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zole based Re(I)(CO)3 complexes:
antimicrobial activity, spectroscopic and density
functional theory calculations†

Ahmed M. Mansour *

fac-[ReBr(CO)3(L
1,2)] L1 ¼ 1-ethyl-2-(pyridin-2-yl)benzimidazole (1) and L2 ¼ 1-[(pyridin-2-yl)

benzimidazole]-propyl-sulfonic acid (2), fac-[Re2Br2(CO)6L
3] (3) L3 ¼ 1,10-(hexane-1,6-diyl)bis[2-(pyridin-

2-yl)1H-benzimidazole] and fac-[ReBr(CO)3(L
4,5-k2N1N2)] (L4 ¼ 2,6-bis(benzimidazol-20-yl)pyridine (4)

and L5 ¼ 2,6-bis(1-ethyl-benzimidazol-20-yl)pyridine (5) were synthesized and fully characterized using

different spectrocopic and analytical tools. The spectrocopic data showed coordination of L1–3 to fac-

ReBr(CO)3 via the benzimidazole and pyridine N-atoms. For 4 and 5, the absence of a two-fold axis of

symmetry for L4,5 in the 1H NMR spectra reflect the k2N1,N2 mode of coordination. The electronic

properties of 1–5 were investigated by time-dependent density functional theory calculations in the

singlet and triplet states. The ligands and their Re(I) complexes were assessed for their potential

antimicrobial activity. Compound 5 was screened against non-malignant cell line (noncancerous human

embryonic kidney cell line (HEK293)) as well as evaluated for its blood compatibility.
Introduction

Rhenium(I) tricarbonyl complexes (fac-[Re(N–N)X(CO)3])
bearing N,N-bidentate ligands e.g. 2,20-bipyridine,1 k2N1,N2-ter-
pyridine2 and 1,10-phenanthroline derivatives3 exhibit inter-
esting photophysical properties and diverse applications such
as luminescent biological molecular probes, organic light
emitting diodes (OLEDs)4 (e.g. chemosensors and biotech-
nology probes) electro-5 and photo-catalysis (e.g. reduction of
CO2).5 The luminescence properties of fac-[Re(N–N)L(CO)3] are
ascribed to the metal-ligand-charge transfer (MLCT) bands that
originate from the lowest triplet excited states as a result of the
rapid vibrational relaxation and the intersystem crossing (ISC)
from the upper vibrational levels. The photophysical properties
of fac-Re(CO)3 diamine complexes are sensitive to the nature of
bidentate ligand and/or the ancillary “spectator” ligand
(halogen, pyridine, tetrazole derivatives, etc.).1–3,6 fac-[Re(N–N)
L(CO)3] are characterized by large Stokes' shis (difference
between the absorbed and emitted wavelengths), long-lived
excited state and high quantum emission efficiency; which
decrease the self-quenching effects frequently detected by using
organic dyes as uorescent labelling of biomolecules. In the
analyses of tissue samples, interferences of short lifetime
biomolecule auto-uorescence from the desired signal could be
diminished by using compounds with large Stoke' shi.7
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tion (ESI) available. See DOI:
Some tricarbonyl Re(I) complexes were evaluated as efficient
photo-sensitizers capable of generation 1O2 molecules for photo-
dynamic therapy of cancer.8 Some heterotrimetallic Re(I)(CO)3
complexes attached to a peptide nucleic acid (PNA) backbone
have been recognised as novel antibacterial agents against only
Gram-positive bacteria such as Bacillus subtilis and Staphylo-
coccus aureus.9 Cationic tricarbonyl Re(I) complexes of 4-(2-
pyridyl)-1,2,3-triazole derivatives exhibited better activity against
Staphylococcus aureus than the neutral one.10 Furthermore, some
photo induced Re(I) carbonyl complexes were used to deliver CO
into tissues and cells.11–14 Phenanthroline tricarbonyl Re(I)
complexes capable of release CO upon the exposure to UV light
have been published by Ford13 and Mascharak.14 Exchange of the
halide with a p-acid labilizes the axial CO ligand.7 Interestingly,
a nontoxic water-soluble complex, [Re(bpy)(CO)3(thp)](CF3SO3)
(thp ¼ tris(hydroxymethyl)phosphine) released one CO upon
illumination at 405 nm.12

To nd new motivating photophysical properties of tri-
carbonyl Re(I) complexes relative to that observed by bipyridine
and 1,10-phenanthroline complexes, new mononuclear fac-
[ReBr(CO)3(L

1,2)] (1, 2) (Scheme 1) (L1 ¼ 1-ethyl-2-(pyridin-2-yl)
benzimidazole (1) and L2 ¼ 1-[(pyridin-2-yl) benzimidazole]-
propyl-sulfonic acid (2)) and binuclear fac-[Re2Br2(CO)6(L

3)] (3)
(L3¼ 1,10-(hexane-1,6-diyl)bis[2-(pyridin-2-yl)1H-benzimidazole]
(Scheme 1)) complexes have been synthesized and fully char-
acterized by elemental analysis, IR, ESI-MS and NMR (1H, 13C,
{1H, 1H} COS90 and {1H, 13C} HSQC). Referenced to bipyridine
ligand system, a more conjugated ligand (pyr-
idylbenzimidazole) has been chosen to motive the electronic
properties of this class of Re(I) tricarbonyl compounds. To get
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Synthesis of bromo tricarbonyl pyridylbenzimidazole Re(I)
complexes 1–5.

Fig. 1 13C NMR spectrum of 4 (in DMSO-d6).
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an insight into the inuence of presence of free benzimidazole
arm close to the coordination sphere on the electronic structure
of 1, fac-[ReBr(CO)3(L

4,5-k2N1,N2)] (L4 ¼ 2,6-bis(benzimidazol-20-
yl)pyridine15 (4) and L5 ¼ 2,6-bis(1-ethyl-benzimidazol-20-yl)
pyridine16 (5)) (Scheme 1)) have been synthesized in a similar
way to 1–3. With the aim of understanding the electronic
transitions of 1–5, time-dependent density functional theory
calculations (TDDFT) were undertaken in both singlet and
triplet states. Referenced to free ligands L1–5, compounds 1–5
were screened for their potential antimicrobial activity against
some representative bacteria and fungi. Compound 5 was
screened against non-malignant cell line (noncancerous human
embryonic kidney cell line (HEK293)) as well as evaluated for its
blood compatibility.
Fig. 2 1H NMR spectra of 1–5 (in DMSO-d6).
Results and discussion
Synthesis of ligands and complexes

Bromo tricarbonyl Re(I) complexes were prepared in the dark
from the reaction of N,N-bidentate benzimidazole ligands and
[ReBr(CO)5] (Scheme 1). The complexes were fully characterized
by elemental analysis, IR (Fig. S1†), NMR (1H, 13C, {1H, 1H}
COS90, and {1H, 13C} HSQC) (Fig. S2–S6†) and ESI-MS. The NMR
chemical shis of 1–5 are given in Table S1.† The IR spectra
(Fig. S1†) of 1–5 (except 3) show two strong stretches in the
ranges of 2022–2008 and 1904–1886 cm�1 assigned to the
symmetrical and anti-symmetrical modes of the CO molecules,
respectively. These vibrational modes appear at 2016, 1902 and
1883 cm�1 in the spectrum of 3. Three characteristic 13CO
signals of fac-Re(CO)3 moiety are observed at d ¼ (198.3, 197.7,
189.2) (1), (197.0, 196.5, 191.3) (2), (198.3, 197.7, 189.2) (3),
(197.9, 193.8, 189.6) (4) (Fig. 1), and (197.8, 192.8, 188.8) ppm (5)
in the 13C NMR spectra (Fig. S2–S6†). The downeld shi of
pyridine-H6 (d ¼ 8.76 ppm (L1), 8.93 ppm (L2)16 and 8.62 ppm
This journal is © The Royal Society of Chemistry 2019
(L3)17) and benzimidazole-H4 (d ¼ 7.90 (L1), 7.89 (L2)16 and
7.70 ppm (L3)17) upon the complex formation (d ¼ 9.19–
9.25 ppm and 7.92–8.05 ppm (1–3)) reveals the bidentate nature
of the L1–3 ligands.

The 1H NMR spectra of 4 and 5 (in DMSO-d6) (Fig. 2 and S6†)
consist of eight aromatic signals due to absence of a two-fold
axis of symmetry in the k2N1,N2 mode of coordination. For 4,
the NH signals are observed at two chemical shis, d ¼ 14.83
and 13.31 ppm (Fig. 2). Similar, the signals of the ethyl group in
5 are shown at d¼ (4.97, 4.26) and (1.58, 1.40) ppm for –CH3 and
–CH2 in that order. The ESI-MS spectra show a characteristic
peak of the suggested structures at m/z ¼ 494.0509 {[M � Br]}+

(1), 665.9320 {[M � H]}� (2), 1091.0342 {[M � Br]}+ (3), 661.9832
{[M + H]}+ (4), and 638.1192 {[M � Br]}+ (5).
Absorption spectroscopy and time-dependent DFT
calculations

The electronic absorption spectra of Re(I) complexes in DMSO are
shown in Fig. 3. Compounds 1–3 are characterized by a broad
band around 334 nm. In addition, a shoulder at 390 nm is
observed in the absorption spectrum of 1. The latter broad band
is 10 nm red-shied upon the extension of ligand conjugation p-
system of 1–3 by free benzimidazole arm in compounds 4 and 5.
RSC Adv., 2019, 9, 15108–15114 | 15109



Fig. 3 Absorption electronic spectra of 1–5 in DMSO.

Fig. 4 Local minimum structures of tricarbonyl rhenium(I) complexes
1–5.

Fig. 5 Selected molecular orbitals involved in the lowest energy
transition of complexes 1–3 (from left to right) calculated at PCM/
CAM-B3LYP/LANL2DZ level of theory, including LANL2DZ ECP.
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Ground-state geometry optimization and TDDFT calcula-
tions were carried out on models representing the suggested
molecular structures of 1–5. First, fac-[ReBr(L1–5)(CO)3] were
fully optimised in the ground-state using Becke 3-parameter
(exchange) Lee–Yang–Parr (B3LYP)18 and the effective core
potential (ECP) of the Hady andWadt, LANL2DZ basis set.19 The
ground-state local minimum structures, with the labelling
scheme used, are shown in Fig. 4.

The atomic coordinates of the optimized structures and
energy values are given in Tables S2–S6.† Selected calculated
bond lengths are given in Table S7.† The Re–NBz (Bz: benz-
imidazole) bond distances are uniform in the optimized struc-
tures except 5, which has shorter bond distance (2.14634 Å)
than 1–4. The Re–NPy (Py¼ pyridine) bonds in 4 (2.24130 Å) and
5 (2.25661 Å) are longer than the corresponding one in 1–3
(2.18461–2.18901 Å). This may be accounted for the steric
hindrance presented by the free benzimidazole arm, which is
rotated from the equatorial plane by 58� (4) and 75� (5). The
conjugation system of 2,6-bis (benzimidazol-20-yl)pyridine in 4
is decreased upon the alkylation with ethyl groups.

To understand the electronic absorption spectra observed in
1–5, TDDFT calculations were done, in the singlet-state, at CAM-
B3LYP20/LANL2DZ level of theory using PCMmodel to introduce
the effect of the solvent. Based on the optimized geometries, the
rst 30 singlet excited states have been calculated. The theo-
retical spectra (Fig. S7†) of 1 and 2 are characterized by a broad
band at 343 nm with oscillator strength of 0.1026 and 0.1097,
respectively. The broad band is theoretically assigned to
HOMO�1 / LUMO with ground-state composed of d(Re)/
p(pyridine)/p(Br) character and excited state contained upon
d(Re)/p(CO)/p(Br). The band at 343 nm deviates by 9 nm from
the experimental one. The lowest energy transition at 360 nm in
1 and 2 is assigned to HOMO/ LUMO (Fig. 5) and allocated for
HOMO/ LUMO+1 in 3. Although the position and assignment
of the lowest energy band does not change on going from 1 to 3,
the oscillator strength increases twice.

Compared to 1–3, the slightly increase in the ligand conju-
gation p-system leads to a red-shi of the main theoretical
electronic transition to 368 (4) and 369 nm (5). As shown in
Fig. 6, the latter transition, assigned to HOMO / LUMO, is
15110 | RSC Adv., 2019, 9, 15108–15114
MLCT/d–d in nature. HOMO–LUMO gap in 4 is 0.22 eV higher
than 5.

TDDFT calculations of 1–5 in their lowest energy lying
excited triplet state (T1) have been performed at PCM/CAM-
This journal is © The Royal Society of Chemistry 2019



Fig. 6 Selected molecular orbitals involved in the lowest energy
transition of complexes 4 (left) and 5 (right) calculated at PCM/CAM-
B3LYP/LANL2DZ level of theory, including LANL2DZ ECP.
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B3LYP/LANL2DZ level of theory. The calculated spectrum of 1
(Fig. 7) shows a broad band at 764 nm due to transitions from
HSOMO-3/-4(b) orbitals to LSOMO(b). The HSOMO and LSOMO
orbitals involved in the theoretical calculations are available in
the ESI (Fig. S8†). The S0 / T1 transition at 764 nm is MLCT in
nature (Fig. S8†). Compared to 1, the broad band at 836 nm in 5
is assigned to HSOMO-6(a) / LSOMO(a). LMCT and 3IL
dominate the character of the band at 836 nm in 5.

The photoinduced carbon monoxide releasing properties of
1–5 was investigated by solution 1H NMR and myoglobin
assay.21 During exposure of the DMSO solution of Mn(I) and
Ru(II) carbonyl analogues,16,22 the characteristic signals of the
kN1N2 bidentate ligandmode disappear and a new set of signals
assigned to the meridional tridentate manner grows with time.
In other words, the coordinationmode of L4,5 is changed during
the illumination, which facilitates the CO release process. For 4
and 5, the bidentate mode is persevered up to the end of the
illumination time (Fig. S9†). No CO release is detected from the
myoglobin solutions of 1–5 in the dark and upon the illumi-
nation with a light source in the range of 410–365 nm. In tri-
carbonyl rhenium(I) complexes, exposure at the longest
wavelength band induces excitation that rapidly undergoes
Fig. 7 Triplet-state TD-DFT calculated electronic spectra of 1–5.

This journal is © The Royal Society of Chemistry 2019
inter-system crossing into a triplet-state, which is non-
productive of CO release. Therefore, the tricarbonyl Re(I)
complexes 1–5 were not further examined for CO photo-
therapeutic applications. On the other hand, signicant change
(Fig. 8) is monitored upon the photolysis of DMSO solution of 4,
incorporating free benzimidazole arm, at 365 nm. A blue shi of
the broad band (344 nm) to 336 nm with an increase in the
intensity as well as appearance of two isosbestic points at 350
and 293 nm are the main features of the illumination process.
This may be accounted for the free rotation of the pendant
benzimidazolyl arm from the plane of the pyridine ring.23
Antimicrobial and cytotoxic activity

The antimicrobial activity of the benzimidazole ligands and
their complexes 1–5 was investigated using cultures of Gram-
positive bacterium (Staphylococcus aureus ATCC 43300), Gram-
negative bacteria (Escherichia coli ATCC 25922, Klebsiella pneu-
moniae ATCC 700603, Acinetobacter baumannii ATCC 19606,
Pseudomonas aeruginosa ATCC) as well as two fungal species
(Candida albicans ATCC 90028 and Cryptococcus neoformans var.
grubii H99; ATCC 208821) according to the standard broth
microdilution assays24 (ESI†). Initial screening was carried out
at 32 mg mL�1. The compounds exhibited partially or no
inhibitory activity at the tested concentration (Table S2†).
Coordination of L4,5 to ReBr(CO)3 moiety led to an improvement
in the antimicrobial activity (Fig. 9). Compounds 4 and 5
inhibited 70% and 93% of the growth of Staphylococcus aureus
ATCC 43300 with MIC value > 32 mg mL�1 (determined
according to CLSI guidelines). The toxicity of 4 and 5 against the
Gram-positive bacterium compares well with the previously
published data.9,10 Referenced to 1–3, presence of benzimida-
zolyl free arm improved the toxicity against the tested microbes.
Alkylation of benzimidazole NH group increases the toxicity by
about 25%. The cytotoxicity of 5 was assessed against the
noncancerous human embryonic kidney cells (HEK293) (the
evaluation was done by CO-ADD (The Community for Antimi-
crobial Drug Discovery)). Moderate cell viability (67%) for 5 was
reported with CC50 > 32 mg mL�1. Interaction of 5 with the blood
Fig. 8 UV/Vis spectral changes of 4 (in DMSO) upon the photolysis at
365 nm for 0–170 min, respectively, after pre-incubation in the dark
for 16 h.

RSC Adv., 2019, 9, 15108–15114 | 15111



Fig. 9 Comparison between the antimicrobial activities of free L1–5

and their complexes 1–5 against some representativemicrobes. All the
experiments were carried out at 32 mg mL�1 in triplicate and the mean
results are given using the negative control (media only) and positive
control (bacteria without inhibitors) on the same plate as references
full names of the tested microbes: Staphylococcus aureus ATCC
43300, Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC
700603, Acinetobacter baumannii ATCC 19606, Pseudomonas aeru-
ginosa ATCC, Candida albicans ATCC 90028 and Cryptococcus
neoformans var. grubii H99; ATCC 208821.
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components RBCs was evaluated for blood compatibility. The
HC10 and HC50 (the concentration at 10% and 50% haemolysis,
respectively) were calculated by curve tting the inhibition
values versus log(concentration). Incubation of complex 5 with
RBCs caused negligible haemolysis with HC10 and HC50 values >
32 mg mL�1. Therefore, compound 5 exhibited moderate anti-
bacterial activity against Staphylococcus aureus ATCC 43300,
perfect compatibility with the blood components, and slightly
cytotoxicity to non-malignant cell HEK293.
Conclusions

Mono- and binuclear tricarbonyl rhenium(I) complexes based
on 2-(20-pyridyl)benzimidazole derivatives have been synthe-
sized, characterized and tested for their potential antimicrobial
against cultures of Gram-positive bacterium (Staphylococcus
aureus ATCC 43300), Gram-negative bacteria (Escherichia coli
ATCC 25922, Klebsiella pneumoniae ATCC 700603, Acinetobacter
baumannii ATCC 19606, Pseudomonas aeruginosa ATCC) as well
as two fungal species (Candida albicans ATCC 90028 and Cryp-
tococcus neoformans var. grubii H99; ATCC 208821). Singlet-state
TDDFT calculations allocated the lowest energy electronic
transition of the Re(I) complexes to MLCT. Triplet-state TDDFT
calculations indicated that the complexes have emission
spectra in the red spectral region allocated to MLCT and/or 3IL.
Although the MLCT absorption transition matches the wave-
length of the illumination wavelength, no CO release is detected
15112 | RSC Adv., 2019, 9, 15108–15114
as assessed by the myoglobin assay. The inuence of presence
of free benzimidazole arm close to Re(I) coordination sphere on
the electronic structure and CO release process has been
studied via the synthesis of fac-[ReBr(CO)3(L-k

2N1N2)] (L ¼ 2,6-
bis (benzimidazole-20-yl)pyridine derivatives). In contrast to the
previously published photoactivable Mn(I) and Ru(II) analogues,
the bidentate mode of 2,6-bis(benzimidazole-20-yl)pyridine is
persevered up to the end of the illumination time with no
probability of CO release. In tricarbonyl rhenium(I) complexes,
exposure at the longest wavelength band induces excitation that
rapidly undergoes intersystem crossing into a triplet-state,
which is non-productive of CO release. The markedly spectral
change observed in the absorption spectrum of fac-
[ReBr(CO)3(L-k

2N1N2)] upon the illumination at 365 nm may be
attributed to free rotation of the pendant benzimidazolyl arm
from the plane of the pyridine ring. The synthesized Re(I)
compounds exhibited partially or no inhibitory activity at the
tested concentration. Incubation of the complexes with RBCs
caused negligible haemolysis with HC10 and HC50 values > 32 mg
mL�1.
Experimental section
Materials and instruments

The experimental manipulations were carried out in the dark
using oven-dried Schlenk glassware. Degassed solvents and
argon atmosphere were used. The chemicals were purchased
from the commercial suppliers and used without primary
purication. The ligands, 1-ethyl-2-(pyridin-2-yl)benzimidazole
(L1),25 1-[(pyridin-2-yl) benzimidazole]-propyl-sulfonic acid
(L2),17 2,6-bis(benzimidazole-20-yl)pyridine (L3),15 2,6-bis(1-ethyl-
benzimidazol-20-yl) pyridine (L4),16 and 1,10-(hexane-1,6-diyl)bis
[2-(pyridin-2-yl)1H-benzimidazole] (L5)26 were synthesized
following the published procedures. 1H and 13C NMR spectra
were recorded with Bruker-Avance 500 (1H, 500.13 MHz; 13C
{1H}, 125.77 MHz) and Bruker-Avance 400 (1H, 400.40 MHz; 13C
{1H}, 100.70 MHz) spectrometers. Assignments were done with
the aid of {1H, 1H} COS90 and {1H, 13C} HSQC. Electrospray
mass spectra were run with a Thermo Fisher Exactive Plus
instrument with an Orbitrap mass analyzer at a resolution of R
¼ 70.000 and a solvent ow rate of 5 mL min. Elemental
microanalysis was performed with a Vario Micro Cube analyzer
of Elementar Analysensysteme or an EA 3000 elemental analyzer
from HEKtech. Illumination process was performed by a UV/Vis
hand lamp (365 nm, UVIlite LF-206LS, 6 W, UVItec Ltd, Cam-
bridge, UK). The cuvette was also positioned perpendicular to
the LED source light at a distance of 3 cm, where the illumi-
nation was interrupted in regular intervals to take UV/Vis
spectra on an Agilent 8453 diode array spectrophotometer
until no more spectral changes were observed.
Synthesis of complexes

Synthesis of [ReBr(N–N)(CO)3] (N–N ¼ L1–5). 178 mg of
bromo-pentacarbonyl rhenium(I) (0.44 mmol) and 0.36 mmol of
benzimidazole ligands (L1, 80 mg; L2, 117 mg; L3, 170 mg; L4,
112 mg; L5, 132 mg) were dissolved in dry methanol and the
This journal is © The Royal Society of Chemistry 2019
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reaction mixtures were heated to reux for 15 h. Yellow or
orange precipitates were collected, washed with methanol,
diethyl ether, and dried in vacuo for few days.

1: Colour: yellow powder. Yield: 84% (174 mg, 0.30 mmol). IR
(ATR): ~n ¼ 3049, 2008 (vs., C^O), 1886 (vs., C^O), 1603 (m, CN/
CC), 1440, 1350, 1135, 766. 1H NMR ([D6]DMSO, 500.13 MHz):
d ¼ 9.21 (d, 3JH,H ¼ 5.9 Hz, 1H, py-H6), 8.61 (d, 3JH,H ¼ 8.4 Hz,
1H, py-H3), 8.41 (t, 3JH,H ¼ 7.8 Hz, 1H, py-H4), 8.06 (m, 1H, bim-
H4), 7.87 (m, 1H, bim-H7), 7.83 (m, 1H, py-H5), 7.65 (m, 2H,
bim-H5/H6), 4.93 (q, 3JH,H ¼ 7.3 Hz, 2H, NCH2), 1.53 (t, 3JH,H ¼
7.2 Hz, 3H, CH3) ppm. 13C-NMR ([D6]DMSO, 125.75 MHz): d ¼
198.3 (C^O), 197.7 (C^O), 189.2 (C^O), 155.3 (py-C6), 152.3
(py-C2), 146.7 (bim-C2), 141.4 (py-C4), 140.1 (bim-C3a), 135.7
(bim-C7a), 128.4 (py-C5), 126.6 (bim-C5), 126.1 (bim-C6), 125.7
(py-C3), 118.5 (bim-C7), 112.9 (bim-C4), 41.2 (NCH2), 15.2
(CH3) ppm. ESI-MS (positive mode, methanol): 597.9570 {M +
Na}+, 494.0509 {M � Br}+. C17H13BrN3O3Re: C 35.61, H 2.29, N
7.33, found C 35.66, H 2.84, N 7.10.

2: Colour: yellow powder. Yield: 77% (191 mg, 0.26 mmol). IR
(ATR): ~n ¼ 3066 (w, CH), 3019 (w, CH), 2976 (w, CH), 2022 (vs.,
C^O), 1905 (vs., C^O), 1604 (m, CN/CC), 1514, 1488, 1440,
1209, 1135, 1025, 751. 1H NMR ([D6]DMSO, 500.13 MHz): d ¼
9.26 (dd, 3JH,H ¼ 5.5 Hz, 4JH,H ¼ 1.1 Hz, 1H, py-H6), 9.00 (d, 3JH,H

¼ 8.2 Hz, 1H, py-H3), 8.46 (td, 3JH,H¼ 1.5 Hz, 4JH,H ¼ 7.9 Hz, 1H,
py-H4), 8.18 (m, 1H, py-H5), 7.91 (m, 2H, bim-H4/H7), 7.69 (m,
2H, bim-H5/H6), 5.10 (m, 2H, NCH2), 2.63 (m, 2H, CH2SO3H),
2.23 (quintet, 3JH,H ¼ 7.6 Hz, 2H, CH2CH2CH2) ppm. 13C-NMR
([D6]DMSO, 125.75 MHz): d ¼ 197.0 (C^O), 196.6 (C^O),
191.3 (C^O), 155.1 (py-C6), 153.1 (py-C2), 146.2 (bim-C2), 142.1
(py-C4), 139.2 (bim-C3a), 135.7 (bim-C7a), 128.7 (bim-C4), 126.5
(bim-C5), 126.4 (bim-C6), 126.2 (py-C3), 117.4 (bim-C7), 113.0
(py-C5), 48.6 (CH2SO3H), 47.6 (NCH2), 25.6 (CH2CH2CH2) ppm.
ESI-MS (negative mode, methanol): m/z ¼ 665.9320 {M � H}�.
C18H15BrN3O6SRe: C 32.39, H 2.27, N 6.30, S 4.80, found C
32.53, H 2.69, N 6.77, S 4.82.

3: Colour: yellow powder. Yield: 68% (289 mg, 0.15 mmol). IR
(ATR): ~n ¼ 2940 (w, CH), 2018 (vs., C^O), 1904 (vs., C^O), 1883
(vs., C^O), 1604 (m, CN/CC), 1439, 1338, 752. 1H NMR ([D6]
DMSO, 500.13 MHz): d¼ 9.19 (d, 3JH,H¼ 6.1 Hz, 1H, py-H6), 8.52
(d, 3JH,H ¼ 8.1 Hz, 1H, py-H3), 8.35 (t, 3JH,H ¼ 7.9 Hz, 1H, py-H4),
7.99 (d, 3JH,H ¼ 7.0 Hz, 1H, bim-H4), 7.85 (d, 3JH,H ¼ 7.3 Hz, 1H,
bim-H7), 7.81 (t, 3JH,H ¼ 6.6 Hz, 1H, py-H5), 7.62 (m, 2H, bim-
H5/H6), 4.85 (t, 3JH,H ¼ 7.4 Hz, 2H, NCH2), 1.83 (m, 2H,
NCH2CH2), 1.43 (m, 2H, NCH2CH2CH2) ppm. 13C-NMR ([D6]
DMSO, 125.75 MHz): d ¼ 198.3 (C^O), 197.7 (C^O), 189.2
(C^O), 155.3 (py-C6), 152.4 (py-C2), 146.8 (bim-C2), 141.2 (py-
C4), 139.9 (bim-C3a), 136.1 (bim-C7a), 128.3 (py-C5), 126.6
(bim-C5), 126.1 (bim-C6), 125.6 (py-C3), 118.6 (bim-C7), 113.1
(bim-C4), 45.7 (NCH2), 29.5 (NCH2CH2), 25.9 (NCH2CH2CH2)-
ppm. ESI-MS (positive mode, acetone): m/z ¼ 1091.0342,
1093.0353 and 1095.0364 {M � Br}+. C36H28Br2Re2N6O6$CH3-
OH: C 36.87, H 2.41, N 7.17, found C 36.88, H 2.68, N 6.97.

4: Colour: yellow powder. Yield: 77% (184 mg, 0.26 mmol). IR
(ATR): ~n¼ 3057 (w, CH), 2019 (vs., C^O), 1895 (vs., C^O), 1426,
1315, 767. 1H NMR ([D6]DMSO, 500.13 MHz): d ¼ 14.83 (br, 1H,
NH), 13.31 (br, 1H, NH), 8.70 (d, 3JH,H ¼ 7.0 Hz, 1H, py-H3), 8.58
(t, 3JH,H ¼ 8.6 Hz, 1H, py-H4), 8.10 (d, 3JH,H ¼ 7.7 Hz, 1H, py-H5),
This journal is © The Royal Society of Chemistry 2019
7.89 (m, 2H, bim-H4/H7), 7.77 (m, 1H, bim-H40), 7.67 (m, 1H,
bim-H70), 7.60 (m, 2H, bim-H5/H6), 7.33 (m, 2H, bim-H50/
H60) ppm. 13C-NMR ([D6]DMSO, 125.75 MHz): d ¼ 197.9 (C^O),
193.8 (C^O), 189.6 (C^O), 154.2 (py-C2), 153.7 (py-C6), 149.7
(bim-C2), 148.6 (bim-C20), 143.3 (bim-C3a), 141.3 (bim-C7a),
140.6 (py-C4), 134.5 (bim-C3a0), 133.9 (bim-C7a0), 128.7 (py-
C5), 126.1 (bim-C6), 125.0 (bim-C5), 123.8 (py-C3), 123.7 (bim-
C60), 122.2 (bim-C50), 119.9 (bim-C70), 117.8 (bim-C7), 113.8
(bim-C4), 112.0 (bim-C40) ppm. ESI-MS (positive mode, meth-
anol): 661.9832 {M + H}+. C22H13BrN5O3Re$H2O: C 38.89, H
2.23, N 10.31, found C 38.98, H 2.68, N 10.28.

5: Colour: orange powder. Yield: 76% (197 mg, 0.24 mmol).
IR (ATR): ~n ¼ 3056 (w, CH), 2981 (w, CH), 2019 (vs., C^O), 1907
(vs., C^O), 1605 (w, C]N), 1407, 1338, 1154, 1097, 819, 749. 1H
NMR ([D6]DMSO, 400 MHz): d ¼ 8.76 (m, 1H, py-H3), 8.57 (m,
1H, py-H4), 8.18 (m, 1H, py-H5), 8.07 (m, 1H, bim-H4), 7.92 (m,
1H, bim-H7), 7.77 (m, 2H, bim-H40/H70), 7.65 (m, 2H, bim-H5/
6), 7.34 (m, 2H, bim-H50/H60), 4.97 (m, 2H, CH2), 4.26 (m, 2H,
CH0

2), 1.58 (m, 3H, CH3), 1.40 (m, 3H, CH0
3) ppm. 13C-NMR ([D6]

DMSO, 100.68 MHz): d ¼ 197.8 (C^O), 192.8 (C^O), 188.8
(C^O), 153.4 (py-C2), 152.4 (py-C6), 150.4 (bim-C2), 148.1 (bim-
C20), 142.8 (bim-C3a), 141.0 (py-C4), 140.0 (bim-C7a), 135.3
(bim-C3a0), 134.4 (bim-C7a0), 129.1 (py-C5), 126.3 (py-C3), 125.8
(bim-C5), 125.7 (bim-C6), 123.6 (bim-C50), 122.6 (bim-C60), 120.1
(bim-C70), 118.2 (bim-C7), 112.5 (bim-C4), 111.4 (bim-C40), 48.6
(CH2), 41.0 (CH2), 14.9 (CH3), 14.7 (CH3) ppm. ESI-MS (positive
mode, methanol): m/z ¼ 638.1192 {M � Br}+. C26H21BrReN5-
O3$H2O: C 42.45, H 3.15, N 9.52; found C 42.22, H 3.31, N 9.54.
Density functional theory calculations

Density functional theory (DFT) calculations were carried out
using Gaussian 03.27 Geometry optimization was performed by
Becke 3-parameter (exchange) Lee–Yang–Parr functional and
the effective core potential (ECP) of the Hady and Wadt,
LANL2DZ basis set. Harmonic frequency analysis was done.
Time-dependent DFT calculations were carried out in both the
singlet and triplet state at CAM-B3LYP18/LANL2DZ level of
theory using the default continuum model (PCM) to introduce
the solvent effect.
Biological activity testing

The details of the biological (cytotoxicity and antimicrobial
activity) assays done here are given in ESI.†
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