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Fungi are ubiquitous in nature, and typically cause little or no environmental or pathogenic damage to their
plant, animal, and human hosts. However, a small but growing number of pathogenic fungi are spreading world-
wide at an alarming rate threatening global ecosystem health and proliferation. Many of these emerging path-
ogens have developed multi-drug resistance to front line therapeutics increasing the urgency for the development
of new antifungal agents. This review examines the development of thiosemicarbazones, bis(thio-
semicarbazones), and their metal complexes as potential antifungal agents against more than 65 different fungal
strains. The fungistatic activity of the compounds are quantified based on the zone of inhibition, minimum
inhibitory concentration, or growth inhibition percentage. In this review, reported activities were standardized
based on molar concentrations to simplify comparisons between different compounds. Of all the fungal strains
reported in the review, A. niger in particular was very resistant towards a majority of tested compounds. Our
analysis of the data shows that metal complexes are typically more active than non-coordinated ligands with
copper(I) and zinc(II) complexes generally displaying the highest activity.

1. Introduction

Fungi are among the most widely distributed and biodiverse organ-
isms with an estimated 1.5-5.9 million species [1,2] some of which
display great environmental and medical importance. Part of the
eukaryote family of organisms that includes algae, plants, and humans,
fungi are ubiquitous in nature. The approximately 148,000 known
species of fungi [3] include diverse organisms such as rusts, mildews,
molds, and mushrooms. Over 8000 fungi species are known to cause

diseases in plants and more than 300 appear to be pathogenic to humans
and animals [4].

Many fungi are benign. They colonize and thrive on plant and animal
hosts through parasitic and symbiotic relationships and are integral to
normal metabolic processes. They cause little or no environmental or
pathogenic damage. However, other fungi cause irreparable harm
including disease in immunocompromised hosts. It is estimated that
nearly 40% of food world-wide is spoiled by Aspergillus, Penicillium,
Fusarium and Alternaria genra fungi, which produce toxins such as
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mycotoxins and aflatoxins that can lead to neurotoxic and carcinogenic
effects in humans and animals [5]. The most devastating plant disease
pathogens of commercial significance include wheat stem rust [6],
soybean rust [7], and potato late blight [8]. Others cause devastating
loss to fruit orchards and forests [9]. Further, recent wildlife extinction
[10,11] and high mortality in bee [9] and bat [12,13] populations has
been attributed to fungal infections.

Very few fungi are able to infect healthy people. As established by
Casadevall, pathogenic fungi that parasitize humans must have a
tolerance of temperatures above 37 C, the ability to penetrate tissue and
absorb nutrients, and resistance to human immune responses [14,15].
The most prevalent disease-causing fungi in humans are Candida,
Aspergillus, Pneumocystis and Cryptococcus sp. [4,16,17]. Collectively,
they contribute to more than 1.6 million world-wide deaths [18]. These
disease-causing pathogens are frequently found in hospitals and assisted
care facilities and are particularly lethal to immunocompromised pa-
tients. Eradication of entrenched colonies is difficult and costly due to
their rapid growth and expanding multidrug resistance [19-21]. This is
particularly true for the multidrug resistant Candida group of fungi,
which include Candida auris, Candida albicans, Candida krusei and
Candida glabrata. First identified in 2009 in health-care facilities, the
rapidly spreading Corynebacterium auris has a reported morality rate
exceeding 30% in immunocompromised patients [22]. Another
emerging pathogen is the rapidly spreading azole-resistant Aspergillus
reported to have mortality rates as high as 90% [23].

The emergence and global spread of highly contagious and trans-
mittable pathogenic fungi presents a significant threat to human, ani-
mal, and ecosystem health and proliferation [20,24,25]. This has
stimulated the urgent need for the development of new antifungal
therapeutics as highlighted in the 2019 Centers for Disease Control and
Preventions (CDC) report entitled “Antibiotic Resistance Threats in the
United States.” [26,27]. To date, most clinical antifungal agents are
organic based. There are six classes of antifungal drugs and their ther-
apeutic application is based on their respective structure and mechanism
of action. They consist of polyenes, azoles, allylamines, pyrimidines,
echinocandins, and flucytosine [21,28-31]. These compounds either
target the membrane (polyenes, allylamines, pyrimidines, and azoles),
the fungal cell-wall complex p-(1,3)-glucan synthase (echinocandins) or
inhibit DNA and RNA synthesis (flucytosine) [32-34]. However, Asper-
gillus fumigatus is reported to be completely resistant to all classes of
antifungal agents [35]. Likewise, more than 90% of C. auris isolates are
resistant to front-line therapies [36] with several types completely
resistant [17,21]. The growing drug resistance to azoles and echino-
candins, and the high toxicity of polyenes provides unique opportunities
to develop new antifungal therapeutics [32,37,38]. The mechanism of
antifungal resistance varies between species and antifungal agents
[17,39]. Over expression of drug targets and efflux pumps are major
contributors to drug resistance development. For example, C. auris
shows resistance to fluconazole (azole class) and amphotericin B
(polyene class) by increasing the copy numbers of the gene ERG11 and
by instilling mutations within ERG3, respectively, the genes required for
ergosterol biosynthesis. With respect to echinocandins, C. auris resists by
installing mutations at S639F in FKSI, a gene responsible for glucan
synthase. In contrast, for A. fumigatus azole resistance is obtained
through modification and overexpression of Cyp51A (azole drug target)
and by overexpression of efflux pumps CdrlB and AtrF. Echinocandin
resistance, on the other hand, is quite rare in A. fumigatus. Hence,
diminishment of the number of clinically effective antifungal drugs has
stimulated interest in development of new drug classes.

There is a long-standing interest in the exploration of metal con-
taining antifungal agents as future therapeutics. The fungicidal and
fungistatic activities of various organic compounds and their metal
complexes have been evaluated. Well-explored classes of compounds
include Schiff base ligands [40,41], amine ligands [42], and their related
metal complexes [42,43]. In general, metal salts have very poor anti-
fungal activity [44-46]. Another important class of compounds with
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extensive reports of antifungal activity are thiosemicarbazones (TSCs),
bis(thiosemicarbazones) (BTSCs), and their metal complexes.

TSCs constitute a group of compounds with well-established me-
dicinal and pharmacological properties including antifungal, antitumor,
antiviral, antimicrobial, and antiparasitic activities [47]. The general
structure of TSCs and common binding motifs of deprotonated TSCs are
shown in Scheme 1. The TSC framework consists of hydrazino nitrogens
N1 and N2, the amino nitrogen N4, the thiocarbonyl S, and variable
substituent groups R1, R2, and R3. As a ligand, TSC can coordinate as a
neutral, bidentate NS chelate or more commonly as an anionic bidentate
NS chelate upon deprotonation of the azomethinic nitrogen. The TSC
ligand motif can be modified to include an additional heteroatom donor
expanding its denticity from two to three, often as NoS or ONS chelates.
BTSCs result from either metal ion coordination of two individual
bidentate NS TSC chelates or coordination of a single N»S; tetradentate
chelate. The resulting metal complexes exhibit important medicinal and
pharmacological properties. For example, the Cu(II) complex of the NS,
chelate diacetyl-bis(N-4-methylthiosemicarbazone) (ATSM) is in Phase
I trials as a PET/CT (positron emission tomography/computed tomog-
raphy) imaging agent for hypoxic lung cancer cells [48], and in Phase III
trials as an oral therapeutic against amyotrophic lateral sclerosis (ALS)
[49]. This review examines the development of TSCs, BTSCs, and their
metal complexes as antifungal agents.

2. Evaluating antifungal activity

Several methods have been developed over the years to quantify
antifungal activity [50-59]. The evaluation of antifungal activity for
TSCs, BTSCs, and their metal complexes has largely focused on their
fungistatic activity, which is the ability to inhibit the growth of fungi.
The activity of an individual compound can vary widely between
different fungi. So, it is important to compare activity values for
different compounds against the same fungi species. The three main
techniques employed to quantify fungistatic activity are zone of inhi-
bition, minimum inhibitory concentration (MIC), and growth inhibition
percentage. Ideally, studies should report activities against multiple
fungi to demonstrate breadth of activity. The MIC values are the most
quantitatively reliable metric for comparison between different studies
as they reflect the minimum inhibitory concentration that prevents
visible growth of the fungus. In the current review, all MICs are reported
in units of mM, although individual references may use other concen-
tration units based on mass/volume rather than moles/volume ratios.
Antifungal activities reported using zone of inhibition and growth in-
hibition percentage are more difficult to compare between studies as
there is no standard dosage and the quantity of compound tested
significantly impacts reported values. When using these methods, best
practices are to report antifungal activity at multiple concentrations
over a large range as exemplified by West and coworkers [47,60-63].
Additional details concerning methodology can be found in the sup-
plementary material file.

3. Mechansim of action

At this time, the mechanism of action (MOA) associated with TSCs
and their metal complexes is largely underexplored. While this is true for
the antifungal activity of the TSCs and their metal complexes, the MOA
of TSCs for other biomedical applications has been extensively studied.
For instance, in cancer cells various targets disrupting biological func-
tion have been identified. Some of these targets include inhibition of
ribonucleotide reductase, topoisomerase inhibition, mitochondrial
disruption, lysosomal membrane permeabilization, inhibition of pro-
teasomal activity, disruption of cellular pathways, induction of oxida-
tive stress and cell apoptosis [65-73]. Target sites like ribonucleotide
reductase, mitochondria, lysosomes, mitogen-activated protein kinase
(MAPK) cellular pathway are known to be common to animal and fungal
cells [74]. It is possible that the TSCs and their metal complexes may
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Scheme 1. Protonated and deprotonated forms of TSC and different coordination modes of TSCs and BTSCs with metals.

target these sites in fungi with a MOA similar to that in mammalian cells.
In studies specifically addressing the antifungal MOAs of TSCs, the most
commonly proposed are dependent on the targeted sites mainly
including inhibition of ergosterol synthesis, physiochemical interaction
with fungal membrane sterols, and inhibition of macromolecular syn-
thesis, various components of fungi responsible for important biological
processes such as plasma membrane biogenesis, regulation of perme-
ability and fluidity, exostructure rigidity, and shape [31,32,76,77].
Various groups have tried to establish the structure activity relationships
through theoretical investigations that suggests an inverse correlation
between dipole moment of the molecule and its antifungal activity
[78-80]. Additionally, in order to combat the development of drug
resistance in pathogenic fungi, there is a need for a better understanding
of the origin of the resistance mechanism(s). Drug resistance can be
manifested through various cellular processes including modified sterol
synthesis, reduced intercellular concentration of enzyme targets, alter-
ation, and overexpression of efflux mechanisms. Irrespective of the
depth of research focused on the development of antifungal agents to
date, there is a serious need to develop antifungals that target alternative
cellular processes or operate under different mechanisms in order to
circumvent drug resistance associated with current therapeutics.

4. Thiosemicarbazone activity
4.1. Metal free

The antifungal activities of ~250 metal free TSC compounds,
Table S1, have been reported in the literature. Of these, a select number

demonstrating significant activity and/or providing insight into the
MOA are further described below. Activities of organic compounds that
were also evaluated as ligands in discrete metal complexes are reported
along with the metal complex activity in subsequent sections.

A library of TSCs (HL! HL?) derived from acetylpyrazines were
prepared, characterized, and tested for antifungal effects on eight strains
of fungi by Opletalova and coworkers (Scheme 2) [81,82]. For HL!,
which has a primary amino group, the most lipophilic compounds HL'8
and HL'" possessed the highest antifungal activities with MICgg values of
0.004 0.001 mM to 0.026 0.007 mM and 0.002 0.001 mM to
0.022  0.013 mM after 24 h, respectively. This is consistent with the
general expectation that higher lipophilicity increases intercellular ac-
cess. However, for the N,N-dimethyl TSC derivatives, HL? - HLZh, the
most hydrophilic member of the series had the highest activity with
MICgq values of 0.00098 0.00001 mM to 0.01172 0.00391 mM after
24 h indicating that lipophilicity was not the only factor influencing
activity. The ability to coordinate metal ions was also cited as a
contributing factor. This is supported by the poor activity of the aceto-
phenyl derivatives HL3 and HL* (MICgg value 0.05 mM at 24 h), which
lack the additional heteroatom donor in HL3 and HL? that is essential for
tridentate coordination.

Similarly, benzylidene, H , and quinolinylvinyl TSCs, H
(Scheme 3) were evaluated for antifungal activity against eight fungal
strains by Serda et al. [83]. Although the majority of the compounds
were weakly active (MIC >0.125 — > 0.500 mM), the quinolinylvinyl
TSCs were generally better antifungals than the benzylidene TSCs. In
particular, HL'® displayed the highest antimicrobial activity (MIC
0.002-0.004 mM at 24 h) among all of the tested compounds and is more

LS—l 6 Ll 7-25



K. Bajaj et al.

Journal of Inorganic Biochemistry 225 (2021) 111620

H | H
N ~ _N_ _NH H H =~ _N_ _NH
| \]AN TSy v ™ v y™S T
/ S | P S /[/ s S
R® N N~ CN RN

HL3
HL'3; R =H HLY HL22; R =H
HL'®; R = propyl HL2®; R = propyl
HL'¢; R = isopropyl HL2%; R = isopropyl = H ,\|1
HL' R = butyl HL2 R = butyl S
tle. R = ;
:t; R_— isobutyl HL2¢; R = isobutyl S
o R= t-butyl HL2; R= t-butyl
HL'%; R = pentyl HL29; R = pentyl HL*
HL'™ R = hexyl HL2: R = hexyl
HL™: R = cyanide ’
Scheme 2. Structure of ligands HL' — HL*.
31
S N g
Ry R
- H N NH
R N~ SR N~
Ryq— \ﬂ/ 8 N
P S DN
5. Z $1
HLS5 R, =2,3-Cl, R, =H, Ry = H SN~
HL®®; R, = 2,3-Cl, R, = H, Ry = CHy HLTT® Ry = H, Ry = CHy Ny e

HLSP; R, = 2,3-Cl, R, = H, Ry = C,H;
HL’; Ry =2,3-Cl, R, = CH3, R3 = CH3
HL3 Ry =2,3-Cl, R, =H, R3 = CgHs
HL% R; =3,4-Cl,R; =H,R3=H
HL'%; R, =3,4-Cl, R, =H, R3 =CHj3
HL'%; R, =3,4-Cl, R, =H, R3 = C,Hs
HL11; R1 = 3,4-Cl, R2 = CH3, R3 = CH3
HL'2; R, = 3,4-Cl, Ry = H, Ry = CgHs OH
HL'3; Ry =4-Br, R,=H, Rz = H
HL'2: R, =4-Br, R, =H, R3 = CHj
HL'®; R, =4-Br, R, =H, Rz = C,Hs
HL'S; Ry = 4-Br, R, = H, Rz = CgHs
HL'S; R, = 4-Br, R, = CH3, Ry = CgH5

HL'™; Ry =H, R, = C,H5
HL18; R1 = CH3, R2 = CH3
HL19; R1 = H, R2 = C6H5

||?1
Sie N
N H,L%; R, = H, R, = CH,
~NH H,L23b; R, = H, R, = C,Hs
I H,L?4; Ry = CHj3, R, = CH4
S H,L2%; Ry =H, Ry = CgHs
=

H,L2%2; R, = H, R, = CHs3
H,L2%; Ry = H, Ry = CsHs

H,L2'; Ry = CHg, Ry = CgHs
H2L?2%; R1 =H: R2 = CoHb

Scheme 3. Structure of ligands HL® — HL?®,

active (MIC  0.004 mM) than fluconazole (MIC >0.125 mM) against
A. fumigatus and Absidia corymbifera.

The thiophene TSC HL2® prepared by Paiva and coworkers displayed
moderate activity with an MIC of 0.676 mM against Aspergillus nomius,
Aspergillus ochraceus and Aspergillus parasiticus and MIC values of 1.351
mM and 2.703 mM against Aspergillus flavus and Fusarium verticillioides
[84]. Neto et al. prepared twelve amino N-substituted 2-(5-nitro-thio-
phene) TSCs derivatives (HL¥72 _ HL271, Scheme 4) and evaluated them
for potential antifungal activity against Candida species and Crypto-
coccus neoformans [76]. While all of the compounds showed good to
excellent activity against C. neoformans (minimum fungicidal concen-
tration, MFC ~ 0.0002-0.059 mM), only the 3-pyridyl derivative HL?"

and the electron withdrawing derivatives HL?*! were active against
Candida strains. In evaluations of the MOA, ergosterol assays showed
that the compounds do not bind to the ergosterol in the membrane and
sorbitol assays suggested the compounds do not act by inhibiting the
synthesis of fungal cell walls. Further studies on HL?”) against C. albicans
showed an increase in MIC values in ascorbic acid and glutathione
protection tests and an interaction between HL?" and GSH (glutathione)
was observed by nuclear magnetic resonance spectroscopy [86].
Further, changes were observed in ROS (reactive oxygen species) pro-
duction and mitochondrial membrane potential that were associated
with apoptosis suggesting the MOA of HL?” involves changes in cellular
redox balance, ROS production, and apoptosis.
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Souza and colleagues prepared a TSC derivative (HL?8, Scheme 5) of
the known antifungal agent lapachol and compared their antifungal
activities against C. albicans, Candida tropicalis, Cryptococcus gattii and
Paracoccidioides brasiliensis [87]. It was observed that the TSC derivative
(MIC  0.02 — >0.80 mM) performed superior to the lapachol (MIC
0.26-1.03 mM) in all fungal strains. Kulandaivelu and coworkers syn-
thesized a series of p-aminobenzoic acid and amino N-substituted TSCs
(HL2°3% Scheme 5) and tested them for antifungal activity against
C. albicans and Aspergillus niger [88]. The hydroxamate derivatives
HL32-3% were found to have slightly better antifungal activity (half
maximal inhibitory concentration, ICsy  0.0008-0.003 mM) than their
acid counterparts, H1.29-31 (ICso 0.0013-0.003 mM). Notably, all
compounds showed better activity than the antifungal drug fluconazole
(ICsp > 0.010 mM) against A. niger and HL3% (ICs0  0.0013 mM) has
comparable activity as fluconazole (ICsg 0.00098 mM) against
C. albicans.

Thanh et al. prepared compounds HL3%™ (Scheme 6) derived from
N-(tetra-O-acetyl-B-p-glucopyranosyl)TSCs and 4-formylsydnones and
compared their antifungal activity to nystatin, a standard antifungal
drug [89]. Most compounds exhibited moderately higher to similar
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antifungal activity against C. albicans, Fusarium oxysporum and A. niger
when compared to nystatin (MIC  0.0002-0.001 mM vs. MIC  0.0001
mM of nystatin). The TSCs HL3°*" showed significant antifungal activity
(MIC 0.0002-0.0003 mM) against all tested strains.

4.2. Copper complexes

The antifungal activities of more than 200 copper TSC compounds,
Table S2, have been reported in the literature. In the majority of the
studies, the activities of both the free ligand and the copper complexes
are reported for comparison with the copper complex showing higher
activity than the ligand and/or activity at lower concentration than the
ligand. A selected number of ligand classes that provide insight into the
structure activity relationship are further described in this section.
Several of the ligands in this section were also evaluated with other
coordinated metal ions and the activities of those complexes are
described in subsequent sections.

In one of the early works evaluating the antifungal activity of TSCs
and their copper complexes, Benns et al. prepared 40 TSCs (only a few
shown here, HL307*°, Scheme 7) and tested them against A. niger and
Chaetomium globosum [90]. The HL3*° ligands all have a primary
amine at N4 and hydrogen at N2. Only a few of the compounds showed
activity at concentrations of 4.142-7.622 mM in the metal free form and
all of the copper complexes were inactive. A series of similar ligands
HL**6 studied by Gingras and coworkers included derivatives with
hydrogen or methyl at N2 and primary amines, alkylamine, or dialkyl-
amines at N4 [91]. It was found that an N2—H atom was essential for the
formation of copper complexes. Of these, the copper complex of HL*?
was most active with an MIC of 0.040 mM against A. niger and
C. globosum, which is an order magnitude lower than the free ligand
value of 0.464 mM. Notably, copper complexes of the phenyl derivatives
with methylamine (HL**?) and dimethylamine (HL*?®) at N4 displayed
similar MIC values of 0.391 mM and 0.371 mM that were only ~25%
lower than the free ligand values of 0.517 and 0.482 mM.

Chandra and coworkers studied the effect of the 2-pyridinecarboxa-
dehyde TSC HLY (Scheme 8) and its copper complexes (Cu(HL47)2C12,
Cu(HL47)2(NO3)2 and Cu(HL47)ZSO4) on the growth of three fungal
strains, Rhizoctonia Bataticola, Alternaria alternata and Fusarium odum
[92]. The copper complexes were active at lower concentrations than
the ligand with (CuL*”),Cl, having a growth inhibition percentage of
76.6% at 0.509 M compared to 84.4% at 1.387 mM for the free ligand
against R. Bataticola. Similar activities were observed against the other
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HL3%"; R = 2-Me-5-Cl

Scheme 6. Structure of ligand H

fungal strains and there was no substantial effect upon change of the
anion.

Work by West and coworkers, Ibrahim and coworkers, and Mendes
et al. evaluated three classes of ligands related to HL*’ including addi-
tional 2-pyridinecarboxadehyde compounds HL*®-5! with alkylamines,
dialkylamines, cyclic amines, and aromatic amines at the N4 position
and their 2-acetylpyridine (HL*?*"”) and 2-benzoylpyridine (HL>62)
analogues (Scheme 8) [47,60,61,93-99]. Coordination of copper yiel-
ded the neutral ligand derivatives Cu(HL)X; or the anionic ligand

HL3%; R, =4-N(CH3),, R, =H

HL3%; R, = 3,4-diOCH3, R, = H
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L3,

derivatives CuLX depending on reaction conditions (X Cl, Br). Most of
the ligands and their copper complexes were evaluated by measuring the
growth inhibition of A. niger and Paecilomyces variotii. For compounds
with measurable activity, the copper complexes generally showed ac-
tivity at lower concentrations than the free ligands and both the ligand
and the metal complexes were generally more active against P. variotii
than A. niger.

For the N4-alkylamine and N4-dialkylamine derivatives of HL*” the
anti-fungal activity is dependent on the ligand series and the
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HL*%; R, = p-chlorophenyl, R, = H, R; = Me, Ry = Me
HL*6; R, = phenyl, R,= Me, R; = Me, R, = H

Scheme 7. Structure of ligands HL>® — HL*.

coordination mode. For free ligands, only the N4-alkylamine derivatives
within the 2-acetylpyridine TSC series were consistently active at con-
centrations of 3.590-4.668 mM, whereas for N4-dialkylamine de-
rivatives the 2-pyridinecarboxadehyde and 2-acetylpyridine TSCs
typically showed similar activities that were higher than the 2-benzoyl-
pyridine TSCs at similar concentrations, Fig. 1A. For neutral ligand
complexes Cu(HL)Cl, at concentrations of 2.981-4.868 mM, the activ-
ities of the dialkyl derivatives followed the same general trends, how-
ever most of the alkylamine derivatives were inactive or not reported,
Fig. 1B [47,60,61,93-99].

An effect of halogen ion as an auxiliary ligand on the reduction po-
tential and the antifungal activity of the copper complexes of HL>* was
observed by Kumbhar et al. on six fungal strains, A. niger, Aspergillus
fumigatus, C. albicans, Cryptococcus neoformans, Trichophyton rubrum,
Epidermophyton floccosum and Microsporum canis [97]. An anodic shift in
the Cu'! reduction potential in the presence of Br ( 0.36 V) as
compared to Cl ( 0.46 V) lead to the bromo-copper complex dis-
playing better activity (inhibition zone diameter ~11-17 mm at 0.508
mM) than the chloro-copper complex (inhibition zone diameter 9-12
mm at 0.574 mM). This trend was however not observed for the copper
complexes derived from HL>%° where the more easily reduced bro-
mo-copper complexes are less active (inhibition zone diameter
6.0-31.7 mm at 3.126-3.392 mM) than the chloro analogues (inhibition
zone diameter 6.0-33.5 mm at 3.784-4.180 mM) [99].

For most CuLCl type of compounds based on derivatives of H
copper complexes derived from the 2-acetylpyridine TSCs HL5*%¢ and
HL>%*4 were observed to be more active than the ones derived from 2-
pyridinecarboxaldehyde TSCs HL*°%° against A. niger (Fig. 2A). An
opposite trend was observed against P. variotiii where the copper com-
plexes derived from 2-pyridinecarboxaldehyde TSCs HL*** were more
active against P. variotii than the ones derived from 2-acetylpyridine

L47,

TSCs HL3*¢ and HL5%*4 (Fig. 2B).

An effect of bulkiness of the TSC ligand was observed in the anti-
fungal activity of copper complexes derived from the 2-pyridinecarbox-
adehyde TSC with methylamine and dialkylamine at N4 position, HL*52
and HL*%C (Scheme 8) respectively and 2-acetylpyridine TSCs with
cyclic groups at N4 position, HL>*4 (Scheme 8) against P. variotii
[47,61,93,94]. It was observed that the copper complexes derived from
ligand groups with bulkier substitutions at N4 were more active in
inhibiting the fungal growth in comparison to the copper complexes
with less bulky substitutions. Whereas an opposite trend was observed
with copper complexes derived from the 2-pyridinecarboxadehyde TSCs
with N4-cyclic groups, HL?%3¢ (Scheme 8) and 2-acetylpyridine TSC N4-
dialkyl groups, HL>*4 (Scheme 8) against A. niger and P. variotiii
[96,99].

Ibrahim and coworkers synthesized two tridentate ligands, HL>'%¢
(Scheme 8), and their copper complexes (CuLsm’eCl) to evaluate their
antifungal activity against A. flavus, C. albicans, F. oxysporum, Geo-
trichum candidum, Scopulariopsis brevicaulis and T. rubrum [100]. An in-
crease in the biological activity was observed on complexation with
copper. The copper complex cuL®'dc1 produced the best inhibition
zones (8-25 mm at 2.572 mM) for all the fungal strains among the tested
compounds and it was the only active compound against Scapania bre-
vicaulis and T. rubrum with inhibition zones of 13 mm for both. Com-
pounds similar to the previous study (HL>'8, Scheme 8) and their
copper complexes, [Cu(L>'*8)Cl], were prepared by the same group and
investigated against A. flavus, C. albicans, F. oxysporum, G. candidum, S.
brevicaulis and T. rubrum [101]. All tested compounds except [Cu(LSlf)
Cl], (inhibition zone diameter 8-20 mm at 1.252 mM) were inactive
against the tested fungal strains.

The antimicrobial activity of pyridine derived N4-tolyl TSCs (HL>'2,
HLY%¢ and HL®?"4, Scheme 8) and their respective copper complexes
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Scheme 8. Structure of ligands HL*” — HL®2,

(Cu(HL*'™)Cl,, cul®Pcl, cuL®°cl, cuL®cl, cuL®’°Cl, CuL®’°Cl, Cu
(HLﬁzb)Clz, Cu(HL(’ZC)Clz and Cu(HL62d)Clz) was evaluated by Mendes
et al. against C. albicans [102,103]. Quite low MIC values were obtained
for the free ligands, HL>'®¢, HL>% and HL%?"* (0.0007-0.026 mM),
Fig. 3. When comparing the activities of the 2-benzoylpyridine TSC
HLézb'd, the much lower activity of the meta derivative (HL®2¢, MIC
0.023 mM) was attributed to an unfavorable resonance involving N4 and
the tolyl ring [103]. However, for the 2-acetylpyridine TSCs HL>#¢ the
meta isomer had the highest activity and the 2-pyridinecarboxadehyde
TSCs HL®!*¢ did not display a dependence on the position of the
methyl group. An increase in activity was observed when the ligands
HLO%>d were complexed to copper with the trend in activity as follows:
Cu(HL®29)Cl, > Cu(HL®*)Cl, > Cu(HL®?P)Cl,. Similarly, for HL>#, the
antifungal activity was observed to increase on complexation (MIC
0.005-0.026 mM for HL>’ and 0.004-0.007 mM for the copper com-
plexes of HL57). However, the antifungal activity of HL>'3 (MIC
0.003 mM) was less affected by complexation with copper (MIC
0.002-0.004 mM).

4.3. Nickel, palladium and platinum complexes

The antifungal activities of the 90 nickel, 17 palladium, and 5 plat-
inum TSC compounds reported in the literature are summarized in
Table S3. In the majority of the studies, the complexes reported employ

ligands that were also evaluated with copper. For ligands evaluated with
both nickel and copper, nickel generally has similar or lower activity
than copper. In comparison to their copper and nickel analogues,
palladium and platinum complexes are generally less active or inactive.
A select number of compounds are further described in this section.
Numerous studies have been reported employing nickel(II) com-
plexes based on 2-pyridinecarboxaldehyde TSC (HL*’, Scheme 8) and its
related derivatives. Coordination yields neutral ligand Ni(HL)X, and
anionic ligands NiLX complexes (X  Cl, Br) similar to those reported for
copper along with bis-chelate Ni(L), complexes. Against R. bataticola, A
alternata, and F. odum the complexes Ni(L47)2C12, Ni(L47)2(N03)2 and Ni
(L47)ZSO4 were found to be active at lower concentrations than the
ligand, but less active (growth inhibition percentage  33.0-61.2%, at
0.460-0.510 mM) than the copper complexes at similar concentrations
[92]. Nickel complexes of 2-pyridinecarboxadehyde TSCs with methyl-
amine (HL483), dialkylamines (HL49), and cyclic amines (HL5%) at the N4
position were inactive versus A. niger, but activity was observed against
P. variotii with HL*® (inhibition zone ~ 19.0-34.7 mm at 3.980-4.372
mM) and HL*® (inhibition zone  13.3-25.2 mm at 3.389-4.139 mM).
Moderate activity was observed versus A. niger for the 2-acetylpyridine
TSC complexes (HL>%) that was dependent of the size of the dialkyl
substituent with inhibition zones of 8.0, 10.8, and 12.5 mm for NiL>**Br,
NiL54bBr, and NiL>*Br, respectively at ~4 mM. In contrast, the shorter
chain derivatives NiL>**Br and NiL>*®Br were more active than NiL>*°Br
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Fig. 1. A. Comparison of antifungal activities of 2-pyridinecarboxaldehyde (R;
H, blue), 2-acetylpyridine (R; Me, red) and 2-benzoylpyridine TSCs (R;
Ph, green) derivatives of HL*” with alkylamine, dialkylamine and cyclic
pendent R, groups against A. niger. B. Comparison of the activities of neutral
ligand complexes Cu(HL)Cl, derived from 2-pyridinecarboxaldehyde (R; H,
blue), 2-acetylpyridine (R; Me, red) and 2-benzoylpyridine TSCs (R;  Ph,
green) derivatives of HL*’ with alkylamine, dialkylamine and cyclic pendent R,

groups against A. niger.

against P. variotii with inhibition zones of 31.7, 31.7, and 9.5 mm,
respectively. The 2-benzoylpyridine TSC complexes NiL>8Cl, Ni(HL>%?)
Cly, and [Ni(L62a)2]C12 were screened against C. albicans and found to be
inactive even at high concentrations of 14-16 mM.

A series of related 2-pyridinecarboxaldehyde TSC palladium com-
plexes (PAL*®PCl, PAL*®®Br, PAL**°Cl, PAL**°Br, PA(L**%),, PdL>%Cl,
PAL%%2Br and Pd(L%®),) synthesized by Demertzi et al. were evaluated
for potential antifungal properties against A. niger and P. variotii [63].
Although the metal-free ligands HL*®" and HL> yielded substantial
growth inhibition zones at concentrations of 0.450 and 0.381 mM,
respectively, none of the palladium complexes were active at the tested
concentrations of 0.157-0.275 mM, which is contrary to copper com-
plexes that were active against both fungi and nickel complexes that
were active against only P. variotii. Likewise, the 2-acetylpyridine TSC
complexes PAL>*3C] and PtL>%3C] were screened against A. niger and
P. variotii by Bermejo and coworkers [104]. Whereas the free ligand
HL>32 was active at 7.682 mM with a zone of inhibition of 17.5 and 17.7
mm for A. niger and P. variotii, neither complex was active at the tested
concentration of 4.583 mM.

Another study by Demertzi and coworkers with HL>2 (Scheme 8) and
its palladium complexes (PdL52C1, [Pd(Lsz)z]Clz and Pd(L52)2) described
their role in inhibiting the growth of C. albicans [105]. Only compounds
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Fig. 2. Comparison of antifungal activities of 2-pyridinecarboxaldehyde (Ry
H, blue) and 2-acetylpyridine (R;  Me, red) CuLCl derivatives of HLY with
alkylamine, dialkylamine and cyclic pendent R, groups against A. niger (A) and
P. variotii (B).

HL>2 and Pd(LSZ)Z showed significant antifungal activity (MIC <0.002
mM), while the remaining complexes were inactive (MIC >0.002 mM).
Similarly, of three platinum complexes studied only Pt(L>?), showed
significant antifungal activity (MIC <0.002 mM), which is similar to the
palladium derivative. Notably, all nickel complexes of HL>? possessed
much lower activity than Pd(L52)2 and Pt(L52)2. This may be due to
differences in coordination environment. Whereas Ni(L52)2 is a six-
coordinate complex with two NS chelates, Pd(L52)2 and Pt(L52)2 are
proposed to be four-coordinate with one tridentate NoS L>2 and one
monodentate S bound L>2 [105,106].

A series of nickel(II) complexes based on tridentate 2-phenylhydra-
zono-propan-2-ylidene TSC ligands (HLS73¢, Scheme 9) were prepared
and their antifungal activity was evaluated against A. flavus, Penicillium
italicum, C. albicans, and G. candidum [79]. The highest activity was
observed against A. flavus with MIC values of 0.045, 0.091, and 0.154
mM for [Ni(L%)Cl]-H,0, [Ni(L®’P)CI]-H,0, and [Ni(L®7%)Cl]-H,O,
respectively, with the complexes showing a two to six times increase in
activity relative to the free ligand. Similar trends were observed against
P. italicum and G. candidum with [Ni(L67a)Cl]-H20 showing the highest
activity, but all complexes and ligands were inactive against C. albicans.
A series of tridentate 1-hydroxypropan-2-ylidene TSCs (HL®82, Scheme
9) and their bis-chelate nickel(Il) complexes ([Ni(HL%3),]Cly-H,0)
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were prepared by Netalkar and coworkers and screened for antifungal
activity against C. albicans and A. niger [107]. For the free ligands, the
N4-bromophenyl derivative HL%8 (MIC  0.041 mM) was more active
than the fluoro- and chlorophenyl derivatives HL®®? and HL®®®, which
had MIC values 0.207 and 0.194 mM, respectively. Coordination of
nickel(Il) substantially enhanced the activity of the complexes resulting
in MIC values of 0.002-0.008 mM.

4.4. Zinc, cadmium and mercury complexes

The antifungal activities of the 50 zinc, 14 cadmium, and 20 mercury
TSC compounds reported in the literature are summarized in Table S4.
Most of the ligands evaluated with zinc, cadmium and mercury were
also tested with copper and nickel. Typically, the zinc complexes are as
active or more active than their copper analogues and the cadmium
complexes had similar activities to zinc. A notable exception is HL2®
where cadmium yielded the most active complexes of any metal. In most
cases, mercury complexes were found to be more active than their
corresponding zinc derivatives. In cases where the same ligand was
evaluated for mercury and copper, the two metals displayed similar
activity. A select number of compounds are further described in this
section.

Alomar et al. prepared the zinc(II) (Zn(HLZG)ZClz) and cadmium(II)
(CA(HL?%)Cl,, CA(HL?®)Br,, and Cd(HL?%),Bry) complexes of 3-thiophe-
nealdehyde TSC, HL?® (Scheme 4) to evaluate their antifungal activity
against C. albicans, C. glabrata, and A. fumigatus [108]. The cadmium
complexes exhibited the highest activity against C. albicans and
C. glabrata and were the only complexes with activity against
A. fumigatus. At a concentration of 15.56 mM, Cd(HL2%),Br, yielded
zones of inhibition of 27, 40, and 52 mm versus C. albicans, C. glabrata,
and A. fumigatus, respectively. The other cadmium complexes had con-
sonant activity at similar concentrations. At 19.73 mM, Zn(HL26)2C12
was less active (zone of inhibition 17 and 18 mm versus C. albicans and
C. glabrata) than the cadmium complexes, whereas the free ligand
required higher concentrations of 53.98 mM to achieve a zone of inhi-
bition of 18 mM against C. glabrata and 27 mm for C. albicans.

Chandra et al. prepared the zinc complexes ([Zn(L47)2]C12, [Zn
(L*)2]1(NO3)2, [Zn(L*7)3]1504]) and mercury complexes ([Hg(L*)2]Cly,
[Hg(L*7)2](NO3), [Hg(L.*)21504]) derived from 2-pyridinecarboxalde-
hyde TSC (HL¥, Scheme 8) to investigate their antimicrobial properties
against C. albicans and A. niger [109]. Against C. albicans, [Cd(L47)2]C12
displayed higher activity (zone of inhibition 20 mm at 200 pg/disc)
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than [Zn(L47)2]C12 (15 mm) and the free ligand (14 mm) with the same
loading. The [Cd(L47)2]C12 complex was also more active (22 mm) than
[Zn(L47)2]C12 (14 mm) and the ligand (0 mm) against A. niger. For each
metal, the nitrate salts had similar activity as the chloride and the sulfate
salts had lower activity. Parwana and Singh compared the antimicrobial
activities of [Zn(HL47)C12] -CoHsOH and [Zn(HL64)2C12] against
C. albicans and A. fumigatus [110]. The ligands differ by the position of
the TSC substituent on pyridine at the 2- (HLY) or 3-position (HL®Y. For
C. albicans, [Zn(HL47)C12] -CoHs0H (MIC  1.474 mM) was slightly more
active than [Zn(HL64)2C12] (2.013 mM). The same trend was observed
for A. fumigatus.

A series of M(HL>*%)X, (M Zn, Cd, Hg; X  Cl, Br, I) complexes
with 2-acetylpyridine TSC ligands with methyl (HL3%, Scheme 8) [104],
ethyl (HL53C, Scheme 8) [111], or propyl (HL53d, Scheme 8) [112]
substituents at the N4 position were prepared and evaluated for anti-
fungal activity against A. niger and P. variotii. Like the Cu(Il), Pd(II), and
Pt(IT) complexes of HL>32, most of the complexes were inactive. Only the
zinc complexes of HL33 and HLP (inhibition zone diameter
10.2-13.8 mm) and the mercury complexes of HL53P (8.1-19.0 mm)
showed activities at concentrations of 2-3 mM against P. variotii with the
highest activity observed for Hg(HL53b)12. Versus A. niger, only the Hg
(HLSS")XZ series were active (11.3-16.3 mm) with the iodo complex
again having the highest activity. A series of 2-benzoylpyridine TSC
complexes (Zn(L>®),Cly, Zn(1L5°%),Cly, and Zn(HLS*¥)CL,) investigated
for antimicrobial activity against C. albicans by Costa were also found to
inactive [113].

The antimicrobial activities of chalcone derived TSCs HLS®*
d (Scheme 9) and their respective zinc complexes (Zn(Lwa)Z, Zn(L69b)2,
Zn(L69C)2 and Zn(Lng)Z) were examined by Silva and coworkers against
C. albicans [114]. The series represents an atypical example were ac-
tivity decreases upon coordination of zinc. The MIC values for HL5%,
HL®® and HL%®¢ (MIC ~ 0.011 mM, 0.020 mM, and 0.009 mM,
respectively) increase at least two-fold upon coordination to Zn(II) (MIC

0.023 mM, > 0.068 mM, and 0.019 mM, respectively). For the nitro
derivative HL®®, the activity was observed to increase from MIC
>0.157 mM for the metal-free ligand to MIC >0.069 mM for the zinc
complex.

Aly et al. prepared various 4(3H)-quinazoline-2-carboxaldehyde
TSCs HL/%h (Scheme 9) and some of their zinc complexes (ZnL70bC1,
ZnL7%cl, ZnL7°"Cl, Zn(L7%),, Zn(17°%),, and Zn(.7"),) to study their
antimicrobial activity against Aspergillus species and Fusarium sp. [115].
out of all tested TSCs, only HL7%, HL7%, and HL’®" (inhibition zone
diameter 23, 15, and 25 mm, respectively) were found to be active
against Fusarium sp., and no activity was shown towards Aspergillus sp.
The zinc complexes on the other hand showed moderate to good activity
against both fungi (inhibition zone diameter =~ 14-28 mm). Zn(L70d)2
showed some activity against A. niger and Fusarium sp. (inhibition zone
diameter 14 mm and 28 mm). Zn(L7°d)2 and Zn(L7°h)2 on the other
hand were found to be active only against Fusarium sp. (inhibition zone
diameter 16 and 24 mm).

4.5. Other transition metal complexes

The antifungal activities of approximately 80 TSC other transition
metal complexes with Ti, Zr, Cr, Mn, Co, Fe, or Ru are summarized in
Table S5 of the supplementary material. The majority of the complexes
are Co compounds that employ ligands also evaluated with Cu and Ni. In
general, Co complexes displayed similar or less activity than the Cu and
Ni analogues. Similarly, the studies with Cr, Mn, and Fe employ ligands
that were also evaluated with Cu and Ni and they display similar or
lower activities. The ruthenium complexes were inactive. Data for the
titanium and zirconium complexes are limited to a family of cyclo-
pentadienyl derivatives unique to these metals.

Sharma and coworkers investigated the antimicrobial properties of
various mixed ligand cobalt complexes that combined long chain alkyl
TSCs HIL30K (Scheme 5) with N-phthaloyl (N-Pht) protected amino acids
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against Fusarium moniliforme and Macrophomina phaseolina [116]. The
complexes  (CoL3®-N-Pht-gly, CoL%*-N-Pht-ala, CoL>®-N-Pht-val,
CoL3®“N-Pht-gly, CoL>**-N-Pht-ala, and CoL3**-N-Pht-val) were found
to have better activity (growth inhibition percentage 78.42-88.98% at
0.753 mM-0.821 mM) than the metal-free TSCs (growth inhibition
percentage  75.15-85.63% at 1.775 mM and 1.759 mM) against both
of the tested fungal strains. These complexes were reported to restrict
growth by disturbing the respiratory processes of the cell and blocking
protein synthesis.

West and Carlson reported the antifungal properties of Co and Fe
complexes with the 2-acetylpyridine TSC ligands HL3*¢ (Scheme 8)
with dialkyl substituents at the N4 position against the growth of A. niger
and P. variotii [117]. The cobalt complexes ([Co(L54b)2]BF4, C0L54bC1,
CoL>*Br, [Co(L%*),]BF4, CoL*Cl, and CoL5*Br) and the iron com-
plexes  ([Fe(L>),]Cl04,  [Fe(L>*®),]FeCls,  [Fe(HL*)(L3*9)Cl04]
Cl04-H,0, and [Fe(L>*);]FeCly) possess little, if any activity, and there
was no difference between the activity of the complexes with HL>*® and
HL>#, Six-coordinate bis-chelate iron complexes ([Fe(LSS)z]Clz, [Fe
(L5°%),]Cl, and [Fe(HLS2%),]Cly) with 2-benzoylpyridine TSC ligands
were synthesized and investigated for antimicrobial activity against
C. albicans by Costa [113]. Like the nickel complexes, the activity of the
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ligand was lost upon coordination to Fe(II) (zone of inhibition 6.0-7.0
mm at 8.106-17.746 mM). Parwana and Singh reported the antimi-
crobial activities of 2- and 3-acetylpyridine iron complexes [Fe(HL47)2]
Cland [Fe(HL64)2C12]Cl against C. albicans and A. fumigatus [110]. With
C. albicans, both iron complexes (MIC  1.913 mM) displayed good
antifungal activity by decreasing the concentration of the fungus (8.8
10°CFU/mLto1 10° CFU/ mL) by eight-fold in comparison to just the
metal-free ligand that displayed no activity. With A. fumigatus, only [Fe
(HL47)2]C1 showed any activity (zone of inhibition 15 and 20 mm at
1.660 mM and 2.214 mM, respectively).

Sengupta and colleagues prepared titanocene (CpoTiCl(L); L
and zirconocene (CpyZrCI(L); L L72a'e) chelates of acetylferrocenyl
TSCs, HL7?2¢ (Scheme 9) to study their effect in inhibiting the growth of
A. niger, A. alternata, and Heterodera oryzae [118]. All compounds
showed significant toxicity at higher concentration (1.497-2.650 mM)
against all the fungi and the complexes were found to be more active
(growth inhibition percentage  44.8-88.6%) than the metal-free li-
gands (growth inhibition percentage 40.2-52.8%). The activity was
seen to decrease on dilution. Complex CpgTiCl(L72b) was found to be the
most active of all the tested complexes with growth inhibition per-
centage of 88.6%.

L72a-e)
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4.6. Post transition metal complexes

The antifungal activities of 28 TSC complexes with post transition
metals including Ga, In, Sn, and Sb have been reported as summarized in
Table S6 of the supplementary material. Bastos et al. prepared gallium
complexes ([Ga(L®*®),]NOs, [Ga(Lo%?),]NO5 and [Ga(L83%),]NO3) with
the 2-aminomethylpyridine ligands HL%%%¢ (Scheme 9) to study their
effect on the growth of C. gattii [119]. Among the TSCs, HL®3? exhibited
the best antifungal activity (MIC ~ 0.026 mM), HL*® showed moderate
activity (MIC ~ 0.052-0.104 mM), and HL®® exhibited weak activity
(MIC >0.417 mM). Coordination to gallium(III) significantly improved
the activity of HL53%° (MIC ~ 0.013 mM, 0.002 mM and 0.013 mM,
respectively). In contrast, coordination of the ligand family HL%*4 to
gallium to yield Ga(L®**%), had only a small impact on the activity of the
ligands against C. albicans for HL®*?, HL%¢ and HL®d (MIC  0.017 mM,
0.014 mM and 0.0135 mM, respectively) [114]. Notably, the nitro de-
rivative HL®®® was found to be inactive as the free ligand but had similar
activities to the other compounds upon coordination to Ga(IIl) (MIC
0.015 mM). In general, the gallium complexes for HL® displayed better
antifungal activities than the respective zinc analogues.

Oliveira et al. reported antimicrobial effects of indium(III) complexes
([In(L>")Cly(MeOH)], [In(L¥"")Cl,(MeOH)], [In(L>9)Clo(MeOH)] and
[In(@L>%Cly(MeOH)]) of 2-acetylpyridine derived TSCs, HLY*
d (Scheme 8) against C. albicans, Candida dubliniensis, Candida lusitaniae,
and Candida parapsilosis [120]. An increase in antimicrobial activity of
the free ligands (ICsp 0.017  0.001 to 0.294  0.025 mM) was
observed on complexation with indium (ICsgp  0.0014  0.0001 to
0.016 0.001 mM) in most of the cases. All complexes were observed to
be very active especially against C. dubliniensis and C. lusitaniae (ICsq

0.0014 0.0001 to 0.0038 0.0004 mM). [In(L57a)C12(MeOH)] (ICso
0.0014 0.0001 pM) was found to be as active as nystatin (ICsq
0.002 0.0003 mM) and 100 times more active than the metal-free

ligand, HL>? (IC5o  0.138  0.001 mM).

Pyridine derived TSCs HL>7¢¢ and HL%%¢¢ (Scheme 8) and their tin
(V) complexes ((n-Bw)Sn(L>#)Cl, and (n-Bu)Sn(L2*#)Cly) were
analyzed for antifungal activity against C. albicans, C. krusei, C. glabrata,
and C. parapsilosis by Parrilha et al. [80]. For the free ligands, the 4-
chlorophenyl derivative HL>8 (MIC 0.006 mM) was more active
than the 2-chlorophenyl (HL>¢, MIC  0.013-0.026 mM) and 4-fluoro-
phenyl (HLYf, MIC  0.007-0.028 mM) derivatives. Coordination of Sn
(IV) had no significant effect on the activity of HL’®, but it slightly
increased the activities of HLYf and slightly decreased the activities of
HLY¢, For the 2-benzoylpyridine TSCs, HL52%% both the 2-chlorophenyl
and 4-chlorophenyl derivatives had similar activities (MIC
0.021-0.042 mM) that increased by a factor of 4-7 upon coordination of
Sn(IV) to HL%%, but slightly decreased upon coordination to HLS%¢,
Mendes and coworkers developed organotin(IV) complexes ((n-Bu)Sn
(LO3™)Cl,, (n-Bu)Sn(L3P)Cly and (n-Bw)Sn(LE3)Cly) of 2-pyridinecarbox-
aldehyde TSCs HL®3® (Scheme 9), to investigate their antimicrobial
effects on C. albicans [122]. The activity of the TSCs (MIC
1.312-2.448 mM) was observed to increase on complexation with tin
(IV), although all complexes bore similar activity (MIC  0.273-0.290
mM) that was less active than the gallium counterparts.

Kasuga and coworkers investigated the antimicrobial activities of
antimony(III) complexes, SbL>>*Cl, and SbL>*Br, of the 2-acetylpyri-
dine TSC HIL>®¢ (Scheme 8) against C. albicans, Saccharomyces cer-
evisiae, A. niger, and Penicillium citrinum [123]. The complex Sb(L>*®)Cl,
exhibited superior antifungal activity (MIC ~ 0.137 mM) than the parent
TSC (MIC  0.473 mM) against A. niger and P. citrinum. Whereas, for
C. albicans and S. cerevisiae, the ligand exhibited higher antifungal ac-
tivity (MIC ~ 0.118 mM) than Sb(L3%®)Cl, (MIC ~ 0.137 mM and 0.274
mM). On the other hand, complex Sb(Lsse)Brz possessed the same
antimicrobial activity against all fungi (MIC  0.229 mM). The anti-
mony complexes of HL>>® performed superior to both nickel and zinc
complexes.
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4.7. Comparison of the antifungal activities of various metal complexes

For the sake of comparison, the influence of the metal ion on the
activity of two ligand families that have been studied with a variety of
metal ions are highlighted in Figs. 4 and 5.Fig. 4 compares the activities
of various metal complexes of the vanillin TSC HL”® in inhibiting the
growth of Alternaria sp., Paecilomyces species, and Pestalotia species.
Overall, the metal complexes of HL”® follow the trend observed with
many other TSC ligands. The highest growth inhibition percentage with
the HL73 ligand against all fungal strains is observed for [Cu(HL73)C12]
H20. The activity of the corresponding zinc(II) complex is substantially
lower than copper, with some activity restored upon substitution of zinc
with cadmium and mercury. Compared to Cu(Il), the anti-fungal activity
of the HL”® complexes decreases systematically with Cu(II) > Ni(II) > Fe
(II) > Mn(ID). All of the complexes displayed enhanced activity relative
to the metal-free ligand [124].

Fig. 5 compares the MIC values for metal complexes of (E)-1-(1-
hydroxypropan-2-ylidene) thiosemicarbazide HL” for C. albicans and
A. niger. Interestingly, of the four metal ions evaluated with HL’* the
copper complex [CU(HL74)C12] -H20 had the lowest activity (highest MIC
values). This can be attributed to differences in the coordination mode of
HL7* with copper as compared to Co, Ni, and Zn. In the former case, a
single bidentate TSC ligand is coordinated, while in the latter cases each
metal ion coordinates two bidentate TSC ligands. Against C. albicans the
greatest activity is observed for [Co(L74)2]Cl followed by [Zn(HL74)2]~
2Cl and [Ni(HL74)2]C12~2H20. Versus A. niger the order of activity with
HL”* is Zn(Il) > Ni(I) > Co(III) [44].

5. Bis(thiosemicarbazones)

The antifungal activities for four families of BTSC N»S; chelates and
their respective metal complexes have been reported in Table S7 in the
supplementary material. In comparison to TSCs, metal complexes of
BTSC N3S; chelates are understudied. Currently there is not enough data
to make general conclusions about the relative activities of different
metals.

West and coworkers synthesized four different BTSC ligands (HoL”>*
d, Scheme 10) and their respective neutral, square planar copper, CuL7%
4 and nickel complexes, NiL7%*¢ and tested them against the fungus
P. variotii for antifungal activity [125]. Although the N4-methylamine
derivative HoL7® showed no activity, the N4-dimethylamine ligand
H2L75b yielded a small zone of inhibition (8.0 mm at 3.467 mM), and the
N4-cyclic amine ligands HoL7>¢ and H,L7>d gave large inhibition zones of

100 -
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70 A
60 -
50 -

percentage

Growth inhibition

M Alternaria sp. M Paecilomyces sp. M Pestalotia sp.

Fig. 4. Comparison of the growth inhibition percentage of TSC HL’® and its
various metal complexes. The ligand activity was tested at 4.439 mM and the
metal complexes were tested over a concentration range of 1.622-2.719 mM.
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Fig. 5. Comparison of the MIC values of various complexes of TSC HL”*.

32.6 mm and 21.8 mm at 2.713 mM and 2.521 mM, respectively. Upon
complexation with Cu, the N4-methylamine CuL’>* and the N4-
dimethylamine Cul’5® showed small inhibition zones (9.1 mm and
10.1 mm, at 3.106 mM and 2.857 mM, respectively), whereas CuL’>
and CuL’>® were found to be inactive. All four Ni complexes were
inactive.

A series of Cu(II) and Ni(II) six-coordinate M(H2L76)X2 (M Ni, Cu;
X Cl ,NOs , CH3COO ) were prepared by coordination of the benzil
BTSC, H,L7® (Scheme 10) and evaluated for antifungal activity against
R. Bataticola, A. alternata, and F. odum. It was observed that all the Cu
complexes had better activity (growth inhibition percentage
30.0-49.2% at 0.230-0.255 mM) in comparison to the parent ligands
(growth inhibition percentage  22.0-30.2% at 0.351 mM). There was
no significant effect upon changing the X ligand. The nickel complexes
were slightly less active (growth inhibition percentage 23.4-45.2% at
0.232-0.257 mM) than the copper complexes, but more active than the
free ligands. Refat and colleagues prepared the corresponding Co(II) and
Mn(II) complexes [126]. The compounds showed fungal growth inhi-
bition in the following order: Cu(II) > Ni(II) > Co(II) > Mn(II) H2L76.

The thiophen-2,3-dicarboxaldehyde BTSC (H,L”7, Scheme 10) and
its square planar Cu, Cul”’, and Ni, [Ni(HL”")]Cl, complexes were
synthesized by Alomar and coworkers to study their effect on C. albicans,
C. glabrata, and A. fumigatus fungi [127]. Only weak activity was shown
by both the ligand (MIC >0.775 mM) and the respective Cu complex
(MIC >0.719 mM), whereas the Ni complex was slightly active against
C. albicans (MIC  0.659 mM) and more active against C. glabrata (MIC
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0.163 mM). Coordination of HoL” as the neutral ligand to Ni yielded
the six-coordinate complexes [Ni(H2L’7)Cl(H20)]Cl and [Ni(HoL’7)Br
(H20)1Br [128]. Compared to [Ni(HL’”)IClL, activity with the fully
protonated ligand was slightly improved against C. glabrata for the
chloro derivative (MIC 0.144 mM) and more so for the bromo deriv-
ative (MIC 0.060 mM). A similar trend was observed for C. albicans.
The corresponding Cd complexes (Cd(H,L”7)Cly and Cd(H,L”7)Bry) were
found to be highly active (MIC 0.014-0.111) mM against all Candida
[127].

Kasuga and colleagues investigated the antifungal activity of com-
pounds with the pentadentate ligands H,L7%? and HoL78 (Scheme 10)
and their respective zinc complexes ([Zn(L7sa)]" and [Zn(L78b)],1)
against C. albicans, S. cerevisiae, A. niger, and P. citrinum [129]. Only the
free ligand H,L7% was observed to show any activity against C. albicans
and S. cerevisiae (MIC ~ 0.278 mM). The related Ni complex NiL78 was
found to be inactive (MIC >1.975 mM) against the same fungi [130].
Tyagi and Chandra explored the biocidal properties of the same ligand in
the protonated form with various metals as the chloride salts, [M
(HoL783)CIICl,] (M Rh, Ir) and [M(L7%%)]Cl,] (M Pd, Pt), against
A. niger, A. fumigatus, and F. odum [131]. Metal complexes were found to
have higher inhibitory effect (growth inhibition percentage  45.0%-—
56.0%) than the free ligand (growth inhibition percentage  29.0%—
38.0%) and the respective metal salts, with the Pd complex consistently
showing the highest activity.

6. Summary

In this review, we have summarized the anti-fungal activities of TSCs
and BTSCs and their respective metal complexes. The ligand structures
differ by incorporating different substituents at various positions in the
TSC framework resulting in observed changes in their biological activ-
ity. It has often been observed that the metal complexes outperform the
metal-free ligands in inhibiting the fungal growth. This has been
attributed to charge dispersion upon chelation, which enhances the
lipophilicity of the complex favoring its permeation through the fungal
cell wall. Further, the anti-fungal activity is dependent on the identity of
the metal ion. Of the most commonly studied metals, copper(II) and zinc
(II) complexes typically display the highest activity. While this is
generally the case, it is not universally observed. It is noteworthy that
the copper complexes are redox active with biologically accessible
reduction potentials and is likely related to their MOA. In contrast, zinc
complexes have no metal centered redox activity suggesting they oper-
ate via a different MOA. For zinc, transmetalation with copper under
physiological condition is known to occur and needs to be considered
[132,133]. In a few examples explored in this review the metal free
ligand was evaluated at a higher concentration than the corresponding
metal complexes. In these cases, a direct comparison of the activities is
difficult.

In conclusion, several TSC, BTSC, and their metal complexes show
promise as potential antifungal agents. However, the development of
new antifungal agents faces a number of challenges currently including
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Scheme 10. Structure of ligands HL”® — HL®,
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the various methods of recording the data, making it difficult to compare
of different studies. Because every fungi behaves differently towards a
potential drug candidate, this contributes as another issue in comparing
results. Another major challenge faced by this field is the development of
resistance mechanism(s) by fungi. In particular, on comparing the
different fungal strains, A. niger was observed to be resistant towards
many drug candidates. This challenge poses as a threat of a potential
global pandemic. As noted by a reviewer, an important aspect that is
often overlooked in this field is the effect of complex stability on the
biological activity. For example, COTI-2, an anticancer TSC forms a
stable ternary copper(Il)-glutathione complex that is effluxed by ATP
binding cassette subfamily C member 1 (ABCC1), contributing to drug
resistance [134]. Similar effects could also become prominent in the
antifungal resistance and hence, it is advisable to determine the complex
stabilities in future work. Additionally, in the development of TSCs as
therapeutic drugs the antifungal activity needs to be considered relative
to other biological activities of the host, such as cell proliferation. For
example, the copper, palladium and platinum complexes derived from
HL®® were evaluated for biological activity against both C. albicans
fungal strain and human leukemia (HL-60) cells. The compounds are
much more active against the leukemia cell line (ICsy 1.6 3to 10
pM) than against C. albicans (MIC values  0.237 to >12.33 mM) [45].
Overall, there is an urgent need to further explore and develop this class
of compounds through more detailed and systematic studies of their
antifungal activities and MOAs.
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