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Abstract

As part of a program to prepare A¥'®-15-ketosterols that cannot readily be metabolized to cholesterol or side-
chain oxygenated species, we have prepared 38-hydroxy-7a-fluoro-5a-cholest-8(14)-en-15-one (VII) and the 9o-
hydroxy (IV), 9a-fluoro (VI) and 7a-fluoro (VIII) derivatives of 38-hydroxy-25,26,26,26,27,27,27-heptafluoro-5a-
cholest-8(14)-en-15-one (II). Sterol IV was prepared by oxidation of the A% dienol ethyl ether of the 38-acetate of
II with m-chloroperbenzoic acid, followed by mild alkaline hydrolysis of the 38-acetate derivative of IV. Treatment
of IV with hydrogen fluoride-pyridine gave VI. The 7a-fluoro-15-ketosterols VII and VIII were synthesized by treating
the 3B,15-bis-trimethylsilyl A”'*-dienol ether derivative of the appropriate A*'¥-15-ketosterol with N-fluoropyridin-
ium triflate, followed by hydrolysis of residual trimethylsilyl ethers and purification by high-performance liquid chro-
matography. The combined results of 'H and '>C nuclear magnetic resonance (NMR) chemical shifts, 'H-'H
coupling constants, 'H-"’F long-range coupling constants and molecular modeling indicated that a 7a-fluoro, 9a-
fluoro or 9a-hydroxy substituent has negligible effect on the conformation of the 15-ketosterols. 'H and '*C-NMR
data are also given for %4 and AN 15 ketosterols, synthetic byproducts that could not be detected readily
in samples of the fluoro-15-ketosterols by chromatographic methods. Mass spectra of VI and of previously reported
9a-fluoro and 9a-hydroxy-A*'¥-15-ketosterols showed abundant M-62 or M-60 ions that appear to correspond to
loss of ketene and HF or H,O. The 9a-hydroxy-F;-15-ketosterol IV, the 7a-fluoro-15-ketosterol VII and the 7a-
fluoro-F,-15-ketosterol VIII were of equivaient potency to the parent 38-hydroxy-5a-cholest-8(14)-en-15-one (I) in
lowering the levels of 3-hydroxy-3-methylglutaryl coenzyme A reductase activity in CHO-K1 cells. The 9a-fluoro-F,-
15-ketosterol VI showed high potency but appeared to be slightly less active than L
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1. Introduction

38-Hydroxy-5a-cholest-8(14)-en-15-one (I} is a
potent regulator of cholesterol metabolism. I has
very high potency not only in the inhibition of
sterol synthesis and the lowering of 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA) reduc-
tase activity in cultured mammalian cells [1-5] but
also in the inhibition of cholesterol absorption
upon its administration to rats [6,7]. In an attempt
to construct more potent analogs of I, we have
prepared 38-hydroxy-25,26,26,26,27,27,27-hepta-
fluoro-Sa-cholest-8(14)-en-15-one (II), in which
the oxidation at C-26 (and C-25) is blocked [8].
The F;-15-ketosterol II was shown to have very
high potency, equivalent to I, in lowering the levels
of HMG-CoA reductase activity in CHO-K1 cells
and in Hep G2 cells [8]. Moreover, II was shown
to have favorable properties upon its dietary ad-
ministration to rats [9]. However, a potentially
undesirable feature of Il is its conversion to
25,26,26,26,27,27,27-heptafluorocholesterol in
rats [9]. Taking advantage of our experience with
I and knowledge of its metabolism in cultured
mammalian cells' [5], in subcellular preparations
of rat liver [10-13] and in intact animals
[7,14—-19], we have sought analogs of I in which
the F, functionality of II was retained but in
which enzymatic conversion to F;-cholesterol did
not occur. We have previously demonstrated that
the 9a-hydroxy and 9a-fluoro analogs of I, i.e.
38.9a-dihydroxy-Sa-cholest-8(14)-en-15-one (III)
and 38-hydroxy-9a-fluoro-5a-cholest-8(14)-en-15-
one (V), are highly active in lowering the levels of
HMG-CoA reductase activity in cultured mamma-
lian cells [20], and that dietary administration of V
lowers serum cholesterol levels in rats [21]. Stimu-
lated by these results, we have prepared the 9a-
hydroxy and 9a-fluoro analogs of II and the 7a-
fluoro analogs of I and II. Also presented herein
are the spectral properties of these 15-ketosterol
analogs and their effects on the levels of HMG-
CoA reductase activity in CHO-K1 cells. Struc-
tures of 15-ketosterols I and II and their 7a-fluoro,
9a-hydroxy and 9a-fluoro derivatives are shown
in Fig. 1.

1. J. St. Pyrek, S. Numazawa, N. Gerst, G.T. Emmons, F.D.
Pinkerton and G.J. Schroepfer, Ir., unpublished data.
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Fig. 1. Structures of 38-hydroxy-Sa-cholest-8(14)-en-15-one (I),
38-hydroxy-25,26,26,26,27,27,27-heptafluoro-5a-cholest-8(14)-
en-15-one (II) and their 9a-hydroxy and 9a-fluoro derivatives.

2. Experimental procedures and results
2.1. Materials and methods

The following compounds were prepared as
described previously:  3B8-hydroxy-5a-cholest-
8(14)-en-15-one (I) [22], 3B-hydroxy-25,26,26,26,
27,27,27-heptafluoro-5a-cholest-8(14)-en-15-one (II)
[8], 3B-hydroxy-9a-fluoro-Sa-cholest-8(14)-en-15-
one (V) [23], 3B,9a-dihydroxy-Sa-cholest-8(14)-
en-15-one (III) [23], the 3B-acetate of III [23], 38-
hydroxy-Sa-cholesta-6,8(14)-dien-15-one  (XIV)
[24], 3B-hydroxy-Sa-cholesta-8(14),9(11)-dien-15-
one (XVI) [25] and its 3B-acetate XVII [25].
Bis(trimethylsilyl)trifluoroacetamide (BSTFA), N-
fluoropyridinium triflate, tetrabutylammonium
fluoride, 70% HF-pyridine and m-chloroperben-
zoic acid (80-85% purity) were purchased from
Aldrich Chemical Company (Milwaukee, WI).

Thin-layer chromatography was carried out on
plates of silica gel G (Analtech; Newark, DE). Sol-
vent systems used were: SS-1, 30% ethyl acetate in
hexane; SS-2, 40% ethyl acetate in hexane; SS-3,
50% ethyl acetate in hexane; SS-4, 50% ether in
benzene; SS-5, 10% water in methanol. Medium-
pressure liquid chromatography (MPLC) was car-
ried out on columns (500 mm x 10 mm i.d.) of
silica gel (20 g; 230-400 mesh; Aldrich Chemical
Company). Fractions 20 ml in volume were col-
lected. Analytical reversed-phase  high-per-
formance liquid chromatography (HPLC) was
performed on a 5-um Spherisorb ODS-II column
(250 mm X 4.6 mm) with UV detection at 259 nm
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and a flow rate of 1.0 ml per min. Semi-preparative
HPLC was done similarly except that the column
was 250 x 9.4 mm and the flow rate was 2 mi/min.
Gas chromatography-mass spectrometry (GC-
MS) was carried out with falling needle injection
and direct introduction of the helium carrier gas
into the ion source of the mass spectrometer (Ex-
trel ELQ-400, quadrupole, electron impact at 70
eV). Trimethylsilyl (TMS) ethers were prepared
using BSTFA-pyridine (1:1) [13] and injected in
hexane solution onto a DB-5 column (15
m X 0.25 mm, 0.1 um film thickness, bonded
phase of 5% phenyl 95% methyl polysiloxane; J &
W Scientific; Folsom, CA) that was held at 200°C
for 2 min and increased to 290°C at 10°C per min.

Instrumentation for measuring radioactivity,
melting points (MP), ultraviolet (UV) spectra (in
absolute ethanol), infrared (IR) spectra, low-
resolution and high-resolution mass spectra (MS)
and 'H, *C and "F nuclear magnetic resonance
(NMR) spectra have been described previously [8].
Standard Bruker NMR software was used to
acquire COSYDEC (w,-decoupled 'H-'H correla-
tion spectroscopy, 7. 0.2 s) [26], HETCOR (‘H-
BC shift-correlated spectroscopy; ~ S50 incre-
ments, & 0.6—2.6 in f;), heteronuclear multiple-
quantum coherence (HMQC) [27], heteronuclear
multiple-bond correlation (HMBC) [27] and nu-
clear Overhauser effect (NOE) difference spectra.
Overlapped multiplets were isolated by NOE or
saturation difference spectroscopy [28,29] using
the following conditions: irradiation at low power
for 1 s, 90° read pulse, 2.7-s acquisition time, 16
scans per cycle, non-degassed sample, no spinning,
32k points. Modeling of sterols by molecular
mechanics was done with PC Model (Macintosh
version 4.4; Serena Software; Bloomington, IN),
which was also used to predict 'H-NMR vicinal
coupling constants. Owing to strong coupling
effects at 500 MHz in CDClI; solution, coupling
constants could not be obtained for the C-20, C-
22, C-23 and C-24 protons of sterols with a CgH;
side chain or the C-11 protons of Sa-fluoro-15-
ketosterols.

'H and 3C-NMR assignments were made from
chemical shift comparisons [8,30}] and HETCOR
data and confirmed by additional spectral results.
In the case of dienol ether XIII and the dienones,
olefinic carbons were distinguished by HMBC

spectra. Precise 'H chemical shifts were measured
from 1D or COSYDEC spectra as described
previously [31], and 'H stereochemical assign-
ments were made by comparisons with other sterol
spectra [8,32]. °F spectra were interpreted as
described previously for other F, sterols [8]. The
orientation of signals in HETCOR spectra [33] of
the F7 sterols showed that ch4_|:25 and JH24—F25
(pro R and pro-S) have the same sign. A similar
orientation of signals was noted in COSYDEC
spectra. The purity of sterol samples was determin-
ed by HPLC, TLC and 'H-NMR (500 MHz, after
sufficient magnification of the vertical scale in the
methyl and & 2-6 spectral regions to detect a 1%
impurity).

As described previously [8], cell culture experi-
ments were performed by successive incubations of
CHO-K1 cells in lipid-rich medium for 48 h and
lipid-deficient medium for 18 h, followed by in-
cubation for 4 h with fresh lipid-deficient medium
containing sterols, harvesting, and assay for
HMG-CoA reductase activity.

2.2. 3B-Acetoxy-25,26,26,26,27,27,27-heptafluoro-
Sa-cholest-8( 14 )-en-15-one (IX)

The F;-15-ketosterol II (0.50 g; 0.95 mmol) was
dissolved, with heating, in a mixture of acetic an-
hydride (2 ml) and pyridine (2 ml). After standing
overnight at room temperature, the mixture was
poured into cold water (100 ml) and extracted with
ethyl acetate (100 ml). The separated organic
phase was washed successively with 5% HCI (25
ml), 5% NaHCO; (2 x 50 ml) and water
(3 x 100 ml) and then dried over anhydrous sodi-
um sulfate. Evaporation of the solvent gave IX as
a white solid (532 mg; 98.5% yield); MP
188.5-189.5°C (lit., 187-188°C [8]); purity of
99.4% on HPLC using methanol-water (95:5) as
the solvent (g 10.5 min); 'H-NMR and MS were
essentially identical to spectra of IX recorded
previously [8].

2.3. 3B-Acetoxy-9a-hydroxy-25,26,26,26,27,27,27-
heptafluoro-5a-cholest-8( 14 )-en-15-one (XI)

To a solution of the acetate derivative of the
F;-15-ketosterol IX (525 mg; 0.924 mmol) in dry
tetrahydrofuran (15 ml) was added triethyl or-
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thoformate (0.92 ml; 5.45 mmol; 6 equiv.) and p-
toluenesulfonic acid (40 mg). After stirring at
room temperature for 96 h under nitrogen, water
(50 ml) and triethylamine (3 ml) were added slow-
ly, and the resulting mixture was extracted with
ether (2 X 100 ml). The organic extract was wash-
ed with water (3 x 100 ml), dried over anhydrous

Table 1

sodium sulfate, and evaporated to dryness under
reduced pressure to give, as indicated by '*C-
NMR, the A%'enol ether X as an oil (724 mg)
containing triethyl orthoformate (two molar
equivalents) and traces of p-toluenesulfonic acid.

To a portion (550 mg) of the crude A%!-enol
ether in a mixture of dioxane (20 ml) and saturated

TH-NMR chemical shifts for A%4)-15-ketosterols functionalized at C-7 or C-9 and synthetic precursors and byproducts thereof®®

XIX¢ m \ VIl  XI v A\ | Xm¢ v XvIl XVI XIV XV
H-la 178 L.72 172 126 178 172 .72 103 126 147 142 125 1.25
H-18 147 147 152 172 148 146 .52 L79 172 191 189 .71 171
H-2a 1.89  1.87 189 1.8 190 1.88 189 167 186 196 193 190 190
H-28 145 137 138 138 145 1.37 138 146 138 157 149 148 149
H-3a 472 364 3.65 367 472 364 365 356 368 470 3.62 370 3.70
H-4a .75 171 .73 166 176 1.72 173 160 166 176 1.72 185 1.85
H-48 131 1.24 126 126 131 124 126 131 127 137 130 142 143
H-5a 218 210 203 184 218 210 204 142 185 150 144 2.14t  2.16t
H-6(cx) 143 143 145 18 144 144 146 191 186 145t 146t 570 572
H-68 128 129 132 153 128 1.30 132 1.78 153 145t 146t
H-%(a) 201 2.00 1.96 201 201 197 585 221 220 750  7.50
H-78 3.92 394 393 653 393 394 3.93 652 398  3.88
H-%() 2.35 1.641  2.36 213 214
H-11(e) 1.61 1.6l 1.89* 1.71 162 1.62 1.89*t 156 172 571 571 1.67  1.69
H-118 196 198 1.90*t 1.51 197 198 1.90* 143 151 1.53  1.54
H-12e 1.51  1.50 1.56 133 152 152 1.57 128 134 220 219 140 142
H-128 202 2.02 200 211 202 202 200 199 211 252 252 217 217
H-16a 240 240 243 242 238 237 241 219 240 244 243 238 236
H-168 205 205 205 205 205 205 206 210 205 206 207 210 210
H-17a 153 153 1.57 161 1.54 154 157 152 161 156 156 1.56  1.57
H-18 0967 0970 0953 0979 0977 0.981 0964 0.849 0990 0934 0934 1.016  1.026
H-19 0818 0807 0796 0.697 0820 0808  0.798 0.767 0.699 0949 0.931 0.707 0.710
H-20 1.59  1.59 1.58  1.58t 1.63 .64t 163 160 162 15 1.56 1.58¢  1.64%
H-21 1.014 1015 1.014 1010 1.046 1.046 1.045 0.940 1.041 0970 0.968 1.007 1.038
H-22R 133 133 134 134t 1411 142 142 140 142 134t 134t 1341  1.42
H-228 1.08  1.08 1.09 108t 117 117 1.7 LIl 117 1.08  1.08 1.07 117
H-23R 1.33+  1.33t 134 134t 148 149 148 147 148 134t  1.34¢ 1.34t 148
H-238 1.19 119 119 120 164 1.65 165 166 166 119 1.19 1.19  1.65
H-24R 1.10*  1.10* 1.10*  1.10* 199t 1.98f 198t 199 198  L11* 1.10* 1.10* 199
H-248 1.15%  1.15* 1.15*  1.15% 206 2.06 206 209 206 116* 1.15* 1.1s* 205
H-25 1.52 152 1.52 152 .52 1.52 1.52
H-26 0.864 0.864  0.865 0.867 0.865 0.865  0.864
H-27 0.867 0.867  0.868 0.870 0.867 0.867  0.867
Acetate 2.022 2.022 2.032

9a-OH 9¢-F  7a-F 9a-OH 9a-F ATM  7Ia4F I ABB(14)

“Data obtained at 500.1 MHz in 0.01-0.1 M CDCl, solution at 27°C. Chemical shifts referenced to Si(CHs), signal. Signals marked

by asterisks may be interchanged within a column.

®Chemical shifts are generally accurate to 0.01 ppm, except for values marked by t (+0.02 ppm).

€36-Acetoxy-9a-hydroxy-5a-cholest-8(14)-en-15-one.

dAdditional signals for XIII: & 0.12 (s, 38-OTMS), 0.16 (s, 15-OTMS).
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Table 2
'H-'H-NMR coupling constants for A8U4.15-ketosterols functionalized at C-7 or C-9 and synthetic precursors and byproducts
thereof®?

XX H vi  VII® X1 v VI*  Xm VI XVl XVI Xivi  xvf
la-18 13.2 134 13.0 132 130 132 128t 126t 129 136t
la-2a 39t 38 3.7 4.0 3.7 40t 39
la-28 13.9 13.8¢ 139 136t 141t 137 135t 13.6t
18-2a 33t 33 3.5 3.3t 36t 36t 34 34t 33t 3.6t
18-28 33t 38 3.5 39 36t 36t 33 34t 33t 3.6t
2a-28 124 12.5 12.6
2a-3a 47t 47 43t 48t 43t 46t 43t 47t 45t 50t 5.1t
28-3a 1.3t 114 1.1+ 1.0 113t 113 1.0 109 L1 113t 110t 1Ll ILIY
3a-4a 49 48 47t 53 49 49 48 46t 49 49 48 50t 49
30-48 1.3t 111 1.1+ 1.0 113t 1.1 108 111 113t 110t 108 1Lt
4a-48 125 124 47t 125 125 125 125 124t 124 123 123 124 124
4a~5a 35t 34t 27 36t 3.6t 3.5t 30t 24t 24t 135 29
46-5a 125 127 125 127 127 127 124t 127
S0-6a 37t 38 32t 36t 3.6t 36 51t 3.6t
5a~68 127 128 136 127f 127t 13.5% 13.7
668 133 133 15.5¢ 133t 134 186 157
6ayTe) 61 59 6.0 60 55 100 100
6a-78 22 22 22 34 22 22 22 32 26 34
68-Tc 135 134 13.5 133t 135 25t
68-78 46 46 45 21 46 46 45 22 42 34t
Ta-18 146 146 14.6 147 147 14.6 190 19.1
9a-1la 73 7.2
%a-118 102 103
le-118 144 140 13.6 14.1
Ha-122 3.5t 3.5t 3.5t 36t 25 24t 33
He-128 32t 35t 35t 3.5t 34t 34t 35t 69 69 34t 34t
118-12« 142 140t 13.6t 13.5¢ 13.7¢
118-128 36 3.5t 3.5t 3.5t 34t 34t 35t 34t 34t
12-128 127t 130t 127 127 123t 126 127 173 113 127 126
16a-168 188  18.8 189 189 186 186 187 153 188 178 179 186 184
16a-17a 76 17 76 16 19 78 7719 16 69 10 76 17
168-17a 119 120 19 122 123 121 104 119 125 126 1.6 118
170-20 98 938 98 99 98  10.7¢
20-21 64 64 62 62 66 66 64 64 62 62 63 61 64
20-228 86 87 84 89 84
22-22 133 131 131 132 131
228-23R 1.0 109 109 107
228-238 47 49 47 45

9a-OH 9a-F Ta-F 9a-OH 9a-F A™¢  7a-F  ABOSOD AS814)

“Data obtained at 500.1 MHz in 0.02-0.1 M CDCl, solution (27°C). Accuracy is generally +0.2 Hz, except for couplings marked
by t (£0.5 Hz).

bAdditional couplings: 2a—4a, ~ 2.1 Hz; 24R-25, 6.6 Hz; 245-25, 6.61Hz; 2526, 6.6 or 6.7 Hz; 25-27, 6.6 or 6.7 Hz (sterols with
CgHj; side chain). Unresolved couplings of 1-2 Hz were observed between several pairs of allylic protons.

°XIX, 3B8-Acetoxy-9a-hydroxy-Sa-cholest-8(14)-en-15-one.

d1H-1F couplings for 9a-fluoro-15-ketosterols V and VI: H-28, 1.1 Hz; H-48, 1.7 Hz; H-5, 2.0 Hz; H-68, 2.2 Hz; H-7e, 1.7 Hz;
H-11e, ca. 30 Hz; H-118, ca. 30 Hz.

¢!H-19F couplings for 7a-fluoro-15-ketosterols VH and VIII: H-48, 1.5 Hz; H-6a, 12.2 Hz; H-68, 45.7 Hz; H-78, 49.0 Hz; H-9a, 2.7
Hz; H-118, not determined; other couplings <2 Hz.

"Multiplicities of vinylic protons signals of A%814).15_ketosterols XIV and XV: H-6, dd, 10.0, 2.3 Hz; H-7, dd, 10.0, 3.4 Hz.
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aqueous NaHCO; (3 ml) was added m-
chloroperbenzoic acid (159 mg) in a mixture of di-
oxane (10 ml) and saturated aqueous NaHCO; (2
ml) over 2 h with stirring. After stirring for an ad-
ditional 30 min, the reaction mixture was poured
into water and the resulting mixture was extracted
with ether-CH,Cl, (8:2 ratio, 2 x 100 mi). The

combined separated organic phase was washed
with 5% NaHSO; (2 x 100 ml), 5% NaHCO, (2
X 100 ml) and water (3 x 100 ml) and then dried
over anhydrous sodium sulfate. Evaporation of
the solvent under reduced pressure gave an oil (541
mg) which was subjected to MPLC using 15%
ethyl acetate in hexane as the eluting solvent. The

Table 3
BC.NMR chemical shifts for AB4).15-ketosterols functionalized at C-7 or C-9 and synthetic precursors and byproducts thereof*~d

VIl XIII*® xf XI v VI VIII XVII XVI XIv XV
C-1 36.26 36.98 35.33 29.40 29.63 29.79 36.27 34.84 35.06 35.11 35.13
C-2 30.97 31.84 27.66 26.92 30.85 30.78 30.94 271.47 31.37 30.96 31.02
C-3 70.73 71.50 73.40 72.93 70.52 70.35 70.71 72.88 70.58 71.09 7011
C4 37.11 38.34 34.09 33.71 37.88 37.61 37.08 34.02 38.09 35.93 35.99
C-5 36.88 39.75 40.34 35.05 35.25 35.59 36.85 39.74 39.81 45.43 4547
C-6 34.54 30.47 25.50 28.30 28.40 28.06 34.49 25.72 25.79 138.81 139.10
C-7 8279 123.60 28.73 22.67 22.77 23.17 82.63 26.45 26.59 124.04 124.01
C-8 143.20 130.84  123.75* 148.73 148.81 144,17  143.69 143.96 144.54  142.68 143.02
C9 44,92 49.52  137.04 74.13 74.37 95.79 4490 145.03 145.27 48.90 4891
C-10 38.30 3377 36.40 41.31 41.37 41.42 38.34 36.59 36.62 38.06 38.12
C-11 18.98 20.84 21.93 27.76 27.85 25.51 18.95 121.44 121.47 19.24 19.25
C-12 36.21 40.68 37.21 33.52 33.62 33.44 36.20 38.84 38.81 36.37 36.40
C-13 42.59 4485 43.48 43.11 43.14 43.01 42.58 40.26 40.23 42.65 42.66
C-14 14590 123.81 121.74* 141.09 141.13 143.14 14542 137.25 137.13 140.04 139.63
C-15 207.41 144.53 147.80 207.72 207.71 207.65  206.65 205.98 206.35  207.26 206.37
C-16 41.67 3841 33.86 42.28 42,33 42.19 41.48 44.02 44.09 4242 42.25
C-17 50.63 54.46 53.26 50.20 50.21 50.07 50.51 50.76 50.68 50.88 50.76
C-18 18.29 17.35 16.02 17.26 17.30 16.82 18.31 15.65 15.65 20.51 20.55
C-19 11.98 12.36 18.11 15.44 15.61 15.13 11.98 20.13 20.27 11.26 11.29
C-20 34.60 33.88 34.00 34.28 34.31 34.34 34.52 34.12 34.09 34.63 34.49
C-21 19.12 18.84 18.78 18.86 18.91 18.89 18.86 18.88 18.86 19.04 18.82
C-22 351 35.96 35.85 35.52 35.56 35.56 35.52 35.82 35.79 35.75 35.60
C-23 23.50 18.17 18.15 17.92 17.93 18.03 18.05 23.51 23.48 23.52 18.03
C-24 39.33 29.37 29.32 29.20 29.26 29.27 29.24 39.35 39.34 39.31 29.28
C-25 2796 & L g L 2 g 2791 27.94 27.93 g
C-26 22.51 2 2 g 2 121.07 ¢ 22.47 22.50 22.50 g
Cc-27 2273 ¢ g L4 2 121.07 & 22.66 22.71 22.72 g
38-Ac 21.35 21.34 21.28

170.59 170.61 170.43
Te-F AT ARM 9a-OH 9a-F  7a-F A304501 ASH4

*Chemical shifts referenced to the CDCl, signal at 77.0 ppm. Data obtained at 75 MHz in CDCl; solution at a concentration of
0.05-0.2 M. Signals marked by an asterisk may be interchanged.

bMultiplicities for side-chain carbons of F, sterols: C-23, br d, ~5 Hz; C-24, d, ~20.8 Hz; C-26 and C-27, qd, 287.3, 26.2 Hz.
¢Jcr coupling constants for 7a-fluoro-15-ketosterols VII and VIII: C-5, ~1 Hz; C-6, 23.3 Hz; C-7, 158.0 Hz; C-8, 14.3 Hz; C-10,
~1 Hz; C-13, 1.5 Hz; C-14, 8.0 Hz; C-15, 2.7 Hz; C-17, 2.0 Hz; C-18, 3.5 Hz; C-19, 1.5 Hz.

dJCF coupling constants for 9a-fluoro-15-ketosterol VI: C-5, ~4 Hz; C-8, 19.1 Hz; C-9, 172.5 H; C-10, 20.4 Hz; C-11, 25.0 Hz; C-14,
9.1 Hz; C-18, 5.2 Hz; C-19, 3.8 Hz.

“Signals of TMS ethers at § 0.24 and 0.51.

fCrude sample of 38-hydroxy-25,26,26,26,27,27,27-heptafluoro-15-ethoxy-Se-cholesta-8, 14-diene containing triethyl orthoformate (5
14.9, 59.4, 112.2); ethoxy signals of X: & 15.50, 64.22.

BSignal too weak to be measured.



contents of fractions 23—32 were pooled and, after
evaporation of the solvent under reduced pressure,
gave XI (210 mg; 39% .yield from IX), MP
210.5-211.5°C; single component on TLC in two
solvent systems (SS-1, R; 0.55; SS-4, R; 0.76);
purity of 99.6% by HPLC analysis (solvent,

Table 4

Mass spectral data for A%19)-15-ketosterols functionalized at C-7 or C-9*
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methanol-water (95:5), tg 5.5 min); IR, »y,, 3500,
2980-2920, 1728, 1709, 1628, 1311, 1236, 1221,
1159, 1031 cm~!; high-resolution MS, calcd. for
Cy9H30,4F;, 584.2737, found 584.2736; 'H-NMR,
Table 1; 'H-'H coupling constants, Table 2; 13C-
NMR, Table 3; MS, Table 4.

Suggested assignment® Acetate Free sterols Trimethylsilyl ethers of
XI v VI v VI vl Vil
M* 584* (3) 542* (14) 544 (10) 614 (6) 616 (26) 490 (78) 616 (54)
M-R,H 566* (15) 524 (21) 524* (59) 596 (4) 596 (79) 470 (14) 596 (13)
M-R,H-CH;, 551 (2) 509* (3) 509* (16) 581 (2) 581 (15) 455 (20) 581 (25)
M-RH 524* (36) [524) 524 (22) 526 (6)
M-R,H-CH; 509 (2) [509] 509 (1) 511 (5) 385 (4)
M-R,H-R,H 506* (13) 506 (6) 506* (7) 506 (8) 506 (23) 380 (56) 506 (94)
M-R;H-R,HCH;, 491* (19) 491* (10)  491* (42) 491 (6) 491 (57) 365 (58) 491 (69)
M-RH-SC 285 (4) 285* (5) 287 (5) 287 (11) 287 (10)
M-R,H-SC [285] 285* (54) 357 (25) .
M-R,H-SC-H,0 267* (20) 267* (11) 269 (11) 267 (27) 269 (11) 269 (34) 269 (84)
M-RH-SC-R,H [267] 267 267* (48)  [267) 267 (100) 267 (51) 267 (100)
M-R,H-SC-C;H; 300* (6) 258* (17)  258* (65) 330 (3) 330 (45) 330 (17)
Other ions 467 (4) 467 (3) 482 (339 467 (3) 601 (8) 475 (100) 601 (53)
41 9)° 441 ()¢ 477 (8)¢ 416 (15) 554 (14)4 472 (11) 598 (14)
430 (2)° 430 (2)° 473 (9) 404 (3) 477 (13) 377 (14) 487 (13)
427 (2)°¢ 427 (2) 467 (9) 401 (10) 473 (10) 359 (18) 465 (16)
416 (35)° 416 (15)° 449 (5) 374 (2) 465 (9) 351 (1) 377 (14)
404 (3)° 404 (2)° 411 (10) 265 (5) 449 (9) 341 (D) 359 (38)
401 (33) 401 (19)°¢ 397 (8)¢ 249 (4) 411 (12) 338 (7) 293 (22)
389 (3) 389 (3) 335 (5) 212 (16) 329 (18) 331 (6) 212 (52)
375 (3) 375 (D¢ 271 (9) 177 (83) 315 (13) 323 (8) 129 (62)
374 (2) 374 )° 257 (42) 109 (100) 303 (34) 281 (9) 105 (68)
273 4 177 (100)¢ 145 (100) 293 (8) 267 (34)
177 (80)° 109 (77)¢ 107 (89) 290 (6) 212 (58)
109 (100)° 108 (26) 105 (91) 249 (23) 105 (38)
108 (65)
R = OAc OH OH OTMS OTMS OTMS OTMS
Ry= OH OH F OH F F F
F7-92-OH F;-9a-OH F;9a-F F79a-OH  F;-9a-F Ta-F Fy-la-F

“Major ions above m/z 100 in mass spectra acquired at 70 eV by direct-probe or GC-MS (TMS ethers). Relative intensities as percen-
tage of base peak. R| and R, are the substituents at C-3 and C-9, respectively. Ions also observed in the high-resolution mass spec-
trum and compatible (3.5 millimass units) with the suggested assignments are indicated by an asterisk.

bSC, side chain.

“High-resolution MS is compatible (3.5 millimass units) with the following assignments or formulas: m/z 482 (VI), C,5H3;0F;
(M-HF-C,H,0); m/z 477 (VI), C,5H3OF;; m/z 441 (XI and IV), M—R H-C¢H,,; m/z 430 (XI and IV), M—AcOH-C;H,, (error
~3.6 mmu); m/z 427 (XI), M~AcOH-C;H,3; m/z 416 (XI and IV), M—R H~CgH,5; m/z 404 (XI and IV), M-R H-CH,,; m/z 401
(IV), M—H,0-CoH,5; m/z 397 (VI), C;9 HyyOF3; m/z 375 (IV), M=2H,0-C oH,;; m/z 374 (IV), M=2H,0~C,H,; m/z 177 (XI and
W), M—R,H—SC—Can; m/z 109 (XI and IV), C8H13.
dAppears to involve loss of ketene.
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2.4. 38,9a-Dihydroxy-25,26,26,26,27,27,27-hepta-
Jluoro-5a-cholest-8( 14 )-en-15-one (IV)

A solution of XI (200 mg; 0.342 mmol) in
degassed methanol (4 ml) and degassed
tetrahydrofuran (2 ml) was stirred with potassium
carbonate (95 mg; 0.68 mmol; 2 equiv.) for 3 h at
room temperature under nitrogen. Ethyl acetate
(50 ml) and water (50 ml) were added, and the
separated organic phase was washed with water
(3 x 50 ml), dried over anhydrous sodium sulfate
and evaporated to dryness under reduced pressure.
The resulting residue (179 mg) was subjected to
MPLC on silica gel using 30% ethyl acetate in hex-
ane as the eluting solvent. The contents of frac-

tions 40—70 were pooled and, after evaporation of
the solvent under reduced pressure, gave the 9a-
hydroxy-F-15-ketosterol IV (150 mg; 81% yield),
MP, 216-217°C; single component on TLC in two
solvent systems (SS-2, R; 0.27; SS-4, R; 0.19); sin-
gle component (>99.9%) on HPLC analysis (sol-
vent, methanol-water (9:1), tg 6.0 min); IR, v,
3500, 2980-2920, 1686, 1616, 1310, 1236,
1213, 1157 cm’; high-resolution MS, calcd. for
C27H3703F7, 542.2631, found 542.2607; lgF-
NMR, § -76.76 and -76.95 (A;B; portion of
A;B;X system similar to those in spectra of other
F-sterols [8): 3Jgr ~7 Hz, *Jgp ~9 Hz, F-26 and
F-27), —184.30 (¢ of septet, >Jyr ~20 Hz, 3Jgf 6.6
Hz, F-25); >99% purity by 'H-NMR; 'H-NMR,

Table 5

Chromatographic properties of Ta-fluoro-, 9a-fluoro- and 9a-hydroxy-15-ketosterols and of A%8(14.. and A¥!9%(11).15.ketosterols

15-Ketosterol TLCP HPLC® Gce GC-MS¢
Free sterols TMS ethers

CgH, side chain

1 A8(14) 0.38 19.8 18.0 9.7

I 9a-hydroxy-A8U14 0.12 15 21.8 10.4

A 9a-fluoro-A%(14 0.38 16.3 ~17.4f ~9.4f

vl 7a-fluoro-A%H4) 0.38 15.6 ~17.2f ~9.4f

XIv A8 0.37 18.5 19.4 9.98

XVI A% 0.37 17.0 18.0 9.7¢

CgH, F; side chain

| A% 0.32 10.0 13.0 8.1

v 9a-hydroxy-a 814 0.09 5.0 15.3 8.9

A\ | 9qa-fluoro-a %149 0.32 8.4 ~12.7° ~1.9f

v Ta-fluoro-A¥!4 0.32 8.1 ~12.6 ~79f

XV A88014) 0.32 9.3 13.8 8.48

2Chromatographic mobilities for this table were measured at one time when all syntheses were complete, whereas characterizations
for purity were done as each analytical sample became available. Differences between retention times and Ry values in this table and
those in the Experimental Procedures reflect inadvertent differences in chromatographic conditions.

bR, values from TLC on silica gel G plates developed with 30% ethyl acetate in hexane. Separations were no better at 20%, 40%,
or 50% ethyl acetate in hexane.

“Retention times (min) for reversed-phase HPLC; elution with 10% water in methanol.

dRetention times (min) for GC using a Shimadzu GC-9A chromatograph, splitless injection, nitrogen carrier gas, flame ionization
detection and a DB-5 column (30 m x 0.25 mm i.d.; 0.1 um fiim thickness) held at 200°C for 3 min and increased to 280°C at
20°C/min.

Retention times (min) for GC-MS using falling needle injection, helium carrier gas and a 15-m DB-5 column held at 200°C for 2
min and increased to 280°C at 10°C/min.

fRetention times are approximate owing to extensive decomposition of the fluoro-15-ketosterols in the GC injector. GC-MS of the
9a-fluoro-15-ketosterols showed the AS193UD dienone TMS ether as the major peak (V) or a significant minor peak (VI).
Chromatograms of the 7a-fluoro-15-ketosterols showed, in addition to a minor fluorosterol peak, muitiple dienone components,
including a major peak corresponding to the A% species.

8Mass spectra of dienones: TMS ether of XIV, m/z 470 (9, M*), 455 (5), 380 (84), 365 (75), 267 (79), 240 (58), 212 (100); TMS ether
of XVI, m/z 470 (100, M*), 455 (18), 428 (17), 380 (11), 365 (24), 330 (66), 316 (15), 315 (14), 303 (32), 267 (68), 211 (26); TMS ether
of XV, m/z 596 (9, M*), 581 (5), 506 (97), 491 (80), 465 (14), 267 (83), 240 (64), 212 (100).
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Table 1; 'H-'H coupling constants, Table 2; '>C-
NMR, Table 3; MS of IV and GC-MS of the 38-
TMS ether of IV (single component at zx 9.1
min), Table 4; additional chromatographic data,
Table 5.

2.5. 3B-Hydroxy-9a,25,26,26,26,27,27,27-octa-
Sfluoro-5a-cholest-8( 14 )-en-15-one (V1)

To a cold solution of the 9a-hydroxy-F;-15-
ketosterol IV (100 mg; 0.185 mmol) in CH,Cl, (20
ml) was added a cooled (-35°C) solution of
CH,CI, (1 ml) and HF-pyridine (1 ml) with stir-
ring. After stirring for 4 h at —35°C, the reaction
mixture was poured into water and extracted with
ether (3 x 50 ml). The organic phase was washed
with water, dried over anhydrous sodium sulfate
and evaporated to dryness under reduced pressure.
The resulting pale yellow solid (95 mg) was sub-
jected to MPLC using successive elution with 10%
ethyl acetate in hexane (400 ml), 15% ethyl acetate
in hexane (400 ml) and 20% ethyl acetate in hex-
ane. The contents of fractions 56—67 were pooled
and, after evaporation of the solvent, gave VI (86
mg; 86% yield), MP, 134—135°C; single component
on TLC in two solvent systems (SS-2, R 0.63; SS-
4, R; 0.45), single component (> 99.9%) on HPLC
analysis (solvent, methanol-water (9:1), tg 9.5
min); IR, vp,, 3400, 2980-2920, 1709, 1633, 1314,
1223, 1159 cm'; high-resolution MS, calcd. for
C27H3502F7 (M—HF), 524.2525, found 524.2509;
96% purity by 'H-NMR (containing 4% of
38-hydroxy-25,26,26,26,27,27,27-heptafluoro-S5a-
cholesta-8(14),9(11)-dien-15-one  (XVIID); °F-
NMR, & -76.77 and -76.95 (A;B; portion of
A;B;X system similar to that of IV, F-26 and F-
27), —151.34 (br dd, J ~32 and ~30 Hz with
several unresolved couplings of 1-2 Hz, F-9«),
—184.30 (dd of septet, *Jyr 20.8 and 19.9 Hz, 3Jgp
6.6 Hz, F-25); 'TH-NMR, Table 1; 'H-'H coupling
constants, Table 2; '>)C-NMR, Table 3; MS, Table
4; additional chromatographic data, Table 5.
Silylation of VI followed by GC-MS analysis
resulted in partial decomposition to a 5:1 mixture
of the 38-TMS ether of VI (tg 8.4 min; MS, Table
4) and a dienone (¢t 8.5 min); MS of the dienone:
m/z 596 (100, M*), 554 (13), 491 (25), 330 (47),
315 (25), 303 (34), 267 (72), 211 (68), 143 (97), 129
(100), 105 (88).

2.6.  38-Hydroxy-7a-fluoro-Sa-cholest-8( 14 )-en-
15-one (VI1)

A solution of A81¥-15-ketosterol I (500 mg,
1.25 mmol) in BSTFA-pyridine (1:1 mixture, 3 ml)
was heated at 100-110°C in an oil bath for 16 h
under nitrogen. The reaction mixture was concen-
trated in a stream of nitrogen, followed by drying
under high vacuum. The residue containing A"
bis-TMS dienol ether XII was dissolved in dry
CH,Cl, (3 ml), N-fluoropyridinium triflate (309
mg, 1.25 mmol) was added, and the resulting solu-
tion was stirred at room temperature under nitro-
gen for 36 h. The reaction mixture was poured into
ice-water (25 ml), extracted with CH,Cl, (3 x 25
ml) and washed with 5% NaHCO; solution (25
ml) and water (3 X 50 ml). Evaporation gave a
brown solid (672 mg), which 'H-NMR analysis
showed to be a mixture of mainly VII, I, XIV and
V (8:4:2:1 ratio), present both as their TMS ethers
and free sterols. To a solution of a portion (200
mg) of the crude product in dry tetrahydrofuran (4
ml) was added tetrabutylammonium fluoride solu-
tion (1.0 M, 1 ml), and the mixture was stirred
under nitrogen for 15 min. Monitoring of the reac-
tion by TLC (30% ethy! acetate in hexane) showed
disappearance of the TMS ether derivatives (Ry
0.95) and appearance of a single major spot at R;
0.28. The reaction mixture was diluted with satur-
ated ammonium chloride (1 ml) and extracted with
ethyl acetate (3 x 25 ml). The combined organic
extracts were washed with water (3 X 50 ml),
dried over sodium sulfate and concentrated to a
yellow oil. Non-polar materials were removed by
filtration through silica gel (5 cm X 1.6 cm col-
umn) using elution with 5% ethyl acetate in hexane
(200 ml) and 10% ethyl acetate in hexane (100 ml).
The desired sterol products were recovered by elu-
tion with 15% ethyl acetate in hexane and evapora-
tion of the filtrate to an oil (106 mg). HPLC
analysis (SS-5, 1 ml/min) showed the following
components: VII (g 20.9 min), XIV (g 24.9 min),
I (g 26.3 min) and lesser amounts of V (zg 21.2
min) and an unidentified compound (¢g 18.3 min).
A portion of the crude hydrolyzed product (70 mg)
was purified in 10-mg batches by semi-preparative
HPLC using 15% water in methanol. Initial purifi-
cation gave fractions of the desired 7a-fluoro-
A% 15 ketosterol VII (20 mg of 95% purity and
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16 mg of lower purity) and later fractions contain-
ing a mixture of A¥!%.15-ketosterol I and AS8(4.
15-ketosterol XIV (19 mg). Material enriched in
VII was again subjected to HPLC to give VII of
97% purity (containing 2% V and 1% of an uniden-
tified impurity). This sample (9 mg) was used for
cell culture experiments and characterization of
VII: MP, 76-77°C; single component by TLC in
SS-3 (R; 0.68) and SS-4 (R; 0.46) and by HPLC in
SS-5 (tg 21.0 min); IR, »p,, 3400, 2980-2820,
1711, 1640, 1468, 1383, 1365, 1155, 1123, 1044,
1003, 654 cm™'; UV, A\, (e) 250 nm (11800);
high-resolution MS, 418.3220 (35, M*; calcd. for
CyH43O5F, 418.3247), 403.2995 (100, M—CHa),
400.3153 (11, M-H,0), 398.3156 (10, M—HF),
383.2938 (25, M-HF-CH;), 380.3057 (7,
M-HF-H,0), 3652866 (17, M-HF-H,0-
CH;), 305.1917 (20, M-SC), 287.1801 (25,
M-H,0-S8C), 285.1855 (M~HF-SC), 269.1833
4), 267.1744 (19, M—-HF-H,0-SC), 258.1613
(5, C;;Hp0,), 249.1639 (M-HF-2H,0-SC),
105.0703 (22, CsHy); '°F-NMR, & ~171.09 (br td,
46.7 and 11.8 Hz, F-7a); '"H-NMR, Table 1; 'H-
'H coupling constants, Table 2; >C-NMR, Table
3; MS, Table 4; additional chromatographic data,
Table 5. Silylation of VII followed by GC-MS
analysis resulted in partial decomposition to a
1:2:2 mixture of the 38-TMS ether of VII (t; 9.6
min; MS, Table 4), a decomposition product from
dehydration (tg 9.9 min) and a dienone (z 10.2
min), in addition to several minor components;
MS of the dehydration byproduct: m/z 472 (100,
M™), 457 (15), 382 (13), 367 (58), 341 (21), 269
(17), 261 (19), 251 (47), 107 (40); MS of dienone:
m/z 470 (15, M™), 380 (100), 365 (58), 338 (9), 267
(26), 240 (20), 212 (57), 129 (16). GC-MS analysis
of another sample prepared similarly showed the
fluorosterol, two dienone components and no
dehydration species.

2.7. 3B-Hydroxy-7a,25,26,26,26,27,27,27-octafluoro-
Sa-cholest-8( 14 )-en-15-one (VIII)

Compound VIII was prepared analogously to
VII. Thus, treatment of II (250 mg, 0.48 mmol)
with BSTFA-pyridine (1:1, 2 ml) gave bis-TMS
ether XIII as a pale brown oil, which was analyzed

by GC, GC-MS and NMR. 'H and )C-NMR
(Table 3) showed XII contaminated with minor
amounts (~10%) of the A% dienol ether and
other impurities. Treatment of crude XIII (~225
mg) in CH,Cl, (2 ml) with N-fluoropyridinium
triflate (105 mg, 0.42 mmol) at room temperature
for 24 h, followed by hydrolysis with tetrabutylam-
monium fluoride (1 ml), gave a brown solid (223
mg). Filtration through silica gel as described for
VII gave a yellow solid (101 mg) consisting of VHI,
XV and II in an 8:5:1 ratio by '"H-NMR analysis.
A portion of the crude hydrolyzed product (60 mg)
was purified in 10-mg batches by semi-preparative
HPLC using 20% water in methanol. The follow-
ing components were obtained: 7 mg of VHI of
97% purity (containing 3% of XV by 'H-NMR), 6
mg of VIII of 94% purity (containing 6% of XV by
'H-NMR), 19 mg of VIII of lower purity, XV (6
mg, containing ~ 14% each of VII and I by 'H-
NMR) and II (6 mg). Characterization of VIII of
97% purity (used in cell culture experiments): MP,
151-152°C; single component by TLC in SS-3 (R,
0.66) and SS-4 (R; 0.44); HPLC in SS-5, 1 8.4
min (98% purity, containing XV); IR, v, 3400,
29802820, 1709, 1640, 1470, 1449, 1314, 1281,
1221, 1157, 1132, 1045 cm™}; UV, Ay, (€) 250 nm
(11900); high-resolution MS, 544.2593 (86, M™;
calcd. for C,7H340,F;, 544.2588), 529.2349 (100,
M-CHj;), 526.2579 (12), 524.2496 (26, M—HF),
511.2299 (4), 509.2273 (36, M-HF-CH,),
506.2402 (23, M-HF-H,0), 491.2170 (33,
M-HF-H,0-CH3), 399.1578 (4, C,,H,OF,),
305.1903 (11, M-SC), 287.1808 (31,
M-H,0-SC), 285.1830 (8, M—HF-SC), 269.1882
(3, CigHys0), 269.1693 (3, M-2H,0-SC),
267.1747 (16, M—HF-H,0-SC), 258.1605 (6,
C,7H;0,), 249.1637 (5, M-HF-2H,0-SC),
105.0702 (19, CgHy); “F-NMR, & -76.76 and
=76.93 (A3;B; portion of A3;B;X system similar to
that of IV, F-26 and F-27), —184.28 (¢ of septet,
3Jur ~20 Hz, 3Jge ~6.6 Hz, F-25), -171.26 (br
td, 47.5 and 12.7 Hz, F-7a); 'H-NMR, Table 1;
'H-'H coupling constants, Table 2; '*C-NMR,
Table 3; MS, Table 4; additional chromatographic
data, Table 5. Silylation of VIII of 97% purity
followed by GC-MS analysis resulted in partial
decomposition to an ~3:2:1 mixture of the 38-
TMS ether of VIII (¢g 8.1 min; MS, Table 4) and
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two dienones, in addition to minor components;
MS of dienones: (fg 6.6 min) m/z 596 (41), 357
(69), 344 (57), 331 (34), 267 (76), 253 (52), 160
(100); (tg 8.5 min), m/z 596 (M*, 7), 506 (65), 491
(54), 465 (22), 267 (60), 212 (100), 129 (25).

A sample of dienone XV containing ~ 14% each
of VIH and II was characterized as follows: 'H-
NMR, Table 1; 'H-'H coupling constants, Table
2; BC-NMR, Table 3; chromatographic data,
Table 5.

2.8. Effects of analogs of 38-hydroxy-5a-cholest-
8( 14)-en-15-one on the levels of HMG-CoA reduc-
tase activity in CHO-K1 cells

The 9a-hydroxy-F;-substituted A%!4-15-keto-
sterol IV was equivalent in potency to the parent
15-ketosterol I in lowering the levels of HMG-
CoA reductase activity in CHO-K1 cells (Table 6).
Similar observations were made with the 7a-
fluoro-A%14.15-ketosterol VII and the 7a-fluoro-
F,-A¥9.15-ketosterol VIII. The 9a-fluoro-F;-15-
ketosterol VI showed high potency in suppression
of the levels of HMG-CoA reductase activity, but
it appeared to be slightly less active than I.

3. Discussion

The 9a-fluoro-F;-15-ketosterol VI was syn-
thesized from the F;-15-ketosterol II by a route

Table 6

(Fig. 2) analogous to that used in preparing 9a-
fluoro-15-ketosterol V from I [20,23]. The
preparation of the F;-A%!“-dienol ethyl ether from
the acetate ester of the F;-A%19-15-ketosterol by
treatment of the «,S8-unsaturated ketone with
triethyl orthoformate and an acid catalyst
represents an adaptation of procedures described
for the preparation of steroidal dienol ethers
[34,35] which we have utilized previously for the
formation of the A%!%-dienol ethyl ether from the
15-ketosterol I [20,23] and from the benzoate ester
of I [23]. In the present study, the A®*.dienol
ethyl ether, formed from the acetate ester of II by
treatment with triethyl orthoformate in the
presence of p-toluenesulfonic acid, was directly
converted to the 9a-hydroxy-15-ketosteryl acetate
XI by treatment with m-chloroperbenzoic acid
under controlled conditions, as in our previously
described synthesis of 38-benzoyloxy-9a-hydroxy-
Sa-cholest-8(14)-en-15-one [23]. Mild alkaline
hydrolysis of XI gave the 38,9«-dihydroxy-15-
ketosterol IV. Treatment of IV with HF-pyridine
gave the 9a-fluoro-15-ketosterol VI; this reaction
represents an adaptation of the method of Ambles
and Jacquesy [36] which we have utilized previous-
ly for the conversion of the 9a-hydroxy-15-keto-
sterol III to the 9a-fluoro-15-ketosterol V [20,23]
and for the 38-benzoate ester of III to the 38-
benzoate ester of V [23].

Allylic fluoro-15-ketosterols readily undergo

Effects of 38,9a-dihydroxy-25,26,26,26,27,27,27-heptafluoro-5a-cholest-8(4)-en-15-one (IV), 38-hydroxy-9¢,25,26,26,26,27,27,27-
octafluoro-Sa-cholest-8(14)-en-15-one (VI), 38-hydroxy-7a-fluoro-5a-cholest-8(14)-en-15-one (VII), 38-hydroxy-7«,25,26,26,26,27,
27,27-octafluoro-5a-cholest-8(14)-en-15-one (VIII) and 3B-hydroxy-Sa-cholest-8(14)-en-15-one (I) on the levels of HMG-CoA

reductase activity in CHO-K1 cells

Sterol HMG-CoA reductase activity (% of control)

concentration

uM) Tve vI# vI# VII® I°

0.0 100.0 100.0 100.0 100.0 100.0

0.1 61.0 £ 3.8 93.2 + 4.0 655179 63.0 = 4.4 62.5 + 2.8
0.25 480 + 44 69.3 £ 2.8 455 £ 5.9 410 £ 1.8 458 £ 2.0
0.50 354 1.6 49.7 £ 7.2 345+ 2.0 342 + 0.7 36.6 + 1.6
1.0 278 £ 2.2 422 + 64 32.7 £ 24 384 + 5.2 288 + 14
25 19.2 £ 0.5 342+ 13 282 = 0.7 149 + 1.6 23.6 = 1.6

"*Mean + S.D. for replicate (n = 3) assays of HMG-CoA reductase activity.
YMean + S.E.M. of 40 independent experiments in which triplicate determinations of enzyme activity were made at each concen-

tration.
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AcO

Fig. 2. Chemical synthesis of 38,9a-dihydroxy-25,26,26,26,27,27,27-heptafluoro-5a-cholest-8(14)-en-15-one (IV) and 38-hydroxy-
90,,25,26,26,26,27,27,27-octafluoro-Sa-cholest-8(14)-en-15-one (VI). Reagents and conditions: (a) Ac,0, pyridine; (b) (EtO);CH,
pTsOH; (c) m-chloroperbenzoic acid, NaHCO;; (d) K,CO3; (e) HF-pyridine, —35°C.

elimination? to dienones that are virtually in-

separable from the fluoro-15-ketosterols or the
parent 15-ketosterol on silica gel (Table 5).
Therefore, it is desirable to introduce the fluorine
in the final synthetic step and from a precursor of
markedly different polarity. This strategy has been
successfully implemented in the synthesis of 9a-
fluoro-15-ketosterols [20,23]. However, attempts
to prepare the 7a-fluoro-15-ketosterol VII
analogously by reaction of 38,7«a-dihydroxy-5a-
cholest-8(14)-en-15-one with HF-pyridine gave
mainly elimination products. The recent availabili-
ty of relatively safe and convenient electrophilic

2. The 9a-fluoro-15-ketosterols appeared to eliminate HF to
form dienones under basic conditions or upon GC or GC-MS
analysis. However, heating of a sample of V in ethanol or
chloroform showed no decomposition by 'H-NMR.

fluorinating agents [37], combined with our
discovery of conditions for the regioselective syn-
thesis of dienol ethers of A%!4.15-ketosterols [13]
suggested an alternative route to VII, shown in
Fig. 3. Thus, formation of the A”!“-dienol TMS
ether XII of 15-ketosterol I, followed by treatment
with N-fluoropyridinium triflate {37], gave a prod-
uct containing the desired 7a-fluoro-15-ketosterol
VII together with I and minor amounts of the 9a-
fluoro-15-ketosterol V and the A%3(4.15-keto-
sterol XIV. The contaminants, which were similar
to VII in mobility on silica gel (Table 5), were
largely removed by semi-preparative reversed-
phase HPLC. The F;-7a-fluoro-15-ketosterol VIII
was prepared analogously from the F;-15-keto-
sterol I1. In this case, the 9a-fluoro-15-ketosterol
byproduct VI was not observed, evidently because
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sC sc
a
0 — OSi(CHy)s
HO (CH,),8i0

1 SC=CHy, X1

I SC=CgH,F,
/

SC=CGHyy
XII  SC=CgH,oF,

sC SC
0 + 0
HO “F HO'
VI SC=CgH, XIV  SC=CgHy
VI SC=CgHyoF, XV SC=CgHyF,

.~ - CF;
(\/j/ ‘/\/\FF
“r wr CF,

CHyy CaHioFy

Fig. 3. Chemical synthesis of 38-hydroxy-7a-fluoro-5a-cholest-
8(14)-en-15-one (VII) and 38-hydroxy-7,25,26,26,26,27,27,27-
octafluoro-5a-cholest-8(14)-en-15-one (VIII) from the parent
15-ketosterols I and II. Reagents and conditions: (a) BSTFA-
pyridine, 36 h, 23°C; (b) N-fluoropyridinium triflate; (n-Bu),NF.

of higher purity of the A”!'*-enol ether intermedi-
ate XIIL

Prior to biological testing, the 7a-fluoro- and
9a-fluoro-15-ketosterols were analyzed for
dienone byproducts. Analysis by chromatographic
methods was hampered by lack of resolution
(TLC), partial decomposition of the fluoro-15-
ketosterols (GC) or difficulty in quantitation
(HPLC using UV detection). However, any
dienone impurities were visible in the olefinic
region of the 'H-NMR spectrum and could be
quantified by comparing the heights of resolved
methyl singlets. Significant contaminants in the
crude 7a-fluoro-15-ketosterols VII and VIII were
the A%3(9.15-ketosterols XIV and XV, which
were largely or completely removed by semi-
preparative HPLC. The 9a-fluoro-15-ketosterol
VI contained ~4% of the A¥195!D.15 ketosterol
XVIII (Fig. 4), an impurity that was not eliminated
by chromatography on either silica gel or reversed-
phase media. We have also observed by NMR

SC

RO

XVI  R=H SC=CgH,
Xvil R=Ac SC= CaH-”

XVI R=H SC=CgH,F,
- .- CF,
l/\/\r ’/\/\ﬁp
e e CF,

CgHyy CgH,oF;

Fig. 4. Structures of 38-hydroxy-5a-cholesta-8(14),9(11)-dien-
15-one (XVI), its 38-acetate XVII and its F; analog XVHI.

minor amounts of the A¥!'"¥!D_1 5 ketosterol XVI
as a contaminant in some preparations of 9a-
fluoro-15-ketosterol V. However, the 500-MHz
'H-NMR spectrum of a sample of V used in
earlier work [20,23] showed the absence of this
dienone byproduct. 'H and '*C-NMR data are
given for AS34. and A3 15 ketosterols in
Tables 1, 2 and 3, and MS data are in a footnote
to Table 5. It should be noted that these dienones
may isomerize readily to other dienones® or
decompose to other products.

Chromatographic mobilities for the dienones
and fluoro-15-ketosterols are presented in Table 5.
These data illustrate the difficulty of distinguish-
ing the fluoro-15-ketosterols from each other or
from dienones by TLC or GC. As observed
previously for the parent 15-ketosterols I and II
(8], F; sterols have significantly shorter retention
times on reversed-phase HPLC and GC than the
corresponding sterols with a CgH;; side chain.
This effect was more pronounced on a 30-m col-
umn than on a 15-m column (operated under
somewhat different conditions; see Table 5). The

3. Force-field calculations showed the 148-A7%!).15-one
isomer to be lower in heat of formation than the A%8(14)]5.
one species XIV (by 2.8 kcal/mol) or the A¥149501).15.0ne
isomer XVI (by 7.1 kcal/mol). The 148-A3!! and 14q-A750D
isomers were also lower in heat of formation than XVI (by 1.8
and 4.7 kcal/mol).
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Ta-fluoro- and 9a-fluoro-15-ketosterols decom-
posed significantly upon GC-MS analysis to mix-
tures that included dienone components. The
availability of GC-MS data for dienone standards
(Table 5) permitted tentative identification of
some of the dienone species, i.e. A% isomers
from 7a-fluoro-15-ketosterols VII and VIII and
the A390D jsomer in the chromatogram of the
9a-fluoro-15-ketosterol VL.

The 7a- and 9a-functionalized A%'4-15-keto-
sterols described here were also characterized by
MS, high-resolution MS, IR and 'H and '’C-
NMR. Mass spectra of the 9a-substituted A4
15-ketosterols showed molecular ions of relatively
low abundance and fragment ions due to losses of
CH,, side chain, H,0, CH;COOH (in the case of
XI) and HF (in the case of 7a-fluoro- and 9a-
fluoro-15-ketosterols). Also noteworthy were ions
corresponding to loss of H,O or HF together with
a side-chain fragment (C;oH;3F;). Unlike mass
spectra of the 9a-fluorosterol VI, the spectra of
9a-hydroxysterols IV and XI showed a series of
even- and odd-electron ions corresponding to loss
of HyO or CH;COOH together with a hydro-
carbon fragment of 6—10 carbon atoms. The most
prominent such ion was m/z 416 (M-CH;-
COOH-CgH,, or M—~H,0-CgH,,), which in con-
junction with loss of side chain gave a very intense
ion at m/z 177. The m/z 100-200 regions of the
spectra of 9a-hydroxy-15-ketosterols IV and XI
were dominated by two strong ions (m/z 109 and
177), whereas the spectrum of 9a-fluoroketosterol
VI showed many abundant ions of roughly equal
intensity in this region.

An ion of high abundance in the spectra of
VI and several 9a-fluoro-A%14.15-ketosterols
reported previously [23] is M—62. This ion in the
high-resolution mass spectrum of VI (m/z 482) was
compatible only with the formula C,sH;30F,
suggesting loss of HF and ketene. Loss of ketene
has been reported for many «,B8-unsaturated ke-
tones [38], but such fragmentation has not been
noted previously for A%!4).15-ketosterols. Among
9a-hydroxy-A%!4-15-ketosterols, the correspond-
ing loss of H,O and ketene was not observed for
the free sterol IV; in 38-acetate XI this ion could
not be distinguished from loss of CH;COOH,
which gives a fragment of identical elemental com-

position. However, this ion appears in mass spec-
tra reported for 9a-hydroxy-A%14-15-ketosterols
having a 38-benzoyloxy or 3-keto group [23].
Among 38-TMS derivatives, an M—62 ion was
observed in 14% abundance for the 9a-fluoro-15-
ketosterol VI. A A¥!19%1D dienone appears to be
an intermediate species in this fragmentation,
judging from the presence of an M—42 ion in the
spectrum of the TMS ether of A% j5
ketosterol XVI (Table S) and the absence of M—62
ions in spectra of the 7e-fluoro-15-ketosterols.

GC-MS analysis of the 7a-fluoro-15-ketosterols
VII and VIII showed several peaks whose analysis
indicated partial decomposition to dienones in the
GC injector. Spectra of VII and VIII and their
TMS ethers were similar to those of the 9«-fluoro-
15-ketosterols but showed, among other differ-
ences, M*, M—CH; and M-H,0 in much greater
abundance than the spectra of the TMS ether of
9a-fluoro-15-ketosterol VI. Numerous ions of the
TMS ether of VII were also observed in the mass
spectrum of the TMS ether of the A%¥!4-15.
ketosterol XIV [13]. These ions may be partially
the result of thermal elimination in the ion source
or contamination from nearby GC peaks of
dienones. Abundant ions corresponding to M*
and M—CH; demonstrated that a substantial por-
tion of the 7a-fluoro-15-ketosterols does not
undergo elimination.

The NMR spectra of the sterols described in this
work were fully in accord with the assigned struc-
tures. The 'H, *C and ’F-NMR spectra of the
F; sterols showed the expected chemical shifts for
the atoms of the CgH;(F, side chain, and decoupl-
ing experiments reaffirmed the stereochemical
assignments established previously [8] for the side-
chain protons of F; sterols. The 7« and 9a-fluoro
substituents showed '°F chemical shifts in the
general region of those of 9a-fluoro-cortico-
steroids [39—41] and were nearly insensitive to the
F; substitution. The '*C chemical shifts of the 9c-
hydroxy and 9a-fluoro-A¥!4-15-ketosterols were
similar to those reported for the corresponding
sterols with a CgH, side chain [30], and the *C-
F coupling constants were compatible with
those reported for other 9a-fluorosteroids
[30,33,39,41,42]. Both the 7a-fluoro- and Ya-
fluoro-15-ketosterols showed the expected upfield
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shifts for y-gauche sp> carbons. The magnitude of
these shifts, which in the 9a-fluoro-15-ketosterols
varied from 3.5 ppm for C-12 to 8.5 ppm for C-5,
appeared to be a function of the alignment of the
C—F bond with the axial C—H bond of the v car-
bon and the distance between these bonds. As in
the case of other 9a-fluoro-15-ketosterols [30], a
2.3-ppm downfield shift was observed for C-19 (y-
anti) of the F; derivative VI, and long-range
substituent effects for VI were <1.0 ppm except
for the unexpected 2.0-ppm upfield shift for C-18.
The latter shift, which is much smaller in a 9a-
fluorocorticosteroid lacking the A¥!Y bond [43],
may be attributable to electric field effects [44].
'H-NMR chemical shifts are presented in Table
1 for new sterols described in this work and for 9a-
substituted 15-ketosterols with a CgH,; side chain,
for which complete 'H data have not been
reported. Substituent effects for 7a-fluoro, 9a-

fluoro or 9a-hydroxy groups included downfield
shifts of 0.3-0.6 ppm for axial protons on ¥ car-
bons and smaller upfield shifts (0.1-0.2 ppm) for
their equatorial geminal partners.’> As noted
previously for other compounds [45], the
magnitude of the downfield shift was generally
correlated with the size of the upfield shift of the
v carbon. For example, among the 9a-fluoro-15-
ketosterols, large effects were observed for H-la
and C-1 and small effects for H-12a and C-12.
These substituent effects, which are similar in

4. Molecular modeling indicates that the F9a-C9-C12-H12a
pseudo-dihedral angle is —19° and the F9a—H12a distance is
2.78 A, whereas the F9a-C9-C5-H5a pseudo-dihedral angle is
0° and the F9a~H5a distance is 2.44 A. The corresponding
pseudo-dihedral angles and distances for other v carbons were:
C-7, 3°, 2.58 A; C-1, -8°, 2.51 A (9a-fluoro-15-ketosterols)
and C-5, -4, 2.55 A; C9, 3°, 261 A (7a-fluoro-15-
ketosterols).

5. The following 'H substituent increments (=0.05 ppm) were
observed: 7a-fluoro-15-ketosterols, H-1«, 0.06; H-5a, 0.43; H-
6a, 0.38; H-68, 0.18; H-78, 2.39; H-9a, 0.51; H-11a, 0.08; H-
12a, 0.09; H-16c, 0.06; H-17a, 0.15 ppm; Y9«a-fluoro-15-
ketosterols, H-1a, 0.52; H-18, —0.20; H-2e, 0.05; H4a, 0.05;
H-5a, 0.62; H-7a, 0.39; H-78, —0.21; H-11«, 0.25; H-118, 0.36;
H-12a, 0.32; H-128, -0.10; H-16a, 0.07; H-17a, 0.11; H-19,
0.08 ppm; 9a-hydroxy-15-ketosterols, H-1a, 0.52; H-18, —0.26;
H-5a, 0.68; H-6a, —=0.05; H-68, —0.06; H-7a, 0.43; H-78, —0.20;
H-118, 0.44; H-12a, 0.26; H-128, —0.08; H-17«, 0.08; H-19,
0.09 ppm. Shieldings for 1 were taken from data in Ref. 31.

magnitude to those observed previously for other
sterols bearing axial fluorine or hydroxyl [46], are
attributable to polarization of axial C—H bonds
of y carbons by the C—F bond [45].
Comparison of the 'H-'H coupling constants
(Table 2) for the substituted 15-ketosterols with
those [31] of the parent 15-ketosterol I showed
only minor differences. These differences, which
were mainly in ring B, did not significantly affect
the conformation of that ring. Essentially no dif-
ferences in coupling constants were observed in
the conformationally flexible D ring. The 'H-"°F
coupling constants of the 7a-fluoro-15-ketosterols
(MH6a-F7 12.2 Hz and Jyeg_g74 45.7 Hz) reflected
the truly axial orientation of the allylic fluorine.
The corresponding coupling constants of the 9a-
fluoro-15-ketosterols (Jy)14-r9a and  Jh118-Foas
each ~30 Hz) indicated a quasi-axial fluorine
whose orientation is determined by the effect of
A¥® double bond on the conformation of ring C
(12a-sofa). The corresponding coupling constants
in the parent 15-ketosterol I (Jy9,_pn114 7.1 Hz and
Ju9e-nng 10.5 Hz) show that H-9a of I has a
similar quasi-axial orientation relative to ring C.
Use of saturation difference spectroscopy at 500
MHEz to isolate individual 'H resonances revealed
numerous four- and five-bond couplings between
F-9« and axial protons of rings A and B. The 9a-
fluoro-15-ketosterols showed long-range coupl-
ings of >1 Hz to H-28, H-48, H-5a, H-68 and H-
Ta, and the 7a-fluoro-15-ketosterols showed long-
range couplings to H-48 and H-9«. Such long-
range couplings indicate that the C—F and C—H
bonds and the intervening axial bonds are parallel.
These geometric conditions are met if rings A and
B are in highly symmetrical chair conformations,
which are predicted by force-field calculations for
the fluoro-15-ketosterols V and VII and for the
parent 15-ketosterol I. A similar analysis of long-
range 'H-"F couplings has been reported for
other fluorinated steroids [39]. In summary, the
combined results of the NMR data in Tables 1, 2
and 3, together with long-range 'H-'°F couplings
and molecular modeling, indicate that a 7a-fluoro,
9a-fluoro or 9a-hydroxy substituent has negligible
effects on the conformation of the 15-ketosterols.
Apart from electron-withdrawing effects trans-
mitted through bonds and a redistribution of =
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electron density, the electronic effects of these
substituents consisted mainly of moderate polar-
ization of axial C—H bonds of 4 carbons.

The new analogs of the 15-ketosterol I were
studied with respect to their effects on the level of
HMG-CoA reductase activity in cultured cells. We
have previously demonstrated that the 9a-hydroxy
analog of I is a potent inhibitor of the synthesis of
digitonin-precipitable sterols from labeled acetate
in both mouse L cells and primary cultures of fetal
mouse liver cells, with ICs, values of 0.3 and 4.0
uM, respectively, in the two cell types [20]. A
major site of the inhibition of sterol synthesis ap-
pears to be at the level of HMG-CoA reductase,
since the ICs; values for reductase lowering in the
two cell types were 0.4 and 5.0 uM, respectively. In
the present study we have shown that the F;-9«-
hydroxy-A314.15-ketosterol IV is equivalent in
potency to I in lowering the level of reductase ac-
tivity in CHO-K1 cells.

We have also previously demonstrated that the
9a-fluoro analog of I and its 3-keto derivative are
highly active as inhibitors of the synthesis of
digitonin-precipitable sterols from labeled acetate
in mouse L cells [20]. Both compounds showed
IC, values of 0.5 uM. The concentrations of the
9a-fluoro-A%14-15-ketosterol and its 3-keto
derivative required for 50% suppression of the
level of HMG-CoA reductase activity were the
same (0.2 uM). In the present study we have
demonstrated that the 9a-fluoro-F;-15-ketosterol
VI lowers HMG-CoA reductase activity in CHO-
K1 cells. The potency of VI appeared to be slightly
less than that of the parent 15-ketosterol I.

The first syntheses of 7a-fluoro analogs of I and
II also permitted evaluation of their effects on
HMG-CoA reductase in the CHO-K1 cells. Both
the 7a-fluoro-A%!4-15-ketosterol VII and the 7a-
fluoro-F7-A8(149.15-ketosterol VI were equiva-
lent to I in lowering of reductase activity.

4. Acknowledgments

This work was supported in part by the Ralph
and Dorothy Looney Endowment Fund and a
grant (3604021) from the Texas Advanced Tech-
nology Program. Spectral studies were supported
in part by the Robert A. Welch Foundation (grant

C-583). The Rice 500-MHz NMR Facility was
established with the support of NIH grant
RR05759 and the W.M. Keck Foundation. High-
resolution mass spectral determinations were
made at the Midwest Center for Mass Spectrome-
try (Lincoln, NE) with partial support by the
National Science Foundation, Biology Division
(grant no. DIR 9217262).

5. References

1 G.J. Schroepfer, Jr., E.J. Parish, HW. Chen and A.A.
Kandutsch (1977) J. Biol. Chem. 252, 8975-~8980.

2 L.R. Miller, F.D. Pinkerton and G.J. Schroepfer, Jr.
(1980) Biochem. Internat. 1, 223-228.

3 F.D. Pinkerton, A. Izumi, C.M. Anderson, L.R. Miller,
A. Kisic and G.J. Schroepfer, Jr. (1982) J. Biol. Chem.
257, 1929-1936.

4 F.R. Taylor, S.E. Saucier, E.P. Shown, E.J. Parish and
A.A. Kandutsch (1984) J. Biol. Chem. 259, 12382-12387.

5 T.N. Pajewski, F.D. Pinkerton, L.R. Miller and G.J.
Schroepfer, Jr. (1988) Chem. Phys. Lipids 48, 153-168.

6 G.J. Schroepfer, Jr., A. Christophe, D.H. Needleman, A.
Kisic and B.C. Sherrill (1987) Biochem. Biophys. Res.
Commun. 146, 1003-1008.

7 J.S. Brabson and G.J. Schroepfer, Jr. (1988) Chem. Phys.
Lipids 47, 1-20.

8 S.Swaminathan, W.K. Wilson, F.D. Pinkerton, N. Gerst,
M. Ramser and G.J. Schroepfer, Jr. (1993) J. Lipid Res.
34, 1805-1823.

9 N. Gerst, F.D. Pinkerton, A. Kisic, W.K. Wilson, S.
Swaminathan and G.J. Schroepfer, Jr., (1994) J. Lipid
Res. 35, 1040-1056

10 J. St. Pyrek, J.L. Vermilion, T.W. Stephens, W.K. Wilson
and G.J. Schroepfer, Jr. (1989) J. Biol. Chem. 264,
4536-4543.

11 D.J. Monger, E.J. Parish and G.J. Schroepfer, Jr. (1980)
J. Biol. Chem. 255, 11122-11129.

12 D.J. Monger and G.J. Schroepfer, Jr. (1988) Chem. Phys.
Lipids 47, 21-46.

13 J. St. Pyrek, W.K. Wilson, S. Numazawa and G.J.
Schroepfer, Jr. (1991) J. Lipid Res. 32, 1371-1380.

14 G.J. Schroepfer, Jr., T.N. Pajewski, M. Hylarides and A.
Kisic (1987) Biochem. Biophys. Res. Commun. 146,
1027-1032.

15 G.J. Schroepfer, Jr., A. Kisic, A. Izumi, K.-S. Wang, K.D.
Carey and A.J. Chu (1988) J. Biol. Chem. 263,
4098-4109.

16 G.J. Schroepfer, Jr., A.J. Chu, D.H. Needleman, A.
Izumi, P.T. Nguyen, K.-S. Wang, J.M. Little, B.C. Sher-
rill and A. Kisic (1988) J. Biol. Chem. 263, 4110-4123.

17 J.S. Brabson and G.J. Schroepfer, Jr. (1988) Steroids 52,
51-68.

18 G.J. Schroepfer, Jr., A. Christophe, A.J. Chu, A. Izumi,
A. Kisic and B.C. Sherrill (1988) Chem. Phys. Lipids 48,
29-58.



20

21

22

23

24

25

26
27

28

29

30

31

32

A.U. Siddiqui et al. / Chem. Phys. Lipids 72 (1994) 59-75 75

T.N. Pajewski, J.S. Brabson, A. Kisic, K.-S. Wang, M.D.
Hylarides, E.M. Jackson and G.J. Schroepfer, Jr. (1989)
Chem. Phys. Lipids 49, 243-263.

G.J. Schroepfer, Jr., E.J. Parish, M. Tsuda and A.A. Kan-
dutsch (1979) Biochem. Biophys. Res. Commun. 91,
606—613.

G.J. Schroepfer, Jr., V. Walker, E.J. Parish and A. Kisic
(1980) Biochem. Biophys. Res. Commun. 93, §13-818.
W.K. Wilson, K.-S. Wang, A. Kisic and G.J. Schroepfer,
Jr. (1988) Chem. Phys. Lipids 48, 7-17.

E.J. Parish and G.J. Schroepfer, Jr. (1980) J. Org. Chem.
45, 4034--4037.

E.J. Parish and G.J. Schroepfer, Jr. (1979) Chem. Phys.
Lipids 25, 381-394.

F.R. Taylor, A.A. Kandutsch, L. Anzalone, S. Phirwa
and T.A. Spencer (1988) J. Biol. Chem. 263, 2264-2269.
D.N. Kirk and H.C. Toms (1991) Steroids 56, 195-200.
G.E. Martin and R.C. Crouch (1991) J. Nat. Prod. 54,
1--70.

S.V. Ley, A.J. Whittle and G.E. Hawkes (1983) J. Chem.
Research (S) 8, 210-211.

C. Bauer and R. Freeman (1985) J. Magn. Reson. 61,
376-381.

M. Tsuda and G.J. Schroepfer, Jr. (1981) J. Lipid Res. 22,
1188-1197.

A.U. Siddiqui, N. Gerst, L.J. Kim, F.D. Pinkerton, A.
Kisic, W.K. Wilson and G.J. Schroepfer, Jr. (1994) Chem.
Phys. Lipids, 71, 205-218.

W.K. Wilson, S. Swaminathan, F.D. Pinkerton, N. Gerst,
and G.J. Schroepfer, Jr. (1994) Steroids, 59, 310-317.

33

34

35

36

37

38

39

40

4]

4

43

4

45

46

T.C. Wong, V. Rutar and J.-S. Wang (1984) J. Am. Chem.
Soc. 106, 7046-7051.

C.W. Marshall, J.W. Ralls, F.J. Saunders and B. Riegel
(1957) J. Biol. Chem. 228, 339-348.

A. Bowers, P.G. Holton, E. Necoechea and F.A. Kircl
(1961) J. Chem. Soc. 4057-4060.

A. Ambles and R. Jacquesy (1976) Tetrahedron Lett.
1083-1084.

T. Umemoto, K. Tomita and K. Kawada (1990) Org.
Synth. 69, 129-143.

H. Budzikiewicz, C. Djerassi and D.H. Williams (1967)
Mass Spectrometry of Organic Compounds, Holden Day,
San Francisco, pp. 151-152.

D.W. Hughes, A.D. Bain and V.J. Robinson (1991)
Magn. Reson. Chem. 29, 387-397.

L.L. Smith and E.L. Ezell (1990) Magn. Reson. Chem. 28,
414-418.

J.T. Nelson and L.J. Kurz (1993) Magn. Reson. Chem. 31,
203-213.

S. Rozen and G. Ben-Shushan (1985) Magn. Reson.
Chem. 23, 116-118.

D.D. Giannini, P.A. Kollman, N.S. Bhacca and M.E.
Wolff (1974) J. Am. Chem. Soc. 96, 5462—5466.

H.-J. Schneider, E.F. Weigand and N, Becker (1988) J.
Org. Chem. 53, 3361-3364.

H.-J. Schneider, U. Buchheit, V. Hoppen and G. Schmidt
(1989) Chem. Ber. 122, 321-326.

H.-J. Schneider, U. Buchheit, N. Becker, G. Schmidt and
U. Siehl (1985) J. Am. Chem. Soc. 107, 7027-7039.



