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Structural and antimicrobial studies on a
tricarbonyl rhenium(I) complex with the
6,7-dimethyl-2-(pyridin-2-yl)quinoxaline ligand

Sibusiso A. Sithole, a Ahmed M. Mansour, *bc Frederick P. Malan, d

Gurusamy Manikandan, e David R. Katerere,e Ola R. Shehab b and
Amanda-Lee E. Manicum *a

A new tricarbonyl rhenium(I) complex featuring 6,7-dimethyl-2-(pyridin-2-yl)quinoxaline (1) was

synthesized and characterized using spectroscopic and crystallographic techniques, supported by

density functional theory (DFT) calculations. Ligand 1 acts as a bidentate N,N0-donor, coordinating

through the pyridyl and quinoxaline nitrogen atoms to form a fac-[ReCl(CO)3(1)] (2) complex. Single-

crystal X-ray diffraction analysis revealed an octahedral geometry around the Re(I) centre, with the three

carbonyl ligands adopting a facial arrangement. Hirshfeld surface analysis indicated that weak C–H� � �Cl

interactions play a significant role in crystal packing stabilization. DFT and time-dependent DFT (TDDFT)

calculations confirmed the observed experimental geometry and provided insights into the metal–ligand

bonding, charge distribution, and electronic transitions. The combined results highlight the structural

and electronic features that contribute to the stability and potential bioactivity of this rhenium(I)

tricarbonyl complex. The antimicrobial assay indicated that the rhenium metal complex (2) was superior

to the ligand (1) in activity against six different microbial species, but inferior to the standard anti-

microbial agents.

1. Introduction

Tricarbonyl Re(I) compounds have attracted a lot of attention
due to their diverse photophysical and photochemical proper-
ties, which make them ideal for a variety of applications, such
as biomolecular labelling,1 light-emitting devices,2 and the
reduction of carbon dioxide.3 Large Stokes shifts, a long-lived
excited state, and high quantum emission efficiency are typical
of tricarbonyl rhenium(I) complexes, which reduce the self-
quenching effects frequently observed when organic dyes are
used to label biomolecules fluorescently. When using time-
resolved microscopy to investigate tissue samples, the advan-
tage of a large Stokes shift presents a challenge in filtering out

interference from short-lifetime biomolecular autofluorescence
from the desired signal.

Rhenium, which is frequently overlooked in medical appli-
cations in favour of other metals like iron and ruthenium, has
attracted more attention in medicinal chemistry, including as
anticancer medicines, radiopharmaceutical imaging agents,
and, more recently, antibacterial compounds.4–7 A search in
the literature shows that tricarbonyl compounds of rhenium
are particularly appealing because of their extremely low in vivo
toxicity.8–10 In addition, this family of metal carbonyls has been
studied extensively in the context of photoactivated therapy due to
their extensive photophysical characteristics.11 Because of their
favourable intracellular localization and organelle targeting,12

rhenium(I) complexes have already been proven to be helpful as
cellular imaging agents, and they now offer the prospect of
combining their activities as fluorescence microscopy imaging
agents with in vivo radio-imaging.13 The chemical alteration of the
fac-[Re(CO)3]+ motif can be utilized to control their lipophilicity
and improve their cellular absorption and cytotoxicity.14,15

According to a literature search, certain Re(I) tricarbonyl
complexes showed promising antimicrobial activity.4–7,16–19

Carbonyl rhenium compounds have shown activity against
Gram-positive bacteria, especially Staphylococcus aureus, including
both methicillin-sensitive (MSSA) and methicillin-resistant (MRSA)
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strains.20–22 Certain hetero-trimetallic tricarbonyl rhenium com-
plexes linked to a peptide nucleic acid backbone were identified as
innovative antibacterial drugs specifically targeting Gram-positive
bacteria, such as Bacillus subtilis and Staphylococcus aureus.23 Some
cationic tricarbonyl Re(I) complexes of triazole derivatives were
more effective against Staphylococcus aureus than the neutral
one.24 The mechanism of action of the mixed ligand Re(I) complex
functionalized with both 2,20-bipyridine and the clotrimazole
drug against Staphylococcus aureus demonstrated the interference
with peptidoglycan formation by targeting the cytoplasmic
membrane.25 The significant activity, blood stability, and lack of
carbon monoxide leakage served as the driving forces behind this
investigation.25 The bisquinoline tricarbonyl Re(I) complexes
demonstrated a dual mode of action against both Gram-positive
and Gram-negative bacteria, with the latter requiring exposure to
light to be active, as well as moderate cytotoxicity against human
embryonic kidney (HEK293) cells.26 However, the chemical
features of tricarbonyl rhenium complexes that make them such
promising therapeutic agents are still unknown.

In the present contribution, we synthesized and structurally
characterized 6,7-dimethyl-2-(pyridin-2-yl)quinoxaline 1 and its
new tricarbonyl rhenium(I) complex 2 (Scheme 1) using differ-
ent analytical and spectroscopic tools including single crystal
X-ray diffraction analysis of both compounds. Due to the variety
of biological effects that 1 provides, we have selected it as an
auxiliary ligand for 2.27–30 The experimental investigation was
supported by density functional theory (DFT) calculations to
better understand the nature of the observed electronic absorp-
tion transitions and investigate the natural charge of the metal
ion upon coordination to the quinoxaline ligand, the strength
of metal–ligand (M–L) bonds, and the hybridization. Electronic
absorption spectra were recorded in a variety of polar (a)protic
solvents to investigate the solvatochromic features of 2. With
reference to two standard antimicrobial agents, voriconazole
and ciprofloxacin, the free ligand and its rhenium(I) complex
were tested for possible antimicrobial activity.

2. Results and discussion
2.1. Synthesis and characterization

As shown in Scheme 1, to prepare 6,7-dimethyl-2-(pyridin-2-yl)-
quinoxaline 1, a mixture of 4,5-dimethyl-benzene-1,2-diamine
and one equivalent of 2-acetylpyridine was heated to reflux in
methanol for 24 hours under an argon atmosphere.31 This was
performed with a catalytic amount of SiO2 and diluted hydro-
chloric acid (10% v/v). Following completion, the mixture was
allowed to cool to ambient temperature before being diluted
with water and neutralized using an aqueous solution of
sodium carbonate. The quinoxaline ligand was structurally
characterized by FT-IR spectroscopy (Fig. S1), NMR spectro-
scopy (1H, Fig. S2; and 13C, Fig. S3) and single crystal X-ray
diffraction (vide infra). To prepare 2, ligand 1 was added to the
solution of fac-[Re(CO)3(OH2)3]+, which was initially prepared
by treating the acidified aqueous solution (in HCl) of fac-
[NEt4]2[ReBr3(CO)3] with silver nitrate in a 1 : 3 ratio. Next, the
reaction mixture was stirred at room temperature for 24 h,
upon which a brown precipitate formed, which was recrystal-
lized in a 1 : 3 acetone/water solution, resulting in the formation
of red crystals, which were suitable for collection with X-ray
diffraction. The tricarbonyl rhenium(I) complex 2 was structu-
rally characterized by FT-IR spectroscopy (Fig. S4), NMR
spectroscopy (1H, Fig. S5; and 13C, Fig. S6) and single crystal
X-ray diffraction. The symmetrical and anti-symmetrical
stretching modes of the three CO molecules arranged in a
facial pattern are responsible for the two noticeable stretching
bands at 2016 and 1881 cm�1 in the infrared spectrum of 2
(Fig. S4). The 1H NMR spectrum of 2 (Fig. S5), in CDCl3,
consists of three singlet signals at dH = 9.58, 8.67 and 8.01
ppm, assigned to quinoxaline protons (H3, H8 and H5), as well
as two doublets and two triplets assigned to the pyridine
moiety, namely dH = 9.23, 8.48, 8.16 and 7.63 ppm (H6, H3,
H4 and H5), respectively. The 13C NMR spectrum of 2
(in CDCl3) shows three CO signals at around d = 197.0, 196.3,

Scheme 1 Synthetic procedures of 6,7-dimethyl-2-(pyridin-2-yl)quinoxaline 131 and its chlorido tricarbonyl Re(I) complex (2).
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and 188.2 ppm (Fig. S6). When comparing the 1H NMR spectra
of 1 and 2 in the same solvent,31 quinoxaline-H3 and pyridine-
H6 experience substantial de-shielding and migrate downfield
due to their role in the formation of 2. Based on the results of
infrared and NMR spectroscopy, the rhenium complex is
composed of three CO molecules in a facial arrangement, as
well as coordination of 6,7-dimethyl-2-(pyridin-2-yl) quinoxa-
line in a bidentate coordination mode.

2.2. Crystal structures of 1 and 2

The gradual evaporation of 1 in a dichloromethane solution
produced suitable single crystals for X-ray crystallographic
analysis. Table S1 presents the crystallographic data of 1, and
Fig. 1 shows the molecular structure of 1. The quinoxaline
ligand 1 crystallizes in the orthorhombic space group Pbca with
a = 11.9662(4) Å, b = 7.4448(3) Å, and c = 26.0051(9) Å. The unit
cell of 1 is made up of eight molecules (Fig. S7). The pyridine
ring is rotated from the equatorial plane by 24.11 for the N1–
C1–C2–C3 dihedral angle (Fig. 1), consistent with weak p–p
conjugation between the rings. The absence of classical hydro-
gen bonds is compensated by an intramolecular C–H� � �N
interaction (2.610 Å), which promotes the formation of one-
dimensional chains through blue-shifting hydrogen bonding
(Fig. S8).

In other words, the quinoxaline ligand forms an infinite
chain structure through the latter-mentioned blue-shifting
hydrogen bond interaction. Selected bond lengths of 1 are
shown in Table S2 along with their computed equivalents
(vide infra).

On the other hand, by slowly evaporating 2 in an acetone/
water solution, suitable single crystals were obtained for X-ray
crystallographic analysis. The crystallographic data are shown
in Table S1. The asymmetric unit of 2 is shown in Fig. 2, along
with part of its crystal data. Crystallization of 2 occurs in the
orthorhombic space group Pca21 with a = 7.4384(3) Å, b =
15.5722(6) Å, and c = 29.4061(11) Å. The asymmetric unit
consists of two crystallographically unique complex molecules,
as well as two water molecules of crystallization (Fig. 2). The
unit cell of 2 is composed of eight complex molecules and eight
water molecules (Fig. S9). The molecular structure of 2 exhibits
slightly distorted octahedral geometries of both molecules
around the rhenium(I) centres. The Re(I) atom is coordinated

by a bidentate N,N0-donor quinoxaline ligand, three carbonyl
groups in a facial arrangement, and a terminal chlorido ligand.
The Re–N bond distances [in molecule A for Re1A–N1A =
2.171(7) Å, in molecule B for Re1B–N1B = 2.155(7) Å; in
molecule A for Re1A–N2A = 2.213(6) Å, in molecule B for
Re1B–N2B = 2.225(6) Å] indicate slightly stronger bonding to
the pyridine nitrogen than to the quinoxaline nitrogen, con-
sistent with their differing basicity. The Re–C distances in both
molecules [1.906(8)–1.935(10) Å] are typical for Re(I) carbonyls,
while the Re–Cl bond length in both molecules [2.501(2)–
2.502(2) Å] falls within the expected range for fac-
[Re(CO)3Cl(N,N)] species. It was also noted that the Re bond
with quinoxaline’s nitrogen is approximately 0.05 Å longer than
the one with pyridine’s nitrogen.32,33 Among the Re–C bonds,
the trans-Re–C bond to quinoxaline’s nitrogen is the shortest
due to the expected trans effect of the coordinated ligands.
Given that certain tricarbonyl Re(I) complexes exhibit photo-
sensitivity and that the release of CO from these organometallic
compounds occurs sequentially, commencing with the genera-
tion of photolabile dicarbonyl species, we hypothesized that the
weakly coordinated CO would be released first. In this case,
C3A–O3 may be the first to leave the coordination sphere, while
C2A–O1 is expected to be the least likely to leave. The molecular
packing reveals significant weak C–H� � �Cl interactions (C� � �Cl
E 3.002 Å and C� � �Cl E 2.748 Å) linking adjacent molecules
into a three-dimensional network (Fig. 3). In addition, strong
hydrogen bonds were observed via the lattice water molecules
within the structure (Fig. S9 in the SI). These blue-shifting
hydrogen bonds, together with van der Waals interactions
among CO groups and the strong O–H� � �X (X = N, O, Cl)
hydrogen bonds, play a dominant role in stabilizing the crystal
lattice. The observed bond parameters are in excellent agree-
ment with those found for structurally related fac-[Re(CO)3-
Cl(N,N0)] complexes.

2.3. Hirshfeld surface analysis

Using CrystalExplorer 17.5 software,34 Hirshfeld surface
analysis35 was performed on 1 and 2 to gain additional insight
into the intermolecular interactions. As shown in Fig. 4 and 5,
on the Hirshfeld surface, interactions separated by the sum of
the van der Waals radii are indicated by the white regions
observed over the d-norm. The red and blue colours, on the
other hand, indicate distances that are less than (near contact)
or greater than (far contact) the sum of the van der Waals radii.
Fig. 4a and 5a show the total two-dimensional fingerprint plots
for 1 and 2, respectively. Fig. 4b–d and 5b–d illustrate the other
interactions in the studied compounds, including O� � �H/H� � �O,
N� � �H/H� � �N, and Cl� � �H/H� � �Cl, along with their respective
contributions to the Hirshfeld surface. As illustrated in Fig. 4b,
the most notable interactions in 1, aside from C–H, are H� � �N/
N� � �H (15.4%), as previously demonstrated in the crystal struc-
ture part. On the other hand, it is evident that H� � �Cl/Cl� � �H
and H� � �O/O� � �H have a major influence on the stabilization of
the crystal structure of 2 and molecular packing, while the
H� � �N/N� � �H interaction has a smaller effect, with a relative
contribution of 6.8%. Given that they make up 17.4% of the

Fig. 1 Molecular structure of 1 (thermal ellipsoids are displayed at the 50%
probability level).
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surface, the H� � �O/O� � �H interactions (Fig. 5c) highlight the
importance of hydrogen bonds, including CO molecules, in
controlling stability together with other physical attributes. It is
estimated that the H� � �Cl/Cl� � �H interactions contribute 12.5%
to the stabilization of the crystal structure of 2.

2.4. Density functional theory calculations

The bidentate nature of the quinoxaline ligand towards the
Re(I) ion and the arrangement of the three CO molecules in a
facial mode were clearly proved by X-ray crystallographic ana-
lysis as well as spectroscopic methods. The local minimum
structure of the free ligand 1 was obtained by optimizing the
model representing its molecular structure using the Becke 3-
parameter (exchange) Lee–Yang–Parr functional36,37 and the 6-
311+G(2d,p) basis set. The crystal data of 1 provided the initial
coordinates for the entire optimization process. The validation
of the optimized structure as the local minimum structure was
performed by executing the vibrational analysis (Fig. S10) at the
same level of theory. Similarly, the local minimum structure of
Re(I) complex 2 was obtained using the B3LYP/LANL2DZ basis
set.38,39 The atomic coordinates representing the local mini-
mum structures (Fig. S11) of 1 and 2 are tabulated in Tables S3

and S4, respectively. In comparison to the crystal data, selected
calculated bond lengths and angles of the local minimum
structures of 2 and 3 are given in Table S2. The orientation of
the pyridine ring in 1 is theoretically opposite to the experi-
mentally observed orientation. To put it another way, the N1
and N2 atoms (see Fig. 1) are in trans-positions experimentally,
but theoretically (Fig. S11), they are cis to each other. This
happens because the calculations are conducted under gaseous
conditions, while the X-ray crystallographic analysis deals with
molecules that are packed together and interact with one
another in the solid state. As experimentally observed, the
pyridine ring is not coplanar and rotated from the equatorial
plane by 36.61 for the N1–C1–C2–C3 dihedral angle (see Fig. 2).
Within |0.002–0.006| Å, the majority of the optimized bond
lengths of 1 determined using B3LYP/6-311+G(2d,p) coincide
with the crystal data. In particular, the root mean square error
in the bond lengths is found to be 0.004 Å. The theoretical and
experimental bond lengths fit each other (dcalcd. = 1.0467dexp �
0.0647) very well linearly, with a regression coefficient
approaching one (R2 = 0.998). On the other hand, there is a
small difference with a root mean square error of roughly 0.03 Å
between the calculated bond lengths and their crystal data of

Fig. 2 Molecular structure of 2 (thermal ellipsoids are displayed at the 50% probability level). Two molecules of water are omitted for clarity. Bond
lengths in (Å): Re1A–C1A 1.934(9), Re1A–C2A 1.916(8), Re1A–C3A 1.935(10), Re1A–N1A 2.171(7), Re1A–N2A 2.213(6), Re1A–Cl1A 2.501(2), C1A–
O2 1.135(11), C2A–O1 1.139(10), C3A–O3 1.130(12), Re1B–C1B 1.931(9), Re1B–C2B 1.906(8), Re1B–C3B 1.907(9), Re1B–N1B 2.155(7), Re1B–N2B
2.225(6), Re1B–Cl1B 2.502(2), C1B–O6 1.125(11), C2B–O8 1.146(10), C3B–O7 1.159(11). Bond angles (1): C1A–Re1A–Cl1A 93.7(2), C1A–Re1A–C2A
85.0(3), C1A–Re1A–C3A 88.1(4), C1A–Re1A–N1A 178.5(3), C1A–Re1A–N2A 105.6(3), Cl1A–Re1A–C3A 177.2(3), Cl1A–Re1A–C2A 93.0(3), Cl1A–Re1A–N1A
84.81(19), Cl1A–Re1A–N2A 83.43(16), C3A–Re1A–C2A 89.2(3), C3A–Re1A–N1A 93.3(3), C3A–Re1A–N2A 94.1(3), C2A–Re1A–N1A 94.6(3), C2A–Re1A–
N2A 169.0(3), N1A–Re1A–N2A 74.7(3), C1B–Re1B–Cl1B 89.5(2), C1B–Re1B–C2B 85.6(3), C1B–Re1B–C3B 90.1(4), C1B–Re1B–N1B 173.3(3), C1B–Re1B–
N2B 105.0(3), Cl1B–Re1B–C3B 176.6(2), Cl1B–Re1B–C2B 94.9(3), Cl1B–Re1B–N1B 83.9(2), Cl1B–Re1B–N2B 83.33(19), C3B–Re1B–C2B 88.5(3),
C3B–Re1B–N1B 96.6(3), C3B–Re1B–N2B 93.5(3), C2B–Re1B–N1B 94.6(3), C2B–Re1B–N2B 169.3(3), N1B–Re1B–N2B 74.7(3).
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the asymmetric unit of 2. A linear fit (dcalcd. = 0.971dexp +
0.0686) was established between the crystal and computed data
with R2 = 0.9977.

Through the natural bond orbital (NBO) analysis of Wein-
hold and colleagues,40 utilizing the B3LYP/LANL2DZ level of
theory, it was possible to identify the natural charge of the
rhenium(I) ion, nature of bonding as well as the hybridization
of Re–C, Re–N and Re–Cl bonds in 2. The electronic arrange-
ment of the Re ion in 2 is [Xe]6s0.415d6.656p0.876d0.027p0.01. The
total 75.92 electrons in the coordinated metal center are made
up of 67.96 core electrons, 7.93 valence electrons, and 0.03
Rydberg electrons. The estimated natural charge on the Re
atom is much lower than the formal charge (+1) because of the
electron density donation from the five neighbouring ligands.
The computed natural charge of Re is �0.921e, which may be
attributed to the ligand-to-d(Re) electron transfer. The s(Re–Cl)
bond is formed from an sp3.54 (77.97% p) hybrid on the Cl atom
and an sp5.80d3.87 on the Re atom (a mixture of 9.37% s, 54.34%
p and 36.29% d). The two cis s(Re–C) bonds are created from an
sp0.50 (33.54% p) hybrid on the C atom and an sp0.70d2.13 hybrid
on the Re atom (a mixture of 26.08% s, 18.34% p and 55.58%
d). On the other hand, the axial cis s(Re–C) bond is formed
from an sp0.52 (34.16% p) hybrid on the C atom and an
sp3.05d2.91 hybrid on the Re atom (a mixture of 14.37% s,
43.84% p and 41.78% d). In comparison with the others, the
axial s(Re–C) bond is marginally (1–2%) more polarized
towards the carbon atom, with about 64.91% of the electron

density on the carbon atom. Nonetheless, the axial s(Re–C)
bond has 10% less polarization than s(Re–N) (N: pyridine ring).
The latter s(Re–N) bond is created from an sp99.97(99.76% p)
hybrid on the N atom and an sp3.65d2.72 hybrid on the Re atom
(a mixture of 0.38% s, 1.24% p and 98.38% d).

The molecular electrostatic potential (MEP) map, which is
associated with electron density, is a very useful tool for
characterizing the H-bonding contacts, the sites for electro-
philic attack, and nucleophilic reactions. This is related to
the dipole moments, partial charges, electronegativity, and
chemical reactivity of the molecules. These maps allow us to
see portions of a molecule that are noticeably charged. One can
determine the interactions between molecules by comprehend-
ing the distribution of charges. Different colours show different
electrostatic potential values: red indicates areas of the largest
negative potential, blue indicates areas of the highest positive
potential, and green indicates zero potential. Red, orange,
yellow, green, and blue are the possible increments. This
MEP computation employed the same methodology used for
geometry optimization of 1 and 2. As shown in Fig. 6, a large
negative potential zone in 1 is dispersed throughout the spatial
region preferred for the metal ion’s coordination, whereas the
entire molecule is green (neutral). A small negative potential is
on the uncoordinated nitrogen atom of the quinoxaline ligand.
On the other hand, the MEP map of 2 (Fig. 6) is distinguished
by a strong negative potential on the chlorido ligand and a
moderate negative potential on the oxygen atoms of the facial
CO ligands. The electronegative atoms that were previously
indicated are ideal targets for electrophilic attacks or for enga-
ging in intermolecular interactions with biomolecules. A green
hue covers the remainder of the MEP map of 2, except for the
pyridine ring’s protons and methyl groups.

2.5. Electronic structure

The electronic absorption spectrum of 1, in acetonitrile
(Fig. S12), is characterized by three main transitions at around
210, 258, and 340 nm. The two highest energy transitions may
be attributed to the medium- and low-energy p–p* transitions
within the benzene ring of the quinoxaline moiety.41 The lowest
energy transition at 340 nm may be assigned to the p–p*
transition within the heterocyclic rings. To gain an insight into
the nature of the observed absorption bands, the electronic
spectrum of 1 was recorded in solvents of different polarity and
H-bond tendency [DMSO, DMF, acetonitrile (H-bond donor),
methyl alcohol (amphoteric H-bond acceptor–donor), tetra-
hydrofuran, chloroform, and dichloromethane]. As shown in
Fig. 7, changing the nature of the solvent did not alter the
wavelength of the lowest energy transition at around 340 nm,
indicating that the transition is primarily p–p* with no input
from n–p* or charge transfer.

Time-dependent density functional (TDDFT) computations
were carried out to shed more light on the nature of the
observed electronic transitions. The computations were exe-
cuted using two levels of theory: B3LYP36,37/6-311+G(2d,p) and
a Coulomb-attenuated hybrid exchange–correlation functio-
nal, CAM-B3LYP42/6-311+G(2d,p). The polarizable continuum

Fig. 3 Selected blue-shifting hydrogen bond interactions in 2.
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model (PCM)43 was applied to consider the solvent influence in
the calculations. The lowest 30 spin-allowed excitation states
were taken into consideration in order to compute the electro-
nic absorption spectra of 1. To model the computed electronic
spectra, Gauss-Sum was employed. With a full width at half
maximum of 3000 cm�1, a Gaussian convolution was employed
in each excited state. Consideration was given to the calculated
excitation state energies with transition strength ( f 4 0.1)
(Table S5). The computed electronic absorption spectra of 1
are shown in Fig. S13. The B3LYP spectrum of 1 is characterized
by three main bands at 201, 267, and 328 nm in addition to two
transitions at 242 and 318 nm. With a difference of just 10 nm,
the B3LYP spectrum and the observed one have a good correla-
tion. As shown in Fig. 8, the main electronic transitions at 201,
267 and 328 nm correspond to HOMO�1 - LUMO+3/
HOMO�1 - LUMO+4, HOMO�4 - LUMO/HOMO -

LUMO+1 and HOMO - LUMO, respectively. It is clear that
the HOMO–LUMO transition at 328 nm is mainly p–p* with the

whole molecule. On the other hand, the CAM-B3LYP spectrum
is characterized by five main bands at 177, 197, 221, 246 and
300 nm. In Fig. 8, the electronic transitions are assigned, and
the frontier molecular orbitals responsible for these transitions
are described. When compared to the experimental spectrum,
it appears that the B3LYP functional predicts the electronic
transitions in the UV region more accurately than the other
computational methods.

The electronic absorption spectrum of 2, in dichloro-
methane (Fig. S14), is characterized by five main transitions
at around 228, 256, 280, 362, and 380 nm. There is no discernible
change in the wavelengths of the primary electronic transitions
when the solvent’s polarity and hydrogen bonding tendency are
altered, except for the solvent cutoff, which causes some of the
bands in the ultraviolet region to vanish (Fig. S15). This suggests
that the transitions observed in the electronic absorption spectra
of 2 are primarily p–p*. By using TDDFT computations, at the
B3LYP/LANL2DZ and CAM-B3LYP/LANL2DZ levels of theory, the

Fig. 4 The full two-dimensional fingerprint plots and their relative Hirshfeld surface for the most abundant interactions in 1, demonstrating (a) all
interactions, and delineated into (b) H� � �H/H� � �H, (c) N� � �H/H� � �N, and (d) C� � �H/H� � �C interactions.
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Fig. 6 Molecular electrostatic potential maps of (a) 1 and (b) 2. The
electron density iso-surface is 0.004 a.u.

Fig. 7 Electronic absorption spectra of 1 in solvents of different polarities
and hydrogen bond tendency.

Fig. 5 The full two-dimensional fingerprint plots and their relative Hirshfeld surface for the most abundant interactions in 2, demonstrating (a) all
interactions, and delineated into (b) H� � �Cl/Cl� � �H, (c) O� � �H/H� � �O, and (d) N� � �H/H� � �N interactions.
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nature of the electronic transitions observed in 2 has been
examined. Fig. S16 displays the calculated electronic absorption
spectra of 2. The B3LYP spectrum of 2 is characterized by three
main bands at 276, 360 and 469 nm as well as two shoulders at
255 and 319 nm. The assignments of the calculated spectrum of 2
are shown in Fig. 9. For example, the electronic transition at
360 nm corresponds to HOMO�4 - LUMO. Since the ligand
p-framework makes up the majority of both HOMO�4 and LUMO

orbitals, the transition at 360 nm may be p–p* in nature. Likewise,
the HOMO�1 - LUMO transition at 469 nm is MLCT (metal-to-
ligand charge transfer) since it starts at d(Re) and ends at the
ligand p*-framework. On the other hand, the CAM-B3LYP spec-
trum of 2 is characterized by four main transitions at 231, 254, 331
and 381 nm corresponding to HOMO�8 - LUMO, HOMO�3 -

LUMO+1, HOMO�3 - LUMO and HOMO�1 - LUMO,
respectively. Notably, the CAM-B3LYP spectrum of 2 closely

Fig. 8 The calculated selected electronic absorptions of 1 and frontier molecular orbitals responsible for these transitions calculated at the B3LYP/6-
311+G(2d,p) (left) and CAM-B3LYP/6-311+G(2d,p) (right) levels.

Fig. 9 The calculated selected electronic absorptions of 2 and frontier molecular orbitals responsible for these transitions calculated at the B3LYP/
LANL2DZ (left) and CAM-B3LYP/LANL2DZ (right) levels.
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matches the experimental one. CAM-B3LYP has been shown to
accurately predict molecular charge transfer spectra using a long-
range correction term.44,45 Fig. 9 shows the descriptions of the
frontier molecular orbitals that took part in the primary transition
bands of the CAM-B3LYP computed spectrum. In the later transi-
tions, the HOMOs have major contributions from d(Re), whereas
the ligand p*-framework forms the LUMO and LUMO+1. Thus,
the latter transitions are either ligand-to-ligand charge transfer
(LLCT) or MLCT.

2.6. Antimicrobial properties

Coordination and organometallic compounds have so far pro-
duced an incredibly high success rate (9.9%) for certain classes
of Mn, Co, Zn, Ru, Ag, Ir, Re, Pd, and Pt complexes in screening
attempts for possible antibacterial agents compared to organic
compounds (0.87%) submitted to the same assays.4–7,26,46,47

This prompted us to assess the antimicrobial properties of the
ligand (1) and the rhenium complex (2) against six different
microorganisms, including two Gram-positive bacteria (Staphy-
lococcus aureus and Streptococcus pyogenes), two Gram-negative
bacteria (Pseudomonas aeruginosa and Escherichia coli), and two
fungal strains (Candida albicans and Candida tropicalis) in
comparison to the reference drugs. Ciprofloxacin was used as
a positive control in antibacterial experiments, while voricona-
zole was used in antifungal studies. The minimum inhibitory
concentration (MIC) was ascertained using the broth micro-
dilution dose–response experiment; the results are shown in
Table 1. Both compounds performed poorly against the con-
trols. However, the activity exhibited was noteworthy. 2 was
superior in activity to 1 with an MIC of 410 mg mL�1 and lower
for all the microorganisms except P. aeruginosa, whereas 1 had
600 mg mL�1 as the lowest MIC. P. aeruginosa was the most
resistant, with 1 exhibiting an MIC of 44000 mg mL�1. Remarkably,
2 still showed relatively good activity with an MIC of 810 mg mL�1.
Compound 2 showed the highest potency against S. pyogenes.

3. Conclusion

In summary, a novel rhenium(I) tricarbonyl complex bearing
the 6,7-dimethyl-2-(pyridin-2-yl)quinoxaline ligand was success-
fully synthesized and comprehensively characterized. Single-
crystal X-ray diffraction confirmed an octahedral geometry with
facially coordinated CO ligands and a chelating N,N0-quin-
oxaline donor. Weak C–H� � �Cl interactions were shown by the
solid-state crystal structure data to stabilize the crystal packing.

DFT and TDDFT studies corroborated the experimental find-
ings and elucidated the nature of Re–L bonding and the
electronic transitions responsible for the observed absorption
features. The combination of spectroscopic, crystallographic,
and theoretical data provides a detailed understanding of the
structure–property relationships in this complex, which may
inform the design of new rhenium-based compounds for
photochemical or bioinorganic applications. While the anti-
microbial activity was not high compared to controls, it was
noteworthy as a basis for further work.

4. Experimental
4.1. Materials and instruments

All of the organic solvents and reagents used were of analytical
grade and were acquired from Sigma-Aldrich in South Africa
and Strem Chemicals in Newburyport, USA, unless otherwise
noted. The organic solvents and reagents used in these studies
were used exactly as supplied, without any additional purifica-
tion or modification, including fac-[ReBr(CO)5], which was used
to synthesize the starting material fac-[NEt4]2[ReBr3(CO)3].48

6,7-Dimethyl-2-(pyridin-2-yl)-quinoxaline 1 was prepared fol-
lowing the published method.31 Room temperature FT-IR spec-
tra of 1 and 2 were recorded on a PerkinElmer FT-IR
spectrometer, operating in the 4000–370 cm�1 region. The
electronic absorption spectra of the two compounds were
recorded on a Thermo Scientific GENESYS 150 UV-visible
spectrophotometer. Room temperature NMR spectra (1H and
13C) of 1 and 2 were recorded on a Bruker AXS 400 MHz nuclear
magnetic resonance spectrometer operating at 400.00 MHz for
1H and 101.00 MHz for 13C in deuterated solvents such as
CDCl3 and acetone-d6.

4.2. Synthesis

4.2.1. Synthesis of 1. A mixture of 2-acetylpyridine (1.81 g,
15 mmol) and 4,5-dimethylbenzene-1,2-diamine (2.04 g,
15 mmol) was dissolved in methanol (20 mL) in a 100 mL
round-bottom flask. A catalytic amount of (SiO2, B0.05 g) and
aqueous HCl (10%, 2 mL) were added sequentially, and the
reaction mixture was refluxed at 85 1C for 24 h under an argon
atmosphere. After completion, the mixture was cooled to room
temperature, diluted with water, and neutralized with aqueous
Na2CO3 (10%, 50 mL). The aqueous phase was extracted with
chloroform (3 � 100 mL), and the combined organic extracts
were washed with water, dried over anhydrous Na2SO4, and

Table 1 MIC values (mg mL�1) of 1 and 2, as well as the positive controls, determined by the broth microdilution method against selected bacterial and
fungal strains

Compounds

Minimum inhibitory concentrations (mg mL�1)

Gram-positive bacteria Gram-negative bacteria Fungi

S. aureus S. pyogenes E. coli P. aeruginosa C. albicans C. tropicalis

1 600 300 600 4750 600 600
2 410 100 410 810 410 200
Ciprofloxacin 10 10 10 10 — —
Voriconazole — — — — 100 100

NJC Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 4
/2

5/
20

26
 4

:3
1:

07
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nj04125b


This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2026 New J. Chem., 2026, 50, 1844–1856 |  1853

concentrated under reduced pressure. The crude residue was
refined by column chromatography on silica gel, eluting with
ethyl acetate/n-hexane (1 : 1), to afford the pure title compound
as an orange solid. Yield: 2.29 g (65%). IR (FT-IR): n = 2984 (w,
CH), 2943 (w, CH), 1589, 1481, 1443, 1210, 1063, 957, 877, 754,
622, 457 cm�1. 1H NMR (400 MHz, acetone-d6): dH = 9.84 (s, 1H,
quinoxaline-H3), 8.77 (d, 1H, 3JH,H = 4.8 Hz, pyridine-H6), 8.59
(d, 1H, 3JH,H = 8.0 Hz, pyridine-H3), 8.02 (td, 1H, 3JH,H = 7.6 Hz,
4JH,H = 1.6 Hz, pyridine-H4), 7.89 (s, 2H, quinoxaline–H5/H8),
7.52 (m, 1H, pyridine-H5), 2.54 (s, 6H, CH3) ppm. 13C NMR (101
MHz, acetone-d6): dC = 155.5, 150.2, 150.1, 143.7, 142.5, 141.7,
141.3, 138.0, 129.3, 129.1, 125.4, 122.1, 20.2, and 20.1 ppm. UV/
vis(methanol): lmax = 340 nm, e = 2565 M�1 cm�1. HR-MS (m/z):
236.1188 ([M + H]+, calcd), 236.1204 ([M + H]+, found).

4.2.2. Synthesis of 2. Initially, an acidified aqueous
solution (5 mL, pH = 2.2; HClaq) of fac-[NEt4]2[Re(CO)3(Br)3]
(0.649 mmol; 500 mg) was treated with three equivalents of
silver nitrate solution (1.95 mmol; 331 mg) and then the
reaction mixture was allowed to stir for 24 hours at room
temperature, forming the aqueous fac-[Re(CO)3(OH2)3]+ inter-
mediate. During the 24 hours of stirring, the bromido ligands
were exchanged for the chlorido ones, resulting in the for-
mation of cis-[ReCl(CO)3(OH2)2]. Next, 6,7-dimethyl-2-pyridin-2-
yl-quinoxaline (0.649 mmol; 153 mg) dissolved in a minimal
amount of acetone was added to the reaction mixture, and
stirring was continued for an extra 24 h. Red crystals of the
complex were obtained upon crystallization from an acetone/
water mixture (25 : 75 v/v). Yield: 76.52% (383 mg; 0.71 mmol).
IR (FT IR): n = 2889 (w, CH), 2016 (vs, CO), 1881 (vs, CO), 1602,
1478, 1338, 1275, 1168, 999, 799, 682, 519 cm�1. 1H NMR (400
MHz, CDCl3): dH = 9.58 (s, 1H, quinoxaline–H3), 9.23 (d, 1H,
3JH,H = 6.8 Hz, pyridine–H6), 8.67 (s, 1H, quinoxaline–H8), 8.48
(d, 1H, 3JH,H = 8.0 Hz, pyridine–H3), 8.16 (td, 1H, 3JH,H = 6.8 Hz,
4JH,H = 1.2 Hz, pyridine–H4), 8.01 (s, 1H, quinoxaline–H5), 7.63
(td, 1H, 3JH,H = 6.0 Hz, 4JH,H = 0.8 Hz, pyridine–H5), 2.65 (s, 3H,
CH3) and 2.59 (s, 3H, CH3) ppm. 13C NMR (101 MHz, CDCl3):
dC = 197.0 (CO), 196.3 (CO), 188.2 (CO), 155.9, 153.5, 149.5,
145.4, 144.6, 143.1, 141.7, 139.8, 139.1, 129.5, 127.3, 124.8, 21.0,
20.3 ppm. UV/vis (methanol): lmax = 378 nm, e = 21 044 M�1

cm�1. HR-MS (m/z): 547.0780 ([M + CH3CN–Cl]+, calcd.),
547.0779 ([M + CH3CN–Cl]+, found).

4.3. Single crystal X-ray diffraction analysis

The dichloromethane and acetone/water solutions of 1 and 2,
respectively, gradually evaporated over the course of two weeks,
producing crystals suitable for single-crystal X-ray diffraction.
Compound 1 was analyzed on a Rigaku XtaLAB Synergy R
diffractometer, with a rotating-anode X-ray source and a HyPix
CCD detector. Data reduction and absorption were carried
out using the CrysAlisPro (version 1.171.40.23a) software
package.49 The X-ray diffraction data for 2 were collected on a
Bruker Venture D8 Kappa Photon III C28 equipped with a
graphite monochromator using a Mo-Ka X-ray generator oper-
ating at a wavelength of 0.71073 Å. Unit cell determination,
data integration, and absorption corrections were performed
using the Bruker APEX3 software package. The X-ray diffraction

measurements were performed at 150.0(10) K for 1 and
100.00(2) for 2 using an Oxford Cryogenics cryostat. The intrin-
sic phasing approach (SHELXT program) was exploited to
solve the framework of the metal complex,50 which was then
enhanced using the SHELXL program and the SHELXLE gra-
phical user interface.51 Non-hydrogen atoms were refined by
anisotropic approximation, while hydrogen atoms were ‘riding’
on idealised sites. The notable negative residual electron den-
sity in 2 is located in regions of weak diffuse solvent/back-
ground scattering and does not correspond to chemically
meaningful positions. These residual features are therefore
attributed to termination effects and minor Fourier truncation
associated with the weakly scattering lattice water.

4.4. Density functional theory calculations

The crystal data of 1 and 2 provided the initial coordinates for
the entire optimization process. The ground state geometry
optimization of 1 and 2, as well as their vibrational analysis,
were conducted using the B3LYP functional37,52 and the 6-
311+G(2d,p) basis set (LANL2DZ basis set in the case of
2).38,39 The literature frequently reports a similar methodology
for DFT calculations of compounds based on the same metal
ion.53,54 The acquired optimised structures were confirmed to
be local minima, as they exhibit the lowest energy on the
potential energy surface, based on the vibrational modes (no
imaginary frequencies). The atomic coordinates of the lowest
energy ground-state optimized structures of 1 and 2 are tabu-
lated in Tables S3 and S4. The calculated vibrational spectra of
1 and 2 are shown in Fig. S9. For the two compounds, TDDFT
calculations were performed using the B3LYP and CAM-B3LYP
functionals42; for compound 1, the basis set was 6-311+G(2d,p);
and for complex 2, the basis set was LANL2DZ. All the compu-
tations were carried out using Gaussian03 software.55 The
electronic and vibrational spectra, as well as frontier molecular
orbitals, were visualized using GaussView03.56

4.5. Antimicrobial assays

The microorganisms used in this investigation were sourced
from the culture collections maintained at the Microbiology
Laboratory within the Department of Pharmaceutical Sciences
at Tshwane University of Technology, Arcadia Campus, South
Africa. The bacterial panel comprised both Gram-positive
strains, Staphylococcus aureus and Streptococcus pyogenes, and
Gram-negative strains, Escherichia coli and Pseudomonas aeru-
ginosa. The fungal strains (Candida albicans and Candida
tropicalis) were included for antifungal evaluation. Bacterial
and fungal pre-cultures were propagated in tryptic soy broth
(TSB) and Sabouraud dextrose broth (SDB), respectively, to
ensure active growth before testing. The minimum inhibitory
concentrations (MICs) of 1 and 2 were determined using the
serial microdilution technique, as outlined in the protocol by
ref. 57. In this protocol, under sterile conditions, 96-well
microtiter plates were prepared by dispensing 100 mL of sterile
distilled water into each well. The samples were diluted in
acetone and then 100 mL of the samples were transferred to the
first rows. A serial doubling dilution was performed, followed
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by the addition of 100 mL of the microbial suspension (1 � 108)
to each well. The ideal conditions for incubation (37 1C for
24 h for bacteria and 48 h for the fungi) were followed. In all
repetitions of the MIC to validate the sensitivity of the microbial
cultures, commercial antimicrobials (ciprofloxacin for bacteria
and voriconazole for fungi) were included in the dosing with
initial concentrations of 0.01 mg mL�1 and 0.10 mg mL�1,
respectively, to validate the sensitivity of the microbial cultures.
A negative was included for the dilution (acetone) to ensure that
the diluent did not affect the antimicrobial action. A 0.4 mg mL�1

p-iodonitrotetrazolium violet (INT) solution was prepared and
40 mL was transferred into all the wells within which the suspen-
sion had been inoculated. The microtiter plates with bacteria were
examined after 6 h to see if there was any colour change in
relation to the concentration of microbial growth, whereas those
containing fungi were checked after 24 h. The assays were
performed in triplicate to ensure the data were consistent and
reproducible.
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