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Abstract: 

Antimicrobial resistance (AMR) is a major threat to public health, causing serious issues in the 
successful prevention and treatment of persistent diseases. Transition metal complexes are 
currently evaluated for the possible development of alternative antimicrobial agents. In our 
ongoing efforts to identify safe and effective rhenium-based antibiotics, we have prepared a 
family of compounds bearing derivatives of thiazolohydrazinylidene-chroman-2,4-diones. Two 
compounds were identified as being active and nontoxic in vivo (zebrafish-S. aureus 
ATCC43300 model of infection), efficiently eradicating Methicillin-resistant Staphylococcus 
aureus (MRSA) infection at doses of 500 and 520 ng/mL respectively. In vitro studies indicate 
that, contrary to other known active rhenium complexes, the compounds do not affect 
peptidoglycan synthesis or compromise the integrity of the cytoplasmic membrane, but rather 
that bacterial membrane depolarization may play a role in their antibiotic activity. 

Keywords: antibacterial, rhenium complexes, MRSA, zebrafish, thiazolohydrazinylidene-
chroman-2,4-diones. 

1. Introduction 

Antibiotic resistance has become a pressing issue in the field of healthcare and medicine. The 
rise of microorganisms that are resistant to antibiotics poses a significant threat to public health, 
as it leads to difficulties in treating common infections.[1-3] The overuse and misuse of 
antibiotics have contributed to the development of resistance in various strains of bacteria, 
making it imperative to find alternative treatment options and approaches.[4] The World Health 
Organization has recognized antibiotic resistance as a significant and escalating issue on a 
global scale. With reports of high levels of resistance emerging from various regions around 
the world, the urgency to address this issue has become increasingly evident. [5] The problem 
of antibiotic-resistant species is further highlighted by the World Health Organization’s 
decision to publish a list of germs that it considers the highest priority for the discovery of new 
antimicrobial drugs [6] particularly against Gram-negative bacteria and members of the 
Enterobacteriaceae family. [7-15] Over the last few years, considerable attention has been paid 
to the use of inorganic and organometallic compounds for their antibacterial properties. These 
compounds may offer a practicable alternative to traditional antibiotics and have shown 
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potential in combating antibiotic-resistant bacteria. [16-21] It's interesting to note that rhenium 
compounds, which have predominantly been studied for their anti-tumor effects [22-26] have 
very promising antibacterial activity.[27-35] The landmark study by Metzler-Nolte and 
Bandow from 2013 marked the beginning of the assessment of the antibacterial potentials of 
rhenium carbonyl complexes [36]. In their trimetallic complexes, the [(dipicolyl)Re(CO)3] 
moiety is the crucial component for the antibiotic action of the molecules, as demonstrated by 
a systematic structure-activity relationship investigation against a variety of harmful bacteria, 
including methicillin-resistant S. aureus MRSA. [37] In the previous investigation from our 
group, Sovari et al. have shed some light on the series-of arylcoumarin of fac-[Re(I)(CO)3] 
complexes for their antimicrobial activities.[38] Sovari et al. found that some of the tested 
complexes exhibited low toxicity in vivo and were effective at nanomolar concentrations in the 
treatment of infections caused by MRSA. The bactericidal effectiveness of the organic 3-
arylcoumarin ligands increased by two or three orders of magnitude when coordinated to the 
fac-[Re(CO)3]+ core. The mechanism of action of the rhenium complexes on bacterial cells was 
not fully elucidated, but the study indicates that they do not affect the bacterial cell membrane 
potential. However, it was found that some of the most potent complexes may interact with 
DNA, suggesting it as a possible target for the compounds. [38] Following Sovari's studies, we 
decided to focus again on coumarin-type ligands for the rhenium core, and we prepared and 
investigated the antimicrobial activity of a novel family of Re(I) tricarbonyl compounds with 
ligands containing coumarin, specifically derivatives of thiazolohydrazinylidene-chroman-2,4-
diones. [38-41] The derivatives we describe belong to the class of compounds known as azo 
compounds. The use of azo compounds is expected to be advantageous, as it expands the 
possibilities of drug design due to their antibacterial, anti-inflammatory, anthelmintic, antiviral, 
and anticancer properties.[42] For our molecules we decided to employ, 2-aminothiazole, a 
typical heterocyclic amine used in the synthesis of a wide range of compounds, including 
sulphur-containing medicines, biocides, fungicides, [43-45] and 4-hydroxycoumarin due to its 
dominance in natural product chemistry, with a variety of pharmacological effects, and good 
optical qualities. [46-51] In this contribution we highlight the synthesis of the family of 
complexes, their antibiotic effectiveness both in vitro and in vivo for the least toxic compounds 
and attempts to better understand their mode of action by analyzing their effects on the bacterial 
membrane and peptidoglycan biosynthesis.  

2. Results and discussion  

2.1 Synthesis and characterization of ligands and complexes 

The synthesis of the thiazolohydrazinylidene-chroman-2,4-diones ligands involves the 
diazotization of 2-aminothiazole derivatives and their subsequent coupling to 4-
hydroxycumarin (Scheme 1). Ligands L1, L2, L4 and L6  were prepared following a published 
procedure [39], while ligands L3  and L5  were prepared according to a specified procedure, 
adapted for our needs. [40, 41] These ligands were then used in the synthesis of fac-
[Re(CO)3(N⁀N)Br] complexes 1-6, as illustrated in Scheme 1. The pentacarbonyl precursor 
[Re(CO)5Br] was synthesized by the reaction of dirhenium decacarbonyl [Re2(CO)10] with 
bromine [52] and then complexed with L1-L6. Specifically, the required fac-
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[Re(CO)3(N⁀N)Br] complexes were synthesized in a one-pot reaction by the decarbonylation 
of [Re(CO)5Br] in the presence of the bidentate ligands in dry toluene, according to the 
published procedure.[53] The one-pot reaction method not only facilitated the synthesis and 
purification process but also resulted in high yields of the desired complexes. Under these 
conditions, complexes 1-6 spontaneously precipitate from the reaction mixture and their 
isolation was carried out via vacuum filtration. Additionally, yields of complexes 1-6 were as 
high as 92%.  
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Scheme 1. General synthetic procedures and chemical structures of ligands L1-L6 and bromo 
rhenium complexes 1-6. 

Ligands L1-L6 might theoretically take five distinct tautomeric forms [40] (Scheme 2). The 
diketo form “a” (Scheme 2) prevails as the most stable tautomeric conformer for compounds 
L1-L4 and L6 according to previously reported gaseous phase calculations [54] while the 
diazenyl form “c” of compound L5 was predicted as the most stable tautomer. [41] Taking into 
account the nature of the ligands and heteroatoms present in their structure, from the TD-DFT 
calculations, the most stable form of the corresponding fac-[Re(CO)3(N⁀N)Br] complexes, 
was predicted as the N=N bound form A (Scheme 2). However, when the complexes are 
exposed to a coordinating solvent (H2O, DMSO, MeOH, CH3CN), structure B (Scheme 2, S* 
= coordinating solvent) prevails. Typically, coordinating solvents have the ability to substitute 
Br, leading to a positively charged complex of formula fac-[Re(CO)3(N⁀N)S*]+. We found 
that, under these conditions, the coumarin OH group is easily deprotonated and coordinates to 
Re, stabilizing at the same time the charge of the complex. 
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Scheme 2. Possible tautomeric forms of ligands L1-L6 (top) and of complexes 1-6. 

The 1H NMR spectra of 1-6 in coordinating solvents revealed a plethora of signals (Figure 1) 
due to the equilibrium established amongst the tautomeric form of the ligand bound to Re atom 
(structures A, B and C, Scheme 2). It is noteworthy to mention that 1H NMR spectroscopy (in 
dry CD2Cl2) reveals that it is the form C of the complex (Scheme 2) that it is obtained as a 
reaction product. In terms of characterization and photophysical properties, complexes were 
fully characterized by 1H NMR, 13C NMR, IR spectroscopy, and UV-Vis spectroscopy (ESI). 
As expected, infrared spectra of rhenium complexes 1-6 showed two characteristic bands 
corresponding to the υ(CO) symmetric and asymmetric stretching modes around 2022 and 1916 
cm-1. The UV-Vis spectra of complexes 1-6 are all very similar. They have an intense absorption 
band around 560nm, with a lower absorption band at about 360nm and a shoulder at 270-290 
nm. In addition, none of the complexes exhibits fluorescence characteristics. 

 

Figure 1. 1H NMR spectra of complex 1 in CD2Cl2, DMSO-d6 and CD3CN (A, B and C 
respectively) with a focus on the aromatic region. 
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Having prepared complexes 1-6, we decided to further expand the library of compounds by 
substituting the coordinated Br by neutral monodentate ligand such as pyridine (py). The reason 
for this choice is based on previous results published by Sovari et al. study [34], who 
demonstrated that cationic, mostly py, tricarbonyl complexes show better activity and lower in 
vivo toxicity than similar neutral bromide species. To this end, we set out to synthesize fac-
[Re(CO)3(N⁀N)#L#]+, where L# = pyridine or other monodentate ligands and (N⁀N)# = 
structure A (Scheme 2) of ligands L1-L6. However, despite our efforts, the reaction of 
[Re(CO)5Br] in the presence of the bidentate ligands L1-L6 and L# always resulted in fac-
[Re(CO)3(O⁀N)#L#] complexes (7-16, Scheme 3) where (O⁀N)# = the diazenyl structure B 
(Scheme 2) of ligands L1-L6. The deprotonation of the coumarin OH group and its binding to 
Re results in the formation of neutral, rather than the desired cationic, complexes.
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Scheme 3. General synthetic procedures and chemical structures of complexes 7-16. 

Nevertheless, using a mixture of ethyl acetate and hexane as an eluent, the purification and 
isolation of the rhenium complexes in the crude mixtures was successfully carried out by 
column chromatography. After the column chromatography process, the isolated fractions (Rf 
values are displayed in ESI, Figure S48) containing the complexes were subjected to 
lyophilization, resulting in the formation of dry powders, suitable for further characterization 
and analysis. Contrary to 1-6, compounds 7-16 show clean 1H NMR and 13C NMR spectra in 
coordinating solvents, indicating that the structures are the thermodynamically stable 
tautomeric forms, and that the species do not exchange L# for solvents. Similarly to 1-6, 
compounds 7-16 show characteristic υ(CO) symmetric and asymmetric stretching in their IR 
spectra and do not exhibit fluorescent properties.  
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2.2 X-ray crystallography  

In this study we succesfully managed to crystallize several of the molecules described above. 
Ligands L1, L2, L4 and L6 were crystallized using a variety of methods and their structures 
are given in ESI (Figure S47). They show similar structural parameters as L3, previously 
disclosed.[40]  In order to fully understand how coordinating and non-coordinating solvents 
affected the structure of the complexes, many attempts were carried out to crystallize the 
complexes using different types of solvents. It is enthralling to notice how the type of solvent 
may determine the coordination mode of L1-L6 and the resulting structure of fac-
[Re(CO)3(N⁀N)Br] type complexes. For compound 1 two distinct crystal structures were 
determined. The first crystal was obtained by dissolving compound 1 in DMSO and then 
layering it with H2O, at R.T. The results indicate that Br was substituted by H2O, while the 
coumarin OH group deprotonated and formed a new bond to Re. The second crystal was grown 
by dissolving compound 1 in dry CH2Cl2 and then layering it with dry pentane, at R.T. In this 
case, there is no change in the structure of fac-[Re(CO)3(N⁀N)Br] (A, Scheme 2). Figure 2 
depicts the crystal structure of these tautomers. 

 

Figure 2. Crystal structures of complex 1, in two distinct tautomer forms observed respectively 
in coordinating (left) and non-coordinating solvents. Thermal ellipsoids are at 30% probability. 
Hydrogen atoms are omitted for clarity. 

Compounds 2 and 6 were crystalized in dry CH2Cl2 and dry pentane. The crystallization of 
compound 5 was carried out via slow evaporation of a MeOH solution. MeOH behaves 
similarly to H2O in that Br was substituted while the coumarin OH group deprotonated and 
coordinated to Re. With the exception of compound 1 in DMSO:H2O, which crystallized in the 
triclinic lattice in P-1 space group, all of the other complexes crystallized in a monoclinic lattice 
in the P21/c space group. Figure 3, displays the crystal structures of 2, 5, and 6. 
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Figure 3. Crystal structures of complexes 2, 5 (top), and 6. Thermal ellipsoids are at 30% 
probability. Hydrogen atoms are omitted for clarity. 

The crystal structures of compounds 7, 8, 9 and 12 are shown in Figure 4. Compound 7 
crystalized by layering CH2Cl2 and pentane, in the triclinic crystals system, P-1 space group. 
Compound 8, 9 and 12 (all characterized by a coordinated py) crystalized by layering diethyl 
ether on a CH3CN solution of the molecules. Complexes 8 and 9 crystallized in triclinic crystal 
system, P-1 space group, while compound 12 in monoclinic crystals system, P21/c space group. 
Finally, single crystals of 13, 15 and 16 suitable for X-ray diffraction analysis (Figure 5) were 
obtained by slow evaporation of either MeOH or CH3CN solutions of the compounds.   

 

Figure 4. The crystal structure of complexes 7, 8 (top), 9 and 12. Thermal ellipsoids are at 30% 
probability. Hydrogen atoms are omitted for clarity. 

https://doi.org/10.26434/chemrxiv-2024-kq6nx ORCID: https://orcid.org/0000-0002-9077-7184 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-kq6nx
https://orcid.org/0000-0002-9077-7184
https://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

 

Figure 5. the crystal structure of complexes 13, 15 and 16. Thermal ellipsoids are at 30% 
probability. Hydrogen atoms are omitted for clarity. 

2.3 In vitro cytotoxicity and antimicrobial activity of molecules.  

Essential to this research is the study of the biological properties of each complex to determine 
their potential antimicrobial properties and toxicity. As a first step we then conducted in vitro 
assays to determine the cytotoxicity and the minimum inhibitory concentration of the 
compounds, followed by in vivo toxicity studies in zebrafish to evaluate their effects on living 
organisms. In vitro cytotoxicity studies on mouse fibroblast L929 cells indicated that most of 
the tested complexes do not show significant toxicity at concentrations below 10 µM (ESI, 
Figures S549-S51).  The antimicrobial activity of the ligands and complexes was then evaluated 
against two S. aureus strains and two Candida strains, namely C. albicans and C. auris 7. Table 
1 and 2 give the collected data of L1-L6 and 1-15 respectively. While all ligands were effective 
against S. aureus strains, but ineffective against the fungi, they showed similar in vivo toxicity 
and consequently a very low therapeutic index (Ti). Coordination of the ligands to the fac-
[Re(CO)3]+ core did not generally improve the efficacy of the complexes with the exception of 
2 and 6. These two compounds showed a good MIC value against S. aureus strains (3.13 and 
1.6 µM respectively), but more importantly low toxicity in vivo (LC50 values >50 µM for 2 
and ca. 35 µM for 6) and very good Ti’s (>16). To our surprise, complexes 7-15 were 
completely inactive against the pathogens, suggesting perhaps that a weakly coordinated 
monodentate ligand may be required (but not sufficient) for the antibiotic action of this family 
of complexes. Finally, none of the molecules tested showed any activity against Candida 
strains. 
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Table 1. Minimum inhibitory concentration (MIC, µM), LC50 and therapeutic index (Ti) of 
ligands L1-L6 against MRSA, MSSA and fungal strains. 

Compound LC50 C. 
albicans 

C. auris 7 MRSA MSSA Ti 

L1 <2.5 >50 >50 12.5 12.5 0.23 

L2 3.5 >50 >50 12.5 12.5 0.28 

L3 <2.5 >50 >50 12.5 12.5 0.23 

L4 <2.5 >50 >50 12.5 6.25 0.2 

L5 3.5 >50 >50 6.25 <1.6 0.56 

L6 <2.5 >50 >50 <1.6 3.13 1.56 

Table 2. Minimum inhibitory concentration (MIC, µM), LC50 and therapeutic index (Ti) of 
Complexes 1-16 against MRSA, MSSA and fungal strains. * 

Compound LC50 C. albicans C. auris 7 MRSA MSSA Ti 

1 3.5 >50 >50 3.13 3.13 1.1 

2 >50 >50 >50 3.13 3.13 >16 

3 3.5 >50 >50 12.5 25 <1 

4 3.5 >50 >50 1.6 1.6 2.2 

5 7.1 >50 >50 1.6 1.6 4.4 

6 34.7 >50 >50 1.6 1.6 21.7 

7-15 n.d. >50 >50 >50 >50 n.d. 

* Complex 16 was not tested due to some impurities that could not be removed by HPLC or 
column chromatography. 
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2.4 In vivo effects of 2 and 6 against MRSA infection. 

Having established the antimicrobial potency of the complexes, we decided to investigate the 
in vivo efficacy of 2 and 6 against MRSA using the zebrafish-S. aureus ATCC43300 model of 
infection. To this end, systemic infection of zebrafish embryos was accomplished by injecting 
1500–1600 fluorescently labelled bacterial cells into their bloodstream 34-hours post 
fertilization (hpf). Infected embryos were then exposed to 1

8�  × to ½ × MIC doses of 2 and 6 
and inspected, over a period of 4 days post infection (dpi), for survival and bacterial cell 
occurrence (fluorescence) as measures of their antibacterial efficacy. We found that 2 and 6 
successfully rescued zebrafish embryos from lethal MRSA infection during a 4-day treatment, 
with the protective effect being evident already at 24–48 hours post injection (hpi) at ¼ and ½ 
× MIC dose respectively (P < 0.001, log-rank test, Figure 6A). While untreated embryos 
developed large pericardial edema by 48 hpi with strong red fluorescence originating from 
labelled S. aureus, and progressively died by 4 dpi (mortality rate of 60%), fish treated at ¼ × 
MIC of 2 and ½ × MIC 6 had markedly reduced bacterial load (based on fluorescence signal, 
Figure 6B), and all survived by 4 dpi. Based on the survival rate of infected embryos by 4 dpi, 
2 and 6 increased the infected embryos survival rate to 100% at the dose of ½ × MIC, compared 
to that in untreated group. Moreover, at 48 h post treatment, at 0.8 µM dose, no detectable 
fluorescence of labelled S. aureus cells was observed within the body of the infected animals, 
suggesting effective MRSA infection eradication (Figure 6A). Less effective were the 
complexes at 0.4 µM doses, with embryos’ survival reduced to 80 and 50% respectively for 2 
and 6 at 4 dpi.  Taken together, the data obtained in this infection assay indicate that 2 and 6 
are efficient and safe agents against MRSA infection in vivo at doses of 500 and 520 ng/mL 
respectively. 

 

Figure 6. Complexes 2 and 6 successfully rescued zebrafish embryos from the lethal MRSA-
infection. Wild (AB) zebrafish embryos were infected with 1500–1600 fluorescently labelled 
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cells of S. aureus ATCC43300 (MRSA) into the circulation valley and treated with different 
doses of the tested complexes for 4 days. The antibacterial efficacy of the applied complexes 
was assessed by monitoring the survival of MRSA-infected embryos (Kaplan-Meier survival 
curves, A) and fluorescence of bacterial cells burden (red fluorescence in the panel B) during a 
course of 4-days treatment (n = 20). Signs of multiplied infection in untreated embryos were 
visible already at 24 h after bacterial cells injection, while infection burden was markedly 
suppressed upon application of 2 and 6, especially at 0.8 µM doses of complexes. Significance 
in the survival rates between treated and untreated embryos is indicated with asterisks (∗P < 
0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). 

2.4 Mechanism of action studies 

Only limited data are available on the mechanism of action of antibiotic rhenium complexes, 
but effective compounds are reported to either inhibit membrane-associated stages of 
peptidoglycan (PG) synthesis [35] or affect the bacterial membrane. [36] We also decided to 
investigate the impact of 2 and 6 on the PG biosynthesis and the bacterial cytoplasmic 
membrane. Disruption of the PG synthesis process can be monitored with the fluorescent amino 
acid derivative 7-hydroxycoumarincarbonylamino-d-alanine (HADA). In microbiology HADA 
is widely used in this context for different bacteria [55], including S. aureus.[56] The 
microorganisms incorporate HADA during the extra-cytoplasmic stage of PG synthesis through 
activity of transpeptidases [57], and the use of HADA allows monitoring sites of emerging PG 
or its spatial distribution. Exposure of S. aureus cells to 2 and 6 at 2× their MIC value did not 
significantly affect HADA incorporation in the PG of MRSA, while, within experimental error, 
the relative fluorescence intensity of the amino acid derivative only slightly decreased in treated 
cells at 4×MIC of 2 and 6 (Figure 7). Next, we decided to determine the activity of the 
complexes in a checkboard assay with vancomycin. The drug is an important antibiotic 
recommended in several countries for the treatment of MRSA, [58-61] and it acts by inhibiting 
the second stage of cell wall biosynthesis.  The results of our experiments indicate that fractional 
inhibitory concentration index of the vancomycin/rhenium complexes chequerboard assays is 
between 0.75 and 1, indicating no interaction (i.e. an indifferent effect) between the drugs, 
further suggesting that 2 and 6 may not act on the PG biosynthesis. Finally, we investigated the 
binding affinity (docking scores) of 6 in its two tautomeric forms with all MRSA proteins 
involved in peptidoglycan biosynthesis (detailed data are provided in ESI, Figure S52). Of the 
enzymes involved, the penicillin-binding proteins (PBPs) were of particular interest to us since 
they are the transpeptidases that perform the crosslinking reaction in the synthesis of the 
peptidoglycan backbone which would involve incorporation of HADA. [62-65] Indeed, 
complex 6 showed amongst the lowest binding affinity with PBPs (ESI, Figure S52). Taken 
together, the results imply that 2 and 6 have little effect on the PG biosynthesis, and inhibition 
of the same is unlikely to play a role in the mechanism of action of the molecules. 
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Figure 7. HADA incorporation into S. aureus peptidoglycan biosynthesis. A. Relative HADA 
fluorescence intensities quantified from ≥200 cells per experiment from three independent 
biological replicates. B. HADA labelled S. aureus ATCC25923 cells after a 10min exposure to 
2 and 6 at 4×MIC concentration. DMSO (0.5%) was used as the negative control. Microscopic 
settings were kept constants for all micrographs. Scale bar, 5μm.  

Next, we investigated the effect of 2 and 6 on the cytoplasmic membrane of MRSA. First, we 
evaluated changes in the membrane potential of the bacterium. To this end we used the 3,3′-
diethyloxacarbocyanine iodide [DiOC2(3)] fluorescent dye. [DiOC2(3)] exhibits a green 
fluorescence in cells with a normal or depolarized membrane potential. However, when the 
membrane potential becomes hyperpolarized (more negative inside the cell), [DiOC2(3)] 
aggregates and exhibits a red-shifted fluorescence emission. The ratio of red to green 
fluorescence is often calculated as an indicator of membrane potential, allowing to monitor the 
dynamic changes in bacterial membrane potential in response to different drugs.  Both 2 and 6 
significantly reduced membrane potential at 1× MIC, with the effect being more pronounced as 
a function of the increasing concentration of the complexes (Figure 8). Although, the effect of 
the compounds was not as severe as the one induced by protonophore carbonyl cyanide m-
chlorophenylhydrazone (CCCP), it is possible that bacterial membrane depolarization may play 
a role in in the antibiotic effect of 2 and 6. 
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Figure 8. Time-dependent effect of 2 (top) and 6 (middle) on the membrane potential of S. 
aureus ATCC25923 cells. Membrane potential was measured as a function of the red to green 
fluorescence ratio of [DiOC2(3)]. Protonophore CCCP (25 μM, 2×MIC) was used as a positive 
control and DMSO as a negative control. Bottom, PI fluorescent intensity of S. aureus cells 
treated with DMSO (1%), Nisin (100 µg/mL) and 4 different concentrations of complexes 2 
and 6 at three different time points. Statistical analysis was performed against DMSO treated 
control cells. Statistical significance: (*) p < 0.0332, (**) p < 0.021, (***) p < 0.0002, (****) p 
< 0.0001. 
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We then examined the integrity of the cytoplasmic membrane by exposing MSSA cells to 2 and 
6 and to the non-permeant, positively charged propidium iodide (PI) dye in a concentration and 
time-dependent assay (Figure 8). PI is impermeable to viable bacteria with intact membranes 
but can penetrate cells with compromised membranes. Once inside the cell, PI intercalates into 
DNA bases forming a strong red-emitting fluorescent complex. [66] Contrary to the positive 
control nisin, neither 2 or 6 allowed penetration of PI in MSSA cells, clearly excluding the 
possibility that the mode of action of the compounds is related to disruption of membrane 
impermeability or its barrier function.  

Finally, we performed small-angle X-ray scattering (SAXS) analysis and analyzed in silico the 
interaction of 2 and 6 with a semi-flexible POPE:POPG membrane model. SAXS is a powerful 
technique used to study the structure of biological membranes at the nanometer scale. It can 
provide detailed information about the size, shape, and structural changes of membranes. The 
SAXS curve of the untreated Gram positive (g+) vesicles (POPE:POPG at a weight ratio of 1:3) 
before the addition of the complexes are characteristic of oligo-lamellar vesicles. In the low-q 
values (q < 0.3 nm-1) the scattering decays approximately as q-2.6. The overall dimensions of the 
vesicles are beyond the accessible q-range of our set-up, which is 30 nm, calculated with Dmax 
= PI/q. A broad correlation peak can be observed in the q-range of 0.1-3 nm-1, with further 
undulations at higher q-values arise from the electron density differences in the thickness region 
of the vesicle bilayer. This excess electron density, relative to the buffer, is lower for alkyl 
chains and higher for the phosphate head-groups with their associated counter ions. The 
additional shoulder around q = 0.4 nm-1 may arise from the inter-bilayer scattering in the oligo-
lamellar vesicles (Figure 9A).  

Upon addition of complexes 2 and 6, the signal-to-noise ratio in the SAXS curves increases 
significantly in the q range below 0.5 nm-1 (Figure 9A). The first minimum in the SAXS curve 
also shifts from q around 0.3 nm-1 to around 0.6 nm-1. This demonstrates the interaction of the 
complexes with the vesicle bilayer. The accumulation of the rhenium complexes in or at the 
negatively charged vesicle bilayer increases the excess electron density, which increases the 
scattering signal. The modified electrostatic interactions among the charged headgroups can 
modify the curvature of the bilayer. The electrostatic repulsions between the lamellar layers in 
the oligolamellar vesicles is also influenced, as indicated by the change in power-law scattering. 
This interaction appears more prominent for compound 6. The low-q power law scattering 
exponent decreases from -2.6 for the g+ vesicles to around -2.8 for compound 2 and -3.6 for 
compound 6. As the power-law exponent increases with the number of layers in oligo- and 
multi-lamellar vesicles, this may result from an increase in the number of layers and/or ordering 
as a result of modified bilayer interactions upon adsorption of compound 6.  

The results of the theoretical calculations (Figure 9B), confirm the experimental SAXS results 
in that in the lowest energy poses, 6 appears to more strongly interact with 1:2 POPE:POPG 
membrane model as compared to 2. This latter compound does not deeply penetrate in the lipid 
layer, but rather “hovers” above or weakly interacts with it, while 6 more prominently interacts 
with the membrane model (Figure 9B), confirming that the interaction of the complexes with 
the vesicle bilayer is predominantly electrostatic in nature as indicated by SAXS data. Finally, 
the calculations indicate that both compounds cause a structural rearrangement of the flexible 
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lipids as compared to the initial 1:2 POPE:POPG membrane model. This rearrangement may 
relate to the observed modification of the electrostatic repulsions between the vesicle bilayer 
resulting in the decreased distance between the lamellar layers in the oligolamellar vesicles 
observed in the SAXS experiment. 

 

Figure 9. A. SAXS pattern of g+ vesicles (POPE: POPG at a weight ratio of 1:3) before (black 
curve), and after addition of complex 2 (blue curve) and complex 6 (green curve). B. Top and 
detail side views of lowest-energy conformation of complexes 2 and 6 in the semi-flexible 1:2 
POPE:POPG membrane model (flexible lipids are shown in green).  
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3. Conclusion 

We have reported in this study the synthesis, characterization, antibacterial activity and in vivo 
efficacy of a library of molecules, including 16 rhenium complexes bearing derivatives of 
thiazolohydrazinylidene-chroman-2,4-diones as ligands. Whereas the ligands were active 
against the bacteria, they showed toxicity in vivo if administered alone, but from the library of 
the metal complexes we identified two compounds (2 and 6) as being active and nontoxic in 
vivo (zebrafish-S. aureus ATCC43300 model of infection), efficiently eradicating MRSA 
infection at doses of ca. 500 ng/mL and with a therapeutic index >16. Compared to the control 
group, at their active doses, 2 and 6 increased the infected zebrafish survival rate to 100%, 
preventing the same from developing large pericardial edema. In vitro studies, indicated that, 
contrary to other known active Re complexes, 2 and 6 do not affect peptidoglycan synthesis or 
compromise the integrity of the cytoplasmic membrane of MSSA, but rather that bacterial 
membrane depolarization may play a role in the antibiotic effect of the compounds. These 
results are markedly different from similar coumarin based complexes [38] underscoring at the 
same time the difficulty in predicting the mode of action of the compounds, but also the great 
development prospective that these class of molecules holds. Overall, our study further 
highlights a real antibiotic potential of rhenium tricarbonyl species within a growing field of 
research ultimately aimed at answering the WHO call for a comprehensive overview of non-
traditional antibacterial medicines to address the growing threat that antibiotic resistance poses. 
Future works from our groups will focus on expanding the library of Re-based complexes to 
identify new unique active structures and on the elucidation of their mechanism of action in our 
continued development and discovery of new and highly potent antimicrobial agents. 

4. Experimental Section 

Materials and Methods 

4.1. Reagents and chemicals 

All reagents were purchased from standard sources. Acros Organics provided the 2-
aminothiazole, 2-aminobenzothiazole, pyridine and benzylamine, 1-methylimidazole and 
[Re(CO)10] were purchased from Sigma-Aldrich, 4-methyl-2-aminothiazole, 5-methyl-2-
aminothiazole, 5-bromo-2-aminothiazole monohydrobromide and clotrimazole were purchased 
by Fluorochem 4,5-dimethyl-2-aminothiazole monohydrobromide was purchased from 
Thermoscientific, triphenylphosphine was purchased from Fluka and 4-Hydroxycoumarin has 
been acquired from Apollo Scientific. Solvents were purchased from Fisher Chemical, Acros 
Organics and Honeywell. All reagents and solvents were used without further purification. 7-
hydroxycoumarincarbonylamino-d-alanine (HADA) was prepared according to a published 
procedure. [67] Unless otherwise noted, solvents used in the preparation of all molecules were 
dry and O2-free. All manipulations were performed under a nitrogen atmosphere. Thin layer 
chromatography (TLC) was performed on TLC Plates ALUGRAM® Xtra SIL G / UV254 (0.20 
mm layer thickness). Silica gel for chromatography was prepared with silica (60 Å particle size, 
35-70 µm mesh).  For determination of the cytotoxicity, Dulbecco’s Modified Eagle Medium 
(DMEM) (with L-glutamine and glucose) and trypsin-EDTA were purchased from Sigma. L-
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glutamine penicillin/streptomycin (l-glu pen-strep) were purchased from Pan. Thiazolyl blue 
tetrazolium bromide (MTT) was provided Thermoscientific – Acros. Fetal bovine serum (FBS) 
and phosphate buffered saline (PBS, pH 7.4, 1X) solution was obtained from Gibco. 96-Well 
plates were purchased from Sarstedt. MCF-7 – breast cancer cell line, HCT116 – human colon 
cancer cell line, A549 – lung carcinoma cell line and L929 – mouse fibroblast cells were kindly 
gifted from Prof. David Hoogewijs, Department of Medicine, University of Fribourg, 
Switzerland. For SAXS studies, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 
(sodium salt) (POPG, purity > 99%, Avanti Polar Lipids, Alabaster, USA) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE, purity > 99%, Avanti Polar Lipids, 
Alabaster, USA), CHCl3 (99.0-99.4%, Honeywell, Germany), PBS, 1x pH 7.4, containing 137 
mM NaCl (Acros Organics, 99.5% purity, Denmark), 2.7 mM KCl (Carl Roth, Karlsruhe, 
Germany), 10.1 mM Na2HPO4 2H2O (Sigma–Aldrich, Steinheim, Germany), and 1.8 mM 
KH2PO4 (Sigma–Aldrich, Steinheim, Germany) were used. The rhenium complexes were 
dissolved in DMSO (Acros Organics, 99.7 %purity, USA). 

4.2. Instruments and analysis 

Bruker Advance III 500 MHz (AV500) and Bruker Advance III 400 MHz were used to record 
the 1H and 13C NMR spectra. The corresponding chemical shifts were reported in ppm 
referenced to residual solvent signals. A Bruker TENSOR II was employed to acquire IR 
spectra with the following settings: 16 background scans, 32 sample scans, and a resolution of 
4 cm-1 in the 4000-400 cm-1 range. A Jasco V730 spectrophotometer was used to record UV-
Vis spectra. The fluorescence emission was carried out on Perkin Elmer LS-50B Luminescence 
Spectrometer. FreeZone Plus 4.5 Liter Cascade Benchtop Freeze Dry System was used to 
lyophilize the samples.  A a Stoe STADIVARI diffractometer (CuKα1 (λ = 1.5406 Å)) fitted 
with an Oxford Cryosystems cryostat, collected single crystal diffraction data of the 
compounds. The structures were solved using Intrinsic Phasing in the ShelXT structure solution 
program  and refined using Least Squares minimization in the ShelXL refinement software.  All 
crystal structures in this study have been deposited at Cambridge Crystallographic Data Center. 
CCDC numbers 2375721-2375724, 2375733-2375743 and 2375745 contain the supplementary 
crystallographic data for this paper.  

SAXS measurements were conducted on the SAXSpoint 5.0 (Anton Paar, Graz, Austria) 
coupled to a MetalJet D2 X-ray source (Excillum, Kista, Sweden). The samples were filled into 
borosilicate capillaries with 1.5 mm diameter (Hilgenberg, Germany) which were loaded into a 
thermostatic sample holder (Anton Paar, Graz, Austria). An X-ray beam with a wavelength, λ, 
of 0.134 nm (9.3keV) and sample-to-detector distance was 600 mm was used. This provides a 
scattering vector magnitude (q)-range from 0.1 – 6.6 nm-1. The scattering vector magnitude q 
was calculated with Eq. 1, where n is the refractive index, which is virtually unity for X-rays in 
this study, θ is the scattering angle.  

𝑞𝑞 =  4𝜋𝜋𝜋𝜋
𝜆𝜆

 𝑠𝑠𝑠𝑠𝑠𝑠 (𝜃𝜃
2

) Eq. 1 

The 2-dimensional SAXS patterns were recorded using a 2D EIGER R 1M detector (Dectris 
Ltd., Baden, Switzerland) with a total area of 77.1 × 79.65 mm2 and pixel size of 75 × 75 μm2. 
The patterns were radially integrated into the 1-dimensional I(q) functions using SAXS analysis 
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4.20 (Anton Paar, Graz, Austria). The temperature was varied according to the sample. 
Measurements were done in sets of 12 to check for beam damage, and the average of the results 
was used. No beam damage was observed. The scattering curves were corrected for 
transmittance. Buffer scattering was measured with all samples and subtracted as background 
from the scattering curves.  

The SAXS curves of the vesicles were analyzed with the random lamellar bilayer stack model, 
modified with the Caillé theory [68] that has been used previously for similar vesicle model 
systems. [69] 

4.3. Synthetic procedures 

Ligands L1-L6 were prepared according to procedures previously described, [39-41] adapted 
to our needs. Briefly, derivatives of 2-amino thiazole (1.0 equiv., 1 mmol) were dissolved in 3 
mL H2O, followed by the addition of 5 mL of 6 M HCl (0.5 mL concentrated H2SO4 was used 
for L3 and L5). The system was cooled and kept at - 5 °C to 0 °C using the ice-salt bath. 
Thereafter, an aqueous solution of 0.7 mL NaNO2 (10 wt.) was added slowly dropwise and 
stirred vigorously on a magnetic stirrer for 1h. After 1 h, a fresh solution of 4-hydroxycoumarin 
(1.0 equiv., 1 mmol) in 3 mL NaOH (10 wt.) was added. Red-orange precipitates were obtained, 
which were stirred for 1 h in the ice bath and 1h at room temperature. The precipitate was then 
vacuum-filtered and water-rinsed. The resulting product was then suspended in a solvent 
mixture of 2:1 (v/v) ethanol: water, subjected to ultrasonication for a period (5 min) and 
subsequently left to stand for an appropriate time to permit the formation of a precipitate. The 
precipitate was collected by vacuum filtration and dried under a Schlenk line vacuum for the 
next stage. Complexes 1-6 were prepared according to the following general procedure. [38] 
[Re(CO)5Br] (123 µmol, 1.0 equiv.) and the corresponding ligand (135 µmol, 1.1 equiv.) were 
suspended in 3 mL dry toluene and heated up at 84  ͦ C in oil bath, overnight. A black precipitate 
was obtained and collected by vacuum filtration. The precipitate was rinsed with 10 mL of dry 
toluene and then dried under a Schlenk line vacuum for further characterization. No additional 
purification was necessary. Complexes 7-16 were synthesized as follows. [Re(CO)5Br] (123 
µmol, 1.0 equiv.) the corresponding ligands (i.e. L1-L6 and L#, 123 µmol, 1.0 equiv.) and KPF6 
(738.6 µmol, 6.0 equiv.) were suspended and refluxed in 7 mL of MeOH overnight. After 
overnight reaction the mixture was evaporated and the crude was purified by column 
chromatography using ethyl acetate:pentane as an eluent. For complex 7 a ratio of 90:10 ethyl 
acetate:pentane was used. For complexes 8-15 a ratio of 70:30 ethyl acetate:pentane was used, 
and for 16 a ratio 50:50 ethyl acetate:pentane was used. After the evaporation and lyophilization 
of the separated fractions containing the complexes, dark red dry powders were collected.  

fac-[Re(CO)3(L1)Br] (1). Black powder, yield 92.39%. 1H NMR (500 MHz, CD2Cl2) δ 11.21 
(s, 1H), 8.30 (dd, J = 3.36, 13.43 Hz, 2H), 8.14 (dd, J = 1.22, 7.93 Hz, 1H), 7.75 - 7.80 (m, 1H), 
7.44 - 7.49 (m, 2H). 13 C (500 MHz, CD2Cl2) δ 115.22, 117.59, 125.59, 125.75, 126.05, 131.25, 
136.04, 143.42, 153.78, 156.64, 160.32, 176.75. IR, υ (CO) symmetric 1906 cm-1 and 
asymmetric stretching at 2015 cm-1. UV - Vis (in CH2Cl2) λmax AB [nm] 560, 505, 481, 360, 295, 
257.  
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fac-[Re(CO)3(L2)Br] (2). Black powder, yield 92.82%. 1 H NMR (500 MHz, CD2Cl2) δ 10.83 
- 10.89 (s, 1H), 8.12 (dd, J = 1.22, 7.93 Hz, 1H), 8.04 - 8.07 (m, 1H), 7.74 - 7.78 (m, 1H), 7.43 
- 7.47 (m, 2H), 2.75 (s, 3H). Due to its precipitation, 13C NMR spectra could not be obtained 
for this compound. IR, υ (CO) symmetric 1931 cm-1 and asymmetric stretching at 2018 cm-1. 
UV - Vis (in CH2Cl2) λmax AB [nm] 526, 487, 394, 298, 261.  

fac-[Re(CO)3(L3)Br] (3). Black powder, yield 67.16%. 1 H NMR (500 MHz, CD2Cl2) δ 10.49 
(s, 1H), 8.12 (dd, J = 1.14, 7.86 Hz, 1H), 8.01 (s, 1H), 7.73 - 7.78 (m, 1H), 7.43 - 7.48 (m, 2H), 
2.82 (s, 3H). 13 C (500 MHz, CD2Cl2) δ 196.3, 192.9, 180.9, 176.2, 159.2, 156.5, 155.3, 153.6, 
135.6, 126.8, 125.8, 125.6, 125.2, 117.5, 115.2, 20.3. IR, υ (CO) symmetric 1906 cm-1 and 
asymmetric stretching at 2019 cm-1. UV - Vis (in CH2Cl2) λmax AB [nm] 520, 486, 374, 296, 260.  

fac-[Re(CO)3(L4)Br] (4). Black powder, yield 83.51%. 1 H NMR (500 MHz, CD2Cl2) δ 11.35 
- 11.41 (s, 1H), 8.27 (s, 1H), 8.12 - 8.16 (m, 1H), 7.76 - 7.81 (m, 1H), 7.42 - 7.49 (m, 2H). Due 
to its precipitation, 13C NMR spectra could not be obtained for this compound. IR, υ (CO) 
symmetric 1945 cm-1 and asymmetric stretching at 2022 cm-1. UV – Vis (in CH2Cl2) λmax AB [nm] 

522, 496, 376, 268.  

fac-[Re(CO)3(L5)Br] (5). Black powder, yield 81.42%. 1 H NMR (500 MHz, CD2Cl2) δ 12.37 
- 12.53 (s, 1H), 8.42 (d, J = 8.24 Hz, 1H), 8.13 - 8.21 (m, 2H), 7.87 - 7.92 (m, 1H), 7.79 - 7.86 
(m, 2H), 7.46 - 7.51 (m, 2H). 13 C (500 MHz, CD2Cl2) δ 197.0, 192.5, 182.9, 174.8, 161.9, 
156.7, 154.0, 149.1, 137.0, 137.7, 136.7, 130.6, 130.4, 126.8, 126.5, 125.9, 124.8, 124.3, 117.7, 
115.2. IR, υ (CO) symmetric 1916 cm-1 and asymmetric stretching at 2015 cm-1. UV Vis (in 
CH2Cl2) λmax AB [nm] 534, 504, 396, 296.  

fac-[Re(CO)3(L6)Br] (6). Black powder, yield 71.91%. 1 H NMR (500 MHz, CD2Cl2) δ 10.23 
(,s 1H), 8.10 (dd, J = 0.99, 7.86 Hz, 1H), 7.71 - 7.77 (m, 1H), 7.41 - 7.48 (m, 2H), 2.72 (s, 3H), 
2.67 (s, 3H). 13 C (500 MHz, CD2Cl2) δ 196.6, 193.1, 181.1, 172.1, 158.6, 156.6, 153.4 152.1, 
143.5, 135.2, 125.6, 125.5, 117.4, 115.3, 18.1, 14.6. IR, υ (CO) symmetric 1946 cm-1 and 
asymmetric stretching at 2019 cm-1. UV Vis (in CH2Cl2) λmax AB [nm] 526, 480, 395, 297, 259.  

fac-[Re(CO)3(L1)py] (7).  Dark red powder, yield 36.59 %. 1 H NMR (400 MHz, CD3CN) d 
8.70 - 8.72 (m, 2H), 8.20 - 8.23 (m, 1H), 7.91 (tt, J = 1.59, 7.70 Hz, 1H), 7.74 - 7.79 (m, 2H), 
7.45 (d, J = 3.42 Hz, 1H), 7.37 - 7.42 (m, 3H), 7.29 (td, J = 0.55, 7.83 Hz, 1H). 13C NMR (101 
MHz, CD3CN) d 166.1, 159.7, 154.6, 153.3, 142.1, 140.8, 137.1, 128.5, 127.4, 125.9, 121.4. 
IR υ (CO) symmetric 1889 and 1909 cm-1 and asymmetric stretching at 2017 cm-1. UV Vis (in 
CH3CN) λmax AB [nm] 502, 389, 261. 

fac-[Re(CO)3(L2)py] (8). Dark red powder, yield 59.55%. 1H NMR (400 MHz, CD3CN) d 
8.70 - 8.72 (m, 2H), 8.20 (dd, J = 1.34, 7.95 Hz, 1H), 7.91 (tt, J = 1.59, 7.70 Hz, 1H), 7.73 - 
7.77 (m, 1H), 7.48 (q, J = 1.18 Hz, 1H), 7.37 - 7.42 (m, 3H), 7.29 (dd, J = 0.61, 8.31 Hz, 1H), 
2.45 (d, J = 1.22 Hz, 3H) 13C NMR (101 MHz, CD3CN) d 153.9, 152.8,140.2, 139.3, 136.2, 
127.9, 126.8, 125.3, 125.1, 12.22. IR υ (CO) symmetric 1890 and 1917 cm-1 and asymmetric 
stretching at 2018 cm-1. UV Vis (in CH3CN) λmax AB [nm] 499, 406, 260.  
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fac-[Re(CO)3(L3)py] (9). Dark red powder, yield 68.63%. 1H NMR (400 MHz, CD3CN) d 
8.74 - 8.76 (m, 2H), 8.22 (dd, J = 1.59, 7.95 Hz, 1H), 7.92 (tt, J = 1.59, 7.70 Hz, 1H), 7.74 - 
7.78 (m, 1H), 7.37 - 7.43 (m, 3H), 7.29 (dd, J = 0.61, 8.31 Hz, 1H), 7.02 (d, J = 0.98 Hz, 1H), 
2.46 (d, J = 0.98 Hz, 3H) 13C NMR (101 MHz, CD3CN) d 178.9, 165.4, 153.9, 152.8, 151.8, 
140.2, 136.2, 128.1, 126.8, 125.3, 17.2 IR υ (CO) symmetric 1905 cm-1 and asymmetric 
stretching at 2018 cm-1. UV Vis (in CH3CN) λmax AB [nm] 500, 412, 260.  

fac-[Re(CO)3(L4)py] (10). Dark red powder, yield 46.62%. 1H NMR (400 MHz, CD3CN) d 
8.65 - 8.67 (m, 2H), 8.21 (dd, J = 1.65, 8.01 Hz, 1H), 7.92 (tt, J = 1.59, 7.70 Hz, 1H), 7.75 - 
7.80 (m, 2H), 7.37 - 7.42 (m, 3H), 7.28 (d, J = 8.31 Hz, 1H). Due to its precipitation, 13C NMR 
spectra could not be obtained for this compound. IR υ (CO) symmetric 1893 and 1916 cm-1 and 
asymmetric stretching at 2019 cm-1. UV Vis (in CH3CN) λmax AB [nm] 504, 405, 261.  

fac-[Re(CO)3(L5)py] (11). Dark red powder, yield 35.95%. 1H NMR (400 MHz, CD3CN) d 
8.74 - 8.76 (m, 2H), 8.25 (dd, J = 1.34, 7.95 Hz, 1H), 7.98 - 8.01 (m, 1H), 7.88 - 7.94 (m, 2H), 
7.77 - 7.81 (m, 1H), 7.53 (ddd, J = 1.34, 7.18, 8.22 Hz, 1H), 7.38 - 7.48 (m, 4H), 7.30 (dd, J = 
0.61, 8.31 Hz, 1H). Due to its precipitation, 13C NMR spectra could not be obtained for this 
compound. IR υ (CO) symmetric 1923 cm-1 and asymmetric stretching at 2018 cm-1. UV Vis 
(in CH3CN) λmax AB [nm] 496, 403, 261.  

fac-[Re(CO)3(L6)py] (12). Dark red powder, yield 31.38%. 1H NMR (400 MHz, CD3CN) d 
8.75 (dd, J = 1.59, 6.48 Hz, 2H), 8.21 (dd, J = 1.71, 7.95 Hz, 1H), 7.91 (tt, J = 1.57, 7.72 Hz, 
1H), 7.75 (ddd, J = 1.65, 7.12, 8.47 Hz, 1H), 7.36 - 7.43 (m, 3H), 7.29 (dd, J = 0.61, 8.31 Hz, 
1H), 2.34 - 2.36 (m, 6H). Due to its precipitation, 13C NMR spectra could not be obtained for 
this compound. IR υ (CO) symmetric 1891 and 1914 cm-1 and asymmetric stretching at 2017 
cm-1. UV Vis (in CH3CN) λmax AB [nm] 514, 418, 260. 

fac-[Re(CO)3(L1)L#] (where L# = 1-methylimidazole, 13) Dark red powder, yield 56.44%. 
1H NMR (400 MHz, CD3CN) d 8.13 (dd, J = 1.34, 7.95 Hz, 1H), 7.73 - 7.77 (m, 3H), 7.42 (d, 
J = 3.42 Hz, 1H), 7.37 (ddd, J = 1.04, 7.18, 8.04 Hz, 1H), 7.30 (dd, J = 0.61, 8.44 Hz, 1H), 7.01 
(t, J = 1.41 Hz, 1H), 6.95 (t, J = 1.53 Hz, 1H), 3.57 (s, 3H) 13C NMR (101 MHz, CD3CN) d 
141.9, 141.9, 136.6, 130.5, 128.4, 125.8, 123.3, 121.2, 120.3, 35.1. IR υ (CO) symmetric 1990 
cm-1 and asymmetric stretching at 2017 cm-1. UV Vis (in CH3CN) λmax AB [nm] 498, 389, 259. 

fac-[Re(CO)3(L1)L#] (where L# = benzylamine, 14) Dark red powder, yield 50.89%. 1H 
NMR (400 MHz, CD3CN) d 8.08 (dd, J = 1.47, 7.95 Hz, 1H), 7.74 - 7.79 (m, 2H), 7.45 (d, J = 
3.42 Hz, 1H), 7.38 (ddd, J = 1.04, 7.21, 8.01 Hz, 1H), 7.33 (dd, J = 0.61, 8.44 Hz, 1H), 7.25 - 
7.30 (m, 5H), 4.10 - 4.17 (m, 1H), 3.94 - 4.04 (m, 2H), 3.67 (d, J = 8.19 Hz, 1H). 13C NMR 
(101 MHz, CD3CN) d 180.8, 167.4, 160.1, 154.5, 142.1, 140.4, 136.6, 129.6, 129.1, 128.8, 
128.4, 126.4, 125.7, 120.9, 52.3. IR υ (CO) symmetric 1893 and 1950 cm-1 and asymmetric 
stretching at 2017 cm-1. UV Vis (in CH3CN) λmax AB [nm] 453, 392, 263. 

fac-[Re(CO)3(L1)L#] (where L# = 2-aminothiazole, 15) Dark red powder, yield 68.63%. 1H 
NMR (400 MHz, CD3CN) d 8.21 (dd, J = 1.59, 7.95 Hz, 1H), 7.75 - 7.80 (m, 2H), 7.47 (d, J = 
3.55 Hz, 1H), 7.38 (dt, J = 0.98, 7.64 Hz, 1H), 7.30 (dd, J = 0.67, 8.38 Hz, 1H), 7.02 (d, J = 
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4.16 Hz, 1H), 6.94 - 6.99 (m, 2H), 6.50 (d, J = 4.28 Hz, 1H). 13C NMR (101 MHz, CD3CN) d 
141.5, 139.3, 136.9, 128.4, 125.9, 121.7, 108.8. IR υ (CO) symmetric 1898 cm-1 and asymmetric 
stretching at 2019 cm-1. UV Vis (in CH3CN) λmax AB [nm] 501, 418, 257. 

fac-[Re(CO)3(L1)L#] (where L# = triphenylphosphine, 16) Dark red powder, yield 25.23%. 
1H NMR (400 MHz, CD3CN) d 7.95 (dd, J = 1.53, 8.01 Hz, 1H), 7.69 - 7.73 (m, 1H), 7.61 (d, 
J = 3.42 Hz, 1H), 7.29 - 7.45 (m, 17H), 7.23 (dd, J = 0.67, 8.38 Hz, 1H) 13C NMR (101 MHz, 
CD3CN) 180.3, 179.9, 166.3, 159.3, 154.3, 141.2, 136.6, 134.6, 134.5, 134.4, 134.3, 132.1, 
131.9, 131.9, 131.7, 131.6, 129.8, 129.7, 128.4, 125.5, 121.2, 119.9 IR υ (CO) symmetric 1905 
and 1935 cm-1 and asymmetric stretching at 2025 cm-1. UV Vis (in CH3CN) λ

max AB [nm] 507, 
392, 259. 

4.3. Biological studies 

The cytotoxicity of the complexes was tested in MCF-7 – breast cancer cell line, HCT116 – 
human colon cancer cell line, A549 – lung carcinoma cell line and L929 – mouse fibroblast 
cells in DMEM medium supplemented with 10% v/v FBS and 1% v/v pen/strep with l-glu. For 
the test, the common MTT assay was used. Briefly, cells were seeded to 96-well plate in 
3.75x104 cell /mL concentration for L929 cells and 5x104 cell /mL concentration for cancer 
cells for 24 hours. Then, complexes, dissolved in DMSO, were diluted with medium and 
injected to wells in 10-0.63 µM concentration range. After 24 hours incubation, MTT solution 
(5mg/mL in PBS) in fresh medium was added to the wells in 25% volume ratio and plates 
incubated for 4 hours. Then, the formazan crystals, resulting from the mitochondrial activity in 
live cells, were dissolved in a DMSO:EtOH (1:1 v/v) solution. Control cells were not exposed 
to complexes, but only DMSO 1% v/v. 100% viability is assumed for the control cells. The 
relative cell viability was calculated by making ratio with control cells. Statistical analysis of 
the bioactivities of complexes were conducted by using ordinary one-way ANOVA analysis of 
variance followed by multiple Dunnett’s comparison test of GraphPad Prism 9 software 
package. All measurements were expressed as mean values ± standard deviation (SD). p < 0.05 
was accepted as statistically significant difference. Statistical significance: (*) p < 0.0332, (**) 
p < 0.021, (***) p < 0.0002, (****) p < 0.0001. IC50 values in cell cytotoxicity experiment were 
evaluated by using nonlinear regression analysis followed by variable slope. For determination 
of the cytotoxicity, Tecan – Infinity M Nano was used with iControl program. 

 
Antimicrobial activity was evaluated against S. aureus MRSA43300 (methicillin-resistant) 
and S. aureus ATCC25923 (methicillin-sensitive) and two fungi (Candida albicans SC5314) 
and C. auris 7 (a clinical strain)). All reference strains were obtained from the American Type 
Culture Collection (ATCC) and the National Collection of Type Cultures (NCTC), while a 
clinical C. auris strain 7 was kindly provided by Dr Aleksandra Barac (University Clinical 
Center of Serbia) and prof. Cornelia Lass-Floerl (University of Innsbruck). Prior to each 
experiment, frozen stocks in 20% glycerol at -80 °C were thawed and inoculated onto solid 
Yeast-Potato Dextose (YPD) plates (fungi) or Lauria (LA) agar plates (bacteria), and cultured 
at 37 °C for 24-48 h. In vitro antimicrobial activity determination was evaluated as previously 
reported. [34] The checkboard assay was performed to check the possible synergistic effect of 
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complexes 2 and 6 with vancomycin, an active antibiotic for Gram (+) strains. For the test, the 
reference procedure was followed.  

In vivo toxicity zebrafish (Danio rerio) model and efficacy in the zebrafish-S. aureus 
ATCC43300 model of infection of 2 and 6 was carried in the according to a previously 
published procedure [34] following the general rules of the OECD Guidelines for the Testing 
of Chemicals (OECD, 2013, Test No. 236). All experiments involving zebrafish were 
performed in compliance with the European directive 2010/63/EU and the ethical guidelines of 
the Guide for Care and Use of Laboratory Animals of the Institute of Molecular Genetics and 
Genetic Engineering, University of Belgrade. 

The effect of complexes on synthesis of peptidoglycan wall was tested by HADA staining 
according to Mendes et al. [35] For this experiment, the S. aureus ATCC25923 strain was grown 
to a OD600 of 0.4. Aliquots of 200 µL of the bacterial culture were treated with 0.5%DMSO 
(negative control), 2× and 4×MIC of samples and incubated for 10 minutes at 37°C in 250 rpm 
shaker. Then, tubes were centrifuged, 155 µL supernatant was discarded and 5 µL HADA (1 
mM) was added. Bacteria were incubated with HADA for 5 minutes at 37°C. To terminate the 
staining process, 500 µL ice-cold 1x PBS was added to tubes which were then washed three 
times with cold PBS. The bacteria were suspended in water and transferred to agarose layer. 
HADA staining was observed under microscope by excitation at 405 nm and emission at 450 
nm. Quantification of fluorescence of the HADA staining was performed by using ImageJ 
program. The fluorescence intensity was normalized with following formula (n=3): 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑠𝑠𝑁𝑁𝑁𝑁𝑁𝑁 𝑠𝑠𝑠𝑠𝑖𝑖𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 (%) =  
𝐼𝐼𝑠𝑠𝑖𝑖𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 (𝑁𝑁.𝑢𝑢. ) # 𝑁𝑁𝑜𝑜 𝑏𝑏𝑁𝑁𝑏𝑏𝑖𝑖𝑁𝑁𝑁𝑁𝑠𝑠𝑁𝑁⁄

𝐴𝐴𝐴𝐴𝑁𝑁𝑁𝑁𝑁𝑁𝐴𝐴𝑁𝑁 (𝐼𝐼𝑠𝑠𝑖𝑖𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑁𝑁.𝑢𝑢. ) # 𝑁𝑁𝑜𝑜 𝑏𝑏𝑁𝑁𝑏𝑏𝑖𝑖𝑁𝑁𝑁𝑁𝑠𝑠𝑁𝑁 𝑠𝑠𝑠𝑠 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷)⁄  𝑥𝑥 100 

The checkboard assay experiment was performed to check the synergistic effect with 
Vancomycin, active antibiotic for Gram (+) strains. For the test, the reference procedure was 
followed [70]. Briefly, 50 µL of 2X CAMHB medium injected to all well in 96 well plate. 50 
µL of 40 µg/mL Vancomycin was injected to A1 to A11 well in 96-well plate. 50 µL of 80 
µg/mL Vancomycin (50 mg/mL stock solution in DMSO) was injected to A12 well in 96-well 
plate. There was performed the serial dilution until G-row. Then, 50 µL of 4X highest 
concentration of the complexes were injected to A12 to H12 well in 96-well plate. The serial 
dilution was performed until Column 2. S. Aureus strain growth overnight in 1X MHB medium 
was prepared in OD600 of 0.14 concentration. Then, the bacteria stock diluted in 0.9% NaCl in 
1 to 200 times to obtain 106 CFU/mL concentration. 50 µL of bacteria stock injected to all wells 
of 96-well plate. After 24 h incubation at 37°C incubator, the absorbance of bacteria at 600 nm 
was measured with plate reader. The H1-well of 96-well plate was used as bacteria control.  

The time dependent membrane potential measurement was performed with the 3,3′-
diethyloxacarbocyanine iodide ([DiOC2(3)], Sigma) membrane stain on S. Aureus ATCC25923 
strain according to the reported procedure. [35] Briefly, bacteria were grown to a OD600 
concentration of 0.5, treated with 30 µM [DiOC2(3)] (3 mM stock solution in DMSO) for 15 
minutes at 37°C and dark. After 15 minutes, stained bacteria were transferred into a black 96-
well plate. The wells were read via a microplate reader for 3 minutes to acquire the baseline. 
Then, the bacteria were treated with 1% DMSO (negative control), CCCP (carbonyl cyanide 
m-chlorophenyl hydrazone, 25 µM, 2×MIC, positive control,) and different concentration of 
complexes (1×, 2× and 4×MIC) for 15 minutes. The red (λexc: 485 nm, λem: 635 nm) and green 
(λexc: 485 nm, λem: 530 nm) emissions of [DiOC2(3)] were the recorded every minute. Emission 
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data were normalized according to the negative control and the ratio of normalized red to 
normalized green was plotted. 

Propidium iodide (PI) was used to measure the effect of complexes on the membrane integrity 
of bacteria. S. aureus MSSA25923 bacteria were grown overnight, diluted to a OD600 of 0.3. 
and then 1 mL of culture was transferred to Eppendorf tubes. Bacteria were treated with 1% 
DMSO, 100 µg/mL Nisin (10 mg/mL stock solution in DMSO) and 0.5×, 1×, 2× and 4×MIC 
concentrations of samples. Bacteria samples were incubated separately for 30 minutes, 2 hours 
and 4 hours at 37°C by shaking. After every time interval, 10 µg/mL PI solution (1 mg/mL 
stock solution in DMSO) was injected, and tubes incubated 5 minutes. Then, bacteria were 
washed with prewarmed 1x PBS two times. After the washing steps, bacteria were suspended 
in 1x PBS and transferred to black 96-well plate as three replicas. The emission of the PI at 625 
nm was recorded via plate reader with excitation at 485 nm. For evaluation of PI staining under 
microscope, bacteria strains were incubated with 2×MIC of complexes for 4 hours. After the 
incubation, tubes were incubated with 10 µg/mL PI solution for 5 minutes at 37°C. Then, 
bacteria were washed and fixed with 1:3 v/v acetic acid: methanol mixture for 30 minutes. After 
fixation, bacteria were suspended in sterile water and transferred to 1% agarose layer for 
imaging process.  

Membrane mimetic vesicle preparation  

Vesicle preparation and interaction studies. Bacteria membrane mimetic vesicles were 
prepared with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (sodium salt) 
(POPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) using the 
established thin film method  A POPG:POPE weight ratio of 3:1 is characteristic for gram-
positive membrane models (g+)  In short, 7.5 mg of POPG and 2.5 mg of POPE (mass ratio of 
3:1) were dissolved in 1 mL of in a 10 mL round flask. CHCl3 was then evaporated in a rotary 
evaporator for at least 4 hours and dried overnight under vacuum. The phospholipid film in the 
round flask was then rehydrated with phosphate buffered saline (PBS) 2.7 mM KCl, 10.1 mM 
Na2HPO4 2H2O) and 1.8 mM KH2PO4. Vesicle formation was achieved by vortexing and 
ultrasonication for 10 min to achieve vesicle solutions of 1wt% (POPG and POPE in PBS). The 
flasks and the buffer were kept at 25 °C during the hydration process. The rhenium complex 
were dissolved in DMSO to gain 100 mg/ml stock solutions and mixed to the g+ vesicles to at 
a phospholipid:complex mass ratio of 10:1 of lipids to complexes. 

4.5. Theoretical Calculations 

DFT calculations were performed with the hybrid meta-GGA functional wB97XD [71-74] in 
combination with the standard SDD basis sets.[75]The optimized structures were subject to 
frequency analysis to verify that they represented minima on the potential energy surface. All 
calculations were performed with Gaussian 09 software (version 5.0.9, Carnegie Mellon 
University, Gaussian, Inc.). Conformation calculations were performed as previously  [32] 
using the AutoDock Vina version 1.2.0 (The Scripps Research Institute, La Jolla, San Diego, 
USA)  and AutoDock4 version 4.2.6 (AD4, The Scripps Research Institute, La Jolla, San Diego, 
USA) softwares. Figures were prepared with the AutoDockTools software (version 1.5.7, The 
Scripps Research Institute, La Jolla, San Diego, USA). The xyz coordinates of complexes 2 and 
6 were taken from the crystal structure of the same. Due to the fact that AD4 failed to assign a 
change to the metal ion, a charge of 0.320 (to Re) was assigned to the atom by editing the 
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corresponding .PDBQT file. The POPE membrane model (fully equilibrated at 303K in H2O) 
prepared by Jämbeck and Lyubartsev  (made available at 
http://www.fos.su.se/~sasha/SLipids/Downloads.html) was used to prepare the semi-flexible 
1:2 POPE:POPG membrane model in the conformation analysis. Six central lipids were 
selected as fully flexible (ca. 270 unlocked rotatable bonds), forming an area of ca. 400 Å2 
(viewed from the top of the membrane facing the cellular exterior). The search space was 
defined by a box wrapped around the space the receptors or the fully flexible lipids that also 
included rigid lipid units. For the membrane model, the search space was defined by a volume 
on 38640 Å3. The number of modes and the exhaustiveness parameter were set to 40 and 10 for 
the calculations. Such parameters were deemed sufficient for the calculations’ accuracy. [76-
78] 
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