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Pure samples of 17 A and 17B were prepared by a procedure 
analogous to that described for 16A and 16B. Thus, 17B di-p-
toluoyl-D-tartrate and 17A di-p-toluoyl-L-tartrate were prepared 
and recrystallized to purity. Anal. (C38H43NO9) C, H, N for both 
samples. 

The salts were converted to their free bases 17B and 17A as 
described for 16B and 16A. The 1H NMR spectra of 17B and 
17A were identical to the spectra of 16B and 16A, respectively. 

Biochemical, a Receptor Assay. Crude P2 membrane 
fractions were prepared from frozen (-80 0C) guinea pig brains 
(Pel-Freeze, Rogers, AK), minus cerebellum. After removal of 
cerebella, the brains were allowed to thaw slowly on ice and placed 
in ice-cold 10 mM Tris-HCl, pH 7.4, containing 320 mM sucrose 
(Tris-sucrose buffer). The brains were then homogenized in a 
Potter-Elvehjem homogenizer by 10 strokes of a motor driven 
Teflon pestle in a volume of 10 mL/g tissue weight. The hom-
ogenate was centrifuged at 100Og for 10 min at 4 0C, and the 
supernatants were saved. The pellets were resuspended by 
vortexing in 2 mL/g of ice-cold Tris-sucrose and centrifuged again 
at 100Og for 10 min. The combined 100Og supernatants were 
centrifuged at 3100Og for 15 min at 4 0C. The pellets were 
resuspended by vortexing in 3 mL/g of 10 mM Tris-HCl, pH 7.4, 
and the suspension allowed to incubate at 25 0C for 15 min. 
Following centrifugation at 3100Og for 15 min, the pellets were 
resuspended by gentle Potter-Elvehjem homogenization to a final 
volume of 1.53 mL/g in 10 mM Tris-HCl, pH 7.4. Aliquots were 
stored at -80 0C until use. Protein concentration was determined 
by the method of Lowry et al.33 using bovine serum albumin as 
standard. 

a sites were labeled with [3H]-(+)-pnetazocine (52 Ci/mmol) 
or [3H]-(+)-3-PPP (98.9 Ci/mmol). Incubations were carried out 
in 50 mM Tris-HCl, pH 8.0, for 120 min at 25 0C in a volume of 
0.5 mL with 500 /ig of membrane protein and 3 nM radioligand. 
Nonspecific binding was determined in the presence of 10 MM 
(+)-pentazocine ([3H]-(+)-pentazocine) or 1 nM haloperidol 
([3H]-(+)-3-PPP). Assays were terminated by the addition of 5 
mL of ice-cold 10 mM Tris-HCl, pH 8.0, and filtration through 
glass fiber filters (Schleicher and Schuell), which were soaked in 
0.5% polyethylenimine for at least 30 min at 25 0C prior to use. 
Filters were then washed twice with 5 mL of ice-cold Tris-HCl 
buffer. All filtration was carried out using a Brandel cell harvester 
(Gaithersburg, MD). 

PCP Receptor Assay. Adult male Sprague-Dawley rats 
(Dominion Laboratories, Dublin, VA) were decapitated, and the 
whole brain minus cerebellum was homogenized in 10 volumes 

of 5 mM Tris-HCl buffer (pH 7.7) and centrifuged at 4500Og for 
15 min at 4 0C. The pellet was resuspended and recentrifuged 
as before. The final pellet was resuspended in 10 volumes of 
buffer. Aliquots (200 tiL) of freshly prepared homogenate were 
incubated in triplicate (25 0C, 20 min) with the appropriate 
concentration of [3H]TCP. Nonspecific binding was determined 
in the presence of 1 iiM unlabeled TCP. The reaction was ter
minated by rapid filtration on a Brandel cell harvester (Gaith
ersburg, MD). Schleicher and Schuell (Keene, NH) #32 glass 
filters were soaked for 5 min in a 0.05% polyethylenimine solution 
prior to filtration. Filters were washed two times with 5 mL of 
cold buffer, suspended in 10 mL of Budgetsolve (Research 
Products International, Mount Prospect, IL) and shaken for 1 
h. Radioactivity was determined by liquid scintillation spec
trometry at a counting efficiency of approximately 50% corrected 
by external standardization. Specific [3H]TCP binding was de
fined as total binding minus nonspecific binding. Protein con
centrations were determined by the method of Bradford.36 

Displacement studies were conducted by incubating the drugs 
with 1 nM [3H]TCP as described above. Kx values were calculated 
using the Cheng-Prusoff equation.34 

M Opiate Receptor Assay. In the ji-opiate assay, the homo
genate was prepared as described above for the PCP receptor assay 
in a 50 mM Tris-HCl buffer (pH 7.4) and incubated (30 0C, 2.5 
h) with 1 nM [3H]DAMGO for displacement studies. Nonspecific 
binding was determined in the presence of 1 ^M levorphanoL The 
reactions were filtered and counted for radioactivity as described 
for the PCP assay. K1 values were calculated using the Cheng-
Prusoff equation.34 A Kd of 1.9 ± 0.36 nM for [3H]DAMGO was 
used. 

Molecular Modeling. Molecular modeling studies were 
performed with the Tripos Associates SYBYL software package 
(version 5.41) installed on a Silicon Graphics 4D/310VGX graphics 
workstation. An Apple Macintosh Ilex running the Tripos As
sociates NITRO terminal emulator was used as the graphics 
terminal. 
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The four stereoisomers of the antifungal agent ketoconazole (1) were prepared and evaluated for their selectivity 
in inhibiting a number of cytochrome P-450 enzymes. Large differences in selectivity among the isomers were observed 
for inhibition of the cytochromes P-450 involved in steroid biosynthesis, whereas little difference was observed for 
inhibition of those associated with hepatic drug metabolism. The cis-(2S,4R) isomer 2 was the most effective against 
rat lanosterol 14a-demethylase, (2S,4ft)-2 > (2R,4S)-4 » (2fl,4fl)-3 = (2S,4S)-5, and progesterone 17a,20-lyase, (2S,4fl)-2 
» (2S,4S)-5 > (2R,4R)-Z = (2R,4S)-4, whereas the cis-(2i?,4S) isomer 4 was more effective against cholesterol 
7a-hydroxylase, (2fi,4S)-4 > (2S,4S)-5 > (2ii,4R)-3 > (2S,4fl)-2, and the trans-(2S.4S) isomer 5 was the most effective 
against aromatase, (2S,4fl)-5 » (2R,4R)-i = (2R,4S)-4 > (2S,4J?)-2. The cis-(2S,4fl) and trans-(2fl,4ft) isomers 2 
and 3 are equipotent in inhibiting corticoid ll(3-hydroxylase and much more effective than their antipodes. Little 
selectivity was observed for inhibition of cholesterol side chain cleavage or xenobiotic hydroxylases. These data 
indicate that the affinity of azoles for cytochrome P-450 enzymes involved in steroid synthesis is highly dependent 
on the stereochemistry of the entire molecule, whereas binding to drug metabolizing enzymes is a less selective process. 

Introduction 
Ketoconazole (1) is a potent, orally active, broad-spec

trum antifungal agent.23 The basis of the antifungal 
activity of ketoconazole and related azoles is blockade of 

11nstitute of Organic Chemistry. 
' Department of Drug Metabolism. 

the conversion of lanosterol to ergosterol, which is neces
sary for maintaining the integrity of the organism's cell 

(1) Contribution No. 839 from the Institute of Organic Chemistry. 
(2) Heeres, J.; Backs, L. J. J.; Mostmans, J. H.; Van Cutsem, J. 

Antimycotic Imidazoles. 4. Synthesis and antifungal activity 
of Ketoconazole, a new potent orally active broad spectrum 
antifungal agent. J. Med. Chem. 1979, 22, 1003-1005. 
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membrane. The specific point of chemical intervention 
appears to involve inhibition of the cytochrome P-450 
enzyme responsible for the oxidative removal of the C-14 
methyl group of lanosterol (lanosterol 14a-demethylase).4-6 

Ketoconazole has shown a similar inhibitory effect on the 
corresponding enzyme responsible for conversion of lano
sterol to cholesterol in mammals7,8 and has been demon-

(3) Heel, R. C; Brogden, R. N.; Carmine, A.; Morley, P. A.; 
Speight, T. M.; Avery, G. S. Ketoconazole: A review of its 
therapeutic efficacy in superficial and systemic fungal infec
tions. Drugs 1982, 23,1-36. 

(4) Vanden Bossche, H.; Willemsens, G.; Cools, W.; Cornelissen, 
F.; Lauwers, W.; Van Cutsem, J. M. In vitro and in vivo effects 
of the antimycotic drug ketoconazole on sterol synthesis. An-
timicrob. Agents Chemother. 1980,17, 922-928. 

(5) Vanden Bossche, H.; Lauwers, W.; Willemsens, G.; Marichal, 
P.; Cornelisson, F.; Cools, W. Molecular basis for the antimy
cotic and antibacterial activity of N-substituted imidazoles and 
triazoles: the inhibition of isoprenoid biosynthesis. Pestic. Sci. 
1984,13, 188-198. 

(6) Vanden Bossche, H. Biochemical targets for antifungal azole 
derivatives: Hypothesis on the mode of action. Curr. Top. 
Med. Mycol. 1985,1, 313-351. 

(7) Strandberg, T. E.; Tilvis, R. S.; Miettinen, T. A. Effects of 
ketoconazole on cholesterol synthesis and precursor concen
trations in the rat liver. Lipids 1984, 22, 1020-1024. 

(8) Kraemer, F. B.; Spilman, S. D. Effects of ketoconazole on 
cholesterol synthesis. Pharmacol. Exp. Ther. 1986, 238, 
905-911. 

strated to lower cholesterol in humans.9-11 In addition, 
1 has been shown to inhibit a number of other cytochrome 
P-450 enzymes involved in steroidogenesis and drug me
tabolism.12-17 An example is the well-known clinical 

(9) Kraemer, F. B.; Pont, A. Inhibition of cholesterol synthesis by 
ketoconazole. Am. J. Med. 1986, 80, 616-622. 

(10) Miettinen, T. A. Cholesterol metabolism during ketoconazole 
treatment in man. J. Lipid Res. 1988, 29, 43-51. 

(11) Gylling, H.; Vanhanen, H.; Miettinen, T. A. Hypolipidemic 
effect and mechanism of ketoconazole without and with cho
lestyramine in familial hypercholesterolemia. Metabolism 
1991, 40, 35-41. 

(12) Marriott, M. S. The rational design of fungal lanosterol C14 
demethylase inhibitors. Molecular aspects of chemotherapy. 
Proc. Int. Sym. MoI. Aspects Chemo., 2nd, Meeting Date 1988; 
Borowski, E., Shugar, D., Eds.; Pergamon: Oxford, U.K., 1990: 
Chapter 16, pp 193-202. 

(13) Vanden Bossche, H.; Marichal, P.; Gorrens, J.; Coene, M. C; 
Willemsens, G.; Bellens, D.; Roels, I.; Moereels, H.; Janssen, 
P. A. Biochemical approaches to selective antifungal activity. 
Focus on azole antifungals. Mycoses 1989, 32, 35-52. 

(14) Sheets, J. J.; Mason, J. I. Ketoconazole: a potent inhibitor of 
cytochrome P-450 dependent drug metabolism in rat liver. 
Drug Metab. Dispos. 1984,12, 603-606. 

(15) Ayub, M.; Levell, M. J. Inhibition of testicular 17a-hydroxylase 
and 17,20-lyase but not 3/S-hydroxysteroid dehydrogenase-
isomerase or 17/S-hydroxysteroid oxidoreductase by ketoco
nazole and other imidazole drugs. J. Steroid Biochem. 1987, 
28, 521-531. 
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manifestation of decreased androgen levels on long-term Scheme III 
use of ketoconazole in man, which is traced to inhibition 
of progesterone 17a,20-lyase.18-21 Ketoconazole has also 
been shown to block adrenal steroidogenesis by inhibition 5 (2S1 4S) 
of the corticoid 11/8-hydroxylase.22-24 These properties of 
ketoconazole have been utilized to treat prostate cancer 
and Cushing's syndrome, respectively. 

Ketoconazole (1) is a racemic mixture of the cis-(2S,4i?) 
and -(2R,4S) enantiomers 2 and 4 (Scheme I). There are 
numerous known examples of different pharmacological 
properties between stereoisomers.25 However, there is only 10 (2/J1 4S) 
limited information in the literature on the preparation 
of enantiomers of azole cytochrome P-450 inhibitors and 
their behavior.26-30 In particular, the preparation and 12 (2R, AR) 
relative activities of the diastereomeric pairs of enantiom
ers of ketal-containing antifungal agents such as 1 have 
not been described except for the simple examples of 13 (2S, AR) 
etaconazole and propiconazole, where antifungal and 
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(16) Morita, K.; Takeshi, 0.; Shimakawa, H. Inhibitory effects of 
ketoconazole and miconazole on cytochrome P-450 mediated 
oxidative metabolism of testosterone and xenobiotics in mouse 
hepatic microsomes—comparative study with cimetidine. J. 
Pharmacobio-Dyn. 1988,11, 106-114. 

(17) Ballard, S. A.; Lodola, A.; Tarbit, M. H. A comparative study 
of 1-substituted imidazole and 1,2,4-triazole antifungal com
pounds as inhibitors of testosterone hydroxylations catalysed 
by mouse hepatic microsomal cytochromes P-450. Biochem. 
Pharmacol. 1988, 37, 4643-4651. 

(18) De Coster, R; Caere, I.; Coene, M. C; Amery, W.; Beerens, D.; 
Haelterman, C. Effects of high dose ketoconazole therapy on 
the main plasma testicular and adrenal steroids in previously 
untreated prostatic cancer patients. Clin. Endocrinol. 1980, 
24, 657-664. 

(19) Santen, R. J.; De Coster, R. Site of action of low dose ketoco
nazole on androgen biosynthesis in man. J. Clin. Endodrinol. 
Metab. 1983, 57, 732-736. 

(20) Pont, A.; Williams, P. L.; Azhar, S.; Reitz, R. E.; Bochra, C; 
Smith, E. R.; Stevens, D. A. Ketoconazole blocks testosterone 
synthesis. Arch. Int. Med. 1982,142, 2137-2140. 

(21) Schurmeyer, Th.; Nieschlag, E. Effect of ketoconazole and 
other imidazole fungicides on testosterone biosynthesis. Acta 
Endocrinol. 1984, 205, 275-280. 

(22) Pont, A.; Williams, P. L.; Loose, D. S.; Feldman, D.; Reitz, R. 
E.; Bochra, C; Stevens, D. A. Ketoconazole blocks adrenal 
steroid synthesis. Ann. Intern. Med. 1982, 97, 370-372. 

(23) Kowal, J. The effects of ketoconazole on steroidogenesis in 
cultured mouse adrenal cortex tumor cells. Endocrinology 
1983,112,1541-1543. 

(24) Loose, D. S.; Kan, P. B.; Hirst, M. A.; Marcus, R. A.; Feldman, 
D. Ketoconazole blocks adrenal steroidogenesis by inhibiting 
cytochrome P-450 dependent enzymes. J. Clin. Invest. 1983, 
71, 1495-1499. 

(25) Ariens, E. J.; Wuis, E. W.; Veringa, E. J. Stereoselectivity of 
bioactive xenobiotics. Biochem. Pharmacol. 1988, 37, 9-18. 

(26) Sugavanam, B. Diastereoisomers and enantiomers of paclobu-
trazol: Their preparation and biological activity. Pestic. Sci. (31) 
1984, 15, 296-302. 

(27) Yoshida, Y.; Aoyama, Y.; Takano, H.; Kato, T. Stereoselective 
interaction of enantiomers of diniconazole, a fungicide, with 
purified P-450I4DM from yeast. Biochem. Biophys. Res. Com-
mun. 1986, 137, 513-519. (32) 

(28) Boyle, F. T.; Gilman, D. J.; Gravestock, M. B.; Wardleworth, 
J. M. Synthesis and structure-activity relationships of a novel 
antifungal agent ICI 195,739. Ann. N. Y. Acad. Sci. 1988,544, 
86-100. (33) 

(29) Ritter, W.; Holmwood, G.; Ahr, H. J.; Detzer, K.; Kraatz, O.; 
Plempel, M.; Scherling, D.; Siefert, H. M. Vibunazole and its 
enantiomers: Synthesis, antifungal activity and pharmacoki- (34) 
netics. Ann. N.Y. Acad. Sci. 1988, 544, 74-85. 

(30) Yoshida, Y.; Aoyoma, Y. Stereoselective interaction of an azole 
antifungal agent with its target, Lanosterol 14a-demethylase 
(cytochrome P-450I4DM): A model study with stereoisomers of 
triadimenol and purified cytochrome P-4501<DM from yeast. 
Chirality 1990, 2, 10-15. 

a. CsOAc1 DMF, reflux 

phytotoxic activities were compared.31-33 We became 
interested in comparing the activities of the pure enan
tiomers of ketoconazole and its trans isomer against a series 
of cytochrome P-450 enzymes. Knowledge of the rela
tionship between biological activity and absolute stereo
chemistry for these relatively rigid isomers could prove 
useful in understanding their mode of interaction with the 
different P-450 enzymes. Therefore, we undertook the 
synthesis of the optically pure cis enantiomers 2 and 4 and 
the corresponding trans34 diastereomeric isomers 3 and 5 
and evaluated their effectiveness as P-450 inhibitors. 

Chemistry 
The reported synthesis of racemic ketoconazole (1) 

proceeds via the ketalization of 2',4'-dichloroacetophenone 
with glycerol.2 Our nonracemic synthesis differed by 
utilizing transketalization reactions between 2-bromo-
2',4'-dichloroacetophenone (7) and the optically pure 
solketal tosylates 8 and 11 (Scheme II). These reactions 
required the inclusion of 1-butanol as a catalyst to proceed 
at a practical rate. 

Bromination of 2',4'-dichloroacetophenone (6) with 
copper(II) bromide in 1:1 CH2Cl2-EtOAc gave 2-bromo-
2',4'-dichloroacetophenone (7). Transketalization of ketone 
7 using (S)-solketal tosylate (8) in the presence of p-TsOH 
and n-BuOH in refluxing toluene, accompanied by azeo-
tropic removal of water, afforded a 1.2:1 mixture of the cis 
and trans bromotosylates 9 and 10, which were separable 
by chromatography. The analogous reaction utilizing 
(fl)-solketal tosylate (11) gave diastereomers 12 and 13. 

Vogel, C; Staub, T.; Rist, G.; Sturm, E. The four isomers of 
etaconazole (CGA 64251) and their fungicidal activity. Pestic. 
Chem.: Hum. Welfare Environ., Proc. Int.-Congr. Pestic. 
Chem., 5th, Meeting Date 1982; Miyamoto, J., Kearney, P. C, 
Eds.; Pergamon: Oxford, U.K., 1985; Vol. 1, pp 303-308. 
Ebert, E.; Eckhardt, W.; Jaekel, K.; Moser, P.; Sozzi, D.; Vogel, 
C. Quantitative structure activity relationships of fungicidally 
active triazoles: analogs and stereoisomers of propiconazole 
and etaconazole. Z. Naturforsch C: Biosci. 1989, 44, 85-96. 
Aebi, R.; Hubele, A.; Speich, J. Preparation, testing, formula
tion of a propiconazole enantiomer devoid of phytotoxic ac
tivity. Eur. Pat. Appl. EP 300413, January 25, 1989. 
The racemic trans isomer has been previously described: 
Heeres, J. Structure-activity relationships in a group of azoles, 
with special reference to l,3-dioxolan-2-ylmethyl derivatives. 
Pestic. Sci. 1984, 15, 268-279. Chapman, D. R.; Bauer, L.; 
Waller, D. P.; Zaneveld, L. J. D. Synthesis of diastereomeric 
ketoconazole analogs. J. Heterocycl. Chem. 1990, 27, 
2063-2068. 
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The cis and trans nature of the isomers was deduced by 
examination of their 1H NMR spectra. The cis isomers 
show a characteristic well-separated pair of doublets 
(separated by ca. 25 Hz at 300 MHz) for the bromomethyl 
group, caused by restricted rotation due to the proximity 
of the tosyloxymethylene group. In the trans isomers, the 
AB system is barely resolved at 300 MHz (separation 0.9 
Hz), consistent with much freer rotation of the bromo
methyl group. Eventual conversion of the bromotosylates 
9,10,12, and 13 to the enantiomeric forms of the known 
racemic compounds also served to confirm the cis/trans 
assignments. Attempts to determine optical purities of the 
bromotosylate stereoisomers 9,10,12, and 13, by 1H NMR 
analysis using chiral shift reagents were unsuccessful. 
However, it was found that shift studies of the corre
sponding acetates worked well. Thus, portions of the four 
tosylates were converted to the corresponding acetates 
14-17 by treatment with CsOAc/DMF at 100 0C for 1 h 
(Scheme III). In this case, use of the chiral shift reagent 
Eu(Hfc)3 caused a significant downfield shift of the C-6 
aromatic protons of the S,S isomer relative to the RJi 
isomer and the SJi isomer relative to the R,S isomer and 
showed the acetates to be optically pure within the limits 
of the method.36 By extension, this proved the optical 
purities of the tosylates themselves and implied that of the 
final products. Conversion of tosylates 9, 10, 12, and 13 
into final products 2-5 does not involve any reaction 
conditions or synthetic manipulations which should ad
versely effect optical purity. 

The synthesis now required differentiation of the pri
mary tosylate from the primary bromide. (In the published 
synthesis of ketoconazole, imidazole is introduced prior 
to activation of the ketal alcohol as the mesylate.2) 
Treatment of the individual tosylate isomers 9,10,12, and 
13 with the anion prepared from 4-(iV-acetylpiperazino)-
phenol 18 and NaH in DMSO at 80 0C afforded the an-

(35) The addition of 20 mg of shift reagent to 2 mg of a 1:1 mixture 
of 14 and 16 or IS and 17 induces separation of the aromatic 
signals (H3, H6, and H6), with the H6 being most distinct. 
Under identical conditions no such effects were observed with 
any of the separate acetate isomers 14-17. We estimate the 
limits for the resolution of an enantiomeric impurity in our 
experiments to be approximately 2%. 

ticipated phenyl ethers 19, 20, 21, and 22 respectively 
(Scheme IV).36 Literature precedent for displacement of 
bromine from similar a-bromo ketals with imidazole in
volves treatment with excess imidazole in refluxing DMA 
for 4 days.2 Only a trace of reaction product was observed 
on applying these conditions to bromides 19-22. However, 
the addition of 5 equiv of K2CO3 to the reaction mixtures 
in refluxing DMA or DMF led to transformation of 19-22 
into the desired imidazole products 2-5 after 4-16 h in 
40-50% yields. A minor side product was isolated from 
the preparation of 4 (in ~10% yield) and was identified 
as the hydroxymethyl compound 23, which probably arose 
from hydrolysis under the reaction conditions. Similar 
hydrolysis products were noted in the preparation of 2, 3, 
and 5, but were not isolated. 

Biology 

The four stereoisomers of ketoconazole were evaluated 
for their effectiveness as inhibitors of the cytochromes 
P-450 involved in cholesterol biosynthesis and degradation 
(lanosterol 14a-demethylase and cholesterol 7a-
hydroxylase), steroid hormone biosynthesis (cholesterol 
side chain cleavage, progesterone 17a,20-lyase, deoxy
corticosterone 11/3-hydroxylase, and aromatase) and xe-
nobiotic transformation (lauric acid hydroxylation and 
progesterone 2a-, 6/3-, 15a-, 16a-, and 21-hydroxylation) 
(see Experimental Section). The activities for the enzymes 
responsible for cholesterol biosynthesis and degradation 
and steroid biosynthesis were evaluated with the endoge
nous substrates, whereas model substrates were used to 
evaluate the xenobiotic transforming enzymes. Lauric acid 
hydroxylation has been shown to be characteristic of the 
CYP4A family,37 progesterone 2a-hydroxylation for 
CYP2C11,6(8- for CYP3A, 16a- for a number of enzymes 
including CYP2B1, CYP2B2, CYPlAl, CYP2C11, and 

(36) The change in stereochemical notation in the formation of 
19-22 is a consequence of the sequence rule rather than a 
change in stereochemistry. 

(37) Gibson, G. G.; Orton, T. C; Tumburia, R. P. Cytochrome P-
450 induction by Clofibrate. Purification and properties of a 
cytochrome P-450 relatively specific for the 12- and 11-
hydroxylation of dodecanoic acid (lauric acid). Biochem. J. 
1982, 203, 161-168. 
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Table I. Inhibition of Cytochromes P450 Activity by the Stereoisomers of Ketoconazole" 

cytochrome P-450 
lanosterol 14a-demethylase 
cholesterol 7a-hydroxylase 
aromatase 
progesterone 17a,20 lyase 
corticoid 11/5-hydroxylase 
cholesterol side chain cleavage 
hepatic progesterone 

2a-hydroxylase 
6/S-hydroxylase 
15a-hydroxylase 
16a-hydroxylase 
21-hydroxylase 

lauric acid hydroxylase 

5 2S,4S 
1.60 (0.08)" 
0.546 (0.161)c 

3.98 (0.24)" 
0.589 (0.127)" 
0.247 (0.093)" 
2.95 (0.27)" 

34.3 (5.5)" 
0.570 (0.16)c 

1.08 (0.16)" 
37.9 (6.7)" 
4.46 (0.21)" 

>100 

stereoisomers 
3 2R,4fl 

1.37 (0.19)" 
1.25 (0.15)" 

38.3 (2.9)" 
2.04 (0.21)" 
0.135 (0.051)" 
3.92 (0.36)" 

20.4 (2.9)* 
0.897 (0.343)" 
0.728 (0.175)" 

32.3 (2.8)" 
6.57 (0.48)" 

>100 

2 2S,4fl 
0.047 (0.003)" 
2.40 (0.32)" 

110.4 (24.1)" 
0.050 (0.002)" 
0.152 (0.040)" 
1.24 (0.04)" 

104.3 (5.0) 
1.26 (0.27)" 
0.543 (0.149)" 

83.9 (9.0)" 
9.01 (0.37)" 

>100 

4 2fl,4S 
0.119 (0.007)" 
0.195 (0.037)" 

39.6 (2.5)" 
2.38 (0.28)" 
0.608 (0.196)" 
5.40 (0.41)" 

84.1 (12.4)" 
0.786 (0.240)" 
0.369 (0.024)" 

69.3 (7.1)" 
11.2 (0.4)" 

>100 
" Data are expressed as IC50 values in ^M ± standard error. IC50 were determined by best fit to the following model: percent control 

activity = 100(1 - (x/(x + IC60))) where x = concentration; IC50 = concentration that corresponds to 50% inhibition of the range 100% to 
0%. a indicates R > 0.99. b indicates R > 0.95. c indicates R > 0.93. Statistical analysis was performed using the FCNONLIN software 

CYP3A, and 21- for CYP2C6.38 

in Table I. 
IC50 values are presented 

Results and Discussion 
The cis isomers 2 and 4 are more potent inhibitors of 

mammalian lanosterol 14a-demethylase than the diaste-
reomeric trans isomers 3 and 5, as might be anticipated 
from their superior antifungal activity (as the racemic 
mixture). The cis-(2S,4fi) isomer 2 is 3 times more active 
than its antipode 4. This is in contrast to the activity of 
the stereoisomers of etaconazole and propiconazole on 
ergosterol synthesis in the fungus Ustilago maydis, where 
14a-demethylation is inhibited approximately to the same 
degree by the 2S,4fl and 2S,4S isomers {2S,4R a 2S.4S > 
2R,AS a 2R,4R).31 

The largest difference in activity between the stereo
isomers of 1 is found in their effects on progesterone 
17a,20-lyase. The cis-(2S,4fl) isomer 2 is 40 times more 
potent in inhibition of this enzyme than its (2R,4S) en-
antiomer 4. In the corresponding pair of trans isomers, 
the trans-(2S,4S) isomer 5 is 4 times more potent than its 
(2R,4R) enantiomer 3. 

In contrast, most of the 7a-hydroxylase inhibitory ac
tivity observed for ketoconazole resides in the cis-(2fl,4S) 
isomer 4, which is 12 times more active than its antipode. 
Little selectivity was found between the cis and trans 
stereoisomers. 

All four isomers of ketoconazole are relatively poor in
hibitors of human placental aromatase, with the greatest 
activity residing in the trans-(25,45) enantiomer 5. 

For adrenal 110-hydroxylase the cis-(2S,4i?) enantiomer 
2 was observed to be 7.7 times more effective than the 
cis-(2R,45) enantiomer 4, while the trans-(2S,45) enan
tiomer 3 was ~ 2 times as effective as the trans-(2i?,4R) 
enantiomer 5. 

The four stereoisomers were relatively unselective for 
inhibition of the side-chain cleavage of cholesterol. Com
pounds 2 and 5 were 3 and 2 times, respectively, more 
active than their enantiomers 4 and 3 in causing 50% 
inhibition of the enzyme. 

The stereoisomers differentially inhibited the rat hepatic 
P-450s involved in drug metabolism. However, almost no 
selectivity was observed for the ketoconazole isomers. The 
IC50 values for the cis enantiomers were similar to those 
previously reported for racemic ketoconazole.39 

(38) Swinney, D. C; Ryan, D. E.; Thomas, P. E.; Levin, W. Re-
gioselective progesterone hydroxylation catalyzed by eleven rat 
hepatic cytochrome P-450 isozymes. Biochemistry 1987, 26, 
7073-7083. 

Thus the enzymes with strict substrate requirements 
(those involved in cholesterol biotransformation and 
steroid biosynthesis) interacted differentially with the 
stereoisomers of ketoconazole while the drug metabolizing 
enzymes, which are known to have broad substrate re
quirements, did not distinguish between the different 
stereoisomers. These data suggest that binding to the 
enzyme apoprotein contributes significantly to the binding 
energy for the cytochromes P-450 involved in steroid 
biosynthesis, whereas coordination of the azole to the heme 
of the drug metabolizing enzymes is the overriding influ
ence on enzyme inhibition. 

Conclusion 
An efficient synthesis for the preparation of all four 

stereoisomers of ketoconazole has been developed. Studies 
with a number of important cytochrome P-450 enzymes 
have revealed significant selectivity between these isomers. 
While selectivity in vitro may not necessarily parallel in 
vivo activity, these results suggest that agents with greater 
potency and selectivity might become available by reso
lution of racemic azole compounds which act by inhibition 
of cytochrome P-450 enzymes. 

Ketoconazole has been used for treatment of hormone 
dependent prostate cancer.17 Unfortunately, it appears 
that use of the enantiomerically pure cis-(2S,4R) isomer 
2, with its enhanced selectivity for the 17a,20-lyase enzyme 
and decreased affinity for 7a-hydroxylase would offer no 
advantage over the racemate due to the undesirable in
hibition of corticosteroid synthesis found in the same 
stereoisomer. Neither would it appear that effects on drug 
metabolizing enzymes would be attenuated by use of a 
single isomer. 

Experimental Section 
Biology. Enzyme Source. Microsomes were prepared by 

established procedures.40,41 Microsomes for the lanosterol 14a-

(39) Swinney, D. C. Progesterone metabolism in hepatic micro
somes. Effect of the cytochrome P-450 inhibitor, ketoconazole, 
and the NADPH 5a-reductase inhibitor, 4-MA, upon the 
metabolic profile in human, monkey, dog and rat. Drug Me-
tab. Dispos. 1990, 18, 859-865. 

(40) Bandiera, S.; Ryan, D. E.; Levin, W.; Thomas, P. E. Age- and 
sex-related expression of cytochromes P450f and P450g in rat 
liver. Arch. Biochem. Biophys. 1986, 248, 658-676. 

(41) Omura, T.; Sander, E.; Estabrook, R. W.; Cooper, D. Y.; Ro
senthal, O. Isolation from adrenal cortex of a nonmembrane 
iron protein and a flavoprotein functional as a reduced tri-
phosphopyridine nucleotide-cytochrome P450 reductase. 
Arch. Biochem. Biophys. 1966, 117, 660-673. 
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demethylase and cholesterol 7a-hydroxylase assays were obtained 
from livers of male rats treated with cholestyramine.42 Micro
somes for the lyase assay were obtained from the testes of perinatal 
pigs (<2 weeks old), mitochondria for the 11/3-hydroxylase assay 
were obtained from bovine adrenals, hepatic microsomes for the 
drug metabolizing assay were from the male rat, and microsomes 
for the aromatase assay were from human placenta. Protein 
concentration was determined by the method of Lowry.43 

17a,20-Lyase. Incubations with testes microsomes contained 
protein (0.025-1 mg), NADPH (1 Mmol), MgCl2 (3 Mmol), po
tassium phosphate buffer, pH 7.25 (100 Mmol), 17a-hydroxy-
progesterone (25 nmol in 20 iiL of MeOH), and inhibitors (in 20 
fiL of MeOH) in a total volume of 1 mL and were agitated at 37 
0C for 10 min. All reactions were terminated by addition of 
CH2Cl2 (6 mL) followed immediately by 1 nmol of internal 
standard (11/8-hydroxytestosterone in 50 /iL of MeOH). After 
mixing and centrifugation of the samples, the organic phases were 
evaporated under a stream of N2, and the residues were dissolved 
in 200 iiL of MeOH and analyzed by HPLC. Separation of 
substrate (17a-hydroxyprogesterone), product (androstenedione), 
and internal standard was achieved with a Jones Chromatography 
5-/im, 25-cm, ODS column. The column was eluted with 
MeOH/MeCN/H20 under the following conditions: 3 min 
isocratic at 2/13/85, 7 min linear gradient to 20/30/50,12 min 
isocratic at those conditions, 3 min linear gradient to 20/75/5, 
followed by 5 min isocratic at those conditions. Turnover numbers 
were calculated by comparing peak height of internal standard 
to peak height of androstenedione. 

Cholesterol 7a-Hydroxylase. Incubations contained hepatic 
microsomes (2 mg of protein; 0.14 /imol of endogenous cholesterol 
substrate), NADPH (1 Mmol), MgCl2 (3 Mmol), EDTA (0.1 Mmol) 
cysteamine hydrochloride (20 Mmol), and potassium phosphate 
buffer, pH 7.4 (100 Mmol) in a total volume of 1 mL and were 
agitated for 10 min at 37 0C following addition of NADPH. 
Inhibitors (in 20 jiL of methanol) were added to the incubation 
tubes, and the solvent was evaporated prior to addition of the 
other components. After the 10-min incubation period the 
NADPH-dependent reactions were stopped by the addition of 
sodium cholate (5 mg) to solubilize the membranes and products 
were converted to their respective 4-cholesten-3-ones by the ad
dition of cholesterol oxidase (0.23 unit dissolved in 100 /uL of 10 
mM potassium phosphate buffer containing 20% glycerol, and 
1 mM dithiothreitol) and agitation for 20 min at 37 0C. AU 
reactions were terminated by addition of methanol (1 mL) followed 
by petroleum ether (5 mL). After mixing and centrifugation of 
the samples, the organic phases were evaporated under a stream 
of N2 and the residues were dissolved in 2-propanol (100 /tL) and 
analyzed by HPLC. HPLC analysis of metabolic reactions was 
performed on a Varian 5000 liquid chromatograph, equipped with 
a Wisp 710B autosampler and a Kratos SF 769 UV detector (240 
nm). Separation of products was achieved with two consecutive 
5-jim, 25-cm silica columns (Dupont Zorbax SiI or Beckman 
Ultrasphere SiI) preceded by a silica packed 3-cm guard column. 
The columns were eluted with hexane/2-propanol under the 
following conditions: 12 min isocratic at 95/5,5 min with a linear 
gradient to 70/30, and 23 min isocratic at 70/30. All chroma
tographic separations were performed at room temperature. 

Lanosterol Demethylase. The microsomal incubations 
contained potassium phosphate buffer (20 Mmol, pH 7.0), di
thiothreitol (0.3 Mmol), EDTA (0.01 Mmol), MgCl2 (3 Mmol), 
Tween-20 (0.005%), glycerol (20%), glucose 6-phosphate (5 mM), 
glucose-6-phosphate dehydrogenase (1 unit), microsomal protein 
(247 Mg), inhibitor (in 20 »L of methanol), and [32,32,32-3H3]-
24,25-dihydrolanosterol (40.8 nmol in 20 ML of ethanol) in a total 
volume of 1 mL. The mixture was vortexed and maintained at 
4 0C until the reaction was initiated with NDAPH (1 Mmol). Tubes 
were incubated for 30 min at 37 0C. The incubations were ter
minated using 250 uL of a 40% TCA solution. 

(42) Waxman, D. J. Rat hepatic cholesterol 7a-hydroxylase: Bio
chemical properties and comparison to constitutive and xeno-
biotic-inducible cytochrome P-450 enzymes. Arch. Biochem. 
Biophys. 1986, 247, 335-345. 

(43) Lowry, O. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. 
Protein measurement with the folin phenol reagent. J. Biol. 
Chem. 1951,193, 265-275. 

Bond-Elut extraction columns were activated with MeOH (1 
X 1 mL) followed by deionized water (2X1 mL). The tritiated 
water-soluble reaction products were separated from the unreacted 
[32,32,32-3H3]-24,25-dihydrolanosterol, on the activated Bond-Elut 
columns. Duplicate 400-ML aliquots of the eluate were mixed with 
10 mL of Beta-Blend liquid scintillation fluid and were analyzed 
for radioactive content. 

Progesterone. The progesterone assay for hepatic drug me
tabolizing enzymes were conducted as previously reported.38 

Adrenal 11/3-Hydroxylase. Incubations with bovine adrenal 
mitochondria contained protein (0.05 mg), NADPH (1 /tmol), 
MgCl2 (3 Mmol), potassium phosphate buffer, pH 7.4 (100 Mmol), 
deoxycorticosterone (5 nmol in 20 ML of MeOH), and inhibitors 
(in 20 ML of MeOH) in a total volume of 1 mL and were agitated 
at 37 0C for 10 min. Mitochrondria were sonicated 5 min on ice 
before addition to the incubation mixture. All reactions were 
terminated by addition of CH2Cl2 (6 mL) followed immediately 
by 1 nmol of internal standard (11/8-hydroxytestosterone in 50 
ML of MeOH). After mixing and centrifugation of the samples, 
the organic phases were evaporated under a stream of N2, and 
the residues were dissolved in 200 iiL of MeOH and analyzed by 
HPLC using the same conditions as for the progesterone assay. 
Turnover numbers were calculated by comparing peak height of 
internal standard to peak height of the product, corticosterone. 

Aromatase. The microsomal incubations contained potassium 
phosphate buffer (pH 7.4, 5 Mmol), dithiothreitol (0.3 Mmol), 
microsomal protein (0.1 mg), inhibitor (in 20 /iL of methanol), 
[10,20-3H2]andro8t-4-ene-3,17-dione (androstenedione) (1 nmol 
in 20 ML of methanol), and NADPH (1 Mmol) in a total volume 
of 1 mL. The incubation mixture was maintained at 4 0C on ice 
until the reaction was initiated. The tubes were incubated for 
10 min in a water bath at 37 0C. The reactions were terminated 
using 250 ML of a 40% TCA solution. 

Bond-Elut extraction columns were activated with MeOH (1 
x 1 mL) followed by deionized water ( 2X1 mL). The reaction 
products, tritiated water and tritiated formate, were separated 
from the unreacted androstenedione by the activated Bond-Elut 
columns. Duplicate 400-ML aliquots of the eluate were mixed with 
10 mL of Beta-Blend liquid scintillation fluid and were analyzed 
for radioactive content. 

Laurie Acid Hydroxylase. Incubations contained microsomal 
protein (0.05 mg/mL), potassium phosphate buffer (50 Mmol, pH 
7.4), MgCl2 (3 Mmol), EDTA (0.5 Mmol), [14C]lauric acid (10 nmol, 
6 mCi/mmol), glucose 6-phosphate (5 Mmol), glucose-6-phosphate 
dehydrogenase (2 units), and NADPH (1 Mmol) in a total volume 
of 1 mL. Reactions were agitated for 10 min at 37 0C and then 
terminated with CH2Cl2 (6 mL). The samples were vortexed and 
centrifuged, the aqueous layer was discarded, and the organic layer 
(5 mL) was evaporated to dryness under N2 at 30 0C. The residue 
was reconstituted in MeOH (200 ML). The rate of lauric acid 
hydroxylation was determined by a modification of the method 
of Romano et al.44 Separation of lauric acid and its metabolites 
was accomplished with a Rainin 5-^m, 25-cm Microsorb C18 
column by gradient elution of 1 mL/min with AcOH (1%) and 
MeCN. Following the sample injection (50 ML), MeCN was held 
at 38% for 14 min, then increased linearly to 90% over the next 
4 min, and held at 90% for 22 min prior to re-equilibration. 
Radioactivity was monitored with a Radiomutie A-200 radioflow 
detector. The recovery of radioactivity from the column was 
>98%. 

Cholesterol Side Chain Cleavage. 26-[14C] Cholesterol (10 
Mmol) in WR-1339 (1:75 w/w ratio) was incubated with bovine 
adrenal cortex mitochondria (1 mg), bovine adrenal cytosol (1 mg), 
bovine serum albumen (0.25 mg), potassium phosphate, pH 7.4, 
(20 Mmol), CaCl2 (0.5 Mmol), MgCl2 (4 Mmol), EDTA (0.5 Mmol), 
glucose-6-phosphate dehydrogenase (2 units), glucose 6-phosphate 
(5 Mmol), and NADPH (1.0 Mmol) in a total volume of 1 mL for 
1 h. The reactions are stopped with 2 mL of methanol and applied 
to 3 mL of C18 Bond Elut extraction columns previously activated 
with MeOH ( 1 X 3 mL) and water ( 2 X 3 mL). The unreacted 

(44) Romano, M. C; Straub, K. M.; Yodis, L. A. P.; Eckardt, R. D.; 
Newton, J. F. Determination of microsomal lauric acid hy
droxylase activity by HPLC with flow-through radiochemical 
quantitation. Anal. Biochem. 1988,170, 83-93. 
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26-[14C]cholesterol completely binds to the column at pH 7.4, while 
the [14C]isocaproic acid formed by side-chain cleavage elutes with 
the 67% methanolic incubation mixture. One milliliter of the 
eluent is mixed with 10 mL of scintillation cocktail and the total 
radioactivity determined. Since side-chain cleavage of cholesterol 
produces equal amounts of progenolone and isocaproic acid, the 
rate of formation of [14C] isocaproic acid equals the rate of for
mation of pregnenolone. 

Chemistry. All melting points were measured with a Thom
as-Hoover capillary melting point apparatus and are uncorrected. 
The NMR spectra were recorded in ppm on a Brucker WM300 
or AM500 spectrometer in CDCl3 relative to Me4Si. Optical 
rotations were run on a Perkin-Elmer 141 polarimeter in CHCl3. 
Flash chromatography was performed using 60 A, 230-400-mesh 
silica gel from E. Merck. All reactions were run under a N2 
atmosphere. Organic solutions described as dried during workup 
utilized sodium sulfate. The reagents (R)- and (S)-solketal tosylate 
and 4-(4-acetylpiperazin-l-yl)phenol are commercially available. 

2-Bromo-2',4'-dicnloroacetophenone (7). To a stirred sus
pension of copper(II) bromide (70.9 g, 317 mmol) in BtOAc (250 
mL) at reflux under N2 was added a solution of 2',4'-dichloro-
acetophenone (30 g, 159 mmol) in CH2Cl2 (250 mL) dropwise over 
1 h. After 16 h the mixture was cooled to room temperature, 
filtered through a pad of Celite, and evaporated to dryness. The 
residue was dissolved in EtOAc, washed with saturated NaHCO3 
and brine, and then dried (Na2SO4). The solution was evaporated 
to dryness and the product isolated as an oil 7 (86 g, 85% yield). 
An analytical sample was prepared by flash chromatography on 
silica gel (10% CH2Cl2/hexane): 1H NMR S 4.50 (s 2 H, CH2Br), 
7.36 (dd, 1 H, J = 8.4, 2.1 Hz, H6 of Ar), 7.47 (d, IH1J= 2.1 Hz, 
H3 ofAr), 7.56 (d, 1H, J = 8.4 Hz, H6 of Ar). Anal (C8H5BrCl2O) 
C, H. 

(2SAS )-cis -2-(Bromomethyl)-2-(2,4-dichlorophenyl)-4-
[[[(4-methylphenyl)sulfonyl]oxy]methyl]-l,3-dioxolane(9) 
and (2i?,4S)-trans-2-(Bromomethyl)-2-(2,4-dichloro-
phenyl)-4-[[[(4-methylphenyl)sulfonyl]oxy]methyl]-l,3-di-
oxolane (10). A mixture of 2-bromo-2',4'-dichloroacetophenone 
(T) (6.0 g, 22.4 mmol) and P-TsOH-H2O (7.6 g, 40 mmol) in toluene 
(75 mL) was dried by reflux through a Dean-Stark trap for 1.5 
h. A solution of (S)-solketal tosylate (8) (8.0 g, 28 mmol) in toluene 
(30 mL) was similarly dried. Both reaction solutions were cooled 
to room temperature, and n-BuOH (10 mL) was added to the 
(S)-solketal tosylate solution. The resulting solutions were com
bined and heated at reflux through a fresh Dean-Stark trap 
containing 4-A molecular sieves. After 5 h, the mixture was cooled 
to room temperature and Et3N (11.2 mL, 80.6 mmol) added. The 
mixture was stirred for 15 min and then evaporated to dryness. 
The residue was partitioned between saturated aqueous NaHCO3 
and EtOAc. The organic layer was dried and evaporated and the 
residue purified by flash chromatography (0.25% Et2O in 1:1 
CH2Cl2/hexane) to give the cis (less polar) diasteromer 9 (4.0 g, 
41%) and the trans (more polar) diastereomer 10 (3.8 g, 34%) 
as oils. 9: 1H NMR 6 2.47 (s, 3 H, ArCH3) 3.78 (dd, 2VL, J= 11.4 
Hz, CH2Br), 3.88 (dd, 1 H, J = 6.7, 8.7 Hz) and 3.98 (dd, 1 H, 
J = 4.7, 8.7 Hz) (OCH2), 4.19 (m, 2 H, CH2OS), 4.32 (m, 1 H, 
CHO), 7.24 (dd, I H 1 J = 8.4, 2.1 Hz, H6 of C6H3Cl2), 7.37 (d, 2 
H1J= 8.3 Hz, H3, H6 of C6H4), 7.40 (d, 1 H, J = 2.1 Hz, H3 of 
C6H3Cl2), 7.54 (d, I H 1 J = 8.4 Hz, H6 OfC6H3Cl2), 7.83 (d, 2 H1 
J = 8.4 Hz1 H2, H6 OfC6H4); [a]u

D = -20.15° (c = 0.4, CHCl3). 
Anal (C18H17BrCl2O6S)C1H. 10: 1H NMR 6 2.46 (s, 3 H, ArCH3), 
3.72 (dd, 1H 1 J = 7.0,8.5 Hz) and 4.36 (dd, I H 1 J = 6.4,8.5 Hz) 
(OCH2), 3.81 (dd, 2 H 1 J = 11.4Hz, CH2Br), 3.97 (m, 3 H, CH2OS), 
4.63 (m, 1H, CH-O), 7.15 (dd, 1 H 1 J = 8.5,2.1 Hz, H5 of C6H3Cl2), 
7.33 (d, 2 H 1 J = 8.4 Hz1 H3, H5 of C6H4), 7.34 (d, 1 H1 J = 2.1 
Hz1 H3 of C6H3Cl2), 7.53 (d, 1 H, J = 8.4 Hz, H6 of C6H3Cl2), 7.68 
(d, 2 H, J = 8.4 Hz1 H21 H6 of C6H4); [ « ] % = -2.74° (c = 0.4, 
CHCl3). Anal. (C18H17BrCl2O6S) C1 H. 

(2B14B)-cis-2-(Bromomethyl)-2-(214-dichlorophenyl)-4-
[[[(4-methylphenyl)sulfonyl]oxy]metnyl]-l,3-dioxolane (12) 
and (2S ,4A )-trans -2-(Bromomethyl)-2-(2,4-dichloro-
phenyl)-4-[[[(4-methylphenyl)sulfonyl]oxy]methyl]-l,3-di-
oxolane (13). The transketalization reaction between ketone 7 
and (fi)-solketal tosylate (11) was run as above. After workup 
and purification by flash chromatography the cis (less polar) 
diastereomer 12 (4.8 g, 43%) and the trans (more polar) diaste
reomer 13 (3.87 g, 38%) were isolated as oils. 12: 1HNMR: see 

spectral data for 9; Ia]28D = +18.98° (c = 0.4, CHCl3). Anal. 
(C18H17BrCl2O6S) C, H. 13: 1H NMR: see spectral data for 10; 
Ia]26D = +5.0° (c = 0.4, CHCl3). Anal. (C18H17BrCl2O6S) C1 H. 

(2S14S)-ci«-2-(Bromomethyl)-2-(2,4-dichlorophenyl)-4-
(acetoxymethyl)-l13-dioxolane (14). A mixture of ketal tosylate 
9 (0.40 g, 0.81 mmol) and CsOAc (0.53 g, 2.74 mmol) in DMF (5 
mL) was stirred and heated at 100 0C under N2. After 1 h the 
mixture was cooled to room temperature, diluted with water, and 
extracted with EtOAc. The organic layer was dried, evaporated 
to dryness, and chromatographed. Gradient elution (with 5-15% 
EtOAc/hexane) afforded 14 as an oil (0.28 g, 90%): 1H NMR 
6 2.10 (s, 3 H, COCH3), 3.87 (dd, 2 H, J = 11.4 Hz, CH2Br), 3.97 
(m, 2 H, OCH2), 4.28 (m, 3 H, CHO, CH2OAc), 7.24 (dd, 1 H 1 J 
= 8.4, 2.1 Hz1 H6 of C6H3Cl2), 7.40 (d, 1 H1 J = 2.1 Hz1 H3 of 
C6H3Cl2), 7.59 (d, 1 H, J = 8.4 Hz, H6 of C6H3Cl2). Anal. (C13-
H13BrCl2O4) C, H. 

Bromoacetates 15-17 were prepared by the same procedure. 
(2R ti8 )-trans -2-(Bromomethyl)-2-(2,4-dichloro-

phenyl)-4-(acetoxymethyl)-l13-dioxolane (15) was prepared 
from 10 in 80% yield as an oil: 1H NMR i 1.90 (s, 3 H1 COCH3), 
3.67 (dd, 1 H, J = 7.8,8.2 Hz) and 4.35 (dd, 1 H 1 J - 6.4,8.2 Hz) 
(OCH2), 3.83 (dd, 2 H, J = 11.2 Hz, CH2Br), 4.06 (m, 2 H, 
CH2OAc), 4.63 (m, 1H, CHO), 7.23 (dd, 1H, J = 8.3,2.0 Hz1 H6 
of C6H3CIj)17.39 (d, I H 1 J = 2.0 Hz1 H3of C6H3Cl2), 7.63 (d, 1 
H, J = 8.3 Hz, H6 of C6H3Cl2). Anal. (C13H13BrCl2O4) C, H. 

(2i?,4ii)-cis-2-(Bromomethyl)-2-(2,4-dichlorophenyl)-4-
(acetoxymethyI)-l,3-dioxolane (16) was prepared from 12 in 
90% yield as an oil: 1H NMR, see spectral data for 14. Anal. 
(C13H13BrCl2O4) C1 H. 

(2S ,4R )-trans -2-(Bromomethyl)-2-(2,4-dichloro-
phenyl)-4-(acetoxymethyl)-l,3-dioxolane (17) was prepared 
from 13 in 90% yield as an oil: 1H NMR, see spectral data for 
15. Anal. (C13H13BrCl2O4)C1H. 

(2S,4J?)-cis-2-(Bromomethyl)-2-(2,4-dichlorophenyl)-4-
[[4-(4-acetylpiperazin-l-yl)phenoxy]methyl]-l,3-dioxolane 
(19). To a suspension of NaH (0.33 g, 60% dispersion in oil, 8.22 
mmol) in dry DMSO (15 mL) was added phenol 18 (1.66 g, 7.53 
mmol). The mixture was stirred at room temperature for 1 h after 
which tosylate 14 was added. The reaction mixture was heated 
at 80 0C for 5 h, cooled to room temperature, and poured into 
water. The mixture was extracted with EtOAc, and the organic 
phase was dried and evaporated to dryness. Purification by flash 
chromatography (gradient elution 20-45% acetone/hexane) af
forded 19 (2.9 g, 78%) as an oil: 1H NMR S 2.14 (s, 3 H, COCH3), 
3.05, 3.61, and 3.77 (3 m, 8 H, C4H8N2), 3.90 (dd, 2 H, J = 11.3 
Hz, CH2Br), 4.06,4.17 (2 m, 4 H, OCH2, ArOCH2), 4.43 (m, 1 H, 
CHO), 6.89 (s, 4 H, C6H4), 7.27 (dd, 1 H, J = 8.3, 2.1 Hz, H6 of 
C6H3Cl2), 7.42 (d, 1 H, J = 2.1 Hz, H3 OfC6H3Cl2), 7.65 (d, 1 H, 
J = 8.3 Hz, H6 OfC6H3Cl2); [a]\ = -30.17° (c = 0.4, CHCl3). Anal 
(C23H26BrCl2N2O4) C1H, N. Ethers 20-22 were prepared by the 
same procedure. 

(2fl ,4A)-trans-2-(Bromomethyl)-2-(2,4-dichloro-
phenyl)-4-[[4-(4-acetylpiperazin-l-yl)phenoxy]methyl]-l,3-
dioxolane (20) was prepared from 15 in 70% yield as an oil: 1H 
NMR 6 2.13 (s, 3 H, COCH3), 3.03,3.60, and 3.75 (m, 8 H, C4H8N2), 
3.84 and 4.43 (2 dd, 2 H1 OCH2), 3.89 (dd, 2 H, J = 11.2 Hz, 
CH2Br), 3.92 (m, 2 H1 CH2OAr)1 4.76 (m, 1 H1 CHO)1 6.68 (d, 2 
H 1 J = 9.0 Hz, H3, H6 of C6H4), 6.84 (d, 2 H 1 J = 9.0 Hz1 H2, H6 
of C6H4), 7.21 (dd, I H 1 J = 8.3, 2.1 Hz, H6 of C6H3Cl2), 7.38 (d, 
1 H, J = 2.1 Hz, H3 of C6H3Cl2), 7.67 (d, 1 H, J = 8.3 Hz, H6 of 
C6H3Cl2); Ia]25D = +2.98° (c = 0.4, CHCl3). Anal. (C23H26Br-
Cl2N2O4) C, H, N. 

(2fl,4S)-cj's-2-(Bromomethyl)-2-(2,4-dichlorophenyl)-4-
[ [4-(4-acety lpiperazin-1 -y 1) phenoxy ]met hy I ]-1,3-dioxolane 
(21) was prepared from 16 in 70% yield as an oil: 1H NMR, see 
spectral data for 19; [a]26

D +25.87° (c = 0.4, CHCl3). Anal. 
(C23H26BrCl2N2O4) C1 H1 N. 

(25,45 )-trans -2-(Bromomethyl)-2-(2,4-dichlorophenyl)-
4-[[4-(4-acetylpiperazin-l-yl)phenoxy]methyl]-l,3-dioxolane 
(22) was prepared from 17 in 67% yield as an oil: 1H NMR1 see 
spectral data for 20; [a]26

D = -9.40° (c = 0.4, CHCl3). Anal. 
(C23H26BrCl2N2O4) C, H, N. 

(2S,4«)-cis-2-(lH-Imidazol-l-ylmethyl)-2-(214-dichloro-
phenyl)-4-[[4-(4-acetylpiperazin-l-yl)phenoxy]methyl]-l,3-
dioxolane (2). A mixture of bromide 19 (1.0 g, 1.84 mmol), 
imidazole (0.63 g, 9.19 mmol), and anhydrous K2CO3 (1.27 g, 9.19 
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mmol) in DMA (IO mL) was heated under reflux. After 4 h, the 
mixture was cooled to room temperature, poured into water, and 
extracted with CH2Cl2 (3 X 50 mL). The organic phase was dried 
and evaporated and the residue purified by flash chromatography 
(1-4% MeOH/CH2Cl, gradient elution) to give a solid which 
crystallized from acetone-EtOAc: mp 155-157 0C; 1H NMR « 
2.12 (s, 3 H, COCH3), 3.02,3.61, and 3.72 (3 m, 8 H, C4H8N2), 3.26 
(dd, I H 1 J = 6.8, 9.6 Hz) and 3.85 (dd, I H 1 J = 6.5, 8.4 Hz) 
(OCH2), 3.72 (m, 2 H, CH2O Ar), 4.32 (m, 1 H, CHO), 4.43 (dd, 
2H 1 J= 14.7, CH2N), 6.74 (d, 2 H, J = 9.1 Hz, H3, H6of C6H4), 
6.86 (d, 2 H, J = 9.1 Hz, H2, H6 of C6H4), 6.95,6.98 (2 s, 2 H, H4, 
H6 of imidazole), 7.24 (dd, IH1J= 8.4, 2.0 Hz, H6 of C6H3Cl2), 
7.44 (d, 1 H, J = 2.0; H3 of C6H3Cl2), 7.51 (s, 1H, H2 of imidazole), 
7.56 (d, 1 H, J = 8.4 Hz, H6 of C6H3Cl2); [ap D = -10.58° (c = 
0.4, CHCl3). Anal. (C26H28Cl2N4O4) C, H, N. 

Imidazoles 3-5 were prepared by the same procedure. 
(2fl,4i?)-fj-aus-2-(lH-Imidazol-l-ylmethyl)-2-(2,4-di-

chlorophenyl)-4-[[4-(4-acetylpiperazin-l-yl)phenoxy]-
methyl]-l,3-dioxolane (3) was prepared from 20 in 54% yield 
as an oil: 1H NMR 5 2.13 (s, 3 H, COCH3), 3.02, 3.60, and 3.75 
(3 m, 8 H, C4H8N2), 3.80 (m, 4 H, CH2O, CH2OAr), 4.15 (m, 1 H, 
CHO), 4.42 (dd, 2 H 1 J = 14.6 Hz, CH2N), 6.64 (d, 2 H, J = 9.1 
Hz, H3, H6 of C6H4), 6.82 (d, 2 H, J = 9.1 Hz, H2, H6 of C6H4), 
6.99, 7.01 (2 s, 2 H1 H4, H5 of imidazole), 7.18 (dd, 1 H, J = 8.4, 
2.1 Hz, H6 of C6H3Cl2), 7.42 (d, 1 H, J = 2.1 Hz, H3 of C6H3Cl2), 
7.52 (s, 1 H1 H2 of imidazole), 7.59 (d, 1 H, J = 8.4 Hz, H6 of 

C6H3Cl2); [ape = +17.66° (c = 0.4, CHCl3). Anal. (C26H28Cl2-
N4O4) C1 H1 N. 

(2i?14S)-CJ's-2-(lJff-Imidazol-l-ylmethyl)-2-(214-dichloro-
phenyl)-4-[[4-(4-acetylpiperazin-l-yl)phenoxy]methyl]-l,3-
dioxolane (4) was prepared from 21 in 53% yield: mp 154-156 
0C (acetone/EtOAc); 1H NMR1 see spectral data for 2; Ia]25D = 
+8.22° (c = 0.4, CHCl3). Anal. (C26H28Cl2N4O4) C, H, N. 

(2S,4S)-trans-2-(lH-Imidazol-l-ylmethyl)-2-(2,4-di-
chlorophenyl)-4-[[4-(4-acetylpiperazin-l-yl)phenoxy]-
methyl]-l,3-dioxolane (5) was prepared from 22 in 38% yield 
as an oil: 1H NMR, see spectral data for 3; Ea]25D = -19.97° (c 
= 0.4, CHCl3). Anal. (C26H28Cl2N4O4)C1H1N. 

(2B14S)-cis-2-(Hydroxymethyl)-2-(2,4-dichlorophenyl)-
4-[[4-(4-acetylpiperazin-l-yl)phenoxy]methyl]-l13-dioxolane 
(23): mp 145-151 0C; 1H NMR S 2.13 (s, 3 H1 COCH3), 3.04,3.60, 
and 3.76 (3 m, 8 H1 C4H8N2), 3.96 (m, 2 H, CH2OH), 3.98 (dd, 
1 H, J = 7.2,8.3 Hz) and 4.18 (dd, 1 H, J = 4.8,8.3 Hz) (OCH2), 
4.11 (m, 2 H, ArOCH2), 4.43 (m, 1 H1 CHO)1 6.88 (s, 4 H1 C6H4), 
7.25 (dd, 1 H, J = 2.1, 8.6 Hz, H6 of C6H3Cl2), 7.41 (d, 1 H1J = 
2.1 Hz1 H3 of C6H3Cl2), 7.63 (d, 1 H, J = 8.6 Hz, H6 of C6H3Cl2). 
Anal. (C23H26Cl2N2O6-O^ H2O) C, H, N. 
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