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Abstract

This thesis delves into the breadths of chemistry, comprising the exploration of the
organic synthesis of the underexplored, sulfur analogue of the ligand, 2,6- bis(oxazoline)
pyridine (PyBOX), namely 2,6-bis(thiazolinyl)pyridine (thioPyBOX). A series of
coordination complexes of iron(ll), copper(l), copper(ll) and ruthenium(ll) featuring the
PyBOX and thioPyBOX ligands, have been synthesised for a manifold of applications.
These include molecular electronics, catalysis and metal-based anti-cancer medicines.

A continuous narrative throughout this work is the electronic and steric effects of
swapping oxygen for sulfur in such coordination complexes and the impact of this on
their chemistry in end applications. The exploration of chiral metal complexes, designed
by the diastereomeric nature of substituted PyBOX and thioPyBOX ligands, forms a
significant proportion of the work herein.

Substituted thioPyBOX ligands have been synthesised in two different enantiomeric

forms, following which homochiral and heterochiral iron(ll) thioPyBOX complexes were
synthesised and studied. The concept of chiral discrimination of spin states was
corroborated with a pair of enantiomers displaying a High Spin-Low Spin dichotomy at

ambient conditions. Heteroleptic iron(ll) (thio/)PyBOX complexes have also been
synthesised of these | i gand stridentatd pinedr ligdndsot her
The overall findings have demonstrated an increased stability of metal-thioPyBOX
complexes compared to their PyBOX counterparts, this is attributed to the reduced
electron-withdrawing nature of thiazoline compared to oxazoline.

Copper(l) and copper(ll) (thio/)PyBOX complexes have been synthesised with a view to
achieve an effective catalyst for the copper-catalysed azide-alkyne Click reaction and
the copper-catalysed Ullman coupling reactions respectively. Furthering the catalysis
aspect, ruthenium(ll) (thio/)PyBOX complexes of mono- and bis- ligand coordination
were synthesised for the catalysis of the asymmetric transfer hydrogenation reaction.
Further afield, cell-line testing of one of these complexes was found to exhibit better
cytotoxic activity than cisplatin against pancreatic cancer cells and human bone cancer
cells which is also presented in this thesis.
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Thesis Outline

Chapter 1 covers the fundamentals of inorganic and coordination chemistry that form the
foundations of this thesis. These include the developments from Crystal Field Theory
(CFT)toLigand Fi el d T hboaingyand(the FSpertrochemical series. The
High Spin (HS)-Low Spin (LS) dichotomy of spin states is introduced, linking into the
phenomenon of Spin-Crossover (SCO), which is core to this thesis. SCO is discussed in
great depth along with literature examples, starting from its origins, covering some more
recent SCO studies and methods of perturbing and measuring SCO. Its rich contribution
to research and potential applications in the field of molecular electronics is also
discussed, along with how computational methods can be employed in SCO research.

Chapter 2 focuses on the ligand system employed throughout this thesis; 2,6-
bis(thiazolinyl)pyridine (thi oPy BO-Kijentatel ni t i
ligand system with a focus of some common ligands such as, Schiff-base ligands,

2, 2 O-tepydidné @erpy) and 2,6-bis(pyrazolyl)pyridine (bpp). Focus is drawn on the
2,6-pyridine(bisoxazoline) ligand (PyBOX) which introduces thioPyBOX - the key ligand
framework in this thesis. A detailed discussion of the eight pieces of literature that
synthesise thioPyBOX is presented, followed by synthetic strategies employed, reaction
optimisation and purification work. A macrocyclic product formed in attempted
thioPyBOX synthesis is also presented.

Chapter 3 introduces the concept of chirality in metal complexes and its applications in
functional materials, catalysis and molecular electronics. This is followed by some
examples of differences in SCO activity between isostructural complexes. The previously
reported chiral discrimination between the spin states of iron(ll) PyBOXR complexes is
discussed. This introduces the study of the spin state behaviour of homochiral and
heterochiral iron(ll) thioPyBOXR complexes in the solid and solution states. Chiral
discrimination of these complexes is explored along with solution stability studies of the
heterochiral complexes. This research is compared against that previously observed for
the PyBOX complexes.

Chapter 4 builds on the work presented in Chapter 3 by exploring heteroleptic iron(ll)

complexes featuring the PyBOX and thioPyBOX ligands, as a means to optimise SCO

activity. Homochiral and heterochiral mixed PyBOX and thioPyBOX iron(ll) complexes

are synthesised and magnetic susceptibility behaviour is studied in the solid and solution

states, along with ligand redistribution studies. Adding to this, heteroleptic complexes of

iron(Il) (thio-/ ) Py BOX wi t h gihckre ligand$y , Ndh, 06 B,6-bis(2-
benzimidazolyl) (bzimpy), 2,6-bis(pyrazol-1-yl)pyridine (1-b p p) a n d -té&pyrklibe 6 6, 2 ¢
(terpy), are presented along with their spin state behaviour.
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Chapter 5 visits the primary application that metal-PyBOX complexes were first known
for, which is catalysis. This chapter discusses the efforts made to replace the successful
platinum-group metals (PGMs) with cheaper and more earth-abundant base metals such
as iron and copper, for catalysis. A series of copper(ll) PyBOX and thioPyBOX
complexes are presented, with an aim to achieve an effective catalyst for reactions such
as the Ullman Coupling. Copper(l) PyBOX complexes have also been synthesised in this
chapter; these form dinuclear and tetranuclear helicate structures. An unprecedented
trinuclear copper(l)-PyBOX helicate has also been synthesised. An initial catalysis study
of the copper(l) helicates is presented on an azide-alkyne cycloaddition reaction, with
some interesting results.

Chapter 6 adds to the catalysis theme of Chapter 5 with a small series of ruthenium(ll)
PyBOX complexes, primarily for the catalysis of asymmetric transfer hydrogenation
reactions. Mono- and bis- coordinated ruthenium-terpy and ruthenium-PyBOX
complexes are presented, which demonstrate how these two coordination modes can be
achieved through experimental design. Ruthenium(ll) mono-PyBOX complexes have
been synthesised featuring trans-chloride and trans-iodide motifs to gain an insight on
the halide effect in their catalysis. An attempt at incorporating the thioPyBOX ligand
resulted in a bis-thioPyBOX ruthenium complex with a hemilabile coordination of one of
the ligands. Finally, biological investigation on the cytotoxic activity of two of these
complexes against pancreatic cancer cells, MIA-PaCa-2 and human bone cancer cells,
143B, is presented, with some promising results!



Chapter 1
Introduction and Theory

1.1 Coordination Complexes

The concept of transition metal coordination chemistry was founded by Alfred Werner,
who received the Nobel Prize in 1913 for his theory of coordination. ! In his teachings,
the concept of ligands being in a spatial arrangement around a metal nucleus was
established, in addition to the concepts of coordination number and coordination
geometry and proving the two are connected.

In the theory of coordination, empty or partially-filled metal valence orbitals accept one
or more lone-pairs of electrons from a ligand, in a dative-covalent or coordinate bond. 2
The s-bond formed renders the metal ion and ligand, a Lewis acid-Lewis base pair
respectively, * which is the simplest explanation of coordination compounds (Figure 1.1).
It is therefore befitting to first examine the more multifaceted, and further developed,
theories on transition metal coordination complexes that will form the foundations of this
thesis.

c-bonding

LOGOM

Lewis Base Lewis Acid

Figure 1.1. Metal accepting lone-pair of electrons from Ligand in a Lewis
Acid-Base model.

There are five d-orbitals in each electron shell withn O 3 e | eFigure 12 vehich(
depict the five solutions to the Schrodinger equation. Three of these d-orbitals, labelled
dxy, dxz, @and dy;, have lobes pointing between the Cartesian axes and according to group
theory, together they come under the t,g symmetry term. 4 There are then another three
orbitals aligned with the Cartesian axes; d«2.,?, d,%,?and d,*..?, where a linear combination
of the latter two is taken to give only d«2,? and d,?, which come under the eq symmetry

term. %
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Figure 1.2. The five d-orbitals along the Cartesian axes.

1.1.1 Crystal Field Theory

Though the five d-orbitals are degenerate in energy in free metal ions, Crystal Field
Theory (CFT) more usefully describes how the interaction of ligands with a free metal
ion, i.e. in a coordination complex, distorts this d-orbital degeneracy. &’

In CFT, the d-electron distribution of the metal ion becomes anisotropic owing to the
electrostatic repulsion arising from ligands in the coordination sphere of the metal. It
should be noted that in this theory, ligands are treated as negative point charges, hence
this model is often referred to as an electrostatic model. 8 The electrons therefore
favourably occupy the d-orbitals as to minimise repulsion from the coordinated ligands.
This in turn results in an increased stabilisation of the orbitals that are not directly aligned
with the ligand point charges, disrupting the degeneracy of the five orbitals. This
moderates the metal complex to a more stabilised energy, by an amount known as the
Crystal Field Stabilisation Energy (CFSE). ° 10

The CFSE depends on various factors, one of which is the geometry of the coordination
complex. This will result in different alignments of metal d-orbitals with the ligands,
stabilising different d-orbitals as a result, shown in Figure 1.3. The energy separation
betweenthe d-or bi t al s | D@ ewmlnit @eld Bogthoaigh Hothlubits are
found in the literature, the former unit is used herein. Dox can be experimentally
determined by UV/vis spectroscopy, and therefore serves as a measure of the strength
of the crystal field, where a small Dot represents weak field d-orbital splitting and a large
Doctis indicative of strong field splitting. °
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Figure 1.3. Crystal Field splitting of the d-orbitals in common coordination
geometries. Figure adapted from Pearson. °

1.1.2 Electron Configuration

Contributing factors to the CFSE optimisation include three laws of electronic

configuration arrangement and orbital occupancy, which is described by Paul i 6s

exclusion principle, the Aufbau principleandHunddés rul e

Pauli 6s exclusion principle states that
guantum numbers, n, I, ms and m;. Knowing that a maximum of two electrons can occupy
the same orbital, it was conceived that those electrons must have opposite spin for this
to hold true, giving ms £1/2, 1112

The Aufbau principle is the concept of filling orbitals that are lowest in energy first, then
working in order to higher energy orbitals, which was first speculated by Niels Bohr. 3 It
was later established by Erwin Madelung who reported this as a rule for neutral atoms,
which stated that the order of electrons filling shells is of (n+l) quantum number sum. His
rule supports the filling of the 4s orbital before the 3d in transition metals and justifies
that 4f electrons do not appear before Z=56 for metal atoms in the gaseous phase.
Though a useful first approximation, there are flaws in this theory, demonstrated with the
example of scandium. Scandium has experimentally shown that the electrons are filled
into the 3d orbital before the 4s, and not as the Aufbau principle suggests and therefore,
in the first ionisation, the electron is removed from the 4s orbital. ** In any molecules
where the metal forms covalent bonds, the orbitals also abide by the ordering of 3d < 4s.

This trend is consistent across the transition metals, lanthanides and actinides. Herein,
the metals, iron, ruthenium and copper are discussed in their ionised forms and their
electronic configurations follow the example set by scandium, rather than by the Aufbau
principle, outlined below.

no



Cu: [Ar] 3d'%4s?
Fe: [Ar] 3d%4s? Ru: [Kr] 3d%4s?
Cu*: [Ar] 3d*°
Fe?*: [Ar] 3d° Ru2*: [Kr] 3d°
Cu?*: [Ar] 3d°

The third law, is that described by Hu n d 6 swhichustates that electrons first singularly
occupy degenerate orbitals before spin pairing occurs. This can also be understood as,
the lowest energy state, is that where the multiplicity is maximised in the electronic
configuration. **> As with the Aufbau principle, limitations exist to the rule. Deviations from
the rule are commonly found in experimental data and the rule is mostly reliable for the
ground state configuration, as the model is centred around interelectron repulsion, failing
to account for nuclear attraction. 6

Additionally, Hundoos r didlddigands, which formsithetbdsisofc a s e
the High-Spin (HS) and Low-Spin (LS) dichotomy. HS and LS electronic configurations
arise in certain metal complexes as a result from competition between the Aufbau
principle and Hundds rul e. This forms- the
Crossover (SCO) which is of key focus in this thesis (see later in Sections 1.2 and 1.4).

1.1.3 Ligand Field Theory

Ligand Field Theory (LFT) is an application of Molecular Orbital Theory to transition
metals, and further rationalises the interaction of ligands with a metal ion. This theory
however, unlike CFT, adopts a covalent approach by considering the overlap of
symmetrical ligand and metal orbitals to produce bonding and anti-bonding molecular
orbitals. The resulting bonding orbitals are more stable in energy than either the metal
or ligand orbitals alone, and the resulting anti-bonding orbitals are less stable, which is
considered a driving force for this interaction. &

Though approximations are used in LFT, the model still provides useful insight for
understanding metal-ligand interactions in coordination complexes. As the scenario of
an [ML6]™ with an octahedral geometry (point group On), is of most relevance here, the
construction of its Molecular Orbital (MO) diagram is outlined below (Figure 1.4). It should
be noted that the metal ty4 orbitals have no symmetry alignment with the ligand orbitals
and therefore are classed as non-bonding as they do not contribute to the MO bonding

interactions.
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Figure 1.4. Construction of the MO diagram for [ML6]"*, considering only M-
L s-bonding. Figure adapted from Yves. 1/

1.1.4 Metal-Ligand p - Bonding

It is important to note that in the above figure, only M-L bonding from s-interactions are
accounted for. Ligands with available p-orbitals have the appropriate orbital symmetry to
interact with the dyy, dx; and dy; orbitals, thus M-L p-interactions can additionally occur. °
There are two categories of this; p-donor ligands, where electrons are donated from a
filled ligand p-orbital to an empty metal orbital, and p-acceptor ligands, where electrons
are additionally accepted from filled metal tog4 orbitals to an empty ligand p-orbital. When
the latter occurs, particularly with strongly p-accepting ligands, this is known as p-back-
bonding (Figure 1.5). 8

Tt-donor Tt-acceptor

seo KB

Figure 1.5. p-interactions between ligand and metal orbitals.

Ligands can therefore be classified as, pure s-donors, p-donors or p-acceptors. These
form an order of increasing strength of ligand field, respective to the type(s) of bonding
interactions involved. This is known as the spectrochemical series.
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The series considers all ligands, irrespective of charges, and orders them according to
their effect on the energy of the first band of the UV-Vis spectra of their cobalt(lll)
complexes. From the series of spectra obtained, hypsochromic and bathochromic shifts
were observed when different ligands were substituted for one another, confirming the
order for the spectrochemical series, outlined below (Figure 1.6). 1%2°

CO, CN-, PMes, NO2, PPhg, bpy, phen, NHs, py, ONO-, O,%, acac’,

\ 4

Strong-field ligand

H.O, NCS, Oz, OH", NOg, F, N3, SCN-, Cl, Br-, CrO4>, I

» Weak-field ligand

Figure 1.6. The spectrochemical series of selected ligands in order of decreasing
ligand-field strength. 1% 20

Strong-field ligands in the spectrochemical series are generally good p-acceptors and
therefore undergo p-back-bonding with metal complexes, while weak-field ligands are
usually just p- or s-donors. The addition of p-interactions modifies the MO diagram, as
metal tzg4 orbitals now form bonding (and anti-bonding) M-L orbital combinations, whose
energies differ, relative to the ey orbitals, depending on whether the ligands are p-
acceptors or p-donors (Figure 1.7).
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a.) where L is a n-donor ligand
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b.) where L is a n-acceptor ligand

Figure 1.7. Expanded MO diagram for M-L bonding considering ligand
p- orbital interactions, with the two scenarios of a.) where L is a p-
donor ligand and b.) where L is a p-acceptor ligand. (aig and tiy
orbitals have been ommitted for clarity). Scale is expanded from
Figure 1.4. Figure reproduced from Housecroft and Sharpe. ®

From the MO diagram in Figure 1.4 and the two MO diagrams in Figure 1.7, it is clear
that the type of ligand affects the energies of the resulting M-L bonding interactions and
therefore the all-important Do values. The value of Dy is largest when p-accepting
ligands are bonded to the metal and is smallest when p-donor ligands are complexed,
due to the stabilisation and destabilisation of the tog bonding and anti-bonding orbitals.

In addition to the metal complex geometry and the strength of the ligand field, the metal
ion itself can also dictate the size of Dot. Metal ions with larger atomic radii and more
diffuse d-orbitals increase Do, as the increased orbital overlap with the ligand results in
a greater energy separation of the toy and eq4 orbitals. Therefore the pairing energy, P,
becomes less than Dy This is further supported by the reduced repulsion between
paired electrons in larger orbitals. Furthermore, where different oxidation states of the
same metal are concerned, a higher oxidation state, which has a higher charge density,
will increase Dy due to the increased metal-ligand repulsion.

1.2 The High-Spin - Low-Spin Dichotomy

The HS-LS dichotomy arises as a result of the factors that affect the crystal field splitting
(Doe) and therefore the CFSE. First row transition metal ions with d*-d” electrons can
adopt one of two possible configurations across the d-orbital splitting. In one of these the
energy of spin pairing, P, exceeds the energy of accessing a higher energy vacant
d-orbital, giving rise to the HS state, and the other, where the energy required to access
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a higher energy orbital exceeds P gives the LS state. Figure 1.8 demonstrates the two
states with an iron(ll) complex (3d®). Second and third row d*d’ transition metals
generally have a Do too large to allow the HS state and so only adopt the LS
configuration. As the size of Dot governs the spin-state, the aforementioned factors that
affect Dot equally dictate whether a complex adopts the HS or LS configuration.

Low-spin (LS) High-spin (HS)

Figure 1.8. Low-spin (LS) and high-spin (HS) electronic configurations of a
d® metal ion in a ligand field.

Any factor that increases Do, SUCh as a square planar geometry, a strong-field ligand on
the spectrochemical series or a larger metal ion, results in a preference for the LS state.

Therefore, factors that decrease Doctwi | | result in a preference

worth noting that in the case of the HS state, as there is now electron occupancy in the
antibonding orbitals, the length of the metal-ligand bond (rm.n) will be increased,
compared to its respective LS state. This is a particularly useful diagnostic tool for
distinguishing between the HS/LS states which will be later elaborated on. From this
knowledge, one can design metal complexes as to give rise to a particular spin-state.

1.2.1 Molecular Magnetism

For the octahedral geometry shown above for iron(ll), there are two possible spin states
which can be distinguished by measuring the magnetic moment. This is because the LS
state has no unpaired electrons (t24° e4°) and so the metal is in the diamagnetic singlet
state (S=0) and the HS form has 4 unpaired electrons (tz4* €4?), and so is in the
paramagnetic pentet state (S=2).

Where there is only a diamagnetic effect in an ion or complex, there is no resultant spin
(s) or orbital angular moment (1), and such compounds repel an applied magnetic field.
However, in the case of paramagnetism, there is a net spin to account for as there are
unpaired electrons. When a magnetic field is applied, these spins are weakly attracted
and generate their own internal field. That is, the material has a positive magnetic
susceptibility.
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Assuming a zero orbital angular moment in a paramagnet, the magnetic moment, €, is
given by Equation 1.1. As this equation considers the spin only, the spin-only magnetic
moment is denoted as €s,, and has units of Bohr Magnetons (BM). 2! Substituting S= %zn
where n is the number of unpaired electrons, Equation 1.1 can also be written as below
in Equation 1.2.

A ™YY p 60
whered6 0 ——

Equation 1.1. The spin-only magnetic moment equation.

A €€ ¢O00

Equation 1.2. The spin-only magnetic moment as a function of the number of
unpaired electrons

From this, a HS iron(ll) complex with 4 unpaired electrons, has a ps,= 4.90 BM whereas
for a LS iron(Il) complex with O unpaired electrons, has pso= 0 BM.

An electron has orbital angular momentum (OAM), in cubic coordination geometries such
as a tetrahedron or octahedron, if an unpaired electron is able to move between vacant
or half-filled orbitals that are degenerate in energy b u t not of the
principle). This is permitted as long as there is a rotation axis between degenerate
orbitals to enable this, i.e. thed,yandd,or bi t al s are rel &ted

same

by

a

Considering the addition of OAM on the magnetic moment, i.e. il 0, t he eff ect

orbit coupling is now incorporated to give Equation 1.3. Where the resultant of spin and
orbit moments is denoted by the quantum number j, termed by the Russell-Saunders
approximation, and g is the Landé splitting factor. As the OAM is now factored in, the
moment is now considered to be the effective magnetic moment, ples.

A QOQ p 60

Equation 1.3. The magnetic moment equation for the resultant angular
momentum, j.

Equation 1.3 holds true where the separation of the ground state energy levels exceeds
the average thermal energy, KgT . Howe v er <<Kglh thenmomadhts are now
individually quantised so are treated distinctly to give Equation 1.4. 2
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Equation 1.4. Magnetic moment eqalflati on when

However, since an anisotropic field generated by a crystal field of point charges splits
the degeneracy of the ground state (CFT), the coordination of a ligand restricts the
rotation axes which, either partially or fully, quenches the OAM of the d-orbitals. ?? This
effect is most pronounced with the 3d orbitals, than complexes with 4d and 5d orbitals,
as the crystal field effect dominates over smaller spin-orbit coupling in the 3d case.
Therefore differences between pso and perr are most distinct in 2" and 3" row d-block
metals.

Hunddés third | aw -filed aubshdll ortiebsajt|l-s|f aod for a maneahari
half-filled subshell, j=(I+s), therefore when the OAM is quenched (I=0) j=s and the Hso
equation provides a good enough approximation for the magnetic moment. Experimental
values of the magnetic moment will however always be slightly higher than s, as there
is always some weak magnitude of spin-orbit coupling even when angular momentum is
quenched.

The molar magnetic susceptibility, em, is correlated to the magnetic moment, p by
Equation 1.5. The advantage of measuring Gm is that it can account for the presence of
an applied magnetic field and temperature-dependency, so can determine how much of
a sample is para- or dia- magnetic at a given temperature. It can be said that Gm= Gpara +
Gdgia and the effect of paramagnetism is stronger than diamagnetism such that Gpara>|Gdial.
If 6m>0 the sample is paramagneticandif6sO0 t he sampl e d s di amagn

ov "V

A 00 =
L A

Equation 1.5. The relationship between perr and 6m. WhereNai s Avogadr ob6s
constant and | is the permeability of a vacuum.

1.2.1.1 The Curie Law

The Curie law (Equation 1.6) demonstrates the temperature-dependence of a

paramagnetic material, and although rare, perfect paramagnets obey the Curie law. This

can be shown by a graphical plot of 1/6m against T, which shows a directly proportional

straight line centred at the origin (Figure 1.9). Where the magnitude of spin-orbit coupling

is more prominent, the temperature dependency of e iSs increased. The Curie law

highlights the importance of stating the magnetic susceptibility at specific temperatures.
0

? oy
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Where6 YY p ——

Equation 1.6. The Curie law, where C is the Curie Constant.

Xm ™

T T

Figure 1.9. A plot of 6, against T (left) and 1/6 against T for a perfect
paramagnet, which obeys the Curie law. ®

Where the paramagnetism of individual metal centres is carried throughout a material
(ferromagnetism, antiferromagnetism or ferrimagnetism), the Weiss constant can be
additionally added to the Curie equation (Equation 1.7). This now accounts for the
temperature at which a paramagnetic material goes from spontaneous magnetisation to
an ordered magnetisation, known as the Curie Temperature, Tc. This forms the Curie-

Weiss law (Equation 1.8). When t he Weiss constant, U
is observed and the sample is a simple paramagnet.
0
N g

Equation 1.7. The Curie-Weiss law where U is the Weiss constant.

5
~ Y

Equation 1.8. The Curie-We i ss | aw when d=T

1.3 The Jahn-Teller Effect

The Jahn-Teller (JT) theory, furthers the understanding of electronic configuration
beyond that described in CFT and LFT. The JT theory, is a distortion effect that arises
where there are degenerate orbitals within an incomplete shell. ?* This allows for
el ect r on stodvacanh degepedate iorbital which results in further splitting of the
d-orbitals. The driving force for this is an overall increased stabilisation of the complex.
Where spin-orbit coupling has been extinguished in a metal complex, JT effects are more
pronounced, and therefore this is most notable in first row transition metals. 2> The
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number of d-electrons, complex geometry and whether a complex adopts a HS or LS
configuration, affects the degree of JT distortion. Characteristics of JT distorted ions
include magnetic anisotropy, lattice distortions, phase transitions, reduced lattice
symmetry and temperature-dependent exchange interactions. 2

Considering an octahedral geometry, a weak JT distortion is observed for complexes
with 1 or 2 d-electrons and HS complexes with 6 or 7 d-electrons. The effect is even
stronger for HS d* and d® complexes as shown in Figure 1.10. LS octahedral complexes
with 4 or 5 d-electrons are weakly distorted, whilst a pronounced effect is expected for
LS d’, and d®° configurations. 22

oAl AL A AL AL AL 4 AL A
| 2 1 T | -~ T} - 1 TF
JT distortions of a LS 34" electronic configuration
. 1 _________d,g.,z_1_ ________ R da—1—
9_1.% """""""" dzi—1-k— -------- Zf;+
t, (I | [ | N [N (Y | N [
’ I I ] 128 2/

JT distortions of a 3¢° electronic configuration

Figure 1.10. d-orbital JT distortions of the eq orbitals in a HS d*
configuration (top), LS d’ configuration (middle) and d® configuration
(bottom). No distortion (left), JT elongation (centre) and JT
compression (right).

The distortion of the crystal lattice can be observed in X-ray crystallographic structures
by observing contraction or elongation of bonds along certain axes or general deviations
from the expected classical geometry. Electron Paramagnetic Resonance (EPR)
spectroscopy is another way to measure JT distortions, an example of this is with Cu?*
ions (d®) which show deviations from the typical gpaa and gpep Values due to the
anisotropy. A cooperative JT effect is one where a significant number of individual metal
centres are JT-distorted across the bulk material, and this may give rise to a specific
magnetic behaviour, a dynamic JT effect results in a crystal system transition to a lower
symmetry, demonstrating the prominence of the effect. 2
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1.4. Spin Crossover

Figure 1.11 shows the harmonic oscillator model of the LS and HS states as their
potential energy wells as a function of the increasing metal-ligand bond length for an
iron(I)-nitrogen bond. If the energy difference between the lowest lying vibronic energy
level of the A4 and T4 states is sufficiently small and approximates to the average
the r mal e ndrkd)ythe( asnall external perturbation to the system can induce
a spin-transition (ST) from the LS to the HS state, 26 where the quintet spin state becomes
the ground state over the singlet term. As this involves a change of spin states, this can
be considered as a non-radiative Intersystem Crossing (ISC) process. 2’ This overall
phenomenon is known as spin-crossover (SCO).

Energy
>
«Q

v

Figure 1.11. Potential energy wells of an iron(Il) SCO system, with respect to the
Fe-N bond distance. The A4 state is the LS state and the °Tyq is the HS state.
Figure reproduced from Gutlich et al. %

The energy levels in the harmonic oscillator model in Figure 1.11 each have an energy
corresponding to E=1/2fr>where f is the bond force constant and r is the M-L bond length.
The displacement alongthex-axi s bet ween t he taw0.2Avandthes
displacement along the y-axis shows the greater stability (lower energy) of the LS state
for an isolated iron(Il) SCO complex at a given temperature. 28

SCO can also be understood as an equilibrium between the HS and LS spin states
(Figure 1.12) as the switching can potentially work in either direction and be reversed in
some cases, though the term equilibrium is most appropriate for solution state SCO. 2°
Common external stimuli in SCO are temperature, pressure or light irradiation.
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Figure 1.12. The SCO equilibrium.

There are different degrees to which a SCO transition can occur and the most distinct of
these are depicted in Figure 1.13. A sharp SCO transition, (a) in Figure 1.13 is indicative
of a highly cooperative SCO system, which is where the switch in spin states is efficiently
propagated throughout the bulk material (see Section 1.4.6 for a discussion on
cooperativity). A gradual SCO system (b) has a much less abrupt ST, and often does not
reach complete transition, due to poor cooperative effects. (C) is an incomplete system
with very slow propagation of spins, in most of these cases, only the start of a ST is

apparent.

(a)
(b)

xmT (cm3 mol' K)

(c)

T (K)

Figure 1.13. The general trends of magnetic susceptibility with increasing
temperature for a.) an abrupt ST, b.) agradual ST and c.) an
incomplete ST. Figure adapted from Housecroft and Sharpe. °



217 -

400 —

300

200 —

|
I ____.._.....l:......|.|.II|||"|”I||

I ]
1940 1960 1980 2000 2020
Year

Number of Publications

Figure 1.14. Number of publications containing the phrase 'spin-crossover' or
'spin.equi |l i bri umb, per year. Figure (o0b
directly from publication. %
An important measurement in SCO systems is the temperature at which the ST occurs.
This is universally taken to be the temperature at which half the molecules in a system
are in the HS state and half are in the LS state. This is known as the transition
temperature and is denoted as Ta.

In the last couple of decades there has been significant expansion on the studies of SCO.
Takahashi reports the number of inpcurbolsiscoavteirodn s
equivalent) in the title or keywords as of 2018, presented in the graph shown in Figure

1.14. 3 This highlights the rapidly growing interest in the field.

1.4.1. Applications of SCO materials

The desire for miniaturised technology compo
of electronic communication devices, is ever-increasing. The field of molecular
electronics has particularly flourished over the last decade, with an example being the

transition of the inorganic LED to organic-LEDs (OLEDS) in smart-screens, which offer

greater colour variations and improved speed of response. ! However, challenges in the

field of molecular electronics include replicating electronic components, such as
modulators, switches, resistors, and rectifiers 32 at the molecular level. A current difficulty

in their design is connecting the molecular components such that they achieve complete

circuits that can carry out the functions required for computation. 3

SCO is an example of a molecular switching system, which can be controlled by physical
and external stimulation. Further applications of SCO systems include memory devices,
data storage and sensors, owing to the structural and chemical changes, namely the
magnetic response, that SCO systems typically undergo upon a ST. 3

Advantages of using molecular-based electronic materials are a.) being able to achieve
components that undergo ST on the nanoscale, b.) transitions centred around room
temperature can be achieved, c.) transition metals offer versatility in the design of new
materials and d.) hysteresis can be achieved around room temperature - ideal for
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memory applications in particular (Section 1.4.6). ** These are the target characteristics
in the design of SCO molecules.

For application purposes, the most ideal ST is the case of an abrupt transition. This forms
the basis of a molecular magnetic switching system, as this is most analogous to an
on/off switch, which mimics a binary [0,1] system at the molecular level. Such molecular
systems are highly desirable in the fields of sensory and memory devices, molecular
electronics, switching devices and sensors. 3

1.4.2 Origins of SCO

In 1936, Pauling and Coryell observed differences in the magnetic susceptibilities of
ferrohemoglobin, which was reported as 5.46 BM per iron site, with oxyhemoglobin and
carbonmonoxyhemoglobin which showed no magnetic susceptibility (O BM) at the iron
sites, which was attributed to different degrees of covalent and ionic bonding. % The
former complex corresponds to 4 unpaired electrons, as is with the HS configuration of
Fe?*, and the latter complexes, the LS configuration of Fe?* which has O unpaired
electrons. Switching between these two states was obtained by simply binding the
oxygen or carbon monoxide molecule at the 6™ axial position of ferronemoglobin (Figure
1.15). Cambi and Szegt also observed SCO in a series of iron(lll) dithiocarbamate
complexes around the same time, however with a focus of temperature-dependency. 3¢
3% Together, these are believed to be the first findings that have alluded to the concept
of SCO. *°

globin globin
protein protein

Ferrohemoglobin Carbonmonoxyhemoglobin, R=CO
Oxyhemoglobin, R=0,

Figure 1.15. Structures of ferrohemoglobin (left), and with CO addition
(carbonmonoxyhemoglobin) and O addition (oxyhemoglobin) (right).

Kdnig and Madeja set out to define a SCO point using a systematic approach with varying
anions. “° In their work, they corroborated findings from Schilt who observed
diamagnetism in an iron(ll) complex of 1,10-phenanthroline (phen) ligand with cyanide
ions, [Fe(phen)2(CN);], #* with findings from Basolo and Dwyer who reported a
paramagnetic response for an analogous complex, in which the X-ligands were chloride
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ions, to give ([Fe(phen)z(Cl)2]). > Kénig and Madeja observed the magnetic susceptibility
for a series of [Fe(phen).X;] (Figure 1.16) complexes with X= Br-, CI, SCN", N3', OCN",
HCOO" and CN-, and of these, only found diamagnetism in [Fe(phen)2(CN);]. *° These
findings are in agreement with the reported ordering of ligand-field strength.

Figure 1.16. Structure of [Fe(phen)2X2].

The bis-bromide and thiocyanate findings were supported by Baker Jr. and Bobonich, %
who also extended this work to [Fe(phen).(SeCN);] and [Fe(bpy)2(SCN).], which showed
an abrupt ST from ~5 BM to ~1.5 BM upon a decrease in temperature from ~300 K to
~110 K, over a narrow temperature range.

1.4.3 Metals that Exhibit SCO

Though SCO examples of iron(Il) and iron(lll) complexes dominate the field, there are
also some, albeit fewer, examples involving cobalt(ll) that have been studied over the
years. 4°0 Cobalt(lll) in an octahedral geometry is known to almost always adopt the LS
configuration owing to its exceptional stability of the d® configuration. However, though
rare, paramagnetism in the cobalt(lll) ion has been demonstrated %! and there are a few
examples recorded of HS cobalt(l1l) complexes such as [Co(Fs)]* and [Co(H20)s(F)3]. 52

In contrast to this, manganese(lll) is known to almost always adopt the HS configuration,
owing to the stability of the d* HS configuration. There have been very few examples of
Mn(lll) complexes that undergo SCO, the first of which was reported by Sim and Sinn in
1980, of the complex [Mn(trp)] (trp= tris[1-(2-azolyl)-2-azabuten-4-ylJamine]). > There
has since been more examples of SCO Mn(lll) complexes, such as those researched by
Morgan et al. > and collaborators. % ¢ A known LS example is the complex
[Mn(CN)g]*. °* %" Analogous to the aforementioned hexafluoride cobalt(lll) complex, is
[NiFe]* which is the only known example of a HS nickel(Ill) complex. 2° This is consistent
with the spectrochemical series of ligand-field strength, where fluoride is weak-field and
cyanide is a strong-field ligand.
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Further advances include dinuclear and polynuclear SCO complexes, where SCO-active
metal centres are covalently linked within discrete molecules, in an effort to enhance
SCO properties. %% Such structures include coordination polymers,! helicates, 52
cages, % and supramolecules % that can undergo host-guest chemistry.

1.4.4 The Fe(ll)-Ng System

The FeNes chromophore dominates the literature in the field of SCO. The most well-
researched metal-ligand combination is that of iron(ll) with tridentate chelating N-donor
ligands (Figure 1.17), particularly with N-heterocycles or N-pseudohalides as the ligand-
field produced by these is most fitting for the CFSE to allow SCO. 2% % Of this class of
compounds, the octahedral geometry forms the most prominent framework.

N,,,, N

Figure 1.17. The Fe''N¢ System.

There are a multitude of reasons for the dominance of Fe''Ns¢ SCO complexes which are
summarised as follows (however are further elaborated on in Section 1.4.10):

1 There is a dramatic change in the magnetic response between the LS and HS
states of iron(ll), which makes monitoring its spin state by means of
magnetometry (SQUID and Evans) and paramagnetic H NMR, more
straightforward.

9 Differences between the LS and HS can be observed structurally using X-ray
crystallography as there is a 10% difference in the Fe-N bond lengths in the two
states.

1 Mdssbauer spectroscopy can be used on iron, as differences in the quadrupolar
splitting and isomer shifts are evident between the two states.

1 The two spin states have distinct colours, where the LS state is usually strongly
coloured (purple-red hues) while the HS state is weakly coloured (white-yellow
hues). This allows qualitative observations simply by eye. %

Between the high- and low- spin states of iron(ll) nitrogen-donor complexes, there are
significant structural differences ' resulting in cooperative STs that are associated with
these differences, %8 and are therefore notably distinguishable between the two states.
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1.4.4.1 The Ligand System

Adding to the vast library of Fe''Ns SCO complexes, pyridine-containing ligands will form
the framework of iron(Il) SCO complexes studied herein. This metal-ligand combination
is supported by a favourable Lewis Acid-Lewis Base binding in accordance with the
Hard-Soft Acid-Base theory. As pyridine is a relatively strong-field ligand in the
spectrochemical series, the synergistic p-back-bonding interactions contributes to the
stability of resulting metal complexes (Figure 1.18).

n-back bonding

o-bonding
—Q
NODGOM

—

empty n* filled t,g

Figure 1.18. Pyridine-metal orbital interaction in p-back bonding.

The ligand framework employed herein is elaborated on in Chapter 2.

1.4.5 The SCO transition point

With the exception of a d® HS complex (which has an isotropic electron distribution), the
CFT of octahedral complexes predicts only a single absorption band in its electronic UV-
Vis spectrum, corresponding to the energy of the crystal field splitting parameter, Doct.
However, experimentally obtained absorption spectra of HS octahedral complexes, often
show 2 or 3 peadds bakmnewn wds cé i ndi-electron
interactions. % An example of the difference in number of d-d bands evident in a UV-Vis
spectrum, between the LS and HS states, is shown in Figure 1.19 of the complex
[Fe(ptz)s](BF4)2 (where ptz = 1-propyltetrazole) discussed by Giitlich et al. ¢

addi



5] 3
[

¢ (mol cm)-1
3

cm-1

Figure 1.19. UV-Vis spectrum of [Fe(ptz)e](BF4)2 in the LS (left) and HS (right)
spin states. Figure taken directly from publication. 26

Thesdaddd 6bands c dombiddere whechp give rise to very weak peaks in the
absorption spectrum -though these are not very commonly observed, one known

example of this is [Mn(H20)e]** (HS d®). *Mor e comodon lbyandés a+ e La
forbidden and therefore spin-allowed, which are the most typically observed.

An Orgel diagram shows the energy transition between an octahedral and tetrahedral

ligand field, however is a qualitative representation and it cannot be quantitatively used

to determinethee ner gy d-86 sturcahnséi t i ons. The -diowvedr am s
transitions and is only valid in the case of HS ions, where the electron-electron repulsion

is more significant than the CFSE effect. Orgel diagrams consider only the highest spin

multiplicity term of a metal ion in correlation to its ligand field. There are only two Orgel

diagrams known, Figure 1.20 shows the one for octahedral/tetrahedral metal ions with

d*, d*, d® and d® electrons.

| TolTag ' E/E,

E‘) 1

(4]

c

L

EIEg TZITZQ

A [ 0 A
d', d® tet. d', o oct.
d*, &® oct. a*, o tet.

Figure 1.20. Orgel diagram for a d?, d*, d® and d® ion. Figure reproduced
from Housecroft and Sharpe.®
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The interelectron repulsion is denoted by the Racah parameters B and C, which allows
for comparison of the energies of different term states. If the energies are experimentally
obtained, then the Racah parameters can be calculated from this.

More advanced than the Orgel diagram, is the Tanabe-Sugano (T-S) diagram in which
both high and low spin complexes are now accounted for. Tanabe and Sugano
developed the idea from CFT, using the Racah parameter to quantitatively describe the
absorption spectra of octahedral complex ions. ° They approximated values of the
Racah parameters for each d-electron configuration and drew up calculated energies for
each electronic state forming the T-S diagram. " 72 Using such diagram, the energy
required forthe HS-L St r a n s bt candbe deterines.

.7)E
E’ ( C‘/]E
| | /
AT,

5D 0 ®» 30 40

Aoct = Acrit =P

Figure 1.21. Tanabe-Sugano diagram for the d® configuration in and

octahedral ligand field. Figure taken directly from Hormann and Shaw
.

The crossover point between the HS angdb,LS

which equals P. In Figure 1.21, the T-S diagram is of a 3d® ion in the Oy point group,
such as Fe?* and Co®". The HS state occu r s w h ggrandahe lmvest energy term is
T,y and the LS st ad:andtheclawest esergytersn becamessthe Ay
A thermal equilibrium between both the LS and HS states may occur if the energy
di f f er enc e«abhdeltiswéteersamee order of magnitude to the average thermal
energy, Ky T, and therefore both spin states may be populated. "

st
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Though the Tanabe-Sugano diagrams depict the electronic energies of the LS and HS
states relative to the ligand-field strength, the potential energy surfaces relative to the
M-L bond distance must be considered to explain the SCO region. ™

1.4.6 Magnetic Bistability

Cooperativity is the transmission of a spin state change through a solid lattice. This is
governed by the ability of an individual molecule, that undergoes structural or electronic
alterations, to stimulate neighbouring metal centres to undergo conforming changes. 2
Highly cooperative systems can be identified by an abrupt ST over a narrow temperature
range of just a few Kelvin.

Thermal hysteresis is a result of cooperativity effects. It is where there is a delay in the
magnetic susceptibility response recorded against increasing and decreasing
temperature. The heating and cooling cycle(s) of a sample do not go back on themselves
in a sample that observes thermal hysteresis. The spin state is held for longer when the
loop region is entered from that spin state. In a hysteretic system there are two values of
T12, one from the cooling transition and one from the heating transition, Ti> Zand T2 §
respectively (Figure 1.22), and the width of the hysteresis loop is expressed as the

di fference between thes two temperatures,

<
5

1S
o

£ T2l Tyt
=

£

=

T (K) i

Figure 1.22. Magnetic susceptibility vs. temperature displaying SCO with a
thermal hysteresis loop.

A molecule that observes hysteretic behaviour is said to have magnetic bistability as it is
able to attain two spin states inside the hysteresis loop with an associated memory effect.
The system is said to mimic a binary system at the molecular level which make such
molecules highly desirable in memory devices.

Intermolecular bonding throughout a crystal lattice, such as hydrogen bonds, contribute
strongly to the cooperativity effects of the spin state conversion throughout a lattice. 7

&
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Additional factors that will affect cooperativity and therefore the likelihood of hysteresis
are counter-ions, lattice solvates and crystal packing effects (or the lack of).

It should be noted that where angular JT distortions inhibit SCO in the solid state of
certain HS iron(ll) complexes, this is not a translatable effect to the solution state.

1.4.6.1 JT Effect in HS Iron(ll) complexes

Aside from JT effects resulting in bond elongations or contractions, a structural angular
distortion from a perfect coordination geometry is another form of JT distortion effects.
This is oftentimes evident in certain HS iron(ll) complexes with meridonal tridentate

nitrogen-d onor | i gands, that are conformational

an octahedral complex. Such JT effects results in a reduced symmetry of the complex.

The unoccupied eg* orbitals in the LS state render its octahedral coordination sphere
more robust than for HS complexes. JT-distorted HS complexes show distortion in the
coordination geometry or ligand conformation and this can significantly impact the spin
state behaviour of such complexes. Solid state HS structures that differ too greatly from
their respective LS structures may not undergo SCO if the associated structural change
for the ST requires a too costly conformational rearrangement. As cooperativity is crucial
for a successful ST, propagation of a spin conversion would hinder all individual SCO
centres in a molecul e. Therefore, such
state. 3% %8 The magnitude of this distortion can be quantified by the deviation of bond
angles from perfect octahedral geometry as depicted in Figure 1.23.

Figure 1.23. Angular Jahn-Teller distortion in [Fe(1-bpp)z]** where dis the
dihedral angle and G is the N(py)-Fe-N(py) trans angle. Figure taken
from publication. ”*

The dihedral angle, d, quantifies the angular twist between the least-squares planes of
the two ligands, and the second angular component, @, quantifies the trans N-Fe-N angle
which depicts the degree of rotation between the two ligands across the iron centre. The

HS

y
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degree of distortion can be expressed by these parameters where dO 9 0 eli Ca nld8 0 ¢
(d= 90eli=zanildd0e for a peffect octahedron).

Afewwelckk nown exampl es of such o6t r afdpoumgexeslS mol
of 2,6-bis(pyrazol-1-yl)pyridine (1-bpp) [Fe(1-bpp)2](X2) where X= BF4s, PFs, ClOy4,

SbFg, I3, @ and iron(1 1) c-subsptltes xeepgridine f(terpg) , ligaddd

(Figure 1.24), [Fe(L)2](X2) where X= PF¢ or ClO4. The perchlorate salts of the latter
demonstrated a particularly high degree of JT distortions, such that coordination number

of the centre was closerto 4than 6.8l r on( 1 1) compl exes with &ésc
as tris(pyrazolyl)borate |Iigand have al so de
with significant JT distortion, independent of temperature. 8

Figure 1.24. The structure of 2,6-bis(pyrazol-1-yl)pyridine, [Fe(1-bpp):]?* (left) and
2, 2 Nj:tegpypidnbljNfe(terpy)z]?* (right).

The most prevalent class of angular JT-distorted iron(ll) complexes is of the HS [Fe(1-
bpp)2]** series 2 whichhavea o6 bi t e 6 a n g |’ Theonfost distoded nochplek 3 e .
is that reported by Kilner and Halcrow in 2006, which is [Fe(1-bpp):](SbFs). which
recordedd=59. 84 (39 1e54a.n5d®( 14) e .

1.4.7 Thermodynamics of SCO

The process of SCO can be considered to be governed by thermodynamics, as the

feasibility of the ST is depen dapsiidn (Eguatiolci b b 6 s
19) . Here &G is defined as the free energy d
( &G #S-G55).

YO YO "¥Y

Equation 1.9. The 2nd law of thermodynamics; Gibbs free energy equation.



-27 -

The number of molecules in the HS state is denoted as £xs, which is a fraction between
0 and 1 which denotes the population distribution amongst the two states. This term can
be related to the @G t hr Bquagidn1.10h® Bol t zmann e

y
N p Q

Equation 1.10. The Boltzmann distribution equation which correlates nust 0 &G.

Due to stronger bonding character and therefore larger CFSE, the LS state is
enthalpically favoured, so it is stable at low temperatures, whilst the HS state is
dependent on the electronic and vibrational entropy contributions and so is stable at high
temperatures. 685

1.4.8 External stimuli

We have seen how chemical modifications both to the ligand, and to the metal, *° can

control the spin-state through tuning of electron-donating and electron-withdrawing
environments. We have also seen how the binding of an additional ligand, which through
alteration of both the complex6s geometry an
resulting complex. ** However, more fitting for the aforementioned applications is the

control of spin state by an external and physical stimulus.

1.4.8.1 Temperature

Considering the potential energy wells of the LS and HS states for iron(ll) (Figure 1.11 -
reproduced below as Figure 1.25), as the temperature of the system is increased, the

complex takes this added thermal energy and converts it into vibrational energy in an

adiabatic process. This allows for the population of the excited vibrational energy levels

up to the O6crossing poi ntAtcoaihgtdthe€ranckSCormdond HS
principle, this is where the LS/HS ST occurs. 28
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Figure 1.25. Potential energy wells of an iron(Il) SCO system, with respect
to the Fe-N bond distance. The 'Ay4 state is the LS state and the Ty is the
HS state. Figure reproduced from Gutlich et al. %

The introduction of a temperature-dependence on the SCO activity was first reported by
Cambi and Szego6 with iron(lll) dithiocarbamates. 3 Upon finding distinct magnetic
moments at room temperature amongst a series of iron(lll) (N,N)-
dialkyldithiocarbamates, Cambi and Szegd explored this further by recording magnetic
measurements of the series at the temperatures 84 K, 194 K, 291 K and 350 K and then
connecting these points to show a general trend. 3738

This work inspired Ewald et al. to further explore the temperature-dependency of iron(lll)
dithiocarbamate complexes, taking more measurements at smaller temperature
intervals.  In their work they varied the alkyl group, R, in [Fe(S2CNR)s], to be methyl,
i-butyl, n-butyl and pyrrolidyl. In this work, p (BM) was recorded between 80-400 K and
curves were fitted to the plots wusing Van VI
of the ligating system, significant differences were observed in the SCO behaviour with
increasing temperature; the pyrrolidyl- substituted complex remained high-spin, while the
n-butyl- substituted complex showed some form of a SCO transition and the i-butyl- and
me- substituted complexes showed weak, more low-spin-like, behaviour (Figure 1.26). 8¢
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Figure 1.26. Magnetic moment of [Fe(S2CNRz)z] between 80-400 K with Van
Vleck curves fitted to the data, for R= Py (pyrrolidyl), n-Bu (n-butyl),
Me (methyl) and i-Bu (i-butyl). As reported by Ewald et al., graph taken
directly from publication. 8

SCO in chromium(ll) complexes induced by temperature was first reported by Halepoto
et al. in 1989, who explored a series of phosphine-based bidentate ligands with Cr?*
(d%). & The complex [Crlx(depe).] (depe=1,2-bis-(diethylphosphino)ethane) showed an
abrupt ST in the temperature range 165-175 K, with a T calculated at 171 K. This
complex was compared to analogues [Crlz(dmpe);] and [CrCL2(dmpe);] (dmpe = 1,2-
bis(dimethylphosphino)ethane) which both showed LS character. X-ray Diffraction (XRD)
analysis indicated an elongation of the Cr-P bond lengths in [Crl>(depe).], compared to
[CrCL2(dmpe)2], 88 by about 0.15 A -analogous to the elongation of Fe-N bonds upon
SCO in iron(ll) complexes. Furthermore, the Cr-l1 bond distances did not show any
significant deviations from the values found for [CsCrl3] 8 and [Crl;]. ® Thus differences
in the magnetic susceptibility was attributed solely to modifications of the phosphine
ligand, 8" highlighting the influence of ligand modification in designing SCO complexes.

1.4.8.2 Pressure

A pressure-induced SCO is useful for applications of such materials in pressure sensors.
Ewald et al. furthered their work by considering the pressure-dependency on the
magnetic susceptibility, in which they focussed on the iron(lll) N, NBu-dithiocarbamate
complex as this gave a clear ST with varying temperatures. Their findings showed that
magnetic susceptibility of [Fe(S2CN"Buy)s] in chloroform decreased as the pressure
applied was increased from 0 to 3000 atm (Figure 1.27). & This is known to be the first
example of SCO stimulated by pressure.
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Figure 1.27. Magnetic susceptibility of [Fe(S2CN"Buz)s] between 0-3000 atm
pressure applied. As reported by Ewald et al., graph taken directly
from publication. &

This pressure-dependency of iron(lll) dicarbamates in solution was corroborated in
further studies, where it was found that increasing pressure favoured the 2T, state (LS),
over the °A; state (HS), as it has a smaller molecular volume. °

A ST is driven by thermodynamics as there is a change in entropy due to the difference
in metal-ligand bond length between the two spin states. The M-L distance, r, between
the two states ikss@@phrioxi mat ehfgrrgifl), whchisnd 0.
significant considering this is approximately a 10% change in bond length. As the
potential energy wells depicted earlier in Figure 1.11 shows the vibronic energy levels

asafunctionofrmyf or t he t wo pysgspan be uset ta ratiersalise tleempressure
influence (Figure 1.28). %

Energy

r(Fe-N)

Figure 1.28. The change in potential energy of the 5T,4 state at a higher
pressure (P2), relative to the initial pressure (P1). Figure reproduced
from Gutlich et al. 9293

The simplified schematic in Figure 1.28 shows how an increased pressure displaces the
potential energy well for a 3d® ion. The LS state is favoured upon applied pressure and
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the T1» becomes shifted to a higher temperature. This is due to the change in zero-point
energy between t he W, SvhichisdreatdSat ashigleet peessure, &E
Further more, t he aw tsiincraasdad anP, whicle fawpyrs tleeB.§
state. 292

One of the most well studied systems for SCO is [Fe(phen)2(NCS).], ** which shows an
abrupt ST at 10° Pa with increasing temperature, but a complete loss of ST (effectively
just LS) at 0.57 GPa over the same temperature range (Figure 1.29). %
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Figure 1.29. Graph of XnT vs. T for [Fe(phen)(SCN),] at pressures 10° Pa,
0.17 Pa, 0.34 Pa and 0.57 Pa. Figure taken directly from Gtlich et al. *3

Increasing the pressure at a constant temperature on the solid iron(lll) complexes
studied by Ewald et al. was found to induce phase changes, °* though interestingly it was
noted that cobalt(lll) dithiocarbamates which are isomorphous to these complexes, did
not show any phase changes under the same experimental conditions.

1.4.8.3 Light Irradiation -The LIESST Effect

SCO can be induced by light irradiation in a process known as the Light-Induced Excited
Spin-State Trapping (LIESST) effect. Materials that undergo the LIESST effect, are
particularly of interest for application in optical switches, information sensors and
displays. % The process involves irradiation of the LS sample into spin-allowed d-d
bands or Metal-to-Ligand Charge Transfer bands (MLCT) using green light (& 6 r8n),
giving a metastable HS state. ”® Considering the energy diagram in Figure 1.30,
relaxation of this °T, state to the *A; state can occur if there is sufficient thermal energy
via intersystem crossing to the 3T, and T states, or by quantum mechanical tunnelling.
If the sample temperature is low enough, this relaxation cannot occur and the material

can become O6trappedd i AT, tAheversaleftha systemibhckto H S

st
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the LS state can sometimes be induced under these conditions by irradiating a low-
energy °T, d-d band using red light (@& 8 50 ®n m) .

The critical temperature, Tiesst, IS the temperature at which the molecules fully
occupying the HS state, have sufficient thermal energy to relax from the HS to the LS
state (Figure 1.31). Tuessr is found by measuring the temperature, starting from 10 K at
increments of 0.3 K min?, at which there is no longer a photomagnetic effect from a
material. °*

The relaxation time, ( from this metastable state to the LS state is measured and the
temperature of this thermal relaxation, Tuesst can be obtained ' % as a quantitative
measure of the SCO behaviour. As there is no relaxation pathway from °T,to A, the
iron(Il) system is trapped in the HS state, if T esst has not been exceeded. %’

MLCT
T, 4
A
T, 2

— 3T1 , 3T2

e 5T

1A1 Y

Figure 1.30. Jablonski-style energy level diagram to show the transitions
involved in the LIESST effect of an iron(Il) SCO complex. Figure
reproduced from Decurtins et al. %’

The LIESST effect is a solid state phenomenon owing to the rigid lattice at low
temperatures, which inhibits thermal relaxation processes and is able to trap the HS
state. However, initial studies to understand the mechanistic pathways of green light
irradiation at | okywetedirstpeported byuMcBasvey(a@ L&rhers
in iron(ll) and iron(lll) complexes in the solution state. %1% The complexes
[Fe(HPyBIM)s)?* and [Fe(HPyIM)s])** (where HPyIM = 2-(2-pyridyl)imidazole and HPyBIM
= 2-(2-pyridyl)benzimidazole) were investigated in three solvents, acetonitrile (MeCN),
acetone (Me.CO) and a methanol/acetonitrile mixture (MeOH-20% MeCN). The A X
equilibrium was perturbed by light at =530 nm, and the relaxation time was measured.
This value was then be used in the calculation of the activation volumes for the *A-°T
transi f)iamdthe T3V t r a n s d4;1)tandaheir réspevtive activation entropies,

&%/ &S Their findings e xidainbdi sta@sdhe ibimérksheweda c e s

solvent-dependency, with MeCN giving the most distinct and favourable results, while
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the latter showed unfavourable activation volumes and activation entropies with no
solvent-dependence. *° This solvent dependency was also highlighted with the iron(lll)
complexes studied, [Fe(XSaL2trien)]Y where X = H or OMe, and Y = PFg or NOs.
Distinct differences in the activation enthalpy and entropy parameters were observed for
the obtained relaxation times in MeOH and Me,CO, attributed to potential Hydrogen-
bonding interactions with the N-H functionality of SaL 2trien. 1%

This work was extended to the solid state by Decurtins et al. on the complex
[Fe(ptz)e][BF4]2 (Wwhere ptz = 1-propyltetrazole), in which Méssbauer spectroscopy and
single crystal absorption measurements were used to monitor the iron species. It was
reported that upon light irradiation, the HS state became long-lived, at temperatures
below 50 K (TLesst@ 5 01°1 Ry)raising the temperature, to 97 K, the additional thermal
energy provided caused all the molecules previously trapped in the HS state to be
relaxed down to the LS state. Further increase in temperature to 148 K, i.e. exceeding
the T12¥ of 135 K, 12 resulted in thermally-induced SCO again from the LS to HS states
(Figure 1.31).

~
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Figure 1.31. Simplified graph of pert vs. T for a polycrystalline sample of
[Fe(ptz)s][BF4] studied by Decurtins et al. Figure reproduced from
publication. 102

Decurtins et al. added to their preliminary findings with studies on the SCO-famous
[Fe(phen)2(NCS),] °" and [Fe(2-pic)s]CL2.EtOH % complexes (where phen = 1,10-
phenanthroline and 2-pic = 2-aminomethylpyridine). Both these complexes are deeply
coloured in the LS state and so Mdssbauer characterisation proved useful in these
experiments for characterising the light-induced HS state (Figure 1.32).
[Fe(2-pic)s]CL2.EtOH showed a colour change from red to yellow (*Aig to 5Tag) when
illuminated with light below its T, of 25K, and [Fe(phen)(NCS);] underwent bleaching
from dark blue-violet to white below its T of 55K, indicating the occurrence of the LIESST
effect. Key differences of [Fe(2-pic)s]CL2.EtOH compared to [Fe(ptz)s)[BF.], were that

o

a.) the volume change accompanied byt he i rradi ation at a

25
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shatter and b.) when the temperature was raised between 25 < T < 30 K, relaxation from
the HS state was observed within just 60 minutes. 1%
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Figure 1.32. The Mdssbauer spectra of [Fe(phen)2(NCS)] at 6 K, before light
irradiation (A) and after light irradiation (B) for 1 hour. Figure taken
directly from publication. ®’

There is a vast amount of research on the perturbations of SCO and a selected sample
of its early origins has been discussed herein. These have included chemical stimuli by
ligand design or ligand substitution, and physical stimuli such as temperature, pressure
and light irradiation. Although omitted here, an additional physical stimulus includes the
use of high magnetic fields to induce a spin transition. 104 10

1.4.9 Second Coordination Sphere effects

Intermolecular interactions, such as hydrogen bonding, non-coordinating anions and

lattice solve n t come wunder the 6second coordinat.

entities can influence the magnetic behaviour by a.) its effect on the packing of the crystal
lattice, b.) mediating interactions between iron centres and c.) by electronic interplay with
the ligands. *° This in turn affects the SCO behaviour of complexes featuring such
characteristics.

Nanoporous materials that can adsorb a-nd
guest o6 chemistry can exploit this feature,

centred around room temperature, with memory effects that are guest-dependent. 10
Many other studies have been undertaken to understand the extent to which second
coordination sphere effects can impact a ST and how such effects can be controlled.

A study of iron(lll) FeN4O2 complexes showed distinct magnetic susceptibility
measurements as the counter-ion was changed. The complex [Fe(salen)(Him)2](X)
(where Him= imidazole) was studied by Nihei et al. 1% with X=PF¢", BPh4, ClO4 or BF4.

on

de
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It was found that complexes with the former two counter-ions produced purely HS
complexes, while complexes with the latter two counter-ions demonstrated gradual SCO.
Of the perchlorate complex, XRD structures were obtained in the HS and LS states (at
295 K and 120 K respectively) which showed distinct Fe-N bond length changes of
0.154 A for both Fe-N bond types, whilst the Fe-O bond length change was negligible
(0.002 A) between the two spin states. The differences were attributed to a change in
the configurations about the coordination sphere, as the chelating salen ligand adopted
an envelope configuration when the counter-ion was ClO4 or BF4 but adopted a meso
configuration when the counter-ion was PFg". %7 This evidences the magnitude to which
the counter-ion affects the ST.

A study of anions and solvate effects was carried out by Judge and Baker. ° In this work
the effective magnetic moment was measured for a series of cobalt(ll) bis-terpyridine
complexes with varying counter-ions and degree of hydration between 15 and 400 K in
order to study their temperature-dependences. It was shown that [Co(terpy)2](F-).3.5H.0
recorded a Mer & 2.0 B M =178 SBM) Obetween 20-300 K while
[Co(terpy)2](F2).4.5H,0 recorded a perd 4 . 0 B M=3.87HBSI) €howing that just 1
molecule of water distinguished the LS and HS states.

Furthermore, it was shown that this trend was not consistent across the halogen counter-
ions, as when the anion was a chloride or iodide, their hydrated analogues, though only
slightly, showed lower magnetic moments than their dehydrated counterparts. * There
have been many more, and more recent, studies of lattice solvent effects on iron(Ill) SCO
complexes. 2% 3° This has included studies of different solvates influencing structural
phase transitions, 1% observations on solvates stabilising one spin state over the other,
109 the reversibility of the dehydration-hydration process, 1'% 11! and studies of solvate-
loss on more versatile structures such as 1D coordination polymers. ©*

1.4.10 Measuring SCO

Studies reported within this thesis use temperature to probe SCO behaviour. Methods of
measuring this perturbation discussed below is limited to methods and facilities that are
capable of variable temperature (VT) measurements.

In the solid state, there are lattice effects which can affect the population of the e4 and
tzg levels, through two dominant mechanisms, (a) by an inflicted distortion from the
octahedral geometry, relative to the unbound molecule and (b) by atoms from
neighbouring molecules in the lattice affecting the ligand-field. °* These effects are not
present in solution, therefore there are discrepancies between studies in the solid and
solution states, and methods of measuring SCO can be split accordingly.
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1.4.10.1 Solid state SCO

The previously discussed, Mossbauer spectroscopy °7 10119 affords information on the
spin state, spin transition, magnetic susceptibility, iron concentration and structural
distortions on iron(ll) SCO complexes. 2 However, additional solid state techniques to
measure SCO include the Gouy method, the Faraday method, and, the more modern-
day technique, the Superconducting Quantum Interference Device (SQUID)
magnetometer, which can record measurements down to liquid helium temperatures.

The Gouy method '3 involves suspending a sample from a balance in the presence of a
magnetic field generated by electromagnets (Figure 1.33). The difference in the weight
with and without the magnet of the sample is recorded, and the difference will be positive
or negative depending on whether the same is paramagnetic or diamagnetic
respectively. ** As this is a bench-top method, the simple addition of a thermostat can
allow for temperature-dependent measurements, and changing the strength of the
magnet used can also determine sample dependency on the field strength. °
Mathematical calculations can also be applied to determine the volume susceptibility. 11

N[ 1T [s

Figure 1.33. Schematic diagram of the Gouy Balance.

The modern-day SQUID magnetometer ¥’ was evolved from the Gouy method. It
involves a superconducting loop with Josephson junctions. The uniqueness of the
SQUID is the use of a superconducting material, and in the presence of an applied
magnetic field, the magnetic flux lines cannot penetrate the superconducting region.
Instead it expels it to the extent that it circulates the superconducting ring in a
phenomenon known as the Meissner effect (Figure 1.34). Since a superconductor has
zero electrical resistance at T<T., when the field is turned off below T, the current
remains in circulation around the ring rather than decaying as a non-superconducting
material would. 118



o
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Figure 1.34. The Meissner Effect (far right) in a superconducting material
after applied field has been removed and T<Tc. Figure reproduced
from Fagaly. 118

Josephson junctions are resistive barriers which are known as weak bridge points across
the superconducting ring, these Josephson loops are inductively coupled to the
superconducting input coil (Figure 1.35). The SQUID magnetometer incorporates these
to measure very small variations in the magnetic flux by measuring changes in the
voltage drop across the Josephson junction. ¥ The SQUID is significantly sensitive to
the extent that it can even detect very weak signals such as ones originating from the
brain! ® Magnetoencephalography in biological studies is an application that exploits this
extremely high sensitivity. 11°

Bias Current Josephson
Junctions

Sensor _,
Input Al
Coil *

Modulation and
Feedback Signals

> SQUID loop
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Figure 1.35. A SQUID loop with two Josephson junctions. Figure taken from
publication. 118

The lack of resistance at T < T¢ in the SQUID allows for high magnetic fields to be
achieved. The SQUID has been reported to achieve a field resolution down to 10*' T, 118
and the SQUID instrument used in this thesis can achieve a magnetic field of up to 9T
and reach temperatures as low at 5 K with liquid helium as the active cryogen. This
allows for accurate VT studies of SCO complexes with as little as 5 mg of sample from
5-375 K. A SQUID instrument coupled to an optical source through optical fibre has even
been used to measure the LIESST effect and photomagnetism

Furthermore, other solid-state techniques such as single crystal X-ray Diffraction (XRD)
and powder-XRD (pXRD) can offer structural information between structures in the LS
and HS states. In addition to bond lengths and bond angles, the coordination volume
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(Von) can be obtained by XRD and is distinct between the LS and HS states. For
example, complexes of [Fe(bpp)2]?* have been reported to have Von= 9.6 + 0.2 A3 for LS
state, and their HS equivalents have Von= 12.6 + 0.2 A3, 120

Thermodynamic parameters such as enthalpy and entropy of the SCO **2 process can
be calculated from calorimetric methods such as, Differential Scanning Calorimetry
(DSC). Combined use of all these analytical techniques provides researchers as close
to as full a picture as is currently achievable in SCO research.

1.4.10.2 Solution state SCO

The Evands Met hod, ' druzially supptements solitl $t&t& magnetic
measurements with solution state VT studies. This involves the use of *H NMR, where a
paramagnetic *H NMR is recorded of a sample with a reference containing just the
solvent and no paramagnetic species, is inserted coaxially (Figure 1.36). The chemical
shi ft dilppne betwveen the peaks from the solvent in the presence and in the
absence of the paramagnetic sample, is obtained and used in subsequent calculations
to obtain values of the magnetic molar susceptibility, m. These spectra can be recorded
at various temperatures (solvent permitting) in order to determine SCO behaviour.

Solvent + TMS

Solvent + TMS +
sample

Figure 1.36. NMR tube with coaxial insert used for Evan's Method. Where
TMS is the NMR reference sample, tetramethylsilane.

The calculations involve a series of corrections as proposed by the following. In 1970,
Live and Chan reported that a diamagnetic correction 2> should be applied for the
differences in bulk and reference magnetic susceptibility, 122 two years later, Ostfeld and
Cohen noted that the density of the solvent used also needs to be corrected for at the
different temperatures. ?* This is imperative in VT studies as this would affect the
concentration of the paramagnetic solute, and therefore the values of pes and any
correlating thermodynamic parameters. It was later noted by Piguet that this solvent
correction is only applicable for small paramagnetic molecules and can be neglected for
large molecules. ' Finally, in 1992 Shubert reported the need for corrections for spectra
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recorded on modern day NMR instruments which use a superconducting magnet, and
therefore run at higher fields. 12

Overall, the combined efforts 2% h ave resul t ed i n'HNMRdethads VT |
with decent accuracy. While it should be noted that the method has been reported to

have a high error of 5-10%, !?” is highly concentration dependent and impurities can
significantly impede results, 128 it has been sufficiently accurate for use herein for solution

state SCO studies of iron(ll) complexes.

Other solution state techniques include, the more simple paramagnetic *H NMR, which
is sufficient for quick inspection of the degree to which a sample is in the HS or LS state,
at room temperature. Furthermore, particularly useful in photophysical studies, is the use
of UV-Vis optical spectroscopy, as SCO is often accompanied by a colour change. From
this, d-d absorption bands can be identified and used to track the ST. 2 In Chapter 3,
we see how even High Resolution Mass Spectrometry (HRMS) can be used for quick
inspection of spin-state at instrument-operating temperatures.

1.5 Computational methods

The Time-Independent Schrédinger Equation ((TI)SE) for a one electron system is
shown in Equation 1.11 where H is the Hamiltonian operator of the wavefunction ( ) and
E is the eigenvalue operator. The Hamiltonian operator is a summation of the kinetic
energy and potential energy components of the electron. 12°

dwo e wo
Where d - — -

Equation 1.11. The time-independent Schrddinger equation for a hydrogenic
atom.

Though itis impossible to solvethe SEforamany-e | ect ron (n O 2) syst el
additional electron-electron interactions, such as Coulombic repulsions, approximations
can be taken for these systems and the ultimate goal is to achieve the best approximation

to the real wavefunction.

In the many-electron system, the Born-Oppenheimer approximation 3¢ to the
Hamiltonian is taken, which considers the electronic motion of an electron separately to
the vibrational motion. This can be assumed as the motion of a nucleus is effectively
frozen compared to the fast motion of the, much lighter, electron. However, this
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approximation alone is insufficient for solving the (TI)SE, and further advances have

been developed to solve the many-electron system.

The Hamiltonian operator is as shown in Equation 1.12 for a two electron system, where
there are distinct kinetic energies for the two electrons (1 and 2), and separated potential

energy components for the electrons and protons (A and B). The coulombic attractive
termsare —h —h — ®¢& Q — andtheterms — M & Q- are the inter-electron

and inter-proton repulsions respectively.

o)

Yalhe)
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Equation 1.12. The Hamiltonian operator for a many-electron (n=2) system, with
approximations.

As the number of electrons in a system increases, so does the number of variables to
add to the (TIl)SE. THhoiosdyidés pkrnodownre nas Tthhies d&naann
best by taking a Linear Combination of Atomic Orbitals (LCAO) for each MO.

The Variational theory states that any ground state energy achieved for a trial solution of
the SE will always be greater than the true ground state obtained from the exact
wavefunction. This theory is applied with normalised MOs to obtain the set of Hartree-
Fock-Roothan (HFR) equations, which contain the Fock integral and the Overlap integral
(Equation 1.13). 31133 The Self-Consistent Field (SCF) method is then applied. 34 This
is an iterative energy optimisation method of each one electron MO, used to obtain the
best set of coefficients for each MO, which is then used in subsequent calculations until
self-consistency (minimised energy) is achieved of all the orbitals.

6 O 0OV Tt

Equation 1.13. The Hartree-Fock-Roothan equations.

The SCF method replaces real electron-electron interactions with an average interaction.
Therefore the HFR is missing this important contribution to the energy, the Correlation
energy, which is the difference between the real and missing energies.

The HFR method is based on a single Slater Determinant, 13° which overestimates the
ionic contribution to the wavefunction, relative to the covalent contribution, particularly at
long bond-lengths. Therefore an improvement to the wavefunction would be the use of

multiple Slater Determinants, in what is known as multiconfigurational methods.
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Examples of these post-SCF methods include, the Configuration Interaction method, 3¢
the Mgller-Plesset Perturbation theory, *” and Density Functional Theory (DFT). 1%

1.5.1 Density Functional Theory

In DFT, functionals (functions of functions) of electron density are applied to the many-
body system. The ground state energy of N electrons in 3N spatial coordinates of
electron density is determined. This can be divided into the terms shown in Equation
1.14. The energy functional as a function of electron density, O " hwas achieved as
a result of the combined efforts from Thomas, **° Fermi '?* and Dirac,**® 4 Kohn and
Hohenberg %2 and Kohn and Sham. ** The overall functional is a summation of the
orbital kinetic energy term, ('Y ”  hnuclear energy term (O " ), the coulombterm (0" )
and finally, the exchange correlation term, O " , the latter of which was proposed by
Kohn and Sham. 43

'O ” "Y ” 'O ” 0 ” 'O ”

Equation 1.14. The energy functional as a function of electron density.

DFT has demonstrated great use in the study of iron(ll) SCO complexes, and generally
of transition-metal complexes, with moderate computational cost. It can handle
calculations of large molecules i.e. of 100 atoms, with fairly accurate results. 44

It was first used in SCO by Paulsen et al. 8 who carried out a full geometry optimisation
on the HS and LS states of the complex [Fe(tpen)]** (where tpen = tetrakis(2-
pyridylmethyl)ethylenediamine) and several other iron(ll) complexes including the SCO-
famous [Fe(phen)2(NCS).], [Fe(phen)(NCSe),] and [Fe(bpp)2]** complexes. DFT
calculations were performed on these models, using experimentally obtained T1, values,
to compute values for Ee( 0 ) ,io(T@E, a@p ( & n d 12)am®@(dér to predict &s(T). 8

The study employed Becke's three-parameter exchange functional, as a hybrid method
with the correlation functional from Lee, Yang and Parr, %° giving the B3LYP method 4®
- a popular functional used in chemistry. 4’ This was performed with different basis sets,
which demonstrated an influence on the value obtained for a&e(0). Though DFT is a
useful theoretical tool, some contrasts still remain between theory and experiment,
therefore, improvements to the method employed should be explored as a means to
reduce these disparities. &

In addition to the electronic and thermodynamic parameters, electronic structure
calculations from DFT allow for quantitative understanding of the theoretically most
stable configuration, isomer or molecular geometry of a given molecule at specified
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temperatures. With metal complexes, oxidation states and charge on the metal ion can
also be accounted for in calculations. Furthermore, such calculations can be used to

design future iron(ll) SCO complexes with given properties, ** demonstrating how
powerful this computation tool can be.
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Thesis objectives and aims

Following recent findings within the Halcrow group that concluded a distinction in SCO
behaviour through chiral discrimination of metal-PyBOX complexes, this thesis sets out
to further investigate this chiral discrimination in SCO complexes, endeavouring to
explore if it can be further enhanced.

A core objective of this thesis is to build an understanding on the effect of swapping
oxygen for sulfur in the PyBOX ligand, giving thioPyBOX, on the SCO activity of
analogous complexes. Since there is little literature concerning the thioPyBOX ligand,
this thesis aims to add to the literature regarding the synthesis of the thioPyBOX ligand
and its derivatives, whilst adding further characterisation and data that has not previously
been reported in the chemical catalogue.

Catalytic activity of metal-PyBOX complexes are of particular interest as the PyBOX
ligand is renowned for its contribution to successful metal catalysts. The work herein
aims to build on this research with further demonstrations of metal-PyBOX catalysis.
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Chapter 2
Synthesis and Characterisation of
2,6-Bis(thiazolinyl)pyridine (ThioPyBOX) Ligands

2.1 Introduction

The unique design of ligands and their intricacies is what allows chemists to control the
function and output of coordination complexes.’® Even small electronic and steric
alterations in metal complexes can be influenced by the ligand. Thus, it is important to
discuss and understand the design, development, and synthetic strategies employed in
the synthesis of the ligands within this thesis.

2.1.1 N, N o-LiNahds

N, N &ligaxds @re intrinsic to the world of coordination chemistry, forming the structural

basis for a vast library of nitrogen-d onati ng | i gands. A countl es
ligands can be achieved through featuring various nitrogen-based functional groups from

amines, amides and imines to heterocycles such as pyridines, pyrazines, pyrazoles and

pyrroles. 14°

2.1.1.1 Schiff-base ligands

A well-established class of N-donor ligands are based on the Schiff-bases, established

by Hugo Schiff in the 19" century. 1S c hi f f 6s di scovery of this
has resulted in huge victories in the world of science such as the synthesis of b-lactams

for antibiotics. 2 Other biological activities against Escherichia coli, Staphylococcus

aureus and Bacillus subtilis have also been demonstrated by metal complexes of
tridentate Schiff-bases, 1 as well as anti-urease activity, *** and anti-inflammatory
activities. 1°°

In coordination chemistry, metal complexes of Schiff-bases, bearing N and O donor sites,
have been widely employed as catalysts in polymerisations, oxidations and reductions
of organic compounds. *®* The Schiff-bases are used as molecular scaffolds to design
and fine-tune metal complexes of its derivatives to diversify its applications. 1°® They are
selectively used owing to their facile synthesis, **’ thermal-, air- and moisture- stabilities
and high product selectivity if the Schiff-base is chiral. 1*°* Schiff bases can also give rise
to other desirable properties in coordination complexes such as spin-crossover and
magnetic coupling. “® 4% 1% One of the first examples of a chiral metal-Schiff base
complex was demonstrated by Noyori et al. in 1968 using copper (Figure 2.1), ** which
contributed to his award of the Nobel Prize in Chemistry in 2001.
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Figure 2.1. The copper-Schiff base complex studied by Noyori et al. 1%

With an interest in exploring the p-bonding nature of unsaturatedN-d onor at oms, N,
Schiff-base ligands were pioneered by Stoufer and Busch using pyridinalhydrazone
scaffolds (Figure 2.2). 1%° These systems have since been further developed using this
N, N6, N o6-base Sacchitécfure, creating pincer-ligands featuring N-heterocyclic
systems. These system are fundamental in organic synthesis and natural product
chemistry, %! as well as medicinal chemistry as demonstrated by Gehad with the metal
complexes [MXz(L1or L2)]-nH20 where M = Fe(ll),Co(ll), Ni(ll), Cu(ll) and Zn(ll), X = ClI,
L1 = 2,6-pyridinedicarboxaldehydebis(p-hydroxyphenylimine) and L2 = 2,6-
pyridinedicarboxaldehydebis(o-hydroxyphenylimine) (Figure 2.3). Their studies showed
the metal complexes of these ligands to be more potent against the bacteria E. coli, P.
aeruginosa, S. aureus and Fungi, than the uncomplexed ligand alone. 12

Figure 2.2. Structure of 2,6-pyridindialdihydrazone. 1%

| > |
H - H H P/ H
N OH N OH
N N ©/N N\©
HO” : : “OH
L1 L2

Figure 2.3. N,N',N"-Schiff base ligands employed in the study by
Gehad. L1 = 2,6-pyridinedicarboxaldehydebis(p-hydroxyphenylimine)
(left) and L2 = 2,6-pyridinedicarboxaldehydebis(o-
hydroxyphenylimine) (right). 162
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2.1.1.2N, N 6-pintérdgands

N, N &pinbkd l@ands in general are particularly ubiquitous in coordination chemistry
due to their favourable binding through chelation, which thermodynamically favours the
metal complexation and renders ligand dissociation undesirable. % In the case of
[ M( N, B oomplexds,)where the ligand is tridentate, there are two geometric isomers;
facial (fac-) and meridonal (mer-), 54 which are shown in Figure 2.4.

N N
N My, | R N N ", | et N
N N N N
N N
Facial Meridonal

Figure 2.4. Facial (left) and Meridonal (right) isomers of an [M(N,N',N"-
tridentate),] complex.

Amodelclassoffac-t ri dent ate | igands are the &6s<corpi ¢
known of examples of these are hydrotris(pyrazolyl)borates (Tp) 6% %6 (Figure 2.5),

which can coordinate to a metal from each N-donor site on the pyrazole groups. ¢’
Derivatives of these can be synthesised by substitution at the pyrazole 3-, 4- and 5-

positions, to design and control the sterics and electronics of the resulting ligand. Though

Tp ligands are most widely used to add stability to a coordination system, they have been

employed as a model system for three histidine ligands in metalloenzyme active sites, %8

in catalytic systems for polymerisation studies 1°, C-C coupling ’° and more generally

used as a stabilising group to 6écapt8Atlhe cor
metal:Tp ratio affords a half-sandwichor ¢ psitacnoml 6 compl ex, whil e &
the fac- structure shown in Figure 2.4, provided the size of the metal ion can accomodate

this. Furthermore, scorpionate ligands have attracted attention from their similarity to the
well-respected, cyclopentadienyl ligand (Cp). Similarities include their anionic binding,

the geometries of their complexes and both being 6e- donor systems. 1

Py

SN
Ry

O

Figure 2.5. Structure of a hydrotris(pyrazolyl)borate (‘'scorpionate’) ligand.

,
,
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The diversity of the Tp ligand is demonstrated in its ability to switch between tridentate
and bidentate coordination modes, with non-innocent interactions. Additionally, the angle
of the pincer O6ébited to the met al can
flexibility of a tether incorporated at the R positions of each pyrazole. Tethered Tp ligands
have shown to encourage the formation of a cationic octahedral [M(TpR)2]™ sandwich
complex, 172 while less restrictive tethers tend to favour a piano-stool geometry. 17

While complexes of monodentate N-donor ligands dictate geometry through sterics,

be

C

el ectronics and CF SE, -trideatatg hnalegaes feaiuking N- N O, N ¢

heterocycles have extensive p-conjugation, and so are more sterically demanding as
these favour planarity. These N,NONG-f@incer type ligands often result in constrained
conformations about a metal centre, which can dictate metal complex geometry based
on accommodation of the pincer ligand(s). This reaches an extent where a compromise
is needed between the metal and ligand geometries, which often leads to geometric
distortions (angular JT distortion effects), and in extreme cases, can result in only partial-
binding of a multidentate ligand to a metal. This hemilability of pincer ligands has proven
advantageous in applications such as catalysis. 174

21132, 2 6 - Befpyritlided

Prompted by wearl i er -bidentat iligarsd s o fs uc h abgpysEdine? , R,6N O

(bpy) and 1,10-phenant hr ol i ne -f{epynidine {terpy) 2nd 2ADdertvaiive?
were introduced (Figure 2.6). These are typical pincer ligands used in the design of
transition-metal catalysts and in the structural architecture of supramolecules, as stable
linkers. 1" Terpy has been extensively studied and has been shown to chelate to a
multitude of metal ions such as copper, ¢ cobalt, iron,*’” zinc,'’® ruthenium, osmium,’®
and palladium.*® |t has also shown the ability to stabilise low-valent metals such as
nickel.8!

Figure 2.6. Structures of 2,2'-bipyridine (left), 1,10-phenanthroline (middle)
and 2,2":6'2'-terpyridine (right).

The high affinity of terpy towards metal ions, is due to the p-accepting nature of the three
bonded pyridine rings over which its electron density is delocalised. Whilst terpy provides
a strong s-donation of electron density to the metal centre, synergistically, the electron

00
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deficiency of the pyridine rings renders terpy a good receptor of * -electrons from the
metal into its LUMOSs, rendering it a strongly p-back-bonding ligand (Figure 2.7). This,
coupled with a strong chelate effect, entropically drives its complexation with metals.

n-back bonding

o-bonding
=
\ NOEDM
empty ©* filled t,g

Figure 2.7. Pyridine-metal orbital interaction in p-back bonding.

Terpy adopts a quasi-planar geometry when there is one unit complexed to a metal, but
in a bis-terpy metal complex, the two planar terpy ligands adopt a perpendicular
conformation to each other to give a mer-octahedral geometry (Figure 2.8).

Figure 2.8. The structures of a classical mono-terpy-metal complex (left) and a
bis-terpy-metal complex (right)

Vast research into transition-metal-terpyridine complexes have shown applications of
functionalised terpy ligands in the architecture of coordination polymers principally using
iron(l) and ruthenium(ll) ¥ as well as, catalysing essential C-C cross coupling
reactions,’®® dye degredation!® and artificial photosynthesis. 8 This provides
confi dence i-nhetdrdoyiclis systemNaé a Igénd for catalytic coordination
compounds.

Owing to its inexpensiveness and commercial availability, the terpy ligand is used as an
initial model system for the design of some of the metal complexes in this thesis. The
ligand also provides a route to understanding and predicting the chemical behaviour and
properties of the ligand system employed herein.
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2.1.1.4 2,6-Bis(pyrazolyl)pyridine

El abor at i ng -haenocycld, lijandsNié 6the ligand system 2,6-bis(N-
pyrazolyl)pyridine (bpp) (Figure 2.9) along with its library of functionalised derivatives. 18
This ligand system is particularly well-known in the field of Spin-Crossover (SCO), due
to its flexibile synthetic routes which result in a vast library of functionalised bpp
derivatives. These derivatives are fine-tuned in its steric and electronic properties to
induce a desirable SCO behaviour, most notably in its iron(ll) complexes. " Although

bpp features a centr al pyr i d$chifebase ligangls, the k e

other two heterocycles bound at the 2- and 6- positions of pyridine are now pyrazoles,
which are five membered rings, with two carbon atoms substituted for nitrogens. As with
terpy, its Co-symmetric structure simplifies its synthesis and the resulting configuration
of subsequent products formed. Despite appearing similar to the terpy ligand at first
glance, it in fact holds very different chemical properties such as different routes to
synthesis, kinetic lability, p-orbital energies and differing electron-richness of the
resulting metal-bpp complexes,*®® rendering bpp a class of its own.

Figure 2.9. The structure of 2,6-bis(N-pyrazol)pyridine (1-bpp).

Iron(ll) and iron(lll) complexes with the bpp ligand, and its derivatives, have been
explored in the context of SCO compounds, which are of interest in the application of
molecular switches, as they can mimic a [1,0] binary system at the molecular level. 8’
For application as a molecular switch in memory and storage devices, optical displays
and sensors,'88 the complexes ideally need to be designed to produce an abrupt spin-
transition and a hysteretic response centred around room temperature, 300 K. 1
Successful molecules can then be tethered to the components in these devices. Many
derivatives of the bpp ligand have been achieved, an example of such are di- and tri-
(pyrazolyl)azines which have been studied within the research group to produce
coordination polymers and helicate structures. 1

Furthermore, a substantial amount of work, particularly within the Halcrow group, has
been undertaken to explore how functionalisation of the bpp ligand affects the SCO
behaviour of its iron complexes.'®% 192 Both the identity of the ligand substituents and
their position on the bpp ligand framework have been explored (Figure 2.10). This
provides researchers a more in-depth understanding of the structure-function
relationship in SCO compounds. This highlights just how much control one can have by

t
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fine-tuning the ligand design to produce specific chemical and physical behaviours of

metal complexes of these ligands.

Y
h A Me, CH,SCN,CO,H,
N=N <N F, Cl, Br, |
- NH,, NMe,, NO
\ . 2 2 2
X /_ N—-Fe‘—NQ—X OMe, OH.
N—N SH, SSbpp, SMe, SOMe,
N-'\* - SO,Me
N Y
V Y=H,
Y Me, CH,OH, tBu, CO,Et,

ClL Br, |

Figure 2.10. Different substituents and their positions studied in a structure-
function relationship study of [Fe(bpp*Y),]?*. 1

It should be noted that though ligand design is a crucial way of designing SCO-active
compounds, it is not the sole way. Other factors such as lattice solvent in the solid
material, counter-ions and ultimately crystal packing effects, 2% 1% can significantly affect
the SCO behaviour of such metal complexes. This will be elaborated on in Chapter 3.

Across all the pincer ligands discussed so far, there are key steric and electronic factors
that can dictate the chemistry of resulting metal complexes. These are summarised in
Figure 2.11.

Determines ring size

Can determine bite angle effect

Can be used to introduce chirality
Electronic control

(trans influence)
- \’ Modification of R gives
Detel:mmes electron steric control
density of central X L - M Can introduce chirality here
donor atom . Electronic control through L
Useful for anchoring "b L can determine hemilability

Typical aroups

X = Halogens, R, OR
Y = 0, NH, (CH,),
L=N,C

L'=P, N

,0

Figure 2.11. Factors governing steric and electronic control in pincer
ligands. Figure adapted from Peris and Crabtree. 17



-51 -
2.1.2 The PyBOX Ligand

Further functi on al-iigam syisterncaroifvolve lteringNhe MtomidN 6 6
makeup of the heterocyclic rings. The ligand, pyridine-2,6-bis(oxazoline), abbreviated to
PyBOX, is the tridentate counterpart of the bis(oxazoline) ligand family (BOX) (Figure
2.12). 1% Mutual to terpy and bpp, PyBOX is also a C,-symmetric molecule and features
a central pyridine ring and, similarly to bpp, has two 5-membered heterocyclic rings at
the 2- and 6- positions of the pyridine. The key difference between bpp and PyBOX is
the more electronegative oxygen atom within the 5-membered heterocycles.
Furthermore, the 2- and 6- positions of the pyridine ring are now bound to these
heterocycles by a stronger C-C bond rather than a weaker C-N bond (bond energies:
346 kJ mol* and 305 kJ mol? respectively %). Since its emergence into the chemical
catalogue, the PyBOX ligand and its derivatives have been most commonly employed in
the field of catalysis. 1%

O \|/\|, o) (¢] o
| I | |
N N N N
BOX PyBOX

Figure 2.12. The structures of bis(oxazoline), BOX (left) and 2,6-pyridine-
bis(oxazoline), PyBOX (right).

Substituted PyBOX ligands, with the R- groups isopropyl-, tertbutyl- and secbutyl-, were
first synthesised by Nishiyama et al. in 1989. These were complexed with rhodium(lil)
chloride to produce a series of successful chiral catalysts for the enantioselective
hydrosilylation of ketones (Figure 2.13). 197:1% Similarly efficient catalysis was also found
using rhodium(1)/PyBOX catalyst precursors. *° Since then, the synthesis of the PyBOX
ligand has been further established by the development of alternative preparative routes.
An example of this is demonstrated by Cornejo et al., where a one-pot synthesis of the
ligand was achieved that required fewer purification steps with little compromise of the
yields. 2%
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Figure 2.13. Rh-PyBOX catalyst studied by Nishiyama et al. ¥’

Furthermore, functionalisation of the PyBOX ligand has included modifications at the 4-
position on the pyridine ring, and at the 4- position of the oxazoline rings (X and Y
respectively in Figure 2.14), to explore electronic effects on their corresponding metal
complexes. Nishyama et al. followed up their preliminary findings with the 4-chloro-, 4-
methoxy- and 4-(N,N-dimethylamino)-PyBOX derivatives and their rhodium(lll)
complexes. 2°! Later on, Desimoni et al. revealed the importance of substituting the 5-
position of the oxazoline rings (position Z in Figure 2.14). It was found that when there is
a phenyl substituent in this position, its complexes of Ln(Otf)z were particularly well-
suited to catalysing the Mukaiyma-Michael reaction 2° and the enantioselective Diels-
Alder reaction. 2%

Figure 2.14. PyBOX ligand with positions of substitution explored. X= 4-
position of pyridine, Y= 4- position of oxazoline and Z= 5- position of
oxazoline.

Further afield from this, the PyBOX ligand has been bound to polymer beads as a route
to providing recyclable polymer-supported catalysts. 2% An example of how this has been
explored includes functionalising the PyBOX ligand, at the 4- position of the pyridine ring,
to be able to undergo Click Chemistry to produce a polystyrene-supported PyBOX
(Figure 2.15). 2°° The PyBOX-polymer ligand can then coordinate to a metal such as
ruthenium for the catalysis of, in one example, a cyclopropanation reaction. 2° Copper
has also been reported in the same context using a polymer-functionalised BOX
ligand. 2%



Figure 2.15. Click-PyBOX unit for polymerisation. 2%

The work herein will focus solely on the substitution of the 4- position of the oxazoline
and thiazoline heterocycles of PyBOX and thioPyBOX (see later) respectively.
Substitution at this position induces chirality in the ligand, which when coordinated to a
metal centre can result in chiral metal complexes, which is befitting of their dominance
in the field of asymmetric catalysis. Since the molecule is C,-symmetric, using
stoichiometric quantities of reagent, will result in substitution of the 4-position of both
oxazoline rings producing what is strictly speaking, a diastereomer. The isomeric
relationship is explained below in Figure 2.16. Since the relationship between the
diastereomeric pairs is not addressed in this work, the (R,R)- and (S,S)- substituted
ligands will be referred to hereon as enantiomers of one another.

Enantiomers

| AN /\ | N
(o] z o o] - o
N N
| | | |
N N N N
Ph (S,9)- Ph Ph (R,R)- Ph
Diastereomers | N | N Diastereomers
(0] “ o) (o] “ o
N N
| | | |
N N N N
Ph (S,R)- Ph Ph (R.S)- Ph

Enantiomers

Figure 2.16. The possible isomers of the PyBOX ligand substituted on the
oxazoline rings.

Very recently, Wang et al. successfully synthesised the first meso-(R,S)-PyBOX
diastereomer, which they complexed to iron(ll) to study the effect of ligand symmetry on
the SCO behaviour of [Fe(PyBOX)2]** complexes. 2°7

An elaborate number of PyBOX derivatives can be found in the literature. Yu et al. made
use of 15 variations of the PyBOX ligand for the optimisation of their nickel catalyst for
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C-C cross coupling. 2% This consisted of substitutions at either the 4-position of the
pyridine ring or the 5-position of the oxazoline ring, or both. The best catalytic results
were found when (S)-PyBOX®2" and (4-Cl)-PyBOX" were used, where yields up to 92%
were achieved. 28

Replacing the oxygen atoms of the PyBOX ligand with nitrogen was pioneered by Bhor
et al. who were the first to synthesise the pyridine-2,6-bis(imidazoline) (PyBIM) ligand
(Figure 2.17, left). 2°° The purpose of this was to create a PyBOX-derivative that can
undergo N-group functionalisations such as an N-alkylation reaction, to tune the
selectivity of the ligand. Considering this concept of tuning the electronics of a ligand by
means of changing the atomic make-up of the structure, it is fitting to introduce the ligand
family of focus in this thesis; 2,6-bis(thiazoline)pyridine, thioPyBOX (Figure 2.17, right).

PyBIM ThioPyBOX

Figure 2.17. The structures of pyridine-2,6-bis(imidazole), PyBIM (left) and
pyridine-2,6-bis(thiazoline), thioPyBOX (right).

Previous work reported in the Halcrow group considered iron(ll) complexes of various
PyBOX ligands in the context of SCO, rather than catalysis. ?'° This work has built the
foundations for investigating this ligand system, with a motive of investigating the
electronic and steric influence of the thioPyBOX ligand on its iron(ll) complexes with
regards to SCO activity (vide infra in Chapter 3).

2.1.3 The ThioPyBOX Ligand

Unlike its PyBOX counterpart, the thioPyBOX ligand is not commercially available, and

as far as is understood, there are only seven reported papers, 2!*2'” and one patent, '8

in the literature that synthesise the ligand. It has been speculated that the limited
research carried out on sulfur-containing oxazolines is due to the thiol-based starting
materials, such as the 2-aminothiols, being less commercially available compared to their
alcohol counterparts. 2! In addition to this, the synthesis can involve lengthy reaction
times of up to 4 days for just the thiolating step, followed by a work-up and then more
often than not, purification by column chromatography (Table 2.1). Since the final yields
are often modest 1 substitutedthioRyBOXehas beehsynthedisedn y |
in no more than a 31% yield 1T it becomes <cl e
the thioPyBOX ligand.
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Nevertheless, the hypothesis that changing oxygen to sulfur, with its lower
electronegativity and larger atomic radius, will interestingly affect both the electronics
and sterics of the resulting metal complexes, particularly with regards to SCO behaviour,
offsets the cumbersome synthetic routes involved.

Table 2.1 summarises the reported the synthetic approaches employed in the 8 pieces
of literature on the thioPyBOX ligand.
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L ) ) ) Reaction Reaction . )
Publication Starting Material Intermediate ) o Purification Product & Yield
Time Conditions
Abrunhosa o -~ )
Dithioester, . _ Up to 4 days Room temp., Silica Column diPh: 69 %,
et al. 2001 ] Dithioamide -
- aminoalcohol (Unspecified) base (EtsN), Chromatography (S,S)-tBu: 70%
Abrunhosa )
) ) As reported As reported in ) )
et al. 2004 As reported in 211 As reported in 21 o ot As reported in 21 (S,S)-iPr: 61 %
212 n
: (R,R)-Et: 75%,
Le Maux et ) ) As reported As reported in ) )
As reported in 2! As reported in 21 _ As reported in 21 (S,S)-iPr: 70 %,
al. 2004 213 in 211 211
(R,R)-Bn: 67 %
ishi i ; Lawesso Ph-
Nishio et al. Bis-(N-acylamino Bn-
N/A N/A Reagent (LR), N/A
2005 27 alcohols) iPr-
Relfux
(yields N/A)
Ackerman et Diamide, Hydroxy-pyridine- _ _
_ _ 40 hours Reflux, P2Ss Silca gel Biotage (S,S)-Ph: 31%
al. 2008 28 aminoalcohol carboxamide
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2,6- (R,R)-Ph: 30 %,
Nobbs et al. pyridinedicarbonyl Hydroxy-pyridine- 3h Reflux, P2Ss, Recrystallised from (S,9)-tBu: 45 %,
ours
2012 21 dichloride, carboxamide base (EtsN) methanol (S,S)-iPr: 22%,
aminoalcohol diPh: 53 %
Pyridine-2,6- o Reflux, P2Ss, ]
Guo et al. ) ) ) Chloro-pyridine Recrystallised from ]
dicarboxylic acid, _ 4 hours base (EtsN), (R,R)-iPr: 32%
2015 215 _ carboxamide _ _ methanol
aminoalcohol thionyl chloride
a. Dimethyl
pyridine-2,6- Silica Column
Pan et al. Pyridine-2,6- dicarboxylate 30 h Reflux, P2Ss, Chromatography or DiMe: 67 %, H:
ours
2020 216 dicarboxylic acid b. Hydroxy- base (EtsN) Recrystallisation from 45 %
pyridine- Ethanol

carboxamide

Table 2.1. Summary of reported literature of the ThioPyBOX ligand synthesis.
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Abrunhosa et al. reported the synthesis of thioBOX, thioPyBOX and some of its
derivatives, using dithioesters as the source of sulfur (Figure 2.18). 2! With this, they
published preliminary findings from palladium catalysis of an allylic substitution
reaction, with one of their thioBOX ligands. Using this ligand, a high enantiomeric
excess (87%) was achieved, showing promise of the ligand and its derivatives in
asymmetric catalysis. 2! However, similar enantiomeric excesses and yields were
found in a rhodium(l) catalysis study, between BOX and thioBOX ligands for the
hydrosilylation of acetophenone. 21°

This work was then followed up with further studies of palladium-based thioBOX vs
BOX catalysts for the same reaction. The preliminary findings were supported when
it was found that the palladium-bis(thiazolines) were significantly better catalysts than
their oxygen counterparts. However, when the pyridine ring was incorporated and the
thioPyBOX vs. PyBOX ligands were studied, the trend did not follow through and the
Pd-PyBOX complexes were found to be the more active catalysts. 2*2

Following this, Le Maux et al. employed the thioPyBOX ligands with R- substituents,
(R,R)-ethyl-, (S,S)-isopropyl-, (S,S)-benzyl- and (R,R)-phenyl- to make chiral
ruthenium catalysts for the cyclopropanation of styrenes. ?'* They compared their
catalytic results with previous findings by Nishiyama et al. with their Ru-PyBOX
analogues, ?2° and found comparable results with small differences in enantiomeric
excess. The synthetic approach Le Maux et al. took to in synthesising their
thioPyBOX ligands, was as reported by Abrunhosa et al. 22> L e  Ma uuklidasion p
concluded with words of encouragement for the further exploration of the chiral
bis(thiazoline) ligand.

N S
S s | s MeSOCl, ¢ | s
MeS < SMe OH N OH g, ] N 1
N EE—— K/NH HN — > \UN N
THF, \
S S : Reflux &
R R eflux R R

Figure 2.18. Synthetic route to thioPyBOX by Abrunhosa et al. %22 gand Le
Maux et al. 233

A publication by Nishio et al. in 2005, outlines the synthesis of a small library of chiral
bis-thiazolines. 2’ While little information is available concerning the synthetic
procedures and ligands formed, it is notable that this is the only piece of literature
that employs the Lawesson6s Reagent (LR)
also in the absence of a base (Figure 2.19).
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| B
OHo N/ ° OH Lawesson's Reagent S N/ S
k/NH HN\) Toluene, Reflux ' &'N N‘\Z
; R 3 3

Figure 2.19. Synthetic route to thioPyBOX by Nishio et al. 2’

A patent was published by Ackerman et al. in 2008, which introduces using the diacyl
chloride species as the starting material, to produce the dihydroxy-
pyridinedicarboxamide intermediate. This was followed by use of the thiolating
reagent, phosphorus pentasulfide (P2Ss) in dichloromethane for the second step of
the procedure (Figure 2.20), '8 which later methodologies seem to have adopted.

| | |
cl P cl o P [o) s - s
N OH N OH P2S; N
—_ — ] \
o o K/NH HNj) DCM, ;, N N
H Reflux <
z R R R

Figure 2.20. Synthetic route to thioPyBOX by Ackerman et al. %8

Nobbs et al. published an alternative method to thioPyBOX synthesis to that
described by Abrunhosa and Le Maux et al. This procedure followed closely to that
explored by Ackerman et al. as it involved thiolation and cyclisation of substituted
bis(N-acylamino alcohols) (Figure 2.21). ?* This method also uses the reagent
phosphorus pentasulfide, however in the presence of a base, which is a previously
reported method for the cyclisation of sulfur-containing heterocycles. 2!8 22! The
synthesis is an adaption of a method that employs 2,4-bis(p-methoxyphenyl)-1,3,2,4-
dithiaphosphetane-2,4-disulfide ( Lawessonés Reagent) [
pentasulfide. 2”222 |t is also worth noting that this procedure was carried out in
toluene rather than dichloromethane.

B B B
cl N/ cl OHo N/ OH E:s"f N/ S
—_— %( I |
o o I\/NH HN Toluene, \ N N
H Reflux R‘: R
R R

Figure 2.21. Synthetic route to thioPyBOX by Nobbs et al. 214

n
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Guo et al. also synthesised the (R,R)-thioPyBOX"™" ligand 2'° using the same method,
with slight modification, employed by Nobbs et al. ?* The modifications included a
different intermediate species to the bis(N-acylamino alcohol), in their reaction, in
which the hydroxy- group is substituted for a chlorine (Figure 2.22).

N N N
| | P,Ss |
HO N? c)H—>C| ° NZ © o EtN, S NZ s
3N,
—_— —>»<C I |
o (o) I\/NH HN Toluene, N N
Y Reflux R: -
R

Figure 2.22. Synthetic route to thioPyBOX by Guo et al. 2%

Similar to Guo et al., Pan et al. also synthesised their thioPyBOX ligands starting with
pyridine-2,6-carboxylic acid. 2*® They however, took a multistep approach in which
the methyl ester was first synthesised and isolated before reacting this with the
aminoalcohol to afford the dihydroxypyridinedicarboxamide. This was then treated
with phosphorus pentasulfide and triethylamine under anhydrous conditions in
toluene to give the thioPyBOX ligand (Figure 2.23). The dimethyl-substituted
thioPyBOX was purified by column chromatography (1:1 dichloromethane/ethyl
acetate) achieving a 67 % yield, whilst the achiral derivative was recrystallised from
methanol achieving a 45 % yield.

I\
OH_>0 O_> Et;N, Q, 1
I\/NH \‘) Toluene, \—N N
R

Reflux R* R

Figure 2.23. Synthetic route to thioPyBOX by Pan et al. 216

The only X-ray diffraction data for a thioPyBOX variant reported in the literature to
date, is for phenyl-thioPyBOX. #* XRD structures of the isopropyl- and tertbutyl-
thioPyBOX ligands, as well as a co-crystalised (R,R)-tertbutyl- and (S,S)-tertbutyl-
structure, are reported herein.

2.2 Results & Discussion

2.2.1 Synthesis of 2,6-Bis(thiazolinyl)pyridines i A Two-Step Reaction

After experimenting with the previously discussed methods of thioPyBOX synthesis
from the literature, an alternative synthetic protocol was developed that also follows
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a two-step reaction procedure. First is the synthesis of the di(2-hydroxyethylamide)
intermediate, followed by the thiolating and cyclisation step. The second step is
perfor med using Lawessonds R e aegy al.nfor, the
conversion of the chiral bis-(N-acylamino alcohols) into chiral bis-(thiazolines) for
application in the enantioselective Diels-Alder reaction. 27

2.2.1.1 Synthesis of the Dihydroxy pyridine Dicarboxamide

The synthesis of the diamide intermediate was first attempted following the procedure
reported by Kin Tse et al. 22 where pyridine dicarbonyl dichloride is reacted with the
aminoalcohol in chloroform at room temperature, in the presence of triethylamine
(Figure 2.24). This method encountered difficulties in dissolving the pyridine reagent
in chloroform. Even after heat was applied, this still only achieved partial dissolution.
After following the experimental through regardless, crude analysis confirmed the
diamide had formed but in poor purity, low yield and with remnant triethylamine.
Therefore alternative routes to diamide synthesis were investigated.

R
OH | >
o A _o
NH, BN oy N OH
o o CHCly, rt %/ NH HN })
R R

Figure 2.24. Synthesis of the hydroxy-pyridinecarboxyamide by Kin Tse et
aI. 223

Alternative methods included that which was employed by Burrows et al., which is
the same as that in %3, however, with the substitution of dichloromethane for
chloroform. 22° The issues faced with this method were akin to that when the reaction
proceeded in chloroform. Research into alternative methods was undertaken until a
satisfactory synthetic route was found, which would produce the amide in yields
appropriate to explore the second step of the ligand synthesis.

The synthetic approach adopted for the diamide synthesis is an adaptation of the
protocol reported by Towers et al. 2> which proceeds as a multiphasic reaction
(Figure 2.25). The method involves the mild base, potassium hydrogen carbonate,
being added to the amino alcohol in ethyl acetate, followed by the dropwise addition
of pyridine dicarbonyl dichloride in chloroform at 70 °C. The mixture was stirred at
reflux, and then at room temperature overnight. It is important to note that the reaction

as
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proceeds with no inversion of stereochemistry, and so the stereochemistry of the
starting aminoalcohol is retained through to the thioPyBOX ligand.

OH

| |
o A NH, /EtOAc o Ao
N KHCOyH,0  _ OH N OH
0 0 CHCly, Reflux S/NH HN\X
R R

Figure 2.25. Synthesis of the hydroxyamide adapted from Towers et al. 224

Though a slightly lengthier procedure, this method produced the diamide cleanly in
most cases, without need of further purification and in moderate yields, averaging
56%. Both the (R,R)- and (S,S)- enantiomers of the diamides with phenyl, isopropyl,
and tertbutyl substituents were successfully isolated (Figure 2.26) and these were
characterised by *H NMR, *C{*H} NMR and HRMS.

'R = A1 (R,R)-Ph (81%):
OoH | N ho o A2 (S,S)-Ph (39%) '
N - N ; A3 (R,R)-iPr (43%)!
N ; A4 (S,S)-iPr (43%)
R O O R

' A5 (R,R)-tBu (56%)!
| A6 (S,S)-tBu (74%) |

Figure 2.26. Summary of the diamides synthesised by the method in
Scheme 2.6, A1-A6. Yields in parentheses.

2.2.2 Heterocyclic formation and thiolation step

Since the diamides had been successfully synthesised, the thiolating and cyclisation

step was then explored. This initially followed the aforementioned procedure by

Nobbs etal.,?*however using LawessonosPRéemgent (L
2.27). Upon failure this was then repeated but using a greater excess of LR. Crude

analysis confirmed the product had still not formed. Alternative routes to general

thiazoline synthesis were studied. Two other procedures, one from Bengtsson et

al. 22> which employed LR, and another from Aitken et al. 2% which employed P,Ss

with sodium hydroxide, were trialled, again with little success.
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Phosphorus Pentasulfide (P4S;o or P,S5) Lawesson’s Reagent

Figure 2.27. The structures of phosphorus pentasulfide (left) and the
Lawesson's Reagent (right).

Comparative studies on Lawessond6s Reagent

been widely discussed in synthetic organic and organometallic chemistry for the
thiolation of carbonyl-containing compounds. 22’ The mechanism by which these
reagents are activated is analogous to the Wittig reaction in which the P-S-P bonds
cleave to give two monomeric species which exists in equilibrium with their reactive
zwitterionic states (Figure 2.28-Figure 2.29). The formation of the energetically
favourable P=0O bond is the driving force behind their reactivity. Though LR has
several advantages over P,Ss, such as shorter reaction times and lower quantities
needed, it cannot be generally concluded which is the better thiolating agent, and so
it is worth trialling both reagents for specific reactions. 2%

s s ©s ©s
1 1 - @l |
s> 7 s P T g2PagPPeg

Figure 2.28. Zwitterionic equilibrium of phosphorus(V)pentasulfide.
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Figure 2.29. Zwitterionic equilibrium of Lawesson's Reagent.

Eventually, success was achieved in synthesising thioPyBOX ligands by following
the protocol used by Nishio et al, which was the reaction of the hydroxy- amide and
LR at reflux in toluene, under inert conditions, and importantly, in the absence of a
base. 21’ Furthermore, the importance of using at least an equimolar amount of LR to
hydroxy-amide was highlighted, as given the hydroxy group is more reactive than the
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amide. A substoichiometric quantity of LR would favour the thioamide product, and
the cyclisation step would not proceed to the thiazoline. 22

2.2.2.1 A Macrocyclic Product

In a repeated attempt of the adapted method employed in 2*4, an unexpected product
formed. Rather than the desired thioPyBOX ligand, a non-sulfur containing
macrocycle was isolated (Figure 2.30). Only just enough of the material for *H NMR,
HRMS and XRD analysis was crystallised.

Figure 2.30. The structure of the macrocycle formed.

Considering the structure of the macrocycle (M1) as an extension of the amide, it is
clear it had formed from the amide intermediate, which could have either reacted with
itself, or with pyridine dicarbonyl dichloride (Figure 2.31). The latter option (reaction
ii. In Figure 2.31) seems the most feasible, considering the acyl chloride has a more
nucleophilic carbonyl group, and the chlorides are a better leaving-group, compared
to the hydroxyamide. This macrocycle formation reaction has been previously
reported in the literature. For example Gao et al. 22° used the nucleophilic catalyst 4-
dimethylamino pyridine (DMAP) in the synthesis (Figure 2.32).

I N H OH I N
) i N/ N \-) Et3N, Tol. (dry) > ° N/ °
o E N, atm., reflux )""'[NH HN j)\
i N2 atm,, reflux o N\ o

Figure 2.31. Two possible reaction pathways to synthesise M1.
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Where R = Bn, Et, Ph or iPr

Figure 2.32. Synthesis of the macrocycle by Gao et al. 2°

Lawessonds Reagent was present in thi
synthesise thioPyBOX in toluene. However, it was noted that the thermocouple used
in the experimental set up had failed to hold the reaction at the reflux temperature of
130 °C. Instead, the reaction did not exceed 108 °C over the 16 hours. Given LR is
unstable above 110 °C, 2 it is clear the thiolating agent remained deactivated during
this reaction and was simply a spectator, enabling the macrocycle formation.
Additionally the formation of the macrocycle can be reasoned by the presence of
triethylamine in the reaction. Thetr i et hyl ammoni um cati on
dissociation of its proton to give triethylamine, 2! and so would readily deprotonate a
carboxylicaci d (pKa a 5) driving the nucl eo
where there is no competing reaction.

Although not an objective in this thesis, M1 is still a particularly interesting molecule
as the tridentate nitrogen-structure could coordinate a base metal such as copper,
as shown for other N3O, macrocyclic systems 2*2, Such metal-macrocycle complex
could prove beneficial in catalysis considering the larger structure could act as a host
in host-guest chemistry.

The *H NMR spectrum of M1 is shown below in Figure 2.33, confirming the structure
in the solution state.

S reac

phil ioc
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Figure 2.33. IH NMR of the macrocycle. [CDCls, 400 MHz].

A single crystal suitable for X-ray Diffraction was grown by vapour diffusion of
pentane into a concentrated sample of the macrocycle in dichloromethane. The
molecular structure obtained from XRD collection is shown in Figure 2.34.

Figure 2.34. XRD structure of the macrocycle. Thermal ellipsoids are
displayed at the 50% probability level.

The macrocycle was crystallised in a triclinic crystal system and was solved in the
space group P1 with two molecules in the unit cell. From the XRD structure, it is
notable that a molecule of water sits in the cavity of the macrocycle, and is held by
hydrogen bonds between the N-H é OH and O-H é OC groups. An XRD diagram of
two macrocycles together show that there are intermolecular hydrogen bonds in the
bulk crystalline material (Figure 2.35, left). The packing structure generated (Figure
2.35, right) further support this and shows favourable intermolecular interactions
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bet ween the isopropyl groups owing to
the macrocycle units. It is also clear that from the packing diagrams, particularly along
the b- and c- axis that there is favourable offset p- p stacking between the pyridine
rings of each unit.

Figure 2.35. Two molecules of M1 with hydrogen bonding shown (left) and a
simplified packing diagram of M1 shown along the a-axis (right).

2.2.2.2 Reaction optimisation work

Since the thioPyBOX ligand was successfully synthesised, work towards reaction
optimisation was carried out in order to achieve an optimal yield of ligand for ensuing
metal complexation reactions.

Purification of the ligand was initially carried out by silica gel column chromatography
as has been previously reported 2213, put employing a different mobile phase. TLC
analysis showed that a good product separation was achieved when the eluent
system was 10% dichloromethane and 90% acetonitrile. This gave clear separate
bands on the column, a blue coloured one for the remnant phosphorus reagent and
a yellow band, which elutes first, for the thioPyBOX ligand (Figure 2.36). The
separation varied for the different analogues of the thioPyBOX ligand, with the
phenyl- and tertbutyl-thioPyBOX ligands giving modest separation, while the
isopropyl-thioPyBOX ligand gave poor separation with the bands appearing more
closely spaced.

van
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Figure 2.36. Column chromatography separation of thioPyBOX ligands
with 1:9 DCM:MeCN.

Though a very useful and widely used method of purification, column
chromatography is tedious and time-consuming, using large quantities of silica gel
and solvents, while its efficacy is highly dependent on structural differences between
the components of the mixture.

In attempts to find alternative methods of purifying the thioPyBOX ligands, it was
found that for the phenyl-analogue, treatment of the crude product with an excess of
acetone induced precipitation of the product from solution as a pale yellow powder,
which could be cleanly collected by vacuum filtration. Excess acetone was also tested
with the tertbutyl- and isopropyl- analogues but did not yield the same results.
Considering that alkyl groups tend to be more soluble in organic solvents compared
to their aromatic counterparts, other solvents were trialled. From this test, it was found
that the tertbutyl- thioPyBOX ligand cleanly precipitates from an excess of
acetonitrile. The tBu- ligand isolates as a clean white precipitate, which is contrary to
the literature which reports the ligand as a yellow solid. 1% 214

Excess acetonitrile was tested with the isopropyl- ligand, considering its structural
similarity to the tBu- analogue. However, this was not successful and purification of
the isopropyl- ligand still remains a challenge. Smaller quantities of the ligand, i.e. on
the milligram scale, can be obtained by dissolution into pentane. However this was
found to not work on a large scale.

The ligands were initially synthesised using no more than 100 mg of amide at a time,
until a robust method of synthesis was achieved. On this scale the ligands formed in
yields of 10-20%. Upon scaling up the reaction, such that the initial diamide quantity
was in the range of 1-5 g, the yields generally improved up to around 40%.

An in situ method was also tested, where the diamide intermediate was not isolated
after synthesis. Instead, the crude diamide was reacted directly with LR to give the
corresponding (phenyl- substituted in this case) thioPyBOX ligand. In this



- 69 -

experiment, 12.25 g of (S,S)-phenylglycinol gave 7.25 g of (S,S)-thioPyBOX™".
Assuming the average amide yield of 56%, this renders the theoretical mass of the
ligand to be 10.1 g, which means the ligand was produced in a remarkable 72% yield.
However, this of course cannot be taken to be the absolute value. Optimistically
assuming the amide was produced in situ in a 100% yield, equalling to 18.1 g of
amide, the yield of the ligand still reaches 40%. It is therefore more accurate to say
the yield of the (S,S)-thioPyBOXP" ligand from this experiment was no less than 40%
and is most likely to be in the range of 40-72%, if not better. This exceeds the current
record of 31% yield reported for the phenyl-thioPyBOX ligand. 24 218

2.2.3 Analysis and characterisation

The six thioPyBOX ligands synthesised are summarised in Figure 2.37. The identity
of the compounds was confirmed by *H NMR, 3C{*H} NMR, and HRMS. Additionally,
XRD structures were obtained for the isopropyl- and tertbutyl- thioPyBOX ligands
which have not previously been reported. As all analysis is identical for each
enantiomer of the same ligand, only one set of data per substituent is discussed
below. The full analysis for all six ligands can be found in Section 2.4.

R = L1 (R,R)-Ph (22%) :
L2 (S,S)-Ph (>40%)
L3 (R,R)-iPr (24%) :
L4 (S,S)-iPr (36%) :
L5 (R,R)-tBu (29%)
L6 (S,S)-tBu (17%) :

Figure 2.37. Summary of the thioPyBOX ligands synthesised herein, L1-L6.
Yields in parentheses.

2.2.3.1 NMR

The *H NMR spectra are shown in Figure 2.38- Figure 2.40.
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Figure 2.38. 'H NMR of (S,S)-thioPyBOXP", L1. (400 MHz, CDsCl)

Hb
= ’2 g\ He., 6H, d
3) Hed H,, 6H, d
Ha: 2H. d H,, 2H, dd
Hes 2H, dd
Hy, 1H, t Hy, 2H, dt

N
N e

T T T T T T T T T T
10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)

Figure 2.39. 'H NMR of (S,S)- thioPyBOX*", L4. (400 MHz, CDsCl)
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Figure 2.40. *H NMR of (R,R)- thioPyBOX'®", L5. (400 MHz, CDsCl)

The Cz-symmetry of the thioPyBOX ligand reduces complexity in the NMR spectra.
For example, though there are 19 protons in thioPyBOXP" there are only 8 unique
proton environments in the spectrum including the distinct ortho, meta, and para
proton environments on the phenyl substituents. Equally, the thioPyBOX"™" spectra
has 21 protons in 8 unique environments and thioPyBOX®" has 27 protons in 6
environments. Each of the ligands shows a similar pattern of peaks with the three
protons arising from the pyridine ring, appearing as a doublet with an integration of
2H and a triplet with an integration of 1H in the chemical shift range of 7.5-8.5 ppm,
depending on the R- substituent. This is analogous to the PyBOX equivalent. 23 The
two protons on the carbon adjacent to the sulfur atom (S-CH;-) are diastereotopically
inequivalent owing to the adjacent stereogenic centre. This results in two separate
peaks with geminal coupling constants in the range of 10-12 Hz, indicative of their
proximity in the molecule. In thioPyBOX™" the methyl substituents of the isopropyl
group are also diastereotopically inequivalent, which is why these proton
environments appears as two doublets with an integration of 6H each, rather than
one doublet with an integration of 12H.

It is also worth noting there is a chemical shift difference, Dd ppm, between the
diastereotopic S-CH,-C(H)R peaks across the three thioPyBOX derivatives,
summarised in Figure 2.41. As the R- substituent changes from phenyl to isopropyl
to tertbutyl, Dd decreases which is consistent with the increased electron-donating
effect of the substituents on the ligand. That is, in the order tertbutyl > isopropyl >
phenyl, where tertbutyl is the most electron-donating/has the greatest positive
inductive effect.



-72-

A8 =0.13 ppm

thioPyBOX!BY

T T T T T
4.0 3.5 3.0

A8 =0.27 ppm

thioPyBOXP"

T — —— T
4.0 3.5 3.0

AS = 0.49 ppm

thioPyBOXP"

T T T T T
4.0 35 3.0
Chemical Shift (ppm)

Figure 2.41. Dd ppm between the two doublets of doublets arising from -S-
CH»-CH- with different thiazoline R- substituents; tertbutyl (top),
isopropyl (middle) and phenyl (bottom).

Though the same number of peaks are evident in the *H NMR spectrum of the
PyBOXP" ligand compared the thioPyBOX equivalent, it is noteworthy that the three
peaks upfield of the aromatic region appear at different chemical shifts to the
thioPyBOX analogue as shown by the stacked spectra in Figure 2.42.There is greater
disparity in chemical shifts between the =N-CH-Ph- and -S-CH,-CH- protons, of
thioPyBOXP" than with PyBOX", evidencing the strong influence on the electronic
properties of the azoline ring system when switching oxygen for sulfur.

PyBOXPh ) [ ﬁ

thioPyBOXP" w "U .

6 5
Chemical Shift (ppm)

Figure 2.42. *H NMR spectra of PyBOX"" (top, red) and thioPyBOX""
(bottom, black).
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The same trend is observed for the PyBOX™"/thioPyBOX™" (Figure 2.43) and
PyBOX®'/thioPyBOX™®" (Figure 2.44) *H NMR spectra when compared.

iP
PyBOXPr | J
thioPyBOXP" ‘

Figure 2.43. *H NMR spectra of PyBOX"™" (top, red) and thioPyBOX"™"
(bottom, black).
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Figure 2.44. 'H NMR spectra of PyBOX™® (top) and thioPyBOX®! (bottom).

Another interesting point of comparison from the *H NMR spectra of the three
thioPyBOX ligands is the peak that arises from the proton on the chiral carbon centre
of the thiazoline, -CH,-CH-R. The splitting of this proton for both the tertbutyl- and
phenyl- derivatives appears as a triplet due to the adjacent i CH, protons with no
other protons within a 3J coupling distance, which can be cleanly seen in the spectra.
However for the isopropyl- thioPyBOX, this splitting is now a doublet of triplets due
to additionally splitting of the 1 CH(CHs)> proton (Figure 2.45). This proton on the
phenyl- analogue is also significantly de-shielded due to the electron-withdrawing
effect of the phenyl rings, which shifts this peak downfield by >1 ppm as can be seen
in Figure 2.45.
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Figure 2.45. Comparison the -CH,-CH-R peak in the *H NMR spectra of the
thioPyBOX ligands; thioPyBOXP" (bottom), thioPyBOX " (middle) and
thioPyBOX'®Y (top).

The same comparison can be made between the analogous PyBOX ligands, which
shows the same proton as a triplet in the tBu- and Ph- ligands, but also is now a triplet
in the iPr- ligand too (Figure 2.46). The exchanged positions of the proton
environments 1 CH,-CH-R and i CH»-CH-R in PyBOX compared to thioPyBOX can
be understood by the proximity to the much more electronegative oxygen atom in the
oxazoline ring which greatly deshields neighbouring protons, more than sulphur
would do in thiazoline. It can be reasoned that the greater polarity difference across
the T O-CH»-CH-R- chain means that the splitting of the CH by the more polarised
CH> group dominates over any secondary splitting effect from the -CH(CHs). proton
in the PyBOX®" ligand.

‘ PyBOX'"Y

4.5 4.0 3.5

4.5 4.0 3.5 3.0
PyBOXP"
5i0 4‘.5 4‘0 ‘ ,I

Chemical Shift (ppm)

Figure 2.46. Comparison the -CH,-CH-R peak in the *H NMR spectra of the
PyBOX ligands; PyBOX"" (bottom), PyBOX" (middle) and PyBOX'®Y
(top) (highlighted in black for clarity).
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2.2.3.2 XRD

Yellow, needle-like, crystals, of (S,S)-thioPyBOX®", L4, suitable for XRD, were
obtained by vapour diffusion of diethyl ether into a concentrated solution of the ligand
in acetonitrile. L4 was crystallised in a monoclinic crystal system and was solved in
the space group P21, with 4 ligands in the unit cell. The structure obtained is shown
in Figure 2.47 and selected bond lengths and angles are tabulated below in Table
2.2.

Figure 2.47. XRD structure collected of one of the unique molecules in the
structure of (S,S)-thioPyBOX™", L4. Hydrogen atoms are omitted for
clarity. Thermal ellipsoids are displayed at the 50% probability level.

Bond Bond length (A) Angle Bond Angle (°)
N2-C3 1.334(18) S1-C2-N1 119.8(12)
N2-C4 1.346(19) S2-C5-N3 118.8(10)
N1-C2 1.256(17) C1-S1-C2 90.3(7)
N3-C5 1.275(16) C6-S2-C5 89.4(8)
S1-C1 1.827(15) C3-N2-C4 119.2(14)
S1-C2 1.756(16) C7-C1-S1 104.5(9)
S2-C6 1.813(15) C8-C6-S2 108.2(11)
S2-C5 1.735(16)

Table 2.2. Selected bond lengths and angles for one of the uniqgue molecules
in L4 (Figure 2.47). ESDs shown in parentheses.

Aside from the isopropyl substituents, the ligand is mostly planar, which is ideal for
metal coordination. The C-S bonds are 1.7-1.8 A, which is significantly longer than
both species of C-N bonds owing to the larger atomic radius of the sulfur atom. The
presence of the C=N bond is confirmed by the shorter bond length of 1.26-1.27 A
compared to 1.33-1.35 A for the single C-N bond. The bond angles of S1-C2-N1 and
S2-C5-N3 are 120 ° as expected for an sp? hybridised carbon with a trigonal planar
geometry, whereas, the C7-C1-S1 and C8-C6-S2 angles are more fitting to an sp®
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hybridised carbon atom. The geometry about the sulfur atoms are 90 ° which reflects
the influence of the larger lone pairs on the geometry of an S atom. 2

Though one molecule is shown in Figure 2.47 for clarity, there are actually two
molecules in the asymmetric unit cell, which sit offset and upside-down from one
another (Figure 2.48). Furthermore, considering the packing structure, it is clear that
this positioning facilitates optimal p-p stacking, in addition to the isopropyl
interactions, across the bulk sample (Figure 2.49).

A

Figure 2.49. XRD packing diagram of L4, viewed along the b-axis.

This structure can be compared to that obtained of the (S,S)-thioPyBOX™®, L6 (Figure
2.50), which, unsurprisingly, looks analogous to its isopropyl counterpart. Though it
was crystallised in an orthorhombic crystal system and was solved in the space group
P2:2:12;, there are also 4 ligands in the unit cell and the bond lengths and angles
(Table 2.3) are akin to that for L4.
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Figure 2.50. XRD structure collected of (S,S)-thioPyBOX'®!, L6. Hydrogen
atoms are omitted for clarity. Thermal ellipsoids are displayed at the
50% probability level.

Bond Bond length (A) Angle Bond Angle (°)
N1-C3 1.339(4) S1-C2-N2 118.5(2)
N1-C4 1.340(4) S2-C5-N3 118.4(2)
N2-C2 1.266(4) C1-S1-C2 88.51(16)
N3-C5 1.266(4) C6-S2-C5 88.60(14)
S1-C1 1.807(4) C3-N1-C4 117.7(3)
S1-C2 1.778(3) C7-C1-S1 107.0(2)
S2-C6 1.818(3) C8-C6-S2 106.3(2)
S2-C5 1.780(3)

Table 2.3. Selected bond lengths and angles for the XRD structure of L6

The crystallographic data obtained are consistent with those previously discussed for
L4 and show almost identical values for the bond lengths and angles. However the
difference in packing of the structure of L6 (Figure 2.51) arises from the different unit
cell systems. Although both crystals show the same alkyl group intermolecular
interactions, there are less p- p interactions in L6 indicating that the tertbutyl Van der
Waals interactions dominate the crystal packing. Two molecules of L6 and the
packing diagram are observed in Figure 2.51, unlike with L4 in Figure 2.48, where
the ligands are both facing in the same direction. These differences can be attributed
to the added steric bulk from the tertbutyl substituents, which is evident from the more

spaced out packing diagram.

(Figure 2.50). ESDs shown in parentheses.
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Figure 2.51. XRD structures of two ligands, L6 (left) and packing diagram of
L6, viewed along the b-axis (right).

A co-crystalised structure of (S,S)-thioPyBOX®UA ( R-thieByBOX®! (L5A.6) was
obtained from a reaction attempt of the heterochiral iron complex [Fe(L5)(L6)][CIO4]..
The XRD structure is shown in Figure 2.52 with selected bond lengths and bond
angles tabulated in Table 2.4 and Table 2.5.

Figure 2.52. XRD structure of L5A 6. Hydrogen atoms are omitted for clarity.
Thermal ellipsoids are displayed at the 50% probability level.
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Enantiomer 1 Enantiomer 2

Bond Bond length (A) Bond Bond length (A)
N2-C5 1.3443(19) N5-C12 1.3471(19)
N2-C4 1.3394(19) N5-C13 1.3427(19)
N3-C6 1.271(2) N6-C14 1.271(2)
N1-C3 1.272(2) N4-C11 1.274(2)
S1-C3 1.7658(16) S3-C11 1.7647(16)
S1-C1 1.8169(17) S3-C9 1.8158(16)
S2-C6 1.7629(16) S4-C14 1.7662(15)
S2-C8 1.8183(16) S4-C15 1.8171(16)

Table 2.4. Selected bond lengths for the XRD structure of L5A.6 (Figure 2.52).
ESDs shown in parentheses.

Enantiomer 1 Enantiomer 2
Angle Bond Angle (°) Angle Bond Angle (°)
S1-C3-N1 118.92(12) S3-C11-N4 119.23(12)
S2-C6-N3 119.08(12) S4-C14-N6 118.73(12)
C1-S1-C3 88.91(8) C9-S3-C11 88.68(8)
C8-S2-C6 88.67(7) C15-S4-C14 89.15(7)
C4-N5-C5 117.25(13) C12-N5-C13 116.75(13)
C7-C8-S2 105.83(11) C10-C9-S3 105.90(11)
C2-C1-s1 106.04(11) C16-C15-S4 105.95(11)

Table 2.5. Selected bond angles for the XRD structure of L5A.6 (Figure 2.52).
ESDs shown in parentheses.

As a final study, the XRD structures of L4 and L6 were overlaid for comparison
(Figure 2.53). As expected, only minimal differences are evident in their structure
solutions, and these are at the substituents and the thiazoline ring where there is an

increased steric bulk in L6.

Figure 2.53. Overlay XRD structures of L4 and L6 .
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2.3 Conclusion

A comparative study on PyBOX versus its sulfur analogue, thioPyBOX has been
discussed and the design and development of the thioPyBOX ligand family is the
core of this chapter. The eight pieces of existing literature on synthetic routes to the
thioPyBOX ligand has been discussed in this chapter and the method of synthesis

employed herein follows that first demonstrated by Nishio et al. usi ng Lawessc

Reagent. 27 Although the majority of the yields reported are lower or on par with the
literature, the phenyl derivative was synthesised in a yield higher than has yet been
reported. Furthermore, a facile method of purification has been established for the
phenyl- and tertbutyl- derivatives that removes the need of column chromatography.
Six thioPyBOX ligands have been synthesised bearing three different substituents,
each in two enantiomeric forms. These have been fully characterised by *H NMR, 3C
NMR, HRMS and elemental analysis. In addition, three XRD structures contributing
to the thioPyBOX library have been reported, (S,S)-thioPyBOXP" (L4), (S,S)-
thioPyBOX®" (L6) and a co-crystallised structure of (S,S)-thioPyBOX®'AR,R)-
thioPyBOX®", In exploration of synthetic routes to thioPyBOX synthesis, a
macrocycle has been isolated and characterised by the standard methods including
X-ray crystallography.

2.4 Experimental

All reactions in this thesis were performed either under ambient conditions, or under
inert conditions using a standard Schlenk and inert atmosphere techniques. All
commercially available reagents were used without further purification. Dry solvents
were obtained from the University of Leeds Solvent Purification System. *H and *C
NMR experiments in this chapter were conducted on a two-channel Bruker AV3HD
NMR spectrometer operating at 9.4 T (400 MHz 'H, 100 MHz 13C) and equipped with
a 5 mm Broad Band Probe.

Elemental microanalysis was performed by Stephen Boyer at London Metropolitan
University. Mass spectrometry was performed using a Bruker Daltonics (micro T.O.F)
instrument operating in the positive ion electrospray mode and the spectra were
acquired over the m/z range of 50 - 4000. All spectra were recorded using methanol
or acetonitrile as the eluent and a sodium formate solution to calibrate the system.
Experimental details of X-ray Diffraction are outlined in the Appendix.
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2.4.1 Di(hydroxyl)pyridine-2,6-dicarboxamide
Adapted from Towers et al. 224

Al N,N'-bis[(1R)-2-hydroxy-1-phenylethyl]-pyridine-2,6-dicarboxamide.
Potassium hydrogen carbonate (5.15g, 0.051 mols, 1.6 eq.) was dissolved in water
(20 mL) with stirring. Separately, (R)-2-phenylglycinol (5 g, 0.036 mols, 1.1 eq.) was
dissolved in ethyl acetate (60 mL) at room temperature. The base solution was then

added to t he phenyl gl ycinol and gentdy

pyridinedicarbonyl dichloride (6.54 g, 0.032 mols, 1 eq.) was dissolved in chloroform

(30 mL) to give a cloudy solution which

solution was added to the deprotonated aminoalcohol dropwise over a period of 10
minutes. Once all the white fumes of hydrogen chloride were no longer visible, the
reaction mixture was heated under reflux overnight (16 hrs, 85 °C). The reaction was
then left to cool to room temperature before being left to stir overnight (16 hrs, 20 °C),
producing a clear pale yellow solution. The sample was then extracted from ethyl
acetate (2x30 mL) and the aqueous layer was treated with excess dilute hydrochloric
acid which was then re-extracted with ethyl acetate. The organic layers were
combined, dried by addition of excess anhydrous magnesium sulphate, filtered by
gravity filtration and the solvent was removed by rotary evaporation to give an off-
white residue. Diethyl ether was added to the residue and was stirred, producing a
white precipitate which was collected by vacuum filtration. Yield = 5.98g (81%). H

NMR (400 MHz, CDCIz)i 8. 26 (d, J = 8 Hz, 2HJ230N7.

10H), 5.18 (dt, J = 8, 12 Hz, 2H), 3.93 (dd, J =4, 8 Hz, 4H). Full characterisation has
been previously reported by Hermange et al. 2°

A2. N,N'-Bis[(1S)-2-hydroxy-1-phenylethyl]-pyridine-2,6-dicarboxamide.
Prepared according to the procedure for A1 using 2,6-pyridinedicarbonyl dichloride
(3.77 g, 18.5 mmols, 1eq.) in chloroform (20 mL), (S)-2-phenylglycinol (5 g, 36.4
mmols, 1.97 eq.) in ethyl acetate (50 mL) and potassium hydrogen carbonate (3.92
g, 39.2 mmols, 2.1 eq.) in water (20 mL). Yield = 2.94g (39%). 'H NMR (400 MHz,
CDClp)i 8.36 (d, J = 8 Hz, 2HRYy.32(m8 10HE5.27 (dt,
J =2, 5 Hz, 2H), 4.04 (d, J =5 Hz, 4H).

A3. N, MBNjJ(1R)-1-(hydroxymethyl)-2-methylpropyl]-pyridine-2,6-
dicarboxamide. Prepared according to the procedure for Al using 2,6-
pyridinedicarbonyl dichloride (3 g, 14.7 mmols, leq.) in chloroform (15 mL), (D)-
valinol (3.2 mL, 29.0 mmols, 1.97 eq.) in ethyl acetate (30 mL) and potassium
hydrogen carbonate (3.09 g, 30.9 mmols, 2.1 eq.) in water (15 mL). Yield = 2.14g
(43%). 'H NMR (400 MHz, CDCl3) U 8 (d3J5= 8 Hz, 2H), 8.06 (q, J = 8 Hz, 1H),
3.95 (dt, J =4, 12 Hz, 2H), 3.85 (dt, J = 4, 12 Hz, 4H), 2.34 (s (br), 4H), 2.09 (sept, J
=7 Hz, 2H), 1.04 (dd, J = 2, 9 Hz, 12H).

96

hea

wa s
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A4, N, MBNJj(1S)-1-(hydroxymethyl)-2-methylpropyl]-pyridine-2,6-
dicarboxamide. Prepared according to the procedure for Al using 2,6-
pyridinedicarbonyl dichloride (0.75 g, 3.7 mmols, leq.) in chloroform (5 mL), (L)-
valinol (0.8 mL, 7.3 mmols, 1.97 eq.) in ethyl acetate (25 mL) and potassium
hydrogen carbonate (0.79 g, 7.8 mmols, 2.1 eq.) in water (5 mL). Yield = 0.70 g
(56%). 'H NMR (400 MHz, CDCls) i 8. 33 ( #iz, 2H), 8.85 (q7J =57.5 Hz,
1H), 3.95 (dt, J = 3, 8 Hz, 2H), 3.84 (dt, J = 4, 11 Hz, 4H), 2.61 (s (br), 2H), 2.09 (sept,
J =7 Hz, 2H), 1.04 (dd, J =1, 7 Hz, 12H).

A5 . Bis[ALR]-1-(hydroxymethyl)-2,2-dimethylpropyl]-pyridine-2,6-
dicarboxamide. Prepared according to the procedure for Al using 2,6-
pyridinedicarbonyl dichloride (0.88g, 4.3 mmoils, 1eq.) in chloroform (5 mL), (D)-tert-

leucinol (0.99 g, 8.4 mmols, 1.96 eq.) in ethyl acetate (25 mL) and potassium

hydrogen carbonate (0.95 g, 9.5 mmols, 2.2 eq.) in water (5.4 mL). Yield = 1.01 g

(64%). *H NMR (400 MHz, CDCIz) 4 8. 02 (d, J = 8 Hz, 2H), 7
4.94 (s, br, 2H), 3.87 (d, J = 12 Hz, 4H), 3.65 (t, J =8, 12 Hz, 2H), 0.94 (s, 18H).

A6 . Bis[AL8)-1-(hydroxymethyl)-2,2-dimethylpropyl]-pyridine-2,6-
dicarboxamide. Prepared according to the procedure for Al using 2,6-
pyridinedicarbonyl dichloride (0.88g, 4.3 mmols, 1eq.) in chloroform (5.4 mL), (L)-tert-

leucinol (1.01 g, 8.6 mmols, 2 eq.) in ethyl acetate (25 mL) and potassium hydrogen

carbonate (0.93 g, 9.3 mmols, 2.2 eq.) in water (5.4 mL). Yield = 1.17 g (74%). H

NMR (400 MHz, CDCI;)u 8. 00 (d, J = 8 Hz, 2H), 7.91 (
12 Hz, 4H), 3.67 (t, J =8, 12 Hz, 2H), 0.97 (s, 18H).

2.4.2 Macrocycle, M1

M1. The following procedure was carried out under N, atmosphere. N,N'-bis[(1R)-2-
hydroxy-1-phenylethyl]-pyridine-2,6-dicarboxamide, Al, (83.2 mg, 0.25 mmol) was
added to the Lawessonds reagent (100mg, O0. 2
mmol) in toluene (dry) (25 mL) and was heated overnight with stirring (108 °C, 17
hrs). Upon which the initially yellow solution had turned dark brown. The reaction
mixture was left to cool to room temperature, by which point a solid had formed at
the bottom of the reaction flask whilst the solvent floated above. The solvent was
decanted, rotary evaporated to dryness and the remaining oily residue purified by
column chromatography; stationary phase: silica gel and mobile phase: 10 %
dichloromethane and 90 % acetonitrile. The fractions containing the compound were
collected and combined and crystallised by vapour diffusion of pentane into
dichloromethane. 'H NMR (400 MHz, CDCIl3)i 8. 46 ( d, J = 8 Hz, 2 H
Hz, 2H), 8.34 (d (broad), J = 8 Hz, 2H), 8.07 (q, J = 4, 8 Hz, 2H), 7.27 (CDCL3), 5.37
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(dd, J = 12 Hz, 2H), 4.34 (it (broad), J = 8, 12 Hz, 2H), 4.18 (dd, J = 4, 12 Hz, 2H),
1.97 (m, 2H), 1.57 (H20), 1.26 (s, 3H), 1.05 (d, J = 4 Hz, 6H), 0.99 (d, J = 8 Hz, 6H).
HRMS [ES]*[M+H]*Pr edi ct ed E 469. 2042 FoundE 469. 20 ¢

2.4.3 2,6-Bis(thiazolinyl)pyridine T ThioPyBOX

L1. 2,6-Bis[(4R)-4-phenyl-4,5-dihydro-1,3-thiazol-2-yl]-pyridine. The following

procedure was carredout under anhydr o-big(lRE2hydiokytlt on s .
phenylethyl ]pyridine-2,6-dicarboxamide, Al (4.0 g, 9.83 mmol, 1 eq.) was combined

with the Lawessonods reagent (4.9 g, 12.0
nitrogen before the addition of dry toluene (70 mL). The reaction was heated under

reflux (24 hrs, 130 °C) and then left to stir at room temperature (24 hrs, 20 °C)

producing a clear bright yellow solution. The solution was washed with water (2x20

mL), the toluene layer collected and the remnant yellow product from the water layer

was extracted with dichloromethane (10 mL) and combined with the toluene layer.

The organic layers were dried with magnesium sulphate, filtered by gravity and the

solvent was removed by rotary evaporation producing a yellow-brown residue.

Excess acetone was added to the residue and was allowed to sit in the fridge for 1

hour, before being filtered under vacuum to
g (22 %). 'H NMR (400 MHz, CDClz) 0 8. 28 (d, J87#,J88MzzIH), 2H) , 7
7.44-7.31 (m, 10H), 5.83 (t, J = 9 Hz, 2H), 3.82 (dd, J =2, 11 Hz, 2H), 3.33 (dd, J =

2,11 Hz, 2H). ® C NMR (100 MHz,CDClz)ti 170. 9, 150. 5, 141. 9, 13
126.6, 123.3, 81.4, 39.8. HRMS [ES] + [ M+ H] + Predi4t Ed(En 4D 2 .
402.1108. Elemental analysis calculated (%) C 68.80, H 4.77, N 10.46; found

C 68. 67, H 4. 84, N 10. 36.

L2. 2,6-Bis[(4S)-4-phenyl-4,5-dihydro-1,3-thiazol-2-yl]-pyridine. Prepared

according to the procedure for L1 u s i n g -bidN1SN2Nhydroxy-1-phenylethyl
Jpyridine-26-di car boxami de, A2 (10.2 g, 0.025 mol ,
g, 0.045 mol, 1.8 eqg.) and di73%)t'"HdNMR¢40 ( 90
MHz,CDCl;)a 8. 38 (d, J = 8 Hz, 2H}).32MmM/108)58¢t , J

(t, J = 9 Hz, 2H), 3.85 (dd, J =2, 11 Hz, 2H), 3.36 (dd, J = 2, 11 Hz, 2H). *C NMR

(100 MHz, CDCIs) U 171.9, 150.1, 141.5, 137.5, 128.9, 128.0, 126.7, 124.0, 80.8,

39.6. HRMS [ES] + [ M+ H] + PredictedE 40 2 Eléntebtd Four
analysiscal cul ated ( %) C 68. 80, H 4. 77, N 10. 46

L3. 2,6-Bis[(4R)-4-iso-propyl-4,5-dihydro-1,3-thiazol-2-yl]-pyridine. The
foll owing procedure was <carried -Bsi(lR-tnder &
(hydroxymethyl)-2-methylpropyl]-pyridine-2,6-dicarboxamide, A3 (0.52 g, 1.54 mmol,
1 eq.) was combined with the Lawessonods rea
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was flushed with nitrogen before the addition of dry toluene (40 mL). The reaction

was heated under reflux (24 hrs, 130 °C) and then left to stir at room temperature (8

hrs, 20 °C) producing a clear bright yellow solution. The solution was washed with

water (2x20 mL), the toluene layer collected and the remnant yellow product from the

water layer was extracted with dichloromethane (10 mL) and combined with the

toluene layer. The organic layers were dried with magnesium sulphate, filtered by

gravity and the solvent was removed by rotary evaporation producing a yellow

residue. The product was purified by column chromatography on silica, with a 1:9
dichloromethane:acetonitrile eluent. The solvent was removed from the collected

fractions yielding a yellow powder. Yield = 0.13g (24%). *H NMR (400 MHz, CDCl3)

a 8.14 (d, J = 8 Hz, 2H), 7.81z2H),3.364dd,= 8 Hz
J =8, 12 Hz, 2H), 3.09 (dd, J = 8, 12 Hz, 2H), 2.10 (sept, J = 4, 8 Hz, 2H), 1.10 (d, J

=8 Hz, 6H) 1.02 (d, J = 8 Hz, 6H). *C NMR (100 MHz,CDClzj)i 169. 0, 150. 5,
123.0, 84.5, 34.0, 33.4, 19.7, 18.9. HRMS [ES] + [M+H] + Predicted E 334. 1367
FoundE 3 E¥emehtdldabalysis calculated (%) C 61.22, H 6.95, N 12.60;

found C 61.04, H 6.82, N 12.46.

L4. 2,6-Bis[(4S)-4-iso-propyl-4,5-dihydro-1,3-thiazol-2-yl]-pyridine. The following
procedure was carried out under anyhydrous conditio ns . -BN[(18)N}
(hydroxymethyl)-2-methylpropyl]-pyridine-2,6-dicarboxamide, A4 (0.6 g, 1.78 mmol,
1 eqg.) was combined with the Lawessonb6s re

[e})

was flushed with nitrogen before the addition of dry toluene (30 mL). The reaction

was heated under reflux (24 hrs, 130 °C) and then left to stir at room temperature (8

hrs, 20 °C) producing a clear bright yellow solution. The solution was washed with

water (2x20 mL), the toluene layer collected and the remnant yellow product from the

water layer was extracted with dichloromethane (10 mL) and combined with the

toluene layer. The organic layers were dried with magnesium sulphate, filtered by

gravity and the solvent was removed by rotary evaporation producing a yellow-green

residue. Excess pentane was added and mixture was filtered by vacuum filtration.

The filtrate was collected and the pentane was removed by rotary evaporation to give

a pale green precipitate. Yield = 0.21g (36%). *H NMR (400 MHz,CDCIl3)i 8. 40 (s, b1
2H), 7.91 (t, J = 8 Hz, 1H), 4.62 (dt, J = 6, 15 Hz, 2H), 3.43 (dd, J = 10 Hz, 2H), 3.17

(dd, J =10 Hz, 2H), 2.23 (sept, br, 2H), 1.13 (d, J = 7 Hz, 6H) 1.06 (d, J = 7 Hz, 6H).

13C NMR (100 MHz,CDCl3)i 169 . 0, 150. 5, 137. 0, 123.0, 8
HRMS [ES] +[ M+ H] + PredictedE 33.Elehnéh@7anaysisund E 3
unobtainable for L4, however has been obtained for [Fe(L4)2][ClO4]»: calculated (%)

C 44.30, H5.03, N 9.12; found (%) C 44.14, H 4.98, N 8.73.

L5. 2,6-Bis[(4R)-4-tert-butyl-4,5-dihydro-1,3-thiazol-2-yl]-pyridine. The following
procedur e was carried out undeBis[IRgIrn y hy dr c
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(hydroxymethyl)-2,2-dimethylpropyl]-pyridine-2,6-dicarboxamide, A5 (1.0 g, 2.74

mmol, 1 eqg.) was combined wi t,B3mnbpel2legq)wesson
and was flushed with nitrogen before the addition of dry toluene (30 mL). The reaction

was heated under reflux (24 hrs, 130 °C) and then left to stir at room temperature

overnight (16hrs, 20 °C) producing a light brown solution. The solution was washed

with water (2x20 mL), the toluene layer collected and the remnant brown product

from the water layer was extracted with dichloromethane (10 mL) and combined with

the toluene layer. The organic layers were dried with magnesium sulphate, filtered

by gravity and the solvent was removed by rotary evaporation producing a yellow-

brown residue. Excess acetonitrile was added and mixture was filtered by vacuum

filtration to give a white precipitate. Yield = 0.29g (29%). *H NMR (400 MHz, CDCl3)

a 8.17 (d, J = 8 Hz, 2H), 7.82 (t, J = 8 Hz
Hz, 2H), 3.19 (t, J = 10 Hz, 2H), 1.06 (s, 18H). *C NMR (100 MHz, CDClz) i 167 . 9,
150.4, 136.4, 122.4, 88.2, 35.1, 32.4, 26.5. HRMS [ES] + [ M+ H] + Predici
362.16 8 0 F o u n d E ElanGeBtal arfalys2s. calculated (%) C 63.12, H 7.53, N
11.62; found C 63.00, H 7.58, N 11.24.

L6. 2,6-Bis[(4S)-4-tert-butyl-4,5-dihydro-1,3-thiazol-2-yl]-pyridine. Prepared

according to the procedure for L5 u s i n g -Bif{1SNN{hydroxymethyl)-2,2-
dimethylpropyl]-pyridine-2,6-d i car boxami de, A6 (6.3 g, 0.017
Reagent (11.7 g, 0.029 mol, 1.7 eq.) and dr
'H NMR (400 MHz, CDCl3) 847 (s, br, 2H), 7.91 (t, J = 8 Hz, 1H), 4.53 (t, J = 10

Hz, 2H), 3.31 (t, J = 10 Hz, 2H), 3.19 (t, J = 10 Hz, 2H), 1.06 (s, 18H). *C NMR (100

MHz, CDCls) U 168. 2, 150. 7, 136. 8, 1RRMS 8ES] +8 8 . 5,

[ M+H] + PredictedE 36 ElehehtdlGnalyssucalail&@ed3i%)2 . 17 35
cC63.12, H 7.53, N 11.62; found C 63. 05, H 7
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Chapter 3
Spin-Crossover Complexes of Iron(ll) ThioPyBOX

3.1 Introduction

3.1.1 Chirality in Metal Complexes

Alongside the many other concepts theorised by Werner that form the foundations of
coordination chemistry today, he found that metal complexes can in fact exhibit
chirality. *° Rivalledat t he ti me by JBrgensen who
complex stereoisomerism, convinced of only structural isomerism, 237 Werner finally
concreted his theory with the demonstration of cis- and trans- isomers of the trivalent
cobalt complex, [Co(NH3)4Cl2]Cl (Figure 3.1). 238240

NH3 BN

HsNo,, ‘“‘\CI > HiNw,,
Hy N/ | \CI HN " |

NH,

cis-

Figure 3.1. Cis- and trans- isomers of [Co(NH3)4Cl2]".

In addition to cis- and trans-, and fac- and mer- isomerism, octahedral metal
compl exes can al so e x hadhialityt?*! id whico pve bor lthece
bidentate ligands can coordinate in multiple ways that results in non-superimposable
mirrored structures termed s or ¢ an example of this is shown in Figure 3.2. 242 Such
chirality has been applied in the design of chiral tetrahedral cages, which can
separate racemic mixtures of alcohols using host-guest chemistry. 243

rejec:



Figure 3.2. An example of propeller-chirality in the structure of [Fe(bpy)s]?*.

Chirality in metal complexes can be likened to that studied in organic chemistry.
Tetrahedral metal complexes can exhibit chirality, if four different monodentate
ligands are coordinated, resulting in optical isomers analogous to an sp? stereogenic
carbon centre (Figure 3.3). 24

R4 L,
C|I I\lll
u.,"' R nl.,,, L
Rz/ \R3 4 Lz/ \L 4

3

Figure 3.3. Stereogenic carbon and metal tetrahedral centres.

Having said this, tetrahedral metal complexes tend to be less configurationally stable
in comparison to their octahedral counterparts, 2*° but particularly in comparison to
their organic analogues. In chiral organic moieties, carbon tends to form strong
covalent bonds, unlike metal-ligand bonding which involves weaker, dative-covalent
bonds. A continuous challenge faced by chemists in the synthesis and study of chiral
metal complexes is a consequence of this weaker bonding, that is - the possibility of
racemisation, of an otherwise enantiopure sample in solution, over time. This coupled
with labile ligands, can result in facile M-L bond-cleavage and re-formation, enabling
the racemisation to take place. ?** It is because of this that the applications and
significance of such complexes are underexplored compared to their organic

equivalents. 246

In the above-mentioned types of chirality, the metal ion is considered the
stereocentre, and these types of c-d4imeahi Dy are knc

I n the case of -abmeetashleddr @ad mpiocuhn dsa,l micadr e i s
richness and complexity that arises from the possibility of 30 sterecisomers from just
one octahedral stereocentre with six monodentate ligands. This has proven
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convenient for a manifold of uses, such as multifunctional catalysis 24’ and deserves
to be further exploited. Furthermore, chiral octahedral complexes can offer unique
chemistry, such as greater rigidity, by using conformationally-restricting chelating
ligands. This has allowed such complexes to be employed in biological studies for
binding to DNA and to proteins. ¢ Their larger size (compared to organic
equivalents) renders them a better pocket-filling fit in studies of protein sites and other
enzymes, where complementarity can only be achieved with a specific complex
configuration. 24°

3.1.1.1 AChiral-at-Li gandd

The other c¢class of chirality-ai-Ini gmaentdadl,
there is at least one stereogenic centre in the ligand. This ligand then coordinated to
a metal, imparts chirality to the overall molecule, giving a chiral metal complex. This
can be employed as a chiral catalyst in asymmetric reactions, where a particular
enantiomer is the solely desired reaction product. *° Furthermore, chiral metal
complexes are important for catalysing the production of enantiopure materials for
the pharmaceutical industry 25252 and in agriculture. 23

Chiral C,-symmetric ligands are ideal for catalysis, as they act as stereochemical
directors to control the stereochemistry of involved transition states and therefore
respective products. 2> This results in enantioselectivity of the reaction pathway with
a minimal number of possible transition states, as depicted in Figure 3.4. This
highlights the importance of symmetry in the ligand.

N e N
Oﬁ/fnj\(o RS

N N N
RN e

R NS R X

Figure 3.4. Arrows indicating the direction of substrate attack upon a C,-
symmetric (left) and asymmetric (right) chiral metal-PyBOX complex.
Arrows of the same colour leads to identical products.

Other strategies to induce chirality in a metal complex include: the attachment of
chiral auxiliary groups to a coordinated ligand that can control the reaction pathway
before then being cleaved off at the end; the use of chiral counterions 2*° or co-

ci onm pw
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crystallisation with a chiral anion; %*® and a temporary coordination of a chiral ligand
directly to the metal. 257-2%8

Asymmetric catalysis is where complexes with chiral ligands were first and foremost
employed. The use of such catalysts allows for an absolute control of stereochemical
outcome by distinguishing between diastereomeric transition states with as little as
10 kJ mol*t accuracy. ?*° The first homogeneous chiral metal catalyst employed in
asymmetric catalysis was a chiral Schiff-base copper(ll) complex in the reaction of
styrene with ethyl diazoacetate. This gave cis- and trans- products (Figure 3.5) in a
less than 10% enantiomeric excess (ee). 2

Me
©\/ I 0)
N Cu
= 2350 m [Cu] o N0
trans- oj cis-
Me

Figure 3.5. A chiral Schiff-base copper(ll) complex catalysing an
enantioselective carbenoid reaction. 2%

This thesis intends to further explore the concept of chirality in metal complexes.

3.1.2 Chirality in Spin-Crossover Complexes

There has been a growing interest in developing functional materials that are SCO-
active, coupled with other chemical and physical functionalities such as liquid
crystallinity, 261263 electrical conductivity, 254 255 fluorescence, ¢ chirality 26’ and
ferroelectricity, 2% 269 to improve use in end applications. 2% 2’ Herein we will focus
on the interplay between SCO and chirality.

The combination of chirality, magnetism and light in a complex, dates back to 1811
where Arago discovered natural optical activity (NOA) in chiral quartz crystals. 272273
This work was followed by Faraday in 1846, who discovered optical activity which
was magnetically-induced (MOA) in lead borate glass -resulting in the Faraday
Effect. 27427 Then in 1848, Pasteur successfully separated the two enantiomers of
sodium ammonium tartrate crystals manually, 2’6 but was unsuccessful when he tried
to isolate an isomer of tartaric acid crystals in the presence of a magnetic field. 2”7 It
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is only in the recent years that the interplay between chirality and magnetism has
been brought back into light. 27

3.1.2.1 Why are we interested?

Combining chirality with SCO complexes can afford fascinating results that can be
applied in functional materials. For example, chirality in a ferromagnetic material can
affect magnetic, optical and electric properties, by interference effects which arise
from the loss of inversion and mirror symmetry elements. 2’° Therefore, such
materials can be used to tune these properties. Furthermore, introducing an element
of chirality to SCO complexes has been proposed as a method to facilitate retaining
stored data in molecular electronics. The optical rotation of chiral molecules allows
for detection at lower-energy/longer wavelength irradiation, compared to their achiral
counterparts. 2% This is less likely to damage stored data information during the read-
out process (non-destructive readout), improving their application as magneto-chiral
switches in SCO-memory devices. 280 281

An application of light-induced reversible SCO in chiral molecular magnets is
presented in the field of non-linear optics (NLOs), which could prove useful in
developing optoelectronics with the emergent miniaturisation of technological
devices. 282283 Ohkoshi et al. demonstrated an example of this with the 3D bimetallic
structure of (+)-Fez[Nb(CN)g](4-bromopyridine)s.2H.O (Figure 3.6) in which they
tested its NLO behaviour. 27°

Figure 3.6. XRD structure of (+)-Fez[Nb(CN)s](4-bromopyridine)s.2H,0 (a)
and Fe and Nb coordination environments (b). (Red = Fe, blue = Nb,
green = Br, yellow = C, light green = N). Figure taken directly from
publication. 27°
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Magneto-Chiral Dichroism (MChD)?** is another application of chiral magnetic
systems, which particularly depends on light-matter interaction. Chiral systems that
can be magnetised, either spontaneously or under a stimulus, can absorb or emit
unpolarised light depending on the light propagation vector and configuration of the
system. The strength of absorption depends on the chirality of the metal complex. A

C ﬂf/v oﬂ[ )
E/:t;»:n:t t:“l"it:\E
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schematic of this is shown in Figure 3.7. 28

Stronger absorption Weaker absorption

Figure 3.7. Schematic representation of how MChD works on a chiral
molecule. Figure adapted from publication. 278

3.1.2.2 Homochiral-SCO Compounds

The iron-octacyanoniobate complex by Ohkoshi et al. 2”° crystallises in a chiral space
group, and shows a temperature-dependent, and hysteretic, SCO transition at T12Z
=112Kand Ty = 124 K. R eswiching betwkea twp ghasésavith long-
range magnetic ordering, PI-1 and PI-2, was also demonstrated by light irradiation at
473 nm and 785 nm at 10 K. The team also investigated the effect of optical switching
on Magnetisation-Induced Second-Harmonic Generation (MSHG), where a polarised
pl ane of SH |light is switched perpendi
achieved by adding a chiral functionality to the complex. 2”° This breakthrough by
Ohkoshi et al. was the first of its kind that demonstrated the interplay between SCO
and chirality. 28°

Examples of chiral-SCO compounds include homochiral 1D-coordination polymers,
where the iron(ll) centres along the chain are the same s or ¢ chirality. 2%
Heterometallic chiral 1D-coordination polymers have also been reported, such as the
cyanide-bridged [CoFe] structure reported by Hoshino et al. (Figure 3.8). 26 The iron
component is [Fe"(tp)(CN)s](BF4).MeOH.2H,O (tp = hydrotris(pyrazol-1-yl)borate)
and the cobalt component is [Co"((R)-pabn)] ((R)-pabn = (R)-N ( 2 ) ,-His(pyidNi)-
2-ylmethyl)-1 , -Qifdphtyl-2 , -@iadjine). The chirality arises from the tetradentate
ligand coordinated to cobalt, which gives a s-metal centre and this chirality is
imparted to the rest of the molecule. The structure is both magnetically and

cul ar
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electrically bistable over the same temperatures. The use of (S)-pabn formed the
analogous homochiral (S)-complex, while a racemic mixture of (R)-pabn and (S)-
pabn formed an achiral nonanuclear complex instead; [Fe",Co"'4Co"(CN)12(tp)4((R)-
pabn)z((S)-pabn);](BF4)10.12H,0.40CH3;0OH. 288
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Figure 3.8. XRD structure of the heterometallic 1D polymer of cyanide-
bridged [CoFe] studied by Hoshino et al. (green = Fe, blue = Co, pink =
B, grey = C, purple = N). Figure taken directly from publication. 28

Where there are extended homochiral intermolecular interactions between individual
chiral units, a higher dimensionality from self-organisation may be achieved, resulting
in a 2- or 3-D chiral conglomerate that can be crystallised. " There are mixed-
valence examples of this, such as the homochiral species, [Fe"HsL][Fe"L](NOs)2
(where HsL = tris((24(imidazoleZZ/)methylidene)amino)ethyl)amine), which was
synthesised from achiral components. 2% The iron(Il) and iron(lll) centres form FeNs
octahedral coordination environments with propeller-chirality and this 2D
conglomerate supramolecular structure can undergo SCO with cooperative effects
from the mixed valency across the assembly.?®® The cobalt analogue,
[Co"(HsL)][Co"(L)]CL3-8H,O has also been reported to crystallise as a chiral
conglomerate. 282 Following this, Sunatsuki et al. exploited host-guest chemistry
using chiral recognition of the iron conglomerate with a [Cr(ox)s]*>" guest and along
with the SCO behaviour of the [Fe'"(HsL)]** species. 287

Hashibe et al. synthesised and isolated fac-s -[Fe'(HLR)3](ClO.).AtOH where HLR is
the bidentate ligand, 2-methylimidazol-4-yl-methylideneamino-R-(+)-1-
methylphenyl. 2! The complex preferentially adopts the fac-s- isomer over the
possible mer- and/or g conformations, due to the steric hindrance provided by the
methyl substituents on the ligand. However interestingly, XRD analysis of
[Fe'"(HLS)3](ClO4)AtOH, where HLS is the S-enantiomer of the ligand, showed that
the fac-ga iron complex formed preferentially - rationalised by steric effects. Their
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findings showed that the s- complex underwent a steep SCO transition at
T12 = 195 K, owing to cooperative effects from the chain-like packing, directed by
hydrogen bonds from the counter-ion and solvent. 2°* This highlights the significance
of chirali-aty i gromdéoclhimpalexes.

Other SCO structures incorporating chirality include that reported by Lui et al. on the
3-dimensional Metal-Organic Framework (MOF) [Fe'(mptpy).]EtOHA.2DMF (where
Hmptpy = 3-methyl-2-(5-(4-(pyridin-4-yl)phenyl)-4H-1,2,4-triazol-3-yl)- pyridine),
which was found to be particularly stable and exhibit two spin transitions either side
of T = 300 K. 2 Homochiral tetrahedral iron(Il) cages that undergo spin transitions
close to room temperature have also been published in the recent years. 2

The above discussed examples of chirality in SCO complexes consider only
homochiral species. Mixed-chiralities have also been reported, for example in the 2D
network material [Fe"(5-NOsaL 2-trien)]-[Mn"Cr'"(0x)s](CHsNO2)0.5(H20) discussed
by Clemente-Leon et al. 2°2 The different chiral configurations arise from the different
metal centres, the Cr3 ions taking the g configuration, while the Mn?* adopts the s-
i somer , resgtpsédpngatitneran.é The compl ex -
ordering at long-range around T = 5 K. However, the study attributed changes in the
spin state of the overall complex to the electron- donating or withdrawing character
of the substituent bound to salL 2-trien, rather than to the doping of the achiral-SCO
species into the chiral framework. 2°2

3.1.3 Subtle Differences between SCO Complexes

While multidimensional SCO-species offer optimal cooperativity through their highly-
connected systems, mononuclear species such as the FeNs chromophore, discussed
in Chapter 1, can also provide strong cooperative effects. 2°> From here on, FeNs
systems will be the focus.

3.1.3.1 Discrimination Between Polymorphs w.r.t SCO Activity

There are mononuclear SCO materials that can exist and crystallise out as
polymorphs. Studies of these polymorphs have shown that they can present distinct
SCO behaviours from one another, which is vital to furthering our understanding of
other ways to attain control in SCO systems.

Ozarowski et al. isolated two polymorphs of the iron(ll) complex cis-[Fe(bt)2(NCS)-]
(where bt = 2 , -BitMpzoline). 2°* Though both polymorphs (A and B) crystallised in

under c

the same crystal system and space group (triclinic, PQ) , and both had the
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ligands in a cis- conformation to each other, more subtle structural differences were
evident from XRD analysis (Figure 3.9). 2%

Figure 3.9. XRD structures of polymorph A (left) and polymorph B (right).
Figures taken directly from publication. 24

XRD analysis showed differences in the bond angles Fe-N-C and N-C-S of the
thiocyanate ligands. Polymorph A had one thiocyanate near the expected 180 °, but
had the other display a distinct Fe-N-C angle close to 160 ° instead, while Polymorph
B showed both Fe-N-C angles close to 180 °. Furthermore, it was noted that the bond
lengths, N-C and C-S, in polymorph B are longer compared to A. SCO studies of the
two polymorphs rather interestingly revealed that polymorph A underwent a
hysteretic Spin Transition (ST) around ~170-180 K, while polymorph B remained in
the HS state across 77-300 K.

This was rationalised by the differences in the packing structures of the polymorphs

(Figure 3.10), with A presenting more effective intermolecular interactions owing to
slightly shorter intermolecular SéS distanc
coordination sphere, and therefore its ability to undergo a cooperative ST. 29 294
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Figure 3.10. Chain of interactions in polymorph A (left) and polymorph B
(right), between the thiazoline rings. A, B and C in the figures denotes
the view along the a-axis, b-axis and c-axis respectively. Figures taken

directly from publication. 2
In contrast to the bipyridine analogue [Fe(bpy)2(NCS),] studied by Konig and
Madeja 2°° in which all three polymorphs exhibit SCO-activity, this study is the first

that discriminates between polymorphs with regards to their SCO-behaviour.

Derivatives of SCO complexes have been developed to achieve optimum
cooperative SCO activity. This involves exploiting both steric and electronic effects
at an individual molecular level, in order to improve the overall cooperativity across
the bulk sample through these structural variations. Létard et al. studied cis-
complexes of iron(ll) bis-thiocyanate species [Fe(PM-BiA)(NCS),] and [Fe(PM-
PEA)2(NCS);] (where PM-BIA = N-(2-pyridylmethylene)aminobiphenyl and PM-PEA
=N-( 2piNjdylmethylene)-4-(phenylethynyl)anilino) (Figure 3.11) 2%:2%7 to investigate
the effect of additional intermolecular p-interactions on the cooperativity of the ST.
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Figure 3.11. Structures of [Fe(PM-BiA)2(NCS);] (left) and [Fe(PM-PEA)2(NCS);]
(right), studied by Létard et al. 2%

Within this work, it was found that single crystals of [Fe(PM-BiA)2(NCS).] underwent
an abrupt thermal ST with a 5 K hysteresis loop and a powder sample (1) matching
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the diffraction pattern of the single crystal agreed perfectly with this (Figure 3.12).
However, a powdered sample produced from a different synthetic approach (2), that
involved an excess of ligand, showed a more gradual ST with significantly higher T,
values (Figure 3.12, right).

3.5 i . . i . i i i Powder sample 1 Powder sample 2
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Figure 3.12. Comparison of X, T vs T of single crystals of [Fe(PM-BiA)2(NCS);]
(left) and of powder samples 1 and 2 (right). Figures taken directly from
publication. 29

The two powder samples were identified as polymorphs of one another, which
explains their differences in SCO behaviours. 2°” These differences highlight not only
how powder and single crystal samples can be used synergistically to support one
another, but also how differences in magnetic measurement data can become
apparent from polymorphs of the same sample. Such polymorphs can be produced
simply from following different synthetic procedures.

3.1.3.2 Switching Sulfur for Selenium

Other examples of discrimination based on SCO activity, includes that between
structurally analogous complexes, which differ by a single atom. Despite slight
chemical differences in their atomic makeup, these structures are said to be
isostructural, and these can present interesting differences with regards to SCO
activity.

The complexes [Fe(DPQ)2(NCS)] and [Fe(ABPT)2(NCX)2] (where DPQ = 2,3-bis-( 2 Nj
pyridyl)-quinoxaline, ABPT = 4-amino-3,5-bis(pyridin-2-yl)-1,2 4-triazole and X = S,
Se (Figure 3.13)) were studied by Moliner et al. 2% 2% This study compares the effect
of swapping sulfur for selenium in the thiocyanate ligand in a mononuclear iron(Il)
complexes (Figure 3.14) and observing how the SCO behaviour differs between the
two analogues. It should be noted that the complexes have a pseudo-octahedral
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geometry and the thiocyanate or selenocyanate groups are trans- to each other. In
such a-diimine complexes, pseudo-halide groups would more commonly adopt cis-
conformations to each other, rendering this the first example of a trans- oriented
thiocyanate a-diimine complex. 2%

» /_\
N y NH, =
= \ N <
NE\ /SN =N r}l-{\l N
DPQ ABPT

Figure 3.13. Chemical structures of DPQ (left) and ABPT (right), studied by
Moliner et al. 2% 2%

Figure 3.14. Iron(ll) complex with thiocyanate ligands cis- to each other
(left) and the selenocyanate analogue (right).

Solid state variable temperature magnetic measurements gave a Ty value = 180 K
for [Fe(ABPT)2(NCS),] and Ti, = 240 K for [Fe(ABPT)2(NCSe).]. Furthermore,
Differential Scanning Calorimetry (DSC) measurements showed the thiocyanate
complex to be enthalpically more favourable than the selenocyanate analogue, and
the selenocyanate to be more entropically favourable. 2°® For comparison, the
magnetic susceptibility of the complex [Fe(DPQ)2(NCS),] GO(CHs). was measured,
and was found to remain in the HS spin state between 4.2-290 K. This was
rationalised by exceedingly long Fe-N (iron-quinoxaline) bonds and considerably
shorter Fe-N (iron-thiocyanate) bonds, 2°® compared to other [Fe(L)2(NCS),]
analogues that undergo SCO. 294 300-303

Across the series of complexes trans-[Fe(Rzbapbpy)(NCX),] (where bapbpy =
N6 , MNB(pyjridin-2-yl)-2 , -Bigyfidine- 6 , -@iddjine and X= S or Se) (Figure 3.15), it
was found that substitution of sulfur with selenium resulted in reduced cooperative
effects in the material, due to the lower electronegativity of selenium compared to
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sulfur. The cooperativity is said to arise fromN-Hé S i nt er acti ons, ther
group is bulky and positioned close to the N-H bridge, it will sterically hinder the

interaction with the sulfur atom. It was also noted that higher transition temperatures

were also generally observed with the thiocyanate complexes.

254
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Figure 3.15. Structure of [Fe(bapbpy)(NCS).].

An exception to this trend was found with an isoquinolin-3-yl analogue of bapbpy, as
this complex showed a more cooperative ST effect with selenocyanate. 34 205 The
different SCO behaviours, attributed to the change between NCS™ and NCSe", were
corroborated by earlier findings from Bréfuel et al. 3°® Their research showed that an
iron(Il) complex containing the selenocyanate anion was found to produce a one-step
and steeper ST, compared to its thiocyanate analogue, which produced a two-step
ST with small hysteresis. 3

The intersection between polymorphs and isostructural SCO complexes was studied

in polymorphs of cis-[Fe(bgen)(NCX).], where bgen is the tetradentate ligand, N, N Nj
bis(8-quinolyl)ethane-1,2-diamine and X = S or Se. 2 It was found that swapping

thiocyanate for selenocyanate in these complexes affected the ST by as much as

&l,= 100 K 12 w T ®(N@Se) & TT12(NCS)), with the selenocyanate

complex affording the higher Ti,v al ue . igdihsi sl asTg e r pvaueshatt he a&T
have been obtained for other iron(ll) thio-/selenocyanates with a-diimines. For
[Fe(phen)2(NCX)s] , 128755 K 37 and for [Fe(PM-PEA)2(NCX),] @/T= 62 K and
@Try=75K. 3%

However, there have been findings of distinct ST temperatures between polymorphs
of acomplex, withaeT v al ues (P Fu(polyaeifph I) - Ti(polymorph I1)|)
that ar e si m+ 10&GK obtained ly Baetuabdlurgui et al. 2°2 A polymorph
() of the complex trans-[Fe(tzpy)2(NSC),] where tzpy = 3-(2-pyridyl)[1,2,3]-
triazolo[1,5-a]pyridine, exhibits a gradual ST with a T1» between 120 and 200 K,
whilst polymorph Il of the complex exhibits an abrupt ST at T, = 102 K. 3% This
demonstrates how not only the exchange of S for Se can affect the SCO activity, but
also the polymorph.
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The differences in SCO activity of the iron(ll) centre between the thiocyanate and
selenocyanate analogues can be attributed to two rationales, based on electronic
and steric arguments:

91 Electronegativity difference. As sulfur is more electronegative than
selenium, it has a greater electron-withdrawing effect from the nitrogen atom
of the coordinated thiocyanate ligand. This in turn reduces the effect of the
ligand field around the iron centre, lowering the crystal field splitting energy
between the ty4- e4* orbitals, which stabilises the HS state and makes it more
accessible. 2% Therefore the expected trend of sulfur analogues is to be more
OHSi ked in character compared to seleniu

1 Geometric distortion. Angular distortion parametersofd< 9 0 eli<arnd 0 ¢ ,

show deviations from a perfect octahedron (d= 9 0eli=and8 0 end,
these deviations can influence the Ti» value. It has been found that
substitution of NCS- for NCSe" can result in greater distortion parameters. 2%
This can be understood by the increased atomic radius of Se versus S. The
larger Se atom increases steric strain in the ligands, which can force more
obtrusive geometries about the iron centre in order to accommodate. It is
more useful to understand the difference in these distortion parameters
between the HS and LS states of a complex, to appreciate why a ST may be
hindered.

3.1.3.3 Switching Oxygen for Sulfur in Heterocyclic Ligand Frameworks

The same rationale can be applied to the exchange of oxygen for its third row
counterpart, sulfur. With sulfur being a less electronegative atom than oxygen and
larger in atomic radius (rs = 1.07 A and ro = 0.63 A 319), oxygen analogues would be
expectedt o demonstrate a SCO ibkeehda viino ucrh ammoarcet edrH ¢
its sulfur equival ent s, -lainkde 6s uctinityussrCCa naal og u e

Similar steric and electronic arguments as discussed for sulfur vs. selenium in NCS*
and NCSe" complexes, can be likened to comparison of oxygen vs. sulfur in
heterocyclic ligands. The lower electronegativity of sulfur compared to oxygen in a
nitrogen-containing heterocycle promotes a greater ligand field splitting in its
complexes. The increased size of the sulfur atom can afford better conformational
fl exibility-trideftatethéterocyblic Igédnd Bbdui the iron coordination
sphere, provided the denticity and ring-size of the ligand permit so. This higher
flexibility of thiazoline compared to oxazoline in the ligand is said to have less of an

energy cost associated with its conformational rearrangement upon a ST. 216311313
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Not only has it been theorised that swapping oxygen for sulfur in this system can
improve the completeness of the ST, but also, it may tune the Ty, temperature of the
spin transition to higher, more ambient, temperatures. 25, These improved results
may be more suitable for application-purposes in molecular electronics, which
demonstrates why the effect of swapping oxygen for sulfur is of interest herein.

Preliminary investigations into this hypothesis were supported by Pan et al. in one of
their recent publications, 2! in which they studied the SCO activity in achiral
[Fe(thioPyBOXR);]?>* complexes where R = H or Me; (Figure 3.16).

Figure 3.16. Iron(ll) PyBOX complex (left) and iron(ll) thioPyBOX complex
(right). Figure reproduced from publication. 2

In their work they found the complex [Fe(thioPyBOXMe2),][ClO4]. underwent a gradual
SCO in the solid state and upon multiple heating/cooling cycles observed a hysteretic
effectwitha TiZ = 3abhdTyK = 349 K givingDE=BeK Ayster e
study of the LIESST effect on the same species, showed an excitation of 16 % of
iron(Il) centres from the LS state to the HS state upon application of the laser. This
was corroborated by a solution state SCO study of the same complex which was
shown to exhibit a ST with a T2 = 240 K. Complete HS character is attained across
the bulk sample at 283 K with X»T = 3.81 cm® K molt. However, with the complex
[Fe(thioPyBOXH),][ClO4]2 both solid and solution state studies showed the LS state
was maintained across all temperatures. That reflects the increased steric effect of
the methyl substituents in [Fe(thioPyBOXMe2),][CIO4]., which weakens its ligand
field. 26

While their work addresses the comparisons between complexes of iron(ll) -PyBOX
and -thioPyBOX ligands, their SCO activity using multiple diagnostic tools in both
solid and solution states and the effect of changing counter-ions, the work only
explores the unsubstituted thioPyBOX ligand and one substituted ligand, which has
an electron-donating nature. Furthermore, both ligands are achiral which leaves
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studies of chiral discrimination in iron(ll)thioPyBOXR complexes and other substituent
( R | )yeffedts, an uncharted field of research.

3.1.4 Chiral Discrimination of Spin States in Iron(I)PyBOX complexes

The first demonstration of chiral discrimination between spin states in an iron(ll)
complex, was demonstrated with a series of homochiral and heterochiral iron(ll)
PyBOX complexes. This was studied within the Halcrow group by Burrows et al. in
2017. 21° This was the first known study of chiral discrimination in SCO complexes
that also investigated solution state SCO behaviour in comparison to the solid state.

The R- substituent on the 4-position of the PyBOX ligand was varied in their research
to be phenyl (Ph), isopropyl (iPr), methyl (Me) and an achiral analogue (H), and
complexes of these were studied (Figure 3.17). The counter-ion used throughout their
work was the perchlorate anion.

R= Ph, iPr, Me, H

Figure 3.17. Iron(Il) PyBOX complexes studied by Burrows et al., with the R
groups = Ph, iPr, Me and H. ?%°

Though their work consisted of four ligand variants, the study of chiral discrimination
between homochiral and heterochiral iron(Il) PyBOX complexes was carried out with
only PyBOX ligands bearing the R- substituents phenyl and isopropyl (L°" and L*®"
respectively). This afforded the homochiral complexes [Fe((R)-L"")2][ClO4]., R-1 and
Fe((R)-L™)2][ClO4)2, R-2, where the R- denotes an R,R- chirality of the ligand. The
heterochiral analogues of these complexes studied were [Fe((R)-LP")((S)-LP")]
[ClO4)2, RS-1 and [Fe((R)-L™)((S)-L™)] [ClO4]2, RS-2 where one ligand is the R,R-
diastereomer and the other is its S,S-enantiomer.

Figure 3.18 depicts how these homochiral and heterochiral complexes are related.
This is the only type of chirality that will be discussed hereon.
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(R,R)- Homochiral complex (R,S)- Heterochiral complex

Figure 3.18. The relationship between an R,R- Homochiral iron-PyBOX
complex (left) and an R,S- Heterochiral iron-PyBOX complex (right).

3.1.4.1 Solid State SCO results

In the solid state, the magnetic moment was measured between 5-350 K, using the
Superconducting Quantum Interference Device (SQUID) magnetometer, at 0.5 T and
with a scan rate of 5 K min?, of the various iron-PyBOX complexes. The solid state
magnetic susceptibility results are shown in Figure 3.19 and the accompanying data
is tabulated beneath in Table 3.1.

3.5

3.0

C,,T d¢m’mortK
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Figure 3.19. Solid state magnetic susceptibility measurements of the
iron(I)PyBOXR complexes studied by Burrows et al. 21
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Complex R- substituent T12 (K)

R-1 [Fe((R)-LP")2][CIO4]2 Ph 4350

RS-1 [Fe((R)-LP")(S)-LP")][CIO4]. Ph > 400
R-2 [Fe((R)-LP)2][CIO4]2 iPr HS
RS-2 [Fe((R)-LP)(S)-L™)][CIO] iPr HS
R-3 [Fe((R)-LV®)3][ClO4]2 Me HS

4 [Fe(LH)2][CIO4]2 H a 340

Table 3.1. Solid state magnetic susceptibility data of the iron(ll)PyBOXR
SQUID curves studied by Burrows et al.?1°

Both the homochiral and heterochiral iron-PyBOX"®" complexes, R-2 (blue line) and
RS-2 (pink line) show virtually the same results as each other, which is a completely
high spin bulk sample XnT = 3.5 cm?® K mol?) across all temperatures. This can be
attributed to the steric bulk from the isopropyl groups which significantly distorts the
complex away from the classical octahedral geometry. This high degree of distortion
can be seen in the XRD structure solutions obtained for R-2 and RS-2 (Figure 3.20).

Fe-N (Py)
2134 A
2117 A

" Fe-N (Py)
D 2121A

Figure 3.20. XRD structures of RS-2 (left) and R-2 (right) obtained by Burrows
et al.

From inspection of these structures, it is clear the ligands are very strained upon
coordinating to the iron centre. The elongated Fe-N bonds are also fitting with the
expected range for a HS structure (2.0-2.2 A). % From the XRD data, the angular
Jahn-Teller distortion parameters (Section 1.4.6.1) " were obtained, which were
found to be 70.03(3) Od 0 70.32(3)e fRe2rand d = 89.23(1)e R$2. Both
complexes were said to be so distorted that the conformational rearrangement
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required to switch between LS and HS states is energetically unfavourable.

Therefore, the complex does not undergo the transition and effectively remains
6trappedd in the HS shearthibitioradf vibeatiohal nhogomsp er at u
between molecules can also add to the hindrance of a ST in the solid state. 314

From the SQUID data obtained on the iron(ll)PyBOX series (Figure 3.19, Table 3.1),

a particularly interesting result was observed with the homochiral and heterochiral

Ph- complexes, R-1 (black line) and RS-1 (red line) respectively. While both species

start in the LS state, as the temperature is increased from 5 K upwards, the
homochiral species begins to undergo a very gradual ST just after 200 K. It is not

until an approximate 50 K later, i.e. above 250 K, its heterochiral analogue begins to

undergoa ST.TheTioval ues are est i matReldand>0400Kedor a 350
RS-1, from taking its XmT @ 1 .2 d&?* Kc 2 This finding demonstrates a clear

distinction in the SCO behaviour between these two isomers in the solid state. The

XRD structures for R-1 and RS-1 are shown in Figure 3.21.

Fe-N (Py)
1.904 A
1.908 A

Fe-N (Py):
1.948 A
1.954 A

« L

Figure 3.21. XRD structures of RS-1 (left) and R-1 (right) obtained by Burrows
et al.

The distortion paramet d0s80b0@a(ared @aer 882s 41
forR-land 88.®% (829). 1MRS4.)*&Additimmally, the Fe-N bond lengths,
though both in accordance with that of a LS Fe-N bond (1.8-2.0 A) ®, still have some
disparities between the chiralities, with the homochiral isomer showing slightly longer
bond lengths accompanying the slightly more distorted geometry. This reflects the
steric clash observed between the phenyl substituents occupying the same quadrant.
As the R- substituents point towards each other in the homochiral complexes, the
geometry of the ligands is forced to twist a little more, destabilising this isomer. Since
the substituents point away from each other in the heterochiral analogues, this
twisting has a less-pronounced effect. The geometric distortion in the homochiral
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complexes reduces the stability of this isomer, which rationalises the earlier onset of
a ST in R-1 compared to RS-1. Considering that single crystal XRD data are typically
collected at 100-120 K, the geometry of the phenyl- complexes are supported by the
XmT values in this temperature region in the SQUID curves which confirms the LS
features.

R-1 and RS-1 undergo a more gradual spin transition in the SQUID than its achiral
counterpart (4). However, in the plot of R-1 a blip is noticeable in the curve around
240 K, which must be attributed to the phenyl substituent, as this is the only difference
between the two complexes. The discontinuity of the SQUID curve was probed in the
solvated complex R-1A Me N by collecting x-ray diffraction patterns at 10 K
temperature intervals between 125-275 K using the same crystal. From this work it
was found that a crystallographic phase change was observed at 170 £ 5 K. However,
being 70 K below the blip in the curve, this could not be the sole contribution to the
discontinuity. Refinement models of the structures incorporating disorder at the
phenyl- substituents on the ligand between 170-235 K seemed to rationalise the blip
better. 210

3.1.4.2 Solution State SCO results

In solution, variable temperature (VT) Evané $H NMR method # was used to
determine solution state SCO activity of the [Fe(PyBOXR)]?** series. The solution
phase magnetic susceptibility data obtained by Burrows et al. (Figure 3.22 and Table
3.2) showed some considerable differences to the findings in the solid state. This is
due to the removal of intermolecular forces embedded in the packing of the crystal
lattice, such as hydrogen bonding or p- p interactions between individual complexes,
anions or solvents. These effects affect the cooperativity of the ST across the bulk
material. However, in solution individual complexes exist freely as cations, so these
secondary effects become irrelevant. There is also now a dilution factor to consider
in the solution state and solvent interactions with the NMR solvent and this has been
shown to generally lower the T12in the solution state compared to the solid state. 216
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Figure 3.22. Solution phase magnetic susceptibility results of the
iron(INPyBOXR complexes studied by Burrows et al. 21

Complex R- substituent T2 (K)
R-1 [Fe((R)-LP")2][CIO.]2 Ph 244
RS-1 [Fe((R)-LPM/(S)-L"M)][CIO4]2 Ph 278
R-2 [Fe((R)-LP")2][ClO4]2 iPr HS
RS-2 [Fe((R)-LP")(S)-L*)][CIO4]2 iPr HS
R-3 [Fe((R)-LMe)2][ClO4]2 Me 192
4 [Fe(L")2][CIO4]2 H 245

Table 3.2. Solution phase magnetic susceptibility data of the iron(ll)PyBOXR
data obtained by thhBurrémsatalo’®® met hod

Upon comparison of the VT measurements in the solution state (Figure 3.22) with the
solid state (Figure 3.19), it is clear there is a distinction between the two phases. For
example, the complex [Fe((R)-LM¢),]?*, R-3 (green line in Figure 3.22) showed a spin
transition in the solution phase, whereas in the solid state, the perchlorate salt of the
complex showed a HS only complex from 5-350 K. These differences highlight the
importance of studying VT magnetic susceptibility in both phases of matter. It is
notable that more recent SCO studiesare now i ncorpor @aHNMRg Evan

method. 216, 315, 316

Kimura and Ishida also investigated a series of iron(ll)-PyBOX complexes but with
changing the substituent on the 4-position of the pyridine ring as to explore the
electronic effect of having the substituents: H, Cl, Ph, OMe and SMe trans to the
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ligating N-donor atom of the pyridine ring (Figure 3.23). 317 Inspired by Burrows et al.,
they also explored the trends in magnetic susceptibility across a temperature range
in both the solid and solution states.

o 17

2[CIO ]

R=H, CI, Ph, OMe, SMe

Figure 3.23. Iron-PyBOX complexes studied by Kimura and Ishida with R-
substituents on the 4-position of the pyridine ring. (R=H, ClI, Ph, OMe
and SMe). 37

A remarkable difference was noted when the substituent on the pyridine ring was a
methoxy- group (OMe), which was HS at all temperatures in the solid state, but
underwent a ST with a Ti2 = 170 K in solution, 37 corroborating the different
behaviours found by Burrows et al. 2% between the two phases. Furthermore, XRD
analysis of a single crystal of the methoxy- complex showed a high degree of
distortion. Their results are fitting with the electronic behaviours of the R substitutents;
OMe is the most electron-donating substituent in their study, therefore OMe
enhances the p-donor character of the pyridine ring, overpowering its p-accepting
ability from the iron centre, which lowers Dy, favouring the HS state.

The solution state results by Burrows et al. reaffirms the HS character of the

homochiral and heterochiral isopropyl- complexes (R-2 and RS-2 i blue and pink

lines respectively). Even with the removal of the secondary coordination sphere
effects in the solution state, these compl €
states at all temperatures between ~200 K to ~300 K.

As observed in the SQUID data, the homochiral and heterochiral phenyl- complexes

(R-1 and RS-1 1 black and red lines respectively) undergo SCO in solution and still

observe distinct temperatures at which the spin transitions occur. The Ty for R-1 =

244 K while the Ty, forRS-1 = 278 K, which givesat e mper at ur e di fferen
K in solution. That supports the destabilised nature of the homochiral isomer.
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3.1.4.3 Racemisation studies

In order to further understand the stability of the heterochiral complexes RS-1 and
RS-2 in solution, a study on the racemisation effects was carried out. This involved
monitoring the *H paramagnetic NMRs of these complexes, to observe whether *H
NMR peaks corresponding to the homochiral species were present in the heterochiral
solution. The H paramagnetic NMR of the homochiral complexes show distinct
peaks from the heterochiral isomer as the proton environments depend on their
through-bond Fermi contact shifts and through-space Dipolar pseudocontact
interactions with the paramagnetic iron(ll) centre. 38 In the heterochiral isomer RS-1,
there are reduced contact shifts as the substituents each occupy their own molecular
qguadrant. This results in a reduced magnetic moment at room temperature (Figure
3.24), so the NMR of RS-1 appears more diamagnetic in character compared to the
spectrum of its homochiral isomer. The contact shifts of R-2 and RS-2 are more
similar to each other, since both complexes are fully high-spin at room temperature
(Figure 3.25)

The 'H NMR of the heterochiral complex RS-1 is shown in Figure 3.24 (middle NMR,
navy blue) below. For comparison, stacked above and below this NMR in the figure
are the homochiral analogue R-1 (top, dark red) and a 1:1:1 mixture of (R)-L"" : (S)-
LP" : [Fe(ClO4),] (bottom, green).

Homo-[Fe()-L )]
e |

Hetero-[Fe(( ?)-Lph)((AS)-LPh)]2+

bh Ph
1:1:131‘ (R)-LL : (S)-E\ : Fe(ClO), [ | ML -

B ———— . — e
60 54 48 42

30
f1 (ppm)

Figure 3.24. Paramagnetic *H NMRs of [Fe((R)-L"")2]?* (top, dark red),
[Fe((R)-LPM)((S)-LPM]?* (middle, navy blue) and 1: 1: 1 of (R)-L"" : (S)-
LPM : [Fe(ClOs),] (bottom, green), in CD3CN. The feature at 50 ppm is a

spectrometer artefact.

From inspection of the RS-1 NMR spectrum, it is clear that there are no peaks
corresponding to the homochiral species in this spectrum and therefore no evidence
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of attempted ligand redistribution to the homochiral R- and S- complexes, over a 24
hour period. 31°

Ligand redistribution in a solution of a heterochiral complex would occur where the
heterochiral complex is less stable that its homochiral counterpart. The weakly-bound
ligands would dissociate from the heterochiral complex and then preferentially re-
distribute in solution to the homochiral structures. This would produce a solution of
equal quantities of homochiral R- and S- complexes, instead of the heterochiral RS-
form. It is worth mentioning that the homochiral R- and S- complexes exhibit identical
NMR spectra.

Homo-{Fe(RR)-L )] L
| Jil "

Hetero-[Fe(R.R)-L" )(S,S)-LP)" \ ‘
_J,__,. AL ll Lo

1110f RR)L : (SS)L" : Fe(ClO)), J
0[S | 1_LL L.A_J AAJ_JL_

70 65 60 55 S50 45 40 35 30 25 20 15 10 5 O -5 -10
f1 (ppm)

Figure 3.25. Paramagnetic *H NMRs of [Fe((R)-L'"").]?* (top, dark red),
[Fe((R)-L'P)((S)-L"")]?* (middle, navy blue) and 1 : 1: 1 of (R)-L"™": (S)-
L'P": [Fe(ClO.),] (bottom, green), in (CD3).CO.

In the ligand redistribution study of RS-2 (Figure 3.25), the paramagnetic *H NMR
spectrum of RS-2 (middle NMR, navy blue), shows peaks corresponding to the
homochiral species, R-2, in solution. This demonstrates a reduced stability of the
heterochiral isomer, in contrast to what was observed with RS-1. Upon leaving to
stand, the ligand redistribution, was found to present a close to 1 : 1 statistical mixture
of R-2/S-2 : RS-2 in solution (the initially formed statistical distribution was between
1:5 and1:3). 210.319

In both cases, the in situ solution mixtures of 1:1:1 of (R)-L : (S)-L : Fe(ClO.). were
found to demonstrate paramagnetic *H NMRs with a roughly equal proportion of
homochiral and heterochiral species. Hence, in both cases, neither chirality
dominates in solution. However, in the case of the 1 : 1 : 1 solution with the phenyl
ligands, a preferential crystallisation of the heterochiral complex is clear. However,
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once these crystals are re-dissolved, the homochiral species is no longer apparent in
the solution.

3.2 Results & Discussion

3.2.1 Iron(IDthioPyBOXR Complexes and Their Spin State Behaviour

The aim of the research in this chapter is a follow-on from the findings by Burrows et

al. The main objective is to determine whether the chiral discrimination between spin

states of an iron(ll) complex can be further distinguished beyond what has been

reported by Burrows et al. for a pair of homochiral and heterochiral iron(l)/PyBOX

compl exes. Thi s can be accuratelyybetseerudi ed
diastereomers and comparing this to results found with the iron-PyBOX series. The

study of the thioPyBOX equivalents will enable parallels and differences to be drawn

between these analogous complexes.

Fine-tuning spin state behaviour by using isostructural complexes in the
PyBOX/ThioPyBOX system has been demonstrated by Pan et al. 21¢ While they have
verified the increased stabilisation of the LS state with the oxygen-replaced sulfur
azoline heterocycle of two achiral iron(l)thioPyBOX complexes, chiral discrimination
in these compounds is yet to be addressed.

Inspired by the results of Burrows et al. along with promising theoretical calculations
obtained by Density Functional Theory (DFT), 32° a series of iron(ll)thioPyBOXR
complexes were synthesised and studied using the thioPyBOXR ligands discussed in
chapter 2.

3.2.1.1 Synthesis of Iron(ll)-thioPyBOX Complexes

After long-awaited success in the arduous attempts to synthesise the thioPyBOX
ligand, a series of iron-thioPyBOX complexes were prepared by simple metal
complexation reactions at room temperature in either acetonitrile or nitromethane.
Details of the experimental procedure can be found in Section 3.4.

A 2 : 1 ratio of (R)-LR or (S)-LR : [Fe(ClO4),J%H.0O was used to produce the
homoleptic, homochiral iron-thioPyBOX complexes, while a 1 : 1 : 1 ratio of (R)-LR:
(S)-LR : [Fe(ClO4)2]%H,0 was used to produce the heterochiral complexes (Figure
3.26).
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| N
S N/ S Fe(X),.6H,0
2 1 1 >
N N MeCN/MeNO,
R R room temp.

Where X" = ClO,4 or BF,~

Figure 3.26. General metal complexation reaction scheme used for the
synthesis of iron(ll)thioPyBOX complexes.

The final products were isolated by crystallisation, using the vapour diffusion method.
Diffusion of diethyl ether into a concentrated solution of the product in acetonitrile,
nitromethane or acetone afforded the complexes in good purity.

3.2.1.2 Complexes and Characterisation

The complexes obtained are shown in Figure 3.27. The same notation format has
been used as with the iron-PyBOX series, where an S- complex is a homochiral S,S-
complex, R- denotes an (R,R)- homochiral complex and RS- denotes an (R,R),(S,S)-
heterochiral complex.
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2(Clo,)

2(C104)

Figure 3.27. Structures of the iron(l)thioPyBOX complexes, S-5 (BF4), RS-5
(BF4), S-5 (ClOs4), RS-5 (ClO4), S-6, RS-6, S-7 and S-7(i) and the
iron(I)PyBOX' ! complex, S-8, synthesised herein.
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N.B. Although Figure 3.27 displays only the S- chirality of the homochiral Ph- and iPr-
complexes (S-5 (ClOy), S-5 (BF4) and S-6), their R- diastereomers have also been
synthesised, giving R-5 (ClO4), R-5 (BF4) and R-6 which may also be referred to in
this work.

Each complex obtained has been fully characterised by paramagnetic *H NMR, High
Resolution Mass Spectrometry (HRMS), single crystal XRD and Elemental Analysis.
Magnetic susceptibility measurements have been obtained in the solid state using

the SQUI D magnet ometer, and in th@®NBRIutior

method i as was performed with the PyBOX analogues (Section 3.1.4).

3.2.1.3 Structural Characterisation by X-ray Diffraction
3.2.1.3.1 Iron(ll) thioPyBOXP" Structures

The structure solutions obtained using XRD are shown in Figure 3.28-Figure 3.42.

Fe-N (Py)
1.890 A
1.886 A

Fe-N (Py)
1.889 A
1.892 A

Figure 3.28. XRD structures of S-5 (BF,) (left) and RS-5 (BF4) (right). Hydrogen
atoms, counter-ions and solvents are omitted for clarity. Thermal
ellipsoids are displayed at 50% probability level.

The XRD structures of S-5 (BF.) and RS-5 (BF4) were collected at 100 K using the
synchrotron at Diamond Light Source. These structures both show bond lengths and
angles similar to each other fitting within the LS range of an Fe-N bond. At first glance,
there does not seem to be a huge degree of distortion in the geometries, except for
the homochiral complex S-5 (BF4) which has a slight twist in its coordination owing
to the phenyl substituents which are canted to minimise a steric clash within their
shared space. This is the only notable difference between these two chiralities and
is akin to that seen with the PyBOX equivalents. This is supported by their JT angular
distortion parameters, q of 81.63(10) ° for S-5 (BF4) and 88.09(12) ° for RS-5 (BF4)
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(Section 1.4.6.1). The value of qfor S-5 (BF4) is ca. 10 ° greater than found in R-2
( 70. 0 3q B 70.32(8)) 2% which shows that the larger S atom in thioPyBOX""
alleviates some of the steric strain in the coordination sphere. This difference is
however most notable in the homochiral complexes, as the Dq for the heterochiral
analogues is only approximately 3 ° with Qrs-s grs) > Ors-2.

The equivalent XRD structure was collected for the complex of the perchlorate
counter-ion R-5 (ClO4) however at 120 K using Cu source x-ray beam (Figure 3.29).
This structure shows remarkable similarity to the tetrafluoroborate equivalent and is
therefore also indicative of LS state. The homochiral tetrafluoroborate and
perchlorate complex salts are isostructural with one another and their complexes are
confidently reproducible as they are phase pure, which was confirmed by powder-
XRD (pXRD) analysis.

Fe-N (Py):
1.893A
1.874 A

Figure 3.29. XRD structures of R-5 (ClO,4). Hydrogen atoms, counter-ions and
solvents are omitted for clarity. Thermal ellipsoids are displayed at 50%
probability level.

The heterochiral species RS-5, shows a similar degree of phenyl group canting to
the homochiral species despite the substituents no longer pointing towards one
another. This twist in the R- group in this diastereomer can be attributed to the
intramolecular interaction between the sulfur atom of the thiazoline ring and the
phenyl groups. T h e RS-8 BR,) is evitdeatrinatiwe tspace+filling
model of the XRD structure which shows the thiazoline ring and phenyl substituent
are in close contact (Figure 3.30), which is otherwise unapparent in its homochiral
analogue (Figure 3.31).
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Figure 3.30. Space-filling model of RS-5 (BF4). H atoms have been omitted for
clarity.

Figure 3.31. Space-filling model of S-5 (BF4). H atoms have been omitted for
clarity.

Space-filling models of the PyBOX analogues demonstrates the stability of the
heterochiral PyBOXP" complexes, meso-[M((R)-L"")((S)-L"")]?>* (where M= Fe, Co,
Zn) with the interactions between the phenyl substituents in each quadrant, which
display offset p-p interactions with the pyridine ring of the co-ligand in the
molecule. 2% 319 This three-layer offset p-p interaction can also be seen in the
thioPyBOX isostructure in Figure 3.30. Furthermore, a clash between the C-H group
of the substituent phenyl ring with the pyridine ring in the co-ligand can be observed
in the homochiral complex, which also contributes to the destabilisation of this isomer.
This effect was also observed by Burrows et al. 21°

Considering that the spin state of both the PyBOXP" and thioPyBOXP" complexes,
R-1 and R-5 (ClO,) respectively, and RS-1 and RS-5 (BF4) respectively, are the same
at 120 K, the XRD structure of the two analogues can be compared (Figure 3.32 and
Figure 3.33).
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Fe-N (Py)
1.909 A
1.902 A

Fe-N (Py):
1.893 A
1.874 A

Figure 3.32. XRD structures of the homochiral phenyl- complex; R-5 (left) and
PyBOX analogue, R-1 (right). 2°

Fe-N (Py)
1.904 A
1.908 A

Fe-N (Py)
1.895A

Figure 3.33. XRD structures of the heterochiral phenyl- complex; RS-5 (left)
and the PyBOX analogue, RS-1 (right).

Considering the homoleptic complexes in Figure 3.32, their structures show minimal
differences between them. The Fe-N bond lengths are slightly shorter in the
thioPyBOX complex which is as anticipated from the reduced electron-withdrawing
effect from the thiazoline ring to the iron centre, compared to oxazoline. The oblique
phenyl substituents twist in both cases, however the space-filling models shows this
occurs to a greater extent in the PyBOX complex, which is reasonable considering
its more constricted coordination sphere and therefore experiences a greater degree
of inter-ligand repulsion (Figure 3.34). An XRD structure obtained within this work of
the tetrachloroiron(lll) salt of R-5, R-5[Fe"'Cl,],, showed almost no canting on the
phenyl- substituents of the ligand, which suggests the canting arises due to crystal
packing of R-1 and R-5 with the similar sized anions CIO. and BF4'.



- 117 -

Figure 3.34. Space-filling models of R-5 (ClO,) (left) and R-1 (right).

Though some degree of canting of the phenyl- substituents is evident in RS-5, this is
still more of a twist than is observed in other reported heterochiral metal-PyBOX
Complexes, [M((R)_LPyBOX)((s)_LPyBOX)]2+ 319, 321 (M: Fe, 210 CU, 322 Zn, 323 CO, 324)'

Comparison of the meso-heterochiral complexes in Figure 3.33 shows a degree of
twisting in the backbone of the thioPyBOX complex RS-5 (BF4), which is not observed
in the PyBOX analogue. This strain across the ligand framework is a consequence
of the ring strain in the thiazoline ring, which puckers due to the larger size of the
sulfur atom. This sulfur atom is in direct contact with the phenyl- groups and so the
structure twists to accommodate this repulsion. The two thiazoline rings on the same
ligand twist in opposite directions, i.e. transoid to each other, as to minimise steric
clash. That results in a slight twist across the pyridine ring. The trans-Np,-Fe-Npy
angles (f) 7@ across both isomers show a slightly smaller f than their PyBOX
counterparts (ca. 176-177 ~— vs. 178-179 —; Section 1.4.6.1), ?1° supporting this
observation (Table 3.3). A point of further comparison is the trans angles across the
same ligands from one nitrogen of the thiazoline/oxazoline ring, across the Fe centre,
to the nitrogen of the other thiazoline/oxazline ring, Nox-Fe-Nox (j in Table 3.3) which
are in the same range as its PyBOX counterparts for both isomers. This is fitting with
the distortion observed in the pyridine rings in the iron-thioPyBOX complexes.

Complex S-5 (BF4) RS-5 (BF,) R-5 (ClO,)
Fe-Npy (A) 1.889(2) 1.889(2) 1.893(6)
1.887(2) 1.895(2) 1.874(7)

Fe-Nox (A) 1.995(2)-2.005(2) 1.957(2)- 2.002(8)-
2.000(3) 2.016(7)
q() 81.632 91.906 81.728

0 176.46(10) 176.86(11) 176.56(3)

i 0 159.61(10) 159.45(10) 159.64(3)

159.93(10) 159.28(10) 159.94(3)

Table 3.3. Selected bond lengths and angles of the complexes R-5 (BF4), RS-5
(BF4), R-5 (ClO4) and RS-5 (ClOy).
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While a degree of canting of the phenyl substituents is evident in both homochiral

complexes, the increased spatial conf or mati on of the thioPyBO
coordination sphere, compared to the PyBOX ligand, reduces the steric clash

between the phenyl substituents in R-5. The interatomic distances between the two

closest carbon atoms on each pair of phenyl rings can be compared. These are the

ortho carbon atoms on each phenyl substituent, that is closest to the ortho carbon on

the other phenyl ring in its same quadrant (Figure 3.35). The greater spatial
arrangement between the phenyl substituents in R-5 (ClO,) further evidences that

this isostructure is more stabilised.

Figure 3.35. XRD structures of R-1 (left) and R-5 (ClO.) (right) highlighting the
interatomic distances used for comparison.

The observations comparing R-5 (ClO,) and S-5 (BF.) are rather consistent with each
other throughout this work, displaying minimal differences in their solid state analysis.
Their packing structures (Figure 3.36) both show a strong network of C-H...X contacts
between the anions and the phenyl C-H groups most appropriately aligned for the
interaction. In R-5 (ClO4) the CIOs0¢é H-Ph contact has an average interatomic
distance of 2.45 A while in S-5 (BF4) the ‘BFsF é HPh contact has an average
distance of 2.38 A, plus an additional contact interaction with one hydrogen from the
CH: group of the thiazoline ring. This contact has a distance of 2.41 A. These
distances are all 0.1-0.2 A shorter than the sum of the van der Waals radii of an H
and an F/O atom. 3%
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Figure 3.36. Packing structures of R-5 (ClO,) (top) and S-5 (BF4) (bottom) with
hydrogen bonding displayed, structures are both shown along the b-
axis.

In one of the attempts to synthesise the heterochiral complex RS-5, a racemic
conglomerate, [R-5 8-5][CIO4.A 2 Me @& discovered in addition to the meso-
heterochiral complex RS-5[CI04].A 2 M e .0 INs was formed by the slow evaporation
method and was confirmed by single crystal XRD analysis (Figure 3.37). The meso-
heterochiral isomer is the one that preferentially crystallises owing to its greater

thermodynamic stability.

Figure 3.37. XRD structure of [Fe((R)-LP")2][Fe((S)-LP"),][Cl04].A 2 Me RN,
5 &-5. Solvents, hydrogen atoms and counter-ions are omitted for
clarity. Thermal ellipsoids are at the 50% probability level.
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3.2.1.3.2 Iron(ll) thioPyBOX" Structures

The XRD structure of the perchlorate salt of the heterochiral isopropyl complex, RS-
6 is shown in Figure 3.38.

Fe-N (Py)
1.885 A
1.883 A

a.ﬁ

Figure 3.38. XRD structure of RS-6. Hydrogen atoms, counter-ions and
solvents are omitted for clarity. Thermal ellipsoids are displayed at 50%
probability level.

The XRD structure of RS-6, collected at 120 K, shows bond lengths and angles akin
to the phenyl- complexes, and so also indicate a LS structure. From the XRD
structure, it notable that bulky isopropyl groups are oriented as to have the CHs
groups pointing externally to the coordination sphere as to minimise steric clash. This
leaves the much smaller hydrogen atom HC(CHzs). oriented towards the pyridyl ring
of the co-ligand.

In comparison to RS-5, RS-6 demonstrates a slightly greater twist about the ligand
conformation, giving the structure a small degree of helicity. This is due to the greater
steric influence of the isopropyl- substituents on the backbone of the complex
framework, as was observed in the PyBOX analogues.

Considering the HS nature of RS-2 and the LS nature of RS-6, a direct comparison
of the two structures cannot be made due to their different spin states at the
temperature of measurement. The distinctions between the two XRD structures
obtained are highlighted in Figure 3.39 below.
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Fe-N (Py)

Fe-N (Py) 2134 A

1.885 A
1.883 A

Figure 3.39. XRD structure of the heterochiral isopropyl- complex; RS-6 (left)
and PyBOX analogue, RS-2 (right). 210

Though the two complexes in Figure 3.39, only differ in the sulfur/oxygen atom in the
ligand, these complexes have distinct geometrical differences between them
correlated to their differences in spin state behaviour.

The [Fe((R)-PyBOX™)((S)-PyBOX™][CIO.]. complex, RS-2, has a more JT-distorted
structure than the thioPyBOX analogue, RS-6. This is particularly evident from its
elongated bonds and higher degree of angular distortions between the two planes of
the ligands showing a clear deviation from an octahedral geometry, which is
indicative of the HS state. This is contrasting with the thioPyBOX equivalent which
displays much more LS-like features (Table 3.4). The XRD structure of RS-6
highlights the reduced steric strain provided by the sulfur atom about the iron
coordination sphere.

Complex RS-6
ot (1 Lo
Fe-Nox (A) 1.989(4)-1.994(3)
qg() 89.749
O 179.71(14)
. 158.73(17)
/0 161.01(17)

Table 3.4. Selected bond lengths and angles of the complex RS-6.

The data from the XRD solution for the complex RS-2 reported by Burrows et al.
show bond lengths in the HS range of 2.1170(14) i 2.2771(15) A, and the dihedral
angle between the least squares planes of the two ligands to be 89.23 . 2° The JT
distortion in the structure is evident from the trans Npy-Fe-Npy angle f = 163.62
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which is apparent in the XRD structure which shows the pyridine ring backbone of
one of the ligands to be bent out of plane (Figure 3.39).

While all four of the isopropyl substituents orient themselves in the same way in RS-
6, and three out of the four substituents in RS-2 agree with this, the fourth one, which
is in the bottom centre in RS-2 in Figure 3.39 has a different orientation where it
points downwards. The space-filling diagrams highlights this difference (Figure 3.40).

Figure 3.40. Space-filling models of RS-6 (left) and RS-2 (right)

Consideration of the packing diagram with the intermolecular interactions displayed,
helps to understand the incentive for this preferential configuration for RS-2 (Figure
3.41).

Figure 3.41. Packing structures of RS-6 (left) and RS-2 (right) with hydrogen
bonding displayed, only two complexes are shown for clarity. Structures
are both shown along the a-axis.

A network of C-H...O contacts is observed in RS-2 between the CIO4 ion and a
hydrogen atom from one of the isopropyl groups on each ligand, plus a second
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contact is evident from the same oxygen atom to either the HC(CHs). or the -HC- at
the 3- or 5- position of the pyridine ring. Interestingly, while there are still hydrogen
contacts and bifurcated hydrogen contacts in RS-6, none of them involve an isopropyl
group. Rather these contacts occur between the ClO4 anion and the trans T HC- of
pyridine ring (i.e. at the 4- position). The contacts in RS-6 are slightly stronger than
those in RS-2 as the average hydrogen contacts distances are 2.34 A and 2.43 A
respectively. The contacts in RS-6 demonstrates the trans influence of the shorter
and stronger Fe-Npy bonds on the C-H bond para to it in the complex.

3.2.1.3.3 Iron(ll) thioPyBOX'™! Structures

The formation of the complex [Fe((S)-thioPyBOX®Y),][ClO4], was expected to be
highly unlikely considering the increased steric bulk from the tertbutyl- substituents,
which would result in unfavourable steric clash in the homochiral isomer.

Many crystallisation attempts using vapour diffusion and slow diffusion methods were
carried out to obtain a single crystal of the homochiral tertbutyl- complex, S-7, for
XRD analysis. A multitude of different approaches including varying solvent
combinations and synthesising the complex with different counter-ions such as
tetrafluoroborate and triflate, proved unsuccessful. The increased difficulties with
isolating this complex can be attributed to the hydrophobic nature of the tertbutyl
substituents which solubilise the complex.

Eventually it was found that vapour diffusion of diethyl ether into a solution of the
perchlorate salt of the complex in acetone grew suitable single crystals. This gave
S-7 which was collected at 100 K using a synchrotron source (Figure 3.42).

" | Fe-N(Py)
2.056 A
2.073 A

=

Figure 3.42. XRD structure of S-7. Hydrogen atoms, counter-ions and solvents
are omitted for clarity. Thermal ellipsoids are displayed at 50%
probability level.
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The HS structure of S-7 has a highly twisted geometry, to accommodate the steric
clash between the tertbutyl groups. The energetic cost of the structural
rearrangement to its LS structure is too large and therefore the complex remains
trapped in the HS state, particularly in the solid state as seen in some of the PyBOX
derivatives. 21%326-328 The bond lengths and angles are shown in Table 3.5.

Complex S-7
Fe-Npy (A) 2.056(9), 2.073(9)
Fe-Nox (A) 2.264(11)-2.292(10)
q(0) 57.164
O 178.1(4)
. 150.1(3)
/O 148.5(4)

Table 3.5. Selected bond lengths and angles of the complex S-7.

While the trans Npy-Fe-Npyangle, (f) minimally deviates from the perfect octahedral

value of f = 180 , the ligand bite angle / is among the lower values observed for

such meridonal N, N6, N66 tridentate | igands, and f
angle () vs. Fe-N bond length (A) for [Fe(1-bpp)2]?** complexes discussed by

Kershaw Cook et al. (Figure 3.43). 32°

165-
:\v" 7
160 %
] W,
o 4 7V
4 N
o 155 N
2 ] N
N\
< "
o \
150
§ AR N
145]
140 — :
1.9 2.0 2.1 23

Fe-N (A)

Figure 3.43. The clamp angle (i plotted against average Fe-N bond distances
in a series of [Fe(1-bpp)z]>*’complexes. Upwards triangles are HS
complexes, and downward triangles are LS. Figure taken from
publication. 3*° The added red triangle is approximately where the
complex S-7 would fit this data.
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The JT angle between the two least squares planes of the thioPyBOX® ligands in S-
7 is 57.16(4) °. This shows an even greater JT angular distortion than the current
record holder of [Fe(bppyz).][SbFe]. where bppyz = 2,6-di(pyrazolyl)pyrazine, which
has been reported to have a dihedral angle of 59.84(3) °. & This high degree of
angular distortion has also been previously reported in other tris-heterocyclic HS
iron(ll) complexes. 32°

While the bond lengths are clearly indicative of a HS structure at the XRD
temperature, some Fe-N bond lengths even exceed the typical 2.0-2.2 A range for a
HS structure. % The large steric influence of the bulky tertbutyl- substituents
disfavours short Fe-N bond lengths which are otherwise associated with the LS
state. 67 3% S-7 is among the most distorted HS iron(ll) complexes that have been
reported to date. Sections 3.2.1.5-3.2.1.6 will show how this high degree of distortion

hinders accessing the LS state at low temperatures by thermally-stimulated SCO. &
331

Many attempts were made, to synthesise and isolate the heterochiral tertbutyl-
complex, as was done with the phenyl- and isopropyl- analogues. However, this
proved unsuccessful. One attempt gave a co-crystallised unit of both diastereomers
of the tBu-ligand, in the absence of any metal; (R)-L®"A ( -B®, which is described in
chapter 2. Another single crystal, from the same reaction attempt, instead gave a
mono-thioPyBOX®! complex, [Fe((S)-L®B")(NCMe)2(OH.)][CIO4)2 S-7(i), of which a
structure solution was obtained using XRD (Figure 3.44).

2117 A

2.263A |

2.142

Figure 3.44. XRD structure of S-7(i). Hydrogen atoms, counter-ions and
solvents are omitted for clarity. Thermal ellipsoids are displayed at 50%
probability level.

This complex was crystallised by vapour diffusion of diethyl ether into a concentrated
solution of the complex in acetonitrile. Considering the twist in the ligand backbone
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observed with the heterochiral isopropyl complex RS-6, it can be thought that this
distortion would only be more pronounced in the heterochiral tertbutyl analogue,
hindering its formation. While the homochiral isomer can accommodate a distortion,
the stoichiometric quantity in the reaction mixture made this unfavourable and so this
structure is observed, which preferentially binds just one thioPyBOX®! ligand.
Acetonitrile molecules occupy two of the remaining coordination sites, trans to each
other, and a water molecule occupies the sixth equatorial position. As expected of
such mono- complex, the reduced p-back bonding effects results in a completely high
spin structure.

As was speculated with S-7, it was expected that formation of the equivalent
PyBOX®' complex would be even more unlikely. However, following the successful
isolation of S-7, several attempts were then made at the synthesis of the PyBOX®¢
equivalent. Using the same crystallisation method and solvents as was used for the
thioPyBOX analogue, a single crystal suitable for XRD was obtained confirming the
structure, which has not yet been reported in the literature (Figure 3.45).

Figure 3.45. XRD structure of [Fe((S,S)-tBu-PyBOX),][CIO4], S-8.

The homoleptic iron(ll) tertbutyl- complexes can be directly compared since they both
display the same spin state behaviour at 120 K, that is, HS in both the solid and
solution states at all temperatures. Figure 3.46 shows the comparison of both these
XRD images.

























































































































































































































































































































































































































































