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A conceptually new series of vitamin D3-like nonfluorinated and fluorinated 16-ene side chain
tert-butyl sulfones 3-7 has been synthesized. Even though these novel C,D-ring side chain
analogues of the hormone 1R,25-dihydroxyvitamin D3 (1, 1,25D3) lack a terminal OH group,
thought previously to be essential for high biological activity, they are highly antiproliferative
and, in several cases, transcriptionally active in vitro but desirably noncalcemic in vivo. The
side chain sulfone group may be binding to the nVDR as a hydrogen-bond acceptor, in contrast
to the hydrogen-bond donor function of the 25-OH group of natural 1,25D3.

Introduction

Clinical use of vitamin D3 analogues as effective drugs
requires separating desirable antiproliferative and pro-
differentiating activities from undesirable calcemic
activity.1,2 Toward this end, structural changes in the
C,D-ring and side chain region of hormonally active
1R,25-dihydroxyvitamin D3 (1,25D3, calcitriol, 1) have
been made. Important international examples of such
therapeutically promising 1,25D3 analogues include the
following: Leo Pharmaceutical Company’s KH-1060,3

EB-1089,4 and C18-attached side chain analogues;5 Hoff-
mann-LaRoche’s 16-ene-23-yne and 16,23-diene series;6
Chugai Pharmaceutical Company’s 22-oxa series;7 the
Riverside group’s arocaliferols;8 and the Belgian C- and
D-ring nor analogues.9,10 Structural changes have been
made also exclusively in the A-ring region, leading to
separation of antiproliferative from calcemic activities.
Important examples include the following: the Madi-

son,11 the Riverside,12 and the Providence13 3-epi-
vitamin D3 analogues, DeLuca’s 19-nor analogues,14 the
Austrian aromatic analogues,15 and our 1-hydroxyalkyl
series.16 Structural changes in both the A-ring and also
the C,D-ring side chain regions have produced tran-
scriptionally active, noncalcemic, highly antiprolifera-
tive hybrid analogues.17 The only side chain phosphorus-
containing analogues of 1,25D3 ever reported, phosphine
oxide 2a and phosphonate 2b, showed very low anti-
proliferative activity.18 Although several side chain
sulfide analogues are known,19-21 no 16-ene side chain
sulfone-containing analogues have been reported. We
describe now for the first time a series of natural A-ring
16-ene 24- and 25-sulfones, some of which are noncal-
cemic but potently antiproliferative and transcription-
ally active even at physiologically relevant low nano-
molar levels.

Results and Discussion

Having prepared a 16-saturated 24-tert-butyl sulfone
(-SO2Bu-t) analogue and a 24-dimethylsulfonamide
(-SO2NMe2) analogue of 1,25D3 (1) and having found
them to be only weakly antiproliferative, we prepared
also the corresponding unsaturated 16-ene 24-tert-
butyl sulfone analogue 3a with natural A-ring substit-
uents and stereochemistry (Scheme 1). The final con-
vergent coupling step to form enantiomerically pure
vitamin D sulfone 3a was performed with enantiomeri-
cally pure keto sulfone (+)-13 and enantiomerically pure
A-ring phosphine oxide (-)-14.22 The characteristic 1H
NMR spectral data for the C18 methyl group and
especially the C6 vinyl hydrogen atom12 of adduct 3a
are listed in Table 1. Sulfone analogue 3a was found to
be as antiproliferative in vitro as 1,25D3 (1) in murine
keratinocytes even at 7 nM concentration, using our
previously described protocol (Figure 1).23 Likewise, in
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murine malignant melanoma cells (data not shown), 16-
ene 24-sulfone 3a was at least as antiproliferative as
1,25D3 (1). The 1-hydroxymethyl22 hybrid analogue of
16-ene 24-tert-butyl sulfone 3a, however, was only
weakly antiproliferative.

16-Ene-25-tert-butyl sulfone analogue 4a, a homo-
logue of analogue 3a, was prepared also in a straight-

forward manner (Scheme 2), was characterized stereo-
chemically as 1R,3â by 1H NMR spectroscopy (Table 1),
and was found to be comparable in vitro to 1,25D3 (1)
in terms of antiproliferative activity in murine keratin-
ocytes. The diastereomer 4b, with unnatural stereo-
chemistry in the A-ring (see Table 1), was only weakly
antiproliferative (Figure 1). Replacing the tert-butyl
group in 25-sulfone analogues 4 by a phenyl group
produced analogues that had only weak in vitro anti-
proliferative activities. Similarly, replacing the 25-tert-
butyl sulfone group in analogues 3 or 4 by a diethyl
phosphonate group [i.e. 24- or 25-P(O)(OEt)2] produced
only weakly antiproliferative analogues.

As expected based on our recent success with some
24-fluorinated analogues of 1,25D3 (1),24 24,24-difluori-
nated 25-tert-butyl sulfone analogue 5a, in contrast to
its A-ring unnatural diastereomer 5b (Scheme 3), was
found in vitro to be comparable to 1,25D3 (1) in terms
of antiproliferative activity in both murine keratinocyte
and malignant melanoma cells (Figures 1 and 2).
Electrophilic fluorination25,26 of tert-butyl sulfone (+)-
15 in Scheme 3 was achieved without addition of
fluorine to the ∆16-ene double bond, and convergent
coupling of A-ring phosphine oxide (()-14 with R,R-
difluorosulfone ketone (+)-20 proceeded in high yield
without loss of a fluorine atom (i.e. without dehydro-
fluorination).

Guided by the pioneering work at Hoffmann-LaRoche
on 16,23-unsaturated analogues of 1,25D3 (1),6 we have
prepared also 16,23-diene 25-tert-butyl sulfones 6 and
the corresponding 24-fluoro 25-tert-butyl sulfones 7
(Schemes 4 and 5). Dehydration of â-hydroxy sulfones
21 gave exclusively (E)-alkenyl sulfone 22 (Scheme 4).
Whereas tetra-n-butylammonium fluoride caused Michael
addition of fluoride anion to alkenyl sulfone 22 (but not

Scheme 1

Table 1. 1H NMR (δ) and Optical Rotation (deg)
Characteristics of Sulfone Analogues

analogue C18-CH3 C6-H C7-H [R]25
D

3a 0.68 6.35 6.09 +63.0
4a 0.69 6.37 6.11 +6.7
4b 0.68 6.39 6.09 -8.9
5a 0.68 6.36 6.10 +0.1
5b 0.68 6.39 6.10 -24.1
6a 0.70 6.36 6.10 -2.5
6b 0.69 6.38 6.09 -10.9
7a 0.69 6.36 6.10 +3.2
7b 0.69 6.38 6.09 -16.7

Figure 1. Dose-response effects of analogues on murine
keratinocyte proliferation (96 h).
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to the less electrophilic alkenyl R-fluoro sulfone 25), HF
in acetonitrile effected removal of the silyl ether protect-
ing group (22 f 23) without Michael addition. In both
the nonfluorinated and the fluorinated series, only the
A-ring diastereomers 6a and 7a having natural stere-
ochemistry at both the 1- and 3-positions were found in
vitro to be at least comparable to and perhaps more
effective than 1,25D3 in terms of antiproliferative activ-
ity in murine keratinocytes and in malignant melanoma
cells over a wide range of concentrations (Figures 1 and
2).

The in vitro vitamin D receptor-mediated transcrip-
tional potencies of several of these new analogues were
determined, as described previously,24 in rat osteosar-
coma ROS 17/2.8 cells. The ED50 values for transcrip-
tional activity are as follows:27 1,25D3, 0.35 nM; non-
fluorinated sulfone 3a, 0.8 nM; fluorinated sulfones 5a
and 7a, 0.65 and 4.0 nM, respectively (Figure 3). Thus,

sulfones 3a and 5a are only 2-fold less transcriptionally
active than natural 1,25D3 (1). These results are par-
ticularly significant because they indicate that sulfones
3a and 5a, both lacking a 25-OH group, are able to bind
to the nuclear vitamin D receptor (nVDR) and thus to
initiate genomic responses. Indeed, competitive binding
affinities for these analogues [relative to 100% binding
of 1,25D3 (1)] are as follows: 3a, 21%; 5a, 7.9%; 7a, 4%.
Thus, despite the modest (7.9%) relative binding of
fluorinated analogue 5a to the nVDR, it has relatively
strong transcriptional activity.27 It is possible that one
of the sulfone oxygen atoms in these analogues is
serving as a polar group surrogate in place of a terminal
OH group for binding to the nVDR; sulfones via their
oxygen atoms have been reported to form hydrogen
bonds with various proton donors.28 Thus, the side chain
sulfone groups in these analogues represent the first
examples of a new class of hydrogen-bond acceptors29-32

Scheme 2

Scheme 3

Conceptually New Sulfone Analogues of 1,25D3 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 18 3427



that complement the normal hydrogen-bond donor
function of the 25-OH group in natural 1,25D3 (1) and
in the thousand 1,25D3 analogues prepared previously.33

For practical chemotherapeutic uses of these new
chemical entities, they would have to be weakly active
or, even better, inactive in raising animals’ calcium
levels in their blood and urine. Using our previously
reported protocol in which rats are treated orally with
1,25D3 and the new analogues daily for 1 week, several
of the sulfones (3a, 5a, 7a) produced no calcium eleva-
tion above control under identical treatment regimens
(Figure 4). 16,23-Diene sulfone 6a, however, was mod-
erately calcemic. Interestingly, a substantial difference
in calcemic activity was observed between the homolo-
gous sulfones 3a and 4a, large molecules differing by
only a single CH2 group: whereas 24-sulfone 3a was

noncalcemic, 25-sulfone 4a was calcemic (Figure 4). A
reasonable explanation of these considerable differences
in calcemic activities induced by only small structural
changes in the vitamin D skeleton awaits synthesis of
additional analogues for structure-activity studies.

In summary, we have established for the first time
that 16-ene side chain tert-butyl sulfones 3a, 4a, 5a, 6a,
and 7a, conceptually new analogues of 1,25D3 (1), are
potently antiproliferative and transcriptionally active
even though they lack the natural hormone’s 25-
hydroxyl group and even though no terminal methine

Figure 2. Dose-response effects of analogues on murine B16
malignant melanoma cell proliferation.

Scheme 4

Figure 3. Transcriptional activity of vitamin D3 analogues
in ROS 17/2.8 cells.
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C-H group is present that might undergo metabolic
conversion (oxidation) into a terminal OH group. The
side chain terminal 25-OH group in 1,25D3 (1) has been
considered up until now essential for effective recogni-
tion and binding to the nVDR. Therefore, these new 16-
ene side chain tert-butyl sulfone analogues, because they
are transcriptionally potent, are likely to serve well as
molecular probes to elucidate fine details of ligandbind-
ing to nVDR and, more generally, to advance under-
standing of how 1,25D3 and its analogues elicit diverse
biological responses. The effective separation of desir-
able antiproliferative activity from undesirable calcemic
activity makes sulfones 3a, 5a, and 7a promising
candidates for further evaluation as potential chemo-
therapeutic or prophylactic agents in various human
diseases.

Experimental Section
General. Unless otherwise noted, reactions were run in

flame-dried round-bottomed flasks under an atmosphere of
ultra-high-purity (UHP) argon. Diethyl ether (ether) and
tetrahydrofuran (THF) were distilled from sodium benzophe-

none ketyl prior to use. Methylene chloride (CH2Cl2) was
distilled from calcium hydride prior to use. All other com-
pounds were purchased from Aldrich Chemical Co. and used
without further purification. Analytical thin-layer chromatog-
raphy (TLC) was conducted with silica gel 60 F254 plates (250-
µm thickness; Merck). Column chromatography was performed
using short path silica gel (particle size < 230 mesh), flash
silica gel (particle size 400-230 mesh), or Florisil (200 mesh).
Yields are not optimized. Purity of products was judged to be
>95% based on their chromatographic homogeneity. High-
performance liquid chromatography (HPLC) was carried out
with a Rainin HPLX system equipped with two 25-mL/min
preparative pump heads using Rainin Dynamax 10-mm × 250-
mm (semipreparative) columns packed with 60 Å silica gel (8-
µm pore size), either as bare silica or as C-18-bonded silica.
Melting points were measured using a Mel-Temp metal-block
apparatus and are uncorrected. Nuclear magnetic resonance
(NMR) spectra were obtained either on a Varian XL-400
spectrometer, operating at 400 MHz for 1H and 100 MHz for
13C, or on a Varian XL-500 spectrometer, operating at 500 MHz
for 1H and 125 MHz for 13C. Chemical shifts are reported in
parts per million (ppm, δ) downfield from tetramethylsilane.
Infrared (IR) spectra were obtained using a Perkin-Elmer 1600
FT-IR spectrometer. Absorption bands are reported in wave-

Scheme 5
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numbers (cm-1). Low- and high-resolution mass spectra (LRMS
and HRMS) were obtained with electronic or chemical ioniza-
tion (EI or CI) either (1) at Johns Hopkins University on a
VG Instruments 70-S spectrometer run at 70 eV for EI and
run with ammonia (NH3) as a carrier gas for CI or (2) at the
University of Illinois at ChampaignsUrbana on a Finnigan-
MAT CH5, a Finnigan-MAT 731, or a VG Instruments 70-VSE
spectrometer run at 70 eV for EI and run with methane (CH4)
for CI.

23-Hydroxy Silyl Ether (+)-9. To a solution of aldehyde
(+)-824 (361 mg, 1.07 mmol) in 20 mL of THF was added 3.2
mL (3.20 mmol) of a 1.0 M solution of diisobutylaluminum
hydride (DIBAH) in hexanes at -78 °C. After 30 min, the
reaction mixture was diluted with ether, quenched with 10%
HCl, and then extracted with EtOAc (100 mL × 2). The
combined extracts were successively washed with saturated
aqueous NaHCO3 solution and brine, dried over Na2SO4,
concentrated in vacuo, and then purified by chromatography
(10% EtOAc/hexanes) to give 353 mg (97%) of the alcohol (+)-9
as a colorless oil: [R]25

D +26.2 (c 5.2, CHCl3); 1H NMR (400
MHz, CDCl3) δ 5.29 (t, J ) 1.6 Hz, 1H), 4.12 (m 1H), 3.57-
3.67 (m, 2H), 2.19-2.29 (m, 2H), 1.61-1.92 (m, 7H), 1.24-
1.51 (m, 4H), 1.01 (s, 3H), 1.01 (d, J ) 6.8 Hz, 3H), 0.95 (t,
J ) 8.0 Hz, 9H), 0.56 (q, J ) 8.0 Hz, 6H); 13C NMR (100 MHz,
CDCl3) δ 159.90, 120.04, 68.91, 61.59, 55.06, 46.75, 39.26,
35.75, 34.92, 30.73, 28.29, 22.60, 18.73, 18.07, 6.96, 4.93; IR
(neat, cm-1) 3322, 2953, 2931, 2875, 1456, 1030; HRMS m/z
(M+) calcd 338.2641 for C20H38O2Si, found 338.2644.

23-Iodo Silyl Ether (-)-10. To a solution of triphenylphos-
phine (990 mg, 3.77 mmol) and imidazole (580 mg, 8.52 mmol)
in 40 mL of CH2Cl2 was slowly added a solution of iodine (1060
mg, 4.18 mmol) in 60 mL of CH2Cl2 at 0 °C. After 15 min, a
solution of alcohol (+)-9 (353 mg, 1.04 mmol) in 5 mL of CH2-
Cl2 was added into the mixture. After being stirred for 20 min
at 0 °C followed by 16 h at room temperature, the reaction
mixture was extracted with EtOAc (100 mL × 2), washed with
brine, dried over MgSO4, concentrated in vacuo, and then
purified by column chromatography (100% hexanes) to give
443 mg (95%) of iodide (-)-10 as a colorless oil: [R]25

D -17.0
(c 6.1, CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.29 (t, J ) 1.6

Hz, 1H), 4.12 (m, 1H), 3.07-3.22 (m, 2H), 2.27 (ddt, J ) 14.4,
12.0, 1.2 Hz, 1 H), 2.18-2.22 (m, 1H), 2.02-2.11 (m, 2H), 1.86-
1.95 (m, 3H), 1.61-1.76 (m, 3H), 1.42-1.52 (m, 2H), 1.35 (td,
J ) 12.4, 4.0 Hz, 1H), 1.04 (s, 3H), 1.00 (d, J ) 6.8 Hz, 3H),
0.96 (t, J ) 8.0 Hz, 9H), 0.57 (q, J ) 8.0 Hz, 6H); 13C NMR
(100 MHz, CDCl3) δ 158.77, 120.39, 68.88, 55.05, 46.69, 35.57,
34.92, 32.70, 30.78, 22.02, 18.96, 18.07, 6.99, 5.66, 4.96; IR
(neat, cm-1) 2954, 2930, 2874, 1466, 1143, 1029; HRMS m/z
(M+) calcd 448.1658 for C20H37IOSi, found 448.1659.

TES 24-Sulfide (+)-11. A 5-mL hydrolysis tube was
charged with iodide (-)-10 (257 mg, 0.57 mmol), 0.1 mL (0.92
mmol) of 2-methyl-2-propanethiol, 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU; 131 mg, 0.86 mmol), and 1.5 mL of benzene. After
being stirred for 16 h at 130 °C, the reaction mixture was
extracted with ether (50 mL × 2), washed with 5% HCl
solution and brine, dried over MgSO4, concentrated in vacuo,
and then purified by chromatography (5% EtOAc/hexanes) to
give 147 mg (62%) of the sulfide (+)-11 as a colorless oil: [R]25

D

+18.0 (c 2.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.29 (t,
J ) 1.6 Hz, 1H), 4.12 (m, 1H), 2.41-2.54 (m, 2H), 2.26 (ddt,
J ) 14.4, 12.0, 1.2 Hz, 1 H), 2.13-2.20 (m, 1H), 1.85-1.93 (m,
2H), 1.57-1.81 (m, 5H), 1.26-1.51 (m, 3H), 1.31 (s, 9H), 1.02
(s, 3H), 1.00 (d, J ) 6.8 Hz, 3H), 0.96 (t, J ) 8.0 Hz, 9H), 0.57
(q, J ) 8.0 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 159.66,
120.00, 68.96, 55.11, 46.70, 41.86, 36.58, 35.75, 34.96, 31.06,
30.78, 26.50, 22.28, 18.76, 18.09, 6.98, 4.65; IR (neat, cm-1)
2956, 2928, 2875, 1457, 1029; HRMS m/z (M + H+) calcd
411.3117 for C24H46OSSi, found 411.3109.

8-Hydroxy 24-Sulfone (+)-12. To a solution of sulfide (+)-
11 (72 mg, 0.18 mmol) in MeOH (2.0 mL) was added 1.2 mL
(0.38 mmol) of 20% aqueous solution of potassium peroxy-
monosulfate (2KHSO5‚KHSO4‚K2SO4, Oxone) at 0 °C. The
resulting white suspension was warmed to room temperature
and then stirred for 1 h. Upon the disappearance of the
starting material and the intermediate sulfoxide (monitored
by TLC), the mixture was diluted with water, extracted with
EtOAc, washed with brine, dried over MgSO4, concentrated
in vacuo, and then purified by chromatography (40% EtOAc/
hexanes) to give 39 mg (68%) of 8-hydroxy 24-sulfone (+)-12
as a colorless oil: [R]25

D +4.6 (c 2.7, CHCl3); 1H NMR (400 MHz,

Figure 4. Effects of vitamin D3 analogues on urinary calcium excretion in rats. Animals were treated with 0.5-10 µg/kg body
weight of test compound po for 7 consecutive days, and urinary excretion of calcium was measured during days 3-7. Values are
mean ( SE from three animals in each group.
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CDCl3) δ 5.38 (t, J ) 1.6 Hz, 1H), 4.18 (m, 1H), 2.75-2.95 (m,
2H), 2.28 (ddt, J ) 14.4, 12.0, 1.2 Hz, 1 H), 2.16-2.23 (m, 1H),
1.96-2.10 (m, 3H), 1.71-1.90 (m, 4H), 1.41-1.45 (m, 3H), 1.39
(s, 9H), 1.06 (d, J ) 6.8 Hz, 3H), 1.03 (s, 3H); 13C NMR (100
MHz, CDCl3) δ 158.10, 121.04, 68.90, 58.82, 54.30, 46.27, 43.90,
35.27, 33.91, 31.20, 30.27, 26.29, 23.47, 22.49, 18.41, 17.74;
IR (neat, cm-1) 3516, 2929, 2875, 1454, 1277; HRMS m/z
(M + NH4

+) calcd 346.2416 for C18H32O3S, found 346.2420.
8-Keto 24-Sulfone (+)-13. A flame-dried 5-mL flask was

charged with 66 mg (0.20 mmol) of the C,D-ring alcohol (+)-
12, 3 mL of anhydrous CH2Cl2, 150 mg of oven-dried Celite,
and 150 mg (0.40 mmol) of pyridinium dichromate (PDC). The
reaction mixture was stirred overnight at room temperature
and then passed through a 2-cm pad of flash silica gel and
washed with EtOAc. The filtrate was concentrated and purified
by column chromatography (50% EtOAc/hexanes) to give 58
mg (88%) of 8-keto 24-sulfone (+)-13 as a colorless oil: [R]25

D

+5.8 (c 5.8, CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.34 (t, J )
1.2 Hz, 1H), 2.75-2.90 (m, 3H), 2.44 (ddt, J ) 16.0, 10.8, 1.2
Hz, 1 H), 2.25-2.35 (m, 3H), 1.93-2.12 (m, 5H), 1.86-1.93
(m, 1H), 1.77 (ddd, J ) 18.0, 12.8, 5.6 Hz, 1H), 1.37 (s, 9H),
1.10 (d, J ) 6.8 Hz, 3H), 0.79 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ 210.45, 156.04, 121.55, 68.91, 58.86, 53.63, 43.40,
40.40, 34.15, 32.04, 27.09, 26.27, 23.91, 23.40, 21.67, 17.19;
IR (neat, cm-1) 2939, 1715, 1456, 1276, 1114; HRMS m/z
(M + NH4

+) calcd 344.2259 for C18H30O3S, found 344.2267.
24-Sulfone Analogue (+)-3a. A solution of 70 mg (0.12

mmol) of phosphine oxide (-)-1434 in 1.5 mL of anhydrous THF
was cooled to -78 °C and treated with 75 µL (0.12 mmol) of a
1.7 M solution of phenyllithium in cyclohexane-ether. The
resulting reddish orange solution was stirred for 30 min at
-78 °C. To the solution was added dropwise a solution of 40
mg (0.12 mmol) of the C,D-ring ketone (+)-13 in 1 mL of
anhydrous THF. After being stirred for 2 h at the same
temperature, the reaction was quenched with 2 mL of a 1:1
mixture of 2 N sodium potassium tartrate and 2 N K2CO3,
extracted with EtOAc (50 mL × 2), and washed with brine.
The combined organic portions were dried over anhydrous
MgSO4, concentrated in vacuo, and then purified by chroma-
tography (20% Et2O/hexanes) to afford 45 mg of the coupled
product as a colorless oil.

The silyl ether was dissolved in 2 mL of anhydrous THF.
To this solution were added 0.26 mL (0.26 mmol) of a 1.0 M
solution of tetra-n-butylammonium fluoride (TBAF) in THF
and 35 µL of triethylamine. After being stirred for 16 h at room
temperature, the mixture was extracted with EtOAc (50
mL × 2) and washed with brine. The combined organic
portions were dried over anhydrous MgSO4, concentrated in
vacuo, and then purified by chromatography (90% EtOAc/
hexanes) to afford 27 mg (48%, two steps) of enantiomerically
pure sulfone analogue (+)-3a as a white solid: mp 84-86 °C;
[R]25

D +63 (c 1.2, EtOH). The solid was further purified by
reverse-phase HPLC (C-18 semipreparative column, 47%
MeCN/H2O, 3.0 mL/min, 262 nm) to afford 20 mg of (+)-3a
(1R,3â, tR 37.0 min) as a white solid: 1H NMR (400 MHz,
CDCl3) δ 6.35 (d, J ) 11.2 Hz, 1H), 6.09 (d, J ) 11.2 Hz, 1H),
5.37 (br s, 1H), 5.33 (br s, 1H), 4.99 (br s, 1H), 4.41-4.44 (m,
1H), 4.22 (septet, J ) 3.2 Hz, 1H), 2.76-2.94 (m, 3H), 2.18-
2.39 (m, 5H), 1.88-2.10 (m, 5H), 1.48-1.71 (m, 4H), 1.39 (s,
9H), 1.09 (d, J ) 6.8, 3H), 0.68 (s, 3H); 13C NMR (100 MHz,
CDCl3) δ 157.79, 147.52, 141.89, 133.28, 124.67, 121.70, 117.02,
111.71, 70.68, 66.76, 58.87, 58.27, 49.92, 45.16, 43.77, 42.83,
35.07, 32.23, 29.44, 28.69, 26.30, 23.49, 21.72, 16.87; IR (neat,
cm-1) 3406, 2930, 1457, 1277, 1114; UV (MeOH) λmax 263 nm
(ε 16 100); HRMS m/z (M+) calcd 462.2804 for C27H42O4S, found
462.2794.

TES 25-Sulfone (+)-15. A solution of tert-butyl methyl
sulfone (118 mg, 0.87 mmol) and THF (3.0 mL) was cooled to
-78 °C and treated dropwise under argon with 0.61 mL (0.85
mmol) of a 1.4 M solution of n-BuLi in hexanes. The solution
was stirred for 15 min at -78 °C. To the solution was added
0.3 mL of HMPA, and then the solution was stirred for another
15 min. A precooled (-78 °C) solution of iodide (-)-10 (78 mg,
0.17 mmol) in 2.0 mL of THF was added slowly via cannula.

The reaction mixture was then warmed to room temperature
and quenched with water, extracted with EtOAc (50 mL × 2),
washed with brine, dried over anhydrous MgSO4, concentrated
in vacuo, and then purified by column chromatography (20%
EtOAc/hexanes) to give 73 mg (92%) of the desired sulfone (+)-
15 as a colorless oil: [R]25

D +18.5 (c 7.3, CHCl3); 1H NMR (400
MHz, CDCl3) δ 5.26 (s, 1H), 4.10 (m, 1H), 2.87 (t, J ) 7.8 Hz,
2H), 2.24 (t, J ) 13.2 Hz, 1H), 2.07 (m, 1H), 1.94-1.76 (m,
4H), 1.72-1.56 (m, 4H), 1.55-1.28 (m, 13H), 0.98 (d, J ) 6.8
Hz, 3H), 0.98 (s, 3H), 0.93 (t, J ) 7.8 Hz, 9H), 0.54 (q, J ) 7.9
Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 159.41, 120.15, 68.85,
58.73, 54.99, 46.61, 45.68, 35.71, 35.64, 34.83, 31.55, 30.68,
23.39, 22.16, 18.87, 18.77, 17.98, 6.88, 4.84; IR (neat, cm-1)
2943, 2872, 1455, 1284, 1108, 1079, 1026; HRMS m/z (M+)
calcd 456.3093 for C25H48O3SSi, found 456.3090.

8-Hydroxy 25-Sulfone (+)-16. To a solution of silyl ether
(+)-15 (83 mg, 0.18 mmol) in THF (3.0 mL) was added 0.45
mL (0.45 mmol) of a 1.0 M solution of TBAF in THF, and then
it was stirred overnight at room temperature. The reaction
mixture was quenched with water and extracted with EtOAc
(50 mL × 2). The combined organic portions were washed with
brine, dried, concentrated in vacuo, and then purified by
chromatography (20% EtOAc/hexanes) to give 61 mg (99%) of
the desired alcohol (+)-16 as a colorless oil: [R]25

D +4.2 (c 1.5,
CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.30 (d, J ) 1.2 Hz, 1H),
4.15 (m, 1H), 2.87 (t, J ) 8.0 Hz, 2H), 2.25 (t, J ) 13.4 Hz,
1H), 2.07 (m, 1H), 2.00-1.45 (m, 12H), 1.38 (s, 9H), 1.02 (s,
3H), 0.99 (d, J ) 6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ
159.23, 120.26, 68.94, 58.75, 54.31, 46.28, 45.62, 35.56, 35.38,
33.75, 31.57, 30.15, 23.38, 22.06, 18.88, 18.37, 17.71; IR (neat,
cm-1) 3519, 2919, 1461, 1367, 1284, 1108; HRMS m/z (M+)
calcd 342.2229 for C19H34O3S, found 342.2235.

8-Keto 25-Sulfone (+)-17. To a solution of the C,D-ring
alcohol (+)-16 (60 mg, 0.18 mmol) in CH2Cl2 (5.0 mL) were
added 130 mg of oven-dried Celite and PDC (132 mg, 0.35
mmol) at room temperature. The reaction mixture was stirred
overnight and then passed through a 2-cm pad of flash silica
gel and washed with EtOAc. The filtrate was concentrated and
purified by column chromatography (50% EtOAc/hexanes) to
give 56 mg (94%) of the desired C,D-ring ketone (+)-17 as a
colorless oil: [R]25

D +14.7 (c 5.2, CHCl3); 1H NMR (400 MHz,
CDCl3) δ 5.27 (t, J ) 1.4 Hz, 1H), 2.86 (t, J ) 7.8 Hz, 2H),
2.81 (m, 1H), 2.40 (ddt, J ) 15.8, 10.6, 1.4 Hz, 1H), 2.29-2.19
(m, 2H), 2.17-1.90 (m, 4H), 1.90-1.58 (m, 5H), 1.56-1.40 (m,
1H), 1.36 (s, 9H), 1.04 (d, J ) 6.8 Hz, 3H), 0.77 (s, 3H); 13C
NMR (100 MHz, CDCl3) δ 210.72, 157.10, 120.67, 62.92, 58.73,
53.64, 45.37, 40.35, 35.40, 34.24, 32.64, 26.95, 23.86, 23.31,
21.47, 18.79, 17.24; IR (neat, cm-1) 2954, 1713, 1455, 1367,
1284, 1108; HRMS m/z (M+) calcd 340.2072 for C19H32O3S,
found 340.2073.

25-Sulfone Analogues (+)-4a and (-)-4b. A solution of
108 mg (0.19 mmol) of racemic phosphine oxide (()-14 in 2.0
mL of anhydrous THF was cooled to -78 °C and treated with
107 µL (0.16 mmol, 1.5 M solution in cyclohexane-ether) of
phenyllithium under argon atmosphere. The mixture turned
reddish orange and was stirred for 30 min at -78 °C. To the
solution was added dropwise a solution of 40 mg (0.12 mmol)
of the C,D-ring ketone (+)-17 in 1.0 mL of anhydrous THF.
The reaction kept going until the reddish orange color faded
to yellow (about 5 h). The reaction was quenched by adding
3.0 mL of a 1:1 mixture of 2 N sodium potassium tartrate and
2 N K2CO3 solution. The reaction mixture was extracted with
EtOAc (50 mL × 2), washed with brine, dried over anhydrous
MgSO4, concentrated in vacuo, and then purified by column
chromatography (20% EtOAc/hexanes) to afford 37 mg (45%)
of the coupled product as a colorless oil.

The coupled product (37 mg, 0.053 mmol) was dissolved in
3.0 mL of anhydrous THF, and to this solution were added
0.21 mL (0.21 mmol) of a 1.0 M solution of TBAF in THF and
29 µL (0.21 mmol) of triethylamine. The reaction was run in
darkness overnight, then quenched with water, extracted with
EtOAc (50 mL × 2), washed with brine, dried over anhydrous
MgSO4, concentrated in vacuo, and then purified by silica gel
chromatography (90% EtOAc/hexanes) to give 19 mg (76%) of
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a mixture of two diastereomers as a colorless oil. The diaster-
eomers were separated by reverse-phase HPLC (C-18 semi-
preparative column, 49% MeCN/H2O, 3.0 mL/min) to afford 6
mg (11%) of (+)-4a (1R,3â, tR 47.9 min) and 4 mg (7%) of (-)-
4b (1â,3R, tR 43.2 min) as colorless oils. (+)-4a: [R]25

D +6.7 (c
0.6, EtOH); 1H NMR (400 MHz, CDCl3) δ 6.37 (d, J ) 11.2
Hz, 1H), 6.11 (d, J ) 10.4 Hz, 1H), 5.34 (s, 2H), 5.01 (s, 1H),
4.45 (m, 1H), 4.24 (m, 1H), 3.00-2.75 (m, 3H), 2.60 (d, J )
12.8 Hz, 1H), 2.40-1.50 (m, 16H), 1.40 (s, 9H), 1.05 (d, J )
6.8 Hz, 3H), 0.69 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.85,
147.62, 142.31, 133.09, 124.83, 120.84, 116.91, 111.64, 70.63,
66.86, 58.81, 58.31, 50.04, 45.62, 45.14, 42.82, 35.53, 35.28,
32.65, 29.39, 28.74, 23.57, 23.46, 21.59, 18.73, 16.98; IR (neat,
cm-1) 3425, 2919, 1284, 1108, 1049; UV (EtOH) λmax 263 nm
(ε 12 000); HRMS m/z (M+) calcd 476.2960 for C28H44O4S, found
476.2952. (-)-4b: [R]25

D -8.9 (c 0.5, EtOH); 1H NMR (400
MHz, CDCl3) δ 6.39 (d, J ) 11.2 Hz, 1H), 6.09 (d, J ) 10.6 Hz,
1H), 5.32 (s, 2H), 5.01 (d, J ) 1.6 Hz, 1H), 4.45 (m, 1H), 4.22
(m, 1H), 2.94-2.76 (m, 3H), 2.62 (m, 1H), 2.42-1.46 (m, 16H),
1.41 (s, 9H), 1.05 (d, J ) 6.8 Hz, 3H), 0.68 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 158.84, 147.02, 142.40, 132.88, 124.89,
120.83, 116.91, 113.00, 71.55, 66.74, 58.82, 58.30, 50.06, 45.63,
45.53, 42.73, 35.54, 35.26, 32.65, 29.43, 28.73, 23.56, 23.47,
21.61, 18.72, 16.99; IR (neat, cm-1) 3401, 2919, 1455, 1284,
1108, 1049; UV (EtOH) λmax 264 nm (ε 13 200); HRMS m/z (M+)
calcd 476.2960 for C28H44O4S, found 476.2955.

TES 24-Difluoro 25-Sulfone (+)-18. To a solution of the
TES-protected C,D-ring sulfone (+)-15 (56 mg, 0.12 mmol) in
THF (3.0 mL) was added 0.18 mL (0.29 mmol) of a 1.6 M
solution of n-BuLi in hexanes at -78 °C. After being stirred
for 30 min, a precooled (-78 °C) solution of N-fluorobenzene-
sulfonimide (NFSI; 77 mg, 0.24 mmol) in 1.0 mL of THF was
added slowly to the reaction mixture, and then it was warmed
to room temperature. The reaction was quenched with water
and extracted with EtOAc (50 mL × 2). The combined organic
portions were washed with brine, dried, and concentrated in
vacuo. Purification by column chromatography (20% EtOAc/
hexanes) gave a mixture of mono- and difluorinated sulfones.

The mixture (58 mg) was dissolved in THF (3.0 mL), and
the solution was cooled to -78 °C. To the solution was added
0.18 mL of n-BuLi (1.6 M solution in hexanes, 0.29 mmol),
and the reaction mixture was stirred for 30 min at -78 °C. A
precooled (-78 °C) solution of NFSI (96 mg, 0.30 mmol) in 1.0
mL of THF was then added slowly via cannula. The reaction
mixture was warmed to room temperature, quenched with
water, extracted with EtOAc (50 mL × 2), washed with brine,
and concentrated. Purification by column chromatography
(20% EtOAc/hexanes) gave 35 mg (58%) of the desired di-
fluorinated C,D-ring sulfone (+)-18 as a colorless oil: [R]25

D

+16.7 (c 3.5, CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.30 (d,
J ) 1.2 Hz, 1H), 4.11 (m, 1H), 2.45-2.02 (m, 4H), 1.94-1.58
(m, 9H), 1.56-1.20 (m, 10H), 1.02 (d, J ) 6.8 Hz, 3H), 1.00 (s,
3H), 0.95 (t, J ) 8.0 Hz, 9H), 0.56 (q, J ) 7.9 Hz, 6H); 13C
NMR (100 MHz, CDCl3) δ 158.80, 129.63 (t, J ) 287.9 Hz),
120.94, 69.08, 63.30, 55.28, 46.81, 35.92, 35.10, 31.65, 30.99,
29.02 (t, J ) 19.3 Hz), 27.00, 24.36, 22.49, 18.91, 18.25, 7.17,
5.11; 19F NMR (376 MHz, CDCl3, CFCl3 as internal) δ -97.76
(t, J ) 16.9 Hz); IR (neat, cm-1) 2955, 2933, 2876, 1458, 1324,
1136,1082,1029;HRMSm/z (M+) calcd492.2905forC25H46F2O3-
SSi, found 492.2907.

8-Hydroxy 24-Difluoro 25-Sulfone (+)-19. A solution of
silyl ether (+)-18 (89 mg, 0.18 mmol) in THF (2.0 mL) and
0.45 mL of 1.0 M solution of TBAF in THF was stirred
overnight at room temperature. The mixture was quenched
with water and extracted with EtOAc (50 mL × 2). The
combined organic portions were washed with brine, dried,
concentrated in vacuo, and then purified by column chroma-
tography (20% EtOAc/hexanes) to give 45 mg (66%) of the
desired alcohol (+)-19 as a colorless oil: [R]25

D +3.4 (c 3.8,
CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.34 (t, J ) 1.4 Hz, 1H),
4.16 (m, 1H), 2.34-1.36 (m, 23H), 1.03 (d, J ) 6.8 Hz, 3H),
1.02 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.62, 129.52 (t,
J ) 287.7 Hz), 121.04, 69.19, 63.29, 54.57, 46.47, 35.57, 33.96,
31.63, 30.42, 28.96 (t, J ) 19.8 Hz), 26.93, 24.32, 22.37, 18.50,

17.96; 19F NMR (376 MHz, CDCl3, CFCl3 as internal) δ -97.83
(m); IR (neat, cm-1) 3568, 2930, 2870, 1458, 1320, 1134; HRMS
m/z (M+) calcd 378.2040 for C19H32F2O3S, found 378.2047.

8-Keto 24-Difluoro 25-Sulfone (+)-20. A flame-dried 5-mL
flask was charged with 40 mg (0.11 mmol) of the C,D-ring
alcohol (+)-19, 3.0 mL of anhydrous THF, 100 mg of oven-
dried Celite, and 100 mg (0.27 mmol) of PDC. The reaction
mixture was stirred overnight at room temperature and then
passed through a 2-cm pad of flash silica gel and washed with
EtOAc. The filtrate was concentrated and purified by column
chromatography (20% EtOAc/hexanes) to give 31 mg (78%) of
the desired C,D-ring ketone (+)-20 as a colorless oil: [R]25

D

+12.9 (c 3.4, CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.33 (d,
J ) 1.2 Hz, 1H), 2.83 (dd, J ) 10.4, 6.4 Hz, 1H), 2.45 (dd, J )
15.6, 10.8 Hz, 1H), 2.36-1.56 (m, 12H), 1.50(s, 9H), 1.09 (d,
J ) 6.8 Hz, 3H), 0.80 (s, 3H); 13C NMR (100 MHz, CDCl3) δ
210.87, 156.51, 129.38 (t, J ) 287.8 Hz), 121.68, 63.36, 63.23,
53.83, 40.63, 34.50, 32.64, 28.85 (t, J ) 19.6 Hz), 27.31, 26.90,
24.31, 24.14, 21.70, 17.47; 19F NMR (376 MHz, CDCl3, CFCl3

as internal) δ -97.79 (m); IR (neat, cm-1) 2939, 2873, 1718,
1458, 1377, 1320, 1130; HRMS m/z (M+) calcd 376.1884 for
C19H30F2O3S, found 376.1889.

24-Difluoro 25-Sulfone Analogues (+)-5a and (-)-5b.
Racemic phosphine oxide (()-14 (89 mg, 0.15 mmol) was
dissolved in 2.0 mL of anhydrous THF and cooled to -78 °C
under argon atmosphere. To this solution was added 100 µL
(0.16 mmol) of phenyllithium (1.6 M solution in cyclohexane-
ether) dropwise. The mixture turned deep reddish orange and
persisted. After stirring at -78 °C for 30 min, a precooled (-78
°C) solution of C,D-ring ketone (+)-20 (30 mg, 0.080 mmol)
dissolved in 1.0 mL of anhydrous THF was added dropwise
via cannula. The reaction kept going until the reddish orange
color faded to yellow (about 4 h). The reaction was quenched
by adding 3.0 mL of a 1:1 mixture of 2 N sodium potassium
tartrate and 2 N K2CO3 solution. The reaction mixture was
allowed to warm to room temperature, extracted with EtOAc
(50 mL × 2), washed with brine, dried over anhydrous MgSO4,
filtered, concentrated in vacuo, and then purified by column
chromatography (10% EtOAc/hexanes) to afford 50 mg (84%)
of the coupled product as a colorless oil.

The coupled product (50 mg, 0.067 mmol) was dissolved in
3.0 mL of anhydrous THF with 37 µL of Et3N, and to this
solution was added 0.27 mL (0.27 mmol) of TBAF (1.0 M
solution in THF) at room temperature. The reaction was run
in darkness overnight, then quenched with water, extracted
with EtOAc (50 mL × 2), washed with brine, dried over
anhydrous MgSO4, concentrated in vacuo, and then purified
by column chromatography (90% EtOAc/hexanes) to give 33
mg (96%) of a mixture of two diastereomers as a colorless oil.
The diastereomers were separated by reverse-phase HPLC (C-
18 semipreparative column, 52% MeCN/H2O, 3.0 mL/min) to
afford 17 mg (41%) of (+)-5a (1R,3â, tR 145.3 min) as a foaming
solid and 7 mg (17%) of (-)-5b (1â,3R, tR 129.2 min) as a
colorless oil. (+)-5a: [R]25

D +0.1 (c 1.7, CHCl3); 1H NMR (400
MHz, CDCl3) δ 6.36 (d, J ) 11.2 Hz, 1H), 6.10 (d, J ) 11.2 Hz,
1H), 5.40-5.30 (m, 2H), 5.00 (s, 1H), 4.43 (dd, J ) 8.0, 4.4 Hz,
1H), 4.23 (m, 1H), 2.81 (dd, J ) 12.0, 4.0 Hz, 1H), 2.59 (dd,
J ) 13.2, 2.8 Hz, 1H), 2.43-2.13 (m, 5H), 2.09-1.96 (m, 2H),
1.95-1.63 (m, 9H), 1.51 (s, 9H), 1.07 (d, J ) 6.8 Hz, 3H), 0.68
(s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.19, 147.85, 142.36,
133.43, 129.60 (t, J ) 287.7 Hz), 124.99, 121.67, 117.21, 111.88,
70.82, 67.07, 63.34, 58.52, 50.18, 45.35, 43.02, 35.42, 32.58,
29.65, 28.94, 28.70 (t, J ) 19.6 Hz), 26.81, 24.36, 23.77, 21.79,
17.05; 19F NMR (376 MHz, CDCl3, CFCl3 as internal) δ -97.86
(m); IR (neat, cm-1) 3601, 2931, 2837, 1455, 1314, 1126, 1043;
UV (EtOH) λmax 263 nm (ε 16 100); HRMS m/z (M+) calcd
512.2772 for C28H42F2O4S, found 512.2781. (-)-5b: [R]25

D -24.1
(c 0.7, CHCl3); 1H NMR (400 MHz, CDCl3) δ 6.39 (d, J ) 11.2
Hz, 1H), 6.10 (d, J ) 11.2 Hz, 1H), 5.35 (t, J ) 1.2 Hz, 1H),
5.32 (s, 1H), 5.01 (d, J ) 2.0 Hz, 1H), 4.44 (dd, J ) 6.0, 4.0
Hz, 1H), 4.22 (m, 1H), 2.82 (dd, J ) 11.8, 4.2 Hz, 1H), 2.62
(dd, J ) 13.2, 4.0 Hz, 1H), 2.42-2.12 (m, 5H), 2.10-1.96 (m,
2H), 1.95-1.55 (m, 9H), 1.52 (s, 9H), 1.07 (d, J ) 6.8 Hz, 3H),
0.68 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.20, 147.22,

3432 Journal of Medicinal Chemistry, 1999, Vol. 42, No. 18 Posner et al.



142.49, 133.18, 129.62 (t, J ) 288.0 Hz), 125.09, 121.66, 117.20,
113.29, 71.80, 66.96, 63.35, 58.53, 50.20, 45.78, 42.94, 35.40,
32.58, 29.70, 28.94, 28.69 (t, J ) 19.1 Hz), 26.82, 24.38, 23.77,
21.81, 17.07; 19F NMR (376 MHz, CDCl3, CFCl3 as internal) δ
-97.88 (m); IR (neat, cm-1) 3683, 3601, 2931, 1314, 1132, 1043;
UV (EtOH) λmax 263 nm (ε 15 000); HRMS m/z (M+) calcd
512.2772 for C28H42F2O4S, found 512.2776.

16-Ene 23-Hydroxy 25-Sulfones 21. To a solution of
tert-butyl methyl sulfone (103 mg, 0.76 mmol) in 10 mL of
THF was added 0.52 mL of n-BuLi in hexanes (1.6 M, 0.83
mmol) dropwise at -78 °C. After 1 h at -78 °C, a solution of
aldehyde (+)-8 (45 mg, 0.13 mmol) in 10 mL of THF was added
dropwise at -78 °C. After 2 h at -78 °C, the reaction mixture
was quenched with saturated ammonium chloride solution (20
mL) and extracted with EtOAc (50 mL × 3). The combined
organic portions were washed with brine (30 mL), dried over
MgSO4, and concentrated. The crude product was purified by
flash column chromatography (33% EtOAc/hexanes) to give 45
mg (76%) of diastereomeric alcohols 21 as colorless oils: 1H
NMR (400 MHz, CDCl3) δ 5.33 (m, 1H), 5.27 (m, 1H), 4.48 (m,
1H), 4.38 (m, 1H), 4.12 (m, 1H), 3.47 (m, 1H), 3.37 (m, 1H),
3.09-2.94 (m, 2H), 2.41 (m, 1H), 2.26 (m, 1H), 1.91-1.41 (m,
13H), 1.42 (m, 9H), 1.04 (m, 6H), 0.95 (t, J ) 8.0 Hz, 9H), 0.56
(q, J ) 8.0 Hz, 6H); IR (neat, cm-1) 3523, 2932, 1290, 1114;
HRMS m/z (M+) calcd 472.3043 for C25H48O4SSi, found 472.3037.

16,23-Diene 25-Sulfone (+)-22E. To a solution of alcohols
21 (42 mg, 0.089 mmol) in 10 mL of dry CH2Cl2 were added
0.20 mL of triethylamine and methanesulfonyl chloride (0.050
mL, 0.65 mmmol) at 0 °C. The mixture was stirred for 1 h at
0 °C. The solution was concentrated in vacuo. The residue was
diluted with brine (20 mL) and extracted with EtOAc (30
mL × 3). The combined organic portions were dried over
MgSO4 and concentrated. The crude mesylates were used for
the next step without further purification.

To a solution of the mesylates in 7 mL of dry benzene was
added 1,8-diazabicyclo[5.4.0]undec-7-ene (0.050 mL, 0.33 mmol).
The solution was gently refluxed for 15 min and then allowed
to cool to room temperature. The reaction mixture was diluted
with brine (20 mL) and extracted with EtOAc (30 mL × 3).
The combined organic portions were dried over MgSO4 and
concentrated. The crude product was purified by flash chro-
matography (33% EtOAc/hexanes) to give 38 mg (94%) of the
unsaturated sulfone (+)-22E as a colorless oil: [R]25

D +20.0 (c
1.4, CHCl3); 1H NMR (400 MHz, CDCl3) δ 6.81 (dt, J ) 14.8,
7.6 Hz, 1H), 6.23 (d, J ) 15.2 Hz, 1H), 5.29 (s, 1H), 4.11 (m,
1H), 2.51 (m, 1H), 2.41-2.02 (m, 3H), 1.91 (m, 2H), 1.73-1.37
(m, 10H), 1.04 (d, J ) 6.4 Hz, 3H), 1.01 (s, 3H), 0.94 (t, J )
8.0 Hz, 9H), 0.56 (q, J ) 8.0 Hz, 6H); 13C NMR (100 MHz,
CDCl3) δ 158.38, 150.43, 124.31, 121.34, 68.75, 58.17, 54.95,
46.75, 38.76, 35.78, 34.74, 30.91, 30.70, 23.23, 21.83, 18.84,
17.96, 6.88, 4.83; IR (neat, cm-1) 2932, 1294, 1115; HRMS m/z
(M + H+) calcd 455.3015 for C25H46O3SSi, found 455.3009.

16,23-Diene 8-Hydroxy 25-Sulfone (+)-23E. To a solution
of the sulfone (+)-22E (24 mg, 0.053 mmol) in 10 mL of
acetonitrile was added hydrofluoric acid (2% in H2O, 0.10 mL,
0.10 mmol) at 0 °C. After 2 h at 0 °C, the reaction mixture
was quenched with saturated NaHCO3 solution (20 mL) and
extracted with EtOAc (30 mL × 3). The combined organic
layers were washed with brine (30 mL), dried over MgSO4,
and concentrated. The crude product was purified by flash
chromatography (50% EtOAc/hexanes) to give 17 mg (94%) of
the alcohol (+)-23E as a colorless oil: [R]25

D +5.9 (c 2.9, CHCl3);
1H NMR (400 MHz, CDCl3) δ 6.82 (dt, J ) 15.2, 7.6 Hz, 1H),
6.25 (dt, J ) 15.2, 1.6 Hz, 1H), 5.35 (s, 1H), 4.18 (m, 1H), 2.54-
2.22 (m, 4H), 2.02-1.52 (m, 14H), 1.35 (s, 9H), 1.06 (d, J )
8.0 Hz, 3H), 1.05 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 158.30,
150.22, 124.45, 121.45, 68.89, 58.19, 54.31, 46.46, 38.72, 35.47,
33.79, 30.99, 30.22, 23.28, 21.84, 18.46, 17.70; IR (neat, cm-1)
3526, 2927, 1290, 1120; HRMS m/z (M + NH4

+) calcd 358.2416
for C19H32O3S, found 358.2408.

16,23-Diene 8-Keto 25-Sulfone (+)-24E. To a solution of
the alcohol (+)-23E (28 mg, 0.083 mmol) in 10 mL of dry CH2-
Cl2 was added 57 mg of oven-dried Celite and pyridinium
dichromate (57 mg, 0.15 mmol) at room temperature. After

16 h, the reaction mixture was filtered through a flash silica
gel pad and then eluted with EtOAc. The filtrate was concen-
trated and purified by flash chromatography (50% EtOAc/
hexanes) to give 25 mg (89%) of the ketone (+)-24E as a
colorless oil: [R]25

D +22.2 (c 2.0, CHCl3); 1H NMR (400 MHz,
CDCl3) δ 6.78 (dt, J ) 15.2 7.6 Hz, 1H), 6.25 (d, J ) 15.2 Hz,
1H), 5.33 (s, 1H), 2.85(m, 1H), 2.55-2.27 (m, 6H), 2.15-1.74
(m, 7H), 1.33 (s 9H), 1.11 (d, J ) 6.4 Hz, 3H), 0.81 (s, 3H); 13C
NMR (100 MHz, CDCl3) δ 210.43, 156.21, 149.49, 124.89,
121.80, 62.89, 58.19, 53.69, 40.34, 38.56, 34.35, 27.09, 23.86,
23.25, 21.35, 17.32; IR (neat, cm-1) 2935, 1715, 1289, 1113;
HRMS m/z
(M + NH4

+) calcd 356.2259 for C19H30O3S, found 356.2266.
16,23-Diene 25-Sulfone Analogues (-)-6a and (-)-6b.

To a solution of racemic phosphine oxide (()-14 (60 mg, 0.10
mmol) in 1 mL of anhydrous THF was treated dropwise with
phenyllithium (1.22 M in cyclohexane-ether, 0.082 mL, 0.10
mmol) at -78 °C. The resulting reddish orange solution was
stirred at -78 °C for 30 min, and then a solution of the ketone
(+)-24E (24 mg, 0.071 mmol) in 1 mL of anhydrous THF was
added dropwise. The reaction mixture was stirred until reddish
color turned to pale yellow and then quenched with 3 mL of a
1:1 mixture of 2 N sodium potassium tartrate solution and 2
N K2CO3 solution. The aqueous layer was extracted with
EtOAc (50 mL × 3). The combined organic portions were
washed with brine (50 mL), dried over MgSO4, and concen-
trated. The residue was purified by preparative TLC (EtOAc)
to give 44 mg (88%) of the coupled product as a colorless oil.

To a solution of the coupled product (44 mg, 0.062 mmol) in
2 mL of anhydrous ethanol was added hydrofluoric acid (49%
in H2O, 0.50 mL, 12.3 mmol). The solution was stirred at room
temperature for 2 h in the dark. The reaction mixture was
quenched with NaHCO3 solution (20 mL), and the aqueous
layer was extracted with EtOAc (30 mL × 3). The combined
organic portions were washed with brine (20 mL), dried over
MgSO4, and concentrated. The residue was purified by pre-
parative TLC (EtOAc) to give 27 mg (91%) of diastereomeric
diols 6 as colorless oils. The diastereomers were separated by
reverse-phase HPLC (C-18 semipreparative column, 52%
MeCN/48% H2O, 3 mL/min) to give 12 mg (36%) of (-)-6a
(1R,3â, tR 30.2 min) and 9 mg (27%) of (-)-6b (1â,3R, tR 27.1
min) as colorless oils. (-)-6a: [R]25

D -2.5 (c 1.1, CHCl3); 1H
NMR (400 MHz, CDCl3) δ 6.81 (dt, J ) 15.2, 7.4 Hz, 1H), 6.36
(d, J ) 11.2 Hz, 1H), 6.24 (d, J ) 15.2 Hz, 1H), 6.10 (d, J )
11.6 Hz, 1H), 5.34 (m, 2H), 5.00 (s, 1H), 4.44 (m, 1H), 4.24 (m,
1H), 2.88 (dd, J ) 12.4, 4.2 Hz, 1H), 2.61-2.48 (m, 3H), 2.38-
2.14 (m, 7H), 2.06-1.51 (m, 18H), 1.34 (s, 9H), 1.09 (d, J )
6.4 Hz, 3H), 0.70 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 157.86,
150.15, 147.63, 141.81, 133.37, 124.70, 124.50, 122.98, 117.14,
111.64, 70.62, 66.83, 58.28, 58.21, 50.02, 45.12, 42.84, 38.64,
35.29, 32.00, 29.43, 28.67, 23.49, 23.29, 21.29, 17.03; IR (neat,
cm-1) 3606, 2931, 1291, 1113; UV (EtOH) λmax 263 nm (ε
11 793); HRMS m/z (M+) calcd 474.2804 for C28H42O4S, found
474.2800. (-)-6b: [R]25

D -10.9 (c 0.8, CHCl3); 1H NMR (400
MHz, CDCl3) δ 6.81 (dt, J ) 15.2, 7.6 Hz, 1H), 6.38 (d, J )
11.6 Hz, 1H), 6.24 (d, J ) 15.2 Hz, 1H), 6.09 (d, J ) 11.2 Hz,
1H), 5.34 (m, 2H), 5.01 (s, 1H), 4.46 (m, 1H), 4.23 (m, 1H),
2.83 (dd, J ) 12.8, 4.0 Hz, 1H), 2.64-2.48 (m, 3H), 2.34-2.15
(m, 7H), 2.05-1.52 (m, 20H), 1.35 (s, 9H), 1.09 (d, J ) 6.4 Hz,
3H), 0.69 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 157.86, 150.15,
147.09, 141.91, 133.18, 124.76, 124.52, 121.98, 117.14, 112.82,
71.42, 66.74, 58.28, 58.22, 50.03, 45.47, 42.78, 38.64, 35.28,
32.01, 29.47, 28.66, 23.48, 23.30, 21.32, 17.05; IR (neat, cm-1)
3606, 2931, 1291, 1112; UV (EtOH) λmax 263 nm (ε 11 572);
HRMS m/z (M+) calcd 474.2804 for C28H42O4S, found 474.2796.

TES 16,23-Diene 24-Fluoro 25-Sulfones (+)-25E and
(+)-25Z. A solution of 5.0 mL of THF and 0.53 mL of n-BuLi
(1.5 M solution in hexanes, 0.80 mmol) was cooled to -78 °C,
and then 0.11 mL (0.80 mmol) of diisopropylamine was added
dropwise to the solution. After 15 min, monofluorinated tert-
butyl methyl sulfone (58 mg, 0.38 mmol) was added via
cannula, and the resulting reaction mixture was stirred for
another 15 min. Diethyl chlorophosphate (52 µL, 0.36 mmol)
was added, and the reaction was stirred at -78 °C for 1 h. A
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precooled (-78 °C) solution of TES-protected aldehyde (+)-8
(75 mg, 0.22 mmol) in 1.0 mL of THF was added slowly via
cannula. The reaction mixture was then warmed to room
temperature, quenched with water, extracted with EtOAc (50
mL × 2), washed with brine, dried over anhydrous MgSO4,
and concentrated in vacuo, and then the mixture (75 mg, 71%)
was separated by column chromatography (2% Et2O/hexanes)
to give 45 mg of the desired E isomer and 30 mg of the Z isomer
as colorless oils. (+)-25E: [R]25

D +28.2 (c 2.8, CHCl3); 1H NMR
(400 MHz, CDCl3) δ 6.05 (dt, J ) 32.8, 7.6 Hz, 1H), 5.31 (t,
J ) 1.6 Hz, 1H), 4.11 (m, 1H), 2.54-2.18 (m, 4H), 1.98-1.20
(m, 17H), 1.06 (d, J ) 6.8 Hz, 3H), 1.00 (s, 3H), 0.94 (t, J )
8.0 Hz, 9H), 0.56 (q, J ) 8.0 Hz, 6H); 13C NMR (100 MHz,
CDCl3) δ 158.62, 151.81 (d, J ) 294.8 Hz), 122.33 (d, J ) 6.4
Hz), 121.38, 69.02, 59.73, 55.19, 46.95, 35.98, 35.01, 31.41,
31.33, 30.96, 23.47, 22.16, 19.05, 18.22, 7.15, 5.10; 19F NMR
(376 MHz, CDCl3, CFCl3 as internal) δ -119.77 (d, J ) 33.5
Hz); IR (neat, cm-1) 2954, 2931, 2860, 1666, 1455, 1320, 1132,
1026; HRMS m/z (M+) calcd 472.2843 for C25H45FO3SSi, found
472.2851. (+)-25Z: [R]25

D +22.7 (c 2.1, CHCl3); 1H NMR (400
MHz, CDCl3) δ 6.07 (dt, J ) 24.0, 7.2 Hz, 1H), 5.34 (t, J ) 1.6
Hz, 1H), 4.11 (m, 1H), 2.76-2.54 (m, 2H), 2.34-2.14 (m, 2H),
1.96-1.82 (m, 2H), 1.76-1.20 (m, 15H), 1.03 (d, J ) 6.8 Hz,
3H), 1.01 (s, 3H), 0.95 (t, J ) 8.0 Hz, 9H), 0.56 (q, J ) 8.0 Hz,
6H); 13C NMR (100 MHz, CDCl3) δ 158.56, 149.56 (d, J ) 286.1
Hz), 123.89 (d, J ) 12.3 Hz), 121.73, 69.05, 60.56, 55.25, 46.88,
35.85, 35.05, 32.08, 31.39, 30.99, 23.19, 22.18, 18.99, 18.22,
7.17, 5.12; 19F NMR (376 MHz, CDCl3, CFCl3 as internal) δ
-107.80 (d, J ) 24.4 Hz); IR (neat, cm-1) 2954, 2919, 2860,
1649, 1455, 1314, 1132, 1026; HRMS m/z (M+) calcd 472.2843
for C25H45FO3SSi, found 472.2837.

16,23-Diene 8-Hydroxy 24-Fluoro 25-Sulfone (+)-26E.
A solution of silyl ether (+)-25E (74 mg, 0.16 mmol) and TBAF
(0.39 mL, 1.0 M solution in THF, 0.39 mmol) in 2.0 mL of THF
was stirred for 4 h at room temperature. The mixture was
quenched with water and extracted with EtOAc (30 mL × 2).
The combined organic portions were washed with brine, dried,
concentrated in vacuo, and then purified by column chroma-
tography (50% EtOAc/hexanes) to give 30 mg (54%) of the
desired alcohol as a colorless oil: [R]25

D +6.8 (c 1.9, CHCl3);
1H NMR (400 MHz, CDCl3) δ 6.05 (dt, J ) 33.2, 7.8 Hz, 1H),
5.36 (t, J ) 1.6 Hz, 1H), 4.17 (m, 1H), 2.55-2.20 (m, 4H), 2.06-
1.30 (m, 17H), 1.06 (d, J ) 6.8 Hz, 3H), 1.03 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 158.45, 151.92 (d, J ) 295.2 Hz), 122.07
(d, J ) 6.3 Hz), 121.51, 69.14, 59.72, 54.52, 46.63, 35.64, 34.03,
31.34, 31.32, 30.45, 23.48, 22.14, 18.64, 17.93; 19F NMR (376
MHz, CDCl3, CFCl3 as internal) δ -119.62 (d, J ) 33.5 Hz);
IR (neat, cm-1) 3542, 2919, 2872, 1666, 1455, 1137, 1114;
HRMS m/z (M+) calcd 358.1978 for C19H31FO3S, found 358.1985.

16,23-Diene 8-Keto 24-Fluoro 25-Sulfone (+)-27E. A
flame-dried 5-mL flask was charged with 30 mg (0.084 mmol)
of the C,D-ring alcohol (+)-26E, 3.0 mL of anhydrous CH2Cl2,
70 mg of oven-dried Celite, and 63 mg (0.17 mmol) of PDC.
The reaction mixture was stirred overnight at room temper-
ature and then passed through a 2-cm pad of flash silica gel
and washed with EtOAc. The filtrate was concentrated and
purified by column chromatography (50% EtOAc/hexanes) to
give 24 mg (78%) of the desired C,D-ring ketone (+)-27E as a
colorless oil: [R]25

D +26.0 (c 2.4, CHCl3); 1H NMR (400 MHz,
CDCl3) δ 6.03 (dt, J ) 32.8, 7.6 Hz, 1H), 5.35 (t, J ) 1.2 Hz,
1H), 2.85 (dd, J ) 10.8, 6.6 Hz, 1H), 2.60-2.20 (m, 6H), 2.18-
1.60 (m, 5H), 1.38 (s, 9H), 1.13 (d, J ) 6.4 Hz, 3H), 0.80 (s,
3H); 13C NMR (100 MHz, CDCl3) δ 210.70, 156.35, 152.31 (d,
J ) 295.7 Hz), 121.95, 121.38 (d, J ) 6.4 Hz), 63.15, 59.74,
53.90, 40.60, 34.56, 32.24, 31.25, 27.34, 24.12, 23.47, 21.62,
17.54; 19F NMR (376 MHz, CDCl3, CFCl3 as internal) δ
-119.06 (d, J ) 33.1 Hz); IR (neat, cm-1) 2943, 1713, 1666,
1455, 1314, 1120, 1038; HRMS m/z (M+) calcd 356.1821 for
C19H29FO3S, found 356.1822.

16,23-Diene 24-Fluoro 25-Sulfone Analogues (+)-7a
and (-)-7b. Racemic phosphine oxide (()-14 (49 mg, 0.084
mmol) was dissolved in 2.0 mL of anhydrous THF and cooled
to -78 °C under argon atmosphere. To this solution was added
65 µL (0.080 mmol) of phenyllithium (1.2 M solution in

cyclohexane-ether) dropwise. The mixture turned deep red-
dish orange and persisted. After stirring at -78 °C for 30 min,
a precooled (-78 °C) solution of C,D-ring ketone (+)-27E (24
mg, 0.068 mmol) dissolved in 1.0 mL of anhydrous THF was
added dropwise via cannula. The reaction kept going on until
the reddish orange color faded to yellow (about 4 h). The
reaction was quenched by adding 3.0 mL of a 1:1 mixture of 2
N sodium potassium tartrate and 2 N K2CO3 solution. The
reaction mixture was allowed to warm to room temperature,
extracted with EtOAc (50 mL × 2), washed with brine, dried
over anhydrous MgSO4, filtered, concentrated in vacuo, and
then purified by column chromatography (8% EtOAc/hexanes)
to afford 33 mg (67%) of the coupled product as a colorless oil.

The coupled product (31 mg, 0.043 mmol) was dissolved in
2.0 mL of anhydrous ethanol, then 0.34 mL of HF (49%
solution in water) was added, and the resulting reaction
mixture was stirred for 1 h at room temperature. The reaction
was quenched with diluted NaHCO3 solution, extracted with
EtOAc (50 mL × 2), washed with brine, dried over anhydrous
MgSO4, concentrated in vacuo, and then purified by column
chromatography (80% EtOAc/hexanes) to give 17 mg (80%) of
a mixture of two diastereomers as a colorless oil. The diaster-
eomers were separated by reverse-phase HPLC (C-18 semi-
preparative column, 52% MeCN/H2O, 3.0 mL/min) to afford 6
mg (17%) of (+)-7a (1R,3â, tR 77.3 min) as a foaming solid and
4 mg (12%) of (-)-7b (1â,3R, tR 70.4 min) as a colorless oil.
(+)-7a: [R]25

D +3.2 (c 0.57, CHCl3); 1H NMR (400 MHz, CDCl3)
δ 6.36(d, J ) 11.2 Hz, 1H), 6.10 (d, J ) 10.8 Hz, 1H), 6.05 (dt,
J ) 33.2, 7.6 Hz, 1H), 5.37 (s, 1H), 5.34 (t, J ) 1.6 Hz, 1H),
5.00 (s, 1H), 4.44 (dd, J ) 7.8, 4.2 Hz, 1H), 4.24 (m, 1H), 2.82
(dd, J ) 12.2, 4.6 Hz, 1H), 2.60 (d, J ) 13.6 Hz, 1H), 2.54-
1.18 (m, 23H), 1.10 (d, J ) 6.4 Hz, 3H), 0.69 (s, 3H); 13C NMR
(100 MHz, CDCl3) δ 158.03, 152.01 (d, J ) 295.3 Hz), 147.86,
142.11, 133.56, 124.97, 122.12, 121.88 (d, J ) 6.3 Hz), 117.36,
111.90, 70.89, 67.07, 59.73, 58.51, 50.20, 45.37, 43.08, 35.46,
32.30, 31.26, 29.66, 28.90, 23.72, 23.50, 21.52, 17.21; 19F NMR
(376 MHz, CDCl3, CFCl3 as internal) δ -119.50 (d, J ) 33.1
Hz); IR (CHCl3, cm-1) 3707, 3601, 2919, 1654, 1455, 1314,
1220, 1038; UV (EtOH) λmax 263 nm (ε 14 700); HRMS m/z (M+)
calcd 492.2710 for C28H41FO4S, found 492.2715. (-)-7b: [R]25

D

-16.7 (c 0.42, CHCl3); 1H NMR (400 MHz, CDCl3) δ 6.38(d,
J ) 11.6 Hz, 1H), 6.09 (d, J ) 10.4 Hz, 1H), 6.05 (dt, J ) 33.6,
7.6 Hz, 1H), 5.37 (s, 1H), 5.33 (s, 1H), 5.01 (d, J ) 1.6 Hz,
1H), 4.46 (m, 1H), 4.22 (m, 1H), 2.82 (dd, J ) 12.0, 4.4 Hz,
1H), 2.62 (dd, J ) 13.2, 3.6 Hz, 1H), 2.56-1.20 (m, 23H), 1.10
(d, J ) 6.8 Hz, 3H), 0.69 (s, 3H); 13C NMR (100 MHz, CDCl3)
δ 158.03, 152.01 (d, J ) 295.7 Hz), 147.34, 142.20, 133.38,
125.02, 122.12, 121.89 (d, J ) 5.9 Hz), 117.36, 113.03, 71.65,
67.00, 59.73, 58.51, 50.22, 45.71, 43.01, 35.45, 32.32, 31.27,
29.70, 28.89, 23.71, 23.51, 21.54, 17.23; 19F NMR (376 MHz,
CDCl3, CFCl3 as internal) δ -119.51 (d, J ) 32.0 Hz); IR
(CHCl3, cm-1) 3601, 2919, 2849, 1655, 1455, 1314, 1214, 1038;
UV (EtOH) λmax 263 nm (ε 14 900); HRMS m/z (M+) calcd
492.2710 for C28H41FO4S, found 492.2720.

Competition Assays. Competition assays were performed
with homogenates of COS-1 cells transfected with the human
VDR expression plasmid. The homogenates were incubated
with 1 nM [3H]1,25D3, in the absence or presence of 0.2-20
nM competitor (1,25D3 or analogue). The VDR-bound ligand
was separated from unbound by hydroxyapatite. RCIs were
calculated by plotting the inverse of the percent of maximum
binding of [3H]1,25D3 × 100 on the ordinate versus competitor
concentration (nM) on the abscissa, dividing the slope of the
linear plot for analogue binding by the slope of the linear plot
for 1,25D3 binding, and then multiplying by 100. By definition
the RCI for 1,25D3 is 100. The linear regression coefficients of
the competition plots were 0.95-0.98.
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