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_Imran Vural d, Sevim Dalkara a

a Department of Pharmaceutical Chemistry, Hacettepe University, Faculty of Pharmacy, 06100, Ankara, Turkey
b Department of Pharmaceutical Microbiology, Hacettepe University, Faculty of Pharmacy, 06100, Ankara, Turkey
c Department of Bioinformatics and Genetics, Kadir Has University, Faculty of Engineering and Natural Sciences, 34083, Istanbul, Turkey
d Department of Pharmaceutical Technology, Hacettepe University, Faculty of Pharmacy, 06100, Ankara, Turkey
a r t i c l e i n f o

Article history:
Received 8 December 2016
Received in revised form
20 January 2017
Accepted 13 February 2017
Available online 17 February 2017

Keywords:
Azoles
Antifungal
Candida species
CYP51
Molecular docking
Molecular dynamics simulation
* Corresponding author.
E-mail address: sesarac@hacettepe.edu.tr (S. Saraç

1 Permanent address: Department of Pharmace
Technical University, Faculty of Pharmacy, 61080, Tra

http://dx.doi.org/10.1016/j.ejmech.2017.02.035
0223-5234/© 2017 Elsevier Masson SAS. All rights re
a b s t r a c t

Azole antifungals are potent inhibitors of fungal lanosterol 14a demethylase (CYP51) and have been used
for eradication of systemic candidiasis clinically. Herein we report the design, synthesis, and biological
evaluation of a series of 1-phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)ethanol esters. Many of these
derivatives showed fungal growth inhibition at very low concentrations. Minimal inhibition concen-
tration (MIC) value of 15was 0.125 mg/mL against Candida albicans. Additionally, some of our compounds,
such as 19 (MIC: 0.25 mg/mL), were potent against resistant C. glabrata, a fungal strain less susceptible to
some first-line antifungal drugs. We confirmed their antifungal efficacy by antibiofilm test and their
safety against human monocytes by cytotoxicity assay. To rationalize their mechanism of action, we
performed computational analysis utilizing molecular docking and dynamics simulations on the
C. albicans and C. glabrata CYP51 (CACYP51 and CGCYP51) homology models we built. Leu130 and T131
emerged as possible key residues for inhibition of CGCYP51 by 19.

© 2017 Elsevier Masson SAS. All rights reserved.
1. Introduction

Systemic candidiasis is the 4thmost prevalent hospital-acquired
systemic infection, especially common among immunocompro-
mised patients since it is opportunistic, and associated with severe
mortality [1e4]. Candida albicans is the major pathogen identified
in most of the cases, however infections caused by non-albicans
Candida (nAC), have been reported to emerge with increasing
mortality and resistance to first-line antifungals [5e7]. Especially,
some C. glabrata strains are known to be intrinsically less suscep-
tible to echinocandins and azole antifungals although they lack
certain virulence factors that C. albicans has [8].

Azole antifungals are widely used for the treatment of fungal
infections. They inhibit lanosterol 14a demethylase (CYP51), a
monooxygenase in fungal cells, which results in depletion of
ergosterol, a major component of fungal cell membrane [9]. Azole
).
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antifungals compete with the natural ligand lanosterol and form a
strong coordination with the iron of heme present in the catalytic
site of CYP51 via the N in their azole moieties replacing O2 [10]. One
of themechanisms proposed for the resistance of C. glabrata against
azoles is low affinity of their CYP51 to these agents as observed in
some C. albicans strains [11,12]. Therefore new agents effective
against resistant strains are needed for antifungal chemotherapy.

Biofilms are known as microbial communities irreversibly
attached to a surface and encapsulated in a self-produced poly-
meric matrix. Resistance to antimicrobial treatment is one of their
major characteristics [13]. Many azole antifungals were found
inactive against biofilm forming pathogens. It is anticipated that
compounds with antibiofilm activities may decrease the produc-
tion of virulence factors by microorganisms and their tolerance to
drugs at lower doses. This leads to the reduction of pathogenicity of
microorganism without killing it so that eradication of resistance
development could be achieved [14].

We previously reported some 1-(2-naphthyl)-2-(1H-imidazol-
1-yl)ethanone oxime ether and 1-(2-naphthyl)-2-(imidazole-1-yl)
ethanol ester derivatives with moderate to potent antifungal ac-
tivities [15,16]. The common naphthalene pharmacophore of these
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Fig. 1. (single column). Common pharmacophores in azole antifungals represented on
itraconazole: a heme-coordinating group (A), a phenyl or halogenated phenyl ring (B),
an aromatic ring (C), and additional lipophilic groups (D). C and D together are referred
to as “tail”.
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derivatives, was suggested to decrease antifungal efficacy by De
Vita et al., who reported several potent antifungals in 1-phenyl-2-
(imidazole-1-yl)ethyl carbamate scaffold [17,18]. Herein we present
a series of 1-phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)
ethanol esters with strong inhibitory activities against some stan-
dard fungi strains including C. albicans and clinically resistant
C. glabrata, moderate inhibitory activity against standard Gr (þ) and
Gr (-) bacteria by broth microdilution and antibiofilm tests along
with their cytotoxicity screenings. In addition to these, we report
homology modeling of C. albicans CYP51 (CACYP51) using a high
sequence identity template. We utilized comparative modeling
techniques for building the missing loop in the crystal structure of
C. glabrata (CGCYP51) as well. We performed molecular docking
and molecular dynamics (MD) simulations using these homology
models in order to get further mechanistic insights into their in-
hibition of both CYP51 enzymes in a comparative manner.

2. Results and discussion

2.1. Chemistry

As shown in Scheme 1, we synthesized the final compounds (1-
30) by the reaction of 1-phenyl/1-(4-chlorophenyl)-2-(1H-imida-
zol-1-yl)ethanols (g and h) with various carboxylic acids according
to Steglich esterification reaction [19e22] using dicyclohex-
ylcarbodiimide (DCC) as a coupling reagent and 4-
dimethylaminopyridine (DMAP) as a hypernucleophilic acylation
catalyst under mild conditions in moderate yields. The ethanol
derivatives were obtained through reduction of their ketone pre-
cursors (e and f) and the ketones by N-alkylation of 1H-imidazole
with 2-bromoacetophenone (c) and 2-bromo-4-
chloroacetophenone (d). We prepared c and d by brominating a
and b. The final compoundswere prepared as hydrochloride salts to
increase their solubility especially for in vitro broth microdilution
tests. Among the ester derivatives 1, 15, and 30 were previously
reported [17,23,24]; others are reported for the first time in this
study.
Scheme 1. (double column). Reagents and conditions: (i) CH3COOH, HBr, Br2, 0 �C to rt; (ii
COOH, 0 �C to rt; (v) Diethyl ether, gHCl.
The molecular design of the compounds was based on azole
antifungals which principally consist of 4 pharmacophores: an iron
coordinating azole ring (A) to coordinate heme iron, an aromatic
ring (B) usually phenyl or halogeno-substituted phenyl ring which
is connected to A by an alkyl bridge of 2 C length, an aromatic ring
on this alkyl bridge (C), and additional lipophilic groups connected
to C (D), the last two of which together are usually referred to as
“tail” [17,25] (Fig. 1). In order to evaluate the necessity of aroma-
ticity in the tail group for the activity, we included aliphatic groups
such as straight chain (1-4, 7, 16-19, 22), branched-chain (5, 6, 20,
21), unsaturated aliphatic (8, 23), and cycloaliphatic (13, 28); as
well as arylalkyl (9-11, 24-26), a,b-unsaturated aromatic (12, 27),
and aromatic (14, 15, 29, 30) moieties as part of the tail. In this
manner we sought to establish new structure-activity relationships
(SARs) regarding the type and the size of the R2 group. Sincemost of
the azole antifungals contain halogeno-substituted aromatic group,
) 1H-imidazole, DMF, 0 �C to rt; (iii) CH3OH, NaBH4, 0e5 �C; (iv) DCC, DMAP, DCM, R2-
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we included 4-chlorophenyl ring along with phenyl ring as phar-
macophore B.
2.2. Biological activity

2.2.1. Antifungal activity
According to the MIC values of 1e30 and the reference drug

(fluconazole) against standard Candida strains (Table 1) a chlorine
atom at the 4th position of the phenylethyl moiety generally
resulted in increased antifungal activity except valproic (6), cin-
namic (12) and 4-biphenylcarboxylic acid (15) esters of 1-phenyl-2-
ethanol, which revealed lower MIC values than their corresponding
1-(4-chlorophenyl)-2-ethanol esters (21, 27, 30). However, De Vita
and co-workers [17] concluded that the presence of a halogen atom
at the 4th position of phenylethyl moiety did not markedly affect
the antifungal activity of some carbamic acid and 4-
biphenylcarboxylic acid ester derivatives. In this context it should
be pointed out that the antifungal activity results of 15 and 30, 4-
biphenylcarboxylic acid ester derivatives, were in accordance
with their previously published results by De Vita and co-workers
[17].

In general 15 and 30, which have an additional aromatic group
(D) in the tail, were the most potent derivatives. However some
other derivatives (5, 18, 19, 20, 23, and 28) among the series also
proved promising. Especially 20, with only an isopentyl group for
the tail showed comparably goodMIC values against C. albicans and
nAC species regarding fluconazole. Therefore, we conclude that
aromaticity for C and D is important but not essential for good
antifungal activity. Additionally lengthening, branching, unsatura-
tion and cyclization of the alkyl chain in the ester group had no
significant effect on the antifungal activity.
Table 1
MIC values (mg/mL) of 1e30, g, h, and fluconazole against standard fungal strains.

Compound C. albicans
ATCC 90028

C. krusei
ATCC 6258

C. parapsilosis
ATCC 90018

1 128 128 64
2 64 32 8
3 64 32 16
4 8 32 8
5 2 32 2
6 32 32 32
7 256 256 256
8 32 32 8
9 64 128 32
10 4 32 4
11 16 128 32
12 1 16 1
13 16 128 16
14 32 64 32
15 0.125 8 0.125
16 64 32 8
17 4 32 4
18 0.5 4 1
19 0.5 8 0.5
20 0.25 4 0.25
21 128 64 64
22 64 32 16
23 0.5 8 1
24 0.5 4 2
25 2 8 2
26 4 16 4
27 4 16 2
28 1 8 1
29 4 32 2
30 0.25 4 0.25
g 256 256 256
h 128 256 128
Fluconazole 0.25 16 0.25
Against C. albicans 20 and 30were equally potent as fluconazole
(MIC 0.25 mg/mL) while 15 was the most active with even a lower
MIC value (MIC 0.125 mg/mL). Many compoundswere either equally
active (12, 26, and 27) as or more active (15, 18, 19, 20, 23-25, and
30) than fluconazole against C. krusei, which is intrinsically less
sensitive to fluconazole [26]. Thus, we speculate that C. krusei
probably has less intrinsic resistance to some of our compounds
than certain azole antifungals such as itraconazole and vor-
iconazole, if not at all [27]. We observed a similar trend in the
potency of our compounds against C. parapsilosis, a rather suscep-
tible strain to fluconazole, as 15 (MIC 0.125 mg/mL), 20, and 30 (MIC
0.25 mg/mL) proved themost active derivatives. In addition, some of
our compounds (12, 18, 19, 23, and 28) showed comparable MIC
values (0.5e1 mg/mL) to fluconazole.

The antifungal activity of this group of compounds are enan-
tioselective against C. albicans according to the data of De Vita et al.
[17,18], who separated and screened the enantiomers of 15 and
found that the (-) isomer was much more active than (þ) isomer.

Some C. glabrata strains are among the nACs resistant to first-
line antifungal drugs including fluconazole. Therefore, the de-
rivatives which previously proved promising against standard
Candida strains were evaluated against clinically resistant isolate of
C. glabrata (Table 2) using the same broth microdilution method.
Most of the selected compounds (12, 15, 18-20, 23-25, and 27-30)
were more active than fluconazole with MICs in the range of
0.25e16 mg/mL. Among them 19 and 28 stood out with MIC values
(0.25 and 0.5 mg/mL, respectively) lower than 15 and 30 (MIC 2 and
4 mg/mL, respectively), and much lower than fluconazole (MIC
32 mg/mL). In the case of clinically resistant C. glabrata, the de-
rivatives with an aliphatic moiety as the tail group apparently
outperformed those with aromatic moiety/moieties instead and
the 4-chloro substitution to the phenyl ring on pharmacophore B
dramatically boosted their efficacy.

Esterification is a widely used strategy to prepare prodrug.
Thereforewe attempted to evaluate antifungal activity of g and h as
well to test the idea whether they act as prodrug. Since their MIC
values were much higher than most of the ester derivatives this
hypothesis was disproved.

Some Candida species are less susceptible to antifungal agents
because of the resistance via biofilm formation during the pro-
longed therapy of clinical infections [28]. For this reason, devel-
opment of new derivatives with anti-biofilm activity is an
important issue for the treatment of persistent infections [29]. For
this reason the anti-biofilm activity of 12, 15, 18-20, 28, and 30 was
investigated against C. albicans (SC5314). According to the data
expressed as minimal biofilm eradication concentration (MBEC)
and minimal biofilm inhibition concentration (MBIC) values
(Table 3), the derivatives were good at biofilm inhibition except 18
but they required relatively high concentrations for biofilm
eradication.
Table 2
MIC values (mg/mL) of some of the ester derivatives and fluconazole against clinically
resistant C. glabrata.

Compound MIC Compound MIC

4 32 20 1
5 >32 23 4
6 >32 24 4
10 >32 25 8
12 8 26 32
14 >32 27 2
15 2 28 0.5
17 32 29 16
18 16 30 4
19 0.25 Fluconazole 32



Table 3
MBEC and MBIC values (mg/mL) of some of the ester derivatives against C. albicans
(SC5314).

Compound MBEC MBIC

12 1024 8
15 1024 8
18 1024 >32
19 1024 8
20 1024 8
23 1024 8
28 512 8
30 512 4
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2.2.2. Antibacterial activity
The antibacterial activity results indicate that all compounds

weremore effective against the Gram (þ) bacteria than the Gram(-)
bacteria (Table 4). Among the series 10, 12, and 26 showed the best
MIC value (8 mg/mL) against S. aureus while 6, 13, and 21 against
E. faecalis. Still these derivatives were far from comparable to the
reference antibacterial drug, ciprofloxacin in terms of efficacy.
2.2.3. In vitro cytotoxic activity
Since the selectivity of the compounds is important for being a

good drug candidate, the in vitro toxicity of the selected active
compounds (12, 15, 17-20, and 23-30) were estimated by analyzing
the dose-related effects towards the growth of cultured human
monocytic cell line (U937). The preliminary results showed an
average 70e80% cell viability in the presence of each compound at
concentrations ranging from 10-100 mg/mL. These findings indicate
that the tested compounds are safe at therapeutic concentrations
Table 4
MIC values (mg/mL) of 1e30, g, h, and ciprofloxacin against standard bacterial
strains.

Compound S. aureus
ATCC 29213

E. faecalis
ATCC 29212

E. coli
ATCC 25922

P. aeruginosa
ATCC 27853

1 1024 256 512 256
2 1024 128 512 256
3 512 128 512 256
4 256 128 512 256
5 256 128 512 256
6 16 32 512 256
7 512 128 512 256
8 512 64 512 256
9 128 64 512 128
10 8 128 1024 256
11 128 64 512 256
12 8 64 512 256
13 64 32 512 256
14 64 64 256 256
15 512 128 512 256
16 256 256 512 256
17 256 256 512 256
18 64 256 512 256
19 32 128 512 256
20 32 128 512 256
21 1024 32 512 256
22 512 256 512 256
23 16 128 512 256
24 16 256 256 256
25 128 128 512 512
26 8 256 256 256
27 1024 256 512 256
28 256 512 256 1024
29 128 512 512 256
30 512 256 512 256
g 1024 512 512 512
h 64 128 256 256
Ciprofloxacin 0.5 1.5 0.005 1.5
towards human monocytic cells.

2.3. Molecular modeling studies

2.3.1. Homology modeling of CACYP51 and its equilibration
A BLAST [30] search among protein data bank proteins for the

CACYP51 sequence yielded the CYP51 of Saccharomyces cerevisiae
(PDB id: 5EQB [31]) as the highest-identity template (65%) avail-
able. The pairwise alignment of these sequences showed high
conservation especially for the residues lining the active site gorge
(Fig. 2). Superposition of Ca atoms of the template and the ho-
mology model gave a 7.00 Å RMSD value. According to the struc-
tural analysis results obtained from PROCHECK [32] 99.5% of all the
residues were in favored or allowed regions of the Ramachandran
plot, 98.5% of bond lengths, 92.2% of bond angles, and all planar
groups were within limits (Fig. 3). These findings together showed
that the raw homology model created by MODELLER [33] is satis-
factory. Eukaryotic CYP51 enzymes are usually found anchored to
cytoplasmic reticulummembrane, for this reasonwe submitted the
model to PPM server [34] in order to identify the membrane-bound
residues and the results were mainly in accordance with those of
5EQB reported previously [31]. Prior to docking experiments we
equilibrated the itraconazole-bound model in a water box during a
1-ns MD simulations run. The RMSD of the Ca atoms stabilized to
~1.7 Å regarding the initial protein conformation at around 400 ps
(Fig. 4A). The total energy of the system reached �1.68 kcal/mol
upon heating to 310 K and was steady throughout the run (Fig. 4B).
The RMS fluctuations plot (Fig. 4C) of the residues show that the
outermost solvent accessible loops were the most mobile while the
conserved residues which include the binding site were relatively
stable.

2.3.2. CACYP51 docking
At the end of the MD simulations of CACYP51 we extracted the

protein from the final frame and following its preparation we were
able to re-docked itraconazole in its active site successfully (RMSD
0.86 Å). We docked some of our active compounds along with
fluconazole, using this equilibrated homology model. Eukaryotic
CYP enzymes share a lipophilic active site buried deep and contains
an iron-containing heme co-factor [35]. The binding modes of the
docked ligands showed good fit in the catalytic site similar to the
co-crystallized itraconazole and followed a common trend known
for the azole antifungals co-crystallized with CYP enzymes: The N3
of the imidazole ring (A) made a coordination with the Feþ2 of
heme, the phenyl/4-chlorophenyl ring (A) positioned between I131
and F126, and the tail group (C and D) stretched along the gorge
which leads up to the entrance of the catalytic site (Fig. 5). 15 and
30, with their long, lipophilic 4-biphenyl tail, were able to partly fill
this gorge and provide hydrophobic interactions such as p-p stacks
with Y118 and F380 aromatic side chains. Mutation of the latter was
reported to result in fluconazole resistance [36]. Fluconazole, which
has a triazole ring as tail, was less effective at these interactions,
however itraconazole with a much longer tail was able to fully fill
the active site gorge up to the mouth. Indeed, strong binding af-
finity of itraconazole to CACYP51 regarding fluconazole was pre-
viously reported in several enzyme binding studies [37,38]. The
relatively higher potency observed with the compounds with 4-
chlorophenyl than those with phenyl (B) instead could be
explained by the ability of the 4-Cl to better occupy the cleft be-
tween I131 and G303 to make additional Van der Waals contacts
(Fig. 5).

2.3.3. CGCYP51 docking
The biological activity results of our compounds for C. albicans

and C. glabrata revealed a reverse trend among the compounds,



Fig. 2. (1.5 column). Pairwise alignment of query (CACYP51) and template (5EQB) sequences. Identical residues (65%) are highlighted as red letters and similar residues (78%) as red
pluses (þ) in each middle row. Membrane-bound residues are emphasized in yellow and binding site residues showed in green fonts. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (1.5 column). Ramachandran plot of the selected raw model of CACYP51. Red
indicates most favored, yellow additional allowed, tan generously allowed, and white
disallowed areas. 92%, 7.5%, 0.2%, and 0.2% of the residues fall into these areas,
respectively. End residues (2), glycines (32), and prolines (29) are ignored. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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such that with aromatic tail, (e.g. 15 and 30), were less potent than
those with aliphatic tail, namely 19 and 28, against C. glabrata. The
impact of 4-chloro substitution on the phenyl group (B) on the
activity was more stressed in the case C. glabrata. We aimed to
performmolecular docking of our compounds into the active site of
the X-ray structure of CGCYP51 (PDB id: 5JLC [39]) to find the un-
derlying reasons for these phenomena at atomic level. But before
that wemodeled themissing loop between residues 435-443 of the
X-ray structure. This was performed by simply following the same
protocol for CACYP51 using the intact CGCYP51 sequence and 5JLC
as template without equilibration. With the addition of the missing
residues, a long loop between residues 410-446 was formed, which,
then, was optimized using MODELLER's loop refining script. We
used this optimized and intact homology model for docking our
active compounds followed by MD simulations. The docking poses
of the compounds in CGCYP51's active site were similar to those we
obtained from CACYP51 and in good consistency as expected. The
aliphatic tails of 19 and 28 made hydrophobic contacts with the
aliphatic groups of L130 and T131 side chains and the aromatic side
chain of Y127 (Fig. 6A-C). In the case of 15, however, the 4-biphenyl
moiety was rather closer to Y127 to make p-p stack, which was the
case with triazole tail of fluconazole, too. Thanks to the 4-chloro
substituent on the phenyl ring, 19 and 28 more effectively filled
the lipophilic cavity between L308 and V312 side chains (Fig. 6D).

In order to further test some of these suggestions we ran MD
simulations of a water-solvated CGCYP51 system including the
docked conformer of 19 in its binding site for 2 ns. The RMSD values
of protein Ca atoms and system's total energy plots over time
showed system's stability with 19's presence in the active site
(Fig. 7). We monitored the distance between L130 side chain CD2



Fig. 4. (double column). Plots of itraconazole-bound CACYP51's Ca RMSD values (A) and protein total energy (B) over time and RMS fluctuations of each residue (C). CACYP51 in
coloured ribbons according to RMSF.

Fig. 5. (double column). Binding interactions of 15 (green sticks, surface is rendered) with the active site residues (grey sticks, Feþ2 as CPK) of CACYP51 (A); superposition of 15
(green), 30 (aquamarine), fluconazole (blue), and itraconazole (grey) in CACYP51 active site (surface is rendered) (B); 2-D interaction diagram of B (C). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (double column). Binding interactions of 19 (yellow sticks, surface is rendered) with the active site residues (grey sticks, Feþ2 as CPK) of CGCYP51 (A); 2-D interaction
diagram of A (B); superposition of 19 (yellow) and 28 (orange) in CACYP51 active site (grey sticks, Feþ2 as CPK) (C); superposition of 19 and 28 (as CPK) in CACYP51 active site
(surface of the residues around pharmacophore C is rendered). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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atom and 19's C21 atom (d1), as well as the distance between T131's
side chain CG2 and C19 of 19 (d2) (Fig. 8). As d1 was around 4.5 Å in
the initial conformer it kept quite stable throughout the simulation.
However, d2 was far at the beginning, ca. 7 Å and showed a
reducing trend as the tail took a flip and ended up around 4.5 Å.
This shows that while the tail of 19 kept close to L130 side chain its
distance to T131 side chain got closer, maintaining hydrophobic
interactions for a while. The conformational flexibility of the
aliphatic and alicyclic groups of 19 and 28 in comparison with the
rigid planar aromatic groups of other ligands supposedly allowed
these compounds to freely interact with the above mentioned
residues via their tail. Since there is no mutagenesis data available
on key residues of this receptor, we can only theoretically suggest
that L130 and T131 could be important residues for CGCYP51 in-
hibition. The counterparts of these residues in CACYP51 (L121 and
Y122) were not in close contact with the docked ligands, nor these
residues have been biologically proven to be important for ligand
binding so far.
3. Conclusions

In this study we report synthesis and antimicrobial activities of
thirty 1-phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)ethanol
ester derivatives, three of which were reported previously in the
literature [17,23,24]. The molecular design of the compounds was
based on the modification of general structure of (arylalkyl)azole
antifungals.

Most of the compounds showed good antifungal activity higher
than or comparable to fluconazole against standard fungal strains.
Generally, the presence of 4-Cl substituent on the phenyl ring
(pharmacophore A) had a positive effect on the activity. In the case
of the tail group (pharmacophore C and D), thosewith aliphatic and
aromatic groups were almost equally effective and the presence of
additional aromatic group (pharmacophore D) was not crucial for
antifungal activity. Structural variations in the alkyl chain of the
derivatives with aliphatic tail group did not appear to change the
activity. Clinically resistant C. glabrata is known to be less suscep-
tible to common antifungal drugs like fluconazole and itraconazole,
however some of our compounds proved potent against this



Fig. 7. (single column). Plots of 19-bound CGCYP51's Ca RMSD values (A) and protein
total energy (B) over time.
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species. Surprisingly, those with aliphatic tail were more effective
than those with aromatic tail. The efficacy of our compounds was
confirmed by biofilm inhibition against biofilm positive C. albicans
and their safety for human monocytes by cell viability assay. In
addition, these compounds, although ester derivatives, are prob-
ably not prodrugs. Further studies on chiral separation of the most
Fig. 8. (1.5 column). Time-dependent change of d1 (CD2-C21)
active compounds, determination of antifungal activities of the
pure enantiomers against both C. albicans and C. glabrata, and
prediction of the absolute configuration viamolecular modeling are
underway.

Using molecular modeling techniques we tried to test some of
the suggestions above. For this purpose we built and equilibrated a
homology model for CACYP51 and modeled the missing loop of the
X-ray structure of CGCYP51. Molecular docking studies on the
CACYP51 model revealed key binding interactions for our active
compounds in accordance with the available mutagenesis, crys-
tallography, andmodeling data. Coordination of with the heme iron
via imidazole N and p-p stacking with Y118 and F380 aromatic side
chains were observed. The stability of these interactions were
confirmed via MD simulations. Molecular docking and MD simu-
lations studies on the CGCYP51 homology model showed the
importance of lipophilic interactions with the aliphatic side chain
atoms of L130 and T131 for the compounds with aliphatic tail. The
interactions of the 4-Cl on the phenyl ring present in 16e30 with
the active site residues of both models were evident in these
studies, as well.

According to these results we suggest that these 1-phenyl/1-(4-
chlorophenyl)-2-(1H-imidazol-1-yl)ethanol ester derivatives are a
worthwhile group to continue to develop new antifungal agents
with higher potency and improved safety profile.
4. Experimental section

4.1. Chemistry

4.1.1. Materials and methods
The general synthesis of 1e30 is depicted in Scheme 1. All re-

agents and solvents were obtained from commercial suppliers and
used as purchased. All reactions were monitored by analytical thin-
(A) and d2 (CG2-c19Ca) (B) values of 19-bound CGCYP51.
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layer chromatography using Merck pre-coated silica gel plates with
F254 indicator. Column chromatography was performed using
Merck silica gel 60 (230e400 mesh ASTM) as stationary phase and
chloroform/methanol (90:10) as solvent system. Melting points
(mp) were measured on a Thomas Hoover capillary melting point
apparatus and uncorrected. 1H and 13C NMR spectra were recorded
on a VarianMercury 400, 400MHzDigital FT-NMR instrument with
tetramethylsilane as an internal standard. Chemical shifts (d) are
reported in parts per million (ppm) and coupling constants (J) in
Hertz with multiplicities described as s ¼ singlet, d ¼ doublet,
t¼ triplet, q¼ quartet, and m¼multiplet. IR spectrawere recorded
on a Perkin Elmer Spectrum BX FT-IR spectrophotometer using
attenuated total reflectance (ATR) FT-IR method. Mass spectrom-
etry was conducted using a Micromass ZQ LC-MS spectrometer
(ESI þ mode) connected with Waters Alliance HPLC. Elemental
analyses were performed on a Leco CHNS-932 elemental analyzer.
Analyses indicated by the symbols of the elements or functions
were within ±0.4% of the theoretical values.

4.1.2. Preparation of compounds
4.1.2.1. 2-Bromo-1-phenyl/1-(4-chlorophenyl)ethanone [40]. To the
solution of acetophenone or 4-chloroacetophenone (50 mmol) in
acetic acid added dropwise first 3 drops of HBr then 50 mmol Br2
solution in 2.5 mL acetic acid by vigorously stirring at 0e5 �C. The
reaction mixture was warmed to room temperature and allowed to
stir for 2 h then poured into ice water. The precipitate was filtered,
washed with sodium bicarbonate solution, dried in dark, and
crystallized from methanol/water (2-bromo-1-phenylethanone,
mp 46 �C; 2-bromo-1-(4-chlorophenyl)ethanone, mp 92 �C).

4.1.2.2. 1-Phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)ethanone
[41]. To a solution of imidazole (30 mmol) in 2.5 mL DMF was
added dropwise 2-bromo-1-phenyl/1-(4-chlorophenyl)ethanone
(10 mmol) solution in 2.5 mL DMF by vigorously stirring at 0e5 �C.
The reaction mixture was allowed to stir for an additional 2 h at
0e5 �C then at room temperature overnight then poured into ice
water. The resulting precipitate was filtered, dried, and purified via
crystallization from ethyl acetate/ethanol and ethanol. (1-Phenyl-
2-(1H-imidazol-1-yl)ethanone, mp 109-10 �C; 1-(4-chlorophenyl)-
2-(1H-imidazol-1-yl)-ethanone, mp 156-8 �C).

4.1.2.3. Synthesis of 1-phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-1-
yl)ethanol [41].
1-Phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)ethanone
(1.8 mmol) solution in methanol was treated with NaBH4
(5.4 mmol) and the reaction mixture was stirred for 1 h at 0e5 �C.
Methanol was evaporated, the residue was treated with ice water.
The precipitate was filtered and purified via crystallization from
ethyl acetate/ethanol and ethanol. (1-Phenyl-2-(1H-imidazol-1-yl)
ethanol, mp 147 �C; 1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)
ethanol, mp 181-2 �C).

4.1.2.4. 1-Phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-1-yl)ethanol
esters (1-30) [42]. Equimolar amounts (2.5 mmol) of appropriate
carboxylic acid and 1-phenyl/1-(4-chlorophenyl)-2-(1H-imidazol-
1-yl)ethanol were stirred in dry DCM, a solution of DCC (2.5 mmol)
and DMAP (0.17 mmol) in dry DCM (5 mL) were added dropwise at
0e5 �C. The reaction mixture was stirred for 0.5 h then warmed to
room temperature and stirred for an additional 6 h. The resulting
precipitate was filtered off, the filtrate was dried over anhydrous
sodium sulphate, and DCM was evaporated to dryness. The residue
was purified by column chromatography and converted to its HCl
salt by treating with ethereal hydrochloric acid (except 21).

4.1.2.4.1. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl acetate hydrochlo-
ride (1). General procedure was followed using 2-(1H-imidazol-1-
yl)-1-phenylethanol and acetic acid to give the title compound 1 as
an off-white solid (yield 11%; mp 175-6 �C). 1H NMR (400 MHz,
CHCl3-d) d 2.11 (s, 3H, -CH3), 4.63e4.68 (dd, 1H, JAB: 14.4 Hz, JAX:
7.6 Hz, -CH2-NHA), 4.79e4.84 (dd,1H, JAB: 14.4 Hz, JBX: 3.6 Hz, -CH2-
NHB), 6.18e6.20 (dd,1H, JAX: 7.2 Hz, JBX: 4 Hz, -CH-OHX), 7.07 (s,1H,
imidazole H4), 7.28 (s, 1H, imidazole H5), 7.35 (s, 5H, phenyl pro-
tons), 9.53 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1729 (C¼O, ester).
MS (ESIþ) m/z: 254 (M þ Na þ H), 253 (M þ Na, base peak, 100%),
231, 171, 163. Elemental analysis calculated (%) for C13H14N2O2. HCl.
0.2 H2O: C 57.76, H 5.74, N 10.36. Found: C 58.10, H 5.95, N 10.46.

4.1.2.4.2. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl propionate hydro-
chloride (2). General procedure was followed using 2-(1H-imida-
zol-1-yl)-1-phenylethanol and propionic acid to give the title
compound 2 as an off-white solid (yield 25%; mp 121-2 �C). 1H NMR
(400 MHz, CHCl3-d) d 1.11 (t, 3H, Jab: 7.2 Hz, -CH3 Ha), 2.37e2.43 (q,
2H, Jab: 7.2 Hz, -CH2-CH3 Hb), 4.64e4.68 (dd, 1H, JAB: 13.6 Hz, JAX:
6.8 Hz, CH2-N HA), 4.77e4.80 (d, 1H, JAB: 13.6 Hz, CH2-N HB), 6.18 (t,
1H, JAX: 6.8 Hz, -CH-O HX), 7.03 (s, 1H, imidazole H4), 7.27 (s, 1H,
imidazole H5), 7.31e7.36 (m, 5H, phenyl protons), 9.45 (s, 1H,
imidazole H2). 13C NMR (400 MHz, CHCl3-d) d 9.12 (CH3), 27.74
(CH2-CH3), 53.92 (CH2-N), 73.40 (CH-O), 119.59 (imidazole C-5),
121.45 (imidazole C-4), 126.16 (phenyl C-2, C-4, C-6), 129.12 (phenyl
C-3), 129.24 (phenyl C-5), 135.32 (imidazole C-2), 136.19 (phenyl C-
1), 172.78 (ester C¼O). IR (KBr, n/cm�1): 1735 (C¼O, ester). MS
(ESIþ) m/z: 245 (M þ H, base peak, 100%), 205, 189, 177, 150, 142.
Elemental analysis calculated (%) for C14H16N2O2. HCl. 0.17 H2O: C
59.26, H 6.16, N 9.87. Found: C 59.12, H 5.81, N 10.26.

4.1.2.4.3. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl butyrate hydro-
chloride (3). General procedure was followed using 2-(1H-imida-
zol-1-yl)-1-phenylethanol and butyric acid to give the title
compound 3 as an off-white solid (yield 36%; mp 141-3 �C). 1H NMR
(400MHz, CHCl3-d) d 0.88 (t, 3H, Jab: 7.2 Hz, -CH3 Ha), 1.57e1.63 (m,
2H, -CH2-CH3), 2.35 (t, 2H, Jab: 7.2 Hz, CH2-C¼O Hb), 4.62e4.67 (dd,
1H, JAB: 14.4 Hz, JAX: 7.6 Hz, -CH2-N HA), 4.76e4.80 (dd, 1H, JAB:
14.4 Hz, JBX: 4 Hz, -CH2-N HB), 6.17e6.20 (dd, 1H, JAX: 7.6 Hz, JBX:
4 Hz, -CH-O HX), 7.10 (s, 1H, imidazole H4), 7.28 (s, 1H, imidazole
H5), 7.34 (s, 5H, phenyl protons), 9.40 (s, 1H, imidazole H2). IR (KBr,
n/cm�1): 1743 (C¼O, ester). MS (ESIþ) m/z: 282 (M þ Na þ H), 281
(M þ Na, base peak, 100%), 259, 171. Elemental analysis calculated
(%) for C15H18N2O2. HCl. 0.8 H2O: C 58.27, H 6.72, N 9.06. Found: C
58.05, H 6.72, N 9.12.

4.1.2.4.4. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl pentanoate hydro-
chloride (4). General procedure was followed using 2-(1H-imida-
zol-1-yl)-1-phenylethanol and valeric acid to give the title
compound 4 as an off-white solid (yield 15%; mp 105-6 �C). 1H NMR
(400 MHz, DMSO-d6) d 0.79 (t, 3H, Jab: 7.2 Hz, -CH3 Ha), 1.07e1.17
(m, 2H, -CH2-CH3), 1.36e1.44 (m, 2H, -CH2-CH2-CH3), 2.32 (t, 2H,
Jbc: 7.6 Hz, -CH2-C¼O Hc), 4.64 (d, 2H, JAX: 5.2 Hz, -CH2-N HA), 6.14
(t, 1H, JAX: 5.2 Hz, -CH-O HX), 7.34e7.40 (m, 5H, phenyl protons),
7.66 (s, 1H, imidazole H4), 7.77 (s, 1H, imidazole H5), 9.19 (s, 1H,
imidazole H2). IR (KBr, n/cm�1): 1720 (C¼O, ester). MS (ESIþ) m/z:
296 (Mþ Naþ H), 295 (MþNa, base peak, 100%), 273, 205, 171, 151,
84. Elemental analysis calculated (%) for C16H20N2O2. HCl. 0.2 H2O:
C 61.51, H 6.90, N 8.97. Found: C 61.80, H 6.84, N 9.35.

4.1.2.4.5. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl 3-methylbutanoate
hydrochloride (5). General procedure was followed using 2-(1H-
imidazol-1-yl)-1-phenylethanol and isovaleric acid to give the title
compound 5 as an off-white solid (yield 20%; mp 99e100 �C). 1H
NMR (400 MHz, DMSO-d6) d 0.75 (d, 6H, Jab: 3.6 Hz, -(CH3)2 Ha),
1.85e1.92 (m, 1H, -CH-(CH3)2), 2.21 (d, 2H, Jbc: 3.6 Hz, -CH2-C¼O
Hc), 4.58e4.68 (m, 2H, -CH2-N), 6.11e6.14 (dd, 1H, JAX: 8 Hz, JBX:
4.8 Hz, -CH-O HX), 7.35e7.40 (m, 5H, phenyl protons), 7.65 (s, 1H,
imidazole H4), 7.78 (s, 1H, imidazole H5), 9.16 (s, 1H, imidazole H2).
IR (KBr, n/cm�1): 1734 (C¼O, ester). MS (ESIþ) m/z: 296
(Mþ Naþ H), 295 (M þ Na, base peak, 100%), 273, 247, 205, 171, 84.



_I.S. Do�gan et al. / European Journal of Medicinal Chemistry 130 (2017) 124e138 133
Elemental analysis calculated (%) for C16H20N2O2. HCl: C 62.23, H
6.85, N 9.07. Found: C 62.23, H 6.79, N 9.19.

4.1.2.4.6. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl 2-propylpentanoate
hydrochloride (6). General procedure was followed using 2-(1H-
imidazol-1-yl)-1-phenylethanol and valproic acid to give the title
compound 6 as an off-white solid (yield 36%; mp 97-9 �C). 1H NMR
(400 MHz, DMSO-d6) d 0.75 (t, 6H, Jab: 7.2 Hz, -CH2-CH3 Ha),
0.84e1.00 (m, 4H, -CH2-CH2-CH3), 1.28e1.42 (m, 4H, -CH2-CH2-
CH3), 2.30e2.35 (m, 1H, -CH-C¼O), 4.56e4.61 (dd, 1H, JAB: 14 Hz,
JAX: 3.6 Hz, -CH2-N HA), 4.67e4.73 (dd, 1H, JAB: 14.2 Hz, JBX: 10.4 Hz,
-CH2-N HB), 6.13e6.16 (dd, 1H, JAX: 3.6 Hz, JBX: 10.2 Hz, -CH-O HX),
7.43e7.44 (m,1H, phenyl protons), 7.72 (t, 1H, imidazole H4), 7.89 (t,
1H, imidazole H5), 9.23 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1716
(C¼O, ester). MS (ESIþ) m/z: 338 (M þ Na þ H), 337 (M þ Na, base
peak, 100%), 316 (MþþH), 315, 247, 229, 215, 171, 144, 98. Elemental
analysis calculated (%) for C19H26N2O2. HCl. 0.25 H2O: C 64.21, H
7.80, N 7.88. Found: C 64.48, H 7.84, N 8.00.

4.1.2.4.7. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl 4-oxopentanoate
hydrochloride (7). General procedure was followed using 2-(1H-
imidazol-1-yl)-1-phenylethanol and levulinic acid to give the title
compound 7 as a light yellow solid (yield 20%; 147-8 �C). 1H NMR
(400MHz, CHCl3-d) d 2.20 (t, 3H, Jab: 7.2 Hz, -CH3 Ha), 2.50e2.55 (dt,
1H, JA1B1: 16.8 Hz, JA1A2B2: 4.4 Hz, -CH2-CH2-CH3 HA1), 2.64e2.69
(dt, 1H, JA1B1: 16.8 Hz, JB1A2B2: 4.8 Hz, -CH2-CH2-CO-CH3 HB1),
2.72e2.79 (dt, 1H, JA2B2: 18.8 Hz, JA2A1B1: 4 Hz, -CH2-CH2-CO-CH3

HA2), 2.89e2.93 (dt,1H, JA2B2: 18.8 Hz, JB2A1B1: 4.4 Hz, -CH2-CH2-CO-
CH3 HB2), 4.53e4.58 (dd, 1H, JAB: 14.8 Hz, JAX: 5.2 Hz, -CH2-N HA),
4.76e4.80 (dd, 1H, JAB: 14.6 Hz, JBX: 3.2 Hz, -CH2-N HB), 6.20e6.23
(dd,1H, JAX: 5.4 Hz, JBX: 3.2 Hz, -CH-O HX), 7.03 (s,1H, imidazole H4),
7.22e7.37 (m, 6H, imidazole H5 and phenyl protons), 9.06 (s, 1H,
imidazole H2). IR (KBr, n/cm�1): 1722 (C¼O, ester), 1711 (C¼O, ke-
tone). MS (ESIþ) m/z: 310 (M þ Na þ H), 309 (M þ Na, base peak,
100%), 287, 171, 99. Elemental analysis calculated (%) for
C16H18N2O3. HCl: C 59.54, H 5.93, N 8.68. Found: C 59.23, H 5.59, N
8.71.

4.1.2.4.8. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl hexa-2,4-dienoate
hydrochloride (8). General procedure was followed using 2-(1H-
imidazol-1-yl)-1-phenylethanol and sorbic acid to give the title
compound 8 as a yellow solid (yield 24%; mp 115-6 �C). 1H NMR
(400 MHz, DMSO-d6) d 1.84 (d, 3H, Jab: 5.2 Hz, -CH¼CH-CH3 Ha),
4.68 (d, 2H, JAX: 6 Hz, -CH2-N HA), 5.88 (d, 1H, Jcd: 12.2 Hz, -CO-
CH¼CH- Hd), 6.17 (t, 1H, JAX: 6 Hz, -CH-O HX), 6.30e6.32 (m, 1H,
-CH-CH¼CH-CH3), 7.26e7.32 (m, 1H, -CH-CH¼CH-CH3), 7.36e7.42
(m, 6H, -CO-CH¼CH-CH- and phenyl protons), 7.62 (s,1H, imidazole
H4), 7.73 (s, 1H, imidazole H5), 9.05 (s, 1H, imidazole H2). IR (KBr, n/
cm�1): 1719 (C¼O, ester). MS (ESIþ) m/z: 306 (M þ Na þ H), 305
(M þ Na, base peak, 100%), 284 (MþþH), 283, 215, 189, 171, 95.
Elemental analysis calculated (%) for C17H18N2O2. HCl.1/2 H2O: C
59.01, H 5.97, N 8.10. Found: C 59.41, H 6.06, N 8.27.

4.1.2.4.9. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl 2-phenylacetate
hydrochloride (9). General procedure was followed using 2-(1H-
imidazol-1-yl)-1-phenylethanol and phenylacetic acid to give the
title compound 9 as an off-white solid (yield 29%; mp 170-1 �C). 1H
NMR (400 MHz, DMSO-d6) d 3.74 (s, 2H, -CH2-C6H5), 4.63 (d, 2H,
JAX: 6 Hz, -CH2-N HA), 6.14 (t, 1H, JAX: 6 Hz, -CH-O HX), 7.17e7.37 (m,
11H, imidazol H4 and phenyl protons), 7.61 (s, 1H, imidazole H5),
9.05 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1718 (C¼O, ester). MS
(ESIþ) m/z: 330 (M þ Na þ H), 329 (M þ Na, base peak, 100%), 307,
182, 171, 151, 91. Elemental analysis calculated (%) for C19H18N2O2.
HCl: C 66.57, H 5.59, N 8.17. Found: C 66.77, H 5.49, N 8.28.

4 .1. 2 . 4 .10 . 1 - Ph eny l - 2 - ( 1H - im i da z o l - 1 - y l ) e t hy l 4 -
phenylbutanoate hydrochloride (10). General procedure was fol-
lowed using 2-(1H-imidazol-1-yl)-1-phenylethanol and 4-
phenylbutanoic acid to give the title compound 10 as an off-
white solid (yield 20%; mp 119-20 �C). 1H NMR (400 MHz, DMSO-
d6) d 1.72e1.79 (m, 2H, -CH2-CH2-CH2-), 2.36 (t, 2H, JAX: 7.2 Hz, -CH2
-CH2-CH2-C6H5 HA), 2.43e2.50 (m, 2H, -CH2-C6H5), 4.66 (d, 2H, JBX:
7.2 Hz, -CH2-N HB), 6.15e6.18 (dd, 1H, JAX: 4.8 Hz, JBX: 7.8 Hz, -CH-O
HX), 7.17e7.44 (m, 10H, phenyl protons), 7.67 (t, 1H, Jab: 1.6 Hz,
imidazole H4 Ha), 7.76 (t, 1H, Jab:1.6 Hz, imidazole H5 Hb), 9.14 (s, 1H,
imidazole H2). IR (KBr, n/cm�1): 1719 (C¼O, ester). MS (ESIþ) m/z:
358 (MþNaþH), 357 (MþNa, base peak, 100%), 336 (MþþH), 335,
267, 230, 171, 147, 119, 102. Elemental analysis calculated (%) for
C21H22N2O2. HCl: C 68.01, H 6.25, N 7.55. Found: C 67.89, H 6.16, N
7.70.

4.1.2.4.11. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl 4-oxo-4-
phenylbutanoate hydrochloride (11). General procedure was fol-
lowed using 2-(1H-imidazol-1-yl)-1-phenylethanol and 3-
benzoylpropionic acid to give the title compound 11 as a light
yellow solid (yield 41%; mp 155-6 �C). 1H NMR (400 MHz, CHCl3-d)
d 2.69e2.76 (dt, 1H, JA1B1: 17 Hz, JA1A2B2: 1.2 Hz, -CH2-CH2-CO-C6H5
HA1), 2.84e2.92 (dt,1H, JA1B1: 16.8 Hz, JB1A2B2: 5.2 Hz, -CH2-CH2-CO-
C6H5 HB1), 3.27e3.34 (dt, 1H, JA2B2: 18.6 Hz, JA2A1B1: 1.2 Hz, -CH2-
CH2-CO-C6H5 HA2), 3.44e3.52 (dt, 1H, JA2B2: 18.6 Hz, JB2A1B1: 4.8 Hz,
-CH2-CH2-CO-C6H5 HB2), 4.54e4.59 (dd,1H, JAB: 14.4 Hz, JAX: 5.6 Hz,
-CH2-N HA), 4.79e4.84 (dd, 1H, JAB: 14.4 Hz, JBX: 3.2 Hz, -CH2-N HB),
6.25e6.27 (dd, 1H, JAX: 5.4 Hz, JBX: 3.2 Hz, -CH-O HX), 7.11 (s, 1H,
imidazole H4), 7.23e7.99 (m, 11H, imidazole H5 and phenyl pro-
tons), 9.10 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1733 (C¼O, ester),
1672 (C¼O, ketone). MS (ESIþ)m/z: 372 (Mþ Naþ H), 371 (Mþ Na,
base peak, 100%), 349, 171. Elemental analysis calculated (%) for
C21H20N2O3. HCl: C 65.54, H 5.50, N 7.28. Found: C 65.37, H 5.37, N
7.36.

4.1.2.4.12. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl cinnamate hydro-
chloride (12). General procedure was followed using 2-(1H-imi-
dazol-1-yl)-1-phenylethanol and trans-cinnamic acid to give the
title compound 12 as an off-white solid (yield 32%;mp 128-9 �C). 1H
NMR (400 MHz, DMSO-d6) d 4.73 (d, 2H, JAX: 6.4 Hz, -CH2-N HA),
6.24 (t, 1H, JBX: 6 Hz, -CH-O HX), 6.68 (d, 1H, Jab: 15.4 Hz, -CH¼CH-
C6H5 Ha), 7.43e7.75 (m, 12 H, imidazole H4, imidazole H5 and
phenyl protons), 7.79 (d, 1H, Jab: 15.4 Hz, -CH¼CH-C6H5 Hb), 9.08 (s,
1H, imidazole H2). IR (KBr, n/cm�1): 1717 (C¼O, ester). MS (ESIþ)m/
z: 342 (M þ Na þ H), 341 (M þ Na, base peak, 100%), 320 (MþþH),
319, 251, 229, 171, 131, 102. Elemental analysis calculated (%) for
C20H18N2O2. HCl. H2O: C 64.43, H 5.68, N 7.51. Found: C 64.81, H
5.91, N 7.54.

4.1.2.4.13. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl cyclo-
hexanecarboxylate hydrochloride (13). General procedure was fol-
lowed using 2-(1H-imidazol-1-yl)-1-phenylethanol and
cyclohexanecarboxylic acid to give the title compound 13 as an off-
white solid (yield 41%; mp 120-1 �C). 1H NMR (400 MHz, DMSO-d6)
d 1.02e1.29 (m, 6H, cyclohexane H3, H4, H5), 1.58e1.73 (m, 4H,
cyclohexane H2, H6), 2.36e2.37 (m, 1H, cyclohexane H1), 4.64 (d,
2H, JAX: 7.2 Hz, -CH2-N HA), 6.14 (t, 1H, JAX: 7.2 Hz, -CH-O HX),
7.37e7.43 (m, 5H, phenyl protons), 7.68 (t, 1H, Jab: 1.6 Hz, imidazole
H4 Ha), 7.79 (t, 1H, Jab: 1.6 Hz, imidazole H5 Hb), 9.16 (s, 1H, imid-
azole H2). IR (KBr, n/cm�1): 1719 (C¼O, ester). MS (ESIþ) m/z: 322
(Mþ Naþ H), 321 (Mþ Na, base peak, 100%), 299, 231, 189, 171, 119,
110. Elemental analysis calculated (%) for C18H22N2O2. HCl. 0.2 H2O:
C 63.88, H 6.97, N 8.28. Found: C 63.96, H 6.92, N 8.49.

4.1.2.4.14. 1-Phenyl-2-(1H-imidazol-1-yl)ethyl benzoate hydro-
chloride (14). General procedure was followed using 2-(1H-imida-
zol-1-yl)-1-phenylethanol and benzoic acid to give the title
compound 14 as a light yellow solid (yield 43%; mp 157-8 �C). 1H
NMR (400 MHz, DMSO-d6) d 4.62e4.70 (dd, 1H, JAB: 14.2 Hz, JAX:
3.6 Hz, -CH2-N HA), 4.74e4.80 (dd, 1H, JAB: 14.4 Hz, JBX: 8.4 Hz,
-CH2-N HB), 6.31e6.34 (dd, 1H, JAX: 3.6 Hz, JBX: 8.8 Hz, -CH-O HX),
7.35e7.72 (m,11H, imidazole H4, imidazole H5 and phenyl protons),
8.06 (d, 1H, JAX: 5.2 Hz, -CO-C6H5 H4), 8.69 (s, 1H, imidazole H2). IR
(KBr, n/cm�1): 1704 (C¼O, ester). MS (ESIþ) m/z: 316 (M þ Na þ H),
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315 (M þ Na, base peak, 100%), 309, 293, 225. Elemental analysis
calculated (%) for C18H16N2O2.1/2 HCl.1/2 H2O: C 67.65, H 5.52, N
8.77. Found: C 67.57, H 5.46, N 8.84.

4 .1. 2 . 4 .15 . 1 - Ph eny l - 2 - ( 1H - im i da z o l - 1 - y l ) e t hy l 4 -
biphenylcarboxylate hydrochloride (15). General procedure was
followed using 2-(1H-imidazol-1-yl)-1-phenylethanol and 4-
biphenylcarboxylic acid to give the title compound 15 as an off-
white solid (yield 44%; mp 181-2 �C). 1H NMR (400 MHz, DMSO-
d6) d 4.74e4.79 (dd, 1H, JAB: 14.6 Hz, JAX: 3.6 Hz, -CH2-N HA),
4.83e4.89 (dd, 1H, JAB: 14.4 Hz, JBX: 8.8 Hz, -CH2-N HB), 6.37e6.40
(dd, 1H, JAX: 3.6 Hz, JBX: 9 Hz, -CH-O HX), 7.40e8.14 (m, 16H,
imidazole H4, imidazole H5 and phenyl protons), 9.12 (s, 1H, imid-
azole H2). IR (KBr, n/cm�1): 1700 (C¼O, ester). MS (ESIþ) m/z: 392
(MþNaþH), 391 (MþNa, base peak,100%), 370 (MþþH), 369, 301,
247, 181, 171, 151. Elemental analysis calculated (%) for
C24H20N2O2$HCl. 0.67 H2O: C 69.14, H 5.40, N 6.72. Found: C 69.03,
H 5.52, N 6.66.

4.1.2.4.16. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl acetate
hydrochloride (16). General procedure was followed using 2-(1H-
imidazol-1-yl)-1-(4-chlorophenyl)ethanol and acetic acid to give
the title compound 16 as an off-white solid (yield 10%; mp 198-
9 �C). 1H NMR (400 MHz, CHCl3-d) d 2.11 (s, 3H, -CH3), 4.60e4.66
(dd, 1H, JAB: 14.6 Hz, JAX: 7.6 Hz, -CH2-N HA), 4.80e4.84 (dd, 1H, JAB:
14.4 Hz, JBX: 4 Hz, -CH2-N HB), 6.15e6.18 (dd, 1H, JAX: 7.8 Hz, JBX:
3.6 Hz, -CH-O HX), 7.05 (s, 1H, imidazole H4), 7.26 (s, 1H, imidazole
H5), 7.34 (d, 4H, JAB: 8.4 Hz, phenyl protons HA), 9.67 (s, 1H, imid-
azole H2). IR (KBr, n/cm�1): 1733 (C¼O, ester). MS (ESIþ) m/z: 289
(Mþ Naþ2), 287 (Mþ Na, base peak, 100%), 265, 253, 206, 196, 151.
Elemental analysis calculated (%) for C13H13ClN2O2$HCl: C 51.84, H
4.69, N 9.30. Found: C 52.16, H 4.85, N 9.39.

4.1.2.4.17. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl propio-
nate hydrochloride (17). General procedure was followed using 2-
(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and propionic acid
to give the title compound 17 as an off-white (yield 31%; mp 161-
3 �C). 1H NMR (400MHz, CHCl3-d) d 1.09 (t, 3H, Jab: 7.2 Hz, -CH3 Ha),
2.35e2.41 (q, 2H, Jab: 7.2 Hz, -CH2-CH3 Hb), 4.63e4.69 (dd, 1H, JAB:
14.4 Hz, JAX: 8.4 Hz, -CH2-N HA), 4.83e4.88 (dd, 1H, JAB: 14.4 Hz, JBX:
3.6 Hz, -CH2-N HB), 6.18e6.21 (dd, 1H, JAX: 7.8 Hz, JBX: 3.6 Hz, -CH-O
HX), 7.12 (s, 1H, imidazole H4), 7.27 (s, 1H, imidazole H5), 7.32e7.38
(m, 4H, phenyl protons), 9.76 (s, 1H, imidazole H2). IR (KBr, n/cm�1):
1741 (C¼O, ester). MS (ESIþ) m/z: 303 (M þ Naþ2), 301 (M þ Na,
base peak, 100%), 279, 267, 211, 204, 151. Elemental analysis
calculated (%) for C14H15ClN2O2$HCl: C 53.35, H 5.12, N 8.89. Found:
C 53.27, H 5.34, N 8.92.

4.1.2.4.18. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl butyrate
hydrochloride (18). General procedure was followed using 2-(1H-
imidazol-1-yl)-1-(4-chlorophenyl)ethanol and butyric acid to give
the title compound 18 as an off-white solid (yield 21%; mp 98-9 �C).
1H NMR (400 MHz, CHCl3-d) d 0.88 (t, 3H, Jab: 7.2 Hz, -CH3 Ha),
1.57e1.63 (m, 2H, -CH2-CH3), 2.34 (t, 2H, Jab: 7.2 Hz, -CH2-C¼O Hb),
4.61e4.67 (dd, 1H, JAB: 14.4 Hz, JAX: 8 Hz, -CH2-N HA), 4.79e4.83
(dd, 1H, JAB: 14.4 Hz, JBX: 3.2 Hz, -CH2-N HB), 6.16e6.19 (dd, 1H, JAX:
8 Hz, JBX: 3.6 Hz, -CH-O HX), 7.08 (s, 1H, imidazole H4), 7.26 (s, 1H,
imidazole H5), 7.35 (d, 4H, JAB: 6 Hz, phenyl protons HA), 9.64 (s, 1H,
imidazole H2). IR (KBr, n/cm�1): 1746 (C¼O, ester). MS (ESIþ) m/z:
317 (M þ Naþ2), 315 (M þ Na, base peak, 100%), 293, 281, 225, 205.
Elemental analysis calculated (%) for C15H17ClN2O2$HCl$H2O: C
51.88, H 5.81, N 8.07. Found: C 51.69, H 5.70, N 8.20.

4.1.2.4.19. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl penta-
noate hydrochloride (19). General procedure was followed using 2-
(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and valeric acid to
give the title compound 19 as an off-white solid (yield 24%;mp 109-
10 �C). 1H NMR (400 MHz, CHCl3-d) d 0.88 (t, 3H, Jab: 7.2 Hz, -CH3
Ha), 1.24e1.29 (m, 2H, -CH2-CH3), 1.50e1.56 (m, 2H, -CH2-CH2-CH3),
2.35 (t, 2H, Jab: 7.2 Hz, -CH2-C¼O Hb), 4.62e4.68 (dd, 1H, JAB:
14.2 Hz, JAX: 8.4 Hz, -CH2-N HA), 4.82e4.86 (dd, 1H, JAB: 14.6 Hz, JBX:
3.6 Hz, -CH2-N HB), 6.17e6.20 (dd, 1H, JAX: 8.2 Hz, JBX: 3.6 Hz, -CH-O
HX), 7.12 (s, 1H, imidazole H4), 7.27 (s, 1H, imidazole H5), 7.34 (d, 4H,
phenyl protons), 9.72 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1741
(C¼O, ester). MS (ESIþ) m/z: 331 (M þ Naþ2), 329 (M þ Na, base
peak, 100%), 307, 295, 205, 84. Elemental analysis calculated (%) for
C16H19ClN2O2$HCl: C 55.99, H 5.87, N 8.16. Found: C 55.92, H 5.77, N
8.28.

4.1.2.4.20. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl 3-
methylbutanoate hydrochloride (20). General procedure was fol-
lowed using 2-(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and
isovaleric acid to give the title compound 20 as an off-white solid
(yield 31%; mp 148-9 �C). 1H NMR (400MHz, CHCl3-d) d 0.87 (d, 6H,
Jab: 3.6 Hz, -(CH3)2 Ha), 2.01e2.05 (m, 1H, -CH-(CH3)2), 2.22 (d, 2H,
Jbc: 7.6 Hz, -CH2-C¼O Hc), 4.63e4.68 (dd, 1H, JAB: 14.4 Hz, JAX:
8.4 Hz, -CH2-NHA), 4.79e4.83 (dd,1H, JAB: 14.6 Hz, JBX: 4 Hz, -CH2-N
HB), 6.16e6.19 (dd, 1H, JAX: 8.2 Hz, JBX: 4 Hz, -CH-O HX), 7.09 (s, 1H,
imidazole H4), 7.26 (s, 1H, imidazole H5), 7.35 (d, 4H, J: 8.4 Hz,
phenyl protons), 9.68 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1733
(C¼O, ester). MS (ESIþ) m/z: 331 (M þ Naþ2), 329 (M þ Na, base
peak, 100%), 309 (Mþ2), 307, 295, 273, 239, 205, 182, 155, 102, 84.
Elemental analysis calculated (%) for C16H19ClN2O2$HCl: C 55.99, H
5.87, N 8.16. Found: C 55.83, H 5.66, N 8.27.

4.1.2.4.21. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl 2-
propylpentanoate (21). General procedure was followed using 2-
(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and valproic acid to
give the title compound 21 as an off-white solid (yield 25%; mp
99e100 �C). 1H NMR (400 MHz, DMSO-d6) d 0.75 (t, 6H, Jab: 6.8 Hz,
-CH2-CH3 Ha), 0.96e1.17 (m, 4H, -CH2-CH2-CH3), 1.23e1.64 (m, 4H,
-CH2-CH2-CH3), 1.82e2.50 (m, 1H, -CH-C¼O), 4.60e4.63 (m, 2H,
-CH2-N), 6.13e6.17 (dd, 1H, JAX: 9.6 Hz, JBX: 3.2 Hz, -CH-O HX),
6.88e7.54 (m, 4H, phenyl protons), 7.74 (t, 1H, Jab: 1.2 Hz, imidazole
H4 Ha), 7.89 (t, 1H, Jab: 1.6 Hz, imidazole H5 Hb), 9.27 (s, 1H, imid-
azole H2). IR (KBr): 1716 (C¼O, ester). MS (ESIþ) m/z: 372
(M þ Naþ2), 371 (M þ Na), 349, 315, 279, 263, 247 (base peak,
100%), 205, 177, 121, 102. Elemental analysis calculated (%) for
C19H25ClN2O2: C 65.41, H 7.22, N 8.03. Found: C 65.13, H 7.62, N 8.29.

4.1.2.4.22. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl 4-
oxopentanoate hydrochloride (22). General procedure was fol-
lowed using 2-(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and
levulinic acid to give the title compound 22 as a light yellow solid
(yield 26%; mp 143-4 �C). 1H NMR (400 MHz, CHCl3-d) d 2.18 (s, 3H,
-CH3), 2.49e2.56 (dt, 1H, JA1B1: 16.8 Hz, JA1A2B2: 5.4 Hz, -CH2-CH2-
CO-CH3 HA1), 2.61e2.68 (dt, 1H, JA1B1: 16.8 Hz, JB1A2B2: 4.4 Hz, -CH2-
CH2-CO-CH3 HB1), 2.70e2.77 (dt, 1H, JA2B2: 18.8 Hz, JA2A1B1: 5.4 Hz,
-CH2-CH2-CO-CH3 HA2), 2.83e2.90 (dt, 1H, JA2B2: 18.8 Hz, JB2A1B1:
4.4 Hz, -CH2-CH2-CO-CH3 HB2), 4.61e4.67 (dd, 1H, JAB: 14.6 Hz, JAX:
6.4 Hz, -CH2-N HA), 4.82e4.86 (dd, 1H, JAB: 14.8 Hz, JBX: 3.2 Hz,
-CH2-N HB), 6.19e6.21 (t, 1H, JAX: 6.6 Hz, JBX: 3.2 Hz, -CH-O HX), 7.16
(s, 1H, imidazole H4), 7.27 (s, 1H, imidazole H5), 7.29e7.36 (m, 4H,
phenyl protons), 9.52 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1725
(C¼O, ester). MS (ESIþ) m/z: 345 (M þ Naþ2), 343 (M þ Na base
peak, 100%), 321, 309, 205, 151. Elemental analysis calculated (%) for
C16H17ClN2O3$HCl$1/3H2O: C 52.91, H 5.18, N 7.71. Found: C 53.26,
H 5.08, N 7.83.

4.1.2.4.23. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl hexa-
2,4-dienoate hydrochloride (23). General procedure was followed
using 2-(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and sorbic
acid to give the title compound 23 as a yellow solid (yield 21%; mp
140-1 �C). 1H NMR (400 MHz, DMSO-d6) d 1.83 (d, 3H, Jab: 4.8 Hz,
-CH¼CH-CH3 Ha), 4.70 (d, 2H, JAX: 6.4 Hz, -CH2-N HA), 5.88 (1H, d,
Jcd: 14.2 Hz, -CO-CH¼CH- Hd), 6.19 (t, 1H, JAX: 6 Hz, -CH-O HX),
6.30e6.33 (m, 1H, -CH-CH¼CH-CH3), 7.27e7.34 (m, 1H, -CH-
CH¼CH-CH3), 7.41e7.51 (m, 5H, -CO-CH¼CH-CH- and phenyl pro-
tons), 7.65 (s, 1H, imidazole H4), 7.75 (s, 1H, imidazole H5), 9.16 (s,
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1H, imidazole H2). IR (KBr, n/cm�1): 1720 (C¼O, ester). MS (ESIþ)m/
z: 341 (MþNaþ2), 339 (Mþ Na base peak, 100%), 318 (MþþH), 317,
263, 249, 205, 185, 95. Elemental analysis calculated (%) for
C17H17ClN2O2$HCl$1/2H2O: C 56.36, H 5.29, N 7.73. Found: C 56.22,
H 5.03, N 7.76.

4.1.2.4.24. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl 2-
phenylacetate hydrochloride (24). General procedure was followed
using 2-(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and phe-
nylacetic acid to give the title compound 24 as a yellow solid (yield
26%; mp 104-5 �C). 1H NMR (400 MHz, DMSO-d6) d 3.75 (s, 2H,
-CH2-C6H5), 4.65 (d, 2H, JAX: 6 Hz, -CH2-NHA), 6.16 (t,1H, JBX: 5.6 Hz,
-CH-O HX), 7.19e7.61 (m, 11H, imidazole H4, imidazole H5 and
phenyl protons), 9.05 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1717
(C¼O, ester). MS (ESIþ) m/z: 365 (M þ Naþ2), 363 (M þ Na base
peak, 100%), 343 (Mþ2), 341, 307, 273, 229, 205, 118, 102. Elemental
analysis calculated (%) for C19H17ClN2O2$HCl: C 60.49, H 4.81, N
7.43. Found: C 60.70, H 4.75, N 7.55.

4.1.2.4.25. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl 4-
phenylbutanoate hydrochloride (25). General procedure was fol-
lowed using 2-(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and
4-phenylbutanoic acid to give the title compound 25 as an off-
white solid (yield 25%; mp 141-2 �C). 1H NMR (400 MHz, DMSO-
d6) d 1.72e1.80 (m, 2H, CH2-CH2-CH2), 2.37 (t, 2H, JAX: 7.2 Hz, -CH2

-CH2-CH2-C6H5 HA), 2.44e2.53 (m, 2H, -CH2-C6H5), 4.67 (t, 2H, JAX:
4.4 Hz, -CH2-N HA), 6.16e6.19 (dd, 1H, JAX: 4.4 Hz, JBX: 7 Hz, -CH-O
HX), 7.12e7.51 (m, 9H, phenyl protons), 7.67 (s, 1H, imidazole H4),
7.75 (s, 1H, imidazole H5), 9.17 (s, 1H, imidazole H2). IR (KBr, n/
cm�1): 1719 (C¼O, ester). MS (ESIþ) m/z: 393 (M þ Naþ2), 391
(M þ Na base peak, 100%), 371 (Mþ2), 369, 335, 301, 287, 245, 229,
205, 147, 120, 102. Elemental analysis calculated (%) for
C21H21ClN2O2$HCl: C 62.23, H 5.47, N 6.91. Found: C 62.15, H 5.25, N
7.01.

4.1.2.4.26. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl 4-oxo-
4-phenylbutanoate (26). General procedure was followed using 2-
(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and 3-
benzoylpropionic acid to give the title compound 26 as a light
yellow solid base (yield 14%; mp 88-9 �C). 1H NMR (400 MHz,
CHCl3-d) d 2.69e2.76 (dt, 1H, JA1B1: 16.8 Hz, JA1A2B2: 4.8 Hz, -CH2-
CH2-CO-C6H5 HA1), 2.80e2.88 (dt, 1H, JA1B1: 16.8 Hz, JB1A2B2: 4.4 Hz,
-CH2-CH2-CO-C6H5 HB1), 3.24e3.31 (dt, 1H, JA2B2: 18.8 Hz, JA2A1B1:
4.8 Hz, -CH2-CH2-CO-C6H5 HA2), 3.37e3.45 (dt, 1H, JA2B2: 18.6 Hz,
JB2A1B1: 4.8 Hz, -CH2-CH2-CO-C6H5 HB2), 4.61e4.66 (dd, 1H, JAB:
14.6 Hz, JAX: 6.4 Hz, -CH2-N HA), 4.83e4.88 (dd, 1H, JAB: 14.4 Hz, JBX:
3.2 Hz, -CH2-N HB), 6.23e6.25 (t, 1H, JAX: 6.6 Hz, JBX: 3.2 Hz, -CH-O
HX), 7.21 (s, 1H, imidazole H4), 7.26 (s, 1H, imidazole H5), 7.29e7.96
(m, 9H, phenyl protons), 9.52 (s,1H, imidazole H2). IR (KBr, n/cm�1):
1732 (C¼O, ester), 1676 (C¼O, ketone). MS (ESIþ) m/z: 407
(M þ Naþ2), 405 (M þ Na base peak, 100%), 385 (Mþ2), 383, 204,
182, 151, 119, 102. Elemental analysis calculated (%) for
C21H19ClN2O3: C 65.88, H 5.00, N 7.32. Found: C 65.61, H 5.16, N 7.32.

4.1.2.4.27. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl cinna-
mate hydrochloride (27). General procedure was followed using 2-
(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and trans-cinnamic
acid to give the title compound 27 as an off-white solid (yield 18%;
mp 113-4 �C). 1H NMR (400 MHz, DMSO-d6) d 4.76 (d, 2H, JAX: 6 Hz,
-CH2-N HA), 6.27 (t, 1H, JAX: 6 Hz, -CH-OHX), 6.69 (d,1H, Jab: 16.4 Hz,
-CH¼CH-C6H5 Ha), 7.45e7.78 (m, 11H, imidazole H4, imidazole H5
and phenyl protons), 7.81 (d, 1H, Jab: 16.4 Hz, -CH¼CH-C6H5 Hb),
9.24 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1717 (C¼O, ester). MS
(ESIþ) m/z: 377 (M þ Naþ2), 375 (M þ Na base peak, 100%), 355
(Mþ2), 353, 285, 247, 205, 185, 118. Elemental analysis calculated
(%) for C20H17ClN2O2$HCl. H2O: C 58.98, H 4.95, N 6.88. Found: C
59.17, H 5.17, N 6.91.

4.1.2.4.28. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl cyclo-
hexanecarboxylate hydrochloride (28). General procedure was
followed using 2-(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol
and cyclohexanecarboxylic acid to give the title compound 28 as an
off-white solid (yield 28%;mp 205-6 �C). 1H NMR (400MHz, DMSO-
d6) d 1.12e1.27 (m, 6H, cyclohexane H3, H4, H5), 1.55e1.75 (m, 4H,
cyclohexane H2, H6), 2.35e2.38 (m, 1H, cyclohexane H1), 4.65 (d,
2H, JAX: 6 Hz, -CH2-N HA), 6.15 (t, 1H, JBX: 5.6 Hz, -CH-O HX),
7.42e7.52 (m, 4H, phenyl protons), 7.69 (t, 1H, Jab: 1.6 Hz, imidazole
H4 Ha), 7.79 (t, 1H, Jab: 1.6 Hz, imidazole H5 Hb), 9.20 (s, 1H, imid-
azole H2). IR (KBr, n/cm�1): 1719 (C¼O, ester). MS (ESIþ) m/z: 357
(M þ Naþ2), 355 (M þ Na base peak, 100%), 335 (Mþ2), 333, 299,
265, 205, 178, 151, 88. Elemental analysis calculated (%) for
C18H21ClN2O2$HCl: C 58.54, H 6.00, N 7.59. Found: C 58.27, H 6.07, N
7.65.

4.1.2.4.29. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl benzo-
ate hydrochloride (29). General procedure was followed using 2-
(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol and benzoic acid to
give the title compound 29 as a light yellow solid (yield 33%; mp
147-8 �C). 1H NMR (400 MHz, DMSO-d6) d 4.76e4.80 (dd, 1H, JAB:
14.4 Hz, JAX: 3.6 Hz, -CH2-N HA), 4.84e4.90 (dd, 1H, JAB: 14 Hz, JBX:
8.8 Hz, -CH2-N HB), 6.37e6.40 (dd,1H, JAX: 3.6 Hz, JBX: 8.6 Hz, -CH-O
HX), 7.51e8.06 (m, 11H, imidazole H4, imidazole H5 and phenyl
protons), 9.25 (s, 1H, imidazole H2). IR (KBr, n/cm�1): 1730 (C¼O,
ester). MS (ESIþ) m/z: 350 (M þ Naþ2), 349 (M þ Na base peak,
100%), 329 (Mþ2), 327, 247, 205, 182, 151, 105. Elemental analysis
calculated (%) for C18H15ClN2O2$HCl$H2O: C 56.71, H 4.76, N 7.35.
Found: C 56.53, H 4.98, N 7.29.

4.1.2.4.30. 1-(4-Chlorophenyl)-2-(1H-imidazol-1-yl)ethyl 4-
biphenylcarboxylate hydrochloride (30). General procedure was
followed using 2-(1H-imidazol-1-yl)-1-(4-chlorophenyl)ethanol
and 4-biphenylcarboxylic acid to give the title compound 30 as an
off-white solid (yield 24%;mp 122-4 �C). 1H NMR (400MHz, DMSO-
d6) d 4.77e4.81 (dd, 1H, JAB: 14 Hz, JAX: 3.6 Hz, -CH2-N HA),
4.85e4.91 (dd, 1H, JAB: 14 Hz, JBX: 8.4 Hz, -CH2-N HB), 6.40e6.43
(dd, 1H, JAX: 3.6 Hz, JBX: 8.6 Hz, -CH-O HX), 7.45e8.14 (m, 15H,
imidazole H4, imidazole H5 and phenyl protons), 9.24 (s, 1H,
imidazole H2). IR (KBr, n/cm�1): 1698 (C¼O, ester). MS (ESIþ) m/z:
427 (M þ Naþ2), 425 (M þ Na base peak, 100%), 405 (Mþ2), 403,
369, 335, 247, 205, 181, 151, 102. Elemental analysis calculated (%)
for C24H19ClN2O2$HCl$H2O: C 63.03, H 4.85, N 6.13. Found: C 63.37,
H 5.09, N 6.21.

4.2. Biological activity

4.2.1. Antimicrobial activity
Antibacterial and antifungal activities of the compounds have

been tested against Gram (þ) (Staphylococcus aureus ATCC 29213,
Enterecoccus faecalis ATCC 29212) and Gram (-) bacteria (Escherichia
coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853) and
yeast like fungi (Candida albicans ATCC 90028 and non-albicans
Candida species such as C. krusei ATCC 6258 and C. parapsilosis ATCC
90018) by broth microdilution method. MIC values were deter-
mined according to Clinical and Laboratory Standards Institute
(CLSI) reference documents [43,44] using ciprofloxacin and flu-
conazole as reference compounds for antibacterial and antifungal
activity, respectively. Isolates stored at �80 �C in glycerol were
thawed and subcultured twice onto Mueller Hinton agar for bac-
teria and Sabouraud dextrose agar for fungi prior to testing. Broth
microdilution was performed using Mueller Hinton broth (MHB,
Difco Laboratories, Detroit, MI, USA) and RPMI 1640 broth (ICN-
Flow, Aurora, OH, USA, with glutamine, without bicarbonate and
with pH indicator) buffered to pH 7.0 with 3-N-morpholinopro-
panesulfonic acid (MOPS; Sigma) for bacteria and yeast, respec-
tively. The inoculum densities were prepared from 24 h
subcultures. The final test concentration of bacteria was approxi-
mately 5 � 105 cfu/mL and 0.5 to 2.5 � 103 cfu/mL for fungi.
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Ciprofloxacin and fluconazole were dissolved in sterile deion-
ized distilled water and used as reference compounds for antibac-
terial and antifungal activities, respectively (64e0.0625 mg/mL).
Compounds 1-30 were dissolved in dimethyl sulfoxide (DMSO;
Sigma, USA). Final twofold concentrations of the compounds were
prepared in the wells of the microtiter plates, between 1024 and
1 mg/mL. The plates were incubated at 35 �C for 18e24 h for bacteria
and 48 h for yeast. MIC values were read as the lowest concentra-
tion of antimicrobial agent that completely inhibits visual growth
of the organism in the wells. The MICs of fluconazole were deter-
mined to be at the dilution causing approximately 80% inhibition of
growth according to control wells.

4.2.2. Biofilm susceptibility assay/antibiofilm activity
C. albicans biofilms were grown in the Calgary Biofilm Device

(commercially available as the MBEC Assay™ for Physiology &
Genetics, P & G, Innovotech Inc., Edmonton, Alberta, Canada) ac-
cording to the MBEC™ assay protocol, a standart ASTM method, as
supplied by the manufacturer [45]. In brief, the assay is based on a
96-well microtiter plate. Biofilms are formed on plastic pegs found
on the lid of the MBEC device and MBEC values for different anti-
microbial agents are determined with these devices.

Aliquots of 150 ml of the final inoculum suspension (106 cfu/mL)
were transferred to each of the test wells and the MBEC assay plate
lids with 96 pegs were placed into the microtiter plates. The plates
were incubated for 24 h at 37 �C to form mature biofilm. After 24 h,
the peg lids of the MBEC assay plates were rinsed three times with
100 ml of 0.9% physiological saline (PS), then transferred to a
‘challenge’ plate. Finally, 200 ml of serial twofold dilutions of each
chemical compounds were subsequently added to each well and
the wells were incubated for 24 h at 35 �C. The concentration range
of the compounds was arranged as 1024-1 mg/mL in columns 1-11,
respectively. Positive growth control and sterility control were
included in each assay plate. After treatment of the biofilm for 24 h,
the peg lids were rinsed three times in 0.9% PS and transferred to a
‘recovery’ plate, each well contained RPMI 1640 supplemented
with 2% glucose. The plates were sonicated for 5 min to remove the
biofilms into recovery media and the peg lids were discarded. The
recovery plates were incubated overnight and optical densities of
the wells were measured at 550 nm by spectrophotometer. The
plates were also visually checked after 24 h for turbidity, clear wells
were taken as evidence of biofilm eradication. The MBEC values
were determined by identifying the lowest antibiotic concentration
that prevents regrowth of C. albicans from the treated biofilm. MBIC
were also determined by identifying the minimum concentration
that prevents the initial formation of biofilm checking turbidity
visually in the wells.

4.2.3. In vitro cytotoxicity test
The in vitro cytotoxicity of compounds 1-30 was evaluated on

human monocytic cell line (U937) obtained from Hacettepe Uni-
versity, Basic Oncology Department by using 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assay [46]. The cells (4 � 103 cells/well) were plated into
96 well plates containing 100 ml of RPMI-1640 supplemented with
10% fetal bovine serum, L-glutamine (2 mM), penicillin (50 U/mL),
and streptomycin (50 mg/mL) and incubated at 37 �C in 5% CO2. The
cells were exposed to the compounds 1-30 at the final concentra-
tions ranging from 10-100 mg/mL (dissolved in DMSO). Each con-
centration and control were analyzed in three replicates with five
final concentrations. The cells and compounds were incubated at
37 �C in 5% CO2 for 48 h. Twenty ml of MTT solution (5 mg/mL) was
added to each well and plates were then incubated at 37 �C in 5%
CO2 for 4 h. 80 ml of sodium dodecyl sulphate (SDS) in 23% DMFwas
added to the wells to dissolve formazan crystals, and plates were
incubated overnight at 37 �C in 5% CO2. Optical density was
measured spectrophotometrically at 570 nm. The cytotoxicity of
the compounds was calculated as percentage reduction in viable
cells with respect to the control culture cells.
4.3. Molecular modeling studies

4.3.1. Homology modeling of CACYP51 and the missing loop of
CGCYP51

We built the structural model of CACYP51 according to
comparative modeling methods using MODELLER. We downloaded
the crystal structure of Saccharomyces cerevisiae CYP51 (PDB id:
5EQB) and CGCYP51 (PDB id: 5JLC) from Protein Data Bank (www.
rcsb.org) [47]. A pairwise sequence alignment of CACYP51 (Uni-
ProtKB/Swiss-Prot accession code: P10613.2) and 5EQB was
generated and manually optimized. Using this alignment and the
template structure we constructed 100 initial itraconazole-bound
homology models, the best of which was selected upon compari-
son of their discrete optimized protein energy (DOPE) scores and
restraint violations. The selected model was then analyzed using
PROCHECK and submitted to the PPM server to determine their
membrane-embedded residues. The same protocol was followed
formodeling themissing loop of CGCYP51 (residues 435-443) using
its full sequence (UniProtKB/Swiss-Prot accession code: P50859.1)
and 5JLC as template. The N-terminal residues missing in 5JLC were
not modeled. The loop-optimization protocol of MODELLER was
applied for the modeled loop. The best model was selected ac-
cording to the procedures defined for CACYP51.
4.3.2. Molecular dynamics simulations
On VMD [48] we created the systems of ligand-bound CACYP51

and CGCYP51 solvated in water box using CHARMM36 force-field
with CMAP corrections for the protein and solvent, and CHARMM
General Force-Field (v3.1) via cgenff.paramchem.org server (v1.0)
for the ligands [49e54]. A 5Å (10 Å for CGCYP51) layer of water was
added to each face of the box and particle mesh Ewald (PME)
method [55] was used. Harmonic potential constraints were
imposed on the backbone atoms of the membrane-embedded
residues, Feþ2 of heme, and S� of heme-coordinating cysteine.
Heme was patched to keep planar. Integration time step was 2 fs,
SHAKE algorithm was used for hydrogens, and coordinates were
saved every 1 ps. Systems were run on NAMD [56] for 2 ns (itra-
conazole-bound CACYP51 for 1 ns) at constant temperature (310 K)
and pressure (1 atm) (NPT ensemble).
4.3.3. Molecular docking
We prepared the ligands using MacroModel (v11.0, Schr€odinger,

LLC, NY, 2015) and LigPrep (v3.6, Schr€odinger, LLC, NY, 2015) of
Maestro (v10.4, Schr€odinger, LLC, NY, 2015), minimized them using
OPLS 2005 force field and conjugate gradients algorithm [57]. For
CACYP51, the last frame from itraconazole-bound system's simu-
lation was extracted. We prepared the protein structures for
docking using Protein Preparation Wizard of Maestro [58]. In this
process explicit water molecules were removed, hydrogens were
added, ionization and tautomeric states were generated using Epik
(v3.4, Schr€odinger, LLC, NY, 2015) [59,60]. We generated grid maps
by AutoGrid taking the centroid of the co-crystallized ligands as the
center of search space. Ligands were docked using Lamarckian
genetic algorithm on AutoDock [61], 50 conformers per each ligand
were produced and visually inspected. We used AutoDockTools as
graphical user interface for all AutoDock operations and Maestro
for inspecting docking poses.

http://www.rcsb.org
http://www.rcsb.org
http://cgenff.paramchem.org
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