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Kommiexke nedprpuakcona ¢ Mg(Il):
CHHTE3, CTPYKTYPA, CIEKTPaJIbHbIE

U aHTHOAKTepUAJIbHbIE CBOWCTBA
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meouyunckux npoonem Cesepa

Deodepanvhuiii uccneoosamenvckuu yenmp KHI] CO PAH
(@11} KHL] CO PAH HHUHW MIIC)

Poccuiickas @edepayus, Kpacnosapck

Uncmumym xumuu u xumuyeckou mexvonoeuu CO PAH
QU] «Kpacnoapckuu nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnospck

AunHoTanus. [TonydeH u oxapakTepu30BaH MarHUeBbI KOMILIEKC e TPUAKCOHA METOAAMHU
ATOMHO-3MHUCCHOHHOI0 U 35ieMeHTHOro ananusos, TT'A, UK- u KP-cnexkrpockonuu, POA u pacueton
TeopuH QyHKIHOHaNA MI0THOCTH. [ledTprakcoH KOOpIMHUPYETCS K MOHY MarHus 4epe3 KUcIopo
TPUA3UHOBOIO IUKJIA B IIECTOM HOJIOKEHNH, A30T aMHHOT PYIIIBI THA30JIbHOTO IUKJIA ¥ aTOMBI KUCIOPOAa
KapOOKCHJILHOM ¥ JJaKTaMHOM Tpyri. J[uHaTpueBas coib e TpuakcoHa U KOMILIEKC MarHus ObLIH
HCCIIeZIOBaHbl Ha aHTHOAKTEPHAIbHYI0 aKTUBHOCTh B OTHOIIEHUH Staphylococcus aureus, Escherichia

coli u Pseudomonas aeruginosa.

KuroueBble ciioBa: 1eh)aaoCropuHOBBIC aHTHOMOTUKH, e TPHAKCOH, MATHUA, TEOpUs (PYHKIIHOHAIA

IJIOTHOCTHU, MOJICKYJIApHAsA CICKTPOCKOIIN, aHTH6aKT€pHaJ’ILHHﬁ CKPUHUHT.
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Buaaronapuoctu. Mccnenoanue punancuposanocs POOU, Kpacnosipckum kpaem u KpacHospckum
KpaeBbIM (poHtOoM HaykH, mpoekT Ne 20—43-240007. ABtrops! Onaronapst LleHTp coBMecTHOrO
UCI0JIb30BaHus 00opyaoBanus [lIkossl He)TsAHOU U ra30BOl HH)eHepHH CHOUPCKOTO (BenepanbHOro
yHuBepcuteTa, MHCTUTYT XxuMuu u xumudecko texnonoruu CO PAH 3a ux rexHHYeCKyIo

HOJEPKKY.

Lutuposanue: HoBukosa, I'B., I{pimnenkosa, [I.1., Ky3y0oos, A.A., Koienuykosa, O.A., Camoitno, A.C., Bopobses, C. A. Kommiekc
nedrpuakcona ¢ Mg(II): cuHTe3, CTpYKTYpa, CIIEKTpaibHbIC N aHTHOaKTepHanbHble cBoiicTBa. XKypH. Cub. denep. yH-Ta.
Xumus, 2023, 16(1). C. 5-15. EDN: YPNCXI

Introduction

The World Health Organization is concerned about the overuse of antibiotics [1]. During the
SARS-CoV-2 pandemic, the prescription of antibiotics was also at a high level [2, 3]. Ceftriaxone was
one of the antibiotics recommended in the treatment of SARS-CoV-2, as well as in the treatment of its
complications [4]. The ceftriaxone (H,CefTria) (Fig. 1) is cephalosporin antibiotic the III generation
antibiotic of a wide action range against a number of gram positive and gram negative bacteria [5].
Ceftriaxone’s bactericidal activity is caused by its inhibition of the synthesis of the bacterial cell wall
[6]. Frequent prescription of ceftriaxone resulted in the fact that the antibiotic no longer worked, which
may be associated with new mechanisms of bacterial action. One of the ways to solve this problem is
the development of new derivatives of ceftriaxone, for example, with metals.

Nowadays, different metal complexes were synthesized with ceftriaxone. Complexes of ceftriaxone
were obtained with Mn(II), Co(II), Ni(II), Cu(II), Zn(1I), Cd(II), Hg(I1I), Pd(II), Sn(II), Pb(1I), Ca(Il),
Au(III) and Fe(IIT) [7-13]. The type of coordination of ceftriaxone to metal ion in the complexes is
different. Compound of Au(III) has anticancer activity against colon carcinoma cells and hepatocellular
carcinoma cells [12]. Many metal complexes of this antibiotic have antibacterial properties [7,10,11]
but the problem is that some of them lose their antibacterial properties in vivo when they interact with
protein or human plasma.

Magnesium is biogenic metal. It is an important element in enzymatic reactions. It is necessary for
the conversion of phosphate creatine into ATP — nucleotide, which is the supplier of energy in living
cells [14].

Mg(II) compounds were studied for several cephalosporins. The complex of Mg(II) with cephradine
was synthesized by N. Sultana et al. Cephradine was coordinated to metal ions through both carboxylate
at C-3 and nitrogen of lactam groups [15]. Magnesium complex of cefazoline was obtained in a crystalline
form and their cell parameters were determined [16]. Cefazolin was bound with magnesium ion by the
oxygen atoms of the lactam and carboxylate groups as a bidentate ligand. Authors [13] obtained magnesium
complex with ceftriaxone. However, this complex has a different structure from our compound and its
antibacterial properties were not study.

A systematic study of metal ion complex formation with antibiotics is crucial for better comprehension
of metal—ceftriaxone binding mechanisms in human organisms. The synthesis of such metal—antibiotic
systems is an important area of pharmacology and medical chemistry.

We used disodium ceftriaxone (Fig. 1) as a reactant in our work to produce magnesium complex. It
has a systematic [IUPAC name: Disodium (6R,7R)-7-[[(2Z)-(2-aminothiazol-4-yl)(methoxyimino)acetyl]
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Fig. 1. Structure of disodium salt of ceftriaxone

amino]-3-[[(2-methyl-6-oxido-5-0x0-2,5-dihydro-1,2,4-triazin-3-yl)sulphanyl|methyl]-8-ox0-5-thia-1-
azabicyclo[4.2.0]oct-2-ene-2-carboxylate 3.5 hydrate.

This paper describes the synthesis and antibacterial properties of Mg(II) complex with ceftriaxone.
The structure of magnesium complex is characterized by FT-IR spectroscopy, TGA measurements,
X-ray diffraction. DFT studies of molecular structure and vibrational properties are carried out to

obtain more information.

Experimental

Measurements

The elemental analysis for C, N, H, S was carried out by Chromatographic analyzer HCNS-O EA1112
(Flash, USA. The content of sodium and magnesium ions was confirmed by capillary electrophoresis
instrument “K APEL — 104T” with UV photometric detector. Thermogravimetric analysis (TGA) was
performed by simultaneously using SDT-Q600 TA Instruments thermal analyzer and IR attachment
Nikolet 380 (USA) in the argon atmosphere within 307-577 K at the scan rate of 10 K/min. The IR
and Raman spectra of ceftriaxone disodium salt and magnesium complex were obtained from a KBr
pellet within 4000—-400 cm! with a Nicolet 6700 spectrometer. Spectra were processed in the Omnic
program. The CuK-edge X-ray adsorption spectra were collected with a ““X’Pert Pro”” (PANanalytical)
diffractometer.

Synthesis of magnesium complex

All chemicals were obtained in pure form, no further purification was performed: MgSO47H,0
(Aldrich), ceftriaxone disodium salt (hemi)heptahydrate (Qilu Antibiotics Pharmaceutical Co., Ltd).

The ceftriaxone disodium salt (hemi)heptahydrate (0.50 g, 7.6:10~* mole) was dissolved in 8 mL
water-ethanol medium (1:1) and consequently mixed with metal salt MgSO,7H,0 (0.09 g, 3.8:10~* mole).
The complex was obtained in the ratio of M: L=1:2, pH=6.5. The milky precipitate was formed in 1h.
The compound of magnesium was obtained by sparging N , through the solution. Then, the reaction

mixture of magnesium complex was filtered, washed with H,O, Et,O and dried in a sealed vessel with
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granulated CaCl,. The paper presents the optimal synthesis conditions under which a precipitate of a
given composition is formed (salt type, M: L, synthesis time, pH solutions during synthesis, without
adding additional substances). Elemental Anal. Caled for C 13H»,N 3OS sMg (%): C, 34.3; H, 3.5; N,
17.8; S, 15.2; Mg, 3.8. Found: C, 34.3; H, 3.7; N, 17.5; S, 14.8; Mg, 3.8. IR (C ;sH,,N 304,S sMg): 3371
(b), 3203 (b), 2936 (vw), 1767 (vs), 1632 (w), 1559 (vs), 1398 (s), 1358 (s), 1286 (w), 1214 (w), 1177 (W),
1105 (w), 1036 (s), 887 (w), 812 (w), 713 (W), 654 (w), 552 (w), 469 (w).

Computational methods

The geometry optimization and harmonic vibrational frequency calculations of the most stable
conformers were performed with B 3LYP [17] density functional in combination with SBKJC(p, d) basis
set [18,19] augmented with s diffuse functions, as implemented in the GAMESS suite of electronic
structure programs [20,21]. The relativistic effective core potential (ECP) was used for Mg atom. The
applicability of this basis set and ECP to such complex was demonstrated earlier [22,23]. The Grimme’s
D 3 dispersion correction of ceftriaxone with Mg(II) was used in all DFT calculations [24]. The partial
atomic charges were obtained from Mulliken population analysis. All molecular structures were

visualized by the Chemcraft program.

Antibacterial activity

The complex was screened in vitro for antibacterial activity against Gram-positive bacteria
Staphylococcus aureus 25923 and Gram-negative bacteria Escherichia coli 25922 and Pseudomonas
aeruginosa 13883. The effects of disodium ceftriaxone and [MgCefTria]-3H,O on the bacteria were
investigated using the paper disk diffusion method [25]. The method includes 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 1x108 CFU mL"); (3) inoculation; (4) pouring the
nutrient agar onto a plate and its solidification; (5) dropwise addition of the test substance to a 5
mm diameter filter paper disk placed at the center of each agar plate with following 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=06).

Results and discussion

The chemical and elemental analysis results showed that the ratio of M: L=1:1. The chemical
analysis did not give any evidence of sodium ion presence in the complex. Thus, the novel compound
has the chemical composition [MgCefTria]-3H,0. Complex of Mg(I) is soluble in water and insoluble
in EtOH and acetone. According to XRD analysis data the [MgCefTria]-3H,0 was proven being X-ray
amorphous (Fig. S 1, Supplementary File). A single crystal of this compound couldn’t be grown due
to ceftriaxone’s natural features, such as its destruction in an aqueous solution after 8 hours and at
heating above 35 °C.

The thermal behavior of [MgCefTria]-3H,0 was studied by differential scanning calorimetry coupled
with FT-IR in a temperature range of 307-577 K under an inert atmosphere. The thermal analysis of the
complex [MgCefTria]-3H,O showed that the mass of the compound decreased by 8.6 % (Calc. 8.6 %) from

307 to 407K, which was equivalent to three molecules of crystallization water (Fig. 2). A considerable
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Fig. 2. DSC and thermogravimetric analysis of [MgCefTria]-3H,O

loss of mass exceeding 407 K was caused by ligand decomposition. Thermal decomposition evolved
by emission of NH3, CO,, CS, and HNCO. The weight loss at 407K, 446K, 547K was followed by
exoeffect and at 384K, 429K — by endoeffect.

FTIR and Raman spectroscopy
The FTIR spectra of disodium ceftriaxone and [MgCefTria]-3H,0 were analyzed to establish

the type of coordination of ceftriaxone to magnesium ion. A ceftriaxone has several donor atoms:
a nitrogen atom of amino group, oxygen atoms of carboxylate, lactam, and amide carbonyl group
and oxygen of thiazole cycle. Symmetric and asymmetric stretching vibrations of COO~ group
belong to the bands in the 1300—1700 cm™' spectral region with C=0 absorption bands observed
in the 1600-1700 cm™' cycle (Na,CefTria-3.5H,0: v,((COO")=1602 cm™ and v{(COO")=1395 cm™)
[10]. In the experimental FTIR spectrum of the complex, v(COO") is shifted relative to a free ligand
(vas(COO)=1559 cm™! and v{(COO~)=1358 cm™). In the spectrum of [MgCefTria]-3H,0, the difference
between symmetric and asymmetric vibrations of COO~ groups is more than 200 cm™ (A =201 cm™),
suggesting the monodentate coordination for carboxylate group [7,11]. In the FTIR spectrum of
the complex v(C=0-lactam)=1767 cm™! vibration is shifted in the spectrum of the complex relative
to spectrum of disodium ceftriaxone v(C=0-lactam)=1738 cm! (Table 1, Fig. S 2 and Fig. S 3,
Supplementary File). This shows that the oxygen of the lactam group is bound to the metal ion.
The shift of the v(C=0)-lactam group vibrational wavenumbers leads to the formation of chelate
complex. The FTIR spectra shows that the wavenumbers of the v(C=0)-triazine modes is shifted
after ceftriaxone coordination to metal ion (v(C=0)-triazine=1632 cm™ for [MgCefTria]-3H,0 and
v(C=0)-triazine=1648 cm™! for Na,CefTria-3.5H,0). The broad banding of the complex spectrum
from 1700 to 1600 cm™' has high intensity and low resolution due to the overlap of several vibrational
modes, including v(C=N) aminothiazole, v(COO"). These shifts indicate that the carboxylate group
(COO"), the lactam carbonyl group (C=0) and the oxo group of the triazine cycle are involved in the
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Fig. 3. Raman spectra of Na,CefTria-3.5H,0 (a) and [MgCefTria]-3H,0 (b)

Table 1. Experimental FTIR frequencies and calculated B3LY P vibrational frequencies of Mg(II) with ceftriaxone,
cm’!

Mg(II)
Exp. IR freq.  Calc. IR freq. Functional group
1767 1771 v(C=0) oxo group + v(C=0) lactam + 6(NH)
1632 1655 v(C=N) aminothiazole + v(C=N)
1559 1556 v(C-0O)-triazine + v(C=N) triazine + v(C=N) aminothiazole +
+3(CH3) triazine + ©(NH,) aminothiazole
1398 1383 Vas(C=N) cephem + 3(CH) lactam + 3(C=0) lactam + §(CH,) + v(COO")
1358 1366 v(C=N) triazine + §(CH,) triazine + v(COO")
1286 1286 v(C=N) aminothiazole + t(NH,) aminothiazole + ®(CH,) azabicycle+
+ 8(CH) lactam
1214 1219 ®(CH,) + r(CH) lactam + o(CHj3) + r(CH) aminothiazole
1177 1176 ®(CH;) + 8(NH) + §(CH) aminothiazole
1105 1101 v(C=N) lactam + r(CH,)
1036 1036 v(C=N) triazine + v(N-N) triazine + o(CHs) triazine

formation of a bond with metal ions. In the Raman spectra (Fig. 3) of the complex there are bands
of stretching vibrations which characterize the vibration of the bonds M-O (569 cm™') and M-N
(477 cm™). These analyses are in agreement with previous studies where ceftriaxone is described as

a polydentate ligand [7-13].

Computational studies

As a single crystal of this compound couldn’t be grown, thus quantum chemical calculations
were performed for structure establishing. Full conformation analysis was carried out earlier [11]
using CONFLEX 6.0 program with MMFF94s molecular mechanics force field and Newton—Raphson
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method for geometry optimization [26, 27]. The results showed two CefTria?~ dianions in the most stable
conformations. This investigation indicated that the s-cys—s-cys conformer was more energetically
favorable than the s-trans—s-cys conformer [26]. The more energetically favorable s-cys—s-cys conformer
geometry was used as a ceftriaxone dianion involved in the complex formation. The geometry of the
CefTria> dianion in this conformation was optimized with B 3LYP density functional theory as in an
earlier study [11].

Ceftriaxone complex with Mg(Il)

According to the B 3LYP calculations, the coordination of I is 7.7 kcalM™! lower in energy than the
coordination of II for Mg(II) compound. This correspondence indicates that complex has I coordination
in view of more favorable energy values (Fig. 4).

Table 1 demonstrates the comparison of experimental and calculated vibrational frequencies of
the compound of magnesium complex. The average deviations of the B 3LYP frequencies from the
experimental values are 6.3. The maximum absolute deviations are 23.3. It was found that all calculated

vibrational frequencies were in good agreement with the experimental IR frequencies.

Microbiological screening

The cephalosporins are the antibiotics of broad-spectrum coverage. Antibacterial properties of
complex salts can be increased or decreased in relation to antibiotic [10,16]. The biological activities
of magnesium complex and disodium ceftriaxone were studied against Gram-positive and Gram--
negative bacteria in the concentrations of 0.4, 0.6 mg mL"'. The effects of compounds on the growth
of such bacterial strains as Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa are
summarized in Table 2. The increase of antibacterial activity of [MgCefTria]-3H,0 (44—50 %) relative
to Na,CefTria against Staphylococcus aureus may be explained by releasing of the lactam group due
to solvating. The antibacterial activity of ceftriaxone results from inhibition of cell wall synthesis
through ceftriaxone binding to penicillin-binding proteins and eventually to cell lysis [29, 30]. The
biological activity of metal complex of ceftriaxone slightly changed relative to the biological activity

of Na,CefTria against Escherichia coli in the concentrations of 0.4 and 0.6 mL!. Table 2 shows that

/ M M
" . /
o] 0
N\/ 0 0 HoN N /3 0 0 HoN
N \ N
N \< X }\s N \< \ >\s
H,C S Z N N w H,C S Z N e
s HN XN S HN S
\ \
I 0
o “ch, I O Oy,

Fig. 4. Possible structures of ceftriaxone complex with Mg(II)
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Table 2. Antibacterial activity of ceftriaxone disodium salt and complex

. Zone of inhibition (mm)
Concentration, mg

Compound
p mL! Staphylococcus Escherichia coli Pseudomonas
aureus aeruginosa
. 0.4 35 43 growth
[MgCefTrial 3H0 0.6 40 46 growth
. 0.4 20 46 38
Na,CefTria -
0.6 there is no growth 46 42

the complex [MgCefTria]-3H,O did not have antibacterial activity against Pseudomonas aeruginosa,
and we observed the growth of bacteria.
The increase of antibacterial activity of ceftriaxone with metal ions may play an important role in

the inhibition of bacterial growth after the complex decomposition.

Conclusion

The novel compound [MgCefTria]-3H,0 was synthesized by the reaction of ceftriaxone disodium
salt (hemi)heptahydrate with metal salt in water—ethanol medium. The structure of the complex was
studied using elemental, atomic-emission analysis, TGA, FTIR and Raman spectroscopy and DFT
calculations. TGA indicated the existence of three crystallization water in the complex of Mg(II).
Ceftriaxone was coordinated to magnesium ion by oxygen of the triazine cycle in the 6th position, the
nitrogen of the amine group of the thiazole cycle, and the oxygen atoms of the lactam carbonyl and
carboxylate groups. The complex [MgCefTria]-3H,O has antibacterial activity against Staphylococcus

aureus, Escherichia coli and Pseudomonas aeruginosa.
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