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Antibacterial resistance continues to drive the need
for exploring novel chemical spaces beyond conventional organic
scaffolds. Metal-based compounds have emerged as a promising
class of antibiotic candidates, demonstrating high hit rates against
priority bacterial pathogens without exhibiting increased toxicity
compared to purely organic molecules. Here, we report a one-pot,
three-component combinatorial strategy for the synthesis of piano-
stool Ir(Ill) cyclopentadienyl Schiff-base complexes as potential
antibacterial agents. Using 15 picolinaldehydes (A—0O), 24 amines
(1—24), and four Cp/Cp* iridium precursors (Cpl—4), a library
of 1440 complexes was generated and screened directly from crude
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reaction mixtures in a direct-to-biology approach. Biological screening revealed pronounced activity against Gram-positive
Staphylococcus aureus, particularly for biphenyl-substituted Cp (Cp2) complexes, while no activity was observed against Gram-
negative bacteria. A subset of the compounds exhibited potent and selective antibacterial activity with low mammalian cell toxicity.
Dose-response validation identified 4 promising hit candidates, of which Ir1S displayed low-micromolar activity against a panel of
Gram-positive pathogens, limited hemolysis, and moderate cytotoxicity. Initial mechanistic studies indicate that Ir1$ acts through a
membrane-associated mode of action involving mild membrane depolarization without large pore formation, alongside changes in
nucleoid morphology. Overall, this work establishes Ir(III)Cp Schiff-base complexes as a modular antibacterial platform and
identifies Irl$ as a promising lead compound for further optimization.

combinatorial synthesis, metalloantibiotics, iridium, Schiff-base, antibacterial, direct-to-biology

Antimicrobial resistance (AMR) is one of the most pressing
health challenges of the 21st century and is associated with
4.71 million deaths in 2021 alone, including 1.14 million
deaths directly caused by resistant bacterial infections.' It is
forecasted to be the one of the leading causes of mortality by
2050, with approximately 10 million annual deaths. Projections
estimate up to 2.4 million deaths in high-income countries
from 2015 to 2050, and up to 5.2 million deaths in the
Western Pacific region between 2023 and 2030 without proper
preventative measures.”” Among the WHO’s 2024 priority
pathogens, Gram-positive bacteria methicillin-resistant Staph-
ylococcus aureus (MRSA) and vancomycin-resistant Enter-
ococcus faecium (VRE) have been designated as high priority.4’S
In light of these escalating resistance threats, the conventional
antibacterial discovery pipeline, largely reliant on traditional
organic medicinal chemistry, has produced limited success in
recent decades. As of February 2025, 90 antibacterial agents
containing at least one new therapeutic entity are in clinical
development worldwide, comprising both traditional and non-
traditional agents. However, between December 2023 and
February 2025, only four new antibiotics were approved and
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just one advanced to the approval stage.6 This insufficient
progress underscores the urgent need to explore novel
chemical spaces and alternative strategies in antibiotic
discovery.

In 2015, The Community for Open Antimicrobial Drug
Discovery (CO-ADD) was established as an open access
platform enabling chemists around the world to submit their
compounds to investigate previously underexplored chemical
spaces for potential antibiotic discovery. The submitted
compounds are evaluated against key bacterial and fungal
pathogens to identify novel antimicrobial scaffolds.” As of
2020, more than 280,000 compounds had been submitted and
tested, and among these compounds, considerable proportion
do not meet the “usual drug-likeness” criteria (e.g Lipinski’s
Rule of Five®). One such compound class comprises metal
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Figure 1. Selected iridium(III) cyclopentadienyl complexes from the literature.

complexes. A total of 906 metal complexes with 29 different
metals had been submitted, and among these, 246 were active
against bacterial strains with an extraordinary hit rate of 27%.
On the other hand, the tested organic compounds only
exhibited a hit-rate of 1.6%. The rate of antibacterial metal
compounds without significant cytotoxicity against human cells
was 9.9%, which is more than 10-fold higher than the general
CO-ADD library (0.87%).’

Metal complexes expand chemical space beyond the
constraints of organic drug scaffolds, which tend to be limited
in three-dimensional character, by accessing more globular and
structurally diverse structures, thereby enhancing the like-
lihood of engaging diverse biological targets.lo_12 Moreover,
their unique chemical reactivity and functional properties,
including ligand exchange, redox activity, and catalytic or
metal-substitution processes, enable diverse and unconven-
tional mechanisms of action.'”'*

In the aforementioned CO-ADD study, iridium emerged as
a promising metal center, with 33 evaluated complexes, of
which five exhibited low cytotoxicity and high antimicrobial
activity."” Diverse classes of iridium complexes have been
investigated as potential antimicrobial agents.'*”*® In 2013,
Simpson and co-workers investigated iridium N-heterocyclic
carbene (NHC) complexes bearing charged moieties and
evaluated their activity against a panel of Gram-positive and
Gram-negative bacteria as one of the first examples of iridium
scaffolds as potential antibacterials. Although promising
antimicrobial activity was observed, cytotoxic activity down
to 13.4 uM against L-929 Mouse Fibroblast cells remained a
major limitation.'® In parallel, piano-stool Ir(III) systems have
been extensively studied due to their water solubility and well-
tunable ligand environment.”’

Piano-stool Ir(IlI) complexes have emerged as a promising
class of antibacterial agents, exhibiting potent activity against
drug-resistant pathogens such as MRSA, combined with low
cytotoxicity, high stability, and reduced propensity for
resistance development.””~* In 2013, Falkinham and co-
workers established a-amino acid bearing iridium(iii) Cp
complexes (Figure 1, 1) as effective antibacterials against
nontuberculous mycobacterium species.”’ Sadler and co-
workers synthesized 14 iridium(III) complexes with different
cyclopentadienyl derivatives, metformin or an N-substituted
biguanide, and a halide ligand (Figure 1, 2). Several of the
complexes demonstrated selective and notable activity against
Gram-positive bacteria, with minimum inhibitory concen-
trations (MICs) down to 0.5 uM. Additionally, the complexes
exhibited stability in broth media and did not induce resistance
development over 24 passages.”* 1,2-diaminoalkane moiety-
bearing iridium(III) Cp complexes have been reported as

potent antibacterial agents against several resistant strains of S.
aureus. The lead compound (Figure 1, 3) exhibited MICs of
9.8 uM against S. aureus and 14.6 uM against MRSA. Notably,
no hemolytic activity was observed in sheep red blood cells,
and no cytotoxic effects were observed against Vero and
Human embryonic kidney (HEK293) cells at concentrations at
least 50-fold higher than the MIC values. Furthermore, the
lead compound demonstrated low cytotoxicity in vivo and was
evaluated in a mouse model following a single intravenous dose
of 2.5 mg/kg.36

While the potential of metal complexes with diverse metal
centers and ligand scaffolds as antimicrobial agents has been
demonstrated in recent years, most current studies investigate
only a small number of compounds at a time. This makes it
inefficient and impractical to explore large libraries. Moreover,
although promising compounds continue to be identified, our
understanding of the relationships between their structure and
antimicrobial activity remains limited.”> Combinatorial chem-
istry offers a powerful solution by enabling the generation of
structurally diverse large chemical libraries through the
combination of building blocks using synthetic methodologies
that are robust, adaptable, and highly efficient.** Iridium metal
scaffolds have accessible oxidative states, +1 and +3, and have
the versatility to coordinate with a wide range of donor ligands.
These properties make it feasible to efficiently explore diverse
chemical spaces by constructing large libraries of iridium
complexes. Bernhard and co-workers pioneered combinatorial
synthesis of luminescent iridium complexes back in 2004. They
developed a library of 100 complexes by combining one
neutral, 10 diamine-type and 10 different cyclometalating
ligands to an iridium(III) metal center.”” The same group
expanded their approach and developed a library of 1152
iridium(III) compounds, which they screened as photo-
catalysts for the dehalogenation of aryl bromides.** More
recently, the development of iridium(III) combinatorial
libraries for biological applications has begun to attract
attention. Vilar and co-workers have recently established a
semi-automated synthesis platform for generating libraries of
photo-cytotoxic heteroleptic iridium(III) complexes for
potential use of photodynamic therapy (PDT).”” By the
same group, a combinatorial library of 78 phototoxic
octahedral iridium(III) complexes with cyclometalating
polyaromatic (CN) and phenanthroline-imidazole or dipyr-
idophenazine derivatives (NN) ligands was established as a
source of potential antibacterial agents.** Recently we
established a combinatorial approach using CuAAc “Click”
chemistry to synthesize 288 iridium complexes for antibacterial
and photophysical evaluation.*’
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Figure 2. (A) General reaction scheme for the combinatorial synthesis of the iridium scaffolds. (B) Selected building blocks library consisting of 15

picolinaldehydes, 24 amines, and 4 Cp*/Cp derivatives.

Among the strategies explored in the literature, Schiff-base
chemistry has emerged as particularly suitable for combinato-
rial metal complex synthesis due to its simplicity, modularity,
and adaptability under mild reaction conditions. In 2014, the
Ang group utilized a one pot metal-based three-component
assembly (3CA) to develop water-soluble Ru-arene Schiff-base
complexes. A library of 450 complexes was screened against
different cancer cell lines.’® This Schiff-base chemistry was
further used by the same group to generate different ruthenium
complex libraries and investigate their biological and catalytic
properties.‘ﬂ_54 In other work, Schiff-base complexes of a
rhenium tricarbonyl scaffold were prepared in a combinatorial
manner and tested for anticancer properties.®>*°

The Schiff-base chemistry approach has recently been
expanded by our group to synthesize 420 manganese(I)
tricarbonyl complexes by combining 7 picolinaldehydes, 10
aniline derivatives and 6 axial ligands. The generated crude
compound library was screened against MRSA, leading to the
identification of 10 hit compounds. These hits were
subsequently re-synthesized and evaluated against a panel of
Gram-positive bacteria to confirm the reliability of their
biological activity and to further expand their biological
characterization. The lead compound exhibited low cytotox-
icity against a human dermal fibroblast cell line, with a
therapeutic index of 109.*> Combinatorial chemistry provides a
powerful platform for exploring diverse chemical spaces. These

requirements are further accentuated in direct-to-biology
3779 wwhich enable rapid screening of compound
libraries without purification. Consequently, high-yielding

approaches

reactions in biocompatible solvents are essential to allow the
direct application of crude reaction mixtures in biological
assays.

Inspired by the success of iridium complexes as antibiotics
and their compatibility with combinatorial approaches, we
sought to develop an operationally simple and broadly
applicable synthetic platform. We herein report a one-pot,
three-component strategy for the synthesis of a library of
piano-stool Ir(III) Cp Schiff base complexes as potential
antibacterial scaffolds. Initially, a commercially available
pentamethylcyclopentadienyl (Cp*) iridium precursor was
combined with 15 structurally diverse picolinaldehydes and 24
amines to evaluate the scope and efficiency of the methodology
(Figure 2). To further enhance structural diversity and
introduce an additional dimension of variation, we synthesized
three tetramethylyclopentadienyl (Cp2-4) derivatives and their
corresponding iridium dimers, expanding the library to a total
of 1440 compounds. Following the initial biological screening
of the library, three hit compounds were identified and
resynthesized for further validation and initial mode of action
studies.
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Figure 3. Conversion rates of the metal complex libraries determined as LC-MS peak area percentages at 254 nm (top left: Cp1; top right: Cp2;

bottom left: Cp3; bottom right: Cp4). Compound peaks were automatically identified based on the target ion mass, and the corresponding UV

signals were integrated using custom Python scripts (see Supporting Information for details). Reported conversions represent the combined signal
of the parent ion (M*) and the MeCN adduct (M + MeCN)>*.
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Successful combinatorial chemistry in drug development relies
on the use of diverse and modular building blocks that enable
efficient access to broad chemical space, thereby enhancing the
likelihood of identifying active compounds. Concurrently, the
synthetic methodology must be robust, scalable, and broadly
tolerant of functional groups, while operating under mild
conditions. Reactions should proceed with minimal side
reactions and require little to no purification, ensuring
su1tab1hty for high-throughput synthesis, characterization, and
screening.’’  Schiff-base combinatorial chemistry has been
pioneered by Ang and his co-workers as a facile and robust
methodology for one pot 3CA combinatorial chemistry.”” The
promising antibacterial activity of IrCp complexes reported by
the Sadler group,’ together with the versatile combinatorial
approach developed by Ang and co-workers,”” inspired us to
expand the approach to the synthesis of iridium-based
scaffolds. Initially, a test reaction was conducted using
IrCpl, an iridium complex synthesized from a commercially
available pentamethylcyclopentadienyl (Cp*) precursor.’”
After reacting the iridium dimer with a model aniline and
picolinaldehyde derivative for 3 days under ambient con-
ditions, LC-MS indicated a promising conversion to the target
complex. Following the successful test reaction, we selected a
building block library based on availability and structural
diversity (Figure 2). A protocol was developed using an
Opentrons OT-2 liquid handling robot to dispense DMSO
stock solutions of all building blocks into the corresponding
wells of the 96 well plates. The reaction plates were allowed to
stand for 3 days (without stirring or shaking), yielding a
combinatorial library of 360 IrCp1 complexes. After establish-
ing the initial compound library, the structural diversity was
further expanded through the incorporation of modified Cp
ligands. (Figure 2). Ligands Cp2-4 were synthesized via
Grignard reactions (see SI for the detailed procedure).
Notably, iridium(III) cyclopentadienyl complexes bearing
biphenyl moieties (Cp2) were first reported by the Sadler
group to exhibit potent anticancer activity,”> and had
previously been reported as effective antibacterial agents.”*
The substituents for Cp3 and Cp4 were selected to increase
lipophilicity, which is known to enhance membrane perme-
ability and cellular uptake.’* Iridium half-sandwich dimers
(IrCp2 and 4) were efficiently synthesized via microwave
irradiation, following a reported procedure analogous to that
used for IrCpl.”” The dimer bearing bis(fluorophenyl)
substituents (IrCp3) could not be obtained under the
established conditions, which may be attributed to the strongly
electron-withdrawing nature of the fluorine substituents. Such
substituents are known to reduce ligand donor ability,
potentially weakening metal-ligand 1nteractlons and increasing
the energy barrier for complexation.”® To synthesize the IrCp3
dimer, the precursor was reacted in the microwave for 16 h at
132 °C and successtully precipitated from the reaction mixture.
With the new IrCp dimers in hand we successfully expanded
the combinatorial library to a total of 1440 Ir(III) Cp Schiff-
base complexes.

The identity and purity of the crude reaction mixtures were
assessed by LC-MS. Target masses were extracted using
custom Python scripts, and the corresponding UV signals at
254 nm were integrated to determine relative peak areas. The

average conversion of the library varied substantially with the
Cp moiety (Figures 3 and S14). The variation in average
conversion across the Cp series implies the strong dependence
of scaffold formation efficiency on ligand structure. The Cp*
derivative Cpl gave the highest average conversion (62 +
25%), consistent with the well-established stabilizing effect of
the electron-rich and sterically balanced Cp* hgand Cp3
also exhibited similarly high average conversion (61 + 22%),
suggesting that its substitution pattern remains compatible
with efficient complex formation despite increased structural
modification of the Cp ring. By contrast, Cp2, bearing a
biphenyl substituent, showed the lowest average conversion
(42 + 18%). This relatively lower yield may arise from the
greater steric hindrance and conformational rigidity®” of the
biphenyl group, which could obstruct coordination or reduce
the efficiency of complexation. Cp4, containing a cyclohexyl
substituent, displayed intermediate conversion (55 + 21%),
indicating that the bulky but more flexible aliphatic substituent
is better tolerated than the rigid aromatic biphenyl group,
although still less effective than Cpl and Cp3. Overall, these
data suggest that both steric profile and substituent electronics
of the Cp ligand play an important role in determining the
efficiency of iridium scaffold formation. With regards to the
aldehyde building blocks, steric bulk in the 6-position resulted
in generally lower average conversion rates (Figure S14).
Conversely, aldehydes with no substitution at the 6-position
have significantly higher average conversion rates. Within the
amine building blocks two trends are visible. Firstly, aliphatic
amines tend to give lower conversion rates. Strong electron
withdrawing groups seem to negatively affect conversion rates
as well. On the other hand, simple or bicyclic anilines seem to
lead to very high conversions (Figure S14).

We initially screened the 1440 compound crude IrCp Schift
base library against S. aureus at 12.5 and 50 M, and against E.
coli at 50 yM. These were selected as representative Gram-
positive and Gram-negative bacteria strains, respectively, to
enable assessment of antibacterial activity across different
cellular membrane structures. Notably, none of the compounds
within the library exhibited activity against E. coli at 50 uM
which is in line with previously found trends indicating that
most metal-based and organic compounds are not able to
penetrate Gram-negative bacteria.” For the Cpl library, we
observed that only a minority of compounds (26%) was active
at 50 M, while only 2.5% of compounds exhibited measurable
activity at 12.5 uM (Figures SA and S14). In contrast, all
compounds bearing the Cp2 ligand completely inhibited S.
aureus growth at 50 uM, and nearly 70% exhibited antibacterial
activity at 12.5 uM. The superior antibacterial activity of
biphenyl substituted (Cp2) Cp iridium(III) complexes was
also observed by Sadler and co-workers.”* The observed
difference in activity may be attributed to the increased
lipophilicity and rigidity of the biphenyl moiety, which could
facilitate improved uptake through the bacterial membrane.**
The majority of the Cp3 library was active against S. aureus at
50 uM, however, only 42% exhibited complete growth
inhibition at 12.5 yuM (Figure S15). When we consider Cp4
complexes, 91% were active at S0 uM, whereas only 26%
inhibited the bacterial growth at 12.5 uM (Figure S15). At the
level of individual building blocks, the aldehyde component
exerts a dominant influence on antibacterial activity, with
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Figure 4. Single-dose biological characterization of the combinatorial library against S. aureus CCUG 62707 (top left: Cp1; top right: Cp2; bottom
left: Cp3; bottom right: Cp4). Filled circles indicate measurable antibacterial activity at both 50 4M and 12.5 yM. Small white circles denote
compounds that are active only at 50 #M, while empty circles indicate no detectable activity against S. aureus under the tested conditions. The color
intensity corresponds to the single dose cytotoxic activity against HEK293T cells. The circle size is proportional to viability of HEK293T cells.

several aldehydes consistently associated with high levels of
growth inhibition across multiple Cp cores and amines. In
particular, aldehydes B (quinoline), E (furan-2-yl), H (ethoxy-
quin), and K (chloro-quin) exhibit the highest rates of activity

at 12.5 uM, with 50—70% of compounds containing these
building blocks being active (Figures SA and S15). These most
active aldehydes share extended aromatic and heteroaromatic
motifs, suggesting that increased s-interactions and hydro-
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Figure S. Activity distribution of the building blocks. (A) Antibacterial activity distribution of compounds across cyclopentadiene moieties against
S. aureus at S0 uM (red) and 12.5 uM (blue), and HEK293T cell viability at SO uM. (B) Antibacterial activity distribution of compounds across
aldehyde moieties against S. aureus at SO uM (red) and 12.5 uM (blue), and HEK293T cell viability at SO uM. (C) Antibacterial activity
distribution of compounds across amine moieties against S. aureus at S0 uM (red) and 12.5 uM (blue), and HEK293T cell viability at SO uM.

phobic character contribute to enhanced antibacterial perform-
ance. In contrast, fewer than 30% of compounds with
aldehydes A (pyridine), F (o-thiomethoxy-m-nitrile), I (p-
methoxycarbonyl), J (p-methoxy), and M (o-bromo-m-
methoxy) display activity at 12.5 uM (Figures SA and S15).
These lower-activity aldehydes are monocyclic pyridines and
incorporate more polar functionality. These observations are

consistent with the hypothesis that increased hydrophobicity
and structural rigidity facilitate more effective interaction with
bacterial membranes or intracellular targets.69’70 In compar-
ison, the amine component exerts a more moderate effect on
antibacterial activity. Amines 8 (p-methyl), 11 (m-methox-
yphenyl), 16 (6-methoxynaphthyl), 20 (hexyl), 22 (propan-
phenyl), 23 (pentenyl) and 24 (2-ethylbutan) are consistently
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Figure 6. Selection of lead compounds from the initial screening library for dose-response biological characterization. A total of 19 compounds
were selected based on their antibacterial activity against S. aureus at 12.5 uM. Compounds were further filtered to retain those maintaining >50%
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Table 1. Selected 19 Hit Compounds from the Single-Dose Biological Assays®

MIC (M) CCs, (uM)

compound % Conv. S. aureus E. coli E. coli + PMBN HEK293T TI
Irl IrCp4I111 83 50 >100 100 65 + 4 13
Ir2 IrCp4G23 23 25 >100 100 S0+3 2
Ir3 IrCp4G22 28 25 >100 100 47 £ 2 1.9
Ir4 IrCp4F22 31 12.5 >100 25 24+9 1.9
IrS IrCp4A18 86 100 >100 >100 58 £8 0.6
Ir6 IrCp4All 88 25 >100 >100 19+1 0.8
Ir7 IrCp3011 45 25-50 >100 100 23 £ 8 0.5
Ir8 IrCp3N11 85 25 >100 100 23+ 9 0.9
Ir9 IrCp3M16 31 12.5 >100 >100 S50 + 20 4.0
Ir10 IrCp3L11 91 6.25 >100 2§ 15+3 24
Irl1l IrCp3KS$S 27 25 >100 100 31 £ 10 12
Ir12 IrCp3E1 72 50 >100 >100 32+6 0.6
Ir13 IrCp2018 28 12.5 >100 NU 45 £ 14 3.6
Ir14 IrCp2017 32 6.25 >100 2S5 33+38 5.3
Ir1S IrCp2MS 23 12.5 >100 Ny SI+ 12 4.1
Ir16 IrCp2M20 35 6.25 >100 12.5 42 +£8 6.7
Ir17 IrCp2I17 45 25 >100 >100 64 + 20 2.6
Ir18 IrCp2C2 31 50-100 >100 100 >120 >2.4
Ir19 IrCp2C11 NY 12.5-50 >100 25 33+8 0.7

“9%Conv. is the conversion percentage, determined via LC-MS. MIC values are given in #M, and determined against S. aureus CCUG 62707, and E.
coli NCTC 13476. PMBN was used as an outer membrane permeabilizer at a sublethal concentration (10 pg/mL). Cytotoxicity was determined
against Human Embryonic Kidney cells (HEK293T) and is given as CCs,. Therapeutic index (TI) is given as the ratio of CCyy and MIC against S.
aureus. Experiments were performed in three biological replicates, each measured in triplicate.

associated with higher activity, with 50—70% of compounds
active at 12.5 uM (Figures SC and S16). On the other end,
compounds with amines 3 (p-sulfonyl), 4 (m-carboxy), 6
(coumarin), 10 (p-nitro), 12 (o-methoxycarbonyl-p-methoxy),
14 (o-hydroxy-m-trifluoromethyl) and 19 (methyl 3-amino-
cyclobutane-1-carboxylate) only show activity in a minority of
the cases (3-23%, Figure S16). Structurally, amines with
increased aromatic character or flexible hydrophobic sub-
stituents have higher activity-rates, whereas lower-activity
amines tend to be more polar or electron poor. Overall,
antibacterial activity is strongly dependent on the Cp scaffold,
with the Cp2 (biphenyl) series showing the highest potency,
followed by Cp3 and Cp4, while Cpl is largely inactive.
Activity is primarily driven by the aldehyde component, with
more hydrophobic, aromatic motifs enhancing potency,
whereas the amine plays a secondary role, with hydrophobic
substituents generally improving activity.

Following the single-dose evaluation of antibacterial activity,
the cytotoxicity of the crude compounds was assessed against
HEK293T cells at S0 M. This in vitro kidney cell line is
widely regarded as a gold-standard tool for nephrotoxicity
screening in drug discovery, as the kidneys are a primary target
of chemically induced injury and play a crucial role in drug
excretion.”' For the iridium library with the Cpl moiety,
viability ranged from 9—100% (mean 59%, median 65%), with
70% of compounds achieving >50% viability, indicating a shift
toward higher viability (Figures 4, SA, and S19). In contrast,
the Cp2 library showed lower viability overall, ranging from
0.8—83% (mean 24%, median 19%), with only 2% of
compounds achieving >50% viability. Both Cp3 and Cp4
libraries shifted toward higher viability (Figures 4, S, and S19).
Cp3 showed viability of 0.2—89% (mean 30%, median 28%),
with ~20% of compounds achieving >50% viability, while Cp4
ranged from 4—85% with slightly higher overall viability (mean
32%, median 27%) and 22% of compounds achieving >50%

viability. These data reveal a clear dependence of cytotoxicity
on the Cp core, with Cp1 affording the highest overall viability
and Cp2 the lowest, while Cp3 and Cp4 display intermediate
cytotoxicity profiles (Figures 4, S, and S19). Aldehydes
associated with strong antibacterial activity, (B, E, K, H)
consistently correspond to lower average cell viability in the
range of 18—31%. In contrast, aldehydes associated with lower
antibacterial activity (A, F, I, J, and M) result in significantly
higher viability (42—56%), indicating reduced cytotoxicity
(Figures SB and S19). The picture is slightly less clear with the
amine building blocks where overall mean cell viability ranges
from 24-52% (Figures SC and S21). In general, amines with
higher rates of antibacterial activity also have lower mean cell
viability, suggesting that the aldehydes have a stronger
influence on the cytotoxicity profile of the resulting
compounds (Figures 4, S, S20 and S21).

While a large number of compounds that showed significant
antibacterial activity also displayed high toxicity, there was a
small subset of compounds that retained antibacterial activity
at 12.5 uM while maintaining >50% HEK293T cell viability,
indicating the presence of a selectivity window within the
library. Although such combinations are relatively rare, their
consistent occurrence demonstrates that antibacterial activity
and cytotoxicity are not strictly coupled within this scaffold.
These “balanced” compounds are predominantly observed
within Cp2-4.

At the aldehyde level, these combinations are most
frequently associated with aldehydes with high average cell
viability percentages (A, F, I, and M) and a few representing
lower viability ones (E, K, L, and N) (Figures 4, S, and S20).
Amongst the amines, 11 stands out as it appears most
frequently in selective compounds (Figures 6 and S21). In
general, the occurring amines are on the lower end of the mean
cell viability with §, 11, 16, 20, and 22 all coming in below
35% (Figures 4, S, and S21). This may suggest that for
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compounds with balanced properties the antibacterial
contribution stems from the amine while the aldehyde seems
to drive the non-toxic component.

A subset of 19 compounds (Figure 6) that achieved growth
inhibition at 12.5 uM against S. aureus while maintaining
>50% HEK293T viability was selected from the library for
dose-response validation. At this point, to confirm that the
antibacterial activity of our crude mixtures originates from the
putative complexes themselves, we examined the antibacterial
activity of all 15 picolinaldehydes, 24 amines (Table SS) and 4
IrCp dimers (Table SS). With the exception of the IrCp2
dimer (MIC = 12.5 uM), none of the building blocks exhibited
any antibacterial activity up to 100 M indicating that any
activity observed from the crude reaction mixtures likely
originates from the targeted Schiff-base iridium(III) metal
complex.

We screened these 19 compounds against S. aureus and E.
coli in dose-dependent assays. Most of the selected compounds
exhibited good antibacterial activity against S. aureus with MIC
values ranging from 6.25 to 100 yM. This is in line with what
was seen during the initial screening of the library. Among
these, Ir4, Ir9, Ir10, Ir13, Ir14, Ir15, and Ir16 emerged as the
most active derivatives. Notably, Ir10, Ir14, and Ir16 displayed
the highest potency, each exhibiting MIC values of 6.25 uM,
(Table 1).

No antibacterial activity against E. coli was observed for any
of the compounds at concentrations up to 100 yuM. However,
enhanced activity was detected in the presence of the
membrane permeabilizer polymyxin B nonapeptide
(PMBN).” Unlike polymyxin B, PMBN does not possess
intrinsic antibacterial activity, making it a valuable adjuvant for
use in combination therapies.” In particular, the MIC of Ir16
against E. coli was reduced from >100 uM down to 12.5 yM in
the presence of PMBN. This observation indicates that the lack
of activity against Gram-negative bacteria is likely attributable
to limited uptake or increased efflux across the outer
membrane, rather than an absence of intrinsic antibacterial
potency (Table 1).

The cytotoxicity of the compounds was evaluated in
HEK293T cells in a dose-dependent manner, revealing a
broad range of CCs, (CCy, is the compound concentration
that reduces cell viability by 5S0%) values and highlighting
notable differences in selectivity across the series. Several
compounds exhibited moderate to high cytotoxicity, with CCs,
values below 30 uM, including Ir4, Ir6, Ir7, Ir8, and IrlO.
Importantly, some of the most promising antibacterial
compounds maintained a favorable balance between potency
and cytotoxicity. Ir9, Ir14, Ir15, and especially Ir16 exhibited
relatively high CCy, values (50 + 20 uM, 33 + 8 uM, 51 + 12
UM, and 42 + 8 uM, respectively) in combination with
promising MIC values, resulting in the highest therapeutic
indices (TI = 4.0, 5.3, 4.1, and 6.7, respectively) (Table 1).
The dose-dependent cytotoxicity assays were conducted with
an incubation time of 24 h, which is comparable with the
incubation time used in antibacterial assays (16 h). We believe
that results in the fairest comparison of the two biological
assays. These compounds therefore represent the most
selective candidates within the series and were selected for
batch synthesis, purification, and subsequent hit validation.

Following single-dose and dose-response assays, four iridium-
(IIT) complexes, Ir9, Irl4, IrlS, and Ir16, were selected for
scale-up synthesis and purification. The synthesis followed a
generally similar procedure. Briefly, the iridium dimer (0.5
equiv) was combined with the corresponding amine (1 equiv)
and aldehyde (1 equiv) in DCM/MeOH (1:1) and stirred at
room temperature overnight. Upon completion, excess n-
hexane was added to precipitate the product, which was
subsequently isolated and purified by flash column chromatog-
raphy on silica. Although Irl6 was identified as the most
promising compound in the dose-response assays, repeated
attempts to purify this complex were unsuccessful. Multiple
purification strategies were explored, including column
chromatography under varying stationary phases and solvent
systems, recrystallization attempts, and repeated washing
procedures. Complexes Ir9, Ir14 and Irl5 were synthesized
and isolated successfully with 27%, 45%, and 47% vyield
respectively. Compound purity and identity was confirmed by
LC-MS and NMR characterization, and high-resolution mass
spectra (HRMS).

To validate the antibacterial activity observed in the crude
mixtures, the purified complexes Ir9, Ir14 and IrlS were re-
screened against S. aureus. We observed that pure Ir9 was not
soluble in various biological growth media at the testing
concentrations and therefore it was excluded from further
biological evaluation. Notably, the antibacterial activity of Ir15
increased following purification, with the MIC decreasing from
12.5 uM to 3.13 uM (Table 2), whereas the activity of Ir14
unexpectedly diminished with the MIC increasing from 6.25
UM to 25 uM (Table S6, A). Crude LC-MS analysis provides
an explanation for the observed activity difference of Irl4,
showing multiple species (Figures S56 and S57) in the crude
mixture compared to the cleaner profile of Ir1S (Figures S58

Table 2. Antibacterial Activity of Ir1S against Gram-Positive
(S. aureus CCUG 62707, MRSA (JE2), S. aureus (SH1000),
S. epidermidis TU3298, and Bacillus subtilis MW168,
Enterococcus feacium CUG 19434, and Enterococcus faecalis
CCUG 19916T) and Gram-Negative Panel (Escherichia coli
NCTC 134376, Actinobacteria baumannii AB5075)"

antibacterial activity of Ir1$

strain Ir1s control
S. aureus CCUG 62707 3.13-6.25 0.86
JE2 1.56-3.13
SH1000 3.13
S. epidermidis TU3298 3.13 0.86
B. subtilis MW168 3.13-6.25 0.22
E. faecium CUG 19434 6.25 0.86
E. faecalis CCUG 19916T 6.25 0.43
E. coli NCTC 13476 >100 <0.01
12.5%
A. baumannii ABS075 N 0.03
12.5%

“*Indicates the presence of sublethal concentration (10 pg/mL) of
PMBN, outer membrane permeabilizer. Control is positive control
antibiotic Vancomycin (VCM) for Gram-positive, Polymyxin B
(PMB) for Gram-negative. MIC values are given in M. Experiments
were performed in three biological replicates, each measured in
triplicate.
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and S59). The reduced antibacterial activity upon purification
suggests that the biological activity of the crude sample is not
solely attributable to the target complex, but rather that the
active species may be present only in the crude mixture. Based
on these findings, Ir15 was selected for further biological
characterization and subsequently screened against an
expanded panel of Gram-positive strains. Ir15 demonstrated
promising antibacterial activity across the Gram-positive panel,
with MICs in the low micromolar range. Against S. aureus, Ir15
exhibited strain-dependent activity, with MIC values ranging
from 1.56—6.25 uM. Comparable activity was observed against
S. epidermidis and enterococci species (Table 2). In line with
the results from the crude reaction screening, Ir15 displayed
limited antibacterial activity against Gram-negative strains,
with no measurable activity against E. coli (MIC >100 M) and
only moderate activity against A. baumannii (MIC = 50 uM).
However, upon treatment with sublethal concentrations of
PMBN a notable enhancement in activity was observed (12.5
UM for both E. coli and A. baumannii, Table 2). This indicates
that IrlS possesses intrinsic activity against Gram-negative
bacteria but is unable to efficiently penetrate the outer
membrane.

Next, we investigated if the bacterial growth inhibition stems
from a bacteriostatic or bactericidal effect. We determined the
minimum bactericidal concentration (MBC) of the purified
lead complexes (Irl4 and IrlS) against S. aureus. For both
complexes, the MBC values were found in the same range as
MIC values, and, since the MBC/MIC ratio is lower 4, the
compounds can be classified as bactericidal.”*

The ability of antibacterial compounds to selectively target
bacteria while minimizing cytotoxic effects on mammalian cells
is essential. Therefore, cytotoxicity of the lead compounds was
reevaluated against the HEK293T mammalian cell line. Ir14
displays high cytotoxicity, with a CCsy, value of 13 + 4 uM.
Notably, this result is not in an agreement with that observed
in the crude mixture single-dose screening and dose-response
assays, where Irl4 did not display comparable cytotoxicity.
The lower CCg, value in conjunction with the higher MIC for
Irl4 also results in a reduced selectivity (TI = 0.5). IrlS
exhibits a CCs, value of 48 + 4 uM (Table 3) which is

Table 3. Cytotoxicity of Ir14 and Irl5 against HEK293T
and Human Red Blood Cells”

toxicity assays

CCsp HCyo HCs,
Ir14 13+4 64 + 13 125+ 9
Irls 48 + 4 124 £ 7 141 £ 5

“CCyp HCg, and HC, values were given in yM.

consistent with the one measured in the crude reaction mixture
(CCsy = 51 + 12 uM). This indicates a moderate effect on
mammalian cell viability. The TI was found to be between 8—
31 (CCs, value over MIC values against S. aureus strains).
Notably, the selectivity of Ir1S improved, with a TI increase
from 4.1 to 8—15 upon purification. It demonstrates the ability
of IrlS retain antibacterial efficacy while maintaining an
acceptable safety margin under the tested conditions.

Crude LC-MS analysis provides an explanation for the
observed cytotoxicity difference of Irl4, showing multiple
species (Figures SSS and S56) in the crude mixture compared

to the cleaner profile of IrlS (Figures S57 and S58). The
enhanced cytotoxicity upon purification suggests that the
biological activity of the crude sample is not solely attributable
to the isolated parent complex. Rather, the less cytotoxic
species may be present only in the crude mixture, and
purification revealed the intrinsic toxicity of Ir14. To further
assess the cytotoxic properties of the lead complexes, 10% and
50% hemolytic concentrations (HC;, and HCs,) were
determined using human red blood cells (RBC). Ir14 shows
relatively higher hemolytic activity with HC,, value 64 + 13
(Table 3), while Ir1S exhibits very low hemolytic activity with
HC, values 124 + 7 uM, 20-40 times higher than MIC value
(Table 3).

Taken together, these findings emphasize the importance of
follow-up validation of crude screening hits and demonstrate
that IrlS represents a more favorable candidate, combining
retained antibacterial activity with a more consistent and
moderate cytotoxicity profile. While crude library screening
provides an efficient starting point for exploring and narrowing
down chemical space, these results highlight the necessity of
subsequent validation using purified compounds to accurately
assess biological activity and cytotoxicity. Overall, Ir15 shows
promising antibacterial activity against a broad panel of Gram-
positive pathogens, does not cause significant hemolysis and
exhibits only minor toxicity against mammalian cells,
showcasing a favorable therapeutic window.

We started to investigate the stability of the lead compound by
investigating whether pre-incubation of Irl5 in the bacterial
growth medium (MH) would affect its antibacterial activity.
Standard serial dilution plates were prepared, and bacteria were
added either immediately or after 24 h of incubation under
MIC assay conditions. For the replicate inoculated immedi-
ately, the MIC remained 3.13—6.25 uM, consistent with
previous results. However, when bacteria were added after 24
h, antibacterial activity was significantly reduced, with an MIC
of 50 uM. These results indicate that, although Irl$S is
sufficiently stable to produce consistent antibacterial effects
across replicates and bacterial strains, it undergoes some type
of speciation or degradation in MH medium within 24 h
(Table S3). Followingly, we extended the stability studies to
different biologically relevant solvent systems by measurement
of UV/Vis absorbance at 37 °C over 20 h (Figure S1). In
DMSO and DMSO:H,0 (1:1) Irl$ exhibited good stability,
with no significant decrease in absorbance over the measured
period (Figure S2A,B and Table S2). In contrast, significant
changes in the UV/Vis spectrum were observed in both H,0
(Figure S2C and Table S2) and PBS (1X) (Figure S2D and
Table S2). A clear decline in absorbance was detected over
time, suggesting degradation of the complex. As we observed
degradation of IrlS under certain conditions, we further
investigated the stability of the compound via LC-MS in
DMSO:H,0, H,O, and PBS over 20 h. In H,O IrlS$ exhibits
degradation, primarily driven by chloride dissociation and
subsequent ligand substitution with acetonitrile (MeCN) in
the mobile phase, and formation of the [(M — CI)+ MeCN]*
complex (Figure SS). Notably, after 6 h, the emergence of two
dimeric IrCp species was observed (Figures S7 and S8).
Although degradation was also observed in the DMSO:H,0
mixture, a significant fraction of the parent complex remained
detectable even after 21 h (Figure S11). However, LC-MS
analysis showed that Ir1S exhibits good stability in PBS where
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Figure 7. Initial mode of action of Ir1S5, hit compound. (A) Bacterial cytological profiling of B. subtilis bSS82, constitutively expressing GFP from
the PrpsD promoter, stained with Nile red (membrane) and DAPI (DNA) after 30 and 60 min of incubation. (B) Propidium Iodide staining of B.
subtilis 168CA (pore formation assay). 1.6 pg/mL nisin was used as positive control. (C) DiSC,(S) assay in B. subtilis 168CA (membrane
depolarization assay). 1 pg/mL gramicidin was used as positive control. (D) Localization of MinD-GFP in B. subtilis TB3S (Pxyl-gfp-minD).
Localization of MinD depends on the membrane potential. 10 pg/mL gramicidin was used as positive control. All assays were performed after

treatment with 4.25 yM Ir1S. Scale bar 2 ym.

most of the parent complex remains intact (Figures S12 and
S13). This is likely due to the high chloride concentration in
PBS (137 mM), preventing chloride dissociation from the
parent complex.”® Finally, we evaluated the stability of Ir15 in
human blood plasma at 37 °C to obtain a preliminary insight
into its behavior under physiological conditions. Briefly, Ir15
was incubated in human plasma for either 0, 6, or 24 h, the
protein precipitated and supernatant analyzed by LC-MS.
Benzyl benzoate was used as the internal standard. From the
data it is clear that a portion of Irl$ reacts with the blood
plasma as the amount of compound at ¢ = 0 is 55—27% lower
than a unreacted sample of the same concentration. The wide
range suggests that a quick reaction happens upon contact with
blood plasma which is sensitive to the exact timing of sample
handling. Conversely 24—29% of Ir15 are detected after 6 h
and 9—11% after 24 h highlighting that while the compound is
degrading over time a portion remains intact. Notably, the
antibacterial activity as well as cytotoxicity of IrlS was
consistent across biological replicates, indicating that the
complex retains sufficient stability under biological conditions
to exert its activity.

Encouraged by the promising biological characteristics of Ir1$,
we conducted initial mode of action investigations of this

compound class with phenotypic analysis in the Gram-positive
model organism B. subtilis. To this end, we first confirmed the
MIC against B. subtilis 168CA, the background strain of our
reporter construct. Here, IrlS exhibited comparable anti-
bacterial activity, with an MIC value of 3.13—6.25 uM (Table
2). Based on the MIC value, we determined the optimal
stressor concentration (OSC) in acute shock experiments. The
OSC is defined as the concentration that reduces bacterial
growth by 50—70% during the mid-exponential phase, thereby
applying sufficient stress to induce a clear phenotype without
causing excessive cell death or lysis that could obscure primary
effects of the compound.”® The growth curve analysis (Figure
S26) identified an OSC of 4.25 uM.

To get an overview of the cellular effects of the compounds,
we employed bacterial cytological profiling (BCP).”” To this
end, we used a strain intracellularly expressing green-
fluorescent protein (GFP) from the strong, constitutive
PrpsD promoter (B. subtilis bSS82), stained with the
membrane dye Nile red and the DNA dye 4’,6-diamidino-2-
phenylindole (DAPI). Combined with phase contrast micros-
copy, this setup allows simultaneous assessment of cell
morphology, cell lysis, pore formation, membrane morphology,
and nucleoid morphology in one assay.”®

Upon treatment with IrlS, no apparent differences in overall
cell morphology (phase contrast) or membrane integrity
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(GFP) were observed (Figure 7A). Notably, we observed Nile
Red foci formation, indicating mild membrane stress. These
results suggest that although membrane integrity remains
largely unaffected, the antibacterial activity of IrlS likely
involves membrane-related mechanisms.

A substantial effect of Ir1S was observed on the bacterial
nucleoid (DAPI), showing visible changes in its morphology
(Figure 7A). Particularly, after 60 min of treatment, the
phenotype points towards compromised DNA integrity which
can indicate DNA fragmentation or other structural changes.78

The Nile Red staining suggested that IrlS may exert partial
membrane-associated activity. To further investigate this, we
examined whether it facilitates the passage of molecules smaller
than GFP across the cell membrane.”” As a first step, we
assessed the uptake of the membrane-impermeable, red-
fluorescent dye propidium iodide (PI). In these experiments
Ir1S did not result in increased PI uptake, confirming that it
does not form large pores (Figure 7B).

In contrast, membrane depolarization was observed using
the potentiometric fluorescent dye 3,3’-dipropylthiadicarbo-
cyanine iodide (DiSC;(5))”* (Figure 7C), indicating that Ir15
induces ion translocation and disrupts membrane polarization.
This finding was independently confirmed by assessing the
localization of the cell division regulation protein MinD, which
localizes at the midcell and poles in healthy cells, but
delocalizes into membrane-associated clusters upon loss of
membrane potential (Figure 7D).*” Here, Ir15 induces a mild
delocalization of MinD after 30 min of treatment. Taken
together, these results demonstrate that IrlS induces
membrane stress by disrupting membrane polarization, while
not causing large pore formation or detectable structural
damage to the cellular membrane.

DAPI staining revealed that IrlS induces alterations in
bacterial nucleoid structure after 60 min of treatment (Figure
7A). To further investigate this effect, we sought to assess the
DNA-binding properties of the compound by performing an
MIC shift assay in the presence of difference concentrations of
calf-thymus DNA. While the positive control Actinomycin D,
an antibiotic known to interact with GC-rich DNA
sequences,”’ exhibits decreasing antibacterial activity with
increasing concentration of DNA, the MIC of Irl$ remains
unchanged (Figure S24). To specifically evaluate a possible
DNA interaction mechanism, an ethidium bromide (EtBr)
fluorescence displacement assay was performed. In this assay,
EtBr intercalates into DNA, resulting in a strong fluorescence
signal.**> Upon addition of a competing DNA interacting
agent, EtBr is displaced from the DNA duplex, leading to a
decrease in fluorescence intensity. Treatment of the calf
thymus DNA-Ethidium complex with serial dilutions of Ir1S$,
showed only minimal interaction (5% displacement) at
concentrations corresponding to the MIC. Noticeable displace-
ment of EtBr (45—50%) was only observed at the highest
concentration tested (200 uM, Figure S25), indicating that
Ir15 does not interact with DNA in a manner that would
displace EtBr (such as e.g, intercalation) at biologically
relevant concentrations.

To better mimic physiological conditions and assess whether
the lead compound is taken up via active or passive transport,

MIC assays were conducted in glucose-defined M9 medium.
We observed that S. aureus failed to grow under these
conditions as reported in the literature,** hence the medium
was supplemented with 10% (v/v) TSB to support bacterial
growth. MIC values against S. aureus remain unchanged under
standard experimental conditions in glucose-defined M9
growth medium (Table S8). This suggests that the
antibacterial activity of the lead compound is not strongly
dependent on nutrient conditions implying that uptake is not
strictly dependent on energy-driven transport processes.
Antibacterial activity is often governed by permeability and
efflux rather than active transport alone, and passive diffusion
mechanisms can contribute to the transport across cellular
membrane.*

We next expanded our study to explore the mode of action of
the lead compound and to determine whether IrlS can
synergistically interact with clinically relevant antibiotics. We
conducted a combination study with checkerboard assays using
four different antibiotics (vancomycin, ciprofloxacin, chlor-
amphenicol and kanamycin) against our Gram-positive model
organism S. aureus (CCUG 62707). Neither synergistic nor
antagonistic effects were observed with any of the tested
antibiotics, indicating that the mode of growth inhibition of
Ir1S$ is unrelated to that of other antibiotics (Figure S18).

Metal complexes often induce oxidative stress (ROS) in cells,
which can significantly contribute to membrane and DNA
damage, mostly through generation of hydroxyl radicals.*®
Although iridium cannot replace iron or copper in a Fenton
reaction to create hydroxyl radicals from hydrogen peroxide, a
cyclometalated iridium(iii) complex has been shown to
increase intracellular reactive oxygen species formation.®’
Notably, we previously demonstrated that iridium C

complexes can catalyze transfer hydrogenation reactions;"
this redox activity may further disrupt cellular redox balance,
thereby promoting ROS accumulation.®® Bacterial cells contain
high amounts of iron and the Fenton reaction is a common
source of hydroxyl radicals.*” To asses if bacterial growth
inhibition of Irl$ involves reactive oxygen species, a scavenger
assay was employed. In this modified MIC assay, the activity of
a test compound is determined in (i) scavenger-free medium,
(ii) medium containing the superoxide scavenger tiron, (iii)
the hydroxyl radical scavenger thiourea, and (iv) a mix of both.
In case the mode of action involves ROS formation, an
increase of the MIC value is expected in the medium
containing the scavenger specific to the ROS that is generated.
In our case, MIC values against B. subtilis 168CA in the
presence of tiron remain unchanged, whereas we unexpectedly
obtained a 2-fold lower MIC value (1.56—3.13 uM) in the
presence of thiourea (Table S9). This led us to do further
investigations to determine if thiourea modulates the
antibacterial activity of IrlS. A checkerboard synergy assay
against B. subtilis 168CA was initially performed (Figure S28).
The interaction between thiourea and Ir1S5 was evaluated using
the fractional inhibitory concentration index (FICI), calculated
based on MIC values defined as ODg4y, < 0.1. Across six
independent replicates, the mean FICI was 0.47 =+ 0.11,
indicating an overall trend toward synergistic interaction.”
However, variability between replicates was observed, with
FICI values spanning the synergy-additive boundary. This
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suggests that while the combination might exhibit a synergistic
effect, there is variability across the replicates. A checkerboard
synergy assay was also performed againstS. aureus (Figure S29)
with a mean FICI of 0.53 + 0.16, indicating an overall trend
toward additive interaction.” Finally, because the proposed
mechanism of action of our lead compound involves mild
membrane depolarization, we examined whether thiourea
enhances disruption of membrane polarization. A DiSC4(5)
assay performed in the presence of thiourea against B. subtilis
168CA showed no change in the membrane depolarization
profile (Figure S26). Overall, while thiourea does not
potentiate membrane depolarization, it contributes to moder-
ately enhance antibacterial activity, resulting predominantly in
additive effects.

Iridium(III) complexes have been identified as promising
antibacterial compounds in the literature. In parallel,
combinatorial chemistry provides a powerful and efficient
strategy to generate large, structurally diverse libraries, enabling
rapid screening while allowing systematic investigation of
structure-activity relationships. This strategy facilitates the
identification of molecular features that drive antibacterial
activity and enables the optimization of lead compounds. In
this work, we have applied a robust and operationally simple
one-pot, three-component combinatorial strategy for the rapid
generation of structurally diverse piano-stool Ir(III)Cp Schiff-
base complexes. By combining 15 picolinaldehydes, 24 amines,
and four cyclopentadienyl iridium scaffolds, we generated a
library of 1440 complexes and demonstrated that this approach
is compatible for direct-to-biology antibacterial screening. This
platform enables efficient exploration of the metal-based
chemical space and provides a scalable route toward the
identification of novel antibacterial scaffolds.

Crude libraries were analyzed by LC-MS, and conversion
rates were calculated through custom processing scripts. The
combinatorial workflow proved sufficiently robust to generate
a large and chemically diverse library amenable to biological
evaluation. This further highlights the compatibility of Schiff-
base chemistry with high-throughput synthesis of organo-
metallic compounds.

Biological screening of the crude library revealed a clear
dependence of antibacterial activity and cytotoxicity on the Cp
scaffold and structure of other building blocks.

While many compounds exhibiting strong antibacterial
activity also displayed cytotoxicity, a subset retained anti-
bacterial activity while maintaining high mammalian cell
viability, demonstrating the presence of a selectivity window
within the libraries. These findings emphasize the importance
of balancing hydrophobicity and structural features to optimize
both potency and selectivity.

From this dataset, 19 compounds were selected for dose-
response validation, leading to the identification of four
candidates (Ir9, Ir14, IrlS, and Ir16) with low-micromolar
antibacterial activity against S. aureus. These were pursued for
resynthesis and purification. However, Ir9 exhibited poor
solubility in MH and DMEM media, while Ir16 could not be
successfully purified. Consequently, hit validation studies were
carried out with Irl4 and IrlS. Notably, the comparison
between crude and purified samples highlighted the
importance of downstream validation, as exemplified by Ir14,
where apparent activity in crude mixtures could not be fully
attributed to the isolated complex. This observation

emphasizes that direct-to-biology screening, while powerful,
must be complemented by hit validation with the purified
compounds to accurately determine biological activity.

Ir1S demonstrated consistent antibacterial activity across a
panel of Gram-positive pathogens, including MRSA, S.
epidermidis, and enterococci species, with MIC values in the
low micromolar range. Importantly, IrlS displayed only
moderate cytotoxicity and low hemolytic activity, resulting in
a favorable therapeutic index of 8-—31. The compound
exhibited only limited activity against Gram-negative bacteria.
However, this activity was significantly enhanced in the
presence of sublethal concentration of polymyxin B non-
apeptide, indicating that outer membrane permeability is a key
barrier to activity rather than an absence of intrinsic
antibacterial potency.

Mechanistic investigations provided an initial insight into
the mode of action of Ir15. Bacterial cytological profiling of B.
subtilis revealed that the compound induces mild membrane
stress, without causing large pore formation or complete
membrane disruption. This is further supported by the
delocalization of MinD, consistent with loss of membrane
potential. In parallel, alterations in nucleoid morphology were
observed after 60 min of incubation, suggesting an additional
intracellular effect. However, DNA-binding studies, including
MIC shift and ethidium bromide displacement assays, did not
support direct DNA intercalation as the primary mechanism.
Furthermore, ROS scavenger assays indicated that oxidative
stress is unlikely to be the dominant driver of antibacterial
activity. Taken together, these initial results suggest a mode of
action involving membrane depolarization and downstream
intracellular effects, rather than a single molecular target.

Stability studies revealed that Ir1S remains stable in DMSO,
DMSO:H,0 and PBS but undergoes gradual degradation in
aqueous environments. LC-MS stability analysis revealed that
degradation happens through chloride dissociation and
aquation. Nevertheless, sufficient stability is retained over the
time scale of biological assays to enable reproducible
antibacterial activity. The observed stabilizing effect of
chloride-rich environments, such as PBS, further highlights
the importance of solution conditions in modulating the
behavior of these complexes.

Overall, this study demonstrates that combinatorial organo-
metallic chemistry, combined with direct-to-biology screening,
represents a powerful strategy for metalloantibiotic discovery.
By enabling rapid access to large and diverse libraries, this
approach facilitates the identification of active and selective
compounds within large chemical space that would be difficult
to explore using conventional synthetic methods.

Future work will focus on further optimization of the lead
scaffold to improve potency, selectivity, and stability, as well as
to enhance activity against Gram-negative pathogens. The data
obtained in this study can now be leveraged to train predictive
machine learning models to guide library synthesis towards
compounds with optimal biological properties. In addition,
more detailed mechanistic studies will be required to fully
elucidate the molecular targets and pathways involved in
antibacterial mode of action. Expanding this combinatorial
platform to other metal centers and ligand classes may further
broaden the accessible chemical space and accelerate the
discovery of next-generation antimicrobial agents.
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The authors declare that all data supporting the current
findings of this study are available in the main manuscript or in
the associated Supporting Information. All numerical LC-MS
(retention times and conversion%) and biological (Minimum
inhibitory concentrations, HEK293T growth inhibition) data is
supplied in an additional data file. The collated LC-MS spectra
of all combinatorial libraries are supplied in an additional data
file. The Python code used in automatic LC-MS data
processing is accessible at the Frei Lab GitHub repository
https://github.com/TheFreiLab/FreiLab-LCMSProcessing.

The Supporting Information is available free of charge at
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