Biguanide Iridium(lll) Complexes with Potent
Antimicrobial Activity

Feng Cherf,John Moat, Daniel McFeely, Guy Clarksortlan J. Handd>ortmar?, Jessica P.
FurnerPardoé€, Freya Harrisof, ‘Christopher G. Dowsdnand Peter J. Sadfer

ADepartment of Chemistry, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK.
¥ School of Life Sciences, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK.

ABSTRACT: We have synthesized novel organdium(lll) antimicrobial complexes
containing a chelated biguanide, including the antidiabetic drug metformin. Themed1 53
electron complexes were characterized by NMR,-HES| elemental analysis, and-rdy
crystallggraphy. Several of these complexes exhibit potent activity against-@Grgative
bacteria and Grafositive bacteria (including methicilliresistantStaphylococcus aureus
(MRSA), and high antifungal potency towai@salbicansandC. neoformanswith minimum
inhibitory concentrations (MICs) in the nanomolar range. Importantly, the complexes exhibit
low cytotoxicity towards mammalian cells, indicating high selectivity. They are highly stable
in broth medium, with a low tendency to generate resistance onga®n ceadministration,

they can restore the activity of vancomycin against vanconrgsistantEnterococci(VRE).

Also the complexes can disrupt and eradicate bacteria in mature biofilms. Investigations of
reactions with biomolecules suggest that ¢hesganometallic complexes deliver active
biguanides into microorganisms, whereas the biguanides themselves are inactive when

administered alone.

INTRODUCTION

Infectious diseases caused by drug resistant bacteria are currently the second main cause of

death worldwide and the third leading cause of death in developed codrtirgal infections



are also a humamealth threat their clinical treatmenpresentgprofound challenge$.Gram
positive and Grammegativebacteriahave cell envelopes which guard against changes in
osmotic pressure, chemical or enzymatic lysis and mechanical damageanaaviveunder
extreme condition$.The cell wall of Granpositive bacteria comprises a thick layer of
peptidoglycan and the aifidnal outer membrane of Granegative bacteria gopulated with

lipopolysaccharides, both afhich featuresan protect bacteria from antibioties.

Drug resistance was originally found in hospitals where most antibiotics are used, e.g.
sulfonamideresistantStreptoccoccus pyogenesnerged in the 1930s artaphylococcus
aureusshowed resistance to penicillin shortly after it was introduced in the 1940kidrug

resistant bacteria, including the notoriolsterococcus faeciumSaphylococcusaureus

Klebsiella pneumonige Acetinobacter baumanii Pseudomonas aerugingsa and
Enterobacteriaceaes peci es, abbr evi ataamjothreattoruiBakAeBItE S, ar
and cause of bacterial infectious diseasis high mortality®'° Therefore, noveleffective,

and safe antibiotics are urgently needfed.

Organometallidalf-sandwichcomplexesprovide a highly versatile platform for drug destgn.

The antiproliferative and antimicrobial activities of organometallic complexes can be fine
tuned bychoiceof the “-bonded arener cyclopentadienyl ligandhe metal itself and its
oxidation state, and by the other monodentatehetating ligand$® We focus here on the
third-row transition metal ion f, which with its lowspin 5& outer shell electronic
configuration can be relatively inert and therefore likely to reach drug target sites with at least
some of its initial ligands still boun'd So far, there are relatively few repodn the
antimicrobialpropertiesof organometalt iridium complexes*'® Here we have introduced

biguanide ligands into organnodium cyclopentadienyl complexes.



Biguanides areraimportant class of compounds that have wide pharmaceutical applg&ation
One of thebest knownbiguanide derivatives ighe drugmetformin (Mef), which has been
used to treatype Il diabetes for over 60 yeafther derivatives like phenformin, buformin,
1-phenylbiguanide and chlorophenylbiguanides reported toexhibit antimicrobial and
antiviral activity Chart 1).1"2° Jiang et al. have reported the synergistic effect of gold
nanoparticlesandmetformin generang broadspectrum antibacterial and bactericidal activity
against superbugs, with low cytotoxici§uchnanoparticles decorated with biguanide ligands
can penetrate cell membrasigeadily and have significant asiofilm activity.® Clardyet al.
havesynthesized norspermidimeimicking guanide and biguanide compoundith activity in
disrupting biofilns generated byB. subtilisand pathogeniS. aureug! Over the last two
decades, a library of biguanide chelated transition metal complexlesdrastudied, including
[Mn" (biguanidej]**,  [Au"'(biguanide)],  [Cu(biguanide)®*,  [Zn(biguanide)C],
[Pt(biguanide)G]] and [M(biguanide}}* (M: Mn, Co, Cu andZn)???® Some of those
complexesshowpromising antimicrobial activitybut theirmode of action (MoAhas yet to

be elucidated

Here we haveynthesized and characterized a series of nolletdmplexesl-14 containing
either Cp*, CgP" or Cp®P", a chelated metformin or &hsubstituted biguanide, together with
a monodentate halido ligarf@hart 2). Complexes and metéiee biguanides were screened
against a tobad range of microbes, including fundsrani negative and Granpositive
bacteriaThesynergistic effect of complexe&s 7 and10onco-administration withvancomycin
againstvancomycinresistantEnterococci(VRE), was studied as well asthe antibiofilm
activity of complexegl-9in anS. aureusnodel. The biecompatibility of selected complexes
was studied towards human celis well as the stability of the complexe<culture medium,
and he mutation rate db. aureudgreatedwith complexest, 5and7. We also investigated cell

permeability ad morphology changes i8. aureusinduced by complex?, by confocal



microscopy and TEM, to gain insight into the mechanism of acfitve interaction of
complexes4, 7 and 10 with DNA nucleobase models-&hylguanine and guanosised
monophophate, aravariety of amino acids was investigated'bByNMR and LGMS to probe

potential target sites.

Results

Synthesis and Characterization

Organometallic ' complexes 1-14 were synthesisedfollowing a reported general
proceduré; involving reaction of thexppropriate chloriddoridgedIr"' dimer and biguanide
ligands in anhydrous methanol, to which triethylamine was addiolwved by heating a45
°C under nitrogen for 18 f.he dark red solid obtained after removal of solvewerepurified
by recrystalization (in MeOH and diethyl ether, 2(9/v)) or on asilica chromatographic
columnusingMeOH and DCM, 1:9(v/ivaseluents Complexes8 and9 were synthesized by

addinga 100-fold excesf NaBr or Nal, respectively

Crystab of complexesl [(Cp*)Ir(Metf)CI]CI and 4 [(Cp*®®"Ir(PhBig)]Cl suitable for Xray
structure determinatiomwere obtained by slow diffusion of diethyl ether irdcsaturated
methanol solutiorof the complex at ambient temperature. The crystallographic data and
selected bnd lengths and angles are givenTables 1 S1-3, and the crystal structures are
shown inFigure 1. Complex1 adops a pseudeoctahedral structure with'"' bound toa d°-

Cp* ring, a chelated neutral metformin and chloride as ligands to form an 18e 1+ cation with
opi-anhool 6 anpdecidomde agthe counter anion. In contrast, iridium in comglisx

also a 1+ cation but bound only to g-Cp®" ring and deprotonat N,N-bound

phenylbiguanide, giving a 16e species, with chloride as counter anion.



The asymmetric unit of compled contains two crystallographically independent but
chemically identical complexes, two chloride counter ions and a small amount of electron
density modelled as a partially occupied methanol (40% occupancy).-lNneoind lengths of
complex1 are slightly bnger than in comple4, Table 1L The C3N3 and C5N5 bond lengths

of complexl are shorter than CR4 and C5N4, and can be denoted as double boiidble

1 and Chart 2A).While in complex4, the C116N111 bond lengths are shorter than the
respective C1081108, and thus can be defined as double bohalsl¢ 1andChart 2B). The

N-Ir-N angle of complexd (83.21(12}) is smaller than that of complek(85.35(11j). The
structures of complexelsand4 suggest that these novel' lIcomplexes can be fireinedby

the chelated ligands to resultin 16 e or 18 e species.

Relative Hydrophobicity

The relative hydrophobicés of complexesl-14 were determined by RAPLC using a
reversephase @ column. To ensure solubility of thé'licomplexes, MeOH/kD, 1:9 v/ivwas
usedwith NaCl (50 mM)presentto suppress the hydrolysis. The HPelientswere also
prepared with 50 mM NaCF{gure S1in the Supporting Information). The resulting retention
times are shown ifable S4in the Supporting Information. Compléxshows the shortest
retention time (least hydrophobic) at 13.0 min. kvw&entthatcomplexes withmore phenyl
groups vap* (tompexesP-3), have higher retention times, indicat higher
hydrophobicity. Complexed-9 with more hydrophobic functional phenyls on the chelating
biguanide ligands havestention times range within 2025.3 min,andthe introduction of
sulfonyl groups with aromatisubstituents on the chelated biguanide ligands significantly
enhance the hydophobicity with retention time variousf 32-37 minwith the exception of

complex10 (toluene sulfonyl, 21.44 min) which was much less hydrophobic.

Antimicrobial Activity



The minimum inhibibry concentratioa (MICs) of complexedl-14 were determined against
Gramnegative bacteriastrains: Escherichia coli Klebsiella pneumonigePseudomonas
aeruginosa Acinetobacter baumanniand Grampositive bacteria strain®acillus subtilis
Streptococcus pyogenesEnterococcus faecalis Staphylococus epidermidis and
Staphylococcus aureyscluding methicillinsensitive andresistant (MRSA) strain types).

Antifungal activity agains€andida albicangndCryptococcus neoformangasalso studied.

First, the antimicrobial activity o$electedbiguanide chelating ligandsl-6 andL10 against
E. coli, K. pneumoniagP. aeruginosaA. baumanniand MRSA, and fungivas determined

None of these ligands exhibited activityith MICs > 32ug/mL.

The more hydrophilic It complexesl and2 are inactve against the majority of the pathogens
studied, with MICs over 3ig/mL (Figure 2), but the activity increased with increase in
hydrophobicity longer HPLC retention ting, which is obvious seen from compl8xwith
MICs in the range-2>32ug/mL, probably due to the increasgatakeof thecomplexes witn

the membrans of the bacteria?® This trend isalsoapparent from the antibacterial activity of

complexesl-4 against MRSAFigure S2in the Supporting Information).

Among the Grarmmegative bacteria, complexe$7 exhibit the highespotency againsA.
baumannii (MICs, 4 eg/mL (5.45.8 eM), an important nosocomial nemotile aerobic
bacterid pathogef®) andE. coli (MICs 4-8 eg/mL (5.411.2eM)) (Figure 2 andTable S4in
the Supporting Information). These complexes had moderate potency (IVHES BmL
(21.644 M)) towardsK. pneumoniaga cause of various nosocomial infectiansg.urinary
tract, pneumonia, and inta@bdominal infections Rigure 2).3° However, all biguanide
complexesave little activity towardsP. aeruginosgMICs above 321g/mL), probably due to

the poor membrane permeability (oly. 8% that ofE. coli) and very effective efflux system,



which makesP. aeruginosaintrinsically resistant to many antibiotic3able S4 in the

Supporting Informationy!

In order to study theffect ofhalido ligand on the antimicrobial activity, the @h complex7
were substituted byr and | to obtain complexe® and 9, respective}l. To increasethe
hydrophobicityand potentially enhanceiptake ofthe complexesa sulfonyl group with an
aromatic substituent was introduced onto the terminal nitrogen of the biguanide tigand,
obtaincomplexesl0-14 (Chart 2). Interestingly, complexs&bromido8 andiodido 9 showed
higherantibacterial activity againgt. pneumoniaeompared to chloride complé&x butwere
less poteh towards E. coli and A. baumannii(Figure 2). By introducing the sulfonyl
substituents, the potency of comple2€sl4 decreased dramatically, with MICs albove32

eg/mL (Figure 2).

The antifungal activity of complexe$-14was screenewardsC. albicansa common fungs

in humars whichcan cause superficial mycoses, invasive mucosal infections, and disseminated
systemic diseas® **andC. neoformansan opportunistic yeast thaaincause meningiti&*
Interestindy, complexest-9 exhibited excellent antifungal activity againségbfung (MICs
=0.251eg/mL (0.341.45¢M), Figure 2), ca.76-fold more active again&. neoformanghan

the reference compound Fluconazoleg@mL (26.1 M), Table S4in the Supporting
Information). The exchange omonodentate halido ligasdhad little effect on the antifungal
activity (MICs 1ug/mL (ca.1.2uM) and 0.5ug/mL (ca.0.6 uM), respectively)However, he
introduction of sulfonyl functional groups lowered the activity slightly (MICs of complexes

10-140of 1-2 eg/mL (1.1:2.4eM), Figure 2 andTable S4in the Supporting Information).

For Grampositive bacteria, the antibacterial activity of complekeist was investigated in
comparison with clinical drug vancomycin, arftetminimum bactericidal concentrations

(MBCs) were also deterined. Generally, complexe4-14 show moderate to excellent



antibacterial activity against Grapositive bacteria strains, with MICs and MBCs within the
range 0.1282 eg/mL (0.1%238 €M, Table 2). In particular, complexed-9 exhibit potent
inhibitory andbactericidal activity towardS. pyogeneandS. epidermidisgiving MIC and
MBC in the range of 0.125% ug/mL (0.171.5uM, Table 2). S. pyogeness a pathogenic strain
that responsible fara. 517000 deaths annuaftyywhich can cause benign to invasive diseases,
e.g.necrotizing fasciitis, rneumatic fever and rheumatic heart disé&seepidermidiss an
opportunistic microorganismvhich exists in human skin and mucosa;the nosocomial
genotypesare the main cause focathetefrelated bloodstream, joint and biomedical device
related infection$®*° Complexegl-9 also display potent antibacterial activity aga®saureus

andB. subtilis with MICs and MBCs in the range of 0-2%g/mL (0.32.9¢M, Table 2).

E. faecalisis amongst the intestinal flora, and causes about 90% of enterococcal infections by
inhibiting alimentary canals of man, which can induce lethal diseBsésecaliscan survive

in nosocomial environments due to intrinsic resistance to seveiibéins.** Complexest-9

show potent antibacterial activity agairist faecalis(MICs, 0.51 eg/mL (0.581.45 M),

Table 2), ca.4x more potent than vancomycin (2.B1); and the MBCs range from32eg/mL

(5.543 €M). Sulfonylsubstituted complees 10-14 exhibited significant inhibitory activity
againstS. aureusB. subtilis S. pyogeneandS. epidermidiswith MICs all below 1eg/mL
(0.31.2 eM, Table 2. However, the bactericidal activity of complex&8-14 decreased

dramaticallywith MBCs againsS.aureus S. epidermidiandE. faecalisare>32eg/mL (>38

UM).

We next investigated whether generation of reactive oxygen species (ROS) could be a key
process in the activity of the complexes. The MICs of compldxE3were assessed under

strict anaerobic conditions (generated with Oxoid AnaeroGen 2.5L sachets in a plastic
container) for bacteria that lack superoxide dismutase (SOD) and so cannot quench the high
levels of superoxid® S. aureugATCC 29213) ands. pyognes(ATCC 151112). As can be

8



seen froniTable S5 there were no significant changes in MICs of complex&8 compared
with aerobic conditions, which suggests that ROS generation is not a key process in their

activity.
Cytotoxicity (CCso), Haemolytic Activity (HC s0) and Cytopathic Effects

To investigate theelectivityof the complexes for microorganisms versus mammalian cells,
the concentratiagiving 50% cytotoxicitytowardshuman embryonic kidney cellslEK-293)

and 50% haemolytic activity towardsiman red blood celliRBC for complexesi-14 were
determined Table 2). In general, complexe49 exhibited lowin vitro cytotoxicity against
HEK-293andRBCcells (CGo: 17->32 pg/mL (19->47 uM) and HGy: 6-2 1 € g /-28L ( 8
e M) Interestingly, omplexes8 (Br complex) an® (I complex) showed higher cytotoxicity
(CCso, 27.6 UM and 18.6 M, respectivelygwardsHEK-293cellsthan that of compleX (Cl
complex, CGo value over 44uM), decreamg in the order7 > 8 > 9; while complexes and

9 gave similar Hgo values (8.2 and 8.6 uM, respectively), are lower than th@t(20 uMm).

As expected, complexd®-14 displayed lower cytotoxicity (C&: >32 pg/mL (>35 uM) and

HCs0:15->32 e g/-mB5(4M)), when cod9fTabledd t o compl e

We also determined the cytopathic effect of a representative set of compléxes 12 and

14 on HaCaT human keratinocyte cells (an immortalized, #tiomorigenic cell line,Table

2).43%5 A 4 h-exposure of keratinocyte cells to sesselected antimiobial agents induced
morphological changein keratinocytes cells at concentratsorf 128 pg/mL (1391 79 ¢ M)

for 5-7and11-12, andof6 4 Og/ mLan@P®24 Ggu)mL (35 c4Endld or con

respectively; indicating the low cytotoxicity.

The seleavity factors (SF) of complexe4-14 for the cytotoxicity againsHEK-293 (CCso,
pM) and RBC(HCso, UM in brackets) versus the bactericidal activity towards Gpasitive

bacteria (MIC, uM), are given imable S6in the Supporting Information. SF values are the



ratio of CGo or HGsp values to MBC values. Complexé9 have good to excellent SF values
betweenS. aureusB. subtilis S. pyogeneandS. epidermidiswith SF values in the range of
4 to >256 for Ce/MBC and 2 to 118 for H§g/MBC. However, the selectivity factors between
E. faecalisand human cells for complexdsl4 are poor, since these complexes have little

activity towards this highly resistant pathogen.
Long-term Antibacterial Investigation

The stability of complexed-10 by usingS. aureusas model bactarm wasinvestigatedoy

determining theiMICs after various time intervals {21 days) The complexes were dissolved

in Cationadjusted MuelleHi nt on Br ot h at t helLaondstoed atthtee at i on
different temperatures18 °C, 18°C and 42°C. Antibacterial testing was performed days

1, 4, 8 and 21Table S7in the Supporting Informationl.ittle changein MICs of complexes

4-7 wasobserved after 21 days at %42 (in therange of 24 pug/mL), indicaive of high stability.

However, MICs of complexe®-10 increased gradugl from day 8 today 21 at 42C, with

MICsrisingf rom 1 e€g/ mL t o 16, 8ndaatvw of 3otne degrddatibn, r e s

of these complexes atisitemperature (4ZC).
Resistance Evolution

To investigate the rate generation obacterial resistance towards these novélbiguanide
complexeswe determined the mutation rate of standard sBaaureugxposed to complexes

4,5 and7 at concentrations of 0.25 MIC, for sustained passages. MICs were determined after
every 4 passages. Aftartotal of 24 passages, MIC values of compleAeS and7 againstS.
aureusremaired unchangedsuggesting thaGrampositive bacteria do not rapidievolve

resistanceo these It biguanide complexes.

Kinetics of Growth Inhibition

10



The kinetics ofgrowth inhibitionby complex7 wasstudedin three differen. aureugultures

of densities 18, 10’ and 18 CFU/mL (Figure 3a-c), and the effect oDMSO mncentration
(1%, 5% and 109MSO in medium, v/yin thebroth medium on the cell growth (at bacteria
intensity of 18 CFU/mL, Figure 3d). It is evidentthat high DMSO concentrations can greatly
inhibit the bacteriagrowth (slow growthin 10% DMSQO90% medium). Concentrations of
complex7 in three rangem bacterihmediumculturewere studied0.125 MIC to 2 MIC (cell
density of 1 x 1®8CFU/mL), 0.25 MIC to 4 MIC (1 x T0CFU/mL) and 0.5 MIC to 8 MIC (1

x 10 CFU/mL). As can be seen in tiégure 3, bacteria growth was well inhibited at MIC
concentration whethecell culture density was 1 x 1GFU/mL; at higher cell culture denisis

(1 x 10 and 1 x 18 CFU/mL), the total bacterial growth inhibition concentration of complex
7increasd to 2 MIC, but the complex inhikegidthe growth ofS. aureugor ca.500 min at MIC
concentration when cell culture density was 1 X@BU/mL. Complex7 exhibitsa density
dependent antibacterial activity agaiSstaureusconsistent with MIC valueg.he growth of

S. aureuswas effectively hindered at stMIC and MIC concentrations of complek at
different culture cell densés, which indicats that these I complexes may be sequestered
inside bacteria cell and exhibit a constant bactericidaligctowards Granpositive bacteria

such asS. aureus
Synergistic Effectson Antibiotic Resistance

The intrinsic and acquired resistance of pathogens toveartilsiotics has become a major
problem*® Some newer antibiotics have little effect on highly resistant microorgafii<as.
administraion of new antibioticswith existing clinical drugs {0 which pathogens have
developedesistance) may factivate their antimicrobial activity. Hemee have inestigated
the synergistic activity of organddium complexedgl, 7 and10andthe clinical dugs cefoxitin
and vancomycirtowardstwo highly resistant nhosocomial pathogens: vancomgesistant
Enterococc(VRE), methicillinresistantStaphylococcus aursyMRSA).
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The MICs for ceadministration of complexe$ 7 and10 and the clinical drugs cefoxitin and
vancomycin towards MRSA and VRE, respectively, were determifiadbl¢ 3, in the

Supporting Information)The Ir'"" complexes themselves exhilbilgh antibacterial activity

against VRE and MRSA with MICsf 0.54 &€ g/ mL ; while cefoxitin
vancomycin against VRE give MIC values of 32
be seen fronTable 3, no syneristic effectof cefoxitinagainstMRSA was observed when-co
administeredwith complexes4, 7 and 10 (at subMIC concentrations). Notablythe
combination of complexed, 7 and 10 with vancomycin towards VRE showeery high

synergy, significahy decreasinghe MIC valuesfrom 64¢ g/ tl0 . 2 5, 4 and 2 ¢

respectively Table 3).

In further experiments, we examined the reverse sigtergffect upon cancubation of
vancomycin (at the concentration§0 . 2 5, 4 and 2 ¢&g4 mandilOwi t h ¢
However, no growth inhibitory towards VRE below 0.5x MIC complex concentrations was

observed after 24 h, 87 °C.
Anti -biofilm Study

Biofilms are integratios of microorganism communities with extracellular polymeric
substancewhich consistmainly of a variety of biepolymers?® The slow growth rate or low
metabolism of organisma biofilms makes the bacteria difficult to eradicaiedthus bacteria

in biofilm are more tolerable to antibioti¢®*°Biguanidederivatives, botipolymers®andlow

weight moleculs?! arereported as biofilm disruptors. We studied the ability of compldx@s
(a100, 50, 30, 2 0qkill s.Gyreudh biafilmanod2| ofesgfttissué Hiofilm
infection. The logarithms dhe numbers obacterid colonesarelisted inTable S8 A two-

factor analysis of variance was carried out to compare the effectiveness of complexes with

negative controldt is evidentfrom Figure 4, thatafter treatment of mature biofigwith Ir'"

12



biguanide complexes, at the concantri ons of 100 a adlogxiffereacg / mL ,
from the negative contra$ observed, suggesting that at such complex concentrations, over
99.9% ofS. aureusarekilled. Anti-biofilm efficacy at complex concentrations of 30 and 20

e g/ mL d eignifieamtlg, butthere was still a reduction 4f5 and 1 log, respectively,
compaedto negative control, which indicates thad! Ioiguanide complexes can eradicate over

90% biofilm cells at equipotent 10x to 15x MIC concentrations. A decrease oiaality

was still observable, but very limitetl ower compl ex concentration
Overall, there was a significant effect of each concentration on the number of CFU and this
differed between the complexes (adValues ©.01, see ANOVATable S9in the Supporting

Information)
Induced Permeability Changes in Bacterial Cell Walls

In order to gain insight into the mechanism of the potent bactericidal activity of these
complexes against Grapositive bacteria, we evaluated thermeability change of bacterial

cells based on a fluorescence DEAD/LIVE assay by exposiBeafreuso complex7 at 4x

MBC and 8x MBC concentrations, with. aureusvithout adding any antibiotic as negative
control. The viability of bacteria was chetkbefore being stained. Propidium lodide (P1) is

an effective dye which can bind uniquely to DNA or RNA nucleobase. Pl itself cannot cross
the membranes of viable cells, while dead cells with broken cell membranes are readily
recognized by PI for intradelar staining>*°?1t is evident from the images fRigure 5a-c,

that little PI fluorescence was observed in negative control. The percentage of Pl stained cells
is ca. 6% on treatment with7 at equipotent 4x MBC concentration. Interestingly, this
significantly up toca.28% at 8x MBC concentration @f However, either at 4x MBC or 8%

MBC concentration of complek no obvious diffused fluorescence clusters were found, which

implies that the bacterial cell membranes are intact and no leakage of nuetcobas's.
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Next, we investigated the change in morphology of cell walls by transmission electron
microscopy (TEM). It is apparent frofigure 5d, that complexX? did not break cell walls at
equipotent concentrations of 10x MBC and 50x MBC. This is consistéim the confocal
microscopy observations, which indicates that these biguanide Ir complexes are less likely to

target bacterial cell walls.
Interaction with Nucleobases and AmineAcids

To provide preliminary indications of possible target sites forethestent antimicrobial
biguanide complexes, we investigated reactions of some active complexes with nucleobases

and amino acids.

The interaction of complexdsand7 (2 mM, DMSQGds/D20, 2:3 (v:v)) with DNA nucleobases
model 9ethylguanine (EtG, 2 mM, DO) and g uraomaplsosphate diSodium
hydr a-GMP, 2 &M, DO) was investigated by NMR spectroscopy. No binding of
complexest and7to either Et G -&MP v#aé observed after 24 h incubation at pH* 7.3,

37°C. This suggests that DNA appears toobe the target for those novel complexes.

Next, the interaction of complexds7 and10with the amineacids (1 mole equiv) tryptophan,
leucine, NacetytL-methionine, Lthistidine and Lcysteine (Cys) was studied on NMR, ESI
MS and LCMS at pH7.2. Sanples were prepared and stored aP@7#or 24 h. No reaction
with tryptophan, leucine, fcetytL-methionine or Lhistidine was observed after 24 h
incubation by ESMS (or LG-MS) and*H NMR (data not shown). However these complexes
can react rapidly withL-Cys, as shown for complexesand 7 in Figures S3and S4
respectively, in the Supporting Information. Within 10 min at°87 peaks for LCys had
disappeared. The reactions appeared to proceed \@gsLcoordination followed by

decomposition of the copfex. This was investigated further by IMIS.

14



The reaction of complexek 7 and10 (0.2 mM, MeOH/HO) with L-Cys (0.2 mM, HO) was
monitored by LEMS after 24 h incubation at 3T, pH 7.1 Figure S5 RRHPLC eluents are
given inFigure S6in the Supporting Information). Interestingly, comple#ggand10formed
the dinuclear dimer [(C™Ir(L-Cys)E?* (P2 in Figure S5in the Supporting Information)
1171.39m/z(calculated [GeHs3lraN204S-H]* 1171.27m/2), with concomitant liberationf
free biguanide ligands2 (phenylbiguanide + H, L5 (1-(o)-tolylbiguanide + H) andL6 (P1,

TolSukBig-Tol + H).
Discussion

Antimicrobial Activity

The prevalence of antibiotic resistance towards the traditional clinical drugs has stimulated the
development of more novel and potent antibiotics, especially the-begatl antimicrobial
agents over the last decatla.broad spectrum of organometallic complexes (e.§3 By >®

R* and RG>®’) as antimicrobial agents have been synthesized andedtdor their
antimicrobial activity. Collins and Keere. al. have reported a series of mononuclear-[Ru
(phen)(bbr)]?* and [Ru(phen)bbie)]?*, dinuclear [{Ru(phen}{m-bb.}]**and oligonuclear

Ru' complexes, where ki s b Fnsethy#2(, 4BiEyridyl)]-1,n-alkane (n = 7, 12 or 16,
et0).>¥%! Those Rt complexes showed potent antibacterial activity agafsaureusand
MRSA, with MICs in the range of 0-86 ug/mL and MBCs in the range of3R pug/mL?>® 6!
however, tle dinuclear It analogues [{Ir(tpy)CI¥{ ebb}]Cl4 (n = 7, 12 and 16) exhibited
lower antibacterial activity, with MICs over 128 pug/mL, the enhancement of charges from +2
(for Ru) to +3 (for Ir) may have an inverse effect on the antibacterial activity for dinuclear
complexes?® Falkinhamet. al. have repaed [(CE®)Ir(1,2-diamineRY)CI]CI complexes,
containing various R and 'Raliphatic substituent® these gave broad spectrum of anti

staphylococcal potency towar@ aureusand MRSA, with MICs in the scale of 4 to >500
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pg/mL. The introduction of substitions on the amino groups lead to a decrease of biological
activity, perhaps indicating that hydrogen bonding by Rfthe diamine core is important for
retaining the antibacterial poten®in the presenvork, Ir''-biguanide complexe$9 showed
higher antibacterial activity againSt aureusind MRSA, with MICs as low as 1 ug/mL, more
potent than the reported"Ircomplexes® 2 Complexes3-9 are bactericidal towards the
investigated Granpositive bacteria, with the exception Bf faecalis sincethe ratios of
MBC/MIC for complexest-9 are within 2 (bactericidal activity denotes as a ratio of MBC to
MIC no more than 45 % Potent bacteriocidal activity is sometimes important for specific
conditions, e.g. endocarditis from staphylococci infectfSria. contrast, the introduction of
sulfonyl groups on the terminal N of biguanide ligaradsignificantly decreased bacteriocida
activity, making complexe$0-14 bacteriostatic (MBC/MIC > 4Table S10in the Supporting

Information) towards the Graymositive bacteria, with the exception®fpyogene®

Complexes4-9 have potent antimicrobial activity, but relatively low cytotwty towards
mammalian cells and low haemolytic activity (SF up to 256), indicative of good selectivity.
Interestingly, bromo comple&and iodido comple® show higher potency in cytotoxicity and
haemolytic activity than chlorido complék probably lecaise complexe8 and9 are more

inert and more stabilized from aquation; the complexes may remain intact before approaching
intracellular targets, and this is in agreement with previous observéiitindowever,
complexes and9 have similar antimicrobial activity (MIC), which is indistinctively different

from complex7, suggesting that these complexes may have a different mode of action in killing

microorganisms and human mammalian cells.
Potential Targets and Mode of Action

These organometallic bi g-boaded @digand eimich bceupiesS con't

coordination sites and a chelated biguanide, ligand exchange 4t teo@lination site is
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facile. In fact some complexes exist as either 16e or 18e spEtias ). The binding of the

6" ligand is therefore quite weak; no binding to the DNA nucleobase guanin€(as® -or 50
GMP) was detected, nor to the amino acids histidine, tryptophan and leucine. However, the
thiol amino acid LCys reacted readily and displaced thiguanide ligandHigures S3andS4

in the Supporting Information).

L-Cysteine is an important biosynthetic material for Hoi@htaining proteins and enzymes in
cells, and is the major thiol donor for many intracellular cofactors, e.g. GSH (in eukaagote
Gramnegative bacteria), Mycothiol (in Mycobacteria) and Bacillithiol (in many Gpasitive
bacteria, i.eS. aureusndB. subtili§.®® °Bacteria, like cancer cells, are constantly under high
oxidative stress. To cope with such stress, bacteria use theseolesular weight thiols to
detoxify xenobiotic$? Organometallic I complexes have been reported to generate high
levels of readve oxygen species (ROS) in human cancer cells to induce the apdptosis;
however, the antibacterial activity (MIC) of compleXe$0againsiS. aureusindS. pyogenes
under aerobic conditions is close to that under anaerobic conditions, suggestin@$at R

generation is not critical for their antimicrobial activity.

From the DEAD/LIVE fluorescence staining and TEM study, the cell envelope remains intact
after exposure to high complex concentrations (MBC to 8 MB@ure 5), indicating that

these novel I biguanide complexes are unlikely to target cell walls. The formadion
[(CP*®PMIr(L-Cys)k?* dimer may playa key role in the mechanism of action together with the
release of the free biguanide, inhibiting the biosynthesis of proteins and important cofactors.
Agents which disrupt the cell wall or membrane, or interfere with essential enzymes, are often

bacteriédal, whereas agents which only inhibit protein synthesis tend to be bacteritfstatic.

In the present study, the biguanide ligands alone are inactive towards all the microorganisms

screened. Perhaps with their high basicity and overall positive ¢Hawgehydrophobicity
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limits biguanide uptake by bacteria. Biguanide derivatives including polyhexamethylene
biguanide (PHMB) or chlorhexidine dihydrochloride, have been widely used as microbfcides.
with biomembrane disruption being proposed as the preganode of action. The guanidino
groups of biguanides are highly basi&{mra. 10.512.5) and cationic at pH 7, facilitating
interactions with phospholipids via electrostatic forces. Adsorption of biguanides on the cell
envelope perturbs lipids packirigading to leakage of essential cellular molecli¢fowever,
Goodet. al.recently reported a DNA targeting mechanism for the biguanide PHMB, arresting
cell division and inducing the condensation of bacterial chromosomal ®Nguanide
derivatives hag strong metabinding sites, and can bind to endogenous metal ions, and might

inhibit enzyme<? For example biguanides such as phenformin inhibit pyruvate kifase.

The I biguanide complexes can act as delivery systems for transport of biguares in
bacteria. The complexes camcerapidly with thiolcontaining biomolecukg e.g. Lcysteine,

to form a [(Cp*®P")Ir(L-Cys)p?* dimer, with the liberation of free biguanide ligds in the
bacteria. Te released biguanide ligands can bind to endogemeta ions and might inhibit

the important cell enzymes, e.g. pyruvate kinase, which play a key role in glycolysis regulation
and are highly dependent on metal ibhtherefore bacteriocidal. However, the introduction

of electronwithdrawing sulfonyl graps on the biguanide ligands lowers tha (from >12 for
ligandL5 to 4.7+ 0.1 forL6 (Figure S7in the Supporting Information). Notably the sulfonyl
complexes10-14 are bacteriostatic in contrast to the bacteriocidal activity of the other
complexesA-9, which is perhaps related to the activity of the released biguanide ligand and

difference in charge (+1 versus 0 at pH 7).
Conclusions

We have synthesized novel organdium(lll) antimicrobial complexesl-14 containing a

derivative of widelyu s ed bi guani des &6plaBigZlzdwherd Gdd= | i gan
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Cp*, Cp®" (phenyltetramethylcyclopentadienyl) or *¥B" (biphenyltetramethyl
cyclopentadienyl), Big = a biguanide or sulforsylbstituted biguanidégland, Z = Cl, Br and
[). The complexes were characterized by NMR, -ES, elemental analysis, and-rdy

crystallography.

Several of these complexes have potent activity against -Gegettive bacteria and Gram

positive bacteria, including MRSAwithMIGss | ow as 0. 12&.40mofemL ( O .
potent than vancomycin). Notably, compleXdesgalso exhibit high antifungal potency towards

C. albicansandC. neoformans wi t h MI C val ues as | ow as 0.25
the complexes exhibit lowytotoxicity towards mammalian cells, indicating high selectivity.

They are highly stable in broth medium, with a low tendency to generate resistance mutations.

Complexes4, 7 and 10 exhibit synergy with vancomycin against vancomysistant
Enterococci(VRE) when ceadministered (up tea. 256x enhancement of MIC). Also these
complexes can disrupt and eradicate bacteria in mature biofilms. The high reactivity of these
complexes towards -tysteine, in contrast to other amino acids or nucleobases, with
displacement of the biguanide ligand, suggests that their mechanism of action may involve
intracellular biguanide release. In contraisé biguanides themselves are inactive when

administered alone.

19



Experimental Section

Materials

Trihydrated iridiund' trichloride was purchased from Precious Metals Online (PMO Pty Ltd.)
and used as received. Biguanide ligands (metformphehylbiguanide hydrochloride;(%-
Fluorophenyl) biguanide hydrochloride,-(d-Tolyl)biguanide and phenformin) were
purchased fronsigmaAldrich and used without further procession. All the sulfonyl chloride
compounds used in this research were obtained from Siddnzh. High concentration rat

tail collagen was obtained from Scientific Laboratory Supplies. Collagenase was ohbtamned f
VWR. Fetal bovine serium was purchased from Fisher Scientific, and peptone water and
anaerobic atmosphere generation b@gaid AnaeroGen 2.5L Sachetsere from Thermo
Scientific. The NMR spectroscopy solvent, e.g. Me@and DMSQds, were purchaseiiom
Cambridge Isotope Laboratories Inc, an®Dxnd CDG were purchased from Sigrsddrich.

The bacteria strain8. subtilisDSM 10,S. pyogeneATCC 151112E. faecalisATCC 29212,

S. aureuATCC 29213 and. epidermidifATCC 12228 were purchased from American Type
Culture Collection (ATCC). The human keratinocyte cells were provided by Dr. Meera
Unnikrishnan (University of Warwick). The remaining of the antimicrobial and cytotoxicity

screens were carried out by @D from University of Queensland, Australia.

The purity of the synthesized materials has

'H and*3C NMR, high resolution MS, and RRPLC.

Synthesis of Complexeg&-14

[(CpH)Ir(Meth)CIICI  (1). [(Cp*)IrCl2]2 (5586 mg, 0.07 mmol) and metformin hydrochloride
(25 mg, 0.15 mmol) were placed in a rotlhamttom flask to which anhydrous methanol (50

mL) and triethylamine (21 pL, 0.15 mmol) were added. The solution was heated under refluxed
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in a nitrogen atmosphere (8G) overnight. After which the solvent was removed on a rotary
evaporator to give a red solid. The crude product was purified by recrystallization from mixed
solvent of MeOH and diethyl ether (4:6, v:v), to obtain orange solid. Yield = 49 mg (86%).
NMR (400 MHz, MeODds) :11.68 (s, 15H), 3.07 (s, 6H¥C NMR (125.73 MHz, BO) & U
8.2, 38.2, 88.5; HRMS (ESI): Calcd for {fEl26Ns(Ir-HCl2)]* 456.1739m/z, found: 456.1734

m/z. Anal. Calcd for @H2s CIoNsIr(H20)os: C, 31.34; H, 5.07; N, 13.05. Found: ¥1,.29; H,

4.78; N, 12.87.

[(Cp*MIr(Metf)CI]ICI (2). Complex2 was synthesized following the method similar to
complex1, where [(CEPMIrCl;]2 (150 mg, 0.163 mmol), metformin hydrochloride (55 mg,
0.33 mmol) and triethylamine (92 uL, 0.66 mmol) were used. The crude product was purified
by recrystallization from mixed solvent of MeOH and diethyl ether (4:6, v:v), to obtain yellow
solid. Yield =104 mg (54%)'H NMR (300 MHz, BO) 1.7 (s, 6H), 1.84 (s, 6H), 3.09 (s,
6H), 7.52 (s, 5H)*C NMR (125.73 MHz, BO) ¢ 8.3(18.9, 38.2, 88.3, 92.0, 129.0, 129.1,
129.5, 130.2; HRMS (ESI): Calcd for {§127Ns(Ir-HCl2)]* 518.1896 m/z, found: 518.1893
m/z. Anal. Calcd for @H2gCl2IrNs: C, 38.71; H, 4.79; N, 11.88. Found: C, 38.60; H, 4.79; N,

11.50.

[(Cp*ePM)Ir(Metf)CI]CI  (3). Complex3 was synthesized following the method similar to
complex1, where[(Cp*®PMIrCl2]2 (100 mg, 0.093 mmol), metformin hydrochloride (32 mg,
0.188 mmol) and triethylamine (53 puL, 0.376 mmol) were used. The crude product was purified
on a chromatography column (DCM/MeOH (10:1, v:v), to obtain red solid. Yield = 72 mg
(58%).2H NMR (300 MHz,MeOD-ds) :11.9% (s, 6H), 2.05 (s, 6H), 3.16 (s, 6H), 4.60 (s, 2H),
7.387.43 (m, 1H), 7.49 () = 8.1 Hz, 2H), 7.67 (q] = 7.7 Hz, 15.0 Hz, 4H), 7.78 (= 7.4

Hz, 2H);3C NMR (125.73 MHz, BO) :8.8{9.3,37.2,90.0, 91.1, 126.8, 127.3, 12829,2,

130.9, 139.4, 141.24RMS (ESI):Calcd for [GsHziNs(Ir-Cl)]* 594.22091z, found: 594.2204
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m/z. Anal. Calcd forCzsH3z1ClIrNs(H20)05. C, 47.05; H, 5.05; N, 10.97. Found: C, 46.88; H,

4.86; N, 10.63.

[(Cp*®PM)Ir(PhBig)Cl] (4). Complex4 was synthesized following the method similar to
complex1, where [(CE®PM)IrCl]2 (100 mg, 0.093 mmol),-phenylbiguanide hydrochloride

(41 mg, 0.188 mmol) and triethylamine (53 pL, 0.376 mmol) were used. The crude product
was purified on a chromatogtap column (DCM/MeOH (10:1, v:v), to obtain dark red solid.
Yield = 57 mg (45%)™H NMR (400 MHz, DMSQde) :n1.90 (s, 6H), 1.98 (s, 6H), 6.44 (s,
2H), 6.94 (tJ= 7.1 Hz, 1H), 7.24 (t) = 7.8 Hz, 2H), 7.41 () = 7.0 Hz, 1H), 7.50 (= 7.6

Hz, 2H), 7.56 (dJ = 8.1 Hz, 2H), 7.63 (d] = 8.2 Hz, 2H), 7.72 (d] = 7.6 Hz, 2H), 7.77 (d]

= 8.1 Hz, 2H), 9.18 (s, 2H), 9.24 (s, 1HC NMR (125.73 MHz, CDG) :. 12i.0, 127.9,
128.0, 129.0, 129.6, 130.5; HRMS (ESI): Calcd forofGiNs(Ir-Cl)]* 642.2209mz, found:
642.2209m'z. Anal. Calcd for GoHz1ClIrNs(H20)o.5: C, 50.75; H, 4.70; N, 10.21. Found: C,

50.78; H, 4.54; N, 10.10.

[(Cp*®PM)Ir(4 -F-PhBig)CI] (5). Complex5 was synthesized following the method similar to
complex 1, where [(Cp*®P")IrCl2]2 (200 mg, 0.187 mmol), -{4-fluorophenyl)biguanide
hydrochloride (93 mg, 0.4 mmol) and triethylamine (112 pL, 0.8 mmol) were added. The crude
product was purified on a chromatography column (DCM/MeOH (10:1, v:v), to obtain dark
red solid. Yiéd = 118 mg (43%):H NMR (400 MHz, MeODBds) :+1.96 (s, 6H), 2.06 (s, 6H),

7.05 (t,J = 8.6 Hz, 2H), 7.41 (t) = 7.2 Hz, 1H), 7.477.51 (m, 4H), 7.64 (d] = 8.2 Hz, 2H),

7.96 (d,J=7.4 Hz, 2H), 7.77 (d] = 8.2 Hz, 2H)3C NMR (125.73 MHz, CDG): ik 127.0,

127.9, 128.0, 129.1, 130.6F NMR (376.4 MHz, DO) #-124.8;HRMS (ESI):Calcd for
[C2oH30FNs(Ir-Cl)]*  660.2114 nvz, found: 660.2105 mVz. Anal. Calcd for

Co9H30CIFIrNs(H20)o.0: C, 48.96; H, 4.51; N, 9.84. Found: C, 48.97; H, 4.19; N, 9.77.
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[(CpXPPM)Ir(PhenethylBig)CI]CI (6). Complex 6 was synthesized following the method
similar to complex., where[(Cp*P")IrCl2]2 (200 mg, 0.187 mmol), phenformin hydrochloride
(92 mg, 0.38 mmol) and triethylamine (110 pL, 0.76 mmol) were added. The mrodiact

was purified on a chromatography column (DCM/MeOH (10:1, v:v), to give dark red solid.
Yield = 183 mg (66%)*H NMR (300 MHz, MeODds) 1 1.93 (s, 6H), 2.02 (s, 6H), 3.49
3.58 (m, 4H), 4.60 (s, 3H), 7.2029 (M, 5H), 7.42 (dl= 6.5 Hz, 1H), 7.477.52 (m, 2H), 7.61
(d,J=7.7 Hz, 2H), 7.68 (d] = 7.6 Hz, 2H), 7.75 (d] = 7.5 Hz, 2H)3C NMR (125.73 MHz,
MeOD-ds) :c 424, 126.6, 127.3, 127.6, 128.1, 128.5, 128.7, 13HRNIS (ESI):Calcd for
[C31H3aNs5(Ir-HCI2)] ™ 670.2522m/z, found: 670.2519/z. Anal. Calcd for CziHzsClaIrNs: C,

50.20; H, 4.89; N, 9.44. Found: C, 50.74; H, 4.88; N, 9.38.

[(Cp*®PM)Ir(TolBig)CI|CI (7). Complex7 was synthesized following the method similar to
complex1, where[(Cp**P"IrCl2]2 (200 mg, 0.187 mmol),-fo-tolyl)biguanide (73 mg, 0.38
mmol) and triethylamine (110 pL, 0.76 mmol) were added. The crude product was purified on
a chromatography column (DCM/MeOH (10:1, v:v), to get a dark red solid. Yield = 125 mg
(46%).'"H NMR (300 MHz, MeOD-ds) :n1.92 (s, 6H), 2.04 (s, 6H), 2.26 (s, 3H), 7716

(m, 1H), 7.21 (d) = 7.7 MHz, 1H), 7.28 (d) = 7.7 Hz, 1H), 7.3&.44 (m, 2H), 7.4&.53 (m,

2H), 7.57 (d,J = 7.5 Hz, 2H), 7.71 (t) = 8.6 Hz, 4H);"3C NMR (125.73 MHz, CDG) :c U
126.8, 127.0, 127.3, 127.4, 127.9, 128.0, 129.1, 130.2, 1BIRFKS (ESI): Calcd for
[CzoH33Ns5(Ir-HCI2)] ™ 656.2365m/z, found: 656.2362n/z. Anal. Calcd forCzoH34ClaIrNs: C,

49.51: H, 4.71; N, 9.62. Found: C, 49.49; H, 4.46; N, 9.69.

[(Cp*®Ph)Ir(TolBig)Br]Br (8). [(CP*PM)IrClz]2 (100 mg, 0.093 mmol) in methanol (30 mL)
and sodium bromide (1.92 g, 18.7 mmol) in deionised water (10 mL) were mixed in a round
bottom flask. The solution was heated tCGor 1 h. Then, a solution of(b-tolyl)biguanide

(36.6 mg, 0.191 mmol) and triethylamine (54 uL, 0.383 mmol) were added, the reaction was
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heated at 70C under nitrogen atmosphere for 12 h. After which the solvent was removed on
a rotary evaporator to get a dark red solid. The solid wdsselved in chloroform and washed
with brine (3 x 50 mL), and dried over Mga('he crude product was further purified on a
chromatography column (DCM/MeOH (20:1, v:v), to give a redtisiwn solid. Yield = 100

mg (65%). 'H NMR (400 MHz, MeODBds) :n1.60(s, 6H), 1.82 (s, 6H), 2.14 (s, 3H), 7.31 (t,
J=7.6 Hz, 1H), 7.10 () = 6.8 Hz, 1H), 7.17 (d] = 7.3 Hz, 2H), 7.30 () = 7.4 Hz, 1H), 7.39

(t, J= 7.2 Hz, 4H), 7.56 (t) = 7.4 Hz, 4H);:*C NMR (125.73 MHz, CDG) :.16iB, 65.5,
126.6, 127.3, 127.5, 128.7, 130.5, 140HRMS (ESI): Calcd for [CaoHaaNs(Ir-HBr2)]*
656.23651/z, found: 656.2376@vVz Anal. Calcd forCzoHz4BralrNs(Et2O)os: C, 45.19; H, 4.68;

N, 8.13. Found: C, 45.24; H, 4.32; N, 8.33.

[(CpX@PM)Ir(ToIBig)l]l (9). [(CP*PMIrCl2]2 (100 mg, 0.093 mmol) in methanol (30 mL) and
potassium iodide (3.1 g, 18.7 mmol) in deionised water (10 mL) were mixed in a round bottom
flask. The solution was heated to@for 1 h. Then, a solution of(b-tolyl)biguanide (36.6

mg, 0.191 mmol) and triethylamine (54 uL, 0.383 mmol) were added, the reaction was heated
at 70°C under nitrogen atmosphere for 12 h and a scarlet precipitate was observed. After which
the solvent was removed on a rotary evaporator taagidrk red solid. The solid was-re
dissolved in chloroform and washed with brine (3 x 50 mL), and dried over Mg8®crude
product was further purified on a chromatography column (DCM/MeOH (20:1, v:v), to give
an orange solid. Yield = 102 mg (59%H NMR (400 MHz, MeODBds) :+1.76 (s, 6H), 1.90

(s, 6H), 2.23 (s, 3H), 7.11.18 (m, 3H), 7.26 (d] = 7.4 Hz, 1H), 7.41 (d] = 8.0 Hz, 3H), 7.50

(t, J=7.4 Hz, 2H), 7.59 (d] = 8.2 Hz, 2H), 7.66 (d] = 7.2 Hz, 2H)13C NMR (125.73 MHz,
CDCl) :¢8.3190, 16.7, 126.6, 127.2, 127.5, 128.7, 130.4, 131.3, 140.0, HRMS (ESI):

Calcd for [GoHz4aINs(Ir-1)]* 784.14881/z, found: 784.1488Vz Anal. Calcd forCzoHzal2IrNs:

C, 39.57; H, 3.76; N, 7.69. Found: C, 39.96; H, 3.77; N, 7.60.
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[(Cp*XPPM)|r(TolSul -Big-Tol)CI] (10). Complex 10 was synthesized following the method
similar to complext, where[(Cp*®"")IrCl]2 (130 mg, 0.121 mmol),-thethyFN-(N-(N-(o-
tolyl)carbamimidoyl)carbamimidoyl)benzenesulfonamide (93 mg, 0.269 mmol) and
triethylamine (110 pL, 0.76 mmol) were added. The crude product was purified on a
chromatography column (DCM/MeOH (25:1, v:v), to give a yellow solid. Yield = 139 mg
(68%).'H NMR (400 MHz, MeODds) :+1.58 (s, 6H), 1.72 (s, 6H), 2.17 (s, 3H), 2.30 (s, 3H),
7.17-7.22(m, 5H), 7.27 (dJ) = 6.9 Hz, 1H), 7.36 (d] = 8.2 Hz, 2H), 7.40 (d] = 7.4 Hz, 1H),

7.49 (t,J = 7.4 Hz, 2H), 7.57 (d] = 8.2 Hz, 2H), 7.65.67 (m, 4H)::3C NMR (125.73 MHz,
MeOD-ds) :c 8.7 18.0, 21.4, 126.1, 127.0, 127.6, 127.6, 128.9, 129.2,,1B8814, 133.8,
140.3, 140.8, 141.3, 141.4, 151.7, 152HRMS (ESI): Calcd for [G7H3sNsO2S(Ir-CI)]*
810.2454m/z, found: 810.2449z Anal. Calcd for G7H39ClIrNsO2S(H0)o.4: C, 52.12; H,

4.70; N, 8.21. Found: C: 52.16, H: 4.62, N: 8.07.

[(Cp*®P")Ir(4 -(BrCH 2)-PhSulBig-Tol)Cl] (11). Complex11was synthesized following the
method similar to complek, where[(Cp**P"IrCl;]2 (200 mg, 0.187 mmol),-@romomethyl
N-(N-(N-(o-tolyl)carbamimidoyl)carbamimidoyl)benzenesulfonamide (173.6 mg, 0.410
mmol) and triethylamine (116 pL, 0.83 mmol) were added. The crude product was purified on
a chromatography column (DCM/MeOH (25:1, v:v), to give a yellow solid. Yield = 131 mg
(38%).'H NMR (300 MHz, MeODBds) :+1.%6 (s, 6H), 1.75 (s, 6H), 2.18 (s, 3H), 2.821H),

4.60 (s, 1H), 7.19.22 (m, 3H), 7.27 (d) = 8.8 Hz, 1H), 7.37.52 (m, 5H), 7.577.59 (m,

2H), 7.67 (dJ = 9.2 Hz, 3H), 7.79 (d] = 10.4 Hz, 1H)3C NMR (125.73 MHz, MeOB,):
U.7.6,8.4,16.5,44.4,91.2,126.2,126.6,127.2,127.2,127.3,127.5, 128.6, 128.7, 128.9, 129.1,
130.4, 131.3, 140.1HRMS (ESI):Calcd for [G7H3sNs02SBr(Ir-Cl)] " 888.1559m/z, found:
888.1551m/z. Anal. Calcd for G7HssCIBrirNsO.S: C, 48.08; H, 4.14; N7.58. Found: C,

48.09; H, 4.14; N, 7.45.
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[(Cp*®PM)Ir(4 -F-PhSulBig-Tol)CI] (12). Complex12was synthesized following the method
similar to complexi, where[(Cp**P"IrCl2]2 (150 mg, 0.140 mmol),-Aluoro-N-(N-(N-(o-
tolyl)carbamimidoyl)carbamimidoyl)benzenesulfonamide (103 mg, 0.294 mmol) and
triethylamine (82 pL, 0.588 mmol) were used. The crude product was purified on a
chromatography column (DCM/MeOH (25:1, v:v), to giveyeglow solid. Yield = 84 mg
(48%)."H NMR (400 MHz, MeODds) 1 1.58 (s, 6H), 1.75 (s, 6H), 2.18 (s, 3H), 7722

(m, 5H), 7.28 (dJ = 6.9 Hz, 1H), 7.3&.41 (m, 3H), 7.49 (= 7.4 Hz, 2H), 7.60 (d] = 8.1

Hz, 2H), 7.67 (dJ = 7.4 Hz, 2H), 7.82t(J = 7.5 Hz, 2H);}3C NMR (125.73 MHz, MeOP

ds) : ac 7. 4, 8. 3, 16. 4, 91. 4, 115. 2, 115. 4,
140.0, 141.4;F NMR (376.38 MHz, MeORl) : ¢ -1D9.97; ESIMS: Calcd for
[C3eH3sNs02SF(I-CI)]*  814.2203 m/z, found: 814.2200 m/zAnal. Calcd for

C36H36CIFIrNsO.S: C 50.90, H: 4.27, N: 8.24; Found: C, 50.56; H, 4.26; N, 8.20.

[(Cp*®PM)Ir(4 -NO2-PhSulBig-Tol)Cl] (13). Complex 13 was synthesized following the
method similar to complek, where[(Cp*®P"IrCl], (110 mg, 0.103 mmol),-Aitro-N-(N-(N-
(o-tolyl)carbamimidoyl)carbamimidoyl)benzenesulfonamide (86 mg, 0.228 mmol) and
triethylamine (64 pL, 0.455 mmol) were added. The crude product was purified on a
chromatography column (DCM/MeOH (25:1, y;&nd yellow solid was obtained. Yield = 162
mg (66%)."H NMR (400 MHz, MeODBds) :n1.58 (s, 6H), 1.75 (s, 6H), 2.18 (s, 3H), 7.18
7.21 (m, 3H), 7.27 (d] = 6.9 Hz, 1H), 7.377.41 (m, 3H), 7.49 () = 7.4 Hz, 2H), 7.58 (dJ

= 8.0 Hz, 2H), 7.65 (d] = 7.7 Hz, 2H), 8.02 (d] = 8.6 Hz, 2H), 8.25 (d] = 8.3 Hz, 2H):3C

NMR (125.73 MHz, MeOBEds) :¢ 7.5, 8.3, 16.4, 123.5, 126.6, 127.1, 127.2, 127.5, 128.7,
130.4, 131.2, 140.0; ESNIS: Calcd for [GeHzsNsQaS(Ir-Cl)] * 841.2148Wz, found: 841.2143

m/z. Anal. Calcd for GeHzelrNeO4S: C, 49.33; H, 4.14; N, 9.59. Found: C, 49.14; H, 4.06; N,

9.49.
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[(Cp*XPPM)Ir(Dan -Big-Tol)CI] (14). Complexl4was synthesized following the method similar

to complex1, where[(Cp**P"IrCl2]2 (120 mg, 0.112 mmol),-&dimethylamino)N-(N-(N-(o-
tolyl)carbamimidoyl)carbamimidoyl)naphthaleiesulfonamide (100 mg, 0.236 mmol) and
triethylamine (66 pL, 0.472 mmol) were added. The crude product was purified on a
chromatography column (DCM/MeOH (25:%:v), to give yellow solid. Yield = 91.2 mg
(44%).*H NMR (400 MHz, MeODBds) :11.46 (s, 6H), 1.68 (s, 6H), 2.06 (s, 3H), 2.76 (s, 6H),
7.11 (s, 1H), 7.17.24 (m, 6H), 7.3&.41 (m, 4H), 7.477.54 (m, 3H), 7.60 (d) = 7.4 Hz,

2H), 8.06 (dJ = 6.8 Hz,1H), 8.40 (dJ = 8.5 Hz, 1H), 8.56 (dJ = 8.6 Hz, 1H);}3C NMR
(125.73 MHz, MeOBds) :c7.408.2,16.3,44.3,91.9, 114.7,122.9, 126.6, 127.0, 127.1, 127.1,
127.2,127.5, 128.7, 129.9, 130.3, 131.3, 140.0, 15IRMS (ESI):Calcd for [G2oH4aNeO2S
(Ir-Cl)]* 889.2876n/z, found: 889.2883/z. Anal. Calcd for GoHa4ClIrNeO2S: C, 54.56; H,

4.80; N, 9.09. Found: C, 54.23;: H, 4.77; N, 8.75.
NMR Spectroscopy

H NMR spectra were acquired at 298 K on either a Bruke#0, or HB500 spectrometer

using 5 mm NMR tubes. Data were processed out using TopSpin 3.5pl7 version (Bruker U.K.

Ltd.). *H NMR chemical shifts were internally referenced to TMS via-@liokanein DO (U

= 3.75) or residual MeOlds (U = 3. 31 p{Ein)=o0T7. TOCpHpp m) . 1D

recorded using standard pulse sequences.
High Resolution Mass Spectrometry and Elemental Analysis

Elemental analyses were performed by Warwick Analytical Seudtey an Exeter Analytical
elemental analyzer (CE440). High Resolution Mass Spectrometry (HRMS) Data were obtained

on Bruker Maxis Plus € OF.

X-ray Crystallography
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Single crystals of complexdsand4 were grown from methanol/diethyl ether. Suitable algst

were selected and mounted on a glass fibre and placed on an Xcalibur Gemini diffractometer
with a Ruby CCD area detector. The crystal was kefdt2® + 2°C during data collection. The
structures were solved with the ShefXStructure solution prognausing Direct Methods, and
refined with the ShelX[® refinement package using Least Squares minimisation. The crystal
data have been deposited at the Cambridge Crystallographic Data Centre with numbers: CCDC

1846267 and 1846268 for complexXeand4, resgctively.
Relative Hydrophobicity

Since log P determinations on metal complexes are often complicated by hydrolysis of metal
halide bonds in traditional octanafater systems, we have used-RPLC to compare relative
hydrophobicitie$® These measurements were performed utilizing the Agilent 1200 system
with a VWD and 50 pL loop. The column was an Agilent Zorbax 300SB C18, 150 x 4.6 mm
with a 5 um pore size. The mobile phase wa® K60 mM NaCl)/HO/CHsCN 1:1 (50 mM

NacCl), with a flow of1 mL mir. The detection wavelength was set at 254 nm with the
reference wavelength at 360 nm. All compounds were dissolved in 10% MeOHA&D /)

in 50 mM NaCl to ensure that hydrolysis was prevented. Sample injections were the loop
vol ume (thneedle Wwasheswoi,B and MeOH between injections. Reported retention
times (tR) and standard deviations (SD) are from duplicates of triplicate measurements. The

gradient used is shown kigure S1
Liquid Chromatography —-Mass Spectrometry (LGMS)

LC-MS was performed on a HP 1200 Series HPLC System (Agilent) coupled to a Bruker HCT
Ultra ETD Il PTR PTM mass spectrometer. The column used was an Agilent ZORBAX Eclipse
PusG18 (4.6 I 250 mm, 5 em pore size).e, The m

with 0.1% TFA), and B: acetonitrile (HPLC grade, with 0.1% TFA). Samples were prepared
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in double deionized water (DDW) , with 50
spectrometer was operated in electrospray positive mode with scan ra@gedsa/z The

gradient used is shown kKigure SG

Antibacterial Assays

The minimum inhibitory concentrations (MICs) against a variety of (Gpasitive bacteria
studied by us was determined by the broth microdilution method as described in the CLSI
guideline$! The bacteria strains studied were cultured in Catidgjusted Mueller Hinton
Broth (CAMHB) and diluted to give the concentration of 5 X CEU/mL. The complexes in

broth were serially diluted in the sterile-@@ll plate to give the volume of 1QQ.. Themedia
solutions with bacteria were then dispensed to each well cell to make the final volume of 200
uL and the final concentration of'ircomplexes ranged in 0.12%6 ug/mL, all the plates

were covered and incubated at 37 °C for 18 h without shakihgition of bacterial growth

was determined measuring absorbance at 600 nmeo(PDsing a Tecan SPARK 10M plate
reader. The negative control (media only) and positive control (bacteria without inhibitors) on
the same plate were used as references ¢ordigte the growth inhibition of bacteria. Samples
with inhibition value above 90% were classified as active agents. The minimum bactericidal
concentrations (MBCs) were determined by treating the agar plate pitls&mple solutions

from each well with nwisible growth observed. The agar plates were placed in°@ 8ven

for 18 h without shakingS. pyogenewere incubated under a 5% e@mosphere). The ones

had no colony formed with minimum concentrations will be MBCs.

Resistance Evolution

The standard bacterial strefth aureugATCC 29213) was cultured in HB medium (1 mL) in
the presence of 0.25g/mL (1/4 of MICs) of complexed, 5 and7, and overnight incubation
at 37°C was considered as the first passage. At the second daly,ofacteria medium was
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added to the prepared complex stockings (1 mL), and such a treatment was repeated for 24
times (count as 24 passages). The antibacterial activity of comglare3 against the treated
S. aureuswvas determined by culturing the microbe agar plate containing complexéss

and7 (at MIC concentrations) every 4 days.
Kinetics of Growth Inhibition

Bacteria strairS. aureugType: ATCC 29213) was cultured in CAMHB overnight at°&%

Three bacteria suspensions of 10°, 1 x 10’ and 1x 108 CFU/mL were prepared by culture
dilution. Complex in broth was diluted to give the concentration & MK to 8x MIC. The
negative control (media only) and positive control (culture bacteria with DMSO (I%0))

were used as comparison. The measerdrof absorbance at @ddwas determined om Tecan
SPARK 10M plate reader with shaking for 18 h af@7the absorbance was detected every 5
min for the first one hour and every 30 min for the rest 17 h. No growth was observed for

negative control.
Biofilm Cultivation and Antibiotic Treatment

Biofilms were prepared according to a reported literature procedure, with modifictions.
Generally, bacteria strai8. aureugATCC 29213) was cultured in synthetic wound fluid
(SWF, consisting of 50% fetal bowrserum and 50% autoclaved peptone water, v/v) & 37

on an orbital shaker. In a sterile falcon tube, polymerized rat tail collagen matrix was prepared
and kept on an ice bath. Typically, 10 mL collagen matrix, 2 mL collagen stock solution (10
mg/mL), was mixed with 6 mL SWF, 1 mL 0.1%, v/v acetic acidlantL 0.1 M NaOH. After
mixing, 400¢L of the collagen matrix was added to separate wells ef/éli polystyrene
microtiter plates without introducing bubbles and placed &C3for 1 h to allow collagen to

polymerise. Then 106L of diluted bacterial ctiire (OG0 Of ca. 0.1 in SWF) was added to
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each collagen matrix. The plate was incubated &C3vithout shaking for 24 h to allow growth

of biofilms in the collagen matrix.

The tested complexes (26Q of complexest-9, in DMSO/H0, 5/95(v/v)) were addkto the
24-h-old biofilms in triplicate and placed at 32 for a further 24 h. Then 6@Q of collagenase

(0.5 mg/mL in PBS) was added to each wound, and incubated®@tf87 1 h to dissolve the
collagen matrix. Serial dilutions of each wound were madRBS using a sterile 9&ell plate,

and 1CeL of each dilution dropped onto an LB agar plate in triplicate for colony counting and

calculation of viable cell numbers in the treated and untreated biofilms.

We used R to fit an ANOVA on letansformed dta to determine the effect of complex
identity and concentration (and their interaction) on numbers of viable badiehke (S10in

the Supporting Informatiorf’. We then used thiemeangackage to perform a orsided test

of whether each concentratiaf each complex led to a reduction in numbers of viable
bacterig®* compared with the mean number of bacteria recovered from 9 replica untreated

cultures (which was 3.03e+9). A Tukey correction for multiple comparisons was used.
Live/Dead Cell AssessmentyPI Staining

1 x 1 CFU/mL of S. aureuscells were seeded in AL Falcon tubes and exposed to two
concentrations of compléek(equipotent MIC and 2 MIC) for 2 h without shake.aureusells

without any antibiotics were used as negative comparison. After indicated incubation time, cell
suspensions were collected by centrifugation at 8000 rpm for 10 min and washed with PBS
(0.01 M) 3 times. The cell pellets were thersuspended in watéen 2 mL eppendorf tubes

and treated with 3 €M Pl for 30 min in the d:
by washing cells with PBS 3 times, and 20 ¢l
glass coverslip. The fluorescence of eadsglslide was detected on a confocal microscope

(LSM 880, AxioObserver) at excitation and emission wavelengths of 514/642 nm.
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Transmission Electron Microscopy

5 x 1 CFU/mL of S. aureusells were cultured in 5L Falcon tubes and exposed to two
concentations of complex’ (10 MBC and 50 MBC) at 37C for 2 h without shakeAfter
incubation, the cell suspensiowere harvested by centrifugation at 8000 rpm for 3 min and
washed with PBS (0.01 M) 2 times af@. The cells were fixed by 2.5% glutaraldehyde
PBS at £C for 1 h, washed with PBS and water, and centrifugibdn the bacterial pellet was
re-suspended in 10% ethanol, and dehydrated with-20086 ethanol with 20 min of each.
Cells were left in 100% fresh ethanol for over 24 h. Then the cédtpelere left in propylene
oxide for 2 h, propylene/LV resin (1:1, v/v) for 5 h and 100% LV resin overnight. After which,
cells were polymerised at 6& for 24 h and cut on Ultracut E Microtome to 100 nm and
stained with 4% uranyl acetate. Finally, TEMnNitoring was carried out on Jeol 2011 LaB6

filament with Gatan Ultrascan 1000 camera.
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line; HCsp, 50% haemolytic actity; L-Cys, L-cysteine;Metf, metformin; TolSuBig-Tol, 4-
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phenylbiguanidePhEtBig, phenformin;TolBig, 1-(o-tolyl)biguanide; pk, acid dissociation
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SWEF, synthetic wound fluid;tR, retention times;Van, vancomycin; VRE, vancomycin
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Chart 1. Biguanide Ligands with Various Functional Substituents

; NH NH 1 ,
< A A AR
N N NI
R - - H__Hi
Biguanide
Ligand Name R R? R2
L1 Metf Me Me H
0‘4
L2 PhBig \Q H H
Phenyl
L3  4-F-PhBig \Q H H
4-F-phenyl F

~

o
L4 PhEtBig \/\Q H H
PhEt

s

s
L5 TolBig /\Q H H
1-(o-Tolyl)

L6  TolSukBig-Tol 1-(o-Tolyl) H T0|Su|§§js—©—
o Iié:LTE:ZToI L(o-Toly) H 4—Br-PhS.uI§§:s _@_/Br
-8 ‘T"o':l-PhSU*Big- 1-(o-Toly) : 4-F-PhSuI§_::S eV
- ;Zizr . 1-(o-Toly) H 4-NOz-PhSuI§_:;:S aVal
L10 DanBig-Tol 1-(o-Tolyl) H §%s /

Dan W
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Chart 2. Structures of Complexes 114 Studied in This Work

(A) rs 17 (B) g2 17 (C) ﬁRB

/Ir ,,,,, \
REN’?I/N N H)N\i L g2 R*F—{N—I%/N/ X
N N-R2 R;N N N HN-R?
gt)rwgtl?;/(pe) R° X Y Big”
1 (A) Me Cl Cl L1
2 (A) Ph Cl Cl L1
3(A) Biph Cl Cl L1
4 (B) Biph Cl - L2-H
5 (B) Biph Cl - L3-H
6 (A) Biph Cl Cl L4
7 (A) Biph Cl Cl L4
8 (A) Biph Br Br L4
9 (A) Biph | | L5
10 (C) Biph Cl - L6-H
11 (C) Biph Cl - L7-H
12 (C) Biph Cl - L8-H
13 (C) Biph Cl - L9-H
14 (C) Biph Cl L10-H

®Biguanide ligands L1.10, see Chart 1: in L, the biguanide is protonated or
backbone N; in tH, biguanide is deprotonated.

Table 1. Selected Bond Lengths (A) and Angles (°

Bonds ?ond Lengh (A)Ifngle ©)
Ir1-N® 2.087(2) 1.975(3)
Ir1-NP 2.074(2) 1.973(3)
Ir1-Cp*(Centroid) 1.777 1.775
CaN@ 1.287(4) 1.346(5)
CaNe 1.382(4) 1.331(5)
CP-NP 1.301(4) 1.348(4)
CP-Ne 1.382(4) 1.321(5)
Ne-Ir1-N© 84.97(9) 85.38(13)
Ca-Ne-Cb 124.3(2) 122.2(3)

N@ corresponds to N5, N111PNN3, N108; N: N4, N109
C?corresponds to C5 C110>@3, C108
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Table 2. Antibacterial Activity (MIC and MBC), Cytotoxicity (CC sg), Haemolytic Activity (HC sg),
and Cytopathic Effect (ICsg) of Complexes 114

S. aureus B. subtilis S. pyogenes  S. epidermidis  E. faecalis HEK-293 RBC HaCaT
Cc;r::pl Gramypositive bacteria Mammaliar?
MIC/MBC (pg/mL) pg/mL
(MI C/ MBC (e M)) (e M)
1 >32/>32 >32/>32 >32/>32 >32/>32 >32/>32 >32 n d n d
(>59.7) (>59.7 (>59.7) (>59.7) (>59.7) (>59.7) e e
5 >32/>32 >32/>32 >32/>32 >32/>32 >32/>32 >32 n d nd
(>54.3) (>54.3) (>54.3) (>54.3) (>54.3) (>54.3) T T
3 8/8 4/4 212 4/16 8/32 27.4 n d n d
(12.6) (6.3) 3.2) (6.3/25) (12.6/50) (43.5) T T
4 2/2 0.5/0.5 0.25/1 0.25/0.5 1/8 >32 6.1 64
(2.9) (0.7) (0.4/1.5) (0.4/0.7) (1.5/11.7) (>47) (9.0) (94)
5 2/2 0.5/0.5 0.25/0.25 0.5/0.5 1/8 >32 11.8 128
(2.8) (0.7) (0.4) 0.7 (1.4/11.2) (>45) (16.9) (179)
6 2/2 1/2 0.125/0.5 0.25/0.25 1/32 17.2 21 128
2.7 (1.3/2.7) (0.17/0.7) (0.3) (1.3/43.1) (23.2) (28.3) (173)
7 1/2 0.25/0.5 0.125/0.125 0.5/0.5 1/4 >32 14.6 128
(1.4/2.8) (0.3/0.7) (0.17) 0.7) (1.4/5.6) (>44) (20) (176)
8 0.5/1 0.5/1 0.25/0.25 0.5/1 0.5/32 23.7 6.7 nd
(0.6/1.2) (0.6/1.2) (0.3) (0.6/1.2) (0.6/37) (27.6) (8.2) T
9 0.5/4 0.25/1 0.25/0.25 0.5/0.5 1/16 17.0 7.8 nd
(0.5/4.4) (0.3/1.1) (0.3) (0.5) (1.1/17.6) (18.6) (8.6) T
10 0.5/>32 0.5/16 0.25/0.25 0.25/>32 >32/>32 >32 14.6 n d
(0.6/>38) (0.6/19) (0.3) (0.3/>38) (>38) (>38) a7 T
11 0.5/>32 0.5/16 1/2 0.5/>32 >32/>32 >32 >32 128
(0.5/>35) (0.5/17) (1.1/2.2) (0.5/>35) (>35) (>35) (>35) (139)
12 0.5/>32 1/32 1/8 0.25/>32 >32/>32 >32 >32 128
(0.6/>38) (1.2/38) (1.2/9.4) (0.3/>38) (>38) (>38) (>38) (151)
13 0.5/>32 0.5/16 0.5/8 0.25/>32 >32/>32 >32 25 n d
(0.6/>38) (0.6/19) (0.6/9.5) (0.3/>38) (>38) (>38) (30) T
14 0.5/>32 0.5/32 1/4 0.25/>32 >32/>32 >32 >32 32
(0.5>35) (0.5/35) (1.1/4.4) (0.3/>35) (>35) (>35) (>35) (35)
Van 2/>32 0.25/0.25 1/1 4/4 4/>32 n d n d n d
(1.4/>22) (0.2) (0.7) (2.8) (2.8/>22) T T T

aBacterid strains:S. aureus ATCC 29213;B. subtilis DSM 10; S. pyogenesATCC 151112;S.
epidermidis ATCC 12228 E. faecalis ATCC 29212°Mammalian cellsHEK-293 human embryonic
kidney cells ATCC CREL573 (CGg), RBChuman red blood cells (Hg}, HaCaThuman keratinocytes
cells(ICsg).

47



Table 3. Effect of Complexes 4, 7 and 10 on the Activity of Cefoxitin (Cef) and Vancomycin (Van)
towards MRSA and VRE (MIC pg/mL)

Strain | Cef | Van 4 ! 10
4 4+Cef 4+Van | 7 7+Cef 7+Van | 10 10+Cef 10+Van

MRSA| 32 | nd. |2 32 nd. |05 32 n.d. |05 32 n. d.
VRE | nd.| 64 |4 n.d 0.25 2 n.d. 4 4 n. d. 2
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Figure 1. Structures of I complexesl (left) and4 (right) and with atom labelling. Thermal
ellipsoids are drawn at 50% probability level.

Figure 2. Selected antimicrobial data of complede$4, as MIC values ipM. Bacterial strain
types: A. baumanii ATCC 19606;E. coli ATCC 25922;K. pneumoniaeATCC 700603;
MRSA: ATCC 43300;C. albicans ATCC 90028;C. neoformansATCC 208821. Further

activity data for these complexes are listed in Table S4.
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Figure 3. Kineticsof growth inhibitionfor complex7 againstS. aureusa) bacterial suspension ok1
10° CFU/mL with complex concentrations rang from0.125 MIC to 2 MIC; b) bacterial suspension
of 1 x 10 CFU/mL with complex concentratiorisom 0.25 MIC to 4 MIC; c) bacterial suspension of
1 x 1¢ CFU/mL with complex concentratiorfeom 0.5 MIC to 8MIC; d) effectof DMSO on the
growth of bacteria.
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Figure 4.S. aureudiofilm disruption of complexe4-9 at a variety of complex concentrations indicated

as logarithm of the number of bacteria. Analysis of variance (ANOVA) determined that both complex
and concentration had an effect on number of viable bacteriahpostomparison of each treatment
with the negative control (bacterial culture without any antibiotics) showed that all complexes killed
bacteria, even at the lowest concentration tegtedd(05 for *).
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a) Negative Control

c) 8 x MBC d) Negative Control 10 x MBC 50 x MBC

Figure 5. Monitoring of the permeability change of cell membranessSofiureusATCC 29213)
induced by compleX via PI staining and confocal microscopy, and morphological changes by TEM,;
a-c) complex7 at concentrations of 0, 4x MBC and 8x MBC, respectively; the left images show the
contrast mode of both stained and unstained cells amigjtitémages suggest the PI fluorescence cells;
d) TEM images, treatment of compl@&at concentrations of 10x MBC (left) and 50x MBC (right).
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