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A B S T R A C T   

A series of six (η6-arene)Ru(II) complexes with antifungal imidazole drug ligands such as clotrimazole, bifonazole 
and climbazole was prepared and analyzed. They were tested for their activities against Leishmania major and 
Toxoplasma gondii parasites, and were compared with the activities of the metal-free azole ligands. Activities 
superior to those of the azole ligands were observed for the Ru complexes, which indicate the beneficial role of 
the (η6-arene)ruthenium(II) moiety in terms of antiparasitic properties. The modifications of the arene ligand 
also played a role in the biological activity. Docking of selected ruthenium complexes into T. gondii kinase CDPK1 
and ADME-T calculations revealed promising binding affinities and drug-like properties.   

1. Introduction 

Metal salts and complexes are salient drugs for the treatment of 
various human ailments. Platinum(II) complexes are highly active 
against cancer, silver ions are prominent antibiotics, vanadium com
pounds can treat diabetes, and gold complexes alleviate rheumatoid 
arthritis [1]. Various drugs made of the metalloids arsenic and antimony 
(e.g., melarsoprol, glucantime and pentostam) are used for the treat
ment of protozoal parasite infections such as leishmaniasis and sleeping 
sickness (i.e., human African trypasonomiasis/HAT), while the boron- 
based drug acoziborole is currently in clinical trials for advanced HAT 
[2]. In line with platinum complexes, other platinum-group metal 
complexes such as ruthenium complexes were described as attractive 
anticancer drug candidates, and the “iconic” Ru(III) complexes NAMI-A 
and KP1019 underwent clinical trials [3,4]. In terms of piano-stool 
(arene)Ru(II) complexes, noteworthy drug candidates are anti- 
metastatic complexes with pta (1,3,5-triaza-7-phosphaadamantane) 

ligands (i.e., RAPTA complexes), as well as various cytotoxic [(arene)Ru 
(en)Cl]+ complexes, which were able to overcome cisplatin-resistance in 
cancer cells [5–8]. The identification of anticancer active (arene)Ru(II) 
N-heterocyclic carbene (NHC) complexes is another remarkable devel
opment [9,10]. More recently, (p-cymene)Ru(II) NHC complexes with 
1,3-dialkylbenzimidazol-2-ylidene ligands exhibited antileishmanial 
activity [11]. Several Ru(II) and Ru(III) complexes were described as 
antiviral, antibacterial, antifungal, and antiparasitic drug candidates 
[12]. The tremendous scope of organometallic platinum-group metal 
complexes as antimalarial agents was recently summarized, too [13]. In 
terms of antiparasitic ruthenium complexes, pioneering work was done 
by the group of Sánchez-Delgado, who likewise resolved the potential of 
ruthenium complexes with widely applied azole-based antifungals 
[14,15]. Several complexes of clotrimazole and other azoles with metals 
such as platinum, gold, copper, zinc, cobalt, and nickel and their anti
parasitic, anticancer, and antimicrobial activities were described. Since 
iron binding of target cytochromes is essential for azole drugs, these 
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metal-based azole compounds likely act by different mechanisms of 
action, which might contribute to increased biological activities and the 
circumvention of azole-related resistance mechanisms [16–18]. 

As immune-compromised people are at risk of severe complications 
when infected with the globally occurring Toxoplasma gondii parasites (i. 
e., the causative agents of toxoplasmosis), new drugs for the treatment of 
toxoplasmosis in such patients are necessary [19]. Leishmaniasis is 
categorized as a neglected tropical disease (NTD) and clinically sub
divided into visceral leishmaniasis (VL), cutaneous leishmaniasis (CL), 
and mucocutaneous leishmaniasis (MCL). The CL form brought about by 
various Leishmania species such as L. major, L. tropica, L. mexicana, 
L. amazonensis etc., causes severe skin lesions. It is the most prevalent 
leishmaniasis form responsible for up to 1 million, mostly young, pa
tients annually [20,21]. Although usually not lethal, CL leads to stark 
and disfiguring skin lesions and to stigmatization of affected persons 
[22,23]. CL patients are currently treated with pentavalent antimonials, 
miltefosine, amphotericin or pentamidine [21]. Aside of the general 
toxicity of clinically applied drugs such as antimonials, another growing 
problem is the emergence of drug-resistant parasite forms. Thus, new 
potent anti-parasitic drugs against leishmaniasis are needed. 

Since the first report of an antifungal azole, benzimidazole, in 1944, 
and the approval of chlormidazole for clinical application in 1958, the 
class of azole fungicides has expanded to a valuable and still growing 
arsenal of drugs predominantly used for the treatment of systemic and 
superficial mycoses [24,25]. In line with the described antiparasitic 
preclinical data on antifungal azole metal complexes, the antiparasitic 
potential of approved azole fungicides was frequently studied and 
documented, since CYP51 targeting/inhibition appears to exert anti
parasitic activities, too [26,27]. Clotrimazole and bifonazole showed 
activity against L. infantum chagasi promastigotes, however, clotrima
zole was inactive against T. gondii [28,29]. To our knowledge, no anti
parasitic activities have been reported for climbazole, yet. While 
clotrimazole and bifonazole are antifungal drugs applied and approved 
for human and veterinary health care, climbazole is an over-the-counter 
fungicidal component of personal care products such as anti-dandruff 
shampoos and dermal cosmetics [30]. 

In the present report, a series of new η6-benzene and η6-p-cymene 
ruthenium complexes with antifungal imidazole ligands (clotrimazole, 
bifonazole and climbazole, Fig. 1) was prepared and tested for activity 
against L. major and T. gondii parasites. The obtained antiparasitic re
sults were compared with activities of the azole ligands and with a 
known antiparasitic ruthenium complex analog. 

2. Results and discussion 

2.1. Chemistry 

The (arene)Ru(II) complexes 1a–f were prepared from the reaction of 
one equivalent [RuCl2(η6-arene)]2 with two equivalents imidazole 
(clotrimazole/CTZ, bifonazole/BFZ or climbazole/CBZ, Scheme 1) [12]. 
Only 1b was published before as a potent antileishmanial, and, thus, it 
was included into this study as a positive control (η6-arene)Ru(II) 

complex [14]. The complexes were obtained as powdered brown (η6- 
benzenes 1a, 1c, and 1e) or amber solids (η6-p-cymenes 1b, 1d, and 1f) 
in moderate yields. They showed high solubility in organic solvents and 
solvent mixtures including acetone, ethyl acetate, and chlorinated sol
vents (CH2Cl2, CHCl3). 1H and 13C NMR spectra of the complexes 
recorded in CDCl3 indicate successful complex formation, and displayed 
the azole ligand signals together with the corresponding η6-arene (p- 
cymene or benzene) signals. As expected, the η6-arene protons were 
shifted to higher fields in the 1H NMR spectra (multiplets between 5.5 
and 5.7 ppm for the η6-benzene complexes, and doublets of coupling 
constants of 6.0–6.1 Hz between 5.1 and 5.5 ppm for the η6-p-cymene 
complexes), when compared with ordinary arene proton signals. In 
terms of ESI HR-MS data, the target complexes (dissolved in acetonitrile 
and MS run in H2O/acetonitrile mixtures) were found without one of 

Fig. 1. Structures of the antifungal azole drugs bifonazole, climbazole, and clotrimazole.  

Scheme 1. Reagents and conditions: (i) [Ru(benzene)Cl2]2, acetone, 70 ◦C, 3 h 
for 1a, 1c, 1e; [Ru(p-cymene)Cl2]2, CH2Cl2, r.t., 3 h for 1b, 1d, 1f; 43–68 %. 
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their chlorido ligands, which matches with mass spectrometric data of 
dichlorido(η6-arene)Ru(II) complexes from pertinent literature 
(Figures S1-S5, Supporting Information) [31]. These mass spectrometry 
findings are a hint at a labile chlorido ligand in the complexes and a 
preferred mono-substitution/hydrolysis of the complexes in line with 
the hydrolysis pattern of previously described dichlorido(η6-arene)Ru 
(II) complexes such as RAPTA-C [32]. 

2.2. Antiparasitic activity 

The ruthenium complexes 1a–f were initially tested for their activity 
against T. gondii tachyzoites (Table 1). The approved antiparasitic drug 
atovaquone was applied as a positive control [33]. Complex 1d was the 
most active compound against T. gondii, closely followed by 1b, 1a, and 
1e. In addition, this is the first report on anti-Toxoplasma activity by the 
known complex 1b. T. gondii cells were also more sensitive to these 
complexes than Vero cells, and 1e showed the highest selectivity index 
(SI = 9.3) of all tested complexes. Only 1c showed a greater toxicity to 
Vero cells than to T. gondii. The metal-free azole ligands clotrimazole 
and climbazole were distinctly less active than their metal complexes 
1a/1b and 1e/1f, which is in line with previous reports of clotrimazole 
inactivity against T. gondii [29]. In contrast to that, bifonazole showed 
considerable anti-Toxoplasma activity with relatively low toxicity to 
Vero cells, albeit complex 1d was more active, and complex 1e more 
active and selective than bifonazole. Notably, 1e and bifonazole were 
much less toxic to Vero cells than the approved antiparasitic drugs 
atovaquone and amphotericin B. Bifonazole is a dual CYP51/HMG-CoA 
inhibitor in contrast to clotrimazole and climbazole, which might 
explain its higher activity against T. gondii in comparison to the activity 
of the other two tested azoles [34]. 

The activity of complexes 1a–f against L. major promastigotes and 
amastigotes was also determined (Table 2). The approved anti
leishmanial drug amphotericin B was applied as positive control [33]. 
Complex 1d showed the highest activity against promastigotes, closely 
followed by 1b, 1a, and 1f. Clotrimazole, bifonazole and climbazole, 
and the complexes 1c and 1e were inactive against L. major parasites. 
The inactivity of 1e is remarkable since it was active against T. gondii 
parasites. Notably, complex 1a was the only η6-benzene complex with 
considerable activity against L. major promastigotes, and the p-cymene 
ligand appears to be superior to the benzene ligand in L. major. The 
observed antileishmanial activity was largely independent of the 
respective azole ligand. L. major amastigotes were slightly less sensitive 
to the complexes than the promastigotes. Complex 1b was the most 

active compound against the amastigotes, closely followed by 1f and 1d. 
η6-Benzene complex 1a was less active against amastigotes than its close 
η6-p-cymene congener 1b. Among the active Ru complexes, 1a and 1f 
were less toxic to macrophages than amphotericin B. The toxicity of 
complexes 1b and 1d was comparable with the toxicity of amphotericin 
B. 

Although the previously reported antileishmanial activity of 1b 
seemed to be more impressive than its activity determined in this work, 
our study confirmed the antileishmanial potential of 1b, and of the new 
complexes 1a, 1d, and 1f [14]. Discrepancies in activities reported by 
different research groups might be explained by differences in assays 
and assay conditions, as well as by the condition of the applied parasite 
strain. Notably, complex 1b (also dubbed AM160), and even more its 
acetylacetonate (acac) chelate complex analog AM162, were active in a 
murine model of cutaneous leishmaniasis, and were tolerated well by 
the treated mice [35]. Thus, the investigation of in vivo activities of 
complexes 1a–f in suitable T. gondii models can be taken into account for 
future studies. The SI value (Vero/T. gondii) of the new complex 1e is 
nearly 10, which is a recommended selectivity for the identification of 
new hit compounds against protozoal parasites [36]. This was corrob
orated by studies with the drug clindamycin, which is clinically applied 
for the treatment of T. gondii infections and displayed an SI value of 10.9 
[37]. The anti-toxoplasmal drug atovaquone, which was used in this 
study, has some drawbacks such as resistance induction and prophy
laxis/treatment failure, which necessitates the development of new 
drugs against T. gondii [38]. Moreover, the combination of atovaquone 
with other drugs has the potential to overcome resistance mechanisms. 
For example, atovaquone/proguanil was developed as a combination 
therapy against Plasmodium falciparum, after early clinical studies had 
shown that atovaquone as a single agent was associated with recurrence 
of highly atovaquone-resistant infections in a considerable number of 
patients [39]. Future studies will show if the most promising Ru com
plexes described in this work will have the potential to replace, or 
synergize with, atovaquone in the treatment of apicomplexan parasites. 

2.3. TgCDPK1 docking and drug-likeness calculations 

In order to carry out docking calculations, optimized structures of 
complexes 1d and 1e and atovaquone were made (Fig. 2). The com
plexes exhibited a pseudo-tetrahedral geometry with the azole, p-cym
ene, Cl1, and Cl2 ligands. In complex 1d the Ru–Ci (i = 1 to 6) bond 
lengths were 2.242 Å, 2.239 Å, 2.257 Å, 2.275 Å, 2.242 Å and 2.255 Å, 
respectively. The Ru–N, Ru–Cl1, and Ru–Cl2 bond distances were 2.099 
Å, 2.448 Å, and 2.503 Å, respectively, which are in line with literature 
values [40]. The geometry of the 1d complex is a distorted tetrahedron 
based on the steric hindrance of the η6-interaction of p-cymene. There
fore, the average N-Ru-Ci, Cl1-Ru-Ci and Cl2-Ru-Ci bond angles were 

Table 1 
Inhibitory concentrations IC50 (in µM) of complexes 1a–f and their metal-free 
azole ligands clotrimazole, bifonazole and climbazole when applied to cells of 
the Vero (African green monkey kidney epithelial) cell line, and when applied to 
cells of Toxoplasma gondii.a Amphotericin B (AmB, Vero) and atovaquone (ATO, 
Vero and T. gondii) were applied as positive controls for the indicated cells.  

Compd. IC50 (T. gondii) IC50 (Vero) SI (Vero / T. gondii)b 

1a 2.6 ± 0.3 8.5 ± 1.7 3.3 
1b 2.5 ± 0.3 6.5 ± 1.1 2.6 
1c 8.7 ± 1.4 3.8 ± 0.6 0.4 
1d 2.1 ± 0.2 7.6 ± 0.9 3.6 
1e 3.9 ± 0.5 36.4 ± 5.2 9.3 
1f 10.4 ± 2.1 16.2 ± 2.8 1.6 
Clotrimazole 14.6 ± 2.6 22.7 ± 3.4 1.6 
Bifonazole 5.8 ± 0.7 42.2 ± 6.5 7.3 
Climbazole >45.1 >45.1 – 
AmBc – 7.7 ± 1.2 – 
ATOc 0.07 ± 0.02 9.5 ± 1.5 136  

a Values are the means of at least three independent experiments (±SD). They 
were obtained from concentration–response curves by calculating the percent
age of treated cells in comparison to untreated controls after 72 h. bSelectivity 
index (SI) was calculated from the corresponding IC50 values for the Vero cells 
and T. gondii. cValues were taken from ref. [33]. 

Table 2 
Inhibitory concentrations IC50 (in µM) of complexes 1a–f and their metal-free 
azole ligands clotrimazole, bifonazole and climbazole when applied to pro
mastigotes and amastigotes of Leishmania major and macrophages.a Amphoter
icin B (AmB) was applied as a positive control.  

Compd. IC50 promastigotes IC50 amastigotes Macrophages 

1a 6.9 ± 0.8 15.8 ± 2.4 14.7 ± 2.2 
1b 5.7 ± 0.9 9.4 ± 1.6 7.5 ± 1.3 
1c >35.7 – 25.5 ± 3.9 
1d 5.2 ± 0.6 11.8 ± 2.1 9.1 ± 1.5 
1e >36.8 – >36.8 
1f 8.5 ± 1.3 10.5 ± 1.7 15.4 ± 2.8 
Clotrimazole 39.1 ± 4.7 >39.4 39.1 ± 5.4 
Bifonazole >42.5 >42.5 41.6 ± 6.6 
Climbazole >45.1 >45.1 41.3 ± 4.7 
AmBb 0.8 ± 0.2 0.5 ± 0.1 8.1 ± 0.1  

a Values are the means of three experiments (±SD). They were obtained from 
concentration–response curves by calculating the percentage of treated cells in 
comparison to untreated controls after 72 h. bValues were taken from ref [33]. 
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125.2◦, 120.4◦ and 120.2◦, respectively, and all these angles were 
greater than 109◦. The same observations were found for complex 1e. 
The selected bond lengths and angles for the complexes 1d and 1e are 
summarized in Table 3. 

Using molecular docking in computer-aided drug discovery and 
design has become essential to investigate interactions with possible 
protein targets [41,42]. The computer-generated three-dimensional 
structure of possible ligands is positioned into a receptor structure using 
molecular docking in various orientations and conformations. Within 
this framework, we conducted docking simulations using 1d, 1e, and the 
standard medication ATO to the specific binding site of T. gondii 
calcium-dependent protein kinase 1 (TgCDPK1, PDB ID: 4JBV). 
TgCDPK1 is a CaM (calmodulin/calcium kinase) family serine-threonine 
kinase of T. gondii, which connects calcium signaling with parasite 

pathogenicity [43]. It provides the opportunity to develop selective 
TgCDPK1-targeting drugs (in particular, bumped kinase inhibitors/BKIs) 
with low side-effects because of the expanded ATP-binding pocket of 
TgCDPK1 with a glycine gate-keeper residue [44,45]. N-heterocyclic 
BKIs such as BKI-1748 revealed pronounced antitoxoplasmal activity in 
infected mice and sheep [46,47]. Since ruthenation of azoles likely ab
rogates CYP51 interaction, we investigated TgCDPK1 as a possible target 
instead. 

The best TgCDPK1 docking poses of compounds 1d, 1e and ATO are 
shown in Table 4. The standard parameters of the BIOVIA DS visuali
zation package (Dassault Systèmes BIOVIA, Discovery Studio modeling 
environment, 2020) were used to visualize interactions between the 
compounds and the target. The test candidates demonstrated their 
ability to bind to the active site of the target by several types of in
teractions, justified by low docking score (S-score) values. Molecular 
docking results confirmed that 1d and 1e have high affinities for the 
pocket site of TgDPK1, which is confirmed by the highest negative score 
values (-161.876 and − 132.808 kcal/mol, respectively) compared with 
ATO (-83.651 kcal/mol, Table 4). Complex 1d established two strong 
hydrogen bonds with residues LEU57 and LYS59 (bonds distance = 2.64 
and 2.82 Å, respectively) (Table 4, Fig. 3) [48]. In addition, 1d formed 
two electrostatic interactions (π-cation) with ARG442 and nine hydro
phobic interactions with VAL65, LEU57, LEU345, ALA342, LYS338, and 
ALA446. Complex 1e formed four strong hydrogen bonds with LYS80, 
GLY60, and LEU57 (at bonds distances = 2.18, 1.57, 3.06, and 2.95 Å) 
[48]. Moreover, 1e exhibited twelve hydrophobic interactions with 
LEU57, ILE194, LEU181, LYS80, MET112, and VAL65 (Table 4, Fig. 3). 
Notably, the η6-arene rings contributed to the binding of the complexes 
to the TgCDPK1 binding site. Molecular docking analysis revealed 
certain similarities in the binding of TgCDPK1 by 1d and ATO, which can 
be attributed to the mutual interaction with four crucial TgCDPK1 res
idues (LYS59, ARG442, LYS338, and LEU345). Interactions with these 
residues were also described for triazole-modified ursolic acid-based 
TgCDPK1 inhibitors [49]. To our knowledge, no metal-based TgCDPK1 
inhibitors are known, and more in vitro studies are required to elucidate 
the interaction of ruthenium complexes with TgCDPK1. 

Drug-likeness screening predicts the likelihood that a molecule 
possesses desired drug-like qualities and physical features, which are 
referred to as drug-like attributes. It is possible to describe drug-like 
qualities as intrinsic properties of a molecule, which are essential in 
the drug discovery process [50–52]. The SwissADME server (https: 
//www.swissadme.ch/) was used to calculate important drug-likeness 
parameters and physicochemical properties (Table 5) [53]. The 

Fig. 2. Optimized geometry of the most active compounds 1d, 1e, and ATO.  

Table 3 
Selected bond lengths (Å) and angles (◦) for complexes 1d and 1e.  

Complex 1d 1e 

Ru-N  2.099  2.085 
Ru-Cl1  2.448  2.443 
Ru-Cl2  2.503  2.451 
Ru-C1  2.242  2.254 
Ru-C2  2.239  2.258 
Ru-C3  2.257  2.258 
Ru-C4  2.275  2.263 
Ru-C5  2.242  2.252 
Ru-C6  2.255  2.263 
Cl1-Ru-N  87.8  85.7 
Cl2-Ru-N  82.4  85.0 
C1-Ru-N  95.3  95.9 
C2-Ru-N  119.7  119.4 
C3-Ru-N  156.6  156.0 
C4-Ru-N  159.6  160.0 
C5-Ru-N  122.6  123.0 
C6-Ru-N  97.5  97.5 
Cl1-Ru-C1  118.9  118.6 
Cl1-Ru-C2  90.9  91.1 
Cl1-Ru-C3  88.3  89.3 
Cl1-Ru-C4  112.1  114.0 
Cl1-Ru-C5  149.3  151.2 
Cl1-Ru-C6  155.9  155.6 
Cl2-Ru-C1  149.8  151.6 
Cl2-Ru-C2  157.8  155.6 
Cl2-Ru-C3  120.8  118.5 
Cl2-Ru-C4  92.3  91.4 
Cl2-Ru-C5  88.9  89.4 
Cl2-Ru-C6  112.8  144.5  
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number of hydrogen bond donors for compounds 1d and 1e is <7 (n-HD: 
0 ~ 7) and the number of hydrogen bond acceptors is <12 (n-HA: 0 ~ 
12). We also note that the molecular weight value of 1d does not fall into 
the interval of 100 ~ 600 g/mol, while 1e does. In addition, all MLogP, 
WLogP values of these compounds were >5 except for the MLogP value 
of compound 1e. Besides, the nROTB numbers of complexes 1d and 1e 
were <11. Overall, these findings suggest that 1d adheres to the Veber 
rule but does not meet the criteria of Lipinski and Egan rules due to 
several violations of the molecular weight and LogP values. On the other 
hand, complex 1e obeys the Lipinski and Veber rules but does not 
comply with the Egan rule. Furthermore, the TPSA values of 1d and 1e 
are both less than 140 Å. This indicates that both compounds have good 
permeability in the cytoplasmic membrane and blood–brain barrier 
(BBB), which are important drug transport parameters. Evidently, this 
discovery indicates favorable oral bioavailability and pharmacokinetic 
properties of both ruthenium complexes. However, it is possible that 
differences may occur between the described in silico data and future in 
vivo pharmacological findings for these complexes. 

Fig. 4 illustrates the optimal area for each bioavailable attribute, 
represented by the pink-colored section. The following parameters were 
included: molecular weight (SIZE), lipophilicity (LIPO), polarity 
(POLAR), insolubility (INSOLU), insaturation (INSATU), and flexibility 
(FLEX). The examined complexes 1d and 1e were located inside the 
colored zone and within FLEX, POLOR, and INSATU categories. 
Furthermore, both compounds possessed a comparable average 

molecular weight and insolubility. The compounds were outside the 
boundary of the LIPO-colored zone. 

3. Conclusions 

Promising results were obtained from the evaluation of a small series 
of ruthenium complexes as potential drugs against pathogenic parasites 
such as T. gondii and L. major, which can cause severe infections in 
humans. Some of the tested (η6-arene)Ru(II) complexes were especially 
active against T. gondii parasites, which appears to be a relevant target 
pathogen for ruthenium-based therapeutics. The higher sensitivity of 
apicomplexan T. gondii for the described ruthenium complexes when 
compared with L. major kinetoplastid parasites was remarkable and 
might be applicable for the identification of further sensitive protozoal 
pathogens. For instance, other apicomplexan parasites such as Plasmo
dium species, the causative agents of malaria disease, might also be 
sensitive to ruthenium treatment. In addition, feasible combinations of 
the most active (arene)Ru(II) complexes with approved anti-parasitic 
drugs can be useful in order to optimize their efficacy, and to reduce 
the minimal effective dosage and possible side-effects in future animal 
studies. 

Complexes 1d and 1e underwent molecular docking simulations and 
ADME-T predictions. Both compounds displayed high affinities for the 
target pocket of TgCDPK1 as to low MolDock score values and the for
mation of multiple interactions with the target site. Moreover, 

Table 4 
Docking results of the compounds 1d, 1e, and standard drug ATO with the binding site of calcium-dependent protein kinase-1 TgCDPK1 (pdb 4jbv).  

Compounds MolDock 
Score (kcal/mol) 

Bonds between atoms of compounds and active site residues 

Atom of compound Involved receptor 
atoms 

Involved receptor 
residues 

Category Type Distance (Å) 

1d − 161.876 H2 O LEU57 H-Bond Carbonyl H-Bond 2.64 
/ NH LYS59 H-Bond π-Donor H-Bond 2.82 
/ NH1 ARG442 Electrostatic π-Cation 4.54 
/ NH1 ARG442 Electrostatic π-Cation 3.25 
Cl1 / VAL65 Hydrophobic Alkyl 4.35 
C29 / LEU57 Hydrophobic Alkyl 4.32 
C29 / VAL65 Hydrophobic Alkyl 4.54 
/ / LEU57 Hydrophobic π-Alkyl 5.29 
/ / LEU345 Hydrophobic π-Alkyl 4.86 
/ / ALA342 Hydrophobic π-Alkyl 5.44 
/ / LYS338 Hydrophobic π-Alkyl 4. 88 
/ / ALA342 Hydrophobic π-Alkyl 4.99 
/ / ALA446 Hydrophobic π-Alkyl 3.96  

1e − 132.808 O1 HZ1 LYS80 H-Bond Conventional H-Bond 2.18 
O1 HA1 GLY60 H-Bond Carbonyl H-Bond 1.57 
O1 HE2 LYS80 H-Bond Carbonyl H-Bond 3.06 
H4 O LEU57 H-Bond Carbonyl H-Bond 2.95 
Cl1 / LEU57 Hydrophobic Alkyl 3.97 
Cl2 / LEU57 Hydrophobic Alkyl 3.47 
C13 / ILE194 Hydrophobic Alkyl 4.92 
C15 / LEU181 Hydrophobic Alkyl 4.55 
C15 / ILE194 Hydrophobic Alkyl 3.97 
Cl3 / LYS80 Hydrophobic Alkyl 4.40 
Cl3 / MET112 Hydrophobic Alkyl 4. 37 
/ / LEU181 Hydrophobic π-Alkyl 5.22 
/ / VAL65 Hydrophobic π-Alkyl 4.40 
/ / LYS80 Hydrophobic π-Alkyl 4.52 
/ / MET112 Hydrophobic π-Alkyl 5.45 
/ / ILE194 Hydrophobic π-Alkyl 4.40  

ATO − 83.651 / NH LYS59 H-Bond π-Donor H-Bond 3.21 
/ NH1 ARG442 Electrostatic π-Cation 4.38 
/ NH1 ARG442 Electrostatic π-Cation 4.90 
/ OE1 GLU178 Electrostatic π-Cation 3.90 
/ / LYS338 Hydrophobic Amide-π Stacked 4.59 
Cl1 / PHE333 Hydrophobic π-Alkyl 5.12 
/ / LYS338 Hydrophobic π-Alkyl 4.71 
/ / LEU345 Hydrophobic π-Alkyl 5.10  
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Fig. 3. 3D diagram of interactions of the compounds 1d, 1e, and ATO with the active site residues of TgCDPK1 (pdb: 4JBV).  
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physicochemical properties of these complexes demonstrated a high 
level of drug-likeness. The molecular docking and ADME predictions 
underlined the potential of 1d and 1e as promising antitoxoplasmal drug 
candidates, which need to be confirmed by future in vitro and in vivo 
experiments. 

4. Experimental 

4.1. Chemistry 

Complex 1b was prepared following a literature procedure, and 
analyzed. The obtained analytical data correlated with published data of 
this complex [12]. Synthetic procedures and analytical data of the new 
complexes are given below. All starting compounds and solvents were 
purchased from the usual chemical vendors and used without further 
purification. Melting points (uncorrected), Electrothermal 9100; NMR 
spectra, Bruker Avance 300 spectrometer; chemical shifts are given in 
parts per million (δ) downfield from tetramethylsilane as internal stan
dard; IR, Perkin-Elmer Spectrum One FT-IR spectrophotometer equip
ped with an ATR sampling unit; ESI and high-resolution mass spectra 
were measured with a UPLC/Orbitrap (ESI-HRMS); Elemental analyses, 
Perkin-Elmer 2400 CHN elemental analyzer. 

4.1.1. Dichlorido(benzene)(CTZ)ruthenium(II) (1a) 
Clotrimazole (39 mg, 0.114 mmol) was dissolved in acetone (5 mL) 

and [Ru(benzene)Cl2]2 (29 mg, 0.057 mmol) was added. The reaction 
mixture was stirred at 70 ◦C for 3 h. n-Hexane (50 mL) was added and 
the formed precipitate was collected, washed with n-hexane and dried in 

vacuum. Yield: 46 mg (0.077 mmol, 68 %); brown solid of m.p. > 200 ◦C 
(dec.); 1H NMR (300 MHz, CDCl3): δ 5.5–5.6 (6H, m), 6.76 (1H, s), 
6.9–7.0 (1H, m), 7.1–7.2 (4H, m), 7.3–7.4 (9H, m), 7.4–7.5 (1H, m), 7.93 
(1H, s); 13C NMR (75 MHz, CDCl3): δ 84.0 (η6-benzene-CH), 121.7 
(imidazole-CH), 128.3, 128.5, 129.9, 130.4, 131.0, 131.3 (Ar-CH), 
132.2 (imidazole-CH), 135.4 (Ar-Cq), 139.4 (Ar-Cq), 139.8 (imidazole- 
CH), 142.4 (Ar-Cq); HRMS for C28H23N2Cl2Ru [M+ - Cl] calcd. 
559.02763, found 559.02865; Anal. Calc. for C28H23N2Cl3Ru: C, 56.53; 
H, 3.90; N, 4.71; found: C, 56.48; H, 3.93; N, 4.75. 

4.1.2. Dichlorido(p-cymene)(CTZ)ruthenium(II) (1b) [10] 
Clotrimazole (39 mg, 0.114 mmol) was dissolved in CH2Cl2 (5 mL) 

and [Ru(p-cymene)Cl2]2 (35 mg, 0.057 mmol) was added. The reaction 
mixture was stirred at room temperature for 3 h. n-Hexane (50 mL) was 
added and the formed precipitate was collected, washed with n-hexane 
and dried in vacuum. Yield: 43 mg (0.066 mmol, 58 %); amber solid; 1H 
NMR (300 MHz, CDCl3): δ 1.17 (6H, d, J = 6.9 Hz), 2.07 (3H, s), 2.9–2.9 
(1H, m), 5.10 (2H, d, J = 6.0 Hz), 5.29 (2H, d, J = 6.0 Hz), 6.79 (1H, s), 
6.9–7.0 (1H, m), 7.1–7.2 (4H, m), 7.2–7.4 (9H, m), 7.4–7.5 (1H, m), 7.82 
(1H, s). 

4.1.3. Dichlorido(benzene)(BFZ)ruthenium(II) (1c) 
Bifonazole (35 mg, 0.114 mmol) was dissolved in acetone (5 mL) and 

[Ru(benzene)Cl2]2 (29 mg, 0.057 mmol) was added. The reaction 
mixture was stirred at 70 ◦C for 3 h. n-Hexane (50 mL) was added and 
the formed precipitate was collected, washed with n-hexane and dried in 
vacuum. Yield: 36 mg (0.064 mmol, 56 %); brown solid of mp > 200 ◦C 
(dec.); 1H NMR (300 MHz, CDCl3): δ 5.6–5.7 (6H, m), 6.51 (1H, s), 6.79 

Table 5 
Physicochemical properties and drug likeliness of compounds 1d and 1e.  

Compounds Physicochemical property Drug likeliness 

TPSA 
(Å2) 

n-ROT MW 
(g/mol) 

MLog P n-HA n-HD Lipinski Veber Egan 

WLogP 

(0 ~ 140) (0 ~ 11) (100 ~ 600) (0 ~ 5) (0 ~ 12) (0 ~ 7) 

1d 9.86 6 616.59  6.27 0 0 Rejected Accepted Rejected  
10.01 

1e 36.16 6 555.87  3.50 2 0 Accepted Accepted Rejected  
6.94 

TPSA: Topological Polar Surface Area, n-ROT: Number of Rotatable, MW: Molecular Weight, Log P: Logarithm of partition coefficient of compound between n-octanol 
and water, n-HA: Number of hydrogen bond acceptors, n-HD: Number of hydrogen bonds donors. 

Fig. 4. Bioavailability radar of compounds 1d and 1e using SwissADME software [50].  
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(1H, m), 7.0–7.2 (3H, m), 7.3–7.5 (9H, m), 7.5–7.6 (3H, m), 7.97 (1H, s); 
13C NMR (75 MHz, CDCl3): δ 65.9 (N-CH), 84.0 (η6-benzene-CH), 119.5 
(imidazole-CH), 127.1, 127.7, 128.0, 128.5, 128.9, 129.1 (Ar-CH), 
132.2 (imidazole-CH), 137.8 (Ar-Cq), 136.7 (Ar-Cq), 139.8 (imidazole- 
CH), 140.8 (Ar-Cq), 142.2 (Ar-Cq); HRMS for C28H24N2ClRu [M+ - Cl] 
calcd. 525.06660, found 525.06745; Anal. Calc. for C28H24N2Cl2Ru: C, 
60.00; H, 4.32; N, 5.00; found: C, 60.12; H, 4.27; N, 4.97. 

4.1.4. Dichlorido(p-cymene)(BFZ)ruthenium(II) (1d) 
Bifonazole (35 mg, 0.114 mmol) was dissolved in CH2Cl2 (5 mL) and 

[Ru(p-cymene)Cl2]2 (35 mg, 0.057 mmol) was added. The reaction 
mixture was stirred at room temperature for 3 h. Ethyl acetate / n- 
hexane (1:4, 50 mL) was added and the formed precipitate was 
collected, washed with n-hexane and dried in vacuum. Yield: 48 mg 
(0.078 mmol, 68 %); amber solid of mp > 110 ◦C (dec.); νmax (ATR)/ 
cm− 1: 3113, 3057, 3030, 2961, 2921, 2868, 1601, 1487, 1470, 1452, 
1410, 1387, 1323, 1226, 1199, 1157, 1107, 1086, 1057, 1030, 1007, 
859, 822, 803, 762, 729, 697, 657; 1H NMR (300 MHz, CDCl3): δ 1.21 
(6H, d, J = 7.0 Hz), 2.12 (3H, s), 2.8–2.9 (1H, m), 5.20 (2H, d, J = 6.1 
Hz), 5.39 (2H, d, J = 6.1 Hz), 6.52 (1H, s), 6.76 (1H, s), 7.1–7.2 (4H, m), 
7.3–7.5 (7H, m), 7.5–7.6 (4H, m), 7.96 (1H, s); 13C NMR (75 MHz, 
CDCl3): δ 18.5 (CH3), 22.3 (CH3), 22.6 (CH3), 30.7 (iPr-CH), 65.7 (N- 
CH), 81.2 (η6-p-cymene-CH), 82.9 (η6-p-cymene-CH), 97.5 (η6-p-cym
ene-Cq), 102.2 (η6-p-cymene-Cq), 119.7 (imidazole-CH), 127.1, 127.7, 
128.0, 128.5, 128.8, 128.9, 129.1 (Ar-CH), 132.1 (imidazole-CH), 136.8 
(Ar-Cq), 137.9 (Ar-Cq), 140.0 (imidazole-CH), 140.2 (Ar-Cq), 141.7 (Ar- 
Cq); HRMS for C32H32N2ClRu [M+ - Cl] calcd. 581.12920, found 
581.12794; Anal. Calc. for C32H32N2Cl2Ru: C, 62.34; H, 5.23; N, 4.54; 
found: C, 62.42; H, 5.19; N, 4.51. 

4.1.5. Dichlorido(benzene)(CBZ)ruthenium(II) (1e) 
Climbazole (33 mg, 0.114 mmol) was dissolved in acetone (5 mL) 

and [Ru(benzene)Cl2]2 (29 mg, 0.057 mmol) was added. The reaction 
mixture was stirred at 70 ◦C for 3 h. n-Hexane (50 mL) was added and 
the formed precipitate was collected, washed with n-hexane and dried in 
vacuum. Yield: 30 mg (0.056 mmol, 49 %); brown solid of mp > 200 ◦C 
(dec.); 1H NMR (300 MHz, CDCl3): δ 1.25 (9H, s), 5.6–5.7 (6H, m), 6.55 
(1H, s), 6.79 (2H, d, J = 8.4 Hz), 7.1–7.2 (3H, m), 7.42 (1H, s), 8.09 (1H, 
s); 13C NMR (75 MHz, CDCl3): δ 26.3 (tBu-CH3), 43.8 (tBu-Cq), 82.9 (N- 
CH), 84.1 (η6-benzene-CH), 118.1 (imidazole-CH), 118.5 (Ar-CH), 129.7 
(Cq), 130.3 (Ar-CH), 132.2 (imidazole-CH), 140.6 (imidazole-CH), 153.5 
(Cq), 203.1 (CO); HRMS for C21H23O2N2Cl2Ru [M+ - Cl] calcd. 
507.01746, found 507.01823; Anal. Calc. for C21H23O2N2Cl3Ru: C, 
46.46; H, 4.27; N, 5.16; found: C, 46.39; H, 4.30; N, 5.11. 

4.1.6. Dichlorido(p-cymene)(CBZ)ruthenium(II) (1f) 
Climbazole (66 mg, 0.228 mmol) was dissolved in CH2Cl2 (5 mL) and 

[Ru(p-cymene)Cl2]2 (70 mg, 0.114 mmol) was added. The reaction 
mixture was stirred at room temperature for 3 h. n-Hexane (50 mL) was 
added and the formed precipitate was collected, washed with n-hexane 
and dried in vacuum. Yield: 59 mg (0.099 mmol, 43 %); amber solid of 
mp 109–111 ◦C (dec.); νmax (ATR)/cm− 1: 3113, 3060, 2931, 2875, 1728, 
1587, 1448, 1388, 1309, 1276, 1209, 1173, 1092, 1064, 1030, 1006, 
946, 866, 827, 763, 657; 1H NMR (300 MHz, CDCl3): δ 1.2–1.3 (15H, m), 
2.07 (3H, s), 2.8–2.9 (1H, m), 5.2–5.3 (2H, m), 5.4–5.5 (2H, m), 6.56 
(1H, s), 6.83 (2H, d, J = 9.0 Hz), 7.15 (1H, s), 7.19 (2H, d, J = 9.0 Hz), 
7.33 (1H, s), 8.17 (1H, s); 13C NMR (75 MHz, CDCl3): δ 18.4 (CH3), 22.2 
(CH3), 22.3 (CH3), 26.2 (tBu-CH3), 30.7 (iPr-CH), 43.9 (tBu-Cq), 81.0, 
81.1, 82.3 (N-CH), 83.0, 83.2, 97.7 (η6-p-cymene-Cq), 102.4 (η6-p- 
cymene-Cq), 118.2 (imidazole-CH), 118.5 (Ar-CH), 129.8 (Cq), 130.2 
(Ar-CH), 132.5 (imidazole-CH), 140.1 (imidazole-CH), 153.4 (Cq) 203.2 
(CO); HRMS for C25H31N2O2Cl2Ru [M+ - Cl] calcd. 563.08006, found 
563.07818; Anal. Calc. for C25H31N2O2Cl3Ru: C, 50.13; H, 5.22; N, 4.68; 
found: C, 50.20; H, 5.27; N, 4.65. 

4.2. Leishmania major cell isolation, culture conditions, and assays 

L. major promastigotes, isolated from a Saudi patient in February 
2016, were maintained at 26 ◦C in Schneider’s Drosophila medium 
(Invitrogen, USA, containing 10 % heat-inactivated fetal bovine serum/ 
FBS and antibiotics), and weekly transferred. The promastigotes (3 ×
106 parasite/mL) were cryopreserved and stored in liquid nitrogen. 
Stationary-phase promastigotes (1x106) were injected into hind foot
pads of female BALB/c mice to maintain virulent L. major parasites. 
L. major amastigotes were isolated from the infected animals after 8 
weeks, and the isolated amastigotes were transformed to promastigotes 
again upon cultivation in Schneider’s medium supplemented with an
tibiotics and 10 % FBS at 26 ◦C. Only amastigote-derived promastigotes, 
which had undergone less than five in vitro passages, were applied for 
animal infection. The BALB/c mice (male and female individuals) used 
for this study were obtained from the Pharmaceutical College of the King 
Saud University, Kingdom of Saudi Arabia, and kept in suitable 
pathogen-free facilities in accordance with the instructions and rules of 
the committee of research ethics, Deanship of Scientific Research, Qas
sim University, permission number 20–03–20. 

L. major promastigotes of the logarithmic-phase were cultured in 
phenol red-free RPMI 1640 medium containing 10 % FBS, and placed on 
96-wells plates (106 cells mL− 1, 200 μL/well), followed by the addition 
of test compounds (final concentrations of 50, 25, 12.5, 6.25, 3.13, 1.65, 
and 0.75 μg mL− 1) to the cell cultures. Negative controls were cultures 
containing only DMSO (1 %), and positive control wells were cultures 
with decreasing concentrations of the antileishmanial reference drug 
amphotericin B (50, 25, 12.5, 6.25, 3.13, 1.65, 0.75 μg mL− 1). The 
cultures were incubated at 26 ◦C for 72 h, followed by the assessment of 
the number of viable promastigotes by colorimetry (tetrazolium salt 
colorimetric assay, MTT). The formed formazan dye was dissolved by 
addition of a detergent solution, and the samples were analysed with an 
ELISA reader at 570 nm. IC50 values were calculated from the observed 
data of three independent experiments [33]. 

To evaluate the activity of the test compounds against intra- 
macrophageal amastigotes, peritoneal macrophages were isolated 
from female BALB/c mice (6–8 weeks of age) by aspiration, followed by 
adding 5 × 104 cells/well to 96-wells plates containing phenol red-free 
RPMI 1640 medium with 10 % FBS. Incubation at 37 ◦C for 4 h in 5 % 
CO2 atmosphere to allow cell adhesion was followed by removal of the 
medium and washing of the cells with phosphate-buffered saline (PBS). 
A suspension of L. major promastigotes (200 μL at a ratio of 10 pro
mastigotes: 1 macrophage in RPMI 1640 medium with 10 % FBS) was 
added to each well, followed by incubation for 24 h at 37 ◦C in hu
midified 5 % CO2 atmosphere, which allows macrophage infection and 
differentiation of promastigotes to amastigotes. Thereafter, the infected 
macrophages were washed thrice with PBS, and treated with fresh 
phenol red-free RPMI 1640 medium supplemented with the test com
pounds (50, 25, 12.5, 6.25, 3.13, 1.65, and 0.75 μg mL− 1). The treated 
cells were incubated at 37 ◦C for 72 h in humidified 5 % CO2 atmo
sphere. Cultures containing only DMSO (1 %) were applied as negative 
controls. Cultures with decreasing concentrations of amphotericin B (50, 
25, 12.5, 6.25, 3.13, 1.65, and 0.75 μg mL− 1) were used as positive 
controls. After incubation, the medium was removed and the cells were 
washed, fixed, and stained with Giemsa stain. The amount of infected 
macrophages was determined microscopically, and IC50 values were 
calculated from the data obtained from three independent experiments 
[33,54]. 

4.3. Toxoplasma gondii cell line, culture conditions, and assay 

Vero cells (ATCC® CCL81™, USA) were maintained in complete 
RPMI 1640 medium (Invitrogen, USA) with heat-inactivated FBS in a 
humidified 5 % CO2 atmosphere at 37 ◦C in 96-well plates (5 × 103 cells/ 
well in 200 μL RPMI 1640 medium). After incubation for one day, the 
medium was removed and the cells were washed with PBS. Then, RPMI 
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1640 medium containing 2 % FBS and T. gondii tachyzoites (RH strain, a 
gift from Dr. Saeed El-Ashram, State Key Laboratory for Agro
biotechnology, China Agricultural University, Beijing, China) were 
added to the Vero cells at a ratio of 5 (parasite): 1 (Vero cells). The tests 
were carried out according to the following scheme: 

Control: RPMI 1640 medium with DMSO (1 %). 
Experimental: RPMI 1640 medium + test compounds (from stock 

solutions in DMSO; final concentrations of 50, 25, 12.5, 6.25, 3.13, 1.65, 
and 0.75 μg mL− 1). 

The test samples were incubated at 37 ◦C and 5 % CO2 for 72 h, 
followed by washing the cells with PBS, fixation of cells in 10 % 
formalin, and cell staining with 1 % toluidine blue. The infection index 
(number of cells infected from 200 cells tested) of T. gondii was deter
mined with an inverted photomicroscope, and the inhibition percentage 
was calculated by using the following equation: 

Inhibition(%) = (I control) − (I Experimental)/(I control) × 100  

where, ‘I Control’ is the infection index of untreated cells, and ‘I 
Experimental’ refers to the infection index of cells treated with test 
compounds. The inhibitory activities of the test compounds against 
T. gondii were expressed as IC50 (inhibitory concentration at 50 %) 
values, which were obtained from three independent experiments 
[33,55]. 

4.4. In vitro cytotoxicity assay 

Vero or macrophage cells were cultured in RPMI 1640 medium with 
10 % FBS and 5 % CO2 at 37 ◦C for 24 h in 96-well plates (5 × 103 cells/ 
well/200 μL). Then, the cells were washed with PBS, and treated with 
test compounds in 10 % FBS medium for 72 h at varying concentrations 
(50, 25, 12.5, 6.25, 3.13, 1.65, and 0.75 μg mL− 1). Cells treated only 
with medium containing 2 % FBS were used as negative control. After 
incubation, the supernatant was removed, and 50 μL RPMI 1640 me
dium with MTT (5 mg mL− 1) was added, followed by incubation for 4 h. 
The supernatant was discarded, and DMSO (150 μL) was added to 
dissolve the formazan dye. A FLUOstar OPTIMA spectrophotometer was 
used to analyse the samples colorimetrically (λ = 540 nm), and the re
sults were expressed as CC50 values (cytotoxic concentration, which 
caused a 50 % reduction in viable cells), which were calculated from 
three independent experiments [33,56]. 

4.5. Computational approach 

4.5.1. Ligands and protein preparations 
The geometries of the complexes 1d and 1e were optimized with the 

Gaussian 16 program in gas phase using rwb97xd functional in 
conjunction with the 3–21 g basis set without any symmetry constraints 
[57,58]. Frequency computations were performed to ensure that the 
optimized structures are minima of the potential energy surface. 

The crystal structure of calcium-dependent protein kinase-1 from 
T. gondii (PDB ID: 4JBV), in complex with inhibitor UW1268 (resolution 
1.95 Å) was downloaded from the RCSB’s Protein Data Bank (https: 
//www.rcsb.org/pdb/) [59]. 

4.5.2. Molecular docking protocol and validation 
Docking simulations were performed on selected targets using 

Molegro Virtual Docker v.6.0.1 (MVD) software [60]. The MVD package 
uses an algorithm that maintains macromolecule rigidity and ligand 
flexibility. The X-ray crystal of the studied target was simplified by 
eliminating ions, cofactors, water molecules and native ligands from the 
PDB structure. The molecular docking computational protocol used in 
the current study has been described in detail in previous studies 
[61–63]. 

To validate the efficacy of molecular docking method, the native 
ligand was re-docked in the studied target, and the RMSD value of the 

formed complex was between 1 and 2 Å, showing the accuracy and the 
satisfaction of the docking method [64]. 

4.5.3. Drug-likeness predictions 
The SwissADME server (https://www.swissadme.ch/) was used to 

determine several physicochemical properties, including TPSA, nROT, 
MW, LogP, nHA, and nHD [53]. These calculations were performed to 
assess compliance with Lipinski, Veber, and Egan standards. 
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