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Abstract

High-performance liquid chromatography (HPLC) was used for the enantiomeric separation of chiral imidazole
derivatives endowed with antimycotic activity. Enantioselective columns, containing carbamates of cellulose and amylose,
were used. The influence of the nature and content of an alcoholic modifier in the mobile phase was studied. The isolated
enantiomers, separated on semipreparative columns, were submitted to in vitro biological investigations.  2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction A variety of new imidazole derivatives, structural-
ly related to bifonazole, were previously synthesised

In the last few years there has been an increasing by our group as candidate antifungal agents [1,2]
interest in the development of new antimycotic (Fig. 1). In such azole compounds, 1-arylmethyl-
compounds belonging to the azole class. In par- imidazole and 3-arylpyrrole moieties are linked
ticular, imidazole derivatives have become an attrac- through a stereogenic centre.
tive target of synthetic and pharmacological studies In initial in vitro screening, azole racemates
because of their effectiveness in the treatment of exhibited high activity against Candida albicans and
fungal diseases in immunocompromised patients Candida spp., showing potency comparable to or
observed with AIDS or after transplantation. somewhat higher than that of miconazole, keto-

conazole or bifonazole used as reference drugs. The
aim of this paper is to continue previous studies [1,2]*Corresponding author. Fax: 139-06-4938-7100.
dealing with the stereochemical influence at theE-mail addresses: roberto.disanto@uniroma1.it (R. Di Santo),

latorre@iss.it (F. La Torre). biological level. It has been extensively established
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separation and analysis of components of a racemic
mixture and may constitute a valid alternative to
asymmetric synthesis in the production of optically
pure compounds [7].

Among the many types of CSPs for HPLC de-
veloped over the last two decades, polysaccharide-
based CSPs showed good chiral recognition ability
towards a wide number of different racemic com-
pounds [8].

We selected two polysaccharide-based CSPs, amy-
lose 3,5-dimethylphenyl-carbamate (Chiralpak AD)
and cellulose 3,5-dimethylphenyl-carbamate (Chi-
ralcel OD), commercially available in analytical and
semipreparative versions, to investigate the enantio-
meric separation of the aforementioned antifungal
azoles. In the first step of our work, we focused on
the optimisation of analytical conditions (concen-
tration, nature of alcoholic modifier in the mobile
phase and temperature), for both enantioselective
columns, which made it possible to achieve a higher
resolution in a shorter analysis time. The best CSP–
mobile phase system obtained on an analytical scale
was transferred to a larger column (10 mm I.D.) in
order to collect single enantiomers in high enantio-
meric purity and in semipreparative amounts. The
isolated enantiomers were submitted to in vitro
biological investigations to delineate the possible
difference in antifungal activity between the indi-
vidual enantiomer and the racemic mixture.

2. Experimental
Fig. 1. Structures of the investigated azoles.

2.1. Materials

Stainless-steel Chiralcel OD and Chiralpak ADthat a racemic compound can be regarded as a 50:50
(25034.6 mm I.D. and 250310 mm I.D.) (Daicelmixture of two different molecules which can poten-
Chemical Industries, Tokyo, Japan) columns weretially interact in a different way with a biological
used. HPLC-grade solvents were supplied by Carlosystem [3]. Notwithstanding growing knowledge in
Erba (Milan, Italy). Diethylamine (DEA) was ob-this field, there are only a few reports describing
tained from Fluka Chemie (Buchs, Switzerland).pharmacological profiles of both enantiomers of
Analytes 1–15 (Fig. 1) were synthesised by chemicalchiral antifungal drugs [4–6]. Such a lack is proba-
pathway as previously reported [2].bly due to the limited availability of large amounts of

enantiomerically pure compounds for use in
stereoselective biological and toxicological trials. In 2.2. Apparatus
this context, HPLC on chiral stationary phases
(CSPs) emerges as a competitive method in the Chromatography was performed using a Waters
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(Milford, MA, USA) 510 pump equipped with a was evaluated by means of the minimal inhibitory
Rheodyne (Cotati, CA, USA) injector, a 1-ml sample concentration (MIC), using the serial test in the broth
loop, a Perkin-Elmer (Norwalk, CT, USA) HPLC microdilution modification method published by the
oven and a Waters model 414 detector. The signal National Committee for Clinical Laboratory Stan-
was acquired and processed by Millennium 2010 dards (NCCLS) method M27-A [9]. MIC was de-
software. fined as the lowest concentration of test substances at

Optical rotations of enantiomers 1–3, dissolved in which there was no visible growth, as compared with
ethanol, were measured on a polarimeter Perkin- a blank experiment, after the present incubation time.
Elmer model 241 equipped with a Na lamp, at a For the preparation of the dilution series, the racemic
wavelength of 589 nm. The volume of the measuring mixture and enantiomers were dissolved in dimethyl

21cell was 1 ml and the optical path was 10 cm. The sulfoxide (DMSO) at a concentration of 10 mg ml ,
system was thermostated at 238C. and were stored frozen at 2208C. The solution was

added to the medium at the right concentration.
Further progressive double dilutions with a test

2.3. Operating conditions medium furnished the required concentrations in the
21range from 0.047 to 50 mg ml . Blanks were

The eluents for the chromatographic separations prepared in the test medium, without adding test
were mixtures of appropriate percentages of two substance.
different alcoholic modifiers (ethanol or 2-propanol) Bifonazole, miconazole and fluconazole were used
in n-hexane, with the addition of 0.1 vol of DEA. as standard controls. Bifonazole and miconazole
The mobile phases were filtered and degassed by were dissolved in DMSO, while fluconazole was
sonication immediately before use. The flow-rates dissolved in distilled water at a concentration of 10

21 21were 0.5 and 2.5 ml min for analytical and mg ml . All the tested microorganisms were pre-
semipreparative separations, respectively. The wave- liminarily incubated at 288C for 24 h on YNB
length of detection was 260 and 310 nm for ana- (Difco) or RPMI 1640 (Sigma) medium. Antimicro-
lytical and semipreparative separations, respectively. bial tests were performed on YNB or RPMI 1640

3 4 21All analytical separations were performed at 258C, medium using inocula of 10 or 10 ml of cells.
except those used for the studies at variable tempera- Two different concentrations of cells per ml were
ture. Semipreparative separations were performed at used, in order to better investigate the antifungal
408C. activities in tests with different sensibilities. Read-

For the study of the influence of alcoholic modifier ings of MICs were taken at 24 h of growth at 288C.
type and concentration on enantioselectivity and MIC values were calculated by the expression

21resolution factors, standard solutions were prepared MIC 5 MIC s , where MIC is the minimal inhib-i t i

by dissolving 2–5 mg of each analyte with 25 ml of itory concentration values of all strains at the used
HPLC-grade ethanol. The injection volume was 20 concentration C and s is the total number of strains.i t

ml. A 500-ml volume of racemate (10 mg) was MIC and MIC refer to MIC for 50 and 90% of50 90

applied to the chiral semipreparative column. After strains, respectively.
semipreparative separation, the collected fractions Experiments were carried out in both YNB and
were analysed by chiral analytical columns to de- RPMI 1640 medium. The first one (YNB) is general-
termine their enantiomeric excess (e.e.). ly used in experiments to test the activity of an-

timycotics, while RPMI was a nutrient medium used
for tissue culture, to better simulate ‘‘in vivo’’

2.4. Microbiological test: anti-Candida in vitro conditions. Eight strains of C. albicans (two labora-
assays tory strains, four strains isolated from AIDS patients

with oropharyngeal candidiasis and two isolated
Substances 1, 2, 3 and related separated (1) and from patients with recurrent vulvovaginitis) were

(2)-enantiomers were tested for antimycotic ac- employed in these studies. All strains were identified
tivities against C. albicans. The antifungal potency by conventional diagnostic procedures.
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Table 13. Results and discussion
Effect of nature of the alcohol modifier (ethanol or 2-propanol) on
the enantioselectivity factor (a) compounds 1–3

3.1. Optimisation of analytical enantioseparations
Compound Eluent aof compounds 1 –3

OD AD

The preliminary step of our study was to evaluate 1 n-Hexane–ethanol (90:10, v /v) 1.29 1.85
the applicability of two CSPs based upon 3,5-di- 1 n-Hexane–2-propanol (90:10, v /v) 1.18 1.00

2 n-Hexane–ethanol (90:10, v /v) 1.32 2.05methylphenylcarbamate of cellulose (Chiralcel OD)
2 n-Hexane–2-propanol (90:10, v /v) 1.25 1.00and amylose (Chiralpak AD) for the enantiomeric
3 n-Hexane–ethanol (90:10, v /v) 2.50 1.20separation of the first three compounds of the series
3 n-Hexane–2-propanol (90:10, v /v) 2.43 1.00

of structurally related azoles reported in Fig. 1.
Columns: Chiralcel OD and Chiralpak AD (25034.0 mm I.D.);Compounds 1–3 exhibited higher antifungal activity

eluent: n-hexane–alcohol modifier (90:10, v /v)10.1 vol DEA;
compared to that of the other azoles [10] and were 21flow-rate: 0.5 ml min ; temperature: 258C; UV detector: 260 nm.
therefore chosen as target compounds for analytical
and semipreparative separations. The successive
objective was to optimise the resolution of selected

All the racemates were resolved with an appreciable
analytes 1–3, by analytical combinations of two

enantioselectivity factor on at least one of the two
CSPs and different mobile phases, in which the

CSPs used. The fact that OD and AD exhibit rather
nature and content of the alcohol modifier were

complementary chiral recognition has been reported
changed.

in several previous papers [11,12]. Initial separations
The influence of the nature and content of the

were performed at 258C and at a flow-rate of 0.5 ml
alcoholic modifier on the enantioselectivity factor, a, 21min . In order to elucidate the temperature effects
and resolution factor, Rs, was studied, using different

on resolutions, compounds 1–3 were chromato-
eluents consisting of mixtures of n-hexane–ethanol
and n-hexane–2-propanol, with the addition of 0.1
vol of DEA. As illustrated in Table 1, the use of Table 2
ethanol as an organic modifier gave better perform- HPLC of compounds 1–15
ances on both enantioselective columns. When n-

Compound OD AD
hexane–2-propanol mixtures were employed as mo-

a b ck a Rs k a Rs1 1bile phase, compounds 1–3 were not resolved on AD
1 2.43 1.29 3.09 1.19 1.85 7.48CSP and lower enantioselectivity on OD CSP was
2 2.41 1.32 3.21 0.69 2.05 7.06observed.
3 0.87 2.50 9.41 1.34 1.20 2.14The decrease in ethanol content from 25 to 10%
4 2.28 1.41 4.83 1.93 1.57 7.00

led to roughly constant a values, while the resolution 5 2.18 1.00 – 1.53 1.52 6.36
increased for both CSPs. Therefore, better resolution 6 2.00 1.21 2.59 1.90 1.44 6.03

7 1.67 1.80 8.22 1.62 1.45 6.00of 1–3 was achieved using a mobile phase con-
8 1.71 1.48 4.97 1.43 1.46 5.42taining 10% of ethanol and 0.1 vol of DEA in
9 2.11 2.57 12.85 1.72 1.10 1.42n-hexane. Of two polysaccharide-based CSPs, Chi-

10 3.04 1.63 7.08 2.25 1.22 3.09
ralpak AD was more appropriate than Chiralcel OD 11 1.66 1.08 0.86 1.39 1.35 4.01
for the resolution of compounds 1 and 2, while 12 1.99 1.37 4.18 1.84 1.26 3.53

13 2.33 1.49 5.62 1.53 1.52 6.36compound 3 showed greater enantioselectivity on the
14 6.29 1.57 6.05 5.72 1.68 8.27OD column.
15 10.13 1.15 2.03 5.35 1.71 8.18The chromatographic conditions, obtained for

Columns: Chiralcel OD and Chiralpak AD (25034.6 mm I.D.);compounds 1–3, were applied in the resolution of all
eluent: n-hexane–ethanol (90:10, v /v)10.1 vol DEA; flow-rate:other compounds of the azoles series. A review of 210.5 ml min ; temperature: 258C; UV detector: 260 nm.

the experimental data listed in Table 2 reveals the a The retention factor.
bgood enantioselectivity power exhibited by both OD The enantioselectivity factor.
cand AD towards compounds examined in this study. The resolution factor.
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graphed at different column temperatures, from 25 to order to isolate 50–100 mg of individual enantiomer
408C, using a mixture of n-hexane–ethanol (90:10, for use in biological investigations. Enantiomeric
v /v), with the addition of 0.1 vol DEA, as mobile fractionation was performed by repetitive injections
phase. Representative variable-temperature chro- of 10 mg of sample on a 10-mm I.D. AD or OD
matograms for the direct resolution of compound 1 column. Mobile phases consisting of a mixture of
on the AD column are shown in Fig. 2. As expected, n-hexane–ethanol (90:10, v /v) with the addition of
the retention factors of both enantiomers decreased 0.1 vol content of DEA were used. The temperature

21as column temperature increased. Furthermore, at was 408C and the flow-rate 2.5 ml min . Each
408C a slight lowering in resolution factor with semipreparative run was cut in three separated
respect to ambient temperature was noticed. Similar fractions. Fig. 3 shows the representative preparative
temperature dependence of racemates 2 and 3 on AD chromatogram obtained from injecting an amount of
and OD CSPs, respectively, were observed. Finally, 10 mg of racemate 1 on AD CSP.
a higher investigated temperature (408C) was select- Although the enantioseparations were achieved
ed to perform successive semipreparative separa- under overlapping band conditions, the analytical
tions. This choice made it possible to prevent control of the collected fractions (Table 3 and Fig. 4)
broadening the band, improving sample solubility in showed that the more retained enantiomer of 1–3
the mobile phase and shortening run time, without was isolated with good yield (.65%) and enantio-
any notable drop in resolution. meric excess (e.e..99%). The first fraction was

practically enantiomerically pure in the case of
3.2. Semipreparative enantioseparations of analyte 3 and showed an e.e. under 90% in the cases
compounds 1 –3 of compounds 1 and 2. These last two fractions were

concentrated and rechromatographed to obtain an e.e.
The best CSP–mobile phase system, obtained on greater than 98%.

an analytical scale for the resolution of compounds The optical rotations of two enantiomers for
1–3, was transferred on a semipreparative scale in compound 1–3 were measured. The isolated enantio-

mers were characterised as follows: (1)-1: e.e.5
2399.3%, a 172.9 (c50.46, ethanol); (2)-1:f g D

Fig. 2. Variable-temperature HPLC of compound 1. Column: Fig. 3. Fraction collection during the chromatographic semipre-
Chiralpak AD (25034.6 mm I. D.); eluent: n-hexane–ethanol parative enantioseparation of 10 mg of racemate 1. Column:

21(90:10, v /v)10.1 vol DEA; flow-rate: 0.5 ml min ; detection Chiralpak AD (250310 mm I. D.); eluent: n-hexane–alcohol
21wavelength: 260 nm; column temperature: from 258C (top) to modifier (90:10, v /v)10.1 vol DEA; flow-rate: 2.5 ml min ;

408C (bottom) in 58C increments. column temperature: 408C; detection wavelength: 310 nm.
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Table 3
Quantitative analysis of fractions F1 and F3 recovered during the enantioseparation of 10-mg amounts of 1–3

Compound Column Yield (%) e.e. (%)

Fraction F1 Fraction F3 Fraction F1 Fraction F3
a1 AD 98.0 68.4 86.8 99.7
a2 AD 67.0 65.1 82.1 99.4

3 OD 70.4 70.2 99.4 99.5

Columns: Chiralcel OD and Chiralpak AD (250310 mm I.D); eluent: n-hexane–ethanol (90:10, v /v)10.1 vol DEA; flow-rate: 0.5 ml
21min ; temperature: 408C; UV detector: 260 nm.

a Fractions F1 of 1 and 2 were rechromatographed to obtain e. e.599.3% and e.e.598.0%, respectively.

23e.e.599.7%, a 271.2 (c50.49, ethanol); (1)- 3.3. In vitro anti-Candida albicans activitiesf g D
232: e.e.598.0%, a 169.7 (c50.34, ethanol);f g D

23(2)-2: e.e.599.4%, a 268.9 (c50.30, ethanol); The results of the in vitro antifungal activities off g D
23 racemates 1–3 and separated enantiomers against(1)-3: e.e.599.4%, a 187.3 (c50.44, etha-f g D

23 eight strains of Candida albicans in YNB and RPMInol); (2)-3: e.e.599.5%, a 285.6 (c50.44,f g D

1640 medium are reported in Tables 4 and 5,ethanol). The (2)-enantiomer of the compounds
respectively. Data refer to MIC mean values (MIC),examined was the more retained isomer on both
MIC and MIC .polysaccharide-based columns and no inversion of 50 90

Racemic mixtures of compounds 1, 2 and 3elution order resulted in the scale-up procedure.
showed a very good MIC, as we expected from data
obtained previously [2]. Unfortunately, the values of
MIC, MIC and MIC of separated enantiomers50 90

did not show a significant increase in antifungal
activity compared to racemic mixtures.

In order to study the configurational stability of
samples in the mediums used, the enantiomers were
dissolved in a mixture of DMSO–water (10:90, v /v)
at pH 7 (phosphate buffer). The resulting solutions
were maintained at constant temperature (288C) for 3
h and analysed by enantioselective HPLC. In each
case, no decrease in e.e. was observed. This result
suggests that no racemization occurred during in
vitro tests.

4. Conclusions

The HPLC method described is designed for the
enantiomeric separation, at the analytical and semi-

Fig. 4. Analytical investigation of collected fractions F1, F2 and preparative level, of chiral azole antifungal agents.
F3 recovered during semipreparative resolution of racemate 1. The in vitro antifungal activities of enantiomers of
Column: Chiralpak AD (25034.6 mm I. D.); eluent: n-hexane– analytes 1–3 were investigated against Candida
alcohol modifier (80:20, v /v)10.1 vol DEA; flow-rate: 0.5 ml

21 albicans strains, in comparison with the corre-min ; column temperature: 408C; detection wavelength: 260 nm.
sponding racemates as well as with reference stan-Trace a, c, d: fractions F1, F2 and F3, respectively. Trace b:

rechromatographed F1. dards (miconazole, fluconazole, bifonazole). The
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Table 4
In vitro antifungal activities of racemic mixtures and enantiomers of analytes 1–3 against C. albicans in YNB

3 21 4 21Compound Inoculum 10 cells ml Inoculum 10 cells ml
21 21 21 21 21 21MIC (mg ml ) MIC (mg ml ) MIC (mg ml ) MIC (mg ml ) MIC (mg ml ) MIC (mg ml )50 90 50 90

1 0.39 0.39 0.39 0.78 0.78 0.78
(1)-1 0.41 0.39 0.39 0.58 0.39 0.78
(2)-1 0.68 0.78 0.78 1.36 0.78 0.78
2 0.87 0.78 1.56 0.52 0.39 0.78
(1)-2 2.18 1.56 3.12 2.34 1.56 3.12
(2)-2 0.93 0.78 1.56 1.30 0.78 1.56
3 1.17 0.78 1.56 1.95 1.56 3.12
(1)-3 3.31 3.12 3.12 5.46 6.25 6.25
(2)-3 1.95 1.56 1.56 3.51 3.12 3.12
Miconazole 0.39 0.39 0.39 1.41 0.78 1.56
Fluconazole 2.08 1.56 3.12 1.49 1.56 3.12
Bifonazole 2.73 3.12 3.12 6.24 6.25 6.25

Table 5
In vitro antifungal activities of racemic mixtures and enantiomers of analytes 1–3 against C. albicans in RPMI 1640 medium

3 21 4 21Compound Inoculum 10 cells ml Inoculum 10 cells ml
21 21 21 21 21 21MIC (mg ml ) MIC (mg ml ) MIC (mg ml ) MIC (mg ml ) MIC (mg ml ) MIC (mg ml )50 90 50 90

1 0.26 0.195 0.195 0.58 0.195 0.39
(1)-1 0.65 0.39 0.39 1.58 0.78 1.56
(2)-1 0.36 0.195 0.195 1.41 0.78 1.56
2 0.36 0.39 0.39 1.31 0.78 1.56
(1)-2 0.68 0.78 0.78 1.95 1.56 1.56
(2)-2 0.58 0.39 0.78 1.48 0.78 1.56
3 0.53 0.39 0.78 1.02 0.78 1.56
(1)-3 2.04 1.56 3.12 2.24 1.56 3.12
(2)-3 0.70 0.78 0.78 2.73 1.56 3.12
Miconazole 0.67 0.39 0.39 2.73 0.78 3.12
Fluconazole 1.07 0.39 0.39 2.92 0.78 0.50
Bifonazole 3.91 3.12 6.25 4.68 6.25 6.25

antifungal profile of the tested compounds was Thanks are due to the Italian MURST for partial
support.comparable to that of the reference drugs and in no

case did the single enantiomer show a significant
increase in antifungal activity compared to racemic
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