Synthesis of Novel FunctionalisedKetoiminate and &
Diketonate Metal Complexes forTheir Use in Anti-Cancer

Treatment

Rianne Michael Lord

Submitted in accordance with the requirements for the degf@eabr of
Philosophy

The University of Leeds
School of Chemistry

January 2014




The candidate confirms that the work submitted is her own, except where work
which has formed part of jointhauthored publications has been included. The
contribution of the candidate and the other authors to this work has been explicitly
indicated below.The candidate confirms that appropriate credit has been given
within the thesis where reference has been made to the work of others. The
references for the jointly authored papers are stated below:

R. M. Lord, A. E. Nako, J. J. Mannion, A. J. Hebden,B.Crossley, M. W.
McMullon, F. D. Janeway, R. M. Phillips and P. C. McGowé@iechanistic and
Cytotoxicity studies of Group I\b-Diketonate ComplexésChemMedChen2014

acceptedMetals in Medicine, special edition)

V. Brabe¢ S. E. HowsonR. A. KanerR. M. Lord J. Maling R. M. Phillips Q. M.

A. Abdallah P. C. McGowapA. RodgerandP. Scott Mebdallohelices with activity
against cis@tin-resistantcancer cells; does the mechanism involve DNA binding?
Chem. Scj.2013 4, 44074416(Hot paper September 2012)

S. J. Lucas, R. M. Lord, R. L. Wilson, R. M. Phillips, V. Sridharan and P. C.
McGowan,6 S thesis of iridium and rutheniumomplexes with (N,N), (N,O) and
(0,0) coordinating bidentate ligands as potential-aaticer agenéalton Trans,
2012 41, 13800.13802top ten accessed journal September 2012)

In addition, following papers are pending publication:
A. RodriguezBarzano, R. M. Lord, A. M. Basri, R. M. Phillips, A. J. Blacker and

P. C. McGowan2014 Manuscriptsubmitted

S. J. Lucas, R. M. Lord, A. M. Basri, R. M. Phillips, A. J. Blacker and P. C.
McGowan,2014 Manuscript complet

R. M. Lord S. J.Lucas, A RodrigueBéarzano, S. J. Alison, R. M. Phillips, J.
Fisher and P. C. McGowaR014 Manuscript in preparation

© 2014 The University of Leeds and Rianne Michaela Lord



http://pubs.rsc.org/en/results?searchtext=Author%3AViktor%20Brabec
http://pubs.rsc.org/en/results?searchtext=Author%3ASuzanne%20E.%20Howson
http://pubs.rsc.org/en/results?searchtext=Author%3ARebecca%20A.%20Kaner
http://pubs.rsc.org/en/results?searchtext=Author%3ARianne%20M.%20Lord
http://pubs.rsc.org/en/results?searchtext=Author%3AJaroslav%20Malina
http://pubs.rsc.org/en/results?searchtext=Author%3ARoger%20M.%20Phillips
http://pubs.rsc.org/en/results?searchtext=Author%3AQasem%20M.%20A.%20Abdallah
http://pubs.rsc.org/en/results?searchtext=Author%3AQasem%20M.%20A.%20Abdallah
http://pubs.rsc.org/en/results?searchtext=Author%3APatrick%20C.%20McGowan
http://pubs.rsc.org/en/results?searchtext=Author%3AAlison%20Rodger
http://pubs.rsc.org/en/results?searchtext=Author%3APeter%20Scott

Acknowledgements

| would like to say a huge thank you to Paddy for alwaysnigefaith in me and for
giving me the freedom to explore this project in my own way. | am very grateful
for the opportunities you have given me, which have turned me into a keen
biologist. | appreciate all your help and invaluable feedback, allowing fineatty

gain confidence in both myself and my work. Also a thank you to Roger at the ICT
in Bradford, you and your team have provided me with the knowledge to carry out
all my own biology work and have always been there with a smile and a helping

hand.Also a special thank you to Charlotte Willans for my initial cell line training.

Where would | be without Dr. Pask, not only have you been a huge inspiration and
have always seen the better in me, but you have been an amazing friend. A massive
thank you forall you do, your invaluable feedback and the masses of proof reading
over the last 4 years. We would all be truly lost without you! Thank you to both
past and present members of lab 1.29 who have made the past 4 years so enjoyable,
for the many fun nightsut, Christmas parties and for gaining lasting friendships.
The McGowan group Andrew, Ben, Adi, Felix, Andrea, Aida, Carlo and Laura,

and the Halcrow group Ame, Raf, Jonny, Tom and Laurence. It has truly keeen
pleasure working with you all and | amtnsure | will ever find lab friends as
6special 6 as you guys! Last but not | ea
my two best friends Stephie and Rufeida (FayFay). Thank you for all the laughs
and nights out, some which are more memorable tHertThank you for leg

there through the ups and downs with a bottle of rum at the ready!

The biggest thank you must go to my f a
nephew, you are my world and I woul dnot
and Dad, 1dve you and words can never explain how thankful | am for everything

you have done and continue to do for me. You have both always had so much faith

in me no matter what. Thank you for always being on the other side of the phone

and giving me words of enacagement and putting me back on track when things

were rocky. Lastly, to mgrandmawho saw me start this degree but never got the
chance to see me missywushé | | ove you and




Abstract

This thesis is concerned with the synthesis, characterisation and evaluation of novel
metalcomplexes for their aplation as antcancer agents. tontains then vitro

cell results, along witha range ofother techniques to determine their biological
relevance antheir potential as anttancer agest

Chapter 1 contains an introductioto the project including literature searctpreviously

synthesised contgxesand project aims

Chapter 2 presents the synthesis and characterisation of nbxtketonateand b-

ketoiminateigands.X-ray crystallographic datareanalysedor some of the ligands.

Chapter 3 discusses the synthesis and characterisation of weketoiminate ruthenium

chloride complexes. Xay crystallographic dat@reanalysedor all of the complexes.

Chapter 4 introduces the MTT technique for assessing cytotoxicity, and presevitso

activities for the library of complexes synthesised in Chapter 3.

Chapter 5 looks at modifications of the previous ruthenium (ll) complexes, introducing
new ligands and iridum metal centres:ray crystallographic data foall of these
complexedas been discussed, along witlvitro activity against a range of cell lines.

Chapter 6 introduces hypoxia and states the cytotoxicities of a range of complexes under

1.0% and 0.1% oxygen concentrations.

Chapter 7 discusses mechanistic studies on the complexes, including hydrolysi

hydrophobicity, Comet assay, apoptasisl thioredoxinmeductase inhibition.

Chapter 8 introduces the préous group IV work within the group and an extension of
the library by synthesis ob-ketoiminate titaniumcomplexes. Xray crystallographic

analysis is discussed where applicable.

Chapter 9 contains expémental details and characterisation data for all compounds

described in Chaptef 3,5 and 8 Also protocols for all the biological studies.

Appendix presents a summary of-bdy crystallographic structure analysis for any

crystals obtained within thisavk
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1 Introduction

This thesis describes the synthesis and evaluation of novel ruthenium complexes as
potential anticancer agents, with some further work on titanium complexes. The
complexes feature substitutéeketoiminate ligands with differing electronic and
steric properties and adaptations of these complexes. This chapter will present a
review of previous research in the area of metal based anticancer agents, with

particular emphasis on ruthenium, titanium and iridium based complexes.

1.1 Cancer

Since the mid 1970sncidence rates for cancer in Great Britain in the hi<e
increased by 22% in men and 42% in womkEowever, over the last ten years,
these incidence rates have increased by just 2% in men and 6% in women. Cancer
occurs predominantlyn older people, withthe chanceof developing cancer
increasing rapidly from 50 years of addore than three in five cancers (63%)
were diagnosed in people aged 65 and over, and more than a third (36%) were
diagnosed in the elderly (aged 75 and over). The most common canoer ih

men is prostate cancer, which accounts for a quarter (25%) of all male cancer
cases. In females, the most common is breast cancer and accounts for nearly a third
(31%) of all cancers in women. In both males and females the second and third
most conmon cancers are lung cancer and bowel cancer respectiviéig.
majority of deaths occur in older generations, with the rates inogegtthe age of

60. More than three quarters (77%) of deaths occur in patients 65 anavbNgtr,

over half of these (52%) occur in patients over 75 years of Rgeent statistics

show that in 2010824579 people in the UK were diagnosed with cahcesting

£9.4 billion across the NHS, private and voluntary sectdrs.2011, 159,178

people died from cancer in the UK.

Cancer is the term given to a group of diseases resulting from mutations in our cells
which can cause them to undergo uncontrollable cell divisibne cells divide
through a process known as mitosi s, w h
know as oncogenes and tumour gene suppressor genes. However, if one or more of
these genes has a mutation the cell uncontrollably divides causing a lunguef tis
known as a tumour. Normal cells frequently undergo a process known as

programmed cell deatiHowever these activated oncogenes can cause a cell that
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ought to die to survivandenter cell proliferatiof. This can cause one of two types

of tumour, known as benign or malignant. A benign tumour does not invade other
tissues is usually not lifethreatening ands easily treated. Whereas malignant
tumous can undergo metastasis, in which the initial tumour can migrate to a
secondary site producing a secondary tumdbese are usually hard to treat and
can be life threatenin.The risk of developing caer can be increased by
exposure to carcinogens, a high fat diet or genetic susceptiblliancersare
different depending on what cells areeated and therefore different types of
cancer treatment are used to maximise treatability, these include surgery,
radiotherapy, immunotherapy, chemotherapy and gene ther@fien several

types of treatment are used simultaneously to giaeimum effects?

1.2 Metal-Based Drugs

Transition metal complexes are well known in biological processes and play a vital
role in the human anatomy. The use of mb&ded complexes has been understood
since as early as 1910, when Salvarg¢Arsphenamine), an arsenic containing
therapeutic agent, was used in the treatment of syphilis, and was the first known
chemotherapeutic agettThe structure of this complex was thought to contain an
As=As double bond. However, i©@5 work by Nicholsort al.provided evidene

that Salvarsan in fact exists cyclic trimers and pentameBgure 1.1).*

S@( e

As As

@ kag oyt “@

Figure 1.1 Cyclic Salvarsan structures

Since the discovery ofdvarsan, therapeutic agents have been established across
the periodic table, including a gold containing complex Auranofin (Ridura) which
is used to treatheumatoidarthritis, by reducing tender joints and morning stiffness

commonly caused by arthriti§igure 1.2).%3
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Figure 1.2 Auranofin (Ridura)

Another modern example iFetrofosmin (Figure 1.3), a *"Trc based cardiac
imaging agent better known &y o v i ewhiéh is used to enable théagnosis

and localsation of regions of reversible myocardial ischeffia
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Figure 1.3 Tetrofosmin

1.3 Cisplatin

Cisplatin fis-dichlorodiammine platinum(ll)jvas first discovered by Peyrone in
1845 and was knowhilts strsicturB(Bigure dLd)endss lates a | t .
elucidated in 1893 by Werner, when he proposed the theory of coordination
chemistry, showing that ammonia can in fact bind toRti(k) by donating its lone

pair in a dative or coordination borfl.’” However, theanticancerproperties of
cisplatin were not discovered until over a century after its initial discovsry,
Rosenberget al. in 19658 The discovery was made whilst researching electric
field effects on cell growth irkE. coli using an aqueous solution of NEl and
platinum electrodes. Since thet entered clinical phase trials in 1971 and was

approved for pharmaceutical use in 1978.hassincb ecome t he wor | dé
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anticancer drug in treating neck, bladder, ovarian and testicular c&ficers.

H,N,  \Cl
" Pt’
H,NY Yl

Figure 1.4 Structure of cisplatin

Oncecisplatin enters the body and reaches the desired organs, it diffuses through
the cell membrane by passive transport. This is due to a chloride ion concentration
deficiency in the cytoplasm of the cells, which enables the labile chloride ligands

of cisplain to dissociate and beplaced bywater moleculesSchemel.1).?

H;N, Wl
pp
v v

umzo

+
H3Ny,, o WOH, H' H;N,,,  \OH
Pt —_— Pt
v Vv v N

H;N

H,N H;N Cl

+H20

2t oyt
H;N,, \OH, EI; HN,, ~ \OH
Pt -~ Pt

HNT YoH, N7 YoH

Schemel.1 Hydrolysis of Cisplatin

The water ligand is easily displaced by the basic nitrogen atoms on DNA,
specifically the N7 position on guanine residues. Once it is bound to the DNA, the
second chloride ligand is replaced by another nitrogen atom from eithsartiee

DNA strand (intrastind) oran adjacent DNA strand (interstran@igure 1.5).
Incorporation of this platinum centre causes irreversible dehydration and induces
structurd changes to the DNA strand preventing replicatibhe crosdinking
prevents cell division and stops tumour growth. This DNA damage in tumour cells
causes the strands to O0kink©o; this is
death (apoptosis). ls crucial that thecis isomer is used as it has the correct
geometry for crostinking; whereas transplatin is thought to be deactivated before

it reaches the DNA® However, this is a nempecific process and affects healthy
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cells as well as cancerous cells, causing severe physiological side effects such as
nausea, and nephrotoxicity. Current research has ndwolsecondgeneration

derivatives of cisplatin, inhe hope to achieve higher activity with reduced

a. b. g
NH;

; Pt
G— \NH~ iy, (:'i:/'/',,

3

toxicity.*?

.:_-:P
N t"""NH;,

Figure 1.5 Representation of a. intrastrand and b. interstrand-tirdssg

1.4 Second Generation oPlatinum Complexes
The most successful cisplatin  analogue igis-diammine (1,1
cyclobutanedicarboxylato)platinum(ll) (carboplatirffigure 1.6). It has shown
similar activity to cisplatin against lung and ovarian tumours but with lower
cytotoxic behaviouf?
0]
O\ NH;

7/

Pt
0~ 'NH;
@)
Figure 1.6 Carboplatin

Its activity is due to the cyclobutanedicarboxylate ligand being more stable than the
chloride ligandof cisplatin, causg slowerin vivo hydrolysis andallowing more

time for the complex to reach target cells before the ligand is displaded.
significant advantage ighat carboplatin has much lower toxiside effects,
allowing the drug to be adminisated in much higher dosages when compared to
cisplatin. Howeverthe maindisadvantage of this drug is that it induces greater
bone marrow toxicity? Other platinum compless have been synthesised with
either platinum(ll) or platinum(lV) centresigure 1.7), many of which have

entered into clinical trials.
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Figure 1.7 Molecular structures ad nedaplatinp oxaliplatin,c ZN0473,d IM216
ande Lobaplatin.

Nedaplatin 4 was found to have the highest atdincer actiity of this second
generation,possessing lower nephrotoxicity in comparison to cisplamnd has
beenapproved for clinical use in JapahOxaliplatin ) was found to be effective

in cisplatinresistant cells for a range of different cancers and diase been
approved for clinical use in Frant®® ZN0473 ¢) is sterically hindered and
hydrolyses around 4 times slower than cisplatin and this is thought to be a factor
contributing to its high activity against cisplatiesistant cell line$’ JIM216 ¢)

was the first orally administrated platinum complex and was found to form at least
six metabolites, with no parent compound being detected after 20 minutes of
administratior™® Finally, Lobaplatin €) was introduced in 1992 and is currently in
phase Il clinical trials for cisplatiresistant ovarian cancer, head and neck cancers
and smalcell lung cancer*>?

Research groups are still investigating the group 10 metals for their use-in anti
cancer teatment. ldwever in more recent years researchdrave begunto
investigate alarger range of transition metals. Therefothis chapter discusses
some key complexes currently being investigated, with a closer look into current

titanium, ruthenium and iridium complexes.
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1.5 Titanocene Dichloride

The anticancer properties of dichlorobistcyclopentadienyl)titanium(IV)
(titanocene dichloride) were discovered in 1979 by Kopf and #gkr (Figure
1.8).3* Its cytotoxic potential was investigated due to the simiditn structure
between titanocene dichloride and cisplatin; both comiaidichloro ligands in the
neutral complex. Titanocene dichlorideas tested on a group of Chnice
implanted with Ehrlich ascites tumour cells, and was found to give a curefrate o
over 80%. It was both the first metallocene and the first titasiased compound

Ti“\c1
% Nl

Figure 1.8 Structure of Titanocene Dichloride

to exhibit cytotoxic properties.

Titanocenedichloride hasbeenshown to be effective against several carcinomas
and does not exhibit the same toxological pradidecisplatin, but idoes exhibit
liver damage (hepatotoxicityy It enteredphase | clinical trialsn 1991 but was
rejected during phase Il clinical trials as it produced responses too small to justify
its use in sigle-agent therapy against both renal and breast cdhéeThein vivo
agueous chemistry is thought to be similar to that of cisplatin involving hydrolysis
of the chloride ligandsScheme 1.2 with mechanistic findings by Markst al.
showing the substitution of the chloride ligandsuwrced faster than in the case of
cisplatin®® Titanocene dichloridecan also be taken up by transferrin at blood
plasma pH (7.35.45) and protoinduced loss of the Cp rings occurs. This is
thought to be a key stap the mechanism, with the rate at which the Cp is lost
controlling the activity of the complexd5Once inside the cell, the complex is
transported to the nucleus interaction with ATP, where it is then free to interact
with the DNA*#2
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+
_‘\OHz -H* _‘\OH
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Schemel.2 Hydrolysis of Titanocene Dichloride

1.5.1 Variations of the Chloride Ligands

Kopf-Maier et al. investigatedmodifications of titanocene dichlorideincluding
substituting the chloride ligands for different halides psdudadhalides i.e. X = F,

Br, I, NCS and N. Thesecomplexesshowed similar activities to both titanocene
dichloride and cisplatin, with theseudohalide being displaced during hydysis

in all cased® The introduction of the hydrophilic trichloroacetate or
pentafluorophenoxyHigure 1.9a andb respectively) saw a significant decrease in
toxicity (LDso = 440 mg/kg and 480 mg/kg respectively) compared to titanocene
dichloride (LDso = 100 mg/kg).

b

O
\\O)J\ \\OC6F5

T1
‘o\n/c013 % YOCFs

Figure 1.9 Variations of titanocene dichloride containirgyichloroacetate and

ﬁﬁ\

pentafluorophenoxy
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Other modifications have included neutral and charged moieties in addition to both
monodentate and bidentate ligands. These included a range of ionic, salt like
derivatives Figure 1.10), which haveshowed good water solubilityrhis has led

to further research aimed towards increasing both the solubility and hydrophilic

chamcter, as both have proven to be beneficial in the design of active titanium anti

cancer drug&*+

+ 12+

/ ;N\ lFeCl4|_ Qgi' ICF3SO312
AN O

Figure 1.10 lonic derivatives of titanocene dichloride

1.5.2 Cyclopentadienyl Derivatives & Titanocene Dichloride

As well as alterations to the chloride ligands, research has since moved onto
modification of the Cp ligand by addition of either a small group or larger pendant
arms. Kopf and KépMaier proved that addition of electron donatingugss to the

Cp ring did not lead to an increase in cytotoxic propeffi@sird et al. conversely
added electron withdrawing groups to the Cp ring in an attempt to increase
cytoxicity.*’ It was hoped that a more stabledp bond would form, which under
physiological pH would give an electrophilic titanium centre. This would increase
the Lewis acidity of the titanium centre and effectively increase the binding to
DNA, which is a Lewis base. When pendant arms were added on to the Cp ring,
lower 1Cso valueswere observedn comparison to titanocene dichloride. These
were  extensively researched by Tackeet al. with  bis[(4-
methoxybenzyl)cyclopentadienyl]titanium dichlorideét@nocene Y) Figure 1.11)
showing an IG value of 21mM when tested on LL&PK, in comparison to an kg

value of 2 mM for titanocene dichlorid®.
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O OMe
P

N
Ti

(o
O OMe

Figure 1.11 Structure of Titanocene Y

Tackeet al. have also synthesised a range of Titanocene Y analogues with the
corresponding difluoride derivatives, some shayvhigher activity than the
dichloride complexe3.Substituting the chlide ligands for a bidentate oxalate
ligand (OxaliTitanocene Y) showed around a-ftid increase in activity against
LLC-PK, giving an IGo value of 1.6 Mh (Figure 1.12).*° Due to the success of
these complexes, it was necessary to conduct research into a library of carboxylate
anionsubstituted derivatives of Titanocene Y. Some improvements were seen in
cytotoxicity when compared to titanocene dichloride, but Titanocenetilly s

remains the leading drug candidate of this libf&ry.

Oron
) 0
\ O
i ;f

YO
Figure 1.12 Oxali-Titanocene Y

McGowanet al. have studied the addition of amino functionalised pendant arms,
and have synthesised the following classes of substituted titano€Eena® (1.13).

In the case of the monocationic complexEgre 1.13a), additional methyl and

silyl groups have been added to the spe@mdant cyclopentadienyl ring to improve
lipophilicity and hence the ability to cross the cell membramevitro testing on

cell lines MCF7, LoVo, LS 174T, A2780 and A2780cis showed the mand
dicationic species to be potent cytotoxic agents, with the most active complexes
outperforming titanocene dichloride by-idld. Upon addition of one silyl group

onto the nofpendant cglopentadienyl ligand showed little effect on thesolC

11
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whereas the addition of two silyl groups led to a marked decreaseginiti@as

seen that these complexes were sensitive to cispigistance cell lines,
supporting the theories of these compteetingvia a different mechanism to
cisplatin, although in the case of these ionic complexes there is evidence of

significant DNA crosdinking.”*>*

2 N - b R
X N 2C1
+m +m
T \Cl
Tl'Cl
K % o
R, R, /ﬁ
R=H,R,=HR,=H,X=Cl c
R =Me, Rj=H,R,=H, X =1 21
R =H, R,=SiMe;, R, =H, X =Cl
R =H, R =SiMej, R, = SiMe;, X =Cl
R =SiMe;, R;=SiMe;, R, =H, X =1 R/VCIK\

Figure 1.13a. Mono- b andc bifunctionalised pendasgtrm titanocene dichlorides

The leadcomplex of this type is [GH4(CH2)o,N(CH,)s].TiCl,.2HCI, which was

shown to have increased activity in comparison teT@H- (Figure 1.14). °%>-34

2HCI

Figure 1.14 lonic piperidine functionalised titanocene dichloride
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1.6 Budotitane

Along with titanocene dichloride, another library of complexes known abithe
(b-diketonate) titanium complexes has undergone extensive research as potential
anticancer drugs. The first to enter phase trials was Ti(§Z2€})), (Budotitane)
(Figure 1.15). The complex and its antiancer potential have been studied by
Keppler et al. and hasbeenshownto be effective against sarcoma 180 ascitic
tumours, Walker 256 carcinosarcoma ascitic tumours, and induced colorectal

tumours in mice>>®

Figure 1.15 Budotitane

Budotitaneenteredphase | clinical trialstating a maximum tolerated dosage of
230 mg/nf with the dosdimiting toxicity being cardiac arrhythmia, and a
biweekly dose of 180 mg/fwas recommended for further treatm&htowever,
phase Il and Il clinical trials were postponed due to problems with formufdtion.
%2 The issues associated with this complex included poor solubility and stability in
water, which is aignificantlimiting factor. Attempts were made tncapsulate the
active species within a micelle containing glycerine pathylene
glycolericinoleate and 1;@ropylene glycol in watefree ethanol; this protective
micelle is formed when dissolved in watétiowever, this formulation provided
hydrolytic stability for only a few hours, and has proved proidtic to
characterisé® It has been proposed that budotitane loses the ethoxide ligands
initially, followed by the acac ligands, to form titanium dioxi@@cheme1l.3).

However, to date the mechanism is poorly understo664®
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Schemel.3 Proposed pathway for the hydrolysis of budotitane

A major issue with budotitane thatit can exist as five different isomeffSigure
1.16) and this makes it difficult to determine which isomer is key foraiserved
activity. Dubleret al. showedcrystallographially evidence thabudotitane adopted
a cis-cistrans (b) geometryin the solid statein comparison to the titanium

chloride derivative which adoptec:-trans-cis (a) configuration®®

14



Introduction Chapter 1

(a —\\
. _\\ <\ O
(\O (,) N (/- .\O O//"]li“\X
/n,, L, \ \
I(Tl " O//,' ,"\\\X O/ ‘X
0% | ¥x Ti
| ({ O
{ /O O I X N/
= ( O
./
a cis-trans-cis b cis-cis-trans C CiS-CiS-Cis
[ \\\\O—-\
Ti
7 | o=
d trans-cis-cis e trans-trans-trans

Figure 1.16 Five possible isomers of budotitane

Solution studies have shown bro#d NMR signals for the presence of multiple
isomers, which were thought to be ttis geometries, with theis-cis-cis (c) being
the most abundant at 60%, this-trans-cis (a) at 21% and then thes-cis-trans

(b) at 19%. Afurther issue is thafa) and p) are found as enantiomeric pairs,
further complicating the purification and separatidhe presence of the phenyl
rings is thought to be the key to the wit}i of these complexes, as replacement
with methyl groups destroyed the activityut this has not yet been proven and
recent studieshave shownno DNA damage during botin vivo or in vitro

studies®’

Asidefrom titanium, research has continuadhe group IV metals, where Keppler

et al. were amongst the first to show their padighas anticancer complexes.
Analogues of budotitane were made, incorporating either zirconium or hafnium
with b-diketonate ligands, showing that the titanium gave the most promising
resultsin vivo.® These libraries have be extended within the McGowaet al.
showing thein vitro testing of these metal complexes actually have a reversed
activity where compared tm vivo studiesby Keppler. Whereby we show thidue
hafnium analogues are the most activenplexes (discussed in Chaptef$)
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1.7 Ruthenium
The use of ruthenium as potential acdancer complexes hasnergeddue to the

following three properties;

1. Ligand Exchange

When considering both ruthenium(ll) and (Ill) complexes, it has been shown that

the ligand exchange in aqueatanditions is relatively slow and is similar to that

sea for the platinium(ll) complexe? It is thought that ligand exchange is a key
process in the drugds activity and that

before interaction with the biological targéts’

2. Oxidation State

Ruthenium has variable oxidation statesatthare easily accessible under
physiological conditions, meaning that it can be easily reduced by one electon
transfer proteins and thus have potential under hypoxic or anoxic conditions. Due
to the increasethetabolic rate of cancer cells there is an iiease in lactic acid
being produced which dereases the pH within the cancer celland lowers the
concentration of @at the cell, leading to a preferencé ruthenium(ll) species

over ruthenium (I1)’> "

According to the fAactivation by reduct:i
are more available fobindingto cellular components than ruthenium (if)The

relatively inertand nonrtoxic ruthenium(lll) complexeswhich have no effect on

healthy cellsmaybe administeredand arehen biologically activated by reduction

to the maee active ruthenium(ll) complexeés a resultthe ruthenium complexes

are more selective for cancer cells and decrease the toXiéity.

3. Iron Mimicking

Another advantage is u t h e rcapaciydc mimic iron in bindingn vivo to
different biomoleculesincluding protein albumin and transferrilt is known that
cancer cells have more transferrin receptmmghe surface of theell membrane
and terefore more ruthenium complexa® able to enter the ceRadiclabelling
studieshave showrthis increase rangdérom 2-12 fdd, depending on the cell type,

thereforereducing the toxicity® "> "
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1.7.1 Ruthenium Red

One of themostc o mmon f or ms of rut heni um ¢ omg
[(NH3)sRu(11HORu(IV)(NH3)4ORu(l11)(NHs)s]®* (Figure 1.17), a polycationic red

dye used to selectively stain mitochondria by binding to the calcium channels and
inhibiting calcium ion uptaké& The use of ruthenium red as an ar#hcer agent is
alsoknown, althoughits high toxicity has prevented further researtff

H;N NH, 6+
H3N ~ \ H3N\ /NH3 I NH3
H;N—Ru-O-Ru-O-Ru—NHj4
HN AN

H;3;N HsN NH; NH; NH;

Figure 1.17 Ruthenium Red

In 1976, Duriget al.discovered thafiac-[Cl3(NH3)sRu] worked in a similar way to
cisplatin and in fact inhibited. coli growth, however its low water solubility
prevented clinical us€: "® In order to increase solubility, the use of labile ligands
weresuggested and the complis-RuChL(DMSO0),4] was synthesised and was the
earliest ruthenium complex to exhibit anéincer propertieS. Not only was it
active against several metastatic tumours, it also forms covalent bonds to the N7

position on the guanine residtfe®

1.7.2 NAMI -A
Imidazolium fransimidazoledimethylsulfgidetetrachlororuthenate(lll)] (NAMI
A) was discovered by Saw al. andis the most successful ruthem anticancer

drug to date anthe first to enter phase | clinical triaBigure 1.18).%2

o
\S/
c1,,R| \Cl
u
Cl'II\I'CI II\{I
¢y | Lg
/ N+
| HN | H

Figure 1.18 NAMI-A
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The complex NAMI contains a sodium counterion and replacement of this with an
imidazolium cation gives NAMA. NAMI-A is easier to reproduce synthetically
then NAMI and is air stable. Both of these complexes have shown activity against
reducing lung metastasis formation on mice and thenagtastatic activity of both
complexes haseen shown to have no relation to their cytotoxicity against
cancerous cell& It has been sugested they have a different mode of activity in
comparison to cisplatirand other ruthenium complexesvhere their action
involves extracellular activity which is unique to both agéftélt was shown that
they are able téreat metastatic tumours at doses which are not toxic for the liver,
lung or kidney*> % and have the advantage of being administratedyorahe
reduction of NAMLA by ascorbic acid prior to administration led to NAMR. It

was found that this complex improves the efficiency againsin#tastasis growth,

acordingtot he fAactivation BFY reductiond hypo

1.7.3 KP418and KP1019
Imidazolium franstetrachlorobis(imidazolejuthenate(lll)] (KP418 (Figure
1.19), has shown to be much less toxic thanndazole analogue, however it still

shows high activity against colorectal carcinoma models in fice.

NH |
®
N
Cl, | \Cl N
Ru
17 1 vcl [ D
cy|

Figure 1.19 Imidazolium [trangtetrachlorobis(imidazolejuthenate(lll)] (KP418)

Indazolium franstetrachlorobis(indazolejuthenate(l1)] (KP1019) Kigure 1.20)
was discovered by Keppleat al. and has shown high activity against a range of
cell lines Unlike NAMI-A, which exhibited activity againghetastais processes,
KP1019 is active against colon carcinomas and primary human turimdubsgting
approximately one third of tumoute only sideeffect of KP1019s the increased
production of red blood cell®fythropoiesiy with clinical reportssuggestingho
severe side effecfs.
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+

N HN™ X
NRuN\

Figure 1.20 Indazolium franstetrachlorobis(indazoleyuthenate(l11)] (KP1019)

Although KP1019has poor water solubility, the substitution of the indazolium
cation with sodium increases its water solubility, improving its potential for clinical
use®® The active species of both these complelase been shown to be the
hydrolysed species of the chloride precursoithwP418 hydrolysing at a rate
comparake to cisplatin. However, KP1018ydrolyses more sloly and via a
different pathwa/ and is dependent upon both temperature and Fadtlowing
hydrolysis both complexes interact with the nucleophilic sites on DNA. They are
also active against cisplatmesistant cell lines and therefore it is thought that
binding of ruthenium complexes will have different cytotoxic effects in comparison

to cisplatin’>8 %

It has been shown that colorectal tumour uptake for KP418L&+&sd lower than
KP1019, leadingo loweranti-canceractivity. KP1019has been shown to laetive
agairst cisplatinresistant tumours and this could be due thfferent mechanism
of action.lIt is thought that ruthenium complexes targetkt¥eposition of guanine
or adenine andhowsthat KP101%as less interstrand crekisking in comparison

to cisplatin®

1.7.4 Organometallic Ruthenium Arenes

Organometallic complexes were once restricted to ruthenoaoatieSheldricket

al. reportedthe biological use of organometall#®i arene ruthenium comgtes.
This organometallic workvas based on his previous coordinatisork and the
reported activity of cis-[RUCL(DMSO)].?* Sheldrick made a range of#°-
ruthenium organometallic complexesjth the most promisingpnestaking the
form [(#°-arene)Ru(ll)(en)X] (X = halide, en = ethylenediamindjigure 1.21). It

was shown thadliffering the arene substituents lead to differences in activity both
in vitro andin vivo against a range of cancelldmes, including cisplatirresistant

cell lines®*%
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p-cymene biphenyl

5,8,9,10-tetrahydroanthracene ~ 9,10-dihydroanthracene

Figure 1.21 Examples of [(®-arene)Ru(I1)(en)X] complexes

These types of complex have also been studied by Sstdédr(Figure 1.22) and

the 2phenoxy derivative showed the highest cytotoxicity amongst the polar
substituents, but further results showed the non polar substituents had higher
activity than polar group¥. They also sbwed that polycyclic arenes on average
had higher activity than monocyclic arenes. It is thought that increasing the number
of arenes increases hydrophobicity, allowing easier passive transport into the
cell®*** To achieve better DNA binding the neutral ethylenediamine ligand was
replaced with an anionié-diketonate ligand, which exhibited high activity due to
rapid hydrolysis in water and a change in binding specifidibgy show selective

binding to adenosinayith very little binding to other residug3

R
<o |

R = Polar or Non-polar substituent

Figure 1.22[(#°-arene)Ru(ll)(en)X].PEcomplexes

It is thought that thee types ofuthenium complexes hydrolgsat afaster rate than
cisplatin, resulting in[ CidreneRu(en)(HO)]** which reacts rapidly with
guanosi ne mo RGMP) °dTkepirtesattion of thelg complexes with
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guanine derivative vitro were studied by Sadlet al®’ A crystal structuravas
determined and shows-’ a muecleokase stacking of @i dha)Ru(en)9EtG

N7]*" and [(d% tha)Ru(en)9Et&N7]*" (9EtGN7 = N7 bound Sethyl guaning It

was also showrthat tter e 1's i nt'ersnodacelkium@r bét ween
phenyl ring and the guanine bassd a hydrogen bondhteraction between the
ligandNH andguanine06.”’

_ -
@@,
¥ &
N N ——‘I\\IU\NH2
};&FO,H’
N
$—NH
H,N

Figure 1.23 Interactions betweemf-dhaRu(en)j" and 9EtG

McGowanet al. havecarried outextensive work on arene ruthenium complexes to
try and produce higher activity against cancerous cells and cisptatsant cell
lines. These includa range of picolinamide and quinaldamide compldkegure
1.24), that have been synthesised by reactions withptbgmeneruthenium(ll)

chloride dimer®

W _\\\
@,
| — | —
CI’RU‘N@ ol -RUN—(
| N> R | \» R

N | N |
Picolinamide Quinaldamide

Figure 1.24 Ruthenium picolinamides and quinaldamides

The lead drug within this type of complex is the charged ruthenium (II) chloride
2,5-dichloropicolinamide complex, which is made by filtering the uncharged
complexonto NH,PFs (Figure 1.25). These types of\,N) chelating ligands are of
high interest due to previous results discussed within the work of Sheddradk

and they also have tlaelvantage of coordinating é4,0) chelating ligands, giving
them potential to target different organelles witthe cancerous cells.
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e
Z | O
AN
R =2'5"-diCl

Figure 1.25McGowanet al.lead compound

NMR studies have shown that equilibrium between (hO) and (N,N)
coordination can be altered by chasge temperature and pH.The ruthenium
complexes with ditro, 4-nitro and 4fluoro picolinamide have shown igvalues
against a range of tumour cells in the same order of malgnds cisplatin and
carboplatin, with the addealdvantage obeing active against a cisplatin resistant
cell line. It was shown that the binding mode of these complexes is essential to its
cytotoxic behaviour. Studies showed that the more cytotdkid) (complexes have
rapid hydrolysis and bind preferentially to guanine, whereas switching the binding

mode to ,0) slows the rate of hydrolysis and switches off the actf/it)*

Work has since continued on ruthenium and iridium arene complexes incorporating
either a picolinamideN,N), ketoiminate IJ,0) or a napthoquinoneXO) ligand,
where the IG values against both HZ9 and MCF7 show the difference in
binding mode is key for the cytotoxic values sé¥rThe most significant result

was seen for the ketoiminatid,0) complexes foboth ruthenium and iridium and
activity followed the general trendN(O) > (O,0) > (N,N). Part of the work in this
thesis helps to explore further structural activity relationships.

Since the start of this project, Dysenal. have also started working on ruthenium
b-ketoiminate complexesF{gure 1.26). They show that altering the Ruene
substituent can tune the activiby the complexes, whereby tipecymene ligand
gave the highest activities. Upon minor alterations oftHketominate ligand, large
differences were noted in the cytotoxicities observed. It was also noted that all
rutheniumb-ketominate complexes were lesstive than cisplatin against A2780,
but they were more active than cisplatin against ARi&B0suggesting these

complexes are activateth a different mechanism to cisplafif.
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R = Ph, naph or Et
arene = cym, bez, hmb

Figure 1.26 Rutheniumb-ketoiminate complexes reported by Dyssral 1%

1.8 Research Aims

The aims of the project were &ynthesise a range dkketominateruthenium
chloride complexes, altering bothe electronics and sterics of tlbeketominate
ligand in order to gain structural activity relationships and assess their potential as

anticancer compounds.

1 Firstly, the b-diketonate ligand8* and b-keiminate ligand$® will be
synthesised according 8chemel.4 andSchemel.5 respectively.

o) 1) NaOEt
N reflux
| R _R1
= ll) H2804
Schemel.4 Synthetic route fob-diketonate ligand$*

| \

e
Toluene / NH O
HCl
\/ X N
| — Ry
=

Schemel.5 Synthetic route fob-ketoiminate ligand$®

1 The complexes will be synthesised accordin§tbemel.6.
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R— | Et;N

NH O (2 equiv.)
A
/K)’K@ DCM O/ 7)_6
\/
R,

Schemel.6 Synthetic route ob-ketominate ruthenium chloride complexes

Complexes synthesised will include the following components which have been

shown to be important:

Figure 1.27 Target ruthenium complexes

I. The p-cymene moiety may stabilise the ruthenium centre towards
hydrolysis and increase the hydrophobic character of the complex, allowing
the complex to remain intast vivo and facilitating passive transport across
cell membranes.

Il. Varying the substituents R and Riay increase the water solubility of the
complex as well as increasing the as#@ncer activity of the complex.

lll. Planar aromatic groups may provide a potential f&itep-stacking with
nucleobases within the DNA chain (intercalation).

IV. The presence of a labile halide ligacmlild allow rapid hydrolysis of the
complex at the low intracellular chloride levels, forming the more reactive
species which can then form covaidonds with nucleophilic sites on the
DNA chain.

The complexes will be assessed for their-aaticer potential by determining their
cytotoxicities using several biological assays and gaining structure activity

relationships (SARS).
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b-Diketonate and-Ketoiminate Ligands Chapter 2
2 Preparation of (O,0)and (N,O) Ligands
2.1 Preparation of b-Diketonate (O,0) Ligands

This section extends the previous librarydfydroxy-4-phenyt3-buten2-one (b~
diketonate) ligands which have previously been reported within the research
groupl 2 The library was first extended e synthesis of novel monaryl &-
diketonate ligandsL{L-L4) and also novel baryl b-diketonate ligandsL6-L10)
(Figure 2.1). All compounds have been synthesised and fully characteristee by
author using 'H NMR, 'H-'H COSY, “*c{'H} NMR, H-"*C{’H} HMQC

spectroscopy, assspectrometryand micreanalysis.

OH O
R X X

—R

_ 1
R=Me,R = 4 {butyl L1 |[R=PyR:= H L5
2®Et ;F L2 4 ®r L6
2 6 ~diF5 6 L3 4 ®Me L7
4 4midazole L4 4 de L8

3 -daphthyl L9
206, ar&l, 4 L10

Figure 2.1 Novel b-diketonate ligands synthesised within this chapter

2.2 Synthesis of MoneAryl b-Diketonate Ligands

There are several different synthetic routes for the preparation of theseanybno
ligands. In this work, &€laisen condensation reaction was carried out by reacting a
substituted acetophenone with ethyl acetate in the presence of sodium ethoxide
(Scheme2.1).?

O i) NaOEt OH O
EtOAC
AN reflux A AN
—R T R
/ II) H2804 =

Scheme2.1 Synthetic rote for monearyl 6-diketonate ligands
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2.2.1 Characterisation of Mono-Aryl b-Diketonate Ligands

The'H NMR spectra of these moraoyl ligands Figure 2.2) are all very similar

with the aromatic hydrogens$-lt) having the highest chemical shifts (an example
for L4 is seen irFigure 2.3), all appearing in the region 681 ppm. The methine
hydrogen ¢€) is the most characteristic peak and appears as a one proton singlet in
the region 6.36.5 ppm. The methyl hydrogena) @ppear as a three poo singlet

in the region 2.2.3 ppm. In some ligands a peak for the OH can be seen at
approximately 16 ppm.

CI)HO

o / \e/\
"

Figure 2.2 General structure of moraryl 6-diketonate

Mdazoe 1H
. 76 75 74 73 7.2

Chemlcal Shift (ppm)

JHJ\ L l C

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25
Chemical Shift (ppm)

Figure 2.3 'H NMR spectum for ligandL4 (CDCls;, 500 MHz, 300K)

imidazole, 1H

imidazole, 1H a, 3H

The **c{*H} NMR spectra show the highest chemical shifts for the quaternary
carbonyl/enol carbonsb(and d), these appear in the range 1125 ppm. All
aromatic quaternary carbons are in the region1l&D ppm and aromatic CH seen
between 10430 ppm and these values differ depending on the substituent R. The
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methine carbond is in the region 98.05 ppm andinally the methyl carbond) is

usually seen between 2% ppm.

2.3 Synthesis of Biarylb-Diketonate Ligands

The biaryl 6-diketonate ligands were also prepangd a Claisen condensation
reaction of a substituted aromatic ketone with a substituted pyridine ester in the
presence of sodium ethoxide, acetic acid and weéehgme2.2). This is a
modification of a previously published literature route by Lewhal.and goewvia

a similar mechanistic pathway to the mearyl ligands®

O
N i) NaOEt
D OFEt A E0
+ L -
= 7 R ii) acetic acid
H,0

Scheme2.2 Syntheticroute for baryl b-diketonate ligands

2.3.1 Characterisation of Biaryl -Diketonate Ligands

The 'H NMR spectra for these biaryl ligandBigure 2.4) are very similar, but
show significant differences when compared to the ragbligands. The protons
a-d appearslightly higher in at a chemical region of 848 ppm. The aromatic
protonsj-lI arewithin the region 8 ppm. The methine hydrogeg)(is seen at a
much higher chemical shift when compared to the raybligands and appears
as a one hydrogen singlet between7.2 ppm (example foL5 seen inFigure
2.5)

Ton
a/ N\\e/fQQ/h\i AN
[ [ I _Rl
b\(‘//d J\kél

Figure 2.4 General structure of a biargtdiketonate
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i 2H

d, 1H

a, 1H ¢, 1H

I, 1H

U JULLJU

—
8.5 8.0 7.5 7.0
Chemical Shift (ppm)

Figure 2.5 'H NMR spectra example of the biaryl ligahl (CDCls, 500 MHz,
300K)

The 2*C{*H} NMR spectra are similar to the moswyl s-diketonate ligands, with
the highest shifts seen between -I8D ppm for the gaternary carbonkand h.

All the pyridine and aromatic CH signals appear betweer1520ppm and were
assigned using a 2fH-*C{*H} COSY spectra. The quaternary pyridine carleon
is typically seen between 18®0 ppm and the aromatic quaternary carlbon
between 127135 ppm. Finally, the methane carbgphas the lowest chemical shift

and can be found between-96 ppm.

2.4 Preparation of b-Ketoiminate (N,O) Ligands

This section expands on previously synthesised pF&pylenylaminoR-buten1-

one (-ketoiminate) ligands.The novel ligandsshown inFigure 2.6 have been
synthesised and characterised by the author dsifgMR, *H-*H COSY,*C{*H}
NMR, *H-*C{*H} COSY spectroscopy, mass spectrometry, microanalysis. In
addition single Xray crystallography data has been obtained for lighddsL12,
L14-16,1.19,L21,L22,L24 andL25.
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7N
R
= NH O
X A
PR
R=H,R;= 4 -de L11 |R=H,R1 = 4 ©Me L20
3& L12 3 0 ;di®Ne L21
4 & L13 2®Et ;F 4 L22
2 0 -di&l6 L14 4 ®Et L23
3 0 5di€ld L15 3 0 smétlbylene L24
20, arkl, L16 4 émidazole L25
3 -@r L17 3 -daphthyl L26
40 L18 |R = -diBR5(4& L27
4 &t L19 |Ri= -BE,& = 4 & L28

Figure 2.6 Novel 6-ketoiminate ligands synthesised within this chapter

2.5 Synthesisof b-Ketoiminate Ligands
The b-ketoiminate ligands were synthesised using an adaptation of a previously
established method by Targal.® The corresponding functionalis¢gdiketonate

ligand was reacted with the relevant aniline in the presence of toluene and HCI

(Scheme2.3).
TN
OH O NH; R—./
Toluene

X AN + X HCl NH O

| _Rl | \/ \ \

= -

R | —R1

=

Scheme2.3 General synthetic route for tiieketoiminate ligands

2.5.1 NMR Characterisations for 6-Ketoiminate Ligands

The '"H NMR spectra for thebt-ketoiminate ligands Higure 2.7) show a
characteristic broad singlet between 12372 ppm corresponding to the NH. In
general, the aniline aromatic protons are usually within the range s dpm, with

the metahydrogengc) usually appearing as a broad triplet andgaea hydrogens
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(d) as a multiplet. These are at higher ppm values and generally more deshielded
than theortho hydrogens l§) which often appear as broad doublets. The methyl
hydrogens € appear as a threproton singlet between 22.2 ppm and the
methine hydrogeng] is a one proton singlet in the region of 6.4 ppm and is
shifted upfield approximately 0.5 ppm from the correspondsaliketonate ligand.

The protons from the aromatic ringtlj all differ depending on the substituent

Riand can be seen within the regio8 §pm (example fok1ll seen inFigure 2.8).

d/
e e
oTUNH O
n _IR]_
J\k//

Figure 2.7 General structure of thi-ketoiminate ligand

e, 3H
NH, 1H
T "I'JI'LI T T
13.213.113.012.9
Chemical Shift (ppm)
g, 1H R group, Methyl, 3H
n e

8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0
Chemical Shift (ppm)

Figure 2.8 'H NMR spectra example for ligaid 1 (CDCls, 300 MHz, 300K)

The *C{*H} spectrum for ligands are all similar, with the highest peaks for the
guaternary carbonyl carbom)(and quaternary carbapsoto NH (f), these are
usually seen in the region of 1488 ppm. All aromatic carbons are in the range
100-135 ppmand the order differs depending on the substituent R. The methine
carbon ¢) appears in the region 490 ppm and the methyl carbog) (s seen in
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the region 121 ppm.

2.5.2 X-ray Crystallography for b-Ketoiminate

Single crystals suitable for -Kay crystallgraphy were obtained by slow
evaporation from hot ethandbtructural solutions were performed in a monoclinic

(L11, L12, L14, L16, L19, L24 andL25), orthorhombic I(15) or triclinic (L21

andL22) space group. All angles around the central atoms are betiie125°,

showing this section of the ligand is planar, with the atoms held together by an
intramolecular hydrogen bonding interaction betweeH B O, this i1 ntere
seen in all crystal structures. Most of the ligands have intermolecular interactions
holding pairs of molecules together and have a distinctive herringbone arrangement

when viewed along an axis.

2.6 Characterisation of Novelb-Ketoiminate Compounds

2.6.1 X-ray Characterisation of C;7H17NO (L11)

L11 has been previously synthesiseupwever, colourless crystals suitable for X

ray crystallographic analysis were obtained by slow evaporation in hot ethanol over
a period of 3 days. The moleculstructure is given irFigure 2.9, and selected

bond lengths and angles are statedrable 2.1. Ligand L11 was solved in a
monoclinic cell and structural solution was performed in the space dr2uip,

with two molecules in the asymmetric unit.

C(5)

C@)

CQR)

Cc(15)
Figure 2.9 Molecular structure of L11,ispblacement ellipsoids are at the 50%

probability level and hydrogen atoms are omitted for clarity.
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Table 2.1 Selected bond lengths and anglesbioth molecules of 11

Bond Distance (A) Bond Angl e
C(1FN(1) 1.4104(13) C(1N(1)-C(8) 133.39(9)
N(1)-C(8) 1.3543(13) N(1)-C(8)-C(9) 119.60(9)
C(7)-C@®) 1.4996(14) C(8)-C(9)-C(10) 124.15(10)
C(8)-C(9) 1.3805(15) O(1)-C(10)-C(9) 122.67(10)
C(9)-C(10) 1.4298(14) | O(1)-C(10yC(1D) 117.81(9)
O(1)-C(10) 1.2552(12)

C(10)C(11) 1.4988(14)
C(14)}C(17) 1.5092(15)

Bond Distance (A) Bond Angl e
C(19-N(19 1.4147(13) | C( INdD():®()8 6  130.88(8)
N(19-C(89 1.3499(13) | N(19-C(83-C(% 119.79(9)
C(7 BC(8 P 1.5018(14) | C(83-C(99-C(10) 123.66(9)
C(89-C(9 1.3797(14) | O(19-C(L0-C(9H  122.56(10)

C(99-C(109 1.4265(14) | O(1 8Q( 1-C6 )1 117.67(9)
0(19-C(109 1.2610(12)
C(1-C(11H 1.4967(14)
C(1€6)7 15114(15)

The packing diagram foc1ll shows the molecules pack in pairs of alternating
molecules with a heatil-tail-head arrangement when viewed along thaxis

there is a slight herringbone structure. Intramolecular hydrogen bonding can be
seen between H...O of both molecules and an intermolecular hydrogen bond
between CBH( 3) . . . O( 10)
The packing diagram and intermolecular interactions are presenkéguire 2.10,
wi t h andabted2 si on

whi ch i s contributin

DéA distances angl es a
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Packing along the axis CBH(3)eO(106)
Figure 2.10 Packing diagrams and intermolecular interactiobhdf, and hydrogen

atoms are omitted for clarity.

Table 2.2 Bond lengths and torsion angles of ligdrid

Interaction Atoms Bond Lengths and Angles
Intramolecular N(1)-H(1)...0(1) 2.6286(12)A
N( xH()106) . . 2.6107(12A
Intermolecular CRH(3). .. 3.3190(14)A
Torsion Cg(1)Centre 15.49
CentreCg(2) 15.00°

2.6.2 X-ray Characterisation of C;¢H14FNO (L12)

Yellow plates ofL12 suitable for Xray crystallographic analysis were obtained by
slow evaporation in hot ethanol over a period of several days. The molecular
structure is given ifrigure 2.11, andselectedbond lengths and angles are stated in
Table 2.2. LigandL12 was solvedn a monoclinic cell and structural solution was

performed in the space groB@i/c, with one molecule in the asymmetric unit.
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)
C@)

Cc@Q3)

C(15)

Figure 2.11 Molecular structure af12, displacement ellipsoidse at thés0%

probability level and hydrogen atoms are omitted for clarity.

Table 2.3 Selected bond lengths and angle& b2

Bond Distance (A) Bond Angl e
C(1}N(1) 1.4235(14) C(1)}N(1)-C(8) 130.54(9)
N(1)-C(8) 1.3457(14) N(1)-C(8)-C(9) 120.17(9)
C(7)-C(8) 1.5049(14) | C(8)}-C(9)-C(10) 123.34(10)
C(8)-C(9) 1.3963(15) | O(1)}C(10)}C(9) 123.39(10)
C(9)-C(10) 1.4286(15) | O(1)-C(10)C(1) 118.88(9)
O(1)-C(10) 1.2583(13)

C(10)C(11) 1.5105(14)
C(13)F(2) 1.3622(13)

The packing diagrams fdrl2 show that when viewed along theaxis there is a
herringbone arrangement with intermolecular interactions holding rows of
molecules together. Intramolecular hydrogen bonding can be seen betwligen N(
H(1N)...O(1) and an intermolecularstacking interaction is seen between C{16)
H(16)éCg(1l). The i nteractions G&iguke pack
212, with DéA distances Tabed4d t orsi on angl
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"""
-

uae)

A ]

1
cemy !

-----

C(16)}H(16)...Cg(1) Packing showing intermolecular interactio

eET
. 2

C(7yH( 7B) é O( 1) caad Packing along tha axis
Figure 2.12 Intermolecular interactions and packing diagrarh 12

Table 2.4 Bond lengths and torsicaangles ol.12

Interaction Atoms Bond Lengths and Angles
Intramolecular N(1)-H(1IN)...0(1) 2.6434(14)A
Intermolecular C(16)H(16)...Cg(1) 3.5834A

N(1)H( 1 N) é0 3.1450(13A

C(7yH( 7B) €0 3.3968(14A
Torsion Cg(1)Centre 34.83
CentreCg(2) 24.74

2.6.3 X-ray Characterisation of C;6H13CI,NO (L14)

Yellow plates ofL14 suitable for Xray crystallographic analysis were obtained by
slow evaporation in hot ethanol over a period of several days. The molecular
structure is given ifrigure 2.13, andselectedbond lengths and angles are stated in
Table 2.5. LigandL15 was solved in a monoclinic cell and structural solution was

performed in the space groB@,/n, with one molecule in the asymmetric unit.
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C3)

Cc(13)

C(14)

Cl(2)

Figure 2.13 Molecular structure af14, displacement ellipsoidse at the 50%

probability level and hydrogen atoms are omitted for clarity.

Table 2.5 Selected bond lengths and angles bd

Bond Distance (A) Bond Angle( e)
C(1)}N(2) 1.4232(15) C(1)}N(1)-C(8) 128.29(11)
N(1)-C(8) 1.3460(16) N(1)-C(8)-C(9) 119.87(11)
C(7)-C(8) 1.4987(17) C(8)C(9)-C(10) 123.80(11)
C(8)C(9) 1.3883(16) O(1)C(10)C(9) 125.41(11)

C(9)C(10) 1.4158(18) O(1)-C(10}C(1) 118.14(11)
O(1)C(10) 1.2480(16)
C(10)C(11) 1.5146(16)
C(12)CI(1) 1.7412(12)
C(15)ClI(2) 1.7380(12)

The packing diagrams show the molecules pack in a-ta#ladrrangement and

when viewed along both the and c axes there is a herringbone structure, with
intermolecular Tstacking interactions holding rows of molecules together.
Intramolecular hydrogen bonding can be seen betweenHN(TY)...O(1), and two
intermolecular Tstacking interactions are seen betweg®)E& ( 3) € Cg ( 2) ar
CA3)H( 13) éCg( 2) . The
with DéA

p astagkinghigteradtiona gnd @arms a n
presented irFigure 2.14, d i s ammlascseatsed ifabled

2.6.

t or s
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Packing along tha axis Packing along the axis

.
®e
®e
.

C(3) "HQ)

T-stacking between C(@3I ( 3) é Cg ( 2-L(@3H( 1 3)
Figure 2.14 Packing diagrams and-3dtacking interactions df14

Table 2.6 Bond lengths and torsion anglesLdf4

Interaction Atoms Bond Lengths and Angles
Intramolecular N(1)-H(1IN)...0(1) 2.6788(14)A
Intermolecular C(3)H(3)...Cg(2) 3.5000A

C(A3)H( 13) é ¢ 3.5220A
Torsion Cg(1)Centre 45.6F
CentreCg(2) 81.99

2.6.4 X-ray Characterisation of C;6H13CI,NO (L15)

Yellow fragments ofL15 suitable for Xray crystallographic analysis were
obtained by slow evaporation in hot ethanol over a period of several days. The
molecular structure is given frigure 2.15, and selectedbond lengths and angles

are stated inTable 2.7. Ligand L15 was solved in an orthorhombic cell and
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structural saltion was performed in the space grdeigca, with one molecule in

the asymmetric unit.

3
C@) ©

C5)

Ci(1)

Cl(2)

C(15)

Figure 2.15Molecular structure df15, displacement ellipsoidse at the 50%

probability level and hydrogen atoms araitted for clarity.

Table 2.7 Selected bond lengths and anglet b5

Bond Distance (A) Bond Angl e
C(1}N(1) 1.41073) C(1)}N(1)-C(8) 129.7%22)
N(1)-C(8) 1.352§3) N(1)-C(8)-C(9) 120.2723)
C(7)-C(8) 1.49974) C(8)-C(9)-C(10) 123.2924)
C(8)-C(9) 1.37594) O(1)}-C(10)-C(9) 122.6723)
C(9)-C(10) 1.42364) O(1)-C(10)-C(11) 117.2622)
O(1)-C(10) 1.25643)

C(10)C(11) 1.500%3)
C(13)Cl(1) 1.73913)
C(14)ClI(2) 1.73533)

The packing diagrams fdrl5 show the molecules pack in a head-tail-head
herringbone arrangement when viewed alongalexis, with intermolecular T

stacking interactions holding rows of molecules together. Intramolecular hydrogen
bonding interactionscan be seen between NHJ1N)...O(1) and C(12)
H(12)éeO0(1). Ther e -stackiag intemattienr batavder €@3) a r T
Cl (1)écCg(2X0(4anecCg(29) These interaction
are presented ifrigure 2.16, with DéA distances and t
Table 2.8.
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o) H(12)

R

Intermolecular interactions along th

Intramolecular interactions

a axis

Figure 2.16 Intra-/Intermolecular interactions and packing diagrarh 15

Table 2.8 Bond lengths and torsion anglesLdf5

Interaction Atoms Bond Lengths and Angles
Intramolecular N(1)-H(1N)...O(1) 2.607(3)A
C12)H( 12) ¢ C 2.733(3)
Intermolecular C(13)C(1)...Cg(2) 3.911A
C(10)O( 1) é Cg 3.478A
C(15YH( 15) é @ 3.175(3)A
Torsion Cg(1)Centre 45.6T
CentreCg(2) 81.99

2.6.5 X-ray Characterisation of C;6H12CIsNO (L16)

Brown fragments oE17 suitable for Xray crystallographic analysis were obtained

by slow evaporation in hot ethanol over a period of several days. The molecular
structure is given ifrigure 2.17, andselectedond lengths and angles are stated in
Table 2.9. LigandL17 was solved in a monoclinic cell and structural solutivas

performed in the space gro&g,/c, with one molecule in the asymmetric unit.
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C@3)

H(IN
(N) Ci(1)

Cl(2)

C(15) CG)

Figure 2.17 Molecular structure of L16, displacement ellipsaads at the 50%

probability level and hydrogen atoms araitted for clarity.

Table 2.9 Selected bond lengths and anglesLfb6

Bond Distance (A) Bond Angl e
C(LN() 1.411(3) C(1}N(1)-C(8) 128.72(15)
N(1)-C(8) 1.346(2) N(1)-C(8)-C(9) 120.35(16)
C(7)-C@®) 1.494(2) C(8)-C(9)-C(10) 123.85(16)
C(8)}C(9) 1.380(2) O(1)-C(10)C(9) 125.19(15)
C(9)}-C(10) 1.418(2) O(1)-C(10)C(11) 118.99(15)
O(1)-C(10) 1.245(2)

C(10yC(11) 1.510(2)

C(12)Cl(1) 1.7326(17)
C(13)CI(2) 1.7153(17)
C(14)CI(3) 1.7304(17)

The packing diagrams fdrl6 show that when viewed along thexis they have a

slight herringbone arrangement. An intramolecular hydrogen bonding interaction

can be seen between NHJ1N)...O(1) and an intermolecular interaction between
CA3)Cl (1) éCg(2H(anédo(C)5.) These interacti
diagran are presented ifigure 2.18, with DéA distances ali
stated inTable 2.10.
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Packing along thb axis Packing along the axis

Figure 2.18 Intra-/Intermolecular interactions and packing diagramLfbé

Table 2.10 Bond lengths and torions angles Edr6

Interaction Atoms Bond Lengths and Angles
Intramolecular N(1)-H(1IN)...0(1) 2.6792(19A
Intermolecular C(13)Cl(2)...Cg(2) 4.8661A

C(5)-H(5)...0(1) 3.473(2)A
Torsion Cg(1)Centre 4542
CentreCg(2) 59.40

2.6.6 X-ray Characterisation of C;gH1gNO (L19)

Brown crystals ofL19 suitable for Xray crystallographic analysis were obtained
by slow evaporation from hot ethanol over a period -8f ®eeks. The molecular
structure is given ifrigure 2.19, andselectedbond lengths and angles are stated in
Table 2.11. LigandL19 was solved in a monoclinic cell and structural solution
was performed in the space groBp/n, with a two molecules in the asymmetric

unit.
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C(4) C3)

CQ)

i) H(IN)

c(17)
C(18)

Figure 2.19 Molecular structure df19, displacement ellipsoidse at the 50%
probability level, hydrogen atoms atite second molecule are omitted for clarity.

Table 2.11 Selected bond lengths and angles for both molecule$®f

Bond Distance (A) Bond Angl e
C(1XN(L) 1.41482) C(1)N(1)-C(8) 129.7416)
N(1)-C(8) 1.34612) N(1)-C(8)-C(9) 119.7818)
C(7)-C(8) 1.49583) C(8)-C(9)-C(10) 123.7117)
C(8)-C(9) 1.38093) O(1)-C(10)C(9) 122.8417)
C(9)-C(10) 1.42203) O(1)-C(10)}C(11) 117.617)
O(1)-C(10) 1.2581(2)

C(10yC(11) 1.497@3)

Bond Distance (A) Bond Angl e
C(LIN(D) 1.41042) C(1XN(1)-C(8) 131.9716)
N(1)-C(8) 1.35052) N(1)-C(8)-C(9) 119.8317)
C(7)-C(8) 1.49413) C(8)-C(9)-C(10) 124.3617)
C(8)-C(9) 1.37293) O(1)}C(10)C(9) 122.5816)
C(9)-C(10) 1.428%3) O(1)-C(10)C(11) 118.1117)
O(1)-C(10) 1.25032)

C(10yC(11) 1.497@3)
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The packing diagramvhen viewedalong both theb axis shows the molecules

packing in a heathil-tail-head arrangement within each plane of molecules. When
viewed along thec axis the molecules pack in pairs and give a herringbone
arrangement. Intramolecular interactions are seen between-thé ® o f bot h
molecules, along with several intermoleculastaicking interactions. The packing
diagrams are presented kigure 2.20, with DéA distances a

stated inTable 2.12.

Packing along thb axis Packing along the axis
Figure 2.20 Packing diagrams df19 when viewed along thieandc axis

Table 2.12 Bondlengths and torsion angles o9

Interaction Atoms Bond Lengths and Angles

Intramolecular N(1)-H(1N)...O(1) 2.614(2)A
N( ()16 N) . 2.6346(1947

Intermolecular C(2'yH(2)...Cg(2) 3.6518A

C(6)-H(6)...Cg(2) 3.7445A

C(12)H(12)...Cg(1) 3.6236A

C(12'vH(12")...Cg(1) 3.6315A

C(15)}H(15)...Cg3 3.6671A

C(17'}YH(17C)...Cg(3) 3.5166A
C(18'}H(18A)...0(1) 3.386(2)A

Torsion Cg(1)Centre 35.75

CentreCg(2) 23.36

CgBYCentr ¢ 25.37

CentCg(éo 2443
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2.6.7 X-ray characterisation for C;gH1gNO3(L21)

Yellow fragments ofL21 suitable for Xray crystallographic analysis were

obtained by slow evaporation in hot ethanol over a period of several days. The
molecular structure is given figure 2.21, andselectedoond lengths and angles
are stated imable 2.13. LigandL21 was solved in a triclinic cell and structural
solution was performed in the space groBp, with two molecules in the

asymmetric unit.

C(5)

c7)
H(IN)

0@3)

C(18)

Figure 2.21 Molecular structure of21, displacement ellipsoids are at the 50%

probability level, the hydrogen atoms and second molecule are omitted for clarity.
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Table 2.13 Selected bond lengths aadgles for both molecules b1

Bond Distance (A) Bond Angl e
C(1FN(D) 1.431(3) N(1)-C(8)-C(9) 120.1(2)
N(1)-C(8) 1.362(3) C(8)}-C(9)}-C(10) 123.3(2)
C(7)-C(8) 1.511(4) O(1)-C(10)C(9) 122.7(2)
C(8)}C(9) 1.403(3) O(1)-C(10)}C(1]) 117.8(2)
C(9)}-C(10) 1.439(4)

O(1)}-C(10) 1.271(3)
C(10yC(11) 1.515(3)

Bond Distance (A) Bond Angl e
C(19-N(19 1.430(3) N(19-C(83-C(%9 120.8(2)
N(19-C(89 1.361(3) | C(8)-C(99-C(109 123.0(2)
C(7 BC@ H 1.526(4) | O(19-C(109-C(%) 122.2(3)
C(89-C(%9 12703) | 01 8Q( 1-C6 )1  118.4(2)

C(99-C(1® 1.449(4)
0O(19-C(10 1.390(4)
C(1®M-C(119 1.503(4)

The packing diagrams when viewed along the botlatwedb axis show there is a
herringbone arrangement. Intramolecular hydrogen bonding interactions can be
seen between N(HI(1)...0(1), the packing also has a large number of
intermolecular interactions, all contributing to the packing of these molecules. The
packing diagrams are presentedRigure 222, wi t h DéA di st ance:
angles stated imable 2.14.
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/\ /
QS/ @\r\‘i‘y/

Packing diagram along tleeaxis Packing along thb axis

¢

Figure 2.22 Packing diagrams df21 when viewed along theandb axes

Table 2.14 Bond lengths and torsion angles for both moleculd2af

Interaction Atoms Bond Lengths and Angles
Intramolecular N(A)H( 1 N) é O( 2.642(3)A
N( ()1 Nb6) €0 2.633(3) A
Intermolecular C2H( 2) éCaqg ( 3.639A
C(2()206) é Cg 3.635A
C(12)H( 12) é Cg 3.605A
C(1ROoL206) éC 3.614A
C7YH( 17 A) éC 3.585A
C(l7yH( 17D) é C 3.573A
C(7)H(7B)...0(1) 3.310(4)A
C(mb)76B) . . 3.300(4)A
CeH(6) . .. ( 3.324(4)A
C(6H()606) . . 3.319(4)A
COeYH(6) . .. ( 3.407(4)A
C(6H()606) . . 3.411(4)A
C(17)H(17C)...0(1) 3.332(4)A
C(1-ApLT706C) . 3.346(4)A
Torsion Cg(1)Centre 48.92
CentreCg(2) 27.30
Cg(3) Cen 49.1%4
Ce n tCy(4) 6 27.23
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2.6.8 X-ray Characterisation of C;gH1sFNO; (L22)

Yellow crystals of compountd22 suitable for Xray crystallographic analysis were

obtained by slow evaporation in hot ethanol over a period-®fw&eks. The
molecular structure is given figure 2.23, andselectedoond lengths and angles
are stated immable 2.15. LigandL22 was solved in a triclinic cell and structural
solution was performed in the space gro#pl, with two molecules in the

asymmetric unit.

cB)

F(1)

0(2) ca3)

c(17)

c@18)

Figure 2.23 Molecular structure df22, displacement ellipsoids are at the 50%

probability level. Hydrogen atoms omitted farity.
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Table 2.15 Selected bond lengths and angles for both molecule2f

Bond Distance (A) Bond Angl e
C(L-N(L) 1.431(3) N(1)-C(8)-C(9) 121.1(2)
N(1)-C(8) 1.346(4) C(8)-C(9)-C(10) 123.5(3)
C()-C® 1.501(4) O(1)-C(10)-C(9) 123.4(2)
C(8)}C(9) 1.394(4) O(1)-C(10)C(11) 117.1(2)
C(9)-C(10) 1.427(4)

O(1}C(10) 1.258(3)
C(10}C(11) 1.509(4)

Bond Distance (A) Bond Angl e
C(16-N(19 1.430(4) N(19-C(83-C(99 120.9(3)
N(19-C(89 1.350(4) | C(89-C(9-C(10) 123.2(3)
C(7 BC@8 P 1.514(5) | O(19-C(10H-C(% 122.8(3)
C(89-C(%9 1.388(4) | O(1 8Q( 1-C6 D1  116.4(3)

C(9-C(10) 1.425(5)
0(19-C(10) 1.264(4)
C(1®M-C(119 1.513(4)

When viewed along the axis the molecules pack in pairs with a-tasladheadtall
arrangement and alternate in each row. Intramolecular hydrogen bonding is seen
between N(1)H(IN)...O(1) and COH( 9) é O( 2) of both mol ec
observable intermolecular-gtacking intem ct i on s b eH (Wwede)n. . CCY G |
CA7yH( 17B) .. . Cg(-Bj1d6and .Cgl129) The inter
diagrams are presented kigure 2.24, with DeéA distance an
stated inTable 2.16.
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Intramolecular interactions NH ( 1 N)(BadCH( 9) é O( 2

Intermolecular interactions along the Intermolecular interactions along the
axis axis

Figure 2.24 Intra-/Intermolecular packing along tleeandc axes forL.22

Table 2.16 Bond lengths and torsion angles k&2

Interaction Atoms Bond Lengths and Angles
Intramolecular N(A)H( 1 N) é O( 2.667(3)A
N( 2H()1Nb6) €0 2.632(5 A
C(9)H(9)...0(2) 2.852(3)A
C(9H)906) . .. 2.867(4)A
Intermolecular C(2()206) . . . 3.758A
C(17)H(17B)...Cg(2) 3.618A
C(1-BOo)LO) . . 4.423A
Torsion Cg(1)Centre 54.3r
CentreCg(2) 28.9T
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2.6.9 X-ray Characterisation for C17H15sNO3 (L24)

Green crystals df24 suitable for Xray crystallographic analysis were obtained by
slow evaporation from hot ethanol over a period of 2 weeks and further washing
with diethyl ether. The molecular structure is giverFigure 2.25, selected bond
lengths and angles are stated Table 2.17. Ligand L24 was solved in a
monoclinic cell and structural solution was performed in the space §umvith

a single molecule in the asymmetric unit.

@ Cc@3)

C@2)

C(5) c() H(IN)

03)

o) c(17)

Figure 2.25Molecular structure af24, displacement ellipsoidare at the 50%

probability level and hydrogen atoms omitted for clarity.

Table 2.17 Selected bond lengths and anglet 24

Bond Distance (A) Bond Angl e
C(1}N(2) 1.433(2) C(6)-C(1yN(1) 118.17(17)
N(1)-C(8) 1.361(3) C(2-C(1)FN(1) 121.7(2)
C()-C® 1.515(3) N(1)-C(8)-C(9) 121.60(18)
C(8)-C(9) 1.389(3) C(8)-C(9)-C(10) 124.02(19)
C(9)-C(10) 1.452(3) O(1)-C(10)-C(9) 122.34(19)
O(1)-C(10) 1.259(2) O(1)-C(10)}C(1) 119.02(17)
C(10)}C(11) 1.509(3) C(10)-C(11)}C(12) 118.34(17)

C(10yxC(11)yC(17) 122.14(17)
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The packingdiagramshows that whewiewed along both tha and c axes the
molecules pack in a herringbone arrangement. Intramolecular hydrogen bonding
can be seen between IHH(1IN)...O(1) and C(16H(16)...0(1). Intermolecular
hydrogen bonding interaction are seen between the molecules within the same
plane and also between different planes of molecules. The interactions and packing
diagrams are presented Figure 2.26, with a DéA distances
stated inTable 2.18.

e P %
Pans T

. .
. .
. .
s 2
oy o Y
. hoN .
. .
. 0 — s
. 5 1
. 2
8 s |

Packing diagram along tloeaxis Packing diagram along tleeaxis

—5

Intramolecular interactions

Figure 2.26 Interactions and packing diagramsL.@f4

Table 2.18 Bond lengths and torsion anglesL.&4

Interaction Atoms Bond Lengths and Angles
Intramolecular N(1H( 1 N) é O 2.693(2)A
C(l6yH( 16) é O 2.798(3)A
Intermolecular C(2)H(2)..0(2) 3.486(3) A
C(6)-H(6)..0(3) 3.491(3) A
Torsion Cg(1)Centre 44.39
CentreCg(2 10.00
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2.6.10 X-ray Characterisation of CigH17N30 (L25)

Green crystals of ligandl25 suitable for Xray crystallographic analysis were

obtained by slow evaporation from hot ethanol over a period-fw2eks and
further washing with diethyl ether. Molecular structure is giverkrigure 2.27,

selectedoond lengths and angles are statedable 2.19. LigandL25 was solved
in a monoclinic cell and structural solution was performed in the space BBup

with a single molecule in the asymmetric unit.

C(5)

C4

C(1) H(IN)

C(18)

Cc(17)

N@G)

Figure 2.27 Molecular structure df25, displacement ellipsoidse at the 50%

probability level and hydrogen atoms omitted for clarity.

Table 2.19 Selected bond lengths and angle& 2%

Bond Distance (A) Bond Angl e
C(LFN(L) 1.4420(13) | N(1)-C(8}C(9) 121.36(10)
N(1)-C(8) 1.3567(14) | C(8-C(9}C(10)  124.18(10)
C(7)}C(8) 1.5179(16) | O(1}C(10yC(9)  123.27(10)
C(8)-C(9) 1.4048(15) | O()-C(10)C(11)  118.39(9)
C(9)-C(10) 1.4401(15)

O(1)}C(10) 1.2772(13)
C(10)C(11) 1.5178(14)
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The packing diagrans show the molecules pack in pairs with intermolecule
interactions between each plane of molecul¢so when viewed along the axis
the molecules pack in a herringbone arrangeméntintramolecular hydrogen
bonding interaction is observed between N{{]IN)...O(1)and an intermolecular
hydrogen bonding interaction between C(H{L7)...O(1). The packing diagrams
are present ifFigure 2.28, wi th DeéA tbisientaages @res sta@dinal
Table 2.20.

{M‘M

)
N, N .
N o )
L) L) .
B 5 ‘

DAY BAY 3
|5$ |\‘$ |§ja
M
3 Vv, WV
N o G
. ) L)

3 S B3
3 BAS A
m.%

W}

Packing along tha axis Packing along the axis

Figure 2.28 Interactions and packing diagramlLdt5

Table 2.20 Bond lengths and torsion anglesL@b5

Interaction Atoms Bond Lengths and Angles
Intramolecular N1 H( 1 N) é O 2.7179(1) A
Intermolecular C(A7yH(@17)...0(2) 3.2994(14)A

Torsion Cg(1)Centre 44.95
CentreCg(2 23.24
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2.7 Conclusions

A range of novel monaryl and biaryl b-diketonate andb-ketoiminate ligands
have been synthesised and fully characterised, includiray Xrystallography data

for several of theb-ketoiminate ligands. All ligands show simif4d and*3C{*H}

NMR spectra witha distinctive methine proton that is characteristic ligand
formation. The ligands were obtained as single crystals, with structural solutions
performed in a monoclinic L1, L12, L14, L16, L19, L24 and L25),
orthorhombic [L15) or triclinic (L21 andL22) space groups. All ligands show an
intramolecularhydrogen bonding interaction betweenHNe O whi ch hol ds
centre of the molecule in a planar orientation. The tables of torsion angles show
that both the aniline and aromatic rings are bent out of this plane, with the size of
the torsion angle dependingnothe nature and electronics of the aromatic
substituents. A range of compowwlere synthesised to include different electronic
and steric properties in order to gain structure activity relationships upon

complexationsthese complexes are presented iitbrs 3, 5 and 8.

2.8 References

1. J. J. Mannion, Ph.D Thesis, University of Leeds, 2008.

2. B. D. Crossley, Ph.D Thesis, University of Leeds, 2011.

3. J. J. Hollick, B. T. Golding, I. R. Hardcastle, N. Martin, C. Richardson, L.
J. M. Rigaeau, G. C. M. Smith and R. J. GriffiBjoorg. Med. Chem. Lett.
2003,13, 30833086.

R. Levine and J. K. Sneedl, Am. Chem. Sqc1951,73, 56145616.

A. J. Hebden, Ph.D Thesis, University of Leeds, 2010.

L.-M. Tang, Y:Q. Duan, X:F. Li and Y:S. Li, J. Organomet.Chem,
2006,691, 2023.

61



Chapter 3

Synthesis and Characterisation of Functionaliged

Ketoiminate Rutheniurn(il) Chloride Complexes




Synthesis of Ruthenium(ll) Chlorides Chapter 3

3 Ruthenium Arene Complexes

Thework within this chapter builds on the libraries of ruthenium compounds with
(N,N), (N,0) and ©,0) chelating ligands. This area has been extensively studied by
the Sadler, Keppler and Dyson research groups. Satial first reported the
cationic ruthenium arene complexesFigure 3.1) incorporating neutral
ethylenediamine N,N) chelating ligands, along with a range of derivatives
containing different Rihalides and different arene substituertsQ)." Cytotoxic
values were all comparable to cisplatin against A2780 (human ovarian
carcinomas), with the most hydrophobic arene substitu@ntgiving the most
promisirg results. It was observed that rates of hydrolysis were independent of
ionic strength but proportional to the size of the arene substit&adler has also
investigated the interactions with DNA models and found that these ruthenium
ethylenediamine compounds preferentially bind to the N7 position of guanine; this
has been studied by solid stateay crystallographyand in solution by 2D NMR,

with all studies confirming this preferential bindihé range of rutheniumN,0)

and ©,0) chelating compoundsD(F), all showing moderate cytotoxicity and
again preferentidbinding to the N7 position of guaningigure 3.1).2

o V][O T == |
‘ |

X/Ru\NHz X/R\u\NHZ < \”\NH2
NH, }[y NH,
) A ) B ) ) C -
d d d
u— u u
a” |\ a” | o a” | o
o N O,
’ | \__J,
o) X
D E F

Figure 3.1 Compounds previously synthesised by Saelexl.

Dysonetal. have carried out extensive work in this area, with particular interest in
multinuclear ruthenium arene clusters and their ability to form-fosst type

structures. The wateoluble metallaprism cages were shown to deliver the
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hydrophobic dendrimer gaeto the cells, with noticeably increased cytotoxicity for

the hostguest molecules against A2780 (human ovarian carcinomas) and A2780cis
(cisplatin resistant human ovarian carcinomas), when compared to the empty host
molecule? ®> They have also carried out studies usiegdosmium cagegigure

3.2) and their delivery systems compare favourably with the ruthenium arene

analogue$.

VARN
508
o/l) N S o'/'o
i _N\ }\/I/
| 9
: d / N/M\
\] = 4%
M—N"__ NN N
% N |
RaYs
N\\/

9 Dendrimer guest

M =Ruor Os
Figure 3.2 Ruthenium andsmium hostguest molecules synthesised by Dysbn

al.

Keppleretal. have coupled known enzyme inhibito3)(" 8 pain relief molecules
(H)® and antibacterial agents){® ** (Figure 3.3) to ruthenium/osmium arenes and
carried out extensive research into their antiprolifeeaactivities, apoptosis, cell

cycling kinetics and measured DNA shrinkage using AFM measurements.
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R
R 2
3 C=M. Cl—M—N
1 \ /
N NH
/N M =Ru, Os
H © M = Ru, Os
G

Figure 3.3 Ruthenium andsmiumcompounds synthesised by Keppétral.

The McGowan research groulpas since carried out work amthenium arenes
incorporating picolinamideand quinaldamiddigands (Figure 3.4), which show
high cytotoxicity and significant binding to-BtG. Results showed a reversible
inter-conversion in the binding of these ligands, eithBtNf or (N,O); the
differences in cytotoxicity showed potential in tuning the ligands for biological
applicatiort* =

—©_< @

C|/R|U\ — CI—F\’lu\ -
A NQ N
wo R wo R

Figure 3.4 Picolinamide andjuinaldamide compounds by McGowanal.

Since these results, the group started work into incorpor&tkejoiminate N,O)

ligands and has since produced a library of compounds stated within this chapter.
Cell line testing against a range of human carcinomas has been completed and
biological evaluations into the modes of action will be discussed in chapéels 4
addition work was published on an iridium(lll) Cp* analogue incorporating a

ketoiminate ligandhat has also been synthesised, along with a small library of
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(N,N), (N,O) and ©,0) iridium compounds, with cell line data being compared to
that of complexl (see syrttesis within this Chapter)Theseshowed a trend in
binding mode, whereby the activity followed the trév® > O,0 > N,N (Figure
3.5).141°

M =Ir, arene = Cp* R =2,4-diF or 2,5-diF
M = Ru, arene = p-cym

Figure 3.5 List of complexes previously synthesised by McGowhal.

3.1 Ruthenium (II) Chloride Complexes

All b-ketoiminate ruthenium complexes were prepared accordirgghemes.1,

by reacting two equivalents of a functionaliségketoiminate ligand, two
equivalents of triethylamine ang-fymRuCl], in dichloromethane overnight at
room temperature, followed by recrystallisation by slow evaporation from a

methanolic solution.

C| C| R{j\ Eth
@ NH o (2 equiv.) ~o
g st
N o

Scheme3.1 General synthetic pathway for ruthenium(ll) arene compounds
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R,=3"-F R=H 1 R=H 8
R, = 4F R=H 2 R=H ?
R, =4'-Cl R=H 3 R=H 10
R, =2'4'-diCl R=H 4 R, =4-Me R=H 11
R, =2'5"-diCl R=H 5 R = 3"-naphthyl R=H 12
R, =2'3"4"riCl R=H 6 R, =4-F R =2'4'"-diF 13
R, =3"Br R=H 7
Figure 3.6 List of complexes syntlssed within this Chapter

Complexesl-13 (Figure 3.6) were synthesised arzharacterisedy the author,
with full experimental data described in Chapter 9. All of the compounds were
obtained as analytically pure solids and have been charadidnysH NMR, H-

'H cosyY, BC{*HINMR, *H-"*C{*H} HMQC spectroscopy, mass spectrometry
and micro-analysis In addition Xray crystallographic data has been obtained for

all complexes.

3.2 NMR Data for Ruthenium(ll) Chloride Complexes

The'H NMR spectra for f-cymRuC}]» shows the aromatip-cymene protonsc(

d, f andg, Figure 3.7) as two doublets at 5.35 and 5.48 ppm for two protons each.
Upon complexation to ab-ketoiminate ligand they separate into four broad
doublets ranging from 3.68.35 ppm, each peak one proteach (shown for
compound? in Figure 3.8). The chemical shifts fdrn andt-v remain within the

same range as the starting ligand but are frequseadw in a different order, their
chemical shift ranges depending on the substituent R. The characteristic shift for
complexation is seen when monitoring protgnwhich is shifted upfield upon
complexation. In the case of compoudd, protonq is a singleat5.84 ppm in the

free ligand and it shifts upfield to 5.36 ppm upon complexation. Alsp-thyanene
proton h, which appears as a broad septet, usually shows a significant upfield
chemical shift from 2.93 ppm to 2.67 ppm upon complexation. The broddtsag
around 13 ppm seen for the NH in the free ligand disappears indicating the reaction

has gone to completion.
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T |
C|/Ru\
7 Nen /N
k=N, S — WV
\ ___/ \~-'l \\ /7 R
m— /p\q t—u
o]

Figure 3.7 General ruthenium(llp-ketoiminate structure

q, 1H

L’V 3'-Br acnac
) I

dforg, 1H

c, 1H
dforg, 1H h, 1H
d,forg, 1H
J Ru 3'-Br complex (7) ML
c,dforg, 2H

c,d,forg, 2H h, 1H

U b
L i e LI e e e e o s o o o e Y
55 5.0 45 4.0 35 3.0 25

Chemical Shift (ppm)
Figure 3.8 'H NMR for [p-cymRuC}]. (black), free ligandi{ue) and complex
(red) (CDCls, 300 MHz, 300K)

When analysing th&C{*H} NMR spectra for theb-ketoiminate complexes, they
have similar trends with the highest shifts seen for the quaternary carlaonk
which are typically in the range 1-74®0 ppm. All CH peaks for thet-ketoiminate
ligand are in the range 14®%0 ppm. The aromatig-cymene queernary carbons
(b ande) have higher chemical shifts of A®2 ppm, whilst the CH carbons ¢, f
andg) are between 780 ppm. The methine CHj) from the b-ketoiminate ligand
is also within this range and typically seen at9%83ppm. The remainingarbon

atoms have low chemical shifts between3l8ppm.
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3.3 X-ray Crystallography for Ruthenium (Il) Chloride Complexes

X-ray crystallographic data was analysed for compléx&3 andall crystals were
obtained using slow evaporation from a methanolic solugppearing as orange/
red single crystals. Solutions were performed in either a monoclini¢ &wd(7) or
triclinic P* 1 (1-3, 5, 6 and8-13) space groups. All of the angles around the metal
centre show the geometry expected fieeudooctahedral compows which is
common forhals andwi c-et dpl ansetructures.-RHhe an
O, N-Ru-Cl and ORu-CI are expected to be 90° and complexes here show angles
ranging between 890°. The smaller angles can be explained due to the
restrictions cawsd by the bidentate ligand. The remaining three coordination sites
are occupied by the bulky-cymene ligand and when considering the restriction
from the b-ketoiminate ligand the angles observed forRigCl, CgRu-N and Cg

Ru-O are within the rang#24-133°.

When comparing the rutheniumb-ketoiminate complexes, intramolecular
interactions are typically seen betweep-eymene GH and either the centroid of

the aniline ring or the RCI bond. This is thought to correspond to the upfield shift
seen forone of the pcymene GH protons upon analysis of thel NMR spectra.

The intramolecular -Btacking interactions can be seen in compoun@s 47, 10,

12 and13, with D...A distances ranging betwe@m-3.6 A. However, comexes3,

8 and 11 have thep-cymene ligand rotated away from the aniline ring and D...A
distances are too large to be considered ast@adking interaction. This is due to

an additional intramolecular hydrogen interaction between the methyl group of the
p-cymene and the chloride of ti+Cl bond, causing restricted rotation of fe

cymene ligand.

3.3.1 X-ray Characterisation for C,6H27CIFNORuU (1)

Red fragments df suitable for Xray crystallographic analysis were obtained using
slow evaporation from a methanolic solution over a period of several days. The
molecular structure is shown Figure 3.9 andselectedbond lengths and angles
are stated irffable 3.1. Complex1 crystallised m a triclinic cell and structural
solution was performed in the space grdRid, with a single molecule in the

asymmetric unit.
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C@5)

C(24)

Figure 3.9 Molecular structure of, displacement ellipsoids are at the 50%

probability level and hydrogen atoms are omitted for clarity.

Table 3.1 Selected bond lengths and angleslfor

Bond Distance (A) Bond Angle (°)
Ru(1}N(1) 2.0870(1F N(1)-Ru(1)}0(2) 88.40(6)
Ru(1)}0(1) 2.068313) N(1)-Ru(1)CI(1) 83.65(5)
Ru(1)}CI(1) 2.4384(6 O(1)Ru(1)}CI(1) 87.144)
Ru(1)}Cy(3) 1.6673(8) Cg(1)}-Ru(1}0O(1) 124.22(5)

C(23)}F(1) 1.340(3) Cg(LFRu(1}N(1) 131.97(5)
Cg(1}Ru(1)CI(1) 127.07(3)

The packing diagram for complek shows the molecules pack in pairs about a
centre of inversion, in alternating rows, with evidence of intermolecular hydrogen
bonding between these pairs of molcules. There is also a suggested intramolecular
T-stacking interaction between thpecymene H(3)and aniline centroid Cg(3).
These interactions and packing diagram are presentedyjume 3.10, with D...A

distance and torsion angles statedable 3.2.
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Intramolecular Intermolecular
C(3)}H(3)...Cg(1) C(6)H(6)...CI(2)

Packing diagram when viewed along thaxis

Figure 3.10 Interactions and packing diagram for

Table 3.2 Bond lengths and torsion angles for

Interaction Atoms Bond Lengths and Angles
Intramolecular C(3)H(3)...Cg(2) 3.458A
Intermolecular C(6)-H(6)...CI(1) 3.622(2)A

Torsion Cg(2)Centre 77.28°
CentreCg(3) 29.31°
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3.3.2 X-ray Characterisation for C,¢H27CIFNORuU (2)

Red fragments d? suitable for Xray crystallographic analysis were obtained using
slow evaporation from a methanolic solution over a period of several days. The
molecular structure is shown Kigure 3.11 andselectedoond lengths and angles
are stated irfable 3.3. Complex2 crystallised in a triclinic cell and sictural
solution was performed in the space grdRid, with a single molecule in the

asymmetric unit.

C(14)

CO  c@6)

C(19)

C(23) F(1)

Figure 3.11 Molecular strucutre 02, displacemendisplacement ellipsoids are at

the 50% probabilityevel and hydrogen atoms are omitted for clarity.

Table 3.3 Selected bond lengths and anglesXor

Bond Distance (A) Bond Angle (°)
Ru(1}N(1) 2.088(3) N(1)-Ru(1)0(2) 89.08(12)
Ru(1)0(1) 2.059(3) N(1)-Ru(1)}-CI(1) 83.86(11)
Ru(1)}CI(1) 2.4362(13) O(1)Ru(1)-CI(1) 85.01(9)
Ru(1)}Cg(1) 1.6680(19) Cg(L)}Ru(1)}O(1) 124.71(11)

C(24)F(1) Cg(LFRu(1}N(1) 130.90(12)
Cg(1)}Ru(1)}Cl(1) 128.44(8)

The packing diagram for compleX shows the molecules pack in pairs about a
centre of inversion, in alternating rows, with evidence of intermolecular hydrogen
bonding between these pairs of molcules. There is also a suggested intramolecular
T-stacking interaction between tpecymene H(3)and aniline centroid Cg(2) and

also between H(1A) and CI(1). These interactions and packing diagram are
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presented irFFigure 3.12, with D...A distance and torsion angles stated ale
3.4.

Packing along thbk axisi showing

CEH(3)eCg(2)

] intermolecular interaction, C(17)
CAH( 1 A) eéecCl (1)

H(17A) éCg(3)
Figure 3.12 Interactions and packing diagram for

Table 3.4 Bond lengths and torsion angles for

Interaction Atoms Bond Lengths and Angles

Intramolecular C(3)H(3)...Cg(2) 3.571A

CArH( 1 A) éC 3.437(5)A
Intermolecular C(A7yH(17A)...Cg(3) 3.590A
Ru(1})Cl ( 1) éC 3.711A

CAYH( 4) éCl 3.505(5)A

C@BYH( 8) é F( 3.229(5)A
Torsion Cg(1)centre 78.34°
centreCg(2) 17.11°

3.3.3 X-ray Characterisation for C¢H27CI,NORu (3)

Red fragments d suitable for Xray crystallographic analysis were obtained using
slow evaporation from a methanolic solution over a period of three days. The
molecular structure is shown kigure 3.13, selectedbond lengths and angles are
stated inTable 3.5. Complex3 crystallised in a triclinic cell and structl solution

was performed in the space groBpl, with a single molecule in the asymmetric

unit.
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C(23) C1(2)

Figure 3.13 Molecularstructure of3, displacement ellipsoids are at the 50%

probability level and hydrogestoms are omitted for clarity.

Table 3.5 Selected bond lengths and bond angle8for

Bond Distance (A) Bond Angl e
Ru(LyN(L) 2.09(4) N(1)-Ru(1yO(1) 89.45(15)
Ru(1)}O(1) 2.0643) N(1)-Ru(1)-CI(1) 84.03(12)
Ru(1)CI(1) 2.4513(13) | O(L}Ru(1)CI(1) 84.90(11)
Ru(1)Cg(1) 1.677(2) Cg(1)}Ru(1)}O(1) 124.02(13)
C(24)CI(2) 1.755(4) Cg(1)}Ru(1}N(L) 130.73(14)

Cg(1)}Ru(1)CI(1) 129.02(9)

The packing diagram for complé&shows the molecules pack in alternating rows,
with no evidence of intermolecular interactions suggesting the packing of
molecules is due to crystal packing interactions only. There is an intramolecular
hydrogen bond between H(1B) and CI(1), however, rstatking interaction is
observed between thecymene and aniline ring. The intramolecular interaction
and packing are presented kigure 3.14, with the D...A distance and torsion

angles stated imable 3.6.
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IntramoleculatC(1)-H(1B)...CI(1) Packing along thb axis
Figure 3.14 Intramolecular interaction and packing diagram3or

Table 3.6 Bond lengths and torsion angles 8r

Interaction Atoms Bond Lengths and Angles
Intramolecular C(1}rH(1B)...CI(1) 3.393(7)A
Torsion Cg(2)Centre 76.49°
CentreCg(3) 24.36°

3.3.4 X-ray Characterisation for C¢H26CIsNORu (4)

Red fragment®f 4 suitable for Xray crystallographic analysis were obtained by
slow evaporation in methanol over a period of several days. The molecular
structure is shown ifrigure 3.15 with selected bond lengths and angles stated in
Table 3.7. Complex4 crystallised in a monoclinic cell and structural solution was

performed in the space group Cc, with a single molecule in the asymmetric unit.
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c()

cAa7)

Figure 3.15Molecular strcuture of, displacement ellipsoids are at the 50%

probability level and hydrogen atoms are omitted for clarity.

Table 3.7 Selected bond lengths and bond angleg for

Bond Distance (A) Bond Angl e
Ru(1yN(1) 2.095(5) N(1)-Ru(1}O(1) 89.61(15)
Ru(1)0(1) 2.077(3) N(1)-Ru(1)}CI(1) 85.74(12)
Ru(1)}CI(1) 2.4314(12) | O(1)Ru(1)}CI(1) 82.74(9)
Ru(1)}Cg(1) 1.670(2) Cg(1}Ru(1)}O(1) 125.63(12)
C(22)Cl(2) 1.745(5) Cg(L}Ru(1)N(1) 129.19(14)
C(24)CI(3) 1.736(5) Cg(L}Ru(1)CI(1) 129.07(8)

The packing diagram for compléxshows the molecules pack in heastail pairs,

with intermolecular interactions between each pair and also holding together
alternate rows of molecules. There are intramolecular hydrogen bonds between
H(8)-Cl(2), and also an intramolecularstacking inéraction is observed between

the p-cymene H(3) and the aniline ring Cg(2). The intramolecular interactions and

packing diagram are presentedrigure 3.16, with the D...A distance and torsion

angles stated imable 3.8.
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¢
Cg(2) @
L

Intramolecular interactions Intermolecular interactions

Figure 3.16 Intramolecular interactions and packing diagramdfor

Table 3.8 Bond lengths and torsion angles for

Interaction Atoms Bond Lengths and Angles
Intramolecular C(3)H(3)...Cg(2) 3.445A
C@B8yH( 8) éCl 3.695(6)A
Intermolecular Ru(1)Cl (1) éC 1.670A
C(10yH( 1 0C) é( 3.672(6)A
CA7YH( 17 B) é( 3.539(6)A
CA7YH( 17 C) é ( 3.649(6)A
C(25)H( 25) é C 3.670(5)A
Torsion Cg(2)Centre 78.85
CentreCg(3) 41.28

3.3.5 X-ray Characterisation for C¢H26CIsNORu (5)

Redfragmens of 5 suitable for Xray crystallographic analysis were obtained using
slow evaporation from a methanolic solution over a period of several days. The
molecular structure is shown Figure 3.17 with selectedoond lengths and angles
stated inTable 3.9. Complex5 crystallised in a triclinic cell and structural solution

was performed in the space grdeidl, with two molecules in the asymmetric unit.
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C(1)

C13) a2

cam C12)

Figure 3.17 Molecular structure db, displacement ellipsoids are at the 50%

probability level. Hydrogen atoms and the second molecule are omitted for clarity

Table 3.9 Selected bond lengths and andtasboth molecules b

Bond Distance (A) Bond Angl e
Ru(1yN(1) 2.1223(15) N(1)-Ru(1}O(1) 88.06(5)
Ru(1)}0(1) 2.0762(12) N(1)-Ru(1)-CI(1) 84.56(4)
Ru(1)CI(1) 2.4587(5) O(L)}Ru(1)}CI(1) 85.35(4)
Ru(1)}Cg(d) 1.6836(8) Cg(1)}Ru(1)O(1) 124.74(4)
C(22)CI(2) 1.7580(19) Cg(1}Ru(1}N(1) 132.30(5)
C(25)CI(3) 1.756(2) Cg(1}Ru(1)}CI(1) 126.88(3)

Bond Distance (A) Bond Angl e
Ru(15-N(19 2.1198(14) N(19-Ru(1H-0(19 88.25(5)
Ru(19-0(19 2.0874(12) | N(19-Ru(1H-CI(19 88.09(4)
Ru(19-CI(19 2.4477(5) 0(19-Ru(19-CI(19 84.914)
Ru (-Cgid 1.6790(7) Cg4yRu (-D6 L ¢ 125.49(4)
C(2€b) 2 175402) Cg(4)Ru (-M o L ¢ 130.125)
C(28B)3 175902) Cg(dyRu (-CHJ 1 126.02(3)

The packing diagram for compléxshows the molecules pack in a heaittail-

head arrangment, within alternating rows. There are several intermolecular

interactions contributing to the packing of the molecules. There is evidence-ofa T

stacking interaction between tpecymene H(3) and the centroid of the aniline ring

Cg(2). Interactions and the packing diagram are presénagime 3.18, wi t h
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distances and tosn angles stated ihable 3.10.

Intermolecular C(27#H(27)...CI(1)
C( 2-H(@7)...CI(1)

IntramoleculaiC(3)-H(3)...Cg(1)

Figure 3.18 Interactions and packing diagram for

Table 3.10 Bond lengths and torsion angles for both moleculés of

Interaction Atoms Bond Lengths and Angles
Intramolecular C(3)H(3)...Cg(2) 3.620A
Intermolecular C(25)CI(3)...Cg(1) 4.180A

C(2-Bb}J306) . 4.148A
C(1HOL706B) 3.570(2)A
C(7)H(7)...0(1) 3.312(2)A
C(#b)70) .. 3.198(2)A

Torsion Cg(2)Centre 87.58

CentreCg(3) 75.0r

Cg(5)Centre 75.88

CentreCg(6) 59.47r
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3.3.6 X-ray Characterisation for C¢H25CI4sNORuU (6)

Red fragment®f 6 suitable for Xray crystallographic analysis were obtained by
slow evaporation in ntkanol over a periodf three daysThe molecular structure

is shownin Figure 3.19, selected bond lengths and angles are statédble 3.11.
Complex6 crystallised in a triclinic cell and structural solution was performed in
the space group" 1, with two complex molecules and two molecules of methanol

in the asymmetric unit.

Figure 3.19 Molecular structure o, displacement ellipsoids are at the 50%
probability level. Hydrogen atoms, disorder, the second molecule and solvent

molecules are omitted fofazity.
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Table 3.11 Selected bond lengths and angles for both moleculés of

Bond Distance (A) Bond Angle (°)
Ru(LyN(D) 2.128(3) N(1)-Ru(1yO(1) 88.66(10)
Ru(1)}0(1) 2.086(3) N(L)-Ru(1)}CI(1) 84.23(8)
Ru(1)CI(1) 2.4622(10) | O(1)}Ru(1)}CI(1) 84.54(7)
Ru(1}Cg(l)  1.6839(16) | Cg(1}-Ru(1}O(1) 124.50(9)

Cg(1}Ru(1}N(1) 131.23(10)
Cg(1)}Ru(1)}CI(1) 128.64(6)

Bond Distance (A) Bond Angle (°)
Ru(15-N(19 2125(3) | N(19-Ru(15-0(19 88.48(11)
Ru(19-0(19 2.102(3) | N(19-Ru(1H-CI(19 84.56(9)
RU(19-CI(19  2.4700(11) | O(19-Ru(19-CI(19 85.59(9)
Ru(19-Cg4)  1.6914(15) | Cg(4)}Ru ( -D(G9 124.54(11)

CgdyRu (-N6 )L« 131.55(9)
CgdyRu (-CB :  127.45(09)

The packing diagram for complékshows the molecules pack in a heaittail-

head pairs, alternating in each row. There are several intermolecular interactions

contributing to the packing of the molecules. There is also evidence-efaxKing

interaction between thgcymene and theentroid of the aniline ring. In one of the

molecules, the substituted phenyl ring is disordered and the molecule was solved

with each atom set at half the occupancy. These interactions and packing diagram

are presented iRigure 3.20,

Table 3.12.

wi t h

De A

di stances

and
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H(E) S CI1)
e LS

IntermoleculaiC ( 6HB()6 6 ) . . .

Intramolecular C(3H(3)...Cg(2)

Packing diagram along tteeaxis

C(MO)76)...0(1

CI2A)

CI(3A)
Cl4)

CI(4A)

Cl2) cI@)

Disorder around Cg(3)

Figure 3.20 Interactions and packing diagram for

Table 3.12 Bond lengths and torsion angles for both moleculés of

Interaction Atoms Bond Lengths and Angles
Intramolecular C(3)}H(3)...Cg(2) 3552(5 U
Intermolecular C(3)H()...Cl(4) 3.370(5 U

C(1#061L406) . 3.809U

C(6)-H(6)...0(1)

3.269(2)

C(eHB()606) . . 3.632(5)

C(##B()76) . . 3.257(5)
Torsion Cg(2)Centre 83.11°
CentreCg(3) 76.29°
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3.3.7 X-ray Characterisation for C,¢H2;BrCINORuU (7)
Red fragmentsf 7 suitable for Xray crystallographic analysis were obtainesihg

slow evaporatiorfrom a methanolic solution over a period of several dayke
molecular structure is shown Figure 3.21, selected bond lengths and angles are
stated inTable 3.13. Compex 7 crystallised in amoncclinic cell and structural
solution was performed in the space groGp, with one molecule in the

asymmetric unit.

(&0))

C(17)

Figure 3.21 Molecular structure of, displacement ellipsoids are at the 50%

probability level and hydrogen atoms are omitted for clarity

Table 3.13 Selected bond lengths and angles7or

Bond Distance (A) Bond Angle (°)
Ru(1}N(1) 2.101(2) N(1)-Ru(1}O(2) 89.10(8)
Ru(1)}0(1) 2.0516(19) | N(1)-Ru(1)}Cl(1) 85.01(7)
Ru(1)}-CI(1) 2.4281(7) | O(L}Ru(1)Cl(1) 83.27(6)
Ru(1)Cg(1) 1.6661(12) | Cg(1}Ru(1}O(1) 125.24(7)
C(23)Br(1) 1.902(3) Cg(LrRu(1)N(1) 129.73(8)

Cg(1}Ru(1)CI(1) 129.44(4)
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The packing diagram for complekx shows the molecules pack in heaetall
arrangement with the molecules alternating in each row. There are several
intermolecular interactions contributing to the packing of the molecules. There is
also evidence of a-$tacking interaction between thpecymene H(3) and the

centroid of the aniline ring Cg(2). These interactions and packing diagrams are
presented irFigure 3.22, with DéA disientangies ars statediid t or
Table 3.16.

Intermolecular interactions along the Intermolecular interactions along the

axis axis

Intramolecular CH( 3) é Cg ( 2)
Figure 3.22 Intra/intermolecular interactions and packing diagramg for
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Table 3.14 Bond lengths and torsion angles for

Interaction Atoms Bond Lengths and Angles
Intramolecular C(3}H(3)...Cg(2) 3.471(3)U
Intermolecular C(3)}H(3)...Cg(3) 3.484 U

C(23)Br(1)...Cg(1) 3.932U
Ru(1)}-Cl(1)...Cg(1) 1.6661 U
C(17)H(17B)...CI(1) 3.588(3)U
Torsion Cg(2)Centre 74.99°
CentreCg(3) 31.76

3.3.8 X-ray Characterisation for C,¢H27;BrCINORuU (8)

Red fragmentsf 8 suitable for Xray crystallographic analysis were obtainesihg
slow evaporatiorfrom a methanolic solution over a period of several dayke
molecular structure ishownin Figure 3.23, selected bond lengths and angles are
stated inTable 3.15. Compex 8 crystallised in atriclinic cell and structural
solution was performed in the space groBpl, with one molecule in the

asymmetric unit.

c13)  cqa Cia)

Br(1)

C(23)

Figure 3.23 Molecular structure o8, displacement ellipsoids are at the 50%

probability level and hydrogen atoms are omitted for clarity
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Table 3.15 Selected bond lengths and angles&or

Bond Distance (A) Bond Angle (°)
Ru(LyN(1) 2.086(2) N(1)-Ru(1}0(1) 89.42(8)
Ru(1)}0(1) 2.0518(17) | N(1)-Ru(L)}CI(1) 83.68(7)
Ru(1)CI(1) 2.4377(8) | O(L)}Ru(L)}CI(1) 84.85(5)
Ru(1)}Cg(1) 1.6661(11) | Cg(1rRu(1)}O(1) 124.54(7)
C(24)Br(1) 1.906(3) Cg(1}Ru(1}N(1) 130.71(8)

Cg(1}Ru(1)}CI(1) 128.82(5)

The packing diagram for comple& shows the molecules pack in heaetall
arrangement with the molecules alternating in each rows around a centre of
inversion. There is evidence of a intramolecular interaction betwegnrdpmene
H(1C)CI(1). The interactions and packing diagram are goresd inFigure 3.22,

with DéA distances andabtedI4si on angl es a

o/ W

IntramoleculaiC(1y)H ( 1 C) § CI Packing along thb axis

Figure 3.24 Intra/intermolecular interactions and packing diagrams for

Table 3.16 Bond lengths and torsion angles 8

Interaction Atoms Bond Lengths and Angles
Intramolecular ClyH( 1 C) écC 3.374(3)A
Torsion Cg(2)centre 46.49°
CentreCg(3) 63.43°
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3.3.9 X-ray Characterisation for C,¢H27CIINORu (9)

Orange needlesf 9 suitable for Xray crystallographic analysis were obtained
usingslow evaporatiorfrom amethanolic solution over a period of several days.
The molecular structure is shownFigure 3.25, selected bond lengths and angles
are stated inrable 3.17. Comgex 9 crystallised in ariclinic cell and strutral
solution was performed in the space groBpl, with one molecule in the

asymmetric unit.

)

C(2) C(7)

c@3) 1M

Figure 3.25Molecular structure d®, displacement ellipsoids are at the 50%

probability level and hydrogestoms are omitted for clarity

Table 3.17 Selected bond lengths and anglesYor

Bond Distance (A) Bond Angle (°)
Ru(1yN(L) 2.088(3) N(1)-Ru(1yO(1) 89.44(13)
Ru(1)}0(1) 2.063(3) N(1)-Ru(1)-CI(1) 84.07(11)
Ru(1)CI(1) 2.4422(13) | O(1)}Ru(1)}Cl(1) 84.75(10)
Ru(1)Cg(1) 1.6663(19) | Cg(1)}Ru(1}O(1) 124.54(11)

C(24)1(1) 2.109(4) Cg(L}RU(L}N(D) 130.49(13)
Cg(L)}Ru(1)CI(1) 128.81(8)

The packing diagram for compléxshows the molecules pack in rows, with each
pair of molecules around a centre of inversion. Packing along &ixes shows the
pairs of moleucles around the centre of inversion, whilst the packing along the b
axis shows they pack in a herringbone arrangegmiéhere is no evidence of either
intramolecular or intermolecular interactions contributing to the packing of the

molecules and therefore they pack by crystal packing interactions only. The
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packing diagram are presentedkigure 3.26, and torsion angles are stated in
Table 3.18.

Packing along tha axis Packing along thb axis

Figure 3.26 Packing diagrams for compl&when viewed along both tleeandb

axis

Table 3.18 Torsion angles fo®

Interaction Atoms Bond Lengths and Angles
Torsion Cg(2)centre 76.87°
CentreCg(3) 23.63°

3.3.10 X-ray Characterisation for C,gH3,CINO,Ru (10)

Orange needlesf 10 suitable for Xray crystallographic analysis were obtained
usingslow evaporatiorfrom a methanolic solutionover a period of several days.
The molecular structure is shownFigure 3.27, selected bond lengths and angles
are stated irmmable 3.19. Comgdex 10 crystallised in ariclinic cell and structural
solution was performed in the space groBpl, with one molecule in the

asymmetrt unit.
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C23) 0(Q2) C(28)

Figure 3.27 Molecular structure 010, displacement ellipsoids are at the 50%
probability level and hydrogen atoms are omitted for clarity

Table 3.19 Selected bond lengths and angleslfor

Bond Distance (A) Bond Angle (°)
Ru(LyN(L) 2.0891(19) | N(1-Ru(1yO(1) 88.30(6)
Ru(1)}O(1) 2.0676(14) | N(1)-Ru(1)}Cl(1) 83.62(5)
Ru(1)CI(1) 2.4268(6) | O(L}Ru(1)Cl(1) 86.95(5)
Ru(1)Cg(1) 1.6654(9) | Cg(1)}Ru(1}O(1) 124.64(5)
C(24)0(2) 1.370(2) Cg(1}RU(L}N(D) 132.54(5)

Cg(1)}Ru(1)CI(1) 126.20(3)

The packing diagram for complé0 shows the molecules pack in rows, with each
pair of molecules around a centre of inversion. There is evidence an intramolecular
T-stacking interaction between H(3) and the centroid of the aniline ring Cg(2).
There are also several intermolecular interasticontributing to the packing of
these molecules. The packing diagram are presentégyure 3.28, and torsion

angles are stated rable 3.20.
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Packing along thb axis All intermolecular interactions

Intramolecular CBH( 3) é Cg ( 2)

Figure 3.28 Intra-/Intermolecular interactions and packing diagramslLfbr

Table 3.20 Bond lengths and torsion angles idr

Interaction Atoms Bond Lengths and Angles
Intramolecular CBYH( 3) éCyg 3.498 A
Intermolecular CA7nyH( 17B) é 3.620(2)A

C6yH( 6) éCl 3.481(2)A

COH(9B) eC 3.681(3)A
Torsion Cg(2)centre 78.18°
CentreCg(3) 31.57

3.3.11 X-ray Characterisation for C,7H30CINORu (11)

Red fragments of1l suitable for Xray crystallographic analysis were obtained by
slow evaporation in methanol over a period of one day. The molecular structure is
shown inFigure 3.29, selectedbond lengths and angles are statedable 3.21.
Complex11 crystallised in a triclinic cell and structural solution was @erfed in

the space group 1, with a single molecule in the asymmetric unit.
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c)
Q)

C(7)

C(10)

N N
s COH)  C@26)
13 .

C(27)

C(23)

Figure 3.29 Molecular strucutre of1. Displacement ellipsoids are at the 50%

probability level and hydrogen atoms are omifiadclarity

Table 3.21 Selected bond lengths and angleslfor

Bond Distance (A) Bond Angle (°)
Ru(1}N(1) 2.1064(14) | N(1)rRu(1>O(1) 89.41(5)
Ru(1)}0(1) 2.0711(13) | N(L)-Ru(L)}Cl(1) 83.90(4)
Ru(1)}-CI(1) 2.4623(5) | O(L}Ru(1)Cl(1) 84.84(4)
Ru(1)Cg(1) 1.6830(7) | Cg(1)}Ru(1}O(1) 124.31(5)
C(24)C(27) 1.528(3) Cg(LrRu(1)N(1) 130.72(5)

Cg(L}rRu(1)CI(1) 128.90(3)

The packing diagram for compleil shows the molecules pack in head-tail-

head pairs, alternating in each row, with evidence of an intramolecular interaction
between C(:H(1B)...Cl(1). The intramolecular interaction and packing diagram
are presented ifrigure 3.30, with D...A distances and torsion angles stated in

Table 3.22.
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C()

H(1B)

Intramolecular C(:H(1B)...CI(1) Packing diagram along theeaxis
Figure 3.30 Intramolecular interaction and packing along Ibrexis for11

Table 3.22 Bondlengths and torsion angles fbt

Interaction Atoms Bond Lengths and Angles
Intramolecular C(1)yH(@AB)...Cl(2) 3.3992) U
Torsion Cg(2)Centre 75.05°
CentreCg(3) 23.41°

3.3.12 X-ray Characterisation for C3oH3oCINORu (12)

Red fragments ofl2 suitable for Xray crystallographic analysis were obtained
using slow evaporation from a methanolic solution over a period of one day. The
molecular structure is shown kigure 3.31, selectedbond lengths and angles are
stated inTable 3.23. Complex 12 crystallised in a triclinic cell and structural
solution was performed in the space grdapl, with two molecules in the

asymmetric unit.
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Figure 3.31 Molecular strucutre of2. Displacement ellipsoids are at the 50%
probability level and hydrogen atorasd the second molecule are omitted for

clarity.

Table 3.23 Selected bond lengths and angles for both molecul&? of

Bond Distance (A) Bond Angle (°)
Ru(LyN(L) 2.094(6) N(1)-Ru(1yO(1) 88.4(2)
Ru(1)}O(1) 2.069(4) N(1)-Ru(1)-CI(1) 85.71(16)
Ru(1)CI(1) 2.4340(18) | O(1)}Ru(1)}Cl(1) 83.33(12)
Ru(1)Cg(1) 1.675(3) Cg(1)}Ru(1}O(1) 126.30(16)

Cg(1}RU(L}N(D) 129.91(19)
Cg(1)}Ru(1)CI(1) 128.09(13)

Bond Distance (A) Bond Angle (°)
Ru(19-N(19 2101(5) | N(19-Ru(19-O(19 88.8(2)
Ru(19-0(19 2.070(5) | N(19-Ru(19-CI(19 85.79(16)
Ru(19-CI(19 2.4365(19) | O(19-Ru(19-CI(19 84.25(13)
Ru(19-Cy(5) 1.674(3) | Cg(5)R u (-D(@9 125.07(15)

Cg5)RuU (-N6 )L  129.78(17)
Cg(5rRu (-CbH | 128.57(13)

The packing diagram for compled? shows the molecules pack in pairs about a

centre of inversion. There is evidence of intramolecular interactions in both

molecules ofl2 and evidence of several intermolecular interactions between these

molecules. Thep-cymene is rotated and asftacking interactions is now seen
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between thgp-cymene H(7) and aniline ring Cg(2). The interaction and packing
diagram are presented Figure 3.32, with D...A distances and torsion angles
stated inTable 3.24.

Packing diagrama along theaxis

Figure 3.32 Intramolecular interaction and packing along Ibreis for12
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Table 3.24 Bond lengths and torsion angles 1&

Interaction Atoms Bond Lengths and Angles
Intramolecular COByH( 9BC) é 3.336(13)A
CR9H( 29) é(d 3.041(8)A
C(2BOR906) é 3.07718)A
C(7TYH( 7) éCg 3.547(9)A
Intermolcular C(24yH( 24) é C 3.526(8)A
Ru(-Cbj16) é 1.674(3)A
C@BYH( 3) é O( 3.256(10)A
C(#b)706) é0 3.144(9)A
Torsion Cg(2)Centre 83.8822)°
CentreCg(3) 56.9519)°
Cg(6)Centre 80.4919)°
CentreCg(7) 64.012)°

3.3.13 X-ray Characterisation for C¢H25CIF3NORuU (13)

Red fragments ofL3 suitable for Xray crystallographic analysis were obtained
using slow evaporation from a methanolic solution over a period of two days. The
molecular structure is shown kigure 3.33, selectecbond lengths and angles are
stated inTable 3.25. Complex13 crystallised in a monoclinic cell and structural

solution was performed in the space grdd@ with a single molecule in the
asymmetric unit.

95



Synthesis of Ruthenium(ll) Chlorides Chapter 3

C(15)
C(16)

C(26)

F(3)

C(23)

Figure 3.33 Molecular structure 013, displacement ellipsoids are at the 50%

probability level and hydrogen atoms are omitted for clarity.

Table 3.25 Selected bond lengths and bond angled.3or

Bond Distance (A) Bond Angl e
Ru(1yN(L) 2.131(2) N(1)-Ru(1yO(1) 89.32(8)
Ru(1)}0(1) 2.0930(18 N(1)-Ru(1)}CI(1) 86.24(6)
Ru(1)CI(1) 2.4661(] O(1)Ru(1)CI(1) 83.86(5)
Ru(1)Cg(1) 1.6861(10) | Cg(1)}Ru(1)}O(1) 124.53(6)
C(12)}F(1) 1.370(3) Cg(1}RU(L}N(D) 129.46(7)
C(15)F(2) 1.370(3) | Cg(L)Ru(1}CI(1)  128.98(4)
C(24)F(3) 1.381(3)

The packing diagram for compourd® shows the molecules pack in alternating
rows with T-stacking between one row and a hydrogen bond linking the two rows
together. There is evidence of several intermolecular interactions contributing to
the packing of the molecule and a possible intramédeclistacking interaction
seen between thp-cymene hydrogen H(3) and the centroid of the aniline ring
Cg(2). These interactions are presentedrigure 3.34, with D...A distances and

torsion angles stated rable 3.26.
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F(3)

.. H(10C)

C(10)

IntermoleculaiC(12)F(1)...Cg(3)

Packing diagram along tteeaxis
C(10)}H(210C)...F(3)

Intramolecular C(3H(3)...Cg(2)

Figure 3.34 Interactions and packing diagram 8

Table 3.26 Bond lengths and torsion angles 1&

Interaction Atoms Bond Lengths and Angles
Intramolecular C(3)H(3)...Cg(2) 3.576A
Intermolecular Ru(1)-Cl(1)...Cg(1) 1.6861A

C(12)F(1)...Cg(3) 4.021A
C(10)}H(10C)...F(3) 3.405(4)A

Torsion Cg(1)Cqg(2) 76.38°

Cg(2)}Cg(3) 33.47°
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3.4 Conclusions

A range of novel functionalisedrketoiminate ruthenium(ll) chloridgoseudo

oct ahedrsatlo ol poi acnoompl exes has been synth
with X-ray crystallographic analysis obtained for all complexes. All of these
complexes crystalligeas orange/red single crystals and structural solutions were
performed in either a monoclinic C4 énd7) or a triclinicP" 1 (1-3, 5, 6 and8-13)

space groups. The complexes all show sinttthand*C{*H} NMR spectra, with

a distinctive upfield shift foone of thep-cymene hydrogens seen when analysing
theH NMR spectraApart from9, which shows no intramolecular interactions, X

ray crystallographic analysis shows all compounds have an intramolecular
interaction with thgp-cymene ring. Complexes 2, 4-7, 10, 12 and13 all show an
intramolecular Fstacking interaction betweenpacymene GH and the centroid of

the aniline ring. Complexe3 8 and11 all have thep-cymene twisted and instead
have an intramolecular interaction betweengieymene GH and the RtCl. Both

of these types of interaction are thought to be the cause of the upfield shift seen in
the '"H NMR spectra. Theb-ketoiminate ligands were functionalised to include
electron withdrawing groups, electron donating groups and increasex aikx;

these were to allow conclusive structure activity relationships to be determined and

to allow relationships in 165 to be determined (see Chapter 4).
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4 Cytotoxicity Evaluation

Biological assays require a technique to measure the amount of cell survival or
proliferation of mammalian cells. This can bergat out by either counting cells
using a dye, measuring the release®@r-labelled proteins after cell lysis or
incorporation of radioactive nucleotides during profileratidretrazolium salts are
good candidateas they are used to measure the activity of various dehydrogenase
enzymes. Current research requires assays which are quantitative and rapid and

which are able to handle large amounts of datadsailg basis.

4.1 MTT Assay

The MTT assay was developed by Mosmann in 1983 and is a method of measuring
the survival of mammalian cells, in which the yellow435-dimethylthiazoi2-yl)-
2,5diphenyl tetrazolium bromide (MTT) is reduced to the purple formaman

living cells Scheme4.1)**

Q\( N @ Mitochondrial
Reductase N° NH
Br \ﬁ\ ©)\ \V\Z,

Scheme4.1 Reduction of MTT to Formazan

The cancer cells are incubated with the potential drug for a perioeb afays at

37°C. A solution of MTT in distilled water (5 mg/ mL) is added and the cells
incubated for durther 34 hours to allow for the reduction to the purple formazan.
The reduction occurs due to the transfer of electrons to the MJF& .11 V)

from oxidising substrates such as NADH and NADPH «E -0.317 V) The
primary source for the reduction is thought to start within the mitocrandr
however there is no evidence indicating it is confined fiérehe purple formazan
crystals can be separated by removing the MTT/mediarpipette and dissolving

the crystals in DMSO. The absorbance is then measured at a wavelength of 540 nm

using a multiwell scanning spectrophotometer.
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4.2 XTT Assay

A variation of the MTT assay known as XTT was developed by Rdual. in
1988. Th e[l-gpbetylaminojc8rionyl}3,4-tetrazolium}bis(4methoxy
6-nitro)benzenesulfonic acid hydrate (XTT) undergoes a bioreduction in the
presence of ascorbic acid, which thecharged sulfonic acid groups are key for its
water solubility 6cheme4.2).® The XTT in prewarmed medium (1 mg/ mL),
without serum, is mixed witiPMS in phosphate buffered saline (PBS) (1.53 mg/
mL). Once added to the plate and incubated for a period of time, a mechanical
shaker is used to mix the solutions and the readings taken at 450 nm. The assay
time is reduced due to the elimination of the sdisibig step, shortening the

culture assay procedure.

NO, +

— - . SO3 2Na

MeO NO, | Na
B MeO
o) N< Ascorbic Acid
>_</ N SO, _NH
’[\Ij —_— N
@—NH N=N SO, ao o Y O;
MeO NO, NO,

Schemed.2 Reduction of XTT to a watesoluble formazan

I n the | ate 19806s the US nMbdanswithboth Canc
MTT and XTT assays which made them unsuitable for use on large scale drug
screening. MTT reduction varied depending on both the specific cell line and the

age of the cell culture. Miga et al. noticed a correlation with the amount of D

glucose within the cell medium and that cells with increased metabolic rates for
sugar demonstrated lower reduction of MTXTT also had problems with either

the absence/ inhibition of reduction without the presence of anatexiupling

agent such as phenazine methosuftateis was thought to be due to the presence

of a disulfonate which has shown to have difficulty permeating the cell

membrang?® !
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4.3 SRB Assay

This assay was developed by Skehetnal. in 1990 after investigating the
suitability of a series of different dyes for piging cell density measuremerifsit
utilises an aminoxanthene dye, Sulforhodamid&RBB) (Figure 4.1), which under
mildly acidic conditionsbinds electrostatically to amino acittsough the charged
sulfonic acid group.Cultures fixedwith trichloroacetic acid arestained and
incubated for 30 minutesith SRB (0.46, w/v) anddissolveal in acetic acid ().
The unbound dye is removed Wbgur washeswith aceticacid (1%) and the bound
dye extracted with an unbuffered base (10 mMje absorbancés measured at a
wavelength between 4%B0 nm using a microtiter plate readdihe SRB assay
has shorter incubationtimes than the previous assaysd gives more consistent
results over a greater number of cell lin&spresent this is the dnassay used for

large scale measurements, where several million culture wells are run per year.

SO;H

Figure 4.1 Sulforhodamide B (SRB) Dye

4.4 5-Day MTT Assay

The complexes to besstedare firstly dissolved in DMSOgontrol assays have
previously been carried out using only DMSO to investigate the effect on
cytotoxicity with differing concentrations. Using HT-29 cells, the rate of cell
survival remained high for all concentrations of DMSO, falling to only 73% at a
concentration of 2.0% DMSO. For the MQFcell line, the cytotoxic effect of
DMSO was more significant, with a 52% cell survival at theesaoncentration of
DMSO. The A2780 cell line exhibited the highest sensitivity to DMSO, with
significant cell death observed with 63% cell survival at 2.0% DMSO and 76% cell
survival at 1.0% DMSO® The complexes stated within this chapter hagy IC
values under the thresholds stated and it was decided that the -DNéG€dl
toxicity would not interére significantly with the assay.
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4.4.1 Conducting MTT Under Normoxic Conditions (21% O,)

A series of complexes were incubated with the cancer cells at ten different
concentrations, each one a double dilution of the previous one. To obtain these
concentrationshie drugs were diluted in DMSO to give an initial concentration of
25 mM, followed by dilutions in cell media to give a range of concentrations
between 25@M.48 M. Firstly, the cell plates are incubated fort2durs, followed

by addition of the drug dilubhs on day two and then aday incubation period.
After the 5day incubation, MTT solution (5 mg/ mL) was added to the plates,
incubated for a further 3 hours and then absorbance measusé4@ atn, using a
Thermo Scientific Multiskan EX microplate photeter. All 1G5, values were
taken from an average of three different assays with good repeatability; any
measurements not correlating were repeated until they were within a 10% error.

The full protocol for this procedure is stated within Chapter 9.

4.5 Resultsand Discussion

4.5.1 b-Ketoiminate Ruthenium(ll) Complexes

The series of novel ruthenium(lip-ketominate chloride complexes previously
reported in Chapter 3-{gure 4.2) and cisplatin as a control, were tested against a
range of cell lines including; H29 (human colon adenocarinoma), MCF
(human breast carcinoma), A2780 (human ovarian adenocarcinomaR@B0cdks
(cisplatin resistant human ovarian adenocarcinoma). Assays were carried out using
a 5day drug exposure and during this period were incubated at 37 °C with a 5.0%

CO, concentration.
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R;=3"-F R=H 1 R, =4"-Br R=H 8
R,=4'F R=H 2 R, =4"-1 R=H 9
R, =4'Cl R=H 3 R, = 4-OEt R=H 10
R, =2'4"-diCl R=H 4 R, =4'-Me R=H 11
R, =2"5"-diCl R=H 5 R, = 2'-naphthyl R=H 12
R, =2'3'4"triCl R=H 6 R, =4"-F R = 2'4'-diF 13
R, =3"-Br R=H 7

Figure 4.2 Ruthenium (1) chloride complexes testedvitro using the MTT assay

Once the incubated cells had been treated with the MTT solution (5mg/ mL), the
amount of living cells could be determine due to the changeTil kblour. The

living cells areable to reduce the MTT to the purple formazan and so the amount
of purple coloration seen is proportional to cell survival. To calculate thg IC
values of the complexes, graphs were plotted of % cell survival versus drug
concentratia (mM) and the concentration found at 50% cell survival. The graph in
Figure 4.3 shows the % cell survival versus drug concentratiivi) (for cisplatin,

1 and 12 against HF29 cell line The values were calculated by plotting two
points, one above and one below the 50% cell survival value, then plotting a line of

best fit and rearrangement of the equation to find the concentraivn (

120 -
100 - N
—e—Cisplatin
=< 80 1
; —=—C1
5 60 -
n C12
8 40 -
S 20 -
O T T ‘_\—I
01 1 10 100 1000
_20 |
Concentration / niv

Figure 4.3 % Cell survival versusoncentrationigM) for cisplatin,1 and12
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The valuesre stated iTable 4.1 and tave also been summarised as adbert in

Figure 4.4. It can be seen that all ghcomplexes tested have moderate to high
activities against all cell line€omplexesl, 3 and4 have the most consistents{C
values over all four cell lines, with significantly higher cytotoxic values against the
cisplatin resistant ovarian cell line A2Jcis then the other cell lines. Against HT

29 and A2780cis there are differences inol@hen comparing the different
electronic properties of the complex, where increasing the withdrawing nature
decreased the cytotoxicity of the complex. Whereas, ag@$t-7 and A2780

cell lines all of the complexes have high cytotoxicity and no clear trend can be seen

between electronic or steric properties versus cytotoxic behaviour.
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Table 4.1 Summary of 1G values for cisplatin and ruthenium complexes usingdaypexposure
HT-29 MCF 7 A2780 A2780cis
Complex
ICso(MM) | £SD(mMM) | ICso(MM) | £SD(MM) | ICso(MM) | +SD(MM) | ICso(MM) | + SD (M)

Cisplatin 2.4 0.1 1.07 0.10 0.94 0.04 10.5 0.2
[p-cymRuCly], 197.09 4.5 183.6 2.9 195.4 4.5 216.6 9.2
1 35 0.3 1.9 0.1 2.60 0.08 3.13 0.09
2 10.5 04 5.07 0.09 2.8 0.1 3.37 0.07
3 5.40 0.09 3.0 0.2 1.6 0.1 3.8 0.1
4 4.3 0.5 3.22 0.09 2.35 0.04 5.59 0.05
5 114 0.6 3.5 0.2 2.5 0.1 6.4 0.1
6 12.6 0.2 3.27 0.08 2.84 0.04 115 0.3
7 6.1 0.3 3.55 0.09 2.5 0.2 3.69 0.09
8 10.3 0.6 6.2 0.2 2.3 0.2 7.00 0.04

9 11.8 0.8 - - - - -

10 12.8 0.5 - - - - -
11 10.21 0.09 2.9 0.1 2.87 0.05 9.1 0.1

12 22 2 13.0 0.2 - - -
13 6.3 0.3 7.2 0.2 1.9 0.1 3.80 0.09
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25
®HT-29
20 u MCF-7
£ mA2780
- 15
g = A2780cis
S
210
O
5 -
O -

O%Q Complexes

Figure 4.4 Barchart of 1Gg values for cisplatin and complexgd 3

Previously within the McGowan group it was found thra substituted 6-
diketonate titanium complexes gave the greatest cytotoxic behaviour, with the 4
fluoro-b-diketonate titanium complex giving the highest cytotoxicity vafdes.
Therefore the following bachart Figure 4.5) shows the difference in cytotoxic
behaviour of thepara b-ketoiminate ruthenium chloride complexes (C2=4F,
C3=4Cl, C8=4Br and C9=4l).

14
12 [
= 10 ®HT-29
2 8 = MCF-7
=)
g 6 " A2780
o 4 m A2780cis
2 .
0 .
\(él& Vv ™ S 9 NS
R
¥ Complexes

Figure 4.5 Bar-chartshowing comparisons with thmara ruthenium complexes
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There is no overall trend seen with most cell lines but it appeamathehloro-bH-
ketoiminate complex3) has the most potential against all four cell lines. When
considering the cytotoxicitieagainst the cisplatin resistant ovarian A2780cis it can
be seen there is a slight trend, with the most electron withdrawing fluoro complex
(2) having the highest activity and this activity decreases down the periodic table,
with all complexes showing higheactivity than cisplatin Thepara methyl
complex (1) was synthesised and tested to see if substituting an electron donating
group had any effects on the cytotoxicity. In most cases this complex had similar
activity to the electron withdrawing substitugnexcept against MCGF, where
complex11 gave the highest cytotoxicity. A larger library of compounds must be
synthesised to gain more conclusive structure activity relationships, but so far this
data suggests there is a limited relationship betweerngbeganics of the complex

and its cytotoxic behaviour.

4.6 Conclusion

The library of ruthenium chloride complexes characterised in Chapter 3 has been
tested under normoxic (21%y)conditions using the well know MTT assay. This
enables measurements of cytatobehaviour and gives an indication of the
complexes potential as an an@incer compound. The assays, data manipulation
and evaluation of results have been completed by the author at the Institute of
Cancer Therapeutics, Bradford. The library tested shtvat these N,O) b-
ketoiminate ruthenium (ll) chloride complexes have moderate to high cytotoxicity
behaviour, with some of the complexes showing great potential for future
biological studies, which will be discussed in Chapters 6 and 7. These easily
tuneable complexes allow for a wider library to be synthesised and future work
would require a larger library to be tested in order to gain more extensive structure

activity relationships and to optimise the potential of these complexes.
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5 Modified Complexes

Previously in Chapters 3 and 4, a rangebedetoiminate rutheniuihl) chloride
complexes were synthesised and showed very promising cytotoxic behaviour, with
many values comparable or higher than cisplatin against A2780cis. Due to the
success of these complexes, an effort has been made to tune the structure of the

compkexes by either;

i) eliminating part of the ligand
i) altering the sterics of the arene ring
iii) changing the metal centre, or

iv) changing the binding mode of the ligand.

This chapter discusses the synthesis, characterisatiorcydoixic behaviour of
these complexes, with comparisons made to the previous complexes, discussed in
Chapter 4.

5.1 Synthesis of Aniline Ruthenium (II) Dichloride (14)

It was postulated that the-Stacking interactions commonly seen with the aniline
ring may be key for the compounds activity. Complé4 was synthesised to
eliminate theb-ketoiminate ligand. The synthesis of this complex was reported in
2006 byGovindaswamyet al.but for the purpose of cytotoxic comparisons has been
resynthesised by the auttfoThis complex was synthesised accordingStheme

5.1, where p-cymRuCl}], was addedo aniline and EN in dichloromethane.

\\\\
/Cl\ | 5 Et3N
R + (2 equiv.)
NH,

//’1

[
Ru u _Ru
L Nef - HN" "~
Cl DCM Cl
RT

Schemeb.1 Synthetic route to compleb4
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5.1.1 X-ray Characterisation of C;¢H2:CIo:NRu (14)

Red fragmentof 14 suitable for Xray crystallographic analysis were obtained
using slow evaporation from a methanolic solution over a period of several days.
The molecular structure is shownhkigure 5.1 andselectedond lengths and angles

are stated inrable 5.1. Complex14 crystallised in a triclinic cell and structural
solution was performed in the space grdeid, with a single molecule in the

asymmetric unit.

Cc(14)

C(13) ‘

Figure 5.1 Molecular structure ot4, displacement ellipsoids are at the 50%

probability level and hydrogen atoms are omitted for clarity.

Table 5.1 Selected bond lengths and anglesliér

Bond Distance (A) Bond Angle (°)
Ru(1yN(1) 2.1932(13) CI(1)-Ru(1)}CI(2) 87.70(1)
Ru(1)}CI(1) 2.4407(5) N(1)-Ru(1)CI(1) 80.23(4)
Ru(1)}CI(2) 2.4250(5) N(1)-Ru(1)CI(2) 83.80(4)
Ru(1)Cg(1) 1.6684(7) Cg(1)}-Ru(1}N(1) 132.29(4)

Cg(1)}Ru(1)CI(1) 128.55(2)
Cg(1}Ru(1)CI(2) 127.62(3)

The packing diagram along thee axis shows the molecules pack head and

alternate in each plane, with intermoleculaHN C | hol ding the t w
headtail-tail-head arrangement andtheH2 Cg i nt er acti ons bet\
When viewed along the NH,famN-KHé Clwoi mtyamr aq:
with adjacent molecules giving a hetd-tail-head arrangement. There is one

intramolecular interaction seen between phgymene CH and the centroid of the
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aniline ring. The intermolecular interactions and packing diagamapresented in
Figure52, wi th DeéA di Rblebces stated in

Intramolecular C8H ( 8) € Cg ( Intermolecular N(H( 2 N) € CI|

Intermolecular interactions along the  Intermolecular interactions along the
axis axis
Figure 5.2 Interactions and packing diagrams alongdla@da axes forl4

Table 5.2 Bond lengths for complex4

Interaction Atoms Bond Lengths and Angles
Intramolecular C(8)H(8)...Cg(2) 3.7156A
Intermolecular C(1)H(1C)...Cg(2) 3.8084A

Ru(1)Cl (1) éC 1.6684A

N(1H( 1 N) é Cl 3.2954(17)A
N@A)-H( 2N) é Cl 3.3424(16)A
C(7TYH( 7) é Cl 3.7261(16)A
C(l12)H( 12) é C 3.5939(17)A
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5.2 Synthesis of Diphenylb-Ketoiminate Ruthenium(ll) Chloride (15)

This complex was designed to move the position of the phenyl ring of the aniline
group and so comprises oh #-ketoiminate ligand with the ligand bindinga a

NH. Complex15 was synthesised according $gheme5.2, where p-cymRuC}],

was added to the diphengdketoiminate ligand and B in dichloromethane.

NH2 Et3N

Schemeb.2 Synthetic route to complek5

5.2.1 X-ray Characterisation of CysH26CINORuU (15)

Red fragmentf 15 suitable for Xray crystallographic analysis were obtained
using slow evaporation from a methanolic solution over a period of several days.
The molecular structure is shownhkigure 5.3 andselectedond lengths and angles

are stated imable 5.3. Complex15 crystallised in a monoclinic cell and sttural
solution was performed in the space grdefa/c, with a single molecule in the

asymmetric unit.

C(15)
C(24)

ca4)

C(23)

C(13)

C(22)
Figure 5.3 Molecular structure of5, displacement ellipsoids are at the 50%

probability level andhydrogen atoms are omitted for clarity.
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Table 5.3 Selected bond lengths and angleslifor

Bond Distance (A) Bond Angle (°)
Ru(LyN(1) 2.052(3) N(1)-Ru(1yO(1) 87.52(11)
Ru(1)}0(1) 2.058(3) N(L)-Ru(1)}CI(1) 86.25(8)
Ru(1)CI(1) 2.4413(10) O(1)Ru(1)CI(1) 85.80(8)
Ru(1)}Cg(1) 1.6481(17) Cg(1)Ru(1)0(1) 126.41(10)

Cg(1}Ru(1}N(1) 129.40(10)
Cg(1)}Ru(1)}CI(1) 127.19(6)

The packing diagrams show the molecules pack in-tekthil-head pairs on all

axes, with intermolecular € é C | i nteractions holding
When viewed along the axis intermolecular Ftacking interactions can be seen
between thg-cymene and the centroid of the aromatic ring C#iQ) 1 0 B) é Cg ( 2)
these interactions hold two planes of molecules together. The intermolecular
interactions and packing diagrams are presentéigire 5.4, wi t h DéA di s

and torsion angles statedTiable 5.4.

Packing along thb axis Packing along the axis

Intermolecular interactions along thexis
Figure 5.4 Packing diagrams showing intermolcular interactions along tredc

axes forl5
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