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ABSTRACT: Rhenium complexes have been observed experimentally to exhibit
good inhibitory activity against malignant cells. Hence, our motivation is to explore
this activity from a theoretical perspective. In the present study, density functional
theory (DFT) and in silico molecular docking approaches were utilized to unravel
the unique properties of metal-based rhenium tricarbonyl complexes as effective
anticancer drugs. All DFT calculations and geometric optimizations were conducted
using the well-established hybrid functional B3LYP-GD(BJ)/Gen/6-311++G(d,p)/
LanL2DZ computational method. The FT-IR spectroscopic characterization of the
complexes: fac-[Re(Pico)(CO)3(Pz)] (R1), fac-[Re(Pico)(CO)3(Py)] (R2), fac-
[Re(Dfpc)(CO)3(H2O)] (R3), fac-[Re(Dfpc)(CO)3(Pz)] (R4), fac-[Re(Dfpc)-
(CO)3(Py)] (R5), fac-[Re(Tfpc)(CO)3(H2O)] (R6), fac-[Re(Tfpc)(CO)3(Py)]
(R7), and fac-[Re(Tfpc)(CO)3(Im)] (R8) was explored. To gain insights into the
electronic structural properties, bioactivity, and stability of these complexes, the
highest occupied molecular orbital−lowest unoccupied molecular orbital analysis,
binding energy, and topological analysis based on quantum theory of atoms-in-molecules were considered. The anticancer activities
of the complexes were measured via in silico molecular docking against human BCL-2 protein (IG5M) and proapoptotic (agonist)
BAX 1 protein (450O). The results showed that the studied complexes exhibited good binding affinity (−3.25 to −10.16 kcal/mol)
and could cause significant disruption of the normal physiological functions of the studied proteins. The results of DFT calculations
also showed that the studied complexes exhibited good stability and are suitable candidates for the development of anticancer agents.

1. INTRODUCTION
The quest or pursuit for a new and more effective anticancer
drug has been highly significant in the medical world. Several
breakthroughs were obtained while studying metal-based
complexes as anticancer therapeutics in cancer treatment.1

This success is exemplified by the discovery of cisplatin in 1960
by Barnett Rosenberg.2 Significantly, it has also conceptualized
the modern era of metal-based anticancer drugs, like cisplatin,
carboplatin, and oxaliplatin.3,4 In recent years, investigations
were carried out with the commitment of researchers and
scientists to develop a new anticancer drug consisting of a
range of different complexes emanating from Re, Au, Pd, Rh,
Os, and Ir metal complexes.5−7 The efficiency of metal-based
drugs in cancer therapy cannot be underestimated, as it has
recently been used in about 32 out of 78 cancer regimens.8

Despite these spectacular attributes found in metal-based
complexes, they have certain disadvantages as it causes toxic
side effects and displays chemotherapeutic resistance.9,10

Various studies on the transition metal rhenium (Re) have
been conducted in recent years to develop novel anticancer
agents.11−13 Syntheses were carried out on many rhenium
complexes, exploring their potential properties as an anticancer
agent due to their biological activity of cytotoxicity.14 The

potential of rhenium complexes was first identified in
tricarbonyl bismine complexes in the HeLa cells.15 Rhenium
is more economically feasible; hence, all center of attention has
been conveyed to these significant Re(I) tricarbonyl complexes
applied as a cancer drug in therapeutics.16,17 Upon
investigations on vast numbers of rhenium compounds with
higher oxidation states, alongside hetero-metallic complexes,
researchers have given little attention to Re(I) tricarbonyl
complexes.18 These compounds were observed to possess
anticancer characteristics of a chemotherapeutic drug and
phytophysical properties.14 Research has proven that rhenium
complexes possess cytotoxic and phototoxic properties against
malevolent/malignant cells.19 Evidently, all rhenium complexes
are still undergoing clinical investigations to prove their full
potential as an anticancer drug, whereas many more are still
awaiting ethical approval to be clinically proven.20,21 There are
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limited reports of Re(I) tricarbonyl complexes of lipophilic
phenanthroline derivatives of rhenium complexes as a potential
anticancer agent.
The use of density functional theory (DFT), molecular

docking, and dynamic simulation have recently gained much
attention in drug design due to their proven ease and detailed
revelation in drug and receptor protein reactivity and
interactions.22−26 This approach has become vital in catalyzing
cancer research, and the need has become too necessary to
overemphasize, consequently, giving rise to peculiarity and
urgency in cancer malignant management.27 Recent studies
have adopted the computer-aided drug design approach to
study the antineoplastic activities of novel molecules. These
have accelerated the discovery of a more potent pharmaco-
therapeutic agent and created a platform for further clinical
trials.28,29 Applying the first-principles DFT and molecular
docking, scientists were able to investigate N-(1H-pyrrol-2-yl)
methylene)-4-methylaniline as a future chemotherapeutic
medication for the treatment of castration-resistant prostate
cancer (CRPC).26,30 Another investigation by Eno et al.24

adopted a similar approach to study the electronic structure
properties and antineoplastic potential of the 6-methylpyr-
idine-2-carbaldehyde-N (4)-ethylthiosemicarbazone and its
platinum(II) and zinc(II) complexes, with promising results.
Azo-based dyes also were extensively investigated for their
unique biological activity, especially as chemotherapeutic
agents in malignant glioblastoma management.31

Furthermore, Khattab and Al-Karmalawy utilized the DFT
calculations and molecular docking to investigate the activity of
some nocodazole analogues, including mebendazole, albenda-
zole, oxfendazole, nocodazole, flubendazole, oxibendazole,
bendazole, fenbendazole, ciclobendazole, and thiabendazole
as a potential anticancer drug. Flubendazole was achieved as a
promising anticancer candidate.32 Al-Otaibi and co-workers
adopted the DFT study and molecular docking analysis
approach to investigate Bendamustine’s spectroscopic, quan-
tum mechanical, and electronic excitation properties (ethanol
solvent) as an anticancer drug.33 Hence, it will not be out of
place if a similar approach is applied in the current study of
rhenium complexes, which has already revealed some level of
biological activity of cytotoxicity in the HeLa cells line as
reflected by their growth inhibitory effects.25 Rhenium
carbonyl complexes with the fac-[Re(CO)3]+ core bounded
to a diimine bidentate ligand in the form of functionalized 2,2′-
bipyridine (bipy) and 1,10-phenanthroline have revealed
highly biological activity against cancer cells, which is more
in the neutral and lipophilic phenanthroline derivatives of
rhenium complexes.34,35

Despite many experimental investigations on rhenium
complexes, very limited literature is available on the
investigation of rhenium complexes, especially the picolinic
acid derivatives by the molecular modeling approach, like
atomistic simulation using DFT and in silico molecular
docking and molecular dynamic simulations. This investigation
aims to further reveal their unique chemical quantum
electronic structure properties, nature of interactions with
amino acid residues, and stability of their complexes with
proapoptotic (IG5M) and antiapoptotic proteins. Molecular
properties derived from DFT computations are utilized to give
the verdict on the stability and reactive nature of the
complexes. The correlation between energy gap, second-
order perturbation energy, and intermolecular charge transfer
is considered and reported in detail. The studied complexes

were synthesized, characterized, and reported by Matlou et
al.36 They are designated as R1−R8. For comparison, the Dox
ligand was utilized as the standard for the molecular docking
experiments. Figure 1 shows the 2D diagrams of the studied
metal complexes.

2. METHOD
All complexes studied in this work were previously synthesized,
characterized, and reported by Matlou et al.36−39

2.1. Computational Details. 2.1.1. DFT Approach. DFT
has been utilized in geometric optimizations to ascertain
minimum energy configurations and stable molecular geo-
metries.40,41 This has been accomplished using a well-
established DFT functional B3LYP/Gen by incorporating the
empirical dispersion GD(BJ) as well as assigning the 6-311+
+G(d,p) and LanL2DZ basis set for lighter and heavy metal
atoms, respectively.41 Investigations on all complexes have
been carried out using frontier molecular orbital (FMO) or
highest occupied molecular orbital (HOMO−LUMO) anal-
ysis, natural bonding orbital (NBO) analysis, binding energy,
and quantum theory of atoms-in-molecules (QTAIM) analysis.
Gaussian 16 software24 was used to accomplish all computa-
tional calculations with its embedded GaussView 6.0.16 inter-
phase.42 The binding energy of each of the Rhenium
complexes was obtained using eq 1:
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where the parameter Ecomp signifies the energy of the complex,
ER1 signifies the energy of fragment 1, ER2 represents the
energy of fragment 2, E1

2 M signifies the energy of the Rhenium

Figure 1. 2D representations of the studied Re(I) complexes.
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metal, E3CO represents the energy of three CO groups, Ecomp
ZPE is

the zero point energy of the complex, ER1
ZPE is the zero point

energy of fragment 1, ER2
ZPE is the zero point energy of fragment

2, E1
2 M

ZPE represents the zero point energy of the Rhenium
metal, and E3CO represents the zero point energy of three CO
groups. Considering the second-order perturbation energies to
arrive at a conclusion about stability and charge transfer
mechanism, an NBO analysis was performed using NBO 3.1.43

Information on the overall reactivity as well as the electronic
structural properties of the studied molecules was derived from
the quantum descriptors fundamentally obtained from the
energy of the highest occupied molecular orbital (EHOMO) and
energy of the lowest unoccupied molecular orbital (ELUMO),
resulting in very useful descriptors such as the energy gaps and
the global reactivity descriptors as postulated by generalized
Koopmans’ theorem.44 The quantum chemical descriptors
include Global softness (σ), chemical hardness (η), chemical
potential (μ), and electrophilicity index (ω). More insights
into intermolecular and intramolecular interactions of the
studied complexes were obtained from the QTAIM, postulated
by Richard F.W. Bader and his research team.68 The optimized
geometry of the studied complexes is depicted in Figure 2.
2.1.2. Molecular Docking Protocol. Cancer receptor

protein isoform 1 of antiapoptotic human BCL-2 protein
(1G5M)45,69 and autoinhibited Dimer of pro-apoptotic BAX I
protein (4S0O)46,70 present in Hela cell lines47 was down-
loaded from RCSPDBD website.71 The proteins were prepared
with Biovia discovery studio72 by removing all the water
molecules, heteroatoms, and ligands. Then, the proteins were
imported into Molegro Virtual Docker (MVD),73 where the
protein structure was mutated and optimized by adding the
requisite charge and protonation to the faulty amino acid

residues. The molecular surface of the protein is created using
the electrostatic surface type mapping, and a maximum of five
(5) cavities was detected using expanded van der Waals force.
Before importing the rhenium complex and doxoborucin
(standard drug) as the ligand, the charge and flexible torsions
were calculated, detected, and assigned by the MVD software
algorithm. Furthermore, from the workspace, the following
setting was used in the docking of the ligand and receptor
protein by using the MolDock scoring (GRID) function with a
grid resolution of 0.30 Å and a binding site with a radius of 15
Å with the center of point X:0.63, Y:−2.43, and Z:1.94. The
internal electrostatic potential, internal H bond, and sp2−sp2

torsions were ignored. The MolDock SE search algorithm has a
maximum number of 10 runs. The poses were constrained to
the cavity, and energy minimization and H-bonds detected
were optimized. The parameter settings were 1500 maximum
iterations, with a population size of 50 energy threshold 100.00
kcal mol−1, maximum step of 300, and neighbor distance factor
of 1.00 Å. The docking was performed in a separate process by
creating a script that executes in an external phase. The best
pose was selected based on MolDock Score and recorded.

3. RESULTS AND DISCUSSION
3.1. Spectral Analysis. Comparatively, it is observed that

the DFT stretching frequency values obtained for the eight
complexes are in a close range to the experimental stretching
frequency (Table 1).
3.2. Structural Parameters. Structural parameters such as

bond lengths and angles were considered to characterize the
bonding strength within the complex further. The bond length
and angle were extracted for the R1 complex only,
characterized as the most stable complex using crystal explorer.
The bond angle equally gives information on the distribution

Figure 2. Optimized geometry of the studied metal complexes.

Table 1. Summary of the Spectroscopic Data for Complexes R1−R8

complexes υCO (cm−1)36 theory (cm−1) λmax (nm)36 ε (M−1 cm−1)36

fac-[Re(Pico)(CO)3(Pz)] (R1) 2028, 1926 2125 336 1835
fac-[Re(Pico)(CO)3(Py)] (R2) 2024, 1911 2099 340 1667
fac-[Re(Dfpc)(CO)3(H2O)] (R3) 2035, 1869 2109 333 1893
fac-[Re(Dfpc)(CO)3(Pz)] (R4) 2027, 1888 2066 338 1480
fac-[Re(Dfpc)(CO)3(Py)] (R5) 2024, 1885 2102 330 1296
fac-[Re(Tfpc)(CO)3(H2O)] (R6) 2031, 1877 2064 333 2876
fac-[Re(Tfpc)(CO)3(Py)] (R7) 2028, 1870 2101 330 1213
fac-[Re(Tfpc)(CO)3(Im)] (R8) 2024, 1904 2098 337 1928
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of the bonding pair around the atoms. The complex was also
obtained through geometric optimization and energy mini-
mization to obtain a sensitive and stable system. The
experimental and DFT structural parameters for the R1
complex are computed and presented in Tables S1 and S2 of
the Supporting Information. The complex’s experimental and
DFT bond length values are observed to have slight variations,
with a difference of about 0.03 Å. The bond of the Re atom to
the six atoms surrounding it was obtained, and it is observed
that the highest bond lengths are within, Re1−N18 (2.182 Å),
Re1−N28 (2.179 Å), and Re1−O13 (2.146 Å), while the lowest
is observed in Re1−C26 (1.926 Å), Re1−C24 (1.909 Å) and
Re1−C22 (1.924 Å). The reasonably high bond length of 2.089
Å within Re1−O13 is a product of the increase in the density of
electrons on the rhenium center arising from the monodentate
sigma N/O-donor ligand, which increases π-back donation to
the carbonyl and N−O bidentate ligands. This complex R1
exhibits hydrogen bonds in a one-dimensional chain, primarily
formed through a bifurcate H-bond, existing between an N−H
bond and two oxygen atoms in the acetate group. The bond
angle portrayed some interesting characteristics as the bond
angles are relatively close for all the values extracted. The
highest bond angles were observed in C22−Re1−O13 (94.64°),
C26−Re1−N18 (92.09°), and C22−Re1−C24 (89.04°), and the
lowest bond angle was observed in C24−Re1−C26 (88.33°),
N18−Re1−N28 (85.91°), and N28−Re1−O13 (75.90°). The
slightest bond angle of the N−O to the rhenium center is
because the bidentate N−O ligands bind strongly to the
rhenium center see Figure 2.
3.3. Electronic Properties. 3.3.1. Reactivity Studies. The

highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are the two grand
parameters for which the global indices of reactivity are
derived.48 The change in energy between the HOMO and
LUMO can be referred to as HOMO−LUMO energy gap,
which is the lowest energy electronic excitation possible in a
molecule.49 When the mobility of the π electrons is greater in
large conjugated π orbital systems, the energy distribution
tends to be higher throughout the molecule. Fukui was the first
to discover the critical role of the HOMO and LUMO in
governing chemical reactions. The energy gap determines the
kinetic stability and bioactivity of a molecule.50,51 The larger
energy gap indicates low chemical reactivity, and the smaller
energy gap exhibits high reactivity. Hence, the smaller the
energy difference, the greater the reactivity and the lesser the
stability of a complex.51 The energy of the HOMO and LUMO
and their energy difference were computed to explore the
chemical reactivity and stability and to estimate the quantum
chemical descriptors of the rhenium complexes, respectively.
The Gaussian 6.0.16 package, using DFT/B3LYP and the basic

set 6-311++G(d,p), has been employed in this investigation, as
provided in Section 2.1 of the DFT computational details.
Based on the generalized Koopmans’s approximation, the
quantum chemical descriptors such as band gap (Eg), global
softness (σ), chemical hardness (η), chemical potential (μ),
and electrophilicity index (ω) have been calculated by eqs
23456 and shown in Table 2.

= +E E Eg HOMO LUMO (2)

= =
+E E( )
2

HOMO LUMO
(3)

=
E E

2
HOMO LUMO

(4)

= 1
2 (5)

=
2

2

(6)

Also, the changes in the electronic structural properties of
the studied complexes are obtained from the HOMO−LUMO
analysis. The differences majorly influence this in the energy of
the HOMO and LUMO aforementioned. The difference in
energy between the two frontiers’ molecular orbital can be
used to predict the complex’s energy, strength, reactivity, and
stability after interaction.52 This reveals the change in
electronic structural properties during the interaction of
rhenium complexes with the cancer cell. From the result
obtained in Table 2, the energy gaps of the complexes are
observed to follow an increasing sequence of R5 < R7 < R4 <
R6 < R3 < R2 < R8 < R1. From this trend, the least and most
significant energy gaps are observed in R5 and R1 complexes
with energy gap values of 3.6972 and 4.0561 eV, respectively.
The least energy gap obtained for the R5 complex is due to the
HOMO and LUMO energy values of −6.5427 and −2.8455
eV, respectively. The least energy gap of R5 suggests that R5
could be more reactive when compared with other complexes,
based on the notion that molecular species with small energy
gaps generally require a small amount of energy for electronic
transitions form the HOMO to the LUMO, respectively. This
ease of transition results in an increased in molecular reactivity
as manifested by the second-order perturbation analysis. Also,
the HOMO and LUMO energy values of −6.6393 and
−2.5832 eV, respectively, are computed for the R1 complex.
Also, one can observe from Table 2 that the energy gap value
of 3.9941 eV for the R8 complex is very close to that obtained
for the R1 complex (Eg = 4.0561 eV), with nearly insignificant
decimal places high. This implies a charge transfer within the

Table 2. Electronic Structural Properties of R1−R8 Complexesa

compounds EHOMO (eV) ELUMO Eg (eV) σ η Μ ω B.E. (eV)

R1 −6.6393 −2.5832 4.0561 0.2465 2.0281 −4.6112 5.2423 0.1888
R2 −6.3743 −2.4338 3.9405 0.2538 1.9702 −4.4040 4.9221 0.2130
R3 −6.9525 −3.0820 3.8706 0.2584 1.9353 −5.0172 6.5036 −198.299
R4 −6.8007 −2.9712 3.8295 0.2611 1.9147 −4.8859 6.2339 −198.347
R5 −6.5427 −2.8455 3.6972 0.2705 1.8486 −4.6941 5.9598 −198.323
R6 −6.7884 −2.9356 3.8529 0.2596 1.9264 −4.8620 6.1354 −336.946
R7 −6.5316 −2.7660 3.7655 0.2656 1.8828 −4.6488 5.7393 −336.922
R8 −7.0050 −3.0109 3.9941 0.2504 1.9971 −5.0080 6.2793 −337.606

aHOMO−LUMO, energy gap, global softness (σ), chemical hardness (η), chemical potential (μ), electrophilicity index (ω), and binding energy.
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complex, which improves the bioactivity and ability to form
biological interactions. This suggests that the strength and
stability of the complex are determined by its increase in the
energy gap between the HOMO and LUMO. At the same
time, reactivity is realized by decreasing the energy gap values.
Hence R1 and R8 complexes are the most stable and least
reactive complexes, whereas the R5 complex is the most
reactive and least stable among the studied complexes
interacting with the cancer cells. Note that the least stability
of R5 is the direct consequences of its small energy gap.
3.3.2. Binding Energy. Binding energy is usually referred to

as the difference between the total energies of products and
reactants.53 It is the energy released due to bond formation and
as a result of an interaction. From the calculated interaction
energy of the complexes under study, as displayed in Table 3,
slight variations in the values are observed between R6, R7,
and R8 complexes, as they have the highest binding energies of
−336.946, −336.922, −337.606 a.u respectively among the
studied complexes. R4 and R5 complexes are observed with
very close interaction energy values of −198.299 and −198.347
a.u, respectively. On the other hand, R1 and R2 complexes
result in respective positive binding energy values of 0.1888
and 0.2130 a.u. The positive values of the two complexes R1
and R2 imply that the ligands consume higher energy only
when the energy required is available. While the negative
binding energy observed in the other eight complexes results
from the consumption of minimal energy from the ligand. The
more negative the binding energy, the greater the stability of
the complex, and the more positive the binding energy of the
complex, the lesser the stability of the complex.54 Therefore,
higher negative binding energy denotes better stability of the
complex, thereby influencing the reactivity and potency of the
drug. Comparatively, it is observed that the R8 complex has
the highest binding energy value of −337.606 a.u. The
interaction energies of the studied complexes have been
calculated via the Mathematical expression in eq 7:

=E E E E E

E E E E

( 3CO)

( 3CO)

int comp R1 R2 M

comp
ZPE

R1
ZPE

L2
ZPE

M
ZPE

(7)

where the various parameters of eq 7 have been carefully
defined in Section 2.2.1 of the DFT computational section.
The binding energy values obtained using this formula are
shown in Table 3. Hence, it is deduced that the R8 complex is
the most stable complex, followed by R7 and R6 complexes
due to their relatively closer and greatest binding/interaction
energy values. This result agrees with that obtained in Section
3.3.1 of the reactivity studies.
3.3.3. Perturbation Theory Analysis. With maximum

electron density in molecules, the natural bonding orbitals

(NBO) developed by Weinhold is a bonding orbital calculated
to determine the electron density distribution in atoms and the
bonds between interacting atoms.55 The NBO analysis of
compounds is an efficient tool for examining the intermo-
lecular and intramolecular interactions resulting from chemical
bonds that exist in molecules, aided by the information from
the filled and vacant orbital.56,57 According to Weinhold’s
method, the NBO modeling divulges that when molecular
orbitals are properly oriented, hyperconjugation confers the
stabilization effect as a result of the delocalization of electron
density arising from bonding or lone pair to deficient orbital.58

For each Donor (i) and Acceptor (j) NBOs, the stabilization
energy can be defined in terms of the second-order
perturbation energy (E2). Basically, the higher the stabilization
energy, the greater the interaction existing between the Donor
(i) and Acceptor (j) orbitals.59 The second-order perturbation
energy for determining the stability of the studied complexes is
generally derived from the mathematical expression in eq 8:

= =E E qi
F i j
E E

( , )
( )i j

(2)
,

2

(8)

From eq 8, the parameter q represents donor occupancy, Ei
and Ej represent diagonal elements, and F(i,j) represents an
element in the Fock matrix. The second-order perturbation
energy (E2) of the donor (i) and acceptor (j) interacting NBOs
within the studied complexes is depicted in Table 3. From this
result, only four transitions were dominant in the complexes,
including charge transfer from bonding natural orbital of sigma
type to antibonding character of lone pair (σ → LP*), from
antibonding character of lone pairs to antibonding natural
orbital of sigma type (LP* → σ*), from lone pair, to center
antibonding (LP → π*), and finally from the antibonding
natural orbital of sigma type to the antibonding natural orbital
of sigma type (σ* → σ*). For the R2 complex, the
intramolecular hyperconjugative interactions with the tran-
sition from bonding natural orbital of sigma type between Re
and N atoms to the anti-bonding character of lone pair of Re
atom [σRe1−N18 → LP*Re1] was observed to have
perturbation energy of 92.94 kcal/mol.

For the R1, R2, R3, R4, R5, R6, R7, and R8 complexes, the
perturbation energy values of 92.94, 88.67, 235.3067, 96.7967,
678.4467, 94.7667, 132.2467, and 93.6067 kcal/mol respec-
tively have been obtained. The charge transfers the charge
delocalization from the lone pair of the carbon atom (C3) to
the π* (anti pi) NBO between the Re metal atom and a
nitrogen atom. Based on this analysis, it is ostensible that R5
exhibited the highest second-order perturbation energy which
is in tandem with the results from DFT calculations which
disclosed that R5 had the least energy gap and hence, greater
reactivity. This is also an indication that R5 as well as other

Table 3. Second-Order Stabilization Energies and the Intermolecular Donor−Acceptor Natural Bonding Orbital and Other
NBO Parameters of Most Interacting NBOs of the Complexes Obtained via NBO Analysis

compounds donor NBO (i) acceptor NBO (j) E2 (kcal/mol) E(i) − E(j) F(I,j)

R1 σ Re1−N18 LP*Re1 92.94 0.03 0.136
R2 LP* Re1 σ* Re1−C18 88.67 0.09 0.153
R3 σ* Re1−C16 σ* Re1−C12 235.30 0.01 0.121
R4 LP O15 π* Re1−C14 96.79 0.29 0.211
R5 LP C3 π* Re1−N18 678.44 0.03 0.119
R6 LP O13 π* Re1−C12 94.76 0.29 0.211
R7 LP C28 π* C25−N34 132.24 0.09 0.114
R8 LP O13 π* Re1−C12 93.60 0.29 0.210
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complexes might bind favorably with cancer cells and caused
significant alterations in the normal metabolic functions of the
cells which might induce death or prevent further develop-
ment. Therefore, R5 is the most stable complex, exhibiting the
transition of LP C3 → π*Re1−N18.
3.3.4. Topology Analysis. The QTAIM, sometimes referred

to as the atoms-in-molecule (AIM) hypothesis, gives more
insight into the inter and intramolecular interactions of the
complexes.59 QTAIM analysis is a model developed by Richard
F. W. Bader and his research team,60 which studies molecular
and condensed matter electronic systems and the main object
of molecular structure, which is the atoms and bonds.61 The
atoms and their bonds are innate expressions of the electron
density distribution function observed in systems.62 This
model essentially attempts to define bonding in atoms through
topological analysis of electron density distribution function.63

QTAIM analysis utilizes the topological parameters such as
electron density ρ(r), Laplacian of electron density ∇2ρ(r),
Lagrangian kinetic energy G(r), Hamiltonian kinetic energy
K(r), electronic charge density V(r), and energy density H(r)
at critical points (CPs) which are presented in Table S4. To
gain more insights into the noncovalent nature of interactions,
the AIM hypothesis has proven useful and reliable in DFT
study. According to this theory, the structures of molecules are
revealed by the critical points of the electron density, alongside
the gradient path, which originates and terminates at these
points.64 The QTAIM model has been judiciously used in this
present study to study the bond critical points of the rhenium
complexes’ inter- and intra-molecular hydrogen bonds, as
represented in Table S4. The critical point values were taken
for six bonds of each rhenium complex. The values of ρ(r) and
∇2ρ(r) are positive and less than one; other topological
parameters are also less than one. This implies the
accumulation of electron density between two bounded
atoms.65 The Laplacian of electron density is observed to
have a degree of closeness in the values for each bond in all the
rhenium complexes. The studied system can be classified into
noncovalent, partial covalent, and strongly covalent by using
the expression ∇2ρ(r) and H(r), combining as: ∇2ρ(r) >0 and

H(r) > 0; ∇2ρ(r) >0 and H(r) < 0; and ∇2ρ(r) < 0 and H(r) <
0 identifying the noncovalent, partial covalent, and covalent
respectively.66 Comparatively, among the six bond critical
points of each of the R1, R2, R4, R5, R6, R7, and R8
complexes, with a close look at the laplacian of electron
density, it is observed that ∇2ρ(r) > 0 and H(r) < 0. It is an
indication of the presence of a partial covalent interaction.
Alternatively, the R3 complex underwent noncovalent
interaction with ∇2ρ(r) > 0 and H(r) > 0 with values of
0.2553 and 0.1433 a.u respectively. To further inquire into the
nature of interactions, G(r)/V(r) and λ1/λ3 have been
computed, calculated, and presented in Table S3 with the
Supporting Information. Note that λ1/λ3 defines the bond path
softness and higher values designate higher QTAIM softness.67

One can clearly see that the λ1/λ3 values are observed to be
less than one, indicating the strong presence of intermolecular
interactions. The ellipticity of electron density (ε) has been
invoked to gain more insights into the regions of charge
density accumulation and the stability of the bond. The ε
values describe the stability of hydrogen bonds in the different
systems. The lower the ellipticity index value, the greater the
stability of the complex and vice versa.68 The ellipticity index
from the QTAIM analysis shows that R4, R6, R1, and R8
complexes have greater ellipticity index values. This is an
indication of the presence of charge transfer and the stability of
the complex.
3.4. Molecular Docking Analysis. This analysis was

conducted to evaluate the potential of rhenium complexes to
disrupt BCl-2 proteins which are the family of proteins that
controls an essential step in the prevention of cell apoptosis.
These proteins function by regulating the permeabilization of
the mitochondrial outer membrane (MOM) as well as the
cytoplasm. These proteins cause a dynamic change in
conformations that modulate apoptosis in cells. These are
often classified as multiregional proapoptotic proteins which
are associated with the direct permeabilization of MOM,
another class is the BH3 which directly or indirectly activates
the pore-forming class members, and the antiapoptotic
proteins that inhibit apoptosis at several steps.69 The efficacy

Figure 3. 3D representation of rhenium complexes interaction with ISOFORM 1 of anti-apoptotic HUMAN BCL-2 protein (IG5M) indicating the
amino.
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of the complexes to inhibit these proteins is investigated via in
silico computations. Specifically, the antiapoptotic Bcl-2
protein (IG5M) and the proapoptotic derivative (BAX 1,
pdb: 4S0O) were selected for docking experiments.70,71 The
rhenium complex’s activity is measured by its propensity to fit
into the receptor protein cavity and bind significantly with
amino acid residues in the active site. The results of the

docking experiments are tabulated in S4a of Supporting
Information and in Figures 3456. The docking results generally
disclosed that all the tested metal complexes possess good
binding energies with the studied inhibitors. The binding
affinity of the complexes with Ig5m receptor was found to be
between −3.25 and −10.16 kcal/mol. These energies affirmed
that the complexes interacted much favorably with the receptor

Figure 4. Visualizing the 3D representation of the standard drug with the selected proteins: DOX+1G5M and DOX+4S0O.

Figure 5. 3D representation of Rhenium complex with pro-apoptotic BAX I protein (4S0O).

Figure 6. Comparison of MolDock Score of Rhenium complexes with Anti-apoptotic human BCL-2 and pro-apoptotic BAX-1 protein.
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than with 4S0O. It is found that the binding affinities of the
complexes with the 4S0O receptor are within the range of
−2.61 to −6.23 kcal/mol. These binding affinities are quite
lower than those found for Ig5m, due to steric repulsions and
unfavorable hydrophobic contacts. A careful observation of the
type of interactions with which each complex displayed within
the respective binding pockets of the receptor shows that more
hydrogen bond contacts were persistent between the metal
complexes and Ig5m receptor. Typically, hydrogen bond
contacts were observed between Asn-10, Asn-11, Asn-182,
Trp-195, and Tyr-9 amino acid residues with the complexes.
Also, positive steric interactions and electrostatic interactions
were observed to stabilize the complexes within the respective
binding pockets. These interactions were found between Ala-
32, His-20, Lys-17, and Met-16 amino acids residues. Based on
these observations, we can conclude that the studied Re
complexes are good candidates for disrupting the activities of
human BCL-2 proteins, as such, effective in cancer therapy.

4. CONCLUSIONS
DFT computations have been performed to properly evaluate
the potency of metal-based rhenium tricarbonyl complexes as
inhibitors of human BCL-2 proteins. The results demonstrate
that the complexes could substantially alter the regular
activities of the BCL class of proteins by binding favorably
with the respective proteins. The results from DFT calculations
evinced that the complexes are stable. However, R1 and R8
were found to be more stable based on energy gap
considerations. The values for their energy gaps were found
to be 4.0561 and 3.9941 eV respectively. While the metal
complexes displayed good reactivity index, R5 was found to be
relatively reactive based on its lower energy gap. The increased
reactivity of R5 was seen to be manifested by its second-order
stabilization energy. Moreover, all the metal complexes were
found to exhibit high stabilization energy and therefore,
suggested that these complexes could bind with the studied
proteins to a greater extent. In furtherance, the intermolecular
interactions persistent within the metal complexes were
unveiled by the QTAIM hypothesis. The results disclosed
that intermolecular interactions existed within the complexes
and facilitated charge transfers between the ligand and metal
centers, thus, stabilizing the complexes. Finally, the results of in
silico molecular docking investigations are promising and
divulged that the complexes could act as good candidates for
the development of therapeutic antagonist of BCL class of
proteins.
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Structural Changes Are Associated with Soluble N-Ethylmaleimide-
sensitive Fusion Protein Attachment Protein Receptor Complex
Formation*. J. Biol. Chem. 1997, 272, 28036−28041.
(69) Dennington, R.; Keith, T. A.; Millam, J. M. GaussView 6.0. 16;
Semichem Inc.: Shawnee Mission, KS, USA, 2016.
(70) HyperChem, T HyperChem 8.07, HyperChem Professional

Program; Hypercube: Gainesville, 2001.
(71) Shamas-Din, A.; Kale, J.; Leber, B.; Andrews, D. W.
Mechanisms of Action of Bcl-2 family proteins. Cold Spring Harbor
Pespect. Biol. 2013, 5, No. a008714.
(72) RCSB PDB. 1G5M: Human BCL-2, Isoform 1; https://www.
rcsb.org/structure/1G5M 1/3. DOI: 10.2210/pdb1G5M/pdb.
(73) RCSB PDB. 4S0O: Crystal Structure of the Autoinhibited Dimer

of Pro-apoptotic BAX (I); https://www.rcsb.org/structure/4S0O 1/4.
DOI: 10.2210/pdb4S0O/pdb.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07779
ACS Omega 2023, 8, 10242−10252

10252

https://doi.org/10.1039/C4CP00003J
https://doi.org/10.1039/C4CP00003J
https://doi.org/10.1074/jbc.272.44.28036
https://doi.org/10.1074/jbc.272.44.28036
https://doi.org/10.1074/jbc.272.44.28036
https://doi.org/10.1101/cshperspect.a008714
https://www.rcsb.org/structure/1G5M
https://www.rcsb.org/structure/1G5M
https://doi.org/10.2210/pdb1G5M/pdb?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.rcsb.org/structure/4S0O
https://doi.org/10.2210/pdb4S0O/pdb?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

