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Abstract

Salicylaldoxime (H:Sao) is an appealing unit for metal ion coordination, specifically that of
transition metal (3d) ions. During this research, four ligands were synthesised, of which two
were previously unknown (L2 and L3). These ligands differed by the secondary amine
added to the simple H,Sao molecule. These H,Sao derived ligands were complexed with a
variety of 3d ions, resulting in three distinct topologies: mononuclear, triangular, and
defective dicubane. The nine new complexes (C1-C9) synthesised were all structurally
characterised, with Mossbauer spectroscopy performed on the iron complexes, and
magnetic characterisation performed on complexes C1-C6, C8-C9. Analysis of the
synthesised complexes has led to new insights into magnetostructural correlations and new

pathways to unique ligand designs.
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1.0 Introduction

1.1 Magnetism

The magnetism found in metallic compounds arises from the magnetic moments generated
by the electron spins of the compound. In simple terms, magnetism is the repulsion and/or
attraction of two objects, originating from how these objects interact not only with one

another but with a magnetic field.

When a metallic object interacts with a magnetic field, the spins of the object’s ground state
electrons are reorientated such that they become ordered and aligned with the magnetic
field, resulting in a measurable magnetisation of the object. Once the object leaves the

magnetic field the spins become disordered, rapidly relaxing the magnetisation.2

The magnetism found in metallic objects is generally split into two different classes,
diamagnetism and paramagnetism. Each class is dependent on the electron configuration of
the objects metal ions and produce a different response when interacting with a magnetic

field.

Diamagnetic metals are characterised as having no unpaired electrons, this causes an
overall magnetic moment of zero and weakly negative magnetic susceptibility, resulting in
the repulsion of a magnetic field and subsequently no observable magnetisation.
Paramagnetic metals are characterised as having unpaired electrons, resulting in positive
magnetic moments and magnetic susceptibility. These properties allow the electron spins

to interact and align in the direction of the magnetic field, resulting in magnetisation.® 3

For bulk solids, there are additional classes of magnetism: ferromagnetism,
antiferromagnetism and ferrimagnetism. These classes of magnetism are temperature
dependent and contain properties of both paramagnetism and diamagnetism, however,
they are directly related to the alignment of the magnetic dipoles of interacting metal

centres. Ferromagnetism is the alignment of magnetic dipoles in the same direction,



whereas antiferromagnetism is the antiparallel alignment of magnetic dipoles. The
directionality of the dipoles is generally influenced by bridging groups and/or ligands,
which can induce spin polarization on one or more of the metal centres. Ferrimagnetism
and antiferromagnetism are closely related in that they have antiparallel spins, however, in
ferrimagnetism the magnetic dipoles are not proportional resulting in spontaneous

magnetisation.1 4

1.1.7 Exchange Interactions

An exchange interaction in a metallic complex is defined as the electronic interaction
between two metal centres, originating from the mutual overlap of two partially occupied
atomic orbitals. A superexchange pathway, while similar, is the result of an overlap between
a partially occupied atomic orbital of a metal centre and molecular orbitals of an
intermediary or bridging ligand, which can then facilitate further coupling on adjacent
metal centres. In polynuclear clusters there exists an angular dependence for which
superexchange occurs; antiferromagnetic exchange arises when the angle between two
metal centres and a bridging ligand is 180°, as illustrated in Figure 1.1 (left). Ferromagnetic
exchange arises when this angle is reduced to 90° by the involvement of a secondary p-

orbital of the ligand (Figure 1.1, right).5
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Figure 1.1: Schematic representations of antiferromagnetic exchange (left) and ferromagnetic exchange

(right).



A prediction on the nature of the superexchange can be made by following the Pauli
exclusion principle. The principle dictates that the superexchange between a pair of coupled
ions will exhibit antiferromagnetic behaviour if both ions have half-filled orbitals, whereas
ferromagnetic behaviour is observed if one orbital is filled and the other half-filled. This
generalisation breaks down however if there are multiple exchange pathways present

within the complex, as antiferromagnetic exchange will dominate.5-¢

1.1.2 Single Molecule Magnetism

Single molecule magnets (SMMs) are a class of compounds within the field of magnetism,
where discrete molecules display molecular based hysteresis and slow relaxation of
magnetisation. The magnetism found within a SMM differs from a traditional magnet in that
each magnetic domain consists solely of one molecule. Unlike bulk magnetic materials, the
magnetic domains in SMMs are well isolated and thus do not interact with each other. The
molecular based hysteresis (the magnetic memory required to store data) results directly
from metal-ligand interactions and ground spin states, which also result in the slow
relaxation and/or retention of magnetisation.” The combination of these properties
together allow for the potential application of SMMs in quantum computing, spintronic

devices, and the most promising, high-density information storage.3 8

In the field of SMMs, three characteristic properties are commonly used for comparison: the
blocking temperature (Tg), the effective barrier for reversal of magnetisation (U,s), and
magnetic susceptibility (x;T); a temperature dependent indication about the degree to
which the metallic complex will become magnetised when interacting with a magnetic

field.t.?

The blocking temperature is the maximum temperature at which hysteresis can be
observed and hence magnetism is retained, this however, is dependent on the rate at which
the magnetisation is measured. This characteristic property in recent years has been the
largest obstacle in producing functional SMMs. Until recently, all known SMMs required at
least liquid-helium cooling (4 K) for hysteresis to be observed.3 10 A large breakthrough was
made in 2018 by Guo et al. with the record breaking SMM [(Cpr5)Dy(Cp*)]+ (CpiPrs =
pentaisopropylcyclopentadienyl, Cp* = pentamethylcyclopentadienyl) that has a blocking



temperature of 80 K, surpassing the idealised 77 K temperature (the temperature at which
nitrogen boils) (Figure 1.2).7d The effective barrier, U,z is the energy barrier that the
electron spins must overcome to reorient themselves as either spin up or spin down in
order to quench the magnetisation. The barrier correlates to the difference in energy
between the lowest and highest ground spin states of the metal centre/s. It has been
concluded that in order to achieve a large blocking temperature the effective barrier must
also be large.%2 100 This was observed by Guo et al. who when producing their record
breaking blocking temperature (80 K) also produced a record breaking p.rr of 2217 K
(1541 cm1). In order to achieve a large barrier, it has been realised that the vital properties
are a large ground spin state, and a large negative magnetic anisotropy resulting from zero-

field splitting (ZFS) of the ground spin state.”d
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Figure 1.2: X-ray structure of the SMM with the record-breaking blocking temperature (80 K). The ligands
utilised, CpiPrs and Cp*, are on the right. H atoms are omitted for clarity; Dy!ll = aqua, C = grey.

Throughout literature, there is a large range of reported SMMs, varying from single-ion
centres of either transition metals (3d) or lanthanides (4f) ions, to mixed metal 3d/3d,
3d/4f, and various other combinations using 4d, 5d, and 5f metal ions. The most common
metal ions found in SMMs are Mn!l/ll/IV Fell/ll Coll, Nill, Dy!ll, Th!ll/Iv, Eulll and Gd!!, with SMMs

containing Mn ions the most popular due to this metals large uniaxial anisotropy rising from



Jahn-Teller distortions.!! The Jahn-Teller effect occurs when the electron configuration of a
metal ion has doubly degenerate states; this is most commonly seen in d? metal ions, but
can also be seen in low spin d7 and high spin d* ions. As degenerate states are not
energetically favoured, the metal ion will attempt to lower the overall energy of the states

by geometric distortion along a given axis.!1e



1.2 Characterisation Techniques

Every complex synthesized in this report (C1-C9) has undergone basic characterisation,
including techniques such as, ATR-FTIR, ESI-MS, UV/Vis, conductivity, and CHN elemental
analysis. In addition to these basic characterisation techniques, more advanced
characterisation has been performed; X-ray diffraction was performed on all complexes to
elucidate the structure of the complex, Mdssbauer spectroscopy was performed on iron
complexes C5 and C7 to determine the oxidation state, and coordination environment of the
iron atoms, and magnetic measurements were performed on complexes C1-C6, C8-C9 to
investigate their magnetic properties (magnetic measurements were not performed on C7

due to reproducibility issues and time constraints).

1.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a characterisation technique that irradiates a crystalline material,
whether it be powder (PXRD) or a single crystal (SCXRD), with X-rays (A, order of 10-10 m)
to obtain a diffraction pattern. The analysis of which provides a 3-D atomic-resolution

spatial arrangement of the atoms contained within the crystal.

The diffraction pattern arises from the scattering of X-rays by the atoms electrons (Figure
1.4). The scattering of the X-rays occurs at a specific angle, 26, which is related to an inter-
atom distance by the Bragg equation (eqn. 1). From the scattering of the X-rays, and the
resulting diffraction signals, correlated data can be determined as the X-rays are
approximately the same order of magnitude as the distances found between atoms.
Additionally, the intensity of the signal can be related to the electron density surrounding

an atom through a Fourier transformation (FT).

2d sinf =nAa (eqn.1)



The Bragg equation (eqn. 1) is employed to determine parameters of the diffraction
pattern, such as: the distance between lattice planes in the material (d) and the scattering
angle (0), using the wavelength of the X-rays (A) (Figure 1.3). A diffraction pattern, known
as a diffractogram, is a representation of the diffraction intensities (/) vs. 20, the Bragg angle.
In order to resolve the structure of the crystalline material, a series of diffractograms over
a range of scattering angles are measured to produce a file of reflections (hkl) with
corresponding structural factors (F). This file of reflections in conjunction with software can
determine cell parameters, the space group of the crystalline material, and ultimately can
be used to produce a model structure of the crystalline material.! Several assumptions,
including the composition of the crystal, are made when calculating a structural model, as
the diffraction pattern results from measurements of F2, therefore, a Fourier transformation
cannot reproduce the real space lattice of the structure. This is known as the ‘phase

problem’ and is a common problem encountered in X-ray crystallography.12

Figure 1.3: Schematic representation of the Bragg equation.



Figure 1.4: Example diffraction pattern

1.2.2 Magnetic Measurements

Since the 1960s, the most commonly used instrumentation for measuring the magnetic
properties of a sample, such as magnetic susceptibility and magnetic moment, is a
superconducting quantum interference device (SQUID) magnetometer. Other instruments
include Gouy and Faraday balances, however, these instruments are less sensitive and
cannot measure samples at low temperatures, which are required to observe magnetic

hysteresis.1. % 13

A SQUID measures the subtle changes in the magnetic flux (A®) of a sample, which is used
to determine the magnetic moment of the sample. The changes in a samples magnetic flux,
are directly related to the change or reversal of the samples magnetic moment (eqn. 2),
where a is the flux coupling factor, a value related to and determined by the positioning and

geometry of the instrument and sample.

AD = aAM (eqn.2)



The general set up of a SQUID consists of a superconducting loop, interrupted by two
parallel Josephson junctions. These Josephson junctions consist of narrow, insulating
material where any change in magnetic flux over the material can be observed as a change
in voltage. The SQUID is connected to a superconducting coil, where the sample is passed
down, generating a current corresponding to the magnetic flux of the sample. This current
is passed to the SQUID where any subtle changes in the current are measured. The change
in voltage from the SQUID can be manipulated into an output, and the magnetic moment of

the sample can be determined.® 13a 14

1.2.3 Mdssbauer Spectroscopy

The Md6ssbauer effect centres on atomic nuclei found in rigid crystal lattices and their
recoilless emission and resonant absorption of nuclear gamma rays.! The Mossbauer effect
is a characterisation technique that investigates structural properties, electronic, magnetic,
and oxidation states of a crystalline solid containing Mdssbauer active nuclei.l. 15 The most
commonly measured Mdossbauer nuclei is 57Fe, as it has a sufficient combination of natural
abundance, and recoil free fraction (f).15c The gamma ray source generally utilised is a
radioisotope, for 5’Fe the radioisotope is 57Co (generally in the form of doped stainless

steel).

Instrumentation for Mossbauer spectroscopy includes a gamma radiation source, 57Co, an
absorber, where the Fe sample is placed, and a gamma ray detector. Upon the capture of an
electron, the 57Co source decays to an excited state of 5’Fe, which in turn releases gamma
radiation as it relaxes back to the ground state. This gamma radiation interacts with the
absorber and the sample, if the Fe in the sample matches that of the 57Fe source, it absorbs

the radiation (resonant absorption) and no radiation reaches the detector.!

The detector outputs a spectrum (Figure 1.5) of relative velocity vs. %transmittance. The
parameters that are then determined, such as isomer shift (IS), quadrupole splitting (QS),
and magnetic hyperfine splitting provide information on the electronic structure, oxidation
state and magnetic properties.t 15b, 15c The IS (&) of a sample is directly related to the s-
electron density found at the nucleus. This is measured by the difference in gamma-

radiation between an absorbing iron source and the emitting source, which have different



s-electron densities.15¢ 16 A limitation of this property is that it is sensitive to shielding from

other electrons found in the sample, such as d, p, and f-electrons.%. 15¢ 16

QS (AEq) relates to a nucleus that has a spin quantum number greater than % or has non-
degenerate excited states. This causes the electronic charge distribution of the nucleus to
be non-spherical, and when an external electric field is applied, the asymmetric charge
distribution causes a nuclear energy state to split, producing a doublet. QS can determine
various parameters of the nucleus such as oxidation state, spin state, and ligand

Symmetryl 15b, 15¢, 17

Magnetic hyperfine splitting resembles QS, however instead of an applied electric field
splitting an energy state, an applied magnetic field will interact with the magnetic moment
of the nucleus and split an energy state. The degree to which the energy state is split is
related to the strength of the internal magnetic field at the nucleus. The resulting magnetic
hyperfine splitting parameters can be used to determine magnetic properties of the

nucleus.15¢ 17

% Transmittance

Velocity (mm/s)

Figure 1.5: [llustration of an example Mdssbauer spectrum.
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1.3 Coordination Chemistry of Salicylaldoxime

The use of salicylaldehyde (HSal), salicylaldoxime (H:Sao), and salicylaldimine (H:Sai)
derivatives as chelating ligands in metal clusters has grown significantly in recent years,
with the first known use of H,Sao in a metal complex in 1930.18 Since then, many HSal, H,Sao
and H,Sai based metal clusters have been synthesised with their properties investigated for

application in biological processes, magnetic devices, and hydrometallurgy.1?

/R
—N N=
R2 OH HO R2
R R’

Figure 1.6: Schematic illustration of a generalised H2Sai ligand.

Throughout the literature, the most common chelating ligands found are H,Sai derivatives
(Figure 1.6), due to the preorganised binding site. A search on the Cambridge
Crystallographic Database Centre (CCDC)(v. 1.20) revealed 12171 entries containing H,Sai
derivatives. This number greatly outnumbers the 1157 entries found containing H,Sao
derivatives. As metallic complexes containing H,Sao derivatives are less commonly found

in literature, they will be the focus of this research.

3 3
R2 R/ N\R
N N
R2 OH HO R2
R‘l
|
OH N\OH _N\ /N_
OH HO

Figure 1.7: Schematic representation of generalised single-headed (left) and double-headed (right) HzSao

derivatives.
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There are two main types of H,Sao based molecules, single headed (one basic HzSao unit)
or double headed (two basic HzSao units generally joined by a diamine bridge) as shown in
Figure 1.7. HSao derivatives are widely utilised as chelating ligands as they have multiple
binding sites for metal ion coordination, this includes a phenolic oxygen atom, oximic
nitrogen and oxygen atoms. The different binding sites illustrated in Figure 1.8 are just a
few examples of a large variety. The oximic OH has two possible conformations, it can either
be deprotonated and coordinate to a metal ion in either a yw; or p; fashion, or as most
commonly found, it can remain protonated and form a hydrogen bond with a phenolic
oxygen of an adjacent ligand, providing stability. The phenol readily deprotonates to form

either a i or p; bridge between metal ions.
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Figure 1.8: Schematic representation of a selection of the various coordination modes of Hz2Sao derivatives.

Among the various HzSao based structures found on the CCDC (v. 1.20), many different
topologies can be found, with mononuclear and triangular topologies being the most
common (Figure 1.9). Mononuclear complexes with H,Sao based ligands generally adopt a
coordination mode resembling Type I in Figure 1.8, with the ligands arranged in either a cis
or trans conformation. A common application for these Type I structures is extractive

hydrometallurgy.19a 19b, 20
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Figure 1.9: Schematic representation of generalised H2Sao based mononuclear and triangular complexes.

Tasker and coworkers have extensively researched the use of H,Sao based ligands for Cu(II)
and Ni(Il) extraction. The metal cation and anion extractants produced by Tasker and
coworkers generally take the form of a single headed HzSao with alkylamino functionality
added at the 3-position (R! in Figure 1.7, left). Double headed structures are also utilised,

however, generally take the form of a H;Sai derivative rather than a H,Sao derivative.

Figure 1.10: Crystal structure of a single-headed Hz2Sao based mononuclear Cu!' complex, which coordinates the
Cul'ion in a trans configuration. H atoms, apart from ones involved in hydrogen bonding, omitted for clarity. Cul!

= orange, N = blue, O =red, C = grey, H = white. Hydrogen bonding represented as red dotted lines.
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The inclusion of an alkylamino group provides a site for anion coordination, in addition to
the metal cation extraction. It was found that for the single headed ligands, they typically
coordinate a metal cation in the trans conformation (Figure 1.10), whereas for the double
headed ligands they coordinate the metal cation in a cis conformation (Figure 1.11). This is
an important factor concerning anion extraction as it has been found that the cis
arrangement has greater efficiency for extraction of dianions, such as S04%, and the trans

arrangement has greater efficiency for monoanionic extraction (BF4 and NQO3-).19, 19b, 20-21

Figure 1.11: Crystal structure of a double-headed HzSao based mononuclear Cu!' complex, which coordinates
the Cull ion in a cis configuration. H atoms, apart from ones involved in hydrogen bonding, omitted for clarity.
Cul' = orange, N = blue, O =red, S = yellow, C = grey, H = white. Hydrogen bonding represented as red dotted

lines.

The triangular topology (Figure 1.9, right) regularly appears in H;Sao based metallic
clusters, as single triangular units or a network of bridged triangles. The basic triangular
structure consists of three ligands (coordination resembling Type II in Figure 1.8), three
metal cations (Mn being the most common), and a central p3-oxo group (generally resulting
from residual H»O in the solvent and/or metal salt).22 The remaining coordination sites are
filled by anions and/or solvent molecules to produce a single triangular structure, or for
larger networks, the sites are occupied by bridging atoms/groups such as hydrolysed
solvent and/or water molecules, deprotonated phenols, and halides. The H;Sao based
ligands utilised for triangular structures are typically single headed, often derivatised in the
3-position (Figure 1.7, left). Double-headed H,Sao based triangular structures exist,

however they are less commonly found in literature.23
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One potential application for triangular complexes is in magnetic materials, namely SMMs.
In 2007, Brechin and coworkers produced a record breaking SMM that consisted of two
Mnl! triangles bridged through p,-oximic oxygen atoms (Figure 1.12, left). The ligand that
was utilised to produce this structure was 2-hydroxyphenylpropanone oxime (Figure 1.12,
top right). Each Mnl!!! ion is coordinated by a phenolic oxygen, oximic nitrogen and oximic
oxygen from an adjacent ligand. The remaining coordination sites are completed by
carboxylate groups (3,5-dimethylbenzoic acid) and solvent molecules (EtOH). Brechin and
coworkers found that by inducing structural distortion in the Mn-N-O-Mn angle of the
triangles, the magnetic exchange could be switched from antiferromagnetic to
ferromagnetic, even with the triangles antiferromagnetically coupled and the dominant
magnetic exchange interaction being antiferromagnetic. The result was a SMM with a
ground state of S = 12 and D = -0.43 cm'}, a barrier to magnetisation reversal of 86.4 K

(124.33 cm-1), and a blocking temperature of 4 K.24

Figure 1.12: Crystal structure of the Mn!!' triangle produced by Brechin and coworkers (left) and corresponding

ligands and co-ligands (right). H atoms omitted for clarity; Mn!' = purple, N = blue, O = red.

The triangular SMM produced by Yang et al. (Figure 1.13, left) utilises the large single ion

anisotropy of Mn!! ions to produce an anisotropy barrier of 58 K (83.46 cm-1).25 Yang et al.
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used a similar ligand (a methyl ketoxime instead of an ethyl ketoxime) as used by Brechin
and coworkers above, however, they produced a Mn!' complex with a single triangular
topology. The metallic core of the triangular structure resembles that of a typical triangle;
the Mnl!!! ions are coordinated to phenolic oxygen and oximic nitrogen atoms and an oximic
oxygen atom from an adjacent ligand. The remainder of the coordination sites are
completed by solvent molecules (MeOH), and a capping ClO4 anion. The ClO4 anion
elongates the axial coordination of each metal ion, inducing the Jahn-teller elongation effect
on the Mn!!' ions. The addition of a methyl group at the oxime creates a structural distortion
on the oximato bridge between the Mn!!! ions. The combination of the structural distortion
and Jahn-Teller elongation produces a large single ion anisotropy for the Mn ions resulting

in the large anisotropy barrier.2s

OH N
~OH

Figure 1.13: Crystal structure of the Mn!!l triangular SMM produced by Yang et al. (left) and the corresponding
ligand (right). H atoms omitted for clarity; Mn!ll = purple, N = blue, O = red, Cl = green.

A third topology commonly found utilising HSal/H.Sao/H:Sai based ligands is a defective
dicubane, more commonly known as a ‘butterfly’ structure. These tetranuclear structures
are composed of two face-sharing cubanes, each with an opposite corner missing; the two
central metal ions are nicknamed the body and two outer metal ions are the wingtips, as
illustrated in Figure 1.14.26 The nomenclature is used as it is common to obtain complexes
where the body ions differ from the wings, whether it be different oxidation states or
different metals.8t 27 There are many different applications for H,Sao based defective
dicubanes, with a few being magnetic materials (SMMs), photoluminescent devices, and

catalysis.27¢ 28

16



N\ >J

Figure 1.14: Schematic representation of the defective dicubane topology; B = body metal ions, W = wingtip

metal ions.

The complexes with defective dicubane topologies are most commonly seen in SMMs, as a
key feature of the dicubane is the various exchange pathways present (discussed in Section
1.1.1). It has been found that the exchange interactions are a crucial factor in enhancing the
magnetic properties of a complex, as large exchange couplings have the ability to decrease
quantum tunnelling of magnetisation (QTM) within the comple, in turn, increasing energy
barriers and blocking temperatures.’2 7 27 29 One method for enhancing specific exchange

interactions is to change the group bridging the metal ions.29

The effect of bridging groups between the body ions on the direct exchange interaction and
surrounding interactions was investigated by Jiang et al.28 The ligand utilised in the two
tetranuclear Ni(II) complexes was a H,Sai derivative that occupied all coordination sites of
the metal ions, apart from the ps-bridges (Figure 1.15). A comparison was made between
azide bridging and methoxide bridging; it was found that the azide bridges increase the
exchange interaction of the direct body-body coupling, with the exchange interaction
between the body and wing ions weaker. This was expected as azide end on bridging (us-
1,1,1) is known to induce ferromagnetic coupling between metal centres.3 The opposite
was found for methoxide bridges, as the body-body coupling was weaker but the body-wing

coupling was greater than the azide bridging.28b
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Figure 1.15: Crystal structures of the two Nill defective dicubane complexes produced by Jiang et al. (top) and
corresponding ligand utilised for both complexes (bottom). H atoms omitted for clarity; Nill = green, N = blue,
0 =red.

When synthesising 3d/4f complexes with defective dicubane topologies, not only does the
bridging groups and their properties need to be considered, but also the metal ions used
themselves. Peng et al. compared the magnetic properties of two isostructural 3d/Dy!!
defective dicubanes, and the effect of paramagnetic Co(II) ions vs. diamagnetic Zn(II) ions.27¢
It was found that the magnetic susceptibility for the Co!!/Dy!!! complex was 30.21 cm3 K mol-
Land 28.79 cm3 K mol! for the Zn!'/Dy! complex (Figure 1.16). These values indicated that
the majority of the complexes magnetic susceptibility was a result of the large single ion
anisotropy of the Dy!!l ions. As the magnetic susceptibility of the Co!'/Dy!l complex was
greater, it could be thought that the complex would have the greater effective barrier, pesr.
However, Peng et al. found that the Zn!'/Dy!!' complex had the greater p.sof 140.4 K (202.04
cm-1), with the perr of the Co!l/Dy!! complex, 104.8 K (150.81 cm1). The reason for these
unexpected results was found to be the result of strong exchange interactions between the
Co' and Dy ions, a feature of 3d/4f complexes that can enhance the magnetic properties,

but can also decrease the magnetic properties when the interaction becomes too large.27¢
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Figure 1.16: Crystal structure of the Zn!!/Dy!!l defective dicubane complex produced by Peng et al. H atoms
omitted for clarity; Zn!! = purple, Dy!ll = aqua, N = blue, O = red.

Since 2016, the use of H2Sao based ligands in the synthesis of clathrochelate complexes (a
complex where the coordination sites of a metal ion are completely filled by a single
macrocyclic ligand) has dramatically risen.3! These clathrochelate complexes are either
boron-capped or boron bridged di- and tri-oximate species (larger oximate species are
possible but not as commonly found in literature), which have arisen from a condensation
reaction between an oxime and a boron source, generally either boronic acids, boron
trifluoride etherates, or BF4+ anions (Figure 1.17).31-32 During the complexation of these
structures, the capping and/or bridging by borate groups results in the formation of new
ligands in situ, generally in the form of macrocyclic ligands. These macrocyclic ligands are
regularly used as building blocks for supramolecular structures, such as metal-organic

frameworks (MOFs), with other applications including molecular magnetism and catalysis.

Research has shown that the complexations which use boronic acids or boron trifluoride
etherates commonly result in capped structures, with the structures generally retaining the
functionality of the boron source.31-32 In contrast to this, the hydrolysis of BF4 anions has
been shown to form borate or fluoroborate bridges. The hydrolysis of the anions is thought

to be assisted by a preformed metal complex in mildly basic conditions.32b

19



R‘ O—N OH
2 + BR4 e RmB + HR2

Figure 1.17: Generalised synthetic route for the in situ condensation reaction between oximic ligands and a

boron source (typically either boronic acids, boron trifluoride etherates, and BF4- anions).

In 2017, Martinez et al. synthesised a mononuclear Cu(Il) boron-bridged clathrochelate
complex (Figure 1.18, left).33 The complex was synthesised by an aqueous condensation
reaction between the ligand, methyl-(2-pyridyl)-ketone oxime (mpkoH) and the metal salt
Cu(BF4)2-:6H:0; the result of this reaction was a new ligand formed in situ (Figure 1.18,
right). This complex is one of a very limited number of BF,* bridged complexes formed by
the hydrolysis of BF4 anions.3* The magnetic properties of this complex were investigated,

and it was found that the square pyramidal Cu(II) ion was antiferromagnetic.

Figure 1.18: Crystal structure of the Cul! BF2* bridged clathrochelate complex (left) and ligand produced in situ
(right). H atoms omitted for clarity; Cull = orange, N = blue, O =red, B = light pink, F = yellow.
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1.4 Aims of Research

The aim of this research was to synthesis and characterise a series of H,Sao based ligands
capable of coordination to 3d ions. The H,Sao based ligands will all have the bulky tert-butyl
group added in the 5-position, and will differ by the alkylamino functionality added at the
3-position (Figure 1.17, left). Following synthesis and purification, all new ligands will be
characterised by a series of techniques such as: NMR, ATR-FTIR, ESI-MS, UV/Vis, and CHN

elemental analysis.

A series of complexations and recrystallisations utilising a combination of 3d and 4fions
will be performed. The metal ions used, were chosen for a number of different reasons,
including, their potential magnetic properties, their varied affinities for H.Sao derivatives,
and inspiration from the literature. Any complexes synthesised will be fully characterised
using the same techniques used for the ligands, but also characterised by X-ray
crystallography, Mossbauer spectroscopy, and magnetic susceptibility measurements to

determine the magnetic properties of the complexes.
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2.0 Ligand Design and Synthesis

The Plieger group in the past has had success in producing double-headed H.Sao metal
clusters, with the focus on application as anion-binding capsules.23c 35 As single-headed
HSao derivatives have not been the sole focus of the Plieger group before, the ligand design

will focus on single-headed H,Sao derivatives.

2.1 General Ligand Design

Four H,Sao based ligands were proposed (Figure 2.1) with each ligand differing by the
incorporated secondary amine functionality (R in Figure 2.1). The initial goal of this
research was to produce heterometallic 3d/4fcomplexes, as H,Sao based ligands are known
to strongly coordinate 3d ions, and the addition of oxygen rich secondary amines was
proposed to coordinate the 4fions. The choice to modify the 3-position with a secondary

amine was due to a simpler and more straightforward synthesis.
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Figure 2.1: Schematic representation of the four different ligands utilised in this research.

22



In the past, the Plieger group has had success in forming Fe(Ill) hexanuclear and
heptanuclear cluster complexes using the ligands 5-methyl-3-(morpholinomethyl)-2-
hydroxybenzaldehyde oxime and 5-methyl-3-(piperidinylmethyl)-2-hydroxybenzaldehyde
oxime, derivatives of L1, and L4 respectively.36 The initial reasons for synthesising both L1
and L4 was to reproduce these cluster complexes, but at the same time, incorporate central
4f ions into the hexa- and hepta-cluster complexes. As 4f ions are highly oxophilic, the
incorporation of an oxygen atom in the secondary amine for L1 was to provide additional

donor atoms for a 4fion.

As the two proposed binding sites for L1 and L4 are in close proximity, the oxophilic binding
sites on L2 and L3 were designed to have greater flexibility and increase the possibility for
4fion coordination. The oxygen donor atoms chosen for L2 and L3 were ether and ester
functional groups respectively. The ether and ester functionalities were chosen as there
exists alarge number of reported HSal/H;Sao/H,Sai derivatives with ether and ester donor

atoms used in metal ion coordination.3”

All ligand syntheses started from the formylation reaction of 4-tert-butylphenol following
an adapted version of Aldred et al, with the resulting aldehyde (5-tert-butyl-2-
hydroxybenzaldehyde (1)) purified by column chromatography to give an average yield of
50%:.38 A methylbromination reaction was performed on the purified aldehyde as per the
method of Meier et al, with the resulting product 5-tert-butyl-3-bromomethyl-2-
hydroxybenzaldehyde (2) purified by hot recrystallisation from pentane with an average
yield of 66%.3° The secondary amine used for L3, N-benzyl-B-alanine methyl ester, was
prepared as per the method of Cruz-Huerta et al. achieving an average yield of 95%.40 The
coupling reactions of 2 with the chosen secondary amines followed an adapted method of
Stevens and Plieger.#! The final step in the syntheses, an oximation reaction, followed an

adapted method of De Silva et al.35¢
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2.2 General Synthesis

The syntheses of the ligands L1-L4 all involved a coupling reaction between 2 and the
chosen secondary amine, followed by an oximation reaction as illustrated in the general

reaction scheme below (Figure 2.2).

t t t
Bu Mg(OMe)y,, Bu HBr Bu
(CHO), (CHO),
—_— —_—
| |
OH OH O Br OH
1 (2)
H
By By
NS
R7 R, NH,OH
 — —_—
I I
Nz OH rNagz2 O NS
(LXa) (LX)

Figure 2.2: Generalised reaction scheme for the synthesis of ligands L1-L4.

The ligand precursors L1a and L4a are known compounds, with many preparations found
in literature, however, the most common syntheses found are between 1, the secondary
amines (morpholine or piperidine) and paraformaldehyde.*2 Due to past success in the
Plieger group, and recent literature methods for using 2 in coupling reactions, the other
literature methods were not used. By starting with 2 for the coupling reaction, an amine
alkylation reaction can be employed, for which many different procedures can be found
throughout the literature.352 43 Generally, these alkylation reactions are performed at RT in
basic solutions with common solvents being DCM, THF, or Et;0. The procedure that was
chosen to synthesise L1a-L4a was the method of Stevens and Plieger, which used Et3N as

the base, DCM as the solvent and reported a yield of 97%.4!
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For the amine alkylation reactions, solutions of 2 and the corresponding secondary amine,
both in DCM, were added dropwise to an EtsN/DCM solution and stirred at RT for 24 hours.
After purification, yields of 48% - 97% were obtained. The large range of yields was
suspected to be a result of the washing step; in an attempt to improve this, the solvent was
changed to CHCls. Following this revised method, higher average yields of 85% - 98% were
obtained. Ligand precursors L1a, L2a, and L4a did not require further purification, as

determined by H NMR.

L3a, on the other hand required column chromatography for purification. Initially, the
synthesis of L3a proceeded using crude amine (N-benzyl-f-alanine methyl ester), and
purified 2; the 1H NMR indicated a successful reaction, with an impurity present (22%),
carried through from the crude amine. Column chromatography was performed using the
conditions (4:1, nHex : EtOAc) from the literature purification of N-benzyl-3-alanine methyl
ester. The results found that the same impurity (thought to be the double addition of methyl
acrylate to benzyl amine) still remained, although in a reduced amount (approximately 8%
instead of the previous 22%). The column conditions were optimised, and it was found that

an eluent of nHex/Et,0 (1:1) gave pure L3a with a yield of 87%.

The final step to form the ligands involved an oximation reaction. For H.Sao based
derivatives, many procedures can be found throughout literature.1% 44 These procedures
generally include NH,OH-HCI, base, such as KOH, NaHCOs3, or NH40Ac, and are performed at
RT in solvents such as H,0, EtOH or DCM.35%e 45 The chosen procedure for the oximation of
all ligands (L1-L4) was an adaption of the procedure by De Silva et al.35¢ A solution of
NH;OH-HCl was neutralised with a solution of KOH, both in EtOH; the filtrate was added
dropwise to L1a in EtOH and stirred at RT for 24 hours. The procedure for all of the ligands
was identical to the literature method up until the H,O wash step. As EtOH and H;0 are
miscible, the crude EtOH solution was concentrated in vacuo, redissolved in CHCl3, then
washed with water and concentrated again in vacuo to obtain the ligands, L1-L4 in good
yield (65% - 97%). The syntheses were straightforward and they could be scaled up to

approximately five grams of 2 per reaction.
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2.3 General Ligand Characterisation

2.3.1 NMR Interpretation of the Ligands and their Precursors

3
tBU3 tBLl
4 2 4 2
5 1 5 1
o | N__ OH |
7
R1/N\R OH O R1/ “R “OH

Figure 2.3: The numbering system used for 1H NMR spectra.

N OH N OH

N
RZR, O © R” "R, “~OH

Figure 2.4: The numbering system used for 13C NMR spectra.

For both the 1H NMR and 13C NMR spectra of the final ligands, and their aldehyde precursors,

the peaks corresponding to the general aromatic region do not shift significantly, allowing

for the numbering of the corresponding peaks to be kept consistent (Figures 2.3 and 2.4).

A successful coupling reaction between 2 and the secondary amines utilised was confirmed

by the appearance of the following peaks: singlets at 6 1.29-1.34 ppm, 3.71-3.79 ppm, and

10.22-10.41 ppm corresponding to the ‘Bu group, methylene bridge, and carbonyl proton

respectively; as well as doublets at & 7.35-7.54 ppm, and 7.58-7.65 ppm corresponding to

the two aromatic protons (Figure 2.5).
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Figure 2.5: Example 'H NMR of the ligand precursor, L2a. Residual solvent (CDCI3) at 7.26 ppm.

Confirmation of a successful oximation reaction was identified in the tH NMR by the shifting,
disappearance and/or appearance of peaks. The aromatic doublets shift to 7.05-7.17 ppm,
and 7.43-7.48 ppm; the peak corresponding to the aldehyde proton disappears, and a new
peak appears at 8.42-8.45 ppm corresponding to the new oximic proton (Figure 2.6).
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Figure 2.6: Example 'H NMR of the ligand, L2. Residual solvent (CDCl3) at 7.26 ppm.
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As L1a, L1, L4a, and L4 are known molecules, only the ligands L2 and L3, and their
precursors L2a, and L3a were characterised by 13C NMR (Figures 2.7 and 2.8), and various

2D NMR techniques such as COSY, NOESY, Dept, HMQC, and HMBC.
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Figure 2.7: Example 13C NMR of the ligand precursor, L2a. Residual solvent (CDCl3) at 77 ppm.
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Figure 2.8: Example 13C NMR of the ligand, L2. Residual solvent (CDCl3) at 77 ppm.
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2.3.2 IR Interpretation of the Ligands and their Precursors

Attenuated total reflectance - Fourier transform infrared (ATR-FTIR) spectroscopy in the
range 700 - 4000 cm'! was performed on all ligands and their precursors to confirm that

the functional group transformations had been successful.

ATR-FTIR was used to determine and confirm that aldehyde precursors (L1a-L4a) had
successfully been synthesised. The main identifier to this was the appearance of a peak at

approximately 1670-1680 cm-1 corresponding to the C=0 stretch of the aldehyde.

This form of characterisation was also used to determine the outcome of the oximation
reactions and whether the ligands, L1-L4 had successfully been synthesised. A successful
reaction was observed by the appearance of a strong peak between 1610-1630 cm-
confirming the presence of a C=N stretching mode in the ligand, and the disappearance of a
strong peak at approximately 1678 cm-! confirming the aldehyde C=0 stretch no longer

remained.

Additional confirmation of a successful reaction for both the precursors and final ligands,
was the presence of the following peaks: 0-H (3400-3050 cm-1), C-H (2960-2950 cm1), CH>
(1450-1470 cm1), tBu (1390-1400 cm-1), O-H (1360-1365 cm1), C-N (1110-1130 cm'1), and
N-0 (940-965 cm1, L1-L4 only).
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3.0 Transition Metal Complexes

3.1 General Complexation Synthesis and Characterisation

3.1.71 General Synthetic Methods

The aim of the project was to synthesise heterometallic 3d/4f complexes, utilising a mixture
of different 3d and 4f metal salts (Table 3.1). The metal salts that were utilised were chosen
according to their potential magnetic properties, and affinities for H.Sao based ligands. As
the project proceeded, however, it became clear that the major crystalline products
(essential for magnetic characterisation) were all 3d based, albeit with the incorporation of

the 4f associated counterions.

Table 3.1: The metal salts utilised in this research.

3d Metal Salts 4fMetal Salts
CoClz-6H20 Dy(NO3)3-6H20
Cu(BF4)2:6H:0 Gd(NO3)3:6H20
Fe(BF4)2:6H20 HoCl3-6H,0
Mn(0Ac)3-2H,0 La(0OAc)s-1.5H.0
Mn(NO3)2-4H,0 TbCl3-6H:0
Ni(OAc)2-4H-0 Yb(OAc)3-4H:0

The basic HzSao unit has been observed to have several different coordination modes, as
illustrated in Section 1.3, Figure 1.8. The modes utilise the deprotonated phenol and oximic
oxygens as well as the oximic nitrogen. The addition of the alkylamino chains provides

additional coordination sites to ultimately result in structures of high nuclearity.
It has been found in previous work with H,Sao based structures that the phenolic proton

readily deprotonates when in contact with 3d metal salts, therefore base was solely used

for the deprotonation of the oxime.#¢ The bases that were used include pyridine,
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2,6-lutidene, EtsN, and NaOH. The complexation reactions were performed in MeOH with
different solvents and ratios used for crystallisation attempts, including MeOH, MeCN, EtOH,
DMF, 1:1 and 3:2 MeOH/MeCN.

Complexations were performed either at RT or at reflux (65 °C for MeOH), with all
complexations stirred for at least 30 minutes. Confirmation that coordination had occurred
was observed by a colour change from yellow, the colour of the ligands. The methods
attempted for recrystallisation included vapour diffusion of Et,0 and slow evaporation of
the reaction solution. Attempts of complexation via solvothermal synthesis were made, with

crystallisation achieved by cooling of the reaction solution (DMF was used as the solvent).

Hundreds of complexations were attempted, with varying metal combinations, ligand to
metal ratios, solvents, bases and recrystallisation techniques. For the
complexations/recrystallisations that did not produce X-ray quality crystals and/or
precipitate it was difficult to identify the nuclearity or metal ions present in the metallic
core, therefore characterisation techniques were solely performed on the complexations for

which crystal structures were obtained (results can be found in Chapter 4.0).

For bulk recrystallisation of the complexes that resulted in crystal structures, methods and
starting materials were altered to ensure there was no metallic contamination. For example,
the structures that had coordinated anions resulting from the 4f metal salts were replaced
with an ammonium salt of the anion to ensure no 4fions were trapped in the crystal lattices,

and the magnetic properties were solely related to the structures produced.

3.1.2 IR Characterisation of Complexes C1-C9

ATR-FTIR spectroscopy is a quick and easy characterisation technique that was initially
performed on the metallic complexes, in the range 700 - 4000 cm-! to compare the various
stretching and bending modes of both the complexes and their corresponding ligand. The

peaks corresponding to the coordinated atoms showed a shift in wavelength as expected.

The coordination modes of all the ligands resemble each other, apart from small variations

in additional coordination and the ligands utilised. All complexes have coordination through
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the phenolic oxygen atom and the oximic nitrogen atom, these coordination modes are
shown by the decrease in intensity of the O-H stretch at approximately 3000 - 3300 cm-!
and shift of C=N peak from 1610 - 1630 cm- to 1550 - 1570 cm-L. For the complexes with
coordinated carbonyl groups, a shift in the C=0 stretch from 1740 cm-! to 1650 - 1700 cm-
1is seen. The disappearance and appearance of peaks in the region >3000 cm-! can indicate
deprotonation/protonation of certain groups. When the oximic oxygen atom is involved in
coordination, the peak at 3000 - 3300 cm'!, corresponding to the O-H stretch disappears.
Amine protonation can be confirmed by the appearance of a N-H stretching peak at 3400 -

3500 cm.
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3.2 Mononuclear Complexes

3.2.7 [CulDa(BF4)2] (CT), [NILT-H)2] (C2), and [Mn(L43)2(NO3)2J(NO3) (C3)

The syntheses of the mononuclear complexes C1, C2, and C3 all followed the same general
procedure; the reaction between the ligand and the corresponding metal salt
(Cu(BF4)2:6H20, Ni(OAc),:-6H;0, and Mn(NO3).:4H20 respectively) in both a 2:1 ratio (C1
and C2) and 1:1 ratio (C3) resulted in the formation of green solutions. Isolation was
achieved by vapour diffusion of Et,0 into the methanolic reaction solutions over a period of
three weeks, resulting in the formation of green platelet crystals of the complex C1
[Cu(L1)2(BF4)2], green prism shaped crystals of the complex C2 [Ni(L1-H):], and
green/brown platelet crystals of the complex C3 [Mn(L4a)2(NO3)2](NO3). The formulations
were established by elemental analysis, IR, and ESI-MS, and confirmed by X-ray
crystallography. C1 and C2 are triclinic and crystallise in the P1 space group, whereas C3 is
monoclinic and crystallises in the P2/c space group. For all of the structures, the
asymmetric unit contains half of the structure, with the remainder generated by inversion

symmetry through the central metal ion (Figures 3.1, 3.2, and 3.3).

Figure 3.1: Crystal structure of the complex [Cu(L1)2(BF4)2], (C1). H atoms, apart from those involved in
hydrogen bonding, have been omitted for clarity; Cull = orange, N = blue, O = red, B = light pink, F = yellow, C =
grey, H = white. Hydrogen bonding is represented by red dotted lines. ORTEP view at 30% probability level.
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Figure 3.2: Crystal structure of the complex [Ni(L1-H)z], (C2). H atoms, apart from those involved in hydrogen
bonding, have been omitted for clarity; Nill = green, N = blue, O = red, C = grey, H = white. Hydrogen bonding is
represented by red dotted lines. ORTEP view at 30% probability level.

The complexes all consist of two molecules of either L1 or L4a (L1 for both C1 and C2, and
L4a for C3), where each of the phenolic oxygen atoms are deprotonated and for C1 and C3,
the amino nitrogens are protonated, hence these ligands are in zwitterionic forms. For both
C1 and C3, the Cu(Il) and Mn(III) ions lie in distorted octahedral geometries, whereas for

C2, the Ni(II) ion lies in a distorted square planar geometry.

Figure 3.3: Crystal structure of the complex [Mn(L4a)2(NO3)2](NOs), (C3). H atoms, apart from those involved
in hydrogen bonding have been omitted for clarity; Mn!!l = purple, N = blue, O =red, C = grey, H = white. Hydrogen
bonding is represented as red dotted lines. ORTEP view at 30% probability level.
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Each metal ion is coordinated equatorially to a phenolic oxygen and either an oximic
nitrogen or carbonyl oxygen from each ligand. For C1 and C3, the remainder of the
coordination sphere is completed by two anions (BF4+ and NOs3-) occupying the axial
positions. For all three complexes, the ligands coordinate the metal ion in a trans
arrangement, consistent with similar structures found in the literature (discussed further
in Section 1.3). For €3, an additional NO3- anion is found in the crystal lattice to balance the
+1 charge of the complex cation; this NO3z- anion forms a hydrogen bond to the protonated
amino nitrogen of one ligand (N62--07, 2.92(3) A) and a second amino nitrogen of an
adjacent structure (N621---05, 2.92(3) A), producing a chain-like network (Figure 3.4). The
SQUEEZE procedure was implemented using the crystallographic software, Olex2, to
remove disordered solvent in the crystal lattice.4” The result of this was the removal of 73.2
electrons (e-), this equates to two MeOH molecules (36 e-) and one Et,0 molecule (42 e’).
Selected bond lengths and angles of C1, C2 and C3 can be found in Tables 3.2 and 3.3. For
C3, a Mn(II) salt was initially used, however it appears oxidation has occurred, resulting in
a Mn(IIl) complex. Despite very weak crystal data, evidence for Mn(III) over Mn(II) was
given by charge balance considerations of the complex (with three NOs- anions per unit
formula), and was further confirmed by bond length analysis through comparison with
literature examples. The magnetic moment data was performed on the X-ray sample, with
the value suggesting a Mn(II) oxidation state. Clearly this discrepancy requires further

investigation.

0 o
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Figure 3.4: Crystal structure of C3, illustrating the chain-like network produced by hydrogen bonding (red
dotted lines).
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Table 3.2: Selected bond lengths of the complexes C1, C2, and C3.

Bond Length (4) Bond Length (A) Bond Length (A)
Cc1
Cul-01 1.919(15) Cul-N22 1.957(13) Cul-F2 2.470(19)
c2
Ni1-01 1.821(2) Ni1-N22 1.888(2)
Cc3
Mn1-01 1.889(4) Mn1-022 1.984(10) Mn1-03 2.304(3)

Table 3.3: Selected bond angles of the complexes C1, C2, and C3.

Atoms Angle (°) Atoms Angle (°) Atoms Angle (°)
Cc1
01-Cul-N22 92.9(6) 01-Cul-N221 87.8(6) N22-Cul-N221 180(0)
01-Cul-F2 93.9(5) 01-Cul-F21 86.1(5) N22-Cul-F21 96.7(6)
01-Cul-01 180(0) N22-Cul-F2 83.3(6) F2-Cul-F2! 180(0)
C2
01-Ni1-N22 94.3(9) 01-Nil-N221t 85.7(9) N22-Nil-N22t 180(0)
01-Ni1-011! 180(0)
C3
01-Mn1-022 92.0(7) 01-Mn1-0221 88.1(7) 022-Mn1-0221 180(0)
01-Mn1-03 87.1(12) 01-Mn1-03? 92.9(12) 022-Mn1-03! 91.8(7)
01-Mn1-01! 180(0) 022-Mn1-03 88.2(7) 03-Mn1-03! 180(14)
1=1-x1-y 1-z

The synthesis of C3 did not proceed as expected; it appears that a hydrolysis reaction
occurred during the complexation of C3, as the ligand, L4 was the starting material,
however, the X-ray crystal structure clearly shows that the coordinated ligand is actually
the aldehyde precursor, L4a. IR confirmed the presence of a C=0 stretch at 1671 cm!
indicating coordination of the aldehyde by the C=0 stretch shifting from 1738 cm-! as found
in the spectrum of L4a. An alternative X-ray structural model, where L4a was replaced with
L4 was also investigated, however, a suitable peak corresponding to the oximic oxygen
could not be located using the difference map, indicating that L4a was indeed the correct

coordinating species in C3.
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The complexation reaction was also repeated under identical conditions, but using L4a
instead of L4. Upon addition of the metal to the ligand (both in MeOH), no colour change
was observed, instead the yellow colour of the ligand persisted, indicating no immediate
coordination to the metal ion. Crystals were not able to be produced from this reaction, so
it appears that for the formation of C3, the presence of L4 is a prerequisite. Repeating the
complexation with L4 produced the desired colour change of yellow to dark green,
indicating coordination. The complexation reaction and recrystallisation utilising L4, was
found to only be successful in the presence of NH40Ac, indicating that the presence of

NH4OAc is required to either aid in recrystallisation or mediate the hydrolysis reaction.

For complexes C1 and C2, moderate intramolecular hydrogen bonding is present within the
complexes between the oximic OH groups and phenolic oxygen atoms of the opposite
molecule of L1.48 For the complex, C1, there is additional moderate hydrogen bonding found
between the protonated amino nitrogens and a fluoride atom of each coordinated BF4
anion, further stabilising the structure (Table 3.4). For all three complexes, the metallic core
lies within the one plane; for C1 and C2, the aromatic rings of each ligand also lie within this
same plane, with the morpholine rings and tert-butyl groups sticking out of the plane
(Figures 3.5 and 3.6). For C3, the aromatic rings of each ligand sit in the same plane,
however this plane is not parallel with the metallic core. The non-planarity of the structure
is due to the crystal packing; each piperidine ring hydrogen bonds to a NO3z anion found in
the lattice, as illustrated by Figure 3.7, the anions are found on opposite sides of the plane

causing the aromatic rings to distort away from either side of the metallic core.

Table 3.4: Hydrogen bonding distances of the complexes C1, C2, and C3.

Atoms (X--A) Distance (A) Atoms (X---A) Distance (4)

Cc1

01--022 2.61(19) N62---F4 2.85(17)
Cc2

023---01 2.55(5) 023---N62 2.79(2)
Cc3

07---N62 2.94(17) 05---N621 2.94(17)

1=1-x1-y 1-z
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Figure 3.5: Crystal structure of C1, illustrating the planarity of the structure. ORTEP view at 30% probability

level.

The hydrogen bonding within the complexes is responsible for the degree at which the
morpholine/piperidine rings are displaced away from the central plane (N22, 01, N221,
011). On analysis of the plane (C63, C64, C66, and C67) angles for C1 and C3, hydrogen
bonding between anions, either coordinated or found in the lattice cause the amino rings to
be positioned almost perpendicular (89.60° and 89.71° respectively) to the central plane.
For C2, only intramolecular hydrogen bonding is present between the oximic OH and both
the amino nitrogen atoms and phenolic oxygen atoms. This reduces the angle at which these

rings are displaced to 69.02°.

Figure 3.6: Crystal structure of C2, illustrating the planarity of the structure. ORTEP view at 50% probability

level.
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Figure 3.7: Crystal structure of C3, illustrating the non-planarity of the structure. ORTEP view at 50%
probability level.

Conductivity measurements were performed on all three complexes to determine how the
complexes behave in solution. The results for the neutral complex C2 indicated that no
anions were present in solution, which agrees with the structural analysis. Measurements
on C1 indicated that the complex was a 1:1 electrolyte in MeOH, i.e. one BF4 anion
dissociates. This result is not unexpected as the BF4 anions are very weakly coordinated to
the Cu(Il) ion and could easily dissociate. Measurements performed on C3 indicated that
the complex was a 1:1 electrolyte in MeOH, which was expected, as a NO3- anion is found in
the crystal lattice. Although the structures of C1 and C3 are similar that is, they both have
two coordinated anions, the conductivity results indicate that the coordination strength
differs between the two; as one BF4- anion dissociates in solution for C1, but the NOz- anions

remain coordinated in C3.
Magnetic susceptibility (x,) measurements were run at RT (296.15 K) on polycrystalline

samples of C1, C2, and C3 to determine the effective magnetic moment (u.sr) of the

complexes, employing the equation:

3k
Herfr = —NABBZ mT) (eqn.3)
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Where, kg is the Boltzmann constant, N, is Avogadro’s number, 5 is the Bohr magneton, yy
is the molar magnetic susceptibility, and T is the temperature (K).* The magnetic
susceptibility results, found in Table 3.5, reveal that the complexes C1, and C3 are
paramagnetic in nature, with y,, values of 1.18x10-3 and 1.33x10-2 cm3 mol-! respectively.
C2 was found to be diamagnetic, with a y,, value of -1.98x10-4 cm3 mol-1. Employing eqn. 3,
the yuT and s values found for C1 (0.349 cm? K mol* and 1.67 pg respectively) and C2
(-0.0586 cm3 Kmol-!and 0.242 pg respectively) were found to be as expected; for C1, simple
H,Sao-based Cu(Il) complexes have shown to have magnetic moments in the range 1.79-
1.83 s, and for C2, the result was as expected for a square planar, d8 Ni(Il) ion.>° The y,,T
and s values found for C3 were found to be 3.95 cm?3 K mol-! and 5.59 ps respectively.
These results were unexpected, as the literature has shown that for one non-interacting,
high spin Mn(III) ion, the spin-only yx,,T value is 3.0 cm3 K mol-, and the effective magnetic

moment is 4.0 pg.51

Table 3.5: Magnetic susceptibility and magnetic moment results for the complexes C1, C2, and C3.

Complex xu (cm3 mol1) xuT (cm3 K mol1) Mefs (uB)
C1 1.18x1073 0.349 1.67
Cc2 -1.98x107* -0.0586 0.242
C3 1.33x1072 3.95 5.59

Over the five year period between 2007 till 2012, several mononuclear H,Sal/H,Sao based
Cu(II), Ni(II), and Mn(II) complexes resembling C1-C3 were synthesised.192 19b, 20,52 Forgan
et al. synthesised two Cu(Il) complexes isostructural to C1, utilising the ligand, 5-tert-Butyl-
3-(piperidinylmethyl)-2-hydroxybenzaldehyde oxime (L4), and BFs (Figure 3.8) and NO3-
anions (Figure 3.9).19b.20 The three complexes were synthesised in the same manner; a RT
reaction between the ligand and Cu(Il) metal salt (Cu(NO3)2.3H,0 or Cu(BF:)..6H20).
Isolation of the complexes was achieved by vapour diffusion of Et;0 in the methanolic
solution. All three structures have a similar metallic core, with all of the Cu(Il) ions lying in
an octahedral geometry. All are coordinated equatorially to an oximic nitrogen and phenolic

oxygen from each ligand, and weakly coordinated axially to two anions (NO3 and BF4).
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Figure 3.8: Crystal structure of the mononuclear Cu!! complex, with weakly coordinated BF4- anions produced
by Forgan et al. H atoms, apart from those involved in hydrogen bonding, have been omitted for clarity; Cul! =
orange, N = blue, O = red, B = light pink, F = yellow, C = grey, H = white. Hydrogen bonding represented as red
dotted lines.

A structural difference identified between the different anions, is the angle at which the
alkylamino rings are displaced out of the central plane. The angles for the complexes with
coordinated BF4 molecules are 89.60° and 88.60°, indicating that the hydrogen bonding
between the amino nitrogen and BF4 molecule displaces the rings out of the plane at an
angle close to 90°. The complex with the coordinated NO3 anion differs slightly to the
others, with the rings at an angle of 80.76° to the central plane. The cause for this difference
between the anions, is thought to be due to the strength of the hydrogen bond, with the N---F
distance of the BF, coordinated complex (2.78 A) shorter and stronger than the O---N
distance (2.84 A) of the NO3- complex by Forgan et al. The complex by Forgan et al. with
weakly coordinated NO3-anions also resembles the complex C3, however, the ligand utilised
in C3 has aldehyde functionality rather than oximic functionality. The angle at which the
alkylamino rings of C3 intersect the central plane is 89.71°, greater than found for the NO3-
complex of Forgan et al. The cause for this is likely due to the fact that no hydrogen bonding
occurs between the protonated amino nitrogen and NOs- anion, instead the protonated

amine hydrogen bonds to a NO3- anion found in the crystal lattice.
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Figure 3.9: Crystal structure of the mononuclear Cu!! complex with coordinated NO3- anions produced by Forgan
et al. H atoms, apart from those involved in hydrogen bonding have been omitted for clarity; Cull = orange, N =

blue, O =red, C = grey, H = white. Hydrogen bonds represented as red dotted lines.

The complex produced by Bates et al. is a square planar Ni(Il) complex (Figure 3.10)
utilising the same ligand as Forgan et al., L4.1% 195, 20 This complex is isostructural to the
complex, C2, with a very similar synthetic procedure and structural properties. The
structure of Bates et al. was produced by reacting L4 and Ni(OAc)2.4H20 in MeOH similarly
to the synthesis of C2, however, the crystals were grown by slow evaporation from nHex.1%
The alkylamino rings for both C2 and the complex produced by Bates et al. are displaced
out of the central plane at very reduced angles (69.02° and 71.14° respectively) compared
to C1, C3, and the complexes by Forgan et al. This again is a result of hydrogen bonding, this
time hydrogen bonding between the amino nitrogen and both the phenolic and oximic

oxygens.
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Figure 3.10: Crystal structure of the mononuclear Nil! complex produced by Bates et al. H atoms, apart from
those involved in hydrogen bonding, have been omitted for clarity; Nill = green, N = blue, O =red, C = grey, H =

white. Hydrogen bonding represented as red dotted lines.

As the structural properties of C1-C3 resemble those of the mononuclear Cu(Il) and Ni(II)
complexes by Forgan et al. and Bates et al,, it could be inferred that the complexes could be
utilised as metal cationic and monoanionic extractants in the extractive hydrometallurgy
industry. Out of the three complexes (C1-C3), C1 is the most promising for this application,
as it was the only complex to coordinate both a metal cation and corresponding anions,

whilst retaining the ligand itself (it did not undergo a hydrolytic reaction like C3).

A HSal based Mn complex, similar to C3 was synthesised by Li et al. (Figure 3.11).52 Their
complex has an octahedral Mn(II) ion coordinated to phenolic and carbonyl oxygen atoms
from each ligand, a DMF molecule, and a H20 molecule. A key difference between the two
structures is the method used for synthesis. Li et al. started with the aldehyde, instead of
the aldehyde formed in situ. The axial coordinates of the complex by Li et al. originate from
the complexation solvent (DMF) and H;0 obtained during synthesis. In a similar fashion to
C3, the aromatic rings of the ligands do not lie within the same plane as the metallic core.
As this structural property has only arisen in the complexes discussed with coordination
through an aldehyde, it is implied that the additional hydrogen bonding provided by the

oximic OH and phenolic oxygen atom is crucial to the planarity of the structure.
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Figure 3.11: Crystal structure of the mononuclear Mn! structure produced by Li et al., which utilises a HSal

based ligand. H atoms omitted for clarity; Mn!! = purple, N = blue, O =red, Cl = green, C = grey.

In 2008, Hindo et al. synthesised a series of H,Sai based Cu(Il) complexes (Figure 3.12).53
After initial complexation attempts they discovered that hydrolytic reactions occurred
during the complexation, reducing the ligand back to a HSal derivative, similarly to the
hydrolytic reaction that occurs in the synthesis of C3. Hindo et al. deduced that the
hydrolysis reaction was the result of free Cu(Il) ions in solution, as they had previously
shown to catalyse hydrolytic reactions. Previous work in the Plieger group has shown
similar results when utilising both oximic ligands and the metal salt, Mn(NO3).:4H-0,
however, reactions utilising Mn!!! salts, such as Mn(OAc)3;-2H20 have not resulted in the
hydrolysis of the oximic ligand. In a similar manner to the hydrolytic reaction found for the
complex by Hindo et al, it is thought that free Mn!! ions from the Mn(NO3);-4H-0 salt are
responsible for mediating the hydrolysis of L4 to L4a.
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Figure 3.12: Crystal structure of the mononuclear Cul! structure produced by Hindo et al. H atoms omitted for

clarity; Cul! = orange, O =red, C = grey.
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3.3 Dinuclear Complexes

3.3.7[Cuxl3)Cl5] (C4)

The reaction between L3, Cu(BF4)2-6H20 and NH4Clin a 1:1:1 ratio resulted in the formation
of a green solution. Isolation was achieved by vapour diffusion of Et,0 into the methanolic
solution over two weeks, which resulted in the formation of green platelet crystals of the
complex C4 [Cuz(L3")2Cl]. The successful complexation was established by IR, and 1°F NMR,
and confirmed by X-ray crystallography. C4 is triclinic and crystallises in the P1 space
group. The asymmetric unit contains half of the structure, with the remainder generated by

inversion through the centroid of Cu1-04-Cul-04 (Figure 3.13, left).

NBn OH N

OMe

Figure 3.13: Crystal structure of the complex [Cuz(L3")2Clz], (C4) (left) and the ligand (L3") formed in situ
(right). H atoms, apart from those involved in hydrogen bonding, have been omitted for clarity; Cull = orange, N
= blue, O =red, B = light pink, F = yellow, Cl = green, C = grey, H = white. Hydrogen bonding is represented by
red dotted lines. ORTEP view at 30% probability level.

The complex C4 consists of two molecules of L3’, a derivative of L3 formed in situ. A
condensation reaction between L3, MeOH, and the BFs anion of the metal salt resulted in

the formation of L3’, where a difluoromethoxy borane functionality is bound to the oximic
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oxygen atom (Figure 3.13, right). The Cu(Il) ions lie anti-parallel to one another, each with
a distorted square pyramidal geometry (see Tables 3.6 and 3.7 for selected bond lengths
and angles). Each Cu(II) ion is coordinated to an oximic nitrogen atom, two phenolic oxygen
atoms (one from each ligand), a chloride anion and a methoxy oxygen from the
difluoromethoxy borane functionality. Strong hydrogen bonding (2.122(8) A) is present
within the complex between the protonated amine and phenolic oxygen of the same

molecule of L3’.48

Table 3.6: Selected bond lengths of C4.

Bond Length (A) Bond Length (A) Bond Length (A)
B42-08 1.47(14) Cul-Cl1 2.25(3) Cul-041 2.39(8)
B42-09 1.47(15) Cul-04 1.92(6) N3-08 1.38(9)
B42-F5 1.40(16) Cul-09 1.97(6)

B42-F2 1.41(13) Cul-N3 1.95(9)
1=1-x-y,2-z

Table 3.7: Selected bond angles of C4.

Atoms Angle (°) Atoms Angle (°) Atoms Angle (°)
08-B42-09 107(11) Cl1-Cul-04 90.0(2) 04-Cu-09 171(3)
08-B42-F5 113(11) Cl1-Cul-N3 165(3) 04-Cu-04! 84.4(3)
08-B42-F2 107(10) Cul-04-Cul 95.6(3) N3-Cul-09 79.8(3)
09-B42-F2 110(10) Cl1-Cu1-09 99.5(2) N3-Cul-04! 93.9(3)
09-B42-F5 111(11) Cl1-Cul-041 101(2) 09-Cul-041 94.6(2)
F5-B42-F2 108(11) 04-Cu-N3 90.8(3)

1=1-x,-y,2-z

To confirm the existence of the difluoromethoxy borane functionality, especially the BF,*
group, and to ensure it wasn’t a boron dioxide type unit, the B-O bond lengths (oximic (08)
and methoxide (09)) were compared to that of the B-F bonds. The B-O bond lengths of
1.47(15) A agree within experimental error to the average B-F bond length of 1.41(15) 4,
therefore the existence of a BF,* group cannot be conclusively confirmed by bond length.

The X-ray data was resolved with oxygen atoms replacing the fluorine atoms, which
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resulted in non-positive definite atoms. This alone suggested that the original formula was
indeed right, but was further confirmed by 1°F NMR, with a peak at -150.4 nm. The chloride
ions found in the metallic core originated from the anion of a 4f metal salt used during an
initial attempt at a 3d/4f metallic complex. To ensure there was no metal contamination in

further complexations, the chloride source was changed to NH4Cl.

08 F2

ci

Figure 3.14: The metallic core of the complex, C4; Cu!! = orange, N = blue, O = red, B = light pink, F = yellow, Cl
= green, C = grey. ORTEP view at 30% probability level.

Conductivity measurements were performed on the complex C4 to determine how the
complex behaves in solution. Measurements indicated that the complex was a 2:1
electrolyte in MeOH, which suggests that each of the chloride anions coordinated to the

Cu(II) ions dissociate in the methanolic solution.

Direct current (DC) molar magnetic susceptibility, y,;, measurements were performed on a
powdered polycrystalline sample of the complex C4. The y;, measurements were measured
in an applied magnetic field, B, of 0.1 T over a temperature (T) range of 2 - 300 K. The results
are shown in Figure 3.15 in the form of a y),T vs. T plot, where y,, is the molar magnetic

susceptibility, and M is the magnetisation of the sample.

A= ugB zgigi —2 Z Ji;5:5; (eqn.4)
7

ij<i
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The RT (300 K) measurement of C4 resulted in a value of y; T (0.91 cm3 K mol-t), which
agrees with what is expected for a complex containing two non-interacting Cu(Il) ions,
assuming g.,, = 2.2. Decreasing the temperature causes the y, T product to slowly decrease
to a value of 0.82 cm3 K mol-, before rapidly decreasing to a value of 0.71 cm3 Kmol-tat T=
2 K. Behaviour like this is suggestive of extremely weak antiferromagnetic exchange

between the two Cu(Il) ions.5*
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Figure 3.15: Plot of yuT vs. T for complex C4 in the T = 300-2 K temperature range measured in an applied field
of B=0.1T. The inset shows the VTVB data for C4 in the T = 2-6 K and B = 0-7 T temperature and field ranges.

The solid red lines are a fit of the experimental data to spin-Hamiltonian (eqn. 4.).

Low temperature variable-temperature and variable-field (VTVB) magnetisation
measurements were run to obtain a better definition of the low temperature magnetic
properties of C4. These measurements were performed in a temperature range of T=2-6 K
and a magnetic field range of B = 0-7 T, these results can be found in the insert of Figure
3.15. By employing the spin-Hamiltonian (eqn. 4), a simultaneous fit of the molar magnetic
susceptibility and magnetisation data for C4 gave best fit parameters of ] =-0.38 cmland g
= 2.12. This small value of ] is to be expected as the Cu-0-Cu angle for this phenoxo-bridged
Cu(Il) dimer is 95.6(3)°, very close to the 90° crossover mark for ferro- and

antiferromagnetic exchange.s 54
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Complexes containing dioximate BF,* bridged ligands have been known since 1962 when
the first example was produced by Schrauzer.55 In 2000, Prushan et al. produced
Cu(II)/Ni(IT) complexes utilising the ligand 4,10-Dithia-7-oxatridecane-2,12-dione dioxime
(Figure 3.16, bottom).34> The complexation reactions for these complexes formed BF,*
bridged macrocyclic ligands in situ in a similar manner as seen by Schrauzer, however,
Prushan et al. utilised the hydrolysis of BF4 anions instead of boron trifluoride etherates. A
Cu(II) complex was synthesised by adding a methanolic solution of Cu(BF4): to the ligand,
also in MeOH. The green solution was further stirred to obtain a purple precipitate, which
was recrystallised from hot nHex to yield the Cu(II) BF2* bridged macrocyclic complex (the
structure resembles that of the Ni(II) structure in Figure 3.16, top). A Ni(Il) BF,* bridged
complex was also produced by Prushan et al., however, this complex differed from the Cu(II)
complex in that it was produced via a stepwise method rather than a one-pot synthesis.34
The mononuclear Ni(Il[) complex, in Figure 3.16, was synthesised initially following the
same general procedure used for the previously mentioned Cu(Il) complex, however, in
order to cap the dioximic ligand and produce a BF;* bridged macrocyclic complex, the

mononuclear Ni(II) complex required treatment with boron trifluoride diethyl etherate.

r

Figure 3.16: Crystal structure of the mononuclear Ni!' BF2* bridged macrocycle produced by Prushan et al. (top),
and the ligand utilised (bottom). H atoms omitted for clarity; Nill = green, N = blue, O =red, S = dark yellow, B =

light pink, F = light yellow.
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In 2005, Powell and coworkers produced a dinuclear Fe(III) complex with a many structural
similarities (Figure 3.17, left) to that of the metallic core found in C4.5¢ The ligand utilised
was a H2Sai derivative, 2-[[(3-hydroxypropyl)imino]methyl]-6-methoxyphenol (Figure
3.17, right). Each Fe(IlI) ion has a square pyramidal geometry and is coordinated to an imine
nitrogen atom, a phenolic oxygen atom, a chloride anion, and two deprotonated propanol
groups (one from each ligand), with each one bridging the adjacent Fe centre. The magnetic
properties of the complex were investigated, and it was found that the two Fe(III) ions had
weak antiferromagnetic interactions, as effective coupling pathways were not present
within the dinuclear complex, a result which resembled that found for C4 (further explained

above).56

Figure 3.17: Crystal structure of the dinuclear Felll complex produced by Powell and co-workers (left) and the

ligand utilised (right). H atoms omitted for clarity; Felll = orange, N = blue, O = red, Cl = green.
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3.4 Trinuclear Complexes

3.4.1 [FesO(L4-H)3(OAc)s] (C5) and [Mns;O(L4-H)(L4-2H)(OAC)3] (C6)

The trinuclear complexes C5 and C6, were synthesised following the same general
procedure as C1-C3; the reaction between L4, the corresponding metal salt (Fe(BF4)2:6H20
or Mn(0Ac)s3-2H;0), pyridine, and NH40Ac (C5 only), in a 1:1:1 ratio resulted in the
formation of maroon and dark green solutions respectively. Isolation was achieved by
vapour diffusion of Et;0 into the methanolic reaction solutions over three weeks, resulting
in the formation of maroon platelet crystals of the complex C5 [Fez0(L4-H)3(0Ac)s], and
green platelet crystals of the complex C6 [Mn30(L4-H):(L4-2H)(0OAc)s]. The successful
complexations were established by IR and confirmed by X-ray crystallography. C5 and C6
are both triclinic and crystallise in the P1 space group. For both C5 and C6, the complete
structure is found within the asymmetric unit (Figures 3.18 and 3.19). In both complexes

the X-ray data is weak; regardless of this the connectivity is clearly established.

Figure 3.18: Crystal structure of the complex [Fes0(L4-H)3(0Ac)s], (C5). H atoms, apart from those involved in
hydrogen bonding, have been omitted for clarity; Felll = orange, N = blue, O = red, H = white. Hydrogen bonding
represented as red dotted lines. ORTEP view at 30% probability level.
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Figure 3.19: Crystal structure of the complex [Mn30(L4-H)2(L4-2H)(0Ac)s], (C6). H atoms, apart from those
involved in hydrogen bonding have been omitted for clarity; Mn!!! = purple, N = blue, O = red, H = white.

Hydrogen bonding represented as red dotted lines. ORTEP view at 30% probability level.

Both complexes consist of three molecules of L4, with both the phenolic and oximic oxygen
atoms deprotonated. For C5, all of the amino nitrogen atoms are protonated, whereas for
C6, two amino nitrogen atoms are protonated (based on charge balance analysis). The metal
ions each have a distorted octahedral geometry (see Tables 3.8 and 3.9 for selected bond
lengths and angles) with an overall triangular topology. Each metal ion is coordinated to an
oximic nitrogen and a phenolic oxygen from one ligand, an oximic oxygen from an adjacent
ligand, two p.-bridging OAc- groups and a central p3-bridging oxygen atom, thought to have
originated from the hydrolysis of residual H,O molecules (Figures 3.18 and 3.19).22 For C5,
a Fe(II) salt was initially used, however it appears oxidation has occurred, resulting in a
Fe(IlI) complex. Evidence was initially given by charge balance of the complex, and was

further confirmed by Méssbauer analysis, and magnetic characterisation.
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Both C5 and C6 have had the SQUEEZE procedure implemented using Olex2.47 For C5, a
total of 293 e- were removed, corresponding to one BF4 anion (41 e’), one pyridine molecule
(42 e),and five Et,0 molecules (210 e-). According to Méssbauer analysis (further explained
below), the oxidation state of the Fe ions is +3, thus one anion is required to balance the
overall charge of the complex. Geometric analysis of the difference map suggests the
presence of one BF4 anion. For C6, a total of 229 e- were removed, corresponding to five
Et20 molecules (210 e-) and one MeOH molecule (18 e-). As no anions are found in the lattice,
the overall charge of the complex is balanced by the protonation of two of the three amino
nitrogens. Despite the weak crystal data, the protonation of only two nitrogen atoms was
indicated by the charge balance of the complex, and further confirmed by bond length
analysis through comparison with the literature. The interatomic hydrogen bond lengths
(2.71(13) Aand 2.74(2) A (N62B---01B and N62A---O1A respectively) and the third distance
of N62---01 (2.91(13) A) however are inconclusive due to the poor data.

Table 3.8: Selected bond lengths of the complexes, C5 and C6.

Bond Length (A) Bond Length (A) Bond Length (A)
C5
Fel-09 1.86(2) Fe2-09 1.93(1) Fe3-09 1.84(2)
Fel-06 1.89(1) Fe2-N22A 2.25(3) Fe3-023A 1.95(2)
Fe1l-023B 1.96(2) Fe2-023 1.99(2) Fe3-01B 1.87(2)
Fel-N22 2.16(2) Fe2-01A 2.00(1) Fe3-N22B 2.11(2)
Fel-071 2.07(2) Fe2-072 1.99(2) Fe3-072A 2.07(1)
Fel-071A 2.03(1) Fe2-072B 2.06(1) Fe3-071B 2.04(1)
cé6
Mn1-09 1.87(8) Mn2-09 1.87(5) Mn3-01B 1.88(9)
Mn1-01 1.86(1) Mn2-06 1.94(9) Mn3-09 1.82(7)
Mn1-023B 1.91(7) Mn2-01A 1.90(6) Mn3-072A 2.02(1)
Mn1-071 2.18(9) Mn2-071A 2.17(1) Mn3-023A 2.10(7)
Mn1-072B 2.39(1) Mn2-072 2.32(1) Mn3-N22B 2.06(1)
Mn1-N37 2.00(8) Mn2-N22A 2.03(1) Mn3-071B 2.30(9)
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Table 3.9: Selected bond angles of the complexes, C5 and Cé6.

Angle Angle
Atoms Atoms Atoms Angle (°)
) )
C5
09-Fel-06 173(7) 09-Fe2-N22A 79.7(8) 09-Fe3-023A 93.6(8)
09-Fel-023B 91.4(8) 09-Fe2-023 93.6(7) 09-Fe3-01B 171(8)
09-Fel-N22 87.1(8) 09-Fe2-01A 174(7) 09-Fe3-N22B 82.5(8)
09-Fel-071 84.4(6) 09-Fe2-072 95.8(7) 09-Fe3-072A 92.1(7)
09-Fel-071A 94.0(7) 09-Fe2-072B 87.3(7) 09-Fe3-071B 95.5(7)
06-Fel-023B 87.1(7) N22A-Fe2-023 101(8) 023A-Fe3-01B 85.3(8)
06-Fel-N22 86.4(8) N22A-Fe2-01A 94.2(7) 023A-Fe3-N22B 93.2(8)
06-Fel-071 97.8(6) N22A-Fe2-072 167(7) 023A-Fe3-072A 174(7)
06-Fel-071A 92.7(6) N22A-Fe2-072B 81.8(7) 023A-Fe3-071B 92.3(7)
023B-Fel-N22 95.4(9) 023-Fe2-01A 86.3(7) O1B-Fe3-N22B 88.4(8)
023B-Fel-071 172(7) 023-Fe2-072 90.8(7) 01B-Fe3-072A 89.2(7)
023B-Fel-071A  89.2(7) 023-Fe2-072B 177(7) 01B-Fe3-071B 93.6(7)
N22-Fel-071 90.9(8) 01A-Fe2-072 90.3(6) N22B-Fe3-072A 87.8(7)
N22-Fel-071A 175(8) 01A-Fe2-072B 93.1(6) N22B-Fe3-071B 174(7)
071-Fel-071A 84.6(6) 072-Fe2-072B 86.3(6) 072A-Fe3-071B 86.9(6)
Fel-09-Fe3 120(9) Fel-09-Fe2 116(9) Fe3-09-Fe2 119(9)
Cé6
09-Mn1-01 172(3) 09-Mn2-06 88.5(3) 01B-Mn3-09 173(4)
09-Mn1-023B 90.2(3) 09-Mn2-01A 177(3) 01B-Mn3-072A 90.6(4)
09-Mn1-071 99.5(3) 09-Mn2-071A 89.2(3) 01B-Mn3-023A 88.9(4)
09-Mn1-072B 88.8(3) 09-Mn2-072 97.3(3) 01B-Mn3-N22B 87.5(4)
09-Mn1-N37 86.0(3) 09-Mn2-N22A 88.9(4) 01B-Mn3-071B 91.7(4)
01-Mn1-023B 93.0(4) 06-Mn2-01A 93.4(3) 09-Mn3-072A 95.0(3)
01-Mn1-071 88.5(4) 06-Mn2-071A 96.3(3) 09-Mn3-023A 86.8(3)
01-Mn1-072B 83.7(4) 06-Mn2-072 88.2(3) 09-Mn3-N22B 88.6(4)
01-Mn1-N37 90.9(4) 06-Mn2-N22A 173(4) 09-Mn3-071B 93.5(3)
023B-Mn1-071  88.7(4) 01A-Mn2-071A 88.0(3) 072A-Mn3-023A 90.4(3)
023B-Mn1-072B  85.8(3) 01A-Mn2-072 85.4(3) 072A-Mn3-N22B 162(4)
023B-Mn1-N37 176(4) 01A-Mn2-N22A 89.6(4) 072A-Mn3-071B 80.0(4)
071-Mn1-072B 170(4) 071A-Mn2-072 172(3) 023A-Mn3-N22B 108(4)
071-Mn1-N37 90.4(4) 071A-Mn2-N22A  90.6(4) 023A-Mn3-071B 170(4)
072B-Mn1-N37  95.7(4) 072-Mn2-N22A 85.3(4) N22B-Mn3-071B 81.8(4)
Mn1-09-Mn2 115(4) Mn1-09-Mn3 122(4) Mn2-09-Mn3 121(4)
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For C5, moderate hydrogen bonding is found between all of the phenolic oxygen atoms and
amino nitrogen atoms from the same ligand.*8 The hydrogen bonding present in C6, differs
from C5 in that only two protonated amino nitrogen atoms hydrogen bond with a phenolic

oxygen of the same ligand. These hydrogen bond distances can be found in Table 3.10.

Table 3.10: Hydrogen bond distances found in the complexes, C5 and C6.

Atoms Atoms Atoms
Distance (4) Distance (A) Distance (4)
(X--A) (X--A) (X---A)
C5
N62--01 3.06(14) N62A--01A 2.66(3) N62B---01B 2.92(14)
Cé
N62A--01A 2.74(2) N62B---01B 2.71(13)

The conductivity measurements performed on the complexes C5 and C6, reveal that for
both complexes, anions are found in solution. For C5, the measurement revealed that for
every one complex in solution, three anions are found in solution. One of the anions are
believed to be BF4, as suggested by the difference map of residual electron density prior to
the application of the SQUEEZE protocol as implemented in Olex2, with the other two likely
to be dissociated OAc- anions.*” The measurement of C6 revealed that for every complex in

solution one anion is present, indicating that when in solution one OAc- anion dissociates.

The Mossbauer characterisation undertaken on the complex C5, was performed at RT (294
K), liquid nitrogen temperature (LNT) (77 K) and low T (6.3 K) to determine the oxidation
state/s, structural, and magnetic properties of the Fe centres. The resulting parameters can

be found in Table 3.11.

Table 3.11: 5’Fe Méssbauer parameters of the complex, C5. §, isomer shift; AE, quadrupole splitting; I}, line
width of the left peak; I, line width of the right peak.

T (K) 4 (mm/s) AE, (mm/s) I, (mm/s) I'z (mm/s)
294 0.41 0.90 0.60 0.64
77 0.51 1.02 0.55 0.57
6.3 0.54 1.01 0.80 0.80
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The Mdssbauer spectra of the complex C5 (Figure 3.20) at RT, LNT, and low T all show a
single quadrupole doublet, with isomer shifts of 0.41, 0.51, and 0.54 mm/s respectively.
These results are indicative of a single type of high spin Fe(IIl) ions contained within an
octahedral coordination geometry.57 The small temperature dependence in the quadrupole
splittings (0.90 mm/s vs. 1.01 and 1.02 mm/s) and slight asymmetry in the doublet widths
(increasing with T) indicates that the environments in which the Fe(III) ions are found may
have small structural discrepancies.5’2 X-ray crystallography data supports this finding, as
the entire complex is found within the asymmetric unit, suggesting minor structural
discrepancies between the Fe coordination environments. Magnetic measurements,
discussed further below, found three different exchange couplings between the Fe(III)
centres, resulting from three distinct Fe-N-O-Fe torsion angles, further confirming the
Maéssbauer results. The slight broadening of the doublet in the low T spectrum indicates

intermediate relaxation of the Fe(III) centres.57¢
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Figure 3.20: 57Fe Mdssbauer spectrum of the complex, C5, at RT (294 K), LNT (77 K), and low T (6.3 K).
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Figure 3.21: Crystal structure of C5, illustrating the fac coordination of the OAc- groups. H atoms omitted for

clarity; Felll = orange, O = red, C = grey. ORTEP view at 30% probability level.

A key structural difference between C5 and C6 is the geometry of the p»-bridging OAc
groups (Figures 3.21 and 3.22). For C5, the three p,-bridging OAc- groups all adopt a fac
geometry, whereas for C6, two adopt mer geometry and the third a fac geometry. It is not
fully understood the cause for the different OAc- geometries between the two complexes,
however, one difference between them that could have a role in the different geometries is
the source of the OAc-anions. For C6, the OAc-anions originate from the metal salt, therefore
they are already coordinated to the metal ion. For C5, the OAc- is added in the form of
NH4O0Ac; this late addition could have a role in the final geometry. The different OAc
geometries however do not cause different distortions in the placement of the central
us-bridging oxygen atom, as for both C5 and C6, it is found to sit just above the plane

containing the three metal ions.
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Figure 3.22: Crystal structure of C6 illustrating the mer-mer-fac coordination of the OAc- anions. H atoms

omitted for clarity; Mn!ll = purple, O = red, C = grey. ORTEP view at 30% probability level.

A search of the CCDC (v. 1.20) revealed that 274 Mn complexes with one or more triangular
structures exist; 74 of them being discrete complexes with a single triangular topology. The
search also revealed that the complex C6 is the first known HzSao based Mn(III) triangle
with three p,-bridging groups with mer-mer-fac coordination geometry. All of the
complexes found either had anions or solvent molecules with fac coordination geometry or
an anion coordinated to all metal ions. The search was extended to pyridyl oximes, and the
same result was found; no complexes with single triangular topologies contained a mer-

mer-fac coordination geometry.

For both complexes, the bond angles between the central oxygen atom and the metal ions
do not differ significantly, with them all agreeing within experimental error (Table 3.9). This
was surprising as it was proposed that the different coordination geometries between the
complexes would cause significant distortions on the M-0-M bond angles (M = Fe or Mn).
The bond angles of the oximato bridges however, were found to differ within the complexes
and between the two different metals. For the Fe(lll) triangle, it was found that three
different torsion angles were present within the complex. The most likely cause for this, is
that all OAc anions are found on the same face of the triangle, and cause distortions as a

result of steric hinderance. For the Mn(III) triangle, only two different oximato torsion

59



angles are present. For the two oximato bridges found on the same face of the triangle, they
are found to have the same distortion, whereas the oximato bridge on the opposite face is
found to have a different, smaller distortion. The result of these torsion angles on the

complexes magnetic properties is discussed below.

Direct current (DC) molar magnetic susceptibility, y,;, measurements were performed on
powdered polycrystalline samples of the complexes C5 and C6. The y,; measurements were
measured in an applied magnetic field, B, of 0.1 T over a temperature (7) range of 1.8 - 290
K. The results are shown in Figure 3.23 in the form of a ;T vs. T plot, where y;, is the molar
magnetic susceptibility, and M is the magnetisation of the sample. At 290 K the yuT values
of C5 and C6 are 4.2 and 6.1 cm3 Kmol}, respectively, lower than that expected for three
uncoupled Fe(III) and Mn(III) ions (13.125 and 9.0 cm3 K mol-! with g = 2.00). The value of
xuT rapidly decreases with decreasing temperature in both cases reaching values of 0.9 and
1.5 cm3 Kmol!at T = 1.8 K, respectively. Both data sets are indicative of antiferromagnetic

exchange interactions between the constituent metal centres.

0 50 100 150 200 250 300
T (K)

Figure 3.23: Plot of the yuT product versus T for C5 and C6 in the T = 290 - 1.8 K temperature range, in an
applied field, B= 0.1 T. The solid red lines are a fit of the experimental data.
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A fit of the susceptibility data employing spin-Hamiltonian (eqn. 4) and the exchange
coupling models depicted in Figure 3.24 afforded the best fit parameters: /1 = -31.6 cm,
J2 =-46.1 cm, J3 =-25.5 cm! for C5 and /1 = -3.6 cm'}, J, = -9.6 cm! for C6. In each case g
was fixed to g = 2.00. In the frame of this (simple) isotropic model, C5 possessesan S=1/2
ground state, with C6 an S = 1 ground state (Figure 3.25), both with numerous low-lying
excited states. Note that in the case of C6, Diun) may well be of the same order of magnitude
as J, and thus EPR spectroscopy will be required to obtain the axial/rhombic zero-field
splitting parameters. The exchange interactions obtained above are in agreement with
those previously reported for similar [M!O(oxime)(02CR)3] species with M = Mn(III) and
Fe(III).23b.58

Figure 3.24: Exchange interaction models for C5 (left) and C6 (right) illustrating the exchange interactions

found within the complexes.

In each case the triangles are scalene (P1), with the whole cluster in the asymmetric unit.
However, since each edge of the triangle is bridged by one oxide, one carboxylate and one
oxime, the fitting procedure began by employing the simplest (single /) model before
moving to models containing two or three J-values. For C5 there are three different
Fe-0O-N-Fe torsion angles of ~0 (J2), 2 (J1) and 4° (J3). For C6 the best fit was obtained from
a 2] model where J; = Mn1-Mn3, Mn2-Mn3 containing Mn-0-0-Mn torsion angles of ~7°
with the carboxylates on the same side on the Mns3 plane, and J, = Mn1-Mn2 with a

Mn-0-N-Mn torsion angle of ~0.3° and the carboxylate on the opposite side of the Mn3 plane.
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Figure 3.25: Plot of lowest lying spin states (S) versus energy (E) as obtained from the isotropic fit of the
susceptibility data for C5 (left) and C6 (right).

In 2005, Stamatatos et al. produced the first known triangular SMM; a Mn(III) complex with
a triangular topology (Figure 3.26) resembling both C5 and €6.5° Mn triangular structures
had been produced in the past, however, these had all exhibited antiferromagnetic
interactions.6® Stamatatos et al. discovered that ferromagnetic interactions could be
induced through distorting the oximato Mn-N-O-Mn bridges. The ligand utilised was a
pyridyl oxime derivative, 1-(2-pyridyl)-ethanone oxime, the structure resembles C5 as it
has three pu2-OAc anions bridging the Mn(III) ions with fac coordination. The ferromagnetic
interactions present in the Mn(III) complex were induced by the distortion of the central
oxygen atom out of the plane which contains the three Mn(III) ions. This distortion differs
to what was found for C5 and C6, with the oximato bridge distortion dictating the exchange

pathways, as discussed above.
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Figure 3.26: Crystal structures of the first known triangular SMM produced Stamatatos et al., looking down at
the metallic core (left) and illustrating the fac coordination geometry of the OAc- anions (right). Mn!l! = purple,

N = blue, O =red.

There are many variations of the initial Mn triangular SMM produced by Stamatatos et al.,
found in literature.s% 61 All of the complexes, whether pyridyl based oximes or H.Sao
derivatives, have either coordinating anions with either all mer or all fac geometries. A
couple of the H,Sao based complexes, are the structures produced by Yang et al. (Figure
3.27, left), Stoumpos et al., and Kozoni et al.61 These structures all have a single triangular

topology, and are capped by anions and solvents such as: MeOH, chloride, and OH- anions.
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Figure 3.27: Crystal structure of the Mn!!l triangular SMM produced by Yang et al. (left) and the corresponding
ligand used (right). H atoms are omitted for clarity; Mn!!l = purple, N = blue, O =red, Cl = green, C = grey.

These complexes mentioned above, have been characterised and employed for use as
magnetic materials, and building blocks for supramolecular structures. The Mn(III)
structure synthesised by Yang et al. (Figure 3.27) was characterised by SQUID
magnetometry to determine the complexes magnetic properties.tlc The characterisation
revealed that the Mn(IIl) ions are antiferromagnetically coupled, with two exchange
pathways present within the complex, resembling C6. Yang et al. found that the cause for
the antiferromagnetic exchange was that the torsion angle of the Mn-N-O-Mn bridges was
less than 30°, and the central ps-oxo bridge was found to be planar with the three Mn(III)
ions. This finding is relevant for both the complexes C5 and C6, as the torsion angles of the
Mn-N-0-Mn bridges for these complexes range from approximately 0 - 7° (discussed further

in the magnetic section above).
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3.5 Tetranuclear Complexes

3.5.7[Fe«L3)2(OMe)s(OH)s/ (C7)

The reaction between L3 and Fe(BF4)2:6H;0 in a 1:2 ratio resulted in the formation of a
maroon solution. Isolation was achieved by vapour diffusion of Et;0 into the
1:1 MeOH/MeCN solution over five weeks, which resulted in the formation of red platelet
crystals of the complex C7 [Fes(L3)2(0Me)s(OH)s]. The successful complexation was
established by IR and confirmed by Mossbauer spectroscopy and X-ray crystallography. C7
is monoclinic and crystallises in the P 2, /n space group. The asymmetric unit contains one-
half of the structure with the remaining generated by inversion through the centroid of Fe1-
071-Fe1-071 (Figure 3.29). The X-ray data for C7 is weak, however, like C5 and C6, the

connectivity is clearly established.

The complete characterisation of C7 was not achieved within the time frame of this research
due to unforeseen reproducibility issues. A theory for this reproducibility issue is that the
4f metal salt acts as a templating agent, and although it doesn’t end up in the final structure,

it could be a crucial component for a successful complexation.
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o

Figure 3.28: The metallic core of the complex, C7, illustrating the defective dicubane topology. The dotted box
indicates the ‘body’ Fe!ll ions (Fe2). Felll = orange, N = blue, O = red, C = grey. ORTEP view at 30% probability

level.
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The complex C7 consists of two molecules of L3, with the phenolic oxygen atom
deprotonated and the amino nitrogen atom protonated. Each Fe(IIl) ion has a distorted
octahedral geometry (see Tables 3.12 and 3.13 for selected bond lengths and angles) with
an overall defective dicubane or ‘butterfly’ topology. The metal coordination environment
differs between the body and wingtip metal ions (Figure 3.28), with the wingtip Fe(III) ions
coordinated to an oximic nitrogen, a phenolic oxygen, a terminal OH- anion, a bridging us-
OMe, and two bridging p.-OMe molecules. The body Fe(Ill) ions are coordinated by two
bridging p3:-OMe groups, two bridging p.-OMe groups and two terminal OH- anions (the
hydroxide molecules are thought to have originated from the hydrolysis of water molecules,
originating from the hydrated metal salts. The ligands are arranged in a trans conformation
to each other (Figure 3.29). Within the complex there is hydrogen bonding of moderate
strength, found between the body OH- anions and the oximic OH (011---023, 2.59(2) &), and
amino nitrogen atom (N62---012, 2.59(2) A) of opposite ligands (Figure 3.29). The OMe- and
OH- anions found in the metallic core, are assumed to have originated from the hydrolysis

of solvent and residual water molecules during the heated complexation reaction.22

Figure 3.29: Crystal structure of the complex [Fe4(L3)2(OMe)s(OH)¢], (C7). H atoms, apart from those involved
in hydrogen bonding, have been omitted for clarity; Felll = orange, N = blue, O =red, C = grey, H = white. ORTEP
view at 30% probability level.
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The SQUEEZE procedure was implemented using the crystallographic software, Olex2, to
remove disorder in the crystal lattice.4” The result of this was the removal of 106 e-, which

equates to five MeCN molecules (110 ).

Table 3.12: Selected bond lengths of the complex, C7.

Bond Length (A) Bond Length (A) Bond Length (A)
Fel-010 1.82(4) Fel-N22 2.21(6) Fe2-071 2.13(4)
Fel-071 2.11(4) Fe1l-091 1.98(5) Fe2-081 1.98(4)
Fel-081 1.98(4) Fe2-012 1.87(4) Fe2-091 1.98(4)
Fel-01 1.95(5) Fe2-011 1.89(4) Fe2-071 2.11(4)

1=1x, 1y, 1-z

Table 3.13: Selected bond angles of the complex, C7.

Atoms Angle (°) Atoms Angle (°) Atoms Angle (°)
010-Fel1-071 171(17) 01-Fel-N22 82.4(2) 071-Fe2-081 76.8(18)
010-Fe1-081 94.3(18) 01-Fe1-091 90.6(19) 071-Fe2-091 89.5(17)
010-Fe1-01 97.8(18) N22-Fel-091 169(19) 071-Fe2-071 76.1(18)
010-Fel-N22 90.7(19) 012-Fe2-011 97.8(18) 081-Fe2-091 166(18)
010-Fe1-091 98.3(17) 012-Fe2-071 166(17) 081-Fe2-071 94.2(17)
071-Fe1-081 77.2(18) 012-Fe2-081 95.5(18) 091-Fe2-071 78.9(17)
071-Fel-01 91.1(18) 012-Fe2-091 97.1(17) Fe2-071-Fel 98.0(18)
071-Fel-N22 93.2(19) 012-Fe2-0711 92.6(17) Fe2-071-Fe2! 103.9(18)
071-Fe1-091 78.9(17) 011-Fe2-071 94.3(17) Fel-071-Fe2! 96.0(18)
081-Fel-01 166(19) 011-Fe2-081 89.2(17) Fe2-081-Fel 108(2)
081-Fel-N22 90.9(2) 011-Fe2-091 95.3(17) Fe21-091-Fel 105(2)
081-Fel1-091 94.2(18) 011-Fe2-0711 167(18)

1=1-x,1-y,1-z

Although a Fe(II) salt was initially used, M6ssbauer results (further discussed below) reveal
that the oxidation state of all of the Fe ions is +3, indicating that oxidation of the metal salt
has occurred during synthesis. This gives rise to two possible formulations for the structure
of the complex. The first formulation identifies the oxygen atoms coordinated to the body

ions as OH- anions, the oxygen atoms coordinated to the wingtips as water molecules, and
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no protonation of the amino nitrogens. The second formulation identifies the oxygen atoms
coordinated to both the body and wingtip ions as OH- anions, with the amino nitrogens
protonated. Analysis of the residual electron density contained within the difference map
in the X-ray structure, resulted in the identification of a peak at a distance from the nitrogen

atom suggestive of protonation, providing evidence for formulation two.

The Mossbauer characterisation performed on the complex C7, was performed at RT
(294 K), LNT (77 K) and low T (6.3 K) to determine the oxidation state/s, structural, and
magnetic properties of the Fe centres. The resulting parameters can be found in Table 3.14.
For the low T spectrum of C7, magnetic hyperfine splitting was observed, therefore, the

spectrum was fitted to a hyperfine field distribution.

Table 3.14: 57Fe Mossbauer parameters of the complex, C7. §, isomer shift; AE,, quadrupole splitting; 7, line

width of the left peak; I, line width of the right peak.

T (K) 46 (mm/s) AE, (mm/s) I, (mm/s) I'z (mm/s)
294 0.42 0.72 0.47 0.47
77 0.52 0.74 0.49 0.49

The Mossbauer spectra (Figure 3.30) of the complex C7 at RT and LNT each show a single
quadrupole doublet, with corresponding isomer shifts of 0.42 and 0.52 mm/s respectively,
indicative of high spin Fe(IlI) ions contained within octahedral coordination geometries.5’
The presence of a single quadrupole doublet also indicates that the Fe nuclei are all identical
within the complex.572 The spectrum recorded at low T exhibits magnetic hyperfine
splitting, indicating that the Fe(III) centres are fully relaxed to their magnetic ground state.
The data was fitted to a hyperfine field distribution, which is suggestive that different Fe
environments could be present within the complex. The expected spectra for C7, was a pair
of quadrupole doublets, as X-ray crystallography revealed two distinct Fe(III) coordination
environments: the body Fe(III) ions have O¢ coordination, and the wingtip Fe(III) ions have
OsN; coordination. However, as the magnetic spectrum indicates two possible Fe
environments in the complex, it could be that the different environments are unresolvable

at LNT and RT.
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Figure 3.30: 57Fe Mossbauer spectrum of the complex, C7, at RT (294 K), LNT (77 K), and low T (6.3 K).

In 2015, the research group of Gray, synthesised a tetranuclear Fe(IlI) complex, which had
a defective dicubane topology (Figure 3.31).26 The metallic core of this complex resembles
that of the metallic core of C7; it has both p3z- and p,-bridging OMe anions. The remaining
coordination sites are occupied by acetylacetonate (acac) and chloride anions originating
from the Fe(IlI) metal salt. The complexation differed from that of C7, as the reaction was
performed at RT, and the source of the OMe- anions originated from a methyl silanolate
complex (NaOSi(OMe),Me) instead of the solvent, as seen for C7. The different coordination
geometries of both the body and wingtip Fe(III) ions cause both the bond lengths and bond
angles to differ between the two complexes. The simple coordination to acac and chloride
anions causes the defective dicubane core to be smaller than the core for C7. Neither
complex had magnetic measurements performed, therefore the effect of the size difference

in relation to magnetic properties could not be compared and/or investigated.
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Figure 3.31: Crystal structure of the Fel!ll defective dicubane produced by the research group of Gray. H atoms

have been omitted for clarity; Felll = orange, O =red, Cl = green, C = grey.
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352 [NiA(L2-H)2(OACc),(OMe)CLJ(Et0)3 (C8) and [Niy(L3-

H)2(0AC)2(OMe)>Cloj(MeOH)- (C9)

The tetranuclear Ni(II) complexes, C8 and C9 were synthesised following the same general
procedure as C1-C6; the reaction between ligand (L2 and L3 respectively), Ni(OAc) »-6H-0,
and NH4Cl in a 1:2:1 ratio resulted in the formation of green solutions. Isolation was
achieved by vapour diffusion of Et;0 into the methanolic solutions over a period of 8 weeks
for C8 and 3 weeks for C9. The result of the recrystallisations was the formation of
green prism shaped crystals of C8 [Nis(L2-H)2(0Ac):(OMe).Cl;](Et20)3 and C9
[Nis(L3-H)2(0OAc)2(0OMe).Clz] (MeOH).. The successful complexations were established by
IR, with confirmation by X-ray crystallography. Both complexes are monoclinic, with C8
crystallisingin the P 2, /c space group and C9 in the C 2/c space group. For both complexes,
the asymmetric unit contains half of the structure with the remaining generated by

inversion through the centroid of Ni1-03-Ni1-03 (Figures 3.33 and 3.34).

Ni2

Figure 3.32: The metallic cores of the Nill defective dicubane complexes, C8 (left) and C9 (right). H atoms
omitted for clarity; Ni' = light green, N = blue, O = red, Cl = dark green, C = grey. The dotted boxes indicate the
Nill ‘body’ ions (Nil1). ORTEP view at 30% probability level.
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The complexes consist of two molecules of L2-H/L3-H, with the phenolic oxygen atoms
deprotonated. The Ni(II) ions each have a distorted octahedral geometry (see Tables 3.15
and 3.16 for selected bond angles and lengths) with an overall defective dicubane or
‘butterfly’ topology. The metal coordination differs between the body and wingtip metal
ions (Figure 3.32), with the wingtip Ni(II) ions coordinated to a pz2-phenolic oxygen atom,
an amino nitrogen atom, a p2-OAc, a pz-chloride, a p13-OMe, and for C8, a methoxy oxygen of
one of the ether groups and for €9, a carbonyl oxygen. The body ions are coordinated to a
pz-phenolic oxygen, oximic nitrogen, p-OAc, pz-chloride, and two psz-OMe groups. Within
the crystal lattices, there are three Et;O molecules, with one positionally disordered over
two sites, found for C8, and two MeOH molecules found for C9. For both C8 and C9, two
moderate hydrogen bonds are present within the structures, found between the oximic OH
groups and pz-bridging chlorides (023--Cl1, 2.91(12) A and 3.01(5) A respectively).ss
Additional moderate hydrogen bonding (06--05, 2.86(1) A) is present in C9, between the
lattice MeOH molecule and an oxygen atom of one of the coordinated OAc- anions (05)

(Figure 3.34).

Figure 3.33: Crystal structure of the complex [Ni4(L2-H)2(0Ac)2(0OMe)2Cl2](Et20)3, (C8). H atoms, apart from
those involved in hydrogen bonding, have been omitted for clarity; Nill = light green, N = blue, O =red, Cl = dark
green, C = grey, H = white. Hydrogen bonding represented as red dotted lines. ORTEP view at 30% probability

level.
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Figure 3.34: Crystal structure of the complex [Ni4(L3-H)2(0Ac)2(0OMe)2Cl2](MeOH)3, (C9). H atoms, apart from
those involved in hydrogen bonding, have been omitted for clarity; Nill = light green, N = blue, O =red, Cl = dark
green, C = grey, H = white. Hydrogen bonding is represented by red dotted lines. ORTEP view at 50% probability

level.

Table 3.15: Selected bond lengths of the complexes, C8 and C9.

Bond Length (A) Bond Length (A) Bond Length (A)

Cc8

Nil-CI1 2.50(1) Nil-N22 1.98(4) Ni2-04 2.06(3)

Ni1-01 2.03(3) Ni1-03! 2.12(3) Ni2-066 2.09(3)

Ni1-03 2.01(3) Ni2-01 1.95(3) Ni2-N62 2.11(4)

Ni1-05 2.11(3) Ni2-03 2.08(3) Ni2-CI1 2.58(1)
()

Nil-01 1.99(7) Nil-Cl1 2.46(3) Ni2-N62 2.14(9)

Ni1-N22 2.04(9) Ni1-031 2.05(1) Ni2-Cl1 2.51(4)

Ni1-03 2.04(7) Ni2-066 2.05(8) Ni2-03 2.04(7)

Ni1-05 2.02(1) Ni2-01 1.97(7) Ni2-04 2.04(9)

1=1-x-y,1-z2=2-x,1-y, -2
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Table 3.16: Selected bond angles of the complexes, C8 and C9.

Atoms Angle (°) Atoms Angle (°) Atoms Angle (°)
Cc8

Cl1-Ni1-01 174(9) 05-Ni1-N22 87.3(1) 04-Ni2-066 93.3(1)
Cl1-Ni1-03 99.5(9) 05-Ni1-03t 174(1) 04-Ni2-N62 90.2(1)
Cl1-Ni1-05 96.6(8) N22-Ni1-03! 98.3(1) 04-Ni2-Cl1 172(9)
Cl1-Ni1-N22 88.9(1) 01-Ni2-03 83.6(1) 066-Ni2-N62 78.0(1)
Cl1-Ni1-03! 81.5(8) 01-Ni2-04 92.9(1) 066-Ni2-Cl1 88.1(1)
01-Ni1-03 83.4(1) 01-Ni2-066 170(1) N62-Ni2-Cl1 97.5(1)
01-Ni1-05 87.9(1) 01-Ni2-N62 93.7(1) Ni1-Cl1-Ni2 86.4(4)
01-Ni1-N22 88.1(1) 01-Ni2-Cl1 86.8(9) Nil-01-Ni2 95.4(1)
01-Ni1-03! 94.4(1) 03-Ni2-04 92.0(1) Ni1-03-Nil 92.3(1)
03-Ni1-05 93.3(1) 03-Ni2-066 104(1) Ni2-03-Nil 98.6(1)
03-Nil-N22 171(1) 03-Ni2-N62 177(1)

03-Ni1-03! 81.4(1) 03-Ni2-Cl1 80.3(8)

Cc9

01-Ni1l-N22 87.8(3) 05-Ni1-Cl1 93.6(3) N62-Ni2-Cl1 92.4(3)
01-Ni1-03 83.4(3) 05-Ni1-032 171(3) N62-Ni2-03 174(4)
01-Ni1-05 89.4(3) Cl1-Ni1-032 84.0(2) N62-Ni2-04 93.7(4)
01-Ni1-Cl1 176(2) 066-Ni2-01 173(3) Cl1-Ni2-03 83.0(2)
01-Ni1-032 93.4(3) 066-Ni2-N62 93.8(4) Cl1-Ni2-04 174(3)
N22-Ni1-03 171(4) 066-Ni2-Cl1 89.2(2) 03-Ni2-04 90.9(3)
N22-Ni1-05 89.6(4) 066-Ni2-03 89.6(3) Nil-01-Ni2 96.2(3)
N22-Ni1-Cl1 89.6(3) 066-Ni2-04 90.7(3) Ni2-Cl1-Nil 84.0(1)
N22-Ni1-032 98.9(3) 01-Ni2-N62 92.7(3) Nil-03-Ni2 92.6(3)
03-Ni1-05 91.5(3) 01-Ni2-Cl1 89.5(2) Ni1-03-Nil 99.6(3)
03-Ni1-Cl1 99.2(2) 01-Ni2-03 83.8(3)

03-Ni1-032 80.4(3) 01-Ni2-04 89.9(3)

1=1x-y,1-z2=2-x,1-y, -z
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Conductivity measurements were performed on the complexes C8 and C9 to determine
their behaviour in solution. For both complexes, measurements performed in DCM
indicated that no anions were present in solution, i.e. in DCM, C8 and C9 are
non-electrolytes. The behaviour of C9 in MeOH was also measured and it was found that the
complex was a 1:1 electrolyte, indicating that for every complex in solution, one chloride
anion dissociated from the complex. The measurement of C8 in MeOH could not be

performed due to solubility issues.

The metallic cores of both C8 and C9 (Figure 3.32) resemble each other, with the key
differences being the Ni-X-Ni angles (X = Cl, OMe, or phenolic oxygen), which results from
the different coordination modes of the two different amino chains (R groups) (Figure 3.35).
For C8, the ligand, L2 is utilised, and coordinates the Ni(II) ion through the amine and one
of the methyl ether oxygen atoms (Figure 3.35, left). This bidentate coordination creates a
five-membered ring, which is more strained than a six-membered ring and causes the
Ni1-Cl1-Ni2, and Ni1l-03-Ni2 angles to become larger and more antiferromagnetically
coupled. The complex C9, differs from C8, by utilising the ligand L3. Instead of a five-
membered ring, a six-membered ring forms from the coordination of the Ni(II) ion to the
amine and carbonyl oxygen (Figure 3.35, right). The extra carbon found between the
nitrogen and oxygen binding sites lessens the strain and angle of the Nil-CI1-Ni2, and
Ni1-03-Ni2 bridges, a property that leads the exchange pathways towards ferromagnetic

coupling (further explained below).

Figure 3.35: The metallic cores of the complexes, C8 and C9, illustrating the different coordination modes of

the R groups. Nill = light green, N = blue, O =red, Cl = dark green, C = grey. ORTEP view at 30% probability level.
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In addition to the two ligands (L2 and L3), there are OMe-, OAc, and chloride anions found
within the metallic cores. The bridging OMe- ions originate from the complexation solvent
(MeOH), the OAc anions have come from the Ni(II) metal salt and the chloride anions are
from an initial attempt at a 3d/4f structure and are the anion of the 4f metal salt. To avoid
any metal contamination during magnetic measurements, the 4f metal salt was able to be
replaced with NH4Cl during bulk complexations of C8 and C9. The replacement of the
chlorine source did not affect the synthesis of C9 in any way, however, it did result in a
longer period of recrystallisation for C8 (eight weeks instead of five-six weeks), as an

ammonium salt impurity crystallised out first.

Direct current (DC) molar magnetic susceptibility, y,;, measurements were performed on
powdered polycrystalline samples of the complexes C8 and C9. The y;, measurements were
measured in an applied magnetic field, B, of 0.1 T over a temperature (T) range of 2 - 300 K.
The results are shown in Figure 3.36 in the form of a y},T vs. T plot, where y,, is the molar

magnetic susceptibility, and M is the magnetisation of the sample.

For both complexes, C8 and C9, the T = 300 K yuT value is close to that expected for four
non-interacting Ni(II) ions with g = 2.2 (4.84 cm3 K mol-!). As the temperature is decreased
the value of yuT remains constant to approximately 150 K, below which the two curves
diverge. For C8 the value increases, reaching a maximum of 6.08 cm3 K molt at T = 15 K
before dropping rapidly to 5.47 cm3 K mol-! at T = 2.0 K. The sharp decrease in yuT at low
temperatures for C8 can be attributed to intermolecular antiferromagnetic exchange
and/or zero-field splitting (ZFS) effects. For C9 the value of yuyT gradually decreases,
reaching a value of 2.04 cm3 K mol! at T = 2.0 K. The data in both cases is consistent with
the presence of competing ferro- and antiferromagnetic exchange interactions between the
four Ni(Il) ions, with the former dominating in C8 and the latter dominating in C9. The
susceptibility were fitted simultaneously using the program PHI and a spin-Hamiltonian of

the form:

n n
A==-2 S$iJyS+us ) BaiSi+ ) D[SZ—8i(Si+1)/3] (eqn.5)
i=1 i=1
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where § is a spin operator, J is the pairwise isotropic magnetic exchange interaction
between constitutive Ni(Il) centres, up is the Bohr magneton, B the external static magnetic
field, g the isotropic g-factor of Ni(Il) (fixed to g = 2.2), the indices i and j refer to the Niions
(n = 4), D is the second-order single-ion uniaxial anisotropy parameter of Ni(II), and SAZZ,L' is
the Cartesian component of spin operator S of the ith Ni(II) centre along the z-direction of
the local coordinate frame.62 Best fit parameters employing the exchange interaction model
depicted in the inset of Figure 3.36 afforded the best fit parameters: J1 = +6.23 cm}, J, = -
6.16 cm, J3 = +3.41 cmtand Dyi = -2.99 cm'! for €8 and J1 = +4.12 cm'Y, J, =-9.93 cmY, J3 =
+3.16 cm1and Dyi = -2.99 cm! for C9 (Figure 3.36). The sign and magnitude of the exchange
interactions are similar to those observed in analogous species containing Ni-O-Ni and Ni-
Cl-Ni bridging units.63 It is interesting to note when comparing C8 and C9, the /1 [Ni(Cl)(ps-
0)Ni] and J3 [Ni(u3-0)(p2-0O)Ni] values become less ferromagnetic, whilst the J, [Ni(p3-0)2Ni]
value becomes more ferromagnetic. These differences can be attributed to changes in the
Ni-X-Ni angles of the magnetic core brought about by the change in ligand sterics, the most
significant of which appears to be the [Ni(Cl)(O)Ni] angles mediating /1, both of which
increase by up to 3°. For both C8 and C9, the S states are of the same magnitude as D(Ni)
and thus will be further split by ZFS. The ground S states become hard to define within the
weak  exchange limit thus no exact values can be  determined

(Figure 3.37).
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Figure 3.36: Plot of the yuT product versus T for C8 and C9 in the T = 300 - 1.8 K temperature range, in an
applied field, B= 0.1 T. The solid red lines are a fit of the experimental data.
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Figure 3.37: Plot of lowest lying spin states (S) versus energy (E) as obtained from the isotropic fit of the
susceptibility data for C8 (left) and C9 (right).

OH ND/
HO

Figure 3.38: Crystal structure of the tetranuclear Ni' defective dicubane produced by Perlepes et al. (left) and
the corresponding ligand utilised (right). Nil' = green, N = blue, O = red.

In 2014 and 2019, similar tetranuclear Ni(II) structures with defective dicubanes were
produced by Perlepes et al. (Figure 3.38) and Slater-Parry et al. (Figure 3.39) respectively.
The magnetic properties of both complexes were investigated, and it was found that the
bridges between the Ni(Il) ions were crucial to the number of exchange interactions present

within the complex, and subsequently the resulting magnetic properties. The complexes
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incorporate H;Sai and salicylaldamine based ligands, with added functionality in the form
of phenolic oxygens for Perlepes et al. Both complexes have two different anions bridging
the Ni(II) ions; Perlepes et al. has two different phenolic oxygens, whereas Slater-Parry et
al. has phenolic oxygens and OH- anions. Although both complexes only have two different
types of bridges between metal ions, the structure produced by Perlepes et al. has two
different body-wingtip bridges producing two different exchange pathways, whereas the
structure of Slater-Parry et al. has the same bridge between the body and wingtip ions,
resulting in a single pathway. The complexes C8 and C9 resemble the structure by Perlepes
et al. in that in addition to the body-body exchange pathway, two different body-wingtip

bridges create two different exchange pathways.

Br

OH HN

Figure 3.39: Crystal structure of the tetranuclear Nill defective dicubane produced by Slater-Parry et al. (left)

and the corresponding ligand (right). Nil' = green, N = blue, O = red, Br = dark yellow.

Chloride bridging, more specifically, p.-chloride bridging has been seen previously in the
Ni(I[)4Dy(II). complex produced by Zhao et al. (Figure 3.40, left).63f This complex
exhibited a defective dicubane metallic core and was explored for its potential SMM
properties and for use as a new magnetic material. The ligand employed was
N1,N3-bis-(3-methoxysalicylidene)-diethylenetriamine (Figure 3.40, right), and provided a
phenolic oxygen to bridge between Dy(III) and Ni(II) ions. The remaining bridging groups
are OH- anions (u3-bridges), and chloride anions (between Ni ions). The Ni-Cl bond lengths
(2.47(2) A) were found to agree within the average length found for C8 and C9 (2.52 A). The
Ni-CI-Ni bond angle of the structure by Zhao et al. was found to resemble both the angles of
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C8 and C9 as a result of experimental error, however, the exchange couplings between the
three structures were found to be significantly different. The bond angle of C8 (86.4(4)°)
resulted in a ferromagnetic exchange interaction (+6.23 cm) between the Ni(Il) centres;
the exchange interaction for C9 was found to be ferromagnetic (+4.12 cm) with the
difference in interactions a result of a 3° difference between the bond angles. The
ferromagnetic exchange interaction found for the structure by Zhao et al. of +1.95 cm-!
indicates that in addition to the bond angle distortion, other factors are at play concerning

the exchange interactions of the Ni(II) centres.

Figure 3.40: Crystal structure of the Nill/Dy!ll complex produced by Zhao et al, which contains a double
defective dicubane topology (left). The ligand utilised can be found on the right. Nil' = light green, Dyl = aqua, N
=blue, O =red, Cl = dark green.

The tetranuclear Ni(Il) complex (Figure 1.15) produced by Jiang et al. discussed in Section
1.3, explores the effect of OMe- bridging between the two body Ni(Il) ions.28b Jiang et al.
found that the OMe- bridges between the body ions, enhanced the coupling between the
body-wingtip ions. This result is similar to what was found for both C8 and C9, as the body-
wingtip couplings were found to be larger and more ferromagnetic than the body-body
couplings. Both the complexes by Jiang et al. and the complexes C8 and C9 indicate that
OMe- bridging enhances adjacent couplings. This is beneficial as these bridges are generally

found to have larger angle distortions and result in larger magnetic couplings.
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4.0 Experimental Methods

4.1 General Procedures

All starting materials purchased from commercial sources were used without purification
unless otherwise stated. tBu phenol was dried in vacuo prior to use, and NH4,OH-HCl was hot
recrystallised from MeOH. Analytical grade solvents used in all reactions were used as
purchased, unless stated. HPLC grade MeOH was stored over 3 A sieves for a week before
use. All reactions were carried out in acetone-washed, oven-dried glassware under ambient
conditions unless otherwise stated. Glassware utilised in crystallisation attempts was either
used straight from purchase, or washed with deionised H0, soaked in a KOH/IPA base bath,
rinsed with H,0 and acetone, and air dried. Column chromatography was performed on

silica gel (grade 60, mesh size 230-400, Scharlau) in a slurry of the eluent.

All new organic compounds have been characterised by NMR, ESI-MS, and ATR-FTIR. New
3d complexes have been characterised by a combination of X-ray, IR, CHN, UV/Vis, and
magnetic susceptibility measurements, with ESI-MS characterisation performed on
complexes C1-C4, 19F NMR performed on C4, and Mdssbauer measurements performed on
the iron complexes, C5 and C7. 'H and 13C NMR spectra were recorded at room temperature
on Bruker-500 and Bruker-700 Avance instruments, with the 1H shift of the solvent used as
an internal standard; Microwave syntheses were performed using a CEM Discovery
Monomode microwave synthesiser; 19%F NMR spectrum was recorded on a Magritek
Spinsolve benchtop NMR instrument (43 MHz) and referenced to a trifluoroethanol
external standard. ESI-MS spectra were collected on a Dionex UltiMate 3000 and run in
positive ion mode; ATR-FTIR spectra were collected on a Nicolett 5700 FT-IR; UV/Vis
spectroscopy measurements were performed on a Shimadzu UV-3101PC
Spectrophotometer; Conductivity measurements were performed on a Phillips PW9509
Conductivity meter; The magnetic susceptibility measurements of C1-C3 were performed
on a Sherwood Scientific magnetic susceptibility balance, and the CHN elemental analysis
was collected by the Campbell Microanalytical Laboratory, Chemistry Department,
University of Otago. Consistent elemental analysis was not achieved for the ligand
precursor, L3a, and the ligand, L2, due to their oily nature. The elemental analyses for

complexes, C3-C5, C7, and C9 were shown to obtain a small amount of impurity (most likely
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an ammonium salt) resulting from the isolation process of the crystals, hence CHN results
for these complexes were not consistent with the X-ray formulations. Time constraints have

meant that analysis will now need to be repeated at a later date.

Variable-temperature, solid-state DC magnetic susceptibility data of C4-C6 and C8-C9 were
performed by Prof. Euan Brechin at the University of Edinburgh. The data was collected
with a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T DC magnet on
powdered polycrystalline samples embedded in eicosane. Diamagnetic corrections were

applied to the observed paramagnetic susceptibilities by using Pascal’s constants.

Mossbauer measurements were performed by Assoc. Prof. Guy Jameson at the University of
Melbourne. Data was recorded on a SEE Co. (Science Engineering and Education Co., MN)
spectrometer, equipped with a closed cycle SVT-400 cryostat from Janis Research Co. The
data was collected in a constant acceleration mode in a transmission geometry. The isomer
shift (zero velocity) of the Mdssbauer spectra were determined relative to the centroid of
the RT spectrum of a metallic iron foil. The data analysis was performed using the program

WMOSS.

The X-ray data for C3 was collected at the Haijima Rigaku laboratory, Tokyo. Data was
collected at reduced temperature (130 K) on a four-circle diffractometer, XtaLAB AFC12
(RINC): Kappa single, equipped with a rotating-anode X-ray tube (dual wavelength) Rigaku
(Mo) X-ray DW source and a CCD plate. Crystals were irradiated with Mo Ka. (A = 0.71073
A) X-rays. Data was collected and processed using the program CrysAlisPro 1.171.40.12b
(Rigaku Oxford Diffraction, 2018), Empirical absorption correction using spherical
harmonics, implemented in SCALE3 ABSPACK scaling algorithm.é4 The structure was solved
by direct methods SHELXT and was refined using SHEXL in the OLEX2 program.+7= 65 Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were calculated to their
ideal positions unless stated otherwise and refined by using a riding model with fixed

isotropic U values.

The X-ray data for the remaining structures (C1-2, C4-9) was collected at reduced
temperature (123 K) on a Rigaku Spider diffractometer equipped with a copper rotating
anode X-ray source and a curved image plate detector. Crystals were mounted in Fomblin

and transferred into the cold gas stream of the detector and irradiated with graphite
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monochromated Cu Ko (A = 1.54178 A) X-rays. Data was collected using the program
Crystal Clear (v. 1.4.0) and processed using FS PROCESS. The structures were solved by
direct methods SHELXS and Superflip, and were refined using SHELXL in the OLEX2
program.47a 65a, 66 Non-hydrogen atoms were refined anisotropically; hydrogen atoms were
calculated to their ideal positions unless stated otherwise and refined by using a riding
model with fixed isotropic U values. Disordered solvent and anion regions in the complexes,
C3, C5, C6, and C7 were treated in the manner described by Spek as implemented in Olex2,
the details of which can be found in Chapter 3.0.47

83



4.2 Ligand Synthesis

4.2.1 Synthesis of Precursors 1and 2

5-tert-Butyl-2-hydroxybenzaldehyde (1)

Bu Bu
Mg(OMe),,
(CHO), ©® a
—_—
C
|
OH OH O

The compound 1 was prepared from an adapted version of Aldred et al.38 Dry Mg turnings
(14.8 g, 0.609 mol, 1.70 eq) were added to a stirred solution of 3:7 dry MeOH/toluene
(200 mL) and 8% Mg(OMe): solution (100 mL), and refluxed under argon overnight,
ensuring all Mg had dissolved. The reaction mixture was then added to a stirred solution of
4-tert-butylphenol (153 g, 1.02 mol, 1.00 eq) in toluene (100 mL) and refluxed for three
hours. Toluene (100 mL) was added prior to fractionally distilling off a MeOH/toluene
azeotrope under reduced pressure until the reaction mixture appeared to be a thick
consistency. A paraformaldehyde slurry (22.5 g, 1.50 mol, 1.50 eq) in toluene (150 mL) was
added piecewise over one hour, with volatile by-products removed by vacuum distillation
between aliquots. Toluene (150 mL) was added to the reaction mixture and left to stir
overnight at 85 °C under dry conditions, producing a thick yellow/brown mixture. A
solution of 30% H>S04 (500 mL) was added dropwise over an hour, then stirred vigorously
for a further two hours forming two yellow layers. The aqueous layer was extracted with
toluene (3 x 100 mL), and the combined organic layers were washed with a 10% H,S04
solution (100 mL) and deionised H20 (3 x 100 mL), dried over anhydrous MgSO0.,, filtered
and concentrated in vacuo to afford crude 1 (82.4 g, 0.473 mol) as a brown oil. This was
subsequently purified by silica gel column chromatography, eluting with 4:1 nHex : EtOAc,
(R¢ = 0.75) affording purified 1 as a dark orange oil (55.3 g, 62%). The 'H NMR spectrum
agreed with literature values (500 MHz, CDCl3): § 10.90 (1H, s, Ar-OH), 9.92 (1H, s, CH=0),
7.61 (1H, dd, J1 = 8.8 Hz, ] = 2.5 Hz, ¢), 7.54 (1H, d, ] = 2.5 Hz, b), 6.97 (1H, d, ] = 8.8 Hz, a),
1.36 (9H, s, tBu).
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5-tert-Butyl-3-bromomethyl-2-hydroxybenzaldehyde (2)

Bu Bu
HBr,
(CHO), b a
—_—
| |
OH O Br OH O

The compound 2 was prepared as per the method of Meier et al3° 1 (81.6 g, 0.458 mol,
1.00 eq), HBr (48%, 390 mL, 3.45 mol, 7.50 eq), and paraformaldehyde (20.4 g, 0.680 mol,
1.50 eq) were added together and stirred at 0 °C. Concentrated H,SO4 (6.00 mL) was added
slowly dropwise to the mixture stirring at 0 °C until a light-yellow colour persisted, the
mixture was then refluxed for 20 hours at 70 °C. After cooling to RT, deionised H.0
(250 mL) was added. The aqueous layer extracted with DCM (5 x 200 mL) and combined
organic layers were dried over anhydrous Na,S04, filtered and concentrated in vacuo to
produce crude 2 as a brown oil (80.0 g, 64.5%). The crude material was recrystallised from
hot pentane (10% w/v) to give light yellow block shaped crystals of purified 2 (78.8 g, 0.291
mol, 63.5%). The !H NMR spectrum was in agreement with literature values,
(500 MHz, CDCl3): & 11.32 (1H, s, Ar-OH), 9.90 (1H, s, CH=0), 7.64 (1H, d, ] = 2.4 Hz, b),
7.51 (1H,d,] = 2.5 Hz, a), 4.59 (2H, s, CH>-Br), 1.34 (9H, s, ‘Bu).
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4.2.2 Synthesis of LT

5-tert-Butyl-3-(4-morpholinomethyl)-2-hydroxybenzaldehyde (L1a)

Bu
t
Bu ’ b a
N Et3N,
I o RT N_ OH
Br OH [ j

The compound Lla was prepared from an adapted version of Stevens and Plieger.4!
Solutions of Morpholine (0.32 mL, 3.71 mmol, 1.0 eq.) and 2 (1.02 g, 3.71 mmol, 1.0 eq.),
both in CHCI3; (20 mL) were added dropwise to a stirred solution of EtsN (0.51 mlL,
3.71 mmol, 1.0 eq.) in CHCl3 (20 mL). The resulting bright yellow solution was stirred for
24 hours at RT. The solution was washed with deionised H»0 (3 x 60 mL), and the combined
organic layers were dried over anhydrous MgSO., filtered and concentrated in vacuo to
afford L1a as a white solid (0.96 g, 3.46 mmol, 91%). The 'H NMR spectrum agreed with
literature values (500 MHz, CDCls): & 10.25 (1H, s, CH=0), 7.61 (1H, d, ] = 2.5 Hz, b),
740 (1H, d, ] = 2.5 Hz, a), 3.76 (4H, t, ] = 4.5 Hz, CHz-CH;-0), 3.71 (2H, s, Ar-CH:-N),
2.58 (4H, br s, CHz-CH>-N), 1.30 (9H, s, tBu).
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5-tert-Butyl-3-(4-morpholinomethyl)-2-hydroxybenzaldehyde oxime (L1)

z
I
N

o
I

N\
(-
The compound L1 was prepared from an adapted version of De Silva et al.35¢ A solution of
NH,OH-HCI (0.25 g, 3.54 mmo], 1.0 eq.) in EtOH (30 mL) was neutralised with a solution of
KOH (0.20 g, 3.53 mmol, 1.0 eq.) in EtOH (30 mL). The filtered solution was added slowly
dropwise into a solution of L1a (0.96 g, 3.53 mmol, 1.0 eq.) in EtOH (50 mL). The resulting
solution was stirred for 24 hours at RT. The light-yellow solution was concentrated in vacuo
affording an oil, which was redissolved in CHCl3 (30 mL). This solution was washed with
deionised H20 (3 x 30 mL) and the combined organic layers dried over anhydrous MgSO4,
filtered and concentrated in vacuo affording L1 as a white solid (0.88 g, 87%). The 1H NMR
spectrum was in agreement with literature values, (500 MHz, CDClz): 6 8.42 (1H, s, CH=N),
745 (1H, d, ] = 2.6 Hz, b), 7.12 (1H, d, ] = 2.6 Hz, a), 3.77 (4H, t, ] = 4.6 Hz, CH2-CH:-0),
3.71 (2H, s, Ar-CH>-N), 2.59 (4H, br s, CH,-CH>-N), 1.29 (9H, s, tBu).
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4.2.3 Synthesis of L2

5-tert-Butyl-3-(4-(1,1-dimethoxy-N-methylmethanamino))-2-hydroxybenzaldehyde
(L2a)

‘Bu
‘Bu ) .
OMe EtsN,
¥ MeHN — |
| OMe  RT  MeN_ OH O
Br OH O j\
MeO OMe

The compound L2a was prepared from an adapted version of Stevens and Plieger.4!
Solutions of 1,1-dimethoxy-N-methylmethanamine (0.47 mL, 3.71 mmol, 1.0 eq.) and 2
(1.03 g,3.71 mmol, 1.0 eq.), both in CHCl3 (20 mL) were added dropwise to a stirred solution
of EtzN (0.51 mL, 3.71 mmol, 1.0 eq.) in CHCI3 (20 mL). The resulting bright yellow solution
was stirred for 24 hours at RT. The solution was washed with deionised H;0 (3 x 60 mL),
and the combined organic layers were dried over anhydrous MgSOs, filtered and
concentrated in vacuo to afford a L2a as a yellow 0il (1.10 g, 3.56 mmol, 97%).1H NMR (500
MHz, CDCl3): 6 10.33 (1H, s, CH=0), 7.62 (1H, d, ] = 2.2 Hz, b), 7.35 (1H, d, ] = 2.2 Hz, a), 4.59
(1H,t,] =5.4 Hz, CHz-CH), 3.77 (2H, s, Ar-CH>-N), 3.38 (6H, s, 0-CH3), 2.66 (2H, d,] = 5.4 Hz,
N-CH-CH), 2.37 (3H, s, N-CH3), 1.30 (9H, s, tBu); 13C NMR (125.7 MHz, CDCl3): 8 192.4,159.2,
141.9,133.3,125.0,123.7,122.0, 102.2, 59.6, 58.2, 53.7, 42.6, 34.1, 31.3; IR: © = 2957 (C-H);
1678 (C=0); 1652 (C-H); 1604 (C=C); 1395 (C-H); 1364 (0-H); 1124 (C-N); 1073 cm1 (C-0);
MS: m/z (ESI) 310 [M+H]*; UV/Vis (&, L/mol cm) in MeOH: 337.0 (3286), 259.5 (7360),
218.0 (14258); elemental analysis calcd (%) for C17H27NO4: C 65.99, H 8.80, N 4.53; found:
C 66.55, H 8.64, N 4.76.
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5-tert-Butyl-3-(4-(1,1-dimethoxy-N-methylmethanamino))-2-hydroxybenzaldehyde

oxime (L2)

B

Bu
b
NH,OH,
|
MeNj\OH o RT  MeN

u
a
OH IN
j\ “OH

MeO OMe MeO OMe

The compound L2 was prepared from an adapted version of De Silva et al.35 A solution of
NH;OH-HCI (0.24 g, 3.54 mmol, 1.0 eq.) in EtOH (30 mL) was neutralised with a solution of
KOH (0.20 g, 3.53 mmol, 1.0 eq.) in EtOH (30 mL). The filtered solution was added slowly
dropwise to a solution of L2a (0.98 g, 3.53 mmol, 1.0 eq.) in EtOH (50 mL). The resulting
solution was stirred for 24 hours at RT. The light-yellow solution was concentrated in vacuo
affording an oil, which was redissolved in CHCl3 (30 mL). This solution was washed with
deionised H;0 (3 x 30 mL) and the combined organic layers were dried over anhydrous
MgSO,, filtered and concentrated in vacuo affording L2 as a yellow oil (0.94 g, 91%).1H NMR
(500 MHz, CDCl3): 6 8.37 (1H, s, CH=N), 7.36 (1H, d,] = 2.5 Hz, b), 7.13 (1H, d,] = 2.5 Hz, a),
4.62 (1H, t, ] = 5.2 Hz, CH;-CH), 3.74 (2H, s, Ar-CH:-N), 3.36 (6H, s, O-CHj3),
2.67 (2H, d, ] = 5.2 Hz, N-CH.-CH), 2.36 (3H, s, N-CH3), 1.27 (9H, s, tBu); 3C NMR
(125.7 MHz, CDCl3): 8 154.2, 148.6, 141.6,128.2,123.6,122.4,117.7,102.2, 60.2, 58.2, 53.6,
42.5, 34.0, 31.4; IR: © = 3279 (0-H); 2959 (C-H); 1616 (C=N); 1394 (C-H); 1363 (0-H);
1126 (C-N); 1070 cm (C-0); MS: m/z (ESI) 325 [M+H]* UV/Vis (&, L/mol cm) in MeOH:
315.0 (3693), 261.0 (8515),217.5 (18479).

89



4.2.4 Synthesis of L3

N-Benzyl-B3-alanine methyl ester

NH,
O O
\)J\ + /\)I\
OMe 65°c BnHN OMe

N-Benzyl-B-alanine methyl ester was prepared as per the method of Cruz-Huerta et al.40
Methyl acrylate (1.70 mL, 18.5 mmol, 1.1 eq.) and benzylamine (1.85 mL, 16.8 mmol,
1.0 eq.) were added together in MeOH (10 mL) and placed in a microwave reaction vessel.
The solution was degassed, charged with argon, then sealed and reacted for 10 minutes at
65 °C. The resulting colourless solution was concentrated in vacuo to afford crude
N-benzyl-B-alanine methyl ester as a colourless oil. Crude N-benzyl-$-alanine methyl ester
was purified by silica gel column chromatography, eluting with 4:1 nHex : EtOAc (Rr=0.75)
affording purified N-benzyl-f-alanine methyl ester as a colourless oil (3.27 g, 16.9 mmol,
95%). The 1H NMR spectrum was in agreement with literature values, (500 MHz, CDCl3):
0 7.42-7.29 (5H, m, CsHs), 3.80 (2H, s, C¢Hs-CH>), 3.67 (3H, s, OMe), 2.89 (2H, t, ] = 6.5 Hz,
BnHN-CH?), 2.54 (2H, t, ] = 6.5 Hz, CH>-C00), 1.82 (1H, br s, NH).
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5-tert-Butyl-3-methylene-(N-benzyl- B-alanine methyl ester)-2-
hydroxybenzaldehyde (L3a)

Bu
tBu b a
0 Et3N,
* /\)J\ e |
BnHN OMe RT NBn OH O
|
Br OH O OMe

The compound L3a was prepared from an adapted version of Stevens and Plieger.*
Solutions of N-benzyl-B-alanine methyl ester (13.5 g 75.4 mmol, 1.0 eq.) and 2
(20.5 g, 75.4 mmol, 1.0 eq.), both in CHCI3 (100 mL) were added dropwise to a stirred
solution of EtsN (10.5 mL, 75.4 mmol, 1.0 eq.) in CHCI3 (100 mL). The resulting bright yellow
solution was stirred for 24 hours at RT. The solution was washed with deionised H.0
(3 x 100 mL), and the combined organic layers were dried over anhydrous MgSO4 and
concentrated in vacuo to afford crude L3a as a yellow oil. This was purified by silica gel
column chromatography, eluting with 1:1 nHex : Et;0 (R = 0.75) affording purified L3a as
adarkyellow oil (24.2 g, 60.7 mmol, 87%). 'H NMR (500 MHz, CDCl3): 6 10.19 (1H, s, CH=0),
7.55 (1H, d, ] = 2.5 Hz, b), 7.50 (1H, d, ] = 2.5 Hz, a), 7.36-7.28 (5H, m, CsHs-CH2),
3.75 (2H, s, CeHs-CH3), 3.66 (2H, s, Ar-CH>-NBn), 3.64 (3H, s, OMe), 2.89 (2H, t, ] = 7.2 Hz,
NBn-CH,-CH), 2.58 (2H, t, ] = 7.2 Hz, CH2-CH,-C00), 1.31 (9H, s, tBu); 13C NMR (176 MHz,
CDCl3): 6 193.5,172.5,158.6,142.2,137.5,133.93,129.2, 128.5, 127.5, 126.0, 124.8, 121.4,
58.3, 53.9, 51.7, 49.3, 34.1, 32.2, 31.3; IR: v = 2956 (C-H); 1737 (C=0); 1679 (C=0);
1651 (C=C); 1454 (C-H); 1364 (0-H); 1215 (C-0); 1028 cm? (C-N); MS: m/z (ESI)
384 [M+H]*; UV/Vis (g, L/mol cm) in MeOH: 339.5 (3455), 260.0 (8766), 205.5 (22883).
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5-tert-Butyl-3-methylene-(N-benzyl- B-alanine methyl ester)-2-
hydroxybenzaldehyde oxime (L3)

Bu Bu
b a
NH,OH,

NBn OH O NBn OH N

n n

RT ~OH

OMe OMe

(0] (@]

The compound L3 was prepared from an adapted version of De Silva et al.35¢ A solution of
NH,OH-HCI (0.29 g, 4.16 mmol, 1.0 eq.) in EtOH (50 mL) was neutralised with a solution of
KOH (0.23 g, 4.16 mmol, 1.0 eq.) in EtOH (50 mL). The filtered solution was added slowly
dropwise into a solution of L3a (1.60 g, 4.16 mmol, 1.0 eq.) in EtOH (50 mL). The resulting
solution was stirred for 24 hours at RT. The light orange solution was concentrated in vacuo
affording an oil, which was redissolved in CHClz (50 mL). This solution was washed with
deionised H20 (3 x 50 mL) and the combined organic layers dried over anhydrous MgS04
and concentrated in vacuo affording L3 as a yellow oil (1.60 g, 4.02 mmol, 96.7%).
1H NMR, (500 MHz, CDCls): & 8.45 (1H, s, CH=N), 7.44 (1H, d, ] = 2.5 Hz, b), 7.35-7.27
(5H, m, CsH5-CH2), 7.17 (1H, d,] = 2.5 Hz, a), 3.77 (2H, s, CeHs-CH>), 3.66 (2H, s, Ar-CH>-NBn),
3.33 (3H, s, OMe), 2.23 (2H, t,] = 7.2 Hz, NBn-CH,-CH3), 2.59 (2H, t, ] = 7.2 Hz, CH»-CH>-C0O0),
1.29 (9H, s, tBu); 13C NMR (125.7 MHz, CDCl3): 6 172.5, 153.9, 149.0, 142.0, 136.9, 129.4,
128.5, 128.3, 127.6, 123.6, 122.7, 117.5, 58.1, 55.8, 51.8, 49.0, 34.1, 31.9, 31.4;
IR: © = 3397 (0-H); 2955 (C-H); 1736 (C=0); 1626 (C=N); 1454 (-CH:); 1393 (‘Bu);
1363 (0-H); 1212 (C-0); 1114 (C-N); 1027 cm? (C-0); MS: m/z (ESI) 399 [M+H]*
UV/Vis (&, L/mol cm) in MeOH: 315.0 (4135), 261.5 (10090), 214.5 (25835); elemental
analysis calcd (%) for C23H30N204: C 69.15, H 7.82, N 7.01; found: C 68.77, H 7.65, N 6.99.
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4.2.5 Synthesis of L4

5-tert-Butyl-3-(piperidinylmethyl)-2-hydroxybenzaldehyde (L4a)

'‘Bu
tBu b ) @
H EtsN, |
+ — ( Z |
| RT N\ OH O
Br OH O (/

The compound L4a was prepared from an adapted version of Stevens and Plieger.#
Solutions of Piperidine (0.73 mL, 7.37 mmol, 1.0 eq.) and 2 (2.00 g, 7.37 mmol, 1.0 eq.), both
in CHCI3 (50 mL) were added dropwise to a stirred solution of EtsN (1.04 mL, 7.37 mmol,
1.0 eq.) in CHCl3 (50 mL). The resulting bright orange solution was stirred for 24 hours at
RT. The solution was washed with deionised H,O (3 x 60 mL), and the combined organic
layers were dried over anhydrous MgS0. and concentrated in vacuo to afford L4a as an
orange oil (1.98 g, 7.19 mmol, 97.7%). The 1H NMR spectrum agreed with the literature
values (500 MHz, CDCl3): 6 10.41 (1H, s, CH=0), 7.65 (1H, d,] = 2.6 Hz, b), 7.24 (1H,d, ] = 2.6
Hz, a), 3.71 (2H, s, Ar-CH>-N), 2.55 (4H, s, N-CH;-CHz), 1.67 (4H, t, ] = 5.3 Hz, N-CH-CH>),
1.52 (2H, s, N-(CHz).-CHz), 1.29 (9H, s, tBu).
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5-tert-Butyl-3-(piperidinylmethyl)-2-hydroxybenzaldehyde oxime (L4)

‘Bu Bu
b a
NH,OH,
—_—
| RT |
N OH O N OH N

9

The compound L4 was prepared from an adapted version of De Silva et al.35¢ A solution of
NH,OH-HCI (0.25 g, 4.10 mmol, 1.0 eq.) in EtOH (50 mL) was neutralised with a solution of
KOH (0.20 g, 4.10 mmol, 1.0 eq.) in EtOH (50 mL). The filtered solution was added slowly
dropwise into a solution of L4a (1.00 g, 4.10 mmol, 1.0 eq.) in EtOH (50 mL). The resulting
solution was stirred for 24 hours at RT. The light orange solution was concentrated in vacuo
affording an oil, which was redissolved in CHCI; (50 mL). This solution was washed with
deionised H20 (3 x 50 mL) and the combined organic layers dried over anhydrous MgS0.4
and concentrated in vacuo affording L4 as an orange oil (0.70 g, 2.41 mmol, 65.2%).
The 1H NMR spectrum agreed with the literature values, (500 MHz, CDCl3): 6 8.47 (1H, s,
CH=N), 7.50 (1H, d, ] = 2.1 Hz, b), 7.15 (1H, d, ] = 2.1 Hz, a), 3.76 (2H, s, Ar-CH:-N), 2.61
(4H, s, N-CH:-CHz), 1.70 (4H, t, ] = 5.8 Hz, N-CH:-CH;), 1.53 (2H, s, N-(CHz)2-CH;), 1.31
(9H, s, tBu).
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4.3 Complexation Synthesis

4.3.7[CUllT)a(BF4)2] (CT)

To L1 (0.427 g, 1.460 mmol, 2.0 eq.) in MeOH (15 mL) was added Cu(BF4).:6H,0 (0.252 g,
0.730 mmo], 1.0 eq.) in MeOH (15 mL). The green solution was stirred at RT for 30 minutes.
Isolation of the complex was achieved by the diffusion of Et;0 into the reaction solution.
Green platelet X-ray quality crystals were produced after three weeks. The crystals were
crushed and dried prior to further analysis. Yield (0.537 g, 89.6%); IR: ¥ = 3123 (0-H); 2973
(C-H); 1560 (C=N); 1470 (C-H); 1219 (C-0); 1121 cm! (C-N); 1020 (C-0); 952 (N-0); 866
(B-F) cm1; MS: m/z (ESI) 733 [Cu(L1)2(BF4)]*; UV/Vis (¢, L/mol cm) in MeOH: 351.0 (7673),
268.5(25471), 247.0 (33522), 229.5 (35408); Conductivity (MeOH): A =167 S cm2 mol-, a
1:1 electrolyte in the range 100-130 S cm? mol; elemental analysis calcd (%) for
C32H46N406B2FsCu-2MeOH-H;0: C 45.27, H 6.26, N 6.21; found: C 44.93, H 6.27, N 6.28.
Crystal Data for C3;HssB2CuFgN4O¢ (M =821.90 g/mol): triclinic, space group P1 (no. 2),
a= 83510(6)A, b= 10.8693(7)A, c= 10.9418(8) A, a= 82.758(6)°, B= 69.225(5)°,
Y= 79.053(6)°, V= 909.84(12)A3, Z= 1, T= 123.0K p(CuKa)= 1.644 mm7,
Dcalc = 1.500 g/cm3, 9153 reflections measured (8.302° < 20 < 130.146°), 3011 unique
(Rint = 0.0855, Rsigma = 0.1113) which were used in all calculations. The final R, was 0.0762
(I>20(I)) and wR, was 0.2467 (all data).

4.3.2 [NILT-H),] (C2)

To L1 (0.545 g, 1.86 mmol, 2.0 eq.) in MeOH (15 mL) was added Ni(OAc),-6H20 (0.231 g,
0.930 mmol, 1.0 eq.) in MeOH (15 mL) and pyridine (0.5 mL). The green solution was stirred
at RT for 30 minutes. Isolation of the complex was achieved by the diffusion of Et,0 into the
reaction solution. Green prism shaped X-ray quality crystals were produced after three
weeks. The crystals were crushed and dried prior to further analysis. Yield (0.435 g, 72.8%);
IR: o = 3056 (O-H); 2952 (C-H); 1562 (C=N); 1465 (C-H); 1222 (C-0); 1114 (C-N);
1033 (C-0) cm; MS: m/z (ESI) 641 [Ni(L1-H):]*; UV/Vis (&, L/mol cm) in MeCN:
397.5 (4787), 312.5 (10446), 243.0 (36235); Conductivity (Acetone): A =0.519 S cm?2 mol-,
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non-electrolyte; elemental analysis calcd (%) for C32HacN4OgNi: C 59.92, H 7.23, N 8.73;
found: C 60.33, H 6.91, N 8.55. Crystal Data for C32H4sN4NiOg (M =641.44 g/mol): triclinic,
space group P1 (no. 2), a= 6.1811(7)A, b= 10.7083(14)A, c= 13.2202(15) A,
a= 80.688(8)°, f= 76.982(7)°, y= 74.772(9)°, V= 817.69(17) A3, Z= 1, T= 396.15K,
u(CuKa) = 1.245 mm-?, Dcalc = 1.303 g/cm3, 9911 reflections measured (6.904° < 20 <
131.97°), 2777 unique (Rint = 0.0779, Rsigma = 0.1316) which were used in all calculations.
The final R was 0.0680 (I > 2o(I)) and wR, was 0.2472 (all data).

4.3.3 [Mn(L4a)>(NO3):](NO3) (C3)

To L4 (0.454 g, 1.56 mmol, 1.0 eq.) in MeOH (10 mL) was added Mn(NO3).-4H.0 (0.412 g,
1.56 mmol, 1.0 eq.) in MeOH (10 mL), NH40Ac (0.122 g, 1.56 mmol, 1.0 eq) in MeOH
(10 mL), and pyridine (0.5 mL). The brown/green solution was stirred at RT for 30 minutes.
Isolation of the complex was achieved by the diffusion of Et,0 into the reaction solution.
Dark green platelet shaped X-ray quality crystals were produced after two weeks. The
crystals were crushed and dried prior to further analysis. Yield (0.152 g, 12.3%);
IR: ¥ = 3429 (N-H); 2957 (C-H); 1671 (C=0); 1457 (C-H); 1409 (NOz); 1295 (N-O);
1221 (C-N); 1030 cm! (C-0); MS: m/z (ESI) 585 [Mn(L4a).(NO3)]Na*; UV/Vis (¢, L/mol cm)
in MeOH: 369.5 (8926), 258.0 (34793); Conductivity (MeOH): A = 145 S cm? mol-, a 1:1
electrolyte in the range 100-130 S cm? moll. Crystal Data for C3sHs¢MnNsO14
(M =825.78 g/mol): monoclinic, space group P2/c (no. 13), a= 15.31(3) A, b= 6.112(3) 4,
c=22.18(2) A, B=106.65(15)°, V= 1988(5) A3, Z= 2, T= 100 K, u(MoKa) = 0.403 mm-,
Dcalc = 1.379 g/cm3, 5224 reflections measured (6.936° < 20 < 50.218°), 2268 unique
(Rint = 0.2991, Rsigma = 0.5456) which were used in all calculations. The final R; was 0.1286
(I>20(I)) and wR; was 0.2782 (all data).

4.3.4 [Cux(L3)Cl5] (C4)

To L3 (0.338 g, 0.85 mmol, 1.0 eq.) in MeOH (10 mL) was added Cu(BF4)2-6H20 (0.293 g,
0.85 mmol, 1.0 eq.) and NH4Cl (0.0450 g, 0.85 mmol, 1.0 eq.), both in MeOH (10 mL). The

dark green solution was stirred at RT for 30 minutes. Isolation of the complex was achieved
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by the diffusion of Et,0 into the reaction solution. Green platelet shaped X-ray quality
crystals were produced after two weeks. The crystals were crushed and dried prior to
further analysis. Yield (0.230 g, 24%); 1°F NMR (30 MHz, CDCl3, Trifluoroethanol): 6 -150.4;
IR: ¥ = 3324 (N-H); 2965 (C-H); 1738 (C=0); 1565 (C=N); 1462 (C-H); 1267 (C-0);
1044 (C-N) cm-1; MS: m/z (ESI) 1001 [Cuz(L3").Cl:]*; UV/Vis (g, L/mol cm) in MeOH: 348.0
(11991), 298.5 (12068), 207.0 (197674); Conductivity (MeOH): 1 = 222 S cm2 mol-, a 2:1
electrolyte in the range 210-250 S cm? mol!; Crystal Data for CssHesN4010Cu2Cl;B2F4
(M =1152.63 g/mol): triclinic, space group P1 (no.2),a =10.0416(13) A, b =10.2816(14) 4,
c=13.6830(15) A, a = 104.670(7)°, f = 95.931(7)°, ¥ = 110.168(8)°, V=1254.2(3) A3, Z =1,
T= 103K, p(CuKa) = 2.678 mm, Dcalc= 1.526 g/cm3, 11410 reflections measured
(6.83°<20<117.818°), 3489 unique (Rint = 0.1932, Rsigma = 0.4606) which were used in all
calculations. The final R1 was 0.0838 (I > 2¢(I)) and wR; was 0.2320 (all data).

4.3.5 [FesO(L4-H)3(OAc)s/ (C5)

To L4 (0.498 g, 1.72 mmol, 1.0 eq.) in MeOH (10 mL) was added Fe(BF4).-6H20 (0.579 g,
1.72 mmol, 1.0 eq.), and NH40Ac (0.132 g, 1.72 mmo], 1.0 eq), both in MeOH (15 mL) and
pyridine (1 mL). The dark maroon solution was stirred at RT for 30 minutes. Isolation of the
complex was achieved by the diffusion of Et;0 into the reaction solution. Red platelet
shaped X-ray quality crystals were produced after three weeks. The crystals were dried and
crushed prior to further analysis. Yield (0.289 g, 13.7%); IR: o = 3333 (N-H); 2956 (C-H);
1554 (C=N); 1433 (C-H); 1220 (C-0); 1028 (C-N) cm%; UV/Vis (&, L/mol cm) in MeOH: 317.0
(15185), 254.0 (28888), 221.0 (35679); Conductivity (MeOH): 1 = 389 S cm? mol*, a 3:1
electrolyte in the range 340-380 S cm2 mol-!; Crystal Data for Cs7HgsNsO13Fe3 (M =1228.85
g/mol): triclinic, space group P1 (no. 2), a= 14.683(4)A, b= 15.057(4)4,
c=18.384(3) A a = 68.134(15)°, B = 77.841(16)°, y = 74.662(16)°, V=3609.1(15) A3, 2= 2,
T= 123K, p(CuKa)= 5.218 mm, Dcalc= 1.131g/cm3, 37663 reflections measured
(5.22° < 20 < 144.232°), 12283 unique (Rint = 0.3197, Rsigma = 1.1440) which were used in
all calculations. The final Ry was 0.1356 (I > 20(I)) and wR, was 0.3993
(all data).
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4.3.6 [Mn;O(L4-H),(L4-2H)(OAc)3] (C6)

To L4 (0.420 g, 1.45 mmol, 1.0 eq.) in MeOH (15 mL) was added Mn(0Ac)3-2H,0 (0.388 g,
1.45 mmol, 1.0 eq.) in MeOH (15 mL) and pyridine (0.5 mL). The dark green solution was
stirred at RT for 30 minutes. Isolation of the complex was achieved by the diffusion of Et,0
into the reaction solution. Green platelet shaped X-ray quality crystals were produced after
three weeks. The crystals were crushed and dried prior to further analysis. Yield (0.316 g,
19.1%); IR: v = 3422 (N-H); 2955 (C-H); 1575 (C=N); 1407 (C-H); 1219 (C-0); 1038 (C-N);
937 (N-O) cm; UV/Vis (e, L/mol cm) in MeOH: 377.5 (12615), 304.0 (25077),
204.0 (47706); Conductivity (MeOH): A = 132 S cm? mol, a 1:1 electrolyte in the range
100-130 S cm? mol-!; Crystal Data for Cs7Hg1NsO13Mn3 (M =1223.09 g/mol): triclinic, space
group P1 (no. 2), a= 14.7233(5) A, b= 15.7675(5) A, c= 16.5710(12) A, @ = 93.615(7)°,
B=112.078(8)°, y = 107.459(8)°, V= 3332.7(4) A3, Z= 2, T= 123 K, u(CuKa) = 5.039 mm-,
Dcalc = 1.219 g/cm3, 33045 reflections measured (9.988° < 20 < 130.18°), 10463 unique
(Rint = 0.0977, Rsigma = 0.2723) which were used in all calculations. The final R; was 0.1136
(I>20(1)) and wR, was 0.3751 (all data).

4.3.7 [Fe4L3)2(0Me)s(OH)s] (C7)

To L3 (0.230 g, 0.577 mmo], 6.0 eq.) in MeOH (10 mL) was added Dy(NO3)3-6H.0 (0.044 g,
0.096 mmol, 1.0 eq.) in MeOH (5 mL), and EtsN (1 mL). The dark yellow mixture was
refluxed for two hours, then cooled to RT. To the reaction mixture, Fe(BF4)2:6H20 (0.194 g,
0.575 mmol, 6.0 eq.) in MeOH (15 mL) and pyridine (1 mL) were added, and then the
maroon solution was stirred at RT for 30 minutes. Isolation of the complex was achieved by
concentrating the solution in vacuo, redissolving in 1:1 MeOH : MeCN and then diffusing
Et;0 into the solution. Red platelet shaped X-ray quality crystals were produced after 4
weeks. The crystals were crushed and dried prior to further analysis. Yield (0.064 g, 8.51%);
IR: 0 =3269 (N-H); 3043 (0-H); 2956 (C-H); 2253 (C=N); 1562 (C=N); 1469 (CH2); 1220 (C-
0); 1054 (C-N); 946 (N-O) cm. Crystal Data for Cs;HgsFesN4sO20 (M =1308.63 g/mol):
monoclinic, space group P2i/n (no. 14), a= 12.6467(7)A, b= 13.4352(6) A,
c= 19.5907(14)A, p= 96.679(7)°, V= 3306.1(3)A3, ZzZ= 2, T= 133K,
u(CuKa)= 7.471 mm?, Dcalc= 1.315g/cm3, 29690 reflections measured
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(7.922° < 20 < 144.184°), 6353 unique (Rint = 0.1307, Rsigma = 0.2056) which were used in
all calculations. The final R; was 0.0844 (I > 20(I)) and wR, was 0.2412 (all data).

4.3.8 [Nis(L2-H):(OAc)(OMe)-CIoJ(Et0)3 (C8)

To L2 (0.421 g, 1.06 mmol, 1.0 eq.) in MeOH (10 mL) was added Ni(OAc):-4H.0 (0.526 g,
2.11 mmol, 2.0 eq.) and NH4CI (0.0565 g, 1.06 mmol, 1.0 eq.), both in MeOH (10 mL). The
green solution was stirred at RT for 30 minutes. Isolation of the complex was achieved by
the diffusion of Et;0 into the reaction solution. Green prism shaped X-ray quality crystals
were produced after 8 weeks. The crystals were crushed and dried prior to further analysis.
Yield (0.169 g, 12.4%); IR: v = 3249 (0-H); 2953 (C-H); 1575 (C=N); 1486 (C=C); 1463
(CH2); 1414 (N-0); 1219 (C-0); 1030 (C-N) cm-; UV/Vis (g, L/mol cm) in MeOH: 344.5
(12500), 267.0 (101146); Conductivity (DCM): 4 = 2.00 S cm? mol-, non-electrolyte;
elemental analysis calcd (%) for C3oHesN4014Cl2Nis-Et,0-2H20: C 42.45, H 6.64, N 4.50;
found: C 42.07, H 6.24, N 4.51. Crystal Data for Cs;H94Cl2N4Nis017 (M =1353.05 g/mol):
monoclinic, space group P 2,/c (no. 14), a= 13.3361(6)A, b= 13.8643(7)A4,
c= 17.3381(12) A, f= 90°, V= 3205.7(3) A3, Z= 2, T= 123K, p(CuKa) = 2.628 mm-,
Dcalc = 1.402 g/cm3, 18623 reflections measured (12.77° < 20 < 130.178°), 5289 unique
(Rint = 0.0908, Rsigma = 0.0785) which were used in all calculations. The final Ry was 0.0690
(I>20(D)) and wR; was 0.2162 (all data).

4.3.9 [Nig(L3-H)(OAC)(OMe)-Cloj(MeOH), (C9)

To L3 (0.304 g, 0.76 mmol, 1.0 eq.) in MeOH (10 mL) was added Ni(OAc).-4H.0 (0.467 g,
1.88 mmol, 2.0 eq.) and NH4CI (0.0409 g, 0.76 mmol, 1.0 eq), both in MeOH (10 mL). The
green solution was stirred at RT for 30 minutes. Isolation of the complex was achieved by
the diffusion of Et,0 into the reaction solution. Green prism shaped X-ray quality crystals
were produced after three weeks. The crystals were crushed and dried prior to further
analysis. Yield (0.204 g, 20.8%); IR: v = 3258 (0-H); 2959 (C-H); 1699 (C=0); 1570 (C=N);
1489 (C=C); 1469 (CHz); 1417 (N-0); 1235 (C-0); 1030 (C-N) cm%; UV/Vis (g, L/mol cm) in
MeOH: 349.5 (8888); Conductivity (DCM): 4 = 1.18 S cm? mol!, non-electrolyte;
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Conductivity (MeOH): 1 =122 S cm? mol-, a 1:1 electrolyte in the range 100-130 S cm?2 mol-
1, Crystal Data for Cs4H7sN4016Cl2Nis (M =1344.94 g/mol): monoclinic, space group € 2/c
(no. 15), a= 283807(13)A, b= 11.6847(4)A, c= 17.6764(16) A, f= 99.829(16)°,
V= 5775.8(7) &3, Z= 4, T= 123 K, n(CuKa) = 2.907 mm-l,
Dcalc = 1.547 g/cm3, 21855 reflections measured (9.358° < 20 < 130.09°), 4912 unique
(Rint = 0.2836, Rsigma = 0.6238) which were used in all calculations. The final R; was 0.1138
(I>20(I)) and wR; was 0.3451 (all data).
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5.0 Conclusions and Future Work

The conclusion of this research project resulted in the synthesis of four ligands, two of which
were previously unknown (L2 and L3). The ligands were designed to incorporate greater
flexibility, a greater number of binding sites, and produce complexes with higher
nuclearities. Through complexation and crystallisation, nine new 3d ion complexes were
produced and characterised, with four distinct topologies: mononuclear, dinuclear,

trinuclear triangles, and tetranuclear defective dicubanes.

Three new mononuclear complexes (C1-C3) were synthesised during the project. C1, is a
octahedral Cu(II) complex, which utilises the ligand, L1, and has weakly coordinated BF4
anions completing the octahedral coordination geometry. The complex, C2, is square
planar Ni(Il[), and utilises the same ligand as C1. Magnetic measurements on C1
(xmT, 0.349 cm3 K mol* and perr, 1.67 pg) and C2 (yyT, -0.0586 cm3 K mol! and
Uesr, 0.242 pg) were as expected for octahedral Cu(I) and square planar Ni(II) ions. The
complex C3, has an octahedral Mn(III) ion, coordinated by two L4a molecules, and axial
NO3- anions. The synthesis of C3 was unexpected, as the ligand L4 underwent a hydrolytic
reaction to produce the precursor ligand, L4a. The cause for this was suggested to be free
Mn(II) ions in solution. The magnetic moment measurement of C3 was found to be T,

3.95 cm3 Kmolt and pefs, 5.59 pa.

C4, a dinuclear Cu(II) complex provided a new unique route for ligand design. The ligand,
L3’, a derivative of L3, was formed by a in situ condensation reaction. The result of this
reaction was the addition of a difluoromethoxy borane functionality to the oximic oxygen
atom. Magnetic measurements on C4 revealed that the two Cu(II) ions had extremely weak

antiferromagnetic exchange between them, resulting in a y T value of 0.91 cm3 K mol-1.

Complexes, C5 and C6 are trinuclear Fe(Ill) and Mn(Ill) structures respectively, with
triangular topologies. The triangular structures utilise the ligand L4, with the octahedral
metal ion geometries completed by pz-OAc anions. Key structural differences between the
two complexes, are the coordination geometry of the p;-OAc anions; for C5, all of the OAc
anions have a fac coordination geometry, whereas for C6, they coordinate in a mer-mer-fac

fashion. C6 is the first known H,Sao based Mn(III) triangle with p,-OAcanions coordinated
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in such a fashion. Magnetic measurements revealed both C5 and C6 have

antiferromagnetically coupled exchange pathways present between the metal centres.

The fourth type of complex synthesised, was tetranuclear Ni(II) complexes with defective
dicubane topologies (C8 and C9). The metallic core of both complexes resemble each other
in terms of coordination, however, small differences in the angle of the bridging groups
between Ni(Il) ions result from subtle differences in the secondary amine of the H;Sao
based ligand (L2 and L3, respectively for C8 and C9). Magnetic measurements of both
complexes were performed and it was found that the subtle differences (ether versus ester
functional groups) resulted in a change from ferromagnetic (C8) to antiferromagnetic (C9)

coupling between the metal centres.

With the results obtained from this research, the next steps would be to look into how
modifications on the existing complexes, and/or the ligands utilised, could provide a
platform for 4f ion coordination. The Ni(Il) defective dicubanes are appealing starting
points for exploring how structural modifications, whether small or large modifications, can

affect and alter the magnetic properties of a complex, or a series of complexes.
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A1.0 Synthesis and Characterisation of 5-fert-Butyl-3-(ethoxymethyl)-
2-hydroxybenzaldehyde oxime

AT.1Synthesis of 5-tert-Butyl-3-(ethoxymethyl)-2-hydroxybenzaldehyde oxime

Before the coupling procedure of Stevens and Plieger was chosen to synthesis L1a-L4a,
several other methods were attempted. One attempt involved the oximation of the
compound 2 following the method utilised for L1-L4. Instead of the formation of
5-tert-Butyl-3-bromomethyl-2-hydroxybenzaldehyde oxime, it was found that the
compound 5-tert-Butyl-3-(ethoxymethyl)-2-hydroxybenzaldehyde oxime was produced

instead.

Bu Bu
b a
NH,OH
| |
Br OH O RT O OH N

The compound 5-tert-Butyl-3-(ethoxymethyl)-2-hydroxybenzaldehyde oxime was
prepared from an adapted version of De Silva et al.35¢ The compound 2 (1.03 g, 3.80 mmol,
1.0 eq.) was dissolved in EtOH (50 mL) and refluxed for one hour, then cooled to RT. A
solution of NH,OH-HCl (0.513 g, 7.38 mmol, 2.0 eq.) in EtOH (30 mL) was neutralised with
a solution of KOH (0.414 g, 7.38 mmol, 2.0 eq.) in EtOH (30 mL). The filtered solution was
added slowly dropwise into the cooled reaction mixture. The resulting solution was stirred
for 24 hours at RT. The light-yellow solution was concentrated in vacuo affording an oil,
which was redissolved in CHCI; (30 mL). This solution was washed with deionised H,0
(3 x 30 mL) and the combined organic layers dried over anhydrous MgSQO.,, filtered and
concentrated in vacuo affording 5-tert-Butyl-3-(ethoxymethyl)-2-hydroxybenzaldehyde
oxime as a yellow solid (0.844 g, 3.36 mmol, 89%) The crude material was recrystallised
from hot pentane, to give colourless platelet shaped crystals. tH NMR (500 MHz, CDCl3):
6 8.23 (1H, s, CH=N), 741 (1H, d, | = 2.2 Hz, b), 7.11 (1H, d, | = 2.2 Hz, a), 4.61
(2H, s, Ar-CH2-N), 3.62 (2H, q,] = 7.2 Hz, CH3-CH>-0), 1.30 (9H, s, ‘Bu) 1.28 (3H,t,] = 7.2 Hz,
CH3-CH2-0); IR: © = 3400 (O-H), 2961 (C-H), 1625 (C=N), 1480 (C-H), 1392 (Bu),
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1362 (0-H), 1219 (C-0), 1085 (C-N) cm; MS: m/z (ESI) 252 [M+H]*. Crystal Data for
C14H2:NO3 (M =251.32 g/mol): monoclinic, space group P2;/c (no. 14), a = 10.6302(19) 4,
b= 8.2397(18) A, c= 16.265(3) A, f= 103.023(8)°, V= 1388.0(5) A3, Z= 4, T= 123K,
u(CuKa) = 0.679 mm-t, Dcalc = 1.203 g/cm3, 9592 reflections measured (11.168° < 20 <
130.166°), 2335 unique (Rint = 0.1121, Rsigma = 0.1984) which were used in all calculations.
The final Ry was 0.0836 (I > 20(I)) and wR, was 0.2515 (all data).

Figure 41: Crystal Structure of 5-tert-Butyl-3-(ethoxymethyl)-2-hydroxybenzaldehyde oxime (left). Hydrogen
bonded dimers found within the cell (right). H atoms, apart from attached to heteroatoms, have been omitted
for clarity; N = blue, O =red, C = grey, H = white. Hydrogen bonding represented as red dotted lines. ORTEP view
at 30% probability level.

As  mentioned earlier, the structure of  5-tert-Butyl-3-(ethoxymethyl)-2-
hydroxybenzaldehyde oxime was obtained when the hot recrystallisation from pentane
resulted in colourless, platelet-shaped crystals. This ligand structure is monoclinic and
crystallises in the P2, /c space group, with the entire ligand found within the asymmetric
unit. Hydrogen bonding is present within the structure between the phenolic oxygen atom
and oximic nitrogen atom (03---N32, 1.73(5) A). Two structures are found within close
contact of each other, hydrogen bonding to one and another in a trans conformation.
Additional hydrogen bonds are found between the oximic OH and ether oxygen (09---:010,
2.85(4) A).
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A2.0 Characterisation of New Aldehyde Precursors (L2a & L3a)

A2 1TH NMR of L2a
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Figure 42: 1H NMR of L2a. Reference solvent peak (CDCl3) at 7.26 ppm.
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A2.2BCNMR of L2a
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Figure 43: 13C NMR of L2a. Reference solvent peak (CDCl3) at 77 ppm.
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A2.3H NMR of L3a
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Figure 44: 1H NMR of L3a. Reference solvent peak (CDCl3) at 7.26 ppm.
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A2.4BCNMR of L3a
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Figure 45: 13C NMR of L3a. Reference solvent peak (CDCls) at 77 ppm.
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A3.0 Characterisation of New Ligands (L2 & L3)

A3 1TH NMR of L2
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Figure 46: 1H NMR of L2. Reference solvent peak (CDCl3) at 7.26 ppm.
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A3.2BC NMR of L2
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A3.3H NMR of L3
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Figure 48: 1H NMR of L3. Reference solvent peak (CDCl3) at 7.26 ppm.
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A3.4BCNMR of L3

BT TE A

T6°
an”

08’

Figure 49: 13C NMR of L3. Reference solvent peak (CDCls) at 77 ppm.
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