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concentration of PLA2-FITC in the DPPC liposomes ("vesicles") 
and [probe] w is the concentration in the aqueous bulk phase 
("water"). Such a mode of association of PLA2-FITC may accord 
with the presence of an interfacial recognition site in PLA2.

21 

Figure 3, panel B, reveals that the L-32-Phy liposomes retained 
PLA2-FITC more firmly than did the DPPC and DCPC liposomes 
at 50 0C and above. Although proteinaceous PLA2-FITC is 
different from CF in size and affinity for the membranes, tem
perature similarly affected the leakage of both kinds of fluoro-
phores (Figure 3). 

The results presented here could be taken as substantiating the 
heat-resistant property of the L-32-Phy membranes. Since the 
L-32-Phy, DPPC, and DCPC membranes possess similar phos-
phorylcholine interfaces, the slow leakage in the L-32-Phy lipo
somes may be regarded phenomenologically as originating in the 
isoprenoid residues, the glyceryl ether linkage, and perhaps the 
prime monolayer membrane. It would be considered likely that 
the branched isoprenoid chains offer greater intramembrane re
sistance to the diffusing probes than the /i-alkyl chains of DPPC 
and DCPC. This, in a sense, accords with the finding that the 
branched molecules diffuse via a lipid pathway more slowly than 

(21) Dennis, E. A. In The Enzymes; Boyer, P. D., Ed.; Academic Press: 
Orlando, FL, 1983; Vol. XVI, Chapter 9. 

The dialkyl sulfide functionality is present in many important 
drugs, chemicals, and pesticides.1 In principle, dialkyl sulfide 
containing drugs can be metabolized by S-dealkylation2 or by 
S-oxygenation, but it is the latter biotransformation that is the 
main metabolic pathway for the dialkyl sulfide group. S-Oxide 
metabolites of sulfides are known to have interesting and useful 
biological and pharmacodynamic properties.3 Among the various 
mammalian 5-oxygenase enzymes responsible for sulfide oxida
tion,4 there are three major monooxygenase enzyme systems. The 
flavin-containing monooxygenase (FMO), la the cytochromes 
P-450,5 and prostaglandin cyclooxygenase peroxidase6 have been 
shown to be capable of S-oxygenating dialkyl sulfides. The hepatic 
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do small and simple compounds.22 Biocompatible use of the newly 
synthesized membrane is under investigation. 
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(22) Wright, E. M.; Diamond, J. M. Proc. R. Soc. London, B 1969,172, 
203-225, 227-271, and 273-316. 

(23) The gel chromatography efficiently removed the PLA2-FITC probes 
that were located outside the liposomes. Namely, the fluorescence intensity 
ratio (eluents/Triton X-IOO treated eluents) was 4/10 (emission at 520 nm). 
The fluorescence from the probes stored inside the vesicles is completely 
quenched because of the high concentration (>0.17 mM). The ratio, then, 
equals approximately a number ratio of the probes (outer aqueous phase/total 
probes in the eluents). Considering that the aqueous phase is about 5000 times 
the combined volume of the liposomes, the concentrations of the probes in the 
outer aqueous phase and interface were calculated to be negligibly low in 
comparison with the probe concentrations in the inner aqueous phase and 
interface, respectively. A concentration ratio (interface/aqueous phase) is 
about 18 at 25 0C as described in the Experimental Section. 

(24) L-32-Phy was amorphous. The X-ray diffraction pattern from a film 
of L-32-Phy, which was prepared on the surface of a thin glass tube according 
to a reported procedure, gave a layer repeat distance of 48.5 ± 0.5 A. 
Though the molecular structure in the layer was not clear, it would be most 
likely that the dipolar lipid furnished a membrane that is a monolayer, by 
analogy with other dipolar amphiphiles.5"''10'18'" 

flavin-containing monooxygenase from hog liver is the most 
carefully studied form of FMO, and the enzyme mechanism has 
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land, 1989; Vol. 1, Part A, pp 135-150. 
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L. A., Ed.; Ellis Horwood: Chichester, England, 1989; Vol. 1, Part B, pp 
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(4) Ziegler, D. M. In Sulfur-Containing Drugs and Related Organic 
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Abstract: The chemical and enzymatic S-oxygenation of 2-(p-methoxyphenyl)-l,3-dithiolane and 2-(p-cyanophenyl)-l,3-oxathiolane 
has been investigated. In the presence of chemical oxidizing agents (i.e., NaIO4 or H2O2), modest diastereoselective formation 
of the trans S-oxide is formed with 0% enantioselectivity. In the presence of bovine serum albumin, the diastereoselectivity 
and enantioselectivity of Nal04-catalyzed S-oxygenation are increased. The maximum level of diastereoselective and en-
antioselective S-oxygenation was obtained in the presence of the Kagan modification of the Sharpless oxidation reagent, and 
the stereoselectivity mimicked that of the microsomal flavin-containing monooxygenase from hog liver. Thus, a marked preference 
for pro-R S-oxygenation of 2-(/>-methoxyphenyl)-l,3-dithiolane was observed. Rat and mouse liver cytochrome P-450PB.B 
catalyzed the S-oxygenation of 2-(p-methoxyphenyl)-l,3-dithiolane preferentially at the pro-S sulfur atom. For 2-{p-
cyanophenyl)-1,3-oxathiolane, a marked preference for pro-S S-oxygenation was observed for catalysis by the modified Sharpless 
reagent, hog liver microsomes, and highly purified hog liver flavin-containing monooxygenase, whereas for rat and mouse liver 
cytochrome P-450PB.B, S-oxygenation of 2-(p-cyanophenyl)-l,3-oxathiolane occurs by attack on the pro-R sulfur atom. The 
modified Sharpless reagent is an efficient S-oxygenating catalyst that mimics the hog liver flavin-containing monooxygenase 
in diastereoselectivity and enantioselectivity of dialkyl sulfide S-oxygenation. 
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Table I. Stereoselective S-Oxygenation of Dialkyl Sulfides" 

substrate 

1 

2 

oxidation method 

NaIO4 

NaI04 /BSA 
Ti(OiPr)4/DET/tBuOOH/H20 
hog liver FMO 
hog liver microsomes 
rat liver cyt P-450PB.B 

mouse liver cyt P-450PB.B 

NaIO4 

NaI04 /BSA 
Ti(OiPr)4/DET/tBuOOH/H20 
hog liver FMO 
hog liver microsomes 
rat liver cyt P-450PB.B 

mouse liver cyt P-450PB.B 

% diastereoselectivity* 

trans S-oxide'' 

12 
100 
100 
100 
100 
100 
100 

26 
28 
64 
58.1 ± 2.2 

100 
54.2 ± 2.2 
70.7 ± 2.0 

cis S-oxide'' 

% enantioselectivity' 

trans S-oxide 

1-R.2.R 

0 
1 

76 
100 
79.4 ± 1.1 

0 

100 
100 

1S,2S 

0 

96.5 ± 0.5 
100 

0 
1 ± 1.0 

54 ± 2.0 
94.9 ± 2.4 
81.4 ± 1.1 

cis 

\R,2S 

0 

0 

100 
100 

S-oxide 

IS,2R 

0 

0 
6 ± 1.5 

92 ± 2.2 
100 

ref 

17a 
18a 
18e 
17a 
17a 
this study 
this study 

17a 
18a 
18e 
30 
30 
this study 
this study 

"Reactions were performed as described in the references indicated. 'The term percent diastereoselectivity is defined as the percent excess 
production of one diastereomeric S-oxide isomer (trans S-oxide) over another (cis S-oxide) = (([trans S-oxide] - [cis S-oxide])/([trans S-oxide] + 
[cis S-oxide])j X 100 = % trans S-oxide - % cis S-oxide. 'Assuming a linear relationship between rotation and composition, percent "optical purity" 
is equated with the percent enantioselectivity or percent excess of one S-oxide enantiomer over the other, which we shall designate as enantiomeric 
excess (ee); that is, |([S] - [R])/([S] + [R])) X 100 = % S - % R, where S and R refer to the absolute stereochemistry of the S-oxide sulfur atom. 
''Each substrate diastereomeric S-oxide was completely characterized chemically, and the first designation refers to the absolute configuration of the 
sulfur atom. 

been described in some detail.7 A few chemical model systems 
have been described for FMO-catalyzed S-oxygenation reactions,8 

but stereochemical characterization of the products of these re
actions is lacking. A few studies have reported that the cytochrome 
P-450 isozyme isolated from phenobarbital-pretreated animals 
(P-450PB.B) is the cytochrome P-450 largely responsible for sulfide 
oxidation9 and that the S-oxides produced are optically active, 
while S-oxides produced from other cytochrome P-450 isozymes 
do not always produce optically active S-oxides.10 Extensive 
examples of model systems for cytochrome P-450 catalyzed ep-
oxidations," hydroxylations,12 N-dealkylations,13 and other oxi
dations14 have been reported, but few biomimetic models for 
cytochrome P-450 related S-oxidation have been documented.15 

The oxidation of a few sulfides by prostaglandin cyclooxygenase 
peroxidase has been described,6 but no enzyme model system for 
this process has been described, although use of other peroxidases 
may become useful alternatives to the chemical synthesis of dialkyl 
S-oxides.16 

(5) Takata, T.; Yamazaki, M.; Fujimori, K.; Kim, Y. H.; Iyanagi, T.; Oae, 
S. Bull. Chem. Soc Jpn. 1983, 56, 2300-2310. 

(6) (a) Egan, R. W.; Gale, P. H.; Kuehl, F. A., Jr. /. Biol. Chem. 1979, 
254, 3295-3302. (b) Marnett, L. J.; P16, P. J. Biol. Chem. 1989, 264, 
13983-13993. 

(7) (a) Poulsen, L. L.; Ziegler, D. M. J. Biol. Chem. 1979, 254, 
••--•-- (b) Beaty, N. S.; Ballou, D. P. J. Biol. Chem. 1981, 256, 

(c) Beaty, N. S.; Ballou, D. P. /. Biol. Chem. 1981, 256, 
6449-6455. 
4611-4618. 
4619-4625. 

(8) (a) Ball, S.; Bruice, T. C. J. Am. Chem. Soc. 1980, 102, 6498-6503. 
(b) Miller, A. Tetrahedron Lett. 1982, 23, 753-756. (c) Doerge, D. R.; 
Corbett, M. D. MoI. Pharmacol. 1984, 26, 348-352. (d) Oae, S.; Asada, K.; 
Yoshimura, T. Tetrahedron Lett. 1983, 24, 1265-1268. 

(9) (a) Takata, T.; Yamazaki, M.; Fujimore, K.; Kim, Y. H.; Oae, S.; 
Iyanagi, T. Chem. Lett. 1980, 1441-1444. (b) Waxman, D. J.; Light, D. R.; 
Walsh, C. Biochemistry 1982, 21, 2499-2507. 

(10) (a) Boyd, D. R.; Walsh, C. T.; Chen, Y.-C. J. In Sulfur-Containing 
Drugs and Related Organic Compounds; Damani, L. A., Ed.; Ellis Horwood: 
Chichester, England, 1989; Vol. 2, Part A, pp 67-100. (b) Levi, P. E.; 
Hodgson, E. Xenoblotica 1988,18, 29-39. (c) Light, D. R.; Waxman, D. J.; 
Walsh, C. Biochemistry 1982, 21, 2490-2498. 

(11) (a) Groves, J. T.; Kruper, W. J., Jr. J. Am. Chem. Soc. 1979, 101, 
7613-7615. (b) Hanzlik, R. P.; Shearer, G. O. J. Am. Chem. Soc. 1975, 97, 
5231-5235. 

(12) Hill, C. L.; Schardt, B. C. J. Am. Chem. Soc. 1980,102,6374-6375. 
(13) Shannon, P.; Bruice, T. C. J. Am. Chem. Soc. 1981,103,4580-4582. 
(14) (a) Murray, R. I.; Sligar, S. G. J. Am. Chem. Soc. 1985, 107, 

2186-2187. (b) Svastits, E. W.; Dawson, J. H.; Breslow, R.; Gellman, S. H. 
J. Am. Chem. Soc. 1985, 707, 6427-6428. 

(15) (a) Guengerich, F. P.; Macdonald, T. L. Ace. Chem. Res. 1984,17, 
9-16. (b) Watanabe, Y.; Numata, T.; Iyanagi, T.; Oae, S. Bull. Chem. Soc. 
Jpn. 1981,54, 1163-1170. 

Scheme I. Oxidative (Bio)chemical Transformation of 
2-(p-Methoxyphenyl)-l,3-dithiolane (1) and 
2-(p-Cyanophenyl)-l,3-oxathiolane (2) to Their Corresponding Trans 
(a) and Cis (b) S-Oxides 3 and A" 
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Aryl-l,3-oxathiolanes and aryl-l,3-dithiolanes are useful 
molecules to investigate the monooxygenase-catalyzed S-
oxygenation of diastereotopic and enantiotopic sulfur atoms.17 

While a number of methods have been used to generate chiral 
S-oxides of thioacetals or other dialkyl sulfides,18 no studies 
correlating the synthesis of chiral S-oxides with the production 
of S-oxides by purified hepatic monooxygenase systems have been 
reported. The purpose of this investigation was to study simple 
chiral S-oxygenation reagents in hopes of providing an efficient 
method useful for the production of chiral dialkyl S-oxides of 
relevance to the metabolites of chemicals, drugs, and pesticides. 
Results presented herein show that the Kagan modification of the 
Sharpless oxidation reagent is useful for the production of chiral 
dialkyl S-oxides, which are formed by the highly purified FMO 
from hog liver microsomes. The significance of the results is that, 
in principle, the major S-oxide metabolite arising from action of 
hepatic FMO on a large numbers of chemicals, drugs, and pes-

(16) Colonna, S.; Gaggero, N.; Manfredi, A.; Casella, L.; Gulloti, L. J. 
Chem. Soc, Chem. Commun. 1988, 1451-1452. 

(17) (a) Cashman, J. R.; Proudfoot, J.; Ho, Y.-K.; Chin, M. S.; Olsen, L. 
D. J. Am. Chem. Soc. 1989, 111, 4844-4852. (b) Bortolini, O.; DiFuria, F.; 
Licini, G.; Modena, G.; Rossi, M. Tetrahedron Lett. 1986, 27, 6257-6260. 

(18) (a) Sugimoto, T.; Kokubo, T. G.; Miyazaki, J.; Tanimoto, S.; Okano, 
M. J. Chem. Soc, Chem. Commun. 1979, 402-404. (b) Colonna, S.; Banfi, 
S.; Annuziata, R.; Casella, L. J. Org. Chem. 1986, 51, 891-895. (c) Pitchen, 
P.; Dunach, E.; Deshmukh, M. N.; Kagan, M. B. J. Am. Chem. Soc. 1984, 
106, 8188-8193. 
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Table II. CD Data and Absolute Configuration of Optically Active S-Oxides 3a, 4a, and 4b° 
5-oxide % eeb [6}c (X1n,,) A^ [B] (X) configuration' 

3a 76 +16 278 (245) +4~9 +10 174 (250) infl, +7800 (230) tr, +11 869 (224) pk, \R,2R 
+2713 (215) tr, +6782 (210) pk 

4a 54 -19 907(217) -6.0 +9559 (247) pk, 0 (232) zero point,-7407 (228) infl, 15,25 
0 (208) zero point, +25 463 (208) pk 

4b 92 -19565(205) -5.9 -13 587 (252) pk, 0 (235) zero point,+3261 (229) pk, 15,2/? 
0 (225) zero point, -13043 (215) sh, 0 (195) 

"Circular dichroism spectra were taken with a JASCO J-500A spectropolarimeter of purified S-oxides (0.1-0.2 mM, CH3CN) obtained from 
reactions with the Kagan modification of the Sharpiess reagent. Insufficient amounts of pure 3b were obtained for analysis. 'Percent enantiomeric 
excess (defined in Table I) was determined by NMR analysis in the presence of chiral shift reagents, as described in the Experimental Section. 
'Specific molar ellipticity [0] (deg M"1 cm"1) values were calculated according to ref 35. ''The change in extinction coefficient («) is calculated from 
[fl]/3300 (ref 35). The abbreviations are inflection (infl), trough (tr), peak (pk), and shoulder (sh). 'The assigned centers are as described in Table 
I. 

ticides can be conveniently synthesized in enantiomerically en
riched form. 

Results 

Reaction of 2-(p-Methoxyphenyl)-l,3-dithiolane and 2-(p-
Cyanophenyl)-13-oxathiolane with Chemical S-Oxidizing Reagents. 
At pH 7.0, the reaction of 2-(j?-methoxyphenyl)-l,3-dithiolane 
(I) and 2-(p-cyanophenyl)-l,3-oxathiolane (2) with a slight excess 
of hydrogen peroxide or sodium metaperiodate produced the 
corresponding 5-oxides 3 and 4, respectively, as the only detectable 
products17 (Scheme I). At extremely long reaction times, 3 and 
4 were oxidized further and decomposed to the corresponding 
benzaldehydes. Of the diastereomers that could form from 1 and 
2, the major trans diastereomer 3a or 4a, respectively, was formed 
in greater than 90% yield. Oxidation of 1 and 2 with hydrogen 
peroxide or sodium metaperiodate led to 5-oxide products with 
zero enantiomeric excess (ee) as defined in Table I. The optical 
activity and absolute configuration assignments of 5-oxides" 3 
and 4 were determined by NMR, CD, and HPLC methods, as 
described in the Experimental Section. The reaction was repeated 
in the presence of bovine serum albumin (BSA) and sodium 
metaperiodate in an attempt to induce stereoselective S-
oxygenation by employing a chiral protein matrix. The presence 
of BSA markedly increased the diastereoselectivity of S-
oxygenation for 1 but not for 2 and only very modestly increased 
the ee. Consequently, the asymmetric S-oxygenation of 1 and 
2 was attempted by employing the chiral sulfoxidizing system 
consisting of titanium tetraisopropoxide, diethyl tartrate, ferr-butyl 
hydroperoxide, and water18c (Table II). This system is analogous 
to the Kagan modification of the Sharpiess reagent used by others 
to S-oxidize various sulfides. As shown in Table I, oxidation of 
1 and 2 with the modified Sharpiess reagent gave 5-oxides with 
good diastereoselectivity and enantioselectivity. Thus, 5-oxide 
3a was obtained in 79% ee, while 4a and 4b were obtained in 54% 
and 92% ee, respectively. 

Reaction of 2-(p-Methoxyphenyl)-l,3-dithiolane and 2-(/»-
Cyanophenyl)-l,3-oxathiolane with Microsomes and Purified 
Flavin-Containing Monooxygenase from Hog Liver. Preliminary 
studies showed that untreated hog liver microsomes supplemented 
with NADPH catalyze the S-oxygenation of 1 and 2 to the 
corresponding 5-oxides 3 and 4 [20.0 and 7.5 nmol min"1 (mg 
of protein)"1, respectively]. The formation of the 5-oxide was a 
linear function of protein concentration (0-4 mg/mL) and of time 
for at least 5 min. Heat inactivation of hog liver microsomes under 
conditions that preserve 85% of the cytochrome P-450 activity 
but essentially completely destroy FMO activity almost completely 
(90%) abolished S-oxygenation of 1 and 2. That the 5-oxide 
product formed in hog liver microsomes is largely produced by 
an FMO-catalyzed reaction (i.e., 90% FMO catalyzed and 10% 
cytochrome P-450 catalyzed) is seen from inhibitor studies and 
analysis of the stereochemistry of the 5-oxides formed. Reaction 
of hog liver microsomes with 1 and 2 in the presence of n-
octylamine, a stimulator of hog liver FMO1 and a potent inhibitor 
of cytochrome P-450,20 does not decrease the S-oxygenation of 

(19) Cashman, J. R.; Proudfoot, J.; Pate, D. W.; Hogberg, T. Drug Metab. 
Dispos. 1988, 16, 616-622. 

1 and 2. As shown in Table I, the stereochemical preference for 
addition of an oxygen atom by hog liver microsomes to 1 is to the 
pro-R sulfur atom (i.e., 89.7% IR,2R and 10.3% 15,25), and no 
cis 5-oxide formation could be detected. For 2, addition of an 
oxygen atom is to the trans pro-S sulfur atom by hog liver mi
crosomes (i.e., 90.7% 15,25 and 9.3% IR,2R), and no cis 5-oxide 
formation could be detected. The stereopreference for S-
oxygenation of 1 and 2 is consistent with the suggestion that in 
hog liver microsomes FMO, and not the cytochromes P-450, is 
mainly responsible for S-oxygenation. In order to examine this 
point more carefully, the S-oxygenations of 1 and 2 were examined 
with highly purified hepatic microsomal monooxygenases. 

Reactions of 2-(/>-Methoxyphenyl)-l,3-dithiolane and 2-(p-
Cyanophenyl)-l,3-oxathiolane with Highly Purified Hog Liver 
FMO. The NADPH-dependent S-oxygenation of 1 and 2 cata
lyzed by highly purified hog liver FMO [372 and 125 nmol min"1 

(mg of protein) ', respectively] is a linear function of protein 
concentration (0-200 ng of protein) and of time for at least 3 min. 
Formation of 5-oxides 3 and 4 by the highly purified hog liver 
FMO was abolished by heat inactivation of FMO and significantly 
decreased by alternate competitive substrates for the FMO. As 
shown in Table I, the stereochemical preference for addition of 
an oxygen to 1 by the highly purified hog liver FMO is to the 
pro-R sulfur atom, and this occurs with 100% diastereoselectivity 
and enantioselectivity; no cis 5-oxide formation could be detected. 
For 2, addition of an oxygen atom by hog liver FMO to the pro-S 
sulfur atom was found to be 98.7% (i.e., 77.9% 15,25 and 20.8% 
15,2/?), with 1.3% addition to the pro-R sulfur atom (i.e., 1.3% 
\R,2R). The fact that the stereopreference for S-oxygenation 
of 1 and 2 by the highly purified FMO from hog liver is similar 
to that observed for hog liver microsomes suggests that, at least 
in hog liver microsomes, S-oxygenation of 1 and 2 is largely 
catalyzed by FMO and not by hog liver microsomal cytochromes 
P-450. In order to confirm this suggestion, the S-oxygenation of 
1 and 2 was investigated with highly purified cytochrome P-450 
from rat and mouse liver. 

Reaction of 2-(p-Methoxyphenyl)-l,3-dithiolane and 2-(p-
CyanophenyI)-l,3-oxathiolane with Highly Purified Cytochrome 
P-450PB.B from Rat and Mouse Liver. Highly purified rat liver 
cytochrome P-450PB.B catalyzed S-oxygenation of 1 and 2 to 3 
and 4 [11.1 and 10.8 nmol min"1 (nmol of protein)"1, respectively] 
is linearly dependent on protein concentration (0-0.2 nmol of 
cytochrome P-450) and on time for at least 10 min. S-
Oxygenation of 1 and 2 is dependent on cytochrome P-450 re
ductase and NADPH but only to a small extent on cytochrome 
bs. As shown in Table I, the S-oxygenation of 1 and 2 by rat liver 
cytochrome P-450PB.B produces mainly trans 5-oxide products. 
In contrast to what has been observed for microsomes and highly 
purified FMO from hog liver (discussed above), the stereopre
ference for addition of an oxygen atom to 1 and 2 by rat liver 
cytochrome P-450PB.B yields 5-oxides with opposite enantiose
lectivity. For 1, addition of oxygen by rat liver cytochrome P-
450PB.B is to the pro-S sulfur atom (i.e., 98.2% 15,25 and 1.8% 
IR,2R). Compound 2 is also S-oxygenated by rat liver cytochrome 
P-450PB.B, and although modest diastereoselectivity is observed, 

(20) Jeffcoate, C. R. E.; Gaylor, J. L.; Calabreese, R. L. Biochemistry 
1969, 8, 3455-3465. 
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very high enantioselectivity is observed. Thus, addition of oxygen 
to 2 is only to the pro-R sulfur atom (i.e., 100% \R,2R and 100% 
\R,2S). 

Like rat liver cytochrome P-450PB„B, NADPH-dependent S-
oxygenation of 1 and 2 to 3 and 4 with mouse liver cytochrome 
P-450pB.B gives largely trans S-oxide products with enantiose
lectivity almost identical with that observed for rat liver cyto
chrome P-450PB.B (Table I). Preliminary studies with mouse liver 
cytochrome P-450PB.B catalyzed S-oxygenation of 1 and 2 to 3 
and 4 [9.2 and 8.5 nmol min"1 (nmol of protein)"1, respectively] 
demonstrated that the reaction is linearly dependent on protein 
concentration (0-0.2 nmol of cytochrome P-450pB.B) and on time 
for at least 10 min. S-Oxygenation of 1 and 2 is dependent on 
cytochrome P-450 reductase and NADPH but only slightly de
pendent on cytochrome b5. In good agreement with rat liver 
cytochrome P-450PB.B, mouse liver cytochrome P-450PB.B gives 
5-oxides with enantioselectivity opposite from that observed for 
hog liver FMO. Thus, for 1, mouse liver cytochrome P-450 
produces only the trans S-oxide diastereomer with 100% enan
tioselectivity (i.e., 100% 1S,2S). For 2, mouse liver cytochrome 
P-450PB.B catalyzed addition of oxygen to the pro-R sulfur atom 
was found to be 100% (i.e., 100% IR,2R and 100% \R,2S). For 
cytochrome P-450PB.B catalyzed S-oxygenation of 1 and 2, no 
sulfone or S,S'-dioxide formation could be detected during the 
short incubation time periods employed. 

That concurrent nonenzymatic S-oxygenation of 1 and 2 does 
not contribute to the formation of S-oxides with either microsomal 
or purified monooxygenase preparations stems from the following 
observations: (1) the ee remains constant over the time course 
of the reaction, (2) the chemical oxidation (i.e., H2O2 or NaIO4) 
is slow and gives zero ee, (3) incubations performed in the presence 
of catalase or glutathione do not change the de or ee observed, 
and (4) incubations performed in the absence of NADPH or active 
protein do not yield S-oxides. The conclusion that stereoselective 
reduction of S-oxides is not occurring during the mono-
oxygenase-catalyzed reactions comes from the fact that S-oxides 
are quantitatively extracted from inactive enzyme preparations 
with their stereochemistry unchanged. 

Discussion 
Chemical S-Oxidation of 2-(p-Methoxyphenyl)-l,3-dithiolane 

and 2-(p-Cyanophenyl)-l,3-oxathiolane. The reaction of 1 and 
2 with ROOH or sodium metaperiodate in the presence of various 
chiral matrices was investigated in order to identify the diaster-
eoselectivity and enantioselectivity of the products formed (Scheme 
I). In the presence of bovine serum albumin and sodium meta
periodate, marked diastereoselective S-oxygenation was observed 
in comparison to reactions performed in the absence of bovine 
serum albumin, although the degree of enantioselective S-
oxygenation was very low.18a'b Sulfides 1 and 2 presumably bind 
to one or more of the binding sites of bovine serum albumin in 
a diastereoselective fashion. Attack by sodium metaperiodate must 
occur with almost equal facility at either enantiotopic lone pair 
of the sulfur atom trans to the aromatic ring. Another possibility 
is that the protein binds 1 and 2 at more than one distinct site, 
although attack of oxygen at the sulfur atom is similar. In an 
attempt to S-oxygenate 1 and 2 in an enantioselective fashion with 
an agent having one well-defined binding site, we investigated 
stereoselective S-oxygenation with the Kagan modification of the 
Sharpless reagent. 

The structure of the Sharpless reagent has been established by 
X-ray crystallography;21 each tartramide acts as a bidentate diolate 
to a titanium, where there is double bridging between the titaniums 
through the tartramide alkoxy groups. Presumably, 1 and 2 bind 
and orient with respect to the Sharpless oxidizing reagent in order 
to decrease steric repulsion interactions between the aromatic 
group and the titanium-tartramide backbone. Concomitant attack 
on the sulfur atom by the chiral titanium hydroperoxide produces 
mainly trans S-oxides with good overall enantioselectivity. That 
initial complexation of the sulfide to the tartramide prior to ox-

(21) Sharpless, K. B.; Woodard, S. S.; Finn, M. G. Pure Appl. Chem. 
1983, 55, 1823-1830. 

idation is not occurring is consistent with the observation that the 
enantioselectivity of the reaction is no different regardless of 
whether (+)- or (-)-diethyl tartrate is used in the reaction. 
Hydrogen bonding of the proximal substrate heteroatom to the 
modified Sharpless oxidizing reagent does not appear to be im
portant, since much better enantioselectivity is observed for the 
poorly hydrogen-bonding dithiolane 1 compared to the oxathiolane 
2, which has the much more efficient hydrogen-bonding dialkyl 
ether group present. In good agreement with what has been 
proposed previously, we envisage the modified Sharpless reagent 
to be capable of chiral S-oxygenation, with enantioselectivity 
mainly determined by steric interactions.180 

Monooxygenase-Catalyzed S-Oxygenation of 2-(p-Methoxy-
phenyl)-l,3-dithiolane and 2-(p-CyanoptaenyI)-l,3-oxathioIane. 
The S-oxygenation of 1 and 2 was investigated in vitro with 
microsomes and highly purified FMO from hog liver as well as 
with cytochrome P-450PB.B from mouse and rat liver. For all 
monooxygenase preparations examined, 1 and 2 were efficiently 
S-oxygenated. In general, a marked preference for trans S-oxide 
formation was observed17,22 (Figure 1). In the presence of hog 
liver microsomes under conditions where both FMO and cyto
chrome P-450 activities are present, a stereochemical analysis of 
the S-oxides formed for both 1 and 2 supports the idea that FMO 
is mainly responsible for S-oxygenation. Thus, attack of oxygen 
on the sulfur atom of 1 or 2 gives stereochemistry similar to that 
observed for microsomes and highly purified FMO from hog liver 
but S-oxide stereochemistry opposite from that observed for cy
tochrome P-450PB.B from rat and mouse liver. From the data 
presented, it is clear that S-oxygenation of 1 and 2 with the 
modified Sharpless reagent gives S-oxide products similar to those 
produced by hog liver FMO. Although the modified Sharpless 
reagent employs a chiral titanium hydroperoxide21 and hog liver 
FMO-mediated S-oxygenations require an isoalloxazine 4a-
hydroperoxide,7 it is remarkable that very similar stereochemistry 
is observed. This observation may have mechanistic as well as 
practical consequences. Nucleophilic attack by sulfides on 
electrophilic peroxides may occur either by an anionic nucleophilic 
mechanism or by a single-electron-transfer (SET) reaction 
mechanism. The data presented previously are consistent with 
a role of anionic nucleophilic mechanisms for FMO,23 although 
a SET reaction cannot be completely ruled out.17"'24 For cyto
chromes P-450, a SET mechanism has been implicated to explain 
the regio- and stereochemistry of the oxidation reactions.25 The 
high degree of enantioselectivity observed for modified Sharpless 
reagent and FMO-catalyzed S-oxygenations is consistent with 
anionic nucleophilic mechanisms. For cytochrome P-450PB.B 
catalyzed S-oxygenations, the reactions are highly enantioselective. 
If SET reaction mechanisms are on the reaction path for cyto
chrome P-450, then collapse of sulfide radical cations for S-
oxygenation of 1 and 2 must be extremely rapid to give the en
antioselectivity observed. From a practical point of view, the work 
presented suggests that the Kagan modification of the Sharpless 
reagent may be a useful catalyst to synthesize chiral S-oxide 
metabolites of drugs or xenobiotics. This may be important, since 
it is widely recognized that FMO comprises a major metabolic 
route to dialkyl sulfide S-oxygenation in mammalian systems.23 

Another intriguing observation is that FMO and cytochrome 
P-450PB.B S-oxygenate 1 and 2 to produce opposite enantiotopic 
sulfoxide sulfur atoms.10 While this is probably not the case for 
all dialkyl sulfide S-oxygenations, nevertheless, S-oxygenation of 
1 or 2 could be a useful stereochemical probe of mono-
oxygenase-catalyzed S-oxygenation in various mammalian tissues. 
Such a stereochemical probe should be highly useful to distinguish 
the activity of cytochromes P-450 and FMO in various tissue 
preparations under different experimental conditions. Recently, 
studies have been accomplished showing that rabbit lung FMO 

(22) Cashman, J. R.; Proudfoot, J. Anal. Biochem. 1988, 175, 274-280. 
(23) Ziegler, D. M. Drug Metab. Rev. 1988, 19, 1-32. 
(24) Pryor, W. A.; Hendrickson, W. H. J. Am. Chem. Soc. 1983, 105, 

7114-7122. 
(25) Augusto, O.; Beilan, H. S.; Ortiz de Montellano, P. R. J. Biol. Chem. 

1982, 257, 11288-11295. 
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Table III. Some Properties of 2-(p-Methoxyphenyl)-l,3-dithiolane, 
2-(p-Cyanophenyl)-l,3-oxathiolane, and Their S-Oxides 

B 

pro-R 

1 
Figure 1. Stereoselective S-oxygenation of 1 or 2 by the flavin-containing 
monooxygenase or the modified Sharpless reagent (plates A and B). 
Plate C demonstrates the prochiral nature of compound 1. 

produces S-oxide enantiomers opposite from those produced by 
rabbit lung cytochrome P-450HB-4- In addition, S-oxygenation 
of 1 in rat microsomal preparations has been shown to be useful 
to investigate the changes in monooxygenase activities as a function 
of animal pretreatment. 

Experimental Section 

Chemicals. All chemicals used were reagent grade or better, and 
compounds 1-4 were fully characterized by IR, UV-vis, NMR, and mass 
spectrometry. 2-(p-Methoxyphenyl)-l,3-dithiolane (1) and 2-(p-cyano-
phenyl)-l,3-oxathiolane (2) as well as their corresponding S-oxides, were 
synthesized as previously described." The relative configurations of the 
trans and cis S-oxides were assigned by high-field NMR studies and are 
in agreement with previous studies.26 High-resolution mass spectrometry 
of synthetic S-oxides (i.e., ±5 ppm of the calculated mass) is in excellent 
agreement with the predicted structure (Table III).17a Chiral sulfoxides 
were synthesized by the method of Pitchen et al.18c With the combination 
of titanium tetraisopropoxide, (+)-diethyl tartrate, /ert-butyl hydroper
oxide, and water, S-oxides 3a and 4a were obtained in 76% and 54% ee, 
respectively. The optical purity of the purified cis and trans S-oxide 
products was determined by NMR analysis using chiral shift reagents: 
tris[3-(heptafluoropropyl)hydroxymethylene)-(-)-camphorato]europium-
(HI) for 1 and (+)-(S)-9-anthryl-2,2,2-trifluoroethanol for 2. The ab
sorption spectra of pure cis and trans S-oxides were determined in order 
to relate the optical purity of the products to the absolute configuration 
of dialkyl S-oxides independently correlated by other means.27 Previous 
chemical and biochemical studies of thioketal S-oxides have established 
the relationship between the circular dichroism (CD) sign and the ab
solute stereochemistry of dialkl S-oxides.28 A positive CD associated 
with the absorption between 285 and 195 nm can be correlated with an 
R S-oxide configuration.27 Separation of each enantiomer of each dia-
stereomer was accomplished by HPLC with a Chiralcel OD column 
(Daicel Chemical Industries, Ltd., New York) using an eluent of 2-
propanol/hexane (18:82 v/v) and UV detection (240 nm). 

Materials. AU solvents and buffers were the purest commercially 
available products. Sodium metaperiodate, titanium tetraisopropoxide, 

(26) Holland, H. L.; Munoz, B. Can. J. Chem. 1988, 66, 2299-2303. 
(27) Mislow, K.; Green, M. M.; Laur, P.; Melillo, J. T.; Simmons, T.; 

Ternary, A. L., Jr. J. Am. Chem. Soc. 1965, 87, 1958-1976. 
(28) (a) Auret, B. J.; Boyd, D. R.; Cassidy, E. S.; Hamilton, R.; Turley, 

F.; Drake, A. F. J. Chem. Soc., Perkin Trans. 1, 1985, 1547-1552. (b) Auret, 
B. J.; Boyd, D. R.; Breen, F.; Greene, R. M. E.; Robinson, P. M. J. Chem. 
Soc, Perkin Trans. I, 1981, 930-933. 

compd 

1 
3a, trans 
3a, 1S.2S 
3a, IR,2R 
3b, cis 
3b, 1S,2R 
3b, \R,2S 
2 
4a, trans 
4a, 1S,2S 
4a, IR,2R 
4b, cis 
4b, \S,2R 
4b, IR,2S 

ret vol, 
mL" 

4.2 

14.6 
15.7 

16.7 
22.9 

5.7 

26.4 
23.1 

32.8 
27.5 

>W W 
234 (4697) 
236 (9200) 

236 (9100) 

231 (17500) 
236(16750) 

234 (17750) 

high-resolution 
mass spectra^ 

calcd obsd 

212.0504 212.0510 

212.0504 212.0506 

207.0358 207.0359 

207.0358 207.0354 

±ppm 

+ 1.6 

-0.6 

+2.6 

+0.1 

"Retention volumes were measured by HPLC with a Chiralcel OD 
column as described in the Experimental Section. ''UV spectra were 
recorded in methanol; X (e) values are in units of nm (M"1 cm"1)- CIR 
and NMR data are consistent with the predicted structures.17" 

(+)- and (-)-diethyl tartrate, /erf-butyl hydroperoxide, n-octylamine, and 
hydrogen peroxide were obtained from Aldrich Chemical Co., Milwau
kee, WI. NADP+, glucose 6-phosphate, glucose 6-phosphate de
hydrogenase, dilauroylphosphatidylcholine, sodium dodecyl sulfate, and 
NADPH were obtained from Sigma Chemical Co. 

Metabolic and Enzymatic Incubations. Hog liver microsomes were a 
generous gift of Professor D. M. Ziegler (University of Texas at Austin). 
Hog liver FMO was purified according to a published procedure,29 and 
both microsomes and highly purified FMO from hog liver used in this 
study were shown to N-oxygenate dimethylaniline30 and S-oxygenate 
2-(p-nitrophenyl)-l,3-oxathiolane.22 The incubation mixture used has 
been described previously."2,31 Rat and mouse liver microsomes were 
isolated from phenobarbital-pretreated animals (60 mg ip for 4 days) by 
the method described previously.32 The major phenobarbital-inducible 
cytochrome P-450 (P-450PB_B) was purified from rat liver by the method 
of Waxman and Walsh32 and from mouse liver by the method of Born-
heim and Correia.33 Both isozymes exhibited characteristically high 
pentoxyresorufm 0-dealkylase and 16|8-testosterone hydroxylase activities 
[6 and 3 nmol of product min"1 (nmol of cytochrome P-450)"1, respec
tively] and were judged to be homogeneous by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Cytochrome P-450PB.B (0.1 nmol) 
was reconstituted in the presence of saturating amounts of NADPH-
cytochrome P-450 reductase (600 units) and dilauroylphosphatidylcholine 
(50 Mg) and allowed to stand at 4 0 C for 10 min. Sodium phosphate 
buffer (50 mM, pH 7.4), a NADPH-generating system or NADPH (0.5 
mM) and substrate (200 nM final concentration), and rat hepatic cyto
chrome A5 (0.1 nmol) were added, for a total volume of 0.5 mL. Incu
bations were carried out for 10 min at 33 0 C with constant shaking in 
air, and the reaction was terminated and prepared for HPLC analysis 
as previously described.34 A portion of the reaction mixture extract was 
evaporated to dryness, taken up in hexane/2-propanol (85:15 v/v), and 
subjected to HPLC on a Chiralcel OD column, with UV detection at 240 
nm. S-Oxide metabolites were compared with authentic synthetic S-
oxides, and the integrated areas of the resolved peaks specifying each 
S-oxide enantiomer for each diastereomer were quantitated. 
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