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ABSTRACT

HYDROPHOBIC VANADIUM COMPLEXES FOR USE IN ANTICANCER ACTIVITY

This dissertation contains the development, synthesis, and characterization of vanadium
metal complexes in both biological environment and organic solutions for the purpose of novel
medical treatments. As cancer is a disease that causes uncontrollable growth of mutated cells over
time, treatments need to also improve to account for an ever-increasing cancer types. Although
platinum-based drugs have found successful in treating multiple forms of cancer, inorganic metal
based drugs are relatively uncommon in the medical field. It was found in 2020, that a vanadium
compound was more potent than cisplatin and efforts were made to investigate and improve that
compound. The compound is a ternary V(V) complex that consists of VOL'L? where L' is N-
(salicylideneaminato)-N -(2-hydroxyethyl)ethane-1,2-diamine and L?is 3,5-di-tert-butylcatechol.
It is believed that that hydrophobicity of the catechol ligand was significant in keeping the

compound intact long enough to cause cytotoxicity in bone cancer cells.

In Chapter 1, the biological effects of vanadium and the reasoning that vanadium may be
used as a potent medical treatment for various illnesses such as bone cancers, brain cancers and/or
tuberculosis are investigated. Chapter 2 describes the synthesis and characterization of halogenated
version of the original vanadium Schiff base complexes to test how electronegativity affects the
activity as well as testing how modification of the salicyaldehyde portion affects the metal
complex. Chapter 3 reports the development of adamantanol catechol ligands to improve
hydrophobicity in the vanadium Schiff base complex. Chapter 4 explains the speciation of working

with a metal complex in a biological system by comparing two different vanadium systems and



how they hydrolyze and form multiple different species in various environments. Chapter 5
summarizes the conclusions and proposes future works based on the research done that can move

new projects forward.
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Chapter 1- Introduction

Vanadium is a first-row transition metal that has various properties that makes the metal a
topic of research, especially in biological systems. Being an early first row transition metal, it has
three open electrons in its d-subshell and can have multiple cations and oxidation states if the shell
fills or empties through its ligands.! The oxidation states can vary from -2 to +5 but in biological
systems the focus is more on the VIV and VV oxidation states.>* The transition metal is the 20
most abundant element in the Earth’s crust but the elemental metal itself is extremely rare
compared to vanadium oxides. Vanadate, the simplest anionic vanadium(V) oxide has similar
structural and electronical properties to phosphate.?® From a biological standpoint, the pKa’s are
also very similar to each other.® This similarity of coordination geometry has made it a topic of
research as this has relevance in areas related to regulatory phosphatase dependent processes in

diseases such as diabetes or cancer.

Cancer is still one of the leading causes of death even after decades of research. To this
day, the most common forms of treatments for cancer involve destruction of every cell in the
cancerous area through radiation or chemotherapy and preventing the cancer from spreading to a
different location through metathesis. As such the research continues for a better treatment that
can be applied to multiple forms of cancer, even cancers with little to no treatments such as
glioblastoma, a brain cancer.” The most common forms of cancer are treated with chemo, surgery
or radiation, Figure 1.1. One form of treatment involves immunotherapy where the immune
system is stimulated to fight off the cancer cells.® Usually, this treatment is used in tandem with
another treatment as immunotherapy is not viable by itself.® But in the case of immunotherapy, the

combination of two treatments have shown to have a far greater effect than the two separately.®



Another treatment option is a direct injection into the tumor itself. If the tumor is in a readily
accessible location, a larger variety of compounds can be used.” ® Readily accessibility of the
tumor is important for compounds that may be more toxic to the body as well as the tumor.
Compounds that would be toxic in the body in large amounts can be decreased if the administration
is intratumeral as the compounds would not have to travel through the body as far and risk
degradation over time.!® Comparing these two treatments, immunotherapy strives to boost the
immune system and kill off the cancer cells with another treatment in tandem while a direct
injection is a straight injection of a cytotoxic drug to the tumor site. One treatment, immunotherapy
is usually weaker than the direct injection, but it is less harmful to the body and overall improves
the immune system towards that specific form of cancer from a resurgence. Direct injections at the
site of the tumor can be more difficult if the tumor is not in a readily accessible area, but the
treatment can use more reactive compounds as the compounds will be injected into a specific tumor

location.

Surgery Chemotherapy

Physical removal of Killing cancer cells with
tumors drugs

Cancer
Treatments

Other Options

Immunotherapy, Direct
therapy, Hyperthermia,
Photodynamic therapy

Radiation Treatment

Using radiation to kill
cancer

Figure 1.1. Overview of cancers and their methods of treatment.



For cancer compounds, cisplatin is the most notable inorganic cancer treatment as of the
present day from its discovery 40 years ago, Figure 1.2.7!! Before the discovery of cisplatin’s anti-
cancer properties, most success chemotherapeutics were organic compounds. Cisplatin’s mode of
action is by killing cancerous cells by interfering with DNA replication through cross-linking to
the DNA and blocking cell repair enzymes.!>!* Currently oxaliplatin, carboplatin, and cisplatin
are still used in cancer treatment. Transplatin was initially found to be biologically inactive, but
since then has been found to work by a different mode of action and is being investigated for its
potential use.'* Our synthesized compounds in this thesis build off the previous reported

compounds that were known to be more potent than cisplatin.
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Figure 1.2. The structure of cisplatin and two other platinum based anticancer agents carboplatin and oxaliplatin

A discovery was made in our collaboration with a group from the University of Sydney
where one of our vanadium complexes was reported to have anticancer effects better than cisplatin
even when the compounds were allowed to degrade in solution over time, Figure 1.3.” Our focus
was to improve on this activity and to understand why this compound was better than cisplatin.
The compounds were vanadium Schiff bases that consisted of a catechol ligand and a Schiff base
precursor.” The most potent of the vanadium Schiff base complexes was a vanadium complex with
a di-tert butyl catechol ligand.” ® We soon realized that the anti-cancer activity increased with
hydrophobicity and sterics.’ The hydrophobicity is critical to the activity as the compound remains

intact as a metal complex before degrading into the various vanadium compounds that arise from
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being in a biological system. We could improve on the hydrophobicity in three different locations,
but there were two areas of focus for the compounds presented in this thesis: increasing the size of
the catechol ligand and increasing the electronegativity of the compound by adding halogens to
the system. From our studies in the synthesis, characterization, and redox chemistry, we found that
as of currently, the size of the catechol ligand was the biggest contributor to the hydrophobicity of
the complex. Along with this, we expected that the electron withdrawing groups (EWGs) on the
Schiff base would increase hydrophobicity and stability, but the change to biological activity was

insignificant. As a result, we focused on designing and synthesizing new catechol ligands for our

complexes.
— N
| | \/\OH @0 (\ H ~_OH
&/ | No OH NH,
_—
HO V(V/IV)
HO

Figure 1.3. VO(HSHED)(DTB) and its decomposition products

To test for cancer treatment efficacy, another avenue we investigated was the speciation of
the compounds in a biological system including hydrolysis and redox processes. Many vanadium
species will undergo hydrolysis and form different species based on the pH of the system.!*>!” For
example, coordination complexes can exchange their ligands with water or undergo various
protonation events. Similarly, the vanadium atom can oxidize or reduce depending on the
environment or the ligands coordinated to the vanadium atom. We can model speciation profiles
through a program known as HySS.!® HySS is a modelling program where variables such as
concentrations, stoichiometry ratios, and ionic strengths can be added to known pKa values to form

a profile for that compound as a function of pH.'® This type of speciation analysis is important to



interpret what vanadium compound is interacting with a biological system as vanadium can change

significantly at biological pH values.

Although cancer is the main target, vanadium complexes could also have different
activities that may affect other illnesses. The medicinal properties of vanadium have been
investigated as far back as 1899, Figure 1.4.! Although vanadium can be toxic at extremely high
concentrations, the beneficial effects of vanadium can be reached before those amounts. Vanadium
sulfate is sold as a supplement for body builders and vanadium salts and compounds were tested
for anti-diabetic properties. As far back as the 1990s, it was known that BMOV and BEOV had
the potential to be used for diabetes treatment and even went to Phase 2 clinical trials.!*?° While
those compounds failed in Phase 2 clinical trials due to toxicity and financial issues, the clinical

trial opened new doors for vanadium to be used in different medicinal treatments such as cancer

as previously mentioned and tuberculosis.> 2

Therapeutic Human Insulin-like BMOV BEOV Phase BEOV Phase BMOV, Oncolytic
effects on study effect of discovered, |Clinical Il Clinical BEOV Off Virus Cancer
diabetes revealing vanadium first Trials Trials Patent Treatment
first anti-cancer reported reported enhanced
discovered effects vanadium by vanadate

complex

with organic

ligands

having anti-

diabetic

properties

Figure 1.4. Historical biological and biomedical activities of vanadium.

It was reported that vanadium compounds can also affect the growth rate of mycobacteria

which is directly related to tuberculosis.!®> The larger vanadium complexes such as decavanadate



greatly inhibits two Mycobacterial strains.!> Though the pathways are still relatively unknown, it
is believed that decavanadate undergo hydrolysis into multiple smaller vanadates, which may
interact with the bacterial cells, or the material excreted by the bacterial cells.'> %! Notably however
is the fact that decavanadate and the monomeric vanadate have different activities in the cells
which may show that they act via different pathways. These compounds were investigated by both

speciation and by modification of the compound itself.

In the following thesis, based on our best compounds synthesized in the Crans group, a
structure activity relationship (SAR) was investigated by synthesizing several derivatives of
vanadium compounds and characterizing them synthetically for biological activity. The second
chapter covers the synthesis of Schiff bases that were modified on the salicylic acid moiety with a
halogen, the characterization of the novel compounds, and the structure activity relationships of
the halogen on the molecule under biological conditions. The third chapter describes the design
and synthesis of hydrophobic catechol ligands to form new Schiff bases for characterization and
biological studies based on our SAR studies. Finally, the last chapter covers the speciation of
vanadium metals under biological conditions which is important to study the function of vanadium

and vanadium complexes in solution.



Chapter 2- Vanadium chloro substituted Schiff base catecholate
complexes are reducible, lipophilic, water stable, and have anticancer
activities

Introduction-

It has been reported that vanadium Schiff bases complexes have anti-cancer effects on bone
cancer variants.” The combination of the non-innocent Schiff base component and the catechol
ligand provide a hydrophobic redox active compound with medicinal properties. The more
hydrophobic the catechol ligand was, the more cytotoxic towards cancer the compound was. This
is believed to be due to the stability of the complex. The longer the compound could maintain
structural integrity, the more effective the complex was in the tumor site. While the catechol ligand
was explored previously with various substituents, the Schiff base portion of the complex was left
aside in comparison. The precursor Schiff base was composed of a salicylaldehyde and at the start,
ethylene diamine. This was later expanded to imidazole and ENSAL components, but in this
report, ethylene diamine will be the focus.?? For these new compounds, the salicylaldehyde
component was modified with a halogen to test how impactful modifying the precursor would
have been. These compounds were synthesized, characterized, and tested for biological activity
against the known parent derivatives.

Aggressive cancers that include some brain and pancreatic cancers are notably difficult to
treat and continue to present a challenge for life scientists to develop new anticancer strategies and
therapies including intratumoral injections.?*"® In the following study we report a series of new
hydrophobic vanadium complexes, and characterize their chemical and anticancer properties but

with different redox properties than the lead complex shown in Figure 2.1a.
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Figure 2.1. Structures of two known vanadium Schiff bases complexes (when X=H) a) [VO(X-HSHED)(DTB)] b) [VO(X-
HSHED)(Cat)], and a third new complex c¢) [VOX-HSHED)(3-MeCat)]. The three new chloro-substituted Schiff base
complexes were designed with X=Cl and ([VOHSHED)(R:Cat)] (R» = H,H; H,Me; or Bu,Bu) (HSHED = N-
(salicylideneaminato)-N"-(2-hydroxyethyl)-1,2-ethanediamine, CI-HSHED = 4-chloro-N-(salicylideneaminato)-N"-(2-
hydroxyethyl)-1,2-ethanediamine, Cat = pyrocatecholato, 3-MeCat = 3-methylcatecholato, DTB = 3,5-di-#-butylcatecholato).
The hydrophobicity of the three new chloro-substituted Schiff base complexes is illustrated using space filling models in d),
e) and f) and the different hydrolytic stability are illustrated by the blue and orange arrows showing access of H20 molecules.

Vanadium complexes act through many mechanisms in biology, which in broad strokes can be
described by impacting signal transduction, interacting with regulatory protein phosphatases and
kinases, transporting proteins as well as affecting the redox states of cells presumably through
reactive oxygen species (ROS).> 2 Since cancer cells are known to support a more reducing
environment, the design of a new class of Schiff base V-catecholates described in this work is to
explore a series of complexes with different redox potential. These non-innocent Schiff base V-
catecholates complexes are oxidation state V vanadium complexes stabilized by a ternary ligand
and coordinated to a redox active catecholato ligand. Non-innocent complexes are redox active
complexes that contain a ligand, which can undergo a redox reaction in addition to the metal, and

thus making it difficult to determine if the redox reaction took place on the metal, or on the ligand



or was substantially delocalized over both. The extent of such delocalization can be probed by a
combination of XAS studies on XANES to determined metal oxidation state, and bond lengths
combined with DFT calculations.’>*! The complex design originated from one vanadium Schiff
base complex with the di-#-butylcatecholato ligand (Figure 2.1a, X=H) that was more cytotoxic
compared to cisplatin by one order of magnitude in T98g cells (glioma multiforme, an aggressive
brain cancer). It is also more active than cisplatin against models for other hard-to-treat cancers,
A549 (lung), PANC-1 (pancreatic) and SW1353 (bone chondrosarcoma) cells.” 333 In contrast

this compound was not toxic in normal cells, such as normal human foreskin fibroblasts (HTT-

7,32-33 34
D),

or in animal studies in mice.

Members of the class of non-innocent Schiff base V-catecholates were designed to have
sufficient stability and hydrophobicity to enter cells rapidly before decomposition in biological
media.” 3> 3>3¢ The essential design feature requires the compound to remain intact for uptake to
occur but not too long to induce more systemic toxicity. After injection directly into a tumor, the
complexes will enter the tumor cells rapidly and exert their action at which point the decomposition
products can diffuse away from the tumor and into healthy cells where they exhibit low
cytotoxicity and potentially beneficial neuroprotective and other beneficial effects .’ % 3% 3
Hundreds of clinical trials are ongoing using these intratumoral drug-delivery methods with one
drug, T-Vec already in the clinics for treatment of late stage cancers.>> 3’ Seven of these ongoing

3537 50 the fact the best of the non-innocent V-

clinical trials involve platinum-based drugs,
complexes are an order of magnitude more potent than cisplatin fuel the focus of this manuscript

on the development on a new class of non-innocent chloro-substituted Schiff base V-catecholates.’

Complexes with superior antiproliferative effects compared to cisplatin have the potential to be



suitable for intratumoral injection (Figure 2.1) and related administration methods* and are

important targets for future therapeutic agent development.

Schiff bases are formed as condensation products between an aldehyde and an amine to
generate versatile ligands with large structural diversity. Complexation with metal ions can lead
to a wide range of metal complexes used in catalysis, as novel materials, and as bioactive
complexes.?? 343 These ligands offer several approaches to tailor a complex by changing the
coordinating moieties of the Schiff base, substitution on the aromatic rings and changes in the
hydrophobicity of the ligands.*** The non-innocent vanadium-Schiff base complexes represent a
much smaller class of V-Schiff base complexes containing a redox active ligand. Early work by
Pecoraro and others explored some of the chemistry of this class of complexes mapping out
structures and spectroscopic features of the parent and substituted systems.?* % However, as
described previously, the Schiff base scaffold can form a vanadium(IV) complex but with

catecholate co-ligands, the Schiff base ligand serves to stabilize the vanadium(V) oxidation state.??

Vanadium tris-catecholates are generally known to contain vanadium in oxidation state III
or IV except for the vanadium tris-catecholato complex formed from 3,5-di-#-butyl catechol where
the vanadium is in oxidation state V.- 910 30:50-51 X _rav absorption spectroscopy, in particular,
demonstrated that the redox chemistry was mainly at the metal center rather than on the catecholato
ligand.*® The non-innocent vanadium(V) Schiff base complexes of interest are shown in Figure
2.1 and have the vanadium stabilized by a ternary Schiff base-ligand. When a hydrophobic
sterically hindered catecholato ligand is used, the complexes hydrolytic stabilities have been
significantly increased.” > We and others have previously investigated the electrochemical
properties and electronic structure of these VO(HSHED) and related catecholate systems,

however, little is known about how their solution redox chemistry impact their antiproliferative
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activities.> 3¢ 4652 Since biological properties of other vanadium(V)-complexes are known to

involve reactive oxygen species (ROS),?%: 30 33 38. 44.53-55

we designed the series of new chloro-
substituted Schiff base V-complexes to explore if complexes that more readily undergo redox
chemistry have improved anticancer effects. Hence the new chloro substituted non-innocent

vanadium(V) Schiff base complexes were developed and their chemistry and anticancer properties

are described.

In this work, we present three new complexes ([VO(HSHED)(R>Cat)] (R»> = H,H; H,Me;
or Bu,'Bu) (HSHED = N-(salicylideneaminato)-N"-(2-hydroxyethyl)-1,2-ethanediamine, CI-
HSHED = 4-chloro-N-(salicylideneaminato)-N’-(2-hydroxyethyl)-1,2-ethanediamine, Cat =
pyrocatecholato, 3-MeCat = 3-methylcatecholato, DTB = 3,5-di-#-butylcatecholato, Figure 2.1a-
2.1c; X=Cl) designed to have different redox potential, hydrophobicity (Figure 2.1d-2.1f) and
water stability compared to the compound shown in Figure 2.1a when X=H. Specifically, the
complexes were designed to test the following two hypotheses that: 1) both hydrophobicity and
stability are important to the anticancer properties of the complexes, as well as: 2) redox chemistry
is important because the mode of action may involving reactive oxygen species (ROS).
Furthermore, this work will provide additional examples of non-innocent Schiff base V-

catecholate complexes with different redox potentials and document their anticancer properties.

Experimental

General materials. 5-Chlorosalicylaldehyde, N-(2-hydroxyethyl)-1,2-ethanediamine,
vanadyl sulfate hydrate, catechol, 3,5-di-z-butylcatechol, and 3-methylcatechol were purchased
from Sigma Aldrich. Chemicals were used as-is. Silver nitrate, ferrocene, and tetra-n-
butylammonium perchlorate (TBAP) were purchased from Merk Millipore for the

electrochemistry experiments. Ultrapure Ar (AR UHP300) from Airgas was used for degassing
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solutions. Deuterated PBS was prepared following a known protocol, replacing the water with
deuterated water.”® The pH values of buffered solutions were adjusted with DCI and NaOD. The
pre-sterilized media and sterile plasticware used in cell culture studies were purchased from

Thermo Fisher Scientific Australia.

General Methods and Instrumentation. The complexes were also characterized by UV-Vis
spectroscopy (AvaLight UV-Vis/NIR Light Source and AvaSpex-UL S2048 Fiber-Optic
Spectrometer), MS (Bruker amaZon SL spectrometer), and elemental analysis (ALS
Environmental, Tucson, AZ). The hydrophobicity was calculated using Chemicalize software

developed by ChemAxon and downloaded in May 2020.°’

General  Syntheses. [V(O)(HSHED)] and the non-halogenated analogues
[VO(HSHED)(Cat)] and [VO(HSHED)(DTB)] were prepared as reported previously.7’ 46 The new
vanadium(V) complexes were prepared in situ after condensation of the chloro-substituted Schiff
base from 5-chlorosalicylaldehyde and N-(2-hydroxyethyl)-1,2-ethanediamine with vanadyl
sulfate because the Schiff base ligand was not stable and found to decompose upon storage.

[VO(HSHED)(3-MeCat)]: To a 250-mL round bottom Schlenk flask was added acetone
(100 mL, which was then degassed with Ar. [V(O)2(HSHED)] (0.29 g, 1.0 mmol) was added to
the degassed acetone, followed by 3-methylcatechol (0.12 g, 1.0 mmol). A deep purple solution
resulted after 3 h. The reaction was vacuum filtered and then concentrated to dryness under reduced
pressure at room temperature. The purple residue was dissolved in a minimal amount of acetone
and then n-hexane (100 mL) was added. The solution was allowed to stand in a -20 °C freezer
overnight. The dark microcrystalline precipitate was vacuum filtered, washed with cold n-hexane
(<0°C,2x 25 mL), and dried under vacuum for 3 d to yield 0.33 g (79%) purple solid. X-ray

quality crystals were obtained by slow evaporation of a methanol solution. 'V NMR (101 MHz,
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CDsCN): 287 ppm (major), 324 ppm (minor). 'H NMR (400 MHz, CDsCN): § 8.61 (s, 1H), 7.49
(m, 2H), 6.84 (t, 1H), 6.76 (m, 1H), 6.32 (d, 1H), 6.07 (d, 1H), 5.97 (d, 1H), 4.17 (m, 2H), 4.05
(m, 2H), 3.90 (s, 2H), 3.79 (m, 2H), 3.65 (m, 2H), 3.36 (m, 2H), 2.82, (t, 1H). Anax (DMSO) 546
nm. Elemental Anal. Calc. for (VCi1sH21N20s): C, 54.55; H, 5.34; N, 7.07. Found C, 54.55; H,

5.41; N, 6.60.

[V(O)x(CI-HSHED)]: 5-Chlorosalicylaldehyde (2.94 g, 18.8 mmol) and N-(2-
hydroxyethyl)-1,2-ethanediamine (1.96 g, 18.8 mmol) were added to degassed methanol (75 mL)
and the mixture was allowed to react for 1 h under Ar. Vanadyl sulfate hydrate (3.74 g, 18.8 mmol),
dissolved in 50 mL of degassed water, was added to this solution, and after 3 h stirring under Ar,
the solution was dark red/brown in appearance. Then, solid NaOH (1.12 g, 37.6 mmol) was added
to the mixture, the solution was opened to the air, and the reaction mixture was stirred overnight.
The light-yellow reaction mixture was cooled in a dry ice/acetone bath for ~1 min, vacuum filtered,
washed with cold EtOH (60 mL, < 0 °C), washed with cold diethyl ether (60 mL, < 0 °C), and then
dried under vacuum for 3 d to yield 5.25 g (86% yield) as a light-yellow powder. °'V NMR (101
MHz, CD3;CN): -531 ppm. '"H NMR (400 MHz, CD3CN): § 8.63 (s, 1H), 7.45 (s, 1H), 7.40 (d,
1H), 6.81 (d, 1H), 4.44 (m, 1H), 4.16 (m, 1H), 4.01 (m, 1H), 3.84 (m, 1H), 3.34 (m, 2H), 3.28 (d,
1H), 3.01 (m, 1H), 2.74 (m, 1H). Amax (DMSO) 335 nm. HRMS (ESI) calc. for C11Hi14CIN2OsV

[MNa]* 346.9979, found 346.99739.

[VO(CI-HSHED)(Cat)]: To a 250-mL round bottom Schlenk flask was added acetone (100
mL), which was then degassed with Ar. [V(O)2(CI-HSHED)] (0.33 g, 1.0 mmol) was added to the
degassed acetone, followed by catechol (0.11 g, 1.0 mmol). A deep purple solution resulted in
approximately 5 s. The solution was stirred overnight under Ar. The reaction mixture was vacuum

filtered and then concentrated to dryness under reduced pressure at room temperature. The purple
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residue was dissolved in a minimal amount of acetone, and then n-hexane (100 mL) was added.
The solution stood in a -20 °C freezer overnight. The dark microcrystalline precipitate was vacuum
filtered, washed with cold n-hexane (< 0 °C, 2 x 25 mL), and dried under vacuum for 3 d to yield
0.34 g (80%) as a purple solid. §°'V NMR (101 MHz, CD3CN) 282 ppm (major), 322 ppm (minor).
"H NMR (400 MHz, CDsCN): & 8.55 (s, 1H), 7.50 (d, 1H), 7.40 (dd, 1H), 6.75 (s, 1H), 6.73 (s,
1H), 6.52 (d, 1H), 6.33 (d, 2H), 4.25 (m, 1H), 4.08 (m, 3H), 3.77 (m, 1H), 3.61 (m, 1H), 3.44 (m,
1H), 3.32 (m, 1H), 2.94 (qd, 1H), 2.79 (t, 1H). Amax (DMSO) 531 nm. Elemental Anal. Calc. for
(VC17H18N205Cl): C, 49.00; H, 4.35; N, 6.72. Found C, 48.78; H, 4.10; N, 6.47. HRMS (ESI) calc.

for C17H19CIN20OsV [MH]*417.04167, found 417.04116.

[VO(CI-HSHED)(3-MeCat)] was synthesized following the [VO(CI-HSHED)(Cat)]
procedure to yield 0.34 g (79%) as a purple solid. §°'V NMR (101 MHz, CDsCN) 331 ppm (major),
362 ppm (minor), 369 ppm (minor), 409 ppm (minor). 'H NMR (400 MHz, CD3CN): § 8.56 (s,
1H), 7.51 (d, 1H), 7.41 (dd, 1H), 6.75 (d, 1H), 6.63 (m, 1H) 6.21 (d, 1H), 4.05 (m, 2H), 3.77 (m,
1H), 3.59 (m, 2H), 3.41 (m, 1H), 3.30 (m, 1H), 2.91 (m, 1H), 2.20 (s, 3H). Amax (DMSO) 549 nm.

HRMS (ESI) calc. for C1sH21CIN2OsV [MH]*431.05732, found 431.05702.

[VO(CI-HSHED)(DTB)] was synthesized following the [VO(CI-HSHED)(Cat)] procedure
to yield 0.37 g (70%) as a purple solid. °'V NMR (101 MHz, CDsCN) 427 ppm (major), 467
ppm (minor). 'H NMR (400 MHz, CD;CN): § 8.51 (s, 1H), 7.45 (d, 1H), 7.35 (dd, 2H), 6.67 (d,
1H), 6.35 (s, 1H), 6.29 (s, 1H), 4.03 (m, 2H), 3.80 (m, 1H), 3.51 (m, 2H), 3.41 (m, 1H) 3.33 (m,
1H), 2.95 (dd, 1H), 2.48 (m, 1H), 1.40 (s, 9H). Amax (DMSO) 552 nm. HRMS (ESI) calc. for

C25H34CIN2OsV [MH]* 528.15904, found 528.15892.

NMR spectroscopy. Complexes were characterized using °'V NMR spectroscopy recorded

on a Bruker model AVANCE Neo400 spectrometer equipped with a BBFO smart probe and an
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automated tuning module operating at 101 MHz as reported previously. >33 The 'V NMR
spectra were acquired with a spectral window of 86200 Hz, 2048 scans, a 90° pulse, an acquisition
time of 0.08 s, and a 0.01 s relaxation delay, as reported previously.*>3%385% 1D 51V NMR studies
were referenced against [V(O)2(HSHED)] at -529 ppm as a standard and reported in reference to
VOCI; (0 ppm).'? 1D and 2D 'H NMR studies were carried out in organic solvents using a Bruker
NEO400 spectrometer operating at 400 MHz at an ambient temperature. Chemical shift values ()
are reported in ppm and referenced against TMS using the internal solvent peaks in 'H NMR
spectra (ds-DMSO, 6 at 2.50 ppm; CDCl3, 6 at 7.26 ppm; ds-acetonitrile, 6 at 1.94 ppm; CeDe, 0 at
7.16 ppm) as internal standards. 1D 'V NMR studies were recorded on the Bruker NEO400
spectrometer at 105.2 MHz at an ambient temperature. All complexes were dissolved in either
CDsCN or ds-DMSO at 10 mM concentrations for spectral comparison. Spectroscopic studies were
carried out using solutions of isolated complexes, and both 'H and 3'V NMR spectra were recorded
on the same samples. 1D samples were run within 5 h of preparation; no significant differences

were observed in spectra recorded within 24 h.

'"H-'H 2D COSY and NOESY NMR spectra in organic solutions were run overnight and
recorded within 12 h of sample preparation. 2D NMR spectroscopic studies in organic solutions
were carried out on a Bruker NEO400 spectrometer at 400 MHz at 26 °C. A routine COSY pulse
sequence provided by the Bruker software was used. A standard NOESY pulse sequence was used
consisting of either 200 or 256 transients with 16 scans in the fl domain using a 500 ms mixing
time, 45° pulse angle, and a 1.5 s relaxation delay. The NMR was locked onto either ds-DMSO or
d3-CH3CN and referenced to the internal solvent peak. The resulting spectrum was processed using

MestReNova NMR software (version 12.0.1).
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Mass Spectrometry. Low-resolution electrospray ionization mass spectrometry (ESI-MS)
data were collected on a Bruker amaZon SL spectrometer, using the following parameters:
nebulizer pressure, 27.3 psi; spray voltage, 4.5 kV; capillary temperature, 453 K; N> flow rate, 4
L per min; m/z range, 100-1000 (alternating positive- and negative-ion modes). The compound
stability parameter was set at 15% for all V(V) complexes, which provided mild ionization
conditions at the expense of lower sensitivity. Smart parameter settings were fixed to the exact
mass for each compound. Analyzed solutions (~10 uM V in acetonitrile) were injected using a
syringe pump (flow rate, 8 uL per min). Acquired spectra were the averages of 100-200 scans
(scan time, 100 ms). Simulations of the mass spectra were performed using IsoPro 3.0 software
(M. Senko, IsoPro 3.0, Sunnyvale, CA, USA, 1998). High-resolution positive ion ESI-MS was
performed on a Thermo Velos Pro Orbitrap mass spectrometer via a syringe infusion (flow rate, 8
uL per min). Resolving power was set to 200,000 at 200 m/z. The instrument was externally

calibrated before analysis and internally calibrated using dioctyl phthalate as a lock mass.

Electrochemistry. Electrochemistry was conducted using a WaveDriver 40 DC
Bipotentiostat/Galvanostat and a Low Volume Three Electrode Cell Basic Kit (AFO1CKT1006)
purchased from Pine Research Instrumentation. The software used during data acquisition was
AfterMath v 1.5.9807 with the iR compensation option turned off, while eL-Chem Viewer and

Microsoft Excel were used for post-acquisition processing.®%-%4

Cyclic voltammograms (CVs) were measured in acetonitrile (2.0 mM V(V)) with an
internal standard (ferrocene) in the presence of 0.1 M TBAP. Catecholates are well known to
exhibit complex redox chemistry, which includes more than one redox step.>® The cyclic
voltammograms were recorded from 1 V to -1.5 V to 1 V vs. a non-aqueous Ag*/Ag reference

electrode in triplicate at 100 mV s™.
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Stock solutions of electrolyte and analyte were prepared on the day of the experiment by
first creating a 100 mM stock solution of TBAP dissolved in the solvent. The reference electrode
was prepared by being filled with ~2 mL of 10 mM silver nitrate and 100 mM TBAP in the solvent
used for the electrochemical experiment. Analysis solutions consisted of one vial of 100 mM
TBAP in the solvent, three 5.0 mL samples of 2.0 mM analyte, 2.0 mM ferrocene, and 100 mM
TBAP. Some samples were run without ferrocene in order to obtain voltammograms that were

+/0

clear from potential interference of the Fc*™" redox chemistry on the redox chemistry of the

vanadium complex.

All electrochemistry experiments were undertaken using the classic three-electrode setup.
All electrodes were purchased from BASi Research products. The working electrode was a glassy
carbon electrode (GC) with a 3.0 mm diameter (2.997 mm-2.972 mm) and an area of
approximately 7 mm? (Catalog # MF-2012). The counter electrode was a platinum wire with a
gold-plated connector mounted in a CTFE cylinder (Catalog # MW-1032). A non-aqueous
silver(I)/silver/ (Ag*/Ag) reference electrode consisted of a silver wire of 99.9% purity with a 0.5
mm diameter, is 30 cm long, and is contained within a double-junction reference electrode chamber
with porous CoralPor™ tips, that are 1/8 inch long (Catalog # MF-2062). All solvents used for
electrochemistry were dried on a Solv-Tek alumina drying column under argon to minimize water

content.

Cell Culture and Growth Conditions. The well-established human glioblastoma
multiforme cell line (T98g) and human foreskin fibroblast (HFF-1) cell lines were purchased from
American Type Culture Collection (ATCC, Cat. No. CRL-1690 and SCRC-1041). Due to their
limited life span in culture, HFF-1 cells were used at passages four to six. The cells were cultured

in Advanced DMEM (Thermo Fisher Scientific Cat. No. 12491-015), supplemented with L-
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glutamine (2.0 mM), antibiotic-antimycotic mixture (100 U mL™ penicillin, 100 mg mL!
streptomycin and 0.25 mg mL™' amphotericin B) and foetal calf serum (FCS; heat-inactivated; 2%
vol). For proliferation and cytotoxicity experiments, cells were seeded in 96-well plates at an initial

density of 1.5x10° viable cells per well in 100 uL medium and left to attach overnight.

Freshly prepared stock solutions of V(V) complexes (10 mM in DMSO) were used for cell
assays. These solutions were further diluted so that all the cell treatments, including controls,
contained 1.0% (vol.) of DMSO, which did not significantly affect the cell growth during the
assays. Stock solutions of the treatment complexes were diluted with fully supplemented cell
culture media to the required final concentrations, and the resultant media were either added to the
cells within 1 min (fresh solutions), or left in cell culture incubator (310 K, 5% CO>) for 24 h prior

to the cell treatments (aged solutions).

Each treatment included six replicate wells with cells and two background wells without
cells that contained the same components. After the addition of treatment complexes, the plates
were incubated for 72 h at 310 K and 5% COz, then MTT reagent (1-(4,5-dimethylthiazol-2-yl)-
3,5-diphenylformazan, Sigma M5655) was added (50 puL per well of freshly prepared 2.0 mg/mL
solution in complete medium), and incubation was continued for 4-6 h. After that, the medium was
removed, the blue formazan crystals were dissolved in 0.10 mL per well of DMSO, and the
absorbance at 600 nm was measured using Victor V3 plate reader. Typically, the treatment
complexes were applied in a series of nine two-fold dilutions, starting from (100 +20) uM V, plus
the vehicle control. Exact V concentrations in the assays were verified by ICP-MS measurements
using samples of cell culture media and used in the calculations of the ICso values. Fitting of the
experimental data and calculations of the ICso values were performed using Origin 6.1 software

(Microcal Origin, 1999). For all the cell assays, consistent results were obtained in at least two
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independent experiments using different passages of cells and varying stock solutions of the

treatment complexes.

Results and Discussion

Design of new vanadium Schiff base complexes. Pecoraro and other groups have reported
several Schiff base vanadium(V) catecholate complexes, and carried out limited characterization
exploring the scaffold and a number of derivatives.?” *#7- 4% We have previously showed that
increased hydrophobicity and steric bulk of the catecholato ligand improved cytotoxic properties
of vanadium complexes with the di #-butyl catechol complex being the most potent.”** Here we
report solution characterization and anticancer properties of three new derivatives in a new class
of Schiff base V-catecholate complexes with the addition of a single electron withdrawing group
(EWG) group on the Schiff base scaffold. These complexes were developed to modify parent
complex stability, hydrophobicity, and redox properties. However, as we discovered with
multinuclear NMR spectroscopic studies in several organic solvents, these complexes form rapidly
interconverting isomers in solution. Our structural studies of solution species complement the

previous solid-state structures reported by the Pecoraro group and others,3? 46 49 52.58-59

Syntheses of Chloro Schiff Base V(V) Catecholato Complexes. The Schiff base V(V)
precursor complex, [V(O)2(CI-HSHED)], was synthesized using a similar procedure as for the
[V(O)2(HSHED)] precursor.” 4 The Schiff base was first formed from a condensation reaction
between chlorosalicyaldehyde and ethylenediamine which was then reacted in situ with vanadyl
sulfate to form the vanadium scaffold, which was isolated as a solid after the addition of two
equivalents of NaOH. Isolation of the Schiff base ligand was found to be less optimal because the
ligand did not store well and subsequently led to less pure and lower yielding V-complexes. In

contrast the solid vanadium Schiff base scaffold complex stored well, and it was reacted with a
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catechol ligand to form the desired vanadium catecholato complex in higher yields. In the
catecholato complex synthesis, there was an immediate color change upon addition of the catechol
for the chloro-substituted system, but for the parent catechol system it took a few minutes. Prior
protocols reduced the volume of organic solvent before the solution was let stand overnight at -20
°C. Here, we reduced the solution to dryness by rotary evaporation, re-dissolved the solid in
minimal acetone, and then added 100 mL of hexane to the solution before allowing the mixture to
stand overnight at -20 °C with yields increasing from 40% vs. 80%.?* *® The higher yields were
attributed to the increased reaction times and changes in the crystallization conditions. The
[V(O)2(CI-HSHED)] complex was a paler yellow than [V(O)2(HSHED)] and the halogenated-
Schiff base/catecholato complexes were deep purple like the complexes with the unsubstituted
Schiff base. These CI-HSHED complexes were characterized using UV-Vis spectrophotometry,
multinuclear NMR spectroscopy, electrochemistry, and MS-ESI spectrometry, as described in

detail below.

Lipophilicity and P-value. The lipophilicity of the V-compounds can be measured as a
partition between an lipophilic organic phase, generally octanol, and a polar aqueous phase as
reported previously.®”-%® The partitioning P-value is an important measure of cell uptake and useful
information in addition to the antiproliferative activity of these compounds. The problem with such
measurements is that they are based on compounds that are hydrolytically stable, and hence this
experiment is difficult to conduct on compounds that hydrolyze within a few minutes and such
experiments would be meaningless.” >3 We therefore carried out the shake-flask method studies
monitoring the partitioning using UV -visible spectroscopy only on the V-complexes with sterically
hindered catecholates, [VO(HSHED)(DTB)] and [VO(CI-HSHED)(DTB)].57-%® The results were

at ~200uM, the parent complex separates into 0.6 % in the water phase and 99.4% in the octanol
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phase, giving P = 160 and logP 2.2 and the chloro-substituted complex separated into 1.3% in the
water phase and 98.7% in the n-octanol phase, giving P = 75 and logP = 1.9.% We observed
that the parent complex was more hydrophobic than the chloro-substituted complex by 0.6%.
However, it should be noted that it is difficult to measure the low concentration of complex in
aqueous solutions, and that the observed ratios are a lower limit of the data.

To get a better understanding of the effects of the lipophilicity of the compounds that are
readily hydrolyzed we turned to computational methods which have been found to be successful
in the analysis of a wide range of organic compounds.®® We used the website Chemicalize to
estimate the logP values (Figure 2%°"!) for the V(V) structures shown in Figure 2.2.7 657 Since
this program was developed for organic molecules, its use requires the assumption that a covalent
bond can approximate a coordinate bond description in these metal complexes. Since all the
complexes contain the same coordinate bonds, this method should be able to estimate the relative
differences in these metal complexes. As anticipated, the larger the alkyl group (CH3 and ‘Bu)
were on the catecholato ligand, the more hydrophobic were the complexes. The addition of the 4-
chloro-substituted Schiff base ligand increased the hydrophobicity of the [VO(CI-HSHED)(Cat)]
to be comparable to that of [VO(HSHED)(3-MeCat)] as the chloro and the methyl groups are
similar in size and effects in an aromatic system. Accordingly, the chloronated Schiff base V-
catecholato complexes were estimated to be slightly more hydrophobic than their unsubstituted
analogs. As shown in Figure 2.2, the hydrophobicity estimated range from 1-4.5 (the yellow area)
is based on Lipinski’s rule of five.”’! Furthermore, comparing these estimations with the
experimental values obtained for [VO(HSHED)(DTB)] and [VO(CI-HSHED)(DTB)] we find that

the patterns observed with Chemicalize is as observed experimentally using the shake-flask
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method. However, the calculated values are larger than the experimental values but within the

range for most common drugs.

Relative Hydrophobicity
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Figure 2.2. Relative Hydrophobicity was estimated using logP
values from Chemicalize calculations, by ChemAxom.’’ These
calculations required the assumption that a covalent bond
description can approximate a coordinate bond in these metal
complexes. The yellow box shows hydrophobicity regions
where most complexes are found to penetrate living cells based
on Lipinski’s rule of five.”%7!

Characterization of Vanadium Schiff Base Catecholate Complexes in DMSO. The UV-Vis
spectra of the halogenated complexes and the parent complexes (0.10 mM, DMSO) exhibited
maxima at approximately 390, 550, and 850 nm (Figure 2.3) with Amax and €max listed in Table 2.1.
The [VO(CI-HSHED)(DTB)] and [VO(CI-HSHED)(3-MeCat)] complexes had higher extinction
coefficients than the parent complexes. For the CI-HSHED and the HSHED complex with the
unsubstituted catechol, no difference in the Amax Was observed. This data reflects the stabilizing
effects the halogen substituent imparts on the alkyl substituted catecholate complexes and the
corresponding observed differences in the HOMO and LUMO orbital of these complexes

responsible for the observed absorption properties of the molecules.?> 2
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Figure 2.3. UV-Vis spectra of the halogenated V(V) complexes [VO(CI-HSHED)(R)] and the parent
complexes [VO(HSHED)(R)] recorded at 0.10 mM V in DMSO.

Table 2.1. Band Positions and Corresponding Extinction Coefficients of the [VO(HSHED)] and
[VO(CI-HSHED)] compound series

Compound Amax eM'!em?) | hmax eM!em?)
[VO(CI-HSHED)(DTB)] 552 nm 6.5x10° 863 6.8x10°
[VO(CI-HSHED)(3-MeCat)] | 549 nm 4.4x10° 873 4.8x10°
[VO(CI-HSHED)(Cat)] 531 nm 2.5%x10° 873 3.4x10°
[VO(HSHED)(DTB)] 551 nm 5.3x10° 861 6.2x10°
[VO(HSHED)(3-MeCat)] 546 nm 3.7x10° 875 4.4x10°
[VO(HSHED)(Cat)] 528 nm 2.3x10° 873 3.4x10°

Characterization of [VO(X-HSHED)(DTB)], [VO(X-HSHED)(Cat)], and [VO(X-
HSHED)(3-MeCat)] by ESI-MS. Mass-spectrometric characterization of the new V(V) complexes
was particularly important because the elemental analysis proved problematic presumably due to
the highly hygroscopic nature and air-sensitivity of the isolated solids. Low-resolution ESI-MS
data (positive-ion mode) for the newly synthesized CI-HSHED complexes and their parent
HSHED complexes are shown in Figure 2.4, and assignments of the main signals are given in

Table 2.2.!% % Prominent signals of all the intact complexes were observed in the form of their
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Na™ or K™ adducts (Table 2.2), and the identities of these signals were confirmed by high resolution
mass spectrometry, where the same complexes were observed as H™ adducts (see Figures S2.9-
12). These results confirm the composition of intact [VO(CI-HSHED)(DTB)], [VO(CI-
HSHED)(Cat)], and [VO(CI-HSHED)(3-MeCat)] and the formation of the new halogenated

Schiff-base (CI-HSHED) V(V) complexes.

Extensive decomposition of all the complexes was observed under ESI-MS conditions
(Figure 2.4 and Table 2.2). Relative intensities of signals due to decomposition products decreased

when milder ionization conditions were employed (Figure 2.4b vs 2.4a), which showed that

decomposition of the original V(V) complexes occurred in the gas phase in
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Figure 2.4. Typical positive-ion low-resolution ESI-MS data for V(V)-Schiff base-catecholato complexes (a-g; ~10 uM
solutions in acetonitrile, m/z values in positive ion mode) and (h) experimental (lines) and fitted (points) isotopic distributions
for selected signals. The assignment of the marked signals is shown in Table 2.2.

addition to decomposition in solutions. Analysis of the decomposition products (Table 2.2) showed
that redox chemistry of V(V)-Schiff base-catecholato complexes is taking place. Oxidation of

catechols is known to occur in solution and is also observed in the gas phase now.” % 303272
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Oxidation of catechols may be observed under some biological conditions in the presence of

oxygen and metal complexes.

Table 2.2. Assignment of ESI-MS signals for the complexes

and their decomposition

rs(:li:lllfft “base V- [VO(CI | [VOHSHE | [VO(CI | [VOHSHE | [VO(CL- | [VO(HSHE
Complex / - D) - D) HSHED | D)
Catechol (C)/ ¢ HSHED | (DTB)J® HSHED | (Cat)]? ) (3-MeCat)]?
/ Fragment ) ) (3-

(DTB)I? (Cat)]® MecCat)]

b

[VO(CI- 567 533 455 421 469 -
HSHED)(C9)]-K
.
[VO(CI- 551 517 439 405 453 -
HSHED)(C®)]-N
at
[VO(CI- 529 - - - - 397
HSHED)(C9]-H
.
[V(OH)(CI- - 312 346 312 346 -
SHED)]-K*
[V(OH)(CI- 330 296 330 296 330 -
SHED)]-Na*
[V(OH)(CI- 308 -- 274
SHED)]-H*
CeNa* 243

“ Designations of the ligands correspond to those listed in Figure 1. ® The m/z values (positive-ion mode) correspond to the most
abundant peaks in the isotope distribution (blue numbers in Figure 1a-g). ¢ The catechol derivative abbreviations ¢ represent
DTB, Cat, or 3-MeCat depending on the compound investigated. ¢ Signal is due to quinone, the oxidation product of catechol.

Characterization by >'V and "H NMR spectroscopy. >'V NMR spectroscopy was used to

demonstrate that interconverting isomers formed in solution at ambient temperature. Specifically,
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31V NMR spectra of 1.0 mM solutions of the CI-HSHED/catecholato complexes in CD3CN and in
de-DMSO showed more than one signal. We verified that these multiple signals were not due to

impurities or hydrolysis product by concentration and time dependent studies in different solvents.

In addition, no >'V NMR signal assigned to the vanadium precursor complexes, [V(0)2(HSHED)]
and [V(O)2(CI-HSHED)] were present in CD3CN at -530 ppm and —531 ppm, respectively.
Similarly, the '"H NMR signals of these precursors were also absent in the corresponding spectra
of the catecholato complexes though similarly to the 'V NMR, we note that the signals are broad

possibly also showing a reduction of V(V) to V(IV).

The multiple signals for each compound shown in Figure 2.5 varied in ratio as solvent is

changed as described below and consistent with the various peaks representing different isomers.

CD,CN  [VO(CI-HSHED)(Cat)] J\\

[VO(CI-HSHED)(3-MeCat)] M
[VO(CI-HSHED)(DTB)] K

DMSO  [VO(CI-HSHED)(Cat)]

[VO(CI-HSHED)(3-MeCat)] V\A
[VO(CI-HSHED)(DTB)]

500 450 400 350 300 250 200
f1 (ppm)

Figure 2.5. 5'V NMR (400 MHz) of [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)], [VO(CI-HSHED)(DTB)] in
CD;CN and de-DMSO.

The combination of the Schiff base and the catechol have the potential to form multiple racemic
and diastereomeric complexes and in Figure 2.6 we show four of eight possible geometric isomers.

Spectra for [VO(CI-HSHED)(Cat)] in CDsCN (Figure 2.5) showed a sharp prominent peak at 283
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ppm, and a minor peak at 323 ppm. When dissolved in de-DMSO, the peaks were shifted to 238
ppm and 259 ppm, respectively, a shift of about 50 ppm and the linewidths increased consistent
with a more rapid exchange in de-DMSO. For the catecholate complex, in CD3CN, the ratio of
major to minor peaks was 5:1, and in de-DMSO, the ratio was 3:1. The change in isomer ratio is
indicative that the signals are due to exchanging isomers. In the case of [VO(CI-HSHED)(DTB)]
in CD3CN, a difference of about 200 ppm with a significant peak at 428 ppm and a minor peak at
468 ppm was observed. In de-DMSO [VO(CI-HSHED)(DTB)] three signals are observed, a major

peak at 394 ppm, and two other minor overlapping peaks of comparable intensity at 420 and 469
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Figure 2.6. Four of the possible isomers of [VO(CI-HSHED)(DTB)] are shown with the major isomer illustrated as structure
A. The structures vary with how the Schiff base is coordinated to the vanadium and the stereocenter of the alkyl amine. Note
that each of the isomers shown in Figure 6 are chiral and racemic mixtures form in solution, even though only one isomer is
shown.

HO

The changes in chemical shifts and the different number of isomers formed for [VO(CI-
HSHED)(DTB)] suggest that the complexes are labile in solution. Furthermore, the differences in

linewidths in the two solvents are consistent with the kinetics of the isomer exchange in two
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different solvents, which confirmed that these signals are due to isomers and not impurities or
hydrolysis products. Finally, similarly for the complex with the asymmetric DTB ligand, [VO(Cl-
HSHED)(DTB)], that with the asymmetric 3-MeCat ligand, [VO(CI-HSHED)(3-MeCat)] showed
four signals in the 'V NMR spectra in both solvents which are attributed to four isomers. The 'H
NMR spectra confirmed the interpretation that isomers are observed for the catecholate complex,

the DTB complex, and the 3-MeCat complexes in solution.

The 2D NMR spectra were recorded in CD3CN and ds-DMSO, and selected spectra in
CD3CN are shown in Figures 2.7-2.9, and in S2.2c¢ in SI. To assign the protons in the conformation
of [VO(CI-HSHED)(Cat)], 'H-'H 2D COSY and the 'H-'H 2D NOESY were run in d3-CD3CN
and de DMSO. The NMR spectra contained groups of larger signals and groups of smaller signals,
as anticipated for a compound with both major and minor isomers in solution but we focused on
the assignment of the major isomer by identifying the three spin systems (X, Y and Z) in the
compound. Figure 2.7 shows the labeled [VO(CI-HSHED)(Cat)]. Based on integrations in the 'H,
the cross peaks in the COSY, and the fact that Hc and Hq had coupling constants NMR spectra and
correlations in the COSY (Figure 2.7B), we assigned H, as the proton on the imide and Hy, He and
Haq are defined as splitting system X (the Schiff base). These assignments had a coupling constant
of 8.9Hz. This left the assignments of the signals for Hr and He on splitting system Y, which
showed that both protons had a coupling constant of 8.1Hz. The slightly larger integration of the

Hy signal is due to overlapping signals from the minor isomer.

The 'H-'H COSY NMR spectra of the aliphatic region of [VO(CI-HSHED)(Cat)] (Figure
2.7C) displayed cross-peaks between Hq and Hyavx, which corresponded to the proton on the imine
and one of the protons on the 1,2-ethanediamine chelate ring adjacent to the imide (Hy) and the Hy

and Hx on the ethanol arm in spin system Z. Furthermore, the coupling between the triplet at 2.8
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ppm (H;) and Hy,, were assigned to the proton on the oxygen (H;) and the adjacent downfield
protons Hy and H; that corresponded to the CH> adjacent to the OH group. Since Hy sees H;, Hw
and Hx the ethanol arm spin system is defined. The fact that both Hy, and Hy interact with the NH

(Hg) confirms these protons are adjacent to the amine nitrogen in the same splitting system.
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Figure 2.7. The structure of [VO(CI-HSHED)(Cat)] with the three spin systems X, Y and Z is shown. 'H-'H COSY and 'H-
'"H NOESY NMR (400MHz) spectra of 10 mM [VO(CI-HSHED)(Cat)] in CD3CN at 26 °C. (A) Full 'H-'"H COSY NMR
spectrum of [VO(CI-HSHED)(Cat)] in CD3CN. (B) Zoom in of aromatic region 'H-'H COSY NMR spectrum of [VO(CI-
HSHED)(Cat)]. (C) Zoom in of aliphatic region 'H-'"H COSY NMR spectrum of [VO(CI-HSHED)(Cat)]. (D) Full 'H-'H
NOESY NMR spectrum of [VO(CI-HSHED)(Cat)] in CD3CN. Blue intensity contours represent negative NOEs and red
intensity contours represent positive NOEs. A standard NOESY sequence was used consisting of 200-256 transients with 16
scans in the f1 domain using a 500 ms mixing time and a 1.5 s relaxation delay. The structure of [VO(CI-HSHED)(Cat)] is
shown with a proton labelling scheme.
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NOESY NMR spectra were collected to gather information on through-space interactions
through spin-lattice relaxation within the 3D structure. Observation of off-diagonal cross-peaks
between signals in Figure 2.9b enabled reports on which protons are within the 5 A.”> The NOESY
of [VO(CI-HSHED)(Cat)] Figure 2.7d, H. saw Hg: which showed that the 1-2-ethanediamine
chelate ring saw the imine nitrogen. In the case of [VO(CI-HSHED)(DTB)], the spectra showed
less clear coupling patterns (Figures 2.8 and 2.9). Since coupling was observed with both the OH

proton and the NH proton, 'H NMR spectra were recorded with these groups deuterated with the

Wk
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Figure 2.8. '"H NMR (400 MHz) spectrum of 1 mM [VO(CI-HSHED)(DTB)] from the 2.0-4.5 ppm in CD3CN (bottom) and
in CD3CN with one drop of D20 (top).

intent to clarify the observed coupling patterns (Figure 2.8). Deuteration simplified the coupling
pattern and spin system was divided into two spin systems; in the partial spectrum shown in Figure
2.8 from 2.0-4.5 ppm of [VO(CI-HSHED)(DTB)] with and without the D,O spike show
simplification of the doublet quartet (near 3.0 ppm) and the multiplet from 4.0 to 4.2 ppm. The full
spectra under these conditions are added in the supplemental material (Figure S2.5), as well as the

detailed interpretation of the two spin systems formed from spin system Z both in the 1D and 2D
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spectra. Not only did the DO remove the exchangeable OH and NH protons, but the integrations
and the resolution of the remaining coupling patterns were simplified which enabled a more

reliable interpretation of the spectra.

For [VO(CI-HSHED)(DTB)], based on integrations in the 'H NMR spectra and

correlations in the COSY (Figure 2.9a, 2.9b and 2.9c), H. was assigned as the proton
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Figure 2.9. The structure of [VO(CI-HSHED)(DTB)] with the three spin systems X, Y and Z is shown. 'H-'H COSY and
'H-'"H NOESY NMR (400 MHz) spectra of 10 mM [VO(CI-HSHED)(DTB)] in CD3CN and a D>O spike at 26°C. (A) Full
'H-'TH COSY NMR spectrum of [VO(CI-HSHED)(DTB)] in CD3CN. (B) Zoom of aromatic region 'H-'H COSY NMR
spectrum of [VO(CI-HSHED)(DTB)]. (C) Zoom of aliphatic region 'H-'H COSY NMR spectrum of [VO(CI-
HSHED)(DTB)]. Zoom of aromatic region 'H-'H COSY NMR spectrum of [VO(CI-HSHED)(DTB)]. (D) Full 'H-'H NOESY
NMR spectrum of [VO(CI-HSHED)(DTB)]. Blue intensity contours represent negative NOEs and red intensity contours
represent positive NOEs. A standard NOESY sequence was used consisting of 200-256 transients with 16 scans in the f1
domain using a 500 ms mixing time and a 1.5 s relaxation delay. The structures of [VO(CI-HSHED)(DTB)] are shown with a

proton labelling key.
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on the imine (8.48 ppm) on spin system X. Hp was assigned as the doublet at 7.45 ppm, and H. as
the doublet of doublets at 7.36 ppm. The extra smaller peaks in the NMR such as the peak at 8.39
ppm arose from another isomer in solution. Hq was assigned as the doublet at 6.68 ppm and
completed the spin system X (the Schiff base aromatic ring). The He and Ht protons were assigned
to the peaks at 6.34 ppm, and 6.26 ppm on spin system Y (the catechol). Cross-peaks observed
between Ha and Hy were similar to those of [VO(CI-HSHED)(Cat)] at 4.10 ppm and 4.02 ppm in
the '"H-'H 2D COSY and NOESY, which enabled the aromatic part of the spectrum to be linked
to the solution assignments for the aliphatic region on spin system Z. Specifically, the NOESY
NMR spectrum collected from [VO(CI-HSHED)(DTB)] enabled the determination of the
proximity between protons in the two aromatic regions and between aromatic and aliphatic
regions, and between five-membered aliphatic ring and ethanol group. For instance, a NOE cross
peak between Hq and H:, showed a close vicinity between the Schiff base aromatic group and the
-Bu protons. Cross-peaks between H; and Hy, showed a close proximity between these two

aliphatic protons and showed that one #-Bu group was near the CH>,OH group.

In summary, as shown in Figure 2.6, the most likely isomers are structures A and B for
[VO(CI-HSHED)(DTB)] observed in a CD3CN solution. The isomer interchange is consistent with
the catechol dissociating in a stepwise manner; first, the axial Cat-O-bond will break. Next the cat
ligand will rotate, followed by a bond reformation to form an equatorial Cat-O-bond. This process
would correspond to conversion of isomer A into an isomer not shown. The NOESY and COSY
spectra of [VO(CI-HSHED)(DTB)] are consistent with the 1D >V NMR and the 'H NMR spectra,
in that the DTB catechol is labile. This gives rise to multiple isomers in solution as shown by the
NMR spectra in Figure 2.5. The focus on the spectrum illustrated in Figure 2.6A is structure

elucidation of the [VO(CI-HSHED)(Cat)] complex where the ~-Bu groups are replaced by H-
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atoms. Finally, for the [VO(CI-HSHED)(3-MeCat)] complex, both '"H-'"H 2D COSY and aNOESY
were collected and shown in the Supplemental Materials (Section S2.2c). As in the cases of
[VO(CI-HSHED)(Cat)] and [VO(CI-HSHED)(DTB)], major and minor isomers were visible in
the >'V NMR spectra. Four isomers were observed in the >'V NMR spectra for the [VO(CI-
HSHED)(3-MeCat)] complex, three of which were also observed in the '"H NMR spectra, making
this system more difficult to interpret. The NMR spectrum was simplified by spiking the sample
with a drop of D20 to remove coupling across the heteroatoms. In summary, these spectra are
consistent with the interpretations that multiple isomers are being formed in solution, and that for
this complex, the minor isomers were more stable and had higher relative concentrations with
respect to the major isomer than for the [VO(CI-HSHED)(Cat)] and [VO(CI-HSHED)(DTB)]

complexes.

Electrochemistry of non-innocent ligand [VO(CI-HSHED)] complexes in CH3CN. The
redox chemistry for these non-innocent vanadium complexes was particularly interesting because
the reduction could happen at either the ligand or the vanadium center. The values are reported vs.
Fc*/Fc and also reported against the decamethylferrocenium/decamethylferrocene redox couple
(MejoFc*/MejoFc, SI). While Fc*/Fc is the ITUPAC redox standard and more prevalent in the
literature, the MejoFc*/MeoF standard is less solvent dependent and, hence, more useful to
translate the results in organic solution to aqueous solution where the vanadium complexes were
too unstable to conduct the redox chemistry of relevance to the biological studies.”*”> CVs are
measured in acetonitrile, which provides a large solvent window with excellent solubility of the
vanadium complexes with 0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting
electrolyte and ferrocene as the internal standard.>! Solutions of 2.0 mM vanadium complexes, 2.0

mM ferrocene, and 100 mM TBAP CVs were recorded at 100 mV s’ (Figure 2.10).
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Spectroelectrochemical data were also obtained to further characterize these complexes, see SI

Section 2.4.e.

Two quasi-reversible waves were observed, one involving the catechol between 0.0 V and

1.0 V and the other showing the V(V/IV) couple at ~—0.7 to —0.8 V vs Fc*/Fc.”+7°

60— [VO(CI-HSHED)(Cat)]

—— [VO(CFHSHED)(3-MeCat)]
| [VO(CFHSHED)(DTB)]
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Figure 2.10. Superimposed cyclic voltammograms of 2.0 mM of [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)],
[VO(CI-HSHED)(DTB)], 100 mM of TBAP in CH3CN, run at 100 mV s!.

The voltammograms of the free catechol ligand (see SI) shows ligand oxidations in a similar region
as for the complexes. The E, values are listed in Table 2.3 and in the SI. For these complexes,
the observed chemically reversible redox couple in the —0.7 to —0.8 V region was consistent with

reduction at the vanadium center and not the catechol. These values correspond to —0.17 to —0.30

vs MeoFct”?

acetonitrile, or close to 0 V in water vs the NHE, ignoring the solvent dependence of
the V(V/IV) couple, which is less affected in comparing values in different solvents using

measurements referenced vs MejoFc*® than Fc™?.* Thus, the reduction potentials of the V(V)

complexes are such that they are easily reduced by intracellular biological reductants.
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As the substituent varied, so did the Ei. potential of the [VO(CI-HSHED)] series and the
[VO(HSHED)] series of complexes (Table 2.3). The most negative Ej, values reported for the
complexes (most difficult to reduce) had the more electron donating catechol (Figure 2.10, Table
2.3). This showed that [VO(CI-HSHED)(Cat)] was more readily reduced compared to the other
CI-HSHED and HSHED complexes. The vanadium center accepted electrons more readily for the
complex with the catechol that was is less electron-donating (Cat) than 3-Me (3-MeCat) and 3,5-

di-+-Bu (DTB) substituted catechols.?* A similar pattern was observed for the parent complexes.

Table 2.3. Ey; potentials and other electrochemical data for the V(V/IV) couples of the CI-HSHED
and HSHED catecholate complexes averaged with standard deviations from three samples.*

Complex Evvs. Ec*/Fc | AE, (V) Do ¥10° | I I Lpal Iy
V) (cm?s™) | (A) | (uA) (nA)

[VO(CI-HSHED)(Cat)] | -0.679 + 0.17 £ 6+2 314 | -31+£5 1.06 £0.09
0.002 0.01

[VO(CI-HSHED)(3- -0.709 0.145 + 5+£2 20 + 28+5 1.02 £0.03

MeCat)] 0.005 0.003 4

[VO(CI- -0.782 + 0.14 + 5+£2 26 + 27 +4 0.98 £0.08

HSHED)(DTB)] 0.004 0.03 2

[VOHSHED)(Cat)] -0.698 + 0.092 + 21 £4 62 + -63 12 1.00 £0.01
0.001 0.003 12

[VOHSHED)(3- -0.727 = 0.089 + 10£3 38+ 386 0.99 £0.05

MeCat)] 0.001 0.003 5

[VOHSHED)(DTB)] -0.802 + 0.159 7x1 34 + -36.55 0.93+0.04
0.002 0.001 2 0.04

& Cyclic voltammograms ran at 100 mV s™! in CH3CN

The electronic structure of the vanadium is altered based on the electron-donating nature
of the catecholate substituents, which was in turn directly observed in the V(V/IV) redox process
in the CV, as was previously reported in the ligand-to-metal charge transfer bands in the absorption
spectroscopy of similar mono-oxido vanadium complexes.?*>> When the catechol is deprotonated
and coordinated to the vanadium, it is more readily oxidized than the free catechol. In addition,
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the electrochemical measurements showed differences between the complexes with the
halogenated Schiff base ligand and those of the corresponding complex with the parent Schiff base,

with the latter being somewhat more difficult to reduce.

This smaller Schiff base substituent effect compared to those on the catecholato ligands
arose because of the change in the electronic structure, with the addition of an EWG Cl-atom on
the vanadium scaffold. The substitution of the EWG Cl-atom involved effects in the ¢ framework
of the vanadium complexes, as well as the backbonding in the n-framework, which depended on
the nature of the catechol as there are two oxidation processes, one for the complex as well as for
the ligand. The V(V/IV) couples were chemically reversible (I,a/Ipc values between 0.90-1.05,
Figure S2.16 and Table 2.3) but electrochemically quasi-reversible in CH3CN as the peak-to-peak
separations were large. These effects were not due to the lack of iR compensation in these

measurements because the AE, values were much larger than those for the Fc*"°

couple under the
same conditions.?* %% The diffusion coefficients were measured from the peak currents in the
cyclic voltammograms at three different scan rates (See Section S4 for the equation). A pattern
emerges that more substituted catechol complexes diffuse slower for both series of complexes. As
expected, Similar diffusion values were observed for [VO(CI-HSHED)(DTB)] and
[VOHSHED)(DTB)]. The diffusion rates are one of the factors that affect how rapidly, and the
extent by which the complexes enter the cells by passive diffusion. Other factors include
hydrophobicity and stability under biologically relevant conditions. For a similar hydrophobicity,
the lower the diffusion rate, the slower the complex enters into the cell. This is an important factor
to consider for these labile complexes. Similarities between diffusion constants between the two

DTB complexes means that any differences in uptake are due to changes in hydrophobicity and

stability in the media.
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The observed large values of AE, for the V(V/IV) couples compared to the Fc*’° couple
under the same conditions were consistent with the presence of the geometric isomers that would
have somewhat different redox potentials,”’ as the isomers in the 'V NMR spectra have quite
different chemical shifts and, hence, different electron densities at the V(V) centers. The
equilibrium of different isomers for the V(V) and V(IV) oxidation states on the electrochemical
timescales would shift between the two oxidation states because of changes in electronic and steric
interactions (bond length changes). Therefore, the redox process was a weighted average of the
reduction potentials of the V(V) isomers, whereas the oxidation process was the weighted average
of the oxidation potentials of the V(IV) isomers, which complicated further interpretation of the
electrochemical data with respect to one isomer. A study designed to sort out these details’’ is

beyond the scope of the current work.

Anti-proliferative Activities of Vanadium Complexes. As described previously, we
conducted experiments from freshly prepared solutions in which the Schiff base vanadium(V)-
catechol complexes were intact at least initially. Activities were also examined with solutions that
have complexes that had been decomposed for 24 h, at which time the complex had reacted
completely with the components of the media.” At that time, the decomposed complex was added
to the assay medium resulting in the measurement of the activity of completely decomposed
complex. These experiments enabled a comparison of the activity of the intact complex and the

products that formed on its decomposition.

The ICso values were measured for T98g (human glioblastoma) cells in a 72 h assay of
both fresh solutions of vanadium complexes and 24 h aged solutions in culture media. No intact
complexes were detected after the incubation with cell culture medium after 24 h at 310 K (shown

in Figure S2.24 in Supporting Information).” The most favorable activity ratio of fresh and aged
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was observed for [VOHSHED)(DTB)] solutions and [VO(CI-HSHED)(DTB)] solutions.
Consistent with the earlier results,’ fresh solutions of [VO(HSHED)(DTB)] showed higher activity
(ICs0 =19+ 0.2 uM in a 72 h assay, Table 2.4 and Figure S2.25 in Supporting Information) in
T98g cells, while aged solutions of this compound were ~10-fold less active under the same
conditions (Table 2.4).” All the complexes decomposed within minutes after having been added to
cell culture buffer, as was observed using UV-Vis spectroscopy (see the 712 values in Table 2.4).
The activities of fresh solutions of [VO(HSHED)(DTB)] and [VO(CI-HSHED)(DTB)] in T98g
were about an order of magnitude higher than those of fresh solutions of Na3VO4 or a standard

anti-cancer drug, cisplatin, in the same cell line (Table 2.4).

Table 2.4. Antiproliferative activities in T98g cells and stabilities under cell culture
conditions for [VO(HSHED)] and [VO(CI-HSHED)] complexes

Compound ICso,pM

T98g (fresh)’ | T98g (aged)° | HFF-1 (fresh)’ tiz2 (295 K)¢
[VO(CI-HSHED)(DTB)] 4105 9+1 1.1 £0.1 ~15 min
[VO(CI-HSHED)(3-MeCat)] 34 +7 18+3 22+2 ~15s
[VO(CI-HSHED)(Cat)] 19+2 81+06 8.7+2 ~15s
[V(O)(CI-HSHED)] 37+4 677 ND? ND?
[VO(HSHED)(DTB)] 1.9+0.2 21 £1 1.9+£04 ~ 5 min
[VOHSHED)(3-MeCat)] 46 £9 205 26 +7 <15s
[VOHSHED)(Cat)] 19+7 22 +4 6.7+0.9 <15s
[V(O)(HSHED)] 44 +4 70 £8 ND? ND?
Naz;VOq 26 +4 24 +£4 23 +£3 ND?
Cisplatin’ 31 %1 >50 45 +4

@ Half-life times of the complexes in fully supplemented cell culture medium (measured by UV-Vis spectroscopy at 295 K, [V]
=100 uM, Figure S2.24 in Supporting Information). ® ICso values in T98g cells or HFF-1 (72 h treatments) when the complexes
were mixed with cell culture medium at ~1 min (295 K) before the cell treatment. ¢ ICso values in T98g cells (72 h treatments)
when the compounds were pre-incubated with cell culture medium for 24 h at 310 K, 5% CO> before addition to the cells. ¢ Not

determined due to the absence of prominent absorbance bands in the visible range (Figure S2.24).

fibroblasts.”®

¢ Human foreskin

Generally, the complexes with CI-HSHED ligand were slightly more stable in cell culture

medium compared with those with HSHED ligand, and the complexes with DTB ligand were more
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stable than those with Cat and 3-MeCat ligands (Table 2.4). Despite a longer lifetime of [VO(CI-
HSHED)(DTB)] in cell culture medium compared with [VO(HSHED)(DTB)] (Table 2.4 and
Figure S2.25a), the Cl-substituted compound was slightly less active (ICso = 4.1 = 0.5 uM for the
fresh complex in a 72 h assay), and there was only ~2-fold difference in the activities of fresh and
decomposed [VO(CI-HSHED)(DTB)] (Table 2.4 and Figure S2.25a). These results showed that
the Cl atom in the Schiff base ligand increased hydrolytic stability and ease of reduction but
slightly decreased the biological activity of V(V) complexes (see Table 2.3, Figure 2.10 and Figure
S2.25a). This demonstrates that stability alone is not the only factor that affects the biological
activity. Further work is needed to understand the effects of the redox activity by investigating

complexes that are less easily reduced compared to the control.

Since cancer cells exist in the presence of normal cells, it is important that the compounds
being developed for treatment of cancer cells in the presence of normal cells, the compounds and
the components (ligands and metal) show lower toxicity against the normal cells. Studies with
cells in which the proliferative cell effects are investigated, are often accompanied with cells in a
normal cell line. The cytotoxicities of V(V) complexes in a human brain cancer cell line, T98g,
were compared with those in a human non-cancer (foreskin fibroblasts, HFF-1) cell line.
Cytotoxicities of fresh compounds in 72 h assays were similar or higher in HFF-1 cells compared
with T98g cells, judging from the ICs values listed in Table 2.4. These results are consistent with
the toxicity of anticancer drugs to rapidly growing non-cancer cells, including fibroblasts, which
is the main source of side effects of cancer chemotherapy.”” On the other hand, analysis of
concentration-viability profiles (Supplemental Figure S2.25b) has shown that treatments of non-
cancer HFF-1 cells with low concentrations (0.4-5 uM V) of fresh V(V) complexes for 72 h has

led to increased cell viability (120-140%) compared with no-V controls. This effect was most

39



pronounced for the two V(V) complexes with di-fert-butylcatecholato ligands
([VOHSHED)(DTB)] and ([VO(CI-HSHED)(DTB)]), to a lesser extent, in [VOHSHED)(3-

MeCat)] (Figure S2.25b).

Previously we demonstrated that the free ligands showed negligible cytotoxicity in the
absence of V (ICso > 50 uM).” We found that the greatest antiproliferative activities of the ligands
were due to the catechols compared to the Schiff base scaffold. In the case of the normal human
foreskin fibroblasts cell line HFF-1, and furthermore, we reported that they show medium
cytotoxicity at 14.7 + 0.5 uM for the [VO(HSHED)(DTB)] (Table 2.4).” The 10-fold higher
cytotoxicity in the current study towards HFF-1 cells, 1.9 + 0.4 uM, presumably reflect the fact
that cytotoxicities of HFF-1 cells are more sensitive to the details of the experiment, such as
number of cells, the doubling rates, the number of passages and other factors. The increase in cell
viability at low V concentrations was not observed for the cancer T98g cell line (Figure S2.25a)
but was reported previously for bone fibroblasts (osteoblasts) and can contribute to the known
tissue-regenerating properties of V compounds.®’%* Data within Figure S2.25b emphasize that the
activities of anti-cancer drugs in various cell lines cannot be compared based on the ICsp values
alone. Indeed, studies in other cells such as M.smeg. documented that the Schiff base scaffold and
the catechols are at least 10-fold less toxic than the complex in M. smeg..>> These studies showed
a 100-fold lower toxicity in M. smeg. than observed in the T98g cells. Importantly, the most
toxic catechol was the parent catechol and the sterically hindered catechols were much less toxic.
This conclusion was confirmed in animal studies, in mice, that showed the complex was less toxic

than vanadate and the DTB ligand.**

Typical ICso values for the parent and Cl-substituted complexes that rapidly decomposed
(~20-40 uM in 72 h assays, Table 4, those not containing the DTB ligand) were close to those of
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their decomposition products (~20 uM), and for NazVO4 (~40 uM) in T98g cells. This was
consistent with the interpretation that the complexes had decomposed in the medium before they
had the opportunity to enter the cells by passive diffusion to any significant extent, and that
V(V/IV) decomposition products were responsible for their antiproliferative activities.’ In the case
of [VO(CI-HSHED)(Cat)], the decomposed complex was ~2-fold more active than the fresh
solution (Table 2.4 and Figure S2.25b). This may be due to the redox reactions of the catechol
ligand and V(V) in cell culture medium under ambient atmosphere generating a range of cytotoxic

species, including V(V) peroxido complexes and semiquinone radicals.34%’

Relatively low antiproliferative activities (ICso ~ 40 uM in a 72 h assay) were observed for
fresh solutions of the Schiff base scaffold complexes (both [V(O)2(HSHED)] and [V(O)(Cl-
HSHED)] in Table 2.4). These complexes were both less potent after pre-incubation with cell
culture medium for 24 h at 310 K (ICs0 ~ 70 uM in a 72 h assay, Table 2.4). In contrast, anti-
proliferative activity of a pre-incubated solution of NazVO4 has similar potency as that of a fresh
solution.” These results, together with the data of UV-Vis spectroscopy (Figure S2.24b) support
the interpretation that the HSHED or CI-HSHED ligands remain at least partially bound to V(V)
for a sufficient time to enable some intact complex to enter cells for the DTB complexes during
the cell assays but the complexes with the other catecholato ligands decompose too rapidly to enter
cells intact (Figure S2.24a). These results are consistent with the interpretation that the observed
greater toxicity of aged solutions of the [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)] and
[VOHSHED)(3-MeCat)] complexes are due to the free catechol (or substituted methyl substituted

catechol) reactions in the culture medium suggested above.

In summary, the three new complexes designed were more hydrophobic, more

hydrolytically stable and more redox active than their HSHED analogs. The patterns observed for
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the [VO(CI-HSHED)] series of complexes were similar to those for the [VO(HSHED)] complexes.
Most importantly, the [VO(CI-HSHED)(DTB)] and the [VO(HSHED)(DTB)] complexes were by
far the anti-proliferative complexes in their respective series and an order of magnitude more
potent than cisplatin under the same conditions. This observation confirms the fact that the most
sterically hindered and hydrophobic complex in both series were most effective. However, the
electronic effects are more difficult to evaluate because the electronic changes were accompanied
by changes in hydrophobicity and sterics/stability. For the DTB complexes, the Cl-substitution
made the complex more stable, hydrophobic and more easily reduced. The higher stability and
greater lipophilicity of the complex with the Cl-substituted Schiff base scaffold should change its
intracellular distribution in a way that influences antiproliferative activities beneficially. This
suggested that future complex designs should focus on complexes less easily reduced than the
parent complexes, since the ease of intracellular reduction may have been responsible for the

reduced antiproliferative efficacy.

Conclusion

Developing new complexes and comparing their potency as anticancer agents will be
important for structure-activity relationships for future complex development. Access to additional
complexes will allow future studies on the anticancer mode of action of non-innocent Schiff base
V-catecholate complexes. The newly synthesized [VO(CI-HSHED)(Cat-X)] complexes where the
catecholate is either Cat, 3-MeCat or DTB were characterized by UV-Vis, multinuclear and
multidimensional NMR, MS-ESI and electrochemistry. The three new complexes designed and
tested demonstrated that the sterically hindered, more hydrophobic and less easily reduced non-
innocent Schiff base V-catecholato complex is the most potent antiproliferative complex, with the

lowest ICsp for the fresh solutions, and a higher ICso value for aged solutions. In summary, the
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studies of the three new complexes with Cl-substituted Schiff base scaffold and substituted
catecholates have provided an additional example of an anticancer agent that superior to cisplatin
in the T98g cell line. The observed activity ratio of fresh and decomposed solutions of the best of
the new complexes, [VO(CI-HSHED)(DTB)], showed similar improved activity compared to
cisplatin as the parent [VO(HSHED)(DTB)] complex in the T98g cell line that is an in vitro model
for difficult to treat gliomas. This antiproliferative activity is sensitive to the stability and
hydrophobicity of the complex in biological media in both the parent and Cl-substituted Schiff
base V-complexes. Our research has enhanced our knowledge and shown that the increased redox
properties of the Cl-substituted complexes has not been favorable with regard to the complexes
antiproliferative effects, but steric effects that increased hydrolytic stability of the complexes are

important in optimizing the activity in both the HSHED and ClI-HSHED series.

Where does this leave us with regard to structure-reactivity relationships? In this work
three new non-innocent vanadium Schiff base complexes were introduced, and the addition of the
Cl-group improved stability, increased hydrophobicity and increased the ease of reduction of the
complexes. Importantly our studies have introduced a second complex, [VO(CI-HSHED)(DTB)],
with potential for intratumoral injection. Such complexes should enter cancer cells by passive
diffusion leading to rapid cancer cell death, while the non-toxic V(V/IV) decomposition products
that diffuse away from the tumor cause no toxic effects to the healthy cells.” * One important
aspect of the current work is that it has provided detailed characterization of the three new
complexes introduced and combined with previous complexes allowed us to carry out a structure-
activity analysis. We conclude that the limited stability and hydrophobicity of V(V)-Schiff base-
catecholato complexes under cell culture conditions remains a crucial factor for the observed

antiproliferative activity in vitro.” '% % The ~10-fold decrease in the observed ICsy values and
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antiproliferative activities of [VO(HSHED)(DTB)] and [VO(CI-HSHED)(DTB)] in cancer cell
lines after its decomposition in cell culture medium (24 h at 310 K) remains an advantage for the
potential use in intratumoral injections.” We hypothesize that rapid cellular uptake and rapid
reactions within cancer cells in tumor tissue are likely to have beneficial effects in vivo.” 103
However, since the introduction of the Cl-group did not lead to significant increase in
antiproliferative effects compared to parent complex, the combined introduced changes in
properties in the new series of complexes have not all been beneficial. Since increased stability
and hydrophobicity have been reported to increase antiproliferative activity, the ease of reduction
of these complexes may have counteracted the increased stability and hydrophobicity of the new
complexes, and/or the increased stability and changes in hydrophobicity may have affected
intracellular biodistributions, yielding complexes with somewhat less activity. Combined our
analysis led us to continue to identify stability and hydrophobicity as key factors to be targeted in

the future design of these complexes and that decreased ease of reduction may improve anticancer

effects of complexes.
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Chapter 3 - The vanadium Schiff base di-adamantyl catecholate complex
with potent anticancer activities

Introduction-
Non-innocent V-Schiff base complexes were recent investigated for their anticancer

properties with specific application for intratumoral applications.” 3> Members of the class of
compounds were designed to remain intact long enough to enter the cancer cells but react quickly
when injected directly into a tumor and then rapidly decompose to non-toxic components within
24 hours. The most hydrophobic and stable complex of the series of compounds that was found
to be most potent and significantly more potent than cisplatin against T98g (glioma multiforme)
brain cancer cells was the vanadium Schiff base complex with the di-fert-butylcatecholato ligand
abbreviated [VO(HSHED)(DTB)], Figure 3.1A.7-3% %3 Considering that there is always a need
for new and potent anticancer agents, in this work, a new potential anticancer agent is introduced
belonging to the class of non-innocent V-complexes, vanadium Schiff base complex with the di-
adamantyl catecholato ligand abbreviated VO(HSHED)(Ad), Figure 3.1B. We believe that the
increased steric bulk over the di-fert-butylcatecholato would increase the potency against T98g

cells.

A) B)

Figure 3.1. Non-innocent V-Schiff base complexes. A. The most potent anticancer complex against T98g cells,
VOHSHED)(DTB). B. The synthesized complex VO(HSHED)(Ad).
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Many catechol derivatives are known, some are natural derivatives such as dopamine, an
important neurotransmitter.3®  Vanadium catechol complexes in particular have been previously
prepared and their chemistry reported.?> ¢ A number of synthetic catechol derivatives include
substituents such as tetrabromo, cyano, nitro, methoxy and a coumarin derivative were reported
for forming non-innocent V-complexes with HSHED, a complexation compound between
salicylaldehyde and N-(2-hydroxyethyl)-1,2-ethanediamine. Recently, they were all found to be
weak to moderate inhibitors for M. smegmatus, which was recently reclassified as
Mycolicibacterium smegmatis.>> These compounds were found to have varying stability under the
assay conditions. Some of these complexes were found to be more potent growth inhibitors as
complexes, and other compounds as the ligands by themselves.>> However, the most potent growth
inhibiting complex is that formed from the most hydrophobic and sterically hindered catechol, di-
tert-butylcatechol. The di-fert-butylcatechol was found to differ from the monosubstituted
catechols derivatives and tri-catechol substituted derivatives could be observed for this catechol.’
In comparison, the base catechol and monosubstituted catechols formed vanadium compounds at
lower oxidation state.” The sterically hindered catechol, di-tert-butylcatechol, was found to show
significantly different biological properties and significantly less toxic.>* Since there are no more
sterically hindered catechols that are commercially available, di-adamantyl substituted catechols
have been synthesized.?*° In the following work we have prepared the non-innocent Schiff base

V-complex of the di-adamanty] substituted catechol and tested its anticancer properties.

Experimental
General materials. Salicylaldehyde, N-(2-hydroxyethyl)-1,2-ethanediamine, 1,2-

Dihydroxybenzene, 1-adamantanol, vanadyl sulfate hydrate were purchased from Sigma Aldrich.
Chemicals were used as-is. Ultrapure argon (AR UHP300) from Airgas was used for degassing

solutions. Deuterated PBS was prepared replacing the water with deuterated water.>® The pH
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values of buffered solutions were adjusted with DCI and NaOD. The pre-sterilized media and
sterile plasticware used in cell culture studies were purchased from Thermo Fisher Scientific

Australia.

General Methods and Instrumentation. The compounds were also characterized by UV-
Vis spectroscopy (AvaLight UV/Vis/NIR Light Source and AvaSpex-UL S2048 Fiber-Optic
Spectrometer), MS (Bruker amaZon SL spectrometer), and elemental analysis (ALS
Environmental, Tucson, AZ). The hydrophobicity was calculated using Chemicalize software

developed by ChemAxon and downloaded in May 2020.°’

NMR spectroscopy. Compounds were characterized using 'V NMR spectroscopy
recorded on a Bruker model AVANCE Neo400 spectrometer equipped with a BBFO smart probe
and an automated tuning module operating at 101 MHz as reported previously. >33° The 'V NMR
spectra were acquired with a spectral window of 86200 Hz, 2048 scans, a 90° pulse, an acquisition
time of 0.08 s, and a 0.01 s relaxation delay as reported previously.* 5% 1D 5'V NMR studies
were referenced against [V(O)2(HSHED)] at -529 ppm as a standard and reported in reference to
VOCI; (0 ppm).'? 1D and 2D 'H NMR studies were carried out in organic solvents using a Bruker
NEO400 spectrometer operating at 400 MHz at an ambient temperature. Chemical shift values ()
are reported in ppm and referenced against TMS using the internal solvent peaks in 'H NMR
spectra (ds-DMSO, 6 at 2.50 ppm; CDCl3, 6 at 7.26 ppm; ds-acetonitrile, 6 at 1.94 ppm; CeDe, 0 at
7.16 ppm) as internal standards. 1D 'V NMR studies were recorded on the Bruker NEO400
spectrometer at 105.2 MHz at an ambient temperature. All complexes were dissolved in de-DMSO
at 10 mM concentrations for spectral comparison. Spectroscopic studies were carried out using

solutions of isolated complexes, and both 'H and 'V NMR spectra were recorded on the same
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samples. 1D samples were run within 5 h of preparation; no significant differences were observed

in spectra recorded within 24 h.

'"H-'H 2D COSY and NOESY NMR spectra in organic solutions were run overnight and
recorded within 12 h of sample preparation. 2D NMR spectroscopic studies in organic solutions
were carried out on a Bruker NEO400 spectrometer at 400 MHz at 26 °C. A routine COSY pulse
sequence provided by the Bruker software was used. A standard NOESY pulse sequence was used
consisting of either 200 or 256 transients with 16 scans in the f1 domain using a 500 ms mixing
time, 45° pulse angle, and a 1.5 s relaxation delay. The NMR was locked onto either de-DMSO
and referenced to the internal solvent peak. The resulting spectrum was processed using

MestReNova NMR software (version 12.0.1).

Mass Spectrometry. Low-resolution electrospray ionization mass spectrometry (ESI-MS)
data were collected on a Bruker amaZon SL spectrometer, using the following parameters:
nebulizer pressure, 27.3 psi; spray voltage, 4.5 kV; capillary temperature, 453 K; N> flow rate, 4
L per min; m/z range, 100-1000 (alternating positive- and negative-ion modes). The compound
stability parameter was set at 15%, which provided mild ionization conditions at the expense of
lower sensitivity. Smart parameter settings were fixed to the exact mass for each compound.
Analyzed solutions (~10 uM V in acetonitrile) were injected using a syringe pump (flow rate, 8
uL per min). Acquired spectra were the averages of 100-200 scans (scan time, 100 ms).
Simulations of the mass spectra were performed using IsoPro 3.0 software (M. Senko, IsoPro 3.0,
Sunnyvale, CA, USA, 1998). High-resolution positive ion ESI-MS was performed on a Thermo
Velos Pro Orbitrap mass spectrometer via a syringe infusion (flow rate, 8 uL per min). Resolving
power was set to 200,000 at 200 m/z. The instrument was externally calibrated before analysis and

internally calibrated using dioctyl phthalate as a lock mass.
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General Synthesis. [V(O)(HSHED)] was prepared as reported previously.46

Adamantyl catechol: A 50 mL round bottom flask charged with a stir bar was flame dried
and purged with Argon. Catechol (0.661 g, 6.0 mmol) was added along with 1-adamantanol (1.851
g, 12 mmol) and Trifluoroacetic acid (12 mL). The system was fitted with an Argon balloon and
the mixture was left to react at room temperature for two days. A milky-white precipitate was
observed after 15 minutes. After two days the precipitate was filtered and washed with DI H>O
until the filtrate was neutral. The crude solid was purified by flash column chromatography (1000
mL of 230-400 mesh SiO2, 70 mm column 20:1 hexane/ethyl acetate). The clear oil obtained was
dried under reduced pressure to yield 1.84 g (83%) as a while solid. 'H NMR (400 MHz, CDCls):
0 6.81 (s, 1H), 6.74 (s, 1H), 5.45 (s, 1H), 4.69 (s, 1H), 2.14 (m, 6H), 2.08 (m, 6H), 1.87 (m, 6H),

1.75 (m, 6H).

[VO(HSHED)(Ad)]: To a 250-mL round bottom Schlenk flask was added acetone (100
mL, which was then degassed with Ar. [VO,(HSHED)] (0.29 g, 1.0 mmol) was added to the
degassed acetone, followed by adamantanol catechol (0.38 g, 1.0 mmol) A deep purple solution
resulted after 30 min but stirred for 12 h. The reaction was vacuum filtered and washed with
hexanes and dried under vacuum for 3d to yield 0.46 g (71%) purple solid >'V NMR (101 MHz,
de-DMSO): 352 ppm (major), 386 ppm (minor), 409 ppm (minor). 'H NMR (400 MHz, ds-
DMSO): 6 8.73 (s, 1H), 7.51 (d, 1H), 7.41 (t, 1H), 6.76 (t, 1H), 6.70 (d, 1H), 6.19 (s, 1H), 6.15 (d,
1H), 4.82 (m, 1H), 4.73 (t, 1H), 4.15 (d, 2H), 3.93 (m, 2H), 3.74 (m, 2H), 3.47 (m, 2H), 3.32 (d,

4H), 2.10 (m, 8H), 1.74 (m, 18H).

Cell Culture and Growth Conditions. The well-established human glioblastoma
multiforme cell line (T98g) was purchased from American Type Culture Collection (ATCC, Cat.

No. CRL-1690). The cells were cultured in Advanced DMEM (Thermo Fisher Scientific Cat. No.
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12491-015), supplemented with L-glutamine (2.0 mM), antibiotic-antimycotic mixture (100 U
mL~! penicillin, 100 mg mL~" streptomycin and 0.25 mg mL~' amphotericin B) and foetal calf
serum (FCS; heat-inactivated; 2% vol). For proliferation and cytotoxicity experiments, cells were
seeded in 96-well plates at an initial density of 1.5x10° viable cells per well in 100 pL medium

and left to attach overnight.

Freshly prepared stock solutions of V(V) complexes (10 mM in DMSO) were used for cell
assays. These solutions were further diluted so that all the cell treatments, including controls,
contained 1.0% (vol.) of DMSO, which did not significantly affect the cell growth during the
assays. Stock solutions of the treatment compounds were diluted with fully supplemented cell
culture media to the required final concentrations, and the resultant media were either added to the
cells within 1 min (fresh solutions), or left in cell culture incubator (310 K, 5% CO,) for 24 h prior

to the cell treatments (aged solutions).

Each treatment included six replicate wells with cells and two background wells without
cells that contained the same components. After the addition of treatment compounds, the plates
were incubated for 72 h at 310 K and 5% CO2, then MTT reagent (1-(4,5-dimethylthiazol-2-yl)-
3,5-diphenylformazan, Sigma M5655) was added (50 pL per well of freshly prepared 2.0 mg/mL
solution in complete medium), and incubation was continued for 4-6 h. After that, the medium was
removed, the blue formazan crystals were dissolved in 0.10 mL per well of DMSO, and the
absorbance at 600 nm was measured using Victor V3 plate reader. Typically, the treatment
compounds were applied in a series of nine two-fold dilutions, starting from (100 + 20) uM V,
plus the vehicle control. Exact V concentrations in the assays were verified by ICP-MS
measurements using samples of cell culture media and used in the calculations of the ICso values.

Fitting of the experimental data and calculations of the ICso values were performed using Origin
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6.1 software (Microcal Origin, 1999). For all the cell assays, consistent results were obtained in at
least two independent experiments using different passages of cells and varying stock solutions of

the treatment compounds.

Results and Discussion
Design and strategy for synthesis of newly sterically hindered catecholates. The known

3,5-di-t-butyl substituted catechol is an example of a sterically hindered catechol which when
combined with a Schiff base V-complex result in the formation of a non-innocent V-Schiff base
HSHED complex. Since the sterically hindered catechol has significantly lower toxicity than the
unsubstituted catechol, we explored the synthesis of new sterically hindered catechols. In Figure

3.2 we show the preparation of the 3,5-di-Adamantyl substituted catechol prepared using a slightly

OH

OH
OH (2 equiv)

-

CF;COOH 16 hr, RT

(1 equiv) HO b4

Figure 3.2. Preparation of 3,5-di-Adamatyl catechol

modified literature procedure.®-*°

Synthesis of catechol and non-innocent V-Schiff base. Formation of this ligand was found
to be sensitive to the presence of air, under which condition the ligand oxidized to the
corresponding 1,2-cis-quinone. The oxidation reaction was also sensitive to the scale of the
reaction. To avoid the oxidation, the reaction was run in the absence of oxygen and air and then
resulted in formation of pure 3,5-di-Adamatyl catechol, Figure 3.3. The spectrum shows the two

protons in the aromatic region as well as the two hydroxyl protons in the 5-6 ppm region. The
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aliphatic protons of the adamantyl can be found in the 1-2 ppm region.

HO OH

8 7 6 5 4 3 2 1 0
f1 (ppm)

Figure 3.3 '"H NMR (400MHz) of ad catechol ligand in CDCl3 with structure for reference

The newly synthesized ligand was used for preparation of the non-innocent V-Schiff base
using the synthetic approach reported for the other non-innocent Schiff base complexes shown in

Figure 3.4.

Characterization of the [VO(HSHED)(Ad)]. The compound was confirmed using MS

f [0
OH —N_||_Ni1 OH
0 V
/ \ HO i
N\\"/NII H Acetone C\;} {)\0

v
0/ \0 * overnight, RT

Figure 3.4. Synthesis of [VO(HSHED)(ad)] complex based on the general approach reported by Pecoraro and coworkers
and optimized to accommodate the properties of the 3,5-di-Ad ligand.

spectroscopy and  mass-spectrometric characterization of the new V(V)
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Figure 3.5. Typical low-resolution ESI-MS data for the V(V)-Schiff base-catecholato complex (a-g; ~10 uM solution in
acetonitrile, m/z values in positive ion mode).

complex is shown in Figure 3.5. The prominent signal of the intact complex was observed in the

form of their Na* adduct at a m/z of 673.

The new compound was also characterized using UV-Vis spectroscopy and >'V NMR
spectroscopy (Figure 3.6). 'V NMR spectra of [VO(HSHED)(Ad)] were obtained in three
different solvents, CDCI3, CD3CN and DMSO. Only one broad signal was observed in CDClI; at
470 ppm, whereas two signals were observed in CD3CN (at 395 and 465 ppm). In ds-DMSO two
signals overlap to a total of 4 different signals. These signals are broader than the signals observed
in other solvents. The differences in signals in these 3 solvents is consistent with formation of

different isomers as was observed for [VO(CI-HSHED)(DTB)].”!

Since the 'V NMR suggest the presence of isomers, the structure of compounds in solution
was investigated in greater detail using 1D and 2D 'H NMR spectroscopy (Figure 3.6 and 3.7).

Similarly, to the [VO(CI-HSHED)(DTB)] system, we assigned Ha as the proton on the imide and
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Figure 3.6. >'V NMR spectra of [VO(HSHED)(Ad)] in different solvents, CDCI3 (top), CDCN (center) and d6-DMSO

Hp, He, Ha, and He were defined in splitting system X (the Schiff base).”! These assignments were
based on the cross-peaks found in the COSY and that Hc and Hq had coupling constants of 7.3Hz.
This left the assignments of Hrand H on splitting system Y. The larger signal for He was due to

overlapping signals from the minor isomers.

9.5 9.0 85 80 7.5 7.0 65 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure 3.7. 'H NMR (400MHz) of [VO(HSHED)(Ad)] in ds-DMSO.

The 2D NMR spectra was recorded in dse-DMSO and selected spectra are shown in Figure 3.8. To
assign the protons in the [VO(HSHED)(Ad), 'H-'H 2D COSY and the 'H-'H 2D NOESY were
performed. The NMR spectra contained groups of larger signals and groups of smaller signals as
both major and minor isomers existed in solution, but the focus was on the assignment of the major

isomer. The de-DMSO as the solvent was chosen as the complex was the most soluble in DMSO.
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While in the aromatic region, Hy and Hc show clear cross-peaks between Hq and He, in the alphatic
region, it is more complex and may require a D20 spike to clear that region similar to the [VO(Cl-

HSHED)(DTB)] determination.’!
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Figure 3.8. The structure of [VO(HSHED)(Ad)].'H-'H COSY and 'H-'H NOESY NMR (400MHz) spectra of 10 mM
[VO(HSHED)(Ad)] in DMSO at 26°C. (A) Full '"H-'H COSY NMR spectrum of [VO(HSHED)(Ad)] in DMSO. (B) Zoom of
aromatic region 'H-'"H COSY NMR spectrum of [VO(HSHED)(Ad)]. (C) Zoom of aliphatic region 'H-'H COSY NMR
spectrum of [VO(HSHED)(Ad)]. Zoom of aromatic region "H-'H COSY NMR spectrum of [VO(HSHED)(Ad)]. (D) Full 'H-
"H NOESY NMR spectrum of [VO(HSHED)(Ad)]. Blue intensity contours represent negative NOEs and red intensity contours
represent positive NOEs. A standard NOESY sequence was used consisting of 200-256 transients with 16 scans in the fl1
domain using a 500 ms mixing time and a 1.5 s relaxation delay. The structures of [VO(HSHED)(Ad)] are shown with a proton
labelling key
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Hydrolytic stability of the [VO(HSHED)(Ad)]. As with the [VO(HSHED)(DTB)] and its
hydrophobic di-tert-butyl ligand, this new complex, [VO(HSHED)(Ad)], is also hydrophobic and
has the potential of its stability be superior to any other non-innocent complexes reported to date.
Hence the stability [VO(HSHED)Ad] was investigated. The absorbance maximum of the complex
was at 550 nm. The stability of the complex was observed in DMSO as a function of time and in

the presence of some amounts of water, Figure 3.9.

1mM VOHSHED(ad) 20:1 Water DMSO (5%)

— DMSO ref
——0hr
—hr
—2hr
—3hr
—4hr
——5hr
——& hr
—7hr
——8Bhr
——9hr
—24 hr
— 32 hr

Absorbance

4(I]0 I 660 | B(IJO I 10|00
Wavelength (nm)
Figure 3.9. UV-Vis Stability Studies in ImM VOHSHED(Ad) in 20:1 water to DMSO.

Similarly, the absorbances were measured when the VO(HSHED)Ad complex was
dissolved in PBS assay solution at 310 K under the conditions that the T98g cells were assayed.
As shown in Figure 3.10a, significant amounts of the VO(HSHED)Ad compound remained intact
in aqueous buffer under the conditions of the biological assay. However, intact VO(HSHED)
complex began to decrease rapidly after the first hour, and, as time progressed the absorption
maximum for the solution shifted. The absorbance of a V-hindered complex, V(DTB); was
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assigned to a V-complex with three catecholates. At 48 h the absorbance had shifted to near 620
nm and is assigned to the V(Ad)s complex. After 3 h the Amax in the solution shifted approaching
the Amax for the VO(HSHED)-complex with three catecholates, V(Ad)s. The concentration of this
complex increased when the solution was monitored after 48 h. Similar complexes with three
AdOH derivatives have not yet been prepared and characterized previously, however
corresponding complexes have been reported for V(DTB)3.” The corresponding stability study of
[VO(HSHED)(DTB)] is shown in Figure 3.10b. The [VO(HSHED)(DTB)] complex only survive
for a few min, and by 30 min the absorbance at 620 nm indicate that the V(DTB)s complex was
formed. At 24 h the concentration of the [VO(HSHED)(DTB)] complex had decreased

significantly documenting the limited stability of these complexes.

06 —— 0 min ——0min
: —— 30 min 08- [VO(HSHED)(dtb)] ~ [—— 1 min
—1h
——3h
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Figure 3.10. The absorbance of 1 mM [VO(HSHED)(Ad)] and b) [VO(HSHED)(DTB)] in PBS assay buffer measured as a
function of time at 310 K. a) [VO(HSHED)(Ad)] and b) [VO(HSHED)(DTB)].

The stability studies carried out DMSO:H20 and PBS buffer show a remarkable difference
with regard to the stability of the VO(HSHED)-catecholate complex and the formation of the
V(Ad); and the V(DTB)3 complexes. For both systems the Ad-derivative was significantly more

stable than the corresponding DTB compounds. The logP value for [VO(HSHED)(Ad)] was
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calculated through Chemicalize and found to be 3.53 compared to [VO(HSHED)(DTB)] with a

logP value of 2.191.°7-%1

Biological Activity of Vanadium Complexes. The 1Cso values were measured for T98g (human
glioblastoma) cells in a 72 h assay of both fresh solutions of vanadium compound and 24 h aged
solutions in culture media. The most favorable activity ratio of fresh and aged was observed for
fresh solutions of [VO(HSHED)(Ad)]. Consistent with the earlier results, fresh solutions of
[VO(HSHED)(Ad)] showed higher activity (ICso =112 uMor 14 +2 uM in a 72 h assay, Table
3.1 and Figure 3.11) in T98g cells, while aged solutions of this compound were ~2/3-fold less
active under the same conditions (Table 3.1).” As shown in Figure S3.1 the results are reproducible

using the same assays to within 25% with experiments done at different times.
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Figure 3.11. The growth curves are shown for treatment of [VO(HSHED)(Ad)], AdOH and the Schiff base of T98g cells at
310K.

The effects of [VO(HSHED)(Ad)] both in fresh and 24 h aged solutions reflect the effects
of the compound and its decomposition products in the T98g assay. In addition, we were interested
in examining the effects of each of the components of these molecules since the effects of
compounds in assay media is complex. Hence subjecting the 3,5-diadamantyl catechol ligand and
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the Schiff base ligand to similar studies allows the determination of the components as well. Data
for the complexes and components are shown in Figure 3.12. These growth curves show that the
3,5-diadamantyl catechol has a lower ICso value than V-complex by a factor of about 3 for both
fresh solutions and solutions of compounds aged for 24 h. In contrast, when the compounds are
aged for 72 h [VO(HSHED)(Ad)] is more efficient than the AJOH. A study of 3,5-diadamantyl
catechol in the presence of 1:1 ligand to vanadate shows similar affinity as the solutions of fresh

[VO(HSHED)(Ad)] solution complex.

Table 3.1. Antiproliferative activities in T98g cells and stabilities under cell culture
conditions for [VO(HSHED)(Ad)] and AdOH.

Compound ICs0, uM (fresh)” | ICso, uM (aged)* tiz2 (295 K)* Publication
[VOHSHED)(Ad)] 11+2 36 £4 ~200 min This work
AdOH 46+13 25+1 This work
[VO(CI-HSHED)(DTB)] 4.1+£0.5 9+1 ~15 min Ref. %!
[VO(CI-HSHED)(3-Me)] 34 +7 183 ~15s Ref. %!
[VO(CI-HSHED)(Cat)] 19+2 8.1+0.6 ~15s Ref. ‘!
[V(O)2(CI-HSHED)] 37+4 677 ND? Ref. ?!
[VO(HSHED)(DTB)] 1.9+0.2 21 +1 ~ 5 min Ref. 3291
[VO(HSHED)(3-Me)] 46 +9 20+5 <15s Ref. ‘!
[VO(HSHED)(Cat)] 19+7 22+4 <I5s Ref. ¥
[V(O).(HSHED)] 44 +4 70 £8 ND? Ref. 32
cisplatin® 5+1 33+12 Ref.’

Since the [VO(HSHED)(Ad)] complex is more stable and potentially more hydrophobic
than the [VO(HSHED)(DTB)] complex, we examined the cellular V uptake to determine if the
hypothesis that the V-compound resulting in greater V-uptake would be most active. This was
determined by measuring the millions of V-atoms per cell and the amount are shown in Figure
3.10. These measurements show that the order of V-uptake are as follows: [VO(HSHED)Ad],
[VOHSHED)(DTB)], vanadate, and lastly the [V(O):(HSHED)] scaffold. Thus, despite the

greater stability and higher uptake of V-atoms, the antiproliferative effects of the
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[VO(HSHED)Ad] complex is less than the [VO(HSHED)(dtb)] complex suggesting that
properties other than hydrophobicity and stability such as redox properties may be responsible for

the biological activities of this complex.

IC;, (M), 72 h assays Compounds freshly added to the medium; Pre-incubated with medium
for 24 h; Pre-incubated with medium for 72 h; Cellular V uptake, million V atoms per cell.

™ i =

o]
—N__ |1 NH —N._ |! NH =N_ ,NH
/|“‘~o /f\ /H
@’ %(QF -
70+8 25+02
14+1 19+0.2 86+9
36+4 31+3 21+1  16.8+0.7
362 65£5 Na;VOo,
m F S OH 25 & 5
—N N OH HO 26+1 LR
j H Ad
OH OH
cisplatin A HO
>100 P 4 el
5100 51 46+13 + NagVo,
33+12 25+1 Ad (1:1molareq.)

78 £10
166

Figure 3.12. 72 hours assays of various ligand and vanadium complexes to test ICso values.

The synthesis of the 3,5-diadamanty] catecholate was done following the reported procedures. We
found that repeating these conditions at Colorado State University at 1 mile elevation and at
elevated pressure, the reaction is very sensitive to the presence of oxygen and a significant amount
of ligand oxidized. Hence, we conducted the reaction under inert atmosphere to yield pure product
of the 3,5-diadamantyl-1,2-quinone. This product could then be used to synthesize the
[VO(HSHED)(Ad)] complex. Multinuclear NMR spectroscopy was used to characterize the
compound in solution. 'V NMR spectroscopy show that one signal is observed in CDCl3, two

signals is observed in CD3CN and four signals are observed in de-DMSO. The broad signal
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observed in CDCl3 could be a result of two species that are in rapid exchange since the signal is
very broad. This is confirmed by the 'TH NMR where we find multiple isomers in solution. The 2D
NMR was done in DMSO and the aromatic region were able to be identified clearly, but the
aliphatic region is more complex. The [VO(HSHED)(Ad)] complex was found to be significantly
more stable than the other sterically hindered non-innocent V-complexes which makes it more
difficult to solubilize and maintain in common solvents at a concentration and time needed for

taking 2D NMRs.

In Table 3.1 we list the ICso values for the new complex as well as the reported non-
innocent V-Schiff base catecholate systems reported previously and a new series of compounds
with Chloro-substituted Schiff base. The biological studies show that the [VO(HSHED)(Ad)]
complex have an ICsp value of 14uM which is slightly higher than cisplatin (Figure 3.11). Table
3.1 shows the activity of the [VO(HSHED)(Ad)] compared to previous analogs demonstrating that
this new analog belongs to the top compounds with activities of the non-innocent V-Schiff base
complexes that have been investigated to date. The reason why [VO(HSHED)(Ad)] was slightly
less active than [VO(HSHED)(DTB)] might be due to differences in redox potential from the
change of catecholato ligand or the conversion to the VO(Ad); over time affecting biological

activity.

Conclusion-
When developing new complexes, structure activity relationships are important to

investigate and consider. The new compound [VO(HSHED)(Ad)] was synthesized and
characterized by UV-Vis, multinuclear and multidimensional NMR, and MS-ESI. The biological
stability and activity studies showed that the [VO(HSHED)(Ad)] was one of the most stable

complexes that we have synthesized, but still showed less activity from the [VO(HSHED)(DTB)]
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complex. While the newly synthesized [VO(HSHED)(Ad)] complex was slightly less active that
the [VO(HSHED)(DTB)] series, this compound shows that while hydrophobicity is key to future
development of increasing anticancer activity, there are more factors such as redox potential or

formation of the tris-catecholate product that affect the biological activity overall.
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Chapter 4- Speciation of vanadium polyoxometalates and complexes in
biological environments

Introduction-

There are a variety of vanadium compounds that can dissociate in different systems as the
compounds can be unstable in varying biological systems. Decavanadate a polyoxometalate,
prefers a system at a pH of 4-6 while vanadium dipicolinate systems are stable in at more acidic
conditions (Figure 4.1).16-21:9293 While these conditions can be significantly lower than pH 7, we
can take advantage of the dissociation rates by making compounds where the medicinal effects are
in the degradation products. It is important to note that while the benefits of a polyoxometalate
like decavanadate can come from the multiple vanadates that comprise the complex, the
decavanadate complex itself has a different activity than 10 individual vanadates.!> The activity
difference of decavanadate compared to vanadate was notable enough to have also been

investigated by modifying the cage to swap out a vanadium for a molybdate or a platinum.
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Figure 4.1 Structures of decavanadate and vanadium dipicolinate

The dipicolinate systems were also investigated by modifying the substituents on the dipicolinate.
As such we have provided two different vanadium complexes and their speciation profiles from

two different publications to illustrate how the metal complexes can change in various
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environments. In one, we show the results of decavanadate in a bacterial environment, and in the
other we show the results of a vanadium dipicolinate complex in a system suitable for viral growth.
For both conditions, they fall apart in these systems showing that in a system that would resemble
a human or animal biological system, we would have to consider the vanadium species that would
form under these conditions. To characterize metal complexes in biological systems, we can model

the species that the complex may disassociate into when placed into a variety of pHs.

Polyoxometalates
Polyoxometalates (POMs) are a class of compounds that have been investigated in a range

of biological and biomedical systems, as their effects in cell culture studies and in vivo suggest
that these compounds have potential for use as therapeutic agents.'> %+1% Decavanadate is a
homopolyoxometalate anion, and one of the POMs that has been reported to have known biological
effects, as documented by studies reported with cells as well as with isolated enzyme systems.””
100.107-112 "Protein crystal structures have been reported for some protein-POM complexes such as
those reported between the ribosome and a Dawson oxometallate.!'*!'® Other protein-POM
complexes include protein complexes with smaller oxometalates such as decavanadate.!!” The
limited stability of decavanadate at neutral pH would suggest that hydrolysis intermediates may
form and generate stable complexes with proteins or cellular components. Speciation studies are
important in this regard, and different species and possibilities must be considered when
investigating the mode of action of systems that are not thermodynamically stable.!%°” Even if the
speciation is characterized, the active species and mode of action of these complex systems can be
non-trivial to interpret.!1®12* However, a wide range of activities have been reported depending on
the protein, biological system or specific vanadium species. !> 12127 Recently, it has become clear

that compound uptake is critical to the mode of action because many vanadium compounds are

modified during the uptake process.'® 128139 In the case of a large anion such as decavanadate, the
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question 1s simply whether the species is too large to enter through protein channels and thus must
be taken up through endocytosis or passive transport mechanisms. The alternative possibility is
that the uptake is of the smaller vanadium oxovanadates, such as monomeric vanadate, which then
oligomerizes to form decavanadate inside the cell. The formation of decavanadate has been
demonstrated in yeast (S. cerevisiae) and thus makes this anion a desirable system to understand
in greater detail.!!3-11°

Vanadium is a first-row transition metal ion and is in the group of transition metals that
can form POMs.”* 131136 Vanadium is particularly prone to forming homopolyoxometalate ions as
well.”” 13! Indeed, pure crystalline metavanadate and orthovanadate upon dissolution will form

several oxovanadate species containing vanadate monomer, Vi, vanadate dimer, V>, vanadate

tetramer, V4, vanadate pentamer, Vs and decavanadate, V1o, Figure 4.2.137-13
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Figure 4.2. The schematic structures of (A) monomeric vanadate, monomeric and polymeric vanadate series (B) X-ray structure
of V1o and the three different types of vanadium atoms in this complex ion with indicated dimensions.'*° This figure was adapted
with permission from Aureliano and Ohlin (2014), Crans et al. (2017).'%0- 136

Some of these species have been characterized using X-ray crystallography and have been

found to interconvert in aqueous solution.'**1** However, the specifics of the reactions and their
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conditions vary. For example, vanadate and oligomeric species containing 2, 4, and 5 vanadium
atoms are colorless and rapidly convert at neutral pH, Figure 4.2A."%° In contrast, decavanadate
will form rapidly at acidic pH, but is only kinetically stable at neutral pH, Figure 4.2B.°7- 131. 134.136
Indeed, the kinetic studies have shown that decamer formation is a rapid process and much faster
than the V10 decomposition in both neutral and basic solution.!*® The decomposition pathways
investigated follow several different mechanisms and are dependent on the concentrations of H*
and OH™ and the other counter ions present in solution.'*!"'** Information is needed describing how
decavanadate interacts with membrane interfaces and cellular systems, including how
decavanadates biological activities compare to monomeric vanadate. Specifically, an attractive
alternative mode of action to simple decavanadate binding would be the direct delivery of a
vanadium atom from decavanadate to a biomolecule resulting in the dissolution of the
decavanadate cluster. The X-ray characterization of decavanadate shows that its dimensions are
54 Ax7.7A x83 A, Figure 4.2, a large size that cannot be accommodated by many biological
transport channels.'*’ Therefore, any uptake of decavanadate is likely to be through endocytosis
or a passive mechanism. An attractive alternative mode of uptake would involve dissolution of the
cluster by direct delivery of vanadium atoms, for example, into a system such as a protein.
However, such a mechanism is more difficult to investigate and will require more information
regarding the potential interactions of the anion with ligands and interfaces. We have been
addressing related questions for some time and exploring the interactions of V10 with
interfaces.!3% 146148 Indeed, more information is needed to be able to characterize the process of
how the decavanadate converts to the vanadate monomer and smaller clusters, but such processes
undoubtedly involve the molecular association of structures that form in solution. Combined these

studies demonstrate that vanadium compounds may be inhibitory or protective, depending on the
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environment and ligands that may be complexed to it, and thus it is of interest to investigate the
effects of simple vanadium complexes prior to formation of a coordination complex. These studies
directly compare the effects of the two vanadium salt species and in doing so, will allow
researchers to address the issue of whether such oxometalate species exert different effects,
possibly due to uptake or conversion of the salt under physiological conditions.

Speciation of vanadium was calculated using the integration of the vanadium peak(s)
within the 'V NMR spectra. The concentration of each species was determined using the known
added concentration [assuming all vanadium is in the form of V(V)], the integration of the
vanadium peak(s) in the spectrum and by using the mole fractions for each signal, the concentration
of each species could be calculated as shown in Table 4.1.'%

The interpretation of the 'V NMR spectral data was supplemented by speciation
calculations based on constants measured previously.'?” 149150 The species distribution diagrams
were calculated by using HySS 2009 software and known speciation constants of the system at
hand.!'8 137- 149151 The citrate and the phosphate concentrations found in the Middlebrook 7H9 broth
medium supplemented with 5% BSA, 2% dextrose, 5% catalase (ADC) enrichment, glycerol
(0.2%, v/v), and Tween 80 (0.05%, v/v) were 0.48 and 24 mM, respectively.!>? The vanadium
concentrations that were investigated were concentrations of 5, 3.3, and 10 mM. The speciation
diagrams were constructed using the following equilibrium reactions for the binary H*-H,VO4*
system [see equation (4.1)], and two ternary system, H*-HoVO4>~ —C¢Hs07>~ and H*-HaVO4*
—HoPO4 [see equation (4.2) and (4.3)]. The alternate formulas were provided in the format of the
equations provided for comparison. 37 149150

pH* + qH,V0; 2 (HY),(H,V037), (4.1)"Y

pH* + qH,V0; + rCeHs03~ 2 (HY),(H,V057),(CsHs037), (4.2)!%
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form. For example, HVO4*

pH* + qH,VO; +rH,PO; 2 [(H"),(H,

(P, Q) log B Formula

BINARY SYSTEM (H*-H,VO;) REF (2)

-1,1 -792  HVOZ"

-2,2 -1517 V0%~

-1,2 -525  HVp03~

0,2 2.77 HoVp02~

2,4 -8.88 Vv,085

-1,4 0.22 HV40%5

0,4 100 Vlerry

0,5 124 V5035

4,10 52.1 V10055

5,10 58.1 HV10035

6,10 61.9 HoV100%5

7,10 63.5 HsV10035

2,1 6.96 voF

P,a, 1) log g Formula

TERNARY SYSTEM (H*-H,V02~CgH503") REF (3)
1,0,1 5.217 Git2~

2,0,1 9.208 cit~

3,0,1 12.067 Cit

;2,1 12.84 (H+)HaVO2)o(Cit%™)
2,2,1 19.68 (H+)2(H2V02")2(Cn3 )
3,2,1 24.12 (H+)3(HaVO3 )o(Cit%-)
3,1,1 18.35 (H+)3(H2V02 )Cit3-)
2,11 14.1 (H)a(HVOZ7)(Cit)
4,2,2 313 (H+)4(H2v02 )2(Cit3~)p
5,2,2 35.3 (HH)5(HoVO2 ) (Cit3-)p
6,2,2 39.2 (H+)s(HoVOZ ™ )(Cit3")p
Pq, log Formula

TERNARY SYSTEM (H*-H,VO2~H,POj) REF (4)
-2,0,1 -17.650  POS™

-1.0.1 -6418  HPOZ~

1,0,1 1.772 HgPO,

9,14, 1 90.7 HgPV140%;

10, 14, 1 94.84 HaPV14035

11,14, 1 96,41 HsPV14055

as (—1,1) where the p being —1.!%" ¥ To quantify the V-
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is described as minus HVO4>~

VO37),(H,POL), P97 (4.3)P°

Table 4.1. Formation Constants of Vanadate Species in a 0.6M NaCl system

Extended formula

H*)_1(HoVO3 ")
H*)_2(HaVO35 )2

H*)s(szo2 )10
(H+ 6(H2V02 )10

H)7(H2V03 )10
H*)z(HzVOZ_ ho

Extended formula

HH)Cit3™)
(H*)(Cit®™)
(HH)3(Cit>")

Extended formula

[(HH)-2(H2POZ )%~
[(H)-1(H2POZ )2~
[(H*)H2POZ)
[(H)o (H2VOZ )14
(H2PO, )8~
[(H*)10 (H2VO3 )14
(HzPOZ )%~

()11 (HVOZ g
(HoPOZ )4~

As described previously, the equations above describe the nature of the complexes that

species of decavanadate that are present
in the growth assay media, we carried out speciation analyses modeling experimentally the
distribution of vanadium species in the media. This model can analyze the experimental conditions

found in solution prepared by the addition of metavanadate and exposed to the conditions of the

- H* and thus the species is described



cell growth assay. We used the reactions reported previously with regard to the exchange of labile

92,97, 125, 137-139, 146, 149, 153-155 125, 149

oxovanadates , the formation of the VCit complex , the formation

153.155 "and the thermodynamics relating to the decavanadate deprotonation

of the PV complex
reactions’” 46 1% The known speciation parameters used for vanadate at various pH values were
measured in the presence of 0.6M NaCl to keep the salt concentration constant for all the

components in the system. As shown in Figure 4.3, the species composition for the conditions of

two different concentrations of vanadium (3.3mM and 10mM) are illustrated.

A

B
3.3 mM NaVO; + Smeg 24 hr. pH tiJ\\ 10 mM NaVvO; + Smeg 24 hr. pH 6.7;\,}

3.3 mM NaVvo, + Smeg 5 hr. 6.77
TR AR RomOg SAN J\r} Vs 10 mM NaVO; + Smeg 5 hr. pH 6.80 I
V2 b
Va2
Vs Vs
3.3 mM NaVO, + Smeg 1 hr. pH 6.80 10 mM NaVO, + Smeg 1 ht. pH 6.80
3 . .
V¥ V,+PV
4

3.3 mM NaVvO; + Smeg 0 hr. pH 6.81 10 mM NaVO; + Smeg 0 hr. pH 6.83
VCit
VCit

-500 -520 -540 -560 -580 -600 -620 -640
f2 (ppm)

500 -520 -540 -560 -580 -600  -620
f2 (ppm)

Figure 4.3. The 3'V NMR spectra of media in which M. smeg had grown at 0, 1, 5, and 24 h time points. Data for two
concentrations are shown in (A) 3.3 mM V| treatment (3.3 mM V-atoms) and (B) 10 mM V| treatment (10 mM V-atoms).
See Figure 4.4B caption for key to labeling.

As discussed above, the vanadium samples prepared with decavanadate will not contain
this speciation distribution because all V(V) was converted to V9. The addition of this solution to
the media will only slowly hydrolyze the V1o species to the equilibrium oxovanadate mixture if
above or near pH 7. The speciation analysis of the conditions observed in the media with freely
exchangeable oxovanadate shown in Figure 4.4 demonstrate that an observable amount of VCit
complex forms. Depending on the concentration of the vanadium, the contribution of VCit is larger
percentage wise at the lower concentrations of vanadate; for example, at 0.005 and 1.0mM V atoms
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at neutral pH the amount is 75-80% (in terms of mole fraction) of VCit complex.
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v, NaVvo, pH 8.3 Ve
Vyo Stock pH 3.1 ve vi
Ve A )\ Vs
-400 -450 -500 -550 -600 -450 -500 -550 -600 -650
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Figure 4.4. (A)°>'V NMR (78.9 MHz) spectra are shown of solution of decavanadate (10 mM V 10, 100 mM V-atoms). The
samples are from the bottom up diluted Vo stock solution (100 mM V-atom) at pH 3.1; 10 mM Vo in the presence of 0.48
mM and 0.97 mM citrate at pH 2.8 and 2.2, respectively; 10 mM Vo in the presence of 24 mM P; at pH 6.9; and finally 10
mM Vo in the presence of Middlebrook 7H9 broth medium supplemented with 10% ADC enrichment (5% BSA, 2% dextrose,
5% catalase), glycerol (0.2%, v/v) and Tween 80 (0.05%, v/v) recorded both in the absence and the presence of a capillary
reference of 100 mM Na3VOa.

(B) 'V NMR (78.9 MHz) spectra are shown of solution of colorless oxovanadate (40 mM V1, 40 mM V-atoms). The samples
are from the bottom up diluted V1 stock solution (40 mM V-atom) at pH 8.3; 10 mM Vo in the presence of 24 mM P; at pH
8.1; 10 mM Vo in the presence of 0.48 mM citrate at pH 6.3, and finally 10 mM Vo in the presence of Middlebrook 7H9
broth medium supplemented with 10% ADC enrichment (5% BSA, 2% dextrose, 5% catalase), glycerol (0.2%, v/v) and Tween
80 (0.05%, v/v) recorded both in the absence and the presence of a capillary reference of 100 mM Na3VOs. The spectrum
labeled Reference is of the capillary reference alone (top spectrum). The key to the signals: V-oligomers, Vi monomer; V2,
dimer; V4, tetramer; Vs, pentamer; VCit, V-citrate complex; PV, vanadate-phosphate complex.

In contrast, at 10mM V-atoms at neutral pH the amount is ~10%. However, if the amounts are
calculated, this would correspond to 0.0004, and 1.0mM VCit complex in the media. These
observations are consistent with the very strong formation constant for VCit. The PV complex,
however, is much less stable, and even though there is much more phosphate in the assay, the PV
complex is only observed in a significant concentration at high V and Pi concentrations (5 and
24mM, respective). Although the PV complex is only observed in high concentrations at mM V-
treatments the shifting of the V signal attests to the presence of the PV adduct in the assays with
M. tb and M. smeg. The results shown in Figure 4.5 are in general agreement with the experimental
data obtained in Figures 4.3, 4.4 with regard to formation of the VCit and PV complexes. Figure

4.5 shows that there are four different VCit complexes formed at
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Figure 4.5. The evaluation of the speciation at different vanadium concentration using HySS Program (vs. 2009) (Alderighi
et al., 1999). The speciation diagram shown was calculated at several vanadium (V-atom) concentrations in the presence of
0.48 mM citrate and 24 mM phosphate found in the growth media and (A) 5.0 uM vanadate, (B) 3.3 mM vanadate, and (C) 10
mM vanadate. Note, the concentrations of different species regardless of nuclearity are here shown in terms of V-atoms.

low vanadium concentration, but at higher concentration and in the presence of phosphate two

major VCit complexes formed.

There are several assumptions on which these estimations are based, including the
differences in ionic strengths, the low concentration of the vanadium used, and the fact that some

reduction takes place during the growth experiment to be changing the concentrations somewhat
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of the VCit and PV complexes. Regardless, our general considerations demonstrate that VCit and
PV complexes should form as predicted by the speciation analysis and reflect the equilibrium

mixture observed by NMR analysis. !37: 149-150

Vanadium Coordination Complexes
For vanadium coordination complexes, we investigated vanadium dipicolinates to evaluate

oncolytic virus infection efficacy based on their chemical and antidiabetic properties and explore
their predicted effects in enhancing RNA oncolytic viruses. As the compound would fall apart over
time, we wanted to know what species of the compound would exist at various concentrations and

pH.

Solution speciation were measured using potentiometry and spectroscopic methods
resulting in quantification of species with defined stoichiometry. Details in the speciation of V
derivatives have been described. The vanadium complexes are defined by the notation (p, q).
Equation (4.4) shows H*, a metal ion (M) forming a complex with the stoichiometry defined by p
and q in an equilibrium reaction, respectively. The resulting formation constant 3 (p, q) is shown
in equation (4.5), where the concentrations of H*, M are multiplied with each other and divided by
the concentration of the complex. Speciation chemistry is defined by a series of constants that
represent the system 2% 15° Using these constants will allow for prediction of species distribution

at defined parameters.

pH* + qM + = (H)p(M)q (4.4)
_ D0
B0.d = Grpand (4.5)

pH® + gM + rL = (H),(M)q(L): (4.6)
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(H)p(M)q(L)r

B.ar) = Gepaniar (+7)

Formation constants are reported in the literature values at a 0.40 ionic strength for
[VOadipic] and [VO2dipic-OH] 93157 However, a comparison of more derivatives was done at a
lower ionic strength.!?® The vanadate oligomeric speciation constants are reported at several ionic
strengths including 0.15'%8, 0.40%%, 0.60'¥7 and 3.00'**. We carried out NMR studies quantitating
[VOadipic] both at low ionic strength (no salts added), at 0.15 and at 0.40 to evaluate the effects
of ionic strength of intact complex, Figure 4.6. The spectra in Figure 4.6 show that the ratio of
complex to free dipic ligand signal varies significantly with changes in ionic strength. Since the
concentration of intact complex is dependent on ionic strengths, we modelled the speciation profile
to accurately estimate the amounts of intact complexes during the biological treatment (see the

Supplemental Material).

a b
. Free ligand Free ligand |
[VO_dipic] [VOdipic] 0.40 [VOdipicCI]: |, | 0.40
\ ¥ ‘
v Free ligand Free ligand |
[VO:dipic] [VO_dipic] R sag, o
|| B P | | 0.15
A ‘
[VOleplcl' S [VO.dipicCl]: |
[VOdipic] |
| ﬂ No salt | Prss g No salt
A UL ‘ :
8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1 8.0 79 28 37 86 85 84 3 82 51 80 To T8 77 T8
——— 1 (ppm)

Figure 4.6. The 'H NMR spectra recorded in solutions of [VO.dipic]™ at pH 6.00 (a) and [VO2dipicCl]™ at pH 6.00 (b) at no
added salt (bottom), 0.15 M KCl and at 0.40 M KCl

The vanadium complexes are defined by the notation (p, g, r). Equation (4.6) shows H*, a
metal ion (M), and a ligand (L) forming a complex with the stoichiometry defined by p, q, and r in
an equilibrium reaction, respectively. The resulting formation constant  (p, q, r) is shown in

equation (4/7), where the concentrations of H*, M, and L are multiplied with each other and divided
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by the concentration of the complex. Speciation chemistry is defined by a series of constants that
represent the system 2% 156, Using these constants will allow for prediction of species distribution
at defined parameters. The formation constants are known for some ionic strengths, and speciation
profiles can be calculated for these conditions using the known pH-dependent apparent equilibrium
constants, see Egs. (4.5) and (4.7). NMR measurements were done to determine the amounts of
the parent [VO.dipic] complex at 0.40 ionic strength to confirm the reported values.”” Then, NMR
studies were performed at other ionic strengths to verify the known [VO2dipic]". These studies
confirmed the amounts of both [VO2dipic] and [VO2dipic-Cl] present to quantify the amounts of
[VOudipic]” and [VO:dipic-Cl]" under varying conditions. Using the formation constants,
speciation profiles could be calculated using the HySS2009 program) and were used to predict the
parent [VO:dipic]” complex at the ionic strength 0.40 at which the formation constants have been
reported for both vanadate oligomers and the [VOadipic]” complex (Figure 4.7).'% 2 These
calculations allow comparisons between calculated and experimentally measured [VOadipic] to
verify the approach. The speciation profiles should be calculated at the ionic strength of the cell
culture media, and this ionic strength is calculated using Eq. (4.5). The details of the calculation
are shown in the Supplemental Material, and the result was found to be 0.17. Accordingly, the
speciation evaluations in this manuscript were continued using an ionic strength of 0.15. NMR
measurements were done at ionic strength I = 0.15. This was followed by calculations carried out
using the oxovanadate formation constants determined at ionic strength I = 0.15. We also
investigated Na[VO» dipic-OH]. Studies of this system were carried out in detail and are presented

in the Supplemental Material. The medium that has an ionic strength of 0.20 or 0.15 was used.”

For vanadium dipic, the ionic strength of the media was calculated using equation (4.3) as

the system was different. The 40 components in the media were evaluated with regard to the charge
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Figure 4.7. The speciation profiles for [VOadipic]™ (a, c, e) and [VO2dipic-Cl] (b, d, f) is shown using total V-concentrations
of 400 pM mM (a, b), 160 uM (c, d) and 1.0 uM (e, f). The calculations were done using the vanadate oligomerization

constants for 0.15 M NaCl (add ref). Key for curves: red [VO2dipic] or [VOzdipic-Cl]; blue H[VOadipic] or H[VO2dipic-Cl];
purple Vi; green VO, light green and beige V4 species

and their respective contribution to the ionic strength. Assuming that the contributions of serum
albumin and other minor component were negligible, the total ionic strength was found to be 0.17.

This ionic strength is similar to the speciation studies reported generated in aqueous solutions with
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NaCl up to an ionic strength of 0.15. The constants were determined in these studies for vanadate
oligomers and were chosen to be used for prediction of speciation in media described in this work.
Spectra of the [VOadipic]” complex, the free dipic ligand and the corresponding [VO2dipic-Cl]
complex and its free ligand at 0.15 ionic strength were recorded using °'V and 'H NMR
spectroscopy. These NMR spectra are shown in supplemental materials (Figs. S4.1 — S4.4). Using
the measured pKa value for Hzdipic and Hadipic-Cl and the apparent formation constants for
[VO2(dipic)]” and [VOqdipic-Cl]" allowed for the calculation of speciation profiles for both
complexes. The speciation of these systems is shown in Figure S4.8 from pH 5 through 9 at the
concentration that the NMR spectra were recorded. However, for studies described here, the
speciation profile was calculated for 0.16 mM which is near or at the concentration where the

greatest amount of virus enhancement was observed.

According to the speciation profiles for the low end of the dose response range (0.002 uM)
there is little intact [VOqdipic]” and VOadipic-Cl]'complex, whereas at the high end of the dose
response range (0.4 mM) an observable amount of both complexes is present. Peak GFP count was
observed at 160 uM for both [VO:dipic]” and [VO2dipic-OH]” complexes and at 400 uM for the
[VOodipic-CI]" complex. Viability and GFP data for the [VOadipic], [VOadipic-OH] and
[VOadipic-CI] complexes are indistinguishable from the effects observed with vanadate at 160
uM. Although the complexes may hydrolyze in aqueous solution some intact complex may
facilitate the uptake of the compounds by the oncolytic virus or the cancer cell so the interactions
of the [VOadipic-Cl]" complex was explored by studies in the microemulsion cellular system for

comparison with similar studies done with [VOdipic]".
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Conclusion
At the conditions of the two different environments, we find that our complexes, both a

coordination complexes and a polyoxometalate completely fall apart under biological conditions
after 24 hours. We show two representative studies, one in anticancer cells and another in a
bacterial system. For one system this is ideal as the complex should fall apart after a given amount
of time as the vanadium decomposition products are useful. For the other, ideally, we would like

the compound to last longer as the complex itself is the most effective at the treatment.
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Chapter 5- Conclusions

Cancer is still one of the leading causes of death in the United States and it is vital to keep
cancer research ongoing. Although many potential treatments such as nanomaterials, heat, organic
compounds, and polymers are being investigated, research for metal complexes as a cancer
treatment tend to be focused towards platinum based drugs which is unsustainable in the long term
as platinum is rare, expensive, and used in much more than just medicines.® As such, finding
alternative complexes would be desirable. Metals such as gallium, rhenium, cobalt, gold and zinc
are options, but vanadium has already proven to have medicinal properties that makes it promising
for further research not only as the base metal, but also as varying coordination complexes. 316!
BMOV and BEOV were considered as possible diabetes drug candidates but ran out of money
during Phase 2 testing, decavanadate has been reported to inhibit the growth rates of tuberculosis
and ortho and metavanadate have been shown to significantly increase the growth rate of oncolytic

viruses for immunotherapy options. '3

As of currently, the [VO(HSHED)(DTB)] complex is still our most potent compound with
a cytotoxicity against T98g cells that was 12-fold more toxic than cisplatin.” Ideally, we would
like to improve on this compound so it will be effective for clinical trials. There are multiple areas
that can be modified as reported in the earlier sections. For the vanadium Schiff base, we wanted
to improve both the hydrophobicity and the biological activity in T98g cells. In Chapter 2, our
structure activity relationship studies for our vanadium Schiff base series have shown that the
catecholate ligand has the highest impact on the hydrophobicity. The modification of the
salicylaldehyde portion of the compound showed less impact with the halogen modification, but

the fact that the activity and hydrophobicity does change with the EWG shows that the
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salicylaldehyde can modify the properties of the compound as a whole. Rather than halogenation
of the salicylaldehyde portion of the Schiff base and increasing electronegativity, adding more
sterically hindered substituents would be an alternative approach that led to more efficacious
compounds. More electron donating groups on the salicylaldehyde portion of the compound may
also be a target. Our attempts at EDG on the catechol caused the compound to hydrolyze and fall
apart in minutes, but if we combine an EDG modification on the salicylaldehyde with very bulky
hydrophobic groups on the catecholate ligand, the complex may last longer and have desirable
redox properties. Another modification site would also be on the hydroxyethyl diamine portion of
the Schiff base complex. There have been attempts to modify this area, but the activity and the
stability were shown to be significantly lower when the hydroxyl group was removed from that
portion of the molecule. Perhaps adding substituents to the side chain rather than replacing the
ligand entirely would be more effective. The -OH group may be hydrogen bonding to either the
vanadium metal or the catechol ligand. The main focus should be on the catecholato ligand as that
has shown to have the largest effect on the hydrophobicity. Vanadium Schiff base complexes with
the base catecholato ligand and the methyl catecholato ligand tend to fall apart within 1-10 minutes
in cell culture media. The [VO(HSHED)(DTB)] complex can last up to 24 hours which gives the
compound time to reach the active site and cause cytotoxic effects to the cancer cells before falling

apart.

In Chapter 3, we introduced the development of the adamantanol catecholato ligand as an
alternative to the di-fert-butyl catecholato with this idea in mind. If the bulky di-tert butyl ligand
showed activity through hydrophobicity, then a bulkier ligand would stand to reason to have both
a greater hydrophobicity and biological activity. Based on preliminary studies on the vanadium

Schiff base complex, it is stable up to 24 hours, but we do observe that the compound then
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hydrolyzes into the vanadium (IV) tris catecholato species. How this may affect the cytotoxicity
is still being researched, although it has been shown that it may cause the compound to have overall
less cytotoxicity than the [VO(HSHED)(DTB)] complex. Lastly in Chapter 4, we show that while
metal complexes have potential as drug candidates, the hydrolysis products always have to be kept
in consideration. As the vanadium Schiff bases have shown, even though the main complex is what
provides the most cytotoxicity to the cancer cells, the decomposition products have activity of their

own both towards the cancer cells as well as regular cells.

As mentioned previously, we have observed the formation of vanadium (IV) tris adamantyl
catecholato, and while it forms during the hydrolysis of the vanadium Schiff bases, it has not been
isolated and investigated as another possible cytotoxic drug. This may be another avenue worth
investigating as the catecholato ligand has shown to have the largest impact on the hydrophobicity
of the complexes. The vanadium tris di-zert-butyl catechol has been shown to also have cytotoxic
effects, but the complex falls apart rapidly in water or cell culture media. The vanadium tris

adamantyl catecholate may be able to stay intact for longer periods of time.

While vanadium coordination chemistry can be one of the more challenging fields of study
because of how many different species to consider based on factors like concentrations, ionic
strengths, pHs, and other environmental effects, there is so much potential in the field of vanadium
chemistry. The research shown here is only scratching the surface of what could be a viable
effective treatment to some of the worst forms of cancer out there. From straight intratumoral or
intravenous drugs to creating environments for other treatments to work in tandem, there is still so
much work to be done. Based on the comprehensive structure relationship activity studies I have
done, my coworkers have taken what I have researched and are building compounds that build off

the foundation that I have made. From the [VO(HSHED)(DTB)] compound, we now have
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discovered and synthesized three new compounds that are on the same level of biological activity
as our best complex. I wish them the best in their research as the more potent the compounds are,
the better our cancer treatments will be in the future. I greatly appreciate the opportunity to develop

these projects and I only hope that it was a start into more metal drug synthesis research.
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Appendix A — Supplementary Information Corresponding to Chapter 2
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Figure S2.1-S2.3 showing the synthesis of [VO2(ClI-HSHED)], [VO(CI-HSHED) (Cat)], [VO(Cl HSHED)(DTB)]
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Figure S2.4. 1D 'H NMR (400 MHz) of [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)], [VO(CI-HSHED)(DTB)] in
CD3CN and DMSO.
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Figure S2.5. '"H NMR (400MHz) of 1mM [VO(CI-HSHED)(DTB)] in CD3CN with one drop of D20 (top) and without
(bottom).
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Figure S2.6. 'H NMR (400MHz) aliphatic region of ImM [VO(CI-HSHED)(DTB)] in CD3CN with one drop of D20 (top)
and without (bottom).
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Spiking the 'TH NMR CD3CN sample with DO removed the broad signal at 2.8 ppm (NH
proton), as well as an intensity within the 4 ppm multiplet (OH proton). The interpretation of the
coupling based on the spiking experiment was as follows: The DO spike changed the coupling
pattern of a peak at 2.92 ppm from a dq to a dt, signifying the loss of the coupling to the NH proton.
In the COSY, a correlation between Hyand a peak at 2.92 assigned to Hu or Hy. The peak at 2.92
ppm also correlated to a peak at 3.54 ppm being the corresponding proton to Huxv. A peak at 3.79
ppm is a ddd, a peak at 3.57 ppm is a multiplet, a peak at 3.43 ppm is a ddd, and a peak at 3.32
ppm is a td. The coupling patterns of peaks 3.43 and 3.32 were indicative of an AB pattern and
were assigned to Hw and Hx. The remaining peaks at 3.79 ppm and 3.57 ppm were assigned to Hy
and H.. Not only did the D>O remove the exchangeable OH and NH protons, but the integrations

and the resolution of the remaining coupling patterns were simplified assisting the interpretation
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of the solution structure. This simplification may not only be due to removal of the N-H coupling,
since each of the geometric isomers has two potential diastereomers due to the chirality around the
coordinated secondary amine that would give distinct NMR signals if both existed in solution. The
rapid exchange of the N-D group on the NMR timescale in the presence of D>O would lead to
rapid equilibration of such diastereomers and, hence, a single set of signals for each set of

diastereomers.
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Figure S2.7. 'H-'H COSY and 'H-'"H NOESY NMR (400MHz) spectra of 10mM [VO(CI-HSHED)(3-MeCat)] in CD3CN
and a D>0 spike at 26°C. (A) Full '"H-"H COSY NMR spectrum of [VO(CI-HSHED)(3-MeCat)] in CD3CN. (B) Zoom in of
aromatic region '"H-"H COSY NMR spectrum of [VO(CI-HSHED)(3-MeCat)]. (C) Zoom in of aliphatic region '"H-'"H COSY
NMR spectrum of [VO(CI-HSHED)(3-MeCat)]. (D) Full 'H-'H NOESY NMR spectrum of [VO(CI-HSHED)(3-MeCat)].
Blue intensity contours represent negative NOE’s and red intensity contours represent positive NOE’s. A standard NOESY
sequence was used consisting of 200-256 transients with 16 scans in the f1 domain using a 500 ms mixing time anda 1.5 s
relaxation delay. The structures of and [VO(CI-HSHED)(3-MeCat)] are shown with a proton labelling scheme key.
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Figure S2.8. Experimental (top) and simulated (bottom) spectra of [VO(HSHED)(Cat)]
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Figure S2.9. Experimental (top) and simulated (bottom) spectra of [VO(HSHED)(3-MeCat)]
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Figure S2.10. Experimental (top) and simulated (bottom) spectra of [VO(HSHED)(DTB)]
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Figure S2.11. Experimental (top) and simulated (bottom) spectra of [VO(CI-HSHED)(Cat)]
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Figure S2.12. Experimental (top) and simulated (bottom) spectra of [VO(CI-HSHED)(3-MeCat)]
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Figure S2.13. Experimental (top) and simulated (bottom) spectra of [VO(CI-HSHED)(DTB)]
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Figure S2.14. Halfwave potentials of VO(CI-HSHED) and VO(HSHED) complexes in acetonitrile, run at 100mV/sec in
triplicate. An internal standard of ferrocene at 2mM was used.
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Figure S2.15. Comparison of Cyclic Voltammograms of 2.0 mM [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)],
[VO(CI-HSHED)(DTB)] and corresponding [VO(HSHED)(Cat)], [VOHSHED)(3-MeCat)], [VO(HSHED)(DTB)] of the
complexes, 100 mM of TBAP in CH3CN, run at 100 mV s,
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Figure S2.16. Superimposed Cyclic Voltammograms of 2.0 mM of [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-Me)],
[VO(CI-HSHED)(DTB)], and [VO(HSHED)(Cat)], [VO(HSHED)(3-Me)], [VO(HSHED)(DTB)], 2mM Ferrocene, 100 mM
of TBAP in CH3CN. Error bars show standard deviation of the CV ran in triplicate samples.
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Figure S2.17. Comparison of Cyclic Voltammograms of 2.0 mM [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)],
[VO(CI-HSHED)(DTB)] and corresponding [VO(HSHED)(Cat)], [VO(HSHED)(3-MeCat)], [VO(HSHED)(DTB)] of the
complexes, 2 mM Ferrocene, 100 mM of TBAP in CH3CN. Error bars show standard deviation of the CV ran in triplicate
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Figure S2.18. Comparison of a hysteresis set of cyclic voltammograms of approx 2.0 mM [VO(CI-HSHED)(Cat)],
[VO(CI-HSHED)(3-MeCat)], [VO(CI-HSHED)(DTB)], 100 mM of TBAP in CH3CN. The CV consisted of 10 sements,
with a CV from 0.5V to -1V and back to 0.5V being repeated 5 times.
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Figure S2.19. Comparison of Cyclic Voltammograms of 2.0 mM [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)],

[VO(CI-HSHED)(DTB)], 100 mM of TBAP in CH3CN. Successive CV’s from 1V to -1.5V and from -1.5V to 1V were run
on one sample five times within a short period of time.
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Figure S2.20. Comparison of Cyclic Voltammograms of 2.0 mM [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)],

[VO(CI-HSHED)(DTB)], to the precursor [VO2(CI-HSHED)] and the ligands (Cat), (3-MeCat) and (DTB) with 100 mM of
TBAP in CH3CN.
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Figure S2.21. Comparison of peak anodic and cathodic currents of the vanndium redox peak around -0.8V of 2.0 mM [VO(Cl-
HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)], [VO(CI-HSHED)(DTB)] and corresponding [VO(HSHED)(Cat)],
[VOHSHED)(3-MeCat)], [VO(HSHED)(DTB)] of the complexes, 2 mM Ferrocene, 100 mM of TBAP in CH3CN. CV’s were
run on triplicate samples.
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Figure S2.22. Comparison of Spectroelectrochemistry of 2.0 mM [VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)],
[VO(CI-HSHED)(DTB)], with 100 mM of TBAP in CH3CN. Spectra were run before the vanadium redox peak (approx -

0.5V) and after (approx -1.5V).
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Figure S2.23. Comparison of the difference between peak anodic and cathodic currents of the vanadium redox peak around -
0.8V, the /I value of those current as a measure of reversibility, and the calculated average diffusion constants of 2.0 mM
[VO(CI-HSHED)(Cat)], [VO(CI-HSHED)(3-MeCat)], [VO(CI-HSHED)(DTB)] and corresponding [VO(HSHED)(Cat)],
[VOHSHED)(3-MeCat)], [VO(HSHED)(DTB)], 2 mM Ferrocene, 100 mM of TBAP in CH3CN. CV’s were run on triplicate
samples.
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Table S2.1 Ei, potentials and other electrochemical data for the V(V/IV) couples of the CI-

HSHED and HSHED catecholate complexes with standard deviations from three samples.
Complex Average Ein vs | AE of V| AEofFc Ipa I
MeoFct/MejoFc (V) couples (V) V) (UA) (UA)

[VO(CI-HSHED)(Cat)] -0.173+0.002 0.17+£0.01 0.13+0.01 31£4 | -31+5

[VO(CI-HSHED)(DTB)] -0.203+0.002 0.14 £0.03 0.087 + 1262 | 2744
0.003

[VO(CI-HSHED)(3- -0.276+0.005 0.145+£0.003 | 0.12+0.02 | 29+4 | -28+5

MeCat)]

[VOHSHED)(Cat)] -0.192+0.002 0.092 £0.003 | 0.074 +|162 *|-63+12
0.005 12

[VOHSHED)(DTB)] -0.221+0.02 0.159 £0.001 | 0.085 +|34+£2 | -36.55 =
0.002 0.04

[VO(HSHED)(3-MeCat) -0.296+0.002 0.089£0.003 | 0.0835 +|38+5 |-38+6
0.0006
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Information of calculation of the diffusion constant (D,)

To calculate the diffusion coefficient (D¢o) the Randles-Sevcik equation was used, with the

solution assumed to be at 25 °C and standard temperature and pressure (STP) conditions.

2
Equation 1: D, = ( Ip3 1)

2.69+105*n2x Ap*C*v2

I, is the peak current from a voltammogram in amps. The number of electrons transferred is n,
which is equal to 1 for these compounds. A is the area of the working electrode, 0.07069 cm?. C

is the concentration of the analyte in the solution in mol/cm?. The scan rate is v, in volts per second.

Table S2.2. Electrochemical data for the V(V/IV) couples of the CI-HSHED and HSHED

catecholate complexes ran at S0mV/sec

Complex Ein vs. Fc*/Fc |AE of V AE of Fc  [Dgo * 10 Ipa Ipc Ipa/Ipe
V) couples (V) V) (cm?/sec)
(MA)  [(HA) |(uA)

[VO(CI-HSHED)(Cat)] |-0.680+ 0.003 [0.14 +0.01 0.104 + 10+3 25+ 4 |-27+£4 0917+

0.009 0.004
[VO(CI-HSHED)(DTB)] [-0.783 0.143 0.078 4 22 -17 1.26
[VO(CI-HSHED)(3- -0.709 £ 0.004/0.1211 + 0.10 £ 8+2 22+ |23+ |0.93+£0.02
MeCat)] 0.0001 0.01 3 3

Electrochemical data for the V(V/IV) couples of the CI-HSHED and HSHED catecholate complexes ran at 25SmV/sec

Complex Einvs. Fc*/Fc  |AE of V AE of Fc  |D¢o * 10 Ipa I Ipa/Tpe
V) couples (V)  |(V) (cm?/sec)
MA) A ((nA)

[VO(CI-HSHED)(Cat)] [-0.682+0.003 [0.121 £0.009 [0.093+ |11+3 19+¢3  [-21+2 |0.88%

0.005 0.03
[VO(CI- -0.790+0.004  [0.106 £ 0.004 [0.086 + [4.3+0.3 147+ [-13.0+ |1.1£0.1
HSHED)(DTB)] 0.004 0.7 0.6
[VO(CI-HSHED)(3- -0.712 £0.001 ]0.107 £0.003 [0.090+ [8+£2 16+3 [-17+2 |0.93+
MeCat)] 0.008 0.03

114



To aid our design of hydrophobic compounds, we estimated logP values (Partition
coefficients). Estimated logP values were calculated from Chemicalize which is a program that
can calculate logP values for organic molecules based on structure. Since the program is designed
more for organic molecules rather than our coordination complexes which contain some coordinate
bonds, we explored multiple different options in our structures for the calculation of logP. Shown
in Table S2.3, the headings indicate how the compound was presented in Chemicalize for
calculations as the values changed based on categorization of the bonds: Coordinate bonding,
covalently bonding through 4-coordinate neutral nitrogens, covalently bonding through 4-
coordinate positive charged nitrogen. Although the bond between the metal center to the amine
should be a coordinate bond, because Chemicalize is mostly used for organic compounds, we used
covalent bonds for calculation purposes. Coordinate refers to the structure being drawn with
coordinate bonding from the metal center to the amine, while covalent refers to the structure being
drawn with covalent bonding from the metal center to the amine. The experimentally observed
properties followed the logP values of a neutral covalent bonding and these values were used for

our studies.
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Table S2.3. Calculated LogP Values

[VO(X-HSHED)(Cat)] Cat Coordinate | Covalent- Neutral N | Covalent - Positive N
X=H,Cl
Cl Cat -2.482 2.126 -0.546
Cl 3- -2.015 2.593 -0.078
MeCat
Cl DTB 0.772 5.38 2.709
H Cat -3 1.608 -1.064
H 3- -2.533 2.075 -0.596
MeCat
H DTB 0.254 4.862 2.191
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Figure S2.24a. Typical time-dependent UV-Vis spectra of V(V) complexes in fully supplemented cell culture medium ([V] = 100

uM, 295 K or 310 K).
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Figure S2.24b. Typical time-dependent UV-Vis spectra of V(V) complexes in fully supplemented cell culture medium ([V] = 100
uM, 295 K or 310 K).
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Figure S2.25a. Typical concentration dependencies of cell viabilities (72 h assays). Points are the experimental values, and curves
are sigmoidal fits of the experimental data. Error bars represent errors and standard deviations of six replicate wells.
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Figure S2.25b. Typical concentration dependencies of cell viabilities (72 h assays). Points are the experimental values, and curves
are sigmoidal fits of the experimental data. Error bars represent errors and standard deviations of six replicate wells.
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Appendix B- Supplementary Information Corresponding to Chapter 3
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Figure S3.1. Two series of studies of the effects of [VO(HSHED)(Ad)] on T98g cells show that the effects of these compounds
reproduce nicely not only showing similar patterns, but the ICso values being within 25% reproducible.
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Appendix C — Supplementary Information Corresponding to Chapter 4

NMR spectra were recorded under conditions that speciation constants were determined
previously (Crans et al 2000), and the experimental data was compared with these data. Once the
previous work was verified, we used this data and recorded spectra at lower ionic strength for the
fit in the cell culture media. This section thus describe how constants were obtained at the ionic

strength consistent with that of the cell culture assays.

[VOdipic] Free Ligand

10.40

[VO:dipic] Free Ligand

A 10.15

B8 87 86 85 84 83
f1 (ppm) Al

8.8 8.7 8.6 8.5 84 83 8.2 8.1 8.0 79

1 (ppm)
\'
10.40
[VOdipicl v; v, | Vs
A _ JU
Vs
10.15

|
a N

[VOudipicl v, V, | Vs

480 500 520 540 560 -580 -600 -620 -640 -660
f1 (ppm)

Figure S4.1. [VOadipic]- at pH = 6.60. The '"H NMR spectra (a) and the >'V NMR spectra (b) of aqueous solutions containing
[VOqdipic] are shown

Using the data shown in for [VOqdipic] in Figure S4.1, the concentrations of the species
present at a given pH were calculated. The following concentrations were obtained by °'V NMR

spectroscopy: [VOqdipic]. [Vi] (=[H2VO4]), [V2], [V4] and [Vs]. The concentrations of
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[VOqdipic] and [dipic2] were obtained by 'H NMR spectroscopy. Those values were combined in
the Supplemental Table S4.1 below and compared to the apparent formation constant calculated
in the previous study which was 3.9 x 10> M (Crans et al 2000). The measurements were done
in triplicates, and the uncertainties for each concentration were calculated. The objective of the
aforementioned calculations was to determine the apparent formation constant for the [VOzdipic]
complex by using Equations (S4.1) and (S4.2). The calculation of the formation constants can be
done by exclusively using the data obtained by >'V NMR where the dipic> concentration is
calculated by subtracting the concentration of the [VO.dipic’] complex from the total concentration
(in mM), or by 'H NMR where the V| concentration from the 'V studies is used in the calculation.

dipic?>~ + H,V— [V O0,dipic]~ (S4.1)

_ [VOo,dipic]™

€4 ™ [dipic2-][H,V0;] (54.2)

Table S4.1. The concentrations, experimentally determined by 'V and '"H NMR, that were
used to calculate the values for the apparent formation constant according to Eq 4.5.
>'V NMR Sy Sy 'HNMR | 'HNMR | *VNMR | 'HNMR
NMR | NMR
[V- Ionic pH | [VOqdipic] | dipic Vi [VO.dipic] dipic Formation | Formation
atom] | Strength Constant | Constant
mM
5.00 0.40 6.69 0.85 ( 4.15 0.60 0.85 ( 4.15 ( 340 340
0.07) (+ (= 0.07) 0.07)
0.07) | 0.04)
5.00 0.40 | 6.60 0.75 = 4.25 | 0.60 0.75 (= 4.25 (= 290 290
0.07) (+ (= 0.07) 0.07)
0.07) | 0.04)
5.00 0.40 | 6.55 0.80 (= 4.20 | 0.65 0.90 (= 4.20 (= 370 370
0.07) (+ (= 0.07) 0.07)
0.07) | 0.04)
5.00 0.40 | 6.60 0.90 (= 4.10 | 0.65 0.90 (= 4.20 (= 290 290
0.07) (+ (= 0.07) 0.07)
0.07) | 0.04)




5.00 040 | 6.66 | 075+ 425 | 055 0.75 (+ 425 (+ 320 320
0.07) (+ (+ 0.07) 0.07)
0.07) | 0.04)

Average 320 (+ 320 (+
30) 30)

Once the data at the 0.40 ionic strength was verified, similar measurements were done at
the 0.15
ionic strength. Those measurements allowed the remaining data in Table S4.2 to be constructed.
The difference in those two values was used to determine the b needed for the HySS calculations
of the speciation. Once this difference was determined, the corresponding apparent constants for

the [VO2dipic-Cl]” and [VO2dipic-OH] were obtained.

Table S4.2. The concentrations, experimentally determined by 'V and '"H NMR, that were
used to calculate the values for the apparent formation constant according to Eq S4.2.
51V NMR Y sty 'THNMR | 'HNMR | S'VNMR | 'HNMR
NMR | NMR
[V- Ionic pH [VOdipic] dipic Vi [VO-dipic] dipic Formation | Formation
atom] Strength Constant Constant
mM
5.00 0.15 | 6.60 | 0.65(x0.10) | 435 | 1.05(x 0.65 (+ 4.35 (= 124 149
(* 0.18) 0.10) 0.10)
0.10)
5.00 0.15 | 6.60 | 0.75(x0.10) | 425 | 0.75( 0.75 (= 4.25 (+ 240 240
(& 0.18) 0.10) 0.10)
0.10)
5.00 0.15 | 6.60 | 0.85(0.10) | 4.15 | 0.60 (+ 0.65 (+ 4.35 (= 230 130
(* 0.18) 0.10) 0.10)
0.10)
Average 156 (= 80) 207 (= 50)
25.00 0.15 | 6.60 | 5.00(0.50) | 470 | 1.00 (= 475 (+ 20.25 (+ 200 240
(* 0.00) 0.50) 0.50)
0.50)
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25.00 0.15 6.60 | 450 (x0.50) | 21.25 | 1.00 (+ 425 ( 20.75 (= 180 210
+ 0.00) 0.50) 0.50)
0.50)
25.00 0.15 6.60 | 4.00(x0.50) | 22.00 | 1.00 (+ 525 (% 19.75 (= 160 270
+ 0.00) 0.50) 0.50)
0.50)
Average 128 (= 20) 237 (£32)
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Figure S4.2 [VOqdipic] at pH = 6.00. The "H NMR spectra (a) and the >'V NMR spectra (b) of aqueous solutions containing
[VOqdipic] are shown.
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Figure S4.3. [VOdipic-Cl] at pH = 6.00. The "H NMR spectra (a) and the 'V NMR spectra (b) of aqueous solutions containing
[VOadipic-Cl] are shown
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Figure S4.4. [VO.dipic-Cl] at pH = 5.50. The '"H NMR spectra (a) and the >’V NMR spectra (b) of aqueous solutions containing
[VOqdipic-Cl] are shown
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Speciation Calculations

Additional information is provided regarding the assumptions made for speciation calculations.
Species distribution diagrams were calculated by using HySS 2009 software [1]. The citrate and the
phosphate concentrations were set as constants to 0.48 mM and 24 mM respectively. The vanadium

concentrations that were investigated were concentrations of 5 uM, 1 mM, and 10 mM.

Table S4.3. Formation constants of Vanadate species in a 0.6M NaCl system Table 1. Notations,
Compositions, Formation Constants (log ), and Acidity Constants (pKa) for the
H*-H,VOy, System [I = 0.6) NaCl, 25 °C]

(p.q) Formula log f Ref
-1,1 HVO.* -7.92 Pettersson 1983
-2,2 Vo07+ -15.17

-1,2 HV,07* -5.25

0,2 H, V207 2.77

2,4 V4015* -8.88

-1,4 HV.4015* 0.22

0,4 V401* 10.0

0,5 V5015~ 12.4

4,10 V10028* 52.1

5,10 HV 002> 58.1

6, 10 HyV10028* 61.9

7,10 H3V 10028 63.5

2,1 VO,* 6.96
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Table S4.4. Formation constants of Vanadate Citrate species in a 0.6M NaCl system Table 1.
Notations, Compositions, Formation Constants (log ), and Acidity Constants (pKa) for the H*-
H>VOy4 -, System [I = 0.6) NaCl, 25 °C]

(p,q,r) Formula log B
1,0,1 CeHcO7* 5.217
2,0, 1 CeH707 9.298
3,0,1 CeHsO7 12.067
1,2,1 (H")(H2VO4%)2( CeHs507>) 12.84
2,2, 1 (H")2(H2VO4>)2( CeHs07>) 19.68
3,2, 1 (H")3(HaVO4*)2( CeHs07%) 24.12
3,1,1 (H")3(H2VO4>)( CeH507%) 18.35
2,1, 1 (H)2(H2VO4>)( CeHs507>) 14.1
4,2,2 (HH4(H2VO4>)2( CeHs07%)2 31.3
5,2,2 (H")s(H2VO4>)2( CeHs07> )2 25.3
6,2,2 (H")6(H2VO4*)2( CeH507>)2 39.2

Table S4.5. Formation constants of Vanadate Phosphate species in a 0.6M NaCl system Table 1.
Notations, Compositions, Formation Constants (log ), and Acidity Constants (pKa) for the H'-
H>VOy4 -, System [I = 0.6) NaCl, 25 °C]

(p,q,1) Formula log B
1,0,1 CsHsO7* 5.217
2,0,1 CeH707 9.298
3,0,1 CsHsO7 12.067
1,2,1 (H")(H2VO4*)2( CeHs07%) 12.84
2,2, 1 (H")2(H2VO4>)2( CeHs07>) 19.68
3,2, 1 (H")3(H2VO4*)2( CeHs07) 24.12
3, 1,1 (H")3(H2VO4>)( CeHs507%) 18.35
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Determination of cell culture media ionic strength
The ionic strength, p, of the media for cell assays was calculated using the equation for
ionic strength (S4.3) assuming that the pH of the medium is 7.4.
n=1/23%ciz (S4.3)

The composition of the Dulbecco’s Modified Eagle’s Medium was found from Levina et al. 2017
and the components are listed in Supplemental Table S4.6. The composition of the AlbuMAX was
from the product page found on ThermoFisher
(https://www.thermofisher.com/order/catalog/product/11020021?CID=AFLBC-11020021) is
listed in Supplemental Table S4.7. The composition of the fetal bovine serum used in the
calculations was obtained from the average values given in Lindl et al. The charges of each
medium component at pH 7.4 were determined and squared. These calculated charges were then
multiplied by the corresponding concentration of each ion in the solution. All the ions were
summed and then multiplied by one-half to get the ionic strength of 0.17 M. This result allows us
to use the experimental values at I = 0.15 M to do the speciation calculations on the vanadium
compounds added to the cells. NMR analysis of the compounds in the media showed a significant
difference in the concentration of [VOadipic]™ at different ionic strengths. This shows the
importance of calculating the ionic strength of the media so we know how compounds will speciate
once they’ve been added to the cells and what major compounds will remain to influence the results

of the experiment.
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Table S4.6. Listing the components in the Dulbecco’s Modified Eagle’s Medium
(Levina et al. 2017) and the components in the AlbuMAX (product page found on ThermoFisher
https://www.thermofisher.com/order/catalog/product/11020021?CID=AFLBC-11020021)

Ion From Compound Molar Concentration | Contribution to
Ionic Strength
Dulbecco’s Modified Eagle’s Medium (Levina et al. 2017)
Na (+) NaCl 1.1E-1 1.1E-1
NaHCO3 4.4E-2 4.4E-2
Na;HPO4 7.8E-4 1.6E-3
Sodium Pyruvate 1.0E-3 1.4E-3
Fetal Bovine Serum 1.4E-3 1.4E-3
Na»SeOs 2.9E-8 5.8E-8
K+) KCl 5.4E-3 5.4E-3
Fetal Bovine Serum 1.1E-4 1.1E-4
Ca (2+) CaClz 1.8E-3 7.2E-3
Fetal Bovine Serum 3.4E-5 1.3E-4
Calcium d-panthothenate 8.4E-6 3.4E-5
Mg (2+) MgSOq 8.1E-4 3.2E-3
Ascorbic Acid Phosphate 7.8E-6 9.4E-5
Se (2+) Fetal Bovine Serum 3.3E-9 1.3E-8
Urate (+) Fetal Bovine Serum 1.7E-6 1.7E-6
Creatinine (+) 2.7E-6 2.7E-6
Choline (+) Choline Chloride 2.9E-5 2.9E-5
C12H18N4OS (2+) | Thiamine Hydrochloride 1.2E-5 1.2E-5
Cu (2+4) CuSOq4 5.0E-9 2.0E-8
Fe (3+) Fe(NOs)3 2.5E-7 2.3E-6
Mn (2+) MnSOq4 2.0E-10 8.0E-10
NH4 (+) NH4VO; 2.5E-9 2.5E-9
Lysine (+) Amino Acids 2.7E-9 2.7E-9
Histidine (+) Amino Acids 6.7E-5 6.7E-5
Arginine (+) Amino Acids 2.0E-5 2.0E-5
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Cl (-) NaCl 1.1E-1 1.1E-1
KCl 5.4E-3 5.4E-3
CaClz 1.8E-3 3.6E-3
Fetal Bovine Serum 1.0E-3 1.0E-3
Chloine Chloride 2.9E-5 2.9E-5
Thiamine Hydrochloride 1.2E-5 1.2E-5
HCOs (-) NaHCO;3 4.4E-2 4.4E-2
SO4 (2-) MgSOq 8.1E-4 3.2E-3
CuSOq4 5.0E-9 2.2E-8
MnSO4 2.0E-10 8.0E-10
HPO4 (2-) Na;HPO4 7.8E-4 3.1E-3
C12H12018P2 (3-) | Ascorbic Acid Phosphate 7.8E-6 1.4E-4
C3H303 (-) Sodium Pyruvate 1.0E-3 1.0E-3
PO4 (3-) Fetal Bovine Serum 1.0E-5 9.3E-5
CoH6NO (-) Calcium d-panthothenate 8.4E-6 1.7E-5
NOs (-) Fe(NOs)3 2.5E-7 7.5E-7
SeOs (2-) NazSeOs 2.9E-8 1.2E-7
VOs (-) NH4VOs3 2.5E-9 2.5E-9
Aspartic Acid (-) | Amino Acids 2.0E-5 2.0E-5
Glutamic Acid (-) | Amino Acids 2.0E-5 2.0E-5
Sum of Contributions | 0.35 (3.5E-1)
Total Ionic Strength 0.17 (1.7E-1)

In addition, a number of components, including Albu, were added to the minimal media.

Table S4.7. Listing the components in the Dulbecco’s Modified Eagle’s Medium

(Levina et al. 2017) and the components in the AlbuMAX (product page found on ThermoFisher

https://www.thermofisher.com/order/catalog/product/11020021?CID=AFLBC-11020021)  that
were deemed neutral and not contributing

Asn, Trp)

Compound Molar Concentration
Glucose 2.5E-2
Uncharged Amino Acids (Gln, Ile, Leu, Gly, Ser, Phe, Tyr, Cyt, Met, Ala, | 3.7E-3
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AlbuMax 4.0E-4
Folic Acid 4.1E-6
Glutathione 3.3E-6
Inositol 4.0E-5
Niacinamide 3.3E-5
Pyroxidine hydrochloride 2.0E-5
Riboflavin 1.1E-6
Holo-transferrin 9.4E-8
Insulin 1.7E-6
Penicillin G 1.8E-4
Streptomycin 1.7E-4
Fungizone 1.9E-7
Ethanolamine 3.1E-5
Phenol red 4.2E-5

As summarized in the Supplemental Table S4.8 the total contributions are not small but

when all are summed up, it comes out to 0.17. This result show that we should use the parameters

reported for 0.15 ionic strength with estimating the content of intact V-complexes.

Parameters for Speciation Calculations at 0.15 ionic strength for [VO2dipic]-,

[VO2dipic-Cl]-, and [VO2dipic-OH]-
The speciation profiles are generated using reported values, and those derived in this
system. The specific parameters are listed below for an environment near an ionic strength of 0.15.

Table S4.8. Formation constants of Vanadate species in a 0.15M NacCl system Table 1. Notations,

Compositions, Formation Constants (log B), and Acidity Constants (pKa) for the
H"-HoVOy, System [I = 0.15) NaCl, 25 °C]

Binary System (H2VO4 HY)

(p,q) Formula log f pKa Ref

1,2 VO,* 7.00 Elvingson, K., et
al. Inorg. Chem.

1, -1 HVO4* -8.17 1996. 35, 3388-
3393.

1,0 HoVOs 0.00 8.17

2,-2 H>V,07* -16.18
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2,-1 HV,07* -5.85 10.34
2,0 HyV,07> 2.65 8.50
4,-2 V4015% -9.98

4, -1 HV,012> -0.63 9.35
4,0 V401 9.24

5,0 V505> 11.17

10, 4 V10028% 50.28

10,5 HV10025> 56.90 6.62
10, 6 HV 1008+ 61.07 4.17
10,7 H3V10028> 62.93 1.86

Table S4.9. Formation constants of [VOzdipic]  complex in a 0.15M NaCl system.
Notations, Compositions, Formation Constants (log B), and Acidity Constants (pKa) for the
H>VO4-H*-dipic System [I = 0.15 NaCl M, 25 °C]

Binary (H"-dipic) and Ternary System (H2VO4-H"-dipic)

(p,q,1) Formula log B pKa Ref

0,1,1 Hdipic 4.56 4.56 Crans, D. C.; Inorg. Chem.
2000, 39, 4409-4416.

0,2,1 Hadipic 6.60 2.04

0,3,1 Hadipic 7.19 0.59

1,2,1 H>Vdipic 15.41*

1,3,1 H3Vdipic 15.92% 0.51

Table S4.10. Formation constants of [VOadipic-Cl]” complex in a 0.15M NaCl system. Notations,
Compositions, Formation Constants (log ), and Acidity Constants (pKa) for the H2VO4-H*-dipic-
CI [I=0.15 NaCl M, 25 °C]

Ternary System (H2VO4-H*-dipic-Cl)

(p,q,r) Formula log B pKa Ref

0,1,1 Hdipic-ClI 3.83 Smee, J. I, et
al. J. Inorg.

0,2,1 Hodipic-Cl 6.10 2.21 Biochem. 2009,
103, 575-584.

0,3,1 Hadipic-Cl 6.60 0.50

1,2,1 H>Vdipic-Cl 15.31%*

1,3,1 H3Vdipic-Cl 15.82% 0.51
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Table S4.11. Formation constants of [VOadipic-OH] complex in a 0.15 M NaCl
system. Notations, Compositions, Formation Constants (log 3), and Acidity Constants (pKa) for
the HoVO4-H*-dipic-OH [I = 0.15) NaCl M, 25 °C]

Ternary System (H2VO4-H*-dipic-OH)

(p,q.1) Formula log B pKa Ref

0,0, 1 DipicO* 0.00 Jakusch, T., et
al.; J. Inorg.

0,1,1 Dipic-OH* 10.75 10.75 Biochem.
2003, 95, 1-13.

0,1,2 Hdipic-OH 13.93 3.08

0,1,3 H>Vdipic-OH 15.20 1.40

I, 1,1 [VO2(dipicO)(OH)]* | 12.70

1,1,2 [VOx(dipicO)]* 20.56 7.90

1,1,3 [VO2(dipic-OH)] 24.26 3.70

In addition to the [VO2dipic] and [VO2dipic-Cl] profiles that are shown in the manuscript,
we also show the corresponding profiles for the [VOdipic-OH] here, since this compound was
also tested. This complex because of the OH group has one more proton and thus one more
protonation state. However, the speciation is similar to the other systems if the two speciation steps

are combined.
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Figure. S4.5. The speciation profile for [VOadipic-OH] is shown using total V-concentrations of 0.400 uM, 0.160 uM and 1.0
uM. The calculations were done using the vanadate oligomerization constants for 0.15 M NacCl.
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