sung et al.,3' suggested that this result might be due to the
replaced nitrogen donor atom with the sulfur donor atom.31.32

Looking once more at the structural features of di(2-picolyl)amine L1, the
multidentate ligand consists of two N-pyridyl groups and one secondary N-amine
group, which acts as backbone for di(2-picolyl)amine. Cu?* salts, such as CuClz,
Cu(NQO3)2, Cu(S04)2, CuClOs and Cu(BFa4)2, all react with L1 (Cu?*:L1, 1:1),
resulting in the coordination of the two N-imine and one N-amine along with one
counterion in the equatorial plane. The second counterion is coordinated axially
to the Cu?* centre, forming a distorted square pyramidal geometry.32-3 The bis-
ligated complex [Cu(L1)2]?*, bearing two L1 ligands, have also been studied.
Palaniandavar et al.,®” for example synthesised a [Cu(L1)2](BF4)2 complex, with
two equivalents of di(2-picolyl)amine (L1) ligands and one equivalent of Cu(BF4)2.
Interestingly, Palaniandavar et al.,®” reported that two different geometries have
been observed in the same unit cell, which are distorted trans-facial octahedral
and square pyramidal. Similar structures have been reported by Huang et al.,3
for the analogous [Cu(L1)2](ClO4)2 complex.

Cu?+ complexes consisting of di(2-picolyl)amine or related derivatives have
shown promising features in coordination polymer chemistry, catalysis and
additionally as potential DNA cleavage complexes.3':36:38-41 Considering this
range of applications that these copper complexes possess, it is important to
understand the nature of the multidentate mixed N-donor ligand.

Therefore, the objective of this Chapter is to study the coordination
chemistry of the Cu?* complexes formed by di(2-picolyl)amine L1 using EPR and
ENDOR spectroscopy. To date, EPR has only been used to confirm the
coordination of L1 to various Cu?* centres, but it has not been used to further
investigate the impact of the two different nitrogen nuclei on the copper centre.
Furthermore, comparative EPR studies have also been undertaken to investigate
the Cu?* complexes formed by tris(2-pyridylmethyl)amine L2 and tris(2-
aminoethyl)amine L3 since they have shown interesting features based on their
multidentate ligand configuration.
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6.2 Experimental Section

A detailed experimental section was presented previously in Chapter 3.
Therefore, only a brief summary of the key experimental points, relevant to this

chapter, are given here.

6.2.1 Materials

Copper(ll) nitrate trinydrate (hereafter labelled [Cu(NOs)2]), copper(ll)
trifluoromethanesulfate (hereafter labelled [Cu(OTf)2]), copper(ll) chloride
dihydrate (hereafter labelled [CuCl2]), di(2-picolyl)amine (hereafter labelled Li),
tris(2-pyridylmethyl)amine (hereafter labelled L2) and tris(2-aminoethyl)amine
(hereafter labelled Ls), were purchased from Sigma Aldrich. In addition, solvents
such as dimethylformamide (DMF), chloroform (CHCI3) and methanol (MeOH)

were also purchased from Sigma Aldrich and used without further purification.

6.2.2 Sample Preparation

[Cu(L1)](X)2 complexes, X = OTF, Cl, NOs

For simplicity and brevity, only the preparation of [Cu(L1)](NOs)2 is given
here. A 1 M stock solution of [Cu(NO3)2] dissolved in MeOH was prepared and
added to a one equivalent solution of L1.4> The combined solution was stirred
overnight. A dark blue solid was obtained and for purification washed with further
MeOH and dried.

Variable Ratio Study of [Cu(NQOs)2] with L1, L2 and L3

The variable ratio study was conducted using Cu:L ratios of 1:0, 1:1, 1:2,
1:5, 1:10 and 1:50 of [Cu(NOs)2] with either L = L1, L2 or Ls. The general
preparation was carried out in a DMF:CHCIs (1:1) solvent system. A 1 M stock
solution of [Cu(NQOs3)2] was prepared and added to 1:1, 1:5, 1:10 or 1:50 (Cu?*:L)
equivalent solution of the desired ligand. The combined solution was stirred for
two hours and if necessary purified.
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6.3 Results and Discussion

The copper(ll) salts of [Cu(OTf)2], [CuClz] and [Cu(NOs)2] were used in the
complexation studies of di(2-picolyl)amine L1 with Cu?*in a ratio of 1:1. The
resulting experimental and simulated spectra recorded at 140 K are shown in
Figure 1-2 and E1, Appendix. The spin Hamiltonian parameters extracted by the
simulation show similar g and A values and are listed in Table 6.1. Only the
[Cu(L1)](NO3)2 complex revealed any resolved '*N superhyperfine pattern and
this complex was therefore chosen for further investigation.

The resolution and quality of the EPR spectrum depends, among other
factors, on the choice of solvent systems.*34* While the dipolar MeOH solvent

245 255 265 275 285 205 305 315 325 335 345 355
Magnetic Field/ mT

Figure 6.1 Experimental (black) and simulated (red) CW X-band EPR (140 K) spectra
recorded in MeOH of a) the [Cu(NO3)2] copper salt and b) the [Cu(L1)NO3)2]
complex (Cu:Ly ratio of 1:1). The simulation parameters are listed in
Table 6.1.
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Figure 6.2 Experimental (black) and simulated (red) CW X-band EPR (140 K) spectra
recorded in MeOHof a) the [Cu(OTf)2] copper salt and b) the [Cu(L1)(OTF)2]
complex (Cu?':L4) ratio of 1:1). The simulation parameters are listed in
Table 6.1.

gives a poorly defined spectrum of [Cu(L1)](NOs)2 (Figure 6.1), a better resolved
EPR spectrum is observed with the weakly coordinating solvent system
DMF:CHCIs (Figure 6.3). While the MeOH based solvent system gives values of
Oiso =2.129 and aiso = 204 MHz, the weakly coordinating solvents such as
DMF:CHCIs produces different values, in the latter case with giso = 2.127 MHz
and aiso = 207 MHz (Table 6.1).434%
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Table 6.1 Experimental g and €A spin Hamiltonian parameters for [Cu(L+)]?*,[Cu(L+)2]?*,
[Cu(L2)](NOs)2 ,[Cu(L3)](NOs)2 and other spin Hamiltonian parameters of
multidentate Cu?* complexes.

solvent o1 92 g3 A1 A2 A3 ref
Cu?* salts
[Cu(NOs),] DMF:CHCl3 2.084 2.084 2.400 20 20 400 tw
MeOH 2.088 2.088 2.425 50 50 370 tw
[Cu(OTf)2] MeOH 2.084 2.084 2.425 15 15 370 tw
THF:DMF 2.0832 2.0832 2.4122 13.10 13.10 403.4° 46
[CuCly] THF:DMF 2.0612 2.0612  2.316% 54.8° 54.8° 457.8° 4
Ratio 1:1 of [Cu(L1)J(NOs)2
[Cu(L1)](NO3)2 MeOH 2.060 2.068 2.258 35 40 538 tw
[Cu(L1)](NOs)2 DMF:CHCls 2.060 2.068 2.253 35 40 547 tw
[Cu(Ly)](OTf), MeOH 2.070 2.070 2.255 32 32 540 tw
[Cu(L4)]Cl; MeOH 2.063 2.063 2.234 45 45 530 tw
Ratio 1:2 of [Cu(L4)](NO3)>
[Cu(L1)2](NOs)z DMPF:CHCls 2.061 2.061 2238 37/30  37/30 520 tw
Ratio 1:50 of [Cu(L5)](NO;3)»
[Cu(L2)](NOs)2 DMF:CHCls 2.050 2.070 2.267 - - 540 tw
Ratio 1:50 of [Cu(L3)](NO;3)2
[Cu(L3)](NOs)2 DMF:CHCls 2.09 2.19 2.00 330 350 180 tw
reference complexes
solvent o1 92 g3 Ai A2 A3 ref
[Cu(L1)](NOs). 2.097 2.097 2.207 42
[Cu(Ly)](H20)2]%* H.O:Glycrol 2 062 Q065 92262 46 e70 556 36
[Cu(L4)2](BFa4)2 MeOH:H.0 92.052 42,052  92.243 3337
[Cu(L4)2](ClO4)2 MeOH:H.O 2.067 2.013 2.234 33
[Cu(Ly)2]?* H:O:Glycrol 92.046 2072  9.243 30 42 535 3%
[Cu(en)2](OTf), CHLCN: THF 92.040 92.046  92.202 "-78.0 h-82.0 "-602.0 4
[Cu(en)2](NOs). 92.059 92.059 92.189 48
[Cu(bpp)(NO3).] CHsCN 2.060 2114 2.287 49
[Cu(bpp)(H20)(NOs)2] CH3CN 2.060 2.060 2.287 175 49
[Cu(bpcp)] DCM:Hexan 2.281 2.170 2050 280 588 257.6 50

CuA is given in MHz 2+0.004, °+3 MHz, ¢+6 MHz, ¢+0.003, ¢+10 MHz, *+3 MHz, 9+0.005, "+5 MHz,
i+3 MHz . L4 = di(2-dipicolyl)amine, Lz = tris(2-pyridylmethyl)amine, L3 = tris(2-aminoethyl)amine,
en = 1,2-diaminoethane, bpp = 2,6-bis(pyrazol)pyridine, bpcp = 1,4-bis[o-(pyrydine-2-
carboxamidophenyl)]-1,4-dioxabutane.
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Figure 6.3 Experimental (black) and simulated (red) CW X-band EPR spectra (140 K) of
Cu(NO:s)2:L1 (formed at a 1:1 ratio) dissolved in DMF:CHCls.
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Figure 6.4 Experimental (black) and simulated (red) CW X-band spectra of the
[Cu(NOs)2):L1 formed at ratios of a) 1:0, b) 1:1 and c) 1:2 dissolved in
DMF:CHCls.
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6.3.1 CW EPR spectra of [Cu(NO3)z],[Cu(L1)](NOs)z and [Cu(L1)2](NO3)2

The experimental and simulated CW X-band EPR spectra of [Cu(NO3)2],
[Cu(L1)](NOs3)2 and [Cu(L1)2](NO3)2, obtained at [Cu(NOs3)2]:L1 ratios of 1:0, 1:1
and 1:2, respectively, are shown above in Figure 6.4a, b and c respectively. The
resulting spin Hamiltonian parameters are listed in Table 6.1. The [Cu(L1)](NOs3)2
complex reveals a decrease in the gs value (Ags = 0.147) and an increase in As
(AAs = 147 MHz) relative to the unbound [Cu(NOs)2] salt. These shifts are
indicative for the coordination of the nitrogen groups to the copper centre. The
observed “N superhyperfine pattern for [Cu(L1)](NO3)2 in the g1, g2 and g3
regions, are also indicative for nitrogen coordination to the Cu?* in the equatorial
plane. This assumption is in agreement with the reported crystal structuress® of
the distorted square pyramidal [Cu(L1)](NOs)2 complex, with the unpaired
electron located in the dxy ground state.3%425" On the outer m; = +3/2 position of
the gs component, a '“N superhyperfine pattern of 8 lines (considering the
gyromagnetic factor of 6¥65Cu) is revealed and this suggests the presence of
three equivalent nitrogen nuclei (/= 1). However, it is known that two sets of
nitrogen nuclei in the ligands have different electronic structures, specifically one
N-amine and two N-pyridyl groups. Therefore, the '*N couplings would be
expected to be different. Unfortunately, the differences between these nitrogen
groups are not visible on the CW EPR spectrum and '*N ENDOR measurements
are required to determine the differences (see later).

At a ratio of 1:2, the EPR spectrum of bis-ligated complex [Cu(L1)2](NOs)2
appears at the expense of the mono-ligated complex [Cu(L1)2](NOs)2
(Figure 6.4b and c). The g and A values of [Cu(L1)2]J(NO3)2 reveal a small
decrease in g3 (Ags = 0.015) and As (AAs = 27 MHz) compared to [Cu(L1)](NOs3)2
(Table 6.1). The observed gs shift and the change in the signal profile, especially
in the parallel region, indicate that a second L1 ligand coordinates to the copper,
forming a new structure due to [Cu(L1)2](NO3)2. The “N superhyperfine splittings
are poorly resolved for [Cu(L1)2](NOs)2 (Figure 6.4c) due to overall broadening of
the EPR lines, likely due to the presence of additional *N couplings from
additional nitrogen coordination in the equatorial plane. The reported crystal
structure of [Cu(L1)](ClO4)2 and [Cu(L41)](BF4)2, both reveal two different
geometries formed in the same unit cell, which are trans-facial octahedral and
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square pyramidal.®® Huang et al.,*® recorded the CW EPR spectra of
[Cu(L1](ClO4)2 and [Cu(L+1)](BF4)2 dissolved in MeOH. Huang et al.,3 noticed that
the EPR spectra of [Cu(L1)](ClO4)2 and [Cu(L1)](BF4)2 were different to each
other, even so both have the same trans-facial octahedral and square-pyramidal
solution species. For this reason, they suggested that the solution species contain
the respective counterions. Furthermore, as the resulting EPR spectrum of
[Cu(L1)](ClO4)2 and [Cu(L1)](BFa4)2, respectively, exhibiting spectral traces of a
single Cu?* complex, Huang et al.®® implied that the trans-facial and square
pyramidal solution species must have very similar spectra. Applying this
conclusion to the present [Cu(L1)2](NO3)2 complex could suggest that the
resulting spectrum may be composed of two [Cu(L1)2](NOs)2 species, with trans-
facial and square pyramidal geometries. In this case, the square planar structure
(equatorial) is formed by two N-imine of the pyridyl groups and two N-amine
groups from the backbone of two L1 ligands. Further work is required to resolve
these structures and confirm the above proposal for [Cu(L1)2](NOs3)2.

6.3.2 Overshoot features of [Cu(L1)](NO3)2

The angular dependency profile of the [Cu(L1)](NOs)2 sample recorded at
X-band frequency is shown in Figure 6.5a. Three turning points at off-axis
orientations, referred to as “overshoot” features, are visible on the m, =-3/2
transitions at 334 mT, on the m, = -1/2 transition at 327 mT and on the m,;= +1/2
transition at 325 mT, labelled with an asterisk. These features arise due to the
relatively small g and large CYA anisotropy and can lead to ambiguities in the
interpretation of X-band spectra. The corresponding Q-band CW EPR spectrum
is shown in Figure 6.5b and the overshoot features are absent. The
14N superhyperfine splitting is lost due to the greater influence of g and CUA
strain. 475253

The g and A values for [Cu(L1)](NOs)2 suggest a slight off axial symmetry
towards rhombicity for this complex. Similar g and A values have also been
reported for [Cu(L1)(H20)2]?* by Spencer et al.*¢ However the recorded CW Q-
band spectrum of [Cu(L1)](NOs)2 does not show traces of rhombicity. For this
reason the spectrum of [Cu(L1)](NOs)2 must be recorded at W-band as well.
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Figure 6.5 CW EPR spectra of [Cu(L1)](NOs)2 dissolved in DMF:CHls, recorded at a) X-
and b) Q-band frequencies. The simulated roadmap for [Cu(L1)](NOs). at
the two frequencies is also shown. The overshoot features are highlighted
with an asterisk (*).

6.3.3 "*N CW Q-band ENDOR of [Cu(L1)](NO3)2

P
1200

The *N superhyperfine pattern observed in the CW X-band EPR spectrum
of the distorted square pyramidal [Cu(L1)](NOs)2 complex (Figure 6.3) contains a
rich source of structural information on the coordination mode of [Cu(L1)](NO3)a.
The crystal structure®® of [Cu(L1)](NOs3)2 revealed most of the structural
information, for the CW X-band EPR spectrum at low temperature.
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Figure 6.6 Q-band CW ™N ENDOR spectra (10 K) of [Cu(L+)](NOs3)2 dissolved in
DMF-d7:CDCls (1:1) recorded at field positions corresponding to the g-

values |nd|cated beS|de each spectrum.
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Figure 6.7 Q-band CW "N ENDOR spectra (10K) of a) [Cu(L1)](NOs)2, b)
[Cu(acac)(1,10-phenanthroline)]OTf and C)

[Cu(1,2diaminoethane)2](OTf)2*’. The ENDOR spectra were measured
at the field positions corresponding to I) g = 2.30 (labelled I) and g = 2.04
(labelled ).
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It is known that the nitrogen nuclei from the pyridyl N-imine and N-amine
groups of the L1 backbone are coordinated to Cu?* in the equatorial plane.
However, from the X-band EPR spectrum alone it was not possible to distinguish
between the two inequivalent nitrogen nuclei. For this reason, CW Q-band
ENDOR spectroscopy was used to determine the couplings more accurately. The
14N orientation selective ENDOR measurement of [Cu(L1)](NOs)2 were recorded
(Figure 6.6). For comparison purposes, the '“N ENDOR spectra of
[Cu(acetylacetonate)(1,10-phenanthroline)](OTf)2 and [Cu(1,2-diaminoethane)z]
(OTf)2*" are also shown in Figure 6.7. These additional and comparative spectra
were recorded at gi and g1 positions. The [Cu(acetylacetonate)(1,10-
phenanthroline)](OTf)2 complex consists of a 1,10-phenanthroline ligand bearing
two coordinated N-imine nuclei interacting with the copper centre, whereas
[Cu(1,2-diaminoethane)2](OTf)2 consist of only coordinated N-amine nuclei
interacting with the copper centre. These Cu?* complexes have been studied in
depth by EPR spectroscopy and are therefore suitable for comparison in the
current complex bearing both coordinated N-imine and N-amine nuclei.*”-%2

The experimental angular selective CW Q-band “N ENDOR spectra of
[Cu(L1)](NOs)z2 is shown in Figure 6.6, are deceptively difficult to interpret due to
the overlapping couplings from the N-imine and N-amine nuclei. The spectra are
further complicated by the quadrupole interactions. The N ENDOR spectrum of
[Cu(acetylacetonate)(1,10-phenanthroline)](OTf)2 produces remarkably similar
couplings to those seen in the [Cu(L1)](NOs)2 spectra (Figure 6.7a,b), indicating
that the N-imine couplings in [Cu(L1)](NOs)2 are of similar magnitude to those
found for other N-imine compound systems (i.e., [Cu(acetyl-acetonate)(1,10-
phenanthroline)](OTf)2. Unfortunately, an analogous comparison between
[Cu(L1)](NOs3)2 and the N-amine bound system ([Cu(1,2-diaminoethane)z2](OTf)2)
is less straightforward. The N-amine couplings are clearly smaller (Table 6.2) but
owing to the overlap with the larger N-imine couplings, it is difficult to
unambiguously identify the peaks in the ENDOR spectra. The analysis of the “N
ENDOR spectrum suggest that the hyperfine coupling of the N-amine is located
at slightly lower frequency than those of the N-imine hyperfine coupling of the
coordinated di(2-picolyl)amine L1 ligand compared to reference complexes
(Table 6.2). This observation has been seen for amine and imine nuclei placed in
the pseudo planar coordination array of copper complexes. The spin density of
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the sp? hybridized nitrogen orbitals have been shown to be higher than for the
spin density of sp? hybridized nitrogen orbitals, the former one shown to have in
general larger hyperfine couplings than sp® hybridized nitrogen such as amines.%
Even though, the hyperfine coupling seem to be very similar and causing overlap
of the signals as seen in the '*N ENDOR spectra (Figure 6.).

Table 6.2 '*N hyperfine and quadrupole parameters of N2, N4(amine) and N4(aza) Cu?*
complex, listed for comparison to [Cu(L1)](NOs)a.

Coordination Complex Aq2 Az As QP Q2 Qs
N4(amine) [Cu(en)2](OTHs 39.35 260 264 125 086  0.39
Nd4(aza) [Cu(TPP)] 542 427 4400 -0.62 093  -0.31
[Cu(BOX)s] 398 331 329 057 052  0.05
N2 [Cu(BOX)](OTf)2 456 359 367 087 097  -0.10
[Cu(BOX)Cl, 41.9 32.5 32.8 -0.87 0.97 -0.10

NA is given in MHz 2+0.2 MHz*” *+0.1 MHz*’. en = 1,2-diaminoethane, BOX = (-)-2,2"
Isopropylidenebis[(4S)-4-phenyl-2-oxazoline].

6.3.4 '"H ENDOR of [Cu(L1)](NO3):

To complete the CW Q-band ENDOR study of the [Cu(L1)](NOs)2 complex,
the '"H ENDOR spectra were recorded at 10 K, and the resulting ENDOR spectra
are shown in Figure 6.8. The proton couplings observed for the [Cu(L1)](NOs)2
complex are centred around vo-vi and separated by HA.8 The main signals
recorded at the field position corresponding to g = 2.307 indicate the presence of
three strongly coupled protons. The largest proton coupling appears to be
characterised by the tensor £[7 9 16] MHz and is assigned to the imine proton,
labelled H4 in Scheme 6.2. This coupling is not as big as one would commonly
expect for pyridine imine protons. This may be due to the fact that in the primary
coordination sphere of the complex, an amine is coordinated in the equatorial
plane. It has been observed that axially coordinated amines to Cu?*-Salen type
complexes have a slightly decreased proton imine coupling (Table 6.3).°
However, to confirm or dismiss this assumption for [Cu(L1)](NOs)2, further
experiments or DFT calculations would be required. The second well resolved
tensor £[2 7 12] MHz has been assigned to the H-amine proton. This tensor is in
good agreement with reported proton amine couplings which primarily interact
with the Cu?* centre.#’ In the case of indirectly interacting amine protons, the

coupling would be weaker and result in smaller couplings.
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Figure 6.8 CW Q-band 'H ENDOR spectra (10 K) of [Cu(L4)](NOs). dissolved in

DMF-d7:CDCls (1:1) recorded at the field positions corresponding to the
g-values indicated beside each spectrum.

Table 6. 3. 'H arbitrary hyperfine values for [Cu(L1)](NOs)2 and other comparative Cu?*

complexes.
Nucleus At Az A3 a B y ref
[Cu(L1)I(NOs)2 Himine 7 9 16 0 90 0 tw
Hamre 2 7 12 0 9% 0 tw
C-H (Haromaticy 1.0 1.3 3.0 0 90 0 tw
reference complexes
A1 A2 As a B 1% ref
[Cu(en)](OTf)z Hamine -8.002 552 1365 35 50 0 a7
C-Heq (HMeth¥) -2.63 1.70 4.30 0 60 0 o
[Cu(acac)(phen)]CF3SO; H!mine 2.202 10.052  2.10° 0 90° 0 52
[Cu(salen-3)] Himine 17.80¢ 18.55¢ 22.20¢ - - - o
[Cu(salen-3)]MBA Himine 16.60¢ 17.20° 21.30¢ - - - o
[Cu(BOX)|(OTf)2 a-1H -2.12 172 5.9¢ 11 63 34 4
0-HPhen -3.02 -1.202 1.20° 0 11 0 46

trans-equatorial
[Cu(acac)z(Im)a] remote Hamine 3.15f 1.80f 1.95f 309 209  -309 44

tw = this work. HA is given in MHz 2+0.247:52 b+(,552 c+15°52 d+(0.029, e+0.146, 7+0.4, 9+10°. L1 =
di(2-dipicolyl)amine, en =1,2-diaminoethane, salen-3 = N-(3,5-di-tert-butylsalicylidene)-NO-
(salicylidene)-cyclohexane-1,2-diaminem, MBA = S-methylbenzylamine ,Im = imidazole.
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Due to the overlapping 'H signals, it is not clear if only three strong couplings
are present in the ENDOR spectra (Figure 6.8). Between 2 MHz and — 2 MHz,
the observed proton couplings are considered as weak proton couplings,
presumably resulting from aromatic proton couplings or from the bridging methyl
protons, which are not directly interacting with the Cu?* centre. As the
[Cu(L1)](NOs)2 complex has not be synthesised under inert conditions, it could
also be assumed that water is coordinated to copper, even so the crystal
structure® or EPR spectrum do not indicate the presence of H20. However, such
occurrence would result in a characteristic proton coupling in the '"H ENDOR
spectra, which has not been observed (Figure 6.8).4¢

To accurate analyse the '"H ENDOR spectra, DFT calculation and further
orientation selective measurement must be conducted. Selective deuteration of
L1 would also help to distinguish between these overlapping proton couplings.4%57

6.3.5 Tris(2-pyridylmethyl)amine and tris(2-aminoethyl)amine Cu?* complexes

The structure of di(2-picolyl)amine L1 was shown earlier in Scheme 6.2. The
structures of tris(2-pyridylmethyl)amine L2 and tris(2-aminoethyl)amine L3 are
illustrated below in Scheme 6.3a, b respectively. In contrast to Li, tris(2-
pyridylmethyl)amine L2 has an additional pyridylmethyl residue connected to the
amine backbone of Li. Hence, L2 is considered as a tetradentate ligand with
mixed nitrogen functional groups, namely N-imine and N-amine. In addition, the
structural and electronical features of L2 have also been compared to
tris(2-aminoethyl)amine L3 as this is considered as the amine analogue of La.

Scheme 6.3 Structures of the multidentate ligands a) tris(2-pyridylmethyl)amine and b)

tris(2-aminoethyl)amine
a) - b)

\N / K\NHz
= = N

‘ ‘ HzN/\/ \/\NH2
AN N A

N N
L, Ls
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Figure 6.9 CW X-band (140 K) EPR spectra of Cu(NOs)2 with increasing ratios of the L2
ligand; a) 1:0, b)1:1, c¢) 1:1.5, d) 1:5, e) 1:10 and f) 1:50, dissolved in
DMF:CHCIs (1:1).

The experimental low temperature (140 K) X-band EPR spectra of the
[Cu(NO3)2]:L2 complex formed at different ratios (1:0, 1:1, 1:1.5, 1:5, 1:10 and
1:50) are shown in Figure 6.9. The EPR measurement were performed using the
solvent system DMF:CHCIs (1:1). At high ratios (1:5, 1:10), the Cu?* signal
intensity was found to be considerably smaller compared to the lower ratios. This
is caused by the formation of a variety of Cu?* tris(2-aminoethyl)amine complexes
which are insoluble in DMF:CHCI3 resulting in precipitation. Curiously, the Cu?*
signal strength recovers again at a ratio of 1:50, and the reason for this is not
currently know.

At a ratio of 1:50, the EPR spectrum shows a signal arising from a single
Cu?* complex in solution, presumably of the copper [Cu(Lz2)](NO3)2 complex. The
spin Hamiltonian parameters extracted by simulation are listed in Table 6.1. The
[Cu(L2)](NO3)2 complex reveals a decrease in the g3 (Ags=0.143) and an
increase in the As (AAs = 140 MHz) relative to the unbound [Cu(NOs)2] salt in the
CHCI3:DMF solvent system. These shifts are indicative of the coordination of the
L2 ligand. In comparison to the distorted square pyramidal [Cu(L1)](NOs3)2
complex, [Cu(L2)](NOs)2 reveals a very small increase in the gz value
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(Ags = 0.009) and has a similar As value. This observation suggests either the
axial coordination or at least weak interaction of one methylpyridine arm with the
Cu?* centre.'>% Mukhopadhyay et al.,>® studied the structure of the Cu?* tris(2-
pyridyl)methyl)amine system, with additional coordinated N3, O-NO or NCS, for
the purpose of improving the one-electron reduction and two-electron oxidation
potentials. They reported a pseudo octahedral geometry including one of N3, O-
NO or NCS. In that case, the tris(2-pyridylmethyl)amine L2 complex was always
coordinated with three N-imine in the equatorial plane and one N-amine in the
axial position. This observation by Mukhopadhyay et al.,%° does suggest similar
coordination for [Cu(L2)](NOs)2.

The '*N superhyperfine splitting arising from the [Cu(L2)](NO3)2 complex are
well resolved and are indicative of '“N superhyperfine interactions from four
equivalent nitrogen nuclei (/= 1). In the literature, it is commonly observed that
the di(2-picolyl)amine ligand forms the base of the conformation and that the
residues are either weakly interacting or coordinated perpendicular to the
di(2-picolyl)amine base. 7?6-30 |n addition, by examining the EPR spectra in
Figure 6.9, no obvious indication is given that one ligand is coordinated and
subsequently followed by a second ligand. For further clarification, X-ray and '“N
ENDOR studies need to be conducted to obtain not only the structural information
but to also provide evidence of the inequivalent nitrogen atoms coordinated to
Cu?* centre.

Finally it should be noted, that for the [Cu(L2)](NOs)2 complex, the gand A
values indicate a slight off axial symmetry towards rhombicity with the electron
located in the dxy ground state, giving rise to the observed EPR shape
(Figure 6.9). To obtain more accurate g and A values, the W-band EPR spectrum
need to be recorded. Owing to the magnitude of the gs and As components, a
considerable overshoot appears in the X-band spectrum (Figure E.2, Appendix).

This complicates the extraction of the g values from X-band data alone.
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Figure 6.10 CW X-band (140 K) EPR spectra of Cu(NOs)> with increasing ratios of the
Lsligand: a) 1:0, b) 1:1 ¢)1:5,d) 1:10, e) 1:50 dissolved in DMF:CHClIs (1:1).

The experimental CW X-band (140 K) EPR spectra of unbound [Cu(NOs)2],
and the [Cu(NQOs)z]:Ls complex bearing increasing ratios of 1:1,1:5, 1:10 and 1:50,
dissolved in DMF:CHCIs, are shown in Figure 6.10a-e. At a ratio of 1:1, it is
evident that in addition of the copper salt other EPR signals are observed,
indicating the formation of a new copper complex formed by coordination of
tris(2-aminoethyl)amine Ls to the Cu?* centre.

The resulting g and A values for the new complex are given by the
approximate values of g1=2.09, g2=2.19, gs=2.00 and A1 =330 MHz,
A2 =350 MHz and As =180 MHz. In EPR, systems with well defined axial
symmetry are characterised by the g values of gi=g2#gs (as explained earlier in
Chapter 2). In cases where gu>g., the symmetry of the complex is usually
characterised as pyramidal, octahedral, square planar or square pyramidal. In the
current case, the reversed g tensor are observed with gi<g. and this is typical of
a complex bearing a trigonal bipyramidal geometry with a ground state of
dz2.50:51.80 Further EPR studies such as CW ENDOR and CW W-band EPR need
to be carried out to obtain structural information of this complex. An EPR and
ENDOR study of related trigonal bipyramidal copper complexes was already
reported by Ehsan et al.®' for a series of nitrogen donor tripodal ligands. They
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reported that the ligand field at the fifth coordination position affects all of the
coordination bonds as well as the spin distribution among the ligands. These
ligand field effects on the electronic structures were discussed in reference to the
ligand field parameters obtained by EPR.

6.4 Conclusion

Copper complexes with nitrogen based multidentate ligands have been
investigated by EPR spectroscopy. In this study, the focus was on three
multidentate nitrogen based ligands including di(2-picolyl)amine L1, tris(2-
pyridylmethyl)amine L2 and tris(2-aminoethyl)amine Ls, with the aim to study the
mixed nitrogen donor influence on the Cu?* centre using EPR spectroscopy.

The [Cu(L1)](NO3)2 complex (Cu?*:L1 ratio of 1:1) was characterised by the
spin Hamiltonian parameters of g1 = 2.060, g2 = 2.068 and gs = 2.253 with well
resolved N superhyperfine interactions to three nitrogen donor groups.
“N CW ENDOR measurements revealed that two different types of nitrogen
donors are coordinated to Cu?* (Figure 6.7a), namely the N-amine and N-imine
from the L1 ligand (Scheme 6.2). Owing to the overlapping spectra, the spectra
could not be reliably simulated. Additionally, the '"H CW ENDOR spectra of
[Cu(L1)](NOs)2 also revealed the presence of the coordinated ligand, due to the
detection of the characteristic H-imine coupling (Figure 6.8 and Figure E.4,
Appendix).25:44.47.52

For the [Cu(L2)](NOs3)2 and [Cu(L3)](NOs)2 complexes, both were formed at
a ratio of 1:50. The ligands L2 and Ls are similar in structure, however the
coordination modes to the copper centre are very different; for [Cu(L2)](NOs)z2 a
dxy ground state occurs, whereas for [Cu(L3)](NOs)2 a d-2 ground state is observed
(Figure 6.9 and 6.11).

The EPR and ENDOR data presented in this Chapter have been
surprisingly difficult to interpret. In previous chapters, a single equivalent nitrogen
environment was observed. In the cast of the current multidentate ligands,
containing both N-imide and N-amine nitrogen centres, the resulting spectra are
deceptively difficult to analysis. Several of the described complexes have shown
evidence for a rhombic distortion and therefore this would need to be investigated
using higher frequencies. In the case of [Cu(L2)](NOs)2 and [Cu(L3)](NOs3)z,
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further CW and pulsed ENDOR measurements are required to gain further in
depth knowledge. To further clarify the mixed nitrogen nature of [Cu(L1)](NO3)2
and the other complexes, DFT calculations are also required to complete this
study.
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Chapter 7: Conclusion

Copper has two important oxidation states, namely Cu'* and Cu?*, which play
a significant and considerable role in catalytic and biological processes, ranging
from copper based enzymes or drugs to industrial or pharmaceutical catalysts. A
brief introduction and overview on the general relevance and importance of Cu?*
based complexes, with particular relevance to catalysis was given in Chapter 1.

A particular series of Cu?* complexes which have been investigated in this
thesis are essentially based on planar compounds, primarily interacting with
nitrogen bases that are relevant to biology, or ligands bearing mixed nitrogen
functional groups that are coordinated to the Cu?* centre. All these complexes
are paramagnetic and therefore are readily studied by EPR spectroscopy. EPR
spectroscopy, and the related hyperfine techniques, is a powerful method to study
the electronic and geometric structure of these Cu?* complexes, enabling one to
obtain not only the information on the local Cu?* centre, and inner coordination
sphere, but also the long-range superhyperfine information in the outer
coordination sphere of the complex. Both EPR and ENDOR techniques,
presented in Chapter 2, therefore offer a unique and unparalleled insight into the
structure and electronic properties of paramagnetic (cooper) coordination
compounds.

A detailed EPR, ENDOR and HYSCORE investigation of the simple
[Cu(acac)2] complex interacting with an imidazole substrate to form a mono- and
bis adduct [Cu(acac)2lmps-1,2], was presented in Chapter 4. This study was
conducted owing to the growing number of cytotoxic Cu?* based complexes which
actually contain the acetylacetonate ligand and therefore, a better understanding
of how such complexes interact with imidazole (which itself represents the side
chain moiety of the amino acid histidine), is extremely important and timely. The
work conducted herein found that at a relatively low ratios of Cu to Im, a
[Cu(acac)2lmp-1] mono-adduct was formed as expected. The Im-substrate was
found to coordinate to the Cu in the axial position, as confirmed by the small shift
in the g3 value (Ag: = 0.022) and the concomitant decrease in the ‘YAz value
(AAz = 48 MHz) relative to the unbound [Cu(acac)z2] complex. However, at higher

ratios of Cu to Im, a [Cu(acac)z2lmz] bis-adduct was formed, as instantly revealed
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by the superhyperfine patterns observed in the CW EPR spectra, which were
indicative to two strongly coordinating nitrogen nuclei. Different structural isomers
of the [Cu(acac)z2lmz] bis-adduct are possible, and the detailed EPR, ENDOR and
DFT study enabled us to determine which structure was most favourable in frozen
solution; namely the trans-equatorial conformer. Three individual sets of 'H
tensors were identified from the '"H ENDOR spectra and assigned to the H2/H?,
H® and H' protons of the Im-substrate. These values were consistent with either
a cis-mixed plane or ftrans-equatorial structure for [Cu(acac)zlmz]. However,
angular selective "N ENDOR (both CW and pulsed) provided more detailed
insights into the hyperfine and quadrupole values for the coordinating imino N3
nitrogen, and these parameters were in excellent agreement with the geometry
optimized structure for the trans-equatorial [Cu(acac)2lmz] adduct only. Equally,
the hyperfine and quadrupole values for the remote '*N amine nucleus were
determined, by simulation of the X-band HYSCORE spectra, and a reasonably
good agreement was achieved between theory and experiment. The
consequence of these findings from a drug-discovery and design perspective, is
that the ability of the coordinating ligand in these commonly used Cu-acac based
complexes to flip between cis- and trans-conformations (i.e., from unbound to Im-
bound adducts) must therefore be considered when designing novel cytotoxic
Cu?* based complexes for target interactions with proteins bearing imidazole
residues owing to this ligand flexibility.

The interaction of simple nitrogen bases coordinating to copper complexes
was also explored in Chapter 5, specifically focussing on casiopeina type
complexes, which have an important role as potential anticancer drugs. A series
of casiopeina complexes with the general formula [Cu(acac)(N-N)]* were
prepared, and their electronic and structural properties were thoroughly
examined using EPR and ENDOR spectroscopy. Within the series of complexes
studied, the diimine ligand (N-N) was systematically varied in size using 2,2’-
bipyridine (bipy), 1,10-phenanthroline (phen), dipyridophenazine (dppz) and a
pyridine substituted 2,2’-bipyridine ligand (Py-bipy). These diimine ligands were
selected in light of the fact that the size of the aromatic diimine ligand may
influence the therapeutic activity. The EPR spectra were characterised by
rhombic g and A values for [Cu(acac)(1)]* and [Cu(acac)(2)]*, with predominantly
axial parameters for [Cu(acac)(3)]* and [Cu(acac)(4)]*, indicating that the size of
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the diimine ligand can influence symmetry around the copper centre. A very small
distortion away from the expected square planar geometry therefore occurs,
which was only detected by W-band EPR. Differences between the four
complexes were also detected in the 'TH ENDOR data. The magnitude of the
largest imine hyperfine coupling was found to be sensitive to size and degree of
conjugation of the diimine ligand. Larger couplings were observed for smaller
aromatic ring systems, i.e., bipy, due to the restricted spin delocalisation. Smaller
couplings were observed for larger aromatics ligands (i.e., dppz), where spin
delocalisation is clearly more diffuse. This observation was confirmed by
4N ENDOR measurement, revealing a decrease of the largest *NAs coupling for
the [Cu(acac)(1-4)]*, from 40 MHz (bipy), to 38.7 MHz (phen), to 38,8 MHz (dppz)
and to 39.1 MHz (Py-bipy).

This spin distribution in the diimine ligands could provide valuable
information on the nature of the DNA intercalation. The TT-1T interactions involved
in the intercalation are likely to be influenced by the extent of spin density
distribution onto the ligands, as evidenced by ENDOR spectroscopy. The
interaction of these complexes with heterocycle nitrogen based substrates
(including imidazole and L-histidine) was also investigated. Unlike the case for
[Cu(acac)z], where some degree of ligand rearrangement occurred from cis- to
trans- arrangement, the interaction of Im and L-His with [Cu(acac)(N-N)]* was
very weak and occurred along the unique axial direction. No such ligand flexibility
or rearrangements occur with [Cu(acac)(N-N)]*, even in the case of potentially
strongly coordinating substrates such as Im.

Copper nitrogen based multidentate ligand complexes have been widely
investigated by EPR spectroscopy over the years. In Chapter 6, three
multidentate nitrogen ligands, including di(2-picolyl)amine, tris(2-pyridyl-
methyl)amine and tris(2-aminoethyl)amine, were studied by EPR and ENDOR
spectroscopy. The primary focus and aim of this investigation was to utilise
ENDOR spectroscopy to examine copper complexes bearing inequivalent
coordinated nitrogen nuclei. The [Cu(di(2-picolyl)amine)](NOs)2 complex was
prepared in solution and studied by EPR and ENDOR. Differences between the
coordinated N-Imine and N-Amine groups of the complex, [Cu(di(2-
picolyl)amine)](NOs)2 were clearly detected in the *N ENDOR spectra, since it is

known that these two sets of *N environments produce difference NA and NQ
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values. Despite this knowledge, a reliable simulation of the experimental '“N
ENDOR spectra could not be achieved, indicating a subtle variance in the
expected couplings for pure N-Imine and N-Amine nitrogen nuclei in these
multidentate ligands. The complexes [Cu(tris(2-pyridylmethyl)amine)](NOs)2 and
[Cu(tris(2-aminoethyl)amine)](NOs)2 were also prepared and studied by EPR
spectroscopy. The coordination modes for these two complexes were notably
different, with the former producing the expected square planar type arrangement
(characterised by a ‘normal’ Cu?* EPR signal with gj > g., typical of a dxy ground
state) while the latter complex produced a trigonal bipyramidal arrangement
(characterised by a reversed Cu?* EPR signal with g < g. typical of a dz2 ground
state).

In conclusion, EPR and ENDOR spectroscopies have been used to study a
series of copper based complexes and their interaction with nitrogen based
substrates. The broader context of this work comes from the growing relevance
of copper complexes that are showing enormous potential as cytotoxic
compounds. From a biological perspective, the subtle interactions of these
complexes and the variable modes of coordination with biologically relevant
bases, needs to be understood. EPR is one of the techniques that can provide
this information. The more specific context of the Thesis, however, was to
investigate in detail the electronic and structural aspects of various copper
complexes including [Cu(acac)z], [Cu(acac)(N-N)]* and the multidendtate ligand
based complex [Cu(dN-°N-2N)], and their interaction with target nitrogen bases.
In most cases, the combined use of the EPR techniques including ENDOR and
HYSCORE, complimented by DFT, is clearly necessary if not strongly advisable,
when determining the structure of the complexes. For example with the
[Cu(acac)2lmz] adduct, a variety of structural isomers can be formed in solution,
and the combined use of advanced EPR techniques were necessary to
unambiguously identify which isomer is present. With some complexes,
particularly the family of [Cu(acac)(N-N)] systems, conventional X-band EPR is
insufficient to reveal the subtle local distortions around the Cu?+ site, due to the
different ligands. These complexes would all appear to possess a square planar
arrangement, for high frequency EPR can detect the small deviations away from
planarity. And finally, the variation in structure of copper complexes bearing
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multidendate ligands can be readily examined by EPR, as shown for the family
of mixed N-amine and N-imine ligands.

Overall the work presented in this Thesis has shown the value of advanced
EPR spectroscopic techniques when probing the structure of a Cu?* systems. In
many cases, EPR is more effective than NMR or X-ray to determine the structure
in frozen solutions, particularly when complimented by DFT calculations.
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A: Appendix to Chapter 2

A.1. Character table for point group Dap."

Dan E 2, G, 2(.'; 2 (,'.' i 285 on 2o. 204

(4 mermini)

Ay 1 1 1 1 1 1 1 1 1 1 oy, 2
Az 1 1 1 1 1 1 1 1 1 1 R,

B, 1 -l 1 1 -1 1 -1 1 1 -l -
Bag 1 -l 1 -1 1 1 -1 1 -l 1 Xy

E, 2 0 -2 0 0 2 0 -2 0 0 (R.R) (xz.12)
Ay 1 1 1 1 1 -1 -1 -1 -1 -1

A 1 1 1 —1 1 -1 -1 -1 1 1z

B 1 -l 1 1 -1 -1 1 -1 -l 1

B, 1 - 1 ~1 1 -1 1 -1

E. 2 0 -2 0 0o 2 0 2 0 0 (x, )

132



Appendix

C: Appendix to Chapter 4

b
45.5 %
54.5 %
d
270 280 290 300 310 320 330 340

Magnetic Field /f mT

C.1 Experimental (black) and simulated (red) X-band CW EPR spectra (298 K) of
[Cu(acac):] recorded with a Cu:lm ratios of a) 1:0 and b) 1:10. The deconvoluted
simulation of b), shown in the green and blue traces, is due to 45.5 % [Cu(acac).]
(green) and 54.5 % [Cu(acac)2lm] (blue). The spectra were recorded in a
CHCI3:DMF (1:1) solvent. The simulation parameters are listed in Table 4.2
(Chapter 4)

C.2 Comment on the DFT energies and basis sets used:

Despite the excellent agreement between experimental data and theoretical
prediction for the frans-equatorial coordination complex, the latter is predicted to lie ca.
23 kJ mol ™ higher in energy than the trans-axial coordination complex. We ascribe this
discrepancy to the fact that functional (PBEQ) and especially basis set used (EPRII for
the light weight p-block elements and core-property CP for Cu) are designed to predict
EPR-related properties (g-tensor and hyperfine coupling) rather than relative energies.
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Cartesian coordinates of the geometry optimized complexes used for the DFT
calculation of g, A and nuclear quadrupole values:

Cu(acac):Im Cis-mixed plane Cu(acac):Im;
CARTESIAN COORDINATES (ANGSTROEM) CARTESIAN COORDINATES (ANGSTROEM)

Cu -0.036249 0.032810 -0.722325 Cu 0.024584 0.123722 0.19%1301
o} -1.454303 1.392681 -0.508375 N 0.365892 -0.651101 =-2,000113
o] 1.263384 1.3999%1 -1.288098 C 0.662054 -1.944169 -2.351524
o] 1.331577  -1.332404 -1.088392 C 0.054226 -0.025818 -3.109196
o] -1.460440 -1.335745 -0.646979 C 0.531774 -2.097144 -3,706144
C =1.303791 2.648559 -0.608756 H 0.937889 -2.664592 -1.595442
c 1.083245 2.650951 -1.283E26 H -0.241003 1.011508  -3.,182204
C -2.543254 3.464880 -0.321116 H 0.670804 =2.943052 -4,358861
H -3.346448 3.131944 -0.984081 N 1.905853 1.001511 0.279943
H -Z2.867052 3.270560 0.706123 c 2.266345 2.28844¢6 -0.031500
H -2.379752 4.535503 -0.450944 C 2.986798 0.386712 0.701758
c 2.2B3859 3.472889 -1.697265 ' 3.603041 2.451277 0,207183
H 3.104330 3.26325%6 -1.005135 H 1.530303 2.889721 -0.392897
H 2.607373 3.153984 -2,691837 H 3.022859 -0.643746 1.023570
H 2.076391 4.543757 -1.704746 H 4,.260776 3,297821 0.096511
C -0.116751 3.309872  -0.957178 N 0.142667 -0.861883  -4.176923
H -0.132904 4.390864  ~-1.007063 H -0.049284  -0.622188  -5.136772
C -1.276170 -2.586592  -0.588435 N 4.044711 1.231084 0.672295
c 1.176416 -2.583554 -0.970631 H 4.985811 1.003853 0.952630
C -0.0362%5  -3.241053  -0.69%8875 o -D.647614 1.832645 -0.577713
H -0.023568 -4.320999 -0.628644 o] -1.800598 -0.713314 0.076298
C -2.528008 -3.411305 -0.3955088 o] -0.319138 0.5520865 2.339210
H -3.221068 -3.193045 -1.212806 0 0.822027 -1.613076 0.783811
H -2.324188  -4.482467 -0.364535 C -1.843438 2.059773 -0.942757
4 -3.014581 -3.103785 0.534439 C -2.827952  -0.168005 -0.39667%
C 2.428934  -3.405604  -1.169457 c -2.807651 1.150471  -0.910539
H 3.202551 -3.047023 -0.484830 H -3.871080 1.491396 -1.268139
H 2.260305 -4.471263 -1.008796 C =4,.078614 -1.020419 =0.395724
H 2.795645 -3.244276 -2.187293 H -3.875693 -1.541033 -0.950021
M 0.286512 0.013340 1.525871 H -4,306477 -1.304531 0.635479
C 1.316414  -0.384777 2.340236 H -4.938835 -0.511048 -0.832623
C -0.728520 0.289189 2.311717 C -2.094308 3.460625  -1.458037
o 0.912824  -0.343079 3.647590 H -3.107979 3.594078  -1.838821
H 2.273853 -0.671665 1.931822 H -1.918578 4.169008 -0.642738
H -1.6899767 0.622964 1.972409 H -1.37245%9 3.688512 -2.248B466
H 1.418811 -0.571518 4.571626 ol -0.458274  -0.358992 3.179015
N -0.394610 0.088514 3.611019 C 0.503063 -2.250669 1.844537
H -0.99B885%6 0.228448 4.405757 C -0,083010 -1.726264 2.989975

H -0.289398  -2.411816 3.805322

C 0.838452 -3.727184 1.808003

H 0.648062 -4,228755 2.758256

H 0.237013 -4.200621 1.025012

H 1.890332 -3.852507 1.53318%6

C -1.066078 0.032817 4,514855

H -2.08B3815 0.394559 4,340498

H -1.083572 -0.790908 5.230562

H -0,491901 0.864210 4,932723
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Trans-equatorial Cu(acac),Im; Trans-axial Cu(acac);Im;
CARTESIAN COORDINATES (ANGSTROEM) CARTESIAN COORDINATES (ANGSTROEM)
Cu -0.,000744 -0.001280 0.00439¢ Cu -0.022628 0.029356 0.00%025
o -1.,359815% 1.531154 0.646834 8] 0.011297 -1.365641 1.434212
0 1.513256 1.303701 0.446305 o 0.391957 -1.304716 -1.420036
Q 1.399250 -1.530899 -0.642224 o 0.050631 1.442668 -1.402128
0 -1.513748 -1.304143 -0.438613 o -0.521122 1.357976 1.419319
C -1.098235 2.735007 0.911312 C 0.268762 -2.587806 1.248631
C 1.409128 2.529838 0.77414¢ C 0.599604 -2.535130 -1.,225420
c -2.243665 3.703788 1.1756886 c 0.256015  -3.444292 2.497299
H -2.166542 4.591700 0.530353 H 0.475614 -4.493014 2.251864
H -3.,202588 3.202086 0.954672 H 0.9281477 -3.048678 3.203778
H -2.215193 4.057090 2.217787 H -0.72661l6 -3.362083 2.970634
C 2,721141 3.283402 0.929659 Cc 0.915863 -3.338728 =2.489142
H 3.563343 2.59801% 0.7775553 H 0.076544 -3.255414 -3.165825
H 2.781000 4,100380 0.1%4967 H 1.75%0091 -2.900422 -2.959082
H 2.789737 3.736358 1.929649 H 1.107014 -4,391171 -2.254275
C 0.216920 3.250945 0.995077 e 0.55927%  -3.201075 0.014466
H 0.323875 4.308323 1.247029 H 0.762087 -4.264512 0.018873
c -1.411485 -2.527485  -0,777421 C -0.657950 2.599600 1.233201
C 1.095182 -2_.729579 -0.928001 C -0.167119 2.672522 -1.213170
C -0.219837 =3.245417 -1.010688 C -0.503212 3.281309 0.010864
H -0.327069 -4.29885%9 -1.278B320 H -0.657277 4,.352881 0.011852
C -2.724196 -3.278332 -0.340023 c -1.028801 3.397946 2.485245
H -3.564571 -2.606285 -0.730642 H -0.261864 3.243201 3.229278
H -2.816045 -3.671080 -1.963430 H -1.132552 4.464736 2.281535
H -2.761843 -4.138140 -0.,254737 H -1.970878 3.012062 2.866503
C 2.239728  -3.697411 -1.198015 C -0.04541% 3.543109  -2.445836
H 3.197726 -3.165763 -1.137885 H 0.5%61664 3.433308 -2.859299
H 2.235447 -4.518597 =0.464555 H -0.748440 3.181386 =3.201462
H Z2.136827 -4.153761 -2.193970 H -0.240015 4.596601 -2.239912
) 0.052739 -0.701388 1.873148 N -2.31485¢ -0.332181 -0.279586
C 1.027063 -1.480382 2.462836 C -3.082524 -0.746351 -1.330408
C -0.8B80104 -0.492358 2.792692 C -3.1082395 -0.241254 0.7539627
C 0.674471 -1.747310 3.762190 C -4.387842 -0.9059%4 -0.914727
H 1.905713 =1.779131 1.9%05173 H -2,667353 -0.899588 =-2.31123%
H -1.77923%2 0.09259%4 2.635869 H -2.798478 0.057984 1.751421
H 1.161772 -2,312487 4,548013 H -5.284654 -1.210538 -1.429711
H -0.540869 -1.111753 3.951612 N -4.381598 -0.579991 0.423749
H -1.082180 -1.100236 4.801267 H -5.175831 -0.5%92002 1.043%992
N -0.051180 0.699033 -1.866235 M 2.284212 0.365538 0.284724
C -1.0444395 1.440628  -2.471708 C 3.176050 0.187858 1.310936
C 0.902918 0.523688 =2.770711 C 2.995588 0.619256 =0.787481
c -0.682225 1.718942  -3.766024 e 4.455351 0.342745 0.847270
H -1.5941618 1.708707 -1.%27082 H 2.83781le -0.039964 2.310804
H 1.820965 -0.0275586 -2.602425 H 2.585488 0.797755 -1.772392
H -1.178035 2.264582 -4,558336 H 5.416961 0.282406 1.330997
N 0.558565 1.128783 -3.%35931 N 4.322813 0.617125 -0.496311
H 1.124217 1.136113 -4.776839 H 5.073398 0.785732 -1.147363
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v i MHz

C.3 Q-band CW 'H ENDOR spectra (10 K) of protic [Cu(acac)zlm;] (black) and
deuterated [Cu(acac)2(Im-ds4)2] (blue) in CDClz:DMF-d7 (1:1) recorded at the field
positions corresponding to g=2.300, 2.100, 2.060, indicated besides each
spectrum. The imidazole derived 'H ENDOR resonances are highlighted with the
arrows.
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C.4 X-band CW EPR recorded a) 140 K and b) 298 K of [Cu(acac)2] in the presence of
increasing molar ratios of 1) 2-methyl-imidazole (Im-2), 1l) 4(5)-methyl-imidazole
(Im-3) and Ill) benzimidazole (Im-4).
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D: Appendix to Chapter 5
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D.1 Multi-frequency CW EPR spectra of |) 1,10-phenanthroline (phen) [Cu(acac)(2)]* and
II) dipyridophenazine (dppz) [Cu(acac)(3)]* ,recorded at X-, Q- and W-band
frequency. All spectra measured at 10 K. All complexes dissolved in EtOH:DMF

(1:1).
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D.2 Multi-frequency CW EPR spectra of 2,3-bis(2-pyridyl)pyrazine (Py-bipy)
[Cu(acac)(4)]* recorded at X-, Q- and W-band frequency. All spectra measured
at 10 K. All complexes dissolved in EtOH:DMF (1:1).
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D.3 Q-band CW "H ENDOR spectra (measured at 10 K) of 1) 1,10-phenanthroline (phen)
[Cu(acac)(2)]* and Il) of dipyridophenazine (dppz) [Cu(acac)(3)]*, dissolved in
EtOH:DMF (1:1) recorded at the field positions corresponding to the g-values
indicated beside each spectrum. Corresponding simulations shown in red trace.
" Im
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D.4 Q-band CW 'H ENDOR spectra (measured at 10 K) of 2,3-bis(2-pyridyl)pyrazine
(Py-bipy) [Cu(acac)(4)]* dissolved in EtOH:DMF (1:1) recorded at the field
positions corresponding to the g-values indicated beside each spectrum shown
in black. Corresponding simulations shown in red trace.
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D.5 Geometry optimised structures for the complexes a) 2,2’-bipyridine (bipy)
[Cu(acac)(1)]*, b) 1,10-phenanthroline (phen) [Cu(acac)(2)]*, and c) the pyridine
substituted 2,2’-bipyridine (Py-bipy) [Cu(acac)(4)]*. The g-frame is reported on
the Cu atom with the same colour coding as the molecular frame on the right-
hand side of the structure: x (red), y (green) and z (blue).
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D.6 Q-band CW '*N ENDOR spectra (measured at 10 K) of 1) 1,10-phenanthroline (phen)
[Cu(acac)(2)]* and Il) dipyridophenazine (dppz) [Cu(acac)(3)]*, dissolved in
EtOH:DMF (1:1) recorded at the field positions corresponding to the g-values
indicated beside each spectrum shown in black. Corresponding simulations
shown in red trace.
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D.7 Q-band CW "N ENDOR spectra (measured at 10 K) of 2,3-bis(2-pyridyl)pyrazine
(Py-bipy) [Cu(acac)(4)]* dissolved in EtOH:DMF (1:1) recorded at the field
positions corresponding to the g-values indicated beside each spectrum shown
in black. Corresponding simulations shown in red trace.
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D.8 CW X-band EPR spectra (140 K) o
with increasing Cu:lm ratios (a)

1:70 and (h) 1:100.
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l) [Cu(acac)(2)]* and Il) Cu(acac)(4)]* recorded
:0, (b) 1:2, (c) 1:5, (d) 1:10, (e) 1:30, (f) 1:50, (9)
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D.9 CW X-band EPR spectra (140 K) of I)[Cu(acac)(3)]* recorded with increasing Cu:lm
ratios (a) 1:0, (b) 1:50, (c) 1:70 and (d) 1:100 and Il) [Cu(acac)(Py-bipy)]*
recorded with increasing Cu:lm ratios (a) 1:0, (b) 1:2, (c) 1:5, (d) 1:10, (e) 1:30,
(f) 1:50, (g) 1:70 and (h) 1:100.
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D.10 CW X-band EPR spectra (140 K) of I)[Cu(acac)(1)]* recorded with increasing Cu:L-
His ratios (a) 1:0, (b) 1:1, (c) 1:2, (d) 1:5, e) 1:10, f) 1:30, g) 1:50 and I
[Cu(acac)(2)]* recorded with increasing Cu:L-his ratios (a) 1:0, (b) 1:1, (c) 1:2,
(d) 1:5, e) 1:10, f) 1:30, g) 1:50, (h) 1:70 and (i) 1:100.
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Appendix to Chapter 6
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E.1 Experimental (black) and simulated (red) CW X-band EPR spectra of a) [CuCly]

copper salt and b) the [Cu(L1)Clz] complex (Cu:L; ratio of 1:1). The spectra were
recorded at 140 K in MeOH solvent. The simulation parameters are listed in
Table 6. 1, Chapter 6.

*
I

270 280 290 300 310 320 330 340 350
Magnetic Field/ mT

E.2 CW EPR spectra of [Cu(L2)](NOs3)2 dissolved in DMF:CHls (1:1), recorded at X-band

and is given with the corresponding simulated roadmap (red) for [Cu(L2)](NO3)a.
The overshoot features are highlighted with an asterisk (*).
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E.3 CW Q-band 'H ENDOR spectra (10 K) showing the proton coupling” of [Cu(di(2-
picolylamine)](NQOgs)2 dissolved in DMF-d7:CDCls. For clarity, the central part of
the spectra, containing proton couplings from the remaining ligand nuclei have
been removed.

i N

A0 6 -4 2 0 2 4 6 8 10 10 8 65 -4 2 0 2 4 6 8 10
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E.4 CW Q-band 'H ENDOR spectra (10 K) of [Cu(L+)](NOs) dissolved in DMF-d7:CDCls-
ds, recorded at field positions corresponding to a) gy = 2.307 and b) g, = 2.048.
The simulation for 'H protons of H-Imine (green) and H-amine (blue).
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