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Abstract: The first synthesis of both enantiomers of the antifungal drug bifonazole (1a) and
related imidazole compounds 1i and Sb,c is described, starting from enantiomerically pure or
enriched amines 6a—d. Construction of the imidazole ring on amines 6a—d was performed in
a straightforward manner affording the final compounds in good overall yield and with very
high enantiomeric purity, as determined by enantioselective HPLC. Biological evaluation in
vitro of the single enantiomers of 1a,i and Sb,c against different strains of Candida albicans
did not show any enantioselectivity. Finally, the pseudoreceptor modeling technique was
applied to generate a model able to explain and predict the inhibitory activity of azole com-
pounds against C. albicans P450 4pnr-

INTRODUCTION

Cytochromes P-450 constitute a suprafamily of enzymes that catalyze the oxidation of a large range
of biological substrates. They bind dioxygen to the iron atom of their protoporphyrin moiety and
through a stepwise cleavage of the O, double bond incorporate one oxygen atom into nonactivated
C-H bonds. In extension to oxygen insertion reactions, some enzymes of the P-450 suprafamily can
catalyze a sequence of reactions leading to a C—C bond cleavage. Cytochrome P-450-dependent lanos-
terol 14a-demethylase (P450,,,,,), in particular, catalyzes the first step of the conversion of lanosterol
to cholesterol (mammals) or ergosterol (fungi), that are important constituents of the cell membrane, by
causing the removal of the 14a-methyl group of substrate to give the Al14-15-desaturated sterol [1].

Under normal conditions, azole (N-substituted imidazole and triazole) antifungal antibiotics cure
mycoses by selectively inhibiting the fungal P450,,,); at concentrations that are not expected to affect
the corresponding host enzyme. They prevent the binding of the natural substrate lanosterol to
P450, ,p0m by coordination of the ring nitrogen atom (N3 of imidazole and N4 of triazole) to the sixth
coordination position of the iron atom of the enzyme protoporphyrin system [2]. The accumulation of
14a-methylated sterols in azole-treated fungal cells affects membrane structure and functions, resulting
in an inhibition of the growth of fungi [3].

The search for better antifungal agents with increased specificity toward fungal enzymes remains
a primary target in medicinal chemistry research. Moreover, in the wake of the new regulatory policies,
many efforts are currently directed toward the development of enantiomerically pure drugs [4]. With
these aims in mind, the azole antifungal agents 1b-h and 2a—4v (Fig. 1 and Table 1), structurally relat-
ed to bifonazole (1a) and already investigated by using CoMFA (a 3D-QSAR computational technique)
[5], were considered for a new computer-aided drug design study.
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Table 1 Substitution pattern and antimycotic activities of the compounds considered in this study.

Compound R R, X Y MIC (uM/mL) MIC (uM/mL)
(Observed)! (Calculated)
1a H Ph 1.0 0.87
1b H 1-pirrolyl 0.26 1.1
1c? H NO, 22 1.3
1d CH, 1-pirrolyl 0.13 0.22
1¢ Cl NO, 1.0 13
1f CH, NO, 0.50 0.68
1g2 cl 1-pirrolyl 0.46 0.49
1h H NH, 2.5 13
1i H Cl Vel V
2a? H 4-Cl CH CH 4.0 10
2b H 2,4-Cl, CH CH 3.6 3.3
2¢ H 4-NH, CH CH 2.1 1.5
2d H 3-(1-pirrolyl) CH CH 56 57
2e H 4-Cl CH N 63 47
2f H 2-Cl CH CH 63 4.6
2g H 3-F CH CH 66 56
2h H 4-OCH,4 CH N 63 69
2i H 2-(1-pirrolyl) CH CH 72 1.7
252 H 4-NO, CH CH 32 5.6
2K H 4-OCH,4 CH CH 8.0 1.8
212 H 4-Cl N CH 32 20
2m C,H; 4-NO, CH CH 7.0 4.0
2n H 3-Cl CH CH 32 27
202 H 2-F CH CH 63 25
2p H 4-F CH CH 16 20
2q C,H; 4-Cl N CH 29 23
2r C,H; 4-Cl CH N 63 20
3a H H 3.1 1.8
3b? CH, H 1.0 0.41
3¢ Cl cl 3.0 0.69
3d2 F cl 2.0 15
3e? H cl 0.5 1.7
3f CH, F 1.9 0.61
3g Cl F 2.0 1.3
3h? H F 4.0 3.1
3i2 F H 2.0 1.3
3j CH, cl 0.89 0.36
3K2 F F 1.0 2.4
da Ph Cl H 0.46 25
4b Ph Cl CH, 1.0 2.1
dc Ph F H 1.0 4.0
4d Ph H 2,4-Cl,-Bn 22 15
4e 1-naphthyl H H 7.9 9.9
af Ph CH, CH, 3.8 2.6
4g Ph H CH, 4.0 45
4h? Ph F CH, 4.0 3.4
4j2 1-naphthyl H CH, 27 9.7
4k H Cl CH CH 0.77 5.2
412 Me cl CH CH 3.0 5.6

(Continued on next page)
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Table 1 (Continued)

Compound R R, X Y MIC (uM/mL) MIC (uM/mL)
(Observed)! (Calculated)

4m H CN CH CH 6.3 26

4n? Et Cl CH CH 2.9 14

do H Cl N CH 100 20

4p H SMe CH CH 3.0 4.7

4q> H CF, CH CH 0.71 438

dr H NO, CH CH 1.5 24

4s H 1-pirrolyl CH CH 0.71 1.6

at H t-But CH CH 95 14

4u? H Ph N CH 5.6 1.8

av? H Ph CH N 100 20

1Scaled with respect to compound 1a.
2Compounds forming the test set.
3See Table 2.

“4Value not calculated.

RATIONAL DESIGN AND SYNTHESIS OF NEW DERIVATIVES

Promising results had been already obtained with the CoMFA approach, by the development of a model
(COMFAO96 hereafter), which successfully explained structure—activity relationships of bifonazole-like
inhibitors. Moreover, the alignment method utilized to derive the model gave an insight into a possible
binding mode between the inhibitors and the protoporphyrin system of the target enzyme. As a conse-
quence of these findings, following a rational design approach, COMFA96 was applied to predict the
inhibitory activities of new antifungal agents 1i and 5a,b (Fig. 1 and Table 2) that were then synthe-

sized.
R Rq _O R _ R
T
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Fig. 1 Antifungal agents considered in this study.

Due to the fact that there is limited information in the literature on the preparation of enantiomers
of azole compounds, and only a few examples of enantiopure azole derivatives having the azole moiety
directly linked to the stereogenic center have as yet been reported [6], we directed our efforts to the
preparation of compounds 1a,i and 5a,b in homochiral form for subsequent biological evaluation fol-
lowing the new regulatory guidelines. These derivatives were considered an important synthetic target
as the inhibitory activities of their R-enantiomers had been predicted by COMFA96 to be comparable
with that of (R)-1a (see Table 2). Notably, all these compounds have been previously synthesized and
tested for their antifungal and/or aromatase-inhibiting activity in racemic form [7-9].
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6b R=Cl
6e R=Br

Fig. 2 Amines used for the synthesis of 1a,i and 5a,b.

The synthesis of both enantiomers of 1a,i and 5a,b started from enantiomerically pure or enriched
amines 6a-d (Fig. 2).

(R)- and (S)-6d were prepared from (S)- and (R)-1-phenyl-2-propynylamine (7) [10] respectively,
by heteroannulation with 2-iodophenol (Scheme 1) following a procedure recently described by us for
the preparation of the corresponding alcohols [11].

1-Phenyl-2-propynylamine (7), attractive synthon for the preparation of a series of bioactive com-
pounds, was kinetically resolved with high stereoselectivity and in good chemical yield using lipase B
from Candida antarctica (Novozym 435) to provide (S)-(7) and (R)-N-(1-phenyl-2-propynyl)acetamide

(R)-(8) (Scheme 2).
@/ -
0
NH,

NH,
(R)-7 (98% ee) (5)-6d (94% ee)
(S)-7(97% ee) (R)-6d (93% ec)

Scheme 1 Reaction conditions: a) 2-iodophenol, PdCl,(PPhs),, Cul, TMG, DMF.

The latter was hydrolyzed to the corresponding (R)-(7) without loss of enantiomeric purity.
(R)-6d and (S)-6d were obtained with only a slight decrease in enantiomeric purity (93% and 94%
ee, respectively, as determined by enantioselective HPLC) with respect to the starting amine in very
good yeld. Both enantiomers of homochiral amines 6b (>98% ee) and 6c (80% ee) were prepared
according to the literature [12,13]. The knowledge of the absolute configurations [13] of (S)-(+)-6¢
and (R)-(—)-6¢ allowed to infer the absolute configuration of 6b, by means of the comparison of their
circular dichroism (CD) curves. Finally, (R)- and (S)-6a were obtained in high enantiomeric purity
(>98% ee) from (R)- and (S)-4-bromobenzidrylamine (6e) via Suzuki coupling with phenylboronic acid
(Scheme 3) and proved to be identical with the compounds obtained through the tedious resolution of
the racemic base by means of L-(+)-tartaric acid [14].

O = Oy - O

NHRI

(S)-7 (R)»-8R| =
(R¥TR,=H

Scheme 2 Reaction conditions: a) CAL, AcOEt, Et,0; b) HCIL.
Elaboration of 6a—d was carried out through a reaction sequence (Scheme 4) involving N-alkyla-
tion with bromoacetaldehyde dimethyl acetal to give 9a—d, followed by N-formylation of 9a-d with

butyl formate to afford intermediates 10a—d as a mixture of rotamers in the ratio 2:1. Finally, ring clo-
sure by heating in the presence of ammonium acetate/acetic acid, provided the final compounds 1a and
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Sa—c in good chemical yield (60-94%) and with high stereoselectivity (78—>98% ee). The enantiomer-
ic excess was determined by enantioselective HPLC on chiral columns Chiralpak AD (1a, Sa, Sb) and
Chiralcel OD (1i) using multiple detections: UV/CD and polarimetric [15].

(R)-6e Br O (R)-6a

(- oS it oW agl -

(>98% ee) (>98% ee)
NH,

NH,

Scheme 3 Reaction conditions: a) phenylboronic acid, Pd(OAc),, PPh3, Na,CO;, PrOH, H,0.

The enantiomers of compounds 1a,i and Sa,b were tested against Candida albicans strains in
comparison with the corresponding racemates as well as to fluconazole and amphotericin B as refer-
ence standards using the microbroth dilution method [15]. In particular, one laboratory strain of C. albi-
cans and two clinical isolates, one of which (L3107 strain) is fluconazole-resistant, were used. The
results, expressed as minimal inhibitory concentration (MIC), are reported in Table 2. All the tested

[:L R! [:L R!
[l R' 2, _° .
N\Rz
NH, Ji

N
$J
Me0™ OMe N
6a-d 9a-d R’=H 1a,i and 5a,b
b El()a—d R?*=CHO

Scheme 4 Reaction conditions: a) BrCH,CH(OMe),, K,CO;, DMF; b) BuOCHO, reflux; ¢) AcONH,, AcOH.
For simplicity, only the (S)-enantiomers are shown. R': a, 4-biphenylyl; b, 4-chlorophenyl; ¢, 1-naphthalenyl;
d, 2-benzofuranyl (see also Table 1).

Table 2 In vitro antimycotic activity of compounds 1a,i and 5a,b against C. albicans

strains.
MIC (ug/mL)
C. albicans C. albicans C. albicans
Compound ATCC90028 clinical isolate clinical isolate COMFA96
L3023 L145 L3107%
(R)-1a 1 1 >64 1
(S)-1a 1 1 >64
(R,S)-1a 1 1 >64
(R)-1i 1 1 32 2
(9)-1i 1 2 32
(R.S)-1i 2 1 64
(R)-5a 2 2 32 2
(S)-5a 1 2 32
(R,S)-5a 2 1 8
(R)-5b 2 2 16 8
(S)-5b 2 2 16
(R,S)-5b 1 2 32
fluconazole 0.5 0.5 >64
amphotericin B 0.5 0.5 1

#Fluconazole-resistant strain.
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compounds showed essentially the same antimycotic profile and, quite unexpectedly, in no case was a
differential activity between the two enantiomers of each compound observed, even if the activities
were similar to those predicted by our previous CoMFA model [5]. This lack of stereoselectivity is not
due to racemization of the compounds in the test medium [17], nor necessarily reflects the insensitivi-
ty of the putative fungal target (cytochrome P-450-dependent lanosterol 140-demethylase) to the stere-
ochemistry of the inhibitors, but might be the consequence of other phenomena occurring somewhere
in the mechanism of action, from uptake by the cells to inhibition of the fungal target enzyme.

MOLECULAR MODELING

In spite of the above-reported success, COMFA96 recently failed to predict the MIC of a set of new
azole antifungal agents of class 4 (4k—4v), synthesized after the derivation of the model, as clearly indi-
cated by the low value computed for the predictive correlation coefficient (r® = 0.52). These unexpect-
ed results pointed out the need for a sounder interaction model, with better possibilities for description
and prediction, consequently, we resorted to another QSAR approach.

In this study, the pseudoreceptor modeling technique [17,18] was applied with the primary goal
to explain and predict the activity of general azole C. albicans P450, ) inhibitors, including those
compounds whose activity was not rationalized by COMFA96 (4k—4v), in order to bring up to date our
previous interaction model [5]. Even though the biological evaluation of almost all the compounds had
been carried out using racemic mixtures, the R-enantiomer of bifonazole was arbitrarily modeled here
and all the other inhibitors were constructed according to this choice, as already done in the case of
COMFA96. The S-enantiomers of bifonazole (1a), 1i, and 5a,b were excluded from the construction of
the pseudoreceptor due to their small number with respect to the remainder of the compounds and poor
structural diversity. Only compound (S)-1a was included in the test set to evaluate the preference of the
final model for one enantiomeric series of inhibitors relative to the other.

The methodology of pseudoreceptor modeling is well established and has been recently
reviewed in a detailed manner [18]. In this application, the three-dimensional coordinates of the lig-
and molecules, superimposed in their bioactive conformation (according to our previous CoMFA study
results), were used as the ligand alignment [5], while the experimental free energies of ligand binding
were calculated according to a methodology reported in the literature [19]. The whole set of com-
pounds 1-4 was considered to generate and validate the model, selecting 36 compounds as the train-
ing set (1a, 1b, 1d, 1f, 1h, 2b, 2¢, 2d, 2e, 2g, 2h, 2i, 2m, 2n, 2p, 2q, 2r, 3a, 3c, 3f, 3g, 3j, 4a, 4b, 4c,
4d, 4e, 4f, 4g, 4k, 4m, 4o, 4p, 4r, 4s, 4t). The two steps corresponding to identification of the recep-
tor nucleation sites and construction of the pseudoreceptor were accomplished accordingly to the
PrGen default methodology [17]: vectors were associated to any atom of ligand molecules constitut-
ing the training set and analyzed for clustering. The N-3 nitrogen atom of the azole ring, the centroid
of the ubiquitous phenyl ring on the chiral carbon atom (interaction site relevant for inhibitor-enzyme
recognition) and the 4-substituent on the same ring (interaction site responsible for ligand selectivity)
resulted to be regions with a high vector density. The large aromatic moiety (a biphenyl group in the
case of 1a), on the contrary, seemed a spatial zone with a lower probability for finding important inter-
action sites, as a low clustering was observed. Notably, some authors consider this long chain only
important to improve the physicochemical properties and the pharmacodynamic and pharmacokynet-
ic profiles of molecules [20].

Residues crucial for binding have not been experimentally detected in the case of the inhibitors
of P450,,p\> With the exception of the heme moiety. Consequently, to generate the pseudoreceptor
model, a Fe(IIT)-heme was placed as a coordination bond acceptor at the N-3 nitrogen atom of azole
ring. The vectors associated by PrGen to the 4-methylphenyl group of 1d were saturated by lipophilic
interactions with one histidine, one lysine, one tryptophane and two phenylalanine [21], while one thre-
onine residue was located with the OH group on the side chain directed perpendicularly to the azole
ring toward it [20]. Finally, one phenylalanine and one tyrosine were placed below the large aromatic

© 2001 IUPAC, Pure and Applied Chemistry 73, 1477-1485



Rational design and synthesis of homochiral azole antifungal agents 1483

moiety, one serine above it, and three more residues (serine, proline, and threonine) surrounded at the
side of the hydrogen atoms.

A receptor equilibration was performed allowing translation, rotation, and torsional variations of
the receptor residues, whereas the ligands were kept fixed in their original arrangement. Subsequently,
the ligands were allowed to relax within the binding pocket. Repeating these two steps several times,
the so-called ligand equilibration yielded a pseudoreceptor model with a good correlation (2 = 0.85)
between experimentally detected and calculated activity data (see Table 1) and a root mean square (rms)
value of 0.56 kcal/mol.

A test set of 23 ligands [(S)-1a, 1c, 1e, 1g, 2a, 2f, 2j, 2k, 2I, 20, 3b, 3d, 3e, 3h, 3i, 3k, 4h, 4j, 41,
4n, 4q, 4u, 4v] was then introduced within the binding pocket. Only in the case of (S5)-1a, a Monte Carlo
simulation was performed to determine its orientation inside the catalytic site, while the other com-
pounds were superimposed by a rigid fit onto the compounds of the training set and submitted to a sim-
ple relaxation by minimization of the binding free energy. The procedure yielded an rms deviation for
the predicted free energies of binding of 0.65 kcal/mol (excluding (S)-1a) corresponding to a factor of
about 2.6 in the activity values (see Table 1). Notably, (S)-1a showed a peculiar orientation in the
pseudoreceptor cavity with respect to the other compounds (in Fig. 3, the docking of this compound and
that of its epimer (R)-1a inside the final model are depicted). This mapping gave a worse activity cor-
relation with respect to the R-enantiomer (12 predicted vs. 1.0 experimental), which was expected as
only one enantiomeric series of compounds was used to build the pseudoreceptor, due to a worse com-
plementarity of the chemical groups of the ligand with respect to the residues of the enzyme surrogate.
It has to be noted however that, although no differential activity between the two enantiomers of com-
pound 1a should have been predicted, the present computational analysis suggested the possible bind-
ing mode of the two enatiomers of bifonazole into the catalytic site of C. albicans P450, 4, as depict-
ed in Fig. 3.

wotall il

Fig. 3 Docking of (S)-1a and (R)-1a inside the final pseudoreceptor model.

The final pseudoreceptor model is composed of 12 amino acid residues in addition to the heme
moiety. The key binding functions are taken by the Fe(III) ion, acting as coordination bond acceptor for
the nitrogen atom of imidazole and triazole (all the ligands coordinate the sixth position of the iron ion
with the N-3 or N-4 nitrogen atom of the azole ring), and one tyrosine residue stabilizing the most active
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compounds via a 7t-7 stacking interaction with one of the aromatic rings (the pirrole in the case of 1d).
Furthermore, five aromatic residues, three phenylalanine, one tryptophane and one hystidine, wrap the
phenyl locus (left side in Fig. 3). A threonine is placed above the porphyrin plane, in a very similar way
with respect to Thr 311 of the natural enzyme model [20,21]. One lysine acts simultaneously as hydro-
gen bond acceptor (via main-chain carbonyl oxygen) and donor (via main-chain amino group and ter-
minal side-chain amino group) with other amino acid residues, contributing to the stability of the com-
plex and completing the necessary requirements of this pseudoreceptor model. The inhibitors interact,
in a nonspecific manner, with the active-site chamber dome residues (mainly lipophilic) that constitut-
ed the ceiling above the porphyrin plane, and these results appear in agreement with recent findings on
a P450, 4\ enzyme from Mycobacterium tuberculosis [22].

The promising results obtained with the pseudoreceptor modeling approach reported here demon-
strate its validity in bridging structure-based receptor fitting and property-based receptor mapping
methodologies to study and propose macromolecular binding sites and predict their interactions with
bioactive conformers of the ligands. The final pseudoreceptor model, in fact, seemed able to correctly
estimate and predict the anti-Candida activity of the studied compounds.
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