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a b s t r a c t

The fungistatic nature and toxicity concern associated with the azole drugs currently on the market have
resulted in an increased demand for new azole antifungal agents for which these problematic character-
istics do not exist. The extensive use of azoles has resulted in fungal strains capable of resisting the action
of these drugs. Herein, we report the synthesis and antifungal activity of novel fluconazole (FLC) ana-
logues with alkyl-, aryl-, cycloalkyl-, and dialkyl-amino substituents. We evaluated their antifungal activ-
ity by MIC determination and time-kill assay as well as their safety profile by hemolytic activity against
murine erythrocytes as well as cytotoxicity against mammalian cells. The best compounds from our
study exhibited broad-spectrum activity against most of the fungal strains tested, with excellent MIC val-
ues against a number of clinical isolates. The most promising compounds were found to be less hemolytic
than the least hemolytic FDA-approved azole antifungal agent voriconazole (VOR). Finally, we demon-
strated that the synthetic alkyl-amino FLC analogues displayed chain-dependent fungal membrane dis-
ruption as well as inhibition of ergosterol biosynthesis as possible mechanisms of action.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The rise in the number of infections caused by fungi poses a
serious threat to human health and life.1 Fungal infections can be
endogenous (e.g., Candida infections) or acquired from the environ-
ment (e.g., Cryptococcus and Aspergillus infections). Invasive fungal
infections have become a major problem for patients with immun-
odeficiency syndrome (e.g., AIDS), organ transplant patients, and
patients receiving chemotherapeutic agents for cancer treat-
ment.2–4 Clinically, candidiasis, aspergillosis, and cryptococcosis
are the major infections in immunocompromised patients.5,6 Can-
dida and Aspergillus species are responsible for the majority of doc-
umented fungal infections. Recent studies indicated an
epidemiological shift towards infections caused by emerging
non-albicans Candida and Aspergillus species resistant to the cur-
rent antifungal drugs.7–9 Non-albicans Candida species such as C.
glabrata, C. parapsilosis, C. tropicalis, and C. krusei are more promi-

nent now and they account for more incidence of invasive candidi-
asis such as candidemia than C. albicans.10–13 The relative presence
of these fungal strains is region dependent. For example, C. glabrata
is the second most common species after C. albicans in North Amer-
ica.14 Fungal strains such as C. parapsilosis and C. tropicalis are rel-
atively more common in Europe, Australia, Latin America, and
Asia.15–17 As resistance to the currently available antifungal agents
is emerging in many of these non-albicans Candida, there is a need
for developing novel antifungals.18

Most of the current drugs on the market are either highly toxic
(e.g., amphotericin B (AmB)) or becoming ineffective due to appear-
ance of resistant fungal strains (e.g., azoles such as fluconazole
(FLC) and voriconazole (VOR)) (Fig. 1).19 Azoles are the most fre-
quently used class of antifungals to treat fungal infections as they
are inexpensive and are available for oral administration.20

However, there is an extensive documentation of intrinsic and
developed resistance to azole drugs among C. albicans and
non-albicans Candida species. As the frequency of occurrence of
infections caused by non-albicans Candida species is increasing in
clinical settings, there is currently a need to improve on the exist-
ing azole scaffolds to develop novel antifungals. Various studies
were reported by our and other groups, which illustrated the role
of alkylation on different drug scaffolds resulting in promising
antifungal activity.21–27 There are examples of 2,4-difluoro-2-
(1H-1,2,4-triazo-1-yl)acetophenone analogues with linear C5-C8
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alkyl chains25 and of an n-alkylated ebsulfur derivative with a lin-
ear C5 alkyl chain, which displayed strong antifungal activity.24

Similarly, examples of aminoglycosides (e.g., kanamycin B (KANB)
and tobramycin (TOB)) with linear alkyl chains with 12 and 14 car-
bons (C12 and C14) displaying antifungal activity were also
reported.21,22

Based on the information provided above and the promise
shown by these small molecules, herein, we decided to generate
novel FLC derivatives in which the triazole ring on the carbon alpha
to the dihalophenyl ring of FLC was displaced by various linear
alkyl-, aryl-, dialkyl-, and cycloalkyl-amino substituents. We report
the synthesis of twelve novel FLC derivatives (Fig. 2) and their anti-
fungal activity against a variety of C. albicans, non-albicans Candida,
Aspergillus, and Cryptococcus strains as established by in vitro MIC
determination as well as by time-kill studies. We explore the
hemolytic activity as well as cytotoxicity of these compounds
against murine erythrocytes and mammalian cell lines, respec-
tively. Finally, we investigate the potential mechanisms of action
of selected compounds by probing their ability to disrupt fungal
membrane or to inhibit ergosterol biosynthesis.

2. Results and discussion

2.1. Design and synthesis of antifungal agents 5–16

We synthesized the alkyl-/aryl- and cycloalkyl-amino FLC
derivatives 5–16 in two steps by using the commercially available
fluorinated compound 2,4-difluoro-2-(1H-1,2,4-triazo-1-yl)ace-
tophenone as a starting material (Fig. 2B). We first converted the
carbonyl group of 2,4-difluoro-2-(1H-1,2,4-triazo-1-yl)acetophe-
none to an epoxide by using trimethylsulfoxonium iodide in the
presence of a strong base and a surfactant to yield the oxirane
intermediate 4, which we then reacted with various amines (all
commercially available, with the exception of amine 3 used in
the synthesis of derivative 12) under mild basic conditions to
afford derivatives 5–16. The amine 3 used for the synthesis of

derivative 12 was prepared in three steps (Fig. 2A). The amino
group of 6-aminohexanol was protected with Boc to yield com-
pound 1, which was then subjected to nucleophilic substitution
reaction with 1-iodopentane. The deprotection of the Boc group
of intermediate 2 yielded the desired amine 3.

2.2. Antifungal activity and structure-activity relationship (SAR)
analysis

We first evaluated the antifungal activity of the newly prepared
FLC derivatives 5–16 against a panel of seven C. albicans (ATCC
10231 (A), ATCC 64124(R) (B), ATCC MYA-2876(S) (C), ATCC
90819(R) (D), ATCC MYA-2310(S) (E), ATCC MYA-1237(R) (F), and
ATCC MYA-1003(R) (G)), three non-albicans Candida (C. glabrata
ATCC 2001 (H), C. krusei ATCC 6258 (I), and C. parapsilosis ATCC
22019 (J)), and three Aspergillus (A. flavus ATCC MYA-3631 (K), A.
nidulans ATCC 38163 (L), and A. terreus ATCC MYA-3633 (M))
strains using a concentration range of 0.03–31.3 lg/mL (Tables 1
and S1). We used commercially available antifungal agents such
as AmB, caspofungin (CAS), FLC, and VOR as positive controls for
comparison. For derivatives 5–16 as well as the reference drugs
AmB and CAS, we reported MIC-0 values, which correspond to no
visible growth. We reported MIC-2 values (i.e., 50% growth inhibi-
tion) for FLC and VOR against all fungal strains tested with the
exception of strain A by VOR. We defined antifungal activity as
excellent (0.03–1.95 lg/mL), good (3.9 lg/mL), moderate (7.8–
15.6 lg/mL), or poor (�31.3 lg/mL) based on MIC values. In this
manuscript, we performed all activity comparisons by using the
MIC values reported in lg/mL (Note: the corresponding MIC values
are also provided in lM in Tables S1 and S2).

By a survey of the data reported in Table 1, the following obser-
vations could rapidly be made. The introduction of a side-chain

Fig. 1. Structures of all antifungal agents used as controls in this study.
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Fig. 2. Synthetic schemes for the preparation of A. amine derivative 3, and B. novel
azole analogues 5–16.
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