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A Pb(II) complex with ceftriaxone (H,Ceftria) antibiotic was synthesized by reaction of ceftriaxone
disodium salt (hemi)heptahydrate with lead nitrate in water—ethanol medium. The complex was char-
acterized on the basis of complexometric titration, spectrophotometric and thermogravimetric analy-
ses, capillary electrophoresis, IR, Raman and UV-vis spectroscopies, and density functional theory
calculations. Pb(II) is five-coordinate with distorted square pyramidal geometry. The coordination of
Ceftria®~ to Pb(II) occurs through N and O of the triazine, lactam carbonyl, carboxylate, and amine
groups. The antibacterial activity study showed that Klebsiella pneumoniae is resistant to [Pb(Cef-
tria)]-3H,O. The antibacterial activity of [Pb(Ceftria)]-3H,O against Staphylococcus aureus is
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reduced compared with ceftriaxone. In contrast, the antibacterial activity of [Pb(Ceftria)]-3H,O
against Escherichia coli is 28% higher than that of ceftriaxone antibiotic.

Keywords: Ceftriaxone lead(Il) complex; DFT; IR spectroscopy; TGA; Antibacterial screening

1. Introduction

Cephalosporins are semisynthetic broad-spectrum antibiotics chemically related to penicil-
lins, that predetermines a similar mechanism of their antimicrobial activity, mechanism of
resistance, and other properties [1—4]. Ceftriaxone antibiotic (figure 1) belongs to the third
generation of cephalosporins. The bactericidal activity of ceftriaxone is caused by its inhibi-
tion of the synthesis of the bacterial cell wall [5]. Ceftriaxone forms a stable acyl-enzyme
intermediate, which suppresses peptidoglycan cross-linking, thereby disrupting the cell wall
structural integrity [6—8].

Ceftriaxone is stable with respect to pB-lactamases, produced by most Gram-positive and
Gram-negative bacteria, and is used in the therapy of neonates [9]. However, the evolution
of the bacterial resistance mechanisms necessitates the search for more effective antibiotics
to overcome action of f-lactamases [10], especially extended spectrum B-lactamase [11, 12]
and metallo-f-lactamases containing Zn(II), Co(Il) and Cd(Il) ions [13—15]. In the presence
of these enzymes, cephalosporins, like other B-lactams, undergo the p-lactam ring opening
[16]. Another important mechanism of bacterial resistance which must be overcome is the
production of alternative penicillin-binding proteins 2 with lower affinity to antibiotics [17,
18].

There are several ways to increase antibacterial activity of the B-lactams. For example,
combining B-lactams with B-lactamase inhibitors sometimes can be an effective strategy.
This approach, however, is not universal because of a wide variety of B-lactamase species
[19, 20]. Another promising strategy is to target the bacterial regulatory systems responsible
for B-lactamase expression [2]. Arguably, the simplest approach to enhancing the antibacte-
rial properties of existing antibiotics is creating their complexes with different metal ions
[21-23].

Metal complexes of ceftriaxone have both toxicological and pharmacological properties
[24]. While the interaction between ceftriaxone and metal ions can lead to precipitation that
results in serious adverse drug events [25], complexes of cephalosporins with Cu(Il) are
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Figure 1.  Structure of ceftriaxone disodium salt.
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widely studied and used in treatment of diseases such as rheumatoid arthritis [26, 27]. In
general, the antibacterial properties of ceftriaxone complexes can increase or decrease
relative to pure ceftriaxone [24]. The synthesis of such metal-antibiotic complexes is an
important area of medicinal chemistry [27-32].

Here, we report the synthesis and characterization of a Pb(Il) complex with ceftriaxone
(H,Ceftria) antibiotic. The structure of the new complex was studied using a combination
of experimental and computational techniques. In addition, the antibacterial activity of the
complex against several Gram-positive and Gram-negative bacteria was investigated.

2. Experimental

2.1. Materials and methods

All chemicals were obtained in pure form and used without purification. [Pb(Ceftria)]-3H,0 was
obtained by mixing the ceftriaxone disodium salt (hemi)heptahydrate (0.3 g; 4.52 x 10~* M) with
lead nitrate (0.15 g; 4.52 x 10~*M) in water-ethanol medium (1 : 1). The reaction mixture was
left in a dark place at room temperature for 30 min. The formed white precipitate was collected
by filtration, washed by Et,0, and stored in a sealed vessel with granulated CaCl,.

The mass concentration of lead in the complex was determined by complexometric titra-
tion. The concentration of ceftriaxone in the phosphate buffer solution of [Pb(Cef-
tria)]-3H,0 was determined by spectrophotometric method using an Analytik Jena Specol
1300 spectrophotometer. The two absorption maxima at 240 nm (¢=30,594LM 'cm™ )
and 270 nm (¢=27,825LM 'cm™') in the UV-vis spectra of the ceftriaxone phosphate
buffer solution (pH 6.5) were used to plot a calibration curve of optical density versus con-
centration. The absence of sodium and nitrate ions was confirmed with a Thermo Scientific
ICAP 6500 spectrometer and Kapel-104T capillary electrophoresis system. Thermogravi-
metric analysis (TGA) was performed in argon with a simultaneous thermal analyzer NET-
ZSCH STA-409 PC from 20 to 350 °C with a scan rate of 10 °C min~'. FT-IR and Raman
spectra of the ceftriaxone disodium salt and [Pb(Ceftria)]-3H,O were recorded in KBr pel-
lets ranging from 4000 to 400 cm ' with a Nicolet 6700 spectrophotometer (FT-Raman
module coupled with Continuum microscope). The characteristic vibrational frequencies
were assigned using methodology described [33]. X-ray analysis of the synthesized
compound was performed using an X-ray diffractometer “X’Pert Pro” of “PANalytical”
company.

2.2. Computational methods

Full conformation analysis was carried out using CONFLEX 6.0 program with MMFF94s
molecular mechanics force field and Newton—Raphson method for geometry optimization
[34, 35]. The geometry optimization and harmonic vibrational frequency calculations on the
most stable conformers were performed with B3LYP [36] and PBEO [37] density function-
als in combination with SBKJC(p,d) basis set [38, 39] augmented with s and p diffuse func-
tions, as implemented in the GAMESS suite of electronic structure programs [40, 41]. The
relativistic effective core potential (ECP) was used for Pb. The applicability of this basis set
and ECP to lead complexes was demonstrated earlier [42]. The Grimme’s D3 dispersion
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correction was used in all DFT calculations [43]. The partial atomic charges were obtained
from Mulliken population analysis. All molecular structures were visualized by the Chem-
Craft program.

2.3. Antibacterial activity

The antibacterial activities of the compounds were tested in vitro against Gram-positive bac-
terium Staphylococcus aureus 25923 and Gram-negative bacteria Escherichia coli 25922
and Klebsiella pneumoniae 13883. The effects of ceftriaxone and [Pb(Ceftria)]-3H,O on the
bacteria were investigated using the paper disk diffusion method [44]. The method included
the following steps: (1) preparation of the Mueller—Hinton growth medium; (2) preparation
of the micro-organism suspensions of a 0.5 McFarland standard (final concentration 1 x
108-2 x 10*CFU mL™"); (3) inoculation; (4) pouring the nutrient agar onto a plate and its
solidification; (5) dropwise addition of the test substance to a 10 mm diameter filter paper
disk placed at the center of each agar plate followed by incubation; and (6) measuring the
diameters of the inhibition zones. The bacteria were cultured in an incubator for 18-24 h at
36 °C. Standard disks were impregnated with the solutions of the compounds in phosphate
buffer (pH 6).

3. Results and discussion

3.1. Structure and composition determination

According to the X-ray powder diffraction analysis, the obtained complex is amorphous. It
is insoluble in water as well as in EtOH and acetone. The TGA shows a mass loss of
5.35% from 50 to 145°C, which is equivalent to three water molecules (figure 2). The
endothermic peak at 75°C on the differential scanning calorimetry (DSC) curve is also
caused by water removal. The mass losses at 290 °C correspond to exothermic effect associ-
ated with decomposition of ceftriaxone. The composition of the synthesized complex
obtained from experiments (complexometric titration, spectrophotometric analysis, and
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Figure 2. DSC of [Pb(Ceftria)]-3H,0.
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TGA) is in good agreement with stoichiometric calculation based on [Pb(Ceftria)]-3H,0O
chemical formula (table 1). The capillary electrophoresis and chemical analysis of [Pb(Cef-
tria)]-:3H,0 indicates the absence of nitrate and sodium ions. Thus, the electroneutrality of
the complex is caused by sodium ion substitution with lead ions. The complexometric

Table 1. Composition of [PbL,]-mH,0 (L=Ceftria) complexes reported as mass fraction (w) of the components.

% , % (Stoichiometry)
w, 70
Component  (Experiment) [PbL]-3H,O [PbL]-2H,O [PbL]-H,O [PbL,]-3H,O [PbL,]-2H,O [PbL,]-H,O

Pb(II) 25.0+1.5 25.5 26.0 26.6 15.2 15.4 15.6
Ceftriaxone 66.3+3.3 67.9 69.4 71.0 80.9 82.0 83.1
H,O 5.35 6.6 4.5 2.3 4.0 2.7 1.4
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Figure 3. IR spectra of ceftriaxone disodium salt (a); and [Pb(Ceftria)]-3H,O (b).
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Table 2. Experimental IR frequencies of Na,Ceftria and [Pb(Ceftria)]-3H,O.

Functional group Na,Ceftria, cm ™' [Pb(Ceftria)]-3H,0, cm ™'
v(C=0)-lactam 1738 1761
v(COO") 1393 1380
v(C-0)-triazine 1536 1551

titration showed 25+ 1% of lead, which should be compared with 25.5% calculated from
[Pb(Ceftria)]-3H,O stoichiometry. Spectrophotometric determination of ceftriaxone indi-
cates that the complex contains 66 +3% of ceftriaxone, which is in agreement with 67.9%
calculated from [Pb(Ceftria)]-3H,O stoichiometry. The Pb(II) and Na,Ceftria precipitate
from the aqueous solution of the complex with molar ratio of Pb(I) : Na,Ceftria=1: 1.

To establish the type of ceftriaxone coordination to lead ion, the FT-IR spectra of diso-
dium ceftriaxone and [Pb(Ceftria)]-3H,0 (figure 3) were analyzed. There are three important
absorption bands associated with the stretching vibrations of several functional groups par-
ticipating in the complex formation (table 2). After ceftriaxone coordination to lead ion, the
frequencies of the ¥(C=0)-lactam and v(C=0)-triazine modes shift from 1738 to 1761 cm™"
and from 1536 to 1551 cm ™', respectively. The increase in the vibrational frequencies of
carbonyl groups can be explained by oxygens of lactam and triazine coordinating to Pb(II)
and leading to the formation of a chelate complex. These intramolecular interactions between
oxygen and lead ion result in more rigid molecular structure around the oxygen and shift of
carbonyl vibrational frequencies to higher wavenumbers. The frequency of the symmetric
stretching mode v{(COO") shifts from 1393 to 1380 cm™'. These shifts indicate that the car-
boxylate group (COO), the lactam carbonyl group (C=0), and the oxo group of the triazine
ring are involved in the formation of [Pb(Ceftria)]-3H,0. This analysis is in agreement with
previous studies where ceftriaxone is described as a polydentate ligand [45, 46]. The broad
band in the [Pb(Ceftria)]-3H,O spectrum at 1654 and 1615 cm ™' has a high intensity and a
low resolution due to the overlap of several vibrational modes, including v(C=0)-amide,
V(C=0)-triazine, v,s(COO0-), v(C=C), and v(C=N). Therefore, the small frequency shifts
from 1604 to 1615cm™' and from 1649 to 1654 cm™' cannot serve as sufficient evidence
that all these groups participate in complex formation. The Raman spectra also are in
agreement with FT-IR spectra of the [Pb(Ceftria)]-3H,O complex.

3.2. Computational studies

To determine the structure of the first coordination sphere of [Pb(Ceftria)], we performed
molecular mechanics and quantum chemical calculations. In the first stage, the conforma-
tional search for ceftriaxone was carried out with molecular mechanic force field. The
results show that at 298 K ceftriaxone has 636 conformational isomers. We focused on nine
conformers with relative steric energies between 0 and 2 kcal M~ ! that accounts for 95.61%
of all conformers. Next, based on analysis of the FT-IR spectra and the capillary electropho-
resis data, we identified conformers with close spatial positions of the atoms involved in the
ligand—metal bond formation. Analysis of the FT-IR spectra indicates that the carboxylate,
the lactam carbonyl, and the oxo group of the triazine ring are involved in the formation of
[Pb(Ceftria)] complex. Thus, requirement for close spatial positions of lactam carbonyl, tri-
azine, and carboxylate groups led to reduction of the number of conformers. In the end,
only two conformers (s-trans—s-cys and s-cys—s-cys) of Ceftria®~ and its substituents, with
sufficiently large cavity for Pb(Il), were considered (figure 4).
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Figure 4. Structures of the ceftriaxone dianion conformers s-trans—s-cys and s-cys—s-cys. Only fragments different
in the two conformers are shown.

The geometries of the two Ceftria®~ dianions in the most stable conformations were opti-
mized with B3LYP density functional theory. The B3LYP calculations indicate that the s-
cys—s-cys conformer is more energetically favorable than the s-trans—s-cys conformer by
5.9kcal M™'. These conformers differ by rotation of methoxyimino group around the C—C
bond. In particular, in the s-trans—s-cys conformer, the planar methoxyiminoacetyl and
2-amino-1,3-thiazol-4-yl are rotated by 58° with respect to each other. In the s-cys—s-cys
conformer, the distortion of the methoxyiminoacetyl, with oxygen moved out of
methoxyiminoacetyl plane, is observed. This distortion results in extension of the
n-conjugated system and delocalization of the z-electrons of methoxyimino and 2-amino-
1,3-thiazol-4-yl groups.

The more energetically favorable s-cys—s-cys conformer was used as a ceftriaxone dian-
ion involved in the lead complex formation. Lead ion was introduced into the ligand cavity
in order to determine the nature of the first coordination sphere. The placement of lead ion
near donors of ceftriaxone has led to the formation of two distinct complexes (figure 5). In
1, five ligand atoms form a square pyramid around the lead ion, which is coordinated by N
and O of the triazine, the nitrogen of the amine group, and the oxygens of the lactam car-
bonyl and carboxylate groups. In 2, the coordination of lead is trigonal bipyramidal. In the
first coordination sphere, the O atom of the triazine is replaced by N of the thiazole ring.
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Figure 5.  Structures of 1 and 2.
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According to the B3LYP calculations, the square pyramidal coordination of 1 is 10.6 kcal M
lower in energy than the trigonal bipyramidal coordination of 2. In 1, the distance between Pb
and O from the lactam carbonyl group is 0.3 A, shorter than in 2 (figure 6). This results in a
significant polarization of the C=0 bond and high electron density on the oxygen. The partial
charge on the oxygen atom in 1 is —0.419, which is much smaller than —0.332 in 2 (table 3).
The charge on the nitrogen of the thiazole ring is smaller in 1 than in cefiriaxone dianion. This
change is associated with shifting the electron density of the delocalized 7-electrons in the
direction of the amino group.

Table 4 summarizes the calculated vibrational frequencies of the two complexes. The aver-
age deviations of the B3LYP frequencies from the experimental values are 8.0 and 8.3 cm™
for 1 and 2, respectively. The maximum absolute deviations are 18 and 39 cm™' for 1 and 2,
respectively. Calculations with PBEO density functional with the same basis set and disper-
sion correction give very similar optimized geometries and predict that 1 is 7.7 kcal M

Figure 6. Inner coordination sphere of 1 with bond lengths in A.

Table 3. Bond orders and atomic charges of 1 and ceftriaxone dianion.

Atomic charge Bond order
Atom Dianion Complex 1 Bond Dianion Complex 1
05 —-0.312 —-0.419 05-Cl1 1.309 —-0.202
03 —0.496 —-0.575 03-C8 0.956 —0.081
N8 —0.360 —0.445 N8-C18 0.254 0.187
N7 —-0.375 —-0.324 N7-C18 1.027 0.524
N1 —0.260 -0.314 N7-C15 2.205 1.678
o1 —-0.517 —-0.512 N1-Cl 1.500 1.409
Cl 0.181 0.185 NI1-N2 —0.138 —0.685

Cl18 —0.001 —0.106 01-C1 1.367 1.109
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Table 4. Experimental IR and Raman frequencies of Pb(Il) with ceftriaxone and calculated B3LYP vibrational

frequencies of 1 and 2, cm .

Exp.
frequencies Complex 1 Complex 2
IR IR
Raman IR freq.  Functional group freq.  Functional group
1757 1761 1779 w(C=0) lactam + v(C=0) amide 1800 v(C=0) lactam + v(C=0) amide
1579 1551 1551  v,(C—N) N-C—N group of 1554 v,(C-N) N-C—-N group of
triazine + v(C=0) oxo group at position triazine + v(C=0) oxo group at position
6 + Jda5(CH3) methyl 6 + J,5(CH3) methyl
1401 1410 1418 6(CH,) cephem + dy(CH3) methyl 1405 Jy(CH3) methyl
1401 1380 1375  wv,(C-N) C-N-C group of 1367 Jy(CH3) methyl + v,(C-N) C-N-C
triazine + 6(CH) lactam, v¢(COO) group of triazine, vs(COO)
1355 1354 1365 J,4(CH;3) methyl +v((C-N) N-C-N 1356  J(CH) lactam at position 6,7 + w(CH,)
group of triazine cephem + w(CH,) thiomethyl + v(C-N)
lactam
1233 1213 1226 (CH) lactam at position 6 + w(CH,) 1219 v¢(C-N) N-C-N group of triazine
thiomethyl
1207 1175 1174 r(CHj) methyl 1177 #(CH;3) methoxy + 6(CH)
aminothiazole + 6(NH)
amide + v,(C—N) C—N-C amide
1042 1034 1041 J(CH) aminothiazole 1036 w(NH,) amine
871 889 898  V(N-O) methoxy + J(CH) 892  ¥(N-O) methoxy + d(CH) 5-membered
aminothiazole + (CH) lactam at ring
position 6

lower in energy in comparison with 2. However, the PBEO vibrational frequencies are in
somewhat worse agreement with the experimental values. The average deviation of the
PBEO frequencies from experimental ones are 13.2 and 15.1 cm™ ", with maximum deviations
of 34 and 56 cm™" for 1 and 2, respectively. Nevertheless, both functionals predict that the
calculated vibrational frequencies of 1 are in better agreement with the experimental IR
frequencies than calculated frequencies of 2. Therefore, the lower energy of 1 and a better
match of its calculated vibrational frequencies with experimental IR frequencies indicate that
the structure of the synthesized [Pb(Ceftria)]-3H,O compound corresponds to 1.

3.3. Microbiological screening

The biological activities of [Pb(Ceftria)]-:3H,0O against Gram-positive and Gram-negative
bacteria were investigated at the [Pb(Ceftria)]-3H,O concentrations of 0.4, 0.8, and 1.0 mg
mL™'. The effects of [Pb(Ceftria)]-3H,0O on the growth of the bacterial strains E. coli, S.
aureus, and K. pneumoniae are summarized in table 5. The biological activity of 1 differs

Table 5.  Antibacterial activity of ceftriaxone and [Pb(Ceftria)]-3H,O.

Zone of inhibition (mm)

Concentration, mg Klebsiella Escherichia Staphylococcus
Compound mL™! pneumoniae coli aureus
Na,Ceftria 0.4 10 29 37
[Pb 1.0 0 41 24
(Ceftria)]-3H,O 0.8 0 39 23

0.4 0 37 0




Downloaded by [Institute Of Atmospheric Physics] at 15:19 09 December 2014

2792 A.O. Lykhin et al.

from Na,Ceftria and Pb(NO3), salts. The antibacterial effect of [Pb(Ceftria)]-3H,0O against
E. coli is present at all concentrations and exceeds the antibacterial effect of Na,Ceftria by
28% at 0.4mgmL™". This enhancement of the antibacterial effect can be simultaneously
associated with the action of [Pb(Ceftria)]-3H,O and its separate components (Pb ion and
Ceftria) after decomposition of the complex. According to the spectrophotometric analysis,
the phosphate buffer solutions of the complex are stable for about 8 h after the preparation.
The zone of inhibition for E. coli treated with 0.4 mg mL™' Pb(NOs), salt was 11 mm, indi-
cating a significant resistance of E. coli to Pb ion. However, the synergetic effects of ceftri-
axone and Pb ion may play an important role in inhibition of bacterial growth after the
complex decomposition. These effects are due to the different mechanisms of the action of
heavy ions and antibiotics on the bacteria metabolism [47, 48].

At 0.8 and 1 mg mL™', Na,Ceftria completely inhibits the bacterial growth, and agar plates
contain no E. coli after incubation period. Therefore, at concentrations above 0.8 mgmL ™",
Na,Ceftria is more effective than [Pb(Ceftria)]-3H,O. The antibacterial effect against
S. aureus was present at the [Pb(Ceftria)]-3H,O concentrations of 0.8 and 1.0 mgmL ™" (the
inhibition zones are 23 and 24 mm, respectively). These values are 1.5 times smaller than the
corresponding values for Na,Ceftria. Based on these results, E. coli and S. aureus were
classified as sensitive to [Pb(Ceftria)]-3H,O compound. However, [Pb(Ceftria)]-3H,0 seems
to be more potent than Na,Ceftria against E. coli.

Very different results were obtained for K. pneumoniae. The zone of inhibition after treat-
ment with Na,Ceftria salt was 10 mm. According to the standard criteria for evaluation of
the drugs, antibacterial action on micro-organisms where such a small zone of inhibition
indicates that K. pneumoniae is stable with respect to Na,Ceftria salt. The inhibition zones
were completely absent at all used concentrations of [Pb(Ceftria)]-3H,O, indicating resis-
tance of this bacteria to [Pb(Ceftria)]-3H,O as well.

4. Conclusion

We report the synthesis of [Pb(Ceftria)]-3H,O by reaction of ceftriaxone disodium salt
(hemi)heptahydrate with lead nitrate in water—ethanol medium. TGA indicates that three
water molecules form the outer coordination sphere of the complex. The structure of the
complex has been studied using FT-IR and UV-vis spectroscopies, capillary electrophore-
sis, and DFT calculations. The ceftriaxone serves as a pentadentate ligand forming a dis-
torted square pyramidal coordination with lead ion, which is coordinated by N and O of the
triazine, nitrogen of the amine, and oxygens of the lactam carbonyl and carboxylate. The
antibacterial activity of [Pb(Ceftria)]-3H,O depends on the bacterial species. The antibacte-
rial activity against S. aureus is reduced compared with ceftriaxone. There is no antibacte-
rial activity observed against K. pneumoniae. In contrast, compared with ceftriaxone, the
antibacterial activity of [Pb(Ceftria)]-3H,O against E. coli increases by 28% at low concen-
tration (0.4 mgmL "), but decreases at the concentrations above 0.8 mg mL ™.
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