
1 
 

 
 

Antifungal and Antiparasitic Activity of Novel Metallocene-

containing Fluconazole Derivatives 
 

Yan Lin,a Gonzalo Scalese,b Christina A Bulman,c Robin Vinck,a Olivier Blacque,d Margot Paulino,e Andres 

Ballesteros-Casallas,e Leticia Pérez Díaz,f Gustavo Salinas,g,h Makedonka Mitreva,i,* Tobias Weil,j,* Kevin 

Cariou,a,* Judy A. Sakanari,c,* Dinorah Gambino,b,* and Gilles Gassera,* 

 

a) Chimie ParisTech, PSL University, CNRS, Institute of Chemistry for Life and Health Sciences, 

Laboratory for Inorganic Chemical Biology, 75005 Paris, France. WWW: www.gassergroup.com.  

b) Área Química Inorgánica, Facultad de Química, Universidad de la República, 11800 Montevideo, 

Uruguay. 

c) University of California, San Francisco, Department of Pharmaceutical Chemistry, San Francisco, CA 

94158, USA. 

d) Department of Chemistry, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland. 

e) Área Bioinformática, Departamento DETEMA, Facultad de Química, Universidad de la República, 

11600 Montevideo, Uruguay. 

f) Sección Genómica Funcional, Facultad de Ciencias, Universidad de la República, 11400 Montevideo     

, Uruguay 

g) Worm Biology Lab, Institut Pasteur de Montevideo, 11400 Montevideo, Uruguay. 

h) Departamento de Biociencias, Facultad de Química, Universidad de la República, 11800 Montevideo, 

Uruguay. 

i) Department of Medicine, Washington University School of Medicine, St. Louis, MO 63108, USA. 

j) Research and Innovation Centre, Fondazione Edmund Mach Via E. Mach 1, 38010 San Michele 

all’Adige, Italy. 

 

*Corresponding Authors:  

Email: mmitreva@wustl.edu; tobias.weil@fmach.it; kevin.cariou@chimieparistech.psl.eu; 

judy.sakanari@ucsf.edu; dgambino@fq.edu.uy; gilles.gasser@chimieparistech.psl.eu.  

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

http://www.gassergroup.com/
mailto:mmitreva@wustl.edu
mailto:tobias.weil@fmach.it
mailto:kevin.cariou@chimieparistech.psl.eu
mailto:judy.sakanari@ucsf.edu
mailto:dgambino@fq.edu.uy
mailto:gilles.gasser@chimieparistech.psl.eu
https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

Keywords: Antifungal Agents; Bioorganometallic Chemistry; Fluconazole; Metals in Medicine; Chagas 

disease; Parasitic helminths; Neglected Tropical Diseases (NTDs).  

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


3 
 

Abstract 

The search for new anti-infectives based on metal complexes is gaining momentum. Among the different 

options taken by researchers, the one involving the use of organometallic complexes is probably the 

most successful one with a compound, namely ferroquine, already in clinical trial against malaria. In this 

study, we describe the preparation and in-depth characterization of 10 new (organometallic) derivatives 

of the approved antifungal drug fluconazole. Our rationale is that the sterol 14α-demethylase is an 

enzyme part of the ergosterol biosynthesis route in Trypanosoma and is similar to the one in pathogenic 

fungi. To demonstrate our postulate, docking experiments to assess the binding of our compounds with 

the enzyme were also performed. Our compounds were then tested on a range of fungal strains and 

parasitic organisms, including the protozoan parasite Trypanosoma cruzi (T. cruzi) responsible for Chagas 

disease, an endemic disease in Latin America and ranked as the third most prevalent parasitic disease 

after malaria and schistosomiasis. Of high interest, the most two potent compounds of the study on T. 

cruzi that contain a ferrocene or cobaltocenium were found to be harmless for an invertebrate animal 

model, namely Caenorhabditis elegans (C. elegans), without affecting motility, viability or development. 
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Introduction 

Chagas disease, caused by protozoan parasite Trypanosoma cruzi (T. cruzi), is endemic in Latin America 

and ranked as the third most prevalent parasitic disease after malaria and schistosomiasis. It spread to 

non-endemic regions due to population mobility, urbanization and emigration, and currently affects 7 

million people worldwide with 10,000 annual deaths.1,2 T. cruzi is principally transmitted through the 

feces of triatomine bugs (commonly known as kissing bugs) at the site of the bite or mucous membranes. 

Alternative transmission routes include blood transfusion, congenital transmission, organ 

transplantation, laboratory accidents and less commonly orally through contaminated food.3 The life 

cycle of T. cruzi is complex with distinct morphological and functional forms passing through triatomine 

vectors and mammalian hosts. Non-replicative blood stream trypomastigotes and replicative 

intracellular amastigotes are the typical forms of the organism in mammalian hosts, whereas replicative 

epimastigotes and infective metacyclic trypomastigotes are identified in the triatomine vector.4 

Triatomine vector ingests circulating trypomastigotes in a blood meal from an infected mammalian host. 

They transform into epimastigotes in the digestive tract of the vector and then differentiate into 

metacyclic trypomastigotes at the end of the intestine, which are excreted with the feces of the vector. 

Metacyclic trypomastigotes are deposited into the mammalian host through the bite wound or mucous 

membranes. After invading mammalian host cells, trypomastigotes differentiate into the intracellular 

amastigote form that replicate by binary fission before re-differentiating into trypomastigotes. 

Trypomastigotes are released upon cell lysis into the circulation, then infect other host cells or are 

transmitted to the insects during their blood meal, restarting the life cycle.5 Current available 

chemotherapy for Chagas disease is limited to two old drugs, nifurtimox and benznidazole (Figure 1), 

which were discovered more than 50 years ago. These compounds are effective during the acute phase 

of the disease but their effectiveness in the chronic phase is unsatisfactory. Additionally, several adverse 

effects ranging from digestive manifestations to neurological disturbances and high resistance levels 

have been associated to long-term treatments with these drugs. In the last two decades, drug discovery 

of new drugs for Chagas disease has been a major challenge for researchers. Despite many natural and 

synthetic compounds that have been assayed against T. cruzi, only allopurinol (mainly used to prevent 

gout) and a few sterol biosynthesis inhibitors (SBI´s) have advanced to clinical trial.6,7 The sterol 14α-

demethylase is an enzyme part of the ergosterol biosynthesis route in Trypanosoma and is similar to the 

one in pathogenic fungi. Antifungal azole agents such as imidazoles (ketoconazole) and triazoles 

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

(itraconazole, posaconazole and ravuconazole), were therefore seemingly the most promising 

repurposed drugs for inhibiting the growth of trypanosomes.8–11 However, currently available SBIs, such 

as ketoconazole and itraconazole, are not potent enough to eradicate the parasite from human patients 

or experimentally infected animals.12–14  

 
Figure 1. Structures of Nifurtimox, Benznidazole, and Fluconazole. 

Fluconazole (Figure 1) is a first-generation triazole, which is extensively used in the treatment of various 

superficial and systemic fungal infections. Its half-life is longer than other second- and third- generation 

triazoles and its bioavailability is superior to them as well.15 The spectrum of antifungal activities includes 

most Candida species (e.g., C. albicans, C. parapsilosis, and C. tropicalis), Cryptococcus neoformans, and 

dermatophytes. However, Candida krusei, hyphomycetes, and Aspergillus species are intrinsically 

resistant to fluconazole.16,17 On the other hand, widespread drug exposure in prophylaxis and long-term 

therapy have given rise to acquired drug resistance in some species, e.g. Candida glabrata.18 The 

increasing number of drug resistance and clinical failure treatment clearly states the urgent need for 

new and effective drugs. Interestingly, it was recently demonstrated by some of us that organometallic 

derivatives of fluconazole were highly potent in vitro against the parasitic nematodes, Brugia pahangi 

and Trichuris muris. Although these parasites do not possess 14α-demethylase, the derivatives were 

effective in reducing the reproductive output and fecundity of B. pahangi in vivo and hold much promise 

as novel anthelmintics to treat human diseases.19  

Organometallic compounds such as metallocene, metal-carbene, and metal-carbonyl have recently been 

found to be alternative chemotherapeutic agents due to their specific and unique physicochemical 

properties.20–31 The most two famous examples were ferrocenyl derivatives of known organic drugs, the 

antimalarial drug chloroquine and the anticancer drug tamoxifen, namely ferroquine and ferrocifen, 

which were reported by the Biot and Jaouen’s group, respectively.32,33 In both examples, the 

incorporation of the ferrocenyl moiety into the organic drug led to superior activities compared to their 
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parent drugs. The additional activities was shown to be caused, among others, by the generation of 

reactive oxygen species via the reversible ferrocene/ferrocenium redox couple.34 In this article, we use 

a similar strategy replacing one of the two identical triazoles in fluconazole by metallocenyl moieties 

(ferrocene (Fc), ruthenocene (Rc), cobaltocenium (Cc)) aiming to improve its bioactivities as antifungal 

and antiparasitic agents (Figure 2). The remarkable physicochemical properties of ferrocene (e.g., not-

toxic, stable, robust, lipophilic, and redox reversible) are no doubtful made it the most popular 

substitutes in medicinal organometallic chemistry.25 In contrast to the well-developed ferrocene-

containing bioactive molecules, the incorporation of the isoelectronic cobaltocenium into known drugs 

has only been explored to a much lesser extent.35 Cobaltocenium is a stable, 18-electron cationic 

structure that can undergo a reversible monoelectronic reduction to yield the uncharged 19-electron 

cobaltocene, which also acts as internal reference redox couple as ferrocene/ferrocenium.36,37 In 

contrast to ferrocenyl donor substituents, cobaltocenium acceptor substituents possess opposite 

electronic properties due to its cationic charge and reversible cobaltocenium/cobaltocene redox couple. 

Furthermore, the intrinsically positive charged structure of cobaltocenium is highly soluble in polar 

solvents, e.g., water, leading to desirable drug delivery for targeting to cells, tissues, and selected 

organs.38 Additionally, we prepared ruthenocene (Rc), adamantane (Am), and benzene (Ph) analogs to 

help us further understand the effect of the metallocene moiety. Ruthenocene is isoelectronic to 

ferrocene, and they have very similar geometry and steric demand, yet Rc displays vastly different redox 

properties than Fc.39 Adamantane, due to its three-dimensional structure, is worth investigating in this 

setting, as a fully organic non-aromatic bulky 3D moiety. It was shown in the past to have excellent 

activity when used as a surrogate for ferrocene/ruthenocene.40 In comparison, a phenyl group is 

aromatic but lacks the third-dimensionality of adamantane.  

In this work, we present the synthesis and complete characterization of ten new (organometallic) 

fluconazole derivatives (Figure 2) and their in-depth biological activity on a range of fungal strains and 

parasitic organisms. Of note, toxicity studies on Caenorhabditis elegans (C. elegans) and docking 

experiments to assess the binding of our compounds with 14α-demethylase were also performed. 
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Figure 2. Schematic representation of the compounds synthesized in this study.  

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

Results and Discussion 

Synthesis and characterization 

Two synthetic approaches were applied to synthesize FCZ analogues depending on the linker, 1,2,3-

triazole or amide, between the organometallic group and the FCZ core. (Scheme 1) Triazoles can be 

viewed as bioisostere of various groups, most prominently amides.41,42 It was thus interesting to 

synthesize FCZ analogues through two powerful ligation methods and investigate the roles of these 

linkers. Of note, in order to obtain initial insights into their biological activity, we synthesized these FCZ 

analogues as racemic mixtures to avoid any tedious asymmetric synthesis.43 In the first strategy, 

fluconazole derivatives (A1-5) were prepared by convenient synthetic methodologies of copper-

catalyzed azide-alkyne cycloaddition (CuAAC) reaction, active Cu(I) species were generated in situ by 

reduction of CuSO4 with 2 folds sodium ascorbate in degassed THF/H2O (3:2) mixture (Scheme 1A).44 1,4-

disubstitutied 1,2,3-triazole were obtained upon cycloaddition of azide SS1 with a set ofterminal alkynes, 

with yield ranging from 50% to 94%. In the second strategy,      compounds B1-5 with amide linker were 

prepared by N-acylation of amine SS2 (Scheme 1B) with various acyl chlorides. The latter can be      readily 

obtained from thecarboxylic acids SB1-5 by reaction with thionyl chloride (SB1) or oxalyl chloride (SB2-

5) in dichloromethane (see Supporting Information for synthetic details). Both cobaltocenium 

compounds A1 and B1 were initially isolated as their PF6- salts (by recrystallization and by column 

chromatography on neutral aluminium oxide, respectively). A1-PF6 and B1-PF6, were then converted to 

their chloride (Cl-) salts. Several reasons were considered for this metathesis, notably solubility and      

potency as chlorides are generally preferable counterions for in vivo testing of drug candidates.45 The 

ion-exchange was performed with Amberlite IRA-402 (     chloride form     ) in methanol according to the 

reported literature.46 The addition of resin induced yellowish solid to subsequently dissolve in solvent 

after 15 min vigorous stirring, further stirring was needed for sufficient ion exchange. The disappearance 

of characteristic signals      around -70 ppm in the 19F NMR spectrum afford evidence of complete removal 

of PF6
-. All newly synthesized compounds were unambiguously characterized by 1H, 13C and 19F NMR 

spectroscopy, HR-MS and IR, while their purities were confirmed by microanalysis. Details on synthesis 

and characterization of the complexes can be found in the Supporting Information.  
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Scheme 1. A. Synthesis of the FCZ analogues with 1,2,3-triazole as a linker; B. Synthesis of the FCZ 

analogues with amide as a linker. 
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X-ray Crystallography 

Single crystal structure determinations were carried out for eleven fluconazole derivatives synthesized 

in this study (A1-PF6, A1-Cl, A2-A5, B1-PF6, B1-Cl, and B3-B5, Figure 3). Details on the acquisition of the 

structures can be found in Supporting Information. In all cases, the crystal structures confirmed the 

identity of the complexes. The crystal structures also show that the metallocenes exhibit the standard 

sandwich geometry with nearly parallel cyclopentadienyl rings. Since all the complexes contain a 

stereogenic center, it is worth to note that the crystal structure space groups are not chiral which means 

that both enantiomers are present in the crystal in equal amount (racemate), except complex A5 that 

crystallized in the chiral space group P43 in the (R) configuration only. 

 
A1-PF6    A1-Cl      A2 

 
A3      A4     A5 
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B1-PF6      B1-Cl      B3 

 

 
B4     B5 

Figure 3. ORTEP drawing depicting the structures of A1-PF6, A1-Cl, A2-A5, B1-PF6, B1-Cl, and B3-B5 

showing displacement ellipsoids at the 30% probability level. 

Stability of compounds in DMSO  

DMSO is the most widely used storage solvent in bioassay due to its powerful solvating ability and low 

toxicity.47 As potential drug candidates, their stability in DMSO is an important parameter needed to be 

investigated. We dissolved all the newly synthesized FCZ derivatives in DMSO-d6 and monitored by 1H 

NMR spectroscopy every 24 h. No shifted peaks or new peaks (which would be sign of some degradation 

of the compounds) were found for all the tested compounds over 3 days, showing that they are stable 

in DMSO-d6. The NMR spectra of these studies can be found in Supporting Information Figures S9 - S32.  

 

Cytotoxicity on VERO cells 

In order to evaluate the potential cytotoxicity of the compounds, they were screened on VERO cells 

(ATCC CCL81) as mammalian cell model. Cell viability was assessed using the MTT (3-(4, 5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay, where MTT is reduced by metabolically 

active cells to generate reducing equivalents such as NADH and NADPH, resulting in the formation of an 

intracellular purple formazan whose absorbance is measured at 570 nm. The compounds showed low 

toxicity on the mammalian model with IC50 values in the range 68.5-476.4 μM and good selectivity index 

values (Table 1). 

 

Toxicity on C. elegans 
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C. elegans, a nematode model organism, has been used as a simplified proxy of animal toxicity for drug 

discovery as well as in ecotoxicological studies since it allows acute toxicity and developmental and 

reproductive toxicity (DART) to be examined.48 A1Cl and A2 were selected as representative of the series 

of new compounds to perform this study due to their high activity, particularly against T. cruzi (Table 1). 

The results showed that compounds A1Cl and A2 were harmless for this invertebrate animal model 

without affecting motility, viability or development. More specifically, compounds A1Cl and A2 did not 

affect worm motility after 18 h incubation at a concentration as high as 100 µM (Figure 4). In contrast, 

the known anthelmintic ivermectin used as a positive control reduced motility to zero at 2 µM (Figure 

4). The worms treated with compounds A1Cl and A2 at 100 µM or with vehicle only were recovered from 

wells and seeded on NGM (nematode growth media) plates and food to assess development. Worms 

treated at 100 µM showed normal development (L4 - adult worm – egg - L1). In addition, development 

was also assessed after a 5 h incubation with 100 µM A1Cl and A2 or vehicle of 100 synchronized L1 

larval worms. After treatment L1 were seeded on NGM plates and food and in all cases developed from 

L1 to adult worms in 72 hours.  
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Figure 4. Effect of A1Cl and A2 on C. elegans motility at a dose of up to 100 μM.  Seventy L4 adult worms 

per well were incubated in M9 buffer, 1% DMSO and compounds A2 and A1Cl at 25 and 100 µM 

concentrations. Vehicle control (without compound) was used as a reference of normal motility in 1% 

DMSO. Ivermectin was used as a positive control at 2 µM. In each experiment, four replicas were 

performed for each concentration. One representative experiment of three biological replicates is 

shown. Error bars correspond to standard deviations.  

 

In vitro activity against T. cruzi and selectivity towards the parasites 

With the compounds in hand, we then tested their activity on T. cruzi trypomastigotes, CL Brener strain. 

Freshly DMSO solutions of the compounds were diluted in culture medium to obtain the different 

concentrations tested. After incubation of the parasites with increasing concentrations of the 

compounds for 24 h, viability of the trypomastigotes was tested using alamar BlueTM, where resazurin is 

reduced to resofurin, a compound that is red in color and highly fluorescent. Dose-response curves were 

recorded and the IC50 values were determined. Most of the compounds showed IC50 values in the 

micromolar range and lower than that of the reference antitrypanosomal drug nifurtimox and of 

fluconazole. In addition, they showed good selectivity towards the parasite (Selectivity index: IC50 VERO 

cells /IC50 T. cruzi) (Table 1). The ferrocene derivative A2 and the cobaltcenium compound A1-Cl showed 

the lower IC50 values and the higher selectivity index values. As expected, A1-Cl showed higher activity 

than its hexafluorophosphate analogue.  

 

Table 1. In vitro activity on T. cruzi (trypomastigotes CL Brener strain), cytotoxicity on mammalian cells 

(VERO cells) and selectivity towards the parasites (SI values). 

Compounds IC50 VERO ± SD (μM) IC50 T. cruzi ± SD (μM) SIa 

A1-PF6 194.7 ± 12.4 7.79 ± 0.82 25.0 

A1-Cl 109.7 ± 12.2 4.88 ± 0.77 22.5 

A2 68.5 ± 7.9 2.47 ± 1.20 27.7 

A3 171.0 ± 10.5 14.4 ± 2.1 11.9 

A4 > 200 > 96 ND 

A5 167.1 ± 20.1 13.1 ± 1.34 12.8 

B1-Cl 476.4 ± 58.7 17.6 ± 1.9 27.0 

B2 > 200 92.49 ± 9.09 >2.2 

B3 > 200 10.6 ± 2.7 > 18.8 
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B4 188.8 ± 19.7 14.8 ± 5.8 12.8 

B5 160.5 ± 18.0 23.2 ± 4.3 6.9 

FCZ 173.0 ± 30.2 23.6 ± 2.0 7.3 

NFX 998.5 ± 90.6b 20.1 ± 2.86c 49.6 

SIa: Selectivity index: IC50 mammalian cells /IC50 T. cruzi; [b] data from reference [2]; [c] data from reference [48]; 
ND: not determined. 
 
Compounds efficacy against clinical fungal isolates 

The antifungal activity of the compounds was then tested towards Candida albicans and non albicans 

strains (Table 2). Compounds A5 and B5 in particular displayed strong activities (even submicromolar for 

the latter) towards all but one of the investigated strains, including fluconazole-resistant (MIC50 FCZ 

>100) clinical isolates, at concentrations evaluated as safe on human embryonic kidney cells (<25 µM, 

see Figure 3). Compounds B2, B3 and B4 showed good antifungal properties as well, yet when compared 

to B5 their activity was less pronounced against FCZ resistant C. albicans and C. tropicalis clinical isolates. 

Only the FCZ resistant C. glabrata clinical isolate was highly resistant to all tested compounds. 

 

Table 2. MIC50 values on a panel of clinical Candida isolates (µM) 

Strains A1PF6 A1Cl A2 A3 A4 A5 B1Cl B2 B3 B4 B5 FCZ 

C. albicans SC5314 100 100 32.6 30 16.5 5.2 100 2.1 2 1.2 0.7 0.8 

C. albicans MFB005.FS3 100 100 65.3 30 33 5.2 100 8.6 7.8 2.4 1.4 0.4 

C. albicans YMS 102.2 100 100 100 60.1 100 10.5 100 100 100 19.2 22.3 100 

C. parapsilosis MFB005.FS5 100 100 65.3 30 16.5 5.2 100 17.2 7.8 2.4 0.7 0.4 

C. parapsilosis MFB070.N1 100 100 100 100 100 10.5 100 8.6 7.8 2.4 0.7 100 

C. tropicalis RTT35.1 100 100 100 100 100 10.5 100 17.2 15.6 38.4 2.8 100 

C. tropicalis RTT35.3 100 100 100 100 100 20.9 100 34.3 15.6 19.2 2.8 100 

C. glabrata MFB005.FS4 100 100 65.3 30 16.5 5.2 100 8.6 7.8 2.4 0.7 0.4 

C. glabrata RTT 199.3 100 100 100 100 100 100 100 100 100 100 100 100 

 

Compounds efficacy against B. pahangi and T. muris 

The percent inhibition of motility was determined for two species of parasitic helminths, B. pahangi and 

T. muris in vitro using the fluconazole analogs.49–53 Both A2 and A3 were effective in inhibiting B. pahangi 

and T. muris worm motility by >70% using concentrations of 50 µm and 100 µM, respectively (Table 3). 

Compound A4 was the most potent analog against B. pahangi (90% inhibition of worm motility) but it 
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did not affect T. muris worms. Since the B series were not potent against B. pahangi, they were not 

assessed further with T. muris since these latter worms are considerably more difficult to eliminate.  

In this worm assay, A2 was effective in causing worm death against both Brugia and Trichuris using 50 

and 100 µm, respectively. Although the concentrations used in the worm assay were high (>10 µm), A2 

was not toxic to the free-living nematode, C. elegans in the DART assay, even at 100 µm. Results of the 

C. elegans toxicity assay showed that A2 had no detrimental effect on the adult worms nor did it cause 

any developmental or reproductive toxicity which bodes well for the future development of a more 

potent series of derivatives against the two parasitic nematode species or other parasitic helminths. 

 

Table 3. Percent inhibition of motility using compounds against B. pahangi for 6 days and T. muris for 3 

days.  

 

Computational evaluation of putative action mechanisms based on biomolecular models 

Computational (in silico) strategies have long been recognized as excellent tools for investigating and 

proposing possible mechanisms of action of bioactive molecules.50 A sequences alignment of T. cruzi and 

H. sapiens sterol 14α-demethylase sequences and a 3D protein alignment were performed to conjecture 

about the specificity of designed compounds. The study of putative binding sites of both sterol 14 α-

demethylases followed by molecular docking of the T. cruzi enzyme and the putative ligands were carried 

out (see Supplementary Information for details). The analysis of the resulting docked complexes was 
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accomplished with graphical revision. This final step could provide the knowledge of 1) how the 

fluconazole derivatives bind to the biomolecule; 2) which are the main contacts that can occur in such 

interaction; 3) as well as an estimation of the binding energy, provided as the Score value in molecular 

docking. 

The T. cruzi crystallographic structure of sterol 14-alpha-demethylase co-crystallized with fluconazole 

was obtained from Protein Data Bank with the id code 2WX2. After docking with the eleven molecular 

models of compound under study (Fluconazole, A and B series), the interaction energies resulted all with 

negative values, indicating attractive interaction between the compounds and the enzyme.  

It is observed that the complexes (both A and B series) orient the fluconazole moiety part facing the 

heme moiety (Figure 5). Some less populated poses of the docking reverse the position and the heme 

moiety interacts with ferrocene, cobaltocene or ruthenocene, respectively, but they resulted mostly 

with lower scores. 

As can be seen in Table S7, all derivatives resulted with improved scores with respect to the fluconazole, 

and presented a higher number of interactions. As an example, it could be interesting to mention the 

interaction of compounds A1, A2 and A3 with the residue M360, suggesting that this residue could be 

important to understand the effect of compounds on the 14-alpha-demethylase. The same cannot be 

said for the B series whose components, in addition to showing a tendency to lower scores, also show 

no contact with M360. An animated gif of A2 complex poses is available in Figure S100.  
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Figure 5. Up: T. cruzi ribbons of enzyme. HEME is atom type colored, A2 molecule stick model is green 

colored.  Bottom: Close-up view of complex of A2 with CYP51 3D structure in the docked site. The A2 is 

shown in green sticks. All other side chain and HEMO docked conformations are shown in stick colored 

in gray (carbon atoms), red (oxygen atoms or blue (nitrogen atoms). Hydrogen atoms are not shown. 

The interaction region is conformed by HEMO moiety and Y103, F110, Y116, A287, A291, T295, L356, 

M358, M360 and M460 sterol 14-alpha-demethylase residues. The fluor phenyl moiety is always 

oriented towards the HEMO in all best docked molecules. Beyond the clear result expressed in the 

anchored structures obtained, the small difference in the anchoring energies can be explained by the 

lack of sensitivity of the methods used in the evaluation of organometallic complexes. In that sense, this 

in silico work has allowed to clearly define which structures of enzyme-ligand complexes to use for 

further studies involving quantum mechanics (QM and QM/MM). 
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Conclusion 

In this work, 10 new (organometallic) derivatives of the antifungal agent fluconazole were synthesized 

and characterized using a range of different analytical techniques, including by X-ray crystallography. 

Their antifungal and antiparasitic activities were then tested, revealing that the ferrocene derivative A2 

and the cobaltcenium compound A1-Cl had the lower IC50 values and the higher selectivity index values 

against T. cruzi. The toxicity of these two compounds was tested on C. elegans. They were found to be 

harmless for this invertebrate animal model without affecting motility, viability or development. 

Interestingly, when the series of our compounds were tested against fungal infections, other compounds 

than A1-Cl and A2 were found to be the most active, namely compounds A5 and B5 that do not contain 

an organometallic moiety but a phenyl moiety. They displayed strong activities (even submicromolar for 

the latter) towards all but one of the investigated strains, including fluconazole-resistant (MIC50 FCZ 

>100) clinical isolates, at concentrations evaluated as safe on human embryonic kidney cells. Since azole 

derivatives were recently found to be active on two species of parasitic helminths, B. pahangi and T. 

muris in vitro, we also tested the activity of our compounds on these parasites. The ferrocenyl and 

ruthenocenyl derivatives A2 and A3, respectively were found to be effective in inhibiting B. pahangi and 

T. muris worm motility by >70% using concentrations of 50 µm and 100 µM, respectively. Overall, this 

study further demonstrates that the organometallic derivatization of known antifungal drug can produce 

new, easy-to-synthesize compounds with high biological activity. The computational studies indicated 

that there is a preferred site for the compounds studied, close to the HEMO group and similar to the 

binding site of fluconazole. Furthermore, the binding mode of fluconazole, with its fluoromethyl group 

always oriented towards the HEMO group is the same adopted for all best scored conformations. 

Differences justifying the best obtained IC50 values may be associated with increased scored energies 

evaluated with further QM/MM studies.  

 

Supporting Information 

Synthetic pathways (Scheme S1-S8), procedures and characterization of the compounds, Selected crystal 

data and structure refinement parameters (Table S1-S5), NMR (Fig. S1‒S73) spectra, copies of the IR (Fig. 

S74‒S84) and Stability studies (Fig. S85-S95), Computational studies (Fig. S96-S99), the results of docking 

analysis (Table S7), animate version of the best docked conformation for the A2 molecule (Fig. S100). 
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Experimental section in chemistry part 

Materials and methods  

All manipulations of the complexes were performed using standard Schlenk techniques under a nitrogen 

atmosphere. Commercially available regents were used without further purification. Solvents were 

dried over molecular sieves if necessary. Evaporation of solvents in vacuo was done with a rotary 

evaporator at 40°C. Thin layer chromatography (TLC) was performed using silica gel 60 F-254 (Merck) 

plates with detection of spots being achieved by exposure to UV light. NMR spectra were recorded in 

deuterated solvents on Bruker AV-400 (1H, 400 MHz; 13C, 101 MHz; 19F, 376.5 MHz) and AV-500 (1H, 500 

MHz; 13C, 126 MHz; 19F, 470.6 MHz) spectrometers at room temperature. The chemical shifts, δ, are 

reported in ppm (parts per million). The residual solvent peaks have been used as an internal reference. 

The abbreviations for the peak multiplicities are as follows: s (singlet), d (doublet), t (triplet), dd (doublet 

of doublet), p (pentet), sept (septet), brs (broad singlet), and m (multiplet). 

Synthesis and compound characterization 

 
Scheme S1 Synthetic pathways for SS1. 

 
Compound SS0 was synthesized following an adapted literature procedure.1 A suspension of NaH (96 

mg, 2.4 mmol, 1.2 equiv.) in dry DMSO (16 mL) and trimethylsulfoxonium iodide (528 mg, 2.4 mmol, 1.2 

equiv.) was stirred for 30 min at room temperature until the mixture became clear. 1-(2,4-

difluorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethan-1-one (446 mg, 2.0 mmol, 1 equiv.) in dry DMSO (32 mL) 

was added to the previous solution and the reaction mixture was heated to 85°C for 5 h. After cooling 

the solution to room temperature, the reaction mixture was poured into cold H2O (50 mL, 4°C). The 
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product was extracted with EtOAc (2 × 50 mL) and the combined organic phases were washed with H2O 

(50 mL), brine (50 mL), dried over MgSO4, filtered and evaporated. The residue was purified by flash 

chromatography on silica with EtOAc : cyclohexane (3 : 2) as the eluent system (Rf = 0.26, EtOAc : 

cyclohexane (3 : 2)) to obtain compound 17 as an orange oil (313 mg, 1.32 mmol, 66%). 1H NMR (400 

MHz, Chloroform-d     ): δ 8.02 (s, 1H), 7.80 (s, 1H), 7.15 – 7.08 (m, 1H), 6.80 – 6.71 (m, 2H), 4.78 (d, J = 

14.9 Hz, 1H), 4.45 (d, J = 14.9 Hz, 1H), 2.95 (d, J = 4.7 Hz, 1H), 2.89 (d, J = 4.7 Hz, 1H). The spectral data 

corresponds to previously reported data.1 

 
Compound SS1 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.2 1H NMR (400 MHz, Chloroform-d) δ 7.88 (s, 1H), 7.76 (s, 1H), 7.49 – 7.43 

(m, 1H), 6.79 – 6.68 (m, 2H), 4.69 (d, J = 14.3 Hz, 1H), 4.61 (d, J = 14.2 Hz, 1H), 3.62 (d, J = 12.9 Hz, 1H), 

3.46 (dd, J = 12.9, 1.0 Hz, 1H). 

 
Scheme S2 Synthetic pathways for SA1. 

 
Compound S-SA1 was prepared following an adapted literature procedure with minor modification. A 

Schlenk flask was charged under an atmosphere of N2 with 50 mL dry THF and 0.79 mL of 

(trimethylsilyl)acetylene (1.14 equiv). The mixture was cooled to -78 °C and 2.2 mL 2.5 M nBuLi (1.1 

equiv) was added. Stirring was continued for 1h and then the mixture was warmed to -15 °C, 1.67g 

Bis(cyclopentadienyl)cobalt(III) hexafluorophosphate (1 equiv) was added. The reaction mixture was 
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slowly warmed to room temperature for 30 min with vigorous stirring, further treated by ultrasonic 

instrument for an additional 15 min, resulting in a dark red homogeneous solution. The solvent was 

removed in vacuo, and the residues was isolated by solid-phase extraction over 50 mL dry hexane which 

was dried by Na2SO4. A round-bottom flask was charged with 2.5 g triphenylcarbenium salts and 50 mL 

freshly opened dichloromethane, the mixture protected from the light was stirred for 10 min at room 

temperature. The previously collected solution in hexane was added to this yellow-brown mixture and 

the product was allowed to participate during 30 min of further stirring. The tan precipitate was filtered 

off and thoroughly washed with diethyl ether and cold water.3 The spectral data corresponds to 

previously reported data.1H NMR (400 MHz, Acetonitrile-d3) δ 5.85 (t, J = 2.1 Hz, 2H), 5.68 – 5.66 (m, 

7H), 0.27 (s, 9H). 

 
Compound SA1 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.3 1H NMR (400 MHz, Acetonitrile-d3) δ 5.94 – 5.93 (m, 2H), 5.73 (s, 5H), 5.72 

– 5.71 (m, 2H), 3.74 (s, 1H). 

 
Scheme S3 Synthetic pathways for SA2. 

 
Compound S-SA2 was prepared following an adapted literature procedure. The spectral data 

corresponds to previously reported data.4 1H NMR (400 MHz, Chloroform-d) δ 7.14 (s, 1H), 4.67 (s, 2H), 

4.31 (s, 2H), 4.21 (s, 5H). 
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Compound SA2 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.4 1H NMR (400 MHz, Chloroform-d) δ 4.39 (t, J = 1.9 Hz, 2H), 4.15 (s, 5H), 

4.13 (t, J = 1.9 Hz, 2H), 2.65 (s, 1H). 

 
Scheme S4 Synthetic pathways for SA3. 

 
Compound S-SA3 was prepared following several adapted literature procedures.5,6,7 A solution of 

ruthenium trichloride hydrate (RuCl3 × H2O, 31.4 g, 0.12 mol, 1 equiv.) in 200 mL of absolute ethanol 

was placed in an ice bath cooled to 0 °C. Subsequently, cyclopentadiene (100 mL, 79.5 g, 1.20 mol, 10 

equiv.) was added to the solution. Zinc dust (78 g, 1.20 mol, 10 equiv.) was added to the reaction mixture 

over 1 h in 10 portions, while the temperature was kept between 0 – 10 °C during the addition. The 

reaction mixture was stirred at 0 °C for 30 min, and then warmed to room temperature (23 °C) with 

continued stirring for 3 h. The suspension was filtered, and the grey metallic residue was washed with 

hot toluene (90 °C). The filtrate was concentrated in vacuo, the residue was dissolved in toluene at room 

temperature. The solution was passed through a plug of silica gel with toluene as eluent. The toluene 

was removed in vacuo to obtain ruthenocene as an off-white solid (9.02 g, 0.039 mol, 33%).  

Ruthenocene (1.00 g, 4.3 mmol, 1 equiv), and KOtBu (56 mg, 0.5 mmol, 0.12 equiv) were dissolved in 

dry THF (100 mL) and cooled to -78 °C. At -78 °C, tBuLi in pentane (4.6 mL, 8.6 mmol, 1.9 M, 2 equiv.) 

was added dropwise to the solution over a period of 30 min. After the addition of tBuLi, dry 

dimethylformamide (0.8 mL, 0.8 g, 10.9 mmol, 2.5 equiv.) was added dropwise into the reaction 

mixture, and stirred for another 10 min. The reaction mixture was then warmed to -40 °C, and stirred 

for a further 10 min, before deionized water (50 mL) was added. The THF was removed in vacuo and the 
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aqueous solution was extracted with dichloromethane (DCM) (50 mL × 3). The DCM layers were 

combined, washed with water (50 mL × 2), dried with MgSO4, filtered, and the DCM removed in vacuo. 

The residue was purified by flash chromatography using DCM as eluent (Rf = 0.61), to obtain 1 as a bright 

yellow solid (0.90 g, 3.49 mmol, 82%). 1H NMR (400 MHz, Chloroform-d) δ 9.72 (s, 1H), 5.10 – 5.05 (m, 

2H), 4.87 – 4.83 (m, 2H), 4.64 (s, 5H). The spectral data corresponds to previously reported data. 

 
Compound SA3 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.8 1H NMR (400 MHz, Methylene Chloride-d2) δ 4.72 – 4.70 (m, 2H), 4.46 (s, 

5H), 4.43 – 4.41 (m, 2H), 2.55 (s, 1H). 

 
Scheme S5 Synthetic pathways for SA4. 

 
Compound S-SA4 was prepared following an adapted literature procedure. The spectral data 

corresponds to previously reported data.9 1H NMR (400 MHz, Chloroform-d) δ 4.98 (d, J = 4.2 Hz, 1H), 

4.80 (d, J = 4.1 Hz, 1H), 2.00 – 1.98 (m, 3H), 1.70 – 1.65 (m, 9H), 1.63 – 1.58 (m, 3H). 
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Compound SA4 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.9 1H NMR (400 MHz, Chloroform-d) δ 1.97 (s, 1H), 1.85 – 1.82 (m, 3H), 1.76 

(d, J = 3.0 Hz, 6H), 1.56 (t, J = 3.2 Hz, 6H). 

 
Scheme S6 Synthetic pathways for SS2. 

 
Compound SS2 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.2 1H NMR (400 MHz, Chloroform-d) δ 8.01 (s, 1H), 7.76 (s, 1H), 7.49 (td, J = 

8.9, 6.5 Hz, 1H), 6.80 – 6.65 (m, 2H), 4.56– 4.48 (m, 2H), 3.13 (dd, J = 12.9, 1.3 Hz, 1H), 2.91 (dd, J = 13.0, 

1.5 Hz, 1H). 

 
Scheme S7 Synthetic pathways for SB1. 

 
Compound SB1 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.3 1H NMR (400 MHz, Acetonitrile-d3) δ 6.09 (t, J = 2.2 Hz, 2H), 5.79 (t, J = 2.2 

Hz, 2H), 5.75 (s, 5H). 
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Scheme S8 Synthetic pathways for SB3. 

 
Compound SB3 was prepared following an adapted literature procedure. The spectral data corresponds 

to previously reported data.10 1H NMR (400 MHz, Chloroform-d) δ 5.11 – 5.08 (m, 2H, C5H4), 4.70 – 4.66 

(m, 2H, C5H4), 4.56 (s, 5H, C5H5). 

General Procedure A 

To a mixture of azide (1 equiv) and alkyne (1 equiv) in degassed THF: H2O (3: 2, 0.013M) being cooled to 

0 °C. Then, an aqueous solution of CuSO4 (1.1 equiv, 1M) was added dropwise, followed by the dropwise 

addition of freshly prepared aqueous solution of sodium ascorbate (2.2 equiv, 1M). The reaction mixture 

was allowed to stir for 18h at room temperature under N2 atmosphere. An aqueous solution of ammonia 

(5 mL per mmol) was added, after stir for 10 min, the mixture was extracted with DCM, and washed 

with water, dried by Na2SO4, the organic solvent was evaporated to afford the crude product. 

 

 
Compound A1-PF6 was prepared according to the general procedure A using azide SS1 (1.65 mmol) and 

alkyne SA1 (1.65 mmol), the crude product was purified by recrystallization from MeCN/Et2O at 4 °C. 

Yield: 71%. IR (cm-1): 1498, 1137, 837, 818, 677. 1H NMR (500 MHz, DMSO-d6) δ 8.46 (s, 1H), 8.40 (s, 

1H), 7.90 (s, 1H), 7.30 – 7.25 (m, 1H), 7.23 – 7.18 (m, 1H), 6.92 – 6.89 (m, 1H), 6.61 (s, 1H), 6.36 (pseudo-

t, J = 5 Hz, 2H), 5.91 (pseudo-t, J = 5 Hz, 2H), 5.55 (s, 5H), 5.11 (d, J = 14.4 Hz, 1H), 4.77 (d, J = 14.5 Hz, 

1H), 4.72 (d, J = 14.6 Hz, 1H), 4.66 (d, J = 14.3 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 162.2 (dd, J = 
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246.7, 12.5 Hz), 159.0 (dd, J = 247.2, 12.8 Hz), 151.1, 145.4, 137.3, 129.7 (d, J = 10.1 Hz), 125.7, 122.9 (d, 

J = 12.2 Hz), 111.1 (d, J = 20.7 Hz), 104.2 (t, J = 27.0 Hz), 94.8, 85.5, 84.3, 80.5 (d, J = 11.1 Hz), 73.9 (d, J 

= 4.8 Hz), 55.9, 54.8. 19F NMR (471 MHz, DMSO-d6) δ -70.11 (d, J = 711.3 Hz), -106.99 (d, J = 8.5 Hz), -

110.76 (d, J = 8.3 Hz). 31P NMR (162 MHz, DMSO-d6) δ -144.18 (hept, J = 711.3 Hz). HRMS (ESI) m/z: 

[M+]+ Calcd. for C23H20CoF2N6O+ 493.0993, found 493.0990. Elemental Analysis: calcd. for 

C23H20CoF8N6OP = C, 43.28; H, 3.16; N, 13.17. Found = C, 43.63; H, 3.02; N, 12.87. 

 
Ion exchange: To a mixture slurry of compound A1-PF6 (1.44 mmol) in 20 mL methanol was added 

Amberlite IRA-402 (Cl) (7.35 g), after 20 min vigorously stirred, the reaction mixture became clear, and 

was left stirring overnight. The mixture was filtered through Buchner funnel and the filtrate was 

concentrated under reduced pressure. The residue was further recrystallized from EtOH/hexane to give 

the pure compound A1-Cl as yellow solid. IR (cm-1): 1417, 1271, 1140, 826, 672. 1H NMR (500 MHz, 

DMSO-d6) δ 8.61 – 8.50 (m, 2H), 7.86 (s, 1H), 7.32 – 7.16 (m, 2H), 7.09 (s, 1H), 6.90 – 6.86 (m, 1H), 6.37 

(q, J = 1.7 Hz, 2H), 5.92 (t, J = 2.1 Hz, 2H), 5.57 (s, 5H), 5.12 (d, J = 14.3 Hz, 1H), 4.82 (d, J = 1.8 Hz, 2H), 

4.70 (d, J = 14.3 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 162.1 (dd, J = 246.8, 12.5 Hz), 159.0 (dd, J = 

247.3, 12.6 Hz), 150.9, 145.5, 137.2, 129.9 (d, J = 9.7 Hz), 125.8, 123.0 (d, J = 12.0 Hz), 111.0 (d, J = 20.7 

Hz), 104.1 (t, J = 26.7 Hz), 94.9, 85.5, 84.3, 80.6 (d, J = 6.4 Hz), 73.9 (d, J = 4.6 Hz), 55.86 (d, J = 2.5 Hz) , 

54.5 (d, J = 5.1 Hz). 19F NMR (471 MHz, DMSO-d6) δ -107.13 (d, J = 8.4 Hz), -110.99 (d, J = 8.3 Hz). HRMS 

(ESI) m/z: [M+]+ Calcd. for C23H20CoF2N6O+ 493.0993, found 493.0990. Elemental Analysis: calcd. for 

C23H20ClCoF2N6O ⋅ 0.5H2O = C, 51.36; H, 3.94; N, 15.63. Found = C, 51.64; H, 3.76; N, 15.28. 
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Compound A2 was prepared according to the general procedure A using azide SS1 (0.5 mmol) and 

alkyne SA2 (0.5 mmol), the crude product was chromatographed on silica (Ethyl acetate) to give 

compound A2 as yellow solid. Yield: 94%. IR (cm-1): 1497, 1272, 1139, 818, 675. 1H NMR (500 MHz, 

DMSO-d6) δ 8.37 (s, 1H), 7.86 (s, 1H), 7.85 (s, 1H), 7.29 – 7.19 (m, 2H), 6.91 – 6.81 (m, 1H), 6.50 (s, 1H), 

5.01 (d, J = 14.4 Hz, 1H), 4.76 (d, J = 14.5 Hz, 1H), 4.68 – 4.60 (m, 4H), 4.25 (pseudo-t, J = 1.85 Hz 2H), 

3.93 (s, 5H). 13C NMR (126 MHz, DMSO-d6) δ 162.1 (dd, J = 246.3, 12.7 Hz), 159.0 (dd, J = 247.2, 12.5 

Hz), 151.0, 145.3, 144.8, 129.8 (d, J = 9.3 Hz), 123.1 (d, J = 12.9 Hz), 121.3, 111.0 (d, J = 20.0 Hz), 104.0 

(t, J = 27.0 Hz), 75.7, 74.0 (d, J = 4.8 Hz), 69.2, 68.2, 66.2, 55.5 (d, J = 4.6 Hz), 55.0 (d, J = 5.1 Hz). 19F NMR 

(376 MHz, DMSO-d6) δ -107.12 (d, J = 8.2 Hz), -111.16 (d, J = 8.1 Hz). HRMS (ESI) m/z: [M+H]+ Calcd. for 

C23H21F2FeN6O 491.1089, found 491.1093. Elemental Analysis: calcd. for C23H20F2FeN6O = C, 56.34; H, 

4.11; N, 17.14. Found = C, 56.03; H, 3.96; N, 16.94. 

 
Compound A3 was prepared according to the general procedure A using azide SS1 (0.6 mmol) and 

alkyne SA3 (0.6 mmol), the crude product was chromatographed on silica (EA: hexane = 4: 1� EA) to 

give compound A3 as pale yellow solid. Yield: 50%. IR (cm-1): 1501, 1271, 1136, 964, 808, 679. 1H NMR 

(500 MHz, DMSO-d6) δ 8.35 (s, 1H), 7.83 (s, 1H), 7.73 (s, 1H), 7.30 – 7.14 (m, 2H), 6.90 – 6.86 (m, 1H), 

6.44 (s, 1H), 5.06 – 5.04 (m, 2H), 4.94 (d, J = 14.4 Hz, 1H), 4.74 (d, J = 14.5 Hz, 1H), 4.64 – 4.56 (m, 4H), 

4.38 (s, 5H). 13C NMR (126 MHz, DMSO-d6) δ 162.6 (dd, J = 246.6, 12.6 Hz), 159.4 (dd, J = 247.5, 12.2 

Hz), 151.4, 145.7, 144.5, 130.3, 123.6 (d, J = 13.0 Hz), 122.1, 111.5 (d, J = 21.1 Hz), 104.5 (t, J = 26.9 Hz), 

79.9, 74.4 (d, J = 4.7 Hz), 71.6, 70.9, 69.5, 55.9, 55.5. 19F NMR (471 MHz, DMSO-d6) δ -107.15 (d, J = 8.4 

Hz), -111.14 (d, J = 8.3 Hz). HRMS (ESI) m/z: [M+H]+ Calcd. for C23H21F2N6ORu 537.0789, found 537.0775. 

Elemental Analysis: calcd. for C23H20F2N6ORu⋅ 1/3H2O = C, 51.01; H, 3.85; N, 15.52. Found = C, 51.46; H, 

3.52; N, 15.01. 
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Compound A4 was prepared according to the general procedure A using azide SS1 (0.5 mmol) and 

alkyne SA4 (0.5 mmol), the crude product was chromatographed on silica (EA: hexane = 4: 1� EA) to 

give compound A4 as white solid. Yield: 68%. IR (cm-1): 2903, 1744, 1501, 1271, 1139, 1089, 868, 675. 
1H NMR (500 MHz, DMSO-d6) δ 8.32 (s, 1H), 7.81 (s, 1H), 7.49 (s, 1H), 7.25 – 7.11 (m, 2H), 7.00 – 6.79 

(m, 1H), 6.38 (s, 1H), 4.87 (d, J = 14.4 Hz, 1H), 4.75 (d, J = 14.4 Hz, 1H), 4.62 (d, J = 14.3 Hz, 1H), 4.55 (d, 

J = 14.5 Hz, 1H), 1.99 – 1.97 (m, 3H), 1.78 (d, J = 2.9 Hz, 6H), 1.74 – 1.62 (m, 6H). 13C NMR (126 MHz, 

DMSO-d6) δ 162.1 (dd, J = 246.6, 12.4 Hz), 159.0 (dd, J = 247.2, 12.4 Hz), 155.9, 150.9, 145.2, 129.9 (d, J 

= 7.0 Hz), 123.2 (d, J = 11.5 Hz), 120.5, 110.8 (d, J = 20.4 Hz), 103.9 (t, J = 26.9 Hz), 73.9 (d, J = 4.7 Hz), 

55.5 – 55.3 (m), 54.9 (d, J = 5.4 Hz), 42.1, 36.2, 32.0, 27.8. 19F NMR (471 MHz, DMSO-d6) δ -107.18 (d, J 

= 8.4 Hz), -111.33 (d, J = 8.2 Hz). HRMS (ESI) m/z: [M+H]+ Calcd. for C23H27F2N6O 441.2209, found 

441.2204. Elemental Analysis: calcd. for C23H26F2N6O⋅ ½EA = C, 61.97; H, 6.24; N, 17.34. Found = C, 

62.40; H, 6.14; N, 17.81. Compound cocrystallization with ethyl acetate in a ration 1/2 was verified by 

crystal structure. 

 

Compound A5 was prepared according to the general procedure A using azide SS1 (1 mmol) and 

phenylacetylene (1 mmol), the crude product was chromatographed on silica (Ethyl acetate) to give 

compound A5 as white solid. Yield: 90%. IR (cm-1): 1619, 1497, 1275, 1149, 967, 766, 697. 1H NMR (500 

MHz, DMSO-d6) δ 8.36 (s, 1H), 8.32 (s, 1H), 7.84 (s, 1H), 7.80 – 7.75 (m, 2H), 7.43 – 7.40 (m, 2H), 7.34 – 

7.15 (m, 3H), 6.89 – 6.85 (m, 1H), 6.50 (s, 1H), 5.01 (d, J = 14.4 Hz, 1H), 4.78 (d, J = 14.5 Hz, 1H), 4.72 (d, 

J = 14.4 Hz, 1H), 4.64 (d, J = 14.5 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 162.1 (dd, J = 246.6, 12.8 Hz), 

159.1 (dd, J = 247.0, 12.5 Hz), 151.0, 145.7, 145.3, 130.6, 129.8 (t, J = 7.8 Hz), 128.9, 127.8, 125.1, 123.2 

(d, J = 13.6 Hz), 122.6, 111.0 (d, J = 20.8 Hz), 104.1 (t, J = 27.1 Hz), 73.9 (d, J = 5.0 Hz), 55.6 (d, J = 4.8 Hz), 
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54.9 (d, J = 5.3 Hz). 19F NMR (471 MHz, DMSO-d6) δ -107.11 (d, J = 8.2 Hz), -111.11 (d, J = 8.3 Hz). HRMS 

(ESI) m/z: [M+H]+ Calcd. for C19H17F2N6O 383.1426, found 383.1427. Elemental Analysis: calcd. for 

C19H16F2N6O = C, 59.68; H, 4.22; N, 21.98. Found = C, 59.51; H, 4.07; N, 21.76. 

General Procedure B 

Treat appropriate substituted carboxylic acid (1 eqiv) in thionyl chloride (0.1 M) under reflux for 18 h. 

The solution was concentrated to yield yellow solid which was used for next step without further 

purification. 

To a stirred mixture of amide SS2 (1 eqiv) and triethylamine (2 eqiv) in dry THF (0.1 M), a solution of 

corresponding acyl chlorides (1 eqiv) in dry THF (0.1 M) were added dropwise. The resulting mixture 

was stirred at room temperature under nitrogen atmosphere overnight. After completion of the 

reaction, the solvent was removed to afford the crude product.  

General Procedure C 

To a solution of appropriate substituted carboxylic acid (1 eqiv) in dry dichloromethane (0.2 M), oxalyl 

chloride (2 eqiv) and a catalytic amount of DMF was added. The reaction mixture was stirred at 30 °C 

for 3h under N2 atmosphere, the solvent was then evaporated under vacuum to obtain corresponding 

acyl chlorides which was further used for the next step without purification.  

To a stirred mixture of amide SS2 (1 eqiv) and triethylamine (2 eqiv) in dry dichloromethane (0.1 M), a 

solution of corresponding acyl chlorides (1 eqiv) in dry DCM (0.1 M) were added dropwise. The resulting 

mixture was stirred at room temperature under nitrogen atmosphere overnight. After completion of 

the reaction, the reaction was quenched with water and extracted with DCM/H2O, the organic layer was 

dried and concentrated to afford the crude product.  

 
Compound B1-PF6 was prepared according to the general procedure B using carboxylic acid SB1 (1.5 

mmol) and amine SS2 (1.5 mmol), the crude product was dissolved in saturated NH4PF6 methanol and 

stirred for 30min. After removing the methanol in vacuo, the residue was chromatographed on neutral 

aluminium oxide (MeCN: H2O = 20: 1) to give the yellow solid. The yellow solid was washed by cold 
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water and further recrystallized from EtOH/hexane to give compound B1-PF6 as yellow solid. Yield: 50%. 
1H NMR (500 MHz, DMSO-d6) δ 8.67 (t, J = 6.2 Hz, 1H), 8.36 (s, 1H), 7.81 (s, 1H), 7.50 – 7.45 (m, 1H), 

7.28 – 7.23 (m, 1H), 7.04 – 7.00 (m, 1H), 6.22 – 6.18 (m, 2H), 5.89 (t, J = 2.1 Hz, 2H), 5.69 (s, 5H), 4.69 (d, 

J = 14.5 Hz, 1H), 4.62 (d, J = 14.5 Hz, 1H), 3.95 (dd, J = 14.0, 6.9 Hz, 1H), 3.63 (dd, J = 13.9, 5.6 Hz, 1H). 
13C NMR (126 MHz, DMSO-d6) δ 162.2, 162.0 (dd, J = 246.1, 12.5 Hz), 159.3 (dd, J = 247.6, 12.4 Hz), 

150.7, 145.1, 130.2 (t, J = 8.0 Hz), 124.7 (d, J = 12.5 Hz), 110.8 (d, J = 20.5 Hz), 104.2 (t, J = 27.0 Hz), 93.5, 

85.9, 85.7 (d, J = 5.1 Hz), 84.0 (d, J = 34.0 Hz), 74.7 (d, J = 5.0 Hz), 55.0 (d, J = 5.5 Hz), 46.0 (d, J = 4.2 Hz). 
19F NMR (376 MHz, DMSO-d6) δ -70.11 (d, J = 711.3 Hz), -106.48 – -106.54 (m), -111.68 – -111.74 (m). 
31P NMR (162 MHz, DMSO-d6) δ -144.19 (hept, J = 711.3 Hz). HRMS (ESI) m/z: [M+]+ Calcd. for 

C22H20CoF2N4O2 469.0881, found 469.0880. 

 
Ion exchange: To a mixture slurry of compound B1-PF6 (0.46 mmol) in 10 mL methanol was added 

Ambelite IRA-402 (Cl) (2.32 g), after 20 min vigorously stirred, the reaction mixture became clear, and 

was left stirring overnight. The mixture was filtered through Buchner funnel and the filtrate was 

concentrated under reduced pressure. The residue was further recrystallized from EtOH/hexane to give 

compound B1-Cl as yellow solid. IR (cm-1): 1660, 1563, 1497, 1417, 1120, 1095, 862,677. 1H NMR (500 

MHz, DMSO-d6) δ 9.18 – 9.15 (m, 1H), 8.44 (s, 1H), 7.77 (s, 1H), 7.53 – 7.48 (m, 1H), 7.25 – 7.21 (m, 1H), 

7.03 – 6.99 (m, 1H), 6.67 (s, 1H), 6.43 – 6.30 (m, 2H), 5.90 (td, J = 2.6, 1.5 Hz, 2H), 5.69 (s, 5H), 4.67 (s, 

2H), 4.09 (dd, J = 13.9, 7.6 Hz, 1H), 3.57 (dd, J = 13.9, 4.8 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 161.9 

(dd, J = 246.1, 12.4 Hz), 161.9, 159.2 (dd, J = 248.0, 12.2 Hz), 150.5, 145.2, 130.5 – 130.4 (m), 124.9 – 

124.8 (m), 110.8 (d, J = 20.4 Hz), 104.0 (t, J = 27.0 Hz), 93.3, 85.9, 85.7 (d, J = 6.4 Hz), 84.3 (d, J = 35.9 

Hz), 74.6 (d, J = 4.8 Hz), 55.0 (d, J = 5.3 Hz), 46.2 (d, J = 4.5 Hz). 19F NMR (376 MHz, DMSO-d6) δ -106.52 

– -106.60 (m), -111.81 – -111.88 (m). HRMS (ESI) m/z: [M+]+ Calcd. for C22H20CoF2N4O2
 469.0881, found 

469.0880. Elemental Analysis: calcd. for C22H20ClCoF2N4O2 = C, 52.35; H, 3.99; N, 11.10. Found = C, 

51.80; H, 3.45; N, 10.83. 
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Compound B2 was prepared according to the general procedure C using ferrocenecarboxylic acid (1 

mmol) and amine SS2 (1 mmol), the crude product was chromatographed on silica gel (DCM: MeOH = 

95: 5) to give compound B2 as yellow solid. Yield: 53%. IR (cm-1): 1612, 1545, 1271, 1129, 965, 887, 678. 
1H NMR (500 MHz, DMSO-d6) δ 8.35 (s, 1H), 7.95 (t, J = 5.9 Hz, 1H), 7.78 (s, 1H), 7.52 – 7.47 (m, 1H), 

7.26 – 7.21 (m, 1H), 7.01 – 6.97 (m, 1H), 6.69 (s, 1H), 4.73 – 4.68 (m, 2H), 4.60 (d, J = 14.3 Hz, 1H), 4.54 

(d, J = 14.3 Hz, 1H), 4.33 (t, J = 2.0 Hz, 2H), 3.98 (s, 5H), 3.87 – 3.83 (m, 1H), 3.59 – 3.55 (m, 1H). 13C NMR 

(126 MHz, DMSO-d6) δ 171.8, 161.9 (dd, J = 245.6, 12.7 Hz), 159.0 (dd, J = 247.2, 12.4 Hz), 150.6, 145.1, 

130.4, 125.0 (d, J = 13.8 Hz), 110.9 (d, J = 20.2 Hz), 104.0 (t, J = 26.9 Hz), 75.2 – 75.1 (m, two carbons 

were overlapped which identified in the HMBC spectrum), 70.3 (d, J = 6.1 Hz), 69.4, 68.3 (d, J = 12.0 Hz), 

55.6 (d, J = 4.6 Hz), 46.9 (d, J = 4.6 Hz). 19F NMR (471 MHz, DMSO-d6) δ -107.16 (d, J = 7.9 Hz), -112.07 

(d, J = 7.9 Hz). HRMS (ESI) m/z: [M+H]+ Calcd. for C22H21F2FeN4O2 467.0977, found 467.0976. Elemental 

Analysis: calcd. for C22H20F2FeN4O2 = C, 56.67; H, 4.32; N, 12.02. Found = C, 56.45; H, 4.03; N, 11.67. 

 
Compound B3 was prepared according to the general procedure C using carboxylic acid SB3 (2 mmol) 

and amine SS2 (2 mmol), the crude product was chromatographed on silica gel (EA: Hexane = 2: 1� EA) 

to give compound B3 as pale yellow solid. Yield: 65%. IR (cm-1): 1614, 1544, 1270, 1140, 965, 816, 678. 
1H NMR (500 MHz, DMSO-d6) δ 8.32 (s, 1H), 7.83 (t, J = 5.9 Hz, 1H), 7.77 (s, 1H), 7.46 – 7.41 (m, 1H), 

7.24 – 7.20 (m, 1H), 7.02 – 6.98 (m, 1H), 6.57 (s, 1H), 5.08 – 5.03 (m, 2H), 4.67 – 4.65 (m, 2H), 4.57 (d, J 

= 14.3 Hz, 1H), 4.48 (d, J = 14.2 Hz, 1H), 4.41 (s, 5H), 3.74 – 3.70 (m, 1H), 3.56 – 3.52 (m, 1H). 13C NMR 

(126 MHz, DMSO-d6) δ 170.3, 161.9 (dd, J = 245.7, 12.7 Hz), 159.0 (dd, J = 247.4, 12.3 Hz), 150.6, 145.0, 
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130.4 – 130.2 (m), 125.0 (d, J = 13.6 Hz), 110.8 (d, J = 20.6 Hz), 104.0 (t, J = 26.8 Hz), 79.5, 75.2 (d, J = 4.8 

Hz), 72.1, 71.5, 70.2, 55.4 (d, J = 4.8 Hz), 46.7 (d, J = 4.5 Hz). 19F NMR (471 MHz, DMSO-d6) δ -107.14 (d, 

J = 7.9 Hz), -112.07 (d, J = 8.0 Hz). HRMS (ESI) m/z: [M+H]+ Calcd. for C22H21F2N4O2Ru 513.0677, found 

513.0662. Elemental Analysis: calcd. for C22H20F2N4O2Ru = C, 51.66; H, 3.94; N, 10.95. Found = C, 51.71; 

H, 3.55; N, 10.68.  

 
Compound B4 was prepared according to the general procedure C using1-adamantanecarboxylic acid 

(2 mmol) and amine SS2 (2 mmol), the crude product was chromatographed on silica gel (DCM: MeOH 

= 100:3) to give compound B4 as white solid. Yield: 93%.IR (cm-1): 1613, 1495, 1265, 1122, 965, 850, 

678. 1H NMR (500 MHz, DMSO-d6) δ 8.32 (s, 1H), 7.76 (s, 1H), 7.44 – 7.41 (m, 1H), 7.39 – 7.36 (m, 1H), 

7.18 – 7.13 (m, 1H), 6.97 – 6.93 (m, 1H), 6.42 (s, 1H), 4.58 (d, J = 14.3 Hz, 1H), 4.48 (d, J = 14.2 Hz, 1H), 

3.70 – 3.66 (m, 1H), 3.42 (dd, J = 14.0, 5.0 Hz, 1H), 1.90 – 1.89 (m, 3H), 1.65 – 1.54 (m, 12H). 13C NMR 

(126 MHz, DMSO-d6) δ 178.8, 161.8 (dd, J = 245.7, 12.4 Hz), 159.0 (dd, J = 247.4, 12.3 Hz), 150.5, 145.0, 

130.3 – 130.1 (m), 124.8 (d, J = 14.1 Hz), 110.5 (d, J = 20.7 Hz), 103.8 (t, J = 26.8 Hz), 75.2 (d, J = 5.0 Hz), 

55.2 (d, J = 5.5 Hz), 46.2, 39.7 (overlapping within solvent peak which identified in the HMBC spectrum), 

38.4, 36.0, 27.5. 19F NMR (471 MHz, DMSO-d6) δ -106.77 (d, J = 8.1 Hz), -112.26 (d, J = 8.1 Hz). HRMS 

(ESI) m/z: [M+H]+ Calcd. for C22H27F2N4O2 417.2097, found 417.2087. Elemental Analysis: calcd. for 

C22H26F2N4O2 = C, 63.45; H, 6.29; N, 13.45. Found = C, 62.70; H, 6.34; N, 13.26. 

 
Compound B5 was prepared according to the general procedure C using benzoic acid (2 mmol) and 

amine SS2 (2 mmol), the crude product was chromatographed on silica gel (EA: Hexane = 2: 1) to give 

compound B5 as white solid. Yield: 89%. IR (cm-1): 1631, 1499, 1322, 1138, 965, 853, 678. 1H NMR (500 
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MHz, DMSO-d6) δ 8.51 (t, J = 6.1 Hz, 1H), 8.34 (s, 1H), 7.76 – 7.74 (m, 3H), 7.53 – 7.50 (m, 1H), 7.46 – 

7.38 (m, 3H), 7.20 – 7.15 (m, 1H), 6.94 – 6.90 (m, 1H), 6.28 (s, 1H), 4.71 (d, J = 14.3 Hz, 1H), 4.58 (d, J = 

14.4 Hz, 1H), 3.83 – 3.74 (m, 2H). 13C NMR (126 MHz, DMSO-d6) δ 167.7, 161.8 (dd, J = 245.7, 12.7 Hz), 

159.1 (dd, J = 247.2, 12.5 Hz), 150.5, 145.0, 133.9, 131.4, 130.1 – 129.9 (m), 128.3, 127.3, 124.8 (d, J = 

13.8 Hz), 110.7 (d, J = 20.6 Hz), 103.9 (t, J = 27.0 Hz), 75.2 (d, J = 4.6 Hz), 55.1 (d, J = 5.6 Hz), 46.6 (d, J = 

4.3 Hz). 19F NMR (471 MHz, DMSO-d6) δ -106.81 (d, J = 8.1 Hz), -112.11 (d, J = 8.0 Hz). HRMS (ESI) m/z: 

[M+H]+ Calcd. for C18H17F2N4O2 359.1314, found 359.1314. Elemental Analysis: calcd. for C18H16F2N4O2 

= C, 60.33; H, 4.50; N, 15.64. Found = C, 60.44; H, 4.99; N, 15.31. 

Experimental Section in Biological part 

In vitro activity against Trypanosoma cruzi and cytotoxicity on a mammalian cell model (VERO cells) 

Parasite and culture 

T. cruzi. Parasites experiments were carried out using T. cruzi CL Brener strain.  

Epimastigotes were grown until a high proportion of metacyclic trypomastigote parasites were 

observed (~21 days). Trypomastigote-rich cultures were incubated overnight with a monolayer of VERO 

cells in a 10:1 parasite:cell ratio in RPMI medium at 37°C in a humidified 5 % CO2 incubator. Extracellular 

parasites were removed the following day by aspirating cell culture media, washing the VERO cell 

monolayer three times with PBS, followed by addition of fresh supplemented RPMI. Trypomastigotes 

emerged from VERO cells (6-7 days) were used to set new VERO cell infections up.11  

Cell-derived trypomastigotes were obtained from the supernant of infected VERO cells collected 72 h 

post established infection with cell-emerged trypomastigotes. 

VERO cells. VERO cells (ATCC CCL81) were used as mammalian cell model for testing unspecific 

cytotoxicity. This cell lineage has been used as eukaryotic model in Trypanosoma cruzi infections.12 

Cells were cultured in RPMI medium (Gibco) supplemented with 10 % heat inactivated fetal bovine 

serum, penicillin (100 units/mL) and streptomycin (100 µg/mL) at 37°C in a humidified 5 % CO2 

incubator. For maintenance, confluent cells were washed with PBS, incubated for 3 min with trypsin-

EDTA (Gibco), diluted and re-plated.13–15 

Compounds´ treatment 

The compounds were initially dissolved in DMSO (stock concentration). Freshly solutions were diluted 

in the culture medium to obtain the different concentrations tested. Throughout the experimental 

procedures, the concentration of DMSO never exceeded 1%, which is non-toxic for the protozoa.13–15  
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In vitro activity against trypomastigotes of Trypanosoma cruzi 

5x106 parasites per well were seeded in black 96 well plates in RPMI medium with increasing 

concentration of compounds for 24 h. Viability was tested using alamar BlueTM (Thermo Fisher), where 

resazurin is reduced to resofurin, a compound that is red in color and highly fluorescent. 10 μL of alamar 

Blue were added to each well. Black plates were incubated for 3 h at 28°C. Fluorescence (excitation 530 

nm / emission 590 nm) was measured in a Thermo Scientific Varioskan® Flash Multimode instrument. 

Dose-response curves were recorded and the IC50 values were determined using GraphPad Prism 

version 6.00 for Windows (GraphPad Software, La Jolla California USA). The results are presented as 

averages ± SD (standard deviation) of three independent biological replicates.  

Cytotoxicity on VERO cells 

For the cytotoxicity assay, 10000 cells per well were seeded in a 96 well plate in RPMI medium and were 

incubated at 37 °C in a 5 % CO2 atmosphere. Once adhered to the plate, cells were incubated with the 

indicated compound concentrations for 24 h. Cell viability was assessed using MTT (3-(4, 5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay, where MTT is reduced by metabolically 

active cells to generate reducing equivalents such as NADH and NADPH, resulting in the formation of an 

intracellular purple formazan which can be solubilized by the addition of DMSO. Briefly, 20 μL of MTT 5 

mg/mL were added to each well. Plates were incubated for 4 h at 37°C in a 5 % CO2 atmosphere. After 

incubation, the medium was removed and the cells were disrupted with 100 μL of DMSO. Plates were 

kept for 15 min with agitation and absorbance was measured at 570 nm in a Thermo Scientific 

Varioskan® Flash Multimode instrument. Each assay was performed three times.13–16 

 

In vitro motility assays with adult female Brugia pahangi and adult Trichuris muris 

The efficacy of the derivatives was tested on adult female B. pahangi (11 derivatives) and T. muris (6 

derivatives) in in vitro inhibition of motility assays.17-19 Briefly, a single B. pahangi female worm was 

placed into a single well of a 24-well plate (4 replicates per compound) with 500 µL of media (RPMI-1640 

with 25 mM HEPES, 2.0 g/L NaHCO3, 5% heat inactivated FBS, and 1X antibiotic/antimycotic solution). 

Worms were treated with 50 uM of compound in DMSO and incubated for 6 days at 37°C with 5% CO2. 

The motility of the worms was measured using the Worminator instrument on days 0, 1, 2, 3, and 6. 

Each plate was recorded for 60 s to determine the number of pixels displaced by the worms per second. 

The percentage of inhibition of motility was calculated by dividing the mean movement units (MMUs) 

of treated worms by the average MMUs of the control worms (treated with 1% DMSO), then subtracting 
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that value from 1. The values were floored to zero and multiplied by 100%. Adult T. muris were assayed 

in the same manner as B. pahangi except each well contained 2 worms in culture media (4 replicates 

wells per compound) and the worms were treated with 100 uM of compound for 3 days. 

In vitro activity against Candida strains 

The C. albicans reference strain SC5134 and a series of clinical isolates of Candida strains were tested 

for their susceptibility to fluconazole and the derivates. Candida strains were grown on Sabouraud agar 

medium (Sigma Aldrich, St. Louis, MO, USA) for 48 h at 30°C and resuspended in distilled water at a 

concentration of 1-5 x 105 CFU/ml before testing. Minimal inhibitory concentration (MIC) values for FCZ 

and derivates were determined following the European Committee for Antimicrobial Susceptibility 

Testing protocol (EUCAST Definitive Document EDef 7.3.2 Revision, 2020). Briefly, cells were grown in 

RPMI-1640 medium supplied with 2.0% glucose, counted and inoculated at a concentration of 1-5 x 105 

CFU/ml. MIC50 values were detected using a spectrophotometer (at 530 nm) after 48 h of incubation, as 

the lowest concentration of the drug that resulted in a ≥ 50% inhibition of growth, relative to the 

control.  

Assessment of compound toxicity using C. elegans  

The wild-type Caenorhabditis elegans (C. elegans) Bristol strain N2 and Escherichia coli (E. coli) OP50 

strain were obtained from the Caenorhabditis Genomics Center (Minneapolis, MN, USA). Worms were 

maintained under standard conditions at 20 °C on Nematode Growth Media (NGM) agar plates seeded 

with E. coli OP50 as a source of food as previously described.20  

The method used to assess toxicity is based on worm motility according to (Simonetta and Golombek, 

2007, and Risi et al 2019).21,22  Briefly, the locomotor activity recording system, WMicrotrackerTM ONE 

(PhylumTech), detects infrared microbeam interruptions. Synchronized C. elegans worms were 

removed from culture plates and washed three times with M9 buffer (3 g KH2PO4; 6 g Na2HPO4; 5 g 

NaCl; 1 mL 1 M MgSO4 per liter) by centrifugation at 1000 g. Worms in M9 1% DMSO were then plated 

in 96-well flat microtiter plates (Deltalab). Approximately 70 worms per well were seeded in 60 µL M9 

buffer containing 1% DMSO and their basal movement was measured for 30 minutes to normalize the 

movement activity for each well at the beginning of the assay. Then, compounds A1-Cl and A2 in M9 

buffer 1% DMSO were added at 25 and 100 µM final concentrations in a total volume of 100 µL per well. 

Vehicle alone (1% DMSO) with no compound and the anthelmintic ivermectin at 2 µM were used as 

used as controls. The motility using WMicrotrackerTM ONE was measured at 20 °C for 18 hours. Motility 
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of worms with vehicle only after 18 h was considered for reference as 100% motility. Four replicas were 

performed for each concentration in 96-microwell plates. Three biological replicas (worms from three 

plates) were performed.  In addition to motility, development from L1 larval worms to adult worms was 

assessed after 5 hours treatment of synchronized L1 with 100 µM A1-Cl, A2 or vehicle. After treatment 

100 L1 were placed on NGM plates and food, and development followed for 4 days. 

X-ray Crystallograyphy 

Single crystal X-ray diffraction data were collected at 160(1) K on a Rigaku Oxford Diffraction Synergy-

Pilatus diffractometer for A1-Cl, A3, A4, A5, B1-PF6 and B4 and on a Rigaku Oxford Diffraction 

Supernova-Atlas diffractometer for A1-PF6, A2, B1-Cl, B3 and B5 using the copper X-ray radiation (l = 

1.54184 Å) from a dual wavelength X-ray source and an Oxford Instruments Cryojet XL cooler. The 

provided single crystals were covered with a polybutene oil, selected and mounted on a flexible loop 

fixed on a goniometer head and transferred to the diffractometer. Pre-experiments, data collections, 

data reductions and analytical absorption corrections23 were performed with the program suite 

CrysAlisPro.24 Using Olex2,25 the structures were solved with the SHELXT26 small molecule structure 

solution program and refined with the SHELXL program package27 by full-matrix least-squares 

minimization on F2. PLATON28 was used to check the result of the X-ray analyses. The crystal data 

collections and structure refinement parameters are shown in Tables S1 – S6 . CCDC 2118250 (for A1-

PF6),  CCDC 2118251 (for A1-Cl), CCDC 2118252 (for A2), CCDC 2118253 (for A3), CCDC 2118254 (for 

A4), CCDC 2118255 (for A5), CCDC 2118256 (for B1-PF6), CCDC 2118257 (for B3), CCDC 2118258 (for 

B4), CCDC 2118259 (for B5), and CCDC 2118260 (for B1-Cl) contain the supplementary crystallographic 

data for these compounds, and can be obtained free of charge from the Cambridge Crystallographic 

Data Centre via www.ccdc.cam.ac.uk/data_request/cif. In the crystal structure of A3, solvent molecules 

of isopropanol cocrystallized with the main species in a ratio 1:1. The terminal triazole ring is disordered 

over two sets of positions with site-occupancy factors of 0.11(4) and 0.89(4). In the crystal structure of 

A4, solvent molecules of ethyl acetate cocrystallized with the main species in a ratio 1:2. In the 

asymmetric unit, the solvent molecule lies around a two-fold axis and is disordered over two sets of 

positions with a site occupancy factor of 0.5. In the crystal structure of B1-PF6, four fluorido atoms of 

the PF6- anions are disordered over two sets of positions with site-occupancy factors of 0.343(8) and 

0.657(8). 

Table S1. Selected crystal data and structure refinement parameters for A1-PF6 and A1-Cl. 
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Table S2. Selected crystal data and structure refinement parameters for A2 and A3. 
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Table S3. Selected crystal data and structure refinement parameters for A4 and A5. 
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Table S4. Selected crystal data and structure refinement parameters for B1-PF6 and B1-Cl. 
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Table S5. Selected crystal data and structure refinement parameters for B3 and B4. 
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Table S6. Selected crystal data and structure refinement parameters for B5. 
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NMR spectra of compounds 

 

Figure S1 1H NMR spectrum of SS0 

 

Figure S2 1H NMR spectrum of SS1 
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Figure S3 1H NMR spectrum of S-SA1 

 

Figure S4 1H NMR spectrum of SA1 
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Figure S5 1H NMR spectrum of S-SA2 

 

Figure S6 1H NMR spectrum of SA2 
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Figure S7 1H NMR spectrum of S-SA3 

 

Figure S8 1H NMR spectrum of SA3 
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Figure S9 1H NMR spectrum of S-SA4 

 

Figure S10 1H NMR spectrum of SA4 
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Figure S11 1H NMR spectrum of SS2 

 

Figure S12 1H NMR spectrum of SB1 
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Figure S13 1H NMR spectrum of SB3 
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Figure S14 1H NMR spectrum of A1-PF6 

 
Figure S15 13C NMR spectrum of A1-PF6 
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Figure S16 19F NMR spectrum of A1-PF6 

 
Figure S17 31P NMR spectrum of A1-PF6 
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Figure S18 HSQC spectrum of A1-PF6 in DMSO-D6 

 
Figure S19 HMBC spectrum of A1-PF6 in DMSO-D6 

 

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


S36 

 

 

 
Figure S20 1H NMR spectrum of A1-Cl 
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Figure S21 13C NMR spectrum of A1-Cl 

 
Figure S22 19F NMR spectrum of A1-Cl 
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Figure S23 HSQC spectrum of A1-Cl in DMSO-D6 

 

 
Figure S24 HMBC spectrum of A1-Cl in DMSO-D6 
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Figure S25 1H NMR spectrum of A2 
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Figure S26 13C NMR spectrum of A2 

 
Figure S27 19F NMR spectrum of A2 
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Figure S28 HSQC spectrum of A2 in DMSO-D6 

 
Figure S28 HMBC spectrum of A2 in DMSO-D6 
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Figure S29 1H NMR spectrum of A3  
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Figure S30 13C NMR spectrum of A3  

 
Figure S31 19F NMR spectrum of A3  
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Figure S32 HSQC spectrum of A3 in DMSO-D6 

 
Figure S32 HMBC spectrum of A3 in DMSO-D6 
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Figure S33 1H NMR spectrum of A4 
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Figure S34 13C NMR spectrum of A4 

 
Figure S35 19F NMR spectrum of A4 
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Figure S36 HSQC spectrum of A4 in DMSO-D6 

 
Figure S37 HMBC spectrum of A4 in DMSO-D6 

 

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


S48 

 

 

 
Figure S38 1H NMR spectrum of A5 
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Figure S39 13C NMR spectrum of A5 

 
Figure S40 19F NMR spectrum of A5 
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Figure S41 HSQC spectrum of A5 in DMSO-D6 

 
Figure S42 HMBC spectrum of A5 in DMSO-D6 
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Figure S43 1H NMR spectrum of B1-PF6 
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Figure S44 13C NMR spectrum of B1-PF6 

 
Figure S45 19F NMR spectrum of B1-PF6 
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Figure S46 31P NMR spectrum of B1-PF6 

 
Figure S47 HSQC spectrum of B1-PF6 in DMSO-D6 
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Figure S48 HMBC spectrum of B1-PF6 in DMSO-D6 
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Figure S49 1H NMR spectrum of B1-Cl 

 
Figure S50 13C NMR spectrum of B1-Cl 
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Figure S51 19F NMR spectrum of B1-Cl 

 
Figure S52 HSQC spectrum of B1-Cl in DMSO-D6 
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Figure S53 HMBC spectrum of B1-Cl in DMSO-D6 
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Figure S54 1H NMR spectrum of B2 

 
Figure S55 13C NMR spectrum of B2 
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Figure S56 19F NMR spectrum of B2 

 
Figure S57 HSQC spectrum of B2 in DMSO-D6 
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Figure S58 HMBC spectrum of B2 in DMSO-D6 
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Figure S59 1H NMR spectrum of B3 

 
Figure S60 13C NMR spectrum of B3 
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Figure S61 19F NMR spectrum of B3 

 
Figure S62 HSQC spectrum of B3 in DMSO-D6 
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Figure S63 HMBC spectrum of B3 in DMSO-D6 
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Figure S64 1H NMR spectrum of B4  

 
Figure S65 13C NMR spectrum of B4  
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Figure S66 19F NMR spectrum of B4  

 
Figure S67 HSQC spectrum of B4 in DMSO-D6 
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Figure S68 HMBC spectrum of B4 in DMSO-D6 
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Figure S69 1H NMR spectrum of B5  

 
Figure S70 13C NMR spectrum of B5  
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Figure S71 19F NMR spectrum of B5  

 
Figure S72 HSQC spectrum of B5 in DMSO-D6 

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


S69 

 

 
Figure S73 HMBC spectrum of B5 in DMSO-D6 

Infrared spectra 

 
Figure S74 Infrared spectra of A1-PF6 
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Figure S75 Infrared spectra of A1-Cl 

 
Figure S76 Infrared spectra of A2 

 
Figure S77 Infrared spectra of A3 
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Figure S78 Infrared spectra of A4 

 

 
Figure S79 Infrared spectra of A5 

 
Figure S80 Infrared spectra of B1-Cl 
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Figure S81 Infrared spectra of B2 

 

 
Figure S82 Infrared spectra of B3 

 
Figure S83 Infrared spectra of B4 
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Figure S84 Infrared spectra of B5 

 

1H NMR spectra for stability  

 
Figure S85. Stability of A1-PF6 in DMSO up to three days. 
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Figure S86. Stability of A1-Cl in DMSO up to three days. 

 
Figure 87. Stability of A2 in DMSO up to three days. 
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Figure S88. Stability of A3 in DMSO up to three days. 

 

 
Figure S89. Stability of A4 in DMSO up to three days. 
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Figure S90. Stability of A5 in DMSO up to three days. 

 
Figure S91. Stability of B1-Cl in DMSO up to three days. 
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Figure S92. Stability of B2 in DMSO up to three days. 

 
Figure S93. Stability of B3 in DMSO up to three days. 
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Figure S94. Stability of B4 in DMSO up to three days. 

 
Figure S95. Stability of B5 in DMSO up to three days. 
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Materials and Methods section for computational studies 

Modelling of the fluconazole derivatives. 

The modelling of fluconazole derivatives was necessary since even knowing their crystallographic 

structure, possible conformational changes may be essential to understand their binding modes.  

 

 
 

Figure S96. Structures of the modelled ligands in its minimal energy conformation. 

 

Sequences and 3D protein alignment.  

After alignment, the comparison of both T. cruzi and H. sapiens CYP51 resulted in an identity of 33% and 

a similarity of 53.8%. This value equals the number or residue matches between H. sapiens and T. cruzi 

CYP51 sequences and divided by the length of the T. cruzi sequence. Even this low rate of identity and 

similarity, the enzyme structures denote a high conservation in the secondary structures. A 3D 

superposition of structures is shown in the Figure S97. The aligned sequences are shown in Figure S98. 

 

 

 

https://doi.org/10.26434/chemrxiv-2023-cp31b ORCID: https://orcid.org/0000-0002-4244-5097 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-cp31b
https://orcid.org/0000-0002-4244-5097
https://creativecommons.org/licenses/by-nc-nd/4.0/


S80 

 

 

 

 

 

 

 

Figure S97. 3D structures of T cruzi and H sapiens CYP51 crystallographic data. Cyan rods: _HEME moieties. 

Magenta rods: posaconazole co-crystallized within T cruzi CYP51. Yellow rods: (R)-N-(1-(3,4′-difluorobiphenyl-

4-yl)-2-(1H-imidazol-1-yl)ethyl)-4-(5-phenyl-1,3,4-oxadiazol-2-yl)benzamide (VFV) co-crystallized within H 

sapiens CYP51. 
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Figure S98: Aligned sequences of T. cruzi and H. sapiens species.  
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Site Finder:  

The crystallographic structure of the CYP51 of T. cruzi in complex with posaconazole (PDB id 2KIO) was 

used for the Site Finder analysis. Thirty-one sites were detected being two bigger sites of 62 and 95 alpha 

spheres placed in the region of co-crystallized posaconazole molecule. The shape and composition of T. 

cruzi and H. sapiens (PDB id 4UHL with the co-crystallized ligand VFV) is shown in the Figure S99. Then, 

theses sequences were annotated as the “Site” for docking. Note that both sites contain the HEME 

molecule.  
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Figure S99. Main sites detected by Site Finder module in both (up) T cruzi and H sapiens (bottom) 

crystalographic structures. HEME molecule is drawn in cyan rods. The composition of two bigger sites of 

62 and 95 alpha spheres placed in the region of co crystallyzed posaconazole molecule is for the case ot 

T cruzi: ILE45 PHE48 GLY49 LYS50 PRO52 ILE72 TYR103 ILE105 MET106 PHE110 ALA115 TYR116 LEU127   

PRO210 ALA211 VAL213 PHE214 ALA287 ALA288 PHE290 ALA291 GLY292 GLN293 HIS294 THR295 

LEU356 LEU357 MET358 MET360 TYR457 HIS458 THR459 MET460 VAL461 VAL462. (HEM488) 

In the case of H sapiens structure, just one site was detected of 347 spheres, composed by: ILE75 PHE77 

GLY78 LYS79 PRO81 PHE98 MET100 VAL101 LYS103 PHE105 TYR107 ASP129 VAL130 TYR131 LEU134 

THR135 PHE139 VAL143 ALA144 TYR145 PHE152 GLN155 LEU159 PHE195 ILE203 ALA224 TYR227 

ALA228 ASP231 GLY232 PHE234 SER235 HIS236 TRP239 GLY303 MET304 GLY307 LEU308 LEU310 

ALA311 GLN313 HIS314 THR315 THR318 PRO376 ILE377 MET378 ILE379 MET380 MET381 MET383 

GLN400 TYR484 THR485 THR486 MET487 ILE488 HIS489 THR490)2:(HEM540) 
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Docking  

The docking was performed with AUTODOCK4.2 software.29 Protein and compounds structures were 

prepared in AUTODOCK TOOLS.30 Crystallographic structure of T. cruzi CYP51 (2WX2) co-crystallized with 

fluconazole was used to dock, taking the fluconazole pose as a reference. Docking protocol is described 

in.30 Genetic Algorithm with 50 GA runs was used to found and perform the conformational search and 

selection of best docked poses. Default parameters for the studied putative ligands were used. 

Interaction energies were evaluated by the scoring AUTODOCK 4 scoring function.31  

Docking analysis 

After docking a clustering of all conformations was performed by AUTODOCK TOOLS and the more 

populated cluster was selected as the best.  

Images of this selected pose inside the binding docked site were rendered using the academic licence of 

MAESTRO software.32  

The results of docking are summarized in Table S7. 

 

Table S7. First column: generic name of compounds. FCS: fluconazole. Second column: interaction free 

energy in kcal.mol-1 evaluated by the AUTODOCK scoring function for the T. cruzi. Third column: number 

of conformation in the most populated cluster over the maximum number of cluster conformations.  

Color codes in the first line: light green in hydrophobic residues and polar residues in light yellow. 
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 Score  C/T Y103 M106 F110 A115 Y 116 L127 A287 F290 A291 T295 L356 L357 V359 M358 M 360 M460 HEMB480 

FCS -6,69 42/50 X         X  X X X X       X 

A1 -9,57 25/50 X         X   X   X  X X X X X 

A2 -9,71 20/50 X  X  X  X       X X X   X X X X 

A3 -10,47 32/50 X         X    X X X X  X X X x 

A4 -10,09 20/50 x  x x x x x  x x x   x  x x 

A5 -8,9 38/50 x  x  x     x x   x   x 

B1 -8,56 23/50 x x  x x x x x x x x   x  x x 

B2 -9,08 25/50 x x  x x x x  x x x   x  x x 

B3 -9,38 15/50 x x   x x  x x x x   x  x x 

B4 -9,44 31/50 x    x    x x x  x x  x x 

B5 -7,98 15/50 x x x  x  x x x  x  x x   x 
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Figure S100. Animated version of the best docked conformation for the A2 molecule.  
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