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Abstract

llinesses caused by microbial specmsch adMycobacterium tuberculos{$/. tb) are

one of the leading the causes of mortality worldwid&he emergence of drug
resistant strains of microbes has led to an urgent demand of novel antibiotics.
Derivatives of 1,1phenanthroline phen) and their metal complexes have bee

shown to posess antimicrobial effects

The first part of research carrid out in this study involvessynthesis and
characterisatiorof oxazinebased derivative ophen andits Ag(l), Cu(ll) and Mn(ll)
complexes. The antimicrobial effects of this ligand and its metal complexes were
studied using a Granpositive (Staphylococcusaureus) and Gramnegative
(Escherichiaoli) bacteria and a fungd&Candidaalbicang strain. In addion, lipophilic
derivatives of the oxazinbasedphenderivativesand its Cu(ll) complexes were also
prepared characterisedand screened against Grapositive bacterial strain. The
toxicity of all of these ligands and their complexes was also studiad tise greater

wax moth larvaeGalleria mellonellaThe Cu(ll) complexes were the most active
towards the Granpositive bacteria and the increase in lipophilicity to a certain
point, displayedan increase in antibacterial activity of the ligand and €u(ll)
complex. The Ag(l) complex was the most active towards the fungal strain. The
compounds tested did not display promising activity towards the Gmnagative

bacterial strain. All compounds tested were well tolerated3@msileria mellonella

Secondpart of this research fagses on targetinyl. tb by derivatisingsoniazidINH)
through Schiff base condensatioA. phen-based hybridof INH is prepared and
complexedo Ag(l), Cu(ll) and Mn(ll)etal ions and the ligand andetal complexes
were characteised. The antimycobacterial activity of this ligand and its metal
complexes was studied agairsstirug susceptible and three drug resistant strains of
M. tb. The broaerange antimicrobial activity of this ligand and its metal complexes
was also studied agast Grampositive Gtaphylococcusureug, Gramnegative
(Pseudomonaseruginosa and fungal Candidaalbicang. The toxicity of these
compounds toward the mammalian cell line A549 was also examined. All of the

compounds generated displayed promising amtcobacterial activity towards all



strain ofM. tb and presented Sl values >10. The Ag(l) complexes displayed excellent

broad range antimicrobial activity.
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Chapter Structure

This chapter has been designed with theeimtion of introducing key concepts upon
which the scientific work is based. The aim of this chapter is to acquaint the reader
with the clinical relevance of bacterial infections and how to tackle these infections
by modfication of phento form potent antbacterial agents and to enhance their
activity via metal complexation to offer multiple modes of action to achieve

antibacterial activity. The chapter is composed of three main sections:

1. Bacteria, bacterial infections and current treatmentfhis involvesan

introduction to the microorganisms known as bacteria, their classification as
Grampositive and Granmmegative with the use of Grastaining, and the
mechanical structural differences between these two claskBgobacteria
(which cannot be classified Itye Gram staining method) is also introduced.
Examples of bacteria belonging to each class, infections caused by these
bacteria, the current treatments employed in the clinical settings to treat
these ilinesses, and the emergence of resistance to thesibiatics is also
discussed.

2. Antibacterial activity of metal complexe&n overview of research published

on antibacterial activity of Cu(ll), Ag(l), Mn(ll) metal ions, and their complexes
is outlined. Theantibacterial activity ofphen, its derivatives,and their
respective metal complexes is summarised along with the mechanisms of
action employed by these metal complexes.

3. Mycobacterium tuberculosigand antitubercular agents An introduction to

M. tbis given along with the current regime of fHlgte drugs utilised to target
tuberculosis. The remainder of theection is focused oiNH (a potent first

line drug), its mechanism of action, the development of resistancikl bip
towardsINH, and strategies utilised to mdgilNHi.e. Schiftbase formation
and metal complexation, to overcome isoniazid resistance. The
antimycobacterial activity ophen, its derivatives, and their metal complexes
is also outlined along with the antimycobacterial mode ofi@ttof one

derivative ofphen.



1.1 BacteriaBacteriallnfections and Current Treatments

1.1.1 Introduction to Bacteria

1.1.1.1 Bacteria

Bacteria belong to prokaryotic microorganism domain and are considered to be
amongst the earliest organisms to appear on e&rffhese microorganisms are the
most diverse and abundant form of life on earth, with billions of bacterial cells in
nearly every square meter &foil, water and aft Over the millenniahese simple
unicellular organisms have evolved to inhabit even the harshestwf@mentsand

can be found in acidic hot springs, radioactive wgsésmd deep portions of the

et NI KQa ONMza i o

Bacterial cells are usually 0;%.0pum in length, about one tenth of eukaryotic cells,
and can adopt a number of morphologies depending on their environment, cell wall
and cytoskeletoh The most common shapes of bacteria are spherical, catiedj

or rod-shaped, calledbacilli, or spirals, calledpirillaif they are rigid ospirochetesf

they are flexiblé. Though many bacterial cells exist as single callgse can grow as
doublets (such ad\eisseri, or chains (such astreptococciwhich causes strep
throat), or clusters in the shape of grapes (suchlstaphylococcwhich causes food

poisoning), and even further complicated structsire

1.1.1.2: Applicaibns of Bacterial Organisms

Due to their vast diversity and biological functions, bacteria play vital roles in a myriad

of industrial, environmental, medicadnd research processes:

1 Inthe food industry bacteria such hactococcukactisare used to mag dairy
products such as buttermilk, yogudnd cheese via fermentation. Through
the same process, many food products can be preserved in their pickled

forms,



1 In the sewage industry bacteria are used for bioremediation: biological
cleansing of the evironment. Bacteria break down organic and inorganic
matter in the sewage through both aerobic and anaerobic procéskksler
aerobic conditions, bacteria are responglbbr nitrification and phosphars
removal®, and under anaerobic conditions bacteria removes nitrates from

sewage via reduction of nitrates to dinitrogen ¢as

1 Recent studies have shown that certain &l species can also be used to
clean up oil spillg. In the same way, different strains of bacteria are utilised
to recover precious metals such as gold and palladium and are now even

being considered for bioremediation of radioactive waste

1 In the environment bacteria act as decomposers, digesting organic remains
via biacchemical reactions necessary for the ecosystem to provide important

nutrients such as the products from the nitrogen cycle and the carbon%ycle

1 Due to the ability of certain bacteria to grow at exponential rates with relative
ease, genetic engineering and molecular biology has developed methods to
alter bacterial DNA for the purpose of researching theuits of gene
modification. These techniques can be exploited to produce beneficial natural

products such as insulin, growth factors and antibotfies

With other living organisms, baatia can form symbiotic relationships which can be:
1) mutualistic, where both organisms benedify: release of vitamins K and Brom
bacteria in human intestines; 2) commensalistic, where only one organism benefits
e.g: Streptococcus pyogeniesthe nose favours the bacteria without causing harm

to the host 3) parasitic, where one organism benefits but harms the other organism

e.g:Vibrio cholera causes choleta

Thoughthe majority ofbacterial species can be used for our benefit, pathogenic
bacteria have once again recently becomeause for major concerworldwide.

With the discovery of multidrug resistant (MDR) strains of bacteria such as
methicillinresistant Staplylococcus aureus (MRSA), multidrug resistant
Mycobacterium tiberculosis(MDRTB) & LINYG & A & ( | y (i £seuddinbidas v a



aeruginosaand Acinetobacter baumaniithere is an immediate necessitipr

development of novel therapeuti¢s

1.1.2 Classification of Beteria by se of Gam Sain

1.1.2.2 CellEnvelope and Gram Stain

One of the key components of the bacterial egll/elope (the cell wall and associated
YSYONI YSa0 A& LISLWWAR23It&0rys I LENYSN
acetytD-glucosamine, ath amino acid,N-acetylmuranic acid, extensively cress
linked by short peptide bridgé'8 Peptidoglycan helps maintain the structural
shape of the cell, providing strength, rigidignd osmdic stability. Depending on
the thickness of this peptbglycan layer, the bacterial cell can either retain or lose
the crystal violet dye, a technique dewvpkd by Hans Christian Gramdistinguish
between bacterial cellS. Gran-positive bacteria, such &taphylococcus aurey(s
aureug, have a peptidoglycan layer of 80100 nm in thickne$8 which retains the
crystal violet dye. On the othdrand, Grarmegative bacteria have a peptidoglycan
layer of 2¢ 3 nm thicknes® and are not capable of retaining the dye. Most bacteria
can be categorized into either of the two classes as @uasitive or Grarmegative

based on the outcome of this test.

The strutural differences between the cell envelepf Grampositive and negative

bacteria can be seen Figurel.
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Figurel: Structural components of Grapositive and Grarmegative bacterial deenvelo® CAP (covalently
attached protein); IMP (integral membrane protein); LP (lipoprotein); LPS (lipopolysacdh@Adépoteichoic
acid); OMPduter membrane potein); WTA (wall teichoic acid).

1.1.2.2 Grampositive Bacteria Staphylococcus aurey$. aureuy

Due to their thicker mesh of peptidoglycan layer, Gpositive bacteria are
structurally very strongFigurel). During the Granstain test, once the crystal violet
dye precipitates inside the cell it can no longer exit thedgling the decolourization
stage due to the small porsize of the peptidoglycan me¥h Embedded in the
peptidoglycan layers are teichoic adqi@A)which are acidic polymers of glycerol
phosphate, ribitol phosphates or glucosyl phosphate$hese TAgan be found
either in the peptidoglycan known as wall teichoic acids (WTA) extending
perpendicularly to the cell wall, or appended onto the cell membrane, known as
lipoteichoic acids (LT&) These TAserve the Granpositive cells in many different
essential mlogical functions, majority of which can be classified as: 1) protection; 2)

biomolecule regulation and; 3) binding to receptors and surf&ces

The presence of the phosphate groupsthe WTA and LTA provide anionic net
OKIFNBS: fSIRAY3I (KSY (2 0S RSEDWIOHOSR | a
they regulate the cationic uptake by actively binding to the cafi§nshich then in
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turn effects the rigidity and porositgf the cell wall. Cationic peptides have been
shown to selectively disrupt biological functions of bacterial cell versus mammalian
cells due to their ability to bind tthe inherent anionic nature of bacterial cell weifl.

By the same token, it can b@stulated that cationic metalldrugs could also target
bacterial cell due to their cationic natii®eInterestingly, modifications of the BAvia
insertion of amino acids (lanine) or other cationic biomolecules to lower the
overall anionic net charge have been observeddadl to resistance to cationic
antibiotics such as vancomyéinFurthermore, due to the lipophobic nature ofeth
TAs, the bacterial cells garasistance towards highly lipophilic antibacterial fatty
acids, such as those released from the human skin and thwsiag Grampositive

bacteria to thrive on human skih

S. aureudelongs to the staphylococci genus which are Gpasitive cocci bacteria
that form grapelike clustergFigure2) due to their ability to grow in multiple planés
They are normotile and can be found on the skin, theasal cavity, the lower
reproductive tract of women, and the respiratory tract &% healthy humari$2°,
Although these bacteria exist in a commensal relationship with humans, they are
classifed as pathogens due to their ability torm colonies and infect both immuno

competentand immunedepressant hosEs.



Figure2: Morphology of S. aureéis

In the majority ofcasesS. aureuss prevented from causing infections by the skin
and mucous membrane. Howevef these are breached (by cusjrgery or trauma)

and the bacteria is allowed to enter through these cavities then it can lead to abscess
lesion or septicaemiance itenters the blood or lymphatic channefs®2 Diseases

caused by5. aureusypically can be categorized irffo
1 Food poisoning.

9 Bacteremia: blood stream infections such as ineffective endocarditis, septic

arthritis that are considered lifghreatening.

1 Skin Infections: these include impetigiooils and softissue infections. In
young children staphyloazal scalded skin syndromeaused by exfoliative
toxins of S. aureusijs a major concern and causes major damage to the

epidermal layer of the skifi.



1 Bone infections: borgoint or metatbiomaterials in the body can be
infected byS. aureuso lead to serious and even life threatening conditions

such as osteomyelifia

1 Implant Infection: The outenost surface of thé&. aureuss embedded with
adhesins which adhere to proteins found in plasma and extracellular matrix.
Due to this,S. aureuss a major cause of concern because of its ability to

form biofilms on implants leading to serious infectiéhs

SinceS.aureuscan be found on healthy humarn sucha high abundance, it is no
surprise that this opportunistic pathogen becomes such a grievous threat in
environments such as hospitals where theransabundance of immundepressant
patients. Furthermore, dud¢o the gathering of such various strains $f aureus
present concurrently, the formation of antibiotresistant strains of the bacteria is
also very likeSP. This is further supported by the fact th@t aureuss the second

biggest contributor to nosocomial infectiots

The treatment for mildS. aureugnfections is to prescribe penicillin which is from the
family ofi -lactams(Figure3) and acts on the disruption of peptidoglycans by binding
to penicillinbinding proteins (PBPs) and thus inhibiting cell wall synthesis. However,
in the majority of cases the effect of penicillin is greatly reduced due to the
emergence of penicillin resistance strains that produdactamase. Due to thishe
majority ofi -lactam containing antibiotics have been rendered inefficient agadnst
aureus Furthermore, the most troublesome strain 8t aureuss the methicillin
resistant strain MRSAs it produces a specific PBP, thePPBvhich allows the

synthesis ofhe cell wall in the presence bflactam antibiotic&.
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B-lactam ring penicillin methicillin

Figure3: chemical structure df-lactam bagd antibiotics



Currently, vancomyciFigure4) is thedrug prescribedor MRSA infections and it
inhibits the peptidoglycan crodskage formation by binding to amino acids found
in the peptidoglycan layetd However, with he ability to form resistance to
antibiotics thatS. aureugpossesses, it is no surprise then that there are already
reported cases of vancomycin resistant strainsSofaureu®. Furthermore, in the
majority of cases genes responsible for the resistance meadnaman be found on
the plasmidsThis leadso rapid spread of resistance to other bactead therefore

it is only a matter of timéefore the resistance to vancomycin becomes a common

issueo.

H2N

OH

vancomycin

Figure4: structure of vancomycin

1.1.2.3 GramnegativeBacteria Escherichia coli

Gramnegative bacteria possess a thinner peptidoglyegret without the presence

of TAs and yet, their cekenvelope is even morecomplicated(Figurel). There are
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three main components of a Gramegative cellenvelop: 1) The outer membrane

(OM), 2) the peptidoglycan layer and; 3) the inner membrgHé)?°.

The OMconsists of, in most cases, an outer layer of lipopolysaccharides (LPS) and an
inner layer of bilayer phospholipids. &©Mserves to provide a protective layer of
resistance towards the hostefenlS o6& AYKAOAGAY3A GH8ns,STFSOI
and various white blood cell proteifis Additionally it acts as a strong permeability
barrier, regulating the influx of dangerous substances such as hydrophobic
antibiotics’>. The LPS consist of the palgsharide @ntigen an oligosaccharide

core, and fatty acid chains appended onto a phosphorylated glucosamine
disaccharidewhich is an endotoxitknown as lipid &. The LPS fragments are also
what make the Grarmegative bacteria more toxic towards human as tekease of

lipid A following the lysis of the bacterial celhvelope caugs feverdiarrhoea and
possiblya fatd endotoxic shock. Furtherare, the LPS layer is more abundantatty

acid chains tha the typical phospholipid bilayef the bacterial celand thus it can

be considered much more hydrophobic in nature. The anionic phagpterminals

also bind very strongly to divalent cations, leading to formation of ebogiges with
neighbouring LPS molecutésDue to theformation of these hydrophobic cross
bridges, the OM of Gramegative bacteria inherently possess resistance towards
hydrophobic antibiotis. However, chelating agents such a
ethylenediaminetetraacetic ac&(EDTA which can compete for the LPS bound
cation lead to severe disruption of the OM and allow for antibiotics to damage the

cell organelle®.

In addition to the LPS arttle bilayer phosphatiids, the OM also contains proteins.
Some of the OM transmembrane proteins (Omps), such as porins, OmpF and OmpC
are responsible for the passive diffusion of smaiblecules such as sugars,
nucleosides, amino acids, phophatasd other essential ionacrass the OM?. Due

to the ability of small hydrophilic molecules to pass through porins, it is no surprise
GKSY GKIFG |y (lactanaierallived fodrs& through the Qiding

these channel®. However, in recent studies there are two major ways in which
antibiotic resistance has occurred by altacet of porin channels: 1) loggduction

in the numberor replacenents of porin channels which allow for antibiotic diffusion
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and; 2) alteration of channels to reduce permeabtfityrhis combined witlthe fact
that LPS offer resistance towards hydrophobic antibiotics is one of the reasons why

the OM is such an excellent protective barrier.

¢tKS ha Aa FLWSYRSR 2yi2 (G4KS LISLItaRe 3t & Ol
the peptidoglycan layer is somewhat similar to the Giamsitive layer but much

thinner and lacking in TAs. The peptidoglycan layer is also suspended in an aqueous
cellular compartment known as the periplasm which is sandwiched betwe=®MW

and the IM The periplasm is the evolutionary advantage of Greegative bacteria,

assisting in te undertaking ofimportant functions suchas protein transport,
sequestration of toxic enzymes, peptidoglycan synthesislresistance to cationic

antimicrobial peptide®’.

The final layer of the cedinvelope of the Gramnegative acterium is the IMThe IM

is a phospholipid bilayer housing proteins necessary for energy production, lipid
biosynthesis, protein secretigand transport®. With the combination of properties

of these components, the celinvelope of Gramnegative bacteria possesses an
intrinsic resistance towards antibiotics to auoh greater extent than Graipostive
bacteria. However, thialone is not the only factor attributing tihe resilience of the
Gramnegative bacteria as the ha#fquilibrium times,i.e the time taken for the
concentration of antibiotics in the peri@ém toreach >50% of the extracellular
concentrations are 1630 seconds for many spec¥sMany recent studies have
shown that the extra intrinsic resistance of Gramgative bacteria can be attributed

to the multiple-drug efflux pump3'. Efflux pumps are made up of various individual
protein components, spanning the ceahvelope, and have been known to pump
toxic molecules from the cell into the surrounding environment and can be found in

both Grampositive and Grammegative bacteri#:52

Efflux pumps can be categorized in& types depending on the number of
membranes they transverse, their energy source, the substrateg ¢fftux and the
components theypossess(Figure 5). The four pumpsare known asthe major
facilitator superfamy (MFS), adenosine triphosphate binding cassette superfamily
(ABC), the small multidrug resistance family (SMR), and the multidrug and toxic

compound extrusion family (MATE), pump strates across IMnd can be found in

12



both Gramnegative and Grarmpositive bacterid®. The fifth efflux pump typés the
resistancenodulation-devision (RNDand is a tripartite complex (three protein
component) that traverse both the IM and OMgcan befound only in the Gram
negative bacteria. The RND efflux pumps are responsible forptbgection of
harmful substances from the cytosol and periplasmic membrane into the
surrounding media outside the G and have been found tbe associated with
causing resistance towards multiple antibiotftsDue to he abilities of these
multicomponent pumps to excrete drugs outside the OM, these pumps work
synergistically with the OM barrier of the Gramgative celenveloge to lower the
periplasmic and cytoplasmic concentrations of harmful substances byamihgthe

spontaneous influx of these substanees

RND SMR MEFS MATE ABC
EXTRACELLULAR
MEDIA
PERIPLASM
i @ Antibiotic @ o> & @ ADP+Pi

Figure5: The main types of efflux punis
Escherichia colE( coljis classified as a Granegative bacterium that can be found
in the lower intestine of healthy humans as a commensal bacterium. Although most
strains of this bacteria are nethreatening and can evernrpvide benefits to healthy
humans such as production of vitamsiand the prevention of colonisation of other
harmful anaerobic microbes, some strains can be pathogenic and even lead to life
threatening conditions. It is the most commonly studied bacterd és strains can

be divided up into 3 main categorffs1) @mmensal: these are found as part of the
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gut flora and they only cause infection the case of abdominal damage; 2)
diarrhoeagenic: these cause diarrhoe3); extraintestinal pathogeni&. col(ExPEC):
these are capable of surviving under sterile conditions of extraintestinal sites and
these are the main cause of extraintestinal infection. Some of the common illnesses
associated witte. colinfections inclule acute inflammation, diarrhoea, epididymo
orchitis, hemorrhagic colitis, myositis, neonatal meningitis, osteomyelitis,
septicaemia, urinary tract infections, and some fatal illnesses such as haemolytic
uremic syndrome (HUS) and thrombotic thrombocytogepiurpure@®’. From a
public health point of view, the O157:H7 strain is possibly efgheatest concern.

This strain produces a toxin known as SHIGA toxin which causes destruction of red
blood cells, leading to complications in the blood filtration system in the kidney and

causing HUS,

1.1.2.4 Gramvariable BacteriaMycobacterium tiberculosis

Gramvariable bacteria are a group of bacteria that cannot be conclusively classified
as Grarrpositive or Grammegative by the Gram stain method. This group of bacteria
are known agorynebacterinegeand consist of clinically relevant pathogens such as
M. tb and some froniNocardiafamily?®. These bacteria are referred to as atadt
bacteria due to their resistance to the decolourization step carried out by alcohol

and/or acid wash.

The resistance towards the acid/alcohol decolourization process can be attributed to
the structureof the cell envelog of these bacteria. Just like Gramositive bacteria,
acidfag bacteria are encapsulated bg cytoplasmic membrane with a thick
peptidoglycan layer attached. However, unlike Gypaositive bacteria, these
bacteria have arabinogalactam olysaccharides covalently linked to the
peptidoglycan mesh and further mycolic acids attached to the arabinoglalactam via
esterificatior?®. These mycolic acids are extremely lipophilic and give the outer layer
of the cell envelop a waxy appearance. In addition, these mycolic acids give these
acidfast bacteria an OM (unlike Grapositive bacteria),however, this OM is

symmetrical and significantly different from the OM of Grasyative bacterig.
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Due to the presence of characteristics from both Gyansitive and Grarmegative

cell envelop, the classification of adast bacteria can be quite difficult by use of the
Gram stain alone. An alternative staining method known as the-Riedllsen stain is

used. This staining method utilises Carbol Fuchsin as a staining agent which stains all
strains of bacteria. However, when the cells are treated acid/alcohol solution, it is

retained only by acidast bacteria due taheir thick, waxy lipidayer.

An example of acifiast bacteria id. tb, which is the causative agent of tuberculosis
(TB) Introduction to this pathogen, the antibiotics e for treatment of TB
emergence of resistance, and diegies to overcome resistance amutlined in
Section 1.3

1.1.3 Current Antibacterial entsand Emergence of Resistance

1.1.3.1 Antibacterial Agents

Currently, bacterial illnesses can be combated with drugs known as antibiotics.
Antibiotics can be bactericidal, whereby they kill the bacteriabacteriostatic,
where they stop the bacteria from growing. Antibiotics typically tathet bacterial
cell via any ob strategies: 1) DNA synthesis, 2) RNA synthesis, 3) protein synthesis,
4) cell wall synthesis and, 5) intermediary metabofsnCurrently prescribed

antibiotics can be categorized into the followidgssegFigure6)®%

1. Aminoglycosides These broad&pectrum antibiotics are made up of
aminated sugars appended onto a dibasic cyclitol by glycosidic linkages.
Their mode of action is to bind tagkaryotic ribosome and thus prevent
bacterial protein synthestd These agents pass through the OM of Gram
negative bacteria by disrupting the Nfgrossbridges of the LPSs.

2. i -lactams antibiotics from this family inhibit the formation of the
peptidoglycan crosinked netwok by inhibiting PBPsAntibiotics
containing -lactamscan be be placed into four categoriesrbapenems

cephalosporinsmonobactams penicillins Of these four the carbapenems
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are the most potent broagpectrum agents against Grapositive and
Gramnegative bacteria. These are often the last resort treatment. They

bind to multiple PBPs and inhibit their functin

. Fluoroquinolones These antibiotics belong to the quinolondass and
their mode of action for their antibacterial activity relies on the quinolone
to bind to the DNA complex, preventing from unwinding and

duplicating™.

. Glycopeptides The primary target for these antibioticgsuch as
vancomycin igure4)) is the inhibition of the hcterial cell wall formation

by inhibiting the peptidoglycan biosynthe%is

. Macrolides These drug contain a macrocyclic lactone ring of 12 or more
elements and are used against bacterial infections caused by -Gram
positive bacteria. These drugs inhibit protein synthesis by binding to a

ribosomal subunit and thus leading to a halt in the growth of ¢b#?®.

. Oxazolidinones These relavely new antimicrobial agents have shown
great ativity toward even methicillimesistant strains of bacteria. The
inhibit the initiation of protein synthesis by binding to the 50S ribosomal

subunif’.

. Polypeptides These peptidgsfor example dactomycirhave displayed
activity against bothGrampositive and Grammegative bacteria. They
inhibit the transfer of cytoplasmically produced peptidoglycan precursors

to bactoprenol pyrophosphafé.

. Rifamycins Rifamycins are composed of an aromatic scaffold bridged at
nonadjacent positions by an aliphatic chain tivegrise to basket like
molecular structuree.g. rifampicin(Figurel8). These antibacterials bind to
the RNA polymerase to inhibit the DMiependent RNA synthe$fs

. Sulfonamides These broagpectrum antibiotics of low toxicity and lhg

potency act by disrupting the folic acid synthesis within the bacteridPcell
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10.Tetracyclines These broagange antibiotics exhibit antibacterial activity
against a omber of Grarpositive and Grarmegative bacterial species by

inhibiting protein synthesfs.
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Figure6: Chemical structure of common clinical antibiotics

Modern antibiotics were first introduced in 1943 with thEood and Drug Association
(FDA approval of penicllin, although Sir Alexander Flemming had discovered it in

1928 and already began studying its therapeutic activity. Even though the
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diseases that had been the leading cause of mortality wewitte for centuries could

now finally be controlledynfortunately,even as early as 1942 there were reports of
penicillinresistant Staphylococcustrains observed in patient€. Faced with the

challenge of eradicating infectious illnesses, there were great strides made to tackle

any new microbial infections including the antibiotic resistant strains. Unfortunately,

with the discovery and development of each antilieothe discovery of a resistant

strain soon followed, even to the extent that there exists a resistant strain for nearly

all antibiotics (Figure7)’3. As an examplérom Grampositive bacteria, MRSAas

been a cause for concern worldwide. In America, it alone is responsible for more

deathsthanl L+ k! L5{ > t I NJAyaz2yQa RAaSIFa®ds SYLK
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ANTIBIOTIC RESISTANCE ANTIBIOTIC
IDENTIFIED INTRODUCED

Penicillin-R Staphylococcus 1940 —
—— 1943 Penicillin

—— 1950 Tetracycline

—— 1953  Erythromycin

Tetracycline-R Shigella 1959 ——
Methicillin-R Staphylococcus 1962 —

—— 1960 Methicillin

Penicillin-R pneumococcus 1965 —

Erythromycin-R Streptococcus 1968 —— 1967 :Gantaraicin

—— 1972 Vancomycin

Gentamicin-R Enterococcus 1979 —

— 1985 Imipenem and

Ceftazidime-R Enterobacteriaceae 1987 — ceftazidime
Vancomycin-R Enterococcus 1988 ~
Levofloxacin-R pneumococcus 1996 —— 1996 Levofloxacin
Imipenem-R Enterobacteriacecae 1998 —
XDR tuberculosis 2000 —— 2000 Linezolid
Linezolid-R Staphylococcus 2001 —

Vancomycin-R Staphylococcus 2002 — .
PDR-Acinetobacter and Pseudomonas 2004/5 — 2003 Daptomycin
Ceftriaxone-R Neisseria gonorrhoeae 2009 — :

PDR-Enterobacteriaceae / 2090  Cefaroline

Ceftaroline-R Staphylococcus 2011

PDR = pan-drug-resistant; R = resistant; XDR = extensively drug-resistant

Dates are based upon early reports of resistance in the literature.
In the case of pan-drug-resistant Acinetobacter and Pseudomonas,
the date is based upon reports of health care transmission or
outbreaks. Note: penicillin was in limited use prior to widespread
population usaae in 1943

Figure7: Timeline of development of antibiotics and the digg of resistant
straing?.
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1.1.3.2 Development of Resistancéowards Antibiotics

The resistance of microbial species ddarmful substance is a natural process,
required by the bacteria for survival. Howevacceleratedemergence of antibiotic
resistance in the clinical setting can be asedlito the following factors: 1)\er use

and misuse of antibiotics; 2ya of antibiotics extensively in the agricultural industry

3) transmission of resistance from intrinsically resistant spéti€@nce there exists

at least one bacterium capable of resisting the effects of the antibiotic, it will\airvi
while the susceptible bacterial cells will die. This bacterium can then reproduce to
propagate the antibiotigesistance mechanism and disseminate it to other

bacterid®.

The actual mechanisms employed by resistant strains of bacteria at the cellular level
can be classified into tee major categories depending on the antibiotics and their

respective mode of actidf:

1. Reduced antibiotic _intake and increase effluxnany resistant forms of

bacteria will modify their cell envelop to prevent the antibiotic from
reaching its substrate. There are generally two mechasisxolved with this

strategy:

a. Reduced permeability: for example, the loss/reduction/modification

of porin channels to prevent the ugta of antibioticg’.

b. Increased #lux: as mentioned in th&ection 1.1.2.3the emergence
of efflux pumps and in particular muttiug efflux pumps have resulted

in decreased intracellular concentrations of antibiotics.

2. Deactivation of the antibiotic By changing the chemical structure of the

antibiotic, the resistant bacterial strains can often cdetply deactivate the

antibiotic. Bacteria can do this by:

a. Modification of the antibiotic:for example, acylation ofNH to
produce adeactivated form of the antibioti€Section 1.3.1.2 Other

methods include: phosphorylation and adenylatiéin
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b. Destruction of the pharmacophore of the antibiotic: by degrading the
activefunctional group of the antibiotic, the resulting derivative can
no longer have a potent effect. An example of this isitHactamase
GKFG Of S @Sa G(-k&ams and tRUS deacBvtiRg tie T

antibiotic’s.

3. Modification of the target site/molecule: By altering the target of the

antibiotic, the antibioticcan no longer carry out a detrimental function to the
bacteria or prevent biochemical functions necessary for cell survival. The

target can be protectet? or modified®.

The formation of biofilms by bacterial population, homogeuns or heterogerous,

is another mechanism employed by microbes donfi protective measures against
antibiotics and other harmful substances. Biofilms can be defined as a consortium of
microorganisms implanted in a sqfoduced extracellular matrix, composed of
extracellular polymeric substances (EPS), adhered to eithealaotic or biotic
surfacé?. Biofilms can be found in everyday surfaeeg,formation of plaque on the
enamel of teetli, andarea major cause of concern in clinical setting for causation of
infections. These infections can be devietated, where the implantation of a device
such as catheters or prosthesiprovide the surface for biofilm formation, or ne
device related, such as the formation of biofilms on surfaces like teeth leading to

ilinesses like periodontit?s.

Biofilm formation @curs in 4 generalized steps depicted-igure8: 1) adherence of
planktonic cell to an inert surface, 2) multiplication of the immobile adhered cell, 3)
maturation of the biofilm architecture and, 4) dispersiohtlbe microbial cell from

the biofilm, and with the final step, the dispersed cells are released to form further
biofilms®3. The formation of biofilms offer resistaa to the bacterial cell from various

antibiotic$* and can be attributed to the followinfactors®:

1 Reduced permeabilityThe EPS of the biofilm forms aatmx of proteins,

polysaccharides, DNA molecules, RNA, lipids, iamd watef. Antibidtics
are often retained in this matrix and can no longer effectively penetrate into

the bacterial cell.
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1 Environmental factors within biofilmiThe subterranean layers of the biofilm

possess characteristic environmental factors such as lack of oxygen, pH
changes, deactivating enzymes, etc. Under these physiological changes,

certain antibiotics are rendered ineffective.

1 Phenotype DiversityDue to the diversity of the bacterial colonies, and the

fact that gene transfer is an occurring phenomenon within bitdil genes
responsible for defence mechanisms such as efflux pumps are easily
transmitted between the various bacterial lleading to formation of

resistance in the overall population.

1 Persister celtsWithin biofilms, there exist a population of cetlsat are
YSGFro2t AO0Ftfte AYySNI Ay (KFd GKS&@ R2yQ
Furthermore, they enhance their defensive mechanisms toward harmful
agents which in turn leads to reducing theffectivenesstowards these
cells. In additiononce theplanktonic cells within the biofilm are effected by

the antibiotics, these persister cell replicate and regenerate the biofilm

populatiorf3,
Planktonic Biofilm
S\ 5= e -~ Detachment and
7~ reversionto planktonie.._
- - - ¢ — growth —
-
e

Adhesionto » Formation of Microcolony Mature biofilm, wl}h characteristic
surface monolayer and formation, with multi- mushroom" formed of
production of layering cells polysaccharide. Note cells starting to
“glimea” detach, reverting to planktonic cells

and completing the cycle.

Figure8: The four stages of biofilm formati&h
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1.2: Antibacterial Activity of Metal Complexes

1.2.1: Metals in Medicine

Metals have been utilised for their medicinal activity for over 5000 y&adfise birth
of inorganic medicinal chemistry is attributed to the discgvef the arseniebased
therapeutic agent for treatmenof syphillis, named salvarsan. This wiscovered
by PauEhrlich in his vision of producingmagic bulle¢, which can selectively target
pathogenic cells over healthy human c&liDespite this, it was the discoveryaé
platin by Barnett Rosenbergs a successful anticancagentwhich heralded the
boom of metalbased drugs in clinitaapplications. Nowadays, methhsed
complexes are being investigated for thapplications i’s®° : 1) anticancer agents
(P(I111V), with investigation into anticancer activity exhibited b{f\%} Nb(V), Mo(ll),
Fell/ln), GEIV), Sn(1V) Cull), Adl) and R(lI/IIN); 2) antiarthritic agents (AD); 3)
antiulcer agents (BV)); 4) antimicrolial agents (A$l), Adl), Zr(ll), Cull), N(II),
Fe(ll/111), Mn(Il) and Cdll)); 5) antidiabetics (V)); 6) antiviral agents (Cil), HJ11));
7) cardiovascular treatment (68, Mn(ll), Rull)); 8) psycheherapeutics (I()); 9)
photodynamic therag (SrflV) LylIl); and 10) radiopharmaceuticals ({\) MRI
contrast agent (GdIl)).

Application of metals in medicinal chemistry is derived from the biological
importance of metals in the functions of I#e For example, Fe and Mans are
essentiacomponents of haemoglobin andlorophyll respectively. Metabns ofZn,

Cu, Fe andvn are found in proteinsfunctioning as metalloenzymes where the
catalytic activity of these enzymes is paramount on the presence of the metal
centres. These metals are also the target for quite a few organic drugs/prodrugs, that
either inhibit the funcions of these metals or utilise their activity to form active
therapeutic agent®. Often the presence of these metals at the wrong place, at the
wrong concentration, can also lead to detrimental effects for treedifcle of the cell.

For these reason, incorporation of metals by way of coordination to suitable ligands
often leads to significant therapeutic biological activity and offers various sodle

actionagainst ilinessés.
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1.2.1.1 Copper and its Complexes asitfbacterial Agents

Copper (Cu) exists predominantly in biological systems in either Cu(l) or Cu(ll)
oxidation statesand is involved igritical biological enzymatic functions suchlasse

of superoxide dismutas€SOD) cytochromec oxidase, tyrosinaseand more2,
Although excessive levetd Cu can be detrimental tbuman health, it is still more
tolerable thanthe majority oftransition metals, making it an excellent candidate for
metal ®mplexes designed as therapeutics. Indeed, copper complexes have been
reported for their anticancé®, antiinflammatory?, antibacteriaP®, DNA
intercalatior?®, nuclease mimetlf, SOD mimetR® antfungaf®, and

radiopharmaceutical applicatioP%&!°

Certain biochemical processes associated with the presence of copper can be
employed for their therapeutic activity. Coppes involved in disruption of
metalloproteing®’, generation of reactive oxygen speciéROSY? disruption of
membrane integrity®31%4 carrier of charged specis etc. It is no surprise then that

the use of copper bynacrophagesaa¥ 2 NY 2F G0N} &4a& RIF I33ISNE
to excess copper is a defence mechanism employed by hosts for antibacterial
effects'%. The effect of excess copper can lead to reduction of the pathogenic effect

of bacteria, for example i8. aureusvirulence factors are reduced and the ability to

form biofilms is sigficantly reduced due to copper stre8§

Although copper is an essential metal required for the cell cycle, even by bacteria, it
has to be carefully regulated due to its toxicity highlighted above. Bacteria can cause
the sequestration of copgr, use enzymes for detoxification and employ efflux
mechanism for the homeostasis of copper found inside and outside th€c&lue

to this, metal complexes of copper are of major intéras a delivery method to allow

for the passage of the metal through the bacterial @ivelope and possibly to

important targets such as DNA.

The formation of an active metal complex could be carried out with the use of a
ligand which possess biologicadtivity a well as a ligand which does nmbssess
biological activity. In the case where the ligand does not possess any therapeutic
activity, the function of the ligand could be to facilitate the uptake of the metal ion
by the celt®®. In this case, the lipophilic ligand masks the-fipaphilic nature of the
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metaland allows the pasage of the metal through the philic cellenvelope and at

the same time preventshe sequestration of the metal ion by the anionic groups
found in the cellenvelope and enzymes. In the case where the metal complex is
formed through clelation with a biologically active ligand, the metal could serve

either or both of the following purposes:

1. mask any of the nofipophilic functional groups of the ligand through
complexation An example of such can be seen with the enhanced activity of
sonme sulfamides when complexed to Cu(ll) compared to the free
sulfamide&'®. In this case, the active form of the sulfamides are the anionic
form, which encounter difficulties when permeating through the ealfelop
However, with metal complexation, this anionic functionality is masked and

allowed to permeate into the céM.

2. work with the ligand in a synergistic fashion, where the activity of the ligand
and the metal being expressed in tiam leads to greater effects thathe
activity of each individually combined. An example of such is the
[Cuphen)2]>* complex, where thgophenligand binds the complex to the DNA
in an intercalative fashion and the Qi) ion is responsible for the DNA

nuclease activity of the metal corgé’.

Using metal complexation to mask the lipophobic groups and enhance the
lipophilicity of the complex to facilitate the uptake of either the taleor the ligand

Ad ol aSR dzLl2y h@SNI2ySQa O2yOSLIi 27F OSft
theory’ld h @SNI 2y SQa NHzZ S adldSa GKFaGyYy aSyidNE
o0& AdGa f AUIAbRsedod thdzbypothasis &hat the cell wall consists of
lipophilic components and thus, the greater the lipophilicity of aardgthe greater

is its ability to permeate across the cell wall. Since the cationic metal struggles to
permeate through the cell iat I OO02 NRA Yy 3 3 2¢ chIESRIIRY SOKS |
theory states that the polarity of the metal ion can be reduced by cexipp the

metal to a lipophilic ligand.
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1.2.1.2 Silver and its Complexes asi#bacterial Agents

The antimicrobial activity ofilger has been knowms far back as 300 BC, and its
selective toxicity towards microbial cells as opposed to mammalianroalie it a
focus in the late 1808as a potential antimicrobial agéft Although the use ofilser
displayed promising results, it was replaced by the advent of even less toxic
antibioticssuch as penicillin in the 1940 With theemergence of MDRtrains of
bacteria,the majority of these antilotics are being rendered ineffectivélowever,
silver continues to display sufficient efficacy towards the sensitive and resistant
strains that are mw plagiing the clinical setting* Although resistananc®wards
silver has been observél, the instances where this is the case are very rare and
indeed a benefiof using silver on top of its broagpectrum antimicrobial activity®

is that it is observed that the developmeatf resistance towards silver is generally

much more difficutl’.

Currently in the market, silver has found its greatest use in tv& lvound care for

its antimicrobial actiongFigure9). Silvadene is the commercial name of a silver
sulphadiazine cream, made from complexation of silver to a sulphonamide, which
had been prescribed, up until rently, as a topical antibiotic to prevent infection on
burn woundd'8, Following this success, the use of silver extended to broad
application such as the use of silv@ryated vascular and urinary catheseas well as
other medical devicé4®. In addition, due to it antimicrobial action, the incorporation

of silver intotextiles designed towards athletic activities has also been researched.

NH»
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Silver sulfadiazine

Figure9: Silver complex for burn wound care
The antimicrobial activity of silver is derived from its cationic forri)&§and due
to silver being a noble meta{=+0.8V), it onlyeleases a very small amouoitthe
biologically active ionic form. For this reason, silver salts have been the form to be

administered for the dased therapeutic action with AgQs being the mat common
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salt to be used!®. Different salts of silver possess differentusmlity profile, for
example AdIQGs is vay soluble where as AgCl is sparingly soluble in agueous media.
With these varying solubility profiles, the effect of silver can be tuned for different
purposes while administrating it as a therapeutic agent. For example, AgCl is used in
antibacterial sprg possessing a lowesoncertation of silver, whereas AgNGs

applied to treat burn wounds.

Theantimicrobial activity of Ag(dan be attributed to itsinitial interaction with the

cell menbrane. Ag(l)s described aa soft Lewis acid that bindgrongly to P and S
donor ligands, however it also has the ability to bind to N and O donor ligands. Due
to this, Adl)is capable of binding to almost any molecule of biological signifiéahce
Orce the free silver ion is in solution, it binds to essential side chains containing
disulphide, amino, imidazole, carbonynd phosphate residues, leadirtg the
disruption of the cell walt®. Indeed, it has been shown thathen S. aureusvas
treated with AINGs, release of intracellular proteins was observed, demonstrating
that silver leads to an increase in permeability of the cell*#falDnceinside the cell
membrane, Ag(Ipinds to essential enzymes, proteins, intracellular membranes,
nuclear membrane, RNAnd DNA through the free amino, thj@nd phosphate
groups, leading to disruption of essential biochemical processesecties

respiratory pathways, and inhibition of RNA and DNA replicitton

Due to the significanaantimicrobial activity of Ag(l)it has been widely used for
formation of metal complexes, an example of which has already been given in silver
sulfadiazine. In general, silver metal complexes formedubh AgO and AgNbonds

tend to possess a broader range of activity when compéoetlyS and Ad¢P bonded
complexe$?”. Indeed, in the case where the ligand used has no biological
function/activity,the antimicrobial activity of the metal complex has been attributed
to the ease by which the ligand can be replaced by a biological ligand found within
the targeted microbial céffs. In the case where silver(l) complex efaspartic acid,
Hglycin, Haspargine and.dalicyclic acid were synthesised and tested for their
antimicrobial activity, the free ligands were shown to possess no significant
activity!?3, However, the metal complexes exhibited antimicrobial activity

compardle to the activity of AgN§) suggesting that the ligand acts only as a carrier
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of the silver ion to the biological target whereupon reaching this target, the ligand is
replaced by the strong metaonor interaction of the P and S donor groups normally

found in biomolecules.

1.2.1.3 Manganese and its Complexes astibacterial Agents

Manganese, due to its numerous oxidation staiéslll, 1V)is essential for important
biologicalfunctions for lifé?4 Due to isredox ativity, it serves an important role in
redoxreaction based enzymes such as ribonucleotide reductase, which is
responsible for synthesis of ribonucleotidesd deoxyribonucleotides, peroxioas
Mn-SOD and catalas&®. Tre metal salts and metal complexes of manganese have
been reported to show catalytic activity for epoxidation of oleffis flame
retardants?’, biomedical applicatiort$®, MRI(magnetic resonance imaging)ntrast
agent$?®, and as an antiradical agéi. Manganese metal complexes have been
studied for their antibacterial activity for quite some time and although sivaple
metal salts of manganese have been shown to possess little to no antibacterial
activity, manganese metal complexes have been shown to possess moderatalto goo
antibacterial activity?®. In one study, Mn(l)metal complexes showed higher
antibacterial activity toward Gam-negative strains compared tor&@n-positive
straint3!, while in dher studies the final Mn(llfomplex was reported to possess
significantly higher antibacterial activity than thedigl and the metal sat>'3 and
another group reported the higher antibacterial activity as well as higher DNA

cleavage ability of the Mn(Iomplex compared to the free ligand and $#it

1.2.14: Antibacterial Activity of Bieconjugate Compounds and their Metal

Complexes

Recently, there has been focus placed on the development of derivatives
incorporating bioactive molecules necessary for cell function. As such folic acid,
which is involved irsynthesis of nucleotides, dipeptidesnd fatty acid, which are
essential components of the cell wall, have been reportedé¢cappended onto

curcumin, a therapeutic agent with established antitumor, antibacterial, antjviral
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and antifungal illnessé®. The results reported from the biologicalrsening of
these derivatives display excellent inhibitory effects against both Grasitive and
-negative bacteria with the fate derivative possessing minimum inhibitory
concentration (MIC)as low as 0.0uM. As an example of similgghen based
bioconjuyates, recently CUjlcomplexes containing sterogterived phen chelates
were published?® (Figure 10). The biological screening of these Cu(ll) complexes
displayed excellenih vitro and in vivoinhibitory action towardsS. aureusvith MIC

values as low as 1|8V and 17.5uM againstS. aureusind MRSA respectively.
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FigurelQ: structures é phenbased bioconjugates and their Cu(ll) complekss. ethynylestradiolEE=
ethisterone.dpq = dipyrido[3,2d:2',3*flquinoxaline dppz= dipyrido[3,2a:2',3-c]phenazinedppn=
benzo[ildipyrido[3,2- Y H-h]quinoxaline.
Following the same concepts above, amino acids have also gained popularity as
possible bioactive components which can be appended onto other therapeutic
agents. Metals, especially Cu(ll), bound to amino acids have been established to

possess DNA binding and cleavage acii¥ityn addition, a study of Qi) and Cd¢ll)
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complexed onto methionine, phenylalanine, valine, leucine and histidine showed
that these complexes exhibit antibacterial activity towarBscillus cereusand
Micrococcus luteuat 10*M ranged. In addition, amino acids have been complexed
to metal ions to formheterolepticcomplexes containing other ligands of biological
importance. In particularphen and its derivatives havbeen used afigands in
heteroleptic complexes containing amino acids for their studies into DNA binding,
cleaving and antiumour activity'3"13%14L  Furthermore, amino acid appded
derivatives of potent DNA intercalators such as thiazol or&ligend ferrocene
appended Cu(HphencompleX*? (Figurell) were shown to possess promising DNA
cleavage capabilities upon irradiation with visible light, making them interesting
candidates for further invegiations as photodynamic therapy agents. The free
amine functional group of amino acids have also made them excellent substrates for

Schiftbase condensation reactions with suitable therapeutic agents.
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Figurell: amino acid derived ferrocene phtsic Cu(ll) complexeNAIP= 2(naphthalenl-yl)}-1H
imidazo[4,5f][1,10]phenanthroline

A broad range of amino acids were utilised in imine formation via Sudwk

condensationwith cinnamaldehyde, a rtaral antimicrobial agerit“ The biological
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screeningof these imines againsE. coliand S. aureusrevealed thel-tyrosine
derivative presenting enhanced activity agaiistolicompared to cinnamaldehyde
and ciprofloxacin and various derivative being more active than these two controls
againstS. aureusAfurther improvement upon Schitbase imines containing amino
acids could be made via complexation of these new derivatives to metal centres.
Zahid H. Chohan reported biological activity of Sdiae productsof glycine,
alanine, phenylalanine, methiorenand cysteine reacted with salicylaldehyde and
their metal complexes of Co(ll), Cu(ll), N(Il) and Z®’(IlWhese ligands and their
metal complexes were screened against a broad spectrum of Gegativeand
Grampositive bacteria, displaying significant antibacterial activity against all strains
with two of the Zifll) complexes possessing Mi@aluesof 0.08 uM and 0.04uM

againstP. aeruginosandS. typhrespectively.

Inanother report, the Schifbasederivatives formed by reaction of tyrosine, alanine
and glycine with indol8-carboxaldehyde were complexed to Co(ll), Cu(ll) and
Ni(ll}#6. These ligands and their metal complexes exhibited antibacterial activity

againstS. aureus, E. coli, Klebsipneumonae, Proteus vulgarws)dP. aeruginosa

Manganese (1) complexes containing ligands derived from $eséf condensation

of N-(2-hydroxy1-naphthalidiene) with glycine, alanine, phenylalanine, histidine and
tryptophan have also been reportddr their biological screening againSt aureus,

E. coliB. polymxaand C. albicas'4’. Although the complexation of these ligantis
the Mn(lll) metal centre l& to a reductionin their antibacterial activity, the ligand

themselves howesr possessed inhibitory effects.

1.2.2 Antibacterial Activity of 1,18phenanthroling, its Derivativesand

Their Metal ©@mplexes

The structural éatures ofphen (Figurel12) has earned it much deserved attention
from researchers in all areas of medicinal chemidts three fused aromatic rings
make it perfectly planar, &r it hydrophobicity and allowt to be an excellent
candidate to be a DNA intercalator. Its basic nitrogens are perfectly stationed at the

1 ard 10 position allowing it be an excellent bidentate ligand, forming a stable
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chelation ring. Due to thesergperties, phen and its metal complexes haveeen
studied for their anti-tumour'#®, antiviral*®, antifungaf®® and antibacterial
activity?. Phenis able to coordinate to an array of metalng allowing it to be
administered for therapeutic activigseither: 1) a metal complex where it facilitates
the uptake of the metal ion into the target cell and thus has synergistic therapeutic
effect along with its activity as well as that of the meatai'*?, or; 2) it could also be
administered as a free ligand where it is believed thaetjuesters essential metal
ions necessary for cell function and thus lead to inhibition of important biological

pathways or degradation of biological organetfds

N N
1,10-phenanthroline
phen

Figurel2: structure ofphen

The antibacterial activity gfhen, its derivatives, and their metal complexes was the
undermining focus of the extensive screening caroetl by Dwyerand ceworkers
against a broad spectrum of Grapositive and Grarmegative bacterial speciésAs

a result of their studies, they repatithe antibacterial activity of hydrochloride salts
and quaternary salts ofphen and its derivatives againsM. tb, S. aureus
streptococus pyogenes, clostridium perfringef$ie bacteriostatic activity gfhen
was reported to be 68M, a moderate value, againkt. tb and S aureuswith lesser
activity towards the other species. Additionallit was generally noticed that the
addition of methyl groups to increase the lipophilicity of the molecule lead to an
increase in activt and in the case of 3,5,6t8tramethyl1,10phenenathrolinea 3G
fold increase in bacteriostatic effect was observed agaMsttb. Although they
screened their compunds againsGramnegative bacteria, they didot report any
results for their study, stating that the evall activity of these compoundgasmuch
lower against these strains, a trend which commonly ocautgpophilic antibiotics

and possible xplanatons have been given Bection 1.1.23.
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1.2.2.1 Antibacterial Activity of 1,16phenanthroline-5,6-dione

Spurred by thepromising resultoutlined above researchers have attempted to
modify phenin various wag to enhance its efficacy. Possititg mostwell-known of
these derivatives is the oxidised derivative IfdfEnanthroline5,6-dione @.1)
(Figure 13) which possess thé Z dguinonoid functional group to provide further

chelation or redox capabilities.

/N N\

1,10-phenanthroline-5,6-dione
3.1

Figurel3: structure of 1,1@phenanthroline5,6-dione

3.1 and its metal complexes have been utilised as intermediates in synthetic
chemistry and as catalyst for essential oxidatiasfs amines®%. Unsurprisingly
however, theirmost efficient application is in medicinal chemistry, with the metal
free as well ashe metalcoordinated3.1 being substintially more effective than
phen. When tested againdf. coli, PaeruginosaandS. aureushe MIGovalue range

for 3.1 and phen, respectively, are reported akE. coli 1522 uM and >555uM; P.
aeruginosa 1522 uM and 416555 uM; S. aureus30-45 pM and 278416 uM*%3,
Against the yeadt. albicasthe reported MIGovalues are 13.9M for phenand 2.9

uM for 3.1and similar results are obtained for aititimour screening, demonstratin

that the addedh Z dguihonoid functionality provides th@hen scaffold enhanced
potency. A possible explanation to this enhanced activity can be deduced from the
electrochemical behaviour ghencompared t03.1. Whereagphendoes not display
any electrahemical activity in the potgial region of +1000 t¢1000 mV the
electrochemical analysis &.1 displays haHvavepotential values of471 mV and

1042 m\#L, This ability 08.1to undergo redox reactions allowsidt disturb essential

cellular functons as well as generating lethal-pyoducts>2,
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1.2.2.2 1,10phenanthroline Derivatives with Extendedr@maticity

An alternaive method for improvement ithe activity ofphenis to attach aromatic
rings onto the backbone, increasing rbenaticity. An example of such deatives is
dppz formed by carrying out Schiflase condensation betweenl,2-
diaminobenzene and3.1. Utilizing dppz as a ligand, it was shown that
[Rubb7)(dpp2)]?>* (Figure 14) possessed inhibitory activity against Gramsitive

bacteria at 2ug/ml and at 8ug/ml against Granmegativebacteria®.

2+

dppz [Ru(bb,)(dppz)]1**

Figurel4: structure ofphenderivativedppzwith extended aromaticity and its Ru(ll) complex for tested for
antibacterial activity

The same complex ataining neocuproine (2;8imethytl,10phenanthroling,

which was shown to be more active than theenequivalent, only inhibited bacterial
growth at 8 ug/ml and >32ug/ml concentrations for Gramositive and negative
strains respectively®. Although the metal complexes containing this ligand exhibit
excellent activity against bacterial strains, the ligand itself has been shown to possess
non-existent antibacterial activity even at concentrations >2@0ml againstE. coli
andB. subtilig*.
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1.2.2.3 Antibacterial Activity of Metal ©@mplexes ofl,10phenanthroline and its

Derivatives

The therapeutic activity ophen and t metal complexing capability leading to
enhancing its activity had been studied as early assT®5However,as stated in
Section 1.2.2it was actually the work of Dwyer, published in 1969 which displayed
the excellent antimicrobiahctivity of phen, its ligands and its metal salts of (@),
Fell), Nill) and R@I)’. It was reported that althouglphen and its derivatives
exhibted excellent bacteriostatic activity, with certain liganplossessing activities at
MICvaluesas low as 1.94M againstM. tb, certain metal complexes exhibited MIC
values as low as 0.03 againstM. tb, 1.9uM againstS. aureusand 4uM against

S. pyogenesamongst other strains of bacteria. Although these metal complexes
display promising results against Grgwsitive bacteria, it was noted that their

activity towards Granmegative bacteria was negligible.

ThoughDwyeQ i@sults led to further antibaerial screening ophen, its derivatives

and their metal complexes, it was the results published by &gm 1979 which
displayedphen-based metal complexes as one of the most ddde therapeutic
agents. Sigmawbserved that [Cyghen)2]?, in the presece of a reducing agent
mimics DNA nuclease activity, a hallmark for anticancer activity. Since these reports,
phen based metal complexes have been reported for their antical¥8ebroad

range antibacteriaP®, antiparasitié®®and antifungal activit{f™.
Metal complexes ophenand its derivatives possess two inherent advantages:

1. the hydrophobicphen ligand possess basic nitrogens at 1 and 10 paositio
leading to a stable-Bnemberchelation ring, making itraexcellent chelator

which maskhe hydrophilic nature of the bioaste metal centres and,

2. the ability of any noncoordirtad phen to interact with metal ionsfrom
essential enzymes and proteins, disrupting biological functions and making

labile metal complexes bimodal in their therapeutic activity.

Furthermore, once insidthe cell,phenbased metal complexes can employ various

different modes of actions:
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1 DNA binding and/or DNA damageDNA is an excellent target for any

therapeutic to prevent further spread of infectious/disease cells and
inhibition of essential cellular pcesses, leading to cell death. Thkeen
ligand being completely planar due to its extended aromaticity possess
excellent DNA intercalative properti®$ and coupled with a metal
centre/metal complexA&g(l), Cu(l), Cu(ll), Co(ll), Dy(lll), Ni(l), Co(lll), Mn(lll),
Pd(l1), Pt(ll), Fe(lll), Y(llI) and Zn(l)yan possess enhandentercalative

action, alternative DNA binding modes and DNA cleaving aétivity

Keene and Grarttave reported the synthesesnd antibacterial screening of
mono-, di-, tri- and tetranuclear Ru(ll) complexesontaining phen, its
lipophilic derivatives and eiipyridyl linkers connected via lipophilic alkyl

chains of varying length¥ (Figurel5).
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Mono-nuclear

" [Ru(3,4,7,8-tetramethyl-1,10-
phenanthroline);]?*

—4+

6+

Tetra-nuclear

8+

Rubbn-tetra

Figurel5: Structure of mono, di, tri, and tetgghenbased Ru complexes

They report that although the monouclear complexes exhibit antibacterial
activity, their effects were limited and éhcomplexes were far less active
when compared to clinically used drugs. In comparison, thaudiear
complexes were far more potent against Grpositive, Granmegative and
MRSA and vancomycin resistant enterococci (VRE) strains. In addition, the
study into their uptake by bacterial cells revealed that their influx to the
bacterial cell is an energyependant process and that these complexes lead

to severe permeabilisation of the bacterial cetivelop!®2 Upon formation

of the tri- and tetra nuclear complexes, these searchers discovered that
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some of these complexes of higher nuclearity exhibited antibacterial activity
up to four times higher than their dinuclear counterparts. Although the mode
of action of these complexes is not fully understood, it is postulated that
these complexes exhibit their activity through their interaction with DNA as

they have been shown to interact with DNA and cause DNA damage.

Metal complexes of known antibactersalvhose mode of action involves
targeting DNA have also been reportedometoxacin belongs to the
quinolone family, which target DNA replicatioenzyme gyrase and
topisomerasé®®, and is clinically employed as an antibacterial agehs
binary copper(ll) complexexhibit enhanced DNA binding capabilities,
however, he complex itself is unstable at physiological condittéhsThe
incorporation ofphen to this complex to form the ternary compldkigure

16) demonstrates higher stabiyi, DNA binding capabilities through
intercalative interactions, DNA nuclease activity, and an alternative cellular

uptake of the complex compared to the metal free quinol&i¥es”.

[Cu(lomefloxacin)(NO;)(phen)]

Figurel6: Structure of [Cudmefloxacin(NG)(phen)]

Cell wall damageThe dinuclear uthenium complexesKigurel5) were not

only shown to target DNA but also permeabilise bacterial @slieloe. A
similar result was also reported from the effect of [Bugn)a(tip)]?* (Figure
17), where tip I H 1l KA 2 LIK S, A0)pheRanthr@inen Wikch
caused cytoplasmic leakage via disruption of cell membrane and also induced

DNA and RNA damage as part of its antibacterial actiity
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[Ru(phen),(tip)]**

Figurel?: Structure of [Ruyhen)(tip)]?*

Cull) and Pt(ll) complexes containipgen and its substituted derivatives
along with 1S,25nd 1R,2Rliaminocyclohexane elbigands were tested for
their broad range antibacterial activi§?. It was found that the copper
complexes were most active again§. aureuswhereas the platinum
complexes were found to be selective towards coli To test for the
difference in skectivity by the two metalcomplexes, the two st active
complexes from each metal centre ([@utdiphenykphen)(A)]?*
[Pt(phen)(A)]?*where A= with 1S,2Sand 1R,2Rliaminocyclohexane) were
studied for their cell wall permeabilisation activity agaiSstaureusand E.
coli. The results from thistudy suggest that the copper complexes cause
sevee permeabilisation of theS. aureuscell wall, however, the platinum

complexes do not disrupt the cell wall permeabilityEofcoli

Reactive Oxygen Species (ROS) generatidre intracellular generatioof

ROS can lead to oxidative stress within the cell and lead to cell death
(apoptosis)’®. The highly reactive species produced during ROS generation
can interact with proteins, membranes, lipi@nd nucleic acid within the cell.
The interaction of these atromolecules with ROS, such as t¢ radical,

can lead to proteirprotein crosdinkage, cell membrane damage,

inactivation of membrandound enzymes, DNA damagend DNAprotein
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crosslinkage. Metal complexes containinghen have been thoroughly
reported for their ROS generation ability which contributes to their

antimicrobial activity’*.

Enzyme inhibition metakree phen can lead to enzyme inhibition via

sequestration of essential metals found wittthe enzyme structure. On the
other hand, as mentioned above, the presenck a redoxactive metal
centrecomplex can lead to formation of ROS which can also inhibit erzyme
Assuch metalphen complexes have been widely studied for their enzyme
inhibition activity. In a study, it was shown thaetalfree phenand its Cu(ll)
complexes ([Cphen)(meimzH(HOY]?* and [Cufhen)(cngd(HO)(NQ),]
(where meimzH = methylimidazole;cnge = cyanoguanidine) inhibit the
alkaline phosphatase (ALP) enzyme, leading to antibacterial attity The
metalree phen demetalated the ALPenzyme by removal of Zhions,
whereas the enzyme inhibitoryaction of the copper complexes was

attributed to ligandsubstitution mechanism involving the ALP enzyme.

The antibacterial activity of [Cu(2dimethy}t1,10phenanthroline)]NOs; was
shown to be associated with its ability to inhibit a bacterial enZy/fm&pon
further study into the uptake of this metal complex, these researchers
discovered that the hydrophmc ligand acted as a carrier, facilitating the
transport of the copper ion into the baat@l cytoplasm which in turn teto

enzyme inhibition.

42



1.3: Mycobacterium Tiberculosisand Antttubercular Agents

1.3.1 Mycobacterium Tiberculosisand Clinical Dugs

Mycobacterium tuberculosigM. tb) is the bacterium responsible for causing
tuberculosis, or consumptionTuberculosig¢TB)has plagued the human society for
millenniawith the earliest records for human infection being observed in Egyptian
mummies and Egyptian a. It is hypothesied that the origin ofMycobacterium

can be traced as far back as 150 million yearsagalthough its symptoms have
been well documented since the ancient Greetkee cause of this éiction eluded

the medical society antherefore, it is of no surprise thatl. tb may have ld the
count of deaths amongst microbial infectioostil the discovery of its cuté’. Due

to the lack of understading of etiology of TBhe physicians of the pf&880s could

do little more than to prescribe fresh air and a healthy diet to tadkis illness. It
was not until 1882 that Robert Koch isolated the bagl responsible for TBnd
studied its contagious characteristics. He published his research irBéhnkner
Klinische Wochenschrifournalt’®. For his work, he was deservedly awarded the
Nobel Prize in 1905 and due to his developmentiotb etiology, researches began

the search for agents to target this bacterium. The first of such agents was
streptomycin which was discovered by Albert Schatz, a PhD student of the Nobel
Laureate Abraha Waksman. This discovery heralded the development of further
antibiotics which lead to a refinement of treatment regintetackle TB Although

this has led to effective TBontrol in developed countries, the undexdeloped
countries cannot handléhe cost of implementing these strategies. According to the
World Health Organisation (WHO) there were 10.4 million pembledeveloped TB,

1.7 million deaths and 490,006ported cases of multidrugesistant TB (MDRB) in
2016'7°. In addition, it was also reported that 95% of TB death occur in low and
middle income countries, and it is estimated that 33% of the global population is

infected with the latent form of TB.
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1.3.1.2 Current Teatment for Tuberculosis

The curent treatment for TBconsists of administrating a cocktail of at least folir
the five first-line drugs isoniazid INH), rifampacin, pyrazinamé ethambutol and
streptomycin Figure 18) available for antTB treatment. If the pathogen is
susceptible tdNHand rifampicin, the patient can be tread with the above drugs.
However, the bacterium causing the infection can be resistaniNbl or/and

rifampicin. In this case, the treatment requires secdim@ drugs: ciprofloacin,

moxifloxacin p-aminosalicylic acid, kanamycin, capreomycin, amikddiese drugs

can be categorized by their mode of actiéh

1 Eatty acid biosynthesis inhibitordNH, pyrazinamide, ethionamide.

1 Arabinogalactam and peptidoglycan biosynthesis inhibitoegthambutol.

1 Protein __synthesis _inhibitors streptomycin, kanamycin, amikacin,

capreomycin.

1 DNAbased processhibitors: rifampicin
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Figurel8: Current drugs used as fiflihe treatment for TB

The current standard protocols from various organisations such a(cGd@e for
disease controland WHO for tratment ofINHand rifampicin susceptible T&iggest
administration of 4 of the 5 firsine drugs for the first 2 months which subdues the
active bacterial infections, and then administratiidHand rifampicin for further 4

7 months to fully eradicate anglow growing latent bacterial cel. The long and
tedious regime does not only pose various difficulties fog patient in absolute
compliance tahe treatment, but also poses siefects such as hepatoxicity, often
forcing the clinician to termiate the treatment prematurely'®2. This further
complicaes the treatment of TPatients adailure to adhereo the treatment would
lead to survival of bact@l cells which then develogsistance (acquired resistance)
towards theadministered drugs antkad to relapse of the patient and, in this case,
rendering at least one of the firdine drugs ineffectivEs. In addition, these firsline
drugs may encounter primary resistance, where a patient degeloped drug

resistant TBvithout being previouslyreated by any antiTBdrug'®*.
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The emergence of resisiae, both primary and acquired, hasll® the global threat

of multidrug resistant bacteria which are resiat to either or both INH and
rifampicin, the most effective of the firdine drugs. Globally, 5% of TB cases are
expected to be MDRB and treatrant of these cases require the administration of
secondline drugs over a period of 124 monthd®. Alongside being significantly
more expensive, these secottide drugs also lead to a greater range of severe-side

effects.

Due to the emergence of resistance towards majority of the currently available anti
TB drugs, one strategy for tackling this issue is to synthetically modify the current
therapeutics with the aims of producing agents of higher efficacy with novel modes
of action. In this regardiNH has received the most attention due to its effective

mode of activation and mode of action.

1.3.1.2 Mode of Action of INH arnl Mechanisms of Bsistance by Tuberculosis

INHis a prodrug which requires vivoactivation through KatG, an enzyme witiih

tb which catalyses the electretmansfer reaction responile for the formation of the
active drug®®. Due to the complexity of the marfacetedmechanismof INH, it is
currertly unknown the exact biologitgathways affected byNH leading up to its
anti-TB activity. However, it is well known that fine presence of KatGNH is
converted to produce an isonicotinic radical which binds to NADH to produldé-an
NAD adduct. Thiadduct then subsequently binds to and inhibits enagyl carrier
protein reductase, inhA, which then inhibits the synthesis of mycolic acid required
for mycobacterial cell wall synthes®§ (Figure 19). Although it has been recently
shown thatiINH-NAD/NADP adducts can act as inhibitors of dihydrofolate reductase
(DHFR), which is essential for nucleic acid biosynthesis, and therefore affect a range
of cellular pathways, it is generally accepted that the major mode of action is through
inhibition of cell wall biosynthesis'he inhibition of DHFR alongside the production
of other sideproducts of INH activation leaghg to alteration of biochemical

pathways facilitate the antimycobacterial effectlbfHin a synergistic mannéf’.188
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Figurel9: Mode of activation ofNHwith all of the key radical specié$

AlthoughINH acts as an effective agent agailgt tb, resistanceowards INHwas
observed in the clinicasetting soon after its introduction as a therapeutfé.
Amongst various other genes, it has been identified that deletion or mutation of
katG, inhA, kasA, ndlgr oxyraphCgenes play essentiables in leading tdNH
resistancé®®. The major contributor of these is thieletion/mutation ofkatGgene,
which is responsible for the presence of KatG. Alteration of this gene is responsible
for roughly 50% ofNHresistant strain of TB. In addition,INHcan be metabolized

by acetylation at the-NH group, caused by-acetyltransferase (NAT) enzyme,
leading a decrease in serum concentration and activity as well as presenting
hepatoxicity effect¥’2 With these two strategies employed By. tb to renderINH
ineffective, there has been considerable attention on modification IdH to

overcome these two issues.

1.3.2 Strategies toOvercome Resistance towardsoniazid

1.3.21: Incorporation of Effective Pharmacophores

Due to the highly effective nature of anfiycobacterial activity ofNH, it has been
chemically modified in various ways to generate more efficacious agents. One
strategy includes the incorporation @in other effective pharmacophore intéNH
hybrids to generate compounds with additional modes of action attributed to the

pharmacophore attached®. A recent review by ¥XQ. Huet al outlines the antiTB
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screening rests$ of INH hybrids incorporating azoles, pyrazoline, pyrrole, triazine,
azetidinone, thiazolidinone, isatin, quino(xa)line, furoxan, cinnamic acid as well as
other biologically active pharmacophofés (Figure 20). Although these hybrids
exhibit excellent antiTB activity towardd$NH susceptible strain, in majority of the
cases their activity towals thelNHresistant strain are not reported. Furthermore,

their respective modes of action are yet to be studied.
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1.3.2.2 Metal Complexation of NH

Metal complexes ofNH have also attracted much attention since the discovery of
excellent activity exhibited by the anionic complex, [Fe§@NK)]*, towards alNH
susceptible and resistant strafif. This strategy t@omplex anetal centre to thedNH
molecule deries its roots from the hypothesis that Cu(ll) and Fef@if)iitate the
KatG enzyme in the formation BiIHNAD adduct via oxidation and may also provide
an alternative pathway to accessing this adduct in #igsence of Katt881%
Additionally, it has been shown that the presence of Mn(ll) also catalyses the

formation of INNAD adduct both in the presice and absence of Kaf@

Upon carrying out further mechanistic studies on the a8 action of
[Fe(CNYINH)]®, it was discovered that this complex inhibits tdHresistant 121V
mutant InhA enzyme. Furthermore, the deactivation of this enzgareoccur in the
absence of NADor NADH as well as KatG catalase peroxidase enzyme, suggesting
that this complex can be used to targétHresistant strains that resist the mode of
action of INH by mutation or deletion of KatG. Additionally, thENH-free
analogue[Fe(CN}f did not inhibit the InhA enzyme in the presence or absence of
NADH?, demonstrating that theINH ligand is required for the activity of
[Fe(CNYINH)]*. Upon further investigation, the activity of [Fe(GINYH]*> was
compared to that of the ruthenium analogue, [Ru(&MH)]*, which is of similar size

and charge but differs from its iron counterpart in its electrochemical nature.
Whereas the Fe(ll) complex can be easily oxidised, the Ru(ll) complex is more stable
towards electrochemical processes. Based upon these results, these researchers
proposedthati KS CSoLL0O O2 YLXGSEIIGAlE 'Y (H & &2 REINS:
INHligand is activated to give tH&l®radical through innessphere electron transfer

from the ligand to the Fe(ll) metal centre, leading to tN&lactivation in the absence

of KatG(Figure21l).
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Figure21: Alternative mode of action dNH91

These preliminary studies demonstrate that [Fe@NH)]*> could bea potert
metallodrug and in addition, the toxicity of this compound towantsmmalian HL60
leukaemia and MGF breast cancer cells indicate that it is far less toxic towards
mammalian cells than it is towards mycobacterial cells. In fact, the selectivity index
(9) calculated for this compound (by dividingd@r mammalian cells) by MIC (for

TB cells)) is reported to be >125 which is far larger than the acceptable Sl value (>10)
for further drug development in the pref AYAOI £ &G 3S | 002 NRA
Labot & 2 NE-devephid pipelin€®. Further studies reporting the stability of

this complex in physiolgical environmentitsin vivoactivity towardsM. tb, and its

in vivotolerance in various animal moded®monstrate that this compleis a very
promising potential therapetic and it has since been tested in prknical

evaluation$°1.199

50



Although studies on this metallodrug hapresented promising results as a
therapeutic agent, a recent study has shown that this drug does in fact depend on
the presence of Katt®. These researchers tested the inhibitory capabilities of this
complex against varioudlHresistant MDRTB clinical isolates containing mutation
most commonly found in thé&atG gere. The results from these testing as well as
further testing carried out on genetically modified strains, demonstriuat this
complex displays MIC values up to 64 times higher than those reportet sty
carried out onINHsusceptible straiff. The fact that in each of these sing, it was

the KatG enzyme that was affected, these researchers conclude that KatG is essential
for the activation of this complex for it inhibitory effect. In addition, the self
activating mechanism of this complex was examined in the same study byrgjudy
the activity of this complex in infected murine macrophages, a strategy previously
used to study the effect of this complex in intracellular environmM&niThe lack of
activity exhibited by this complex suggest that the intracellular environment does not
permit the selfactivation of this complex. Due to the results reported in this study,
the anticipated use of this compound targetINHresistant strains needs to be+e

evaluated.

Other metal complexes contamg INHas a ligand were reported in 2013 by Posgjgi

al who synthesised Cu(ll) and Co(ll) compl&®edCu(NH(H0)]SQ.2H0 and
[CoCINH)2(H:0)]CI.® cHzO. These complexes exhibited MIC values ofi®12and

0.41uM for the Cu(ll) and Co(ll) complexes respectivaladdition, when testd for

GKSANI OBG202EAOAGE (26 NR&E t9wh OStfta o! d
cell lines (ATCC T8B), these complexes exhibitedsé@alues far larger than their

MIC values against MTBARv (ATCC 27294), giving rise tov&ues of 80.1 and

2631.6 for the Cu(ll) and Co(ll) complex respectively. It is important to note that the

Co(Il) complex not only displays MIC value as low as th&ttbbut also, it is very

well tolerated by mammalian cells, making it a promising adeié for further

studies.
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1.3.2.3 Isoniazid Derived Hydrazones

An approach to enhance the activityldfHtowards resistant strains of yecobacteria

is to protect the¢HN-NH: terminal ofINHfrom being acetylated bthe NAT enzyme

and hence reducinde rate of metabolization dNH For this purposdNHhas been
coupled to various functional groups by Schiff base condensation reaction or amide
coupling®2% An added benefit of forming such coupled products is the increase in
lipophilicity, a strategy that has been used in attempts to enhance the uptake of
therapeutic agents by focusing on increasing diffusion across the lipid
membrané®32% Indeedthen it is no surprise that hydrazoneslbHwere shown to

be active againsM. tb even as earlyas 193. In their study to use hydrame
formation of 106 carbonyl compounds (ketones and aldehydes) to yield crystalline
structures, Salet alwere able to generate the hydrazones of these compounds and
show that majority of the resulting hydrazones dasged antiTB activity greater than

that of streptomycin and similar to that diRH?".

In two revew articles published bRollas and Mathe#?22%° the authors describe
the synthesis and antimycobacterial activity of various Sdaifle derived
hydrazones ofNH, the majority of which inhibit bacterial growth dNHsensitiveM.

tb Hz7Rv strain at concentrations belowu8/ml. The most active of these compounds
(Figure22) incorporates a pyrrole derivativ®¥, a precursor to other drugs such as
Tolmetin, Ligor and Toradol. This compourexhibits i antimycbacterial effect at

dosage below 0.fug/ml and possess Sl value >100.

Figure22: Schiftbase pyrrole derivative oRNH
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1.3.3 1,10phenanthroline  Based Metal Complexes as

Antimycobacterial Agents

1.3.3.1 Antitubercular Activity of1,10-phenanthroline and its Metal Complexes

Phenand its derivative have been shown to be efttive therapeutts for a myriad
of illnesses as hdseen covered irBection 1.2 In their comprehensive antimicrobial
adivity studies ofphen, its derivativesand their metal complexes, Dwyet al
demonstrated thatphen inhibits mycobacterial growth a3 uM dosage, with the
tetramethyl derivative exhibiting bacteriostatic action at Ju® dose. In addition,
these researchers also established that metal complexeglljCeell), N(II) and
Rull)) of phen and its derivatives exhibit enhanced activitiepon complexation

when compared to the free ligantks.

Since then, many different complexescanporating the phen ligand have been
synthesised and screened for their a8 activity. In 2018 McCarrab al reported

the synthesis and the biological sereng of various M(il) metal complexes and
salts, as well as similar @)icomplexes,against two clinically relevam. tb strains,
mammalian A549 cell line, epithelial VERO cell, lm@d G. mellonellalarvae
modeP't. The most active of the 9 compounds synthesised and tested was the
dinuclear double salt [Mafoda)(phen)s(HO)][Mn2(oda)(phen)s(oda)z].4H0
(where oda = octanedioic acid(Figure23), which exhibited antlfB activityagainst
Hs7Rv and CDC1551 strains at O and 0.15uM respectively, with Sl value being
calculated against these strains to give 325 (against VERO), 445 (against A459) and
1017 (against VERO), 1347 (against A549) respectively. Although)ar@logwe of

this metal salt was not reported, a similar dinuclear salt,
[Cw(oda)(phen)s)(ClQ)..2.76 HO.EtOH, was reported and interestingly it presented
MIC values againstRv and CDC1551 strains at 13.68and 1.15uM respectively.

With the Sl values beingl against all cell lines, it can be clearly seen that the nature
of the metal centre plays an essential role in activity and efficacy of a metal complex.
In addition, it was further reported that the similar NI and Cull) complexes,

{IMn(tdda)(phen);]3HO.EtOH} and {[Cuidda)(phen);]3HO.EtOH}{where tdda =

53



3,6,9trioxaundecanedioic acid), were synthesised and exhibit vastly different
biological profiles. Although not as acti as the dinuclear double salt the
mononucleaf[Mn(tdda)(phen),]3HO.EtOH}exhibitedanti-TB activity at MIC < 1.02
MM with Sl values up to 467. In comz=n, the C(l) equivalent exhibitecanti-TB
activity at 13.48.M against H/Rv and 1.0uM against CDC1551, with Sl values <8.
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Figure23: structureof [Mny(oda)(phen)s(H.0)][Mn2(oda)(phen)s(oda),].4H,O and related complexes

In 2013 Hoffmaret alreported the synthesis of Co(ll) and Cu(ll) marad dinuclear
metal complexes incorporatinghen ligands andthe pyrophosphate ligand. The
addition of the pyrophosphate ligands was made to produce both mamodi-
nuclear neutral complexes, whereupon these pyrophosphate ligands would act as
water-solublising agents generating metal complexes with hydrophilic cores to
hydrophobic exterior scaffoldjenerated by thephen ligand$'?2 Upon generating
{[Cophen)z]2(1-P-07)} and {[Cughen)]2(u-P20r)}, and their monenuclear analogues
[Cophen)(HP.O7)] and [Cughen)(H:O)H:P.0r)], their antimycdacterial activity

was studied against drug susceptible stradihstb Erdman ATCC 3580, tb Hs7Rv
andM. tb HN878, as wikasthe drug resistant strain MDR. tb ATCC 49967. Against

M. tb Hz7Rv strain it was observed that the monaclear Co(ll) complewas the

most active, exhibiting antibacterial activity at Mi@lue of 2.05 uM, whereas its
Cu(Il) analogue only displayed antibacterial activity at WlGeof 71.53uM. In the

case of these two monauclear complexes, the Co(ll) complex was the faremor
potent agent with an excellent SI value of 142.28, when compared to the Sl value of

1.82 possessed by the Cu(ll) analogue. More importantly, tmeiclear complexes
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both presented excellent MIC values against the MIDRb ATCC 49967 strain, with
Co(Ihexhibiting activity at 2.4uM and the Cu(ll) at 2.8M. Just as with the mono
nuclear complexes, it was the Co(IPndiclear complex which was more efficacious,
possesmgan Sl value of 233.8, compared to the Sl value of 4.786 exhibited by the

Cu(Il) aalogue.

The antibacterial activity of Ag has been known and studied for over a century. It is
no surprise then that the incorporation of Apin a phen metal complex could be a
logical approach to targe¥l. tb. Seguraet alreportedin 2014 the synthesiand antt
mycobacterial screening of dinuclear (Rgcomplexes containingphen, bipy and
thiourea (tu) ligands'®. The three complexes synthesised: [{#un) (u-tu) 2] (NGs)2,
[{Agphen)(u-tu)}](CESQ). and [{Agbpy)u-tu)](NGs). (Figure 24); were tested
againstM. tb and their toxicity towards J774 macrophages was measured. The study
reports that although the metiafree phenligand as well as the starting metal salts
posses some antifB activity at MI@alues of 12.81M, 34.2uM and 27.1uM for

phen, AQCESQand AgNQ@respectively, the Ag(Bompexesare far more active with
MICvalues of 4.4uM and 7.3uM for [{Agphen)(u-tu)](NGs)2] and [{Agphen)(u-
tu)](CESQ),] respectively. Although these complexes possess promisingl8nti
activity, their capability to serve as therapeutic agents is hindered by their toxicity
towards the J774 macrophages, giving risestI values of 0.46 and 4.48 for for
[{Agphen)(u-tu)R](NGs)] and  [{Agphen)(u-tu)k](CRSQ),]  respectively.
Interestingly, despite tebpyligand being active at MNalue of 119uM, its Ag metal
complex, [{Adfpy)(u-tu)}2](NGs)2], does not exhibit angubstantial antTB activity.
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Figure24: structure of Agphenand Agbpy complexes as aniB agents
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1.3.3.2 Antimycobacterial Mode of Action of fitro-1,10phenanthroline

The nodes of actionof phenbased ligands and their metal complexes toward
inhibition of cell growth and functions have been outlined $ection 1.2.2.3
Although these mechanismsar be utilised byphenbased ligands and metal
complexes, specific derivatives can lead totbaa-specific mode of action which
leads to antibacterial activityRecently, Kidwaat al published a report outlining the
dual mode action utilised by the-mitro-1,10phenanthroline(5-n-p) derivative to
carry out its antimycobacterial activi}f. The study identifiecb-n-p as a possible
lead conpound for further antiTB testing and attempted to generate spontaneous
resistant mutants towards this agent. Upon successfully cultivating such mutants, a
subsequent wholegenome sequence revealed that the resistance arose from
mutation in fibB gene which is responsible for codingdcoerzyme Lglutamate

ligase whiclplays a role in biosynthesis of coenzymg.F

Further studies carried out by theseseachers revealed thab-n-p may act as a
prodrug within mycobacteria, being activated bydtependent reductase. Indeed,
upon characterisation of metabolige of 5-n-p within mycobacteria by L®IS
revealed the presence gdhen and Samino-1,10-phenanthrolire. In addition, the
activity of both of these metabolites by themselves is lower thant thia5-n-p,
suggesting that the higher activity of thdtier can be associated with the activation
of this prodrug. Upon further analysis it was revealed that thsdpug inhibits the
biosynthesis of mycolic acid through inhibition of fatty acid synthase I-FAS
pathways, a mode of action similar to the clinical g INHwhich inhibits FAS

pathway.

Additional mechanistic studies revealed that an additionatieof actionwhich can

be utilised by5-n-p is its ability to induce autophagy in macrophages. Autophagy is
described asa seltdegradative process essential for recycling of nutrients from
biomolecules and structures such as aggredaproteins, damagedrganelles and
dead cells for the reuse of these nutrients at critical stages of development and in
response to nutrient stre$®. Therefore, autophagy isrgposed to be a survival
mechanism which can also be utilised for elimination of intracellulinggens. This
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ability of5-n-p makes it a possible candidate for further studies as an agent for host
directed therapy (HDT), a strategy which utilises theatenmmune response for
protection against pathogens. Although, the nitfanctional group is essential for
the promising antimycobacteral activity exhibited by5-n-p, the versatity
possessed byhen derivative such as this one makes these derivatiwesnising

candidates as therapeutic agents against the growing concern caudddtby

1.4: Outline of the Thesis

Building upon the information presented in this chapter, the work discussed in this
thesis aim to examine methodologies target microbid infections. Chapter 2
consists of synthesis and characterisation of novel oxdaasedphen ligands and
their metal complexes. These ligands and their metal complexes were screened for
their antibacterial activityChapter 2also consists of synthesisc characterisation

of aphen-INHhybrid ligand formed through Schiff base condensatiand its metal
complexesWith the help of our collaborators, this hybrid and its metal complexes
were screened against four strains of drug susceptible and drugaesistrains of

M. tb and various microbial strain€hapter 3consists othe discussion of synthesis
and characterisation of the oxazimsedphen ligands, their metal complexes and
their biological profileis also discussedthapter 4 gives thediscus®n of the
synthesis and characterisation of tpeenINHhybrid and its metal complexes. The

antimycobacterial activity of theseompounds are also discusseddnapter 4.
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Chapter 2
Experimental



2.1: Introduction

This chapter can bieroken down into 4 section&.2, 2.3, 2.4, and2.5. These section
outline the synthesis of various starting material, and the use of these starting
materials for the formation various biologically active ligands and then the
subsequent metal complexatiaof these ligands with metal saltSection 22 details

the instrumentation and the materials used throughout the synthesis and
characterisation of all of the chemicals that were synthesi§sttion 23 gives the
synthetic protocols utilised for the syngis, isolation and purification of starting
materials3.1, 3.2ah, and the synthesis of the oxaziased ligands3(3ag) and
their metal complexes3(5a€). The synthesis of pyridype byproducts 8.4ac) is
also givenSection 24 outlines the synthsis of hydrazonédased product.1formed

by reaction of3.1and INH, the complexation o#t.1to Ag(l), Mn(ll) and Cu(l) metal
salts. The @lation of degredation product$4.3ab) of 4.1 is also given as well as

attempted synthesis of.3athrough convenibnal azecoupling reaction.

Biological screening of compoun8s3ae as well as their metaB.5ae were also
carried out in Professor Kevin Kavanaglaboratory in Maynooth University. The

methodology, materials, and instrumentations utilised are alsemjinSection 25.

2.2: Instrumentations and Materials

2.2.1: Instrumentations

The NMR (Nuclear Magnetic Resonance) spectra were recorded on a Bruker Avance
spectrometer operating at 500 MHz f#f nucleus and 12BIHz for the'*C nucleus.

The probe terperature was maintained at 2%&. Residual solvent peaks were used

as internal standard. Chemicalifiss are given in ppm and coupling constants are
given in Hz. Multiplicity is denoted as follows: s (singlby, (broad singletd
(doublet), t (triplet),dd (doublet of doublets), m (multiplet). Proton and carbon
signals were assigned with the aid of DEPT experiments ah#lRIR experiments
COSY, HSQC, HMBC.
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IR (Infrared) spectra were reaed on a Perkin ElmeBpectrum 100FTFIR
spectrometer Solid sample werefinely groundwith dry KBrand pressed between
two dies using 9 tonnes of pressure. All spectra were obtained within the region of
4000400 cmt.

High Resolution Mass Spectrometry (HRMS) analysis was carried out at Maynooth
University and Universi of Bath. In Maynooth University, ESI (electrospray
ionization) mass spectra were collected on an Agile?00 Series coupled to a 6210
Agilent Timeof-Flight (TOF) equipped with both a positive and negative electrospray
source. In University of Batlthe HPLEESITOF analysis was conducted using an
electrospray timeof-flight (MicrOTOF) mass spectrometer (Bruker Daltonik GmbH,
Bremen, Germany), which was coupled to an Agilent HPLC stack (Agilent, Santa Clara,
CA, United States) consisting of Agilent3GAA binary pump with G1329A

autosampler and G1316A column oven.

Theelemental analysi€CHN%)vas carried out on a FLASH EA2L$&ries Elemental
Analyser withEager 300 operating software. Magnetic moment measurements were
carried out on a Johnson MattlgeMagnetic Susceptibility Balance with Hg[Co(SCN)
used as the standard. The WAs analysis was carried out on Perkin Elmer Lambda

35 UWVis Spectrometer.

The Flame Atomic Absorption Spectroscopy (FAAS) analysis was carried out on a
Perkin Elmer AAnaly200. The setup was equipped with a doubleam optical
system, hollow cathode lamp and acetylene and air gas based nebulizer. A copper
specific lamp (Hollow Cathod Lamp: Cu. Part Number: 5UN. Gerial Number:
B22133) was used. Standards were prepdrech commercial 1 mg/ml Cu in 2 to 5%
HNQ standard solution. 25mL of the standard solution was diluted with 5%HNO
produce a 1 L solution of 25 ppm standard stock solution. The standard stock solution
was diluted to produce 6.25, 12.5 and &6d 25ppm standard solutions. Each of
these standards were used to generate a standard curve by plotting copper

concentration (ppm) vs absorbandeigure25).
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Figure25: the relationship betweenopper concentration and absorbance (FAAS)

The HPL@High Performance Liquid Chromatograpbgectra were extracted from
LCMS studies that were performed on an Agilent Technologies 1200 Series
instrument consisting of a G1322A Quaternary pump and a & BMdetector (254

nm) coupled to an Advion Expression L Compact Mass spectrometer (ESI) operating
in positive mode. Separations were performed on a Waters Xbridge OST 2.5 um, 4.6
x 50 mm column (C18) operating at a flow rate of 0.2 mL-IniBeparations ere
performed using a mobile phase of 0.1% formic acid in water (Solvent A) and 0.1%

formic acid in acetonitrile (Solvent B) and a linear gradientb®@%o B over 30 min.

2.2.2: Chemicals and Material

The following chemicals were purchased either fromn& Aldrich, Fluorochem,
Across Organics, and TCI (Tokyo Chemical Industry) and used without any further

purification:

1,10phenanthroline, KBr¢) L-tyrosine, kphenylalanine,p-nitro-L-phenylalanine,
acetyl chloride, Nmethylmorpholine, trimethylamine, pydine, isonicotinic acid
hydrazide, hydrazine monohydrate, Pd/C (10% loadipgdlouene sulfonic acid,
Ag(Cl@), Ag(BB, Ag(NG), Cu(Cl@2.6HO, Cu(BH.xHO, Mn(ClG)2.6H0,
Mn(NQ)..6H0, Copper standard solution (fBAAS) 1 mg/ml Cu in 2 to 5% &N
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Nutrient broth and Phosphate Buffered Saline (PBS) were obtained from Sigma

l'f RNAOK YR LINBLI NBR FOO2NRAYy3 (G2 GKS YI-
Media (MM) was made by dissolving glucose (2% w/v), Yeast Nitrogen Base without
amino acid (7% w/v), and ammonium sulfate (0.5% w/v) in@HYeast Extract

Peptone Dextrose (YEPD) media composed of glucose (2% wl/v), bacteriological

peptone (2% wi/v), and yeast extract (1% w/v).

62



2.3. Sythesis of Oxazindased Phenanthroline Erivatives

and their Metal @mplexes

2.3.1: Synthesis of 1,1phenanthroline-5,6-dione (3.1):

Following a reported proceduf®, 1,18phenanthroline (2.000 g, 11.1@8mol) was
dissolved in 24 mL of 60%30. To this, KBr§X2.039 g, 12.2inmol) was added in
small portions over a period of 30 min. The solution was allowed to stRGdr at
30 C. The resulting clear deep red solution was poured over 300 g of ice and
neutralised using saturated NaOH solution. The desired product was then separated
using DCM and recrystallized from MeOH. The final product was filtered, washed

with 3 x 20 ml prtions of MeOH and dried under vacuum.
Yield 1.889 g, 81%
mp: 260261 °C

MS Calculatedm/z for: (M+H) 211.0502; Bund: (M+H) 211.0507; Difference
(ppm): 2.42

IR (KBr, cm): 3061, 1686, 1577, 1560, 1459, 1414, 1315, 1292, 1205, 1115, 1010,
924, 816807, 739, 667, 613, 539.

IH NMR(CDGJ, 500 MHz): 9.12 (dd,J= 4.8, 2.1 Hz, 2H), 8.51 (dit 8.1, 2.1 Hz,
2H), 7.60 (ddj= 8.1, 4.8 Hz, 2H)

13C NMRCDG} 126 MHz)! 178.6 C=0), 156.4, 152.9, 137.3, 128.1, 125.6.
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2.3.2: Synthesis of-L.-amino Bters 3.2ah:

R R' product
-OH CH, 3.2a
-OH CeHos 3.2c
-OH CgH,5 3.2d o
-OH CoHys 3.2e
-H CH 3.2f OR'
3 P ’
‘H C,H, 3.2g R Bs
-NO, C,Hs 3.2h 32ah

Figure26: structure of Lh-amino ester3.2ah

General Synthesisthe synthesis of thefl-amino estergFigure26) was carried out

by appropriate modifications of a repted synthesi$'’. Acetyl chloride (4.352 mL,
60.99mmol) was added to a cold alcohol solution. To thid}-amino acid (1104
mmol) was added and the resulting clear colourless solutionrefisced for 3 h. The
resulting solution was filtered and then reduced, if possible, to 10 mL on a rotary
evaporator. The product was precipitated via addition of 400 mL diethyl ether. The
resulting white solid was filtered and washed with 3 x 50 mL postof diethyl ether

and dried under vacuum. All produc82ah were synthesised by following this
protocol. Any modification required for the synthesis of any of the products are given

below.

2.3.2A: L-tyrosine methyl ester hydrochlorid¢3.2a):L-tyrosine (2000g) was added

to a MeOH solution (56 mL, 1.4 mol) containing acetyl chloride.
Yield 2.403 g, 94%
mp: 190192 °C

MS. Calculatedm/z for: (M+H) 196.0968; Found: (M+H)196.0971; Difference
(ppm): 1.50

IR (KBr, cm): 3342, 2882, 1744, 1614592, 1515, 1449, 1397, 1349, 1225, 1108,
1060, 991, 935, 866, 840, 732, 599, 514.
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IH NMR(DMS@d6, 500 MHz)t 9.55 (s, 1H, B), 8.67 (s, 3HNHs), 7.01 (dJ= 8.5
Hz, 2H, At)), 6.74 (dJ= 8.5 Hz, 2H, M), 4.12 (ddJ= 7.8, 5.6 Hz, 1M H), 3.65 (s,
3H,-0CG+%),3.09 (ddJI' mMn ®m3X  phgx00 (ddJ)E mh ®mE HdPy 113 ™

13C NMRDMSQd6, 126 MHz):4 170.0 C=0), 157.2G0H), 130.8 (AD), 124.9 (AD),
115.9 (AQ) = pQ@, 9 (@00 I oQ.dc O

2.3.2B: L-tyrosine propyl ester hydrochlorid€3.2b): L-tyrosine (2000g) was added

to a I-propanol solution (103 mL, 1.4 mol) containing acehjbride.
Yield 2.666 g, 93%
mp: 156158 °C

MS Calculatedm/z for: (M+H) 224.1281; Found: (M+HY24.1289; Difference
(ppm): 3.60

IR (KBr, cm): 3293, 2879, 1743, 1615, 1593, 1517, 1446, 1385, 1357, 1232, 1105,
1058, 989, 932, 839, 729, 616, 509.

'HNMR (DMSQd6, 500 MHz)t 9.51 (s, 1H, B), 8.66 (s, 3HNHs), 7.08¢ 6.93 (m,

2H, AH), 6.78¢ 6.69 (m, 2H, Af), 4.13 (ddJ= 7.8, 5.6 Hz, 1MH), 4.01 (tJ= 6.5

Hz, 2H;0GH), 3.11 (ddJI'  mn dm S  phpx97 (ddJ)E mh DmE Hpy |11 2
1.61¢ 1.40 (m, 2H, B), 0.81 (tJ= 7.0 Hz, 3H,HB).

13C NMRDMSGd6, 126 MHz) 169.6(C=0) 157.2(GOH) 130.8(ArC), 124.9(Ar0),
115.8(ArC), 67.4 {O0Hy), 53.90 @), 35.70 ©), 21.7 CHy), 10.6 CHa).

2.3.2C: L-tyrosine hexyl ester hydrochlorid¢3.2c): L-tyrosine (2.000g) was added

to a I-hexanol solution (75 mL, 0.6 mol) containing acetyl chloride. The solution was
heated to 100C for 3 h and hefiltered. The product was precipitated via addition
of 400 mL petroleum ether, filtered and washed with 5 x 50 rottigns of hot

petroleum ether. The product was dried under vacuum.
Yield 2.965 g, 89%

mp: 163164 °C
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MS. Calculatedm/z for: (M+H) 266.1751; Found: (M+HR66.1762; Difference
(ppm): 4.30

IR (KBr, cm): 3294, 2953, 17391614, 1591, 1517, 1446, 138856.34, 1231, 1115,
1056, 981, 942, 875, 844, 729, 614, 504.

1H NMR(DMSGd6, 500 MHz)t 9.50 (s, 1H, B), 8.64 (s, 3HNHs), 7.11¢ 6.93 (m,
2H, AH), 6.76¢ 6.67 (m, 2H, M), 4.13 (dd,)= 7.8, 5.6 Hz, 1HH), 4.08¢ 4.01 (m,
2H,-0G+), 3.10 (ddJr  mMn &M pHgRco5 (ddJE  mi EmE  H)Ply54 |
¢ 1.41 (m, 2H, B), 1.33¢ 1.13 (m, 6H, 3 xHB), 0.86 (t,J= 7.0 Hz, 3H,HB).

—_
™M

M |

13C NMRDMSGd6, 126 MHz)t 169.7(C=0) 157.2(G:OH) 130.8(Ar0), 124.9(ArC),
115.8(Ar0), 65.9 (OCH,), 53.90 @), 35.70 ©), 31.3 CHb), 28.3 (Hb), 25.3 CHy), 22.4

(), 14.4 OHa).

2.3.2D: L-tyrosine octyl ester hydrochloridg3.2d): L-tyrosine (2000g) was added

to a l-octanol solution (75mL, 0.48mol) containing acetyl chloride. The same

procedure as kyrosine hexyl ester hydrochloride preparation was followed.
Yield 3.095 g, 85%
mp: 169171 °C

MS Calculatedm/z for: (M+H) 294.2064; Found: (M+HY94.2063; Difference
(ppm):-0.30

IR (KBr, cm): 3296, 2923, 1739, 1614, 1585, 1517, 14487, 1357, 1232, 1114,
1057, 977, 942, 877, 845, 731, 614, 505.

'H NMR(DMSQd6, 500 MHz)t 9.44 (s, 1H, B), 8.58 (s, 3HNHs), 7.14¢ 6.92 (m,

2H, AH), 6.79¢ 6.65 (m, 2H, Ad), 4.13 (dd,)= 7.8, 5.6 Hz, 1MH), 4.09¢ 4.00 (m,

2H,-0GH), 3.09 (ddJI'  mn ®m3  p)deco6 ([dJE wi EME  H)PYS5 1 T = Ml
¢1.42 (m, 2H, B), 1.35¢ 1.14 (m, 10H, 5 xHB), 0.87 (tJ= 7.0 Hz, 3H,HB).

13C NMRDMSGd6, 126 MHz) 169.6 C=0), 157.2G-0H), 130.8 (AD), 124.9 (AD),
115.8 (A€), 65.9(-0CH)E  p O E o, Bly7(C)i 29.0(CH:), 28.9(CHy), 28.3
(QHp), 25.7(CHp), 225 (CHy), 14.4(CHa).
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2.3.2E:L-tyrosine dodecyl ester hydrochloridé3.2e):L-tyrosine (2000g) was added

to a J-dodecanol solution (75 mL, 0.34ol) containing acetyl chloriddhe solution
was heated to 100C and stirred for 3 h. The solution was fidiered while
maintaining the temperature of the glassware above & The product was
precipitated by addition of 400 mL of petroleum ether, filtered and washed with

multiple portions of heated petroleum ether. The product was dried under vacuum.
Yield: 3.408 g, 80%
mp: 166168 °C

MS Calculatedm/z for: (M+H) 350.2690; Found: (M+H)350.2707; Difference
(ppm): 5.00

IR (KBr, cm): 3287, 2917, 1740, 1614, 1592, 1517, 1446, 1386, 1357, 1235, 1118,
1058, 983, 942, 877, 845, 730, 622, 509.

'H NMR(DMS@®d6, 500 MHz)t 9.44 (s, 1H, B), 8.59 (s, 3HNH;), 7.04¢ 6.98 (m,

2H, AH), 6.75¢ 6.69 (m, 2H, Ad), 4.13 (ddJ= 7.8, 5.6 Hz, 1kH), 4.08¢ 4.01 (m,

2H,-0GH), 3.09 (ddJr'  mn &M pheco6 (ddJE mi EmME H)OWS4 1 1 52 Ml
¢1.42 (m, 2H, B), 1L32¢ 1.16 (m, 18H, 9 xHB), 0.86 (tJ= 7.0 Hz, 3H,HB).

13c NMRDMSGd6, 126 MHz) 169.6(C=0) 157.2(GOH) 130.8(A10), 124.%(AI0),
115.8(Ar0), 65.9 {OCH), 53.90 ), 35.76 ©), 31.8 (Hb), 29.5 (Hp), 29.5 (Hy), 29.5
(CHo), 29.4 (Hp), 292 (), 29.1 CHb), 28.3 CHy), 25.7 OHp), 22.6 OHp), 14.4 CHa).

2.3.2F:L-phenylalanine methyl ester hydrochloridé3.2f): L-phenylalanine (1.817 g)

was added to a MeOH solution (56 mL, 1.4 mol) containing acetyl chloride.
Yield 2.087 g, 94%

mp: 156-157 °C

MS Calculatedm/z for: (M+H) 180.1019; Found: (M+H)180.1024; Difference
(ppm): 2.80

IR (KBr, cm): 3477, 2847, 1747, 1584, 1497, 1448, 1242, 1085, 1062, 991, 935, 748,
702, 627, 474.
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'H NMR(DMSGd6, 500 MHz): 8.80 (s, 3H!NHs), 7.36¢ 7.23 (m, 5H, A), 4.23 (dd,
J=7.8,5.6 Hz, 1HH), 3.65 (s, 3HOGk), 3.23 (ddJI' mn ®mMX HPR11I T3 wml
(dd,Jr mnomz Hoy [T ml I |

13C NMR(IDMS@d6, 126 MHz)t 169.8 C=0), 135.3 (AD), 129.9 (AE), 129.0 (AQ),
127.7 (AQ) = p@, BY9(-A0)> o0 PO O

2.3.2G: L-phenylalanine propyl ester hydrochlorid€3.2g): L-phenylalanine (1.817

g) was added to a-firopanol solution (103 mL, 1.4 mol) containing acetyl chloride.
Yield 2.548 g, 95%
mp: 150151 C

MS Calculatedn/z for : (M+Naj 230.1151; Found: (M+Na230.1151; Difference
(ppm):-0.20

IR (KBr, cr): 3470, 2833, 1743, 1593, 1509, 1443, 1234, 1083, 1057, 982, 928, 743,
702, 642, 483.

'H NMR(DMSQd6, 500 MHz) 8.91 (s, 3HNHs), 7.34¢ 7.23(m, 5H, AH), 4.18 (dd,
J=7.8,5.6 Hz, 1MH), 4.00¢ 3.92 (m, 2H;0Q4,), 3.30 (ddJI mn om> phpc |1 =
3.08(ddJr' mMn dmI Hply52¢I1.B72(m, @H, B), 0.76¢ 0.71 (m, 3H, By).

13C NMRIDMSGd6, 126 MHz)t 169.5 C=0), 135.4 (K0, 129.8 (AE), 128.9 (AD),
127.6 (AE), 67.4-00)s p 0Py 6Q, D7(Cdy) 10.6(CHy).

2.3.2H: 4-nitro-L-phenylalanine _ethyl ester hydrochloride(3.2h): p-nitro-L-

phenylalanine (2.312 g) was added to a EtOH solution (82 mL, 1.4 moljncogta

acetyl chloride.
Yield 2.680 g, 93%
mp: 187188 °C

MS. Calculatedm/z for: (M+H) 239.1026; Found: (M+HR39.1030; Difference
(ppm): 1.50
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IR (KBr, cm): 3460, 2822, 1736, 1605, 1525, 1506, 1447, 1349, 1246, 1059, 1013,
746, 702, 648, 483.

'H NMR(DMSG@d6, 500 MHz)}t 8.89 (s, 3H!NHs), 8.20 (dJ= 8.6 Hz, 2H, M), 7.61

(d,J= 8.6 Hz, 2H, M), 4.33 (dd,J= 7.8, 5.6 Hz, 1MH), 4.18¢ 4.06 (m, 2H, O&),

3.41 (ddJr' mnom>E pPR27 (ddJE mhBmE  HEY10 tJ=XY0mI I |
Hz, 3H).

13C NMRDMSQGd6, 126 MHz) 169.0 C=0), 147.3 (AD), 143.7 (AG), 131.5 (AE),
123.9 (AD), 62.3(-0CH)S  p dOP36.900), 14.3(CHy).

2.3.3: Synthesis  of alkyl-2-(4-R-phenyl}2H-[1,4]oxazino[2,3
f][1,10]phenanthroline-3-carboxylate(3.3ah, Figure27):

R R' product R
-OH CH, 3.3a
-OH C,H, 3.3b 2
R'O

-OH CeHys 3.3¢
-OH CgHyy 3.3d %
-OH CoHys | 3.3e
-H CH, 3.3f - 7/ \
H CH, 3.3g \_ /7 \—

3.3a-g

Figure27: structure ofalkyt2-(4-R-phenyl}2H-[1,4]oxazino[2,&][1,10]phenanthroline3-carboxylate 8.3aQ)

General Synthesid:-"-amino ester hydrochlode salt (100 mmol) was dissolved in
25 mL of DMSO and to this solutidftmethylmorpholine (0.121 mL, 10Inmol) was
added. The solution was heated to Towhile being constantly stirred aBdL (0.210
g, L00mmol) was then added to give a bright y@llsolution. After constant stirring
at 75 C for 24 h, a clear bright orange solution was observed and mixed with 125 mL
of DCM. The organic layer was washed with 5 x 125 mL portionsQoaiirtd then
dried over MgS® The resulting DCM solution was condeth$o dryness on a rotary
evaporator to give the crude product. If a syrup was observed at this point, further
washings with D would be required to separate out the DMSO. The dried contents
of the flask were then heated in 15 mL MeOH and allowed to starsinight. The

69



resulting bright yellow crystalline solid was filtered, washed with 3x 20 mL portions

of MeOH and dried under vacuum.

2.3.3A: methyl-2-(4-hydroxyphenyl}2H-[1.,4]oxazino[2,3f][1,10]phenanthroline-

3-carboxylate(3.3a):3.2a(0.232 g) was cted with3.1 according to the general

method.
Yield 0.173 g, 45%
mp: decomp. @ 250 °C

MS Calculatedm/z for: (M+H) 386.1135; Found: (M+H)386.1144; Difference
(ppm): 2.20

IR (KBr, cm): 3283, 2946, 1711, 1609, 1587, 1514, 1503, 1439, 1354, 1258, 1
1131, 1060, 1018, 982, 971, 920, 806, 741, 679, 632.

1H NMR(DMSGd6, 500 MHz): 9.72 (s, 1H, B), 9.13 (ddJ= 4.3, 1.8 Hz, 1H, Phid)

9.04 (ddJ= 4.3, 1.8 Hz, 1H, Phd)) 8.89 (dd,)= 8.3, 1.8 Hz, 1H, Phe)) 8.61 (dd,)

= 8.3, 1.8 Hz, 1H, Phid)) 7.85 (dd,J= 8.3, 4.3 Hz, 1H, Phe)) 7.80 (dd,)= 8.3, 4.3

Hz, 1H, PheH), 723¢ 7.18 (m, 2H, Af), 6.72¢ 6.63 (M, 2H, A0 = ¢ ®p ¢), 6 & =
3.90 (s, 3H0GHs).

13C NMR(DMSQGd6, 126 MHz)t 163.1(C=0) 159.2(GOH) 152.0 (Phef), 150.2
6 @), 149.1 (Phef), 146.8 (Phe@), 142.7 (Phed), 138.9 (Phe@0), 131.4 (PheD),
130.3 (PherQ), 129.4 (AT), 126.5 (Phe@N), 125.3 (AD), 124.6 (Phed), 124.3
(PherQ), 122.2 (Phe@), 121.7 (Phe@), 116.3 (AF), 72.56 €), 53.4 (OCHs).

2.3.3B: propyl-2-(4-hydroxyphenyl}2H-[1,4]oxazino[2,3f][1,10]phenanthroline-3-

carboxylate (3.3b): 3.2b (0.260 g) was reacted witB.1 according to the general

method.
Yield 0.169 g, 41%

mp: decomp. @ 230 °C
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MS. Calculatedm/z for: (M+H) 414.1448; Found: (M+HY14.1440; Difference
(ppm):-2.08

IR (KBr, cm): 3443, 2973, 1734, 1610, 1592, 1516, 15084141379, 1351, 1313,
1286, 1254, 1239, 1223, 1172, 1133, 1073, 1021, 969, 925, 831, 742, 678, 632.

IH NMR(DMSGd6, 500 MHz) 9.74 (s, 1H, B), 9.12 (ddJ= 4.3, 1.8 Hz, 1H, Phid)

9.03 (ddJ= 4.3, 1.8 Hz, 1H, Phd)) 8.88 (dd,J= 8.3, 1.8 Hz, 1H, Phe)) 8.59 (dd,)

= 8.3, 1.8 Hz, 1H, Phid)) 7.85 (dd,J= 8.3, 4.3 Hz, 1H, Phe)) 7.79 (dd,)= 8.3, 4.3

Hz, 1H, Pher), 722¢ 7.19 (m, 2H, A), 6.69¢ 6.66 (M, 2H, A0 = ¢ ®p H), 6 4 =
4.30¢ 4.21 (M, 2H;0G), 1.75¢ 1.64 (m, 2H, By), 0.91 (tJ= 7.5 Hz, 3H,HB).

13C NMR(DMSQU6, 126 MHz)i 162.6(C=0) 159.2(GOH) 151.9 (Phe€), 150.6
6 @), 149.1 (Phef), 1468 (Phei©), 142.7 (Phe@), 138.9 (Phe@), 131.4 (Phed),
130.3 (Phef)), 129.4 (AG), 126.5 (Phe@N), 125.5 (AD), 124.6 (Phe@), 124.2
(Pher(), 122.1 (Phe@), 121.7 (Phed), 116.3 (A®), 72.76 ©), 67.7 {OCHy), 21.9

(Q), 10.6 CHo).

2.3.3C: hexyk2-(4-hydroxyphenyl}2H-[1,4]oxazino[2,3f][1,10]phenanthroline-3-

carboxylate (3.3c): 3.2¢ (0.302 g) was reacted witB.1 according to the general

method.
Yield 0.173 g, 38%
mp: 208209 °C

MS. Calculatedm/z for: (M+H) 456.1918; Found: (M+H}56.1940; Diffeence
(ppm): 4.80

IR (KBr, cm): 3425, 2961, 1707, 1607, 1583, 1513, 1503, 1434, 1380, 1341, 1327,
1290, 1260, 1172, 1134, 1073, 1022, 956, 929, 840, 742, 684, 635.

1H NMR(DMSGd6, 500 MHz): 9.70 (s, 1H, B), 9.12 (ddJ= 4.3, 1.8 Hz, 1H, Phdy
9.03 (ddJ= 4.3, 1.8 Hz, 1H, Phd); 8.88 (dd,)= 8.3, 1.8 Hz, 1H, Phe)) 8.58 (dd,)
= 8.3, 1.8 Hz, 1H, Phid)) 7.84 (dd,J= 8.3, 4.3 Hz, 1H, Phe)) 7.78 (dd,)= 8.3, 4.3
Hz, 1H, Pher), 721¢ 7.17 (m, 2H, A), 6.69¢ 6.66 (M, 2H, A0 = ¢ ®p H), 6 &4 =
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4.33¢ 4.24 (M, 2H;0G), 1.69¢ 1.63 (M, 2H, By), 1.31¢ 1.23 (M, 6H, 3 xHg), 0.86
€ 0.83 (M, 3H, B).

13C NMR(DMSQ6, 126 MHz)i 162.7(C=0) 159.4(GOH) 152.1 (Phe@), 150.8
6 @), 149.2 (Phef), 147.0 (Phe@), 142.9 (Phed), 139.0 (Phe@0), 131.5 (PheD),
130.4 (Phef)), 129.6 (AD), 126.7 (Phe@N), 125.6 (AD), 124.7 (Phe@), 124.3
(Pher(), 122.3 (Phe@), 121.9 (Phed), 116.4 (AE), 72.96 ©), 66.4 {OCH,), 31.4
(QHp), 28.5(CHy), 25.6 (Hp), 22.6 (Hy), 14.5 (Ha).

2.3.3D: octyl-2-(4-hydroxyphenyl}2H-[1,4]oxazino[2,3f][1,10]phenanthroline-3-

carboxylate (3.3d): 3.2d (0.330 g) was reacted witB.1 according to the above

method.
Yield 0.169 g, 35%
mp: 213215 °C

MS. Calalated m/z for: (M+HY 484.2231; Found: (M+H}84.2240; Difference
(ppm): 1.86

IR (KBr, cm): 3435, 2925, 1739, 1609, 1594, 1578, 1517, 1501, 1432, 1375, 1314,
1277, 1238, 1173, 1137, 1071, 1022, 944, 930, 839, 818, 742, 676, 631.

1H NMR(DMSQd6, 500 MK):1 9.70 (s, 1H, B), 9.12 (ddJ= 4.3, 1.8 Hz, 1H, Phd)

9.03 (dd,J= 4.3, 1.8 Hz, 1H, Phe)) 8.87 (dd,)= 8.3, 1.8 Hz, 1H, Phid)) 8.57 (dd,]

= 8.3, 1.8 Hz, 1H, Phd)y 7.83 (ddJ= 8.3, 4.3 Hz, 1H, Phd) 7.78 (ddJ= 8.3, 4.3

Hz, 1H, Phet), 7.22¢ 7.18 (m, 2H, Af), 6.69¢ 6.65 (M, 2H, A0 = ¢ ®p H), 0 &4 =
4.34¢ 4.24 (m, 2H;0QGH), 1.71¢ 1.63 (m, 2H, By), 1.33¢ 1.20 (m, 10H, 5 xHB),
0.87¢0.82 (M, 3H, By).

13C NMR(DMSQd6, 126 MHz)t 162.5(C=0) 159.3(GOH) 151.9 (Phe6), 150.6
6 @), 149.1 (Phef), 146.9 (Phed), 142.7 (Phed), 138.9 (PheGO), 131.4 (PheD),
130.2 (Phef), 129.4 (AG), 126.5 (Phe@N), 125.4 (AD), 124.6 (Phe@), 124.2
(PherC), 122.1 (Phe@), 121.7 (Phed), 116.2 (A®), 72.76 ©), 66.2 (OCOH), 31.6
(QHp), 29.04 OHy), 29.01 CHy), 28.4 (Hy), 25.8 (Hy), 22.5 OHy), 14.4 CH).
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2.3.3 E:dodecyt2-(4-hydroxyphenyl}2H-[1,4]Joxazino[2,3f][1,10]phenanthroline-

3-carboxylate(3.3e):3.2e (0.386 g) was reacted witB.1 according to the general

method.
Yield 0167 g, 31%
mp: 172174 °C

MS. Calculatedm/z for: (M+H) 540.2857; Found: (M+H)»40.2857; Difference
(ppm):-1.10

IR (KBr, cm): 3430, 2923, 1737, 1711, 1610, 1590, 1516, 1503, 1487, 1464, 1433,
1377, 1322, 1285, 1238, 1171, 1130, 1072, 1021, 956,8340,739, 677, 631.

1H NMR(DMSQGd6, 500 MHz) 9.70 (s, 1H, B), 9.11 (ddJ= 4.3, 1.8 Hz, 1H, Phid)

9.02 (dd,J= 4.3, 1.8 Hz, 1H, Phid) 8.87 (dd,)= 8.3, 1.8 Hz, 1H, PHd) 8.56 (dd,)

= 8.3, 1.8 Hz, 1H, Phid) 7.82 (dd,)= 8.3, 4.3 Hz, 1HhBNH), 7.76 (ddJ= 8.3, 4.3

Hz, 1H, Phe), 7.21¢ 7.18 (m, 2H, A), 6.69¢ 6.66 (M, 2H, A0 = ¢ ®p &), 6 & =
4.34¢ 4.22 (M, 2H;0G4), 1.68¢ 1.62 (M, 2H, By), 1.33¢ 1.09 (m, 18H, 9 xHB),

0.78 (t,J= 6.9 Hz, 3H,1B).

13C NMR(DMSQU6, 126 MH): 1 162.5(C=0) 159.3(GOH) 151.9 (Phe@), 150.5
6 @), 149.0 (Phe), 146.9 (Phed), 142.8 (Phe@), 138.8 (Phe@0), 131.3 (PheD),
130.2 (Phef), 129.4 (AG), 126.5 (Phe@N), 125.4 (AD), 124.4 (Phed), 124.1
(Pher), 122.1 (Phe@), 121.7 (Phed), 116.2 (AE), 72.76 €), 66.2 (OCHy), 31.7
(QH), 29.5 CHp), 29.5 CHb), 29.4 (Hy), 29.4 CHy), 29.2 CHy), 29.0 (Hy), 28.4 CHy),
25.8 CHy), 22.5 OHp), 14.3 (Hy).

2.3.3F: methyl 2-phenyl2H-[1,4]oxazino[2,3f][1,10]phenanthroline-3-carboxylate

(3.3f): 3.2f (0.215 g) was reacted witB.1 according to the general method. The
desired product could not be isolated by the warg given previously. A small
amount of solid was precipitated via dropwise addition of diethyl ether. The impure

product could beobserved in the NMRpectraof this solid.

MS. Calculatedm/z for: (M+H) 370.1186; Found: (M+H)370.1192; Difference
(ppm): 1.57
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(impure) *H NMR(DMSQd6, 500 MHz) 9.06 (dd,J= 4.3, 1.8 Hz, 1H, Phid)} 8.95
(dd,J= 4.3, 1.8 Hz, 1H, Phid)) 8.76 (dd,)= 8.3, 1.8 Hz, 1H, Phid) 8.51 (dd,)= 8.3,
1.8 Hz, 1H, Phéi), 7.75¢ 7.69 (m, 2H, PhéH), 7.38¢ 7.35 (m, 2H, At), 7.26¢ 7.24
(M, 3HAH)D = ¢ ®c 6l), 30% E, 3HIO0CE). |

(impure) 13C NMR(DMSGd6, 126 MHz)}t 163.1, 151.9, 149.7, 149.1, 146.8, 142.7,
138.8, 135.3, 131.3, 130.2, 130.1, 129.5, 127.4, 126.3, 124.5, 124.1, 122.2, 121.4,
72.4, 53.5.

2.3.3G: propy! 2-phenyk2H-[1,4loxazino[2,3f][1,10]phenanthroline-3-carboxylate

(3.39):3.2g(0.244 g) was reacted witB.1 according to the general method. Once
the DCM wasemoved under vacuuirthe remaining solid precipitate was heated in
a minimum amount of CHgI filtered and allowed to stand. A bright yew

precipitate was observed.
Yield 0.011 g, 3%
mp: 152153 °C

MS Calculatedm/z for: (M+H) 398.1499; Found: (M+H)398.1500; Difference
(ppm): 0.30

IR (KBr, cm): 3433, 2971, 1706, 1711, 1582, 1500, 1489, 1430, 1322, 1249, 1132,
1058, 1019, 973, 800’ 38.

H NMR(DMSGd6, 500 MHz)t 9.13 (dd,J= 4.3, 1.8 Hz, 1H, Phe)) 9.03 (ddJ=

4.3, 1.8 Hz, 1H, Phel), 8.85 (dd,)= 8.3, 1.8 Hz, 1H, Phe)) 8.63 (dd,)= 8.3, 1.8 Hz,
1H, Phet), 7.84 (dd,)= 8.3, 4.3 Hz, 1H, Phid); 7.80 (dd,J= 8.3, 4.3 HzLH, PheHi),
7.43¢ 7.38 (m, 2H, Af), 7.33¢7.29 (M, 3H, A0 = ¢ ®T mi), H3B4.24(S |
2H,-OGHy), 1.75¢ 1.67 (M, 2H, B), 0.91 (tJ= 7.5 Hz, 3H,H5).

13C NMR(DMSQ&d6, 126 MHz): 162.5, 152.1, 150.4, 149.2, 146.9, 142.8, 138.8,
135.5,131.4,130.3, 130.1, 129.6, 127.5, 126.6, 124.6, 124.3, 122.2, 121.5, 72.6, 67.8,
21.9, 10.7.
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2.3.4. Synthesis of alkyl 4(4-Rphenyl)}7-oxo-7H-pyrido[4,3,2-

de][1,10]phenanthroline5-carboxylate(3.4ac, Figure28):

R R’ product
-H CH, 3.4a
-H C5H, 3.4b
-NO, C,H; 3.4c

Figure28: structureof alkyl 4(4-R-phenyl}7-oxo-7H-pyrido[4,3,2de][1,10]phenanthrolines-carboxylate 8.4a
0

2.3.4A: methyl 7-0x0-4-phenyt7H-pyrido[4,3,2-de][1,10]phenanthroline-5-

carbaxylate (3.4a): 3.2f (0.215 g) was reacted witB.1 according to the general
method Section 2.3.3). Once the DCM wasemoved under vacuumthe crude
product was dissolved in 3 mL of MeOH and to this solution 5 mL of EtOAc was added.

The solution was allovekto crystallise in the freezer to give bright yellow crystals.
Yield 0.026 g, 7%
mp: decomp. @ 230 °C

MS Calculatedn/z for GoHiaNsOs: (M+Naj 390.0849; Found: (M+Na390.0863;
Difference (ppm): 3.59

IR (KBr, cm): 3434, 1729, 1678, 1578, 1439,783 1280, 1258, 1234, 1202, 1167,
1002, 702, 676, 607.

1H NMR(DMSGd6, 500 MHz)t 9.12¢ 9.09 (m, 1H, Phé), 9.02 (dJ= 5.9 Hz, 1H,
PherH), 8.62 (ddJ= 7.9, 1.6 Hz, 1H, Phd)) 7.82 (ddJ= 7.9, 4.6 Hz, 1H, Phsd)
7.69¢ 7.60 (M, 4H, Phét+ 3AH), 7.51¢ 7.46 (m, 2H, Af), 3.70 (s, 3HOGH,).

13 NMR(DMSGd6, 126 MHz)t 181.0(C=0) 166.7(C=0) 155.3 (Phe@), 151.7
(PherQ), 150.7 (Phe@), 149.0 (Phe@), 147.56 @), 146.4 (Phe@=N), 138.5 (PheD),
135.9 (Phefi), 135.4 (AB), 133.50 ©), 130.2 ArQ), 129.7 (AD), 129.4 (Phe@), 129.2
(ArC), 126.6 (Phe@), 120.8 (Phe@), 119.8 (Phed), 53.1 {OCH,).
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2.3.4B: propy! 7-0xo0-4-pheny}k7H-pyrido[4,3,2-d€e][1,10]phenanthroline-5-

carboxylate (3.4b) 3.2g (0.244g) was reacted witlB.1 according to the genai
method Section2.3.3). Once the DCM waemoved under vacuumthe crude
product was dissolved warm diethyl ether The solution was ahNeed to cool. The
desired product precipitated as a yellow solid during evaporation of diethyl ether

was filtered and air dried.

Yield 0.073 g, 1%

mp: decomp. @ 230 °C

MS Calculatedm/z for: (M+Naj 418.1162 Found: (M+Nd)418.1164 Difference
(ppm): 0.5

IR (KBr, cm): 3434, 1728, 1676, 1579, 1441, 1378, 1281, 1259, 1232, 1200, 1169,
1001, 705, 679, 606

1HNMR (DMSGd6, 500 MHz) 9.15¢ 9.14(m, 1H, PheH), 9.07(d, J= 5.9 Hz, 1H,
PherH), 8.66(dd, J= 7.9, 1.6 Hz, 1H, Phe)) 7.85(dd, J= 7.9, 4.6 Hz, 1H, Phsd
7.71¢ 7.62(m, 4H, PheH + 3AH), 7.53¢ 7.47(m, 2H, AH), 4.06 (st = 6.5Hz,2H, -
OGHy), 1.37 (dfJ= 7.3, 6 Hz, 2H, ), 0.70 (1 J= 7.3 Hz, 3H,B).

13C NMR(DMSGd6, 126 MHz): 1811 (C=0) 166.5(C=0) 155.3 (Phe@), 151.8
(PherQ), 149.1(Pher(), 1480 (Pheit), 146.66 @), 146.6(Pherc=N), 138.5 (PheD),
136.0(Pher0), 135.0(A0), 133.60 ©), 130.3(Ar0), 129.8(ArC), 129.5(Pher(), 129.3
(ArQ), 126.6 (Phed), 120.9(PherC), 119.8 (Phe®), 67.58(-OCH), 21.6 (Hy), 10.6
(OHb).

2.3.4C: ethyl 4-(4-nitrophenyl)-7-oxo-7H-pyrido[4,3,2-de][1,10]phenanthroline-5-

carboxylate (3.4c): 3.2h (0.262 g) was reactedith 3.1 according to the general
method. The crude product was dissolved in 10 mL EtOH and allowed to stand in the
freezer overnight. The bright red precipitate formed was filtered, washed with 3 x 10

mL portions of cold EtOH and dried under vacuum.
idd: 0.132 g, 30%
mp: > 250 °C
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MS. Calculatedm/z for: (M+Na) 449.0856; Found: (M+Na}49.0878; Difference
(ppm): 4.89

IR (KBr, cm): 3429, 2927, 1723, 1683, 1598, 1581, 1505, 1345, 1291, 1204, 1104,
859, 709.

IH NMR(DMSGd6, 500 MHz)t 9.15 (dd J=4.6, 1.8 Hz, 1H, Phefj 9.07 (dJ=5.9
Hz, 1H, Phe), 8.67 (ddJ= 7.9, 1.8 Hz, 1H, PHd) 8.53¢ 8.45 (m, 2H A), 7.86
(dd,J=7.9, 4.6 Hz, 1H, Phd)) 7.83¢ 7.78 (m, 2H, At), 7.61 (dJ= 5.9 Hz, 1H Phéf,
4.19 (qJ= 7.1 Hz, 2HOGH,), 1.G4 (t,J= 7.1 Hz, 3H,HG).

13c NMR(DMSGd6, 126 MHz): 181.1(C=0) 165.6(C=0) 155.4 (Phe@), 151.7
(Pher0), 150.8 (Phe@), 149.3 (Phe@), 148.4 (AE), 147.36 @), 146.8 (Phe@=N),
141.0 (AE), 138.5 (Phe@), 136.1 (Phe@), 134.10 { C)131.8 (AE), 129.5 (Phe®),
126.7 (Phef), 124.2 (AF), 120.8 (Phe®), 119.7 (Phefi), 62.3 {OCH,), 14.0 CHy).

2.3.5: Metal @mplexation of 3.2ae:

2.3.5A1: [Ag(3.3a}](CIQ).2MeOH.HO (3.5a1l):

A 10 mL MeOH solution of Ag&(0.027 g, 130 umol) was added to a stirfeshted

40 mL MeOH suspension 8f3a (0.100 g, 260 umdl The resulting clear yellow
solution was refluxed in the absence of light for 2 h to give a yellow suspension. The
resulting bright yellow precipitatevas filtered, washed with 3 x 20 mL portions of

MeOH, and dried under vacuum.
Yield 0.097 g, 70%
CHN(%) Calculated [AggeH15N304)2](ClQ).2MeOH.HO:

Carbon, 52.11; Hydrogen, 3.80; Nitrogen, 7.93. Found: Carbon, 52.05;
Hydrogen, 3.52; Nitrogen, 8.00

MS Calculatedn/z for [Ag(G2H15N304)2]™: (M)"877.1171; Found: (M+H377.1198;
Difference (ppm): 8
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IR (KBr, cm): 3424, 1714, 1611, 1596, 1509, 1435, 1346, 1260, 1173, 1098, 1032,
809, 734, 622.

'H NMR(DMSQd6, 500 MHz)t 9.75 (s, &, H), 9.13 (dd,)= 4.5, 1.6 Hz 2, Pheki),

9.07¢9.01 (m, #H, Phenl), 8.77 (ddJ= 8.3, 1.6 Hz,2, Phem), 8.04¢ 7.93 (m, 4H,

PherH), 7.30¢ 7.19 (m, 4, AH), 6.71¢ 6.68 (m, H, AH), 6.66 (s, R =H),i3.93 (s,
6H,-OCHs).

13C NMRDMSOd6, 126 MHz) 162.9(C=0) 159.4 (AE), 153.0 (Phe@), 151.16 @),
150.4 (Phef), 143.3 (Phe@), 139.2 (Phe@), 139.2 (Phe@), 133.4 (Phed), 132.4
(PherC), 129.6 (AG), 127.2 (Phe@), 126.1 (Phed), 125.8 (Phe@), 125.1 (AF), 122.4
(Pher(), 122.3 (RenC), 116.3 (A®) = TG}, 8806 (QiHs).

2.3.5A2: [Cu(3.3a}](ClO),.2H0 (3.5a2):

A 10 mL MeOH solution of Cu(@kBHO (0.064 g174 umol) was added to a stirred
heated 40 mL MeOH suspensior8d3a(0.200 g, 519 umal The resulting clear green
solution was refluxed for 2 h. The resulting clear green solution was reduced to 10
mL under vacuum and allowed to stand overnight. The resulting bright green
precipitate was filtered, washed with 3 x 5 mL portions of cold MeOH, and dried

under vacuum.
Yidd: 0.072 g, 29%
CHN (%)Calculated [CufgHi5sN304)3](ClQ)2.2H0:

Carbon, 54.54; Hydrogen, 3.40; Nitrogen, 8.67. Found: Carbon, 54.30;
Hydrogen, 3.62; Nitrogen, 8.41

IR (KBr, cm): 3392, 1720, 1609, 1515, 1436, 1352, 1263, 1174, 1085, 1038, 813, 731,
624.

L_leff = 23 BM
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2.3.5A3: [Mn(3.3a)](ClO),.MeOH.2HO (3.5a3):

A 20 mL MeOH solution of Mn(G)©6H0 (0.063 g, 173 pmol) was added to a stirred
heated 80 mL MeOH suspension 38a (0.200 g, 519 umal The resulting clear
yellow solution was reflted for 2 h. The resulting clear yellow solution was reduced
to 10 mL under vacuum and allowed to stand overnight. The resulting bright yellow
precipitate was filtered, washed with 3 x 5 mL portions of cold MeOH, and dried

under vacuum.
Yield 0.134 g, 52%
CHN (%)Calculated [Mn(£2H15N304)3](ClQ)2.MeOH.2HO:

Carbon, 54.45; Hydrogen, 3.61; Nitrogen, 8.53. Found: Carbon, 54.51;
Hydrogen, 3.61; Nitrogen, 8.52

IR (KBr, cm): 3399, 1719, 1607, 1515, 1438, 1353, 1263, 1174, 1100, 1035, 813, 734,
623.

Uett =6.0BM

2.3.5B: [Cu(3.3b3}](CIT)-.2H0 (3.5b): A 10 mL MeCN solution of Cu(@¥®BHO
(0.062 g, 0.66 mmol) was added to a stirrdgtated 40 mL MeCN suspensior8@b

(0.207 g, 0.500 mmol). The resulting clear, luminescent green solution was refluxed
for 2 h. The solution was reduced to 5 mL under vacuum. The product was
precipitated via addition of ~400 mL diethyl ether, filtered, washed with 3 x 50 mL

portions of diethyl ether, and dried under vacuum.
Yield 0.202 g, 80%
CHN (%)Calculated [Cuf@H19N304)3](ClQ)2.2H0:

Carbon, 56.20; Hydrogen, 4.00; Nitrogen, 8.19. Kou@arbon, 56.36;
Hydrogen, 3.79Nitrogen, 8.18

IR (KBr, cm): 3379, 1713, 1610, 1515, 1438, 1353, 1265, 1174, 1086, 1037, 814, 732,
625.
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IH NMR(DMS@d6, 500 MHz)t 9.80(bs, H, CH), 7.23¢ 7.15 (m, ¥, 2AHS  H),
6.70(bs, 6H, AH), 4.26¢ 4.20(m, 6H,-OGH,), 1.65(bs, &H, G), 0.86(bs, H, G).

13C NMRIDMS@®&d6, 126 MHz)t 159.0, 129.4, 124,9118.1, 115.9, 67.3, 21.4, 10.1,
1.1

Uett =2.0BM

2.3.5C:[Cu3.3c}](Cln)2.2H0 (3.5¢): 3.3¢0.200 g, 0.439 mmol) was reacted with
Cu(Cl@)2.6HH0 (0.054 g, 0.146 mmol) following the same metho@.8s3B.

Yield 0.196 g81%
CHN (%)Calculated [Cug@HsN304)3](ClQ)2.2H:0:

Carbon, 58.43; Hydrogen, 4;7&ltrogen, 7.57. Found: Carbon, 57.72;
Hydrogen, 4.71; Nitrogen, 7.79

IR (KBr, cm): 3390, 2954, 1714, 1610, 1515, 1452, 1438, 1352, 1261%,11101,
1037, 814, 732, 623.

IH NMR(DMSGd6, 500 MHz)t 9.78(bs, H, QH), 7.21¢ 7.13(m, H, 2AHS  H),
6.70(bs, 4, AH), 4.28¢ 4.23 (M, 61,-OC), 1.61 bs, H, Gh), 1.22(bs, 184, 3x
CHy), 0.83(bs, H, G).

13C NMR(DMSGd6, 126 MHz)t 159.0, 129.4, 124.9, 115.8, 65.8, 30.7, 27.8, 24.8,
21.9, 137.

L_leff =2.2BM

2.3.5D:[Cu(3.3d})(CIn)>.CHCN(3.5d): 3.3d0.200 g, 0.414 mmol) was reacted with
Cu(Cl®2.6H0 (0.051 g, 0.138 mmol) following the same metho@.8s3B.

Yield 0.176 g, 74%
CHN (%)Calculated [CufgHzoN304)3](ClQ)2. CHCN:

Cabon, 60.94; Hydrogen, 5.17; Nitrogen, 7.98. Found: Carbon, 60.78;
Hydrogen, 5.11; Nitrogen, 8.20
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IR (KBr, cm): 3400, 2927, 1714, 1610, 1515, 1452, 1437, 1383, 1262, 1173, 1087,
1046, 814, 731, 626.

IH NMR(DMSGd6, 500 MHz) 9.80(bs, H, QH), 7.223¢ 7.16(m, H, 2AHg  H),
6.69 bs, H, AH), 4.28¢ 4.22(m, 6H,-0G), 1.61 bs, H, Gh), 1.21(bs, 24, 4x
CHy), 0.82(bs, H, Gs).

13C NMRDMS@d6, 126 MHz) 159.1, 129.4, 124.9, 115.8, 65.9, 31.1, 28.53, 28.49,
27.9,25.2,22.0, 13.9

Uett =2.1BM

2.3.5E: [Cu(3.3e3](CIQy).. (3.5€l): 3.3e(0.219 g, 0.406 mmol) was reacted with
Cu(Cl®2.6H0 (0.050 g, 0.135 mmol) following the same metho@.8s3B.

Yield 0.180 g,/1%
CHN (%)Calculated [CufgHs7N30s)3])(ClQ)2:

Carbon, 63.20; Hydrogen, 5.95; Nitrogen, 6.70. Found: Carbon, 63.45;
Hydrogen, 6.28; Nitrogen, 5.79

IR (KBr, cm): 3411, 2924, 2852, 1714, 1610, 1515, 1452, 1438, 1383, 1261, 1173,
1102, 1036, 813, 731, 622.

'H NMR(DMS@&d6, 500 MHz)t 9.77 ps, H, (H), 7.21¢ 7.15 (m, H, 2AH3 H),
6.69 ps, H, AH), 4.28¢ 4.23 (m, &1,-OC), 1.61 bs, &H, G2), 1.20 bs, 48, 9 x
CH), 0.79 bs, H, Ck).

Uett =2.1BM
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2.4. Synthesis of Schiff Base Isoniazi@érivatives of 1,10

phenanthroline and their Metal ©@mplexes.

2.4.1: Synthesis of (4-N'-(6-0x0-1,10phenanthrolin-5(6H)-

ylidene)isonicotinohydrazid€4.1, Figure29):

Q /N
W
4.1

Figure29: strudure of (2-N-(6-oxo-1,10-phenanthrolin5(6H)-ylidene)isonicotinohydrazidd.d):
Using an adaption af reported proceduré8to synthesise a related compad, 3.1
(0.210 g, 1.0 mmol) was added to a 25 mL EtOH solution of isonicotinic acid
hydrazide (0.137 g, @ mmol).p-toluenesulfonic acid (0.020 g, @8 mmol) was
added to the resulting bright yellow solution and the solution was allowed to reflux
for 6 hours. The resulting spension was hofiltered to removea minimal amount
of undesired1,10-phenanthroline5,6-diol (phendiol) and the bright orange filtrate
was allowed to stand overnight in the absence of light to give yellow needle like
crystals of4.1. The product was filtered, washed with 3 x 10 mL washings of EtOH,

and air dried. The filtrate was allowed to stand in the dark.
Yield 0.263 g, 79%

mp: 210211 °C

CHN (%)Calculated (fgH11Ns0,.1/2H20):

Carbon, 63.90; Hydrogen, 3.58; Nitroger).7D. Found: Carbon, 63.84;
Hydrogen, 3.39; Nitrogen, 20.78
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MS. Calculatedm/z for: (M+H) 330.0986; Found: (M+H)330.0997; Difference
(ppm): 3.41

IR (KBr, cm): 3424, 1723, 1635, 1576, 1557, 1509, 1445, 1407, 1223, 1180, 1064,
1011, 752, 686.

IH NMR(DMSGd6, 500 MHz)t 15.13 (s, 1H, €HN), 9.11 (ddJ= 4.5, 1.7 Hz, 1H,
PherH), 8.94 (dd,J= 4.4, 1.6 Hz, 2H, A, 8.90 (dd,)= 4.5, 1.7 Hz, 1H, Phid) 8.61
(dd,J= 7.9, 1.7 Hz, 1H, Phid) 8.50 (dJ= 7.9 Hz, 1H, Phed, 7.88 (dd,)= 4.4, 1.6
Hz, 2H, By), 7.75 (ddJ= 7.9, 4.5 Hz, 1H, Phe)) 7.67 (ddJ)= 7.9, 4.5 Hz, 1H, Phien

13C NMRDMSGd6, 126 MHz)t 181.9(PherC=0) 164.5 C=0), 156.2 (Phe), 152.7
(Pher0), 151.6 (Phe@®), 151.4(Py@), 147.1 (Phe®), 139.4 (Py®), 136.3 (Phed),
135.1 (PheGN), 132.2 (RenC), 128.6 (Phed), 127.8 (Phe@), 125.6 (Phed), 125.3
(Pher0), 122.0 (P\B).

2.4.2: Metal Complexation of 4.1

2.4.2A1:[Ag(4.1)](CIQ) (4.2al):

A 20 mL EtOH solution of Ag(9I(®.104 g, 0.81 mmol) was added to a heated 80
mL EtOH solution @f.1(0.329 g, 00mmol). The resulting bright yellow suspension
was refluxed in the dark for 3 h. A bright orange suspension was observed and hot
filtered to give a yelloworange solid. The solid was washed with 3 x 20 mL portions

of hot EtOH and 3 x 20 mLnpions of DCM.
Yield 0.353 g, 82%
CHN (%)Calculated [Ag€H11N50,)2](ClQ):

Carbon, 49.93; Hydrogen, 2.56; Nitrogen, 16.18. Found: Carbon, 50.06;
Hydrogen, 2.66; Nitrogen, 16.34

IR (KBr, cm): 3408, 1712, 1630, 1578, 1559, 1514, 1456, 1418, 140, 11292,
1260, 1221, 1185, 1065, 1017, 820, 750, 679, 624.
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IH NMR(DMSGd6, 500 MHz)t 15.12 (s, B, G-HN), 9.19¢ 9.07 (m, X, Phei),
8.96:8.92 (m, &1, Pheil & 2PyH), 8.82 (dJ= 8.0 Hz, B, Pheii), 8.70 (d,J= 8.0 Hz,
2H, Phei), 7.97 (dd,)= 8.0, 4.8 Hz,12, Pheii), 7.917.88 (m, &1, Pheiir & 2PyH).

13C NMR(DMSGd6, 126 MHz): 180.9 (C=0) 164.6(C=0) 156.4 (Phe@), 152.2
(Pher(), 151.5 (Py@), 149.7 (Phe@), 144.2 (Phed), 139.3 (Py®), 137.9 (Phe®),
134.6 (Phefi=N), 133.9 (Phed), 130.0 (Phe@), 128.8 (Phed), 127.2 (Phed), 126.9
(PherC), 122.0 (P\G).

2.4.2A2:[Ag(4.1Y](NQGs) (4.2a2):

A 20 mL MeCN solution of Ag(@.085 g, 0.80 mmol) was added to a heated 80

mL MeCN solution o#.1 (0.329 g, 100 mmol). The resulting bright orange
suspension was refluxed in the dark for 3 h. A bright orange suspension was observed
and ha-filtered to give an orange solid. The solid was washed with 3 x 20 mL portions

of hot MeCN, 5 x 20 mL portions of hot DCM, and dried under vacuum.
Yield 0.316 g, 76%
CHN (%)CalculatedAg(CigH11N502)2](NGs). 2H0:

Carbon, 50.01 Hydrogen, 3.03; Nitgen, 17.82 Found: @rbon, 50.44;
Hydrogen, 2.79; Nitrogen, 17.91

MS Calculatedm/z for [Ag(GsH11NsO2)2]*: (M) 765.0876; Found: (M)765.0873,;
Difference (ppm):0.39

IR (KBr, cm): 3412, 1712, 1631, 1578, 1564, 1510, 1455, 1409, 1340, 1217, 1187,
1068 1048, 1020, 844, 830, 749, 679, 633.

IH NMR(DMSGd6, 500 MHz)t 15.15 (s, B, G-HN), 9.14 (dd,J= 4.8, 1.7 Hz, 2,
PherH), 8.978.93 (m, 61, Pheii & 2PyH), 8.84 (dd,)= 8.0, 1.7 Hz,12, Pheiii), 8.73
(d, J= 8.0 Hz, B, Pheti), 7.98 (ddJ= 8.0, 4.8Hz, M, Phei), 7.8-7.90 (m, &1,
PherH & 2PyH).

13C NMRDMSGU6, 126 MHz) 180.9(PherC=0) 164.5(C=0) 156.4 (Phef), 152.2
(PherC), 151.5 (Py®), 149.6 (Phe@), 144.1 (Phe@), 139.3 (Py®), 137.9 (Phed),
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134.7 (Phe@=N), 134.0 (Phed), 130.1 (Phe), 128.9 (Phe@), 127.3 (Phed), 126.9
(Pher0), 122.1 (P\G).

2.4.2A3: [Ag(4.1Y](BR) (4.2a3):

A 20 mL MeCN solution of AggB®.097 g, 0.80 mmol) was added to a heated 80

mL MeCN solution @f.1(0.329 g, 100mmol). The resulting bright yellow stesmsion

was refluxed in the dark for 3 h. A bright yellow suspension was observed and hot
filtered to give a bright yellow solid. The solid was washed with 3 x 20 mL portions of

hot MeCN, 5 x 20 mL portions of hot DCM, and dried under vacuum.

Yield 0.305 g 72%

CHN (%)

Calculated [Ag#eHi1NsO2)2](BR): Carbon, 50.67; Hydrogen, 2.60; Nitrogen, 16.41
Found: Carbon, 50.02; Hydrogen, 2.24; Nitrogen, 16.06

MS Calculatedm/z for [Ag(GsH11NsO2)2]*: (M) 765.0876; Found: (M)765.0908;
Difference (ppni 4.2

IR (KBr, cri): 3402, 1706, 1629, 1580, 1564, 1521, 1458, 1409, 1290, 1228, 1185,
10801030 [s. bv(BR)], 1021, 846, 816, 747, 681, 631.

IH NMR(DMSGd6, 500 MHz)t 15.14 (s, B, O-HN), 9.13 (dd,)= 4.8, 1.7 Hz,I2,
PherH), 8.958.92 (m, &1, Phelil & 2PyH), 8.82 (dd,)= 8.0, 1.7 Hz,12, Pheii), 8.70
(d,J= 8.0 Hz, B, Pheti), 7.97 (ddJ= 8.0, 4.8 Hz,}2, Phei), 7.94¢ 7.83 (m, &1,
PherH & 2PyH).

13C NMRDMSGd6, 126 MHz)t 180.5(PherC=0) 164.5(C=0) 156.0 (Pheff), 151.8
(Pher(), 151.1 (Py@), 149.2 (Phe@), 143.6 (Phe@), 138.8 (Py®), 137.5 (Phe®),
134.2 (Phe@=N), 133.5 (Phed), 129.6 (Phe), 128.3 (Phe@), 126.9 (Phed), 126.5
(PherQ), 121.6 (PyG).
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2.4.2B1: Attempted Synthesis ofCu(4.1)](CIO)2 2H0 (4.2b1):

A 5 mL EtOH solution of Cu(@®HO (0.185 g, 0@ mmol) was added to a heated

80 mL EtOH solution 6f.1 (0.329 g, 100 mmol). The resulting muddy brown
suspension was refluxed for 3 he resulting brown suspension was idtered to

give a dark brown powder. The solid was washed with 3 x 20 mL portions of hot EtOH

and dried under vacuum.
Yield 0.363 g, 72%

CHN (%)Calculated [CugeHii1NsO2)2](ClQ)22H0: Carbon, 45.18; Hydrogen,72;
Nitrogen, 14.63. Found: Carbon, 45.65; Hydrogen, 2.64; Nitrogen, 14.95

IR (KBr, cm): 3434, 2128, 1708, 1647, 1577, 1557, 1517, 1461, 1427, 1269, 1226,
1188, 1091, 1024, 817, 754, 730, 685, 623.

Hett =1.539 BM

2.4.2B2: Attempted Synthesis ofCu(41)](BR)2 (4.2b2):

A 20 mL MeCN solution of CugBkHO (0.237 g, DOmmol) was added to a heated

80 mL MeCN solution @f1(0.180 g, 0.550 mmol). The resulting brown solution was
stirred for 18 h. The resulting brown suspension was filtered to gidarl brown
powder. The solid was washed with 3 x 20 mL portions of cold MeCN and dried under

vacuum.
Yield 0.121 g, 39%
CHN (%)Calculated [CufgH11NsO,)](BR)2:

Carbon, 38.17; Hydrogen, 1.96; Nitrogen, 12.36. Found: Carbon, 38.32;
Hydrogen, 2.29; Nogen, 11.80

IR (KBr, cri): 3435, 2130, 1706, 1640, 1577, 1517, 1488, 1426, 1305, 1267, 1227,
1184, 10731054 [s. bv(BR)], 818, 754, 738, 687.

Uett =1.2BM
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2.4.2C1:[Mn(4.1)](CIQy)2 HO (4.2¢1):

A 10 mL EtOH solution of Mn(@6H0 (0.181 g, 0@ mmol) was added to a
heated 80 mL EtOH solution4fl (0.329 g, 00mmol). The resulting reddish brown
suspension was refluxed for 3 h. The resulting red suspension wdstéied to give

a brick red powder. The solid was washed with 3 x 20 mLqgnsf hot EtOH and

dried under vacuum.
Yield 0.303 g, 65%
CHN (%)Calculated [Mn(GH11N50;)2](CIQ)2. H:O:

Carbon, 46.47; Hydrogen, 2.60; Nitrogen, 15.05. Found: Carbon, 46.29;
Hydrogen, 2.79; Nitrogen, 15.32

IR (KBr, cm): 3434, 1705, 1629, 1577, 38, 1518, 1461, 1422, 1269, 1227, 1183,
1108, 1021, 818, 746, 734, 685, 624.

Ueff =6.5 BM

2.4.2C2:[Mn(4.1))(NOs)o. 2H0 (4.2¢2):

A 20 mL MeCN solution of Mn(A@4HO (0.126 g, 0@ mmol) was added to a
heated 80 mL MeCN solution 4f1 (0.329 g, 100 mmol). The resulting bright yellow
suspension was refluxed for 3 h. A bright orange suspension was observed and hot
filtered to give an orange solid. The solid was washed with 3 x 20 mL portions of hot

MeCN, 5 x 20 mL portions of hot DCM, and dried undeuum.
Yield 0.310 g, 70%
CHN (%)Calculated [Mn(£gH11N502)2] (NQy)2.2H:0:

Carbon, 49.50; Hydrogen, 3.00; Nitrogen, 19.24. Found: Carbon, 49.67;
Hydrogen, 2.45; Nitrogen, 19.02

IR (KBr, cm): 3422, 1719, 1642, 1575, 1520, 1443, 1421, 1385, 130%, 1225,
1186, 1071, 1020, 844, 819, 748, 682, 639.

l._leff =6.2BM
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2.4.3: Formation of(B-6,6-(diazenel,2-diyl)bis(1,10phenanthrolin-5-

ol), (4.39, and N'-isonicotinoylisonicotinohydrazide (4.30, From the
Hltrate of 2.4.1(Schemel)

N
| N
Q — F
N
o N EtOH +  Os _NH
/ —_—
— — N
o A |
N N— \ N N— N
4.1 4.3a 4.3b

Schemé.: Formation of4.3aand4.3b

The filtrate from reactior.4.1was allowed to stand in the dark for over 4 wks. The
bright orange filtrate changed to a dark @re sitspension. The suspensiomas
heated to reflux and filtered whilst hot to give a clear green filtrate and a dark purple
powder. The precipitate was crystallised from GH@produce Xray quality crystals.

The crystals were filtered and washed with 3 xxl0washings of CH@hd identified

to be 4.3a Upon leaving the green filtrate to stand for a further few days, a white
solid was observed along the walls of the flask. The contents of the flask were
decanted and the white solid was dissolved in hot anetto give a clear colourless
solution. This solution was reduced to dryness on a rotary evaporator to give the
white solid identified to be isoniazid diamide3b. The characterisation data fdr3b

was consistent with the literaturé®,
Yield(4.3a): 0.026 g
CHN (%}4.39): Calculated (£aH14NsO,).2CHGI

Carbon, 47.52; Hydrogen, 2.45; Nitrogen, 12.79. Found: Carbon, 47.73;
Hydrogen, 2.52; Nitrogen, 12.77

IR (KBr, cm) (4.3a): 3434, 2951, 1626, Tk, 1467, 1418, 1341, 1262, 1106, 1026,
804, 751
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IH NMRProtonated (4.33(CECOOD500 MHz)t 9.60 (dJ= 8.5 Hz, 2H, Phetd.56
(d, J= 8.5 Hz, 2H, Phel), 9.47 (dJ= 5.0 Hz, 2H, Phef, 9.37 (dJ= 5.0 Hz, 2H,
PherH), 8.57 (dd,J= 8.5, 5.0 Hz, 2H, Phe) 8.38 (ddJ= 8.5, 5.0 Hz, 2H, Phd)
4.12 (s, 2H, B).

Yield 0.015 g

MS. (4.3b): QGlculated m/z for. (M+H)Y 243.0877; Found: (M+H)243.0882;
Difference (ppm): 2.15

IR (KBr, cm)(4.3b): 3435, 3210, 3045, 1682, 1642, 1546, 1489, 1406, 1299, 838, 751.

1H NMR(4.3b)(CROD, 500 MHz)1 9.03¢ 8.66 (m, H, PH), 8.15¢ 7.74 (m, H,
PyH).

13C NMR(4.3b)( CROD, 126 MHz) 165.60 C=0), 149.85 (Pg), 140.52 (PB),
121.78 (Py).

2.4.3A: Synthesis of éitroso-1,10phenanthrolin-5-ol (4.3¢ Figure30):

Figure30: 6-nitroso-1,10-phenanthrolin5-ol (4.30

Following a reported proceduf®, a 4 mL KO solution of hydroxylamine
hydrochloride (0.350 g,.64 mmol) was added dropwise to a refluxing 37 mL EtOH
solution 0f3.1(1.050 g, 1 mmol). The mixture was allowed to reflux for a furthe

5 min and allowed to stand overnight. The resulting precipitate was filtered, washed

with a large amount of hot EtOH, and dried to give a bright yellow precipitate.
Yield 0.561 g, 50%

mp: 219220 °C
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MS. Calculatedm/z for: (M+H) 226.0611; Found: (M+H226.0622; Difference
(ppm): 4.95

H NMR(DMSQd6, 500 MHz) 14.75 (s, 1H (major),-0), 9.53 (dJ= 8.3 Hz, 1H
(major), Pheh), 9.13 (d,J= 3.7 Hz, 1H (major), Phd)y 8.99¢ 8.88 (m, 1H (major) +
1H (minor), PheH), 8.79 (m, 2H (minor), Phely 8.72¢ 8.60 (m, 1H (major) + 1H
(minor), PheR), 8.02¢ 7.81 (m,2H (major) + 2H (minor), Phidh

2.4.3B: Synthesis of éamino-1,10phenanthrolin-5-ol (4.3d, Figure31):

Figure31: 6-amino-1,10phenanthrolins-ol (4.3d)
To a suspension af.3¢(0.225 g, 100 mmol)was added.1 g of 10% Pd/C in 50 mL
EtOH and refluxed for 1 h. The mixture was further refluxed for 6 h following the
addition of 4 mL hydrazine hydrate. The mixture was filtered through a celite cake
and the filtrate was reduced to dryness on rotary evaporator to yield a red

precipitate.
Yield 0.196 g, 92%

MS. Calculatedm/z for: (M+H) 212.0817; Found: (M+HY12.0818; Difference
(ppm): 0.71

IR (KBr, cm): 3434, 3344, 3196, 1633, 1569, 1487, 1462, 1431011305, 1227,
1013, 803, 735.

H NMR(DMSQ&d6, 500 MHz)t 8.93 (dd,J= 4.2, 1.7 Hz, 1H, PHe) 8.79 (ddJ=
4.2,1.7 Hz, 1H, Phelj 8.64 (dd,)= 8.4, 1.7 Hz, 1H, Phd) 8.50 (dd,J= 8.4, 1.7 Hz,
1H, Phehi), 7.70 (ddJ= 8.4, 4.2 Hz, 1H, Phd)) 7.64 (dd,)= 8.4, 4.2 Hz, 1H, Phidp
7.22 (br. s, 2H, Nb).

13C NMR(DMSQGd6, 126 MHz)i 147.21, 145.66, 142.28, 140.65, 130.95, 130.52,
128.95, 127.09, 125.17123.10123.08, 122.62.
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2.5: Biological Screening ofdinpounds 3.3ae and their Metal

Complexes3.5ae

2.5.1: Materials and Instruments

All growth meda, pipette tips, and falcon vials used for preparation of test solution
for biological screening were sterilised in an autoclave (Dixons ST2228) at 420

124 kPa for 30 minutes. All worktop benches, fume hoods, and analytical equipment
were sterilisel by washing with 70% (v/v) EtOH®prioir to use. The loading of 96
well plate were carried out under sterile environment. Deionised watep@)Hvas

used to make all media.

Fungal density was measured using a Neubauer haemocytometer under a light
microscope. The bacterial density was measured using Eppendorf BioPhotometer
6131 Spectrophotometer at 600 nm. The growth of microbes wweb plate was
measured using the Synergy HT-Bek plate reader.

Nutrient brothand PBSvere obtained from Sigma Aldh and prepared according to

0KS YIydzFlI OGdzZNBENR& AyadNHOGA2Yyad aAiAyAYl:
dissolving glucose (2% w/v), Yeast Nitrogen Base without amino acid (0.17% w/v),

and ammonium sulfate (0.5% w/v) in gBl Yeast Extract Peptone DextrosERD)

media composed of glucose (2% w/v), bacteriological peptone (2% wi/v), and yeast

extract (1% wi/v).

Sixt instar larvae dballeria mellonellavere obtained from the Mealworm Company,
Sheffield, England and stored in the dark at@5

Myjector U100 isuin syringes used for administration of compound3onellonella

were obtained from Terumo Europe, Leuven, Belgium.
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2.5.2: Antimicrobial Susceptibility Testing Methods

2.5.2.1:in vitro Antimicrobial Susceptibility Testing Methods

2.5.2.1.1: Prepaation of Test Compound Stock Solohs for Susceptibility Testing

Solution of the test compounds were prepared by two methods depending on the

solubility of the compound in aqueous media.

Water soluble compounds such a4, AgCI@ Mn(CIlQ)..6H:0, and CuglQ)..6HO

were dissolved in neat DMSO to yield 4 mM stock solutions. These stock solutions
were loaded onto the 96 well plate and douldiluted on the plate to give a
concentration range of ¢ 0.0039 mM (results were obtained for 0.125.0039 mM

doses which were the solution that contained the DMSO % beloyw 5%

Water insoluble compounds such 83ae, 3.5ae and the known antibacterial
agents (ampicillin, doxycycline, streptomycin, tetracycline, and vancomycin) were
dissolved in neat DMSO to produé®0 uM solutions. These were then doubly
diluted with neat DMSO to produce solutions with centration range of 60Q 4.69

UM. Each solution was then diluted with growth media (1:5 dilution) to yield stock
solutions of corentration range of 12@ 0.94 uM. Each stock solution was then
loaded onto the 96well plate, leading to the final concentration range of@30.2344

UM being tested against microbial strairkhis was 5% DMSO was present in each

well that contained compound solutions.

2.5.2.1.2: Deternmation of Bacterial Cell Minimum Inhibitory Concentrations

Cells §. aureusind E. colj were cultured overnight in an aerated conical flask in an
orbital shaker at 37C and 200 rpm in nutrient broth. Thoptical density at 600 nm
(ODyo0) of the bacteral culture was measured and the culture was diluted with

nutrient broth to produce a bacterial suspension with dgjof 0.1.
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The 96well plate was loaded with nutrient broth (100 pL) being pipetted into each
well. The stock solutions (100 pL) of the tesmpounds were then loaded onto the
96-well plate. In the case of the water soluble compounds, the 4mM stock solutions
were loaded and doubigiluted on the 96well plate to give a concentration range

of 2¢ 0.0078 mM. The bacterial suspension withegdf 0.1 was loaded (100 pL)
onto the appropriate wells of the plate and the bacterial growth was measured at
600 nm after 24 h at 37C using a spectrophotometer (BioPhotometer). The final
concentration range upon addition of bacterial suspension was 0039 mM
(results were obtained for 0.1250.0039 mM ranges as the DMSO % was below 5%

for this range).

In the case of the water insoluble compounds, the stock solution prepared in neat
DMSO and diluted with media (1:5 dilution) to give a concentratiomgeaof 120¢
0.94uM were loaded onto the 98vell plate (previously loaded with nutrient broth
(100 pL). The contents of the wells containing the solution of the test compounds
were halved, leading to each well containing 100 pL solutions. The bacterial
suspension with OByof 0.1 was loaded (100 pL) onto the appropriate wells of the
plate and the bacterial growth was measured at 600 nm after 24 h a€3¥ing a
spectrophotometer (BioPhotometer). The final concentration range of the test

compounds uporaddition of bacerial suspension was 300.23uM.

For all compounds tested, the screening was carried out with a repetition of 2 and in

8 replicates.

2.5.2.1.3: Determination of Minimum Inhibitory Concentrations of 3.3and its

Complexes 3.5aB againstYeast Ced

Cells C. albicas) were cultured overnight in an aerated conical flask in an orbital
shaker at 37C and 200 rpm in MM. The @of the yeast culture was measured
and the culture was diluted with MM to produce a yeast suspension witkyd2D
0.1.

The 96well plate wadoaded with MM (100 pL) being pipetted into each well. The
stock solutions (100 pL) prepared in neat DMSO and diluted with media (1:5 dilution)
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to give a conentration range of 12@ 0.94 uM of the test compounds3(3a and
3.5a13) were then loaded onto th 96well plate. The contents of the wells
containing the solution of the test compounds were halved, leading to each well
containing 100 pL solutions. The yeast suspension witgd000.1 was loaded (100
uL) onto the appropriate wells of the plate andetyeast growth was measured at
600 nm after 24 h at 37C using a spectrophotometer (BioPhotometer). The final
concentration range of the test compounds upon additioryeést suspension was
30¢ 0.23pM.

For all compounds tested, the screening was edrout with a repetition of 2 and in

8 replicates.

2.5.2.2:in vivo Antimicrobial Susceptibility Testing Methods

2.5.2.2.1: Inoculation ofalleria mellonellaLarvae

Sixth instar larvae were used for this testing. The larvae of the same age were
weighedand the larvae with weight of 0.22g0.27g were used. Five larvae were
placed in a clean petri dish and innoculated with 20 pL solution of the appropriate
compounds. The dose was administered through the lastiggoof the insect using

a Myjector U100 isulin syringe.

2.5.2.2.2: Survival rate of3alleria mellonellalnfected with S. aureusand then

Treated with @mpounds3.3a-€, 3.5a€

Cells §. aureuswere cultured overnight in an aerated conical flask in an orbital
shaker at 37C and 200 rpm in nuent broth. The OBy of the bacterial culture was
measured and the culture was diluted with PBS to produce a bacterial suspension
with ODsoo Of 0.1 and 0.25.

Larvae were injected witB. aureuss described above with. aureu$20 pL) through
the last poleg. One hour post infection, the larvae were treated with solutions (20

pL) to test compound8.3a-e and 3.5a-e. DMSO (10% v/v), dB, PBS, and larvae
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innoculated withS. aureusvere used as controls. The larvae were incubated for 24

h at 37 C. The swival rate of the insect was monitored 24, 48and72h.

2.5.3:in vivo Toxicity towardsGalleria mellonella

Compounds3.3a-e, 3.5ae were dissolved in neat DMSO to produce 600 pM
solutions. These were then doubdyluted with neat DMSO to produce soioms with
concentration range of 6030 uM. Each solution was then diluted with-fHmedia
(1:10 diluton) to yield stock solutions within theoncentration range of 6Q 3 UM
being. DMSO (10%) solution was also prepared usia@ dFheG.mellonellalarvae
were then injected with 20 uL of stock solution, 10% DMSO solution, ap® dH
solution through the last préeg as described iSection 25.2.2.1.The larvae were
incubated for 24 h at 37C. The survival rate of the insect was monitored at 24, 48
and 72 h.

2.5.4: Cell Leakage Assay

Cells §. aureuswere cultured overnight in an aerated conical flask in an orbital
shaker at 37C and 200 rpm inmutrient broth. The stationary phas®. aureusells
were harvested by centrifugation on a Beckman@3#&nch centrifuge at 18509 for

5 min. The cell pellet were washed twice with PBS arglispended in 5 mL (30 uM
made up in 5% DMSO (v/v) solution) salatof 3.5a-c, [CY3.1)3].(ClQ)2, and 5%
DMSO (v/v). The cells were incubated at@and 200 rpm for 1, 4 and 24 h. The cells
were harvested as before and the supernatant was colleciéé.free amine and the
protein content of the supernatant was detained using ninhydrin assay and

Bradsford assay, respectively.
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Chapter 3

Discussion of Synthesis,
Chraracterisation and
Biological Evaluation of
Oxazinebased ligands
(3.3ag) and their Metal
Complexeg3.5ae)



3.1: Introduction

The synthesis, chacterisation and biological screening of the oxaziasedphen
ligands3.3a-e and their metal complexe3.5a-e will be discussed in this chapter. The
synthesis and characterisation of starting materials necessary for the synthesis of
these ligands, whicinclude 3.1 and 3.2a-e, will also be discussed. In addition, the
synthesis of further derivatives3@f-g) of the oxazinédased ligandwill also be
discussed, alongside their respective starting materiaf-g, as well as the
interesting side products3.4a-c, which are isolated from the reaction 8f2f-h with

3.1

The work presented in this chapter starts from discussing the synthesis and
characterisation of the quinon&.1 and the amino acid ester based starting materials
3.2a-h, and then proceeds tohe synthesis, reaction conditigroptimization and
characterization of the oxazideased ligands 3.3ae. The synthesis and
characterization of the unexpected pyridgpe products3.4ac as well as the
concurrent formation of the oxazing/pe products3.3f-g is also discussed. The
mechanism of formation of these oxazibased product as well as the pyritbased
products is outlined and discussed. Finally, the synthesis and characterisation of the
metal complexe8.5a-¢e, which arise from metatomplexatiornof 3.3a-e is discussed.

An overview of the chemical reactions and the chemicals used in this project is given
in (Scheme?).

The oxazindased ligand8.3a-e and their metal complexe3.5a-¢ are screened for

their anti-microbial activity and their results are discussed.
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Starting Materials (3.1 & 3.2a-h) Synthesis
R R' product
-OH -CH, 3.2a
— 7\ -OH C;H, | 3.2b
\ /7 - OH | -CHy; | 3.2¢
NN OH | CH,, | 3.2d
-OH | CpHys | 3.2e
i -H -CH, 3.2f
H C;H, | 3.2g
o o -NO, | -C,Hs | 3.2n
0
/N + o1 ©°F
\_/ < Nh
N N= R ®
3.1 3.2a-h
i
0
OH
NH
R 2

Metal Complexation of 3.3a-e

iv

M™(CIo,), + YL ———>  [M™(L),](CI0,),
M n y L product
Ag 1 2 3.3a 3.5al
Cu 2 3 3.3a 3.5a2
Mn 2 3 3.3a 3.5a3
Cu 2 3 3.3b 3.5b
Cu 2 3 3.3c 3.5¢
Cu 2 3 3.3d 3.5d
Cu 2 3 3.3e 3.5el
Cu 2 2 3.3e 3.5e2
Cu 2 1 3.3e 3.5e3

Oxazine-based product (3.3a-g) and
pyrido-based products (3.4a-c) synthesis

R
o]
R'O
N/ o]
7\
/
7 \—
3.3a-g

if Ris e donating

+/or

If R is e withdrawing

oxazine-type pyrido-type
product product
R R' product
-OH -CH, 3.3a
-OH -C3H, 3.3b
-OH -CgHy3 3.3c
-OH -CgHy; 3.3d
-OH -CyoHys 3.3e
-H -CH; 3.3f +3.4a
-H -C3H, 3.3g+3.4b
-NO, -C,H, 3.4c

Scheme: Overveiw of the the synthetic reactions and products. i) ¥&8@ HSQT
methylmorpholine/DMSO; iv) &DH or MeCN
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3.2 Synthesis and Raracterisation of PhenanthrolineBased

Oxazine and their Metal @nplexes

3.2.1: Synthesis and Characterisation of Startingakrials 3.1 and
3.2ah

1,10phenanthroline5,6-dione @.1) was synthesised by following eeported
procedure®to obtain theproduct with moderate yields80%) and sufient purity.
The product was characterised by NMR, IR, and MS and the results matched those

reported in the literature.

The synthesis of amino acid esteB2@-h) was carried out by modification of a
reported proceduré!’ (Scheme3). Byutilising acetyl chlorideHCl can be generated

in situto facilitate acid catalysed esterification of the amino acid and to generate the
hydrochloridesalts of the resulting esters. The ability of the alcohol to act as both as
a reactant and solvent allowed for the synthesis of pure, high yielding esters. In the
case where the more lipophilic alcohols were used, often the unreacted amino acid

could be asily removed via filtration of the cold reaction mixture.
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0]

0 /)L\ 0
cl

OH ——>» ®) OR'
NH, R'-OH Cl N,
R 3hreflux R ®
3.2a-h
Stoichiometric Equivalents -R -w Q | product | Yield
Amino acid| Acetyl chloride, w-OH
1 5.51 ~127 | -OH | CH 3.2a 94%
1 5.51 ~127 |-OH | GH; |3.2b 93%
1 5.51 ~57 |-OH | GHs | 3.2c 89%
1 5.51 ~43 |-OH | GHiz | 3.2d 85%
1 5.51 ~30 |-OH | GoHps | 3.2e 80%
1 5.51 ~125 | -H Ch 3.2f 94%
1 5.51 ~125 | -H GH, | 3.2g 95%
1 5.51 ~125 |-NGQ | GHs | 3.2h 93%

Scheme3: Esteriication of kphenylalanine, ityrosine aml their NQ substitute analogue to produ&2a-h

After removal of any unreacted amino acid, the precipitation of the amino acid ester
was achieved by addition of diethyl ether and/or petroleether. In the case of the
higher boiling point alcohols sucls d@-hexanol, *octanol, and idodecanol the
stoichiometric equivalents of alcohol used were lowered to allow precipitation of the
lipophilic product from these solvents. In addition, the removal of these solvents
from the final product required multiple v&hings of the product with warm diethyl
ether. The final products were characterised using NMR, IR and MS analysis. The IR
spectra of the final amino acid ester product®ghthe presence of a barat 1740-

1750 cm* due to (C=Q)rstretch, which is nbpresent in the amino acid precursor.

In addition, the broad bandat 26063200 cm' due to OH}oonstretch of the
carboxylic acid functionality of the amino acid is no longer present in the IR spectrum
of the respective amino acid ester. THBMS analyis of the products8.2a-h detects

the presence of the [amino acid ester +*ldhtion. The solubility profile of the
products is also different from the starting amino acids which do not readily dissolve
in any organic solvent, whereas the products arelgasiluble in most polar organic
solvents. In addition, théH NMR spectrum of the produc82a-h also display the
presence of the alkyl peaks associated with thielegroup as well as the broacpk
arising from (NB)* group which integrates to give ale of 3 H atoms.
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3.2.2 Synthesis of Ligand8(3a-e) and their Characterisation

The synthesis of compoun@s3a-e was carried out by reacting the respective amino
acid ester B.2ae) with 3.1 in the presence of a base {{Nethylmorpholine).
Although thesynthesis of the oxazirleased ligan@®.3ahas previously been reported

by our groupg?,, due to the low yields reported and the failure to produce ligands
with varying lengths of ester groups by following the reported procedure, the ligands
3.3a-e (Scheme&d) were synthesised by an optimised procedungands3.3a-e were
successfully synthesised with moderate yglpurified and characterised usiNg/R,

IR, MS and-¥ay crystallography.

OH
0]
| RO
" 4
. () A"
(0]
HO ® 24 h N N==
3.1 3.2a-e 75°C 3.3a-e

-R product | Yield
Ch 3.3a 45%
GH; | 3.3b 41%
GsHiz | 3.3 38%
GHiz | 3.3d 35%

GoHs | 3.3e 31%
Schemel: Synthesis of oxazidmsed ligand8.3a-e

The ligand8.3a-e were moderately soluble in DMSO and sparingly soluble in organic
solvents such as alcoholBCM, CHgl MeCN and acetone. These ligands were
completely insoluble in #D, EtOAc, ether, toluene and highly hydrophobic solvents.

Due to their solubility profile, their NMR characterisation was carried out in DMSO.

The'H NMR spectrum of the ligan8s3a-e shows clear differencgrom the spectra
of the starting materials. For example, thel NMR spectrum 0B.3a possesss 6
peaks within the region of 9.1& 7.70 ppm whih can be attributed to the 6 nen

equivalent protons of thgghen moiety, demonstratng the loss of symmetry within
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the phen backbone which is present in the starting material. In addition, when
compared to the'H NMR spectrum of the amino acid es823, it is observed that

GKS aA3ayIlf 06RRK4.L3AppnYdAnd thep&irfeigrnalg (dd) &tiuted

02 GKS RA -Halo®3B3e & 296PpM) can no longer be observed due to
0KS F2NXYIGA2Y 2F -OatkrBand thebCh 0 @ ¥ R R |-Cafod. & &S h |
Instead, the appearance of the signal (s) at 6.57 ppm irftfthBIMRspectra of3.3a

Aad | G0N oHlato®dRRi (22 GRISND2y &t /0 GKAOK A& |
2,3 substituted2H1,4-0xazine derivatives. Th&C NMR spectra of the ligands

3.3aeis also in agreement with the structure proposed.

The IR gectra of the ligand8.3a-e display characteristic differences to those of the
respective amino acid ester starting material. For example, when comparing the
spectra of3.2aand the corresponding oxazifdmsed producB.3a, the band arising
from the v(C=Qsterstretch shifts from 1744 crhin the spectrum of starting material
3.2ato 1707 cm' in that of3.3a. This is to be exmted due to the formation of C=N

0 2y R I -GatoinKeading to conjugation of the C=0 in the ligand. In addition,
the broad band at 614 crhassigned to the NH torsional oscillation in the IR spectra

of 3.2ae is absent from the IR spectra of the fiqabducts 3.3ae. When the IR
spectra of the ligand3.3a-e are compared to the spectrum 03.1, the two
characteristic bands arising from the diketone functionality preser8.inare also

absent from the spectra &.3a-e.

The structure of the ligand3.3b,c,ewas also confirmed by-pay crystallographic

analysisEigure32, Figure33, Figure34).
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Figure32: asymmetric unit 08.3b with partial atom labelling for clarity. Atomic displacement shown at 50%
probability

Figure33: disordered asymmetric unit 83cwith heteroatom labelling only for clarity. Moiety occupancy
54:46%for phenol ring and 50:25:25% for hexyl aliphatic arm. Atomic displacement shown at 50% probability.
Hydrogen atoms omitted for clarity.
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Figure34: Molecular structure 08.3ewith atomic displacement shown at 50% probabilitplyCheteroatoms
labelled for clarity

3.2.3 Optimisation of Experimental Condition$or the Synthesis of
Oxazinebased FPoducts3.3a-g

The experimental conditions for the synthesis of the oxabiased product8.3a-g
(outlined in Scheme4) were optimised by carrying out the synthesis3a8a with
minor variations in experimental conditions and monitoring the yields of the product.
Below is the presentation and discussion of the experimental conditieported in

the literature??!, the limitation o the synthesisconditionsand the modifications of
this protocol to optimise the yields of the produ8t3a, which eventually led to an

increase in the yield &.3b-g.

3.2.3.1 Synthetic Protocol for ghthesis 0f3.3a in Literature and its imitations

The experimental conditions reported in the literature for the formation of the ligand
3.3ainvolve the reaction 08.1 with 3.2a by refluxing in MeOH for 24. Although
these conditions lead to therystallisationof the desired product with purity, the
yield obtained was low (21%) and the same conditions did not lead to an appreciable
yield for the reaction to form the desired produ@s3b-g. In addition, the formation

of a significant amount gfhendiol leads to the undesirable waste 8fl.

104



The proposd mechanisr?! for the formation d the desired ligand in the literature
is given below§chemeb) and involves the formation of a singbehiff base product
from the reaction of the8.2aand3.1. Upon the formation of the Schiff base imine, it
is proposed that a seconB.1 molecule acts as dehydrogenating agent to lead to

concerted ring formation by forming a bond between tha®mof3.1 Yy R K S

atom of the amino acid ester to yield 21%3Ba.

HO OH
\ / \_/

Schemé: reported proposed mechanism f&8a formation

The ability of3.1 to act as dehydrogenating agent is to be expected due to the redox
behaviour of3.1 observable through its conversion to the redugeltendiol in this
reaction. Indeedeven as early as 1983, it was reported that the reductioB.bto
phendiol was observable when reacted with amif&s In 2014, Alison Wendlandt
reported the conversion of 1,2,3#trahydroisoquinoline to 34
dihydroisoquinoline $cheme6) in presence of 5% equivalent 8fl, to give 7% of

the oxidised amine and the complete conversior8dfto the reducedpohendiolt>2

0] O HQ OH

0, (1 atm)
+ +
— h— NH rt N N— N
3.1 1,2,3,4-tetrahydro- 24 h phendiol

3,4-

: inoli
Isoquinoline dihydroisoquinoline

Schemes: conversion of 1,2,3;tetrahydroisoquinoline to 3;dihydroquinoline by oxidative dehydrogenation
caused by.1

The ability of3.1 to dehydrogenate amines witla negligible catalytic turnover
suggests that in the above proposed mechaniSechemeb), a maximum of 50% yield
of 3.3ais to be expectedA combination of the following factors may be responsible
for the low yield(21%) observed for the formation 8t3a 1) the initial Schiff base
imine intermediate is nb present in a sufficiently high concentration for the
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maximum formation of the product3.3a through the concerted mechanism
proposed above or; 2) the dehydrogenation of the Sdbgf$e imine may not occur
through a concerted mechanism and thus may lead alternative products.
Interestingly, changing the stoichiometric equivalenBdf.3.2afrom 1:1to 2:1 does

not lead to an increase in the yield of the product, suggesting that the reduction of

3.1to phendiolis not the sole cause for the low yieldstbé desired product.

3.2.3.2 Optimisation of3.3a §nthesis via Base Catalysed Schiff Bagarkation in
MeOH

In an attempt to enhance the Schiff base formation between the amino acid ester
3.2aand 3.1, the reaction was carried out with the addition @fL..1 equivalens of

base (triethylamine, TEA). In MeOH thesctionresulted in the precipitation of a
yellow solid. Upon carrying odH NMRspectroscopyof the precipitate, it was
discovered that the desired produ8t3aco-precipitated withphendioland 3.1. The
desired product along witl3.1 was isolated via soxhlet extractiarsing CHG The
residual3.1 was removed by washing of the extracted product with hot GteGfield

29% of the pure&.3aand 40%phendiol. Although an increase in yield of tdesired
product was observed along witareduction inthe amount ofphendiol produced

the yields were still fairly low. The use of higher equivalents of base resulted in the
formation of phendiolto a greater extent buproduced3.3aat a much lower yiel.
Interestingly, the use of lower equivalents of ba6el(equivalents) did resuih the
formation of3.3ain higher yields, demonstrating that the base is acting as a catalyst.
Attempts were also made to carry out the reaction in other common solv&t@Ac,
acetone, MeCN, DCM, Cki&id toluene). ldwever, due to solubility issues none of
these modifications proved to be more efficient. The use of other mild bases
(pyridine and Nmethylmorpholine) did not lead to any significant increase in the
yield of3.3awhen using MeOH as a solveifite results from these modifications are

summarised belowTablel).
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Product| Base Base Reaction Reaction| Yield

equivs | Temperature | Time (%)
3.3a TEA 1.1 75 C 24 h 29%
3.3a TEA 0.1 75 C 24 h 27%
3.3a TEA 3 75 C 24 h 15%
3.3a TEA 5 75 C 24 h 5%
3.3a Pyridine 1.1 75 C 24 h 27%
3.3a N- 1.1 75 C 24 h 28%

methylmorpholine

Tablel: effect ofuse of various catalytic bas@ the yieldof 3.3ain MeOH

3.2.3.3 Optimisation of 33a Synthesis by Variation of Reaction Temperature,

Solvent Dilution and Controlled Mixing of Starting d&ferials in MeOH.

To probe the reaction conditions further, a slow additiorBdf to a solutionof 3.2a

with 1.1 equivalent of TEA base was attempted. A further change to the reaction
conditions was the use of a larger amount of the MeOH. A 250 mL soluti (f
mmol, 0.210 g) was added dropwise over a few hours to &6260 mL solution of
3.2a(1 mmol, 0.237 g) and TEA (1.1 mmol). This method resulted in the formation of
a clear bright yébw solution which was reducet 100 mL on a rotary evaporator
andallowed to stand over a fortnight. A bright yellow precipitate formed, which was
determined to be pure3.3aat a 35% yield. This method not only resulted in a higher
yield of the product but also prevented the formation phendiol. This may be
attributed to the lower concentration of3.1 present in the reaction mixture which
would lead to a low concentration gbhendiol being produced as part of the
dehydrogenating step. At low concentratiophendiol could remain in solution

allowing it to be then oxided in situto reproduce3.1 by aerobic oxidation.

3.2.3.4 Use of DMSO as Reaction Solvent to Optimise Synthesis3at

In an attempt to facilitate the oxidation gshendiol back t03.1 in situduring the
formation of3.3a, the reaction was carried out DMSOPhendiolis more soluble in
DMSO over MeOH, making it easier to keep higher concentratiopsieridiol in
solution, and the DMSO can also act as a very mild oxidant to lead to the oxidation

of phendiol back t03.1. The reactants3(1 and 3.2a, 1 nmol) and the TEA (1.1
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equivalents) were dissolved in 25 mL DMSO and heated for 24 hours @t The
resulting clear bright red solution was allowed to cool to room temperature and the
desired product3.3a can be extracted into the organic layer usingk® and DCM
solvent mixture. This methodology produced yields3@a up to 39% and a very

minimal formation ofphendiol.

Probing the reaction conditions further, the temperature of the reaction with DMSO
as a solvent was varied. It was discovered thaty@ag out the reaction below 60C

led to no observable formation gfhendiol. However, the yield of the desireti3a
was also diminished when compare to carrying out the reaction atC73n contrast,
carrying out the reaction at higher temperaturésads to a greater formation of

phendiol (up to 50% yield) and other side products, with diminished yiel8l 2.

By varying the amount of DMSO used, it was observed that by lowering the volume
of DMSO, a lower yield 8f3awas obtained with an increas yield ofphendiol. On

the other hand, if the reaction mixture was too dilute, pbendiol formation was
observed, however a lower quantity 8f3a was obtained. This may be due to the
loss of the product during the liquiliquid extraction stage. In adtbn, pyridine and
N-methylmorpholine were also used as bases. Although the difference in yields of
the product were minimal, the use of-Methylmorpholine produced the highest
yields and it was ultimately chosen as the base for the optimised conditBmie e

4).

The reaction was also carried out with lower equivalents of base. Interestingly, these
reaction conditions produced respectively comparable yields even when the base
was used at 0.1 equivalents, demoraing that the base plays only a catalytic role.

When the reaction was carried out in DMSO without any presence of the base, the
reaction only produced the ligand at 21% yield. The results from these experiments

are given belowTable2).
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Product | Solvent| Vol. Base Base Reaction Yield
Solvent equiv. | Temperature
(mL) (C)
3.3a DMSO | 25 TEA 1.1 75 39%
3.3a DMSO | 25 TEA 0.1 75 36%
3.3a DMSO | 25 - - 75 21%
3.3a DMSO | 50 TEA 1.1 75 30%
3.3a DMSO | 10 TEA 1.1 75 15%
3.3a DMSO | 25 TEA 1.1 60 27%
3.3a DMSO | 25 TEA 1.1 90 19%
3.3a DMSO | 25 pyridine 1.1 75 40%
3.3a DMSO | 25 N-methyt | 1.1 75 45%
morpholine

Table2: Synthesis Optimisation 8f3ain DMSO reaction solvent and reaction time4th.

3.2.3.5 Synthesis oB.3b-e, the Lipophilic Brivatives of 3.3a

From the results of these studies the conditions use@&cheme4 were applied to
form all of the products3.3a-e. Theproducts3.3b-e were siccessfully synthesised,
purified and characterised. However, the yields of the ligands decreased with the
elongation of the ester chain. In addition, it was observieat the formation of the
productscould be carried out at higher temperatures (up to 90) in the case of

longer ester chains and often led to an increase in yield.

To measure the lipophilicity of theseew derivatives, the experimental
determination of lo@ using octanol:water segration method was not possibliue

to the insolubility ofthe compounds in the two solvents. As an alternative, reverse
phase HPLC analysis of these ligands was carried out using gradient elutigh of H
and MeCN. As expected, the retention time for the ligaBd3ae increased with
increasing ester chain. In adidn, log°Pvalues were daulated using ChemDraw Ultra

16.1 The results are given belowTiable3.

Compound Retention time (min) CalculatedLod?
3.3a 21.7 2.8
3.3b 22.5 3.6
3.3c 27.8 4.9
3.3d 30.7 5.7
3.3e 35.4 7.4

Table3: retention time and theoretical logP values of the ligaB&=e
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3.2.3.6 Synthesis of Pyriddbased Phenanthroline Brivatives3.4a-c

In an attempt to produce a variety of oxazibased products, modifications #te
aromatic ring of the amino acielster were made and theynthesis was attempted.
Since the;OH of the Hyrosine acts as an electron donating group (EDG), the natural
next derivative to use as a substitute for the oxazine formation wgaisenylalanine,
possesmg neither an electron donatingor an electron withdrawing group (EWG).
For this reaction, fphenyalanine ester8.2f-g were synthesised, pifred and fully
characterised usinglMR, IR and MS analysis. These esters were then reacted with
3.1 under the optimised reatton conditions.Upon completion of the experiment for

the reaction of3.1 with 3.2f, when the crude product was allowed to stand in MeOH
as per general procedure given $ection2.3.3 no product precipitated. An NMR
study of the crueé product was carried out and the desired oxazine was observed
alongside another prominemhen-based product as well as other impurities. To the
MeOH solution of the crude product EtOAc was added and the solution was allowed
to stand in a freezer. Briglyellow crystals were observed and filtered off. The NMR
characterisation of these crystals proved that this compound was not the desired
oxazinebased produc{Figure35) and the structure of this pido-based prodict was
solved usingéray crystallographyHigure36). A possible mechanism of formation of

this product is given iection 3.2.4
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Figure35: Aromaticregion of the'H NVIR spectrum 08.3a (blue trace)and 3.4a (red trace), demonstrating the
absence os$ignal for botha phenH atom and thecharacteristid -H atom.

N
Gf NH3 DMSO
24 h
3.2f-h 75 °C
R R' product
H -CH, 3.4a and 3.3f
H -C3H, 3.4b and 3.3g
NO, -C,Hg 3.4c

Schemé’: Synthesis of pyridbased product8.4a-c
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Figure36: Asymmetric unit 08.4awith atomic displacement shown at 50% probability

Following the extractio of this novel product, the crude product was again studied
through NMR spectroscopy and the characteristic peaks expected from the oxazine
based product3.3f, were the major peaks in the NMR spectrum. The presence of the
oxazinebased product was confired by HRMS. Many various methods for
crystallisation and precipitation were attempted in order to purify the oxaziaeed
product which all ultimately proved unsuccessful. Fortunately, the lipophilic
derivative containing a propyl ester chaBi3g, waseasily obtained with purityrom

a solution of diethyl ether. Upon extraction 8f4b from the reaction mixture, the
mother liqguor wasremoved under vacuunand the residue was heated in diethyl
ether. Slow evaporation of the diethyl ether soluticeat tothe formation of pure

3.30.

To further study the effects of substituents éra position of the benzyl ring of the
amino acid ester, 4itro-L-phenylalanine ethyl esteB.2h was used for the above
reaction. Interestingly, this reaction yielded exclusptle formation of the pyride

type product3.4c (Scheme’). In addition, the NMR analysis of the crude product of
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this reaction revealed no observable formatiohthe oxazinebased product This
would suggest thathe formation of either the oxazingy/pe or pyridetype product
depends on the electronic naturef the para-substituent ofthe phenyl ring of the
amino acid ester. This sheds further light on the mechanism of formation of these

products.

3.2.4 Mechanisn of Formation 0f3.3a-g and3.4a-c

It is very likely that the first stepStep J of this reaction is the Schiff base imine
formation. However, upon the formation of this imingae mechanism of formation

of the oxazinering through a concerted ring foration due to dehydrogenation
proposed previouslyScheme5), cannot account for the formation of the pyrido
product which was also formed. Due to the formation of the pystigiee coproduct
alongside the oxazinbased product from the reaction &.2fand3.1, it is very likely

that the two types of products derive their formation from a common intermediate.
A possible mechanism to account for the formation of both these products is given
below Schemes).
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CQ
OR' R'O,
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Scheme: Proposed mechanism of formation®8a-g and 3 4a-c

Step lof the proposed mechanism is the formation of the Sebif§e product. This
intermediate then undergoes intramolecular @ N> Yy a FSNJ FNRY GKS Ol
ester group onto the carbonyl group of tiphenunit Step D @ ¢ KS | OARA G @

H atom allows for this 1;prototropic tautomerisation and has been proged as the
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step for the GH oxidation of amin®&? catalysed by quinones. I8tep 3of the
mechanism, deprotonation of the'th 2y FNRBY GKS / Fid2Y i (2
base (TEA, NS{iKef Y2NLK2f AySZ LRBNARAYSO -fSIRa
unsaturated carbonyl and the subsequeSBtep 4 leads to the formation of a
secondary amine. This amine intermediate is proposed to exist as two conformers.

In the case where R is an EDG (electron donating groapjormer Ais preferred

due to the delocalisation of the electrons donated into the aromaitng which then

F dzNI KSNJ RSt 2 Ol-fingaturdtad carddom® Ehis leadlsktGa net hegative
charge over the alkene and the potential for a dipdlpole interaction between the

alkene and the H atom of theOH group of thehen, leading to thestabilisation of
conformer A On the other hand, if thpara-substituent is electron withdrawing, the

same stabilisation cannot be observed acmhformer Bcan be stabilised due to
hydrogen bonding interaction between the H atom of the NH group and th®Q a

of the OH group.

In Step 5 oxidation ofconformer Aby 3.1 present in solution leads to the formation
of intermediate A It is proposed thathis reaction is catalytic and this is supported
by the fact that only a small amount of the highly insolupkendiol is separated
during the separation stage of the wetp of 3.3(a),(c),(f)and characterised using
NMR?4, In addition, the reaction mixture for the syrgsis of3.3aafter 24 h reaction
was added to an excess oi®iwith the aim of fully precipitating out thehendiol
and the 3.3a present in the DMSO solution. Both of these products are extremely
insoluble in HO and the composition of resulting precigigawas analysed usingf
NMR. This precipitate contained an exces8.8& compared tophendiolwith a very
rough phendiol:3.3a ratio being 17 (Figure 37). In a separate experimenthe
oxidation ofphendiol backto 3.1 in DMSO solution heated for 6 hours at Towas
also observed using NMRigure38). Following the oxidation afonformer A the
resulting intermediate A then underges ring closure cyclizationS(ep §. While
conformer A leads to the formation othe oxazinebased product,conformer B
undergoes cyclizatioand aromatizationg (i S LJ ptdprodu@es tire(pyridetype
intermediate B and H gas. Intermediate Bthen undergoes a similar oxidation

processasshown in Step 5to yield the pyridetype product{ G SLJ y Q
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Figure37: 'H NMR spectrum of the reaction mixture for the formatioB.8& precipitated over bD showing
phendiolpresentin much lower quantity than the stoiclmetric equivalento 3.3a
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Figure38: TH NMR spectra showiraxidation ofphendiol(red trace contains peaks fphendioland3.1) to 3.1
(blue trace) in d®MSO over 6 at 75C
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3.2.5 Synthesis and Karacterisation d Metal Complexes3.5a-e

The metal complexes of the3.3a-e were synthesised by heating a
solution/suspension of the ligandith the appropriate equivalenbf the simple
metal perchlorate salts. The Ag(l), Cu(ll) and Mn(ll) complexes of the methyl ester
oxazinebased compound.3a were synthesised in MeOH and producie Ag(l)
complex in good yield70%, the Mn(ll) complex in moderate yiel2%), and the
Cu(Il) complex in lowields (29%)The Ag(l) complexes were characterised using MS,
CHN4 IR and NMBpectroscopy. The Cu(ll) complexes were characterised using
magnetic moments analysis, CHNFAAS IR and NMR spectroscopy. The Mn(ll)
complexes were characterised using magnetic moment analysis%Citid IR
spectroscopy. Many crystallisation techniquas;ts as singlsolvent crystallisation,
multi-solvent crystallisation, slow solvent evaporation, vapour diffusion, solvent
diffusion, were used in an attempt to grow crystals of these cawpt which all

ultimately provedunsuccessful.

3.2.5.1 Synthesisand Qaracterisation of [Ag(33a)].CIQ (3.5a1) @mplex

Silver complexes are predominantly formed by complexation of ligands to the Ag(l)
ion, however Ag(ll) and Ag(lll) complexes have also been regéttéd(l) is known

to form linear complexes with ddonor atoms, for example the stablbis
coordinated linear complex [Ag(NH*. The stability of the linear complex can be
explained by examining thedectronic structure of Ag(l). The energy gap between the
4d7 and 5s orbital is small; these hybridise to form 2sdrids orbitals. The electron
density is transferred from the-axis to produce a ring of high electron density along
the xy plane. Thdonor ligands are repelled from this ring and align themselves along
the z-axis, where the electron density is redué&d Although linear is a common
geametry, other coordination geometries are known. For example, thartrine and

the tetra-amine geometries of Ndtomplexes of Ag@y’.

In the case ophen related metal complexes the common geetries found are
tetrahedral ordistorted tetrahedral. The crystal structure of [Bd()2]CIQ shows the

metal complex adopting a pseudetrahedral geometry, with each of the N atoms
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of the phenforming a bond with the Agetal centre?®, In a similar metal complex,
where thephenring possess methyl substituenat the 2 an® positions, the bulky
methyl group force the metal complex to adopt a tetrahedmdbmetry??®. When the

unsubstituted 1,1@henanthroline ligand is used, [Auen)2](NQs) produces a

distorted tetrahedrom=C.

The Ay(l) complex3.5alwas precipitated out of the MeOH solution and was easily

purified by wasing of MeOH and characterized usiNyIR, IRHRVS andCHNA

The!H NMR spectrum of the metal complex displaysall butnoticeable shifts in

the peals assigned tthe phenH atoms. The H atonmstho- to the chelating N atoms

of the phendo not display a noticeable shift, whereas the H atoneta- and para-

to the N atoms are deshielded and resonate downfield by a ppm difference of 0.15
ppm when compared to theH NMR spectrum of the free ligand. This slight
deshielding effectis consistent with values reported in the literature for related
complexes anduggessthat the phenis coordinated to the Ag(l) metal centfés?33,

It should also be noted that the peaks assigned t® pinenolic H atoms and the H

I G2Y | rhodyl giokipSdo it diglay ashiftin ppm value demonstrating that

it is thephen N atoms that the metal centre is coordinating to.

The IR spectrum &.5alalso shows characteristic differences comparedhe tR
spectrum of3.3a and are to be expected upon complexation. The band at 741 cm
in the IR spectrum 08.3a is assigned to the otf-plane bending vibration of the
phen GH bonds. Upon coordination with a metal centre, this band is expected to
appearat a lower wavenumber, and can be observed at 734 gnthe IR spectrum

of the Ag(l) comple8.5al. A similar decrease in wavenumber for this band due to
complexation has been observed in metal complexesploén with rare-earth
metalg3*. The aromatic ringtretching bandsvhich can be observed at 1609, 1586,
and 1502 crt in the spectrum of the ligan®.3a are expected to increasin
wavenumbers upon coordinatid?f. Very slight shifts can be observed for these
vibrations in the spectra of the Ag(l) metal complex viftl respective bands being
observed at 1611, 1596 and 1509 -énThe expected bands to arise from the £I10
ion can be observed at 1098 and 622"crin addition, no band is observed at 650

cn1l, suggesting that the ClQon is not coordinated to the CuiImetal centréss.
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AccurateHRMSanalysis of the sampl@5aldisplays a peak that corresponds to the
[AgB.3a).]* species with the isotopic pattern expected for a Ag(l) speciesN%

is also in agreement with the proposed complexation of two ligands to one metal
centre and suggests the formulation [Rdfa)2](ClQ).2MeOH.HO for the product

obtained.

3.2.5.2 Synthesis and Raracterisation of [Cu(Ba)s](ClQy). (3.5a2) Complex

Although copper in large excess is toxic to humans, it is considered as an essential
trace metal, being the third most abundant transition metal, after zinc and iron. The
most common oxidation states of copper are Cu(l) and Cu(ll), however, Cu(lll) and
Cu(ly complexes have also been reported in the literafdfeThe coordination
numbers and geometries associateith copper complexes vary with the oxidation
state of the metal centre and can range from linéao coordination number to
octahedral/distorted octahedrab coordination number as well as sevemd eight
coordination number complexé¥. In the case o€u(l) complexes, which are often
colourless except where chge transfer bands occur, the most common geometries
are linear, trigonal planar, and tetrahedral with some distortions observed with
chelating ligands. In contrast, th&@u(ll) metal centre most commonly displays the
distorted octahedral geometry owirtg the JahrTeller distortion, which leads to the

two longer axial bonds with four shorter equatorial bonds and, in some instances,
four longer equatorial bonds and two shorter axial bonds. However, tetrahedral,
square planar and trigonal bipyramidal colayxes are also known for Cu(ll) metal
centre. Owing to its smaller size and greater charge density, the Cu(ll) ion is a harder
acid than the Cu(l) ion and can be considered as a borderline hard acid. Therefore,
ligands containing O and N donor atoms are thost favourable ligands in Cu(ll)

coordination chemistry.

In the case of Cu(ll) complexespdfen, homolepticbis and tris-phen based metal
complexes have been reported in the literature. Heteroleptic complexes containing
phenbased ligands are also ¢ggicommon. In the casef the homolepticphen
complexes, thebiscomplexes rarely demonstrate fowoordinate geometry, and
often a HO, CHCOQ, CIQ, or Bk counter ion will occupy a coordination sité An
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Example of such systems include the BE1)¢(OH)(OCIQ)](CIQ) complex, where an
extra HO molecule and the ClOmolecule coordinate to the Cu(ll) metal centre to
give rise to a sikoordinated tetragonal bipyramidal compf8X In contrast, the
structure of very few foucoordinate complexes of Cu(ll) containipgen-based
ligands are known. An example of such was reporteayk T.Miller?38, where the
coordination sphere of theamplex is almost square planar, but is describecas
flattened tetrahedral. In addition, the complex [@hen):](PFk). is also four
coordinated compressed tetrahedral species with the Aot being a part of the
coordination spheré&?. The soliestate structure otris-phen-based Cu(ll) complexes
are generally thought to be of distorted octahedral gedrge In a report by
Polyanskaya and ewmorkers a crystal structure of a bimetallic [@hen)3]?? / 2-o'
(3)1,2dodecaborate]}>.2CHCN was given and in this case the coordination
geometry of the Cu(ll) ion is that of a distorted octahedral possessing two equal short
axial bonds of 2.076 A length and four equal longer equatorial bonds of 2.147 A

lengh?4%,

The tris-3.3a Cu(ll) complex was prepared by reaction of a MeOH solution of
Cu(Cl@)2.6H0 to a suspension @.3a in MeOH. The desired produBt5a2 was
obtained in low jeld (B80%) and characterized using&, CHBb and magnetic

moment analysis.

As observed with the complexation &f3awith a Ag(l) metal centre, the band at 741
cnrtassociated with the oubf-plane bending vibration gghen GH bonds, is shifted

to a lower wavenmber (732 crt) upon complexation to the Cu(ll) centre. In
addition, the bands arising from the aromatic stretching vibrations also slightly shift
to higher wavenumbers. The bands associated with the y(GiGunterion can also

be observed at 1085 ctrand 634

TheCHN%of the sample is also in agreement with the proposed stoichiometry of 3
ligands to 1 Cu(ll) metal cept and suggest the formulation fo
[Cu@.3a)3](ClQ)2.2H0. HRVIS analysis of the sample did not confirm ttris-3.3a
complex. The baspeak observed is that of the ligand and it is suggested that the

coordination metal complex fragments upon being exposed to ionisation. Further
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proof for the proposed stoichiometry of thmetal complex is discussed $ection

3.2.5.3

3.2.5.3 Synthesisand Characterization of Cu(llpo@plexes3.5b-el

The synthesis of the complex8%b-el was carried out by refluxing a mixture of
Cu(Cl@2.6H0O with 3 equivalents of the liganda3b-e in MeCN. The resulting
solution was concentrated under vacuum and templexes were precipitated with
the addition of diethyl ether to produce good yields {80%). The final products
3.5b-el were characterised with the help of CPANIR and magnetic moment
analysis. Compound.5¢c and 3.5d were also analysed by atomic abption

spectroscopy to determine %Cu of the sample.

Compounds3.5¢, 3.5d and 3.5elwere also analysed by IR (KBr), where the samples
of these complexes were doped with the respective free ligand and the spectra were
recorded ata high resolution in orderotdetermine ifany uncoordinated ligand was
present in the isolated product. In addition, complex®Sc, 3.5d and 3.5e1 were
studied using NMRDiscussion of the CEtesults of complexe3.5b-e1, MS results

of 3.5b-e1, atomic absorption spectroscopic dpsis 0f3.5¢, IR analysis &.5¢, and

NMR analysis @&.5elis given below.

For all complexe8.5b-el the elemental analysis is in good agreement with the
proposedtris-complex and further proof for this was obtained by carrying BugS
analysis to chek the Cu content of sampl@5c complex. A solution 08.5¢c was
prepared by dissolving 26.485 mg35cin 50 mL of 14%v/v HNQ. If we assume
that the molecular formula of the sample to be thdris-complex
[Cu@.30)3)(ClQ)2.2H0, the concentration of & present would be 20 ppm.
Alternativey, if we assume that the sample ishés complex and assume the
molecular formula to be [CB8(3c)2](ClQ)2.2H0 then the concentration of Cu would
be 27.4 ppm. Th&AAS analysis reported the concentration of Cu to b8 ppm.
Although this suggests that the Cu(ll) % is lower than expected fmis-a it
demonstrates that the concentration of Cu(ll) is too low for the sample to be either

bis- or mono complex.
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The HRMS analysis of these samples does not produce algsive result for the
characterisation of these samples. We propose that these metal complexes are not
stable when exposed to ESI conditiolbe magnetic moment determined f8t3a
elwereto be 2.3, 2.0, 2.2, 2.1, and BMrespectively. These valueseasomparable

to the value calculated using the spamly formula which is 1.BM.

Although the CHN%upports the composition of the samples to be taé-Cu(ll)
complex in all complexe3.5b-e1, it is uncertain whether all of these ligands are
coordinatedto the Cu(ll) metal centre. In an attempt to provide further justification
for the proposed molecular formula for sampl@s5b-el to those of tris-Cu(ll)

complexes, IR studies were carried outbcand3.5el

The IR spectra of these metal complex@$lg-el) are similar to that obtained for
3.5aexcept for the increase in intensity of the bands ~295¢ associated with the
GH stretching mode. In addition, high resolution (0.5 crasolution) spectra of
sample3.5¢c-el were also carried out in theegion 700760 cm* and were examined
for both the ligands3.3c-e, and their respective metal complexésbcel. When
analysing the spectrum of both5cand3.3c, it can be observed that the band arising
from the outof-plane bending vibration of thphen GH bond moves downward in
wavenumber upon complexation. This band comes at 743 icnmthe spectrum of
the ligand3.3c, whereas in the metal complex5c this band arises at 733 cinBy
carrying out IR analysis at high resolution it was observed tbapeak could be
observed at 743 crhin the IR spectrunof the 3.5¢c metal complex(Figure 39).
However, if a mixture of the metal complex and the liganete mixed together in
the oneKBr disc for IR analysis, aageat 743 cmt could be visibly observed. This
suggests that all of the ligar®l3cis complexed to the Cu(ll) centre in the sample
3.5¢. Due to this result, it can be proposed that no residual ligand could have co
precipitated with the metal salt to accot for the stoichiometry suggested by the

CHN%
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Figure39: High resolution IR spectrum&bc (uppertrace) and3.5cdoped with3.3c (lower trace)showing the
region of 555800 cmt

The!H NMR spectrum of botB.5elin ds-DMSO Bows severe broadening arsthift

in peaks positiorwhich should be assigned to the H atoms of genring. The'H

NMR spectrum o8.5elis given irFigure40along with the'H NMR spectrum & .3e.

In contrast, #hough the peaks assigned to the appendetyiosine ester are also
broadened, leading to the loss of multipligitthese can be clearly seen and
integrated. Thebis-Cu(ll) complex3(5e2) of the ligand3.3e and the mono-Cu(ll)
complex 8.5e3) of the samdigand were synthesised by reaction of the liga&8e

in 2:1 (ligand:metal) and 1:1 ratio respectively. The @dNalysis of comple3.5e2

was in good agreement with the complex being 2:1 (ligand:metaijortuinately,
CHN% analysould not be performd on 3.5e3 due to the sample being a sticky
solid. The sample3.5e2 and 3.5e3were analysed usingH NMR spectroscopy. For
the relatively sharp bands in the spectra, no significant ppm shifts can be observed
when comparing thdéis- andtris-ligand complexinterestingly, a very obvious ppm
AKATG Oy 0S 20aSNWSR FT2NJ GKS aAaaylrt I NA
on the moncoligand complex when compared to thes and tris-ligand complex
(Figure41l). Inaddition, some very minor peak differences can be observed when
examining the spectra of thmono-, bis- andtris- complex in the expanded region of

12-17 ppm Figure4?2). Iwould assign these as being peaks due Hhatoms of the
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phen ring which have significantly shifted in position due to being close to the

paramagnetic Cu(ll) centre.
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Figure40: 1H NMR spectra @&.5el(blue trace) and.3e (red trace)
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To probe whether any uncoordinated ligand is present, free ligand was added to the
NMR tube oB3.5eland it was observed that broad peaks were observed in the region
of 7.59.5 ppm where the pdes for the uncoordinatedohen ligand would be
expected to appearHigure43). A similar addition of ligand was made to the solution
of bis- complex and it was observed that no significant difference could be obderv
suggesting that the extra ligand may have become coordinated to the metal centre.
However, when further free ligand was added to the same solution, it was observed
that the broad peaks in the region of 7%5 ppm were seen and thtH NMR
spectrum resenbled that of thetris- complex with additional ligand. In addition, a
similar process was carried out with theonoligand complex3.5e3). When a small
amount of free ligandvas addedo the NMR sample of thenonoligand complex,

and a'H NMR experimentvas carried out, théH NMR spectrum of the solution
produced a spectrum identical to that of the spectrum 26e2 When further
addition of free ligand was made to the same NMR sample arRdNMR experiment
was carried out the new spectrum was identittathat of 3.5e1complex(Figure44).

Upon further additions of the free ligand into the same sample, the NMR spectrum
displayed the growth of broadened peaks in the-8.5 ppm region. Furthermore,
although the adition of ligand into the NMR sample leads to growth of peaks around
the aromatic region in the NMR spectrum, the broad peaks observed in tHeg 12
ppm region do not display shifts in ppm. This suggest that the additional free ligand
which was added to # solution containing theéris-complex does not partake in a
ligand exchange reaction with the metal complex which is fast on the NMR timescale
(Figure4b).
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Figure44: TH NMR spectrum @&5e3(red trace) with addition of uncoordinated ligaBe (green and blue
trace)
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Figure45: IH NMR spectra @&.5e3(red trace) with multiple additions of uncoordinated ligehde (gold,
green, blue and purple trace)

Similar broadening/disappearance of peaks can be observed iF@NMRspectra.

The stability of themetal complexes could also be monitored usitt4g NMR
spectroscopy. By carrying out thld NMR analysis &5elover a period of 10 days,

it was observed that a growth of extra peaks was obsertégu(e46). It isunclear

why these drastic changes occur, but the spectrum does not match those bfghe
and mono- complex. Interestingly, when the same study was carried out ®fic
complex, a similar behaviour was not observed and the spectra recorded on day 1
andday 10 were identical. It is currently not understood why the stability of the two
complexes differ but it could be established that these complexes do not immediately

speciate.
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Figure46: 1H NMR spectra &.5el(red trace) and.5elafter 10 days (blue trace) showing the aromatic region
of the spectra

3.2.5.4 Synthesis and @Garacterisation of [Mn@.3a)].(ClIQ). Complex(3.5a3)

Manganese can exhibit many oxidation states ranging from +1 to +7. Of these, the +2
oxidation state $ the most stable and common. The most common coordination
number across the oxidation states of Mn is six, and as the oxidation state increases
four-coordinae complexes are favoured whidbegirs to become favoured at

oxidation number of +4.

Complexes ofmanganese(ll) prefer the octahedral geometry, however four
coordinated tetrahedral complexes containing halides have been reported. The use
of tridentate ligands can also produce figeordinated complex and squagganar
complexes alongside seveoordinated and eightcoordinated complexes have also
been reported?8225242 Mn(1l) complexes dbis- and tris-phen, [Mn(phen)z(CIQ):]

and [Mnphen)3](ClQ)..2HCQ, have alsdoe reported and characterised usiXgay
crystallography. In the case of theisphen complex, the metal centre is-6
coordinated with 2 CI¢} ions being coordinated to the metal centre. However, the

geometry is not octahedral and this can be associatethe bite angel of theohen
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ligand. In thetris-complex, the metal centre possessa distorted octahedral

geometry with each of the MilN bond length being almost eqéd&l.

The tris-3.3a Mn(Il) complex was prepared by reaction of a MeOH solution of
Mn(ClQ)..6HO with a sgpension of3.3a in MeOH. The desired product was
obtained in 52% yield as a brighalpw solid and characterized usiiig, CHBband
magnetic moment analysis. The IR spectrum of the metal complex shows the
expected downward shift of the frequency assoeatvith the outof-plane bending
vibration of thephenGH bonds from 741 to 734 ctnln addition, the peaks assigned

to the CIQ stretch can be clearly seen at 1100 and 623'cithe elemental analysis

is in agreement with théris-3.3acomplex.

No peals corresponding to the [MB(3a)s]?*ion were observed in the HRMS analysis.
We speculate that as with the Cu(ll) complexes, this Mn(Il) complex is also unstable
under ESI conditions. The CHN% suggests the formulation of
[Mn(3.38)3](Cl1Q)2.MeOH.2HO.

3.3 Biological Activity 0f3.3a, its Cerivatives and Ag(l), Mn(ll)

and Cu(ll) Complexes

The antimicrobial activity of compoun@s3a-e, and their metal complexes as well as
the respective metal salts, known clinical antimicrobial agents (ampicillin,
doxycyclne, streptomycin, tetracycline, and vancomycin), & was studiedin
vitro againstS. aureusk. coli and for some compounds, agairdt albicas. Thein
vivotoxicity of compound$8.3a-e and the metal complexe3.5a-elwas also studied

usingG.mellorellainsect as the model.

The broth microdilution method was used to study the antimicrobial effect of the
compounds mentioned above again§. aureus, E. colAnd C. albicas. The
compounds (1 mg) were dissolved in 1 mL of sterile DMSO to yield thessiatkn.
This was loaded onto the 98ell plate loaded with appropriate media (nutrient
broth for S. aureusnd E. colj and minimal media fo€. albicas) onto 8 rows and

doubly-diluted over 9 columns to yield serial dilutions of the test compound Idade
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onto the plate. The plates were then loaded with the microbial solution and the
inhibitory effects of the test compounds was measuedttr 24 hours. Although this
protocol was appropriate for water soluble compounds (metal salts &y the
ligands3.3a-e and the complexe8.5a-e1showed signs of precipitation upon double

dilution of the DMSO concentration.

It was determined that the growth of the microbial strains was not inhibited when
treated with 5% DMSO solution. For this reason, all doses digards3.3a-e and

the metal complexe8.5a-el1were administered in 5%/v DMSO solution. The initial
stock solution of these compounds were made up in neat DMSO and double diluted
to produce serial solutions of stock solutions. These diluted solutions Wen
loaded individually onto the 9@ell plates in adequate quantities to lead to the final
DMSO concentration (after fully loading the plate) to be 5% in each of the wells in

the 96 well plate.

The solubility of the ligand3.3a-e and the metal com@xes3.5a¢el limited the
antibacterial screening to be carried oat concentrationsbelow 30puM. It was
determined that the ligands and the metal complexes could precipitate out of 5%
DMSO solution if the concentration of the sample was >30 uM. The jtamp of
these compounds when loaded onto the 96 well plate could lead to irreproducible
results as the detection method used for the measure of bacterial growth was light
scattering and this will not distinguish between dead microbes and precipitatehwhi
will lead to false results. The ability of compour8iSa-c to stay in solution was
examined by UWis analysis. UVis spectra of these compounds (solution made up
in 5% DMSO in nutrient broth) were compared to the\@&spectra of nutrient broth
(5%DMSO). Presence of any precipitate would lead to scattering which would raise
the baseline. Through this analysis, it was determditiat no solid particulatewere
suspended in the tested solution. Compleggsd-el showed visible precipitation at

30 uM concentration, however comple.5d-el did not precipitate at lower
concentratiors. Although these complexes precipitatetié 30 uM dosage, this does
not affect their activity measured at lower concentratiosis is becaushe stock
solution for eactdose is preparedeparatelyfrom mixing of 20099MSO solution of

the compound
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3.3.1 Antimicrobial Activity of 3.3a and its Ag(l), Mn(ll) and Cu(ll)

Complexes

The inhibitory effects of3.3a and its metal complexes3.5al-3 were examined
againstS. aureusk. colandC. albicas. The resultsrbm these tests are reported in
Figured?, Figure48, andFigure49, with the MiGoand MIGovalues Appendix being
reported inTable4. For comparison, the antimicrobial effects of the simple metal
salts Ag(Clg), Cu(Cl@2.6H0O, Mn(Cl®)..6H0, and3.1 as well as the antibacterial
activity of commerwlly available drugs ampicillin, doxycycline, streptomycin,

tetracycline, and vancomycin is also summariseéigure50, Figure 51 and Table4.

Compounds S. aureuIC(uM)| E. colMIC(uM) C. albicam
MIC(uM)
MIGo |[MIGo JMIGo |MIGo JMIGo | MIGo
3.3a ND ND ND ND ND ND
3.5al1 15 ND ND ND 5 6
3.5a2 9 12 24 28 ND ND
3.5a3 19 28 26 ND ND ND
Ag(CIQ) 72 188 83 125 NT 44*

Cu(Cl@)2.6H0 ND ND ND ND ND ND
Mn(ClQ)..6H0 ND ND 439 ND 358 ND

3.1 ND ND 5 8 NT 2.9*
Ampicillin ND ND ND ND NT NT
Doxycycline 9 ND 5 ND NT NT
Streptomycin 10 ND 1 3 NT NT
Tetracycline 6 ND ND ND NT NT
Vancomycin 2 3 20 ND NT NT

Table4: in vitro inhibitory effects 0B.3a, 3.5a1-3, Ag(Cl@), Cu(Clg)2.6H0, Mn(ClG)..6H0, 3.1, ampicillin,
doxycycline, streptomycin, tetracycline, and vancomycin. NT = Not Tested. ND = Not DetéiGpedd
MIGso values are determined by plotitige data given irFigure47, Figure48, Figure49, Figure50, andFigure
51 and fitting it to a curve*valuestaken from publication by McCarat al228,
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Figure47: inhibitory effects 08.3aand its metal complexes3.5al-3 against S. aureus. n=2 (8 replicates)
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Figure48: inhibitory effects oB.3aand its netal complexe8.5a1-3 against E. calin=2 (8 replicates)
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Figure49: inhibitory effects oB.3aandits metal complexe8.5a1-3 against C. albican®1=2 (8 replicates)
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Figure50: inhibitory effects of known clinical drugs ampicillin, doxycycline, streptomycin, tetracycline, vancagayegt E. coli. n = 2 (8 replicate)
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3.3.1.2 Inhibitory EffectagainstS. aureussrowth

The screening &.3aand its Ag(l), Cu(ll), Mn(ll) complexes agadhstureusevealed

that all three metal complexes show promising inhibitory efégoivardsS. aureus
growth at 30 uM dose. Out of the three metal complexes, the Cu(ll) complex exhibits
the greatest activitywith excellent inhibitory effects towardS. aureugrowth being
observed atthe 15 puM dose. The Mn(ll) complex also shows excellent inhibitory
effects towards bacterial growth, but at the higher dose of 30 pMhALS uM dose,

the Mn(ll) complex only siws moderate intbitory effects. Tie Ag(l) complex only
exhibits moderate antibacterial effects at 30 and 15 pM doses. In comparison, the
ligand3.3a only exhibitsverylow antibacterial activity toward$. aureust 30 uM.
Although the activity of the land is poor, it does lead to ~35% reduction in bacterial
growth at 30 uM dose, suggesting that the ligand itself could potentially lead to

promising antibacterial effects at higher concentrations.

The Cu(ll) complex displagMICso valueat 12uM doseandthe MIGovalue of uM.

In comparison the Ml§gand the MIGyvalues ofthe Mn(ll) complex are determéal

to be 28 uM and 19 pNMespectively. Although the Ag(l) complex does not display
MIGgo within the 30 uM range, its MIég values is determinedo be 15 pM. It is
noteworthy that when compared to the activity of just the respective metal cation,
these complexes display superior antibacterial activity ag&natireusVhereas the
AQCIQ metal salt hag MIGgo valueof 188 pM, and MIGso valueof 72 uM, which is
almost twice as much as the Mi@lueexhibited by Ag(l) metal complex 8f3a. In
addition, the Cu(ll) and Mn(ll) simplélQ- salts display no noticeable inhibitory
activity at <600 uM range, whereas the metal complexes incorporating thesal m

cations show promising activity.

For comparison, the antibacterial screening of clinically used antibiotics was also
examined following our protocol. It was discovered that out of the five antibiotics
studied, namely ampicillin, doxycycline, streptgcin, tetracycline, and vancomycin,
the greatest inhibitory effect toward$S. aureusvas exhibited by vancomycin. The
MIGso value exhibited by vasomycin wasleterminedto be 3uM and the MIGovalue

was determinedo be 2uM. TheMIGspvalueof the remaning antibiotics, ampicillin,

doxycycline, streptomycin, and tetracyclinere determined to beND, 9, 10, and 6
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UM respectively, with none of these antibiotics exhibiting BdlCalues belowa
concentration of30 pM. The activity displayed b$.3a and its metal complexes
compares competitively with the activity displayed by these clinical drugs and

demonstrates that these complexes are promising agents to tefgatireus

3.3.1.2 Inhibitory EffectagainstE. coliGrowth

A similar trend of activity is obsved againsk. coliby the metal complexes when
compared toS. aureusThe Cu(ll) complex again is the most active complex, and the
Ag(l) complex being the least active. However, in contrast to the activity against
aureus these metal complexes areske active toward€. coli.Whereas the Cu(ll)
complex exhibited MI§ valueat 12uM and MIGo valueof 9 UM againstS.aureus
againstE. colithe MIGo valueis reduced to 28iM and the MIG valueto 24 uM.
Although the decrease in adbacterial activiy againstE. colis not as significarfor

the Mn(ll) and Ag(l) complex, the activity of these complexes are also redticeali
belongs to the Grammegative category of bacteria and the intrinsic resistance of
these bacteria towards harmful agents hlbsen outlined inSection 1.1.2.3The
outer membrane of the Gramegative bacteria astas an additional permeability
barrier which further prevents the uptake of harmful substances. Another major
factor which confers protection upon Granegative cellsrbm harmful substances

is the presence of efflux pumps, which can pump harmful agents from the periplasm

and the cytoplasm across the cell envad@nd into the extracellular environment.

It is interesting to note that although the metal complexgé$al-3 demonstrate
inhibitory effects towardsk. coligrowth at doses below 30 uM, the respective
starting metal salts for these complexes do not display the same characteristic. Out
of the metal complexes tested, it was the Cu(ll) complexes which showed the
greatest activity toward<€. coldisplaying Mlgs valueat 28uM and the Migp value

at 24uM. In comparison, the simple Cu(@BHO metal salt displays no inhibitory
effect towards E. coliat the tested concentration range of <1200 pM. The
Mn(ClQ)..6HO metal salt also displays poor antibacterial activity, possessing an
MIGso valueat 439 uM,whereas in comparison the metal compl&5a3possessa

MIGso value at 26 uM. These results suggest that the complexation of the metal
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centre with the ligand3.3a is essential for the antibacterial activity of these
complexes. In addition, the ligan8.3a itself does not display any promising
inhibitory effects toward<. coliat the 30 uM doseA possible explanation of why
complexation can either enhance the adiywof the metalcentre or that of the ligand
isgiven inSection 1.2In summary, the metal centre may reduce the lipophilic nature
of the ligand upon complexation, and in return, the ligand can mask the cationic
nature of the metal centre, and thereforergwvent the complexation of the metal
centre to the anionic spees present in the cell envelef the bacteria. In this way,
both the ligand and the metal centre can be taken up by the cell in larger quantities,
leadingto an increase in antibacterial effts of the metal centre as well as that of

the ligand.

In the case of the AgQ metal salt, the Mlgy and MIGo valueswere determined to
be 105 and 6QM respectively. Unfortunately, due to solubility isswasich limited
the range ofdoses tested fothe Ag(ll) metal complex3(Gal) we were unabldo
determine MIGo and MIGpvalues Although these values could not be determined,
the complex3.5al does indeed inhibit ~35% bacterial growth at 30 pM dose,

suggesting that the metal complex does possessesantibacterial effects.

The same antibiot&that were tested againsb. aureusvere also tested again.
coli. Whereas vancomycin was the most effective antibiotic tested ag8instireus
it was streptomycin which posseed the lowest MIC values.this casetetracycline
also displayed excellent inhibitory effect agaiSstaureuslisplaying MIé&, value of
5.8 UM, but againskE. colits MIC values could not be determined beltve 30 uM

dose

3.3.1.3 Inhibitory EffectagainstC. albicas

The actvity of Ag(l) ion and its metal complexes agaiist albicas is well
knownt50244.245 As expected, out of the Cu(ll), Mn(ll) and Ag(l) metal complexes
tested, it was the Ag(l) comple8.pal) which presented the highesctivity. In
addition, the Cu(ll) and the Mn(Il) complexes exhibited no inhibitory effettsn

the 30 ¢ 3.75uM concentrationrange. The free ligand itsel8.8a) was ineffective
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also belowa 30 pMconcentration suggesting that the ligand acts as ariea of the
Ag(l) metal ion into the candida cell. The reported #4f6r AgCIQ.HO metal salt is
44 uMP?8, In comparison, the Migvaluefor the Ag(l) complex ideterminedto be
6.4 pMand the MIGp valueis 4.6 uM.

Although the incorporation of the ligand with the Ag(l) metal centre confers
enhanced antCandidaactivity upon the metalcation, it is noteworthy that the
activity exhibited by this metal complex is far lower than thathaf Ag(l) complex of
3.1. The reported activity of the [A8(1)2](CIQ) metal complex is 0.5 pM doses for
MIGgo effect??. In addition, the reported activity of [Agiien)2](CIQ) complex i8.8
UM for a MIGgo effect whichis quite similar tothat of the Ag(l) complexd.5al,
suggesting that botlphen and 3.3a are acting as carrier ligands. A further support
for this can be observed from the differences in activity of the ligaBdand3.1 as
well as the Cu(ll) complexes of these two ligands. TheGartdidaactivity of3.1 and
[CuB.1)3](ClQ)..4H0 exhibit Mlgo effects at 2.9 and 1.3 UM doses respectively,
whereas the ligan@®.3aand its Cu(ll) complex exhibit no a@andidaactivity. Tte
better activity observed foB.1 and its Cu(ll) complex may be duete presence of
the redoxactive carbonyl groups on the babkne, suggesting that appropriate
chemical modifications to the ligand can leadatsignificant increase iits potency

asanantimicrobialagent.

3.3.1.4 In vivoToxicity Studies 08.3a and its Ag(l), Mn(ll) and Cu(ll) Complexes in

Galleria Mellonella

Thein vivotoxicity of the Ag(l), Mn(Il) and Cu(ll) complexes of the ligaBaas well

as that of the free ligand wergtudied in the wax moth larvae @ mellonella

G. mellonellais a greater wax moth insect which belong to the order of Lepidoptera
and it has been utilised in various biological screening studies such as testing for
virulence, pathogenicity and antimmiial efficacy*®. The use o6G. mellonellaas an

in vivo model can provide a great deal of useful information about the

pharmacokinetic and pharmacodynamics associated with the administered agent. In
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addition, the immune system found within thiesect resembles very dely the

innate immune system of mamméats

The toxicity of the agent of ietest can be studied by injecting a solution of the agent
into the last left preleg of the insect which directly leads to the haemocoel (body
cavity). Upon squeezing the insect gently from the sides, thdggalongside the
cavity can be exposed and dgsaccessed. The solution can be injected at this stage
and upon removal of the pressure, the cavity will close without leading to scaring or
damaging of the exterior of the insect. The insect can then be monitored &.3he
immune response towardsnjected agent can be easily monitored by visually
observing the formation of melanisation on the exterior of the indtctn addition,

the LDBo (lethal dosage) can be deduced by carrying out a dose dependant study.

The use ofG. mellonellaas anin vivomodel offers many practical advantagés
Alongside being a cheaper alternative to mammalian (mice, hamster, rabbits and
dogs) models, the use of this insect requires minimal training. The defence of the
insect cells against pathogens is carried out throtigé haemocytes which act
similarly to macrophges and neutrophils. These larveen be easily maintained in a
laboratory at ambient temperature, easily procured, do not require complicated pre
treatment operations and offer quick administration of ageatsl therefore lead to

a faster screening of a large number of compounds. In addition, the ethical approval
required for the use of mammalian models is not necessary for the use of these

insects.

Solutions of the free ligand@.3a and its Ag(l), Cu(ll) arddn(ll) complexes3.5a1-3

were made up with a 5% DMSO solution in PBS to yield 30, 15 and 7.5 uM solutions.
These solutions were injected into a batch of 5 larvae each which were then
monitored every 24 hours over a period of 72 hours. Positive controte aet up

using PBS 5%v DMSO solution. The results from this experiment are tabulated in

Tableb.
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Compound Survival rate (%)
24 h 48 h 72 h
3.3a 30 uM 100% 100% 100%
15 M 100% 100% 100%
7.5 uM 100% 100% 100%
3.5al 30 uM 100% 100% 100%
15 uM 100% 100% 100%
7.5 UM 100% 100% 100%
3.5a2 30 uM 100% 100% 100%
15 uM 100% 100% 100%
7.5 uM 100% 100% 100%
3.5a3 30 uM 100% 100% 100%
15 uM 100% 100% 100%
7.5 uM 100% 100% 100%
Table5: Survival rate of G. mellonella administered with 30, 15uM%loses oB.3aand its metal complexes
3.5al%3

It was discovered that all of the larvae survived the treatment of each of the injected
solution. All of the larvae exhibited mowvents similar to that of the healthy larvae
and in addition, none of the larvae exhibited any signs of melanisation over the
period of 72 hours, indicating that the injected solutions do not lead to an immune
response within the larvae. Upon leaving ttieated larvae at 37C fora further 2
weeks, it was observed that the larvae had entered the pupal stage, forming pupae
which then proceeded to the development of the adult moths. These results indicate
that the injected solution also do not lead to lotgym disruption of the life cycle of

G. mellonella The results indicate that these compounds are well toleratedvoby

G. mellonellaand therefore have potential to be tolerated by mammalian models
also. In addition, the effect of these compounds as ardiobial agents can also be

monitoredin vivoat these doses.

3.3.2 Antibacterial Activity of Lipophilic Derivatives d3.3a and their
Cu(ll) ©@mplexes

Following the promising results displayed by the Cu(ll) compléx3afagainstS.

aureusand E. coljit was decided that the ligand will be further modified with the
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aim of potentially increasing antibacterial activity. A straightforward approach to
enhance the antibacterial effect of an agent is to increase the uptake of the anti
bacterial compound. Asientioned inSection 1.1.2.2the bacterial cell envelope of
Grampositive bacteria consists tfe peptidoglycan layer and $A&ntrapped within

the peptidoglycan layer. It is therefore postulated that by increasing the lipophilicity
of the antibacterialagent, its uptake by Graimositive bacteria will also be increased
and thus this will lead to an increase in its antibacterial effect. In a report by Kumar
et almodifications were made to the pyridiplased ligands via elongation of the alkyl
chain on theN-atom of the triazole moietyRigure52) to lead to the formation of
lipophilic ligand%®. It was discovered that the elongation of the alkyl chain lead to
an enhancement of the activity of the Ru(ll) based metal complexes agaiasteus

and its resistant strain MRSA.

(PFg),

R = Bn, Ph, C4Hg, CcHyay CoHys
ClZHZS' C16H33

Figure52: trishomolepticRuthenium(ll) Dyridy+1,2,3triazole omplexes

The ester chain of the ligan8.3a was modified to yield propyl, hexyl, octyl and
dodecyl ester derivatives3@b-e). These ligands were fully characterized and
purified, and theirtris-Cu(ll) 8.5b-e) complexes were formed. The free ligands along
with their Cu(ll) complexes were tested for their inhibitory effects with doses below
30 uM againss. aureusindE. colin anin vitroscreening. The ligands and their metal
complexes were dissolved in neat DMSO and doubly diluted with DMSO to yield a
series of stock solutions. These were then loaded onto the 96 well plate for
antibacterial screening using appropriate dilutions keep the final DMSO

concentration to be 5% when the plates were fully loaded. The results obtained from
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these studies are displayed kigure53, Figure54, Figure55, andFigure56 and the
MIC values obtained for the ligand as well as the metal complexes are presented in
Table6.

Compounds S. aures MIC(uM) | E. colMIC(uM)
Retention CalculatedogP | MIGo | MIGso MIGso | MIGso
time (min)

3.3a 21.7 2.8 ND ND ND ND

3.3b 22.5 3.6 8 9 ND ND

3.3c 27.8 4.9 2 4 ND ND
3.3d 30.7 5.7 2 3 ND ND
3.3e 35.4 7.4 ND ND ND ND

35a2 | ND ND 9 12 24 28

3.5b ND ND 4 4 22 28

3.5¢C ND ND 1 2 ND ND

3.5d ND ND 1 2 ND ND
35el | ND ND ND ND ND ND

Table6: minimum inhibitory concentration (MIC) of ligarRi8ae and their trisCu(ll) complexes and the
retention times and theoretical logP values lo¢ igandsND = Not Determined1Gsp and MIGo values are
determined by ploting the data given kigure53, Figure54, Figure55, andFigure56 and fitting it to a curve.
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Figure53: inhibitory effects of ligand3.3a-e against S. aureus. n = 2 (8 replicate)
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Figure54: inhibitory effectsof tris-Cu(ll) complexes of ligand8s3a-e against S. aureus. n = 2 (8 replicate)
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Figure55: inhibitory effects of ligand3.3ae against Ecoli n = 2 (8 replicate)
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Figure56: inhibitory dfects of trisCu(ll) compbees of ligand8.3ae against E. calin = 2 (8 replicate)

3.3.2.1 Inhibitory EffectagainstS. aureus

As expected, the activity of the ligand and their respective metal complexes increases
with an increase in lipophilicityOut of the free ligand testedthe hexylester and

octyl ester derivatives3(3c and 3.3d) were the most active as these two derivative
demonstrate excellent inhibitory effects toward& aureugrowth at the 3.75 pM
dose. The next most active derivative the propyl ester derivative3(@3b) which
displayed excellent inhibitory effects at the 30 uM dose. Interestingly, the most
lipophilic derivative tested, the dodecyl ester derivativa3€), only showed poor

activity against bacterial growth, with similgrowth inhibition to that caused by
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3.3a. A similar trend is observed when thés-homoleptic Cu(ll) complexes of these
ligands are screened againSt aureus The Cu(ll) complexes of the octyl ester
derivative 8.5d) and the hexyl ester derivativ8.6¢) were also the most active out

of the five metal complexes, exhibiting excellent antibacterial activity tow&ds
aureusat 1.875 uM dose. The next most active complex is that of the propyl ester
derivative B8.5b), displaying excellent antibacterial adty at 7.5 uM dose. Unlike the
trend observed in the series of the ligand, the Cu(ll) complex of the dodecyl ester
ligand @.5el) did not exhibit the same activity as that of the Cu(ll) complex of the
methyl ester ligand. Whereas the Cu(ll) complex efriethyl ester ligand3(5a2)
displays excellent activity at the 15 uM dose, the Cu(ll) complesl does not

display any promising activigt concentratiors lower than 30 M.

It is evident that the increase in lipophilicity of the liga®B8a leads toa significant
increase its antibacterial activity since even a slight increase in lipophilicty by the
formation of the propyl ester ligan®.3b, also leads to a significant increase in
activity. TheMIGso and MIGo for 3.3b beingdeterminedto be 19 and &M whereas

the MIC values of the original ligaBBacannot be determined under 30 uM doses.
The activity of the octyl ester ligan®.8d) and the hexyl ester ligand.80) is
extremely similar with the MI§gand MIGo valuesfor 3.3d beingdeterminedto be 3

and 2uM, respectively, whil¢he MIGo and MIGo valuesfor 3.3care determinedto

be 4 and 2uM. Interestingly, the increase in lipophilicity to yield the dodecyl ester
leads to a severdecrease in the antibacterial activity with the M§@nd MIGo
valuesboth not being observed at doses below 30 pM. In addition, the Cu(ll) complex
of this ligand also does not demonstrate any antibacterial actwitkin this range.

A similar trendg A UK  WYagSSG aLRiQ Ay  Aviae LIKAE A
observed in the study reported by Kun®traP>°. This trencbf increase in lipophilicty
leading to increase in antibacterial activity demonstisdteat the ligand itself possess
antibacterial activity and requires further modification to increase its bioavailability

which is accomplished by increasing the lipoptyliof the ligand.

As observed with the ligan8l3a, metal complexation of these ligands also st
a significant increase in their inhibitory effect towa®lsaureugrowth. Whereas the

MIGso (MIGso) value of the ligand8.3cand 3.3d are 4 (2) and 32) uM respectively,
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the respective Cu(ll) complexes of these ligands displaysoMMIGso) values
determinedto be 2 (1) and 2 (1uM respectively. A similar twofold decrease is
observed in the MIC values of the propyl ester ligahak) upon complexatin with
Cu(ll) metal centre. Whereas the MIQMIGo) values of the ligan®.3b are 19 (§
UM, its Cu(ll) metal compleX5b displays Mlgs (MIGso) values at 44) uM.

In comparison to the results obtained from clinically relevantibioticsreported in
Sction 3.3.1 these modifications to the ligan8.3a have significantly increased the
antibacterial activity againss. aureusmaking the newly synthesised ligands and
complexes even more active than most of the antibiotics tested. The most active of
the antibiotic was found to be vancomycin, exhibiting ktl@nd MIGo valuesof 3

and 2uM respectively. In comparison, the free ligaB®d performed equally to
vancomycin. Additionally, the metal complexes of the ligaBdb-d all perform

equally if not béter when compared to vancomycin.

3.3.2.2 Inhibitory EffecttowardsE. coliGrowth

Although increasinghie alkyl chain lé to an increase in activity towards aureus

the same was not observed in the casdeofcoli Apart from the Cu(ll) complesof
methyl ester 8.5a2) andthe propyl ester ligand3.5b), none of the ligand or their
metal complexes were active towards coli In the case of the Cu(ll) complekb,

the MIGo value was 28IM and the Ml value was 22 uM. Although the cell
envelope of the Gramnegative bacterial cell also consists of lipophilic congrus,

the multi-layered envelop of the bacterial cell possesses various inherent defensive
mechanisms as well as the mutbmponent efflux pumps which are responsible for

protecting thebacterial cell from lipophilic substances.

3.3.2.3 In vivoBiological Profile of Lipophilic &ivatives of3.3a

The in vivo biological profile of the lipophilic derivatives 8t3a and their Cu(ll)

complexes was studied usiigymellonella
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Just as theriginal free ligand.3aand its metal complexes were ndaxic towards

G. mellonella,the lipophilic derivatives of the free ligan@3b-e and their Cu(ll)
complexes3.5b-e were also nortoxic towards the larvae. The larvae not only
survived the treatrent with these compounds at 30, 15, 3 uM doses (ivB2DMSO
PBSsolution) but also proceeded to form pupae and form the adult moth without
any disruption to their normal lifeycle. In addition, 60 and 120 uM solution were
also made for the free liganas 10% DMSO solution in PBS. The larvae also tolerated

these solutions without showing any signs of toxicity.

Having established the netoxic nature of these ligands and their metal complexes,
their ability to inhibitS. aureus vivowas studied accolidg to the procedure outline

in Section 2.5.2.2.2The larvae werénjected with various doses 0B6. aureusThe
culture of S. aureusvas cultivated according to the procedureSection 2.5.2.1.2
From this culture, a sample was taken and diluted with BB8HO to produce
cultures of Ol 1.00, 0.5, 0.25 and 0.Q. Healthy larvae were inoculated with 20
pL solution of these cultures and allowed to rest at &7for 72 hours. It was
discovered that the larvae jected with culture of Olgoo 1 displayed no survivors
after 1 hour, and the larvae jected with ODso0 0.10 did not display any toxicity or
immune response towards treatment wit8. aureusThe larvae infected witls.
aureusculture with OBy 0.50 showed 60% survival rate after 24 hours and 0%
survival rate after 48 hours, and those infected withe®@D.25showed 80% survival
rated after 24 hours60% survival rate after 48 hours and 40% survival rate after 72
hours. For this reason, the culture of 680.50 and 0.25 were used to studg vivo

antibacterial activity of the free ligands and their metal coexgs.

The results obtained from these studies are reported@atle7. Unfortunately, none

of the ligand and their Cu(ll) complexeglléo an inhibition ofS. aureusnfectionin

vivo, however, there are certaifactors which could have led to this lack of activity.
One major factor to consider is the concentration of the administered compound in
the in vivosystem. Although the administered dose of the free ligands and their Cu(ll)
complexes were 30, 15 and 31 all doses which present antibacterial activity
vitro, upon being administered to the insect, these concentrations are expected to

be lowered by a factor afpproximatelys. In addition, the OF3oof the bacterial dose
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administeredin vivois higherthan that of the Olgyo used for thein vitro testing.
Therefore, it can be speculated that a higher concentration dusthe ligand and

the metal complexeseeds to be administered to lead to observabte vivo
antibacterial activity. This issue cannat kesolved without increasing the solubility

of the ligands and the metal complexes. One further study which could be performed
to check thein vivoactivity of the free ligands and their Cu(ll) complexes is to first
administer the compound solution to tHarvae and then inoculate the larvae with
the S. aureusisolate cultivated in nutrient broth. Although the current results
obtained do not demonstrate promising vivoactivity for the free ligands and their
metal complexes, further tests and modificai®need to be carried out to fully rule

out these compounds as effective antibacterial agents.

Compounds Strains In vivotoxicity In Vivo
(% survival) activity at
30 uM

S. aureus E. coli MIC| C. albicas | 30 60 120 | S .aureus

MIC (uUM) (LM) MIC (uUM) uM uM | pM | (OD

MIGo | MIGo | MIGy | MIGyq | MIGo | MIGs 0.5 0.25

OD | OD

3.3a ND ND ND ND ND ND 100 100 | 100 | No | No
3.5a1 15 ND ND ND 5 6 100 NT NT NT | NT
3.5a2 9 12 24 28 ND ND 100 NT NT No | No
3.5a3 19 28 26 ND ND ND 100 NT NT NT | NT
3.3b 8 19 ND ND NT NT 100 100 | 100 | No | No
3.3c 2 4 ND ND NT NT 100 100 | 100 | No | No
3.3d 2 3 ND ND NT NT 100 100 | 100 | No | No
3.3e ND ND ND ND NT NT 100 100 | 100 | No | No
3.5b 4 4 22 28 NT NT 100 NT NT No | No
3.5¢ 1 2 ND ND NT NT 100 NT NT No | No
3.5d 1 2 ND ND NT NT 100 NT NT No | No
3.5el ND ND ND ND NT NT 100 NT NT No | No
Ag(CIQ) 72 188 83 125 NT 44* NT NT NT NT | NT
Cu(Cl@),.6H0 ND ND ND ND ND ND NT NT NT NT | NT
Mn(ClQ),.6H0O | ND ND 439 ND 358 ND NT NT NT NT | NT
3.1 NT NT 5 8 NT 2.9* NT NT NT NT | NT
Ampicillin ND ND ND ND NT NT NT NT NT NT | NT
Doxycycline 9 ND 5 ND NT NT NT NT NT NT | NT
Streptomycin 10 ND 1 3 NT NT NT NT NT NT | NT
Tetracycline 6 ND ND ND NT NT NT NT NT NT | NT
Vancomycin 2 3 20 ND NT NT NT NT NT NT | NT

Table7: overview of results from biologicaireening of the oxazirkeased ligands and their metal compleX¢B
= Not Tested. ND = Not Determin&ealuestaken from publication by McCarat aP28,

3.3.3 Cell Leakage Assay

Phenbased metal complexes can exhibit antibacterial activity through various

modes of actions such as:
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DNA binding and/or DNA damage
Cell wall damage

Generation of reactive oxygen species

= =/ =4 =1

Enzyme inhibition

The various complexes which have exhibited antibacteriavigcreported in the
literature by the above mechanisms have been discuss&eation 1.2.2.3For the
bis-Cu(ll) andisAg() complexes of the ligan8l3ait has been reported that these
complexes along with the ligand possess DNA binding capabilklésough the
ligand itself doesiot bind very strongly to DNA, the metal complexes have been
reported to have a highebinding capacity than known groove binding drugs
netropsin and pentamidin@®. Although the DNA binding capabilities of the ligand
and its metal may bea factor conferrig antibacterial activity upon these
compounds, it is often the case that these compounds can have multiple modes of
actions. A poteril mode of action of aactive complex is to causell wall damage
which eventually leasito cell wall leakage. The celall permeabilisation capalties

of the complexes 08.3a 3.3band3.3cwere tested.

A culture ofS. aureusvas grown according to procedure $ection 2.5.2.1.2The

culture was harvested at ~1850 rpm for 5 min to form a pellet of the bacterial cell.

The nutrient broth was decanted and the pellet was washed with PBS. The bacterial

cells were then suspended in 5 ml solution (5% DMSO in PB3dificompound

tested at 30 uM solution and incubated at 37 at 200 rpm. Aliquots were taken

from this soluton at 1 hour, 4 hours and Z¥burstime pointsand checked for their

' YAYS 6AyYyOf dzR A goitents viakth Ainfiygirin lte€FX, Rudd Oprotein

content usingthe Bradford protein ass&2 ! y Ay ONBI &S Ay | 6042 ND |
nm indicated the presence of amine functional groups in the supernaféné

results from these tests are reported kigure57 and Figure58.

It can be observed from the results from the Bradford protein assay that the level of
proteins released from the cell overtime does in fact increases, yet the protein
leakage caused by ¢hmetal complexes$.5a2 3.5b and 3.5cis not significantly
different from that caused by the control 5% DMSO solution. A similar olsanva

is made when the aminkakage is measured by mixing the supernatant mention
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above with ninhydrin solution. From these results it can be deduced that cell wall

damage is nota significant mode of antibacterial action utilised by these

compounds.
Ninhydrin Assay for Amine Leakage
1.4 -
1.2
1.0 +
@ m PBS
g 0.8
LR m 5% DMSO
g 06 | = 3.5¢
< 3.5b
04 r m 3.5a2
02 | I| |I m [Cu(3.1)3].(CIO4)2
0.0 [ T B | I I I

T: 0-h (%) T: 1-h (%) T: 4-h (%)T: 24-h (%)
Time Point

Figure57: amine leakagdrom S. aureumeasured by ninhydriassay.
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Protein Leakage Measured by Bradsford Assay
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Figure58: Respectivgroteinleakage measured by Bradsfaadsay. proteincontent at T = (i is taken to be
100%

3.4: Conclusion

From the results discussed in this chapter, it can be concluded3thatacts with
ester derivatives 3.2ag) of L-tyrosine and iphenylalanine to give oxazifsased
derivatives3.3ag. It is though that these unusual products form through a multistep
mechanism and the first step &Schiffbase condensation and the resulting imine
product then undergoes #tansfer to yield a secondary amine. This intermediate
then undergoesoxid i A 2 y (i 2 -uBsat@dter interyiediat® which undergoes
an intramolecular ring formation reaction to yield the final oxaz@sed product.
The formation3.4ac also shows that the initial Schiff base product formed from the
reaction of3.1 and amire acid ester derivatives can also follow an alternative path
depending on the electron withdrawing nature of thmara-substitiuent on the

aromatic ring of the amino acid.
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The oxazindased derivative3.3a was used to form Ag(l), Cu(ll) and Mn(ll)
complexes which were characterised. The screening of these complexes aainst
aureus E. coli andC. albicansevealed that the Cu(ll) compléx5a2is the most
active againstS. aureusand E. colj displaying inhibitory action below 30 pM
concentation, andthe Ag(l) comple3.5alis the most active against. albicans

displaying inhibitory effects beloa 5 UM concentration

The Cu(ll) complexes of thedjhilic derivatives oB.3awere also screened against
S. aureugind E. coli AgainstS. aureushese Igands and their complexes displayed
excellent inhibitory effects which increased with increasing lipophilitigwever,

the inhibitory action of these ligands and their metal complexes plateaued at the
octyl ester derivative and next more lipophilic dexiive studied, the dodecyl ester
derivative, displayed negligible inhibitory effect$e ligand$3.3b-d and their Cu(ll)
complexes displayed inhibitory effects below 10 gbhcentrations, with the Cu(ll)
complexes of th&.3cand 3.3ddisplaying MIgs below 2 uM concentrations. Against

E. coliincreasing lipophilicity of the ligand led to a severe decreasedmhibitory

effects of the ligands

These ligansland their metal complexes were also tested for their toxicity toward
mellonellaand the canplexes did not display any toxic effects towards the larvae at
30 uM doses administered and the ligands were well tolerated even at 120 uM doses.
The cell permeabilisation ability of the Cu(ll) comple3&&a2 3.3b and 3.3cwas
studied and it was obserdethat cell wall damage is not the major mode of action
toward bacteria possessed by these complexBsese results suggest that these
ligands and their metal possess excellent antibactepiapterties and are well

tolerated byG.mellonella.
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Chapter4

Discussion of Synthesis,
Characterisation and
Biologcal Evaluation of 4.1
and its Metal ©@mplexes

(4.2&C)



4.1: Introduction

The work presented in this chapter consiststioé resultsand discussion of the
synthesis, characterisation and biologi screening of a hydrazone based ligahi,
and its Ag(l), Cu(ll) and Mn(Il) metal complek&ac. An outline of the chemicals
used as well as the synthetic protocols utilised for the synthes& band metal

complexation to yieldl.2acis given lelow (Scheme9).

The synthesis of4.1 involves reaction of3.1 with INH through Schiffbase
condensation. The stability @f.1 towards hydrolysis is discussed. The formation of
an azetype product,4.3a and the damide4.3b, indicatesthe possible degradation

of 4.1through a radical reaction when left in MeOH/EtOH solution over 4 weeks. The
synthesis o#.3athrough conventional azooupling protocol was also attempted

and is discussed here.

The products of metatlomplexation of the ligand.1to Ag(l), Cu(ll) and Mn(ll) metal
ions and the stability of the Ag(l) complexes are also discussed. Finally, the results
from biological screening of the ligaddl and some of its metal complexes agains
Grampositive, Gramnegative,fungal variousM. tb cell lines, and a human lung

cancer cell line (A549), are presented and discussed.
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Synthesis of
Hydrazone-based

0 —
ligand 4.1 N
o N
\NHZ
AN ;
T -
/
N
3.1 INH 4.1
Metal Complexation of 4.1
i i
M""(X)n + y4.1 E—— (M™(4
2),0X)
M n y X product Formation of 4.3a-b from MeOH/EtOH solution of 4.1
Ag 1 2 clo,” 4.2al
Ag 1 2 NO;- 4.2a2 N
Ag 1 2 BF, 4.2a3 =
Cu 2 2 clo,” 4.2b1 |
Cu* 2 1 BF, 4.2b2 /
Mn 2 2 clo,” 4.2c1
Mn 2 2 NO3” 4.2c2
Hl\ll o
0, NH
[
/

4.3a 4.3b

4.3c

4.3d
Attempted Synthesis of 4.3a

Schem@: Overview of synthesis 4f1, its metal complexe$.2a-c and attemptedsynthsis ofl.3a
i)EtOH/6h/10% I SA; ii) EtOh (for X = €)@r MeCN (for X = Band NQ); iii) MeOH or EtOH; iv)

KOH/DMF150 C53or NaOHEtOH/80 G4 or acetic acitirt255. *Cu(ll) stoichiometry not fully determined from

the characterisation data.
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4.2. Synthesis and Characterisation of 4.1 and its Metal

Complexes (4.2a)

4.2.1 Synthesis and Characteation of 4.1

The synthesis af.1was carried out badoptinga reported proceduré*®. The desired
product was isolated with purity and high yield (80%) &ty characterised using
IR, NMR, CHX andHRMVIS analysis.

Our intention was to produce the 4nine product of the Schiihase condensation
reaction betweerB8.1andINH Although the reaction d3.1with INHwas carried out
with much higher equivalentsf INH (up to 1:4 equivalents fo8.1:INH the double
Schiftbase product was not observed. We propose that the inability of the second
carbonyl to wundergo Schiffase condensation is due to the ketool
tautomerisation that has been reported to take péador structurally similar
hydrazone$®. Although the presence of this ketmol tautomerisation canntobe
observed using NMR spectroscopy irl@IBISO, d3VieCN and CD&£iit can however

be observed that there are two sets of peaks in theNMR spectrum of.1in d4-
MeOD solution indicating that tautomerisation is taking place. Further support for
the posshility of keto-enol tautomerisation oft.1can be seen in thtH NMR spectra

of 4.1in DMSO, MeCN and Ck<dlutions. The uncharacteristic downfield resonance
of the amide H atom at 15.13 ppm suggests that intramolecutbohtling is taking
place betweerthis H atom and the O atom of the carbonyl group of phenmoiety,
leading to severe destlding of the H atom. Due to thisltbbnding interaction and
keto-enol tautomerisation o#.1, it is proposed that the carbonyl C atom of {hieen
moiety is no longr a strong enough electrophile to lead to a second nucleophilic
attack from thelNH Interestingly, the band arising from the v(C=0) stretch of the
C=0 functional group on thghen moiety, comes at 1723 ctin the IR spectrum. In
comparison, the v(C=Q) the starting materiaB.1, comes at 1686 crh The increase

of ~35 cm' for the band arising from C=0 stretch from thieen moiety going from
3.1to 4.1 suggests that C=0 from th@hen moiety of4.1is no longer conjugated.
Generally Foonding causes aadvnward shift of the v(C=0) stretéf, but in this
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case the loss of conjugatiggredominates and lead to an upward shift of the v(C=0)

stretching band

4.2.2 Stability Studies of 4.1

4.2.2.1 Stability of 4.1 towards kdrolysis

The chemical stability of hydrazone has been knownbe compromised by
hydrolysis reaction to yield the starting materials when in the presence @£
Interedingly, the synthesis o4.1 was not carried out under anhydrous conditions
suggesting that the product is not susceptible to immediate hydrolysis. In addition,
the stability of4.1towards hydrolysis was also monitored using NMR analysis over 1
week at anbient temperature in a DMSO solution with the addition of a few drops

of D:O. No additional peaks suggesting the hydrolysi bivere observed.

4.2.2.2 Decomposition of 4.1 in MeOH/EtOH over 4 weeks

Although the hydrazone produet.1is stable to hydslysis, a methanolic/ethanolic
solution of4.1 does not remain stable over a period of 4 weeks. The fresh alcohol
solution of4.1is clear yellow in appearance. However, over a period of 4 weeks, the
bright clear yellow solution changes to a dark greerpsuasion. Thidehaviour was
observed in both thepresence and absence of light. The green suspension was
heated to reflux and filtered hot to yield a green filtrate and a dark precipitate. The
dark precipitate was dissolved in CKH@l produce a dark pure solution, which
yielded needle like crystals die azo compoundt.3ain very small quantities. This
product was then further characterised using IR and @dNalysis. Furthermore,
the diamide4.3bwas also obtained from the green filtrate and charaited by IR,
HRVIS and NMR analysis.

Although the mechanism of formation df3ais currently unknowniNH, a prodrug,
has been reported to produce the activated isonictinic radical species in the presence

of KatG enzyme withirM. tb (Section 1.3.1.2(Figure 19)). In addition, the

160



decomposition oINHunder various conditions such as exposure to light, heat, mild
oxidation and hydrolysis has been studi€%and the results reported suggest that
INH is susceptible to decomposition to produce a range of products such as
isonicotinic acid, isonicotinamide, isonicatinaldehyde anddiaenide4.3bas well as

other products.

4.2.2.2.a Attempted Synthesis of 4.3a

To probe the mechanism of formation 4f3aand increase the yield of this highly

conjugated product, various experiments were attempted.

The ability oiNHto form radical pecies is well reported and we suspected that the
formation of 4.3a possibly occurs through a radical mechanism. To facilitate this
process, a solution o#.1 in MeOH was treated with the radical initiators
T 20 AA &2 0 dzii & BhysiamidmdpBparte) e soldtisncef.1and the

radical initiators did not produce the desired purple proddcda

The linker between the twaghen rings in the4.3ais an azo linker. There are
numerous methodologies which involve coupling between an aromatic primary
amine and an aromatic nitroso derivative to producee titorresponding azo
compound. Isynthesised the nitroso derivativk3cand the amino derivativé.3d

and attempted to producé.3a°32%4 Three reactions were attempted using reaction
conditions reported in the literature to coupk.3cand 4.3dto produce4.3aand
these are summarised Bchemed. Unfortunately, none of theseoupling reactions

produced the desired produet.3a

4.2.2.2.h Sructural analysis of 4.3a

The characterisation of4.3a was carried out using CH® IR and >ay
crystallography. The -My crystal structure o#.3a is shown inFigure 59. The
compound4.3ais a fully conjugatethisphenanthroline molecule containing an azo
linker connecting the two phenanathroline moietied4.3 crystallises with two

molecules of CH@inolecules per diazdiphenanthroline. Therera hydrogen bonds
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between the OH groups and the diazo linkEhe CHBbis in good agreement with
the proposed composition of the sample containkh@awith two CHGImolecules
being present. The sharp baimithe IR spectrunarising at 1418 crhis assigad to
the v(N=N) stretch. Carrying odRMS analysis on the sample did not provide useful

information as under typical ESI conditions it appears thaais not stable.

Figure59: Perspective view @f.3a.2CHGIshowing the laklling scheme for thasymmetric unit with
displacement ellipsoids drawn at the 50% probability level. Hydrogen atoms are shown as spheres of arbitrary
radius and hydrogen bonds are indicated by dashed red lines.

Further characterisation ofi.3a was limied by its lack of solubility in common
organic solvents. Although thd.3a presents a clear purple/blue solution in
CDGIMeQD, only a very poorly resolvéd NMR spectrum was obtained. To form a
more concentrated solution of.3afor NMR analysis, the saite was dissolved in
CRCOOD to produce a red solution. Six signals were observed iAHtH¢MR
spectrum in the aromatic region which can be attributed to the -atbins of the
phenring. We deduce that.3adissolves in this solvent with ease due to pradtion

of the compound at one or more N atoms.

The sample4.3a was also dissolved in various organic solvents atetow
concentrations. It was observed that.3a displayed solvatochromism. WWis
analysis oft.3adissolved in CHEICHC| MeOH and EtOH wasirried out and the
spectra are shown iRigure60. The solutions o4.3ain CHGland CHGIgives rise to
I 0 NRB I R Omk 5t B43 drk. (HEwewver, in an alcoholic solution, this band
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undergoesa bathochromic sh i | YR aSLJ NI (S aaxak6A%irin (162 06
and 600 nm. As the compourd3ais very sparingly soluble in the organic solvents,

no accurate measurements of the extinction coefficient could be made.

UW-Vis spectra o#.3ain EtOH, MeOH, CH@hd CHC],

0.7
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C
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Figure60: UV/vis spetra of4.3in (grey) CHG| (orange) ethanol, (yellowCHCE, and (blug methanol. The
absorbance axis isl10 for the CHgand CHC) solutions.

4.2.3 Metal Complexation of 4.1

Metal complexes oft.1 were formed by reacting.1 in appropriate stoichimetric
amounts with various Ag(l), Cu(ll) and Mn(ll) metal salts. The complexatid of
with NG and BE metal salts was carried out in MeCN whereas the complexation
with CIQ- salts was carried out in EtOH. With the exception of the metal
complexationwith (CuBk)..xHO, these reactions generally gave good yield- (70
80%). The complexation wi{CuBE)2.xHO only yieldeé metal complex imelatively

low yields (39%and we propose it has the composition of [€d]](BR).. The Ag(l)
metal complexes wer characterised with the help of CRINHRVIS, IR, and NMR
analysis. The Cu(ll) and Mn(ll) complexes were characterised witBgQRNand

magnetic moments analysis.
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4.2.3.1: Synthesis and Characteriga of Ag(l) ©@mplexes of 4.1 (4.2aB)

The Ag(l) coplexes o#.1were prepared by refluxing a EtOH/MeCN solutiod df
and Ag(l) metal salts (NOBE, ClQ) in a 2:1 stoichiometric ratio @f.1:Ag(l) salts.

TheHRMS analysis of the Ag(l) complexe2a2and4.2a3shows the presence of a
peak that coresponds to the [Ad(1)2]* species with the isotopic pattern expected
for a Ag(l) species. The CHlnalysis is also in good agreement of complexation of

2 ligands to 1 metal centre.

The IR spectra of the Ag(l) complexes reveals slight shifts in vdramds. As
expected upon complexation, the band arising from the-ofiplane bending of the
phen GH bonds shifts to lower wavenumber. The presence of the counter ions was
also confirmed by IR with the v(N{Dband appearing at 1340 cinthe v(CI@) band
appearing at 1104065 and 624 criy and the v(BF) band coming at 1080030 cm

1. The IR band for v(C=0) stretch of the ketone group shifts to a lower wavenumber
going from 1723 crifor the ligand to 1712, 1712, and 1706 ‘¢fior the NQ;, CIQ,

and B~ complexes respectively. This indicates that in both the free ligand and the
Ag(l) metal complexes, the keto form dominates in the solid state and that the C=0

bond is localised.

The!lH NMR spectra of the Ag(l) complexes also revealed slight shifsriropthe
peaks arising from the ligartll. When analysing theH NMR spectra, for thphen
H-atoms, the H atomsrtho- to the ring N atoms do not show any significant shifts.
Similarly, the peaks assigned teakbms of the pyridine ring only shift by 40ppm.
Significant shifts of 0.3 ppm can be seesignals fothe meta- andpara- H atom of
the phen ring. These shifts indicate that the ligand binds to the metal centre
predominantly through thgghen N atoms. Similar shifts can be observed in @

spectra of the igand when compared to the Ag@pmplexest.2al-3.

The stability of the metal complexds2al-3 wasstudied usingH NMR. Solutions of
the metal complexes were prepared in-@8MSO and analysed usiftd NMR over 3
days at 24 hour intervalfAlthough the Ag(l) complexes containingsBthd CIGQ
counter ions did not display any changes in tAEiNMR spectrum, the Ag(l) complex

containing the N® counterion displayed the growth of a series of small peaks in its
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'H NMR spectruniThe growth & these peaks could be observed from the 12 hour
time point and the intensitiy of these peaks increased as the experiment carried on.
The same stability analysis was carried out in the dark and it was observed that the
same behaviour was exhibited by thestal complexes. We are uncertain why the
[Ag@.1);](NGs) complex is unstable whereas the other two complexes do not show
any signs of decomposition over the 3 days. Interestingly, when a DMSO solution of
[Ag@.1)7](NCGs) was allowed to stand over a prolordyeperiod of time for
crystallisation under DCM vapour diffusion into the solutiosraX crystallography
quality crystals were produced and these show the formation of a polymeric chain
with Ag(l)4.1 present in a 1:1 ratio with the NfOion taking up a cordination site
around the Ag(l) metal centr@~igure61 and Figure62).

028

027

029

Figure61: Asymmetric unit of {{[Ad(1)(NQ)]}n with selected atom mabering. Atomic displacement shown at
50% probability. Intramolecular hydrogen bonding shown as a dotted line.
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Figure62: Symmetry generated (symmetry code used to generate equivalent atoms, iy=+X, z1) chain for
{[Ag(@.1)(NOy)]}n with intramolecular hydrogen bonding showing the Ag(l) coordination by the nitrate anion.

4.2.3.2: Synthesiand Characterisation of Cu(llp@plexes of 4.1 (4.2bR)

The Cu(ll) complek2blwas formed by reaction of Cu(G)e6HO with4.1in al:2

ratio in an EtOH solution. The resulting brown precipitate was characterised using
CHN4 IR and magnetic moments analysis. The @WHivalysis indicateshe
composition to be [Cd(1)2](ClQ)..2H0. The IR spectrum shows the shifting of the
v(C=0) strefc from 1723 cm, found in IR spectrum of.1, to 1708 cmt. The
presence of the ClOcounterion was determined by the presence of a bands arising
at 1091 and 623 crh Interestingly, the magnetic moment deterngid for this
sample was 1.BM which is muchower than the 1.7 BM value calculated by using
the spinonly formula. AlthougtHRMS analysis of the sample was attempted, we
were unable to determine thaccurate massalue for the sample. We proposeis

is due to the complex being unstable under &fiditions

The Cu(ll) complek2b2was also prepared by stirring a solution of CufB&+O (in
excess an exact stoichiometry cannot be defined as the salt is hydjavégth a
solution of4.1in MeCN. The resulting suspension was filtered to produceoevit
solid which was characterised using C5INR and magnetic moment analysis. The
CHN»w analysis is in good agreement with the formation of a 1:1 complex of

metal:ligand. The IR spectrum shows a decrease in wavenumbers of the band arising

166



from the v(C=0$tretch going from 1723 cthin the IR spectrum of the liganti2to
1706 cmt in the spectrum oft.3b2 The presence of the counterion was eehined

by the presence of a baml band ranging from 1078054 cm® arising from the
V(BR") stretch. The magetic moment determined for the samplas 1.2BM and
like the sampled.2blit is well below the calculated value of 1.7 BMthough the
elemental analysis suggest the composition to bg4Ql)](BR). the characterisation
of this complex is not complet®ue to this we are unsure of the composition of this

product thecompletecharacterisation of this sampleill require further work.

4.2.3.3: Synthesis ahCharacterisation of Mn(ll) @nplexes of 4.1 (4.2¢2)

Two Mn(ll) complexes were prepared by reagtithe ligand4.1 in a 2:1 ratio

(4.1:Mn(ll) salt) with Mn(Clg)..6HO and Mn(N@)..4H0. Thebiscomplexes were
obtained in high yields with the [MA(1)2](ClQ)..H0 @.2c]) being isolated at 65%
yield and the [Mm4.1)2]J(NGs)2.2HO @.2c2 being obtainedin 70% vyield. These

complexes were characterised usi@giNg IR and magnetic moment analysis.

The CHBbanalysis displays the formation ob&g-homolepticMn(Il) complexes with

one HO molecule being present #h2cland two HO molecules being present i
4.2c2 The IR spectrum of the two metal complexes display shifts in the band arising
from out-of-plane GH bend going from 752 chin the IR spectrum of the ligand to
746 and 748 cmfor 4.2cland 4.2c2respectively. The presence of the counterion
wasdetermined by the presence dfoad bands arising from v(GHpstretch at 1108

and 624 crt, and the sharp band arising frotine v(NQ) stretch at 1385 cmi The
magnetic moment determined fod.2cl and 4.2c2 are 6.5 BM and 6.22 BM

respectively and thexpected value calculated value (by spin only formula) is 5.9 BM.

4.3. Biological Screening of 4.And its Metal Complexes

4.2acC

The ligandt.1and its metal complexed(2al 4.2al 4.2b2and4.2c2 were screened

for their antimicrobial activitydwardsM. tb (four strains) S. aureus, P. aeruginosa
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and C. albicansThese compounds were also screened for their toxicity towards
mammalian cel by measuring their Ggagainst A549 cell line. For comsam, the
simple metal salts (Rfz, Cu(BE2.HO, Mn(NQ)..4H0), phen, INH, and known
clinical drugs (ciprofloxacin, ceftazidime, amphotericin B) were also screened for
their antimicrobial activity. The results from this screening are summarised below in
Table8. The® studies were carried out by the groups of Profeddaria Cristina
Lourengo(Fundagdo Oswaldo Ciuand ProfessoAndré Luis Souza dos Santos

(Federal University of Rio de Jangino Rio de Janeiro, Brazil.
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Compound A549 M.tuberculosis| M.tuberculosis| M.tuberculosis| M.tuberculosis| S. aureus P. C. albicans
CGo (uM) Hs7RV 665/0514 SR SR aeruginosa
ATCC 27294 Cult 84/1F 2571/0215
4.1 157.3 15.18 (10.4) | <9.5(>16.6) | <9.5(>16.6) | <9.5(>16.6) | 48.6(3.2) 388.7 (0.4) | 12.2(12.9)
4.2a2 50.6 3.02 (16.8) <3.8 (>13.3) | <3.8(>13.3) | <3.8 (>13.3) 19.3 (2.6) 9.7 (5.2) 2.4 (21.1)
4.2a3 44.1 2.93 (15.0) <3.7 (>11.0) | <3.7(>11.0) | <3.7 (>11.0) 9.4 (4.7) 9.4 (4.7) 2.3 (19.2)
4.2b2* 109.8 17.65 (6.3) <5.5(>19.9) | <5.5(>19.9) | <5.5(>19.9) | 56.5(1.9) 451.9(0.2) 14.1 (7.8)
4.2c2 56.6 2.99 (18.9) <3.7 (>15.3) | <3.7(»15.3) | <3.7 (>15.3) 19.1 (2.9) 611.3(0.1) | 19.1(2.9)
APBR 95.5 51.36 (1.9) 32.1(2.9) 32.1(2.9) 32.1(2.9) 20.5 (4.7) 10.3(9.3) | <5.1 (>18.7)
CuBh)2.H0 458.8 52.71 (8.7) 26.4 (17.4) 26.4 (L7.4) 26.4 (17.4) >2158.8 >2158.8 269.9 (1.7)
(<0.2) (<0.2)
Mn(NG;)2.4H0 ND >558.82 >558.8 >558.8 >558.8 >2861.1 >2861.1 >2861.1
Phen 2422.7 | 13.87 (174.7)| <17.3 (>140.0) <17.3 (>140.0) <17.3 (>140.0) 355.1(6.8) | 355.1 (6.8) <5.6
(>432.6)
INH 3500.1 | 1138 (307.6) | >729.0 (<4.8)| >729.0 (<4.8)| >729.0 (<4.8) ND ND ND
Ciprofloxacin ND ND ND ND ND 12.1 12.1 ND
Ceftazidime ND ND ND ND ND 29.3 7.3 ND
Amphotericin B ND ND ND ND ND ND ND 0.07

Table8: In vitro anttA549 (C&g) and antinicrobial activity (MIC) values (uM). Sl value in parenthesis. (a) RifampidiNldadnsitive strain. (b) Rifampicin abdHresistant strain KatGQ. (c)
Rifampicin andNHresistant strain. (d) Rifampicin amdHresistant strain KatGandinhA). *concenration based on the proposd@ué.1)](BR). formulation.
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4.3.1 Inhibitory EffectagainstM. tuberculosisGrowth

The antimycobacterial activity the ligaddl and its metal complexegl2a2 4.2a3
4.2b2and4.2c2 was studied against fold. tb strains:M. tb Hs7RV ATCC 27294H

and rifampicin sensitiveNl. tb 665/0514 (NHand rifampicin resistantl. tb SR Cult
84/17 (NH and rifampicin resistant)M. tb SR 2571/0215IH and rifampicin
resistant). The general results from these studies sugiped the Ag(l) and Mn(ll)
based complexes were the most active, displaying almost equal inhibitory effects,
followed by the Cu(ll) complex which is the least active of the metal complexes
tested. Interestingly, the ligand itself, which was less actiantmost of the metal

complexes, displayed activity similar to ttad the clinical drudNH

4.3.1.1 Inhibitory EffectagainstDrug SensitiveM. tuberculosisGrowth

Against theINH and rifampicin sensitive straibl. tb H37RV ATCC 27294, the Ag(l)
metal complexes4.2a2and 4.2a3were extremely active, displaying MIC values at
3.02 and 2.93 pM respectively. It is interesting to note that both of the individual
starting materias for the complex4.2a3are also active, wit4.1 displayingan MIC
value of15.18 uM and the simple metal salt B¢ displayingan MIC value 052.71

MM. Although these two starting materials are active, their activity can be clearly
seen to be enhanced upon complexation to each other with the metal cordp=3
displaying inhibito effects at a fifth and a sixteenth times lower concentration
towards M. tb when compared tat.1 and AgBR respectively. Not only is the
metal complexd.2a3more active toward inhibition ofl. tb when compared to the
ligand and the metal salt, it is alé®ss toxic towards the mammalian cell line A549,
displaying Sl value of 15.0 which slightly higher than the Sl vafu& @l = 10.4) and
significantlyhigher than the Sl value of B& (SI = 1.9). A similar effect can be
observed with the biological smening of the Ag(l) complek2a2which presents an

Sl value of 16.8. The reported{c@alue of AYGs is <30 pM®L, making its Sl value
<1.5. To the best of our knowledge the most active Ag(l) complexes towartts

exhibit MIC at >10 uM dosage and possess very low Sl valiféslaomparison,
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the Ag(l) corplexes tested 4.2a2 and 4.2a3 exhibit greater inhibitory effects

towardsM. tb as well as less toxicity towards mammalian cells.

Although the excellent activity of Ag(l) complexes can be expected due to the activity
of the Ag(l) metal salt, the excelleactivity exhibited by the Mn(Il) complex2c2is

quite surprising. Whereas the simple Mn(ll) salts, Mr{i@+O, does not exhibit

any noticeable inhibitory effects at doses below 558.8 uM the metal compo?2
displays MIC value of 2.99 uM. In adlit, out of all of the complexes tested, this
complex presented the highest Sl value of 18.9. In comparison, the Cu(ll) complex
does not exhibit a similar activity profile. The complexation of Cu@)lttw produce
4.2b2, not only leads to an increasethe MIC value of the complex when compared

to the ligand, it also leads to the complex being more toxic towards the mammalian
cells. The MIC value towartit tb exhibited by4.2b2is 17.65 uM with an Sl value of
6.3. Although the MIC value of this complis lower than that of the simple metal
salt Cu(B52.HO (MIC = 52.71), the Sl value of the complex is lower than thaeof t
simple metal salt (Sl = 8.7) indicating that the complexation of the ligand does not

allow the metal complex to be more sele@itowardsM. tb cells.

With the exception of the Cu(ll) complex, all of the comessgenerated were more
active than the ligand.1 as well as their respective metal salts. In addition, these
complexesalso exhibit competitive MIC values when comparedht® clinical dug
INHand a known antifrBagentphen. The biological screening found the MIC value
for phenandINHto be 13.87 and 11.87 uM respectively. The reported MIC value for
INH is 0.2 - 0.02 pug/ml*°L The results from this study ggest that the metal
complexes possess lower MIC values than thosphein and INH Although our
complexes are more active, they are not as selective towistd® over mammalian
cells asphen and INH Whereas the highest S| value obsenfesm the metal
complexes studiedn this study is that oft.2c2 displaying Sl of 18.9, the Sl values
possessed bghenandINHare 174.7 and 307.6 respectively.
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4.3.1.2 Inhibitory EffectagainstDrug ResistanM. tuberculosisGrowth

The inhibitory effects o#.1 andits complexes4.2a2 4.2a3 4.2b2and4.2c2 were

also studied againdtNHand iifampicin resistant strains. The three strains used for
this screening wereM. tb 665/0514; M. tb SR Cult 84/17M. tb SR 2571/0215.
Unfortunately, the MIC values were not sdrvedwithin the results displayed in
Table8. The results from these screensghow that the clinical drudNH, possesses

no antimycobacterial activity towards these straat doses below 729.0 uM. On the
other hand, similar to the activity observed towards the drug sensitive strain, the
simple metal salts tested displapod activity in the case of B§ and Cu(Bf..HO

(MIC = 32.1 and 26.4 uM respectively), or existant activity in the case of
Mn(NQG)2.4H0 (MIC >558.8 uM). Although tH&IH was inactive towards these
strains, the metal complexes display excellent activity with the Ag(l) and Mn(ll)
complexes being extremely activaend the Cu(ll) complex also displaying activity.
Against all of the straingll of the metal complexes possess inhibitory effects at
doses lower than 10 uM with the Ag(l) and Mn(ll) complexes possessing activity at
<4 uM doses. Additionally, the ligand itself also possesses inhibitory effec85

UM doses. AlthoughNH posseses no activity towards these strains, thidHphen
hybrid retains it activity towards thil. tb. This suggests that the ligaddLpossesses

an alternative mode of action to inhikid. tb growth. Additionally, these compounds
are not only active towardshese resistant strains dfl. tb they also maintain their
selectivity toward the mycobacterial cells over mammalian cells. All of the new
compounds tested display Sl values >10 indicating that they classify as potential

therapeuticsfor further developmenin the pharmaceutical industf?.

4.3.2 Inhibitory EffectagainstS. aureussrowth

The broad spectrum antimicrobial activity of the ligahd and its metal complexes,
4.2a2 4.2a3 4.2b2 and 4.2c2,were tested against a Grapositive and negative
strainof bacteriaas well as a yesa strain. For the Grafositive strainS. aureusvas

the bacterial strain used for screening the inhibitory activity of the ligand and its

complexes.
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The ligandt.1exhibited MIC at 48.6 uM dosage and possessed an Sl value of 3.2. Out
of the metal compéxes tested, the Ag(l) complexes were the most active, followed
by the Mn(ll) complex and then finally the Cu(ll) complex. The Ag(l) comgl&kes

and 4.2b3display MIGraluesat 19.3 and 9.4 uM respectively. Although these MIC
values are very competitevwith the MIC value determined for the clinically used
drugs, Ciprofloxacin (MIC = 12.1 uM) and Ceftazidime (MIC = 29.3 uM), these
complexes displayed very low Sl values (2.6 and 44.2b2and4.2b3respectively).
Interestingly, the activity of the A complex is only very slightbetter than the

Ag(l) salt ABR. The simple Ag(l) salt displays Mi&ue at 20.5 pM dosage and
possesses an Sl value of 4.7. These values are extremely similar to the metal
complexes, suggesting that complexation of tigand on the Ag(l) metal salt does

not change its activity profile towards. aureugells.

The next most active metal complex was the Mn(ll) comple3¢2 which displayed

MIC at 19.1 uM and a Sl value of 2.9. This compdex inhibits the growth ofS

aureus at a competitive dose with the known clinical drugs Ciprofloxacin and
Ceftazidime. Additionally, when compared to the simple metal salt, MgNIBLO,

the activity of the metal complex is far superior as the simple metal salt does not
exhibit anyinhibitory effects at doses below 2861.1 uM. Finally, the Cu(ll) complex
4.2b2exhibits a MIC value of 56.6 UM and possesses a Sl of 1.9. Although this is an
enhancement of inhibitory effects when compared to the simple metal salt
Cu(Bk)2.HO (MIC >2159M), this complex possesses a higher MIC value than the

free ligand4.1and possesses a lower Sl value than the ligand also.

4.3.3 Inhibitory EffectagainstP. aeruginosasrowth

To measure the inhibitory effects of the ligaAdd. and its metal complexe®wards
Gramnegative bacteria, these compounds were screened against the -Gegative
BacteriumP. aeruginosaSimilar to the Grarpositive bacterium, the growth d®.
aeruginosawas inhibited most by the Ag(l) complexd2b2 and 4.2b3 which
displayedMIC values 9.7 and 9.4 uM respectively. These values are competitive with

the clinically used drugs tested, Ciprofloxacin (MIC = 12.1 uM) and Ceftazidime (MIC
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= 7.3 uM). Although the Ag(l) complexes are active, their Sl values are very low being
5.2 and 47 for4.2b2and4.2b3respectivey. For the simple metal salt B&, the MIC
values are similar to the complexes as the MIC value possessed by the simple metal
saltis 10.3 puM. Although the inhibitory effects of the Ag(l) complexes and the simple
salt aresimilar towardsP. aeruginosathe Sl of the metal salt is roughly twice (9.3)
that of the metal complexes, demonstrating that the complexation of the Ag(l) metal
with the ligand has increased the toxicity of the metal complex towards mammalian
cells. Surgsingly, the Cu(ll) and the Mn(Il) complexé£b2and 4.2c2 display no
significant inhibitory effects, possessing Mi@lues of 451.9 and 611.3 pM
respectively. The free ligantll itself also does not display a promising inhibitory

effects aml possesss a MIC value of 3§8M.

4.3.4: Inhibitory EffectagainstC. albicanssrowth

The ligand4.1 and its Ag(l), Cu(ll) and Mn(ll) complexes display promising activity
towardsC. albicansThe two Ag(l) complexe$.,2a2and4.2a3 were the most active

and exhibited MIC values of 2.4 and 2.3 pM respectively and possessed Sl of 21.1 and
19.2 respectively. These values display an improvement upon the potency of the free
ligand 4.1 which possesses MIalueof 12.2 uM and Sl of 12.9. Although these
values are pronsing, they are to be expected as Ag(l) metal centre is extremely
active towardsC. albicansind the A@F metal salt possesses Mi@lue<5.1 and Sl
greater than 18.7. The Cu(ll) and Mn(ll) complexes also show promising inhibitory
effects and possess MMalues of 14.1 and 19.1 uM respectively. Although these
complexes show good antandida effects, their Sl values are low, with the Cu(l)
complex possessing Sl of 7.8 and the Mn(ll) complexes possessing Sl of 2.9. Although
the ligand4.1 and its complexedisplayed promising effect againSt albicansthey

were much less effective than the clinical drugpgkratericin B (MIC = 0.07 puM).
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4.4: Conclusion

Although Schitbase condensation products are normally unstable and readily
hydrolyse back to the startg materials, the novgbhen-INHhydrazone hybridi.1

was easily synthesised and it displayed excellent stability towards hydrolysis. The
formation of the highly conjugated azo derivativd.3aand the isonictinic diamide
4.3b from methanolic/ethanolic seoition of 4.1 suggests that the hybrid can
potentially produce radicals situwhich lead to the formation off.3aand 4.3b. In
addition, this radical formation could offeiNH a selftactivating mechanism to
produce radicals that can have aiitB effectsThe chemical structure af.1, 4.3a
and4.3bwas characterised usintgRMS, NMR and IR spectroscopy dnglawas also

characterised using-y crystallography.

In addition, 7 novel metal complexes 4f1 were producedusing Ag(l), Cu)land

Mn(ll) metalsalts with CI@, NGy, and BE counter ions.The compositions of these
metal complexes was derived using elemental analysis and IR spectroscopy, and in
the case of the Ag(l) complexes NMR &ifdMS spectroscopy was also used. The
stability of the Ag(l) amplexes4.2ac was also studied usintH NMR and it was
determined that while4d.2aand4.2cwere stable in a DMSO solution over 724@b
(JAg@.1)2]NGs) was unstable in a DMSO solution. This also confirmed through-the X
ray crystallography analysis did crystals formed from a DMSO solution4o2b

which possessed the chemicamposition[Ag@.1)(NQ)].

Four of the metal complexes prepared well as the ligandere screened against
drug sensitive and resistaM. tb strains.The metal complexes testdd.2a2 4.2a3

4b2 and 4.2c2 along with free ligand displayed excellent antberculosis activity
regardless of the sensitivity of these strains towards clinically used drugs. The
complexes possessed MIC values gh) with the Ag(l) complexes possessillIC
values <4uM. In addition, the free ligand itself also displayed MIC values at 15 uM
concentration. All of the novel compounds tested displayed Sl values >10. The Ag(l)
complexes also displayed good brespkctrum antimicrobial activity when tested

againstS. aureus, P. aeruginoaadC. albicans.
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Future Work

As mentioned in the outline of the thesis, the research presented in this thesis can
be divided into two parts. The first part of the work presented in this thesis focuses
on the synthesis, chiacterisation and biological screening oxazivesed phen
derivatives and their metal complexes. The least liphophilic derivative out of the
ligands,3.3a and its Ag(l), Mn(ll) and Cu(ll) complexes were screened against a
Grampositive, Grammegative anda fungal strain. From these results it was observed
that the Cu(ll) complex was the most active against the Grasitive and Gram
negative bacterial strains and the Ag(l) complex was the most active against the
fungal strain. To enhance the activity oktu(ll) complex against the Grqositive
bacterial strainS. aureusthe lipophilicity of the ligand was increased which in turn
increased the lipophilicity of the Cu(ll) complex of these ligaddsurprisingly, the
activity of the ligands as well abe Cu(ll) complexs increase with an increase in
liphophilicty. As shown in a recent std%2%4 specific increase in lipophilicity leads

to an increase in inhibitory activity towards specific bacterial amugél strains.
Therefore, an interesting study which could be carr@ma is screening of these
ligands, and their metal complexes (Cu(ll), Mn(ll) and Ag(l)) against various bacterial
strains. As seen by the results from the biological screening of thg éafiplex,
3.5al, againstC. albicansit is a logical next step to screen the inhibitory effects of
the more lipophilic derivatives and their Ag(l) complexes agahsalbicansin
addition, a more threatening strain 08. aureusis the Methicillin Resiant
Staphylococcusaureus (MRSA). As seen in a recent stutipophilic derivatives of
Ru(ll) complexes of a@ridyt1,2,3triazole based ligandaere shown to possess
excellent inhibitory effects towards MR%A Therefore, a further study could be to
measure the inhibitory effects of the ligands and the Ce@iihplexes presented in

this work towards MRSA.

The ligand3.3awas published by the McCann group and the work carried out by
these researchers showed that tlhes-Ag(l) andbis-Cu(ll) complexes of this ligand
possessed DNAring capabilities stronger #&n thoseof the known groovebinding
agentspentamidine and netropsin. Interestingly, these complexes did not display any

DNA nuclease mimetic activity, even though the DNA nuclease activity of
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(Cuphen)2)?*in the presence of an oxidant and/or reductastivell known. Although

the complexes reported by the McCann group does not possess DNA nuclease
activity, their DNA binding activity makes them potential therapeutics for anticancer
studies. Therefore, the ligands and the Cu(ll) complexes presented wmadtksould

also be promising candidates for agtincer studies.

The formation of the cgproducts 3.4ac forms products wih a scaffold of
pyridoacridin The derivatives of pyridoacridine are difficult to synthesize and often
require multiple steps with xpensive starting materials. Fortunately, the derivatives
of this natural product possess atitimour activity at lonuM rangesThe formation

of the products3.4ac, through the simple reaction of amino acid ester derivatives
(3.2f-h) with 3.1, offers a #mple and desirable route to the synthesis of
pyridoacridine derivatives. It is also suspected that metal complexation of these

ligands could produce highly active therapeutics.

The second part of the work presented in this thesis focuses on the formatian
phenrINH hybrid and its metal complexes and studying the -anyicobacterial
activity of these compoundsAs seen inChapter 4, these compounds possessed
excellent inhibitory effects towardsl. tB. Additionally, their inhibitory effect did not
decreag when tested againdiNHand rifampicin resistant strains ®. tb. Further
biological studies can be carried out to examine thevivo activity of these
compounds toward#$/. tb. In addition, the mechanism of action of these compounds
is clearly not refint of the presence dkatGenzyme. Therefore, further studies on
the mechanism of action of these compounds for causingragtobacterial activity
could offer beneficial insight into development of further therapeutic compounds. A
problem displayed by ursg INH as treatment for TB is the hepacytoxicity
mutagenicity and carcinogenicitgaused as a sideffec®. Therefore, the
hepacytobxic, mutagenic and carcinogenic nature of the ligafhd and its
complexes should be studied to determine the potential of developing these

compounds further as anifiBagents.
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Appendix

Biology MIC determination graphs
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Crystallographic Data

Aclear yellow fragmentike specimen ofG4H19N3O4, approximate dimension3.110
mm x0.120mm x0.160mm, was used for the-Ky crystallographic analysiBhe X
ray intensity data were measured at 100(2)K on a Bruker D8 Qu&3St bth an
Oxford Cryosystems low temperature device using a MiTeGen micromount. See
Table 1 for collection parameters and exposure time. Bruker APEX software was used

to correct forLorentz and polarization effects.

A total of 936 frames were collectedihe total exposure time was 7.80 hours. The
frames were integrated with the Bruker SAINT software package using a Rarrow
frame algorithm. The integration of the data usingnanoclinicunit cell yielded a

total of 27938NB Tt SOl A2y a (2 12650 0EBAAsdlution), ofy 3 S
which 4010were independent (average redundan6y967, completeness 99.%,

Rnt =7.026, Rig=4.95%) and2840(70.82: 0 ¢ SNB 3INDB?Y). GhStanlGekK | Yy H°
constants ofa=5.9471Q) A, b = 16.7869(4)A, c = 19.4373(6)) = 96.21P6(16),
volume =1929.10(10)A3, are based upon the refinement of the Xd&htroids of
767INB Tt SOlA2ya |604200S+ HM.61°. Bala Weregchriedted for
absorption effects using the MulBcan method (SADABS). The ratio of minimum to
maximum apparent transmission w9445 The calculated minimum and maximum

transmission coefficients (based on crystal size)dar@51and0.7462

The structure was solved with the XT structure solutiongpaon using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2using the space group2/n, with Z = for the formula unit,
CoaHhoNsOs. The final anisotropic futhatrix leastsquares refinement on?fwith 282
variables converged at R1526%, for the observed data and wR2.£.83% for all

data. The goodnessf-fit was1.06Q The largest peak in the final difference electron
density synthesis wa®.290e/A3 and the largest hole wa®.210e/A3 with an RMS
deviation 0f0.052e7A3. On the basis of the final model, the calculated density was
1.423g/cm? and F(000)364¢€".
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Crystal Datdor G4HioN3Os (M =413.42 g/mol): monoclinic, space group/A2no.
14),a= 5.9471(2R8,b= 16.7869(4Q,c= 19.43B(6)A,i = 96.2126(16)V=

1929.10(10R3,Z= 4,T= 100(2)Y =
NEFf SOGAzya

HT oy

andwRwas 0.1185 (all data).

> 0 a B.099 énmt, Dcalc= 1.423g/cm?,
0 Ry @OTE2, X

Resigma= 0.0495) which were used in all calculations. The Rnal | &

YSI & dz2NBR

Crystal data andtructure refinement for3.3b.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit celldimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

GoaH19N3O4
413.42

100(2) K
0.71073 A
Monoclinic
P2/n
T
o T

pddhnT M&aod. )

c =19.4373(6) A Q= 90°.
1929.10(10) A

4

1.423 Mg/n®

0.099 mm1

864
0.16 x 0.12 x 0.11 m#&n
2.427 t0 26.499°.
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Independent reflections 4010 [R(int) = 0.0702]

Completeness to theta = 25.242° 99.9 %

Absorption correction Semiempirical from equivalents
Max. and min. transmission 0.7462 and 0.7051

Refinement method Fulkmatrix leastsquares on &
Data / restraints / parameters 4010/0/ 282

Goodnesffit on F2 1.060

CAYFf w AYRAOSA LM 0.6526)WR2 =0.1066
R indicesd]l data) R1 =0.0875, wR2 = 0.1185

Largest diff. peak and hole 0.290 and0.210 e.A3

Atomic coordinates ( x #) and equivalent isotropic displacement parameters

(A2x 103) for 3.3b. U(eq) is defined as one third of the trace of the orthogonalized

Uil tensor.

X y z U(eq)
N(1) 10362(3)  7579(1)  4950(1) 19(1)
c(2) 11840(4)  7028(1)  5187(1) 22(1)
c@) 11545(4)  6210(1)  5064(1) 22(1)
c@) 9603(4)  5964(1)  4682(1) 20(1)
cE) 7980(4)  6525(1)  4430(1) 17(1)
C(6) 5890(4)  6299(1)  4041(1) 17(1)
N(7) 5280(3)  5490(1)  4019(1) 18(1)
c(@) 3567(4)  5297(1)  3601(1) 18(1)
C9) 2436(4)  5872(1)  3081(1) 18(1)
0(10) 2425(2)  6667(1)  3401(1) 19(1)
c(1) 4399(4)  6869(1)  3772(1) 17(1)
c(12) A761(4)  7704(1)  3924(1) 18(1)
c(13) 3153(4)  8292(1)  3718(1) 22(1)
c(14) 3605(4)  9069(1)  3910(1) 26(1)
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C(15)
N(16)
C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
0(23)
C(24)
C(25)
C(26)
0(27)
0(28)
C(29)
C(30)
C(31)

5663(4)
7230(3)
6773(4)
8432(4)
3577(4)
5675(4)
6698(4)
5645(4)
6746(3)
3524(4)
2520(4)
2855(4)
3898(3)

975(3)

252(4)

-2024(4)
-2888(4)

9242(1)
8704(1)
7935(1)
7336(1)
5889(1)
5535(1)
5575(1)
5979(1)
6026(1)
6320(1)
6270(1)
44341)
3916(1)
4318(1)
3488(1)
3468(1)
2615(1)

4297(1)
4500(1)
4324(1)
4572(1)
2424(1)
2370(1)
1766(1)
1192(1)

624(1)
1236(1)
1841(1)
3594(1)
3919(1)
3171(1)
3105(1)
2705(1)
2656(1)

24(1)
22(1)
18(1)
17(1)
17(1)
18(1)
19(1)
20(1)
27(1)
20(1)
20(1)
20(1)
31(2)
24(1)
24(1)
28(1)
32(1)
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Bond lengths [A] and angles [°] f8t3b.

N(1)C(2) 1.325(3) C(22)0(23) 1.345(3)
N(1)C(18) 1.357(3) C(22)C(24) 1.396(3)
C2)H(2) 0.9500 O(23)H(23) 0.8400
C(2)C(3) 1.401(3) C(24)H(24) 0.9500
C(3)H(3) 0.9500 C(24)C(25) 1.378(3)
C(3)C(4) 1.368(3) C(25)H(25) 0.9500
C(4)H(4) 0.9500 C(26)0(27) 1.206(3)
C(4)C(5) 1.399(3) C(B)-0(28) 1.329(3)
C(5)C(6) 1.434(3) 0(28)C(29) 1.459(2)
C(5)C(18) 1.408(3) C(29)H(29A) 0.9900
C(6)N(7) 1.404(3) C(29)H(29B) 0.9900
C(6)C(11) 1.369(3) C(29)C(30) 1.487(3)
N(7)C(8) 1.276(3) C(30)H(30A) 0.9900
C(8)C(9) 1.502(3) C(30)H(30B) 0.9900
C(8)C(26) 1.509(3) C(30)C(31) 1.522(3)
C(9)H(9) 1.0000 C(31)H(31A) 0.9800
C(9)O(10) 1.473(2) C(31)H(31B) 0.9800
C(9)C(19) 1.510(3) C(31)H(31C) 0.9800
O(10)C(11) 1.353(3)

C(1)-C(12) 1.443(3) C(2)N(1)}C(18) 117.94(8)
C(12)C(13) 1.402(3) N(1}C(2)H(2) 118.0
C(12)C(17) 1.409(3) N(1)}C(2)C(3) 124.0(2)
C(13)H(13) 0.9500 C(3)C(2IH(2) 118.0
C(13)C(14) 1.376(3) C(2)C(3}H(3) 120.9
C(14H(14) 0.9500 C(4)C(3)C(2) 118.2(2)
C(14)C(15) 1.396(3) C(4)C(3}H(3) 120.9
C(15)H(15) 0.9500 C(3)C(4)H(4) 120.1
C(15)N(16) 1.327(3) C(3)C(4)C(5) 119.7(2)
N(16)}C(17) 1.355(3) C(5)C(4)H(4) 120.1
C(17)C(18) 1.454(3) C(4)C(5)C(6) 122.09(18)
C(19)C(20) 1.396(3) C(4)C(5)C(18) 118.2(2)
Qq19)C(25) 1.392(3) C(B)-C(5)C(6) 119.72(19)
C(20)H(20) 0.9500 N(7)C(6)C(5) 118.59(18)
C(20)C(21) 1.382(3) C(11)C(6)C(5) 120.24(18)
C21H(21) 0.9500 C(L1)C(BIN(7) 120.65(19)
C(21)C(22) 1.396(3) C(8)N(7)C(6) 116.83(18)
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N(7)C(8)C(9)
N(7)C(8)C(26)
C(9)C(8)C(26)
C(8)C(9)H(9)
C(8)C(9)C(19)
O(10)C(9)C(8)
O(10)C(9}H(9)
O(10)C(9)C(19)
C(19)C(9)H(9)
C(11)O(10)C(9)
C(6)C(11)C(12)
O(10)C(11)C(6)
O(10)C(11)C(12)
C(13)C(12)C(11)
C(13)C(12)C(17)
C(17)C(12)C(11)
C(12)C(13)H(13)
C(14)C(13)C(12)
C(14)C(13)H(13)
C(13)C(14)H(14)
C(13)C(14)C(15)
C(15)C(14)H(14)
C(14)C(15)H(15)
N(16)}C(15)C(14)
N(16)}C(15)H(L5)
C(15)N(16)C(17)
C(12)C(17)C(18)
N(16)}C(17)C(12)
N(16)}C(17)C(18)
N(1)}C(18)C(5)
N(1)C(18)C(17)
C(5)C(18)C(17)
C(20)C(19)C(9)
C(25)C(19)C(9)
C(25)C(19)C(20)
C(19)C(20)H(20)
C(21)C(20)C(19)
C(21)C(20)H(20)

122.23(18)
116.99(18)
120.48(18)
108.3
111.75(18
108.75(16)
108.3
111.29(16)
108.3
114.12(16)
121.7(2)
121.14(18)
116.96(18)
122.9(2)
118.40(19)
118.60(19)
120.5
119.0(2)
120.5
120.8
118.5(2)
120.8
117.8
124.4(2)
117.8
117.3(2)
119.87(18)
122.43(19)
117.70(19)
121.96(19)
118.37(18)
119.65(19)
122.88(19)
11954(19)
117.6(2)
119.2
121.5(2)
119.2
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C(20)C(21)H(21)
C(20)C(21)C(22)
C(22)C(21)H(21)
0(23)C(22)C(21)
0(23)C(22)C(24)
C(24)C(22)CR1)
C(22)0(23}H(23)
C(22)C(24)H(24)
C(25)C(24)C(22)
C(25)C(24)H(24)
C(19)C(25)H(25)
C(24)C(25)C(19)
C(24)C(25)H(25)
0(27)C(26)C(8)
0(27)C(26)0(28)
0(28)C(26)C(8)
C(26)0(28)C(29)
O(28)C(29)H(29A)
O(28)C(29)H(29B)
0(28)C(29)C(30)
H(29A)C(29)H(29B)
C(30)C(29)H(29A)
C(30)C(29)H(29B)
C(29)C(30)H(30A)
C(29)C(30)H(30B)
C(29)C(30-C(31)
H(30A)C(30)H(30B)
C(31)C(30)H(30A)
C(31)C(30)H(30B)
C(30)C(31)H(31A)
C(30)C(31)H(31B)
C(30)C(31)H(31C)
H(31A)C(31)H(31B)
H(31A)C(31)H(31C)
H(31B)C(31)H(31C)

119.9
120.2(2)
119.9
117.96(19)
123.30(19)
118.7(2)
109.5
119.8
120.3(2)
119.8
119.2
121.6(2)
119.2
124.1(2)
124.7(2)
111.22(17)
114.48(16)
110.1
110.1
108.10(17)
108.4
110.1
110.1
109.7
109.7
109.61(19)
108.2
109.7
109.7
109.5
109.5
109.5
109.5
109.5
109.5



Anisotopic displacement parameters $4103) for 3.3b. The anisotropic

displacement factor exponent takes the forr2” 2[ h2a*2Ull+ .. + 2 hk a* b*
U12]

ull u22 u33 u23 ul3 ul2
N(1) 22(1) 19(1) 17(2) -2(1) 3(1) -4(1)
C(2) 22(1) 28(1) 15(2) -1(1) 3(1) -5(1)
C(3) 22(1) 23(1) 22(1) 1(2) 3(1) 2(1)
C@4) 23(1) 17(2) 20(1) -1(1) 1(2) -1(1)
C(5) 20(1) 17(2) 13(2) 0(1) 4(1) -1(1)
C(6) 21(1) 16(1) 15(2) -1(1) 4(1) -1(1)
N(7) 19(2) 15(1) 21(1) -1(1) 3(1) -1(1)
C(8) 17(2) 19(1) 18(1) -1(1) 4(1) 1(2)
C(9) 18(1) 15(1) 20(1) -3(1) 0(1) -3(1)
0O(10) 20(1) 15(1) 22(1) -3(1) 0(1) 1(2)
C(1y) 19(1) 19(1) 13(2) -1(1) 4(1) -3(1)
C(12) 25(1) 16(1) 13(2) 1(2) 6(1) -1(1)
cC(mB) 27(1) 20(1) 19(2) 2(1) 3(1) 1(2)
C(4) 36(1) 17(2) 25(1) 4(1) 6(1) 5(1)
C(5) 40(2) 12(1) 22(1) -1(1) 8(1) -2(1)
N(16) 33(1) 16(1) 17(2) -1(1) 5(1) -3(1)
Cc@a7r) 26(1) 15(2) 13(2) 1(2) 8(1) -2(1)
c(@8) 23(1) 18(1) 13(2) -1(1) 7(1) -4(1)
C(a9) 17(1) 14(1) 19(2) -3(1) 0(1) -3(1)
C(20) 19(1) 14(1) 20(1) 1(2) -4(1) 0(1)
C(21) 22(1) 14(1) 22(1) -2(1) 4(1) 2(1)
C(22) 24(1) 16(1) 19(2) 0(1) 4(1) 1(2)
0(23) 32(1) 28(1) 20(1) 8(1) 7(1) 13(2)
C(24) 23(1) 19(1) 18(1) 3(1) -1(2) 4(1)
C(25) 19(1) 17(1) 24(1) -2(1) 0(1) 2(1)
C(26) 23(1) 19(1) 17(1) 2(1) 4(1) 0(1)
0O(27) 33(1) 20(1) 37(1) 5(1) -9(1) -5(1)
0(28) 25(1) 17(1) 28(1) 2(1) -4(1) -6(1)
C(29) 32(1) 16(1) 26(1) 2(1) 3(1) -5(1)
C(30) 26(1) 19(1) 38(2) 4(1) 0(1) -2(1)
C(31) 28(1) 22(1) 43(2) 3(1) -6(1) -5(1)
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Hydrogen coordinates ( x 4pand isotropic displacement parameter2¢4103)

for 3.3h.
X y z U(eq)

H(2) 13183 7197 5457 26
H(3) 12663 5837 5241 27
H(4) 9357 5413 4588 24
H(9) 833 5699 2962 22
H(13) 1774 8155 3451 26
H(14) 2540 9479 3782 31
H(15) 5963 9781 4423 29
H(20) 6416 5261 2758 22
H(21) 8123 5327 1742 23
H(23) 6009 6316 327 40
H(24) 2769 6588 846 24
H(25) 1070 6501 1860 24
H(29A) 184 3252 3569 29
H(29B) 1340 3177 2863 29
H(30A) -1934 3683 2234 33
H(30B) -3085 3805 2936 33
H(31A) -1846 2286 2420 47
H(31B) -4391 2603 2394 47
H(31C) -2982 2405 3123 47
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Torsion angles [°] fa3.3b.

N(1}C(2)C(3)C(4)
C(2)N(1)C(18)C(5)
C(2)N(1)}C(18)C(17)
C(2-C(3)C(4)C(5)
C(3)C(4)C(5)C(6)
C(3)C(4)C(5)C(18)
C(4)C(S)C(EIN(7)
C(4)C(5)C(6)C(11)
C(4)C(5)C(18)N(1)
C(4)C(5)C(18)C(17)
C(S)C(6IN(7)C(8)
C(5)C(6)C(11)O(10)
C(5)C(6)C(11)C(12)
C(6)C(5)C(18)N(1)
C(6)C(5)C(18)C(17)
C(N(7)C(8)C(9)
C(6)N(7)C(8)C(26)
C(6)C(11)C(12)C(13)
C(6)C(11)C(12)C(17)
N(7)}C(6)C(11)O(10)
N(7}C(6)C(11)C(12)
N(7)}C(8)C(9)O(10)
N(7)}C(8YC(9)C(19)
N(7)}C(8)C(26)0(27)
N(7)}C(8)C(26)0(28)
C(8)C(9)O(10)C(11)
C(8)C(9)C(19)C(20)
C(8)C(9)C(19)C(25)
C(8)C(26)0O(28)C(29)
C(9)C(8)C(26)0(27)
C(9)C(8)C(26)0(28)
C(9)O(10yC(11)C(6)
C(9)O(10)C(11)C(12)
C(9)C(19)C(20)C(21)
C(9)C(19)C(25)C(24)
O(10)C(9)C(19)C(20)

-0.7(3)
0.0(3)
178.50(19)
-0.2(3)
-178.4(2)
1.0(3)
11.6(3)
-176.5(2)
-0.9(3)

-179.38(19)
-171.34(19)

179.62(18)
-6.1(3)
178.55(19)
0.1(3)
8.4(3)

-177.86(18)

-173.0(2)
4.0(3)
-8.7(3
165.59(19)
-37.9(3)
85.4(2)
-5.7(3)
176.00(19)
43.4(2)
-12.0(3)
167.95(18)
176.54(18)
168.1(2)
-10.2(3)
-23.5(3)
161.97(17)

-178.59(19)

178.12(19)
109.8(2)
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O(10)C(9)C(19)C(25)
O(10)C(11)C(12)C(13)
O(10)C(11)C(12)C(17)
C(L1)C(6IN(7)C(8)
C(11)C(12)C(13)C(14)
C(11)C(12)C(17IN(16)
C(11)C(12)C(17)C(18)
C(12)C(13)C(14)C(15)
C(12)C(17)C(18)N(1)
C(12)C(17)C(18)C(5)
C(13)C(12)C(17IN(16)
C(13)C(12)C(17)C(18)
C(13)C(14)C(15)N(16)
C(14)C(15)N(16)C(17)
C(15)N(16)C(17)C(12)
C(15)N(16)C(17)C(18)
N(16)}C(17)C(18)N(1)
N(16)}C(17)C(18)C(5)
C(17)C(12)C(13)C(14)
C(18)N(1}C(2)C(3)
C(18)C(5)C(6)N(7)
C(18)C(5)C(6)C(11)
C(19)C(9)0(10)C(11)
C(19)C(20)C(21)C(22)
C(20)C(19)C(25)C(24)
C(20)C(21)C(22)0(23)
C(20)C(21)C(22)C(24)
C(21)C(22)C(24)C(25)
C(22)C(24)C(25)C(19)
0(23)C(22)C(24)C(25)
C(25)C(19)C(20)C(21)
C(26)C(8)C(9)O(10)
C(26)C(8)C(9)C(19)
C(26)0(28)C(29)C(30)
0(27)C(26)0(28)C(29)
0(28)C(29)C(30)C(31)

-70.3(2)
1.5(3)
178.46(18)
16.8(3)
177.4(2)

-178.88(19)

0.2(3)
0.6Q3)
179.33(19)
-2.1(3)
-1.8(3)
177.27(19)
-0.4(4)
-0.8(3)
2.0(3)

-177.13(19)

-1.5(3)
177.02(19)
0.5(3)
0.8(3)

-167.82(19)

4.0(3)
-80.2(2)
0.4@3)
-1.9(3)
177.62(19)
-1.7(3)
1.3(3)
0.6(3)
-178.0(2)
1.4(3)
148.80(18)
-88.1(2)
171.71(19)
-1.7(3)
-177.2(2)



Hydrogen bonds fo8.3b [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
C(3)H(3)...0(27)#1 0.95 2.51 3.184(3) 128
C(15)H(15)...0(23)#2  0.95 2.50 3.365(3) 151
O(23)H(23)..N(1)#3  0.84 2.02 2.763(2) 148
O(23)H(23)..N(16)#3  0.84 2.62 3.305(3) 140

Symmetry transformations used to generate equivalent atoms:
#1-x+2;y+1;z+1  #2x+3/2,y+1/2;2+1/2 #3A/2,-y+3/2,21/2

3.3c

Aclear yellow blochike specimen of57HzsN304, approximate dimension®.100mm

x 0.120mm x0.270mm, was used for the-Ky crystallographic analysithe Xray
intensity data were measured at 100(2)K with an Oxford Cryosystems low
temperature device using a MiTeGen micromauiee Table 1 for collection
parameters and exposure time. Bruker APEX software was used to correotéotz

and polarization effects.

A total of 1532 frames were collected. The total exposure time was 18.28 hours. The
frames were integrated with the rBker SAINT software package using a nafrow
frame algorithm. The integration of the data usingn@noclinicunit cell yielded a

total of 31792NB ¥t SOl A2y a (2 126.000BAAmedlution), ofy 3t S
which 4522 were independent (average redundan¢.031, completeness 99.5%,

Rnt =3.56%, Rg=2.53%) and3412(75.45: 0 ¢ SNBE 3IANB?H. GhE fikkldeK | vy H°
constants ofa = 26.313(5)A, b = 9.7065(19)A, c = 21.789(4)) = 124.545(4,
volume =4583.8(15)3, are based upon the refinement tife XY Zentroids 0f9710
NEFTftSOGAZ2Yya b.AE S 5208 Datawene cogrectéddor absorption
effects using the MultBcan method (SADABS). The ratio of minimum to maximum
apparent transmission wag€.953 The calculated minimum and meam

transmission coefficients (based on crystal size)daréa03and0.7453
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The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2using the space group2/g with Z =8 for the formula unit,
Go7HsN304. The final anisotropic futihatrix leastsquares refinement on?mvith 449
variables converged at R15:01%, for the observed data and wR2.3.424 for all

data. The goodnessf-fit was1.047. The largest peak in the final difference electron
density synthesis wa.462e/A3 and the largest hole wa®.241e/A3 with an RMS
deviation 0f0.073e/A3. On the basis of the final model, the calculated density was
1.320g/cm?® and F(000)1920e€'.

Refinement Note:Phenol ring disordered and modelled in two positions (56:44%
occupancy) with restraints (SIMU) and constraints (EADP). Aliphatic hexyl chain was

also disordered and modelled in 3 positions (50:25:25%) with restraints (SADI, SIMU).

Crystal Datafor G7HxsN3O4 (M =455.50 g/mol): monoclinic, space group C2/c (no.
15),a= 26.313(5R8,b= 9.7065(19Q,c= 21.789(4Q,i = 124.545(4)%y =
4583.8(15)83,Z=8,T=100(2)y = > 0 a®@090nmurt, Dcalc= 1.320g/cmd, 31792

reflections med dzZNBR op®pyc X HO JRupHOGEATRMGVZ npH

0.0253) which were used in all calculations. The fh@ I & ndnpnam oL
andwR> was 0.1342 (all data).

Crystal data and structure refinement f8r3c

Empirical formula CorHzsNsOy

Formula weight 455.50

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions I T Hc®do Mo 6500°. )
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0 [ dT ncp O=MPB45(4)°.

c=21.789(4) A Q= 90°.
Volume 4583.8(15) &
Z 8
Density (calculated) 1.320 Mg/m3
Absorption coefficient 0.090 mm1l
F(000) 1920
Crystal size 0.27 X 0.12 x 0.1 m#n
Theta range for data collection 2.790 to 26.089°.
Index ranges -0 H XXKK @aunid] e it DKH ¢
Reflections cdécted 31792
Independent reflections 4522 [R(int) = 0.0356]
Completeness to theta = 25.242° 99.9 %
Absorption correction Semiempirical from equivalents
Max. and min. transmission 0.7453 and 0.7103
Refinement method Fulkmatrix leastsquares on ¥
Data /restraints / parameters 4522 /176 1 449
Goodnesf-fit on F2 1.047

CAYLFf w AYRAOSA LM 0.6501)WR2 =0.1198
R indices (all data) R1 =0.0708, wR2 = 0.1342

Extinction coefficient 0.0014(2)
Largest diff. peak and hole 0.462 and0.241 e.A3

Atomic coordinates ( x #) and equivalent isotropic displacement pareters

(Azx 103) for 3.3c UgQq) is defined as one third e trace of the orthogonalized
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Uil tensor.

X y z U(eq)
0(10) 6111(1) 7308(1) 3754(1) 31(2)
0(23) 7651(3) 6495(6) 7227(3) 50(1)
0O(23A) 7725(4) 5875(7) 7239(5) 50(1)
0(27) 6264(1) 2386(2) 3636(1) 50(1)
0(28) 7061(1) 3824(1) 4020(1) 40(2)
N(1) 3650(1) 6925(2) 2754(1) 32(1)
N(7) 5571(1) 4678(2) 3483(1) 30(1)
N(16 4177(1) 9436(2) 2936(1) 32(1)
C(2) 3391(1) 5701(2) 2650(1) 34(1)
C(3) 3705(1) 4460(2) 2779(1) 34(1)
C(4) 4317(1) 4494(2) 3032(1) 32(1)
C(5) 4609(1) 5775(2) 3154(1) 28(1)
C(6) 5250(1) 5888(2) 3413(1) 27(2)
C(8) 6152(1) 4798(2) 3775(1) 31(2)
C(9) 6516(1) 6115(2) 4109(1) 33(1)
C(11) 5514(1) 7154(2) 3529(1) 28(1)
C(12) 5170(1) 8402(2) 3379(1) 27(2)
C(13) 5430(1) 9715(2) 3483(1) 31(2)
C(14) 5062(1) 10850(2) 3308(1) 33(1)
C(15) 4439(1) 10652(2) 3031(1) 34(1)
C(17) 4537(1) 8311(2) 3106(1) 27(2)
C(18) 4256(1) 6970(2) 3003(1) 27(2)
C(19) 6804(4) 6328(8) 4939(6) 28(2)
C(19A) 6875(6) 5917(9) 4949(7) 22(2)
C(20) 7428(7) 6040(20) 5426(12) 24(2)
C(20A) 7516(10) 6090(30) 5419(15) 24(2)
C(21) 7730(11) 6070(30) 6181(17) 32(2)
C(21A) 7796(14) 6090(40) 6190(20) 32(2)
C(22) 7391(3) 6424(6) 6485(4) 36(1)
C(22A) 7466(4) 5883(8) 6479(5) 34(2)
C(24) 6766(2) 6768(6) 6002(2) 49(1)
C(24A) 6835(2) 5700(6) 6021(2) 32(1)
C(25) 6481(2) 6706(6) 5243(2) 44(1)
C(25A) 6541(2) 5687(5) 5262(2) 25(1)
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C(26) 6485(1) 3522(2) 3799(1) 36(1)
C(29) 7427(1) 2668(2) 4054(1) 50(1)
C(30) 8039(2) 3340(6) 4287(4) 30(1)
C(30A) 8136(4) 3064(13)  4584(6) 42(3)
C(30B) 7935(3) 3048(9) 3922(5) 34(2)
C(31) 8452(2) 2145(4) 4385(2) 33(1)
C(31A) 8247(4) 3969(11)  4072(5) 48(2)
C(31B) 8406(4) 3966(9) 4578(5) 41(2)
C(32) 9098(2) 2615(7) 4649(3) 41(1)
C(32A) 8988(4) 3973(12)  4575(8) 50(3)
C(32B) 8916(5) 4565(12)  4495(8) 50(3)
C(33) 9540(2) 1378(5) 4885(2) 46(1)
C(33A) 9369(5) 2591(15)  4868(8) 55(3)
C(33B) 9387(4) 3383(12)  4755(5) 46(2)
C(34) 10186(2) 1808(7) 5172(2) 60(2)
Q34A) 10036(5)  2911(13)  5074(5) 53(2)
C(34B) 10030(4)  3934(14)  5008(6) 63(3)
Bond lengtls [A] and angles [°] f@.3c

O(10)C(9) 1.463(2) CBH(3) 0.9500
O(10)C(11) 1.3642(19)  C(3)C(4) 1.376(2)
O(23)H(23) 0.8400 C(4H(4) 0.9500
0(23)C(22) 1.353(10) C(4)C(5) 1.405(3)
O(23A)H(23A) 0.8400 C(5)C(6) 1.447(2)
O(23A)C(22A) 1.388(13) C(5)C(18) 1.403(3)
0(27)C(26) 1.202(2) C(6)C(11) 1.363(2)
0(28)C(26) 1.338(2) C(8)C(9) 1.513(3)
0(28)C(29) 1.452(2) Q(8)-C(26) 1.500(3)
N(L)}C(2) 1.323(2) C(9)H(9B) 1.0000
N(1)C(18) 1.363(2) C(9)H(9A) 1.0000
N(7)C(6) 1.405(2) C(9)C(19) 1.528(11)
N(7)}C(8) 1.285(2) C(9)C(19A) 1.523(13)
N(16)C(15) 1.323(2) C(11)C(12) 1.435(3)
N(16)C(17) 1.351(2) C(12)C(13) 1.403(3)
C(2}H(2) 0.9500 C(12)C(17) 1.419(2)
c@C(3) 1.395(3) C(13)H(13) 0.9500
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C(13)C(14)
C(14H(14)
C(14)C(15)
C(B)-H(15)
C(17)C(18)
C(19)C(20)
C(19)C(25)
C(19A)XC(20A)
C(19AXC(25A)
C(20)H(20)
C(20)C(21)
C(20AH(20A)
C(20AXC(21A)
C1H(21)
C(21)C(22)
C(21AH(21A)
C(21AXC(22A)
C(22)C(24)
C(22A)XC(24A)
C(24)H(24)
C(24)C(25)
C(24AH(24A)
C(24A)XC(25A)
C(25)H(25)
C(25AH(25A)
C(29)H(29C)
C(29)H(2D)
C(29)H(29E)
C(29)H(29F)
C(29)H(29A)
C(29)H(29B)
C(29)C(30)
C(29)C(30A)
C(29)C(30B)
C(30)H(30A)
C(30)H(30B)
C(30)C(31)
C(30AH(30C)

1.370(3)
0.9500
1.403(2)
0.9500
1.450(2)
1.386(18)
1.390(12)
1.40(2)
1.404(15)
0.9500
1.36(4)
0.9500
1.41(5)
0.9500
1.424)
0.9500
1.34(5)
1.399(8)
1.381(10)
0.9500
1.376(5)
0.9500
1.372(6)
0.9500
0.9500
0.9900
0.9900
0.9900
0.9900
0.9900
0.9900
1.533(6)
1.587(8)
1.565(7)
0.9900
0.9900
1.520(6)
0.9900
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C(30AH(30D)
C(30AXC(31A)
C(30B)H(30E)
C(30B)H(30F)
C(30B)C(31B)
C(31)H(31A)
C(31)H(31B)
C(31)C(32)
C(31AH(31C)
C(31AH(31D)
C(31AXC(32A)
C(31BH(31E)
C(31BH(31F)
C(31B)C(32B)
C(32)H(32A)
C(32)H(32B)
C(32)C(33)
C(32AH(32C)
C(32AH(32D)
C(32A)XC(33A)
C(32BH(32E)
C(32BH(32F)
C(32B)C(33B)
C(33-H(33A)
C(33)H(33B)
C(33)C(34)
C(33AH(33C)
C(33AH(33D)
C(33A)XC(34A)
C(33BH(33E)
C(33BH(33F)
C(33B)C(34B)
C(34)H(34A)
C(34)H(34B)
C(34)H(34C)
C(34AMH(34D)
C(34AMH(34E)
C(34AMH(34F)

0.9900
1.572(8)
0.9900
0.9900
1.537(8)
0.9900
0.9900
1.525(6)
0.9900
0.9900
1.606(8)
0.9900
0.9900
1.562(8)
0.9900
0.9900
1.542(7)
0.9900
0.9900
1.578(9)
0.9900
0.9900
1.542(8)
0.9900
0.9900
1.501(6)
0.9900
0.9900
1.575(9)
0.9900
0.9900
1.548(8)
0.9800
0.9800
0.9900
0.9800
0.9800
0.9800



C(34BH(34G)
C(34BH(34H)
C(34BH(34I)

C(11)O(10)C(9)
C(22)0(23)H(23)

C(22AY0(23A)H(23A)

C(26)0(28)C(29)
C(2)N(1)}C(L8)
C(8)N(7)C(6)
C(15)N(16)C(17)
N(1}C(2)H(2)
N(1)}C(2)C(3)
C(3)C(2H(2)
C(2)C(3}H(3)
C(4)C(3)C(2)
C(4)C(3)H(3)
C(3)C(4)H(4)
C(3)C(4)C(5)
C(H-C(HH4)
C(4)C(5)C(6)
C(18)C(5)C(4)
C(18)C(5)C(6)
N(7)-C(6)C(5)
C(L1)C(6IN(7)
C(11)C(6)C(5)
N(7)C(8)C(9)
N(7)C(8)C(26)
C(26)C(8)C(9)
O(10)C(9)C(8)
O(10)C(9)}H(9B)
O(10)C(9}H(9A)
O(10)C(9)C(19)
O(10)C(9)C(19A)
C(8)C(9)H(9B)
C(8)C(9)YH(9A)
C(8)C(9)C(19)
C(8)C(9)C(19A)

0.9800
0.9800
0.9800

116.62(13)
109.5
109.5
115.56(16)
117.98(16)
116.89(16)
117.23(14)
118.2
123.54(15)
118.2
120.5
118.94(17)
120.5
120.4
119.15(18)
120.4
122.13(16)
117.98(15)
119.88(16)
118.45(15)
121.36(14)
119.99(16)
124.45(17)
116.66(17)
118.87(13
109.98(13)
106.8
108.9
104.0(3)
120.3(4)
106.8
108.9
115.9(4)
105.3(4)

C(19)C(9)H(9A)
C(19AXC(9-H(9B)
O(10)C(11)C(12)
C(6)C(11)O(10)
C(6)C(11)C(12)
C(13)C(12)C(11)
C(13)C(12)C(17)
C(17)C(12)C(11)
C(12)C(13)H(13)
C(14)C(13)C(12)
C(14)C(13)H(13)
C(13)C(14)H(14)
C(13)C(14)C(15)
C(15)C(14)H(14)
N(16)}C(15)C(14)
N(16)}C(15)H(15)
C(14)C(15)H(15)
N(16)}C(17)C(12)
N(16)}C(17)C(18)
C(12)C(17)C(18)
N(1)}C(8)-C(5)
N(1)}C(18)C(17)
C(5)C(18)C(17)
C(20)C(19)C(9)
C(20)C(19)C(25)
C(25)C(19)C(9)
C(20AXC(19AYC(9)
C(20AXC(19AXC(25A)
C(25A)XC(19AYC(9)
C(19)C(20)H(20)
C(21)C(20)C(19)
C(21)C(20)H(20)
C(19AXC(20AH(20A)
C(19AXC(20AXC(21A)
C(21AXC(20AH(20A)
C(20)C(21)H(21)
C(20)C(21)C(22)
C(22)C(21)H(21)

108.9
106.8
115.99(15)
121.92(16)
121.98(15)
122.93(15)
118.29(16)
118.78(16)
120.6
118.86(15)
120.6
120.7
118.58(17)
120.7
124.53(18)
117.7
117.7
122.49(16)
117.82(14)
119.69(16)
122.41(16)
117.96(16)
119.62(14)
117.1(12)
117.8(12)
125.0(7)
122.2(15)
119.3(15)
118.2(9)
118.4
123.2(19)
118.4
120.9
118(2)
120.9
120.8
118.4(18)
120.8



C(20AXC(21AH(21A)
C(22AXC(21AXC(20A)
C(22AXC(21AH(21A)
0(23)C(22)C(21)
0(23)C(22)C(24)
C(24)C(22)C(21)
C(21AXC(22AY0(23A)
C(21AXC(22AXC(24A)
C(24AXC(22AY0(23A)
C(22)C(24)H(24)
C(25)C(2)-C(22)
C(25)C(24)H(24)
C(22AXC(24AH(24A)
C(25A)XC(24AXC(22A)
C(25AXC(24AH(24A)
C(19)C(25)H(25)
C(24)C(25)C(19)
C(24)C(25)H(25)
C(19AXC(25AH(25A)
C(24AXC(25AXC(19A)
C(24AXC(25AH(25A)
0(27)C(26)0(28)
0(27)C(26)C(8)
0(28)C(26)C(8)
O(28)C(29)H(29C)
O(28)C(29)H(29D)
O(28)C(29)H(29E)
O(28)C(29)H(29F)
O(28)C(29)H(29A)
O(28)C(29)H(298
0(28)C(29)C(30)
O(28)C(29)C(30A)
0(28)C(29)C(30B)
H(29C)C(29)H(29D)
H(29E)C(29)H(29F)
H(29A)C(29)H(29B)
C(30)C(29)H(29C)
C(30)C(29)H(29D)

119.4
121(2)
119.4
122.9(12)
118.0(6)
119.1(12)
123.0(16)
121.1(16)
115.9(8)
120.0
120.1(5)
120.0
120.1
119.8(5)
120.1
119.3
121.3(5)
119.3
119.9
120.3(9
119.9
124.54(19)
124.89(16)
110.57(17)
111.1
111.1
109.9
109.9
108.6
108.6
103.2(3)
108.7(6)
114.8(4)
109.1
108.3
107.6
111.1
111.1
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C(30AXC(29)H(29E)
C(30AXC(29-H(29F)
C(30B)C(29)H(29A)
C(30B)C(29)H(29B)
C(29)C(30)H(30A)
C(29)C(30)H(30B)
H(30A)C(30)H(30B)
C(31)C(30)C(29)
C(31)C(30)H(30A)
C(31)C(30)H(30B)
C(29)C(30AH(30C)
C(29)C(30\)}H(30D)
H(30C)C(30AH(30D)
C(31AXC(30AXC(29)
C(31AXC(30AH(30C)
C(31AXC(30AH(30D)
C(29)C(30BH(30E)
C(29)C(30BH(30F)
H(30E)C(30BH(30F)
C(31B)C(30B)C(29)
C(31B)C(30BH(30E)
C(31B)C(30BH(30F)
C(30)C(31)H(31A)
C(30)C(31)H(31B)
C(30)C(31)C(32)
H(31A)C(31)H(31B)
C(32)C(31)H(31A)
C(32)C(31)H(31B)
C(30AXC(31AH(31C)
C(30AXC(31AH(31D)
C(30AXC(31AXC(RA)
H(31CYC(31AH(31D)
C(32AC(31AH(31C)
C(32A)XC(31AH(31D)
C(30B)C(31BH(31E)
C(30B)C(31BH(31F)
C(30B)C(31B)C(32B)
H(31E)C(31BH(31F)

109.9
109.9
108.6
108.6
110.8
110.8
108.9
104.8(4)
110.8
110.8
111.0
111.0
109.0
103.6(7)
111.0
111.0
110.4
110.4
108.6
106.7(7)
110.4
110.4
109.1
109.1
112.4(4)
107.9
109.1
109.1
111.9
111.9
99.2(8)
109.6
111.9
111.9
108.8
108.8
113.6(8)
107.7



C(32B)C(31BH(31E)
C(32B)C(31BH(31F)
C(31)C(32)H(32A)
C(31)C(32)H(32B)
C(31)C(32)C(33)
H(32A)C(32)H(32B)
C(33)C(32)H(32A)
C(33)C(32)H(32B)
C(31AXC(32AH(32C)
C(31AXC(32AH(32D)
H(32C)C(32A)H(32D)
C(33AXC(32A)C(31A)
C(33A)XC(32AH(32C)
C(33A)XC(32AH(32D)
C(31B)C(32BH(32E)
C(31B)C(32BH(32F)
H(32E)C(32BH(32F)
C(33B)C(32B)C(31B)
C(33B)C(32BH(32E)
C(33B)C(32BH(32F)
C(32)C(33)H(33A)
CB2)-C(33)H(33B)
H(33A)C(33)H(33B)
C(34)C(33)C(32)
C(34)C(33)H(33A)
C(34)C(33)H(33B)
C(32A)XC(33AH(33C)
C(32A)XC(33AH(33D)
H(33C)C(33AH(33D)
C(34AXC(33AXC(32A)
C(34AXC(33AH(3X)
C(34AXC(33AH(33D)
C(32B)C(33BH(33E)
C(32B)C(33BH(33F)
C(32B)C(33B)C(34B)
H(33E)C(33BH(33F)
C(34B)C(33BH(33E)
C(34B)C(33BH(33F)

108.8
1088
109.4
109.4
111.1(5)
108.0
109.4
109.4
107.0
107.0
106.7
121.4(9)
107.0
107.0
110.9
110.9
108.9
104.2(8)
110.9
110.9
109.1
109.1
107.8
112.6(5)
109.1
109.1
110.2
110.2
108.5
107.3(11)
110.2
110.2
109.4
109.4
111.3(9)
108.0
109.4
109.4
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C(33)C(34)H(34A)
C(33)C(34)H(34B)
C(33)C(34)H(34C)
H(34A)C(34)H(34B)
H(34A)C(34)H(34C)
H(34B)C(34)H(34C)
C(33A)XC(34AH(34D)
C(33A)XC(34AH(34E)
C(33A)XC(34AH(34F)
H(34D)C(34AH(34E)
H(34D)C(34A)H(34F)
H(34E)C(34AH(34F)
C(33B)C(34BH(34G)
C(33B)C(34BH(34H)
C(33B)C(34BH(34I)
H(34G)C(34BH(34H)
H(34G)C(34BH(34l)
H(34H)C(34BH(341)

109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5



Anisotropic displacement parameters 4A133) for 3.3c The anisotropic

displacement faior exponent takes the form:2~2[ h2a*2Ull+ .. + 2 hk a* b*
ul2]

ull u22 u33 u23 ul3 ul2
0O(10) 20(1) 47(1) 28(1) -1(1) 15(2) -6(1)
0(23) 32(2) 83(4) 24(1) 17(3) 10(2) -19(3)
0O(23A) 32(2) 83(4) 24(1) 17(3) 10(2) -19(3)
0o27) 31(1) 44(1) 71(1) 20(1) 27(1) 2(1)
0(28) 24(1) 48(1) 50(1) 10(2) 22(1) 2(1)
N(1) 21(1) 50(1) 26(1) -16(1) 14(1) -10(1)
N(7) 23(1) 46(1) 23(1) 4(1) 15(2) -2(1)
N(16) 24(1) 43(1) 27(1) -9(1) 14(1) -7(1)
C(2) 23(1) 51(1) 32(1) -20(1) 18(1) -14(1)
C(3) 29(1) 46(1) 34(1) -18(1) 21(1) -15(1)
C@) 28(1) 43(1) 28(1) -11(2) 19(2) -8(1)
C(5) 23(1) 44(1) 19(2) -10(2) 14(1) -8(1)
C(6) 21(1) 42(1) 19(2) -4(1) 13(2) -4(1)
C(8) 23(1) 49(1) 23(1) 10(2) 14(2) -1(1)
C(9) 20(1) 54(1) 28(1) 7(1) 15(2) -3(1)
Cc(1y 21(1) 46(1) 19(2) -6(1) 13(2) -7(1)
C(12) 23(1) 43(1) 18(1) -8(1) 13(2) -8(1)
C(13) 23(1) 48(1) 21(1) -5(1) 13(2) -9(1)
C(4) 30(1) 40(1) 27(1) -3(1) 16(1) -9(1)
C(@5) 27(1) 42(1) 31(1) -6(1) 14(2) -6(1)
c@a7r) 23(1) 42(1) 18(1) -10(2) 13(2) -7(1)
c@s) 21(1) 45(1) 18(1) -12(1) 12(1) -8(1)
C(19) 17(3 37(4) 28(2) 10(3) 10(2) 0(3)
C(19A) 19(3) 28(4) 25(3) 6(3) 16(2) 4(3)
C(20) 174 23(2) 33(1) 9(1) 16(3) 1(3)
C(20A) 17(4) 23(2) 33(1) 9(1) 16(3) 1(3)
C(21) 214 34(1) 32(1) 13(1) 9(3) -1(2)
C(21A) 21(4) 34(1) 32(1) 13(1) 9(3) -1(2)
C(22) 28(2) 49(3) 27(2) 10(3) 13(2) -8(3)
C(22A) 25(3) 49(4) 23(2) 10(3) 10(2) -9(3)
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C(24) 24(2) 93(4) 32(2) 5(2) 18(1) -5(2)

C(24A) 23(2) 54(3) 26(2) 6(2) 17(2) -8(2)
C(25) 20(2) 81(4) 29(2) 8(2) 12(1) 2(2)
C(25A) 16(2) 35(3) 22(2) 4(2) 10(1) -3(2)
C(26) 24(1) 51(1) 33(1) 16(1) 16(1) 1(1)
C(29) 32(1) 48(1) 74(2) 12(1) 32(1) 5(1)
C(30) 29(3) 29(3) 38(4) 1(3) 22(3) 8(2)
C(30A) 35(5) 54(6) 44(6) 17(5) 26(4) 8(4)
C(30B) 26(4) 35(5) 37(5) 5(4) 16(4) 8(3)
C(31) 29(2) 43(2) 28(2) 9(2) 17(1) 16(2)
C(31A) 36(4) 75(6) 32(4) 7(4) 18(3) -2(4)
C(31B) 38(4) 54(5) 35(4) -3(4) 23(3) -5(4)
C(32) 32(2) 63(3) 26(2) -1(2) 16(2) 14(3)
C(32A) 40(5) 61(7) 58(5) -1(5) 33(4) -5(5)
C(32B) 40(4) 66(6) 55(5) -12(5) 33(4) -15(4)
C(33) 35(2) 79(3) 30(2) 13(2) 22(2) 27(2)
C(33A) 52(6) 62(7) 48(6) 8(6) 26(5) 14(7)
C(33B) 31(4) 72(6) 40(5) -25(5) 22(4) -19(5)

C(34) 32(2) 122(5)  28(2) 10(3) 18(2) 22(3)
C(34A) 65(6) 68(7) 35(5) 12(5) 32(4) 23(6)
C(34B) 33(4)  122(10)  38(5) -16(6) 22(4) -15(6)

Hydrogen coordinates ( x 4pand isotropic displacement parameter@¢A03)

for 3.3c
X y z U(eq)

H(23) 8023 6720 7448 74
H(23A) 8109 5773 7473 74
H(2) 2970 5666 2479 41
H(3) 3498 3606 2694 41
H(4) 4540 3663 3123 38
H(9B) 6826 6151 3982 40
H(9A) 6849 6153 4020 40
H(13) 5854 9815 3671 37
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H(14)

H(15)

H(20)

H(20A)
H(21)

H(21A)
H(24)

H(24A)
H(25)

H(25A)
H(29C)
H(29D)
H(29E)
H(29F)
H(29A)
H(29B)
H(30A)
H(30B)
H(30C)
H(30D)
H(30E)
H(30F)
H(31A)
H(31B)
H(31C)
H(31D)
H(31E)
H(31F)
H(32A)
H(32B)
H(32C)
H(32D)
H(32E)
H(32F)
H(33A)
H(33B)
H(33C)
H(33D)

5226
4187
7655
7755
8157
8228
6539
6605
6055
6109
7228
7489
7317
7342
7146
7628
7978
8220
8222
8399
8138
7751
8262
8482
8075
8075
8607
8185
9259
9080
9118
9122
8741
9110
9545
9383
9392
9170

11752
11447
5815
6204
5856
6249
7046
5583
6925
5521
2213
1981
2450
1845
1980
2228
3981
3854
3595
2230
2204
3548
1655
1487
4908
3533
3422
4740
3251
3123
4460
4549
4815
5390
854
759
2257
1872
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3373
2902
5223
5221
6497
6521
6198
6231
4920
4947
3563
4427
3549
4251
3676
4550
3898
4760
5021
4759
3904
3445
3904
4751
4000
3580
5043
4623
5076
4242
4286
5017
3971
4812
5278
4452
5312
4478

39
41
28
28
39
39
59
39
53
30
60
60
60
60
60
60
36
36
50
50
40
40
39
39
58
58
49
49
49
49
60
60
60
60
55
55
66
66



H(33E) 9240 2720 4342 55

H(33F) 9421 2888 5174 55

H(34A) 10190 2247 4769 90

H(34B) 10454 995 5350 90

H(34C) 10336 2462 5583 90

H(34D) 10015 3092 4617 80

H(34E) 10305 2118 5333 80

H(34F) 10202 3722 5398 80

H(34G) 10004 4365 4584 95

H(34H) 10325 3169 5195 95

H(34l) 10169 4617 5404 95

Torsion angles [fpr 3.3c

O(10}¥C(9)¥C(19)C(20) -138.2(11) C(2)C(3)C(4)C(5) 0.0(2)
O(10}¥C(9)¥C(19)C(25) 45.8(8) C(3)C(4)C(5)C(6) -179.49(15)
O(10}C(9¥C(19A)C(20A) -108.9(16) C(3)C(4)C(5)C(18) -0.6(2)
O(10}¥C(9¥C(19A)C(25A) 64.8(8) C(4)YC(5)C(6)N(7) 5.6(2)
o(103C(11Cc(12C(13) -2.6(2) C(4)C(5)C(6)C(11) -179.41(15)
o(10yC(1nCc@ac(17) 176.74(13) C(4C(5XC(18)N(2) 0.7(2)
0(23)C(22)C(24)C(25) -179.7(5) C(4)C(5)C(18)C(17) -178.69(15)
O(23A)C(22AXC(24A)C(25A) C(5)C(6)YC(11)0O(10) -178.12(14)
179.7(5) C(5)C(6)YC(11)C(12) -2.0(2)
0O(28}C(29)C(30)C(31) 176.0(3) C(6IN(7)}C(8)C(9) 6.0(2)
O(28)}C(29)C(30A)XC(31A) -80.0(9) C(6)N(7)}C(8)C(26) -175.86(13)
0O(28)}C(29)C(30BXC(31B) 65.5(7) C(6)C(5)C(18)N(1) 179.63(14)
N(1)}C(2}C(3}C(4) 0.4(3) C(6)C(5)C(18)C(17) 0.3(2)
N(7)}C(6)C(11)O(10) -3.3(2) C(e}C(11C(1)C(13) -178.89(15)
N(7)-C(6)}C(11)C(12) 172.82(14) c@eycanc@aac@ar 0.4Q2)
N(7)}C(8YC(9)}O(10) -27.4(2) C(8IN(7)YC(6)YC(5) -174.18(14)
N(7)}C(8YC(9)C(19) 90.2(4) C(8IN(7)YC(6)YC(11) 10.9(2)
N(7)}C(8YC(9)}C(19A) 103.6(5) C(8)C(9¥C(19)C(20) 100.9(12)
N(7)}C(8YC(26)O(27) -7.8(3) C(8)C(9¥C(19)C(25) -75.1(7)
N(7)}C(8)YC(26)O(28) 171.60(14) C(8)YC(9)C(19AXC(20A) 126.4(16)
N(16}C(17)C(18)N(1) -1.2(2) C(8)C(9}C(19A)C(25A) -60.0(7)
N(16}C(17)C(18)C(5)  178.18(14) C(9)O(10}C(11)C(6) -20.6(2)
C(2)N@Q)-C(18)C(5) -0.2(2) C(9YO(10)C(11)C(12) 163.10(nm)
C(2IN(1)yC(18)C(17) 179.14(15) C(9)YC(8)C(26)0(27) 170.49(17)



C(9)C(8)C(26)0O(28) -10.1(2)
C(9)C(19)C(20)C(21)  -174.0(16)
C(9)C(19)C(25)C(24) 174.7(5)

C(9)C(19AXC(20A)C(21A) 170.5(19)
C(9)C(19AXC(25A)C(24A) -170.6(5)

C(11)O(10)C(9)C(8) 32.97(18)
C(11)O(10)C(9)C@9) -91.8(5)
C(11)O(10)C(9)C(19A)  -89.5(6)
C(11)C(12)C(13)C(14) 178.48(15)
C(11)C(12)C(17IN(16) -178.51(14)
C(11)C(12)C(17)C(18) 1.5(2)
C(12)C(13)C(14)C(15) -0.1(2)
C(12)C(17)C(18N(1)  178.76(14)
C(12)C(17)C(18)C(5) -1.9(2)
C(13)C(12)C(17IN(16) 0.8(2)
C(13)C(12)C(17)C(18) -179.13(14)
C(13)C(14)C(15)N(16) 1.3(3)
C(15)N(16)C(17)C(12) 0.2(2)
C(15)N(16)C(17)C(18) -179.83(15)
C(17IN(16)C(15)C(14) -1.3(3)
C(17)C(12)C(13)C(14) -0.8(2)
C(18)N(1}C(2)C(3) -0.3(3)
C(18)C(5-C(6)N(7) -173.34(14)
C(18)C(5)C(6)C(11) 1.7(2)
C(19)C(20)C(21)C(22) -1(3)
C(19AXC(20AC(21AC(22A)  3(4)
C(20)C(19)C(25)C(24) -1.3(14)
C(20)C(21)C(22)0(23)  -179.2(14)
C(20)C(21)C(22)C(24) -2(3)

C(20AXC(19AYC(25A)C(24A) 3.2(17)
C(20AXC(21AXC(22A)0(23A) 180(2)

C(20AXC(21AYC(22A)C(24A)  -2(4)
C(21)C(22)C(24)C(25) 2.7(15)
C(21AXC(22A)C(24AC(25A)  2(2)
C(22)C(24)C(25)C(19) -1.2(9)
C(22A)XC(24AXC(25A)C(19A) -2.7(9)
C(25)C(19)C(20)C(21) 2(2)
C(25AXC(19A)C(20AC(21A)  -3(3)
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C(26)0(28)C(29)C(30)  177.7(3)
C(26)0(28)C(29)C(30A) -159.8(4)
C(26)0(28)C(29)C(30B)  151.2(4)
C(26)C(8)C(9)O(10)  154.47(14)
C(26)C(8)C(9)C(19) -87.9(4)
C(26)C(8)C(9)C(19A) -74.5(5)
C(29)0(28)C(26)0(27) 0.3(3)
C(29)0(28)C(26)C(8) -179.13(15)
C(29)C(30)C(31)C(32)  -177.8(4)

C(29)C(30A)C(31AXC(32A) -166.0(9)
C(29)C(30B)C(31B)C(32B) -174.3(7)
C(30)C(31)C(32)C(33)  169.2(4)
C(30AXC(31AYC(32A)C(33A)52.4(14)
C(30B)C(31B)C(32B)C(33B)81.5(10)

C(31)C(32)C(33)C(34)  -1782(3)
C(31AXC(32AXC(33A)
C(34A) 159.7(11)

C(31B)C(32B)C(33B)C(34B)157.6(8)



Hydrogen bonds fo8.3c [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
O(23)H(23)..N(1)#1  0.84 1.91 2.676(6) 151
O(23A)H(23A)...N(1)#1 0.84 2.53 2.940(8) 111
O(23A)H(23A)...N(16)#10.84 2.40 3.228(9) 170
C(14H(14)...027)#2 0.95 2.53 3.189(2) 127
C(21AH(21A)...0(10)#3 0.95 2.55 3.21(4) 126

Symmetry transformations used to generate equivalent atoms:
#1 x+1/2;y+3/2,z+1/2  #2 x,y+1,z #33/2;y+3/2;z+1

#A4-x+3/2;y+1/2-2+1

3.3e
Aclear \ellow platelike specimen 0fG3Hs7NzOs, approximate dimension3.060mm

x 0.160mm x0.420mm, was used for the-Ky crystallographic analysithe Xray
intensity data were measured at 100(2)K on a Bruker D8 Quest ECO with an Oxford
Cryostream low tempature device using a MiTeGen micromount. See Table 1 for
collection parameters and exposure time. Bruker APEX software was used to correct

for Lorentz and polarization effects.

A total of 1047 frames were collected. The total exposure time was 5.24 hHihes.

frames were integrated with the Bruker SAINT software package using a Rarrow
frame algorithm. The integration of the data usingnanoclinicunit cell yielded a

total of 53584NB Tt SOG A2y a (2 2690078 @sdlution), ofy 3 S
which 6045 were independent (average redundan8yB64 completeness 99.7%,

Rnt =5.88%, Rig=3.08%) and4665(77.27: 0 ¢ SNBE 3IANB?Y. GhE fikkldeK | vy H°
constants 0f=31.9437(14A,b=9.7362(5A,c=22.5164(10) = 1126.9651(12),
volume =55953(5)A3, are based upon the refinement of the Xd&htroids 0f9927
NEFt SOGA2ya || ®33&S fH nB8.700 Data werd dokected for
absorption effects using the MuBcan method (SADABS). The ratio of minimum to
maximum apparent transmissiomas0.924 The calculated minimum and maximum

transmission coefficients (based on crystal size)0a890and0.7454
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The structure was solved with the XT structure solution program using Intrinsic
Phasing and refined with the XL refinement packagengisieast Squares
minimisation with Olex2using the space group2/g with Z =8 for the formula unit,
GsaHs7N3Os. The final anisotropic futhatrix leastsquares refinement on?fwith 351
variables converged at R14-67%, for the observed data and wR2.£.63% for all
data. The goodnessf-fit was1.053 The largest peak in the final difference electron
density synthesis wa®.305e/A3 and the largest hole wa®.276e/A3 with an RMS
deviation 0f0.055e/A3. On the basis of the final model, the caldathdensity was
1.281g/cm® and F(000)2304€'.

Crystal data and structure refinement 8r3e

Empirical formula Ga3Hz7N3Os

Formula weight 539.65

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cdl dimensons I T omM®dpnog®MnoO )

0 I hdT 0 c HDIRAE51(12)°.

c=22.5164(10) A G 90°.

Volume 5595.3(5) R

Z 8

Density (calculated) 1.281 Mg/m?
Absorption coefficient 0.085 mmi

F(000) 2304

Crystal size 0.42 x 0.16 x 0.06 m3
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Theta range for data collection 2.574 t0 26.910°.

Index ranges SN0 OKK XMHA] My HE KH y
Reflections collected 53584

Independent reflections 6045 [R(int) = 0.0588]
Completeness to theta = 25.242° 99.9 %

Absorption correction Semiempirical from equialents
Max. and min. transmission 0.7454 and 0.6890

Refinement method Fulkmatrix leastsquares on #
Data / restraints / parameters 6045/0/ 351

Goodnesf-fit on F2 1.053

CAYlf w AYRAOS

ax

w LSLE 0.6467) v8R2 = 0.1040

R indices (all data) R1 =662, wR2 =0.1163

Largest diff. peak and hde305 and0.276 e.A3

Atomic coordinates ( x #) and equivalent isotropic displacement parameters

(A2x 103) for 3.3e Ugq) is defined as one third e trace of the orthogonalized

Uil tensor.

X y z U(eq)
0(10) 5167(1)  4691(1)  6428(1) 18(1)
0(23) 6570(1)  2959(2)  5389(1) 32(1)
0(27) 4831(1)  -190(1)  6131(1) 24(1)
o(B) 4595(1)  1252(1)  5192(1) 21(1)
N(L) 6282(1)  4376(1)  9482(1) 20(1)
N(7) 5333(1)  2077(1)  7079(1) 17(1)
N(16) 6050(1)  6857(1)  8806(1) 21(1)
cE) 6389(1)  3162(2)  9807(1) 22(1)
c@) 6228(1)  1913(2)  9425(1) 22(1)
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C(4) 5947(1) 1926(2) 8665(1) 20(1)
C(5) 5835(1) 3191(2) 8298(1) 16(1)
C(6) 5546(1) 3286(2) 7502(1) 16(1)
C(8) 5103(1) 2186(2) 6380(1) 16(1)
C(9) 5093(1) 3470(2) 5993(1) 17(1)
C(11) 5446(1) 4543(2) 7174(1) 16(1)
C(12) 5600(1) 5798(2) 7593(1) 16(1)
C(13) 5471(1) 7108(2) 7261(1) 20(1)
C(14) 5632(1) 8249(2 7704(1) 25(1)
C(15) 5922(1) 8069(2) 8473(1) 26(1)
C(17) 5888(1) 5720(2) 8375(1) 16(1)
C(18) 6009(1) 4391(2) 8734(1) 17(1)
C(19) 5493(1) 3383(2) 5842(1) 16(1)
C(20) 6015(1) 3036(2) 6397(1) 20(1)
C(21) 6372(1) 2920(2) 6243(1) 23(1)
C(22) 6213(1) 3134(2) 5523(1) 22(1)
C(24) 5693(1) 3472(2) 4963(1) 19(1)
C(25) 5340(1) 3588(2) 5125(1) 18(1)
C(26) 4834(1) 929(2) 5905(1) 18(1)
C(29) 4304(1) 171(2) 4640(1) 22(1)
C(30) 4091(1) 829(2) 3897(1) 24(1)
C(31) 3670(1) 1900(2) 3661(1) 26(1)
C(32) 3508(1) 2732(2) 2981(1) 27(1)
C(33) 3041(1) 3665(2) 2701(1) 31(1)
C(34) 2924(1) 4691(2) 2104(1) 33(1)
C(35) 2783(1) 4057(2) 1388(1) 28(1)
C(36) 2635(1) 5128(2) 798(1) 28(1)
C(37) 2492(1) 4518(2) 74(1) 29(1)
C(38) 2327(1) 5583(2) -522(1) 27(1)
C(39) 2208(1) 4994(2)  -1232(1) 37(1)
q40) 2012(1) 6053(2)  -1837(1) 43(1)
Bond lengths [A] and angles [°] f8t3e.
0(10)C(9) 1.4657(17) 0(27)C(26) 1.2041(19)
O(10)C(11) 1.3568(17) 0(28)C(26) 1.3355(18)
O(23)H(23) 0.8400 0(28)C(29) 1.4588(18)
0(23)C(22) 1.3533(19) N(1)}C(2) 1.322(2)
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N(1)C(18)
N(7)}C(6)
N(7}C(8)
N(16)}C(15)
N(16)}C(17)
C(23H(2)
C(2)C(3)
C(31H(3)
C(3}C(4)
C(43H(4)
C(4)C(5)
C(5)C(6)
C(5)C(18)
C(6)C(11)
C(8)C(9)
C(8)C(26)
C(9)H(9)
C(9)C(19)
C(11)C(12)
C(12)C(13)
C(12)C(17)
C(13)H(13)
C(13)C(14)
C(14)H(14)
C(14)C(15)
C(15)H(15)
C(17)C(18)
C(19)C(20)
C(19)C(25)
C(20)H(20)
C(20)C(21)
C(21H(21)
C(21)C(22)
C(22)C(24)
C(24)H(24)
C(24)C(25)
C(25)H(25)
C(29)H(29A)

1.3530(19)
1.4064(19)
1.2814(19)
1.324(2)
1.354(2)
0.9500
1.398(2)
0.9500
1.373(2)
0.9500
1.404(2)
1.442(2)
1.408(2)
1.364(2)
1.512(2)
1.509(2)
1.0000
1.509(2)
1.437(2)
1.408(2)
1.415(2)
0.9500
1.370(2)
0.9500
1.399(2)
0.9500
1.450(2)
1.397(2)
1.392(2)
0.9500
1.380(2)
0.9500
1.393(2)
1.393(2)
0.9500
1.381(2)
0.9500
0.9900
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C(29)H(29B)
C(29)C(30)
C(30)H(30A)
C(30)H(30B)
C(30)C(31)
C(31)H(31A)
C(31)H(31B)
C(31)C(32)
C(32)H(32A)
C(32)H(32B)
C(32)C(33)
C(33)H(33A)
C(33)H(33B)
C(33)C(34)
C(34)H(34A)
C(34)H(34B)
C(34)C(35)
C(35)H(35A)
C(35)H(35B)
C(35)C(36)
C(36)H(36A)
C(36)H(36B)
C(36)C(37)
C(3T)H(37A)
C(37)H(37B)
C(37)C(38)
C(38)H(38A)
C(38)H(38B)
C(38)C(39)
C(39)H(39A)
C(39)H(39B)
C(39)C(40)
C(40)H(40A)
C(40)H(40B)
C(40)H(40C)

C(11)O(10)C(9)
C(22)0(23}H(23)

0.9900
1.517(2)
0.9900
0.9900
1.523(2)
0.9900
0.9900
1.522(2)
0.9900
0.9900
1.521(2)
0.9900
0.9900
1.530(2)
0.9900
0.9900
1.519(2)
0.9900
0.9900
1.524(2)
0.9900
0.9900
1.524(2)
0.9900
0.9900
1.518(2)
0.9900
0.9900
1.516(2)
0.9900
0.9900
1.512(3)
0.9800
0.9800
0.9800

117.56(11)
109.5



C(26)0(28)C(29)
C(2)N(1)}C(18)
C(8IN(7)}C(6)
C(15N(16)C(17)
N(1}C(2}H(2)
N(1}C(2}C(3)
C(3}C(2}H(2)
C(2)C(3H(3)
C(HC(3)C(2)
C(HC(3HHE)
C(3)C(HH(4)
C(3)C(HC(5)
C(5)C(HH(4)
C(4)C(5)6)
C(4)C(5)C(18)
C(18)C(5)C(6)
N(7)-C(6)C(5)
C(LLC(BIN(7)
C(11)C(6)C(5)
N(7)-C(8)C(9)
N(7)-C(8)C(26)
C(26)C(8)C(9)
O(10)C(9)C(8)
O(10)C(9}H(9)
O(10)C(9)C(19)
C(8)C(9)H(9)
C(19)C(9)C(8)
C(19)C(9H(9)
O(10)C(11)C(6)
O(10)C(11)C(12)
C(6)C(11)C(12)
C(13)C(12)C(11)
C(13)C(12)C(17)
C(17)C(12)C(11)
C(12)C(13)H(13)
C(14)C(13)C(12)
C(14)C(13)H(13)
C(13)C(14)H(14)

117.75(12)
117.23(14)
116.71(13)
117.85(13)
118.0
124.07(14)
118.0
120.6
118.80(15)
120.6
120.5
119.07(15)
120.5
122.28(14)
117.60(13)
120.11(13)
118.35(13)
121.58(13)
119.82(13)
125.06(14)
117.70(13)
117.22(12)
110.33(11)
107.8
112.19(12)
107.8
110.82(12)
107.8
122.15(14)
115.65(13)
122.07(13)
123.15(13)
11817(14)
118.67(13)
120.4
119.11(14)
120.4
120.7
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C(13)C(14)C(15)
C(15)C(14)H(14)
N(16)}C(15)C(14)
N(16)}C(15)H(15)
C(14)C(15)H(15)
N(16)}C(17)C(12)
N(16)}C(17)C(18)
C(12)C(17)C(18)
N(1)}C(18)C(5)
N(1)}C(18)C(17)
C(5)C(18)C(17)
C(20)C(19)C(9)
C(25)C(19)C(9)
C(25)C(19)C(20)
C(19)C(20)H(20)
C(21)C(20)C(19)
C(21)C(20)H(20)
C(20)C(21)H(21)
C(20)C(21)C(22)
C(22)C(21)H(21)
0(23)C(22)C(21)
0(23)C(22)C(24)
C(24)C(22)C(21)
C(22)C(24)H(24)
C(25)C(24)C(22)
C(25)C(24)H(24)
C(19)C(25)H(25)
C(24)C(25)C(19)
C(24)C(25)H(25)
0(27)C(26)0(28)
O(27)C(26)C(8)
O(28)C(26)C(8)

O(28)C(29)H(29A)
O(28)C(29)H(29B)

O(28)C(29)C(30)

H(29A)C(29)H(29B)

C(30)C(29)H(29A)
C(30)C(29)H(29B)

118.59(15)
120.7
124.20(15)
117.9
117.9
122.07(14)
118.07(13)
119.85(14)
123.21(14)
117.39(14)
119.39(13)
121.92(13)
119.97(13)
118.04(14)
119.5
121.07(14)
119.5
119.9
120.20(15)
119.9
118.36(14)
122.26(14)
119.34(15)
120.0
119.90(14)
120.0
119.3
121.44(14)
119.3
125.20(14)
125.49(13)
109.31(13)
1106
110.6
105.61(12)
108.7
110.6
110.6



C(29)C(30)H(30A)
C(29)C(30)H(30B)
C(29)C(30)C(31)
H(30A)C(30)H(30B)
C(31)C(30)H(30A)
C(31)C(30)H(30B)
C(30)C(31)H(31A)
C(30)C(31)H(31B)
H(31A)C(31)H(31B)
C(32)C(31)C(30)
C(32)C(31)H(31A)
C(32)C(31)H(31B)
C(31)C(32)H(32A)
C(31)C(32)H(32B)
H(32A)C(32)H(32B)
C(33)C(32)C(31)
C(33)C(32)H(32A)
C(33)C(32)H(32B)
C(32)C(33)H(33A)
C(32)C(33)H(33B)
C(32)C(33)C(34)
H(33A)C(33)H(33B)
C(34)C(33)H(33A)
C(34)C(33)H(33B)
C(33)C(34)H(HA)
C(33)C(34)H(34B)
H(34A)C(34H(34B)
C(35)C(34)C(33)
C(35)C(34)H(34A)
C(35)C(34)H(34B)
C(34)C(35)H(35A)
C(34)C(35)H(35B)
C(34)C(35)C(36)
H(35A)C(35)H(35B)
C(36)C(35)H(35A)
C(36)C(35)H(35B)
C(35)C(36)H(36A)
C(35)C(36)H(36B)

109.0
109.0
112.98(14)
107.8
109.0
109.0
108.7
108.7
107.6
114.21(14)
108.7
108.7
109.0
109.0
107.8
113.01(14)
109.0
109.0
108.6
108.6
114.54(15)
107.6
108.6
108.6
108.5
108.5
107.5
115.26(16)
108.5
108.5
109.1
109.1
112.69(15)
107.8
109.1
109.1
108.8
108.8
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C(35)C(36)C(37)
H(36A)C(36)H(36B)
C(37)C(36)H(36A)
C(37)C(36)H(36B)
C(36)C(37)H(37A)
C(36)C(37)H(37B)
H(37A)C(37)H(37B)
C(38)C(37)C(36)
C(38)C(37)H(37A)
C(38)C(37)H(37B)
C(37)C(38)H(38A)
C(37)C(38)H(38B)
H(38A)C(38)H(38B)
C(39)C(38)C(37)
C(39)C(38)H(38A)
C(39)C(38)H(38B)
C(38)CB9)}H(39A)
C(38)C(39)H(39B)
H(39A)C(39)H(39B)
C(40)C(39)C(38)
C(40)C(39)H(39A)
C(40)C(39)H(39B)
C(39)C(40)H(40A)
C(39)C(40)H(40B)
C(39)C(40)H(40C)
H(40A)C(40)H(40B)
H(40A)Q(40)H(40C)
H(40B)C(40)H(40C)

113.73(15)
107.7
108.8
108.8
108.8
108.8
107.7
113.60(15)
108.8
108.8
108.8
108.8
107.6
114.01(15)
108.8
108.8
108.9
108.9
107.7
113.42(17)
108.9
108.9
109.5
109.5
109.5
109.5
109.5
109.5



Anisotropic displacement parameters 2&13) for 3.3e. The anisotropic

displacement factor exponent takes the forr2” 2[ h2a*2Ull+ .. + 2 hk a* b*
U12]

ull u22 u33 u23 ul3 ul2
0O(10) 25(1) 17(2) 11(2) 1(2) 10(2) 3(1)
0(23) 24(1) 52(1) 24(1) 15(2) 17(2) 11(2)
0o27) 31(1) 18(1) 20(1) 1(2) 13(2) 0(1)
0(28) 25(1) 20(1) 14(1) -1(1) 10(2) -2(1)
N(1) 20(1) 27(1) 12(1) 2(1) 9(1) 1(2)
N(7) 18(1) 18(1) 16(1) 0(1) 10(2) 0(1)
N(16) 26(1) 21(1) 16(1) -2(1) 13(2) 0(1)
C(2) 21(1) 32(1) 14(1) 4(1) 10(2) 2(1)
C(3) 23(1) 25(1) 20(1) 9(1) 13(2) 4(1)
C@) 21(1) 21(1) 18(1) 2(1) 11(2) 1(2)
C(5) 16(1) 21(1) 14(1) 1(2) 10(2) 2(1)
C(6) 16(1) 18(1) 14(1) -1(1) 10(2) 0(1)
C(8) 18(1) 17(2) 15(2) 1(2) 10(2) 2(1)
C(9) 20(1) 17(2) 12(1) 0(1) 8(1) 1(2)
C(11) 16(1) 23(1) 11(2) 1(2) 8(1) 2(1)
C(12) 16(1) 21(1) 14(1) 1(2) 10(2) 2(1)
C(13) 23(1) 22(1) 16(1) 2(1) 12(1) 2(1)
C(4) 33(1) 19(1) 22(1) 3(1) 17(2) 4(1)
C(5) 35(1) 20(1) 21(1) -3(1) 16(1) 0(1)
C(a7) 16(2) 21(1) 14(1) 1(2) 10(2) 2(1)
C(18) 16(1) 22(1) 14(1) 1(2) 10(1) 2(1)
C(19) 20(1) 14(1) 14(1) 0(1) 10(1) -1(2)
C(20) 21(1) 24(1) 12(1) 2(1) 8(1) 0(1)
C(21) 18(1) 29(1) 17(1) 5(1) 8(1) 2(1)
C(22) 23(1) 24(1) 20(1) 5(1) 14(1) 2(1)
C(24) 23(1) 21(1) 14(1) 4(1) 11(1) 3(1)
C(25) 19(1) 17(1) 13(1) 2(1) 7(1) 2(1)
C(26) 18(1) 20(1) 15(1) 0(1) 9(1) 2(1)
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C(29) 26(1) 20(1) 16(1) -4(1) 10(1) -2(1)

C(30) 28(1) 26(1) 16(1) -3(1) 11(1) 0(1)
C(31) 24(1) 33(1) 18(1) 2(1) 12(1) 3(1)
C®@ 27(1) 32(1) 20(1) 2(1) 14(1) 3(1)
C(33) 30(1) 38(1) 24(1) 5(1) 16(1) 7(1)
C(34) 36(1) 32(1) 26(1) 4(1) 15(1) 8(1)
C(35) 25(1) 29(1) 22(1) 1(1) 10(1) -2(1)
C(36) 28(1) 29(1) 22(1) 3(1) 12(1) 3(1)
C@37) 29(1) 28(1) 23(1) 2(1) 12(1) 0(1)
C(38) 23(1) 32(1) 24(1) 4(1) 12(1) 4(1)
C(39) 46(1) 33(1) 26(1) 2(1) 18(1) 2(1)
C(40)  49(1) 47(1) 29(1) 8(1) 21(1) 7(1)

Hydrogen coordinates ( x 4pand isotropic displacemeparameters (&x 103)
for 3.3e

X y z U(eq)
H(23) 6441 3222 4955 47
H(2) 6588 3138 10333 27
H(3) 6312 1069 9686 27
H(4) 5829 1091 8391 24
H(9) 4739 3535 5504 20
H(13) 5275 7199 6738 24
H(14) 5548 9144 7494 30
H(15) 6035 8867 8776 31
H(20) 6127 2876 6889 24
H(21) 6726 2694 6629 28
H(24) 5581 3623 4470 23
H(25) 4986 3813 4738 21
H(29A) 4015 -171 4645 27
H(29B) 4538 -608 4740 27
H(30A) 3943 104 3512 29
H(30B) 4383 1270 3928 29
H(31A) 3356 1429 3555 31
H(31B) 3800 2537 4081 31
H(32A) 3808 3300 3107 32
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H(32B) 3419 2095 2578 32

H(33A) 3106 4182 3128 37

H(33B) 2727 3086 2497 37

H(34A) 2630 5286 1981 40

H(34B) 3234 5286 2314 40

H(35A) 2486 3417 1190 34

H(35B) 3086 3519 1499 34

H(36A) 2933 5768 999 34

H(36B) 2334 5668 691 34

H(37A) 2797 4005 178 35

H(37B) 2201 3855 -119 35

H(38A) 2012 6066 -642 33

H(38B) 2611 6272 -320 33

H(39A) 2530 4566 -1118 45

H(39B) 1941 4264 -1417 45

H(4) 1962 5621 -2268 64

H(40B) 2268 6798 -1652 64

H(40C) 1677 6426 -1983 64

Torsion angles [°] fd.3e

0O(10)}C(9)¥C(19)C(20) 73.24(18) C(2)N(1)}XC(18)q17) 179.57(14)
0O(10)}C(9)¥C(19)C(25) -109.86(15) C(2)C(3)C(4)C(5) 0.8(2)
o(10Cc(anc@aac((1s) 0.4(2) C(3)C(4)C(5)C(6) 179.44(14)
o(rocanc@aac@ar) 179.34(13) C(3)C(4)C(5)C(18) -1.6(2)
0(23)C(22)C(24)C(25) 177.56(15) C(4)YC(5YC(6)N(7) 5.3(2)
0(28)C(29C(30)C(31) -68.47(17) C(4)C(5)C(6)C(11) 179.69(15)
N(1)}C(2)C(3)C(4) 0.8(3) C(4)C(5)C(18)N(1) 1.0(2)
N(7}C(6}C(11)O(10) -4.5(2) C(4)YC(5)C(18)C(17) -178.05(14)
N(7}C(6YQ11)}C(12) 171.21(14) C(5)C(6}C(11)0(10) -178.65(13
N(7)}C(8}C(9YO(10) -24.9(2) C(5)C(6)C(11)C(12) -3.0(2)
N(7}C(8YC(9)}C(19) 99.97(17) C(6)N(7)>C(8)C(9) 6.6(2)
N(7}C(8}C(26)0(27) -2.8(2) C(6)N(7)C(8)C(26) -175.20(13)
N(7)}C(8}C(26)0O(28) 176.75(13) C(6)C(5)C(18)N(1) 179.99(14)
N(16}C(17)C(18)N(1) -0.6(2) C(6)C(5)C(18)C(17) 0.9(2)
N(16)}C(17)C(18)C(5) 178.49(14) C(6)C(11)C(12)C(13) -175.53(15)
C(2)N(1)}C(18)C(5) 0.5(2) c(6yC(1nc(@a2c(ar) 3.4(2)
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C(8)N(7)}C(6)C(5)
C(8)N(7)-C(6)C(11)
C(8)C(9)C(19)C(20)
C(8)C(9)C(19)C(25)
C(9)O(10}C(11)C(6)
C(9)O(10)C(11)C(12)
C(9)C(8)C(26)0(27)
C(9)C(8)C(26)0(28)
C(9)C(19)C(20)C(21)
C(9)C(19)C(25)C(24)
C(11)O(10)C(9)C(8)
C(11)O(10)C(9)C(19)
C(11)C(12)C(13)C(14)
C(11)C(12)C(17IN(16)
C(11)C(12)C(17)C(18)
C(12)C(13)C(14)C(15)
C(12)C(17)C(18)N(1)
C(12)C(17)C(18)C(5)
C(13)C(12)C(17IN(16)
C(13)C(12)C(17)C(18)
C(13)C(14)C(15)N(16)
C(15)N(16)C(17)C(12)
C(15)N(16)C(17)C(18)
C(17IN(16)C(15)C(14)
C(17)C(12)C(13)C(14)
C(18)N(1}C(2)C(3)
C(18)C(5)C(6)N(7)
C(18)C(5)C(6)C(11)
C(19)C(20)C(21)C(22)
C(20)C(19)C(25)C(24)
C(20)C(21)C(22)0(23)
C(20)C(21)C(22)C(24)
C(21)C(22)C(24)C(B)
C(22)C(24)C(25)C(19)
C(25)C(19)C(20)C(21)
C(26)0(28)C(29)C(30)
C(26)C(8)C(9)O(10)
C(26)C(8)C(9)C(19)

-176.23(13)

9.5(2)
-50.58(19)
126.32(15)

-16.2(2)
167.83(12)
175.61(15)

-4.87(18)
178.00(15)

-177.88(14)

28.23(17)
-95.86(15)
179.57(15)
179.49(14)

-1.6(2)
0.4(2)

-179.58(13)

-0.5(2)
-1.5(2)
177.37(14)
-0.7(3)
1.3(2)

-177.62(15)

-0.2(3)
0.6(2)
-1.4(2)

-173.60(13)

0.8(2)
-0.8(3)
-0.9(2)

-177.47(16)

0.3(3)
-0.1(2)
0.4(2)
1.0(2)

-178.72(13)

156.84(12)
-78.29(16)
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C(29)0(28)C(26)0(27)
C(29)0(28)C(26)C(8)

C(29)C(30)C(3L)-C(32)
C(30)C(31)C(32)C(33)
C(31)C(32)C(33)C(34)
C(32)C(33)C(34)C(35)
C(33)C(34)C(35)C(36)
C(34)C(35)C(36)C(37)
C(35)C(36)C(37)C(38)
C(36)C(37)C(38)C(39)
C(37)C(38)C(39)C(40)

0.3(2)

-179.19(12)

171.08(14)
172.80(15)
170.23(16)

61.8(2)
176.13(15)

-179.90(16)

178.11(15)
17730(16)
176.31(17)



Hydrogen bonds foB.3e [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
O(23)H(23)..N(1)#1  0.84 2.49 3.0806(19) 128
O(23)H(23)..N(16)#1 0.84 2.09 2.8928(17) 160

Symmetry transformationased to generate equivalent atoms:
#1 x;y+1,21/2

3.4a
Aclear pale yellow platéike specimen of%2H13N3O3, approximate dimension3.060

mm x0.080mm x0.130mm, was used for the-Ky crystallographic analysiBhe X

ray intensity data weremeasured at 100(2)K on a Bruker D8 Quest ECO with an
Oxford Cryostream low temperature device using a MiTeGen micromount. See Table
1 for collection parameters and exposure time. Bruker APEX software was used to

correct forLorentz and polarization effects

A total of 424 frames were collected. The total exposure time was 7.07 hours. The
frames were integrated with the Bruker SAINT software package using a Rarrow
frame algorithm. The integration of the data usingnanoclinicunit cell yielded a

total of 10619NB ¥t SOG A2y a (2 [25600BRAwsdlution), ofy 3t S
which 3144 were independent (average redundan8y378 completeness 99.8%,

Rnt =11.23%, Rig=10.11%) and1637(52.07: 0 ¢ SNB 3IANBI).dHe Ndald K y +
cell constants ofa = 11.2®87(10) A, b = 16.2786(15)A, ¢ = 9.2757(10)) = i T
103.225(3J, volume =1660.1(3)A3, are based upon the refinement of the XYZ
centroids of 1647NB Ff SOGA 2y a | 0728S ¢ HoA.7F. Batadwerd A (1 K
corrected for absorption effects using the Mieican method (SADABS). The ratio of
minimum to maximum apparent transmission wa®09 The calculated minimum

and maximum transmission coefficients (based on crystal size)0&#/5 and

0.7453
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The structure was solved with the XT structure solutiongpam using Intrinsic
Phasing and refined with the XL refinement package using Least Squares
minimisation with Olex2using the space group/c, with Z =4 for the formula unit,
Co2HhisNsOs. The final anisotropic futhatrix leastsquares refinement on?fvith 254
variables converged at R16:03%, for the observed data and wR2.4.9%% for all

data. The goodnessf-fit was0.993 The largest peak in the final difference electron
density synthesis wa®.260e/A3 and the largest hole wa®.275e/A3 with an RMS
deviation 0f0.065e/A3. On the basis of the final model, the calculated density was
1.470g/cm? and F(000)760¢€".

Crystal Datdor G2Hi3N:03 (M =367.35 g/mol): monoclinic, space group/eZno.
14),a=11.2937(10R, b= 16.2786(158, c = 92757(10)A,i =103.225(3)%y =

1660.1(3)83, Z=4,T=100Q2Q)Y = > 0 a@191mit, Dcalc= 1.470g/cm?, 10619

NEFf SOGA2ya YSI &dZNBR O0c PHREYTLII2E, Ryhdr XK p M Do
0.1011) which were used in all calculations. Thef@ & ndncno oL B H'

andwR> was 0.1499 (all data).
Crystal data and structure refinement 8r3e

Empirical formula Go2Hi13N303

Formula weight 367.35

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2/c

Unit cel dimensions I T MM®H GO TH9A°n 0 )

b=mc ®HT Yy c 6 mpEFh03.225(3)°.

¢ =9.2757(10) A Q= 90°.

Volume 1660.1(3) R
Z 4
Density (calculated) 1.470 Mg/m3
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Absorption coefficient 0.101 mmi

F(000) 760

Crystal size 0.13 x 0.08 x 0.06 m#n

Theta range for data collection 3.114 to 25.687°.

Index ranges -M 0 KK nMpotd] dwdkE XKm m
Reflections collected 10619

Independent reflections 3144 [R(int) = 0.1123]
Completeness to theta = 25.242° 99.8 %

Absorption correction Semiempirical from equivalents
Max. and min. transmission 0.7453 and 0.6775

Refinement method Fulkmatrix leastsquares on ¥
Data / restraints / parameters 3144 /0/ 254

Goodnesffit on F2 0.993

CAYLFf w AYRAOSA LM 0.6603)WR2=0.1181
R indics (all data) R1 =0.1408, wR2 = 0.1499

Largest diff. peak and hde260 and0.275 e.A3

Atomic coordinates ( x #) and equivalent isotropic displacement parameters

(A2x 133) for 3.4a Ueq) is defined as one third dfe trace of the orthogonalized

Uil tensor.

X y z U(eq)
c(2) 1238(3)  3461(2)  -2102(4) 31(1)
c@3) 1462(3)  2651(2)  -2363(4) 31(1)
c(4) 2497(3)  2292(2)  -1555(4) 27(1)
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C(5) 3293(3) 2764(2) -509(4) 20(1)
C(6) 4385(3) 2377(2) 445(4) 21(1)
C(7) 5154(3) 2906(2) 1601(4) 21(1)
C(8) 4896(3) 3756(2) 1639(4) 20(1)
C(9) 5681(3) 4249(2) 2683(4) 21(1)
C(10) 5412(3) 5095(2) 2702(4) 22(1)
C(11) 4441(3) 5389(2) 1689(4) 25(1)
C(13) 3878(3) 4125(2) 666(4) 21(1)
C(14) 3026(3) 3596(2) -359(4) 21(1)
C(17) 6808(3) 3031(2) 3548(4) 19(1)
C(18) 6686(3) 3869(2) 3678(4) 20(1)
C(19) 7508(3) 4362(2) 4843(4) 22(1)
C(20) 7575(3) 4196(2) 6329(4) 25(1)
C(21) 8295(3) 4677(2) 7400(4) 29(1)
C(22) 8955(3) 5324(2) 7004(4) 29(1)
C(23) 8891(3) 5489(2) 5534(4) 29(1)
C(24) 8167(3) 5012(2) 4452(4) 25(1)
C(25) 7858(3) 2577(2) 4515(4) 22(1)
C(28) 8445(3) 1378(2) 5913(4) 27(1)
N(L) 1997(3) 3943(2)  -1146(3) 29(1)
N(12) 3673(2) 4924(2) 670(3) 25(1)
N(16 6061(2) 2548(2) 2540(3) 21(1)
0(15) 4637(2) 1657(1) 293(3) 26(1)
0(26) 8899(2) 2806(1) 4771(3) 32(1)
0(27) 7491(2) 1872(1) 5009(3) 25(1)
Bondlengths [A] and angles [°] fG4a
C(QH(2) 0.9500 C(6)C(7) 1.490(5)
C(2)C(3) 1.374(5) C(6)O(15) 1.222(4)
C(2IN(L) 1.337(4) C(7)C(8) 1.415(4)
C(3}H(3) 0.9500 C(7IN(L6) 1.319(4)
C(3)C(4) 1.368(5) C(8)C(9) 1.406(4)
C(HH(4) 0.9500 C(8)C(13) 1.422(4)
C(4)C(5) 1.394(5) C(9)C(10) 1.411(4)
C(5)C(6) 1.484(4) C(9)C(18) 1.429(4)
C(5)C(14) 1.400(4) C(10)H(10) 0.9500
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C(10)C(11)
C(11H(11)
C(11N(12)
C(13)C(14)
C(13)N(12)
C(14N(1)
C(17)C(18)
C(17)C(25)
C(17IN(16)
C(18)C(19)
C(19)C(20)
C(19)C(24)
C(20)H(20)
C(20)C(21)
C(21H(21)
C(21)C(22)
C(22)H(22)
C(22)C(23)
C(23)H(23)
C(23)C(24)
C(24)H(24)
C(25)0(26)
C(25)0(27)
C(28)H(28A)
C(28)H(28B)
C(28)H(28C)
C(28)0(27)

C(3C(AHH(2)

N()C(H(2
N(1}C(2)C(3)
C(2)C(33H(3)
C(4C(3)C(2)
C(4C(3HH(3)
C(3)C(4yH(4)
C(3HC(4C(O)
C(53C(4yH(4)
C(4C(5)C(6)

1.357(4)
0.9500
1.358(4)
1.467(4)
1.322(4)
1.347(4)
1.379(4)
1.507(4)
1.358(4)
1.489(4)
1.390(5)
1.387(5)
0.9500
1.375(5)
0.9500
1.388(5)
0.9500
1.375(5)
0.9500
1.381(5)
0.9500
1.203(4)
1.336(4)
0.9800
0.9800
0.9800
1.447(4)

117.8
117.8
124.4(3)
120.6
118.9(3)
120.6
120.7
118.6(3)
120.7
119.7(3)
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C(4)C(5)C(14)
C(14)C(5)C(6)
C(5)C(6)C(7)
O(15)C(6)C(5)
O(15)C(6)C(7)
C(8)C(7)C(6)
N(16)}C(7)C(6)
N(16)}C(7)C(8)
C(7)C(8)C(13)
C(9)C(8)C(7)
C(9)C(8)C(13)
C(8)C(9)C(10)
C(8)C(9)C(18)
C(@LO)C(9)C(18)
C(9)C(10)H(10)
C(11)C(10)C(9)
C(11)C(10)H(10)
C(10)C(11)H(11)
C(10)C(11)N(12)
N(12)C(11)H(11)
C(8)C(13)C(14)
N(12)}C(13)C(8)
N(12)}C(13)C(14)
C(5)C(14)C(13)
N(1)}C(14)C(5)
N(1)}C(14)C(13)
C(18)C(17)C(25)
N(16)}C(17)C(18)
N(16)}C(17)C(25)
C(9)C(18)C(19)
C(17)C(18)C(9)
C(17)C(18)C(19)
C(20)C(19)C(18)
C(24)C(19)C(18)
C(24)C(19)C(20)
C(19)C(20)H(20)
C(21)C(20)C(19)
C(21)C(20)H(20)

118.9(3)
121.3(3)
116.8(3)
121.5(3)
121.7(3)
119.6(3)
117.1(3)
123.3(3)
122.6(3)
118.3(3)
119.1(3)
117.5(3)
118.7(3)
123.8(3)
120.7
118.6(3)
120.7
117.6
124.9(3)
117.6
118.6(3)
122.1(3)
119.4(3)
120.5(3)
122.1(3)
117.4(3)
120.9(3)
125.1(3)
114.0(3)
120.4(3)
116.9(3)
122.6(3)
119.96)
120.3(3)
119.8(3)
120.2
119.6(3)
120.2



C(20)C(21)H(21)
C(20)C(21)C(22)
C(22)C(21)H(21)
C(21)C(22)H(22)
C(23)C(22)C(21)
C(23)C(22)H(22)
C(22)C(23)H(23)
C(22)C(23)C(24)
C(24)C(23)H(23)
C(19)C(24)H(24)
C(23)C(24)C(19)
C(23)C(24)H(24)
0(26)C(25)C(17)
0(26)C(25)0(27)
0(27)C(25)C(17)

H(28A)C(28)H(28B)
H(28A)C(28)H(28C)
H(28B)C(28)H(28C)
O(27)C(28)H(28A)
O(27)C(28)H(28B)
O(27)C(28)H(28C)

C(2)N(1)}C(14)
C(13)N(12)C(11)
C(7)N(16)C(17)
C(25)0(27)C(28)

119.8
120.4(4)
119.8
120.0
120.1(3
120.0
120.0
119.9(3)
120.0
119.9
120.2(3)
119.9
124.5(3)
124.3(3)
111.2(3)
109.5
109.5
109.5
109.5
109.5
109.5
117.0(3)
117.8(3)
117.7(3)
115.3Q)
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Anisotropic displacement parameters 4&133) for 3.4a The anisotropic

displacement factor exponent takes the forr2” 2[ h2 a*2Ull+ .. +2 h k a* b*
ul2]

ull u22 u33 u23 ul3 ul2
C(2) 18(2) 35(2) 37(2) 6(2) -3(2) 0(2)
C(@3) 22(2 30(2) 34(2) 2(2) -4(2) -4(2)
C@“) 27(2) 19(2) 32(2) 1(2) 3(2) -2(2)
C(5) 17(2) 20(2) 25(2) 1(2) 5(2) 1(2)
C(6) 23(2) 20(2) 20(2) 3(2) 3(2) 0(1)
C(7) 17(2) 21(2) 23(2) 1(2) 4(2) 1(2)
C(8) 20(2) 18(2) 22(2) 0(2) 6(2) 3(1)
C(9) 20(2) 21(2 22(2) 3(2) 5(2) -1(2)
C(0) 23(2) 17(2) 26(2) -4(2) 5(2) 0(1)
C(11) 28(2) 18(2) 31(2) -1(2) 7(2) 6(2)
C(13) 20(2) 20(2) 22(2) 1(2) 4(2) 4(2)
C(4) 17(2) 21(2) 22(2) 3(2) 1(2) 0(1)
C@a7) 16(2) 17(2) 23(2) 2(2) 2(2) 1(2)
Cc(8) 20(2) 19(2) 21(2) 2(2) 5(2) 0(1)
C(19) 18(2) 15(2) 30(2) -2(2) 2(2) 2(1)
C(20) 21(2) 23(2) 29(2) 2(2) 3(2) -1(2)
C(21) 23(2) 36(2) 25(2) 3(2) 0(2) 2(2)
C(22) 19(2) 26(2) 38(2) -11(2) -2(2) -1(2)
C(23) 27(2) 25(2) 34(2) 0(2) 2(2) -5(2)
C(24) 26(2) 23(2) 24(2) -2(2) 1(2) 0(2)
C(25) 20(2) 20(2) 25(2) -1(2) 0(2) 0(2)
C(28) 27(2) 22(2) 27(2) 5(2) -4(2) 3(2)
N(1) 24(2) 27(2) 31(2) 4(1) -2(2) 2(1)
N(12) 24(2) 22(2) 29(2) 1(2) 6(1) 4(1)
N(16) 17(2) 18(1) 25(2) 1(2) 1(2) 0(1)
O(15) 27(1) 18(1) 31(2) 0(1) 1(2) 2(1)
0(26) 21(1) 25(1) 44(2) 7(1) -2(1) 0(1)
o(27) 21(1) 21(1) 30(1) 6(1) -1(1) 2(1)
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Hydrogen coordinates ( x $pand isotropic displacement parameterg4&0 3)

for 3.4a
X y z U(eq)

H(2) 496 3694 -2636 37

H(3) 906 2346 -3091 37

H(4) 2671 1731 -1705 32

H(10) 5899 5451 3407 27

H(11) 4287 5963 1694 31

H(20) 7126 3752 6603 30

H(21) 8341 4565 8417 35

H(22) 9452 5654 7749 34

H(23) 9344 5932 5264 35

H(24) 8119 5128 3436 30

H(28A) 9129 1337 5430 40

H(28B) 8130 828 6034 40

H(28C) 8720 1636 6887 40

Torsion angles [°] fd3.4a
C(2YC(3)C(4)C(5) -0.6(6) C(6)YC(7XYC(8)C(9) -176.1(3)
C(3)C(2)N(1)YC(14) -2.2(6) C(6)YC(7)YC(8)C(13) 4.0(5)
C(3)YC(4)C(5)C(6) 176.3(3) C(6YC(7IN(16)C(17) 176.5(3)
C(3)YC(4)C(5)C(14) -2.3(5) C(7¥C(8)C(9)C(10) 179.9(3)
C(4)YC(5)C(6)C(7) -176.3(3) C(7¥C(8)C(9)C(18) -1.3(5)
C(4)YC(5)C(6)0O(15) 3.3(5) C(7¥C(8)YC(13)C(14) 3.5(5)
C(4)YC(5)C(14)C(13) -176.3(3) C(73C(8)YC(13)N(12) -177.2(3)
C(4)C(5)C(14N(1) 3.1(5) C(8YC(7IN(16)}C(17) -2.8(5)
C(5)C(6)C(7)C(8) -6.7(5) C(8)YC(9)¥C@0)C(11) -2.1(5)
C(5)YC(6)C(7)N(16) 173.9(3) C(8)YC(9)¥C(18)C(17) -0.5(5)
C(5)C(14)N(1)}C(2) -0.9(5) C(8)YC(9)¥C(18)C(19) -177.4(3)
C(6)YC(5)C(14)C(13) 5.2(5) C(8)YC(13)C(14)C(5) -8.1(5)
C(6)YC(5)C(14)N(1) -1754(3) C(8)C(13)C(14)N(2) 172.4(3)
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C(8)C(13)N(12)C(11)
C(9)C(8)C(13)C(14)
C(9)C(8)C(13)N(12)
C(9)C(10)C(11)N(12)
C(9)C(18)C(19)C(20)
C(9)C(18)C(19)C(24)
C(10)C(9)C(18)C(17)
C(10)C(9)C(18)C(19)
C(10)C(11)N(12)C(13)
C(13)C(8)C(9)C(10)
C(13)C(8)C(9)C(18)
C(13)C(14)N(1)}C(2)
C(14)C(5)C(6)C(7)
C(14)C(5)C(6)O(15)
C(14)C(13)N(12)C(11)
C(17)C(18)C(19)C(20)
C(17)C(18)C(19)C(24)
C(17)C(25)0(27)C(28)
C(18)C(9)C(10)C(11)
C(18)C(17)C(25)0(26)
C(18)C(17)C(25)0(27)
C(18)C(17)N(16)C(7)
C(18)C(19)C(20)C(21)
C(18)C(19)C(24)C(23)
C(19)C(20)C(21)C(22)
C(20)C(19)C(24)C(23)
C(20)C(21)C(22)C(23)
C(21)C(22)C(23)C(24)
C(22)C(23)C(24)C(19)
C(24)C(19)C(20)C(21)
C(25)C(17)C(18)C(9)
C(25)C(17)C(18)C(19)
C(25)C(17)N(16)C(7)
N(1)}C(2)C(3)C(4)
N(12)}C(13)C(14C(5)
N(12)}C(13)C(1HN(1)
N(16)}C(7)C(8)C(9)
N(16)}C(7)C(8)C(13)

-2.9(5)

-176.5(3)

2.8(5)
2.1(5)
116.0(4)
-61.0(4)
178.2(3)
1.3(5)
0.5(5)
-0.2(5)
178.6(3)
178.5(3)
2.2(5)

-178.2(3)

176.3(3)
-60.7(5)
122.3(4)
178.1(3)
179.2(3)
-44.9(5)
137.4(3)

0.7(5)

-177.1(3)

177.3(3)
-0.2(5)
0.3(5)
0.1(5)
0.1(5)
-0.4(5)
-0.1(5)
178.2(3)
-5.1(5)

-176.7(3)

3.1(6)
172.6(3)
-6.9(5)
3.2(5)

-176.7(3)
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N(16)}C(17)C(18)C(9)
N(16)}C(17)C(18)C(19)
N(16)}C(17)C(25)0(26)
N(16)}C(17)C(25)0(27)
O(15)C(6)C(7)C(8)
O(15)C(6)C(7)N(16)
0(26)C(25)0(27)C(28)

0.9(5)
177.7(3)
132.6(4)
-45.1(4)
173.7(3)

-5.7(5)

0.4(5)



Hydrogen bonds foB.4a [A and °].

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

C(10)H(10)...0(15)#1 0.95 2.45 3.158(4) 131

Symmetry transformations used to generate equivalent atoms:

#1-x+1,y+1/2:z+1/2

[Agé.1)(NQ)]

A specimen o€isH11AgNOs, approximate dimension3.050mm x0.120mm x0.130

mm, was used for the-Ky crystallographic analysihe Xray intensity data were
measured at 100(2)K on a Bruker APEX Kappa Duo with an Oxford Cobra low
temperature device using a MiTeGen micromount. See Table 1 for collection
parameters and exposure time. Bruker APEX software was used to correotéotz

and polarization effects.

A total of 514 frames were collected. The total exposure time was 1.71 hours. The
frames were integrated with the Bruker SAINT software package using dramle
algorithm. The integration of the data usingr&linic unit cell yielded a total af1367
NEFt SOGA2ya (2 PR7.1¥ [0.E3R Yedpltion), of whigtk7 ®wezeTt
independent (average redundan@y©99 completeness €9.8%, Rt =6.21%, Rig=
7.5%%) and2908(76.73: 0 ¢ SNXB 3 NB?J). iiHe Ndalicél koyistants a=C
8.3219(15A,b=10.3830(18},c=10.5249(19) ¥ 7B.092(2% =~ 80.063(3% = + T
79.2843)°, volume 848.1(3)A3, are based upon the refinement of the Xa&htroids

of 3004NB Tt SOUGA2Yy A 150205 5Mwi2. Datd were goiactid for
absorption effects using the MuBcan method (SADABS). The ratio of minimum to
maximum apprent transmission wa8.868 The calculated minimum and maximum

transmission coefficients (based on crystal size)0a8&60and0.941Q
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The structure was solved with the XT structure solution program using Intrinsic

Phasing and refined with the XL refment package using Least Squares

minimisation with Olex2using the space grougp, with Z =2 for the formula unit,
CisHi1AgNsOs. The final anisotropic futhatrix leastsquares refinement on2Rvith
275variables converged at R14=1%, for the obseved data and wR2 1% for
all data. The goodness-fit was 1.025 The largest peak in the final difference
electron density synthesis w@s533e7A3 and the largest hole wa$.875e/A3 with

an RMS deviation dd.126 e/A3. On the basis of the finahodel, the calculated
density wasl.955g/cm® and F(000)496¢".

Refinement Note:Amide hydrogen atom located and refined with restraints (DFIX).
Refined distances: 2.6468 (0.0028) A AGRS; 2.7822 (0.0027) A AgD27.

Crystal Datdor GgHi1AgNsOs (M =499.20 g/mol): triclinic, space grouplRno.
2),a=8.3219(15/, b= 10.3830(18, c= 10.5249(19RQ, " = 73.092(2)9, =

80.063(3)°! = 79.284(3)°V = 848.1(3)83,2=2,T=100(2Y = > 0 aR28Imm

1 Dcalc= 1.955g/cm?®, 11367 reflection YS | adzZNBER ondnTtyc X HO
unigue Rnt = 0.0621, Byma= 0.0759) which were used in all calculations. The

finAlRLG I & nodnnmdp wiRiwash.079 (@lidata). | y R

Crystal data and structure refinement fgkg@.1)(NQ)].

Empirical fomula CisHh1AgNGs
Formula weight 499.20
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group Pp
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Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / peameters

Goodnesf-fit on F2
CAylf w AYRAOSE
R indices (all data)

Largest diff. peak and hole

a=8.3219(15) A h=73.092(2)°.

b = 10.3830(18) A i = 80.063(3)°.

¢ = 10.5249(19) A = 79.284(3)°.

848.1(3) R

2
1.955 Mg/m?

1.239 mml

496

0.13 x 0.12 x 0.05 m#n

2.039 1o 27.186°.

-M N OKK o e e ok KM o
11367

3790 [R(int) = 0.0621]

100.0 %

Semiempirical from equivalents

0.7455 and 0.6472

Fulkmatrix leastsquares on &

3790/1/275

1.025

& L ABLK 0.0419) 8R2 = 0.0659

R1 = 0.0685, wR2 = 0.0719

0.533 and-0.875 e.A3

Atomic coordinates ( x ) and equivalent isotropic displacement parameters
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(A2x 103) for [Ag@.1)(NQ)]. U(eq) is defined as one third of the trace of the

orthogonalized U tensor.

X y z U(eq)
Ag(1) 105(1) 9396(1) -2004(1) 20(1)
0(8) 5781(3) 8002(3) 2767(3) 25(1)
0(25) 5637(3) 3256(3) 3000(3) 26(1)
N(1) 2116(4) 8583(3) -714(3) 16(1)
N(9) 5796(4) 5789(3) 2801(3) 18(1)
N(10) 6666(4) 5343(3) 3851(3) 18(1)
N(16) 9483(4) 1849(3) 7095(3) 16(1)
N(19) 8527(4) -121(3) 6263(3) 17(1)
C(2) 2653(5) 9428(4) -190(4) 17(1)
C(3) 3708(4) 8992(4) 786(3) 16(1)
C(4) 4284(4) 7605(4) 1219(3) 15(1)
C(5) 3764(4) 6729(4) 650(3) 17(1)
C(6) 2665(5) 7244(4) -286(4) 17(1)
C(7) 5378(5) 7183(4) 2309(4) 18(1)
C(11) 7035(4) 4038(4) 4358(4) 16(1)
C(12) 8007(4) 3636(4) 5497(3) 15(1)
C(13) 8429(4) 4603(4) 6031(4) 18(1)
C(14) 9374(4) 4180(4) 7065(4) 17(1)
C(15) 9904(4) 2792(4) 7550(3) 17(1)
C(17) 8525(4) 2253(4) 6092(3) 14(1)
C(18) 8058(4) 1193(4) 5623(3) 16(1)
C(20) 8098(4) -1094(4) 5848(4) 17(1)
C(21) 7215(4) -841(4) 4771(4) 19(1)
C(22) 6718(4) 497(4) 4118(4) 19(1)
C(23) 7113(4) 1533(4) 4546(3) 16(1)
C(24) 6525(4) 2972(4) 3892(4) 17(1)
0(27) -292(4) 6729(3) -1758(3) 30(1)
0(28) -1833(3) 7726(3) -325(3) 30(1)
0(29) -2245(4) 5747(3) -374(3) 44(1)
N(26) -1473(4) 6726(3) -814(3) 23(1)
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Bondlengths [A] and angles [°] ffAg@.1)(NQ)].

Ag(1IN(1)

Ag(1}N(16)#1
Ag(1}N(19)#1

O(8)YC(7)
0(25)C(24)
N(1)}C(2)
N(1)}C(6)
N(9)N(10)
N(9}C(7)
N(9}H(9)
N(10}C(11)
N(16)}C(15)
N(16)}C(17)
N(19)}C(18)
N(19)}C(20)
C(23H(2)
C(2)C(3)
C(31H(3)
C(3}C(4)
C(4xC(5)
C(4)C(7)
C(5)H(5)
C(5)C(6)
C(6)H(6)
C(11)C(12)
C(11)C(24)
C(12)C(13)
C@L2)-C(17)
C(13)H(13)
C(13)C(14)
C(14)H(14)
C(14)C(15)
C(15)H(15)
C(17)C(18)
C(18)C(23)
C(20)H(20)

2.225(3)
2.434(3)
2.314(3)
1.212(4)
1.230(4)
1.336(4)
1.347(5)
1.347(4)
1.386(5)
0.899(10)
1.303(5)
1.331(4)
1.354(4)
1.351(4)
1.336(4)
0.9500
1.387(5)
0.9500
1.396(5)
1.388(5)
1.502(5)
0.9500
1.383(5)
0.9500
1.477(5)
1.487(5)
1.405(5)
1.407(5)
0.9500
1.373(5)
0.9500
1.395(5)
0.9500
1.466(5)
1.414(5)
0.9500

C(20)C(21)
C(21H(21)
C(21)C(22)
C(23-H(22)
C(22)C(23)
C(23)C(24)
O(27)N(26)
O(28)N(26)
O(29)N(26)

N(1}Ag(1)N(16)#1
N(1}Ag(1)N(19)#1
N(19)#1Ag(1)N(16)#1
C(2)N(1)Ag(1)
C(2)N(1)}C6)
C(6}N(1)Ag(1)
N(10}N(9)}C(7)
N(L1O}N(9)}H(9)
C(7)N(9}H(9)
C(L1IN(10}N(9)
C(15)N(16)Ag(L)#2
C(15)N(16)C(17)
C(17IN(16)Ag(L)#2
C(18)N(19)}Ag(L)#2
C(20)N(19)-Ag(L)#2
C(20)N(19)C(18)
N(1}C(2)H(2)
N(1)}C(2)C(3)
C(3)C(2}H(2)
C(2)C(3}H(3)
C(2)C(3)C(4)
C(4)C(3}H(3)
C(3)C(4)C(7)
C(5)C(4)C(3)
C(5)C(4)C(7)
C(4)C(5)H(5)
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1.391(5)
0.9500

1.379(5)
0.9500

1.391(5)
1.480(5)
1.271(4)
1.255(4)
1.236(4)

118.56(10)
163.08(10)
70.24(10)
118.8(2)
117.7(3)
122.8(2)
117.7(3)
121(2)
121(2)
119.0(3)
126.2(2)
118.7(3)
115.0(2)
118.9(2)
122.4(2)
118.7(3)
118.3
123.4(3)
118.3
120.7
118.6(3)
120.7
116.5(3)
118.1(3)
125.4(3)
120.3



C(6)C(5)C(4)

C(6)C(SHH(S)

N(1}C(6YC(5)

N(1}C(63H(6)

C(5)C(63H(6)

O(8YC(TIN(9)

O(8)YC(7)C(4)

N(9YC(73C(4)

N(10)C(11)C(12)
N(10)C(11)C(24)
C(R)-C(11)C(24)
C(13)C(12)C(11)
C(13)C(12)C(17)
C(17)C(12)C(11)
C(12)C(13)H(13)
C(14)C(13)C(12)
C(14)C(13)H(13)
C(13)C(14H(14)
C(13)C(14)C(15)
C(15)C(14)H(14)
N(16)}C(15)C(14)
N(16)C(15)H(15)
C(14)C(15)H(15)
N(16)C(17)C(12)
N(16)C(17)C(18)
C(12)C(17)C(18)
N(19)C(18)C(17)
N(19)C(18)C(23)
C(23)C(18)C(17)
N(19)C(20)H(20)
N(19)C(20)C(21)
C(21)C(20)H(20)
C(20)C(21)H(21)
C(22)C(21)C(20)
C(22)C(21)H(21)
C(21)C(22)H(22)
C(21)C(22)C(23)
C(23)C(22)H(22)

119.5(3)
120.3
122.6(3)
118.7
118.7
123.0(3)
122.1(3)
114.8(3)
115.5(3)
124.9(3)
119.6(3)
121.8(3)
117.8(3)
120.3(3)
120.2
119.6(3)
120.2
120.6
118.7(3)
120.6
123.1(3)
118.5
118.5
122.0(3)
117.6(3)
120.5(3)
118.3(3)
120.7(3)
121.0(3)
118.0
124.0(3)
118.0
121.1
117.8(3)
121.1
120.2
119.6(3)
120.2
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C(18)C(23)C(24)
C(22)C(23)C(18)
C(22)C(23)C(24)
O(25)C(24)C(11)
O(25)C(24)C(23)
C(23)C(24)C(11)
O(28)N(26)0(27)
O(29)N(26)0(27)
O(29)N(26)0(28)

120.7(3)
119.28)
120.1(3)
122.0(3)
120.3(3)
117.8(3)
119.1(3)
120.5(3)
120.4(4)



Symmetry transformations used to generate equivalent atoms:
#1 x1,y+1,21 #2 x+1p1,z+1

Anisotropic displacement parameters 4&13) for [Ag@.1)(NQ)]. The anisotropic

displacement factor exponent takes the forr2” 2[ h2a*2Ull+ .. + 2 hk a* b*
U12]

ull u22 u33 u23 ul3 ul2
Ag(l) 22(1) 19(1) 20(1) -2(1) -12(1) 1(2)
0(8) 30(2) 21(2) 26(2) -5(1) -14(1) -4(1)
0(25) 33(2) 24(2) 23(2) -5(1) -19(1) 2(1)
N(1) 16(2) 16(2) 15(2) -1(1) -6(1) -2(1)
N(9) 19(2) 18(2) 14(2) -1(1) -7(1) 1(2)
N(10) 15(2) 23(2) 13(2) -2(1) -4(1) 0(1)
N(16) 17(2) 17(2) 14(2) -4(1) -6(1) 0(1)
N(19) 17(2) 18(2) 17(2) -6(1) -6(1) 0(1)
C(2) 20(2) 10(2) 18(2) 1(2) -4(2) -1(2)
C(@3) 18(2) 18(2) 14(2) -4(2) -3(2) -6(2)
C@“) 12(2) 18(2) 13(2) -2(2) -4(2) -1(2)
C(5) 19(2) 13(2) 16(2) -2(2) -4(2) 4(2)
C(6) 19(2) 16(2) 19(2) -6(2) -4(2) -3(2)
C(7) 18(2) 21(2) 15(2) -6(2) -3(2) -1(2)
C(11) 13(2) 19(2) 16(2) -4(2) -3(2) 1(2)
C(12) 12(2) 20(2) 13(2) -4(2) -1(1) -2(2)
C(13) 18(2) 17(2) 17(2) 1(2) -2(2) -3(2)
C(14) 15(2) 17(2) 20(2) -6(2) -3(2) -3(2)
C(5) 15(2) 23(2) 10(2) -1(2) -4(2) -2(2)
C@a7) 8(2) 19(2) 13(2) -4(2) -4(1) 2(2)
c(8) 14(2 19(2) 14(2) -6(2) 1(2) -2(2)
C(20) 18(2) 13(2) 20(2) -5(2) -3(2) 0(2)
C(21) 16(2) 22(2) 21(2) -9(2) -3(2) -4(2)
C(22) 17(2) 26(2) 14(2) -5(2) -4(2) -2(2)
C(23) 15(2) 21(2) 13(2) -3(2) -7(2) 0(2)
C(24) 16(2) 19(2) 14(2) -3(2) -3(2) 0(2)
o27) 37(2) 26(2) 28(2) -6(1) -12(1) -3(1)
0(28) 35(2) 26(2) 34(2) -15(2) -6(1) -6(1)
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0(29) 49(2)
N@26) 33(2)

20(2)
13(2)

63(2) -6(2) -6(2)
26(2) -3(2) -14(2)

-16(2)

-3(2)

Hydrogen coordinates ( x 4pand isotropic displacement parameterg4A03)

for [Ag@d.1)(NQ)].

X y z U(eq)

H(2) 2293 10376 -502 21

H(3) 4033 9625 1152 19

H(5) 4159 5782 901 20

H(6) 2284 6630 -640 21

H(13) 8062 5544 5679 22

H(14) 9662 4820 7442 20

H(15) 10599 2506 8238 20

H(20) 8414 -2015 6316 20

H(21) 6964 -1566 4494 22

H(22) 6109 709 3380 23

H(9) 5520(40) 5210(30) 2420(30) 20(11)

Torsion angles [°] fdAg@.1)(NQ)].
Ag(LN(L}C(2)C(3) 169.6(3) N(10}N(9)}C(7)C(4) -174.9(3)
Ag(LN(L)}C(6)C(5) -171.6(3) N(10}C(11)C(12)C(13) 3.0(5)
Ag(1)#2N(16)C(15)C(14) -173.8(3) N(10}C(11)C(12)C(17) -177.8(3)
Ag(1)#2N(16)C(17)C(12) 177.7(3) N(10}C(11)C(24)O(25) -3.0(6)
Ag(1)#2N(16)C(17)C(18) -3.3(4) N(10}C(11)C(24)C(23) 177.5(3)
Ag(1)#2N(19)C(18)C(17) -2.2(4) N(16)}C(17)C(18)N(19) 3.7(5)
Ag(1)#2N(19)C(18)C(23) 179.1(3) N(16)}C(17)C(18)C(23) -177.6(3)
Ag(1)#2N(19)-C(20)C(21) -176.9(3) N(19)}C(18)C(23)C(22) -2.3(5)
N(1)}C(2)C(3)C(4) 2.0(5) N(19)C(18)C(23)C(24) 176.8(3)
N(9)N(10)C(11)C(12) 179.3(3) N(19)}C(20)C(21)C(22) -1.8(6)
N(9)N(10)C(11)C(24) -1.9(5) C(2)N(L)}C(6)C(5) -0.8(5)
N(10}N(9)}C(7)O(8) 1.2(5) Q2)}-C(3)C(4)C(5) -0.2(5)
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C(2)C(3)C(4)C(7)
C(3)C(4)C(5)C(6)
C(3)C(4)C(7)O(8)
C(3)C(4)C(7IN(9)
C(4)C(S)C(EIN(L)
C(5)C(4)C(7)O(8)
C(S)C(4)C(7IN(9)
C(EIN(1)C(2)C(3)
Q7yN(9)N(10yC(11)
C(7)C(4)C(5)C(6)
C(11)C(12)C(13)C(14)
C(11)C(12)C(17)N(16)
C(11)C(12)C(17)C(18)
C(12)C(11)C(24)0(25)
C(12)C(11)C(24)C(23)
C(12)C(13)C(14)C(15)
C(L2)-C(17)C(18)N(19)
C(12)C(17)C(18)C(23)
C(13)C(12)C(17)N(16)
C(13)C(12)C(17)C(18)
C(13)C(14)C(15)N(16)
C(15)N(16)C(17)C(12)
C(15)N(16)C(17)C(18)
C(17)N(16)}C(15)C(14)
C(17)C(12)C(13)C(14)
C(17)C(18)C(23)C(22)
C(17)C(18)C(23)C(24)
C(18)N(19)C(20)C(21)
C(18)C(23)C(24)0(25)
C(18)C(23)C(24)C(11)
C(20)N(19)C(18)C(17)
C(20)N(19)C(18)C(23)
C(20)C(21)C(22)C(23)
C(21)C(22)C(23)C(18)
C(21)C(22)C(23)C(24)
C(22)C(23)C(24)0(25)
C(22)C(23)C(24)C(11)
C(24)C(11)C(12)C(13)

-178.1(3)

-2.0(5)
-1.9(5)
174.1(3)
2.6(6)

-179.7(4)

-3.6(5)
-1.5(5)
178.1(3)
175.7(3)

-178.1(3)

176.8(3)
-2.2(5)
175.7(3)
-3.8(5)
0.6(5)

-177.3(3)

1.4(5)
-3.9(5)
177.1(3)
-2.8(5)
1.9(5)

-179.1(3)

1.6(5)
2.6(5)
179.0(3)
-1.9(5)
1.2(5)

-176.4(3)

3.1(5)
179.6(3)
0.9(5)
0.2(5)
1.7(5)

-177.4(3)

2.6(6)

-177.8(3)
-175.8(3)
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C(24)C(11)C(12)C(17)

3.4(5)



Symmetry transformations used to generate equivalent atoms:
#1 x1,y+1,21 #2 x+1p1,z+1

Hydrogen bonds fojAgé.1)(NQ)] [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
C(2)H(2)...0(28)#3 0.95 2.32 3.090(5) 138
C(6)H(B)...0(29)#4 0.95 2.39 3.053(5) 127
C(20)H(20)...0(27)#2  0.95 2.38 3.159(5) 139
C21H(21)...0B)#5 0.95 2.39 3.192(4) 142

Symmetry transformations used to generate equivalent atoms:
#1 x1,y+1,21 #2 x+1pk,z+1  #3X,-y+2;Z

#4-X-y+1;z  #5 XM,z

4.3a2CHCY

Crystal data

CoaH14N6O2-2(CHG) F000) = 664

M: = 657.15 Dx= 1.604 Mg

Monoclinic,P21/c Mo Kb radiation,<= 0.71073 A
a=5.9406 (7) A Cell parameters from 5155 reflections
b=18.856 (2) A ‘= 2.726.1°

c=12.2375 (16) A pn=0.67 mmt

i =96.863 (4)° T=150K

V=1361.0(3) A Lath, red

Z=2 0.43 x 0.05 x 0.04 mm

Data collection
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Bruker-Nonius X8APEIXCCD

diffractometer

Radiation source: finfocus sealed

tube
Detector resolution: 9.1 pixels min
thingslice. and, scans

Absorpton correction: multiscan
SADAB®2012/1, Sheldrick, G.M.,
(2012)

Tmin = 0.657,Tmax= 0.745

18529 measured reflections

Refinement

Refinement or?

Leastsquares matrix: full

RIP> 2 ()] = 0.044

WRP) = 0.111

S=1.02

2732 reflections
184 parameters

O restraints

Special details

2732 independent reflections

2068 reflections withH > 24(1)

nt = 0.045

“ max= 26. o,‘ min=2.7°

h=-5y
k=-23Mp3
| =-15MHL4

Primary atom site location: dual

Secondary ®@m site location:

difference Fourier map
Hydrogen site location: mixed

H atoms treated by a mixture of
independent and constrained

refinement

w = 1/ R?) + (0.0448)2 + 1.840F
whereP= R?+ 2/)/3

(ﬂ/‘ )max= 0.001
ﬂa'nax: 0.87 e &

Nonin=-0.59 e B
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Geometry All esds (except the esd in the dihedral angle between two I.s. pl:
are estimated using the full covariance matfike cell esds are taken into
account individually in the estimation of esds in distances, angles and torsic
angles; correlations between esds in cell parameters are only used when tt
are defined by crystal symmetry. An approximate (isotropic) treatnoéicell

esds is used for estimating esds involving |.s. planes.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (A for4.3a2CHG

X y z Uisc*/ Ueq
N1 0.3174 (4)  0.63628 (11) 0.66898 (18) 0.0216 (5)
c1 0.3648 (5)  0.69741 (14) 0.6234 (2)  0.0240 (6)
H1 0.269904 0.736919 0.632910 0.029*
c2 0.5456 (5)  0.70706 (14) 0.5623(2)  0.0255 (6)
H2 0.572645 0.752054 0.531450 0.031*
C3 0.6846 (4)  0.65044 (14) 0.5473(2)  0.0219 (6)
H3 0.810516 0.656051 0.507047 0.026*
c4 0.6383 (4)  0.58421 (13) 0.5923 (2)  0.0174 (5)
Cc5 0.7702 (4)  0.52078 (13) 0.5757(2)  0.0177 (5)
N2 0.9396 (3)  0.52817 (11) 0.50912 (17) 0.0195 (5)
C6 0.7175 (4)  0.45623 (14) 0.6231(2)  0.0195 (5)
o1 0.8303(3)  0.39726 (10) 0.61010 (16) 0.0246 (4)
H1A 0.937 (6) 0.4088 (17)  0.569 (3) 0.037*
c7 05313 (4)  0.45226 (13) 0.6889(2)  0.0191 (5)
c8 0.4726 (5)  0.38783 (14) 0.7366 (2)  0.0239 (6)
H8 0.554738 0.345644 0.726050 0.029*
c9 0.2948 (5)  0.38714 (15) 0.7985(2)  0.0274 (6)
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