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Abstract
This study reports the synthesis, spectroscopic, molecular properties, and in silico biological assessment of ruthenium
polypyridyl complexes with a hydroxypyridine ligand, [Ru(bpy),(N*O)](PF;) (Ru-1) and [Ru(phen),(N*O)](PF,) (Ru-2).
The compounds have been characterized by FT-IR, UV, single crystal X-ray crystallography while molecular electronic
properties have been considered within the framework of density functional theory (DFT) computation. The explicit interpre-
tation of the vibrational spectra was assigned by the VEDA4e program. The results obtained from the natural bond analysis
explicated that the highest stabilization energy E® for the Ru-2 molecule is 343.53 kcal/mol while the Ru-1 compound was
observed to possess E@ energy of 302.42 kcal/mol. The studied Ru-2 compound has been observed to exhibit high gas-
trointestinal absorption which might restrict the brain-blood barrier or any cytochrome p450 inhibition (1A2, 2C19, 3A4,
and 3A4) without infringing any of the Lipniski rules. The molecular docking experiment reveal that the Ru-2 compound
binds effectively with 2nv6 tuberculosis receptor with a corresponding binding affinity of — 8.6 kcal/mol obtained for Ru-1
molecule. However, when both compounds were docked with the 5syj receptor, the binding affinity was observed to be
— 7.5 and — 6.7 kcal/mol for Ru-2 and Ru-1 respectively, which is comparably higher than the binding score observed for
isoniazid standard drug. Ru-2 complex was observed to possess a high energy gap of 2.948 eV with a chemical softness of
0.678 eV, thus suggesting the studied molecule is highly stable and suitable and can be used as a potential anti-tubercular
agent. The Uv—vis spectroscopy study divulged that all absorption spectra occurred at the visible region for both molecules
respectively, which is in tandem with the obtained experimental A,
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Scheme 1 The chemical
structures of bpy, phen and chp
ligand

1 Introduction

Mycobacterium tuberculosis is known to be the most com-
mon strain causing tuberculosis, a potentially dangerous
infectious bacterial illness that mostly affect the lungs of
infected host. However, it has been observed to also have
adverse effect on other regions of the human body [1, 2].
Analysis have shown that about one third of the world’s
population is afflicted with TB, which accounts for over
4000 fatalities per day and thus ranks second only to the
human immunodeficiency virus (HIV) as a cause of mor-
tality that may be transmitted [3]. Due to the difficulty
of treatment, many antibiotics must be administered over
an extended period of time. As such, with the emergence
of mycobacterium tuberculosis, bacteria strains that are
multi-drug resistant have intrigued researchers to sort
developing new TB drugs with a more effective perfor-
mance. Interestingly, a plethora of possibilities for cre-
ating molecules with higher bioactivity profile are pro-
vided using metal complexes. This is made feasible by
the accessibility of various metal ions as well as with the
capacity to modify structures through ligand exchange.
The interaction between the metal’s activity and that of its
organic ligand may disclose novel mechanism of action,
which is mainly due to their photophysical, stability and
electrochemical characteristics of ruthenium complexes
as they seem to have captivated interest and are constantly
being studied for application in dye-sensitized solar cells,
photocatalysis, organic light-emitting diodes, as well as
biological applications [4, 5]. These inbuilt properties of
ruthenium complexes make it fit for pharmacological uses.
Ru-drug is observed to possess a decreased systemic toxic-
ity which accounts more for its experimental advantage.
It is observed that the ruthenium complexes tuneable oxi-
dation states, DNA-binding capacity, hydrophobicity and
lipophilicity can be regulated through the use of various
organic compounds (Ligands). The cytotoxicity of Ru(Il)
polypyridyl complexes is significantly influenced by lipo-
philicity as well as cellular absorption. This development
may lead to alteration in the biological pharmaceutical
application [6, 7] of the compound. The ligand frame
work, metal ions selection, as well as metal ions oxidation
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state all play a role in the design of metal-based medicines.
In attempt to curb the aforementioned challenge, research-
ers have focused on the synthesis and assessment of the
biologically interesting ligands, with the sine qua non of
broadening the spectrum of complex activity. The biologi-
cal activity of a complex is thus strongly dependent on the
coordination behaviour of the metal.

Due to the high cytotoxicity, selectivity and moderate tox-
icity, ruthenium complexes have recently received a whole
lot of attention as potential anti-bacterial and anti-cancer
therapy [6—8]. Pyridine derivative are frequently utilized
as ligands in the synthesis of coordination compounds that
are often used as pharmaceuticals. The biological effects
of pyridine derivative basically involve the well-known
anti-tubercular, anthelmintic, fungicidal, anti-cancer and
anti-bacterial action. Thus, pyridine-based ruthenium com-
plexes hold a promising potency for optical cell imaging
[8]. Furthermore, ruthenium compounds together with pyri-
dine have been observed to effectively inhibit the growth
of bacterial biofilm as well as induce apoptosis in cancer-
ous cells [9-11]. In other to understand in detail about the
capabilities of Ru polypyridyl complexes, the synthesis of
Ru(IT) monocationic compounds with N-O donor ligands
with pi extended system was investigated. To consider the
direct link between hydrophobicity, cellular absorption and
cytotoxic action, [Ru'! N5O]* pseudo-octahedral coordina-
tion environment was utilized for these purposes. A distinct
class of anti-tubercular Ru complexes was suggested to be
produced via the addition of a lipophilic N-O bidentate
ligand. [Ru(bpy),(chp)][PF¢] (Ru-1) and [Ru(phen),(chp)]
[PF¢] (Ru-2) Ru complexes were synthesized for this series
(bpy =2, 2-bipyridine, phen=1, 10- phenanthroline, and
chp =2-chloro-6-hydroxy pyridine) (Scheme 1). To enhance
our studies on the Ru-complexes, density functional theoreti-
cal method was employed to empirically and theoretically
account for the anti-tubercular activity of the investigated
ruthenium polypyridyl complexes. Nevertheless, to lucidly
provide additional detailed structural information on the
potency of the studied organic molecules to exhibit anti-
tubercular activity, the investigated complexes were experi-
mentally produced and characterized using single crystal
X-ray crystallography, NMR, UV-Vis and FT-IR, and thus
our intriguing findings are disclosed herein.
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2 Experimental
2.1 Materials and Methods

The compounds were created using the normal Schlenk-
line technique under anaerobic conditions (N, atmos-
phere). The solvent used was basically of the reagent grade
kind. The following organic molecules were bought and
equally utilized exactly as directed; RuCl;. XH,O (pressure
chemicals), 2,2-bipyridine (bpy, Afa Aesar), 1, 10-phenan-
throline (phen, Alfa Aesar), NH,PF, (Sigma Aldrich), and
K,CO; (spectrum). The chemicals employed for the syn-
thesis were of analytical quality and hence conventionally
utilized exactly as received. At Atlantic Microlab, Inc.,
elemental analyses were performed. (N or cross, GA). A
Shimadzu UVPC-3001 spectrophotometer was adopted
to collect the absorption spectra of the investigated com-
pounds [12]. Having the given sample primarily composed
of KBr pellet, infrared spectra were performed through a
Perkin-Elmer FT-IR spectrophotometer spectrum 2000.

2.2 Synthesis of Chp Complexes

[Ru(bpy),Cl,].2H,0 or Ru-1 was prepared by a reported
literature method [13]. [Ru(bpy),Cl,].2H,0 (100 mg,
0.192 mmol) was dissolved in EtOH/H,0O (10 mL) (50:50)
to give a purple solution. 2-chloro-6-hydroxypyridine, chp
(0.030 g, 0.231 mmol) was added to the stirring solution
followed by the addition of aqueous solution of K,CO;
(0.032 g, 0.163 mmol) dropwise to give a dark red solu-
tion. The reaction was setup for reflux at 90 °C for 8 h. The
solution was then reduced to ~2 mL by rotary evaporation
after which the product was precipitated with excess aque-
ous NH,PF, (0.157 g, 0.960 mmol). It was filtered and
washed with Et,O to afford a dark red powder which was
dried overnight and then isolated. Yield =86% (0.120 g)
'"H NMR (300 MHz, CD,COCD;) § 9.10 (ddd, J=5.6,
1.5, 0.8 Hz, 1H), 8.65 (ddd, /=5.6, 1.5, 0.8 Hz, 1H), 8.56
(m, 3H), 7.74 (dt, J=4.6, 1.4 Hz, 2H), 7.72 (m, 1H), 7.68
(dd, J=2.0, 1.4 Hz, 1H), 7.66 (d, J=1.3 Hz, 1H), 7.63
(ddd, J=5.7, 1.5, 0.8 Hz, 1H), 7.41 (m, 1H), 7.20 (m,
1H), 7.12 (m, 2H), 6.38 (dd, /=7.7, 0.7 Hz, 1H), 6.04 (dd,
J=8.5,0.7 Hz, 1H). ESI-MS (m/z) =542.030 [M-PF,]*.

Also 100 mg, 0.136 mmol of [Ru(phen),Cl,]0.2H,0
or Ru-2 molecule was dissolved in EtOH/H,0O (10 mL)
(50:50) to give a purple solution. The White powder of
2-chloro-6-hydroxypyridine (0.021 g, 0.163 mmol) was
added to the stirring solution followed by the addition of
aq. solution of K,COj; (0.023 g, 0.163 mmol) dropwise to
give a dark red solution. The reaction was set up for reflux
at 90 °C for 8 h. The solution was then reduced to 2 mL by

rotary evaporation after which the product was precipitated
with excess aq. NH,PF, (0.111 g, 0.680 mmol). It was fil-
tered and washed with Et,0O to afford a dark red powder
which was dried overnight and then isolated. Yield=87%
(0.092 g) '"H NMR (300 MHz, CD,COCD;) & 10.04 (dd,
J=5.3,1.2 Hz, 1H), 9.96 (dd, J=5.2, 1.3 Hz, 1H), 9.50
(dd, J=5.2, 1.3 Hz, 4H), 9.09 (dd, /=5.2, 1.1 Hz, 4H),
8.72 (dd, J=17.9, 6.2 Hz, 9H), 8.32 (m, 12H), 8.24 (s, 8H),
8.13 (s, 5H), 8.12 (m, 13H), 7.88 (dd, /=17.7, 4.9 Hz,
9H), 7.75 (dd, J=5.3, 1.2 Hz, 1H), 7.70 (dd, J=5.3,
1.2 Hz, 1H), 7.42 (m, 16H), 6.88 (dd, /=8.2, 7.3 Hz,
1H), 6.35 (dd, J=7.7, 0.6 Hz, 4H), 6.10 (ddd, J=17.8,
8.4, 0.6 Hz, 5H), 5.88 (s, 1H). ESI-MS (m/z) =590.032
[M-PF,]*

2.3 Single Crystal X-ray Crystallographic Procedure

A single crystal X-ray diffraction method was employed to
effectively ascertain the crystal structure of Ru-2. To obtain
the desired single crystal of the complex, slow diffusion of
diethyl ether into an acetonitrile solution of the compound
at room temperature was carried out. Using a Burker APEX
II CCD diffractometer, data for the studied complexes were
obtained, and this was achieved by utilizing a graphite mon-
ochromated Mo—Ka radiation, with A= 0.71073 A at 90 K.
A minute layer of paratone-N oil was employed to be able to
place the crystal on a mylarloop. Then the APEX?2 software
was used to perform a 60-s scan that was of great use, in that
it provides sufficient data on the level of intensity, which
would be of importance to analyze using SAINT and cor-
rected for absorption using SADABS [14]. The direct tech-
nique was then carried out to carefully dissolve the structure
before full-matrix least squares versus F2 and Table 1 were
used to improve the compound alongside anisotropic dis-
placement parameters for the non-hydrogen atoms via the
SHELXS as well as SHELXL program package correspond-
ingly [15] (Table 1).

2.3.1 Computational Methodology

The synthesized ruthenium polypyridyl complexes (Ru-1
and Ru-2) underwent further computational analysis using
Gaussian 16 software and GaussView 6.0.16 interface to
affirm the stability as well as to comprehend the molecu-
lar geometry of the studied organic molecule [16, 17]. The
investigated structures were optimized at a at DFT level,
coupling B3LYP [x] functional with a combination of
Def2-TZVP [x] triple-{ basis set and LANL2DZ double-{
basis set+ ECP. More so, D3 version of Grimme’s disper-
sion with Becke-Johnson damping [x] was also included.
The predicted molecular geometries were compared with
the experimental XRD structures. The stationary points
achieved upon geometry optimisation were submitted to the
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Table 1 Crystal structural data
and refinement parameters for
[Ru(phen),(chp)][PF¢] (2)

Compound
Empirical Formula
Formula weight
Temperature, K
Crystal system
Space group

Unit cell dimension

Volume, A3

Z

Density, g/cm?

Absorption coefficient, mm™!
F(000)

Crystal colour, morphology
Crystal size, mm?>
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

R indices [I> =20(1)]

R indices (all data)

Largest diff. peak/hole, e/A™

[Ru(phen),(chp)][PF] (2)
C4,H,,CIF,N,OPRu
776.03

90

Triclinic

Pl/c

a=8.9343(4) A
b=13.8288(6) A
c=14.1309(6) A
1490.47(11)

2

1.729

0.746

776.0

red, block
0.390%0.140%0.110
66,443
11,428 [R;,, =0.0655, R
11,428/0/501

1.043

R,=0.0410, wR,=0.0766
R,=0.0674, wR,=0.0848
0.78/— 0.77

a=60.9000(10)°
B=86.4190(10)°
y=77.9730(10)°

=0.0553]

sigma

calculation of vibrational frequencies (in Harmonic approxi-
mation) to check whether real minima of the potential energy
surface were obtained. The absence of negative frequencies
indicates that the optimised structures were genuine minima
for the validation of the crystal structure as well as molecu-
lar orbitals, Ortep 3 and Avogadro software [18, 19] were
employed. Calculations of additional molecular and natural
bond orbital (NBO) [x] were carried out at the same level of
theory for both studied molecules of interest.

2.3.2 Molecular Docking Procedures

The studied protein was prepared using the Biova Discovery
Studio [x], then the selected receptor for molecular dock-
ing was imported from online Protein Data Bank [20]. Prior
to determining the protein active sites, water molecules
were expunged since it has little or no importance, follow-
ing the addition of explicit hydrogen molecules, which aids
in finding the hydrogen bond interactions and more effec-
tual to ascertaining the binding affinity of the investigated
ligand against the target protein of interest. In order to
specify the protein cavity, its X, Y, Z coordinate were set to
—4.570, 34.7134 and 14.0544 for 2nv6 receptor as well as
— 8.8290, — 55.8040, and 35.2730 for 5syj proteins, respec-
tively, with a corresponding size of 20 A [21]. Autodock
4.0 [x] was employed to convert the initial format of the
protein—ligand complex into the required pdbqt file type.
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Energy minimization at DFT/B3LYP/Gen basis set was used
to prepare both the ligands and the standard anti-tuberculosis
drug. Thereafter, docking of the proposed ligand with the
selected receptor was carried out via Autodock vina and
experimental result examined using pymol and Biova Dis-
covery Studio visualizer [22, 23]. Subsequently, the docking
exercise were finalized by utilizing the Larmackian Genetic
Algorithm with autodock 4.0 and autodock tools (ADT)
(LGA). Moreover, it was observed that the autodock grading
function is heavily reliant on electrostatic contact, hydrogen
binding as well as van der Waals interaction, since these
are determining factors that elucidates in details how strong
the studied organic compounds bind to the receptor [24].
The docking process’s grid parameter file (GPF) was set at
20%20x20,20x20x20 and 20 X 20 x 20 along the systems
X, Y, Z coordinate.

3 Results and Discussion
3.1 Synthesis of Complexes

The complexes were synthesized from a reaction of
2-chloro-6-hydroxypyridine, chp with [Ru(N”N),Cl,] in
C,H;OH/H,0 in 1:1 molar ratio and were isolated as their
PF salts in high yields (Scheme 1 and 2). The 'H spectra
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Scheme 2 Synthesis of
[Ru(bpy),Cl,].2H,0 = Ru-1

of the complexes are given in Figure S (see supplementary
material).

3.2 X-ray Structure of Ru-2

Herein, details of the crystallographic data and structure
refinement parameters are summarized in Table S1 [25]. The
compound crystallizes in the triclinic P1 space group. The
complex exhibits an octahedral geometry of the Ru atom.
The coordination sphere of the metal center in the structure
of Ru-2 consists of five N atoms and one O atom in a slightly
distorted octahedral environment. The Ru— O bond distance
is 2.1522(14) A. Four of the nitrogen atoms from two bipy-
ridyl moiety [26]. The average equatorial Ru—N bond dis-
tance for the phenyl is 2.065(15) A. The hydoxypyridine

N(6)

©(30)

F(4)

c(31)

N Cl

A reflux, 90°C, N,

K,CO;, EtOH/H,0

moiety coordinate the Ru centre via the pyridinic nitrogen
and hydroxyl oxygen atom [Ru-N5, 2.0656(16); Ru-O1,
2.1522(14) A] respectively, forming an octahedral environ-
ment round the central Ru atom sphere (Table S2). These
distances are comparable and are also in agreement with the
respective distances for compounds in a [RuN;O]* coordina-
tion environment (Fig. 1) (Scheme 3).

3.3 Electronic Properties

Frontier molecular orbital analysis involving the highest
occupied and lowest unoccupied molecular orbital (HOMO)
and (LUMO) is utilized for the qualitative determina-
tion of molecular excitation capacities as well as electron
transportation vehicles of the studied molecules [27]. The

Fig. 1 ORTEP diagram of [Ru(phen),(chp)][PFs]JCH;CN, complex 2 showing the atom numbering scheme showing the PFq counter ions.

Hydrogen atoms are omitted for clarity

@ Springer
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Scheme 3 Synthesis of
[Ru(phen),Cl,].2H,0 = Ru-2

discrepancies between the HOMO and LUMO energy lev-
els is substantiated by the presence of energy gap which
is the essential parameter that supplies important informa-
tion in respect to the stability and reactivity of the studied
synthesized compounds [28]. The HOMO elucidates the
electron donating ability whereas the lowest unoccupied
molecular orbital designates the electrophilic capacity of the
synthesized compounds [29-31]. So, to say, the molecular
chemical reactivity of the complex was blazoned via the
HOMO—LUMO energy gap, in affirmation to this justifi-
cation, it is essential to fathom that high energy gap sug-
gests high kinetic stability as well as low chemical reactivity
of the ruthenium polypyridyl complexes (Ru-1 and Ru-2).
The electronic properties like HOMO and LUMO energies
(Exomo and E; o), energy gap (AE), electron affinity (A),
global chemical hardness (1), ionization potential energy
(IP), global chemical softness (S), electronegativity index
(%), global chemical electrophilicity index (w) and chemical
potential (p) were calculated and reported in table? Using
equation [1-3, 32]

LP =—-Eyomo (1)
A =-Erymo @)
IP + EA
h="— 3)
1
S=—
o )

As such, the result divulged that the highest energy gap
(AE) of 2.948 eV is associated to Ru-2 molecule while Ru-1
complex is observed to have AE of 2.897 eV which affirms
high kinetic stability and less reactivity of Ru-2 compound.
However, as clearly shown in Fig. 2 and Table 2 the delocali-
zation of electrons from HOMO to LUMO is more promi-
nent in Ru-2 system with higher electron-donating capacity
of — 5.053 than Ru-1 compound with nucleophilicity of
—5.043 eV respectively [33]. These implies that the ease of
realising electron from Ru-2 compound to the target receptor
site is comparably higher than Ru-1 molecule. The chemical
hardness and softness of the studied Ruthenium polypridyl
complexes were calculated using the formula below;
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N Cl  K,CO;, EtOH/H,0
L ‘ reflux, 90°C, N, -
. 1 _1

Chemical hardness(n) = (ELumo — Enomo) = S AP —A)
&)

Chemical softness(S) = L = 1 = 1

2n P-4 (ELumo-E,,,)

(6)

Chemical hardness suggests the resistivity of a molecule
towards electron transfer, this implies that a high chemical
hardness value is inversely proportional to low resistance of
a molecule towards electron transfer. As such the n of 1.474
corresponds high S of 0.678 for Ru-2 compound, affirm-
ing the ease of electron transfer from Ru-2 molecule to the
receptor target site which is in agreement to the docking
studies of the said molecule [34].

3.4 Stabilization Energy Analysis

Natural bond orbital analysis (NBO) seeks to elucidate
the mechanism of charge transfer between intra and inter-
molecular orbital bonding, conjugative and hyper-conju-
gative interaction, as well as the stabilization energies of
the complexes [36]. NBO analysis of the studied molecules
performed using NBO version 3.1 embedded in Gaussian
09 W package at DFT/B3lyp/Gen level of theory [37]. The
strength of interaction between the donor- acceptor moiety is
characterized by the stabilization energy E® of the studied
complexes. So to say, the more intense the donor—acceptor
orbital interaction explicated by the second order perturba-
tion energy E®, the more stable the complex might likely be.
Correspondingly, the donor-acceptor E® (i—j) for nucleo-
philic (i) and electrophilic (j) moieties are calculated using
the equation;

EQ) = qi $22
Ej—Ei

where qi designate the orbital occupancy, i,j represent the
fock diagonal elements and Fi,j denote the off-diagonal fock
matrix for the studied systems. As such, the large value of
stabilization energy in kcal/mol obtained for the studied
molecules is directly proportional to the increase in conju-
gation magnitude. From the result in Table 3, the interac-
tion for both systems is predominated by mostly z* — z*
interaction with a total stabilization energy of 1265.32 kj/
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Fig.2 Frontier molecular

orbital isosurface values (0.02) 601
of the studied compounds a

Ru-1 and b Ru-2 504

401
301

201

(b)

.10_

.20<

-30

40

LUMO LUMO
|
v
AE_=2.897 ) AE_=2.948
[ 3R ]
Ay
HOMO Y

Table 2 Electronic key parameters of frontier molecular orbital (FMO) energies and chemical quantum reactivity parameters of the studied
ruthenium polypyridyl complex [35] calculated at B3LYP-D3BJ/gen/def2tzvp/LanL.2DZ level of theory

Compounds HOMO LUMO AE, 1P A X p n S ®
Ru-1 —5.043 —2.146 2.897 5.043 2.146 1.449 —3.595 1.449 0.690 9.363
Ru-2 —5.053 —2.105 2.948 5.053 2.105 1.474 —3.579 1.474 0.678 4.345

mol for Ru-1 molecule and 1437. 33 kcal/mol for Ru-2
molecule. z%C19-C24 donor interaction gave the maximum
contributive donation to the outstanding stability of Ru-2
compound. High stability of lone pairs was observed in
LP(1)N39 — LP*(4)Ru37, LP(1)N40 — LP*(4)Ru37 and
LP(1)N37 — LP*(6)Ru33 for Ru-1 and Ru-2 respectively
with stabilization energies of 147.56, 146.39 and 3.84 kj/
mol for both systems [38]. The highest stabilization ener-
gies for both compounds were observed between z* — 7 *
(n*C19-C24 — n*C20-C21) interaction for Ru-1 com-
pound while the minimum second perturbation energy was
observed between LP(1)N37 — LP*(6) Ru33 interaction for
Ru-2 complex. Thus it can be deduced that from the above
NBO result, the spatial orientation of the studied Ruthenium
derivative arises from their individual stabilization energies

E?, with Ru-2 pyrimidine ring contributing mostly to the
stability of the compound which is in agreement to other
electronic and reactivity studies [39].

3.5 UV-Vis Spectroscopy

Electronic excitation from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) H— L and is primarily responsible for the excited
state recorded for Ru-1 and Ru-2 molecules. As such, under-
standing these compounds excited state dynamics is crucial
for the effective utilization as well as characterization of
the investigated molecules at molecular level. Table 4 and
figure S1 clearly depicts the findings of the various excita-
tion analysis as carefully determined from the experimental
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Table 3 Stabilization energies S/No. Donor NBO Acceptor NBO E<2>/(kj/m01.) E()-E(@i)/a.u F(@i,j)/a.u
of Ru-1 and Ru-2 calculated at
the B3LYP-D3BJ/gen/def2tzvp/ Ru-1
LanL2DZ level of theory 1 LP(1)N39 LP*(4)Ru37 147.57 0.56 0.178
2 LP(1)N40 LP*(4)Ru37 146.39 0.56 0.177
3 ©*C1-N39 n*C2-C3 152.13 0.05 0.75
4 7*C1-N39 n*C4-C5 193.59 0.05 0.086
5 n*C7-N38 ©*C9-C10 181.46 0.06 0.086
6 1*C19-C24 1*C20-C21 397.77 0.02 0.074
7 7*C19-C24 n*C25-C26 340.37 0.02 0.073
Ru-2
8 LP(1)N37 LP*(6)Ru33 3.85 0.43 0.028
9 7*C1-N35 n*C2-C3 41.44 0.04 0.073
10 a*C1-N35 n*C4-C5 173.38 0.05 0.089
11 1*C4-C5 n*C51-C52 304.46 0.01 0.069
12 7*C6-N34 n*C7-C8 152.88 0.05 0.071
13 1*C6-N34 1*C9-C10 246.52 0.05 0.090
14 7*C18-C19 1*C49-C50 308.77 0.01 0.069
Table 4 Electronic absorption data for the complexes recorded in methanol calculated at (TD)-DFT level of theory
Systems  Excitation Experi- Extinction  Theoretical Amax  Energy Oscillator strength % Contribution ~ Assignment
mental coefficient
Amax
Ru-1 Solvent SO0 - S1 497 0.60 —5641.66 —-0.2198 —0.0620 H - L 204% n—nmx*
446 0.69
342 1.36
293 4.05
247 3.16
Ru-2 Solvent SO0 —» S1 489 1.15 —5631.55 -0.2196 -0.0610 H - L 204% n— %
445 1.15
267 4.03
226 4.03
204 3.94

as well as TD-DFT calculations respectively [40]. In detail,
comparison of the various atomic contributions from each
chemical orbital to the HOMO and LUMO electron densities
as well as A, and their various theoretical counterpart are
highlighted herein. With respect to the obtained experimen-
tal maximum for both substances which were observed to
occur at the visible range between 400 and 700 nm, suggest a
close agreement of the experimental result with theoretically
obtained A,,,, which was seen to occur between 5641.66
and 5631.55 nm respectively. Thus, according to the result
obtained from the UV-visible spectroscopic studies, exci-
tation of both studied ruthenium compounds from solvent
phase was observed to be primarily, predominated by lone
pairs (n), pi antibonding (z*) orbitals. This observation, is
due to the availability of lone pairs on both HOMO regions
of the participating atoms, which explains the presence of
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extraordinary electron density at the nitrogen and ruthenium
atoms [41]. Nonetheless, with over 204% percentage con-
tribution H— L transition is primarily responsible for delo-
calization observed for both systems. Furthermore, electron
delocalization from Lumo to Homo was observed, with a
corresponding percentage contribution of about 6.603%
respectively. Interestingly, result further reveal that the elec-
tronic spectra of the studied ruthenium complexes contain
a typical metal to ligand charge transfer (MLCT) transition
at the visible range of 497 nm for Ru-1 and 489 nm for
Ru-2 respectively [42]. Due to the destabilization of the Ru-
Homo-Lumo (“t2g-type” orbital), which in turn reduces the
HOMO-LUMO gap and the energy of the MLCT transition,
the complexes 1 MLCT bands were red shifted in compari-
son to the prototype Ru-2 complex [Ru(bpy)3]2+ (‘'MLCT at
450 nm). Thus, this observation is conspicuously shown in
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Figure S1. At 293 and 267 nm respectively, were an intense
ligand-centred transition in the UV region were observed to
occur. In addition, CHP centring was observed to correspond
to a sharp band ranging between 340 and 360 nm respec-
tively, which elucidates that, the presence of low energy
excitation correlates with the less negative reduction poten-
tial of the coordinated CHP, with respect to bipyridal (bpy)
or phenyl (phen) moiety, which implies that z* molecular
orbitals (MOs) of CHP also possesses lower energy.

3.6 Vibrational Analysis

Fourier transform infrared is the most resourceful tool for
molecular characterization with diverse application in phar-
maceutical, plastics and polymer industry due to its sensi-
tivity, fastness and simplicity. The vibrational properties of
Chp, Ru-1, Ru-2 molecules were calculated theoretically to
compare with already obtained experimental counterparts
[43]. The studied compounds were observed to exhibit 4 and
8 modes of vibrations for all studied systems [44]. FT-IR
studies reveal that Ru-1 and Ru-2 molecules have similar
number of 273 electrons and 52 atoms respectively. As such,
the calculated result explicated that the computed frequen-
cies which is attributed to their harmonic nature and dif-
ferent orientation in space [45]. Nevertheless, the observed
frequencies all correspond within the estimated range.

3.6.1 C-C, CH Vibration

The weak absorption peaks at 1620-1680 cm™!,
28002700 cm™! are mostly assigned to C—C and CH group.
CH stretching vibration of CH group is found to occur at
1624, 1589, 3122 and 2839 cm™! absorption peaks from
the experimental IR spectrum, whereas the calculated fre-
quencies were observed to occur at 1616, 1631, 2999 and
3172 cm™! wavenumbers respectively. However, at 1624,
1589 and 1441 cm™! absorption peaks, bending deformation
of scissoring was observed in the experimental IR spectra
corresponding to the calculated vibration at 1616, 1631 and
1452 for CH group. Result explicated that at 1616, 1631 and
3172 cm™! absorption intensities C=0 stretching vibrational
mode was observed for chp, Ru-1 and Ru-2 compounds
respectively [46]. The peaks at 1616, 1631 and 3172 cm™"
wavenumbers are assigned to C=C bonds absorption of the
alkene group for all studied molecules respectively. As such
the deformation bands corresponding to C=C aromatic alk-
ene group from the experimental IR spectrum is observed
to occur at 1600, 1377, 835, 719 and 557 cm™! absorption
peaks. C=C twisting, rocking and wagging bending defor-
mation was observed to occur at a high absorption intensity
of 1371, 1370, 1587 and 556 cm™" from the calculated IR
spectra analysis for Chp, Ru-1 and Ru-2 complexes respec-
tively [47].

3.6.2 C=0 Vibration

The weak absorption peak at 1740-1720 cm™! frequencies
wer assigned to CO stretching vibration of the carbonyl
group. The absorption of C=0 group was observed to occur
at 1377 cm™! from the experimental IR spectra which corre-
spond to a high absorption intensity of 1378 cm™' wavenum-
ber, while the result from the calculated IR spectra for the
carbonyl group was observed to occur at a weak absorption
intensity of 1393, 1390 cm™" frequencies for Ru-1 and Ru-2
molecules respectively [48]. Thus, the results explicated
that the calculated frequencies are slightly greater than the
experimental frequencies which could be attributed to the
harmonic nature and possibly the slight difference in the
orientation of the studied molecules in space. This results is
presented on Table 5.

3.7 Molecular Docking

The application of Ru-1 and Ru-2 molecules as an effec-
tive anti-tuberculosis drug were evaluated using molecular

Table 5 Summary of FT-IR Spectra of the complexes (wavenumber
in cm™!) calculated at B3LYP-D3BJ/gen/def2tzvp/LanL2DZ level of
theory

Compounds Modes XRD Theoretical ~ Assignment
Infrared calculated
frequency freq
Chp 1 3325 3290 Vassy CH
2 3122 2999 VssyCH
3 1624 1616 VssyC=C, cCH
4 1600 1587 YCH
Ru-1 1 2974 3182 Vassy CH
2 2839 3174 VssyCH
3 1589 1631 VssyC=C, cCH
4 1441 1452 oCH
5 1377 1390 VssyC=0
1377 1370 YCH
6 835 854 BfCH
7 719 714 aC=C
8 557 556 aC=C, YCH
Ru-2 1 2974 3183 Vassy CH
2 2839 3172 VssyCH
3 1589 1631 VssyC=C, cCH
4 1441 1453 cCH
5 1377 1393 VssyC=0
6 1377 1371 YCH
7 835 852 BCH
8 719 714 aC=C
9 557 556 aC=C, YCH

o scissorying, Y =Rocking bending deformation, §=twisting bend-
ing deformation, o =wagging bending deformation
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docking experiment alongside several tuberculosis pro-
teins. The result obtained from the docking studies were
compared with isoniazid standard drug as these drugs has
been reported to be generally harmless and most effective
drug used in the treatment of tuberculosis [49]. As such the
lethal effect of isoniazid (INH) on mycobacterium tuberculo-
sis (M.tb) is observed to be as a result of its interaction with
the Kat G enzyme found in the cells of the mentioned patho-
gens. The following receptors 2nv6 and 5syj were docked
with Ru-1 and Ru-2 ligands, as such the results of the best
mode with interacting amino acid residues, binding affinities
and interaction distances are carefully reported in Table 6
and Fig. 3 The result reveals a brilliant interaction between
the studied Ru-1, Ru-2 ligands and the selected tuberculo-
sis proteins. The binding score obtained after docking the
proposed ligands with the selected 2nv6 and 5syj are — 8.6
and — 6.7 kcal/mol for Ru-1 complex. Similarly, the binding
affinity of — 10.2 and — 7.5 kcal/mol was obtained when
2nv6 and 5syj proteins were docked with Ru-2 compound.
However, when isoniazid was docked with both proteins,
the binding score of — 6.0 was observed for 2nv6 receptor
while no interaction was seen for 5syj following the low
binding score of 0.0 kcal/mol. The obtained result evidently
affirm that Ru-2 compound possess higher relatively binding
affinity than Ru-1 and the standard drug, as such is expected
to possess a comparably outstanding efficacy to inhibit the
tuberculosis receptor and thus function as anti-tuberculosis
agent. As shown in Table 6 It was observed that only one
hydrogen bonding interaction was found for Ru-1 with 5syj
while two hydrogen bonding interactions were observed
for Ru-2 molecule at the interacting amino acid residues.
Also, similar but slightly different scenario was observed for
2nv6 receptor, as two hydrogen bonding interactions were

observed for Ru-1 whereas only one hydrogen bond inter-
action was seen for Ru-2 complex. Results further divulged
that three interacting hydrogen bonds were observed when
isoniazid was docked with 2nv6 protein at the interacting
amino acid residues respectively. The strength of interac-
tion as well as the efficacy of a proposed drug to a disease
receptor is graded by the number of hydrogen bonds, binding
affinity as well as other stabilizing interaction such as hydro-
phobic contacts, w-sulfur interaction, © -alkyl interaction and
Van der Waals interactions [50]. Thus, our conclusion is that
Ru-2 molecule exhibits a comparably outstanding binding
result as elucidated from the docking experiment.

4 Conclusions

To effectively test the efficaciousness of ruthenium polypyri-
dyl complexes Ru-1 and Ru-2 as anti-tubercular agent, a
quantum chemical investigation approach was employed.
The results obtained from the reactivity study demystify that
Ru-2 molecule with energy gap of 2.948 eV and nucleo-
philicity of — 5.053 eV is unequivocally and comparably
more stable than Ru-1 molecule with energy gap (E,) of
2.897 eV and stabilization energy E® of 343.53 kcal/mol
which was observed to be associated with nucleophilicity of
— 5.043 eV respectively. Furthermore, the molecular dock-
ing studies reveals that Ru-2 compound binds more effec-
tively with 2nv6 receptor than Ru-1 system with outstand-
ing values of binding energy of — 10.2 and — 8.6 kcal/mol
respectively. As a comparison, the predicted value of binding
score for isoniazid (a commercial anti-tubercular agent), was
— 6.0 kcal/mol with 2nv6 receptor. Ru-2 compound was also
observed to bind more with 5syj receptor than the isoniazid

Table 6 Binding affinity and interacting amino acids for the different receptor proteins studied

5syj Receptor Binding affinity Interacting amino acids Binding dis- 2nv6 Receptor Binding affin-  Binding dis- Interacting
residues tance ity tance amino acids
residues
Ru-1 -6.7 B:GLY100:HN- 2.95311 Ru-1 - 8.6 3.01713 A:ALA198:HN-
:UNKO:O0 :UNKO0:O0
:UNKO:CI- 3.98495 3.54955 A:ILE16:CG2-
:UNKO(hydrophobic) :UNKO
Ru-2 -17.5 :UNKO:C-B:PHE375:0 3.57779 Ru-2 -10.2 2.17172 A:GLY96:HN-
:UNKO:0
:UNKO:C-B:PHE375:0 3.55772 3.72777 A:ILE16:CG2-
:UNKO
(Hydrophobic)
Isoniazid -0.0 - - Isoniazid -6.0 2.037 :UNK1:H-
A:GLY96:0
- - 2.98944 :UNKI:H-
A:GLY96:0
- - 3.72461 :UNKI:C-
A:LEU63:0
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Fig.3: 3D representations of the docked conformers of the studied compounds

as well as Ru-1 complex with a comparably high binding
score of — 7.5 kcal/mol which suggests that Ru-2 molecule
possess the potency to completely inhibit the growth of neu-
trophil granulocytes by releasing electrons as elucidated by
nucleophilicity of — 5.053 eV in attempt to curb the further
growth of aforementioned tuberculosis receptors. Thus,
the proposed Ru-2 molecule could be a more suitable and
effective anti-tuberculosis agent and hence can be applied
in related cases.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42250-023-00769-2.
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