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New model of metalloantibiotic: synthesis,
structure and biological activity of a zinc(n)
mononuclear complex carrying two enrofloxacin
and sulfadiazine antibiotics¥
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A new model of the Zn-based complex, [Zn(LH)(Erx)(ErxH)IClO, (sulfadiazine: LH and enrofloxacin ErxH),
has been synthesised with two different, but complementary antibiotics (sulfonamide and quinolon)
following an easy procedure. To evaluate the synergetic effect of this multicomponent molecule, the
mononuclear complexes [Zn(L),(H,O)(NH3)] and [Zn(Erx)s]~ which each include only one of the two
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antibiotics (sulfadiazine: LH or enrofloxacin ErxH) were synthesized. All three compounds were characterized,
including crystal structure determination by single-crystal X-ray diffraction. For all of the complexes,
enrofloxacin is coordinated to Zn(i) by pyridinone and one oxygen atom of the carboxylate group in a
monodente mode. The antibacterial activity, determined by the minimum inhibitory concentration on specific
bacteria, has been studied on free ligands, on the corresponding mononuclear complexes and on our model.
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Introduction

There is a significant amount of interest in elaborating new
therapeutic models for transition metals described in the
literature.! In the antimicrobial domain, the metalloantibiotic
route that associates, all in one molecule, metal ions and
organic antibiotics is recognized as being worthwhile. Owing
to their multicomponent structure, these molecules can interact
with several targets in the bacteria leading to a specific and
unique bioactivity mechanism.” With this in mind, the coordi-
nation of metal ions by antibiotics as ligands remains to be a
major challenge that needs to be addressed in order to improve
the antimicrobial effect.’® Large molecular designs of metal
complexes have been reported in the literature, in particular
with silver, copper or zinc ions.* Most of them are mononuclear
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and neutral, but a few dinuclear molecules have also been
reported.’

For the past few years, exploring the synthesis of such
metalloantibiotics and the synergetic effect due to this associa-
tion has been an active field of research for us.® Concerning the
antibiotics playing the role of the ligand, our interest has been
focused on the sulfonamides and quinolones (Scheme 1) which
are an important class of antimicrobial agents and are used in
both human and veterinary medicine.”

Moreover, sulfonamides, in various substituted forms, have
donor atoms that make them excellent and versatile ligands, provid-
ing different coordination modes with metallic ions.® As well as this,
the keto-carboxylic acid groups present in quinolone and fluoroqui-
nolone types of molecule give diversity to molecular architectures
that have a bidentate binding mode, but also those with a tridentate
coordination mode due to the presence of a piperazine group.’

In the fight against bacterial resistance and to prevent the
development of “nosocomial” diseases, novel strategies have
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Scheme 1 (a) Sulfadiazine (LH) and (b) Enrofloxacin (ErxH) are examples
of antibiotics of the sulfonamide and quinolone types respectively.
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been proposed. For example, ‘“‘bi-therapy” treatments, based on
a cocktail formulation of two antibiotics with a synergic effect,
are currently used in hospitals.'”® In a continuation of our
previous work,® we hypothesized that coupling, within one
metal complex, both a sulfonamide and a quinolone antibiotic
that have complementary biological activities could be an
interesting alternative. Furthermore, our hypothesis was that
such a complex may have an even better antibacterial activity
than a simple cocktail of the two. Bearing this idea in mind,
we were expecting an exhausted synergetic effect due to the
all-in-one association of an antiseptic metal ion with the two
antibiotics. From the possible metal ions that could be used, we
choose zinc as it is a recognized antiseptic’' and the second
most abundant d-block natural metal ion in humans.” Zinc
has been the topic of several studies, demonstrating its key role
in metalloenzymes and/or metallopharmaceutics.'®> Moreover,
several zinc antibiotic complexes have been reported in the
literature with either an O-donor or N-donor co-ligand.” This
includes, for example, the monomers of [[Zn(Aza-f)(Erx)|NO;],**
[Zn(erx),(Phen),],*> [Zn(erx),(py).]'® (erx: enrofloxacin, Aza-f:
azabis(oxazoline, py: pyridine, Phen: 1,10 phenanthroline)
and [Zn(flmq),(bipy)]* (flmq: flumequine, bipy: bypiridine) or
the dimer [Zn,(levofH),(odpa)],"” (odpa = 4,4_-oxydiphthalate,
levofH = levofloxacin)). In these complexes, the only role of the
co-ligand is to stabilize the structure around the metal ion.

In this paper we describe a quick and easy synthesis route to
isolate a zinc/erx/L (3) model (L: sulfadiazine). To the best of
our knowledge, this is the first synthesized molecule combin-
ing two different antibiotic ligands within one coordination
complex. For biological activity comparison purposes we also
synthesized [Zn(L),(H,O)(NH3)] (1) and [Zn(Erx);]” (2) mono-
nuclear metalloantibiotic complexes, integrating only one type
of antibiotic: sulfadiazine (L) or enrofloxacin (Erx). All three
complexes 1-3 were fully characterized by infrared (IR) and
NMR spectroscopies and structural determination was carried
out using X-ray diffraction on single crystals (1 and 3). This is
an important aspect as knowledge of the crystal structure of a
drug, without any ambiguity, and the different metal cation
coordination modes are key points that need to be determined
to understand the interactions with bacteria. The antimicrobial
activities of the three complexes (1-3) have been assessed
against three bacteria strains Escherichia coli, Staphylococcus
aureus and E. faecalis. Finally, a comparative study was carried
out on the parent antibiotic alone.

Results and discussion
Synthesis

Enrofloxacin has an ionisable carboxylic acid group with a pK,,
value of around 5 and a basic piperazinyl group with a pK,,
value between 8-9.'® Therefore, depending on the pH of the
solution, enrofloxacin can be either an anion (deprotonated), a
zwitterion or a cation (protonated). In a mixture of ammonia
and ethanol, and by addition of a concentrated NH; solution,
the deprotonation of both groups leads to an anionic species
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with a charge delocalization to a neighboring keto moiety,
allowing the stabilization of the species by a hydrogen bond.
The metallic ion precipitates first with the formation of
Zn(OH),, which is dissolved by an excess of ammonia to form
[Zn(NH,),]*". Slow evaporation of the ammonia gas provides
favorable conditions for obtaining coordination of the metal
ions.>™ This bidentate mode of coordination through the
pyridone oxygen and a carboxylate oxygen atom is already
known with others quinolones.”'®*® With a similar synthesis
procedure, the coordination modes of the platinium group metal
(PGM) observed with levofloxacin (methyl group substituted to the
piperazine nitrogen) seems to demonstrate that the metallic ions
can also be linked through the nitrogen atom of 4-methylpiperazin-
1-yl moiety,>" in contrast to our observations.

Using the same conditions, a large family of complexes can be
obtained with sulfonamide ligands, highlighting the advantages
of this method.®

The mixture of these three species, enrofloxacin, sulfadiazine
and Zn(ClO,),, leads to the first mixed all-in-one complex
combining two enrofloxacins and one sulfadiazine ligand with
the cationic zinc. After slow evaporation of the solvent over five
days, colourless single-crystals can be isolated and characterized
using X-ray diffraction. In order to establish a comparative study,
we also synthesised the corresponding complexes with only one
type of antibiotic ligand. Therefore, following the same experi-
mental procedure, two new complexes; Zn/enrofloxacin and
Zn/sulfadiazine, have been elaborated and characterized using
single-crystal X-ray diffraction.

Crystal structure

Using the synthesis method described above, three original
complexes based on two antibiotic ligands, enrofloxacin ErxH
and sulfadiazine LH, were obtained. In the case of complex 2, a
complicated statistical disorder of the counter-cation within
the unit-cell prevented us from completely refining the struc-
ture. The results presented below for 2 are only those obtained
for the inorganic anionic metallic heart and are presented here
as a model. In the case of complex 3, a twin law has been
applied and the proportion of the two components has been
refined to 0.687 and 0.313. The chemical formulae for the
complexes are as follows: 1: [Zn(L),(H,O)(NH;)]; 2: [Zn(Erx);]~
and 3: [Zn(LH)(Erx)(ErxH)]ClO,. For all compounds, X-ray powder
diffraction was performed on several milligrams of each sample
and compared to the theoretical powder diagrams generated from
the crystal structures to confirm the homogeneity of the sample
(see Fig. SI5-SI7, ESIY).

Crystal structure description of 1. The complex crystalizes in
the non-centrosymetrical Pna2, orthorhombic space group with
a Flack parameter equal to 0.11(2). The Zn(u) metal center is
located in a distorted ML; {O;N,} square-base pyramidal
environment and coordinated to two L™ deprotonated ligands,
one H,0 molecule and one NH; solvent molecule (Fig. 1a).
Zn-N bond lengths range from 2.049(5) A to 2.413(5) A and the
Zn-0O bond length is equal to 2.034(6) A. For both ligands,
the -NH, terminal groups, responsible for the biological activity,
are not involved in any direct coordination to any metal center.
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Fig. 1 (a) Complex 1. For clarity, the hydrogen atoms have been removed;
(b) structure packing projection perpendicular to the b-axis of the unit-
cell. Hydrogen bonds are represented in orange dashed lines. Only
hydrogen atoms involved in hydrogen bonds have been represented.

The structural cohesion is ensured by the presence of several
hydrogen bonds (N/O-H- - -O/N) which leads to a dense 3D network
(Fig. 1b).

Crystal structure model of anionic inorganic moiety 2. The
complex crystallizes in the trigonal centrosymetrical R3 space
group. The metal center, Zn*', is coordinated to three deprotonated
Erx ligands. The Erx ligands are coordinated to the cation through
the B-dicetone function and not the acid one.

This mode of coordination was confirmed by IR spectro-
scopy (see Table 1). The band at 1700 cm ™" that is characteristic
of the valence vibration of the carboxylic stretch has disappeared
and has been replaced by two new strong bands at 1568 and
1388 cm™ " assigned to O-C-O vibrations.

The Zn>" metal center is localized in a slightly distorted ML
{O¢} environment in which the Zn-O bond lengths range from
2.044(2) A to 2.121(2) A (Fig. 2).

Crystal structure description of 3. The complex crystallizes
in the centrosymetrical triclinc P1 space group. The metal center,
Zn**, is coordinated to one neutral LH ligand and two Erx

Table 1 Infrared spectroscopy of complexes 1, 2 and 3

Cm71 4 (C:O)carb Y (C:O)asym 14 (C:O)sym Y (C:O)p 4
2 1568 1388 1620 180
3 1580 1388 1630 192
Erx 1734 1615

Vas(NH,) 1(SO,) Y(NH,-Ph-)  (C-S)
1 3350-3420 1260 1578 680
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Fig. 2 Anionic metallic inorganic moiety of complex 2. For clarity, hydrogen
atoms have been removed.

ligands, one protonated (neutral) and one deprotonated (with a
statistical 50 : 50 distribution of the hydrogen atom on both the acid
groups of the two Erx ligands, see further details in the discussion of
the NMR spectra). Then, a cationic [Zn(LH)(Erx)(ErxH)]" metallic
heart (Fig. 3a) is formed and the charge balance is ensured by the
presence of one ClO,~ counter-anion. The metallic center, Zn>", is
located in an almost perfect ML; {O4N} square-base pyramidal
geometry. The four oxygen atoms belong to the acid groups of the
two Erx ligands and the nitrogen atom comes from the L ligand.
The Zn-O/N bond lengths are close to each other and range from
1.983(4) A to 2.124(4) A. It should be noted that the terminal -NH,
of the ligand L, responsible for the biological activity, is not
involved in any coordination with any metal center.

Fig. 3 (a) Cationic complex 3. For clarity, hydrogen atoms have been
removed. (b) lllustration of the F---H interactions (orange dashed lines)
generating chains of complexes running along the a-axis of the unit-cell.
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The presence of F---H interactions (between the L and Erx
ligands, respectively) generate the formation of pseudo-chains
of complexes running along the g-axis of the unit-cell (Fig. 3b).
The structural cohesion between these chains is ensured by
hydrogen bonds involving the ClO,” counter-anions, the NH
groups of the L ligands and the hydrogen atoms of the acid
groups belonging to the Erx ligands to form a dense 3D network.

NMR spectroscopy

1D 'H NMR spectra were recorded for the different samples:
free sulfadiazine, free enrofloxacin, and complexes 2 and 3
(Fig. 4). In the spectra for 2, we do not observe any signal for the
acid proton compared to the free form case (dcoon = 15.16 ppm).
The complex is therefore deprotonated in solution. In contrast,
in the case of complex 3, a signal at 15.16 ppm is present. The
complex has two Erx ligands, but the integration of this signal is
only 1. This means that there is only one protonated Erx ligand
in this complex. These observations are in agreement with the
single-crystal X-ray diffraction refinement results. There are no
chemical shift perturbations for free and complexed sulfadiazine
ligands (Fig. 4a and d). Some perturbations in the chemical
shifts of enrofloxacin are observed owing to the complex
formation and conformational rearrangement. In particular,
the "H at 8.65 ppm (H15) is a singlet in the free form and splits
into two broad peaks in complex 2 and into two sharp peaks in
complex 3 (Fig. 4hj). In the latter case, we could measure the two
integrations of each peak to 1. Moreover, in the 1D "F spectrum,
two distinct signals are observed (Fig. 4m) and the integration is
determined to be 1 for each of them. Those two results indicate that
the two Erx ligand of complex 3 are different: one of the two ligands
is protonated. For complex 2, it is impossible to deconvolute the
signal of H15, but the full integration is 3. The '°F signals exhibit
the same broadening (Fig. 4l). The integration ratio is 2:1
between the two peaks at —123.7 and —124.7 ppm, respectively.
The broadening of the peaks is characteristic of an intermediate
exchange rate between the two conformers of the complex. The
population of the two positions is given by the integration ratio
2:1. During the NMR time scale, one of the Erx ligands is
probably rotated compared to the two other ligands.

The same features are also visible in the case of the H18 of
Erx: a doublet in the free form, then a broadening of the signal
occurs in complex 2 and we see two distinct doublets for
complex 3. These results corroborate the fact that there are
two different orientations for the Erx ligand with a ratio of 2:1
for complex 2 and a ratio 1:1 for complex 3.

Infrared spectroscopy

The IR spectroscopy study focused on the quinolone ligand
responses. Indeed, the coordination mode of the quinolone
ligand in the complex can be clarified by the study of the
characteristic bands. Typical bands at 1700 cm " and 1630 cm™*
characterize the spectrum of the enrofloxacin ligand, the valence
vibration (CO) of the carboxylic stretch and the (CO) of the
quinolone stretch (Table 1, also see Fig. S8 in the ESIT). Within
the complexes, this valence vibration of the carboxylic stretch
disappeared and was replaced by two new strong bands at
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Fig. 4 Full 1D *H NMR spectra of (a) free sulfadiazine; (b) free enrofloxacin;
(c) complex 2; and (d) complex 3. (e) Structure of Erx with atoms numbering;
(f) structure of sulfadiazine with atoms numbering. 1D *H aromatic region
spectrum of (g) free sulfadiazine; (h) free enrofloxacin; (i) complex 2; and (j)
complex 3. Numbers of characteristic *H from Erx are included in the Fig. 1D
19F NMR spectra of (k) free Erx; (I) complex 2; and (m) complex 3.

1568 and 1388 cm ™' which were assigned to the carboxylic

1(CO) vibrations in the complex:"*° the asymmetric (CO)carp
and symmetric 1(CO)carp. Generally, the difference between
these two bands can define the coordination mode of the
carboxylate function, which is monodentate or bidendate.*?
In this instance, this difference, varying from 180 cm™' to
220 ecm %, seems to confirm a monodentate coordination mode
of the carboxylate group.>® In our case, the 1(CO) stretch moves
between 10-20 cm ™~ *. We propose that the metal ion is coordi-
nated with one of oxygen atoms of the carboxylate group and
with the oxygen atom of the pyridinone moiety. The IR spectra
measurement in DMSO solution shows a similar pattern and
confirms the stability of the complex in solution.

Minimum inhibitory concentration

The results obtained for the free ligands of enrofloxacin,
sulfadiazine, complexes 1 and 2 and model 3 samples against
E. coli, S. aureus and E. faecalis bacteria strains are detailed in
Table 2. The data shows that all samples expressed a similar or
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Table 2 Minimal inhibitory concentration (MIC), (mg L™) of the free
ligands enrofloxacin, sulfadiazine, complexes 1 and 2 and published
complexes compared to the model of 3

E. coli S. aureus E. faecalis
Enrofloxacin 0.5 8 8
Sulfadiazine 128 8 >256
1 1 256 256
2 0.5 2 16
3 <0.5“ <0.5“ <0.5“
[Zn(Erx)(Phen)Clz]16 10 2
[Co(Erx),(H,0),]** 1 2
[Ni(Erx)z(HZO)Zle 1 8
[Zn(Erx),(H,0)]** 1 2
[Cu(Erx),(H,0)]>** 0.125 4

“ Here, the MIC is inferior to 0.5 mg L', which is beyond the limits of
our study.

a better activity versus the free antibiotic ligand. The minimum
inhibitory concentration (MIC) results obtained with complexes
1 and 2 are in agreement with the complexes synthesized and
studied in the literature.®?%?*23 From Table 2, the complexes
seem to slightly improve the antibacterial activity with regards
to the free bioligands. Concerning the sulfonamide, we have
already demonstrated these same trends for copper and nickel
complexes in previous work.® We have observed similar behavior
with different zinc complexes with several sulfonamide ligands.
Usually, in the case of quinolone, it is demonstrated that the
complexes of sparfloxacin, enrofloxacin and N-propyl-norfloxacin
are more active than oxolinic and pipemidic acid.** As can be seen
in Table 2, the copper(u) complex [Cu(Erx),(H20)]*** seems to be
the most active against E. coli, with a MIC value of 0.125 mg L™
However, the other quinolone complexes have similar MIC values
for the bacteria described here from 1 to 10 mg L™ ".

The elaborated model of 3 has a greater efficiency for all the
bacteria tested in our work in the range of the studied concen-
tration with a MIC value that is probably lower than 0.5 mg L™,
the lowest limit value in our study. Moreover, the model seems
to be more effective than the other molecules found in the
literature (see Table 2). Although it seems difficult to give a
clear explanation of the mechanism and role of the metal in
penetrating the membrane, it appears that the synergetic effect
of each entity in our model of 3 strongly increases its activity.
The fact that 3 is a cationic entity should contribute to this
efficiency: the interaction with the lipoidal bacterial membrane
could be suitable to achieve enhanced penetration. This last
consideration could be an important parameter which would
add to the synergic effect of the two antibiotics in the molecule.

Conclusions

In this work, a new concept for a metalloantibiotic synthesis
associating two types of antibiotic as ligands, and exhibiting a
synergetic effect and an antiseptic central cation has been
developed and named as multi-active biomolecule assembly
(complex 3). This Zn(u)-based complex, which can be easily
synthesized, shows MIC activities (E. coli, S. aureus, E. faecalis)
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which are between 2-20 times better than those presented in
the literature, to the best of our knowledge. Although the
antibiotics presented in this article are probably not an optimal
association, our results highlight that this new concept could
be promising and could open a new bright pathway towards
a new family of bioactive molecules based on coordination
chemistry.

Experimental section

General procedure for complexes synthesis

A solid and defined mixture of the Zn(ClO,), metal salt, sulfadia-
zine and/or enrofloxacin was dissolved in 5 mL of methanol Then,
a concentrated ammonia solution (25%) was added dropwise until
the apparition and the subsequent disappearance of a white
precipitate. The resulting solution was stirred for 10 min. After
2-5 days of slow evaporation of the solvent at room temperature,
single-crystals (white for both of the complexes) were obtained
which were suitable for X-ray data characterizations. 1: Yield: 66%,
Anal cale. C, 40, 10; H, 3, 87; N, 21, 05. Found: C, 40, 15; H, 3, 76; N,
20, 94; 2: Yield: 77%, Anal calc. C, 54, 36; H, 5, 76; N, 10, 01. Found:
C, 54, 15; H, 6, 21; N, 10, 04; 3 Yield: 37%, Anal calc. C, 50, 89; H, 4,
72; N, 12, 36. Found: C, 50, 85; H, 4, 82; N, 12, 45.

Instrumentation and characterization

! with a

FT-IR spectra were performed from 4000 to 200 cm™
Nicolet 380 FT-IR spectrometer coupled with the attenuated
total reflectance (ATR) accessory. The powder X-ray diffraction
(PXRD) was performed on a PANanlytical XpertPro MRD

diffractometer.

Single-crystal X-ray diffraction

Single-crystal X-ray studies of complexes 1-3 were carried out
using a Gemini diffractometer and the related analysis software,
respectively.>* An absorption correction based on the crystal
faces was applied to the data sets (analytical).”® The structures
were solved by direct methods using the SIR97 program?°
combined with Fourier difference syntheses and refined
against F using reflections with [I/o(I) > 3] by using the
CRYSTALS program.>” All atomic displacement parameters for
non-hydrogen atoms were refined with anisotropic terms.
The hydrogen atoms were theoretically located on the basis of
the conformation of the supporting atom and refined by using the
riding model. CCDC 1836021-1836022. X-ray crystallographic
data and refinement details for complexes 1-3 are summarized
in the ESIT Table SI 1. Important bond lengths, bond angles
as well as intra- and inter-complexes distances are collated in
Tables S2 and S3 (ESIf).

Minimum inhibitory concentration

The antibacterial activity of the metalloantibiotic complex
samples was assessed in vitro against three bacterial strains:
Escherichia coli (CIP 54127), Staphylococcus aureus (CIP 4.83)
and E. faecalis (CIP 103214) (Institut Pasteur, Paris, France).
These strains were selected in order to represent Gram-negative
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and Gram-positive bacteria responsible for nosocomial infec-
tions and hospital-acquired Illnesses. A standard method with
a 96-well dilution technique was used for the determination
of the MIC of the tested samples. Five samples were tested
(free ligands enrofloxacin, sulfadiazine, complexes 1 and 2 and
model 3). Owing to the insolubility of the samples in water, they
were dissolved in dimethylsulfoxide (DMSO) at 20%. For each
species, a pre-cell culture of bacteria was grown in brain heart
infusion medium (BHI) for 36 h at 37 °C. Three dilution series
ranging from 0.5 to 256 mg L' in BHI was performed for
each sample with a final volume of 1 mL and a final DMSO
concentration of <29%. The concentration of DMSO decreases
with serial dilution. Moreover, a solution without any active com-
plexes at a 2% DMSO concentration was tested and did not
influence the bacterial growth. Then, 1 mL of the bacteria suspen-
sion prepared in BHI at the optical density of ODgoy = (0.5-0.6)
measured using a spectrometer (Helios Epsilonspectrophotometer,
Thermo Spectronic, Rochester, NY, USA) was added to each of the
tested samples. As a negative control, the bacteria suspension
without samples was incubated and treated in the same conditions.
The bacterial growth corresponding to the samples turbidity
was determined by measuring the absorbance of the samples at
600 nm using a microplate reader (Infinite® F200, Tecan group
LTD. France) after 24 h incubation at 37 °C for both the control
and tested samples. The results were expressed as concen-
tration (mg L™ "). Three independent experiments were carried
out for each sample.

NMR spectroscopy

Each sample was prepared as follows: 6 mg of product (ligand and
complex) were dissolved into 600 pL of DMSO-de. "°F NMR spectra
were recorded on a Bruker Avance III HD 400 MHz operated
at 376.45 MHz spectrometer equipped with a 5-mm PABBO
BB/*’F-'H/D probe with z-gradients. Acquisition sequences for 1D
NMR 'H, *C, DEPT 135 and 2D NMR experiments COSY, HSQC
and HMBC were recorded on a Bruker Avance III HD 600 MHz
spectrometer equipped with a 5 mm TXI H-C/N-D probe with
z-gradients. The sample temperature was regulated at 40 °C.
F experiments were recorded using 13.7 ps pulse (90°), a delay
time of 4 s, an acquisition time of 1.7476 s and the number of scans
was 120. Data were processed using 1 Hz line broadening. 1D et 2D
homo- and heteronuclear experiments were recorded using an
8 us pulse (90°, 'H), a spectral width of 9615.38 Hz for the proton
and 13 ps pulse (90°, °C), a spectral width 36057.69 Hz for the *C.
Chemical shifts of the different samples are given in the supple-
mentary information.
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