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� New mono- and binuclear CuII

complexes of a sulfamethazine Schiff-
base were prepared.
� Correlation between the

experimental and theoretical work
was performed.
� Mononuclear complex is less toxic

than free ligand, while the binuclear
one is inactive.
� ELUMO, DE, dipole moment and

polarizability correlate well with
experimental LC50.
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Schiff-base derivative of established drug sulfamethazine has two different binding sites for copper(II)
and show antibacterial activity in some cases.
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In the present work, a combined experimental and theoretical study of the N-(4,6-Dimethyl-pyrimidin-2-
yl)-4-[(2-hydroxy-benzylidene)amino]benzenesulfonamide ligand (H2L) and its mononuclear and
magnetically diluted binuclear CuII complexes has been performed using IR, TG/DTA, magnetic, EPR,
and conductivity measurements. Calculated g-tensor values showed best agreement with experimental
values from EPR when carried out using the MPW1PW91 functional. Coordination of H2L to a CuII center,
regardless of the binding site and Cu:L stoichiometry, leads to a significant decrease in the antibacterial
activity compared to the free ligand as well as reference drugs in the case of Staphylococcus aureus. Struc-
tural-activity relationship suggests that ELUMO, DE, dipole moment, polarizability and electrophilicity
index were the most significant descriptors for the correlation with the antibacterial activity.

� 2013 Elsevier B.V. All rights reserved.
Introduction

Since their discovery, sulfonamides have been widely used for
prophylaxis and treatment of bacterial infections [1] although they
are bacteriostatic rather than bactericidal. Their value lies in the
ability to slow down or prevent growth in wounds or infected
organs without appreciable toxicity to normal tissues [2].
However, several problems of sulfonamide therapy [3], include
increasing bacterial resistance, adverse side-effects, and low
bioavailability, were discovered. To tackle these problems, sulfon-
amides have been modified to coordinate to transition metal cen-
ters, for example by Schiff-base formation [4,5]. Such sulfonamides
metal complexes now constitute an important field in bioinorganic
chemistry [6,7]. For example, zinc-sulfadiazine [6] was used to
prevent bacterial infections in animals suffering from burns.
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Sulfamethazine is a sulfa-based drug used as an antibacterial
agent to treat livestock diseases [8]. As well as other sulfonamides,
it has been modified by Schiff-base formation [4] and complexa-
tion to transition metals [9–11]. The titled ligand show a variable
coordination mode depending on the reaction conditions and both
Cu(HL)X and Cu2LX (X = CH3COO� and Cl�) complexes could be iso-
lated and studied [5]. Schiff-base derivatives of H2L substituted in
the 4- or 5-position of the salicyaldehyde residue by bromide or
chloride were investigated for their chelation and biological prop-
erties [12,13]. In the present paper, the selective synthesis and
characterization of a sulfamethazine-derived Schiff-base ligand
H2L (Fig. 1) and its mononuclear and binuclear Cu(II) complexes
(Fig. 2) are reported to assist in the understanding of the
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Fig. 1. Structure of ligand H2L utilized in this work.
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Fig. 2. Local minimum structures of complexes (a) 1, (b) 2, a
modulation of the antibacterial behavior of sulfamethazine upon
modification and coordination to transition metals. Structural,
electronic, spectroscopic and thermodynamic properties have been
studied both experimentally and theoretically and are correlated
here [14,15]. Structure–activity relationships (SAR) were used to
correlate biological activity with some appropriate quantum
descriptors [4,9] such as EHOMO, dipole moment and molecular
electrostatic potential.
Experimental

Synthesis of complexes

The ligand H2L, and three novel mono- and binuclear copper(II)
complexes 1–3 were synthesized as shown in Scheme 1.
Complex 1
Sodium sulfamethazine (300 mg, 1 mmol) in water (10 mL) was

added to a solution of salicyaldehyde (122 mg, 1 mmol) in ethanol
(20 mL) and heated to reflux for 4 h. Then, solid copper(II) nitrate
trihydrate (242 mg, 1 mmol) was added and reflux continue for
1 h, whereupon the complex precipitated as a green solid. Yield:
67%. Anal. %Calcd. (%found). C, 39.41 (38.80); H, 4.35 (4.18); Cu,
10.97 (10.78); N, 12.09 (12.02). UV–Vis. (DMF): 278, 357, and
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N N

-N
S

O

O

NH2

Na+

N
N

N
SO
O

N

HO

Cu
H2O
O2NO

H2O

Cu
H2O
H2O
O2NO

N
N

HN
S

O
O

N

O

N
N

N
SO
O

N

O

Cu
H2O
O2NO

H2O

Cu
H2O
H2O
O2NO

Na+

N N

-N
S

O

O

N

HO
Na[HL]

1

2

3

HO

OHC ethanol/water

4 h
reflux

(a)

(b)

Na[HL]

dilute
H2SO4

H2L

+

Cu(NO3)2·3 H2O

Cu(NO3)2·3 H2O

2 Cu(NO3)2·3 H2O

2H2O

H2O

2H2O

1 mmole NaOH

2 mmole NaOH

Scheme 1. Synthesis of (a) Na[HL] and (b) its mono- and binuclear copper(II) complexes 1–3.
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454 nm. Molar Cond. (10�3 M, DMF): 17.30 O�1 cm2 mol�1.
leff = 1.70lB (298 K).

Complex 2
Ligand H2L was synthesized as previously reported [4]. An

aqueous solution of Na[HL] (1 mmol, 15 mL, pH 7.5) was prepared
using aqueous sodium hydroxide solution (40 mg, 1 mmol, 5 mL).
Then, solid copper(II) nitrate trihydrate (242 mg, 1 mmol) was
added and the solution heated to reflux for 2 h, whereupon the
complex precipitated as a brown solid. Yield: 55%. Anal. %Calcd.
(%found). C, 40.68 (40.62); H, 4.13 (4.04); Cu, 11.33 (11.17); N,
12.48 (11.63). UV–Vis. (DMF): 277, 355, and 464 nm. Molar Cond.
(10�3 M, DMF): 17.75 O�1 cm2 mole�1. leff = 1.75lB (298 K).

Complex 3
Sodium hydroxide (80 mg, 2 mmol) was added to a suspension

of ligand H2L (381 mg, 1 mmol) in water (15 mL). Then, solid cop-
per(II) nitrate trihydrate (500 mg, 2.05 mmol) was added and the
solution heated to reflux for 2 h, whereupon the complex precipi-
tated as a deep green solid. Yield: 72%. Anal. %Calcd. (%found). C,
30.85 (30.63); H, 3.82 (3.71); Cu, 17.18 (16.98); N, 11.36 (11.28).
UV–Vis. (DMF): 277, 357, and 413 nm. Molar Cond. (10�3 M,
DMF): 17.23 O�1 cm2 mole�1. leff = 3.17lB (298 K). The low molar
conductance values indicate the non-electrolytic nature of
complexes 1–3. Single crystals could not be obtained since the
complexes only form amorphous materials as revealed by their
XRD patterns.

Physical measurements

FT IR spectra were recorded as potassium bromide pellets using
a Jasco FTIR 460 plus in the range of 4000–200 cm�1. UV/Vis spec-
tra were recorded on a Shimdazu Lambda 4B spectrophotometer.
X-band EPR measurements were performed on solid samples at
298 K using a Bruker EMX spectrometer. The magnetic modulation
frequency was 100 kHz and the microwave power was set to
0.201 mW. The g-values were obtained by referencing to a diph-
enylpicrylhyrdazyl (DPPH) sample with g = 2.0036. The modula-
tion amplitude was suited at 4 Gauss while the microwave
frequency was determined as 9.775 GHz. Elemental microanalysis
was performed at the Micro-analytical Center of Cairo University
using Elementer Vario EL III. The copper content was determined
by complexometry [16]. TG/DTA analysis was performed in a dini-
trogen atmosphere (20 mL min�1) in a platinum crucible with a
heating rate of 10 �C min�1 using a Shimadzu DTG-60H simulta-
neous DTG/TG apparatus. A digital Jenway 4330 conductivity/pH
meter with a cell constant of 1.02 was used for the pH and molar
conductance measurements.
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Computational details

Geometry optimizations of complexes 1 and 2 were carried out
without symmetry restrictions in the doublet state, whereas a sin-
glet state was assigned to binuclear complex 3. All calculations
were carried out using Gaussian03 [17] in both the gas phase
and a DMSO solvent using the polarizable continuum model
(PCM) via the B3LYP functional and a LANL2DZ basis set
[9,14,15]. The studied complexes were characterized as local min-
ima through harmonic frequency analysis and their vibrational
spectra were analyzed using the Gaussview software for absence
of imaginary modes [18]. Electronic excitations were obtained by
TDDFT [19]. Natural bond orbital analysis [20], molecular electro-
static potential calculations and the analysis of frontier molecular
orbitals were performed at the same level of theory and ionization
energies, electron affinities, electronegativity, softness, hardness
and electrophilicity index were calculated [4,9,10].
Antibacterial activity

The antibacterial activity of compounds was tested on Staphylo-
coccus aureus as a Gram-positive bacterium, and Escherichia coli as
a Gram-negative bacterium according to a modified Kirby-Bauer
disc diffusion method under standard conditions using Mueller–
Hinton agar medium (tested for composition and pH), as
previously reported [15]. The LC50 (lmol/mL), the concentration
that inhibit 50% of bacterial growth with respect to the control,
was determined.
Results and discussion

IR assignments

The coordination behavior of H2L to CuII centre was carefully
estimated with the aid of the calculated normal modes. IR spec-
trum of H2L shows a band at 3377 cm�1 assigned to m(NH), while
the m(OH) mode could not be experimentally allocated due to
C@NAzo� � �OAH interaction [21]. The broad band(s) at 3426 cm�1

(1), 3409 cm�1 (2) as well as 3559 and 3388 cm�1 in 3 is consigned
to m(OH2). Complex 1 exhibits a band at 1546 cm�1 assigned to ds(-
OH2). The disappearance of m(NH) mode in 1 and 3 revealed the
ionization of SO2NH upon complex formation. The mss(SO2) is ob-
served at 1150, 1141 and 1145 cm�1 in H2L, 1 and 2 excluding
the coordination via SO2 group [11]. For 3, this vibration mode is
overlapped with the numerous bands of NO3 group. A shift of
m(SAN) band to high wave numbers, 978 (1) and 986 cm�1 (3), is
due to ionization of SO2NH and a concomitant enforcement of
the SAN distance [9]. As expected [21], the m(C@NAzo) of H2L is
overlapped with m(C@C) modes due to intra H-bond. This mode ap-
pears at 1605 cm�1 in binuclear 3, and is still overlapped in 1 and 2.

Complex 1 has two new bands at 1385 and 1288 cm�1 due to
NO�3 (m3) mode with a separation of 97 cm�1 supporting a mono-
dentate nature [22,23], whereas the weak band at 785 cm�1 is as-
signed to the in-plane bending mode (m4). The involvement of NO�3
in the primary coordination sphere is confirmed by existence of a
weak band near 1000 cm�1 (m1) [24]. For 2, the medium band at
1381 cm�1 is assigned to m3(NO�3 ). Other bands, characterize
NO�3 , are overlapped with numerous bands of the coordinated
H2L. Complex 3 shows two new bands at 1375 and 1315 cm�1 con-
signed to monodentate NO�3 (m3). Besides, the bands at 943 cm�1

(m1), 872 cm�1 (m2), 750 and 743 cm�1 (m4) are assigned to NO�3
groups. The new band at 587 (2) and 598 cm�1 (3) is due to
m(CuAO) of phenolic group, whereas the bands at 480 and
425 cm�1 in 3 are accounted for m(CuAO) of nitrate and water mol-
ecules, respectively [25].
TG/DTA analysis

The thermal decomposition of 1 was accompanied by loss of
4H2O, 12.48% (calcd. 12.43%), via two overlapping endothermic
peaks at 55 and 213 �C. The 2nd main stage is multipart with three
peaks at 320, 351 and 400 �C, assigned to removal of HL and NO2,
leaving CuO as a residue, with an amount of 13.28% (calcd. 13.73%).
For 2, the 1st and 2nd endothermic stages are assigned to desorp-
tion of 3 H2O (observed mass loss 9.69%, calcd. 9.62%). The 3rd and
4th events are thought to be due to loss of HL and NO3, giving Cu/
CuO as deposit at 1000 �C with a remaining mass of 12.60% (calcd.
12.74%). The TG/DTA curves of 3 shows three peaks at 59, 199, and
257 �C assigned to removal of 6 H2O amounts to 14.65%. The mass
loss of the three additional endothermic peaks at 450, 650, and
1004 �C is as expected for the removal of L + 2NO2, leaving CuO
with a mass 21.51% (calcd. 21.75%).

Geometry optimization and NBO analysis

The copper atom in complex 1 (Fig. 2a) adopts a distorted square
pyramidal geometry. The basal plane of the pyramid is defined by
two nitrogen atoms, the sulfonamidic [CuAN13 = 2.032 Å] and
pyrimidic [CuAN21 = 2.081 Å] ones. These are in a trans position
(<N13CuO31, 91.8�) relative to a water molecule [CuAO33 = 1.987 Å]
and oxygen-coordinated nitrate [CuAO36 = 2.023 Å]. A second water
molecule [CuAO39 = 2.180 Å] occupies the axial position. This geom-
etry appears distorted as can be seen from the spread in the bond
distances (1.987–2.180 Å) and angles (65.1–106.4�). CuAO36(NO3)
bond distance is in agreement with the other copper complexes,
2.029 Å [26], coordinated by a terminal nitrate. The other oxygen
O31 of the nitrate group is close to Cu atom by 2.964 Å. If this dis-
tance is short enough to be considered as Cu–O interaction, the
coordination polyhedron around Cu can be considered as a highly
distorted octahedral.

On the other hand, the basal plane around the copper atom in
complex 2 (Fig. 2b) is formed by three oxygen atoms (O44, O46
and O50) with bond distances of 1.920, 2.042, and 1.996 Å from
two water molecules in a cis arrangement and the deprotonated
phenolate group as well as the nitrogen atom of the azomethine
N [CuAN11 = 1.990 Å]. The axial position is occupied by a water
molecule (O47). The elongation of the axial bond distance is due
to the Jahn–Teller effect, which is typical for a 3d9 electron config-
uration in a square–pyramidal coordination environment [11]. The
O44ACuAO46 and N11ACuAO50 angles somewhat deviate from
linearity and are at 165.4� and 174.5�. This is indicative of an irreg-
ular structure. For pentacoordinated complexes, the angular struc-
tural index parameter s (s = (a � b)/60�; a and b are the two largest
angles) was introduced [27], with s = 0 for a perfect square–
pyramidal and s = 1 for a perfect trigonal–bipyramidal geometry.
In the case of complexes 1 and 2, s values of 0.25 and 0.15 were
determined, respectively, which shows a slightly deviation from
a square–pyramidal coordination environment. As shown in
Fig. 2c, each of the two independent copper centers (Cu33 and
Cu51) in the binuclear complex 3 are also in five-coordinated
square pyramidal geometry. Comparison between complexes 2
and 3 (Table S1) showed the elongation of N11Cu51 and
O52Cu51 bond by 0.026 and 0.054 Å upon introduction of another
metal ion. Similar, the N13Cu and O39Cu in 1 are short by �0.03 Å
with respect to complex 3.

NBO [20] and second order perturbation theory analysis of Fock
Matrix provide details about the type of hybridization, nature of
bonding and strength of the interactions between metal ion and
donor sites [28]. The electronic arrangement, 3d electrons distribu-
tion and natural atomic charge of CuII in the reported complexes
are presented in Table 1. For example, the atomic charge upon CuII

(+1.067e) in 1 is higher than that of 2 (+1.056e). This may be



Table 1
Electronic configuration, 3d populations and charge of Cu atom in the studied complexes.

Complex Electronic arrangement dxy dxz dyz dx2�y2 dz2 Charge on Cu atom

1 [core]4S0.263d9.294p0.385p0.01 1.703 1.970 1.955 1.669 1.989 1.067e
2 [core]4S0.273d9.324p0.35 1.917 1.994 1.971 1.971 1.979 1.056e
3 [core]4S0.243d9.494p0.245p0.13 (Cu33) 1.981 1.959 1.959 1.602 1.984 0.904e

[core]4S0.243d9.504p0.35 (Cu51) 1.552 1.985 1.991 1.991 1.978 0.901e

[Core] = 18 electrons.
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attributed the high electrongativity of phenolate O with respect to
the sulfonamidic N. The strength of interaction between CuII and
ligand active sites in the reported complexes has been assigned
by second order interaction (E2). The E2 values of 1 are 1.02 and
0.85 kcal mol�1 for LP(1)N13 ? RY⁄(5)Cu and LP(1)N21 ? RY⁄(4)-
Cu, respectively. For 2, the E2 values are 1.45 and 0.83 kcal mol�1

for LP(1)N11 ? RY⁄(1)Cu and LP(2)O44 ? RY⁄(1)Cu. By compari-
son, CuII will preferably bind to sulfonamidic N13 than phenolate
O44 atom that may be due to the high negatively charge of N13
(�0.9098e) comparing with that of O44 (�0.7360e). Similar, the
interaction of CuII with azomethine N11 is stronger than the pyr-
imidic N21. This is due to the sharing of N21 in resonating struc-
tures within the pyrimidine moiety. The binding energy [9] of 1
is larger than 2 by 866 cal mol�1, but lower than 3 by
1483.746 cal mol�1 revealing the higher stability of the binuclear
complex (Table S2). Hence, the stronger the binding capability is,
the more stable the complex will be.
Electronic structure

Sodium sulfamethazine shows a single absorption band at
274 nm in DMF [10]. Likewise, H2L exhibits one broad band (in
DMF) at 276 nm and a shoulder at 340 nm assigned to p–p⁄ tran-
sition of C@NAzo. The pH dependency of the absorption spectrum
of sodium sulfamethazine (NaSMZ) and H2L was investigated in
the pH = 2–12 range (Fig. S1). Two deprotonation steps with pKa
values of 2.70 and 8.45 are reported for NaSMZ in aqueous medium
and assigned to the deprotonation of�NHþ3 and ionization of ASO2-

NH, respectively. In contrast, a three-step process with pKa values
of 2.83, 7.46, and 9.04 was determined for H2L in 20% ethanol/
water. These are assigned to the deprotonation of �NHþ3 , phenolic
OH and ASO2NH, respectively. Copper complex 1, with the metal
center bound to the sulfonamide part of the ligand, only shows
one intense absorption centered just below 290 nm, with a broad
tail extending from about 340 to 490 nm. Compounds 2 and 3, in
which the Schiff-base part is involved in binding of the transition
metal moiety, the main peak also appears at around 280 nm but
the long-wavelength tail is more pronounced (Fig. S2). The main
band near 280 nm is attributed to intra-ligand p–p⁄ transitions.
For complexes 2 and 3, the p–p⁄ transition of C@NAzo is shifted
to longer wavelengths and appears at 355 and 357 nm, respec-
Table 2
Computed excitation energies (eV), electronic transition configurations and oscillator stre

Exp. k (nm) E (eV) f Major cont

Complex 1
816 1.5191 0.0034 HOMO-1(b

HOMO-23(
736 1.6823 0.0022 HOMO-16(

454 525 2.3609 0.0527 HOMO-2(b
357 411 3.0166 0.0064 HOMO-3(b

397 3.1221 0.0072 HOMO-5(b

Complex 2
529 2.3433 0.0026 HOMO-30(

464 398 3.1117 0.0519 HOMO-1(a
355 360 3.4398 0.0069 HOMO-11(

345 3.5856 0.0346 HOMO-12(
tively. This supports the involvement of the C@NAzo group in che-
lation. In addition, the shoulders observed at 454, 464, and 413 nm
in 1, 2, and 3 are due to LMCT transitions involving the phenolate,
and pyrimidine moieties [29].

This assignment is supported by TDDFT studies. For compound
1, four main absorption bands at 816, 525, 411, and 397 nm with
oscillator strengths of 0.0034, 0.0527, 0.0064 and 0.0072 were cal-
culated (Table 2). The broad calculated band at 816 nm is arising
from transitions of b-spin HOMO-1/HOMO-23 to b-spin LUMO.
As shown in Fig. 3, the LUMO orbital with b-spin is mainly of Cu
dx2�y2 character with contributions from p-bonding of the azome-
thine/aniline/salicyaldehyde moiety. The HOMO-23 orbital is of
mixed Cu dz2 , NO�3 , H2O and pyrimidine contributions. b-spin
HOMO-1 orbital is contained upon aniline residue. Hence, the weak
absorption band at 816 nm, which is close to dz2 ! dx2�y2 transition
energy characterized to square pyramidal geometry, is mainly
pðAnÞ ! dx2�y2 LMCT in nature. This is due to high lying occupied
p-bonding MO of the aromatic moieties. The excitation energy at
525 nm (2.36 eV) is contributed mainly from HOMO-2(b) ? LU-
MO(b) (70%). This transition is predominantly p=d! dx2�y2 in nat-
ure. The highest energy transitions at 411 and 397 nm assigned to
HOMO-3(b)/HOMO-5(b) to LUMO(b), respectively, bear some sort
of LMCT. For 2 complex, the lowest energy electronic transition
at 529 nm (2.34 eV, f = 0.0026) characterizes HOMO-30(b) ? LU-
MO(b) (21%), while that at 398 nm is arises from a transition of
a-spin HOMO-1 to a-spin LUMO (34%).
EPR and magnetic measurements

Room temperature EPR spectra on powdered samples were re-
corded at X-band frequency (Fig. S3). Intense signals are observed
which do not show any noticeable 63/65Cu (I = 3/2) hyperfine split-
ting. The average g-values slightly decrease in the order 2 > 1 > 3.
Five-coordinated CuII complexes may be present in either square
pyramidal or trigonal bipyramidal geometry. In square–pyramidal
complexes, gk > g? and the value of the hyperfine splitting
(Ak is between 120 and 150 � 10�4 cm�1, whereas the trigonal–
bipyramidal complexes are characterized by g? > gk and
Ak ¼ 60� 100� 10�4cm�1 [30]. Hence, according to Table 3, the
reported compounds established a distorted square–pyramidal
geometry. The geometric parameter G, which is a measure of
ngths (f) of the studied complexes (selected, (f > 0.001).

ributions Character

) ? LUMO(b) (27%) p(An) ? d/p⁄(Azom/An/Saly)
b) ? LUMO(b) (11%) d/p(NO3)/(H2O)/p(Py) ? d/p⁄(Azom/An/Saly)
b) ? LUMO(b) (34%) p(NO3)/(SO2)/p(An/Saly) ? d/p⁄(Azom/An/Saly)
) ? LUMO(b) (70%) d/p(Py) ? d/p⁄(Azom/An/Saly)
) ? LUMO(b) (40%) p(An/Saly) ? d/p⁄(Azom/An/Saly)
) ? LUMO(b) (38%) p(Py)/(SN)/p(An/Saly) ? d/p⁄(Azom/An/Saly)

b) ? LUMO(b) (21%) p(SO2)/p(An)/p(Azom) ? d/p⁄(Azom/An/Saly)
) ? LUMO(a) (34%) d/p(An) ? d/p⁄(NO3)/p⁄(An)
b) ? LUMO(b) (20%) p(SO2) ? d/p⁄(Azom/An/Saly)
b) ? LUMO(b) (29%) p(Azom/An/Saly) ? d/p⁄(Azom/An/Saly)



Fig. 3. TDDFT-calculated electronic transitions in complex 1.

262 A.M. Mansour / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 123 (2014) 257–266
exchange of interaction between Cu centers in a powdered sample,
has been calculated as follows: G ¼ ðgk � 2:0023Þ=ðg? � 2:0023Þ
[31] for axial spectra and for rhombic spectra G ¼ ðg3 � 2:0023Þ=
ðg? � 2:0023Þ and g? ¼ ðg1 þ g2Þ=2. According to Hathaway and
Billing [32] if G > 4, the exchange interaction is negligible and if
G < 4, indicates presence of some sort of interaction. The G value
decreases in the order 2 > 1 > 3, indicating weak interaction among
1 and 3 molecules.

The g-tensor was calculated using unrestricted DFT functional
of MPW1PW91, B3PW91, PBEPBE and B3LYP combined with
DGDZVP basis set using gauge including atomic orbitals (GIAO)
[33]. In the present study, the spin-restricted DFT method devel-
oped by Rinkevicius et al. [34] was used. In this formalism, the g
tensor is calculated as a correction Dg to the free electron value
ge (2.0023).

g ¼ DgRMC þ DgGCð1eÞ þ DgOZ=SO þ ge

Dg describes the influence of the local electronic environment in
the molecule on the unpaired electron (s) compared to the free elec-
tron. The g tensor shift contains two minor contributions, namely



Table 3
Experimental and theoretical EPR parameters of the studied 1–3 complexes.

Complex Exp. Theoretical

gk g\ G B3LYP B3PW91 MPW1PW91 PBEPBE

gk g\ gk g\ gk g\ gk g\

1 2.408 2.108 3.86 2.283 2.149 2.229 2.118 2.314 2.165 2.158 2.080
2 2.415 2.108 4.07 2.262 2.088 2.2155 2.071 2.290 2.098 2.154 2.050
3 2.407 2.108 3.84
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the mass–velocity (DgRMC), and the one-electron gauge (DgGC(1e))
corrections to the electronic Zeeman effect, along with the dominat-
ing spin–orbit (SO) contribution, DgOZ/SO. The theoretical EPR stud-
ies of the mononuclear complexes showed axial spectra, with a
unique axis that differs from the other two (gx = gy – gz). The g fac-
tor along the unique axis is said to be parallel, gz ¼ gk while the
remaining two axes are perpendicular to it, i.e. g? ¼ ðgx þ gyÞ=2.
As shown in Table 3, calculated g-tensor values showed best agree-
ment with experimental values when carried out using the
MPW1PW91 functional, while PBEPBE is less accurate.

The observed effective magnetic moment (leff) values, cor-
rected for diamagnetic and temperature-independent paramag-
netic contributions, were found to be 1.73 and 1.74lB (296 K) for
the mononuclear complexes 1 and 2, respectively, and 3.21lB

(per Cu2) for 3. These values are close to the spin-only values ex-
pected for non-interacting CuII ions (S ¼ 1=2; t6

2ge3
g), leff = 1.73lB,

and in the acceptable range for copper complexes (1.60–1.80lB).
This indicates the presence of monomeric species without any
interaction between the CuII ions from neighboring molecules
[35] and a lack of intramolecular magnetic coupling between the
two copper centers in dinuclear compound 3.

Antibacterial activity

The antibacterial activity of organic ligand H2L as well as its
copper(II) complexes 1–3 were tested on against S. aureus as a
Gram-positive and E. coli as a Gram-negative microorganism
and compared to tetracycline used as a standard. Preliminary
screening was carried out at 20 mg/mL. As expected [36], H2L
1
2

3

H2L

Na-sulfamethazine Tetr

0

5

10

15

20

25

30

In
hi

bi
ti

on
 z

on
e 

di
am

et
er

 (
m

m
/m

g 
sa

m
pl

e)

Staphylococcus aureus (G+)

1

2

3

H2L

Na-sulfamethazine

Tetracycline

Fig. 4. Antibacterial activity of ligand H2L and copper complexes 1–3 as well as sodium
Gram-negative microorganism. All experiments were carried out in triplicate and the
subtracted from the others in each case.
is significantly more toxic against Gram-positive than Gram-
negative bacteria, which is due to the different cell wall struc-
ture of the tested microorganisms, while the reference com-
pounds sodium sulfamethazine and tetracycline show almost
equal activity against both strains tested. Although H2L shows
quite some activity against S. aureus, it is less toxic than the
two established drugs (Fig. 4). These differences might be
due to the absence of a primary amino group in the
ligand H2L due to the Schiff base formation with salicylic alde-
hyde and the non-planarity of the two phenyl rings
(C5AC6AN11AC32 = 37.4�) [37]. As known [9], the active spe-
cies of sulfonamides is the ionic form, so the proton-ligand for-
mation constant of –SO2NH will be the third variable
contributed to the lower antibacterial activity of the ligand
H2L comparing with sodium sulfamethazine.

Coordination to a copper(II) center, regardless of the binding
site and Cu:L stoichiometry, leads to a significant decrease in anti-
bacterial activity compared to the free ligand as well as reference
drugs in the case of S. aureus and almost completely abolishes it
for the dinuclear compound 3 while relative differences between
1 and 2 are small. Interestingly, the trend is reversed for E. coli.
While both H2L and dicopper complex 3 are inactive on this
Gram-negative microorganism, the antibacterial activity of 2 and
3 almost reaches that found in the Gram-positive case, although
it still remains much lower than that of sodium sulfamethazine
and tetracycline. In absolute terms, identical LC50 values of
0.27 lmol/mL were determined for 1 and 2 against S. aureus. This
is about twofold lower than for the free ligand H2L (0.12 lmol/
mL) but higher than for the dinuclear complex 3 (0.62 lmol/mL).
acycline

1

2

3 H2L

Na-sulfamethazine

Tetracycline

Escherichia coli (G-)

sulfamethazine and tetracycline against S. aureus as a Gram-positive, and E. coli as a
mean results are given. DMSO was used as a control and its inhibition zone was
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Structure–activity relationship (SAR)

The ultimate aim of SAR studies [38] is to correlate the biolog-
ical activity of a series of compounds with some appropriate quan-
tum chemical descriptors based on DFT (Table S2). Different
descriptors such as EHOMO, ELUMO, energy gap, ionization energy,
electron affinity, dipole moment, hardness (g), softness (S), electro-
philicity index (x), polarizability (a), and electronegativity (v)
were tested for SAR analysis. Fig. 5 shows some representative
plots of the correlations made between the experimental LC50

and quantum chemical parameters/descriptors.
Frontier molecular orbitals [39], can determine the way in

which the molecule interacts with other species. EHOMO is associ-
ated with the electron donating ability, while ELUMO indicates the
ability of the molecule to accept electrons. Smaller ELUMO means
minor resistance to accept electrons. Herein, a good correlation
(R2 = 0.8895) is found between LC50 and ELUMO, and the toxicity
of the studied compound increases as the energy of LUMO
increases. HOMO–LUMO gap (DE) is an important stability index
that can decide whether the molecule is hard or soft. Soft molecule
is more polarizable than the hard one. For the active compounds
R2 = 0.8895
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Fig. 5. Correlations between experimental LC50 and different quan
studied in this work, high DE value (hard) of H2L correlates well
(R2 = 0.9873) with a high activity. Thus, less active complexes are
more stable than the active H2L.

Hydrophobicity descriptor (usually expressed as LogP) repre-
sents the ability of molecule to enter the cell membrane and con-
tact with the interacting sites. Hydrophobicity is related to the free
energy change associated with the desolvation of a compound as it
moves from an aqueous phase to the biological part. Fat-soluble
drugs are easily absorbed, whereas water-soluble one is difficult
to absorb. Dipole moment (l in Debye) was used to qualitatively
analyze the trend in the hydrophobic values (LogP). A very signif-
icant dipole moment may polarize the molecule in such a way that
it produces a required potential at several atomic centers necessary
for binding and activity. Hence, the smallest dipole moment value
of H2L should be a considerable factor for its highest antibacterial
activity. This behavior happens together with the lowest polariz-
ability (a) of the free ligand H2L. Alternatively, electrophilicity
index (x) is a descriptor that accounts for the positively charge
property in a molecule that also has high capability to scavenge
electrons or superoxide anions. This property is correlated well
with LC50 values of the studied compounds with R2 of 0.9878
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Fig. 6. Molecular electrostatic potential for (a) H2L, (b) HL� (ANH), (c) HL� (AOH), and (d) L2�. The electron density isosurface is 0.004 a.u.

Fig. 7. Molecular electrostatic potential of complexes (a) 1, (b) 2, and (c) 3. The electron density isosurface is 0.004 a.u.
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indicated that a high value of x is observed for compound H2L that
displays highest activity among the studied compounds.

Molecular electrostatic potential (MEP) map is a very useful
descriptor in understanding sites for electrophilic attack, nucleo-
philic reactions and hydrogen bonding interactions [9,10]. Differ-
ent values of the electrostatic potential are represented by
different colors: red represents regions of most electro negative
electrostatic potential, blue represents regions of most positive
electrostatic potential and green represents regions of zero poten-
tial. Potential increases in the following order: red < orange < yel-
low < green < blue. As shown in Fig. 6a, a weak negatively MEP
value (�0.060e) is localized upon phenolic O in organic ligand
H2L, and strong negative regions (�0.090e) are mainly contained
on SO2 group. Both phenolic O and SO2 groups can act as centers
for several H bond with the neighboring molecules. In contrast,
maximum positive regions are found over hydrogen atoms of SO2-

NH (+0.067e) and CH@N (+0.077e) groups. For HL� (Fig. 6b), red1

regions are extended and become more strongly to cover N13, N21
and SO2 after ionization of –SO2NH. This confirms that the ionic form
of H2L is the truly antimicrobial species as previously mentioned.
The ionic sulfonamide site may constitute the preferable location
for binding with metal atoms such as Na+ or K+, the interaction of
1 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
which will result in increased binding capacity leading to enhanced
activity. Likewise, if HL� is formed through the ionization of OH
group, the surface map of phenolic O will be increased to attain
�0.282e that may act as another source for the biologically activity
(Fig. 6c). Thus, it can be concluded that the pKa values of SO2NH, OH
groups and the negative charge upon SO2 are contributed to the bac-
teriostatic activity of the investigated compounds. This is confirmed
by the increase in the surface map values of N13, N21, O49 and SO2

after ionization of both OH and NH protons to form L2� (Fig. 6d)
comparing with HL�.

For copper(II) complexes, a strong positive region is located
over the metal centre at the base of the pyramidal with a small
contribution on the hydrogen atoms of the coordinated H2O
(Fig. 7). As shown in Fig. 7a, some aromatic areas and phenolic O
in 1 are tinted with yellow color (slightly negative surface). This
site may be responsible for the antibacterial activity of compound
1. Similar, a yellow region is found upon –SO2NH group in 2. Alter-
natively, blue regions cover up copper centers in the binuclear
compound 3 (Fig. 7c), whereas negative regions are found on ani-
line moiety and the non-coordinated pyrimidine N22 that would
be ideal for docking and interaction with cell wall structure of
the tested microorganisms. Thus, the toxicity of the complexes
can be related to the strength of surface map value and regions
of highest negative potential may be suitable for H-bonding and/
or complex formation.
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4. Conclusion

Three new mono- and dinuclear copper(II) complexes of a
Schiff-base functionalized sulfamethazine antibacterial drug were
prepared, characterized, and tested for biological activity against
S. aureus and E. coli. Coordination to a copper(II) center, regardless
of the binding site and Cu:L stoichiometry, resulted in a significant
decrease of antibacterial activity compared to the free ligand as
well as the reference drugs tested. While the binuclear compound
was completely inactive, the two mononuclear compounds, only
varying in the binding pocket occupied by the copper moiety,
showed relatively low but comparable activity against both
Gram-positive and negative microorganisms. SAR studies sug-
gested that ELUMO, energy gap, dipole moment, polarizability and
electrophilicity index values were the most significant descriptors
for correlating the molecular structures of the studied compounds
and their respective antibacterial activity.
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