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Coordination compounds featuring one or more antifungal azole (AA) ligands constitute an interesting family of
candidate molecules, given their medicinal polyvalence and the viability of drug complexation as a strategy to

improve and repurpose available medications.

repurposing antifungal azole metal

| 1. Introduction

The lack of new medically active molecules remains an issue for the treatment of several diseases and infections.
In particular, cancer is responsible for approximately one death in six worldwide, and its incidence will probably
raise from 18.1 million cases in 2018 to 29.4 million in 2040, according to the World Health Organization report on
cancer of 2020 W, At the same time, antimicrobial resistance (AMR) poses a serious threat to global health,
possibly causing 10 million death a year by 2050 if no efficient measures are rapidly taken [2. Indeed, the last class
of antibiotics was discovered more than 30 years ago. Since then, big pharmaceutical companies have scarcely
invested in the development of new antibiotics due to an absence of financial interest [2l. Moreover, pathogens of
the bacteria, fungi and protozoa groups known for developing AMR are responsible for certain neglected tropical
diseases (NTDs), which are causing devastating human and material consequences in developing countries.
Namely, NTDs are estimated to affect 1.7 billion people, causing 200,000 deaths each year 4.

Antifungal azoles (AAs, Scheme 1) form a class of therapeutic compounds that display selective activity against
fungal pathogens by blocking ergosterol biosynthesis through the inhibition of lanosterol C,4-demethylation (Figure
1A). This process occurs via coordination to the iron heme porphyrin moiety of the CYP51 enzyme (Figure 1B),
which makes it impossible to perform an oxidative removal of the lanosterol methyl group B As a
consequence, the fungal organism experiences sterol depletion and accumulation of derivatives that are unable to
orientate correctly within the phospholipid bilayer, ultimately leading to loss of membrane integrity and cell lysis 8
(8 Although concomitant binding to human enzymes can cause serious side effects 19, careful tuning of the drug
structure and recognition of the medically relevant moieties through structure—activity relationship (SAR) studies
have enabled the design of more viable generations of AAs. The resulting selectivity is quite remarkable,

considering the higher similarity between humans and fungi compared to prokaryotic parasites 111,
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Scheme 1. Structure of selected examples of antifungal azoles (AAs): miconazole (Mcz), econazole (Ecz),
tioconazole (Tcz), clotrimazole (Ctz), bifonazole (Bfz), ketoconazole (Ktz), itraconazole (Itz), fluconazole (Fcz) and

voriconazole (Vrz), with emphasized structural similarities within the same family of AAs.
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Figure 1. (A) Fungal ergosterol biosynthesis with lanosterol demethylation highlighted. (B) Schematic diagram of

CYP51 catalytic site: lanosterol (green), heme (cyan), iron (orange).

Limiting AAs to their fungicidal properties would be shortsighted. Indeed, their ability to interact with CYP51 allows

the inhibition of sterol biosynthesis in other organisms as well. In particular, activity against T. cruzi, the protozoan

https://encyclopedia.pub/entry/52526 2/18



Antifungal Azoles by Transition Metal Coordination | Encyclopedia.pub

parasite causing the Chaga’s disease, and certain Leshmania species were reported, as these organisms share a

similar ergosterol pathway compared to fungi (121131,

AAs have shown their potential against prokaryotic pathogens too, as they have been known for a few decades to
exhibit antibacterial activity 241181 |n this case, the drug mechanism slightly differs from the one observed in fungal
and protozoan species. Indeed, the AA probably binds the iron heme porphyrin of a bacterial deoxygenase called
flavohemoglobin (Figure 2), preventing the conversion of nitrogen monoxide into nitrate by occupying the
coordination site. The inability to expel NO molecules renders the bacterial organism vulnerable to NO-mediated
damage induced, e.g., by host immune cells 18, New evidence toward this mode of action was recently afforded by

computational methods analyzing more than one hundred AAs and some of their close derivatives 27,

Figure 2. Schematic diagram of R. eutropha flavohemoglobin catalytic site with bound miconazole shown in yellow.

Finally, certain AAs have been studied for their anticancer properties, beginning with the investigation of
ketoconazole (Ktz) as an androgen blocker through the inhibition of CYP17A1 enzyme for the treatment of prostate
cancer 18l | ater, the cytotoxicity of miconazole (Mcz), econazole (Ecz), clotrimazole (Ctz) and itraconazole (Itz)
was assessed in several publications, and proven to occur by various mechanisms of action including Ca2*
depletion, cell cycle arrest, glycolysis disturbance and the inhibition of the Hedgehog pathway 22!, The latter effect
is especially recurrent in the case of Itz 29, Other AAs, namely bifonazole (Bfz) 21 and tioconazole (Tcz) 22, have
been scarcely analyzed for antitumoral purposes, while fluconazole (Fcz) and voriconazole (Vrz) yielded poor

results in this medical application 23],
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The potential combination of anticancer and antimicrobial activity in a single molecule obviously presents some
advantages, considering, e.g., the necessity of prophylactic antifungal therapy in the case of immunocompromised
patients who undergo certain transplants or chemotherapeutic treatments 241, Infections caused by Candida sp. in
hospitals have to be emphasized as well, because they remain a serious danger during prolonged antibiotic
therapies, while multidrug treatments always carry the risk of undesired drug—drug interactions 22. Furthermore,
successfully extending the use of approved drugs outside of their original prescription constitutes a considerable
gain of time and financial resources 28, However, the repurposing of antimicrobial drugs as anticancer agents
goes against the current measures preventing antibiotics misuse. It was indeed reported that such treatments
promoted AMR in late stage cancer patients, threatening the health of other immunocompromised people £,

Despite the above optimistic considerations about AAs, they are by no means new drugs and thus fail to answer
the need for novel therapeutic agents. However, their Lewis basicity allows coordination to a metal center, as
evidenced by their mechanisms of action. Metal complexation of well-established drugs constitutes a promising
strategy to overcome loss of medication sensitivity and induced resistance 28, Apart from the important biological
activity of the metal ions, administrated in the form of approved metallodrugs [2BABLBE2ESE] - grganometallic
chemistry allows wider diversity in the design of medically relevant molecules, notably through higher number of
possible geometries, redox features, non-covalent bonding and catalytic properties 22, Moreover, the coordinated
derivatives of biologically active ligands have been known to show synergistic effect with certain metal cores. This
phenomenon, often referred to as ‘metal-drug synergism’ (MDS), can be explained by both an increase in drug
activity, due to stabilization via complexation, leading to longer residence time, and a decrease in the metal toxicity,
thanks to limited availability for undesired reactions compared, e.g., to the free hydrated ion B4l In some cases,
metal ions can regulate the activity of an organic drug or vice versa without requiring the intake of the

corresponding metallodrug. Such examples concerning AAs are manifold in the literature [321[26137][38][39][40][41][42][43]
[44][45](46][47]

| 2. Coordination Compounds of the Mcz Family of AAs

Developed by Janssen in 1968, Mcz entered the market as a topical antifungal agent in 1971. As the first
synthesized and approved medically relevant AA, Mcz marked the advent of the first generation of these
compounds. Simultaneously, Ecz was patented by the same company and a few years later, Tcz was designed by
Pfizer 8 Structurally speaking, these AAs are closely related to one another, as they all feature a metal-
coordinating imidazole (imz), a dichlorophenyl ring and an etheric oxygen linked by an ethyl scaffold (Scheme 1).
They differ from each other by the ether group bearing an aryl- or heteroarylmethyl moiety. As the predecessor of
all AAs, Mcz remains the most investigated one in the field of coordination chemistry. Surprisingly, Tcz holds

second place, despite Ecz displaying almost the same structure as Mcz.

The first study attempting to coordinate AAs from the Mcz family to a metal center was reported by Davis et al. in
1998. The authors described the synthesis of two square planar Ir(I) complexes bearing an N-heterocyclic carbene
(NHC) derivative of Mcz and Ecz (1 and 2, respectively, Scheme 2). Crystals of 2 suitable for X-ray measurements

were successfully grown, which helped deducing the structure of the Mcz analog, along with NMR spectroscopy
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measurements. The reasoning behind this work was the production of biologically relevant organometallic NHCs

known to be involved in the metabolism of vitamin B1. However, no further biological investigations were carried

out 49,
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Scheme 2. (A) List of selected complexes discussed in this work (unless otherwise drawn, the coordination with
AA ligands always occurs via the N3 atom of the imz ring or the N4 atom of the triazole ring); (B) the schematic
view of the 2D layered structure of compounds 114 and 115 were obtained with permission; (C) the schematic

representation of compounds 131 and 132 were obtained with permission.

More than one decade later, Abd El-Halim et al. published seven new aqua chloro complexes of Mcz with a Co(ll),
Cr(l11), Cu(ll), Fe(ll1), Mn(ll), Ni(ll) or Zn(Il) metallic core and tested them in vitro against several fungi and bacteria
strains 2%, The authors supported the proposed structures by elemental and thermal analysis, IR spectroscopy,
magnetic moment and molar conductance determination. However, these data constitute hardly convincing
evidence, due to their indirect nature and the confusing deduction toward the formation of so-called chelates. Four
species of fungi (A. fumigatus, C. albicans, P. italicum, S. racemosum) and four species of bacteria (B. subtilis, E.
coli, P. aeruginosa, S. aureus) were selected to perform the biological experiments. Globally, most complexes
showed similar or slightly better growth inhibition than the free AA. Exceptions are C. albicans and P. aeruginosa,
against which almost no compound displayed the same activity as Mcz. However, the best improvements in growth
inhibition were provided by Fe(lll) and Ni(ll) complexes against B. subtilis and by the Zn(Il) complex against E. coli
B9, Following the same protocol, the authors published a similar study concerning Tcz. In this case, the increase in
activity through complexation of the drug was more striking. Notably, promising results were given by Cr(lll), Fe(lll)
and Mn(Il) complexes against A. fumigatus, by all seven complexes against C. albicans, by Cr(lll) and Mn(ll)
complexes against P. italicum, by Cr(lll) and Cu(ll) complexes against S. aureus and by all complexes against B.
subtilis B4,
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This work was criticized by Barba-Behrens and coworkers for an abusive usage of the word ‘chelate’ and a lack of
spectroscopic data in support of the proposed molecular geometries. By contrast, the group of Barba-Behrens
synthesized a similar library of Tcz complexes possessing a Cd(ll), Co(ll), Cu(ll) or Zn(Il) metal center and provided
strong evidence for the proposed structures by means of NMR, IR and UV-Vis-NIR spectroscopy, as well as
elemental analysis, molar conductivity and magnetic susceptibility measurements. Furthermore, the crystal
structures of 3—-6 (Scheme 2) were elucidated. Following characterization, the compounds were tested against
three cancer cell lines (HCT15, MCF7 and HelLa). No or low activity of the complexes was observed against the
two last cell lines, apart from a mediocre ICsq value of 13.542 pg/mL for 6 on Hela. Against HCT15 cells, four
complexes showed similar activity compared to cisplatin, but only 3, displaying an ICsq value of 3.10 pg/mL (6.78
MM wAA), was more active than this reference drug. In comparison, Tcz was not active against any of the three cell
lines 22, The same group expanded their series of Tcz derivatives by reporting the synthesis and cytotoxicity of
eight new Ni(ll), Pd(ll) and Pt(ll) complexes featuring this AA. These compounds were confirmed by NMR, IR, UV-
Vis-NIR spectroscopy, ESI-MS, elemental and molar conductivity analysis. Additionally, crystals suitable for X-ray
diffraction of 7 and 8 (Scheme 2) were successfully grown. The species were tested against the HCT15, Hela,
MCF7 and PC3 cell lines. Considering that Tcz did not show any measurable activity, the results revealed

encouraging 1Csq values below 100 puM.

In 2013, Gasser and coworkers showed the importance of careful interpretation of the biological data of piano stool
Ru(ll) complexes possessing a coordinated monodentate drug. A considerable number of these compounds
displayed very similar ICsq values against HeLa and L6 cell lines compared to an equimolar mixture of the free
drug and the corresponding complex bearing a DMSO molecule instead of the medically relevant ligand. Further
NMR analysis concluded that dissociation of the drug was occurring in DMSO-d6, questioning the relevance of
data obtained for certain coordination compounds which are often stored in DMSO for biological purposes. Among
all three AA complexes considered in this study, an Mcz derivative (10, Scheme 2) showed such decomposition,
but still revealed better activity than the free AA. Moreover, the authors tested this compound against T. Cruzi. The
slight differences obtained between the I1Cgy value of 10 and an equimolar mixture of the corresponding DMSO
complex with the uncoordinated AA emphasized the partial nature of the dissociation B2l Turel and coworkers
synthesized the same Mcz complex 10, along with the corresponding compounds in which one or two chlorides
were substituted by the same AA ligand (11 and 12, respectively, Scheme 2), as well as all the Tcz (13-15,
Scheme 2) and Ctz analogs. The resulting nine complexes were confirmed by NMR, UV-Vis, IR and HRMS
analysis and, in particular, X-ray crystallography of 13, which, at the time, was the first reported structure of a Tcz
coordination compound (Figure 3). All complexes were tested against C. lunata and showed lower growth rate
inhibition than the free AA. Interestingly, the antifungal potency of the compounds inversely correlated with the
number of AA ligands. In addition, 10-12 were tested against the worm S. mansoni, but lethal toxicity toward this

parasite appeared only at concentrations of 100 pg/mL 4],
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Figure 3. Crystal structure of 13 with thermal ellipsoids drawn at the 30% probability level and hydrogen atoms

omitted for clarity.

Simpson et al. reported five new [2+1] fac-Mn(l) tricarbonyl complexes bearing an AA ligand and investigated their
antimicrobial activity. The resulting species featured three carbonyl moieties, a monodentate AA ligand and a 2,2'-
bipyridine (bpy) bidentate ligand derivative. These structures were confirmed by NMR, IR spectroscopy, as well as
ESI-MS and DFT calculations. The compounds, among which two Mcz derivatives (16 and 17, Scheme 2), were
tested against a series of four G+ bacteria (S. aureus, S. epidermidis, E. faekalis, E. faecium), four G- bacteria (E.

coli, P. aeruginosa, Y. pseudotuberculosa, Y. pestis) and two kinetoplastids (L. major, T. brucei).

The same year, Karaoun and Renfrew investigated the cytotoxic and luminescent properties of two Ru(ll) Ecz
complexes (18 and 19, Scheme 2). The compounds were characterized by NMR, UV-Vis and fluorescence
spectroscopy, as well as mass spectrometry and elemental analysis. Interestingly, UV-Vis and ESI-MS analysis
revealed that in the dark, an aqueous solution of 18 undergoes complete substitution of the chloride ligand by
water within 24 h, inducing a blue shift in the absorbance spectrum. Conversely, 19 only showed the analogous
behavior upon irradiation with green light, which lead to substitution of one Mcz, producing phosphorescence, as
well as the same aqua complex and the free AA. The luminescent phenomenon and the photochemical
decomposition were proposed to occur competitively both from the 3SMLCT excited state, resulting in a turn-off
phosphorescence response. With such properties, 19 was recognized as a potential photosensitizer for
photodynamic therapy, and was thus tested on four cancer cell lines (MCF7, LNCaP, PC3 and DLD1), along with
18 and Ecz nitrate. The cytotoxicity of 19 remained relatively high in the dark, even exceeding that of the free AA
occasionally. However, 18 and 19 were found to be almost equally active when irradiated, with 1C5q values ranging
from 0.4 uM to 2.85 pM (5.70 uM wAA). The authors concluded that the potency of these molecules probably
originates from the production of their aqua derivative, although the latter globally displayed lower efficiency,

possibly because of poor cellular uptake 55,
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No other coordination compound from this family of AAs was then reported until 2020, when Aziz et al. investigated
the ability of three Cr(Ill) complexes, one of which designed with a Mcz ligand, to bind the insulin receptor for
antidiabetic purposes. This work was based on combination of theoretical data furnished by the authors through
spectra simulations, DFT calculations and molecular docking studies with experimental data in the form of IR, UV-
Vis spectroscopy, mass spectrometry, TGA, molar conductivity measurements and DNA binding affinity tests. The
obtained correlations, varying from moderate to excellent, provided evidence for the proposed structures. The
potential of the complexes to bind the insulin receptor was assessed by calf thymus DNA (ctDNA) titration with
each compound. The resulting hyperchromism observed by UV-Vis spectroscopy yielded a binding constant (K;,) of
108 M1 for the Mcz derivative. Meanwhile, molecular docking calculations revealed the high affinity of this
compound for the insulin receptor 28, Adopting a similar dual theoretical-experimental approach, Hussien and
coworkers reported the synthesis of three V(IV) inorganic compounds, among which 20 (Scheme 2), as well as
their DNA binding ability and their cytotoxicity in vitro. Titration of ctDNA with 20 resulted in spectroscopic
hypochromism. From this experiment, the authors deduced the affinity of the complex with DNA, supported by DFT
calculations, and hypothesized an intercalation mechanism. However, the anticancer tests carried out against
HepG2 and MCF7 cell lines showed ICsy values of 5.27 uM (10.5 uM wAA) and 2.98 uM (5.96 pM wAA),
respectively, which is lower than cisplatin in both cases (25.5 uM and 19.0 pM, respectively). No comparison with
the activity of the free AA was reported B,

Two Ag(l) Mcz complexes, namely 21 and 22 (Scheme 2), were studied by Ochocky and coworkers for their
cytotoxicity. Crystals suitable for X-ray spectroscopy were obtained, and the resulting structures revealed distorted
linear geometries (Figure 4A,B). Despite their similar molecular formula, these compounds exhibited notable
structural differences, among which a N-Ag-N angle significantly lower than 180°, coplanarity of the two imz
moieties and stronger interaction with the counterion in the case of 21. The results suggested that 21 and 22 lie at
extreme values within their group of analogs, considering the Ag-N and Ag-O bond lengths, as well as the N-Ag-N
angle. In order to assess their anticancer properties, 21 and 22 were tested against HepG2 and non-tumoral

Balb/c3T3 cell lines using four biochemical endpoints in order to determine their IC,¢ and ICsq values.

ci4
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Figure 4. Crystal structures of (A) 21, (B) 22, (C) 23 and (D) 24 with thermal ellipsoids drawn at the 50%

probability level and hydrogen atoms omitted for clarity.

The author complemented their study with two new similar coordination compounds bearing a BF,~ and a SbFg~
counterion (23 and 24, respectively, Scheme 2). As determined by X-ray crystallography (Figure 4C,D), the latter
displayed linear geometry like their CIO,~ analog 22 with an N-Ag-N angle of exactly 180° measured in the case of
24. Moreover, 24 is the only compound of the series to possess an inversion center at the silver atom thanks to the
peculiar relative position of the two Mcz ligands. Aware of the AA medicinal versatility, the authors decided to test
the whole series of four complexes in vitro against G+ (S. aureus, S.epidemnidis, M. luteus, B. subtilis, B. cereus,
E. faecalis) and G- bacteria (S. typhimurium, E. coli, P. mirabilis, K. pneumoniae, P.aeruginosa), as well as yeasts

(C. glabrata, C. albicans, C. parapsilosis).

Stevanovic et al. published a recent study concerning AA coordination compounds of the Mcz family. In this work,
an extensive biological investigation of seven square planar Au(lll) trichloro complexes bearing an imz derivative
ligand was carried out. Compounds 25 and 26 (Scheme 2) were characterized by NMR, UV-Vis and IR
spectroscopy, as well as molar conductivity analysis. Additionally, crystals of 25 suitable for X-ray measurements
were successfully grown. The authors first tested these compounds against different Candida strains (C. albicans,
C. parapsilosis, C. glabrata, C. krusei, C. auris) and healthy MRC5 human cells. Namely, 26 showed a more than
20-fold improvement in activity against C. krusei compared to Tcz. The same compound exhibited submicromal
MIC values against C. albicans and C. parapsilosis, but was relatively toxic toward healthy cells (IC5y value of 6.5
puM). Conversely, 25 showed a higher ICsq value against MRC5S cell line (26.3 uM) than any measured MIC value
toward the yeasts. Against G+ (S. aureus, S. aureus MRSA) and G- (E.coli, P. aeruginosa) bacteria, the potency
gap between the two complexes and their corresponding AA was even more striking. The best activity was found
against P. aeruginosa and especially S. aureus MRSA, which is surprising, given the resistant nature of this strain.
Furthermore, 25 and 26 showed the capacity to inhibit P. aeruginosa pyocyanin production. These two complexes
were even active at lower concentration and revealed significantly better results when diluted from 20 pg/mL to 10
po/mL. This interesting feature was used in a last assay combining P. aeruginosa with A549 cancer cells in which
the two compounds decreased cell death by approximately 15% at a 5 pg/mL (7.3 pM) concentration of 25 and a
2.5 pg/mL (3.6 pM) concentration of 26 58,
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