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A B S T R A C T   

MnII-based coordination compound [MnII(L)2(NO3)(H2O)3]NO3 (3) has been synthesized with Shiff’s base N2- 
benzylidenyl isonicotinic acid hydrazide (2) and (Mn(NO3)2⋅4H2O). The compound is new and has been fully 
characterized by FT-IR, UV–visible, 1H and 13C NMR spectroscopic techniques and single-crystal X-ray diffrac
tion complemented with a quantum chemical study performed with DFT method. The compound crystallized in 
the monoclinic centrosymmetric P21/n space group. The crystal structure of (3) exhibits a nitrate anion and a 
non-centrosymmetric complex cation [MnII(L)2(NO3)(H2O)3]+. In the molecular packing, the different entities 
are held together through intermolecular strong, weak and non-conventional O/N/C–H⋯O hydrogen bonds, 
that found to be effective in stabilizing the three-dimensional network. Furthermore, the crystal structure of (3) 
contains interesting cyclic supramolecular homo and heterosynthons. Moreover, π–π stacking and Nlone-pair… 
C–H intermolecular electrostatic interactions play a crucial role in building a supramolecular layered network. 

To better understand the contribution of different intermolecular interactions to the supramolecular assembly, 
Hirshfeld surface analysis was performed. The obtained results indicate that the main contributions are attrib
uted to O–H⋯O, N–H⋯O and C–H⋯O interactions which are the primary giver the stabilisation in the crystal. 
The theoretical achievements were found in a good relation with the experimental structural analysis. The 
HOMO and LUMO energies and molecular electrostatic potential surface were derived from the same basis and 
the natural population Mulliken charge distribution analysis showed the different electron donors which coor
dinate with manganese. In addition to that, the molecular docking for (2) and (3) investigation with the 2X22 
enzyme involved in Mycobacterium tuberculosis H37Rv have been conducted in order to check the biological 
activity of the Schiff base and its complex.   

1. Introduction 

The azomethine group (–RC––N–) or imines, are often called 
Schiff’s bases after the work of the German chemist Hugo Schiff who 
developed this new class of organic compounds late 19th century. Most 
generally, the imine function result from the condensation reaction of a 
primary amine with an active carbonyl compound. Many derives from 
acetophenone, salicylaldehyde or other related compounds. Schiff’s 

bases have special importance in the field of coordination chemistry as 
they form stable complexes with most transition metal ions and may 
have abilities to coordinate more than one metal ion by the azomethine 
group. What improves these interactions is the presence of an additional 
hydroxyl group close to the azomethine group. Both this increases the 
coordination ability through a chelate effect and can play as a bridge in 
between two metal ions. A survey of the literature shows that their 
complexes generally exhibit interesting electroluminescent, magnetic, 
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catalytic properties [1], and important biological and pharmacological 
application [2–5]. Further, versatile applications of Schiff bases and 
their metal complexes in the treatment of diseases opened a new era in 
medicinal science [6]. Moreover, Schiff base compounds have been 
shown to be interesting molecules for the conception of more efficient, 
antibacterial, antianthrax, antifungal, antivirual, anticonvulsant, anti
cancer, antiprotozoal, antimycobacterial, anthelmintic, analgesic and 
antiplatelet treatments [7]. Schiff’s bases are also important compounds 
due to their wide range of industrial applications [8] such as the pho
tostabilization of polymers poly (vinyl chloride) against ultraviolet 
photodegradation [9,10]. Meanwhile, since 1952, isoniazid (1) has been 
an effective drug used against mycobacterium tuberculosis (MTB). It is 
used with a combination of medicaments to treat tuberculosis (TB). 
Mycobacterium tuberculosis (MTB) contains long chain -alkyl-hydroxy 
and fatty acids of 60–90 carbon atoms, these are mycolic acids [11]. 
Previous studies by others have shown that Schiff’s bases of isoniazid 
and some of their metal complexes derivatives have antitubercular, 
antibacterial, antifungal and cytotoxic activities [12,13] as well as 
urease inhibitory activity and analgesic properties [14]. 

With the motivation to complement these results, we synthesized the 
Schiff’s base resulting from condensation of isoniazid with benzalde
hyde (2) with aim to investigate the biological activity of its metal 
complexes. As part of this work, we report hereafter on a manganese (II) 
complex where this Schiff’s base does not make any coordination 
involving the azomethine as reported elsewhere. Instead, it coordinates 
solely with the nitrogen atom of pyridine only of isoniazid moiety. This 
new complex was characterized by single-crystal X-ray diffraction 
studies, and a detailed structural study is presented. The cyclic graph-set 
descriptors of the intermolecular hydrogen bonding stabilizing (3) are 
also discussed. This is complemented by the Hirshfeld surface analysis to 
better understand the contribution of different intermolecular in
teractions. In addition, a theoretical study using density functional 
theory (DFT/PBEPBE) and LANL2DZ basis sets was performed and was 
compared to the experimental results. Furthermore, the electrochemical 

behaviour of (3) was studied by the technique of cyclic voltammetry. 
According to this method we show that (3) has indicated electroactive 
properties. Finally, molecular docking analysis was also used to control 
the action mode of (2) and (3), to support the binding and active site of 
the protein with these compounds. 

2. Experimental 

2.1. Materials and methods 

All organic chemicals and solvents were used as received and 
without any purification, then 1H NMR and 13C NMR spectra were 
recorded in deuteron MD3OD and DMSO on a Fourier ARX 400 spec
trometer at 400 MHz for proton and 100 MHz for Carbon 13. FT-IR 
spectra were performed on by a JASCO FT/IR-4100 Fourier transform 
instrument from transparent tablets by pressing samples and adding KBr 
pellets in the region of 4000–400 cm− 1. UV–Visible spectrum of the 
complex and ligand in DMF and methanol was recorded in the region of 
200–800 nm using a Hitachi U-2800 spectrophotometer. Chromatog
raphy (TLC) was executed on Merck silica gel 60 F254. Melting points 
were calculated on an electro thermal capillary fine control apparatus. 
Cyclic voltammetry experiments were used a CHI 660E electrochemical 
workstation. 

2.2. Synthesis 

2.2.1. Preparation of ligand 
Schiff’s base (2) was synthesized by reflux heating in a polar solvent 

as follows according to reported method [15]. To the stirred solution of 
benzaldehyde (0.001 mol) in absolute ethanol (6 ml) was added a so
lution of isonicotinic hydrazine acid (0.002 mol) in absolute ethanol (6 
ml) and the resulting colorless solution refluxed for 3 h. The product 
separated on evaporation of the solvent was filtered, washed with a 
small amount of cold methanol and dried under vacuum. Yield: 94 %. M. 
p. 193 ◦C. Elemental analysis data for C13H11N3O (FW = 225.09): 
calculated C, 69.32 %; H, 4.92 %; N, 18.66 %, O, 7.10 %. FT-IR (KBr, 
cm− 1): 3199, 3026, 1689, 1598, 1552, 1355, 1411, 763, 686. UV–vis: 
λmax (nm) (A)(CH3OH): 302.78 (3.21), 261.16 (0.12), 239.25 (0.13). 1H 
NMR (DMSO, δ (ppm)): 12.06 (s, 1H, N–H), 8.90 (s, 2H, H2-H6), 8.83 (s, 
1H, H-4′), 8.78 (s, 1H, HC––), 7.77 (s, 2H, H3′-H5′), 7.76 (s, 2H, H3-H5), 
7.68 (s, 2H, H2′-H6′),13C NMR (DMSO, δ (ppm)): 162.06 (C––O); 150.74 
(C-2, C-6); 142.92 (C––N); 140.90 (C-4); 134.45 (C-1′); 130.41 (C-4′); 
129.26 (C-3, C-5); 127.96 (C-3′, C-5′); 121.94 (C-2′, C-6′). 

2.2.2. Preparation of coordination compound 
Coordination compound [MnII(L)2(NO3)(H2O)3]NO3 (3) was pre

pared by reacting the Schiff’s base N2-benzylidenyl isonicotinic acid 
hydrazide (2) with the metal ions (II) as follows. To a warm solution of 
ligand (0.23 g, 1 mmol) in ethanol (20 ml) was added a solution of (Mn 
(NO3)2⋅4H2O) (0.22 g, 1 mmol) in ethanol (20 ml). The mixture was 
stirred and heated under reflux, for 3 h on an oil bath at 80 ◦C. Along 
this, a precipitate formed which was filtered, washed with 20 ml of hot 
ethanol and dried in vacuo. The reaction process was followed by TLC 
technique with mixed solvents (acetic acid/petroleum ether). Yellow 
crystals, suitable for X-ray data collection, were grown after two weeks 
of slow evaporation of an ethanol solution of the compound (3). Yield: 
39 %. M.p. 254 ◦C. Molar conductance (Λ) 0.407 Ohm− 1 cm2 mol− 1. FT- 
IR (KBr, cm− 1): 3436, 3198, 3026, 1692, 1566/1492/1448, 766, 514, 
474, 426. UV–vis: λmax (nm) (A)(CH3OH): 236.32, 294.25. 

2.3. Single crystal X-ray diffraction and structure refinement details and 
analysis 

The single crystal diffraction measurements were performed on a 4- 
circles XCalibur, Onyx diffractometer for (3) equipped with an Onyx 
detector with a graphite monochromatized MoKα radiation, λ =

Table 1 
Main crystallographic data and structure refinement details for [MnII(L)2(NO3) 
(H2O)3]NO3.  

Crystal data [MnII(L)2(NO3)(H2O)3] 
NO3 

Chemical Formula C26H28MnN7O8⋅NO3 

Molecular weight (g/mol) 683.50 
Diffractometer, Xcalibur, Onyx 
Radiation type Mo Kα (λ = 0.71073 Å) 
T (K) 293(2) 
Calculated density (Mg/m3) 1.332 
Crystal system Monoclinic 
Space group P 21/n 
a (Å) 15.0256 (11) 
b (Å) 11.7747 (8) 
c (Å) 17.3421 (14) 
β (◦) 103.900 (8) 
V (Å3) 2978.3 (4) 
Z 4 
µ (mm− 1) 0.50 
Crystal size (mm) 0.15 × 0.10 × 0.08 
No. of measured, independent and observed [I > 2σ(I)] 

reflections 
17277, 7055 
5308 

R(int)a 0.037 
Refinement 
R[F2 > 2σ(F2)]b, wR(F2)c, Sd 0.046, 0.156, 1.00 
No. of unique reflections 7055 
No. of parameters 422 
Δρmax, Δρmin (e Å− 3) 0.61, − 0.39  

a R(int) = Σ(Fo2 − <Fo2>)]/Σ(Fo2). 
b R1 = Σ||Fo| − |Fc||/Σ|Fo|. 
c wR2 = {[Σw(Fo2 − Fc2)2]/[Σw(Fo2)2]}1/2. 
d Goodness-of-fit S = [Σw(Fo2 − Fc2)2/(n − p)]1/2, where n is the number of 

reflections and p the number of parameters. 
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Fig. 1. General scheme of synthesis of (3).  

Fig. 2. (a) View of the asymmetric unit of (3), showing the immediate intramolecular hydrogen-bonds. Displacement ellipsoids are drawn at the 50% probability 
level. (b) Optimized structure of (3). 
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0.71073 Å. Crystal data, data collection and structure refinement details 
of (3) are summarized in Table 1. The structure has been solved in the 
space groups P21/n by dual-space method using the program SHELXT 
[16], and successive Fourier difference syntheses, and were refined 

against F2 by weighted full-matrix least squares methods including all 
reflections with SHELXL-2018 program [17]. All calculations were 
carried out using Olex2 1.3 software package [18]. Structural repre
sentations were drawn using Mercury [19]. All absorption corrections 
were performed with the multi-scan program [20]. All non-H atoms 
were refined anisotropically. All hydrogen atoms were located in dif
ference density Fourier maps. Analysis of intermolecular interactions 
using the Hirshfeld surface (HS) was carried with Crystal Explorer 
software to compute external, de, and internal, di, distances of atoms to 
the surface [21]. 

2.4. Theoretical calculations 

All quantum chemical studies were performed with the Gaussian 
package 09 [22]. Gauss View 5.08 has been used for the visualization of 
the structure and the simulation of vibratory spectra. The optimized 
geometry and electronic structure of complex (3) in the gas phase were 
carried out using the Density Functional Theory (DFT/PBE0) with 
LANL2DZ pseudo-potential and the associated basis set which was used 
for metal atoms [23,24]. Additionally, Schiff’s base linked to the metal 
was optimized using the same level of theory. The vibrational modes of 
(3) were determined by using the total energy distribution (TED) 
[25,26]. Furthermore, quantum chemical descriptors that include en
ergy gap (ΔEgap), hardness (η), softness (S), global electronegativity (χ), 
and electrophilicity (ω) have also been computed by the same approach 
that in the works of literature [27]. 

2.5. Cyclic voltammetry 

Cyclic voltammetry (CV) of title compound were conducted in 
DMSO with 0.10 M potassium chloride as the supporting electrolyte. 
Electrochemical experiments were conducted in a three-component cell 
consisting of a Pt wire auxiliary electrode, a glassy carbon (GC) as 
working electrode in the range of − 0.1 to +0.1 V [28]. The ligand and 
complex were investigated at room temperature. The voltammograms 
were recorded at a potential scan rate of 100 mV⋅s− 1. 

2.6. Molecular docking 

Molecular docking is a very important method that can be used to 

Table 2 
Selected structural parameters, bond lengths (Å) and bond angles (◦) in (2).  

Bond lengths DFT Bond angles DFT 

Mn–O3W 2.1330 (17) 2.0510 
Mn–O1W 2.1549 (16) 2.0237 
Mn–O2W 2.1736 (16) 2.1732 
Mn–O2A 2.2577 (19) 2.0585 
Mn–N1B 2.2821 (17) 1.9613 
Mn–N1A 2.3097 (17) 1.9969 
N4B–O3B 1.217 (2) 1.293 
N4B–O4B 1.238 (2) 1.342 
N4B–O2B 1.239 (3) 1.322 
N4A–O2A 1.234 (3) 1.393 
N4A–O3A 1.246 (3) 1.327 
N4A–O4A 1.228 (3) 1.277 

O3W–Mn–O1W 82.32 (7) 88.19 
O3W–Mn–O2W 164.09 (8) 173.96 
O1W–Mn–O2W 83.59 (7) 97.64 
O3W–Mn–O2A 84.66 (8) 76.05 
O1W–Mn–O2A 163.56 (7) 174.53 
O2W–Mn–O2A 110.45 (7) 99.11 
O3W–Mn–N1B 93.18 (7) 89.40 
O1W–Mn–N1B 102.33 (6) 88.96 
O2W–Mn–N1B 82.65 (7) 89.15 
O2A–Mn–N1B 88.33 (7) 92.46 
O3W–Mn–N1A 104.22 (7) 92.32 
O1W–Mn–N1A 88.68 (6) 87.70 
O2W–Mn–N1A 82.75 (7) 89.55 
O2A–Mn–N1A 84.83 (7) 90.68 
N1B–Mn–N1A 160.58 (7) 176.24  

Table 3 
Selected hydrogen bonds parameters (Å, ◦).  

D–H⋯A D–H (Å) H⋯A (Å) D⋯A (Å) D–H⋯A(◦) 

O1W–H1WA⋯O1Bi  0.85  1.89 2.694 (2) 158 
O2W–H2WA⋯O2B  0.85  1.92 2.772 (3) 175 
O3W–H3WA⋯O1Aii  0.85  1.88 2.714 (2) 165 
O1W–H1WB⋯O3B  0.85  2.08 2.853 (3) 151 
O2W–H2WB⋯O2B  0.85  2.27 2.865 (3) 126.3 
O3W–H3WB⋯O4Aii  0.85  2.22 2.874 (2) 133.5 
N2B–H2B⋯O4Biii  0.86  2.17 2.976 (3) 156 
O2W–H2WB⋯O4Biii  0.85  2.173 3.020 (3) 173.9 
N2A–H2A⋯O4Aii  0.86  2.28 3.048 (3) 148 
C7B–H7B⋯O4Biii  0.93  2.46 3.275 (3) 146 
C5B–H5B⋯O4Biv  0.93  2.58 3.284 (3) 133 
C7A–H7A⋯O3Aii  0.93  2.48 3.385 (3) 163 
C5A–H5A⋯O1Aii  0.93  2.57 3.470(3) 161.5 

Symmetry codes: (i) − x + 3
/2, y − ½, − z + 3

/2; (ii) − x + 3
/2, y − ½, − z + ½; (iii) x 

+ ½, − y + ½, z + ½, (iv) − x + 1, − y + 1, − z + 1. 

Fig. 3. MnO4N2 Octahedrons positioning in the lattice structure.  
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predict the binding affinity between a selected biological target and 
active ingredients. The compounds (2) and (3) were targeted to the 
2X22 enzyme involved in Mycobacterium tuberculosis H37Rv. InhA, the 
enoyl-ACP reductase from mycobacterium tuberculosis which is the 
isoniazid drug target for the treatment of this disease [29]. Docking 
studies of all synthesized compounds were carried out using Molegro 
Virtual Docker MVD 2019.7.0 software. The structure of the protein 
database (PDB code: 2X22), and the three-dimensional structure of (2) 
and (3) was performed by ChemDraw 3D. PyMOL 1.9.0.0 software to 
remove all bound water. 

3. Results and discussion 

3.1. Structure and crystal packing 

The asymmetric unit of (3) consists of a nitrate anion and a complex 
cation [MnII(L)2(NO3) (H2O)3]+ as illustrated with atomic numbering in 
Fig. 2. Crystallographic data, measurements and refinement details of 
the coordination compound are presented in Table 1. Selected bond 
distances and angles for (3) are given in Table 2 whereas hydrogen 

bonding interactions that stabilize the crystal structure are listed in 
Table 3. X-ray crystal structure analysis reveals that the complex crys
tallizes in the monoclinic space group P21/n. 

The complex reveals a six coordinate manganese (II) centre. Two 
isonicotinic acid benzylidene-hydrazide ligands are coordinated via two 
pyridine nitrogen atoms (N1A, N1B) to the Mn(II) while the remaining 
coordination sites are occupied by four oxygen atoms from three water 
molecules and one nitrate anion in such a way the complex lack sym
metry centre. The asymmetric unit cohesion is ensured by two strong 
O–H⋯O hydrogen bonds established between the nitrate anion and two 
coordinated aqua ligands (Fig. 2). 

The coordination geometry around the Mn (II) ion can be described 
as a distorted octahedral environment. The manganese is surrounded in 
octahedral arrangement by two Npyridine atoms, one O atom of the nitrate 
anion and three water molecules. The geometrical features of the 
MnO4N2 octahedron are reported in Table 2. The N–Mn–O and 
O–Mn–O angles range respectively from 82.63(7)◦ to 104.24(7)◦ and 
82.34(7)◦ to 110.47(7)◦. 

The bond distances between manganese and water molecule varies 
from 2.133(2) Å to 2.173(2) Å, these distances Mn (II)–OWater are lower 

Fig. 4. (a) A view of the crystal packing of (3) showing the dense hydrogen bonds network and the organic cations stacking. (b) Supramolecular layered assembly of 
(3) showing the role of aromatic π–π stacking and Nlone-pair…C–H intermolecular electrostatic interactions in stabilizing the crystal packing. The distances are 
measured in Å. 
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than that observed between Mn (II)–ONitrate anion with a value of 2.258 
(2) Å. Whereas the two bond distances between manganese and pyridine 
nitrogen are 2.311(2) Å and 2.284 (2) Å. These values clearly indicate 
the distorted octahedral geometry of MnO4N2 species. The detailed ge
ometry of the MnO4N2 octahedra (Table 2) shows that the bond dis
tances compare to those reported for similar octahedral Mn (II) 
complexes [30]. It is worth to note that in the lattice structure, the 
MnO4N2 entities are situated on the unit cell edges in 1/3 a and 2/3 a po
sitions, and inside the unit cell at (¼, ½, ½) and (¾, ½, ½) (Fig. 3). 

The great abundance of hydrogen bonding donors and acceptors 
origins a complex three-dimensional hydrogen bonding network 
(Fig. 4a). The molecules interact with one another by means of hydrogen 
bonding and electrostatic interactions. The crystal packing of organic 
cation displays an alternating of two cationic layers parallel to the 
planes formed by c + ¼ a and ¼ a + ½ b + c directions (Fig. 4a). The 
planes of the organic cation show two orientations, related by a 2-fold 
helicoidal axis along b. 

Complex cations [MnII(L)2(NO3)(H2O)3]+ are stacked together 

through an inversion center to form a supramolecular stacked ribbon 
parallel to the [104] and [124] directions. The molecules involved in 
individual parallel one-dimensional chains are in contact with the 
partner molecule belonging to the neighbouring chains by π-stacking 
interactions. It is found that the π⋯π stacking interaction as the centroid- 
to-centroid separation ranges from 3.786 (3) Å to 4.015 (3) Å (Fig. 4b). 
The interconnection of the monomeric units benzene rings⋯benzene rings 
and pyridine⋯pyridine through these weak interactions between the 
molecules defining connected columns along the a crystallographic axis 
(Fig. 4a and b). Moreover, the nitrogen atoms from the pyridine ring 
exhibit electrostatic contacts with benzene rings through Nlone-pair… 
H–C interactions with distances ranging from 3.516 (2) Å to 4.190 (2) Å 
(Fig. 4b). 

In the apical plane of (3) the cations are arranged into; a centro
symmetric homosynthon R2

2(12) ring motifs [31] through a double 
O3W–H3WB⋯O4Aii (dD⋯A ¼ 2.853(2) and 2.874(2) Å and symmetry 
code: (ii) − x + 3

/2, y − ½, − z + ½) interactions established between the 
related nitrate group and the coordinated water molecule (Fig. 5a). On 

Fig. 5. Parts of packing diagram of (3) showing the supramolecular synthons and the graph set describing intermolecular interactions. (a) Apical plane (b) 
Equatorial plane. 
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the other hand, the [MnII(L)2(H2O)3(NO3)]+ cation interacts with the 
nitrate ion via its two remaining coordinated aqua ligands through 
O1W–H1WB⋯O3B (dD⋯A ¼ 2.853(3) Å) and O2W–H2WA⋯O2B 
(dD⋯A ¼ 2.772 (3) Å) hydrogen bonds giving rise to an R2

2(8) hetero
synthon motif. Furthermore, the previous cation is a three times 
hydrogen bonds donor with a second uncoordinated nitrate ion linked to 
the first by an inversion center via the pairs O2W–H2WB⋯O2B/ 
O2W–H2WB⋯O4Biii and O2W–H2WB⋯O4Biii/C5B–H5B⋯O4Biv 

thereby generating respectively an R2
1(4) and R1

2(7) heterosynthon mo
tifs that contains both strong and weak interactions. In addition, another 
R2

2(8) ring type is created by the combination of the last three graphs as 
well their inversion-related motifs (Fig. 5a). 

In the equatorial plane, the manganese complexes ribbons are 
packed in the crystal and connected to each other by intramolecular 
interactions involving the acceptors O3A and O4A atoms from the co
ordinated nitrate group and O1A atom from the related isonicotinic acid 
benzylidene-hydrazide ligands where their combination generate R2

2(8), 
R2

2(17) and R1
2(7), graph set. A large view of the packing clearly shows 

that these rings illustrate how the neighboring ribbons link to each other 
through the N2A–H2A⋯O4Aii, C7A–H7A⋯O3Aii, C5A–H5A⋯O1Aii 

and O3W–H3WA⋯O1Aii intermolecular interactions (Fig. 5b). 
Additionally, the nitrate anions also contribute to the ribbons 

cohesion by means of strong, weak and non-conventional interactions, 
on the one hand by forming three cyclic hetero-synthon R1

2(7), R1
2(6) 

hydrogen-bonding motifs and on the other hand by building one su
pramolecular hetero-synthon R2

2(6) ring motifs. Another ring is formed 
by means of the intermediate cation-cation and cation–anion-cation 
interactions where their combination generates an R2

2(16) graph-set 
motifs (Fig. 5b). Therefore, each manganese complexes are bonded to 

another through intermolecular hydrogen bondings, among these in
teractions are those that involve coordinated water ligands and unco
ordinated nitrates as shown in Fig. 5. This kind of interactions are found 
to stabilize the structures [32]. 

In crystal lattice of (3), nitrates anions play an important role in 
complementing the noncovalent binding forces in stabilization. The 
propagation of the low-dimensional structure to a 2-D framework is 
basically due to strong hydrogen bonding interactions involving a va
riety of supramolecular synthons (Fig. 5a and b). 

3.2. Hirshfeld surface analysis 

Analysis of intermolecular interactions using the Hirshfeld surface 
(HS) is an effective way to quantify them and a principle tool to gain 
insights into understanding the three-dimensional crystal packing. 

The HS of compound [MnII(L)2(NO3)(H2O)3]NO3 have been exem
plified in (Figs. 6 and 7), by showing dnorm, shape-index and curvedness 
surfaces. The intermolecular distance information on the surface can be 
condensed into a two-dimensional scatter diagram of external (de) and 
internal (di) distances of atoms to the surface [21] (Fig. 8). 

The effective spots existing in the dnorm surfaces represent the 
hydrogen bonding interactions within the structures which are included 
in Table 3. The dark-red regions which are visible on the dnorm surfaces 
indicate the presence of O–H⋯O and N–H⋯O hydrogen bonds. 
whereas the small extent of area and the comparatively light-red spot on 
HS indicates the C–H⋯O interaction. 

Not only hydrogen bonding interactions can be explored by HS 
analysis but also comparatively weak interactions involving phenyl 
rings can be explored. The presence of red and blue triangle pairs on the 
back and front views on the HS plotted over the shape index (Fig. 7A) 

Fig. 6. Two different views of HS mapped with dnorm of compound (3) showing the intermolecular interactions (D–H⋯A when the donor is inside the surface, and 
A⋯H–D when the donor is outside it). 

A.A. Derardja et al.                                                                                                                                                                                                                            



Inorganic Chemistry Communications 146 (2022) 110198

8

around phenyl rings indicate that π⋯π stacking interactions are present 
in the crystal packing, 

Moreover, fingerprint plot (FP) [33] has been adopted by many re
searchers as a way of quantifying the relative importance of various 
interactions present in the molecular packing such as O⋯H, H⋯H, 
N⋯H, C⋯H, C⋯C. FP plots are extremely sensitive to the immediate 
environment of a molecule in a crystal, and they are unique for a given 
molecule in a particular crystal. Taking advantage of this uniqueness, FP 
have been found to be useful in studies involving comparisons between 
hybrid compounds [34,35]. 

Fig. 8 is picturizing the 2D FP plots of the title compound which 
highlight separately the most important intermolecular contacts. The FP 
present a symmetric behavior where the two distinct sharp peaks pro
jecting towards the bottom of the fingerprint plot are due to strong 
O–H⋯O hydrogen bonds. This analysis shows that the O⋯H inter
contact contribute in largest value to the Hirshfeld surface with 37.2 %. 
The presence of these long spikes characteristic of strong hydrogen 
bonds which exhibits the shortest contacts at ca 1.753 Å associated with 
the O3W–H3WA⋯O1A and O1W–H1WA⋯O1B interactions. 

The other visible light-white regions in the dnorm surfaces are indic
ative of weaker as well as longer contacts other than hydrogen bonds viz. 
H⋯H interactions. They are the second most frequent interactions 
covering 30.5 % due to the abundance of hydrogen on the molecular 
surface. This abundance also explains the spike elongation on the de/di 
diagonal line. 

The characteristic shape of H⋯C looks like symmetrical ’wings’, 
include 11 % of total HS area and with the closest contacts at approxi
mately 3.02 Å. 

Further, the C⋯C inter-contacts appear as distinct triangle in the FP, 
and correspond to the π⋯π stacking interactions which constitute the 
fourth most occurrent contacts in the packing, this is justified by the 
presence of red and blue triangle pairs on the back and front views of the 
shape index representation (Fig. 7A). The presence of π⋯π stacking is 
also evident because of a flat region toward the bottom of both sides of 
the molecule and is clearly visible on the curvedness surfaces (Fig. 7B). 

The N…H and H…N contacts combined appear as a symmetric spike, 
on the top left and bottom right of the related plots, and their proportion 
of about 6.3 % resulting from the C–H…Nlone-pair/Nlone-pair…H–C 
intermolecular electrostatic interactions which correspond to a short 
length of 2.503 Å. Further, the presence of the N…N contacts reflects the 
presence of van der Waals lone-pair …lone-pair interactions, which 
comprise 1.5 % of the total HS area with de + di ~ 3.678 Å. In addition, 
the contacts of C…N/N…C, C…O/O…C, N…O/O…N and O…O are of 
low meaning as they are derived from less important interactions with 
small contributions in the all parts of HS. 

3.3. Spectroscopic analyses 

The manganese complex was easily synthesized by the reaction of 
Schiff’s bases and metal nitrate by heating under reflux. This complex is 

Fig. 7. HS highlighting the presence of π-π aromatic stacking between phenyl rings mapped with (A) shape index (the bicolor triangle pairs surrounded by the black 
circles) and (B) curvedness. 

A.A. Derardja et al.                                                                                                                                                                                                                            



Inorganic Chemistry Communications 146 (2022) 110198

9

Fig. 8. 2D fingerprint plots of the HS around the asymmetric unit; the areas of all the intermolecular contact present are clearly shown, the surfaces to the top left 
highlight the relevant surface patches associated. 
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very stable at room temperature in the solid state and is insoluble in 
common organic solvents, methanol, ethanol and chloroform, but there 
is very soluble in DMF and DMSO. In this research, the room tempera
ture method was not used which did not give the crystalline form of the 
complex, on the other hand heating at reflux shows the efficiency of 
crystallization rapidly with a remarkable high yield. The metal complex 

(II) with this ligand is new and therefore reported for the first time. 

3.3.1. Infrared spectra 
The IR spectra of the type hydrazone ligand showed band charac

teristic of the expected functional groups and the vibrations data are 
given in spectrum (Fig. 9). In order to study the binding mode of the 
ligand compound (2) (Fig. 1) we showed characteristic broad band at 
3186 cm− 1 attributed to the N–H vibration, the stretching bands of 
νC–H, νC––O, νC––N displayed respectively at 3030 cm− 1, 1665 cm− 1 

and 1554 cm− 1 [36,37]. Also, the appearance of C––N vibration in the 
FT-IR spectrum confirm that the ligand formed in the azomethine 
(imine). The IR spectrum of (3) show a characteristic band at 3436 cm− 1 

that can be attributed to ν(HO) indicating the presence of coordinated 
water molecules in the compound which was not present in the ligand 
[37]. The NH band in the complex occurs at 3198 cm− 1 which shows 
that it does not make a coordination or hydrogen bonds. However, the 
stretching bands increased by small values of νC–H, νC––O, νC––N 
indicating these atoms do not take participate in the coordination. In 
addition, a strong sharp band of the IR spectra of Mn complex showed at 
1384 cm− 1 that can be attributed to an uncoordinated nitrate ion [38]. 
The band at 1656 cm− 1 corresponding to monodentate nitrate [39]. The 
experimental modes are very good agreement with the scaled ones. The 
calculated modes are very good agreement with the experimental ones. 
The correlation graphic was plotted between the calculated and exper
imental wavenumbers obtained by DFT/PBEPBE method. The correla
tion between the scaled and experimental frequencies is plotted in 
(Fig. 10). From this graph, a remarkable linearity was found between the 
experimental and calculated frequencies. The correlation coefficient 
(R2) is 0.95547. We can conclude that the calculated frequencies are 
consistent with the experimental ones Fig. 11. 

3.3.2. UV–Visible spectra 
The electron absorption spectra of ligand and its Mn (II) complex 

were recorded at room temperature using DMSO as solvent. The 
UV–Visible spectra of Schiff base ligand showed absorption bands 
at 336.46 nm is due to the π–π* transition in benzene and pyridine the 
second bands at 239.26 nm and 261.16 nm are assignable to n–π* 
transition nonbonding electrons presents on the nitrogen of the azo
methine chromophore (–C––N) [40]. The Mn (II) complex showed ab
sorption band at 294.25 nm, 236.32 nm of intra ligand and other band at 
898.36 nm assigning to these absorptions is most complexation ligand- 
to-metal electronic transfer. These are conforming the octahedral ge
ometry [41,42]. 

3.4. Cyclic voltammetry 

The CV of the Schiff base ligand (2) (Fig. 12) which exhibited only 

Fig. 9. FT-IR Spectrum of ligand [(2) black line] and their complex [(3) red 
line)]. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig.10. The linear regression between the calculated (scaled) and experimental 
frequencies of title compound (3). 

Fig. 11. The UV–visible spectra of ligand (2) and coordination compound (3).  
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one irreversible reduction peaks at Epc = − 700 mV to − 790 mV at 10 
mVs− 1 to 100 mVs− 1. We can notice the absence of anode peak potential 
(Epa) corresponding to the cathode peak potential means that the sys
tem is totally irreversible, which can be explained as a two-electron 
reduction process of the azomethine group (C––N) into unsaturated 
system [43]. The current anodic peak evolves linearly as a function of 
the scanning speeds passing through the origin as well as the ratio of the 
anodic and cathodic currents Ipa/Ipc which vary to reach unity, thus 
suggesting the convergence of this redox system towards a reversibility. 

A cyclic voltammogram of the Mn complex (Fig. 13) show two 
anodic waves at Epa1 = 220.1 mV and Epa2 = 817.3 mV. The first one can 
be assigned to the oxidation of Mn (II) to Mn (III) but the second was 
attributed to the oxidation of azomethine group [44]. On the cathodic 
side, two peaks were observed at Epc1 = -307.4 mV and Epc2 = 521.1 mV 
which correspond to the reduction of Mn (III) to Mn (II) and the 
reduction of the azomethine group, respectively [44]. The anodic and 
cathodic current were linearly increased with the square root of the scan 
rate from 10 to 100 mV s− 1, while for higher scan rates, so the elec
trochemical reaction is diffusion-controlled process [45]. The values of 
the electrochemical parameters characteristics of the voltammogram 
corresponding to the oxidation of the complex, recorded in the range of 
potentials ranging from − 200 to − 1300 mV are grouped together in 
Table 4 given below. 

3.5. DFT computational analysis 

The optimized geometry of the studied complex is shown in Fig. 14 

with the central bond length in Ångström. Metal-ligand bond distances 
obtained agreement with experimental bond distances (Table 2). In this 
study we compared the experimental values obtained by X-ray diffrac
tion with the theoretical values which are calculated by DFT/PBEPBE 
and LANL2DZ basis sets. In addition, this study can also explain the 
chemical concept of the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO) are keys values on the 
electron donor and acceptor character of complexes in general and 
which will lead to the interpretation of the charge transfer process. This 
makes it possible to define the chemical stability of the compounds, and 
the energy difference between HOMO and LUMO (Egap) shows the high 
stability of the complexes with respect to chemical reactions, a low ΔE 
(ELUMO − EHOMO) gap is well sought after by chemists, who concerns 
chemical reactivity in applications such as biological studies such as 
(antibacterial, antioxidants, etc.) due to the ability to encounter charge 
transfer interactions. It can be explained that (3) has a higher tendency 
to donate electrons to an electron-accepting species at poor sites. As can 
be seen in Fig. 14, the electronic density of (3) is mainly distributed over 
the central atom and the molecules of water and nitrates, for HOMO and 
LUMO. The calculated values of the reactivity descriptor parameters 
such as the ionization potential (I), electron affinity (A), absolute elec
tronegativity (χ), absolute hardness (η), and softness (S), for (3) were 
calculated at the same levels, and the results are summarized in Table 5. 

3.5.1. Molecular electrostatic potential (MEP) and Mulliken charges 
analysis 

The Molecular electrostatic potential (MEP) surface of (3) is depicted 

Fig. 12. Cyclic voltammograms recorded for 1.0 M ligand (2) at a classy carbon electrode DMSO containing 0.1 M KCl. (a) At scan rates 100 m/s, (b, c) plots of 
anodic (Ipa) and cathodic (Ipc) peak currents versus square root of the scan rate (V1/2). 
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in Fig. 15. The MEP is widely used as a reactivity map displaying the 
most reactive sites for electrophilic attack on an organic molecule. The 
maps were obtained at the DFT/PBEPBE and LANL2DZ basis sets. As it 
can be seen, in each MEP surface is represented by different colors: red, 
blue and green represent the regions of negative, positive and zero 
electrostatic potential Figs. 16 and 17. 

The most positive areas are on the protons of water molecules and 
the metal atom in particular; the negative areas are on the oxygen of 
nitrate and carbonyl function, in agreement with the Mulliken charges 
see below Table 6. The Mulliken charge distribution of all atoms in the 
asymmetric unit are listed and numbered as follows (Fig. 15b). 

The atomic charge distribution shows that the manganese ion has a 
positive charge of 0.465, while the two nitrogen atoms of the pyridine 
cycle have negative charges of − 0.194 and − 0.223. The three oxygen 
atoms of the water molecules ligands have a negative charge of − 0.684, 
− 0.683 and − 0.645 respectively, the 10O, 16O and 26O oxygen atoms 
of the nitrate group have negative charges of − 0.165, − 0.324 and 
− 0.294. while the 8O atom of carbonyl group has a negative charge of 

− 0.212. All hydrogen atoms carry positive charge in the range 
0.229–0.450. These values are in agreement with the MEP results. 

3.6. Molecular docking 

Molecular docking in silico aims to predict the structure of a molec
ular complex from isolated molecules, which is considerably easier and 
faster than using one of the experimental methods. Docking software are 
therefore very useful tools in biology, pharmacy and medicine, because 
most of the active ingredients are small molecules (ligand) that interact 
with a biological target of therapeutic interest, usually protein (recep
tor), in order to influence the mechanism in which this protein is 
involved. In this study, we determine the possible action mode of the 
target compound ligand and its complex. Molecular docking of (2) and 
(3) were performed in the active site of Mycobacterium tuberculosis 
enoyl reductase InhA to examine their possible binding modes. The 
protein data bank file (PDB: 2X22) was selected for this intention. In 
order to gain more insights into the interactions, the synthesized com
pounds were docked into the active site of receptor. According to these 
results, the most effective intermolecular hydrogen bonds are observed 
between the ligand Schiff base through C––O atoms and lle B 21 and thy 
B 196, steric interactions bond with ala B 198, ser B 20, ser B 94 and lle B 
16. Also, (2) demonstrated the most negative coupling score parameter 
against the 2X22 with value of − 81.457 kcal/mol. It was found that both 
hydrogen bonding and steric interactions of Mn complex (3) with the 
largest molDock score − 189.656 kcal/mol were considerably larger 
than ligand (2). The Mn complex (3) made hydrogen bonds with gly B 
192, lle B 194, try B 158 and ser B 94 amino acids. It has been observed 

Fig. 13. Cyclic voltammograms recorded for 1.0 M of (3) at a classy carbon electrode DMSO containing 0.1 M KCl. (d) at scan rates 100 m/s, (e, f) plots of anodic 
(Ipa) and cathodic (Ipc) peak currents versus square root of the scan rate (V1/2). 

Table 4 
Cyclic Votammetric data for (3).  

Scan Rate mV/s Epa mV Epc mV ΔEp mV Ipa m/A Ipc m/A Ipa/Ipc  

10  247.9  498.8 250.9  0.061  0.071  0.859 
50  220.1  521.1 301  0.331  0.299  1.107 
80  211.5  525.8 314.3  0.550  0.452  1.216 
100  230.1  530.2 300.1  0.713  0.576  1.237  
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that hydrogen bonding and steric interactions play an important role in 
the interactions of (2) and (3) with 2X22 (Table 7). 

4. Conclusion 

A new complex model Mn-based [Mn (L)2(H2O)3(NO3)2] was syn
thesized and characterized by single crystal X-ray diffraction. The 
crystal structure of (3) is governed by conventional O/N–H ⋯O H- 
bonding and non-conventional C–H ⋯O intermolecular interactions. 
Further, the 3D hydrogen bonds network of (3) presents supramolecular 
hetero and homo-synthons which play an important role in shaping this 
supramolecular complex. In (3) the organic entity behaves as two 
monodentate ligands and the metal center adopts a distorted octahedral 
coordination. Furthermore, the molecular arrangement of organic en
tities shows an alternating of two cationic layers parallel to the [104] 
and [124] plans. Moreover, an attractive combination of weak forces, 
viz. π–π stacking and Nlone-pair…C–H interactions established between 
organic ribbons layers, contributes to the final solid-state architecture. 
Additionally, the Hirshfeld surfaces analysis and associated fingerprint 
plots were used to explore and quantify the relative proportions of 
intermolecular non-covalent interactions within the complex. In this 
present investigation, the O⋯H contacts are the most responsible for 
building the supramolecular organisation with respect to their contri
bution to the overall stability of the crystal packing. 

The physico-chemical properties of (3) were characterized by NMR, 
IR and UV–vis spectroscopy. The electrochemical behaviour of manga
nese (II) isonicotinic acid benzylidene-hydrazide complex was studied 
using cyclic and square wave voltammetry. The values of the electro
chemical parameters characteristic of the voltammogram corresponding 
to the oxidation of Mn (II) to Mn (III) complex revealed a diffusion- 
controlled behaviour. DFT-optimized molecular geometry of Mn com
plex was performed by the (DFT/PBE0) and LANL2DZ method. The re
sults showed good correlation with the experimental data. In addition, 
from the docking results, it has been understood that steric interactions 
and hydrogen bonds played an important role in the interaction between 
the molecules and the active site of 2X22 enzyme. The remarkable ac
tivity of (3) may be due to the fact that it contains both OH and H2O 
units, which may play a crucial role in biological activities. 

Fig. 14. HOMO-LUMO surfaces and energy gap for (3).  

Table 5 
The Physico-Chemical properties of (3) computed at (DFT/ 
PBE0) and LANL2DZ level of theory.  

Parameters Values 

HOMO (ev)  − 5.20 
LUMO (ev)  − 4.94 
Energy gap (△E) (ev)  0.26 
Ionization potential (IP) (ev)  5.20 
Electron affinity (EA)  4.94 
Electrophilicity Index (ω)  98.86 
Chemical Potential (µ) (D)  − 5.07 
Electro negativity (χ) (ev)  5.07 
Softness (S) (ev)  3.84 
Hardness (η) (ev)  0.13  

Fig. 15. (a) Molecular Electrostatic Potential (MEP) 3D Surface. (b) 2D contour 
plot (down) calculated at DFT/PBEPBE and LANL2DZ basis sets. 
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Fig. 16. The best score docking solution of (2) at the binding site of 2X22 (blue lines represent the hydrogen bonds and the amino acid residues in the binding 
pockets are indicated as gray). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 17. The best score docking solution of (3) at the binding site of 2X22 (blue lines represent the hydrogen bonds and the amino acid residues in the binding 
pockets are indicated as gray). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 6 
Mulliken charge distribution of metal, organic atoms and water in (3).  

Atoms DFT Atoms DFT 

Mn 0.465275 15N  0.185536 
2O − 0.684190 16O  − 0.324361 
3H, 4H (H2O) 0.408984 

0.401693 
17N  − 0.399530 

5O − 0.683251 18H  0.365663 
6H, 7H (H2O) 0.426149 

0.423476 
19N  0.032998 

8O − 0.212894 20O  − 0.218205 
9N − 0.194855 21N  − 0.413132 
10O − 0.165612 22H  0.282724 
11N − 0.223064 23N  0.060438 
12O − 0.645540 24C  0.297462 
H13, H14 (H2O) 0.425942 

0.450536 
26O  − 0.294719  

Table 7 
Binding interactions details of (2) and (3) docked at the binding pocket of the 
target proteins 2X22.  

Ligand Enzyme Type of 
interaction 

Residue H Bond 
kcal/mol 

(2) PDB: 
2X22  

- Hydrogen 
bond  

- Steric 
interactions  

- lle B 21, thy B 196  
- ala B 198, ser B 20, ser 

B 94, lle B 16  

− 1.61 

(3) PDB: 
2X22  

- Hydrogen 
bond  

- Steric 
interactions  

- gly B 192, lle B 194, 
try B 158, ser B 94  

- met B 155, ser B 94, 
try B155, try B 165  

− 7.25  
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Appendix 

The crystallographic data for the title compound (3) reported in this 
work is deposited at the Cambridge Crystallographic Data Center under 
CCDC N◦. 2133366. These data may be available through the Cambridge 
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; 
fax: (+44) 1223–336-033; email via. ku.ca.mac.cdcc@tisoped. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.inoche.2022.110198. 
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