Journal of Molecular Structure 1186 (2019) 355e361

Contents lists available at ScienceDirect

Journal of Molecular Structure
journal homepage: http://www.elsevier.com/locate/molstruc

A heterodinuclear complex of s-d block containing sodium(I),
manganese(II) and the enroﬂoxacinate anion: Preparation, crystal
structure and antibacterial activity
Mohammad Hakimi a, *, Mina Alikhani a, Mansour Mashreghi b, Nourollah Feizi a,
Heidar Raeisi c, Yahya Mirzai a, Vaclav Eigner d, Michal Dusek d
a

Chemistry Department, Payame Noor University, 19395-4697, Tehran, Iran
Department of Biology, Ferdowsi University of Mashhad, Mashhad, 9177948974, Iran
Department of Chemistry, Faculty of Science, University of Birjand, Birjand, Iran
d
Institute of Physic of the Czech Academy of Sciences, Na Slovance 2, 182 21, Prague, Czech Republic
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 2 December 2018
Received in revised form
14 March 2019
Accepted 15 March 2019
Available online 16 March 2019

In the present work, the ﬁrst manganese(II) heterodinuclear complex with enroﬂoxacin (Henro) has been
synthesized and characterized using the following methods: elemental analysis, FT-IR, Raman, ultraviolet
evisible (UVeVis) spectroscopy, molar conductivity and single-crystal X-ray diffraction. In the complex
structure, the deprotonated bidentate enroﬂoxacin ligands (Enroﬂoxacinate, Enro) are coordinated to
manganese(II) via the pyridone oxygens and carboxylato oxygens. Sodium(I) is surrounded by carboxylate oxygens from three Enro ligands and oxygens from three water molecules. It should also be noted
that, manganese(II) and sodium(I) have the distorted octahedral coordination geometry. Binuclear
Na(I)/Mn(II) unit is linked by three carboxylate oxygens of Enro ligands. This crystal structure is the ﬁrst
example of a binuclear complex of sodium(I) and manganese(II) with carboxylate bridge. The antimicrobial activity of the complex was evaluated against Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) strains by using broth microdilution, well diffusion, and growth inhibition methods. In all
experiments, a higher antimicrobial activity of the complex was observed compared to the free ligand.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Manganese is a signiﬁcant biometal; manganese is located in the
active center of a plethora of enzymes that exhibits a variety of
functions [1]. In medicine, compounds containing manganese are
used as an anticancer agent SCe52608 and the MRI contrast agent
Teslascan [2]. Furthermore, preparation of manganese complexes
with different ligands because of their fungicidal [3], antiproliferative [4], and anti-bacterial activities [5] have been considered in recent years. A number of drugs used as a ligand for the
synthesis of the manganese complexes, including monensin A [5],
chloramphenicol [6], thiopental sodium [7] and quinolones [8e10].
Quinolones (quinolonecarboxylic acids or 4-quinolones) are
structurally related to nalidixic acid. They are used to treat infections and diseases, including respiratory infections, soft tissue
infections, urinary tract infections, bone-joint infections, typhoid
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fever, sinusitis and sexually transmitted diseases [11,12]. Fluoroquinolones are the most active class of these compounds, which
contain a ﬂuorine atom in their chemical structure and are effective
against both Gram-negative and Gram-positive bacteria. Ciproﬂoxacin, enroﬂoxacin, oﬂoxacin, perﬂoxacin, and norﬂoxacin are
the most important examples of ﬂuoroquinolone which recently,
their complexes have been considered [13e15].
Enroﬂoxacin (Henro, Fig. 1) with systematic name 1cyclopropyl-7-(4-ethyl piperazin-1-yl)-6-ﬂuor-4-oxo-1,4- dihydroquinoline -3-carboxylic acid is a typical second-generation
quinolone antimicrobial drug [16] and it is widely used in veterinary clinical practice [17] because of its wide range of activities
against Gram-negative and Gram-positive bacteria.
Also, enroﬂoxacin and related ﬂuoroquinolones have been
considered in coordination chemistry because of their potential as
multidentate/bridging ligands [18]. However, various metal complexes of enroﬂoxacin have been studied [19e21], but only the
complexes of the manganese(II) and enroﬂoxacin which have been
structurally characterized are [Mn(erx)2(phen)] [9] and
[Mn(C19H22N3FO3)2(H2O)2]$2(C8H5O4)$8(H2O) [22] (where erx and
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package [24] by full-matrix least square reﬁnement on F2. All
strongly occupied hydrogen atoms were discernible in difference
Fourier maps and could be reﬁned to reasonable geometry. According to common practice H atoms bonded to C were kept in ideal
positions with CeH ¼ 0.96 Å while positions of H atom bonded to O
were reﬁned with restrained bond length. In both cases, Uiso(H) was
set to 1.2Ueq (C, O). All non-hydrogen atoms and the disordered part
of the molecule were reﬁned using harmonic reﬁnement and
restrained bond lengths, respectively. The resulting occupancy ratio
was 914:86. Since the solvent was disordered about threefold axis,
the pseudo atoms O4, O5, O6, and O7 were used instead.
Fig. 1. Structure of enroﬂoxacin (Henro).

2.4. Antibacterial activities
C19H22N3FO3 ¼ enroﬂoxacin). Now, we are going to report synthesis, crystal structure and characterization of a new heterodinuclear
[NaMn(Enro)3(H2O)3] complex, which is the ﬁrst example of a
binuclear complex of sodium(I) and manganese(II) with carboxylate bridge. Additionally, the antimicrobial activity of the complex
was investigated by determining the minimum inhibitory concentration (MIC), measuring the diameter inhibition zone, and the
counting viable cells concentration (CFU) against Gram-positive
S. aureus (ATCC 25923) and Gram-negative E. coli (ATCC 25922)
microorganisms.
2. Experimental
2.1. Materials and instrumentation
All chemicals, solvents and enroﬂoxacin drug (purity: 99.7%)
were purchased from Sigma Aldrich company. Infrared spectra of
KBr pellets in the 4000e500 cm1 region were recorded at room
temperature with a Shimadzu FT-IR 8400 spectrometer. The
UVevisible absorptions were measured by a Shimadzu Model 2550
between 200 and 600 nm using 1  103 M solutions in H2O. The
molar conductivity of the complex was recorded using a Herisau
Metrohm model CH-9101. Elemental analyses (CHN) were carried
out using a Thermo Finnigan Flash Elemental Analyzer 1112 EA.

Antibacterial activities of the Enro ligand, manganese(II) complex and MnSO4$H2O were investigated in vitro against the bacterial species Gram positive bacteria S. aureus, and Gram negative
E. coli. These two bacterial species are standard strains that are very
well identiﬁed and have similar structural speciﬁcations of virulent
strains thus our results for these bacteria could be extended for the
virulent strains. Broth microdilution was performed to estimate the
minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC). Also, the inhibition zone was measured
by the well diffusion method. At last, the microbial inhibition
growth was determined by counting viable cell concentration in
the form of the colony forming unit per milliliter (CFU/ml). Broth
microdilution method is an antimicrobial test in an aqueous medium measuring OD of the solution while disc diffusion method in
agar medium measures the diameter of inhibition zone (DIZ) of
selected concentrations near to MIC and MBC. However, to ﬁnd out
the antimicrobial activity of a compound on microbial viable cells
during its growth periods, colony counting method is the most
appropriate method. As a result, this method is an accomplished
and veriﬁer of the two previous ones. To measure the antibacterial
properties of the compounds, they were dissolved in dimethylsulfoxide (DMSO). Also, to prepare the bacterial samples, the
bacteria were grown in nutrient broth at 37  C overnight to yield a
cell count of approximately 108 CFU/ml.

2.2. Preparation of [NaMn(Enro)3(H2O)3]
To prepare this complex, 15 ml pale yellow aqueous solution of
enroﬂoxacin (2 mmol, 0.719 g) was deprotonated with NaOH
(1 mmol, 0.040 g). After stirring for 15 min at ambient temperature,
the solution was added to an aqueous solution (15 ml) of
MnSO4$H2O (1 mmol, 0.169 g) and was reﬂuxed for 2 h. In this solution, the ﬁnal pH value was 8, then cooled to room temperature.
After 3 days, yellow platelet crystals were collected by ﬁltration,
washed with ethanol, and dried in air. Yield: 70%. m.p: >300  C.
Molar conductivity (1  103 mol L1; DMF): 35 U1cm2 mol1.
Elemental analysis: C57H69F3MnN9NaO18.15 (1273.6); Calculate: C,
53.86; H, 5.47; N, 9.92%; Found: C, 53.36; H, 6.07; N, 9.22%. IR (KBr
disc, cm1): 3407 m (n O-H) H2O, 2950 w (nasym CH2), 2825 w (nsym
CH2), 1650 s (n C¼O) pyridone, 1624 sh (nasym CO2), 1376 sh (nsym CO2),
1478 s (C¼C), 1300 s (C-N), 1250 s (C-F), 1180 w (C-O), 550 w (MnO). UVeVis (H2O, lmax(nm)/ε): 266/5000 (p/p*), 323/1619
(n/p*), 333/1594 (n/p*).
2.3. Structure determinations
X-Ray diffraction data of [NaMn(Enro)3(H2O)3] were collected
on a Rigaku Oxford Diffraction SuperNova dual wavelength
diffractometer equipped with an Atlas CCD detector and operating
in a mirror monochromated Cu-Ka radiation mode (l ¼ 1.54,184 Å)
at 95 K. The crystal structure was solved by charge ﬂipping with the
program SUPERFLIP [23] and reﬁned with the Jana 2006 program

2.4.1. Measurement of minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC)
The MIC and MBC values of the test compounds were measured
against E. coli and S.aureus bacteria through a microtiter plate
method with 100, 50, 25, 12.5, 6.25 mg/mL of the compound dissolved evenly in DMSO. For this test, 70 ml of the compounds
dispersed in DMSO, 70 ml of the tested bacteria at a concentration of
108 CFU/ml, and 70 ml of nutrient broth medium collectively added
to each well of microtiter plate. All experiments were carried out in
triplicate. The optical density (OD) of all solutions were measured
at zero hour and after 18 h of incubation at 37  C. Accordingly, the
MIC was determined after 18 h of incubation at 37  C.
2.4.2. Disc diffusion method
In this method, 6.25 mg/ml from the concentration of compounds (MIC value) and 108 CFU/ml from the tested bacteria were
used. First MHA agar plates were inoculated with bacterial strain,
then ﬁlter paper discs (6 mm in diameter) were placed on the agar
surface and ﬁlled with 50 ml of the test samples 6.25 mg/mL1 of
complex, Enro and manganese(II), further incubated at 37  C for
24 h. After this time, the diameters of inhibition zones (DIZ) were
measured in millimeters (mm).
2.4.3. Colony counting method
For this experiment, each test tube contained the bacteria with a
concentration of 108 (CFU/ml) and the serial diluted (10, 100, 1000,
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Fig. 2. The IR spectra of (a) Henro, (b) [NaMn(Enro)3(H2O)3].

and 10,000 times) of complex (6.25 mg/mL1). Then 10 ml from each
test tube was cultured on nutrient agar plates at two time intervals
(0 and 3 h after incubation at 37  C). Experiments were carried out
in triplicate and test tubes containing bacterial culture medium
without the complex and medium containing complex without
bacteria were considered as positive and negative controls. The
plates were incubated for 24 h at 37  C and in each case, the number
of grown colonies was counted.

Fig. 3. UVevis spectra of (a) Henro, (b) [NaMn(Enro)3(H2O)3].

oxygen and one carboxylate oxygen [28]. Unfortunately, the expected weak ded transition in the visible region for the complex

3. Results and discussion
The reaction between Enro and solutions of sodium hydroxide
and manganese(II) sulfate in a molar ratio of 2:1:1 provides yellow
crystals of [NaMn(Enro)3(H2O)3] complex. The complex is air-stable
and soluble in H2O, DMF and DMSO.
3.1. IR spectroscopy
In order to conﬁrm the binding of Henro ligand to manganese(II)
and sodium(I), IR spectra have been investigated. The IR spectrum
of the complex (Fig. 2 (b)) shows broad absorbtion band at
3407 cm1 corresponding to the n(OeH) vibration which indicates
the presence of coordinated water molecules [25]. In the IR spectrum of Henro (Fig. 2 (a)), the vibrations of the n (C¼O) carboxylic and
n (C¼O) pyridone are found at 1760 cm1 and 1665 cm1. In the IR
spectrum of the complex, the carboxylic stretching vibration is
absent and has been replaced by the asymmetrical and symmetric
stretching vibrations of the carboxylate group (n (CO2) asym, n (CO2)
1
and 1376 cm1 [26]. The difference D
sym) at the range of 1624 cm
[ ¼ nasym (C¼O) nsym (C¼O)] is used to measure the coordination of
carboxylate ligands, and this difference (D) is 240 cm1 for the
complex, which indicates an asymmetric monodentate carboxylate
[27]. Finally, the n(C¼O) pyridone band is shifted to lower wavelength
(15 cm1), compared to the free ligand. The results of the IR spectra
conﬁrm that Enro ligand is coordinated to manganese via the
pyridone oxygen and a carboxylato oxygen [21].
3.2. UVeVis spectroscopy
Fig. 3 shows the UVeVis absorption spectra of the complex
(1  103 M) in aqueous solution. In the UVeVis spectrum of Henro
(Fig. 3 (a)), three absorption peaks are observed at 262, 321 and
332 nm due to p /p*and n /p* transition within the ligand. The
UVeVis spectra of the complex (Fig. 3 (b)) shows a relatively low
bathochromic shift (Dl was in the range of 1e4 nm), which indicates
the coordination Enro ligand to the metal ions through the pyridone

Table 1
Crystal data and data collection, reﬁnement parameters for [NaMn(Enro)3(H2O)3].
Empirical formula
Formula weight (g mol1)
Crystal size (mm3)
T (K)
Crystal system
Space group
a (Å)
b (Å)
c (Å)
a ( )
b ( )
g ( )
V (Å3)
Z
rcalc (g cm3)
m (mm1)
F(000) (e)
q range for cell measurement ( )
h, k, l ranges
Reﬂections measured, independent
Parameters, restrains
Rint
Reﬂections with I > 3s(I)
R (F2 > 3s(F2))
wR (F2)
Drmax, Drmin (e Å3)

C57H69F3MnN9NaO12$6.154(O)
1273.6
0.26  0.13  0.02
95
Trigonal
P-3
15.9384 (10)
15.9384 (10)
14.0883 (8)
90
90
120
3099.4 (3)
2
1.365
2.508
1332
4.4e72.5
19  h  20, 17  k  17, 16  l  17
12,697, 4267
303, 14
0.032
3588
0.053
0.135
0.64, 0.61

Table 2
Selected bond lengths (Å) and valence angles ( ) of [NaMn(Enro)3(H2O)3].
Distances
Mn1O1
Na1O1w
Angles
O3Mn1O3i
O3iMn1O1
O3Mn1O1ii
O1Na1O1i
O1Na1O1w
O1Na1O1wi

2.144 (2)
2.382 (3)

Mn1O3
Na1O1

2.164 (2)
2.543 (2)

84.45 (8)
153.75 (7)
153.75 (6)
69.17 (8)
78.54 (7)
122.59 (8)

O3Mn1O1
O3iiMn1O1
O1Mn1O1ii
O1Na1O1wii
O1wNa1O1wi
Mn1O1Na1

81.64 (7)
116.03 (6)
84.63 (8)
138.53 (7)
98.82 (10)
88.02 (8)

Symmetry codes: (i) -yþ1, x-y, z; (ii) -x þ yþ1, -xþ1, z.
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Table 3
Selected Hydrogen bond geometry, lengths (Å) and valence angles ( ) of
[NaMn(Enro)3(H2O)3].
DeH$$$A

d(DeH)

d(H$$$A)

d(D$$$A)

< (DHA)

O1wH1o1w$$$O2
O1wH2o1w$$$N3i
O1wH2o1w$$$N30 i
C13dH1c13$$$O6

0.82 (4)
0.821 (19)
0.821 (19)
0.96

2.01 (3)
2.108 (18)
1.97 (8)
2.23

2.830 (3)
2.915 (6)
2.78 (8)
3.159 (13)

176 (4)
168 (3)
170 (3)
163

Symmetry codes: (i) xyþ1, x, z.

cannot be detected even with concentrated solutions. It may be lost
in the low energy tail of the charge transfer transition [29].

3.3. Description of crystal structure
Crystallographic data and reﬁnement details are given in Table 1.
In addition, selected bond lengths, angles and hydrogen bond geometries are shown in Tables 2 and 3.

3.3.1. Crystal structures of [NaMn(Enro)3(H2O)3]
Single crystal X/ray diffraction analysis shows that this complex crystallized in the trigonal space group P-3. The molecular
structure of complex with atom label is shown in Fig. 4. To the best
of our knowledge, it is the ﬁrst heterodinuclear complex built from
manganese(II) and sodium(I) ions, three Enro ligands and three
coordinated waters. According to the crystalline structure, each
Enro acts as a bidentate ligand and bonds to metal through O1
oxygen atom from carboxylate group and O3 oxygen atom from
pyridone group. The manganese(II) is hexacoordinated by three
Enro ligands to generate a six-membered chelate rings. In this
chelate rings, C3, C4, C14, and O1 are almost co-planar (r.m.s. deviation ¼ 0.034 (3) Å) and O3 and Mn1 are displaced from their
mean plane by 0.230 (2) and 0.385 (1) Å, respectively. The
sodium(I) is surrounded by carboxylate oxygens from three Enro
ligands and oxygens from three water molecules. In the complex,
manganese(II) and sodium(I) reside on a C3 rotation axis and have
the distorted octahedral coordination geometry. The three

Fig. 4. ORTEP-III diagram of [NaMn(Enro)3(H2O)3], presenting the selected atoms labeled and ellipsoids at 50% of probability. For the sake of clarity, solvent (water) molecules and
Hydrogen atoms were omitted. Symmetry codes: (i) 1-x þ y, 1-x, z; (ii) 1-y, x-y, z.
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Fig. 5. A view of the crystal structure of complex in the ab plane. The molecules are linked by hydrogen bonds into a 2D network. Hydrogen atoms not involved in hydrogen bonds
were omitted for clarity.

Mn1eO1 bonds (2.144 (2) Å) are shorter than the three Mn1eO3
(2.164 (2) Å) and the three Na1eO1 (2.543 (2) Å) are longer than the
three Na1eO1w (2.382 (3) Å). manganese(II) and sodium(I) are
linked by three carboxylate oxygens with the Mn(1)$$$Na(1) distance being 3.269 (2) Å. In the crystal network of complex (Fig. 5),
there are intermolecular OeH/N and OeH/O hydrogen bonds. In
this hydrogen bonding the nitrogen atoms participate as proton
acceptors, on the other hand, the oxygen atoms act as the hydrogen
bond donors and acceptors. Hydrogen bonding interactions
generate an extended 2D hydrogen bonded network along the ab
plane, forming motifs with graph-set notation C22(26), R22(30),
R66(78), R66(82), R66(86), R66(90). The Cambridge Structural Database (CSD version 5.38 updates (Feb 2017)) revealed that this
structure is the ﬁrst example of a binuclear complex of sodium(I)
and manganese(II) with carboxylate bridge.

Table 4
Antimicrobial activities of free ligand and complex evaluated by minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) in mg/mL.
Compound

Enroﬂoxacin
[NaMn(Enro)3(H2O)3]
MnSO4$H2O

E. coli

S.aureus

MIC

MBC

MIC

MBC

6.25
6.25
6.25

12.5
12.5
12.5

6.25
6.25
6.25

12.5
12.5
12.5

3.4. Biological activity
Antibacterial activity of quinolones and their complexes has
been investigated in previous reports [30]. In this work, antibacterial activities of the Enro ligand, manganese(II) complex and
MnSO4$H2O were investigated by determining the minimum
inhibitory concentration (MIC), measuring the diameter inhibition
zone, and counting the viable cells concentration (CFU) against
gram positive bacteria S. aureus and gram negative E. coli. The MIC
and MBC values of compounds are shown in Table 4. The results
show signiﬁcant antibacterial activity of Enro ligand and manganese(II) complex against the two tested bacteria and very low

Fig. 6. Representative image of agar plate containing complex, Enro and manganese(II)
impregnated disks and DIZ for E. coli.
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Fig. 7. Some nutrient agar plates that show the inhibition of colonies formation before treatment at 0 and 3 h (a, b) after treatment with complex at 0 and 3 h (c, d).

amounts of MIC and MBC. Five factors should be taken into account
When investigating the antimicrobial activity of the metal complexes: (i) the chelate effect of the ligands; (ii) the nature of the Ndonor ligands; (iii) the nuclearity of the metal center in the complex; (iv) the total charge of the complex; (v) the existence and the
nature of the ion neutralizing the ionic complex [31]. This complex
has the ﬁrst factor, including the chelate effect of the ligand. Also,
the chelation of the ligands with metal ions increases the solubility,
which leads to improve the antibacterial activity of these compounds [11]. Therefore, these are probably the main reason for the
complex to exhibit more antibacterial properties than the free Enro
ligand, which has been conﬁrmed by measuring the diameter inhibition zone, and counting the viable cells concentration (CFU).
The results of the MIC test revealed that compounds exhibited good
antibacterial activity against both bacterial species. Hence, we
selectively investigated the remaining tests against E. coli. In
addition to MIC and MBC tests, antibacterial activities of the compounds were evaluated on Gram negative E. coli by using disc
diffusion method on Mueller-Hinton agar (MHA). In the disc
diffusion method, the diameters of inhibition zones (DIZ) were
measured in millimeters (mm) (Fig. 6). DIZ for the complex, Enro,
and manganese(II) were 35, 30, and 11 mm, respectively. Finally,
the viable cells (CFU) method, which is an accurate method to
investigate the bactericidal effects of the complex on E. coli, was
used. Results showed that after 3 h sample treatment with the
complex, no colony has been detected in the nutrient agar plates
(Fig. 7), indicating 100% reduction of the E. coli in the medium. As a
result, all tests show that the antibacterial activity of the complex is
higher than the free ligand and manganese salt.

4. Conclusion
In this paper, the preparation, crystal structure and antimicrobial property of the ﬁrst heterodinuclear manganese(II) complex
with the antibacterial drug enroﬂoxacin have been reported. In the
[NaMn(Enro)3(H2O)3] complex, the deprotonated bidentate enroﬂoxacin ligand (Enro) was bound to manganese(II) via the pyridone
oxygen and a carboxylate oxygen. According to CSD, this structure
is the ﬁrst reported crystal structures of a binuclear complex of
sodium(I) and manganese(II) with carboxylate bridge. To investigate the antibacterial property of the complex, broth microdilution,
well diffusion, and growth inhibition methods were employed. The
results show that inhibition against the two microorganisms tested
in the complex is higher than enroﬂoxacin ligand and manganese
salt.
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