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Copper(II), nickel(II), platinum(II) and palladium(II) complexes with 2-hydroxy-1-naphthaldehyde-N-
methylpropanesulfonylhydrazone (nafpsmh) derived from propanesulfonic acid-1-methylhydrazide (psmh)
were synthesized, their structure were identified, and antimicrobial activity of the compounds was
screened against three Gram-positive and three Gram-negative bacteria. The results of antimicrobial
studies indicate that Pt(II) and Pd(II) complexes showed the most activity against all bacteria. The crystal
structure of 2-hydroxy-1-naphthaldehyde-N-methylpropanesulfonylhydrazone (nafpsmh) was also
investigated by X-ray analysis. A series of Ni(II) sulfonyl hydrazone complexes (1–33) was synthesized
and tested in vitro against Escherichia coli and Staphylococcus aureus. Their antimicrobial activities were
used in the QSAR analysis. Four-parameter QSAR models revealed that nucleophilic reaction index for Ni
and O atoms, and HOMO–LUMO energy gap play key roles in the antimicrobial activity.

� 2013 Elsevier B.V. All rights reserved.
Introduction [1,2], such as antibacterial [3], antitumor [4,5], anti-carbonic anhy-
Sulfa drugs are considered to be among the most important
group of compounds in medicinal chemistry due to their prepara-
tive accessibility, structural variety and wide biological profile
ll rights reserved.

).
drase [6–8], diuretic [9], hypoglycemic [10], anti-thyroid [11], pro-
tease inhibitor [12]and anticonvulsant [7] activities. The growing
anti-microbial drug resistance, particularly the emergence of mul-
ti-drug resistant strains of Gram-positive bacteria pathogens such
as Staphylococcus aureus, is a problem of increasing significance.
One way to counterbalance this problem is to develop novel anti-
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microbial agents. Consequently, the search for new anti-microbial
agents will always remain of importance for medicinal chemists.

The literature review reveals that sulfonyl hydrazone and sulfo-
nyl hydrazide derivatives have wide spectrum of antimicrobial
[13–18], antifungal [19] and anticytotoxic [20] activities. Keeping
this observation in mind, in continuation of our study [21–25] 2-hy-
droxy-1-naphthaldehyde-N-methylpropanesulfonylhydrazone
(nafpsmh) derived from propanesulfonic acid 1-methylhydrazide
(psmh), and copper(II), nickel(II), platinum(II), palladium(II) com-
plexes of nafpsmh were synthesized, and their structures were iden-
tified by spectrochemical techniques, magnetic susceptibility,
conductivity measurement and elemental analysis. These com-
pounds were tested against three Gram-negative (Eschericha coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853 and Yersinia
enterocolitica 0:3) and three Gram-positive (Bacillus subtilis ATCC
6633, S. aureus ATCC 25923 and Bacillus cereus RSKK 709) bacterial
strains by using the microdilution broth and disc diffusion methods.

Several in silico techniques are utilized in the process of drug
design. One such technique is quantitative structure–activity rela-
tionship (QSAR). QSAR is a quantitative correlation between phys-
icochemical parameters of chemical structure and their biological
activity [26–29]. This method has been utilizing to improve the
structure of compounds and to interpret the structures in terms
of biological interactions [30–32].

We have already reported a quantitative structure–activity rela-
tionship study on anti-bacterial agents for disulfonamide [33].
Continuing this effort, herein we performed a quantitative struc-
ture–activity relationship study of Ni(II) sulfonyl hydrazone com-
plexes as anti-bacterial agents against E. coli and S. aureus.
Experimental

Physical measurements

The crystal structure of 2-Hydroxy-1-naphthaldehyde-N-meth-
ylpropanesulfonylhydrazone (nafpsmh) was determined by using a
fourcircle Rigaku R-AXIS RAPID-S diffractometer equipped with a
two-dimensional area IP detector. The elemental analyses (C, H,
N and S) were performed on a LECO-CHSNO-9320 type elemental
analyzer. The IR spectra (4000–400 cm�1) were recorded on a
Mattson-1000 FT-IR spectrophotometer with samples prepared
as KBr pellets. NMR spectra were recorded on a Bruker-Spectrospin
Avance DPX – 400 Ultra – Shield (400 MHz) by using DMSO as a
solvent and TMS as an internal standard. LC/MS-APCl was recorded
on AGILENT 1100. The melting point was recorded on Opti Melt
apparatus. TLC was conducted on 0.25 mm silica gel plates
(60F254, Merck). Visualization was made by using ultraviolet light.
All extracted solvents (all from Merck) were dried over anhydrous
Na2SO4 and evaporated by using a BUCHI rotary evaporator. Re-
agents were obtained commercially from Aldrich (ACS grade) and
used without purification. Melting points of the compounds were
determined with a Gallenkamp melting point apparatus. The molar
magnetic susceptibilities were measured on powdered samples
using the Gouy method. The molar conductance measurements
were carried out using a Siemens WPA CM 35 conductometer.

Synthesis

General synthesis method of the compounds was depicted
schematically in Fig. 1.

Propanesulfonic acid 1-methylhydrazide (psmh)
Propanesulfonyl chloride (0.05 mol) in tetrahydrofuran (30 mL)

was added to methylhydrazine (0.08 mol) dropwise while the tem-
perature was maintained between 268 and 273 K. The mixture was
stirred for 24 h (completion of the reaction was monitored by TLC),
then the solvent was evaporated. The colorless crude compound
was purified in THF/n-hexane by column chromatography, and
then the product was crystallized from the THF/n-hexane mixture
(2:1). Yield 72%; mp: 115–117 �C, EI-MS (70 eV) m/z: 214.12 (2M+,
10.2%), 200.2(2M+ACH3, 18.7%), Elemental analysis: Calcd. for C4-

H12SO2N2: C, 31.56; H, 7.947; N, 18.4 S, 21.06. Found: C, 31.81;
H, 8.03; N, 17.91; S, 20.84.

2-Hydroxy-1-naphthaldehyde-N-methylpropanesulfonylhydrazone
(nafpsmh)

Ethanol/ethyl acetate (1:1) solution of propanesulfonic acid 1-
methylhydrazide (0.5 g, 3.29 mmole) was added drop wise to an
ethanol/ethyl acetate (1:1) solution of 2-hydroxy-1-naphthalde-
hyde (0.736 g, 4.2 mmole), maintaining the temperature at about
323 K. Then, the mixture was stirred for 24 h at room temperature.
The precipitated product was crystallized from the ethanol/n-hex-
ane (3:1) mixture. The yellow crystalline solid was dried in vacuum
and stored in ethanol/n-hexane vapor. Yield 65%; mp: 164–166 �C,
EI-MS (70 eV) m/z: 306.9 (M+, 9.6%), 200.1 (M+AC3H7SO2, 18.7%),
Elemental analysis: Anal. Calcd. for C15H18SO3N2: C, 58.8; H,
5.921; N, 9.143; S, 10.465. Found: C, 59.04; H, 5.74; N, 9.22; S, 10.5.

Synthesis of Cu(II) complex; Cu(nafpsmh)2

A copper(II) chloride (0.067 g, 0.5 mmole) and sodium hydroxide
solution was added slowly to a sample of anhydrous acetonitrile
(20 mL) of 2-hydroxy-1-naphthaldehyde-N-meth-
ylpropanesulfonylhydrazone (0.307 g, 1.0 mmole). The reaction mix-
ture was heated at 313 K for 2 h. The mixture was stirred for 24 h,
the resulting brown powder was filtrated and washed with a small
volume of dimethylformamide, and then dried in a desiccator over
CaCl2. Yield 65%; mp: 222–224 �C, EI-MS (70 eV) m/z: 674.85 (M+,
11.5%), 305.8 (C15H17SO3Nþ2 , 100%), Elemental analysis: Anal. Calcd.
for C30H34S2O6N4Cu: C, 53.44; H, 5.08; N, .8.31; S, 9.51. Found: C,
55.04; H, 5.62; N, 8.81; S, 9.1.

Synthesis of Ni(II) complex; Ni(nafpsmh)2

A nickel(II) chloride (0.065 g; 0.505 mmole) and sodium
hydroxide solution was added slowly to a sample of anhydrous
acetonitrile (20 mL) of 2-hydroxy-1-naphthaldehyde-N-meth-
ylpropanesulfonylhydrazone (0.311 g, 1.01 mmole). The reaction
mixture was heated at 313 K for 2 h. The mixture was stirred for
24 h, the resulting green powder was filtrated and washed with a
small volume of ether, and then dried in a desiccator over CaCl2

Yield 84%; mp: 244–245 �C, EI-MS (70 eV) m/z: 670.2 (M+, 13.6%),
305.6 (C15H17SO3Nþ2 , 100%), Elemental analysis: Anal. Calcd. for C30-

H34S2O6N4Ni: C, 53.83; H, 5.12; N, .8.37; S, 9.58. Found: C, 54.2; H,
5.32; N, 8.46; S, 9.9.

Synthesis of Pt(II) complex; Pt(nafpsmh)2

A platinum(II) chloride (0.139 g; 0.52 mmole) and sodium
hydroxide solution in methanol was added slowly to a sample of
anhydrous acetonitrile solution of 2-hydroxy-1-naphthaldehyde-N-
methylpropanesulfonylhydrazone (0.322 g, 1.04 mmole). The reac-
tion mixture was heated at 333 K for 3 h. The mixture was stirred
for two days, the resulting dark green powder was filtrated and
washed with a small volume of ether, and then dried in a desicca-
tor over CaCl2 Yield 72%; mp: 264–267 �C, EI-MS (70 eV) m/z: 806.3
(M+, 14.4%), 305.9(C15H17SO3Nþ2 , 100%), Elemental analysis: Anal.
Calcd. for C30H34S2O6N4Pt: C, 44.71; H, 4.25; N, .6.95; S, 7.96.
Found: C, 44.30; H, 4.74; N, 7.05; S, 8.22.

Synthesis of Pd(II) complex; Pd(nafpsmh)2

A palladium(II) chloride (0.097 g; 0.54 mmole) and sodium
hydroxide solution in methanol was added slowly to a sample of
anhydrous acetonitrile of 2-hydroxy-1-naphthaldehyde-N-meth-
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Fig. 1. General synthetic scheme of our compounds.
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ylpropanesulfonylhydrazone (0.335 g, 1.09 mmole). The reaction
mixture was heated at 333 K for 3 h. The mixture was stirred for
two days, the resulting orange powder was filtrated and washed
with a small volume of ether, and then dried in a desiccator over
CaCl2 Yield 60%; mp: 280–284 �C. EI-MS (70 eV) m/z: 718.2 (M+,
13.5%), 305.7(C15H17SO3Nþ2 , 100%), Elemental analysis: Anal. Calcd.
for C30H34S2O6N4Pd: C, 50.24; H, 4.78; N, .7.81; S, 8.94 Found: C,
50.02; H, 4.46; N, 8.06; S, 9.11.
Table 1
Crystal data and details of structure refinement for the nafpsmh.

Empirical formula C15H18SO3N2

Mr 306.4
T (K) 293
Radiation, k(Å) 0.71073
Crystal system Monoclinic
Space group P21/n
Unit cell dimensions
a (Å) 6.0685(5)
b (Å) 24.0493(13)
c (Å) 10.5861(11)
Cell angle a = 90.00, b = 99.61(5), c = 90.00
V (Å3) 1523.3(2)
Z 4
Dc (g/cm3) 1.34
l (mm�1) 0.224
F(000) 648
Crystal size (mm) 0.28 � 0.12 � 0.07
h-range (�) 2.1 and 26.4
Index ranges (h, k, l) �7 6 h 6 7, �30 6 k 6 30

�13 6 l 6 13
Reflections collected 31963
Independent reflections (Rint) 3125(0.101)
Absorption correction Multiscan
Goodness-of-fit on F2 1.000
Final R indices [I > 2r(I)] 0.074
wR indices (all data) 0.165
Largest diff. peak and hole (e Å�3) 0.344 and �0.303
Crystal structure determination

For the crystal structure determination, the single-crystal of the
compound nafpsmh was used for data collection on a four-circle
Rigaku RAXIS RAPID-S diffractometer equipped with a two-dimen-
sional area IP detector. The graphite-monochromatized Mo Ka
radiation (k = 0.71073 Å) and oscillation scans techniques with
Dx = 5� for one image were used for data collection. Images were
successfully taken by varying x with three sets of different v and
u values. The lattice parameters were determined by the least-
squares method on the basis of all reflections with F2 > 2r(F2). Inte-
gration of the intensities, correction for Lorentz and polarization
effects, and cell refinement were performed using CRYSTAL CLEAR
(Rigaku/MSC Inc., 2005) software [34]. The structures were solved
by the direct method using SHELXS. The positional and atomic dis-
placement parameters (ADPs) were refined by the full-matrix
least-squares method using SHELXL [35]. The positional and isotro-
pic atomic displacement parameters of hydrogen atoms were re-
fined together with other structural parameters by the full-
matrix least-squares procedure based on the squared value of the
structure factors. Hydrogen positions were calculated from as-
sumed geometries and OAH hydrogen atom that was located on
the difference map. H-atoms were included in structure factor cal-
culations, but they were not refined. The isotropic displacement
parameters of the hydrogen atoms were approximated from the
U(eq) value of the atom to which they were bonded. The final dif-
ference Fourier maps showed no peaks of chemical significance.
Details of the X-ray data collection, structure solution and struc-
ture refinements are given in Table 1. Selected bond distances
and angles are listed in Table 2. Intramolecular hydrogen bond
present in the nafpsmh is given Table 3. The molecular structure
with the atom-numbering schema is shown in Fig. 2a.
Antimicrobial activity

E. coli ATCC 35218, P. aeruginosa ATCC 27853, Y. enterocolitica
0:3, B. subtilis ATCC6633, S. aureus ATCC 25923 and B. cereus RSKK
709 cultures were obtained from Gazi University, Biology Depart-
ment. Bacterial strains were cultured overnight at 37 �C in Nutrient
Broth. During the survey, these stock cultures were stored in the
dark at 4 �C.
Disc diffusion method
The synthesize compounds and complexes were dissolved in

dimethylsulfoxide (20% DMSO) to a final concentration of
10 mg mL�1 and sterilized by filtration by 0.45 lm Millipore filters.
Antimicrobial tests were then carried out by the disc diffusion
method using 100 lL of suspension containing 108 CFU mL�1 bac-



Table 2
Selected bond distances (Å) and angles (�) for nafpsmh.

SAO(3) 1.427(4) SAO(2) 1.437(4)
SAN(2) 1.653(4) SAC(13) 1.765(6)
O(1)AH(1) 0.820(4) O(1)AC(8) 1.339(6)
N(1)AN(2) 1.379(5) N(1)AC(11) 1.283(6)
N(2)AC(12) 1.461(6) C(8)AC(7) 1.405(7)

O(3)-SAO(2) 118.9(3) O(3)ASAN(2) 106.1(2)
O(3)ASAC(13) 111.9(3) O(2)ASAN(2) 106.8(2)
O(2)ASAC(13) 104.8(3) N(2)ASAC(13) 107.8(3)
H(1)AO(1)AC(8) 109.5(4) N(2)AN(1)AC(11) 120.0(4)
SAN(2)AN(1) 111.0(3) SAN(2)AC(12) 122.4(3)
N(1)AN(2)AC(12) 122.4(4) O(1)AC(8)AC(7) 123.6(4)

Table 3
Intramolecular hydrogen bond present in nafpsmh (Å and �).

DAH� � �A d(H� � �A) d(D� � �A) <(DHA)

O(1)AH� � �N(1) 1.85 2.563(5) 145
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teria spread on a nutrient agar (NA) medium. The discs (6 mm in
diameter) were impregnated with 20 lL of each compound
(200 lg/disc) at the concentration of 10 mg mL�1 and placed on
the inoculated agar. DMSO impregnated discs were used as nega-
tive control. Ciprofloxacin (5 lg/disk) and Ampicillin (10 lg/disk)
were used as positive reference standards to determine the sensi-
tivity of one strain/isolate in each microbial species tested. The
inoculated plates were incubated at 37 �C for 24 h for bacterial
strains isolates. Antimicrobial activity in the disc diffusion assay
was evaluated by measuring the zone of inhibition against the test
organisms. Each assay in this experiment was repeated twice [36].

Microdilution assays
The minimal inhibition concentration (MIC) values, except one,

were also studied for the microorganisms sensitive to at least one
of the five compounds determined in the disc diffusion assay. The
inocula of microorganisms were prepared from 12 h broth cultures
and suspensions were adjusted to 0.5 McFarland standard turbid-
ity. The test compounds dissolved in dimethylsulfoxide (DMSO)
were first diluted to the highest concentration (2400 lg mL�1) to
Fig. 2. Molecular structure (a) and the
be tested, and then serial, twofold dilutions were made in a con-
centration range from 18.75 to 2400 lg mL�1 in 10 mL sterile test
tubes containing nutrient broth. The MIC values of each compound
against bacterial strains were determined based on a micro-well
dilution method [37]. The 96-well plates were prepared by dis-
pensing 95 lL of nutrient broth and 5 lL of the inoculum into each
well. One hundred lL from each of the test compounds initially
prepared at the concentration of 2400 lg mL�1 was added into
the first wells. Then, 100 lL from each of their serial dilutions
was transferred into eight consecutive wells. The last well contain-
ing 195 lL of nutrient broth without compound, and 5 lL of the
inoculum on each strip, was used as negative control. The final vol-
ume in each well was 200 lL. The contents of the wells were mixed
and the microplates were incubated at 37 �C for 24 h. All com-
pounds tested in this study were screened twice against each
microorganism. The MIC was defined as the lowest concentration
of the compounds to inhibit the growth of microorganisms.

Theoretical calculations and QSAR analysis

The molecular geometry optimizations of propanesulfonic acid
1-methylhydrazide and 2-hydroxy-1-naphthaldehyde-N-meth-
ylpropanesulfonylhydrazone were performed with the Gaussian
03W software package [38] by using DFT/B3LYP/6-311++G(d,p)
method. All the parameters were allowed to relax, and all the cal-
culations were converged to an optimized geometry which corre-
sponds to a true energy minimum revealed by the lack of
imaginary values in the wave numbers calculations. The 1H and
13C NMR chemical shifts of the compounds were calculated using
the GIAO/B3LYP/6-311++G(d,p) method in CDCl3 solution.

Descriptor calculation
Geometry optimization of the Ni(II) complexes was performed

by using DFT/B3LYP/6-31G(d,p) method in vacuum with Gaussian
03 software [38]. Gaussian outputs were loaded into CODESSA
(version 2.7.10) software to calculate molecular descriptors.

Data sets
Antibacterial activity values of 33 Ni(II) sulfonyl hydrazone

complexes synthesized in our laboratory previously
[14,18,21,23,39], were screened against S. aureus and E. coli and
used for QSAR (Table 4). Antimicrobial activity data were ex-
pressed in pMIC (�log MIC) and used as dependent variables in
crystal packing (b) of the nafpsmh.
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regression analysis (Table 5). Data set was randomly divided into
two sets: (a) training set (25 complexes) used for model develop-
ment and, (b) test set (remaining 8 complexes) used for external
validation.
Regression analysis
Best Multiple Linear Regression (BMLR) method embedded in

CODESSA software was used to obtain the QSAR models. To vali-
date the predictive capability of the models, the squared correla-
tion coefficient (R2), leave-one-out cross-validated squared
correlation coefficient (R2cv), the Fisher criteria (F), and standard
error (s2) were used [40]. High R2 values, small standard deviations,
high F values and high cross-validated squared correlation coeffi-
cient indicate the robustness of generated models. External valida-
tion was also used to perform a further check on the predictive
capabilities of the models obtained from the training set.
Results and discussion

Structure of the compounds

X-ray spectrum
Unequivocal solid-state structure was confirmed through X-ray

diffraction analyses of 2-hydroxy-1-naphthaldehyde-N-meth-
ylpropanesulfonylhydrazone whose ORTEP and Mercury diagrams
are depicted in Fig. 2. There is an intramolecular hydrogen bond
between the phenolic OH group and the iminic nitrogen, as evi-
denced by short O� � �N distances (Table 3). Thus, the length of the
Table 4
Structures of Ni(II) sulfonylhydrazone complexes used for datasets.
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Comp. R1 R2 R3 R4 Co

1 HA HA CH3A HA 3
2 CH3A HA CH3A HA 6
4 HA p-CH3A CH3A HA 9
5 CH3A p-CH3A CH3A HA 12
7 HA HA C2H5A HA 15
8 CH3A HA C2H5A HA 18

10 HA p-CH3A C2H5A HA 21
11 CH3A p-CH3A C2H5A HA 24
13 HA HA C3H7A HA 27
14 CH3A HA C3H7A HA 30
16 HA p-CH3A C3H7A HA 33
17 CH3A p-CH3A C3H7A HA
19 HA HA C6H5A HA
20 CH3A HA C6H5A HA
22 HA p-CH3A C6H5A CH3A
23 CH3A p-CH3A C6H5A CH3A
25 HA HA CH3A CH3A
26 CH3A HA CH3A CH3A
28 HA HA C2H5A CH3A
29 CH3A HA C2H5A CH3A
31 HA HA C3H7A CH3A
32 CH3A HA C3H7A CH3A
CAO bond is 1.339 Å, which is consistent with a single bond; while
the C@N bond distance is 1.284 Å. The mean plane of the heterocy-
clic ring is approximately coplanar with the naphthylmethylene
fragment. The geometry around S1 atom is significantly deviated
from that of regular tetrahedral. The maximum and minimum an-
gles around S1 are 118.9(3)� and 104.8(3)�, respectively. In all
essential details, the geometry of the molecule regarding bond
lengths and angles of the compound are in good agreement with
the values observed in similar structures [23,41]. Unit cell content
indicating the crystal structure of the molecule is given in Fig. 2b.
IR spectra
The important IR spectral bands of the compounds along with

their tentative assignments are given in Table 6. In the IR spectrum
of the propanesulfonic acid 1-methylhydrazide, strong bands ob-
served at 3340, 3251 and 1644 cm�1 are assigned to the tas(NH2),
ts(NH2) and d(NH2) modes, respectively. Shifting of the m (C@N)
frequency at 1621 cm�1 of the 2-hydroxy-1-naphthaldehyde-N-
methylpropanesulfonylhydrazone to a lower frequency by 15–
25 cm�1 (1596–1606 cm�1) in all of its metal complexes (Table 6)
is the evidence of the nitrogen bonding of the (C@N) group to the
central metal atom. Shifting of the (CAO) stretching frequency at
1248 cm�1 to a higher frequency by 39–58 cm�1 (1287–
1306 cm�1) in the complexes is also an evidence of the oxygen
bonding of the (CAO) group to the metal atom. This is further con-
firmed by the appearance of the new band at 555–570 cm�1 due to
(MAO) stretching modes of the metal complexes. In the IR spectra
of 2-hydroxy-1-naphthaldehyde-N-methylpropanesulfonylhydrazone,
N
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mp. R1 R2 R3 R4

HA HA CH3A HA
HA 5A CH3A CH3A HA
HA HA C2H5A HA
HA 5ACH3A C2H5A HA
HA HA C3H7A HA
HA 5ACH3A C3H7A HA
HA HA C6H5A HA
HA HA C6H5A CH3A
HA HA CH3A CH3A
HA HA C2H5A CH3A
HA HA C3H7A CH3A



Table 5
Observed and predicted pMIC values and their difference for S. aureus and E. coli.

Comp. S. aureus E. coli

MIC (lg/mL Predicted Observed Difference MIC (lg/mL Predicted Observed Difference

1 300 3.2111 3.2090 0.0021 225 3.1885 3.3380 �0.1495
2 395 3.1322 3.1140 0.0182 275 3.3096 3.2710 0.0386
3 250 3.3715 3.3700 0.0015 200 3.4876 3.4460 0.0416
4 280 3.2517 3.2630 �0.0113 325 3.3453 3.2000 0.1453
5 384 3.1542 3.1490 0.0052 305 3.4986 3.2500 0.2486
6 225 3.4264 3.4350 �0.0086 300 3.3021 3.3120 �0.0099
7 325 3.1809 3.1980 �0.0171 275 3.2236 3.2710 �0.0474
8 410 3.1428 3.1210 0.0218 300 3.3143 3.2560 0.0583
9 275 3.3617 3.3480 0.0137 250 3.4698 3.3890 0.0808

10 325 3.1857 3.2230 �0.0373 370 3.1869 3.1650 0.0219
11 325 3.1813 3.2430 �0.0617 392 3.3308 3.1620 0.1688
12 250 3.3794 3.4090 �0.0296 450 3.0609 3.1550 �0.0941
13 540 2.9222 3.0000 �0.0778 160 3.3622 3.5240 �0.1618
14 570 2.9798 3.0000 �0.0202 285 3.1588 3.3010 �0.1422
15 450 3.1991 3.1540 0.0451 270 3.5052 3.3760 0.1292
16 625 3.0323 2.9590 0.0733 225 3.3130 3.3970 �0.0840
17 657 3.0334 2.9580 0.0754 358 3.1028 3.2220 �0.1192
18 400 3.2280 3.2230 0.0050 250 3.4783 3.4280 0.0503
19 550 2.9833 3.0440 �0.0607 300 3.4991 3.3080 0.1911
20 600 3.1179 3.0260 0.0919 350 3.1634 3.2600 �0.0966
21 500 3.1171 3.1520 �0.0349 300 4.6905 4.9000 �0.2095
22 500 3.1069 3.1240 �0.0171 280 3.3532 3.3760 �0.0228
23 575 3.0417 3.0810 �0.0393 320 3.2729 3.2050 0.0679
24 450 3.2215 3.2140 0.0075 250 3.5219 3.4700 0.0519
25 600 2.9871 2.9320 0.0551 320 3.0480 3.2050 �0.1570
26 650 3.0102 2.9200 0.0902 1030 2.6418 2.7200 �0.0782
27 550 3.1650 3.0470 0.1180 753 2.9242 2.9110 0.0132
28 650 2.9059 2.9200 �0.0141 350 3.0340 3.1890 �0.1550
29 750 2.8637 2.8800 �0.0163 805 2.9209 2.8500 0.0709
30 600 3.1472 3.0290 0.1182 2380 2.6809 2.4300 0.2509
31 700 2.8130 2.9100 �0.0970 400 3.0597 3.1530 �0.0933
32 750 2.8218 2.9010 �0.0792 2370 2.6653 2.4010 0.2643
33 650 3.0541 3.0130 0.0411 2570 2.5427 2.4160 0.1267

Table 6
Characteristic IR bands (cm�1) of the compounds.

Compounds m(CAH)ar mS(SO2) mas(SO2) m(CAO) m(C@C) m(C@N)

psmh – 1145s 1331s – – –
nafpsmh 3069m 1142s 1334s 1248s 1576m 1621s
Cu(nafpsmh)2 2921m 1149s 1331s 1299m 1575m 1606s
Ni(nafpsmh)2 2928m 1147s 1329s 1306m 1568m 1596s
Pt(nafpsmh)2 2933m 1149s 1335s 1303w 1572m 1601s
Pd(nafpsmh)2 2925m 1144s 1327s 1287w 1575m 1600s
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vibrational band observed at 1142 and 1334 cm�1 are assigned to
asymmetric and symmetric SO2 stretching modes, respectively.
Not shifting of symmetric and asymmetric SO2 modes in the com-
plexes is attributed to not participating in coordination.

NMR spectra
H and C atom shielding tensors were calculated using GIAO/

B3LYP/6-311G++(d,p) method in CDCl3 solution in order to facilitate
the interpretation of the NMR spectra of propanesulfonic acid 1-
methylhydrazide and 2-Hydroxy-1-naphthaldehyde-N-meth-
ylpropanesulfonylhydrazone. The DEPT spectrum of 2-hydroxy-1-
naphthaldehyde-N-methylpropanesulfonylhydrazone is given in
Fig. 3. Most of the experimental and calculated chemical shift values
(in Table 7) showed good agreement to each other. However, the NH2

and HO peaks were observed at 4.6 ppm, and 11.84 ppm in the NMR
spectrum, and calculated as 3.98 ppm and 10.92 ppm respectively.
These discrepancies are attributed to existence of intramolecular
hydrogen bonding between OH and CN group. The singlet peak
belonging to the azomethine CH@N proton at 8.67 ppm indicates
the predominance of the phenolic-imine tautomer in the 2-hydro-
xy-1-naphthaldehyde-N-methylpropanesulfonylhydrazone [23,42].
The molar conductivity (Km) of 10�3 M solutions of the com-
plexes in DMF at 25 �C were measured, and all the complexes were
found to be of non-electrolytic nature in the range of 11–19 X�1 -
cm2 mol�1[20]. The room temperature magnetic moment of the
copper(II) complex was found to be 1.76 B.M. Magnetic moment,
MS-molecular ion peak values and molar conductivity values sug-
gest a four-coordinate structure in the solid state for Cu(II) com-
plex [43,44]. The diamagnetic character of the nickel(II),
platinum(II) and palladium(II) complexes implies square-planar
stereochemistry for these complexes.

Antibacterial activity

Antibacterial activity of the compounds and reference drugs
(Ciprofloxacin and Ampicillin) were screened in vitro against three
Gram-positive species (S. aureus, B. subtilis, and B. cereus) and three
Gram-negative species (E. coli, P. aeruginosa and Y. enterocolitica) by
using microdilution and disc diffusion methods. Antibacterial
activity values were tabulated in Tables 8 and 9.

Our compounds showed a broad spectrum of activity against
tested bacteria. They showed better antibacterial activity against
Gram-negative bacteria. According to disc diffusion data, psmh,
Pt(nafpsmh)2 and Pd(nafpsmh)2 exhibited the significant activity
against Gram-negative bacteria (�23–19 mm) whereas
Cu(nafpsmh)2 showed moderate activity (17–19 mm), and
Ni(nafpsmh)2 showed the lowest activity against all bacteria (9–
11 mm). Reference drugs showed better activity than our com-
pounds in all tested strains.

It will be important to choose the concentration unit to express
activity order. Depending on the units of concentration, activity or-
der of compounds would be different. For example, if you choose
the lg/mL, activity order will be as following:



Fig. 3. DEPT spectrum of the nafpsmh.

Table 7
The experimental and theoretical 1H and 13C NMR chemical shifts d(ppm)of the psmh
and nafpsmh.

Assignment psmh nafpsmh

d(exp.) d(calc.)a d(exp.) d(calc.)a

C-1 – – 120.00 118.45
C-2 – – 129.43 128.19
C-3 – – 123.81 123.38
C-4 – – 128.45 129.93
C-5 – – 127.82 128.18
C-6 – – 132.25 132.28
C-7 – – 108.32 108.51
C-8 – – 158.47 158.67
C-9 – – 119.48 118.44
C-10 – – 133.30 133.86
C-11 – 144.45 138.86
C-12 33.40 38.14 33.33 27.19
C-13 53.80 57.36 51.70 59.33
C-14 17.38 20.13 17.02 20.18
C-15 13.15 12.45 13.23 12.00
H-1 – – 8.67(s, H) 8.21
H-2 – – 7.52(t,H) 7.85
H-3 – – 7.37(t,H) 7.63
H-4 – – 7.67(d,H) 8.03
H-9 – – 7.17(d,H) 7.43
H-10 – – 7.97(d,H) 8.19
H-11 – – 8.67(s,H) 8.54
H-12 2.90(s,3H) 2.80 3.43(s,3H) 3.35
H-13 3.15(m, 2H) 3.07 3.13(m, 2H) 3.54
H-14 1.49(m,2H) 1.75 1.87(m,2H) 1.81
H-15 0,98(t,3H) 1.14 1.04(t,3H) 1.22
OH – – 11.84 10.92
NH2 4.6 3.98 – –

a Calculated using GIAO/ B3LYP/6-31++G(d,p) method in CDCl3.
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psmh > nafpsmh > PtðnafpsmhÞ2 � PdðnafpsmhÞ2 > CuðnafpsmhÞ2
> NiðnafpsmhÞ2

However, if you use mM units, the order above would change as
following:

PtðnafpsmhÞ2 � PdðnafpsmhÞ2 > CuðnafpsmhÞ2 > NiðnafpsmhÞ2
� psmh � nafpsmh
According to MIC values in molar units, Pt(nafpsmh)2 and
Pd(nafpsmh)2 complexes showed the best activity against all bacte-
ria (0.093–0.208 mM). Cu(nafpsmh)2 exhibited moderate activity
against all bacteria (0.222 mM). psmh exhibited the best activity
against Y. enterocolitica 0:3 at a concentration of 37.5 lg/mL
(0.244 mM) but nafpsmh showed the best activity against E. coli
ATCC 35218 at a concentration of 75 lg/mL (0.244 mM).

Generally, Pt(II) and Pd(II) complexes are more active than
Cu(II) and Ni(II) complexes. However, it is proved to be more ben-
eficial against several diseases to use low molecular weight com-
plexes [45] and therefore, we prefer to use Ni(II) complexes to
investigate the structure–activity relationship.
QSAR analysis

Structures of 33 Ni(II) sulfonyl hydrazones used in regression
analysis were given in Table 8. Observed and predicted pMIC val-
ues and their difference for S. aureus ATCC 25923 and E. coli ATCC
25922 were listed in Table 5. To select the optimum number of
descriptors for QSAR analysis, the ‘‘breaking point’’ rule was ap-
plied, hence, squared correlation coefficient R2 values of training
set was plotted as a function of descriptor numbers (Fig. 4). In this
diagram, descriptor number corresponding to the breaking point is
considered the best/optimum model. Consequently, four descrip-
tors were used as independent variables in our models. Four-
parameter QSAR equations obtained by using BMLR method, were
given in Table 10. In Table 10, X and DX stand for the regression
coefficient values and their standard errors for each of the descrip-
tors, while the t-test represents the significance of the descriptors
within the equation. More is the value, more is the significance. A
graphical presentation of the relationship between the experimen-
tal and the predicted pMIC values for training sets were given in
Fig. 5. Statistical validation of the models demonstrated that the
proposed model has a normal statistical stability and validity.
The absence of colinearity among the used descriptors is confirmed
by intercorelation matrix for the independent variables used in our
models (Table 11). No significant correlation was found among the
descriptors which were in the same equation. In order to confirm



Table 8
Measured inhibition zone diameter of the compounds and antibiotics by disc diffusion method.

Bacteria strains Diameter inhibition zone (mm, 200 lg/disk)

psmh nafpsmh Ni (nafpsmh)2 Cu(nafpsmh)2 Pt (nafpsmh)2 Pd(nafpsmh)2 SDa SDb

Gram-negative
E. coli ATCC 35218 22 18 10 19 22 20 12 37
P. aeruginosa ATCC 27853 20 17 11 18 20 19 10 –
Y. enterocolitica 0:3 23 20 11 17 20 19 9 –

Gram-positive
B. cereus RSKK 709 17 14 10 14 17 16 13 25
B. subtilis ATCC 6633 17 12 9 10 16 15 11 –
S. aureus ATCC 25923 18 14 10 11 18 15 17 29

a Ampicillin (10 lg/disk).
b Ciprofloxacin (5 lg/disk) < 10: weak; >10 moderate; >16: significant.

Table 9
The MIC values of antibacterial activity of the compounds.

Bacteria strains MIC lg mL�1 (mM)
psmh nafpsmh Ni (nafpsmh)2 Cu(nafpsmh)2 Pt (nafpsmh)2 Pd (nafpsmh)2

Gram-negative
E. coli ATCC 35218 37.5 (0.247) 75 (0.244) 300 (0.448) 150 (0.222) 75 (0.093) 150 (0.208)
P. aeruginosa ATCC 27853 75 (0.492) 150 (0.489) 150 (0.224) 150 (0.222) 75 (0.093) 75 (0.104)
Y. enterocolitica 0:3 37.5 (0.242) 150 (0.489) 150 (0.224) 150 (0.222) 150 (0.186) 75 (0.104)
Gram-positive
B. cereus RSKK 709 75 (0.492) 150 (0.489) 300 (0.448) 150 (0.222) 75 (0.093) 75 (0.104)
B. subtilis ATCC 6633 75 (0.492) 150 (0.489) 300 (0.448) 150 (0.222) 75 (0.093) 75 (0.104)
S. aureus ATCC 25923 75 (0.492) 150 (0.489) 150 (0.224) 300 (0.444) 150 (0.186) 150 (0.208)

Fig. 4. R2 values versus the number of descriptors used for the models.
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the QSAR equations, antimicrobial activity values of compounds in
the test set were predicted by using obtained equations. A graphi-
cal presentation of the relationship between the experimental and
the predicted pMIC values for test sets were given in Fig. 6. Ob-
served and predicted values are very close to each other. The test
set has an acceptable external correlation coefficient (r2 > 0.85).

In evaluation of the regression equations in QSAR model for S.
aureus, nucleophilic reactivity index for a Ni atom which is defined
as follows [46] plays an important role in anti-bacterial activities of
Ni(II) sulfonyl hydrazones.

NA ¼
X

i2A

C2
iHOMO=ð1� �HOMOÞ

This equation shows that the energies of HOMO affect the activ-
ity. It is well-known that HOMO is responsible for the formation of
charge transfer in a chemical reaction and characterizes the sus-
ceptibility of the molecule towards to electrophiles. The negative
coefficient of it indicates that the lower the nucleophilic reactivity
index, the greater the anti-microbial activity. The second impor-
tant parameter is the HOMO–LUMO energy gap which is related
to polarizability, softness and charge migration during the en-
zyme-drug interaction. As the HOMO–LUMO energy gap decreased,
softness and anti-bacterial activity of the compounds increased.
The third descriptor, hydrogen bond acceptor dependent hydrogen
bond donor surface area (HDCA-2) is an electrostatic parameter
representing the hydrogen bonding acceptor properties of the
compounds. Its positive sign suggests that the most effective com-
pounds act mainly as hydrogen-bonding acceptors. According to its
‘‘t-value,’’ the least significant descriptor in the model is average
valency of an S atom. Its negative sign suggests that when the aver-
age valency of an S atom decreases, the antibacterial activity
increases.

The first descriptor in the QSAR model for E. coli is ‘‘nucleophilic
reaction index for an O atom’’. Positive sign for the coefficient of
this descriptor indicates that the increase in nucleophilic reaction
index for an O atom of these molecules causes increase in the anti-
bacterial activity. The third descriptor ‘‘DPSA-1’’ is equal to differ-
ence between partial positively and negatively charged surface
areas [47,48]. It is directly related to electrostatic interactions,
and indirectly related to the hydrogen bonding ability of a mole-
cule. The positive regression coefficient for this descriptor reflects
the fact that the larger value of this descriptor leads to higher bind-
ing ability. The least significant descriptor is ‘‘average bond order
of an O atom’’ [49]. Its positive coefficient indicates that activity
of the compounds increases when the average bond order of an
O atom increases.

From the model equations, we can predict that nucleophilic
reaction index for Ni and O atom affect the antimicrobial activ-
ity of Ni(II) sulfonylhydrazone complexes, and HOMO–LUMO en-
ergy gap is the second important parameter for activity. When
the energy gap decreased, softness and anti-bacterial activity
of the compounds increased. In addition, hydrogen bonding
acceptor properties of the compounds is also an important
parameter.



Table 10
Four-parameter QSAR models by using BMLR method.

No X ±DX t-test Descriptors

S. aureus
Training set 0 0.8480e�01 9.2571e�02 1.4779 Intercept
R2 = 0.9046 1 �3.2345e+01 3.1905e�01 �10.3693 Nucleoph.react.index for a Ni atom
R2cv = 0.8517 2 �1.8332e+01 1.7481e�01 �10.2272 HOMO–LUMO energy gap
F = 47.39 3 9.6249e�01 1.2238e�01 6.8647 HA dependent HDCA-2
s2 = 0.0023 4 �1.3327e�01 1.7964e�02 �4.6386 Avg valency of a S atom
Test set
R2 = 0.8550

E. coli
Training set 0 �6.3441e�03 1.2046e�04 �1.2667 Intercept
R2 = 0.8635 1 5.1298e+02 4.5743e�03 9.0282 Nucleoph. react. index for a O atom
R2cv = 0.4318 2 �4.0989e+02 3.3683e�03 �9.4981 HOMO–LUMO energy gap
F = 31.63 3 3.0655e+01 2.4012e+00 5.0730 DPSA-1
s2 = 0.0184 4 2.1472e+01 1.5170e+00 3.3705 Avg bond order of a O atom
Test set
R2 = 0.8693

Fig. 5. Plot of observed versus calculated pMIC values of training sets for: (a) E. coli
and (b) S. aureus.

Table 11
Intercorrelation matrix of the descriptors used in S. aureus and E. coli.

For S. aureus DE AVS HDCA-2 MVH

DE 1.0000 �0.0676 �0.0020 �0.4514
AVS 1.0000 0.5030 �0.3173
HDCA-2 1.0000 �0.2426
MVH 1.0000

For E. coli ABOO DPSA-1 MNRIO ZX

ABOO ( 1.0000 �0.3871 �0.5067 �0.2827
DPSA-1 1.0000 0.3165 0.3447
MNRIO 1.0000 �0.4010
ZX 1.0000

Fig. 6. Plot of observed versus calculated pMIC values of test sets for: (a) E. coli and
(b) S. aureus.
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Conclusion

Obtained results demonstrate that Pt(II) and Pd(II) sulfonylhy-
drazone complexes showed the best antimicrobial activities
against all bacteria. 2D-QSAR analysis for E. coli and S. aureus were
performed on 33 Ni(II) complexes by using BMLR method. Accord-
ing to the four-descriptor QSAR model, nucleophilic reactivity in-
dex for a Ni atom, HOMO–LUMO energy gap, HDCA-2 and
average valency of an S atom were the effective descriptors for S.
aureus. As the HOMO–LUMO energy gap and nucleophilic reactivity
index decreases, anti-bacterial activities increase; viz. softness of
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molecules increases the activity, namely, as seen in soft Pt and Pd
complexes. In addition, increasing hydrogen bonding acceptor
properties of the compounds will increase electrostatic interaction
and antibacterial activity as well.

For E. coli., nucleophilic reaction index for O atom, HOMO–
LUMO energy gap, DPSA-1 and average bond order of an O atom
play a key role in the antimicrobial activity. Accordingly, charge
distribution or relative reactivity of the oxygen atoms in the mol-
ecules affects the antimicrobial activity, in other words, factors
that increase negative charge on O atom also increase the activity.
Decrease in HOMO–LUMO energy gap, second important parame-
ter; imply that soft molecules will have higher antimicrobial activ-
ities. In addition, electrostatic interaction ability of the compounds
will influence the activity, for example, increasing difference be-
tween positive and negative charge on surface area of the mole-
cule, that is polarity, increases the antimicrobial activity. Briefly,
compounds that are more polar, soft and with more electronega-
tive O atoms and hydrogen bonding acceptor sites will have higher
antimicrobial activity.
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