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Abstract: Four novel mix ligand complexes of manganese(Il), iron(IlI), cobalt(Il) and nickel(II)
with dibasic tetra dentate Schiff base ligand BENZOEN and 1, 10-phenanthroline have been
synthesized with the general composition of [M(BENZOEN)(1,10-phen)], where M = Mn(I),
Co(Il), Ni(II) and [Fe(BENZOEN)(1,10-phen)]Cl. The synthesized ligand and complexes were
characterized on the basis of elemental analysis, molar conductance, magnetic susceptibility, ESI-
MS spectrometry, electronic spectra, FT-IR, '"H NMR and *C NMR spectroscopy. Theoretical
computation and combined experimental theoretical characterization were carrying out by Gaussian
09 software package using density functional theory (DFT) method to confirm the geometry of the
investigated compounds. Additionally, molecular electrostatic potential map (MEP), HOMO,
LUMO, NBO and Mullikan charge analysis were also been performed. Spectroscopic
chracterization and DFT study proposed a distorted octahedral structure of complex 1-4. In vitro
biomimetic catalase activity of the ligand and complexes was done by measuring amount of
dioxygen evolve. Saturation kinetics of H,O, decomposition was fitted to the Michaelis-Menten
equation and Lineweaver-Burk plot. The antibacterial activity of the ligand and complexes against
Escherichia coli shows complexes were found more potent than the BENZOEN. MIC of complexes
shows that complex 2 is more active than other complexes even at lower concentration.

Keywords: Dibasic tetradentate Schiff base, Biomimetic, Catalase activity, Enzyme Kinetics, DFT
study, Corrosion inhibition

Introduction

Recently mixed ligand complexes of manganese, iron, cobalt and nickel with N,O donor
Schiff base and bipyridyl like 1, 10-phenanthroline have attracted great interest, owing to their
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significant roles in the advancement of biomedicinel, bio-sensorsz, corrosion inhibitors’ , model
compounds for active centers of metalloenzymes® and in homogeneous and heterogeneous
catalytic reactions of industrial importance’. These complexes have also exhibits wide range of
biological and pharmaceutical activities that include antimicrobial, antituberculosis,
antiinflammatory, anticancer and antioxidant behavior®’.

In human as a byproduct of respiration, digestion and other every day biological
activities various reactive oxygen species (ROS), produced in the body such as hydrogen
peroxide, which is responsible for “oxidative stress”. It is a biological poison and it attacks
tissues, membranes and behave as lethal agents against cell structure and functioning leading
to irreversible cell damage and severe pathologies. Catalase is enzymes that protect cells
from oxidative damage by scavenging the hydrogen peroxide or superoxide radicals
produced during dioxygen reduction®°.

Various structural models of manganese, iron, cobalt and nickel containing enzymes have
helped a lot in exploring various aspects of transition metal complex chemistry on the basis of
structure, electrochemical and magnetic properties which in turn had give rise in the
development of these complexes with instant applications in magnetic, biochemical and
catalytic chemistry'' ™. In the last five years aromatic, N, N-ligands, 1,10-phenanthroline and
its various derivatives have been studied extensively due to their versatility and diverse
biological properties i.e., antibacterial, antifungal, antiviral and anti-micoplasma'*'®. Benzoin
and ethylenediamine have also exhibit immense synthetic and analytical applications'”'®,
Furthermore, with increasing of microbial resistance to current antibiotics, there is continues
demand for developing new antimicrobial agents. In this way, many Mn(II), Fe(IlI), Co(II) and
Ni(IT) complexes have been reported as more effective antimicrobial agents'”.

Therefore, in anticipation of good reactivity and biological activity we thought it will be
worthy to synthesize a symmetric ligand by reaction of benzoin with linker ethylenediamine
and its complexes with selected transition metals viz.,, manganese, iron, cobalt and nickel.
The resulting complexes will be characterized spectroscopically and explored for their
biomimetic catalase like activity, anticorrosive and antibacterial activity.

Experimental

Ethylenediamine, benzoin, manganese(Il) chloride, ferric(IIl) chloride, cobalt(Il) chloride,
nickel(I) chloride and 1, 10-phenanthroline (All E. Merck). Analytical reagent grade solvents
were distilled before use. Conductivity measurements were carried out at 25 °C on an EI-181
conductivity bridge with dipping type cell. ESI-MS spectra were recorded on Agilent-6520
(Q-TOF) mass spectrometer. FT-IR spectra were recorded in KBr pellets on Shimadzu - 8400
PC. Electronic absorption spectra were recorded in EI-2305, double beam spectrophotometer
equipped with a PC. '"H NMR and "C NMR spectrum was recorded in Bruker Avance 400
(FT NMR). The metal contents were analyzed gravimetrically by the literature procedure®.

Synthesis of (2Z)-2-((E)-2-(1,2-diphenylethylideneamino)ethylimino)-1,2-diphenyl-
ethanol (BENZOEN)

Benzoin (4.24 g, 0.02 mol) in 25 mL methanol was added in solution of ethylenediamine
(0.67 mL, 0.01 mol) in 10 mL of methanol in a flat bottom flask and the resulting mixture
was stirred for 1 h. Thereafter, reaction mixture was kept under reflux for 14 h in an inert
atmosphere. Progress of the reaction was monitored by TLC. After completion reaction,
mixture was concentrated by evaporating the solution to half of its volume. The
concentrated solution was poured into crushed ice. A brownish yellow solid was obtained,
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it was filtered off, washed several times with methanol and recrystallized from 1:2,
methanol: water. Crystalline brownish yellow solid was obtained which was dried in a

esiccators over anhydrous calcium chloride under vacuum. Colour = Brownish yellow,
Yield: 3.92 g (92.45%); m. p. = 220 °C, Anal calculated formula C;,H,sN,0, (Mt = 448.22):
C, 80.33; H, 6.29; N, 6.25. Found: C, 80.20; H, 6.27; N, 6.00. Selected infrared absorption
(KBr, cm'l): v(O-H), 3192(w); V(C=N)imine, 1604(s); v(CH,-CH,), 923(s). Electronic spectra
(Amax in nm (g in mol L™ cm™) in DMF: 360 (3235); 280 (1894). "H NMR spectra (3 value in
ppm): 8(O-H)pnenotics 12.03 (s, 2H); S(AT-H)pensene, 7.980(s, 2H), 7.938(s, 2H), 7.890(s, 2H),
7.800(s, 2H), 7.798(s, 2H), 7.664-7.653(t, 4H, J = 2.8 Hz, 1.6 Hz), 7.453(d, 2H), 7.239¢s,
1H), 7.102(s, 1H), 7.004(d, 1H, J = 3.6 Hz), 6.99(d, 1H); 6(C-H), 4.03(s, 2H) and 6(-CH,),
3.40(d, 2H, J = 4.8 Hz). ®C NMR spectra (6 value in ppm): 3(>C=N);nine, 176.12; 6(C-OH),
165.13; O(Ar-C)pengenes 115.91-136.26; 8(CH,-CH,), 48.92. ESI-Mass spectra, m/z:
[C15H14NO+H+]+ :22518, [C23H21N20+H+]+ :34216, [C24H23N202+H+]+ = 37219,
[C30H28N202+H+]+ = 44922, Mrt = 448.22.

Synthesis of [Mn(BENZOEN)(1,10-phen)]; Complex 1

1,10-Phenanthroline (0.180 g, 0.001 mol) in 10 mL ethanol was added to MnCl,-4H,O
(0.161 g, 0.001 mol) in 15 mL ethanol and the solution was stirred initially for 15 min.
Thereafter, BENZOEN (0.448 g, 0.001 mol) in 25 mL hot ethanol was added and the
resulting reaction mixture was stirred for 1 h in an inert atmosphere. A orange precipitate
was obtained after refluxing the reaction mixture for 10 h. The precipitate obtained was
filtered, washed several times with acetone, recrystallized from hot methanol and dried in a
desiccator over anhydrous calcium chloride under vacuum. Colour = Orange, Yield: 0.473 g
(60.11%); m.p. > 280 °C; Anal Calc. for C;,H3;;MnN,O, (Mt = 681.21): C, 74.00; H, 5.49;
N, 9.54; Mn, 8.06. Found: C, 73.90; H, 5.41; N, 9.39; Mn, 7.94. u.s = 2.45 B.M. Molar
conductance A, at 25 °C (Q"lcmzmol"l): 14 in DMSO. Selected infrared absorption (KBr,
em™): V(C-H)grom, 3059(m); v(C=N)eyerie, 1699(W); V(C=N)ipine, 1589(m); v(CH,-CH,),
887(s); v(IM-0), 565(s); v(M-N), 459(s). Electronic spectra (A« in nm (g in (mol L' em™)
in DMF: 740 (221); 640 (211); 540 (225); 440 (1742); 260 (325); ESI-Mass spectra, m/z:
[C12H8N2+H+]+ = 18106, [ClegMHN2+H+]+ = 23601, [C30H26N202+3H+]+ = 44921,
[C30H26MHN202+H+]+ = 50214, [C42H34MHN402+H+]+ = 68221, Mt =681.21.

Synthesis of [Fe(BENZOEN)(1,10-phen)]Cl; Complex 2

1,10-Phenanthroline (0.180 g, 0.001 mol) in 10 mL ethanol was added to a solution containing
FeCl; (0.162 g, 0.001 mol) in 15 mL ethanol and the solution was stirred initially for 15 min.
Thereafter, BENZOEN (0.448 g, 0.001 mol) in 25 mL hot ethanol was added and the resulting
reaction mixture was stirred for 1 h in an inert atmosphere. A dark red precipitate was obtained
after refluxing the reaction mixture for 8 h. The solid obtained was filtered, washed several
times with acetone and recrystallized from hot methanol to yield dark red crystalline solid. The
recrystallized solid was dried in a desiccator over anhydrous calcium chloride under vacuum.
Colour = Dark red, Yield: 0.494 g (62.70%); m.p. > 280 °C; Anal. Calc. for C4H;3,FeN,0,Cl
Mt =1717.17): C, 70.25; H, 4.77; N, 7.80; Fe, 7.78. Found: C, 70.12; H, 4.73; N, 7.73; Fe,
7.70. Uegr = 2.81 B.M. Molar conductance A, at 25 °C (Q’lcmzmol’l): 66 in DMSO. Selected
infrared absorption (KBr, em™): V(C-H)yom, 3048(s); V(C=N)yeiic, 1645(m); v(C=N)imine,
1586(sh); v(CH,-CH,), 932(m); v(M-0), 569(w); v(M-N), 443(s). Electronic spectra (Ay,y in
nm (g in (mol L' cm'l)) in DMF: 540 (23); 460 (20); 320 (545); 240 (325). ESI-Mass spectra,
m/z: [C12H8N2+H+]+ = 18107, [C12H8F3N2+H+]+ = 23701, [C30H26N202+3H+]+ = 44921,
[C30H26FGN202+H+]+ = 50314, [C42H34FCN402 ]+ = 68221, Mt =717.17.
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Synthesis of [Co(BENZOEN)(1,10-phen)]; Complex 3

1,10-Phenanthroline (0.180 g, 0.001 mol) in 10 mL ethanol was added to a solution of
CoCly-6H,0 (0.237 g, 0.001 mol) in 15 mL ethanol and the solution was stirred initially for
15 min. Thereafter, BENZOEN (0.448 g, 0.001 mol) in 25 mL hot ethanol was added and
the resulting reaction mixture was stirred for 1 h in an inert atmosphere. A dark green
precipitate was obtained after refluxing the reaction mixture for 7 h. The precipitate obtained
was filtered, washed several times with acetone and recrystallized from hot methanol to yield
dark green precipitate. The recrystallized solid was dried in a desiccator over anhydrous calcium
chloride under vacuum. Colour = Dark green, Yield: 0.651g (76.12%); m. p. > 280 °C; Anal.
Calc. for C;H3,CoN,O, (Mt = 685.20): C, 73.57; H, 5.00; N, 8.17; Co, 8.59. Found: C, 73.50;
H, 4.89; N, 8.10; Co, 8.44; U = 2.26 B.M. Molar conductance A, at 25 °C (Q’lcmzmol’l): 16
in DMSO. Selected infrared absorption (KBr, cm'l): V(C-H)yrom, 3060(sh); V(C=N)cyciic, 1677(s);
V(C=N)imines 1583(s); v(CH,-CH,), 920(m); v(M-0O), 524(m); v(M-N), 475(s). Electronic spectra
(Amax in nm (g in (mol L' cm'l)) in DMF: 540 (21); 340 (1032); 240 (656). ESI-Mass spectra,
m/z: [CioHsNo+H'T" = 181.07, [C;HgCoNo+H'T" = 240.01, [CsoHysN,Ox+3H']" = 449.21,
[C30H6CoN,O,+H']* = 506.14, [C4,H34CoN,O,+H™]* = 686.21, Mt = 685.20.

Synthesis of [Ni(BENZOEN)(1,10-phen)]; Complex 4

1,10-Phenanthroline (0.180 g, 0.001 mol) in 10 mL ethanol was added to a solution
containing NiCl,-6H,0 (0.237 g, 0.001 mol) in 15 mL ethanol and the solution was stirred
initially for 15 min. Thereafter, BENZOEN (0.448 g, 0.001 mol) dissolved in 25 mL hot
ethanol was added and the resulting reaction mixture was stirred for 1 h in an inert
atmosphere. A reddish brown precipitate was obtained after refluxing the reaction mixture
for 10 h. The solid obtained was filtered, washed several times with acetone and
recrystallized from hot methanol to yield reddish brown crystalline solid. The recrystallized
solid was dried in a desiccator over anhydrous calcium chloride under vacuum at room
temperature. Colour = Reddish brown, Yield: 0.528 g (67.01%); m. p. > 280 °C; Anal. Calc.
for C4,H3uNiN,O, M1t = 684.22): C, 73.38; H, 5.28; N, 8.15; Ni, 8.54. Found: C, 73.30; H,
5.25; N, 8.12; Ni, 8.50. Uegr = 3.06 B.M. Molar conductance A, at 25°C (Q’lcmzmol’l): 17 in
DMSO. Selected infrared absorption (KBr, cm'l): V(C-H)yrom, 3044(sh); v(C=N)ycic,
1653(s); V(C=N)imine» 1588(s); v(CH,-CH;), 916(s); v(M-O), 556(s); v(M-N), 453(m).
Electronic spectra (Ap,x in nm (g in (mol L' cm™)) in DMFE: 560 (76); 440 (50); 340 (312);
260 (244). ESI-Mass spectra, m/z: [C,HgN,+H*]* = 181.07, [C,HgNiN,+H']* = 240.00,
[C30H26N202+3H+]+ = 44921, [C30H26NiN202+H+]+ = 50514, [C42H36N1N402+H+]+ =
685.45, Mt = 684.22.

DFT Calculation

The DFT calculations were perform using the Gaussian 09W suite method using B3LYP three
parameter density functional theories, which includes Becke’s gradient exchange correction,
and Lee, Yang, Parr correlation function. The gas phase geometry of BENZOEN and complex
1-4 were fully optimized with respect to the energy using the B3LYP 6-31+g(d,p)/LANL2DZ
basis set. The charge distribution on the atomic sites was computed using natural bond orbital
(NBO) and Mulliken charge. Distribution of electronegative and electropositive atoms over the
molecule was presented by the molecular electrostatic potential (MEP) maps. The optimized
structural parameters such as bond lengths and bond angles were determined with the atom
numbering scheme of the molecule. The electronic properties and quantum chemical properties
of all the compounds have been calculated*' .
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Anticorrosion activity

Anticorrosion activity of BENZOEN and complex 1-4 was done by weight loss
measurement method. The mild steel specimens cut into 3x4x0.05 cm’ were abraded
successively with different grades of emery paper, washed with distilled water, cleaned with
acetone, dried, weighed and kept in a moisture free atmosphere. The corrosive media, 0.5 M
of HCI was prepared by dilution of analytical grade HCI of predetermined normality with
triple distilled water. Anticorrosive solutions were prepared by dissolving 50 ppm of
BENZOEN and complex 1-4 in 5 mL. DMSO were added in electrolyte HCI at room
temperature. Immerse the steel specimens in prepared solutions. The specimens were taken
out from electrolyte washed and rinsed thoroughly several times with distilled water,
cleaned using acetone, dried and reweighed on a digital balance with sensitivity of 0.001 g,
after every 6, 12 and 24 h. The weight loss was calculated as the difference in weight of the
specimen before and after immersion in corrosion media. The corrosion rate (CR) in mg
ecm™ h™ was calculated from the following equation:
cr=2W M
SXt
Where, AW is average weight loss, s is the total area of the specimen and t is the
immersion time. From the corrosion rate thus obtained, the inhibition efficiency (n %) and
surface coverage (8) was calculated as follows:

n% = MxlOO )
CR

o

_n%
100

Where, CR® and CR are the corrosion rates of mild steel specimens in the absence and
presence of inhibitor respectively™.

Biological studies
Catalase-like activity
H,0,; disproportionation reactions and its kinetics

The catalase-like activity was observed by measuring the volume of O, produced during the
reactions of the ligand/ complex 1-4 with H,O, and compared with yeast catalase. The mini
reactor is a Kitassato flask (100 cm®) which was magnetically stirred and closed with a
rubber septum and connected to a tank filled with water. This was arranged in a manner that
the water will be pushed out as oxygen fills the tank. Volume of evolved dioxygen were
measured for 14 min at two minute time intervals. In the first set of experiment, 5 mL yeast
suspension in distilled water was added to the reactor through the septum. Thereafter, 20 mL
aqueous solution of H,0,, (8 mmol, 30%) was injected into it through the rubber septum
with a syringe. Similarly, 20 mL of H,O, was added through the rubber septum with the
help of a syringe to the 5 mL solution of ligand/complex 1-4 in CH;CN (1 mmol). The
experiment was repeated for highly efficient complex on different concentration. All the
experiments were performed at room temperature at 25 °C.

The kinetics study of hydrogen peroxide disproportionation was varied to determine the
dependence of the initial rate on the dioxygen evolution. The velocity for catalase-like
activity of the complex 1 was obtained by time dependent measurement of decomposition of
hydrogen peroxide to water and evolved dioxygen.
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In Vitro antibacterial screening

Ligand BENZOEN and complex 1-4, were screened for antibacterial activity against gram
negative bacteria Escherichia coli, (ATCC no. 35218) at different concentration. Agar
well diffusion method was used for antibacterial screening as discussed earlier®. In order
to observe the activity and confirm the sensitivity, BENZOEN and complex 1-4 were
tested for minimum inhibitory concentration (MIC). The most popular method for MIC
evaluation, commonly used in clinical laboratory is successive dilution method as
discussed earlier”’.

Results and Discussion
Characterization of ligand

Empirical formula of BENZOEN was in agreement with elemental analysis. The ESI-
MS of BENZOEN (Figure 1) shows peaks at m/z: 225.18; 342.16; 432.21 and 449.22
were attributed for [C;sHuNO+H']*; [CpHyN,O+H'Y; [Ci0HyN,O+H']Y  and
[C30H2sN20,+H™]" respectivily. A peak at 449.22 was attributed to pseudo molecular ion
[C30H2sN,Ox+H'T".
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Figure 1. ESI-Mass of ligand BENZOEN

FT-IR spectra of BENZOEN (Figure 2) exhibit a weak band at 3192 cm™ probably due
to hydrogen bonding, attributed to hydroxyl v(O-H) stretching vibration. A sharp peak at
1604 cm™ attributed to the stretching vibrations of the v(>C=N-) imine group. It also exhibit
a signal of sharp intensity at 923 cm™ attributed for v(CH,-CH,)**.

UV-Vis spectra of BENZOEN (Figure 3) exhibit two absorption bands at about 280 nm
and 360 nm. The band of medium intensity at 280 nm was assigned to the intra-ligand
n—n* transition for (>C=N-) imine nitrogen. The strong band at 360 nm was attributed to
n—m* transition associated with aromatic ring.
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Figure 3. UV-Vis spectra of BENZOEN

'H NMR spectra of BENZOEN (Figure 4) displayed seven singlets, two triplet and one
doublet in aromatic region. Singlets centered at 6 7.980, & 7.938, & 7.890, & 7.800 and
5 7.798 ppm were attributed to 2H each, respectively. However, singlet at & 7.239 and
8 7.102 were assigned for 1H each. Two triplet between 6 7.664-7.653 and 7.004-6.995 ppm
were attributed for 6H with a coupling constant (J) 2.8 Hz, 1.6 Hz, 2.4 Hz and 1.2 Hz
respectively. One doublet centered at & 7.453 ppm was assigned for 2H. A singlet observed
at 8 4.03 ppm for four protons was attributed for two methylenic group and another singlet
at 6 3.40 ppm, assigned for two protons of C-H moity. A singlet observed at 6 12.03 ppm for
two protons was assigned for phenohc (- OH) proton
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C NMR spectrum of the BENZOEN (Figure 5) exhibit a signal at & 176.12 ppm
assigned for imine (>C=N-) carbon. The signal appeared at 6 165.13 ppm was attributed to the
carbon linked with hydroxyl group. All aromatic carbon display signals between & 115.91-
136.26 ppm. The 51gnals observed at 6 48.92 ppm was assigned for methylenic carbon®
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Figure 5. °C NMR spectra of ligand BENZOEN

Thus, on the basis of the elemental analysis, ESI-MS, UV-Vis, FT-IR, 'H NMR, "°C
NMR spectra the probable structure of BENZOEN was suggested in Figure 6.
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Figure 6. Structure of BENZOEN

Characterization of complexes

The stoichiometries of the complexes were in agreement with elemental analyses data.
Molar conductance of complex 1, 3 and 4 was in between 14 — 17 Q 'cm’mol ™" indicative of
their non ionic nature. However, complex 2 exhibit high molar conductance of 66 Q'
cm’mol ™, suggesting ionic nature as 1:1 electrolytes in DMSO solution®. In ESI-MS of
complex 1 peaks at m/z 181.06, 236.01, 449.21, 502.14 and 682.21 attributed for
[CioHsNo+H'T";  [CoHsMnN+H'T"; [C30HosN2O2+3H'T"; [C3HpsMnN,O+H'T™  and
[C4oH34MnN,O,+H']" respectively. The peak at m/z 682.21 was a pseudomolecular ion
peak. In complex 2 peaks were observed at m/z 181.07, 237.01, 449.21, 503.14 and 682.21
attributed for [C12H8N2+H+]+; [C12H8F3N2+H+]+; [C30H26N202+3H+]+; [C30H26FCN202+H+]+
and [C4H3,FeN,O,]*. The peak at m/z 682.21 was molecular ion peak for M* ion due to
dissociation of CI  is confirming 1:1, electrolytic nature of complex 2.

In complex 3 exhibit several peaks at m/z 181.07, 240.01, 449.21, 506.14 and 686.21
attributed for [C12H8N2+H+]+; [C12H8CON2+H+]+; [C30H26N202+3H+]+; [C30H26C0N202+H+]+
and [C4;H34CoN,O,+H™]". The peak at 686.21 was due to pseudomolecular ion.
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Complex 4 shows peak at, m/z 181.07, 240.00, 449.21, 505.14 and 687.45 attributed for
[CioHsNo+H'T";  [CoHgNIN+H'"; [C3oHoeN,O0043H™T; [C30HaeNiIN,O+H'"  and
[C4oH34NiN,O,+H']". The peak at m/z 687.45 was due to pseudomolecular ion. ESI-MS of
complex 1 is shown in Figure 7.
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Figure 7. ESI-MS spectra of complex 1

In FT-IR spectra of complex 1-4, a new peak observed in between 1645-1699 cm™ was
attributed to cyclic v(C=N) moiety of phenanthroline. A strong peak appeared at 1604 cm™ in
BENZOEN for imine v(>C=N-) group was shifted downwards in the complexes and observed
in between 1583-1589 cm™ indicating the coordination of imine nitrogen to the metal. This was
supported by the appearance of new sharp signals between 443-475 cm’ in the complexes due
to M-N coordination. A sharp peak appeared at 3192 cm™” in BENZOEN assigned to O-H
stretching was vanished completely in the complexes and a new peak was appeared in between
524-569 cm’! was assigned to M-O stretching indicative of the bonding of metal to the oxygen
by removal” of phenolic-H. Complexes also exhibit sharp signals between 887-932 cm'
attributed to v(CH,-CH,) group. FT-IR spectra of complex 1 is given in Figure 8.
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The free ligand exhibited two strong absorptions bands at 280 and 360 nm which was due
n—n* and n—n* transitions. In complexes absorption band in the range between 240-260 nm
and 320-440 nm were attributed to 7—7* and n—7* transition associated with (>C=N-) imine
nitrogen and intra ligand charge transfer respectively. The bathochromic shift of this
absorption upon complexation was due to the donation of a lone pair of electrons to the metal
ion, indicating the coordination of imine nitrogen. These transitions were shifted to higher or
lower frequencies may be due to the ligand to metal and metal to ligand charge transfer®'.

Complex 1 exhibits magnetic moment of 2.45 B. M. which indicate that complex was low
spin with one unpaired electron in Mn(II) probably due to presence of a strong field ligand 1,
10-phenanthroline. The complex 1 exhibit (Figure 9) three absorption bands at 740, 640 and 540
nm attributed to 6Alg—> 4T1g(v1), 6Alg—> 4ng(vz) and 6A1g—> 4Eg, 4Alg(v3) transitions respectively,
indicating distorted octahedral geometry around Mn(II) ion. Complex 2 exhibits magnetic
moment of 2.81 B.M. which is lower than the expected value of the high spin octahedral
arrangement, suggesting an antiferromagnetic interaction. The electronic spectra shows bands at
540 nm indicates an octahedral geometry around the metal ion and 460 nm due to charge
transfer. However, it was not possible to identify the type of the d-d transition. The magnetic
moment of complex 3 was 2.26 B.M. corresponding to one unpaired electrons in Co(II). The
electronic spectrum of this complex exhibit a band at 540 nm, 740 nm and 780 nm which may
be assigned to the *T ,(F)— *T (P)(v3), T o(F)— *Age(F)(v2) and *T o(F)— *T,,(F)(v,) transition
confirming an octahedral geometry. Complex 4 exhibit magnetic susceptibility of 3.06 B. M.,
indicating the presence of two unpaired electrons in Ni(Il) ion consistent with octahedral
geometry with antiferromagnetic interactions. The electromc spectrum of complex 4 displayed
two bands at 440 nm and 560 nm assigned for Alg—> Tlg(P)(Vg) and Azg—> Tlg(F)(vz) d-d
transitions indicative of Ni(Il) ion in an octahedral environment’>
2000
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Figure 9. UV-Vis spectra spectra of complex 1

Quantum chemical calculations
Geometry optimization

Determination of the molecular structure of complexes in the absence of single crystal
structure, geometry optimization is the first and foremost computational step that is run to
get energy minimal state of a compound. The BENZOEN and complex 1 geometrically
optimized and the results have furnished the total energy E (RB3LYP) equal to -1412.02 a.u.
and -2093.72 a.u. respectively. The different geometrical parameters viz., bond lengths, bond
angles and dihedral angles were obtained and shown in Table 1-3. The important bond lengths
of BENZOEN such as C=N (imine), C-O (phenolic), C-C (connected with imine C) and C-N
(connected with imine N) become slightly longer in complexes as BENZOEN coordinates via
imine nitrogen and phenolic oxygen of ligand. By the shifting of electron density of imine
nitrogen to metal, M-N bond was formed. The O-H (hydroxyl) bond is vanished in complexes
and also C-O bond distance becomes longer due to the formation of M-O bond which make
the C-O bond longer. This elongation in M-N and M-O bond lengths caused a slight
distortion from the regular octahedral geometries. Additionally, the N,N'-bidentate
coordination of phenanthroline in all complexes forms another five membered metallocycle.
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Similarly, computed bond angles in connection with the metallic binding sphere of the
complex, such as C-C-O, C-N=Cjy,. and C-N-Cjp,., angles. The bond angles distortions
were observed in the coordination sphere of the complex, such as cis Nppen-M-Nimines Nphen-
M-O and Njyine-M-O are smaller than trans Nppen-M-Nimine, Nphen-M-O and Nipine-M-O
suggest the octahedral geometry for the complex under discussion™.

Quantum chemical parameters

The calculated values of the following quantum chemical parameters: the highest occupied
molecular orbital energy (Egonmo), the lowest unoccupied molecular orbital energy (Eypy0), the
difference between HOMO and LUMO energy levels (4E), Mulliken electronegativity (%),
absolute hardness (77), absolute softness (o), chemical potential (Pi), global softness (S), global

electrophilicity (@), additional electronic charge (A4N,,,), dipole moment (1) and total energy E
(RB3LYP) after geometrical optimization of the structures of compounds were listed in Table 4.

Table 1. Selected geometrical bond lengths (in A) of BENZOEN and complexes 1

S. No. Bond connectivity BENZOEN Complex 1
1. C-0 (C12-014) 1.4298 (C1-03) 1.4378
2. C-O’ (C47-060) 1.4300  (C60-036) 1.4465
3. H-O (H6-014) 0.9598 -
4. H-O' (H62-060) 0.9600 -
5. C=N (imine) (C15=N27) 1.2930  (C4=N16) 1.3123
6. C=N' (imine) (C35=N34) 1.2935 (C24=N23) 1.3077
7. C-C(close to imine C)  (C15-C16) 1.5407 (C4-C5) 1.5412
8. C-C'(close to imine C)  (C41-C35) 1.5409  (C24-C30) 1.5415
9. Mn-O - (Mn-03) 1.8571
10. Mn-O’ - (Mn-036) 1.8554
11. Mn-N (imine) - (Mn-N16) 1.8979
12. Mn-N' (imine) - (Mn-N23) 1.8960
13. Mn-N (phen) - (Mn-N58) 1.8931
14. Mn-N' (phen) - (Mn-N59) 1.8939
Table 2. Selected geometrical bond angles of BENZOEN and complex 1

BENZOEN Complex 1

S. No. Geometrical bond angles

1. 2C-C-O (£C3-C12-014) 109.470 (£C3-C1-03) 105.266

2. +2C-C-O’ (£C52-C47-060) 109.469  (£C24-C60-036) 104.614

3. £C-N-C (imine) (£C15-N27-C28) 120.013  («C4-N16-C17) 125.741

4, £C-N'-C (imine) (£C29-N34-C35) 120.011 (£C47-N23-C18) 127.0556

5. <H-0-C (£H61-014-C12) 109.469 -

6. 2H-0O'-C (£H62-060-C47) 109.470 -

7. 2£C-N-C (phen) - (£C41-N58-C42) 120.427

8. £C-N'-C (phen) - (£C44-N59-C50) 120.452
Cis

0. 2N(phen)-M-N(imine) - (£N16-Mn-N58) 82.683

10. £N(phen)-M-O - (£N58-Mn-036) 102.358

11. £N(imine)-M-O - (£N16-Mn-03) 80.990
Trans

12.  £N'(phen)-M-N'(imine) - (£N23-Mn-N59) 111.335

13. 2N'(phen)-M-0O’ - (£N59-Mn-036) 79.735

14. £N'(imine)-M-O’ - (£N23-Mn-036) 78.829
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Table 3. Selected dihedral bond angles of BENZOEN and complex 1
S Dihedral

BENZOEN Complex 1

No. bond angles
1 £C-C-N-C  (£C16-C15-N27-C28) -0.0459 (£C5-C4-N16-C17) 1.0126
2 £C-C-N-C  (£C41-C35-N27-C28) 179.955 (£C30-C24-N23-C18) -8.814
3 £N-C-N'-C  (£N27-C28-C31-N34) -125.257  (£N16-C17-C18-N23) -41.768
4 £N-C-0-C  (£N34-C35-C47-060) -30.017 (£N16-C4-C1-03) 28.219
5. £N'-C-O'-C  («N27-C15-C12-014) 29.999  (£N23-C24-C60-036) -25.986
6. £C-N-Mn-N - (£C24-N23-Mn37-N16) 155.186
7 £C-N-Mn-N' - (£C4-N16-Mn37-N23) 175.400
8 £C-N-Mn-O - (£C4-N16-Mn37-03) -22.437
9. £C-N'-Mn-O' - (£C24-N23-Mn37-036) 31.314
10.  £C-N-Mn-N - (£C4-N16-Mn37)-N58) 81.379
11.  £C-N'-Mn-N’ - (£C24-N23-Mn37-N59) -42.892
12.  £N-N-O-Mn - (£N16-N58-03-Mn37) -79.066
13. «N’-N'-O'-Mn - (£N23-N59-036-Mn37) -114.371
Table 4. The calculated quantum chemical parameters of BENZOEN and complex 1
=~ % > > > =
EE R T T T T PO
¥5 f 209 = ¢ o & o s z g% 33
© o 2 4 2 '
& a
BENZOEN -6.158 -1.590 4.568 3.874 2.284 0.437 -3.874 0.218 3.285 1.696 -1412.02 6.42
Complex 1 5913 1701 1.211 2307 0.605 1.651 -2.307 0.825 4.396 3.810 -2093.72  2.611

(o)
Conzgie" 1 3555 1736 1.818 2.645 0.909 1.099 -2.645 0.549 3.848 2.909

HOMO and LUMO are two significant parameters derived from molecular orbital
approach, which have been found applicable to explain properties of a compound®’. The
energy gap between these two orbital, also called band gap (4E), was used to establish
chemical stability and reactivity of a molecule®. In the compounds under investigation,
some important molecular orbital for the BENZOEN and the complex 1 were selected to
explain the difference that occurred to the various energy characters of BENZOEN when
bonded with metal. BENZOEN coordinates to metal ions through the nitrogen of imine,
deprotonated oxygen of the hydroxyl group and the two nitrogens of phenanthroline moiety.
These atoms carry more charge confirming active sites for coordination. The energy
difference between values of absolute softness (¢) in BENZOEN and complex 1 indicates
that BENZOEN has a good tendency to chelate with metal ions. The negative values of
chemical potential (Pi) in complex 1 indicate that energy must decrease upon accepting
electronic charge form BENZOEN. The value of Pi depends upon the Mulliken
electronegativity (¥). The increase in the global electrophilicity (@) value of complex 1
attributed to higher electron accepting capability.

Charge population analysis and electron density plots

Natural charge population analyses of Natural bond orbital (NBO) and Mulliken population
analysis are the two well-known scales generally used to find the charge analysis within a
molecule. The natural atomic charges under both these scales of the representative BENZOEN
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and complex 1 are compared in Table 5, Although the fact that Mulliken scale is not so much
reliable in such analysis, the results give a surprising difference between the Mulliken’s and
the NBO charges, The observed data given in the Table 5 shows that the central metal atom
Mn, two carbon atoms C15, C35 and all the hydrogen atoms are positively charged both in
NBO and Mulliken analyses. But, some carbon atoms such as C3, C16, C17, C18, C41, C52
and C53 bears positive charge in Mulliken analysis while negative charge in other scale and
two carbon atoms C12 and C47 are negatively charged in Mulliken analysis but positively
charged in NBO analysis. All the remaining carbon atoms and some electronegative atoms
such as N27, N34, O14 and O16 bear negative charges over them in both types of
evaluation. These results can be clearly seen in the graphical representation of NBO and
Mulliken charges of complex given in Figure 10 and 11. As natural bond orbital are linear
combinations of the natural atomic orbital’s (NAQ’s) of two bonded atoms, the natural
population analysis comes into play in consideration with Pauli’s exclusion principle and
solves the basis set dependence problem of the Mulliken population analysis®**’.

Table 5. Selected Mulliken atomic charges and NBO partial charges of BENZOEN and
complex 1

BENZOEN Complex 1
Mulliken NBO partial Mulliken NBO
S.No. Bond connectivity =~ Atom partial chafges Atom  partial partial

charges charges charges
C (connect with O)  C12 -1.2045 0.0879 C24  -0.1696 0.0924

C’ (connect with O’) C47 -0.2664 0.0914 C25 -0.1345 0.0878
C(connected to imine N) C15 0.3167 0.2723 C50 0.1685 0.3165
C'(connected to imine N) C35 0.3168 0.2670 Cs1 0.1837  0.2952

C(phen) - - - C13  -0.0944 0.0844

1.

2.

3.

4,

5.

6. C'(phen) - - - C5 -0.1086  0.1459
7. H(connected to O) H61 0.2652 0.4761 - - -

8. H'(connected to O")  H62 0.2642 0.4626 - - -

9. (0] 014 -0.1070 -0.7263 023  -0.4652 -0.6699
10. o’ 060 -0.1474 -0.7170 071 -0.4448 -0.6372
11. N(imine) N27 -0.2543 -0.4473 N52  -0.2262 -0.4120
12. N’(imine) N34 -0.3599 -0.4308 N53  -0.2393 -0.4811
13. N(phen) - - - N21 -0.2257 -0.3648
14. N'(phen) - - - N22  -0.0656 -0.2772
15. Mn - - - Mn83  0.4621  0.2737

1
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Figure 10. Graphical representation of atomic charges of BENZOEN and complex 1



551 Chem Sci Trans., 2018, 7(4), 538-557

5682 am

Figure 11. Mulliken atomic charges of (a) BENZOEN, (b) complex 1, (¢) NBO atomic
charges of BENZOEN and (d) complex 1

Molecular electrostatic potential analysis (MEP) and contour maps

A well-remarked molecular electrostatic surface potential (MESP) charge regionalization is
set up with the help of electron density plot. In that, nucleophilic centers (negative regions),
electrophilic sites (positive regions) and neutral loci are pointed out. The potential surface
diagrams of ligand and its complex as shown in Figure 12 displays these electrostatic
potential values for the representative compounds under study. MEP of BENZOEN and
complex 1 indicates that the hydroxyl oxygen atoms represent the most negative potential
region, while referring to the charge density plot of the complex, the coordination sphere of
complex 1 two oxygen atoms and four nitrogen atoms bears the most negative potential. The
hydrogen atoms bears the region of maximum positive charge (blue) in case of BENZOEN
and manganese bear positive charge in the case of complex 1. The green region in the MESP
surfaces represents neutral potential between the two extremes red and dark blue color*'.

Figure 12. (a) Molecular Electrostatic Potential (MEP) of BENZOEN and (b) Molecular
Electrostatic Potential (MEP) of complex 1
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Figure 13. DFT optimized structure of (a) BENZOEN, (b) complex 1, (c) complex 2,
(d) complex 3, (e) complex 4
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Thus, on the basis of the elemental analysis, ESI-MS, molar conductance, magnetic
suceptibility, electronic spectra, FT-IR, 'H NMR, 3C NMR and DFT studies, probable
structure of the BENZOEN and complex 1-4 were suggested as below in Figure 13(a-e).

Corrosion inhibition efficiency
Weight loss measurement

Corrosion inhibition study of ligand BENZOEN and complexes 1-4 was performed by using
weight loss measurement method. The concentration of the ligand BENZOEN and their
complexes 1-4 were chosen to be 50 ppm. It was observed that ligand BENZOEN exhibits
better inhibition efficiency than complex 1-4. This difference in inhibition efficiency was
because of the presence of N and O atom in BENZOEN which increases electron density to
greater extent as compared to complexes. The results shows that better adsorption of
BENZOEN and complex 1-4 on the corroding surface. Interestingly, complex 2 containing
Fe(IlI) metal ion shows much lower efficiencies than the other complexes, this may be
attributed to the fact that in case of iron complex, iron itself forms a layer over a corroding
surface thus instead of inhibition it itself get corroded. It is apparent that corrosion rate
decrease as time passes and corrosion inhibition efficiency increased with time*’. Corrosion
parameters namely, corrosion rate (CR), corrosion inhibition efficiency (n%) and surface
coverage (0) were calculated and shown in Table 6. A comparative corrosion rate and
corrosion efficiency data of all the compounds were presented in Figure 14 and 15.
Corrosion inhibition efficiency rate follows the order BENZOEN >4 > 3 > 1 > 2. Corrosion
inhibition efficiency of complex 4 was quite higher than other complexes and slightly
smaller than ligand BENZOEN.

Table 6. Corrosion parameters of mild steel in HCI solution in the presence and absence of
inhibitor at different time interval, obtained from weight loss measurements

Corrosion rate, Corrosion inhibition

Ligand/Complexes mg cm?h! efficiency N%

Surface coverage, 0

6h 12h  24h 6h 12h  24h 6h 12h 24h
BENZOEN 1451 836 636 6093 7747 8236 0.60 0.77 0.82
Complex 1 23.61 1295 944 43.17 6588 68.74 043 0.65 043
Complex 2 2541 1545 11.6 3158 5841 61.59 031 058 0.61
Complex 3 21.67 12.67 9.72 63.44 65.14 70.57 0.63 0.65 0.70
Complex 4 16.04 9.72 733 56.82 7383 7877 056 0.73 0.78
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Figure 14. Corrosion rate of compounds  Figure 15. Corrosion inhibition efficiency
of compounds
Biological applications
Experimental study of in vitro catalase-like activity

In a typical experiment, the tendency of catalase like activity of ligand and complexes 1-4 to
decompose hydrogen peroxide into H,O and O, was investigated in CH;CN by measuring
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volume of evolve dioxygen. Experiment has been carried out by taking 20 mL of 30 % H,0,
in a Kitassato flask and adding a complexes (5 mL, 1 mmol in CH;CN) with the help of a
syringe through a rubber septum. Immediately, after the addition of complex, decomposition
of H,0, starts and volume of dioxygen evolve is measured from a graduated burette. The
complete reaction was monitored for 14 minute and amount of dioxygen evolved for
different complexes is shown in Figure 16. It was observed that catalase being a natural
enzyme evolve 4.19x10™" mol of dioxygen. In complex 1, 2, 3 and 4 the amount of dioxygen
evolve are 3.39x107", 2.90x107!, 2.58x10! and 2.18x10" mol respectievely. The order of
hydrogen peroxide decomposition is Catalase >1>2 >3 >4.
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Figure 16. Time courses (second) of dioxygen evolution (mmol) in the disproportionation of H,O,

Since, the manganese complex 1 exhibit highest evolved dioxygen, the initial rate of
H,0, disproportionation by complex 1 was calculated by the further experiment. Plot of
evolve dioxygen against time for different concentration of hydrogen peroxide is shown in
Figure 17. An experiment using 1 as catalyst in CH;CN at 25 °C was also performed and
after 14 min at [Complex 1], = 5x10” mol dm™ and [H,0,], =1x10~, 2x10~, 4x10~ and
8x10° mol dm™ concentration, 3.34x10™, 3.92x10™*, 4.82x10™ and 6.15x10™* mmol of
dioxygen was evolved respectively.
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Figure 17. Time (sec) dependence of O, evolution (mmol) at different concentrations of H,O,

Kinetics of the H,0, disproportionation reactions

On experimental data Michaelis Menten equation was applied (Figure 18 and 19). The
obtained catalytic turnover (k.,) and Michaelis constant (K,,) were k., = 7.6x107% s and
K, = 6.65x10 mol L. The catalytic efficiency € of an enzyme is the ratio k.,/K,. The
higher the value of catalytic efficiency the more efficient is the enzyme. On the basis of the
keo/K,, criterion, complex 1 with k../K,, = 1.142x10* L mol™ s is the efficient catalyst for
H,0O, disproportionation. The related kinetics parameters for synthetic CAT models and
enzyme are givin in Table 7.
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Table 7. Related kinetics parameters

Figure 19. Lineweaver-Burk plot, a H,0,
saturation kinetics for complex 1 fitted to
the Michaelis—Menten equation

for synthetic CAT models and enzyme

1 1 KCat/Kf‘l‘ or Solvent,
S.No. Catalyst/Enzyme Ky, molL" Kg,sec” emol” L -~ Reference
sec! Temprature, °C
1. Complex 1 6.65x10" 7.60x107 1.142x10> CH;CN, 25  this work
2. Catalase 2.5x10*  1.2x10°  5.0x10 H,0,/H,0 [43]
3. T. thermophiles  0.083(0.008) 2.6x10° 3.13x10° H,0 [44]
4. T. album 0.015  2.6x10* 1.73x10° H,0 [44]
5. L. plantarum 0.35 2x10°  0.57x10° H,0 [44]
Na[Mn,(3-Me-5-SO5- 6.6(4) H,O (pH 10.6),
6.  salpentO)(u-OAc)(p- ’ 10.5(2) 16(1)x10? 25 [45]
OMe)(H,0)] * 4H,0
7. [Mn(X-salpnO)], 10-102  4.2-21.9 305-990  CH;CN, 25 [45]

Complex 1=[Mn(BENZONEN)(1,10-phen)], ligands: BENZOEN = (2Z)-2-((E)-2-(1,2-diphenylethyl-
ideneamino )ethylimino)- 1,2-diphenylethanol, 3-Me-5-SOs-salpentOH = 1,5-bis(3-methyl-5-sulphonato-
salicylideneamino )pentan-3-ol; salpnOH = 1,3-bis(salicylideneamino)propan-2-ol

Antibacterial assessment

All the compounds showed considerable bactericidal activity against E. coli. The in vitro
antibacterial activity of the BENZOEN and complex 1-4 were tested using the agar well
diffusion method. Amoxicillin was used as positive standards and DMSO was used as negative
control for this antibacterial activity. Activities of the ligand and complexes can be explained
on the basis of Tweedy’s chelation theory®. Chelation of Schiff base with metal ion will
enhance the lipophilicity of the central metal atom, which subsequently favours its permeation
through the lipid layers of the cell membrane and blocking the metal binding sites on enzymes
of microorganisms. The growth inhibition zones were measured in diameter (mm) and the
results are listed in Table 8. All the tested compounds showed good antibacterial activity
against the selected microorganism E. coli. The obtained results indicate that the complexes
were more effective against E. coli under identical experimental conditions. Iron(III) complex
has higher bacterial activity than the other complexes. The bioactivity of the ligand and their
complexes is found to be order 2 >3 >1 >4 > BENZOEN.

Minimum inhibitory concentration (MIC)

The MIC of the complexes and ligand is also displayed in the Table 8. Since, the MIC is the
concentration of the highest dilution tube, in which bacterial growth was absent. It was
observed that complex 1-4 has exhibited MIC in between 0.43-0.55 pg/mL, which was
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higher than standard drug chloramphenicol but lower than amoxicillin. It was also observed
that the complex 2 was most active to inhibit bacteria with inhibition zone of 31 mm and
also lowest minimum inhibitory concentration of 0.43 pg/mL MIC of the complexes follows
trendas4>1>3>2.

Table 8. Antibacterial screening data of BENZOEN and complexes 1-4 against E coli

S. No. Ligands/Complexes Diameter of inhibition MIC, Reference
zone, in mm pg/mL

1 Standard: Amoxicillin 41 0.62 [47]
2 BENZOEN 19 - this work
3. Complex 1 26 0.49 this work
4. Complex 2 31 0.43 this work
5 Complex 3 28 0.44 this work
6 Complex 4 22 0.55 this work

Conclusion

Synthesis and characterization of BENZOEN and its four mixed ligand complexes of
Mn(II), Fe(III), Co(II) and Ni(II) containing 1, 10-phenanthroline as N, N’ donor ligand
was studied. The geometries of complexes have also been optimized by DFT and TD-
DFT calculations. The corrosion inhibition behavior of ligand and complexes has also
been studied for mild steel in 0.5 M HCI medium. Ligand and complex 4 exhibit good
anticorrosive activity. The synthesized compounds were also tested as catalysts for
H,0, decomposition. Enzyme kinetics study performed has proved that to some extent
these complexes, especially complex 1 in solution mimic like catalase in
disproportionation reaction of H,0O,. Antibacterial activity of ligand and complexes
indicate that activity of ligand become more pronounced when coordinated with the
metal ions. Hence, from all these extensive studies, it may be concluded that some of
these complexes could be exploited for the design of novel anticorrosive material,
antibacterial drug as well as catalytic material for excavanging of peroxide formed in
biological system.
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