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Abstract

In this work, a new series of ternary oxovanadium(IV) complexes of the type
[VO(ONO)(DPQ/DPPZ)], [VO(ONN)(PHEN/DPQ)](PF¢) and [VO(ONN)(DPPZ)](Cl) have
been synthesised and characterised for the purpose of developing novel anticancer agents. ONO
represents a tridentate Schiff base ligand derived from salicylaldehyde and various 4-
substituted-2-aminophenols. ONN represents a tridentate Schiff base ligand derived from 1-
methyl-2-imidazolecarboxaldehyde and various 4-substituted-2-aminophenols. PHEN
represents 1,10-phenanthroline, DPQ represents dipyrido[3,2-d:2',3'-f]quinoxaline and DPPZ
represents dipyrido[3,2-a:2',3'-c]phenazine. The bidentate N,N-donor polypyridyl co-ligands

were incorporated to enhance DNA binding and to stabilise the vanadium(I'V) metal centre.

The known N, N-bidentate ligands were synthesised and characterised by ESI-mass, 'H and '*C
NMR spectroscopy. The tridentate O,N,O' and O,N,N' ligands were synthesised and
characterised by ESI-mass, NMR, IR, and UV/visible spectroscopic techniques, elemental
analysis and single crystal X-ray crystallography. Single crystal X-ray diffraction, 'H NMR and
DFT simulations confirmed the O,N,N' ligands in this work form dimeric hydrogen-bonded
supramolecular structures that are stable in solution. The oxovanadium(IV) complexes were
characterised by elemental analysis, UV/visible, FT-IR and EPR spectroscopy as well as mass
spectrometry. Elemental analysis and mass spectrometry confirmed the identity and purity of
the complexes. EPR spectroscopy confirmed the monomeric V'VO-bound species. IR and
UV/visible spectroscopy confirmed coordination of the ligands to the metal centre. High-
resolution solid-state structures were elucidated for the cationic complexes with PHEN co-
ligands and the 4-chloro and 4-fert-butyl derivatives of the [VO(ONO)(DPQ)] complexes. The
crystal structures of the complexes showed a monomeric vanadium(IV) species with the
bidentate N,N-donor co-ligand and respective dianionic O,N,O’- or monoanionic O,N,N'-
tridentate Schiff base ligand coordinated to the oxovanadium centre in a distorted octahedral

geometry. The respective neutral VIYO3N3 and monocationic VIVO,N4" species were formed.

A least-squares fit of the solid-state and DFT-simulated (B3LYP-/6-311G(dp)) structures of the
oxovanadium chelates indicate the experimental and simulated structures are in good

agreement.



DFT-simulated structures were determined for those complexes where X-ray data are not
available. The geometry-optimised structures for the neutral and cationic complexes all indicate
that the respective bidentate polypyridyl ligands are free from steric hindrance by the tridentate
ligand and should be available to bind DNA, which is their proposed cellular target. DFT
simulations indicated the neutral complexes have larger HOMO-LUMO energy gaps than the
corresponding cationic complexes, suggesting that the neutral complexes are more stable with
respect to ligand substitution than the cationic complexes. Experimental mass spectrometry and
UV/visible spectroscopy confirmed slower solvolysis processes for the neutral complexes
versus the cationic analogues. 'V NMR studies indicate partial oxidation of the vanadium(IV)
species in DMSO to VYO2(ONO/ONN)(DMSO) analogues. The cationic complexes with
PHEN and DPQ co-ligands were deemed suitable to proceed with absorption DNA binding

studies.

The cytotoxicity screening of the oxovanadium complexes in this work revealed that, in general,
the neutral complexes with DPQ co-ligands are cytotoxic against the triple-negative breast
cancer MDA-MB and neuroblastoma SH-SYS5Y tumour cell lines and non-toxic towards the
cervical cancer HeLa cell line. The charge of the complexes was found to influence the
cytotoxic properties. The cationic complexes with PHEN and DPQ co-ligands are cytotoxic
towards the HeLa cell line as well as the MDA-MB and SH-SYS5Y cell lines. The neutral DPQ
and cationic complexes with PHEN and DPQ co-ligands were found to be more cytotoxic
towards MDA-MB cell lines than cisplatin and the cationic complexes were found to be more
cytotoxic towards the HeLa cell line than cisplatin. Steric bulk of the Schiff base functional
group influences cytotoxicity with larger functional groups, such as tert-butyl and sulfonyl,
leading to lower cytotoxicity. The N,N-donor co-ligand and steric bulk of the Schiff base
functional group also influenced the selectivity index of the cationic complexes. The cationic
oxovanadium-DPQ complex with a methyl substituent on the tridentate ligand is significantly
more toxic to the carcinoma cell lines than the healthy renal cell line HEK293. In comparison,
the cationic oxovanadium-PHEN analogue with a methyl substituent and the cationic
oxovanadium-DPQ analogue with a bulky tert-butyl substituent are less selective in their

cytotoxicity.

The DNA binding studies show that the neutral and cationic DPQ compounds do have an
affinity for DNA.

vi



A positive correlation between antitumour activity and DNA binding affinity was found. The
[VO(ONN)(DPQ)](PF¢) analogue with a bulky fert-butyl substituent has a lower intrinsic ctz-
DNA binding constant than the [VO(ONN)(DPQ)](PFes) analogue with a methyl substituent
(1.3 x 10* M and 2.8 x 10*M™! respectively). The cationic DPQ derivatives also bind more
strongly to DNA than the cationic complexes with PHEN co-ligands.

The steric effect is also evident in the neutral complexes. The [VO(ONO)(DPQ)] complex with
a tert-butyl substituent has a lower apparent binding constant than the [VO(ONO)(DPQ)]
complex with no substituents on the Schiff base ligand. The cationic charge also led to a higher
apparent binding constant for the [VO(ONO)(DPQ)](PFs) complex with a fert-butyl functional
group than for the corresponding neutral [VO(ONO)(DPQ)] analogue with a tert-butyl

functional group.

Absorption and fluorescence spectroscopic and DNA viscosity studies indicate at least a partial
DNA intercalative ability for the cationic oxovanadium-DPQ derivatives and the neutral
oxovanadium-DPQ complexes with less bulky substituents. Molecular docking studies further
highlighted the affinity of the metal chelates towards DNA, including interactions between
DNA and the tridentate ligand. The lowest energy molecular docking poses range from ca. -48

to -67 kJ mol ™.

Gel electrophoresis studies showed the cationic vanadium complexes with DPQ co-ligands
(unlike the neutral DPQ and cationic PHEN analogues) were able to cleave plasmid DNA
without adding external oxidising or reducing reagents. Experimental data suggest a singlet
oxygen pathway is the most likely. It was also shown that the combination of metal ion and
ligand is needed to induce DNA cleavage. The neutral [VO(ONO)(DPQ)] derivative with a
methyl functional group on the Schiff base was shown to oxidatively cleave supercoiled
plasmid DNA in the presence of H2O> through the generation of hydroxyl radicals. EPR spin-
trapping studies with DMPO further support the idea that hydroxyl radicals are formed from

reaction of the oxovanadium complex and H>O».

In summary the charge of the complex, type of substituent on the tridentate ligand and the
identity of the N, N-donor heterocyclic ligand affected the stability, cytotoxic properties,
selectivity, DNA binding, DNA cleavage abilities and DNA cleavage mechanism of the

oxovanadium compounds in this study.
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Chapter One: Introduction

Chapter One: Introduction

1.1 Preface

Cancer (abnormal cells that divide uncontrollably) is one of the main causes of death in
humans.! The discovery of the antitumour activity of cis-diamminedichloroplatinum(II)
(cisplatin) by Rosenburg ef al. in the 1960s led to the realisation that transition metal complexes
offer real possibilities for the discovery of novel anticancer drugs.>> However, the toxic side
effects, narrow range of antitumour activity and high rates of resistance of cisplatin led to an
increase in the search for more effective and less toxic anticancer drugs.®'® To date, there has
been limited success in developing broad-spectrum platinum-based anticancer agents capable
of overcoming drug resistance with fewer side effects.!”!® Current research in the field of
metallopharmaceuticals has thus shifted to coordination compounds of other transition metals

such as titanium, gold, germanium, copper, iron, ruthenium, cobalt and vanadium.'

In this work, oxovanadium(IV) has been selected as the metal centre for the design of novel
anticancer agents. Vanadium is a biocompatible metal ion with antidiabetic, antiparasitic and
cytotoxic properties.?*?! The VIVO?" core was selected due to its stability in cells and lower
toxicity in comparison to other oxidation states of vanadium.?>** Coordination of ligands to the
oxovanadium(IV) centre has been shown to improve anticancer activities in comparison to the
free ligands and VO?* starting material.>?>**! 1,10-Phenanthroline (PHEN), dipyrido[3,2-d:2',3"-
flquinoxaline (DPQ) and dipyrido[3,2-a:2',3'-c]phenazine (DPPZ) were chosen as the co-
ligands in this work based on these ligand’s ability to bind to DNA.2° The mechanism of action
of vanadium-based chemotherapeutics typically involves the VO** complexes binding to DNA
via non-covalent interactions, followed by oxidative DNA cleavage, which induces cell death.*?
DNA binding, cleavage and complex stability studies were, therefore, incorporated in this work
to determine the strength and mode of DNA binding by the complexes. The mechanism of DNA

cleavage of selected oxovanadium complexes was, additionally, assessed.
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Tridentate Schiff base ligands were chosen to complete the distorted octahedron of the
oxovanadium(IV) heteroleptic complexes. These ligands modulate the charge in the complexes
and stabilise the VO** metal centre by blocking coordination sites. Two series of Schiff base
ligands, tridentate O,N,O’- and O,N,N'-donor ligands, were used to create neutral and cationic
complexes, respectively. Neutral and cationic complexes each have unique physicochemical
properties which will influence their behaviour in a biological environment.** Neutral
complexes tend to cross biological membranes more efficiently.*** The cationic charge of the
second series of complexes was designed to target the negatively charged sugar-phosphate

backbone of DNA. 447

The anticancer potential of the oxovanadium complexes were evaluated by in vitro cytotoxicity
assays against breast, cervical, neuroblastoma carcinoma and healthy cell lines. The selectivity
index of the chelates may then be established. Various electron-donating and electron-
withdrawing substituents on the tridentate ligands were chosen to assess the electronic and
steric effects of these substituents on cytotoxicity, aqueous stability, DNA binding and DNA-

cleavage activities of the complexes.

1.2 Metals in Medicine

The application of metals in medicine can be traced back almost 5000 years.*® The
pharmaceutical industry has, however, traditionally been dominated by organic chemistry. The
discovery of the antitumour activity of cisplatin (Figure 1.1) in the 1960s stimulated research

in medicinal inorganic chemistry.>!?

Figure 1.1  The structure of cis-diamminedichloroplatinum(Il) (cisplatin), the first

metallodrug approved for clinical use in treating cancer.'?
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Cisplatin was the first drug used to cure testicular cancer with a cure rate of over 80% of
testicular cancer patients. It was also the first compound to effectively treat small cell lung
cancer. Patients with head, neck, ovarian and bladder cancers have also shown improved
outcomes when treated with cisplatin. Cisplatin has additionally found application in the
treatment of primary bone sarcomas and in upper gastrointestinal-tract, cervical and

endometrial cancers.'>*

Unfortunately, cisplatin has dose-limiting toxicity, limited aqueous solubility, a limited
spectrum of antitumour activity and high rates of intrinsic or acquired resistance.®!"!*%% The
need for less toxic metallodrugs capable of treating a wider range of cancers while overcoming
cisplatin-based resistance is therefore required. Initially, this search involved elucidating and
understanding structure-activity relationships of cisplatin analogues, with the result that more
than 3000 platinum complexes have been synthesised and tested for antitumour activity since
the early 1970s.57%431 The success of these analogues has been limited, with less than 1%
entering into clinical trials. Only carboplatin and oxaliplatin (Figure 1.2) have been approved
for clinical use worldwide. The compounds nedaplatin, lobaplatin and heptaplatin (Figure 1.2)

have been approved for use in selected regions.*!852-34

The modest success of the cisplatin analogues has forced research to move away from designing
metallodrugs which use a cisplatin architecture.’>* These include trans-platinum compounds,
charged compounds, platinum(IV) complexes, multinuclear platinum complexes with bridging

linkers and complexes with biologically active carrier ligands.*!8:4%-37:58
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Figure 1.2 Second- and third-generation platinum compounds approved for clinical use in

treating cancer.’>>*

Researchers have also turned to other metals such as ruthenium, gold, copper and vanadium. '’
The ruthenium(I1l) complexes NAMI-A and NKP-1339 (Figure 1.3) have entered into clinical
trials.’*! However, despite the antimetastatic potential of NAMI-A, it was deemed too toxic to
progress to market.”> NKP-1339 was more successful with better efficacy and patient

tolerability than NAMI-A.3%62



Chapter One: Introduction

CHs % — .
O§S’)CH3 / N A /NH Na
Cl, | Cl /) c N

ZRu N ""Fle wCl
cl” | ~Ci H PN
N Cl '!l Cl
72
(J N X
N _
H
NAMI-A NKP-1339

Figure 1.3  NAMI-A and NKP-1339, Ru(Ill) chemotherapeutic agents selected for clinical

trials.>’

Vanadium-based anticancer drugs have become of considerable interest in recent years owed
to the rich chemistry of vanadium with its varied coordination geometry and versatile redox and
photophysical properties.?'*%3 Research on vanadium has centered on the behaviour and function
of vanadium in biological systems and the use of vanadium complexes in catalytic and

pharmaceutical applications.®*

1.3 Vanadium in Nature

Vanadium, a &° transition metal, was first discovered in 1801 by del Rio in vanadinite, although
misidentified at the time.®%° Sefstrom, who re-discovered the metal in 1830, named the metal
after the Norse goddess of beauty and fertility.®¢"%° Vanadium is the 22" most abundant
element in the earth’s crust and the second most abundant transition element in marine
environments.®’ It is found in soil, fossils, crude oil, fresh water, salt water, air and living

organisms.?®

Vanadium was first discovered in biological systems, in 1888, by Lippman in sugar beet
plants.” In 1911, Henze reported a vanadium compound in the blood of sea squirts.”! Vanadium
also accumulates in fan worms and Amanita mushrooms, such as the fly agaric.”? Interestingly,
vanadium occurs in these organisms in the unusual forms of vanadium(IIl) and non-oxido

vanadium(IV) compounds.’?
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Vanadium rich foods include shellfish, dill seeds, black pepper, fruits, mushrooms, grains,
spinach and parsley.®® This omnipresence of vanadium in food leads to ingestion being the main
source of vanadium in the human body.%¢%%"3 Vanadium can also be absorbed into the human
body through inhalation and drinking water.”>’* The average vanadium concentration in the
human body of ca. 1 mg V per 70 kg human is non-toxic.?*’>’* However, toxic effects can
occur in industrial environments, where burning of fuels releases vanadium oxides that can be
inhaled as dust particles loaded with VOx.%%%® The limit value for no toxic effects on human
health is 35 mg of V m™ breathing air.®®7* The threshold for oral intake is 10 mg V per kg body

mass per day and for intravenous application is 7 mg V kg%

Despite vanadium compounds only been detected in a small number of organisms, vanadium
has been established as a micronutrient required for normal metabolism, growth and
development in mammals.’”>"* The discovery of vanadium nitrogenases in nitrogen fixation in
1933 and of vanadium-dependent haloperoxidase enzymes in marine macroalgae in 1983
further suggests that vanadium performs specific physiological functions in higher

organisms.®3-68.74-76

1.4 Applications of Vanadium
1.4.1 Technical Applications of Vanadium

The first application of vanadium compounds was in 1835 in the making of black ink. Later,
vanadium was utilised in oxidation catalysis from 1890.5%¢7 The discovery of vanadate-
dependent haloperoxidases stimulated new developments in vanadium catalyses, such as in
sulfuric acid production and polymerisation catalysis.®®’¢ Other technical applications of
vanadium include high performance batteries, metal-organic frameworks for separation of gas
mixtures, quantum information systems and as a component of superconducting alloys and as
a steel additive. Environmental applications include detoxification of soils and water and using

VOx-based catalysts in the conversion of exhaust gases.®>’’



Chapter One: Introduction

1.4.2 Medicinal Applications of Vanadium

The first biological experiments using vanadium began in 1876 by Priestley.”® Priestley noted
the inhibition of the germination of lettuce and mustard seeds by sodium vanadate and the toxic

effects of large doses of sodium vanadate to animals such as cats.%’

The medicinal applications of vanadium in humans began as early as 1897 with the use of
sodium vanadate for the treatment of anaemia, tuberculosis, rheumatism, neurasthenia and
diabetes mellitus.®¢67-7%0 The use of vanadium-based metallopharmaceuticals was then revived
in the late 1970s when vanadate (VVO4*") was found to inhibit sodium and potassium ATPase
enzymes.?>*! This prompted many enzyme studies. Vanadium has been revealed to exhibit a
wide variety of biological functions, such as to activate protein tyrosine phosphorylation and

protein kinases,?%2+73.82-86

One of the most important physiological roles discovered is the insulinomimetic and
antidiabetic properties of vanadium complexes of oxidation states III, IV (VO**) and V (VO3;~
or VO4*7). 2224828487 Most studies conclude that the inhibition of phosphatases by vanadate is
the main mechanism by which these vanadium complexes have insulin enhancing effects.?3®
Vanadate is similar in structure, charge and volume to phosphate and so can substitute
phosphate in binding sites in enzymes and therefore inhibit enzyme activity.*>*’ Vanadate and
the enzyme form a stable transition state (unlike phosphate) as vanadium can expand its
coordination geometry to form stable 5-coordinate complexes when bound to the active site of

the enzyme.?%%

Cohen et al. reported in 1995 on the treatment of non-insulin-dependent (type 2) diabetic human
patients with vanadyl sulfate.3® It was shown that well-tolerated doses of vanadyl sulfate
improved glucose metabolism. Although some patients experienced mild gastrointestinal
symptoms, this did not require the treatment to be terminated.®® Goldfine and co-workers tested
sodium metavanadate on insulin-dependent (type 1) and type 2 diabetic patients.® Improved
insulin sensitivity was observed in type 2 and some of the type 1 patients but with mild
gastrointestinal intolerance.®”8%2 In 2013, Soveid et al. determined vanadyl sulfate was

effective and safe for long-term therapy in type 1 diabetic patients.*
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Variable responses in bioavailability and pharmacological response of vanadyl sulfate in

humans have also been reported.’>"!

The potential toxicity of inorganic vanadate species, the degradation of peroxidovanadates in
the gastrointestinal tract, and the low absorption of inorganic vanadium ions in the gut led to
studies on the insulin-enhancing properties of vanadium to focus on coordination compounds
with organic ligands.3®*! Chelated vanadium compounds have been shown to be more potent
than free vanadium salts in facilitating insulin-like effects.”>*> One such complex,
bis(ethylmaltolato)oxovanadium(IV) (BEOV) (Figure 1.4), has successfully passed phase Ila

clinical trials for diabetes treatment.5>-06-68.94

CyHs
(@)
O O
O O
CyHs

Figure 1.4  Structure of BEOV, an oxovanadium(IV) complex that entered phase Ila human

clinical trials for diabetes treatment.%®

The results were promising with reduced blood glucose levels, enough stability for pro-drug
use (which improves absorption) and BEOV was consistently well-tolerated by
patients.”***% The tests have, however, been abandoned due to mild renal problems in some of
the test patients and lack of financial incentives.®¢-8082949597 Recently, BEOV has been shown

to alleviate neuronal apoptosis in a mouse Alzheimer’s disease model.”®

Other vanadium compounds that have been tested on diabetic and healthy humans include

sodium orthovanadate, ammonium vanadyl tartrate and vanadium-albumin.”>"’

The fact that vanadate-species interfere with phosphate-regulated enzymatic activity coupled
with the positive results of vanadium compounds in the treatment of diabetic animals and
humans, stimulated research into further medicinal applications of vanadium

complexes.®%7
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In vitro studies (with cell cultures) and in vivo studies (with various animals) have shown that
vanadium complexes have potential in a wide variety of medicinal applications. These include
treatment of cancer; parasitic tropical diseases such as leishmaniasis, Chagas’ disease and
amoebiasis; bacterial diseases such as tuberculosis; viral infections such as Dengue fever,
SARS, HIV and influenza; antifungal infections; antiobesity; cardio-vascular and neuronal
disorders. Vanadium complexes have also been found to reduce hyperlipidaemia, modulate
blood pressure - restoring blood flow to tissues, and stimulating bone cell proliferation and bone

2.24.28.39.66,72-74.83.99-105 \Tanady sulfate is also currently used as a food additive

collagen synthesis.
by body builders, although this practice is controversial with less than 1% of the vanadium
absorbed.?*8%-1% The applications in cancer treatment are most relevant to the present study and

are discussed in further detail in Section 1.6.

For a vanadium compound to be considered as a metallopharmaceutical - it must have low
toxicity, balanced hydrophilicity versus lipophilicity and sufficient stability to survive passage
from the blood serum into target cells and tissue structures.*® The therapeutic or toxic effects
will depend on how much vanadium reaches the cells, the type of tissue and if the original
ligands are present or not.”® Although numerous pharmacokinetic and toxicity studies of
vanadium compounds in animal models have been performed, only a small number of clinical
trials on human subjects have been conducted. Thus, little is known on the speciation and effects
of vanadium compounds in the human body.?®”® The uptake and distribution of vanadium in

the body’s organs is, therefore, poorly understood.?

1.5 Speciation of Vanadium Compounds In Vivo

The speciation of vanadium in biological systems is complex since vanadium can easily
undergo reduction/oxidation reactions between oxidation states III, IV and V, expand its
coordination sphere beyond tetrahedral geometries and readily form polymeric species.’!%’
There are numerous possible interactions between vanadium compounds and serum

components; the main pathways of which are summarised in Figure 1.5.
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Figure 1.5  Summary of the uptake, distribution and excretion of vanadium compounds in
vivo. Tf = transferrin; L = ligand in vanadium pharmaceutical; L' = low
molecular mass ligand present in blood serum; {VO(L/L")} = VO*" complex

with L and/or Lr.39,66,80

Most commonly, vanadium pharmaceuticals are pro-drugs, where the active species is not the
same as the administered compound. For example, vanadate (H2VYO4") is the bioactive form

of the antidiabetic drug BEOV.®

When vanadium(IV) compounds are ingested, redox processes and ligand exchange take place
in the slightly alkaline gastrointestinal tract, saliva and acidic stomach environment. Most of
the compound is then converted to sparingly soluble VIVO(OH),, which is unabsorbed and
excreted. 36810819 The remaining vanadium enters the blood stream as vanadate (H2VVO4")
and stable oxovanadium(IV) complexes either with endogenous ligands and/or the original

ligand of the medication.**748
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Most of the vanadium compound that enters the blood, through injection or ingestion,
undergoes speciation and redox interconversion between the +4 and +5 oxidation
states. 233667280 Ope of the main products formed in the blood serum is vanadate (H2VVOq4")

through hydrolysis, ligand removal and oxidation of oxovanadium(IV) complexes.?®®>

Vanadate (VV) and oxovanadium (V') can be interconverted by oxygen and reducing agents
such as ascorbate, glutathione and NADH in the blood.?*”- The other main species formed in
the blood is vanadyl (VO**) bound to transferrin (Tf, an iron transport protein).!!%!1? Despite
serum albumin being the most abundant protein in blood plasma, transferrin is the predominant
ligand for exchange as it binds strongly to vanadyl and is one of the main constituents in

blood.'!3

Most of the initial vanadyl complex will therefore release its original ligands and the VO** core
will then coordinate to free ferric sites of transferrin.?36%67114115 VIVO_Tf gpecies are also
susceptible to oxidation, despite glutathione being present.!'® At higher vanadium
concentrations in the whole blood, VO?* can also be coordinated to other high molecular mass
proteins such as albumin and immunoglobulin G, low molecular mass constituents lactate and
citrate as well as red blood cells.>**%%74!117 At therapeutic concentrations, transferrin is the main

transporter of vanadium drugs in the blood.?%80-94117.118

The vanadium species are then transported from the blood plasma into blood and tissue cells.®
It is distributed to tissues of the inner compartment (heart, liver, spleen and kidney) and outer
compartment (brain, muscle, adipose tissues) and bones. Typically, within 24 hours vanadium
concentrations are reduced to about 30% of the initial dose.%® The resorbed vanadium is excreted
via the urinary tract. Bone can serve as a long-term delivery system for vanadium as bone
accumulates vanadate and vanadyl species. Bone can store vanadium for about a
month. 3678114 Vanadium is also stored to some extent in the kidneys. A free ligand may then
be used to chelate the speciated vanadate or VO** to mobilise the vanadium for excretion from

the kidneys.”
The interaction of vanadium compounds with serum proteins impacts the drug distribution,

biotransformation and mechanism of action of vanadium pharmaceuticals.®’ The administered

complex may not reach the target tissue intact in appreciable amounts.®’

11
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The loss of the original ligands from vanadium complexes in vivo can be delayed — either
kinetically or with outer-sphere interactions, such as hydrogen bonding or n-stacking between
the original complex ligands and protein moieties. Using this approach, an appreciable amount
of the complex may be taken up by a cell with the original ligands still intact.®”** The
hydrophobic environment of cellular membranes may also delay disintegration. A compound
that is less thermodynamically stable in the hydrophilic aqueous environments of the cytoplasm
can be stabilised by entrapment in the hydrophobic environments near membranes or

proteins.!!

After speciation of vanadium complexes in the blood serum VO-Tf and HyVO4™ are the main

vanadium species that target cells.’®’* From the blood serum, a vanadium complex can enter a

cell in one of four ways:?%74.80.120

1) Vanadate (H2VO4") formed enters the cell through phosphate and/or sulfate anion
channels.65:66:83,107

2) Transferrin-bound vanadium species enter cells via transferrin-receptor mediated
endocytosis. These species include VO** or neutral or charged VIVO(L) species bound
to transferrin after the oxovanadium complex has lost its ligands completely or in part
in the blood. L is the original ligand of the vanadium complex or a low molecular mass
blood serum constituent, such as lactate.®33%117

3) A stable complex containing a lipophilic coordination sphere remains intact (at least in
part) and crosses the cell membrane through diffusion.®® Neutral vanadium complexes
bound to proteins may also enter cells through passive diffusion.”

4) A stable complex which includes a biologically compatible moiety that is recognised by

cell receptors may enter the cell through endo- or exocytosis.®

Once in the cell, the mode of action of the active species is dependent on the cellular distribution
of the vanadium complex.!! There are various intracellular speciation pathways including
oxidation, reduction, hydrolysis, ligand exchange and re-coordination of the vanadium
species.?®%7 A vanadium(IV) species may undergo hydrolytic degradation or be oxidised by
reactive oxygen species (ROS) to vanadate in a cell.’*!%7 Vanadate is reduced to vanadyl
(VIVO?) in the cytoplasm, typically by the endogenous reducing agent glutathione. A small
amount of VIY(OH); may also be present and HVO4~ may also be re-formed. ATP present in

cells also efficiently bonds to VQ?*,28:65.67.:80.83.95.107

12



Chapter One: Introduction

Vanadium(IV) may also be stabilised by NAD(P)H and ascorbate or other proteins.’!> 10472107

Vanadium exists mainly as the vanadyl VO?* cation in cells.'%

Given the complex in vivo chemistry of vanadium species described above, and the fact that
pharmaceuticals may be given chronically, more mechanistic studies and larger, longer-term
clinical trials are required before any meaningful conclusions can be made on the effects of

administrating vanadium pharmaceuticals to humans.283%73:96.106.121

1.6 Vanadium Compounds in Cancer Treatment

Vanadium salts were found to have antineoplastic properties in 1965.'?* Later, in 1980,
Thompson and co-workers found that vanadyl sulfate inhibited breast cancer growth.!?* Since
then, research has shown that vanadium compounds have the potential to be a new class of non-
platinum metal-based anticancer agents.>’>*> The lower costs and specific subcellular
interactions of vanadium compounds show they have potential as selective and specific

chemotherapeutics.?3"’

Several vanadium-based compounds have shown promise during in vitro studies with low I1Csg
values reported against several carcinoma cell lines.”*!%* Preclinical in vivo studies in animal
models have shown vanadium compounds have great potential to prevent and treat a wide
variety of cancers.’!"73104124 Experimental findings suggest that low doses of vanadium reduce
the risk of developing breast, colon and liver cancer in humans.’”*’* Vanadium compounds are

also able to reduce or have absent potency to induce cellular resistance.

Contrarily, vanadium compounds have potential mutagenic, teratogenic, anti-apoptotic and
suspected carcinogenic properties dependent on cell type, stage of cancer, type of vanadium
compound and its dose 2866105121125 This is because vanadium compounds activate numerous
signalling pathways and transcription factors and so induce non-specific antagonistic effects on

different cell structures.?®7’

Vanadium compounds may exhibit some potential carcinogenic properties, but they are known
to generally damage DNA in tumour cells to a greater extent than in normal cells, and vanadium

accumulates in cancerous tissue more so than in normal tissue.2%31:66:121.126
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Vanadium compounds also decrease harmful ROS 283166121127 yanadium is not classified as a
human carcinogen and toxic side effects of vanadium are quickly reversed upon stopping
treatment.”® Toxic effects may include mild gastrointestinal and renal problems, but these are
mediated by low absorption rates of dietary vanadium and efficient desorption of vanadium
from blood and body tissues.®® There is no evidence yet to classify vanadium compounds as
harmful if the administered doses are carefully considered.®® Therefore, the application of

vanadium compounds as anticancer agents is still viable.”’

Novel vanadium-based anticancer agents include vanadium nanoparticles and vanadium
compounds with oncolytic viruses.””'?® Vanadyl compounds have also shown application as
contrast agents to enhance in vivo magnetic resonance images for early detection of tumours.”
Compounds of ¥V have shown potential as tumour-imaging agents in the imaging of small

tumours due to the positron-emitting property of this radio isotope of vanadium.”*12%130

Studies have shown that vanadium complexes with organic ligands have lower toxicity,
increased stability and bioavailability to comparable doses of inorganic vanadyl or vanadate
salts alone 28809612L131 Chelated metal compounds may have hydrophilic and lipophilic
properties.!*>13% This allows for transport of the metal species to target cells and tissues.
Lipophilic properties allow for cellular uptake of drugs across biological membranes, whereby
the ligands act as a carrier system.*#-6380.132-I35 [ inophilicity is also an important parameter
for intramolecular attractions, drug metabolism and biological activity.***> The ligands
designed to coordinate vanadium allow for fine-tuning of these properties as well as solubility;
compatibility with physiological functions; recognition of peripheral groups by cell membrane

receptors, and stability against hydrolysis, redox processes and ligand exchange.>-8%:133-135

The first report of a vanadium compound with organic ligands that showed cytotoxic effects
came in the early 1980s. This was developed by Kopf-Maier and co-workers and was a
vanadium(IV) compound stabilised with two cyclopentadienide ligands — vanadocene

dichloride (Cp2VClz shown in Figure 1.6).136137
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Figure 1.6 Vanadocene dichloride, a metallocene with cytotoxic properties.'*8

Vanadocene dichloride has since been found to exhibit strong tumour-inhibiting properties
against Ehrlich ascites tumours (breast carcinoma) in mice and in testicular cancer cell lines
compared to other metallocenes, such as titanocene dichloride.?®7*!1** Vanadocene dichloride
has also been found to significantly extend the life span of mice xenografted with leukaemia
and exhibit antitumour effects against transplanted colon and lung cancers in mice.”>!*7 A
vanadium(IV) complex of 2-methylaminopyridine has also been reported to significantly
decrease Ehrlich ascites tumour cell volume and viability in complex-treated mice.”>!*’ These

data highlight the potential of vanadium compounds as metallodrugs.

Kopf-Maier and Kopf were the first to systematically investigate the application of vanadium
compounds as anticancer agents.'*®!*! Two decades since these early reports, Uckun and co-
workers patented a method for the treatment or prevention of metastatic cancer using vanadium
complexes.!*>1** The patent involved vanadocene compounds of the type in Figure 1.7.
Vanadocene (V') dihalides and pseudohalide type complexes exhibit significant cytotoxicity

(comparable to cisplatin) and have spermicidal potential,!3*143-147

Where Ri-R; are independently halo, OHy,

Ry R O3SCF3, N3, CN, OCN, SCN or SeCN.
V. and R3-R4 are independently a cyclopentadienyl
7 ring where each ring may be substituted with one
R4 R2

or more (C1-C3) alkyl.

Figure 1.7  Vanadocene compounds patented for the treatment of some cancers by Uckun

and co-workers. 142143
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1.6.1 Oxovanadium(IV) Anticancer Complexes

Of the six possible oxidation states of vanadium ranging from -3 to +5, the oxidation states of

t.°673 VI plays very limited role as V'V is not easily

+4 and +5 are the most biologically revelan
reduced to V' under biological conditions.®® The vanadyl form (VVO?") is used most
extensively in the development of pharmaceuticals due to its stability in cells, efficacy in animal
models and lower toxicity than VY % Therefore, for the purposes of this work, oxovanadium(IV)

was chosen as the metal centre for the design of novel anticancer agents.

The coordination of ligands to an oxovanadium(IV) centre has been shown to improve
anticancer activities in comparison to the free ligands against various carcinoma cell
lines.223-31:33-4L125 I i5 thought the anticancer activity of the respective ligand is enhanced upon
coordination to the metal as the conjugation in the ligand skeleton is increased upon
coordination.?’ Also, stronger hydrogen bonding improves biological activity through the
partial positive charge of the metal influencing the ligand’s ability to carry protons.*
Coordination of ligands to VO*" also enhanced the cytotoxic activities in comparison to the

VO?* starting material,26-28-31-34.38-41

There are numerous reports of oxovanadium(IV) complexes with organic ligands which have
antitumour properties. Oxovanadium(IV) complexes have been found to be cytotoxic towards
human breast, liver, leukemia, melanoma, myeloma, lung, ovarian, cervical, neuroblastoma,
bladder, gastric, pancreatic, prostate, bone and colon carcinoma cell

lines 25-27,29,32-34,36-38,40,41,43,63,77,100,120,135,139,148-175

Studies suggest that oxovanadium(IV) complexes are selectively cytotoxic towards cancerous

26,32,33,38,40,100,120,156,157,161,170,172,176-179 This hlgh Selectivity

cells in comparison to normal cells.
index is critical in the development of new drugs. Oxovanadium(IV) complexes have also been
found to be more cytotoxic than cisplatin against various neoplastic cell lines including breast,
liver, colorectal, neuroblastoma, and cisplatin-resistant ovarian carcinoma cell
lines. 33343763 ISLI61T7178 Oy gvanadium(IV) complexes can also overcome multidrug
resistance.!>® In addition, oxovanadium(IV) complexes have application in photodynamic

therapy (PDT).!67-180-184
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In vivo anticancer studies of oxovanadium(IV) complexes include a ternary oxovanadium(I'V)
complex of a thiosemicarbazone ligand and a 2-(4-nitrophenyl)-imidazo[4,5-f]1,10-
phenanthroline ligand that significantly inhibited tumour growth in cervical cancer xenograft

mice models.?%%’

Recent patents covering oxovanadium complexes highlight the renewed interest in vanadium
anticancer agents. Bis(maltolato)oxovanadium(IV) (BMOV) and related vanadium-containing
compounds such as BEOV, bis(isopropylmaltolato)oxovanadium(IV), (BIOV), and bis(n-
butylmaltolato)oxovanadium(IV) (BnBOV) have been identified in recent research as
therapeutic agents able to treat or prevent certain cancers such as ovarian, endometrial, brain,
bone, lung and melanoma cancers in animals and humans.'*>* Oxovanadium (IV) complexes of
tetradentate hydrazone ligands have been shown to have applications in the treatment of
Alzheimer’s disease, diabetes and in preventing metastasis in various types of cancer and have

been patented.!®

1.7 Anticancer Mechanisms of Vanadium Complexes

While there is some understanding of the mechanism of action of the insulin-mimetic properties
of vanadium, far less is known about vanadium’s mechanism in cancer treatment.”* The
anticancer mechanisms of vanadium compounds have been investigated to some extent on a
variety of cell lines and  multiple modes of action have  been
proposed.2831:39.43.6667.73.7477,

Figure 1.8.

83.104.172,186.187 These different mechanisms are represented in

The growth of cancerous cells are inhibited via different pathways depending on the
concentration of the vanadyl complex, the oxidation state of vanadium, the type of organic
ligands coordinated to vanadium, the spatial structure of the complex and the type of
cancer.’?>!"21%7 Oxovanadium(IV) complexes can induce apoptosis (“programmed cell death”)
and necrosis of cancer cells, cause cell cycle arrest, depolarisation of mitochondrial membranes
of cancer cells, shift cancer cell metabolism and inhibit topoisomerase IB activity.?63!"
33,38,120,149,135,164-166,173,174.176 They also decrease the ratio of glutathione to oxidised glutathione

and activate caspase 3, triggering apoptosis.2%-31-33:169.170
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Figure 1.8  Possible mechanisms of action for the antitumour effects of vanadium
compounds. PTPS = protein tyrosine phosphatases and PTKS = protein kinases.

Image reproduced from Evangelou.®?
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Oxovanadium compounds that are less stable are still able to exhibit cytotoxic effects through
indirect modes of action. This includes interference of the speciated vanadium

complex/vanadate inhibiting phosphatases and activating kinases.**"*

1.7.1 Reactive Oxygen Species (ROS)

The antiproliferative and cytotoxic effects of oxovanadium anticancer agents may also be
caused by indirect interaction with DNA components. The fact that vanadium compounds,
especially those with aromatic ligands, are active against certain forms of cancer and parasites
which cause tropical diseases implies that DNA is the compounds’ biological target.>* The
antitumor properties of oxovanadium complexes have further been found to be associated with

their DNA cleavage activity, DNA binding abilities and DNA binding mode.?%-3#35:40.162.188

DNA may be cleaved through either oxidative or hydrolytic cleavage. In hydrolytic cleavage,
DNA is cut by hydrolysis of the phosphodiester bond. In oxidative cleavage, oxidation of
deoxyribose sugars occurs through removal of a sugar hydrogen atom, or DNA nucleobases are

oxidised by reactive oxygen species (ROS).4>%-181.189

ROS such as singlet oxygen, superoxide, and hydroxyl radicals are generated through external
co-reactants such as reducing or oxidising agents, for example, peroxide '*! Peroxide can form
in living systems through reduction of oxygen in the respiration chain, reduction of superoxide

or dimerisation of hydroxyl radicals.®”-'*!

Oxidative cleavage can also be photoactivated. In the type I pathway, direct electron transfer
occurs from a DNA base to the photoexcited state of the complex, and in this process free

radicals are produced.'8! This type of pathway is useful for hypoxic cancer cell environments.'®!

In the type II process, energy transfer occurs from the excited state of the photosensitiser to
molecular oxygen in its triplet state to convert it to the reactive singlet oxygen state. Singlet
oxygen then oxidises a DNA base, such as guanine.*>*>!8! To be effective the photosensitisers
must show low dark cellular toxicity and cancerous cells must selectively uptake the

photosensitiser over normal cells.!®!
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In the photo-redox pathway, the redox-active photo-excited complex is oxidised causing
reduction of cytosine, thymine or molecular oxygen to cytotoxic superoxide and hydroxyl
radicals.*>*!8! An oxovanadium(IV) complex may even undergo reduction, where the photo-
activated oxovanadium(IV) complex forms a reactive V"' species that can generate hydroxyl

radicals.”®'80

The cleavage of DNA caused by ROS leads to cell death.!8! Other effects of ROS include
membrane lipoperoxidation, protein denaturation, cell membrane disintegration and membrane
protein damage.>*%3 Free radical production can also cause systemic effects in organisms, some
diametrically opposite, such as both antitumour and carcinogenic properties.”®!?! Interestingly,
oxovanadium(IV) complexes can act as both scavengers and generators of reactive oxygen
species depending on the pH and the structure of the ligands bound to vanadium.67-1¢%-170:190 The
delivery of vanadium compounds into the DNA helix allows for oxidative cleavage of DNA to
take place by ROS.!!®! Superoxide and singlet oxygen ROS are formed when some vanadium
species react with 02.°¢67% Hydroxyl radicals are generated in cells by the oxidation of
vanadium components reacting with hydrogen peroxide in Fenton-type reactions. The Fenton
mechanism is illustrated in Equations 1.1 and 1.2:236567:83.107.191-198

VIVO* +H,0, — VYO, + +OH + H' (1.1)
SC DNA + *OH — Cleaved DNA (1.2)

Research into the interactions of oxovanadium complexes with DNA has increased dramatically

in the last decade, as indicated by a literature search on Scifinder” (Figure 1.9).'"
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Figure 1.9  Number of publications showing the surge in research into DNA interactions of

oxovanadium compounds in the last decade.!”’
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The study of the interaction of metal complexes with DNA forms the core of recent research in
bioinorganic chemistry and was therefore included in the scope of this project.!3>2002! Metal-
based anticancer agents bind to DNA in covalent and various non-covalent modes of

interaction.®® These are discussed in Section 1.8.

1.8 DNA Binding Modes of Metallopharmaceuticals

1.8.1 Covalent Modes of Binding to DNA

A metal complex may bind to DNA by forming strong covalent bonds.'®! The key mechanism
of the anticancer action of cisplatin is direct covalent binding of cisplatin fragments to DNA.
Upon entry into the cell, the neutral form of cisplatin hydrolyses. The cis-[Pt(NH3).]*" unit
formed binds to DNA, preferentially at two neighbouring guanine bases at their N(7) atoms to

form intrastrand cross-links (Figure 1.10).!%15:4-202

Figure 1.10 Cisplatin intrastrand adduct with DNA at the N(7) atoms of guanine bases.

Image reproduced from Garcia-Ramos et al..?%
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The consequence of the bifunctional adduct formation is a distortion of the double helix
structure of DNA.?** The kinked DNA is recognised by proteins, causing the bending of the
helix to increase significantly. This binding of proteins prevents DNA repair by nuclear excision

repair enzymes, and eventually leads to cell death by apoptosis.®2%°

The mechanism of action of vanadocenes was thought to be similar to that of cisplatin. The
chloride ligands undergo hydrolysis while the cyclopentadienyl rings stay coordinated to the
vanadium ion in biofluids.®’ It was proposed that the vanadocene moiety then directly binds to
DNA by binding to the phosphate ester backbone of DNA to form outer-sphere complexes via
a water group or via hydrogen bonds. This binding causes a kink in DNA which
defunctionalises it and activates the tumour antigen p53 (a protein that suppresses
tumours).*!¥*4765 However, further research has indicated that vanadocene induces apoptosis
through a yet unknown mechanism as the apoptotic signal is not triggered by primary DNA
damage and does not require p53 induction.?®2?% Oxidative damage and inhibition of tyrosine

phosphatase are possible mechanisms.*!

1.8.2 Non-Covalent Modes of Binding to DNA

Covalent binding is not the only mechanism of action of cytotoxic metallopharmaceuticals.
Despite few natural examples of non-covalent interactions between free-standing transition
metal complexes and DNA, there are distinct advantages to this approach. The metal centre can
act as an anchor for the ligands that may bear recognition elements for DNA and the transition
metal centre allows for photophysical and electrochemical reactions rather than being only
passive agents.?’” There are several non-covalent DNA binding modes of metal complexes, of

which the most important are electrostatic, groove and intercalative binding (Figure 1.11).2%
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Electrostatic Major groove Minor groove Intercalation

attraction binding binding

Figure 1.11 Schematic representation of non-covalent binding modes between small

molecules and DNA. Image reproduced from de Almeida et al..!

In electrostatic binding, the attraction is between a cationic metal complex and the negatively
charged phosphate backbone of DNA. This binding is non-directional and so is generally
weak.?” Groove binding occurs when small metal complexes sit in either the major or minor
groove of DNA, with intermolecular attractions to both the sugar-phosphate backbone and the
functional groups of the nucleobases that are exposed at the bottom of the groove (Figure 1.11
and 7.12).2%210 The functional groups of the exposed nucleobases are able to hydrogen bond to
groove binders as either donor or acceptor groups. This can lead to highly stabilised DNA/drug

conjugates.?*’

Groove- Intercalator

binder

Figure 1.12 Schematic representation of a groove-binding metal complex and a

metallointercalator.2’”2% Image reproduced from Zeglis et al..?"’
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Metal complexes with extended planar aromatic ligands can also intercalate into DNA, inducing
a kink in the DNA 343966162 I this mode of binding, the planar section of the complex inserts
between two base pairs of DNA with the rest of the complex situated in the major or minor
groove (Figure 1.10 and 1.11). The DNA backbone extends to accommodate the extra “base
pair”. Intercalation leads to strong binding due to the interaction between the pi-systems of the
intercalator and nucleobases. The binding strength can also be increased if the outer portion of
the small molecule is oriented perpendicularly to the intercalated region and is able to

simultaneously groove bind.?%

1.9 Oxovanadium(lV) Complexes with Phenanthroline-Derived
Co-ligands

Planar nitrogen-donor heterocyclic aromatic ligands such as 1,10-phenanthroline (PHEN),
dipyrido[3,2-d:2',3'-flquinoxaline (DPQ) and dipyrido[3,2-a:2',3'-c]phenazine (DPPZ)
(Figure 1.13) enable vanadium (and indeed other metal) complexes to bind to DNA through
intercalative or groove binding modes.22021:3442.99,100.1 13,134 135167.17L182-184211-226 [ hag been
consistently shown that the inclusion of phenanthroline-derived ligands improves the DNA
binding affinity of oxovanadium(IV) complexes.??’ Phenanthroline-type ligands also enhance
the lipophilic character of the complexes, enabling the drug to enter lipophilic cellular

membranes.>’

PHEN

DPPZ

Figure 1.13 Bidentate N, N-donor ligands, which are known to enhance DNA binding."-'®”

Numerous oxovanadium(IV) complexes of phenanthroline and derivatives thereof have been

shown to be cytotoxic towards neoplastic tissue both in vitro and in vive 3243:135.182.183.228
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Exchanging the chloride ligands of vanadocene dichloride with phenanthroline has been found
to stabilise the complex and improve cytotoxicity.*"??* Oxovanadium(IV) complexes of N,N-
bidentate ligands also have DNA photonuclease and chemical nuclease activity with high DNA
binding affinities.!?21158162.17LI80-183.215.230 Antitymour activity of these metal complexes
generally increases with increasing aromaticity of the N,N-donor ligand with the N, N-donor

intercalator being mechanistically important to the biological activity.2831:32.38,39.138.231

The patent by Uckun et al. included vanadium compounds with N-donor oligodentate aromatic

ligands, such as PHEN.!#>!%* The design of the vanadium compounds was based on the direct

interaction of the stable vanadium-ligand fragments with the DNA of cancer cells 66:67:142:232.233

Metvan, [VO(SOs)(Mez-PHEN),] (Figure 1.14) has been identified as one of the most
promising anticancer vanadium compounds with the potential to be the first vanadium-based

compound used in chemotherapy.>**%

Figure 1.14  Structure of Metvan, a promising oxovanadium(IV) anticancer agent.?*?

Metvan has antiproliferative properties, broad-spectrum anticancer activity, low toxicity to
healthy cells and favourable pharmacodynamic features.?®7>232 Metvan is cytotoxic, even at
low doses, against numerous tumour cell lines including leukaemia, myeloma and solid tumour
cells such as glioblastoma, breast, ovarian, prostate and testicular cancer, this includes testicular
and ovarian cancers resistant to cisplatin 2%:66.80:121.214.232-234 NMetvan also showed significant
antitumour activity, delayed tumour progression and increased survival time in mouse
xenograft studies of human glioblastoma and breast cancer.’®>*% The mechanism of action of
Metvan is attributed to the intercalation of the PHEN ligands into DNA, generation of ROS,
depletion of glutathione and loss of mitochondrial transmembrane potential, which collectively

lead to apoptosis 28,121,214,232,233,236
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PHEN, DPQ and DPPZ have been chosen to coordinate to the VO** core in the proposed
structures for this work, based on the ability of oxovanadium complexes with planar N, V-

bidentate ligands to bind DNA.

Metal complexes that have been found to bind DNA include those with a stable, rigid octahedral
structure.?’” Schiff base ligands are used to increase stability of oxovanadium(IV) complexes
with bidentate N,N-donor co-ligands.*>*'672% Tridentate Schiff base ligands are preferred over
bidentate Schiff bases to further increase stability of the complexes in culture media.*> Schiff
bases, themselves are models of biological systems and exhibit a wide range of physicochemical
properties and so, could aid targeted delivery of the drug to DNA.!7-132:223.238 Metal complexes
with rigid Schiff bases of aromatic systems enable tuning of the electronic effects of the
complexes. This allows the complexes to be potential probes for nucleic acids with better DNA
binding characteristics.>!°*13 Metal complexes of Schiff bases have found application in a wide
variety of fields including medicinal biological chemistry and catalysis.?** Studies have shown
that chelation of a Schiff base ligand and bidentate N,N-donor co-ligand to the
oxovanadium(IV) core improves antibacterial, antifungal, antidiabetic, antitrypanosomal and

antitumoural activity.?%3

1.10 Ternary Oxovanadium(IV) Schiff Base Complexes of
Phenanthroline-Derived Co-ligands

Lipophilic, polar, electronic and steric factors of both the tridentate Schiff base and planar
bidentate N,N-donor co-ligand influence interactions of ternary oxovanadium(IV) complexes
with DNA .?* The intercalative ability of the polypyridyl ligand influences the strength and type
of binding of the ternary complexes to DNA,20-21.3499.162,167.171,183,222.223 3y oyanadium(IV)
complexes of DPPZ bind to DNA primarily in an intercalative mode with intrinsic binding
constants in the order of 10> M ! 21167 The DPQ and PHEN complexes generally bind in a
groove and/or surface binding fashion with intrinsic binding constants in the order of 10* —
10° M?'! for the DPQ complexes and 10* M'! for the PHEN
complexes.>20:21:34:42.99,167,183.211,215.216,222,223.241.242 These data highlight the link between the

extent of ligand aromaticity and the affinity of the metal chelate towards DNA.
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Numerous oxovanadium(IV) complexes of N, N-bidentate polypyridyl-derived and O,N,S-

d0n0r20,27,40,41,63,149,162,171,173,174,188,215,243-246 or O,]V, 0] '_donorZ,Z1,26,34-36,38,43,45,100,1 13,127,150,165,167,

176,178,189.211-213,216-219,221,225-227,237.238,240-242.247-286 S chiff base ligands have been reported. Ternary
Schiff base complexes of the type [VO(ONN)(NN)],*¢287:288 [VO(OOO)(NN)]?>158:231.289-294
and [VO(OSO)(NN)J**?*? have also been reported.

Hard acid metal ions preferentially bind to hard base ligands according to Pearson’s principle.?”
The VO?** core is considered a hard acid and so the vanadium core preferentially binds to hard
atoms such as oxygen.®®??® Thiodiacetate [VO(OSO)(NN)] complexes have been found to be
less stable than corresponding oxydiacetate [VO(OOQO)(NN)] analogues due to the softer nature
of sulfur in the thioether donor atom as compared to the oxygen donor atom.?*! O,N,O-donor
Schiff base ligands were chosen over O,N,S-donor Schiff base ligands to coordinate to the VO?*
centre to form the neutral complexes in this work, in order to stabilise the VO?" metal centre

and block coordination sites. The design of the complexes is similar to the framework of Prasad

et al. in Figure 1.15(a).'s’

Changing the architecture of ligands coordinated to vanadium can increase the antitumor
activity of oxovanadium complexes.*® The type of substituents, steric bulk and presence of
aromatic moieties on the tridentate Schiff base ligand of ternary oxovanadium complexes have
been found to influence the DNA binding affinity of  the
complexes, 2?34 113.167.171211.215.217218.241 Thege factors are discussed in further detail below for
neutral [VO(ONO)(NN)], and cationic oxovanadium(IV) complexes in Sections 1.10.1 and
1.10.2, respectively.

1.10.1 O,N,0’-Tridentate Schiff Base Oxovanadium(IV) Complexes with

Phenanthroline-Derived Co-ligands

Ternary oxovanadium(IV) complexes of O, N, O -tridentate and planar N, N-bidentate co-ligands

45,221,225,226,269 36,100,240,247,248

have been reported to have antidiabetic, antiparasitic,

2,21,34,36,38,100,150,167,242,250 189,252,261,268,273,279,282,286

antitumour and catalytic properties.
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[VO(ONO)(NN)] complexes for which DNA binding studies have been reported include those
depicted in Figures 1.15 and 1.16.%2!3435113,167211-213216219,227.241.242.272 The complexes in
Figures 1.15 (e), (j) and Figures 1.16 (h) — (k) have also been determined to bind to bovine
serum albumin.!!32!¢2*! Studies on the interactions of transition metal complexes with bovine
serum albumin are important as serum albumins are the most abundant proteins in blood and
have the ability to transport and deposit drugs.!'**#? Such studies can provide information on

the features that determine the therapeutic effect of vanadium drugs.!'!*?!

The complexes in Figures 1.15 (d), (f), (g) and in Figures 1.16 (b), (c), (d), (f) — (k) bound to
DNA intercalatively,?3433:212213.217.218241.272 Not g]] ternary oxovanadium complexes of DPPZ
bind to DNA as classical intercalators. The DPPZ complex in Figure 1.15 (a) as well as the
PHEN complexes in Figures 1.15 (e), (h), (i), (j) and Figure 1.16 (a) were found to bind to
DNA in a partial/weak intercalative binding mode.!!>1¢7:211216219 The DPPZ complexes in
Figures 1.15 (b) and (c) and the PHEN and DPQ complexes in Figures 1.15 (a) — (c) were
found to be groove binders.?"!¢” Electrostatic attraction to DNA was also noted in some
cases.?"113227 The OH substituent in the complex in Figure 1.15 (e) has the potential to form

hydrogen bonds to the phosphate backbone of DNA.!!3
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Figure 1.15

[VO(ONO)(NN)] complexes for which DNA intrinsic binding constants have
been determined by Sasmal and co-workers (a),'®” (b), (c);*' Guo et al. (d);? Liao
et al. (1), (2) ** and Dong and co-workers (e),''* (h), (i),*'! (j).?'® Intrinsic DNA

binding constants (Kp) are indicated alongside each structure.
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Figure 1.16 [VO(ONO)(NN)] complexes for which DNA binding modes have been
determined by Li and co-workers (a),'® (b),?'? (c),*"® (d);*'72'8272 Aboafia et al.
(e);**" Liao et al. (f), (2)*° and Banerjee et al. (h) — (k).>*! Intrinsic DNA binding

constants (Kp) are indicated alongside each structure.
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The extent of aromaticity of the N,N-bidentate polypyridyl co-ligand was a factor in
determining DNA binding ability of the [VO(ONO)(NN)] derivatives.?!**16” The DNA binding
ability of the complexes generally increased in the order BIPY < PHEN < DPQ < DPPZ for the
complexes in Figures 1.15 (a), (b), (c), (f) and (g).2'341¢7

Interactions of the complexes with DNA could also be through the O,N,O -tridentate ligand.>*
The salicylidene-PHEN complex in Figure 1.16 (d) interacted with DNA weaker than the
PHEN complexes reported in Figures 1.15 (d), (h) and (i) and Figure 1.16 (c).>*'1213217
Appending aromatic moieties on the tridentate ligand can improve the affinity of the
compounds towards DNA .>*3321! For example, the BIPY complex with the naphthalene moiety
on the tridentate azine ligand in Figure 1.15 (g) had a higher intrinsic DNA binding constant
than the salicylidene-PHEN complex in Figure 1.15 (f).3*

However, complexes with aromatic moieties on the tridentate ligand do not always ensure
stronger binders. The complexes with the less sterically hindered thiomethyl moiety on the N-
salicylidene tridentate ligand in Figure 1.15 (b) had higher DNA binding constants than those
with the aromatic indole analogues in Figure 1.15 (c).?! Steric factors were also seen to impact
the DNA binding constant in the work of Zhai and co-workers.!!* The naphthalene derivative
in Figure 1.15 (e) bound to DNA with a modest intrinsic binding constant of 7 x 10° M~!, despite
the planar naphthalene moiety.'!® Lu and co-workers also found lower DNA binding constants
for the [VO(ONO)(PHEN)] type complexes in Figure 1.15 (d) with aromatic tridentate ligands
than those reported for [VO(ONO)(PHEN)] complexes with fewer aromatic groups.>!%

The DNA binding affinities of the [VO(ONO)(NN)] complexes are also associated with the
electronic effect of substituents on the tridentate ligand, although the effect is not definitive.
Electron-withdrawing groups, such as chorine in the complex in Figure 1.16 (g) resulted in a
lower binding constant than the complex in Figure 1.16 (f).>> However, the electron-donating
methoxy substituent on the tridentate ligand of the complexes in Figure 1.15 (d) and
Figure 1.16 (d) decreased the binding ability to DNA in comparison to the salicylidene

analogues, where R = H.22!7-218
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The electron-donating OH substituent on the tridentate ligand in the complexes in
Figure 1.16 (k) led to higher DNA binding affinities in comparison to the corresponding
complexes in Figure 1.16 (j).>*' The latter may be a consequence of hydrogen bonding to the

DNA helix leading to a more stable chelate.

The above data show that there are multiple factors affecting the DNA binding affinity of the
metallodrugs, suggesting that the design of complexes with high DNA affinities is not a trivial

matter.

Electron-withdrawing or donating groups changes the electron density of the aromatic
chromophore of the tridentate ligand and so alters the pi-stacking interaction of the ligand with
the base-pairs of DNA.2! To study the electronic effects of substituents on the drug/DNA
interactions of the complexes in this work, a range of electron-donating and withdrawing

substituents have been included on the Schiff base ligand.

A positive correlation between DNA binding ability and antitumour activity of the
[VO(ONO)(NN)] complexes has been reported.>**3237 [Cs data is presented in Table 1.1 for
the complexes depicted in Figures 1.15 (f) and (g). The data indicates that the complexes with
the higher intrinsic DNA binding constants were more cytotoxic towards neuroblastoma and

breast carcinoma cell lines.>*
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Table 1.1 DNA itrinsic binding constants (Kp) and related ICso values of
oxovanadium(IV) hydrazide complexes against SH-SYS5Y and MCF-7 human
cancer cell lines after a 48-hour incubation, measured by MTT assay.>* Each
ICso value expressed as the mean + standard deviation of three independent

experiments.

ICs0 (UM) ICso (nM)

Complex ; Ko M) SH-SYS5Y MCF-7
ligand
neuroblastoma breast

‘O PHEN | (2.70+0.10) x 10* 395+0.14 1.97+0.21

H

|O

\U/

/\N 4
|\ BIPY | (2.10+0.10) x 10 6.90 + 0.38 11.5+0.94
® L)

H

|

N/ \ﬁ/ PHEN | (1.60+0.10)x10° | 8.86+0.31 | 26.5+0.62

/V\N

The PHEN complexes in Figures 1.17 (a), (b) and (c) were also more cytotoxic than the
corresponding BIPY derivatives against liver, breast, and ovarian cancer cells3$178-27
However, this is not always the case. The BIPY analogue of the complex in Figure 1.15 (f) and
the BIPY complex in Figure /.77 (D), where R = H, are more cytotoxic against a human breast
carcinoma cell line and interacted with DNA differently compared to the PHEN analogues.>*>’
The BIPY complex in Figure 1.17 (b) where R = Br is selective towards ovarian, breast and
prostate cancer cell lines over normal kidney cells in comparison to the corresponding PHEN
complex.!” This variability shows that the mechanism of action extends beyond that of passive
DNA binding. The ability of the complex to reach the intended cellular target and then produce

ROS 1s also a vital factor in cytotoxicity.
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Figure 1.17 [VO(ONO)(NN)] complexes reported to have antitumoural properties,
(a)’38 (b),178’257 (c)257 and (d, e,f).ISO

Substituents on the tridentate ligand also influence the cytotoxicity of [VO(ONO)(NN)]-type
complexes. The carboxyl group on the salicylidene ring of the complexes shown in
Figures 1.16 (f) and (g) is thought to improve their hydrophilicity and so improve cytotoxicity
against myeloma and gliomas cancer cell lines.*> The complex in Figure 1.16 (f) with the
diethyl amine substituent showed better inhibitory effect against myeloma and gliomas cell
lines than the complex in Figure 1.16 (g) with the chloro substituent. This is possibly due to
complex (f) being a stronger DNA binder than complex (g).>> The complex with the methoxy
substituent in Figure 1.15 (d) was a less potent inhibitor of myeloma and gliomas cell lines than
the corresponding unsubstituted derivative, correlating with it being a weaker DNA binder.?
The addition of an electron-withdrawing bromo substituent on the tridentate ligand in the BIPY
and PHEN complexes in Figures 1.17 (b) resulted in higher cytotoxicity than the corresponding
unsubstituted derivatives against ovarian and breast carcinoma cell lines.!'”®?%7 Also, the
complex in Figure 1.17 (d) with the methoxy substituent was significantly more cytotoxic
against human liver cancer cells than the corresponding complex with a diethyl amine

substituent.'>°
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The complex in Figure 1.17 (f) with the extra naphthalene moiety was less cytotoxic against
liver cancer cells than the complex with tert-butyl substituents in Figure 1.17 (e)."*° Yet, the
complexes in Figure 1.15 (g) with the extra naphthalene moiety were more cytotoxic against
neuroblastoma cancer cell lines than the corresponding salicylidene analogues in
Figure 1.15 (f) (Table 1.1).>* These data show that through relatively minor variations of the
Schiff base ligand, the physicochemical and the subsequent cytotoxic properties of complexes

may easily be tuned.

Oxovanadium complexes that are reported to be strong DNA binders also have higher DNA
cleavage activities.!®*?*" It is thought the bioavailability of ROS is improved as the strength of
the DNA binding ability of the vanadium complex is increased.'®* The phenanthroline-derived
complex in Figure 1.16 (e) exhibited higher DNA binding affinity and induced more DNA
oxidative cleavage than the parallel [VYO2(ONO)] complex.??’ In addition, the phenanthroline
derivatives depicted in Figures 1.17 (b) and (c) were able to cleave plasmid DNA more
effectively than the BIPY derivatives in the presence of the oxidising agent oxone and reducing

agent 3-mercaptopropionic acid.?’

The DNA cleavage efficacy was also dependent on the the nature of the tridentate ligand. The
salicylidene-glycine-DPPZ compound shown in Figure 1.17 (b), was able to induce moderate
DNA cleavage without external agents, whilst the bromo DPPZ derivative did not.!”® The
phenylalanine-BIPY derivative in Figure 1.17 (c) was also more active than the BIPY

derivative in Figure 1.17 (b) where R = H in the presence of oxone.?’

The complexes depicted in Figure 1.15 (h) and (i) and in Figure 1.16 (b) and (c) were also
shown to cleave plasmid DNA 2!1"13 The complex in Figure 1.16 (d), where R = H, cleaves
plasmid DNA and the nuclease activity of the complex was further enhanced by the addition of
hydrogen peroxide.?’? Other complexes that could oxidatively cleave plasmid DNA in the
presence of hydrogen peroxide include those shown in Figure 1.15 (d) and Figure 1.16 (e), both
through the catalytic production of hydroxyl radicals.>?**” The complexes (f) and (g) in
Figure 1.16 could oxidatively cleave plasmid DNA in the presence of hydrogen peroxide after

irradiation with UV radiation and subsequent production of hydroxyl radicals.*’
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The DPQ and DPPZ complexes in Figures 1.15 (a), (b) and (c) were found to be photocleavers
of plasmid DNA in UV-A light via a singlet oxygen mechanistic pathway.?!!%” In near-IR light
the DPQ and DPPZ complexes in Figure 1.15 (a) could photocleave DNA by a hydroxyl radical
photo-redox pathway and the DPQ and DPPZ complexes in Figure 1.15 (b) and (c) could
photocleave DNA in near-IR radiation by the singlet oxygen pathway.?!'®’ The photosensitising
effects of the quinoxaline and phenazine moieties in DPQ and DPPZ, respectively, is thought
to enable the photocleavage activity of oxovanadium complexes containing these ligands.'®’
The complex in Figure 1.15 (a) with a DPPZ co-ligand was found to be significantly more

photocytotoxic than DPPZ alone, with low cellular dark toxicity against human cervical cancer

HeLa cancer cells in visible light.'®’

In addition to being cytotoxic, the complexes in Figure 1.15 (f) and (g) are able to scavenge
hydroxyl radicals and may potentially supress metastases of cancer cells via this
process.***® The complexes in Figure 1.17 (a) exhibit antioxidant properties, scavenging
superoxide and organic 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS ") and 1,1-
diphenyl-2-picrylhydrazyl (DPPH’) radicals.?’*"!

Oxovanadium complexes comprising O,N,O -tridentate Schiff base and polypyridyl ligands
have also shown potential in other medicinal applications. Costa Pessoa and co-workers
reported on [VO(ONO)(NN)] and [VO(ONN)(NN)]-type complexes of tridentate hydrazone
ligands (Figure 1.18) with not only antitumoural properties but broad-spectrum antiparasitic
properties against Trypanosoma cruzi, Trypanosoma brucei and Leishmania parasites that

compare with, or are more effective, than established medications,36-66:100.240.247.248

R!, R?

H, H

H, Br

OCHs, H NH,

OCH:CHs, H  p=( \D

OCHs, Br /=N, o b (@) \II/
\I/
Y

N,N = BIPY, PHEN, DPPZ

Figure 1.18 Oxovanadium(IV) complexes reported to have antiparasitic and antitumoural

properties 36,100,240,247,248
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The presence of the VO** core with the N,N-bidentate and tridentate ligands was needed for
activity.’®!86 This indicates the intact oxovanadium(IV) complex is associated with the
biological activity at least until the compounds are taken up by the cells.?*’ A parabolic
relationship between the biological response of these compounds and lipophilicity was also
noted.!90:240.247.298 Thjg parabolic relationship is interesting and highlights the conflicting role
of lipophilicity. To be effective, compounds need to travel in aqueous blood serum and then be
able to cross phospholipid bilayers and penetrate the hydrophobic core of the DNA helix to

reach the final biological target.

DNA was found to be the potential parasite and tumour cell target with the bidentate
polypyridyl ligand allowing interaction of the complexes with DNA,36:100:134.186.240.248 ;g A
interaction atomic force microscopy studies of the PHEN complexes depicted in
Figure 1.18 (a) indicate that an absence of substituents on the semicarbazone tridentate ligand
improved intercalative ability of the complexes.'’ In contrast, the DNA interactions of the
DPPZ analogues in Figure 1.18 (a) were modestly affected by a change in substituents on the
tridentate semicarbazone ligand.?*° The order of biological activity was dependant on the type
of N,N-bidentate ligand and almost independent of the substituents on the phenol moiety of the
O,N,O'-tridentate ligand.36100-240.247.248 Interestingly, the order of antitrypanosomal activity of
the complexes was PHEN > DPPZ >> BIPY. The antitrypanosomal activity of the compounds
is thus more closely aligned to the aqueous stability of the [VO(ONO)(NN)] complexes. This
indicates the importance of aqueous stability on the biological efficacy of vanadium-based
metallodrugs. The PHEN compounds were determined to be the most stable to oxidation and

solvolysis and were correspondingly the most biologically active,3%100-240.247.248

What is not known about the complexes described above, is whether the higher biological
activity of the PHEN complexes is due to intrinsic bioactivity of the complexes or to a higher
bioavailability and/or interaction with DNA. The correlation with stability is established, but
the causation is not yet understood. The vanadium(IV) complexes could act as pro-drugs in
biological media and the active species in the cells may not contain the original ligands
(Section 1.5).**7 The stability of oxovanadium complexes is an important aspect of their

chemistry and will be further discussed in Chapter 7.
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Other oxovanadium(IV) complexes of tridentate hydrazone and bidentate N,N-donor

polypyridyl ligands that exhibit anticancer, antimicrobial or antidiabetic properties are shown

in Figure 1.19.45163242250

@ M (b) o { B
"
s
" Ser.
e

Figure 1.19 Oxovanadium(IV) complexes of O,N,O'-donor hydrazone ligands reported to
have antimicrobial (a),>° anticancer (a),>° (b),** (c)'® and antidiabetic

properties (d)* and (e).2%

The library of complexes described in Figure 1.19 (a) exhibit cytotoxic activity against lung
cancer cells, comparable to cisplatin in addition to exhibiting antimicrobial activity against
Escherichia coli, Bacillus subtilis, Staphylococcus aureus and Salmonella typhimurium.*> The
studies indicate that less sterically hindered complexes are not necessarily the most biologically
active. The benzoylhydrazone [VO(ONO)(PHEN)] complex in Figure 1.19 (a), where R = H
was less cytotoxic against a lung cancer cell line than the more sterically hindered complexes
where the para R substituent was CH3, OCH3 or C1.2°° This again highlights the interconnected
nature of phyiscochemical properties and cytotoxicity. It has been shown that there is often a

three-dimensional relationship between physical properties and biological activity.?*’
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The complex in Figure 1.19 (b) was similarly shown to be more cytotoxic towards a lung cancer
cell line compared to either the free tridentate ligand or metal precusor, indicating that the
combination of the two is required for cytotoxicity.?*> The hydrazone-BIPY complex in
Figure 1.19 (c) was able to induce apoptosis in human papillomavirus infected cervical cancer
cells.'®> The hydrazone-PHEN complexes in Figures 1.19 (d) and (e) displayed antidiabetic
properties.*>* The complex in Figure 1.19 (d) is able to inhibit human recombinant protein
tyrosine phosphatase 1B (PTP-1B) and is likely a key step in the mechanism of action.*> The
tert-butyl group of this compound is thought to aid glucose utilisation. The terz-butyl substituent

increases the lipophilicity of the complex, and so may aid transport across cell membranes.*’

Whilst neutral complexes may enable metallodrugs to cross biological membranes, cationic
metallodrugs, inclusive of vanadium complexes, can target the negatively charged phosphate

backbone of DNA 44-47.223,298

1.10.2 Cationic Oxovanadium(IV) Complexes with Phenanthroline-Derived

Co-ligands

Marks and co-workers reported that the aqueous form of vanadocene, [(CsHs)2V(OH2)2]*" ions,

interacted with the phosphate groups of DNA nucleotides, and is likely part of their mechanism

of action.**#7

Several cationic oxovanadium(IV) complexes with bidentate N,N-donor polypyridyl ligands
forming part of their coordination sphere have been reported.4°%-180.183.184,222,223,299-304
Oxovanadium complexes of the type [VO(ONO)(NN)]" and [VO(ONN)(NN)]" with
phenanthroline-derived ligands, for which DNA binding studies have been reported, are

indicated in Figure 1.20. 131:222:223.302
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Figure 1.20 Cationic oxovanadium(IV) complexes studied by Sasmal and co-workers of the

type [VO(ONO)(NN)]" (@) and [VO(ONN)(NN)]" (b) and (¢).?22223392

The complexes in Figure 1.20 bind to calf thymus DNA in a primarily groove binding mode
with intrinsic binding constants of 10* to 10° M~! in the order PHEN < DPQ < DPPZ.?>>??* The
DPPZ complex in Figure 1.20 (b) was found to be a partial intercalator.??> The cationic
guanidinium or amine moiety of the complexes depicted in Figure 1.20 (a), is thought to enable
those complexes to target specific DNA base pairs.?>® The complexes show higher binding

affinity towards adenine-thymine base pairs than guanine-cytosine base pairs.?**

The DPQ and DPPZ analogues in Figure 1.20 (a) were found to be efficient plasmid DNA
photocleavers in both UV-A and near-IR light, via a singlet oxygen mechanistic pathway.'®”
These cationic DPPZ complexes are significantly better photocleavers of DNA in red light than
the neutral DPPZ analogue depicted in Figure 1.15 (b).'*%

The [VO(ONN)(NN)]CIO4 DPQ and DPQ complexes in Figure 1.20 (b) were also able to
photocleave DNA with UV-A radiation, forming both !0 and hydroxyl radicals and under near-
IR radiation by a hydroxyl radical mechanism.?”> No hydrolytic cleavage of DNA was
suggested for the complexes in Figure 1.20 (a) and (b) based on their poor chemical nuclease

activity in the dark in the presence of oxidising or reducing agents.???2%3
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The PHEN ligand is known to be photo-inactive when bound to a metal ion.??> The PHEN
complexes in Figure 1.15 (a), (b) and (c) and in Figure 1.20 (b) and (c) were thus inactive with
respect to DNA photocleavage.?!:167-222392 Yet, the PHEN complexes in Figure 1.20 (a) showed
slight DNA cleavage in UV-A light. This was possibly a result of the photosensitising nature

of the tridentate amino acid ligands.?**

The DPPZ complexes in Figure 1.20 (a) and (b) exhibited photocytotoxicity (in visible light)
towards cervical cancer cells.?????* The VO?" moiety was noted to enhance the photodynamic
therapy effect of DPPZ.??> The PHEN and DPQ complexes did not show any significant
photocytotoxic activity.??»??* The photocytotoxicity of the DPPZ complexes is attributed to
greater lipophilicity and DNA binding strength of the DPPZ moiety in comparison to the PHEN
and DPQ complexes.’?> The DPPZ ligand may enable increased internalisation of the
complexes into the cell.??? Studies have shown that the DPPZ complexes can cross the cellular
membrane and concentrate in the cell in greater quantities when compared to the ligands
alone.'®" The above data are the basis for the selection of the range of N, N-bidentate co-ligands

used in the present study.

For the purposes of this project, monoanionic O, N, N'-tridentate Schiff base ligands were chosen
to coordinate to the VO?" core to form the cationic set of complexes. The O,N,N'-tridentate
Schiff bases are N-methyl imidazole aminophenols. The purpose of the N-methyl group on the
imidazole moiety is to prevent ionisation of the nitrogen upon coordination to the metal
centre.’® In recent years, derivatives of the 1-methyl-1H-imidazol-2-yl)methanimine Schiff

base ligand have been coordinated to various metals for a wide variety of applications. These

306-309 310-314

include molecular magnets, catalysis, anticancer agents,’!® bioimaging probes®!® and

enzyme modelling.*!’

The cationic metal chelates will have significantly different physicochemical properties when
compared to their neutral analogues. They should exhibit improved aqueous solubility and the
potential electrostatic attraction of the cationic complexes to the negatively charged phosphate

backbone of the DNA helix would serve to stabilise the DNA/drug conjugate.
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These previous studies show that predicting DNA binding modes and the likely mechanism of
action of anticancer agents is more complex than the structure of the primary and ancillary
ligands of the oxovanadium(IV) complexes alone. The type of polypyridyl ligand, tridentate
Schiff base ligand, and type of substituents on the tridentate ligand influence many factors such
as the electron density, stability, lipophilicity, and steric bulk of the complexes. These in turn

influence the DNA binding modes, DNA cleavage and cytotoxicity of the complexes.

1.11 Aims and Objectives

The main aim of this work is to synthesise novel neutral and cationic oxovanadium(IV)
complexes which are designed to bind DNA for the purposes of developing anticancer agents.

The aims and objectives of the study are listed:

1. To optimise the synthesis of the N, N-bidentate ligands DPQ and DPPZ.
2. To synthesise O,N,O'-donor salicylidene tridentate ligands (Figure 1.21).

R =H, CHs, C(CHs)s, ClI,
S0O2CH2CHs, phenyl

Figure 1.21 O,N,O'-tridentate Schiff base ligands to be synthesised.

3. To synthesise known (R = H) and novel (R = CH3, C(CH3)3, phenyl) O,N,N'"-donor
imidazole tridentate ligands (Figure 1.22).
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N
R = H, CHs, C(CHa)s, phenyl H —
| N
R N
: :OH

Figure 1.22 O,N,N'-tridentate Schiff base ligands to be synthesised.

4. To characterise the ligands by means of 'H and '*C NMR spectroscopy, elemental
analysis, UV/Visible and FT-IR spectroscopy, and mass spectrometry. Where possible,
single crystal X-ray crystallography will also be used to characterise the ligands.

5. To synthesise novel (except when R = H), neutral oxovanadium(IV) complexes with the
O,N,O'-tridentate ligands and DPQ or DPPZ co-ligands and novel -cationic
oxovanadium(IV) complexes with O, N,N'-tridentate ligands and PHEN, DPQ or DPPZ
co-ligands (Figure 1.23).
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Figure 1.23 Neutral and novel cationic oxovanadium(IV) complexes to be synthesised in the

present study.

6. To fully characterise the oxovanadium(IV) complexes by means of elemental analysis,
UV/Visible, FT-IR and EPR spectroscopy as well as mass spectrometry, and where
possible X-ray crystallography.

7. To determine the DNA binding affinity and mode of DNA binding of the complexes
using absorption spectroscopy, competitive fluorescence emission spectroscopy, DNA

viscosity studies and molecular simulations.

8. To measure the ability of selected complexes to cleave DNA by gel electrophoresis.
9. To investigate the stability of selected complexes in solution.
10. To perform molecular simulations of the complexes and selected ligands using the DFT

method. The experimental structures will be used in conjunction with the DFT-
calculated structures to provide a clear analysis of the structural and electronic attributes
of the compounds that might impact on their interaction with DNA.

11. The vanadium complexes will also be screened against several healthy and tumour cell

lines to determine their cytotoxicity and selectivity index.
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2.1 Synthesis of 1,10-Phenanthroline-35,6-dione (PDO)

Of the N N-bidentate ligands required for this study, 1,10-phenanthroline (PHEN) was

purchased from Sigma Aldrich and used as received. The co-ligands dipyrido[3,2-d:2",3'-

flquinoxaline (DPQ) and dipyrido[3,2-a:2',3'-c]phenazine (DPPZ) were synthesised. The

synthesis of DPQ and DPPZ first involved synthesising the 1,10-phenanthroline-5,6-dione

(PDO) precursor.

The synthesis of PDO was first reported by Smith and Cagle in 1947, as a by-product from the

nitration of 1,10-phenanthroline.! Less than 1% yield of the dione was obtained in this early

work.! PDO was also reportedly synthesised, again as a by-product, from the oxidation of 5-

methoxy-1,10-phenanthroline.>® Two decades later, Dickenson and Summers reported a

method with improved yields to synthesise the dione (Scheme 2.1).*

_ 1. SnCl2-2H20, EtOH
2. Reduction

2. NaOH
3. Recrystallise EtOH

X
| 1. oleum, conc. HNO3
1. Nitration S N/
| 2.30% NaOH
_~N
O5N
2 | \
D
_~N

1. Conc H2S04 and HNO3

L
Y

3. Oxidation

2.10 M NaOH
3. CH2Cl2
4. Recrystallise MeOH

Scheme 2.1 Synthesis of 1,10-phenanthroline-5,6-dione via oxidation of 5-amino-1,10-

phenanthroline." *?
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The multi-step method involved converting 1,10-phenanthroline into 5-nitro-1,10-
phenanthroline.! The nitro group was thereafter reduced using stannous chloride dihydrate to
form 5-amino-1,10-phenanthroline.’> Alternatively, the nitro group may be reduced by sodium
borohydride.®” The isolated 5-amino adduct was then oxidised with fuming nitric acid in
concentrated sulfuric acid to form the dione. This method improved the yield of the dione from

1,10-phenanthroline to 15%.8

Gillard and co-workers also described a method to synthesise the dione by oxidising
phenanthroline coordinated to a cobalt(II) metal centre with nitric and sulfuric acids in the
presence of the bromide anion.® The free 1,10-phenanthroline-5,6-quinone hydrate ligand was

then isolated by complexing the cobalt(III) with ethylenediaminetetraacetate (EDTA).®

Amouyal and co-workers developed a one-step procedure where 1,10-phenanthroline
monohydrate was oxidised by nitric acid in 20% oleum.’ The solution was neutralised with 30%
NaOH, following which, crude 5-amino-1,10-phenanthroline was isolated as a precipitate. The
filtrate, which contained the dione, was extracted with CH>Cl. Upon re-crystallisation from
methanol, the dione was isolated at 20% yield. The improved yield was accredited to the lower

temperature reaction conditions and higher oleum concentration at the start of the reaction.’

A breakthrough in the yield of the dione came when Yamada and co-workers adapted Gillard
and co-workers’ procedure.®!” In the adapted procedure the free 1,10-phenanthroline ligand
was oxidised instead of (+)-[Co(PHEN)3](ClO4)3 (Scheme 2.2). The 1,10-phenanthroline and
potassium bromide were cooled to ca. 4 °C prior to the addition of sulfuric and nitric acids. The
acids were added dropwise to the reaction mixture before heating. The yield improved to

86%.1°

$
| _N Heat

Scheme 2.2  One-pot synthesis of 1,10-phenanthroline-5,6-dione as reported by Yamada

and co-workers.'?
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Hiort and co-workers also used a one-pot synthesis method comprising the nitrating agent and
bromide ion but did not cool the acids prior to their addition.!! They achieved a yield of 45%.
Calderazzo et al., however, cooled the sulfuric acid with liquid nitrogen before the
phenanthroline/KBr mixture was added.'? With this method, they achieved a 56% yield. These

two contrasting results show the significance of cooling the reaction mixture.

In this work, 1,10-phenanthroline-5,6-dione was synthesised using modified procedures of
previously reported methods.!!"!> Nitric and sulfuric acid in a 1:2 ratio were combined and
cooled using liquid nitrogen.'?!> Potassium bromide and 1,10-phenanthroline (PHEN) were
added to the frozen acids in a 1.5:1 ratio.!>'* After slowly warming the mixture to room
temperature, the solution was refluxed for six hours, following which the pH of the solution
was increased to six with the dropwise addition of 10 M NaOH.'"!*!5 Care was taken not to go
above pH 7 as this resulted in the formation of undesired by-products.'® After filtering, the
precipitate was washed with boiling water.!"!'> The combined aqueous extracts were extracted
with dichloromethane and dried over anhydrous magnesium sulfate.!>!315 After evaporation of
the solvent, the crude product was recrystallised from methanol to give a 64% yield of the

dione.'>!*

2.2 Schiff Base Condensation Reactions

The synthesis of the DPQ and DPPZ co-ligands as well as the O,N,O'- and O,N, N'-tridentate
ligands in this work involved Schiff base condensation reactions. As mentioned in
Chapter One, a Schiff base (named after its discoverer Hugo Schiff)!®!” is an N-substituted
imine obtained from the reaction of an aldehyde or ketone with a primary amine.'®!® The
formation of the N-substituted imine is a two-stage reaction.!? In the first stage, a carbinolamine
forms from the nucleophilic addition of the amine to the carbonyl group. The carbinolamine

then undergoes dehydration to form the N-alkyl- or N-aryl-substituted imine (Scheme 2.3).'%1°
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R OH ‘NR"”
N .. addition | elimination ||
L£=° + R'NH RCR’ RCR' +H0
N |
Aldehyde Primary HNR" N-substituted
or ketone  amine N . imine
Carbinolamine

Scheme 2.3  Formation of a Schiff base from an aldehyde or ketone and primary amine.'®

The mechanism for imine formation is outlined in Scheme 2.4. In the first step, the
carbinolamine is formed by the nucleophilic attack of the carbonyl carbon by a primary amine.
The oxyanion gains a proton, and the ammonium ion loses a proton to form the neutral
tetrahedral carbinolamine. The carbinolamine is an unstable intermediate. Protonation on the
oxygen atom followed by dehydration of this intermediate forms a protonated imine, which

loses a proton to yield the imine.!"”

carbinolamine

R -
\ 00 iy g OM O e o SOH

S 4 RNH X = X X
- H , —H H +H*
H b NHR NH,R H H NHR
_H+ﬂ+ H*

R R -
e >
SN TR iR == RO
H H/ H
ZNHR'
imine + H:0 g
Protonated
imine

Scheme 2.4 Mechanism for imine bond formation from an aldehyde and primary amine."
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The carbinolamine favours protonation on the nitrogen atom as nitrogen is more basic than
oxygen. The oxygen can be protonated to form the imine, by removing water or by precipitation
of the imine. The addition and elimination phases of the reaction are also accelerated by acid
catalysis. This gives a reasonable equilibrium concentration of the protonated aldehyde or
ketone and protonates the carbinolamine to form H>O and not OH™, which acts as the leaving
group. The amine, however, will be converted to its non-nucleophilic protonated form in the

presence of excess acid.'®!

2.2.1 Synthesis of the Bidentate NV,/N-Donor Co-ligand DPQ

The formation of dipyrido[3,2-d:2',3'-f]quinoxaline (DPQ) follows a Schiff base condensation
reaction of 1,10-phenanthroline-5,6-dione and ethylenediamine (Scheme 2.5). Collins and co-
workers synthesised DPQ using the above condensation reaction in ethanol followed by the
addition of methanol/water (10/90) and recrystallisation of the crude DPQ from methanol.?’
Using this method, much lower yields were obtained in this work than those reported (33% vs
91%).2° The method adopted by Molphy et al. was, therefore, utilised in this work.?! This
method entailed stirring the dione and a 4:1 excess of ethylene diamine in water for twelve

hours at 60 °C.?! The DPQ was isolated as a precipitate and washed with water and diethyl ether
to isolate DPQ at a high yield of 89%.

H2Nj

60 °C, H20

HoN

Y

Scheme 2.5 Schiff base condensation reaction of 1,10-phenanthroline-5,6-dione with

ethylenediamine to form DPQ.?!
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2.2.2 Synthesis of the Bidentate NV,/N-Donor Co-ligand DPPZ

The dipyrido[3,2-a:2',3'-c]phenazine (DPPZ) ligand is synthesised by a Schiff base
condensation reaction between 1,10-phenanthroline-5,6-dione and 1,2-phenylenediamine
(Scheme 2.6). DPPZ was synthesised according to the method reported by Summers and co-
workers.* Therein, a 2:1 dione:diamine ratio in refluxing ethanol was used, followed by

recrystallisation from methanol to give a yield of 75%.

Scheme 2.6  Schiff base condensation reaction of 1,10-phenanthroline-5,6-dione with 1,2-

phenylenediamine to form DPPZ.*

2.2.3 Synthesis of the Tridentate O,NV,0'-Donor Schiff Base Ligands

Salicylidene Schiff base ligands such as 2-{(E)-[(2-hydroxyphenyl)imino]methyl}
phenol are well known having been used extensively in the preparation of transition metal
complexes.???’ The O, N, O'-tridentate Schiff base ligands in this work were synthesised via the
general procedure of reacting equimolar quantities of salicylaldehyde with the corresponding
2-aminophenol derivative (Scheme 2.7) in refluxing ethanol or methanol.?>?® No further
dehydration methods (such as Dean and stark apparatus) were necessary to form the imine. The
imine bond is stabilised through electron delocalisation from the electron-dense aryl groups.
Owing to the possible delocalisation of electrons, Schiff bases synthesised from aromatic
amines and aldehydes generally result in higher yields compared to those synthesised from

aliphatic precursors.?’
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R = H, CHs, C(CHs)s, Cl, R = H (PHA), CHs (MEA),
SO2CH:2CHs, Phenyl C(CHa)s (TERTA), CI (CLA),
O SO2CH2CHs (SOA), H
R NH, y Phenyl (PHPHA) |
R N OH
OH HO + HZO
OH
2-aminophenol salicylaldehyde
derivatives
o H
NH, o NAA |
+ H,0
3-amino-2-naphthol OH 2

Scheme 2.7  Schiff base condensation reaction between salicylaldehyde and 2-aminophenols
substituted in the 4-position to form O, N, O'-tridentate Schiff base ligands. These

ligands will later be coordinated to oxovanadium(IV).

The O,N,O'-tridentate ligands derived from salicylaldehyde typically form O-H---N
intramolecular hydrogen bonds.?? Salicylidene Schiff bases are also known to form keto-enol
tautomers with N-H---O intramolecular hydrogen bonds in the keto-amine tautomer
(Scheme 2.8). Kabak and co-workers, reported that the keto tautomer is predominant over the
enol form in the solid-state for 2-{[(1E)-(2-hydroxyphenyl)methylene]amino } -4-methylphenol
(MEA) and 4-chloro-2-{[(1E)-(2-hydroxyphenyl)methylene]Jamino} phenol (CLA).***! BsShme
and Fels also reported the isolation of the keto-amine tautomer for 4-tert-butyl-2-{[(1E)-(2-
hydroxyphenyl)methylene]amino} phenol (TERTA).* In agreement with the literature, the
O,N,O'-donor ligands synthesised in this work crystallised as the keto-amine tautomer (reported
in Section 5.1). The phenol-imine solid-state structures of CLA and 2-{(E)-[(2-
hydroxyphenyl)imino|methyl}phenol (PHA) have also been reported with small AMI1
calculated energy barrier between the keto and enol arrangements.?>?33%3! While the O,N,O'-
donor ligands synthesised in this work crystallised as the keto-amine tautomer (Section 5.1),
the NMR spectra of the O,N,O-donor ligands indicate the enol-imine form in solution
(Appendix A, Figures A10, A16, A22, A28, A34, A40 and A46), as reported in the literature.*’
The abundance of examples in literature of both the keto and enol tautomers suggests that the

energy barrier for this rearrangement is relatively low.
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enol tautomer keto tautomer

Scheme 2.8  Enol-keto tautomerism of O,N,O"-tridentate Schiff base ligands.***! Hydrogen

bonds are shown as dashed red lines.

2.2.4 Synthesis of the Tridentate O,N,N'-Donor Schiff Base Ligands

The O,N,N'-tridentate ligands were synthesised by a condensation reaction between 1-methyl-

2-imidazolecarboxaldehyde and the corresponding 2-aminophenol (Scheme 2.9).

R =H (PHCA), \N
CHs (MECA), /\>
C(CHs)s (TERTCA), H \N
phenyl (PHPHCA) \N AN |
R NH, R N
—N
OH H OH

Scheme 2.9  Schiff base condensation reaction of 1-methyl-2-imidazole carboxaldehyde and

4-substituted 2-aminophenol to form O, N, N'-tridentate Schiff base ligands.

The novel 4-methyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)methylene]amino} phenol (MECA)
and 4-tert-butyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)methylene]amino}phenol (TERTCA)
ligand derivatives were synthesised via the common synthetic route of refluxing the
carboxaldehyde and respective 2-aminophenol in ethanol.** The ligand, however, did not
precipitate out of solution upon cooling. Instead, a viscous oil was formed upon removal of the
solvent under reduced pressure. The isolation of the product as an oil is not unusual for this

class of compounds.***¥ Upon cooling to -20 °C the ligands crystallised.
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These crystals remained stable when warmed to room temperature. This crystallisation process
simplified their handling during further chemical manipulations. The synthetic procedure of

MECA and TERTCA in this study has been published.*

As previously mentioned, imine bonds are stabilised through electron delocalisation from
electron-dense aryl groups.?’ The stabilising effect of the electron-donating methyl and tert-
butyl substituents in MECA and TERTCA, respectively, is observed with the relative ease with
which MECA and TERTCA formed upon refluxing the carboxaldehyde and the corresponding
2-aminophenol derivative in ethanol. Attempts to synthesise 2-{[(1E)-(1-methyl-1H-imidazol-
2-yl)methylene]amino } phenol (PHCA) and 3-{[(1E)-(1-methyl-1H-imidazol-2-yl)methylene]-
amino } biphenyl-4-ol (PHPHCA) in ethanol, methanol or dichloromethane did not yield the
target compounds. Whilst MECA, TERTCA and PHPHCA are novel, PHCA has been
previously described. The reported method to synthesise PHCA involved reacting a 1:1 molar
ratio of the carboxaldehyde and 2-aminophenol in water, followed by extraction of PHCA with
CHCls and recrystallisation from CH>Clo/hexane.***! This is an unusual method as imine bonds
are susceptible to hydrolysis and the presence of water would shift the reaction equilibrium to

the reactants. An improved method was thus developed.

An efficient solid-state method adapted from Akerman and Chiazzari was rather employed to
synthesise PHCA and PHPHCA in this work.*> This method was chosen due to the reduced
number of synthetic steps and minimal work-up required to isolate the target compound. A
slight excess of 1-methyl-2-imidazole-carboxaldehyde was reacted with 2-aminophenol or 2-
amino-4-phenylphenol to form PHCA and PHPHCA, respectively. The imidazole, which is
soluble in toluene, was added in excess. This further simplified the purification process as the
target ligands are sparingly soluble in toluene. The excess 1-methyl-2-

imidazolecarboxaldehyde could thus be easily removed by washing with toluene.

The ligands were then obtained by recrystallisation from toluene. If this recrystallisation
process was done at room temperature, X-ray crystallography showed that the PHCA crystals
contained water, even with the use of molecular sieves in the toluene. The crystal structure
showed the unit cell had a cage-like structure with a trapped hydrogen-bonded water molecule
bridging two ligands (Figure 2.1).3° The structure of the hemihydrate form of PHCA is further

discussed in Section 5.2.
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Figure 2.1  Hydrated PHCA indicating the cage-like structure with a trapped, hydrogen-

bonded water molecule bridging two ligands.*

The anhydrous samples of PHCA and PHPHCA ligands were obtained by dissolving the
respective crude products in toluene with 3A molecular sieves and refluxing the resultant
solution for 30 minutes. Crystals of anhydrous PHCA and PHPHCA formed upon slow cooling
of the hot solution respectively. This adapted synthetic method has been published for PHCA.*
The cage-like crystal structure with extensive hydrogen-bonding between the ligand and water
molecules explains the stability of the hemihydrate. The additional energy afforded by heating

the sample was required to break this motif apart and remove the water trapped in the lattice.

2.3 Synthesis of the Oxovanadium(IV) Complexes

The formation of octahedral oxovanadium(IV) complexes generally starts from an aqueous
solution of vanadyl sulfate or VO(acac).*** Vanadyl sulfate hydrate (vanadium(IV) oxide
sulfate hydrate) was chosen as the metal salt precursor for the synthesis of both the neutral and
cationic metal complexes in this work. VO?* is considered a hard acid.>* According to Pearson’s
principle, hard acid metal ions prefer to bind to hard base ligands.’> The vanadium core
preferentially binds to hard atoms such as oxygen donor ligands and to a lesser extent,

heterocyclic nitrogen donor ligands (pyridine is considered a borderline base).>*
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2.3.1 Synthesis of the Neutral Oxovanadium(IV) DPQ Complexes

The neutral heteroleptic oxovanadium(IV) complexes with a DPQ co-ligand were prepared by
an adapted method of Sasmal and co-workers.”>>® The synthetic procedure was a one-pot
method starting with dissolving vanadyl sulfate hydrate in ultrapure water (Scheme 2.10).>> The
relevant O, N, O'-tridentate ligand, dissolved in methanol, was then added dropwise, over thirty
minutes, to the vanadyl sulfate solution.’>** No base was necessary to deprotonate the phenol
OH groups. The 'H NMR spectra of the tridentate ligands indicate that the tridentate ligands
are predominantly the enol tautomer in solution, rather than the keto tautomer (Section 4.2.2).
The metal was found to be sufficiently acidic to deprotonate the phenolic OH groups of the
tridentate ligand. Chelation was immediate at room temperature, indicated by the change in
colour of the blue vanadyl solution to orange. Similar methods were used for related
compounds.>? >* Once all the tridentate ligand had been added, solid DPQ was added.’?>* The
solution was then refluxed for two hours under an inert atmosphere to stop vanadium(IV) from
oxidising to vanadium(V).*>* The metal octahedron comprised the dianionic, tridentate Schiff
base ligand; the monodentate, dianionic oxo ligand and the neutral, bidentate DPQ ligand to

yield a neutral vanadium(IV) metal chelate.

R = H, CHs, C(CHs3)s3,
Cl, SO2CH2CHs,

phenyl
H | N\ methanol
VOSO, 4 —_—
. R N on + /j inert
n Hzo
atmosphere
OH

or NAA

Scheme 2.10 Synthetic procedure to form the neutral oxovanadium(IV) DPQ complexes.

Both the tridentate Schiff base and DPQ ligands are soluble in methanol and could be separated
from the sparingly soluble oxovanadium(IV) DPQ target compound, which precipitates from
solution as a red microcrystalline powder. The purity of the product, as indicated by ESI-mass

spectroscopy, was further improved when the synthesis was executed under inert conditions.
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The isolated vanadyl complexes were shown by X-ray crystallography to form a VN3O3, six-
coordinate distorted octahedron with the O, N, O'-tridentate Schiff base ligand occupying three
of the equatorial coordination sites of the VO** core and the N,N-donor DPQ ligand trans to the

oxo ligand.
2.3.2 Synthesis of the Neutral Oxovanadium(IV) DPPZ Complex

The neutral oxovanadium(IV) DPPZ complex was prepared via the same procedure as the
neutral oxovanadium(IV) DPQ complexes in this work, adapted from Sasmal and co-
workers.’>3 Vanadyl sulfate hydrate was first dissolved in ultrapure water.** MEA, dissolved
in methanol, was then added dropwise, over 30 minutes, to the vanadyl sulfate solution. After
chelation of MEA, solid-state DPPZ was added to the reaction mixture and the solution was
heated to reflux under an inert atmosphere for two hours (Scheme 2.11). The sparingly soluble

oxovanadium(IV)-DPPZ adduct precipitated from solution as a red, microcrystalline

H
I
N o O
I) methanol }U/\
|nert © ' NZ
N

atmosphere

precipitate.

VOSO0, \(Q
inH,0 T

OH

Scheme 2.11 Synthetic procedure to form the oxovanadium(IV) DPPZ neutral complex.
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2.3.3 Synthesis of the Cationic Oxovanadium(IV) Complexes

The chelation of a monoanionic O,N,N'-tridentate ligand (in place of a dianionic O,N,0"-
tridentate ligand) and an N,N-bidentate co-ligand (PHEN, DPQ or DPPZ) to the VO** core
yields a six-coordinate, monocationic complex. The metal chelate was isolated as the
hexafluorophosphate(V) metal salt for the PHEN and DPQ complexes due to the ease of
isolation of the hexafluorophosphate adduct as compared to the chloride derivative. The DPPZ

complex was easily isolated as the chloride salt.

The first step in the synthesis of the monocationic complexes is conversion of the sulfate anion
to chloride using barium chloride in a metathesis reaction, under an inert atmosphere
(Scheme 2.12).4* BaSO4 precipitates from the aqueous reaction medium as a fine solid and
must be removed by filtration through either a Millipore filter or Celite.*® The vanadyl chloride

remains in the ethanol/water-based solution.

EtOH
VOSOy(aq) + BaCly(aq) —>| t VOCl,(aq)
ner

atmosphere BaSO,(s)

Scheme 2.12 Conversion of vanadyl sulfate to vanadyl chloride.

The corresponding O, N, N'-tridentate ligand, dissolved in ethanol, was then added dropwise to
the vanadyl chloride solution under an inert atmosphere, over thirty minutes. The tridentate
ligand coordinates immediately to the oxovanadium core as evidenced by the solution changing

colour from blue to red.

Past literature reports suggest that refluxing vanadyl chloride and an O,N,N'-donor Schiff base
ligand, for one hour before adding the N, N-donor phenanthroline base is an effective synthetic
method.>® However, in this work, the bidentate N,N-donor co-ligand (PHEN, DPQ or DPPZ)
was added to the reaction mixture earlier than one hour (no more than thirty minutes after the

first addition of the tridentate ligand), to stabilise the vanadium(IV) centre.
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If the N,N-donor co-ligand was added to the reaction mixture later, the imine bond in the
tridentate ligand was found to hydrolyse without the N,N-donor co-ligand available for
coordination. A sample of a species formed from vanadyl chloride and the O, N, N'-tridentate
MECA ligand in 11% water/ 89% ethanol (v/v), is shown in Figure 2.2. In this case the structure
comprises 2-amino-4-methylphenol coordinated to the oxovanadium centre, along with the
O,N,N'-tridentate ligand MECA. It must be noted that MECA was carefully purified prior to
addition to the vanadium reaction mixture. The 'H and '*C NMR spectra of MECA (in

Figures A58 and 459, Appendix A, respectively) clearly indicate the MECA ligand purity.

Figure 2.2  X-ray structure of 2-amino-4-methylphenol coordinated to the VO(MECA)
centre. (green =V, red = O, purple = N, grey = C, beige = H).

After the addition of the bidentate N,N-donor co-ligand as a solid to the reaction mixture, the
reaction mixture was heated to reflux for two hours under an inert atmosphere
(Scheme 2.13).%%%%2 The reaction was performed under an inert atmosphere to ensure the

formation of the oxovanadium(I'V) chelate and not a vanadium(V) derivative.

The chloride salt of the complex with the DPPZ co-ligand precipitated from the ethanol/water
solution as a maroon, microcrystalline powder upon reduction of the solvent volume. For the
PHEN and DPQ complexes, aqueous ammonium hexafluorophosphate was added to the
reaction mixture. The target compounds precipitated from the reaction mixture as the maroon

hexafluorophosphate(V) salts (Scheme 2.13).
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R N EtOH N o
VOCly(aq) + \@ + — \”/
N inert

atmosphere

(s) when N,N = DPPZ
(aq) when N,N = PHEN,

DPQ
NH4PFs(aq)

or

[ \ | PFg

V
R = H, CHs, C(CHj3)s, phenyl for PHEN complex O/‘\N
R = CHjs, C(CHj3)s for DPQ complex N\J
R = CHj; for DPPZ complex

N,N = PHEN, DPQ

Scheme 2.13 Synthetic procedure to form the cationic oxovanadium(IV) PHEN, DPQ and
DPPZ complexes.

2.4 Summary of the Synthetic Procedures

The bidentate and tridentate ligands were synthesised via condensation reactions of the
respective carbonyl compounds and amines using adaptations of reported methods for DPQ, 2!
DPPZ.* O,N,0'*?% and O,N,N' ligands.’****? The neutral DPQ and DPPZ oxovanadium
complexes were synthesised using procedures reported for related compounds.’>> The
complexes were synthesised in methanol, under an inert atmosphere. First, the vanadyl sulfate
was dissolved in water. The respective O,N,O'-tridentate ligand, dissolved in methanol, was
then added. Finally, the addition of solid-state DPQ or DPPZ, formed the respective target

compound after heating to reflux.
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The PHEN, DPQ and DPPZ complexes with an O, N, N'-tridentate ligand were synthesised using
adaptations of procedures reported for related compounds.*>*6-2-%6 First, the sulfate anion was
exchanged to chloride using barium chloride.*** BaSO4 was removed by filtration. The
vanadyl chloride was then reacted with the corresponding O,N,N'-tridentate ligand in ethanol,
under an inert atmosphere. PHEN, DPQ or DPPZ were added as a solid to the reaction mixture
under an inert atmosphere.*>***>2 After refluxing for two hours under an inert atmosphere, the
maroon-coloured complex with a DPPZ co-ligand was precipitated as the chloride salt upon
reduction of the solvent volume. The PHEN and DPQ complexes were isolated as the respective
hexafluorophosphate salts by the addition of ammonium hexafluorophosphate to the reaction

mixture.
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3.1 General Procedure

1,10-Phenanthroline-5,6-dione'*, dipyrido[3,2-d:2',3"-f]quinoxaline (DPQ)’, dipyrido[3,2-
a:2',3'-c]phenazine (DPPZ)%, the O,N,O'and O,N,N' ligands’"'° as well as the oxovanadium(IV)

-13 were synthesised using adaptations of reported procedures. All other reagents

complexes
and methanol (chromasolv grade) were purchased from Sigma Aldrich. Magnesium sulfate
(anhydrous) and all other solvents (AR grade) were purchased from Merck. All reagents and
solvents were used as received. Ultrapure water was collected from Elga PURELAB® Ultra
(DV35) water purification system at 18 MQ. Reactions were carried out under standard

atmospheric conditions unless otherwise specified.
3.2 Instrumentation

NMR spectra of the ligands were recorded either with a Bruker Avance III 400 spectrometer,
equipped with a Bruker magnet (9.4 T), at frequencies of 400 MHz for 'H and 100 MHz for '*C
NMR spectra or with a Bruker Avance III 500 spectrometer, equipped with an Oxford magnet
(11.7 T), at frequencies of 500 MHz for 'H and 125 MHz for '*C. The 9.4 T spectrometer used
a 5 mm BBOZ probe "FA!'P-1Ag/{1H}. The 11.7 T spectrometer used a 5 mm BBOZ probe
3IP-1%Ag/{1H}. The spectra were recorded at 30 °C. All NMR spectra were processed through
Topspin 2.1, patch level 6.'* The proton and carbon shifts were calibrated to the residual DMSO
solvent signal of 2.50 ppm for 'H and 39.51 ppm for *C and to the CHCl; solvent signal of
7.26 ppm for 'H and 77.16 ppm for *C. FTIR spectra were recorded using a Bruker Alpha
FTIR spectrometer equipped with an ATR platinum Diamond 1 reflectance accessory. Data
was collected using 128 scans at a resolution of 2 cm™!. Electronic spectra for the PHEN and
DPQ complexes were recorded from 700 — 200 nm using a Perkin Elmer UV/Vis Lambda 25
double beam spectrometer (1.0 cm path length cuvette) equipped with a Perkin Elmer PTP-1
Peltier Temperature Programmer set to 25.0 °C. The UV WinLab-Run-Scan-Lambda 25
programme was used to record the spectra. Electronic spectra for the DPPZ complexes were
recorded from 700 — 200 nm using a Shimadzu UV-1800 double beam Spectrometer (1.0 cm
path length cuvette) equipped with a Shimadzu CPS Temperature Controller set to 25.0 °C.
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The UV-Probe Ver 2.33 programme was used to record the spectra. Elemental analysis data
was acquired using a Thermo Scientific Flash 2000 Organic Elemental CHNS-O Analyser.
High Resolution mass spectra were recorded using a Waters Micromass LCT Premier time-of-
flight mass spectrometer with electrospray ionisation in positive or negative mode (as specified)

with direct injection.

3.3 Synthesis of the Bidentate N,N-Donor Co-ligands

3.3.1 Synthesis of 1,10-Phenanthroline-5,6-dione Precursor (PDO)

Figure 3.1  Structure and atom numbering scheme of 1,10-phenanthroline-5,6-dione.

1,10-Phenanthroline-5,6-dione was synthesised using modified procedures reported by
Calderazzo et al.', Metzler-Nolte and Schatzchneider,”? Calucci et al®> and Hiort et al.’.
Concentrated sulfuric acid (40 mL, 96-98%) and nitric acid (20 mL, 70%) were mixed, in a
250 mL, two-neck round bottom flask. The acids were cooled by placing the flask in liquid
nitrogen. Solid-state 1,10-phenanthroline (PHEN), (3.994 g, 0.0222 mol) and potassium
bromide (3.995 g, 0.0336 mol) were added to the frozen acid mixture. The reaction mixture
was then removed from the cooling liquid nitrogen and allowed to warm to room temperature.
The solution was then stirred at room temperature for thirty minutes and then heated to reflux
for seven hours. The reflux condenser was temporarily removed after six hours of refluxing to
allow bromine vapours to escape. The reaction mixture was slowly cooled to room temperature
and left standing for fifteen hours. The acidic yellow mixture was then poured over ice (400 g)
in a large beaker. Sodium hydroxide solution (10 M, approximately 150 mL) was used to
neutralise the solution to pH 6. The resulting murky yellow solution was left to stand for thirty

minutes. A yellow solid was then separated from the aqueous solution by vacuum filtration.
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The yellow solid was further washed with 3 < 100 mL aliquots of boiling water. The insoluble
yellow material was separated from the aqueous extract by vacuum filtration after each
extraction. The aqueous filtrate fractions, containing the desired product, were combined and
extracted with 6 x 100 mL aliquots of dichloromethane. The combined organic fractions were
dried over anhydrous magnesium sulfate, filtered and the solvent removed under reduced
pressure. The resultant yellow residue was recrystallised from methanol (270 mL) to yield
yellow needles. The crystals were dried for at least one hour under vacuum at 50 °C. Yield:

2.994 g, 64.3 %.

'H NMR (400 MHz, CDCls, 303 K) [8, ppm]: 9.12 (dd, 2H, Ha and Hd, J4 = 1.8 Hz, Js =
4.7 Hz), 8.50 (dd, 2H, He and Hf. Ju = 1.8 Hz, Js = 7.9 Hz), 7.59 (dd, 2H, Hb and He, J; =
4.7 Hz, Jg = 7.9 Hz). 3C NMR (100 MHz, DMSO-ds, 303 K) [8, ppm]: 178.86 (Csand C?),
156.58 (C; and C17), 153.11 (Csand Ci2), 137.46 (Csand Cs), 128.27 (C2and Cio), 125.75 (Cy
and Cs)."> ESI-MS in MeOH: [M+H]*211.0514 m/z (calc. 211.0508 m/z).

3.3.2 Synthesis of Dipyrido[3,2-d:2’,3’-flquinoxaline (DPQ)

Figure 3.2  Structure and atom numbering scheme of DPQ.

DPQ was synthesised according to the literature method reported by Molphy et al..’ 1,10-
Phenanthroline-5,6-dione (PDO), (1.020 g, 4.853 mmol) was added to distilled water (70 mL)
at 60 °C, forming a yellow suspension. Ethylenediamine (1.40 mL, 20.9 mmol) was then added
to the suspension. The dione immediately dissolved and the solution turned clear brown. A
beige solid started to precipitate from solution after fifteen minutes. The reaction mixture was

stirred overnight at 60 °C.
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The suspension was cooled to room temperature, and the resultant beige precipitate was
collected by vacuum filtration and washed with distilled water (10 mL) and diethyl ether
(2 mL). Yield: 1.007 g, 89.4 %.

IH NMR (400 MHz, CDCls, 303 K) [3, ppm]: 9.47 (dd, 2H, He and Hf, J4 = 1.7 Hz, Jz =
8.2 Hz), 9.28 (d, 2H, Ha and Hd, J = 2.9 Hz), 8.96 (s, 2H, Hg and Hh), 7.78 (dd, 2H, Hb and
He, J4 = 4.4 Hz, Jp = 8.2 Hz). 3C NMR (100 MHz, DMSO-ds, 303 K) [3, ppm]: 152.46 (C;
and Cy3), 147.57 (Csand Cy4), 144.65 (C7and Cs), 140.67 (Cs and Co), 133.30 (Cs and Cy)),
127.15 (Csand Cio), 124.11 (Cz and Cj5). ESI-MS in DMSO: [M+Na]* 255.0638 m/z (calc.
255.0647 m/z).

3.3.3 Synthesis of Dipyrido[3,2-a:2',3"-c|]phenazine (DPPZ)

Ha Hd

Figure 3.3  Structure and atom numbering scheme of DPPZ.

DPPZ was synthesised according to a modified procedure reported by Dickeson and Summers.®
1,10-Phenanthroline-5,6-dione (PDO), (2.046 g, 9.734 mmol) was added to 100 mL of dry
acetonitrile to give a yellow suspension. 1,2-phenylenediamine (2.046 g, 18.92 mmol) was
dissolved in 90 mL dry acetonitrile and added slowly to the dione suspension. The dione
dissolved upon addition of the diamine to give a dark brown solution. The solution was heated

to reflux for fifteen minutes during which the solution turned amber in colour.
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Upon cooling the solution overnight, the product appeared as a beige precipitate. The target
compound was collected by vacuum filtration and washed with water, methanol, and diethyl
ether. The collected precipitate was then dried under vacuum for four hours at 50 °C. Yield:

2.299 g, 83.7 %.

TH NMR (400 MHz, CDCls, 303 K) [8, ppm]: 9.65 (dd, 2H, Hc and Hf, J4+ = 1.8 Hz, Jp =
8.1 Hz), 9.27 (dd, 2H, Ha and Hd, J4 = 1.8 Hz, Jp = 4.4 Hz), 8.38 — 8.34 (m, 2H, Hg and Hh),
7.95—7.90 (m, 2H, Hi and Hj), 7.80 (dd, 2H, Hb and He, J4=4.4 Hz, Js = 8.1 Hz).! 3C NMR
(100 MHz, DMSO-ds, 303 K) [, ppm]: 152.74 (C;and C;i7), 148.63 (Csand Cis), 142.69 (C
and C;2), 141.35 (Csand Cy3), 133.93 (Cs and Cis), 130.81 (Coand Cig), 129.73 (Csand Ci;),
127.78 (Csand Ciy), 124.30 (C> and Cjs). ESI-MS in MeOH: [M+Na]" 305.0797 m/z (calc.
305.0803 m/z).

3.4 Synthesis of the O,N,O'-Tridentate Schiff Base Ligands

The O,N, O’ Schiff Base ligands were synthesized via a general procedure of reacting equimolar
quantities of the corresponding 2-aminophenol with salicylaldehyde as per previously described

methods.”?
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3.4.1 Synthesis of 2-{(E)-[(2-hydroxyphenyl)imino]methyl}phenol (PHA)

Figure 3.4  Structure and atom numbering scheme of the ligand designated PHA.

2-Aminophenol (0.327 g, 3.00 mmol) was dissolved in ethanol (20 mL) and the resulting clear
yellow solution was continuously stirred. Salicylaldehyde (0.33 mL, 3.1 mmol) was then added
to this solution and the resulting mixture was heated to reflux for thirty minutes. The solution
was then allowed to cool to room temperature. After several days, orange crystals of the target

compound were collected by vacuum filtration. Yield: 0.521 g, 81.4 %.

'TH NMR (500 MHz, DMSO-ds, 303 K) [, ppm]: 13.74 (s, br, 1H, OHJ), 9.69 (s, br, 1H, OH3),
8.96 (s, 1H, N=C-H), 7.61 (dd, 1H, J4 = 1.7 Hz, Jp = 7.6 Hz), 7.40 — 7.34 (m, 2H), 7.14 - 7.11
(m, 1H), 6.97 — 6.93 (m, 3H), 6.89 — 6.86 (m, 1H), phenyl protons Ha—Hh.
I3C NMR (125 MHz, DMSO-ds, 303 K) [8, ppm]: 161.66 (C7), 160.66 (C;), 151.04 (Cy), 134.96
(Cs), 119.47 (Cs), 132.76, 132.23, 127.96, 119.57, 119.54, 118.66, 116.62, 116.48 (C>, Cs, Cy,
Cs, C1o, C11, Cr20r Cr3). IR (cm™): 3044 (O-H); 2836 (C-H); 1626, 1610, 1589 (N=CH, C=0,
N-H bend); 1270 (C—OH); 1134 (C—N); 737 (aromatic C—H bend). UV-Vis (CH3CN) [Amax, €]:
210 nm, 1.95 x 10* M~ ecm™; 232 nm, 1.36 x 10* M~' cm™'; 268 nm, 1.02 x 10* M~ cm™;
348 nm, 1.07 x 10* M~! cm™!. Melting point: 185.7 — 186.2 °C (lit® = >186 °C). ESI-MS in
90% CHCI; and 10% MeOH: [M—H] 212.0715 m/z (calc. 212.0712 m/z). Elemental Analysis:
Calculated for Ci3H11NOz: C, 73.222; H, 5.200; N, 6.570 %. Found: C, 72.808; H, 5.199; N,
6.513 %.
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3.4.2 Synthesis of 2-{[(1E)-(2-hydroxyphenyl)methylene]amino}-4-
methylphenol (MEA)

Figure 3.5  Structure and atom numbering scheme of the ligand designated MEA.

2-Amino-4-methylphenol (0.367 g, 2.98 mmol) was dissolved in ethanol (25 mL) and the
resulting solution was continuously stirred. Salicylaldehyde (0.32 mL, 3.0 mmol) was then
added to this solution. There was an immediate colour change, from pale yellow to bright
yellow. The solution was then heated to reflux for thirty minutes. The solvent was removed via
rotary evaporation under reduced pressure. The remaining orange powder was recrystallised
from methanol (15 mL). After several days, red brick-like crystals were collected by vacuum
filtration. Subsequent recrystallisation from the filtrate yielded more needle-like red crystals.

Yield: 0.603 g, 89.1%.

H NMR (500 MHz, DMSO-ds, 303 K) [8, ppm]: 13.80 (s, br, 1H, OH.), 9.45 (s, br, 1H, OHp),
8.95 (s, 1H, N=C—H), 7.60 (dd, 1H, Ha, J4 = 1.7 Hz, Js = 7.6 Hz), 7.39 — 7.36 (m, 1H, Hc),
7.18 (d, 1H, He, J= 1.7 Hz), 6.96 — 6.92 (m, 3H, Hb, Hd and HY), 6.85 (d, 1H, Hg, J=8.1 Hz),
2.25 (s, 3H, CH3). 13C NMR (125 MHz, DMSO-ds, 303 K) [8, ppm]: 161.32 (C7), 160.72 (C)),
148.77 (Co), 134.46 (C12), 132.68 (C3), 132.18 (Cs), 128.42 (C11), 128.26 (Cs), 119.81 (C13),
119.50 (Cs), 118.63 (C2), 116.63 (Cy), 116.34 (C10), 20.11 (C1s). IR (cm™): 3051 (O-H); 2909

C-H bend). UV-Vis (CH3CN) [Amax, €]: 212 nm, 235 x 10* M! cm™!; 268 nm,
1.18 x 10* M! cm™!; 353 nm, 1.14 x 10* M! cm™!. Melting point: 158.8 — 159.3 °C (lit" =
162 — 165 °C). ESI-MS in 50% MeOH and 50% DMSO: [M+H]" 228.1027 m/z (calc.
228.1025 m/z). Elemental Analysis: Calculated for Ci4Hi3NO2: C, 73.988; H, 5.766; N,
6.165 %. Found: C, 73.689; H, 5.463; N, 6.163 %.
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3.4.3 Synthesis of 4-tert-butyl-2-{[|(1E)-(2-hydroxyphenyl)methylene]-
amino}phenol (TERTA)

Figure 3.6  Structure and atom numbering scheme of the ligand designated TERTA.

2-Amino-4-tert-butylphenol (0.496 g, 3.00 mmol) was dissolved in ethanol (25 mL) and the
resulting yellow solution continuously stirred. Salicylaldehyde (0.32 mL, 3.0 mmol) was then
added to this solution and the resulting mixture was heated to reflux for thirty minutes. The
solvent was removed via rotary evaporation under reduced pressure. The remaining bright
orange powder was recrystallised from methanol (20 mL). After several days, orange crystals

were collected by vacuum filtration. Yield: 0.670 g, 82.9 %.

TH NMR (500 MHz, DMSO-ds, 303 K) [, ppm]: 13.86 (s, br, 1H, OHJ), 9.48 (s, br, 1H, OH3),
8.99 (s, 1H, N=C-H), 7.63 (dd, 1H, Ha, J4 = 1.6 Hz , Jg = 7.6 Hz ), 7.39 — 7.36
(m, 1H, Hc), 7.33 (d, 1H, He, J = 2.3 Hz), 7.14 (dd, 1H, H, J4=2.3 Hz ,Jp=8.5 Hz ), 6.96 —
6.92 (m, 2H, Hb and Hd), 6.88 (d, 1H, Hg, J = 84 Hz), 1.29 (s, 9H, (CH3)3).
I3C NMR (125 MHz, DMSO-ds, 303 K) [8, ppm]: 161.51 (C7), 160.77 (C)), 148.60 (Cy), 142.01
(C12), 134.11 (Cs), 132.63 (C3), 132.25 (Cs), 124.65 (Ci1), 119.51 (Cs), 118.58 (C2), 116.62
(C4), 116.45 (C13), 115.97 (C10), 33.90 (C14), 31.31 (Cy5). IR (em™): 3044 (O-H); 2954 (C-H);
1614, 1594 (N=CH, C=0, N-H bend); 1282 (C-OH); 1144 (C—N); 756 (aromatic C—H bend).
UV-Vis (CH3CN) [Amax, €]: 212 nm, 2.30 x 10* M™' cm™; 268 nm, 1.16 x 10* M~' em™; 353
nm, 1.11 x 10* M~ cm™!. Melting point: 141.2 — 141.9 °C (lit!” = 139 °C). ESI-MS in MeOH:
[M+H]"270.1496 m/z (calc. 270.1494 m/z). Elemental Analysis: Calculated for Ci7H19NO;:
C, 75.806; H, 7.111; N, 5.202 %. Found: C, 75.516; H, 7.183; N, 5.225 %.
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3.4.4 Synthesis of 4-chloro-2-{[(1E)-(2-hydroxyphenyl)methylene]amino}-
phenol (CLA)

Hg

Figure 3.7  Structure and atom numbering scheme of the ligand designated CLA.

2-Amino-4-chlorophenol (0.431 g, 3.00 mmol) was added to ethanol (60 mL) and the resulting
murky brown solution was continuously stirred. Salicylaldehyde (0.32 mL, 3.0 mmol) was then
added to this solution and the resulting mixture was heated to reflux for thirty minutes. The
solvent volume was reduced by half, and the solution was allowed to cool, during which the
product precipitated from solution. After several days, amber crystals were collected by vacuum
filtration, and washed with ethanol (5 mL) and diethyl ether (5 mL). The crystals were then
crushed and dried under vacuum for three hours at 50 °C. Yield: 0.477 g, 64.2 %.

TH NMR (400 MHz, DMSO-ds, 303 K) [8, ppm]: 13.41 (s, br, 1H, OHy), 9.97 (s, br, 1H, OHp),
8.99 (s, 1H, N=C—H), 7.62 (dd, 1H, Ha, J4= 1.6 Hz, Js= 7.6 Hz), 7.46 (d, 1H, He, J= 2.5 Hz),
7.43 - 7.38 (m, 1H, Hc), 7.16 (dd, 1H, Hf, J4= 2.6 Hz, Js= 8.6 Hz), 6.98 — 6.93 (m, 3H, Hb,
Hd and Hg). *C NMR (100 MHz, DMSO-ds, 303 K) [5, ppm]: 162.99 (C7), 160.55 (C;), 150.11
(Cy), 136.28 (Cs), 133.16 (C3), 132.48 (Cs), 127.25 (C11), 123.04 (C12), 119.38 (Cs), 119.21

C=0, N-H bend); 1276 (C—OH); 1134 (C-N); 741 (aromatic C—H bend). UV-Vis (CH3CN)
[Amax, €]: 211 nm, 2.27 x 10* M em™; 230 nm, 1.78 x 10* M! cm™!; 269 nm, 1.23 x 10* M
cm™'; 352 nm, 1.10 x 10* M~! cm™!. Melting point: 161.1 — 161.9 °C (lit’ = 221 — 223 °C).
ESI-MS in 90% CHCl; and 10% MeOH: [M+H]" 248.0480 m/z (calc. 248.0478 m/z).
Elemental Analysis: Calculated for Ci13H10NO>Cl: C, 63.040; H, 4.070; N, 5.657 %. Found: C,
63.021; H, 3.961; N, 5.411 %.
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3.4.5 Synthesis of 4-(ethylsulfonyl)-2-{[(1E)-(2-hydroxyphenyl)-
methylene]amino}phenol (SOA)

Figure 3.8  Structure and atom numbering scheme of the ligand designated SOA.

2-Amino-4-ethylsulfonylphenol (0.604 g, 3.00 mmol) was added to ethanol (20 mL) with
stirring. Salicylaldehyde (0.37 mL, 3.5 mmol) was added to the clear brown solution and the
resulting mixture was heated to reflux for forty-five minutes. The solvent was removed via
rotary evaporation under reduced pressure. The remaining powder was recrystallised from
methanol (32 mL). After several days, amber crystals were collected by vacuum filtration, and

washed with diethyl ether (5 mL). The crystals were then crushed and dried under vacuum for

three hours at 50 °C. Yield: 0.682 g, 74.5 %.

H NMR (400 MHz, DMSO-ds, 303 K) [5, ppm]: 13.27 (s, IH, OH,), 10.88 (s, IH, OHs), 9.06
(s, 1H, N=C-H), 7.82 (d, 1H, He, J = 2.3 Hz), 7.70 (dd, 1H, Ha, J4 = 1.5 Hz, Js =
7.6 Hz), 7.63 (dd, 1H, Hf, J4=2.2 Hz, Js= 8.5 Hz), 7.44 — 7.40 (m, 1H, Hc), 7.16 (d, 1H, Hg,
J = 8.5 Hz), 7.00 — 6.95 (m, 2H, Hb and Hd), 3.26 (q, 2H, CH,), 1.12 (t, 3H, CH;).
13C NMR (100 MHz, DMSO-ds, 303 K) [3, ppm]: 163.74 (C>), 160.52 (C)), 155.61 (Co), 135.79
(Cs), 133.38 (C3), 132.54 (C5), 129.08 (C12), 127.77 (C11), 119.49 (C13), 119.40 (Cs), 118.96
(Ca), 116.67 (C2), 116.57 (C10), 49.50 (C1s), 7.23 (C15). IR (cm™): 3058 (O-H); 2925 (C-H);

UV-Vis (CH3CN) [Amax, €]: 219 nm, 3.19 x 10* M! em™; 232 nm, 2.60 x 10* M! cm™;
251 nm, 2.03 x 10* M ecm™; 269 nm, 1.69 x 10* M~! em™; 346 nm, 1.41 x 10* M~ cm™.
Melting point: 177.1 — 177.6 °C. ESI-MS in CH3CN: [M-H] 304.0642 m/z (calc.
304.0644 m/z). Elemental Analysis: Calculated for CisHisNO4S: C, 58.998; H, 4.952; N,
4.588; S, 10.503 %. Found: C, 58.931; H, 4.962; N, 4.839; S, 10.409 %.
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3.4.6 Synthesis of 3-{[(1E)-(2-hydroxyphenyl)methylene]amino}-2-naphthol
(NAA)

Figure 3.9  Structure and atom numbering scheme of the ligand designated NAA.

3-Amino-2-napthol (0.478 g, 3.00 mmol) was added to ethanol (25 mL) and the resulting murky
brown suspension was continuously stirred. Salicylaldehyde (0.32 mL, 3.0 mmol) was then
added to this solution and the resulting mixture was heated to reflux for forty minutes. Upon
heating, the solution turned clear amber. After refluxing, the solution was set aside to cool to
allow the product to crystallise. After several days, red crystals were collected by vacuum
filtration and washed with diethyl ether (8 mL). The crystals were then crushed and dried under
vacuum for four hours at 50 °C. Yield: 0.640 g, 81.0 %.

TH NMR (500 MHz, DMSO-ds, 303 K) [8, ppm]: 13.58 (s, br, 1H, OHy), 10.05 (s, 1H, OHj),
9.07 (s, 1H, N=C—H), 7.82 — 7.80 (m, 2H, Hj and Hf or Hi), 7.71 — 7.68 (m, 2H, Ha and Hf or
Hi), 7.44-7.41 (m, 1H, He), 7.40 —7.37 (m, 1H, Hgor Hh), 7.32 — 7.28 (m, 2H, He and Hg
or Hh), 7.00 — 6.97 (m, 2H, Hb and Hd). *C NMR (100 MHz, DMSO-ds, 303 K) [5, ppml]:
163.17 (C7), 160.74 (C1), 149.98 (Co), 137.97 (Cs), 133.22 (Cys or C12), 133.18 (C3), 132.42
(Cs), 127.94 (C; or C12), 127.58 (Crsor C17), 125.87 (Cis or Cis), 125.67 (Crs0r Ci7), 123.34
(Cisor Cis), 119.49 (Cs), 118.86 (Cy), 117.12 (C10), 116.71 (C2), 109.92 (C;3). IR (cm™'): 3047

C-H bend). UV-Vis (CH3;CN) [Amax, €]:228 nm, 5.71 x 10* M™' cm™'; 269 nm, 3.18 x 10* M
cm'; 351 nm, 2.12 x 10* M! cm™!. Melting point: 203.9 — 204.5 °C. ESI-MS in methanol:
[M+H]"264.1021 m/z (calc. 264.1025 m/z). Elemental Analysis: Calculated for Ci7H13NOx:
C, 77.547; H,4.977; N, 5.321 %. Found: C, 77.390; H, 5.021; N, 5.297 %.
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3.4.7 Synthesis of 3-{[(1E)-(2-hydroxyphenyl)methylene]amino} biphenyl-
4-ol (PHPHA)

Figure 3.10 Structure and atom numbering scheme of the ligand designated PHPHA.

2-Amino-4-phenylphenol (0.556 g, 3.00 mmol) was dissolved in ethanol (25 mL) and the
resulting clear brown solution was continuously stirred. Salicylaldehyde (0.32 mL,
3.0 mmol) was then added to this solution and the resulting mixture was heated to reflux for
thirty minutes. The solution was then slowly cooled, and after several days brown crystals were
collected by vacuum filtration and washed with diethyl ether (5 mL). The crystals were then
crushed and dried under vacuum for four hours at 50 °C. Yield: 0.644 g, 74.2 %.

TH NMR (500 MHz, DMSO-ds, 303 K) [8, ppm]: 13.79 (s, 1H, OH,), 9.88 (s, 1H, OHp), 9.11
(s, 1H, N=C-H), 7.70 — 7.68 (m, 3H), 7.64 (d, 1H, J = 7.4 Hz), 7.47 — 7.38 (m, 4H), 7.31 (t,
IH, J = 7.3 Hz), 7.06 (d, 1H, J = 8.4 Hz), 6.98 — 6.95 (m, 2H), phenyl protons
Ha—HI. *C NMR (125 MHz, DMSO-ds, 303 K) [8, ppm]: 162.23 (C7), 160.76 (C;), 150.77
(Cy), 135.32 (Cs), 139.74, 131.76, 119.53 (Cs, C12 or Ciq), 132.85, 132.34, 128.73, 126.66,
126.17, 126.11, 118.69, 117.68, 116.90, 116.67 (C2— Cs, Cio, C11, C13 Ci5—Cig). IR (cm™):

C—H bend). UV-Vis (CH3CN) [Amax, €]: 223 nm, 2.18 x 10* M ecm™'; 269 nm, 2.63 x 10* M™!
cm™'; 356 nm, 1.02 x 10* M™! cm™!. Melting point: 166.7 — 167.7 °C. ESI-MS in CHCls:
[M+H]"290.1176 m/z (calc. 290.1181 m/z). Elemental Analysis: Calculated for Ci9HsNOx:
C, 78.871; H, 5.226; N, 4.842 %. Found: C, 78.495; H, 5.240; N, 4.943 %.
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3.5 Synthesis of the O,N,N'-Tridentate Schiff Base Ligands

The O,N,N' Schiff Base ligands were synthesized via a solid-state reaction between the

corresponding 2-aminophenol and 1-methyl-2-imidazole-carboxaldehyde.” 1% !

3.5.1 Synthesis of 2-{[(1E)-(1-methyl-1H-imidazol-2-yl)methylene]
amino}phenol (PHCA)

Figure 3.11 Structure and atom numbering scheme of the ligand designated PHCA.

1-Methyl-2-imidazolecarboxaldehyde (0.487 g, 4.42 mmol) and 2-aminophenol (0.326 g,
2.99 mmol) were ground together in an agate pestle and mortar for approximately
ten minutes, during which a paste was formed. As the paste dried under ambient conditions, a
yellow powder formed. The crude product was dissolved in toluene (16 mL), and the resulting
mixture was heated to reflux for thirty minutes over activated 3A molecular sieves. Once the
volume of the solution was reduced to approximately 10 mL, the molecular sieves were
removed from the hot solution by vacuum filtration. The refined product crystallised from the
yellow filtrate upon standing at room temperature overnight. The volume of the filtrate was
further reduced by boiling off approximately half of the solvent, allowing additional product to
crystallise. Yellow crystals were collected by vacuum filtration. The crystals were crushed and
dried under vacuum at 50 °C for three hours. Yield: 0.425 g, 70.6 %.

'H NMR (500 MHz, DMSO-ds, 303 K) [8, ppm]: 8.97 (s, br, 1H, OH), 8.54 (s, 1H,
N=C-H), 7.41 (s, br, 1H, Hb), 7.14 (m, 1H, Ha), 7.12 (d, 1H, Hf, J =1.6 Hz), 7.09 — 7.06 (m,
1H, Hd), 6.91 (dd, 1H, Hc, , J4= 1.3Hz, Jp=8.0 Hz), 6.85 — 6.82 (m, 1H, He), 4.08 (s, 3H,
N-CH3). 3C NMR (125 MHz, DMSO-ds, 303 K) [8, ppm]: 150.93 (Cs), 150.53 (C7), 143.02
(Cy), 138.14 (Cs), 129.45 (Cy), 127.26 (Cy), 126.33 (C>), 119.79 (C11), 119.61 (Ci9), 116.14
(Cs), 35.24 (C3). IR (cm™): 3140 (O-H); 1634 (C=N); 1450, 1431 (C=C phenol); 755
(imidazole C—H bend).

94



Chapter Three: Experimental Methods

UV-Vis (CH3CN) [Amax, €]: 297 nm, 1.08 x 10* M™! ecm™; 348 nm, 1.35 x 10* M ecm™.
Melting point: 120.1 — 120.7 °C. ESI-MS in DMSO: [M+Na]" 224.0801 m/z (calc.
224.0800 m/z). Elemental Analysis: Calculated for Ci1H11N3O: C, 65.651; H, 5.510; N,
20.887 %. Found: C, 65.625; H, 5.240; N, 20.851 %.

3.5.2 Synthesis of 4-methyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)
methylene]amino}phenol (MECA)

Figure 3.12  Structure and atom numbering scheme of the ligand designated MECA.

2-Amino-4-methylphenol (0.369 g, 3.00 mmol) was dissolved in ethanol (15 mL) with constant
stirring. 1-Methyl-2-imidazolecarboxaldehyde (0.330 g, 3.00 mmol), dissolved in ethanol
(10 mL), was added to the yellow phenol solution and the resulting mixture was heated to reflux
for ninety minutes. The solvent was then removed via rotary evaporation under reduced
pressure. The resulting orange, viscous oil was cooled to —20 °C for fifteen hours, upon which
yellow crystals formed. These crystals remained stable upon warmth to room temperature. The

crystals were dried under vacuum at 50 °C for four hours. Yield: 0.622 g, 96.3%.

IH NMR (400 MHz, DMSO-ds, 303 K) [5, ppm]: 8.76 (s, br, 1H, OH), 8.54 (s, 1H,
N=C—H), 7.40 (s, br, 1H, Hb), 7.14 (s, br, 1H, Ha), 6.95 (d, 1H, He, J = 1.6 Hz), 6.88 (dd, 1H,
Hd, Jy= 1.5 Hz, Js= 8.2 Hz), 6.79 (d, 1H, He, J = 8.1 Hz), 4.07 (s, 3H, N-CHj), 2.23 (s, 3H,
C—CH;). 13C NMR (100 MHz, DMSO-ds, 303 K) [5, ppm]: 150.70 (Cs), 148.21 (C5), 143.04
(C4), 137.67 (Ce), 129.42 (C1), 128.25 (C10), 127.66 (Cs), 126.28 (C2), 120.25 (C11), 115.96
(Cs), 35.23 (C3), 20.07 (C12). TR (cm™'): 3137 (O—H); 1620 (C=N); 1424, 1406 (C=C phenol);
754 (imidazole C—H bend). UV-Vis (CH3CN) [Amax, €]: 298 nm, 1.57 x 10* M ecm™; 357 nm,
1.62 x 10* M! cm™!. Melting point: 129.3 — 129.9 °C. ESI-MS in methanol: [M+Na]"
238.0959 m/z (calc. 238.0956 m/z). Elemental Analysis: Calculated for C12H13N30: C, 66.953;
H, 6.088; N, 19.526 %. Found: C, 66.694; H, 5.773; N, 19.157 %.
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3.5.3 Synthesis of 4-tert-butyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)
methylene]amino}phenol (TERTCA)

Figure 3.13  Structure and atom numbering scheme of the ligand designated TERTCA.

2-Amino-4-tert-butylphenol (0.496 g, 3.00 mmol) was dissolved in ethanol (15 mL) with
stirring. 1-Methyl-2-imidazolecarboxaldehyde (0.330 g, 3.00 mmol), dissolved in ethanol
(10 mL), was added to the yellow phenol solution at room temperature, with stirring. The
resulting mixture was heated to reflux for ninety minutes. The solvent was then removed by
rotary evaporation under reduced pressure. The resulting orange, viscous oil was cooled to
—20 °C for fifteen hours, upon which yellow crystals formed. The crystals remained stable upon
warmth to room temperature. The crystals were dried under vacuum for three hours. Yield:

0.721 g, 93.4%.

'H NMR (400 MHz, DMSO0-ds,303 K) [5, ppm]: 8.78 (s, br, 1H, OH), 8.56 (s, 1H,
N=C-H), 7.41 (s, br, 1H, Hb), 7.14 (s, br, 1H, Ha), 7.10 — 7.09 (m, 2H, Hd and He),
6.83 — 6.81 (m, 1H, Hc), 4.08 (s, 3H, N-CH3), 1.27 (s, 9H, C(CH3)s3). 3C NMR
(100 MHz, DMSO-ds, 303 K) [, ppm]: 150.94 (Cs), 147.99 (C7), 143.07 (Cy), 141.96 (C19),
137.38 (Cs), 129.38 (Cy), 126.24 (C>), 123.86 (C11), 116.87 (Cy), 115.61 (Cs), 35.26 (C3), 33.81
(C12),31.31 (Cs3). IR (cm™): 3140 (O-H); 2952 (C-H); 1618 (C=N); 1436 (C=C phenol); 759
(imidazole C-H bend). UV-Vis (CH3CN) [Amax, €]: 296 nm, 1.28 x 10* M! cm™!; 355 nm,
1.24 x 10* M' cm™!'. Melting point: 136.2 — 136.4 °C. ESI-MS in methanol: [M-H]"
256.1446 m/z (calc. 256.1450 m/z). Elemental Analysis: Calculated for CisH19N3O: C, 70.007;
H, 7.443; N, 16.333 %. Found: C, 70.096; H, 7.169; N, 16.126 %.
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3.5.4 Synthesis of 3-{[(1E)-(1-methyl-1H-imidazol-2-yl)methylene]
amino}biphenyl-4-ol (PHPHCA)

Figure 3.14 Structure and atom numbering scheme of the ligand designated PHPHCA.

1-Methyl-2-imidazolecarboxaldehyde (0.440 g, 4.00 mmol) and 2-amino-4-phenylphenol
(0.556 g, 3.00 mmol) were ground together in an agate pestle and mortar for approximately ten
minutes, during which a paste was formed. As the paste dried under ambient conditions, a
brown powder formed. The crude product was dissolved in toluene (150 mL), and the resulting
mixture was heated to reflux for thirty minutes over activated 3A molecular sieves. Once the
volume of the solution was reduced to approximately 35 mL, the molecular sieves were
removed from the hot solution by vacuum filtration. The refined product crystallised from the
filtrate upon standing at room temperature for fifteen hours. The volume of the filtrate was
further reduced to approximately 10 mL, by boiling off solvent, allowing additional product to
crystallise. Brown crystals were collected by vacuum filtration. The crystals were dried under
vacuum at 50 °C for four hours. Yield: 0.552 g, 66.3 %.

'H NMR (400 MHz, DMSO-ds, 303 K) [8, ppm]: 9.17 (s, br, 1H, OH), 8.66 (s, 1H,
N=C-H), 7.68 — 7.66 (m, 2H), 7.43 — 7.39 (m, 5H), 7.31 — 7.29 (m, 1H), 7.16 (d, 1H, J =
0.8 Hz), 6.99 (d, 1H, J = 8.2 Hz), phenyl protons Ha—Hj, 4.10 (s, 3H, N-CH;). 3C NMR
(100 MHz, DMSO-ds, 303 K) [0, ppm]: 151.56 (Cs), 150.18 (C7), 143.05, 139.85, 138.54,
131.75 (C4, Cs, C10, or C12), 129.51, 126.54, 126.36, 125.33, 118.13, 116.58 (C1, C>, Cs, Co, Cy,
Cis), 128.71, 126.14 (C3,17 or Ci4.16), 35.28 (C3). IR (cm™): 3140 (O-H); 1614 (C=N); 1450,
1406 (C=C phenol); 752 (imidazole C-H bend). UV-Vis (CH3CN) [Amax, €]: 276 nm,
1.85 x 10* M ecm™'; 364 nm, 1.09 x 10*M™! cm™!. Melting point: 165.1 — 165.8 °C. ESI-MS
in DMSO: [M-H] 276.1141 m/z (calc. 276.1137 m/z). Elemental Analysis: Calculated for
Ci17H1sN3O: C, 73.623; H, 5.452; N, 15.156 %. Found: C, 73.737; H, 5.375; N, 15.100 %.
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3.6 Synthesis of the Neutral Oxovanadium(IV) Complexes

The neutral DPQ and DPPZ oxovanadium complexes were synthesised using adaptions of

reported methods.!!"> 13

3.6.1 Synthesis of (2-{(E)-[(2-oxidophenyl)imino]methyl}phenolate)
(dipyrido|[3,2-d:2',3'-fl]quinoxaline) oxovanadium(IV)
([VO(PHA)(DPQ)])

Figure 3.15 Structure of the complex designated [VO(PHA)(DPQ)].

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL) and the solution was degassed and saturated with nitrogen. PHA ligand
(0.107 g, 0.502 mmol) was dissolved in HPLC grade methanol (22 mL). The resulting yellow
solution was filtered and purged with nitrogen for ten minutes. The ligand solution was then
added dropwise to the blue vanadyl sulfate solution over thirty minutes, under a nitrogen
atmosphere, via a cannula. The solution changed from clear blue to murky green during this
procedure. Solid-state DPQ (0.116 g, 0.499 mmol) was then added to the solution. The resulting
mixture was heated to reflux under a nitrogen atmosphere. A red precipitate began to form after
ten minutes of heating. The mixture was heated to reflux for two hours, under a nitrogen
atmosphere. The red, microcrystalline powder was collected by vacuum filtration and washed
with ultrapure water (5 mL) and diethyl ether (7 mL). The precipitate was crushed and dried for
three hours, under vacuum, at 50 °C. Yield: 0.171 g, 67.1%.

IR (cm™): 1600 (C=N); 958 (V=0): 532 (V-O): 424 (V-N). UV-Vis (CH;CN) [hmax, €]
202 nm, 4.98 x 10* M! cm™'; 225 nm, 4.36 x 10* M! cm™'; 256 nm, 6.01 x 10* M' cm™;
291 nm, 2.46 x 10* M! cm™; 450 nm, 9.14 x 10° M! cm™!. ESI-MS in chloroform: [M]"
510.0792 m/z (calc. 510.0771 m/z). Elemental Analysis: Calculated for VCy7H17Ns03: C,
63.533; H, 3.357; N, 13.725 %. Found: C, 63.753; H, 3.699; N, 15.456 %.
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3.6.2 Synthesis of (4-methyl-2-{[(1E)-(2-oxidophenyl)methylene]amino}
phenolate)(dipyrido[3,2-d:2',3'-flquinoxaline) oxovanadium(IV)
([VO(MEA)(DPQ)])

Figure 3.16 Structure of the complex designated [VO(MEA)(DPQ)].

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL) and the solution was degassed and saturated with nitrogen. MEA ligand (0.114 g,
0.502 mmol) was dissolved in methanol (20 mL). The resulting yellow solution was purged
with nitrogen for ten minutes. The ligand solution was then added dropwise to the blue vanadyl
sulfate solution via a cannula over thirty minutes, under a nitrogen atmosphere. The solution
changed from clear blue to murky orange during this procedure. Solid-state DPQ (0.116 g,
0.499 mmol) was then added to the solution. The resulting mixture was heated to reflux, under
a nitrogen atmosphere for two hours. The red product precipitated from solution during this
procedure. The red, microcrystalline powder was collected by vacuum filtration and washed
with distilled water (5 mL), methanol (degassed, 3 mL) and diethyl ether (5 mL). The precipitate

was dried for three hours, under vacuum. Yield: 0.131 g, 50.0 %.

IR (ecm™): 1599 (C=N); 955 (V=0); 533 (V-O); 425 (V-N). UV-Vis (CH:CN) [Amax, €]:
204 nm, 5.02 x 10* M~ cm™; 224 nm, 4.21 x 10* M~' cm™!; 256 nm, 6.01 x 10*M™' cm™;
292 nm, 245 x 10* M ecm™; 400 nm (s), 626 x 10° M' cm’'; 464 nm,
9.64 x 10> M! cm™!. ESI-MS in chloroform: [M]" 524.0948 m/z (calc. 524.0928 m/z).
Elemental Analysis: Calculated for VC2sH19NsO3: C, 64.124; H, 3.652; N, 13.358 %. Found:
C, 63.651; H, 3.251; N, 13.011 %.
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3.6.3 Synthesis of (4-tert-butyl-2-{[(1E)-(2-oxidophenyl)methylene]
amino}phenolate)(dipyrido[3,2-d:2',3'-flquinoxaline)
oxovanadium(IV) ([VO(TERTA)(DPQ)])

Figure 3.17 Structure of the complex designated [VO(TERTA)(DPQ)].

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL) and the solution was degassed and saturated with nitrogen. TERTA ligand (0.135 g,
0.501 mmol) was dissolved in HPLC grade methanol (25 mL). The resulting yellow solution
was filtered and purged with nitrogen for ten minutes. The ligand solution was then added
dropwise to the blue vanadyl sulfate solution via a cannula over thirty minutes, under a nitrogen
atmosphere. The solution changed from clear blue to murky orange during this procedure.
Solid-state DPQ (0.116 g, 0.499 mmol) was then added to the solution. The resulting mixture
was heated to reflux for two hours, under a nitrogen atmosphere. The red product precipitated
from solution during this procedure. The red, microcrystalline powder was collected by vacuum
filtration and washed with distilled water (5 mL) and diethyl ether (7 mL). The precipitate was
crushed and dried for four hours, under vacuum, at 50 °C. Yield: 0.157 g, 55.5 %.

IR (cm™): 1603 (C=N); 949 (V=0); 535 (V-0O); 425 (V-N). UV-Vis (CH3CN) [Amax, €]:
204 nm, 4.53 x 10* M cm™'; 226 nm, 3.99 x 10* M™' em™; 256 nm, 5.68 x 10* M! cm;
292 nm, 2.75 x 10* M! cm™; 406 nm (s), 6.76 x 10° M' cm’'; 464 nm,
1.07 x 10* M! cm™'. ESI-MS in chloroform: [M]" 566.1382 m/z (calc. 566.1397 m/z).
Elemental Analysis: Calculated for VC31H25Ns503: C, 65.721; H, 4.448; N, 12.365 %. Found:
C, 65.428; H, 4.451; N, 12.294 %.
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3.6.4 Synthesis of (4-chloro-2-{[(1E)-(2-oxidophenyl)methylene]amino}
phenolate)(dipyrido[3,2-d:2',3'-flquinoxaline) oxovanadium(IV)

(IVO(CLA)(DPQ)))

Figure 3.18 Structure of the complex designated [ VO(CLA)(DPQ)].

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL) and the solution was degassed and saturated with nitrogen. CLA ligand (0.124 g,
0.501 mmol) was dissolved in methanol (20 mL). The resulting yellow solution was purged
with nitrogen for ten minutes. The ligand solution was then added dropwise to the vanadyl
sulfate solution over thirty minutes, under a nitrogen atmosphere, via a cannula. The solution
changed from clear blue to murky orange during this procedure. Solid-state DPQ (0.116 g,
0.499 mmol) was then added to the solution. The resulting mixture was heated to reflux for two
hours under a nitrogen atmosphere. The red product precipitated from solution during this
procedure. The red, microcrystalline powder was collected by vacuum filtration and washed
with distilled water (5 mL), methanol (degassed, 3 mL) and diethyl ether (5 mL). The precipitate
was dried for four hours, under vacuum, at 50 °C. Yield: 0.150 g, 55.1 %.

IR (cm'): 1599 (C=N); 945 (V=0); 532 (V-O); 424 (V-N). UV-Vis (CH:CN) [Amax, €]:
203 nm, 4.81 x 10* M! cm™'; 224 nm, 4.07 x 10* M' cm™'; 256 nm, 5.78 x 10* M' cm™;
294 nm, 2.51 x 10* M' cm™; 400 nm (s), 6.16 x 10° M! cm™; 464 nm,
9.76 x 10> M! cm™. ESI-MS in chloroform: [M]" 544.0385 m/z (calc. 544.0381 m/z).
Elemental Analysis: Calculated for VCy7Hi1sNsOsCl: C, 59.517; H, 2.960; N, 12.857 %.
Found: C, 59.820; H, 2.894; N, 12.558 %.
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3.6.5 Synthesis of (4-(ethylsulfonyl)-2-{[(1E)-(2-oxidophenyl)methylene]
amino}phenolate)(dipyrido[3,2-d:2',3'-flquinoxaline)
oxovanadium(IV) ([VO(SOA)(DPQ)])

Figure 3.19  Structure of the complex designated [ VO(SOA)(DPQ)].

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL) and the solution was degassed and saturated with nitrogen. SOA ligand (0.153 g,
0.501 mmol) was dissolved in methanol (25 mL). The resulting yellow solution was purged
with nitrogen for ten minutes. The ligand solution was then added dropwise to the vanadyl
sulfate solution over fifty minutes, under a nitrogen atmosphere, via a cannula. The solution
changed from clear blue to clear brown during this procedure. Solid-state DPQ (0.116 g,
0.499 mmol) was then added to the solution. The resulting mixture was heated to reflux, under
a nitrogen atmosphere. A red precipitate began to form after five minutes of heating. The
mixture was refluxed for two hours, under a nitrogen atmosphere. The red powder was collected
by vacuum filtration and washed with distilled water (5 mL), methanol (degassed, 3mL) and
diethyl ether (5 mL). The precipitate was dried for four hours, under vacuum, at 50 °C. Yield:
0.194 g, 64.5 %.

IR (cm™): 1600 (C=N); 953 (V=0): 533 (V-O): 435 (V-N). UV-Vis (CH;CN) [hmax, €]
201 nm, 5.78 x 10* M~! cm™; 225 nm, 5.03 x 10* M~! cm™'; 256 nm, 8.40 x 10* M' cm™;
288 nm (s), 3.91 x 10* M ecm™'; 384 nm, 7.43 x 10° M~' ecm™'; 450 nm, 1.30 x 10* M! em™.
ESI-MS in methanol: [M+Na]" 625.0589 m/z (calc. 625.0601). Elemental Analysis:
Calculated for VC290H21N50s5S: C, 57.806; H, 3.513; N, 11.626; S, 5.323 %. Found: C, 57.808;
H, 3.486; N, 11.827; S, 5.522 %.
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3.6.6 Synthesis of (3-{[(1E)-(2-oxidophenyl)methylene]amino}napthalen-2-
olate)(dipyrido|3,2-d:2',3'-flquinoxaline) oxovanadium(IV)
([VO(NAA)(DPQ)])

Figure 3.20 Structure of the complex designated [VO(NAA)(DPQ)].

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL) and the solution was degassed and saturated with nitrogen. NAA ligand (0.132 g,
0.501 mmol) was dissolved in ethanol (30 mL). The resulting yellow solution was filtered and
purged with nitrogen for twenty minutes. The ligand solution was then added dropwise to the
blue vanadyl sulfate solution over thirty minutes, under a nitrogen atmosphere, via a cannular.
The solution changed from blue to murky yellow during this procedure. Solid-state DPQ
(0.115 g, 0.495 mmol) was then added to the solution. The resulting mixture was heated to
reflux under a nitrogen atmosphere. A red precipitate began to form after ten minutes of heating.
The mixture was heated to reflux for three hours under a nitrogen atmosphere. The red,
microcrystalline powder was collected by vacuum filtration and washed with distilled water
(5 mL), absolute ethanol (degassed, 3 mL) and diethyl ether (5 mL). The precipitate was crushed
and dried for four hours, under vacuum, at 50 °C. Yield: 0.108 g, 39.0 %.

IR (cm™): 1600 (C=N); 954 (V=0); 565 (V-0O); 425 (V-N). UV-Vis (CH3CN) [Amax, €]:
226 nm, 4.50 x 10*M' ecm™'; 256 nm, 6.79 x 10*M' cm™'; 289 nm (s), 3.01 x 10* M ecm™;
330 nm, 1.17 x 10*M™" cm™1; 442 nm, 1.14 x 10* M~ cm™'. ESI-MS in chloroform: [M]*
560.0939 m/z (calc. 560.0928 m/z). Elemental Analysis: Calculated for VC31Hi9NsOs: C,
66.430; H, 3.417; N, 12.499 %. Found: C, 66.037; H, 3.351; N, 12.371 %.
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3.6.7 Synthesis of (3-{[(1E)-(2-oxidophenyl)methylene]amino}biphenyl-4-
olate)(dipyrido|3,2-d:2',3'-flquinoxaline) oxovanadium(IV)
([VO(PHPHA)(DPQ)))

Figure 3.21 Structure of the complex designated [VO(PHPHA)(DPQ)].

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL) and the solution was degassed and saturated with nitrogen. PHPHA ligand (0.145 g,
0.501 mmol) was dissolved in HPLC grade methanol (35 mL). The resulting orange solution
was filtered and purged with nitrogen for ten minutes. The ligand solution was then added
dropwise to the blue vanadyl sulfate solution over thirty minutes, under a nitrogen atmosphere,
via a canular. The solution changed from clear blue to clear brown during this procedure. Solid-
state DPQ (0.116 g, 0.499 mmol) was then added to the solution. The resulting mixture was
heated to reflux under a nitrogen atmosphere. A red precipitate began to form after five minutes
of heating. The mixture was heated to reflux for two hours under a nitrogen atmosphere. The
red, microcrystalline powder was collected by vacuum filtration and washed with ultrapure
water (5 mL) and diethyl ether (6 mL). The precipitate was dried for four hours, under vacuum,

at 50 °C. Yield: 0.172 g, 58.7 %.

IR (cm™Y): 1597 (C=N); 959 (V=0); 534 (V-O); 435 (V-N). UV-Vis (CH:CN) [Amax, €]:
225 nm (s), 430 x 10* M! cml; 256 nm, 6.17 x 10* M' cm™; 294 nm,
3.84 x 10* M cm™; 464 nm, 9.57 x 10° M! cm™. ESI-MS in acetonitrile: [M]"
586.1088 m/z (calc. 586.1084 m/z). Elemental Analysis: Calculated for VCs3H21Ns5O3-
CH30H: C, 66.018; H, 4.074; N, 11.325 %. Found: C, 66.073; H, 3.734; N, 11.373 %.
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3.6.8 Synthesis of (4-methyl-2-{[(1E)-(2-oxidophenyl)methylene]amino}
phenolate)(dipyrido[3,2-a:2',3'-c]phenazine) oxovanadium(IV)
([VOMEA)(DPPZ)])

Figure 3.22  Structure of the complex designated [VO(MEA)(DPPZ)].

Vanadium(IV) oxide sulfate hydrate (0.0408 g, 0.250 mmol) was dissolved in ultrapure water
(2.5 mL) and the solution was degassed and saturated with nitrogen. MEA ligand
(0.0568 g, 0.250 mmol) was dissolved in methanol (10 mL). The resulting yellow solution was
purged with nitrogen for thirty minutes. The ligand solution was then added dropwise to the
vanadyl sulfate solution, over thirty minutes, under a nitrogen atmosphere, via a cannula. The
solution changed from clear blue to murky orange during this procedure. A methanol
suspension (26 mL) of the DPPZ ligand (0.0706 g, 0.250 mmol), previously degassed and
saturated with nitrogen, was added dropwise to the vanadyl reaction mixture. The resulting
mixture was heated to reflux, under a nitrogen atmosphere. A red precipitate began to form after
ten minutes of heating. The mixture was heated to reflux for two hours, under a nitrogen
atmosphere. The red, microcrystalline powder was collected by vacuum filtration and washed
with ultrapure water (2 mL), methanol (2 mL) and diethyl ether (2 mL). The precipitate was
dried for four hours, under vacuum, at 50 °C. Yield: 0.0665 g, 46.3 %.

IR (cm™'): 1601 (C=N); 948 (V=0): 533 (V-O): 424 (V-N). UV-Vis (CH;CN) [hmax, €]
203 nm, 4.89 x 10*M™! em™!; 234 nm, 3.80 x 10* M cm™; 271 nm, 6.38 x 10*M~' cm™;
357nm, 1.28 x 10*M' cm™; 374 nm, 1.36 x 10°M' cm™; 459 nm, 8.62 x 103’M ™' cm™'. ESI-
MS in dichloromethane: 574.1088 [M]" m/z (calc. 574.1084 m/z). Elemental Analysis:
Calculated for VC32H21Ns503: C, 66.899; H, 3.685; N, 12.194%. Found: C, 65.992; H, 3.720;
N, 12.687 %.
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3.7 Synthesis of the Cationic Oxovanadium(IV) Complexes

The cationic complexes with a PHEN, DPQ or DPPZ co-ligand and a O, N, N'-tridentate ligand

were synthesised using adaptations of reported methods.'> '3

3.7.1 Synthesis of (2-{[(1E)-(1-methyl-1H-imidazol-2-yl)methylene]
amino}phenolate)(1,10-phenanthroline) oxovanadium(IV)

hexafluorophosphate ([VO(PHCA)(PHEN)](PFs))

PFg

Figure 3.23  Structure of the complex designated [ VO(PHCA)(PHEN)](PFs).

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in a mixture of
ultrapure water (5 mL) and ethanol (3 mL). The resulting blue solution was degassed and
saturated with nitrogen for ten minutes. Barium chloride dihydrate (0.122 g, 0.500 mmol),
ethanol (5 mL) and ultrapure water (1 mL) was then added to the vanadyl sulfate solution. A
white precipitate of barium sulfate immediately formed. The suspension was stirred under a
nitrogen atmosphere at room temperature for ninety minutes. The fine white precipitate was
removed by vacuum filtration using a fritted glass filter support with nylon filter paper
(0.45 um). The reaction flask was washed with ethanol (2 mL) and the barium sulfate residue
removed by vacuum filtration using nylon filter paper (0.45 um). The filtrate from this solution
was added to the bulk of the vanadyl chloride filtrate. The clear blue vanadyl chloride filtrate
was transferred to a two-neck, round-bottomed flask. The filtration side-arm flask that
contained the vanadyl chloride filtrate was washed with ethanol (2 mL) and this solution was

added to the bulk vanadyl chloride filtrate.
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The vanadyl chloride filtrate was then degassed and saturated with nitrogen for ten minutes.
PHCA ligand (0.101 g, 0.502 mmol) was dissolved in ethanol (6 mL, previously degassed and
saturated with nitrogen for ten minutes) to form a clear yellow solution. This ligand solution
was further purged with nitrogen for ten minutes. The PHCA ligand solution was then added
dropwise to the blue vanadyl chloride solution over twenty minutes, under a nitrogen
atmosphere, at room temperature. The vanadyl chloride solution immediately changed from
clear blue to red upon addition of the PHCA ligand solution. Solid-state 1,10-phenanthroline
(PHEN), (0.090 g, 0.50 mmol) was added to the red solution and the resulting mixture was
heated to reflux under a nitrogen atmosphere for two hours. PHEN dissolved upon heating the
solution. The solution was then allowed to cool under a nitrogen atmosphere for five minutes.
Ultrapure water (25 mL) was added to the solution and the solution was degassed and saturated
with nitrogen for ten minutes. This solution was then filtered through nylon filter paper
(0.45 um). An excess of ammonium hexafluorophosphate (0.252 g, 1.55 mmol), dissolved in a
minimum of ultrapure water (ca. 4 mL), was then added to the clear, dark red filtrate. A red
precipitate of the target compound immediately formed. The precipitate was collected by
vacuum filtration and washed with ultrapure water (5 ml), HPLC grade methanol (1 mL) and
diethyl ether (5 ml). The precipitate was dried for four hours, under vacuum, at 50 °C. Yield:
0.100 g, 33.8 %.

IR (cm™!): 1582 (C=N); 959 (V=0); 831 (P-F stretch); 555 (V-O); 427 (V-N). UV-Vis
(CH3CN) [Amax, €]: 202 nm, 5.88 x 10* M~! em™; 227 nm, 5.10 x 10* M~' cm™!; 271 nm,
3.61 x 10* M' cm™; 294 nm (s), 1.44 x 10* M! em™; 354 nm, 1.28 x 10* M' cm™;
484 nm, 949 x 10° M' cm™'. ESI-MS in acetonitrile: [M]" 447.0905 m/z (calc.
447.0900 m/z). Elemental Analysis: Calculated for VC23H1sNsO2PFs: C, 46.634; H, 3.063; N,
11.826%. Found: C, 46.309; H, 3.042; N, 11.916 %.
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3.7.2 Synthesis of (4-methyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)
methylene]amino}phenolate)(1,10-phenanthroline) oxovanadium(IV)

hexafluorophosphate ([VOMECA)(PHEN)](PF¢))

PF

Figure 3.24  Structure of the complex designated [VO(MECA)(PHEN)](PFy).

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in a mixture of
ultrapure water (5 mL) and ethanol (3 mL), previously degassed and saturated with nitrogen for
ten minutes. The resulting blue solution was further degassed and saturated with nitrogen for
ten minutes. Barium chloride dihydrate (0.122 g, 0.500 mmol) and ethanol (5 mL) was then
added to the vanadyl sulfate solution. A white precipitate of barium sulfate immediately formed.
The suspension was stirred under a nitrogen atmosphere at room temperature for ninety
minutes. The fine white precipitate was removed using two regenerated cellulose
syringe filters (0.45 um). The filters were rinsed with ethanol (2 mL each) and the filtered
solutions were added to the bulk vanadyl chloride filtrate. The clear blue vanadyl chloride
filtrate was then degassed and saturated with nitrogen for ten minutes in a two-neck, round-
bottomed flask. MECA ligand (0.108 g, 0.502 mmol) was dissolved in ethanol (4 mL) to form
a clear yellow solution. This ligand solution was degassed and saturated with nitrogen for ten
minutes. The MECA ligand solution was then added dropwise to the blue vanadyl chloride
solution over thirty minutes, under a nitrogen atmosphere at room temperature. The vanadyl
chloride solution immediately changed from clear blue to red upon addition of the MECA

ligand solution. Solid-state PHEN (0.090 g, 0.50 mmol) was then added to the red solution.
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Upon dissolution of PHEN the reaction mixture was heated to reflux under a nitrogen
atmosphere for two hours. The solution was then cooled under a nitrogen atmosphere for thirty
minutes. Ultrapure water (30 mL) was added to the solution and the resulting solution was
filtered using vacuum filtration. An excess of ammonium hexafluorophosphate (0.247 g,
1.52 mmol), dissolved in a minimum of ultrapure water (ca. 1 mL), was then added to the clear,
dark red filtrate. A red precipitate of the target compound immediately formed. The precipitate
was collected by vacuum filtration and washed with ultrapure water (5 ml), HPLC grade
methanol (2 mL) and diethyl ether (5 ml). The precipitate was dried for three hours, under
vacuum, at 50 °C. Yield: 0.121 g, 39.9 %.

IR (cm'): 1604 (C=N); 961 (V=0); 833 (P—F stretch); 557 (V-O); 430 (V-N). UV-Vis
(CH3CN) [Amax, €]: 202 nm, 4.37 x 10* M~! em™; 230 nm, 4.37 x 10* M~' cm™!; 266 nm,
2.75 x 10* M em™; 294 nm (s), 1.16 x 10* M! em™; 357 nm, 1.07 x 10* M! cm™;
500 nm, 6.57 x 10° M! cm™!. ESI-MS in acetonitrile: [M]* 461.1053 m/z (calc.
461.1053 m/z). Elemental Analysis: Calculated for VC24H20N5O2PFs: C, 47.536; H, 3.325; N,
11.553%. Found: C, 47.141; H, 3.630; N, 11.096 %.
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3.7.3 Synthesis of (4-tert-butyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)
methylene]amino}phenolate)(1,10-phenanthroline) oxovanadium(IV)

hexafluorophosphate ([VO(TERTCA)(PHEN)|(PFs))

PFg

Figure 3.25  Structure of the complex designated [VO(TERTCA)(PHEN)](PFs).

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL), previously degassed and saturated with nitrogen for ten minutes. Ethanol (3 mL) was
added to the resulting blue vanadyl sulfate solution and the solution was further degassed and
saturated with nitrogen for ten minutes. Barium chloride dihydrate (0.122 g, 0.500 mmol) and
ethanol (5 mL) was then added to the vanadyl sulfate solution. A white precipitate of barium
sulfate immediately formed. The suspension was stirred under a nitrogen atmosphere at room
temperature for ninety minutes. The fine white precipitate was removed using two regenerated
cellulose syringe filters (0.45 um). The filters were rinsed with ethanol (2 mL each) and the
filtered solutions were added to the bulk vanadyl chloride filtrate. The clear blue vanadyl
chloride filtrate was then degassed and saturated with nitrogen for ten minutes in a two-neck,
round-bottomed flask. TERTCA ligand (0.127 g, 0.494 mmol) was dissolved in ethanol (4 mL)
to form a clear orange solution. This ligand solution was degassed and saturated with nitrogen
for ten minutes. The TERTCA ligand solution was then added dropwise to the blue vanadyl
chloride solution over twenty minutes, under a nitrogen atmosphere at room temperature. The
vanadyl chloride solution immediately changed from clear blue to red upon addition of the

TERTCA ligand solution.
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Solid-state PHEN (0.089 g, 0.49 mmol) was then added to the red solution. Upon dissolution
of PHEN, the reaction mixture was heated to reflux under a nitrogen atmosphere for two hours.
The solution was then cooled under a nitrogen atmosphere for thirty minutes. Ultrapure water
(30 mL) was added to the solution and the solution was degassed and saturated with nitrogen
for ten minutes. This solution was then filtered using vacuum filtration. An excess of ammonium
hexafluorophosphate (0.247 g, 1.52 mmol), dissolved in a minimum of ultrapure water
(ca. 4 mL), was then added to the clear, dark red filtrate. A red precipitate of the target
compound immediately formed. The precipitate was collected by vacuum filtration and washed
with ultrapure water (5 ml), HPLC grade methanol (2 mL) and diethyl ether (5 ml). The
precipitate was dried for three hours, under vacuum, at 50 °C. Yield: 0.174 g, 54.4 %.

IR (cm™): 1600 (C=N); 968 (V=0); 831 (P-F stretch); 557 (V-0); 427 (V-N). UV-Vis
(CH3CN) [Amax, €]: 203 nm, 5.67 x 10* M~! ecm™; 229 nm, 5.06 x 10* M~! cm™!; 271 nm,
3.53 x 10* M! em™; 293 nm (s), 1.42 x 10* M! em™; 357 nm, 1.21 x 10* M! cm™;
499 nm, 7.78 x 10> M cm™. ESI-MS in acetonitrile: [M]" 503.1536 m/z (calc.
503.1526 m/z). Elemental Analysis: Calculated for VCy7H26Ns502PFe: C, 50.008; H, 4.042; N,
10.803%. Found: C, 49.716; H, 3.852; N, 10.668 %.
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3.7.4 Synthesis of (3-{[(1E)-(1-methyl-1H-imidazol-2-yl)methylene]
amino}biphen-4-olate)(1,10-phenanthroline) oxovanadium(IV)

hexafluorophosphate ([VO(PHPHCA)(PHEN)]|(PFs))

YQ
Ly
/, \N/

PFe

(0]

Figure 3.26  Structure of the complex designated [ VO(PHPHCA)(PHEN)](PFj).

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in a mixture of
ultrapure water (5 mL) and ethanol (3 mL). The resulting blue solution was degassed and
saturated with nitrogen for ten minutes. Barium chloride dihydrate (0.122 g, 0.500 mmol),
ethanol (5 mL) and ultrapure water (1 mL) was then added to the vanadyl sulfate solution. A
white precipitate of barium sulfate immediately formed. The suspension was stirred under a
nitrogen atmosphere at room temperature for ninety minutes. The fine white precipitate was
removed by vacuum filtration using a fritted glass filter support with nylon filter paper
(0.45 pm). The clear blue vanadyl chloride filtrate was transferred to a two-neck, round-
bottomed flask. The filtration side-arm flask that contained the vanadyl chloride filtrate was
washed with ethanol (2 mL) and this solution was added to the bulk vanadyl chloride filtrate.
The vanadyl chloride solution was then degassed and saturated with nitrogen for ten minutes.
PHPHCA ligand (0.139 g, 0.501 mmol) was dissolved in ethanol (20 mL, previously degassed
and saturated with nitrogen for ten minutes) to form a clear yellow solution. This ligand solution
was further purged with nitrogen for ten minutes. The PHPHCA ligand solution was then added
dropwise to the blue vanadyl chloride solution over thirty minutes, under a nitrogen atmosphere,
via a cannular at room temperature. The vanadyl chloride solution immediately changed from

clear blue to red upon addition of the PHPHCA ligand solution.
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Solid-state PHEN (0.090 g, 0.50 mmol) was then added to the red solution and the reaction
mixture was heated to reflux under a nitrogen atmosphere for two hours. PHEN dissolved upon
heating. The solution was then allowed to cool under a nitrogen atmosphere for ten minutes.
Ultrapure water (30 mL, previously degassed and saturated with nitrogen for fifteen minutes)
was added to the dark red solution, via a cannular. The solution was further degassed and
saturated with nitrogen for ten minutes. The solution was then filtered through nylon filter paper
(0.45 um). An excess of ammonium hexafluorophosphate (0.252 g, 1.55 mmol), dissolved in a
minimum of ultrapure water (ca. 4 mL), was then added to the clear, dark red filtrate. A maroon
precipitate of the target compound immediately formed. The precipitate was collected by
vacuum filtration and washed with distilled water (5 ml), HPLC grade methanol (1 mL) and
diethyl ether (5 ml). The precipitate was dried for three hours, under vacuum, at 50 °C. Yield:
0.142 g, 42.5 %.

IR (cmi™): 1601 (C=N); 965 (V=0): 833 (P—F stretch); 556 (V-O); 432 (V-N). UV-Vis
(CH3CN) [Amax, €]: 226 nm, 4.96 x 10* M~! cm™!; 272 nm, 4.27 x 10* M~ ecm™!; 295 nm (s),
2.49 x 10* M em™; 356 nm, 1.33 x 10* M~ cm™; 507 nm, 7.24 x 10° M~! cm™'. ESI-MS in
acetonitrile: [M]" 523.1207 m/z (calc. 523.1213 m/z). Elemental Analysis: Calculated for
VC290H2Ns502PFs: C, 52.106; H, 3.318; N, 10.480%. Found: C, 49.145; H, 3.303; N, 10.127 %.
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3.7.5 Synthesis of (4-methyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)
methylene]amino}phenolate)(dipyrido[3,2-d:2',3"'-flquinoxaline)
oxovanadium(IV) hexafluorophosphate ([VOMECA)(DPQ)](PFs))

PFe

Figure 3.27 Structure of the complex designated [VO(MECA)(DPQ)](PFy).

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in a mixture of
ultrapure water (5 mL) and ethanol (3 mL). The resulting blue solution was degassed and
saturated with nitrogen for ten minutes. Barium chloride dihydrate (0.122 g, 0.500 mmol),
ethanol (5 mL) and ultrapure water (1 mL) was then added to the vanadyl sulfate solution. A
white precipitate of barium sulfate immediately formed. The suspension was stirred under a
nitrogen atmosphere at room temperature for ninety minutes. The fine white precipitate was
removed using vacuum filtration using a fritted glass filter support with nylon filter paper
(0.45 pm). The flask that contained the barium sulfate suspension was rinsed with ethanol
(2 mL) and this solution was also filtered using nylon filter paper (0.45 um) and the filtrate
combined with the bulk vanadyl chloride filtrate. The clear blue vanadyl chloride filtrate was
transferred to a two-neck, round-bottomed flask. The filtration side-arm flask that contained the
vanadyl chloride filtrate was washed with ethanol (2 mL) and this solution was added to the
bulk vanadyl chloride filtrate. The vanadyl chloride solution was then degassed and saturated
with nitrogen for ten minutes. MECA ligand (0.107 g, 0.497 mmol) was dissolved in ethanol
(7 mL) to form a clear yellow solution. This ligand solution was degassed and saturated with

nitrogen for ten minutes.

114



Chapter Three: Experimental Methods

The MECA ligand solution was then added dropwise to the blue vanadyl chloride solution over
twenty minutes under a nitrogen atmosphere at room temperature. The vanadyl chloride
solution immediately changed from clear blue to red upon addition of the MECA ligand
solution. Solid-state DPQ (0.115 g, 0.495 mmol) was then added to the red solution and the
resulting mixture was heated to reflux under a nitrogen atmosphere for three hours. DPQ
dissolved upon heating. The solution was then allowed to cool under a nitrogen atmosphere for
five minutes. Ultrapure water (30 mL) was added to the solution and the solution was degassed
and saturated with nitrogen for ten minutes. This solution was then filtered through nylon filter
paper (0.45 um). An excess of ammonium hexafluorophosphate (0.255 g, 1.56 mmol),
dissolved in a minimum of ultrapure water (ca. 3 mL), was then added to the dark red filtrate.
A maroon precipitate of the target compound immediately formed. The precipitate was
collected by vacuum filtration and washed with ultrapure water (5 ml) and diethyl ether (6 ml).

The precipitate was dried for five hours, under vacuum, at 50 °C. Yield: 0.161 g, 49.9 %.

IR (cm™!): 1581 (C=N); 967 (V=0); 835 (P-F stretch); 556 (V-O); 438 (V-N). UV-Vis
(CH3CN) [Amax, €]: 205 nm, 5.14 x 10* M~! ecm™!; 223 nm (s), 4.26 x 10* M! cm™!; 256 nm,
6.43 x 10* M™' cm™; 296 nm (s), 2.42 x 10* M~! em™; 340 nm, 1.13 x 10* M' cm™;
371 nm (s), 8.35 x 10* M' em™'; 503 nm, 6.14 x 10° M~ cm™!. ESI-MS in acetonitrile: [M]*
513.1129 m/z (calc. 513.1118 m/z). Elemental Analysis: Calculated for VCosH20N702PFs: C,
47.427; H, 3.062; N, 14.895%. Found: C, 47.047; H, 3.307; N, 15.264 %.
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3.7.6 Synthesis of (4-tert-butyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)
methylene]amino}phenolate)(dipyrido[3,2-d:2',3"'-flquinoxaline)
oxovanadium(IV) hexafluorophosphate ([VO(TERTCA)(DPQ)](PFs))

PFg

Figure 3.28 Structure of the complex designated [VO(TERTCA)(DPQ)](PFo).

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in a mixture of
ultrapure water (5 mL) and ethanol (3 mL). The resulting blue solution was degassed and
saturated with nitrogen for ten minutes. Barium chloride dihydrate (0.122 g, 0.500 mmol),
ethanol (5 mL) and distilled water (1 mL) was then added to the vanadyl sulfate solution. A
white precipitate of barium sulfate immediately formed. The suspension was stirred under a
nitrogen atmosphere at room temperature for ninety minutes. The fine white precipitate was
removed by vacuum filtration using a fritted glass filter support with nylon filter paper
(0.45 pum). The flask that contained the barium sulfate suspension was rinsed with ethanol
(2 mL) and this solution was also filtered using nylon filter paper (0.45 um) and the filtrate
combined with the bulk vanadyl chloride filtrate. The clear blue vanadyl chloride filtrate was
transferred to a two-neck, round-bottomed flask. The filtration side-arm flask that contained the
vanadyl chloride filtrate was washed with ethanol (2 mL) and this solution was added to the
bulk vanadyl chloride filtrate. The vanadyl chloride solution was then degassed and saturated
with nitrogen for ten minutes. TERTCA ligand (0.127 g, 0.494 mmol) was dissolved in ethanol
(7 mL) to form a clear orange solution. This ligand solution was degassed and saturated with

nitrogen for ten minutes.

116



Chapter Three: Experimental Methods

The TERTCA ligand solution was then added dropwise to the blue vanadyl chloride solution
over twenty minutes under a nitrogen atmosphere at room temperature. The vanadyl chloride
solution immediately changed from clear blue to red upon addition of the TERTCA ligand
solution. Solid-state DPQ (0.115 g, 0.495 mmol) was then added to the red solution and the
reaction mixture was heated to reflux under a nitrogen atmosphere for three hours. DPQ
dissolved upon heating. The solution was then allowed to cool under a nitrogen atmosphere for
five minutes. Ultrapure water (30 mL) was added to the solution and the solution was degassed
and saturated with nitrogen for ten minutes. This solution was then filtered through nylon filter
paper (0.45 um). An excess of ammonium hexafluorophosphate (0.247 g, 1.52 mmol),
dissolved in a minimum of ultrapure water (ca. 3 mL), was then added to the dark red filtrate.
A maroon precipitate of the target compound immediately formed. The precipitate was
collected by vacuum filtration and washed with ultrapure water (5 ml) and diethyl ether (5 ml).
The precipitate was dried for four and a half hours, under vacuum, at 50 °C. Yield: 0.209 g,
60.4 %.

IR (cm™!): 1581 (C=N); 967 (V=0); 834 (P-F stretch); 556 (V-O); 437 (V-N). UV-Vis
(CH3CN) [Amax, €]: 205 nm, 5.22 x 10* M~ cm™; 223 nm (s), 4.41 x 10* M cm™!; 256 nm,
6.53 x 10* M™' ecm™; 295 nm (s), 2.49 x 10* M~! em™; 340 nm, 1.14 x 10* M' cm™;
369 nm (s), 8.61 x 10° M' em™!; 501 nm, 5.98 x 10> M~! cm™!. ESI-MS in acetonitrile: [M]*
555.1592 m/z (calc. 555.1588 m/z). Elemental Analysis: Calculated for VCo9H26N702PFs: C,
49.722; H, 3.741; N, 14.000%. Found: C, 49.638; H, 3.820; N, 14.004 %.

117



Chapter Three: Experimental Methods

3.7.7 Synthesis of (4-methyl-2-{[(1E)-(1-methyl-1H-imidazol-2-yl)
methylene]amino}phenolate)(dipyrido[3,2-a:2’,3"-c|phenazine)
oxovanadium(IV) chloride ((VO(MECA)(DPPZ)|(C])])

Cl

Figure 3.29  Structure of the complex designated [VO(MECA)(DPPZ)](Cl).

Vanadium(IV) oxide sulfate hydrate (0.082 g, 0.50 mmol) was dissolved in ultrapure water
(5 mL). The resulting blue solution was degassed and saturated with nitrogen for ten minutes.
Barium chloride dihydrate (0.122 g, 0.500 mmol) and ethanol (10 mL) was then added to the
vanadyl sulfate solution. A white precipitate of barium sulfate immediately formed. The
suspension was stirred under a nitrogen atmosphere at room temperature for ninety minutes.
The fine white precipitate was removed using a regenerated cellulose syringe filter
(0.45 pm). The filter was rinsed with ethanol (4 mL) and the filtered solution was added to the
bulk vanadyl chloride filtrate. The clear blue vanadyl chloride filtrate was then degassed and
saturated with nitrogen for ten minutes in a two-neck, round-bottomed flask. MECA ligand
(0.108 g, 0.502 mmol) and ethanol (5 mL) were added to the blue vanadyl chloride solution at
room temperature. The vanadyl chloride solution immediately changed from clear blue to red
upon addition of the MECA ligand. DPPZ (0.141 g, 0.499 mmol) and ethanol
(4 mL) were then added to the red solution. The resulting mixture was heated to reflux under a
nitrogen atmosphere for three hours. DPPZ dissolved upon heating. After three hours the reflux
condenser was removed, and the solvent volume was reduced to about 5 mL. The solution was

then allowed to cool to ca. 4 °C on ice.
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A maroon precipitate of the target compound formed upon cooling. The product was collected

by vacuum filtration and dried for four hours, under vacuum. Yield: 0.195 g, 65.2 %.

IR (cm'): 3085 (C—H); 1577 (C=N); 966 (V=0); 605 (V-O); 423 (V-N). UV-Vis (CH:CN)
[Amax, €]: 239 nm, 2.64 x 10* M~' cm™; 270 nm, 4.79 x 10* M~' cm™; 359 nm, 1.66 x 10* M™!
cm™'; 376 nm (s), 1.44 x 10* M ecm™; 500 nm, 5.17 x 10° M~! cm™. ESI-MS in acetonitrile:
[M]"563.1281 m/z (calc. 563.1275 m/z). Elemental Analysis: Calculated for VC30H22N70Cl:
C, 60.157; H, 3.703; N, 16.374%. Found: C, 57.366; H, 4.263; N, 16.419 %.
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Chapter Four: Spectroscopic Characterisation

4.1 Introduction to Spectroscopy

The spectroscopic techniques employed in this work to characterise the ligands include
nuclear magnetic resonance (NMR), UV/visible and infrared spectroscopy, and electrospray
ionisation mass spectrometry (ESI-MS). ESI-MS, UV/visible, infrared and electron
paramagnetic resonance (EPR) spectroscopic techniques were used to characterise the
oxovanadium complexes. Ultraviolet (190 — 400 nm) and visible (400-800 nm) radiation
causes electron transitions between electronic energy levels within a molecule. In infrared
spectroscopy, compounds will absorb radiation between 2.5 — 15 pum wavelengths,
corresponding to stretching and bending vibration frequencies of the covalent bonds in the
molecule. EPR utilises an applied magnetic field, and radio-frequency radiation (in GHz
range), to study transitions between electronic spin states split by the magnetic field of
unpaired electrons. NMR also utilises an applied magnetic field, but utilises lower radio
frequencies (MHz range) of longer wavelengths (1 — 5 m) to cause nuclear spin transitions in

a compound.'”
4.2 Nuclear Magnetic Resonance Spectroscopy

'"H and '3C NMR spectroscopy was used to characterise the diamagnetic dione precursor,
bidentate and tridentate ligands. NMR can be used for atomic nuclei with odd atomic numbers
or mass based on these nuclei having a quantised spin angular momentum. This technique can
provide information on each type of atom that is magnetically distinct and the immediate
environment surrounding the nucleus.! When a magnetic field is applied the spin states of a
nucleus split into states of unequal energy. Taking hydrogen as an example, the spin state of
—)> has higher energy than the spin state +% as it is opposed to the magnetic field. When the
magnetic field is applied, the nucleus begins to precess (wobble) about its own axis. An
oscillating electrical field is generated by this precession, as the nucleus has a charge. When
radio frequencies are applied, the nuclei that are aligned with the applied magnetic field

absorb energy and change their spin orientation.'
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This absorption of energy is quantised, and so, the energy can only be absorbed if the
frequency of the radio waves matches the frequency of the electric field of the precessing
nucleus (resonance). Not all protons have the same electronic environment and, therefore,
resonate at different frequencies. In addition, the applied magnetic field causes valence
electrons of protons to circulate, creating a magnetic field that is opposed to the applied
magnetic field. This generated magnetic field (diamagnetic anisotropy) causes a shielding of
the protons from the applied magnetic field. The greater the electron density around a nucleus,
the greater the shielding from the applied magnetic field. Protons that are shielded by a higher

electron density resonate at lower frequencies due to the lower net applied field.!

In pulsed Fourier transform instruments, all of the magnetic nuclei in a molecule are excited
simultaneously by a pulse and undergo resonance at the same time. The excited nuclei then
relax and return to their original spin state by emitting radiation, when the pulse is
discontinued. The emitted radiation occurs at various frequencies depending on the
environment of the nuclei. The free-induction decay (FID) signal generated is the difference

between the frequencies emitted by the excited nuclei and the frequency of the pulse.!

The FID signal is then computed through Fourier transform analysis into the chemical shifts
of the different nuclei in ppm. The signal is represented as a chemical shift, as they are
independent of the strength of the applied magnetic field. The sensitivity of the NMR
spectrometer instrument is increased with stronger resonance signals, with increasing applied
frequencies to observe nuclei such as *C that is low in abundance.! The NMR spectrometers
used in this work use high field strength and operating frequencies of 9.4 T magnet at
frequencies of 400 MHz for 'H and 100 MHz for '3C NMR spectra and 11.7 T magnet at
frequencies of 500 MHz for 'H and 125 MHz for *C.

4.2.1 NMR Spectroscopy of the V,N-Bidentate Co-ligands

DPQ and DPPZ are symmetrical ligands (two-fold symmetry). Four 'H peaks and seven '°C
peaks are expected for DPQ (C14HsNa). Five 'H peaks and nine *C peaks are expected for
DPPZ (CisHioN4). The signals recorded correspond with those reported in the literature for
DPQ* and DPPZ’ (Figure 4.1). The full 'H and '3C NMR spectra are available in Figures A4,
A5, A7 and A8 for DPQ and DPPZ, respectively, in Appendix A.
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The reference literature assigns Ho/Hr of DPQ as the lowest-field signal (refer to Figure 4.1)
due to the quinoxaline nitrogen atoms increasing the para effect of the bipyridine nitrogen
atoms. In the 3C NMR spectrum of DPQ, the C-H./C—Hy signal appears upfield of the
C-H./C-Hgq signal.* In the DPPZ '"H NMR spectrum the Hc/H¢ protons in the bipyridine
moiety of DPPZ are the most affected by the addition of a benzene ring on DPQ, shifting
downfield in comparison to the He/Hr protons in the bipyridine moiety of DPQ.

DPPZ
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Figure 4.1  'H NMR spectra of DPPZ (top) and DPQ (bottom) in CDCls. Inset structures

show the atom numbering scheme.
4.2.2 NMR Spectroscopy of the O,N,0'-Tridentate Ligands

The 'H and !*C spectra of PHA, MEA, TERTA, and CLA have been reported in literature.5!3
The reported spectra, however, have not been fully assigned. The 'H and '*C NMR spectra of
the O,N,O'-tridentate ligands in this work are fully assigned, where possible. In addition, the
'H and '*C assignments in this work have improved on those reported. The most notable
examples are the assignments in the '"H and '*C NMR spectra of ligands MEA and TERTA
(Figures A16, A17, A22 and A23, Appendix A). 'H, 1*C, and additional NMR cosy, dept, hsqc
and hmbc experiments were conducted on all O,N,0' ligands in this work to remove any

ambiguity. Assigned 'H and '3C spectra for all O,N,O’ ligands are reported in Appendix A.
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All of the '"H NMR spectra of the O,N,0’ ligands in this work exhibited a singlet signal
between 8.95 — 9.11 ppm, assigned to the imine proton.'® In addition, all of the O,N,O’ ligands
have two broad singlets downfield. These are assigned to the two OH groups present with the
furthest downfield signal assigned to the OH of the salicylidene group.'® A representative 'H

NMR spectrum is shown in Figure 4.2 for TERTA.
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Figure 4.2  Fully assigned "H NMR spectrum of TERTA in DMSO-d.

Although the O,N,0' ligands crystallised as the keto tautomer (refer to Chapter 5, Section
5.2), the O,N,0O' ligands were found as the enol tautomer in solution. This was confirmed by
the presence of the two broad singlets downfield (in the ranges 13.27 — 13.86 ppm and 9.45 —
10.88 ppm), characteristic of phenol hydrogens.>®* The OH shifts for the O,N,O’ ligands in
this work differed to those in the literature. The literature reports either zero'® or one reported
phenol signal,”'>!3 or different chemical shifts of the two phenol signals.®!! This deviation
may be due to solvents' or the presence of the zwitterion derivative.'> The chemical shift of
the OH hydrogen atoms in general are also dependant on concentration and temperature.! A

representative '°C NMR spectrum is shown in Figure 4.3 for TERTA.
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Figure 4.3  Fully assigned '>C NMR spectrum of TERTA in DMSO-ds.

The imine carbon atom signal is furthest downfield in the 13C NMR spectra of the O,N,0’
ligands as it is the most deshielded. In contrast alkyl groups, such as -CH3 groups are furthest
upfield. The electron withdrawing effects of the OH groups mean that carbon atoms C1 and
C9 are further downfield than the other aromatic carbon atoms. The other aromatic carbon

atoms are in more similar chemical environments and are closely spaced - between 142 and

116 ppm, in the case of TERTA.
4.2.3 NMR Spectroscopy of the O,N,N'-Tridentate Ligands

The NMR data for the novel O,N,N'-tridentate ligands in this study has been published for
PHCA, MECA and TERTCA as part of this PhD project.!* Full 'H and '*C NMR spectra of
the O,N,N' ligands, with assignments are given in Appendix A. The 'H chemical shifts for the
imine and hydroxyl group show that, as in the solid-state, the hydroxyl proton remained on

the oxygen in solution and the OH hydrogen atom chemical shift appeared furthest downfield.
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The imine nitrogen was not protonated as had been reported for the O,N,O"-donor PHA
derivative of the ligand in solution.'? Previously reported similar O,N,N’ ligands with an

NH,N imidazole moiety also indicate that the OH group is protonated in solution.'>!6

Comparing the 'H chemical shift of the imine CH atoms of the O,N,0’ and O,N,N’ ligands,
those of the O,N,N' ligands are further upfield than in the corresponding O,N,O' ligands. For
example, 8.56 ppm for the imine C—H of the O,N,N'-donor TERTCA ligand compared to
8.99 ppm for the equivalent atom in the O,N,O'-donor TERTA ligand. This is likely a
consequence of the electron withdrawing effect of the OH group which would deshield the

imine CH in the latter. The 'H NMR spectrum of TERTCA is shown in Figure 4.4 for
TERTCA.

The addition of the electron-donating methyl and terz-butyl groups in MECA and TERTCA,
respectively, at the 4’ position on the aminophenol ring, did not affect the imine CH hydrogen
atom chemical shift significantly (8.54 and 8.56 ppm for MECA and TERTCA, respectively,
compared to 8.54 ppm for unsubstituted PHCA). The addition of an electron-withdrawing
phenyl ring in PHPHCA, however, caused a downfield shift of the imine hydrogen atom

(8.66 ppm for PHPHCA).
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Figure 4.4  Fully assigned 'H NMR spectrum of TERTCA in DMSO-db.
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The effect of adding a phenyl ring in PHPHCA similarly affected the hydroxyl chemical shift.
The chemical shift of the hydroxyl hydrogen atom was similar for MECA and TERTCA
(8.76 ppm and 8.78 ppm, respectively), but further downfield for PHCA at 8.97 ppm and even
further downfield for PHPHCA at 9.17 ppm. The electron-donating methyl and tert-butyl
groups of MECA and TERTCA, respectively, para to the hydroxyl group lead to shielding
compared to the unsubstituted phenol ring in PHCA. The phenyl substituent has a deshielding
effect on the OH group. A similar trend is noted in the C—OH !*C chemical shifts
(150.53 ppm, 148.21 ppm, 147.99 ppm and 150.18 ppm for PHCA, MECA, TERTCA and
PHPHCA, respectively). A representative '3C NMR spectrum is shown in Figure 4.5 for
TERTCA. The 'H and '3C chemical shifts of the imidazole moiety did not seem to be affected

by the addition of electron-donating substituents at the 4’ position on the aminophenol ring.
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Figure 4.5  Fully assigned '>C NMR spectrum of TERTCA in DMSO-ds.

As with the O,N,0’ ligands the imine carbon atom is furthest downfield in the 13C NMR
spectra of the O,N,N' ligands as it is the most deshielded. Alkyl groups such as -CH3 groups

are furthest upfield.
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The addition of the electron-withdrawing phenyl ring in PHPHCA, also caused a downfield
shift of the imine carbon atom as it did for the imine hydrogen atom as compared to the other
O,N,N' ligands in the series: 150.93, 150.70, 150.94 and 151.56 ppm for the imine '*C shift of
PHCA, MECA, TERTCA and PHPHCA, respectively.

4.2.4 NMR Spectroscopic Hydrogen Bonding Study of the O,N,N' Ligands

The crystal structures of the O,N,N' ligands revealed the compounds spontaneously dimerise
in the solid-state (further discussed in Chapter 5). A 'H NMR titration study was, therefore,
conducted on TERTCA to determine if dimerisation also occurs in the solution phase.
TERTCA was selected as the tert-butyl functionality allowed for more solubility in the chosen
solvent, chloroform, allowing for a wider range of concentrations. As mentioned previously,
the chemical shifts of atoms involved in hydrogen bonding vary based on several factors. The
line shapes and chemical shifts of the OH group were followed over a concentration range of
ca.3 x 10 -4 x 107! M based on the mass of the monomeric unit of TERTCA (Figure 4.6).
NMR spectra for this study were recorded with a Bruker Avance III 500 spectrometer at
30 °C in dry CDCls. The solvent was dried over calcium hydride. This is an important step as
water in the samples may interfere with the hydrogen bonding pattern. The 'H NMR spectra
were processed through TopSpin 3.2, patch level 7.!7 The results of this study have been
published.'*

Figure 4.6 Stacked 'H NMR spectra of TERTCA depicting the concentration dependence
of the chemical shift and line width of the OH signal.'*
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The data indicated that the chemical shift of the OH group moves downfield, and line
broadening occurs as the concentration of TERTCA increases (Figure 4.6). The original OH
chemical shift, of 6.62 ppm at 3.24 x 107> M, shifted downfield to a final chemical shift of
7.11 ppm at 3.88 x 107! M. The chemical shifts and line widths of the hydrogen atoms not
involved in hydrogen bonding remained unchanged. The significant downfield shift of the OH
group was attributed to the deshielding effect of intermolecular hydrogen bonding within the
dimers. The line broadening of the OH hydrogen atom is attributed to a greater rate of
exchange between the monomer and dimer units in relation to the timescale of the 500 MHz
"H NMR spectra aquisition. The signal observed is the weighted time average of the monomer

and dimer.'*

The equilibrium constant for the dimerisation process was estimated using the above data.
The chemical shift of the OH group was plotted against the concentration of TERTCA. The
data were fitted using Origin 9.1 to a non-linear least-squares fit of the following equation to

determine the equilibrium constant, K!8

)
5= 6D+%(1—\/1+8KC)

Where 6 = the weighted average chemical shift of the hydroxyl proton
Op = chemical shift of the hydroxyl proton of the dimer
Oy = chemical shift of the hydroxyl proton of the monomer

C = concentration of the monomer in solution

The equilibrium constant was calculated as 0.16(5) M! for the 1:1 dimerisation process at
30 °C. The 6p and 6y chemical shifts were estimated to be 11.4(9) ppm and
6.62(1) ppm respectively at 30 °C. The dimerisation process at 30 °C was also determined to
be endergonic with a AG value of ca. 4.6 kJ mol!. The slightly endergonic process may
explain why relatively high concentrations of TERTCA were required to observe a significant

change in the chemical shift of the hydroxyl proton.

The '"H NMR study strongly suggests that dimerisation of TERTCA takes place in solution. It
is also suspected that dimerisation in solution would occur for PHCA and MECA as the

hydrogen bonding parameters and molecular geometry in the solid-state are similar for

PHCA, MECA and TERTCA (refer to Chapter 5).'*
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4.3 Infrared Spectroscopy of the Tridentate Ligands and

Oxovanadium(1V) Complexes

The relevant range for vibrational infrared spectroscopy extends from about 4000 to
400 cm ! A molecule will absorb selected frequencies of infrared radiation that match the
natural vibration frequencies of the bonds in the molecule.! The absorbed energy enhances the
amplitude of the natural vibrations with energy changes between 8 to 40 kJ mol™'.! Only
bonds that have a dipole moment that changes as a function of time at the same frequency as
the incoming radiation can absorb infrared radiation.! Each different type of molecule will
produce a unique infrared spectrum as every type of bond has a different natural frequency of
vibration and the same type of bond in a different molecule would be in a different chemical
environment. The absorption frequency of each type of bond are thus found over a range

dependent on the chemical environment, such as C=N in the range 1650 — 1550 cm™'.!

The infrared spectra of the synthesised ligands and complexes are shown in Appendix A. The
infrared spectra of the tridentate ligands were compared with the spectra of the corresponding
complexes to assess successful coordination of the ligand to the oxovanadium(IV) centre. Due
to the paramagnetic nature of the metal chelates, IR spectroscopy is an important

characterisation tool.

The first notable difference in the infrared spectra of the uncoordinated tridentate ligands and
the respective complexes is the stretching vibrations of the imine bond in the Schiff base
ligand. This shifts to a lower frequency in the complexes, by at least 8 cm™' (Table 4.1). For
example, the stretching frequency of the imine bond in the O, N, O’ tridentate ligand TERTA is
1614 cm™. This shifts to a lower frequency of 1603 cm™ in the neutral [VO(TERTA)(DPQ)]
complex. Note - there may be some single bond character for the imine bond in the O,N,0’
ligands due to the keto-enol tautomerism of the O,N,O’ ligands (see Section 5.2). Therefore,
the band at 1614 cm™' may contain C=O stretching frequency character due to the presence of
the carbonyl bond in the keto tautomer. The O,N, O’ ligands were determined as the keto form

in the solid-state structures (Section 5.2.3).
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Table 4.1 Frequencies (cm™) of the imine C=N stretching vibrations in the tridentate

ligands, and the neutral and cationic complexes.

Tridentate O,N,0’ v (C=N) Neutral Complex v (C=N)
Ligand (cm™) (cm™)
PHA 1610 [VO(PHA)(DPQ)] 1600
MEA 1611 [VO(MEA)(DPQ)] 1599
TERTA 1614 [VO(TERTA)(DPQ)] 1603
CLA 1614 [VO(CLA)(DPQ)] 1599
SOA 1612 [VO(SOA)(DPQ)] 1600
NAA 1608 [VO(NAA)(DPQ)] 1600
PHPHA 1612 [VO(PHPHA)(DPQ)] 1597
MEA 1611 [VO(MEA)(DPPZ)] 1601
Tridentate O,N,N' v C=N Cationic Complex v C=N
Ligand (em™) (em™)
PHCA 1634 [VO(PHCA)(PHEN)](PFs) 1582
MECA 1620 [VO(MECA)(PHEN)](PFé) 1604
TERTCA 1618 [VO(TERTCA)(PHEN)]|(PFs) 1600
PHPHCA 1614 [VO(PHPHCA)(PHEN)](PFs) 1601
MECA 1620 [VO(MECA)(DPQ)](PFs) 1581
TERTCA 1618 [VO(TERTCA)(DPQ)|(PFé) 1581
MECA 1620 [VO(MECA)DPPZ)](C)) 1577

The shifting of the imine bond stretching frequency to lower wavenumbers in the metal
complexes indicates coordination of the imine nitrogen to the vanadium centre as the carbon
to nitrogen bond order decreases upon coordination.®!® The decrease in bond order is a
consequence of the electron deficient metal centre removing electron density from the ligand.
The 1mine C=N group is directly coordinated to the metal and thus experiences a relatively
large change compared to other bonds. The sharp imine C=N stretching vibrations for the
complexes in this work are consistent with the imine frequencies in similar oxovanadium(IV)

compounds with Schiff base ligands found in the literature.!°-?!

The second difference to note between the free ligand and metal complex IR spectra is the

19202225 in the range 945 — 968 cm ™. For

appearance of the strong V=0 stretching vibration
example, the V=0 stretching vibration appears at 949 cm™ in the [VO(TERTA)(DPQ)]

spectrum, this is not present in the spectra of the free TERTA ligand (Figure 4.7).
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The presence of the V-N stretch in the range 423 —438 cm™ and the V-O stretch in the range
532557 ecm™ also indicate coordination of the tridentate Schiff base ligands to the vanadium

centre.
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Figure 4.7  Overlay of the IR spectra of the O,N,0' tridentate ligand TERTA and the

neutral complex [VO(TERTA)(DPQ)] indicating the general shift to lower
stretching frequencies following coordination of the electron deficient metal
ion. The V=0, V-0 and V-N stretching frequencies are also indicated and

confirm successful metal ion coordination.

The cationic PHEN and DPQ complexes also have an additional intense peak in the region
831 — 835 cm™ that is not present in the free ligand spectra. This is assigned to the P—F stretch
of the hexafluorophosphate counter ion.>>>! Representative IR spectra giving a comparison of
the O,N,N'-tridentate ligand TERTCA and the [VO(TERTCA)(PHEN)](PFs) complex are
shown in Figure 4.8. The general shift to lower frequencies and appearance of the V=0, V-O

and P—F stretching frequencies are indicative of successful metal complex formation.
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Figure 4.8
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Overlay of the IR spectra of the O,N,N'-tridentate TERTCA ligand and the
[VO(TERTCA)(PHEN)](PFs) complex highlighting the lower C=N stretching
frequency and appearance of the V=0, V-O and P-F stretching frequencies in

the complex.

The V=0, V-0, V-N and P-F stretching frequencies of the complexes are listed in Table 4.2.

The intense P-F stretch that is present in the spectra of the hexafluorophosphate PHEN and

DPQ complexes is not present in the neutral DPQ complexes, nor in the cationic DPPZ

chloride complex spectra.

The frequency of the V=0 stretch gives an indication of the sigma donor capacity of the

donor frans to the vanadyl oxygen.?? The greater the sigma donor capacity of the ligand, the

lesser the frequency of V=0 stretching vibration.>’ Crystal structures obtained of the

complexes in this work (Chapter 5) indicate the nitrogen donor of the bidentate ligand is trans
to the vanadyl oxygen. A decrease in v(V=0) was seen for [VO(MEA)(DPPZ)] in comparison
to [VO(MEA)(DPQ)], but most differences in the V=0 stretching frequency for analogous
complexes with PHEN, DPQ and DPPZ co-ligands were marginal (7able 4.2).
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Table 4.2 Selected frequencies (cm™) of V=0, V-0, V-N and P-F stretching vibrations
in the neutral and cationic complexes.
vV=0| vV-O | vV-N | vP-F

Neutral Complexes cm?) | @) | @) | @m?
[VO(PHA)(DPQ)] 958 532 424 N/A
[VOMEA)(DPQ)] 955 533 425 N/A

[VO(TERTA)(DPQ)] 949 535 425 N/A
[VO(CLA)(DPQ)] 945 532 424 N/A
[VO(SOA)(DPQ)] 953 533 435 N/A
[VO(NAA)(DPQ)] 954 565 425 N/A

[VO(PHPHA)(DPQ)] 959 534 435 N/A

[VOMEA)(DPPZ)] 948 533 424 N/A

vV=0 [ v V-O | vV-N | vP-F
(em™?) | (em™?) | (em™?) | (cm™)
[VO(PHCA)(PHEN)](PFs) 959 | 555 | 427 | 831
[VOMECA)(PHEN)](PFs) | 961 | 557 | 430 | 833
[VO(TERTCA)(PHEN)|(PFs) | 968 | 557 | 427 | 831
[VO(PHPHCA)(PHEN)|(PFe) | 965 | 556 | 432 | 833

Cationic Complexes

[VO(MECA)(DPQ)](PFs) 967 556 438 835
[VO(TERTCA)(DPQ)](PFs) | 967 556 437 834
[VO(MECA)(DPPZ)](C) 966 557 423 | NA

The position of the V=0 band is often correlated with the V=0 bond length.32>3? In this work
the V=0 bond length increased in the order [VO(TERTCA)(PHEN)](PFs) <
[VO(MECA)(PHEN)](PFs) < [VO(PHCA)(PHEN)](PFs) while the v(V=0) decreased in
energy in the same order. Bond length typically increases as bond order (or bond strength)
decreases. This lowering in bond order lowers the energy of the stretching frequency. There is
seemingly a relationship between the electronic properties of the substituents on the Schiff
base ligand and the stretching frequency: electron donating groups lead to shorter V=0 bonds

in the cationic PHEN complexes.

Comparing the infrared spectra of the neutral and cationic complexes, the V=0 and V-O
stretching frequencies occur at lower wavenumbers in the neutral complexes than in the
cationic set of complexes (Table 4.2). For example, v(V=0) was 949 cm™ versus 967 cm™
and v(V-0) was 535 em™ versus 556 cm™ for the neutral [VO(TERTA)(DPQ)] and cationic
[VO(TERTCA)(DPQ)](PFs) complexes, respectively (Figure 4.9).
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This 1s consistent with the literature where a decrease in the V=0 stretching frequency
occurred from the neutral complex [VO(PHA)(DPQ)] to the cationic N-2-pyridylmethylidine-
2-hydroxyphenylamine oxovanadium(IV) DPQ derivative.!®?° It is probable this difference is
caused by the tridentate ligand c-donor ability.

The appearance of the P-F intense peak in the [VO(TERTCA)(DPQ)](PFs) spectra at

834 cm™! that is not visible in the neutral analogue [VO(TERTA)(DPQ)] spectra is also noted
(Figure 4.9).
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Figure 4.9 IR spectra of the neutral complex [VO(TERTA)(DPQ)] showing the lower

V=0 stretching frequency and absence of the P-F stretch when compared to
the [VO(TERTCA)(DPQ)](PFs) complex.

Bands assigned to the co-ligand (PHEN, DPQ and DPPZ) are also present in the infrared
spectra. For example, the bands at 1490, 1423 and 724 cm™ in the IR spectra of
[VO(TERTCA)(PHEN)|(PFs) (Figure 4.8) agree with characteristic bands of the

phenanthroline ligand.?!-*?

The bands slightly higher than 3000 cm™ are assigned to aromatic C—H stretching vibrations

of the phenyl rings and the bands slightly lower than 3000 cm™ are assigned to C-H
stretching vibrations of the alkyl groups.?8343°
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4.4 UV)visible Spectroscopy

In UV/visible spectroscopy, continuous radiation (200 — 700 nm region of interest) is passed
through a sample. This radiation induces transitions between electronic energy levels within
the molecule being studied. An electron in a molecule moves to greater potential energy from
occupied molecular orbitals to the lowest unoccupied molecular orbitals (LUMO) as the
molecule absorbs energy, resulting in an absorption spectrum.! Molecules have many excited
modes of vibration and rotation at room temperature and so a molecule undergoes electronic
and vibrational-rotation excitation at the same time. Absorption phenomena in UV/visible
spectroscopy, therefore, occurs over a wide range of wavelengths. Nuclei, held together by
bonding electrons, determine the spacing between ground and excited energy states and so

determine which wavelengths of radiation may be absorbed.!

The UV/visible absorption spectra of all ligands and complexes in this work were recorded in
acetonitrile and are available in Appendix A. Acetonitrile was chosen as the solvent as it does
not absorb radiation in the region of interest for this study (cut off 190 nm).! The applicability
of Beer-Lambert’s law was also conducted by plotting absorbance versus concentration for
Amax of all ligands and complexes. All ligands and complexes obeyed Beer-Lambert’s law
indicating a single species in solution.! Beer-Lambert straight-line graphs are also available in

Appendix A for the ligands and complexes in this work.

4.4.1 UV/visible Spectra of the O,N,0'-Tridentate Ligands and Neutral
[VO(ONO)(NN)] Complexes

The absorption spectra of the O,N,O' ligands consist of at least four bands. A representative
absorption spectrum for an O,N,0’ ligand is shown in Figure 4.10 for CLA. The higher
energy absorption bands at ca. 230 and 269 nm are assigned to 6 — ¢* and 1 — n* benzenoid
transitions, respectively.® Bands at 269 nm could also include imine m — 7* transitions.>
Bands around 211 nm may be due to 1 — 7w* transitions of the ring containing phenolate
oxygen.*® The band at around 352 nm in the O,N,O’ ligands is attributed to n — 7* transitions
between the lone pair of electrons of the N-atom in the imine group and a conjugated m bond

of the phenyl rings.*’
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The UV/visible spectra of the O,N,0" ligands and the corresponding neutral complex were
compared to determine if successful coordination of the ligand to the oxovanadium(IV) centre
occurred. The first noticeable difference between absorption spectra of the free O,N, O’ ligands
and the corresponding [VO(ONO)(NN)] complexes is the appearance of the ligand-to-metal
charge transfer (LMCT) band at 442 — 464 nm in the neutral metal complexes. For example,
the LMCT band appears at ca. 464 nm in the [VO(CLA)(DPQ)] complex spectrum that is not
present in the CLA ligand absorption spectrum. The LMCT band is attributed to a ligand-to-
metal charge transfer from the phenolate oxygen to an empty d-orbital of vanadium (ONO —

V). The LMCT band is also possibly mixed with dyy to d7 and d — d} transitions. It is

generally thought that transitions occur from dyy to dxz, dyz; dxy to di — d3 and dyy to d3

orbitals in increasing energies for vanadyl(IV) complexes.!*-20:26:36.38-40
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Figure 4.10 Overlay of the UV/visible spectra of the O, N,O'-tridentate ligand CLA and the
neutral complex [VO(CLA)(DPQ)] indicating formation of the LMCT band in

the complex.

The increase in the number of bands for the complexes in comparison to the respective free
ligand also indicates successful metallation. The ¢ — ¢* and 1 — n* bands may have merged
in the complex to form the intense band at 256 nm as the formation of the band around
256 nm in the complexes is midway between the 6 — ¢* band at 230 nm and the 1 — ©*
band at 269 nm of the corresponding free ligand. The hypsochromic shift of the n — n*
benzenoid band in the complex could be due to the unsymmetrical nature of the metal-ligand

bonding or increased metal-ligand nt-interactions and conjugation.®
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The remaining bands in the UV region of the complexes are attributed to intra-ligand ©1 — ©*
transitions of the aromatic chromophores of the respective N, N’ ligands and tridentate ligands.
The formation of the bands around 291 nm are assigned to bidentate ligand 1 — =*
transitions.!%-20-26-363840 The n 3 * band around 352 nm in the free ligands undergoes a
bathochromic shift upon coordination to vanadium.?’ The shoulder at 400 nm in the

complexes could be attributed to the imine band as the imine band normally appears at 390 +

10 nm with £ = 1400 — 1800 M! em™ in [VO(ONO)(BIPY)] complexes.*!

The Amax (nm) and ¢ (M em™) values for the LMCT and m — n* bands for the neutral

complexes are summarised in 7able 4.3.

Table 4.3 Summary of Amax (nm) and € (M em™) values for the LMCT and © — m*
bands of the neutral oxovanadium(IV) complexes.
Neutral Complex Amax, € (M cm™) Amax, € (M cm™)
LMCT band T —> ¥
[VO(PHA)(DPQ)] 450 nm, 9.14 x 10> | 256 nm, 6.01 x 10*
[VO(MEA)(DPQ)] 464 nm, 9.64 x 10* | 256 nm, 6.01 x 10*
[VO(TERTA)(DPQ)] | 464 nm, 1.07 x 10* | 256 nm, 5.68 x 10*
[VO(CLA)(DPQ)] 464 nm, 9.76 x 10° | 256 nm, 5.78 x 10°
[VO(SOA)(DPQ)] 450 nm, 1.30 x 10* | 256 nm, 8.40 x 10*
[VO(NAA)(DPQ)] 442 nm, 1.14 x 10* | 256 nm, 6.79 x 10*
[VO(PHPHA)(DPQ)] | 464nm, 9.57 x 10° | 256 nm, 6.17 x 10*
[VO(MEA)(DPPZ)] 459 nm, 8.62 x 10° | 271 nm, 6.38 x 10*

Comparing the spectra of the neutral complexes, the addition of electron-donating substituents
such as methyl and zerz-butyl and electron-withdrawing chloro on the 4’ position of the phenyl
ring caused the LMCT band to shift from 450 nm to 464 nm in comparison to
[VO(PHA)(DPQ)]. The addition of the aromatic naphthalene rings caused the LMCT band to
shift from 450 nm in [VO(PHA)(DPQ)] to 442 nm in [VO(NAA)(DPQ)].

138



Chapter Four: Spectroscopic Characterisation

The additional n bonds in [VO(SOA)(DPQ)], [VO(NAA)(DPQ)] and [VO(PHPHA)(DPQ)]
are also apparent in the amplified intensity of the 1 — m* transitions in comparison to
[VO(PHA)(DPQ)], [VOMEA)(DPQ)], [VO(TERTA)(DPQ)] and [VO(CLA)DPQ)]
(Table 4.3).

The extended conjugation of DPPZ in comparison to DPQ is also evident in the bathochromic
shift of the m — n* band from 256 nm for [VOMEA)(DPQ)] to 271 nm for
[VO(MEA)(DPPZ)] (Figure 4.11) This is due to the gap in energy levels of a chromophore
moving closer together with an increase in m-conjugation.! The energy of the transitions will
therefore decrease, leading to a longer wavelength of absorption. The intensity of the
absorption for the m — =m* bands also increases as shown in Figure 4.11 (g is
6.01 x 10* M cm™ at 256 nm for [VO(MEA)(DPQ)] and is 6.38 x 10* M~ cm™ at 271 nm
for [VO(MEA)(DPPZ)]). [VO(MEA)(DPPZ)] displays additional bands at 357 nm and
374 nm (Figure 4.11). DPQ and DPPZ complexes are known to exhibit additional bands near

350 nm due to n — 7* transitions of the quinoxaline and phenazine moieties.!**°
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Figure 4.11 Opverlay of the UV/visible spectra of the neutral complexes [VO(MEA)(DPQ)]
and [VO(MEA)(DPPZ)] highlighting the changes as a result of the increased
conjugation of DPPZ compared to DPQ.
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4.4.2 UV/visible Spectra of the O,N,N'-Tridentate Ligands and Cationic
[VO(ONN)(NN)](PF¢/Cl) Complexes

In comparing the UV/visible spectra of the free O,N,N' ligands and corresponding cationic
complexes the appearance of the LMCT (ONN — V) bands at 484 — 507 nm in the metal
complex spectra are indicative of successful metallation. For example, a band formed at ca.
500 nm m the [VOMECA)PHEN)|(PFs), [VOMECA)(DPQ)](PFs) and
[VO(MECA)(DPPZ)](Cl) complex spectra, which was absent from the MECA ligand
spectrum (Figure 4.12). Considering that the wavelength of maximum absorption for the
LMCT band was independent of the bidentate co-ligand supports the notion that the charge
transfer is from the tridentate ligand to the metal ion. The increase in the number of bands for
the complexes in comparison to the respective free ligand is also present for the cationic

complexes, further indicating successful metallation.
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Figure 4.12 Overlay of the UV/visible spectra of the O,N,N'-tridentate ligand MECA and
the cationic complexes: [VOMECA)(PHEN)|(PFs), [VOMECA)-
(DPQ)](PFs) and [VO(MECA)(DPPZ)](CI).
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The extended conjugation of DPPZ in comparison to DPQ is also evident in the metal chelate
spectra by the bathochromic shift band from 256 nm for
[VO(MECA)(DPQ)](PFs) to 270 nm for [VO(MECA)(DPPZ)]|(Cl) (Figure 4.12).! The
Amax (nm) and € (M cm™) values for the LMCT and m — n* bands for the cationic

of the 1 —» =«*

complexes are listed in 7able 4.4.

Table 4.4 Summary of Amax (nm) and € (M™! em™) values for the LMCT and © — m*
bands of the cationic oxovanadium(IV) complexes.
Cationic Complex Amax, € M ecm™) | Amax, e (M cm™)
LMCT band n— ¥

[VO(PHCA)(PHEN)](PFs) | 484 nm, 9.49 x 10° | 271 nm, 3.61 x 10°
[VO(MECA)(PHEN)](PFs) | 500 nm, 6.57 x 10° | 266 nm, 2.75 x 10*
[VO(TERTCA)(PHEN)](PFs) | 499 nm, 7.78 x 10° | 271 nm, 3.53 x 10°
[VO(PHPHCA)(PHEN)](PFs) | 507 nm, 7.24 x 10> | 272 nm, 4.27 x 10*
[VO(MECA)(DPQ)](PFs) 503 nm, 6.14 < 10° | 256 nm, 6.43 x 10°
[VO(TERTCA)(DPQ)](PFs) | 501 nm, 5.98 x 10° | 256 nm, 6.53 x 10°
[VO(MECA)(DPPZ)|(Cl) 500 nm, 5.17 < 10° | 270 nm, 4.79 = 10°

Comparing the electronic spectra of the cationic species with PHEN co-ligands, the addition
of electron-donating substituents on the 4’ position of the phenyl ring of the O,N,N' Schiff
base ligand caused the LMCT band to drop in intensity and shift to a longer wavelength
(Figure 4.13). The addition of a phenyl ring in [VO(PHPHCA)(PHEN)](PF¢) leads to an
increase in the intensity of the m — n* band at 272 nm (Zable 4.4, Figure 4.13).

As mentioned for the neutral complexes, DPQ and DPPZ complexes are known to exhibit
additional bands near 350 nm due to n — ©* transitions within the quinoxaline and phenazine
moieties. The cationic complexes with a PHEN co-ligand also have a band at 354-358 nm
(Figure 4.13), which may be due to a charge transfer from the imidazole moiety of the Schiff
base ligand to the vanadium centre. This band is seemingly obscured by the n — =*

transitions in the absorption spectra of the analogous cationic DPQ and DPPZ complexes.!*?°

For example, [VO(MECA)(DPPZ)](CI) displays a band at 359 nm (Figure 4.12). The O,N,N'
ligands also exhibit a band in the region 348-364 nm, which could be attributed to n — ©*
transitions between the lone pair of electrons of the N-atom in the imine group and the

conjugated 7 system of the phenyl rings.>’
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Figure 4.13 Overlay of the UV/visible spectra of the cationic complexes with a PHEN co-
ligand: [VO(ONN)(PHEN)]|(PFs), where ONN = PHCA, MECA, TERTCA
and PHPHCA.

Comparison of the analogous cationic and neutral species shows that the absorption bands in

the UV range are similar. The LMCT band, however, becomes a weaker chromophore (lower

extinction coefficient) and shifts to a longer wavelength in the cationic species. For example,
the LMCT band at 464 nm for the neutral complex [VO(MEA)(DPQ)] appears at 503 nm for
the cationic complex [VO(MECA)(DPQ)]|(PFs) (Figure 4.14). This could be due to increased
metal-ligand m-interactions in the neutral [VO(ONO)(DPQ)] complexes.® The band at 340 nm
in the absorption spectrum of [VO(MECA)(DPQ)](PFs) may be a charge transfer band from

the imidazole moiety of the ligand to the vanadium centre >
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Figure 4.14 Overlay of the UV/visible spectra of the neutral complex [VO(MEA)(DPQ)]
and [VO(MECA)(DPQ)](PFs). This highlights the shift in the LMCT band as a

consequence of coordinating a monoanionic versus dianionic ligand to the

metal centre.

In an effort to better understand the nature of the electronic transitions in the ligands and

metal complexes, DFT methods have been applied. These data are presented and discussed in

Chapter 6.

4.5 Electron Paramagnetic Resonance Spectroscopy of the

Oxovanadium(IV) Complexes

Electron paramagnetic resonance (EPR) spectra of the oxovanadium compounds in this work
were recorded to confirm the oxidation state and coordination geometry of the vanadium(IV)

metal centre. The oxovanadium(IV) complexes have a d' electron configuration and are

therefore paramagnetic.
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EPR spectroscopy utilises a magnetic field and radio-frequency radiation to analyse
paramagnetic species. In EPR, the frequency is fixed (usually 9 GHz — X band) and the
applied magnetic field strength is varied to probe electron spin properties of substances with
unpaired electron spins rather than nuclear spin, as in NMR. When a magnetic field is applied
in EPR, the ground electronic state splits into a set of more closely spaced energy levels than
the excited electronic states. The resultant smaller transition energies lead to high sensitivity
in EPR. The focus is then on the interactions between the external magnetic field and the
unpaired electron. These interactions depend on the chemical environment of the electron.?*?

Essentially, EPR spectroscopy probes the transitions that occur between electron spin states

that have been separated by an applied magnetic field.

An electron has an orbital magnetic moment originating from it spinning around the nucleus
and it has a spin magnetic moment from spinning around its own axis. The magnetic moment
of the spinning electron interacts with the applied magnetic field. For a spin of ' for a single
unpaired electron, there are two possible energy states.>** The energy difference between the
two energy states increases as the intensity of the magnetic field increases. When the energy
difference matches the wavelength of the microwave radiation, absorption of photons occurs
and an EPR signal is generated.*? To improve the signal to noise ratio, a modulation technique
is used whereby the spectra are shown in the first-derivative form. The maximum of the
simple absorption peak would then be the point at which the central trace crosses the baseline

in the first-derivative spectra.>*?

The energy difference between the states is dependent on the strength of the applied magnetic
field and the g-value for the particular species.® g-Values for the unpaired electron are
determined from the EPR spectra and are dependent on the chemical environment of the
paramagnetic atom.> The g-value (also called g-factor) also has the advantage of being
independent of the microwave frequency. The g-factor, therefore, is a better unit than
magnetic field to use for identification of a compound through unique “fingerprints”.** A g-
value reflects the nature of the orbital in which the unpaired electron resides and accounts for
the coupling between the orbital and spin angular momenta of the electrons.>** Not only does
the g-value take into account the total magnetic dipole moment of a paramagnetic species, but
it also takes into account the local environment of the spin system, such as ligand fields,

which can change the effective magnetic field experienced by the unpaired electron.*?
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For d-series elements, such as vanadium, the ligands considerably influence the behaviour of
the unpaired electrons, and so the orbital contribution may be reduced or even quenched. For
a free electron in a vacuum g = 2.0023.2 Measured g-values for a chemical species deviate
from that of a free electron due to the spin-orbit coupling between the ground and excited
states. The extent of mixing is dependent on the relative orientation of the spin and magnetic

field axes.>*

For every paramagnetic molecule, there exists a unique axis system called the principal axis
system. g-Factors are measured along the principal axis system which are labelled as g, g,
and g,. If the molecules are in a fixed position, such as in a frozen solution or solid-state,
each molecule will have its own random orientation with its own g-value. The observed
spectrum would then be an average of all molecules. The magnitude of mixing of the spin-
orbit coupling between the ground and excited states would then be direction-dependant and
is said to be anisotropic. The g-value then depends on the relative orientation of the magnetic

field and principal axis of the system.>*

Samples may be isotropic, axial or thombic. In isotropic symmetry, all of the principal g-
factors are the same (g.= gy = gz). If there are three unique axes, the symmetry is classified as
rhombic and three different g-factors would be recorded (gx # gy # g:). If the x- and y-
directions are equivalent but different from the z-axis, the symmetry is axial (gx = g # g). In
this case, there would be two principal g-values for the two electronically distinct axes in the

molecular frame of reference (g: and gx,).>*

In the case of axial symmetry, the magnetic field may be parallel to the z-axis or parallel to
either the x- or y-axes. If the field and spin angular momentum (generalised to molecular) axes
are parallel, then the signal on the EPR spectrum occurs at g;. The g-factor along the unique
(z) axis is said to be parallel with the z-axis, so g, is also labelled as g;.%*> When the field and
symmetry molecular axes are perpendicular to each other the signal is labelled as g,. The x-
or y-direction would then be parallel to the field (g, = gxy). Most molecules will have their
principal axes perpendicular to the applied field. Fewer molecules would have their principal
axes parallel to the field (z-axis parallel to the field). Therefore gxy will typically have a more

intense absorption peak than g,.>>*
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In the first-derivative spectrum of an axial system, for either powder or frozen solution

samples, two principal g-values (g ,and g,) can be obtained from the centre of each
] 234344

signa
Axial symmetry is usually observed for vanadyl (VO?") complexes due to the strong V=0
interaction, although three principal g-values are also possible.?* For the parallel transitions in
an axial system, the V=0 bond is parallel to the applied magnetic field.>* The d-orbital
splitting diagram for the d* system for VO?* is shown in Figure 4.15.

x2_y2

dyy, d

Jﬁ dyy

Figure 4.15 A d-orbital splitting diagram for VO?* 23

yz

In the ground state, the unpaired electron of vanadium(IV) occupies the dy, orbital and the

excited states correspond to the occupation of the other orbitals. g; Depends on the energy of
d,2_,2 because the d,2_,2 orbital has angular momentum about the z-axis (the parallel
direction). This dependence is an inverse relationship. In the same way, g, depends on the
energy of dx; and dy. as d.. and d,. have angular momenta about the y- and x-axes equal to the
angular momentum of dy, about the y- and x-axes.> Both g, and g, are expected to be smaller
than the free-electron value of g = 2.0023 and g, 1s expected to be smaller than g, for an

axially compressed d,! vanadium configuration.>#’

As mentioned previously, there are two possible energy states for a spin of %2 for a single
unpaired electron.>*? If the atom on which the unpaired spin is centred has a nucleus that also
has a spin, then the electron states could be split by their interaction with the spin of the
nucleus. This hyperfine coupling between the electron spin and the nuclear spin results n
21 + 1 lines (I = spin of the nucleus) in the hyperfine EPR spectrum. For vanadium, the most
abundant isotope is *'V. Therefore, vanadium(IV) with the nuclear spin of I = 7/2 for >V will

result in 8 different energy states.?>-46-47
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Further splitting of the states, such as by neighbouring ligands containing N, is not resolved
in a 9 GHz spectrum due to the unpaired electron sitting in a 6-non-bonding orbital that points
away from the ligands in the equatorial (xy) plane. A hyperfine 8-line spectrum is, therefore,
expected for a vanadium(IV) complex.’ In a frozen solution the eight components of the
parallel hyperfine spectra superimpose the eight components of the perpendicular signal for
axial spectra. The two superimposed spectra will have different hyperfine splittings with the

perpendicular peaks being more closely spaced than the parallel peaks.?4343

If the solution is not frozen the molecules can continuously tumble at rates greater than the
frequency of the spectrometer. Anisotropy is then averaged to 0 during the time required to
excite the system. Even though molecules have all possible orientations relative to the
magnetic field, the molecules appear isotropic and so only one average g-value is obtained

and is reported as giso. >+ 484

The EPR spectra of all compounds in this work were recorded in the solid-state and solution
at room temperature. Dichloromethane was used to prepare samples of the neutral complexes
and acetonitrile was used for the cationic complexes. The X-band EPR spectra were collected
on a Bruker EMX Premium X spectrometer at 298 K at 9 GHz. Instrument settings:
microwave bridge frequency, 9.9 GHz; modulation frequency, 100 kHz and centre field,
3500 G. Modulation amplitude was 3 G for the solution spectra of the neutral DPQ complexes

and 5 G for the remaining spectra.

The g-values were calculated by converting the magnetic field using the formula:*?

AE

g = —_—
upB
v

g ugB

Where AE = the difference in J between two energy states
h = planck’s constant = 6.626 x 10734 J s
v = microwave frequency (in Hz)
Up = Bohr magnetron constant = 9.274 x 10724 J T™!
B = Magnetic field (in T)
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The EPR spectra of the oxovanadium complexes in this work, in the solid-state, exhibited

signals with S = % centred on an average of g = 1.98 (ZTable 4.5).

Table 4.5 g-Factors of the VO?* complexes in the solid-state at 298 K.
[VO(ONO)(NN)] [VO(ONN)(NN)](PFs/CI)
g-factor g-factor
Complexes Complexes
[VO(PHA)(DPQ)] 1.980 [VO(PHCA)(PHEN)](PFs) 1.974
[VO(MEA)(DPQ)] 1.980 [VO(MECA)(PHEN)](PFs) 1.994
[VO(TERTA)(DPQ)] 1.987 [VO(TERTCA)(PHEN)](PFs) 1.986
[VO(CLA)(DPQ)] 1.982 [VO(PHPHCA)(PHEN)](PFs) 1.986
[VO(SOA)(DPQ)] 1.986 [VO(MECA)(DPQ)](PFs) 1.980
[VO(NAA)(DPQ)] 1.977 [VO(TERTCA)(DPQ)](PFs) 1.981
[VO(PHPHA)(DPQ)] 1.977 [VO(MECA)(DPPZ)](C]) 1.977
[VO(MEA)(DPPZ)] 1.978

The g-factors obtained for each compound in the solid-state (7able 4.5) are consistent with the
literature g-factor values of 1.98, 1.99, and 2.00 for related [VIVO(ONO)(NN)] compounds

under similar experimental conditions.>>**°%! Representative EPR spectra are shown in

Figure 4.16 of solid samples of [VO(MEA)(DPQ)] (a) and [VO(MECA)(DPQ)](PFs) (b) at

room temperature. The absence of hyperfine structures in the EPR spectra in the solid-state

are thought to be a consequence of strong spin-spin interactions.*’
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Figure 4.16 X-band EPR spectra of [VO(MEA)(DPQ)] (a) and [VO(MECA)(DPQ)](PFs)
(b) 1n the solid-state at 298 K.
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All of the EPR spectra of the oxovanadium compounds in solution in this work exhibited
hyperfine 8-line patterns, which indicate monomeric V'VO-bound species with a dxy' ground-
state electron configuration.***’ Representative isotropic EPR spectra are shown of
[VO(MEA)(DPQ)] in dichloromethane in Figure 4.17 (a) and of [VO(MECA)(DPQ)](PFs) in
acetonitrile in Figure 4.17 (b) at room temperature. The individual splittings in the spectra are
not equal, possibly due to small degrees of anisotropy, insufficient rapid tumbling of
molecules in solution or coupling with the nuclear quadrupole moment. The splittings may be
averaged out to an appropriate value.>® The coupling constants (4is,) obtained in this work are

89 x 10* cm™! for the neutral complexes and 88 x 107* cm™ for the cationic complexes,

: : : : : 49,50,52
which is consistent with the literature.”™>""
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Figure 4.17 EPR spectra of [VOMEA)DPQ)] in dichloromethane (a) and
[VO(MECA)(DPQ)](PFs) in acetonitrile (b) at 298 K.

For solutions measured at room temperature the average g-value is obtained and is reported as
Ziso. 2% The experimental giso-values measured for the complexes in solution at room
temperature are listed in 7able 4.6. The giso-values are very similar for all complexes (giso
(avg) = 1.99) and are consistent with g-values of 1.97, 1.98 and 1.99 for related
[VVO(ONO)(NN)] compounds also measured in dichloromethane at room

temperature.*%-0-5253
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Table 4.6 giso-Values of the VO** complexes in either dichloromethane or acetonitrile (as

indicated) at room temperature.

[VO(ONO)(NN)] Ziso [VO(ONN)(NN)](PF¢/Cl) Ziso

Complexes in CH:CL Complexes in CH3CN
[VO(PHA)(DPQ)] 1.990 | [VO(PHCA)(PHEN)|(PFs) | 1.990
[VO(MEA)(DPQ)] 1.990 | [VOMECA)(PHEN)](PFs) | 1.991

[VO(TERTA)(DPQ)] | 1.990 | [VO(TERTCA)(PHEN)](PFs) | 1.990
[VO(CLA)(DPQ)] 1.991 | [VO(PHPHCA)(PHEN](PFs) | 1.991
[VO(SOA)(DPQ)] 1.991 [VO(MECA)(DPQ)](PFs) 1.990
[VO(NAA)(DPQ)] 1.990 | [VO(TERTCA)(DPQ)](PFs) | 1.991

[VO(PHPHA)(DPQ)] | 1.991 [VO(MECA)(DPPZ)](CI) 1.992
[VO(MEA)(DPPZ)] | 1.990

The remaining EPR spectra for all compounds (solid-state and in solution-state) are available

i Appendix B. The EPR spectra of the oxovanadium complexes in this work confirm the

presence of the VO?>* core both in the solid-state and in solution. The stability of the

oxovanadium(IV) complexes in solution is further discussed in Chapter 7.

4.6 Conclusions of Spectroscopic Characterisation

4.6.1 Spectroscopic Characterisation of the Bidentate and Tridentate

Ligands

The known N,N-bidentate ligands were characterised by ESI-mass, 'H and *C NMR

spectroscopy. The tridentate O,N,O’ and O,N,N’ ligands were characterised by ESI-mass,

NMR, IR, and UV/visible spectroscopic techniques as well as elemental analysis.
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The key findings from the spectroscopic studies which indicate successful condensation

reactions to form the Schiff base imine ligands include:

Detection of prominent molecular ion peaks in the mass spectra corresponding with
the monoisotopic mass of each ligand (refer to Section 3.3, 3.4 and 3.5 of Chapter
Three and Appendix A).

The 'H and '*C NMR spectra were consistent with the proposed structures of the
ligands, including the presence of the imine 'H singlet and '*C chemical shifts.

The 'H NMR hydrogen bonding study of TERTCA strongly suggests that dimerisation
of the O,N,N' ligands takes place in solution as in the solid-state.

The imine stretching frequency was present in the IR spectra in the range of 1608 —
1614 cm™' for the O,N,O'-tridentate ligands and 1614 — 1634 cm™! for the O,N,N’
tridentate ligands.

The UV/visible spectra of the O,N,0O' and O,N,N' ligands exhibited at least four
absorption bands with the band at ca. 269 nm characteristic of 1 — n* benzenoid and
imine transitions. The band at around 352 nm in the O,N,0' ligands and around
353 nm in the O,N,N' ligands is attributed to n — ©* transitions between the lone pair

of electrons of the imine-N and the n-system of the phenyl rings.

4.6.2 Spectroscopic Characterisation of the Oxovanadium(IV) Complexes

The coordination of the tridentate and bidentate co-ligands to the oxovanadium(IV) metal

centre was confirmed by ESI-MS, IR, UV/visible and EPR spectroscopic characterisation as

well as elemental analysis. The key findings of the spectroscopic studies are:

Detection of prominent molecular ion peaks in the mass spectra corresponding with
the monoisotopic mass of each complex (Full data available in Section 3.6 and
Section 3.7 of Chapter Three and Appendix A).

The imine stretching frequency in the IR spectra in the free tridentate ligands shifted
to a lower frequency by at least 8 cm™' in the metal complexes, which suggest

coordination of the imine nitrogen atom to the vanadium centre.
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e The presence of the V=0, V-O and V-N stretching vibrations at 945 —
968 cm™!, 532 — 557 cm™! and 423 — 438 cm™!, respectively in the metal complex IR
spectra indicate ligand chelation to the VO*' core. In the case of some cationic
chelates, P—F stretches associated with the hexafluorophosphate anions also appear.

e The appearance of the LMCT band in the UV/visible absorption spectra at 442 —
464 nm for the neutral complexes and at 484 — 507 nm for the cationic complexes,
which are attributed to charge transfer from the phenolate oxygen to the vanadium
centre.

e The extended conjugation of the DPPZ ligand in comparison to DPQ and PHEN is
evident in the bathochromic shift of the 1 — n* band, in the UV/visible spectra for the
DPPZ complexes [VO(MEA)(DPPZ)] and [VO(MECA)(DPPZ)](Cl) in comparison to
the DPQ and PHEN complexes.

e The EPR spectra of the oxovanadium compounds in the solid-state exhibited S = 2
signals indicative of the paramagnetic VIVO** species with a d' system.

e The EPR spectra of the oxovanadium compounds in solution exhibited hyperfine 8-
line spectra indicative of monomeric VIVO-bound species with a dx,' ground-state

electron configuration coupled with the vanadium nuclear spin of

7/2.

The above data all indicate successful syntheses and also highlight the rich photophysical
properties of vanadium(IV) and the associated Schiff base ligands. Elemental analysis (refer
to Chapter Three) confirmed the identity and purity of the complexes, which is critical prior

to biological testing.
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Chapter Five: X-ray Diffraction
5.1. General Experimental Procedure

In this work, selected O,N,O' and O,N,N"' ligands and [VO(ONO)(DPQ)], [VO(MEA)(DPPZ)]
and [VO(ONN)(PHEN)](PFs) complexes were studied by single-crystal X-ray diffraction. X-
ray data were recorded on a Bruker Apex Duo diffractometer. The diffractometer was equipped
with an Oxford Instruments Cryojet operating at 100(2) K and an Incoatec microsource
operating at 30 W power. The data were collected with Mo Ko (A = 0.71073 A) radiation using
omega and phi scans with exposures taken at 30 W X-ray power and 0.50° frame widths using

APEX2.!

The data were reduced with the programme SAINT! using outlier rejection, scan speed scaling
as well as standard Lorentz and polarisation correction factors. A SADABS semi-empirical
multi-scan absorption correction was applied to the data. Direct methods, SHELX-2016% and
WinGX?3, were used to solve all structures. All non-hydrogen atoms were located in the
difference density map and refined anisotropically. All hydrogen atoms were treated with the
standard riding model in SHELX-2016, with C-Haromatic distances of 0.93 A and Uiso = 1.2 Ueq
and C—Hmetnyi distances of 0.98 A and Ui, = 1.5 Ueq. The O-H atoms were located in the
density map and allowed to refine isotropically. All diagrams were rendered using Mercury
CSD 2020.2.0.*V, O, N, C, CI, S and H atoms are represented as green, red, purple, grey, dark
green, yellow and beige atoms, respectively. The final structures were validated using an [UCr

checkCIF°. Full crystal data, and crystal refinement tables are available in Appendix C.

5.2. O,N,O'-Tridentate Ligands

5.2.1 Introduction to O,N,0'-Tridentate Ligands

The crystal structures of O,N,O" salicylidene tridentate ligands are well known. A search of the
Cambridge Structural Database (CSD),’ using ConQuest 2020.2.0,° revealed published crystal
structures for the PHA, MEA, TERTA and CLA ligands.”*
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Various tautomeric forms have been noted for (£)-[(2-hydroxyphenyl)iminomethyl)phenol
(PHA) (Table 5.1) including the hydrochloride,” keto®!! and enol'*!* tautomers. Resonance
and intramolecular proton transfer allows for conversion between the keto and enol

configurations.!’

Table 5.1 Reported tautomers in the reported structures of PHA %7

Structure Type of CSD Ref. Lit.
Tautomer Code Reference
VAYJAG 8
Ketone VAYJAGO1 9
VAYJAGO3 VAYJAGO02 10
VAYJAGO3 11
ZEXPEX 12
Enol ZEXPEXO01 13
ZEXPEX02 ZEXPEX02 14
VAYJAGO04 15
Zwitter Ion | VAYJAGOS 16
VAYJAGO5 VAYJAGO6 17

Intramolecular proton transfer can also lead to zwitterionic molecules with the protonated imine
nitrogen carrying a positive charge and the phenolate oxygen carrying a negative charge. !>’
The X-ray crystal structures of the keto and zwitterion forms of MEA, the keto/enol tautomers

of CLA and the ketone tautomer of TERTA have also been reported (7able 5.2).1%82

Reported C—O bond lengths for PHA, MEA, CLA and TERTA are summarised in 7able 5.3 for

the respective keto, enol and zwitterion tautomers of these O,N,O’ ligands.
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Table 5.2

Reported X-ray crystal structures of MEA, CLA and TERTA.
Structure Type of CSD Ref. Lit.
Tautomer Code Reference
WOLYAX 18
Ketone
MEA
WOLYAX WOLYAXO01 19
Zwitterion
MEA WOLYAXO02 20
Keto/Enol
"j:} Tautomers | XEWKEP 21
CLA
‘%f ‘ Ketone
| )"Q” TERTA XISIIT 22

Table 5.3 Reported C—O bond lengths (A) of PHA, MEA, CLA and TERTA 32
Ketone (C=0) Enol (C-OH) Zwitterion (C-O")
*
e 1.299(1) (A) e 1.399(8) T 1.303(4) (A)
1.301(2) (B) 1.411(6) 1.316(4) (B)
1.294(2) (A) 1.307(3) 1.298(2) (A)
9 13 16
PHA 1.297(2) (B) PHA 1.370(2) PHA 1.301(2) (B)
1.294(2) (A1)
1.278(2) (A) 1.356(3) (A2) 1.298(2) (A)
10 14 17
PHA 1.286(2) (B) PHA 1.298(2) (B1) PHA 1.300(2) (B)
1.346 (B2)
PHA! 1.2993) (A) MEA?® 1.291(2)
1.301(3) (B)
MEAS 1.291(1)
TERTA? 1.296(1)
CLA% 1.299(2)

* Where there are multiple molecules in the asymmetric unit, the bond lengths of each are

reported and designated (A) and (B).
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5.2.2 Experimental Procedures for the O,N,0'-Tridentate Ligands

In this study, the structures of the free ligands MEA, TERTA, CLA, SOA and NAA were
determined by single-crystal X-ray diffraction. Red crystals of MEA, orange crystals of TERTA
and amber crystals of SOA were obtained upon slow evaporation of methanol following
recrystallisation of the respective ligand in methanol. Amber crystals of CLA and red crystals
of NAA were obtained upon slow evaporation of an ethanolic solution of the respective ligands.

Data were recorded as per the general method in Section 5.1.

5.2.3 Results and Discussion of the Solid-State Structures of the O,NV,0'-
Tridentate Ligands

The free ligands MEA, TERTA, CLA, SOA and NAA were found exclusively as the ketone
tautomers in this work. A search of the Cambridge Structural Database (CSD)’ indicated that
no free ligand crystal structures of SOA and NAA have been reported. The X-ray structures of
SOA and NAA are discussed herein. The thermal displacement plots of SOA and NAA are
shown in Figure 5.1. The full crystal data and structure refinement details of SOA and NAA
are reported in Appendix C.

SOA crystallised in the monoclinic P21/n space group, with one independent molecule in the
asymmetric unit (Z = 4). NAA crystallised in the orthorhombic space group Pca2:, with two
hydrogen-bonded molecules in the asymmetric unit (Z = 8). The main difference between the
two molecules of the asymmetric unit of NAA is the relative orientation of the hydroxyl group.
The hydroxyl group is rotated below the mean plane of the naphthalene moiety in one molecule

and is rotated above in the other molecule.
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Figure 5.1  Thermal displacement plots (50% probability) showing the structure and atom
numbering schemes of NAA and SOA. Hydrogen atoms are shown as spheres

of arbitrary radius.

The SOA and NAA molecules are approximately planar. The planarity of the molecules is
illustrated by the angle between the two rings (O1, C1-C7) and (N1, O2, S1, C8-C13), which
1s 4.1°, 2.6° and 3.2° in SOA, NAA molecule (a) and NAA molecule (b), respectively. The
torsion angles of C5-C6-C7-N1, C6-C7-N1-C8, C7-N1-C8-C13 and C7-N1-C8-C9
(Table 5.4) also indicate the planarity of the SOA and NAA molecules. In general, the structure
of SOA deviates from planarity to a greater extent than NAA (refer to ZTable 5.4). This
difference may be related to the bulky sulfonyl group which necessitates this to relieve steric

strain.

Table 5.4 Selected torsion angels for SOA and NAA.
SOA NAA (a) NAA(b)

C5-C6-C7T-N1  -177.8(1) 178.53)  179.4(3)
C6-C7T-N1-C8  177.6(1)  179.03) -178.6(3)
C7-N1-C8-C13  3.3(2) 0.3(5) ~2.2(5)
C7-N1-C8-C9  177.2(1)  -1783(3) 177.6(3)
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Molecular simulations have shown that for MEA, CLA, benzylideneaniline and related
molecules, the most stable conformation is non-planar.'®2!3 The X-ray structure of MEA has
also been reported and shows a non-planar structure.'® The non-planar conformation is likely
due to non-bonded repulsion of the ortho hydrogen on the amino ring (H-C13) and the imine
H-atom (H—C7). Conversely, the X-ray structure of CLA has been reported as nearly planar;
the torsion angles thereof closely match those of SOA and NAA reported here.?! A planar
configuration allows for effective overlap of n-orbitals leading to delocalisation of electrons
over a molecule.'® Deviations from planarity are therefore typically related to steric factors as
opposed to electronic effects. Selected bond lengths for SOA and NAA are summarised in

Table 5.5.

Table 5.5 Selected bond lengths (A) for SOA and NAA.

Ligand SOA NAA(a) NAA(b)
01-Cl1 1.296(2) 1.282(4) 1.288(4)
Cc1-C2 1.419(2) 1.418(4) 1.425(5)
C2-C3 1.374(2) 1.378(4) 1.365(4)
C3-C4 1.408(2) 1.415(5) 1.413(5)
C4-C5 1.371(2) 1.367(5) 1.372(5)
C5-Co 1.415(2) 1.425(4) 1.418(4)
C1-Co 1.440(2) 1.449(4) 1.442(4)
C6-C7 1.418(2) 1.413(4) 1.414(4)
C7-N1 1.309(2) 1.310(4) 1.310(4)
N1-C8 1.406(2) 1.414(4) 1.413(4)
Car—Car (phenol)®  1.394(2) 1.408(4) 1.407(4)
Car—Car (ring 3)* N/A 1.404(5) 1.406(4)
C9-02 1.339(2) 1.357(4) 1.347(4)

“Mean C—C bond lengths of the phenyl rings.

The C1-0O1 bond lengths of 1.296(2), 1.282(4) and 1.288(4) A for SOA, NAA(a) and NAA(D),
respectively are shorter than typical C—O bond lengths for enols of 1.362 A, but greater than
the mean C=0 double bonds in benzoquinones of 1.222 A.13212425 In comparison, the C9—-02
bond length of the phenol ring of 1.339(2) A, 1.357(4) and 1.347(4) A for SOA, NAA(a) and
NAA(b), respectively, are longer than the C1-O1 bond lengths. These suggest that the
molecules are in the keto form, but there is some extent of electron delocalisation leading to a
reduced bond order of C1-O1.!3212425 Previously reported structures of MEA, CLA and
TERTA were similarly reported as keto tautomers with comparable C1-O1 bond lengths as
SOA and NAA (Table 5.3).1321:22
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Protonation of the imine N atom in the keto form has reduced the bond order of the imine group.
In SOA, the C6-C7 bond length measures 1.418(2) A, which is shorter than the average
Caromai—Csp® value of 1.485 A. The N1-C8 and C7-N1 bond lengths measure 1.406(2) A and
1.309(2) A, respectively. These are longer than the average Caromaic—Nsp? and Csp?=N bond
lengths, which are reported as 1.353 and 1.279 A, respectively.?*?* This indicates delocalisation
along the imine moiety (C6-C7-N1-C8).% The above bond parameters closely match those
reported for MEA, CLA and TERTA 182122

Selected bond angles for SOA and NAA are summarised in Table 5.6. It is noted that the bond
angles subtended by the atom C8 deviate from ideality for a sp? hybridised carbon. This is
seemingly a consequence of non-bonded repulsion between the hydrogen atoms on C7 of the

imine and on C13 of the phenol ring.

Table 5.6 Selected bond angles (°) for SOA and NAA.

Ligand SOA NAA(a) NAA(b)
C6-C7-N1 121.1(1) 122.5(3) 121.5(3)
C7-N1-C8 128.5(1) 128.5(3) 127.6(3)
C2-C1-C6 116.9(1) 116.6(3) 117.1(3)
C5-C6-C7 118.8(1) 119.0(3) 119.0(3)
C7-C6-C1 120.7(1) 120.8(3) 121.1(3)
C4-C5-C6 120.6(1) 120.9(3) 121.2(3)
C6-C1-01 120.5(1) 120.6(3) 120.5(3)
C2-C1-01 122.6(1) 122.9(3) 122.4(3)
N1-C8-C9 114.7(1) 114.3(3) 114.4(3)
N1-C8-C13 124.2(1) 124.5(3) 124.4(3)
C8-C9-02 116.1(1) 115.6(3) 115.7(3)
C10-C9-02 124.3(1) 124.8(3) 125.0(3)

The structures of SOA and NAA show intramolecular hydrogen bonds between the imine N-H
and ketone oxygen atom (N1-H101---O1). Hydrogen bonds of this nature are common in this
class of compounds.'®2!?> The intramolecular hydrogen bonding parameters for SOA and NAA

are listed in Table 5.7.
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Table 5.7 Intramolecular hydrogen bond lengths (A) and bond angles (°) for SOA and

NAA.
Ligand D-H(A) H---AA) D--A(A) D-H:-A(°)
SOA
NI1-H101---O1 0.93(2) 1.72(2) 2.537(1)  145(2)
NAA

NIA-HI0OIA---O1A  1.02(6) 1.76(6)  2.578(4)  135(5)
NIB-HI0IB--QIB  0.84(4) 1.87(5)  2.559(4)  138(4)

The N1---O1 intramolecular hydrogen bond distances for SOA and NAA are significantly
shorter than the sum of the van der Waals radii of nitrogen and oxygen: 3.07 A.'%2° This
interaction distance is, however, restricted by the geometry of the ligand and leads to a

significant deviation from the ideal H-bond angle (180°).

Intermolecular hydrogen bonds in NAA result in an 18-membered hydrogen-bonded ring. The
intra- and intermolecular hydrogen bonds of NAA are shown in Figure 5.2. These
complementary O—H---O intermolecular hydrogen bonds between the ketone oxygen (H-bond
acceptor) and the phenol OH of an adjacent molecule (H-bond donor) stabilise dimeric

structures in the solid-state.

®

Figure 5.2  Dimeric structures of NAA indicating the intra- and intermolecular hydrogen
bonds represented as dashed green lines. Atoms are shown as spheres of

arbitrary radius.
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For SOA, complementary interactions between O3 of the sulfonyl moiety and the imine
hydrogen atom (H—C7) of a neighbouring molecule result in a 16-membered ring. Each
molecule in this dimer unit is then linked to two adjacent molecules through intermolecular
02-H102---0O1 hydrogen bonds to form one-dimensional columns which traverse the ac plane

(Figure 5.3). The intramolecular hydrogen bonds of SOA are also represented in Figure 5.3.

Figure 5.3  Intermolecular hydrogen bonds (O2-H102---Ol), intramolecular hydrogen
bonds (N1-H101---O1) and C7-H---O3 intermolecular attractions in SOA,

shown as dashed green lines. Atoms are shown as spheres of arbitrary radius.

The bonding parameters for the intermolecular O2-H102---O1 hydrogen bonds of SOA and
NAA and the intermolecular C7-H---O3 interactions of SOA are listed in 7able 5.8.

Table 5.8 Bond parameters describing the intermolecular interactions of SOA and NAA.

Ligand D-HA) H-A@A) D-AA) D-H-A(°
SOA _

02-H102---Ol* 0.93(3) 1.60(3) 2.526(1)  177(3)
C7-H--- O3 0.949 2.329 3.202(2) 15266
NAA

02A-H102---O1B* 0.89(7) 1.67(7) 2.5593)  174(7)
02B-H102---Q1A™ 0.840 1.768 2.557(3) 1557

Symmetry operators: (1) X, %2 +vy, % -z, (1)1 -x,1-y,1-z
() x,y,z; (V) Xx,y,z

The O2-H102---O1 intermolecular hydrogen bonds are considerably shorter than the sum of

the van der Waals radii of the interacting atoms.?®
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Although bond length is not always a reliable indicator of bond strength, due to packing
constraints in the lattice, this short bond length coupled with the near-ideal bond angles suggest
these interactions are moderately strong. The O—H---O bond angle for NAA is less than ideal
at 155.7° due to the different orientation of the OH group in molecule (b).

5.3 O,N,N'-Tridentate Ligands

5.3.1 Introduction to O,N,N'-Tridentate Ligands

A search of the Cambridge Structural Database (CSD)° indicated there are no reported free
ligand structures of tridentate O,N,N'-1-methyl-2-imidazole-aminophenol Schiff base
molecules. PHCA has been previously synthesised by Kloskowski and co-workers.?” However,
no characterisation data were reported for this ligand. In the same work, an X-ray structure of
a trinuclear Mn complex of PHCA is reported as an enzyme model (PETFUQ).?” In general,
very few free ligand structures containing the 1-methyl-imidazol-2-yl methylidene amino

moiety have been reported. One of the few examples is PILBEU (Figure 5.4).2%%

Figure 5.4  Reported crystal structure of a Schiff base ligand containing the 1-methyl-
imidazol-2-yl methylidene amino moiety (PILBEU).?®

A small number of compounds based on the 1-methyl-imidazol-2-yl methylidene amino moiety
have been reported chelated to metal ions. The metals that have been coordinated include Ni(II),
Fe(1I), Rh(III), Ir(II), Rh(I) and Cu(II).>**® These metal complexes have been used for a wide
range of applications such as hosts for racemic separation, catalysis, anticancer
chemotherapeutic agents and bioimaging probes.>%*335-40 A few free ligand structures of O,N,N'

and related Schiff base ligands derived from 2-aminophenol have been reported
(Table 5.9).44

166



Chapter Five: X-ray Diffraction

Table 5.9 Reported X-ray crystal structures of 2-aminophenol-derived Schiff Base

Ligands.
Structure CSD Ref. Lit.
Code Reference

DAYYAF 41,42
JETLIE 43
JUBKOG 44
JOFZIP 45
AFUROL 46
MIKNOM 47
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Literature on solid-state structures of O,N, N’ ligands of this class is scarce. In this work, X-ray
structures of PHCA, MECA, TERTCA and PHPHCA were elucidated by single-crystal X-ray

diffraction and are discussed below.

5.3.2 Experimental Procedures for the O,N,N'-Tridentate Ligands

Yellow crystals of MECA and TERTCA were formed upon by cooling the oil samples to
-20 °C overnight. The crystals remained stable upon warmth to room temperature. For PHCA
dark yellow hexagonal-shaped crystals were formed by slow evaporation of toluene solution.
The crystals formed were hydrated if the re-crystallisation process was performed at room
temperature, even with the use of molecular sieves. Crystals of anhydrous PHCA could be
obtained by dissolving the crude product in toluene with 3 A molecular sieves and heating the
solution to reflux for thirty minutes. Crystals of anhydrous PHCA formed upon slow cooling
of the solution.*® Dark yellow crystals of anhydrous PHPHCA also formed using the above
method.

5.3.3 Results and Discussion of the Solid-State Structures of the O,N,N'-
Tridentate Ligands

Crystal data details for hydrous and anhydrous PHCA, MECA, TERTCA and PHPHCA are
summarised in Table 5.10. Full crystal data and structure refinement details are given in
Appendix C. The crystal structures of PHCA (UHUGEM), PHCA-0.5H,O (UHUGOW),
MECA (UHUGIQ) and TERTCA (UHUGAI) have been published as part of this PhD study.*®

Table 5.10  Selected crystal data for the O,N,N' Schiff Base Ligands.
Crystal data PHCA PHCA-0.5H O MECA TERTCA PHPHCA

Crystal system Monoclinic  Monoclinic Monoclinic Monoclinic  Monoclinic
Space group P2i/c C2/c P2i/n C2/c P2i/n

No of moleculesin 2 1 and %2 H,O 2 1 2
asymmetric unit solvate

4 8 8 8 8 8

MECA and PHPHCA crystallised in the P21/n space group with two independent molecules in
the asymmetric unit. TERTCA crystallised in the monoclinic C2/c space group with one

molecule in the asymmetric unit.
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Anhydrous PHCA crystallised in the P21/c space group with two independent molecules in the
asymmetric unit, while the hydrated PHCA crystallised in the C2/c space group with one
molecule of PHCA and a half water molecule in the asymmetric unit. The thermal displacement

plots of PHCA, PHCA-0.5H,0, MECA, TERTCA and PHPHCA are shown in Figure 5.5.

Previously reported O,N,N' free ligands, closely related to those in this work, such as
DAYYAF**? and JUBKOG* (Table 5.9) are approximately planar in geometry. However, in
this study, most of the O,N,N' molecules deviated from planarity. The angle subtended by the
imidazole and phenyl rings is approximately 15° for both MECA(a) and (b) and a similar angle
of 22° for TERTCA. Although the subtended angle is the same for both MECA(a) and (b), the
imidazole ring is rotated below the mean plane of the phenyl ring for MECA(a) and above for
MECA(b). The most noticeable deviation from planarity is for PHCA(a) with the angle
subtended by the imidazole and phenyl rings measuring ca. 66°. PHCA(b) has a significantly
different geometry to PHCA(a). PHCA(b) is approximately planar with the angle subtended by
the same rings measuring ca. 7° (Figure 5.6). The difference between the two independent
molecules in the asymmetric unit in PHCA is also evident in the C5-N3—C6—C7 torsion angles.
For the relatively planar molecule PHCA(b), this torsion angle is —7.6(2)° and for the molecule

(a) this torsion angle measures —59.1(2)°.
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PHCA-0.5H20 TERTCA

01

PHCA(b)

PHCA (a)

PHPHCA(a) PHPHCA(b)

Figure 5.5

Thermal displacement plots (50% probability) showing the structure and atom
numbering schemes of PHCA, PHCA-0.5H,O, MECA, TERTCA and
PHPHCA. Hydrogen atoms are shown as spheres of arbitrary radius. The

symmetry completed (2-fold symmetry) water molecule in PHCA is shown.
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Y

PHCA (a)

PHCA (b)

Figure 5.6  Mean planes of the imidazole (red) and phenol (yellow) rings of PHCA(a) and

PHCA(b).

When crystallised as the hydrate, PHCA 1s again approximately planar, with the angle

subtended by the phenyl and imidazole rings measuring ca. 6°. The two independent molecules

in the asymmetric unit of PHPHCA also have significantly different geometries. The angle

subtended by the imidazole and phenyl mean planes are similar - ca. 14° and 16° for PHPHCA

molecules (a) and (b), respectively. However, the angle subtended by the phenol and phenyl
rings 1s significantly different; 40° for PHPHCA (a) and 17° for PHPHCA (b). Selected bond
lengths and angles are reported in 7able 5.11 for PHCA and PHCA-0.5H>0O and in 7able 5.12
for MECA, TERTCA and PHPHCA.

Table 5.11  Selected bond lengths (A) and angles (°) for PHCA and PHCA-0.5H,0.

Ligand PHCA(a) PHCA(b) PHCA-0.5H20
Bond Lengths

NI1-C1 1.375(2) 1.375(2) 1.369(2)
N1-C4 1.341(2) 1.340(2) 1.336(2)
Cl1-C2 1.367(2) 1.368(2) 1.370(2)
C2-N2 1.372(2) 1.373(2) 1.371(2)
N2-C3 1.463(2) 1.467(2) 1.463(2)
N2-C4 1.366(1) 1.367(2) 1.370(1)
C4-C5 1.460(2) 1.459(2) 1.457(2)
C5-N3 1.278(2) 1.281(2) 1.278(1)
N3-C6 1.426(1) 1.418(1) 1.412(2)
Car—Ca® 1.399(2) 1.402(2) 1.398(2)
C7-01 1.369(1) 1.357(1) 1.359(2)
Bond Angles

C4-C5-N3 123.2(1) 122.3(1) 118.4(1)
C5-N3-C6 118.2(1) 123.4(1) 122.7(1)
CI-N1-C4 105.6(1) 106.2(1) 105.5(1)
C2-N2-C4 107.1(1) 107.0(1) 107.1(1)
N3-C6-C7 121.9(1) 127.3(1) 114.0(1)
N3-C6-C11 118.8(1) 114.4(1) 127.0(1)

?Mean C—C bond lengths of the phenyl rings.
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Table 5.12  Selected bond lengths (A) and angles (°) for MECA, TERTCA and PHPHCA.

Ligand MECA(a) MECA() TERTCA PHPHCA(a) PHPHCA()
Bond Lengths

N1-C1 1.364(2) 1.364(2) 1.372(2) 1.372(2) 1.364(2)
N1-C4 1.334(2) 1.334(2) 1.341(2) 1.336(2) 1.332(2)
Cl1-C2 1.364(2) 1.361(2) 1.364(2) 1.360(2) 1.362(2)
C2-N2 1.367(2) 1.368(2) 1.373(2) 1.369(2) 1.367(2)
N2-C3 1.461(2) 1.459(2) 1.461(2) 1.462(2) 1.457(2)
N2-C4 1.361(2) 1.361(2) 1.362(2) 1.366(2) 1.357(2)
C4-Cs 1.448(2) 1.451(2) 1.456(2) 1.457(2) 1.456(2)
C5-N3 1.281(2) 1.281(2) 1.284(2) 1.284(2) 1.274(2)
N3-Co6 1.410(2) 1.411(2) 1.421(2) 1.416(2) 1.416(2)
Car—Ca” (phenol) 1.395(2) 1.395(2) 1.400(2) 1.399(2) 1.398(2)
Car—Ca” (phenyl) N/A N/A N/A 1.392(2) 1.394(2)
C7-01 1.352(1) 1.352(1) 1.354(2) 1.341(2) 1.350(2)
Bond Angles

C4-C5-N3 122.5(1) 122.3(1) 123.4(1) 122.2(1) 121.5(1)
C5-N3-C6 122.4(1) 122.3(1) 120.8(1) 122.9(1) 122.4(1)
C1-N1-C4 106.0(1) 106.0(1) 106.2(1) 105.7(1) 106.1(1)
C2-N2-C4 106.9(1) 106.8(1) 107.0(1) 107.1(1) 107.1(1)
N3-C6-C7 126.8(1) 126.6(1) 126.8(1) 126.8(1) 127.7(1)
N3-C6-Cl11 115.1(1) 115.1(1) 114.6(1) 114.9(1) 114.0(1)

“Mean C—C bond lengths of the phenyl rings.

The bond lengths of the O,N,N' ligands, in this work, compare favourably with each other and
with those previously reported of related molecules.*!**” The C5-N3 imine bond lengths in the
O,N,N' ligands range from 1.274 — 1.284 A, close to the average Csp?=N bond length of
1.279 A 2% This coupled with the C4—C5-N3 bond angles, ranging from 121.5 — 123.4° clearly
indicate the double bond character of the imine bond and sp* hybridisation of the imine carbon
atom. The isomerisation about the imine bond is an E-configuration for all the O, N,N' ligands.
The trans configuration is favoured, as there would be non-bonded repulsion between the
hydroxyl and imidazole N—CH3 group in the cis configuration. The frans configuration also
allows for stabilising intramolecular interactions between the imine C—H and phenol oxygen
atoms except in the case of PHCA(a) and PHCA-H>O. The twist of the phenol moiety in
PHCA(a) prevents this interaction. In the hydrated PHCA, the imine C—H is orientated on the

opposite side of the molecule.
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The bond angles of the O,N,N' ligands in this work compare favourably with each other and
mostly with reported bond angles for similar compounds.*'**” Noticeable differences are the
N3-C6—-C7 and N3—-C6-Cl11 bond angles. In the structures of the previously reported 2-
aminophenol-derived O,N,N' free ligands (7able 5.9), the N3—-C6—C11 bond angle is more
obtuse than the N3—C6—C7 bond angle due to steric crowding of the hydrogen atom at the ortho
position of the phenyl ring and the imino group.*'**” In this study, the N3—C6—C11 bond angle
is significantly more acute than the N3—C6—C7 bond angle for PHCA (b), MECA, TERTCA
and PHPHCA. This difference is likely caused by steric strain between the hydroxyl group and
imine C—H as a consequence of these groups being on the same side of the molecule. The
opening of the bond angle is less pronounced for molecule (a) of PHCA as the steric strain is

released by the rotation of the phenol moiety out-of-plane (Figure 5.6).

As indicated in Section 4.2.4, the crystal structures of all the O,NN' ligands exhibit
intermolecular hydrogen bonds. Sixteen-membered supramolecular dimeric ring structures are
formed with hydrogen bonds between the unsubstituted imidazole nitrogen and the phenol OH,

on a neighbouring molecule. The dimeric structures are shown in Figure 5.7.
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PHCA (b)

TERTCA

PHPHCA

Figure 5.7  Complimentary hydrogen bonds forming dimeric structures of PHCA, MECA,
TERTCA and PHPHCA. The hydrogen bonds are shown as dashed green lines.

Atoms are shown as spheres of arbitrary radius.
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MECA forms hydrogen bonds between two symmetry-independent molecules within the
asymmetric unit. The two symmetry-independent molecules in the asymmetric unit of PHCA
and PHPHCA form hydrogen bonds, not with each other, but with neighbouring molecules.
TERTCA and anhydrous PHCA form hydrogen bonds with neighbouring symmetry-dependant
molecules and, thus, form inversion dimers. PHPHCA forms hydrogen bonds between
neighbouring symmetry-independent molecules. The hydrogen bonding parameters for these

interactions are summarised in Table 5.13.

Table 5.13  Hydrogen bond lengths (A) and bond angles (°) for the intermolecular
interactions of PHCA, PHCA-0.5H,O MECA, TERTCA and PHPHCA.

Ligand D-H(A) H--AA) D--AA) D-H::A(°)
PHCA '

O1A-H101-"NI1A’ 0.89(2) 1.81(2) 2.688(1)  170(2)
O1B-H102:--N1B' 0.95(2) 1.75(2) 2.672(1)  164(1)
PHCA0.5H:0

O1-H101---018 0.83(2) 2.18(2) 2.936(1)  151(2)
O1S-H1S---N1 0.89(2) 1.95(2) 2.832(1)  173(2)
MECA

O1A-H101---N1B" 0.93(2) 1.76(2) 2.672(2)  169(2)
O1B-H102:--N1AY 0.99(2) 1.69(2) 2.662(2)  166(2)
TERTCA

O1-H101---N1¥ 0.98(3) 1.70(3) 2.667(2)  168(3)
PHPHCA

O1A-H101-NIB"  1.01(3) 1.61(3)  2.608(2)  168(2)
O1B-H102---N1AY  0.96(3) 1.77(2)  2.705(2)  163(2)

Symmetry operators: (1) 1 —x,2—-y,—z; (i) —x, | =y, —z
) 1+x,1+y,z(iv) 1 +x,1+y,z
V) 7%2—-x,%-y,1—z;(vi) l =x,—p, 1 —z
(vi)l—x,—y, 1 -z

The intermolecular O1---N1 hydrogen bonds of the O, N, N’ ligands are significantly shorter than
the sum of the van der Waals radii for nitrogen and oxygen of 3.07 A.'®2° In addition the
O-H:**Nimidazole hydrogen bond lengths, in this work, are significantly shorter than
N-H:--N; N-H---O; O-H---O and O-H---N hydrogen bonds, previously reported.*!**474° This
as well as the near ideal (180°) hydrogen bond angles suggest the hydrogen bonds in PHCA,
MECA, TERTCA and PHPHCA are strong interactions.
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The dimer units of PHCA are further linked by C—H---O interactions between the phenol
O-atom and an imidazole C—H to form one-dimensional columns, which traverse the ab plane
(Figure 5.8).

Figure 5.8  Dimeric hydrogen-bonded units of PHCA linked by C—H---O interactions to
form one-dimensional columns (viewed down the c-axis). The intermolecular
mnteractions are shown as dashed green lines. Atoms are rendered as spheres of
arbitrary radius.

The hemihydrate of PHCA forms water-bridged dimers in the solid-state. The central water
molecule acts as an H-bond donor to the imidazole N-atoms (H-bond acceptor). The water
molecule also acts as an H-bond acceptor, forming hydrogen bonds with the phenol OH. Each
water molecule thus bridges two ligand molecules, supported by four hydrogen bonds. Weak
C—H---N mteractions link these dimers to form one-dimensional columns co-linear with the

c-axis (Figure 5.9).

Figure 5.9  One-dimensional supramolecular structure comprising water-bridged PHCA
dimers cross-linked by C-H---N interactions, viewed down the a-axis.
Intermolecular interactions are shown as dashed green lines.

All atoms are rendered as spheres of arbitrary radius.
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5.4 [VOONO)(DPQ/DPPZ)] Complexes

5.4.1 Introduction to [VO(ONO)(DPQ/DPPZ)] Complexes

A search of the Cambridge Structural Database (CSD)° indicates that numerous
[VO(ONO)(PHEN)] complexes have been reported, mainly with a carboxylate tridentate Schiff
base ligand.’*#! Conversely, very few [VO(ONO)(DPQ)] and [VO(ONO)(DPPZ)] structures
have been reported. Previously reported structures of an oxovanadium DPQ complex with a
tridentate O, N, O'-donor N-salicylidene-L-methionate ligand (RIVVUO>?) and a DPPZ complex
with a O,N,O'-tridentate 2-(2-hydroxybenzylideneamino) phenol ligand (NAGZIG*?) are
shown in Figure 5.10. In both cases, the vanadium has a nominally octahedral geometry with
three coordination sites occupied by the Schiff base ligand, two by the respective N, N-bidentate

ligand. The final coordination site is occupied by the oxo ligand.

(b)

Figure 5.10 Previously reported X-ray structures of neutral oxovanadium complexes of the
form [VO(ONO)(NN)]. (a) RIVVUO with a DPQ co-ligand** and
(b) NAGZIG with a DPPZ co-ligand.®

5.4.2 Experimental Procedures for the [VO(ONO)(DPQ/DPPZ)]

Complexes

[VO(PHA)(DPQ)] (this was a low-resolution structure), [VO(CLA)(DPQ)],
[VO(TERTA)(DPQ)] and [VO(MEA)(DPPZ)] (low resolution structure) were characterised by
single-crystal X-ray diffraction.
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Red crystals of [VO(PHA)(DPQ)], [VO(CLA)(DPQ)] and [VO(TERTA)(DPQ)] were grown
by slow solvent diffusion of hexane into a dichloromethane solution of the target compound.
Red crystals of [VO(MEA)(DPPZ)] were grown by slow liquid diffusion of diethyl ether into
a 2-methoxy ethanol solution of [VO(MEA)(DPPZ)]. Crystal data and structure refinement
details are reported in Appendix C.

5.4.3 Results and Discussion of the Solid-State Structures of the
[VO(ONO)(DPQ/DPPZ)] Complexes

A combination of weak diffraction and structural disorder in the complex meant only a low-
resolution structure of [VO(PHA)(DPQ)] was elucidated. The low-resolution structure shows
two independent molecules in the asymmetric unit (Figure 5.11). The structures show a six-
coordinate V'VN30; coordination geometry with the Schiff Base ligand coordinated in a
tridentate manner with two deprotonated phenolate groups yielding a dianionic ligand. The
bidentate DPQ ligand is shown to be coordinated to the metal centre with the oxo ligand

occupying the sixth coordination site.

Figure 5.11 Low resolution structures of [VO(PHA)(DPQ)].

The thermal displacement plots of [VO(CLA)(DPQ)] and [VO(TERTA)(DPQ)] are shown in
Figure 5.12.

178



Chapter Five: X-ray Diffraction

C18 Ci1s

CI2s

[VO(CLA)(DPQ)]

[VO(TERTA)(DPQ)]

Figure 5.12 Thermal displacement plots (50% probability) showing the structure and atom
numbering schemes of [VO(CLA)(DPQ)] and [VO(TERTA)(DPQ)]. Both

structures show an octahedral coordination geometry.
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[VO(CLA)(DPQ)] crystallised in the monoclinic P2i/c space group as the dichloromethane
monosolvate, with one [VO(CLA)(DPQ)] molecule and one dichloromethane molecule in the
asymmetric unit (Z = 4). The dichloromethane solvent is involved in intermolecular interactions
between a chlorine atom from CH>Cl> and a hydrogen atom from the DPQ moiety (H-C14).
[VO(TERTA)(DPQ)] crystallised in the triclinic P-1 space group with one independent
molecule in the asymmetric unit (Z = 2). There was a disordered dicholoromethane solvent
molecule in the lattice of [VO(TERTA)(DPQ)]. The PLATON/SQUEEZE procedure was used
to suppress the reflections related to the solvent molecule. This process yielded a void of

120 A3,

The crystal structures show a monomeric vanadium(IV) species with the N, N-bidentate DPQ
ligand and respective dianionic tridentate O,N, O’ ligand coordinated to the vanadyl (VO?") core
to form a V!VOs3Nj six-coordinate distorted octahedron. The tridentate Schiff base is bound to
the vanadium centre through the two phenolate oxygens and the imine nitrogen in a meridional
binding mode. The DPQ ligand occupies two of the remaining sites with the oxo ligand in the

sixth coordination site.

Selected bond distances and bond angles for [VO(CLA)(DPQ)] and [VO(TERTA)(DPQ)] are
given in Table 5.14. The bond lengths and angles of [VO(CLA)(DPQ)] and
[VO(TERTA)(DPQ)] compare favourably with each other and with those of closely related
structures which have been previously reported. The double-bond character of the vanadyl
group is highlighted by the short bond length. The V=03 bond distance of 1.608(2) A for
[VO(CLA)(DPQ)] and 1.606(2) A for [VO(TERTA)(DPQ)] are typical for oxovanadium
complexes, where V=0 bond lengths are commonly in the range 1.57 A -
1.62 A 3%5881 The V1-O1 and V1-02 bond lengths of the coordinated Schiff bases range from

1.964(2) — 1.988(2) A in the present complexes, which is typical for V-O single
bonds,50’52’60767»79,81

The trans O3=V1-N3 bond angle of 164.73(8)° for [VO(CLA)(DPQ)] and 167.30(6)° for
[VO(TERTA)(DPQ)] indicates the distorted octahedron. The deviation from 90° of the
03-V1-N1, O3—-VI-N2, 03-V1-01 and O3-V1-02 bond angles also highlight the distorted

octahedron.
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Table 5.14  Selected bond lengths (A) and angles (°) for [VO(CLA)(DPQ)] and

[VO(TERTA)(DPQ)].
Complex [VO(CLA)(DPQ)] [VO(TERTA)(DPQ)]
Bond Lengths
V1-0l1 1.964(2) 1.977(1)
V1-02 1.988(2) 1.981(1)
V1-03 1.608(2) 1.606(2)
VI1-NI 2.079(2) 2.070(1)
VI1-N2 2.143(2) 2.151(1)
VI-N3 2.365(2) 2.337(2)
C6—C7 1.433(4) 1.434(2)
C7-N1 1.303(4) 1.295(2)
N1-C8 1.432(3) 1.421(2)
C1-C2 1.418(4) 1.418(2)
C2-C3 1.375(4) 1.380(3)
C3-C4 1.407(3) 1.399(2)
C4-C5 1.366(4) 1.374(2)
C5-Cé6 1.416(4) 1.414(3)
C1-C6 1.430(3) 1.422(2)
C8-C9 1.415(4) 1.412(2)
C9-Cl10 1.405(4) 1.408(2)
C10-Cl11 1.393(3) 1.385(2)
Cl11-CI12 1.394(4) 1.405(3)
C12-C13 1.379(4) 1.394(2)
C8-C13 1.396(3) 1.392(2)
Bond Angles
0O3-VI1-NI 105.42(9) 103.68(6)
03-VI-N2 92.84(9) 94.55(6)
03-V1-N3 164.73(8) 167.30(6)
03-VI1-0l1 100.51(8) 100.35(6)
03-V1-02 100.61(8) 102.14(6)
N2-VI-N3 71.90(7) 72.77(5)
N2-VI-NI1 161.32(8) 161.69(6)
N2-V1-01 93.00(8) 90.70(5)
N2-V1-02 92.71(7) 94.21(5)
N3-V1-01 81.33(7) 79.63(5)
N3-VI1-02 80.10(7) 79.93(5)
N3-VI-NI1 89.77(8) 89.02(5)
02-V1-NI 80.32(8) 80.44(5)
02-VI1-0l1 157.80(7) 156.50(5)
O1-VI1-NI 87.55(8) 87.75(5)
C6—C7-N1 125.4(2) 125.8(2)

The vanadium atom is displaced toward the O3 atom with V1 lying 0.341 A above the equatorial
plane (defined as 02-N1-01-N2) in [VO(CLA)(DPQ)] and 0.355 A in [VO(TERTA)(DPQ)].

This displacement is within the normal range for vanadyl complexes.®!
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The Schiff base ligand forms two chelate rings with the vanadium atom, one five-membered
(V1/N1/C8/C9/02) and one six-membered (V1/N1/C7/C6/C1/01) ring. The O2—V1-N1 bond
angles are acute, measuring 80.32(8)° and 80.44(5)° for [VO(CLA)(DPQ)] and
[VO(TERTA)(DPQ)], respectively. This is a consequence of the small bite of the aminophenol
moiety of the Schiff base ligand and resulting five-membered chelate ring. In comparison the
O1-V1-NI1, O1-V1-NI and O1-V1-N2 bond angles are closer to 90°. This is a result of the
larger six-membered iminomethyl phenol chelate ring. The five-membered chelate ring formed
by coordination of DPQ again results in acute N2—V1-N3 bond angles, which measure
71.90(7)° and 72.77(5)° for [VO(CLA)(DPQ)] and [VO(TERTA)(DPQ)], respectively.

The dihedral angle between the two chelate ring planes (VI1/N1/C8/C9/02 and
VI/N1/C7/C6/C1/01) is 10.54° for [VO(CLA)(DPQ)] and 10.20° for [VO(TERTA)(DPQ)]
indicating a slight twist of the Schiff base ligand. 02, N1, O1 of the Schiff base and N2 of DPQ
are almost in the same equatorial plane with the sum of the equatorial angles almost equal to
360° (353.58(8)° for [VO(CLA)DPQ)] and 353.10(5)° for [VO(TERTA)(DPQ)]). The
delocalisation along the imino moiety (C6—C7—-N1-C8) of the Schiff base is still evident in the
C—C and C-N bond lengths. In [VO(TERTA)(DPQ)] the C6—C7 bond of 1.434(2) A is shorter
than the expected Curomaic—Csp® value of 1.485 A and the N1-C8 bond, which measures
1.421(2) A, is longer than the typical Nsp?~Caromasic value of 1.353 A. The C=N imine bond,
measures 1.295(2) A, which is slightly longer than formal C=N bond length of 1.279 A 2%

The DPQ ligand is almost perpendicular to the equatorial plane with a dihedral angle to this
plane of 86.21° for [VO(CLA)(DPQ)] and 89.70° for [VO(TERTA)(DPQ)].>**!#2 The V-N
bond trans to the vanadyl group (V1-N3) is significantly longer than the other V-N bonds in
the respective structures. The V1-N3 bond length measures 2.365(2) A versus 2.079(2) A for
V1-N1 and 2.143(2) A for V1-N2 for [VO(CLA)(DPQ)]. This is due to the trans effect of the
terminal oxo ligand. Similar trends have been reported for [VO(ONO)(NN)]

complexes.50'54’59'61 ,65,66,68,70,73-77,80-82

In terms of intermolecular interactions, [VO(TERTA)(DPQ)] forms bifurcated interactions
between the phenolate oxygen atom (O2) and an ortho hydrogen atom from the DPQ moiety
of a neighbouring molecule (O2---H—C14) as well as with a hydrogen atom from the

quinoxaline moiety of another neighbouring molecule (O2---H-C27).
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These intermolecular interactions link the molecules into one-dimensional supramolecular
structures co-linear with the c-axis. The H---O bond distances are 2.482 A for C14-H---O2 and
2.455 A for C27-H---O2, shorter than the sum of the van der Waals radii for hydrogen and

oxygen of 2.72 A ?® This suggests that the interactions are a genuine attraction.

In addition, the DPQ ligand moieties stack in [VO(TERTA)(DPQ)], creating mn— m inversion
dimers. The centroid-centroid separation of 3.499 A for C17-C18-C19—C20-C25-C24 and
N4-C24-C25-N5-C27-C26 rings indicate a moderately strong m— 7 interaction.®® The
mtermolecular C—H---O and m—r interactions are represented in Figure 5.13 and the m—n

interaction parameters are listed in Table 5.15.

[c]
o1 | X
\ \
A\ A\
¢ \\\ ] \b\\\_
A 'x\\\\\ & "\\\\ v 5
07\ 07\ D
» \\ '\.\ r'-& » v \\‘ r‘l p A/ v
[T\ AR L AR A
==y ‘@,, =Ty |@; = '@l’
| A\ \ ..' 1 \-\ \ | *J‘ | -
N \ N R |
e o A N\ Do e ol iV IO ¥ |
’1. P ‘{“!) = ‘*s‘l'!J' = =’
DA % DA d
Q" \\\ SV' .'i%', \\'\\\\ 8 "%‘ ,.“ .
. \ A ’..
! \'\\\ ! R\VA
’ \ v
= I e é

Figure 5.13 Intermolecular interactions in [VO(TERTA)(DPQ)]. The attractions between
the C—H of DPQ and O2 are shown as green lines and the n—x interactions are

shown as orange lines. Atoms are shown as spheres of arbitrary radius.

[VO(CLA)(DPQ)] also forms moderate n— m interactions between the C17-C18-C19-C20-
C25-C24 and N4-C24-C25-N5-C27-C26 rings of DPQ. The centroid-centroid separation is
3.518 A. The n— & interaction parameters are also listed in Table 5.15 for [VO(CLA)(DPQ)].
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Table 5.15  n— m Interactions in [VO(TERTA)(DPQ)] and [VO(CLA)(DPQ)].

-7
Mean Plane
id- . Ring Offset
Metal Complex Centroid centrm.d Separation ing tItlse
centroid A)
(A)
A)
[VO(TERTA)(DPQ)] Cg(1)---Cg(2) 3.499 3.409 0.788
Cg(2)---Cg(1) 3.499 3.404 0.810
[VO(CLA)(DPQ)] Cg(1)---Cg(2) 3.518 3.429 0.786
Cg(2)---Cg(1) 3.518 3.424 0.808

Cg(1): C17-C18-C19-C20-C25-C24
Cg(2): N4-C24-C25-N5-C27-C26

Low resolution structures of [VO(MEA)(DPPZ)] were clucidated. The low-resolution
structures of the two independent molecules in the asymmetric unit are shown in Figure 5.14.
The structures show a six-coordinate VIVN30s3 coordination geometry with the Schiff Base
ligand coordinated in a tridentate-O,N,O fashion to the oxovanadium(IV) centre. This

configuration is closely related to the DPQ analogues described above.

Figure 5.14 Low resolution structures of [VO(MEA)(DPPZ)].

5.5 [VO(ONN)(PHEN)](PFs) Complexes

5.5.1 Introduction to [VO(ONN)(PHEN)|(PFs) Complexes

Although numerous crystal structures have been reported for neutral [VO(ONO)-
(PHEN)J’*#! complexes, very few have been reported for cationic complexes of the general

form [VO(ONN)(PHEN)]".
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Previously reported examples of this class of compound include [VO(ONN)(PHEN)](C104)
complexes with a tridentate N-2-pyridylmethylidine-2-hydroxyphenylamine ligand
(Figure 5.15 (a)) and a tridentate 2- {[(benzimidazol-2-yl)methylimino]-methyl} phenol ligand
(Figure 5.15 (b)).2*** Other cationic oxovanadium complexes that have been reported include
complexes of the type [VO(ONO)(PHEN)](CI) and [VO(NNN)(PHEN)]X, where X = (Cl)z,
(Cl04)2 and (ClO4)15(PF6)0.5.5%8 Crystal structures of neutral [VO(ONN)(PHEN)] complexes

have also been reported.®*!

Figure 5.15 Previously reported X-ray crystal structures of oxovanadium complexes
IRAGAK?®® (a) HINXIN®* (b) of the general formula [VO(ONN)(PHEN)]-
(ClOs).

5.5.2 Experimental Procedures for the [VO(ONN)(PHEN)|(PFs)

Complexes

In this work, the complexes of [VO(PHCA)(PHEN)](PFs), [VO(MECA)(PHEN)](PFs) and
[VO(TERTCA)(PHEN)](PFs) were characterized by single-crystal X-ray diffraction. Red
crystals of [VO(PHCA)(PHEN)](PFs) and [VO(MECA)(PHEN)](PFs) were formed upon slow
solvent diffusion of hexane into a dichloromethane solution of the respective complexes. Red
crystals of [VO(TERTCA)(PHEN)](PFs) were grown by slow solvent diffusion of hexane into
a chlorobenzene solution of [VO(TERTCA)(PHEN)](PFé).
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5.5.3 Results and Discussion of the Solid-State Structures of the
[VO(ONN)(PHEN)|(PFs) Complexes

Selected crystal data for [VO(PHCA)(PHEN)](PFs), [VOMECA)(PHEN)](PFs) and
[VO(TERTCA)(PHEN)](PF¢) are summarized in Table 5.16. Full crystal data and structure

refinement details are reported in Appendix C.

Table 5.16  Selected crystal data for the [VO(ONN)(PHEN)](PFs) Complexes.

Crystal data [VO(PHCA)- [VOMECA)- [VO(TERTCA)-
(PHEN)](PFe) (PHEN)](PFe) (PHEN)](PFe)

Crystal system Triclinic Triclinic Monoclinic

Space group P-1 P-1 P2i/n

No of molecules in 1 and 1 and 1 and

asymmetric unit 1 CH,Cl; solvate 1 CH2Cl; solvate 1 C¢HsCl solvate

Z 2 2 4

[VO(PHCA)(PHEN)](PFs) and [VO(MECA)(PHEN)](PF¢) crystallised in the triclinic P-1
space group as [VO(ONN)(PHEN)](PFs)-CH2Cl, with one independent oxovanadium formula
unit and one dichloromethane molecule in the asymmetric unit. The dichloromethane solvent
molecule is disordered over two positions in the [VO(MECA)(PHEN)](PF¢) asymmetric unit.
[VO(TERTCA)(PHEN)](PFs) crystallised in the monoclinic P2i/n space group, with one
independent oxovanadium formula unit and one chlorobenzene molecule in the asymmetric

unit.

The thermal displacement plots of the [VO(ONN)(PHEN)](PFs) complexes are shown in
Figure 5.16. The crystal structures for each of the [VO(ONN)(PHEN)](PF¢) complexes show a
monomeric, monocationic vanadium(IV) species, with the vanadium atom coordinated to one
terminal oxo ligand, one N, N-bidentate phenanthroline ligand, and the respective monoanionic

tridentate O, N,N'-donor Schiff base ligand.
The respective tridentate O, N,N' ligand is bound to the vanadium though the phenolate oxygen,

the imine nitrogen, and the imidazole nitrogen in a meridional binding mode to form a V'VO,N4*

six-coordinate distorted octahedral geometry.
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c20 .' Cc1

%% [VO(MECA)(PHEN)](PFs)

Figure 5.16

Thermal displacement plots (50% probability) showing the structure and atom
numbering schemes of [VO(PHCA)(PHEN)](PFs), [VO(MECA)(PHEN)](PFé)
and [VO(TERTCA)(PHEN)](PFs). Hydrogen atoms are shown as spheres of
arbitrary radius. The disordered CH>Cl> molecule in [VO(MECA)(PHEN)]|(PFs)

was omitted for clarity.
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Selected bond distances and bond angles for the complexes are summarised in 7able 5.17. The
double-bond character of the vanadyl moiety is again indicated by the short bond distance of
V1=02 in comparison to V1-O1. The V=02 bond distances of 1.607(1) A, 1.604(3) A and
1.603(2) A for [VO(PHCA)(PHEN)](PFs), [VO(MECA)(PHEN)](PFs) and [VO(TERTCA)-
(PHEN)](PF¢), respectively are comparable to the V=0 bond lengths of 1.588(5) A and
1.586(4) A for the previously reported complexes with the general formula
[VO(ONN)(PHEN)](C104).333¢ The V1-O1 schitrbase bond lengths of 1.951(1) A, 1.967(2) A and
1.952(2) A for [VO(PHCA)(PHEN)](PFs), [VO(MECA)(PHEN)](PFs) and [VO(TERTCA)-
(PHEN)](PF¢) respectively are also similar to the V-O single bond lengths of 1.951(4) A and

1.930(4) A in closely related compounds.®>%4

Table 5.17  Selected bond lengths (A) and bond angles (°) for the [VO(ONN)(PHEN)](PFs)

complexes.

Complex [VO(PHCA)- [VOMECA)- [VO(TERTCA)-
(PHEN)](PFe) (PHEN)](PFe) (PHEN)](PFé)

Bond Lengths
V1-01 1.951(1) 1.967(2) 1.952(2)
V1-02 1.607(1) 1.604(3) 1.603(2)
VI-N1 2.151(1) 2.122(3) 2.139(2)
V1-N3 2.085(1) 2.080(3) 2.087(2)
VI-N4 2.126(1) 2.116(3) 2.108(2)
VI-N5 2.301(1) 2.311(3) 2.312(3)
C4-C5 1.441(2) 1.445(5) 1.434(4)
C5-N3 1.290(2) 1.295(4) 1.293(3)
N3-Cé6 1.401(2) 1.404(4) 1.397(3)
Bond Angles
02-V1-N1 94.34(5) 96.1(1) 95.4(1)
02-VI-N4 94.82(5) 91.8(1) 94.4(1)
02-VI-N5 165.15(5) 165.5(1) 165.9(1)
02-V1-01 103.66(5) 101.9(1) 102.93(9)
02-VI-N3 103.86(5) 106.9(1) 105.4(1)
N4-V1-N5 74.06(5) 73.9(1) 73.57(9)
N4-V1-N3 160.81(5) 160.5(1) 159.34(9)
N4-V1-N1 106.87(5) 95.7(1) 107.67(9)
N4-V1-01 91.73(5) 102.5(1) 90.49(9)
N5-V1-N1 79.94(5) 84.0(1) 81.66(9)
N5-V1-01 86.78(5) 83.2(1) 84.89(8)
N5-V1-N3 88.22(5) 87.2(1) 87.39(9)
Ol1-VI-N3 79.74(5) 79.5(1) 79.67(9)
O1-VI-NI 152.96(5) 153.8(1) 153.14(9)
N1-VI1-N3 76.43(5) 77.1(1) 76.61(9)
C4-C5-N3 112.9(1) 113.1(3) 112.8(3)
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The vanadium(IV) ion is displaced from the equatorial plane towards the terminal oxo group in
the cationic complexes, but to a lesser extent than the neutral [VO(ONO)(DPQ)] complexes.
The vanadium ion sits 0.312, 0.310 and 0.321 A above the equatorial plane (defined as
NI1-N3-O1-N4) for [VO(PHCA)(PHEN)](PFs), [VO(MECA)(PHEN)](PFs) and
[VO(TERTCA)(PHEN)](PFs), respectively. The deviation from 90° of the O2-V1-N3,
02-V1-N4, 02-V1-N5, O2-VI-N1 and O2-V1-O1 bond angles illustrates the distorted
octahedral structure. The O1-V1-N1 and O2-V1-NS5 frans bond angles exhibit an average ca.
27° and 14° deviation respectively from the expected trans angle of 180°. A distorted octahedral

geometry is common in related structures.®3-%8

O1, N3, N1 and N4 of the tridentate ligand are almost in the same equatorial plane with the sum
of the equatorial angles N1-V1-N3, NI-V1-N4, O1-V1-N4 and O1-V1-N3 almost equal to
360° (354.77(5)°, 354.8(1)° and 354.44(9)° for [VO(PHCA)(PHEN)](PFs), [VO(MECA)-
(PHEN)](PF¢) and [VO(TERTCA)(PHEN)](PFs), respectively).

The Schiff base ligand forms two five-membered chelate rings with the vanadium atom
(V1/N3/C6/C7/01 and V1/N3/C5/C4/N1 rings). The dihedral angle between the two chelate
ring planes in the [VO(ONN)(PHEN)](PFs) complexes tends more towards planarity than the
neutral [VO(ONO)(DPQ)] complexes. The dihedral angle between the two chelate ring planes
is 7.75°, 8.57° and 8.49° for [VO(PHCA)(PHEN)](PFs), [VO(MECA)(PHEN)](PFs) and
[VO(TERTCA)(PHEN)](PFs), respectively. The bulky methyl and fert-butyl substituents on
the phenol moiety of the tridentate ligand in [VOMECA)(PHEN)](PFs) and
[VO(TERTCA)(PHEN)](PFs), respectively, may be responsible for the larger deviation from
planarity than in the unsubstituted phenol ring of [VO(PHCA)(PHEN)](PFé).

The small bite of the tridentate O, N,N' ligand yields 5S-membered chelate rings and consequently
acute bond angles. The O1-V1-N3 bond angles measure ca. 80° and the N1-V1-N3 bond
angles measure ca. 77°. This necessitates the N1-V1-N4 bond angle becoming more obtuse;

these measure ca. 103° in the cationic PHEN complexes.
The delocalisation of electrons in the imino moiety (C4—C5-N3—-C6) is again evident in the

cationic complexes. The respective C4—C5 bond lengths are shorter (average 1.440(7) A) than
the standard Caromatic—Csp?® value of 1.485 A.2423
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The N3—C6 bond lengths are longer (average of 1.401(5) A) than the typical Nsp?—Caromatic bond
length of 1.353 A and the C5=N3 imine bond lengths are slightly longer (average of
1.293(5) A) than the expected C=N bond length of 1.279 A 2*% The C4-C5-N3 imine bond

angles also deviate from ideality (average of 113°).

As in the neutral complexes, the trans effect of the oxo ligand leads to a significantly longer
VI1-N5 bond trans to the vanadyl group in comparison to the other V-N bonds. The PHEN
ligand is approximately perpendicular to the equatorial plane with the dihedral angles subtended
by the two mean planes measuring 82.61°, 86.35° and 84.72° for [VO(PHCA)(PHEN)](PF),
[VOMECA)(PHEN)](PFs) and [VO(TERTCA)(PHEN)](PFs), respectively.

The terminal oxo group (02) in [VO(PHCA)(PHEN)](PF¢) and [VO(TERTCA)(PHEN)](PFs)
form C—H---O interactions with the imine hydrogen atom on C5 of a neighbouring molecule.
The H---A (H:--O2) bond lengths are 2.496 A for [VO(PHCA)(PHEN)](PFs) and 2.509 A for
[VO(TERTCA)(PHEN)](PFs), shorter than the sum of the van der Waals radii for hydrogen
and oxygen of 2.72 A, suggesting that these are genuine intermolecular interactions.?® In
addition, there are also intermolecular interactions between the phenolate oxygen (O1) and the
methylene C—H of the dichloromethane solvent in [VO(PHCA)(PHEN)](PFs). No significant

7T- 7 interactions are noted in these compounds.

5.6 Conclusions

The O,N,O'-tridentate ligands SOA and NAA were succesfully characterised by single crystal
X-ray diffraction and were shown to be in the ketone form. The SOA and NAA molecules are
approximately planar with delocalisation of electrons in the imino moiety (C6—-C7-N1-C8).
The crystal structures of SOA and NAA are further stabilsied by intramolecular hydrogen bonds
between the protonated imine and ketone oxygen (N1-H101---O1).

The lattice of NAA is further stabilised by complementary intermolecular O2-H102---O1
hydrogen bonds between neighbouring symmetry-independent molecules, resulting in an 18-
membered hydrogen-bonded ring. SOA also exhibited intermolecular O2—-H102---O1 hydrogen
bonds.
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In addition, intermolecular attractions between an oxygen atom of the sulfonyl moiety and the
protonated imine of a neighbouring molecule results in 16-membered rings. These dimer units

in SOA are then linked by the intermolecular interactions to form one-dimensional columns.

The O,N,N'-tridentate ligands PHCA, MECA, TERTCA, PHPHCA were succesfully
characterised by single crystal X-ray diffraction and were shown to generally deviate from
planarity. The most noticeable deviation is for PHCA(a) with a large angle subtended by the
imidazole and phenyl rings (ca. 66°). PHCA(b) is approximately planar. Stabilising
intramolecular interactions are present in the O, N,N' ligands between the imine hydrogen atom
(H-C) and oxygen except in the case of the non-planar molecule of PHCA. The crystal
structures of all O, N,N' ligands in this work exhibited intermolecular hydrogen bonds between
the un-substituted imidazole nitrogen and the phenol OH on a neighbouring molecule. Sixteen-
membered supramolecular dimeric ring structures are stabilised through these hydrogen bonds.
The dimer units of PHCA are further linked by intermolecular C—H---O interactions to form

one-dimensional columns.

The hemihydrate form of PHCA was also studied. PHCA-0.5H>O is also approximately planar.
The water molecule bridges two ligands, acting as both an H-bond donor and H-bond acceptor,
forming a water-bridged dimer. Intermolecular C—H:---N interactions link the water-bridged

dimers to form one-dimensional columns.

Of the neutral oxovanadium complexes, high resolution structures of [VO(CLA)(DPQ)] and
[VO(TERTA)(DPQ)] were elucidated. Low-resolution structures were obtained for
[VO(PHA)(DPQ)] and [VO(MEA)(DPPZ)]. The crystal structures all showed a monomeric
vanadium(IV) species with the bidentate N, N-donor co-ligand and respective dianionic O,N,O'-
tridentate ligand coordinated to the vanadyl (VO*") moiety to form a VIVO3N3 six-coordinate
distorted octahedral geometry. The V-N bond trans to the vanadyl group is significantly longer
than the other V-N bonds due to the trans effect of the oxo ligand. [VO(CLA)(DPQ)] and
[VO(TERTA)(DPQ)] form moderate n— m interactions between the rings of DPQ.

191



Chapter Five: X-ray Diffraction

The X-ray structures of [VO(PHCA)(PHEN)](PFs), [VOMECA)(PHEN)](PFs) and
[VO(TERTCA)(PHEN)](PFs) were elucidated. The structures of the [VO(ONN)(PHEN)]-
(PF¢) complexes show a monomeric, monocationic vanadium(IV) species with the vanadium
atom coordinated to one oxo ligand, one bidentate N,N-donor phenanthroline ligand and the
respective monoanionic tridentate O,N,N'-donor Schiff base ligand to form a VVO,N4* six-

coordinate distorted octahedron.

As in the neutral complexes, the trans effect of the oxo ligand is evident with a significantly
longer VI1-Nppen bond trans to the vanadyl group in comparison to the other
V-N bonds in the respective structures. [VO(PHCA)(PHEN)](PFs) and [VO(TERTCA)-
(PHEN)](PF¢) exhibit intermolecular interactions between the oxo group and the imine C—H to
form 10-membered rings. There are also intermolecular attractions between the phenolate

oxygen and a hydrogen atom of the dichlormethane solvent in [VO(PHCA)(PHEN)](PFé).

The X-ray structures of the [VO(ONO)(DPQ)], [VO(MEA)(DPPZ)] and [VO(ONN)(PHEN)]-
(PF¢) complexes are in agreement with the structures proposed based on UV/visible, IR, ESI-
MS and EPR spectroscopic techniques and elemental analysis. The molecular structures also
indicate that the aromatic rings of the respective PHEN, DPQ or DPPZ ligand are in a position
where they will be able to form interactions with the DNA helix.
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Chapter Six: Density Functional Theory

6.1 Introduction to Density Functional Theory

As mentioned in Chapter I, DNA binding constants for [VO(ONO)(NN)] complexes are
dependent on steric and electronic properties of the coordinated ligands.'® Molecular
simulations using Density Functional Theory (DFT) were therefore employed to gain a further
understanding of the molecular geometries, energies and spectroscopic properties of the
[VO(ONO)(NN)] and [VO(ONN)(NN)]" complexes. The DFT simulations will also be used to
predict the optimised structures of complexes for which X-ray data is unavailable. In addition,
geometry optimisations, frequency and energy simulations were run for the dimeric and

monomeric structures of the O, N,N' ligands to further probe the stability of these structures.

DFT has become the most common approach to quantum chemical simulations of electronic
structure and properties.” DFT uses electron density as the primary quantity to determine the
ground-state electronic energy of a molecule!®!? instead of the many-body electronic wave
function approach of traditional Hartree-Fock (HF)!'*'* and post-HF methods.'>!>'7 DFT is
more accurate than HF calculations (which treat electron-electron interactions in an
approximation). It does not, however, have the high computational demands as the more
accurate post-HF methods such as Moller-Plesset perturbation theory and Configuration

Interaction.'>!618

In DFT, a density functional is used to calculate the energy for the electron density.!” Electron
density itself is a function of the position coordinate (functionals are functions of functions).'?
Several density functional methods exist with increasing degrees of accuracy to correlate the
electron density and energy.!>!8 The B3LYP functional is a common choice for transition metal
compounds and free ligands.!® Previous studies of oxovanadium complexes with tridentate
Schiff base ligands have used the B3LYP functional.'®? B3LYP is the Becke, three parameter
hybrid functional with the non-local correlation functional of Lee-Yang-Parr.?*2 It is a hybrid
generalised gradient approximation (GGA) functional which mixes GGA with exact HF

exchange. GGA functionals depend on the electron density and its reduced gradient.'®!8
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The electron density itself can be represented by a choice of several mathematical functions
(basis sets).!> A basis set is a set of functions used to describe the shape of the orbital in an
atom.!” The type of basis set used also influences the accuracy of the calculations.'? Atom-
centered, rather than planewave function, basis sets are more appropriate for calculations on
molecules.!” 6-311G was the basis set chosen for this study. It is applicable for atoms H to Kr'”
and is more sophisticated than the minimal Slater-type basis sets.?’” 6-311G is a triple split
valence, Pople Style basis set where the core orbitals are a contraction of six primitive Gaussian-

type orbitals with the valence split into three functions.!>!7-?

6.2 [Experimental

Geometry optimisations, frequency and energy DFT simulations were performed on the
oxovanadium complexes and the monomeric and dimeric species of the O, N,N' ligands in this
work using Gaussian 09 W.?® Geometry optimisations were performed using the X-ray
coordinates as the input structures for the O,N,N' ligands and [VO(CLA)(DPQ)],
[VO(TERTA)(DPQ)], [VO(PHA)(DPQ)], [VO(MEA)(DPPZ)] and [VO(ONN)(PHEN)]"
complexes. The counter ion of the cationic complexes and any solvent molecules of
crystallisation were removed from the input files. The starting structures for the remaining
complexes were generated using GaussView 5.0.2° All simulations were run at the
B3LYP/6-311G level of theory and single first polarisation and diffuse functions (dp) were
added to the basis set.*® Diffuse functions help describe orbitals with a large spatial extent.
Polarisation functions have a higher angular momentum than the occupied orbitals, such as
adding d orbitals to carbon, to better span the function space.!” The geometries were optimised
with a singlet spin state for the O,N,N' ligands and doublet spin state for the paramagnetic
oxovanadium complexes. All input files were prepared, and output files analysed through
GaussView 5.0.%° The vibrational frequencies indicate that the geometry optimisations are true

minima on the global potential energy surface based on the lack of negative Eigen values.

Electronic spectra were simulated for the in-vacuo geometry-optimised structures with 24 and
64 excited states for the O, N,N ligands and oxovanadium complexes, respectively, using the
TD-SCF method at the same level of theory used for the geometry optimisations.’!>? A
Polarizable Continuum Model (PCM) was included in the simulations of transition energies and

oscillator strengths to account for any solvent effects.>®>°
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An acetonitrile solvent continuum was used to mimic the experimental conditions. The
molecular orbitals were assigned by studying the spatial distribution of their isosurfaces. Singlet
excited states were considered for the O,N,N' ligands and alpha and beta spin states for the

oxovanadium complexes.

6.3 DFT Studies of the Tridentate Schiff Base Ligands

Numerous reports of geometry optimisations and frequency simulations by AM1 molecular
orbital semi-empirical quantum-mechanical and DFT methods have been reported for numerous
O,N,O Schiff-base ligands.**** The DFT simulations in this work therefore focus on the novel
O,N,N' ligands. The DFT study for PHCA, MECA and TERTCA has been reported as part of
this PhD study.**

Of the O,N,N' ligands in this work two distinct molecular configurations exist in the solid-state
for PHPHCA and anhydrous PHCA (Section 5.3.3). Geometry optimisations and frequency
simulations on the dimeric and monomeric structures of the O,N,N' ligands were, therefore,
conducted to further probe the lowest energy conformations of this class of ligands. A
comparison of the DFT-simulated and solid-state structures for the monomeric ligands are
indicated in Figure 6.1. The least-square-fits were calculated using Mercury 2020.2.0.*> The
root-mean-square deviations (RMSD) indicate the experimental and lowest-energy simulated
structures are generally in good agreement for the monomers, except for the PHCA(a) and
PHPHCA (b) molecules. A comparison of the bond lengths and bond angles confirms the
agreement (within 4%) between the experimental and simulated monomer structures. A
summary of selected bond lengths and bond angles is reported in Tables D1 — D4 in Appendix
D for PHCA, MECA, TERTCA and PHPHCA. In addition, the vibrational frequency results of
the experimental and simulated monomer and dimer structures are in good agreement with a
2-4% difference for the imine stretching frequency. A summary of the imine stretching
frequencies for the experimental and DFT-simulated monomer and dimer O,N,N' molecules is

reported in Table D5, Appendix D.
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J/

PHCA (a) PHCA (b)
RMSD =0.413 A RMSD =0.197 A

MECA (a)
RMSD =0.153 A

C//--f/ L |

RMSD=0.393 A

TERTCA
RMSD=0.114 A

PHPHCA (a)
RMSD = 0.425 A

PHPHCA (b)
RMSD = 0.701 A

Figure 6.1  Least-squares-fits of the DFT-simulated (yellow) and X-ray crystal structures
(blue) of the monomeric O,N,N' ligands. Root mean square deviations (RMSD)

for all non-hydrogen atoms are indicated on the diagram.
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The two distinct molecular configurations that exist in the solid-state for PHCA and PHPHCA
were probed, using scan simulations, to calculate the total energy of the molecule as a function
of the phenol ring rotation for PHCA and of the phenyl ring rotation for PHPHCA to determine

the lowest energy conformations.

The main difference between the two solid-state conformations of PHPHCA is the relative
angle of the phenol and phenyl ring mean planes. The angle subtended by the mean planes of
the non-hydrogen atoms of the phenol and phenyl rings in the solid-state structures is 40° for
PHPHCA (a) and 17° for PHPHCA (b). The total energy of the molecules as a function of the
relative angles of the phenyl and phenol rings was simulated for PHPHCA using 10° increments
in the C9-C10-C12-C17 torsion angle. The atom numbering is indicated in Figure 6.2 and the

scan coordinate result is shown in Figure 6.3.

Figure 6.2  Atom numbering used for PHPHCA.

The energy scan coordinate indicates that the highest energy conformations of PHPHCA are
when the phenyl and phenol mean planes are in either a perpendicular or co-planar orientation.
The perpendicular arrangement prevents overlap of the p-orbitals and breaks the m-conjugation
of the molecule. In the co-planar arrangement, non-bonded repulsion occurs between H-C11
and H-C17 and between H-C9 and H-C13. The DFT-simulated lowest energy conformation
has a C9-C10-C12-C17 torsion angle of 141.05°. This rotation of the phenyl ring decreases the

steric repulsion whilst still maintaining some stabilising p-orbital overlap.
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Figure 6.3  Relative energy of PHPHCA as a function of the C9-C10-C12-C17 torsion
angle. The energy maxima and minima are highlighted in magenta with their
corresponding structures. All energy values are referenced against the lowest

energy conformation.

The 141.05° C9-C10-C12-C17 torsion angle of the simulated lowest energy conformation
matches very closely with the 141.7(1)° C9-C10-C12-C17 torsion angle of the solid-state
PHPHCA (a) molecule. The other solid-state conformation of PHPHCA has a C9-C10-C12—
C17 torsion angle of —161.5(1)°. The calculated energy difference between the solid-state
conformations is relatively small: 3.9 kJ mol™. This small energy difference may explain why
PHPHCA was able to adopt different geometries in the solid-state. Deviations from the true
lowest energy conformations in the solid-state can allow for more favourable packing of the

molecules or stronger intermolecular interactions, which offset the energy difference.
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The difference between the two independent solid-state structures of PHCA is the C5-N3-C6—
C7 torsion angle (see atom numbering in Figure 6.2). This torsion angle measures —59.1(2)°
for molecule (a) and —7.6(2)° for the relatively planar molecule (b). The total energy of the
molecules as a function of this torsion angle was simulated by rotating the phenyl and imidazole
rings in 10° increments. The relationship between energy and molecular geometry for PHCA

as a function of the C5-N3-C6-C7 torsion angle is shown in Figure 6.4.
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Figure 6.4  Relative energy of PHCA as a function of the C5-N3-C6-C7 torsion angle. The
energy maxima and minima are highlighted in magenta with their corresponding
structures. All energy values are referenced against the lowest energy

conformation.

In the solid-state structures of PHCA the imine C-H and hydroxy groups are in a cis-
configuration to maximise complementary hydrogen bonding between the imidazole nitrogen
and phenolic OH to form dimeric structures. This configuration also minimises repulsion

between the OH and imidazole N-CHj3 groups.
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The imine C—H and and phenolic OH are also in a cis-configuration in the DFT-optimised
structure with a C5-N3-C6-C7 torsion angle measuring —25.26° (Step 1 in Figure 6.4). The
energy scan revealed the true energy minimum is when the imine C—H and OH group are trans,
with the C5-N3-C6-C7 torsion angle measuring 144.74° (Step 18 in Figure 6.4) in the absence
of packing constraints. The energy difference between these conformations is a modest
1.7 kJ mol ™.

MECA, TERTCA and PHPHCA have a similar out-of-plane rotation in the lowest energy
conformations. The C5-N3—-C6—C7 torsion angles measure: —22.33°, 23.75° and —28.53° for
MECA, TERTCA and PHPHCA, respectively. A co-planar arrangement of the phenol and
imidazole rings would maximise p-orbital overlap of the imine and phenol ring. An out-of-
plane rotation, however, decreases the steric repulsion between the imine C—H and phenol
moiety leading to a more stable molecule. The difference in energy for PHCA with a co-planar
arrangement of the phenyl and imidazole moieties and the non-planar arrangement (where the
C5-N3-C6-C7 torsion angle is 145°) is only 2.0 kJ mol™!. This small energy difference may
explain why both geometries are viable options in the solid-state. Previous studies of the
geometry-optimised structures of MEA, CLA and closely related benzylideneaniline molecules

show that the most stable free-molecule conformation is similarly non-planar, 40414647

The DFT-simulated dimeric structures have larger RMS deviations than the corresponding
monomer species when compared to the solid-state structures (Figure 6.5). The major
difference between the simulated and experimental dimeric structures is in the relative angle of
rotation between the two molecules that comprise the dimer. The molecules that comprise the
dimer in the solid-state can be considered approximately co-planar. The angle subtended by
the two 15-atom mean planes of the non-hydrogen atoms of the imidazole, phenol and imine
groups is 0° for PHCA and TERTCA, 2° for MECA and 4° for PHPHCA in the solid-state. This
1s in comparison to an average of 35° for the DFT-simulated lowest-energy conformations of
the dimers. There is only a 0.9 kJ mol! difference in energy between the co-planar and lowest
energy dimeric PHCA structures, where the angle subtended by the two 15-atom mean planes

1s 34.10°.
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PHCA Dimer (a-a) PHCA Dimer (b-b)
RMSD=1.01A RMSD =0.702 A

MECA Dimer (a-b) TERTCA Dimer
RMSD =0.869 A RMSD=1.13A

\
\

\F"
:/ ;

@ PHPHCA Dimer (a-b)

RMSD=1.6 A

Figure 6.5  Least-squares-fits of the DFT-simulated (yellow) and X-ray crystal structures
(blue) of the dimeric O,N,N' ligand species. Root mean square deviations

(RMSD) for all non-hydrogen atoms are indicated on the diagram.
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There is also a difference in symmetry between the solid-state and DFT-simulated dimer
structures. The solid-state dimers in TERTCA and PHCA are related by inversion symmetry
while the molecules of the MECA and PHPHCA dimers are symmetry independent. The PHCA
(a-a), MECA, TERTCA and PHPHCA DFT-simulated dimers are related through C> symmetry.
The PHCA (b-b) dimers are of Ci symmetry.

Despite the difference in symmetry of the solid-state and gas-phase dimer structures the
hydrogen bonding motif is the same with two complementary O—H:--N hydrogen bonds. The
bond parameters are also comparable. The electrostatic potential (ESP) plots indicate that
intermolecular hydrogen bonding between the imidazole nitrogen and the phenolic OH group
is favourable (based on simple electrostatic arguments). The ESP plots are shown in Figure 6.6

for PHPHCA and in Figure D1, Appendix D for PHCA, MECA and TERTCA.

2 2 9
9 o
;& 48 %‘JO’J‘
Y
¥ )

~0.04232 [ W 0.04232

Figure 6.6  Electrostatic potential map from the total SCF density for the PHPHCA dimer,
highlighting the zones of positive (blue) and negative (red) potential.

The partial charge distribution (NBO charges, measured in electrons) indicates that in fact the
oxygen atom carries the most negative partial charge. The imidazole N atom has the second
highest partial negative charge in both the dimeric and monomeric species. The hydroxyl
hydrogen atom has the highest positive partial charge. NBO charges are indicated in Figure D2,
Appendix D. In the literature, (JUBKOG) hydrogen bonds are preferentially formed between

the two phenols.*®
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Hydrogen bonds are, however, preferentially formed with the less negative nitrogen acting as
the H-bond acceptor in this work. This is likely a result of being able to form complementary
O-H---N interactions between the phenol and imidazole, as opposed to a single H-bond between

the two phenols.

The stability gained by forming hydrogen bonds compensates for the individual molecules not
being in their lowest energy conformation.*” The DFT-simulated hydrogen-bonded dimers are
significantly lower in energy than two independent monomers by an average of
103+1 kJ mol™!. The small standard deviation indicates that in the gas phase the substituent on

the phenol ring has effectively no influence on the strength of the hydrogen bonds.

DFT simulations were also used to better understand the electronic spectra of the free ligands.
Superposition plots of the experimental and simulated UV/visible spectra are shown in
Figure 6.7 for MECA (as a representative example) and in Figure D3, Appendix D for PHCA,
TERTCA and PHPHCA. The simulated spectra show good correlation with the experimental
data in terms of the Amax values, especially for the dimer conformations (the simulated data were
not normalised). Considering that the DFT studies indicated the hydrogen-bonded dimeric
structures are more stable than the monomers in the gas phase, and the experimental 'H NMR
study (Section 4.2.4) also shows dimerisation of the ligands takes place in solution it is expected
that the UV/visible data should similarly indicate the dimer in solution. This is supported by

the similarity of the experimental and simulated data for the dimeric species.
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Figure 6.7  Superposition plots of the experimental and the TD-DFT-simulated (CH3CN
solvent continuum) simulated UV/visible spectra of MECA for both the

monomeric and dimeric species.

Table 6.1 indicates the main TD-DFT-simulated transitions and oscillator strengths for the
monomeric and dimeric species of MECA. The main transitions and oscillator strengths for the
simulated monomeric and dimeric species of PHCA, TERTCA and PHPHCA are reported in
Tables D6 — D8, Appendix D. These data show the absorption spectra are dominated by high

energy m — * transitions for both the monomeric and dimeric species.
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Table 6.1 Summary of the major TD-DFT-simulated (CH3CN solvent continuum) electronic transitions and oscillator strengths for the
monomeric and dimeric structures of MECA and the corresponding molecular orbitals.
A Oscillator Molecular Orbitals Contri- | Assignment®
(nm)?® | Strength, bution®
f
MECA Monomer
346.80 | 0.5701 | 57 (HOMO) — 58 (LUMO) 91% | m (Imd, Im, Phenol, Me) — n* (Imd, Im, Phenol)
54 (HOMO-3) — 58 (LUMO) 11% | m (N-Me, Imd, Im, Phen) — n* (Imd, Im, Phenol)
29422 | 03213 |55(HOMO-2) — 58 (LUMO) 45% | m (N-Me, Imd, Im, Phen) — #n* (Imd, Im, Phenol)
56 (HOMO-1) — 58 (LUMO) 32% | m (Imd, Im, Phenol, Me) — ©* (Imd, Im, Phenol)
54 (HOMO-3) — 58 (LUMO) 36% | m (N-Me, Imd, Im, Phen) — n* (Imd, Im, Phenol)
237.08 | 0.1371 |55 (HOMO-2) — 58 (LUMO) 12% | m (N-Me, Imd, Im, Phen) — n* (Imd, Im, Phenol)
57 (HOMO) — 59 (LUMO+1) 34% | m (Imd, Im, Phenol, Me) — n* (Phenol, Me)
MECA Dimer
35629 | 0.6102 113 (HOMO-1) — 115 (LUMO) 83% | m (Imd, Im, Phenol, Me) — ©* (Imd, Im, Phenol)
) ) 114 (HOMO) — 116 (LUMO+1) 10% | m (Imd, Im, Phenol, Me) — n* (Imd, Im, Phenol)
109 (HOMO-5) — 116 (LUMO+1) | 16% | m (Imd, Im, Phenol) — n* (Imd, Im, Phenol)
295.18 | 0.7453 | 110 (HOMO-4) — 115 (LUMO) 20% | m (N-Me, Imd, Im, Phenol) — 7* (Imd, Im, Phenol)
112 (HOMO-2) —115 (LUMO) 44% | m (Imd, Im, Phenol, Me) — n* (Iimd, Im, Phenol)
107 (HOMO-7) — 116 (LUMO+1) 13% | m (Imd, Im, Phenol) — n* (Imd, Im, Phenol)
23857 | 02213 108 (HOMO-6) — 115 (LUMO) 19% | m (Imd, Im, Phenol) — 7* (Imd, Im, Phenol)
: : 113 (HOMO-1) — 117 (LUMO+2) | 11% | m (Imd, Im, Phenol, Me) — ©* (Phenol)
114 (HOMO) — 118 (LUMO+3) 33% | @ (Imd, Im, Phenol, Me) — ©* (Phenol)

 Three of the 24 simulated excited states with the highest oscillator strengths are listed.
HOMO: Highest occupied molecular orbital.
LUMO: Lowest unoccupied molecular orbital.

® Only orbitals with >10% contribution are listed.

¢ Imd = imidazole; Im = imine; Phenol = benzene ring + OH; Phen = benzene ring; N-Me = imidazole N-CH3; Me = phenolic methyl substituent.
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The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) plots are shown in Figure 6.8 for MECA and in Figure D4, Appendix D for PHCA,
TERTCA and PHPHCA.

LUMO (115)

AE = 3.87 eV

HOMO (114)

Figure 6.8  DFT-simulated HOMO and LUMO plots for the geometry-optimised (gas
phase) dimer of MECA. The energy gap between the two orbitals is indicated

on the diagram.

The HOMO and LUMO plots of the dimers indicate they are of m-symmetry and that they
span both molecules. The dimers can, therefore, be considered as supramolecular structures
with m-electrons spread over both molecules as previously reported for pyrrole-imine Schiff
base hydrogen-bonded dimers.* The dimeric structures also have smaller LUMO-HOMO
energy gaps than the corresponding monomers by 0.13, 0.16, 0.15 and 0.18 eV for PHCA,
MECA, TERTCA and PHPHCA, respectively. Considering a high level of theory was used
and diffuse functions incorporated into the calculations, the results can be considered as
reliable. This is further supported by the good correlation between the experimental and

simulated data, as discussed above.
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6.4 DFT Studies of the [VO(ONO)(NN)] and [VO(ONN)(NN)]*

Complexes

One of the objectives of the DFT simulations was to elucidate the geometry-optimised
structures of the oxovanadium complexes for which X-ray data were not available. A
comparison of the DFT-simulated and solid-state structures was, therefore, performed for
those complexes where experimental data were available. The simulations were run using
the same level of formula as the ligands. The 6-311G(dp) basis set covers vanadium and
imposes fewer restrictions on the electrons compared to methods like LanL2DZ where
effective core potentials are applied.’® Structural overlays (least-squares-fit) of the geometry-
optimised and solid-state structures were calculated using Mercury 2020.2.0 and are reported
in Figure 6.9.% The small root-mean-square deviations (non-H atoms) indicate the
experimental and simulated structures are in good agreement. This suggests that the level of
theory used is appropriate, and the simulated structures are likely to be accurate

representations of the respective molecules.

Structural overlays were also performed for those complexes for which low-resolution
experimental structures were obtained, namely [VO(PHA)(DPQ)], [VO(MEA)(DPPZ)] and
[VO(PHPHCA)(PHEN)]". The overlays are reported in Figure D5, Appendix D. The
RMSDs range from 0.2450 A to 0.4867 A.
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[VO(TERTA)(DPQ)]
RMSD = 0.2038 A

[VO(CLA)(DPQ)]
RMSD =0.1863 A

[VO(PHCA)(PHEN)]*

RMSD =0.2332 A [VO(IERTCA)PEEM)]

RMSD =0.2990 A

[VO(MECA)(PHEN)]*
RMS =0.2628 A

Figure 6.9  Least-squares-fits of the DFT-optimised (yellow) and solid-state (blue)
structures of [VO(CLA)(DPQ)], [VO(TERTA)(DPQ)], [VO(PHCA)-
(PHEN)]*, [VO(MECA)(PHEN)]" and [VO(TERTCA)(PHEN)]* complexes.
Root mean square deviations (RMSD) for all non-hydrogen atoms are

indicated on the diagram.

A comparison of selected bond lengths and bond angles for the DFT-simulated and solid-
state structures is shown in Zable 6.2 below for [VO(CLA)(DPQ)] and in Tables D9 — D12,
Appendix D for [VO(TERTA)(DPQ)], [VO(PHCA)(PHEN)]*, [VO(MECA)(PHEN)]" and
[VO(TERTCA)(PHEN)]*. The bond lengths and bond angles are in good agreement, within
5% difference. This again highlights the suitability of the chosen DFT method.
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Table 6.2 Comparison of selected bond parameters for the solid-state and DFT-
simulated structures of [VO(CLA)(DPQ)]. Atom numbers are indicated in

the appended structure.
Bond Lengths . . .

@A) Experimental Simulated % Difference
V1-01 1.964(2) 1.964 0
V1-02 1.988(2) 1.960 1.4
V1-03 1.608(2) 1.582 1.6
VI-N1 2.079(2) 2.096 -0.82
VI-N2 2.143(2) 2.199 -2.6
VI-N3 2.365(2) 2.449 -3.6
C6-C7 1.433(4) 1.430 0.21
C7-N1 1.303(4) 1.303 0
N1-C8 1.432(3) 1.415 1.2
Bond Et;l gles Experimental Simulated % Difference
03-V1-N1 105.42(9) 104.09 1.3
03-V1-N2 92.84(9) 91.25 1.7
03-V1-N3 164.73(8) 161.46 2.0
03-V1-01 100.51(8) 102.17 -1.7
03-V1-02 100.61(8) 104.66 -4.0
C6-C7-N1 125.4(2) 126.05 -0.5

* 9% difference = (experimental — simulated / experimental x 100)

The double-bond character of the vanadyl moiety is evident in the DFT-simulated structures
with shorter vanadyl (V=03) bond distances in comparison to the other V-O bond lengths
in the optimised structures. The elongation of the V-N3 bond #rans to the oxo ligand in

comparison to the other V-N bonds in the structure is also evident.

A distorted octahedral geometry is also noted in the simulated structures with deviations
from 90° of the O—V-N and O—V-O bond angles (these are explained by the same arguments
used in the X-ray section, Chapter 5). The simulated structures indicate a displacement of
the vanadium ion out of the equatorial plane towards the oxo ligand. The vanadium atom is
0.362 A and 0.364 A above the O2-N1-O1-N2 equatorial plane in comparison to the
experimental values of 0341 A and 0355 A for [VO(CLA)(DPQ)] and
[VO(TERTA)(DPQ)], respectively. The displacement of the V atom out of the equatorial
plane (Nimidazole—Nimine—Opheno-NDPQ) is 0319 A, 0.320 A and 0.322 A for the DFT-simulated
structures in comparison to 0.312 A, 0.310 A and 0.321 A for the solid-state structures of
[VO(PHCA)(PHEN)]*, [VO(MECA)(PHEN)]* and [VO(TERTCA)(PHEN)]*,

respectively.
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The slight twist of the O,N,O'-tridentate ligand was also observed in the DFT-simulated
neutral oxovanadium complexes. The dihedral angle between the two chelate rings of the
tridentate Schiff base ligand with vanadium (V1/N1/C8/C9/02 and V1/N1/C7/C6/C1/01) is
12.07° and 12.33° for the simulated structures of [VO(CLA)(DPQ)] and [VO(TERTA)-
(DPQ)], respectively. This is similar to the 10.54° and 10.20° dihedral angles for the solid-
state structures of [VO(CLA)(DPQ)] and [VO(TERTA)(DPQ)], respectively. The DFT-
simulated structures for the cationic oxovanadium complexes have a smaller dihedral angle
between the two chelate rings of the O, N,N' Schiff base ligand, as reported for the solid-state
structures. The dihedral angle between the two 5-membered chelate ring planes of the O, N, N’
ligand is 9.46°, 9.62° and 9.42° for the simulated structures versus 7.75°, 8.57° and 8.49° for
the experimental structures for [VO(PHCA)(PHEN)]", [VOMMECA)(PHEN)]" and
[VO(TERTCA)(PHEN)]", respectively.

The delocalisation along the imino moiety of the respective Schiff base ligands is evident in
the DFT-simulated metal structures. The respective C-Cimine bond lengths are shorter, and

the C-Nimine bond lengths are longer than expected values.’!>

The N,N ligands in the optimised structures are perpendicular to the equatorial plane as in
the solid-state structures. The dihedral angles of the mean plan of DPQ to the equatorial
plane (defined as O2phenol—Nimine—O lpheno—NppQ) range from 87 - 89° in the geometry-

optimised structures and 83 - 90° in the experimental, solid-state structures.

The slight deviations between the DFT-simulated lowest energy conformations and the
solid-state structures could be due to the absence of intra- and intermolecular attractions in
the DFT (gas phase) structures. In the experimental structures there is, for example, n— ©
stacking of the DPQ rings in [VO(TERTA)(DPQ)] and [VO(CLA)(DPQ)] and various

C-H---X intermolecular interactions between complex and solvent molecules.

Vibrational frequency results of the simulated structures are in good agreement with the
solid-state infrared spectra. There is a 0.2 — 2 % difference in the imine stretching
frequencies, 10 — 12 % difference for the V=0 stretching frequencies and 0.5 — 9 %
difference for the V-O stretching frequencies. The simulated frequencies were consistently
higher than the experimental vibrational frequencies. Selected stretching frequencies for the

simulated and experimental solid-state complexes are reported in Table 6.3.
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Table 6.3 C=N, V=0 and V-O stretching frequencies (cm™) for the DFT-simulated

and solid-state oxovanadium complexes.

C=N V=0 V-0
Neutral Complexes Experi C=N Experi v= Experi V-0
mental DFL mental DT mental DFL
[VO(PHA)(DPQ)] 1600 1636 958 1062 532 547
[VO(MEA)(DPQ)] 1599 1630 955 1062 533 549
[VO(TERTA)(DPQ)] 1603 1630 949 1061 535 551
[VO(CLA)(DPQ)] 1599 1635 945 1063 532 547
[VO(SOA)(DPQ)] 1600 1634 953 1064 533 547
[VO(NAA)(DPQ)] 1600 1624 954 1061 565 572
[VO(PHPHA)(DPQ)] 1597 1629 959 1062 534 549
[VO(MEA)(DPPZ)] 1601 1630 948 1054 533 549
C=N C= V=0 V= V-0 V-0
Cationic Complexes Experi Experi Experi
DFT DFT DFT
mental mental mental

[VO(PHCA)(PHEN)]* 1582 1613 959 1069 555 584
[VOMECA)(PHEN)]* 1604 1610 961 1069 557 553
[VO(TERTCA)(PHEN)]* 1600 1607 968 1069 557 553
[VO(PHPHCA)(PHEN)|* 1601 1605 965 1069 556 598
[VOMECA)(DPQ)]* 1581 1610 967 1071 556 553
[VO(TERTCA)(DPQ)]* 1581 1607 967 1071 556 553
[VOMECA)(DPPZ)]* 1577 1610 966 1079 605 553

The comparisons of the experimental and simulated data above show a good level of
agreement. This suggests that DFT methods are suitable to predict the structures of the
complexes for which X-ray data are not available. The DFT-simulated structures are

presented in Figure 6.10 for those complexes where X-ray data are not available.

The DFT-simulated geometry-optimised structures for the complexes all show that the
respective PHEN, DPQ or DPPZ ligand is free from steric hindrance by the tridentate ligand
and protrudes from the molecule. This means it should be available to bind to DNA in vitro

and in vivo.
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[VO(MMECA)(DPQ)]*

[VO(MECA)(DPPZ]*

Figure 6.10 DFT-simulated geometry-optimised structures (B3LYP/6-311G(dp) level of

theory) of [VOMEA)(DPQ)], [VO(SOA)DPQ)], [VONAA)DPQ)],
[VO(PHPHA)(DPQ)], [VO(MECA)(DPQ)]*, [VO(TERTCA)(DPQ)]* and
[VO(MECA)(DPPZ)]".
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The bond lengths for the DFT-simulated structures presented in Figure 6.10, indicate the
V=0, V—Ophenol and V-Nppqprpz trans bond lengths are shorter in the cationic complexes
than in the analogous DPQ and DPPZ neutral complexes. The V—Nimine bond is longer in the

DFT-simulated cationic complexes than in the analogous neutral complexes (7able 6.4).

Table 6.4 A comparison of selected dft-simulated V=0, V-O and V-N bond lengths

(A) for the analogous neutral and cationic oxovanadium(IV) complexes.

V-
V-0
Complex V=0 V—Nimine | NpPQ/DPPZ
(aminophenol)

trans V=0
[VOMEA)(DPQ)] 1.582 1.955 2.096 2.455
[VOMECA)(DPQ)]* 1.574 1.947 2.123 2.384
[VO(TERTA)(DPQ)] 1.583 1.956 2.096 2.454
[VO(TERTCA)(DPQ)]* | 1.574 1.949 2.122 2.385
[VOMEA)(DPPZ)] 1.583 1.955 2.096 2.449
[VOMECA)(DPPZ)]" | 1.575 1.949 2.123 2.380

The calculated NBO partial charges (measured in electrons) of selected atoms are shown in
Table 6.5 for the neutral complexes and in 7able 6.6 for the cationic complexes. The NBO
partial charges of vanadium in the neutral and cationic complexes is less than its valence of
+4. The charges of the coordinated O and N atoms indicate the vanadium ion has removed
some electron density from the chelated ligands. Similar results have been reported in the
literature for closely related [VO(ONO)(NN)] complexes with a salicylidene-glycinate
Schiff base ligand.>

The effect of the electron-withdrawing sulfonyl group is evident by the higher partial charges
of the oxo ligand and the aminophenol oxygen atom in [VO(SOA)(DPQ)] in comparison to
the other neutral complexes (7able 6.5). Likewise, the coordinated imine nitrogen atom is
affected by substituents on the Schiff base ligand. The complexes with electron-donating
groups ([VO(MEA)(DPQ)] and [VO(TERTA)(DPQ)]) have a higher partial charge on the
imine nitrogen atom than those with electron-withdrawing groups ([VO(CIA)(DPQ)] and
[VO(SOA)(DPQ)]), (Table 6.5).
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Table 6.5 Partial NBO charges (e) of selected atoms in the neutral oxovanadium(IV)

complexes.
N N
(0] (0] DP
. N (0 DPQ Q
Complex A% 0X0 amino | , trans
imine | phenol | trans | .
phenol imine
Oxo N

[VO(PHA)(DPQ)] 1.460 | -0.507 | -0.728 | -0.548 | -0.721 | -0.484 | -0.496
[VO(MEA)(DPQ)] | 1.461 |-0.508 | -0.729 | -0.547 | -0.721 | -0.483 | -0.495
[VO(TERTA)(DPQ)] | 1.462 | -0.508 | -0.728 | -0.546 | -0.722 | -0.483 | -0.496
[VO(CLA)(DPQ)] 1.461 | -0.503 | -0.726 | -0.553 | -0.718 | -0.486 | -0.497
[VO(SOA)(DPQ)] 1.460 | -0.497 | -0.718 | -0.556 | -0.717 | -0.488 | -0.498
[VO(NAA)(DPQ)] 1.459 | -0.506 | -0.726 | -0.556 | -0.717 | -0.485 | -0.496
[VO(PHPHA)(DPQ)] | 1.461 | -0.505 | -0.724 | -0.550 | -0.720 | -0.485 | -0.496
[VO(MEA)(DPPZ)] | 1.461 |-0.508 | -0.729 | -0.547 | -0.721 | -0.484 | -0.496

Table 6.6 Partial NBO charges (e) of selected atoms in the cationic oxovanadium(IV)

complexes.
N
0 (0] N N
. N L. trans
Complex \% 0X0 amino .. imid- trans L.
imine imine
phenol azole | Oxo O N

[VO(PHCA)(PHEN)]* | 1456 | -0452 | -0.692 | -0.481 | -0.562 | -0.525 | -0.518
[VOMMECA)(PHEN)]" | 1456 | -0453 | -0.692 | -0.481 | -0.564 | -0.524 | -0.518
[VO(TERTCA)(PHEN)[* | 1456 | -0.454 | -0.692 | -0.480 | -0.565 | -0.524 | -0.518
[VO(PHPHCA)(PHEN)|* | 1455 | -0.453 | -0.691 | -0.482 | -0.563 | -0.524 | -0.518
[VO(MECA)(DPQ)|" 1456 | -0.454 | -0.692 | -0.482 | -0.565 | -0.527 | -0.520
[VO(TERTCA)DPQ)|* | 1.456 | -0.454 | -0.692 | -0.481 | -0.565 | -0.526 | -0.521
[VOMECA)DPPZ)|" | 1.457 | -0.454 | -0.692 | -0.481 | -0.564 | -0.528 | -0.521

The effect of changing the tridentate ligand from O,N,O'- to O,N,N'-donor is also evident in
the electrostatic plots. Representative electrostatic potential (ESP) plots for
[VO(MEA)(DPQ)], [VOMECA)(DPQ)]" and [VO(SOA)(DPQ)] are shown in Figure 6.11.
The ESP plots for the remaining complexes are reported in Figures D6 and D7, Appendix D.
The ESP plots indicate there are more zones of positive potential (blue) in the cationic

complexes as compared to the neutral complexes.
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This highlights the cationic nature of these complexes and their ability to form electrostatic
interactions with the negatively charged phosphate backbone of DNA.?* The effect of the
electron-withdrawing sulfonyl group is also noted. The ESP plots of the neutral complexes
indicate that most of the electron density (red) is centred on the terminal oxo group
(Figure D6, Appendix D). The exception being the sulfonyl complex, where most of the
electron density is centred on the sulfonyl oxo groups (Figure 6.11). Amino-Schiff base
ligands are known to not only be sterically-tuned, but electronically as well, by variation of

the ligand pre-cursors.’?

s i [VO(MEA)(DPQ] [VOMMECA)(DPQ)I*
J"jJ“
9 ’J ] a)
: a"
‘a@ﬁ?. -
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Figure 6.11 ESP maps from the total SCF density for the neutral complexes
[VOMEA)(DPQ)] and [VO(SOA)(DPQ)] and the cationic complex
[VOMECA)(DPQ)]" highlighting the zones of positive (blue) and negative

(red) electrostatic potential.

To better understand the electronic structure of the complexes, the UV/visible spectra were
simulated for the geometry-optimised structures. The TD-DFT method was used, at the
same level of theory as used for the geometry optimisations with an acetonitrile solvent
Polarizable Continuum Model. Representative examples of superposition plots of the
experimental and DFT-simulated UV/visible spectra are indicated in Figure 6.12 for

[VO(MEA)(DPQ)] and in Figure 6.13 for [VO(MECA)(DPQ)]".
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Figure 6.12 Superposition plots of the experimental and the TD-DFT-simulated (CH3CN
solvent continuum) UV/visible spectra of [VO(MEA)(DPQ)].
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Figure 6.13  Superposition plots of the experimental and the TD-DFT-simulated (CH3;CN
solvent continuum) UV/visible spectra of [VO(MECA)(DPQ)]".
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Superposition plots of the experimental and DFT-simulated UV/visible spectra for the
remaining complexes are available in Figures D8 — D10, Appendix D. The superposition
plots show good correlation between the experimental and simulated Amax values for the
LMCT (ONO — V) band around 460 nm in the neutral complexes (see Figure 6.12 and
Figure D8 in Appendix D). For example, 465 nm versus 464 nm for the DFT-simulated and
experimental LMCT bands, respectively for [VO(MEA)(DPQ)].

The DFT-simulations were also able to predict the higher energy of the LMCT (ONO —
V!V) band in the neutral analogous in comparison to the LMCT (ONN — V!V) band in the
cationic complexes. For example, 465 nm for [VOMEA)(DPQ)] versus 528 nm for
[VO(MECA)(DPQ)]" for the DFT-simulated LMCT band.

The Amax value for the LMCT band in the cationic complexes is, however, red-shifted to a
greater extent in the simulated spectra compared to the experimental data (see Figure 6.13
and Figures D9 and D10 in Appendix D). For example, 528 nm versus 503 nm for the DFT-
simulated and experimental LMCT bands, respectively for [VO(MECA)(DPQ)]*. The
remaining high energy m — 7* transitions are similarly red-shifted in the simulated spectra

for both the neutral and cationic complexes.

The main electronic transitions with their associated oscillator strengths are summarised in
Table 6.7 for [VO(MEA)DPQ)], Table 6.8 for [VO(MECA)DPQ)]", Table DI3,
Appendix D for [VO(PHA)(DPQ)] and Table D14, Appendix D for [VO(SOA)(DPQ)].
GaussSum was used to assign the molecular orbital transitions and percentage
contributions.> The spatial distribution of the molecular orbital isosurfaces were studied
qualitatively. These data show that the absorption spectra are dominated by high energy
n — m* transitions from both alpha and beta orbitals. The predicted energy transitions align
with literature with respect to the vanadium d-orbitals. It is generally thought that transitions

occur from dxy to dyz, dys; dxy to d2 — djz, and dxy to d2 orbitals in increasing energies for

vanadyl(IV) complexes.>®
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Table 6.7 Summary of the major TD-DFT-simulated (CH3CN solvent continuum) electronic transitions, oscillator strengths and the
corresponding molecular orbitals for [VO(MEA)(DPQ)].
A Oscillator | Molecular Contri- | Assignment®
(nm) Strength, | Orbitals bution®
f
47636 | 0.1051 HOMO (135A) — LUMO+2 (138A) 56% | m (Me, phenol,, imine, phenoly, O, Vdyxy) — m* (imine, phenols, O, Vdx,, DPQ)
HOMO (134B) — LUMO+2 (137B) 22% | m (Me, phenol,, imine, phenoly, O) — 7* (imine, phenol,, DPQ)
45988 | 0.1247 HOMO (135A) — LUMO+3 (139A) 34% | m (Me, phenol,, imine, phenoly, O, Vdyy) — m* (phenol,, imine, phenoly, O, Vdy,, DPQ)
HOMO (134B) — LUMO+2 (137B) 11% | @ (Me, phenol,, imine, phenoly, O) — ©* (imine, phenols,, DPQ)
HOMO (134B) — LUMO+3 (138B) 48% | m™ (Me, phenol.. imine, phenol,, O) — ©* (phenol., imine, phenol,, O, Vdx, DPQ)
384.17 | 0.0346 | HOMO-2 (133A) — LUMO+2 (138A) | 27% | m (Me, phenol,, imine, phenols, O, Vdyxy) — ©* (imine, phenols, O, Vdx,, DPQ)
HOMO-2 (133A) — LUMO+3 (139A) | 139% | m (Me, phenol,, imine, phenoly, O, Vdyxy) — m* (phenola, imine, phenoly, O, Vdx,, DPQ)
HOMO-1 (133B) — LUMO+2 (137B) | 230, | ®(Me, phenol,, imine, phenols, O) — n* (imine, phenol,, DPQ)
HOMO-1 (133B) — LUMO+3 (138B) 249, | T (Me. phenol,, imine, phenol,, O) — n* (phenol,, imine, phenoly, O, Vdx,, DPQ)
314.70 | 0.174 HOMO (135A) — LUMO+12 (148A) | 10% | @ (Me. phenol,. imine, phenols. O, Vdxy) — 7* (phenol,, phenols. O, Vd,?)
HOMO-2 (132B) — LUMO+2 (137B) | 26% | m (phenol., imine, phenoly) — ©* (imine, phenol,, DPQ)
HOMO-2 (132B) — LUMO+3 (138B) | 10% | ™ (phenol,, imine, phenol,) — m* (phenol,. imine. phenols., O, Vdy, DPQ)
288.21 | 0.0647 | HOMO-5 (130A) — LUMO+1 (137A) | 17% | = (DPQ) — n* (DPQ)
HOMO-4 (130B) — LUMO+1 (136B) | 159% | (DPQ)— n* (DPQ, Vdyy)

2 Only orbitals with >10% contribution are listed.
® Me = methyl substituent; phenol, = amino phenol bezene ring + OH; imine = C=N imine; phenol, = phenol bezene ring + OH; O = terminal O.
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Table 6.8 Summary of the major TD-DFT-simulated (CH3CN solvent continuum) electronic transitions, oscillator strengths and the

corresponding molecular orbitals for [VOMECA)(DPQ)]".

A Oscillator | Molecular Contri- | Assignment®
(nm) | Strength, | Orbitals bution®
f
530.04 | 0.2207 HOMO (132A) — LUMO (133A) 44% | m (Me, phenol, imine, imid, O, Vdxy) — n* (phenol, imine, imid, O, Vdx;)
HOMO (131B) — LUMO (132B) 46% n (Me, phenol, imine, imid, O) — ©* (phenol, imine, imid, O, Vdx;)

37562 | 0.1798 HOMO-2 (130A) — LUMO (133A) 35% | m (Me, phenol, imine, imid) — * (phenol, imine, imid, O, Vdx;)
HOMO (132A) — LUMO+S5 (138A) 15% | m (Me, phenol, imine, imid, O, Vdxy) — ©n* (-0, O, Vdy,)
HOMO-1 (130B) — LUMO (132B) | 389% | & (phenol, imine, imid) — m* (phenol, imine, imid, O, Vdy,)
368.50 | 0.1109 HOMO (132A) — LUMO+5 (138A) 50% | m (Me, phenol, imine, imid, O, Vdxy) — n* (-0, O, Vdy)
321.77 | 0.0369 HOMO (131B) — LUMO+6 (138B) 66% | m (Me, phenol, imine, imid, O) — ©* (-0, O, Vdy,)

297.07 | 0.0454 | HOMO-5 (127A) — LUMO+1 (134A) | 23% | n (DPQ) — =* (DPQ)

HOMO-5 (127A) — LUMO+2 (135A) 10% | = (DPQ) — ©* (DPQ)

HOMO-3 (129A) — LUMO+2 (135A) 11% | (DPQ, Vdyy) — m* (DPQ)

HOMO-4 (127B) — LUMO+1 (133B) | 550, |z (DPQ) — n* (dpq. Vdsy)

29204 0.0822 [ HOMO-3 (129A) — LUMO+2 (135A) | 27% | m (DPQ, Vdyy) — n* (DPQ)

HOMO-2 (129B) — LUMO+2 (134B) | 25% | n (DPQ) — n* (DPQ)

? Only orbitals with >10% contribution are listed.

® Me = phenolic methyl substituent; phenol = benzene ring + OH; imine = C=N imine; imid = imidazole; O = terminal O.
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The HOMO and LUMO plots for the alpha spin states of [VO(PHA)(DPQ)],
[VO(MEA)(DPQ)] and [VO(SOA)(DPQ)] are depicted in Figure 6.14. The alpha HOMO
and LUMO plots for the remaining complexes are available in Figures D11 — D13, Appendix
D and the beta HOMO and LUMO plots for all complexes are indicated in Figures D14 —

D17, Appendix D. The HOMO and LUMO plots for both the neutral and cationic complexes
indicate the orbitals are all of T-symmetry.

HOMO LUMO
[VO(PHA)(DPQ)] [VO(PHA)(DPQ]
(131) (132)
J'J 0" - .‘
’J& ‘,,J
- 2 * “;J\ )
)
[VOMEA)(DPQ)] [VOMEA)(DPQ]
(135) (136)
s g2 ]
[VO(SOA)(DPQ)] [VO(SOA)(DPQ]
(155) : (156)
~RP,

Figure 6.14 DFT-simulated alpha HOMO and LUMO plots for the geometry-optimised

(gas  phase) of [VO(PHA)(DPQ)], [VO(MEA)(DPQ)] and
[VO(SOA)(DPQ)].
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The LUMOs reside predominantly on the DPQ/DPPZ co-ligands in the alpha and beta plots
for the neutral complexes. The HOMOs in the alpha and beta plots reside predominantly on

the tridentate ligand and vanadium ion for the neutral complexes.

In contrast to the neutral complexes, the molecular orbitals for both the alpha and beta
HOMOs and LUMOs reside predominantly on the tridentate ligand for the cationic
complexes. The HOMO-3, HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2
molecular orbitals for the alpha spin state for [VO(MECA)(DPQ)]" are shown in
Figure 6.15.
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Figure 6.15 DFT-simulated (B3LYP-/6-311G(dp)) alpha HOMO-3, HOMO-2,
HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2 plots for
[VOMECA)(DPQ)]". The energy gap of the frontier molecular orbitals is
2.77eV.

The energy gaps of the frontier molecular orbitals are summarised in 7able 6.9.
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Table 6.9 Energy gap (in eV) between the frontier molecular orbitals for the

oxovanadium(IV) compounds.

Neutral Compound | AEa | AEp | Cationic Compound AEa | AEg
[VO(MEA)(DPPZ)] |2.42 |243 | [VO(PHPHCA)(PHEN)]" | 2.70 |2.74
[VO(MEA)(DPQ)] 2.88 | 2.87 | [VO(MECA)(DPPZ)]" 2.76 |2.79
[VO(TERTA)(DPQ)] | 2.90 |2.88 | [VOMECA)(PHEN)]" 2.77 | 2.81
[VO(PHPHA)(DPQ)] | 2.91 [2.90 |[VOMECA)(DPQ)I* 2.77 | 2.81
[VO(PHA)(DPQ)] 3.00 |3.00 | [VO(TERTCA)DPQ)]" |[2.79 |2.83
[VO(NAA)(DPQ)] 3.01 |3.00 | [VO(TERTCA)(PHEN)]" |2.79 |2.83
[VO(CLA)(DPQ)] 3.07 | 3.05 | [VO(PHCA)(PHEN)]" 2.89 |2.93
[VO(SOA)(DPQ)] 329 |3.26

Firstly, the neutral DPQ series of complexes will be analysed. Those neutral DPQ complexes
with an electron-withdrawing substituent on the tridentate ligand (such as in
[VO(CLA)(DPQ)] and [VO(SOA)(DPQ)]) have larger LUMO-HOMO gaps than those with
an electron-donating group (such as in [VO(MEA)(DPQ)] and [VO(TERTA)(DPQ)]). The
NBO charges indicate that the oxovanadium center in the neutral complexes with electron-
withdrawing substituents on the tridentate ligand are only slightly more electrophilic than

those with an electron-donating substituent (see Table 6.5).

Secondly, the neutral complexes have larger HOMO-LUMO energy gaps than the
corresponding cationic complexes. For example, AEnomo-Lumo(a) is 2.88 ev for
[VO(MEA)(DPQ)] but 2.77 eV for [VO(MECA)(DPQ)]". The larger the difference between
the frontier orbitals, the higher the kinetic stability of the molecular structure, indicating that
the neutral complexes are more stable with respect to ligand substitution than the cationic

complexes.”

The effect of the extended n-system of DPPZ is also evident in the neutral complexes. The
HOMO-LUMO energy gap is lower in [VO(MEA)(DPPZ)] than in [VO(MEA)(DPQ)],
indicating that [VO(MEA)(DPQ)] is more stable than [VO(MEA)(DPPZ)]. The reduction in
the energy gap of the frontier molecular orbitals with increasing aromaticity of the bidentate

co-ligand is, however, not seen in the cationic complexes.
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This could be due to the spatial distribution of the frontier molecular orbitals being
predominantly on the tridentate ligand in the cationic complexes. Conversely, the spatial
distribution of the orbitals in the LUMO plots for the neutral complexes is predominantly on

the DPQ/DPPZ co-ligand.

Similar correlations between the extent of aromaticity of the co-ligands and stability of the
vanadium(IV) complexes have been reported in literature. Costa Pessoa and co-workers
determined that PHEN complexes of the type [VO(ONO)(NN)] with tridentate
salicylaldehyde semicarbazone ligands are more stable towards oxidation and solvolysis
processes than the BIPY and even DPPZ analogues.**’*® The stability of the

oxovanadium(IV) complexes in this work will be further probed in Chapter 7.

6.5 Conclusions

The stability of the dimeric supramolecular structures of the O,N,N' ligands was confirmed
through DFT simulations. The hydrogen-bonded dimers are significantly lower in energy
than two independent monomer units by an average of 103 kJ mol™'. The TD-DFT
simulations also suggest that the dimer is the dominant species in solution. The HOMO and
LUMO plots of the dimers indicate they are of m-symmetry and that they span both
molecules. The dimers can, therefore, be considered as supramolecular structures with

n-electrons spread over both molecules.

The geometry-optimised lowest energy structures were found to be non-planar with a
C5-N3-C6-C7 torsion angle of 144.74°, -22.33°, 23.75° and -28.53° for PHCA, MECA,
TERTCA and PHPHCA, respectively. This out-of-plane rotation decreases the steric
repulsion between the imine C—H and phenol moieties and leads to a lower energy than a
co-planar arrangement. Due to two significantly different conformations of PHCA in the
solid-state, the relative energies of the molecular geometries were probed using a scan
simulation. The difference in energy between the conformations of PHCA with a planar
arrangement of the phenyl and imidazole moieties versus the non-planar arrangement where
the C5-N3-C6-C7 torsion angle is 144.74° was determined to be only 2.0 kJ mol™'. This low

energy barrier likely explains why both conformations may exist in the solid-state.
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Relative energies of the molecular geometries of PHPHCA were also probed using a scan
simulation around the relative rotation of the phenol and phenyl rings. The DFT-simulated
difference in energy between conformations with a 141.7° and —161.5° C9-C10-C12-C17

torsion angle is relatively small at 3.9 kJ mol".

A least-squares fit of the solid-state and DFT-simulated structures of the oxovanadium
chelates shows good agreement with small root-mean-square deviations and low percentage
differences between the bond lengths and bond angles. DFT methods were therefore used to
predict the structures of the complexes for which X-ray data are not available. The geometry-
optimised structures for the neutral and cationic complexes all indicate that the respective
PHEN, DPQ or DPPZ ligands are free from steric hindrance by the tridentate ligand and so
should be available to bind to DNA, which is their proposed cellular target.

The TD-DFT-simulated electronic transitions show that the absorption spectra are
dominated by high energy m — n* transitions from both alpha and beta molecular orbitals.
The molecular orbitals predominantly reside on the O,N,O'-tridentate ligand in the HOMO
plots and on the DPQ/DPPZ ligand in the LUMO plots for the neutral complex’s alpha and
beta spin states. In contrast, the molecular orbitals are predominantly centred on the O, N,N'-
tridentate ligand for both the HOMOs and the LUMOs in the cationic complexes’ alpha and

beta spin states.

The neutral complexes were determined to have larger HOMO-LUMO energy gaps than the
corresponding cationic complexes. The neutral DPQ complexes with an electron-
withdrawing substituent on the tridentate ligand have larger HOMO-LUMO energy gaps
than those with electron-donating groups. This will likely influence their stability in a

cellular environment.
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Chapter Seven: Stability of Oxovanadium(IV)

Complexes

7.1 Introduction

The vanadyl form of vanadium(IV) with the VO?" core was selected for this study due to its
stability in cells in comparison to other oxidation states of vanadium (Section 1.6.1).! Organic
ligands have been shown to improve stability and absorption rates of vanadium species in
comparison to inorganic vanadyl salts (Section 1.6).>> That said, when vanadium(IV) drugs are
administered (usually through intravenous injection) they tend to be thermodynamically
unstable in the mammalian environment. Within the bloodstream most vanadium compounds
undergo speciation and redox interconversion between the +4 and +5 oxidation state.!:>#¢
Oxovanadium(IV) complexes are susceptible to hydrolysis and loss of the original ligand(s).
Vanadate (H2VYO4") and vanadyl bound to transferrin (V!VO-Tf) are the main adducts formed
in the blood serum (Section 1.5)."" Less stable vanadium complexes are still able to have high
cytotoxic activity as free coordination sites allow the complexes to be more reactive in polar
environments within cells.® Despite vanadium coordination compounds degrading in
physiological conditions, the complexes do show differing absorption, lifetimes and resorption
into cells as compared to inorganic vanadium salts. Coordination of ligands to VO?* has been
shown to lower toxicity, and improve biological activities, such as insulin-mimetic properties
and anticancer activities.>* Organic ligands can, therefore, still be used to tune the properties

of vanadium drugs.?

Tridentate Schiff base ligands and N,N-bidentate ligands, such as 1,10-phenanthroline, with
strong sigma-donor capabilities have been used to stabilise oxovanadium(IV) complexes.”!?
Improving the stability of a vanadium complex has many benefits. A vanadium compound that
does not hydrolyse easily may prevent off-target binding events, which could alleviate side
effects. In addition, chelated ligands of the vanadium complex can target specific tissues, and
so, deliver the active metal centre to a specific cellular target. Oxovanadium complexes with

tridentate O,N,O- or O,N,N'-donor Schiff base ligands and rigid aromatic rings such as PHEN,
DPQ and DPPZ co-ligands, have been shown to have strong DNA binding affinities.”1%!4-2*

234



Chapter Seven: Stability of Oxovanadium(1V) Complexes

Once at the active site, the chelated ligands can be hydrolysed, either partially or completely,
to release the active form of vanadium.>!? There are several reports on the stabilities of
oxovanadium complexes containing a O,N,O"- or O,N,N'-tridentate Schiff base ligand and a
bidentate N,N-donor co-ligand, in various solvents and biological conditions. These are

discussed below in Section 7.2.

7.2 Stabilities of Oxovanadium(IV) Complexes

Phenanthroline-derived co-ligands have been shown to stabilise oxovanadium(IV) complexes
with O,N,O'-donor Schiff base ligands.”>?° The degree of hydrolytic stability of
oxovanadium(IV) complexes containing a N, N-bidentate co-ligand and an O,N,O"- or O,N,N'-
tridentate Schiff base ligand can vary significantly depending on the nature of the ligands

13,19.26,28,30-33 Sasmal and co-workers briefly reported that

coordinated, solvent media, and pH.'"
the [VO(ONO)(NN)] complexes in Figure 7.1 are stable in solution based on the observation

of a prominent molecular ion peak in the mass spectra in methanol.”!”

N\(ﬁ (a)

—V
"

NN = PHEN, DPQ or DPPZ

Figure 7.1  [VO(ONO)(NN)] complexes reported, by Sasmal and co-workers to be stable in

solution.”!”

Cationic oxovanadium(IV) complexes, shown in Figure 7.2 have also been reported to be stable

in methanol. %14
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Figure 7.2  Cationic oxovanadium(IV) complexes of the type [VO(ONO)(NN)](CI) (@) and
[VO(ONN)(NN)](CIOs) (b) for which stabilities were reported by Sasmal and

co-workers. %14

Certain solvents can cause solvolysis and/or oxidation of an oxovanadium(IV) complex.
Solvolysis of oxovanadium(IV) complexes of the type [VO(ONO)(NN)] have been found to be
more extensive in DMSO as compared to DMF.!?2630 Oxidation of oxovanadium(IV)
complexes has been shown to be slower in 6-8% DMSO-H>O solutions than in neat
DMSO0.2%3* DMSO is known to coordinate vanadium efficiently. For example, DMSO has been
reported to substitute O, N, O-donor semicarbazone ligands and bidentate N, N-donor co-ligands

from complexes of the type [VO(ONO)(NN)] to form [VIYO(DMSO)4)eq].*°

The types of adducts formed from solvolysis processes include the oxidised species
[VYO2(ONO)(solvent)]”, with the solvent (DMSO or DMF) having displaced the N, N-bidentate
ligand, and minor decomposition products of vanadate oligomers. Vanadium(IV) solvolysis
products of the type [VIYO(ONO)(DMF or DMSO)] may also be formed.!'?26-3%-34-36 Sybstitution
of solvent molecules from oxovanadium(IV) complexes may also occur. BIPY and PHEN
ligands have been reported to substitute aqua ligands from an oxovanadium(IV)-iminodiacetate

complex of the type [VO(ONO)(H20):].2>%

Stability studies of oxovanadium(IV) complexes with pH considerations have been

-12:25.28.3537 These studies have shown that the concentration of vanadium and the pH

reported.!!
determine which vanadium species will be present.> The BIPY and PHEN complexes in
Figure 7.3 (a) were determined to be stable in phosphate-buffered saline solution (pH 7.4) over

5 hours at room ‘[emperature.12
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Pranczk et al. determined, through potentiometric titration studies, that the [VO(ONO)(PHEN)]
complex in Figure 7.3 (a) is dominant in solution in the pH range 6.5 to 9.5, reaching the highest
concentrations at pH 8 in aqueous solution.?> At pH 2—6 complexes of [VO(PHEN),]*" and
[VO(HONO)(ONO)]™ predominate. At higher pH, above 9.5, hydroxido complexes are
favoured.?® The complexes depicted in Figure 7.3 (b) were determined to be stable in 0.7%
DMSO-water solution at pH = 7.>” The complexes in Figure 7.3 (c) and Figure 7.6 (d) were
the major species in solution at neutral pH in 50%H>0/50%DMSO (v/v).*

(a)

O

NN = BIPY, PHEN

Figure 7.3  [VO(ONO)(NN)] complexes for which stabilities have been studied with pH

considerations.'>2>3%37

The oxovanadium(IV) complexes with hydrazone ligands depicted in Figure 7.4 were also
determined to be stable in 0.7% DMSO-water solution at pH = 7.!1-*® However, at lower pH of

2, these complexes are no longer stable.!"?®
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HO

Figure 7.4  Hydrazone oxovanadium(IV) complexes for which stabilities with pH

considerations were reported by Szklarzewicz and co-workers.'!?8

The identity of the bidentate N,N-donor co-ligand also impacts on the stability of
oxovanadium(IV) complexes. Oxovanadium(IV) complexes of the type [VO(ONO)(NN)] in
Figure 7.3 (c) and (d) and Figure 7.5 with a PHEN co-ligand have been found to be more stable
towards oxidation and solvolysis processes than the BIPY and even DPPZ analogues.!%-30-34-3638
The lower stability of the BIPY complex was attributed to BIPY being more flexible than PHEN

and thus more easily displaced by other ligands.’

The higher stability of the PHEN complexes in Figure 7.5 (a) led to higher antitrypanosomal
activity, despite PHEN having lower intercalative DNA binding abilities than DPPZ.!%** DNA
was the suspected biological target for activity.>* The data suggest that the compound with the
N,N-bidentate ligand is the species responsible for antitrypanosomal activity.** The formation
of the oxidation/solvolysis products, however, makes it difficult to assign the antitrypanosomal
activity of these complexes to a particular species. It additionally, makes determining which

species are interacting with DNA, very challenging.*°
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Figure 7.5 [VO(ONO)(NN)] complexes where stability has been studied, as reported by

Costa Pessoa and co-workers, !9-30-34-36:38

Substituents on the tridentate ligand impact the stability of oxovanadium(I'V) complexes of the
type [VO(ONO)(NN)].>*8 The PHEN complex in Figure 7.5 (a) where R!, R? = H, Br was the
most stable in the series with negligible oxidation over 72 hours in DMF.!° The DPPZ complex
in Figure 7.5 (b), where R = Br, is more stable to substitution of DPPZ by DMF than the DPPZ
complex where R = H.> The BIPY complex in Figure 7.3 (a) was also reported to be more
stable in aqueous solution than the analogous oxovanadium(IV)-BIPY complex with an
oxydiacetate anion in place of iminodiacetate, due to the higher basicity of the iminodiacetic

acid ligand.”

It has also been shown that less stable oxovanadium compounds can still exhibit cytotoxic
effects through indirect modes of action.*”>%%" These modes of action include the speciated
vanadium complex/vanadate inhibiting phosphatases, activating kinases and generating or
scavenging ROS (Section 1.7).%7% In these cases, the vanadium(IV) compounds would act as
pro-drugs in biological media.?®** Examples of less stable oxovanadium complexes with
pharmacological activities include BEOV (Figure 7.6), the antidiabetic drug. Studies have
found uncomplexed vanadate (H2VO4") is the bioactive form of BEOV.* 7 BEOV has been
reported to have desired intermediate stability for pro-drug use enabling higher bioavailability

of vanadium from BEOV than from inorganic vanadyl sulfate.”*!:4?
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Figure 7.6  Structure of BEOV, an oxovanadium(IV) complex that entered phase IIa human

clinical trials for diabetes.! This compound acts as a pro-drug.

In vitro studies are conducted in aerated solutions with incubating times of several days.
Knowledge about a potential vanadyl drug’s stability to hydrolyse and/or oxidise over time in
biological media must therefore be established.?* It is important to determine the bio-active
species. The ligand types and substituents on the tridentate ligand and type of co-ligand are
important for imparting or changing pharmacological activity if these ligands remain fully or

even partially coordinated to the vanadium centre.!!

The tridentate Schiff base ligands in this study were chosen to impart stability to the VO** core
by blocking coordination sites and by pushing electron density onto the electron deficient metal
ion. The deprotonated oxygen atoms of the tridentate ligand bind strongly to the hard Lewis
acid: vanadium.!*® The bidentate planar co-ligands of PHEN, DPQ and DPPZ were chosen
based on the reported ability of these ligands, particularly PHEN, to stabilise vanadium(IV), as
described above, and for the DNA targeting ability.** Therefore, it is important to determine the

stability of these complexes, at least until uptake of the vanadium species into the cells.

The neutral and cationic compounds in this study are similar to those designed by Sasmal and
co-workers in Figures 7.1 (a) and Figure 7.2 (b), respectively. Although these complexes were
reported to be stable in solution, various reports state that oxovanadium complexes can be
susceptible to solvolysis/oxidation in solution.”!® For this study, the stability of selected
complexes from this work were investigated using mass spectrometry, UV/visible and 'V

NMR spectroscopy.
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7.3  Mass Spectrometry Stability Studies of the Oxovanadium(1V)

Complexes

Sasmal et al. reported the [VO(ONO)(NN)] and [VO(ONN)(NN)](ClO4) complexes in
Figures 7.1 (a) and Figure 7.2 (b), respectively, are stable in solution due to the presence of a
prominent molecular ion peak in the ESI-MS spectra in methanol.>!* This study did not take
into account either the effect of the solvent or the stability of the complexes in solution as a
function of time. In this work, prominent molecular ion peaks were also recorded in chloroform

or dichloromethane for the neutral comple