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Graphical Abstract:

Three new dimer complexes of copper (I1) and nickel (1) were designed and successfully synthesized
using the Schiff base ligands which was formed by the condensation of 2-aminothiophenol with 2-
methoxybenzaldehyde, 3-formylbenzonitrile and 3-bromo-2-hydroxy-5-nitrobenzaldehyde, respectively.
The main idea of this paper is the synthesis, characterization and catalytic activity of SOD-like metallic
complexes. All the synthesized metal complexes are found to be binuclear and confirmed by e emental
analyses, magnetic susceptibility measurements and ESR spectroscopy. The X-ray structures of the
Schiff base ligands showed that in the crystalline form the SH groups were oxidized to produce a
disulfide Schiff bases as a new double Schiff base ligands (Fig. 1(a) and 1(b).

@ (b)
Fig. 1(a) and 1(b).
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Abstract:

A series of new dimer complexes of copper (ll) amckel (II) were designed and synthesized using the
Schiff base ligands which was formed by the condeéois of 2-aminothiophenol with 2-
methoxybenzaldehyde, 3-formylbenzonitrile and 3atwe2-hydroxy-5-nitrobenzaldehyde, respectively. The
synthesized metallic complexesvere characterized by using different physicocltaimand spectroscopic
methods. The most plausible geometry for the l:@2ptexes appeared to be distorted square-planar or
tetrahedral environments. All the synthesized mesahplexes are found to be binuclear and confirimed
elemental analyses, magnetic susceptibility measemés and ESR spectroscopy. The Schiff base ligands
(HLYHL?H,L) were coordinated to the metal ions through tié¢SIBENN and for N, S donor atoms. In
order to prevent the oxidation of the thiol groupidg the formation of Schiff bases and its compgall of

the reactions were carried out under an inert giimere of argon. The X-ray structures of the Sdbéfée
ligands showed that in the crystalline form the @bBups were oxidized to produce a disulfide Schéses

as a new double Schiff base ligandS/lL’/H,L,). The L%, ligand is a bicyclic ring system of N, S-
containing heterocyclic. The crystal structureshef double Schiff bases were determined by singistal
X-ray diffraction. The molar conductivity values thfe complexes in DMSO implied the presence of non-
electrolyte species. The SOD-like activity of Sthohses and its complexes were investigated by NBT-
DMSO assay andCso values were evaluated heir biological properties have also been suldiEhese
complexes were also tested for their vitro antibacterial screening activities against threetdria
(Streptococcus aureus, Salmonella typhi, andEscherichia coli) comparing with the Schiff base ligands. Most
of the complexes have higher antibacterial acésithan those of the free Schiff basksble Schiff bases
and the control.

Keywords: Dimer copper (lI) and nickel (Il) complexes; 2-amirothiophenol moiety; crystal structures

of disulfide Schiff bases; catalytic SOD-like propeies; Antibacterialscreening activities
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1. Introduction

The thiazole units are found in many naturally edog compounds [1]. Benzothiazoles are used as
neuroprotectors [2] and antioxidants [3]. It cotsisf a five-membered 1, 3-thiazole ring fused toeazene
ring [4]. Metal complexes with 2-(2-methoxypheny@nzofljthiazole as N and S chelating ligands have
attracted considerable attention because of tm@rasting physicochemical properties and pronadince
biological and pharmacological activities [5-7].h8t bases are an important class of organic comgsu
[8]. This kind of ligands have significant importanin chemistry, especially in the development ciifs
base complexes because Schiff base ligands aretipdliecapable of forming stable complexes withtahe
ions[9]. Schiff base ligands with N and S donomagan their structures act as good chelating afgemhetal
ions [10]. The N and S atoms play a key role in ¢berdination of metals at the active sites of wasi
metallo-biomolecules. Coordination of such compaumdth metal ions, such as copper, nickel and iron
often enhance their biological activities [11, 13chiff base ligands have proven to be very effectn
constructing supramolecular architectures suchoasdmation polymers, double helixes and tripledages
[13]. These complexes have significant contributin the development of catalysis and enzymatic
reactions, magnetism, molecular architectures aateémals chemistry [13, 14]. Schiff base metal ctaxes
have been interest in coordination chemistry fornyngears due to their facile synthesis and wide
applications. Interest in coordination chemistrytradentate Schiff base ligands with O and Sdonating
sites have increased due to the capabilities whifg stable complexes of four, five or six cooated
[15,16] and have a broad range of antifungal [&r}ibacterial [18] anticancer [19] properti€articular
attention has been devoted to tridentate ONS dondBchiff base ligands containing 2-aminothiophenol
moiety because they can promote chelation and pralés extra stability to the metal centresn its 1:1
and/or 1:2 complexes. In all complexes, the Sdiafe ligands either behave as tridentate (ONS/3NN)

or bidentate-N, S donor ligands. The most plausgdemetry for the 1:2 complexes appeared to be a
distorted square planar (four coordinated) or teddaal.

Superoxide dismutase is an important antioxidant tocontrol the free radical reactions related to
superoxide generated in biological system [20However, its large molecule and short life spam vivo
limit its clinical use. Extensive studies have beenarried out to find the suitable SOD-mimics to
substitute it. In order to acts as SOD mimics, a ecapound should be non-toxic, stable, and easy to
reach its targets and retain high SOD activityin vivo. Synthetic transition metal complexes mimicking
superoxide dismutase, provide models for metalligime active sites and lend inside towards thegdest
new catalysis. Metal complexes with Schiff basarids behave as better catalysts for Cu, Zn-SODneszy
[21, 22]. This metalloenzyme is a dimeric proteiith two identical subunits each containing one (Qu

and Zn (Il). X-ray crystallographic studies [23Meashown that the Cu (II) and Zn (1l) ions existlistorted
[2]



square planar and tetrahedral coordination enviems) respectively. Superoxide dismutase (SOD) is
dedicated to keep the concentration of i® controlled low limits, thus protecting biologicmolecules from
oxidative damage [24]. Nickel containing superoxdiesmutase (Ni-SOD) has been isolated from several
Streptomyces species [25]. The enzymatic activitiieSOD [26] however is the same high level ad thfa
Cu, Zn-SOD of about £V’ S*per metal center. X-ray crystallographic studie [28] of Ni-SOD revealed

"in oxidized form as shown in

a square planar 4$:Ni" in reduced form and a square-pyramidaSMli
Schemel.The SODs disproportionate the toxic supEmadical anion (Q) to molecular oxygen (£) and
hydrogen peroxide (¥D,) of their redox active metal canters [29] suclCas Ni, Fe, Mn. All the SOD’s
including Cu, Zn-SOD and Mn-SOD in mammalian syseme-SOD and Ni-SOD in bacterial systems
employ the two steps Ping-Pon§ mechanisnwhich consist of two diffusion-controlled stepsshown in
Equation (1) and (2) , where ME is the redox actiestre of metalloenzymes capable of both oxidizand
reducing superoxide properties.

0, + [ME"-SOD] — O+ [ME'-SOD] (1)

O, + [ME'-SOD] + 2H —— H0,+ [ME"-SOD] (2)
In continuation of our previous wordn copper (II) and nickel(ll) Schiff base complexs [30], in this
article, we reported the syntheses, spectroscopitiaracterization and catalytic activity of SOD-like
metallic complexes based on imine ligands contairgn 2-aminothiophenol moiety which can be
considered as possible models of functional SOD mics. The Schiff bases and its metallic complexes
have been synthesized and tested and have showniaxidant SOD-like activity in vitro, while the
double Schiff base ligands did not exhibit the SORctivity. These complexes were also tested for thei
in vitro antibacterial screening activities against three &cteria (Streptococcus aureus, Salmonella typhi,
and Escherichia coli) comparing with the Schiff bases and double Schitbases. Most of the complexes
have higher antibacterial activities than those ofthe free Schiff bases, double Schiff bases and the
control. All the synthesized metal complexes are foundetdinuclear and confirmed by elemental analyses,
magnetic susceptibility measurements and ESR gizecipy. Very few Schiff bases with different stouret
have been synthesized and characterized as desudédds reported so f§81, 32]. The oxidized form of
Schiff bases was also characterized by single @rystay analysis. Several attempts were made veldp
the single crystal of the complexes but failed ttmehe insolubility of the complexes in common amnga
solvents. The SOD activities have been measuredjwdkaline DMSO as a source of superoxide radical

(O2) and NBT (nitro blue tetrazolium) as a{scavenger.
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2. Experimental
2.1 Materials used for synthesis

All chemicals were commercially available and weised as received. Reagents used for the physical

measurements were of spectroscopic grade and wedewithout further purification.
2.2.Syntheses

2.2.1. Synthesis of (Z)-2-(2-methoxybenzylideneamino) benzenethiol (HL®)

A solution of 2-methoxybenzaldehyde (10 mmol, 1)3f6g 20 mL of absolute ethanol at 60°C was slowly
added to a solution of 2-aminothiophenol(10 mma25g) in 20 mL of absolute ethanol at 60°C dmal t
mixture stirred for 6h at 60°C under the inert aspiwere of argon. After removal of the solvents, yibkow
precipitate was obtained and washed with methahbén, the product was dried in vacuo at room
temperature. The purity was checked by elementallysis. Isolated yield: 78%. M p.: ~92°@nal. Found

for C14H13NOS, HL! (%): C, 69.98; H, 4.59; N, 5.80. Calcd. (%): C, 701; H, 4.62; N, 5.81. FAB- mass
(m/z) Anal. : 241.06, Calcd. : 241

2.2.2Synthesis of 3-((2)-(2-mercaptophenylimino) methyl)-benzonitrile (HL ?)
2-aminothiophenol (10 mmol, 1.25g) and 3-formylbamitrile (10 mmol, 1.31g) were mixed and then tuse
together at 80°C under the inert atmosphere ofrargth constant stirring for 10h. The mixture wagn
cooled, and absolute ethanol (60mL) was addedniikeire was stirred for 15 min and then filteredl dhe
filtrate volume reduced to about 10mL and resulimghe formation of a green precipitate. The pitate
was decanted off and washed twice with methanal@&®{.). Then, the product was dried in vacuo atiroo
temperature and stored in a Ca@#siccator. The purity was checked by elementdlysisa Isolated yield:
75%. M p.: ~154°CAnal. Found for C14H10N2S, HL? (%): C, 70.56; H, 4.23; N, 11.76. Calcd. (%): C,
70.53; H, 4.25; N, 11.78. FAB- mass (m/z) Anal. 32.31, Calcd. : 238.
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2.2.3Synthesis of 2-((E)-(2-methoxyphenylamino) methyl)-6-bromo-4-nitrophaol (H,L)

This ligand was synthesized in the same mannéilasand HL 2, except that the 3-bromo-2-hydroxy-5-
nitrobenzaldehyde (10 mmol, 2.46g) was used in ROofmabsolute ethanol at 70°C and heated on a water
bath at 58°C. The filtrate volume reduced to abbmlL and resulting in the formation of a brown red
precipitate. The precipitate was decanted off armghed twice with diethyl ether (2x10mL). Then, the
product was dried in vacuo at room temperaturestoed in a CaGldesiccator. Its purity was checked by
elemental analysis. Isolated yield: 70%. M p.: ~*180Anal. Found for C;3HgBrN,03S, HL (%): C,
44.21; H, 2.57; N, 7.93. Calcd. (%): C, 44.23; H.28; N, 7.92. FAB- mass (m/z) Anal. : 353.19, Calcd
353.

2.2.4Synthesis of copper dimer complex [Cu, (L)-]** 1 and [Cu, (L?), (H20),] 2

To an ethanolic solution of Cu (OCOgRH,O (1.0 mmol, 0.199g) was added dropwise to a swiuti
(10mL) of HL* (2.0 mmol, 0.592 g) in the presence of triethylag(@0mmol, 40uL) as base. The reaction
mixture was heated with constant stirring on a whggh at 78C for 6-8h. The resulting dark green solution
was evaporated and the green precipitate produets vecovered from mother liquor which were filtere
washed with methanol and stored in a desiccator @&C}). Complex2 was synthesized in the same
manner as complek, except that the HL(2.0 mmol, 0.476 g) in the presence of triethykee(8.0mmol,
40uL) as base. Their purity was checked by eleahemtalysis. Isolated yield (65-68%). Anal. Fouod f
CogH24CWN20,.S,1 (%): C, 54.98; H, 3.95; N, 4.58. Calcd. (%): C,@% H, 3.97; N, 4.60.FAB- mass (m/z)
Anal.: 611.72, Calcd.: 612.Anal. .Anal. Found fosld, Cw, N4O2 S, 2(%): C, 52.73; H, 3.48; N, 8.79.
Calcd. (%): C, 52.76; H, 3.51; N, 8.82. FAB- masgz) Anal. : 636, Calcd. : 638.

2.2.5S5ynthesis of nickel dimer complex [Niz(L),] 3

The HL (2.0 mmol, 0.592 g) dissolved in ethanol (20 mh)the presence of triethylamine(3.0mmol, 40uL)
and was reacted with Ni (OAg#H20 (1.0 mmol, 0.249 g) in constant stirring aatlux(8C0°C). The dark
red solution was stirred during 5h. The resultiad solution was evaporated and the dark red ptatgp
product were recovered from mother liquor which evéitered, washed with methanol and stored in a
desiccator over Cagl This complex gives satisfactory elemental anslylsolated yield (60%). Anal.
Found for Gg Hi4 Bra N4 Niz OsS; 3 (%): C, 38.09; H, 1.72; N, 6.83 Calcd. (%): C, 38.H, 1.73; N, 6.82.
FAB- mass (m/z) Anal. : 819.74, Calcd. : 819.

2.3.Physical measurement

Elemental analyses (CHN) were performed on an Eiané/ario EL 11l Carlo Erba 1108 analyzer. FAB
mass spectra were recorded on a JEOL SX 102/DA B8GG33 spectrometer using xenon (6kV, 10mA) as the

FAB gas. The accelerating voltage was 10 kV andspeztra were recorded at room temperature (R wit
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m-nitro benzoyl alcohol as the matrix. Magnetic ceyibility measurements of powder samples of
complexes were made on a Gouy balance using a rgefitutetrathiocynato cobaltate (II) as calibragi
agent (<g:16.44><1C?c.g.s. units). All the experimental data were athed for diamagnetic were estimated
from Pascal table and temperature independent paraetism (TIP). The molar ion exchange was measured
using a systronics digital conductivity meter (TB@8) using a 1M solution in DMSO.UV-Vis spectra
were recorded at 25°C on a Thermo scientific UV-\isording spectrophotometer Evolution-3000 in tpar
cells. Fluorescence spectra were recorded at rommpdrature on a Horiba Scientific Fluoromax-4
spectrofluorometric in quartz cell. IR spectra wereorded in KBr medium on a Shimadzu IR AffiniyS
Fourier transform infrared spectrophotometer X-b&r@4 GHz). The ESR spectra were recorded with a
Varian E-line Century Series. ESR Spectrometerpgpd with a dual cavity and operating at X-banthef
100 kHz modulation frequency at room temperatuedracyanoethylene (TCNE) was used as field marker

(g=2.00277). The solution was deoxygenated by pgrgitrogen gas.
2.4. Scavenger measurements of superoxide radicals

The SOD- like activities of all the complexes wasgestigated by NBT-DMSO assay. The in vitro SOD
activity was measured using alkaline DMSO as acoaf superoxide radical ¢ and nitroblue tetrazolium
chloride (NBT) as (@) scavengef33]. In general, 400ul sample to be assayed was atdadsolution
containing 2.1 ml of 0.2 M potassium phosphate drutpH 8.6) and 1ml of 56 uM of alkaline DMSO
solution was added while string. The absorbance thexs monitored at 540 nm against a sample prepared
under similar condition except NaOH was absent MSD. A unit of superoxide dismutase (SOD) activity
is concentration of complex, which causes 50% itibib of alkaline DMSO mediated reduction of
nitrobluetetrazolium chloride (NBT).
2.5.Antibacterial activity

The invitro biological activity of the investigated Schiff bakgands and their metal complex&s3 were
tested against three bacte8aeptococcus aureus, Salmonella typhi andEscherichia coli by the paper disc
diffusion method34] using nutrient agar as the medium and chlorampbkagthe control. DMSO solvent
was used as positive control. Each of the complexaes dissolved in DMSO and the solutions of différe
concentrations (10-30mM) were prepared separafélg.liquid medium containing the bacterial subaau
was autoclaved for 20 min at 121°C and at 15 Issaree before inoculation. The bacteria were thétured

for 24h at 36°C in an incubator. Nutrient agar wasired into a plate and allowed to solidify. Thette
compounds (DMSO solutions) were added drop wisa i® mm diameter filter paper disc placed at the

center of each agar plate. The plates were theinat&C for 1 h then transferred to an incubataimtained

[6]



at 36°C. The width of the growth inhibition zon@and the disc was measured after 24 h incubatidrthé&

experiments were performed in triplicates.

2.6.Crystal structure determination

To unambiguous confirm the structure of double Sdiases,an X-ray are desired. Single crystal X-ray
diffraction data for double Schiff base ligands &vebllected at 293(2) and 296(2) K. The X-ray di¢tion
measurements of double Schiff bases were collectedCCD detector based diffractometer (SMART,
APEX-II) from Bruker-Nonius CAD-4/MACH, AXsand CrysalisPro, Oxford diffractometer using gréphi
monochromatized MKa radiation £=0.71073A) for the double Schiff bastesm a fine focus sealed tube
radiation source. The crystal orientation, celimement and intensity measurements were made tiseng
program CAD-4PC performingp-scan measurements. Multi-scan absorption cormestiwere applied
empirically to the intensity values {&= 0.7455 and {;,=0.6844 forl"s, Tma= 0.5615 and ,=0.4411 for
L2 and Tnae= 0.9295 and ,=0.9185 forH,L ) using the program SADABE5] or SCALE3 ABSPACK
algorithm within CRYSALISPRO. The crystal structsirevere solved by the direct or charge-flipping
methods using programs SHELXT, SIR 2[B6}, OLEX2 solve[37] or SUPERFLIH38] and refined by the
full- matrix least square procedure with SHELXLQ@RYSTALS .Geometrical analysis was performed using
SHELXL on F2 or CRYSTALS. All non- hydrogen atom®ne refined anisotropically. All the hydrogen
atoms were geometrically fixed and allowed to refimsing isotropic thermal parameters. The
crystallographic data of double Schiff base ligahdge been deposited with the Cambridge Crystaljagc
Data Centre as supplementary publication CCDC N686404, 1573259 and 1561750 fof,, L% and
H.L 4, respectively.

3. Results and discussion

3.1 Synthesis and characterization

The composition and molecular formulas of the thdieeer complexes with ONS/SNN &, S donor Schiff
base ligands were determined by elemental analy3ésge protocol used for the syntheses for tridentat
Schiff bases, double Schiff base ligands and ttiener complexed-3 was given in Scheme 2-4. The most
plausible geometry for the 1:2 complexes appeardxbtdistorted square-planar or tetrahedral enmsaris.
The isolated products were characterized by varphysicochemical and spectroscopic techniques. €Thes
complexes are non-electrolyte in nature.these metallic complexes, Schiff base ligands acted as a
chelating agent towards the metal ions as a traderigands via azomethine-N atoms, one oxygendgen
atoms and CuCu and NiNi metal centers were bridigetthe S atoms and thus facilitated the linkagewvof
units (Scheme2-4). Similar dimer copper (ll) anckel (1) complexes were reported by some otherkens

[39]. Furthermore, the SH groups of two Schiff bases’(HL%H,L), were oxidized to form double Schiff
[7]



bases during the formation of crystalline formhee &ir[40-42]. The suitable single crystals of double Schiff
base ligands were obtained by slow diffusion oftdieether into a concentrated solution of Schdkés in
DMF in the presence of Cu2H,0 and bases @C0Os, KsPOy, NaCO; and NaOH) after five days at room
temperature and its structure were determined bwyXerystallography, whereas suitable single ctysta
could not be grown for the metal complexes by déifeé methods. Although, a lot of Schiff bases with
different structures have been synthesized andactaaized, however, little attention has been gitethe
Schiff bases which include disulfide bonds. We als® surprising to get this new disulfide Schifisea
which are unique and there are some literaturen@nkind of crystal structure having disulfide bend0-
42]. As shown in Scheme 2-4, a tentative reaction pathwdor the formation of dimeric complexes 1-3
was proposed. The complexes are isolated as binuclear and econefirby elemental analyses, magnetic

susceptibility measurements, IR and ESR spectrgscop
3.2Molar conductivity and elemental analysis

The molar conductivity of the complexes (1%10) was measured in DMSO solution at room tempeeatu
The molar conductivity values of all complexes warehe range of 1.58-5.88'cnmol, indicating the
non-electrolyte nature of theseetallic complexes [43]. The elemental analyses of the ¢exep indicated
that the absence of counter ions in the formulae ©btained elemental analyses results were in good
agreement with those calculated for the suggestadula of Schiff base ligands and metal complexes.
complexesl-3, it has been observed that Schiff base ligantieeliehaves as tridentate (ONS/SNN) and/ or

bidentate-N, S donor ligands in the 1:2 complexes.

[8]
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3.3 Description of the molecular structures of double Schiff base ligands

The suitable single crystals of double Schiff blgands were obtained by slow diffusion of dietlegher
into a concentrated solution of Schiff bases in DMRhe presence of bases includingCiO;, KsPQOy,
NaCO; and NaOH and its structure were determined by yYXawystallography, whereas suitable single
crystals could not be grown for the metal complexgslifferent methods. The ORTEP structures of tub
Schiff bases are shown Kigs.1-3, respectively. Crystallographic data ammletular structure refinement
important inter atomic parameters are given in &dbl Selected bond angles and lengths for douliidfSc
base ligands were given in Table2. The 2-(2-methbepyl) benzafJthiazole ligand I ') was crystallized
in the centro-symmetric monoclinic system of thacgpgroup B/n a=7.3276(6)A, b=12.6798(11) A, c
=12.7253(11)Aq =90 , B=96.484 (2), y=90 and Z=4.Here, the Schiff base, 2-(2-methoxyphenyl)
benzofthiazole (L';) act as the bidentate N, S-donor ligand (Schemids an aromatic heterocyclic
compound with the chemical formula;&8::NOS [44]. It consists of a five-membered 1, 3-tbiazring
fused to a benzene ring. Its derivatives are usedadrganic chemistry for building polydentate hgk [1].

Furthermore, The 2-(2-methoxyphenyl) bemtifiazole ligand are bicyclic ring system and cdogt an
[11]



important class of compounds with profound intetesnedicinal/ industrial chemists as compoundsibga
the benzothiazolyl moiety[45]. To the best of omowledge, the application of 2-aminothiophenol toe
synthesis of 2-(2-methoxyphenyl) bendjtfiiazole ligand and its single crystal X-ray deteration crystal

is still rare [45].

The HL?2 was crystallized in the monoclinic system of the spagreup Q2c, a=14.8849(18) A,
b=8.3000(9) A, ¢ =19.664(2) Ay =90, B=100.625(9)y=90 and Z=4. The double Schiff baseL,
wascrystallized in the monoclinic system of the spgoeup P1, a=8.2685(12) A, b=11.7305(16) A, ¢
=14.4154(18) A,a =102.618(7), p=96.008(7),y=100.367(7) and Z=2. According to the crystal
structures (Fig. 2 and 3), these double Schiff bagere contained disulphide bomatramolecular S-

S bond in the Schiff base ligand was observedystaliine structure obtained by X-ray crystallogra@and
also its data was obtained by different spectrogecogthods. We are surprising to get this new doGolaff
base structures which is unique and there are dib@nature on this kind of crystal structures o$ulfide
Schiff bases [46]. The structural parameters wihiae shown in Tablel are in good agreement witkroth
reported similar compounds [46]. The packing chagof double Schiff base ligands were shown in.Bigs
6 along a-axis , respectively and this shows thatv tthe disulfide structure arranged donor sites.
Furthermore, the SH groups of two tridentate Sdbéfées were oxidized to form double Schiff basea as

new class of inorganic compounds with sulfur atg8cheme2-4).

3.41R spectral investigations

The Schiff base ligands were characterized by single crystal X-emalysis, FT-IR spectroscopy and
elemental analysis. In order to characterize thedibhg mode of the Schiff base ligands to the metain the
complexes, the IR spectrum of the free ligands e@wpared with the spectra of the metal complexes.
Analysis by FT-IR results in the transmittance $mein the infraredregion (400-4000ci) and register
bands or signals (Table 3). The IR spectrum of fBblaise ligands exhibits strong bands at 1581-162%c
which can be attributed to(C=N) stretching vibration. The IR spectrum for tihgands confirmed the
presence of imine and the absence of carbonyl amdeafunctional groups of the starting materials.
Furthermore, the IR spectra data confirms the doatidn of Schiff bases through azomethine-N te th
metal atoms by shifting thg C=N) stretching frequency of free Schiff base ida to the higher frequency
in the range of 1624-1632¢hin complexes. This shift to higher wavenumber mayaltiributed to the
increase in bond order of the carbon to the nitndgek [47]. The patrticipation of phenolic groupdeduced
by clarifying the effect of chelation on th¢C-O) stretching vibration. The shift w(C-O) of the phenolic
groups from 1512-1427c¢hin the free ligands to lower frequencies in thgioe of 1311-1122cfh for

[12]



complexes was observed , indicating the partiayoatif the oxygen atom of phenolic group in coortiora

to the metal ions[48].

Furthermore, the spectra of Schiff base ligandsvsdobroad bands in 3051-2994¢nmattributed to the
starching vibration of the O-H groups. The absewicthe vibration peaks of OH in all complexes exsib
that the OH groups is deprotonated and coordind®esi)]. The weak bands in the regions of 509-543cm
and 540-430cf, in the complexes may be assigned toud-O) and v(M-N), respectively[51]. Again,
v(C-S) in complexes shifted to higher frequenciesnfi721 to 740-790 ciy) which is evidence of the M-S
bond [52]. The bands in 1114-1465tmegions are due to the skeletal stretching vibnatif C=C backbone
in the benzene rings. Several weak bands obsenvétkiregion 3000-2700¢his most likely due to the
aromatic C-H groups. Also, in these compounds tmeroon bands at 750-753 ¢rwere assigned to the C-S
and S-S stretches [53]. The vibrational peak ok MChe IR spectrum of i is observed in 1597 and 1573
cm’. The IR spectra of Schiff base ligands ésdlimeric complexeswere shown in FigsZ-11.The IR data

of ligand showed that the Schiff bases was cootdth@ao the metal ions in a tridentate-ONS/ NNS or
bidentate-NS manner.The infrared spectra of ligaaus$ their complexes were agreed with the proposed

molecular structures.
3.5FAB-mass study

The FAB- mass (m/z) spectra suggested that theprémuclear complexds3 showed dimeric nature. The
Schiff base ligands and their copper (II) and nigkg complexes, provide strong evidence for tbariation
of these compounds and exhibits peaks at higheecular weights. Thus, mass spectra of tridentat&ffSc
base ligands (HYHL?H,L), double Schiff base ligands WL%/H,L,) and complexes1-3 showed the
highest mass peaks at obs. (calcd.): 241(241),2383(353(354), 485(486), 474(475), 701(704), 612§6
636(638) and 819(820), respectiveBome representative FAB-mass (m/z) spectra of meltialcomplexes

are presented in Figs. 12-14, respectively.

3.6 Electronic spectra, fluorescence features and magnetic moment studies

The magnetic susceptibility measurements for bearccomplexe4-3 were measured in the solid state. The
observed magnetic moments of these complexes é&eedjpse to the value expected for the other cofipe

and nickel (Il) complexes. The value of magneticrmeat at room temperature allows to suppose that the
complex1 and2 are built up by the antiferromagnetic coupledublear cluster (S=1 state) and that the
magnetism of complexd are due to the unpaired one-spin system (S=Y2 wiilld intermolecular
interactions. Complex and 2 are paramagnetic in solid state at room temperaasr expected from®d
electronic configuration of Cu (ll) ion. The bineer complext and2 has substantially reduced magnetic

moments 1.51 BM. fol and 1.48 B.M. for2, consistent with proposed dimeric structures, satigg the
[13]



possibility of spin-coupled system [54]. This beloavs ascribed to a paramagnetic species contitvio
antiferromagnetic ally coupled Cu (Il) ions. Thetiamromagnetic behavior occurs when two coppey (Il
coordination spheres connect at axial sites of sgoare planar units. As expected, room temperature
magnetic moments values of complegegiffer markedly from that of the complexand2. The observed

magnetic moment value of compl8&xvas 3.61 B.M., in agreement with an unpaired ome = %2) system.

The UV-Vis spectral data of tridentate Schiff bdgands and its complexds3 were recordedHig.15). The
electronic absorption spectrum provides reliablermation about the ligand arrangement in transiticetal
complexes. The electronic spectra of free tridenliglands exhibits absorption bands at 430-450 3t
390nm, which are assigned to thetransitions of the imine moiety and -t*transitions of phenyl rings,
respectively. The electronic spectrumlabf HL® exhibited three bands, 450,380 and 268nm, which Inea
assigned to d-d, n* and n -r*transitions, respectively. The electronic spedf& shows a broad band at
440nm due to d-d transition and at367nm which maylibe to ne* band of the imine. Compleg of HL'

has another band cantered at 272nm which is asktgmen*transitions of phenyl rings [55, 56]. Compl&x

of H,L shows bands at 450, 380 and 280 nm which maysbgred to d-d, m*, and n -n*transitions,
respectively. All these observations make us t@esgthe structure of these complexes.

Fluorescent properties (absorption and emissiorpguties) of tridentate Schiff base ligands and its
complexes were investigated at room temperatuEMSO (Fig. 16). The tridentate Schiff base ligands has
two absorption maxima; the first one is between-268nm and the second one is between 350-385nm. For
the first absorption maxima appeared in the sarg®me the second absorption maxima shifted to lower
wavelengths between 410-420nm, presumably duestacdmplete transfer of the electrons from the lkigan

to the metal ion. The extinction coefficients at ghorter absorption maxima are higher than thieaidn
coefficients at the longer absorption maxima faguafids and all the complexes. Complexes have one
emission band, which is between 410-480nm. Thedlkmence quantum efficiencies of the ligands aed th
complexes with a standard of quinine sulfate ingddahat the highest quantum yield values wereioéta

for all the tridentate Schiff base ligands compaceis complexes [57].

3.7ESR study

ESR is an ideal, complementary technique to studierials with unpaired electrons. Best evidencetier
proposed structures of the binuclear complexes sdneen the magnetic measurements and ESR spectra.
ESR spectra of binuclear compl&xand2 were recorded in polycrystalline state and alsbG8%DMSO and

at liquid nitrogen temperature (77K). The ESR spect1 and2 are shown ifFigs.17 and 18 Basic spectral
characteristics at both temperatures are the samheslightly better resolution at LNT. Conforminget

magnetic measurements, the polycrystalline ESRtispet both complexes showed the spectral featnfres

[14]



an antiferromagnetically coupled binuclear spedi@S:he AMs=+ ‘half filled ’ signals is observed at 1700G
, (i) AMs=%1 region shows two broad signals at -2960G arti0 32, -3080G and 3400 G , respectively ,and
is characteristics of isotropic spectral featuneerestingly, the EPR spectraband2 are similar. For each
complex spectral feature of RT and LNT was alsalamThe g= 2 signals for these complexes was broad
and nearly isotropic. This is suggestive of thensgpin interactions arising due to solid effect][S&he room
temperature polycrystalline ESR spectral @ind2 exhibits the usual shape line for mononuclear eoib)
complexes with g g->2.0023jndicating axial symmetry (4,7).

Both complexes exhibits twoeg (g= 2.058+0.003, g=2.268+0.001 with g= 1.68002+1 forl and g~
2.24610.001, g=2.268+0.001 with g= 1.5862+1 for2). It should be pointed out that these values areq
close to that of Cu, Zn-SODfg2.271, g=2.083) [59].The value of gsand the shape of the ESR signals of
the copper (II) complexes suggest square planardowdion around the Cu (ll) ions [60]. The positiv
contribution of the g: values over the free electron value (2.0023) irtdican increase in the covalency
between the ligands and the Cu (ll) ions in the glemes. The magnetic moment fband?2 are p« =1.51
and 1.48, respectively at room temperature. Thauleded |4 values of the magnetic moments may be due
to the antiferromagnetic interaction between the ékectrons in the two adjacent Cu (ll) ions. Sitioe g
and gvalues are closer to 2 angbgy, a tetragonal distortion around the Cu (ll) ionuggested. The trend
(9> 9>0¢(2.0023) shows that the unpaired electron is leedliin the ;az_yz orbital in the ground state of
Cu(ll) and spectra were characteristics of axiahsetry environments (g g-> 2.0023) , with an electronic
configuration 3d, electron spin S=1/2 and nuclear spin 1=3/2. Vakle of ¢>2.3 is characteristics of an
ionic environment and;g2.3 indicates a covalent environment in metaldaydonding. As observed in the
investigated spectra, compl&show g value < 2.3, which is a feature observed in cogfircomplexes
with covalent bonds [61,62]. The hyperfine couplaugstant fod and2 was 170G and 172G, respectively.
The exchange coupling interaction between twolQuofs is explained by the Hathaway expressid].[6

G = (g— 2.0023) / (g— 2.0023) 4) (

According to Hathaway, if the value G is greateartit (G> 4.0), the exchange interaction is nedkgib
whereas when the value of G is less than 4 (G<d4.@pnsiderable exchange coupling is present wlid s
complex. As observed in the spectra of comple@s G value was less than 4((3.37 foand 3.65for2),
indicating considerable exchange interaction is tamplex.

3.8 SOD-like activity

The SOD-like activities of tridentate Schiff basgahds and its complexds3 were investigated by NBT-
DMSO assay, and the catalytic activity towards dismmutation of superoxide ion was measured. Thg IC

value is considered the concentration equivaleon®unit of SOD activity. The coordination armttwiwo
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tridentate Schiff base ligands provide a stablé fiexible environment to that in the active sitgfsthe
native enzymes, insuring the stable existenceehttive enzyme and the stable existence of thelexes.

In this work, the SOD-like activities for the thréauclear complexes were measured. These complexes
exhibit effective catalytic activity towards thestdiutation of superoxide anions. The average sugipres
ratio against @ increases with increasing concentration in thegeaof the tested compounds. The SOD
activity data showed that complexés3 exhibited effective SOD activity, which is indicat of their
potential application as an antioxidant. Theglalues presented by complexes were compared wilierea
reported values for nickel (II) and copper (ll) 8tlbase complexes and Cu, Zn-SODs (determined by
different research groups) [64-70]he catalytic activity of Ni-SOD [25], however, &same high level as
that of Cu, Zn-SOD at about XML *)*S? per metal center [26].The representative graphvstmICs,data

of the SOD activity of tridentate Schiff base liganand compounds are presenteéigs.19 and 20. The
results (Table 4) indicated that the prepared camgas more efficient antioxidant than vitamin yieh is

the standard superoxide dismutase [69].

Interestingly, the double Schiff base ligands dat axhibit the SOD activity. Complek exhibits more
active scavenging effects against than HL' and complex2 of HL?and complex3 of H,L under the same
conditions. The scavenging effect of the complaray be ascribed to the chelating function of Sdba§e
with metal ions to achieve significant activity i@dical scavenging activity [70]. Schiff base coexpl-3
show lower 1G,, and exhibits higher SOD activity. Thesivalues for tridentate Schiff base ligands and its
complexesl-3 are 62, 59, 56, 44, 41, and g@ol dm?, respectively. The activities of these complexes a
similar to those of the other complexes [71, 72jeyl are among the most active model compoundsrbut a
somewhat less active than the native enzymel04imol dm?). The kinetic catalytic constant for
complexesl-3 were 3.75x1t) 5.52x1d and 4.12x1f{ML ™) 's?, respectively. Values of the catalytic rate
constant for superoxide disproportionation cleatipwed that these complexes can be used as sugeroxi
scavengers. The lgdata of SOD assay along with kinetic catalytic ¢ants of compoundsykcr =Knst
[NBT]/ ICso, where kgt (pH=7.8) =5.94x1tM'S'[73, 74] are listed in Table 4. Comparison afider of
metal complexes revealed that the geometry arour{tl)Montributes to modulate SOD activity, withto
being best suited to react with superoxide rad@al the basis of above results and early suggestadiytic
mechanism [75], a possible mechanism for catajpytocess is proposed as follows: First a superoaiden
(Oy) is attracted and bounded by M (1) ion with atlocdination sites. Second, a superoxide anios) (O
gives up its electron and form an oxygen molecartg then the electrically neutral oxygen molecakveés.

Third, another superoxide anion{Ois attracted and bounded by M (I) ion. Fourtre Huperoxide anion

[16]



(O2) will accept an electron from M (1) ion and twoopwns from the buffer solution, and then form #H

molecule. Finally, electrically neutral hydrogernrg@ade leaves, completing a catalytic cycle.
3.9Biological screening activity

Antibacterial activities were estimated by MIC (mag shown elsewhere [76]. The present complexes wer
tested for their invitro antibacterial activities against three bacteriairesiathree bacteri&reptococcus
aureus, Salmonella typhi and Escherichia coli comparing with tridentate Schiff base ligands. Thsults
(Table 5) of antibacterial activities of dimericnaplexes of together with the results of the Sché$es and
of the double Schiff bases as comparison are showk#igs.21 and 22 The Schiff bases shown a wide
spectrum of antibacterial activities against tret teganisms and especially, show effective aatwiagainst
E.coli. The double Schiff base ligands show modest dietsviagainst selected bacteri&réptococcus
aureus, Salmonella typhi and Escherichia coli). The free ligand Hia, which contain bicyclic ring system
with N, S donor atoms did not exhibit the growthte$t organism. The ligand'. did not show effective
antibacterial activities against selected testmiggas although the ligand contained no O atomse(tiate N
and S). Any chemotherapeutic agents reduce thetlgrofamicrobes by microbial or microstatic mechamis
The tested compounds3 show good antibacterial activity against micromigens. On comparing the
antibacterial activities of free Schiff base ligandlouble Schiff base ligands and metal compleXéth
these of standard bactericide, it was shown thaalne®mplexes had moderate activity as compared to
standard Chloramphenicol but all the complexes weoee active than tridentate Schiff base ligandd an
double Schiff base ligands. These complexes shdterbactivity than the known antibiotic with being
more active thar2 and 3. Complexesl and 2 have shown excellent antibacterial activity th&moli
comparable to that t8reptococcus aureus and Salmonella typhi. They inhibit the bacterial growth up to 15-
25% pgmit whereas other has poor antibacterial activity [7ifje higher inhibition zone of the metal
complexes than those of free tridentate Schiff asel double Schiff bases can be explaining basdtieo
Overtone’s concept and the Chelation theory[78,7¢cording to Overtone’s concept of cell permaghil
the lipid membrane that surrounds the cell favdhespassage of only lipid-soluble materials dugviich
liposolubility is an important factor which contsathe antibacterial activity. On chelation, thegpity of the
metal ion will be reduced to a greater extent duthé overlap of the ligand orbital and partialrgigof the
positive charge of the metal ion with donor groupgither, it increases the delocalizatiomadlectrons over
the whole chelating ring and enhances the lipoghjliof the complexes. This increased lipophilicity
enhances the penetration of the complexes intd hpembranes and blocking of the metal binding Sites
the enzymes of microorganisms. These complexesdissorb the respiration process of the cell angsth

block the synthesis of proteins which restrict¢Har growth of the microorganism [80, 81].
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Conclusion

In this paper, we reported syntheses, charactenzahdcatalytic activity of SOD-like metallic complexes

of copper (lI) and nickel (II) with three new Schiff base ligands containing 2-aminthioptemnoiety.
Elemental analyses showed that all metals reacitbdtwe ligands in a 1:2 molar ratio. The FAB- m&s$z)
spectra suggested that the present binuclear ceegile3 showed dimeric nature. The room temperature
polycrystalline ESR spectra @fand2 exhibits the usual shape line for mononuclear eofjd) complexes
with gp g>2.0023,indicating axial symmetry (8,%. The X-ray structures of the Schiff base ligands
showed that in the crystalline form the SH grougseaoxidized to produce a disulfide Schiff basea asw
double Schiff base ligands ‘YL %/H,L ). The Schiff bases shown a wide spectrum of actifsil activities
against the test organisms and especially, shogctefé activities againdt.coli. The double Schiff base
ligands show modest activities against selectedebat (Sreptococcus aureus, Salmonella typhi and
Escherichia coli). Most of the complexes have higher antibactewlvities than those of the free Schiff
bases and the control. These complexes show lowadogizal activity than the known antibiotic
chloramphenicol with complek being more active than compl@and3. Complex1 exhibits more active
scavenging effects against,@han HL* and complex2 of HL?and complex3 of H,L under the same
conditions. The double Schiff base ligands didendtibit the SOD activity
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Table 1Crystal data and structure refinement of ligands) (L?a) and HLa.

tb L°a HLa

Empirical formula GHi1NOS CosHisN4 S, CosH1sBro N, O S
Formula weight 241.30 474.58 702.35
Temperature (K) 293(2) 296(2) 296(2)
Wavelength (A) 0.71073 A 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic Tiinic
Space group P2 Cl2c P-1
Unit cell dimensions
a(R) 7.3276() 14.8849(18) A 8.2685(12) A
b (A) 12.6798)1A 8.3000(9) A 11.7305(16) A
c(A) 12.7253 4 19.664(2) A 14.4154(18) A
a® 90 90 102.618(7)
B0O) 96.484(2) 100.625(9) 96.008(7)
e 90 90 100.367(7)
Volume (&) 1174.78(17) 2387.7(5) 1327.0(3)
Deac (Mg/m) 1.364 1.320 1.758
Z 4 4 2
Absorption coefficient (mf711)0.256 0.247 3.262
F (000) 504 984 696
Crystal size (mm) 0.30 x 0.26.20 0.35x0.35x0.30 0.30 x 0.20 x 0.20
¢#Range for data collection (°) 2.275 - 25.000 2.11 -28.36 1.46 - 28.32
Limiting index -8<=h<=8 -19<=h<=19 -10<=h<=10

-15<=k<=15 -10<=k<=11 -15<=k<=14

-15<=I<=15 -24<=|<=26 -18<=I<=19

Reflections collected/unique {] 12602/2071 [0.0288] 12426 / 2797 [0.0596]10659%1 [0.0253]

25.00-100%
Semi-enyal

Completeness t6
Absorption correction

from equivalents
0.7455 and 0.6844 0.9295 and 0.9185

Max. and min. transmission
Refinement method Full-matr
least-squares

Data / restraints / parameters 2071/0/ 154

Goodness-of-fit on ?F

1.089
Final R indices [I>25(1)] R =0.0361,
wR2=0.0887
R indices (all data) 1 R0.0548,
wR2 =0.1061

Largest diff. peak and hole (e'.sa\o.198 and -0.191

28.36- 93.5 % 28.32-90.1 %

Semi-empirical Semi-empirical

from equivalents from equivalents
0.5615 and 0.4411

Full-matrix Full-matrix
least-squares least-squares
2797 /0/ 159 5951/0/365
1.112 0.836
1R 0.0655, R=0.0497
wR2=0.1434 wR2=0.1316
1R 0.0982, R; =0.1138
wR2 =0.16651750 R, =0.1750

0.692 and -0.334.887 and -0.881




Table 2. Selected bond lengths (A) and angleo(°jLi'b), (L?a) and HLa.

C(7)-N(1)
C(7)-C(8)

N(1)-C(7)-S(1)

N(1)-C(7)

C(14)-N(2)
C(7)-N(1)-C(6)

(L'b)

Bond length C(7)-S(1) 1.752(2)
C(13)-0(2) 1.361(2)

Bond angles N(1)-C(7)-C(8) 121.45(18)

(L°a)

Bond length  S(2)-S(2)#1 2.0349(15)
N(1)-C(6) 1.415(4)

Bond angles C(5)-S(2)-S(2)#1 104.74(10)

HolLa

Bond length  S(1)-S(2) 2.062(2)
C(5)-0(3) 1.305(6)

Bond angles C(18)-S(1)-S(2) 103.96(17)
C(7)-N(2)-C(8) 4.8(4)

C(7)-N(2)
C(19)-N(3)

9KE8(2)-S(1)
C(20)-N(3)-C(19)

1.301(3)
1.471(3)
115.23(16)

1.234(4)
1.133(5)
122.7(3)

1.289(6)
1.415(5)
103.91(17)
40(4)

Symmetry transformations used to generate eqnvatoms: #1 -x+2, y,-z+1/24).

Table 3. IR characteristic band frequencies fcof the Schiff base ligands and its metal compexe

Ligands/ v(C=N) | »(C-0) | v(C=C) | v(O-H) | v(M-N) |[v(M-O)|C-H |C-S |Ar-H
Compounds

HL? 1581 1157 1484 - - - 2910755 3051
HL? 1627 |- 1464 - - 2812 753 3032
H,L 1597 | 1230 1482 3390 - - 2855750 3045
1 1624 | 1136 1460 - 576 | 482 2918751 3047
2 1635 |- 1572 - 547 | 466 2890749 3045
3 1635 | 1222 1565 3385 552 | 485 287247 3029




Table 4.Superoxide dismutase activity of some cofpénickel (II) complexes.

S. N.| Metal complexes 16 Kwveer x1Of(ML 'St Reference
(umol dni®)
1.1 44 3.75 This work
2.12 41 5.52 This work
3.3 39 4.12 This work
4. | HL! 62 - This work
5. | HL? 59 - This work
6. | HoL 56 - This work
7.| CuCh.2H,0 0.910 - [70]
8. | Cu, Zn- SOD 0.15 - [69]
9. | Cu, Zn- SOD 0.03 - [69]
10. | Cu, Zn- SOD 0.0026 - [70]
11.| Cu, Zn- SOD 0.04 - [70]
12.| Vc 852 - [71]
13.| [Cu(Ly)] 42 7.86 [30]
14. | [Cu(L,)].DMF 45 8.50 [30]
15.| [(L) Cu (u-CHsCOOXCu(L)] | 8.26 9.50 [22]
16. | [(L) Cu (u-NO3),Cu(L)] 26 12.79 [22]
17.| [Cu(HL)2].(ClO.)2 63 5.28 [66]
18. | [Ni (HL) 2].NOs. ClO4. 0.5H0 | 106 3.14 [66]
19. | [Cu((u-CHsCOO)(L);].4H.,O | 37 8.99 [66]

®\NBT assay in the presence of alkaline DMSO: theemtispecies were evaluated in the
xanthine/xanthine oxidase system.

P|ICso was determined by employing xanthine/xanthine asé—mediated reduction of NBT.

“ICso was determined by measuring the inhibition ofgthetoreduction of NBT.

kwecewere calculated by K =pgr x [NBT]/ICso, knst (PH 7.8)= 5.94x1H(M L) 's? [73,74].



Table 5.Antibacterial activities of tridentate Sthiases and its metal complexes.

Complexes (mM) Diameter of inhibition zone (in mm)

Salmonella typhi Streptococcus aureus | E.Coli
HL*
10 5 0 7
20 14 9 17
30 16 18 19
HL?
10 10 7 12
20 13 10 15
30 15 14 19
HoL
10 0 4 8
20 10 15 14
30 15 19 22
1
10 11 8 12
20 14 15 22
30 28 24 32
2
10 9 7 16
20 21 13 24
30 23 31
3 22
10 13 9 18
20 14 16 25
30 31 21 33
Chloramphenicol
30 30 25 35
DMSO None None None

Note: Key to interpretation (10-30mM): less thammt®, inactive; 10-15mm, moderately active; above ihbm
highly active. DMSO (control) shows not clear inkidn zone.Estimated error: £1mM.



Fig.1.ORTEP structure of Schiff base (L'b) with 30% thermal ellipsoid and with atom numbering scheme.
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Fig.2.ORTEP structure of double Schiff base L%a with 50% thermal ellipsoid and with atom numbering
scheme.



Fig.3. ORTEP structure of double Schiff base HoLa with 50% thermal ellipsoid and with atom numbering
scheme.
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Fig.4.Perspective view of cell packing of Schiff base Lb along a-axis.

Fig.5.Perspective view of cell packing of Schiff base HL'a along a-axis.



Fig.6.Perspective view of cell packing of Schiff base HzLa along a-axis.
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Fig.17. ESR spectrum (RT) in 100% DMSO of the copper complex 1.
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Fig.18. ESR spectrum (RT) in 100% DMSO of the copper complex 2.
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