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ABSTRACT

The absolute configuration assignments of three antifungal agents, (+)-

(2R,4S)-ketoconazole, (+)-(2R,4S)-itraconazole (with (S)-configuration at the sec-butyl
group) and (+)-(S)-miconazole nitrate have been confirmed by using vibrational circular
dichroism (VCD). For these three antifungal drugs, this study also provides evidence
for the most abundant conformations of miconazole and for the relative conformations
of the azole, dichlorophenyl, and methoxyphenyl groups in ketoconazole and
itraconazole, in chloroform solution. Chirality 17:S101-S108, 2005.
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Antifungal drugs have assumed a great deal importance
in the last 20 years as a result of the increased incidence of
mucosal and systemic fungal infections, due primarily to
immunosuppression associated with AIDS, organ trans-
plantation, and the increased use of cancer chemother-
apy.l Among the classes of antifungal drugs, the “azoles”
are of great importance because they are orally bioavail-
able.2 “Azole” refers to the presence of an imidazole or a
triazole moiety in the structures of these drugs. The azole
moiety is essential in this class of drugs because the
mechanism of antifungal action involves the binding of the
azole (N3 or N4) nitrogen to cytochrome P450 51 (CYP51),
the fungal enzyme that catalyzes the 14a-demethylation
of lanosterol on the pathway to ergosterol, needed for
the fungal cell membrane. This binding results in the
inhibition of the enzyme, thereby interfering with fungal
viability.3 Ketoconazole and itraconazole are widely used
azole antifungal drugs, and both are available for oral ad-
ministration.45 Ketoconazole is also used as a topical agent,
while itraconazole is available for intravenous dosing. The
first azole antifungal drug introduced was miconazole, a
drug now used only as a topical agent.45

Ketoconazole, miconazole, and itraconazole are chiral
drugs. Clinically, ketoconazole is used as the racemic mix-
ture of the two cis enantiomers, and the absolute configu-
ration has been assigned® via enantioselective synthesis
as (+1)-2R4S and (—)-2S,4R (Fig. 1). Miconazole is also
a racemic mixture, and the absolute configuration was
determined via enantioselective synthesis? as (+)-S and
(—)-R (Fig. 2). Enantioselectivity in some of the bio-
logical actions of ketoconazole3 and miconazole? have
been reported.
© 2005 Wiley-Liss, Inc.

The substituents on the dioxolane ring in itraconazole
are also restricted to the cis configuration (as in keto-
conazole), but the presence of the additional stereogenic
center in the side-chain sec-butyl group doubles the num-
ber of possible stereoisomers from two (enantiomers) in
ketoconazole to four [two pairs of enantiomers, i.e., two
racemates (Fig. 3)], and itraconozole is used clinically as a
1:1 mixture of two diastereomeric racemates. The absolute
configuration of itraconazole has been reported in the
patent literature® as (+)-2R4S,R, (+)-2R/4S,S, (—)-2S,4R,R,
and (—)-2S,4R,S (“2” and “4” refer to the two stereogenic
centers in the dioxolane ring, and the remaining configura-
tional descriptor is that of the stereogenic center in the
sec-butyl group) (Fig. 3). Thus, the two epimers with 2R,4S
configuration at the stereogenic centers of the dioxolane
ring are dextrorotatory while the two epimers with 25,4R
configuration at the dioxolane ring are levorotatory,
indicating that the direction of optical rotation in these
compounds depends on the configurations at the dioxolane
chiral centers and is not greatly influenced by the configu-
ration at the sec-butyl group (Fig. 3). We have observed
stereoselectivity in some of the actions of itraconazole.10
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Fig. 1. Enantiomers of ketoconazole.

In view of the considerable current attention paid to the
role of stereochemistry in the actions and disposition of
chiral drugs,!! the chirality aspects of the above three
azole drugs are of interest. In this communication, we
report the results of a study of the absolute configuration
and solution conformation of these drugs using vibrational
circular dichroism (VCD).

VCD,12.13 the difference in absorbance of left and right
circularly polarized radiation by a chiral molecule during
vibrational excitation, is an effective tool for determination
of absolute configuration and solution conformation of
pharmaceuticals. The technique entails comparison of ex-
perimental spectra with calculations on low-energy con-
formations of a specific enantiomer, carried out at the
ab initio or density functional theory (DFT) level.12.14
Because enantiomers have VCD intensities of opposite
sign for each mode, the VCD spectrum provides a unique
and rich signature of the absolute configuration. Because
of the rapid time scale of vibrational excitation, vibrational
spectra are the population-weighted sum of spectra of
individual solution conformers. The sensitivity of the vi-
brational modes to solution conformation and stereochem-
istry at each chiral center often allows features arising
from a specific diastereomer or solution conformer to
be identified.
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Fig. 2. Enantiomers of miconazole.

DUNMIRE ET AL.

EXPERIMENTAL

(+)-Ketoconazole ((+)-cis-1-acetyl-4-[4-[[2-(2,4-dichloro-
phenyl)-2-(1H-imidazol-1-yl) methyl]-1,3-dioxolan-4-yl]me-
thoxyllphenyl]piperazine, CysH2sN4O4Cly) was obtained
via semipreparative HPLC resolution of the racemate as
described previously.8 The enantiomeric purity of the iso-
lated compound was >99.9% as determined by analytical
HPLC.8 The dextrorotatory enantiomer was used in the
VCD studies.

An analytical HPLC method was first developed for
itraconazole.1516 The method used a column packed with
Chiralcel OD chiral stationary phase (CSP), and two peaks
were obtained in the separation. It was shown15.16 that the
less-retained material was the epimeric mixture consisting
of the two dextrorotatory diastereoisomers of itraconazole
(Fig. 3). Thus, the two stereoisomers that have the 2R,4S
configuration in the dioxolane ring and differing in the
configuration at the sec-butyl group in the side chain (.e.,
(+)-cis-(2R,4S,RS) 4-{4-[4-(4-{[2-(2,4-dichlorophenyl)-2-(1H-
1,2,4-triazol-1-ylmethyl)-1,3-dioxolan-4-ylJmethoxy}phe-
nyl)-1-piperazinyl]phenyl}-2,4- dihydro-2-(sec-butyl)-3H-
1,2,4-triazol-3-one) elute as one peak, while the second
peak was due to the levorotatory epimeric mixture. The
analytical separation was scaled up to a semipreparative
HPLC separation by Chiral Tcchnologies, Inc. (Exton, PA),
and ~ 80 mg of the dextrorotatory epimeric mixture was
thus obtained. The stereochemical purity of the material
(i.e., the percentage of the sum of the two dextrorotatory
epimers) was >99.5%, as determined by analytical HPLC
on a Chiralcel OD column (4.6 x 50 mm) with a mobile
phase of 2-propanol/acetonitrile 90:10 (v/v) delivered at
1.0 ml/min, UV detection at 230 nm. Under these con-
ditions, baseline separation of the two peaks was obtained
and the retention times of the two epimeric mixtures were
ca. 16 and 20 min, respectively. The dextrorotatory epimeric
mixture was used in the VCD studies in the knowledge
that the VCD data associated with the sec-butyl functionality
may be slightly compromised as a result of the partial re-
solution of the two epimers (see Results and Discussion).

(+)-Miconazole nitrate ((+)-1-(2-(2,4-dichlorophenyl)-2-
(2,4-dichlorophenyl)-methoxy) ethyl)-1-imidazole mononi-
trate, C1gH;4N-,OCl;-HNO3) was synthesized according
the procedure of Godefroi and Heeres.1” The enantiomeric
purity of the product was determined!6 by analytical HPLC
as >99.2%. The chromatographic conditions used for this
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Fig. 3. Four stereoisomers of itraconazole.
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VCD CONFIGURATION OF ANTIFUNGAL AGENTS

analysis included a Chiralpak AD column (Chiral Tech-
nologies), with a mobile phase of ethanol/hexane/triethyl-
amine, 95:5:0.1 (v/v/v) delivered at 1.0 ml/min, and UV
detection at 244 nm. Under these conditions, the separa-
tion factor a = 1.4 and resolution factor R, = 2.6. The
dextrorotatory enantiomer eluted first.

A solution of each compound was prepared with CDCl;
as solvent ((+)-ketoconazole: 6.9 mg/100 pl CDCls
(0.137 M); (+)itraconazole: 7.1 mg/100 ul CDCl; (0.101 M);
(+)-miconazole nitrate: 9.4 mg/100 wl CDCl3 (0.203 M)) and
placed in a 94.1-um path length cell with BaF, windows. IR
and VCD spectra were recorded in the 2000-900 cm-1
region on a modified!3 ChirallR FT-VCD spectrometer
(BioTools, Inc., Wauconda, IL) at 4 cm—1 resolution, with
the instrument optimized at 1400 cm—1 and with 12 h of
collection for sample and solvent.

For identification of solution conformations and con-
firmation of absolute configuration of (+)-ketoconazole and
(+)-itraconazole, a fragment common to the two antifungal
agents was used (Fragment 1, Chart 1), selected by trun-
cation of (2R,4S)-ketoconazole at the 1 position on the
phenyl group of the l-acetyl-4-[4-methoxy (phenyl)]piper-
azine side chain. The large size and conformational
flexibility of these compounds make calculations on the
entire structures impractical. Because vibrations of the
portion of the ketoconazole side chain excluded in Frag-
ment 1 are unlikely to influence the vibrational modes that
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involve the two chiral centers on the dioxolane moiety, the
calculated spectra of Fragment 1 should provide sufficient
characteristic VCD spectral features for comparison to ex-
periment. Several conformers of the (2R,4S)-configuration
of Fragment 1 were optimized with HyperChem (Hyper-
Cube Inc., Gainesville, FL) at the semi-empirical PM3 level
of theory. The geometries of the lower-energy conformers
were further optimized with Gaussian 98,18 along with
calculation of vibrational frequencies and IR and VCD
intensities, at the DFT (B3LYP functional/6-31G* basis
set) level for the isolated molecule (gas-phase) case. To
compare with the experimental spectra, computed fre-
quencies were uniformly scaled by a factor of 0.97 and the
intensities were converted to Lorentzian bands with a
6 cm-! half-width at half-height for presentation as Axum
6 plots (Mathsoft Inc., Cambridge, MA). For (+)-itracona-
zole, Fragment 1 was used to model the chiral centers of
the dioxolane moiety, ignoring the differences between the
imidazole group of ketoconazole and the triazole group of
itraconazole. Calculations on Fragment 2 (Chart 1) were
also carried out to assess contributions from the third
chiral center in itraconazole. Computational modeling of
(S)-miconazole was carried out in a similar manner, with
the entire molecular structure both for the free base and
with the imidazole nitrogen protonated to model the
nitrate salt (Chart 1).

RESULTS AND DISCUSSION

The IR and VCD spectra of the dextrorotatory species of
the three antifungal agents are compared in Figure 4.
Below 930 cm-1, intense solvent absorbance bands
obscure the VCD spectra of the samples. For ketoconazole
and itraconazole, the large absorbance at 1510 cm—1 (>1.2)
introduces high noise in the VCD spectra at that fre-
quency. The VCD spectral patterns for these two com-
pounds are quite similar below 1300 cm—1. A negative VCD
feature near 1040 cm-1 is common to all three anti-
fungal agents.

The VCD spectra for ketoconazole and itraconazole
were first modeled with Fragment 1. The four lowest-
energy conformers of Fragment 1 are shown in Figure 5.
The (1A, 1B) and (1C, 1D) pairs are generated by 180°
rotation of the dichlorophenyl ring, whereas the (14, 1C)
and (1B, 1D) pairs are generated by 180° rotation of the
imidazole ring. Rotation of either CH,R substituent of the
dioxolane ring results in conformers 3-5 kcal/mol higher
in energy. The IR and VCD spectra calculated for the four
low-energy conformers are compared in Figure 6. VCD
features 1, 2, 3, 5, 6, and 7 are common to all four con-
formers, and serve as markers for the (2R,4S) configura-
tion. Band 1 (1490 cm—1) arises from CHy scissors motion,
Bands 2 (1208 cm—1) and 3 (1185 cm-1) involve stretch of
the dioxolane ring and CH, twist, Bands 5 (1031 cm—1) and
6 (~1016 cm—1) arise from dioxolane and imidazole ring
stretches, and Band 7 (~956 cm-1) has contributions
from three modes involving methylene rock and out-
of-plane phenyl hydrogen motion. The sign of feature 4
correlates with the orientation (conformation) of the di-
chlorophenyl group; Band 4 (1130 cm—1) is generated by
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Fig. 4. Comparison of IR (lower frame) and VCD (upper frame)
spectra of (+)-ketoconazole (0.137 M), (+)-itraconazole (0.101 M), and (+)-
miconazole (0.225 M) in CDCl; solution, 94.1-um path length BaF,, 4 cm—!
resolution, 12 h collection for sample and solvent, instrument optimized at
1400 cm—1. Spectra displayed in molar absorptivity units (10° cm2 M—-1).
Solvent spectra have been subtracted.

methylene rock coupled to in-plane deformation of the
dichlorophenyl CH bonds. In Figure 7, the Boltzmann-
population-weighted sums of the IR and VCD spectra for
the four conformers of Fragment 1 are compared to the
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Fig. 5. Optimized low-energy conformers, relative energies, and
Boltzmann populations for (2S,4R)-Fragment 1.
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experimental spectra for (+)-ketoconazole and (+)-itraco-
nazole. Features 2-7 in the composite calculated VCD
spectrum, and a number of additional weak features,
correlate well with corresponding features in the observed
VCD spectra of the two compounds. This study therefore
confirms the (+)-(2R,4S5)-ketoconazole absolute configura-
tion assignment and the assignment (2R,4S) for the
dioxolane ring of (+)-itraconazole. Although itraconazole
contains a triazole ring, rather than the imidazole of keto-
conazole and Fragment 1, the VCD patterns are quite
similar, reflecting the dominant contributions from hydro-
gen motion throughout the fragment in generating most
of the characteristic VCD features. Calculated Band 4
correlates with a negative VCD feature for both com-
pounds, indicating a larger contribution in chloroform
solution from the dichlorophenyl orientation in conform-
ers 1A and 1C. Calculated Band 1 is associated with
experimental features for which the VCD noise is high
because of the high absorbance at 1510 cm-1. The
differences between observed and calculated IR spectra
arise largely from vibrations of the portion of each mole-
cule that are truncated to generate Fragment 1.
Although the calculated spectra for Fragment 1 provide
a good fit to experiment for itraconazole below 1300 cm—1,
VCD features between 1350—1400 cm—1 and near 1700 cm—1!
are observed for the (+)-itraconazole sample investigated,
but not for (+)-ketoconazole or for the calculations on
Fragment 1. Calculations on Fragment 2 in the (S)-con-
figuration (Chart 1) were therefore performed to assess
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Fig. 6. Calculated IR (lower frame) and VCD (upper frame) spectra for
the four lowest-energy conformers of (2S,4R)-Fragment 1, with spectra
offset for clarity. Bands 1-7 serve as markers for configuration and/
or conformation.
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Fig. 7. Comparison of observed IR and VCD spectra of (+)-ketocona-
zole and (+)-itraconazole with Boltzmann-population-weighted composite
calculated spectra for the four lowest-energy conformers of (2S,4R)-
Fragment 1. Spectra displayed in molar absorptivity units, and intensities
are offset for clarity.

whether these VCD signals arise from the third chiral center
of itraconazole. Four low-energy conformations of Frag-
ment 2 were found, with structures shown in Figure 8 and
calculated spectra displayed in Figure 9. Other conforma-
tions are 1.5 kcal/mol or more higher in energy compared
to 2A. Conformers 2A and 2B differ by the relative orien-
tation of the two rings (+30° and —30° dihedral angle). The
carbonyl stretch calculated at 1755 cm—1! and ring stretches
at 1570 cm—! generate VCD of opposite sign for these two
orientations. Conformers 2C and 2D form a similar pair,
which differ from 2A and 2B by the conformation of
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Fig. 8. Optimized low-energy conformers, relative energies, and
Boltzmann populations for (S)-Fragment 2.
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Fig. 9. Calculated IR (lower frame) and VCD (upper frame) spectra for
the four lowest-energy conformers of (S)-Fragment 2. Spectra offset
for clarity.

the (S)-sec-butyl group. Vibrations of the sec-butyl group
generate VCD signals of the same sign for each pair of
conformers with the same sec-butyl conformation. The
Boltzmann-population-weighted sum of calculated VCD
spectra for the four conformers of Fragment 2 (Fig. 10)
display a net weak negative VCD for the carbonyl stretch,
and non-zero VCD signals in the 1350-1400 cm—! region
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Fig. 10. Comparison of observed IR and VCD spectra of (+)-
itraconazole with Boltzmann-population-weighted composite calculated
spectra for the four lowest energy conformers of (2S,4R)-Fragment 1
and (S)-Fragment 2, and with the sum of the composite spectra for
Fragments 1 and 2. Spectra displayed in molar absorptivity units, and
intensities are offset for clarity.
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corresponding to sec-butyl CH deformations. The sum of
the composite spectra calculated for Fragments 1 and 2
show good agreement with the observed IR and VCD
spectra of (+)-itraconazole over the entire region inves-
tigated (Fig. 10). The comparison of observed and cal-
culated VCD spectra thus support the assignment (2R,4S)
for the absolute configuration of the dioxolane ring and
(S) for the absolute configuration of the sec-butyl substitu-
ent in the dextrorotatory sample provided. Because of
the large spatial separation between the sec-butyl group
and the dioxolane chiral centers, and thus only minor
interaction between the groups, the presence of equal
populations of sec-butyl substituents with S- and R-config-
urations in the (+)-itraconazole sample would lead to
cancellation of VCD signals in the 1350-1400 cm-1! region
from the two diastereomers, in contrast to the experimen-
tal result. The VCD results suggest that the HPLC
preparation provided a dextrorotatory sample with excess
S-configuration at the sec-butyl substituent. This may be
due to the manner in which the material was collected
during the preparative HPLC, inasmuch as collection of
the material giving rise to the first peak may have been cut
off early in order to avoid contamination from the second
peak. If the two epimers in the first peak are even slightly
separated, the early cutoff would result in an enrichment of
the material in the earlier-eluting epimer.

For miconazole, the DFT calculations were first per-
formed for the entire molecular structure of the free base
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Fig. 11. Optimized low-energy conformers, relative energies, and
Boltzmann populations for (S)-miconazole free base.
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with (S)-configuration at the single chiral center. For the
free base, six low-energy conformers were found (3A-3F),
with optimized structures and relative energies shown in
Figure 11 and calculated spectra displayed in Figure 12 in
comparison to the observed spectra. The (3A, 3B), (3C,
3D) and (3E, 3F) pairs are generated by 180° rotation of
the imidazole group. Conformers 3C and 3D differ from 3A
and 3B by rotation about the O—CH, bond. Conformers 3E
and 3F differ from 3C and 3D by 90° rotation about the
CH,—dichlorophenyl bond. Other conformations surveyed
were >1.5 kcal/mol higher in energy than 3A. Although
many of the IR and VCD features of the experimental
sample correlate with bands calculated for one or more of
the conformers, several experimental IR or VCD features
are not reproduced. Because the sample provided was the
nitrate salt, the optimized structures 3A-3F were there-
fore modified by protonation of the imidazole nitrogen and
reoptimized (DFT/B3LYP functional/6-31G(d) basis). The
resulting optimized geometries and relative energies are
shown in Figure 13 for cations 4A-4F, and the calculated
spectra compared to experiment in Figure 14. With the
exception of 4A and 4B, the optimized conformations were
similar with and without protonation. Conformations 3A
and 3B were not stable when protonated; the 2,4-
dichlorophenymethoxy group rotated to form 4A and 4B
as optimized structures. The calculated spectra for con-
formers 4A-4F show improved agreement with experi-
ment for the IR. Because these calculations were for the
isolated cation, and not the ion pair presumably present in
the experimental CDCl; solution, the relative calculated
energies are not valid. For that reason, comparison in
Figure 15 is between the observed spectra and the
Boltzmann-population-weighted composite spectra for the
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Fig. 12. Calculated IR (lower frame) and VCD (upper frame) spectra
for the six lowest energy conformers of (S)-miconazole free base (left
axes) compared to observed spectra for (+)-miconazole nitrate (right
axes). Spectra offset for clarity.
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six free-base conformers 3A-3F, and the average spectra
for the six protonated conformers 4A-4F. The agreement
between experimental and calculated IR and VCD spectra is
best for the protonated miconazole average, including the
negative VCD feature at 1456 cm—1 (calculated) /1471 cm—1
(observed) and the IR between 1450 and 1600 cm—1. The
excellent agreement between observed and calculated
spectra allows assignment of the absolute configuration as
(+)-(S)-miconazole. The intense broad features in the
experimental IR spectrum of miconazole nitrate near 1320
and 1410 cm-1 correspond to the antisymmetric NOs
stretches in chloroform solution, where the cation and
anion would be stabilized by NH*- ONO, hydrogen
bonding with splitting of the degenerate antisymmetric
NOj stretch (~ 1355 for nitrate ion in Ds;, symmetry). The
observed splitting (Av ~90 cm-1) can be compared
to the splitting measured for phase- IV NH,NO; (Av
~125 cm~1),19 for solid MgNO3 (Av ~70 cm—1)20 and for
water solvated nitrate ion in chloroform (Av ~50 cm-1).21
For the miconazole solution, VCD is not induced into the
NO3; modes by the ion pairing.

Comparison of the low-energy miconazole conformers
(Figs. 11 and 13) and low-energy Fragment 1 conformers
(Fig. 5) reveals a common C(azole)-C-C*-C(dichloro-
phenyl) dihedral angle near 180° and approximately co-
parallel planes for the azole and dichlorophenyl substituents
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Fig. 14. Calculated IR (lower frame) and VCD (upper frame) spectra
for the six lowest energy conformers of protonated (S)-miconazole-H* (left
axes) compared to observed spectra for (+)-miconazole nitrate (right
axes). Spectra offset for clarity.

atthe same chiral center. These ring orientations are similar
to those found for the crystalline fungal agents.22-25
However, the conformations of the groups at C4 of the
dioxolane ring of ketoconazole and itraconazole and of
the CH,—dichlorophenyl group in miconazole differ in the
reported crystal structures compared to the low energy
conformers identified in this study. Calculations for isolated
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Fig. 15. Comparison of observed IR and VCD spectra of (+)-
miconazole with Boltzmann-population-weighted composite calculated
spectra for the six lowest-energy conformers of (S)-miconazole (free
base) and the average spectra for the six conformers of protonated (S)-
miconazole-H*. Spectra displayed in molar absorptivity units and
intensities are offset for clarity.
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Fragment 1 and isolated miconazole with the crystal
conformations yield energies much higher than the low-
energy conformers reported here, and the calculated VCD
spectra for such conformers do not agree with the
experimental data for CDCl5 solution.

CONCLUSIONS

For all three antifungal agents, the absolute configu-
ration previously deduced on the basis of synthesis was
confirmed with VCD. The VCD assignments are unambig-
uous, since the opposite enantiomers yield opposite signs
for all VCD bands, and comparison to calculations on the
trans (2R,4R)- and (2S,4S)-diastereomer of Fragment 1 is
not necessary because the samples are known to occur in
the cis form. In addition, this study has provided infor-
mation on solution conformations that may be relevant to
the mode of action of the drugs.
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