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Abstract: In this work, six complexes (2–7) of Cr(III) and Co(II) transition metals with triazole ligands
were synthesized and characterized. In addition, a new ligand, 3,5-bis(1,2,4-triazol-1-ylmethyl)toluene
(1), was synthesized and full characterized. The complexes were obtained as air-stable solids and
characterized by melting point, electrical conductivity, thermogravimetric analysis, and Raman,
infrared and ultraviolet/visible spectroscopy. The analyses and spectral data showed that complexes
3–7 had 1:1 (M:L) stoichiometries and octahedral geometries, while 2 had a 1:2 (M:L) ratio, which was
supported by DFT calculations. The complexes and their respective ligands were evaluated against
bacterial and fungal strains with clinical relevance. All the complexes showed higher antibacterial and
antifungal activities than the free ligands. The complexes were more active against fungi than against
bacteria. The activities of the chromium complexes against Candida tropicalis are of great interest,
as they showed minimum inhibitory concentration 50 (MIC50) values between 7.8 and 15.6 µg mL−1.
Complexes 5 and 6 showed little effect on Vero cells, indicating that they are not cytotoxic. These
results can provide an important platform for the design of new compounds with antibacterial and
antifungal activities.

Keywords: triazole ligands; cobalt(II) and chromium(III) complexes; antibacterial activity; antifungal
activity

1. Introduction

Bacteria and fungi, due to their high rate of development and adaptation, develop resistance
to currently used drugs for the treatment of infectious diseases, leading to global public health
problems [1–11]. Azole-derived compounds have been widely used for the treatment of fungal
diseases due to their properties including broad spectrum of action, chemical stability and oral
bioavailability. The mechanism of action of azoles against fungi is based on the inhibition of
ergosterol [12]. Compared to azole derivatives, triazole compounds exhibit higher antifungal activity
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and wider spectrum of action [13]. Azoles also show antibacterial activity, inhibiting the enoyl acyl
carrier protein reductase [14]. Furthermore, triazole complexes showed very good antimicrobial [15]
and antitumor [16] activities. The combination of metals and azoles is a promising strategy to develop
new efficient drugs, even against drug-resistant pathogens [17–22]. The development of these new
drugs is related to the complexation of azole derivatives with transition metals that have low toxicity
and are biocompatible [18,23,24]. Previous studies demonstrated that the resulting complexes may
have higher antimicrobial activity than the corresponding free azole ligands, and, in some cases,
exceeding that of standard test substances (nystatin) [25,26]. In this context, we previously studied the
antibacterial and antifungal activities of cobalt(II) and copper(II) complexes derived from benzotriazole,
which showed higher antimicrobial activities than the free ligands [24,27]. In line with our results,
Sumrra et al. recently reported that complexes derived from triazole had antibacterial and antifungal
activities higher than the corresponding ligands [28]. Two well-known theories have been presented to
explain the increase in the activity in the complexes with respect to the free ligands (the overtone’s
concept [17] and Tweedy’s chelation theory [29]). The coordination of triazoles to metal centers
could be an interesting approach for achieving antibacterial and antifungal activities with lower
concentrations of the complexes. In this work, we report the synthesis and characterization of new
chromium(III) and cobalt(II) complexes derived from triazole ligands and their antibacterial, antifungal
and cytotoxic activities.

2. Discussion

2.1. Synthesis and Characterization of Ligand (1)

Initially, we tried to prepare the ligand 3,5-bis(1,2,4-triazol-1-ylmethyl)toluene by the direct
reaction of 1,3-bis(bromomethyl)toluene with 1H-1,2,4-triazole and using THF and toluene
(not anhydrous) as solvents, we obtained a mixture of decomposition products observed by NMR,
which were not characterized. Later, the reaction was carried out in an inert atmosphere (nitrogen)
using standard Schlenk techniques and anhydrous toluene, which afforded 1 in low yield (5%).
Then, the ligand was prepared by a phase-transfer catalyzed reaction of 1,3-bis(bromomethyl)toluene
with 1H-1,2,4-triazole followed by thin-layer chromatography (Scheme 1).
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Scheme 1. Synthesis of the ligand (1).

The ligand was isolated as a white, air-stable solid in high yield. It was characterized by elemental
analysis, mass spectrometry, and 1H and 13C-NMR, FTIR, UV-Visible and Raman spectroscopy. The 1H
and 13C-NMR chemical shifts were assigned with the aid of DEPT 135 and HSQC experiments.
The 1H-NMR spectrum show the methylene groups (CH2) between the central aromatic ring and the
triazoles at 5.35 ppm, and the methyl group (CH3) of the toluene appears at 2.25 ppm. The three protons
of toluene ring were observed between 7.02 and 8.63 ppm. This assignment was confirmed by the
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integrals of the peaks (Figures S3–S6 in the Supplementary Materials). The solid-state FTIR spectrum
showed bands between 1346 and 1608 cm−1. The bands at 1504 and 1384 cm−1 were assigned to the
stretching of the C=C and C=N bonds, respectively [30] (Figure S14 in the Supplementary Materials).

2.2. Synthesis and Characterization of Metal Complexes

The key to the synthesis of these complexes was the choice of a suitable solvent in each reaction
(Figure 1). The reactions were carried out in acetone, which dissolved both the ligand and the starting
saltsbut did not solubilize the final complex. In all cases, almost immediate precipitation of the
complexes was observed, and the products were washed with acetone.
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Figure 1. Possible structures of the complexes under study.

In the case of chromium complexes 5–7, reactions similar to those used to obtain the cobalt
complexes were carried out. When the respective ligand was mixed with the chromium salt, 5–7
immediately precipitated. These complexes were isolated as green, non-hygroscopic, air-stable solids.

Electrical conductivity measurements were made for all the complexes and starting salts of each
metal using DMSO as the solvent. For the cobalt salt, a conductivity of 48.0 µS was obtained, and the
conductivity of the chromium salt was 40.2 µS. When comparing these values with those obtained for
the cobalt complexes, the conductivities of 2 (52.9 µS) and 3 (50.5 µS) were higher (Table 1).

Table 1. Electrical conductivity for 2–7 and starting salts.

Compound Conductivity (Ω−1 cm2 mol−1) Type of Electrolyte (In Solution)

CoCl2·6H2O 48.0 2:1
2 52.9 2:1
3 50.5 2:1
4 43.3 No electrolyte

CrCl3·6H2O 40.2 1:1
5 24.4 No electrolyte
6 30.3 1:1
7 27.4 No electrolyte

This result is probably due to the electron mobility in the π-conjugated systems of the ligands and
to the presence of ionic species.

On the other hand, 4 showed a lower conductivity than that of the free cobalt salt, which indicates
that this complex does not exist as electrolytes in solution [31]. The conductivity values observed for
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5–7 were lower than that obtained with the initial chromium salt, which may be associated with the
absence of ionic species. Although, it has been reported that showing conductivity values between
23 and 42 µS when dissolved in DMSO is characteristic of electrolyte complexes with 1:1 ratios [31].
Taking into account the conductivity results, complexes 2, 3 and 6 are probably electrolytes containing
chlorides as the counterions.

2.2.1. FTIR Spectroscopy

The obtained complexes were analyzed by infrared spectroscopy to observe the shifts of certain
bands relative to those of the free ligands following coordination to the metal center. (Table S1 in
the Supplementary Materials) summarizes the assignment of the important bands in the complexes
compared to those of the free ligands. Figure 2 shows the structure of 1H-1,2,4-triazolewith its
respective atom numbering to facilitate the discussion of the spectra.
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In the case of L1 and its complexes (2 and 5), a shift in the band associated with the stretching of
the bond (N-C) between a carbon and a nitrogen atom of the free 1,2,4-triazole was observed [32]; for L1,
the band was at 1138 cm−1, while for 2 and 5 this band is shift to lower wavenumbers (1128 cm−1 and
1123 cm−1, respectively).

Such results indicate greater rigidity in the chemical bonds in the all complexes confirming the
coordination of the metals to the N of the azole [27,33]. Bands are also observed at 3435 and 3429 cm−1

for 2 and 5, respectively (Figures S9 and S10 in Supplementary Materials), that correspond to the
stretches of the bond (O-H) in water molecules [34]. Due to the intensity and width of these bands,
it can be inferred that in 2, the H2O molecules are coordinated to the metal center, while for the
chromium complex (5), the band is associated with waters of hydration.

For L2 and its complexes (3 and 6), were observed three interesting bands that can give information
on how the ligand is coordinated to the metal center. First, a shift of the C-N band of the triazole was
observed [32]; in the free ligand it appears at 1141 cm−1, while for 3 and 6 it appears at 1125 cm−1.
Additionally, a second band that appears in the spectrum of the free ligand at 1273 cm−1 and was
assigned to the N-N bond of the triazole was observed in the spectra of 3 and 6 at 1277 and 1283 cm−1,
respectively (Figures S12 and S13 in the Supplementary Materials). This result confirms the possible
coordination to the metal center via N2 of the triazole. The third band of interest is associated with
the stretching N=C of the pyridine [35]; it was observed in the spectrum of L2 at 1512 cm−1 and at
1524 and 1533 cm−1 in those of 3 and 6, respectively. This allows us to evaluate the coordination of
the nitrogen of the pyridine to the metal center. Bands associated with waters molecules of hydration
were also found at 3402 cm−1 (3) and 3379 cm−1 (6). (Calculated at 3430 and 3354 cm−1, respectively,
from DFT calculations). A slight shift in the band associated with the tension of the triazole ring in 1
(Exp. 891 cm−1; Calc. 830 cm−1) was observed compared with the same bands of complexes 4 and 7
(Exp. 881 and 887 cm−1, respectively, Figures S15 and S16 in the Supplementary Materials; Calc. 840
and 833 cm−1), indicating a decrease in the rigidity of this ring. The band indicative of the C-N bond
of the triazole in 1 is observed at 1134 cm−1, and for 4 and 7 the band is shifted to lower wavenumbers
(1128 and 1125 cm−1, respectively, Calc. 1089 and 1065 cm−1) due to the decrease in the vibrational
energy of this bond by the coordination of N2 of the triazole to the metal center. It was also possible to
observe a shift to greater wavenumber in the N-N triazole band, which for the free ligand (1) appears
at 1261 cm−1 and for the complexes appears at 1279 cm−1 (4) and 1285 cm−1 (7) (Calculated at 1240
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and 1232 cm−1). In the spectra of these complexes, bands corresponding to the bond (O-H) in water
molecules are observed at 3412 cm−1 (4) and 3375 cm−1 (7) [34], and due to the intensity and width
of these bands, it can be inferred that in 4, the H2O molecules are coordinated to the metal center,
while for 9, the band is associated with watersmolecules of hydration.

It should be noted that for all complexes (2–7), a band associated with the M-OH2 bond
was observed between 1600–1630 cm−1 [35], and this result gives an indication of the presence
of coordination water molecules.

2.2.2. Raman Spectroscopy

Triazole, ligands and the obtained complexes were analyzed by Raman spectroscopy to observe
the shifts in the bands of free ligands following coordination to the metal center (Supplementary
Materials).

In the complexes, some bands assigned to the N-H bond were not observed at 1481, 977 and
918 cm−1, assigned to the N-H bond indicating L1, 2 and 5 were successfully prepared.

Bands were observed in the zone between 1500 and 900 cm−1 in the spectra of L1, 2 and 5, and
these bands corresponded to the N-C bond of the triazole [36,37]. These bands are shifted towards
lower wavenumbers in the spectra of the complexes, which indicated a decrease in the rigidity of
the triazolic ring and confirmed the coordination of the metal to the N of the triazole. In addition,
the bands at 1431 and 1171 cm−1 in the spectrum of L1 did not show considerable shifting in the
spectra of the complexes.

On the other hand, the bands observed at 274 cm−1 (3) and 266 cm−1 (6) are assigned to the
vibration (O-H) of both coordinated water and watersmolecules of hydration.

For L2 and its complexes 3 and 6, was observed an interesting band from the N-N bond, which can
indicate how the ligand is coordinated to the metal center [36]. This band appears to shift to higher
wavenumbers in the spectra of the complexes compared to the that of the free ligand. This result
suggests the coordination of the metal to N2 of the triazole. In addition, the band at 1423 cm−1

associated with the stretching of the C=N bond of the pyridine in L2 is shifted to 1430 cm−1 (3) and
1425 cm−1 (6), indicating the coordination of the nitrogen of the pyridine to the metal center.

In the spectra of ligand 1 and its complexes (4 and 7), we observed shifts in some of the bands.
These bands appear in the spectrum of 1 at 1496 cm−1 and 533 cm−1, and in that of 4, they are at
1464 cm−1 and 522 cm−1, and in that of 7, they are at 1472 cm−1 and 518 cm−1, respectively. These
bands are due to the N-C bond of the triazole and confirmed the coordination of the metal to the triazole

Two bands of interest were observed at 1370 and 1013 cm−1 for 1, and they shift to 1358 and
996 cm−1 in the spectrum of 4, and at 1355 cm−1 and 997 cm−1 in that of 7. The first band is assigned
to the N-C bond and the second to the N-N bond of the triazole, and these bands indicate that the
coordination is via N2 of the triazole.

2.2.3. UV/Vis Spectroscopy

The UV-Vis spectra were recorded in DMSO to study the electronic properties of the complexes
and to relate the properties to the possible structures. Table 2 shows some of the bands for the starting
salts, ligands and complexes 2–7 that were observed in their UV/Vis spectra. For all complexes, one or
two bands between 200 and 300 nm corresponding to the transitions between the π-π* orbitals of the
ligand were observed. In addition, for the complexes, the most intense bands were observed in the UV
zone and were not shifted relative to the bands of the free ligand, and they only increased in intensity
due to the interaction of the orbitals of the ligand with those of the metal.
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Table 2. Some bands for the starting salts, ligands and complexes 2–7 observed in their UV/Vis spectra.

Transition (nm) (ε(M−1 cm−1))

UV Vis

Compound ν1 ν2 ν1 ν2
L1 263(266)
2 262(784) 615(66) 678(116)
5 260(3672)

L2 264(4423)
3 264(3317) 615(41) 677(79)
6 263(7081)
1 267(297) 276(236)
4 268(556) 276(478) 615(7) 675(26)
7 259(2141)

CoCl2·6H2O 238(73) 266(64) 614(41) 678(81)
CrCl3·6H2O 260(2764)

In the spectra of the cobalt(II) salt and its complexes (2–4), bands at 600–700 nm were observed,
and these bands may be assigned to the 4T1g (F) ← 4T1g (P) transitions in a distorted octahedral
geometry in solution [38].

Chromium complexes 5–7 had a green color in both the solid and solution phases.
These compounds showed intense bands in the UV region of their spectra, whereas in the region
between 400 and 500 nm, no bands were observed. In comparing the spectra of cobalt(II) complex
6 and L2, a small hypsochromic shift was observed. This can be explained by the charge transfer
transitions of the metal to the ligand [27,33].

2.2.4. Thermal Analysis

The stages of decomposition and temperature ranges of the complexes are given in (Table S5 in the
Supplementary Materials). All results are proposed based the probable mass losses because detection
of the decomposition products was not possible. For all the complexes, a final residue containing
metal and chlorine was observed. In addition, the thermograms show a decomposition temperature
above 600 ◦C. TGA and derivative thermogravimetric analysis data are shown in the Supplementary
Materials. In the case of 2–4, the loss of an organic fragment was found at temperatures greater than
200 ◦C.

For 2, a weight reduction of 44% was observed at 238–342 ◦C, which implies a loss of L1 plus two
equivalents of H2O (42.74% calculated). It is proposed that these water molecules were bound to the
metal center due to the high temperature required to remove them and based on the bands observed
in the IR spectrum (3300–3600 cm−1). Subsequently, a second loss at 518 ◦C is attributed to the loss
of a second fraction of the ligand, and finally, a third loss occurs leaving a metallic residue. In the
case of complex 3, the loss of a water molecule not coordinated to the metal center was observed to
58 ◦C, which is consistent with the IR spectrum. A second loss of 27% was observed and assigned to
one ligand molecule (L2), and the remaining material existed as a residue of CoCNCl2. The TGA of 4,
initially showed a loss between 270–352 ◦C, which may correspond to the loss of two water molecules
coordinated to the metal center because high temperatures were required for these losses to occur.
Similar to the copper complexes, in the analysis of chromium complexes 5–7, it was found that a
temperature greater than 200 ◦C was necessary to lose an organic fragment. For all these complexes, the
presence of both coordinating waters and watersmolecules of hydration was observed. An initial loss
of H2O at 68 ◦C was observed for complex 5, and this loss correspond to watersmolecules of hydration.
Then, the loss of an organic fragment at 330 ◦C was observed, and the remaining material formed a
residue of CrCl3. For 6, only two mass losses are observed; an initial loss of 4H2O (watersmolecules
of hydration) at 63 ◦C and a second loss of 71% was observed and assigned to the ligand molecule
(L2), with the remained existing as a metallic residue. In complex 7, three main losses were observed.
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The first one was assigned to the elimination of 3H2O, which occurs in two steps based on the two
maximum DTG peaks that occur; it is proposed that, of these three molecules, two are watersmolecules
of hydration and the third is coordinated. Subsequently, the elimination of most of the organic matter
occurs. Finally, the remaining organic fraction (which is proposed to be the methyl of the toluene
fragment present in the ligand) is lost generating CrCl3 residue.

2.3. Biological Activity

The biological activities of the ligands and metal complexes were evaluated against all the
strains in three replicates. Combinations of ligands and metal salts did not exhibit antimicrobial
activity. Table 3 shows the antibacterial, antifungal and cytotoxic activities of the ligands and
complexes as determined by the broth microdilution method (MIC; µgmL−1) and colorimetric method
(CC50; µgmL−1).

Table 3. Antimicrobial and cytotoxic activities of ligands and complexes (MIC, CC50; µg mL−1).

Compound S. aureus
(MIC)

S. typhimurium
(MIC)

E. coli
(MIC)

C. tropicalis
(MIC)

C. albicans
(MIC)

C. parasilopsis
(MIC)

Vero Cells
(CC50 ± SD)

L1 >2000 1000 >2000 >2000 >2000 >2000 >300
L2 >2000 1000 >2000 >2000 >2000 >2000 >300
1 >2000 2000 >2000 >2000 >2000 >2000 >300
2 1000–2000 1000 >2000 125 125 500 277.07 ± 1.86
3 250–500 1000 1000 31.25 125 125 68.76 ± 0.97
4 250–500 1000 2000 62.50 125 125 193.63 ± 6.51
5 >2000 1000 2000 7.81 62.5 125 >300
6 >2000 >2000 >2000 7.81 62.5 62.5 >300
7 >2000 >2000 >2000 15.62 31.25 125 130.60 ± 3.57

Ampicillin 0.078–0.156
Gentamicin 2.50 0.625

Amphotericin B 0.065 0.31 0.23
Itraconazole 2.0 0.78 500 25.22 ± 3.51

The results are expressed in µg mL−1 and are the average of three independent experiments.

2.3.1. Antibacterial Activity

The antibacterial activities of the ligands and their complexes were studied against Staphylococcus
aureus, Salmonella typhimurium and Escherichia coli. The ligands, metal complexes and solvent
control (DMSO) were screened separately for their antibacterial activities at concentrations of
2000–1.95 µg mL−1. Standards drugs (ampicillin, gentamicin, amphotericin B and itraconazole)
were evaluated following the standars recommended by the CLSI. Bacterial species were more
resistant to treatments with the new complexes. However, cobalt complexes 3 and 4 showed higher
antibacterial activities with MIC values of 250 and 500 µg mL−1, respectively, for S. aureus (Table 3).
In addition, these complexes have higher activities than free ligands L1, L2 and 1. This finding is likely
related to the better lipophilicity of the complexes, cells and slowed the normal cellular processes of
the microorganisms, resulting in increased antimicrobial activities or chelating effects [23,24,39,40].
We studied the antibacterial activities of twelve complexes derived from azole that contained cobalt
and copper. In previous studies carried out in our research group, it was found that metal complexes
containing copper and cobalt displayed better antibacterial effects against bacterial strains than those
containing zinc [27].

Some studies have shown that azoles in complexes can inhibit the bacterial DNA [41]. For 3 and 4,
similar activities were observed, and this result is probably due to the central ring separator (benzene
(2), pyridine (3) and toluene (4)) as the presence of toluene increased the fluidity of Gram-negative cell
membranes [27]. The pyridine in the ligand increases the noncovalent interactions with DNA through
intermolecular associations as it can form hydrogen bonds, which in turn increases the antibacterial
activity [18,42,43]. Previous studies have shown that complexes of Co(II) and Cr(III) containing ligands
derived from azoles present activities against S. aureus with MIC values between 80 and 500 µg mL−1
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for Co(II) complexes [27,29,44,45] and 17 µg mL−1 for Cr(III) complexes [37]. Although only zone of
inhibition results were shown [20–22].

2.3.2. Antifungal Activity

The antifungal activities of the ligands and their complexes were studied against Candida tropicalis,
C. albicans and C. parasilopsis. The compounds, amphotericin B, itraconazole and DMSO as the solvent
control were screened separately for their antifungal activities at concentrations similar to those used
in the antibacterial study. The free ligands showed higher value of MIC values than the complexes.
The results of the antifungal activity tests suggested that all the synthesized metal complexes were
effective in at least one of the strains used here, and they showed moderate MIC values compared to
the reference drug amphotericin B. The cobalt complex showed MIC values between 31.25 and 250 µg
mL−1, and those of the chromium complexes were 7.81–15.62 µg mL−1. This may be because azoles
have higher antifungal activities [46,47]. Cobalt complexes have been studied as antimicrobial agents
and have shown potential activities against different strains of fungi [27,48,49]. Nevertheless, there
are few reports of studies against C. tropicalis using Co(II) complexes. Additionally, we concluded
that these complexes do not show considerable activities as they show MIC values greater than
100 µg mL−1 [45,50–53]. The complexes of Co(II) (2–4) synthesized in this work showed better results.
Moreover, 5–7 have higher antifungal activities than 2–4, and the lack of reports on chromium(III)
complexes with antifungal activity against C. tropicalis is notable. Further studies are necessary to
elucidate the antifungal mechanism of these chromium complexes. In addition, we tested itraconazole
as a reference drug against all the Candida species included in this study. Itraconazole showed higher
antifungal activity than the complexes against C. parasilopsis, which was resistant to antimycotic control.

On the other hand, mammalian cells exposed to 5 and 6 did not show signs of cytotoxic effects.
The complexes had little effect on Vero cells with CC50 values above of 300 µg mL−1, indicating that
they presented low toxicity. Notably, although amphotericin B is more active than the complexes, it is
a polyene that exhibits broad-spectrum antimicrobial effects, and it is highly nephrotoxic and thus its
use is limited in immunocompromised patients [54]. In addition, the use of itraconazole is restricted
specifically due to the emergence of resistant strains of Candida.

2.4. Quantum-Chemical Calculations

The relaxed geometries of the studied complexes (Figure 3) were obtained by density functional
theory (DFT) calculations by using the ADF code [55] at the dispersion corrected BP86-D3 level of
theory with all-electron TZ2P basis sets [56].
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The evaluation of the relevant physicochemical properties to explain the observed differences
in biological activity along the series exposed a key variation in the dipole moment, which has been
early discussed as a useful parameter in drug-receptor interaction in the quantitative structure-activity
relationship (QSAR) framework [57]. The permanent molecular dipole moment (µ) is a key factor in
long-range electrostatic forces, which are relevant for structure stabilization and drug-site interactions
in biomolecules [58]. In this sense, the calculated molecular dipole moment at the DFT level shows
values ranging from 2.22 to 22.97 Debye (D), and these values represent the charge distribution over
the whole structure as observed from the molecular electrostatic potential energy surface (MEP)
(Figure 4). Interestingly, the lowest MIC values corresponded to larger permanent dipole moments
(µ values), and in the studies on C. tropicalis, complexes 2 and 3 showed MIC values of 125 µg mL−1

and 31.25 µg mL−1, respectively, which are in line with the difference in their dipole moments (2.22 to
12.97 D, Figure 2) from an almost centrosymmetric (2) to a noncentrosymmetric system (3), respectively.
For 4, the MIC value in the same study was 62.50 µg mL−1, which appears to be connected to the
decrease of in its dipole moment to 6.20 D relative to that of 3. The same trend can be deduced from
other biological traits, indicating that the dipole moment can be a useful parameter to consider during
the further development of biologically active complexes.
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3. Materials and Methods

3.1. General Information

The starting salts CoCl2·6H2O and CrCl3·6H2O were used as received from Alfa
Aesar (Ward Hill, MA, USA). The compounds 1H-1,2,4-triazole, 3,5-bis(bromomethyl)toluene,
1,3-bis(bromomethyl)benzene, tetrabutylammonium bromide (TBAB) were purchased from
Sigma-Aldrich (St. Louis, MI, USA) and were used as received.

1,3-Bis(1,2,4-triazol-1-ylmethyl)benzene (L1) [59] and 2,6-bis(1,2,4-triazol-1-ylmethyl)pyridine
(L2) [60] were synthesized as described in the literature.

Elemental analysis (C, H and N) was performed with a Thermo Scientific™ FLASH 2000 CHNS/O
Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Fourier transform infrared (FTIR) spectra
were recorded on a Thermo Nicolet NEXUS FTIR spectrophotometer using KBr pellets. Melting
points were determined on a Mel-Temp® 1101D apparatus Electrothermal, Staffordshire, UK) in open
capillary tubes and are uncorrected. Ultraviolet/visible (UV/vis) spectra were recorded on an Agilent
Technologies Cary 100 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) in DMSO
from 200 to 800 nm in a quartz cuvette with a path length of 1 cm. Molar conductivity measurements



Molecules 2018, 23, 2013 10 of 16

of the complexes were performed in a CON 700OAKTON instrument OAKTON Instruments, Vernon
Hills, IL, USA) at 295 K (1 mM; dimethyl sulfoxide (DMSO)). Raman spectroscopy was performed in a
HORIBA Yovin-Ivon spectrometer (HORIBA Scientific, Kyoto, Japan) using a laser with a wavelength
of 786 nm. Thermogravimetric (TG) analyses of the complexes were conducted on a NETZSCH STA
409 PC/PG (NETZSCH, Selb, Bavaria, Germany) by evaluating 8–10 mg samples of the complexes
in a nitrogen atmosphere. Samples were subjected to dynamic heating over a temperature range of
30–700 ◦C at a heating rate of 10 ◦C min−1. TG curves were analyzed to obtain the percent mass losses
as a function of temperature. Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
AscendTM-400 spectrometer (Bruker, Billerica, MA, USA) at 295 K. Chemical shifts are reported in
ppm relative to SiMe4 (1H) as an internal standard. 1H and 13C-NMR chemical shifts (δ) are reported
in parts per million (ppm) relative to TMS, with the residual solvent peak used as an internal reference;
CDCl3 (1H-NMRδ: 7.26 and 13C-NMRδ: 77.2) and DMSO-d6 (1H-NMRδ: 2.50 and 13C-NMRδ: 39.5).
High-resolution mass spectrometry (HRMS) data of ligand 1 was obtained on an Agilent Technologies
Q-TOF 6520 spectrometer (Agilent Technologies, Santa Clara, CA, USA) via electrospray ionization
(ESI) in positive ion modein chloroform.

3.2. Synthesis of 3,5-Bis(1,2,4-triazol-1-ylmethyl)toluene (1)

In a Schlenk tube equipped with a reflux condenser, 1H-1,2,4-triazole (1117 mg, 16.18 mmol),
potassium hydroxide (1286 mg; 22.92 mmol), tetrabutylammonium bromide (405.7 mg; 1.26 mmol),
and water (8 mL) were stirred at room temperature (r.t.) for 20 min. Then, 1,3-bis(bromomethyl)toluene
(2279 mg; 8.20 mmol) and toluene (50 mL) were added, and the mixture was heated for 48 h at
85 ◦C. The resulting mixture was treated with water and the organic layer was separated and dried
with magnesium sulfate. The solution was concentrated to dryness to give a yellow oil, which was
purified by silica gel column chromatography (type 60) eluting with DCM:methanol 9:1 to give a
pure compound (white solid). Yield 1167 g (67%). M.p.: 135–136 ◦C. FTIR (KBr, cm−1): 3090, 2924,
1609, 1504, 1466, 1431, 1385, 1346, 1261, 1207, 1134, 1018, 980 953, 918, 891, 745, 725, 567, 366, 351.
Raman (cm−1): 1604, 1496, 1434, 1370, 1286, 1128, 1013, 760, 533, 282.

Atom numbering for ligand 1 is as follows (Figure 5):
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1H-NMR (400.1 MHz, DMSO-d6) δ 8.63 (s, 2H, 7, 7’), 7,97 (s, 2H, 8, 8’), 7,02 (s, 2H, 3, 3’), 7,00 (s, 1H,
5), 5,35 (s, 4H, 6, 6’), 2,25 (s, 3H, 1). 13C-NMR (DMSO-d6, 101 MHz) δ 151,65 (C8, C8’), 144,16 (C7, C7’),
138,31 (C2), 136,62 (C4, C4’), 127,97 (C3, C3’), 124,38 (C5), 51,81 (C6, C6’), 20,77 (C1).

MS-ESI (m/z, ES+) calcd. For [M + H]+: 253; found: 253. UV/Vis (bands λmax, nm (ε, L mol−1

cm−1): 267 (297). Anal. Calcd. for C13H14N6: C 61.34; H 5.51; N 33.03. Found: C 60.92; H 5.58;
N 33.02%.
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3.3. Synthesis of the Complexes

3.3.1. Synthesis of [Co{1,3-bis((1,2,4-triazol-1-ylmethyl)benzene-N,N}(H2O)2]Cl2 (2)

L1 (0.991 mmol; 238.6 mg) was dissolved in acetone (6 mL), and CoCl2·6H2O (1.02 mmol;
241.8 mg) in acetone (8 mL) was added to this mixture. The resulting solution was stirred for 2 h at
room temperature (r.t.). This mixture was centrifuged at 400 rpm for 8 min, washing with acetone,
dichloromethane and ethyl ether and removing the liquid phase between each wash. Then, the solvent
was evaporated to dryness to give a violet solid. Yield: 293.4 mg (90.6%). M.p.: > 400 ◦C. FTIR
(KBr, cm−1): 3453, 3119, 1520, 1441, 1375, 1350, 1279, 1207, 1165, 1128, 1016, 988, 889, 735, 675, 650.
Raman (cm−1): 1607, 1520, 1435, 1273, 1237, 1171, 1136, 1008, 753, 647, 501, 435. UV/Vis bands λmax,
nm (ε, L mol−1 cm−1): 262 (784). ΛM = 52.9 µS. Anal. Calcd. for C24H28Cl2CoN12O2: C 44.55; H 4.33;
N 25.99. Found: C 45.00; H 4.21; N 25.96%.

3.3.2. Synthesis of [Co{2,6-bis((1,2,4-triazol-1-ylmetil)pyridine-N,N,N}(H2O)3] Cl2·H2O (3)

(L2) (1.0 mmol; 241.2 mg) was dissolved in acetone (9 mL), and CoCl2·6H2O (1.02 mmol; 241.8 mg)
in acetone (7 mL) was added to this mixture. The resulting solution was stirred for 5 h at r.t. This
mixture was centrifuged at 400 rpm for 8 min, washing with acetone, dichloromethane and ethyl
ether and removing the liquid phase between each wash. Then, the solvent was evaporated to give a
light-blue solid. Yield: 299 mg (67.4%). M.p.: > 400 ◦C. FTIR (KBr, cm−1): 3402, 3119, 1603, 1576, 1524,
1460, 1435, 1277, 1207, 1125, 1013, 986, 883, 766, 746, 677, 650. Raman (cm−1): 1430, 1348, 1125, 1014,
994, 593, 522, 342, 274. UV/Vis bands λmax, nm (ε, L mol−1 cm−1): 264 (3317). ΛM = 50.5 µS. Anal.
Calcd. for C11H19Cl2CoN7O4: C 29.78; H 4.29; N 22.11. Found: C 29.69; H 3.94; N 22.07%.

3.3.3. Synthesis of [Co{3,5-bis((1,2,4-triazol-1-ylmethy)toluene-N,N}(H2O)2Cl2] (4)

1 (1.12 mmol; 241.8 mg) was dissolved in acetone (7 mL), and CoCl2·6H2O (1.02 mmol; 241.8 mg) in
acetone (8 mL) was added to this mixture. The resulting solution was stirred for 3 h at r.t. This mixture
was centrifuged at 400 rpm for 8 min, washing with acetone, dichloromethane and ethyl ether and
removing the liquid phase between each wash. Then, the solvent was evaporated to give a blue solid.
Yield: 296.3 mg (69.4%). M.p.: > 400 ◦C. FTIR (KBr, cm−1): 3111, 1609, 1522, 1437, 1352, 1279, 1206,
1128, 1016, 988, 881, 758, 675, 652. Raman (cm−1): 1605, 1520, 1464, 1434, 1358, 1282, 1127, 996, 759,
522, 303. UV/Vis bands λmax, nm (ε, L mol−1 cm−1): 268 (556). ΛM = 43.3 µS. Anal. Calcd. for
C13H18Cl2CoN6O2: C 37.12; H 4.28; N 19.99. Found: C 37.11; H 4.28; N 20.06%.

3.3.4. Synthesis of [Cr {1,3-Bis(1,2,4-triazol-1ylmethyl)benzene-N,N}(H2O)Cl3]·2H2O (5)

L1 (1.01 mmol; 241.9 mg) was dissolved in acetone (6 mL), and CrCl3·6H2O (1.0 mmol; 265.8 mg)
in acetone (12 mL) was added to this mixture. The resulting solution was stirred for 2 h at r.t. This
mixture was centrifuged at 400 rpm for 8 min, washing with acetone, dichloromethane and ethyl
ether and removing the liquid phase between each wash. Then, the solvent was evaporated to give a
light-green solid. Yield: 360.3 mg (79.8%). M.p.: > 400 ◦C. FTIR (KBr, cm−1): 3429, 1620, 1530, 1437,
1348, 1283, 1209, 1123, 1005, 889, 735, 673, 648. Raman (cm−1): 1609, 1528, 1430, 1362, 1278, 1237, 1172,
1123, 1000, 336, 268. UV/Vis bands λmax, nm (ε, L mol−1 cm−1): 260 (3672). ΛM = 24.4 µS. Anal. Calcd.
for C12H18Cl3CrN6O3: C 31.81; H 3.98; N 18.55. Found: C 31.39; H 4.24; N 18.39%.

3.3.5. Synthesis of [Cr{2,6-bis((1,2,4-triazol-1-ylmethyl)pyridine-N,N,N}(H2O)Cl2]Cl·5H2O (6)

L2 (1.0 mmol; 241.7 mg) was dissolved in acetone (8 mL), and CrCl3·6H2O (1.01 mmol; 296.6 mg)
in acetone (14 mL) was added to this mixture. The resulting solution was stirred for 2 h at r.t. This
mixture was centrifuged at 400 rpm for 8 min, washing with acetone, dichloromethane and ethyl
ether and removing the liquid phase between each wash. Then, the solvent was evaporated to give a
light-green solid. Yield: 320 mg (63%). M.p.: > 400 ◦C. FTIR (KBr, cm−1): 3379, 3130, 1634, 1599, 1533,
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1460, 1429, 1282, 1211, 1125, 1005, 887, 768, 673, 654. Raman (cm−1): 1425, 1366, 1121, 1084, 998, 587,
518, 338, 266. UV/Vis bands λmax, nm (ε, L mol−1 cm−1): 263 (7081). ΛM = 30.3 µS. Anal. Calcd. for
C11H23Cl3CrN7O6: C 26.00; H 4.14; N 19.30. Found: C 26.05; H 4.04; N 19.19%.

3.3.6. Synthesis of [Cr{3,5-Bis(1,2,4-triazol-1-ylmethyl)toluene-N,N}(H2O)Cl3] 2H2O (7)

1 (1.16 mmol; 293.8 mg) was dissolved in acetone (7 mL), and CrCl3·6H2O (1.02 mmol; 273.3 mg)
in acetone (15 mL) was added to this mixture. The resulting solution was stirred for 2 h at r.t. This
mixture was centrifuged at 400 rpm for 8 min, washing with acetone, dichloromethane and ethyl
ether and removing the liquid phase between each wash. Then, the solvent was evaporated to give a
light-green solid. Yield: 204.3 mg (43%). M.p.: > 400 ◦C. FTIR (KBr, cm−1): 3375, 3130, 1612, 1531, 1439,
1348, 1285, 1209, 1125, 1005, 887, 756, 671, 650. Raman (532 nm, cm−1): 1604, 1530, 1472, 1434, 1355,
1283, 1121, 997, 757, 518, 260. UV/Vis bands λmax, nm (ε, L mol−1 cm−1): 259 (2141). ΛM = 27.4 µS.
Anal. Calcd. for C13H20Cl3CrN6O3: C 33.42; H 4.29; N 17.99. Found: C 33.47; H 4.20; N 17.89%.

3.4. Biological Studies

3.4.1. Microorganisms and Mammalian Cells

Candida albicans (ATCC, 10231), C. tropicalis (ATCC, 750), and C. parasilopsis (ATCC, 22019) were
grown on Sabouraud Dextroseagar (OXOID Ltd., Basingstoke, Hampshire, UK) at 30 ◦C; Staphylococcus
aureus (ATCC, 11632), Escherichia coli (ATCC, 10536) and Salmonella typhimurium (ATCC, 14028) were
grown on nutrient agar (OXOID Ltd., Basingstoke, Hampshire, UK) at 37 ◦C. African green monkey
kidney epithelial cells “Cercopithecusactiops” (Vero, CCL-81), donated by Dr. José Arteaga of the
Universidad Industrial de Santander, were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Life Technology, Carlsbad, CA, USA) supplemented with 5% inactivated fetal bovine serum
(FBSi, Life Technology, Carlsbad, CA, USA) at 37 ◦C, 5% CO2 and 95% humidity.

3.4.2. Evaluation of the Antimicrobial Activity

Experiments were performed using the broth microdilution method according to the Clinical and
Laboratory Standards Institute (CLSI) M27A-3 and M07-A10 protocols. Dilutions of each compound
under study were performed in RPMI 1640 medium (Gibco, Life Technology, Carlsbad, CA, USA)
supplemented with (3-(N-morpholino)propanesulfonic acid) (MOPS, Sigma-Aldrich) and Mueller
Hinton broth (OXOID, Basingtoke, Hampshire, England) to concentrations of 2000–1.95 µg mL−1 in a
96-well plate. Untreated controls were similarly evaluated (itraconazole and amphotericin B on fungus
and gentamicin and ampicillin on bacteria were purchased from Sigma-Aldrich (St. Louis, MI, USA).
An inoculum containing between 2500 and 5000 cells/mL of each strain of Candida and 105 cells/mL
of bacteria was added (100 µL) to each well of the plate, and the plate was incubated at 37 ◦C for 48 h.
The MIC was visually determined as the lowest concentration capable of inhibiting the growth of
the fungus. Subsequently, the minimum fungicidal and bactericidal concentrations were determined
after broth microdilution tests by sub-culturing a sample from the negative wells on the surface of
Sabouraud dextroseand Mueller Hinton agar to determine the number of surviving cells after 24 h of
incubation, and this value is expressed as CFU mL−1. The fungicidal and bactericidal endpoints were
established as the lowest concentration that kills 98–99% of the final inoculum.

3.4.3. Cytotoxicity Test on Mammalian Cells

Vero cells (3 × 105 cells/mL) were added to 96-well microplates and incubated for 24 h at 37 ◦C
and 5% CO2until a monolayer formed. The cells were then treated with serial dilutions (1:3) of the
compounds and reference drugs in concentrations of 300 µg mL−1 to 11.1 µg mL−1 for 72 h. The cell
viability was evaluated using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide,
Sigma-Aldrich) tetrazolium salt at a concentration of 5 mg/mL. A spectrophotometric reading was
performed on a microplate reader for measuring absorbance/ELISA (BIO-RAD) using a wavelength
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of 580 nm. All assays were performed in triplicate in independent experiments. The cytotoxic
concentrations 50 and 90 (CC50 and CC90) were determined by sigmoidal regression using the statistical
program XLFit5.

4. Conclusions

In summary, three ligands derived from triazole (one new) were synthesized and fully
characterized. Additionally, six new complexes of Co(II) and Cr(III) were obtained, and they were
characterized by spectroscopic, elemental and thermogravimetric techniques. The analyses and spectral
data showed that complexes 3–7 had 1:1 (M:L) stoichiometries and octahedral geometries, while 2 had
a 1:2 (M:L), and this was supported by DFT calculations. In vitro assays showed that the chromium
complexes are more active against fungi than against bacterial strains, and they exhibited high anti-C.
tropicalis activity. Interestingly, the observed activities appear to be related to the permanent dipole
moment of each complex. These results can facilitate the design of new antibacterial and antifungal
compounds. Studies to further elucidate their structure-activity relationship are in progress.

Supplementary Materials: The following are available online.
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