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a b s t r a c t

Silver(I) complexes of alkyl sulfonic acide hydrazides were newly synthesized as homologous series.
Methanesulfonic acide hydrazide (L1), ethanesulfonic acide hydrazide (L2), propanesulfonic acide hy-
drazide (L3) and butanesulfonic acide hydrazide (L4) were used for complexation with Ag(I) ions. The
silver complexes obtained in the mol ratio of 1:2 have the structural formula as Ag(L1)2NO3 (I),
Ag(L2)2NO3 (II), Ag(L3)2NO3 (III), (Ag(L4)2NO3 (IV). The Ag(I) complexes exhibit distorted linear two-fold
coordination in [AgL2]þ cations with uncoordinated nitrates. Ligands are chelated with silver(I) ions
through unsubstituted primary nitrogen in hydrazide group. Ag(I) complexes were characterized by
using elemental analysis, spectroscopic methods (FT-IR, LC-MS), magnetic susceptibility and conductivity
measurements. Silver(I) complexes were optimized using PBEPBE/LanL2DZ/DEF2SV basic set performed
by DFT method with the Gaussian 09 program package. The geometrical parameters, frontier molecular
orbitals (HOMOs and LUMOs) and molecular electrostatic potential (MEP) mapped surfaces of the
optimized geometries were also determined by this quantum set. The anticancer activities of silver(I)
complexes on MCF-7 human breast cancer cell line were investigated by comparing IC50 values. The
antibacterial activities of complexes were studied against Gram positive bacteria; S. aureus ATCC 6538,
B. subtilis ATCC 6633, B. cereus NRRL-B-3711, E. faecalis ATCC 29212 and Gram negative bacteria; E. coli
ATCC 11230, P. aeruginosa ATCC 15442, K. pneumonia ATCC 70063 by using disc diffusion method. The
inhibition activities of Ag(I) complexes on carbonic anhydrase II enzyme (hCA II) were also investigated
by comparing IC50 and Ki values. The biological activity screening shows that Ag(I) complex of butane-
sulfonicacidehydrazide (IV) has the highest activity against tested breast cancer cell lines MCF-7, Gram
positive/Gram negative bacteria and carbonic anhydrase II (hCA II) isoenzyme.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Silver complexes were used as antimicrobial agents for many
years and now found applications as antiseptics [1e4]. Some of
them exhibit significant antiproliferative properties which can be
higher than the corresponding activities of cisplatin [5,6]. An
additional advantage of using silver coordination compounds in the
development of new metallotherapeutic drugs is their low toxicity
to humans. However, this feature also raises the question of
whether such compounds, when the proper ligands are present,
mir).
can display higher antiproliferative activities in cancer cells. The
molecules of sulfonic acide hydrazide involve two pharmacophoric
fragments: sulfonamide group and hydrazine residue. Lots of them
have strong cytostatic [7,8], antibacterial [9] and analgesic activities
[10,11], as well as carbonic anhydrase inhibition properties [12].
Sulfonamides are a vital class of antimicrobial agents in the world
owing to their low cost and ability to slow bacterial growth in
wounds or infected organs without appreciable toxicity to normal
tissues. Metal complexes of sulfonamides have received interest in
bioinorganic chemistry [13e16]. To find better compounds, some
metallo sulfonamides have much attention due to the fact that
complexes show more activity than free ligands. For example,
Ag(I)esulfadiazine complex is used for human burn treatment
[14,15] and the Zn(II)esulfadiazine complex is used for prevention
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of bacterial infection in burned animals [16]. The potent anti-
inflammatory properties of silver(I) ions are well known as skin
wound dressings for the treatment of bacterial infections and
recently, silver nanoparticles have been used as antibacterial
agents. Ag(I) complexes with various types of ligands containing
active sites such as nitrogen, oxygen, phosphorus or sulfur etc. have
been studied for their antitumor activities. Moreover, the selectivity
towards cancer cells could be achieved using appropriate ligands
coordinating with silver(I) ions [17].

Since the number of metal complexes called sulfa drugs has
increased, the interaction of metal ions in drugs administered for
therapeutic reasons has became a subject of importance. Due to
sulfonamides/sulfonylhydrazines/sulfonylhydrazones and their
metal complexes have significant pharmacologic applications and
widespread use in medicine, these compounds gain importance in
bioinorganic and metal based drug chemistry.

In our previous studies, we reported the antibacterial and
cytotoxic effect of methane sulfonic acid hydrazide (CH3SO2-
NHNH2) and its sulfonylhydrazone derivatives [18,19], as well as its
metal complexes [20e22]. Ethane and prophane sulfonylhydrazone
derivatives and their transition metal complexes were synthesized
and screened for their antimicrobial activities [23e26]. Further-
more, ethanesulfonylhydrazone/prophanesulfonylhydrazone de-
rivatives and their transition metal complexes and also different
aromatic/heteroaromatic sulfonylhydrazone derivatives were
investigated for their inhibitory effects on carbonic anhydrase II
(hCA II) isoenzyme [25,27]. In addition, alkyl (Alkyl: methane,
ethane, prophane, buthane, L1-L4) and acetyl sulfonic acid hydra-
zide derivatives were synthesized for biological studies. The
structure of ligands were reported in our previous work [18,28].

As part of ongoing studies, alkyl sulfonic acide hydrazide-Ag(I)
complexes (IeIV) were synthesized for the first time and charac-
terized by using elemental analysis, FT-IR, LCeMS, magnetic sus-
ceptibility and conductivity measurements. Theoretical
calculations invoking structural optimization, geometrical param-
eters (bond lenghts and bond angles), electronic properties (fron-
tier molecular orbital (FMO) energies and molecular electrostatic
potential (MEP) mapped surfaces) were performed using DFT/
PBEPBE method with LanL2DZ/DEF2SV basis set in Gaussian 09
program. The anticancer activities of silver(I) complexes towards
MCF-7 human breast cancer cell line were investigated by
comparing IC50 values. The antibacterial activities of synthesized
complexes were studied against Gram positive bacteria; S. aureus
ATCC 6538, B. subtilis ATCC 6633, B. cereus NRRL-B-3711, E. faecalis
ATCC 29212 and Gram negative bacteria; E. coli ATCC 11230,
P. aeruginosa ATCC 15442, K. pneumonia ATCC 70063 by using disc
diffusion method and compared with Standard antibiotics. The
inhibition activities on carbonic anhydrase II enzyme (hCA II) were
also evaluated by comparing IC50 (IC50 represents the molarity of
inhibition as 50% decrease of enzyme activity) and Ki (inhib-
itoreenzyme dissociation constant) values.

2. Experimental

2.1. Physical measurements

The solvents were purified and distilled according to routine
procedures. Methane/ethane/prophane and butane sulfonyl chlo-
ride, hydrazine hydrate, silver(I) nitrate were commercial products
(purum). Elemental analyses were performed according to stan-
dard micro analytical procedures by Leco CHNS-932. The infrared
spectra of the compounds as KBr-disks were recorded in the range
of 4000-400 cm�1 with a Mattson 1000 FT-IR spectrometer.
UVeVis spectra were recorded on UNICAM-UV 2-100 spectropho-
tometer. LC-MS spectra were recorded on LCT Premier XE UPLC/
MS-TOF spectrophotometer. Melting points of silver complexes
were determined with a Gallenkamp melting point apparatus. The
molar magnetic susceptibilities were measured on powdered
samples using Gouy method. The molar conductance measure-
ments were carried out using a Siemens WPA CM 35 con-
ductometer. The anticancer activities of Ag(I) complexes on MCF-7
human breast cancer cell line were investigated by MTT assay
method. The cell cultures were incubated under 5% CO2/air at 37 �C
conditions in Nuaire humidified carbon dioxide incubator (Play-
mouth, MN, USA). Cells' state was controlled by inverted micro-
scope (Soif Optical Inc. China) and results are expressed as
Mean ± STD. Statistical analysis and comparison between mean
values for cytotoxicity were performed by Tukey variance analysis
(SPSS 10.0 for Windows; Chicago, IL, USA). The disc diffusion
method was used to determine the antibacterial activities of
complexes against Gram positive bacteria; S. aureus ATCC 6538,
B. subtilis ATCC 6633, B. cereus NRRL-B-3711, E. faecalis ATCC 29212
and Gram negative bacteria; E. coli ATCC 11230, P. aeruginosa ATCC
15442, K. pneumonia ATCC 70063. Bacterial cultures were obtained
from Gazi University, Biology Department in Turkey. The inhibition
activities of synthesized complexes against carbonic anhydrase II
(hCA II) were investigated by comparing Ki and IC50 values.

2.2. General procedure for the synthesis of Ag(I) complexes

The reactions of silver(I) nitrate with various alkyl sulfonic acide
hydrazides (alkyl, R:methan, ethane, prophane, butane) were car-
ried out as follows [17]: An acetonitrile solution of the alkyl sulfonic
acide hydrazides, R-SO2NHNH2 (1.2 mmol) was added dropwise
into the solution of methanol/acetonitrile (25 mL) of AgNO3
(0.6 mmol). The reaction mixture was heated under reflux for 1 day
at 50 �C and left in deep freze for 5 h. The solid complexes was
collected by filtration, washed with a small volume of acetonitrile/
methanol/ether, left in glass oven at 170 �C for a 2 h in vacuo to
prevent the hydration and dried in a desiccator over CaCl2.

2.3. Computational section

All quantum chemical calculations for Ag(I)-alkyl sulfonic acide
hydrazides were performed by PBEPBE method with LanL2DZ/
DEF2SV basic set using DFT in Gaussian 09 software program
[29,30]. The geometries of silver(I) complexes were optimized by
minimizing energies with respect to geometrical parameters (bond
lenghts and bond angles) [31], the frontier molecular orbital en-
ergies (HOMO-2, HOMO-1, HOMO and LUMO, LUMOþ1, LUMOþ2).
The molecular electrostatic potential (MEP) mapped surfaces of the
optimized geometries were also computed by this quantum set.
The different values of the electrostatic potential at the surface are
represented by different colours. The positive regions (blue) may be
regarded as electrophilic centers whereas the negative regions
(red) as nucleophilic sites [32,33].

2.4. Biological activities

2.4.1. Cell culture and cytotoxicity determination
The anticancer activities of Ag(I) complexes on MCF-7 human

breast cancer cell line were investigated by MTT assay method. The
colorimetric cell viability assay under usage of the tetrazole 3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT) was
used to evaluate the cytotoxic effects of the test compounds [34].
MCF-7 cancer cell line were grown as monolayer culture in a high
glucose concentration (4.5 g/L) DMEMmedium supplemented with
10% fetal calf serum (FCS), 1% L-glutamine (200 mM), 1% of mixture
penicillin (100 IU/ml) and streptomycin (100 lg/ml) incubated at
37 �C in atmosphere of 5% CO2e95% air mixture. Briefly, 5 � 104



Table 1
Analytical and physical data for silver(I) complexes.

Complex Empirical Formula (Formula Weight) m.p. (
�
C) Yield (%) Found (Calculated)

%C %H %N %S

I C2H12N5O7S2Ag 389.87 g/mol 110e1121 50 6,38 (6,16) 3,17 (3,08) 17,63 (17,96) 16,21 (16,42)
II C4H16N5O7S2Ag 417.97 g/mol 121e123 40 10,93 (11,40) 3,50 (3,83) 16,28 (16.75) 14,92 (15,32)
III C6H20N5O7S2Ag 445.87 g/mol 104e106 55 15,08 (16.15) 4,24 (4.49) 14,98 (15,70) 14,28 (14,35)
IV C8H24N5O7S2Ag 473.87 g/mol 132e135 45 19,82 (20,26) 5,04 (5,06) 14,70 (14,77) 13,35 (13,51)
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MCF-7 tumor cells were plated in triplicate in 96-well flat bottom
tissue culture plates and treated with different concentrations of
drugs for the time indicated. MTT (0.005 g/mL in phosphate buffer
saline) was added to the cell culture and incubated for 4 h at 37 �C
in 5% CO2 humidified incubator. The formazan crystals formed
during the reaction of active mitochondria with MTT were dis-
solved in 100 mL of isopropanol and readings were taken in a mi-
crotiter plate reader using a 570 nm filter. Cytotoxic activity results
were evaluated as the IC50 values (in mM) and Docetaxel was used
as positive control.
2.4.2. Procedure for antibacterial activities
The antibacterial activities of the Ag(I) complexes with alkyl

sulfonic acide hydrazide were in vitro tested against Gram positive
bacteria; S. aureus ATCC 25923, B. subtilis RSKK 244, B. magaterium
RSKK 5117 and Gram negative bacteria; S. enteritidis ATCC 13076,
E. coli ATCC 11230 by using disc diffusion method. Bacterial strains
were cultured over night at 310 K in Nutrient Broth. During the
survey, these stock cultures were stored in the dark at 277 K. The
inocula of microorganisms were prepared from broth cultures and
suspensions were adjusted to 0.5 McFarland standard turbidity.

The Ag(I) complexes with alkyl sulfonic acide hydrazide were
dissolved in 20% DMSO to final concentration of 5.0 mg mL�1 and
sterilized by filtration with 0.45 mm millipore filters. Antimicrobial
tests were then carried out by the disc diffusion method using
100 mL of suspension containing 108 CFUmL�1 bacteria spread on a
nutrient agar (NA) medium. The discs (6 mm in diameter) were
impregnated with 20 mL of each compound (100 mg/disc) at the
concentration of 5.0 mg mL�1 and placed on the inoculated agar.
DMSO impregnated discs were used as negative control. Sulfa-
methoxazole (300 mg/disc) and sulfisoxazole (300 mg/disc) antibi-
otics were used as positive controls to determine the sensitivity of
one strain/isolate in each microbial species tested. The inoculated
plates of bacterial strain isolates were incubated at 37 �C for 24 h.
Antimicrobial activities were evaluated by measuring zone di-
ameters of inhibition against bacterial strains in disc diffusion
assay. Each assay was repeated twice. Percentage of inhibition by
comparing distance of the compounds to the positive control
(Sulfamethoxazole) using the equation below [35].

% Inhibition ¼
�

diameter of the sample
diameter of the positive control

�
$100
Fig. 1. Preparation of silver(I) complexes with different alkyl sulfonic acid hydrazides
(IeIV).
2.4.3. Procedure for hCA II enzyme inhibitor activities
Carbonic anhydrase II (hCA II) inhibition activities were assayed

by the hydrolysis of p-nitrophenylacetate to p-nitrophenolate [36].
IC50 and Ki values of compounds were determined on hCA II
isoenzyme. Acetazolamide (5-acetamido-1,3,4-thiadiazole-2-
sulfonamide, AAZ) clinically used in hCA II inhibition was investi-
gated as standard inhibitor.

In order to determine IC50 values, 100 mL of 3.0 mM p-nitro-
phenylacetate as substrate and four different concentrations
(3 � 10�2, 3 � 10�3, 5 � 10�4, 3 � 10�4 M) of inhibitors were
used. Reaction was started by adding of 170 mL of 0.05 M tris-SO4
buffer (pH: 7.6) and 0.1 mL enzyme solution for total volume of
300 mL. The absorbance was determined at 348 nm after 6 min
with UVevis spectrophotometer [37]. This study was repeated
three times for each inhibitor. In order to determine IC50 values,
graphs were drawn using % inhibition values by statistical
packing program on a computer. The IC50 concentrations of Ag(I)-
alkyl sulfonic acide hydrazides were determined from graphs
[38]. This method was applied to determine Ki values. In the
media with or without inhibitor, the substrate concentrations
were taken at 0.3, 0.6, 1.0, 3.0 mM. The Linewear-Burk graphs
were obtained and Ki values were calculated according to Cheng
Prusoff equation.
3. Results and discussion

Analytical data and some physical properties of the Ag(I) com-
plexes of alkyl sulfonic acide hydrazide are summarized in Table 1.
The general synthetic route used to prepare the compounds are
illustrated in Figs. 1e2. The reaction of corresponding alkyl sulfonic
acide hydrazides with silver (I) nitrate was employed to form Ag(I)
complexes with methanesulfonicacide hydrazide (I), ethanesulfo-
nicacide hydrazide (II), propanesulfonicacide hydrazide (III) and
butanesulfonicacide hydrazide (IV). The geometry optimization,
geometrical and electronic parameters of silver(I) complexes were
performed by using PBEPBE/LanL2DZ/DEF2SV quantum set with
DFT method in Gaussian 09 software program. Electronic and
geometrical parameters of Ag(I) complexes (IeIV) are presented in
Table 2.
R=CH3→I, Ag(L1)2NO3, R=C2H5→II, Ag(L2)2NO3
R=C3H7→III, Ag(L3)2NO3 R=C4H9→IV, Ag(L4)2NO3

Fig. 2. The structure of Ag(I) alkyl sulfonic acid hydrazide homologous series (IeIV).
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3.1. Characterization of complexes

3.1.1. FT-IR spectra
The selected vibration frequencies of silver(I) complexes with

alkyl sulfonic acide hydrazides are listed in Table 3. In order to
clarify bonding sites of ligand to metal ion, IR spectra of metal
complexes were studied and assigned based on careful comparison
of their spectrumwith that of free ligands. NH2 vibrations consist of
asymmetric and symmetric stretching modes; yas (HeNeH) and
ysym(HeNeH) are observed between 3383 and 3334 cm�1 and
3300-3249 cm�1 as double bands in the prepared ligands (L1-L4),
respectively [18,39e41]. In silver(I) complexes, these frequencies
shift to lower range of 3363-3266 cm�1 and 3290-3240 cm�1

indicating coordination of ligand through a primary nitrogen atom
(NH2) to silver(I) ion. Additionally, the presence of a single bands
observed about 3210 cm�1 and 3211 cm�1 confirm the presence of
secondary amine groups (NHs) for ligands. In the spectra of com-
plex, the position of these bands remains largely unchanged, sug-
gesting that the seconder NH group of ligands are not involved in
coordination to the metal [42]. The IR spectrum of complexes also
show bands in 1321e1317 cm�1 region attributed to nas(SO2) vi-
brations and the bands in 1156e1133 cm�1 region attributed to the
nsym(SO2) vibrations. Compared with ligands, there are no signifi-
cant changes in these bands [43]. The sulfonyl oxygens do not
participate in the coordination and this is not surprising since the
examples of coordinated sulfonyl groups are very rare [44]. New
bands appeared at lower frequencies in the spectrum of complexes
are probably due to metal-nitrogen bonds. The very strong bands
corresponding to NO3

� stretching of uncoordinated nitrate anions
are observed between 1370 and 1375 cm�1 [45].

3.1.2. LC-MS spectra
The electron impact mass spectrum of the Ag(I) complexes were

recorded at 70 eV. Themass spectrum of [Ag(L)2]NO3 complexes are
Table 2
Selected geometrical and electronic parameters of silver(I) complexes.

Geometrical parameters Electronic parameters

Bond length (Å) Bond angle (
�
) FMOs (eV)

complex I
Ag25eN11 2.197 N11eAg25eN14 155.4 LUMOþ2 �0.0868
N4eN11 1.480 N4eN11eAg25 101.8 LUMOþ1 �0.1127
S6eN4 2.113 S6eN4eN11 104.4 LUMO �0.1544
C1eS6 1.946 C1eS6eN4 96.3 HOMO �0.2056

HOMO-1 �0.2234
HOMO-2 �0.2056

complex II
N10eAg23 2.203 N10eAg23eN13 158.0 LUMOþ2 �0.0890
N3eN10 1.489 N3eN10eAg23 111.2 LUMOþ1 �0.1129
S5eN3 2.068 S5eN3eN10 105.9 LUMO �0.1367
C1eS5 1.988 C1eS5eN3 101.9 HOMO �0.1990
C32eC1 1.560 C32eC1eS5 108.9 HOMO-1 �0.2167

HOMO-2 �0.2322
complex III
N10eAg23 2.202 N10eAg23eN13 158.2 LUMOþ2 �0.0361
N3eN10 1.490 N3eN10eAg23 111.8 LUMOþ1 �0.0561
S5eN3 2.075 S5e N3eN10 105.4 LUMO �0.0624
C1eS5 1.984 C1eS5eN3 102.6 HOMO �0.1791
C31eC1 1.560 C31eC1eS5 109.9 HOMO-1 �0.1990
C34eC31 1.593 C34eC31eC1 107.8 HOMO-2 �0.2232
complex IV
N10eAg23 2.187 N10eAg23eN13 167.2 LUMOþ2 �0.0335
N3eN10 1.510 N3eN10eAg23 107.9 LUMOþ1 �0.0535
N3eS5 2.040 S5eN3eN10 104.8 LUMO �0.0598
C1eS5 1.979 C1eS5eN3 101.5 HOMO �0.1765
C31eC1 1.559 C31eC1eS5 109.6 HOMO-1 �0.1964
C34eC31 1.594 C34eC31eC1 108.5 HOMO-2 �0.2203
C40eC34 1.585 C40eC34eC31 109.9
presented in Fig. 3 and the fragmentation peaks are given in Table 4.
LC-MS spectra shows that the molecular ion peaks, [M]þ at m/z
327.94 (23%) for Ag(L1)2þ (complex I), [M]þ at m/z 355.0(7%) for
Ag(L2)2þ (complex II), [M-2H]þ at m/z 381.0(16%) for Ag(L3)2þ

(complex III) and [M þ NH4e2H]þ at m/z 427.4 (%10) for Ag(L4)2þ

(complex IV). The main peaks (100%), [M-2(SO2eCH3)þNa]þ atm/z
188.95, [2L2þNa]þ atm/z 273, [Agþ L3-2H]þ atm/z 243.08 and [L4-
C2H5]þ at m/z 123.04 are observed for [Ag(L1)2]NO3 (complex I),
[Ag(L2)2]NO3 (complex II), [Ag(L3)2NO3] (complex III), [Ag(L4)2-
NO3] (complex IV), respectively.

3.1.3. Conductivity and magnetic behavior
The electrical molar conductivity (LM, ohm�1. cm2.mol�1)

values of complexes reach the ranges characteristic for 1:1 elec-
trolyte type comparing with KI (1:1 electrolyte type) as reference
and experimental results are presented in Table 5. Ag(I) complexes
were characterized by elemental analysis and mass spectrometry
methods to confirm the proposed molecular formulas. The
electrical molar conductances in methanol at room temperature
for Ag(L)2NO3 were measured in the range of 31.23e
32.06 U�1 cm2 mol�1 which indicates 1:1 ionic nature of silver (I)
complexes and the number of ionized nitrate ions. The measured
values are displayed similar to the reference value (1:1 electrolyte
type KI).

The effective magnetic moments (meff) of complexes (IeIV) were
measured at room temperature as Bohr Magneton (B.M.). The
diamagnetic character of Ag(L)2NO3 complexes shows the linearity
of Ag(I) complexes.

3.2. Theoretical calculations

The computational calculations of Ag(I)-alkyl sulfonic acide
hydrazides were carried out using the Becke-3-LeeeYangeParr
density functional methods [46]. The geometry optimizations of
silver(I) complexes having distorted linear geometries were applied
to confirm the structure as minimum points in energy by PBEPBE/
LanL2DZ/DEF2SV quantum set in Gaussian 09 software program.
The calculated geometrical parameters (bond lenghts and bond
angles), the frontier molecular orbital (HOMO-2, HOMO-1, HOMO
and LUMO, LUMOþ1, LUMOþ2) energies and molecular electro-
static potential (MEP) mapped surfaces were performed with the
same quantum set.

3.2.1. Geometrical parameters
The selected geometrical parameters (bond lenghts and bond

angles) were determined using PBEPBE method with LanL2DZ/
DEF2SV basis set in the gas phase. The selected geometrical pa-
rameters of Ag(I) complexes are listed in Table 2. The AgeN, NeN,
NeS and SeC bond distances lie within calculated range of
2.187e2.203 Å, 1.480e1.510 Å, 2.040e2.113 Å and 1.946e2.068 Å,
respectively. The NeAgeN, NeNeAg, SeNeN and CeSeN bond
Table 3
Wave number (cm�1) of selected vibration of the silver(I) complexes.

Assign. I II III IV

yas(NH2) 3350m 3266s 3335m 3363m
ys(NH2) 3276m 3241s 3290m 3240m
y(NH) 3215 3205s 3210 3214w
yas(SO2) 1321s 1321s 1316s 1324s
ys(SO2) 1153s 1148s 1143s 1155s
d(NH2) 1627m 1627m 1617m 1633m
d(SO2) 527s 522m 527w 529
d(NH) 644m 548m 578w 580

w:weak, m:medium, s:strong.
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Fig. 3. LC/MS spectrum of silver complexes (IeIV).

Table 4
The mass spectral data of silver(I) complexes.

Complex MW Relative intensities of cationic complexes (m/z, %) and assignment

I 389.87 [M]þ (327.94, %23), [M-2(SO2CH3)þNa]þ (189.95, %100), [(H2NeAgeNH2eNH)e2H]þ (152.05, %25)
II 417.97 [M]þ (355.0, %7), [Ag(L2)2-C3H8e2H]þ (307.0, %14),[2L2þNa]þ (273, %95), [Ag þ L2-CH3-2H]þ (214.08, %31), [L2þH]þ (125.0, %46)
III 445.87 [M-2H]þ (381.0, %16), [M-C2H5]þ (355.15, %32), [Ag þ L3-2H]þ (243.08, %100)
IV 473.87 [M þ NH4e2H]þ (427.4, %10),[2L4þNa]þ(328.91, %11), [Ag þ L4]þ (259.87, %7), [L4þH]þ (153.01, %42),[L4-C2H5]þ (123.04, %100)

Table 5
The molar electric conductivity values of the silver complexes (in
methanol).

Complex LM (ohm�1 cm2 mol�1)

I 31,23
II 31,46
III 32,06
IV 31,57
KI 31,65

Reference: KI 1 � 10�3 M methanolic solution.
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angles were calculated between 155.4 and 167.2�, 101.8e111.8�,
104.4e105.9� and 102.6e102.6�, that shows the distorted linear
geometries of silver(I) complexes.
3.2.2. Frontier molecular orbitals (FMOs)
Frontier Molecular Orbital (FMO) surfaces present the various

stable electronic distributions of molecules and play an important
role in electronic and optical properties. According to FMOs theory,
the highest occupied and lowest unoccupied molecular orbitals
(HOMOs and LUMOs) are crucial in predicting the chemical re-
activities of the species [33,47]. HOMOs and LUMOs are the main
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orbitals taking part in the chemical reactions. HOMOs are electron
donors representing the ability to donate an electron and LUMOs
are electron acceptors representing the ability to obtain an electron.
The HOMO energy levels are directly related to the ionization po-
tentials and LUMO energy levels are directly related to the electron
affinities.

The HOMOs (HOMO-2, HOMO-1, HOMO) and LUMOs (LUMO,
LUMOþ1, LUMOþ2) energies were calculated by using PBEPBE
method with LanL2DZ/DEF2SV basis set [48e51] and FMO surfaces
of optimized geometries are exhibited in Fig. 4. The frontier mo-
lecular orbital (HOMO and LUMO) energies of silver complexes
(IeIV) are determined between (�0.1765)-(-0.2056) eV and
(�0.0598)-(-0.1544) eV, respectively. The lower negative HOMO
and LUMO energies indicate that silver(I) complexes may play
significant role for drug metabolism as oxidant and reductant. The
energy values of other HOMO and LUMO levels are listed in Table 2.

3.2.3. Molecular electrostatic potential (MEP)
The molecular electrostatic potential (MEP) shape is a plot of

electrostatic potential mapped onto the constant electronic den-
sities which provides information about charge density distribu-
tions, chemically active sites and electrophilic interactions in
biologic systems The positive electrostatic potential surfaces col-
oured in shades of blue are correspond to repulsion of the proton by
atomic nuclei in the region of lower electron density surfaces. And
also, the negative electrostatic potential surfaces coloured in
Fig. 4. Frontier molecular orbitals (HOMO
shades of red are correspond to attraction of the proton by the
electronic densities in the molecule. The positive regions may be
regarded as electrophilic centers whereas the negative regions are
considered as nucleophilic sites [52e54]. The electrostatic poten-
tials increase in the order of coloured regions as red < orange
< yellow < green < blue.

As reported by Stams at al., MEP analysis of sulfonamides as CA II
inhibitors reveals that the negative potential is concentrated on the
oxygen of the sulfon moiety which is preferred sites for electro-
philic attack, whereas a positive potential indicating the site for
nucleophilic attack is concentrated on the NH and NH2 groups of
sulfonamides. The inhibitor coordinates to zinc center of CA II
enzyme and sulfonamide nitrogen donates a hydrogen bond to the
hydroxyl group of Thr-199. Sulfonyl oxygen accepts a hydrogen
bond from the backbone amide NH of Thr-199 and NH2 of Gln-92.
However, Thr-200 accepts a hydrogen bond from nitrogen of the
inhibitor [55].

The molecular electrostatic potentials (MEPs) of the optimized
Ag(I) complexes with atomic numbering were determined by using
PBEPBE/LanL2DZ/DEF2SV quantum set with DFT method. As seen
in Fig. 5, the regions of the negative potential (reddish) are over SO2

and NO3
� groups, besides regions of the positive potential (bluish)

are over NH2 and NH groups. The molecular electrostatic potential
(MEP) mapped surfaces may be employed to understand the
reactive sites of Ag(I)-alkyl sulfonic acide hydrazide complexes for
the interaction with biological molecules [18,55].
s and LUMOs) of complexes (IeIV).



Fig. 5. The molecular electrostatic potential (MEP) mapped surfaces of optimized
complexes (IeIV).

Table 6
Cytotoxicities of silver(I) complexes (I-IV) and Docetaxel
against MCF-7 cell lines.

Compound IC50 (mmolL�1)

I 11.6 ± 0.5
II 8.12 ± 1.1
III 6.9 ± 0.8
IV 5.10 ± 1.0
Docetaxel 7.24 ± 0.8

Reference: Docetaxel as standard drug.

Fig. 6. Comparison of antibacterial activities of complexes (IeIV) and antibiotics.

Fig. 7. Percentage of inhibition of complexes (IeIV) against sulfisoxazole.
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3.3. Biological studies

3.3.1. In vitro antitumor activities
The inhibitory effects of silver complexes (IeIV)were treated on

human breast cancer, MCF-7 cells and the growth of cells were
examined with MTT assay method. The cytotoxic activities as 50%
inhibitory concentration (IC50) values are shown in Table 6. The
in vitro cytotoxicity of silver complexes (IeIV) against MCF-7 cell
lines were investigated and compared with Docetaxel, the drug
used as standard. It can be seen that, the IC50 values of complex III
(6.9 ± 0.8 mM) and complex IV (5.10 ± 1.0 mM) against MCF-7 lower
than Docetaxel (7.24 ± 0.8 mM). Upon comparing the activities of
the reported complexes, IV shows higher cytotoxicity against MCF-
7, but I and II have lower potencies (average IC50 values of
11.6 ± 0.5 mMand 8.12 ± 1.1 mM) than III and IV havingmoremethyl
units. Viewing from the structure of synthesized silver(I) com-
plexes, it can be assumed that the increasing alkyl units up to 4
(methane, ethane, propane and butane) causes enhance activities
in our homolog series.

3.3.2. Antibacterial activity results
The test compounds were screened in vitro for their
Table 7
Inhibition zone values (mm, 100 mg/disc) of the silver complexes by disc diffusion metho

Compound Gram positive

B.subtilis
RSKK 244

B. cereus
NRRL-B-3711

E. faecalis
ATCC 29212

I 13 9 14
II 12 10 11
III 12 11 13
IV 15 14 11
Sulfisoxazole 25 18 e

Sulfamethaxazole 15 15 e

References: Sulfisoxazole and Sulfamethaxazole as standard antibiotics.
antibacterial activities against four Gram positive species (S. aureus,
B. subtilis B. cereus and E. faecalis) and three Gram negative species
(E. Coli, P. Aeruginosa and K. pneumonia) by the disc diffusion
method and inhibition zones of complexes (IeIV) are presented in
Table 7. The activity results were compared with those of the
standard antibiotics as sulfamethoxazole and sulfisoxazole. The
size of the inhibition zone depends upon the culture medium, in-
cubation conditions, rate of diffusion and the concentration of the
antibacterial agent (the activity increases as the concentration in-
creases). In the present study, the silver(I) complexes with alkyl-
sulfonic acide hydrazides are active against both types of the Gram
positive and Gram negative bacteria.

As the disc diffusion assay results evidently show that complex
IV with longest alkyl chain exhibits generally strong inhibition ef-
fects against tested bacteria whereas the other complexes (IeIII)
have moderate activities as seen in Fig. 6. The silver(I) complexes
with alkyl sulfonic acide hydrazides show the highest activities
against E. Faecalis in the diameter zone of 11e14 mm whereas
sulfisoxazole and sulfamethaxazole, the drug used as standard,
have been found inactive. This result is interesting that the silver
complexes (IeIV) have much more selectivities against E. Faecalis
than free ligands [18]. Akgül et al. determined antibacterial activ-
ities of synthesized sulfonamide derivatives and standard antibi-
otics (Gentamisin and Co-trimoxazole) as positive control. The
screening test was performed by using disc diffusion method for
detecting the susceptibility of synthesized compounds and positive
d.

Gram negative

S. aureus
ATCC 25923

P.aeruginosa
ATCC 15442

K.pneuonia
ATCC 70063

E. coli ATCC 11230

12 12 10 11
10 12 11 9
12 12 10 12
11 16 15 14
17 8 20 28
18 17 17 24



Table 8
The results of esterase activities on carbonic anhydrase II (hCA II).

Compound IC50 (M) Ki (M)

I 2,44 � 10�4 1,88 � 10�4

II 2,27 � 10�4 1,75 � 10�4

III 2,07 � 10�4 1,59 � 10�4

IV 1,91 � 10�4 1,47 � 10�4

AAZ 1.13 � 10�4 2,11.10�5

Reference: AAZ (Acetazolamide) as standard inhibitor.
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controls to E. faecalis ATCC 29212. The antibacterial activities of
Gentamisin and Co-trimoxazole as positive control were found
about 13mm and 31mm, respectively. Our silver(I) complexes have
similar activities with Gentamisin, but have lower activities than
Co-trimoxazole [56].

Percentage of inhibition for the compounds is exhibited in Fig. 7
that is expressed as excellent activity (120e200% inhibition), good
activity (90e100% inhibition), moderate activity (75e85% inhibi-
tion), significant activity (50e60% inhibition), negligible activity
(20e30% inhibition) and no activity. As seen in Fig. 7, all of the
complexes (IeIV) (160e200%) show excellent activity against
bacteria P. aeruginosa (Sulfisoxazole is accepted 100% inhibition).
Especially, complex IV (200%) has the best activity against bacteria
P. aeruginosa.

The results obtained by the disc diffusion method indicates that
the number of carbon atoms in alkyl sulfonic acide hydrazide co-
ordinated to silver ion may play an important role in the antibac-
terial activities. The highest antibacterial activity was observed for
complex IV which has alkyl sulfonic acide hydrazide with an
aliphatic carbon chain of 4 carbon atoms.
3.3.3. hCA II enzyme inhibition results
The object of this study is to determine the inhibitory effects of

the silver(I) complexes against hCA II isoenzyme. The inhibitory
Fig. 8. Activity% vs [I] regression analysis
effects of newly synthesized Ag(I) complexes were evaluated by
using IC50 (IC50 represents the molarity of inhibition as 50%
decrease of enzyme activity) and Ki (inhibitoreenzyme dissocia-
tion constant) values which are two of the most appropriate pa-
rameters of the inhibitors (Table 8) [25]. Acetazolamide (5-
acetamido-1,3,4-thiadiazole-2-sulfonamide, AAZ) has also been
investigated as standard inhibitor, clinically used against hCA II. As
seen in Fig. 8, Ag(I) complexes behave as inhibitors against hCA II,
however complex IV has the higest inhibitor effect (Ki ¼ 1,47 �
10�4 M, IC50 ¼ 1,91 � 10�4 M) than the other complexes (I-III) on
hCA II isoenzyme. Ki and IC50 values of complex IV are very close
to reference drug's. This is probably due to the further effect of the
length of an alkyl chain in the tested compounds. Alkyl groups
with different R-groups are very often investigated during the
drug discovery. Analog series are made by repeatedly adding an
extra carbon to alkyl chain and called homologues. If the homo-
logues have a longer and longer chain with no branching, they are
called homologous series. Within the homologous series, biolog-
ical activity often increases to a maximum as a side chain is
lengthened. This behavior is often seen in both biochemical and
cell-based analysis. Increasing the length of alkyl chain changes
the lipophilicity thus causes easily crossing through the cell
membrane. In many of the homologous series, the lipophilicities
have optimal values. If lipophilicity is too low, the compound
hardly crosses the membranes and if the lipophilicity is too high,
the compound enters the membrane easily. Tested homologous
series can help discovery of the suitable lipophilic properties. This
activity trend has less to do with target binding which can be
determined in the biochemical assay methods [18,57].
4. Conclusions

In this study, we report the synthesis of silver complexes of alkyl
sulfonic acide hydrazides. The structural characterizations of Ag(I)
complexes were made by using the elemental analysis and
graphs for silver(I) complexes (IeIV).
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spectroscopic methods. Based on physicochemical evidence, the
proposed structure of Ag(I) complexes (IeIV) are exhibited in Fig. 2.
Diamagnetic Ag(I) complexes indicating distorted linear geometry
were optimized by using PBEPBE method with LanL2DZ/DEF2SV
theory level. Geometrical parameters (bond length and bond an-
gles) and electronic properties (HOMO-LUMO energies and MEP
mapped surfaces) were also determined with the same basis set.
The energies of the frontier orbitals (HOMOs and LUMOs) are
important properties in chemical and pharmacological processes
giving information on the electron donating and accepting char-
acters of the compounds.

One of the most interesting approach of quantum chemical in-
vestigations is to explain the reactivity of compounds. In term of
reactivity, electrostatic potential also plays an important role fort
he explanation of the reactivity. The reactivity of chemical systems
can be evaluated by predicting electrophilic as well as nucleophilic
sites in targetmolecules [58]. MEP analysis of all silver(I) complexes
(IeIV) reveals that the negative potentials are concentrated on the
oxygen of the sulfon moieties which are preferred sites for elec-
trophilic attack with biological molecules, whereas a positive po-
tential indicating the site for nucleophilic attack is concentrated on
the NH2 and NH group of Ag(I) complexes. The remarkable activity
of complex IV may be arising from increasing methyl units which
may play an important role in biological activities [57]. Changing
the alkyl chain increases the lipophilicity and provides easily passes
through the cell membrane. Ag(I) complex (IV) with increasing
methyl units show highest inhibition effects against breast cancer
cell lines MCF-7 (with IC50: 5.10 ± 1.0 mmol/L, having higher activity
than standard drug Docetaxel with IC50: 7.24 ± 0.8), all tested
bacteria (with 11e16 mm zone diameter range) and CA II isoen-
zyme (with IC50:1,91 � 10�4 M).
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