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Antimicrobial resistance is a looming health crisis, and it is
becoming increasingly clear that organic chemistry alone is not
sufficient to continue to provide the world with novel and
effective antibiotics. Recently there has been an increased
number of reports describing promising antimicrobial proper-
ties of metal-containing compounds. Platinum complexes are
well known in the field of inorganic medicinal chemistry for
their tremendous success as anticancer agents. Here we report
on the promising antibacterial properties of platinum cyclo-
octadiene (COD) complexes. Amongst the 15 compounds
studied, the simplest compounds Pt(COD)X, (X=Cl, |, Pt1 and
Pt2) showed excellent activity against a panel of Gram-positive
bacteria including vancomycin and methicillin resistant Staph-
ylococcus aureus. Additionally, the lead compounds show no
toxicity against mammalian cells or haemolytic properties at the
highest tested concentrations, indicating that the observed
activity is specific against bacteria. Finally, these compounds
showed no toxicity against Galleria mellonella at the highest
measured concentrations. However, preliminary efficacy studies
in the same animal model found no decrease in bacterial load
upon treatment with Pt1 and Pt2. Serum exchange studies
suggest that these compounds exhibit high serum binding
which reduces their bioavailability in vivo, mandating alternative
administration routes such as e.g. topical application.

Introduction

The rapid emergence and spread of multi-drug resistant
bacteria coupled with a severe lack of new and effective
antibiotics in the drug development pipeline create an enor-
mous need for innovative approaches” Most medicinal
chemistry efforts in the last three decades have followed
guidelines that have emerged from years of experience, such as
Lipinski’s rule of five, leading to strong bias towards lipophilic
and flat molecules.” However antibiotic molecules rarely con-
form to these rules and more often than not fly against the
intuition of medicinal chemistry paradigms.® It is therefore
perhaps not all that surprising that the drug pipeline for new
antibiotics contains fewer than 50 molecules at the various
stages of clinical development, with an even smaller number
representing new compound classes and none effective against
critical Gram-negative bacteria.'*

Metal complexes are relatively rare as drugs, having made
their clinical debut in 1978 with the approval of the anticancer
drug Cisplatin, which marked the birth of the field of modern
inorganic medicinal chemistry. Since then, many groups have
studied metal complexes for medicinal applications, but most
are still predominantly focused on anticancer applications: in
2020, 12 metal-based compounds were in clinical trials for this
indication.”

While metal complexes, particularly cisplatin and thousands
of its derivatives, have been scrutinized thoroughly as anti-
cancer therapies,” few reports have investigated the antimicro-
bial capabilities of metal-containing compounds.” Interestingly,
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it was already observed by Rosenberg etal. in 1966, that
platinum(lV) complexes inhibited the growth of Escherichia
coli” However, probably since infections were largely effec-
tively controlled by existing antibiotics, attention shifted to the
then more urgent search for new anticancer treatments. Nearly
half a century later, in 2014, the group of Lippard reported that
monofunctional platinum(ll) complexes slowed the growth of E.
coli, induced bacterial filamentation and initiated lysis in
lysogenic bacteria.® Only a handful of additional papers have
since described platinum compounds with any antibacterial
effects.”

In general, metal complexes have only recently gathered
attention in the antimicrobial field with multiple reports
describing several classes of compounds with promising in vitro
and in vivo results."”

We recently reported the largest systematic study on the
antimicrobial potential of metal-based compounds to date,
showing that metal complexes show a 10-fold higher hit-rate
against critical ESKAPE bacterial pathogens and fungi compared
to organic molecules."” Of the 906 metal complexes that were
examined in this work, 63 contained platinum. Of these, 27
(43 %) showed activity against at least one of the bacterial and
fungal strains tested. Further evaluation of cytotoxicity and
haemolysis revealed a total of 18 platinum compounds that
possessed antimicrobial activity, with no toxic effects against
mammalian cells at the same concentration. In fact, platinum
was the element with the largest absolute number of non-toxic
actives in the whole dataset. Based on these results we decided
to further investigate the most abundant class of compounds in
this set, the organometallic 1,5-cyclooctadiene (COD) platinum
complexes. Pt(COD)-type complexes have been known and
used in the field of organometallic chemistry for decades,
generally as synthons for other compounds."? They have also
found applications in catalysis and materials sciences.™

The groups of Klein," Ott,!" and ourselves"® have further
reported on promising anticancer properties of this class of
compounds, in particular ones bearing alkyl ligands, which put
them in line with the traditional platinum anticancer drugs.
However, for antimicrobial compounds, cytotoxicity against any
mammalian cells, cancerous or not, is generally an undesired
property. We were hence apprehensive at first, when these
kinds of platinum compounds displayed good antibacterial and
antifungal properties in the screenings performed by the
Community for Open Antimicrobial Drug Discovery (CO-
ADD)." However, upon closer inspection of the potential
toxicity of these compounds we discovered that some com-
pounds were indeed highly antimicrobial while being non-toxic
to human cells at the concentrations tested, accompanied by a
lack of toxicity when tested in an invivo model. Herein we
report on the antibacterial properties of 14 platinum(COD)
complexes, their broad Gram-positive activity spectrum and
preliminary in vivo toxicity and efficacy data in the wax moth
larvae model Galleria mellonella.
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Results and Discussion

Pt(COD) complexes are widely used as precursors for other
platinum compounds, hence their synthesis has been widely
documented.™ The compounds described in Figure 1 were all
prepared according to previously published methods, com-
plexes Pt3-Pt11 were also reported previously by us and
others."™'¥ Pt1-Pt4 and Pd1 are commercially available from
different vendors.

As can be seen in Figure 1, the platinum COD structures in
the CO-ADD database display a variety of features, from simple
symmetric and asymmetric compounds to more complex ones
that involve multi-step syntheses. Different substituents on the
COD ligand are present (Pt7-14), including coordinating ones
(Pt8, Pt10). Two dinuclear complexes are also present, with
varying linkers (Pt13, Pt14). These compounds were submitted
to CO-ADD as a batch, with no opportunity to pursue iterative
structure-activity relationship studies so the set of compounds
in this study represents a random but structurally diverse batch
of this particular organometallic compound class.

All compounds submitted to CO-ADD are initially screened
against five bacterial strains (Staphylococcus aureus (MRSA), E.
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acineto-
bacter baumannii) and two fungal strains (Candida albicans,
Cryptococcus neoformans) at a single concentration (32 pg/mL
or 20puM) performed as a high-throughput primary
screening.""'7? Any compounds that show significant growth
inhibition against any of the tested strains at this step are then
evaluated in a dose-response assay against these same strains.
Table 1 shows the minimum inhibitory concentrations (MIC) of
all compounds against this initial panel (of note, Pt3 and Pd1
were not initially screened through CO-ADD but were added to
later screens). Remarkably, almost half of the compounds
showed some activity against the two yeasts, with Pt1-2 and
Pt8-9 displaying MIC values in the low micromolar range. Pt1
and Pt2 were also the best-performing compounds against the
Gram-positive methicillin resistant S. aureus strain (MRSA) that
was tested. The antifungal properties of this compound class
are currently being further investigated and will be reported
elsewhere. It is notable that the structurally simplest com-
pounds seem to possess the best antibacterial properties. It is
also only the symmetric, bis-halogenated compounds that
display these properties.

As part of the CO-ADD screening, all compounds that show
any activity against a microbial strain are evaluated for their
cytotoxicity against human embryonic kidney cells (HEK-293)
and for haemolysis against human red blood cells. None of the
compounds tested for cytotoxicity (Pt1-9 and Pd1) caused any
significant cell death up to concentrations of 100 uM. Notably,
Pt4 was reported to display significant cytotoxicity against HT-
29 colon carcinoma (IC;,=8.3+£3.0uM) and MCF-7 breast
cancer cells (ICs,=11.241.4 uM) by Butsch et al."™ We have
also observed higher IC50 values for the methylated complexes
Pt3 and Pt4 against HeLa cells in previous work."® These results
indicate that some of these compounds seemingly display
higher toxicity against cancerous cell lines compared to the
non-cancerous HEK-293 cells. Four compounds caused haemol-
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Figure 1. Structures of the platinum and palladium compounds described in this work.

Table 1. Antimicrobial activity (MIC [uM]), toxicity [uM] and haemolytic properties for Pt1-14 and Pd1 determined in the CO-ADD screening.
Sal! Ec® Kp Pa Ab® Catf Cnd HEK-293 CCj, Haemolysis

HC,o HCso
Pt1 0.625-2.5 >20 >20 >20 >20 10-20 1.25-5 > 100 > 100 > 100
Pt2 1.25 >20 >20 >20 >20 10 25 >100 >100 >100
Pt3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. >100 > 100 >100
Pt4 >20 >20 >20 >20 >20 5-10 10-20 >100 10.23 52.11
Pt5 >20 >20 >20 >20 >20 10 20 > 100 88.43 > 100
Pt6 10 >20 >20 >20 >20 20 20 >100 > 100 >100
Pt7 >20 >20 >20 >20 >20 10 20 > 100 10.27 52.12
Pt8 >20 >20 >20 >20 >20 10 1.25 >100 >100 >100
Pt9 >20 >20 >20 >20 >20 >20 1.25 > 100 > 100 > 100
Pd1 n.d. n.d. n.d. n.d. n.d. n.d. n.d. >100 7.76 10.14
Pt10-14 >20 >20 >20 >20 >20 - - - - -
Colistin" 0.125 0.25 0.25 0.25
Vancomycin" 1
Tamoxifen 34.75-30.55
Melittin 1.15 1.82
[a] Sa - Staphylococcus aureus ATCC 43300 (MRSA); [b] Ec - Escherichia coli ATCC 25922; [c] Kp - Klebsiella pneumoniae ATCC 700603 (ESBL SHV-18); [d] Pa -
Pseudomonas aeruginosa ATCC 27853; [e] Ab - Acinetobacter baumannii ATCC 19606; [f] Ca - Candida albicans ATCC 90028; [g] Cn - Cryptococcus
neoformans H99 ATCC 208821; [h] MIC for Colistin and Vancomycin given in pg/mL. MIC — Minimum Inhibitory Concentration; CCs, — concentration causing
50% cytotoxicity; HC,o, HCso — concentration inducing 10% or 50% haemolysis, respectively.

ysis (Pt4, Pt5, Pt7, and Pd1). It is noteworthy that Pt4, Pt7 and  substitution pattern is conducive to haemolytic properties.
Pd1 are all asymmetrically substituted complexes bearing a  Neither Pt1 nor Pt2 showed any signs of detrimental properties,
chloride and a methyl ligand, possibly indicating that this
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displaying no detectable cytotoxicity and haemolysis at the
highest tested concentrations.

With compounds Pt1-Pt9 and Pd1 showing promising
properties against Gram-positive bacteria and/or fungi we
tested these compounds against a panel of 12 Gram-positive
bacteria including S. aureus, Staphylococcus epidermidis, Enter-
ococcus faecium, Enterococcus faecalis, and Bacillus subtilis. With
some exceptions the previous trends were confirmed (Table 2
and Table S1). Pt1 and Pt2 displayed the broadest and most
pronounced activity spectrum. Against the panel of S. aureus
strains showed MIC values as low as 390 nM. Their activity was
slightly reduced against the vancomycin resistant strain VRS-1
but Pt2 was still seven times more active than the control
antibiotic vancomycin. Similarly, enhanced activity was ob-
served against S. epidermidis for both Pt1 and Pt2. Somewhat
higher MICs were detected against the panel of Enterococcus
strains. However, in contrast to vancomycin, no loss of activity
was observed against the multidrug resistant (MDR) strain or
the clinical isolate with VanA resistance, whereas vancomycin
did not show any antibacterial activity at the tested concen-
trations. Lastly, both compounds showed low micromolar MIC
values against B. subtilis. Overall, the difference in activity
between Pt1 and Pt2 is practically non-existent, suggesting that
the presence of two halogens is important to the activity profile
of the compounds, whereas the identity of the halogen is not.
The presence of other ligands represented in the studied

Table 2. Antibacterial activity of selected compounds against a panel of
Gram-positive bacteria.

Sp  Strain Pt1 Pt2 Van'
Sa  ATCC 25923, MSSA 3.125% 1.56- 0.69
3.125%
ATCC 43300, MRSA 0.39" 0.39-0.78"  0.35-
0.69
NRS 17, GISA 0.78- 0.78-1.56" 552
0.56[b]
VRS 1, VRSA (VanA) 12.5% 6.25% >44.2
Se  ATCC 14990, type strain 0.781@ 1.569 0.69-
1.38
NRS 60, VISE 3.125% 6.25% 276
Em ATCC 35667, type strain 250 254 0.35
ATCC 51559, MDR, VRE 12.5% 12.5-25" >44.2
(VanA)
Clinical Isolate, VRE (VanA) 25-50@ 25@ >44.2
Es  ATCC 29212, 50-100®  25-509 1.38-

control strain 2.76

Clinical Isolate, VRE (VanB) 258! 12.5-25% >44.2
Bs  ATCC 6051, type strain 6.25" 3.125- 0.35
6.25"

Antibacterial activity is displayed as MIC pg/mL. Sp - Species; Sa -
Staphylococcus aureus; Se - Staphylococcus epidermidis; Em - Enter-
ococcus faecium; Es — Enterococcus faecalis; Bs - Bacillus subtilis; MSSA -
metbhicillin susceptible S. aureus; MRSA — methicillin resistant S. aureus;
MDR - multidrug resistant; GISA - glycopeptide intermediate S. aureus;
VRSA - vancomycin resistant S. aureus; VISE - vancomycin intermediate S.
epidermidis; VRE - vancomycin resistant Enterococcus; VanA and VanB are
vancomycin resistance genes. [a] MIC determined with n=4 [b] MIC
determined with n=2. [c] Vancomycin stock solution was prepared at
2.56 ug/mL and highest tested concentration was 64 pg/mL (44.2 uM).
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compounds seemed to negatively affect their antibacterial
activity. This is somewhat of a concern as it constrains further
structure-activity relationship characterization. However, given
the data at hand, exploration of substituents on the COD ligand
while maintaining the halogen ligands may provide an avenue
to generate new, more active, compounds.

Amongst the other compounds, Pt3, Pt4, Pt6 and Pt8
showed limited but selective activity against some S. aureus
strains (Table S1). Of note, while only low levels of activity were
observed against the methicillin-sensitive S. aureus (MSSA)
strain, the compounds showed significantly more activity
against the resistant strains MRSA and NRS 17 GISA (glycopep-
tide intermediate S. aureus). Generally, no activity was found
against the various Enterococcus strains with a few exceptions.
Further studies into the mode of action of this compound class
may help in understanding these peculiar trends in activity.

In Gram-negative bacteria, the double layer membrane,
combined with the presence of an efflux pump array make it
extraordinarily challenging for any antibiotic compound to
enter the cell. This can lead to cases where a compound will
test inactive in a Gram-negative panel, even though it might
show good activity if an impermeable membrane or active
export did not prevent it from reaching high enough intra-
cellular concentrations. To investigate this dilemma, mutant
strains that lack the suite of efflux pumps or possess a more
porous membrane have been developed to investigate the
activity of promising compounds under more lenient condi-
tions. We hence tested compounds Pt1-Pt9 and Pd1 against
the efflux pump deficient E. coli tolC strain as well as the non-
efficient lipid A production mutant IpxC E. coli strain (Table S2).
None of the compounds tested showed any growth inhibition
below 50 uM against these mutant strains. This indicates that
the observed activity is selective towards Gram-positive strains
and suggests a mechanism of action involving a particular
Gram-positive cellular target that is not found in Gram-negative
bacteria or mammalian cells. Based on these results, an
unselective mechanism causing general cellular toxicity can
most likely be ruled out as the mode of action for Pt1 and Pt2
compounds.

Selectivity against specific strains can be an asset to an
antibiotic. Ideally, a future antibiotic drug arsenal will be made
up of a series of drugs that are effective against specific strains.
This would avoid the blanket use of broad-spectrum drugs
where possible to slow the spread of resistance that is
exacerbated by indiscriminate antimicrobial usage today and is
becoming a feasible option with the advent of rapid diagnostics
that quickly identify the infecting species.

Due to the excellent antibacterial activity exhibited by Pt1
and Pt2 against the Gram-positive panel and the absence of
any toxicity indications in vitro with good therapeutic indices
(>100 against MRSA), we decided to investigate the in vivo
properties of these metal complexes.

Following a protocol previously reported by us we used
larvae of the greater wax moth Galleria mellonella as a model
organism for in vivo toxicity and efficacy.”® This low-cost animal
model provides good quality data on both toxicity and efficacy
of antimicrobial compounds that has been shown to correlate

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH
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well with results obtained in more expensive and ethically more
demanding mouse models.”" Briefly, stock solutions of Pt1 and
Pt2 were prepared in DMSO and diluted to final concentrations
of 04mM, 100 uM, 10puM and 1 pM. Due to solubility
limitations higher concentrations could not be evaluated. For
each concentration five larvae were injected with 10 uL and
monitored for 96 hours for survival and health using the
G. mellonella Health Index Scoring System.”? For our tested
compounds, all larvae were still alive and fully active after four
days, indicating that Pt1 and Pt2 did not exhibit any toxicity up
to 0.4 mM, which equates to a dosage of 6-7.5 mg/kg (Pt1) and
9-11 mg/kg (Pt2). For comparison purposes we included
cisplatin in these experiments as well (up to 3 mM stock in
saline). At 36-45 mg/kg all larvae were killed within 10 days,
whereas the larvae survived cisplatin injections equating to 18-
23 mg/kg. Given that we were unable to dose Pt1 and Pt2 at
concentrations as high as cisplatin, we are unable to conclude
whether they are more or less toxic in this model, however
cisplatin showed no antimicrobial activity in all our assays.

With the compounds shown to be tolerated well by G.
mellonella at these concentrations, we proceeded to conduct
preliminary in vivo efficacy experiments. Briefly, the larvae were
infected with an inoculum of MRSA and two hours later, Pt1
and Pt2 were injected at the highest concentration (0.4 mM).
Larvae injected with 10% DMSO and rifampicin were included
as controls. Results are represented in Figure 2. Rifampicin had
a significant effect on bacterial clearance test in comparison
with control (10% DMSO) and compounds Pt1 and Pt2, causing
a 2-log reduction in CFU. Unfortunately compounds Pt1 and
Pt2 did not show any significant effect on bacterial clearance at
24 h after drug administration, compared to the control drug.

To obtain some initial insight into the apparent disparity
between invitro and invivo results, we repeated the MIC
experiments against four selected Gram-positive strains in the
presence of 10% or 50% human serum (Table S3). Pt1 and Pt2
maintained some antibacterial activity against B. subtilis in the
presence of 10% serum, but a complete loss of activity was
observed against MRSA and GISA (50% serum), and VRE (10%
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Figure 2. Bacterial load per larva at 24 hours after drug administration.
Significant difference was determined by one-way ANOVA test on log
transformed data and Tukey post hoc tests were used for pairwise
comparisons (***P < 0.001).
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serum). These results suggest that the excellent activity of Pt1
and Pt2 observed in vitro is almost completely nullified in the
presence of serum. Systemic administration is therefore unlikely
to be a suitable administration route for this class of
compounds unless an alternative formulation that can prevent
serum binding (e.g. by lipid or nanoparticle encapsulation) can
be found. Nevertheless, topical applications, which do not
expose the active compound to blood, could be suitable for
Gram-positive active compounds. For example we have recently
reported that cannabidiol (CBD), which also exhibits high serum
binding and no systemic efficacy, is able to reduce bacterial
load in mouse skin infection models.”® Further in vivo studies
should therefore focus on more suitable disease models.

Conclusion

We have described a new class of antibacterial platinum
complexes based on the COD-ligand scaffold. Of the 14
platinum compounds reported, 10 displayed some antimicrobial
activity against Gram-positive bacteria and/or the yeasts C
albicans and C. neoformans. Further evaluation of the antifungal
properties of this compound class will be reported elsewhere.
Interestingly, the complexes with the best antibacterial activity
were the simple and symmetric halogen compounds Pt(COD)Cl,
(Pt1) and Pt(COD)I, (Pt2). These two complexes showed
excellent antibacterial activity against a broad panel of Gram-
positive strains, with the most pronounced efficacy against S.
aureus, including MRSA and vancomycin resistant strains, as
well as S. epidermidis and B. subtilis. Despite their resemblance
to cisplatin, these compounds did not display any cytotoxicity
against human cells or haemolysis in human red blood cells at
the highest concentrations tested. The lead compounds Pt1
and Pt2 were subsequently tested for toxicity in the moth
larvae model G. mellonella where no detrimental effects could
be detected at the highest injected concentration. Lastly, larvae
infected with MRSA were subjected to treatment with Pt1 and
Pt2. No significant change in bacterial loads could be observed
compared to the DMSO control. Studies of serum reversal
effects on MIC values revealed an almost complete loss of the
antibacterial activity of Pt1 and Pt2 in the presence of human
serum. This suggests that serum binding may prevent free
platinum complexes from exerting their antibacterial activity in
the invivo model. Nevertheless, these compounds could still
find potential utility in topical applications such as for skin
infections, avoiding exposure to serum.

Our initial set of 14 compounds seems to indicate that
modifications to the platinum-bound ligands have a detrimen-
tal effect on their antibacterial activity, reducing the likelihood
of successful structure-activity relationship explorations. How-
ever, it could be envisioned, that if the two halogens are
maintained as ligands to the platinum, modifications to the
COD-ligand could result in compounds with better properties.
At this stage, the mode of action of these compounds is entirely
unknown. However, based on the distinct activity profile and
the lack of toxicity observed in mammalian cells, a general
unspecific toxicity mechanism can most likely be ruled out. The

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH
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selectivity towards Gram-positive bacteria points to a specific
bacterial cellular target instead, making the compound class
interesting for further studies.

There is still a remarkable absence of studies into the
antimicrobial properties of metal complexes. While our group
and others have begun uncovering the potential of these
compounds in recent years, we are still at the beginning of this
journey and we encourage other researchers to conduct more
thorough and systematic studies. Metal compounds may well
become a decisive addition of our future antimicrobial arsenal.

Experimental Section

The experimental details, including the synthesis and character-
isation of Pt1-Pt14 and Pd1, the protocols for the in vitro and
in vivo assays have been described in the Supporting Information.

Acknowledgements

This study was performed in strict accordance with The Australian
Code for the Responsible Conduct of Research (2018). ATCC yeast
and bacteria strains, and HEK-293 cells were acquired from the
American Type Culture Collection (ATCC). Human blood was
sourced from the Australian Red Cross Blood Service with informed
consent and its use in haemolysis assays was approved by The
University of Queensland Institutional Human Research Ethics
Committee, Approval Number 2014000031. The antimicrobial
screening performed by CO-ADD (The Community for Antimicro-
bial Drug Discovery) was funded by the Wellcome Trust (UK;
Strategic Funding Award: 104797/Z/14/Z) and The University of
Queensland (Australia; Strategic Funding Award). A.F. thanks the
Swiss National Science Foundation for Support by an Early
Postdoc. Mobility fellowship (P2ZHP2_177997). M.A.T.B.,, A.G.E,, J.Z.
S.R. and G.L. are supported in part by Wellcome Trust Strategic
Grant WT1104797/2/14/Z. A.K.C was supported by an Australian
Research Council (ARC) DECRA fellowship (DE180100929). Further-
more, we acknowledge the DFG-core facility Molecule Archive
(DFG project number: 284178167) the management and provision
of compounds for screening and in particular Alexander Braun,
Angela Wandler, Mirja Dinkel (neé Enders) and Vikas Aggarwal for
their contributions.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: antibiotic -+ metals in medicine - metalloantibiotic -
inorganic medicinal chemistry - platinum

[1] a) M. S. Butler, D.L. Paterson, J. Antibiot. 2020, 73, 329-364; b) Anti-
ibiotics Currently in Global Clinical Development 2020, https://
www.pewtrusts.org/en/research-and-analysis/data-visualizations/2014/
antibiotics-currently-in-clinical-development  (accessed  03.03.2021);

ChemMedChem 2021, 16,3165-3171  www.chemmedchem.org

[2

=

5]

=
—_

[14]

3170

c) 2019 Antibacterial agents in clinical development: an analysis of the
antibacterial clinical development pipeline 2019, https://apps.who.int/
iris/bitstream/handle/10665/330420/9789240000193-eng.pdf (accessed
03.03.2021); d) U. Theuretzbacher, S. Gottwalt, P. Beyer, M. Butler, L.
Czaplewski, C. Lienhardt, L. Moja, M. Paul, S. Paulin, J. H. Rex, L. L. Silver,
M. Spigelman, G.E. Thwaites, J.-P. Paccaud, S. Harbarth, Lancet Infect.
Dis. 2019, 19, e40-e50.

a) C. A. Lipinski, F. Lombardo, B. W. Dominy, P.J. Feeney, Adv. Drug
Delivery Rev. 1997, 23, 3-25; b) F. Lovering, J. Bikker, C. Humblet, J. Med.
Chem. 2009, 52, 6752-6756.

a) S. Frantz, Nat. Rev. Drug Discovery 2004, 3, 900-900; b) R. O'Shea, H. E.
Moser, J. Med. Chem. 2008, 51, 2871-2878.

E.J. Anthony, E.M. Bolitho, H.E. Bridgewater, O.W.L. Carter, J. M.
Donnelly, C. Imberti, E. C. Lant, F. Lermyte, R. J. Needham, M. Palau, P. J.
Sadler, H. Shi, F.-X. Wang, W.-Y. Zhang, Z. Zhang, Chem. Sci. 2020, 11,
12888-12917.

a) T. C. Johnstone, K. Suntharalingam, S.J. Lippard, Chem. Rev. 2016,
116, 3436-3486; b) S. Rottenberg, C. Disler, P. Perego, Nat. Rev. Cancer
2021, 21, 37-50; c) S. Ghosh, Bioorg. Chem. 2019, 88, 102925; d) P. V.
Simpson, N. M. Desai, I. Casari, M. Massi, M. Falasca, Future Med. Chem.
2019, 77, 119-135; e) R. G. Kenny, C.J. Marmion, Chem. Rev. 2019, 119,
1058-1137.

a) A. Frei, Antibiotics 2020, 9, 90; b) A. Pandey, E. Boros, Chem. Eur. J.
https://doi.org/10.1002/chem.202004822.

B. Rosenberg, L. Van Camp, E.B. Grimley, A. J. Thomson, J. Biol. Chem.
1967, 242, 1347-1352.

T. C. Johnstone, S. M. Alexander, W. Lin, S. J. Lippard, J. Am. Chem. Soc.
2014, 136, 116-118.

a) N.S. Ng, P. Leverett, D. E. Hibbs, Q. Yang, J. C. Bulanadi, M. Jie Wu,
J. R. Aldrich-Wright, Dalton Trans. 2013, 42, 3196-3209; b) F.-U. Rahman,
A. Ali, I. Khan, R. Guo, L. Chen, H. Wang, Z.-T. Li, Y. Lin, D.-W. Zhang,
Polyhedron 2015, 100, 264-270; c) F.-U. Rahman, A. Ali, I. U. Khan, M. Z.
Bhatti, M. Petroselli, H.-Q. Duong, J. Marti-Rujas, Z.-T. Li, H. Wang, D.-W.
Zhang, Inorg. Chem. Commun. 2019, 102, 95-103.

a) K. L. Smitten, S. D. Fairbanks, C. C. Robertson, J. Bernardino de la Ser-
na, S. J. Foster, J. A. Thomas, Chem. Sci. 2020, 11, 70-79; b) K. L. Smitten,
H. M. Southam, J. B. de la Serna, M. R. Gill, P. J. Jarman, C. G. W. Smythe,
R. K. Poole, J. A. Thomas, ACS Nano 2019, 13, 5133-5146; c) K. L. Smitten,
P. A. Scattergood, C. Kiker, J. A. Thomas, P. I. P. Elliott, Chem. Sci. 2020,
11, 8928-8935; d) K. L. Smitten, E. J. Thick, H. M. Southam, J. Bernardi-
no de la Serna, S. J. Foster, J. A. Thomas, Chem. Sci. 2020, 11, 8828-8838;
e) N. Soliman, V. Sol, T.-S. Ouk, C. M. Thomas, G. Gasser, Pharmaceutica
2020, 72, 961; f) A. Frei, M. Amado, M. A. Cooper, M. A.T. Blaskovich,
Chem. Eur. J. 2020, 26, 2852-2858; g) J. W. Betts, P. Roth, C. A. Pattrick,
H. M. Southam, R. M. La Ragione, R. K. Poole, U. Schatzschneider, Metal-
lomics 2020, 12, 1563-1575; h) C.J. Neill, S. Harris, R.J. Goldstone,
E.C.H.T. Lau, T.B. Henry, H.H.P. Yiu, D.G. E. Smith, ACS Infect. Dis.
2020, 6, 2959-2969; i)S.N. Sovari, S. Vojnovic, S.S. Bogojevic, A.
Crochet, A. Pavic, J. Nikodinovic-Runic, F. Zobi, Eur. J. Med. Chem. 2020,
205, 112533; j) C. O'Beirne, M. E. Piatek, J. Fossen, H. Miiller-Bunz, D.R.
Andes, K. Kavanagh, S.A. Patil, M. Baumann, M. Tacke, Metallomics
2020, 73.

A. Frei, J. Zuegg, A. G. Elliott, M. Baker, S. Braese, C. Brown, F. Chen, C. G.
Dowson, G. Dujardin, N. Jung, A.P. King, A. M. Mansour, M. Massi, J.
Moat, H. A. Mohamed, A.K. Renfrew, P.J. Rutledge, P.J. Sadler, M. H.
Todd, C. E. Willans, J. J. Wilson, M. A. Cooper, M. A. T. Blaskovich, Chem.
Sci. 2020, 11, 2627-2639.

a) C. R. Kistner, J. H. Hutchinson, J.R. Doyle, J. C. Storlie, Inorg. Chem.
1963, 2, 1255-1261; b) H. C. Clark, L. E. Manzer, J. Organomet. Chem.
1973, 59, 411-428; c) M. W. Holtcamp, J. A. Labinger, J. E. Bercaw, Inorg.
Chim. Acta 1997, 265, 117-125; d) Z. Dawoodi, C. Eaborn, A. Pidcock, J.
Organomet. Chem. 1979, 170, 95-104; e) N. Chaudhury, R. J. Puddephatt,
J. Organomet. Chem. 1975, 84, 105-115; f) M. Lin, K. A. Fallis, G.K.
Anderson, N. P. Rath, M. Y. Chiang, J. Am. Chem. Soc. 1992, 114, 4687-
4693; g) V.F. Sutcliffe, G.B. Young, Polyhedron 1984, 3, 87-94; h) M.
Bochmann, G. Wilkinson, G. B. Young, J. Chem. Soc. Dalton Trans. 1980,
1879-1887.

a) G. Mann, K. D. John, R. T. Baker, Org. Lett. 2000, 2, 2105-2108; b) S. D.
Cummings, R. Eisenberg, Inorg. Chem. 1995, 34, 2007-2014; c) J.-C.
Hierso, P. Serp, R. Feurer, P. Kalck, Appl. Organomet. Chem. 1998, 12,
161-172; d) G. Jeantelot, M. Qureshi, M. Harb, S. Ould-Chikh, D.H.
Anjum, E. Abou-Hamad, A. Aguilar-Tapia, J.-L. Hazemann, K. Takanabe,
J.-M. Basset, Phys. Chem. Chem. Phys. 2019, 21, 24429-24440.

a) K. Butsch, S. Elmas, N.S. Gupta, R. Gust, F. Heinrich, A. Klein, Y.
von Mering, M. Neugebauer, I. Ott, M. Schéfer, H. Scherer, T. Schurr,

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH


https://doi.org/10.1038/s41429-020-0291-8
https://www.pewtrusts.org/en/research-and-analysis/data-visualizations/2014/antibiotics-currently-in-clinical-development
https://www.pewtrusts.org/en/research-and-analysis/data-visualizations/2014/antibiotics-currently-in-clinical-development
https://www.pewtrusts.org/en/research-and-analysis/data-visualizations/2014/antibiotics-currently-in-clinical-development
https://apps.who.int/iris/bitstream/handle/10665/330420/9789240000193-eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/330420/9789240000193-eng.pdf
https://doi.org/10.1016/S1473-3099(18)30513-9
https://doi.org/10.1016/S1473-3099(18)30513-9
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1021/jm901241e
https://doi.org/10.1021/jm901241e
https://doi.org/10.1038/nrd1574
https://doi.org/10.1039/D0SC04082G
https://doi.org/10.1039/D0SC04082G
https://doi.org/10.1021/acs.chemrev.5b00597
https://doi.org/10.1021/acs.chemrev.5b00597
https://doi.org/10.1038/s41568-020-00308-y
https://doi.org/10.1038/s41568-020-00308-y
https://doi.org/10.1016/j.bioorg.2019.102925
https://doi.org/10.4155/fmc-2018-0248
https://doi.org/10.4155/fmc-2018-0248
https://doi.org/10.1021/acs.chemrev.8b00271
https://doi.org/10.1021/acs.chemrev.8b00271
https://doi.org/10.3390/antibiotics9020090
https://doi.org/10.1002/chem.202004822
https://doi.org/10.1016/S0021-9258(18)96186-7
https://doi.org/10.1016/S0021-9258(18)96186-7
https://doi.org/10.1021/ja411742c
https://doi.org/10.1021/ja411742c
https://doi.org/10.1039/C2DT32392C
https://doi.org/10.1016/j.poly.2015.08.034
https://doi.org/10.1016/j.inoche.2019.02.011
https://doi.org/10.1039/C9SC04710G
https://doi.org/10.1021/acsnano.8b08440
https://doi.org/10.1039/D0SC03563G
https://doi.org/10.1039/D0SC03563G
https://doi.org/10.1039/D0SC03410J
https://doi.org/10.3390/pharmaceutics12100961
https://doi.org/10.3390/pharmaceutics12100961
https://doi.org/10.1002/chem.201904689
https://doi.org/10.1039/D0MT00142B
https://doi.org/10.1039/D0MT00142B
https://doi.org/10.1021/acsinfecdis.0c00425
https://doi.org/10.1021/acsinfecdis.0c00425
https://doi.org/10.1016/j.ejmech.2020.112533
https://doi.org/10.1016/j.ejmech.2020.112533
https://doi.org/10.1039/C9SC06460E
https://doi.org/10.1039/C9SC06460E
https://doi.org/10.1021/ic50010a037
https://doi.org/10.1021/ic50010a037
https://doi.org/10.1016/S0022-328X(00)95058-7
https://doi.org/10.1016/S0022-328X(00)95058-7
https://doi.org/10.1016/S0020-1693(97)05675-2
https://doi.org/10.1016/S0020-1693(97)05675-2
https://doi.org/10.1016/S0022-328X(00)83193-9
https://doi.org/10.1016/S0022-328X(00)83193-9
https://doi.org/10.1016/S0022-328X(00)88779-3
https://doi.org/10.1021/ja00038a035
https://doi.org/10.1021/ja00038a035
https://doi.org/10.1016/S0277-5387(00)84718-X
https://doi.org/10.1039/dt9800001879
https://doi.org/10.1039/dt9800001879
https://doi.org/10.1021/ol006008v
https://doi.org/10.1021/ic00112a010
https://doi.org/10.1002/(SICI)1099-0739(199803)12:3%3C161::AID-AOC689%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1099-0739(199803)12:3%3C161::AID-AOC689%3E3.0.CO;2-6
https://doi.org/10.1039/C9CP04470A
https://doi.org/10.1021/om900208r

ChemMedChem

Communications

doi.org/10.1002/cmdc.202100157

Chemistry

Europe

[15

[16

(7

[18

[19

ChemMedChem 2021, 16, 3165-3171

Organometallics 2009, 28, 3906-3915; b) A. Liining, J. Schur, L. Hamel, 1.
Ott, A. Klein, Organometallics 2013, 32, 3662-3672; ) A. Klein, A. Lining,
I. Ott, L. Hamel, M. Neugebauer, K. Butsch, V. Lingen, F. Heinrich, S.
Elmas, J. Organomet. Chem. 2010, 695, 1898-1905.

J. Schur, A. Lining, A. Klein, R. W. Koster, |. Ott, Inorg. Chim. Acta 2019,
495, 118982.

M. Enders, B. Gorling, A. B. Braun, J. E. Seltenreich, L. F. Reichenbach, K.
Rissanen, M. Nieger, B. Luy, U. Schepers, S. Brase, Organometallics 2014,
33,4027-4034.

a) M. A. T. Blaskovich, J. Zuegg, A. G. Elliott, M. A. Cooper, ACS Infect. Dis.
2015, 1, 285-287; b) M. A. Cooper, Nat. Rev. Drug Discovery 2015, 14,
587-588; ¢) J. Zuegg, K. A. Hansford, A. G. Elliott, M. A. Cooper, M. A. T.
Blaskovich, ACS Infect. Dis. 2020, 6, 1302-1304.

a) S. Otsuka, T. Yoshida, M. Matsumoto, K. Nakatsu, J. Am. Chem. Soc.
1976, 98, 5850-5858; b) F. G. A. Stone, Acc. Chem. Res. 1981, 14, 318-
325; ¢) G. Annibale, M. Brandolisio, B. Pitteri, Polyhedron 1995, 14, 451-
453; d) S. Fallis, G. K. Anderson, N.P. Rath, Organometallics 1991, 10,
3180-3184.

a) V. Aggarwal, L.F. Reichenbach, M. Enders, T. Muller, S. Wolff, M.
Crone, M. Turk, S. Brase, Chem. Eur. J. 2013, 19, 12794-12799; b) S. Wolff,
M. Crone, T. Muller, M. Enders, S. Brase, M. Tlirk, J. Supercrit. Fluids 2014,

95, 588-596; c) A.E.E. Wandler, M.R. M. Koos, M. Nieger, B. Luy, S.
Brése, Dalton Trans. 2018, 47, 3689-3692; d) M. Faust, M. Enders, K. Gao,
L. Reichenbach, T. Muller, W. Gerlinger, B. Sachweh, G. Kasper, M. Bruns,
S. Brdse, M. Seipenbusch, Chem. Vap. Deposition 2013, 19, 274-283.

A. Frei, A. P. King, G. J. Lowe, A. K. Cain, F. L. Short, H. Dinh, A. G. Elliott,
J. Zuegg, J. J. Wilson, M. A. T. Blaskovich, Chem. Eur. J. 2021, 27, 2021-
2029.

K. Ignasiak, A. Maxwell, BMC Res. Notes 2017, 10, 428.

C. J.-Y. Tsai, J. M. S. Loh, T. Proft, Virulence 2016, 7, 214-229.

M. A. T. Blaskovich, A. M. Kavanagh, A. G. Elliott, B. Zhang, S. Ramu, M.
Amado, G.J. Lowe, A. O. Hinton, D. M. T. Pham, J. Zuegg, N. Beare, D.
Quach, M. D. Sharp, J. Pogliano, A. P. Rogers, D. Lyras, L. Tan, N. P. West,
D. W. Crawford, M. L. Peterson, M. Callahan, M. Thurn, Commun. Biol.
2021, 4,7.

Manuscript received: March 5, 2021
Accepted manuscript online: May 21, 2021
Version of record online: July 8, 2021

www.chemmedchem.org

3171

© 2021 The Authors. ChemMedChem published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1021/om900208r
https://doi.org/10.1016/j.jorganchem.2010.04.027
https://doi.org/10.1016/j.ica.2019.118982
https://doi.org/10.1016/j.ica.2019.118982
https://doi.org/10.1021/om500540x
https://doi.org/10.1021/om500540x
https://doi.org/10.1021/acsinfecdis.5b00044
https://doi.org/10.1021/acsinfecdis.5b00044
https://doi.org/10.1038/nrd4706
https://doi.org/10.1038/nrd4706
https://doi.org/10.1021/acsinfecdis.0c00163
https://doi.org/10.1021/ja00435a017
https://doi.org/10.1021/ja00435a017
https://doi.org/10.1021/ar00070a005
https://doi.org/10.1021/ar00070a005
https://doi.org/10.1016/0277-5387(94)00408-7
https://doi.org/10.1016/0277-5387(94)00408-7
https://doi.org/10.1021/om00055a038
https://doi.org/10.1021/om00055a038
https://doi.org/10.1002/chem.201301191
https://doi.org/10.1016/j.supflu.2014.08.034
https://doi.org/10.1016/j.supflu.2014.08.034
https://doi.org/10.1039/C8DT00075A
https://doi.org/10.1002/cvde.201207038
https://doi.org/10.1002/chem.202003545
https://doi.org/10.1002/chem.202003545
https://doi.org/10.1080/21505594.2015.1135289
https://doi.org/10.1080/21505594.2015.1135289

