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Abstract

This thesis is concerned with the synthesis and characterisation of a series of
functionalisedbis-picolinamide ruthenium and rhodium dihalide complexes that have
the potential to be developed as am@ncer agents and catalysts. Their structural
charactesations and, anttancer and catalytic activities were explored and

investigated.

There are more than thirty noveis-picolinamide ruthenium dihalide complexes
[RuX,L,] and sixbis-picolinamide rhodium dihalide complexes [Ri] (where X is
chloride or iodide, and L is the functionalised bidentate picolinamide ligand)
synthesised and fully characterisedray crystallography showed the picolinamide
ligands are bonded iN,N- and N,O- coordination modes to the metal centre. Ehre
different geometries were seen for the dichloride complexes which aiseces-cis,
cistranscis andtranstranstrans whereas only th&éans geometry was seen for the
diiodide complexes. UWis solution studies of the Ru complexes have shown no
visible changes in the spectra over a range of days and temperature. Powder diffraction
of Ru dichloride gave inconclusive data, however Ru diiodide complexes showed
evidence ofransstructural stability. As Ru(lll) complexes are not amendable to study
by NMR, Rh analogues were prepared to analyse their structural characterisation. The
results have shown that there is a possible mixture of three different isomers within the
Rh dichloride complexes, whereas the Rh diiodide only showads isomer,
confirming tha the diiodide complexes both for Ru and Rh are stable in structure

conformations.

There has been much interest in developing new rbhatdd anicancer complexes
since the successful discovery of cisplaRw-based complexes have become one of
the most promising groups of complexes, having cytotoxic properties but not
significantly affecting normal healthy cellBis-picolinamide Ru dihalide complexes
were tested against a variety of cancer cell lines to determine the cytotoXicigs
found that tle cytotoxicity increases when changing the halide ligands from dichloride




to diiodide, and when the substituents on the phenyl ring of the ligandseta@r

para chloro or bromo substituents. Complexés$8 and 4.13 are the two most
promising anticancercomplexes, which are potent both under normoxic and hypoxic
conditions. Following the cytotoxicity studies, selected complexes were examined for
hydrolysis and hydrophobicity. The most cytotoxic Ru dichloride complex hydrolyses
more and undergoes the fagtdydrolysis, which is in contrast with Ru diiodide
complexes, by which the most cytotoxic complex undergoes the least hydrolysis.
There are very few correlations observed between the cytotoxicity and log P values of
the Ru dichloride complexes, suggegtthat the cell uptake mechanism may not relate

to their cytotoxic antcancer activities.

The ongoing research on catalytic transfer hydrogenation reaction is targeted towards
metal catalysts that can favour high activity under mild operating condiaveral
bis-picolinamide Ru and Rh dihalide complexes were studied as catalysts in the
reduction of benzaldehyde. The complexes that were selected for the studies have
several components that can be used to investigate their stradttivitly
relationslips. In general, the diiodide analogues of the catalysts are more active than
the dichloride analogues. In combination of the dihalide ligands with the appropriate
functionalised picolinamide ligands can improve their catalytic activities. There is a
contrasting activity seen between Ru and Rh catalysts, whereby their catalytic
activities are affected by different components of the catalysts. Ru catalyst may be
largely affected by the different functionalised picolinamide ligands, whereas Rh

catalysts havehowed difference in activities when changing the X ligands.
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1 Introduction

This chapter introduces various metal complexes ascantier agents, including
platinum, titanium, ruthenium and rhodium that have been found to be active
aganst cancer cells. Cisplatin is the most successfulcamicer drug, however
there were several side effects found and modification of these complexes are
required with the aim to have better acdincer activity and fewer side effects.
Budotitane has suessfully entered Phase | clinical trials, but has shown to
undergo rapid dissociation and failed to progress to Phase II. MAdfid KP1019

are the two most promising ruthenitmased antcancer complexes with very low
toxicities which are currently in tHehase Il clinical trials. Previous works reported
by Tocheret al, Sheldricket al, Sadleret aland McGowaret al, on organometallic
ruthenium anticancer complexes having bioactive ligands, and the coordination
chemistry of ruthenium complexes and thiggands reported by Mestromit al,
Alessioet al, Keppleret al, Bhattachryaet al, Reedijket aland McGowaret alare

also discussed in this chapter.

1.1 Cancer

Cancer remains the main cause of mortality worldwide, according to the statistics
of the WorldHealth Organisation reported in February 2638t is defined as a
class of diseases in which cells undergo uncontrollable growth, leading to their
ability to invade the swounding normal healthy tissues. It develops mainly due to
the growing adoption of unhealthy lifestyfeitiation and progression of cancer
depends on both external factors in the environment (biological, physical and
chemical carcinogens) and factors within the cell (hormones, immune conditions

and genetic mutation$).

Cancer mortality can be decreased dramatically by early diagnosis and providing
effective treatments. These cells are less likely to spread to other normal tissue
regions ifdetected at an earlier stage, and so the more favourable the diagnosis for
the individual. Surgical removal of the original cancer cell may not always be a
successful treatment as microscopic spread can ddfctirese cancer cells are left
untreated, these will result in localised recurrence of the cancer and dyentua

spread to the healthy living cells in the body (metastasis). Research is constantly
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ongoing in order to develop treatments against different types of cancer of different

stages.

1.2 Metal complexes as AntiCancer Agents

For years, metals have had a venportant role in medicine. They are classified
into two forms, which can either be a nutrient that is essential for maintaining a
healthy life, or simply toxic. Even though metals can appear to be toxic at minimal
dosage levels, they may not be equallygéaous for all organisms at all levéls.
They can be used as invaluable diagnostic tools in the medical profession, wh
uses a variety of radioactive element techniques to discover the inner structures of
the human body without the need for invasive procedures. It has also been proven

that toxic metal complexes can kill tumours at certain body locations.

Cisplatin, whch contains platinum, is one of the many exciting and valuable drugs
found from research into metals for therapeutic agefftOther metabased
medicines include silvadene, a siNmased drug that has antimicrobial
properties;*** and the iron complex sodium nitramside which is used as a
cardiovascular drug Figure 1.1).}* These metabased drugs have been
successfully developed and more studies are performed to design nevbasetl

drugs from different complexes that ¢duead to a wide range of therapeutic

applications.
2-
NO
Cl///ll"Pt\‘\\\\NH3 Na* NC/,//“ ‘\\\\CN
Fe.
a?” ‘NH3 Nodl | Y
CN
Cisplatin Sodium nitroprusside
N
N /o)\ ‘
Sy \N
)
®
H,N Ag
Silvadene

Figure 1.1 Examples of successfully developed mietasled medicines
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The search of metdlased complexes which are active towards cancer cells with
mild toxicity and fewer sideffects, are still developing. Cisplatin has been used
for the treatment of various cancers. The ruthednased complex, NAMA, has
successfully finished Phase | clinical trial and is currently in Phase Il clinical
trial.>® The titaniumbased complex, budotitane, failed to progress further due to its
rapid dissociatiorupon interactionwith water molecules. These complexes are

discussed further in dat.

1.3 Platinum-based antticancer complexes

Cisplatin or cis-diamminedichloroplatinum(ll) isa platinumbased anttancer
complex which continues to be the most successful drug used for the treatment of
several cancersncluding testicular, ovariamladder, cervical, head and neck and
smalktcell lung cancers, either as a filiste treatment or in combination with other
anticancer drugs. The arntancer activity of cisplatin was discovered in 1965 by
Rosenberg when it was found to inhibit bactecill division from the effect of an
electromagnetic field® It was the first metabased drug to enter clinical trials in
1971 after its antcancer activity was demonstrated in a mouse model, and was
approved by the Food and Drug Administration for use as arcamter drug in
1978.

Cisplatin is a neutral complex wdti has square planar coordination geometry. The
cis configuration is responsible for its atncer activity. It has two amine ligands
which are inert to substitution under biological conditions, and two latde
chloride groups which undergo hydrolysis the cells resulting in a positively
charged complexScheme 1.1shows the chemical structure of cisplatin and its

17-23

hydrolysis.

+ 2+
Cly, — WNH;  Step 1 0,07, WNH; Step2 | H0y,  (NH;
PR RS PR

Pt Pt Pt
av” \NH3 H,O a?” \NH3 H0 | mo0” \NH3

Schemel.1 Structure of cisplatin and its mechanism of hydrolysis in the cell
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Blood plasma, having a high chloride concentration (~100mM), prevents the
hydrolysis ofcisplatin until it enters the cell by either passive diffuéloor a
copper transporter CTR®.%° The very low chloride concentration in the cells
(~3mM) facilitates the hydrolysis afisplatin, making it an active electrophile
which then reacts with the nucleophilic sites in the cell, where DNAe&gtiost
preferential and cytotoxic targEtElectrostatic attraction and covalent bonding of
the positively charged complex to DNA, specifically the N7 atoms of the imidazole

rings of guanine and adenine badégre 1.2) are believed to be its mechanism

H H i Q
@% ~y
H
—N /
N\\\
Adenine H% )\ >/./N Thymine

N H 0 J\w’"\\v“
&

of action?’

Va

\\\\\H
@2 \\\\‘N/
Guanine 74 / \ Cytosine
{ A o

P*
O

Figure 1.2 Cisplatin coordinates to the N7 atoms of the imidazole rings of guanine
andadenine DNA base¥
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There are three different types of aquated cisplatin crosslinking to [Bid¢Aré

1.3).2° DNA monoadducts are formed when one molecule of water is lost from the
aquated cisplatin, which then tends to react and form crosslinks. Intrastrand
crosslinks are formed when two chloride ligands of the aquated cisplatin are
replacedby purine nitrogen atoms on adjacent bases of the same DNA strand.
These crosslinks are referred to as-d(@pG) crosslinks and almost all cisplatin
DNA crosslinks are of this typd>*® Additional DNA crosslinks include the
interstrand crosslink®ll cisplatin crosslinks to DNA lead to the disruption of its
helical structure thatannot be identified by repair enzymes, hence trigger a series
of events leading to the inhibition of DNA replicatiéri® which is responsible for

the anticancer activity of cisplatin.

Figure 1.3 CisplatinDNA crosslinking(a) DNA monoadductgp) Intrastrand

crosslinks;(c) Interstrand crosslinké’

Since only a small fraction, approximately 1% of intracellular cisplatin is bound to
DNA,** 3" much research has been carried out, and is still ongoing, into the
mechanism of action of cisplatin in killing cancer cells. Another study has revealed
tha cisplatin prevents tubulin to form microtubules, leading to the blocking of cell
division in living cells and eventually, cell apopto¥lsDespite the success of
cisplatin towards the d#a of cancer cells, cancer treatment with cisplatin is
associated with toxicities ranging from mild to severe adverse effects such as
nephrotoxicity and ototoxicity. It has also been shown that cancer cells are able to

develop resistance towards cisplatimough changes in the cell environm&Hg
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These includedrug transport that leads to a decrease of intracellular cisplatin
accumulation, an increase in drug detoxification systems, an increase in DNA
repair system, changestwierance mechanisms from damage of DNA and changes

in cell death pathways to apoptosis.

Due to the drawbacks, a second generation of plativased anicancer agents

was introduced Kigure 1.4). Carboplatin ¢is-diamminel,l-cyclobutane
dicarboxylate mtinum(ll)] was first introduced into the clinic in 198% ** and

used for the treatment of advancedarian cancer in combination with other
approved chemotherapeutic agehtt. The two chloride leaving groups of
cisplatin are replaced by a bidentate dicarboxylate ligand, which leads to less side

effects and less toxicity, being more lipophilic when compared with cisplatin.

(@)
HN 0 o o A
3 \Pt/ \Pt/
H3N/ \O ...nIIIN/ \O
H2 O

(a) (b)
Figure 1.4 Second generation platindbased antcancer agentg§a) carboplatin

(b) oxaliplatin

Carboplatin reacts with DNA in a similar way to cisplatin. It undesgbydrolysis

and forms adducts with DN& The difference between the activity of the drugs is
the variation in their aquation rates to release the active Pt(ll) that contributes to
cancer cell deatf?. A study has also been presented that carbonate may play an
important role inte activation of carboplatin to produce platinraarbonato and

hydroxo complexe?’ Scheme 1.2shows the reaction of carboplatin with

carbonate.
— —2-
H;N 0CO,
~
- e
2 (¢} o
H;N \Pt/o +CO;4 H3N .
/ ™~ 2. O

H,N o +CO;

(0]

(6]

Schemeél.2 Reaction of carboplatin with carbonate ions
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Oxaliplatin was first synthesised in the late 1970s and is the third successful
derivative of platinum based asttancer drugs and entered the clinic in 199%.1t

has an oxalate ligand which hydrolyses, and diaminocyclohexane (DACH) as the
inert ligand. The mechanism of actig similar to cisplatin and carboplatin, by
undergoing hydrolysis and forming crosslinks with guanine or adenine bases of
DNA. Oxaliplatin has the potential to treat cisplatgsistant cancer cells and is
also active against colorectal cancer cells forchlit is now used for treatment in
combination with Sluorouracil®® It has been tested against oea cancer cell
lines, and was found to be more potent than cisplatin, in which the fewer DNA
adducts by oxaliplatin induce early secondary DNA strand breaks and huge
apoptosis of cancer cefi$.The difference that occurs with oi@tin when
compared to cisplatin and carboplatin is rather the effect that the drug gives rather
than the mechanism of action. Oxaliplatin gives lower toxicity and has shown the
absence of nephrotoxicity and a decrease in ototoxicity, which were prasent i

treatments with cisplatin and carboplatin against cancer cells.

1.4 Titanium -based anticancer complexes

The titanium (V) complex¢is-[(CH3CH,O),(bzac)Ti(1V)] (Budotitane), as shown

in Figure 1.5 was the first noiplatinum complex that entered clinidahls after it

has shown promising artancer activityin vivo on three different transplantable
tumour systems, which are the transplantable murine asoiticectal MAC 15A,

the TD-osteosarcoma of the rat, and the intramuscularly transplanted murine

sarcoma 180>’

Figure 1.5 Budotitane
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Budotitane undergoes hydrolysis in a similar manner to cisplatin. However, there
were problems with the complex displaying Isalubility and stability in aqueous
solution. It hydrolyses greatly in water at pH > 5 to form oligomeric [Ti(b2¥g)
which is insoluble, leading to toxicities affecting the liver and kidrys.

The interest in nosplatinum complexes was limited and was not explored in detail
until 1979, when titanocene dichloride, (TpCl,) was discovered to have anti
cancer activity with no evidence of nephrotoxiclyThis has stimulated the
interest in investigating various ngtatinum complexes that have different
mechanisms of action against cancer céllstallocenes of the general formula,
CpMX, where Cp = cyclopentadienyl anion, M = Ti, V, Nb, Mo, and X = halides
and pseuddalides, have been synthesised and investigated to determine their anti
cancer activitiesFigure 1.6 shows the structure of titanocedehloride. This
complex has shown lower toxicity than cisplatin, and was the most active

metallocene complex to enter Phase | and Phase Il clinical®fdis.

&T \\\\\\Cl
1

/ \
% Cl

Figure 1.6 Titanocene dichloride

Studies to understand the mechanism of action of titanocene dichloride are still
ongoing, with initial studies showing that it undergoes hydrdi§sisd binds with

DNA to form adductsScheme 1.3hows the threstep reaction for hydrolysis of
titanocene dichloride, and studies have shown that the rate of the first hydrolysis is
faster than that of the second hydrolySisdydrolysis is the activation process
before it interacts with DNA, where the chloride ligands dissociate rapidly and are
replaced by water molecules forming aqua andrdwgdtitanocene complexes.
These complexes are then able to develop titamiadlmcompounds during further

reaction step®®
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2+

+
@\ Kl +H20 WWOH: | +H,0 OH | @\ WWOH
. —ee Ti\\
/
% % \ % \on -H % \OH

Schemel.3 Hydrolysis of Titanocene Dichloride

More recent investigations of titanocene dichloride with DNA have indicated that
hydrogenbond donors of aquated titanocene complexes play an important role in
forming stable complexes by interacting with hydroggemd acceptors of purine

N7 bases or O6 phosphate group, with the latter being the preferred binditig site.
These interactions are shown kigure 1.7. Titanocenedichloride has anti
proliferative activity against various cell lin@s vitro, and has shown antancer
activity against ovarian cancer cells which are resistant to cisplatin. However, after
spending many years in clinical trials, titanocene dichloride dismissed and its
trials were not pursued. It failed to show enough promising results against renal
and breast cancer in Phase Il clinical trfal€ There was noesponse detected for
anticancer activity with thgiven doseand since its mechanistic details are poorly

understood, this also impedes its use as arcantier agent.

N7

o \ _:20 (ri

O=I\’—O
OH

OH

Figure 1.7 The interaction of aquateiitanocene complexes with purine N7 and O6

phosphate group of DNA
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Despite the failure of titanocene dichloride in the clinical trials, many papers are
still published on the mechanism of action and have given a lot of interest to the
scientific community. Various modifications of the complex have been synthesised
and chaacterised, in order to improve future novel a@ncer complexes. Careful
selection of groups to functionalise Cp ligands and replacing chloride with
hydrophilic ligands are very important for the stability and solubility of these

complexesFigure 1.8 shows examples of titanium derivatives with functionalised

"\\\\\Cl ko o)

ligands.

Ti O\\T_//O X
N ’ —R

\Cl N N
[ AN =

R
OMe

R =o,pF, 0,p-Cl, 0,p-Br, p-NO;
(a) (b)

Figure 1.8 Examples of titanium derivativéa) Titanocene Y(b) salanTi(IV)

Ansatitanocene dichloride complexes were first synthesised in 1970 as catalysts
for olefin polymerisatior’ It is thought that the C2 bridge between the two Cp
groups increase the hydrolytic stability of the complex, and the introduction of two
dimethylamino substituents increase the water solubility when compared to
titanocene dichloride itselfThese complexes were tested on Ehrlich ascites
tumours (EAT) in mice and results have shown that they have restored natural
killer cell function in mice that prevents the cancer cells from growing thus

extending life®® ®°

New titanium derivatives have been introduced recently, having [OMNiY2]
diamine bis(phenolato) salan ligands, where salaiN = Mi§o-hydroxybenzyh
1,2-diaminoethane. Salahi(lV) complexes have demonstrated highgdrolytic
stability having hydrolytic half lives in the range of hol(fts* and higher anti

cancer activity towards breast and colon cargels in vitro and in vivo®® "

10
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SalanTi(IV) complexes with halogens on the aromatic rings have been found to be
the most promising subgroup, having lowsd@alues’> However, the mechanism

of action and cell uptake of these sala@iVV) complexes are not yet well known.

Within the McGowan group, much research has focused on functionalised
cyclopentadienyl complexes. The Cp rings in these complexes are functionalised
with an amino pendant arm that could make the complex become more water
soluble and more stabl&igure 1.9 shows the structure of a functionaliség
titanocene dibromide that has been synthesised and characterised. Their cytotoxic
properties have shown thaethhave significantly better activity and stability than
nonfunctionalised counterparts, and have exhibited-@aricer properties against

cisplatinresistant ovarian cancer cell linés.

2Br

Figure 1.9 Example of a titanocenderivative functionalise@p titanocene

dibromide

11
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1.5 Ruthenium-based anticancer complexes

Various metal complexes have been synthesised and tested for cytotoxicity in the
search for new metdlased anicancer agents with high cytotoxic properties.
Among all complexes, rutheniutrased complexes have become one of the most
promising groups of aaplexes, having cytotoxic properties but not significantly
affecting normal healthy cells. As illustrated kgure 1.1Q rutheniumbased
agents appear especially attractive because they exhibit three important properties
suitable to biological applicatien (1) Ligand exchange, (2) Accessible oxidation

states and (3) Iron mimickin.

DNA attacking €———
activity ’ Ru(ll) Low oxygenconcentration

Low pH

High glutathione concentration

Ru(ll)
N
Cancer tissue Cancer tissue
Healthy tissue Albumin | Transferrin
Binding Binding
\/ Ru(lll) €——— Drud

administration

S Ru(lll)
Oxidation: molecular

oxygen enzymes

Figure 1.10A Acti vati on by reductiono hypothe
adapted from ARuthenium in Medicin
Uses and Fut@re Prospectso

(1) Ligand Exchange

Ligand exchange is important to determine the biological activity of a drug. Most
metatbased drugs are able to reach their biological target after being modified.
Ru(Il)/Ru(lll) complexes have similar rate of ligand exchange as those Pt(ll)
complexes, whih takes hours at ambient temperature. Ligand exchange rate is
dependent on the concentration of the ligand exchange in surrounding solution.
Due to this, the drugbdés activity can be

concentrations in cells.

12
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(2) Accessible oxidation states

Ru(ll), Ru(lll) and Ru(lV) are all accessible under physiological conditions.
Ru(lll) complexes are biologically inert compared to Ru(ll) and (IV) complexes.

By varying the ligands in the complexes, the redox potenfisdh complexis
modifiable. Prodrugs which are relatively inert Ru(lll) complexes may be
administered and then reduced, hence activated, in diseased tissues. Cancer cells
areknownto have higher metabolic rate, higher levels of glutathione and a lower
pH than healthyormal tissues, creating a strongly reducing environment in which
Ru(ll) is favoured over Ru(lll). Ru(ll) is more available for binding to cellular
components than Ru(lll), which gives the advantage of potential drugs to be
administered in a +3 oxidationtase and reduceth vivo to a +2 oxidation state.
Whenthe biologically active Rul) complexes leave an oxygen poor environment,

they can be converted back by biological oxidants to inert Ru(lll) complexes. This
is called the Aactivation by reduction

basically prodrugs that are activated by i&ttuin when entering cancer cells.

(3) Iron mimicking

Ruthenium has the ability to mimic iron in binding to albumin and transferrin,
which are the two irowarriers that reduce toxicity of ruthenidfnCancer cells are
rapidly dividing cells having an increase number in transferrin receptors, and
therefore a high requirement for iron molecules. This allows the ruthenium
conplexes to mimic iron and target cancer cells specifically, which explains the
reason of its low toxicity, as the drug targets cancer cells rather than healthy
cells’” "8 Also, the ability of the cells to release the excess ruthenium is thought to
be another reason for their lower toxicity evh compared to platinuimased

complexeg® "

Complexation of ruthenium with different ligandties been of much interest in
recent years. This is due to its properties of being able to reduce and oxidise, as
well as its photophysical and photochemical properties. These properties are
directed by the different coordination environment around thealemetal ion°

In general, ruthenium complexes are well suited for pharmaceutical appli¢itions.

8 Ruthenium complexes with varying oxidation states have recently displayed
good anticancer actiity and have exhibited remarkably low toxicity compared to

cisplatin and its derivatives.

13
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1.5.1 NAMI-A

[Na]trans[RuCls(Im)(dmsaeS)] (NAMI) was first synthesised and found to be
active against solid metastasising tumours in ffice. a later stage in prelinical
experiments, its Na salt waseplaced with imidazolium salt, to avoid -co

precipitation of DMSO with Nduring the last phase of complexatf8n.

HN _ N
\ NH
N
Cl ”///,I Wl N
‘Ru H
c1/| o)
..,
& \cH
CHs,

Figure 1.11 NAMI-A

[ImH]trans[RuCly(Im)(dmseS)] (NAMI-A) (Figure 1.11) has an increased
stability towards air oxidation compared to NAMI. It is the most promising
rutheniumbased antcancer complex and was the first to successfully finish Phase
1 clinical trials. It was found to be inactive against primary cancer cell lines,
however, it has theame antmetastatic properties as NAMI and is more stable
towards air oxidationlt has shown a reduction in the formation of lung metastasis
of malignant tumourg® however this did not show a relation with the cytotoxicity
against tumour cells, which has been suggested that extracellular activity might be

involved.

The mechanism of action for NAMA is thought to be unique compared to that of
platinumbased complexedt shows several features that might be related for its
activity in inhibiting in vivo metastases. These include the involvement of
biological activities that influence cell functions in cancer cells. NAMhteracts
rapidly with targets at cell membrane amndgders integrin activation, actin
nucleation and microfilament elongation, which relate to adhesion in cance¥ cells.
An important contribution is also caused by the decrease in angiogenic activity,

which is an important process involved in metastasis. This has been shown in an

14
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experiment with CAM (Chorio Allanic Membrane) model that inhibits number

of in vitro endothelial cell function®

In NAMI- A t he DMSO | igand, bound +{adtepmrugh s
and stabilises Ru(ll). It also influences @semical behaviour in agueous solution,

where it undergoes two wedkeparated steps of hydrolysis, as showiseheme

1.4. Inert NAMI-A is administered by infusion, which gives a reactive aqua
complex in slightly acidic environment by suppressing the Hysio of CI and

slowly dissociating DMSG®? At physiological pH, biological reducing agents such

as glutathione, reduce NAMA to dianionic Ru(ll) species (NAMAR), which

then undergoes a twsiep chloride hydrolysi . However, t he i a
reductiono hypot hesi s-A instead) the antnetastatic s ar y

activity of NAMI-A is strictly related to the presence of the DMSO lig&hd.

Im
Cl n, \\\\\Cl
Ru'
a” | Na
H,O
pH3.0-5.0
slow
- +
Im Im Im
-CI
Cl///’ . \\\\\Cl HZO Cl/////, | \\\\\\\OHZ ¢ Cl/////, | ‘\\\\\\OHZ
Ru' He74 Ru' 3 Ru'
Cl/ | \Cl pH=7. Cl( | \Cl Cll | \OHZ
SOMe, SOMe, SOMe,
NAMI-A
2-
Im Im Im
cly, | (& | Cly,, | WOH: i» Cly, | WOH:
Ru > ‘Ru’. ‘Ru.
a?” | N | pH=74 | 7 | N, | PHETA 7 | o,
SOMe, fast SOMe, SOMe,
NAMI-AR

Schemel.4 Chemical behaviour of NAMA under various conditions
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The mechanisms of action of NAM are not fully understood yet, but, aquation is
thought to be an important step for it to function, by forming a reactive aqua
speciesn vivothat enables it to bind with biomolecules. In a very recent study, the
behaviour of NAMIA, specifically its ligandexchange processes with human
serum albumin (hsA) was investigated using electron paramagnetic resonance
spectroscopy (EPRY.NAMI-A was found to bind rapidly with the protein side
chains, possibly the imidazole ring of histidinga hydrophobic interactions.
Scheme 1.5shows the mailNAMI-A ligand-exchange processes in hsA, which
involves the binding of NAMA to three distinct proteins following aquated

NAMI-A complexes.

Cly,

R
01/|
& NAMLA
SVAS
</

Im
cl, ", \\\\Cl Cl/,,,h “\\\\\\OHz

,Ru‘\ Ru‘

OH, SOMe,
+hsA | -H,0 +hsA | -H,0

Y Y

Im Im Im
cly, | @ Cly, | wIm-Histidine Cly, | W

Ru’ “Ru” “Ru”
a” | Vg a?” | N a” | N

Im-Histidine SOMe, S-Cysteine

Schemel.5 Aqua NAMIA complexes binding with protein Histidine and Cysteine
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As DNA is thought to be the primary target for cisplatin, a study on NAMhd

its interaction with DNA has been carried 6UDNA was found not to be the only
target for its antmetastatic activt, but it is likely to interact with DNA once it
enters the cancer cells. This has been pravetitro when at equal concentrations
of both NAMI-A and cisplatin, the number of RBEG andi AG DNA adducts is
much lower than cisplatitt. The reactive aqua complex formed from hydrolysis of
NAMI-A in lower pH subsequently binds to DNAHowever, other targets such
asplasma proteinandglutathioneare thought to be more important than DNA for

their anticancer activities.

NAMI-A metabolites are released rapidly from cells whicheisponsible for its

low and reversible side effects on kidneys, where high concentration of ruthenium
was found, suggesting the main pathway of ruthenium excr&tibiAMI-A
complexes have been shown to exhibit low cytotoxicity andeffasacy against

metastatic tumours and is potentially a very promising drug for clinic use.

1.5.2 KP1019 and ICR
KP1019, indazoliuntfanstetrachlorobis(indazolejuthenate(lll)]is a heterocyclic

ruthenium (Ill) complex, developed by Kepplet al,**

which contains an
octahedral ruthenium (lll) centre bound to two indazole ligands trans to each other
and four chlorides completing the coordination sphere. The structure is shown in
Figure 1.12 It has exhibited aritancer activity against a wide rangfecancer cell
lines including colorectal carcinomas, and has been shown to have lower toxicity

than other rutheniurbased antcancer complexes.

§+
i Y, ) 1" & D
N—Ru—N
/c1\§ Cl II\{T

Figure 1.12KP1019

Many sudies have been performed to investigate its mechanism of action and
structuralactivity relationships. It is thought to have a high binding affinity to

17
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plasma protein transferrin, which transports iron into cells. Since cancer cells have
a high requiremdnfor iron and contain a huge number of transferrin receptors,
they tend to bind and transport Ru(lll) complexes into ¢&[khis increases their
concentration in cancer cells giving a higher chance for them to function as anti
cancer complexes. Once Ru(lll) enters the cell, the complexes are activated by
reduction to Ru(ll), due to the hypoxic environment in canedis,cand then
undergoes hydrolysis. The kinetic rates for hydrolysis of KP1019 are highly
dependent on pH and the temperature of soldfidmey hydrolyse by dissociating

a chlorde to give reactive aqua complexes which show high affinity binding to N7
donor atoms present in DNA bases. A study has also demonstrated that the
cytotoxic effects of KP1019 are induced by oxidative stress formi@p khich

can react with macromolecules including DNA and induce oxidation of bases,

promutagenic adducts and strand breaks triggering apoptosis.

Initially, KP1019 demonstrated promising ao#incer activity with limited side
effects and lower toxicity in Phase | clinical trials. The ruthenium complex did not
cause any serious side effects Bnowed disease stabilisation up to 10 wééls.

was given as flat dose to patient@rshg from 25 mg/patient, however, has stopped
dose escalation at 600 mg/patient because of drug solubility profiiébuz to

this, KP1339, the sodium salt of KP1019, with higher water solubility was selected
as a lead candidate for further development in the clinical *friéenerally,
KP1019 is more potent than KP1339, however studies kawvan that both
Ru(lll) drugs share similar mode of actitifi.

ICR, imidazoliumfranstetrachlorobis(imidazolejuthenate(lll)] is an imidazole
analogue of KP1019, whose structure is showtrigure 1.13 It has a similar
structure to NAMHA and has shown promising aicéncer activity against various
cancer cell lines. Similar to cisplafilCR undergo hydrolysis, reacts and binds to
DNA bases. However, a study of the interaction between ICR and DNA has shown
that freshly prepared solutions of ICR did not show the binding of ICR with DNA,
but it did show ICRDNA binding in aged ICR solutits** This indicates that the
Ru(lll) complex acts as a prodrug and undergoes intracellular hydrolysis to form

the active aqua Ru(ll) complex for activation. Similar to KP1019, ICR is also
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thought to enter cancer cells by bindinghwiransferrin. The mechanism of action

is however still unknown.

@H

N
cly, | Wl

Ru
ca?” | N
N

L

Figure 1.13 Structure of ICR

ICR is one of the most active complexes with improved water solubility. The

aquation rate constant of ICR was found to be slightly lower than that of cisplatin.

ICR undergoes hydrolysis and loses, @iving different hydrolysis products

depending on the conditions. The hydrolysis pathway of ICR is sho®ohieme

1.6. At pH 6-8, the first aquation step involves a rapid deprotonation and hydrolysis

of atrans CI" ligand that happens during the transport process in blood. The lower

concentration of chloride ions in the cell causes the following aquation to occur,

and will produce eactive aqua complexes that can then bind to DNA.

)
N

Cl ///// \ \\\\\Cl
) Ru‘

a” | ¢

N,

L

@H

H,0 N
— \ WOH;

fast ‘Ru
ca?” | N

N,

L

-CI

+H,0

Schemel.6 Hydrolytic pathway of ICR
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1.5.3 Ru(azpy)Cl,Anti-Cancer Complexes

The synthesisand chemistry of dichlorobisf@henylazo)pyridine]ruthenium(ll)
(Ru(azpy)Cl,) was first reported by Krause and Krause in 198 hey have
reported the five possible isomers that could exist with complexes of the type
RuCkLL,, and showed the characterisation of three different isomers of
Ru(azpy)Cl, complexes characterised by IR, NMR, visildpectra, and cyclic
voltammetry. The fourth and fifth isomers were later found and reported by Popov
et al!®® and Reedijlet al'® accordingly. The five different structural isomers a

as shown irFigure 1.14defined by the position of the chloride ligands, pyridine
and azo group of the azopyridine ligands whether thegiae transto each other
when bonded to the ruthenium metal centre, and each isomers are labelled by the

different Greek symbols.

N, N, = |
Z
Na
Na ,/\Np T) Np\—TDNa
<1\\1 /Rlu\ <\p i\ <1\\13/Riu\\c1
Cl Cl

Cl

cistranscis( U cisciscis( b ) ciscistrans( o

cl cl
Na—,—Na Na—,—N
(R ()
Np|—Np Np|—Na
cl
trans-cis-cis( U ) transtranstrans( U)

Figure 1.14 Five possible isomers for Ragpy}Cl,

Reedijket al. has reported the antancer activities of the Ru(azp§), complexes

and has shown the differences in their activities due to different structural
isomers'® T h eisofder is D times more cytotoxic against a series of cancer cell

l i nes, tihaomér .an@RNAI binding st u-omers hav
is sterically |l ess hindered whisomer.bi ndi
These findings indicate that tles geonetry is highly important for the antiancer

activity of (Ru(azpyjCl, complexes specifically theistranscis( U) i s omer .
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1.5.4 Ruthenium Arene Anti-Cancer Complexes

The yeld in developing ruthenium arene
cytotoxicity was observed by coordinating the azdncer agent metronidazole [1
b-(hydroxyethyl}2-methyt5-nitro-imidazole] to a benzene ruthenium dichloro
fragment(Figure 1.1%).'% A typical structure of ahaf and wi c ks t @dp i6a@n «
[ F-chrene)Ru(X)(Y)(Z)] complex is shown iRigure 1.1%, where the arene

forms the seat of the piano stool and the ligands resemble the legs. Ligands X and

Y are linked forming a bidentate chelating ligand, which seems to give an

advantage for anttancer actiities.

Ru(ll) half-sandwich complexes have a structure that allow variations on the
monodentate ligand Z, the bidentate ligand XY and the arene, for tuning the
properties of these complexes. The chelating ligand helps to control stability and
the kinetis of ligandexchange. The arene group influences the cell uptake and its
interactions towards potential targets. The leaving group Z occupies the
biomolecule binding site on metal centre. The main reason for the structure design
is the amphiphilic propeds of the arene ruthenium unit, where the arene ligand
being hydrophobic is balanced by the hydrophilic metal centre. Another important
feature is the ability of the R& bonds to hydrolyse giving aqua ruthenium

complex, once it enters the cell with low €bncentration.

(a) (b)

Figure 1.15 (a) (d°-benzene) Ruthenium dichloro metronidaz¢tg Typical
structure of organometalliant-c ancer compl exes cPntaini
(arene), a bidentate ligand (XY) and a halide (2)
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Sheldricket al. f i r st di scovered the bi°®atemegi cal
ruthenium compl exes, %arehejruthenium@)le®X(Khe f or
halide, en = ethylenediamindfigure 1.16.'%’ Different arene substituents of the
complexes were also aWwn to exert activityn vitro andin vivo against a range of

cancer cell lines.

p-Cymene p-cym) Biphenyl (Bip)

5,8,9,10Tetrahydroanthracene 9,10Dihydroanthracene (DHA)

Figure 1.16St r uct ur e s o f-arene rgtheniummeentpiexed in tiee
f or m ®-aréne)futhehiurtil)(en)X]*

Sadleretalhave st udi ed %aengratremiumeadnmplexksiincthe tprm
of C-arénd)Ru(azpy)i] (arene = p-cymene or biphenyl, azpy =N-
dimethylpheny or hydroxyphenyazopyridine) Figure 1.17). Thesecomplexes

were shown to be inert towards ligand substitution in agueous solution, but are
highly cytotoxic to A2780 and A549 cancer cells, due to an increase in reactive
oxygen species (ROS), which was suggested by fluorestepgeng studies in
A549 cdls.'%®
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R = NMeg; OH; H

Figure 1.17St ruct ur es o f-arene rgtheniummeenipiexed i tiee ¢
f or m ®aréne)Ru(adpy)l]

McGowanet al.worked ono r g a n o m%atemelruthenium domplex&¥. Their
studies involved developing a range of ruthenium complexes which incorporate
ligands having high degree of flexibility, both sterically and electronically, for the
evaluation of cytotoxicity effectd={gure 1.18. To this end, the ruthenium arene
complexes synthesised involved fragments felbdfiding and aryl groups, which
allow DNA interaction as well as affecting increased hydrophobic nature of the

compounds.

< > \\\\\\ < > \\\\\
R
u
\ \ S
X\ @ ‘\
| 0
/

(¢}

Figure 1.18Ex amp|l es of Sa'reg\earmtrtemnmtccmipléxesc
1.6 Rhodium-based anticancer complexes

There have only been few biological investigations on rhodium complarés,

very recently that they are considered to have properties that can make them the
potential as anttancer agents? By coordinating cytotoxic ligands to the rhodium
metal centre, it can lead to the increase in solubility and cell uptake, hence
contributing to their artcancer activity. Ligand combination and coordination
geometry are importanin the design of drugs in order to improve their

pharmacokinetics and bioavailability.
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A variety of rhodium(lll) analogues of ruthenium(lll) ac@ncer complexes have

showed contrasting activities between ruthenium and their rhodium anatbtues.

2T he

6activati on

by

reductiond

mechani s

unlikely for the Rh(IIl) analogues which could explain their low in -aancer

activity. Figure 1.19 shows the structures of previously reported rhodium- anti

cancer complexes. Rh complexes s Cl3(Me,SO)(Im):Rh(lll)], Na[trans
[Cl4(MexSO)(Im)RA(IIN)] and (Him}trans[Cl4(Im),Rh(lll)] were found to be
inactive against A2780 ovarian cancer cells witbpMalues > 200 uM, > 100 uM
and > 1000 puM respectively. Whereas nues;[Cl3(Me,SO),LRh(l1)], where L is

either NH or imidazole, showed significant cytotoxic activity against A2780

ovarian cancer cells with Kgvalue 1.5 £ 0.4 uM and 15.6 £ 2 pM respectively.

Both

Nafrans[Cls(Me;SO)(Im)Rh(l11)] and

mergis-

[Cl3(Me,S0)(MeSO)RI(II)] have shown to inhibit the graw of the primary

MCa mammary tumor implanted in mice and the latter Rh complex have also

shown to inhibit metastatic cancer cells in the lungs.

L

Cl

mer, Cis-[Cl3(Me;SOLLRh(IIN]

Naftrans[Cl4(Me,SO)(Im)Rh(III)]

Cl

I
~ F ~

Cl

SOMe,

SOMe,

L=NHz;orIm

Na+

il

Mezos Im

~N

R.h<
Cl -~ Z Im

1

Qall

mergcis-[Cl3(Me,SO)(ImyRh]

(Him)trans[Cl4(Im).Rh(III)]

Figure 1.19 Rhodium(lll) anticancercomplexes
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Sheldrick et al. prepared a series of trichlorido rhodium(lll) complexes,
RhCE(DMSO)LL, where LL is either ethylenediamine (en), bipyridine (bpy), 41,10
phenantroline (phen), X@aminobenzene (dab) or [6]anedigand (Figure
1.20."2 Thesecomplexes have showed high cytotoxicitgiues against MCF7
breast cancer cells and FZP colon cancer cells. Their cytotoxicity increases in the
order of en <dab <[6]ane$ < bpy, showing the importance of the polypyridyl
ligands in their antcancer ativity. They have also reported that the high cell
uptake of the complexes along the series, as well as, an increase in kinetic stability

may relate to their cytotoxic activity against the different cancer cells.

\ ' S > Y = DMSO
LL = en, bpy, phen,dab, [6]ar®s

Figure 1.20A general structure dfichlorido rhodium(lll) complexes

Dysonetalhasr eported the rhodium anal &dmues o
cym)RuCh(pta)] (RAPTAC), as shown irFigure 1.21a** Both the dichlorido,

[ C-@sMes)RhCL( pt a) ] , and mbMe)RMCI(pta)i” d Bh [ (c
complexes did not show any activity against a series of human cancer cell lines,
with ICspvalues>380e M and > 400 &M r ed @l eepartedv el vy .
[ P-@Mes)RhCI(3Cl-picolinamide)] Figure 1.21H which has showed a
moderate cytotoxicity with 165 value of 28.8 + 0.5 pM against A2780 ovarian

cancer cell$™® This complex was also found to be a potent inhibitahifredoxin

reductase 1 (TPR) activity, which may be a potential mechanism of action in its

cytotoxic activity.

c1- h\P/\ a”” l N
Y% N
N—/;\1> = ‘ 0}

~ N

() (b)
Figure 1.21 Structure ofa)[ (C-@sMes)RhCly(pta)], and(b)[ C-@sMes)RhCI(3

Cl-picolinamide)]
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1.7 Metal Picolinamide Complexes

Bhattacharyaet al. have selected a group of picolinamide ligands to obtain
ruthenium complexes of the type [RuR)s]. These complexes were synthesised
using RuC4.3H,O or [RuChL(DMSOQ)] in the presence of triethylamin€igure
1.22a shows the complex reported, in whichglinamide ligands are coordinated

to the metal centre through the nitrogens of pyridine and amide, giviny,Bn (
bonding to ruthenium and leaving the whole complex as netitrdhir et al. have
reported structural and electrochemical studies of cyclometalated iridium(lll)
picolinamide complexed-{gure 1.22b). Their electrochemical studies have shown
two oxidation peaks, where one occurs due to the metal center with a substantial
contribution from the ligands. The second oxidation is due to the ancillary
picolinamide ligand!’ Another Ru(L-R); complex that has also been reported in
the literature contains picolinic acid as the -bidentate ligand bonded to
ruthenium centre through nitrogen of pyridine and oxygen of carboxylated

group!*®as shown irFigure 1.22.

Figure 1.22 (a) N,N-binding onRulLs complex(b) Ir(ppy).L, where L is a

picolinamide ligandc) N,O-binding on Ru(lll) Picolinic acid complex
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Several metal picolinamide complexes have also been synthesised within the
McGowan group as shown ifrigure 1.23 Complex 1 was prepared by
synthesising a solution of [(Ro{cymene))(e-Br).Bry)] in ethanol with an excess

of the ligands in the presence of NMF, to give atris-picolinamide with(N,O)
coordinationto the ruthenium centre, giving the whole complex a +2 chay,
balanced with two P§ counter ions!® Complex 2 and 3, where M is either
Ruthenium or Osmium, and arene is eitpecymene or a biphenyl ring, have
different coordination mode of the picolinamide ligands to show which binding
mode, eithemN,N- or N,O-coordination gives a major effect to their ardancer
activity.*?® Their studies have shown thitN-coordinated complexes are more
active than thé\,0-coordinated complexes in terms of cytotoxicity, hydrolysis and
DNA binding. Complex4, where M is either iridium or rhodium, have also been
reported to have the potential antrcancer activity and they were found to be the
potent inhibitors of Thioredoxin Reductase LR} enzymesd acti vit

good target for anttancer treatment>

— o R

= | o
AN
2
<o
%
a=" | "y
= I!I |
e
3

1 4

Figure 1.23 Metalpicolinamide complexes synthesised within the McGowan group
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1.8 Aims of the research project

The aims othis project were to:

Synthesise and characterise a seriesNdtnctionalised picolinamide
ligands using IR, NMR, E®IS, CHN elemental analysis and-ray
crystallisation (Chapter 2)

Synthesise and characterise a range of novel ruthenium dihalide complexes
containing bidentate picolinamide ligands using IR,-MS, CHN
elemental analysis and-pay crystallisation (Chapters 3 and 4)

Synthesise and characterise a library of novel rhodium dihalide complexes
containing bidentate picolinamide ligands using IR, NMR;NES, CHN
elemental analysis and-pay crystallisation (Chapter 5)

Study on the structal isomers of the ruthenium and rhodium dihalide
complexes by NMR, UWis and Xray powder diffraction (Chapters3
Investigate the structuralctivity relationship of the ruthenium dihalide
complexes as antiancer agents. The studies include cytotoxi€iCsg),
hydrophobicity (Log P) and hydrolysis (Chapters 6 and 7)

Study the structuradctivity relationship of the ruthenium and rhodium
dihalide complexes as catalysts against transfer hydrogenation reactions
(Chapter 8)

The ruthenium complexes syngiiged contain several fragments, which have

shown to be important for artancer, as listed below:

X

/ O
| N
i —>X\|/N
/Ru\ \
— | > L
X = 7 ‘

Tz
<

= —

X
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| Planar aromatic groups may cause a potentialsite st ac ki ng wi t h

within DNA chain (intercalation)

Il The acidic amide proton may interact with guanine or other hydrogen acceptor

sites on the DNA chain, as a hydrogen bind donor

[l The labile halide ligand enables fast hydrolysis at éhoride concentration
inside cell, making the complex to form covalent bonds with nucleophilic site on a
DNA chain

IV Various substituents on the aromatic phenyl ring increase the hydrophilicity of

the complex, also increase the asdncer activity oftie complex

The rhodium complexes prepared were the analogue of the ruthenium dihalide
complexes containing several possible moieties that may be involved in transfer

hydrogenation reactions.

‘ N
| \ N/ V
X | N
/ /Rh\X ‘ \ .

i
1 AN

| The labile halide ligand may undergo substitution to generate alkoxide formation

Il The NH moiety may be used to deliver a hydroxyl proton to the substrate

[l Modifying the substituents on the phenyl ring may increase the catalytic

activity of the conplex
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2 Arene Functionalised Picolinamide Ligands

2.1 Introduction

The chemistry ofamide ligands is of much interest due to their role in biological
activities where the amide bondCEO-NH-] is an essential building unit in forming
protein structuré.It has a high stability towards hydrolySisyhich is important for
biological systems, as this allows the constructionraadhtenance of proteins. It has
been known for many years that the synthetic routes towards picolinic amide
derivatives involve the reaction between amines with either picolinic *aoid,
pyridine-2-carbonyl chloridé: ° Bhattacharyaet al. have developed a preparation for
high yielding picolinamide ligands adapted from Bareg¢sal, by a condensation
reaction of picolinic acid and the respective aniline with the presence of & base.
These ligands have the ability to chelate to the metal centre in two ways, either as
neutralN,O-donors or as monoanioni,N-donorsvia the loss of amide protdhas

shown inFigure 2.1

M /M
X N/ \N@ ‘ N \O X
‘ / \ /\R = | >\/
0 N R

(a) (b)
Figure 2.1 (a) monoanionic N,NJonors(b) neutral N,Gdonors

N,N-coordination to the metal centre is known to stabilise meted in their high
oxidation st at e-gonodaffect white N,O-hoerdinattom, celatiyely G
favours lower oxidation statéS.Interconversion between these two coordination
binding modes is able to influence the chemical properties of the metal centre, as well

as biological properties of the roplex.
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2.2 Picolinamide ligands

The picolinamide ligands used in this work are showirigure 2.2 Ligands2.1 -
2.10and2.16were previously synthesised and have been fully characterised within the
McGowan group and will not be reported in detail Hér& Ligands2.11- 2.15are

novel and have been fully synthesised and characterised.

0 =4 |
= N
X

R=H 2.1) 2& (26 2 & (2.1
2F (2.2 3E (27 3B @12
45 23 4@ (29 4® @13
2 6 -F4 42.4) 2. -@l6 (2.9 2 -Bro (2.14
2 6-F5 2.5 2 616 (2.10) 2 . -Bro (.19

26 (216

Figure 2.2 Functionalised picolinamide derivativ@sl-2.16

These ligands were synthesised accordin§dbeme 2.1by a condensation reaction
between picolinic acid and the relevant aniline in the presence of pyridine and
triphenyl plosphite. The crude product was isolated filtration and washed with

distilled water.

0 NH, 0 /@
N
X OH X P(OPh)3, N\ N \\R +H,0
| Pyridine
F / F =
K

R=F,Cl, Br,I

Scheme2.1 Synthesis of picolinamide ligands
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2.3 Characterisation of N-Functionalised Prolinamide Ligands
N-functionalised picolinamide ligands were prepare&dScheme 2.1o0 obtain ligands
2.11- 2.15as pure products in yields ranging from@¥®%6 and characterised using IR,
'H NMR, ®c{H} NMR, ES-MS, elemental analysis and single crystalRXy
diffraction. The NMR and IR spectra for all the picolinamide ligands have very similar
patterns. The IR*H, **C{*H}, 'H-*C{'H} NMR spectra for ligan@.11are shown as

an example of the compaunis, inSection 2.3.1and2.3.2

2.3.1 IR Data for Ligand 2.11
The IR spectrum for ligan@.11is as shown irFigure 2.3 It has several bands of
different intensities in the 160400 cm'area. Two NH stretches are observed at 3105

and 3281 crl, and a strongtretch for the CO group is seen at 1691 cm

70
60
50

40 -

Transmittance / %

30

||

3281 3105 ?

20 4

10 -
1691

i I i I i I
4000 3000 2000 1000

-1
Wavenumber / cm

Figure 2.3 IR spectra of ligan@.11
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2.3.2 NMR Data for Ligand 2.11

A labelled diagram of ligan@.11is shown inFigure 2.4. The'H, *C{*H} and 'H-
3c{™H} NMR spectra are shown irFigure 2.5, Figure 2.6 and Figure 2.7
respectively, with the chemical shift assignments presentédhte 2.1. A broad NH
singlet is seen at the downfield region at 10.72 ppm, and signals of doublets and
triplets between 7.048.70 ppm which corresponds to the protons on the pyridine and
phenyl rings of the picolemide. The*C{*H} NMR spectra shows a C=0 signal at
162.28 ppm, and -Br signal at 113.90 ppm.

0 h f
. e
a N ~,
‘ H
b A Br

NH
1 1 1.3 13

e
¥ e ‘_V'_/“J W) et = k"',‘v‘ e ]

1.00 131 1.23 1.301.321.33 1.321.34 1.31

I 1] 1] | T
T T T T O T T O O O e T
11.0 10.5 10.0 9.5 9.0 85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 40

Chemical Shift (ppm)

Figure 2.5 'H NMR spectrum of ligand.11(CDCls, 300.13 MHz, 300 K)
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Table2.1 *H and**C{*H} NMR chemical shift assignments for ligahd 1

Chemical Shift | Splitting _ Chemical Shift _
. 1 Assignment . 1 Assignment
(U p'pm| Pattern (U plceHn

10.72 NH 162.28 C=0

8.70 d a 149.78 Quaternary

8.66 dd d 148.33 a

8.32 d h 137.64 c

7.94 td C 135.94 Quaternary

7.62 dd e 132.49 e

7.53 ddd b 128.37 g

7.40 m gorf 126.62 b

7.04 td gorf 125.13 f
122.43 h
121.41 d
113.90 C-Br

162.28

165 160 155

—148.33

149.78

150 145

132.49
—128.37
—126.62

137.64
—125.13

135.94

Loab

—121.41

~122.48

113.90

140 135 130

Chemical Shift (ppm)

(adt b

125 120 115

110

105 100

Figure 2.6 *C{*H} NMR spectrum of ligand.11(CDCl;, 75.48 MHz, 300K)
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F1 Chemical Shift (ppm)

| ll
/

R R R R R R R R R R R R AR EEmEERE SR
10.5 10.0 95 9.0 85 8.0 75 7.0 6.5 6.0
F2 Chemical Shift (ppm)

Figure 2.7 ExpandedH-*C{*H} NMR spectrum of ligan@.11(CDCls;, 300K)

2.3.3 X-ray Crystal Structure for Ligand 2.13

Colourless prisms suitable for -pay crystallography were obtained from a
concentrated methanol solution. Ligar&d1l3 crystallised in a triclinic cell and
structural solution was performed in the space gmup with the asymmetric unit
containing one molecule. The molecular structure is shoviAigure 2.8 and selected
bond lengths and angles are giverTable 2.2 Ligand2.13adopts an almost planar
configuration, in which C(#N(2)-C(6)-C(5) shows a torsiorangle between the
pyridyl ring and aniline ring of 178.5(6)°. Intramolecular hydrogen bonding exists
between N(2H and N(1)with bond distance of 2.718(8), and between C(12) and
O(1) with bond distance of 2.946(%). Ligand2.13arranges itself in pallel planes
along thea axis as shown inFigure 2.9a), and in alternating direction by 180° when
viewed along the& axis as shown ifrigure 2.9b). These planes are held together by
intermolecular hydrogen bonding between &@@and O(1) with bond diahce of
3.279(9)A (Figure 2.9c)).
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o(1)

Figure 2.8 Molecular structure of ligan@.13 Displacement ellipsoids are at the 50%

probability level.

Table 2.2 Selected bond lengths and angles for ligariBwith s.u.s shown in

parenthesis

Bond length (A) Bond Angle (°)
C(LN(D) 1.378(10) N(1)-C(5)-C(6) 117.8(6)
N(1)-C(5) 1.375(9) C(5}-C(6)}0(1) 121.3(6)
C(5)}C(6) 1.513(10) O(L)C(6)N(2) 124.6(6)
C(6)0(1) 1.257(8) C(6)}N(2)-C(7) 130.3(6)
C(6)}N(2) 1.378(9) N(2)-C(7)-C(8) 117.9(6)
N(2)-C(7) 1.427(9) C(9)}-C(10)Br(1) 118.4(5)
C(7)}C(8) 1.392(10)

C(10)Br(1) 1.943(7)

s

) (b) ©)

bty M/w
B

Figure 2.9 Packing diagram of ligan@.13viewed along théa) a axis,(b) ¢ axis, and

(c) showing intermolecular hydrogen bond interactions
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2.3.4 X-ray Crystal Structure for Ligand 2.15

White needldike crystals suitable for Xay crystallography were obtained from a
concentrated methanol solution. Ligardl5 crystallised in a monoclinic cell and
structural solution was performed in the space g@w@i/cwith the asymmetric unit
containing one molecule. The molecular structure is showifrigure 2.10 and
selected bond lengths and angles are giveifahle 2.3 Similarly as previously
synthesised picolinamide ligands, liggh\d5adopts an almost planar configuration, in
which the torsion angle between the pyridyl ring and aniline ring-8(%)-C(6)-N(2)

is 9.2(16)°. Intramolecular hydrogen bonding exists in ligarkb between N(2H

and N(1), C(12H and O(1), and N(2H and Br(1) with bond distances of 2.679(14)
A, 2.888(14)A, and 3.080(8R respectivelyFigure 2.11(a) and(b) show the packing
diagrams of ligand2.15 When packed, the molecule stacks in a herringbone motif
along thea-axis, and in layers along tleaxis with the molecule alternating direction
by 180°. These planes are held together by intermolecular hydrogen bonding between
C(4)H and O(1) with bond distance of 3.323(15)RAgure 2.12.

Figure 2.10 Molecular structure of ligan@.15 Displacement ellipsoids are at the

50% probability level.

44



Synthesis of Picolinamide Ligands Chapter 2

Table 2.3 Selected bond lengths and angles for ligaribwith s.u.s shown in

parenthesis

Bond Distance (A) Bond Angle (°)
C(LIN() 1.369(16) N(1)-C(5)-C(6) 117.5(10)
N(1)-C(5) 1.348(13) C(5)-C(6)-0(1) 122.7(11)
C(5)-C(6) 1.523(16) O(1)-C(6)}N(2) 124.9(11)
C(6)0(1) 1.222(13) C(6)}N(2)-C(7) 128.6(9)
C(6}N(2) 1.384(14) N(2)-C(7)-C(8) 118.2(10)
N(2)-C(7) 1.417(15) C(7)-C(8)-Br(1) 120.4(9)
C(7)-C(8) 1.414(16) C(12)C(11)Br(2) 116.0(8)
C(8)-Br(1) 1.916(10)

C(11)}Br(2) 1.910(11)

AN
N
NN
S
2 S
ook Ui

(a) (b)
Figure 2.11 Packing diagram of ligan@.15viewed along thé€a) a axis(b) b axis.

Hydrogen atoms are omitted for clarity.

Figure 2.12 Intermolecular hydrogen bond interactions in ligahd5
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3 Synthesis of Ruthenium Dichloride Complexes

3.1 Introduction

This chapter discusses the synthesis and characterisation of hiep&tolinamide
ruthenium (Ill) dichloride complexes. Ruthenium picolinamide complexes of the type
ML2X, have not been reported in the literature previously, nor have been attempted
within the McGowan group before. The aim is to add a new series of complexes within
the McGowan group and to study the reaction involving coordination chemistry of

ruthenium together with the biological properties of the complexes.

3.2  Synthesis ofis-Picolinamide Ruthenium (I11) Dichloride (RuCl ,L))
Complexes
The design ofbis-picolinamide ruthenium (lll) dichloride (Rugll;) complexes
involves planar aromatic groups, a carbonyl group and an acidic amide proton on the
ligands, which may contribute to their intetiao with the DNA chain. Also, the halide
ligands bound to the metal centre and the various substituents on the aromatic phenyl
rings could contribute to modify the com
cancer propertiesScheme 3.loutlines the gneral synthesis for these complexes,
where the reaction proceeds via direct addition of two equivalents of ligand to the
ruthenium precursor in the presence of triethylamine, and induces the binding between
the ligands and ruthenium. Triethylamine in tteaction acts as a base in order to
deprotonate the hydrogen atom of NH from one of the picolinamide ligands, forming
triethylamine hydrochloride salt, to give &N,N)coordination of the ligand to the
ruthenium metal centre. A number of structural is@vaee possible for complexes of

the type RuXL. in solution, shown ifFigure 3.1**
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R

7z

0 =
—IR Reflux2h g N,,
| 1, \\\
RuCl;.3H,0 + 2 N\ N X JE—

H 30ml Ethanol

Z 1 eq. EN
]

Y

+ ENH'CI

@*

R Complex Yield

H 3.1 74%

2 & 3.2 50%
4 & 3.3 52%
205F4 0 3.4 72%
2065F50 3.5 28%
2 &l 3.6 58%
3 &l 3.7 55%
4 &l 3.8 28%
2065Ch0 3.9 44%
206-Cbo 3.10 40%
2 ®r 3.11 46%
3 @r 3.12 62%
4 -Br 3.13 44%
2 6+BA 06 3.14 51%
26-B50 3.15 54%
20 3.16 33%

Schemes.1 Synthesis of bipicolinamide ruthenium (lIl) dichloride complexes
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Figure 3.1 Possible isomers of bgcolinamide ruthenium dihalide complexes
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3.3 Characterisation of bis-Picolinamide Ruthenium (Il1) Dichloride
Complexes
Bis-picolinamideruthenium (111) dichloride complexes were prepawea Scheme 3.1
where two equivalents of the substituted picolinamide ligands were added to one
equivalent of RuGI3H,O in ethanol and dated under reflux for 2 hours. Complexes
3.1 - 3.16 were obtained as pure products in yields ranging fronrv£228 and
characterised using IR, H@S, elemental analysis and single crystalRXy
diffraction. These complexes were found to be soluble in m@arents, including
acetonitrile, methanol, dichloromethane, chloroform and acetone, producing intense

red-orange solutions.

The IR spectra of complexexl1 to 3.16 are very similar, with several bands of
different intensities in the 160000 cm' area. Acomparison was made between the
spectra of the uncoordinated ligands and of the complexes. It can be seen that the CO
and NH stretches were both shifted to lower wavenumber when the ligands were
bonded to the metal centre. In the IR spectrum of thesemutin complexes, there are

two stretches for the NH group within the region 3@800 cnt, and one strong
stretch for the CO group with a weak split in the 13688 cnt region. The IR
spectrum for ligand2.11 and complex3.11 are shown as an example tie
comparison irFigure 3.2 Magnetic susceptibility measurements have shown that all
of the complexes are logpind® with unpaired onelectron e = 1.83- 2.53), which
corresponds to the +3 state of rutheniyy € 1.73).

Three different types oStructural isomers have been shown to exist for these
complexes, which are theis-cis-cis, cistrans-cis and transtranstrans structural
isomers confirmed by their single crystal structubésay crystallography has been
used to show the geometry oktldifferent structural isomers, as well as to verify the
coordination mode of the ligands in the complexes. The ligands are bontlin
andN,O- coordination modes to the ruthenium metal centre. Single crystal structures
and data are shown for complex@$, 3.3 3.5, 3.6, 3.7, 3.9, 3.11, 3.12 3.13 3.14and

3.16 which were recrystallised by vapour diffusion, either from methanol/hexane or

methanol/pentane.
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3.4 IR Data for Ligand 2.11 and Complex 3.11

The IR spectra, with wavenumbers between 4080 cni', of ligand 2.11 and

complex3.11are shown irFigure 3.2 In the spectrum of the uncoordinated ligand, a
strong CO stretch is observed at 1691'cand is shifed to 1590 cr showing a weak
split of the stretch into two bands. The aromatic CH stretching is seen at 31@6rcm
the ligand, which is shifted to 3065 ¢mand an NH stretching is at 3281 treeen
shifted to 3202 cih for the complex. This patteris consistent for all of théis-

picolinamide ruthenium dichloride complexes reported in this chapter.

X
| = O pr
o N
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~/| N
N, /R“<
X N 0| N d
H N Z |
/ Br H
Br \
Ligand2.11 Complex3.11
Ligand 2.11
Complex 3.11
32023065
‘1\590
3281 3105
1691
T T T T T T
)0 3000 2000 1000

-1
Wavenumber / cm

Figure 3.2 IR spectra of ligan@.11and complexd.11
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3.5 X-ray Crystallography Data for bis-Picolinamide Ruthenium (l11)

Dichloride Complexes
Single crystals suitable forpay crystallography were obtained by vapour diffusion of
hexane/pentane into a methanolic solution of the crude product of the complexes. The
bis-picolinamide ruthenium dichloride complexes have a destbbdctahedral centre,
with bond anglesn the range 84.8107.7° between the ligands that &is to each
other, and bond angles of 170-878.4° between thieansligands about the ruthenium

metal centre.

Both picolinamide ligands coordinated to the ruthenium metal centre adopt-a non
planar configuration, in which the phenyl ring is almost perpendicular to the pyridine
ring when it is coordinated iN,N-fashion, with a torsion angle for C{B)2)-C(7)
C(12)of 73.2(4y, and C(18)N(4)-C(19)C(20) of 45.3(5) when it isN,O-coordinated

(for complexes3.5and 3.11). Complex3.1lahas a torsion angle of 92.8{@)etween

the planes of the phenyl ring and the pyridine ring foNifs-coordinated ligand and

of 478(9) for its N,O-coordinated ligand. CompleX15has an anglef®8.6(4f and
51.5(5) between the two planes fisN- andN,O-coordinated ligands respectively.

The RuCl bond distances for all tHas-picolinamide ruthenium dichlorideomplexes
are sinilar, where one of the RGI bonds is longer than the other, with an average
bond distance of 2.34 for Ru-CI(1) and 237 A for RuCI(2). The average bond
lengths of Ru(:N(1), Ru(1}N(2), Ru(1}N(3) and Ru(1)O(2) for all complexes are
2.04 A 2.02 A, D8 A and 2.09 A respectively, consistent and comparable with

previously reported®-ruthenium arene picolinamide complexes.
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3.5.1 X-ray Crystal Structure of Complex 3.1

Complex3.1crystallises as two different shapes of red crystedsl needles (complex
3.18 and red blocks (compleX.1b), both of which were suitable for-ray
crystallography. These crystals were obtained by vapour diffusion of pentane into a
methanolic solution fothe complex. Both sets of crysta&la and 3.1b were
crystallised in a monoclinic cell with the structural arrangeny@mis-trans-trans and
cis-cis-cis respectively. Their structural solutions were performed in the space groups
P2i/c, and P2;/n respediely with the asymmetric unit containing one complex
molecule and one methanol molecule for com@edaand two molecules of methanol

for complex3.1b. The molecular structure for both complexz4a and 3.1b are
shown inFigure 3.3and selected bond Igths and angles are givenTable 3.1

(a) (b)

Figure 3.3 Molecular structure of complek 1 showing(a) transtranstrans and(b)

cis-cis-cis structural arrangements. Displacement ellipsoids are at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Table 3.1 Selected bond lengths and angles for comléaand 3.1bwith s.u.s

shown in parenthesis

Bond length (A) / angle (°) 3.1a 3.1b
Ru(1)CI(1) 2.3408(14) 2.3540(9)
Ru(1)CI(2) 2.3498(13) 2.3769(9)
Ru(1}N(1) 2.037(4) 2.018(3)
Ru(1)}N(2) 2.008(4) 1.997(3)
Ru(1}N(3) 2.102(4) 2.045(3)
Ru(1}0(2) 2.067(3) 2.087(3)

CI(1) - Ru(1)- CI(2) 175.93(5) 96.16(3)

N(1) - Ru(1)- O(2) 96.51(16) 175.63(10)
N(2) - Ru(1)- O(2) 175.18(16) 96.34(11)
N(2) - Ru(1)- N(3) 106.92(16) 86.23(11)
N(L) - Ru(1)- N(3) 174.22(16) 98.72(11)

Complex3.1laarranged itself into a diagonal linear distribution when packed along the
b-axis as shown irrigure 3.4, held by intermolecular hydrogen bond between one
methanol molecule with three complex molecules involving the amide group of one
molecule (bond distance N&(3) of 2.756(6) A), the carbonyl group of the second
molecule (bond distance O¢@)(1) of 2.6995) A) and the hydrogen of the phenyl ring

of the third molecule (bond distance C(Q{3) of 3.329(7) A). There is also an
intramolecular hydrogen bonding between the carbonyl group and the hydrogen of the
phenyl ring within a molecule (bond distance Q(@J2) of 2.920(9) A).
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Figure 3.4 Packing diagram of compleéklaviewed along the-bxis showing
intermolecular hydrogen bond interactions between molecules. Hydrogen atoms are
omitted for clarity.

Complex3.1bpacked in rows alternately along thexis, with the molecules pointing

in alternate directions, as shownhigure 3.5a The molecules are held together by
intermolecular hydrogen bondind=igure 3.5b), between the amide gip of a
complex molecule with the oxygen of one methanol molecule (bond distance (N(4)
O(3) of 2.766(4) A), between the two methanol molecules (bond distanceOQ(Bdf
2.675(4) A), between the second methanol molecule with the carbonyl of the second
conplex molecule (bond distance O@)1) of 2.673(4) A), and between the carbonyl

of the second complex molecule with the hydrogen of a pyridyl ring of the third
complex molecule (bond distance G@{13) of 3.251(5) A).

(b)
Figure 3.5 (a) Packing diagram of complek1bviewed along the-bxis; (b)
Intermolecular hydrogen bond interactions between three complex molecules and two

methanol molecules. Hydrogen atoms are omitted for clarity.
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3.5.2 X-ray Crystal Structure of Complex 3.3

Red prisms of compleXd.3 suitable for Xray crystallography were obtaineda
vapour diffusion of hexane into a methanolic solution of the complex. Con3pBex
crystallised in a monoclinic cell with the arrangement ti@ghstranstrans and
structural solution was performed in the space grB@gn. The asymmetric unit
contains one complex molecule. The molecular structure is showigune 3.6 and

selected bond lengths and angles are givdrabie 3.2

Figure 3.6 Molecular structure of complek 3. Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity.

Table 3.2 Selected bond lengths and angles for coml8with s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Ru(1}CI(1) 2.3318(10) CI(1) - Ru(L)- CI(2) 176.60(5)
Ru(1)CI(2) 2.3533(10) N(1) - Ru(1)- O(2) 97.82(16)
Ru(1)N(1) 1.999(3) N(2) - Ru(1)- O(2) 176.38(16)
RU(1}N(2) 2.036(3) N(2) - Ru(1)- N(3) 105.90(18)
Ru(1}N(3) 2.113(3) N(L) - Ru(1)- N(3) 175.45(18)
Ru(1}0(2) 2.087(3)
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Complex3.3 packed in a linear arrangement alongdkexis as shown ifigure 3.7a
Figure 3.7b shows the intermolecular hydrogen bonding interactions, in which one
complex molecule interacts with three other complex molecules. The chloride ligand
of the first molecule forms a hydrogen bond with the hydrogen on the pymdybf

the second molecule (bond distance GI{{2) of 3.558(4) A). The second chloride
ligand of the first molecule interacts with two other complex molecules, one with the
amide group of the second molecule (bond distance-Gi(2) of 3.283(3) A), andhe

other with the hydrogen on the phenyl ring of the third molecule (bond distance CI(2)
C(8) of 3.596(4) A).

(a) (b)
Figure 3.7 (a) Packing diagram of complek3viewed along the-axis; (b)
Intermolecular hydrogen bond interactions between the complex molecules. Hydrogen

atoms are omitted for clarity.

3.5.3 X-ray Crystal Structure of Complex 3.5

Thin red rectangular crystals of compl&% suitable for Xray crystallography were
obtainedvia vapour diffusion of hexane into a methanol solution of the complex.
Complex 3.5 crystallised in a triclinic cell with the arrangementt@nstranstrans

and structural solution was performed in the space gRodp The asymmetric unit
contains one comek molecule and one methanol molecule. The molecular structure is

shown inFigure 3.8and selected bond lengths and angles are givéable 3.3
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Figure 3.8 Molecular structure of compleX5. Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity

Table 3.3 Selected bond lengths and angles for comlewith s.u.s showm

parenthesis

Bond length (&) Bond angle (°)
Ru(1¥CI(1) 2.3328(9) CI(1) - Ru(1)- CI(2) 176.80(3)
Ru(1)CI(2) 2.3664(9) N(1) - Ru(1)- O(2) 95.46(11)
Ru(1)}N(1) 2.036(3) N(2) - Ru(1)- O(2) 174.21(10)
Ru(1}N(2) 2.027(3) N(2) - Ru(1)- N(3) 107.74(11)
Ru(1}N(3) 2.102(3) N(1) - Ru(1)- N(3) 173.36(11)
Ru(1)0(2) 2.077(2)

Complex3.5 isarranged in a diagonal linear distribution when viewed along-toas

as shown inFigure 3.9a. Several intermolecular interactions are seen within the
packing arrangement. Each molecule interacts with two adjacent molecules, where two
molecules are held in pairs by hydrogen bonds with a methanol molecule, between the
amide group of one molecule (bond distance M¥3) of 2.760(5) A) and the
carbonyl grap of the second molecule (bond distance @(R)) of 2.689(4) A)
(Figure 3.9%). A second interaction is held by intermolecular hydrogen bonding
between the fluorine of the phenyl ring and the hydrogen of the pyridyl ring (bond
distance C(3F(3) of 3.241%) A), as shown irFigure 3.%c.
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Figure 3.9 (a) Packing diagram of compleéx5viewed along the-axis. Hydrogen
atoms are omitted for clarity}) Intermolecular hydrogen boridteractionswith a
methanol moleculgc) Intermolecular hydrogen bond interactions with fluorine

substituent

3.5.4 X-ray Crystal Structure of Complex 3.6

Red fragments of comple3.6 suitable for Xray crystallography were obtaineth
vapour diffusion of heane into a methanol solution of the complex. ComBex
crystallised in a monoclinic cell with the arrangementcistcis-cis and structural
solution was performed in the space gr@®#a/c. The asymmetric unit contains two
molecules of the complex and twaolecules of methanol, with one of the complex
molecule shown to have a positional disorder with an extra phenyl ring attached on the
N atom of the(N,O)coordinated ligandThe molecular structure of compléx6 is

shown inFigure 3.10and selected borldngths and angles are givenTiable 3.4
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Figure 3.10 Molecular structure of compleX 6. Displacement ellipsoids are at the

50% probability level. Hydrogen atoms amitted for clarity

Table 3.4 Selected bond lengths and angles for comBléwith s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Ru(1yCI(1) 2.345 (2) CI(1) - Ru(D)- CI(2) 95.39(9)
Ru(1)CI(2) 2.381(3) N(1) - Ru(1)- O(2) 176.8(3)
Ru(L}N(L) 2.030(8) N(2) - Ru(1)- O(2) 97.1(3)
Ru(1}N(2) 2.013(8) N(2) - Ru(1)- N(3) 87.7(3)
Ru(1}N(@3) 2.071(8) N(L) - Ru(1)- N(3) 100.8(3)
Ru(1}0(2) 2.091(7)
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3.5.5 X-ray Crystal Structure of Complex 3.7

Complex3.7 crystallises as two different shapes of red crystedsl needles (complex
3.78 and red prisms (complexX.7b), both of which are suitable for-ray
crystallography. These crystals are obtained by vapour wiffusf pentane into a
methanolic solution of the complex. The red needles crystallised in a triclinic cell with
the structural arrangememtanstranstrans while the red prisms crystallised in a
monoclinic cell with the structural arrangemed-cis-cis. Their structural solutions
were performed in the space groBpl andP2;/n respectively with the asymmetric
unit containing one complex molecule for both compleX&aand 3.7b, along with
one methanol molecule for compl8x7a The molecular structurer both complexes
3.7aand 3.7b are shown inFigure 3.11 and selected bond lengths and angles are
given inTable 3.5

/\ Cl

(@) (b)
Figure 3.11 Molecular structure of compleX 7 showing(a) transtranstrans and(b)

cis-cis-cis structural arrangements. Displacement ellipsoids are at the 50%

probability level. Hydrogen atoms are omitted for clarity
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Table 3.5 Selected bond lengths and angles for compl8x&sand 3.7bwith s.u.s

shown in parenthesis

Bond length (A) / angle (°) 3.7a 3.7b
Ru(1yCI(1) 2.3355(9) 2.3594(6)
Ru(1)CI(2) 2.3362(9) 2.3848(5)
Ru(1)}N(1) 2.033(3) 2.0510(15)
Ru(1}N(2) 2.006(3) 2.0270(14)
Ru(1)N(3) 2.106(3) 2.0741(16)
Ru(1}0(2) 2.061(2) 2.1089(12)

CI(1) - Ru(1)- CI(2) 174.66(3) 95.033(19)
N(1) - Ru(1)- O(2) 96.70(10) 177.80(6)
N(2) - Ru(1)- O(2) 175.10(10) 98.13(5)
N(2) - Ru(1)- N(3) 107.74(11) 88.07(6)
N(L) - Ru(1)- N(3) 173.84(10) 100.49(6)

Complex3.7apacked in a diagonal linear arrangement alongathgis, as shown in

Figure 3.1, held together by intermolecular hydrogen bonding between two

complex molecules and a methanol molecule with bond distance-Q{8}) of
2.831(4) A and O(3D(1) of 2.782(3) A to form a plane of complex molecules.

Intermolecular hydrogen bonding interacsoexists between three complex molecules
with bond distance C(15}1(1) of 3.409(4) A, and CI(2(23) of 3.324(4) A forming

a second plane of complex molecules. These interactions are shbigare 3.12.
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AAA T

Figure 3.12 (a) Packing diagram of complek7aalong the aaxis; (b) Intermolecular

hydrogen bonding interactions between molecules. Hydrogen atoms are omitted for

clarity.

Complex 3.7b packed in rows with a zigag pattern along thea-axis, as shown in
Figure 3.13 Each molecule interacts with neighbouring molecules of the same row,
via hydrogen bonds between the amide group of one molecule and the carbonyl group
of the other molecule @imd distance N(4D(1) of 2.855(2) A), as shown iRigure

3.14a. The row of complexes is held by intermolecular hydrogen bonding between
C(2)CI(1) with a bond distance of 3.680(2) which can be sedigare 3.14. The
ligands also exhibit intramoleculaiydrogen bonding with bond distances GC1{2)

of 3.347(4) and C(20)(2) of 2.866(2).

\
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Figure 3.13 Packing diagram of complek7bviewed along the-axis. Hydrogen

atoms are omitted for clarity.
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Figure 3.14 Intermolecular hydrogen bond interactions of comf@#esb(a) along the

rowsand (b) between the rows

3.5.6 X-ray Crystal Structure of Complex 3.9

Red cubic crystals of compléx9 suitable for Xray crystallography were obtaingth
vapour diffusion of hexane into a methanol solution of the complex. Congxfex
crystallised in a triclinic cell with the arrangementt@nstranstrans and structural
solution was performed in the &g groupP” 1. The asymmetric unit contains one
complex molecule and one methanol molecule. The molecular structure is shown in
Figure 3.15and selected bond lengths and angles are givEalte 3.6

Cl 03)

Cl

Figure 3.15Molecular structure of compleX 9. Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity
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Table 3.6 Selected bonténgths and angles for compl&®with s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Ru(1)CI(1) 2.3543(6) CI(1) - Ru(1)- CI(2) 173.54(18)
Ru(1)CI(2) 2.3767(5) N(L) - Ru(1)- O(2) 96.08(6)
Ru(1)}N(1) 2.0514(15) N(2) - Ru(1)- O(2) 175.25(6)
Ru(L}N(2) 2.0273(15) N(2) - Ru(1)- N(3) 106.95(6)
Ru(1}N(@3) 2.1219(15) N(L) - Ru(1)- N(3) 173.80(6)
Ru(1}0(2) 2.1056(13)

Complex3.9 packed in a diagonal linear distribution with a-zap pattern along the
a-axis as shown irfrigure 3.16a Several intermolecular interactions are seen within
the packing arrangement, as showikrigure 3.16h Two complex molecules are held

in pairs by hydrogen bonds with a methanol molecule, between the amide group of one
molecule (bond distanchl(4)-O(3) of 2.899(3) A) and the carbonyl group of the
second complex molecule (bond distance @¥@)) of 2.733(3) A). A second
interaction is held by intermolecular hydrogen bonding between the chlorine ligand
and the hydrogen of the pyridyl ring of tiieird complex molecule (bond distance
C(3)Cl(2) of 3.593(4) A). Another interaction is between one of the chloride
substituent on the phenyl ring of the picolinamide ligand with the hydrogen of the
pyridyl ring on another complex molecule forming a hygmo bond (bond distance
C(14)CI(6) of 3.652(3) A).

e ey
e 8

R “%ﬁ"m
—()—;ﬁ { ey

> JU:\ QH 10} <}}b

(a) (b)
Figure 3.16 (a) Packing diagram viewed along theaais of comple8.9(b)

Intermolecular hydrogen bonding between molecules. Hydrogen atenesnitted for

clarity.
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3.5.7 X-ray Crystal Structure of Complex 3.11

Red plates of comple®.11 suitable for Xray crystallography were obtaineda
vapour diffusion of pentane into a methanol solution of the complex. Cor8gléx
crystallised in a monoclinic cell with the arrangement ti@ghstranstrans and
structural solution was performed in the space grB@gc. The asymmetric unit
contains one complex molecule and one methanol molecule. The molecular structure is
shown inFigure 3.17and selected bond lengths and angles are givéahte 3.7

o) C@) @)

C(6]

C(8) cm N2)

N c@2s)

/
TZ

/ Br

Figure 3.17 Molecular structure of complek 11 Displacement ellipsoids are at the

50% probabilitylevel. Hydrogen atoms are omitted for clarity.

Table 3.7 Selected bond lengths and angles for comlgékwith s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Ru(1)CI(1) 2.3452(9) CI(1)- Ru(1)- CI(2) 174.27(3)
Ru(1)Cl(2) 2.3914(8) N(1) - Ru(1)- O(2) 96.76(10)
Ru(1)}N(1) 2.056(3) N(2) - Ru(1)- O(2) 174.07(10)
Ru(1}N(2) 2.036(3) N(2) - Ru(1)- N(3) 106.13(11)
Ru(1)}N(3) 2.106(3) N(1) - Ru(1)- N(3) 174.43(11)
Ru(1)}0(2) 2.095(2)
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Complex3.11packed in a herringbone motif along #raxis as shown ikigure 3.18

Each molecule interacts with two adjacent complex molecules, held in pairs by
hydrogen bonds with a methanol molecule, between the amide group of one complex
molecule (bod distance N(4J0(5) of 2.797(5) A) and the carbonyl group of the
second complex molecule (bond distance @if)) of 2.672(5) A).

Figure 3.18 Packing diagram viewed along theaais of comple8.11, showing the
intermolecular hydrogen bonding between molecules. Hydrogen atoms are omitted for

clarity.
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3.5.8 X-ray Crystal Structure of Complex 3.12

Red cubic crystals of compleék12 suitable for Xray aystallography were obtained
via vapour diffusion of pentane into a methanol solution of the complex. Coragdl2x
crystallised in a monoclinic cell with the arrangementcistcis-cis and structural

solution was performed in the space gré#a/n. The asynmetric unit contains one
complex molecule. The molecular structure is showigure 3.19and selected bond

lengths and angles are givenTiable 3.8

Cc3)

Figure 3.19 Molecular structure of complek12 Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity

Table 3.8 Selected bond lengths and angles for compl&2with s.u.s shwn in

parenthesis

Bond length (A) Bond angle (°)
Ru(1}CI(1) 2.3505(7) Ci(1)- Ru(1)- CI(2) 95.57(2)
Ru(1)}CI(2) 2.3833(7) N(1) - Ru(1)- O(2) 178.36(8)
Ru(1)}N(1) 2.053(2) N(2) - Ru(1)- O(2) 98.69(8)
RU(L}N(2) 2.029(2) N(2) - Ru(1)- N(3) 87.81(8)
RU(1)yN(3) 2.080(2) N(1) - Ru(1)- N(3) 102.07(8)
Ru(1}0(2) 2.1043(17)
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Complex 3.12 packed in rows with a zigag pattern along tha-axis, as shown in
Figure 3.20a A pair of molecules interactdga hydrogen bonds between the amide
group of one molecule and the carbonyl group of the other molecule (bond distance
N(4)-O(1) of 2.857(3) A), which again interacts with another molecule between a
chloride ligand and the hydrogen of a pyridyl ring (bondagise C(14)Cl(2) of
3.670(3) A) Figure 3.200.

Aunynyn
gﬁgﬁgﬁg
Aurgayn
ghgﬁgﬁg

Figure 3.20 (a) Packing diagram viewed along theaais of comple.12(b)
Intermolecular hydrogen bonding between molecules. Hydrogen atenosnitted for

(b)

clarity.

3.5.9 X-ray Crystal Structure of Complex 3.13

Orange needles of compl&x13suitable for Xray crystallography were obtained
vapour diffusion of pentane into a methanol solution of the complex. Cor8dé&x
crystallised in a triclinic cell with the arrangementti@nstranstrans and structural
solution was performed in the space grd®id. The asymmetric unit contains one
complex molecule and one methanol molecule. The molecular structure is shown in

Figure 3.21and selected bond lengths and angles are givEabte 3.9
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0@3)
(25)

Figure 3.21 Molecular structure of complek 13 Displacement ellipsoids are at the

50% probabilty level. Hydrogen atoms are omitted for clarity.

Table 3.9 Selected bond lengths and angles for coml&gwith s.u.s shown in

parenthesis

Bond length (&) Bond angle (°)
Ru(1)CI(1) 2.3397(13) CI(1)- Ru(1)- CI(2) 176.59(5)
Ru(1)CI(2) 2.3425(14) N(1) - Ru(1)- O(2) 97.83(16)
Ru(1)}N(1) 2.039(4) N(2) - Ru(1)- O(2) 176.41(16)
Ru(L}N(2) 1.996(4) N(2) - Ru(1)- N(3) 105.86(18)
Ru(1yN(3) 2.089(4) N(1) - Ru(1)- N(3) 175.47(18)
Ru(1)}0(2) 2.100(4)

Complex3.13 packed in a linear arrangement along lhaxis, as shown ifrigure

3.22 The complex molecules are held by intermolecular hydrogen bond between one
methanol molecule with two complex molecules involving the amide group of one
complex moleale (bond distance N(4)(3) of 2.850(6) A) and the carbonyl group of

the second molecule (bond distance @18)) of 2.754(5) A). Another intermolecular
interaction is the hydrogen bonding between the bromine substituent of one molecule
and the hydrogenfdhe pyridyl ring on another molecule (bond distance GA&r%))

of 3.633(6) A).
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Figure 3.22 Packing diagram viewed along thealtis of comple8.21, showing the
intermolecular hydrogen bonding betweaanlecules. Hydrogen atoms are omitted for

clarity.

3.5.10X-ray Crystal Structure of Complex 3.15

Red plates of comple.15 suitable for Xray crystallography were obtained by
vapour diffusion of pentane into a methanol solution of the complex. Cor8gléx
crystallised in a monoclinic cell with the arrangemerg-transcis, and structural
solution was performed in the space gr&@gi/c The asymmetric unit contains one
complex molecule and two methanol molecules. The molecular structure is shown in

Figure 3.23and selected bond lengths and angles are givéabte 3.10

Tz

o
(‘126!“ o

Figure 3.23 Molecular structure of compleXk 15 Displacement ellipsoids are at the

50% probability level. Widrogen atoms are omitted for clarity.
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Table 3.10 Selected bond lengths and angles for complé&with s.u.s shown in

parenthesis

Bond Distance (A) Bond Angle (°)
Ru(1)-CI(1) 2.3462(10) CI(1)-Ru(1)}CI(2) 94.71(4)
Ru(1)CI(2) 2.3943(10) | N(1)- Ru(1)- O(2) 98.88(10)
Ru(1)}N(1) 2.089(3) N(2) - Ru(1)- O(2) 85.17(10)
RU(1}N(2) 2.052(3) N(2) - Ru(1)- N(3) 97.05(11)
Ru(1)}N(3) 2.096(3) N(1) - Ru(1)- N(3) 175.62(11)
Ru(1)}0(2) 2.113(2)

Complex3.15packed in a herringbone motif along ttexis Figure 3.249. A pair of
molecules are held together by intermolecular hydrogen bonds between the amide
group of one complex molecule and the oxygen of the carbonyl group of the second
complex molecule (bondlistance N(40O(1) of 2.776(4) A). Another interaction
between two complex moleculesvis hydrogen bonding between one of the chloride
ligands of one molecule with the hydrogen of the phenyl ring of another molecule
(bond distance @Q)-CI(2) of 3.574(4) A). These interactions are as showFigure

3.24. There is also a hydrogen bonding between two methanol molecules, however

they do not interact within the packing of the complex molecules

(a) (b)
Figure 3.24 (a) Herringbone packing of compl@&15viewed along the-axis;

(b) Intermolecular hydrogen bonding between a pair of complex molecules. Hydrogen

atoms are omitted for clarity.
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3.5.11X-ray Crystal Structure of Complex 3.16

Compex 3.16crystallises as two different types of crystatsange needles (complex
3.169 and red blocks (complex16b), which were suitable for-ray crystallography.
These crystals were obtained by vapour diffusion of pentane into a methanolic solution
of the complex. The orange needles crystallised in an orthorhombic cell with the
structural arrangementranstranstrans while the red blocks crystallised in a
monoclinic cell with the structural arrangemerg-trans-cis. Their structural solution

was erformed in the space gro#2;2,2; andP2:/n respectivelywith the asymmetric

unit containing one complex molecule for both compleké$aand3.16k along with

one methanol molecule for compl@&d6a Complex 3.16b has shown a positional
disorder with an extra phenyl ring attached on the N2 atom ofN¢)-coordinated
ligand. The molecular structure for both complex@46aand 3.16b are shown in

Figure 3.25and selected bond lengths and angles are givEabte 3.11

(a) (b)

Figure 3.25 Molecular structure of complek 16showing(a) transtrans-trans and

(b) cis-trans-cis structural geometry. Displacement ellipsoids are at the 50%

probability level. Hydrogen atoms are omitted for clarity.
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Table3.11 Selected bond lengths and angles for compl&&aand 3.16bwith s.u.s

shown in parenthesis

Bond length (A) / angle (°) 3.16a 3.16b
Ru(1yCI(1) 2.330(4) 2.3241(13)
Ru(1)CI(2) 2.352(3) 2.3600(13)
Ru(1)}N(1) 2.023(13) 2.045(4)
Ru(1}N(2) 2.016(10) 2.030(4)
Ru(1)N(3) 2.067(12) 2.060(4)
Ru(1}0(2) 2.116(9) 2.056(3)

CI(1) - Ru(1)- CI(2) 173.82(13) 92.54(5)

N(1) - Ru(1)- O(2) 98.3(4) 93.55(14)
N(2) - Ru(1)- O(2) 176.3(5) 91.98(14)
N(2) - Ru(1)- N(3) 104.6(5) 94.94(15)
N(L) - Ru(1)- N(3) 175.8(5) 171.69(15)

Complex3.16apacked in a vertical linear arrangement alonglfaxis as shown in

Figure 3.26. Intermolecular hydrogen bonds are held between one methanol

molecule with three complex molecules involving the amide group of one molecule
(bond distance N(4D(3) of 2.75717) A), the carbonyl group of the second molecule
(bond distance O(3P(1) of 2.757(16) A) and the iodide substituent on the phenyl ring
of the third molecule (bond distance C(28)) of 3.561(16) A). A pair of complex

molecules are also held togethé hydrogen bond between the carbonyl group of one

molecule and the hydrogen of the phenyl ring on another molecule (bond distance
C(10)}0(1) of 3.268(17) A)Figure 3.26).
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(@) (b)
Figure 3.26 (a) Packing diagram viewed along thealis of comple8.16a(b)
Intermolecular hydrogen bonding between molecules. Hydrogen atoms are omitted for

clarity.

Complex3.16bpacked in a zigag pattern when packed along thaxis as shown in
Figure 3.27a. The @mplex molecules are packed together by intermolecular hydrogen
bonding between the amide group of one molecule and the carbonyl group of the
second molecule (bond distance N@(1) of 2.751(5) A), and between oxygen atom

of the (N,O)coordinated ligand rad the hydrogen of the pyridyl ring of the third
molecule (bond distance C(8)(2) of 3.161(6) A) Figure 3.27).

(@) (b)
Figure 3.27 (a) Packing diagram viewed along theagis of comple8.16b(b)
Intermolecular hydrogen bonding between molecules. Hydrogen atoms are omitted for

clarity.
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3.6 Isomerisation studies on bigPicolinamide Ruthenium (I11)

Dichloride (RuCl,L,) Complexes
There have been many attempts to separate the isomasspatolinamide uthenium
dichloride complexes from their main product, including fractional sublimation,
column chromatography using a mixture of different good and poor solvents, washing
off with a wide range of different solvents (assuming the different isomers have
different solubility), and using different procedures to synthesise the respective
isomers following the previously reported synthesis of complexes with different
structural isomers: * ’ However, no successful results have beeaiobtl. Fractional
recrystallisation has separated the isomers of the ruthenium dichloride complexes into
different shapes and colours of crystals as described previously, but the different
crystals were close to each other in the solution that colledtiem tseparately for
further studies was not possible. Comparison of IR spectra between each complex was
used to observe the differences in their NH and CO group stretches as to whether the
main product of the complex contains one single isomer or a mixfurgomers.
However, all IR spectra have been shown to be similar, where the differences of shift

or intensity of the bands between the spectra of each complex was insignificant.

Complex 3.7 has been shown to have two different structural isomers and was
therefore analysed by wwis spectrophotometry as a function of time and temperature.
Complex3.7 was dissolved in dry methanol and was analysed to observe the effective
changes in spectra that could result from an isomerisation prdéigsse 3.28(a)

shows a timalependant spectra of complgx in dry methanol taken at 0 h, 24 h and

48 h. A slight change is seen for peak centred at about 298 nm, hasiatecreased in
intensity after 48 h. A temperatudependent spectra of compldx’ in dry methanol
observed every decrease of 5°C from 58°C to 10°C, is as shofigure 3.28(b).

An increase in intensity of peak with maxima at 298 nm can be seen as the temperature
decreases. These changes observed are very insignificant and no new peaks appeared
over time and temperature to indicate that therecha@ges in their structural isomers

in solution.
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Figure 3.28 (a) Timedependant, an¢b) Temperaturedependant wvis solution
studies in dry MeOH for compl&x7 (30 uM)

The powder diffraction (PXRD) pattern of compleX7 was also recorded. The

diffraction patterns were compared between the bulk powder sample and its single

trans andcis crystal structures for complex8s7aand3.7b respectively, as shown in

Figure 3.29 The patterns are very different between the diffractograms. The positions

of the peaks in the simulated patterns do not match those of the recorded pattern of

complex3.7 hence it was not possible to obtain a ratidrafs:cisratio. Furthermore,

sincethe dried powder sample was used for the study, the presence of solvent in the

trans crystal structure may also affect the pattern. Thus, separation of the mixtures to

obtain pure isomers is useful for further characterisation studies.

= Crystal structure cis

J_,

Crystal structure trans

A

Ao

Experimental 30secs/scan

10

15

2Theta (°)

20

25

Figure 3.29 PXRD diffractogram of compleX7 for simulated trans and cis, and

experimental with scan rate at 30 secs/scan
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4 Synthesis of Ruthenium Diiodide Complexes

4.1 Introduction

This chapter discusses previously reportednsplatinum diiodide antcancer
complexes, followed by the synthesis of a series of naggdicolinamide ruthenium

(1) diiodide complexes, and their characterisation. The aim for this synthesis is to
extend the library ofbis-picolinamide ruthenium (lll) dihalide complexes, by
coordinating monodentate iodide ligands to the ruthenium metakcastwell as, the
interest in investigating the effect of changing the ancillary halide ligands towards
their biological activity.

4.2 Trans-platinum diiodide anti-cancer complexes

Monodentate iodide ligands have been used in the design efamaer druggor
many years, after numerous chemical studies on cisplatin clearly demonstrated that
the chlorides are the reactive ligarfdsThis led to the interest in observing the effects

towards biological activity when varying the leaving groupgisplatin.

The structurahctivity rules for metal complexes as acdincer drugs were developed

in the initial studies by Rosenbetgand Cleare and Hoeschéle. Their studies
specificaly focused on platinum (II) complexes based on the structure of cisplatin,
observing the effects of wvarying the cor
ligands and charge, on their an#incer activitiesn vivo. The platinum complex with

trans dichloride ligands was shown to be inactive, revealing tistgeometry is
important in anticancer activity. > This could be due to two main factofErans
geometry complexes are highly reactive due to kinetic ifgyableading to an
increase in toxicity. In addition, the complexes waihgeometry have the potential for
biological interaction within the cells through chelate formation, which is
stereochemically inaccessible toanscomplexes. When the ancillachloride ligands

of cisplatin were changed to iodide, the complex has showed a decrease in potency. A
very high dose was required for the platinum diiodide complex to create a maximum

effect for its anticancer activity.
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Despite these studies, sevetransplatinum complexes have shown, in recent years,
to be potent anttancer complexes when compared to thisianalogues, breaking the
structuralactivity rules for metal anancer complexes.” Based on the general
structure of cisplatin, the cytotoxicity ofransplatinum complexes increase
significantly bothin vitro andin vivo when substituting the inert ammine ligands with
more bulky ligands, as shown Figure 4.1 Mechanistic studies ggest that these
bulky ligands can hinder the substitution of trensdichloride ligands, decreasing the
kinetic instability of thetrans-platinum complexes, hence leading to lower toxicity.
Farrellet al. proposed TPA complexes, in whitdans dichloride platinum complexes
that contain at least one aromatieddnor ligandt = L6 = Pyridine; T
Qui nol i RRSO (R=GMe,R' = Me, Bz, or Ph)and have shown a 146ld
higher cytotoxicity than transplatin and comparable with cispfatirecent platinum
complex reported is the platinum (IV) diazido complekanstranstrans
Pt(Ns)3(OH).(Py), that is photoactivated by visible light at 420 nm, and is more potent

upon irradiation at 365 nrh.

Cl///l, \\\L N
Pt 3
L / \Cl PY///,,I \\\\OH
‘Pt
L = L6 = P i dine
yridi HO( | \Py
Qui nol iRR&O (Rt e, R =Me, Bz N,
or Ph
TPA complexes trans-trans-trans-Pt(N3)3(OH) »(Py)»

Figure 4.1 Recently reported active trasmdatinum anticancer complexes

There is also a variety of platinum an#incer drugs with monodentate diiodide
ligands as shown ikigure 4.2 Complexl has ethylenediamine as the neutral ligand,
X = Cl or | as the anionic ligands, and various axial ligands, where Y is CI, OH,
OCOCH;, OCOCHE or OSQCHs. These complexes were studied to investigate the
influence of anionic ligands on reductiortes and potentials, DNA binding ability,
and cell growth inhibitory activity’ Carbohydrate 2:8iamino2,3-dideoxyD-
glucopyranose was chosen as a ligand for complexresemble the structure of the

third generation platinurfbased anticancer drug, oxalipatin, and diiodide ligands as the
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leaving groups. These complexes were evaluated for their affinity toward dGMP by
cafillary electrophoresis (CE) and for théir vitro cytotoxicity by MTT assay® In a

more recent report, complexé&and 4 analogues of each other, having diiodide
ligands either incis or trans configuration, and diamine ligands, where Y is
isopropylamine, dimethylamine or methylamine have been studied. They have shown
a highercytotoxicity is seen for complexes withans diiodide ligands compared to
their correspondingis analogue, which brought them to further investigation on the
possible molecular mechanisms of action, by analysing the reactivity of these
complexes with adw representative biomolecules using various physicochemical

techniques?

H, Y OH
N//,,,l ‘\\\\\X I}\IIZ I I///"Pt‘\\\\Y Y//,,l Pt‘\\\\I
N’T‘X 7 >Pt‘§ 7 Yy 7 Yy
H, ¢ HO_ N I
H2
X=Clorl
Y = Cl, OH, OH Y = CHsNH,, (CHy)oNH, or
OCOCH, OCOCFR (CHs),CHNH,
or OSQCH;

@ ) (3) 4
Figure 4.2 Previously reported platinurdiiodide as potential aritancer complexes

Sadleret al. have reported metal (Ru or Qzcymene complexes with a chloride or
iodide as the monodentatgand, and either azopyridine or iminopyridine as the
chelating ligand. They have shown dramatic differences in biological activities, when
substituting the coordinating chloride ligands to iodide, with remarkable advantages
towards having the iodide Bepd bonded to the metal centfe'* The 1Gs values of

[ R P-p-cym)(p-Azpy-NMe,)ClIPFs a n d  f-pReying) (@-Azpy-NMe,)JPFg against
A549 lung cancer cell lines were reported to be 15 + 1 pM and 1.27 +pdi01
respectively, which is about 46ld difference. There are, however, only limited
known ruthenium based astancer complexes containing iodide monodentate ligands,
furthermore, with two iodide ligands, encouraging the exploration of structctiaity

relationships oransmetal based antiancer complexes.
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4.3 Synthesis of bis-Picolinamide Ruthenium (lll) Diiodide (RulL>)

Complexes

Bis-picolinamide ruthenium (ll) diiodide (Rpll;) complexes contain two bidentate
ligands with planar aromatic rings, an amide group and a carbonyl group that are able
to form interactions with biological molecules, and two monodentate iodide ligands
coordinating to the metal centre, which may influetiee biological properties of the

whole complex. The general synthesis for these complexes is as sh®areme 4.1

|

I
N
~ //,,4R|u“\\\\\0— Reflux 18 h N N/”'l R|u“\\\o_
7 “ N +2 KCI (s)
(0] N Cl I\|I 30 ml Ethanol (O N 1 I\|I o~
10 KI
/ = (s) / =

R=H (Complex4.1, Yield 2 6 ;Ch4 (Complex4.9 Yield
2 & (Complex4.2, Yield 2 6 ;Cb (Complex4.1Q Yield
4 & (Complex4.3, Yield 2 -Br (Complex4.11, Yield
2 6 5;F< (Complex4.4, Yield 3 -Br (Complex4.12 Yield
2 6 5Ft (Complex4.5, Yield 4 Br (Complex4.13 Yield
2&l (Complex4.6, Yield 2 06 B4 (Complex4.14 Yield
3&l (Complex4.7, Yield 2 6 -B6 (Complex4.15Yield

4 &l (Complex4.8 Yield

Schemet.1 Synthesis of bipicolinamideruthenium (lIl) diiodide complexes
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The reaction starts by synthesising the ruthenium dichloride analogue, and the addition
of an excess of solid potassium iodidesitu during reflux favours halidexchange
reaction™> ' The dichloride ligands of Rugll, complex undergo substitution with
iodide from solid KI, giving the ruthenium diiodide complex and forming a salt,
potassium chloride, which was dissociated as white ptata#pand filtered over celite

after the 18 h reaction. Several filtration and washing were involved in order to fully
discard the white precipitate of KCI, resulting in different percentage yield obtained in
the series adbis-picolinamide ruthenium diiod& complexes.

4.4 Characterisation of bis-Picolinamide Ruthenium (Ill) Diiodide
Complexes
Bis-picolinamide ruthenium (lll) diiodide complexes were prepared by a halide
exchange reactiomia Scheme 4.1where an excess of potassium iodide was added
directly to the functionalisedis-picolinamide ruthenium (lll) dichloride complex and
heated under reflux for 18 hours. Compledels- 4.15were obtained as pure products
in yields ranging from 374% andcharacterised using IR, B8S, elemental analysis
and single crystal »Ray diffraction. These complexes are found to be soluble in
dimethylformamide, tetrahydrofuran and nitromethane to give dark -gesm

solutions.

Complexest.1to 4.15have similar R spectra to their dichloride analogues, showing
several bands with different intensities in the 2800 cm' area. There are two NH
stretches with different intensitiesmedium and weak, within the region 368500

cm*, and one strong stretch with aatesplit for the CO group around the 150600

cm* region. A shift of the stretches towards lower wavenumber is seen on the IR
spectra of ruthenium diiodide when compared with the IR spectra of its dichloride
analogueFigure 4.3 shows the IR spectra afhnd2.11, complex3.11and complex

4.11 as an example of the comparison. Magnetic susceptibility measurements have
shown that all of the complexes are spind® with unpaired onelectron lef = 1.60

- 1.92 1), which corresponds to the +3 state dhanium (e = 1.73 |b).
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Two different types of structural isomers have been shown to exist for these
complexes, which are théranstranstrans and trans-cis-cis structural isomers
confirmed by their single crystal structure&ray crystallography habeen used to
show the geometry of the different structural isomers, as well as to verify the
coordination mode of the ligands in the complexes. The ligands are bontlin
andN,O- coordination modes to the ruthenium metal centre. Single crystal s&sictu
and data are shown for complexe® 4.3 4.12and4.13 which were recrystallised by

vapour diffusion of dimethylformamide/ether.

4.5 IR Data for Ligand 2.11, Complex 3.11 and Complex 4.11

The IR spectra of ligan@.11, complex3.11and complex4.11 are shown inFigure

4.3, In the spectrum of the uncoordinated ligand, the strong CO stretch is observed at
1691 cn, shifted to 1590 cfhin complex3.11and to 1563 ciin complex4.11that

splits into two bands. Two NH stretches seen in the region-3800 cni® are shifted

from 3290 cri and 3108 crl in ligand2.11, to 3209 crit and 3062 ci in complex
3.11and to 3172 ciand 3054 cilin complex4.11

Complex4.11

i

3172 3054
1563
Complex3.11
/4
3202 3065
1590
Ligand2.11
3281 3105
169
1 ' 1 ' 1 ' 1 ' 1
4000 3000 2000 1000 0

Wavenumber ci

Figure 4.3 IR Spectra of ligan@.11 complex3.11and complex.11
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4.6 X-ray Crystallography Data for bis-Picolinamide Ruthenium (lIl)
Diiodide Complexes

Single crystals of complexet2, 4.3 4.12 and 4.13 which were suitable for Xay

crystallography were obtained by vapour diffusion of ether into a solution of the

complex in dimethylformamide. Thiis-picolinamide ruthenium diiodide complexes

have a distorted octahedral centre, with bond angles in the 862°108.0° between

the ligands that areis to each otherand bond angles of 171:877.9° between the

transligands about the ruthenium metal centre.

The bond angle between the two N atoms of(Mh&l)}-coordinate ligand, and the N and O
atom of thg(N,O)-coordinated ligand, is less than 90° with the range between 78.8°,
due to the rigidity of the picolinamide ligands. The angle between thdrame iodine
atoms around the ruthenium centre isweetn 174.1- 177.9°. The torsion angle for the
(N,N) and(N,O)-coordinated ligand is between 49.82.5°, and 17.6 39.5° respectively,

adopting norplanar configurations between the picolinamide rings.

The Rul bond distances for all of tHais-picolinamide ruthenium diiodideomplexes
are similar, where one of the Ribonds is longer than the other, with an average bond
distance of 2.67 A for Ri(1) and 2.69 A for Ru(2). The average bond lengths of
Ru(1)}N(1), Ru(1)N(2), Ru(1}N(3) and Ru(1)0(2) for all the complexes are 2.05 A,
2.02 A, 2.12 A and 2.09 A respectively, consistent and comparable bigth

picolinamide ruthenium (IIl) dichloride complexes as discussed in Chapter 3.

83



Synthesis of Ruthenium Diiodide Complexes

Chapter 4

4.6.1 X-ray Crystal Structure for Complex 4.2

Complex 4.2 crystallises to black block crystals that are suitable ferax

crystallography. The complex crystallised

in an orthorhombic cell with the

arrangement ofranstranstrans and structural solution was performed in the space

group Pna2. The asymmetric uhicontains one complex molecule. The molecular

structure of complex®.2is shown inFigure 4.4 and selected bond lengths and angles

are given infable 4.1

Figure 4.4 Molecular structure of complek2 Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity.

Table4.1 Selected bond lengths and angles for comgl2xwith s.u.s showin

parenthesis

Bond length (A)

Bond angle (°)

Ru(1)I(1)
Ru(1)}1(2)
Ru(1)}N(1)
Ru(1}N(2)
Ru(1)}N(3)
Ru(1)0(2)

2.6507(17)
2.6670(18)
2.031(13)
2.009(11)
2.123(12)
2.106(10)

I(1) - Ru(1)- 12)
N(L) - Ru(1)- O(2)
N(2) - Ru(1)- O(2)
N(2) - Ru(1)- N(3)
N(1) - Ru(1)- N(3)

174.89(6)
97.1(4)
175.4(5)
107.2(5)
173.7(5)
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The crystal packing of complek.2 consists of wawike layers when viewed along

the c-axis, as shown ifigure 4.5 The molecules are held together by hydrogen bond
interactions between the amide group of one molecule and the carbonyl group of the
other molecule (bond distance N@J1) of 2.746(16) A). Another interaction is
between an oxygen atom of tlf,O)coordnated ligand of one molecule and the
hydrogen of a pyridyl ring of the second molecule (bond distance ) of
3.383(14) A).

Figure 4.5 Packing diagram of complek2 viewed along the-axis showing
intermolecular hydrogen bond interactions between molecules. Hydrogen atoms are

omitted for clarity.
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4.6.2 X-ray Crystal Structure for Complex 4.3

Green fragments of complek3 suitable for Xray crystallography crysliesed in an
orthorhombic cell with the arrangement todnstranstrans The structural solution
was performed in the space groBma2, and he asymmetric unit contains one
complex molecule. The molecular structure is showRigure 4.6 and selected bah
lengths and angles are given Tiable 4.2 The molecules of comple4.3 pack in
layers when viewed along theaxis, forming hydrogen bonds between molecules,

similarly as complex.2

Figure 4.6 Molecular structure of complek 3. Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity.

Table4.2 Selected bond lengths and andi@scomplex4.3with s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Ru(1)I(1) 2.6589(8) I(1) - Ru(1)- 12) 177.93(3)
Ru(1)}(2) 2.7149(8) N(1) - Ru(1)- O(2) 96.6(2)
Ru(1)}N(1) 2.051(6) N(2) - Ru(1)- O(2) 174.3(2)
Ru(1}N(2) 2.021(6) N(2) - Ru(1)- N(3) 107.4(2)
Ru(1}N(3) 2.119(6) N(1) - Ru(1)- N(3) 173.7(2)
Ru(1)}0(2) 2.089(5)
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4.6.3 X-ray Crystal Structure for Complex 4.12

Complex4.12 crystallised as black prism crystals in a monoclinic unit cell with the
arrangement dfrans-trans-trans. Structural solution was performed in the space group
Cc. The asymmetric unit contains one complex molecule and one dimethylformamide
molecule. The molecular structure is shownHFigure 4.7, and theselected bond

lengths and angles arevgn inTable 4.3

\ I
— Ru—
o/ N
Br \ / \

Figure 4.7 Molecular structure of complek12 Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity.

Table4.3 Selected bond lengths and angles for comgl&fwith s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Ru(1YI(1) 2.701(4) I(1) - Ru(L)- 1(2) 174.3 (14)
Ru(1}(2) 2.703(4) N(1) - Ru(1)- O(2) 96.85(12)
Ru(L)}N(L) 2.065(3) N(2) - Ru(1)- O(2) 175.56(13)
Ru(1yN(2) 2.023(3) N(2) - Ru(1)- N(3) 107.41(12)
Ru(1}N(3) 2.122(3) N(1) - Ru(1)- N(3) 173.65(13)
Ru(1)}0(2) 2.092(3)
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When viewed along thb-axis, complex3.9 can be seepackedin a diagonal linear
arrangement as shown kigure 4.8a). Several intermolecular interactions are seen
within the packing arrangement, as showiigure 4.8b). Three complex molecules

are held together by hydrogen bond interactions with a dyifietmamide molecule.
These interactions are between the amide group of one complex molecule and the
oxygen atom of dimethylformamide molecule (bond distance-8(8) of 2.779(5)

A). Another interaction is between the carbonyl group of the second complegule

and one of the carbon atoms of the dimethylformamide molecule (bond distance
C(1A)-O(1) of 3.223(5) A), and also, an interaction between the bromine substituent of
another complex molecule and the carbon atom of the dimethylformamide molecule
(bord distance C(1ABr(1) of 3.710(4) A).

(a) (b)

Figure 4.8 (a) Packing diagram viewed along thealtis of comple®.12 (b)
Intermolecular hydrogen bonding between molecules. Hydrogen atoms are omitted for

clarity.
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4.6.4 X-ray Crystal Structure for Complex 4.13

Black crystals of complex.13 suitable for Xray crystallography crystallised in a
monoclinic cell with the arrangemewnf trans-cis-cis. The structural solution was
performed in the space grol®i/n, and he asymmetric unit contains one complex
molecule and one dimethylformamide molecule. The molecular structure of complex
4.13is shown inFigure 4.9 and the selectedond lengths and angles are given in
Table 4.4

N(5)

Q2 C@2s)

Figure 4.9 Molecular structure of complex 4.13. Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity.

Table4.4 Selected bond lengths and angles for complex 4.13 with kaws $n

parenthesis

Bond length (A) Bond angle (°)
Ru(1YI(1) 2.664(11) I(1) - Ru(L)- 1(2) 174.1(4)
Ru(L}(2) 2.685(11) N(1) - Ru(1)- O(2) 174.9(3)
Ru(1)}N(L) 2.039(7) N(2) - Ru(1)- O(2) 96.2(3)
Ru(LN(2) 2.023(7) N(2) - Ru(1)- N(3) 171.6(3)
Ru(LN(3) 2.118(7) N(1) - Ru(1)- N(3) 108.0(3)
Ru(1}0(2) 2.066(6)
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Complex4.13 packs in a diagonal linear arrangement alonghtagis as shown in
Figure 4.10 Each molecule interacts with the adjacent complex moledaléwo
hydrogen bond interactions from the carbonyl group of(M&l)}coordinated ligand

with the amide group of one molecule (bond distance-9(@) of 2.809(10) A), and

with the carbon atom of another molecule (bond distance @{B) of 3.092(11) A).

Two intramolecular hydrogen bond interactions can also be found, where one is within
the (N,O)coordinated ligand of a complex molecule (bond distance &)22) of
2.790(11) A), and the other intramolecular interaction is within a dimethylformamide
molecuk (bond distance C(2€)(3) of 2.803(15) A).

Figure 4.10 Packing diagram of complek13viewed along the-axis showing
intermolecular hydrogen bond interactions between molecules. Hydrogen atoms are

omitted for clarity.
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4.7 lsomerisation studies onbis-Picolinamide Ruthenium (IIl) Diiodide
(Rul,L,) Complexes
The ruthenium diiodide comptet.13was studied for isomerisation in DMF solution
by uwvis spectrophotometryFigure 4.11(a) and (b) show the uwis spectra of
complex 4.13 at Day 0 and Day 5, and from 0°€C 100°C, in DMF solution
respectively. Only one structuréilans isomer is observed for ruthenium diiodide
complexes from its crystal structure, and with no change observed in theis uv
spectra it can be suggested thattth@s structural geometry is also stable in solution
over a period of time and also, over aletemperature range. Following this, powder
diffraction (PXRD) patterns were also recorded for complex2s4.3and4.13 This
was to further determine the stability of structural geometry in the bulk powder
samples. The diffractogram simulated from $irggle crystal structure of compléx2
was compared with the diffractograms recorded from its powder sample at scan rate of
5secs/scan and 30secs/scan, and are shoftgure 4.12 The PXRD patterns show
similarities on the peaks between their diffrggtoms. Data analysis on the unit cell of
the powder sample using DiffracEVand ChekCelf software has shown ah it is
comparable and very well matches with the unit cell data obtained from the single
crystal structure of the complex, suggesting the stability and purity of the ruthenium
diiodide complex.

(@) (b)

2 1 —100%
Day 0 1 oo
1 1 1
e Day 5 0.8 '.II w807
0.8 1 ' —70%
2 0.6 1 \ e ()9
0.6 - z )
= < 04 - 50
0.4 4 40%
0.2 30%
0.2 A \A_——-.\ — ()%
0 ' CTTT —10%
0 ' ' 280 480 680 0°c
280 480 680 -02 -
Wavelength (nm) ‘Wavelength (nm)

Figure 4.11(a) Timedependant an¢b) Temperaturedependant wvis solution
studies in DMF for comple4.13(30uM)
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= Crystal structure Experimental 5 secs / scan Experimental 30 secs/ scan

}| Y SN NN
J_M_A_LA__M_-&A_

7 9 11 13 15 17 19 21 23 25

2Theta

Figure 4.12 PXRD data of complek 2 showing the simulated and expeeintal
diffractograms recorded at scan rate of 5secs/scan and 30 secs/scan
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5 Synthesis of Rhodium Dihalide Complexes

5.1 Introduction

Five bis-picolinamide rhodium (Ill) chloride complexes were recently reportddhe
structural characterisation and spectroscopic analysis of Bhattaehatsynthesised
rhodium complexes of the type RbIX, to give bis-picolinamide rhodium dichloride
complexes as shown Figure 5.1 The complexes consist tns dichloride ligands
and two picolinamide ligands coordinatirfiy,N) and (N,O) to the rhodium metal
centre, with the two pyridine ringsans to each other. Thpicolinamide ligands are

functionalised by a substituent specifically on h&a position in this series of

complexes.
X
U
N
. C]\th/N
\Q\ O/l\CIO
i | - | :
X

R = OCH;, CHg, H, CI, NG,
Figure 5.1 General structure of bipicolinamide rhodium (lIl) dichloride complexes

developed by Bhattacharya et al

This chapter includes the synthesis and structural characterisation of a series of novel
bis-picolinamide rhodium (lll) dihalide complexes, functionalised with halide
substituents on thmetapostion of the phenyl ring. The aim of this work was to create
rhodium analogues of théis-picolinamide ruthenium (Ill) dihalide complexes
described in Chapters 3 and 4. The rhodium complexes were expected to have similar
structural characteristics to thédu analogues, in having five possible isoméiig).(

3.1). The Ru(lll) complexes were not suitable to study by NMR spectroscopy, Rh
analogues were prepared to analyse their structural characterisation both in solid state
using powder diffraction, and in letion by NMR techniques, as well as, their

application as catalysfs.
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5.2 Synthesis oBis-picolinamide Rhodium (lIl) Dihalide Complexes
Bis-picolinamide rhodium (l11) dihalide (RhX,) complexes were prepared following
the general scheme shown $theme 5.1 where two equivalents of picolinamide
ligands were heated under reflux for two hours with rhodium trichloride in ethanol in
the presence of a base, triethylamine, to afford compexess.4. A halideexchange
reaction of complexes.2 and5.3 affordedthe rhodium diiodide analogues, complexes
5.5and5.6 respectively after the addition of an excess of potassium iadlisiéu and

heating under reflux in ethanol for a further 18 h.

0 Z
_|R
RhCL3H,0 + 2 N N
| H
/
'?@%
K% 4
‘o, &

§/V 4 | /
/

| e
F
I | 1 NH
N\ O= Reflux 18h N N/""th"““o_
/ | \ N 7 N +2 KClI (s)
(0] N Cl ]\i 30 ml Ethanol QO N l T\i ~
A 10KI(y) y /

Complex X R Yield
5.1 Cl 3 49%
5.2 Cl 3 &l 62%
5.3 Cl 3 ®r 51%
5.4 Cl 30 72%
55 I 3 &l 45%
5.6 I 3 ®r 36%

Schemeb.1 Synthesis of bipicolinamide rhodium (1) dichloride complexes
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5.3 Characterisation of bis-picolinamide Rhodium Dihalide Complexes
Bis-picolinamide rhodium (lll) dihalide complexé&sl - 5.6 were obtained with yields

in a range from 362%. These complexes were characterised using IR, NMRIES
elemental analysis and single crystalRdy diffraction. Complexe$.1 - 5.4 were
soluble in polar solvents, including acetonitrile, methanol, dromhethane,
chloroform and acetone, giving orange/yellow solutions, whereas compeéxaad

5.6 were soluble in more polar solvents such as dimethylformamide, tetrahydrofuran
and nitromethane to give dark rbdown solutions. The IR spectra for complekek-

5.6 show similar characteristics to their ruthenium analogues, with a shift to lower
wavelength for both the CO and NH stretches between their respective uncoordinated
ligands and the complexes. The IR spectrum for ligaddcomplex5.2 and complg

5.5are shown irFigure 5.2to show the comparison.

The structural data of complexésl, 5.3 5.4 and 5.5 were collected by xay
crystallography and show their structural geometry and Khsk and N,O
coordination modes of the ligands to the rhodium metal. Interestingly, the rhodium
dichloride complexes have shown a different structural geometry from the one
reported by Bhattacharyet al of transtranstrans geometry. The single crystals of
complexes.1, 5.3and5.4, were obtained from vapour diffusion of methanol/pentane
and exhibit thecis-trans-cis structure, andrans-trans-trans geometry for comple%.5

which were recrystallised from a dimethylformamide/ether solvent system, described
in Section5.9.

The NMR spectra of the complexes show signals between )M ppm, which are
thought to be due to the mixture of possible structural isomers, indicated by the two
doublets at downfield region, between 8:99.85 ppm, which are assigned for the
proton adjacent to the N atom of the pyridine ring from each picolinamide ligahds (
(*H-H) ~ 5 Hz)*> * Upon fractional recrystallisation, these complexes crystallise in
two or three different forms of shapesdanolours, as seen with the ruthenium
analogues. Comple®.3 crystallises as red, orange and yellow crystals, and their

characterisation data are describe&éttions 5.5and5.6.
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5.4 IR Data for Ligand 2.7, Complex 5.2 and Complex 5.5

The IR spectra of ligah2.7, complexes.2 and5.5 are shown irFigure 5.2 In the
spectrum of the uncoordinated ligand, a strong CO stretch observed at 1678 cm
shifted to 1558 ciin both complexe$.2 and5.5. Broad and weak NH stretches are
also seen, in the region GB3500 cnt, shifted from 3328 cihof ligand 2.7 to 3064
cm™* and 3046 cni for complexess.2 and 5.5 respectively. This pattern is consistent

for all of thebis-picolinamide rhodium dichloride complexes reported in this chapter.

A AN
[ ).
Q\ CI\I/N a NG
JORENORSgN e
/N
e g
Ligand2.7 Complex5s.2 Complex5.5

Complex5.5
3046
1558
Complex5.2
3064
1558
Ligand2.7
3328
1678
1 ' 1 ' 1 ' 1 ' 1
4000 3000 2000 1000 0

-1
Wavenumber cm

Figure 5.2 IR spectra of ligan@.7, complexs.2and5.5
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5.5 IR Data of Complex 5.3

Complex 5.3 crystallised in three different fractionsred needles (complek.33),
orange blocks (complex.3b) and yellow microcrystals (compléx3g. The different
fractions were welseparated and collected for further characterisation. The IR spectra
of complexesb.3a 5.3b and5.3care shown irFigure 5.3 The weak NH stretch is
observed at 3033, 3057 and 3065'dor complexes.3a 5.3b and5.3crespectively.

A strong CO stretchplits into two bands, within the 1543613 cm region, which is
clearly seen for complexes.3b and 5.3c A difference in intensities can be seen
between the @r stretches in the region 744783 cm'. The two medium @r
stretches for comple.3aard 5.3b appeared at 744 and 783 ¢nand 775 and 760
cm* respectively, whereas, the intensity ofBE stretch for comple)s.3c showed a

strong intensity at 779 and 752 ¢m

Complex5.3c
3065
1598
1559 779 & 752
Complex5.3b
3057
1613 /4
1559 7758760
Complex5.3a

/

744

783

1543

I ' I ' I ' I
4000 3000 2000 1000
Wavelength cii

Figure 5.3 IR spectra of complexé&s3a 5.3band5.3c
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5.6 NMR Data of Complex 5.3

The'H NMR spectra of comple%.3aand complexs.3care shown irFigure 5.5 The

'H NMR spectrum for comple%.3b showed very weak signals due to an insufficient
amount obtained, therefore is not included in the figure. One molecule is expected to
integrate to a total number of 17 protons. The spectra, however, did not show the
presence of an NH peak and integrated ® protons. This was also the case with the
rhodium complexes developed by Bhattacharyal * The reason for this it is as yet
uncertain as it is known that the ligands are coordinatéhl,id) and (N,O) mode as

determined from their crystal structures (showBéaction 5.9.

Both spectra showesimilar peaks with strong and weak signals at certain chemical
shifts. The weak signals are thought to be the presence of a different structural isomer
as they integrate to a total number of 16 protons. Compl@xshowed additional

weak signals (highligied), where some peaks can be seen overlapping with each
other. These additional signals similarly gave a total of 16 protons, suggesting yet
another isomer is present. The ratio of the possible isomers determined froh the
NMR peak integrals is 1:0.2 f@omplex5.3aand 1:0.2:0.1 for complex.3c The red
crystals, compleX.3a could be the pure and main structural isomer of complax

but with a minor isomer molecule still present.

Based on the-xay crystal structure obtained for comp8a(discussed in detailed in
Section 5.9.2, it is known that this complex hasc&-trans-cis structure. In order to

assign the NMR spectra, theray structure was used as the general structure for
complex5.3 (Figure 5.4). The doublets at 8.919.85 ppm werassigned based on the
account of the typicald coupling ~ 5 Hz, for protons adjacent to the N atom of a
pyridine ring® * The peaks labelled (*) and (#) are assigned for the two unknown
structural isomers, where peaks are not overlapping. These assignments are presented
in Table 5.1based on théH-'H COSY spectra of complex3c as shown irFigure
5.6andFigure 5.7.
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H 1o
b h:e
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Figure 5.5 'H NMR spectra of complex8s3a(shown in red)and5.3c(shown in
yellow) (&-acetone, 300.13 MHz, 360
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Table5.1 'H chemical shift assignments for compieX

Chemical Shift Splitting .
. 1 Assignment
(0 ppPm) Pattern
aad,d,
9.85, 9.7, 9.5, 9.46, 9.39, 8.9 d .
a6, a
7.95, 7.90 ddd b, b
8.29, 8.298.39 dtd c, co
8.57, 8.14,8.72 d d, dbé6
7.64,7.01, 7.55 ddd e, eo
7.34, 6.86, 7.51 t f, f6o
7.45,7.01 ddd g, Q¢
7.83,7.18,7.62 t h, ho

95 9.0 85 8.0 75 7.0
F2 Chemical Shift (ppm)

F1 Chemical Shift (ppm)

Figure 5.6 'H-'H COSY NMR spectrum of compfe8c(ds-acetone, 300.13 MHz,

300K)
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95

10.0

L e e L L o e o e T s s
9.5 9.0 85 8.0 75 7.0
F2 Chemical Shift (ppm)

Figure 5.7 *H-'H COSY NMR spectrum of comp&8cwith higher intensity showing

the correlation ofsomeric compounds {gicetone, 300.13 MHz, 300K)

5.7 'H-NMR Variable-Temperature Studies of Complex 5.3

Previously within the McGowan group, a titanium ethoxide complex was synthesised
and studied to investigate fluxional processes between several isansetstion® A
similar observation was also noted in the budotiteeries of complexes developed by
Keppleret al® Figure 5.8 shows the structure of the complex with the three isomers
identified from the’H NMR spectrataken between 233 K and 333. s the
temperature daeases, the timescale of the exchange process between the isomers also
decreases that leads to the signal broadening and the appearance péakerd hese
signals are identified as the threis isomers of the complexis-cis-cis, cis-trans-cis
andcis-cis-trans The two diketonate ligands in this-cis-cisisomer gives two signals
each as they are not in identical environments, whereas the twaistits@mers show

one signal each for the diketonate ligand and methyl protons.
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Figure 5.8 The three cis isomers of titanium ethoxide complex observed at 233 K, and
the variable temperaturtH NMR study (CDG| 300.13 MH2)
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The bis-picolinamide rhodium dichloride compléx3 was studied for the possibility

of fluxional processes between the structural isomers present in the solution. This
study was carried dwver a range of days and at variable temperature:THeMR
spectra of compleX.3a and 5.3c was taken at Day 1, Day 3 and Day 7 at room
temperature. The spectra showed similar peak splitting and integration of 16 protons
for each possible major and roimisomers present. This suggests that the complexes
do not interchange between the different structural isomers present within the solution

over time at room temperature.

The'H NMR spectra of comple%.3 at lowest temperature, 213 K and at the highest
temperature, 323 K, are as showrFigure 5.9 These observations are different as
previously seen with the budotitane series of complexes, whereby instead of having
three different isomers with the same ratio at the lowest temperature, complex
showeda high ratio for one isomer, which is tles-trans-cis structure. This is
determined by the peak integrals that correspond to a total number of 16 protons for
one complex, not including the NH peak. The presence of signals for isomeric

compounds at 213 i§ seen as very broad and weak signals.

Figure 5.10 shows the temperatugependantH NMR spectra of comple®.3c in

increasing temperature at every 10 K from 213 K up to 323 K. Broadening of the
peaks is observed at the lowest temperature, 213 K.cheasing the temperature,
there is a slight shift for the protons
protons are shifted downfield, and upfi el
and H(do&) protons. Alharpen &s¢he temperatude ircreagaes.a | s
These are particularly seen in the coupl:/
t he phenly( h d)( er) oN,@rnoerdirated ligahde The signals become
separated into doublets and triplets, inahgdithe weak signals of the isomeric
compounds which become more resolved. The broad signals at low temperature are
due to the molecules stacking together as they interact very close between eath other.
The molecules are separated as the temperature increases, hence the appearance of the

sharp resolved peaks.
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When decreasing the temperature from 323 K, the signals show similar patterns as
increasing the temperature. This indicates that the changesvarsible and that the

molecules may not change in structure and are stable, even when at room temperature.

323K

o S <

(o] [«2)

W - A

—  — X \

1.00 0.98 0.99 214 1.001.19 1.06 1.151.12 1.011.25099 241 1.19

[ [ [ o o ™ N o e = e = [N
e L e e e e e e e L ey s e o e e e B
b 9.5 9.0 85 8.0 75 7.0

Chemical Shift (ppm)

213 K

[ee}

D o

(e} o™

) 2o

AP, M

1.00 0.99 0.99 224 103 223 107 119 1.221.15 233 218

(-] — (-] = I = - [ —
I o e e e o L e e e LA e e B o B e

9.5 9.0 8.5 8.0 75 7.0

Chemical Shift (ppm)

Figure 5.9 'H NMR spectra of compléx3at 213 K and 323 K
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Figure 5.10 TemperaturedependantH NMR spectra of compléx3 (ds-acetone, 300 MHz)
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5.8 NMR Data of Complex 5.5

The'H NMR characterisation dfis-picolinamide rhodium diidodide compléx5 has
showed a different observation as compared to its dichloride analoguéH TR
spectrum and a general structure of com@ex with the assigned protsnare as
shown inFigure 5.11 The signals integrate to a total number of 16 protons, and there
is no presence of minor isomers seen, indicating that the complex only has one
structural isomer present. This observation agrees well with the rutheniumddiiodi
analogue, whereby the complex has a staflestranstrans structure both in solid
state and in solutiorSgction 4.7. The proton adjacent to the N atom of the pyridine
ring from each picolinamide ligands appear as two doublets at 8.45 and 9.62Jppm (
(*H-'H) ~ 5 Hz).

\
I/Rh/I €
/N
O 1
cl h \ / b
' NH d'/c'
g
eV
f e g,
e o6,
b,c,d )
a ad do, « h o
f h
LA I LA L DL L R L LR LR L AL L L DL LR B LR LA LR DL LR DL LA LR LA |
95 9.0 85 8.0 75 7.0 6.5

Chemical Shift (ppm)

Figure 5.11'H NMR spectrum of compl&x5 (d,-MeOD, 500 MHz)

107



Synthesis of Rhodium Dihalide Complexes Chapter 5

5.9 X-ray Crystallography Data for bis-Picolinamide Rhodium (lIl)
Dihalide Complexes
Single crystals of complexdsl, 5.3 and5.4 suitable for Xray crystallography were
obtained by vapour diffusion of pentane into a solution of the complex in methanol,
while complex5.5which was crystallised by vapour diffusion of ether into a solution
of dimethylformamide. Thebis-picolinamide rhodium dihalide complexes have a
distorted octahedral centre, with bond angleghe range 88.997.1° between the
ligands that areis to each otherand bond angles of 171:873.3° between th&ans

ligands &@out the rhodium metal centre.

Due to the rigidity of the picolinamide ligands, the bond angles between the two N atoms

of the(N,N)-coordinate ligand, and the N and O atom of(tdgD)-coordinated ligand, are

found to be less than 90The angle between the twas chlorine atoms around the
rhodium centre is between 90.9 93.C°, and between the twtrans iodine atoms for
complex5.5is 177.35(5). The (N,N)coordinated picolinamide ligands adopt raanar
configurations, with the toisn angle between the picolinamide rings ranging from 83.4 to
111.7°. ThgN,Oycoor di nat ed | i gand-B & oBfsuBsitieemsohi s e d
the phenyl ring for theis complexes adopt an almost planar configurations with torsion
angleof 17186 and 177A respect i veHfunctiofalisedNfOp r si on
picolinamide ligand is 94.9°. This less planar configuration may be due to the extra steric

bulk of the iodine atom pointing away from the chloride ligands.

The RRCI bond distanes for all thebis-picolinamide rhodium dichlorideomplexes

are similar, where one of the R bonds is longer than the other, with an average
bond distance of 2.3R& for Rh-CI(1) and 236 A for RhCI(2). The Rhl bond
distances for compleX.5are longer than its dichloride analogue with an average bond
distance of &6 A for RhI(1) and RAI(2). The average bond lengths of RR{(1),
Rh(1)}N(2), Rh(1}N(3) and Rh(1)0(2) for all complexes are 2.01 A, 2.02 A, 2.04 A
and 2.07 A respectively, vi¢h are found to be quite nornfal.
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5.9.1 X-ray Crystal Structure of Complex 5.1

Complex 5.1 crystallised as orange blocks and yellow microcrystadsich were
obtained by vapour diffusion of pentane into a methanolic solution of the complex.
Only the orange blocks of compleXx.1 were found to be suitable for structure
determination by Xay crystallography. The complex crystallised in an orthorhombic
cell and structural solution was performed in the space dP@ufa2;. The asymmetric

unit contains one molecule of the complex and one molecule of methanol. The
molecular structure of compleX.1 is shown inFigure 5.12 with a cis-trans-cis

arrangementand selected bond lengths and angles are givéabte 5.2

Figure 5.12 Molecular structure of complex 1 Displacement ellipsoids are at the

50% probability levelHydrogen atoms are omitted for clarity.

Table5.2 Selected bond lengths and angles for compléwith s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Rh(1)CI(1) 2.3166(15) CI(1) - Rh(1)- CI(2) 92.34(5)
Rh(1)}CI(2) 2.3569(13) N(1) - Rh(1)- O(2) 93.29(16)
Rh(1}N(1) 2.018(4) N(2) - Rh(1)- O(2) 88.92(17)
Rh(1}N(2) 2.023(4) N(2) - Rh(1)- N(3) 94.17(19)
Rh(1}N(3) 2.030(5) N(1) - Rh(1)- N(3) 171.51(19)
Rh(1}0(2) 2.043(4)
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Complex 5.1 is arranged in a herringbone motif along #axis, and in alternate
layers along thdv-axis, as shown ifrigure 5.13 Two complex molecules are held
together by a methanol molecula hydrogen bond interactions betweene of the
chloride ligandgbond distance O(3¢I(1) 3.1877A) and the hydrogen on the pyridyl
ring of the(N,O)coordinated picolinamide ligand (bond distance G{Q43) 3.470(8)

A) (Figure 5.143). The other interactions abetween an amide group of one molecule
with a carbonyl goup of another molecule (bond distance (NQ{L) of 2.794(6) A),
and between a fluorine substituent on the phenyl ring with a hydrogen on the pyridyl
ring (bond distance C(18)(1) of 3.221(8) A). Intramolecular interactions can also be
seen within a copiex molecule, one with the chloride ligand (bond distance-C(1)
Cl(2) of 3.348(6) A), and the other interaction is within (NeO)-coordinated ligand
(C(20)0(2) of 2.811(7) A) Figure 5.14).

=

Brr e

€Y (b)
Figure 5.13 Packing diagrams of compléxl viewed along théa) a-axis and(b) b-

axis. Hydrogen atoms are omitted for clarity.

(a) (b)
Figure 5.14 (a) Intermolecular andb) intramolecular hydrogen bond interactions of

complexs.1 Hydrogen atoms are omitted for clarity.
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5.9.2 X-ray Crystal Structure of Complex 5.3

Complex 5.3 crystallised as red plates, orange blocks and yellow microcrystals,
however only the red plates were fousditable for xray crystallography. These
crystals were obtained by vapour diffusion of pentane into a methanolic solution of the
complex. Red plates of compléx3 crystallised in a monoclinic cell and structural
solution was performed in the space grdDp The asymmetric unit contains one
complex molecule. The molecular structure is showRigure 5.15with the structural
arrangement o€is-trans-cis and selected bond lengths and angles are giv@abie

5.3

Figure 5.15Molecular structure of complex 3. Displacement ellipsoids are at the

50% probability level. Hydrogen atoms are omitted for clarity.

Table5.3 Seleted bond lengths and angles for comg@e3with s.u.s shown in

parenthesis

Bond length (A) Bond angle (°)
Rh(1)}CI(1) 2.3130(15) | CI(1)-Rh(1)- CI(2) 92.92(6)
Rh(1)}CI(2) 2.3643(14) N(1) - Rh(1)- O(2) 92.92(18)
Rh(1)}N(L) 2.027(5) N(2) - Rh(1)- O(2) 91.04(19)
Rh(1)}N(2) 2.018(5) N(2) - Rh(1)- N(3) 97.1(2)
Rh(1)}N(3) 2.020(5) N(1) - Rh(1)- N(3) 172.4(2)
Rh(1)}0O(2) 2.044(4)

111



Synthesis of Rhodium Dihalide Complexes Chapter 5

Complex5.3 packed in a zigag pattern along tha-axis, and alternate layers along

the c-axis, as shown irFigure 5.16 The molecules are held together by several
interactions of intermolecular hydrogen bonding, which are between the amide group
of a complex molecule with the carbonyl group of the second complex molecule (bond
distance (N(4)O(1) of 2.680(6) A), and diween the oxygen atom of the second
complex molecule with the bromine substituent of the third complex molecule (bond
distance O(2Br(1) of 3.228 A).

(a) (b)

Figure 5.16 Packing diagrams of complé&x3viewed along théa) a-axis and(b) c-
axis, showing intermolecular hydrogen bond interactions between the complex
molecules. Hydrogen atoms are omitted for clarity.
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