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A B S T R A C T

A mononuclear and dinuclear rhenium tricarbonyl compounds were synthesized by the one-pot condensation
reaction of [Re(CO)5Br], pyrrole-2-carboxaldehyde and 4‑chloro-m-phenylene diamine. The mononuclear
rhenium tricarbonyl complex containing {3-(imino pyrrolyl)-6‑chloro phenylamine)} ligand (IPP) with formula
{[Re(CO)3Br(IPP)], (1), was obtained by refluxing stoichiometric quantities of amine, aldehyde and rhenium
metal precursor in methanol solution. Similarly, dinuclear rhenium tricarbonyl compound {[Re(CO)3Br]2(BIPP)],
BIPP = bis-{1,3-(imino pyrrolyl)-m-chlorophenyl)}, (2) has been synthesized by refluxing appropriate amounts
of aldehyde, and rhenium metal precursor in the presence of one equivalent of amine ligand. Compounds 1 and 2
were characterized by FT-IR, 1H NMR, and UV–Vis spectroscopy, elemental analysis, and mass spectrometry. The
luminescence properties of the formed complexes were studied in solution at room temperature, revealing an
extended lifetime for the dinuclear complex 2 in comparison to 1. DFT calculations for the optimized structures
helped to understand the geometry of the complexes, whereas TD-DFT revealed the vertical transitions
responsible for the photophysical properties of the complexes. The cytotoxicity of such complexes against MCF-7
breast cancer has been also reported, revealing a dose-dependent growth inhibition attributed to a DNA-
intercalating mode of binding for both complexes. The pronounced effect of the two metals on the cytotoxic
studies and lifetime of the excited species were investigated. The greater intercalation ability of the complex 2 in
comparison to complex1 obtained from circular dichroism studies also indicates the greater efficacy of Re
complex 2.

1. Introduction

The rampant growth of cancer is one of the leading causes of death
worldwide which has led to the development of several therapeutic
approaches including radiation therapy, chemotherapy, immuno-
therapy, etc. [1]. The success of cisplatin and other platinum-based
drugs has paved the way for the employment of metal complexes as
potent agents for chemotherapy [2]. However, the lack of selectivity and
the severe side effects associated with platinum-based anticancer agents

limited their use and necessitated the discovery of new anticancer
scaffolds with greater specificity and selectivity [3,4]. In this regard,
organometallic Rhenium complexes are arising as potential alternatives
to platinum-based anticancer agents [5,6]. Rhenium and technetium
carbonyl complexes with various chelating bidentate ligands have been
explored recently as potential candidates in the development of radio-
pharmaceuticals and imaging applications [7]. The past decade has seen
a rapid rise in the design and development of novel (Re(CO)3) complexes
for exploration of their anti-proliferative activity [8]. Researchers have
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exploited the facile coordination capacity of ancillary ligands to the
biological molecule of interest (tumor cells, estrogen receptors) and the
kinetic inertness of these complexes due to the presence of strong-field
ligands for developing new anti-proliferative drugs containing
rhenium carbonyl complexes [9,10]. The stable fac-[Re(CO)3]+ core is
well suited for the synthesis of hexacoordinate fac-rhenium carbonyl
complexes with a variety of chelating ligands possessing unique features
such as high photostability, long emission lifetimes, and large stokes
shifts which makes them attractive candidates for biological imaging
[11]. Rhenium tricarbonyl complexes with diimine ligands such as
phenanthroline, bipyridine can also be employed for fluorescent cellular
imaging owing to the presence of accessible long-lived triplet
metal-to-ligand charge transfer (3MLCT) states [12,13]. These salient
features afford additional advantage over the traditional platinum based
complexes as they can be explored for the theranostic applications [11,
14].
The plethora of research in this field is now aiming at incorporating

selective functional groups on the backbone of chelating ligands to
enhance permeability into the tumor cells, selective binding to the
specific target, and improving their solubility in the aqueous medium
[15]. Heteroaromatic compounds, such as pyrrole and indole, are pre-
dominantly present in several natural products and also in several bio-
logically active molecules possessing excellent pharmacological
activities and antiproliferative properties [16]. There are only a few
coordination complexes of rhenium (MRP-20) with pyrrole derivatives
reported in the literature regarding application in radiopharmaceuticals
and anti-cancer drugs [17,18]. Moreover, there are only a handful of
pyrrolyl imine ligands coordinated rhenium carbonyl complexes re-
ported in the literature [18–21], as shown in Scheme 1.
The biological activity of such Re (I) complexes can be tuned by

varying the structural properties of the diimine ligand while retaining
their photophysical properties [22–24]. The binding of Re(I) carbonyl
complexes containing pyrrolyl imine ligands to biological molecules of
interest (MOI) can be controlled by decorating the ligand with selective
functional groups such as hydroxyl, amine, or aldehyde [25]. Another
strategy adopted to enhance cellular uptake and cytotoxicity is by
incorporating halogen substituents either in the primary coordination
sphere or the secondary coordination sphere. The beneficial effect of Cl
and F atoms in enhancing the biological potency of several drugs is well

established, and recently similar research findings have pointed to the
remarkable increase in the cytotoxicity and cell penetration selectively
to tumor cells[26]. The success of several monometallic complexes has
inspired researchers to develop novel strategies to combine various
metal centers in one compound, to create a heterobimetallic complex
that could integrate the diverse modes of action that are typical of the
constituent metal centers [27–29]. The corresponding treatment strat-
egy should require less concentration of the drug due to the combining
of multiple activities into a single molecule while reducing the side ef-
fects associated with high dosages of less effective drugs. This will be
translated in a lower IC50 value or in overcoming issues associated with
resistance to the available treatments. The conjunction of (Re(CO)3) core
with other metal centers, to obtain bimetallic complexes, has led to the
synergistic effect between the two metals [30]. This synergistic effect
often leads to enhanced cytotoxicity and improved biological activity, as
reported by several studies [31]. Furthermore, Re(I) complexes with
diimine ligands have found applications in fluorescent bioimaging [32,
33].
In the current work, our main target is to synthesize novel rhenium

carbonyl complexes with pyrrolylimine ligands, decorated with het-
eroatom substituents, for investigating their photoluminescence and
biological activity. We report the synthesis of mono and dinuclear
rhenium (I) tricarbonyl (Re(CO)3) complexes bearing iminopyrrolyl
ligand by one-pot condensation method involving aromatic diamines
and pyrrole-2-carboxaldehyde (pyca). The synthesized (Re(CO)3) com-
plexes were fully characterized with the help of FT-IR, 1H NMR,
UV–visible spectroscopy, and DFT calculations. The in vitro cytotoxic
activities of the synthesized Re complexes against human breast cancer
cell line MCF-7 were evaluated. The experimental investigation pointed
out that the addition of a second metal center, in the dinuclear complex,
induced a pronounced effect on the cytotoxicity and increased the life-
time of excited species. DNA binding studies, including absorption ti-
trations and circular dichroism, indicated that both complexes bind to
DNA through an intercalative mode.

Scheme 1. Main rhenium pyrrolyl imine carbonyl complexes reported so in literature [18–21].
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2. Experimental section

2.1. Materials and methods

All chemicals and solvents used were purchased from Sigma-Aldrich
and used as received without further purification. Infrared Spectra of
formed metal complexes were recorded with a Perkin Elmer Spectrum
Two spectrometer. NMR Spectra was recorded on Bruker Avanche II
400NMR Spectrometer. Absorption spectra were recorded on Systronics
Double Beam Spectrophotometer 2203 using DMF and DMSO as sol-
vents. Circular dichroism (CD) measurements were carried out using a
Biologic spectrophotometer (Science Instruments) with a 1 mm path-
length quartz cell. The concentration of CT-DNA used for the CD mea-
surement was 50 μg/mL and 1 mM for metal ions in a 5 mM Tris-HCl
(pH=7) buffer.

2.2. Computational calculations

The ground state geometries and electronic structures of (Re
(CO)3(IPP)Br)) (1) and (Re(CO)3Br(BIPP)Re(CO)3Br) (2) were calcu-
lated according to density functional theory (DFT) calculations using the
GAUSSIAN-09 software package (Gaussian, Inc.)[34]. The computa-
tional investigation has been done using the LANL2DZ basis set for the
Re atom and 6–311+G(d,p) basis set for other atoms like C, H, N, O, Cl,
and Br[35], to obtain the molecular geometry optimization, vibrational
frequencies, and vertical transitions at the DFT/B3LYP level for the Re
complexes in the ground state.

2.3. Cytotoxic studies

Human breast cancer cell line MCF-7 was obtained from the National
Centre for Cell Science, Pune, India. Cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM) high glucose media containing 10 %
Fetal Bovine Serum (FBS), Antibiotic, and Antimitotic solution (Hi
Media, India). Cells were incubated at 37 ◦C humidified chamber at 5 %
CO2 condition. Cell viability was determined using MTT (3-(4, 5-
Dimethylthiazol-2-yl)− 2, 5-Diphenyltetrazolium Bromide). MCF-7
breast cancer cells are planted at 5⋅103 cells/well in 96 well plates for
24 h. Following that, cells were treated with varying concentrations of
the two metallic complexes. Each metallic complex was removed after
24 h of incubation and replaced with 30 µl of MTT reagent (0.5 mg/mL).
After 4 h of incubation at 37 ◦C, the MTT solution was removed, and the
Formazan crystals were dissolved in DMSO (200 mL/well). After that,
the plate was read at 570 nm. The obtained data was visually repre-
sented as percent viability vs. concentrations, and the IC50 was calcu-
lated. For the apoptosis analysis, the cells were plated in a 6-well plate
and treated with the two different metallic complexes. The treated and
untreated cells were incubated with acridine orange and ethidium bro-
mide solution and examined under a fluorescent microscope. The per-
centage of apoptosis cell death is then calculated.

2.4. Synthesis of IPP

The ligand IPP was synthesized by stirring pyrrole-2-carboxaldehyde
(1 mmol) and 4-chloro-m-phenylene diamine (1 mmol) in dry CH2C l2
for 24 h. The reaction mixture was concentrated on a rotary evaporator,
washed with hexane, and dried to obtain IPP. (70 % yield)

1H-NMR data (CDCl3, ppm): δ 8.19 (s, 1H), 7.21–7.20 (m, 1H), 6.92
(s, 1H), 6.67–6.66 (m, 1H), 6.58 (s,1H), 6.54–6.52 (m,1H), 6.29–6.28
(m, 1H). IR (KBr, cm− 1): (NH stretch) 3438, 3290, 3217 cm− 1 (CN
stretch) 1597 cm− 1, HRMS-ESI (m/z): 220.0650.

2.5. Synthesis of BIPP

The BIPP ligand was synthesized according to the procedures already
reported in the literature but with slight modification. 2 equivalents of

pyrrole-2-carboxaldehyde and 1 equivalent of 4-chloro-m-phenylene
diamine were mixed in absolute ethanol in the presence of catalytic
amount of p-toluenesulfonic acid (ptsa). The mixture was refluxed
overnight and all the volatiles were removed and washed with
dichloromethane to obtain the corresponding BIPP ligand.

1H-NMR data (CDCl3, ppm): δ 9.5 (s, 1H), 8.19 (s, 1H), 7.87 (s, 1H),
7.26–6.1 (aromatic H), IR (KBr, cm− 1): (NH stretch) 3238 cm− 1, (CN
stretch) 1627 cm− 1. HRMS-ESI (m/z): 297.1110.

2.6. Synthesis of [Re(CO)3(IPP)Br] (1)

4-chloro-m-phenylene diamine (1 mmol) was mixed with pyrrole-2-
carboxaldehyde (1 mmol) in methanol for 20 min. [Re(CO)5Br] (1
mmol) was added and the mixture was refluxed for 4 h. Compound 1
was obtained by slow evaporation of the solvent, washed with hexane
and diethyl ether, and dried. (Scheme 3)
Yield (80 %), IR (KBr, cm− 1): (CO stretch) 2020, 1886 cm− 1, UV/Vis

(DMSO): λmax (ε, M–1cm–1)= 267 nm, 322 nm. 1H-NMR data (DMSO-d6,
ppm): δ 8.3 (s, 1H), 7.30–7.25 (m, 1H), 7.24–7.21 (m, 1H), 6.74–6.71
(m, 1H),6.3–6.2 (m,1H), 5.8–5.2 (bs,2H).
Elemental analysis C14H12BrClN3O3Re (569.81); calc. C 29.41; H

2.12; N 7.35; Meas. C 29.81, H 2.10, N 7.41. HRMS-ESI (m/z): 569.8772

2.7. Synthesis of [Re(CO)3Br(BIPP)Re(CO)3Br] (2)

The bimetallic compound was prepared by the one-pot condensation
method [4,Re(CO)5Br]. (2 mmol), 4-chloro-m-phenylene diamine (1
mmol), and pyrrole-2-carboxaldehyde (2 mmol) were refluxed in
methanol for 4 h resulting in a violet color solution. The solvent was
evaporated slowly on a rotary evaporator to obtain compound 2, fol-
lowed by washing with hexane and diethyl ether. (Scheme 3) Yield (85
%)
IR (KBr, cm− 1): (CO stretch) 2016, 1893, UV/Vis (DMSO): λmax (ε,

M–1cm–1) = 281 nm, 577.5 nm. 1H-NMR data (DMSO-d6, ppm): δ 7.95
(s, 2H), 7.30–7.26 (m, 1H), 7.26–7.23 (m, 2H), 7.18–7.16 (m, 2H),
7.15–7.13(m, 1H), 6.74–6.73(s, 1H). Elemental analysis
C22H13Br2ClN4O6Re2 (997.04); calc C 26.50; H 1.31; N 5.62; Meas. C
27.0, H 1.59, N 5.59. HRMS-ESI (m/z): 996.7579

3. Results and discussion

The general interest in developing new rhenium carbonyl complexes
for theranostic applications has motivated us to design two new pyrro-
lylimine ligands IPP and BIPP, with desired functionalities appropriate
for enhancing the cytotoxicity of the corresponding complexes. As
shown in Scheme 2, the ligand IPP is characterized by a bidentate
moiety, with nitrogen from the pyrrole and one from the imine frag-
ments, together with a halogen Cl and an amine substituent to facilitate
coordination to biological MOI. Similarly, the ligand BIPP also possesses
a Cl substituent, an extended conjugation to enhance absorption in
visible light, and two bidentate moieties to accommodate two metal
centers. We explored the effect of two metal centers and heteroatoms on
the biological activity of the metal complexes [Re(CO)3(IPP)Br] (1), and
[Re(CO)3Br(BIPP)Re(CO)3Br] (2), specifically in their anti-cancer ac-
tivity. The synthesis of phenylene bridged dinuclear Re(I) complex (2)
and mononuclear Re(I) complex (1) by one-pot condensation method is
here reported. These two Re complexes (1 and 2) were easily synthesized
by the reaction of Re(CO)5Br, phenylene diamines, and pyrrole-2-
carboxaldehyde in appropriate stoichiometries as shown in Scheme 3.
The one-pot reaction of [Re(CO)5Br], pyrrole-2-carboxaldehyde, and
phenylene diamine produced metal-bound Schiff base complexes in
good yields(80–85 %). The reaction proceeded through the initial for-
mation of a yellow solution of Schiff base and subsequently the change
of color to red indicates the formation of metal complexes.
Both compounds 1 and 2 are air-stable in a solid state for several

months. Compound 1 is completely soluble in polar solvents like
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acetonitrile and methanol, and sparingly soluble in dichloromethane.
Compound 2 has limited solubility in methanol and acetonitrile, but is
highly soluble in DMSO and DMF. Both compounds are stable in air even
in a solution state for several weeks without decomposition. Unfortu-
nately, several attempts to isolate suitable crystals of 1 and 2 for single-
crystal XRD studies were unsuccessful even after several attempts.
However, structural elucidation of compounds 1 and 2 was completed
with the help of FT-IR, DFT, and 1H NMR spectroscopic techniques. The
synthesized Re complexes were fully characterized by UV-visible spec-
troscopy, photoluminescence, and TGA to prove the thermal stability of
1 and 2. The ESI-mass spectra of both compounds also match with the
assigned structures of the rhenium carbonyl complexes.
HRMS of the synthesized ligands IPP, BIPP, and their corresponding

rhenium complexes 1 and 2 are shown in supplementary data. The
molecular ion peak for the ligands IPP, and BIPP was observed at m/z
220.06, and 297.09 corresponding to the M+1 peak respectively, con-
firming the formation of the ligands IPP and BIPP. The high-resolution
mass spectrum of mononuclear Re (I) complex [Re(CO)3(IPP)Br] (1),
contains the molecular ion peak and other fragmentation peaks were
also obtained by successive loss of CO ligands, -Br ligand, etc. The mo-
lecular ion peak for 1 was obtained at m/z 570, and the loss of the
bromine ligand gave a peak in the mass spectra at 490. Further, the loss

of carbonyl ligands occurs successively and peaks were obtained at m/z
462, 434, and 406. Whereas the dinuclear Re (I) complex [Re(CO)3Br
(BIPP)Re(CO)3Br] (2) shows the molecular ion peak at m/z 998.9.
The synthesis of compounds 1 and 2 by two-step synthesis with the

use of monomer ligands IPP and dimer ligand BIPP was also attempted
to compare and identify any new intermediate species in the two-step
reaction [36]. The ligands IPP and BIPP were synthesized separately
in pure form and they were used in stoichiometric proportion in the
reaction with rhenium pentacarbonyl bromide in the toluene solution to
yield compounds 1 and 2 respectively. No other intermediate species or
new products were observed. However, the isolated yields from one pot
synthesis were higher compared to the two-step process as described
earlier. The Schematic representation of the synthesis of complexes 1,
and 2 using two-step procedures is summarised in Scheme 4.
The rhenium carbonyl complexes 1 and 2 have facial geometry as

confirmed by both carbonyl stretching frequencies in the region
observed for similar fac-rhenium carbonyl complexes [37,38]. Unlike
other reported rhenium carbonyl complexes with pyrrolyl imine ligands,
compounds 1 and 2 both retain the proton on the pyrrolic nitrogen atom
and halide bromine atom coordinated to rhenium metal in the axial
position. The 1H-NMR spectra of both 1 and 2 in DMSO-d6 have distinct
peaks at around 9.0 to 9.5 ppm corresponding to the imine hydrogen

Scheme 2. Ligands and rhenium carbonyl complexes are reported in this work.

Scheme 3. One pot synthesis of Rhenium carbonyl complexes 1 (top), and 2 (bottom).
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atom which appears in the deshielded region [39]). The 1H NMR of 1
and 2 are shown in Figs S14 and S15. The 1H NMR of both the ligands
IPP and BIPP is recorded in CDCl3. For the ligand IPP, the peak at δ 10
ppm corresponds to –NH proton of the pyrrole ring [39]. The free –NH2
groups show peak at around 4 ppm. The imine proton shows peak at
around 8.1 ppm. The aromatic protons of the phenyl ring were observed
at around 7 ppm with the protons of the pyrrole ring were slightly
shielded and obtained at around 6 ppm. Similarly, for the ligand BIPP,
the imine proton shows sharp peak at δ 8.25 ppm. The characteristic
peak in the synthesized complexes 1 and 2 are the imine proton peaks
obtained at around 9.5 ppm and are shifted downfield compared to
imine protons in the ligands. The aromatic protons are obtained as
multiplet in the range 6.9–8 ppm.
The complex 2 showed limited solubility in most solvents. In addi-

tion to this, the presence of the bromine on the same and opposite sides
of the phenylenediimine plane leads to isomerization and is also
responsible for the complex nmr spectra. The elemental analysis shows
the experimentally observed elemental analysis data matches with the
calculated data.

3.1. Vibrational properties

The FT-IR spectra of ligands IPP and BIPP contain azomethine link-
age i.e. ν (C=N) groups in the range 1580–1630 cm− 1 as shown in
Figs. S3 and S4. The significant elongation of the Re-Br bond in 1 and 2,
compared to the similarly reported compound [Re(CO)3(bpy)Br] (Re-Br
2.58 Å), with bond length of 2.638 and 2.640 Å in 1 and 2 respectively,
suggests increased donation of electron density from the diimine ligands
IPP and BIPP to rhenium metal, and reducing the donation of σ electron
density from the bromide ligandmaking its release more facile [40]. The
mononuclear complex 1 and dinuclear complex 2 have markedly
different IR spectra. The observed carbonyl stretching frequency values
are slightly higher for mononuclear complex 1 (2029, 1892 cm− 1) than
the corresponding dinuclear rhenium complex 2 (2012, 1883 cm− 1)
which is associated with the enhanced π back bonding in dinuclear
complexes. The stretching vibrational frequencies of 1 and 2 are listed in

Table 1 [41–43]. The FT-IR spectra of the synthesized Re complexes 1
and 2, match well with the already reported facial-rhenium tricarbonyl
complexes showing three CO stretching frequencies [44,45] with the
two lower energy CO bands sometimes merged into a single broad band
[41]. The synthesized Re carbonyl complexes contain only two carbonyl
stretching vibrational bands showing the merging of the two closely
spaced CO bands.
To better understand the vibrational frequencies of the reported

molecules, we performed DFT frequency calculations on the synthesized
Re complexes 1 and 2 using the B3LYP model and LANL2DZ basis set
[46,47]. A scale factor of 0.9679 is introduced to account for the basis
set deficiencies and electron correlation effects in the calculations. The
experimentally and theoretically observed FT-IR spectra for complexes 1
and 2 are shown in supplementary data. The theoretically obtained
FT-IR contains three CO stretching peaks (2095, 1976, and 1920) for
complex 1, whereas the experimental spectra show the merging of two
lower energy CO bands. Similarly, the C=N stretching frequencies were
obtained experimentally at 1597 cm− 1 and theoretically at 1634 cm− 1.
Upon taking into consideration scaling factor, the theoretical CO
stretching frequencies were reduced to 2027, 1912, 1858 cm− 1). Simi-
larly, the C=N stretching frequency became 1581 cm− 1 upon intro-
duction of scaling factor to account for the basis set deficiencies. The
theoretical vibrational frequencies matches well with the experimen-
tally obtained values. The scenario is more articulated for the dinuclear
rhenium complex 2 due to the presence of a large number of possible
distinct vibrational modes for the dinuclear complexes [41].

3.2. Photophysical properties

UV-visible absorption spectra of complexes were recorded in DMSO.
Typically, UV-visible absorption spectra of Re(CO)3 diimine complexes
show two types of electronic transitions [5]. The first absorption band
below 300 nm can arise result from π→π* transitions. Instead, the
weaker bands at lower energy are assigned to singlet metal to ligand
charge transfer MLCT bands [48], characterized by low absorptivity due
to their spin-forbidden nature. The lower energy charge transfer band

Scheme 4. Synthesis protocol for rhenium carbonyl complexes 1 and 2.
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arising due to the t2g→π* transition is sensitive to the nature of the
solvent. More polar solvents shift the band to higher energy. The
mononuclear complex Re(CO)3(pyca-pH)Br shows two strong absorp-
tion peaks at 262, 319 nm assigned as Ligand Centered (LC) π→π*
transition. Whereas the main transition in dinuclear complex 2 lies at
261 nm and peaks arising due to metal to ligand charge transfer at 526
nm as shown in Fig. 1. In comparison to the mononuclear complex, the
dinuclear complex exhibits more intense MLCT absorption band.
The mononuclear and dinuclear complexes 1 and 2, upon photoex-

citation at different wavelengths, i.e., 271, 332, 402, 455 and 464 nm,
displayed broad and featureless emission in the visible region of light,
characterized by two bands at 498 and other at ~650 nm, as shown in
Fig. 2. The emission features are independent of the excitation energy
and similar spectra are observed for tricarbonyl-Re based complexes
[35]. The emission intensity resulted higher for Complex 2 than for
Complex 1 when excited with higher energy (271, 332, 402 nm),
whereas the trend is just opposite when excited with low energy light
(455, 464 nm). The excitation spectra of both the complexes corre-
sponding to the 498, 650 nm emissions are shown in Fig. 3 and they
consist of four bands at 271, 332, 402, and 455 nm. These band positions
are in accordance with the absorbance spectra of these complexes.
However, the intensity is different because the non-radiative decay of
the excited state plays a crucial role in the intensity of the excitation
bands. The emission profile for rhenium tricarbonyl species generally
consists of a single broad band due to the transition from the lowest
3MLCT excited state to the ground state, generally associated with a
relatively short lifetime in the ns range [49].
The lifetime analysis of excited species for 1 and 2 after excitation at

455 nm was investigated in DMSO solvent at 498 and 650 nm emissions.
The decay plots for both compounds 1 and 2 for 498 emissions follow
the single exponential decay pathway with the excited state lifetime
values of 3.7 and 4.2 ns, respectively as shown in Fig. 4. However, the
650 nm emission decays biexponentially for both the complexes. The
shorter lived component (τ2) due to decay of LLCT excited state (π-π*),
and (τ1) component is assigned to decay of MLCT state. The assignments
of transitions arising from excited state were investigated in detail using
the TD-DFT calculations and will be discussed in detail in the compu-
tational calculations section. A similar biexponential decay pathway was
also observed for the compound [Re(CO)3((n-N)(btpz)], where bptz =
3,5-bis(trifluoromethyl) pyrazolate[50]. The emission lifetime of the
mononuclear complex Re(CO)3(IPP)Br (1) is found to be shorter than the
emission lifetime of the dinuclear complex Re(CO)3Br(BIPP)Re(CO)3Br

(2) (Fig. 4). The electronic properties of the synthesized Re complexes
are summarized in Table 2.

3.3. Theoretical calculations on Re(I) complexes

The GAUSSIAN 09 software package[51] with B3LYP functional is
employed for optimizing the geometries of mononuclear and dinuclear
Re complexes 1 and 2 respectively with LANL2DZ basis set [46] for the
Re atom and 6–311+G(d,p) basis set [46] for other atoms like C, H, N, Cl,
Br and O. As per the DFT calculations, the optimized ground state ge-
ometry exhibited by (Re(CO)3(IPP)Br)) (1) and (Re(CO)3Br(BIPP)Re
(CO)3Br) (2) is distorted octahedral around the rheniummetal center. In
both Re complexes, rhenium metal is coordinated to nitrogen of the
imine group of the Schiff base and nitrogen of the pyrrole ring. The three
carbonyl ligands are coordinated to Re (I) facially and the sixth coor-
dination site is occupied by the bromine ligand. The equatorial position
is occupied by the other two carbonyl groups and two nitrogen atoms of
the ligand IPP and BIPP in 1 and 2 respectively. The Re –CO bond
lengths are found in the range 1.90–1.92 Å, these bond lengths obtained
are consistent with the reported rhenium carbonyl complexes [52].
The DFT-optimized structures of Re complex 1 and 2 are shown in

(Fig. 5).
Among the electronic properties, the energies of the HOMO and

LUMO orbitals are very important in quantum chemistry. The highest
occupied molecular orbital (HOMO is mainly localized on the metal
centre. The HOMO of both 1 and 2 exhibits mixed contribution from dπ
(Re), pπ(Br), and π orbitals of carbonyl groups, whereas the LUMO has
more π* character corresponding to π* orbital of Schiff base ligand as
shown in Fig. 6. The HOMO-LUMO analysis further reveals the transfer
of electron density from ligand to metal which further suggests that the
possible transitions are LMCT charge transfer transitions. The stability of
the synthesized Re complexes 1 and 2 was evaluated by finding various
chemical reactivity parameters such as electronegativity (χ), ionization
potential (IP), electron affinity (EA), hardness (η), chemical potential
(µ), and electrophilicity index (ω) etc. as listed in Table 3. The chemical
reactivity parameters were obtained from the energy of HOMO and
LUMO orbitals. The energy difference between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) also known as energy gap (Eg) determines the stability and
reactivity of the compounds. The lower energy gap of complex 2 (2.99
eV) in comparison to 1 (2.99 eV) suggests the greater reactivity of
complex 2. The synthesized Re complexes show higher ionization

Fig. 1. UV-visible absorption spectra of formed complexes in DMSO at room temperature.
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potential values than the electron affinity values indicating the greater
electron donation ability of the complexes than the electron accepting
power. The compound 2 has higher electronegativity and electrophi-
licity index than 1 as shown in Table 3 which further suggests the greater
ability of compound 2 to interact with a biological target by means of
covalent bond or H-bonding. The findings of global reactivity parame-
ters provide evidence regarding the acceptance and donor ability,
hardness, chemical reactivity of the synthesized complexes which is
related to the biological activities.

3.4. Cytotoxic studies of the synthesized re complexes (1 and 2) against
MCF-7 breast cancer cell line

The cytotoxic activity of the synthesized rhenium carbonyl com-
plexes has been explored against the MCF-7, the breast cancer cell line
(Fig. 7). The results obtained indicate that 1 and 2 inhibit MCF-7 cells in
a dose-dependent manner. MCF-7 cells were inhibited by exposure to
complex 2, with an IC50 of 40 µM. 1 inhibited breast cancer cell growth
at 75 µM. The higher efficacy of 2 in comparison to 1 against the MCF-7
breast cancer line was attributed to the possible synergistic effect of 2
rhenium centers in 2. Also, the cellular uptake and cytotoxicity are
largely affected by lipophilicity and molecular size of the compound
[53]. The presence of a halogen atom on the aromatic ring enhances the

Fig. 2. Emission spectra of Re complex 1 and 2 at different excitation wavelengths.
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Fig. 3. Excitation spectra of Re complex 1 and 2 at different emission wavelengths.

Table 1
Selected vibrational frequencies in (cm− 1) for the Re complexes 1 and 2.

Complex νCO [cm− 1] νC––N [cm− 1]

A1 E

Re(CO)3(IPP)Br (1) 2029 1892 1597
Re(CO)3Br(BIPP)Re(CO)3Br (2) 2012 1883 1627

Fig. 4. Photoluminescence lifetime decay measurements of Re complex 2 (top right), Re complex 1(top left) recorded at 498 nm corresponding to the 1st emission
peak, and lifetime decay measurements of Re complex 2 (bottom right), Re complex 1(bottom left) recorded at 650 nm corresponding to the 2nd emission peak.

Table 2
Electronic spectral data of Re complexes (1, 2) at room temperature.

Complex UV visible absorption/nm

LC MLCT λem τ/ns

Re(CO)3(pyca-pH)Br 262, 319 530 498, 650 3.7,6.7
Re(CO)3Br(m-PPC)Re(CO)3Br 261 526 498, 650 4.2, 9.5
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lipophilicity which increases the ability of the molecule to interact with
various cancer lines [54]. Further, the greater cytotoxicity of dinuclear
rhenium complex 2 might be due to the possible synergistic effect and
greater lipophilicity of the rhenium complex 2 in comparison to
mononuclear rhenium complex 1. Ye et al. have also observed increased
lipophilicity of bidentate ligands in dinuclear rhenium complexes and
found that the dinuclear complexes possess improved anticancer effi-
cacy than the mononuclear counterparts [53].

3.5. Apoptotic nuclear morphology assessment

Cells that have been treated with the two organometallic complexes

Fig. 5. Optimised geometry of 2(left), and 1 (right). Color code: red for O, blue for N, gray for C, white for H, green for Cl, dark red for Br, steel blue for Re.

Fig. 6. Molecular orbital surfaces for 1 and 2, HOMO (top) and LUMO (bottom).

Table 3
Calculated Global reactivity descriptor parameters of 1 and 2.

Global reactivity descriptors 1 2

EHOMO (eV) − 6.07 − 6.07
ELUMO (eV) − 2.91 − 3.08
ΔE (LUMO-HOMO) (eV) 3.16 2.99
Chemical hardness (η) 1.58 1.49
Ionization potential (IP) 6.07 6.07
Electron affinity (EA) 2.91 3.08
Electronegativity (χ) 4.49 4.57
Chemical potential (µ) − 4.49 − 4.57
Electrophilicity index (ω) 6.37 6.94
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are subject to different biological changes, that accompany apoptotic
cell death, including cell shrinkage, nuclear condensation, DNA
breakage, blebbing, and the creation of apoptotic bodies. The chromatin
condensation in the stained nucleus was confirmed by the results of the
AO/EB staining, which also helped to distinguish between viable,
apoptotic, and necrotic cells (Fig. 8). The apoptotic cells had uniform
bright orange nuclei. The nuclei of the viable cells were uniformly green.
Cancer cells treated with compounds 1 and 2 showed signs of apoptosis,
such as altered cell size and nuclear fragmentation, when stained with
AO/EB. Compounds 1 and 2′s anticancer activity may result from the
induction of apoptosis against MCF-7. The fluorescence pattern of the
stain is determined by the vitality and membrane integrity of the cells in
this staining approach. Live cells are exclusively permeable to acridine
orange and so glow green, but dead cells are permeable to ethidium
bromide and fluoresce orange-red. After the complex was treated, all of
these morphological alterations were found.

3.6. DNA binding studies

The calf-thymus (CT-DNA) was prepared in 5 mM Tris–HCl buffer
solution (pH= 7.4) and stored at 4 ◦C. The CT-DNA was adequately free
of protein contamination as indicated by the UV absorption ratio of 1.86
at 260 and 280 nm. The interaction between the synthesized metal
complexes 1 and 2 with the DNA was carried out by performing the
absorption titrations at fixed concentrations of metal complexes while

varying the concentration of CT-DNA.
UV-visible absorption spectroscopy is one of the simplest methods to

study the binding affinity between the CT-DNA and the synthesized
complexes. The change in the electronic absorption spectra upon the
gradual addition of CT-DNA is shown in Fig. 9. It was observed that the
addition of CT-DNA leads to a decrease in the absorbance value of the
complexes leading to a hypochromic effect. The significant hypochromic
shift suggests intercalative mode of binding,

3.7. Circular dichroism

CD spectroscopic technique has been successfully employed to
determine the conformational changes induced by the interaction of
DNA with the metal complex. The CD spectra of CT-DNA were recorded
over a scan range of 220–360 nm and it has been found to contain one
positive band at 275 nm arising due to base stacking and one negative
band at 247 nm due to helicity [55]. The minor groove binding mode of
interaction showed only a little perturbation on the base stacking and
helicity bands while the intercalative binding mode caused enhance-
ment in the intensities of both the bands. Incubation of DNA with
complexes 1 and 2 leads to enhancement of the intensity of both the
positive and negative bands with no considerable shift in λmax observed
(Fig. 10). These changes observed support the intercalative mode of
binding [56]. Furthermore, large spectral band changes were observed
in dinuclear rhenium complex 2 in comparison to mononuclear rhenium

Fig. 7. Breast cancer growth inhibition by complex 1 and 2. Data shown are mean ± SD. *p < 0.05, compared with respective control (untreated cells).

Fig. 8. Apoptotic nuclear morphology assessment, control (left), complex 1 (middle), complex 2 (right).
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complex 1 suggesting the greater intercalation ability of complex 2 [55].

4. Conclusion

Two new rhenium carbonyl complexes with iminopyrrolyl ligands
were synthesized, characterized and their photophysical properties were
studied. The cytotoxic activity of the synthesized rhenium complexes
was evaluated against breast cancer cell line MCF-7. The rhenium
complexes 1 and 2 induce cell death by apoptosis causing damage to
mitochondria, nucleus, and intracellular generation of reactive oxygen
species (ROS). Complexes 1 and 2 interact with cellular DNA via inter-
calative binding mode as evidenced by DNA binding studies and circular
dichroism. The dinuclear rhenium complex 2 inhibits breast cancer cell

growth at 40 µMwhile the IC50 value of mononuclear rhenium complex
1 is 75 µM. The greater efficacy of rhenium carbonyl complex 2 in
comparison to 1 could be due to the possible synergistic effect of 2
rhenium centers in complex 2. This is further supported by the CD
studies which suggest the greater intercalation ability of complex 2. The
findings contribute valuable insights into the design and application of
rhenium carbonyl complexes in cancer therapy.
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