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Abstract Two Schiff bases, HL; and HL,, were synthesized in two different
reactions involving 2-hydroxynaphthaldehyde with 2-amino-6-methylbenzothiazole
and 2-amino-6-florobenzothiazole respectively. Copper(II) and nickel(II) complexes
of the Schiff bases were subsequently prepared in 1:1 metal-to-ligand stoichiometric
reactions. The compounds were characterized extensively by "H NMR, '*C NMR,
Dept-90, UV—Vis, and IR spectroscopic techniques, magnetic susceptibility, TGA,
DTG, and molar conductivity analysis. The spectroscopic results confirm bidentate
nature of the Schiff bases and a four coordinate geometry for all the complexes:
[CuL;CIH,0], [NiL;CIH,0], [Cu(L,);], and [NiL,CIH,O]. Quantum chemical
studies gave fully optimized geometries of the Schiff bases and metal complexes
using the 6-314g(d,p) basis set. The compounds were studied for their in vitro
antibacterial activities against some selected Gram-positive and Gram-negative
bacteria, using agar well diffusion. The metal complexes exhibited better
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antibacterial activities compared to the free ligand due to the effects of chelation,
which improved the lipophilicity. Furthermore, the antioxidant potentials of the
compounds were ascertained using DPPH radical scavenging and ferrous chelating
assay. The copper complexes had the best antioxidant properties of all the tested
compounds. The results of the biological analysis were in agreement with the
theoretical data from quantum chemical calculations. The study presented biolog-
ically active coordination compounds with benzothiazole moiety that could be used
as compounds of interest in the drug discovery processes.

Keywords Schiff bases - Thermal - DFT - Antioxidant and antibacterial studies

Introduction

Heterocyclic compounds are group of compounds known to chemists for centuries
and are considered very useful due to their diverse chemical reactivities and vast
biological applications [1-6]. Their importance expands beyond chemistry as they
are also part of biomolecules such as protein, DNA, RNA, and vitamins [2]. More
specifically, nitrogen, sulfur, and oxygen containing heterocyclic compounds are of
immense importance in drug discovery processes [1]; they are found in many
therapeutic drugs such as metroindazole, thiabendazole, fluconazole, and riluzole
[7].

Benzothiazole is a unique example of a heterocyclic compound with a thiazole
ring fused to a benzene ring and has received a lot of interest due to its diversified
molecular design and remarkable optical, liquid, and electronic properties [8]. The
compound and its derivatives have been reported to possess a wide spectrum of
biological applications such as antitumor [9, 10], antimicrobial [11, 12], schicto-
somicidal [13], anti-inflammatory [14, 15], anticonvulsant [16, 17], antidiabetic
[18], antipsychotic [19, 20], and diuretic [8, 21]. Interestingly, the nature of the
substituent on the benzothiazole moiety plays an important role in the overall
biological properties of the compound. For example, phenyl-substituted benzoth-
iazole derivatives have been reported to exhibit very intensive antitumor activity
[22], especially those containing 2-substituted-6-nitro- and 6-aminobenzothiazole
[23] and fluorobenzothiazoles [24].

Organic reactions involving the condensation of two or more molecules to obtain
new compounds are common in drug design processes as compounds with new
biological behaviours could be obtained [8]. Schiff bases are products of
condensation reactions between primary amines and aldehydes or ketones
synthesized under specific conditions. Schiff bases are important due to their
ability to stabilize metal ions of various oxidation states, participation in numerous
catalytic and industrial applications and broad spectrum biological activities
[25, 26]. More specifically, Schiff bases of benzothiazole derivatives and their metal
complexes have been reported to possess antibacterial [27], antifungal [28],
antioxidant [29] anti-tumour, and anticancer [30] properties.

However, a detailed literature search has shown a dearth of information on
syntheses, quantum chemical calculation, thermal, antioxidant, and antibacterial
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studies of 3-[(5-methyl-benzothiazol-2-ylimino)-methyl]-naphthalen-2-ol (HL,) and
3-[(5-floro-benzothiazol-2-ylimino)-methyl]-naphthalen-2-ol(HL,) and their Ni(II)
and Cu(Il) complexes [31-33]. Hence, this study reports the synthesis and
characterization of metal (II) complexes of 3-[(5-methyl-benzothiazol-2-ylimino)-
methyl]-naphthalen-2-0l (HL;) and 3-[(5-floro-benzothiazol-2-ylimino)-methyl]-
naphthalen-2-ol (HL,). Since crystals of good quality could not be obtained, DFT
studies will be used to investigate the proposed geometries of the Schiff bases and
their metal complexes. The dipole moments, FMO energies, and reaction energies
of the metal complexes will also be ascertained. Furthermore, the effectiveness of
these compounds as broad-spectrum antibacterial agents (in vitro) will be verified
via agar well diffusion assay and their antioxidant potentials evaluated via DPPH
radical scavenging and ferrous chelating assay. The ligands and their metal
complexes are new, being reported here for the first time, as a continuation of the
research activities of our group on novel metal (II) complexes with potentials as
broad spectrum antibacterial and antioxidant compounds [31-34].

Experimental
Materials

2-Hydroxy-1-napthaldehde, 2-amino-6-methylbenzothiazole, 2-amino-6-floroben-
zothiazole, 2,2-diphenyl-1-picrylhydrazyl (DPPH), copper(Il) chloride dihydrate,
nickel(Il)chloride hexahydrate, 1,10-phenantroline, iron(Il) sulphate heptahydrate,
and triethylamine were purchased from BDH and Aldrich Chemicals Germany and
were used as received. Ethanol and methanol were distilled before use according to
standard procedures.

Physical measurements

Melting points (uncorrected) were determined using the Stuart scientific melting
point SMP1 machine. Electronic and IR (KBr disc) spectra of the ketoamine and its
metal complexes were recorded on Perkin-Elmer A20 UV-Vis and Perkin-Elmer
FT-IR Spectrum BX spectrophotometers, respectively. The elemental analysis was
performed on an Elementar vario EL Cube set up for carbon, hydrogen, nitrogen,
and sulfur (CHNS) analysis. The thermal analysis was done using SDTQ 600
thermal instrument with alumina crucibles and heated at a rate of 10 °C min~'
under nitrogen atmosphere. Furthermore, NMR measurements were done with a
300 MHz Bruker Advance III NMR spectrometer, room temperature magnetic
moments, and molar conductance measurements were recorded on Sherwood
Susceptibility balance MSB Mark 1 and Hanna conductivity model H19991300
meters, respectively. The percentage metal analyses were carried out using
complexometric titration of the respective metal solutions against EDTA with
murexide as an indicator.
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Syntheses
Synthesis of 3-[(5-methyl-benzothiazol-2-ylimino)-methylJ-naphthalen-2-ol (HL;)

The ligand, HL; was synthesized according to methods reported in literature
[27, 31]. About 1.5 g (7.7 mmol) of 2-amino-6-methylbenzothiazole was added neat
in bits to a stirring solution of 1.32 g (7.7 mmol) of 2-hydroxynaphthaldehyde in
20 mL of ethanol. A few drops of acetic acid were added and the solution was
subsequently refluxed for 3 h. The resultant yellow coloured precipitates were
filtered, dried and stored over silica gel.

CHNS (CoH4N,0S) Calcd: C, 71.67; H, 4.44; N, 8.80; S, 10.07. Found: C,
71.69; H, 4.54; N, 8.84; S, 10.10; Electronic spectra (kK): 30.68, 36.77
(kK = 1000 cm™'); IR(KBr)v/em™': 3397 (OH str), 3055 (Ar—CH str), 2922
(Aldehydic H-C=N), 2739 (CHj; str), 1620 (C=N str imine), 1246 (C—OH), 1601
(C=N str benzothiazole), 1557(C=C str), 1323 (CH; bend); "H-NMR (300 MHz,
DMSO) ¢ (ppm): 14.426(s, H-C=N), 10.037(s, OH), 7.080-8.237(m, Ar-H), 2.367
(s, CHs); "“C-NMR (75 MHz, DMSO) & (ppm): 160.78 (H-C=N imine),
137.73-118.84 (Ar-CH), 21.55(CH3); Dept-90 (75 MHz, DMSO) ¢ (ppm);
137.73-118.84 (Ar—-CH), 160.78 (H-C=N imine); Molar mass: 318.14; Yield:
(76.80%); Color: yellow; m.pt: 180-182 °C.

Synthesis of 3-[(5-floro-benzothiazol-2-ylimino)-methyl]-naphthalen-2-ol (HL;)

The ligand HL, was synthesized according to methods reported in the literature
[27, 33]. About 1.5 g (8.9 mmol) of 2-amino-6-florobenzothiazole was added to a
stirring solution of 1.54 g (8.9 mmol) of 2-hydroxynaphthaldehyde dissolved in
20 mL ethanol. Few drops of acetic acid were then added and the solution was
refluxed for 3 h. The resultant orange coloured precipitates were filtered, dried, and
stored over silica gel.

CHNS (C;gH;;N,OSF) Calcd: C, 67.06; H, 3.45; N, 8.69; S, 9.95. Found: C,
67.08; H, 3.47; N, 871; S, 9.97; Electronic spectra (kK): 30.58, 36.50
(kK = 1000 cm™"); IR(KBr)v/em™': 3385 (str OH), 3061 (Ar—CH),1622 (str
C=N imine), 1601 (str C=N benzothiazole), 1566 (str C=C), 1250 (C-OH); 'H-
NMR (300 MHz, DMSO) ¢ (ppm): 14.325(s, H-C=N), 10.070(s, OH),
7.001-8.324(m, Ar—H). >*C-NMR (75 MHz, DMSO) 6 (ppm): 161.33 (H-C=N
imine), 139.14-107.52 (Ar-CH); Dept-90 (75 MHz, DMSO) ¢ (ppm);
139.14-107.52 (Ar—CH), 161.33 (H-C=N imine); Molar mass: 322.35; Yield:
74%;, Color: Orange; m. pt: 140-142 °C.

Syntheses of metal complexes

The metal complexes were synthesized according to reported procedures [32-34].
About 0.34 g (1.0 mmol) of 3-[(5-methyl-benzothiazol-2-ylimino)-methyl]-naph-
thalen-2-ol (HL;) was dissolved in 20 mL methanol and subsequently added
dropwise to an equimolar concentration of a metal(II) chloride salt in 10 mL of
methanol, while stirring and maintaining a 50 °C solution temperature. The
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resulting homogeneous solution was then buffered with triethylamine to a pH of 9
and refluxed for 3 h. The precipitates formed were filtered under vacuum, washed
with methanol and dried over silica gel. The same procedure was used in the
syntheses of metal complexes of 3-[(5-floro-benzothiazol-2-ylimino)-methyl]-
naphthalen-2-ol (HL,) (Scheme 1).

NiC,oH5N,>SO,CI (NiL,): CHNS, Calcd (%): C, 53.12; H, 3.53; N, 6.52; S,
7.46%. Found (%): C, 53.31; H, 3.55; N, 6.70; S, 7.45; Electronic spectra (crnfl):
37,450, 30,120, 22,990 (¢ = 220 L mol ' cm™'); IR(KBr) v/cm™": 3333b (str OH),
3057 m (Ar—CH), 2920 m (Aldehydic C-H), 1618(str C=N imine), 1603 (str C=N
benzothizole), 1578 s, 1541 s (str C=C), 1248 s (C-OH), 457 m (M-0), 517(M-N);
Conductance (Q*1 cm? molfl):16.80; Uegr (B.M): 4.29; Molar mass: 429.61; yield:
47%; Colour: Red; M.pt: 240 °C; %Ni, Calc.(Anal), 13.67(13.69).

CuC;9H;sN>,SO,Cl (CuL,): CHNS, Calcd (%): C, 52.52; H, 3.49; N, 6.45; S,
7.38%. Found (%): C, 52.57; H, 3.51; N, 6.70; S, 7.40%; Electronic spectra (cm_l):
29,560, 37,760, 23,700, 9600 (¢ = 180 L mol~' em™"); IR(KBr) v/em™": 3511b (str
OH), 3055 m (Ar—CH), 2938 m (Aldehydic C-H), 1616(str C=N imine), 1601 (str
C=N benzothizole), 1576 s, 1541 s (str C=C), 1252 s (C-OH),459 m (M-0), 527(M-
N); Conductance ((Tl cm? molfl):19.0; Ueer (B.M): 1.92; Molar mass: 434.47; yield:
87%; Colour: Brown; M.pt: 201-202 °C; %Cu, Calc.(Anal), 14.62(14.64).

CuC36H26N4S,05F, (Cul,): CHNS, Calcd (%): C, 56.82; H, 3.45; N, 7.37; S,
8.43%. Found (%): C, 56.87; H, 3.49; N, 7.40; S, 8.45%; Electronic spectra (cm_l):
36,760, 23,700, 9560 (¢ = 198 L mol~! ecm™!); IR(KBr) v/cm™': 3432b (str OH),
3057 m (Ar-CH), 2938 m (Aldehydic C-H), 1618(str C=N imine), 1601 (str C=N
benzothizole), 1570 s, 1541 s (str C=C), 1252 s (C-OH), 467 m (M-0), 527(M-N);
Conductance (Q~!' cm? mol™1):20.10; Lerr (B.M): 1.87; Molar mass: 760.33; yield:
80%; Colour: Brown; M.pt: 156 °C; %Cu, Calc.(Anal), 8.35(8.37).

NiC,;gH,N>SO,FCI (NiL,): CHNS, Calcd (%): C, 49.86; H, 2.80; N, 6.46; S,
7.39%. Found (%): C, 49.90; H, 2.87; N, 6.50; S, 7.40%. Electronic spectra (crnfl):
36,760, 22,940, 18,080 and 15,220(¢ = 200 L mol™! cm™!); IR(KBr) v/em "
3385b (str OH), 3048 m (Ar—CH), 2922 m (Aldehydic C-H), 1620(str C=N imine),
1603 (str C=N benzothizole), 1578 s, 1541 s (str C=C), 1252 s (C-OH), 457 m (M-
0), 516 (M=N); Conductance (Q~' cm? mol™"):11.45; perr (B.M): 3.90; Molar
mass: 433.55; yield: 60%; Colour: Red; M.pt: 250 °C; %Ni, Calc.(Anal),
13.54(13.55).

Computational details

Geometries of the ligands and metal complexes were fully optimized in vacuo
without symmetry constraint. Density functional theory (DFT) method was adopted
and the calculations were carried out using the Beckethree-Parameter hybrid
functional combined with the Lee—Yang—Parr correlation functional (B3LYP)
[35, 36]. The B3LYP is considered one of the most popular and accurate DFT
functionals [37]. It has been reported to produce good results at tolerable
computational time for geometry optimization of some transition metal complexes
[38—41]. The double-zeta polarized basis, 6-31+G(d,p) that places diffuse functions
and d-type polarization functions on non-hydrogenic atoms, and p-type polarization
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Scheme 1 Formation of metal complexes of 3-[(5-methyl-benzothiazol-2-ylimino)-methyl]-naphthalen-
2-ol (HL;) and 3-[(5-floro-benzothiazol-2-ylimino)-methyl]-naphthalen-2-ol (HL,)

functions on hydrogenic atoms was used for the non-metallic atoms. The metal
atoms/ions were described by the LANL2DZ relativistic pseudopotential, which has
proven dependable for quantum chemical calculations on several transition metal
complexes [40-50].

All the calculations were carried out with the aid of Gaussian 09 software suite
[51]. The optimized structures were confirmed to correspond to their respective
ground state energy minima by the absence of imaginary frequency in the calculated
vibrational spectra.

The formation of metal complexes was assumed to proceed via the general
equation:

M*" + L = M — Leomplex (1)
where M?" is the divalent metal ion, L represents the ligand(s), and M—Lcompiex 18

the metal-ligand complex.
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The reaction energy (AE) was calculated using the general equation:
AE = EM—LCOmp]eX - |:EM2+ + ZELigands:| (2)

where Emv-_1,,., 1S the energy of the metal complex, Eyiganq is the energy of the
ligand, and E3; is the energy of the metal ion.

Biological studies
DPPH free-radical scavenging assay

2,2-Diphenyl-1-picrylhydrazyl (DPPH) is a stable free radical that has been widely
used as a tool to estimate the free-radical scavenging ability of antioxidants. The
reduction capacity of the DPPH radicals was determined by the decrease in its UV—
vis absorbance which is induced by the presence of antioxidants, according to
reported methods [52] with a few modifications. In the assay, the reacting mixtures
consists of 0.4 mL of the test compounds (ligands and their metal complexes) or the
standard drug (acetic acid) diluted to different concentrations (50, 100, and
200 pg mL™") and 2.6 mL of a 0.025 g L™' DPPH in DMSO. The mixture was
vigorously shaken and left to stand at room temperature in the dark for 30 min. The
absorbance was measured at 517 nm against a blank solution of DMSO [52]. The
experiment was conducted in triplicate and the ability of the compounds to scavenge
the DPPH radical was calculated using the following formula:

Ao - A.v

0

DPPH scavenging effect % = x 100

A,, 1s the absorbance of the control at 30 min; A, is the absorbance of the sample at
30 min.

Ferrous ion chelating ability studies

The ferrous ion-chelating ability of the compounds was determined by a standard
colorimetric method [53]. For this study, metal chelating activity of the compounds was
monitored by the decrease in absorbance of the Fe**—1,10-phenanthroline complex at
546 nm. Briefly, 0.4 mL of samples (50200 pg mL™', in methanol) was added to
FeSO4 7H,O solution (1 mL, 400 pM). To initiate the reaction, 1 mL of 1,10-
phenantrolin (5.0 mmol L', in methanol) was added to the solution. The mixture was
vigorously shaken and kept at room temperature for 15 min. The absorbance of the
resulting mixture was read at 546 nm. The control solution contained 2 mL of methanol
with 1 mL of 1,10-phenantroline (50 mgin 100 mL of methanol) and 1 mL FeSO,4-7H,O
(400 uM). Ascorbic acid was used as the standard drug [54]. The experiment was
conducted in triplicate and percentage ferrous ion-chelating ability was expressed as:

Ay
% scavenging inhibition = (AC —A—) % 100

A, is the absorbance of control reaction, and A is the absorbance of sample.
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Antibacterial assay (agar well diffusion method)

The assay was carried out on the ligands and their metal (II) complexes in vitro
using literature procedures [33]. The bacterial strains used in this work were
identified clinical strains of Gram-negative bacteria (K. oxytoca, P. aeruginosa,
E. coli) and Gram-positive bacteria (B. cereus and S. aureus) obtained from
University College Hospital, Ibadan, Nigeria. The choice of bacterial strains were
due to their clinical and pharmacological importance. The bacterial organisms were
activated from nutrient slope and grown in nutrient broth at 37 °C for 24 h, after
which the surfaces of Petri dishes were uniformly inoculated with 0.2 mL of 24-h-
old test of 0.5 McFarland bacterial culture. Using a sterile cork borer, 6 mm wells
were bored into the agar and 10 mg mL ™" solution of each test compound in DMSO
was introduced to the well. The plates were thereafter allowed to stand on the bench
for 30 min before incubation at 37 °C for 24 h, after which the inhibitory zone (in
mm) was taken as a measure of their antibacterial activities. The antibacterial
analysis was done in duplicates.

Statistical analysis

The biological applications results were given as mean + S.D. of the two (for the
antibacterial study) or three (for the antioxidant studies) parallel measurements.
Analysis of variance was performed by reported procedures using SPSS 10.5
software. Significant differences between means were determined by Tukey’s HSD
tests. p values of <0.05 were regarded as significant.

Results and discussion

The synthesized Schiff bases and metal complexes were found to be stable on
exposure to air and were soluble in only coordinating solvents like DMF and
DMSO. All efforts to grow crystals of the complexes were abortive; however, other
experimental methods used to predict the geometry of complexes in the absence of
crystals were adhered to [55-57].

Elemental analysis and molar conductivity measurements

The results of elemental analysis for the metal complexes were in good agreement
with the calculated values showing that the complexes have 1:1 metal-ligand
stoichiometric ratio for [NiL;CIH,O] [CuLCIH,0O] [NiL,CIH,O] complexes and
2:1 metal-ligand stoichiometric ratio for [Cu(L;),]3H,O complex. The analytical
data were in good agreement with the proposed molecular formula of the ligands
and complexes. The molar conductivities of the complexes in 107° M DMSO
solution at room temperature were measured. The low molar conductivity values
(11.45-20.10 Q" cm? mol™") of the complexes supported their non-electrolytic
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nature since 1:1 electrolytes in DMSO are expected to have values above 25
Q' em® mol ' [35, 58].

Magnetic measurements

The magnetic susceptibility of all the synthesized complexes was measured in solid
state at room temperature. The occurrences of high spin (d®) nickel(Il) centres were
confirmed by the magnetic moment values of 4.29 B.M for NiL; and 3.90 B.M for
NiL,. Magnetic moments of nickel complexes in a cubic field falls between 2.8 and
4.2 B.M. Deviation from spin only magnetic moment of 2.83 B.M is attributed to
orbital contribution to the magnetic moment, which depends very much on
stereochemistry [41]. Octahedral Ni(II) complexes have magnetic moments between
2.9 and 3.3 B.M according to the literature. Generally, square planar complexes are
diamagnetic, while tetrahedral complexes have moments in the range 3.2-4.1 B.M
[31, 41]. The nickel(I) complexes (NiL; and NiL,) were assigned slightly distorted
tetrahedral geometries. The magnetic moments of CulL; and CuL, complexes were
1.92 B.M and 1.87 B.M, respectively. According to literature, mononuclear Cu(II)
complexes have magnetic moment range of 1.9-2.20 B.M [59]. The Cu(Il)
complexes were assigned mononuclear four coordinate complexes.

Infrared spectra

The IR spectra of the complexes were compared to those of free ligands (HL; and
HL,) in order to determine the coordination sites that may be involved in complex
formation. The important spectral features of the ligands involved strong
absorption band around 1620 em~ ! for HL, and 1622 cm™! for HL, , which
were assigned to C=N (azomethine nitrogen) stretching vibration, confirming the
formation of Schiff bases [28, 33]. This band was seen at lower frequencies in the
spectra of the complexes indicating participation of the azomethine nitrogen of the
ligands in coordination to the metal ions [60]. The infrared spectra of the ligands
showed broad bands around 3385-3397 cm™' due to O-H stretching vibrations.
However the absence of this feature in the spectra of the complexes revealed the
presence of deprotonated phenolic oxygen and its involvement in coordination
with the metal ions. Furthermore, a shift to lower wavelengths (in the ranges of
02-20 cm™") for the C-O stretching vibration frequency in the spectra of the
complexes compared to the spectra of the ligands gave further credence to the
previous notion [61, 62]. The bands around 2922-3061 cm™ ! in the spectra of the
complexes and Schiff bases were assigned to aromatic and aliphatic C-H
stretching vibration of the Schiff bases. Additional weak bands were observed in
the infrared spectra of all the complexes in the range of 516-527 and
457-467 cm™' and were assigned to M-N and M-O [M = nickel(Il) or
copper(Il)] stretching vibration, respectively. Conclusively, the results of the IR
spectra of the compounds showed that the Schiff bases were coordinated in a
bidentate fashion through azomethine (C=N) nitrogen and phenolic oxygen to the
nickel and copper metal ions in the complexes.
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Electronic spectra

The UV-visible spectra of the ligands were recorded in DMSO and they exhibited
two bands in the region 30,581-30,675 and 36,496-36,765 cm~! due to n—m* and
n—n* transitions, respectively [63]. The bands were shifted to a lower energy in the
spectra of the complexes due to coordination of the ligand to the metal ions.
Additional bands around 18,080—18,100 and 22,900-22,940 cm ™! were observed in
the spectra of the nickel(II) complexes (NiL; and NilL,) and were assigned to
2T1(F) - 2T](P) and 2TI(F) - 2A2 transitions, respectively. This was in agreement
with other reported nickel(I) complexes of tetrahedral geometry in literature [64].

Copper(Il) complexes of octahedral geometry are expected to show a single
broad band due to “Eg — *T,g transition. However, the existence of Jahn-Teller
effect due to asymmetrical filling of electrons into the “Eg set of d orbitals, causes
the splitting of “Eg and “T,g sets into *B,g, *A,g and *B,g, “Eg sets, respectively.
These splittings are usually observed in the spectra of copper complexes as two or
three absorption bands [65]. Hence, the electronic spectra of an octahedral
copper(Il) complexes may lie within one band or may resolve into two or three
absorption band components. However, tetrahedral copper(Il) complexes have less
pronounced Jahn-Teller effect since it is the T> set of orbitals that are
asymmetrically filled. Hence, one of its absorption bands is usually observed
below 10000 cm™'. Square planar copper(Il) complexes usually show two
absorption bands of high energy above 10000 cm™'. The appearance of an
absorption band below 10000 cm™' in the copper complexes (CuL; and CuL,),
gave credence to their tetrahedral geometric conformation. This was in agreement
with other reported copper(Il) complexes of tetrahedral geometry [41].

Quantum chemical studies

The quantum chemical studies were done to substantiate the assigned geometries to
the compounds in the absence of single X-ray crystals and to obtain other electronic
and geometric parameters, which may arise due to change in the substituent group
on the benzothiazole unit of the ligands from methyl (in HL,) to fluro (in HL,). The
optimized structures of the ligands and metal complexes were shown in Fig. 1.
Selected bond lengths (in A) around the coordination sites were labeled in the
structures. The full geometry parameters are available upon request. The ligands
adopted planar geometries but the metal-ligand bonds were not coplanar. The
metal-ligand bond lengths in the optimized structures (Fig. 1) were in close
agreement with reported values for similar bonds in the literature [66-68]. A
comparison of the optimized structures of NiL; and NiL, complexes revealed that
the metal-ligand bond lengths were not significantly affected by the change in the
substituent group on the benzothiazole unit of the ligands from methyl (in HL;) to
fluoro (in HL,). This suggests that the electronic effect associated with change in the
substituent group was not extended to the coordination sites because the methyl and
fluoro groups were not close to the sites. For the Ni(Il) and Cu(Il) complexes of
HL,, Ni-ligand bonds was generally slightly shorter than their corresponding Cu-
ligand bond. This may be due to a longer covalent radius of Cu®" ion compared to
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Fig. 1 Optimized structures of the metal complexes showing selected bond lengths in A

Ni** jon. As a result, prediction of relative bond strengths of Ni-ligand and Cu-
ligand based on these bond lengths may be subjective [69].

Furthermore, experimental results revealed that CulL, contained Cu(Il) ion and
the ligand, HL, , in a ratio of 1:2, hence, its parameters could not be compared
absolutely with those of the other complexes. The lowest energy conformers in
NiL,, NiL, , and CuL, corresponded to the structures that allowed the formation of
H-bond between the coordinated water molecule and the nitrogen of the thiazole.
The formation of this H-bond afforded a six-sided ring in each molecule, which
promised to enhance the stability of the molecules. The H-bond in NiL; (1.579 A)
was relatively stronger than that of CuL, (1.616 10\). The same H-bond was 1.593 A
long in NiL,, suggesting a relatively weaker bond compared to NiL;.

The frontier molecular orbital (FMO) electron density distributions of the
complexes were shown in Fig. 2. The highest occupied molecular orbitals
(HOMOs) revealed the sites of the molecule that are most likely to donate
electrons to the appropriate orbitals of an electron-deficient species, while the
lowest occupied molecular orbitals (LUMOs) represented the sites of the molecule
that are most likely to accept electrons from suitable occupied orbitals of an
electron-rich species [70]. All the studied complexes exhibit similar HOMO and
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Fig. 2 HOMO and LUMO electron density isosurfaces of the metal complexes and spin density
distributions of CuL; and CuL,

LUMO electron density distributions. In all the metal complexes, the HOMOs were
essentially distributed over the iminomethylnaphthalen-2-ol unit and extended to the
chlorine and water ligands, and also the central metal in each case. The
benzothiazole unit of the ligand was not involved in the HOMO electron density
surface of the complexes. This suggests that prospective donor—acceptor n—m
interactions that are driven by charge donations from the metal complexes to
biological systems will be more favourable through the iminomethylnaphthalen-2-ol
unit. In all the complexes, the LUMOs were delocalized over the entire organic
ligand unit. The chlorine and water ligands were not involved in the LUMOs of
NiL;, NiL, , and CuL,. The central Cu atom was also excluded in the LUMO of
CuL, and CuL,. The methyl and fluoro substituents on the benzothiazole units of
HL, and HL, , respectively, did not participate in the FMO electron density
distributions.

The spin density distributions for Cu(Il) complexes were shown in Fig. 2. Some
fractions of the total spin resulting from the singly occupied molecular orbital of
Cu(Il) ion were delocalized to the ligands. In the case of CuL,, the CI atom, water
molecule and the iminomethylnaphthalen-2-ol unit of the organic ligand witness
some fractions of the resulting spin from the central Cu(Il) ion. The delocalization
of the spin density in CuL; was not extended to the benzothiazole unit. The spin
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density in Cul, was mostly concentrated around the central Cu(Il) and the
coordinated N- and O-atoms of the ligands. Some C-atoms in the iminomethyl-
naphthalen-2-ol unit of the organic ligand also reflected a trace of the delocalized
spin density. The quantitative values of atom-by-atom participation in the spin
density distributions was estimated as reported in our previous paper [69]. These
values were reported as the percentage ratio of the square of the spin density on an
atom to the sum of squares of the spin densities on all atoms. For Cul,, the
percentage contributions of the atoms at the coordination sites of the ligands are
9.33% (CI atom), 6.19% (O-atom of the naphthalen-2-ol), 1.20% (O-atom of the
water), and 0.86% (N-atom of the imino unit). The percentage of spin density
retained by the central Cu(Il) ion in CuL, is 80.79%. These observations suggested
that the Cu(I)-Cl bond has the highest covalent character. In CUL,, the N- and
O-atoms of the ligands received 1.344 and 4.216% of the total spin, respectively,
while the Cu(Il) ion retained 87.93% of the total spin. This suggested that the Cu—-O
bonds in Cul, exhibited more covalent character than the Cu—-N bonds. In the
overall, the metal-ligand bonds in CuL; appeared to be more covalent than those in
CulL,.

Some quantum chemically derived physical parameters of the complexes were
listed in Table 1. All the synthesized complexes except CuL, exhibited large dipole
moments, which promise to favour dipole—dipole interactions between the metal
complexes and active biological systems [71]. The trends of the HOMO and LUMO
energies (Egomo and Epymo , respectively) can be summarized as Cul, > CuL;
NiL; > NiL,. This implied that NiL; has better tendency of donating its HOMO
electrons to appropriate accepting specie than NiL,, while CuL, is more prospective
than CuL, in this regard. On the other hand, both CuL; and NiL, have higher
tendencies of accepting charges into their LUMO orbitals than their corresponding
CuL, and NiL , respectively. The HOMO-LUMO energy gap (AE} _p) is a measure
of relative stability of molecules. The results in Table 1 showed that NiL; and CuL;
were more stable than their corresponding NiL, and CuL,. This observation also
relates with the order of H-bond strengths of the complexes. That is, NiL; with
strongest H-bond is the most electronically stable. The reaction energies (AE) for
the formation of these complexes from their respective constituent ligands and metal
ions were listed in Table 1. The results showed that the formation of NilL; was
energetically more favourable than CuL,. The formation of Ni(II) complex of HL,;
was also energetically more feasible than that of HL,. The formation of CulL, was

Table 1 Dipole moment, FMO energies, and reaction energies for the formation of the metal complexes

Complex  AE¥ (kI mol™")  Euomo (€V)  Erumo (€V)  AE_y (eV)  Dipole moment

(Debye)
NiL, —1975.66 —5.45 -3.15 2.30 10.58
CuL, —1774.36 —5.59 —3.48 2.11 10.23
NiL, —1920.81 —5.58 —3.34 2.24 10.13
CuL, —910.83 —5.20 —3.11 2.09 1.43

¥ . . .
These energy values were corrected for zero-point energy contributions
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the least energetically favourable. The trend of the values of AE also correlated with
the relative strengths of H-bonds in the complexes.

The description of the bond strengths, and hence stability, of the complexes was
extended further by calculating the hyperconjugation interaction energies between
the filled and vacant orbitals in the systems. The natural bond orbital (NBO)
analyses were carried out using the default NBO construct in Gaussian 09. The
second order Fock matrix was solved for each system in order to evaluate the energy
associated with donor—acceptor interactions in the metal complexes. The second
order stabilization energy, E(2) is related to the weak departures from idealized
natural Lewis structure (NLS). It is a measure of the delocalization effects due to a
loss of occupancy from the localized NBO of the idealized NLS into an empty non-
Lewis orbital [69]. The higher the E(2) value the stronger the interactions and the
more stable the resulting bond. The E(2) associated with the delocalization from a
donor (i) to an acceptor (j) was calculated as [69, 72]:

(oilFloy)”

E(2) = AE; = —n; Ay (3)

& — &

where <o[|F |aj>2 or F 5 is the off diagonal Fock matrix element between the i and j

NBOs, ¢ and a ¢; are the energies of i and j NBOs, and »; is the occupancy or
population of the i (donor) NBO. The values of the E(2) and the orbital interactions
were listed in Table 2. The selected results in Table 2 were those that involved
interactions between the metallic orbitals and the orbitals of ligand atoms at the
coordination sites. Comparisons of similar orbital interactions in NiL; and CuL,
reflected that the magnitudes of the E(2) in the former were significantly higher.
This is in agreement with the deductions made from the H-bond strengths and
reaction energies of the complexes. The results for NiL; and NiL, were very close in
most cases, which again correlated with the observations from the geometries of the
molecules (vide supra Fig. 1). The E(2) values for the LP(1)N,—LP*(1)H, inter-
actions showed that result in H-bonding clearly revealed the trend of the strengths of
H-bonds in the systems, in conformity with the results in Fig. 1. The BD*(1)Cl-
M-—LP*(5)M interactions, i.e. the interactions between the out-of-phase anti-
bonding (BD*) orbital of CI-M bond and the unfilled valence shell non-bonding
(LP*) orbital of M were very strong in all the complexes. Based on the values of
E(2), the interactions between the lone pair (LP) orbitals of N and O atoms with the
LP* orbitals of Cu were not as strong as those in CuL; complex. This again sug-
gested stronger metal-ligand bond in CuL; than CuL, and the observation is in line
with the trend of AE and AE; _y values (Table 1) for the complexes.

Thermal studies

The TG analysis of the ligands and their respective metal complexes were carried
out in a temperature range of 25-800 °C and presented as supporting materials. The
HL, ligand exhibited a first estimated mass loss of 4.6% (calcd. 4.3%) at
116-184 °C, which could be attributed to the liberation of CHz; molecule. The
remaining part of the ligand then undergoes a huge decomposition in the
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Table 2 Second order perturbation theory analysis of Fock matrix in NBO basis**

H
AP Q*ﬁn
m

Donor Acceptor E?2) (k] mol™")

NiL,
LP(I)N, LP*(6)M 250.83
LP(2)0, LP*(5)M 215.43
LP(3)0, LP*(5)M 212.59
LP(1)Cl LP*(6)M 54.60
LP(3)Cl LP*(6)M 72.72
LP(2)0, LP*(5M 278.70
LP(2)0, LP*(7)M 132.93
LP(1)Ny, LP*(1)H, 326.23
BD*(1)CI-M LP*(5M 853.33

Cul,
LP(I)N, LP*(6)M 86.69
LP(2)0, LP*(5M 67.91
LP(3)0, LP*(5M -
LP(1)CI LP*(6)M 26.61
LP(3)Cl LP*(6)M 33.97
LP(2)0, LP*(5)M 101.42
LP(2)0, LP*(7)M 59.04
LP(1)Ny, LP*(1)H, 150.21
BD*(1)CI-M LP*(5M 302.38

NiL,
LP(I)N, LP*(6)M 248.86
LP(2)0, LP*(5)M 229.74
LP(3)0, LP*(5M 194.81
LP(1)Cl LP*(6)M 54.60
LP(3)Cl LP*(6)M 74.64
LP(2)0, LP*(5M 277.78
LP(2)0, LP*(7)M 133.51
LP(I)N, LP*(1)H, 308.57
BD*(1)CI-M LP*(5M 822.32

Culy¥
LP(I)N LP*(6)Cu 77.32
LP(I)N LP(8)Cu 48.12
LP(1)O LP*(6)Cu 77.24
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Table 2 continued

Donor Acceptor E2) (k] mol™h)
LP(2)O LP*(7)Cu 76.52
LP(3)O0 LP*(9)Cu 14.64

¥ H,, N,, N, O, and O, refer to the atoms as labelled in the 2D structure in this Table

¥¥ Interactions are listed only for the atoms at the coordination sites

temperature range of 198-528 °C, producing a carbonaceous residue. The HL,
ligand undergoes similar decomposition pattern, but with a more profound first stage
decomposition. The first step decomposition started at relatively low temperature of
85 °C and proceeded up to 196 °C. In this stage, approximately 2NHj3; molecules
were released (calc. 11.8%; found 10.6%). In the second stage, within 203-390 °C
temperature range, the remaining part of the ligand decomposed into carbonaceous
residue. The DTG curve showed the melting temperature for HL; and HL, at 187
and 192 °C, respectively.

The nickel complexes showed a broad and low weight loss in the temperature
range of 30-90 °C for NiL; and 31-146 °C for NiL, with peak temperatures at 64
and 76 °C, respectively. This could be ascribed to the release of solvent molecules.
However, both complexes showed peaks at approximately 168 °C due to the loss of
one molecule of coordinated water. In hydrated complexes, water could be held by
bonding to the metal ion or it may be held as lattice or crystal water. In the present
nickel complexes, the DTG curve showed that dehydration occurred at relatively
high temperature outside the range for lattice water. Hence, the water molecule
could be considered to be involved in bonding due to the high temperature
associated with this step [73]. The final step within the temperature range of
289-519 °C for NiL; and 242-543 °C for NiL, corresponded to the removal of the
organic part of the ligand leaving behind the metal and some carbonaceous residue.

The thermogram of the copper complexes showed different decomposition steps
from the nickel complexes. In CuL;, the first step of decomposition in the
temperature range of 138—167 °C and with an estimated mass loss of 4.38% (calcd.
4.00%) corresponded to the loss of coordinated water. The second step occurred in
the temperature range of 191-428 °C and involved two largely overlapping steps
which were ascribed to the removal of the organic part of the ligand leaving metal
and carbon and some carbonaceous residue. The overall weight loss amounts to
86.37% (calcd. 86.17%). The thermogram of CuL, showed a broad DTG peak in the
temperature range of 30—-109 °C, which corresponded to three molecules of water
(found/calcd. percentage mass loss: 7.6/7.1%). The second decomposition stage of
the complex involved two largely overlapping steps in the 120-254 °C range. The
DTG curves indicated that the decomposition can be resolved into two steps. The
first was with a peak maximum of 208 °C, and the second showed a peak maximum
at 222 °C, which was attributed to the decomposition of the organic ligand. Finally,
the third stage involved a broad decomposition step which was associated with
degradation of the previous residue to Cu and some carbonaceous residue.
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Biological studies
Antibacterial studies

The basic principle for the design of any antimicrobial active compound is to inhibit
the growth of causal microbes without any side effects on treatment. Antimicrobial
activity of the ligands, metal complexes, and a standard drug were screened against
Gram-positive and Gram-negative bacterial strains to verify the chance of detecting
antibiotic principles in the tested materials. The complexes showed significantly
enhanced antibacterial activities against the selected microbial strains in comparison
to the free ligand (Fig. 3). The complexes were found to inhibit growth of all the
tested bacterial strains at different variations in the order [Cul,] > [NiL;] > [-
NiL,] > [CuL,] for both Gram-negative and Gram-positive bacteria strains
(Table 3). Similarly, the antibacterial result showed that Cul, > CulL,; and
NiL; > NiL,, which was in agreement with the results obtained from dipole
moment calculations of the complexes. CuL, and NiL; complexes had larger dipole
moments as such have greater tendencies of donating electrons for a biomolecular
interaction compared to NiL, and CuL; complexes, hence antibacterial activity of
the complexes could be a result of interactions between the metal complexes and
cell membrane of the bacteria strains. This interaction could result in cell death or
increased lipophilicity of the complexes through the lipid membrane of the bacterial
strain. Generally, the complexes exhibited better antibacterial activity compared to
the ligands which could be explained on the basis of the overtone concept [74] and
chelation theory [75, 76].

The results of one way ANOVA carried out on the inhibitory values obtained
from the antibacterial screening of the compounds showed that p < 0.05 at 95%
confidence interval. Hence, the mean values were significantly different. This was
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Fig. 3 Histogram representation of antibacterial studies
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further substantiated by a post hoc analysis carried out with Tukey’s HSD test using
SPSS version 17.0.

Antioxidant studies
DPPH free radical scavenging activity

DPPH is a stable free radical, which can accept an electron or hydrogen radical and
in turn gets converted into a stable diamagnetic molecule. DPPH has a strong
absorption band at 517 nm due to the presence of odd electron in the molecule
[77, 78]. In the present study, the ability of the ligands HL,; and HL, and their
complexes, to act as hydrogen donor or electron donor towards the transformation of
DPPH into its reduced form was investigated. There were observable decrease in the
absorbance of the DPPH radical, which was accompanied by a colour change from
purple to yellow as the radical was scavenged by the ligands and their complexes
(Fig. 4).

The radical scavenging ability of the ligands could be due to the presence of
phenolic OH group. The dissociation energy of the OH bond is considered to be one
of the important parameters involved in the definition of the antioxidant potency of
phenolic derivatives. Compounds with lower dissociation energy for their OH bonds
tend to have better antioxidant properties compared to those with stronger
dissociation energy for their OH bonds. HL, had better antioxidant property
compared to HL, at all the concentrations tested. It was observed that Cu(Il)
complexes showed higher DPPH radical scavenging ability compared to the free
ligands and nickel(Il) complexes. From the results obtained, DPPH radical
scavenging ability of complexes decreased in the following order: Cul, > -
NiL; > CuL; > NiL, (p < 0.05). Interestingly, increase in the concentration of the
compounds caused a decrease in the DPPH radical scavenging ability. This could be
attributed to increase in the amount of chromophores present in the test solutions as
the concentration is increased, which in turn increases the absorption max of the
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solution. This occurrence is in order as most antioxidants are most effective at low
concentrations and could become pro-oxidants at high concentrations.

Ferrous chelating ability

Iron is known as the most important lipid pro-oxidant due to its high reactivity
among other transition metals. For example, ferrous ion (Fe*") can facilitate the
production of reactive oxygen species within living systems and therefore the ability
of substances to chelate Fe’* can be a valuable indication of its antioxidant
capability. Ferrous ion chelation is considered as one of the most important
antioxidant effects by retarding metal-catalyzed oxidation. The effective ferrous ion
chelators may also provide protection against oxidative damage to cells by
removing Fe?" that may later participate in O*~ generating Fenton type reactions as
shown below [79].

Fe’" + H,0, — Fe’™ + OH™ + 05~

Ferrozine or its methyl substituted compound (1,10-phenanthrolin) can quantita-
tively form complexes with Fe?" when reacted together giving a red coloured
solution. However, the intensity of the red colour of this complex decreases in the
presence of other chelating agents; therefore one can assume that the complex
formation is disrupted as a result of chelation. Hence, monitoring the intensity of the
colour of the solution allows us to estimate the metal chelating activity of the
coexisting chelators [80].

In this assay, the solution containing Fe*" jon and 1,10-phenanthrolin were
treated with the compounds (ligands and complexes), which have chelating activity
and are, therefore, capable of capturing ferrous ion, thus preventing the formation of
Fe-1,10-phen complex. As seen in Fig. 5, the ligands chelated with the Fe™ ion. At
concentrations of 50-200 pg, ferrous ion chelating ability of compounds decreased
in the following order: CulL, > CuL; > NiL, > NiL,; (p < 0.05). The results are
presented in Fig. 5.
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Fig. 5 Histogram representation of ferrous ions chelating ability of the compounds
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Conclusion

Two biologically active Schiff base ligands, HL; and HL,, and their metal
complexes have been synthesized and extensively characterised by the use of
spectroscopic, thermal and magnetic studies. The synthesized Schiff bases were
coordinated to Ni(II) and Cu(Il) metal ions through their imine nitrogen and
deprotonated phenolic oxygen in a bidentate fashion to give four set of complexes
with tetrahedral geometries of [CuL,CIH,O], [NiL,CIH,0], [NiL,CIH,O], and
[Cu(L,),]3H,0. Results of spectral and thermal studies of the complexes were
concordant with their formulation. The change in substituent group from methyl to
fluoro on the benzothiazole moiety had no significant effect on the electronic,
geometric, and magnetic properties of the complexes due to their distance from the
imine nitrogen. The quantum chemical calculations gave extensive information
about the optimised geometries of the complexes, their dipole moments, HOMO and
LUMO energy gap, reaction energies and hydrogen bond strengths. The complexes
were found to inhibit growth of all the tested bacterial strain and their antibacterial
activity have the order [Cul,] > [NiL;] > [NiL,] > [CuL,] for both Gram-negative
and Gram-positive bacterial strains. However, the fluoro substituted compounds
showed better antibacterial activity compared to the methyl substituted compounds.
The studied DPPH radical scavenging ability of complexes decreased in the
following order: CulL, > NiL; > CuL; > NiL,, while ferrous ion chelating ability
of samples decreased in the following order: Cul., > CulL; > NiL, > NiL;.
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