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Abstract The synthesis of a potentially bioactive mixed-
valence Co™/Co" complex with 2-acetylpyridine S-
methylisothiosemicarbazone (HL) ligand is described. The
crystal and molecular structure of the formed [ComLz]
[Co"Cl3py]-Me,CO (I) compound (py stands for pyridine)
is determined by single-crystal X-ray crystallography. It’s
thermal decomposition along with the decomposition of the
ligand and six structurally related complexes with formulas
[CoL,]NO3;-MeOH (1), [CoL,]Br-MeOH (2), [CoL,]
HSO4MeOH (3), [CoL,],[Co"(NCS)s] (4), [Co(HL)
(L)]I,-2MeOH (5), and [Co(HL)(L)][Co"Cl,]-MeOH (6)
was determined by simultaneous TG/DSC measurements.
The decomposition pattern is evaluated using TG/DTA-MS
data. The results were related to the solvent/moisture
content and the decomposition mechanism of the com-
pounds. The antimicrobial activity of the ligand and of all
the complexes was tested in vitro for selected gram-nega-
tive and gram-positive bacteria and fungi. The activity of
the ligand against all tested bacteria is comparable with
those obtained for standard antibiotics, while it is less
active against fungi. Surprisingly, the activity of the com-
plexes is very low. The low antimicrobial activity of the
complexes may be in connection with their high thermo-
dynamic and kinetic inertness in solution. The results are
also supported by the relatively high thermal stability of the
complexes.
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Introduction

A high-frequency occurrence of drug-resistant microbial
strains [1, 2] implies intensive research for new antimi-
crobial agents. One of the possibilities to enhance the
pharmacological potency of already used drugs is their
complexation with metals [3, 4]. Complex formation alone
often results in increased biological activity [5] in the
obtained compounds. The metal ion coordinated within the
active site can block the enzymatic activity, thus inhibiting
interactions with the biological substrates [6, 7]. Studying
the chelating preferences of pharmacophores is one of the
tools used in effective drug design.

Thermal analysis is one of the most frequently used
techniques in pharmaceutical industry applied from testing
of new compounds with potential biological activity,
crystal morphology studies [8, 9], and assessment of pos-
sible incompatibility between the active component and
different excipients [10, 11], to quality control of final
products [12, 13].

Transition metal complexes with Schiff base ligands are
known for their pronounced bioactivity [14—16]. On coor-
dination with metal ions some macrocyclic Schiff bases
showed a considerable enhancement in antifungal activity
against selected fungal strains [17]. Complex formation of
Co" with 3-salicylidene-hydrazono-2-indolinone increased
the antimicrobial and anti-inflammatory effect of the ligand
[18]. It was also found that heterometallic systems show
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synergistic effect of the two metals [19, 20] concerning the
cytotoxicity. As in principle both Co™ and Co™ complexes
exhibit antimicrobial activity [21-23]; one of the aims of
the study was to see how the oxidation state of the central
ion affects the antimicrobial activity of the compounds.

In our previous paper we described the synthesis and
crystal structure of six potentially bioactive cobalt(IIl)
complexes with 2-acetylpyridine S-methylisothiosemi-
carbazone (HL) of formulas [CoL,]NO;-MeOH (1),
[CoL,]Br-MeOH (2), [CoL,]HSO4MeOH (3), [CoL,],
[Co"(NCS);] (4), [Co(HL)L)]I,2MeOH (5), and
[Co(HL)(L)][Co"Cl4]-MeOH (6), as well as of HL [24]. In
this paper we report the synthesis and structure of the new
[CoLz][CoHC13py]-Me2CO (I) compound (py stands for
pyridine) with its antimicrobial activity against selected
microbial strains along with antimicrobial activity of the
former complexes. As the thermal stability may be crucial
to assessing applicability of new compounds, the thermal
behavior of the ligand and the complexes is discussed in
detail.

Experimental

Synthesis  of [Co™L,][Co"Clspy]-Me,CO (I): HL
(104 mg; 0.5 mmol) was dissolved in Me,CO (10 cm3)
and to the pale-yellow solution pyridine (1 cm?®;
1.33 mmol) was added, which was then mixed with solu-
tion of CoCl,-6H,0 (238 mg; 1 mmol) in Me,CO (5 cm3).
The reaction mixture was left to evaporate slowly at room
temperature for 3 days. The formed dark-green single
crystals were filtered off. Yield: 170 mg.

The synthesis of the ligand and the compounds 1-6 is
described elsewhere [24].

Thermal data were collected using TA Instruments SDT-
Q600 TGA/DSC equipment at 10 °C min~" heating rate in
N, atmosphere (sample mass: ~3 mg), while TG/DTA-MS
data were collected using TA Instruments SDT 2960
DTA/TGA online coupled with Balzers Instruments Ther-
moStar GSD 300T quadrupole mass spectrometer also at
10 °C min~" heating rate and in N, atmosphere (flow rate
130 cm?® min—Y). Selected ions between m/z = 1-129 were
monitored through 64 channels in Multiple Ion Detection
Mode (MID) with a measuring time of 0.5 s per channel.

Diffraction data for complex I were collected on a Gemini S
K-geometry diffractometer (Agilent Technologies). A single
crystal of the complex I was selected, glued on glass fiber,
and mounted on the goniometer. Sealed tube with Mo-anode
was used as a source of X-radiation, which was monochro-
matized by a graphite crystal (Mo Ko, 4 = 0.71073 A).
Diffraction pattern obtained by w scan method was recorded
with Sapphire3 CCD area detector. Data collection, reduc-
tion, absorption correction (multi-scan), and cell refinement
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were performed with the CrysALIsPRO [25]. Structure was
solved by direct method implemented in siR92 [26].
The model was refined with the sHELXxL-2013 program [27]
using the least squares minimization. SHELXLE [28] was used
as graphical user interface for refinement data manipulation.
H atoms bonded to C atoms were placed at calculated posi-
tions and refined using riding model, while H atoms attached
to N atoms were located in a difference Fourier map and
refined with their Ui, set as 1.2 Ugq of their parent atoms.
Acetone molecule was refined with appropriate distance
and ADP restraints. Structural data were validated and ana-
lyzed with pLaToN [29]. The figure was produced using
ORTEP-3 [30].

Crystal data C26H33C13C02N9082, M = 77594, mono-
clinic, P2,/c, a = 13.0073(3) A, b = 15.2840(4) A, ¢ =
18.0055(4) A, B = 107.452(2)°, V = 3414.8(2) A>, Z = 4,
17830 reflections measured, 7826 unique (R;, = 0.031)
which were used in all calculations. The final wR, was 0.139
(all data) and R, was 0.059 (I > 2o(l)). Crystallographic
data reported for the complex (I) have been deposited with
CCDC, No. CCDC 931361. Copies of the data can be
obtained free of charge via www.ccdc.cam.ac.uk.

The in vitro antimicrobial activity was tested for Gram-
negative bacterium Escherichia coli ATCC 25922 (E.C.),
Gram-positive bacteria Staphylococcus aureus ATCC 25923
(S.A.), Bacillus subtilis ATCC 6633 (B.S.), Bacillus cereus
ATCC 14579 (B.C.), and Micrococcus lysodeikticus ATCC
4698 (M.L.), respectively, and for fungi yeast Candida
albicans ATCC 24433 (C.A.), and mold Aspergillus niger
ATCC 12066 (A.N.). The bacteria were cultivated on LAB 8
nutrient agar and fungi on LAB 37 malt extract agar. Bacteria
were thermostated at 37 °C for 24 h and fungi at 28 °C for
48 h. All assays were performed by the method of diffusion
in agar [31, 32]. Stock solutions of each compound
(c =4 mg cm_3) in a solvent mixture of DMSO:H,0 =
1:9 were double diluted with distilled water to concentration
of 2 ug cm™>. For the minimum inhibitory concentrations
(MIC) determination 0.1 cm?® of solutions were introduced in
¢10 mm holes in inoculated agar plates. Inoculation was
performed by mixing 0.50 cm® of the test microorganism
suspension in sterile physiological solution with 10 cm® of
molten medium cooled down to 50 °C. After corresponding
incubation the diameters of the obtained zones were
measured.

Results and discussion

By complex formation HL stabilizes cobalt(IIT). Therefore,
when choosing the reacting components we have taken into
account that anions ClI- and NCS™ have coordination
preferences toward Co™ and by this way they may favor the
formation of complex anions with Co™. So, in reaction of
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CoCl, and Co(NCS), with HL. compounds with complex
anions [C0X4]27, X = Cl", NCS™ (4 and 6, respectively)
were obtained [24]. However, the complex cations in
compounds 4 and 6 are different. In 4 both ligand mole-
cules coordinate to Co™ in deprotonated form giving
[ColIng]z[COII(NCS)4]. In 6 only one of the HL is
deprotonated as in reaction of Col, and HL. The formation
of [Co™(HL)(L)]*" instead of [Co™L,]" may be explained
by the dominance of soft-hard interactions between the
cations and anions over steric factors. In synthesis of
I beside Co™ chloride and the ligand, py as additional
ligand was added. Due to its high basicity the deprotona-
tion of the second ligand also occurs. So, instead of
[Co™(HL)(L)]*" cation [Co™L,]" is formed that crystal-
lizes with [Co“pyC13]_ anion in form of [Co™L,][Co™
pyCl3]-Me,CO (I). By this way we prepared two series of
compounds. Complexes 1-3 and 5 contain Co™ only, while
in complexes 4, 6, and I cobalt appears in both Co™ and
Co" oxidation states.

Crystal and molecular structure of I

The molecular structure of I is presented in Fig. 1 while
selected bond distances and angles for the complex are
given in Table 1. The asymmetric unit of the unit cell
contains complex cation [Co™L,] ™, complex anion
[Co"Cl3py] ™, and crystalline acetone molecule.

Molecular structure of the complex cation is similar to
those in compounds 1-3 as Co(IIl) is situated in a slightly
deformed octahedral environment formed by six meridio-
nally arranged nitrogen atoms from the two ligand mole-
cules. The NNN tridentate coordination mode of the
ligands via the pyridine, azomethine, and isothioamide
nitrogen atoms, each forming two five-membered

Fig. 1 Molecular structure of I with atom-numbering scheme for
selected atoms. Displacement ellipsoids are drawn at the 50 %
probability level
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Table 1 Selected bond lengths and valence angles for I
Bond Distance/A Bonds Angle/°
Col-N1 1.900(3) N1-Col-N4 163.9 (1)
Col-N1A 1.916(3) N1A-Col-N4A 164.0 (1)
Col-N3 1.868(3) N3-Col-N3A 178.2 (1)
Col-N3A4 1.869(3) N1-Col-N3 81.2 (1)
Col-N4 1.944(3) N1A-Col-N3A 81.1 (1)
Col-N4A 1.937(3) N3-Col-N4 82.9 (1)
Co2-ClI 2.231(1) N3A-Col-N4A 82.8 (1)
Co2-CI2 2.248(2) Cl1-Co2-CI2 115.85 (5)
Co2-CI3 2.259(1) Cl1-Co2-CI3 113.52 (6)
Co2-N5 2.055(3) C12-Co2-CI3 111.28 (7)
N1-C1 1.306(4) Cl1-Co2-N5 104.7 (1)
N1A-C1A 1.300(4) C12-Co2-N5 106.0 (1)
CI-N2 1.349(4) CI3-Co02-N5 104.2 (1)
CIA-N2A 1.351(5)
N2-N3 1.362(3)
N2A-N3A 1.357(4)
N3-C3 1.299(4)
N3A-C3A 1.300(4)

metallocycles, is expected and similar to that found in 1-6
[24]. Cobalt-ligator distances are in the range 1.868(3)—
1.944(3) A, where pyridine nitrogen atoms form the lon-
gest bonds, and the azomethine nitrogens the shortest ones,
same as in compounds 1-6 [24]. Both ligand molecules are
highly planar, in accordance with the conjugated system of
double bonds in its backbone. HL coordinates in its imido
form due to hydrogen migration from isothioamide nitro-
gen atom to hydrazine nitrogen atom, followed by its dis-
sociation. The coordination and deprotonation of HL leads
to structural changes comparable to those found for pre-
viously reported Co(IIl) and Cu(Il) complexes [24, 33],
i.e., to shortening of N1-C1 and N1A-ClA bonds and
elongation of C1-N2 and C1A-N2A, compared to those
found in the free ligand [24].

Molecular structure of the complex anion [Co"Clzpy] ™ is
distorted tetrahedral, in agreement with the affinity of Co(I)
for tetrahedral coordination geometry. The Co(I)—chloride
distances are similar in length [2.231(1)-2.259(1) A], the
Co2-N5 distance is shorter [2.055(3) A] and as such are
within expected values [34]. Angles Cl-Co2—Cl are signifi-
cantly higher [111.28(7)-115.85(5)°] than Cl-Co2-N5
angles [104.2(1)-106.0(1)°], which is in line with stronger
repulsion between negatively charged chlorido ligands.
Geometrical parameters of [Co"'Clypy]™ are comparable to
those found in [Co™(L")py;][Co"Clypy] (H,L” = salicyl-
aldehyde semicarbazone) [35] and [Com(L’ )py3][C0II
Clpy]-EtOH (H,L' = salicylaldehyde S-methylisothiose-
micarbazone) [36].
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Fig. 2 TG, DTG, and DSC curves for compound I

Besides ionic interaction, association of the molecules in
the solid state is determined by the presence of two hydro-
gen bonds. Namely, hydrogen bond N1A—H1A---N2' [sym-
metry code: (i) —x, —y, —z+1] connects cations in
centrosymmetric dimers, a motif also characteristic for
compounds 1-6. Acetone molecule is bonded to the com-
plex cation via N1-H1--O1" [symmetry code (ii) —x,
—Y+4y, —z+'2] hydrogen bond of a moderate strength.
Geometrical parameters of these secondary interactions are:
d(N1A--N2') = 3.118(4) A, Z(N1A-H1A---N2') = 164(4)°;
d(N1---01%) = 3.145(6) A, Z(N1-H1---01") = 147(3)°.

Thermal analysis

The ligand melts at 89.1 °C onset. The melt is stable to
170 °C onset and in the temperature range of 200-350 °C
90 % of HL decomposes by slightly exothermic reactions.
In nitrogen at 700 °C about 4 % tar residue is left.

As all the complexes except 4 are solvates the decom-
position starts with solvent evaporation. TG curves reveal a
steady solvent evaporation beginning at room temperature
up to decomposition onset temperature of the complex. The
mass loss found in 1, 3, and 5—6 is less than the half of the
calculated MeOH content. Even in freshly prepared sam-
ples the amount of MeOH is somewhat less than the cal-
culated one.

On the contrary, compound I is stable to 150 °C which
seems too high temperature for acetone evaporation (boiling
point: 56.1 °C or 329.3 + 0.3 K [37]; Am — exp: 7.7 %,
calcd: 7.49 %) but is not without exception [38]. After ace-
tone removal, [CoIHLz][CoHChpy] is stable to around
200 °C and in the next decomposition step it loses pyridine
(exp: 10.3 %, calcd: 10.19 %). The formed Coy"™L,Cl5 (IT)
is also stable to ~300 °C. Its decomposition continues with
HCI departure (exp: 5.5 %, calcd: 5.18 %) determined by
precipitation reaction between Agt and CI~ when of the
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evolved gases bubble through an acidic solution of AgNOs.
The thermal curves of compound I are presented in Fig. 2."

The decomposition of the desolvated complexes contain-
ing cobalt(IIl) only (1-3 and 5) starts at 173 °C onsetin §, and
have a stability order of 5 <2 <1 <3 (166 < 191 < 245
< 261 °C). The thermal stability of compounds with both Co™
and Co™ is in the same temperature range and increases in
order of 4 <1 < 6 (186 < 217 < 249 °C). The mechanism
of the decomposition for compounds 1 — 6 is presented by the
corresponding DTG curves in Fig. 3.

Mechanism of decomposition

To elucidate the mechanism of decomposition, evolved gas
analysis (EGA) of the decomposition was performed by
coupled TG/MS measurements.

The decomposition of the ligand (HL, presented in
Scheme 1) at the highest decomposition rate is accompa-
nied by evolution of the fragments with m/z values of 47,
48, and 79 (see data in Table 2) belonging to species of
CH5S*, CH;SH™, and CsHsN™ (py), respectively. The
origin of the fragment with m/z = 64 appearing below
300 °C in all the complexes, too, is questionable. In prin-
ciple, it could belong either to CH3CH,CI, to SO, or S,
formation. As neither Cl nor O atoms are present in HL or
in all the samples and the decomposition is monitored in
the inert atmosphere of N,, the peak may be the result of S,
formation as was found in compounds containing sulfur
[39-41]. This supposition is supported by the fact that the
decomposition is endothermic in the measured range
except for 1 containing nitrate ion, where the decomposi-
tion is exothermic in the range of 250-300 °C and is
accompanied by water evolution (m/z = 18) and in I by
exothermic reactions above 350 °C (see Fig. 2). The

! The freshly prepared I contains about 1 % of adsorbed acetone that
during storage completely evaporates.



Thiosemicarbazide-type ligand and its cobalt complexes

659

Fig. 3 DTG curves for 40
compounds 1-6
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Scheme 1 Structure of the Me
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S-methylisothiosemicarbazone |

relative intensity of the peaks characteristic for thermal
decomposition of HL, CH3S*: CH;SH™: S,*: CsHsN™ are
100:61:10:6, respectively.

DTG curve with EGA-MS scan for I are presented in
Fig. 4. Selected m/z values for evolved fragments are
presented in Table 2 along with the corresponding data for
complexes 1, 2, and 4-6. As can be seen, the reaction route
for I, proposed on the basis of simple qualitative analysis,
is fully supported by TG-MS data.

The most intensive peaks present in all tested samples
belong to m/z values of 48 and 79. The peaks appear
simultaneously in the temperature range with the highest
decomposition rate and are due to ligand fragmentation. In
accordance with the structure of the ligand (see Scheme 1),

Table 2 Selected characteristic m/z data for evolved fragments with
the corresponding relative intensities

m/z  Fragment  Relative peak intensity

HL 1 2 4 5 6 I

47 CH,;S* 100  Signal of low intensity, not followed
48 CH;SH* 61 67 100 63 95 100 85

64 ST 10 22 10 30 11 23 21
79  CsHsNT 6 100 18 100 12 42 100
35  Cf - - - - - 46 5
59  HNCS™ - - - 14 - - -
80  H"Br" - - 5 - - - -
81 Brt - - 3 - - - -
127 1IF - - - - 100 - -
128 HI" - - - - 73 - -
31  CH;0" - - 15 - 9 21 -
58  C,H,COT - - - - - - 32
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Fig. 4 DTG and simultaneous EGA-MS curves of representative
ions formed during the thermal decomposition of I measured at a
10 °C min~' heating rate in N, atmosphere

they correspond to evolution of CH3SH and CsHsN (py). In
addition, peak with m/z = 64, assigned to S, evolution in
HL decomposition, appears in the decomposition of all
complexes, too.

Other characteristic signals correspond to halide
(mlzcy = 35, mizgcy = 36, mizgp, = 80, mizg, = 81,
mizy = 127, m/zy; = 128) or pseudohalide (m/zyncs = 59)
species. The decomposition of bromide compound, 2, starts
at 191 °C with methyl mercaptan and bromine formation,
followed immediately by departure of py and S,. The signal
for Br" is superposed on CsHsN™ signal so it is not
characteristic for bromine only. The shapes and the current
intensities for H’”Br" and ®'Br" are about the same and
reasonably significantly less than the intensity of m/z = 79.
Compound containing iodide, 5, decomposes at somewhat
lower temperature (166 °C) with simultaneous I and HI
evolution with approximately identical signal intensities.
The fragmentation of the ligand occurs at around 100 °C
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higher peak temperatures. The relatively slow decomposi-
tion of 4 with NCS group also starts with HNCS departure
at 186 °C along with ligand fragmentation.

The desolvated 6 and I compounds with complex anions
[C0C14]2_ and [CoClspy]” are more stable (249 and
217 °C, respectively) compared to 2, 4, and 5. Chlorine and
HCI evolution start simultaneously with ligand fragmen-
tation in both complexes. The intensity of CI signal is
significantly higher than that for HCL.

In 1 no signal characteristic for nitrate decomposition
was detected. The exothermic reactions in 250-300 °C
temperature range refer to oxidation of the fragments
caused by nitrate. In the same temperature range, and only
in complex 1, a relative intensive peak appears with
mlz = 18, characteristic for H,O, thus supporting the
proposition of S, formation instead of SO, evolution in 1.

The characteristic peaks for ligand decomposition
appear in all the complexes. However, the relative peak
intensities vary significantly (see data in Table 2), referring
to a remarkable influence of the crystal and molecular
structure on the strength of individual bonds even in
structurally very similar compounds, and, therefore, on
their thermal decomposition pattern.

Despite the crystal solvent content in all complexes
(except in 4) the solvent peak was detected with significant
intensity only in I, 2, and 6 as was found by TG. It is
noteworthy that in spite of the fact that crystal MeOH
evaporates partially at room temperature, the evaporation
peak temperatures for the rest of MeOH are in the range of
120-220 °C, which is significantly above the boiling point
of MeOH (64.6 °C, 337.8 4+ 0.3 K [37]). To check if the
compounds 1-6 are stable at room temperature, the sam-
ples were dried at 40 and 60 °C to a constant mass. Dry
compounds were also obtained by stepwise isothermal
measurements. However, during exposure to ambient air a
part of MeOH evaporates, and the compounds absorb
moisture instead, giving the same mass loss after drying by
repeated measurements. According to this observation, the
first mass loss in compounds 1-6 which were stored in air
for a while belongs to MeOH and/or moisture evaporation.
By TG-MS measurements, signal m/z = 18 for water
evolution was also found in all samples, but during the
flashing out of the furnace, the adsorbed water evaporates
at room temperature.

Antimicrobial activity

It is known that pyridine itself has a broad spectrum of
biological activity [42]; therefore, the intermediate after
pyridine evolution with composition of Co"M1,Cl; (ID)
was isolated and also tested for antimicrobial activity. The
results refer to a significantly higher activity of the organic
ligand HL against bacteria compared to the activity of the
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complexes. The activity of the ligand against bacteria is
comparable with those obtained for standard antibiotics
(MIC, pgecm™, E.C. >4, S. A. >2,B. S. > 4, B.C. > 4,
M.L. > 2) using some standard procedures for suscepti-
bility testing by disk diffusion method [43] or dilution
method in broth [44, 45]. The activity of HL against fungi
is moderate (MIC, pg cm_3, C.A. > 125, A.N. > 250).

Surprisingly, the complexes show low (3, MIC > 4,000;
6, I and II: MIC > 1,000) or negligible activity against all
strains, regardless of the oxidation state of Co(Il or III),
form of HL (protonated/deprotonated or both) and co-
ligands, as well as the type of the counter ion, the presence/
absence of crystal solvent, pH of the solution in DMSO,
etc. The results could be explained by high thermodynamic
and kinetic inertness of the complexes. Therefore, the lib-
eration of the free organic ligand, central metal ions, and
co-ligands is minimized. The high thermodynamic stability
of the complexes is in accordance with their relatively high
thermal stability (>170-250 °C).

Conclusions

The thermal behavior of seven potentially bioactive cobalt
complexes with 2-acetylpyridine S-methylisothiosemi-
carbazone (HL) ligand containing crystal MeOH or
Me,CO was investigated by simultaneous TG/DSC mea-
surements. The thermal data reveal that in 1-3 and 5-6
MeOH evaporates at room temperature and the samples
exposed to ambient air absorb moisture, but in the absence
of water vapor they are stable to above 150 °C when the
decomposition of the complex begins. Acetone solvate
(I) is surprisingly stable up to 150 °C. After the acetone
departure the evaporation of pyridine takes place with
217 °C onset. The intermediate (II) formed after pyridine
departure is stable to ~280 °C. In TG/MS spectra, the
relative intensity of the peaks, characteristic for the ligand
decomposition varies significantly in complexes, referring
thus to the high influence of the crystal and molecular
structure even in structurally similar compounds on their
thermal decomposition pattern.

The activity of HL against bacteria is comparable with
those obtained for standard antibiotics. Complexes 3, 6,
and I(II) showed moderate activity against selected
microbial strains, while the activity of the other complexes
is negligible. The surprisingly low biological activity of the
complexes might be explained by their high stability in
solution, also supported by their relatively high thermal
stability.
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