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Abstract

Pyrazine is an attractive molecule that has been incorporated as a bridging ligand between
two metal centres. These complexes have been shown to exhibit both magnetic and
electrochemical exchange between the metal centres through the pyrazine unit. Addition
of functionality onto the 2 and 5 position of pyrazine can reinforce the coordination of 3d

octahedral metal ions to the pyrazine ring.

The Schiff base condensation of A1 with various primary amine reactants produced three
unique ligand systems. The confirmed synthesis of these ligands was verified with a
variety of characterisation techniques. A single crystal structure was generated for one
ligand system (L.3), which revealed both imine — & stacking interactions, as well as alkane

hydrogen — pyridine interactions.

Several complexations were attempted with the three ligand systems synthesised.
Manganese and cobalt complexes were successfully synthesised with L3, the single
crystal structures generated showed cyclohelicate triangles, which were unique at the
time. The electrochemical analysis of these complexes in MeCN showed similar redox
processes as was seen in the electrochemical analysis of L3. Signs of possible metal-metal
communication within the cyclohelicate triangles was also noticed, with oxidation (and
reduction) processes present. Further analysis is necessary to verify these interpretations,
including magnetic analysis. Complexations with identical metal salts and L2 could not
be characterised by SCXRD Other techniques such as mass spectrometry and
conductivity measurements indicated the likely formation of a polymorphic — potentially
cyclohelical structure with this ligand. Complexations with L1 incorporated the inclusion
of a larger collection of metal salts. Unfortunately, due to time constraints, only three

complexes were suitably characterised. From the various characterisation methods used,



it was deduced that all three complexes were likely simple MaL1 systems, where the
coordination of the 6-coordinate 3d metal centres were accompanied by the coordination

of either water, solvent, counterion or a combination of these.
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Chapter 1 Introduction

1.1 Cyclohelicates
The combination of metal ion and ligand allows complexes to self-assemble into

supramolecular architectures. An interesting structure produced by this strategy is the
cyclohelicate with a [MxLx] composition. In these structures, each ligand coordinates to
one metal from “above” and to another metal from “below” (Figure 1.1).1*® These are
typically formed by the self-assembly of a relatively rigid ligand system with a linear
array of polydentate chelating pockets binding first row transition metal ions (3d metal
ions).2 The outcome of the self-assembly process is largely governed by the design of the
bridging ligand and the often-predictable coordination geometry of the metal ion. Due
to the wide structural diversity of ligands and the different metal geometries it is possible
to create cyclohelicates with various shapes, including but not limited to squares and

triangles.!*?

A

B

Figure 1.1. The cyclohelicate square (A) and triangle (B) complex.!-* The black lines represent the ligand and the blue
circles represents the octahedral metal centre.

1.1.1 Cyclohelicate squares and triangles
Cyclohelicate squares are tetrametallic [M4L4] systems and are an example of a chiral

[2x2] grid complex (Figure 1.1 - A). Cyclohelicate triangles are trimetallic [M3Ls3]

systems (Figure 1.1 - B). The metals selected for the formation of these types of



complexes present an octahedral or tetrahedral binding geometry, where the ligands
chosen are composed of two antiparallel bi- or terdentate chelating arms.>® Cyclohelicates
containing octahedrally coordinated metal centres are more commonly explored as they
have displayed more exotic electrochemical properties, while tetrahedrally coordinated
metal centres tend to alter their coordination geometry upon redox processes.'? For the
ligand, cyclohelicates with bis-terdentate arms will provide sufficient donor atoms to

completely fill the octahedral metal centres.'

The formation of cyclohelicates can be understood by looking at the directional bonding
approach and the molecular library model.!!"!> The self-assembly of 90 © corners (metal
centre — acceptor) with a rigid linear bridging ligand (donor) is expected to produce a
square conformation (see Figure 1.2), however the formation of triangles have been
reported.'® As both cyclohelicates are synthesised under identical conditions, various
factors determine which structure will be formed. Entropy favours the formation of the
cyclohelicate triangle as more discrete molecules will be formed compared to the
cyclohelicate square (4 triangles versus 3 squares from a 12M + 12L mixture).
Cyclohelicate squares are more enthalphically favoured due to a smaller geometric
strain.! Although the formation of cyclohelicate squares are more commonly reported, a
bridging ligand with increased flexibility may favour a triangle conformation by

distributing the geometric strain to smaller deformations in the ligand backbone.'®



Cyclohelicate triangles are rarely formed complexes, meaning little is known about their
applications. Cyclohelicate squares however have been known to be used in information
storage and processing technology.!*!> With the coordination of paramagnetic metal ions
(containing unpaired electrons), these structures can provide intriguing magnetic and
electrochemical exchange properties.! As minimal work has been done on the
cyclohelicate triangles, further discussion into the magnetic and electrochemical

properties of cyclohelicate complexes will cover only the cyclohelicate squares.
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Figure 1.2. 2D Molecular library with various building units for creating supramolecular structures. Reprinted with
permission from (Chakrabarty, R.; Mukherjee, P. S.; Stang, P. J. Chemical Reviews 2011, 111, 6810). Copyright
(2011) American Chemical Society.




1.2 Magnetism A
The magnetism of a material arises largely from the B

magnetic moments generated by the electrons’
intrinsic spin. When exposed to an external magnetic (a)
field, the spins of the ground state electrons will align

with the applied field, exhibiting an attractive or

repulsive response. Once removed from the magnetic

field, thermal energy will restore the spins to a
. . b
chaotic state. This reveals two central classes of (b)

magnetism: diamagnetism and paramagnetism.

Diamagnetism arises from the response of a species

with no unpaired electrons (no net spin) with an

applied field, where the paired electrons repel in the

(c)

opposite direction of the field. Paramagnetism is

found in species containing unpaired electrons which

will align with the magnetic field and display an

Figure 1.3. Theoretical
view of neighbouring
electron spins in (a)
paramagnetic, (b)
(Figure 1.3 — a). Further paramagnetic interactions ferromagnetic and (c)
antiferromagnetic upon

. . exposure to magnetic

can be observed in bulk materials. ﬁc[fd’ B. Imagf’ was

adapted from Orchard.*

attractive interaction with an applied magnetic field

1.2.1 Magnetic coupling
Paramagnetic metal centres in a complex may be

capable of exhibiting intramolecular magnetic coupling with each other.'*!¢ Below a
certain temperature (see section 1.3.3 — Curie and Néel points, Figure 1.5), magnetic
ordering can be seen in the spins of neighbouring paramagnetic metals once exposed to a
magnetic field. The alignment of neighbouring spins in a uniform parallel direction gives

rise to ferromagnetism (Figure 1.3 - b), where the alignment in an antiparallel direction
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gives rise to antiferromagnetism (Figure 1.3 — c¢). Most grid complexes containing

paramagnetic 3d metal centres exhibit antiferromagnetic behaviour.!”?

1.2.2 Superexchange
The dominant force in the spin coupling found in ferromagnetism and antiferromagnetism

arises from the covalent bonding of the metal centres with their bridging ligand, leading
to superexchange (see Figure 1.4).%?%2* This exchange is brought on by the unpaired
electron on a metal centre interacting with a fully occupied orbital on the non-magnetic
ligand (either p- or m-orbital). In response, partial donation of electron density is donated

to each metal, where the donated spin is opposite to the lone pair on the metal (due to the

M

Tvlr (a) v

Figure 1.4. o-type ferromagnetic (a), o-type antiferromagnetic superexchange (b), and n-type antiferromagnetic
superexchange (c). the orthogonal ligand p-orbitals shown for ferromagnetic superexchange with 6-bonding are separated
for clarity. Image was reproduced from Orchard.*
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Pauli exclusion principle prohibiting a fully occupied orbital containing electrons of the
same spin).*?*2* The strength of superexchange is dependent on the orbital overlap where
linear metal-ligand-metal (M-L-M) systems, presenting effective orbital overlapping,
often exhibit antiferromagnetic exchange. The superexchange pathway for
antiferromagnetic coupling will either go through a o-type (Figure 1.4 — b) or n-type
(Figure 1.4 — c) pathway, depending on which orbital in the bridging ligand is involved
in the superexchange. As the M-L-M bond angle approaches 90 °, the metal ion’s d-
orbitals will overlap with orthogonal p-orbitals on the bridging ligand, leading to
superexchange favouring ferromagnetic coupling between the metal centres (Figure 1.4

—a)t

The Pauli exclusion principle also determines the likelihood of a particular coupling
between metal centres with partially and filled orbitals. Antiferromagnetic coupling will
be favoured between two metals with half occupied orbitals.?® Ferromagnetism will also
likely be observed in a system where coupling is present between a metal ion with a half
filled orbital and another metal with a filled orbital, or a system presenting coupling
between a metal ion with a half filled orbital and another metal ion with an unoccupied

orbital.?’

1.2.3 Characterisation of magnetism — SQUID
The use of superconducting quantum interference devices (SQUID) magnetometers have

become increasingly common in measuring the magnetic coupling between paramagnetic
centres.?® SQUID magnetometers consists of superconductors, separated by sufficiently
thin insulating layers known as Josephson junctions, which permit the electrons to flow
through the junctions by quantum tunnelling (also known as the Josephson effect).?2

Squid magnetometers typically operate at liquid helium to liquid nitrogen temperatures

(4.2 — 77 K).? As a current flows through the SQUID apparatus, the high sensitivity of
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SQUID magnetometers allow for the detection of magnetic flux, ¢ generated by the
superconducting coil versus once a sample is placed within the setup. This is then
translated into a voltage that can give information regarding a material’s magnetic

properties.>%3!

SQUID magnetometers can provide information regarding the magnetic susceptibility,
(degree of magnetisation) and the effective magnetic moment, s of a sample.>!' The anti-
parallel spin configuration of antiferromagnetically coupled metal centres will present a
negative y value below the Néel point, where as a ferromagnetically coupled system will

yield an increasing positive y value below the Curie point (Figure 1.5).

Paramagnetic

Ferromagnetic

— Tc¢ Curie point

1

Ty Néel point

Antiferromagnetic

T (K)

Figure 1.5. Magnetic susceptibility, y vs temperature, T, showing typical ferro-, antiferro- and paramagnetic slopes.
Image was taken from Assoc. Prof. Paul Plieger.

1.3 Electronic coupling — Metal-Metal communication
Metallic centres within a cyclohelicate square complex can also exhibit electronic
coupling through a bridging ligand.>? This coupling is best assessed by measuring the

influence one metal has on the redox potential of the other within chemically equivalent
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environments.!%**3% Typically, to ensure electrostatic repulsions are minimised, metal
centres at opposite corners of the complex will exhibit oxidation (or reduction) first,
followed by a similar process occurring at the remaining two metals.*!%3 Electronically
speaking, this metal-metal communication is observed when the loss of an electron from
a metal centre changes the electron density within that metal, resulting in a positive
charge. The change is communicated through the bridging ligand, causing the

neighbouring metals to become more difficult to oxidise.3>33-37-3%

1.3.1 Robin and Day classification of mixed-valence complexes
The degree of electronic coupling between the mixed-valence metal centres is described

by the Robin and Day classification of mixed-valence systems.***> There are three
extremes: class I describes the mixed-valence metal centres as uncoupled with their
valences localised to a single site, meaning there will be no electron transfer and no metal-
metal interaction between the mixed-valence states.>***** Class II shows the valences as
moderately localised due to the weak electronic coupling between the metals, leading to
intervalence charge transfer being possible between the metal centres. The direction of
electron transfer will proceed from the highest oxidation state metal to the lowest.>¥4344
Class III displays a symmetrical delocalisation of the charge over the bridging ligand and
through to the metal centres upon oxidation, making the metals essentially equivalent.
This class presents the strongest coupling interactions between the two metals, 33404344
Most mixed-valence systems fall under one of these classes, however there are a select
few compounds that can be classified as class II-III systems. This particular class
embodies a mixed-valence complex with a sub-borderline delocalised system with strong

electronic coupling. #3464

The electronic coupling between metal centres is mediated through the bridging ligand,

so the design of this ligand is a crucial factor in determining the strength of metal-metal
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communication. Various physical properties of a bridging ligand including its
composition, length and electronic structure can affect the quality of metal-metal

interaction.>°

1.3.2 Measuring electrochemical properties — Cyclic voltammetry

Cyclic voltammetry (CV) is a popular technique for monitoring electron transfer

processes in electroactive species in solution. It functions by measuring the current
CE WE RE

produced over a cycled voltage range.’® A three-electrode o 0

electrochemical cell (as shown in Figure 1.6) is commonly used in CV

analysis, where the electrochemical cell consists of a working
electrode, WE, the counter electrode, CE and a reference electrode, RE.
A cyclic sweeping voltage is imposed on the working electrode where
oxidation of the analyte occurs as the voltage approaches in a positive

direction, and reduction of the analyte occurs as the voltage approaches

a negative direction.’! To ensure that the redox profiles are accurate, | H =
Analyte

both the working and counter electrodes are redox-inert over the -

desired voltage range being measured.’! The reference electrode Figure 1.6. A three-
electrode
electrochemical cell.

remains under a constant voltage and sets a ‘reference’ for the applied

voltage to be measured against.’!

Cyclic voltammetry is also used to determine the chemical and electrochemical
reversibility of an analyte. Species that exhibit fast electron transfer processes are more
likely to be electrochemically reversible.’! Analytes that are electrochemically reversible
will show a small separation between the oxidation and reduction peak (<57 mV for a

one electron transfer process).’! The ability to undergo redox processes and show



reversibility indicate a relatively stable complex that may be suitable for information

storage applications.>

There are multiple practical considerations to address prior to performing a CV analysis.
In preparing the sample (analyte), an appropriate solvent must be chosen. The solvent
must be capable of dissolving the analyte and be stable to oxidation and reduction
processes in the potential range of the experiment (the potential range of a solvent is
described as the potential window).’! Solvents commonly employed are
dimethylformamide (DMF) and acetonitrile (MeCN). A supporting electrolyte is often
dissolved in the analyte to decrease the solution’s resistance to charge transfer. The
supporting electrolyte achieves this by balancing the charge change caused by the electron
transfer processes on the working elctrode.’! Ideal supporting electrolytes are highly
soluble in the selected solvent and present electrochemical and chemical inertness in the
experimental conditions.’! Ammonium salts with counterions such as [B(C¢Hs)4]", [PFs]
, [BF4] and [ClO4]" are commonly employed in CV experiments.’! Microelectrodes are
a type of electrode which provide a small surface area (typically less than 20 um).>* This
results in a large current density on the electrode surface, thus providing a higher signal-
to-noise ratio compared to standard electrodes.’!** This means that the use of supporting

electrolytes is unnecessary when using microelectrodes.*
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1.4 Creutz-Taube ion
Interest in metal-metal communication can be traced back to the Creutz-Taube (CT) ion,

which is now one of the most thoroughly studied complexes exhibiting this phenomenon.
Synthesised in 1969, the CT ion, [(NH3)sRulopz’" consists of two mixed-valence
ruthenium metal cations (Ru?" and Ru*") within chemically identical environments (see

Figure 1.7).333754

Figure 1.7. The Creutz-Taube lon, [(NH3)sRu]opz> where pz = pyrazine.

Initially proposed as a class II complex, the CT ion exhibits delocalisation similar to class
IIT complexes. Later it was discovered that the CT ion belongs to the unique class II-
11455 The Ru?*/Ru** redox potentials of each metal in the CT ion were analysed,
yielding a separation of 0.39 V between each oxidation peak. This clear separation
indicates a distinct interaction occurring between the two ruthenium metal centres.>>’
Magnetic measurements were also performed on the CT ion, showing a weak
antiferromagnetic interaction on the fully oxidised CT ion (Ru**/Ru*").3® The electronic
communication was brought on by the effective overlapping of the metals’ drn orbitals

(4dxz and 4dy, for the CT ion) with pyrazine’s delocalised n* orbital, as shown by the (-

HOMO in Figure 1.8.3357.58

Extensive study has revealed trends between the electronic and magnetic coupling in
systems exhibiting metal-metal communication. For example, antiferromagnetic coupling
between transition metals often leads to an increase in the conductance for a given bridge,
indicating a probable increase in metal-metal communication.>® Likewise, para-connected

bridging ligands often lead to antiferromagnetic coupling between transition metals.>
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Considering these trends, it comes as no surprise that pyrazine was essential for enabling

the metal-metal communication in the CT ion.

Figure 1.8. Calculated B-HOMO of the CT ion (isovalue = 0.04). Grey = carbon; purple = nitrogen; green = ruthenium.
Hydrogens were removed for clarity. The image was generated using Spartan, using a unrestricted Hartree Fock calculation,
with the 3-21* basis set with a total of +5 whilst in a doublet state.

1.5 Pyrazine
Pyrazine (Figure 1.9 — C) is a six-membered, N-heterocyclic aromatic molecule

belonging to a class of compounds called diazines (Figure 1.9).%°

Since the discovery of
the CT ion, the use of pyrazine as a bridging ligand between two metal centres has
increased in popularity. There are many advantages of using pyrazine as a bridging ligand
between two metal centres. Pyrazine is known as a good m-acceptor ligand as it can accept
electron density from the metal into the aromatic ring, strengthening metal-ligand
interactions. Being a good m-acceptor ligand also provides the stabilisation of

complexation of metal ions through m-backbonding.%%%3. In the case of the CT ion, this

occurs when the lone pair of electrons from N-donor atoms in the ring are donated to an

M M M
P L N N/
(a) (b) (

c)

Figure 1.9. The three structural isomers of the diazine:
Pyridazine (a), Pyrimidine (b) and Pyrazine (c).

12



unoccupied d-orbital on the ruthenium centres. In return, an electron lone pair from
ruthenium’s d-orbital is donated through to an unoccupied n*-orbital on the pyrazine

bridging ligand.?*>*6465

1.5.1 Pyrazine as a bridging ligand
When utilised as a bridging ligand, pyrazine is well known for supporting

antiferromagnetic coupling between metals up to 62 K.°® The magnetic exchange occurs
through superexchange mechanisms (Section 1.2.2) which can occur through a 6-pathway
involving the nitrogen lone pair, or through the delocalised m system.®”®® The
effectiveness of a particular superexchange pathway is dependent on the metal-ligand
distance and the degree of appropriate overlapping of the metal’s magnetic orbitals with
pyrazine’s p- or m-orbitals which can be influenced by the presence of substituents on

pyrazine.®”¢

Pyrazine is electron deficient due to the electronegativity of the nitrogen atoms and this
makes it susceptible to nucleophilic attack on the neighbouring carbons, therefore
allowing functionality to be placed on pyrazine.”’ Functionalising the 2 and 5 (para)
positions on pyrazine with arms containing suitable donor atoms will allow the formation
of arelatively rigid ligand system (due to the steric hinderance of pyrazine)’! with a linear,
antiparallel array of bis-terdentate chelating pockets. Coordination of 34 metal ions with
octahedral coordination geometries can result in the formation of cyclohelicate squares

and triangles.

Below are a number of examples of pyrazine-containing complexes. These reveal the

vitality of this system in the design of cyclohelicates.
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1.6 Examples of cyclohelicate squares and triangles with pyrazine
bridging ligands

1.6.1 Synthesis of cyclohelicate squares by Shen et al.

Shen et al. reported the synthesis of three cobalt(Il) [2x2] grid complexes from three
symmetrical 2,5-pyrazine hydrazones. The team were able to tune the ligand by
incorporating functionality such as methyl and bromo substituents into the Ry and R»

position, giving FLH, FLM¢ and FLB" (Figure 1.10).°

The reactions of FLH FLM¢ and FLB" with Co(Cl04),-6H,0 yielded the three [2x2] grid
complexes which are shown in Figure 1.10. These complexes are
[Co® 4(FLM)](C104)4-6DMF-3H,0, FCH; [Co*'4(FLM¢)](ClO4)s-4MeCN-H.0, FCM¢
and [Co?"4(FLB")](Cl04)s-CH30H-2MeCN-5H,0, FCB" (Figure 1.10 shows FCH as an
example of the structure of FCH, FCM¢ and FC®r). Crystals suitable for single crystal x-
ray diffraction (SCXRD) of all three complexes by vapour diffusion of diethyl ether into
the reaction filtrate, confirming the grid structure.® The ligands in all three [2x2] grid
complexes acted as N3-N3 bi-terdentate chelates, where the cobalt centres were
coordinated in a distorted octahedra geometry to the pyrazine N donor atom, the pyridine

moiety and the unfunctionalised hydrazone N donor atom.

Magnetic susceptibility data was collected from the three complexes. FCH displayed a
null magnetic susceptibility response to an applied magnetic field. This is indicative that
the cobalt centres in the grid complex are low spin Co®*, implying a d® electron
configuration, thus the metal centres are diamagnetic.® FCM¢ and FCB" both show a
paramagnetic response, indicative of the presence of Co' species. Complexes FCM¢ and
FCPBr showed a decrease in the sample’s magnetic susceptibility as the temperature was
cooled below 40 K. This indicates that both FCM¢ and FCB" show weak antiferromagnetic

coupling between the metal centres.®
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Figure 1.10. Framework of the ligand FL (left) and SCXRD structure of the cyclohelicate square, FCH. Ligand
was reproduced from Shen et al.® SCXRD structure presented as tubes. Grey = carbon; purple = nitrogen; cyan
= cobalt. Hydrogens and counterions were removed for clarity.

Electrochemical analysis was also performed by cyclic voltammetry (Figure 1.11). All
three complexes showed four quasi-reversible one-electron oxidation processes,
indicating that the electron transfer process is almost reversible, but the
oxidation/reduction peak separation still exceeds 57 mV for a one electron transfer
process (see section 1.3.2 for the importance of the reversibility of a complex). Shen et
al. postulated that these processes correspond to the one-step oxidation from Co*" to Co*",
with the fourth oxidation peak (peak furthest to the right in voltammogram), leading to
the Co®"s grid species. FCH and FCMe show two pairs of oxidation/reduction peaks
separated by a large gap (more evident in complex FCH).® The first pair of peaks (left
hand side peaks on voltammogram) for FCH and FCM¢ indicate the one-electron
oxidations of two Co!' species into the Co'' species, resulting in a more
thermodynamically stable mixed valence Co'>/Co"™, complex, where it is assumed the

two oxidation processes occur at opposite corners of the grid.® As the gap between the
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two pairs of peaks in FCH is quite large, it is thought that this is indicative of metal-metal
communication as the formation of a Co®"/Co3+3 species is unfavourable compared to
the Co*"2/Co", species. This interaction possibly arises from the deprotonation of the
ligand in FCH, causing a larger electron delocalisation throughout the complex.5 FCMe
requires the greatest voltage to undergo the first oxidation step (Co?*, - Co?*3/Co3").
This is because the increase in delocalisation from FCH and the presence of bromine (a
known weak field ligand and m-donating substituent according to the spectrochemical

series)’*>*72 in FCPr causes the ligand in both complexes to act as weaker m-acceptors.

LI LI L

09 06 03 0.0 0.3 0.6 0.9
E (V vs. Fc'IFc)

Figure 1.11. Cyclic voltammogram of FCH (top voltammogram, 1), FCM¢ (middle voltammogram,
2) and FCPB (bottom voltammogram, 3) recorded in MeCN (M = 0.1 nM) and referenced against
Fc+/Fc (Fc = ferrocene) at a scan rate of 100 mV/s. nBusNPFs (0.1 M) was used as the supporting
electrolyte. Reprinted with permission from Shen, F.; Huang, W.; Wu, D.; Zheng, Z.; Huang, X.-
C.; Sato, O. Inorganic Chemistry 2016, 55, 902. Copyright (2015) American Chemical Society.
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This weakens the ligand strength in both FCH and FC®, allowing for oxidation processes

to occur at a smaller voltage than FCMe ¢

1.6.2 Synthesis of a cyclohelicate square by Hausmann et al.
Hausmann and Brooker reported the successful synthesis of a chiral Co(Ill) grid-type

complex from the complexation of a diamide pyrazine ligand, JL. and Co(BF4)>-6H>0 in
MeCN, followed by air oxidation [Co"4JL4](BF4)4 (JC) (Figure 1.12). The presence of
two equivalents of triethylamine was necessary for the synthesis of JC to deprotonate the
amide centres in the complex, as was shown by an increase in the yield of the isolated
dark red crystalline solid JC-10H>O from 30 % to 85%.% Vapour diffusion of diethyl ether
into a MeCN solution containing JC-10H2O gave dark red single crystals of
JC-12.75MeCN (as reported by Hausmann et al.) suitable for SCXRD. This showed the
cyclohelicate square complex where each of the four ligands act as a N3-Nj3 bis-terdentate
chelate, thus giving each cobalt centre a distorted octahedra geometry.® Interesting
features of the grid include the non-linear pyrazine, as indicated by the angle between the

cobalt centre and the pyrazine’s nitrogens, Np; where the bite/chelating angle is roughly

=
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Figure 1.12. JL ligand structure (left) and SCXRD structure of the formed cyclohelicate square JC-12.75MeCN
(right). SCXRD structure presented as tubes. Grey = carbon; purple = nitrogen; red = oxygen; cyan = cobalt.
Hydrogens and counterions were removed for clarity.

17



172 © (significantly less than the expected 180 °©), giving the grid a slight astroid square
shape (with each ligand adopting a concave geometry). The interwoven coordination of
each chiral ligand to the metal centres provides a racemic mixture of (AAAA) and
(AAAA) enantiomers.® No magnetic or electrochemical data was collected on the

complex.

1.6.3 Synthesis of cyclohelicate triangles by Hogue ef al.
Hogue et al. recently attempted to synthesise iron(Il) and zinc(II) [2x2] cyclohelicate

square complexes with RL (an imine derivative of JL — see Figure 1.13), derived from a
Schiff-base  condensation  between  pyrazine-2,5-dicarbaldehyde and  2-(2-
aminoethyl)pyridine.! Unexpectedly, the complexations with RL and M"(BF4),-xH,O
(RC1: M =Zn, x = 1; RC2: M = Fe, x = 6) in MeCN produced trimetallic triangular
cyclohelicates [Zn3L3](BF4)s (RC1) and [FesL3](BF4)s (RC2) in moderate yields (RC1:
84 %; RC2: 52 %). This defies the expectations based on the molecular library model'?
and the directional bonding approach!! (see section 1.1) which are used to predict the

structural outcome of a supramolecular complex when a rigid ligand coordinates to a
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Figure 1.13. RL ligand structure (left) and SCXRD structure of the cyclohelicate triangle (right). SCXRD

structure shown is RC2. SCXRD structure presented as tubes. Grey = carbon; purple = nitrogen; orange = iron.
Hydrogens and counterions were removed for clarity.

18



transition metal centre, where the formation of a [2x2] grid-type complex was
predicted."!'? Vapour diffusion of diethyl ether in solutions containing both complexes
respectively in MeCN produced RC1 and RC2 as tan block-like and green plate-like
single crystals, both of which were suitable for SCXRD. Similar to its grid predecessor,
RC1 possesses N3-N3 bis-terdentate chelating pockets with anti-parallel coordinating
vectors. This varies from the grid complex produced from the aforementioned JC as all
the donor atoms within RC1 are coordinating to the metal centres, as opposed to JC
where the Oam does not coordinate to the metal centre.! Much like the grid complexes
mentioned earlier, the cyclohelical structure brings with it chirality, where each complex
exists as a racemic mixture of (AAA) and (AAA) enantiomers.! Although the complex is
triangular-shaped, the Np, — M — Ny, bite angles for both complexes average between ca.
80 — 85 ° (as opposed to the expected 60 °), meaning that the triangular shape is most
likely attributed to the nonlinearity of the pyrazine bridge, as shown by the M — Np, — Np,
bond angle (for M = Fe: ca. 162 — 167 °; M = Zn: ca. 163 — 167 °).! These deviations give
the cyclohelicate triangles a reuleaux triangle shape (with each ligand adopting a convex
geometry — see Figure 1.14). The X-ray data indicated that the iron(II) centres in the iron
triangle complex would be low spin at 85 K, resulting in diamagnetic iron centres if
subjected to a SQUID magnetometer. Minimal work was done to measure the magnetic

and electrochemical properties of both the zinc and iron complexes.

p [3+3]
pl.q N + el

@=80-90° B =120-180°

Figure 1.14. Directional-bonding approach for the synthesis of [M3Ls] triangles, exhibiting conformational
strain similar to cyclohelicate triangles RC1-2. Reprinted with permission from (Chakrabarty, R.; Mukherjee, P.
S.; Stang, P. J. Chemical Reviews 2011, 111, 6810). Copyright (2011) American Chemical Society.
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1.7 Summary
Cyclohelicate squares and triangles are recently developed intricate architectures

consisting of a rigid ligand system with an antiparallel array of polydentate arms, and a
transition metal with an octahedral or tetrahedral configuration. Most of the research
performed on cyclohelicates have been performed with octahedral 34 metal centres.
Studies show that these compounds are capable of exhibiting communal magnetic and
electrochemical properties.!®!* These structures have potential to be employed in
applications in a variety of fields, including, but not limited to, information storage
devices”? and crystal engineering’*. Not only that, but these structures have the possibility
to exhibit properties not covered in this report, including spin crossover, pH-dependent

optical switching, host-guest recognition and catalysis.*”

Pyrazine is an N-heterocyclic ring that was involved in the pioneering work to observe
metal-metal communication in the CT ion. Since this time, it has been incorporated into
various complexes that display interesting magnetic and electrochemical phenomena. Its
presence in cyclohelicate structures has become more popular in recent times, however
the analysis on the electrochemical and magnetic properties brought on by the addition of

pyrazine in these systems have been scarcely reported.

1.8 Research aims and hypothesis
The goal of this research is to synthesise a collection of symmetric bis-terdentate

pyrazine-based ligands capable of coordinating to octahedral 3d metal centres. To aid
synthesis, the ligands will be prepared by Schiff base condensation analogues to Hogue
et al. (see section 2.1 for more information regarding Schiff base reactions).! Following
this, the ligands synthesised will undergo complexations with assorted 3d metal salts in
the hope of forming cyclohelicates. Investigations into the communication of the metals

will be tested through analysing their electrochemical and magnetic properties.
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Pyrazine is well known for its ability to mediate electronic and magnetic communication
(examples include the CT ion), and has acted as a suitable bridging ligand in cyclohelicate
structures previously reported.®® It is therefore my hypothesis that with effective ligand
design, unique pyrazine-based cyclohelicate structures can be synthesised, where

electronic and magnetic communication should be observed between the metal centres.

1.9 Thesis outline
Chapter 2 details the design of Schiff base ligands and the various properties that must be

considered in this process. It will include recapping the requirements necessary to form a
cyclohelicate complex, as well as discussing the principles of a Schiff base reaction and
how this reaction will be used to synthesise ligands. This chapter will also cover the
various metals that will be considered to use for forming the cyclohelicate structures after
synthesising the ligands. This chapter aims to show the necessary chemical components
and conditions for the synthesis of Schiff base ligands incorporating pyrazine to be used

for the formation of cyclohelicates.

Chapter 3 explores the previously established methods for synthesising the dialdehyde
products required for the synthesis of ligands, as well as providing original routes as
attempts to optimise/develop the formation of certain products. The synthesis of pyrazine-
2,5-dicarbaldehyde will be discussed first, followed by the synthesis of pyrazine-2,5-
diacetaldehyde This chapter will discuss the general procedures followed and provide
feedback on the results produced from each step. If any experiments reported no
successful attempts, alternative courses of action will be advised in the case that efforts
in this subject be made in the future. By the end of this chapter, the reader should have an
understanding on the results obtained over the course of this study in regards to the

synthesis of Schiff base precursors.
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Chapter 4 examines the synthesis of original symmetric Schiff base ligands with pyrazine-
2,5-dicarbaldehyde. This chapter includes the general synthetic method used to synthesise
each ligand along with characterisation data collected to support the successful synthesis
of these compounds. Any unsuccessful attempts in obtaining single crystals of suitable
quality for SCXRD is reported, along with suggestions to investigate for future repeat

attempts.

Chapter 5 covers the attempts to form cyclohelicates. This is done through complexations
with a pure Schiff base ligand and assorted metal salts. This chapter will give details into
the synthesis of each complex, as well as the techniques used to characterise the
complexes. Following this, the various methods used to characterise the communication

found within the complexes are discussed.

The appendices will delve into the synthetic routes taken in attempts to synthesise various
products, but could not be isolated as pure product. Following this, the section discusses
the preparation of reagents and solvents, the apparatus used and the information obtained
from the SCXRD data of compounds that successfully produced single crystals of suitable
quality. Lastly, the experiment procedure for synthesising all compounds that were
successfully isolated as a pure product is recorded, as well as the characterisation data of
the respective compounds. Providing this information will aid in the ability of replicating

the results found in this report.
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Chapter 2 Ligand Design

In order to form cyclohelicates from octahedral metal ions, a linear, rigid ligand with
antiparallel arms that create a bis-terdentate chelating environment is needed. An obvious

choice for the construction of such a moiety is pyrazine as the two N

%k X
para nitrogens enforce the correct ligand geometry.” The inclusion

= %

N

Figure 2.1. Pyrazine
with 2 and 5 positions
indicated.

of functionality to the 2 and 5 positions of pyrazine (Figure 2.1)
must therefore provide two additional donor atoms to fully

accommodate the coordination of octahedral 3d metal salts.

2.1 Schiff base
The Schiff base condensation is a simple method for the construction of ligands and it has

made a significant contribution to the library of cyclohelicate complexes synthesised
largely due to their synthetic simplicity, often presenting high yields for a small economic
cost. 47678 The classic Schiff base condensation (See Scheme 2.1) involves the reaction
of a primary amine and a carbonyl species (either an aldehyde or ketone). The
nucleophilic attack of the amine on the electrophilic carbonyl carbon results in the
development of a carbinolamine species. The dehydration of the water formed produces

the characteristic imine, where R! and R? exist as identical or different alkyl, aryl or

o OH on
H R /—\1 ‘
\N/ )L H : Re H* H R2
- H Rz — —_—
'L d N Y .
J| R17 SH
Carbiolamine
Species
ln*
+
(OHz
H R2 + H R2
\l/ H H R2
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! . A2
Q1—" R1— \H R H

Scheme 2.1. Mechanism for Schiff base condensation.
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heteroaryl substituents. The imine can be hydrolysed back into its starting precursors in

aqueous acidic conditions.”

A range of characterisation techniques can monitor the Schiff base condensation and
determine the successful formation of the imine (C = N). Using infrared (IR)
spectroscopy, the presence of the peak corresponding to the imine (1690-1640 cm™) and
the absence of the carbonyl undergoing the Schiff base condensation (1720-1680 cm™)
are used to confirm the successful condensation.®® Using an aldehyde as the carbonyl
component for the Schiff base condensation can benefit from using 'H and '*C NMR
spectroscopy to distinguish the imine bond by observing the disappearance of the
carbonyl peak (usually around 6 = 9.5 — 10 ppm) and the appearance of a singlet imine

peak typically upshifted in the spectrum (6 = 8 — 8.5 ppm).

As a ligand for the formation of supramolecular constructions, Schiff base compounds
provide many benefits. The simplicity of the Schiff base condensation in combination
with a large number of suitable aldehyde and amine functionalities offers a vast series of
possible ligands that can be synthesised.”® The nature of the reaction allows for the
insertion of supplementary functionality, providing a greater quantity of possible donor
atoms. The chemical behaviour of the added donor atoms can allow for enhanced control
of the coordination environment provided by the ligand.”® Complexes formed with Schiff

base ligands often exhibit interesting supramolecular and magnetic properties.®!

By introducing functionality onto the 2 and 5 positions of pyrazine through a Schiff base
condensation, any ligand will incorporate a bis-bidentate chelating environment from the
nitrogens found on the imine and pyrazine. In order to favour the formation of a
cyclohelicate structure with a completely occupied 3d octahedral metal centre, an

additional donor atom must be incorporated in the non-pyrazine precursor before the
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Schiff base condensation can take place. Preferably, the inclusion of a donor atom with
similar hard/soft properties (according to the hard and soft acid and base theory, or HSAB

theory?*$2%%) as

the metals being coordinated to the ligand will aid in providing a bis-
terdentate chelating environment. As most 3d metal centres generally exhibit
intermediate/hard acid properties due to their high charge densities, an intermediate/hard
donor atom must be included, where typical examples of functionality containing these
donor atoms include pyridine and phenols.?* With three suitable donors at either end of
the ligand, 3d metal ions that prefer an octahedral arrangement of donor atoms can be

incorporated into the complex (Figure 2.2), this arrangement may lead to the formation

of grid complexes using a 1:1 ligand:metal stoichiometry.

/N““\/M_____N/ | X
N\)\/N\M/_\N/

Figure 2.2. The expected coordination of a transition metal (M) to a pyrazine ligand (ligand L3 is shown as an example).

2.2 Schiff base with pyrazine
Limited research has been reported on the synthesis of pyrazine-derivative ligands

containing Schiff base functionality at the 2 and 5 positions of pyrazine.! As discussed
earlier, a Schiff base condensation requires a primary amine and a carbonyl species,
implying that the pyrazine will need to incorporate either a primary amine or carbonyl
species at the 2 and 5 positions. In this report, the route undertaken involves the
incorporation of aldehyde species on the 2 and 5 positions of pyrazine. Reasons for this
decision include the absence of reported literature describing the synthesis of the diamine
derivative (until very recently by Zane Farrow from Massey University®*) and the ease of

synthesising the methyl dialdehyde species (Figure 2.3, R = CHO).
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Since the beginning of this research project, new and improved methods have been
provided for the synthesis of pyrazine-2,5-dicarbaldehyde, A1 (Figure 2.3 - R =
CHO).!>8586 The use of pyrazine-2,5-dicarbaldehyde as a precursor for a Schiff base
condensation has proven to be effective as a synthetic building block, as was described
by Hogue et al. in section 1.7.3. The synthesis of pyrazine-2,5-diacetaldehyde, A2 (R =
CH>CHO) was considered as another possible precursor for Schiff base condensation.
The extension of the alkyl chains on the 2 and 5 positions will introduce a greater degree
of flexibility in Schiff base ligands formed with this compound while still possessing the
rigidity that pyrazine provides. This allows for a wider scope of research in the formation
of cyclohelicates, including the incorporation of larger metal ions (such as 4f ions) and
the formation of more intriguing cyclohelicate structures. Although the synthesis of
pyrazine-2,5-diacetaldehyde (R = CH,CHO) is unexplored with no synthetic procedure

provided, the synthesis of related pyridine structures have been reported.®”*

R N
X R = CHO (A1), CH,CHO (A2)

—
N R

Figure 2.3. Pyrazine with 2 and 5 positions labelled with R substituents.

2.3 Summary
In order to provide a suitable bis-terdentate chelating environment for octahedral 3d

metals capable of self-assembling into cyclohelical structures, functionality will be placed
on pyrazine on the 2 and 5 positions. Schiff base condensations are excellent ways to
introduce more donor atoms into a chemical system, where the imine produced can
coordinate to a metal centre. The synthetic approach for the Schiff base condensation with
pyrazine will require pyrazine-2,5-dialdehyde derivatives with pyridine or phenol arms
to ensure each ligand postulated contains six donor atoms (three donor atoms per half of

the ligand).
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Chapter 3 Synthesis of Schiff Base Precursors

3.1 Introduction
The reported syntheses of pyrazine dialdehyde derivatives is limited, with the bulk of

publications focusing on pyrazine-2,5-dicarbaldehyde, A1 (see section 2.2). The starting
material often used for the formation of Al is 2,5-dimethylpyrazine. The following
section will discuss the routes investigated to synthesise pyrazine-2,5-dicarbaldehyde, A1
from 2,5-dimethylpyrazine. Attempts were also made to synthesise A2. Unfortunately,
the desired product could not be isolated as a pure product. For this reason, information

regarding the various attempts to synthesise A2 are presented in Appendix B.

3.2 Synthesis of pyrazine-2,5-dicarbaldehyde
Within the last decade, there have been numerous procedures for the synthesis of

pyrazine-2,5-dicarbaldehyde (A1) reported (Scheme 3.1), with the majority of them

starting from 2,5-dimethylpyrazine. The initial route explored to synthesise the target

Scheme 3.1. Synthetic scheme for the synthesis of pyrazine-2,5-dicarbaldehyde (A1): (i) m-CPBA, rt, 24 h, 87 %. (ii)
Ac20, 158 °C, 7 h, 1t, 12 o/n, 15 %. (iii) glacial CH3COOH, 30% H202, 95 °C, 24 hr, 20 %. (iv) Benzaldehyde,
benzoic anhydride, reflux, 175 °C, 4 d, 54 %. (v) Benzaldehyde, benzoic anhydride, M.W, 175 °C, 6 h, 62 %. (vi)
0504, NalOg, 1t, 2-3 d, 25 %. (vii) O3, -50 °C, 3 — 4 h, 30 %. The red scheme indicates the method by Das et al., the
blue scheme shows the method by Coufal et al. and the black roman numerials indicate alterative reaction routes.
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molecule was based on the methodology of Das et al. (red procedure in Scheme 3.1) and
involved a 4-step synthesis with an overall 8 % yield.%> Although this is a low yield, this
method was described as being simple to perform in most laboratories, therefore was an

ideal first route to attempt.

3.2.1 Synthesis of pyrazine-2,5-dicarbaldehyde — Das method
The first step involved the formation of 2,5-dimethylpyrazine-1,4-dioxide. Two routes

were investigated: the first (step i.) involved the oxidation of 2,5-dimethylpyrazine with
meta-chloroperoxybenzoic acid, m-CPBA (77 % in H20) in ethyl acetate.®® The desired
2,5-dimethylpyrazine-1,4-dioxide precipitated as a white solid, which was isolated
through filtration in 87 % yield. The purity of the white solid was determined by 'H NMR
spectroscopy (top spectrum in Figure 3.1), which matches the spectrum found in

literature. The second route (step iii.) was the oxidation of 2,5-dimethylpyrazine with

Method of Das et al.
D,0
2
IJ
A
Method of Klein et al.
o-
2 J,*
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g 6 4

Figure 3.1. "H NMR spectra of 2,5-dimethylpyrazine-1,4-dioxide (in D20) obtained from the methods provided by Das
et al. (top) and Klein ef al. (bottom).
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hydrogen peroxide, H>O> (30 % in H>0) in glacial acetic acid.”® The desired product was
obtained with a notable decrease in the purity and yield of the white product. The 'H
NMR indicated that the reaction frequently gave a mixture of desired 2,5-
dimethylpyrazine-1,4-dioxide and 2,5-dimethylpyrazine (bottom spectrum in Figure 3.1).
The low yield, coupled with a more challenging reaction work up meant route 1 was

preferred.

The next step is the acetylation of 2,5-dimethylpyrazine-1,4-dioxide with acetic

anhydride. The N-dioxide functionality allows the acetylation to occur on the methyl

o
o
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r~|1 H f\) NT
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Scheme 3.2. Proposed mechanism for the acetylation of 2,5-dimethylpyrazine-1,4-dioxide.
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groups and is not a standard acetylation. Scheme 3.2 presents the proposed mechanism
for the acetylation of 2,5-dimethylpyrazine-1,4-dioxide. The N-dioxide was heated to
reflux in acetic anhydride for 7 hours and then stirred at room temperature overnight. The
prolonged time was employed to ensure the starting material had come to completion, as
opposed to only producing the monoacetate derivative (see Scheme 3.2).%° Following
purification by column chromatography (40 % ethyl acetate in n-hexane) and
recrystallisation (50 % ethyl acetate in n-hexane), the desired pure product, 2,5-
di(acetoxymethyl)pyrazine was isolated as a white crystalline solid in 15 % yield, as
determined by 'H NMR spectroscopy (Figure 3.2). The low yield was due to the
formation of a large quantity of uncharacterised black polymeric solid. Due to the
discovery of a less-time consuming and more efficient method, further research into the

synthesis of pyrazine-2,5-dicarbaldehyde with this procedure was shelved.
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Figure 3.2. "H NMR spectrum of 2,5-di(acetoxymethyl)pyrazine (CDCl3) obtained from the method provided by Das
et al. with assigned peaks.
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3.2.2 Synthesis of pyrazine-2,5-dicarbaldehyde — Coufal method
In 2016, Coufal et al. developed a two-step synthetic route for producing pyrazine-2,5-

dicarbaldehyde (A1) from 2,5-dimethylpyrazine (blue route in Scheme 3.1).° The
methodology reported an overall yield of 30 — 35 %, quadrupling the expected yield from
the Das et al. approach. Although each step required an increased reaction time, the

reduction from four steps to two steps provided a greater overall efficiency.

The first reaction is a Knoevenagel-like condensation between 2,5-dimethylpyrazine and
benzaldehyde in the presence of benzoic anhydride (step vi.), which was incorporated to
act as a drying agent, as well as assisting in the dehydration necessary for the formation
of the targeted alkene. This reaction differs from the Knoevenagel condensation as a
typical Knoevenagel reaction (as shown in Scheme 3.3) is a modified acid or base
catalysed aldol condensation between an aldehyde or ketone, and an activated methylene
group (near an electron-withdrawing group).”-°? The first reaction involved refluxing the
reaction mixture at 178 °C for 4 days, which produced a brown solid upon completion.’
Washing of the crude product with ethanol yielded the desired 2,5-F, E-distyrylpyrazine
as a yellow crystalline solid, as indicated by 'H NMR spectroscopy (see Appendix D).
The presence of benzoic acid (the air-oxidised product of benzaldehyde) was required for
the successful formation of 2,5-F, E-distyrylpyrazine, which was proven by a dramatic
decrease in the yield upon repeating the reaction with distilled benzaldehyde. As the
incorporation of impure benzaldehyde was shown to be successful in the formation of the
desired product, as well as being an easily obtainable acidic source, impure benzaldehyde

was used for further synthesis.
z

O Z|
4 .
Acid/Base /
—_—
R < +  \_, 00 R
R' R'

Scheme 3.3. General Knoevenagel condensation. Z and Z' are electron-withdrawing substituents.
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In an attempt to improve this method, the reaction was trialled in a microwave. The
reaction conditions for the microwave synthesis were similar to those above, except for
changing the mode of heating and the duration of the reaction. Heating for 1 hour gave a
brown solid that could be purified by washing with ethanol to give 2,5-E E-
distyrylpyrazine in 11 % yield. By optimising this procedure, it was found that a reaction
time of 6 hours with no set pressure and filling the system with argon produced the
greatest yield (62 %). The yellow product appeared to be photosensitive and underwent
polymerisation if exposed to a light source for a significant period of time (evident by a
colour change from yellow to gold).! For this reason, the synthesised product was stored

in the dark for future use.

The second step in the Coufal method is the oxidative cleavage of 2,5-E E-
distyrylpyrazine to form pyrazine-2,5-dicarbaldehyde. This is achieved through the
Lemieux-Johnson oxidation using osmium tetroxide (OsO4) and sodium periodate
(NalOgs), where OsOy is used to oxidize the alkene to a diol. This reduces the Os(VIII) in
osmium tetroxide to an Os(VI) species. Sodium periodate oxidatively cleaves the diol
into two aldehydes, benzaldehyde and the desired pyrazine-2,5-dicarbaldehyde, as well
as regenerates the Os(VIII).> As a result, a substoichiometric quantity of osmium tetroxide

could be used.

This reaction was performed for 3 days, producing Al as a light brown solid. Initial
attempts to purify the compound by silica gel column chromatography
(dichloromethane), as proposed by Coufal et al., were successful in isolating the desired
product (as determined by 'H NMR spectroscopy). Problems with this route include the
low yield obtained (the greatest being 25 % of pure product versus the expected 40 %),

the column chromatography purification showing inconsistency in being able to isolate
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the desired product, and the associated hazards of osmium tetroxide. Due to these issues,

an alternative oxidation that has been successfully utilised in the past was trialled.

323 Synthesis of pyrazine-2,5-dicarbaldehyde — Hogue ef al. method
Following on from the synthesis of 2,5-F, E-distyrylpyrazine, Hogue et al. reported the

synthesis of A1 through ozonolysis.! This involves bubbling ozone gas into a suspension
of 2,5-E E-distyrylpyrazine in methanol at cold temperatures (< —50 °C), before
subjecting the intermediate to a reductive workup to give pyrazine-2,5-dicarbaldehyde
(A1) and benzaldehyde (see Scheme 3.4).!"*** Due to the formation of the ozonide ion,

a reactive/explosive intermediate (see Scheme 3.4), the reaction was approached with
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Scheme 3.4. Criegee mechanism for the ozonolysis of 2,5-F, E-distyrylpyrazine, yielding pyrazine-2,5-dicarbaldehyde
and benzaldehyde.
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extreme precaution and was performed on a scale no greater than two grams of 2,5-E, E-

distyrylpyrazine.’

Two reducing agents were investigated: triphenylphosphine (PPh3) and sodium
metabisulfite (Na2S20s). The latter reagent was more user-friendly. Reduction with PPh;
results in the formation of triphenylphosphine oxide (Ph3P=0), which was hard to
separate from the desired product. No such problems occur with Na»S>0s, as the addition
of NazS:0s resulted in the formation of a white precipitate, with the desired product (A1)

remaining in solution. The white precipitate was easily separated by filtration.

The procedure used to synthesise the dialdehyde species was adapted from Brooker et al.
where ozonolysis was performed on 3,6-distyrylpyridazine to synthesise 3,6-
diformylpyridazine.” The modification was successful in producing the desired
dialdehyde species A1, giving a yellow solid in 30 % yield, as confirmed by '"H NMR
spectroscopy (see Figure 3.3). With the product being unstable (decomposition at
temperatures above 40 °C and exposure to air), the workup for the reaction is prompt,
where the product is stored under argon in a freezer. As this route was shorter, and posed
less associated hazards, the ozonolysis of 2,5-E, E-distyrylpyrazine was chosen over the
Lemieux-Johnson oxidation as the preferred method to synthesise pyrazine-2.5-

dicarbaldehyde.
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Figure 3.3. "H NMR spectrum of pyrazine-2,5-dicarbaldehyde (A1) with assigned peaks (CDCl3).

3.3 Future work
Although this two-step procedure produces pure pyrazine-2,5-dicarbaldehyde in two days

with an overall yield of 35 %, the reaction conditions imposed to limit the dangers
associated with ozonolysis mean that only around 150 mg of A1 can be produced at any
time. Future efforts will investigate possible routes to increase the amount of A1 produced
at a time. A method provided by Hogue et al. involves a three-step procedure, taking
roughly four days and producing A1 in an overall yield of 20 % (Scheme 3.5).! This route
however has the advantage of being upscaled to much greater extents than the ozonolysis
route (up to at least 8 grams).! The first step involves the oxidation of 2,5-
dimethylpyrazine with selenium dioxide (SeO2) and the esterification of the crude
pyrazine-2,5-dicarboxylic acid with thionyl chloride, producing dimethylpyrazine-2,5-
dicarboxylate in 61 % yield. As this step requires the use of toxic materials such as SeO>
and thionyl chloride, handling precautions will need to be undertaken before attempting
this step to mitigate the risk. The next step involves the reduction of the ester with sodium
borohydride (NaBHj4), followed by the continuous extraction with chloroform for two
days, producing 2,5-bis(hydroxymethyl)pyrazine in a 20-40 % yield. The long continuous

extraction time is required as the desired product is highly soluble in the water used to

35



quench the reaction. The last step follows the oxidation of the diol species with
manganese dioxide (MnQO3). This is the same oxidation method provided by Das et al.

and produces A1l in an 84 % yield.""%
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Scheme 3.5. The three-step reaction scheme reported by Hogue et al. to produce Al from 2,5-dimethylpyrazine. (i)
SeOo, pyridine/water (10:1), reflux (61 %). (ii) a: NaBHs, MeOH, b: H20, continuous extraction (40 % ). (iii) MnO,
CHCls, reflux (84 %).

3.4 Summary
Several methods from recently published papers were investigated to synthesise A1. The

optimal conditions found were a microwave-assisted Knoevenagel-like reaction between
2,5-dimethylpyrazine and benzaldehyde, followed by the ozonolysis of 2,5-F E-
distyrylpyrazine. This two-step procedure produced pure pyrazine-2,5-dicarbaldehyde in
two days with an overall yield of 35 %. Unfortunately, due to the reaction conditions
imposed to limit the dangers with the earlier described hazards associated with
ozonolysis, only around 150 mg of A1 was produced at any time. Nevertheless, this yield

is suitable for the synthesis of pyrazine-based Schiff base ligands.
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Chapter 4 Synthesis of Ligands

4.1 Introduction
Following the successful synthesis of A1, a pyrazine dialdehyde species (see section 3),

a series of symmetrical ligands can now be synthesised using a Schiff base condensation
reaction between Al and a series of primary amines incorporating additional N — or O —
atoms. This design provides a bis-terdentate chelating environment for selected 3d metal
ions to octahedrally coordinate to the ligand. The following section will discuss the
synthesis of various ligands from pyrazine-2,5-dicarbaldehyde (A1) through Schiff base
condensation reactions, as well as elaborate on the various characterisation methods used

to verify the successful formation of each ligand.

4.2 General protocol for the synthesis of Schiff base ligands
As Al degrades at temperatures > 40 °C, careful consideration was undertaken during

the synthesis of these ligands. For this reason, the use of a Dean-Stark apparatus
(glassware commonly used in Schiff base synthesis for the azeotropic removal of water)
was not used as this apparatus requires the reaction mixture to be refluxed for a period of

time.

A modification of Brooker’s methodology for the synthesis of various Schiff base ligands
was used.”® Pyrazine-2,5-dicarbaldehyde (1 equivalence) and a primary amine which
consisted of additional N- or O-donors (2 equivalence) was stirred at room temperature
in an appropriate solvent system, such that the desired ligand crashed out of solution. The
mixture was stirred for 30 minutes and left to stand at room temperature until no more
solid crashed out of solution (typically 2-3 hours). The product was then filtered and
washed with ice cold solvent (to deter the dissolution of the solid back into the mother
liquor), yielding the desired Schiff base ligand in a moderate yield and high purity. Using

this method, three pyrazine-based Schiff base ligands were synthesised (H2L1, L2, L3 in
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Scheme 4.1), where H>L1 possesses two phenol groups, while L2 and L3 containing
pyridines with differing length linkers. A further four ligands were considered (H2L4,
H4L5, L6 and L7), but time constraints coupled with synthetic problems meant these
groups will be investigated in the future. The attempts made to synthesise these four

ligands can be found in appendix A.

N R N
o/ \ \N/ \
| + 2X R—NH, ——> |
N/ Z° N/ /N\R

X X
R =
N N
OH & =
HoL1 L2 L3
OH
X\[r Ho
o]
H:L4 H4L5

(0]
o] O/ﬁ( \/
o
X\/ O/\ o]
L6 L7
Scheme 4.1. The general reaction scheme of a Schiff base condensation between pyrazine-2,5-dicarbaldehyde (A1) and
a primary amine. The three ligands enclosed in the blue boxes (H2L1, L2 and L3) were successfully synthesised and

isolated as pure ligands. The four ligands not enclosed in a blue box (H2L4, H4L5, L6 and L7) were not successfully
isolated as pure ligands.

4.3 Characterisation of Schiff base ligands

The proposed ligand systems (L1-7) are all unique. It was therefore necessary for each
ligand successfully synthesised to be characterised with a variety of methods. To
determine the success of a Schiff base reaction, 'H NMR spectroscopy (both 400 and 500
MHz) was employed as the primary method of characterisation. The presence of a new

singlet peak around 9 — 10 ppm indicated the successful formation of the imine. The

38



respective assignment of each ligand was supported by '3C NMR and HMQC
spectroscopy (see additional spectra section) This technique also measured the
completeness of each condensation reaction by investigating the intensity of the aldehyde
singlet peak associated with A1 (6 = 10.24 ppm). If no peak was present in this region, it
was likely that the reaction had come to completion. The results obtained from this
technique were verified with attenuated total reflectance — infrared spectroscopy (ATR-
IR spectroscopy). ATR-IR spectroscopy was chosen over IR spectroscopy with KBr
pellets or Nujol mulls due to the high resolution spectrum obtained and the simplicity in
sample preparation. Prior to IR analysis, each sample was dried in vacuo before being
placed on the ATR-IR spectrometer for measurement. The appearance of a sharp peak
around 1640 cm™! reassured that the imine had been formed. The disappearance of the
aldehyde peak (found around 1700 cm™) proved that the reaction had come to completion.
Following these techniques, each successfully formed ligand was further characterised
with UV-visible spectroscopy, elemental analysis, mass spectrometry and melting point
determination. The results obtained from these techniques can be found in the
experimental section. Attempts to grow single crystals of each ligand was made, with
several crystallisation techniques employed to maximise the chances of success. This was
done in hopes to analyse the ligands through single crystal X-ray diffraction (SCXRD)
and examine various structural features that the ligand possesses. This was successfully
achieved for the ligand L3. The remaining ligands did not crystallise and the failed

attempts at crystallising these ligands are elobrated in the experimental section.
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4.4 Synthesis and characterisation of H>LL1, L2 and L3
The synthesis of each ligand was performed by following the general protocol above with

appropriate solvents, yielding the desired ligands in moderate yields, as shown in Table
4.1. Full details of the results obtained from the various characterisation methods are
presented in the Appendix 4 (section A4.2), with the most relevant data concerning the

successful Schiff base formation presented in Table 4.1.

Table 4.1. The synthesis and appearance of ligands H2L1, L2 and L3 with the selected characterisation data used
to verify the successful formation of these ligands. The yields shown in green indicate the solvent that was used to
produce the greatest yield of their respective ligand system.

H>L1 L2 L3
" S S "
R= ] )
on A 7
Solvent Used (with MeCN (72 %) MeCN (54 %) MeCN (62 %)
corresponding yield EtOH (90 %) EtOH (failed)

obtained)

Product Description Yellow/orange Solid (purple on White crystalline
solid one face, yellow on solid
the other face)

"H NMR imine peak
(ppm) vs solvent 9.70 (DMSO-de) 9.31 (CDCl3) 9.14 (CDCls)
IR imine peak (cm™) 1621 1642 1644

Both '"H NMR and IR spectroscopy confirmed the presence of the imine in ligands HoL1,
L2 and 3. Interestingly, the deshielding nature of the pyrazine ring and the neighbouring
substituents led to the low field shift of the imine peaks to ppm ranges higher than
anticipated (see Table 4.1). This effect was also observed in the IR spectra of H>LL1, L2
and 3, presenting the characteristic imine peak below or at the lower expected range of
the imine peak. The disappearance of the aldehyde peak indicated the reaction had come

to completion.
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Ligand L2 behaved unexpectedly. The dry solid was a purple colour, but if the compound
was wet or in solution, it became yellow. It is possible that tautomerisation allows the
solid to be highly conjugated, but conformation freedom when dissolved breaks this

(Scheme 4.2).

N

RGN &
L

N

N/ HN

AN x

Scheme 4.2. Tautomerism exhibited in L2.

Several attempts were made to grow crystals of suitable quality of HoLL1, L2 and L3 for
SCXRD, typically involving vapour diffusion of diethyl ether into a solution of the
dissolved ligand, or hot recrystallisation. Although some techniques did show signs of
crystallising HoL1 and L2 (see section A4.2 — Table A4.2.1), crystals of HoLL1 or L2

suitable for SCXRD were not obtained.

Hot recrystallisation of the ligand L3 in MeCN produced white needle-shaped single
crystals suitable for SCXRD upon placing the boiling solution in a freezer (-15 °C) over
30 minutes. The crystal was solved in the monoclinic space group (P 21/c) and confirms
the successful synthesis of ligand L3 (Figure 4.2). The asymmetric unit contains one-half
of the molecule (indicated by the dashed line in Figure 4.2). The structure of the full
molecule was generated by inversion centred on the pyrazine ring. The diimine units lie
flat with respect to the pyrazine ring, as indicated by virtually no displacement between
the pyrazine and imine atoms. Both the pyrazine and pyridine rings are planar, where each
pyridine ring are parallel to each other. The pyrazine ring however does not lie parallel
with respect to the pyridine rings, where a 12.12 © offset found between them. The imine

bond adopts a trans conformation, which assists in providing intermolecular pyrazine-
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imine m-stacking interactions within the packed structure (as seen in Figure 4.3), with a
distance of 3.451 A between the centre of the pyrazine ring and the imine C=N bond (a
in Figure 4.3). The packing presents a zig-zag appearance with alternating ligands (when
viewed down the a-axis) where the alternating ligands are between 83.18 © (with respect
to the pyrazine rings) and 85.95 ° (with respect to the pyridine rings). Although the ethyl
chain in the ligand possesses free rotation, the structure presents this chain with a
antiperiplanar geometry (Figure 4.3), which positions one of the hydrogen atoms in one
molecules fairly close to the centre of the pyridine ring in an adjacent molecule within
the packed structure (2.841 A — b in Figure 4.3). This arrangement is presumably an

artefact of the close packing.

Figure 4.2. Molecular structure of L3. All hydrogens have been omitted for clarity. Atoms are represented as
ellipsoids. Grey = carbon, blue = nitrogen. The red line indicates the asymmetric unit.

Figure 4.3. Packed structure of L3 (viewed down the a-axis), revealing a zigzag appearance stabilised by pyrazine-
imine m-stacking interactions (as indicated by a) and the interactions between the alkane hydrogen and pyridine (as
indicated by b).
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4.5 Future work
The data collected from the SCXRD of L3 provided structural information of the ligand,

and can be used to assess its usefulness as a bis-terdentate chelator for 3d metals.
Although the attempted crystallisation methods of H2LL1 or L2 produced no suitable
crystals, other crystallisation systems will be investigated. Following this, the synthesis
of a larger library of pyrazine-based Schiff base ligands containing other functionalities
with intermediate N- and O-donor atoms may be explored. With the recent synthesis of
the diamine derivative of A1 by Zane Farrow (of the Gareth Rowlands group at Massey
University, Manawatu), pyrazine may act as the primary amine, where efforts can be also
be directed to the synthesis of unique ligands by Schiff base condensations with suitable

aldehyde/ketone species with additional N- or O-donor atoms.

4.6 Conclusions
Three ligands (H2LL1, L2 and L3) with chelating environments capable of coordinating

assorted 3d metal ions were synthesised through Schiff base condensations. Using a
collection of characterisation techniques, the successful formation of each ligand was
verified, with several methods indicating the formation of the desired imine moiety and
the removal of the dialdehyde functionality found in the precursor A1. Multiple attempts
were made to obtain single crystals of each ligand (of suitable quality) for SCXRD, with
varying solvent conditions and recrystallisation methods, however, most attempts failed
to produce any crystals. Single needle-shaped crystals of L3 were successfully produced
by hot recrystallisation of a solution of L3 in MeCN. The SCXRD of L3 was obtained,
revealing intermolecular pyrazine-imine n-stacking interactions within the packed

structure and presenting a zigzag appearance.
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Chapter 5 Synthesis of Complexes

5.1 Introduction
As mentioned in section 1.8, following the successful synthesis of a library of symmetric

pyrazine-based Schiff base ligands with antiparallel bis-terdentate chelating
environments (L1-3), efforts were directed toward the synthesis of cyclohelicate
structures containing assorted 3d octahedral metal ions. Due to the design of the ligands
synthesised, it was expected that any cyclohelicates formed would adopt either the square
or triangle configuration (as mentioned in section 1.8). The following chapter describes
the synthetic attempts in producing cyclohelicate structure from the pyrazine-based Schiff
base ligands synthesised (L.1-3) and assorted 3d metal ions, as well as the methods used

to characterise the structural and chemical properties of each complex formed.

5.2 General protocol for the synthesis of complexes
Attempts to synthesise the cyclohelicate [MxLx] systems were made by reacting the

ligands HoLL1, L2 or L3 and a 3d metal salt capable of octahedral coordination in a 1:1
ratio in an appropriate solvent system (typically MeCN, EtOH or MeOH). The preferred
counterion was the perchlorate anion (ClO4") due to its propensity to crystallise and act
as a non-coordinating counterion.”””® Unfortunately, dry perchlorate complexes are
known to be shock sensitive. Therefore, a cautious approach was necessary when dealing
with these materials. Mixing the reactants together at room temperature resulted in an
immediate colour change. The mixture was stirred for 30 minutes, whereupon the solvent
was almost completely removed under reduced pressure. Care was taken not to dry out
the reaction mixture. Vapour diffusion of diethyl ether into the reaction solution
containing the complex was performed twice: first to isolate the desired complex and
second to obtain single crystals suitable for SCXRD. If no crystals of suitable quality
were possible to obtain, other techniques were employed to provide structural information

about the synthesised complexes.
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53 Characterisation of complexes

5.3.1 Structural characterisation of complexes
ATR-IR, taken in the range of 4000 — 700 cm™!, provided information on the effectiveness

of the N2O-N>O coordination pocket found in H,LL1 and the N3-N3 binding environment
found in L2 and L3 in coordinating the selected metal ion. This was determined by
monitoring changes in functional group bond stretches of the donor atoms upon
complexation. These include the imine, pyrazine and pyridine/phenol infrared stretching
frequencies. IR analysis was also used to determine the coordination nature of the
counterions to a given complex. This was achieved by ATR-IR and IR spectroscopy with
KBr pellets, taken in the range of 4000 — 500 cm™. The latter was employed for analysis
of complexes containing perchlorates as the counterion as the desired bands in question

are present at ~1089 and 625 cm™!.7798

Mass spectrometry was employed as a means of speculating on the possible structures
obtained from the various complexations. A key feature in a complex’s mass spectrum is
the fragmentation patterns associated with the complex (as indicated by a multitude of
closely-bundled peaks with differing heights in the M+2 peak throughout the spectrum).
Due to the design of the ligands used in the complexation and the expected coordination
geometry of the metal ions, fragmented peaks to search for included simple ML systems
and possible polymorphic [MsL3]*", [M4L4]*" and [M,L]*"; systems. The assignments of
particular fragmentation patterns in the complexes was achieved by comparison with
theoretical fragmentation patterns generated by the ChemDraw software and an isotope

distribution calculator.”’
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Conductivity measurements were used to determine the number of counterions present
with each complex in solution by using Equation 1 (where A is the molar conductivity, k
is the measured conductivity of the sample, K is the measured conductivity of the solvent
used and c is the concentration of the sample — see the following page). A comparison of
values obtained by Geary in 1971'® indicate a correlation between the molar
conductance, A of coordination complexes in a particular solvent and the number of
counterions present. Using acetonitrile as the solvent system, the expected approximate
molar conductivity for a particular complex:counterion ratio given by Geary are as
follows: 120 — 160 S cm? mol™! for 1:1 systems, 220 — 300 S cm? mol™! for 1:2 systems,
340 —420 S cm? mol™! for 1:3 systems and ~500 S cm? mol™! for 1:4 systems.!*’ As ligands
H:;L1, L2 and L3 were designed to formed cyclohelicate squares and/or triangles upon
complexation with octahedral 3d metal ions, it was expected that the multiple metal ions
present would require more than four counterions per complex. Unfortunately, no studies
since then have explored coordination complex systems with larger ratios; therefore, any
expected molar conductivity values for coordination complexes with 1:5 or higher
systems can only be predicted by following the trend for the other known systems. A plot
of this trend is presented in Figure 5.1, where the molar conductivity values for each

previously mentioned ratio is averaged.
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Figure 5.1. A plot of the molar conductivity of coordination complexes in acetonitrile as a function of
the number of counterions per complex present.

For complexes that produced suitable crystals and generated an X-ray crystal structure;
these samples were characterised using a variety of additional methods. These include the
characterisation techniques mentioned above, as well as elemental analysis and
thermogravimetric analysis (see appendix 3 for the generic use of these two techniques)
and UV visible spectroscopy. Characterisation data for each complex synthesised is

summarised in the experimental section.

5.3.2 Electrochemical analysis of complexes
Following the structural characterisation of a number of complexes, the electrochemical

properties of these were explored with cyclic voltammetry. The overall goal was to see if
any cyclohelicate structure containing a pyrazine ligand framework would exhibit metal-
metal communication between neighbouring metal centres. The experimental set up for
cyclic voltammetry on a given complex system resembles Figure 1.6 shown in section

1.3.2. Both platinum working micro- and macroelectrodes were used for this analysis,
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however, microelectrodes produced no visually acceptable spectrum. Platinum
macroelectrodes were therefore the designated electrodes of choice and only the spectra
obtained with the platinum macroelectrodes are presented in this report. This meant that
the presence of a supporting electrolyte was necessary for electrochemical analysis.
Tetrabutyl ammonium perchlorate, [NBus][ClO4] (=0.2 mol L!) was selected to act as
the supporting electrolyte as it is soluble in MeCN, is electrochemically inert in the
experimental conditions, and possesses the same counter ion as is found in the complex
(C3A and C3B —see section 5.4.1). Tetrabutyl ammonium perchlorate was recrystallized
in EtOH prior to addition in the respective solution. The counter electrode selected was
the platinum electrode due to the electrode being redox inert within the given
electrochemical window. An Ag/AgCl (3M NaCl) reference electrode was used for these
experiments. Argon was purged through the system prior to any analysis to remove any
dissolved oxygen. Samples were analysed between 2 and -2 V, typically starting at 0 V.
The scan rates used to measure the redox profiles of C3A and C3B were run at 0.01, 0.05,
0.1,0.2 and 0.4 V s, The altering of the scan rate was done to control the adsorption of
the electrochemically active species to the electrode surface, where faster scan rates led
to a decrease in the diffusion of the species into solution. This would in turn produce a
greater current and make minuscule peaks more pronounced.’! To provide a reference
check, ferrocene crystals were added at the conclusion of the electrochemical experiment.

The Fc/Fc' couple occurred at 0.45 V with AE=0.17 V.

Unfortunately, no information regarding the magnetic properties of any complex is given
in this report. Although some samples were sent for magnetic analysis (see section 5.4),
it can be deduced that the samples have not been investigated at the time of writing this

report.
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54 Synthesis and characterisation of complexes with L3
A square cyclohelicate has been prepared from the diamide analogue of L3 (see section

1.6.3). Based on this precedent, we attempted to form a complex from L3 and
M(Cl104)2-:6H20 (M = Co**; C3A or Mn**; C3B) in MeCN. This produced a dark green
and dark red colour change upon the addition of the metal salt respectively. Removing
the solvent produced dark green crystals for C3A and a dark red powder for C3B. Both
complexes were both subjected to crystallisation by vapour diffusion of diethyl ether into
a solution of the corresponding complex in acetonitrile. Over 4 days, dark green (C3A)
and dark red (C3B) crystals suitable for SXCRD were obtained from both complexation
attempts. SCXRD analysis revealed a cyclohelicate triangle structure for both complexes,
as opposed to the expected cyclohelicate square structure. The cyclohelicate triangles
observed were [M3L33](ClO4)s systems, with each metal centre coordinated to one N3
pocket on two separate L3 ligands. The anti-parallel design of ligand L3 allowed each
ligand to coordinate to one metal centre from “above” and to another metal centre from

“below” (as shown in Figure 5.2).

When these complexes were first produced, they were unique. Unfortunately, Hogue et
al. published an analogous complex just a month later (see section 1.8 for further
information about the structures generated in this paper).! While disappointing, this
publication provided a proof of comparison to our new molecules to compare and contrast
C3A and C3B with the complexes synthesised by Hogue et al. with Zn** (RC1) and Fe**

(RC2) tetrafluoroborate salts.

Both C3A and C3B are isomorphic, indicating that both complexes are essentially
identical other than the different metals contained in each complex. This indicates that
any differences in bond lengths and/or bond angles are due to the metal centres. The

asymmetric unit of both complexes contain one M?>*L3 component, representing one-

50



third of the triangle. The other two-thirds are generated by 3-fold rotation through the
centre of the triangle (as indicated by the R-3c space group). In these complexes, the three
metal ions are octahedrally coordinated to all of the donor atoms in the N3 pockets from
two L3 ligands. The R-3c space group indicates a racemic mixture with inversion
generating a 50:50 mixture of AAA and AAA enantiomers.! The arrangement of these
enantiomers can be seen in Figure 5.3. Figure 5.3 also shows three perchlorates per
complex sitting outside of the cavity of the triangle, and three perchlorates sitting within
the bisecting point of the triangle (the middle perchlorate on the right image in Figure
5.3). The generated structures shows lots of disorder throughout the complex. This
disorder is present in both the ligand system (in particular, one pyridine moiety in each
ligand), and the perchlorate anions (see Figures 5.2, 5.3 and 5.4). The application of the
SQUEEZE masking command was implemented, reducing the crystal’s R1 value for C3A
and C3B from 8.39 % and 8.32 %, to 4.95 % and 3.79 %. Further details can be found in

the experimental section.

Table 5.1. Comparison of selected bond angles (°) for compounds C3A, C3B, RC1 and RC2. [a] disorder present
in pyl/py2 on ligand L3. [b] disorder present in Fel/Fe2 on ligand RL.

[C02+3L33](C104)6 [Mn2*3L33](ClO4)6 [Zn2*3L33](BF4)6 [F62+3L33](BF4)6

(C3A) [a] (C3B) [a] (RC1) (RC2) [b]
Reference This work This work [1] [1]
Space R-3c R-3c R-3c C 2/m
Group
sz _ M2+ _

81.648 81.131 79.6(1) 84.33(13)/85.87(9)
Npz (°)
Npz — Npz — 163.969 — 164.546 — 163.470 — 163.278 —
2+

M 166.608; 167.017; 167.017; 167.211;
Range;
[av.] °) [165.289] [166.282] [165.244] [165.245]
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Figure 5.2. SCXRD generated molecular structure of [M3L33](ClO4)s. The metal centres are shown as ellipses,
whereas the rest of the complex is shown as tubes. The hydrogens and perchlorate counterions were omitted for

clarity. Disorder is shown in one-half of the pyridine rings Grey = carbon, blue = nitrogen, cyan = metal (either
manganese or cobalt).

Figure 5.3. SCXRD generated molecular structure of two neighbouring [M3L33](ClO4)s viewed from the side (left)
and the front (right). The metal centres are shown as ellipses, the perchlorate anions are shown as balls and sticks,
and the rest of the complex is shown as tubes. Disorder is shown in one-half of the pyridine rings and in the
perchlorate anions. The hydrogens were omitted for clarity. Grey = carbon, blue = nitrogen, cyan = metal (either
manganese or cobalt).

Figure 5.4. Packed structure of triangle complex (viewed down the c-axis). The metal centres are shown as ellipses,

and the remaining atoms are shown as tubes. Hydrogens were omitted for clarity. Grey = carbon, blue = nitrogen, cyan
= metal (either manganese or cobalt).

52



The cyclohelicate square was the expected structure to be formed from these
complexations. This prediction was supported by using the molecular library model and
the directional binding approach mentioned in section 1.2 to anticipate the self-assembly
of an octahedral 3d metal ion with L3.'"!? For these complexes to self-assemble into
cyclohelicate triangles, deformations would likely be found at either the pyrazine ring
directional angle (as noted by the N, — Np, — M angle), the corners of the supramolecular
triangle (as noted by the N, — M — Nj,,), or a combination of both. The respective bonding
angles can be found in Table 5.1. These measurements showed a significant decrease in
the Npz — Npz — M angle in both C3A and C3B compared to the expected 180° (C3A: av.
165.289°; C3B: av. 166.282°). It also showed a decrease in the N, — M — Np; bond angle
compared to the expected 90 ° square corners (C3A: 81.648°; C3B: 81.131°). As the Ny,
— M — N, corner bond angles more closely resemble corner angles found in a square than
in a triangle, the deviation of the binding pyrazine is most likely responsible for the
cyclohelicate triangle produced.!!* Comparable bonding angles were also obtained by
Hogue et al. (see Table 5.1) where similar conclusions regarding the formation of the

cyclohelicate triangle were reached.!

With the successful formation of the cyclohelicate triangles C3A and C3B, both of these
complexes were also characterised by elemental analysis (by CHN analysis),
thermogravimetric analysis (TGA), ATR-IR spectroscopy and conductivity
measurements. Attempts to characterise these complexes by mass spectrometry and 'H
NMR spectroscopy failed due to degradation of the complexes and the issues with
paramagnetic material in the NMR apparatus respectively. Issues with the mass
spectrometry were overcome by Hogue et al. by use of a cryospray mass spectrometer,
allowing for the sample to be run at much colder temperatures (-60 °C to 20 °C versus

300 °C of our instrument). The use of 'H NMR spectroscopy to characterise paramagnetic
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complexes is not commonly employed due to the low resolution spectra obtained.!”! To
obtain the greatest quality spectrum, 'H NMR spectroscopy was run between -40 and 40
°C (in 20 °C increments) as a decrease in temperature increases the NMR sensitivity.!%?

Unfortunately, no suitable data was obtained from this form of analysis.

The elemental analysis of C3A differs from what was expected of the complex. This
difference can be attributed to the presence of five water molecules for every complex, as
shown in Table 5.2. The sample likely picked up atmospheric water over time.The results
obtained from the elemental analysis of C3B were inconclusive. Multiple samples were
sent for analysis, but gave similar results. While the results obtained were self-consistant,

they did not correspond to any reasonable formulation.

Table 5.2. CHN analysis data of C3A with expected molecular formulas for [Co3L33](ClO4)s and
[Co3L33](Cl04)s.- SH20.

% C % H % N
Found 37.69  3.34 13.02

C3A Expected (CeoHeoN1sC03Cl6024) 39.89 335 13.95
Expected (CeoHeoN1sC03Cle024) + 5 H,0  37.99  3.72 13.29

To further investigate this discrepancy, C3A and C3B were subjected to
thermogravimetric analysis (TGA). Heating C3A to 80 °C and holding for 20 hours
showed a 5 % weight decrease. This is in agreement with the TGA analysis of RC1 by
Hogue et al. as the weight loss was due to the loss of 5 non-coordinated water molecules
per complex!. Repeat analysis of C3A performed one month after the initial TGA showed
a 6 % weight decrease, likely arising from atmospheric water picked by the sample
overtime. Hogue et al. also detected RC1 taking up atmospheric water upon re-
examination of the product one week after initial analysis. The steady linear decline
observed below 94 % is likely due to sample degradation. TGA of C3B presented a very

different plot to C3A. A 6 % weight loss was observed after 40 minutes, which could
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have been attributed to the loss of six non-coordinated water molecules per complex. Over

two hours however, the sample lost another 5 % in weight, where the sample then lost 7

% instantly and varied very little over the remained of the time. This slow decline and

dramatic drop was likely due to the decomposition of C3B, along with potential ‘popping’

of the compound off of the thermobalance. This may help to understand why no suitable

CHN analysis result was obtained for C3B as CHN analysis requires the heating of the

samples (see section A3.1.3).
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Figure 5.5. TGA plot of cobalt triangle C3A. The sample (6.8080 mg) was heated to 80 °C at a rate of 2 °C min’! and
held at a constant temperature for 20 hours. The final temperature of 80 °C was reached after 36 minutes. Note that this
TGA of C3A was performed one month after the initial TGA, where the mass lost was equivalent to 6 HoO water

molecules.
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Figure 5.6. TGA plot of manganese triangle C3B. The sample (1.0160 mg) was heated to 80 °C at a rate of 2 °C min’!
and held at a constant temperature for 20 hours. The final temperature of 80 °C was reached after 36 minutes.
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As both complexes contain paramagnetic metal centres, variable temperature magnetic
measurements were organised. Samples of both C3A and C3B were sent to Otago
University, New Zealand for this measurement nearly a year ago. We have recently been
informed they are unable to now be done at Otago University and it is now too late to

send samples elsewhere.

5.4.1 Electrochemical analysis of C3A and C3B
The electrochemical properties of C3A and C3B were analysed with cyclic voltammetry.

Prior to this, the cyclic voltammogram of L3 in MeCN (2.93 x 107 mol L) with
tetrabutyl ammonium perchlorate, [NBu4][C1O4] (=0.2 mol L!) was run to provide an

additional reference spectrum.

Several redox processes were revealed in the ligand L3 (see Figure 5.7). Scanning in the
negative direction first from 0 V, two quasi-reversible reduction peaks are shown at -1.64
V. These are tentatively assigned as the reduction of the imines to secondary amines. This
was compared to the pyridazine analogue of L3 prepared by Plieger ef al., where the
respective reduction peak was found at -1.88 V (pyridazine is 1,2-diazine). The presence
of an irreversible oxidation peak is seen at 1.65 V.”%19 This is assigned as the oxidation
of the pyrazine ring or the secondary amines. Amine oxidation occurs in benzylamine
above 1.0 V versus Ag/AgCl (3M NaCl)!®, however has been shown to be as low as
0.897 V versus Ag/AgCl (sat. KCI1)!%°. Yaman et al. reported the oxidation of pyrazine to
be found at 2.10 V versus Ag/AgBFa. It is expected that the presence of electron donating
groups on L3 will lower the oxidation potential of pyrazine.’®!°*»1% Further analysis is
required to confirm the tentative assignment. The voltammogram obtained by travelling

in the positive direction first revealed no additional peaks, nor any loss of peaks.
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Between -1.30 V and -0.20 V, three quasi-reversible redox processes can be seen. The
nature of these peaks are unknown as similar ligands do not present this set of quasi-
reversible peaks. The origin of this set of peaks likely arises from impurities in the solvent
or from other sources. Although dry HPLC grade MeCN was used for CV analysis, no

further methods of purifying the solution was carried out prior to analysis.

As no electrochemical measurements have been performed on any trimetallic cobalt
triangles consisting of a pyrazine diimine ligand backbone, comparisions were drawn
from other sources. The closest comparison that can be made for C3A is with the cyclic
voltammograms obtained by Shen et al. on tetrametallic cobalt cyclohelicate squares
comprised with a pyrazine dihydrazone ligand backbone (see section 1.7.1). Other
systems used for comparison included both mono- and diamide derivatives of L3.°%1%7 As
no similar manganese complexes could be found, the cyclic voltammogram of C3B was
compared with the voltammograms of C3A.
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Figure 5.7. Cyclic voltammogram of L3 in MeCN (2.93 x 10-3 mol L") with [NBu4][ClO4] (= 0.2 mol L'!) at 50 mV
sl in MeCN. The voltammogram was produced by scanning to more negative potentials first, with the starting point
at 0 V (as indicated by the arrow).
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Cyclic voltammograms of C3A in MeCN (3.21 x 10 mol L!) showed various redox
processes (see Figure 5.8). Scanning at 0.1 V s in the negative direction first, the
reduction of the imine was present at -1.42 V. Two quasi-reversible processes can be
found at -1.00 V and -0.16 V, followed by the presence of an irreversible oxidation peak
at 0.44 V. The oxidation processes are tentatively assigned as three one-electron
oxidations of the three metal centres to be Co?>'Co*'Co* — Co*'Co’'Co*" -
Co*"Co*"Co**> Co**Co**Co*". Oxidation and reduction peaks at similar voltages can be
found by Shen et al. in the complexes FCH and FCMe. ¢ These differences can likely be
attributed to the different donors present in each complex. Interestingly, the separation
between the two most negative of the three oxidatiton process appears to be greater than
the separation between the two most positive oxidation processes (0.88 versus 0.31 V),
which is vaguely similar to the redox profile of the complexes that Shen et al. presented.
This difference could be indicative of possible metal-metal communication between the

cobalt metal centres through the pyrazine ligand L3.
!
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Figure 5.8. Cyclic voltammogram of C3A in MeCN (3.21 x 10* mol L") with [NBu4][CIO4] (= 0.2 mol L") at 10 mV s! in
MeCN. The voltammogram was produced by scanning to more negative potentials first, with the starting point at 0 V (as
indicated by the arrow).
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Cyclic voltammograms of C3B in MeCN (2.25 x 10* mol L) showed the imine
reduction peak at -1.40 (Figure 5.9). The spectrum also presented two irreversible
oxidation and reduction processes, as well as one quasireversible redox process (see Table
1). Similar to C3A, the oxidation processes are well separated with the first oxidation
process (far left peak) being separated from the other two oxidation processes to a much
greater extent. This is potentially indication of metal-metal communication between the
manganese metal centres. Further investigation will have to be carried out on these redox
processes to confirm the initial assignments. Such investigations will include the use of
controlled potential coulometry, allowing for in-depth insights into the redox processes
occurring at specific voltages, thus allowing for the determination of the number of

electrons being transferred per peak observed.
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Figure 5.9. Cyclic voltammogram of C3B in MeCN (2.25 x 10 mol L") with [NBu4][ClO4] (= 0.2 mol L") at 50 mV s”! in
MeCN. The voltammogram was produced by scanning to more positive potentials first, with the starting point at 0 V (as
indicated by the arrow).

5.5 Synthesis and characterisation of complexes with L2
Due to time constraints, limited efforts were put into the complexation of L2. The

incorporation of a methyl chain in L2 (as opposed to an ethyl chain in L3) restricts the
flexibility of the ligand. It was thought that these restrictions would not allow for the same

deformations that allowed the triangle to be formed in C3A and C3B, and would therefore
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favour the formation of a cyclohelicate square upon complexation with an octahedral 3d
metal ion. To test this hypothesis, Co(ClO4)2-:6H20 and Mn(ClO4)2-6H20 were also used
for the complexation of L2. The complexations with Co(ClO4)2, C2A and Mn(ClO4)s,
C2B in acetonitrile produced reaction mixtures dark blue and dark red in colour
respectively. The solutions were dried under reduced pressure, yielding a dark blue solid
for C2A and a dark red solid for C2B. Attempts were made to crystallise the two potential
complexes. Vapour diffusion of diethyl ether into a solution of the dissolved complex in

MeCN was investigated, but to no avail.

As no suitable crystals were formed, C2A and C2B were characterised by IR
spectroscopy (both ATR-IR and with KBr pellets), UV-visible spectroscopy, mass
spectrometry and conductivity measurements. The manganese complex C2B
unfortunately changed colour to a dark green colour with a sludgy texture upon
evaporation of the red solution, indicating that the complex may have undergone an
oxidation process. As this colour change was observed near the end of the project, the
characterisation techniques mentioned above were performed on the dark green
manganese product, as opposed to the original dark red product. No attempts were made

to crystallise this new product.

Table 5.3. Assigned peaks observed in the ATR-IR spectra and IR with KBr pellets spectra of L2, C2A and
C2B. A question mark (?) indicates the absence of an expected peak. ? indicates the peaks shown was obtained
from ATR-IR spectroscopy. " indicates the peaks shown was obtained from IR spectroscopy with KBr pellets.

Compound Vp, (cm™)? Vimine (cm™)* v, (cm™)? Vo, (em™)°
L2 ? 1642 1590 -

C2A 2946 1614 1587 1086, 626
C2B 2928 1627 1595 1086, 626
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The spectra obtained by ATR-IR presents the imine peak in both complexes at 1614
(C2A) and 1627 cm™ (C2B). These peaks are respectively lower than that of L2 (1642
cm™). In C2A and C2B, miniscule peaks were found just below 3000 cm™ which were
assigned as the pyrazine C=N stretching peak, as well as sharp peaks just below 1600 cm’
!, which were assigned as the pyridine C=N stretching peaks. The latter assignment was
justified by the presence of the sharp peak in the ATR-IR spectrum of L2 at 1590 cm!
(see Table 4.1). Unfortunately, the pyrazine C=N stretching peak was unidentifiable in
the IR spectrum obtained for L2. This was likely due to the presence of a broad peak
representing non-coordinated water at 3282 ¢cm’' masking this peak frequency. This

miniscule response in the pyrazine C=N stretching is also observed in C2A and C2B.

Both C2A and C2B complexes exhibit a strong broad peak at 1083 cm’!, indicative of the
perchlorate C1 — O stretch. The shape of the perchlorate peak obtained resembles the IR
spectra of the Co(ClO4)2-6H>0 and Mn(ClO4)2-6H>0O metal salts. This suggests that the
perchlorates are present as non-coordinating anions. An IR using KBr pellets was
performed on C2A to further support this claim through observing the second indicative
peak (C1— O bend) found around 625 cm™!. The IR spectrum with KBr discs obtained for
C2A presented an additional set of peaks at 626 cm™ for C2A which also resembled that
of Co(ClO4)2:6H:0, further indicating that the perchlorates do not coordinate to the
complex. Like C3B, C2B had difficulties in precipitating the desired product when
subjected to vapour diffusion of Et;0 into a solution of C2B in MeCN. Although multiple
attempts were made to isolate the complex as a solid, this produced insufficient product
to perform both ATR-IR and IR spectroscopy with KBr pellets. Therefore, it is assumed
that the perchlorate is present as a non-coordinating species due to the previous claim.

Future testing will be needed to confirm this inference.
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To determine the structure of the complexes formed, both mass spectrometry and
conductivity measurements were used. The mass spectra of C2A and C2B present similar
fragmentation patterns. Patterns with varying heights in the M + 2 peak indicated species
with various number of perchlorate species, and so were of interest. Some peaks identified
include M>L(ClO4)x with peaks corresponding to hydrated species, and a dimerised
fragment (MzL)>. Due to this, a M>L system, or even a supramolecular system (such as a

cyclohelicate square or triangle) cannot be ruled out.

Given that L2 is a neutral molecule, the presence of a supramolecular structure would
likely produce a significantly large molar conductivity (= 420 S cm? mol!) due to the
large number of counterions (ClO4 in this case) needed to produce a neutral charge.
Various systems that could exist with the expected number of counterions were accounted
for, including M?"L2(C104)2, M?%L2(C104)4, M**3L23(C104)s (cyclohelicate triangle)
and M?"4L.24(C104")s (cyclohelicate square) systems, as well as including the M** variants
for C2B due to the potential oxidation of C2B previously mentioned. Conductivity
measurements of both C2A and C2B were performed, giving values of 0.527 and 0.661
mS cm! respectively. Substituting these numbers as k in equation 1 gives large molar
conductivities for each system (as seen in Table 5.4), which would suggest the presence
of a large number of counterions. This suggests that based on this analysis, no ratios can
be ruled out and therefore, it is possible that the samples analysed do form a cyclohelicate
square or triangle. Further investigation will need to be carried out to confirm this

interpretation.
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Table 5.4. Possible structures of C2A and C2B and the respective calculated molar conductivity of C2A (0.0436 g)
in MeCN (25 mL) and C2B (0.0456 g) in MeCN (25 mL). The estimated complex:counterion ratio is derived from
the plot presented in section 5.2.

Compound | Predicted structure =~ Expected Calculated A and Estimated
formed complex: expected systems complex:
counterion (S cm? mol ™) counterion
ratio ratio
C2A Co*'L2(Cl04), 1:2 172 1:1-1:2
Co?"L2(C104)4 1:4 250.39 1:2
Co?*3L.23(Cl04)s 1:6 518.39 1:4-1:5
Co*"4L.24(Cl104)s 1:8 691.19 1:5-1:6
C2B Mn?"L2(ClOs)2 1:2 206.20 Ip:1-1:2
Mn?5L2(ClO4 )4 1:4 298.00 1:2
Mn?"3L23(C104 )6 1:6 618.61 1:5-1:6
Mn?*4L.24(Cl04)s 1:8 824.81 1:7-1:8
Mn?"L2(ClOx)3 1:3 242.17 1:2
Mn**L2(ClOx)s 1:6 369.93 1:3
Mn?"3L23(C104)9 1:9 726.50 1:6
Mn**4L.24(C1O4 )12 1:12 968.67 1:8-1:9
5.6 Synthesis and characterisation of complexes with L1

Using the general protocol for complexations described at the start of this chapter, six
complexations were attempted with H>LL1, each changing colour upon addition of the
dissolved metal salt. The particular metal salts, solvent used and respective colour
changes of each complex are presented in Table 5.5. Unfortunately, no SCXRD quality

crystals were produced for any of the attempted complexations described in Table 5.5.
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Table 5.5. Complexations with L1 and various metal salts, with the respective solvent system
used, the colour changes observed and the complexation code.

Metal Salt Solvent Colour Complex Code
Change?

Co(Cl0O4)2-:6H.0 MeCN Brown Cl1A
Mn(ClOs4)2-6H20 MeCN Red C1B
Zn(CH;COO0)2-2H,0 | In MeOH-d Dark Blue C1C
Co(CH3CO00);-4H-0 EtOH Dark Brown C1D
Fe(ClO4)3-H20 EtOH Dark Brown C1E
Mn(NO3)2-4H>O MeCN Dark Brown CI1F

Due to other priorities and time constraints, only the samples C1A-C were subjected to
further characterisation as complexations with both Mn(Cl0O4)> and Co(ClO4), proved to
be useful with L3, whereas Zn(OAc)> provided a diamagnetic metal centre which can be
studied with '"H NMR spectroscopy. These complexes were characterised with mass
spectrometry, UV-visible spectroscopy, infrared spectroscopy (both ATR-IR and KBr

discs) and conductivity measurements.

Using ATR-IR spectroscopy, all three complexes exhibit the imine peak at 1626 (C1A),
1620 (C1B) and 1657 cm™ (C3C). The absence of a sharp phenol stretch peak at 3429
cm™ in L1 disappears under the presence of a broad peak between 3000-3500 cm’!
indicating non-coordinated water. These peaks arise at 3519 and 3263 cm™! for C1A, 3521
cm’! for C1B and 3374 cm™ for C1C. The second peak found in C1A may indicated the

presence of coordinated water within the complex (see Table 5.7).
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Table 5.6. Assigned peaks observed in the ATR-IR spectra and IR with KBr pellets spectra of HoLL1, C1A, C1B and
C1C. A question mark (?) indicates the absence of an expected peak. * indicates the peaks shown was obtained from
ATR-IR spectroscopy. ? indicates the peaks shown was obtained from IR spectroscopy with KBr pellets

Compound Vpz Vimine Vphenol Vcio,~ VcH3c00
(cm™)? (cm™)? (cm™)? (cm™)*P (cm™)?
H>L1 3073 1620 3407 - -
Cl1A 2958 1626 ? 1079, 627 -
C1B 2957 1620 ? 1074, 627 -
C1C 2953 1657 ? - 1585, 1447

The presence of a strong broad band between 1070 — 1080 cm™! in the spectra of C1A-B
indicates the presence of the perchlorate anion; prompting further IR studies with KBr
pellets (similar to C2A-B). The latter produced intermediate bands at 626 and 634 cm™!,
which were assigned as asymmetric CI-O bends. The bands present at both 1070 — 1080
cm! and 626 — 634 cm™! resemble stretching and bending bands found in the metal salts
used. The bands are not split, which indicates that the perchlorates are not coordinated to

either complex C1A or C1B.

The mass spectra of C1A and C1B presented similar fragmentation patterns. Both
complexes exhibited dimerised fragment [M>L]> (from comparing predicted spectra of
this complex). From this, the possibility of a polymorphic cyclohelicate structure with L1
was not out of the question. Conductivity measurements were performed on these two
complexes to determine the likelihood of a supramolecular structure by figuring out the
number of perchlorate counterions present. As the coordination of a metal to H,LL1 would
result in a -2 charge, the formation of a cyclohelicate M?*xL.1% system wouldn’t possess
any counterions. As a non-zero value was measured for both complexes, it is safe to
assume that neither complex were present as a M>*xL1x cyclohelicate structure. Equation

1 was used to determine the number of counterions that may be present in possible M3*Lx
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or M*",L systems for both C1A and C1B. The molar conductivities calculated for the
various structures indicated that the likely structure for C1A to be a M?",L system, where
C1B is a M>",L system (although no observation was noted in the appearance of C1B for

any signs of oxidation).

For complex C1C, the presence of two bands in the ATR-IR, assigned the symmetric and
asymmetric stretches of the acetate anion, is to be expected. Broad peaks were found at
1585 cm™! and 1447 cm’'. Sharp peaks were found around this area in the ATR-IR
spectrum of the original ligand L1, but appear to have broadened upon complexation. A
correlation between the magnitude of the difference between the symmetric and
asymmetric acetate stretches (Ay) can be used to determine the nature of the coordination
of the acetate counterion. The acetate ion can coordinate in three possible ways: as a
unidentate ligand (Ay < 200 cm™), A in Figure 5.10, bidentate ligand (A, < 150), B in
Figure 5.10 or a bridging ligand (150 < Ay = 200 cm™), C in Figure 5.10.%1% Due to the
size of the complex and the location of the metal centres, it will not coordinate as a
bridging ligand. As the gap between the symmetric and asymmetric C-O stretch is 137

cm’!, initial assignment implies that the acetates coordinate in a bidentate fashion (B).

M—0 o M—0
R R

M—O

A B C

Figure 5.10. The unidentate (A), bidentate (B) and bridging (C) coordination fashion of acetate anions to a metal
centre.
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As mentioned previously, the purpose of attempting a complexation with L1 and a zinc
metal salt was to investigate the complexation by '"H NMR spectroscopy. This reaction
was performed in an NMR tube, where '"H NMR spectra were collected before and after
the addition of Zn(OAc)2:2H>0 in MeOD-ds to a solution of H2LL1 in MeOD-d4 (see
Figure 5.11). The spectrum of the complex showed noticible shifts compared to the
spectrum of H>LL1, with the most significant differences observed in the peaks assigned
to the pyrazine CH=N and pyridine CH=COH moieties. This likely indicates that the

respective N- and O-donor atoms are involved with the coordination of the zinc metal in
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Figure 5.11. The ligand H>L1 with assigned hydrogens (bottom) and the comparison of the assigned 'H NMR spectrum
of L1 (bottom spectrum) against the assigned 'H NMR spectrum of the zinc acetate coordinated complex C1C (top
spectrum). The spectra were ran in MeOH — da.



the complexation reaction. The obtained 'H NMR spectrum of C1C does not suggest that
the imine group is involved with the coordination of the zinc metal ion. It also presents
no noticible shift in the acetate peak (found at 1.99 ppm — not shown) compared to a
solution of Zn(OAc):-2H>O in MeOH-d4. This suggests that the acetate groups are not
coordinating to the metal centre. With the ATR-IR and '"H NMR spectrums of C1C
contradicting each other, in regards to the coordination nature of the acetate groups,

further analysis was necessary to provide a final answer.

The mass spectrum of C1C presented different fragmentation pattern to C1A and C1B
due to the difference in counterions present. By using the same isotope distribution
prediction software used for C2A and C2B, a pattern assigned as a ML system with four
acetate moieties was found. To further determine the coordination nature of the acetate
groups (as previously unresolved by ATR-IR spectroscopy, 'H NMR spectroscopy and
mass spectrometry), conductivity measurements were run. Systems investigated included
MZ2*L systems, with varying number of acetate groups coordinated to the complex, and
M?2*iL1x cyclohelicate structures. The value of « and «s for C1C were almost identical,
indicating that no counter ions was present in the solution and the acetate groups are in
fact coordinating to the metal centres. This therefore rules out the likelyhood of the
formation of a cyclohelicate structure with C1C as the metal centres in a cyclohelicate
must be completely coordinated to the donors provided in the original ligand system (in

this case: L1).

5.7 Conclusion
Attempts were made to synthesise cyclohelicate structures from complexations with

ligands H>LL1, L2 and L3 and various octahedral metal salts. Two related cyclohelicate
triangles with L3 as the backbone were produced from the complexation with

Mn(ClO4)2-6H20 and Co(ClO4)>-6H20 (as determined by SCXRD), and show that both
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complexes were isostructural to one another. Although cyclic voltammetry showed
potential communication between the metal centres in their respective complexes, further
analysis is necessary to verify these observations. The complexation between the same
metal salts and the other two ligands (H:L.1 and L2) were attempted, however the
structure of the complex could not be determined by SCXRD. Other techniques were
therefore employed to implement an educated guess into the obtained products. In the
case for L2, mass spectrometry and conductivity measurements suggested that a
cyclohelicate may have been formed, whereas for HoLL1, it appears that a MoL system is

more likely the product obtained.
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6 Conclusion
Overall, this project has provided new knowledge surrounding the synthesis of unique

pyrazine-based ligand systems, as well as demonstrating their effectiveness in producing
both simple and polymorphic inorganic systems. On top of this, preliminary
electrochemical analysis provided evidence of possible metal-metal communication
within tri-cobalt and tri-manganese pyrazine-based cyclohelicate triangles. To produce
these pyrazine-based ligand systems, a suitable method of synthesising the precursor Al

needed to be established.

Several routes were explored for the synthesis of A1, where procedures by Das et al.®,
Klein et al®® and Coufal et al.’ were all trialled. Eventually, an original method was
established in a two-step method, where 150 mg of A1 could be produced over a two day
period. The first step in this procedure reduced the time to synthesise 2,5-distyrylpyrazine
from three days to just six hours in a 62 % yield with the incorporation of a microwave
synthesiser. The second step adapted the reaction by Brooker er al, where 3,6-
distyrylpyridazine underwent oxidation by ozonolysis.”® This successfully produced A1l

in a 35 % yield.

The Schiff base condensation of A1 with various primary amine reactants produced three
unique ligand systems. The confirmed synthesis of these ligands was verified with a large
variety of characterisation techniques. Unfortunately, a single crystal structure could only
be generated for one ligand system (L3), which revealed both imine — = stacking
interactions, as well as alkane hydrogen — pyridine interactions. These resulted in the

formation of columns of zig-zag arrays (as shown in Figure 4.3).

Several complexations were attempted with the three ligand systems synthesised.
Although the list of metals trialled for complexation with L3 is short, the single crystal

structures generated showed cyclohelicate triangles, which were unique at the time. The
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electrochemical analysis of these complexes in MeCN showed similar redox processes as
was seen in the electrochemical analysis of L3. Signs of possible metal-metal
communication within the cyclohelicate triangles was also noticed, with oxidation (and
reduction) processes unevenly spaced apart from one another. Further analysis is
necessary to verify these interpretations, including magnetic analysis. Complexations
with identical metal salts and L2 could not be characterised by SCXRD Future work will
attempt crystallisation with other solvent systems. Other techniques such as mass
spectrometry and conductivity measurements indicated the likely formation of a
polymorphic — potentially cyclohelical structure. To confirm this initial assessment,
future efforts into the crystallisation of these complexes will be beneficial. Complexations
with H2LL1 incorporated the inclusion of a larger collection of metal salts. Unfortunately,
due to time constraints, only three complexes were suitably characterised. From the
various characterisation methods used, it was deduced that all three complexes were likely
simple MzLL1 systems, where the coordination of the 6-coordinate 3d metal centres were
accompanied by the coordination of either water, solvent (MeCN), counterion or a
combination of these. Similar to the complexations with L2, further analysis will aid in

confirming these conclusions.

The findings presented in this thesis will hopefully provide a suitable platform that can
assist in any future work involving the synthesis of pyrazine-based imine ligands, and the
subsequent formation of cyclohelicates upon complexation with octahedral 34 metal ions.
Although new cyclohelical systems were produced during the course of this project, the

truly remarkable surprises are still to come.
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Appendix 1 Synthesis of L4 — L7

As mentioned in Chapter 4.2, the synthesis of seven pyrazine-based Schiff base ligands
(H2L1 - L7) were attempted. The synthesis and characterisation of L4-7 was not
discussed in chapter 4 due to synthetic issues and time constraints. Ligands L4-7 were
designed to possess a multitude of hard donor atoms, such as O-donor atoms found in
carboxylic acids, esters and ether functionalities. The hard donors favour coordination to
lanthanide (4f) metal ions as they are considered to be hard Lewis acids (according to
HSAB theory) with coordination numbers up to nine.?* In this project, Schiff base
condensations were also attempted with glycine (L4) and L-aspartic acid (L5) as these
were easily obtainable precursors. Schiff base condensations with 2-(2-
aminoethoxy)acetic acid ethyl ester (LL6) and 2-(2-aminophenoxy)acetic acid ethyl ester
(L7) were not attempted due to issues regarding the synthesis of these precursors. The
following appendix section describes the synthetic attempts at producing pyrazine-based
Schiff base ligands with HoLL4 and H4LS, as well as the attempts to produce the L6 and

L7 precursors in this respective order (see Scheme Al.1).

5 % N\ R\N % N\
I + 2X R—NH, ——> |
(o] N
G ONF NS g
R x X
- | N I N
on Z G
H:L1 L2 L3
OH OH
W HOJI\/Y

o
HL4 H4L5

o CEO ~
L6 L7

Scheme Al.1. The general reaction scheme of a Schiff base condensation between
pyrazine-2,5-dicarbaldehyde (A1) and a primary amine. The three ligands not enclosed
in boxes (H2LL1, L2 and L3) were successfully synthesised and isolated as pure ligands.
The four ligands enclosed in a blue box (H2L4, H4L5, L6 and L7) were not successfully
isolated as pure ligands and will be the discussion point for this section.
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Al.l Synthesis of HoLL.4 and H4LL5
Glycine (R = H2LL4) and L-aspartic acid (R = H4LL5) are both amino acids that are produced

within the human body. These amino acids were specifically selected for their simple
chemical structure with multiple hard O-donor atoms, along with the presence of only

one primary amine, thus preventing the formation of multiple Schiff base products.

The introduction of amino acids as the primary amine component of a Schiff base
condensation does present several issues. Firstly, due to the chemical nature of amino
acids, they are only soluble in water-based solvents and slightly soluble in a small number
of organic solvents.!”” As was described in section 2.1, Schiff base condensation is a
reversible reaction. The presence of water shifts the equilibrium towards the starting
materials. Unfortunately, due to the thermal stability of A1, refluxing the reaction mixture
(to promote dissolution of the amino acids in the selected solvent) was not possible.
Instead, mixtures containing water-miscible solvents and water were used for the

reaction.

Due to the focus of the research, being directed toward the ligand systems in section 4,
and the various complexations attempted, limited work was performed in this area. As
the solubility of the amino acids is poor in most organic solvents, mixtures with high or
low water content (compared to the water-miscible organic solvent) were used in the
various attempts. Solvent systems trialled for HoLL.4 were 3:1 H,O:MeOH for 3 days and
4:1 MeOH:H>O for 1 week. Due to these solvent mixtures showing no signs of success,
they were not used in the attempted synthesis of H,LLS. For the synthesis of H2LS, only

1:1 EtOH:pyridine was used, but this too was unsuccessful.

Al.2 Conclusion
As this aspect of research was shortly lived, there are still plenty of routes to undertake

that can influence the successful synthesis of the desired ligands. Firstly, by repeating the
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Schiff base reaction with the above mentioned amino acids in a more acidic solution, this
will encourage the amino acids to dissolve in solvents such as EtOH or MeOH.!*”
Although a Schiff base reaction is an acid-catalysed reaction, it has been shown that the
addition of a base (such as NaOH or KOH) to reduce the acidity of the solution has been
effective in producing Schiff base compounds with amino acids like glycine and L-
aspartic acid.!'!!3 Another method that would be worth investigating would be altering
the pressure of the reaction system to decrease the boiling point of the solvent used in the
reaction. If the optimal pressure solvent combination is achieved, the solubility issue of
the amino acids may be overcome, whilst avoiding the degradation of A1. This outcome
would allow the reaction mixture to receive more energy (likely by refluxing the reaction

mixture), thus increasing the likelihood of the successful formation of the desired ligands.

Al3 Synthesis of L6 and L7
The synthesis of L6 was reported by Spith et al. who used a two-step method starting

from N-Boc-2-aminoethanol (red method starting from step iii. in Scheme A1.2).” First,
the amine was protected with a tert-butyloxycarbonyl (Boc) group to prevent the
nucleophilic amine interfering with the ether formation. According to Spéth et al., the
acidic hydrolysis of the newly formed ether product cleaves the Boc protecting group,
yielding L6.” Unfortunately, due to time constraints and synthetic issues, this step was
not attempted (black cross in the red method in Scheme A1.2). The following procedure
was also adapted for the synthesis of the precursor L7 from N-Boc-2-aminophenol (blue
procedure starting from step iii. in Scheme Al.2). The synthesis of N-Boc-2-
aminoethanol and N-Boc-2-aminophenol required for the formation of L6 and L7 saw 2-
aminoethanol and 2-aminophenol stirred at room temperature in water for 3 — 4 hours
with di-tert-butyl dicarbonate (step i. and iv. in Scheme A1.2).!*!15 Although the desired

product was obtained (proven by 'H NMR spectroscopy), unreacted di-tert-butyl
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dicarbonate, or (Boc)2O was not removed during the workup process. Attempts to wash
the crude N-Boc-2-aminoethanol with NaOH to remove the excess (Boc)>O was found to
be unsuccessful. Due to this, another route to making N-Boc-2-aminoethanol by Devine
et al. was trialled.!'® Although this procedure requires a longer reaction time (15 minutes
at 0 °C followed by stirring at room temperature overnight), the final product obtained, a
colourless oil (85 % yield), had a more complete reaction (see bottom 'H NMR spectra
in Figure Al.1). Due to the successful synthesis of N-Boc-2-aminoethanol and known
literature describing the synthetic route to L6, efforts in synthesising N-Boc-2-

aminophenol were put on hold until the synthesis of L6 was optimised.

Following the successful Boc protection of 2-aminoethanol, a Williamson ether synthesis
was attempted on N-Boc-2-aminoethanol with ethyl bromoacetate. Under an inert
atmosphere, potassium fert-butoxide (--BuOK) in THF and ethyl bromoacetate were
added together in small portions, producing an orange mixture that was stirred at 0 °C for
3 hours, and following work-up produced an orange oil. 'H NMR spectroscopy and mass
spectrometry (see Figures AS8 and AS9) indicated that the desired product was present
within the crude material. TLC of the crude material with the column conditions indicated
by Spith et al. (1:1 petroleum ether: ethyl acetate) was attempted, however yielded no
spots under UV light.” Subjecting the TLC plate to ninhydrin caused a dark brown spot
to appear half way up the plate (Rf = 0.5), likely indicating the desired product as
ninhydrin stain is used to detect primary (and secondary) amines. Unfortunately, the silica
gel column run with said conditions only partially separated the desired product from the

crude material and so attempts were abandoned.
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Scheme Al.2. Reaction scheme for the synthesis of L6 and L7. (i) (Boc)20, H20, rt, 4 hr, 99 %(i). (ii) (Boc)20, dry
DCM, 0 °C, EtsN, 87 %. (iii) #~-BuOK, dry THF, CH2BrCOOCH2CH3, 0 °C, 3 hr, n/a. (iv) (Boc)20, H2O rt, 2 hr, 74
%. (1): incomplete reaction. n/a: unable to obtain a yield.

76



[rel]

2.0

OH

(Boc),0

6 5 4 3 2 [ppm]

1.2 [rel]

H2 4 EtOAc [
EtOAc|
(Boc),O I i

EtOAc 3

T T 1 T T T T 7
[ppm]

CDCly

(XY

[rel]

Boc)O ||| 1
€DCl (Boc),

‘o

5
o _A_MLL
r’—qu‘ » R
o — =
T T T T T T T T T T T T T T T T T T
7 6 EI 4 3 2 [ppm]

Figure Al.1. Assigned 'H NMR spectra of N-Boc protection of 2-aminoethanol and 2-aminophenol. Top spectrum shows
the '"H NMR spectrum of zert-butyl (2-hydroxyphenyl)carbamate by of Chankeshwara et al. (step iv). Middle spectrum
shows the 'H NMR spectrum of zert-butyl (2-hydroxyethyl)carbamate by Chen et al. (step i). Bottom spectrum shows the
"H NMR spectrum of zert-butyl (2-hydroxyethyl)carbamate by Devine et al. (step ii).
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Al4 Conclusion
The synthesis of L6 and L.7 was unsuccessful, however synthetic efforts have provided a

path forward. Future directions in the synthesis of these desired ligands would be to
isolate the N-Boc-2-(2-aminoethoxy)acetic acid ethyl ester (step iii in the red method in
Scheme A1.2). Following this, the acidic hydrolysis of the specified precursor as
specified by Spéth et al. (using either diethyl ether saturated in HCI or 1N aqueous HCI)

will be used to produce L6. The synthetic approach will also be adapted to produce L7.

/8



Appendix 2 Synthesis of Pyrazine-2,5-diacetaldehyde
(A2) and 2,5-pyrazinyldiacetone (K1)

As mentioned in section 2.2, the incorporation of an additional carbon on pyrazine-2,5-
diacetaldehyde provides several differences. Other than the aforementioned increase in
the alkyl chain’s flexibility, Schiff base condensation would result in an imine capable of

forming a 6-membered chelate ring on complexation. Such a ring size favours

O

K1

Scheme A2.1. Synthetic scheme for the synthesis of pyrazine-2,5-diacetaldehyde (A2) and (K1). (viii) The reaction
conditions for (v) and (vii) are present in Scheme 1. (viii) [PhsPCH20CH;3]Cl, ¢ — BuOK, dry THF, -78 °C, 4 hr. (ix)
HCOOH (1 - 10 M), DCM, o/n. (x) n — BuLi (2.5 M in hexanes), dry THF, -78 °C, 1.5 hr, DMF, -78 °C —rt. (xi) LDA,
dry THF, -78 °C, 1.5 hr, DMF, -78 °C —rt. (xii) LDA, dry THF, -78 °C, 1 hr, NN — dimethylacetamide, -78 °C — rt.
(xiii) n — BuLi (2.5 M in hexanes), dry THF, 0 °C — rt, 4hr, MeCN, 0 °C — rt, 6hr, H2SO4 (60 % aq. solution), rt, o/n.
Unfortunately, no reaction produced A2 or K1 as pure products.
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coordination of smaller metal ions such as 3d metals.?* Although there are currently no
reported methods for the synthesis of pyrazine-2,5-diacetaldehyde (A2), previous work
on similar six-membered N-heterocyclic systems have provided a foundation to go from
(Scheme A2.1). As mentioned in Section 2.1, ketones are capable of undergoing Schiff
base condensations reactions as well; therefore, if efforts to synthesise A2 were
unsuccessful, focus would also be directed towards the synthesis of 2,5-

dipyrazinylacetone (K1).

The potential benefit of using a dialdehyde at the B-position might be offset by the
introduction of keto/enol tautomerism.!!” This system may exhibit 3 tautomers: ketone,
enol or enaminone (Scheme A2.2). Due to the loss of aromaticity around the pyrazine

ring in the enaminone, it is unlikely that this species will be observed.!!®

o OH o
= =
([N\ i[N\ Q[H
O'/ HO O/

Keto Enol Enaminone

Scheme A2.2. The keto, enol and enaminone tautomers of pyrazine-2,5-diacetaldehyde.

The following section discusses the attempted synthesis of both A2 and K1, beginning

with the initial attempts to synthesise A2.

A2.1 Synthesis of pyrazine-2,5-diacetaldehyde (A2)
The initial approach to synthesise A2 involved modification of existing literature

describing the synthesis of benzene acetaldehyde derivatives from benzene
carboxaldehyde species. The plan was to start from pyrazine-2,5-dicarbaldehyde (A1),

which would undergo a Wittig reaction with a (methoxymethyl)triphenylphosphonium
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salt (either a bromide or chloride salt) to form the dimethyl enol ether product (step viii.
in Scheme A2.1). Acidic hydrolysis of the product should yield the desired pyrazine-2,5-
diacetaldehyde (step ix. in Scheme A2.1). This route has not been investigated on many
N-heterocyclic systems, where only the initial Wittig reaction between 2-
pyridinecarboxaldehyde and (methoxymethyl)triphenylphosphonium chloride had been
reported.'!” Initial attempts to synthesise Al followed the work by Campa et al. and
Zaytsev et al. who successfully synthesised benzene-1,4-diacetaldehyde and

benzacetaldehyde respectively from their carboxaldehyde counterparts.®”-#8

Firstly, attempts were made at replicating the reported procedure by Campa et al. with
(methoxymethyl)triphenylphosphine chloride ([Ph;PCH,0CH3]Cl) on benzaldehyde
and terephthalaldehyde as these were easily accessible compared to pyrazine-2,5-
dicarbaldehyde which required initial synthesis first. The Wittig reaction required the
generation of a phosphonium ylide, which was achieved by the deprotonation of the CH»
neighbouring the triphenylphosphine moiety with potassium fert-butoxide (-BuOK)
(Scheme A2.3). Phosphonium ylides are sensitive to water, therefore they are prepared
under an inert atmosphere using anhydrous solvents where the successful formation of
the ylide was indicated by the formation of a blood-red solution. Both the desired mono-
and dimethoxyvinyl benzene products were synthesised (as indicated by 'H NMR
spectroscopy), as a mixture of both the £ and Z isomers were present. As the desired
diacetaldehyde product will possess a flexible alkyl chain, the geometry of the

stereoisomers is irrelevant. Attempts were made to purify the product by recrystallization

(2) (E)
Scheme A2.3. General Wittig reaction scheme (X = halogen). In this case, R = OCH3 and R’ = pz.
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from hexane (to remove any triphenylphosphine oxide), and ethyl acetate. These attempts
had no success in separating the desired product from the crude material. It was then
decided that the methoxyvinyl products did not need to be purified prior to hydrolysis as
the impurities would not affect the next reaction. Attempts were made to form the
pyrazine enol ether species under identical conditions, and this yielded a brown oil, with
'H NMR spectroscopy indicating the successful formation of 2,5-methoxyvinylpyrazine
within the crude material (Figure A2.1). As the spectrum in Figure A2.1 is of the crude
material, it is difficult to accurately assign each peak with appropriate integrations;

however by comparing with literature, some assumptions were made as to where certain

peaks will be found.
W VRN GRAE i ,
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Figure A2.1. 'TH NMR spectrum of pyrazine dimethoxyvinyl ether crude product (CDCI3).

Both the pyrazine and benzene methoxyvinyl derivatives were subjected to acidic
hydrolysis with formic acid of varying concentrations in an effort to produce the
respective pyrazine and benzene acetaldehyde and diacetaldehyde counterparts. Although
Zaytsev et al. stated that this produced the benzene ethyl aldehyde species, 'H NMR
spectroscopy suggested this was unsuccessful.®® It was also shown by Campe et al. that
highly energetic acidic hydrolysis conditions (perchloric acid in moist ether, perchloric

acid in DME/water, sulfuric acid in acetone/water or oxalic acid in DME/water under
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reflux) were not effective in hydrolysing 1,4-(dimethoxyvinyl)benzene.®’ Instead harsher
conditions (refluxing THF/H>O with mercuric acetate) were necessary for the successful
conversion. Due to the toxic nature of mercuric acetate, this step was not attempted and
this synthetic route for synthesising pyrazine-2,5-diacetaldehyde was abandoned for

another simpler and safer route.

An alternative approach involves the deprotonation of the a-methyl group in 2,5-
dimethylpyrazine (step x in Scheme A2.1).7%12%12! The reaction typically involves
lithiation at -78 °C with an organolithium reagent such as n-butyllithium (n-BuLi) or
lithium diisopropylamide (LDA), followed by addition of a suitable electrophile such as
DMF.!22123 Unfortunately, this method provides a potential drawback of over-addition,
which could lead to problems during the workup process. As indicated, the addition of a
stoiometric amount of an organometallic reagent (to the amide) will result in the
formation of the desired carbonyl functionality. Addition of an excess of an
organometallic reagent will likely further react with the carbonyl species (as opposed to
the amide functionality as carbonyls are more reactive than amides), producing a tertiary
alcohol in place of a carbonyl.'”* Assuming that the required organometallic reagent is
added precisely within a carefully controlled environment; this approach, if successful,
will yield the desired pyrazine-2,5-diacetaldehyde species in a two-step one-pot reaction

(see Scheme A2.4).

R' (0]
Li @]

N N )J\ N

\ R-Li \ R' NRllRm \
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= / =

N N N
Li
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Scheme A2.4. Reaction scheme for the lithiation and electrophilic substitution of an amide on 2,5-dimethylpyrazine.
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The lithiation and addition of DMF has not been reported on a pyrazine system, but it has
been achieved on 2-picoline (2-methylpyridine).!! This was sufficient precedent to try it
on our system.'?! Unfortunately the majority of literature discussing the lithiation and
electrophilic substitution of amides on these systems targeted the formation of ketone
species (R’ # H)®1231%5 with only a select few papers synthesising the aldehyde

counterpart (R’ = H).!'%

Adapting the method provided by Guimond et al. who successfully formed 2-(pyridin-2-
yl)propanal from 2-methylpyridine should lead to the desired dialdehyde product.® Initial
attempts tried to make the aldehyde by treating 2,5-