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ABSTRACT: A new series of high-spin [CoII
2] complexes 

[Co2(cpdp)(μ-O2CC6H5)] (1), [Co2(cpdp)(μ-o-O2CC6H4-
(OH))]·H2O (2), a nd [Co2(cpdp)(μ-p-O2CC6H4(OH))]·5H2O
(3) of the carboxylate-affixed multidentate ligand, N,N′-bis[2-
carboxybenzomethyl]-N,N′-bis[2-pyridylmethyl]-1,3-diaminopro-
pan-2-ol (H3cpdp), have been synthesized and structurally
characterized [C6H5CO2

− = benzoate; o-C6H4(OH)CO2
− =

ortho-hydroxybenzoate; p-C6H4(OH)CO2
− = para-hydroxyben-

zoate]. In methanol, complexes 1, 2, and 3 have been synthesized
by carrying out the reaction of H3cpdp with stoichiometric
quantities of Co(BF4)2·6H2O/C6H5CO2Na, Co(BF4)2·6H2O/o-
C6H4(OH)CO2Na, and Co(BF4)2·6H2O/p-C6H4(OH)CO2Na
respectively, in the presence of NaOH at room temperature. Complexes 1−3 have been characterized by microanalysis, molar
conductance, FTIR and UV−vis, mass spectrometry, PXRD, thermogravimetric analysis, single-crystal X-ray diffraction studies, and
variable temperature magnetic susceptibility measurements. In 1−3, the nonbonded Co···Co separations are 3.4311(8), 3.4551(8),
and 3.4393(7) Å, respectively, and the Co(II) ions are doubly bridged by one alkoxide group of the multidentate ligand and one
benzoate/ortho-hydroxybenzoate/para-hydroxybenzoate group. As disclosed by single-crystal X-ray analyses, all three complexes
assume distorted trigonal bipyramidal geometry around each cobalt center under the N2O3 coordination environment provided by
the cpdp3− ligand and the ancillary benzoate/ortho-hydroxybenzoate/para-hydroxybenzoate functionalities. The distorted trigonal
bipyramidal geometry is further authenticated by SHAPE analysis of the Co(II) coordination sphere. Magnetic susceptibility data
were recorded for 1−3 in the temperature range of 2−300 K, and their analysis has disclosed the occurrence of antiferromagnetic
interactions, associated with the spin-orbit coupling effect. The nature and mechanism of magnetic interactions are discussed on the
basis of magneto-structural parameters, and these are mainly correlated with the magnitude of Co−Obridging alkoxide−Co angles.
Moreover, with the aim of reducing toxicity and irritation of free cobalt(II) ion in the tissues, all three organo-chelated [CoII

2]
complexes were evaluated as antibacterial agents against Staphylococcus aureus, SA96, which is known to cause several life-threatening
chronic infections and diseases. The antibacterial studies revealed that all three complexes are significantly active against this
bacterial strain showing minimum inhibitory concentration values in the range of 300−600 μg/mL. However, a comparative
assessment of their biological efficacies revealed that 2 and 3 exhibited higher antibacterial activity compared to that of 1.

INTRODUCTION
Significant research endeavor has been directed toward
synthesis and characterization of transition metal complexes
since the 19th century with the discovery of Werner’s theory.
They have played a remarkable role in the development of
numerous functional materials. They have also exhibited many
interesting, challenging, and diverse coordination chemistry.
Until now, considerable research and development of
transition metal complexes is ongoing because of their
tremendous applications and advances in the field of
bioinorganic chemistry, medicinal chemistry, drug delivery,
catalysis, gas sorption, sensing, and molecular magnetism.1,2

These applications and advances have rekindled our interest in

the synthesis and physicochemical characterization of different
transition metal complexes. Among them, high-spin Co(II)
complexes are very popular to the coordination/material
chemists owing to their interesting magnetic properties.3−7

They are good candidates that act as single-molecule



magnets8,9 and single-chain magnets10,11 because of their half-
integer spins (S = 3/2) and sizable magnetic anisotropy arising
from spin-orbit coupling among the ligand field states.12−16

Several studies on mono- and dinuclear Co(II) complexes have
shown the impact of coordination number, geometrical
arrangement, and identity of the ligand on zero-field splitting
parameters and magnetic relaxation rates.17−20 In this context,
the dinuclear Co(II) complexes bearing alkoxide/phenoxide/
hydroxide bridges have attracted much attention in recent
times.21−28 Particular interest has been focused on the
relationship between their structures and magnetic properties
in order to understand the detailed magneto-structural
correlations.29−33 It should be mentioned that the dimetallic
complexes constitute an emerging and sophisticated subgroup
of compounds within the family of multinuclear metal
assemblies. Therefore, the dinuclear cobalt(II) complexes
having well-established structures are suitable candidates for
investigating the magnetic interactions between the para-
magnetic metal centers transmitted via different endogenous
and/or exogenous bridging ligands.34,35 However, it is still a
labyrinth because not all the structures could be constructed as
predicted, which might be ascribed to the different factors that
control the formation of their molecular architectures.36,37 The
main challenge of building well-defined dinuclear complexes
with expected geometric and electronic structures lies in the
assembly of nuclearities induced by several factors, such as
ligand-to-metal ratio, nature of the exogenous ancillary
bridging groups, coordinating/noncoordinating ions, solvent
systems, pH, temperature, etc.38

Cobalt and its related complexes have also numerous
inhibitory effects on the bacterial cell, including the synthesis
of polysaccharides, enhancement of bacterial cell membrane
penetration, blocking of metal binding sites on enzymes,
production of glucosyltransferase, cell membrane damage,
etc.39,40 Even though a large number of complexes of Zn(II),
Cu(II), and Fe(III) showing antibacterial activities are
reported in the literature,41−45 a very few Co(II)-based
complexes with antibacterial properties have been explored
with mechanistic details.46,47 A majority of reported studies on
cobalt have exhibited antibacterial activities either in salt or
nanoparticle forms.48,49 There are also evidences that the

adaptation capability of bacteria becomes enhanced in the
presence of free Co(II) salt.50 Consequently, the development
of functionalized organo-chelated Co(II) complexes embodies
a potential therapeutic approach for combating the growth of
wide-ranging bacterial infections. This demand is further
driven by an emerging medical problem of bacterial drug
resistance to presently available commercial antibiotics.

Among the different bridging ligands explored, the
carboxylate-based ligands appear very appealing because of
their varied conformations, specifically syn-syn, syn-anti, and
anti-anti that can lead to the formation of various di- and
multinuclear complexes with novel topologies and interesting
properties. In this context, the research and associated studies
on carboxylate containing metal complexes as magnetic
materials and therapeutic drugs are in continuous develop-
ment.51,52 In case of carboxylate-bridged high-spin cobalt(II)
complexes, a very few examples with magneto-structural
correlations are known where moderate antiferromagnetic
interactions occur across the syn-syn53 conformations and
ferro−/antiferromagnetic interactions take place through syn-
anti54 and anti-anti55 conformations. This versatility of the
carboxylate group as a ligand has oriented its use to build an
extended family of coordination complexes showing potential
applications as magnetic materials.56 Again, continuing our
research on biological activities of metal complexes of
carboxylate-based ligands, we have also reported anticancer,
antidiabetic, antibiofilm, and glycosidase/phosphatase activities
of iron(III), nickel(II), copper(II), and zinc(II) com-
plexes.52,57−60 The multidentate ligand, N,N′-bis[2-carboxy-
benzomethyl]-N,N′-bis[2-pyridylmethyl]-1,3-diaminopropan-
2-ol (H3cpdp) incorporating two benzoate and two pyridine
functionalities, has been well-established in studying coordi-
nation complexes with diverse applications in biological
activities and magnetic properties.57−59,61−63 Therefore,
motivated by our ongoing research interests in designing of
smart scaffolds for exploration of magnetic and biological
features in a synchronized manner, we extended our attention
to synthesize a new family of high-spin cobalt(II) complexes.
In the present contribution, we report the syntheses, X-ray
crystal structures, variable temperature magnetic properties,
and in vitro antibacterial activities of a series of high-spin

Chart 1. Depiction of Possible Coordination Modes Exhibited by H3cpdp on Complexing with Metal Ions



dinuclear cobalt(II) complexes [Co2(cpdp)(μ-O2CC6H5)]
(1), [Co2(cpdp)(μ-o-O2CC6H4(OH))]·H2O (2), and [Co2-
(cpdp)(μ-p-O2CC6H4(OH))]·5H2O (3).

RESULTS AND DISCUSSION
General Synthesis and Characteriz ation. Synthesis of
dinuclear Co(II) complexes 1−3 under present investigation
was achieved via successful utilization of carboxylate-affixed
multidentate ligand, H3cpdp. Originally, the H3cpdp was
synthesized and characterized following our previously
published procedure.58 It is pertinent to mention that the
ligand H3cpdp has two outstanding features which effectively
support the formation of 1−3 by tuning the coordination
modes: (i) it holds alkoxide-amine-carboxylate-based two
symmetrical compartments as metal binding sites and (ii)
the inner pendant alkoxide wing acts as the spacer-cum-
bridging component between two cobalt centers, thus forming
the self-assembled bridged-dicobalt(II) complexes with
compact metal−metal cooperativity. As depicted in Chart 1,
the alkoxide and carboxylate groups of H3cpdp exhibit a
number of coordination modes (A−F) during complexation
with different metal ions. Among them, the coordination
modes C, D, E, and F are very attractive resulting in the
formation of Cu(II)- and Zn(II)-based tri-, tetra, hexa-, octa-,
and decanuclear complexes with fascinating architec-
tures.57,62,64,65 In view of that, dinuclear Co(II) complexes
1−3 were synthesized following the routes outlined in Scheme
1. Indeed, complexes 1−3 were obtained directly by one-pot
synthesis, starting from H3cpdp and Co(BF4)2·6H2O in the
presence of C6H5CO2Na, o-C6H4(OH)CO2Na or p-
C6H4(OH)CO2Na as ancillary ligands under ambient con-
ditions.

As shown in Scheme 1, the reaction of Co(BF4)2·6H2O with
H3cpdp and C6H5CO2Na/o -C6H4(OH)CO2Na/p -
C6H4(OH)CO2Na separately in 2:1:1 molar ratio in the
presence of NaOH in methanol produced pink solution and
allowed the subsequent isolation of well-shaped X-ray quality
pink single crystals of [Co2(cpdp)(μ-O2CC6H5)] (1),
[Co2(cpdp)(μ-o-O2CC6H4(OH))]·H2O (2), and [Co2(cpdp)-
(μ-p-O2CC6H4(OH))]·5H2O (3) in good yield, by slow
diffusion of diethyl ether into the clear filtrate. Use of NaOH
facilitates the deprotonation of both the alcoholic and
carboxylic groups of H3cpdp. It is noteworthy to mention
that the BF4

−, Cl−, and OAc− ions normally act as counter
anions. However, the Cl− and OAc− have strong binding
ability with metal ions, thus sitting as either terminally
coordinated or bridging coordinated inside the coordination

sphere. On the other hand, the BF4
− has very poor

coordinating ability with metal ions, and hence, it can assemble
mostly outside the coordination sphere. In the present
investigation, we also tried to isolate and crystallize the
[CoII

2] complexes of cpdp3− by utilizing CoCl2·6H2O and
Co(OAc)2·4H2O salts; however, we did not succeed to
crystallize them. In contrast, the use of Co(BF4)2·6H2O salt
with cpdp3− in combination with stoichiometric amounts of
C6H5CO2Na, o-C6H4(OH)CO2Na and p-C6H4(OH)CO2Na
separately facilitates the crystallization and subsequent
isolation of the studied [CoII

2] complexes. In essence, the
ancillary benzoate, ortho-hydroxybenzoate, and para-hydrox-
ybenzoate ligands control the overall crystallization process
through the bridging binding with two Co(II) ions in μ:η1:η1-
syn-syn bidentate manner. Complexes 1−3 were fully
characterized by microanalysis, molar conductance, FTIR,
UV−vis, electrospray ionization mass spectrometry (ESI-MS),
powder X-ray diffraction (PXRD), and thermogravimetric
analysis (TGA) techniques. X-ray structural analyses of 1−3
established their molecular frameworks.

In solution, the molar conductance data of metal complexes
help to predict their conducting nature as well as the
composition. Hence, we have performed the conductometric
experiment for all three complexes in triplicate in MeOH
solution at room temperature with a solute concentration of
10−3 M, and their data were recorded. The molar conductance
values of 29, 21, and 19 Ω−1 cm2 mol−1 for 1, 2, and 3,
respectively, are appreciably lower, suggesting their non-
electrolytic nature.66−69 The exogenous C6H5CO2

−, o-
C6H4(OH)CO2

−, and p-C6H4(OH)CO2
− ions lying in the

coordination sphere of 1−3 are bonded to cobalt(II) ions
through bidentate bridging mode to satisfy the valences. The
results obtained from the measurement of molar conductance
are in agreement with their X-ray crystal structures.

FTIR and UV−vis Spectroscopy. In complexes 1−3, two
different coordination modes of carboxylates, namely, mono-
dentate terminal and syn-syn bidentate bridging coordination of
both the endogenous and exogenous benzoate groups have
been established by the FTIR spectra (Figures S1−S3,
Supporting Information). Deacon and Phillips have cautiously
analyzed the FTIR spectra of several metal complexes that
contain carboxylate groups having known single-crystal X-ray
structures with constructive conclusions for the correlations
between carboxylate stretching frequencies and their geo-
metries.70 The FTIR spectra of 1−3 show two strong
stretching frequencies at 1605 and 1550 cm−1, 1609 and
1557 cm−1, and 1608 and 1541 cm−1 respectively, correspond-

Scheme 1. Schematic Pathway for the Synthesis of Complexes 1−3



ing to the two asymmetric vibration modes of benzoate groups.
Similarly, two strong stretching frequencies at 1440 and 1406
cm−1, 1467 and 1385 cm−1, and 1445 and 1408 cm−1

respectively, correspond to the two symmetric vibration
modes of benzoate groups. The differences between
νas(COO−) and νs(COO−) stretches (Δ) of 199 and 110
cm−1 for 1, 224 and 90 cm−1 for 2, and 200 and 96 cm−1 for 3
which are the characteristic features of monodentate terminal
and μ:η1:η1-syn-syn bidentate coordination of carboxylate
groups, respectively, are in agreement with previous stud-
ies.70−72 The band detected at higher stretching frequencies of
1605, 1609, and 1608 cm−1 for 1, 2, and 3 respectively, which
can be attributed to ν(C�N) vibration of the pyridine moiety
of the ligand backbone, is most probably overlapped with one
of the asymmetric modes of benzoate groups. Furthermore, the
characteristic stretching frequencies of 3420, 3416, and 3397
cm−1 for 1, 2, and 3, respectively, are indicative of the
noncoordinating hydroxyl ν(O−H) groups of lattice waters/
moisture.73

The UV−vis spectra of 1−3 were recorded in methanol
solution at room temperature (Figures S4−S6, Supporting
Information). The spectra exhibit several low intense broad
absorption bands at 560, 525, and 485 nm for 1; 557, 527, and
483 nm for 2; and 561, 522, and 482 nm for 3 which could be
attributed to d-d transitions. In order of increasing energy,
these bands may be identified as the 4A2’(4F) →
4E’(4F),4A2’(4F) → 4A2’(4P), and 4A2’(4F) → 4E”(4P)
transitions, respectively.74 The d−d bands observed for 1−3
are more consistent with the distorted trigonal bipyramidal
geometry, an assignment which is in agreement with the results
obtained from single-crystal X-ray structure analyses.75−77 All
three complexes show Co(II)-bound ligand-based n → π* and
π → π* transitions at 265 and 225 nm, 264 and 233 nm, and
255 and 213 nm for 1, 2, and 3, respectively.77,78 Hence, the
experimental electronic spectra of the complexes justified the
five-coordinate trigonal bipyramidal geometries around the
Co(II) ions.79,80

Mass Spectrometry. In an effort to assess the identity of
1−3 in solution, ESI-MS was carried out using methanol
solutions of the complexes. The ESI-MS of [Co2(cpdp)(μ-
O2CC6H5)] (1), shown in Figure S7 of the Supporting
Information, contains signals corresponding to {[Co2(cpdp)-
(μ-O2CC6H5)] + Na}+ at m/z = 799 (100%) as well as
{[Co2(cpdp)]·4CH3OH}+ at m/z = 783 (7%) and
{[Co2(cpdp)]}+ at m/z = 655 (13%). Under the identical
experimental conditions, the ESI-MS of [Co2(cpdp)(μ-o-
O2CC6H4(OH))]·H2O (2), displayed in Figure S8 of the
Supporting Information, shows signals corresponding to
{[Co2(cpdp)(μ-o-O2CC6H4(OH)) + Na}+ at m/z = 815
(10%), {[Co2(cpdp)]·4H2O + OH + Na}+ at m/z = 767
(100%) and {[Co2(cpdp)]}+ at m/z = 655 (42%). Similarly,
the ESI-MS of [Co2(cpdp)(μ-p-O2CC6H4(OH))]·5H2O (3)
(Figure S9, Supporting Information) exhibits signals corre-
sponding to {[Co2(cpdp)(μ-p-O2CC6H4(OH)) + Na}+ at m/z
= 815 (100%) and {[Co2(cpdp)]}+ at m/z = 655 (38%).
Therefore, the mass spectrometric studies of 1−3 suggest that
the dinuclear identity of all three complexes with ancillary
bridging benzoate/ortho-hydroxybenzoate/para-hydroxyben-
zoate group is retained in solution.

Description of Single-Crystal X-ray Structures of
Complexes 1−3. X-ray diffraction analyses of the complexes
were performed on appropriate single crystals at 273 K for 1
and 100 K for 2 and 3. Complexes 1−3 crystallize in the

monoclinic space group C2/c. The ORTEP views of the crystal
structures of 1−3, with labeling of selected atoms, are depicted
in Figures 1, 2, and 3. Crystallographic data and refinement

parameters of 1−3 are summarized in Table 1. Selected bond
distances and angles for 1−3 are summarized in Tables S1−S3
of the Supporting Information.

The structure of 1 contains a dinuclear [Co2(cpdp)(μ-
O2CC6H5)] unit in its crystal lattice. The crystal structure of 2
consists of a dinuclear [Co2(cpdp)(μ-o-O2CC6H4(OH))]
species, together with one molecule of lattice H2O. Similarly,
the structure of 3 comprises a dinuclear [Co2(cpdp)(μ-p-
O2CC6H4(OH))] species, together with five H2O molecules in
the crystal lattice. All three complexes are isostructural, and
their crystal structures simultaneously consist of a deproto-
nated ligand cpdp3− which acts as a μ-bis(tetradentate) ligand
coordinated to two Co(II) ions. The two Co(II) ions are
bridged and chelated by one cpdp3− ligand in their dinuclear
[Co2] units where the exogenous C6H5CO2

− group in 1, o-
C6H4(OH)CO2

− group in 2, and p-C6H4(OH)CO2
− group in

3 connect the two cobalt centers in a bidentate manner.
Effectively, the two cobalt centers of the dinuclear unit of 1, 2,
and 3 are crystallographically independent. In all three

Figure 1. ORTEP view of the [Co2(cpdp)(μ-O2CC6H5)] unit of 1
having ellipsoids at 35% probability with a partial atom-numbering
scheme. Hydrogen atoms and lattice waters are omitted for clarity.
Color code: Co, pink; N, blue; O, red; C, black.

Figure 2. ORTEP view of the [Co2(cpdp)(μ-o-O2CC6H4(OH))] unit
of 2 having ellipsoids at 35% probability with a partial atom-
numbering scheme. Hydrogen atoms and lattice waters are omitted
for clarity. Color code: Co, pink; N, blue; O, red; C, black.



structures, the cobalt centers lie in the distorted trigonal
bipyramidal CoN2O3 environments, where each Co(II) is
coordinated to one bridging alkoxide oxygen, one carboxylate
oxygen, and one pyridine nitrogen of the cpdp3− ligand in
equatorial positions. The axial positions are occupied by one
tertiary amine nitrogen of the cpdp3− ligand and one
exogenous carboxylate oxygen atom. The distortion of trigonal
bipyramidal coordination geometry around the cobalt center is
indicated by the value of trigonality factor, τ (Co1, 0.847 and
Co2, 0.877 in 1; Co1, 0.908 and Co2, 0.894 in 2; Co1, 0.853
and Co2, 0.936 in 3).81 Comparable results concerning the
changes in geometries in the vicinity of Co(II) ions in 1−3
have been accomplished by scrutinizing SHAPE analysis data

(Table S4, Supporting Information).82,83 In 1, the deviations of
the Co1 and Co2 centers from the O(1)O(4)N(1) and
O(1)O(2)N(4) equatorial planes are detected as 0.220 and
0.211 Å, respectively. In 2, the deviations of the Co1 and Co2
centers from the O(1)O(4)N(1) and O(1)O(2)N(4)
equatorial planes are detected as 0.205 and 0.192 Å,
respectively. Likewise, the Co1 and Co2 centers in 3 show
deviations of 0.235 and 0.237 Å from the O(3)O(4)N(1) and
O(3)O(5)N(3) equatorial planes, respectively.

In all three complexes, the average Co−Naxial bond distances
are significantly longer than the average Co−Nequatorial bond
distances (Co−Naxial, 2.187 Å and Co−Nequatorial, 2.058 Å in 1;
Co−Naxial, 2.166 Å and Co−Nequatorial, 2.061 Å in 2; Co−Naxial,
2.182 Å and Co−Nequatorial, 2.057 Å in 3). Similarly, the average
Co−Oaxial bonds are notably longer than the Co−Oequatorial
bonds (Co−Oaxial, 2.016 Å and Co−Oequatorial, 1.962 Å in 1;
Co−Oaxial, 2.034 Å and Co−Oequatorial, 1.963 Å in 2; Co−Oaxial,
2.016 Å and Co−Oequatorial, 1.975 Å in 3). Overall, the Co−O
and Co−N bond distances are in good agreement with those of
analogous dicobalt(II) complexes.30,41,84−86 In all three
complexes, the alkoxide bridge is close to symmetric with
two Co−Obridging alkoxide bond distances differing about 0.004,
0.011, and 0.012 Å in 1, 2, and 3, respectively. On the other
hand, in all three complexes, the exogenous benzoate, o-
hydroxy benzoate, and p-hydroxy benzoate groups bridge two
Co(II) ions in μ:η1:η1-syn-syn bidentate mode, suggesting that
this bridge is asymmetric (Co1−O6, 2.033(3) Å and Co2−O7,
2.000(3) Å in 1; Co1−O6, 2.050(3) Å; Co2−O7, 2.019(3) Å
in 2; Co1−O1, 1.9962(14) Å, and Co(2)−O(2), 2.0369(14)
Å in 3). The Co−Obridging alkoxide−Co bond angles, spanning the
alkoxide bridge, do vary significantly (123.1(1)−124.9(1)°).
The sharp bridging angles exhibited by these complexes
indicate the flexibility of cpdp3− ligand to hold two Co(II) ions
in close proximity. As shown in Figure 4, the inter-metallic

Figure 3. ORTEP view of the [Co2(cpdp)(μ-p-O2CC6H4(OH))] unit
of 3 having ellipsoids at 35% probability with a partial atom-
numbering scheme. Hydrogen atoms and lattice waters are omitted
for clarity. Color code: Co, pink; N, blue; O, red; C, black.

Table 1. Single Crystal X-ray Data of [Co2(cpdp)(μ-O2CC6H5)] (1), [Co2(cpdp)(μ-o-O2CC6H4(OH))]·H2O (2) and
[Co2(cpdp)(μ-p-O2CC6H4(OH))]·5H2O (3)a,b

1 2 3

empirical formula C38H34N4O7Co2 C38H36N4O9Co2 C38H44N4O13Co2

formula weight 776.58 810.59 882.63
crystal system monoclinic monoclinic monoclinic
space group C2/c C2/c C2/c
a, Å 20.7011(16) 20.4902(13) 20.5138(4)
b, Å 14.8718(12) 14.9772(10) 14.6452(3)
c, Å 27.243(2) 27.1562(17) 26.6686(4)
β, ° 106.499(2) 106.443(3) 104.586(2)
volume, Å3 8041.7(11) 7993.0(9) 7753.8(3)
Z 8 8 8
ρ, Mg/m3 1.283 1.347 1.512
wavelength, Å 0.71073 1.54184 1.54184
temperature, K 273.15 100.00 100.00
F(000) 3207.882 3320.228 3664
μ, mm−1 0.874 6.974 7.314
θ range, ° 1.711 to 27.129 3.39 to 65.240 3.425 to 66.025
reflections collected 8870 6785 6743
independent reflections 5198 5971 6106
R(Fobsd data) [I > 2σ(I)] 0.0617 0.0653 0.0313
wR(F2 all data) 0.1726 0.1792 0.0754
goodness-of-fit on F2 1.0725 1.0416 1.0320
largest diff. peak and hole, e/Å3 +0.6536 to −0.5550 +1.0112 to −0.6046 +0.302 to −0.340

awR2 = {Σ [w(Fo
2 − Fc

2)2]/Σ [w(Fo
2)2]}1/2. bR1 = Σ||Fo| − |Fc||/Σ|Fo|.



Co···Co separations in 1, 2 and 3 are 3.4311(8), 3.4551(8)
and 3.4393(7) Å, respectively, which are comparable to those
reported in the literature.87−89

The interesting features of the crystal structures of 1−3 lie in
their supramolecular weak interactions. Complexes 2 and 3
exhibit mainly two sets of hydrogen bonding interactions in
their crystal structures: (i) hydrogen bonding interaction (O−
H···O) between the oxygen atom (donor) from lattice water
and oxygen atom (acceptor) from lattice water; (ii) hydrogen
bonding interaction (O−H···O) between the oxygen atom
(donor) from lattice water and oxygen atom (acceptor) from
the carboxylate oxygen atom. These hydrogen bonding
interactions offer an extra stabilization to their crystal lattices.
The unit cell packing diagrams of 2 and 3 showing hydrogen
bonding interactions are illustrated in Figure S10 of the
Supporting Information. It is also important to state that the
crystal structure of 2 holds an additional intramolecular
hydrogen bonding interaction at an O8−H8···O7 distance of
1.818 Å (O8···O7 = 2.554 Å) between the o-hydroxy oxygen
atom (donor) and carboxylate oxygen atom (acceptor) which
is expected further to stabilize its dimetallic bridging structure
(Figure S11, Supporting Information). Moreover, the moder-
ate intramolecular π···π stacking interactions observed in 1−3
also contribute toward the stabilization of the crystal lattices.
Generally, in this type of interaction, the aromatic π-systems
interrelate one another through their face-to-face arrange-
ments, involving in a combination of dispersion and dipole-
induced-dipole interactions.90 In complexes 1−3, the intra-
molecular π···π stacking interactions are observed because of
the face-to-face arrangements of adjoining benzoate and
pyridine rings with average centroid···centroid distances of
3.947, 3.958, and 3.900 Å, respectively (Figure S12, Supporting
Information). These π···π stacking interactions observed in 1−
3 are reasonable in magnitude when compared to the model
porphyrin-porphyrin systems (3.4 Å).91

Description of Powder X-ray Diffraction (PXRD)
Patterns of Complexes 1−3. PXRD experiments were
performed using the microcrystalline samples of 1−3 isolated
at pH 5.5 and 7.0. The PXRD patterns of 1−3 are illustrated in
Figures S13−S15 of the Supporting Information. The
experimental PXRD profiles of the bulk samples of 1−3
acquired at pH 5.5 and 7.0 exhibit more or less similar patterns
without any significant difference, and they agree well with
their simulated PXRD profiles. For all three complexes, the
mercury software was applied to simulate the PXRD patterns
from the atomic positions obtained from their single-crystal X-
ray structures. These PXRD results authenticate the bulk purity
of complexes 1−3 and their stability at physiological pH.
However, there are very minute differences in the peak
intensities in experimental and simulated patterns. The
observed differences in the peak intensities are most possibly
because of the selected orientation of applied power during
carrying out the experiment.

Thermogravimetric Studies. Thermogravimetric analyses
(TGA) of 1−3 were performed to examine their thermal
stability. The TGA profiles illustrated in Figure S16 of the
Supporting Information show two obvious mass losses for 1
and three mass losses for 2 and 3. For 1, the release of three
CO2 gas molecules in the first decomposition step occurs
within 145−192 °C suggesting a mass loss of 17.36% (calcd.
17.00%). The second mass loss may be attributed to thermal
decomposition of the metal−organic framework within 192−
822 °C. For 2 and 3, the removal of lattice waters (one lattice
water for 1; five lattice waters for 2) takes place within 34−56
°C and 32−86 °C in the first decomposition step, showing a
mass loss of 2.44% (calcd. 2.22%) and 10.13% (calcd. 10.21%),
respectively. The second decomposition steps are associated
with exclusion of three CO2 gas molecules within 207−298 °C
and 233−341 °C specifying a mass loss of 16.34% (calcd.
16.29%) and 15.14% (calcd. 14.96%) for 2 and 3, respectively.

Figure 4. Views of core arrangements of (A) 1; (B) 2; and (C) 3 with cobalt−cobalt cooperativity.



In the third decomposition step of 2 and 3, the metal−organic
framework undergoes thermal degradation within 298−814 °C
and 341−803 °C, respectively. For all three complexes, the left
over masses indicate the formation of cobalt(II) oxide as the
most likely end product.92,93

Variable-Temperature Magnetic Studies. In order to
explore the nature and extent of magnetic coupling between
the two Co(II) ions in complexes 1−3, variable-temperature
(2−300 K) magnetic susceptibility measurements were
performed under an externally applied magnetic field of 0.1
Tesla. The χMT versus T plots for 1, 2, and 3 are shown in
Figures 5, 6, and 7 (χM is the magnetic susceptibility per mol of

the complex and T is the temperature). The values of χMT at
300 K are 4.45, 4.55, and 4.86 cm3 K mol−1 for 1, 2, and 3,
respectively, which are quite larger than the spin-only value of
3.76 cm3 K mol−1 expected for two noninteracting high-spin
Co(II) ions with S = 3/2 and g = 2. This phenomenon is due to
the significant spin-orbit coupling effect for Co(II). On

lowering the temperature, the χMT values decrease gradually
down to 100 K, and then decrease rapidly reaching the values
of 0.20, 1.05, and 0.72 cm3 K mol−1 at 2 K for 1, 2, and 3,
respectively. This behavior indicates the antiferromagnetic
interactions between the two Co(II) ions. In the low-
temperature regions, the final and rapid decrease of χMT
values could be ascribed to the partial depopulation of excited
magnetic states, zero-field splitting effect, and/or intermolec-
ular interactions. Simultaneously to investigate the magnetic
behavior of 1−3, the measurements of field dependent
magnetization (M vs H) were performed in the range of 0−
7 Tesla at different temperatures of 2.0, 3.0, 4.0, and 5.0 K.
Insets of Figures 5−7 display the M/NμB vs H/T plots. It was
observed that the magnetization values for all three complexes
increase rapidly with increasing the magnetic field in the low-
field and low-temperature regions. The magnetization value for
1 is 0.33 NμB which is significantly lower than the
magnetization values of 1.70 NμB for 2 and 1.12 NμB for 3
at 2 K under 3.5 Tesla. The observed difference in
magnetization for 1 from 2 and 3 may be attributed to values
of Jx and Jy which are more or less similar for 2 and 3 (Table
2). The AC magnetic susceptibility measurements on 1−3
exclude any single molecule magnetic behavior.

A spin Hamiltonian eq 1 as shown below was used to fit the
χMT vs T, and magnetization plots:
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where D and E represent the single-ion axial and rhombic zero-
field splitting parameters. Ab initio CASSCF calculations94

were also carried out by utilizing the MOLCAS package to
evaluate the values of crystal field splitting parameters and g-
tensors of individual ions in 1−3 (Table 2). These parameters
obtained were used satisfactorily to find the values of exchange
coupling constants using the software PHI.95 The best fit
between the experimental and simulated data was obtained
with Jx = Jy = −9.5 cm−1, Jz = −25.9 cm−1 and gx = 2.342, gy =
2.276, gz = 2.208 for 1; Jx = Jy − 2.3 cm−1, Jz = −44.3 cm−1 and
gx = 2.274, gy = 2.278, gz = 2.284 for 2; and Jx = Jy = −3.2 cm−1,
Jz = −30.6 cm−1 and gx = 2.316, gy = 2.297, gz = 2.224 for 3

Figure 5. χMT vs T plot for 1. (Inset) Reduced magnetization data
(M vs H/T) for 1 collected under varying applied dc field. The solid
line represents the best fit obtained with the isotropic exchange
Hamiltonian.

Figure 6. χMT vs T plot for 2. (Inset) Reduced magnetization data
(M vs H/T) for 2 collected under varying applied dc field. The solid
line represents the best fit obtained with the isotropic exchange
Hamiltonian.

Figure 7. χMT vs T plot for 3. (Inset) Reduced magnetization data
(M vs H/T) for 3 collected under varying applied dc field. The solid
line represents the best fit obtained with the isotropic exchange
Hamiltonian.



(Table 2). The crystal field splitting parameters and g-tensors
are comparable with the obtained J values which are plausible
for five-coordinate Co(II) complexes.96

Furthermore, the reciprocals of magnetic susceptibilities (1/
χM) of the complexes were fitted quite satisfactorily by the
Curie−Weiss law (χM = C/(T − θ)) over the specified
temperature range, yielding the Weiss constants (θ) of −0.602,
−0.702, and −1.870 K for 1, 2, and 3, respectively. The plots
of reciprocals of magnetic susceptibility vs temperature of 1−3
are shown in Figure S17 of the Supporting Information. The
negative values of θ further confirmed the occurrence of
antiferromagnetic interactions between the Co(II) ions and
the associated spin-orbit coupling effect.

Careful literature search shows that alkoxide-bridged di- or
multinuclear Co(II) complexes are very less common, and only
a small number of structurally and magnetically characterized
μ-alkoxide-bridged dinuclear Co(II) complexes are reported97

in comparison to μ-phenoxide-bridged dinuclear cobalt(II)
complexes.98 Generally, the magnetic coupling can be affected
by several structural parameters, such as the M-O-M bridging
angle (α), the hinge distortion parameter (γ), and M···M
internuclear separation. However, there is no unambiguous
relationship between α and γ for μ-alkoxide-bridged [CoII

2]
complexes as reported earlier.99 Therefore, a magneto-
structural correlation can now be warranted considering the
following structural features: (i) generally, it is believed that
the ligand that bridges via a single atom controls the
intercession of magnetic exchange; (ii) the nature of the
exogenous ancillary bridging ligand plays an important role in
mediating the magnetic interaction because it affects the bond
strength between the metal ion and bridging ligand; (iii) in the
metal complexes with bridging alkoxide oxygen atom where
the primary interaction occurs through p-orbitals, the Co−
Obridging alkoxide−Co angle is very important since the value of
the coupling constant (J) varies with variation of this angle.
The latter statement offers a more rational justification for the
coupling constants obtained with Co−Obridging alkoxide−Co
angles of 123.1(1), 124.9(1), and 123.14(7)° in 1, 2, and 3
respectively, which are in agreement with the earlier
studies.97−99 The equatorially coordinated bridging alkoxide
oxygen atoms (Co−Oequiv = 1.943(3)−2.010(14) Å) in the
trigonal bipyramidal CoO3N2 coordination geometry are closer
than the axially coordinated bridging benzoate/ortho-hydrox-

ybenzoate/para-hydroxybenzoate oxygen atoms (Co−Oax =
1.996(14)−2.050(3) Å); thus, the equatorially oriented Co(II)
orbital is magnetic in nature, while the axially oriented Co(II)
orbital is not. It is also worth-mentioning that a larger M−O−
M bridging angle (α) favors the strong antiferromagnetic
interactions. In the present investigation, 1−3 represent a new
family of dinuclear high-spin Co(II) complexes that contain
one μ-alkoxide and one μ:η1:η1-benzoate/ortho-hydroxyben-
zoate/para-hydroxybenzoate bridges where the magnitude of
magnetic exchange is a linear function of the Co−O−Co
bridging angle; in general, the exchange is antiferromagnetic
for α > 97° and ferromagnetic for α < 97°.99 However, it
should also be noted that the magnitude of magnetic exchange
of the exchange-coupled Co(II) dimers at low temperature can
be established not only by the strength of the exchange
interaction but also by the type and extent of symmetry
distortions around each interacting ion. As a result, complexes
with similar Co−O−Co bridging bond angles sometimes can
demonstrate different exchange interaction values and different
magnetization behavior. In addition, the ancillary bridging
functionalities, i.e., benzoate, ortho-hydroxybenzoate, and para-
hydroxybenzoate may have an impact on cobalt−cobalt
cooperativity, an important structural parameter for magnetic
exchange. Therefore, in the present study, the different
exchange interaction values, though quite small, may be
justified in spite of having similar Co−O−Co bridging angles.

Investigation of Antibacterial Activity of Complexes
1−3: Determination of Minimum Inhibitory Concen-
trations (MICs). All three model complexes were evaluated
for antibacterial activity against Staphylococcus aureus, SA96
with an enhanced percent activity index as compared to free
ligands such as H3cpdp, C6H5CO2Na, o-C6H4(OH)CO2Na,
and p-C6H4(OH)CO2Na alone. In order to investigate the
antibacterial activity, we determined the MIC values of the
complexes, and these were observed to be 600, 300, and 400
μg/mL for 1, 2, and 3, respectively (Figure 8). Supplementary
data obtained from the treatment by utilizing free H3cpdp,
C6H5CO2Na, o-C6H4(OH)CO2Na, and p-C6H4(OH)CO2Na
alone showed no or very insignificant antibacterial activity
(Figures S18 and S19, Supporting Information). Therefore, we
used the MIC and 1/2 MIC values of complexes 1−3 for the
rest of the biological experiments.

Table 2. Crystal Field Splitting Parameters, g-Tensors, and Coupling Constants for 1−3

complex D (cm−1) E (cm−1) gx gy gz Jx (cm−1) Jy (cm−1) Jz (cm−1)

1 13.130 −3.360 2.342 2.276 2.208 −9.5 −9.5 −25.9
2 14.791 −2.778 2.274 2.278 2.284 −2.3 −2.3 −44.3
3 10.088 −0.986 2.316 2.297 2.224 −3.2 −3.2 −30.6

Figure 8. Determination of the MIC of complexes 1 (A), 2 (B), and 3 (C) on the growth of Staphylococcus aureus, SA96. MIC values of 1−3 were
found to be 600, 300, and 400 μg/mL, respectively. Error bars indicate the mean of three replicates with ± SD.



Effect of Complexes 1−3 on the Bacterial Growth by
Crystal Violet (CV) Staining. CV assays were carried out to
examine the effect of complexes 1−3 toward the inhibition of
growth of Staphylococcus aureus, SA96. The results acquired
from CV assay showed a considerable decrease in the bacterial
population (Figure 9). It was also observed that the bacterial

growth was inhibited by the complexes in a concentration-
dependent manner, suggesting that the growth was inhibited
more effectively at their MIC doses compared to that at 1/2
MIC doses. The CV assay also specified that 2 and 3 were
found to be more efficient in inhibiting the bacterial growth in
comparison to 1 both at MIC and 1/2 MIC doses. Figure 9A
shows the control set where only 1% (v/v) DMSO was used
instead of any cobalt complex.

Effect of Complexes 1−3 on the Bacterial Cell
Membrane by Assessing the Cellular Leakage. In order
to gain insight into the possible mechanistic aspect, the
bacterial cell membrane degradation was examined by
measuring the cellular leakage of DNA. In view of that, the
DNA leakage experiment on Staphylococcus aureus, SA96 was

conducted by measuring the absorbance at λmax = 260 nm.100

The permeabilized membrane permits the leakage of nucleic
acids like DNA, and hence, it would be a good facet to take
into consideration while confirming the membrane damage.
When the cells of Staphylococcus aureus, SA96, were treated
with MIC and 1/2 MIC doses of 1−3, the spectrophotometric
data showed the absorbances that were increased appreciably
in a dose- and time-dependent manner of the complexes in
comparison to untreated cells (Figure 10). The results also
suggested that the antibacterial activity of complexes 1−3
originated through the damage of the bacterial cell membrane.

Investigation of the Combinatorial Effect of Com-
plexes 1−3 with Gentamicin against Staphylococcus
aureus, SA96. A combinatorial study was performed to gain
insight into the synergistic effect of each of the model
complexes with gentamicin against Staphylococcus aureus,
SA96. Gentamicin belongs to the class of aminoglycoside-
based antibiotics that work by killing bacteria or preventing
their growth. As determined, the MIC value of gentamicin is
0.5 μg/mL against Staphylococcus aureus, SA96 (Figure S20,
Supporting Information). It was observed that the combination
of gentamicin with complexes 1, 2, and 3 separately exhibited
better inhibition to the growth of Staphylococcus aureus, SA96
in comparison to individual therapy (Figure S21, Supporting
Information). As displayed in Figure S21 of the Supporting
Information, complexes 1, 2, and 3 could kill the maximum
number of bacterial cells of 94.63, 97.29, and 98.33%
respectively, at their 1/2 MIC values in combination with 1/
2 MIC of gentamicin.

Comparison of Antimicrobial Activities of Complexes
1−3. Usually, the metal complexes have a stronger
antibacterial activity compared to their noncomplexed organic
counterparts or ligands. It is well established that the ligands
and related metal complexes play a significant role in the
bactericidal activity of the compounds.101 The chelation of
organic ligands with suitable metal ions enhances their
bioavailability and bioactivity. The chelation process also
increases electron polarization around the chelate ring,
permeation into the lipid membranes, and subsequent
hindrance to the metal absorption sites in microorganisms.
In the present investigation, the design strategy is based on the
complexation of Co(II) with carboxylate-affixed multidentate
ligand H3cpdp that was hypothesized to act as antibacterial
agents. Complexes 1−3 have similar structural topologies
except the exogenous bridging benzoates (benzoate for 1;
ortho-hydroxy benzoate for 2; para-hydroxy benzoate for 3)
which offer added stabilization to the dimetallic [Co2] cores.

Figure 9. Light microscopic analysis showing the effect of complexes
1−3 on Staphylococcus aureus, SA96 with their increasing doses. (A)
control set; (B) and (C) complex 1-treated sets; (D) and (E)
complex 2-treated sets; (F) and (G) complex 3-treated sets.

Figure 10. Mechanistic aspect of antibacterial activities of 1−3 against Staphylococcus aureus, SA96 by determining DNA leakage after
administration of MIC and 1/2 MIC doses of 1 (A), 2 (B), and 3 (C), and 1% (v/v) DMSO as a control. The leakage of DNA as a measure of
absorbance at 260 nm was plotted against different time points (0−300 min). Error bars indicate the mean of three replicates with ± SD, where ns
= P > 0.05, * = P < 0.05, ** = P < 0.01, *** = P < 0.001, compared with the control.



All three complexes conserve their dimetallic identity in
solution as evidenced by molar conductance, UV−vis
spectroscopic, and mass spectrometric data and showed
potential antibacterial activities. Hence, we have compared
the antibacterial activities of 1−3 by rationalizing their MIC
values. The comparative assessment of their antibacterial
activities indicated that the overall order of their effectiveness
against Staphylococcus aureus, SA96 was recorded as follows: 2
> 3 > 1. The different activities of 1−3 are most possibly due
to the presence of the different exogenous benzoate groups
coordinated to Co(II) ions and different degree of distortion of
coordination geometries. Among the three exogenous bridging
benzoate groups, ortho-hydroxy benzoate is weakly acidic and
para-hydroxy benzoate is little-bit more acidic, whereas
unsubstituted benzoate is weakly basic in nature. Bacteria
frequently encounter difficulties to survive in weakly acidic
conditions.102 However, the antibacterial mode of action of
weakly acidic compounds is not fully understood. It is typically
agreed that the ability of weakly acidic compounds to inhibit
bacterial growth is linked to their lipid permeability.103 In 2
and 3, the presence of ortho-hydroxybenzoate and para-
hydroxybenzoate groups makes them weakly acidic, thereby
facilitating the inhibition of bacterial growth and increasing
their effectiveness in comparison to 1. Nevertheless, no
obvious benefits of bridging benzoate/substituted benzoate
moieties could be obtained at this stage. To better understand
the detailed mechanistic aspects underlying the antibacterial
activities of model cobalt complexes 1−3, further studies will
be necessary. When compared with literature reports, the MIC
values obtained for the complexes under current investigation
are comparable to the values of allied Co(II) complexes.104,105

Our results suggest that 1−3 are new additions to the
important family of high-spin Co(II)-based antibacterial
complexes.

CONCLUSIONS
In conclusion, this study represents the synthesis, crystal
structures, variable-temperature magnetic studies, and anti-
bacterial properties of a new family of μ-alkoxide-bridged high-
spin [CoII

2] complexes [Co2(cpdp)(μ-O2CC6H5)] (1),
[Co2(cpdp)(μ-o-O2CC6H4(OH))]·H2O (2), and [Co2(cpdp)-
(μ-p-O2CC6H4(OH))]·5H2O (3) based on a multidentate
ligand (H3cpdp), in combination with benzoate/ortho-
hydroxybenzoate/para-hydroxybenzoate groups. In compar-
ison to the μ-phenoxide-bridged dicobalt(II) complexes
reported in the literature, the μ-alkoxide-bridged dicobalt(II)
complexes are uncommon, and only a very limited number of
structurally and magnetically characterized μ-alkoxide-bridged
[CoII

2] complexes are investigated previously. The ancillary
benzoate, ortho-hydroxybenzoate, and para-hydroxybenzoate
scaffolds are successfully utilized as bridging ligands for
selective tuning of the ligand field strength around the
cobalt(II) ions. In all three complexes, the benzoate/ortho-
hydroxybenzoate/para-hydroxybenzoate group bridges two
cobalt centers in a μ:η1:η1-syn-syn bidentate mode. These
complexes can be isolated in the solid state, and they retain
their divalent oxidation states in solution for an extend period
of time. In each complex, cobalt centers exhibit distorted
trigonal bipyramidal geometry as confirmed by single-crystal X-
ray investigation and computational SHAPE analysis. The
sharp Co(II)−Obridging alkoxide−Co(II) angles of values
123.1(1), 124.9(1) and 123.14(7)° exhibited by 1, 2 and 3
indicate the flexibility of ligand cpdp3− to accommodate two

Co(II) ions in close proximity, with intermetallic Co···Co
separations of 3.4311(8), 3.454(1), and 3.4393(7) Å,
respectively. The cobalt(II) ions in 1−3 are in a high-spin
state over the temperature range of 2−300 K, showing
moderate antiferromagnetic interactions among the cobalt
centers. Elementary correlations of these complexes with some
other related dicobalt(II) systems for which data are accessible
suggest that the antiferromagnetic coupling, albeit moderate, is
dependent significantly on the Co(II)−Obridging alkoxide−Co(II)
angle than on the spatial Co···Co separations. The in vitro
antibacterial activities of the free ligand H3cpdp and its
cobalt(II) complexes were evaluated against Staphylococcus
aureus, SA96, indicating that the complexes exhibited improved
activities against the bacterial strain than the free ligand.
However, a comparative assessment of their antibacterial
activities revealed that 2 and 3 showed higher activity
compared to that of 1, with MIC values of 600, 300, and
400 μg/mL for 1, 2 and 3, respectively. Our investigation also
showed that the combinatorial application of complexes 1−3
with commercially available antibiotic, gentamicin can
efficiently kill the Staphylococcus aureus, SA96 strain rather
than its individual therapy.

EXPERIMENTAL SECTION
Reagents and Solvents. Coba lt(II) tetra fluorobora te hexahy-
drate, lithium hydroxide, 1,3-diamino-2-propanol, 2-carboxybenzalde-
hyde, and 2-picolylchloride hydrochloride were purchased from
Sigma-Aldrich, Germany. The other reagents such as NaOH, NaBH4,
C6H5CO2Na, o-C6H4(OH)CO2Na and p-C6H4(OH)CO2Na, agar
powder, and glycerol were purchased from Merck, India. Luria-
Bertani (LB) broth was purchased from Himedia, USA. Mueller−
Hinton (MH) broth, crystal violet (CV), and gentamicin were
procured from SRL, India. All other chemicals and reagents were of
analytical grade and obtained from Sigma-Aldrich, Germany and
Himedia, USA. Water used in all the experiments executed in this
work was prepared using a Milli-Q water purification system
purchased from Millipore (Milford, MA, USA). All other materials
were of reagent grade obtained from commercial sources and used
without further purification. All other solvents used were of HPLC
grade.

Synthesis of N,N′-Bis[2-carboxybenzomethyl]-N,N′-bis[2-
pyridylmethyl]-1,3-diaminopropan-2-ol, H3cpdp. The synthesis
of ligand H3cpdp was accomplished following our reported
procedure.58 The identity and composition of the ligand were
authenticated by elemental analysis, FTIR, and NMR spectroscopy as
well as mass spectrometry and thermogravimetric analysis. Yield:
4.018 g (77%).

Synthesis of [Co2(cpdp)(μ-O2CC6H5)] (1). Co(BF4)2·6H2O
(0.313 g, 0.92 mmol) in MeOH (10 mL) was added drop wise to
a stirred mixture in MeOH (10 mL) containing H3cpdp (0.511 g, 0.46
mmol) and NaOH (0.055 g, 1.38 mmol). The mixture was stirred for
15 min resulting in a pink solution. Afterward, C6H5CO2Na (0.066 g,
0.46 mmol) in MeOH (2 mL) was slowly added to this solution, and
the stirring was maintained for another 1 h. Then, the solution was
filtered. The X-ray diffraction quality pink single crystals were
obtained by diffusing diethyl ether into the clear filtrate after ∼7 days.
Then, the product was filtered, washed with water, and dried under
vacuum over anhydrous P2O5 in a desiccator. Yield: 0.272 g (75%).
Anal. Calcd. for C38H34N4O7Co2: C, 58.77%; H, 4.41%; N, 7.21%;
Co, 15.18%. Found: C, 58.59%; H, 4.28%; N, 7.33%; Co, 15.34%.
Molar conductance, ΛM (MeOH) = 29 Ω−1 cm2 mol−1. FTIR (cm−1):
ν = 3420(b), 3068(b), 1605(s), 1550(s), 1484(s), 1440(s), 1406(s),
1295(s), 1155(s), 1119(s), 1104(s), 1028(s), 983(s), 938(s), 888(s),
864(s), 811(s), 761(s), 717(s), 683(s), 581(s), 554(s). UV−vis
(MeOH): λmax,nm (ε, M−1 cm−1) = 560 (146), 523 (128), 486 (114),
265 (13108), 225 (46368). Mass spectrum (ESI): m/z 799 (M+ =



{[Co2(cpdp)(μ-O2CC6H5)] + Na}+), 783 (M+ = {[Co2(cpdp)]·
4CH3OH}+), 655 (M+ = {[Co2(cpdp)]}+).

Synthesis of [Co2(cpdp)(μ-o-O2CC6H4(OH))]·H2O (2). This
compound was synthesized by employing the above procedure
using H3cpdp (0.511 g, 0.46 mmol), Co(BF4)2·6H2O (0.313 g, 0.92
mmol), NaOH (0.055 g, 1.38 mmol), and o-C6H4(OH)CO2Na
(0.074 g, 0.46 mmol). X-ray diffraction quality pink single crystals
were obtained by diffusing diethyl ether into the clear filtrate after ∼5
days. Finally, the product was filtered, washed with water, and dried
under vacuum over anhydrous P2O5 in a desiccator. Yield: 0.310 g
(82%). Anal. Calcd. for C38H36N4O9Co2: C, 56.31%; H, 4.48%; N,
6.91%; Co, 14.54%. Found: C, 56.49%; H, 4.34%; N, 6.84%; Co,
14.69%. Molar conductance, ΛM (MeOH) = 21 Ω−1 cm2 mol−1. FTIR
(cm−1): ν = 3416(b), 1609(s), 1557(s), 1467(s), 1385(s), 1352(s),
1245(s), 1152(s), 1104(s), 1032(s), 985(s), 864(s), 811(s), 760(s),
688(s), 580(s). UV−vis (MeOH): λmax,nm (ε, M−1 cm−1) = 557
(106), 527 (100), 483 (90), 264 (13800), 233 (35280). Mass
spectrum (ESI): m/z 815 (M+ = {[Co2(cpdp)(μ-o-O2CC6H4(OH))
+ Na}+), 767 (M+ = {[Co2(cpdp)]·4H2O + OH + Na}+), 655 (M+ =
{[Co2(cpdp)]}+).

Synthesis of [Co2(cpdp)(μ-p-O2CC6H4(OH))]·5H2O (3). This
compound was synthesized by employing the above procedure using
H3cpdp (0.511 g, 0.46 mmol), Co(BF4)2·6H2O (0.313 g, 0.92 mmol),
NaOH (0.055 g, 1.38 mmol) and p-C6H4(OH)CO2Na (0.074 g, 0.46
mmol). X-ray diffraction quality pink single crystals were obtained by
diffusing diethyl ether into the clear filtrate after ∼7 days. Finally, the
product was filtered, washed with water, and dried under vacuum over
anhydrous P2O5 in a desiccator. Yield: 0.349 g (85%). Anal. Calcd. for
C38H44N4O13Co2: C, 51.71%; H, 5.02%; N, 6.35%; Co, 13.35%.
Found: C, 51.66%; H, 5.12%; N, 6.27%; Co, 13.47%. Molar
conductance, ΛM (MeOH) = 19 Ω−1 cm2 mol−1. FTIR (cm−1): ν =
3397(b), 1608(s), 1541(s), 1481(s), 1445(s), 1408(s), 1318(s),
1283(s), 1242(s), 1155(s), 1101(s), 1036(s), 927(s), 855(s), 763(s),
688(s), 618(s), 548(s), 504(s). UV−vis (MeOH): λmax,nm (ε, M−1

cm−1) = 561 (202), 522 (175), 482 (114), 255 (27534), 213
(34015). Mass spectrum (ESI): m/z 815 (M+ = {[Co2(cpdp)(μ-p-
O2CC6H4(OH)) + Na}+), 655 (M+ = {[Co2(cpdp)]}+).

General Instrumental Methods. Microanalyses (C,H,N) were
done by a PerkinElmer 2400 CHNS/O Series II elemental analyzer.
The % of Cl− and Br− contents in the ligand H3cpdp were obtained
by potentiometric titration using AgNO3 in aqueous solution with a
Mettler Toledo Seven Compact S220 digital Ion/pH meter. The % of
cobalt contents in complexes 1−3 were analyzed by the
complexometric titration method using Na2H2EDTA, in aqueous
solution, after digesting their crystalline powder samples in conc.
HCl/HNO3 mixture. The NMR spectra were recorded on a Bruker
AC 400 NMR spectrophotometer. Fourier Transform infrared spectra
were acquired by using KBr pellets on a PerkinElmer L120-000A
spectrophotometer. The electronic spectra were measured at room
temperature on a Shimadzu UV 1800 spectrophotometer. Mass
spectra of cobalt complexes were obtained on a Micromass Q-Tof
Micro (Waters) mass spectrometer. Powder X-ray diffraction patterns
of 1−3 were obtained on a Rigaku (Mini Flex II) table-top X-ray
diffractometer (Cu Kα = 1.54059 Å) with Bragg angular range, i.e., 2θ
(5° < 2θ < 50°) using a silicon wafer sample holder at room
temperature. The magnetic susceptibility data of 1−3 were collected
on a MPMS-XL 5 T superconducting quantum interference device
(SQUID) from Quantum Design using crystalline powder samples in
the temperature range of 2−300 K under an external magnetic field of
0.1T. The powder samples were incorporated into the capsule with
straw as the sample holder. Experimental susceptibility data were
corrected for the underlying diamagnetism using Pascal’s constant.106

The temperature-dependent magnetic contribution of the holder was
determined experimentally and subtracted from the measured
susceptibility data. Spin Hamiltonian simulations of the data were
achieved by applying the program PHI.95 TGA was carried out by
employing a NETZSCH STA 449F3 thermal analyzer. SHAPE
analysis of the Co(II) coordination sphere in 1−3 was performed by
using SHAPE software.107 The value of Continuous Shape Measure
(CShM) effectively indicates the best possible geometry.

Single-Crystal X-ray Structure Determination of 1−3. X-ray
diffraction intensity data for 1 and 2 were collected on a Bruker
SMART CCD diffractometer using a graphite-monochromated Mo
Kα radiation (λ = 0.71073 Å), and for 3, those were collected on a
SuperNova, Dual, Cu at zero CCD diffractometer (λ = 1.54184 Å),
both with a microfocus source and focusing multilayer mirror optics.
Using the SAINT108 package and SADABS109 program, the
processing of the crystallographic data and their absorption
corrections were accomplished, respectively. All three structures
were solved by direct methods using the program SIR-97110 and
refined anisotropically by full-matrix least-squares on F2 with
SHELXL,111,112 including the OLEX2 program.113 The difference
Fourier map was used to position the hydrogen atoms. Consequently,
the hydrogen atoms were located at calculated positions (C−H, 0.96
Å) and included in the structure calculation without further
refinement of the parameters. The hydroxyl hydrogen atoms were
located precisely.

Bacterial Strain and Culture Conditions. The gram-positive
bacterial strain Staphylococcus aureus, SA96 was obtained from
Microbial Type Culture Collection and Gene Bank (MTCC) and
used in this study. The stock culture was grown for ∼18 h and then
preserved in Luria−Bertani (LB) broth containing 20% (v/v) glycerol
at −80 °C. Afterward, the frozen culture was revived from −80 °C by
plating on an LB agar plate. Before carrying out each experiment, a
single pure colony was inoculated into freshly prepared LB broth and
incubated overnight at 37 °C under stirring conditions (200 rpm).

Study of Antibacterial Activity of Complexes 1−3:
Determination of MICs. The MIC values of complexes 1−3 were
established against Staphylococcus aureus, SA96 by employing
microdilution technique of standard laboratory guidelines provided
by Clinical and Laboratory Standards Institute (CLSI).114 Actually,
∼5 × 105 CFU/mL cells were made from 18 h grown culture by using
0.5 McFarland standard solution and inoculated into 200 μL of
Mueller Hinton (MH) broth with varying concentrations of 1−3
ranging from 100 to 1000 μg/mL in a sterile 96-well microtiter plate.
A vehicle control (positive control) set was made with 1% DMSO (v/
v) and the same volume of bacterial inoculum in the media in the
absence of any cobalt complex. The sample plates were incubated at
37 °C for 24 h. The % of growth responses were measured by
assessing the absorbance (OD) value at 595 nm in a microplate
absorbance reader (iMark Microplate Absorbance Reader, Bio-Rad
Laboratories). The MIC values were determined as the minimum
concentrations of the model complexes that inhibited the bacterial
growth after specified time and temperature.

Effect of Complexes 1−3 on the Bacterial Growth by Crystal
Violet Staining. Antibacterial activities of 1−3 on Staphylococcus
aureus, SA96 were visually examined by microscopic assay. Briefly, 107

CFU/mL bacterial cells taken from 18 h grown culture, were
inoculated with MICs and 1/2 MICs of each of the cobalt(II)
complexes in freshly prepared LB medium into 35 mm Petri dishes
containing sterile glass cover slips. The control sets were prepared
with 1% DMSO (v/v) and same amount of bacterial inoculum in the
media in the absence of any cobalt(II) complex. They were incubated
at 37 °C for 24 h. Then, the spent media were carefully discarded, and
the samples were washed properly with sterile 1× PBS to remove the
unbound cells. Subsequently, the samples were fixed with absolute
methanol for 15 min and dried at room temperature. Then, a solution
of crystal violet (2%) was used to stain the samples for 2 min and
washed the excess stain with 1× PBS. Thereafter, 0.33% iodine
solution was used for 1 min which serves as a mordant. The samples
were rinsed with absolute ethanol until the violet color disappeared,
followed by mounting the cover slips with glycerol on the cleaned
glass slides. The slides were then observed under a light microscope
with 40× magnification.

Effect of Complexes 1−3 on the Bacterial Cell Membrane
by Assessing the Cellular Leakage. The mechanistic aspect of
antibacterial activities of complexes 1−3 against Staphylococcus aureus,
SA96 was studied by measuring the released cellular components,
such as DNA. The underlying principle behind carrying out this
particular experiment is that, if the bacterial cell membrane is



damaged by the model complexes, the release of DNA takes place
from the bacterial cells through the membrane leakage. Consequently,
we can measure the absorbance at 260 nm to determine the amount
of DNA released from the cells. This experiment was performed
following the previously reported method with slight modification.100

Briefly, 107 CFU/mL bacterial cells were inoculated with fresh LB
media containing MICs and 1/2 MICs of 1−3 and incubated at 37 °C
under stirring conditions. Control sets were also prepared using the
same proportion of bacterial inoculum and 1% (v/v) DMSO. Then, in
every 1 h interval, 1 mL of sample solution from each set was taken
out for 5 h, followed by centrifugation (REMI, CPR-30 PLUS) at
10,000 rpm at 4 °C. After that, the absorbance values of the
supernatants were measured at 260 nm employing a Shimadzu UV
1800 spectrophotometer to determine the amount of DNA that was
released from each sample at different times.

Study of Combinatorial Effect of Complexes 1−3 with
Gentamicin against Staphylococcus aureus, SA96. The
combinatorial activity of complexes 1−3 with commercially available
antibiotic, gentamicin was assessed against Staphylococcus aureus,
SA96. In order to perform this experiment, the MIC of gentamicin
against this bacterial strain was determined, and 1/2 and 1/4 of MICs
were calculated. Then, 5 × 105 CFU/mL cells were seeded into 200
μL MH broth in sterile 96-well microtiter plate consisting of 1/2 and
1/4 MICs of 1−3 and gentamicin individually, as well as in the
combination strategy. Control sets were prepared with the same
proportion of bacterial inoculum containing only 1% (v/v) DMSO
instead of any model cobalt complex. Thereafter, the plate was
incubated overnight at 37 °C, followed by measurement of
absorbance values at 595 nm in a microplate absorbance reader
(iMark Microplate Absorbance Reader, Bio-Rad Laboratories).

Statistical Analysis. All the experiments were run in triplicates,
including the respective control sets. The presentation of all data was
made as the mean ± standard deviation (SD). Analysis of statistical
significance between control sets and complex-treated sets was done
by performing one way analysis of variance (ANOVA), followed by
Dunnett test by utilizing GraphPad Prism software (version 9.0;
GraphPad Software, Inc., USA). P-values <0.05 were regarded as
statistically significant.
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Dvorá̌k, Z.; Travnícěk, Z.; Mikuriya, M.; Louka, F. R.; Mautner, F. A.;
Massoud, S. S. Cobalt (II) and Copper (II) Covalently and
Noncovalently Dichlorido-Bridged Complexes of an Unsymmetrical
Tripodal Pyrazolyl-Pyridyl Amine Ligand: Structures, Magnetism and
Cytotoxicity. Inorg. Chim. Acta 2016, 451, 102−110. (f) Labisbal, E.;
Rodríguez, L.; Souto, O.; Sousa-Pedrares, A.; García-Vázquez, J. A.;
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