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To develop an androgen receptor-based, positron-emitting
imaging agent for prostate tumors, we have prepared 20-
fluoromibolerone (F-Mib) and evaluated its tissue distribu-
tion. This compound was synthesized in eight steps from
7a-methyl-19-nortestosterone, with fluorine introduced in
the penultimate step by fluoride ion displacement on a
spirocyclic sulfate. Fluoromibolerone was obtained in 9%
19% radiochemical yield (decay corrected), at 1.5 hr after
bombardment, with an effective specific activity of 217-
283 Ci/mmol. The relative binding affinity of F-Mib is 53
(versus R1881 = 100 or mibolerone = 118). In tissue
distribution studies in diethyistilbestrol-treated male rats,
'®F-Mib demonstrates high target/tissue uptake efficiency
and selectivity: the prostate uptake at 0.5 hr and 4 hr is
1.0%-1.3% injected dose/gram tissue (ID/g) and 0.5%-—
0.6% ID/g, respectively; the prostate-to-blood and the
prostate-to-muscle (non-target) ratios are both ca. 4 at 0.5
hr, and increase to ca. 12 by 4 hr after injection. The
observed distribution of '8F-Mib suggests that it may be
useful for in vivo imaging of prostatic tumors in man by
positron emission tomography.
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Steroid hormone receptors, present in target tissue
and receptor-positive tumors, form the basis for the
development of fluorine-18- (‘®F) labeled steroid radi-
otracers as in vivo positron emission tomographic
(PET) imaging agents. We have demonstrated the utility
of '8F-labeled estrogens in imaging estrogen receptor-
positive breast tumors (/). It should likewise be possible
to develop analogous '®F-labeled androgens to image
prostatic tumors, since many prostatic tumors contain
androgen receptors.

In vivo imaging of prostatic carcinoma has been an
attractive goal for many researchers because of the
inadequacies of current diagnostic methods. First, two
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kinds of tumor cells are present in prostatic tumor
tissue, receptor-rich cells requiring androgens for
growth and receptor-poor cells capable of growing with-
out androgens; thus, even though there is a good cor-
relation between tumor androgen receptor (AR) con-
centration and tumor responsiveness to hormonal treat-
ment (2-8), partial tissue sampling techniques such as
transurethral resection or needle biopsy may not pro-
vide fully representative tissue samples, which makes in
vitro measurement of AR levels less accurate and less
reproducible (9). Second, since the effectiveness of sur-
gical treatment of prostatic tumors depends largely on
whether the cancer has disseminated to surrounding
tissue or not, an in vivo image of the extent of metas-
tasis, especially by a noninvasive method, would be
helpful in confirming the choice of surgical treatment.

Various derivatives of the androgens have been la-
beled with the gamma emitters bromine-77, bromine-
82, iodine-125, and selenium-175, as well as the posi-
tron emitter '®F, in the search for AR-based prostatic
imaging agents (/0-16). However, none of these has
proved to be useful for imaging prostate tumors, prob-
ably because they suffer from rapid metabolic cleavage
of the radiolabel, low receptor binding affinity, or in-
adequate specific activity.

Mibolerone (Mib) is a synthetic androgen with a
relative receptor binding affinity of 118 (versus methyl-
trienolone (R1881) = 100), which is higher than that of
the natural AR ligands DHT (60.2) and testosterone
(5.9). Unlike the natural ligands, Mib does not bind to
sex binding protein (SBP), a serum-steroid carrier found
in humans, and it is relatively resistant to some of the
steroid-metabolizing enzymes (/7,18). In a recent study
of the in vivo uptake of five tritium-labeled androgens
(including Mib) by tissues in the rat, we found that the
uptake of Mib by target tissues (prostate) is highly
selective (19). Therefore, Mib has been chosen in this
work for labeling. To investigate mibolerone derivatives
suitable for PET imaging, we prepared 20-fluoromibol-
erone (F-Mib). The C-20 position is a good site for
fluorine attachment: '8F can be introduced conven-
iently by ['*F]fluoride ion displacement upon a cyclic
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sulfate (20,21), and fluorine at C-20 is stable in vivo
and interferes minimally with receptor binding affinity.
20-['®F]fluoromibolerone (‘*F-Mib) thus produced is
the first '*F-labeled androgen that shows highly selective
uptake by prostate tissue of male rats. Thus, it appears
to be a good candidate for imaging prostatic carcinoma
in vivo.

EXPERIMENTAL PROTOCOL

Chemical Synthesis
The chemical synthesis section is presented in the Appendix
that follows this article.

Radiochemical Syntheses

20-["*FJFluoromibolerone ("*F-9, '*F-Mib). Aqueous '*F-
labeled fluoride ion, produced in water by proton bombard-
ment of an oxygen-18 enriched water target, was added to n-
Bu,NOH (tetra-n-butylammoniumhydroxide) (1 MH,O so-
lution 0.85 equal to cyclic sulfate samples) in a Vacutainer®
(22) and then resolubilizing by performing three azeotropic
distillations each employing 0.5-0.8 ml of acetonitrile. It was
then transferred to a 4-ml glass sample vial containing 1.5 mg
of cyclic sulfate 8 with 100 ul of freshly distilled THF. The
mixture was stirred at 70°C for 10 min, cooled at 25°C for 1
min, and treated with 2 drops (~40 ul) of 2N HCl at 25°C for
3 min. It was diluted with 10 drops (~200 ul) of water and
extracted with 1 ml ether. The organic layer was filtered
through a column (short pipette filled with glass wool, 0.8 cm
Na,SO, and then 0.7 cm of SiO,) with 2 X 0.6 ml of ethyl
acetate. The solvent was evaporated under a gentle stream of
N, and the residue was redissolved in | ml 1,2-dichloroethane
and injected onto normal phase high-performance liquid chro-
matography (HPLC) (Whatman Partisil M-9, 0.9 cm X 50
cm), It was eluted with 67% hexane/33% (iPr-OH (5%)-
CH.Cl,) at 5 ml/min (UV detection, 254 nm; radioactivity
detection, flow-through scintillation detector), the desired
product, 20-['®F]fluoromibolerone, had a retention time of 16
min. Reanalysis by analytical HPLC of the material collected
from the preparative column indicated that it was radio-
chemically homogeneous; there was no evidence of chemical
impurities with elution times different from that of F-Mib.

Biologic Methods

Binding Assays. Relative binding affinities were determined
in several receptor and binding protein systems as described
previously: AR (21,23), progesterone receptor (2/,24), min-
eralocorticoid receptor (25), sex steroid binding globulin (26).

The relative specific activity (27) of '®F-Mib was deter-
mined from a decayed sample of known activity by competi-
tive AR radioreceptor binding assay by a modification of the
procedure previously reported (28).

Tissue Distribution Studies

Mature male Sprague-Dawley rats (175 g average) (Sasco
Laboratory Animals, Omaha, NE) were either untreated or
pretreated with diethyistilbestrol (DES) to suppress endoge-
nous androgen synthesis. The treated animals were injected
subcutaneously with 1 mg DES in 0.2 ml sunflower seed oil
at 24 hr and 3 hr prior to the experiment, following the regime
of Symes (29).

Fluorine-18-Mib was dissolved in ethanol and diluted with
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physiologic saline to give a final solution of 10% ethanol-
saline. The animals were injected intravenously under ether
anesthesia with 100 uCi (Ca. 200 ul) of "*F-Mib. To block
receptor-mediated uptake, 36 ug of testosterone were added
to the injected dose for one set of animals. All were provided
with rat chow and water ad libitum.

At the indicated times, 0.5, 1, 2, and 4 hr, the animals were
killed, samples of blood and tissue were excised, weighed, and
the radioactivity determined as previously reported (28). The
injected dose was calculated from standards prepared from
the injection solution and the data were expressed as percent
injected dose per gram tissue (%I1D/g).

RESULTS

Synthesis of F-Mib and **F-Mib

The synthetic route used to prepare F-Mib is illus-
trated in Figure 1. The 3-oxo function of the starting
material, 7a-methyl-19-nortestosterone 1, was pro-
tected as the dithiolane (30); the 178-hydroxy group in
2 was oxidized with pyridinium chlorochromate (PCC)
and the C-17 ketone 3 was treated with an excess of
dimethylsulfonium methylide (27) to furnish epoxide
4. Vigorous base treatment of this epoxide produced
diol 5, but only in a moderate yield, due to competing
polymerization. Cyclic sulfite 6 as a mixture of diaster-
eomers was prepared from diol 5, using thionyl chloride
(21). Removal of the 3,3-ethylenedithio group proved
to be troublesome, but could be done best by the
methods shown to produce cyclic sulfite 7 (31). Oxi-
dation of cyclic sulfite 7 to cyclic sulfate 8 also proved
difficult. The oxidation reagent, NalO,/RuCl;-3H,O,
which is typically used (21,32), also oxidizes the 4(5)-
double bond in compound 7. Fortunately, tetra-n-
butylammonium monopersulfate (OXONE?®, Aldrich)
(BusNS(O;)O0H; TBA-oxone) (23) was found to be
suitable, and oxidation proceeded readily with TBA-
oxone, together with tetrabutylammonium/ fluoride
(Bus,NF) or BuNOH. The effect of these bases might
be to remove the acidic proton in TBA-oxone and thus
improve its nucleophilicity. Finally, reaction of the
cyclic sulfate 8 with excess Bu,NF, followed by acid
hydrolysis of the fluorobissulfate intermediate (20,21),
furnished F-Mib in 48% yield. The whole synthesis
involved eight steps and gave F-Mib 9 in 9% overall
yield from 7a-methyl-19-nortestosterone 1.

Tetra-n-butylammonium ['®]F-fluoride, prepared as
previously described (22,33), was allowed to react with
cyclic sulfate 8 to give a fluorobisulfate intermediate;
hydrolysis with HCl/H,O produced '*F-Mib (9), which
was purified by normal-phase HPLC. Reinjection of a
collected sample on a normal-phase analytical HPLC
column showed that there was very little mass that
coeluted with '®F-Mib (data not shown). Fluorine-18-
labeled Mib was produced in 9%-19% radiochemical
yield (decay corrected at 1.5 hr after bombardment)
with an effective specific activity of 217-283 Ci/mmol
(27,28).
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Binding Affinities of Androgens-to-Androgen
Receptor, Progesterone Receptor, Mineralocorti-
coid Receptor, and Sex Steroid Binding Protein

The binding affinity of F-Mib (9), synthetic precur-
sors, intermediates, derivatives and some common an-
drogens toward AR and other important targets were
measured; the data are shown in Table 1.

The binding affinity of F-Mib for AR was found to
be 53 (relative to R1881 = 100), about half the affinity
of its parent compound (mibolerone = 118). The re-
duction in affinity may be due to the larger size of the
fluorine atom (versus the tritium atom) or its high
electronegativity. The 17a-hydroxymethyl analog has a
much lower affinity than Mib; the 17«-unsubstituted
analog 1 has the highest affinity overall. The well known
effects of methylation at 7« (increases affinity — 1 versus
norT) and 17« (little change in affinity - Mib versus 1)
(34.35) are reproduced here. The spiro-epoxide and the
cyclic sulfites (7, evaluated as partially separated mix-
tures of diastereomers), have low affinity for AR.

Mibolerone has substantial binding affinity for pro-
gesterone receptor (/8). While rat prostate does not
contain progesterone receptor (/8,36), human prostate
does, so this heterologous binding can interfere with
AR measurements in humans (/8). 20-Fluoromibole-
rone binds to the progesterone receptor with half the
affinity of Mib (and one-quarter the affinity of R1881).
All the other androgens have yet lower affinity for
progesterone receptor. Some androgens have significant
affinity for corticosteroid receptors (37). Mib is known
to have only very low affinity for glucocorticoid recep-
tors (18,19), yet its affinity for mineralocorticoid recep-
tors is substantial (Table 1 and Ref. /9). The affinity of
F-Mib for mineralocorticoid receptors, however, is very
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FIGURE 1
Synthetic route used for the preparation of F-Mib.

low, plus this receptor is known not to be found in
prostatic tissues (26).

Certain androgens (most notably DHT) bind with
high affinity to SBP, a serum globulin found in humans
but not in rats (/8,38). The synthetic androgens R1881
and Mib were designed to have much lower affinity for
SBP than the natural androgens (/8,39), and the affinity
of F-Mib is yet lower.

Tissue Distribution Studies of *F-Mib

Purified '*F-Mib was injected (i.v. femoral vein) into
male rats. The tissue distribution of radioactivity is
shown in Table 2. All but one set of rats were treated
with high levels of DES to suppress in vivo androgen
biosynthesis, thus increasing the concentration of un-
occupied androgen receptors (29). Since many prostatic
cancer patients are given estrogen therapy, it was im-
portant to measure the tissue distribution of '*F-Mib
under conditions which resemble those likely to be
encountered in the clinical setting. For comparison, one
set of rats was untreated (2 hr “untreated™). To ascertain
whether the uptake was mediated by a high-affinity,
limited-capacity system, one set of rats was given 36 ug
of unlabeled testosterone together with '*F-Mib. This
dose of testosterone is sufficient to fully occupy the
androgen receptors and thus block receptor-mediated
uptake of the '*F compound (2 hr “blocked”).

The uptake of '*F-Mib is highly selective for target
tissues. Prostate-to-blood and prostate-to-muscle (non-
target tissue) ratios increased quickly from ca. 4 for
dorsal and ventral prostate at 0.5 hr to ca. 12 for dorsal
and ventral prostate at 4 hr after injection. As expected,
the prostate uptake in “untreated” and especially in
“blocked” animals was lower than that of DES-treated
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TABLE 1
Binding Affinities of Androgen Derivatives to Androgen, Progestin and Mineralocorticoid Receptors, and Sex Steroid

Binding Protein
Relative Binding Affinity’
Compound AR' PgR? MR# SBP'
OH
; l fuCH:

R1881 (Methyitrienolone) 100" 43.7 £ 91 254 +1.3 404 +09

OH
/déjj
R = CHjs, A*, Testosterone (T) 599+ 1.18 0.09 + 0.02 419 + 3.44 417 + 88
R = CHjs, 5a-Dihydrotestosterone (DHT) 60.9 + 17.2 0.23 £0.10 117 £ 0.14 2125 + 999
R = H, A* 19-nor-testosterone (nor-T) 306+ 15 3.10 £ 0.99 2.00+1.20 299+ 6.8

OH

wR
g:”tSjj
R=H(1) 156 + 21 3.72+0.12 0.74 +£0.32 28.7+94
R = CH; Mibolerone (Mib) 118+ 4 204 +42 5.70 + 0.47 19.0+83
R = CH.F 20-Fluoromibolerone (9, F-Mib) 53.2+43 103+2.0 0.86 + 0.07 3.00 +£1.90
R = CH,OH 1.37 £ 0.06 — —_ —_

0:\(R)
H

R =CH; 2.16 £ 1.32 0.811 0.85' —
R = §(0)}-0-CH, A™ (7) 247 +0.98 2821 7.541 —
R = §(0)-0-CH. B™ (7) 1.81+1.07 —_ —_ —_

" Relative binding affinity was determined by a competitive radiometric binding assay. Values are the average of two or more
determinations + range (n = 2) or s.d. (n = 3) and are expressed on a percent scale relative to the affinity of the tritium-labeled tracer
(23).

* AR = androgen receptor. The tracer was [°H]R1881 and the assay was performed according to the method described in Refs.
21 and 24. The K, for R1881 is 0.6 nM.

* PgR = progesterone receptor. The tracer was [°HJR5020 and the assay was performed according to the method described in
Ref. 21. The K, for R5020 is 0.4 nM.

$ MR = mineralocorticoid receptor. The tracer was [*H]aldosterone and the assay was performed according to the method described
in Ref. 25. The K, for aldosterone is 3.9 nM, in the presence of RU28362 the K, of aldosterone to block glucocorticoid receptors is
0.42 nM.

' SBP = sex steroid binding protein. The tracer was [*H]estradiol and the assay was performed according to the method described
in Ref. 26. The K, for estradiol is 1.6 nM.

" Relative affinity of tracer compound is 100 by definition.

** Single determination.

" Mixture A: the ratio of diastereomer a and b is ca. 70:30; mixture B: the ratio is ca. 30:70.

rats. This, together with the persistence of high uptake
even after 4 hr, is consistent with the receptor-mediated
nature of the prostate uptake. There was considerable
activity in liver and kidney, known organs for metabo-
lism and excretion of steroids in rodents (40). The low
radioactivity in bone suggests that the metabolic cleav-
age of the '*F label in '*F-Mib is not facile (41,42). The
low uptake of this compound by fat tissue and its rapid
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clearance are desirable for in vivo imaging of the pros-
tate, since this organ is surrounded by a considerable
amount of adipose tissue.

DISCUSSION

20-['*F]fluoromibolerone is the first '®F-labeled an-
drogen having a high receptor binding affinity and
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TABLE 2

Tissue Radioactivity Distribution of 20-['®F]Fluoromibolerone’

Organ 0.5hr 1hr 2hr 2 hr (untreated) 2 hr (blocked)' 4hr
%ID/g £ s.e.m.
Blood 0.234 + 0.003 0.159 + 0.014 0.091 + 0.006 0.064 + 0.002 0.081 £ 0.011 0.050 + 0.001
Bone 0.189 £ 0.011 0.197 £ 0.010 0.251 £0.014 0.184 +£0.017 (a) 0.220 + 0.007 0.226 + 0.006
Muscle 0.232 £ 0.006 0.177 +£ 0.008 0.092 + 0.005 0.069 + 0.003 0.067 + 0.011 0.050 + 0.009
Spleen 0.237 £ 0.011 0.170 +£0.013 0.092 + 0.006 0.064 + 0.002 0.070 + 0.011 0.045 + 0.001
Lung 0.417 £ 0.011 0.300 £ 0.012 0.165 £ 0.011 0.107 + 0.004 0.078 + 0.011 0.080 + 0.006
Liver 2.362 + 0.075 1.839 +0.095 0.805+0.032 0.514 + 0.036 0.739 + 0.069 0.402 + 0.029
Fat 0.573 £ 0.049 0.264 + 0.012 0.132 +0.020 0.112 + 0.014 0.137 + 0.020 0.067 + 0.003
Kidney 0.880 + 0.038 0.753 +£0.035 0.423 + 0.018 0.266 + 0.012 0.361 + 0.078 0.174 + 0.008
Prostate (v)* 0.886 + 0.037 0.969 + 0.140 0.601 + 0.056 0.384 + 0.073 0.150 + 0.034 (a) 0.611 = 0.034
Prostate (d)* 0.923 + 0.028 1.188 + 0.304 0.775+0.135 0.393 + 0.068 0.111 + 0.009 0.545 + 0.057 (a)
Ratio * s.e.m.
Prostate/(v) 3.83+0.19 5.53 + 0.94 6.54 + 0.54 562+ 1.11 277 £039(a) 13.25+2.22
Muscle (d) 399+0.14 6.91 +£1.92 8.56 + 1.78 5.71 £0.92 1.76 £ 0.31 10.82 + 3.14
Prostate/(v) 3.79+0.11 6.385+1.30 6.71 £ 0.67 6.13+1.39 216+ 030(a) 12.41+0.92
Blood (d) 395+0.10 8.021 + 2.50 8.82+1.95 6.20 £ 1.20 1.43+0.19 10.95 + 1.46 (a)

"In the study, mature male Sprague-Dawley rats were injected with a 100-uCi dose of 20-['®F]fiuoromibolerone in 10% ethanol-
saline. Average animal weight at time of experiment was 173 + 16 g. s.e.m. is standard error of mean. All rats were treated with 1 mg
of DES in 0.2 mi sunflower oil per rat, 24 hr and 3 hr prior to injection of radioactivity, except the 2 hr (untreated) animals which did

not receive DES. n = 4, except where noted otherwise (a).

' Blocked. In order to block receptor-mediated uptake, 36 ug of testosterone was added to each injected dose.

*v = ventral and d = dorsal.

showing selective uptake by prostate tissue. Studies in
mature male rats treated with DES (an endocrine ma-
nipulation that corresponds to certain hormonal ther-
apies in human prostatic cancer patients that increase
available AR by suppressing endogenous androgen pro-
duction) show high uptake of '8F-Mib into prostate.
This uptake is suppressed by coinjection of excess tes-
tosterone (blocked) or by endogenous androgens in
intact animals (untreated), confirming that the uptake
is mediated by a high-affinity, low-capacity receptor
system, that is presumed to be AR. There is high uptake
into liver and kidney, both organs involved in metab-
olism and elimination of steroids. This uptake drops
rapidly and shows little or no blocking by excess andro-
gens (blocked, untreated), indicating that uptake is not
receptor mediated.

In a recent study, we compared the uptake of five
tritium-labeled androgens in rats (/9). These animals
were larger (250 g versus 175 g here) and, in most cases,
the animals were castrated 24 hr prior to the experi-
ment; only in a few cases, were they treated with DES.
Nevertheless, if the prostate uptake is expressed on the
basis of %ID kg rat/g tissue to correct for the differences
in animal weight, the prostate uptake we observed at |
hr with '®F-Mib (0.18% ID kg/g) is comparable to that
observed with Mib (0.14% ID kg/g in castrated animals,
0.18% ID kg/g in DES-treated animals) and R1881
(0.17% ID kg/g in castrated animals, 0.14% ID kg/g in
DES-treated animals), and greater than that for testos-
terone, dihydrotestosterone, and 19-nortestosterone in
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castrated animals (0.11%, 0.10%, and 0.10% ID kg/g,
respectively).

The uptake characteristics of '*F-Mib in the rat are
very favorable and suggest that this compound may be
suitable for imaging AR-positive prostatic tumors in
humans. However, it is important to consider that in
two respects, the rat is not an ideal model for the human
to evaluate the uptake of labeled androgens by target
tissues. First, the human prostate has significant levels
of progesterone receptor (/8), so that in the human,
progesterone receptor rather than AR might mediate
the uptake of an androgen that has significant heter-
ologous binding affinity for the progesterone receptor.
Second, human serum also contains SBP binding pro-
tein, which has high affinity for some androgens
(18,38), and might result in elevated blood levels of
androgens in humans, diminishing target tissue-to-
blood ratios. Such a phenomenon has been observed
with certain estrogens in rodents due to their binding
to serum alphafetoprotein (26).

We believe, however, that these two factors will not
prove to be substantive problems with F-Mib in the
human. 20-['*F]fluoromibolerone binding to the pro-
gesterone receptor is relatively modest and is, in fact,
less than that of Mib. Also, unlike the natural androgens
testosterone and DHT, the binding of Mib and F-Mib
to SPB is very modest.

In conclusion, F-Mib, a '®F-labeled androgen, has
been prepared at high-specific activity and shows selec-
tive uptake into the prostate. These characteristics sug-
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gest that it may be useful as an agent to image AR-
positive prostate tumors and metastases in humans,
thus providing the clinician with a noninvasive method
to help select a program of therapy and to monitor the
progress and success of the treatment.

APPENDIX

Chemical Synthesis

General. Part of the Mib used in this study was a generous
gift from Upjohn and part was synthesized in our laboratory
from 19-nortestosterone (43). Tetra-n-butylammonium
monopersulfate (TBA-oxone) was prepared according to
Trost’s procedure (44). Tetrahydrofuran (THF) and ethyl
ether were distilled from sodium/benzophenone ketyl imme-
diately prior to use. DMSO, methylene chloride, and hexane
were distilled from calcium hydride. Flash chromatography
was performed according to Still (45). Melting points are
uncorrected. '’F NMR was obtained on a Nicolet NT-360
(Fremont, CA) (at 338 MHz) spectrometer, using fluorotrich-
loromethane as an internal standard and deuterochloroform
as a solvent. Both low- and high- resolution fast atom bom-
bardment (FAB) mass spectra were obtained on a VG Instru-
ments ZAB HF (Manchester, UK), employing a dithiothreitol
matrix.

3,3-Ethylenedithio-7a-methyl-4-estren-178-ol (Compound
2). A solution of 7a-methyl-19-nortestosterone 1 (3.50 g, 12.10
mmol) in 10 ml acetic acid was treated with 1.02 ml (1.72 g,
12.10 mmol) ethylenedithiol and a solution of toluenesulfonic
acid (1.72 g, 4.52 mmol) in another 10 ml of acetic acid. The
mixture was allowed to stir at room temperature for 5 min. A
copious white precipitate was collected, washed (2N NaOH
solution and water), and recrystallized from ethanol. White
crystals of 2 (3.19 g) were collected. The mother liquor,
containing some 17-acetate, was concentrated to dryness and
treated with NaOMe in methanol, affording an additional
1.01 g of purified product 2 (95.5% total yield): mp 205°C
decomposed; IR (KBr), 3485 (br.s, OH) cm~', no C = 0 band;
'H NMR (CDCl;) 65.57 (br.s, 1H, 4-H), 3.65 (t, 1H, J = 8.26
Hz, 17a-H), 3.42-3.17 (m, 4H, 3,3-ethylenedithio), 0.76 (s,
3H, 18-H), 0.72 (d, 3H, J = 7.39 Hz, 7a-CH;); mass spectrum
(70 eV), m/e (rel. intensity), 364 (95, M+), 336 (100), 304
(97), 131 (26), 123 (39), 91 (86), 81 (51), 55 (63); HRMS
calculated for C,,H;,08,: 364.1895; found: 364.1885; analysis
calculated for C,,H;,0S;: C, 69.18; H, 8.85; S, 17.59; found:
C,69.11; H, 8.93; S, 17.43.

3,3-Ethylenedithio-7a-methyl-4-estren-17-one (Compound
3). The 178-hydroxy compound 2 (3.02 g, 8.27 mmol) was
dissolved in 192 ml of methylene chloride and added with
stirring to a solution of pyridinium chlorochromate (PCC)
(3.00 g, 13.92 mmol) in 50 ml of methylene chloride at 10°C.
The mixture was allowed to stir for 4 hr at room temperature
and then was diluted with ether. The dark brown solution was
filtered through Celite with ether, washed with 2N NaOH
solution once and water twice, and dried (Na,SO,). After
concentration in vacuo, the residue was triturated with ethanol
to give 2.41 g of purified product 3 (80.3% yield). An analytical
sample was further purified by flash chromatography (hexane:
EtOAc = 4:1) (mp 261-263°C partially decomposed). IR
(KBr), 1767 (s, C = O) cm™'; '"H NMR (CDCl;) 45.60 (br.s,
1H, 4-H), 3.52-3.20 (m, 4H, 3,3-ethylenedithio), 0.89 (s, 3H,
18-H), 0.77 (d, 3H, J = 6.32 Hz, 7a-CH3); mass spectrum (70
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eV), m/e (rel. intensity), 362 (79, M+), 337 (100), 302 (93),
131(26), 123 (39),91 (81), 81 (38), 54 (48); analysis calculated
for C;,H3,0S,: C, 69.60; H, 8.34; S, 17.69. found: C, 69.60;
H, 8.43; S, 17.61.

17S8-Spiro-2’-(1’-oxacyclopropane)-3, 3-ethylenedithio-7 a-
methyl-4-estrene (Compound 4). Sodium hydride (2.20 g, 60%,
55.20 mmol) was rinsed four times with distilled hexane under
N, protection to remove oil prior to addition of 40 ml of dry
DMSO. The suspension of NaH in DMSO was then heated
at 70-75°C for 45 min. At this point, 50 ml of THF was added
and the mixture was cooled to 0°C. A solution of trimethyl-
sulfonium iodide (10.45 g, 51.05 mmol) in 35 ml DMSO was
added to the cold reaction mixture dropwise with stirring and
after completion of addition, stirring was continued 10 min
longer. Ketone 3 (1.15 g, 3.17 mmol) was dissolved in 150 ml
of THF and added dropwise to the newly formed CH; =
S(CHs), solution at 0°C. The resulting milky mixture was kept
at 0°C for 1 hr and at room temperature for 2 hr. Product
isolation involved quenching with water, extraction with ether,
and washing twice with water. After the ether extract was dried
(Na,SO,) and concentrated, the product was purified by flash
chromatography (hexane: EtOAc = 2:1) to afford 1.16 g of a
white solid 4 (97.5% yield, mp 167-169°C); IR (KBr), 1275
(s, epoxide) cm™', no C = 0 band; 'H NMR (CDCls) 6 5.57
(br.s, 1H, 4-H), 3.18-3.42 (m, 4H, 3,3-ethylenedithio), 2.76
(AB quartet, 2H, Av = 56 Hz, J = 5.00 Hz, 17 spiro epoxide
CH,), 0.90 (s, 3H, 18-H), 0.75 (d, 3H, J = 8.12 Hz, 7a-CH5);
mass spectrum (70 eV), m/e (rel. intensity), 376 (97, M+),
348 (100), 316 (92), 159 (23), 131 (13), 122 (30), 105 (29), 91
(57); analysis calculated for C,H3,08S,: C, 70.16; H, 8.57; S,
17.03; found: C, 70.14; H, 8.60; S, 17.05.

3,3-Ethylenedithio-17a-hydroxymethyl-7a-methyl-4-es-
tren-178-ol (Compound 5). 1-Methyl-2-pyrrolidinone (5 ml)
was added to a flask containing epoxide 4 (100 mg, 0.267
mmol); after the solid dissolved, 5 mi of 2N NaOH solution
was added. The cloudy mixture was allowed to stir at 90-92°C
for 23 hr and then cooled to room temperature. It was diluted
with 20 ml of water, extracted with ether twice, acidified with
3N HCI solution to pH 3 and extracted with ether again. The
combined organic layer was washed with 15 ml of water and
dried over Na,SO,. Flash chromatography (hexane: EtOAc =
1:1) gave 57.2 mg of purified product 5 (54.9% yield, mp 182~
183°C); IR (KBr), 3600-3010 (very br. s, twvo OH) cm™'; 'H
NMR (CDCl;) § 5.57 (br.s, 1H, 4-H), 3.58 (AB quartet, 2H,
Av = 66 Hz, J = 10.4 Hz, 17a CH,OH), 3.40-3.17 (m, 4H,
3.3-ethylenedithio), 0.89 (s, 3H, 18-H), 0.70 (d, 3H, J = 7.83
Hz, 7a-CH3); mass spectrum (70 eV), m/e (rel. intensity), 394
(100, M+), 366 (53), 348 (33), 334 (73), 131 (11), 123 (17),
105 (19), 91 (26), 81 (22), 55 (17); analysis calculated for
C2H340:S;: C, 66.96; H, 8.68; S, 16.25; found: C, 66.44; H,
8.76; S, 16.18.

17S8-Spiro-3'-(1’-oxo0-2’',5'-dioxa-1’-thiacyclopentane)-3, 3-
ethylenedithio-7a-methyl-5(10)-estrene  (Compound 6). A
flame-dried flask was charged with diol 5 (28.7 mg, 0.073
mmol) and 1.7 ml of THF and then cooled to —10°C in a ice-
salt bath. Thionyl chloride (22.2 ul, 0.298 mmol) was added
dropwise and the resulting mixture was stirred at —10-0°C for
about 1 hr. It was quenched in the cold with saturated aqueous
NaHCO; and extracted three times with ether. The organic
layer was washed with water and dried over Na,SO,. Flash
chromatography (hexane:EtOAc = 1:1), performed rapidly,
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gave 26.2 mg of a gelatinous mixture of two epimers of the
product 6 (81.6% yield); '"H NMR (CDCl;) 4 4.73, 3.97 (two
doublets, J = 8.70 Hz, Ha, and Hb of the methylene group of
one epimer of the cyclic sulfite), 4.41 (AB quartet, Av = 50
Hz, J = 8.70 Hz, Ha, and Hb of the other cyclic sulfite
epimer), 4 peaks totaled 2H, 3.38-3.24 (m, 4H, 3.3-ethylene-
dithio), 0.99, 0.93 (two singlets, 3H, 18-H of two epimers),
0.86, 0.75 (two doublets, 3H, J = 6.96 Hz, 6.52 Hz, 7a-CHj;
of two epimers); mass spectrum (70 eV), m/e (rel. intensity),
440 (68, M+), 412 (94), 380 (100), 348 (35), 316 (36), 225
(22), 123 (42), 105 (53), 91 (96), 81 (56), 55 (81); HRMS
calculated for C2,H3,0,S5: 440.1514; found: 440.1523.
178-Spiro-3’'-(1'-0x0-2’,5'-dioxa-1’-thiacyclopentane)-7a-
methyl-4-estren-3-one (Compound 7). Dithiolane 6 (95.7 mg,
0.217 mmol) was dissolved in 11.5 ml of acetonitrile and 7.7
ml of acetone before addition of 2.11 ml water. Mercuric
chloride (259.5 mg, 0.950 mmol) as a fine powder was added
to the resulting solution and the mixture was stirred at 25°C
until (thin-layer chromatography) analysis results showed
complete consumption of the starting material (~20 min). It
was filtered through Celite, and the cake was washed with
CH:(Cl, four times. The combined filtrate was then washed
with saturated NaHCO,/H,O solution and water and dried
over anhydrous Na,SO,. After being concentrated to dryness,
the crude product was purified by flash chromatography (hex-
ane: EtOAc = 1:1), affording 55.9 mg of pure product 7
(70.2% yield, gelatinous mixture of two epimers); 'H NMR
(CDCl3) 6 5.84 (s, 1H, 4-H), 4.70, 3.93 (two doublets, J = 8.12
Hz, Ha, and Hb of cyclic sulfite methylene of one epimer),
4.40 (AB quartet, Av = 50 Hz, J = 8.12 Hz, Ha, and Hb of
the other cyclic sulfite epimer), 4 peaks totaled 2H, 1.03, 0.98
(two singlets, 3H, 18-H of two epimers), 0.86, 0.77 (two
doublets, 3H, J = 6.25 Hz, 7a-CH; of two epimers); mass
spectrum (70 eV), m/e (rel. intensity), 364 (30, M+), 300
(100), 242 (69), 229 (55), 159 (28), 136 (41), 107 (34), 91 (47),
79 (45), 55 (41); HRMS calculated for C»H50,S: 364.1708;
found: 364.1715.
17S8-Spiro-3'-(1',1’-dioxo-2’,5'-dioxa-1'-thiacyclopen-
tane)-7a-methyl-4-estren-3-one (Compound 8). Cyclic sulfite 7
(10 mg, 0.027 mmol) and tetrabutylammonium monoperox-
ysulfate (OXONE®, 40 mg, 0.11 mmol), in that order, were
dissolved in 1.4 ml of CH.Cl, and the solution was cooled to
0°C. A solution (0.5 ml, 1 M in THF) of Bu,NF, was then
added dropwise and the mixture was stirred at 0°C for 20 min.
At this point, an additional 0.4 ml of Bu,NF was added, and
stirring was continued for another 20 min. Finally, the mixture
was quenched with a cold saturated NaHCO; solution, ex-
tracted three times with ether, washed with water, and dried
over Na,SO,. The solvent was removed under a gentle stream
of nitrogen while the system was kept below 0°C, since the
product is not stable at 25°C. Flash chromatography
(hex:EtOAc = 1:1, pre-chilled solvent) was performed quickly,
and the peak fractions were collected in a flask cooled to 0°C
and were concentrated first under a stream of nitrogen and
then under vacuum to yield 8.3 mg pure product 8 (79.8%
yield, white crystals). This material was not stable on silica gel
and gradually decomposed at 25°C. However, it is stable when
stored below —20°C; mp 113°C (with decomposition). 'H
NMR (CDCl;) é 5.83 (s, 1H, 4-H), 4.57 (AB quartet, 2H, A»
=70.0 Hz,J =9.1 Hz, Ha, and Hb of cyclic sulfate methylene),
1.07 (s, 3H, 18-H), 0.75 (d, 3H, J = 7.0 Hz, 7a-CH,); mass

20-['®F]Fluoromibolerone ¢ Liu et al

spectrum (FAB) m/e (rel. intensity), 381 (49, M + 1), 329
(12), 252 (10), 153 (34), 121 (23): HRMS (FAB) calculated
for C20H230sS: M + 1, 381.1736; found: M + 1, 381.1743.

20-Fluoromibolerone (Compound 9, F-Mib). Cyclic sulfate
8 (4 mg, 0.011 mmol) was dissolved in 1.2 ml of THF, and to
it was added dropwise 0.15 ml of Bu,NF (1 M in THF, 0.15
mmol) at 25°C. The mixture was stirred at 25°C until TLC
showed complete consumption of starting material (~15 min).
Then 0.5 ml of 2N HCl/MeOH solution was added, and the
mixture was stirred at 25°C for 10 min. It was diluted with
water, extracted three times with ether, and dried over Na,SO,.
Flash chromatography (hex: EtOAc = 1:1) gave white product
1.6 mg (47.5% yield) mp 174-176°C; '"H NMR 4 5.83 (s, IH,
4-H), 4.38 (d, AB quartet, 2H, Jur = 47.0 Hz, Av = 57.4 Hz,
Jun = 9.1 Hz, 17a-CH,F), 0.98 (s, 3H, 18-H), 0.76 (d, 3H, J
= 7.8 Hz, 7a-CH3); 'F NMR 5-233.64 (br t, J = 47.6 Hz);
mass spectrum (70 eV) m/e (rel. intensity), 320 (61, M+), 300
(75), 282 (20), 269 (46), 245 (64), 229 (75), 187 (45), 119 (73),
105 (89), 91 (100), 79 (95), 55 (96): HRMS calculated for
CH2905F: 320.2151; found: 320.2157.
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