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Myrtenyl-bispidine containing azole: synthesis and antifungal activity
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A new monoterpene-azole hybrid containing myrtenyl-
bispidine moiety, 2-(2,4-difluorophenyl)-1-(7-{[(1R,5S)-6,6-
dimethylbicyclo[3.1.1]hept-2-en-2-ylJmethyl}-1,5-dimethyl-
3,7-diazabicyclo[3.3.1]non-3-yl)-3-(1H-1,2,4-triazol-1-yl)-
propan-2-ol was prepared in six steps with 55% overall yield.
The compound was tested against a number of Candida spp.
fungi and found to be active against Candida albicans.
Molecular docking suggested possible inhibition of lanosterol
14a-demethylase (CYP51), a membrane enzyme targeted by
azole antifungals.
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Fungal infections pose a significant public health concern, as
there are over 600 species of pathogenic fungi that can cause
human diseases and there are no licensed vaccines to prevent
them. In October 2022, the World Health Organization published
a list of Fungal Priority Pathogens, highlighting the urgency for
action.! Limited availability of the most effective drugs to treat
fungal infections in regions where they are prevalent and the
emergence of species that are resistant to current therapies
exacerbate the problem. For a long time, azoles have been the
primary antifungal class used to combat mycoses. However, the
emergence of drug-resistant strains and the resulting rise in
mortality rates of systemic mycoses have necessitated the
development of new-generation, broad-spectrum azole antifungal
agents.?

Earlier, several monoterpene-containing hybrid azoles were
synthesized and found to show potent antifungal activity against
both azole-susceptible and azole-resistant strains of Candida
spp. In our latest study,® one of the compounds with myrtenyl
fragment 1 (Figure 1) demonstrated up to 60 times lower
minimum inhibitory concentration (MIC) values than fluconazole
against clinical isolates. Activity of the monoterpenoid
(=)-myrtenol against both yeast (Candida albicans) and mycelial
(Rhizopus nigricans, Aspergillus fumigatus, Fusarium solani)
fungi species was showed.* Akhmedov et al.® recently reported
synthesis of a series of imidazole terpenoid derivatives with
good activity against Candida spp. Sulfur-containing terpenoids
of bornane and pinane series also showed moderate antifungal
activity against several mold and yeast-like fungi.®- Thus, in an
attempt to obtain new and potent antifungal monoterpene—azole
hybrids, herein, synthesis of a new analogue of compound 1 with
bispidine linker instead of piperazine, viz. 2-(2,4-difluorophenyl)-
1-(7-{[(1R,59)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl]-
methyl}-1,5-dimethyl-3,7-diazabicyclo[3.3.1]nonan-3-yl)-3-
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(1H-1,2,4-triazol-1-yl)propan-2-ol 2 (see Figure 1), its antifungal
activity and molecular modeling studies are presented. The
3,7-diazabicyclo[3.3.1]nonane  (bispidine)  framework s
considered as a part of the ‘privileged structures’ within
medicinal chemistry due to the broad and varied range of
biological activities observed in compounds containing this
structural motif.%10

Initially, epoxide 5 was prepared from 2-chloro-1-(2,4-
difluorophenyl)ethan-1-one 3 (Scheme 1) according to the
known method.® Alkylation of 1,2 4-triazole with chloride 3
gave ketone 4 in 80% yield. The carbonyl group of ketone 4 was
subsequently transformed into epoxide via the Corey-
Chaykovsky reaction wusing trimethylsulfoxonium iodide
Me;S*Ol, resulting in oxirane 5 with a yield of 90% (see
Scheme 1).

For the synthesis of myrtenyl-bispidine building block 8,
we performed the reaction between diazaadamantane 6 and
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Figure 1 Fluconazole and monoterpene-containing azoles.
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Scheme 1 Reagents and conditions: i, 1H-1,2,4-triazole, K,CO3;, MeCN, reflux, 2 h, 80%; ii, Me;S*OI-,
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NaOH (20% aq.), toluene, 60 °C, 4 h, 90%;

iii, PBr3, Et,O, from -8 to 0 °C, 5 h, 95%; iv, 5,7-dimethyl-1,3-diazaadamantane 6, benzene, reflux, 5 h; v, KOH, EtOH/H,0, reflux, 4 h, 72%; vi, NEts,

EtOH, reflux, 4 h, 55%.

(=)-myrtenyl bromide 7 with subsequent cleavage of quaternary
ammonium salt (see Scheme 1).1* The yield of product 8 over
two steps was 72% (for details, see Online Supplementary
Materials, Scheme S1). (-)-Myrtenyl bromide 7 was obtained by
the reaction of (-)-myrtenol with PBr; as described.!? Reaction
of epoxide 5 with myrtenyl-bispidine 8 in the presence of NEt;
was carried out by reflux in ethanol. After purification by column
chromatography on SiO,, product 2 was isolated with 55%
overall yield. Compound 2 was formed as a mixture of two
diastereomers, as confirmed by NMR spectroscopy data. Thus,
the 19F and 13C NMR spectra contain two sets of signals of equal
intensity with pairwise close chemical shifts. When analyzing
the IH-13C HSQC spectrum, it was determined that the 'H NMR
spectrum also consisted of two sets of signals of equal intensity.
Analysis of the correlation spectra revealed the same sequence
of arrangement of carbon atoms in both compounds, giving sets
of signals. Exchange effects in the 'H NMR spectra recorded at
different temperatures (20-70 °C) were not observed, as well as
exchange cross-peaks in 2D 'H-'H NOESY/EXSY, which
excludes the possibility that the sets of signals belong to different
conformations.

We evaluated the antifungal activity of 2 against a variety of
C. albicans strains in vitro by determining their MIC values,
which shows the minimum compound concentration to inhibit
pathogen growth. Seven American Type Culture Collection
(ATCC) fungal strains of Candida were included in the
susceptibility tests performed using microdilution method (see
Online Supplementary Material for details). Compound 2
demonstrated promising activity against one of the C. albicans
strains (ATCC 64547). C. albicans(ATCC 90028) and C. glabrata
were less susceptible to 2, while C. krusei, an intrinsically azole-
resistant fungus, was only susceptible to 2 at a high MIC similar
to fluconazole. C. parapsilosisand C. tropicalis were completely
resistant to 2 (Table 1). In general, the tested Candida strains were
also less susceptible to 2 compared to 1 or fluconazole.

Azole antifungals act through inhibiting lanosterol
14a-demethylase (CYP51), a heme-dependent cytochrome P450

class enzyme that catalyzes the rate-limiting step of ergosterol
biosynthesis in fungal membrane. Molecules of azole drugs are
composed of three structural components: an azole ring providing
axial coordination with the heme iron, an aromatic ring connected
to the azole via an ethylene bridge, and a tail group attached to
the ethylene linker, which occupies the active site gorge. Azoles
such as fluconazole and oteseconazole have an additional

Figure 2 Co-crystallized binding of (a) oteseconazole®® as well as
predicted binding mode of forms of compound 2: (b) R-2:-H*, (c) R-2:2H",
and (d) S2:H* in CaCYP51 active site. Ligands are represented as color
ball-and-stick form (oteseconazole in yellow-green and forms of 2 in
brown), amino acid residues as gray sticks, heme as green sticks, heme iron
and water molecules as spheres, and electrostatic interactions as dashed
lines. Protein active site molecular surface is rendered.

Table 1 MIC values (ug ml-t) of compound 2 and close analogues against the selected Candida spp.

sample Candidaalbicans Candida albicans Candidaglabrata Candida krusei g;‘[‘g;ia para- gj{‘;’;‘;ﬁ para- Candida tropicalis
ATCC 64547 ATCC 90028 ATCC 90030 ATCCe258 PO o PAlOSS s ATCC 750

13 0.03 0.016-0.03 0.5-2 0.5-1 0.06 0.008 0.016-0.03

2 4 8 8 >16 >16 >16

Fluconazole 0.25-0.5 <0.125 2-4 16-32 1-2 0.5-1 0.5-1
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hydroxyl substituent on the ethylene linker that makes a critical
water-mediated H-bond with a tyrosine residue of fungal
CYP51s (eg., Tyrl32 of C. albicans CYP51) [Figure 2(a)],
which was reported to play a key role in CYP51 inhibitory
potential of these azoles.13-15

Structure of 2 incorporates 1,2,4-triazole as azole ring,
2,4-difluorophenyl as aromatic group and a myrtenyl-bispidine
as tail group, as well as a hydroxy substituent. Replacing the
piperazine of 1 with a tricyclic isostere, bispidine, we expected
better engagement with the active site gorge of fungal CYP51
and hence better activity than that of 1, although the bioactivity
data revealed otherwise. Due to the chirality of C7 and the
protonation potential of the nitrogens of bispidine, 2 was
expected to occur as a mixture of two diastereomers with four
protonation states for each making eight different entities.
Spectral data confirmed the mixture of diastereomers, however
molecular modeling predicted four entities, namely, R-2-H*,
R-2:2H*, S2:H* and S-2-2H* since only two protonated states
(both bispidine nitrogens or only the nitrogen next to C?! are
protonated) were calculated for each diastereomer under
physiological conditions (pH 7+2) (see Figure S9 in Online
Supplementary Material for details). This finding suggests that,
although 2 was obtained as a mixture of two diastereomers in
deprotonated state through synthetic process, molecular
modeling predicts that, under physiological conditions such as
cell environment, each diastereomer of 2 should occur in two
protonated states as indicated in Figure S9. Molecular docking
of all four forms of 2 with C. albicans CYP51 (CaCYP51)
predicted proper poses, as defined above for azoles, for only
three their entities, i.e, R-2-H*, R-2.2H* and S-2-H*. Docking
scores suggested that the R enantiomer at C” showed higher
affinity to CaCYP51 than its Senantiomer (Table S1). Docking
poses for 2 showed a clear engagement with the heme ring via
the triazole N® as axial ligand and electrostatic interaction with
Tyr118, as well as van der Waals contacts with many key residues
in the active site, especially by the myrtenyl moiety in the active
gorge (Figure S10). However, the compound failed to make
H-bond with Tyr132 unlike its piperazine analogue 1 [see
Figure 2(b)—(d)].2 Docking poses also revealed that the boat-like
conformation of bispidine led to a bent-shape tail for 2 unlike 1
(Figure S11). The tail of 1 was predicted to assume a more
upright orientation in our previous study.® The bent-shape tail of
2 predictably caused poor electrostatic engagement with the
active site gorge and failure in water-mediated interaction with
Tyrl32, probably leading to more than 100-fold higher MICs for
2 compared to 1 against C. albicans.?

In summary, a new derivative with myrtenyl-bispidine
fragment, 2-(2,4-difluorophenyl)-1-(7-{[(1R5S)-6,6-dimethyl-
bicyclo[3.1.1]hept-2-en-2-ylJmethyl}-1,5-dimethyl-3,7-diaza-
bicyclo[3.3.1]nonan-3-yl)-3-(1H-1,2,4-triazol-1-yl)propan-2-ol
2 was synthesized with a yield of 55%. The product was tested
against various Candida spp. and found to exhibit activity against
C. albicans. Molecular modeling predicted that 2 could act
through fungal CYP51 inhibition. Molecular modeling also
indicated conformational limitations of the bicyclic bispidine
moiety leading to a less favorable fitting of 2 in CaCYP51 active
site, which could be held accountable for 2’s reduced efficacy
compared to its piperazine analogue 1.
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