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Coordination of sulfamethazine drug to Fe(III) center 1 led to a significant decrease in the antibacte-
rial activity, but presence of a secondary ligand 2 gave rise to inactive compound.
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[FeL;]-H,O (1) and [FeL,Q]-3H,O (2) (HL = sulfamethazine and HQ = 8-hydroxyquinoline) have
been synthesized, characterized (elemental analysis, FT IR, UV-vis, TGA, magnetic and conductiv-
ity), and tested for their antibacterial activity against Staphylococcus aureus and Escherichia coli.
Theoretical calculations involving geometry optimization, natural orbital analysis, electronic spectra,
and molecular electrostatic potential have been done at the DFT/B3LYP level of theory. The high
3d-electron contribution of 6.71 is accounted to L — dg. charge transfer. Coordination of HL to Fe
(IIT) in 1 led to a significant decrease in the antibacterial activity, and presence of a secondary ligand
in 2 completely abolished it.

Keywords: Mixed ligand complex; TD-DFT; NBO; 8-Hydroxyquinoline

Sulfamethazine (HL) (figure 1) is a sulfa-based drug used as an antibacterial agent to treat
livestock diseases [1]. As well as other sulfonamides, HL presents a chemical structure that
favors modifications by complexation with some metal ions in order to initiate new com-
plexes with more convenient antimicrobial properties [2, 3]. As reported, sulfamethazine
was coordinated to M™" ions through four ways as a mono-, bi-, or tridentate ligand [4].
Recently, the crystal structures of octahedral sulfamethazine Cu(Il) [5(a)], Zn(Il), and Cd(II)
[5(b)] complexes showed important aspects in which the coordination sphere is formed
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Figure 1.  Structure of sulfamethazine (HL) utilized in this work.

from pyrimidic and sulfonamidic nitrogen atoms of two sulfa molecules, water, and the ter-
minal amino of a third sulfa molecule.

Due to the well-known problems of sulfonamide therapy [6], especially those related to
growing bacterial resistance, adverse effects and low bioavailability, synthesis, characteriza-
tion [7], and biological evaluation [8] of binary and ternary Fe(Ill) complexes (figure 2) of
sulfamethazine drug as potential prodrugs of antibacterial sulfonamide have been reported.
Theoretical calculations [9] using density functional theory have been done to correlate
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Figure 2. Local minimum structures of (a) 1 and (b) 2 obtained at the B3LYP/LANL2DZ level of theory.
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between the theoretical and experimental results. Calculations were carried out by Gaussian
03 [10] suite of programs. Moreover, with the aim of understanding the electronic structures
of the complexes, and the related experimental observations, TD-DFT calculations have
been applied. NBO analysis has also been performed to provide details about the type of
hybridization and the nature of bonding in the studied complexes.

The binary Fe(Ill) complex (1) was prepared [11, 12] in aqueous medium by mixing
3 mmol of NaL with 1 mmol of Fe(NOs)3;-9H,0 and refluxed for 3 h, where a brown com-
plex was isolated. Ternary complex (2) was synthesized by adding 1 mmol solid 8-hydroxy-
quinoline to 1 mmol aqueous Fe(NO3);'9H,0, and the solution was gently heated until
complete dissolution of the secondary ligand, and color change. Next, 2 mmol aqueous
solution of NaLL was added to the reaction mixture, and the solution was refluxed for 4 h,
where a deep brown complex was quantitatively precipitated. Elemental analysis data are in
agreement with those calculated for the suggested structures [12]. The mass spectrum of 2
shows the molecular ion peak at m/z 756 corresponding to [FeL,Q]". The low molar
conductance values of the studied complexes (in DMF) [12] indicate their non-electrolytic
nature [13]. Single crystals could not be obtained, since the reported complexes only form
amorphous materials as revealed by their XRD patterns.

IR bands observed at 3425, 3355, 1641, 1295, and 1135 cm ! in NaL are assigned to
Vass(NH2), Vss(NHy), V(C=N)py, vass(SO2), and v(SO,), respectively [4]. The latter vibra-
tional modes are found at 3422, 3258 [14], 1652, 1331, and 1157 cm™ ' [15] in HL. Also,
the IR spectrum of NaL has bands at 984 and 677 cm™ ' allocated to v(S-N) and v(C-S).
The shifting of the V(C=N),y, vass(SO>), and v((SO,) modes to lower wavenumbers and the
V(S-N) mode to a higher wavenumber (945 cm ™" in HL) indicates interactions of the pyrim-
idic N, sulfonamidic N, and SO, with Na". In complexes, the observation of v,(NH,) and
ves(NH,) modes at 3439 and 3342 cm” ! indicates that the terminal NH, remains intact. The
shifting of v(C=N),,, to lower wavenumber by 11 (1) and 17 ecm™' (2) and v(S—-N) to higher
wavenumber by 11 cm™' comparing with HL supports the N,N bidentate nature of HL. Free
HQ is characterized by three bands at 3432, 1625, and 1204 cm ™' allocated to the stretching
modes of the H-bonded OH, C=Nyq and C-O, respectively. For 2, the disappearance of
v(OH) of HQ, shifting of v(C=N)yq to lower wavenumber and its overlapping with v(C=C)
as well as the appearance of v(C—O) at 1316 cm™' with slightly C=O character confirms
the bidentate nature of HQ. Moreover, the band at 1379 cm™' in 2 is allocated to mixed
V(C-N)yo/V(C=C)ng modes.

The thermal decomposition of 1 [11] is accompanied by loss of one hydrated water and
three sulfa molecules in four stages leaving Fe metal as a final residue. The TG curve of 2
shows four decomposition steps at 197, 287, 370, and 463 °C. The first thermal stage up to
250 °C is assigned to desorption of three hydrated waters (observed mass loss 6.52%, Calcd
6.66%). The second and third steps are accompanied by a mass loss of 22.55% (Calcd
22.47%) allocated to exclusion of two aniline rings. The fourth stage brings the total mass
loss up to 86.75% of the parent complex (Calcd 87.17%) leaving FeS/FeS, as a final residue.

The electronic spectra of NaL, 1, and 2 are characterized by one absorption at 276 nm in
DMF. Generally, ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge trans-
fer (MLCT) bands obscure the very low intensity d—d absorption in the electronic spectra of
the high-spin Fe(Ill) complexes [16]. Complex 1 shows an additional band at 390 nm. The
absorption spectrum of 2 (figure S1, see online supplemental material at http://dx.doi.org/
10.1080/00958972.2014.951345.) also shows three electronic transitions at 375, 465, and
560 nm. The band at 390 (1) and 375 nm (2) is assigned to MLCT from the half field
d, and d_,> orbitals on Fe(Ill) to the sulfa drug. The bands at 465 and 560 nm in 2 are


http://dx.doi.org/10.1080/00958972.2014.951345
http://dx.doi.org/10.1080/00958972.2014.951345

Downloaded by [Institute Of Atmospheric Physics] at 15:18 09 December 2014

Sulfamethazine Fe(Ill) complexes 2683

attributed to the charge transfer transition from out-of-plane and in-plane pz orbitals of the
phenolate oxygen to the half-filled d orbital of iron(Ill) in a high-spin octahedral geometry
[17]. In order to understand the transitions occurring in the studied complexes, TD-DFT cal-
culations were performed. The primary feature of TD-DFT calculated absorption bands of 1
in the gas phase (figure S2) shows mainly one broad band at 551 nm with oscillator
strength 0.0188 as well as a shoulder at 408 nm (f'= 0.045). The lowest absorption band at
551 nm predominately arises from transition of B-spin HOMO to B-spin LUMO (52%),
while the excitation energy at 408 nm is contributed mainly from HOMO — LUMO + 1
transition with configuration interaction coefficient up to 0.30. As shown in figure 3(a), the
LUMO orbital with B-spin is mainly of Fe d>_,» character with contributions from z-bond-
ing of the pyrimidic moiety. The HOMO orbital is a mixture of Fe dyy and pyrimidic MO’s.
Hence, the broad band at 551 nm is partially a dyy — dy_y2 transition for octahedral geom-
etry. The B-spin LUMO + 1 orbital is contained upon pyrimidic residue. Thus, the shoulder
at 408 nm is predominantly MLCT in nature that is in agreement with the experimental
observation. The theoretical spectrum of 2 is characterized by two absorption bands at 651
and 438 nm arising from HOMO(B) — LUMO(B) (34%) and HOMO-2() — LUMO(B)
(41%), respectively. As shown in figure 3(b), the latter bands are assigned to dyxy — dyo_y2
and LMCT, respectively.

The observed effective magnetic moment (u.r) values, corrected for diamagnetic and
temperature-independent paramagnetic contributions, were 6.05 and 6.16 ug (298 K) for 1
and 2, respectively. These values are in the acceptable range for the non-interacting magnet-
ically diluted iron complexes (5.72—6.00 ug) [18].

The optimized structure of [FeL;] (1) together with the labeling scheme used is shown in
figure 2(a). Complex 1 contains an iron in a distorted octahedral geometry coordinated by
six nitrogens of three anionic bidentate sulfamethazine molecules. The FeNgyfonamidic
[FeN8 = 1.935 A and FeN45 = 1.924 A] and FeN,yimigic [FeN7 = 1.994 A and
FeN11 = 1.995 A] bond lengths of two sulfa molecules are similar, but they are different
from the third molecule, FeN9 = 2.039 A and FeN10 = 2.029 A, respectively. Moreover,
the difference between the four-member chelate angle of the two L ligands [N7-Fe—
N8 = 67.3° and N11-Fe—N45 = 67.4°] and that of the third molecule [N9-Fe-N10 = 65.3°]
is the source of the distortion of the octahedral geometry. According to NBO analysis, the
electronic configuration of Fe in 1 is [Ar]ds®2°3d®714p%4055%0144%35p%01 "7 410 valence
electrons, and 0.043 Rydberg electrons with 25.441 electrons as total electrons, which is in
agreement with the calculated natural charge (+0.559¢) on the iron. The occupancies of the
Fe 3d orbitals are as follows: d,(yl'571 dy, 440 dyzl‘508 dxz,yzo'961 del'zzg. It was found that
the Fe-N45 bond is formed from sp>>' hybrid on N45 (71.53% p contribution) and
sp”??d’?! hybrid on the iron (which is the mixture of 10.94% s, 10.19% p, and 78.88% d
atomic orbitals). Thus, the o(Fe-N45) bond is strongly polarized toward N45, with about
76.55% of electron density concentrated on the nitrogen. Similarly, the Fe-N8 bond is
formed from 0.878 sp'7' (N8) and 0.478 sp'°'d®>° (Fe) hybrid orbitals.

A view of the optimized structure [FeL,Q] 2 and its atom numbering are shown in figure
2(b). The iron is in a distorted octahedral geometry coordinated by four nitrogens of two
anionic bidentate sulfamethazine molecules, and N, O atoms of a bidentate quinolinate
ligand [FeN11 = 1.966 A and FeO53 = 1.879 A]. The two pyrimidic Fe-N bond lengths
[FeN7 and FeN9] are equal (2.021 A), but the lengths of the sulfonamidic Fe-N bonds are
different [FeN8 = 1.948 A and FeN10 = 2.041 A], indicating that the two sulfa molecules
are not isoenergetically bound. The small bite angles of the sulfa molecules [N7FeN8 = 66.9°
and N9FeN10 = 65.6°] and quinolinate angles [N11FeO53 = 85.6°] are the main reason for
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Figure 3. TDDFT-calculated electronic transitions in (a) 1 and (b) 2.

the distortion. The electronic configuration of Fe is [Ar]4s®?°3d®¢74p%4555%0144*035p001
7.371 valence electrons, and 0.040 Rydberg electrons with 25.400 electrons as total
electrons, which is in agreement with the calculated natural charge (+0.600e) on Fe. The
occupancies of Fe 3d orbitals are as follows: dxy1'506 dy, "7 dyzl‘050 dxz,yzl'o94 dzzl'38°. The
Fe-N8 bond is formed from sp'*® hybrid on N8 (65.27% p contribution) and sp’¢*d**!
hybrid on the iron (which is the mixture of 24.65% s, 15.84% p, and 59.51% d atomic orbi-
tals). The phenolate bond is created from 0.887 sp>*® (053) and 0.461 sp®*°d*°! (Fe). The
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(b)

Figure 4. MEDP for (a) 1 and (b) 2. The electron density isosurface is 0.004 au.

strength of interaction between iron(Ill) and active binding sites has been assigned by
second-order interaction energy (E°). The calculated E* values are 580, 1070, 740, 820,
270, and 920 calM™' for LP(1)N7 —RY (1)Fe, LP(1)N8 — o (Fe-N8), LP(1)N9 —
RY"(1)Fe, LP(1)N10 —RY (1)Fe, o(N11-C32)—RY'(1)Fe, and LP(1)053 —o"
(Fe—053). Interactions (E*) of Fe with sulfonamidic N and phenolate O53 are stronger than
the pyrimidic N and pyridine-type N of the quinolate ligand as covalent bonds were
formed.

MEP map [12] is used for the qualitative explanation of the electrophilic or nucleophilic
attack as well as H-bond interactions, and defines regions of local negative and positive
potential in the molecule. As shown in figure 4(a), the main contribution to the strong
positive charge region in 1 comes from the terminal NH, group and to a small extent from
the hydrogens of the aniline moiety, making the hydrogens potential candidates for several
H-bond interactions with other neighboring molecules. Besides, the contribution to the neg-
ative charge region is coming from the oxygens of the SO, groups. Areas of weak negative
charges come from the z-system of the aniline rings. The MEP map of 2 [figure 4(b)]
resembles that of 1, except that the phenolate oxygen bears little negative charge with a
surface value of —0.061e.

The antibacterial activities of NaL as well as its Fe(Ill) complexes were tested on against
Staphylococcus aureus as a Gram-positive and Escherichia coli as a Gram-negative micro-
organism and compared to tetracycline used as a standard. Preliminary screening was
carried out at 20 mg mL™'. As expected, NaL has the capacity of inhibiting the metabolic
growth of the investigated bacteria to different extents and it is slightly more efficient than
tetracycline. Coordination to Fe(II) center leads to a significant decrease in antibacterial
activity compared with the uncoordinated, and almost completely abolishes it for the ternary
complex in presence of a secondary ligand. It is essential to clarify that the actually active
species of the sulfamethazine drug is the ionic form, i.e. sulfamethazine penetrates bacterial
cells in the unionized form and once they enter a cell, their bacterial action would be due to
its ionized form [4]. For complexes, the lower activities may be attributed to their low lipo-
philicity, where the penetration of the complex through the lipid membrane is decreased
and hence, they cannot block or inhibit the growth of the micro-organism. Besides, the
difference in the toxicity of the reported complexes may be ascribed to the amount of the
released anionic form of sulfonamide that is related to the stability of the complexes and
strength of M—Nguifonamide bond. Complex 1 showed comparable activity against both S.
aureus and E. coli with respect to the other reported Fe(Ill) complexes [19]. Structure—
activity relationship study has correlated the biological activity of the investigated
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compounds with some quantum chemical descriptors based on DFT calculations such as
Enomo, Erumo, energy gap, dipole moment, polarizability, and Mulliken charge. Erowmo
measures the electron-donating character of the given compound, while E} yyo measures its
electron-accepting character. Thus, the greater Eyonmo 1S, the greater the electron donating
capability will be, and the smaller the E} o 1S, the lower the resistance to accept electrons
will be. For the inactive compound studied in this work, 2, Eyymo is high (—2.64 eV),
whereas the active sodium sulfamethazine has a small value, —0.82 eV, and 1 is an interme-
diate between them (—2.17 eV). The dipole moment (u in Debye) is another important elec-
tronic parameter that results from non-uniform distribution of charges on the various atoms
in a given molecule. Herein, the highest value of dipole moment of 2 diminishes markedly
the antimicrobial activity of this compound. However, the theoretical analysis of the elec-
tronic parameters of the studied compounds such as Eyomo, energy gap, dipole moment,
polarizability, and Mulliken charge showed no direct correlation with the antimicrobial
activity.

In summary, synthesis and structural characterization of binary and ternary sulfamethazine
iron(II) complexes have been done both experimentally and theoretically and are correlated
here aiming to assist in the understanding of the modulation of the antibacterial behavior of
sulfamethazine upon modification and coordination to iron(IIl). Coordination of sulfametha-
zine to Fe(IIl) resulted in a significant decrease of the antibacterial activity with respect to
the free drug, and the presence of quinolinate moiety almost completely abolishes it.
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