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a b s t r a c t

In recent years, great interest has been focused on Fe(II) Schiff base amino acid complexes as cytotoxic
and antitumor drugs. Thus a series of new iron(II) complexes based on Schiff bases amino acids ligands
have been designed and synthesized from condensation of 5-bromosalicylaldehyde (bs) and a-amino
acids (L-alanine (ala), L-phenylalanine (phala), L-aspartic acid (aspa), L-histidine (his) and L-arginine
(arg)). The structure of the investigated iron(II) complexes was elucidated using elemental analyses,
infrared, ultraviolet–visible, thermogravimetric analysis, as well as conductivity and magnetic suscepti-
bility measurements. Moreover, the stoichiometry and the stability constants of the prepared complexes
have been determined spectrophotometrically. The results suggest that 5-bromosalicylaldehyde amino
acid Schiff bases (bs:aa) behave as dibasic tridentate ONO ligands and coordinate to Fe(II) in octahedral
geometry according to the general formula [Fe(bs:aa)2]�nH2O. The conductivity values between 37 and
64 ohm�1 mol�1 cm2 in ethanol imply the presence of nonelectrolyte species. The structure of the com-
plexes was validated using quantum mechanics calculations based on accurate DFT methods. Geometry
optimization of the Fe-Schiff base amino acid complexes showed that all complexes had octahedral coor-
dination. In addition, the interaction of these complexes with (CT-DNA) was investigated at pH = 7.2, by
using UV–vis absorption, viscosity and agarose gel electrophoresis measurements. Results indicated that
the investigated complexes strongly bind to calf thymus DNA via intercalative mode and showed a dif-
ferent DNA binding according to the sequence: bsari > bshi > bsali > bsasi > bsphali. Moreover, the pre-
pared compounds are screened for their in vitro antibacterial and antifungal activity against three
types of bacteria, Escherichia coli, Pseudomonas aeruginosa and Bacillus cereus and three types of anti
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fungal cultures, Penicillium purpurogenium, Aspergillus flavus and Trichotheium rosium. The results of these
studies indicated that the metal complexes exhibit a stronger antibacterial and antifungal efficiency than
their corresponding Schiff base amino acid ligands.

� 2013 Elsevier B.V. All rights reserved.

Introduction

The rapid development and understanding of the chemistry of
molecular biology and amino acids have created a significant class
of compounds that are now helpful in understanding biological
functions of macromolecules like proteins. It is well known that
the human body contains essential elements which play important
roles and interact with many biological molecules. Schiff base com-
plexes own a lot of activities against bacteria [1], fungi [2], and cer-
tain types of tumors [3]. They have been used as radiotracers in
nuclear medicine and drugs [4]. Some drugs show increased activ-
ity when administered as metal chelates and inhibit the growth of
tumors [5]. Moreover, the development in the field of bioinorganic
chemistry has increased the interest in Schiff base complexes, since
it has been recognized that many of these complexes may serve as
models for biologically important species [6–8]. It is clear that
Schiff base transition metal complexes are very important chelates
because they are cheap, easy to synthesize and chemically and
thermally stability. Moreover, these complexes have extensive
applications in the fields of medicine, photo and magnetic chemis-
try [9], and electrochemistry [10]. Schiff base amino acid com-
plexes act as good chelating agents [11], behave as efficient
biologically active [12] and cytotoxic agents [13]. In addition, Schiff
base amino acid complexes are considered to combine new kinds
of potential antibacterial and anticancer reagents [14]. From a bio-
inorganic point of view, iron Schiff base complexes provide useful
structural and electronic models for the similarly coordinated sites
found in the heme iron enzymes. Moreover, these complexes are
also important for the asymmetric oxidation of organic substrates,
since their structure and catalytic activity are analogous with those
of iron porphyrins [15]. Studying the interaction between transi-
tion metal complexes and DNA has attracted many interests due
to their importance in cancer therapy, design of new types of phar-
maceutical molecules and molecular biology [16–20]. On the other
hand, few studies were carried out about the interaction of DNA
with Schiff base amino acid complexes [21–23]. In addition to,
the capability of transition metal complexes of cleaving DNA on
irradiation with visible light, they have important potential appli-
cations in photodynamic therapy (PDT) of cancer [24]. PDT has
emerged as a non-invasive mode of treatment for cancer in which
selective photo activation of the drug at the cancer cells leads to
damage of the photo-exposed cells only, leaving healthy cells unaf-
fected [25,26]. Therefore, the main target of this paper is to prepare
and characterize novel Fe(II) Schiff base amino acid complexes and
to study the interaction of these complexes with DNA. These Schiff
base amino acid complexes under study would be expected to help
to understand the binding mode interaction and the effect of the
side chain of these different amino acids towards the binding to
DNA. Moreover, the efficiency of the interaction of the investigated
complexes with CT-DNA was monitored by agarose gel electropho-
resis experiments. This will be helpful to understand the mecha-
nism of the interaction of small molecules with nucleic acids,
and should be useful in the development of potential probes of
DNA structure and conformation. Also, the main aim of the produc-
tion and design of any antimicrobial compound is to inhibit the
causal microbe without any side effects on the patients. The
chemotherapeutic agent affecting only one function has a highly
sounding application in the field of treatment by anticancer, since
most anticancer agents used in the present time affect both

cancerous diseased cells and healthy ones which in turns affect
the general health of the patients. Therefore, there is a real need
for having a chemotherapeutic agent which controls only one func-
tion. For this reason, in vitro antibacterial and antifungal activities
of the prepared compounds are screened. The structures of the
Schiff base amino acid ligands studied in this investigation are
shown in Scheme 1.

Experimental

Material and reagents

All chemicals used in this investigation such as 5-bromosalicyl-
aldehyde (bs), amino acids, the metal salt (FeSO4�(NH4)2SO4�6H2O),
calf thymus DNA (CT-DNA), ethidium bromide (EB), EDTA and
Tris[hydroxymethyl]-aminomethane (Tris) were purchased from
Sigma–Aldrich Chemie (Germany). Analytical grade ethanol, acetic
acid, boric acid and hydrochloric acid products were used.

Synthesis of Schiff base amino acid ligands

The studied Schiff base ligands were synthesized using a meth-
od similar to the literature [22,23,27]. By dissolving 5 mmol of 5-
bromosalicylaldehyde (1.01 g) in 40 ml ethanol and mixing it with
5 mmol of each amino acid (L-alanine, L-phenylalanine, L-aspartic
acid, L-histidine, L-arginine) in aqueous–ethanol mixture (50% eth-
anol). The mixture was refluxed for 5 h and the solution was evap-
orated to 1/4 of its original volume and then cooled to ambient
temperature. After one day, the yellow precipitates were obtained
in case of L-alanine, L-phenylalanine and L-aspartic acid while
brown and green powder in case L-histidine and L-arginine was ob-
tained. After that, they filtered off washed with ethanol then with
diethyl ether and finally dried in vacuum over silica gel. The results
of the elemental analysis are in Table 1.

N

O

OH

R

OHBr

Acronym 
R 

Ligand Complex 

bsal bsali CH3

bsphal bsphali CH2

bsas bsasi CH2COOH 

bsh bshi CH2

N

HN

bsar bsari 
(H2C)3 NH C NH2

NH

Scheme 1. Structures and abbreviations of the Schiff base ligands and their
corresponding complexes.
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Synthesis of the complexes

An ethanolic solution of 5 mmol (20 ml) from the prepared
Schiff base ligand was treated with ethanolic solution of 2.5 mmol
FeSO4�(NH4)2SO4�6H2O (1.48 g, 20 ml). In order to avoid oxidation
of Fe(II), a few drops of glacial acetic acid were added [22,23,28].
The resulting solution was stirred magnetically for 6 h under nitro-
gen at 25 �C then evaporated over night. The resulted solid product
was filtered, washed with water and dry ether respectively and
finally dried in a desiccator over anhydrous CaCl2 at room temper-
ature. The prepared complexes were recrystalized from ethanol.

Physical measurements

All the Schiff base amino acid ligands and their complexes un-
der investigation were subjected to (C, H, N and Br) elemental anal-
yses which performed at analytic unit of the central laboratory of
Cairo University by Elemental analyzer Perkin–Elmer model
240c. Conductivity measurements were determined in ethanol
using JENWAY conductivity meter model 4320 at 298 K. Melting
points were recorded on a Gallenkamp (UK) apparatus. Magnetic
moment measurements of the investigated complexes were car-
ried out on solid complexes by using Hg[Co(SCN)4] as a standard.
Infrared spectra of the metal chelates were recorded on Shimadzu
FTIR model 8101 in the region 4000–400 cm�1 using dry KBr discs.
The electronic spectra of the complexes in ethanol were monitored

using 10 mm matched quartz cells on PG spectrophotometer mod-
el T + 80. The values of absorbance of 5 � 10�3 M of each complex
were measured at different pH values. The pH values were ad-
justed by using a series of Britton universal buffer [29]. HANNA
211 pH meter was used for pH measurements at 298 K.

Theoretical modeling of the ligand and complexes structures

To validate the proposed geometrical structures of the Fe(II)
Schiff base amino acid complexes quantum mechanics calculations
were done. The geometries optimization of all ligands and their
corresponding Fe complexes was carried out employing DFT level
of theory. Calculations were performed using B3LYP functional
and basis set LANL2DZ with effective core potential (ECP) [30].
Gaussian 03 program package was used for all calculations. Calcu-
lations were performed using five Schiff base amino acid models,
namely, bsal, bsphal, bsas, bsh, bsar and their Fe(II) complexes.
All calculations were done in aqueous solvent, using Continuum
solvation model (CSM) [31].

Interaction of the prepared Schiff base amino acid complexes with calf
thymus DNA (CT-DNA)

Methodology for DNA binding analysis using electronic spectra
All the experiments involving the interaction of the complexes

with DNA were carried out in Tris–HCl buffer (50 mM, pH 7.2).

Table 1
Analytical and physical data of the Schiff base amino acid ligands and their Fe(II) complexes.

Compound Empirical formula
(formula weight)

Yield
(%)

Molar conductance Km

(X�1 cm2 mol�1)
Magnetic
moment, BM

M. P. and decom.
temp. (�C)

Analysis found (calculated)

C H N Br

bsal C10H10NO3Br (272.09) 79 _ _ 86 44.27
(44.14)

3.61
(3.70)

5.22
(5.15)

29.45
(29.37)

bsali C20H22FeN2O8Br2

(634.046)
78 37.00 4.34 190 38.11

(37.88)
3.43
(3.50)

4.29
(4.42)

25.11
(25.20)

bsphal C16H14NO3Br (348.18) 82 _ _ 106 55.32
(55.19)

4.21
(4.12)

3.91
(4.02)

22.78
(22.95)

bsphali C32H32FeN2O9Br2

(804.246)
80 64.00 4.82 210 47.76

(47.79)
3.92
(4.01)

3.26
(3.48)

19.71
(19.87)

bsas C11H10NO3Br (284.10) 72 _ _ 92 46.52
(46.46)

3.52
(3.55)

4.85
(4.93)

27.86
(27.81)

bsasi C22H20FeN2O11 Br2

(704.05)
73 47.50 4.03 195 37.62

(37.53)
2.95
(2.86)

3.85
(3.98)

22.65
(22.70)

bsh C13H12N3O3Br (338.16) 83 – – 110 46.28
(46.17)

3.46
(3.58)

12.31
(12.43)

23.75
(23.63)

bshi C26H28FeN6O9Br2

(784.194)
79 55.10 4.55 310 40.02

(39.82)
3.71
(3.60)

10.64
(10.72)

20.21
(20.38)

bsar C13H17N4O3Br (357.21) 80 _ _ 101 43.86
(43.71)

4.73
(4.80)

15.81
(15.69)

22.44
(22.37)

bsari C26H36FeN8O8Br2

(804.278)
82 61.00 4.75 217 39.03

(38.82)
4.38
(4.51)

13.81
(13.94)

19.65
(19.87)

Table 2
The infrared absorption wave numbers (cm�1) of the investigated Schiff base amino acid ligands and their Fe(II) complexes.

Compound t(OH)/H2O t(AC@N) t(C@C) t(CAH) aromatic t(CAH) aliphatic ts(COO�) tas(COO�) t(CAO) phenolic t(FeAN) t(FeAO)

bsal 3422 (w) 1651(s) 1463 (m) 3084 (w) 2875 (w) 1416 (m) 1593 (w) 1364 (m) – –
bsali 3432(m) 1645 (s) 1462 (m) 3045(w) 2871 (w) 1374(m) 1584(w) 1275 (m) 540 (w) 478 (m)
bsphal 3440 (w) 1659(s) 1471 (m) 3123 (w) 2871 (w) 1408 (w) 1601 (m) 1318 (m) – –
bsphali 3394 (m) 1619(s) 1451(w) 3040(w) 2924(w) 1366(w) 1548(w) 1292 (w) 548 (w) 457 (w)
bsas 3421 (m) 1638(s) 1462 (m) 3072 (w) 2935 (w) 1462(m) 1587 (w) 1349(m) – –
bsasi 3314 (m) 1628(s) 1464(m) 3038(w) 2935(w) 1375(m) 1556(w) 1282 (m) 553 (w) 450 (w)
bsh 3396 (m) 1645(s) 1467 (m) 3035 (w) 2876 (w) 1418 (m) 1581 (w) 1351 (m) – –
bshi 3437(m) 1630(s) 1453 (m) 3035(w) 2925 (w) 1360(m) 1523(w) 1298 (w) 550 (m) 460(w)
bsar 3446 (w) 1664 (s) 1467 (m) 3045 (w) 2937 (w) 1406 (m) 1577 (w) 1374 (w) – –
bsari 3451(m) 1627 (s) 1454 (m) 3031(w) 2940(w) 1364(m) 1532(w) 1293 (m) 549 (w) 465 (w)

s = Strong, m = medium, w = weak.
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CT-DNA was purified by centrifugal dialysis before use. A solution
of calf thymus DNA in the buffer gave a ratio of UV absorbance at
260 and 280 nm of about >1.86, indicating that the DNA was
sufficiently free from protein contamination [22,23,32,33]. The

concentration of DNA was determined spectrophotometrically by
employing a molar absorption coefficient by monitoring the UV
absorbance at 260 nm using e260 = 6600 mol�1 cm2. The stock solu-
tion was stored at 4 �C and used within only one day. Spectropho-
tometric titration experiment was performed by maintaining the
metal complex concentration constant while varying the nucleic
acid concentration in the interaction medium. The absorption
due to free CT-DNA was eliminated by adding an equimolar CT-
DNA to pure buffer solution in the reference compartment and
the observed spectra were considered to result from the metal
complexes and the DNA–metal complex aggregates. Titration
curves were constructed from the fractional change in absorption
intensity as a function of DNA concentration. The intrinsic binding
constant (Kb) was determined by plotting [DNA]/(ea � ef) vs. [DNA]
according to the following equation:

½DNA�
ðea � ef Þ

¼ ½DNA�
ðeb � ef Þ

þ 1
½Kbðeb � ef Þ�

where [DNA] is the concentration of DNA in base pairs, ea, ef and eb

are the apparent, free and fully bound complex absorption coeffi-
cients, respectively. In particular, ef was determined from the cali-
bration curve of the isolated metal complex according to Beer’s
law. ea was determined as the ratio between the measured absor-
bance and the metal(II) complex concentration, Aobs/[complex].
The data were fitted to the above equation with a slope equal to
1/(eb � ef) and y-intercept equal to 1/[Kb(eb � ef)] and Kb was ob-
tained from the ratio of the slope to the intercept [34]. The standard
Gibb’s free energy for DNA binding was calculated from the follow-
ing relation [18,22,23]:

DG�b ¼ �RT ln Kb

Methodology for DNA binding analysis using viscosity measurements
Viscosity measurements were carried out at 25 ± 1 �C. The flow

times were recorded for different concentrations of the complex
(10–250 lM), maintaining the concentration of DNA constant
(250 lM). The control sample was carried out on EB by using the
same method. The average value of the three measurements was
used to determine the viscosity of the samples. The buffer flow
time in seconds was recorded as t�. The relative viscosities for
DNA in the presence (g) and absence (g�) of the complex were cal-
culated using the relation g = (t � t�)/t� where, t is the observed
flow time in seconds and the values of the relative viscosity (g/
g�) were plotted against 1/R (R = [DNA]/[Complex]) [22,23,35].

Agarose gel electrophoresis of DNA interaction with the investigated
complexes

Agarose was purchased from Fischer-Biotech (GE Healthcare).
Calf thymus DNA and a Ready-Load 100 bp DNA ladder were used
as the native-size DNA and purchased from Bio labs. The samples
were subjected to electrophoresis on 1% agarose gel prepared in
TBE buffer (45 mM Tris, 45 mM boric acid and 1 mM EDTA,
pH 7.3). Then 20 ll from each of the incubated complex and DNA
mixture was incubated for 30 min at 37 �C. Then it was loaded
on the gel with tracking dye (0.25% bromophenol blue, 40% su-
crose, 0.25% xylene cyanole, and 200 mM EDTA). The electrophore-
sis was performed at a constant voltage (100 V) for about 2 h (until
bromophenol blue had passed through 50% of the gel) in TBE buf-
fer. At the end of electrophoresis i.e. the end of DNA migration, the
electric current was turned off. Then, the gel was stained by
immersing it in water containing ethidium bromide (0.5 lg/ml)
for 30–45 min at room temperature and later visualized under
UV light using a transilluminator and photographed with a Pana-
sonic DMC-LZ5 Lumix Digital Camera [18,36].

Table 3
Molecular electronic spectra (kmax (nm)a and emax (mol�1 cm2)) of the synthesized
Fe(II) Schiff base amino acid complexes.

Compound kmax (nm) emax (mol�1 cm2) Assignment

bsal 266 1270 p–p�

292 1330 p–p�

380 1250 n–p�

410 610 n–p�

bsali 398(sh) 1310 Intraligand band
440 824 LMCT band
494 900 d–d band

bsphal 260 1250 p–p�

306 1270 n–p�

370 1080 n–p�

408 300 n–p�

bsphali 368(sh) 2744 Intraligand band
434 2449 LMCT band
490 2766 d–d band

bsas 292 1350 p–p�

306 1290 n–p�

380 1250 n–p�

410 611 n–p�

bsasi 376 1252 Intraligand band
438 1332 LMCT band
488 1571 d–d band

bsh 256 1330 p–p�

324 1200 n–p�

406 400 n–p�

bshi 368(sh) 1765 Intraligand band
428 1518 LMCT band
460 1288 d–d band

bsar 250 1400 p–p�

292 1350 p–p�

308 1280 n–p�

388 1333 n–p�

bsari 370 2350 Intraligand band
430 2383 LMCT band
458(b) 2650 d–d band

a b = Broad, sh = shoulder.

Table 4
The formation constant (Kf), stability constant (pK) and Gibbs free energy (DG–)
values of the synthesized complexes in aqueous–ethanol at 298 K.

Complex Type of complex Kf pK DG– (kJ mol�1)

bsali 1:2 3.22 ± 0.02 � 109 9.98 �57.03
bsphali 1:2 3.67 ± 0.02 � 109 9.67 �54.56
bsasi 1:2 1.31 ± 0.02 � 109 8.86 �50.57
bshi 1:2 1.18 ± 0.02 � 1010 8.96 �51.13
bsari 1:2 3.15 ± 0.02 � 109 10.44 �59.55

Table 5
The calculated HOMO, LUMO, energy gap (DE), chemical hardness (g), electronic
chemical potential (l) and electrophilicity (x) of the prepared Fe(II) Schiff base amino
acid complexes.

Complex HOMO
(eV)

LUMO
(eV)

DE
(eV)

l (eV) g
(eV)

x
(eV)

[Fe(bsal)2] �5.68 �2.31 3.37 �4.00 1.69 4.74
[Fe(bsphal)2] �5.67 �2.27 3.40 �3.97 1.70 4.64
[Fe(bsas)2] �5.97 �2.43 3.54 �4.20 1.77 4.98
[Fe(bsh)2] �5.57 �2.08 3.49 �3.83 1.75 4.19
[Fe(bsar)2] �5.99 �2.56 3.43 �4.28 1.72 5.33
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Antibacterial bioassay (in vitro)

Antibacterial activities were investigated using agar well diffu-
sion method [37]. All the synthesized Schiff base ligands and their
corresponding Fe(II) complexes were screened in vitro for their
antibacterial activity against two Gram-negative (Escherichia coli,
Pseudomonas aeruginosa) and one Gram-positive (Bacillus cereus)
bacterial strains. Ofloxacin and Ciprofloxacin were used as stan-
dards for antibacterial activity. Each compound was dissolved in
dimethyl sulfoxide at different concentrations (5, 10 and 20 mg/
ml). DMSO was used as solvent and also for control. DMSO was
found to have no antimicrobial activity against any of the test
organisms. 1 cm3 of a 24 h broth culture containing 106 CFU/cm3

was placed in sterile Petri-dishes. Molten nutrient agar (15 cm3)
maintained at 45 �C was then poured into the Petri-dishes and al-
lowed to solidify. Then holes of 6 mm diameter were formed in the
agar using a sterile cork borer and these holes were completely
filled with the test solutions. The plates were incubated for 24 h
at 37 �C. The zones of inhibition based upon zone size around the
discs were measured. Each inhibition zone was measured three
times by caliper to get an average value. Moreover, the minimum
inhibitory concentration (MIC) was determined by serial dilution
technique and reported in Table 8. Furthermore, the activities of
the prepared complexes were confirmed by calculating the activity
index (cf. Table 9) according to the following relation [38]:

Activity indexðAÞ ¼ Inhibition zone of compound ðmmÞ
Inhibition zone of standard drug ðmmÞ
� 100

Antifungal activity

Tested samples were screened separately in vitro for their
antifungal activities against three fungal cultures (Penicillium
purpurogenium,Aspergillus flavus, Trichotheium rosium) using disk
diffusion method. Nystatin was used as standard for antifungal
activity. The culture of fungi was purified by single spore isolation
technique. The tested fungi were inoculated in Sabouraud dextrose
broth medium (Hi-Media Mumbai) and incubated for 48–72 h at
35 �C, and subsequently a suspension of about 1.6 � 104–6 � 104

c.f.u./ml was introduced on the surface of sterile agar plates, and
a sterile glass spreader was used for even distribution of the inocu-
lums the discs measuring 6 mm in diameter were prepared from
Whatman No. 1 filter paper and sterilized by dry heat at 140 �C
for 1 h. The sterile discs previously soaked in known concentration
of the test compounds were placed in Sabouraud dextrose agar

Table 6
Spectral parameters for DNA interaction with the synthesized complexes.

Compound kmax free (nm) kmax bound (nm) Dn (nm) Chromism (%)a Type of chromism Binding constant Kb � 104 M�1 DG– kJ mol�1

bsali 494 488 6 15.97 Hypo 6.70 ± 0.01 �27.53
426 384 42 76.75 Hyper

bsphali 500 492 8 4.98 Hypo 5.79 ± 0.01 �27.17
432 398 34 49.26 Hyper

bsasi 490 476 14 4.66 Hypo 6.23 ± 0.01 27.35
454 392 62 51.27 Hyper

bshi 486 484 2 2.98 Hypo 7.04 ± 0.01 �27.65
422 392 80 10.19 Hyper

bsari 492 490 2 4.79 Hypo 10.70 ± 0.01 �28.69
432 364 68 49.32 Hyper

a Chromism(%) = (Afree – Abound)/Afree [60]).

Table 7
Results of antimicrobial activity of the ligands and their metal complexes in DMSO.

Compounds Diameter of inhibition zonea (in mm)

P. aeruginosa E. coli B. cereus

Conc. (mg/ml) 5 10 20 5 10 20 5 10 20
bsal – 4 7 – 5 8 4 7 12
bsali 7 9 12 8 11 14 19 24 36
bsphal – 2 4 – 3 6 5 7 9
bsphali 5 6 11 7 8 12 15 18 28
bsas 2 6 7 2 8 10 3 5 7
bsasi 9 13 16 9 14 18 11 15 20
bsh 1 5 8 3 6 10 4 6 8
bshi 8 11 15 11 14 19 12 15 19
bsar 1 4 7 3 5 7 3 5 8
bsari 9 12 14 11 14 15 2 15 17
Ofloxacin 9 13 16 10 14 22 18 23 38
Ciprofloxacin 8 12 17 11 13 23 19 24 40

a Values of inhibition zone (in mm) are ±0.23 and average of three replicates.

Table 8
Minimum inhibition concentration (MIC) for antibacterial assay of the prepared Schiff
base amino acid ligands and their Fe(II) complexes.

Bacteria compounds Minimum inhibition concentration (MIC) (mg/ml)

P. aeruginosa E. coli B. cereus

bsal 7 6 4
bsali 3 3 1
bsphal 7 6 3
bsphali 4 4 2
bsas 5 5 4
bsasi 2 3 3
bsh 5 5 4
bshi 3 2 2
bsar 5 5 5
bsari 3 2 2

Table 9
Results of activity index (%) for antibacterial assay of the prepared Schiff base amino
acid ligands and their Fe(II) complexes.

Bacteria compounds Activity index (%)

P. aeruginosa E. coli B. cereus

bsal 43.75 36.36 30.76
bsali 75.00 63.64 92.30
bsphal 25.00 27.27 23.08
bsphali 68.75 54.55 71.79
bsas 43.75 45.45 17.95
bsasi 93.75 81.82 51.28
bsh 50.00 45.45 20.51
bshi 93.75 86.36 48.72
bsar 43.75 31.82 20.51
bsari 93.75 68.18 38.46
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(SDA) plates. The plates were inverted and incubated at 35 �C for
7 days. The susceptibility was assessed on the basis of diameter
of inhibition against albicans and non-albicans strains of fungi [39].

Results and discussion

Characterization of the prepared complexes

Microanalyses and molar conductance measurements
Microanalyses data of the prepared complexes are shown in

Table 1 and suggested that the Schiff base ligands act as tridentate
and form complexes in 1:2 ratio metal to ligand (Scheme 2). Thus
the general formula of the prepared complexes is suggested to be
[Fe(HL)2]�nH2O. The presence of water as crystalline water is con-
firmed by heating the prepared complexes at 110 �C for about
2 h and the obtained weight loss percent data for crystallization
water were in a good agreement with the corresponding microan-
alytical data. The following results show a comparison between
thermogravimetric data at 110 �C and microanalytical data for
crystallization water in the prepared complexes: {bsali: 5.5
(5.68)%; bsphali: 6.75 (6.72)%; bsasi: 2.51 (2.56)%; bshi: 6.85
(6.89)%; bsari: 4.49 (4.48)%}.

Consequently the divalent anions of the Schiff base amino acid
ligand are coordinated to the central metal Fe(II) ion. The measured
molar conductance values of 10�3 to 10�4 molar solutions of the
prepared Fe(II) complexes in ethanol were found to be in the range
37–64 ohm�1 cm2 mol�1 (Table 1) which is in agreement with the
non-electrolytic nature of the complexes. The non electrolytic nat-
ure of the prepared complexes can be accounted by the deproton-
tation of the carboxylic group of the ligands when it is coordinated
to Fe(II).

Magnetic susceptibility
The magnetic susceptibility measurements provide information

to support the electronic structure of the investigated complexes.
Magnetic susceptibility was calculated according to the following
relation [40,41]:-

leff ¼ 2:83
ffiffiffiffiffiffiffiffiffi
v0MT

q

where T is the temp. (K), leff, the magnetic moment (in Bohr
Magneton) BM

v0M ¼ vM � ðdiamag:corr:Þ

vM molar magnetic susceptibility, v0M after correction
Magnetic susceptibility measurements showed that the pre-

pared complexes have paramagnetic character and suggested high

spin values (4.03–4.75 BM) i.e., the studied Schiff base amino acid
ligands are so weak that they exhibited low t2g and eg d-splitting of
the octahedral structures of the complexes [40,41].

Infrared spectra
In the absence of more powerful techniques such as X-ray, The

IR spectra has proven to be, in particular case, a suitable technique
to give enough information to elucidate the way of bonding of
Schiff base amino acid ligands [42]. Thus a detailed interpretation
of IR spectra of the free ligands and the effect of binding of Fe(II) on
the vibration frequencies of the free ligands is discussed to deter-
mine the coordination sites which may involve in chelation (cf.
Table 2). The spectra of Schiff base ligands exhibit characteristic
band at 3396–3446 cm–1 due to the stretching vibration of the
OH group t(OH). On the other hand, the recorded IR spectra of
all the prepared complexes (cf. Table 2) show broad band at
3451–3414 cm�1 which could be assigned to t(OH) stretching
vibration of water molecules, in accordance with the results of
the elemental analyses listed in Table 1 [28,43]. The spectrum of
the ligands show a sharp band at 1664–1638 cm–1, due to an azo-
methine group (C@N) stretching vibration which indicates the
presence of the imine structure [44]. This band is shifted to lower
wave numbers in the spectra of the all complexes (1645–1619 cm–

1) indicating the involvement of the nitrogen atom of the azome-
thine group in the coordination to the metal ion [45,46]. In the IR
spectra of the Schiff bases, the two bands appeared at 1601–
1577 cm–1 and 1462–1406 cm–1 are attributed to the asymmetric
and symmetric stretching vibrations of the carboxylate group tas

(COO) and ts(COO). These bands are shifted to lower wave num-
bers upon complexation indicating that the oxygen atom of the
carboxylate group are coordinated to the metal ion (cf. Table 2)
[43,47]. It is worth noting that the asymmetric vibration band of
COO� is obscured by the high intensity of band of the C@C stretch-
ing vibration [48]. All Schiff base ligands showed an absorption
band in the region of 1374–1318 cm�1 which can be attributed
to the stretching vibration of the phenolic t(CAO) group. The shift-
ing of these bands to lower wave numbers values upon complexa-
tion indicates that the oxygen atoms of the phenolic groups are
coordinated to the metal ion [43]. The bands observed in the region
2940–2871 cm�1 and 3054–3031 cm�1 can be assigned to t(CAH)
aliphatic and t(CAH) aromatic stretching vibrations, respectively
[49]. The IR bands found at 3359 cm�1 and 3168 cm�1 for the bsari
complex which contains arginine moiety could be assigned to the
presence of the terminal guanidinium group [50]. Assignment of
the proposed coordination sites is further supported by the
appearance of two new medium bands at 553–540 cm�1 and
478–450 cm�1 which could be attributed to t(FeAN) and t(FeAO),
respectively [51].

Molecular electronic spectra
As the result of failure to obtain a single crystal for X-ray anal-

ysis to confirm the geometric structure of the investigated com-
plexes, the electronic absorption spectra of ethanolic solutions of
the ligands and their complexes were recorded at the wavelength
range 800–200 nm and at 298 K. The absorption region, the molar
extinction coefficients and the band assignment of the different
bands in the recorded spectra of the complexes (Fig. 1), are given
in Table 3. The ligand exhibits absorption bands in UV–vis region
around 380 nm and 410 nm, which is assigned to n ? p� transition
originating from the amide or imine function of the Schiff base li-
gand [52]. Another band is observed below 306 nm, this band is as-
signed to p ? p� transition. The spectra of the complexes are
dominated by intense intraligand bands centered at kmax = 368–
398 nm (emax = 2744–1310 mol�1 cm2) and charge transfer bands
centered at 428–440 nm (emax = 1518–824 mol�1 cm2), since it is
known that metals are capable of forming dp–pp bonds with

Scheme 2. HBrS = 5-bromosalicylaldehyde, AA = amino acid (ala, phala, aspa, his or
arg), H2L = Schiff base amino acid ligand, Fe (HL)2 = Fe(II) Schiff base amino acid
complexes (bsali, bsphali, bsasi, bshi or bsari).
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ligands containing nitrogen and oxygen as donor atoms [53]. Fur-
thermore, the L ? MCT band is followed by a long and a broad
band lies in the region 458–494 nm (emax = 2650–900 mol�1 cm2).
This band could be mainly attributed to the d ? d transition in
the octahedral structure of the prepared complexes [22,23,28,54].

Evaluation of the stoichiometry of the investigated complexes
The simplest spectrophotometric technique adopted to study

the equilibria in solutions of complex compounds, is the molar ra-
tio method [55–57] and the continuous variation method [57,58],
as shown in Figs. 2 and 3. The results suggest the possible forma-
tion of 1:2 complexes as presented in Scheme 3. The curves of con-
tinuous variation method (Fig. 2) displayed maximum absorbance
at mole fraction Xligand = 0.65–0.7 indicating the formation of com-
plexes with metal ion to ligand ratio 1:2. Moreover, the data re-
sulted from applying the molar ratio method support the same
metal ion to ligand ratio of the prepared complexes (cf. Fig. 3).

Evaluation of the apparent formation constants of the synthesized
complexes

The formation constants (Kf) of the studied Fe(II) Schiff base
amino acid complexes formed in solution were obtained from
the spectrophotometric measurements by applying the continuous
variation method [23,24,28,59] (cf. Table 4) according to the fol-
lowing relation:

Kf ¼
A=Am

4C2ð1� A=AmÞ3

where Am is the absorbance at the maximum formation of the com-
plex, A is the arbitrary chosen absorbance values on either sides of
the absorbance mountain col (pass) and C is the initial concentra-
tion of the metal. As mentioned in Table 4, the obtained Kf values
indicate the high stability of the prepared complexes. The values
of Kf for the studied complexes increase in the following order:
bsari > bali > bsphali > bshi > bsasi. Moreover, the values of the sta-
bility constant (pK) and Gibbs free energy (DG–) of the investigated
complexes are cited in Table 4.

The pH-profile (absorbance vs. pH) presented in Fig. 4 showed
typical dissociation curves and a wide stability pH range (4–10)
of the studied complexes. This means that the formation of the
complex greatly stabilizes the Schiff base amino acid ligands.
Consequently, the suitable pH range for the different applications
of the prepared complexes is from pH = 4 to pH = 10. Based on
the results of elemental analysis, molar conductance, magnetic

susceptibility, infrared and electronic spectra, the suggested struc-
ture of the complexes is shown in Scheme 3.

3D Modeling of the investigated Fe(II) Schiff base amino acid
complexes

The ground state minimization of the Schiff base amino acid li-
gands showed that the main Skeleton consists of phenyl ring and

Fig. 1. Molecular electronic spectra of (1) [bsali] = 1 � 10�3 M, (2) [bsphal-
i] = 4.14 � 10�4 M, (3) [bsasi] = 1 � 10�3 M, (4) [bshi] = 6 � 10�4 M and (5)
[bsari] = 6 � 10�4 M.

Fig. 2. Continuous variation plots for the prepared complexes in aqueous–alcoholic
mixture at [bsali] = 2 � 10�3 M, [bsphali] = 1 � 10�3 M, [bsasi] = 5 � 10�3 M,
[bshi] = 1 � 10�3 M, [bsari] = 1 � 10�3 M and 298 K.

Fig. 3. Molar ratio plots for the studied complexes in aqueous–alcoholic mixture at
[Fe2+] = 4 � 10�4 M (for bsali), [Fe2+] = 2 � 10�4 M (for bsphali, bshi, bsari),
[Fe2+] = 1 � 10�3 M (for bsasi) and 298 K.
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Br
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Scheme 3. The suggested structures of bsali, bsphali, bsasi, bshi and bsari
complexes, bsali and bsari: n = 2, bsphali and bshi: n = 3, bsasi: n = 1 (R as shown
in scheme 1).
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the imide group C@NA are planar while the carboxylic acid side
chain had dihedral angle of 97.3� (Scheme 4). The bending of the
carboxylic group enables the ligand to form 3 coordination bonds
with the metal. The optimized ligand structure was used to inves-
tigate the stability and stereochemistry of the Fe complex. Geom-
etry optimization of the Fe-Schiff base amino acid complexes
showed that all complexes had octahedral coordination. The bond-
ing between Fe(II) and bromosal was determined from the distance
analysis. The average bond lengths for (FeAN), (FeAOOC) and
(FeAOH) are 1.90 Å, 1.91 Å and 2.01 Å, respectively (Scheme 5).
The chemical reactivity of the obtained complexes was estimated
by analyzing the energies of frontier molecular orbital: The highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) were used to determine the chemical
reactivity of the complexes. Specifically, global chemical reactivity
descriptors (energy gap, chemical hardness, electronic chemical
potential and electrophilicity) were calculated [60–62]. The physi-
cal meanings of these descriptors are defined as follows: Chemical
hardness (g) in a molecule refers to the resistance to change in the

electron distribution or charge transfer. The electronic chemical
potential (l) is a measure of electronegativity of the molecule.
The electrophilicity index (x), measures the capacity of a species
to accept electrons. Table 5 summarizes the computed chemical
descriptors for all [Fe(L)2] complexes.

Chemical hardness (g) is associated with the stability and
reactivity of a chemical system. On the basis of frontier molecular
orbitals, chemical hardness corresponds to the energy gap between
HOMO and LUMO. The larger the energy gap, the harder and more
stable/less reactive the molecule [63–66]. Among the calculated
complexes, [Fe(bsal)2] and [Fe(bsphal)2] have the lowest g while
[Fe(bsas)2] and [Fe(bsh)2] have the largest g. The trend in elec-
tronic chemical potential (l) for the complexes is [Fe(bsh)2] > [-
Fe(bsphal)2] > [Fe(bsal)2] > [Fe(bsas)2] > [Fe(bsar)2]. The greater l,
the less stable or more reactive is the complex. Therefore,
[Fe(bsh)2] is the most reactive and [Fe(bsar)2] is the least reactive.
However the insignificant difference between g and l values
makes it not conclusive to be used, and reflect their similar colors
as well as the limited difference between the observed kmax for
complexes.

DNA-binding study

The studies on molecular interaction between drugs and DNA
have great importance to study their biological activity and be-
come an active research area in recent years. Titration with UV
spectrophotometry is well-suited for investigation the binding
mode of DNA with metal complexes which accompanied by the
modification of chromospheres [67]. The spectra were recorded
as a function of the addition of the buffer solutions of pretreated
CT-DNA to the buffer solutions of the metal complexes. If the bind-
ing mode is intercalation, the orbital of intercalated ligand can cou-
ple with the orbital of the base pairs, reducing the p–p* transition
energy and resulting in bathochromism. If the coupling orbital is
partially filled by electrons, it results in decreasing the transition
probabilities and resulting in hypochromism [68]. The extent of
the hypochromism or hyperchromism in the metal-to-ligand
charge transfer (MLCT) band is commonly consistent with the
strength of intercalative interaction [69]. The electronic absorption
spectra of bsali and bsasi complexes in the absence and presence of
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Fig. 4. pH profile of the prepared Fe(II) bromosalicylidene Schiff base amino acid
complexes in aqueous alcoholic mixture at [complex] = 5 � 10�3 M and 298 K.

Scheme 4. Optimized structures of (a) bsal, (b) bsphal, (c) bsas, (d) bsh, and (e) bsar ligands.
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Scheme 5. Energetically minimized models of (a) [Fe(bsal)2], (b) [Fe(bsphal)2], (c) [Fe(bsas)2], (d) [Fe(bsh)2], and (e) [Fe(bsar)2] complexes.

Fig. 5. (a) Spectrophotometer titration of bsali complex (10�4 M) in 0.01 M Tris
buffer (pH 7.4, 25 �C) with CT-DNA from 0 lM (top) to 40 lM (bottom) CT-DNA
with 5 lM intervals. (b) Plot of [CTDNA]/(ea � ef) vs. [CT-DNA] for the titration of
CT-DNA with bsali complex.

Fig. 6. (a) Spectrophotometric titration of bsasi complex (10�4 M) in 0.01 M Tris
buffer (pH 7.5, 25 �C) with CT DNA (from top to bottom, 0–40 lM DNA, at 5 lM
intervals). (b) Plot of [DNA]/(ea � ef) vs. [DNA] for the titration of DNA with bsasi
complex.
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different concentration of buffered CT-DNA are given in Figs. 5 and
6. By adding of DNA, the absorption intensities of MLCT band are
gradually increased. Moreover, the addition of increasing amounts
of CT-DNA resulted in a decrease of absorbance for each investi-
gated complex. Representative spectra illustrating this hypo-
chromicity and the presence of isosbestic points observed for the
interaction of bsali and bsasi with CT-DNA (cf. Figs. 5 and 6). The
spectral parameters for the DNA interaction with the prepared
complexes are shown in Table 6. It can be realized from the high
percent of hyperchromicity that the binding strength of the pre-
pared complexes with DNA is high. The investigated complexes
could bind to DNA via an intercalative mode with the sequence:
bsari > bshi > bsali > bsasi > bsphali. The results revealed that the
structure differences of the amino acids might lead to obvious dif-
ference of DNA binding abilities of the complexes. The values of
binding constant of the investigated complexes with DNA are
smaller than that of reported for typical classical intercalators
(EB-DNA, 3.3 � 105 L mol�1).

Spectroscopic data are necessary, but not sufficient to support a
binding mode of DNA with the metal complexes. For further clari-
fication the nature of the interaction between the complex and
DNA, hydrodynamic methods such as viscosity measurements
which are sensitive to the length increase or decrease of DNA are

regarded as the most effective means of studying the binding mode
of complexes to DNA in the absence of crystallographic structural
data and NMR [70]. Under appropriate conditions, a classical inter-
calative mode such as interclation of drugs like ethiudium bromide
(EB) causes a significant increase in viscosity of DNA solution due
to an increase in separation of base pairs at intercalation site and
hence an increase in overall DNA length. On other hand, drug mol-
ecules binding exclusively to the DNA grooves cause less pro-
nounced, or no obvious change, in DNA solution viscosity [71] a
partial and/or non classical intercalation of complex may bend
the DNA helix, resulting in the decrease of its effective length
and, concomitantly, its viscosity [72].

The relative viscosity of DNA solution increases significantly as
the amount of the complex increases, as shown in Fig. 7. This may
be due to the insertion of aromatic ring of Schiff base ligand into
the DNA base pairs and resulting in a bend in the DNA helix, hence,
increase in separation of the base pairs at the interclation site and
increasing in DNA molecular length. Moreover, the sequence of the
observed increase in the values of viscosity was correlated to the
binding affinity to DNA i.e. bsari show the highest binding affinity
to DNA and the highest viscosity. In bsari complex there are two
types of binding and they are called non covalent interaction,
one of them is intercalation through the insertion of aromatic rings
of bsari complex between base pairs of DNA molecule and the
other is minor groove binding through hydrogen bonding of guani-
dine group in bsari complex with N of adenine and O of thymine or
major groove binding through hydrogen bonding of guanidine
group bsari complex with N of Guanine and O of Cytosine bases
in DNA (cf. Scheme 6) [73]. The information obtained from this
work could be helpful to understand the mechanism of the interac-
tion of small molecules with nucleic acids, and should be useful in
the development of potential probes of DNA structure and
conformation.

The interaction of the investigated complexes with DNA was
studied by electrophoresis and the results were represented in
Fig. 8 (lane 1, 2 were DNA leader and untreated CT-DNA; Lane 3–
8, are CT-DNA + metal complex). The variation in DNA–cleavage
efficiency of the investigated complexes was due to their difference
in binding ability to DNA. The intensity of lanes were increased in
the sequence bsari > bshi > bsali > bsasi > bsphali (cf. Fig. 8) and
these are in a good agreement with binding constant values of
the investigated complexes with CT-DNA (cf. Table 5) [74].

Biological activity

In order to appreciate the mechanisms of resistance, it is impor-
tant to understand how antimicrobial agents act. Antimicrobial
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Fig. 7. The effect of increasing the amount of the synthesized complexes on the
relative viscosities of DNA at [DNA] = 0.5 mM, [complex] and [EB] = 25–250 lM and
298 K.

Scheme 6. None covalent interaction with DNA (a) intercalation of the prepared
complexes with DNA and (b) (groove binding) like in bsari complex with DNA.

Fig. 8. DNA binding results of the prepared complexes based on gel electrophoresis.
Lane 1: DNA leader, Lane 2: CT-DNA, Lane 3: CT-DNA + bsari, Lane 4: CT-
DNA + bsphali, Lane 5: CT-DNA + bshi , Lane 6: CT-DNA + bsali, Lane 7: CT-
DNA + bsasi, Lane 8: bsali , Lane 9: bsphali and lane 10: bsasi.
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agents act selectively on vital microbial functions with minimal ef-
fects or without affecting host functions. Different antimicrobial
agents act in different ways. The understanding of these mecha-
nisms as well as the chemical nature of the antimicrobial agents
is crucial in the understanding of the ways how resistance against
them develops. However, the mechanism of action of antimicrobial
agents can be categorized further based on the structure of the bac-
teria or the function that is affected by the agents. These include
generally the following:

� Inhibition of the cell wall synthesis.
� Inhibition of ribosome function.
� Inhibition of nucleic acid synthesis.
� Inhibition of folate metabolism.
� Inhibition of cell membrane function.

The antimicrobial activity of the metal complexes generally de-
pends on the following factors: the chelation ability of the ligand,
the nature of nitrogen donor ligands, the total charge of the com-
plex, the existence and the nature of the metal ion neutralizing
the ionic complex and the nuclearity of the metal center in the
complex [75]. In testing the antibacterial and anti fungal activity
of these compounds we used more than one test organism to

increase the chance of detecting the antibiotic potential of the
tested materials. Thus, the susceptibilities of certain strains of bac-
teria and fungal cultures to Schiff base amino acid and their com-
plexes were evaluated by measuring the size of the bacteriostatic
diameter (cf. Fig. 9). The antimicrobial activity data of all synthe-
sized compounds are summarized in Tables 7, 8 and 10 and show
that the newly synthesized ligands and their Fe(II) complexes pos-
sess biological activity. The antibacterial screening results exhib-
ited marked enhancement in activity on coordination with the
metal ions against one or more testing bacterial strains (cf.
Fig. 10–12). This enhancement in the activity can be rationalized
to the basis of the structures of the ligands by possessing an addi-
tional azomethine (C@N) linkage which is important in elucidating
the mechanism of transamination and resamination reaction in
biological system [75]. It has also been suggested [76,77] that the
ligands with nitrogen and oxygendonor systems might inhibit en-
zyme production, since the enzymes which require these groups
for their activity appear to be especially more susceptible to deac-
tivation by the metal ions upon chelation. The polarity of the metal
ion is reduced by chelation [78] and this mainly because of the par-
tial sharing of its positive charge with the donor groups and possi-
bly with the delocalized p – electrons within the whole chelation

Fig. 9. Photograph showing the antibacterial effect of bsphali, bsasi bshi and bsari
complexes on Bacillus cereus.
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Fig. 10. Antibacterial evaluation of the investigated Fe(II) bromosalicylidene amino
acid complexes against Pseudomonus aeruginosa bacteria.
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Fig. 11. Antibacterial evaluation of the investigated Fe(II) bromosalicylidene amino
acid complexes against E. coli bacteria.
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Fig. 12. Antibacterial evaluation of the investigated Fe(II) bromosalicylidene amino
acid complexes against Bacillus cereus bacteria.
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ring, which is formed because of the coordination. This process of
chelation increases the lipophilic nature of the central metal atom,
which in turn favors its permeation through the lipoid layer of the
membrane [79]. This is also responsible for the increasing of the
hydrophobic character and liposolubility of the molecules in cross-
ing the cell membrane of the microorganism and hence enhances
the biological utilization ratio and activity of the testing drug/com-
pound. This activity is quite comparable with the reference drugs
Ofloxacin (cf. Table 9). However, the reduced activities in some
cases can be attributed to the inability of the complexes to form
hydrogen bonds with the cell constituents (see Table 9).

Conclusion

Binary iron(II) Schiff base amino acid complexes having five
essential amino acids, namely, alanine, phenylalanine, aspartic
acid, histidine and arginine were prepared and characterized by
different techniques such as elemental analysis, conductance mea-
surements, magnetic susceptibility, thermogravimetric analysis,

electronic and IR spectra. In these complexes, the tri-dentate Schiff
base ligand is coordinated to Fe(II) ion through phenolic-oxygen
atoms, azomethine-nitrogen atom and carboxylate–oxygen atom
forming stable octahedral complexes with the general formula
[Fe(HL)2]�nH2O. The suggested formulas were confirmed by apply-
ing the molar ratio and continuous variation methods. The 3-D
geometry of the obtained complexes was identified using DFT cal-
culations, which verified the octahedral coordination of the ligand-
Fe bonds. Chemical reactivity in aqueous solvent was evaluated
using CSM code. Calculations showed the obtained complexes
had minor difference in their chemical reactivity. Moreover, the
obtained Kf values indicate the high stability of the prepared
complexes and their values increase in the following order: bsar-
i > bali > bsphali > bshi > bsasi and the obtained result was con-
firmed by gel electrophoresis image. The cationic pendant groups
in the crescent-shaped structure of bsari have structural similarity
with the antitumor antibiotic netropsin in binding to DNA. Fur-
thermore, The DNA binding study takes placevia an intercaltive
mode. These findings clearly indicate that transition metal based
complexes have many potential practical applications, like the

Table 10
Results of antifungal bioassay of the prepared Fe(II) bromosalicylidene amino acid complexes in DMSO.

Compound (zone of inhibition)

Compound Fungi conc. Penciillium pupurogenium Aspergillus flavus Trichotheium rosium

bsal 20,000 – – –
30,000 – – –
40,000 – + –
50,000 + + +

bsali 20,000 + + –
30,000 + + +
40,000 ++ ++ ++
50,000 ++ +++ ++

bsphal 20,000 – – –
30,000 – – –
40,000 + + +
50,000 + ++ +

bsphali 20,000 – + +
30,000 + + +
40,000 + ++ ++
50,000 ++ +++ +++

bsas 20,000 – – –
30,000 + – –
40,000 + + +
50,000 + + +

bsasi 20,000 + + +
30,000 ++ ++ +
40,000 ++ ++ ++
50,000 +++ +++ +++

bsh 20,000 – – –
30,000 – – –
40,000 – + –
50,000 + + +

bshi 20,000 – + –
30,000 + + +
40,000 + ++ ++
50,000 ++ +++ ++

bsar 20,000 – – –
30,000 – – –
40,000 + – +
50,000 + + +

bsari 20,000 + + +
30,000 + + +
40,000 ++ ++ ++
50,000 +++ +++ +++

Nystatin 20,000 ++ ++ ++
40,000 +++ ++ +++

Inhibition values = 0.1–0.5 cm beyond control = +, inhibition values = 0.6–1.0 cm beyond control = ++, inhibition values = 1.1–1.5 cm beyond control = +++.
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development of nucleic acid molecular probes and new therapeutic
reagents for diseases. Also the prepared compounds show antibac-
terial activity.
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H. Paulíková, A. Valent, Inter. J. Bio. Macromol. 48 (2011) 319–325.
[19] J. Cheng, Q. Lin, R. Hu, W. Zhu, H. Li, D. Wang, Cent. Eur. J. Chem. 7 (1) (2009)

105–110.
[20] M.S.A. Begum, S. Saha, M. Nethaji, A.R. Chakravarty, J. Inorg. Biochem. 104

(2010) 477–484.
[21] D. Jianfanga, L. Lianzhi, L. Linweia, X. Taoa, W. Daqia, Chin. J. Chem. 29 (2011)

259–266.
[22] Laila H. Abdel-Rahman, Rafat M. El-Khatib, Lobna A.E. Nassr, Ahmed M. Abu-

Dief, Fakhr El-Din Lashin, Spectrochim. Acta Part A: Mol. Biomol. Spectrosc.
111 (2013) 266–276.

[23] Laila H. Abdel-Rahman, Rafat M. El-Khatib, Lobna A.E. Nassr, Ahmed M. Abu-
Dief, J. Mole. Struct. 1040 (2013) 9–18.

[24] A.K. Patra, T. Bhowmick, S. Roy, S. Ramakumar, A.R. Chakravarty, Inorg. Chem.
48 (2009) 2932–2943.

[25] R. Bonnett, Chemical Aspects of Photodynamic Therapy, Gordon and Breach,
London, UK, 2000.

[26] B.W. Henderson, T.M. Busch, L.A. Vaughan, N.P. Frawley, D. Babich, T.A. Sosa,
J.D. Zollo, A.S. Dee, M.T. Cooper, D.A. Bellnier, W.R. Greco, A.R. Oseroff, Cancer
Res. 60 (2000) 525–529.

[27] I. S�akiyan, E. Logoglu, S. Arslan, N. Sari, N. Sakiyan, Biometals 17 (2004) 115–
120.

[28] A.M. Shaker, A.M. Awad, L.A.E. Nassr, Synth. React. Inorg. Metal – Org. Chem.
33 (1) (2003) 103–107.

[29] H.T.S. Britton, Hydrogen Ions, fourth ed., Chapman and Hall, London, UK, 1952.
[30] P.J. Hay, W.R. Wadt, J. Chem. Phys. 82 (1985) 270–283.
[31] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb, J.R. Cheeseman,

et al. Gaussian 03, Revision of C.01. Wallingford CT: Gaussian Inc.; 2004.
[32] J. Murmur, J. Mol. Biol. 3 (1961) 208–218.
[33] N. Raman, K. Pothiraj, T. Baskaran, J. Mol. Struct. 1000 (2011) 135–144.
[34] A. Wolf, G.H. Shimer, T. Meehan, Biochemistry 26 (1987) 6392–6396.
[35] S. Satyanarayana, J.C. Dabroniak, J.B. Chaires, Biochemistry 31 (1992) 9319–

9324.

[36] M. Vujcic, S. Tufegdzic, Z. Vujcic, M.J. Gašic, D. Sladic, J. Serb. Chem. Soc. 72
(2007) 1265–1269.

[37] N. Raman, A. Kulandaisamy, K. Jeyasubramanian, Synth. React. Inor. Met. Org.
Chem. 31 (7) (2001) 1249–1260.

[38] S. Gopalakrishnan, R. Rajameena, E. Vadivel, Int. J. Pharmaceut. Sci. Drug Res. 4
(1) (2012) 31–34.

[39] G. Kumar, S. Devi, R. Johari, D. Kumar, Eur. J. Med. Chem. 52 (2012) 269–274.
[40] E. Canpolat, M. Kaya, J. Coord. Chem. 55 (2002) 961–968.
[41] A.S. El-Tabl, F.A. EL-Saied, A.N. Al-Hakimi, J. Coord. Chem. 61 (15) (2008) 2380–

2401.
[42] N. Raman, J.D. Raja, A. Sakthivel, J. Chem. Sci. 119 (4) (2007) 303–310.
[43] P.K. Sharma, S.N. Dubey, Proc. Ind. Acad. Sci. (Chem. Sci.) 6 (1) (1994) 23–27.
[44] M.S.A. Begum, S. Saha, M. Nethaji, A.R. Chakravarty, J. Inorg. Bio. Chem. 104

(2010) 477–484.
[45] M. Thankamony, K. Mo anan, Ind. J. Chem. A46 (2007) 249.
[46] R. Garg, N. Fahmi, R.V. Singh, Russ. J. Coord. Chem. 34 (2008) 198–203.
[47] K. Nakamoto, Infrared and Raman spectra of coordination compounds, John

Wiley, New York, 1978. pp. 143–253.
[48] P. Teyssie, J.J. Charette, Spectrochim. Acta 19 (9) (1963) 1407–1423.
[49] A.M. Abdel-Mawgoud, Synth. Inorg. Met. Org. Chem. 28 (4) (1998) 555–570.
[50] G. Ibrahim, E. Chebli, M.A. Khan, G.M. Bouet, Transit. Met. Chem. 24 (3) (1999)

294–298.
[51] M. Thomas, M.K.M. Nair, R.K. Radhakrishan Synth, React. Inorg. Met. Org.

Chem. 25 (1995) 471–479.
[52] F. Ahmad, M. Parvez, S. Ali, M. Mazhar, A. Munir, Synth. React. Inorg. Met. Org.

Chem. 32 (4) (2002) 665–687.
[53] D.X. West, A.A. Nasar, Transit. Met. Chem. 24 (1999) 617–621.
[54] A.B.P. Lever, Inorganic Electronic Spectroscopy, Elsevier Publishing,

Amsterdam, 1968. 326.
[55] J.H. Yoe, A.L. Jones, Ind. Eng. Chem. Anal. Ed. 16 (1944) 111–115.
[56] R. El-Shiekh, M. Akl, A. Gouda, W. Ali, J. Am. Sci. 7 (4) (2011) 797–807.
[57] S.S. Shah, R.G. Parmar, Der. Pharm. Chem. 3 (1) (2011) 318–321.
[58] P. Job, Ann. Chem. 9 (1928) 113–203.
[59] R.M. Issa, A.A. Hassanein, I.M. El-Mehasseb, R.I. Abed, El-Wadoud Spectrochim.

Acta A 65 (2006) 206–214.
[60] K.D. Sen, D.M.P. Mingos, Structure and Bonding: Chemical Hardness, 80,

Springer, Berlin, 1993.
[61] R.G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford

University Press, Oxford, 1989.
[62] P. Geerlings, F. de Proft, W. Langenaeker, Chem. Rev. 103 (2003) 1793.
[63] P.K. Chattaraj, B. Maiti, J. Am. Chem. Soc. 125 (2003) 2705.
[64] R.G. Pearson, Acc. Chem. Res. 26 (1993) 250.
[65] R.G. Pearson, Chemical Hardness: Application From Molecules to Solid, Wiley-

VCH, Weinheim, 1997.
[66] A. Vektariene, G. Vektaris, J. Svoboda, Arkivoc 7 (2009) 311.
[67] J.M. Kelly, A.B. Tossi, D.J. McConnell, C.O. Uigin, Nucl. Acids Res. 13 (1985)

6017–6034.
[68] A.M. Pyle, J.P. Rehmann, R. Meshoyrer, C.V. Kumar, N.J. Turro, J.K. Barton, J. Am.

Chem. Soc. 111 (1989) 3051–3058.
[69] X.W. Liu, J. Li, H. Li, K.C. Zheng, H. Chao, L.N. Ji, J. Inorg. Biochem. 99 (2005)

2372–2380.
[70] B.C. Baguley, M. LeBret, Biochemistry 23 (1984) 937–943.
[71] Y. Liu, W. Mei, J. Lu, H. Zhao, L. He, F. Wu, J. Coord. Chem. 61 (2008) 3213–3224.
[72] R.B. Dixit, T.S. Patel, S.F. Vanparia, A.P. Kunjadiya, H.R. Keharia, B.C. Dlxit, Sci.

Pharm. 79 (2011) 293–308.
[73] A. Hartwig, Chem. – Biol. Interact. 184 (2010) 269–272.
[74] S. Shi, J. Liu, J. Li, K.C. Zheng, X.M. Huang, C.P. Tan, L.M. Chen, L.N. Ji, J. Inorg.

Biochem. 100 (2006) 385–395.
[75] N. Nishat, S. Hasnain, S.D. Asma, J. Coord. Chem. 63 (21) (2010) 3859–3870.
[76] P.G. Avajia, C.H.V. Kumar, S.A. Patilc, K.N. Shivanandad, C. Nagaraju Eur, J. Med.

Chem. 44 (9) (2009) 3552–3559.
[77] Z.H. Chohan, C.T. Supuran, A. Scozzafava, J. Enz. Inhib. Med. Chem. 19 (2004)

79–84.
[78] S.U. Rehman, Z.H. Chohan, F. Naz, C.T. Supuran, J. Enzy. Inhib. Med. Chem. 20

(2005) 333–340.
[79] Z.H. Chohan, M. Arif, Z. Shafiq, M. Yaqub, C.T. Supuran, J. Enz. Inhib. Med.

Chem. 21 (2006) 95–103.

378 L.H. Abdel-Rahman et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 117 (2014) 366–378


