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Abstract

A series of bidendate pyridine-functionalized metaheterocyclic carbene (NHC) complexes with various
wingtip substituents (R = methyl, phenyl and terty) had been prepared from silver oxide-mediated
transmetalation method. The basic backbone of tHE Mgands were prepared in two stepwise reactions:
reduction of the commercially available 2-benzoyigine, followed by halogenation to vyield 2-
(chloro(phenyl)methyl)pyridine. Subsequent reactiovith different imidazoles gave the desired imalan
salts (or NHC precursors) with different R groupshe N wingtip (R = Me, Ph, t-Bu). Transmetalation of the
imidazolium salts into platinum NHC complexes weaehieved by using A® mediated method with
Pt(cod)C} as the transmetalating agent. On the other haokiellNHC complexes were obtained via one pot
synthesis method with nickel chloride as the tragtahating agent and reflux in the presence of a.bas
Following recrystallisation, the molecular struetwf Pt NHC complext)-5a had been successfully elucidated
via single crystal X ray diffraction (XRD) analysi§he six-membered ring of the platinum NHC compkex
adopted a boat conformation with the phenyl ringuaged at the axial position. Meanwhile, two unetpe
nickel complexes, i.e. a simple nickel coordinatimmplex and a nickelate complex, were obtainedstndied
using XRD. These Pt NHC complexes and unexpectedcddiplexes were evaluated for theéir vitro
antimicrobial and anticancer activities againstiag) of pathogenic microorganisms and three selduienan
cancer cell lines, including breast (MCF7), coléfC{T116) and oral (H103) cancer cells. Generallg, Bt
NHC complexes displayed enhanced antimicrobialviiets upon coordination to metals, as comparethéo
corresponding imidazolium salts i.e. NHC precursaigh minimum inhibitory concentration (MIC) valsen
micromolar (iM) range. A couple of platinum NHC complexes systhed exhibited antimicrobial activities
with MIC as low as 2uM, which are comparable to silver NHC complexeshwiénowned antimicrobial
profiles. Similarly, upon coordination to the metathe cytotoxic effects of the platinum NHC conxele
increased significantly as compared to the imidanolsalts. Among all, platinum NHC complex (&)-
displayed significant cytotoxicities towards thencer cells with 1G, values that are two to three times lower
than that of the anticancer drug cisplatin. In sarynevidences for influence of both wingtip sutpetnts and
metals on the biological activities of the compkekave been found.
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"Electronic Supplementary Information (ESl) available: CCDC 1901952, 1901953, and 1901954 contain the crystallographic data (in
CIF format) for complex (+)-5, 9and10, respectively, antiIMR spectroscopy data of all synthesized compounds.



Introduction

Current strategy in the development of organomietdiugs has increasingly focused on the use ofitian
metal complexes containing organic ligands. Theatiffeness of metallodrugs is highly associatedh whte
choice of ligands. Ligands are most often, butlmoited to, organic compounds that bind metal idmsnce
modifying the physical and chemical properties loé tcompounds. Ligands are important for modifying
reactivity and lipophilicity, stabilising speciakidation states and contributing to substitutioariness. Most
importantly, with its capability to modify the ofsystemic bioavailability of metal ions, ligandsncplay an
integral role in muting the potential toxicity oiaetallodrug to have a positive impact for diagaasid therapy.

Organometallic drugs witiN-heterocyclic carbene (NHC) ligands have come thto spotlight over the past
decade. There are over multiple hundreds of tiansitnetal NHC complexes being reported as potential
antimicrobials and anti-tumour drugs over the past years. Their therapeutic potential is furtheghlighted

by several patents held by several universities @ratmaceutical companies [1-®:-heterocyclic carbenes
(NHCs) is an interesting class of ligand similaipteosphine ligand. They are generally derived fpmrsistent
carbenes, which are stable compounds of divalebboa. In simpler terms, NHCs are defined as heyetix
species containing a carbene carbon and at leashibrogen atom within the ring structures. Today,an
excellent ligand to the transition metals, NHCsé&wnd multiple applications in various field, peularly
highlighted in biology, catalysis and supramolecal@emistry [7, 8].

Following the success of platinum based metallosirggch as cisplatin, as chemotherapeutic agdats)ym
complexes would be a great starting point for #rereh of novel therapeutic agents. Recently, rekess have
shifted the focus towards the synthesis of novatimlm-based drugs by changing the coordinatedgetr
ligand or altering the leaving groups. Platinum Nld@nplexes have been highlighted as a promising and
original platform for building new drugs. One ofettmost notable highlight of Pt NHC complexes is the
patented monometallictrans-Ptl,(NHC)(amine) complexes and bimetallitrans-[Ptl,(NHC)],(diamine)
complexes developed by Marinetti’'s group, whichibitad cytotoxic activities with Iggat micromolar range
against both cisplatin-sensitive (CEM and H460) aisplatin-resistant (A2780/DDP, CH1/DDP and SKOV3)
cell lines [4, 9, 10]. They even outperformed asipl and oxaliplatin, with cytotoxicity that are dwto five-
fold higher than the anticancer drugs, under singl@erimental condition. Whilrans-configured complexes
were previously deemed as inactive in initial amicer research, they have now been acknowledgetidor
ability to form different platinum-DNA adducts, Esecognized by RNA-repair machinery, and therefore
reduce cross-resistance pertaining to cisplatin1fdl Che’s group also reported a series of lundees
cyclometalated [Pt(6-phenyl-2,2’-bipyridine)(NH@dmplexes with variable lipophilicity (NHE-substituents)
and nuclearity (mono- or bis-), which displayedngigant anticancer activities [14-16]. These Pt GIH
complexes were about 5 to 300 folds more potenatdsvHelLa cells compared with cisplatin and dispday
high specificity towards cancer cells. Most impathg, in vivo study with mice have shown that the Pt NHC
complex developed could inhibit tumour growth sfmgaintly with no obvious side effects.

Although the study on Ni NHC complexes and theontedical application is relatively scarce compaied
other Group 10 metal NHC complexes, but the apparetential of nickel complexes in antitumor studieas
been reported recently. Ray and co-workers havegkes three tetradendate Ni NHC complexes with the
intention to use them as agents for developingt&sce to nickel toxicity [17]. These Ni NHC comy#e have
shown less cytotoxicity than Ni£bH,O against HeLa and MCF7 cell lines under analogmurgdition. In
addition, Ni NHC complex displayed only half theimty than that of cisplatin against the non-turgenic
CHO cell line with minimal cell surface distorti¢h7]. These observations supported that the drestiaction



in the cytotoxic activity of nickel was successyusichieved by encapsulation of the metal centrBiiNHC
complexes. This is desirable as the cyclometalatediguration of the Ni NHC complexes can ensure th
stability of the complexes during drug delivery.

The impetus for the antimicrobial study came frame knowledge that several elemental metals display
antimicrobial properties, for example silver. Theseno previous report on the antimicrobial projsriof any
Group 10 metal NHC complexes. However, numeroussitian metal NHC complexes were shown to exhibit
significant antimicrobial activities against Granosgiive and/or Gram negative bacteria with minimum
inhibitory concentration (MIC) below 1(Qg/mL, namely Ag, Au, Rh and Ru NHC complexes [118;20].
Although plenty of impressive anticancer propertiese been reported for Group 10 metal NHC comglexe
the information on their antimicrobial propertiee éimited. Nonetheless, Haque’s group have redatseries

of Pd NHC complexes with selective concentratiopestelent antimicrobial activity, displaying high
effectiveness against Gram positseaureus, but not the Gram negati¥e coli [21, 22]. Therefore, we decided
to resume the study of these Pt and Ni NHC compgleaatimicrobial activities to explore their potet
biomedical applications.

We previously reported a series of pyridine-funcéiised bidendate Pd NHC complexes which displayed
substantial antimicrobial activities with minimumhibitory concentration at micromolar range, aneytlare
cytotoxic towards the MCF7 (breast), HCT116 (colamd H103 (oral) cancer cell lines tested [23]. The
promisingin vitro bioactivity of Pd NHC complexes have promptedaigxplore the potential of other Group
10 metal NHC complexes as novel antimicrobial anticancer agents. The synthesis of the novel PtNind
NHC complexes which are analogous to the Pd NHCpbexes would be an interesting starting point tmlgt
the effect of different metals on the biologicatiates of these metal NHC complexes. As literatimplies,
the metal centre plays an important role in inteéngowith biological targets while lipophilicity imaintained at
optimum level by adjusting the side chain in theahBIHC complex [24]. This study focuses on thduehce

of different N wingtip substituents on the structure of respects®up 10 metal NHC complexes on the
antimicrobial activities and cytotoxicity againsincer cells.

Results and discussion
Synthesis and characterization of platinum NHC:omplexes

The synthesis of the targeted complexes followetdhbéished synthesis routes with minor modifications
(Scheme 1 [25, 26]. Firstly, the commercially available 2rzoylpyridinel was reduced to phenyl(pyridine-2-
yl)methanol2, followed by halogenation to yield 2-(chloro(ph8myethyl)pyridine3. After that, the targeted
pyridine-functionalized imidazolium salfs, 4b, 4c were attained by reacting with their respectivediszoles
(1-methylimidazole, 1-phenylimidazole andtett-butylimidazole) under reflux for 48 hours [25, 27he
racemic Pt NHC complexds)-5 were prepared using silver(l) oxide-mediated tragtahation method from
the imidazolium saltgl. A crude silver NHC complex were generaiedsitu, which was then filtered and
immediately subjected to the subsequent reactioryigtll Pt NHC complexeg+)-5, using dichloro(1,5-
cyclooctadine)platinum(ll) as the transmetalatimggré. On the other hand, Ni NHC compleXe¥6 were
synthesized via a one pot synthesis method byxiefjuthe imidazolium saltd with NiCl, and KCO; for 24
hours, followed by purification to obtain the fiqaloduct. All synthesized complexes were charanedrby'H
and™*C nuclear magnetic resonance (NMR) spectroscopyeisis mass spectrometry.



As we previously reported, the acidic protorH@BN) signal of compoundéin the'H NMR spectra confirmed
the formation of the salts and it resonated inwa feeld for all salts [23]. For examples, the cladeaistic
imidazolium proton peak was observed&t0.39 ppm, 11.30 ppm and 11.19 ppm for compotmdib, 4c,
respectively. Besides that, their identities wds® @onfirmed by the resonance of the differentgtipngroup
on the heterocyclic ring, such as a singlet in'theNMR at5 4.03 ppm for the methyl group in compouda
and a singlet ai 1.70 ppm for thdert-butyl group in compoundc. For all the salts, the proton at the chiral
centre has a downfield shift appearing in the atamaroton region 'H NMR at § 6.25 to 7.90) and was
indistinguishable from other aromatic protons.

Similar to our previously reported Pd NHC complexege synthesized the Pt NHC complexes via
transmetalation through the corresponding Ag(l) Netthplexes which act as a transfer agent. This odeith
highly established and very attractive comparedtteer procedures, which often require inert or thars
conditions. In this scenario, silver oxide plays tbles of a base as well as a metalation ageeteake of the
Ag-carbene bond formation is highly desirable bseaof the great affinity of the electron exchangemMeen
carbene C and Ag centre. The NHC species are glmtranic donors whereby Ag acts as an excellent
acceptor of electron density. The overall eleceaichange is the best example ef donation from carbene

C to the Ag centre andmaback-donation from Ag to carbene C [24].

In general, théH-NMR spectra of Pt NHC complexés)-5 in DMSO-ds confirm the successful deprotonation
of imidazolium moieties indicating coordinationtbe ligand to the platinum centre. A crucial obs¢ion was
the disappearance of the characteristtOM proton signal of imidazolium saltsin the’H NMR spectra upon
coordination of Pt in compleft)-5. Similarly, the proton at the chiral centre shiftbalvnfield and fell within
the aromatic region, thus unidentifiable from otheomatic protons. The chemical shift values olatdifay
within the range reported in our previous studyhaf analogous Pd NHC complexes [23]. NGNNresonance
was observable in tHéC NMR spectrum of the synthesized Pt NHC complénd3MSO-ds. This is expected
as metal NHC complexes with similar behaviour waeviously reported. The rationale behind the abserf
carbene signals is still unclear, however a fastadyic behaviour together with the poor relaxatidn o
qguaternary KN could be responsible for it [28].

Due to the poor solubility of compldéx)-5a in a wide array of solvents but DMSO, a few drop®MSO was
added to the MeOH solution ¢f)-5a to solubilize it completely. X-ray crystallograplgyade single-crystal of
(¥)-5a was obtained upon slow addition of diethyl ethrgpia methanol/DMSO solution ¢f)-5a. An X-ray
diffraction study was performed to elucidate thdeunolar structure of complgx)-5a. Asillustrated inFigure

1, the X-ray diffraction study of compldx)-5a revealed that the six-membered ring is in the lboatormation,
with the phenyl ring in the axial position. The tptdam centre adopts a square planar geometry viagh t
tetrahedral distortion angke= 5.7° between the planes of [CI(1)-Pt(1)-Cl(2)p4C(13)-Pt(1)-N(1)]. Besides
that, the Pt(1)-CI(2) bond is 0.058 A longer thhe Pt(1)-CI(1) bond. This may be due to the trdfeceas
CI(2) is trans to a strong trans directing ligand@as compared to the CI(1). In addition, the etecdensity
of the double bond is equally shared among thertivogen atoms next to the carbene atom in thedmube
ring. This is observed through the similar bondgtenof N(2)-C(13) and N(3)-C(13), which both are
approximately equal to 1.36 A (an average of a ®eNd of 1.465 A and a C=N bond of 1.279 A).

Hereby we observed the similar interesting charmties of complex(+)-5a, which was similar to its
analogous Pd NHC complex [29]. Firstly, insteadhs chair conformation, the six-membered ring pedily
adopted a boat conformation. This is because iir cloaformation, the angles in the pyridine anddazole
ring will be highly tensed owing to the presencerany sp hybridized carbons in the six-membered ring as



well as the planar pyridine and imidazole ring. @etty, the bulkier phenyl ring is in the axial pomn rather
than the usual equatorial position. In axial positithe phenyl group experienced minimal sterierguttion
with the pyridine and imidazole ring, which is higlfavourable. Besides that, the square planar g&gnn the
platinum centre reduced the flagpole interactiopegienced by the bulky phenyl group as the chloatmms
will be pointing away from the phenyl group, theyetvoiding unfavourable steric interactions.

As for the complex*)-5b, the recrystallisation attempt to obtain crystatsch are suitable for single crystal
X-ray diffraction analysis to determine the abselgbnfiguration of(+)-5b is still on-going. We also face
difficulties in obtaining crystallography grade stgls from recrystallization of racemic compléx)-5c.
Attempts to change the ancillary ligand from diebldo dibromo and diiodo were performed. Dibromo
complex ()-7 and diiodo complexX+)-8 would have a poorer solubility as compared to Idich complex,
which may ease recrystallization. The identitiecofmplexegt)-7 and ()-8 (Scheme 2 were verified with
NMR and MS analyses, which both resembled the sgdatata of complext)-5c¢.

Synthesis and characterization of nickel NH@&omplexes

Unlike the analogous Pd and Pt NHC complexes, tnatedation method was attempted using Ni@tapted
from Ray et al. for synthesis of Ni NHC complexd§][ The imidazolium saltd, NiCl, and KCO; were
stirred and refluxed for 24 hours in this one-potteesis method to obtain the crude Ni NHC compdéxg6,
which were then subjected to purification usinguooh chromatography method. Generally, it was oleserv
that by using the NiGlone-pot synthesis method, we were able to obtemacemic Ni NHC complexgs)-6
after purification with column chromatography, whiwere preliminarily confirmed by th#H NMR before
recrystallisation. However, unexpected products ewebtained after recrystallisation attempts: a elick
coordination comple® yielded from the mother liquor ¢f)-6a and a nickelate compled0 yielded from the
mother liquor of(x)-6¢ (Scheme 3.

Light green crystals were obtained from slow dibnsof diethyl ether into a methanol solution otemic
complex (+)-6a. Characterisation of the crystals using singlestaly XRD analysis confirmed it to be an
unexpected nickel coordination compl@xwith molecular formula of H2¢ClN4O.Ni. The molecular ion
peak for [M-CI] can be found at 322.1890 (calcd. 322.0707) in Mure 2 displays its molecular structure
andTable 2lists the selected bond lengths and bond angles nickel atom was coordinated to three different
ligands including methanol, methylimidazole andocide. The nickel centre adopted a typical octadledr
molecular geometry with six bonding atoms positiaé approximately 90 ° to each other. The incapon

of solvent molecule into a chemical structure aseobed in comple® was not surprising. Zhang al. had
reported nickel NHC complexes that have solventecudks incorporated into the structure apart ofNREC
ring, where the solvent molecule is always locatethe equatorial plane and arrangreths to a NHC ring [30].

Proton NMR was unable to resolve the peaks of cexfplregardless of whether DMS@Q-or CDCk was used.
Essentially, the unexpected comp@wobtained was a high spin paramagnetic sped&sdtahedral), which
makes NMR spectroscopic characterisation diffichiénce their structures were only determined byaX-r
diffraction studies. In the proton NMR spectra ama for complex9, the signals are broad and poorly
resolved due to the different sets of ligand sigmahich indicate the different magnetically inecalent ligands
coordinated to the nickel centre. This will be hett accentuated if there are coordinating solvéatsexample
DMSO, that will coordinate to the metal centre anduce octahedral broadening. The analysis of NMR
spectrum is further complicated by the effect & paramagnetic nickel centre on chemical shifts.



Our observation on C-N cleavage and isolation ohglex 9 was not surprising. Previous literature reported
different nickel NHC complexes with C-N bond clegeawhich resulted in different Ni complexes as vesl|
cleavage of a pyridine ligand around the metal reef81, 32]. Zhong et al. proposed that a compéaction
took place during transmetalation, especially inthaeol or other alcohol in the presence of a baggch
resulted in the cleavage of the C-N bond at thacajt bridge to the imidazolium ring. However, theact
mechanism is yet to be elucidated [31].

Previously Winston et al. reported a series of KiQNcomplexes with varying coordination geometrigsere
they encountered the problems in obtaining purstaly from Ni NHC complexes reaction mixture due to
formation of co-crystals [33]. This is similar taroobservation on the selective isolation of com@erom
complex (x)-6a. It is characteristic of nickel(ll) complexes thamplicated equilibria, which are generally
temperature dependent and sometimes concentraépandent. It exist between various structural types
Nevertheless, the formation of co-crystals candtemalised by postulating the establishment oéguilibrium
involving mono- and di-substituted Ni containingesges. The equilibrium proposed below is therelaygible
and has been suggested for other Ni(ll)/bidendgéadl system [33, 34].

NiCl2(MeOH) = NiCly(NHC) = NiClo(NHC),
NiCl,(MeOH) + NiCh(NHC), = CLNi(NHC)(MeOH), = Ni,Cly(NHC), + MeOH

Blue green crystals were obtained from slow diffuasof diethyl ether into a methanol solution of enanic
complex (+)-6¢. Characterisation of the crystals using singlestaly XRD analysis confirmed it to be an
unexpected nickelate compléd with molecular formula of (€H2.N3):NiCl, (Figure 3). The molecular ion
peak for [M-NiCL]* can be found at 291.1700 (calcd. 292.1814) in WMshle 3 presents the selected bond
lengths and angles. The X-ray diffraction studyvebo the crystal was made up of two units of posiyiv
charged pyridine-functionalised imidazole ring witit-butyl at theN wing-tip, and a negatively-charged
NiCls* ion respectively. The negatively-charged NfClion was in an expected tetrahedral coordination
geometry with an average angle of 109.5°. Frombthred length of N(3)-C(13), N(2)-C(13) and C(15)-€)1
also corresponded to N(5)-C(32), N(6)-C(32) and3}3(34), which are all approximately 1.33 A, iigident
that the positive charge delocalised over the efiithe-membered imidazole ring, thereby offering tationic
ligand additional stability.

Zhang et al. had suggested that it is impossiblaéadst two ligands around nickel ions due to lartgris
hindrance, hence the failure in incorporation afiégaand bulky group to create Ni NHC complexes .[30]
addition to that, weaker M-C bonds are being formmed\i case as compared to Pd and Pt. Therefors, it
speculated that the separation of the bulky phgngup and pyridine group from the overall structofe
complex(z)-6¢, which yielded compleX 0 upon recrystallization, could be due to their éaggeric repulsion
pressure that force the complex to restructurevals previously reported in literature that repratoom of the
carbene moieties had occurred upon transmetaldtistead of transfer to nickel, with formation ofraxed
tetrachloronickelate/chloride imidazolium salt [36]. It was reasoned that the formation of st4bi€!]*
was more kinetically favoured as compared to tratalation to Ni, thus preventing transmetalation.



Antimicrobial study

In this study, broth microdilution assay was cortddcto determine the antimicrobial activities ok th
synthesized complexes against a panel of micromgenincluding nine strains of Gram positive baetefour
strains of Gram negative bacteria, an@aadida albicans (yeast). The complexes tested include the pyridine
functionalized imidazolium sal#a-c,racemic Pt NHC complexgs)-5a-c, the racemic dibromo and diiodo Pt
NHC complexeq*)-7 and ()-8, the unexpected nickel coordination comp®and nickelate complegO.
Their antimicrobial activities were quantitativedypressed in terms of minimum inhibitory concemra{MIC)
and minimum bactericidal concentration (MBC). MIKCthe minimum concentration of a compound to irthibi
the growth of the microorganisms, whereas MBC fsrrang to the minimum concentration of a compotad
kill the microorganisms tested. An antibiotic, al@mphenicol, was used as the reference drug in the
antimicrobial assay. Chloramphenicol is a type wfadl spectrum antibiotic that exerts antimicrotstiect
through protein synthesis inhibition by bindingttee 50S ribosomal subunitable 4 shows the compounds
tested and their respective MIC and MBC values.

In general, only a lower micromolar concentratiofghe synthesized complexes were required to intile
growth of the Gram positive bacterial strains, whibram negative bacterial strain often requiredghér
concentration. The different susceptibility of Gramositive and Gram negative bacteria can be at&tto
their morphological differences. The outer peptigiogn layer of Gram positive bacteria is not areetive
permeability layer. In contrast, the outer membrasfe Gram negative bacteria contained structural
lipopolysaccharide components, thus making thewell impermeable to lipophilic solutes wherebyipsr a
membrane transport proteins, constitute a seledba@eier to the hydrophilic solutes. The metal NHC
complexes synthesized were not soluble in a widayanf solvents but DMSO, and they were made up of
several conjugated rings, which give rise theirrbptiobicity (i.e. lipophilicity). Therefore, thedk of efficacy
against gram-negative bacteria was not surprising.

In this study, we have tested multiple strainshef same bacteria. For examples, Seaphylococcus aureus
strains which are sensitive to methicillin (MSSA)dathose which are resistant to methicillin (MRSA3, well
as Enterococcus faecalis and its antibiotic-resistant strain (vancomycinisest Enterococci, VRE). This is
because certain compounds may have different degfremtimicrobial activities against different strs of
bacteria, especially against the antibiotic-resistatrains. The strain variation effect would remdbe
antimicrobial compound to be effective against sa@tnains but not the other, which in turn would make
antimicrobial compounds less viable to be usedhaanémicrobial drug. Notably, the antimicrobialigities of
the metal NHC complexes agair&taureus was observed to be strain dependent. For instdhess was an
eight-fold difference in the MIC values of tl)-5b against MSSA ATCC 6538P and MRSA ATCC 700699
(Table 4). CLSI (2012) had proposed that two treatmentsi WHC values within two-fold difference is not
significantly different from each other. The strdiependent activity observed could be due to diffees in the
cell wall compositions, such as presence of menghlarund penicillin-binding proteins in MRSA [37,]38
Majority of the antimicrobial studies of metal NHI®Omplexes focused only on a single strain of eadtdbial
species and concluded that they are effective agtie bacterial species [20-22, 39-42]. Howevar,results
suggested otherwise, which implies the importarfcesting the complexes against several straing séme
bacterium.



Imidazolium salts or NHC precurso#shave showed antimicrobial activities at 5 mM otolae against the
microorganisms tested. The results are in agreematht other imidazolium-based salts that displayed
antimicrobial properties as reported by literat{48-47]. Yet, the activities were not comparablestume
imidazolium salts which have MIC values M range [45]. This could be due to the structurettoe
synthesized imidazolium saltswere lacking effectively long alkyl chain. Litevaé have suggested that the
antimicrobial activity is often dependent on thaichength of théN-substituted imidazolium salts, in which the
lowest MIC were achieved by compounds with long/athains (G to Ge) while alkyl chains of less than six
carbons are generally not active [44, 46]. Londkylachain is thought to be associated with disiuptof
bacterial membrane, probably due to the integratioiimne long hydrocarbon chain with the lipid bigayof the
cell membrane, leading to leakage of the cell curn#8]. Nonetheless, the optimum antimicrobiahaties of
an imidazolium salts can be postulated to sevexdbfs including hydrophobicity, adsorption, catienicellar
concentrations, aqueous solubility and transpottiénassay medium, with solubility in the assay ion@dbeing
the limiting factor for transport.

Notably, the antimicrobial activities increased egkably upon coordination to platinurfx)-5a). Surprisingly,
these Pt NHC complexés)-5 exhibited significant antimicrobial activities sagsed that of their analogous Pd
NHC complexes we reported before [23]. T$-5b and(+)-5¢c complexes, which bear the aromatic phenyl
ring and the bulkytert-butyl group at theN tip of the imidazole ring respectively, were mor@pable of
inhibiting the growth of microorganisms at a lowsmcentration as compared to tf3g-5a complex which
bears the aliphatic GHgroup. The(x)-5b and (x)-5¢ complexes displayed similar pattern of antimicabbi
activities against the microorganisms tested, WHC at the micromolar range being reported. The tmos
substantial antimicrobial activities were obseraginst Gram positive bacteria with MIC below (i (or
below 5ug/mL).

The difference in the antimicrobial activities f@)-5a-c could be due to the overall lipophilicity of thatiee
structure. The compleft)-5a only made up of a single carbon unit alkyl chaimlerlonger chain length would
be expected for better antimicrobial activities. &#as the respective aromatic phenyl group andyletk-
butyl group in Pt NHC compleXt)-5b and (+)-5¢ would give the intrinsic lipophilicity to the sttures
resulting in better antimicrobial activities of @ two complexes. Although there is no availabterdiure
reported on the antimicrobial activities of Pt NKd@mplexes, the antimicrobial activities @)-5 complexes
were comparable to those Ag and Au NHC complexegiwlare widely known for their antimicrobial
properties. For examples, Young's group reporteserdes of Ag NHC complexes with MIC lower than 10
ug/mL [3, 49]. Rayet al. also reported two antimicrobial gold and silver Glidomplexes with MIC values at
15 uM and 25uM, respectively [20]. Notably, it is observed tllagé complexe$t)-5c¢, (+)-7 and(+)-8, which
have different ancillary ligands (chloride, bromided iodide, respectively), exhibited similar antrabial
activities. This suggested that the change of Emgiligands does not have significant effect o ¢omplexes’
antimicrobial activities in this case.

In general, the findings suggested that the antobial activity arises from a synergy between thetahand
the ligand. Based on Tweedy’s chelation theory,itimepolarity of the metal centre is reduced byrtamping
of the ligand orbitals and the exchange of theiglgobsitive charge of the metal ion to the donmnas of the
ligands; thereby the delocation ofelectrons on the chelate ring increase and imptbedipophilicity of the
complexes [50]. The increased lipophilicity alloti® complex to penetrate the lipid membrane andkbibe
metal binding sites on the enzymes, which mightiliteés the disturbance of cellular respiration gmatein
synthesis, thereby inhibiting the growth. Generathe nucleic acids, especially the deoxyribonecletid
(DNA), is commonly considered to be the main taafeéGroup 10 metallodrugs through the formationntfa-



and inter-strand adducts, while metal-bonding tiplaur-containing groups in proteins and interfeeendgth
mitochondria functions were also reported [51].

Lastly, the unexpected nickel coordination comeand nickelate comple%0 did not display antimicrobial
activities at the highest concentration tested (@M). However, nickelate complexes were known teeha
antimicrobial activities towards both Gram positemed Gram negative bacteria though comparison ¢dmno
made in this case as the antimicrobial activitiesenreported in terms of zone of inhibition obtaifieom disk
diffusion assay and well diffusion assay [51-58]isIspeculated that the lack of antimicrobial \at#s of the
nickelate complex1tO was due to the low final concentration tested.r&fuge, antimicrobial activities are
expected in case of increment of the final conediatn tested of this nickelate compl&&

Cytotoxicity study

As mentioned earlier, numerous Pt NHC complexe® lsdmwn outstanding antiproliferative activitiesiagt
cancer cells. In present study, MTT cell viabilagsay was performed to determine cell cytotoxioityhe
synthesized complexes on selected carcinoma es liincluding H103 (oral carcinoma), HCT116 (colon
carcinoma) and MCF7 (breast carcinoma). In thisssisplatin was utilised as a positive controlitas a
clinically used antitumor drug. Cisplatin was knowmexert its antitumor action via binding of cih to
DNA and non-DNA targets, which further induce ce#ath through apoptosis, necrosis or both witha th
heterogenous population of cells that forms a taorass. It is a great reference drug for compattiegcell
cytotoxicity of the synthesized metal NHC complexeseflect the possible effectiveness and appilitalof
these metal NHC complexes as novel anticancer dnupss preliminary screening stage.

In general, the results showed that the compougsted had an inhibitory effect in a dose-dependeniner
against the cancer cells testdalfle 5). This is expected as different cell lines woul/é different growth
rates, drug sensitivities, oncogene expressionso#met factors that might possibly cause the vianatin the
cells [54, 55]. Literatures have also demonstréted those reported kgvalues of metal NHC complexes may
vary between different cell lines evaluated, thereft is plausible that these metal NHC complaxesld have
different magnitudes of potency in other cell types

Remarkably, no cell cytotoxicity effect was obse& ¥er the imidazolium salt$ up to 40uM against the three
carcinoma cell lines tested. Therefore, the cytot@tfects observed in the racemic palladium aradimphm
complexeq#)-5 is speculated to be mainly due to the metal-ligemeraction with cellular components. The
cell cytotoxic effects of these active complexeseneomparable to those of other reported organicarcer
agents, including noscapine g§of 20-35uM) and estramustine (Kgof 0.5-17uM) [56, 57]. Also, the 16
values of metal NHC complexes were previously reggbito vary within different cell lines, hence & i
conceivable that these metal NHC complexes coudavgireater potency in other cell types.

In general, the metal NHC compléx)-5b (with aromatic phenyN-tip) and(£)-5c¢ (with bulky tert-butylN-tip),
regardless of palladium or platinum, have showtebetytotoxic effect compared to their analogte5a (with
aliphatic methyIN-tip) against the tested carcinoma cell lines ademced by the low 1§ values recorded.
This structure-activity relationship may be atttdu to the central metal atom as explained by Twsed
chelation theory and overall lipophilicity of therapounds [58]. In addition, it was known that tkeris factors
(bulk, size and shape) of drug can affect how gasitan approach and interact with a binding dgalky
substituents may act like a steric shield and hitige ideal interaction between a compound anbintging site,



alternatively, it may help to orientate the compsbymoperly for maximum binding and increase acgtiyi9,
60].

Comparison between different metal centres of tretamNHC complexes have revealed that there are
variations in their cytotoxicities against the ocancells tested. Thd&+)-5 complexesdisplayed higher
cytotoxicities against the carcinoma cell line ¢glsbs compared to the analogous Pd NHC comple&gs (|
range of 13.90 to 38.74M) with 1Cso ranging from 5.52 to 28.3d4M [23]. Among all,(z)-5c¢ with the bulky
tert-butyl N substituent was the most potent among all the Il#4& complexes tested, with igthat are two

to three times lower than that of the anticancagdrisplatin. These results are not surprisinglatsnum NHC
complexes were well known for their anticancer mips, as evident by the widespread applicatidns o
platinum-based drugs as chemotherapeutics. Literatave reported a series of Pt NHC complexes with
varying 1G, compared to cisplatin, ranging from as low as @Bto more than 10QM [9, 15, 61]. Therefore,
the Pt NHC complexe®)-5 were moderately cytotoxic towards the cancer tefised, among others.

The mode of action of platinum NHC complexes isegally due to covalent bonding at the minor groofe
DNA causing crosslinking of the bases (especialihwguanine), and the square planar configuratiothe
metal centre enabled intercalation of the compouwritls the DNA involving an—r stacking. There were also
reports on the Pt NHC complexes accumulated imtiodeus, mitochondria or cytoplasm and play an g
role in triggering cell apoptosis [15, 62]. Aparbrh the usual DNA target, platinum NHC complexegene
recently shown to be interacting with G-quadrup(€&4) structures from telomeric sequence involved in
oncogene promotors and thereby causing cell dé&ih [

Last of all, it was observed that the unexpectadkali coordination comple® did not display cytotoxicity
against the cancer cells at the highest concenitréisted (4@M). While the unexpected nickelate complEx
was not cytotoxic towards HCT116 and MCF7 atud, it was cytotoxic towards the oral cancer celid.Q3)
with ICso value of 32.71uM. There was a previous report on a sodium trig(gafo)nickelate(ll) complex
which displayed LG (the concentration of a given compound which thdeto 50% of the cell) values of
4.187-8.044ug/mL in anin vivo brine shrimp lethality bioassay [64]. This theredyggesting that nickelate
complex could be a cytotoxic agent towards liviredlc Nonetheless, the low cytotoxicity of the retdkte
complex10 against cancer cells observed could be attribiltedow final concentration used in the assay, and
the cytotoxicity is expected to enhance with inceaemof the final concentration tested of this nlake
complex10.

Selectivity index study

Despite that the cytotoxic effects of the testeohplexes(+)-5 towards the selected cancer cells are promising,
these metal NHC complexes should not harm the roomiés. Therefore, a selectivity index study was
conducted to compare the cytotoxic effects of threstal complexes against both cancer cells and aiaretls.
First and foremost, the synthesized complexes weae effective against the cancer cells were atstet!
against a panel of normal human cells including 6KRuman oral epithelial cells), HACAT (human skin
keratinocytes) and BEAS2B (human lung epithelidisgeThe selection of these three human cell lwas to
explore the prospect of possible drug delivery mé@shfor future applications, i.e. oral adminiswatiof drug,
dermal or transdermal drug delivewia skin, as well as pulmonary delivewa lung. Table 6 shows their
respective cytotoxicities against OKF6, HACAT andEAS2B. Likewise, a dose-dependent pattern was



observed for the same compound against the noreflalirees tested. Besides, thesiGralues obtained were
neither significantly higher nor lower than thatagfainst the cancer cells.

The selectivity index (SI) indicates the cytotog@lectivity of the compound against cancer celt$ i safety
towards normal cells. It was determined from theraf the 1G value obtained from the cell viability test on
normal cells versus the §gvalue obtained for the cancer cells. The compowitd selectivity index value
higher than 3 is suggested to have high selecttoityards a particular cell line while value abovendicates
greater inhibition of cancer cells survival thammal cells [65-68]. In this case, selectivity indeas computed
based on the I§ values of three cancer cell lines and a normdlated time.Table 7 displays the selectivity
index of the active complexes for OKF6 (oral efitiiecells), HACAT (skin keratinocytes) and BEASZBng
epithelial cells).

Overall, it was observed that the Pt NHC comple@, (+)-7 and (+)-were not selective against the cancer
cells as the Sl value obtained were below 2 andb&ween the range of 0.22 to 1.88. Although sofbe
tested complexes have the Sl values that are calgaor even surpassed that of cisplatin, the welgc
towards the cancer cells was unsatisfactory as itess than three. Cisplatin is renowned for itghhi
effectiveness in the treatment for ovarian anddelstr cancers and is also widely employed forttreat of
cervical, bladder, head and neck, oesophagealraali sell lung cancers. Cisplatin is traditionadigministered
through the vein intravenously as an infusion. €fene, the low selectivity index of cisplatin cdeted was
not surprising as the cell lines utilised are ocallon and breast cells. On top of that, the loled®ity of
cisplatin towards the normal cells explained thedities of cisplatin towards the cancer patienthjch are
reflected by the side effects after cisplatin tmeatt.

However, these low selectivity index obtained cobkl due to the fast doubling time of the normall ora
epithelial cells (OKF6), normal skin keratinocy(é,ACAT) and normal lung epithelial cells (BEAS2Byhich
are similar to that of the cancer cell lines. Asult, these fast-growing normal cells were alsscsptible to
the metal complexes at low concentration of compsuras observed from their §values. Otherwise,
literature have suggested that higher concentratiairug is required to inhibit slow-growing ceitsrelations
with its higher doubling time in culture, and tisuld make the cell resistant to the cytotoxic agéested [65,
69]. Therefore, it is anticipated that the cytotatyi of these synthesized complexes would reducenwhis
tested against a slow-growing cell line, such aP841CON (a colorectal epithelial cell line), whiksembled
the growth rate of typical normal cells, therebgrease the selectivity index in such cases.

Conclusions

This study presented a new series of platinum NH@npitexes derived from pyridine-functionalized
imidazolium salts. All NHC precursors, imidazoliwalts (or NHC precursors), metal NHC complexestaerd
unexpected nickel complexes were characterizednayytical and spectroscopic techniques. The moécul
structure of Pt NHC complet)-5a were elucidated by the means of single crystalyXdiffraction technique.
Besides, the recrystallization attempts of the NHONcomplexes(+)-6 have yielded an unexpected nickel
coordination comple® and a nickelate comple¥0, which both have been structurally determinedughoX
ray crystallography study. While the imidazoliumltsalor NHC precursorsy exhibited insubstantial
antimicrobial activities than those reported by fiieratures, the Pt NHC complexés)-5 have shown
improved antimicrobial activities upon coordinatiom metals. Remarkably, complexég)-5b and (£)-5c
exhibited significant antimicrobial activities witdIC as low as 2iM, which are comparable to silver NHC



complexes with renowned antimicrobial profiles. éwkise, the cytotoxic effects of complexgs-5 increased
significantly upon coordination to platinum (as qmared to the imidazolium sal§. Most notably, complex
(¥)-5 displayed outstanding cytotoxicities towards thecea cells with 1G, values that are two to three times
lower than that of the anticancer benchmark cispldowever, selectivity index study’s results icatie that
the tested complexes and cisplatin demonstrateiibsiselectivity towards the tested cancer cellssdntially,
evidences for the influence of metals addvingtip substituents on the NHC ring on the antmoixzal and
anticancer activities of these metal NHC compléhas been found. Although the mechanism of actorife
reported biological activities is not known at @es it is apparent from this work that these PtON¢dbmplexes
could be some potential drug candidates in thadutu

Experimental
General procedures

All the commercially available chemicals and sobgemvere used without prior drying or purification.
Dichloro(1, 5-cyclooctadiene)platinum(ll) Pt(cod)Cl1-phenylimidazole and tert-butylimidazole were
prepared according to literature methods with soneelifications [70-72]. Melting point determinatiomas
carried out using Stuart Digital Melting Point Apptus SMP10 with 1 °C resolution. Mass spectra were
recorded on Agilent 1290 Infinity LC system coupléd Agilent 6520 Accurate-Mass Q-TOF mass
spectrometer with dual ESI source. Proton nuclesgmatic resonancéH NMR) and carbon nuclear magnetic
resonance'{C NMR) spectroscopy were performed on a Bruker Adea300 NMR spectrometer. The number
of protons (n) for a given resonance is indicatgchlH. Coupling constants are reported abvalue in Hz.
Proton nuclear magnetic resonance spedtraNMR are reported a8 in units of parts per million (ppm)
downfield from SiMe (5 0.00). Carbon nuclear magnetic resonance spEGraAIMR are reported asin units

of parts per million (ppm) relative to the sign&lahloroformd (6 77.16 ppm, triplet) and DMS@s (6 39.52
ppm, septet). All chemical shifts reported are nefeed to the chemical shifts of their respectigsidual
solvent resonances. Unless stated otherwise, aR ldkperiments are carried out at 300 K. The singstal X
ray diffraction studies were performed by X ray stejlography facilities in University Malaya (UMnd
Universiti Kebangsaan Malaysia (UKM), Malaysia.

Synthesis of phenyl(pyridin-2-yl)methanol, 2

The method for reduction of 2-benzoylpyridine ipteenyl(pyridin-2-yl)methanol was modified from liggure
[27]. Sodium borohydride (2.04 g, 54 mmol) in 50 9% % ethanol was added dropwise into a solutio®-of
benzoylpyridine (5 g, 27 mmol) in 50 mL 95% ethamwol an ice bath. The reaction mixture was stirred
continuously for 1 hour until reaction is complet@then, 100 mL of water was added to the reactiodure
and the solution was heated at 90 °C for 15 minutkeen, the solution was extracted with ethyl aeetarice
and the solvent was evaporated under reduced peetssabtain a pale green oil. Slow evaporatioa sblution
in ethanol at room temperature yielded the clegstal solid, 5.01 g, 96.4 %. M.p. = 88 — 90 *B.NMR (300
MHz, CDCk): 6 =5.29 (d, 1 H)yn = 4.5 Hz, OH), 5.75 (d, 1 Hy 4 = 4.5 Hz,HC-OH), 7.13-7.39 (m, 7 H,
arom.), 7.60-7.61 (m, 1 H, arom.) and 8.55 (dd#f, 344 = 5.1 Hz,Jyn = 1.2 Hz,Jyy = 0.9 Hz, arom.) ppm.
3C NMR (75 MHz, CDCJ): § = 75.00 (HC-OH), 121.35, 122.42, 127.07, 127.82, 128.56, 1R6183.23,
147.83 and 160.91 ppm. MS (E®#jz. [M+H]" calcd. for GoH1,NO 186.0919, found 186.0912.



Synthesis of 2-(chloro(phenyl)methyl)pyridine, 3

Phenyl(pyridin-2-yl)methano®? (1.85 g, 10.5 mmol) and triethylamine (3.4 mL, 24mnol) in 32 mL of
CH.Cl, was stirred in an ice bath. Methanesulfonyl clder{1.2 mL, 15.8 mmol) was added dropwise into the
stirring solution. The reaction mixture was leftvi@arm up slowly to room temperature. The reactioxtume
was allowed to stir overnight and then poured mtsaturated aqueous NaHE€blution. The aqueous layer
was extracted with chloroform thrice. The combinedjanic layers were washed with,® dried over
anhydrous MgS@and evaporateth vacuo to give a red liquid. The resultant red liquid wasbjected to
column chromatography (ethyl acetate/hexane 1:Yignixe yellow oil, 1.52 g, 74.3 %. The spectraladadr this
compound are consistent with those reported ititérature [25]."H NMR (300 MHz, CDCJ): § = 6.16 (s, 1 H,
CICH), 7.20 (ddd, 1 HJy 4 = 7.5 Hz,Jyy = 4.8 Hz dyy = 1.2 Hz, arom.), 7.25-7.37 (m, 3 H, arom.), 77456
(m, 3 H, arom.), 7.67-7.73 (m, 1 H, arom.) and §&dd, 1 H,Jqn = 4.8,J4 = 1.8,dun = 0.9 Hz) ppm2C
NMR (75 MHz, CDC}): 6 = 64.54 (CI®H), 122.09, 122.81, 127.78, 128.28, 128.64 and 5371.89.96, 149.19
and 159.75 ppm. MS (ESiVz [M-CI]* calcd. for GoH1oN 168.0813, found 168.0804.

Synthesis of pyridine-functionalized imidazolium s#s 4

Liquid 1-methylimidazoled) or 1-phenylimidazoleh) or 1-tert-butylimidazoled) (1 mol equiv.) was added to
a stirring solution of compound (1 mol equiv.) in 50 mL of CECN. The reaction mixture was heated at
refluxing temperature for 48 hours. Then, the lieaciixture was reduced in vacuo and the resulbiihgvas
stirred in diethyl ether. The diethyl ether layeasndecanted away to give ligatd, 4b and4c. The spectral
data for these compounds are consistent with ttegs®ted in the literature [25, 26, 29].

Synthesis of 1-methyl-3-[phenyl(pyridin-2-yl)methy]-1H-imidazolium chloride, 4a

Hygroscopic off white solid, 45.8 %H NMR (300 MHz, CD.J): & = 4.03 (s, 3 H, 83), 7.26-7.37 (m, 4 H,
arom.) 7.41-7.46 (m, 3 H, arom.), 7.63-7.76 (m, 4arbm.), 8.57-8.60 (m, 1 H, arom.) and 10.39 ($},1
carbenic proton) ppnt*C NMR (75 MHz, CDCJ): & = 36.63 CHs), 65.98 (NCPh), 122.48, 122.58, 123.78,
124.36, 128.84, 129.24, 129.34, 136.43, 137.61,8637149.52 and 155.09 ppm. MS (E8¥z: [M-H]" calcd.
for C16H15N3C| 284.0954, found 284.2074.

Synthesis of 1-phenyl-3-[phenyl(pyridin-2-yl)methy]-1H-imidazolium chloride, 4b

Brown oil, 2.71 g, 28.8 %H NMR (300 MHz, CDCJ): § = 7.34-7.39 (m, 3 H, arom.), 7.49-7.61 (m, 5 H,
arom.), 7.67-7.79 (m, 5 H, arom.), 7.96 (t, 1JHy = 1.8 Hz, arom.), 8.23 (s, 1H, arom.), 8.60 (dd&}, Jyn =
0.9 Hz,Jqn = 1.8 Hz,Jyy = 4.8 Hz, arom.) and 11.30 (s, 1 H, carbenic prppm.**C NMR (75 MHz,
CDCl): 8 = 65.82 (NCPh), 119.47, 121.71, 123.44, 123.80, 124.81, 129.20.25, 129.41, 130.19, 130.56,
134.54, 136.28, 136.42, 137.71, 149.34, and 15302 MS (ESI) m/z: [M-CI| calcd. for G;H1gN3 312.1501,
found 312.1508.



Synthesis of 1-tert-butyl-3-[phenyl(pyridin-2-yl)methyl]-1H-imidazolium chloride, 4c

Brown solid, 8.24 g, 54.0 %H NMR (300 MHz, CDC}): § = 1.70 (s, 9 H, C8s), 7.27-7.37 (m, 5 H, arom.),
7.50-7.55 (m, 2H, arom.), 7.69-7.75 (m, 1 H, arom.$1-7.83 (m, 1 H, arom.), 8.14 (s, 1 H, aro®.59 (ddd,

1 H,Jn=0.9 Hz,Jqy = 1.8 Hz,Jup = 4.8 Hz) and 11.19 (s, 1 H, carbenic proton) pp@.NMR (75 MHz,
CDCl): 6 = 30.05 (@H3), 60.13 (NCCH3), 65.26 (XCPh), 117.97, 122.50, 123.60, 124.87, 128.91, 129.07
136.53 and 136.96, 137.55, 149.30 and 155.44 pp8\.(ES1)m/z [M-CI]" calcd. for GoH2oN3 292.1814,
found 292.3259.

Synthesis of pyridine functionalized Pt NHC complegs (£)-5

To a solution of pyridine-functionalized NHC presars4a, 4b, 4c (1 mol equiv.) in 30 mL of C§Cl,, Ag,O
(0.5 mol equiv.) was added in the dark. The reaatmxture was stirred at room temperature for 1@re@and
was filtered through a short plug of celite. ThécBd)ChL (1 mol equiv.) was added to the orange filtratéhim
dark. The reaction mixture was then allowed toattiroom temperature for two weeks and was filtéhedugh
celite. The filtrate was then reducedvacuo to yield the racemic Pt NHC complex@s-b5.

Synthesis of racemic Pt NHC complex (£)-5a

Off white solid 0.760 g, 35.0 %. M.p. = 236 — 238 (ecomposediH NMR (300 MHz, DMSOeg): 5 = 3.90
(s, 3 H, @3), 7.05 (s, 1 H, arom.), 7.26-7.45 (m, 6 H, arom.34-7.60 (m, 1 H, arom.), 7.75 (d, 1 HxJ= 2.1
Hz, arom.), 7.97-7.99 (m, 1 H, arom.), 8.20-8.26 I, arom.) and 9.31 (dd, 1 H;J= 1.5 Hz, 3 4 = 6.0 Hz,
arom.) ppmX*C NMR (75 MHz, DMSOe): & = 37.60 CHs), 66.95 (NCPh), 122.09, 123.90, 126.32, 127.22,
128.49, 129.07, 129.48, 138.15, 139.84, 140.29,5154155.57 ppm. MS (ESiwvz [M]" calcd. for
C16H15CINsPt 514.0291, found 514.0169. Light yellow crystaksre obtained from slow diffusion of diethyl
ether into a methanol/DMSO solution(&f-5a.

Synthesis of racemic Pt NHC complex (£)-5b

Orange solid 1.37 g, 44.5 %. M.p. = 241 — 243 °€(@inposed)H NMR (300 MHz, DMSOek): 5 = 7.42 (s, 1
H. arom.), 7.47-7.51 (m, 4 H, arom.), 7.55-7.61 4, arom.), 7.72-7.74 (m, 1 H, arom.), 7.86-7182 3 H,
arom.), 8.14-8.19 (m, 2 H, arom.), 8.30-8.31 (n#,Jarom), 9.41 (dd, 1 Huy = 1.2 Hz, 5.7 Hz, arom.) ppm.
13C NMR (75 MHz, DMSOsg): 8 = 67.53 (NCPh), 121.83, 125.37, 127.03, 127.45, 128.89, 129.29.49,
129.82, 130.32, 139.04, 139.37, 140.76, 155.07 AH6.58 ppm. MS (ESIm/z [MH-CI]" calcd. for
C21H18C|N3Pt 542.0837, found 542.0283.

Synthesis of racemic Pt NHC complex (z)-5c¢

Brown solid, 1.71g, 51.0%. M.p. = 227 — 228 °C @haposed)."H NMR (300 MHz, DMSOdk): 6 = 1.61 (s, 9
H, CCH3), 7.21 (s, 1 H, arom.), 7.34-7.48 (m, 6 H, arom.},7-7.90 (m, 2 H, arom.), 7.94-7.96 (m, 1 H, ajpm
8.07 (t, 1 H, Jy = 2.1 Hz, arom.) and 8.64-8.66 (m, 1 H, arom.) ppl@ NMR (75 MHz, DMSOd): & =
30.88 (CCH3), 60.38 (NCCHs), 66.45 (NCPh), 120.90, 123.02, 123.89, 124.34, 128.37, 128.28.56, 135.42,



137.43, 138.23, 150.09 and 155.88 ppm. MS (E$5) [M-H]" calcd. for GoH20CloNsPt 555.0682, found
555.0453.

Preparation of racemic dibromide Pt NHC complex ()7

The solution of racemic compleft)-5¢ (1.64 g, 2.94 mmol) in 50.0 mL dichloromethane veakled to
potassium bromide (3.53 g, 29.7 mmol) in aceto®e0(nL) and water (10.0 mL). The mixture was thimesl
vigorously for 15 minutes. The solvents were rengove vacuo and the residue was extracted with
dichloromethane and water. Then, the organic layas dried by using anhydrous magnesium sulphate.
Removal of solvent gav)-7 as a brown solid, 1.04 g, 54.7 %. M.p. = 205 — 20{decomposedfH NMR

(300 MHz, DMSO+€g): 6 =1.61 (s, 9 H, CH3), 7.18 (s, 1 H, arom.), 7.41-7.49 (m, 5 H, arom.$5-7.70 (m, 1

H, arom.), 7.88-7.96 (m, 3 H, arom.), 8.07 (t, 13k}, = 1.8 Hz, arom.) and 8.65 (ddd, 1 HxJ= 0.9 Hz, g =

1.8 Hz, §n = 4.8 Hz, arom.) ppnt3C NMR (75 MHz, DMSOds): & = 30.36 (CHs3), 59.64 (NCCH3), 65.70
(NCPh), 120.12, 122.26, 123.10, 123.59, 127.92, 128.28.79, 134.56, 136.61, 137.47, 149.32 and 155.06
ppm. MS (ESIyWz [M] " calcd. for GoH21BraNsPt 643.9750, found 644.0705.

Preparation of racemic diiodo Pt NHC complex ()-8

The solution of racemic complex)-Pt-5¢ (1.01 g, 1.81 mmol) in 100 mL dichloromethane waged with
sodium iodide (2.00 g, 13.3 mmol) in acetone (1QQ.rMMhe mixture was then stirred vigorously for miutes.
The solvents were removéuavacuo and the residue was extracted with dichlorometh@hen, the solvent was
removed under reduced pressure and diethyl etheradded to obtai(it)-8 as a brown solid, 1.05 g, 78.4 %.
M.p. = 213 — 216 °C (decomposed NMR (300 MHz, DMSOeg): & = 1.61 (s, 9 H, CHj), 7.16 (s, 1 H,
arom.), 7.34-7.48 (m, 5 H, arom.), 7.88-7.95 (ril,&rom.), 8.07 (t, 1 Hly = 2.1 Hz, arom.) and 8.65 (ddd, 1
H, 3 = 0.9 Hz, 31 = 1.8 Hz, 3 = 4.8 Hz, arom.) ppmt>C NMR (75 MHz, DMSOds): & = 31.07 (CHs),
59.92 (NCCHj), 66.06 (NCPh), 120.38, 122.54, 123.35, 123.86, 128.44, 129.98.71, 134.77, 136.82, 137.74,
149.58 and 155.30 ppm. MS (E®#jz [M] " calcd. for GgH.1loN3sPt 739.9437, found 740.1476.

Synthesis of pyridine functionalized Ni NHC complegs (+)-6

The pyridine-functionalized NHC precursats, 4b, 4c (1 mol equiv.), NiC4 (1.5 mol equiv.) and ¥CO; (3
mol equiv.) were taken in 50.0 mL of acetonitrilde reaction mixture was refluxed for 24 hourgefiéd and
the solvent was removed. The residue was extraotedH,Cl,, which was filtered and evaporated under
vacuum to obtain the oil. The crude oil was sulgieécto purification using column chromatography with
CH,CI,/MeOH (50:50 v/v) as the mobile phase to yieldrdieemic Ni NHC complexe®)-6.

Synthesis of racemic Ni NHC complex (z)-6a

Hygroscopic greenish brown solid, 3.30 g, 39.2'#6.NMR (300 MHz, DMSO¢): & = 4.05 (s, 3 H, Ej),
7.21 (s, 1 H, arom.), 7.27-7.37 (m, 5 H, arom3577.48 (m, 3 H, arom.), 7.70-7.76 (m, 2 H, aroamyl 8.59
(d, 1 H, g = 4.5 Hz, arom.) ppm. Light green crystals wertawmied from slow diffusion of diethyl ether into



a methanol solution dft)-Ni-5a. Characterisation of the crystals using singletayXRD analysis confirmed it
to be an unexpected nickel coordination comg@leyith molecular formula of ¢H20CI,N4O.Ni. MS (ESI)m/z
[MH-CI] " calcd. for GoH21CIN4O,Ni 322.0707, found 322.1890. M.p. = 130 — 131 °C.

Synthesis of racemic Ni NHC complex (£)-6b

Hygroscopic brown solid, 0.590 g, 25.7¢1 NMR (300 MHz, DMSOdg): & = 7.25-7.90 (m, 11 H, arom.),
7.87-7.93 (m, 1 H, arom.), 8.03-8.06 (m, 2 H, app®08 (t, 1 H, 4 = 11.5 Hz, arom.) and 8.72-8.73 (m, 1 H,
arom.) ppm.

Synthesis of racemic Ni NHC complex (+)-6¢

Hygroscopic green solid, 1.53 g, 72.7 94.NMR (300 MHz, DMSO¢): 6 = 1.80 (s, 9 H, CHs), 7.24 (s, 1 H,
arom.), 7.31-7.33 (m, 1 H, arom.), 7.44-7.49 (nkl,darom.), 7.52-7.57 (m, 2 H, arom.), 8.12-8.22 &H,

arom.) and 8.33-8.45 (m, 1 H, arom.) ppm. Blue gresgstals were obtained from slow diffusion oftbid

ether into a methanol solution @f)-Ni-5c. Characterisation of the crystals using singlestalyXRD analysis
confirmed it to be an unexpected nickelate compl@xvith molecular formula of (€H22N3)2NiCl,. MS (ESI)

m/z: [M-NiCl 4" calcd. for GgH2oN3 292.1814, found 292.1700. M.p. = 145 — 146 °C.

Evaluation of Antimicrobial Activity

The broth microdilution assay was conducted on 88-wicrotiter plates according to protocol statey
Clinical and Laboratory Standards Institute witlmeoamendments [73]. The compounds tested were neepa
in 10% DMSO in PBS solution. Positive controlsig&l in this assay were chloramphenicol (0.250 rayfior
bacteria and cyclohexamine (1.00 mg/mL) @andida sp.. Two negative controls were prepared: with MHB
broth only, and with 10.0 % DMSO in PBS. Overnitfaicteria culture in Mueller-Hinton broth (MHB) was
adjusted to match 0.5 McFarland standard and diltit&00 in MHB. Into each well of the 96-well mitter
plate, the compounds of interest were seriallytddiutwo-fold with MHB to obtain final working conotations
range between 0.500 mM and 0.391 pM (for metal dexas) or 5.00 mM and 3.91 uM (for compounds other
than metal complexes) in 100 pL broth. Then, 1000f1ll:100 diluted bacterial suspensions were adiled
each well prior to incubation at 37 °C for 24 houfie well with the lowest concentration of compds that
has no observed growth was determined as the mmimbibitory concentration (MIC). The content oéat
wells was streaked on Mueller-Hinton agar (MHA) amdubated overnight. The minimum bactericidal
concentration (MBC) was determined as the lowestentration of compound in which the inoculum dat n
gave bacterial broth on the MHA. The experiment pagormed in triplicates.

Evaluation of Cytotoxicity

Cytotoxicity studies were carried out using the laancolorectal carcinoma cell line HCT116, the hurosad
carcinoma cell line H103, and the breast adenavamta cell line MCF7. Besides that, complexes with
significant cytotoxicity against cancer cells wedssted against three non-cancerous human cell fiores



possible application routes including OKF6 (oraitteglial cells), HACAT (skin keratinocytes) and BEAB
(lung epithelial cells). All cell lines were obtaid from American Type Culture Collection (ATCC). MT3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliubromide) cell viability assay was performed to eredd the
cell cytotoxic effects of the synthesized compouidg. The compounds tested were prepared in 2% OMS
PBS solution. Positive control utilised in this @gsvas cisplatin (prepared in 0.9% NaCl solutidihe cells
were seeded in 96-well microtiter plate at a dgneit 5000 cells/well in 100uL cell culture mediumda
incubated at 37 °C (5 % GDfor 24 hours. After 18 hours of seeding, the mediwas removed and then the
cells were incubated at 37 °C for 48 hours in,G@cubator with absence and/or presence of various
concentrations of compounds of interest ranginmfid®, 20, 25, 30, 35 and 40 uM. Given that the camg’s
treatments containing 0.2 % of final DMSO concetitrg 0.2 % DMSO in PBS solution was used as the
negative control. After incubation, 10 pL of MTTlgtion (5 mg/mL in PBS) was added into each welle3e
plates were incubated again for 4 hours i, @@ubator at 37 °C. After that, the medium-MTTwmns are
removed and the purple formazan crystals formed wiessolved in 20QL dimethyl sulfoxide. The resulting
MTT-products were determined by measuring the ddasare at 570 nm, with reference wavelength at 620 n
The experiment was carried out in quadruplicateefich compound/complex, and the medium not comigini
the complexes served as the control. The cell Niplvas determined by using the formula: Cell vigyp % =
(optical density of sample / optical density of tol) x 100 (solvent controls set to 100% viablds}e1Cs
value were defined as the concentrations that G0 inhibition of proliferation on any tested datle.
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Scheme 1.Synthesis pathway of racemic Pt and Ni NHC comgde)Reagents and conditions: (i) NaBH
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reflux, 24hr, 1:1 CHCI,/MeOH.

LW 3

7 8

Scheme 2Structure of dibromo complgx)-7 and diiodo complext)-8.
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Figure 1. Molecular structure of racemic Pt NHC compleg)-5a with thermal ellipsoids at 50% probability.
Hydrogen atoms are omitted for clarity.

Figure 2. Molecular structure of unexpected nickel com@exith thermal ellipsoids at 50% probability.
Hydrogen atoms are omitted for clarity.



Figure 3. Molecular structure of unexpected nickelate coml@ with thermal ellipsoids at 50% probability.
Hydrogen atoms are omitted for clarity.



List of Tables

Table 1.Selected bond lengths (A) and angles (°) for racé&tNHC complex#)-5a.

P(1)-CI(1) 2.301(d)  N@)1-C(7) 1.47(2)
PI(1)-CI(2) 2.359(4)  N(2)-C(13) 1.37(2)
PH(1)-N(1) 202(1)  N(2)-C(15) 1.41(2)
Bond length (A) 5,7} c(13) 1.95(1)  N(3)-C(13) 1.35(2)
N(1)-C(8) 136(2)  N(3)-C(14) 1.40(2)
N(1)-C(12) 1332)  N(3)-C(16) 1.44(2)
CI)P)CI2)  91.2(1)  Cl(2)-Pi1)-C(13) 176.1(4
CI(1)-Pt(1)-C(13) 92.4(4)  CI(1)-Pt(1)-N(1)  176.8(3)
Bondangle (°)  CI@2)-Pt(1)-N(1)  90.8(3)  PH1)}-C(13)-N(2) 119.9(9)
C(13)}Pt1)}N(1) 858(5) PHI)-N(1)-CE)  120.1(9)
PI(1)-C(13)}-N(3)  136(1)  Pt(1)-N(1)-C(12)  120.0(9)

Table 2.Selected bond lengths (A) and angles (°) for uaetga nickel comple9.

Ni(1)-CI(1) 24502 Ni(1)-CI(1) 2.4502
Ni(1)-O(1) 2.1 Ni(1)-O(1) 2.1
Ni(1)-N(2) 2.076 Ni(1)-N(2) 2.076
O(1)-H(1) 0.85(2)  O(1)-H(1) 0.85(2)
0(1)-C(5) 1.418(3) O(1)-C(5) 1.418(3)
Bond length (A) N(2)-C(4) 1.315(4) N(2)-C(4) 1.315(4)
N(2)-C(3) 1.373(3) N(2)-C(3) 1.373(3)
N(1)-C(4) 1.344(3) N(1)-C(4) 1.344(3)
N(1)-C(2) 1.359(4) N(1)-C(2) 1.359(4)
N(1)-C(1) 1.467(5)  N(1)-C(1) 1.467(5)
C(3)-C(2) 1.350(4) C(3)-C(2) 1.350(4)
N(2)-Ni(1)-CI(1)  90.72 CI(5)-Ni(1)-0(1) _ 89.59
N(2)-Ni(1)-0(1)  90.79 CI(4)-Ni(1)-0(1)  90.41
N(2)-Ni(1)-CI(1)  89.28 CI(5)-Ni(1)-0(1)  89.59
o N(2)-Ni(1)-0(1) 89.21 CI(4)-Ni(1)-0(1)  90.41
Bondangle () 57yNi(1)-N(1) 9079  CI(1)-Ni(1)-CI(1) 180
O(2)-Ni(1)-N(1)  89.21 O(1)-Ni(1)-0(1) 180
CI(2)-Ni(1)-N(1)  89.28 N(1)-Ni(1)-N(1) 180
N(7)-Ni(1)-CI(1)  90.72




Table 3.Selected bond lengths (A) and angles (°) for uaetgr nickelate complebO.

Ni(1)-CI2) 2.26802) Ni(1)-CI3) 2.23802)
Ni(1)-CI(1) 2.253(2) Ni(1)-CI(4) 2.253(2)
N(3)-C(13) 1.342(8) N(2)-C(13) 1.323(6)
N(3)-C(15) 1.359(8) N(2)-C(7) 1.488(7)
N(3)-C(16) 1.496(6) N(2)-C(14) 1.365(9)
N(1)-C(8) 1.315(7) N(1)-C(12) 1.34(1)
C(1)-C(6) 1382(7)  C(16)-C(17) 1.52(1)
Bondlength (&) £3).c(7) 1517(6)  C(16)-C(18) 1.53(1)
C(1)-C(2) 1.39(1) C(16)-C(19) 1.52(1)
C(8)-C(7) 1.508(9) C(9)-C(10) 1.38(2)
C(8)-C(9) 1.41(1) C(5)-C(4) 1.37(1)
C(6)-C(5) 1.380(7) C(2)-C(3) 1.375(9)
C(15)-C(14) 1.35(1) C(10)-C(11) 1.33(1)
C(12)-C(11) 1.37(2) C(4)-C(3) 1.38(1)
CID)-NI(L)-CI(2)  116.54(7)  CI(L)-Ni()-CI(2) _ 105217)
Bond angle () CI(1)-Ni(1)-CI(3)  106.88(7)  CI(1)-Ni()-CI(3) 112267
CI(1)-Ni(1)-CI(4)  107.64(7)  CI(1)-Ni(1)-CI(2) 108217




Table 4. Minimum inhibitory concentration (MIC) and minimubactericidal concentration (MBC) (in mM) of
the synthesized complexes against selected micomms?

Compound 4a 4b 4c (¥)-5a (#)-5b (#)-5c ()-7 (+)-8 9 10 CHL
Microorganisms tested Minimum inhibitory concentration (MIC), mM
Bacillus cereus ATCC 8188 5.000 2.500 5.000 0.500 0.002  0.002 0.008 0.002 5600 >0.500 0.006
Bacillus subtilis ATCC 14579 5.000 2.500 5.000 0.500 0.004 0.002 0.016 0.002 5600 >0.500 0.006
Saphylococcus aureus ATCC 29213 2.500 1.250 2.500 0.500 0.002  0.004 0.008 0.004 5600 >0.500 0.025
Saphylococcus aureus ATCC 6538P 2.500 1.250 2.500 0.500 0.008 0.004 0.031 0.004 5600 >0.500 0.025
Saphylococcus aureus ATCC 700699 5.000 1.250 5.000 0.500 0.001  0.004 0.004 0.002 5600 >0.500 0.025
Staphylococcus aureus ATCC 43300 5.00( 1.25( 2.50( 0.50( 0.001 0.00z  0.00¢ 0.00z >0.50C >0.50C 0.02¢
Saphylococcus aureus ATCC 33592 5.000 1.250 5.000 0.500 0.004 0.004 0.016 0.004 5600 >0.500 0.025
Enterococcus faecalis ATCC 29212 >5.000 5.000 >5.000 0.500 0.031 0.031 0.125 0.0320.500 >0.500 0.050
Enterococcus faecalis ATCC 700802 >5.00( >5.000 >5.000 0.50( 0.06: 0.031  0.12¢ 0.031 >0.50C >0.50C 0.05(
Escherichia coli ATCC 25922 >5.000 5.000 >5.000 0.500 0.125 0.063 0.500 0.1250.500 >0.500 0.025
Klebsiella. pneumoniae ATCC 10031  >5.000 2500 >5.000 0.500 0.125 0.016 0.250 0.03: 0.500 >0.500 0.003
Pseudomonas aeruginosa ATCC 10145 >5.000 >5.000 >5.000 0.500 0.063 0.013 0.250 O0®.5 >0.500 =>0.500 >0.050
Shigella flexneri ATCC 12022 5.000 1.250 5.000 0.500 0.063 0.625 0.250 0.063 5600 >0.500 0.006
Candida albicans IMR 2.500 1.250 5.000 0.500 0.063  0.008 0.063 0.008 .5600 >0.500 >0.050
Microorganisms tested Minimum bactericidal concentration (MBC), mM
Bacillus cereus ATCC 8188 5.000 2.500 5.000 >0.500 0.250 0.125 0.125 0.1250.560 >0.500 >0.050
Bacillus subtilis ATCC 14579 >5.000 2500 >5.000 >0.500 0.125 0.016 0.031 0D.0 >0.500 =>0.500 >0.050
Saphylococcus aureus ATCC 29213 5.000 5.000 5.000 >0.500 0.125 0.031 0.250 0.500 0.560 >0.500 >0.050
Saphylococcus aureus ATCC 6538P 5.00( 5.00( 5.00C >0.50C 0.12¢ 0.06: 0.031 0.12¢  >0.50C >0.50C >0.05(
Saphylococcus aureus ATCC 700699  >5.000 5.000 >5.000 >0.500 0.125 0.063 0.063 2%.1 >0.500 >0.500 >0.050
Staphylococcus aureus ATCC 43300 5.000 2.500 5.000 >0.500 0.031 0.031 0.063 0.0630.560 >0.500 >0.050
Saphylococcus aureus ATCC 33591 >5.000 >5.000 >5.000 >0.50C 0.06: 0.00¢ 0.06: 0.06c  >0.50C >0.50C >0.05(
Enterococcus faecalis ATCC 29212 >5.000 >5000 >5000 >0.500 0.250 0.250 0.250 .25®@ >0.500 >0.500 >0.050
Enterococcus faecalis ATCC 700802 >5.000 >5000 >5000 >0.500 0.250 0.125 0.250 .06® >0.500 >0.500 >0.050
Escherichia coli ATCC 25922 >5.000 5.000 >5.000 >0.500 0.250 0.125 >0.500.50® >0.500 >0.500 >0.050
Klebsiella. pneumoniae ATCC 10031  >5.000 5.000 >5.000 >0.500 0.250 0.031 0.250 5®.2 >0.500 >0.500 0.003
Pseudomonas aeruginosa ATCC 10145 >5.000 >5.000 >5.000 >0.500 0.500 0.500 0.500 0.580 >0.500 >0.500 >0.050
Shigella flexneri ATCC 12022 5.00( 5.00C >5.00C >0.50C 0.25( 0.25C 0.25( 0.25( >0.50C >0.50C 0.05(
Candida albicans IMR 5.000 2.500 5.000 >0.500 0.250 0.063 0.125 0.031 0560 >0.500 >0.050

2The antimicrobial assay was performed in triplisafEhe compounds with no antimicrobial activity eeeported as more than the maximum working conagon tested in mM.
b Methicillin-resistantS. aureus; ¢ Vancomycin-resistarinterococci.
°CHL Chloramphenicol, an antibiotic and positive trohin this study.

Table 5. Cell viability (half inhibitory concentration) Kgvalues (inuM) of screened imidazolium salts, Pd
NHC complexes and cisplatin against human breagtMGuman colon HCT116 and human oral H103
tumour cells incubated for 48 hours.

Half inhibitory concentration, 1§ (uM)
Complex H103 HCT116 MCF7
43 > 40.00 > 40.00 > 40.00
4b > 40.00 > 40.00 > 40.00
4c > 40.00 > 40.00 > 40.00
(+)-5a > 40.00 > 40.00 > 40.00
(+)-5b 21.93+0.50 | 15.19+0.14 | 28.34+0.26
(2)-5¢ 6.18+0.19 | 552+0.0%F | 7.33+0.13
(-7 16.90+1.07 | 11.96+0.65 | 25.98 + 0.33
(+)-8 11.28+0.87 | 6.04 +0.07 | 15.91+0.19
9 > 40.00 > 40.00 > 40.00
1C 32.71+1.17 > 40.00 > 40.00
Cisplatin 6.16 +0.04 | 10.78+0.21 | 19.78+0.2F

*Cells were exposed to different concentrationsarhplexes for 48 hours and cell viability was asedausing MTT assay. ThesiQabulated represents the average of

four independent experiments + SEM. Different leti@-e) represent significant differences betwdifarent compounds tested for the cell line.



Table 6. Cell viability (half inhibitory concentration) Kgvalues (inuM) of of selected compounds against
selected human normal cell lines: OKF6 oral epigheklls, HACAT skin keratinocytes and BEAS2B lung

epithelial cells after incubation of 48 hours.

Half inhibitory concentration, 1§ (uM)*
Complex OKF6 HACAT BEAS2B
(+)-5b 8.08 £0.03 | 24.26+0.5T | 10.71 +0.24
(2)-5¢ 5.20 +0.0 | 5.89+0.07 | 5.46 £ 0.07
(1)-7 8.45+0.28 | 15.04+0.78 | 6.40+0.1&
(+)-8 598 +0.03 | 11.38 +0.49 | 5.50 + 0.06'
1C 18.75 + 1.6F > 40.00 32.91+1.13
Cisplatin ND 7.59+0.62 | 9.64+0.2F

* Cells were exposed to different concentrationsafiplexes for 48 hours and cell viability was aseé using MTT assay. Thesi@alues were calculated from a

graph of mean + SEM, which are experiments perfdringuadruplicates, and tabulated. * Theol@bulated represents the average of four indepema@eriments
+ SEM. Different letters (a-e) represent significdifferences between different compounds testethfocell line.

Table 7. Selectivity index (SI) of selected compounds formal cell lines against oral cancer (H103), colon
cancer (HCT116), and breast cancer (MCF7) cells.

. . Selectivity Index
Normal cell lines Cancer cell lines Y

(x)-5b  (®)-5¢ (-7 (¥)-8 10 Cisplatir

OKF6 Oral 0.37 0.84 0.50 0.53 0.57 ND
Colon 0.53 0.94 0.71 0.99 ND ND

Breast 0.29 0.71 0.22 0.38 ND ND

HACAT Oral 1.11 0.95 0.89 1.01 ND 1.23
Colon 1.60 1.07 1.26 1.88 ND 0.70

Breast 0.86 0.80 0.58 0.72 ND 0.38

BEAS2B Oral 0.49 0.88 0.38 049 1.01 1.57
Colon 0.71 0.99 0.54 0.91 ND 0.89

Breast 0.38 0.75 0.25 0.35 ND 0.49

* Selectivity index (SI) was determined from the gaif the 1G, obtained from the test against normal cells veteasiG, for cancer cells. Abbreviation: ND, not
determined.
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Highlights

» A seriesof new Pt and Ni NHC complexes had been synthesized and characterised.

»  Two unexpected crystal structures of Ni complexes were obtained upon recrystallisation.

» The Pt NHC complexes exhibited enhanced bioactivities upon coordination to Pt.

» A couple of Pt NHC complexes displayed biological activities comparable to benchmark drugs.
» Results suggested that both wingtip substituents and metalsinfluence their bioactivities.



