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Abstract

The rhenium(I) tricarbonyl complex fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br]
(ReL) has previously demonstrated promising luminescent properties, enabling its direct
application as a probe for walled cells such as Candida albicans and Salmonella enterica. In
this new study, we present a significantly expanded and comprehensive characterization
of ReL, incorporating a wide range of experimental and computational techniques not
previously reported. These include variable-temperature 1H and 13C NMR spectroscopy,
CH-COSY, single-crystal X-ray diffraction, Hirshfeld surface analysis, DFT calculations,
Fukui functions, non-covalent interaction (NCI) indices, and electrochemical profiling.
Structural analysis confirmed a pseudo-octahedral geometry with the bromide ligand
positioned cis to the epoxy group. NMR data revealed the coexistence of cis and trans
isomers in solution, with the trans form being slightly more stable. DFT calculations
and aromaticity descriptors indicated minimal electronic differences between isomers,
supporting their unified treatment in subsequent analyses. Electrochemical studies revealed
two oxidation and two reduction events, consistent with ECE and EEC mechanisms,
including a Re(I) → Re(0) transition at −1.50 V vs. SCE. Theoretical redox potentials
showed strong agreement with experimental data. Biological assays revealed a dose-
dependent cytotoxic effect on HeLa cells, contrasting with previously reported low toxicity
in microbial systems. These findings, combined with ReL’s luminescent and antimicrobial
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properties, underscore its multifunctional nature and highlight its potential as a bioactive
and imaging agent for advanced therapeutic and microbiological applications.

Keywords: rhenium tricarbonyl; Fukui; NCI; aromaticity; cyclic voltammetry; X-ray;
hirshfeld surface; HeLa

1. Introduction
Extensive research has been dedicated to rhenium(I) tricarbonyl complexes, resulting

in various categories of complexes with adjustable structural characteristics [1,2]. The
geometrical and optical properties of these complexes have also been explored using com-
putational relativistic methods [3,4]. The first report on the photophysical properties of
neutral fac-[Re(CO)3(N,N)X] complexes (where N,N is 1,10-phenanthroline and X is Cl)
was described by Wrighton, M. & Morse, D. L. in 1974 [5,6]. Since then, compounds of this
kind have been extensively studied, resulting in the discovery of numerous luminescent
rhenium(I) tricarbonyl complexes with the following architecture: fac-[Re(CO)3(N,N)X]n.
Here, N,N signifies a bidentate diimine ligand in an equatorial orientation, X designates
a halide ligand serving as an ancillary component, and n represents the charge that can
assume values of either 0 or 1+ [7]. These complexes have been found to possess remark-
able properties for use in catalysis, as photoluminescent probes, and even in biological
applications [8–14]. The most red-shifted emission wavelength of these rhenium(I) tri-
carbonyl complexes exhibits no discernible correlation with either the solvent polarity
or excitation wavelength, revealing a substantial Stokes shift exceeding 200 nm. These
characteristics underscore the noteworthy alteration in the dipole moment between the
ground and excited states [15–21].

The neutral fac-[Re(CO)3(N,N)L] isomer is the most studied complex in this family
due to its tunable photophysical properties, which are closely related to its structural vari-
ations [22–24]. Recent studies have also explored the potential of rhenium(I) tricarbonyl
complexes in biological applications [25,26]. For example, rhenium(I) tricarbonyl com-
plexes with neutral N,N-bidentate formazans have demonstrated potential applications
in photodynamic therapy [27,28]. Another study reported unexpectedly high cytotoxicity
of rhenium(I) tricarbonyl complexes bearing 1, 10-phenanthroline derivatives [29]. Some
studies have shown that these complexes can selectively target cancer cells and induce
cell death, as exemplified by the photosensitization of reactive oxygen species and DNA
intercalation [29,30]. Additionally, neutral rhenium(I) tricarbonyl complexes have been
used as catalysts in organic synthesis, where they have shown high activity and selectivity
for various reactions [31,32]. Overall, rhenium(I) tricarbonyl complexes are promising
compounds with diverse applications in various fields. Recently, we reported a novel
neutral fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] complex, referred to
as ReL [33], Figure 1.

This complex comprises two isomeric forms, cis and trans, distinguished by the posi-
tion of the hydrogen atoms in the equatorial ligand with respect to the bromide. At 25 ◦C,
the trans-isomeric form predominates [33]. In our previous investigation, we characterized
ReL using physicochemical techniques and conducted UV–Vis and photoluminescence
experiments in organic solvents of varying polarities. Remarkably, ReL displayed favorable
properties as a luminescent probe when examining Gram-negative bacteria (Salmonella
enterica sv. Typhimurium) and yeasts (Candida albicans) using confocal microscopy [26].
Interestingly, although it has been proposed that rhenium(I) complexes must be cationic to
stain walled cells (e.g., bacteria and fungi), ReL is neutral [33]. In this study, we present
a comprehensive spectroscopic characterization of ReL using 1D and 2D NMR and FTIR
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spectroscopy. Furthermore, the molecular structure of ReL was determined using single-
crystal X-ray diffraction (XRD). To further characterize its molecular properties, Hirshfeld
surface analysis and Density Functional Theory (DFT) calculations, including geometry
optimization, Fukui function analysis [34], and Noncovalent Interaction (NCI) index calcula-
tions [35] were conducted. Additionally, Cyclic Voltammetry (CV) was performed to assess
the contribution of the equatorial ligand L (5,6-epoxy-5,6-dihydro-1,10-phenanthroline)
to the redox processes of ReL complex. To distinguish the rhenium core-associated redox
processes, we compared the CV of ReL with L ligand profiles. Moreover, computational
studies were employed to estimate the redox potentials, following a thermodynamic cycle
approach to calculate the free energies and electron density plots. This characterization
provides valuable insights into the electronic properties of such complexes. Finally, other
authors have reported examples of [Re(CO)3(N,N)X] complexes with strong potential
for development as chemotherapeutic agents. Based on this, ReL was evaluated for its
cytotoxic potential in HeLa cervical cancer cells through the MTT assay.

 

Figure 1. Structure of ReL. Numbers correspond to carbon atoms labels.

2. Results and Discussion
2.1. Characterization of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] (ReL)

The rhenium(I) complex ReL was obtained in good yield by reacting [Re(CO)3Br(THF)]2

with ligand L in a 1:2 ratio. Its structure was confirmed by 1H NMR and FTIR using the KBr
pellet method, which revealed three distinct ν(CO) bands, indicating a loss of local sym-
metry around the Re(CO)3 core. This complements previously published ATR-FTIR data
from our group [36,37]. Characteristic features of the fac-isomers were observed, including
a narrow symmetric band and two broader antisymmetric bands of comparable intensity
(Figure S1). These spectral features align with the fac geometry confirmed by single-crystal
X-ray diffraction, discussed below. Importantly, the absence of IR signatures typical of
mer-isomers, such as a significantly weaker high-frequency band, supports the exclusive
formation of the fac-isomer in this system. The 1H NMR spectrum of ReL in deuterated
DMSO at 25 ◦C (Figure S2a) showed well-resolved signals for the 1,10-phenanthroline ring,
consistent with previous reports (Figure S2b). The epoxy group displayed a split signal
at approximately 5.09 ppm (5.15 and 5.05 ppm), suggesting the presence of an isomeric
mixture. This splitting is attributed to the different spatial orientations of the epoxide
relative to the bromide ligand, which supports the coexistence of cis and trans-fac-isomers.
Similar behavior has been reported for related rhenium(I) complexes by Martí et al. [38]. In
the complex fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Cl], only the trans
isomer, where the epoxide group is oriented opposite to the chloride ligand was success-
fully isolated and characterized by single-crystal X-ray diffraction, despite the synthesis
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producing both fac isomers. To confirm the coexistence of these species in solution, 1H
NMR spectra were recorded at 25 ◦C and 60 ◦C in deuterated DMF. At 25 ◦C, the protons
adjacent to the epoxide appeared as a single resonance near 5.10 ppm, attributed to the
cancellation of opposing electronic effects in the cis and trans forms. Upon heating to 60 ◦C,
this signal resolved into two distinct peaks, indicating the presence of both isomers. These
species differed in the orientation of the epoxide relative to the chloride ligand (cis/trans).
At room temperature, chemical shift differences were effectively compensated, resulting in
coincident resonances; increasing the temperature altered solvent properties, reducing this
compensation and enabling signal separation. This behavior confirmed that the complex
existed as a mixture of two stable fac isomers rather than a fac/mer equilibrium, consistent
with IR and 13C NMR data. In our case, the complex ReL crystallized as the cis isomer, as
verified by X-ray diffraction. In its 1H NMR spectrum at 25 ◦C in deuterated DMSO, the
vicinal epoxide protons exhibited a narrow splitting at 5.15 ppm and 5.05 ppm, reflecting
two distinct environments depending on the epoxide’s position relative to the bromide
ligand (cis or trans). Variable-temperature 1H NMR experiments at 40 ◦C, 50 ◦C, and 60 ◦C
(Figures S3–S5) revealed consistent splitting patterns, further supporting the presence of
two stable fac isomers rather than a fac/mer equilibrium. Additionally, the 13C-NMR
spectra at 25 ◦C, 40 ◦C, 50 ◦C, and 60 ◦C (Figures S6–S9) showed a stable resonance at
197.4 ppm assigned to the carbonyl ligands, along with split signals for the phenanthroline
moiety. A CH-COSY experiment at 25 ◦C (Figure S10) confirmed these assignments. Unlike
the chloride analog reported by Martí et al., which only crystallized in the trans form, ReL
exhibited clear evidence of isomeric coexistence in solution. Notably, no significant spectral
changes were observed when lowering the temperature from 60 ◦C to 25 ◦C, suggesting
that the bromide ligand influences the rhenium core differently than chloride. This hy-
pothesis was further supported by the DFT calculations discussed in the following section.
Importantly, the 1H-NMR spectra of ReL showed no detectable impurities (Figure S2a,b),
confirming the sample purity. For more details, see the ESI.

2.2. X-Ray Structure of ReL

A single crystal suitable for X-ray diffraction analysis of fac-[Re(CO)3(5,6-epoxy-5,6-
dihydro-1,10-phenanthroline)Br] (ReL) was successfully grown, exhibiting the cis isomer
with respect to the bromide and epoxy group positions. ORTEP drawings of the ReL
compound and the atom numbering scheme are shown in Figure 2. ReL crystallized in
the orthorhombic P212121 space group, with one molecular entity in the asymmetric unit
(Table S1). The Re(I) metal center exhibited a slightly distorted octahedral coordination
geometry. This geometry is characterized by three facially oriented carbonyl ligands. The
diamine L coordinates the complex in the equatorial plane. An axial bromide ancillary
ligand is also positioned cis to the epoxy group, completing the octahedral geometry.
The Re−CO bond distances observed in this study are consistent with those reported for
similar Rhenium(I) complexes [39]. Notably, the Re−CO bond length trans to the pyridyl
group is slightly shorter (1.905 (7) Å) than the Re−CO bonds trans to the bromide ligand
(1.914 (7) Å). This difference highlights the influence of the epoxy ring, which is positioned
cis to the bromide ancillary ligand, on the bond length of the entire Re−Br (2.6158 (7) Å)
moiety. The bond distances and angles are listed in Table S2. The intermolecular interactions
constituting the crystalline packing of the ReL structure reveal that the crystals are stabilized
by intermolecular hydrogen bonds C(2)-H(2)···O(1) between O(1) of the epoxide fragment
and the C(2) of the phenanthroline fragment, as well as C(6)-H(6)···O(2) among the carboxyl
groups in the phenanthroline fragment (Table S3). These interactions are related through
a twofold screw axis parallel to the b axis. Additionally, the crystal packing is further
stabilized by the C(3)-H(3)···Br(1) intermolecular interactions between the Br(1) ligand
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and the C(3) of the phenanthroline fragment, which are related through a twofold screw
axis parallel to the b axis (Figure 3). Finally, π···π interactions were observed between the
phenanthroline fragments, characterized by an angle of 2.080◦, a centroid-centroid distance
of 3.857 Å, and a shift distance of 1.639 Å, mediated by a two-fold screw axis parallel to
the b-axis.

Figure 2. ORTEP view of the molecular structure of ReL. Thermal ellipsoids are drawn at
50% probability.

The crystal packing arrangements of ReL and the analogous complex fac-[Re(CO)3(5,6-
epoxy-5,6-dihydro-1,10-phenanthroline)Cl] (Figure S11) exhibited notable differences in
their π···π stacking interactions. In ReL, these interactions were more prominent, as
indicated by a shorter centroid-to-centroid distance (3.857 Å), a smaller interplanar angle
(2.089◦), and reduced slippage (1.638 Å). In contrast, the chloride-containing complex
displayed slightly weaker π···π stacking, with corresponding values of 3.942 Å, 4.986◦, and
1.733 Å. These structural parameters suggest a more efficient π-stacking arrangement in
ReL, which may contribute to enhanced crystal stability and packing density.

A comparative analysis of the dominant intermolecular contacts in both structures
highlights the differing contributions of hydrogen bonding and π-stacking interactions
to the overall supramolecular architecture. While both types of interactions are present
in ReL and its chloride analog, the packing of ReL is primarily governed by π···π stack-
ing, whereas the chloride complex exhibits a more balanced interplay between hydrogen
bonding and π-interactions. These observations underscore the significant influence of
halide substitution on modulating non-covalent interactions and crystal packing behavior
in rhenium(I) tricarbonyl complexes, suggesting that the bromide ligand influences the
rhenium core differently from chloride. On the other hand, the crystal structure of ReL was
analyzed using Hirshfeld surface mapping and fingerprint plots, revealing the nature and
relative contributions of intermolecular interactions (Figure S12). The dominant contacts
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were O···H (38.9%), associated with hydrogen bonding, followed by Br···H (10.0%) and
C···C (6.5%), linked to dipole–dipole and π–π interactions, respectively. This analysis
provides insights into the non-covalent forces stabilizing crystal packing. For more details,
see the ESI.

 

Figure 3. Crystal packing pattern of ReL.

2.3. DFT Studies: Geometries Optimizations, Fukui Index, NCI Analysis and Aromaticity

The structural and electronic features of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-
phenanthroline)Br] (ReL) were examined to clarify the subtle differences between its cis
and trans isomers. These isomers arise from the relative orientation of the bromide ligand
in the rhenium tricarbonyl core with respect to the epoxy group of the phenanthroline
ligand. As described in Section 2.1, both forms coexist in solution and resist conventional
separation, which explains why the electrochemical measurements reflect the properties of
their mixture rather than those of the isolated species.

DFT optimization and vibrational analyses revealed no significant electronic or struc-
tural differences between the cis and trans isomers (Figure 4). The computed FTIR spectra
reproduce the three characteristic CO stretching bands: the symmetric νCO vibration
at 2197.0 cm−1 matches the experimental value (Figure S1), whereas the antisymmetric
modes are calculated in the 2069.0–2088.0 cm−1 range. The third band, absent from the
experimental spectrum, can be attributed to the trans influence of bromide, which reduces
the splitting between the antisymmetric modes to only 19.0 cm−1. A detailed comparison
of both forms is provided in the SI (Figures S13 and S14), confirming their near-identical
behavior at the molecular level. This effect stems from the reduction in symmetry induced
by the epoxy substituent. The enthalpy difference between cis and trans, only 2.74 kJ·mol−1,
indicates a slightly greater stability of the trans isomer, which is consistent with the minor
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chemical shift splitting observed in the experimental 1H-NMR spectrum (5.10 and 5.07 ppm
for cis and trans isomers, respectively, see Figure S2a).

 

Figure 4. Computed FTIR for ReL of cis and trans isomeric form (with respect to epoxy-1,10-
phenanthroline moiety and bromide ancillary ligand).

The electronic reactivity was analyzed using Fukui functions (FF). The FF characterizes
the variation in electron density upon the addition or removal of electrons, providing insight
into the most electrophilic and nucleophilic regions of a molecule [40–42]. According to
Sebthilkumar et al. [43,44], these functions can be computed using specific equations [45,46].
In this study, the FF values for the cis and trans isomeric forms of ReL were calculated in
the gas phase using the BP86 functional and the def2-TZVPP basis set. The SARC-ZORA-
TZVPP basis set was employed to account for the relativistic effects on the rhenium atom.
For both isomers, the nucleophilic sites (ƒ+) were concentrated on the phenanthroline
nitrogen atoms and adjacent carbons, while the electrophilic regions (ƒ−) were located on
the bromide ligand and the rhenium center (Figures S15 and S16). The close similarity
between the cis and trans distributions indicates that the orientation of the bromide relative
to the epoxy group does not substantially affect the electron-density response.

Noncovalent Interaction (NCI) analyses [47,48] offer a complementary perspective.
The NCI index identifies interactions within a chemical system based solely on electron
density. A two-dimensional graphical representation provides a detailed characterization
of these interactions. Both forms exhibited π–π stacking and halogen bonding consistent
with the crystal packing shown in Figure 3, while the reduced density-gradient plots
confirmed weak interactions around bromine and essentially no differences in the phenan-
throline or epoxy regions (Figure 5). A broader view of the non-covalent interactions can
be observed on Figures S17 and S18. A faint Van der Waals contact between bromide
and the aromatic framework was observed in the cis isomer, but overall, the interaction
landscape was nearly identical. Notably, the epoxy oxygen consistently withdraws electron
density from the phenanthroline ring, an effect that is insensitive to the position of the
neighboring hydrogens.

https://doi.org/10.3390/inorganics14010003

https://doi.org/10.3390/inorganics14010003


Inorganics 2026, 14, 3 8 of 27

Figure 5. Upper view of the NCI plot for the cis (left) and trans (right) isomeric forms, revealing
different van der Waals interactions. These calculations were performed at the BP86 and def2-
TZVPP levels.

Finally, the aromaticity descriptors highlighted the subtle electronic distinction be-
tween the isomers. Aromaticity remains a fundamental concept in molecular chemistry
as it provides essential insights into the stability, geometry, and magnetic behavior of
cyclic systems [49]. Despite the absence of a strictly formalized definition, aromaticity
is conventionally assessed through a variety of criteria, including energetic, structural,
magnetic, and electronic factors. Each of these criteria reflects distinct aspects of electron
delocalization [49,50]. The evaluation of aromaticity was carried out using magnetically
induced current density (MICD) calculations at the BP86 level. For Re, a fully relativistic
small-core effective potential (ECP60MDF) with its associated segmented valence basis
set was employed, whereas the def2-TZVP basis set was used for the remaining atoms.
The diatropic (aromatic) and paratropic (antiaromatic) ring currents were assessed using
two integration planes. Positive net ring-current strength (RCSnet) values are indicative
of aromatic character, whereas negative values are associated with antiaromaticity. MICD
calculations revealed diatropic currents along the phenanthroline perimeter and paratropic
contributions within its internal rings (Figure 6a). In the cis isomer, these currents were
weak, with RCSnet values of 2.1 nA·T−1 for the central ring and nearly negligible contribu-
tions from the lateral rings. In contrast, the trans isomer sustained stronger local aromaticity
in the lateral rings (RCSnet = 5.4 nA·T−1), while the central ring remained weakly aromatic
(1.2 nA·T−1). The EDDB values support this view, confirming greater delocalization in the
lateral rings of the trans isomer, in agreement with Hückel’s rule and Clar’s description of
the sextet localization in phenanthroline (Figure 6b). The slightly higher delocalization in
the trans isomer correlates with its marginally greater thermodynamic stability.

Taken together, these results indicate that cis and trans ReL share nearly identical struc-
tural and electronic frameworks, with the only appreciable difference being the enhanced
local aromaticity of the lateral rings in the trans isomer. This distinction, although modest,
explains its slight thermodynamic preference and supports treating the isomeric mixture as
a unified species in electrochemical and biological studies.
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Figure 6. (a) Modulus of current density and vector flux with an isovalue of ±0.05 of cis and
trans forms of ReL. Integration planes (red) used to determine the intensity of the current densities
in nA·T−1. Diatropic values are in blue, paratropic values are in red and net values are in bold.
(b) EDDBF isosurfaces with the corresponding electron populations for the cis and trans forms of ReL.

2.4. Cyclic Voltammetry

Electrochemical measurements of ReL were performed on its isomeric mixture, as
individual contributions from the cis and trans forms could not be experimentally resolved.
Computational studies revealed negligible differences in energy and non-covalent inter-
actions between the isomers, indicating that the relative orientation of the epoxide and
bromide ligands did not significantly influence the redox behavior (See Section 2.3). There-
fore, the observed metal-centered oxidation and ligand-centered reduction processes are
considered representative of the entire mixture. The redox properties of transition-metal
complexes are known to depend on several factors, including the oxidation state of the
metal center, the electronic characteristics of the ligands, and the solvent and electrolyte
environment [51,52]. The cyclic voltammograms of ReL and its uncoordinated equatorial
ligand (L) are shown in Figure 7, enabling a direct comparison of their redox profiles and
the identification of metal- and ligand-centered processes.

Here, one can notice the differences between the profiles for a blank solution and the
respective compounds. The L displayed oxidation and reduction signals at 1.64 and −0.86 V
vs. SCE, respectively. For ReL, two irreversible oxidations were found at 1.56 and 1.93 V,
and two quasi-reversible reductions were found at approximately −1.21 and −1.50 V.

A working window study was performed to identify the electrodic processes for the L
and ReL, the relation between them, and reversibility, Figure 8.
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Figure 7. Cyclic voltammetry profiles of the L and ReL compared to blank (dashed line). Interface:
Pt|10−3 mol/L of the respective compound +10−1 mol/L of TBAPF6 in anhydrous CH3CN under an
argon atmosphere. Scan rate: 200 mV/s.

Figure 8. Working-window study CV profiles of the L and ReL compared to blank (dashed line).
Interface: Pt|10−3 mol/L of respective compound+10−1 mol/L of TBAPF6 in anhydrous CH3CN
under an argon atmosphere. Scan rate: 200 mV/s.

The working-window study (Figure 8) shows that the L and ReL display typical
behaviors observed for analogous compounds studied before. The working window study
for L exhibited an intense quasi-reversible reduction, RedI, process at a half-wave potential
of −0.86 V and a low-intensity irreversible oxidation at 1.64 V. These signals have been
previously identified for similar dinitrogenated (N,N) ligands [16,53–56]. For the ReL
complex, various oxidation and reduction processes were observed in the full potential
window (−1.92 to 2.40 V vs. SCE) in the cyclic voltammogram shown in Figure 8. However,
if the CV profile from the bottom of the figure is inspected (−0.90 to 1.38 V vs. SCE),
none of these signals are observed in the wider potential range CV profile and do not
correspond to impurities since few were detected by 1H-NMR (Figure S2a). Precisely,
when the anodic limit reaches 1.90 V a reduction is observed 0.85 V after potential-sweep
inversion. Thus, this reduction could belong to oxidated products formed after the 1.56 V
process, possibly indicating that OxI may also be considered a quasi-reversible process.
On the other hand, when anodic limit reaches 2.40 V, another reduction signal appears at
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0.50 V. Due to the separation between 0.50 and 1.93, it is unlike that the reduction at 0.50 is
related to the oxidation’s products from 1.93 V; more likely corresponds to a reduction from
solvent oxidation by-products. All in all, only two oxidations were observed for ReL: an
irreversible process occurring at 1.56 V, followed by another irreversible process at 1.93 V. In
addition, two quasi-reversible reductions are observed at −1.21 and −1.50 V, respectively.
This behavior is consistent with past outcomes on similar molecules [57,58].

The first oxidation at 1.56 V for ReL corresponds to a (1) single electron irreversible
oxidation of rhenium center ReI→II, followed by an (2) intramolecular fast reduction ReII→I,
with an immediate substitution of bromide radical by a solvent molecule. We then ob-
served a second (3) irreversible oxidation at 1.93 V, producing a dicationic species. Thus,
the complete oxidation process followed an electrochemical–chemical–electrochemical
steps mechanism (ECE) (Scheme 1), which was previously reported for similar complexes
containing different diimine (N,N) ligands [59–61].

Scheme 1. Reaction mechanism for ReL oxidations at 25 ◦C.

Regarding the reductions in the ReL complex, two quasi-reversible processes are
observed in Figures 7 and 8. These reductions have been extensively reported as two single-
electron processes: the first one at −1.21 V potential (4) belongs to the quasi-reversible
reduction of the L, followed by (5) reversible bromide elimination.

The second at −1.50 V potential (6) corresponds to the reversible reduction from
the rhenium center ReI→0, generating a dianionic species that may also go through a (7)
bromide elimination step. Thus, the reduction follows the electrochemical-electrochemical–
chemical mechanism (EEC) with bromide dissociation as the chemical step (Scheme 2).
Similar mechanisms have been described for the reduction of other rhenium(I) complexes.
Bromide removal is considered reversible because it is coupled to a redox process that
generates a coordinatively unsaturated species, which has the capacity to recapture the
bromide [57,61].

[ReI(N,N)(CO)3Br] + e− → [ReI(N,N)(CO)3Br]−    (4) 
[ReI(N,N)(CO)3Br]− → [ReI(N,N)(CO)3] + Br−    (5) 
[ReI(N,N)(CO)3Br]− + e− → [Re0(N,N)(CO)3Br]2−    (6) 
[Re0(N,N)(CO)3Br]2− → [Re0(N,N)(CO)3]− + Br−    (7) 
N,N = 5,6-epoxy-5,6-dihydro-1,10-phenanthroline 

Scheme 2. Reaction mechanism for ReL reductions at 25 ◦C.

The general reaction scheme for oxidations and reductions is presented in Figure 9.
The observed reductions of ReL closely align with the position and nature of their indi-

vidual constituents. Furthermore, computational studies on comparable systems emphasize
the evenly distributed LUMO above the (N,N) ligand and the rhenium core [53,57]. Scan
rate studies were performed to determine whether the current of the electrodic processes
depended on the species diffusion. As shown in Figure S19, the current increased with
the scan rate, as expected. As can be seen from the summary presented in Table 1, mass
transfer control is present in some of the electrodic processes displayed by the molecules
under study.
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Figure 9. Electrochemical reaction scheme for ReL.

Table 1. Summary of the electrochemical processes.

Peak * Potential, E
(V vs. SCE) Assignment Diffusional

Control?

L (5,6-epoxy-5,6-dihydro-1,10-phenanthroline)

RedI
(qrev) −0.86 L reduction No

OxI
(irr) 1.64 L oxidation Yes

ReL (fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br])

RedI
(qrev) −1.21 Ligand reduction No

RedII
(qrev) −1.50 ReI→0 reduction (Followed by bromide elimination) Yes

OxI
(irr) 1.56 ReI→IIoxidation (Followed by intramolecular

ReII→Ireduction)
Yes

OxII
(rev) 1.93 ReI→II oxidation (After Br− replacement with ACN) No

* qrev = quasi-reversible; irr = irreversible.

Complementarily, a voltammetry experiment was conducted in a CO2-saturated
solution (Figure S20) to preliminarily check a possible electrocatalytical potential of the
complex towards CO2 reduction process. An increase in the current density was observed,
which may be associated with the CO2 reduction processes [62,63]. These results suggest
a possible influence of the complex on the process, which must be rigorously evaluated
through further studies. Future studies will involve modifying electrodes with these
complexes to systematically investigate their catalytic behavior during the reduction ReI→0

processes [4,52]. To better understand the metallic center reduction process ReI→0, the half-
wave potentials for a family of compounds measured in identical conditions are presented
in Figure S21 [4,57]. As expected, some trends can be observed on the ReI→0 potential
depending on the size of the ligands and/or nature of the moieties present. On the one hand,
the presence of the ancillary ligand corresponding to a Schiff base (red dashed enclosure)
showed the most negative values. In previous studies [53,57], the ancillary ligand exhibited
a withdrawing effect to the rhenium core, as evidenced by UV–Vis spectroscopy, theoretical
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calculations, and other methods. These reports have pointed out that this kind of ancillary
ligand leads to a less intense electron density on the rhenium core, which could explain
why the reduction processes require higher potential values. In the middle, the complexes
with a halide ion as a ligand (blue line) were observed. Finally, the most positive potential
value for ReI→0 belongs to the complex with a benzimidazole ligand. This ligand appears to
influence the homogeneous distribution of electron density in the rhenium core. Thus, the
reduction in the observed potential values in this Re complex family is strongly influenced
by the aromaticity due to the nature of the substituents in the ligands’ moiety. Reduction
processes for this type of compound are important in the study of potential electrocatalytic
capabilities for the carbon dioxide reduction process [64–66].

2.5. Computed Oxidation and Reduction Potentials of ReL

To better understand the redox processes described in Section 2.4, we employed a
computational methodology using a thermodynamic cycle to calculate free energies in both
the gas-phase and solvated states. The CPCM model with acetonitrile as the solvent was
used to estimate the solvation energies. We found oxidation and reduction potentials at
+2.04 V and −0.92 V, respectively, for L, which agree with the experimental trends (Table 2).

Table 2. Electrochemical values of L and ReL complex (experimental data and theoretical calculations).

Compound Process
Potential (V)

Experimental Theoretical Calculations

L
OxI +1.64 +2.04

RedI −0.86 −0.92

ReL

OxI +1.56 +1.45

OxII +1.93 +2.11

RedI −1.21 −1.31

RedII −1.50 −1.95

As observed after 1H-NMR analysis (Figure S2a,b), both isomers are present in the
solution. For the computational calculations, only one of the isomeric structures (trans) was
considered, as the other isomer is expected to exhibit similar properties based on previous
computational studies. For ReL, we identified two oxidation processes at +1.45 V and
+2.11 V, which agree with experimental data at +1.56 V and +1.93 V, respectively. These
processes were attributed to rhenium oxidation following an electrochemical–chemical–
electrochemical mechanism (see discussion above). Regarding the reduction, two processes
are calculated at −1.31 and −1.95 V (see Table 2), consistent with the reduction of the L
equatorial ligand at −1.21 V and the reduction of ReI→0 at −1.50 V, respectively.

To complement these findings, electron density plots were calculated for the L and
the ReL complex (see Table 2). The analysis focused on the Highest Occupied Molecular
Orbital (HOMO) to identify the most probable oxidation site. For the L, the HOMO is
primarily localized in the 1,10-phenanthroline ring, with a minor contribution from the
oxygen atom of the epoxy moiety (see Table 3). The significant potential difference in
oxidation peaks observed in the calculations can be attributed to the electron-withdrawing
effect of the 1,10-phenanthroline moiety, which increases the energy required to oxidize
the epoxy group in L. In contrast, the Lowest Unoccupied Molecular Orbital (LUMO) is
predominantly distributed across the fused aromatic rings.
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Table 3. Electron density of molecular orbitals HOMO and LUMO involved in electrochemical steps
of redox mechanisms for L, ReL and ReL-ACN complexes.

Compound
Electron Density ∆E (eV)

HOMO LUMO

L

 
E = −6.77 eV

 
E = −1.90 eV

4.87

ReL

 
E = −5.59 eV

 
E = −3.51 eV

2.08

ReL-ACN *

E = −6.18 eV

 
E = −3.68 eV

2.50

* (ReL-ACN = fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)(ACN)]+.

For the ReL complex, redox calculations indicated that the spatial modification of
the epoxy group relative to the bromine ligand in the octahedral arrangement did not
significantly alter the electronic properties. The HOMO and LUMO plots revealed that the
electron density was primarily localized either on the metal core or within the aromatic
ring system (Table 3). Specifically, the HOMO was concentrated in the rhenium tricarbonyl
core rather than in the 1,10-phenanthroline ring, suggesting that oxidation is most likely to
occur at the rhenium center (ReI→II). The experimental results revealed a second reversible
oxidation at +1.93 V, suggesting the formation of a dicationic species. The ReL-ACN com-
plex exhibited a HOMO distribution centered on the metal core, with a stabilization energy
of ∆E = 2.50 eV. This value is lower than that obtained for the L (∆E = 4.87 eV), confirming
that oxidation is more likely to occur at the metal center. Regarding the LUMO, the electron
density is primarily distributed in the 1,10-phenanthroline ring, indicating that reduction is
more likely to occur in this region. Based on these analyses, ReL exhibited a characteristic
cyclic voltammetry profile, beginning with an initial irreversible oxidation, followed by
a second reversible oxidation that followed an electrochemical–chemical–electrochemical
(ECE) mechanism. Additionally, the complex undergoes two reversible reductions pro-
cesses consistent with the electrochemical–electrochemical–chemical (EEC) mechanism.
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2.6. Cell Viability Assays

Rhenium(I) tricarbonyl complexes featuring dinitrogenated N,N′ ligands, such as
1,10-phenanthroline derivatives, combined with chloride or bromide as ancillary ligands
have gained attention as promising candidates in anticancer research [67–69]. The in-
corporation of halides confers neutrality to these complexes, improving lipophilicity, cel-
lular uptake, and physiological stability, critical attributes for effective drug delivery.
These structural benefits correlate with significant cytotoxic activity against human can-
cer cell lines, notably HeLa (cervical cancer) [67]. Representative examples, including
Re(CO)3(1,10-phenanthroline)Cl and its functionalized analogues, exhibit strong potential
for development as chemotherapeutic agents [29,70]. Based on this, the proposed complex
fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] (ReL) was evaluated for its
cytotoxic potential in HeLa cervical cancer cells. The cell viability was assessed using the
MTT assay, which revealed a measurable reduction in metabolic activity, suggesting that
ReL may exert cytotoxic effects under the tested conditions [71,72], Figure 10.

Figure 10. Evaluation of cell viability of ReL complex by a MTT assay in HeLa cells. A An MTT assay
was performed to evaluate cell viability in the presence of the complex, dissolved in DMSO to obtain
final concentrations of 9.12 µM, 22.79 µM, 45.58 µM, 91.16 µM, 182.31 µM, 364.62 µM, 729.24 µM
and 1093.85 µM. Cell viability was expressed as a percentage relative to that of the control group.
Analyses were performed with n = 3 and evaluated using one-way ANOVA, followed by Dunnett’s
post hoc test. Bars represent the mean ± standard error of the mean (SEM). Symbol (*) indicates a
statistically significant difference with p < 0.05. Group differences versus control were evaluated by
one-way ANOVA with Dunnett’s post-hoc test. Significance codes: * p < 0.05; ** p < 0.01; *** p < 0.001
(two-sided; posthoc– adjusted where applicable).

The MTT assay provided comprehensive information on the cytotoxic effects of the ReL
complex. A reduction in cell viability was observed, which depended on the concentration,
indicating that ReL demonstrates cytotoxic activity under the conditions tested. The lowest
concentration of the compound exhibited behavior like that of the control. Subsequently,
at concentrations of 22.79 µM, 45.58 µM, and 91.16 µM, a decrease in cell viability was
observed, suggesting an early onset of biological activity; however, these differences were
not statistically significant. This trend was accentuated at concentrations of 182.31 µM
and 364.62 µM, where significant cytotoxic effects were detected (p < 0.01 and p < 0.001,
respectively). At higher concentrations (729.24 µM and 1093.85 µM), cell viability was
reduced to below 40% compared to control, with highly significant differences (p < 0.0001).
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Therefore, ReL complex demonstrated a clear concentration-dependent cytotoxic effect,
characterized by a progressive reduction in cell viability as the dose increased.

Cell viability of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] decreased
in a dose-dependent manner, with significant reductions observed at 182.31 µM and above,
yielding an IC50 of 182.31 µM. In contrast, neutral rhenium(I) tricarbonyl complexes bearing
unmodified phenanthroline ligands typically display much higher potency, with reported
IC50 values of 1.2–1.8 µM, surpassing cisplatin (6.6 µM) [25,29,67,73]. Although the bro-
mide ligand may enhance lipophilicity, this effect does not offset the structural constraints
imposed by the epoxide modification, highlighting the critical role of rational ligand design
in achieving optimal biological performance [29,67]. Importantly, replacing the bromide
ligand with a neutral donor that enables formation of cationic species could improve
aqueous solubility and facilitate endocytotic uptake, potentially lowering IC50 values to
levels comparable with other highly active rhenium tricarbonyl analogues reported in
the literature [74]. Complexes bearing benzimidazole or bipyridine derivatives typically
display IC50 values in the 50–100 µM range, depending on ligand lipophilicity and sub-
stitution patterns [67]. Neutral complexes of the type fac-[Re(CO)3(Phenathroline)Cl or
Br] are attractive as activatable precursors [29,75]. These features suggest their potential as
prodrug candidates that could be activated in biological environments, although further
optimization is required to improve stability and lipophilicity. These considerations high-
light the need for rational ligand modification to optimize both physicochemical properties
and anticancer activity [76].

In brief, the ReL complex exhibited a clear dose-dependent cytotoxic effect on HeLa
cells, with an IC50 significantly higher than cisplatin. This relatively low toxicity indicates
that ReL could potentially meet key requirements for an effective fluorophore, including
minimal cytotoxicity, high photostability, and efficient cellular uptake without permeabi-
lizing agents, ensuring reliable bioimaging in epithelial (non-walled) cell models while
preserving cell viability [26]. Interestingly, previous studies reported that ReL interacts
effectively with walled cells such as Gram-negative bacteria and yeasts, showing minimal
or no cytotoxicity, while significant effects were observed against Gram-positive bacteria,
suggesting a selective biological response. Moreover, its intrinsic luminescent properties
enable direct application as a fluorescent probe for microbial imaging, particularly in
Salmonella enterica and Candida albicans [33]. These findings highlight the multifunctional
nature of ReL, combining imaging capability with selective bioactivity and underscoring
its potential as a versatile tool for microbiological applications.

3. Experimental and Theoretical Details
3.1. Materials and Instruments

The initial reagents, sourced from Merck and Aldrich (St. Louis, MO, USA), were used
as received, without additional purification. Acetonitrile (CH3CN) was dried using molec-
ular sieves and purged with argon gas in preparation for the electrochemical experiments.
The synthesis and comprehensive characterization of the rhenium(I) tricarbonyl complex
are described in detail. Additional methodological, crystallographic, and computational
details are provided in Appendix A

3.2. Synthesis of fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br] (ReL)

The complex was prepared following a previously documented method, which in-
volved the reaction of L with the [Re(CO)3Br(THF)]2 dimer in a 2:1 ratio in toluene. The
mixture was stirred for 15 min at room temperature2. Reaction scheme is presented on
Figure 11.
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Figure 11. Reaction scheme for the synthesis of ReL.

FTIR (KBr, cm−1): 3433 (νNH); 2021 (symmetric νCO); 1909 (antisymmetric νCO);
and 1435 (νCC). 1HNMR (400 MHz, DMSO-d6, ppm): δ = 9.13–9.07 [m, 2H, C1,C10],
8.76–8.65 [m, 2H, C3,C8], 7.94–7.82 [m, 2H, C2,C9], 5.10 [d, J = 1.7 Hz, 1H,C6] and 5.08 [d,
J = 1.6 Hz, 1H, C5]. 13C-NMR (100 MHz, DMSO-d6, ppm): δ = 197.40; 153.47; 150.93; 141.86;
133.89; 128.31; and 54.91.

For the characterization of ReL, we conducted FTIR spectra (ATR) using a Bruker
Vector-22 FT-IR spectrophotometer (Billerica, MA, USA). Additionally, 1H-NMR, 13CNMR,
and CHCOSY spectra were acquired on a Bruker AVANCE 400 spectrometer (400 MHz)
and maintained at 25 ◦C. The compound was dissolved in deuterated DMSO.

3.3. Structure Determination

Crystals suitable for X-ray analysis of compound ReL were obtained as previously de-
scribed and mounted using MiTeGen Micro Mounts (New York, NY, USA). Table S1 presents
the experimental and crystallographic data for ReL, while selected bond distances and
angles for all the studied compounds are shown in Table S2. The intramolecular interac-
tions are outlined in Table S3. Detailed information on the crystal, X-ray data collection,
and structure solution is provided in the Supporting Information. Intensity data were col-
lected at room temperature using a Bruker Smart Apex diffractometer (Billerica, MA, USA)
equipped with a bi-dimensional CMOS Photon100 detector and a graphite monochromator
employing Mo-Kα radiation. A frame separation of 0.31 and a collection time of 10 s per
frame were used at 296 K. APEX3 (Bruker AXS), SHELXL (Sheldrick), and the TONTO
package integrated within CrystalExplorer 17.5 were used in their standard distributions.
Data integration was performed using APEX3 software, with absorption corrections ap-
plied via SADABS. The solution and refinement for compound ReL were carried out with
Olex2. The structure of ReL was solved using the Patterson method and refined with the
SHELXL package through least squares minimization [77]. The refinement utilized full
matrix least squares on reflection intensities (F2), with all non-hydrogen atoms refined
anisotropically and hydrogen atoms positioned in idealized locations.

The intermolecular interactions in the crystalline molecules were studied using Hirsh-
feld surface analysis. This surface is defined as the fraction of the electron density sphere of
the atoms of the molecule of interest, “promolecule” that contributes to the total electron
density of the crystalline molecule “procrystal” system, considering a normalized contact
distance (dnorm), where rVdW is the van der Waals (vdW) radius of the atom corresponding
to the interior or exterior of the Surface (Equation (1)). For this reason, Hirshfeld surface
analysis has gained prominence as a powerful tool to explore and describe various inter-
molecular interactions present in crystal packing. Furthermore, these surfaces are related
to their corresponding 2D fingerprint plots [78–81]. This plot allows us to explore, quantify,
and compare the contributions of the different interactions present in the crystal structure
and helps to elucidate important information about close contacts and more distant inter-
actions and areas where contacts are weak. Crystal Explorer 17.5 software [82] was used
to calculate the Hirshfeld surface [78,79] and associated 2D-fingerprint plots [83,84] of the
L1–4 compounds using the crystallographic information file (CIF) as input for the analysis.
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The electrostatic potentials were mapped on the Hirshfeld surfaces using the 3–21G basis
set at the level of Hartree-Fock theory over a range of ±0.002 au using the TONTO com-
putational package integrated into the program Crystal Explorer [82]. For the generation
of fingerprint plots, the bond lengths of hydrogen atoms involved in interactions were
normalized to standard neutron values (C-H = 1.083 Å, N-H = 1.009 Å, O-H = 0.983 Å) [85].

dnorm =
di − rVdW

i

rVdW
i

+
de − rVdW

e
rVdW

e
(1)

Equation (1): Normalized contact distance, defined in terms of de, di, and the VdW
radii of the atoms. Red (distances shorter than the sum of VdW radii) through white to
blue (distances longer than the sum of VdWradii).

3.4. Electrochemical Characterization

For all electrochemical studies, the working solution consisted of 0.01 mol/L of the re-
spective compounds (L and ReL complex). This solution was supplemented with 0.1 mol/L
of tetra-n-butylammonium hexafluorophosphate (TBAPF6) as a supporting electrolyte.
In this study, all CV experiments were conducted under standardized conditions using
a platinum working electrode in anhydrous acetonitrile containing 10−3 mol·L−1 of the
respective compound (L or ReL) and 0.1 mol·L−1 of tetrabutylammonium hexafluorophos-
phate (TBAPF6) as the supporting electrolyte. Measurements were carried out under an
argon atmosphere at a scan rate of 200 mV·s−1. The compounds and electrolyte were
prepared in high p.a. anhydrous acetonitrile (CH3CN). Prior to each experiment, the work-
ing solution underwent purging with high-purity argon gas, with an argon atmosphere
maintained throughout the experiment [4]. For carbon dioxide reduction experiments, the
solution was purged with CO2, and a constant pressure of this gas was maintained during
measurements. A polycrystalline, non-annealed platinum disc with a 2 mm diameter was
used as the working electrode. The working electrode was polished with alumina slurry
(particle size 0.3 µm) on soft leather, then rinsed with bi-distilled water, acetone, and finally
dried before and between measurements. A platinum gauze of substantial geometrical
dimensions was employed for the counter electrode, segregated from the primary cell com-
partment by a fine sintered glass. All recorded potentials in this document are referenced
to Ag/AgCl electrodes in tetramethylammonium chloride to align with the potential of a
saturated calomel electrode (SCE) at room temperature [86]. Electrochemical cells, syringes,
volumetric flasks, and the rest of the employed glassware were always washed with bi-
distilled water, acetone, and oven-dried at 60 ◦C for at least 12 h prior to all experiments.
All electrochemical experiments were executed at room temperature, using a CHI900B
bipotentiostat CH Instruments (Austin, TX, USA) interfaced with a computer running CHI
9.12 software. This software facilitated experimental control and data acquisition.

3.5. Theoretical Details

All calculations in this study were performed within the Density Functional Theory
(DFT) framework using ORCA 5.0.4 [87]. Molecular geometries were fully optimized
employing the B3LYP hybrid functional with the def2-TZVPP basis set. The Tight SCF
convergence criteria and the RIJCOSX approximation were applied for Coulomb integral
calculations to enhance computational efficiency. The solvation effects were estimated using
the Conductor-like Polarizable Continuum Model (CPCM) [88,89], with acetonitrile as the
solvent. Frequency analyses were conducted to obtain the thermodynamic parameters
necessary for determining the reduction potentials.

For the Fukui function analysis, an optimization calculation was performed using
ORCA 5.0.4 to obtain the electronic density of the neutral species. Density Functional
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Theory (DFT) was employed with the BP86 functional and the def2-TZVPP basis set [90–92].
For the rhenium atom, the SARC-ZORA-TZVPP basis set [92] was used to account for the
relativistic effects associated with heavy metals. Adiabatic calculations were carried out
to obtain the electronic density of the positively and negatively charged species. This
approach assumes that the molecular geometry remains unchanged upon charge variation,
which means that the geometric structures of the charged species are not re-optimized.
Such an approximation is valid for systems in which the charge influence on geometry
is minimal, as seen in radicals and other charged species where structural changes upon
electron addition or removal are negligible. This adiabatic treatment simplifies the analysis
and enables the study of the reactivity and electronic density of charged species without
requiring geometric optimization for each charge state. To generate figures highlighting
nucleophilic and electrophilic reactivity sites, Chemcraft 1.8 software was used to perform
density subtraction operations.

The NCI approach relies on electron density and its derivatives, allowing the identifi-
cation of noncovalent interactions based on the reduced density gradient (S) in low-density
regions. Within this framework, the reduced density gradient is defined by the equation
described for Trujillo et al. and Villegas-Escobar et al. [93,94]. The optimized structure
from the Fukui function calculation of the neutral species was used for the NCI analysis.
Multiwfn 3.8 software [95] was employed to generate .cube files to obtain density gradient
data. The .cube files were then visualized using the VMD 1.9 software [96] to identify
and display the different types of interactions within the structure. Additionally, Python
programming language 3.12.12 script developed by our research group was utilized to
generate RDG analysis figures.

The magnetically induced current density (MICD) was analyzed using the GIMIC
program [97,98]. For a more detailed analysis of cyclic current Lows and to evaluate current
profiles across selected integration planes, the planes were positioned perpendicular to the
molecular plane. The ring currents and their intensities were then determined by integrat-
ing the current density across these planes. For this analysis, the Gauge Included Atomic
Orbitals (GIAO) method [99] was used to study diatropic (aromatic) and paratropic (an-
tiaromatic) ring currents circulating clockwise and counterclockwise, respectively. The two-
dimensional Gauss-Lobatto algorithm was used to integrate the currents passing through
an integration plane. The current density paths were done using Paraview5.10.0 [100].
Computations were performed by Gaussian 16.B015 with the BP86 (functional, in which
a small-core fully relativistic effective core potential (ECP60MDF) [101] and associated
segmented valence basis sets were adopted for Re and the def2-TZVP [102,103] basis set
was used for the remaining atoms [101,104]. Also, aromaticity was evaluated by performing
electron density of delocalized bonds (EDDB) calculations using EDDBRun scripts [105].

The methodology for computing the reduction and oxidation potentials was based on
an established thermodynamic cycle approach [106–109]. This method calculates the free
energy of the species in both gas-phase and solvated state. Separate thermodynamic cycles
were used for each oxidation and reduction potential, as illustrated in Figures S22 and S23.
To establish the computational protocol for estimating redox potentials, standard Gibbs
free energies in acetonitrile were obtained from gas- and solution-phase calculations for the
reduced and oxidized species. The gas-phase free energy was derived from single-point
energy calculations. The standard absolute redox potential (E0) was determined using the
following equation:

E0 = −∆G0
s(redox, CH3CN)/nF

In the given equation, n represents the number of electrons consumed or generated in
the specific half-reaction, and F denotes the Faraday constant. This thermodynamic model
establishes a direct connection between the changes in the free energy in the condensed
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phase related to reduction or oxidation and the corresponding processes in the gas phase.
Furthermore, to determine the free energy associated with ionization or electron attachment
at 298 K, it is essential to calculate the thermal contributions to the free energy at 298 K.
Considering this, the remaining link between the gas and the condensed phase is defined by
the difference in solvation free energies between the oxidized and reduced species involved
in the respective processes. The calculated absolute free energy of reduction or oxidation
represents the generation or consumption of a free electron.

Additionally, the theoretical calculation of the free energy for the oxidation and reduc-
tion processes considers the complexity of the electrochemical mechanisms.

3.6. MTT Assay Protocol

HeLa cells were obtained from ATCC (Manassas, VA, USA), a recognized supplier of
authenticated cell lines and microbial strains for biomedical research and diagnostics. The
MTT assay is an established colorimetric method for assessing cell viability, based on the
ability of living cells to reduce the tetrazolium (MTT) to a purple formazan [71,72]. This
color change is indicative of cellular metabolic activity, as viable cells convert MTT into an
insoluble product whose color intensity can be quantified to determine cell viability [72].
This assay was performed using a 96-well plate, in which 35,000 cells were seeded per
well. Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin/streptomycin. . Cells were maintained in
a humidified atmosphere with 5% CO2 at 37 ◦C. 200 µL of each prepared solution (9.12,
22.79, 45.58, 91.16, 182.31, 364.62, 729.24, and 1093.85 µM) was added to the respective
cell well. Stock solutions were obtained by dissolving precise amounts of the compound
in DMSO. Appropriate controls were included to ensure the reliability of the assay: the
positive control consisted of culture medium alone, the negative control was DMSO, and
the vehicle control was a mixture of culture medium and DMSO. These controls provided a
baseline for evaluating the specific effects of this compound on cell viability.

The plates were incubated at 37 ◦C in a 5% CO2 atmosphere for 24 h. Subsequently,
a 5 mg/mL MTT solution, diluted 1:10 in culture medium, was added to each well. The
MTT incubation was continued for two hours to allow the conversion of MTT to formazan.
After MTT incubation, 100 µL of DMSO was added to each well to dissolve the formazan
complexes. The solution was carefully resuspended in each well to ensure complete
dissolution of the formazan. Finally, absorbances at 570 nm and 630 nm were measured
using a BioTek microplate reader. Cell viability was expressed as a percentage with respect
to the control group. Analyses were performed with n = 3 and evaluated using one-way
ANOVA followed by Dunnett’s post hoc test [110,111].

4. Conclusions
In this study, we present a comprehensive structural, electronic, and biological char-

acterization of a neutral rhenium(I) complex fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-
phenanthroline)Br] (ReL). Single-crystal X-ray diffraction confirmed the cis configuration,
and Hirshfeld surface analysis revealed dominant O···H interactions in the crystal packing.
Variable-temperature NMR spectroscopy demonstrated the coexistence of cis and trans
isomers in solution, with the trans form being slightly more stable than the cis form. DFT cal-
culations, including Fukui functions, NCI indices, and aromaticity descriptors, showed that
both isomers share nearly identical electronic and structural frameworks, with enhanced
local aromaticity in the trans isomer, which explains its slight thermodynamic preference.
This supports the treatment of the isomeric mixture as a unified species in electrochemical
and biological studies. Electrochemical studies revealed a typical fac-[Re(CO)3(N,N)X]
profile, including a ReI → Re0 transition, with theoretical redox potentials aligning well
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with the experimental data. Biologically, ReL demonstrated dose-dependent cytotoxicity in
HeLa cells, in contrast to its previously reported low toxicity in microbial systems. Com-
bined with its luminescent properties and antimicrobial activity, these findings underscore
the multifunctional nature of ReL and its potential as a bioactive and imaging agent for
therapeutic and microbiological applications.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inorganics14010003/s1, Figure S1: FTIR (KBr) spectrum of
ReL; Figure S2: a. 1HNMR spectrum of ReL recorded at 400 MHz in DMSO-d6 at 25 ◦C; Figure S2:
b. Expanded aromatic zone of the 1H-NMR spectrum of ReL at 400 MHz and 25 ◦C, with sam-
ples dissolved in deuterated DMSO; Figure S3: 1HNMR spectrum of ReL recorded at 400 MHz
in DMSO-d6 at 40 ◦C; Figure S4: 1HNMR spectrum of ReL recorded at 400 MHz in DMSO-d6 at
50 ◦C; Figure S5: 1HNMR spectrum of ReL recorded at 400 MHz in DMSO-d6 at 60 ◦C; Figure S6: a.
13C NMR spectrum of ReL recorded at 100 MHz in deuterated DMSO (DMSO-d6) at 25 ◦C; Figure
S6: b. Expanded aromatic zone of 13C NMR spectrum of ReL recorded at 100 MHz in deuterated
DMSO (DMSO-d6) at 25 ◦C; Figure S7: 13C NMR spectrum of ReL recorded at 100 MHz in deuterated
DMSO (DMSO-d6) at 40 ◦C; Figure S8: 13C NMR spectrum of ReL recorded at 100 MHz in deuterated
DMSO (DMSO-d6) at 50 ◦C; Figure S9: 13C NMR spectrum of ReL recorded at 100 MHz in deuter-
ated DMSO (DMSO-d6) at 60 ◦C; Figure S10: CH COSY spectrum of ReL recorded in deuterated
DMSO (DMSO-d6) at 25 ◦C; Figure S11: Comparison of the crystal packing patterns of ReL and
fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Cl] (CCDC-239411)* complexes; Figure S12:
Hirshfeld surfaces mapped over dnorm (top) and 2D fingerprint plots of ReL (bottom) show the
principal percentage contribution of contacts between complexes; Figure S13: Computed FTIR of
cis isomeric form of ReL, with respect to epoxy moiety 1,10-phenenthroline and bromide ancillary
ligand; Figure S14: Computed FTIR of the trans isomeric form of ReL, with respect to epoxy moiety
1,10-phenenthroline and bromide ancillary ligand; Figure S15: Plot of the Fukui function of the
ReL cis isomeric form: the left plot indicates a nucleophilic site (f+), and the right plot indicates
an electrophilic site (f−); Figure S16: Plot of the Fukui function of the ReL trans isomeric form:
the left plot indicates a nucleophilic site (f+) and the right plot indicates an electrophilic site (f−);
Figure S17: Noncovalent interaction (NCI) analysis of the cis-isomeric form of ReL. Bottom: The NCI
color scale is −0.02 <λH> 0.02 a.u. These calculations were performed at the BP86 and def2-TZVPP
level; Figure S18: Noncovalent interaction (NCI) analysis of the trans-isomeric form of ReL. Bottom:
The NCI color scale is −0.02 <λH> 0.02 a.u. These calculations were performed at the BP86 and
def2-TZVPP level; Figure S19: Cyclic voltammetry scan-rate study of L and ReL. Interface: Pt| 10−3

mol/L of respective compound + 10−1 mol/L of TBAPF6 in anhydrous CH3CN under an argon
atmosphere. Scan rate: 25–200 mV/s; Figure S20: Cyclic voltammetry for CO2-electrocatalysis prelim-
inary study. Interface: Pt| 10−3 mol/L of fac-Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-phenanthroline)Br
(ReL) + 10−1 mol/L of TBAPF6 in anhydrous CH3CN under saturated Ar(—) or CO2 (---). Scan
rate: 100 mV/s; Figure S21: Half-wave potential values for Rhenium (I) tricarbonyl center reductions
were determined for a family of fac-[Re(CO)3(N,N)X]n compounds; Figure S22: Thermodynamic free
energy cycles used in the computation of equilibrium redox potentials for L: (A) L/L− pair and (B)
L+/L pair; Figure S23: Thermodynamic free energy cycles used in the computation of equilibrium
redox potentials for ReL complex: (A) FO/FR pair, (B) Different species (FO and FR) involved in
electrochemical steps of redox mechanisms (ReL-ACN = fac-[Re(CO)3(5,6-epoxy-5,6-dihydro-1,10-
phenanthroline)(ACN)]+); Table S1: Crystal data collection and structure refinement parameters for
the ReL compound; Table S2: Bond distances (Å) and angles (◦) for the ReL compound; Table S3:
Intermolecular hydrogen-bonding interaction parameters for ReL compound. References [112,113] is
cited in the supplementary materials.
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