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Abstract

In this study, a library of oxo-rhenium(V) complexes of general formula [Cl₃ReO(NN)] bearing 

diimine ligands was synthesized and fully characterized. The complexes were evaluated for 

antibacterial activity against Gram-positive and Gram-negative bacteria (MSSA, MRSA, E. coli, 

and P. aeruginosa). Increasing the lipophilicity of the diimine ligand led to an enhancement in 

biological activity. The most active compound, bearing NN = bathocuproine (complex 9), 

exhibited potent activity against S. aureus strains (MIC = 2 µM). Its toxicity profile was assessed 

in vitro and in vivo: cytotoxicity toward L929 fibroblasts afforded a therapeutic index (TI) of 

4.9, while evaluation in the invertebrate model Artemia salina showed only 12.9% lethality at 

4× MIC after 24 h, indicating a favorable preliminary safety profile. Mechanistic investigations 

in MSSA and MRSA revealed strain-specific synergistic interactions of 9 with chloramphenicol 

and tetracycline in MSSA, and with ampicillin in MRSA, increasing the therapeutic index up to 

19.5. Notably, co-administration of sub-inhibitory concentrations of ampicillin and 9 

suppressed MRSA growth for more than 72 h. Computational studies suggest that complex 9 

may interfere with the β-lactam resistance pathway in MRSA.

Introduction

The rapid emergence of antimicrobial resistance (AMR) represents one of the most pressing 

challenges in modern medicine. In particular, infections caused by methicillin-resistant 

Staphylococcus aureus (MRSA) remain difficult to treat and are associated with significant 

morbidity and mortality.1 The declining effectiveness of conventional antibiotics has therefore 
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stimulated the search for alternative therapeutic strategies capable of overcoming bacterial 

resistance mechanisms. In this context, metal-based compounds have attracted renewed 

attention as potential antimicrobial agents because their structural diversity, tunable 

coordination environments, and redox properties can enable mechanisms of action that differ 

fundamentally from those of purely organic antibiotics.2-6

Among the different metal ions explored in medicinal inorganic chemistry,7-12 complexes of 

ruthenium,13-20 gold,21-24 and rhenium25-31 have shown particular promise. Ruthenium 

complexes, for example, have been extensively investigated for their anticancer and 

antimicrobial properties, demonstrating how their chemical and structural versatility can be 

exploited to design biologically active coordination compounds.32, 33 Rhenium has also 

emerged as attractive element for the development of bioactive metal complexes.34 Most 

studies in rhenium bioinorganic chemistry have focused on tricarbonyl complexes of the 

general type fac-[Re(I)(CO)₃]⁺. Owing to their well-defined photophysical and photochemical 

properties, these compounds have been widely investigated for applications in bioimaging, 

luminescent probes, radiopharmaceuticals, and catalysis.35-40 In contrast, rhenium complexes 

in other oxidation states have received significantly less attention in biological studies. In 

particular, oxo-rhenium(V) and trioxo-rhenium(VII) complexes coordinated by diimine ligands 

such as 2,2′-bipyridine and 1,10-phenanthroline derivatives have been reported,41-43 yet their 

potential in biological applications remains comparatively underexplored.

Building upon our broader interest in antimicrobial rhenium species, we have began to explore 

oxo-Re(V) complexes.44-46 From a coordination chemistry perspective, oxo-rhenium(V) 

complexes offer a robust and versatile structural core. The Re=O core typically adopts a 

distorted octahedral geometry in which the terminal oxo ligand exerts a strong trans 

influence, while the remaining coordination sites can accommodate a variety of mono- or 

bidentate ligands. This structural arrangement provides a stable yet chemically tunable 

framework that allows systematic modification of the ligand sphere without disrupting the 

integrity of the metal-oxo core. Diimine ligands such as bipyridine and phenanthroline 

derivatives enable fine control over electronic properties, steric environment, and 

lipophilicity, parameters that are often critical in determining the biological activity and 

cellular uptake of metal compounds.8, 34 

Page 2 of 28Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
3/

20
26

 3
:2

5:
09

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6DT00824K

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6dt00824k


3

Previous studies focused on antimicrobial applications47-49 have demonstrated that oxo-Re(V) 

complexes may display activity against clinically relevant pathogens such as S. aureus and 

Candida albicans.50 More recently, the research group of Patra reported detailed 

investigations into the anticancer activity of oxo-Re(V) complexes together with mechanistic 

insights into their mode of action.51, 52 Despite these advances, systematic studies exploring 

the relationship between ligand design, physicochemical properties, and antibacterial activity 

in oxo-rhenium(V) complexes remain limited. 

In the present work, we address this gap by synthesizing and characterizing a library of oxo-

Re(V) complexes of general formula [Cl3ReO(NN)] bearing diimine (NN) ligands with 

systematically varied lipophilicity. The compounds were evaluated for their antibacterial 

activity against Gram-positive and Gram-negative bacteria and a relationship between ligand 

lipophilicity and antibacterial activity against Gram-positive strains, including MSSA and 

MRSA, was observed. Among the investigated compounds, complex 9, bearing NN = 

bathocuproine, exhibited the highest activity, with a minimum inhibitory concentration (MIC) 

of 2 µM against S. aureus strains and a therapeutic index of 4.9. Notably, complex 9 showed 

synergistic activity with ampicillin in MRSA at very low antibiotic concentrations. The 

biocompatibility of this compound was further evaluated through cytotoxicity studies in L929 

fibroblasts and an in vivo toxicity model using Artemia salina. In the latter assay, complex 9 

showed only 12.9% lethality at 8 μM (4× MIC) after 24 h incubation, indicating relatively low 

acute toxicity.

Results and Discussion
Synthesis and characterization

The series of oxo-rhenium(V) complexes of the general formula [Cl₃ReO(NN)] was synthesized 

using ten different diimine ligands as outlined in Figure 1. Although related oxo-rhenium(V) 

complexes have been previously reported,43, 53 the incorporation of structurally diverse rigid 

diimine ligands in this series enables a systematic investigation of their structural and 

spectroscopic properties. The formation of the oxo-rhenium(V) core was confirmed by 

standard spectroscopic techniques and X-ray driffraction. All complexes displayed a 

characteristic ν(Re=O) stretching band in the range 966-989 cm-1 (ESI), consistent with 
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literature values for terminal oxo ligands in Re(V) systems. Minor variations in the stretching 

frequency across the series likely reflect differences in the electronic properties of the 

coordinated diimine ligands. Electronic absorption spectra of the complexes exhibited broad 

bands in the 400-500 nm region (ESI), which can be attributed to metal-to-ligand charge 

transfer (MLCT) transitions involving the rhenium center and the π* orbitals of the diimine 

ligands. The position and intensity of these bands showed modest dependence on ligand 

structure, in line with the expected modulation of ligand π-acceptor properties.
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Figure 1. Top: synthetic scheme of [Cl₃ReO(NN)] species. Bottom: crystal structure of 
complexes 1, 4-7 and and 10. Thermal ellipsoids are at 30% probability. Hydrogen atoms are 
omitted for clarity.
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The solution structures of the complexes were investigated by 1H NMR spectroscopy. For 

several isolated derivatives (2, 3, 5, and 7), two distinct sets of proton resonances were 

observed (ESI), indicating the coexistence of two geometric isomers in solution. This behavior 

is attributed to the presence of the equatorial-O (mer isomer) and the axial-O (fac isomer) 

configurations within the distorted octahedral coordination sphere. For instance, the isolated 

complexes 2 and 3 predominantly exhibit the mer configuration in solution (ca. 79% and 67%, 

respectively), while complexes 5 and 7 favor the fac configuration (93% and 89%, 

respectively). Conversely, the isolated complexes 1, 4, and 6 display a single set of resonances 

corresponding exclusively to the mer isomer, whereas the phenanthroline-type complexes (8–

10) are observed solely as the fac isomer in solution (see ESI). This solution behavior stands in 

contrast to our solid-state observations. Single-crystal X-ray diffraction analysis of the 

complexes revealed exclusively the mer isomer (Figure 1). 

To gain deeper insight into this apparent discrepancy, density functional theory (DFT) 

calculations were performed at the PBE0-D3BJ/def2-SVP (SMD, solvent = THF) level of theory. 

The computational results reveal that the thermodynamic energy differences (G) between 

the two configurations are remarkably small, typically spanning a range of only 1 to 2.5 

kcal/mol (ESI). For complexes 1, 5, 7, and the phenanthroline series (8–10), the mer isomer is 

calculated to be the most stable species in solution by ca. 1 to 2 kcal/mol. For 4, the two 

isomers are virtually isoenergetic, while for 3 and 6, the fac isomer is predicted to be slightly 

more stable by ca. 1 to 2 kcal/mol. The mismatch between the computationally predicted 

solution stabilities, the NMR integration ratios, and the solid-state structures suggests that the 

isolation of these complexes is governed by a combination of kinetic control and phase-

separation thermodynamics (i.e. the relative solubility of the species in the specific reaction 

conditions). Because the complexes were isolated as solids that precipitate directly from the 

reaction mixture, the solid-state distribution does not reflect a purely relaxed solution 

equilibrium. Instead, the exclusive presence of the mer isomer in the solid-state structures is 

likely a consequence of the thermodynamic equilibrium established during the crystallization, 

and its lower solubility which shifts the solution equilibrium toward the mer form via 

continuous precipitation under the crystallization conditions. 
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Further characterization was attempted using photoluminescence and electrospray ionization 

mass spectrometry. However, no photoluminescence was observed for the oxo-Re(V) 

complexes, consistent with the absence of emissive excited states in this class of compounds. 

Similarly, no molecular ion peaks corresponding to intact complexes were detected by ESI-MS, 

likely due to the limited ionization of these species.

Antimicrobial effects

The antibacterial activities of the synthesized complexes were evaluated against MSSA, MRSA, 

Escherichia coli, and Pseudomonas aeruginosa strains (Table 1 and ESI). In order to assess 

selectivity and biocompatibility, the effects of the compounds were examined using L929 

mouse fibroblast cells and Artemia salina organisms as representative models of normal cells 

and whole-organism toxicity, respectively. Complexes containing the bipyridine-type ligands 

(1-4) did not show measurable antibacterial activity, suggesting that this ligand type is not 

conducive to antimicrobial efficacy within this series. Conversely, complexes 6, 8, 9, and 10 

demonstrated significant antibacterial activity against the Gram-positive strains, with relative 

MIC values roughly correlating to their lipophilicity (Figure 2A). However, the therapeutic 

indices of 6, 8, and 10 were below 1 (Table 1), implying limited selectivity due to pronounced 

toxicity toward normal cells. It is noteworthy that complex 9 exhibited a considerably higher 

therapeutic index (4.9) against Gram-positive bacteria, indicating a favorable balance between 

antibacterial potency and biocompatibility. However, the complexes showed no activity 

against Gram-negative bacteria, a finding that is likely attributable to the inherent 

permeability barrier imposed by the outer membrane of these strains. Collectively, our results 

identified complex 9 as the most promising antibacterial candidate in this series, with selective 

activity against Gram-positive pathogens and an acceptable safety profile.

Entry a MIC (µM) IC50 (L929) (µM)

MSSA MRSA E. coli P. aeruginosa
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Table 1. Top part: MIC values of the complexes in bacterial strains, and the IC50 value in L929 
(µM) cells after 24 hours. MIC: Minimal inhibition concentration, IC50: 50% viability 
concentration, TI: Therapeutic index (IC50(L929) / MIC(strain)). Bottom part: Artemia salina 
lethality assay after 24 hours.

a a and b are the rhenium precursor complexes Re(O)Cl3(PPh)2 and Re(O)Cl3(SMe2)(OPPh3) 
respectively. The activity of ligands was investigated previously. See reference 28. 

To further evaluate the toxicity of complex 9, its effects were assessed using the Artemia salina 

lethality assay as a measure of general biocompatibility (Table 1, Figure 2B). Artemia salina, a 

species of brine shrimp, is widely used as a rapid and cost-effective in vivo screening model 

for assessing the toxicity and safety profile of bioactive compounds, and has been shown to 

correlate well with toxicity in higher organisms.54, 55 Compound 9 exhibited a mortality rate of 

only 12.9% at a concentration corresponding to 4× MIC (8 µM) in Artemia salina, indicating a 

low level of acute toxicity even at supra-inhibitory doses. For comparison, the structurally 

related inactive control complex 6, with NN = bathophenanthroline, exhibited a mortality rate 

that was comparable to 9 (13.7%) but at a substantially higher concentration (128 µM). These 

results suggest that the antibacterial efficacy of complex 9 is not accompanied by proportional 

a >128 >128 >128 >128 >15

b >128 >128 >128 >128 >15

1 >128 >128 >128 >128 >15

2 >128 >128 >128 >128 >15

3 >128 >128 >128 >128 >15

4 >128 >128 >128 >128 10.01 ± 2.4

5 128 128 64 >128 7.01 ± 1.4

6 16 (TI:0.4) 16 (TI:0.4) >128 >128 5.75 ± 2.2

7 >128 >128 >128 >128 >15

8 32 (TI:0.5) 64 (TI:0.2) 64 >128 >15

9 2 (TI:4.9) 2 (TI:4.9) 64 >128 9.76 ± 2.9

10 16 (TI:0.1) 16 (TI:0.1) 64 >128 1.65 ± 0.5

Artemia salina lethality assay

Control 6 (8× MIC) 9 (1× MIC) 9 (2× MIC) 9 (4× MIC)

Mortality 2.9 ± 0.3 % 13.7 ± 0.9 % 4.8 ± 0.4 % 4.8 ± 0.4 % 12.9 ± 1.0 %
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toxicity and that its activity against MRSA is likely due to specific antibacterial mechanisms 

rather than nonspecific cytotoxic effects. 

Figure 2. Antibacterial activity, toxicity, and mechanistic evaluation of complex 9. A.  
Correlation between lipophilicity and antibacterial activity of complexes 6-10 against Gram-
positive strains, showing decreasing MIC values with increasing lipophilicity. B. Toxicity 
assessment in Artemia salina after 24 h exposure to DMSO (1%), complex 6 (128 μM), and 
complex 9 at 1×, 2×, and 4× MIC. Data represent the normalized % viability of Artemia salina 
nauplii as a mean values from six independent replicates, with standard deviations indicated. 
C. Effect of complex 9 on bacterial membrane potential in S. aureus strains, assessed using the 
DiOC₂(3) probe and expressed as the red/green fluorescence ratio over time. No significant 
changes were observed compared to the negative control (DMSO), while CCCP (25 μM, 2× 
MIC) was used as a positive control. D. Resazurin reduction assay evaluating the impact of 
complex 9 on bacterial metabolic activity. No inhibitory effect on respiration was observed; 
instead, an increased rate of resazurin reduction was detected in MRSA at 4× MIC. E. 
Membrane integrity assessment by propidium iodide (PI) uptake assay. Fluorescence intensity 
was measured after 0.5, 2, and 4 h incubation. Increased PI uptake was observed in MSSA 
after 4 h at 2× MIC, whereas no significant membrane permeabilization was detected in MRSA 
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under the same conditions. F. Effect of complex 9 on cell wall synthesis probed by HADA 
incorporation after 15 min exposure. Scale bar:  5 µm. Quantification of fluorescence intensity 
(bar graph, 500 cells per experiment, three independent replicates) is shown alongside 
representative fluorescence microscopy images of S. aureus cells treated with 2× and 4× MIC 
of 9 compared to the DMSO control.

Since most active antimicrobial Re complexes appear to act either on the bacterial membrane 

or the cell wall synthesis,29, 56, 57 we next performed experiments to evaluate the effect of 

complex 9 on the membranes of Gram-positive strains (Figure 2). This study employed PI and 

DiOC2(3) probes, respectively. DiOC2(3) (3,3′-diethyloxacarbocyanine iodide) was used to 

assess the effect of complex 9 on bacterial membrane potential. This green fluorescent dye 

forms red fluorescent aggregates as membrane potential increases.58 Experiments performed 

on MSSA and MRSA strains revealed no detectable effect of the complex 9 on membrane 

potential, as the results were comparable to those of the negative control (Figure 2C). 

As no effect on bacterial membrane potential was observed in the DiOC₂(3) assay, we next 

investigated whether the compound impacts cellular metabolic activity using a resazurin 

reduction assay (Figure 2D). Resazurin is a redox-sensitive dye that is reduced by metabolically 

active cells to the fluorescent compound resorufin, and is therefore widely used as an 

indicator of cellular respiration and viability.59 CCCP (100 µM) and sodium azide (NaN₃, 15 

mM) were employed as positive controls; however, sodium azide is not an optimal respiratory 

inhibitor for S. aureus because this organism lacks a classical cytochrome c oxidase and relies 

on alternative terminal oxidases that are less sensitive to azide inhibition.60 Complex 9 did not 

exhibit a notable inhibitory effect on bacterial respiration (Figure 2D). Instead, in the MRSA 

strain, 9 induced a marked increase in the rate of resazurin reduction, particularly evident at 

a concentration equivalent to 4× MIC. These results suggest that 9 accelerated the metabolic 

activity of MRSA at high concentrations, reflecting a possible induced stress response in S. 

aureus that transiently enhanced cellular redox activity. 

Given that no alterations in intracellular redox activity were detected, we next assessed 

whether the compound affects bacterial membrane integrity using the propidium iodide (PI) 

uptake assay. In cases of severe membrane damage, the membrane-impermeable PI dye can 

penetrate the cell and intercalate into DNA.61 PI red fluorescence intensity was measured after 

incubation periods of 0.5, 2, and 4 hours. A significant increase in red fluorescence was 
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observed after 4 hours of incubation with 2× MIC of complex 9 in MSSA. In contrast, no PI 

uptake was detected in MRSA, even after 4 hours of incubation (Figure 2E). Finally, we probed 

whether 9 may exert it antibacterial action by interfering with the peptidoglycan biosynthesis. 

To visualize the bacterial cell wall under fluorescence microscopy, the fluorescent D-amino 

acid probe HADA (7-hydroxycoumarin-3-carboxylic acid–D-alanine) was employed. HADA is 

metabolically incorporated into the peptidoglycan of actively growing bacteria via the cell wall 

biosynthesis machinery, enabling its direct visualization.62 In the HADA staining experiment 

performed on MSSA, no significant changes in HADA fluorescence intensity were observed 

compared to the control (Figure 2F), indicating that interrupting the cell wall synthesis is 

unlikely to contribute to the mechanism of action of 9.

As 9 did not show measurable effects in the aforementioned assays, we sought to gain further 

insight into its potential mechanism of action by examining its interactions with established 

antibiotics using checkerboard assays. Prior to this, we evaluated whether the inactive and 

non-toxic complexes 1, 2, 3, 4, and 7, could potentiate the activity of vancomycin against 

MRSA, as vancomycin remains a clinically relevant first-line treatment for MRSA infections and 

thus provides a suitable reference for assessing potential synergistic or sensitizing effects. For 

the co-injection experiments, the complexes (5 µM) were administered simultaneously with 

varying concentrations of vancomycin and bacteria incubated for 48 hours (Figure 3A and ESI). 

After 24 hours, a reduction of approximately 40% in bacterial growth was observed, 

particularly in the presence of complexes 1 and 2. For complexes 3, 4, and 7, a reduction in 

bacterial growth was also detected under complex-only conditions, suggesting a mild growth-

modulating effect independent of vancomycin. To assess whether pre-exposure to these 

complexes could sensitize bacteria to vancomycin, sequential addition experiments were 

performed (Figure 3B), in which vancomycin was added 24 hours after treatment with the 

complexes (5 µM). Under these conditions, no significant inhibition of bacterial growth was 

observed, even at 1×, 2×, or 4× MIC concentrations of vancomycin (1.25, 2.5, and 5 µg/mL, 

respectively). The results indicate that, although certain non-active complexes modestly 

suppress bacterial growth when co-administered, they do not induce sustained physiological 

changes that enhance susceptibility to vancomycin. 
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Figure 3. Evaluation of the combinatorial antibacterial effects and mechanistic investigations 
of [Cl3ReO(NN)] complexes. A. Bacterial viability of S. aureus in the presence of increasing 
concentrations of vancomycin and 5 µM of complexes 1-4 and 7 after 24 h and 48 h incubation. 
Optical density (OD600) values (light colors) and normalized OD600 values (dark colors) relative 
to the corresponding vancomycin concentrations are shown. B. Sequential treatment assay in 
MRSA with complexes 1-4 and 7. Cells were pre-treated with 5 µM complexes for 24 h, 
followed by addition of vancomycin at varying concentrations. Bacterial growth and viability 
was assessed after a further 24 h by measuring OD600 of the samples. C. Fractional inhibitory 
concentration (FIC) plots illustrating synergistic interactions of complex 9 with ampicillin in 
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MRSA. D. MRSA checkerboard heat map assays of complex 9 in combination with ampicillin 
after 24 h incubation. E. Efflux pump activity assessed by ethidium bromide (EtBr) 
accumulation assay in MRSA strains. Fluorescence intensity ( = 635 nm) was monitored over 
time following treatment with complex 9 at 1×, 2×, and 4× MIC, compared to control and 
tetracycline. F. Quantification of MRSA efflux efficiency in the presence of increasing 
concentrations of complex 9 at 0.5 and 1h post treatment. Statistical significance is indicated 
by asterisks (*** P < 0.0002, **** P < 0.0001). G. Time-kill kinetics showing MRSA bacterial 
growth over 72 h upon treatment with complex 9, ampicillin, and their combination (0.5× 
MIC). H. Heat map representation of bacterial growth inhibition across combinations of 
different concentrations ampicillin and complex 9, highlighting sustained suppression of MRSA 
growth for at least 72 h at sub-inhibitory concentrations (0.5× MIC ampicillin and 9).

Checkerboard assays evaluating the combined effects of complex 9 with various antibiotics 

were then performed against MSSA and MRSA strains (ESI). The results of these assays 

revealed synergistic interactions between complex 9 and chloramphenicol as well as 

tetracycline in the MSSA strain, while a synergistic effect was observed with ampicillin in the 

MRSA strain (Figure 3C and D). The significant synergy observed between complex 9 and 

tetracycline lead us to the hypothesis that 9 could inhibit bacterial efflux pumps. To this end 

we performed the ethidium bromide (EtBr) efflux assay with both MSSA (ESI) and MRSA strains 

(Figure 3E and F). In the MSSA strain, complex 9 induced a moderate and constitent inhibition 

of EtBr efflux (approximately 30–40%), that remained unaffected by both concentration and 

incubation time, indicating a partial or nonspecific interference with efflux activity. 

Conversely, a substantially more pronounced and concentration-dependent efflux inhibition 

was observed in the MRSA strain, where approximately 65% inhibition was achieved within 

30 minutes at 1× MIC and surpassed 90% inhibition at 4× MIC (Figure 3E and F). Tetracycline 

resistance in S. aureus is predominantly mediated by efflux pumps, such as Tet(K), Tet(L), and 

multidrug transporters, including NorA.63 Inhibition of these systems would be expected to 

increase intracellular tetracycline accumulation, and restore antibiotic susceptibility. The 

enhanced efflux inhibition observed in MRSA is consistent with the significant synergism 

between complex 9 and tetracycline, thereby supporting the hypothesis that complex 9 

functions, at least in part, as an efflux pump inhibitor.

The synergistic interaction between complex 9 and ampicillin was further validated using time-

dependent bacterial growth assays against the MRSA strain (Figure 3G and H). Co-

administration of sub-inhibitory concentrations of ampicillin (0.0625× MIC, 0.5 µg/mL) and 

complex 9 (0.5×  MIC, 1 µM) resulted in a pronounced delay in bacterial growth, extending the 
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lag phase by approximately 15 hours compared to treatment with ampicillin alone. Notably, 

complete suppression of bacterial growth was achieved for up to a minimum of 72 hours when 

ampicillin at 0.5× MIC (4 µg/mL) was combined with 0.5× MIC (1 µM) of complex 9, indicating 

a strong and sustained synergistic effect. 

MRSA resistance to -lactam antibiotics arises from two distinct but coordinated mechanisms 

in response to the antibiotic challenge (Figure 4).64 After detection of the antibiotic, the BlaR1 

receptor promotes expression of the low-affinity penicillin-binding protein PBP2a (encoded 

by the mecA gene) and the -lactamase enzyme PC1 (encoded by the BlaZ gene).65 The latter 

hydrolyzes the β-lactam ring of susceptible antibiotics such as ampicillin and penicillin, 

rendering them inactive. In contrast, methicillin is resistant to -lactamase-mediated 

hydrolysis and its lack of efficacy against MRSA is attributed to its poor inhibition of PBP2a.66 

The observed potentiation of ampicillin activity suggests that complex 9 may interfere with 

this resistance mechanism. Thus, we decided to employ molecular docking studies to explore 

potential interactions of complex 9 with PBP2a and related targets involved in cell wall 

biosynthesis and antibiotic resistance. The docking analysis revealed that complex 9 exhibits 

favorable binding affinities toward these key MRSA resistance-associated proteins, with 

calculated binding energies of -9.0 kcal/mol for BlaR1, -8.6 kcal/mol for PC1, and -9.8 kcal/mol 

for PBP2a (Figure 4), indicating that multiple components of the -lactam resistance 

machinery may be targeted.

However, when considered together with the biological data, a strain-dependent mechanism 

emerges for the complex. In MSSA, complex 9 does not potentiate -lactam antibiotics but 

instead shows synergism with tetracycline and chloramphenicol. This behavior, supported by 

ethidium bromide efflux assays (ESI), indicates that 9 acts primarily as an efflux pump inhibitor 

in this strain. In contrast, in MRSA, complex 9 induces a markedly stronger and concentration-

dependent inhibition of efflux, reaching over 90% inhibition at 4× MIC (Figure 3E). While this 

effect likely contributes to increased intracellular antibiotic concentration, it does not fully 

account for the highly selective synergism observed with ampicillin. Since 9 does not show 

synergism with methicillin, this suggests that inhibition of the -lactamase system (i.e. PC1 in 

Figure 4), rather than direct targeting of PBP2a, plays a central role. Thus, in this context, the 

interaction of 9 with PC1, and its possible Inhibition, would reduce enzymatic degradation of 
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ampicillin providing a mechanism for restoring antibiotic susceptibility. Overall, our data 

support a dual and strain-dependent mode of action for complex 9. In MSSA, its activity is 

dominated by moderate efflux pump inhibition, whereas in MRSA, strong efflux inhibition is 

complemented by interference with the -lactamase resistance pathway. Among the possible 

targets, PC1 appears to us as the most functionally relevant in explaining the selective 

potentiation of ampicillin, while PBP2a binding, although energetically favorable in silico, is 

unlikely to represent the primary mechanism of action. 

Figure 4. A. Schematic representation of the MRSA mechanism of resistance to -lactam 
antibiotics. Depicted are the BlaR1 (β-lactam receptor, PDB:8EXP),67 the PC1 β-lactamase 
(PDB:6WGR), and PBP2a  (PDB:4DKI)68 showing the calculated lowest energy binding sites and 
docking values of 9. The complex was predicted to bind BlaR1 at its cytosolic domain (-9.0 
kcal/mol), PC1 near the active site (-8.6 kcal/mol), and PBP2a at the transpeptidase (TP) active 
site (-9.8 kcal/mol). B. Structural model of the interaction of 9 with PC1,  highlighting in yellow 
some flexible amino acids residues in the binding region of the complex.

Conclusion

In this work, a series of oxo-Re(V) complexes of general formula [Cl₃ReO(NN)] was synthesized 

and systematically investigated to elucidate structure-activity relationships governing their 

antibacterial properties. Modulation of the diimine ligand lipophilicity was found to play a key 

role in tuning biological activity, with the bathocuproine-containing complex 9 emerging as 

the most active derivative. Complex 9 exhibited potent and selective activity against Gram-

positive bacteria, including MRSA (MIC = 2 M), while remaining inactive toward Gram-

negative strains. The compound displayed a favorable toxicity profile, combining low in vivo 
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toxicity in the Artemia salina model with good cytocompatibility toward L929 fibroblasts. 

Mechanistic studies indicated that complex 9 does not significantly affect membrane potential 

or overall respiratory activity. Instead, it induces alterations in intracellular redox processes 

under stress conditions and, notably, strongly inhibits efflux pump activity, particularly in 

MRSA (>90% inhibition at 4× MIC). These findings provide a mechanistic basis for the 

pronounced, strain-dependent synergistic effects observed with clinically relevant antibiotics. 

In particular, complex 9 significantly potentiated -lactam activity in MRSA, leading to 

sustained growth suppression for at least 72 h at sub-inhibitory concentrations. Molecular 

docking studies further support a multi-target mode of action, revealing favorable interactions 

with key proteins involved in β-lactam resistance (PBP2a, BlaR1, and BlaZ), consistent with 

interference in the resistance pathway. In contrast, structurally related but inactive complexes 

did not exhibit synergistic behavior, pointing to the important role of ligand design in dictating 

biological function. Overall, these results demonstrate that fine-tuning of the coordination 

sphere in oxo-Re(V) complexes enables control over their biological activity and highlights 

complex 9 as a promising scaffold for the development of metal-based antibacterial agents 

and antibiotic adjuvants targeting Gram-positive resistance mechanisms.

Materials and Methods

All chemicals were used in high purity. Infrared (IR) measurements were performed with a 

Bruker TENSOR II with the following parameters: 16 scans for the background and 32 scans for 

the sample with a resolution of 4 cm-1 in the 4000 to 600 cm-1 region. UV-Vis analysis of the 

complexes was measured on a Jasco V730 spectrophotometer. Nuclear magnetic resonance 

(NMR) measurements were obtained with a Bruker Advance III 400 MHz instrument. 

Cytotoxicity and antimicrobial tests were validated by using Tecan-Infinity M Nano with 

iControl program and Tecan-Spark 10M with SparkControl program respectively. 96-well 

plates were purchased from Sarstedt. The antimicrobial activity of complexes was assessed 

against Staphylococcus aureus 113 (methicillin sensitive, MSSA), Staphylococcus aureus mecA 

R2954 (methicillin resistant, MRSA), Escherichia coli (25922) and Pseudomonas aeruginosa 

(MPAO1 WT)69 strains. L929 mouse fibroblast cell line were kindly gifted from Prof. David 

Hoogewijs, Department of Medicine, University of Fribourg, Switzerland. Microscope images 

were collected with a Leica DM6B widefield fluorescence microscope with 63× oil 
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magnification in the Bioimaging Core Facilities, University of Fribourg, Switzerland. 

Microscope images were analyzed and quantified by using the LAS X and ImageJ programs. 1× 

and 2× Mueller-Hinton Broth (MHB) medium obtained from BioLife was prepared according 

to producer instructions. For cation-adjusted MHB (CAMHB) medium, 0.04 mg/mL Ca2+ and 

0.02 mg/mL Mg2+ were added by using CaCl2 and MgSO4 salt respectively. 0.9% NaCl solution 

was prepared and autoclaved before use. 7-hydroxycoumarincarbonylamino-d-alanine 

(HADA) was prepared according to a published procedure.70 Dulbecco’s Modified Eagle 

Medium (DMEM) (with L-glutamine and glucose), penicillin/streptomycin with L-glutamine 

(pen/strep with l-glu) and trypsin-EDTA were purchased from Pan, Biotech. Thiazolyl blue 

tetrazolium bromide (MTT) was provided by Thermoscientific – Acros. Fetal bovine serum 

(FBS) and phosphate buffered saline (PBS, 1×) solution was obtained from Gibco. The 

computational docking analysis was performed as previously descrived.44 Single-crystal X-ray 

diffraction data for the compounds were acquired using a Stoe STADIVARI diffractometer 

equipped with CuKα₁ radiation ( = 1.5406 Å) and an Oxford Cryosystems cryostat. The 

structures were determined by intrinsic phasing with the SHELXT program and subsequently 

refined by least-squares minimization using SHELXL. All crystallographic data generated in this 

study have been deposited with the Cambridge Crystallographic Data Centre (CCDC). The 

supplementary crystallographic information is available under CCDC deposition numbers 

2539772-2539777.

Synthesis methods

The rhenium precursor complexes Re(O)Cl3(PPh)2 (a) and Re(O)Cl3(SMe2)(OPPh3) (b) were 

synthesized according to literature procedures with modified reaction times.43, 71 Specifically, 

complex b was synthesized in 18 hours instead of 5 days. Dipyrido[3,2-a:2′,3′-c] phenazine was 

synthesized according to literature.72, 73 

General procedure for synthesis of the complexes 

Complex b (typically 0.1 mmol, 65 mg) and the corresponding ligand (1:1.2 molar ratio) were 

dissolved in the indicated solvent (5-10 mL) and stirred for 24-48 h. The resulting products 

were isolated by filtration and washed with appropriate solvents (THF and/or toluene). For 
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complexes 8-10, the ligand was used in a 1:2 molar ratio relative to complex b. The reactions 

were performed in THF (48 h), followed by filtration and washing with THF, toluene, or ethyl 

acetate.

(1) [Cl₃ReO(NN)] where NN = 2,2′-Bipyridine. The complex was previously reported using a 

different synthesis method.43, 53 Prepared in THF (24 h). Product isolation and crystallization 

were performed by slow evaporation from DCM. Yield: 13 mg of green crystals, 28%. IR (solid, 

cm-1): 979 (Re=O). UV-Vis (DCM, λmax [nm]): 455, 299. 1H NMR (400 MHz, CD3CN, ppm): δ = 

8.71 (d, J=7.8 Hz, 1 H), 8.64 - 8.67 (m, 1 H), 8.29 - 8.33 (m, 1 H), 8.23 - 8.26 (m, 1 H), 8.17 - 8.22 

(m, 1 H), 7.91 (ddd, J=7.5, 6.0, 1.3 Hz, 1 H), 7.68 - 7.74 (m, 1 H), 7.42 (ddd, J=7.5, 5.7, 1.2 Hz, 1 

H). 

(2) [Cl₃ReO(NN)] where NN = 4,4′-Dimethyl-2,2′-bipyridine. The complex was previously 

reported.43 Yield: 32 mg, 65%. IR (solid, cm-1): 979 (Re=O). UV-Vis (DCM, λmax [nm]): 448, 293. 
1H NMR (400 MHz, CD3CN, ppm): δ = 8.53 (d, J=0.9 Hz, 1 H), 8.47 (d, J=6.0 Hz, 1 H), 8.15 (d, 

J=0.7 Hz, 1 H), 8.06 (d, J=6.0 Hz, 1 H), 7.72 (d, J=7.2 Hz, 1 H), 7.23 - 7.26 (m, 1 H), 3.35 (s, 3 H), 

2.49 (s, 3 H).

(3) [Cl₃ReO(NN)] where NN = 4,4′-Dimethoxy-2,2′-bipyridine. Prepared in THF (48 h). Yield: 

51 mg, 97.3%, yellow powder. IR (solid, cm-1): 977 (Re=O). UV-Vis (DCM, λmax [nm]): 441, 266. 
1H NMR (400 MHz, CD3CN, ppm): δ = 8.59 (d, J=6.4 Hz, 1 H), 8.43 (d, J=6.7 Hz, 1 H), 8.18 (d, 

J=2.6 Hz, 1 H), 8.09 (d, J=2.8 Hz, 1 H), 8.01 (d, J=6.8 Hz, 1 H), 7.77 (d, J=2.6 Hz, 1 H), 7.41 (dd, 

J=6.8, 2.7 Hz, 1 H), 7.27 (dd, J=6.4, 2.6 Hz, 1 H), 6.95 (dd, J=6.7, 2.6 Hz, 1 H), 4.21 (s, 3 H), 4.09 

(s, 3 H), 4.01 - 4.03 (s, 3 H).

(4) [Cl₃ReO(NN)] where NN = 5,6-Pinene-2,2′-bipyridine. Prepared in THF (48 h). Yield: 42 mg, 

75%, green powder. IR (solid, cm-1): 987 (Re=O).  UV-Vis (DCM, λmax [nm]): 441, 307, 266. 1H 

NMR (400 MHz, CD3CN, ppm): δ = 8.70 (dq, J=5.7, 0.8 Hz, 1 H), 8.41 (d, J=8.2 Hz, 1 H), 8.14 (d, 

2 H), 7.40 (ddd, J=7.1, 5.6, 1.8 Hz, 1 H), 7.29 (s, 1 H), 3.85 (dd, J=18.7, 3.2 Hz, 1 H), 3.61 - 3.68 

(m, 1 H), 3.03 - 3.07 (m, 1 H), 2.70 - 2.78 (m, 1 H), 2.47 (dq, J=6.1, 3.1 Hz, 1 H), 1.44 (s, 3 H), 

1.37 (d, J=10.0 Hz, 1 H), 0.70 (s, 3 H). Crystallization was performed by layering 

(DCM/pentane).
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(5) [Cl₃ReO(NN)] where NN = 1,10-Phenanthroline.  Previously reported.53, 74 Prepared in 

toluene (48 h). Yield: 6 mg, 12.3%, light brown powder. IR (solid, cm-1): 983 (Re=O). UV-Vis 

(DCM, λmax [nm]): 412, 268. 1H NMR (400 MHz, CD3CN, ppm): δ = 9.33 (dd, J=5.0, 1.5 Hz, 2 H), 

8.89 (dd, J=8.3, 1.5 Hz, 2 H), 8.23 (s, 2 H), 8.12 (dd, J=8.3, 5.0 Hz, 2 H). Crystallization was 

performed by layering (DCM/pentane).

(6) [Cl₃ReO(NN)] where NN = 4,7-Diphenyl-1,10-phenanthroline. Prepared in THF (48 h). 

Yield: 49 mg, 78%, yellow powder. IR (solid, cm-1): 982 (Re=O). UV-Vis (DCM, λmax [nm]): 462, 

424, 283. 1H NMR (400 MHz, CD3CN, ppm): δ = 9.07 (d, J=5.5 Hz, 1 H), 8.51 (d, J=5.7 Hz, 1 H), 

8.20 - 8.25 (m, 2 H), 8.07 (d, J=9.5 Hz, 1 H), 7.70 - 7.74 (m, 1 H), 7.61 - 7.68 (m, 10 H). 

Crystallization was performed by layering (DCM/pentane).

(7) [Cl₃ReO(NN)] where NN = Dipyrido[3,2-a:2′,3′-c]phenazine. Prepared in THF (48 h). Yield: 

30 mg, 50%, dark powder. IR (solid, cm-1): 979 (Re=O). UV-Vis (DCM, λmax [nm]): 464, 354, 278. 
1H NMR (400 MHz, DMSO-d6, ppm): δ = 9.73 - 9.78 (m, 2 H), 9.31 (d, J=4.6 Hz, 2 H), 8.44 (dd, 

J=6.5, 3.4 Hz, 2 H), 8.17 - 8.21 (m, 2 H), 8.11 - 8.15 (m, 2 H). Crystallization was performed by 

layering (DCM/pentane).

(8) [Cl₃ReO(NN)] where NN = Neocuproin. Yield: 21 mg, 40%, pale brown powder. IR (solid, 

cm-1): 966 (Re=O). UV-Vis (DCM, λmax [nm]): 304, 284. 1H NMR (400 MHz, CD3CN, ppm): δ = 

8.74 (d, J=8.4 Hz, 2 H), 8.13 (s, 2 H), 7.94 (d, J=8.4 Hz, 2 H), 3.04 (s, 6 H).

(9) [Cl₃ReO(NN)] where NN = Bathocuproine. Yield: 16 mg, 24%, green-yellow powder. IR 

(solid, cm-1): 987 (Re=O). UV-Vis (DCM, λmax [nm]): 360, 293. 1H NMR (400 MHz, CD3CN, ppm): 

δ = 8.01 (s, 2 H), 7.91 (s, 2 H), 7.64 (s, 10 H), 3.10 (s, 6 H). Anal. Calcd for C26H20Cl3N2ORe: C, 

46.67; H, 3.01; N, 4.19. Found: C, 45.02; H, 2.93; N, 4.05.

(10) [Cl₃ReO(NN)] where NN = 3,4,7,8-Tetramethyl-1,10-phenanthroline. Yield: 19 mg, 17%, 

green-yellow powder. IR (solid, cm-1): 976.5 (Re=O). UV-Vis (DCM, λmax [nm]): 352, 279. 1H 

NMR (400 MHz, CD3CN, ppm): δ = 8.98 (s, 2 H), 8.31 (s, 2 H), 2.82 (s, 6 H), 2.62 (s, 6 H). 

Crystallization was performed by layering (DCM/pentane).
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Biochemical studies

The antimicrobial activity of the complexes was tested against two Gram-positive strains 

(Methicillin-sensitive Staphylococcus aureus [113 wt, MSSA] and Methicillin-resistant 

Staphylococcus aureus [mecA R2954, MRSA]) and two Gram-negative strains (Escherichia coli 

[ATCC 25922, E. coli] and Pseudomonas aeruginosa [MPAO1 WT, P. aeruginosa]) by following 

the Clinical and Laboratory Standards Institute (CLSI) guidelines and the broth microdilution 

method of Wiegard et al.75, 76 MHB medium was used as the bacterial liquid culture. Briefly, 

the complexes were dissolved/suspended in DMSO at a concentration of 12.8 mM. Then, 50 

µL of 1× MHB medium was added to a 96-well plate. 50 µL of the complexes diluted to a 

concentration of 0.512 mM with 1× MHB medium were added to the wells with the highest 

concentrations. Overnight-grown bacteria were diluted to an optical density at 600 nm (OD600) 

of 0.004 and added to the test wells at a volume of 50 µL. The bacterial strains were then 

incubated with the complexes for 24 hours at 37 °C. After incubation, the minimum inhibitory 

concentration (MIC) values were determined by measuring the optical density at 600 nm. The 

assay was conducted in four replicates. The complexes were dissolved in dimethyl sulfoxide 

(DMSO), and the volume ratio at the highest concentration was 1%. Membrane potential, 

membrane integrity, the effect on peptidoglycan synthesis, the checkerboard assay and 

resazurin reduction experiments investigating the mechanism of action were performed only 

on complex 9 in MSSA and MRSA strains according to published procedures.56, 77 

Efflux pump inhibition experiment

For the efflux pump assay, bacterial cultures were treated with ethidium bromide (EtBr). 

Cultures were grown to an optical density (OD600) of 0.6, then washed with 20 mM potassium 

phosphate buffer containing 1 mM MgCl₂. The bacterial cells were resuspended in the same 

buffer to a final OD600 of 0.2. The suspension was treated with 5 µg/mL EtBr and 10 µM 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP) and incubated for 60 minutes at 20 °C 

with shaking. After incubation, the cells were centrifuged at 2500 × g for 5 minutes and 

resuspended in the same phosphate buffer containing 5% glucose. The resuspended culture 

was then transferred to a black 96-well microplate and treated with 1× MIC tetracycline (1 

µg/mL), 100 µM CCCP, and the test complex at 1×, 2×, and 4× MIC concentrations. The 
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fluorescence of EtBr was measured at an emission wavelength of 635 nm with excitation at 

485 nm over a period of 30 minutes.

Time-dependent bacterial growth experiment

A time-dependent bacterial growth assay was conducted over a 72-hour period by monitoring 

OD600. The experiment was performed using a specific range of antibiotic and complex 

concentrations. An overnight bacterial culture was adjusted to an OD600 of 0.14 and 

subsequently diluted 200-fold to obtain a final inoculum concentration of approximately 10⁶ 

CFU/mL. Each concentration was tested in triplicate. Following inoculation, the microplate 

was placed into the plate reader cassette without a lid, and absorbance readings at 600 nm 

were recorded at hourly intervals for 72 hours. For the time-dependent growth experiments 

with the inactive complexes, complexes 1, 2, 3, 4, and 7 were either co-administered with 

vancomycin or added sequentially to S. aureus cultures. Following co-administration, bacterial 

growth was monitored by measuring OD600 at hourly intervals over a 48-hour period.

In vivo viability assay on Artemia salina

Artemia salina eggs were placed in a container of artificial seawater, prepared by dissolving 

22.7 g of sea salt in 0.5 L of distilled water. The larvae (nauplii) hatched after 48 hours of 

incubation at room temperature with strong aeration. The toxicity of the complexes on 

Artemia salina was then evaluated according to the reference protocol.78 Stock solutions of 

the complexes were prepared in DMSO at a concentration corresponding to 1% (v/v) in the 

test wells. Twenty nauplii were added to each well of the 96-well plates in 100 µL of 0.9% NaCl 

solution. DMSO and the complexes were added into the wells in 5 replicates. The test plate 

was incubated at 25 °C for 24 hours, and the number of surviving nauplii in each well was 

evaluated under a microscope. The data were normalized according to the following formula:

Normalized =  
Number of dead/alive nauplii 

Number of total nauplii in replica

In vitro cell toxicity experiments

The cytotoxicity of the complexes was tested on L929 – mouse fibroblast cells. For the cell 

culture, DMEM medium supplemented with 10% v/v FBS and 1% v/v Pen/strep with L-
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glutamine was used. The cytotoxicity of the complexes were tested for 24 hours with MTT 

cytotoxicity procedure.79 

Statistical analysis

The results were analyzed with GraphPad Prism 9 by using ordinary one-way ANOVA analysis 

of variance followed by multiple Dunnett’s comparison test. IC50 values were evaluated by 

using nonlinear regression analysis followed by variable slope. p < 0.05 was accepted as a 

statistically significant difference. Statistical significance: (*) p < 0.03, (**) p < 0.02, (***) p < 

0.0002, (****) p < 0.0001.

Computational Detalis

All Density Functional Theory (DFT) calculations were performed using the Gaussian 16 

software package.80 Geometry optimizations and subsequent frequency calculations were 

carried out using the PBE0 hybrid functional.81 To account for non-covalent interactions and 

long-range dispersion effects, Grimme’s atom-pairwise dispersion correction with Becke–

Johnson damping (D3BJ) was applied.82 The split-valence Ahlrichs basis set def2-SVP was 

employed for all light atoms (C, H, N, O, Cl) as well as for the rhenium (Re) center.83 For 

rhenium, the corresponding def2 effective core potential (ECP) was utilized to replace the core 

electrons and account for scalar relativistic effects. Solvent effects of tetrahydrofuran (THF) 

were implicitly incorporated during all steps using the Solvation Model based on Density 

(SMD).84 The numerical integrations were executed utilizing the UltraFine grid to ensure 

convergence stability and precision. Frequency calculations were systematically performed at 

the same level of theory on the optimized geometries to confirm the nature of the stationary 

points (ensuring zero imaginary frequencies for ground-state minima).
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Data availability

The data supporting this article have been included as part of the Electronic Supplementary 
Information (ESI). Crystallographic data for the compounds have been deposited at the 
Cambridge Crystallographic Data Centre (CCDC) under deposition numbers 2539772-
2539777. Copies of the data can be obtained free of charge via the CCDC website. 
Additional data supporting the findings of this study are available from the corresponding 
author upon request.
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