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Abstract
Two new substituted-thioimidophonate derivatives H1L1 (O,O0,O00,O000-diaryldithioimidophonates) and H1L2 (O,O0,O00,O000-tetra aryldithioi-
midophonates) were synthesized. These thioimidophonates are potential ligands towards transition metal ions. The reaction of M(II) acetates
(M(II)¼Mn(II), Co(II), Ni(II), Cu(II), and Zn(II)) with H1L1 and H1L2 resulted in the formation of solid complexes with the composition
(L1/L2)2M(II). These compounds were characterized through elemental analysis, electrical conductance, infrared, electronic spectra, nmr,
magnetic susceptibilities etc. Vibrational mode assignments of n(PN), n(PS), n(MS), phenyl and methyl group bands are made. Structural
and bonding changes are correlated with these vibrational frequencies. All the compounds were screened for their antibacterial and antifungal
properties and have exhibited potential activities with MIC (0.09e1.50 mg/ml).
� 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Compounds containing N, O, and S donor groups and their
metal complexes play a key role in understanding the coordi-
nation chemistry of transition metal ions [1e3]. This is due to
remarkable biological activities observed for these com-
pounds, which have since been shown to be related to their
metal complexing ability. These compounds present a great
variety of biological activities ranging from antitumor to fun-
gicide, bactericide, anti-inflammatory, and antiviral activities
[4e8]. Compared to the number of metal b-diketonate (and
other similar bidentate O-donor anions), relatively few struc-
tural examples of bidentate S donor analogues have been
reported [9,10]. Bidentate S-donor ligands such as dithioimi-
dophosphinate (R2XPNXPR2) where R ¼ CH3 or C6H5

and X ¼ S, O, or NH, were first synthesized by Schmidpeter
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et al [11e13]. Structure and bonding in dithioimidophosphi-
nate (L) ligands make them unique among sulfur donors in
several respects: (1) stereo chemical trends in M00L2 com-
plexes, M¼ first-row transition metal; (2) redox behavior of
metal and ligand in complex formation; and (3) nonrigidity
of chelate ring geometry. The four-coordinated geometry
about P atoms of ligand was expected to produce appropriate
puckering of six-membered chelate rings in M00L2 complexes
and so, possibly, induce tetrahedral and square planar geome-
tries about the central metal atom [14]. The potentialities of
tetra-alkyl substituted dithioimidophonates as powerful com-
plexing agents for zinc from aqueous solution with good selec-
tivity over iron [15] were recently recognized by Morley and
Bonford and co-workers. Similarly plenty of articles with
aryl substituted dithioimidophonates along with their applica-
tions have been reported [16,17]. It is well known that some
drugs have increased activity when administered as metal
complexes than as free organic compounds [18]. On the other
hand a large number of stability problems encountered with
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organic moiety would be avoided by the use of transition
metal complexes. A large number of reports are available on
the chemistry and the biocidal activities of transition metal
complexes containing O, N and S donor atoms. So far, the co-
ordination of sulfur with transition metals has been explored
more thoroughly than its coordination with nontransition
metals [19].

The various factors discussed above, particularly biological
activities of substituted transition metal complexes prompted
us to prepare new derivatives of thiophonates using a simple
and efficient method. The present communication reports the
synthesis and structural elucidation by various physico-
chemical methods of a series of compounds which were
then subjected to in vitro antibacterial and antifungal activities
against some pathogens.
2. Syntheses
2.1. Synthesis of chloride derivatives
of precursor compounds

2.1.1. Synthesis of chloride derivative
of precursor compound 1 (PC1-Cl)

A solution of (44 g, 0.4 mol) catechol and sodium hydrox-
ide solution (16.0 g, 0.4 mol in 24 mL water) was added into
80 mL benzene under vigorous stirring. Benzyl triethyl ammo-
nium chloride (BTAC) (1.2 mmol), a phase transfer catalyst
(PTC) was added to the reaction mixture and simultaneously
PSCl3 (34 g, 0.2 mol) was added dropwise from the additional
funnel over a period of 30 min. Stirring of the reaction mixture
was continued and progress of the reaction was monitored by
TLC. A separating funnel was used to separate the mixed or-
ganic phase followed by the addition of 100 ml water. The or-
ganic phase was washed with water until pH¼ 7, it was dried
over anhydrous Na2SO4 and evaporated. After evaporation of
the solvent, the residue was purified and recrystallized afford-
ing stable crystals (Scheme 1).

PC1-Cl: empirical formula C6H4O2SPCl, yield 71.0%, m.p.
64e65 �C. 1H NMR (300 MHz, DMSO, d) 7.12 (m, 4H, ArH).
FT-IR (KBr pellets nmax cm�1) 1600, 1560, 1185, 750. Anal.%
(found): C (34.87), H (1.96), S (15.49), Cl (17.15).
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Scheme 1. Synthesis of chloride derivatives, PC1-Cl and PC2-Cl.
2.1.2. Synthesis of chloride derivative
of precursor compound 2 (PC2-Cl)

The chloride derivative of PC2 was synthesized by the reac-
tion of bisphenol-A with PSCl3. Bisphenol-A (15.52 g,
0.4 mol) and NaOH (16.0 g, 0.4 mol in 24 ml water) solution
were added to 80 ml benzene under vigorous stirring, then
1.2 mmol BTAC was added into this reaction mixture with
dropwise addition of PSCl3 (3.4 g, 0.02 mol). Progress of the
reaction was monitored by thin layer chromatography
(TLC). This mixture was further treated in the same manner
as in Scheme 1.

PC2-Cl: empirical formula C15H14O2PSCl, yield 75%, m.p.
70e72 �C. 1H NMR (300 MHz, DMSO, d) 6.96e7.01 (m, 8H,
ArH), 1.63 (m, 6H, CH3). FT-IR (KBr pellets nmax cm�1)
3055, 2962e2850, 1425, 1600, 1560, 1185, 750. Anal.% C
(55.47), H (4.35), S (9.86), Cl (10.90).
2.2. Synthesis of ammine derivative
of precursor compounds

2.2.1. Synthesis of ammine derivative
of precursor compound 1 (PC1-NH2)

Ammonia solution (15 ml, 25%) was added into the solution
of PC1-Cl (O,O0-monoarylphosphorochloridothionate, 2.0 g) in
250 ml benzene and the temperature of the reaction was main-
tained below 40 �C for 2 h. The reaction mixture was cooled to
room temperature and the combined extract was washed with
water repeatedly to remove ammonium chloride and excess
of ammonia. The organic layer was separated, dried and
evaporated to give ammine derivative of precursor compound
1 (PC1-NH2), which was used directly for the next step
(Scheme 2).

PC1-NH2: white powder, empirical formula C6H6NO2PS,
yield 68%, m.p. 160e162 �C. 1H NMR (300 MHz, DMSO,
d) 7.06 (m, 4H, ArH), 3.40 (d, 2H, NH). FT-IR (KBr pellets
nmax cm�1) 3324e3235, 3060, 2960e2855, 1420, 1335,
1265, 750. Anal.% C (38.53), H (3.22), N (7.47), S (17.12).

2.2.2. Synthesis of ammine derivative
of precursor compound 2 (PC2-NH2)

Following the above procedure an ammonia solution was
added into the solution of PC2-Cl in a three-necked flask
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Scheme 2. Synthesis of ammine derivatives, PC1-NH2 and PC2-NH2.
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equipped with stirrer, stopper funnel, and condenser. Dry ben-
zene (250 ml) was added into this solution, while maintaining
the reaction temperature below 40 �C for 2 h. The byproduct,
ammonium salt was thoroughly washed with distilled water,
dried over anhydrous Na2SO4, and the solvent evaporated in
vacuum. The crude product PC2-NH2 was purified and recrys-
tallized with ethanol (Scheme 2).

PC2-NH2: white powder, empirical formula C15H16NO2PS,
yield 61%, m.p. 163e165 �C. 1H NMR (300 MHz, DMSO, d)
6.94e7.15 (m, 8H, ArH), 1.85 (m, 6H, CH3), 3.80 (d, NH2).
FT-IR (KBr pellets nmax cm�1) 3325e3230, 3050,
2962e2850, 1550, 1335, 1265. Anal.% C (59.00), H (5.29),
N (4.57), S (10.51).
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2.3. Synthesis of ligands, O,O0,O00,O000-di/tetra
aryldithioimidophonates (H1L1/H1L2)
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Scheme 3. Synthesis of ligand H1L1 and ligand H1L2.
NaH (sodium hydride) (5 g) in paraffin (80%) was slowly
added to a well-stirred solution of 0.1 mol of ammine deriva-
tive of precursor compounds (PC1-NH2/PC2-NH2) and 100 ml
anhydrous THF. Following refluxing for 2 h, the monosodium
salt of PC1-NH2/PC2-NH2 was formed. Then a solution of
chloride derivatives of precursor compounds (PC1-Cl/
PC2-Cl), 0.1 mol in 100 ml anhydrous THF was added drop-
wise to the above suspension and the mixture was refluxed
for another 6 h. Then the solvent was evaporated, the residue
was diluted with 200 ml benzene, and washed with dilute
hydrochloric acid (5%) and then water. The mixture was dried
over Na2SO4. The respective colored compounds were recrys-
tallized from ethanol and benzene (Scheme 3).

H1L1: light yellow, empirical formula C12H9O4NP2S2, yield
70%, m.p. 98e101 �C. Anal.% C (40.36), H (2.53), N (3.88),
S (17.98).

H1L2: yellow brown, empirical formula C30H29O4NP2S2,
yield 68%, m.p. 110e112 �C. Anal.% C (60.52), H (4.91),
N (2.34), S (10.76).
2.4. Synthesis of transition metal complexes
[(H1L1)2/(H1L2)2M(II)]
The metal complexes of H1L1/H2L2 ligands with transition
metal ions were prepared according to the earlier reported
method [20]. 0.02 mol of H1L1 (71.4 g)/H2L2 (23.80 g) was
dissolved in 50 ml THF. To this solution tetrahydrofuran solu-
tion of Ni(CH3COO)2$4H2O, 2.48 g (0.01 mol) was added
with continuous stirring. The color of the solution changed
and the pH was adjusted to 5e5.5. The turbid mixture was
stirred at 60 �C for 2 h, in order to obtain the fused product
of the metal complexes. The obtained precipitate was filtered,
washed with distilled water, ethanol and diethyl ether respec-
tively, and dried in vacuum oven. The metal complexes of
Mn(II), Co(II), Cu(II), and Zn(II) were synthesized by mixing
2.45, 2.49, 1.99 and 2.19 g of metal ions, respectively, with
ligands in 2:1 (ligand:metal) molar ratio by similar method
as mentioned above. The respective colored compounds
were filtered, washed and dried (Scheme 4).
(L1)2-Mn: light pink, empirical formula
C24H14O8N2P4S4Mn, yield 75%, m.p. 135d. Anal.% C
(37.58), H (1.85), N (3.65), S (16.72), M (7.16).

(L2)2-Mn: light pink, empirical formula
C60H56O8N2P4S4Mn, yield 76%, m.p. 167d. Anal.% C
(57.85), H (4.45), N (2.09), S (10.24), M (4.18).

(L1)2-Co: green, empirical formula C24H14O8N2P4S4Co,
yield 80%, m.p. 138d, Anal.% C (37.34), H (2.07), N (3.65),
S (16.60), M (7.64).

(L2)2-Co: dark green, empirical formula
C60H56O8N2P4S4Co, yield 78%, m.p. 138d, Anal.% C
(57.75), H (4.46), N (2.25), S (10.26), M (4.76).

(L1)2-Ni: olive green, empirical formula
C24H14O8N2P4S4Ni, yield 79%, m.p. 137d. Anal.% C
(37.35), H (2.07), N (3.65), S (16.60), M (7.66).

(L2)2-Ni: olive green, empirical formula
C60H56O8N2P4S4Ni, yield 75%, m.p. 165d. Anal.% C
(57.75), H (4.48), N (2.24), S (10.24), M (4.68).

(L1)2-Cu: dark brown, empirical formula
C24H14O8N2P4S4Cu, yield 76%, m.p. 165d. Anal.% C
(37.95), H (2.13), N (3.65), S (16.90), M (8.38).

(L2)2-Cu: dark brown, empirical formula
C60H56O8N2P4S4Cu, yield 75%, m.p. 168d. Anal.% C
(57.56), H (4.52), N (2.24), S (12.19), M (5.08).

(L1)2-Zn: white, empirical formula C24H14O8N2P4S4Zn,
yield 78%, m.p. 135d. Anal.% C (37.83), H (2.14), N (3.67),
S (16.82), M (8.57).
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(L2)2-Zn: white, empirical formula C60H56O8N2P4S4Zn,
yield 78%, m.p. 167d. Anal.% C (57.46), H (4.54), N (2.27),
S (10.30), M (5.08).

d¼ decomp. temp. (�C).
3. Experimental protocols
3.1. General remarks
PC1-ClþNH3 / PC1-NH2 PC2-ClþNH3 / PC2-NH2

PC1-Clþ PC1-NH2 / H1L1 PC2-Clþ PC2-NH2 / H1L2

H1L1þM(CH3COO)2 / (L1)2MþCH3COOH

H1L2þM(CH3COO)2 / (L2)2MþCH3COOH
All chemicals and solvents used were of reagent grade.
Solvents were dried and distilled before use according to the
standard procedure. Redistilled and deionised water was
used wherever it was needed.

Melting points were determined by open capillaries in
electrical melting point apparatus and are uncorrected.

Microanalysis of carbon, nitrogen and hydrogen was
carried out on a Perkin Elmer model-2400 elemental analyzer.

FT-IR spectra were recorded on a PerkineElmer FT-IR 621
spectrometer (4000e400 cm�1) using potassium bromide
pellets. Electronic spectra were recorded at room temperature
on a PerkineElmer Lambda EZ-201 UV/vis spectrophotome-
ter as solution in DMSO. 1H and 13C NMR spectra of the
ligand and its complex were recorded in DMSO-d6 on a Bruker
Spectrospin DPX-300 MHz NMR instrument at room temper-
ature using TMS as internal standard. Molar conductivity of
10�3 M solution of the solid complexes in DMSO was mea-
sured on a corning conductivity meter NY 14831 model
441. Magnetic moments were measured on vibrating sample
magnetometer (model 155) at USIC, Indian Institute of
Technology, Roorkee. 31P NMR spectra of the compounds
synthesized in the present study were recorded on
a 270 MHz spectrometer using DMSO as solvent and H3PO4

as an external standard.
In the present study, we have synthesized O,O0-

monoarylphosphorochloridothionate (PC1-Cl) and O,O0-
diarylphosphorochloridothionate (PC2-Cl) by the direct treat-
ment of thiophosphyl chloride (PSCl3) with catechol and
bisphenol-A, respectively, but surprisingly, PSCl3 does not
react with phenolic group even under forcing conditions. In
the presence of aluminum chloride, catechol and PSCl3 remain
unchanged after 2 h at reflux. But in the presence of NaOH or
triethylamine, as an acid acceptor PSCl3 reacts with equivalent
catechol and O,O0-monoarylphosphorochloridothionate
(PC1-Cl) is prepared in moderate yield. Furthermore, the for-
mation of byproducts such as diaryl derivatives [(ArO)2-

P(S)Cl2] and thiophosphates [(ArO)3P(S)] is difficult to
avoid. In an attempt to improve the yields of the reactions,
phase transfer catalysts (PTC) such as tetra butyl ammonium
bromide (TBAB) and benzyl triethyl ammonium chloride
(BTAC) have been used [21,22]. As expected, the yields of
PC1-Cl and PC2-Cl were enhanced up to about 80%. The chlo-
ride derivatives of PC1 and PC2 are crystalline solids soluble in
common organic solvents. The ammine derivatives of PC1 and
PC2 were synthesized by the reaction of ammonia with PC1-Cl
and PC2-Cl solutions. Ligands H1L1 and H1L2 (O,O0,O00,O000-
diaryldithioimidophonates/O,O0,O00,O000-tetra aryldithioimi-
dophonates) were synthesized by the reaction of ammine
derivatives of precursor compounds with chloro derivatives
in the presence of sodium hydride (NaH). All the metal com-
plexes are colored crystalline solids, the complexes of Mn(II),
Co(II), Ni(II), Cu(II) and Zn(II) are light pink, green, olive
green, dark brown and white, respectively, and insoluble in
common organic solvents. Formation of precursor compounds
and, subsequently, metal complexes can be summarized as
follows:
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4. Results and discussion
4.1. FT-IR study
Characteristic IR absorption frequencies with their assign-
ments of the ligands (H1L1 and H1L2) and their metal com-
plexes are given in Table 1. Medium weak bands in the
region 3150e3350 cm�1 and other medium bands at
1370 cm�1 were assigned to NH stretching in both ligands,
which are not present in the deprotonated complexes [23].
Therefore, the ligands are protonated in the same way at nitro-
gen, although sulfur, being more electronegative than nitrogen,
might preferably bind to H. p-Bonding capabilities of P]S vs
P]N may favor the former bond. In both the ligands two
bands are common in the regions 3045e3058 and
925e980 cm�1 and have been ascribed to the in-plane defor-
mation vibrations, due to aromatic C]C and PeNeP, respec-
tively [24]. The frequency of PeNeP band increases by about
300 cm�1, when the NH proton is removed. The PN bond
order can be understood from the figure given below. A broad
and very strong IR band at 1170e1230 cm�1 region in metal
complexes is assigned to P N P.
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In H1L2 ligand the presence of methyl group was confirmed
by the appearance of two strong bands at 2945e2940 and
2870e2860 cm�1 due to nCH symmetric and asymmetric
stretching vibrations [25] and a band at 1410 cm�1 due to
dCH2 bending mode. The same band was not found in the
spectrum of ligand H1L1. A very strong band in the region
795e1067 cm�1 has been attributed to P]S. Two new bands
at 650e680 and 515e525 cm�1 in the spectrum of complexes
are possible assignment for P S. All the metal complexes
exhibited around 70 cm�1 decrease in PeS frequencies upon
metal chelation. In the far-IR spectra of the complexes, addi-
tional bands in the 320e410 cm�1 region, as compared to the
ligands, are ascribable to the MeS stretching mode [26].
Table 1

IR spectral band assignments of the ligands and their metal complexes

Compounds Assignments (cm�1)

n(NeH) n(Ar-CH) eCH (sym.) (as

H1L1 3155e3348(b) 3058(m) e

H1L2 3150e3350(b) 3052(m) 2945e2860(m)

(L1)2eMn 3156e3345(b) 3045(m) e
(L2)2eMn 3150e3350(b) 3055(m) 2945e2865(m)

(L1)2eCo 3155e3340(b) 3052(m) e

(L2)2eCo 3152e3350(b) 3050(m) 2942e2865(m)

(L1)2eNi 3150e3345(b) 3052(m) e
(L2)2eNi 3150e3350(b) 3050(m) 2945e2870(m)

(L1)2eCu 3152e3350(b) 3055(m) e

(L2)2eCu 3150e3345(b) 3050(m) 2940e2863(m)

(L1)2eZn 3155e3348(b) 3052(m) e

(L2)2eZn 3150e3350(b) 3045(m) 2945e2860(m)

s, strong; m, medium; w, weak; sym, symmetric; asym, asymmetric.
4.2. 1H NMR spectral study
The 1H NMR spectra of H2L1 and H2L2 and their Zn(II)
metal complexes are recorded. The 1H NMR spectrum of these
ligands showed signals at 5.76 and 5.74 ppm for H1L1 and
H1L2, respectively, and are assigned for NH protons [27].

The resonance signals of aromatic region are observed as
multiplets in the range of 6.55e7.16 ppm in both the ligands.
In the case of metal complexes a visual evaluation of signals of
equal number of aromatic protons was observed due to the in-
termolecular interaction towards metal ions and variation in
the p electron density around the protons.

The 1H NMR spectrum of H2L2 showed an additional
strong signal at 1.86 ppm attributed to the methyl protons of
bisphenol-A (CH3eCeCH3) [28]. The absence of the NH sig-
nal in the (L1)2eZn(II)/(L2)2eZn(II) spectra shows the ligands
in their deprotonated form and suggests possible coordination
of metal ions to sulfur.
4.3. 13C NMR and 31P NMR spectral study
The 13C NMR spectra of the ligands and their Zn(II) metal
complexes display several different signals assigned to the car-
bons. The peaks at 146.6e115 ppm and 150e118 ppm are due
to the aromatic carbons of catechol-based ligand (H1L1) and
bisphenol-A-based ligand (H1L2), respectively [29].

In the spectra of Zn(II) complexes these signals showed
downfield shift from their original position indicating coordi-
nation with the central metal atom. In case of H2L2 and L2e
Zn(II) a sharp peak observed at 18.4 ppm is assigned to the
CH3 function, which was not observed in the spectra of
H1L1 and (L1)2eZn(II). It was observed that DMSO did not
have any coordinating effect on the spectra of metal
complexes.

The 31P NMR study also supports the proposed structure of
the compounds. As reported earlier the position of the 31P
chemical shifts is not influenced by the paramagnetic nature
of the metal ions. The 31P spectra of H1L1 and H1L2 showed
signals at 50.6 and 50.7 ppm, respectively. In the case of
ym.) n(C]C) n(P]N) n(P]S) n(MeS)

1575(s) 1168(m) 795(s) e

1530(s) 1240(m) 1067(s) e

1574(s) 1160(m) 525(s) 360(s)

1530(s) 1240(m) 655(s) 340(s)

1575(s) 1162(m) 518(s) 335(s)

1550(s) 1240(m) 675(s) 320(s)

1570(s) 1160(m) 515(s) 400(s)

1530(s) 1240(m) 680(s) 385(s)

1575(s) 1162(m) 520(s) 410(s)

1540(s) 1245(m) 650(s) 375(s)

1575(s) 1160(m) 520(s) 370(s)

1535(s) 1243(m) 665(s) 375(s)
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complexes the 31P spectra of (L1)2eZn(II) and (L2)2eZn(II)
showed signals at 46.4 and 48.2 ppm, respectively [30]. These
signals are actually shifted downfield due to the drifting of
environmental electrons towards the metal ions.
4.4. Magnetic susceptibility studies
For the complex (L1)2eMn(II) the measured room temper-
ature magnetic moment value (Table 2) has been found to be
5.19 B.M. The measured magnetic moment value for
(L2)2eMn(II) has been found to be 5.23 B.M. which is inter-
mediate between those for high-spin and low-spin species
due to an S¼ 5/2 (6A1) 4 S¼ 1/2 (2T2). The observed mag-
netic moment values of 5.19 and 5.23 B.M. in the complexes
(L1)2eMn(II) and (L2)2eMn(II) show five unpaired electrons
and may thus be attributed to a tetrahedral geometry around
Mn(II) [31], which results in a doublet (2T2g) 4 sextet
(6A1g) spin-crossover phenomenon. The complexes of Co(II)
in the present investigation exhibit room temperature magnetic
moment values of 2.1 and 2.2 B.M. for (L1)2eCo(II) and
(L2)2eCo(II), respectively. These values lie in the range of
values corresponding to square planar stereochemistry around
Table 2

Electronic spectra, magnetic moments and ligand field parameters of the complex

Compounds Magnetic moment (B.M.) Electronic transition (cm�1

(L1)2eMn 5.19 29,050

19,895

15,235

(L2)2eMn 5.23 29,070

20,050

15,380

(L1)2eCo 2.10 29,130

24,620

20,560

15,720

(L2)2eCo 2.20 29,230

24,740

20,160

15,210

(L1)2eNi 0.42 25,720

22,471

20,005

15,600

(L2)2eNi 0.61 25,740

22,475

20,020

15,720

(L1)2eCu 1.58 23,340

19,050

15,265

(L2)2eCu 1.56 23,220

18,670

14,984
cobalt(II) d7 complexes [32]. The square planar complexes of
bivalent cobalt so far investigated are all of the low-spin type
with room temperature magnetic moment values in the range
2.1e2.8 B.M. corresponding to one unpaired electron in the
highest filled molecular orbital 4Ag. Spineorbit coupling gives
some orbital contribution to the moment by mixing the higher
ligand field states in the 2Ag ground state. Room temperature
magnetic susceptibility measurements give meff¼ 0.4 and
0.6 B.M. for (L1)2eNi(II) and (L2)2eNi(II). Generally, nick-
el(II), a d8 system, prefers a low-spin planar geometry with
diamagnetic behavior, while for a tetrahedral system, the the-
oretical magnetic moment (3.9 B.M.) is too high to correspond
to the present nickel(II) complex. The paramagnetism in the
above-said complex can be attributed to the existence of a mix-
ture of singlet (S¼ 0) and triplet (S¼ 1) states where the sin-
glet is the ground state and the triplet is the low-lying excited
state. Such type of anomalous magnetic behavior has been
observed earlier for square planar nickel(II) complexes [16].
Though d8 square planar complexes are expected to be, in gen-
eral, diamagnetic, the presence of a mixture or an equilibrium
between spin-free (triplet state, two unpaired electrons would
be present) and spin-paired (singlet state, no unpaired
es

) Assignment Geometry

Charge transfer Tetrahedral
2A1g, 2T1g ) 2T2g
4T2g ) 6A1g, 4T2g ) 2T2g

Charge transfer Tetrahedral
2A1g, 2T1g ) 2T2g
4T2g ) 6A1g, 4T2g ) 2T2g

Charge transfer Square planar
2B3u ) 2Ag
2B2u ) 2Ag
2B1g ) 2A1g (xy ) x2� y2) and 2B1g ) 2Ag

Charge transfer Square planar
2B3u ) 2Ag
2B2u ) 2Ag
2B1g ) 2A1g (xy ) x2� y2) and 2B1g ) 2Ag

1B3u ) 1Ag Square planar
1B2u ) 1Ag
1B3g ) 1Ag
1B1g ) 1Ag

1B3u ) 1Ag Square planar
1B2u ) 1Ag
1B3g ) 1Ag
1B2u ) 1Ag

Charge transfer

due to 2A2u and 2Ag ) 2B1g

Square planar

2B3g ) 2B1g
2A1g ) 2B1g

Charge transfer

due to 2A2u and 2Ag ) 2B1g

Square planar

Charge transfer
2A1g ) 2B1g
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electron) configurations is not forbidden, especially if the
dx2� y2 orbital is not highly destabilized where the ground
state changes from singlet to triplet. Due to closeness of these
two levels, there could be a thermal population in both levels,
which may result in an intermediate magnetic moment for the
present complex. The room temperature magnetic moment
values for the copper(II) complex (L1)2eCu(II) and
(L1)2eCu(II) are 1.58 and 1.56 B.M. and this is indicative of
one unpaired electron. Copper(II) d9 complexes, which are
ionic or weakly covalent in nature, have magnetic moment
values in the range 2.2e1.9 B.M., which are higher than the
spin-only value and have been attributed to spineorbit
coupling. For strongly covalent complexes, room temperature
magnetic moment values are found to lie between 1.82 and
1.72 B.M. However, there is antiferromagnetism due to
spinespin coupling and, hence, low room temperature mag-
netic moment values (1.6e1.3 B.M.) have been observed for
copper(II) complexes [33]. From the above discussion it
appears that the copper(II) complex under study is strongly
covalent in character, but the lower magnetic moment value
indicates that copper(II) ions are antiferromagnetically cou-
pled and, hence, the complex is square planar.
4.5. Electronic absorption spectral studies
The electronic spectra of all the synthesized metal com-
plexes were recorded in DMSO and the corresponding bands
are represented in Table 2. The solution electronic absorption
spectrum of (L1)2eMn(II) exhibits three transition bands at
29,050, 19,895, and 15,235 cm�1 due to charge transfer spectra
(M / L and L / M), 2A1g, 2T1g ) 2T2g and 4T2g ) 6A1g and
4T2g ) 2T2g, respectively. The complex (L2)2eMn(II) also
shows three well-defined bands in the UV/vis regions. A band
at 29,070 cm�1 is an intense band and arises due to charge
transfer transitions. The other two bands at 20,050 and
15,380 cm�1 are of medium intensity. The absorption at
20,050 cm�1 can be attributed to the transitions 2A1g,
2T1g ) 2T2g. The broad band at 15,380 cm�1 may arise due
to the transitions 4T2g ) 6A1g and 4T2g ) 2T2g. The assign-
ment of a band at 15,380/15,235 cm�1 to two ‘ded’ transitions,
its width, and symmetry have been attributed to two overlap-
ping bands, of which the higher frequency one is characteristic
of the low-spin form and the other of the high-spin form. The
appearance of separate absorption band 2T1g ) 2T2g at
20,050/19,895 and 4T2g ) 2T2g at 15,380/15,235 cm�1 for
the two spin-states in the electronic absorption spectrum of
the complex further supports the existence of a spin-freee
spin-paired (2T2g ) 6A1g) equilibrium established earlier on
the basis of magnetic data [31] (Table 2). The electronic spectra
of (L1)2eCo(II) show four transition bands at 29,130, 24,620,
20,560 and 15,720 cm�1. The presence of four electronic ab-
sorption bands instead of two generally observed for tetrahedral
cobalt(II) complexes suggests a square planar geometry. In the
electronic absorption spectrum of (L2)2eCo(II) in DMSO solu-
tion, four bands at 29,230, 24,740, 20,160 and 15,210 cm�1

were observed and show square planar geometry. A well-de-
fined strong band occurring at 15,720/15,210 cm�1 is assigned
to the transition 2B1g ) 2Ag (x2� y2 / xy) and 2B3g ) 2Ag. A
shoulder around 20,560/20,160 cm�1 and another strong band
at 24,620/24,740 cm�1 are assigned to the 2B2u ) 2Ag and
2B3u ) 2Ag metal-to-ligand charge transfer transitions,
respectively. The solution electronic absorption spectrum of
the nickel(II) d8 complex consists of four absorption bands
for both the ligands. Electronic spectra of square planar nick-
el(II) with H1L1 show transitions at 25,720, 22,471, 20,005,
and 15,600 cm�1, the lowest energy band lying at
15,600 cm�1 is assigned to the parity-forbidden 1B1g ) 1Ag

transition, and the higher energy band at 20,005 cm�1 to the
1B3g ) 1Ag transition. The shoulder at 22,471 cm�1 and
a strong band at 25,720 cm�1 are assigned to metal-to-ligand
charge transfer 1B2u ) 1Ag and 1B3u ) 1Ag transitions,
respectively [34], while in the electronic spectra of
(L2)2eNi(II) complexes these bands occur at 25,740, 22,475,
20,020 and 15,720 cm�1. In the solution electronic absorption
spectrum of the complex (L1)2eCu(II), three absorption bands
were observed at 23,340, 19,050 and 15,265 cm�1. The lowest
energy band at 15,265 cm�1 is a band of medium intensity and
is considered to be the only ded band. It is assigned to
2A1g ) 2B1g transition. The band at 23,340 cm�1 is a compos-
ite one (ded and CT) due to the 2Au and 2Ag ) 2B1g transi-
tions. This band is very strong, broad and unsymmetrical and
seems to contain another allowed charge transfer band on the
higher energy side at 29,240 cm�1, due to the 2B1u ) 2A1g

transition. On the lower energy side of this band, a very weak
shoulder at 19,050 cm�1 may be attributed to the
2B3g ) 2B1g ded transition. The electronic spectra of the
(L2)2eCu(II) complex exhibit three bands at 14,984, 18,670
and 23,220 cm�1, due to 2A1g ) 2B1g(F), 2B3g ) 2B1g and
charge transfer which indicate square planar geometry [34].

5. Pharmacology
5.1. Antimicrobial susceptibility testing
Antibacterial activity of the prepared compounds was
investigated against the standard strains: Escherichia coli,
Bacillus subtilis, Staphylococcus aureus and the antifungal
activity against the standard strains: Aspergillus flavus, Asper-
gillus niger, and Candida albicans. Minimum inhibitory con-
centrations (MICs) of antimicrobial agents for the isolates
were determined in vitro as described by Clause [35]. Kana-
mycin was used for antibacterial activity and Miconazole
was used for antifungal activity as standards. The stock solu-
tions (3.00 mg/ml) of the test compounds and reference drugs
were initially prepared by dissolving 30 mg in 10 ml DMSO
and serially diluted to 1.50, 0.75, 0.37, 0.18, 0.09, 0.04,
0.02, 0.01 and 0.005 mg/ml using nutrient broth. Nutrient
broth (pH 6.9) and Muller Hinton agar medium (pH 7.2)
were provided by their manufacturer (Hi Media Lab. Pvt.
Ltd) for use in this study. The antimicrobial agents with their
various concentrations inoculated with each isolate were incu-
bated at 35 �C in ambient air for 24e48 h. After the incubation
the growth of the pathogen was determined visually for both
antimicrobial agents and controls. The lowest concentration
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Fig. 1. MICs of the ligands and their metal complexes against bacteria (MIC values were determined as mg/ml active compounds in medium).
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at which there was no visible growth (turbidity) for each
chemical compound was recorded as minimum inhibitory
concentration (MIC).
5.2. Biological results
The minimum inhibitory concentrations of the compounds
against bacteria and fungi are shown in Figs. 1 and 2.

As shown in Fig. 1, the ligands exhibited weak antibacterial
activity with respect to the complexes. Ligands exhibited
MICs in the range of 0.75e1.5 mg/ml. Complex (L2)2eMn(II)
showed effective antibacterial activity against B. subtilis (MIC,
0.09 mg/ml). Complexes of Mn(II) and Cu(II) showed moder-
ate inhibitory activity against the pathogens (MIC
0.18e0.37 mg/ml), however, the results indicate slight differ-
ences between the activities of all the complexes.

According to the antifungal minimum inhibitory concentra-
tion results (Fig. 2), ligand H1L1 showed reliable inhibitory
activity against C. albicans. (L1)2eCu(II) complex exhibited
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3
1.4
1.5

H1L
1

H1L
2

(L
1)

2-
M

n(
II)

(L
2)

2 -
M

n(
II)

(L
1)

2-
Co(

II)

(L
2)

2 -
Co(

II)

(L
1)

2-
N

Coum

m
g/

m
l

C. albicans

Fig. 2. MICs of the ligands and their metal complexes against fungi (MI
the most potent and well-balanced activity against the
pathogens.

All compounds exhibited moderate to good activity against
both bacteria and fungi. Although all the compounds are
active, they did not reach the effectiveness of conventional
standards Kanamycin and Miconazole. The variation in effec-
tiveness of different compounds against different organisms
depends either on impermeability of cells of the microbes or
diffusion in the ribosome of microbial cells [36]. This investi-
gation revealed that the ligands are more active when they
were treated against fungi. All the complexes exhibited
improved antimicrobial activity than their parent ligands.
Several studies reported that the metal complexes of divalent
cations are more toxic than their metallic forms, particularly
when compared to their own inorganic equivalents [37]. It
may be due to chelation of metal because chelation reduces
the polarity of the central metal ion by partial sharing of its
positive charge with the donor groups. This process increases
the lipophilic nature of the central metal ion, which in turn
favors its permeation into the lipid layer of the membrane.
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