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Hydroxylation at position 6B of testosterone 1 (17B-hydroxyandrost-4-en-3-one) and the anabolic steroids
17a-methyltestosterone Il (17B-hydroxy-17a-methylandrost-4-en-3-one), metandienone Il (17B-hydroxy-17a-
methylandrosta-1,4-dien-3-one), 4-chloro-1,2-dehydro-17a-methyltestosterone IV (4-chloro-17B-hydroxy-17a-
methylandrosta-1,4-dien-3-one), and fluoxymesterone V (9-fluoro-11B, 17B-dihydroxy-17o-methylandrost-4-en-
3-one) was achieved via light-induced autooxidation of the corresponding trimethylsilyl 3,5-dienol ethers
dissolved in isopropanol or ethanol. The reaction further yielded the 6a-hydroxy isomer in low amounts. The
6B-hydroxy isomers of I-V and the 6o-hydroxy isomers of 1, Ill, and IV were isolated and characterized by
'H and >C NMR, high-performance liquid chromatography, gas chromatography, and mass spectrometry.
Human excretion studies with single administered doses of boldenone (17B-hydroxyandrosta-1,4-dien-3-one),
4-chloro-1,2-dehydro-17a-methyltestosterone, fluoxymesterone, metandienone, 17o-methyltestosterone, and
[16,16,17-2H ]testosterone showed that 6B-hydroxylation is the major metabolic pathway in the metabolism of
4-chloro-1,2-dehydro-17a-methyltestosterone, fluoxymesterone, and metandienone, whereas for boldenone,
17a-methyltestosterone, and testosterone, 6B3-hydroxylation is negligable. (Steroids 60:353-366, 1995)

Keywords: fluoxymesterone; metandienone; 4-chloro-1,2-dehydro-17a-methyltestosterone; 6@3-hydroxylation; metabolism;

'H NMR; '°C NMR; GC; HPLC; MS

Introduction

The misuse of anabolic steroids in sports is controlied by
laboratories accredited by the Medical Commission of the
International Olympic Committee. The confirmation of pos-
itive cases is based on a gas chromatographic (GC)/mass
spectrometric (MS) identification of urinary excreted ana-
bolic steroids and their metabolites." For this purpose, the
synthesis of 6B-hydroxy metabolites, which are used as
reference compounds, is necessary.

6B-Hydroxylation of anabolic steroids in humans was
published for metandienone in 1963 by Rongone and Se-
galoff? and for boldenone in 1971 by Galletti and Gardi.’
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The confirmation of the metabolites was based on compar-
ison with synthesized reference substances. In the metabo-
lism of 4-chloro-1,2-dehydro-17a-methyltestosterone,
Schubert and colleagues* isolated a 6B-hydroxy metabo-
lite which was also prepared by microbiological oxidation
with Absidia glauca. ®

6B-Hydroxylation of steroids was first described for cor-
tisol in 1954 by Burstein et al.,” who isolated 6B-hydroxy-
cortisol from urine after intravenous administration of 270
mg of cortisol to a human subject with Cushing’s syndrome
and compared it after acetylation with authentic 6pB-
hydroxycortisol diacetate monohydrate. In 1956, Nadel et
al.? published an improved method for isolation of 6p-
hydroxycortisol from urine and also identified 68-
hydroxycortisol in urine of normal human subjects who
were not treated with cortisol.

The first synthesis of a 6B-hydroxy steroid with a 3-keto-
4-ene structure was described in 1941 by Ehrenstein,® who
synthesized the acetate of 6B-hydroxyandrost-4-en-3,17-
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dione via epoxidation of dehydroepiandrosterone. The
6-hydroxy configuration was first postulated as 6a, but in
1948 the structure was revised to 6@-hydroxy.'® This exact
configuration was established based on the work of Plattner
and Lang in 1944'" who determined the configuration of the
S5a,6a- and 58,6B-epoxides of cholesterol. To obtain the
6B-hydroxy structure Ehrenstein and colleagues hydrolyzed
the corresponding 6@-acetate by treatment with diluted po-
tassium hydroxide. '

In 1954 Sondheimer et al.'® used the reaction described
by Ehrenstein for the synthesis of 6B-hydroxy-3-keto-4-ene
steroids but starting directly with the 3-keto-4-ene steroid.
In the same year Romo et al.'> published a two-step pre-
parative method for the synthesis of 6B-hydroxytestosterone
17-acetate. The 3,5-dienol acetate of testosterone was pre-
pared and then oxidized with monoperphthalic acid, yield-
ing the 6B-hydroxytestosterone directly. A similar two-step
preparative method was published in 1962.'°

In 1967 Gardi and Lusignani utilized an autooxidation
method for the synthesis of 6B-hydroxy steroids in high
yield.!” They converted steroids with androst-4-en-3-one
structures to their corresponding n-alkyl-3,5-dienol ethers
(mainly ethyl dienol ethers) and after dissolving in ethanol
exposed them to sunlight.

We tried to use the method of Gardi and Lusignani to
obtain 6B-hydroxy structures of the anabolic steroids
4-chloro-1,2-dehydro-17a-methyltestosterone, fluoxymes-
terone, and metandienone (Figure 1); however, formation
of n-alkyl-3,5-dienol ethers of androsta-1,4-dienes and
170-methyl-17B-hydroxy steroids using acidic conditions
was unsuccessful and several decomposition products were
formed. Hence, we proceeded to synthesize the 63-hydroxy
structures by forming trimethylsilyl (TMS) 3,5-dienol
ethers, which are easily and quantitatively formed with
N-methyl-N-trimethylsilyltrifluoroacetamide (MSTFA)/
trimethyliodosilane (TMIS), and exposing them to light.

6B-Hydroxytestosterone (IB) was also prepared from
testosterone via photolysis of the TMS 3,5-dienol ether and
shown to be identical with purchased If.

Experimental
Steroids and chemicals

Testosterone, 17a-methyltestosterone, and metandienone were
purchased from Sigma (Deisenhofen, Germany). 4-Chloro-1,2-
dehydro-17a-methyltestosterone (used for the excretion study)
was a gift from Jenapharm (Jena, Germany, and fluoxymesterone
was a gift from Ciba-Geigy (Basel, Switzerland). 2,3-Dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ) was purchased from Al-
drich (Steinheim, Germany). {1a,2a-?H,Jtestosterone was synthe-
sized by G. Opfermann (Institut fir Biochemie, Deutsche
Sporthochschule Koln, Germany) as described by Dehennion et
al.’® 4-Chloro-17a-methyltestosterone was synthesized as de-
scribed by Ringold et al.'® [16,16,17->H,]testosterone” and
MSTFA were synthesized in our laboratory. All other reagents and
solvents were of analytical grade.

Metabolism studies

All anabolic steroids were administered orally as follows:
{16,16,17-*H,]testosterone (subject A, male, 39 years, 75 kg: 20
mg), 17o-methyltestosterone II (subject A: 10 and 100 mg).
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Figure 1 Structure formula of |, testosterone; I, 17a-methyl-
testosterone; Ill, metandienone; IV, 4-chloro-1,2-dehydro-17a-
methyltestosterone; and V, fluoxymesterone.

4-chloro-1,2-dehydro-17a-methyltestosterone IV (subject B:
male, 32 years, 62 kg: 20 mg), fluoxymesterone V (subject A: 22
mg and 40 mg), metandienone (II)*! (subject A: 22 and 40 mg;
subject B: 10 mg), and boldenone®? (subject A: 20 and 80 mg;
subject B: 40 mg).

Isolation of metabolites of anabolic steroids
from urine

The anabolic steroids and their metabolites were isolated from
urine as described by Donike et al.** with some modifications.

Unconjugated excreted steroids. To 5 mL of urine was added 0.5
g of a solid buffer sodium bicarbonate/potassium carbonate (2:1,
w/w), and the unconjugated steroids were extracted with 5 mL of
diethyl ether (distilled over calcium hydride). The ether layer was
transferred after centrifugation and evaporated to dryness under
vacuum.

Conjugated excreted steroids and metabolites. Urine (2 mi) was
adsorbed on Amberlite XAD-2 polystyrene resin. The XAD-2 col-
umn (pasteur pipette, closed with a glass pearl, bed height: 2 cm)
was washed with 2 mL of twice distilled water, and conjugated
and unconjugated steroids were eluted with 2 mL methanol. The
methanolic eluate was evaporated to dryness, and the residue was
enzymatically hydrolyzed with 50 pL B-glucuronidase from Es-
cherichia coli K12 (Boehringer, Mannheim, Germany) in 1 mL
0.2 M phosphate buffer, pH 7.0 for 1 h at 50°C. After hydrolysis,
the buffer solution was alkalized with 250 pL 5% potassium car-
bonate solution, and the steroids were extracted with 5 mL diethyl
ether. After centrifugation, the ether layer was transferred and
evaporated to dryness under vacuum.

Derivatization for GC/IMS

Trimethylsilylation. To obtain TMS ethers, the dry residue was
derivatized with 100 pL of MSTFA/Imidazole (Imi) (100:2, v/w)
and heated for 15 min at 60°C. TMS 3,5-dienol ethers were
formed when the samples were derivatized with 100 L of
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MSTFA/NH, I/dithioerythreitol (1000:2:4, v/w/w) which is equiv-
alent to an MSTFA/trimethyliodosilane solution (1000:2, v/v),%*
and heated for 15 min at 60°C.

GC/IMS

The electron impact (EI) mass spectra presented have been regis-
tered with a double focusing mass spectrometer (Finnigan MAT
95) coupled with a Hewlett Packard 5890 gas chromatograph
(Hewlett Packard Ultra 1 capillary column, I.D. 0.2 mm, film
thickness 0.11 wm, helium carrier gas 1 mL/min, split 1:20). The
electron energy was 70 eV and the ion source temperature was
200°C.

Partial EI mass spectra, listed in Table 1, and quantification of
excreted steroids were performed with a GC/MS system (GC/MSD
Hewlett-Packard [GC 5890/MS 5970]), with the electron energy
set at 70 eV, column: Hewlett-Packard, HP1, fused silica capillary
column cross-linked methyl silicone (OV 1), 17 m, I.D. 0.2 mm,
film thickness 0.11 pm. The carrier gas was helium (1 mL/min,
split 1:10), and the temperature program was as follows: initial
temperature 200°C, program rate 5 C/min, final temperature
300°C.

High resolution mass spectrometry (HRMS)

HRMS (Finnigan MAT 95) at a resolution of 10,000 was used to
determine the exact molecular mass of the underivatized steroids.

High performance liquid chromatographylultraviolet
(HPLC/UV) detection

HPLC was performed with the HPLC 1090 Hewlett-Packard under
the following conditions: photodiode detector 190-600 nm; col-
umn Merck Lichrosorb (R) RP 18, 5 wm, 10 X 0.4 cm + pre-
column 2.4 X 0.4 cm; solvent (A): water, (B): acetonitrile. The
flow was set at 1 mL/min, and there was a linear gradient which
increased from 10% to 70% in concentration of B within 20 min.

Nuclear magnetic resonance (NMR) spectroscopy

'H NMR and '*C NMR with distortionless enhancement by po-
larization transfer (DEPT) 135° experiments were prepared by O.
Aulenbacher, Griinenthal GmbH (Aachen, Germany). Spectra
(300 MHz) were run using an AC 300 Bruker. About 20 mg of

Table 1
sterone V

reference or synthesized substance was dissolved in deuterochlo-
roform. Fluoxymesterone and 6B-hydroxyfluoxymesterone were
less soluble in deuterochloroform and therefore were dissolved in
dimethylsulfoxide-d,,.

Synthesis of reference steroids

6B-Hydroxytestosterone (I3)

Testosterone bis-TMS ether. Testosterone I (5 g, 17.4 mmol)
was dissolved in 30 mL ethyl acetate. MSTFA (8 ml; 43.2 mmol)
and 100 mg ammonium iodide were added, and the solution was
refluxed for 30 min. The reaction mixture was cooled, diluted with
500 mL n-pentane, washed with 50 mL 2% aqueous potassium
carbonate, dried over sodium sulfate, and evaporated to dryness.
The reaction was analyzed by GC/MS and yielded 98% of the
bis-TMS 3,5-dienol ether (preparation of dienol ether see Exper-
imental). The partial EI mass spectrum of I bis-TMS 3,5-dienol
ether is given in Table 1.

6B-Hydroxytestosterone (/) and 6a-hydroxytestosterone
(Ia). The residue containing the testosterone bis-TMS ether was
suspended with 200 mL isopropanol in a 500 mL beaker, and
while stirring it was exposed to light (60 W spotline lamp, Phill-
ips), at a distance of 30 cm from the solution for 10 h. To hydro-
lyze the 17B-O-TMS group, 130 uL of 10 N hydrochloric acid
was added to the autooxidized mixture, and after 20 min it was
diluted with 500 mL diethyl ether and washed with 50 mL 2%
aqueous potassium carbonate. The organic phase was evaporated
to dryness and separated on silica gel 60 (bed 3 X 40 cm) using
ethyl acetate/n-pentane (60:40, v/v). Fractions containing the I
were combined and crystallized from ethyl acetate. This yielded
400 mg of pure IP with a percent yield of 7.6% and a m.p. of
214-215°C (lit.'® 213-216), HRMS 304.203 amu (calculated
304.204 amu). For the EI mass spectrum of I} bis-TMS ether, see
Figure 4A, and for NMR data, see Table 2 and Table 3.

Part of the fractions containing the 6a-hydroxytestosterone
were further purified by preparative HPLC (column: Nucleosil (R)
RP-18, 7 wm, 25 X 1 cm, Macherey-Nagel, Diiren, Germany)
using water/acetonitrile as the solvent. This yielded 32 mg of pure
compound, which had a m.p. of 198-199°C, HRMS 304.204 amu
(calculated 304.204 amu). The EI mass spectrum of Ia bis-TMS

Partial mass spectra of TMS enol isomers of testosterone |, [1a,2a-2H,|testosterone, 17a-methyltestosterone ll, and fluoxyme-

Characteristic ions m/z

Further intense

Steroid M ions A/B-ring fragment ions D-ring ion
| bis-TMS (2,4-diene)®  432(28) 431(0) 417 (22) 207 (43) 194 (62) 193(35) 179(36) 73 (100)
I bis-TMS (3,5-diene) 432 (86) 431(0) 417(12) 209(17) 208(14) 196(11) 193(11) 73 (100)
(e, 2a-2H, ]! bis-TMS

(2,4-diene)® 434 (26) 433(8)° 419(22) 209 (57) 196(64) 195(51) 181 (35) 73 (100)
[1a,20-2H,]I bis-TMS

(3,5-diene) 434 (86) 433(0) 419(12) 211(23) 210(23) 198(15) 195(13) 73 (100)
It bis-TMS (2,4-diene)® 446 (19) 431 (10) 341 (7) 207 (27) 194(46) 193(32) 179(27) 143(67) 73 {100)
Il bis-TMS (3,5-diene) 446 (32) 431 (3) 301(80) 209 (5) 208 (10) 196 (3) 193 (9) 143 (14) 73 (100)
V bis-TMS (2,4-diene)® 480 (20) 390 (2) 207 (23) 194{23) 193(27) 179(14) 143(100) 73(70)
V bis-TMS (3,5-diene} 480 (31) 390 (27) 335(41) 209 (4) 208 (8) 196 (2) 193 (8) 143 (13) 73 (100)
V tris-TMS (2,4-diene)® 552 (27) 537 (5) 219(15) 207 (16) 194 (43) 193(53) 179(24) 143(100) 73(83)
V tris-TMS (3,6-diene) 552 (49) 462 (38) 407 (21) 209 (5) 208 (8) 196 (5) 193 (10) 143 (54) 73 (100)
22 4-Dien isomer was obtained by derivatization with KAc/MSTFA and 3,5-dien isomer with MSTFA/TMIS (see Experimental).
5The ion 433 is also a M* ion caused by enolization to C-2 with elimination of deuterium at C-2a.
V bis-TMS = V 17B-0O-TMS ether 3,5-dienol (2,4-dienol} ether.
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Table 2 'H NMR (300 MHz) spectra of steroids -V and their 6-hydroxylated structures
c-4 C-6 c-18 c-19 C-20
Steroid H H Hy Shift? Hy Shift? Hy
Testosterone (I) 573 0.80 1.20
6B-Hydroxy-I (IB) 5.82 4351t (J = 2.9 Hz) 0.82 +0.03 1.39 +0.19
6a-Hydroxy-1 {la) 6.18 4.32 br m (w,., = 20 Hz) 0.80 0 1.20 0
17a-Methyltestosterone (H) 5.73 0.91 1.21 1.22
6B-Hydroxy-H {IB) 5.82 436t (J = 2,8 Hz) 0.94 +0.03 1.40 +0.20 1.22
Metandienone (I} 6.08d (J/ = 1.4 Hz) 0.94 1.25 1.20
6B-Hydroxy-lli {llIg) 6.15d (/ = 1.8 Hz) 454 br s {w,, = 6.7 Hz} 0.97 +0.03 1.46 +0.20 1.20
6a-Hydroxy-ill (e} 6.491t (J = 1.8 Hz) 449 dd (J = 5.4 and 11.3 Hz) 0.93 -0.01 1.23 -0.02 1.20
4-Chloro-1,2-dehydro-17a-
methyltestosterone (IV) — 0.94 1.32 1.19
6p-Hydroxy-IV (IVB) — 5501t (J = 2.9 Hz) 0.97 +0.03 1.52 +0.20 1.21
6a-Hydroxy-1V (Va) — 4.76 br m (w,, = 23 Hz) 0.93 -0.01 1.36 +0.04 1.20
6p-Hydroxy-1V? {IVB) — 545d (/ = 3.1 Hz) 0.84 1.44 1.06
Fluoxymesterone (V)? 5.65 1.01 1.50 1.05
68-Hydroxy-V? (VB) 5.71 481d{/ = 29 Hz) 1.03 +0.02 1.65 +0.15 1.07

2Chemical shift difference between 6-hydroxy isomer and parent steroid.

5Substance dissolved in dimethylsulfoxide-dg.

Chemical shift values are given in ppm downfield from tetramethylsilane.
Abbreviations used: br m = broad multiplet; br s = broad singlet; d = doublet; dd = double doublet; t = triplet; w,, = half-height

width. Values noted without an abbreviation refer to singlet peaks.

ether was: M ™ 448 (8), 433 (12), 392 (15), 211 (15), 129 (31). 73
(100). NMR data are given in Table 2 and Table 3.

6B-Hydroxy-17a-methyltestosterone (IIB)

17a-Methyltestosterone bis-TMS ether. 17a-Methyltestoster-
one II (3 g, 9.9 mmol) was dissolved in 30 mL ethyl acetate to
which 5.5 mlL. (29.7 mmol) MSTFA and 75 mg ammonium iodide
was added. The reaction mixture was refluxed for 30 min, diluted
with 400 mL rn-pentane, washed with 50 mL 2% aqueous potas-
sium carbonate, and evaporated to dryness. The reaction yielded

10% of the mono-TMS ether and 90% of the bis-TMS 3,5-dienol
ether as analyzed by GC/MS (preparation of dienol ether, see
Experimental). Partial EI mass spectrum of the IT bis-TMS 3,5-
dienol ether is presented in Table 1.

6p-Hydroxy-17a-methyltestosterone (IIf). The dry residue
containing the 17a-methyltestosterone bis-TMS was suspended
with 100 mL isopropanol into a 300 mL beaker, and while stirring
it was exposed to sunlight from a glass window for 8 h. The
reaction mixture was stored for one week in the dark at room
temperature and then evaporated to dryness. Within this time the

Table 3 '3C NMR (300 MHz) spectra of steroids I~V and their 6-hydroxylated structures
17a- 4-Chloro-1,2-dehydro-17a-
Testosterone A? Methyltestosterane Metandienone methyltestosterone Fluoxymesterone
6p- 6c- 6p- 6p- 6p- 6a- 6p- 8- Bat- 6p-
C 1® Hydroxy Hydroxy Hydroxy [} Hydroxy ] Hydroxy Hydroxy IV Hydroxy Hydroxy® Hydroxy Ve Hydroxy®
1 361 36.4 36.3 37.1 35.7 37.2 155.9 157.3 156.7 155.5 156.6 157.7 1565.8 255 28.8
2 341 34.2 338 34.2 34.0 34.3 1275 126.7 1278 126.2 125.2 124.2 125.5 334 335
3 198.0 200.3 199.3 200.1 199.6 200.3 186.4 186.7 186.3 178.3 178.6 177.6 178.3 197.5 198.7
4 124.2 126.4 119.8 126.0 123.7 126.4 123.8 125.8 119.6 128.2 130.3 128.1 126.5 123.8 125.1
5 1704 168.2 1711 168.5 171.3 168.2 169.1 166.1 170.3 162.6 158.9 160.2 160.8 169.4 166.1
6 328 731 68.5 731 32.8 731 333 73.8 68.2 289 68.5 67.0 7.9 30.1 69.7
7 322 38.0 40.9 38.6 (31.7) 38.2 328 39.8 39.7 32.2 38.8 39.7 42,8 27.6 331
8 361 29.8 34.2 29.8 36.5 306 36.4 30.9 34.8 36.3 305 30.0 35.6 34.8 30.8
9 546 53.7 53.6 53.7 53.8 53.6 52.2 52.0 52.2 53.1 51.6 51.8 54.9 100.6 100.7
10 39.0 38.1 39.1 378 387 38.1 43.6 43.7 43.7 46.3 46.4 45.1 47.9 (43.3) 43.0
11 212 20.6 20.7 21.0 20.7 20.6 22.6 223 22.5 229 225 221 23.2 69.0 69.0
12 371 371 36.3 3%.4 (31.4) 31.4 314 314 31.2 313 31.3 31.0 31.3 36.2 36.3
13  43.2 42.9 42.9 425 45.6 45.5 457 45.7 45.7 45.6 45.6 443 457 (43.5) 43.9
14 511 50.5 50.2 55.9 50.1 50.1 49.8 49.8 49.6 49.7 49.8 48.9 49.4 44.6 44.6
15 238 23.3 23.3 241 23.2 23.2 23.4 23.4 23.4 23.3 23.3 231 23.3 228 22.8
16 307 30.5 30.4 28.1 38.9 38.9 38.8 38.8 38.7 38.8 38.8 39.0 38.7 38.0 38.0
17 81.3 81.7 81.5 56.1 81.5 81.6 81.4 81.5 81.5 81.4 81.5 79.5 81.3 79.9 80.0
18 113 1.1 11.0 12.0 137 14.0 14.0 14.1 14.0 14.0 14.8 14.1 14.0 15.9 15.8
19 173 19.6 18.3 19.4 17.4 19.5 18.7 20.4 19.1 19.2 20.8 20.1 19.4 21.2 229
20 25.8 35.7 25.6 25.8 258 25.8 25.8 258 26.0 25.8 26.2 26.2

2A = 6p-Hydroxycholest-4-en-3-one {only C-1-C-20), lit.2? (in deuterochioroform).
21it.23 value for testosterone (in deuterochloroform).
“Substance dissolved in dimethylsulfoxide-dg.

Shielding data are given in ppm downfield from TMS. Values in parentheses represent shielding assignments that may be interchanges.
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17B-O-TMS ether was completely hydrolyzed, and IIf was puri-
fied on silica gel 60 (bed 3 X 40 cm) using ethy! acetate/n-pentane
(80:20, v/v). The fractions containing the II were combined and
crystallized from ethy! acetate yielding 490 mg of 98% pure com-
pound. The percent yield was 15.7% and the m.p. was 250-252°C
(1it.* 252-253°C), HRMS 318.218 amu (calculated 318.219
amu). The EI mass spectrum of the IIf bis-TMS ether is shown in
Figure 5A, and NMR data are shown in Table 2 and Table 3.

6B-Hydroxymetandienone (III3)

Metandienone bis-TMS ether. Metandienone (5 g, 16.7 mmol)
was dissolved in 50 mL ethyl acetate to which 10 mL (54.0 mmol)
MSTFA and 100 mg of ammonium iodide were added. The reac-
tion mixture was refluxed for 60 min. Crystallization was allowed
to proceed over night at —20°C. Upon filtering and drying III,
bis-TMS 3,5-dienol ether (97% GC/flame ionization dectector
(FID) result) was obtained with EI-mass spectrum: M ™ 444 (29),
429 (5). 339 (20), 299 (15), 206 (100), 191 (2), 143 (20), 73 (91).

63-Hydroxymetandienone (IIIB) and 6a-Hydroxy-
metandienone (Illa). The dried residue with IIT bis-TMS was
suspended with 200 mL isopropanol in a 500 mL beaker, and
while stirring it was exposed to light (60 W spotline lamp, Phill-
ips) at a distance of 20 ¢cm from the solution for 5 h. To hydrolyze
the 17B3-O-TMS ether of the autooxidation product, I mL of IN
hydrochloric acid was added to the mixture, and after 30 min it
was diluted with 500 mL of diethyl ether and washed with 50 mL
2% aqueous potassium carbonate. The organic phase was evapo-
rated to dryness and separated twice on silica gel 60 (bed 3 X 40
cm) using n-pentane/ethyl acetate (80:20, v/v). The fractions con-
taining the 63-hydroxymetandienone were combined, dried, crys-
tallized from ethyl acetate, and yielded 1.1 g of 98% pure com-
pound. The percent yield was 20.9%, and the m.p. was 229-
230°C, HRMS 316.205 amu (calculated 316.204 amu). Figure 6A
shows the EI-MS of ITIf bis-TMS ether. NMR: 7.06 (d, J, , =
10.1 Hz, C-1H), 6.21(dd, J, , = 10.2and J, , = 1.8 Hz, C-2H);
for other characteristic NMR data see Table 2 and Table 3.

Part of the fractions containing Il were further purified by
preparative HPLC (column: Nucleosil [R] RP-18, 7 um, 25 X 1
cm, Macherey-Nagel, Diiren, Germany) using water/acetonitrile
as the solvent. This yielded 25 mg of pure I with a m.p. of
198-199°C, HRMS 316.203 amu (calculated 316.204 amu). The
El-mass spectrum of Il bis-TMS ether was: M* 460 (3), 445
(2), 370 (6), 355 (4), 313 (7), 281 (73), 209 (61), 191 (20), 143
(83), 73 (100). NMR: 7.05 (d, J, , = 10.2 Hz, C-1H), 6.25 (dd,
J1» = 10.2and J, , = 1.9 Hz, C-2H); other characteristic NMR
data are presented in Table 2 and Table 3.

6B-Hydroxy-4-chloro-1,2-dehydro-17a-methyltestos-
terone (IVQ)

4-Chloro-1,2-dehydro-17a-methyltestosterone IV. 4-Chloro-
17a-methyltestosterone (5 g, 15.8 mmol) was dissolved in 240 mL
dioxane (distilled over lithium hydride) to which 4 g (17.6 mmol)
DDQ was added. The reaction mixture was refluxed for 2 days,
cooled, filtered, diluted with 1,000 mL diethyl ether, washed three
times with 200 mL aqueous 1% potassium carbonate and two
times with 200 mL twice distilled water, and concentrated to dry-
ness under reduced pressure. The reaction yielded about 61% of
1V, 33% of unchanged starting material, and 6% of side products
(GC/FID result). The 4-chloro-1,2-dehydro-17a-methyl-
testosterone IV was further separated on silica gel 60 (Merck,
particle size 200-300 wm, bed 3 X 40 cm) using ethyl acetate/n-
pentane (35:65, v/v) and yielded 2.8 g of IV, 95% pure (GC/FID
and GC/MS result) with a percent yield of 53%.

The reaction product was analyzed by GC/MS underivatized
and after trimethylsilylation (see Derivatization for GC/MS) as its

TMS ether and bis-TMS 3,5-dienol ether. The gas chromato-
graphic retention time and EI-MS were identical with reference
substance IV from Jenapharm. For NMR data see Table 2 and
Table 3.

4-Chloro-1,2-dehydro-17a-methyltestosterone bis-TMS ether.
4-Chloro-1,2-dehydro-17a-methyltestosterone IV (2.3 g, 6.9
mmol) was dissolved in 30 mL of ethyl acetate to which 5 mL
(27.0 mmol) MSTFA and 75 mg ammonium iodide was added.
After 50 min of refluxing, the mixture was diluted with 500 mL
n-pentane and washed with 50 mL 2% potassium carbonate solu-
tion. The organic layer was dried over sodium sulfate, filtered, and
evaporated to dryness. The reaction yielded I'V bis-TMS enol ether
with 95% of the product as the main reaction product. The EI-MS
was: M* 478 (100), 480 (44), 373 (41), 375 (17), 240 (100), 242
(37), 225 (49), 143 (49), and 73 (71).

63-Hydroxy-4-chloro-1,2-dehydro-17a-methyltestosterone
(IVB) and 6a-hydroxy-4-chloro-1,2-dehydrol7a-methyl-
testosterone (IVa). The IV bis-TMS enol ether residue was sus-
pended with 200 mL of isopropanol in a 500 mL beaker, and while
stirring, it was exposed to light (60 W spotline lamp, Phillips) with
a distance of 30 cm from the solution of 3.5 h. The reaction
yielded 42% of IV, 29% of IVB, 3% of IVa, and 26% of further
reaction products. All TMS ethers were hydrolyzed at that mo-
ment. The solution was concentrated to dryness and the reaction
products were separated on silica gel 60 (Merck, particle size
200-300 pwm, bed 1 X 45 cm) using ethyl acetate/n-pentane (1:1,
v/v).

The isolated fractions containing the 6B-hydroxy and 6a-
hydroxy products were combined and further purified via prepar-
ative HPLC (column: Nucleosil (R) RP-18, 7 pm, 25 X 1 ¢m,
Macherey-Nagel, Diiren, Germany) using water/acetonitrile as the
solvent. The isolated 6p- and 6a-hydroxy fractions were dried and
crystallized from methanol yielding 110 mg of IV with a percent
yield 4.6% and a m.p. of 249-252°C, HRMS 350.163 amu (cal-
culated 350.165 amu). Figure 7A shows the El-spectrum of IV
bis-TMS ether. NMR: 7.11 (d, J, , = 10.1 Hz, C-1H), 6.33 (d,
J,» = 10.1 Hz, C-2H) and other characteristic NMR data are
presented in Table 2 and Table 3. IV (38 mg) was also isolated
with a percent yield of 1.6% and a m.p. 109-111°C, HRMS
350.164 amu (calculated 350.165 amu). The EI spectrum of IVa
bis-TMS ether was: M ™ 494 (4), 479 (6), 459 (8), 404 (10), 315
(51), 317 (17), 279 (54), 243 (30), 245 (12), 143 (100), and 73
(67). NMR: 7.05(d, J, , = 10.1 Hz, C-1H), 6.37 (d, J, , = 10.0
Hz, C-2H); for other characteristic NMR data see Table 2 and
Table 3.

6B-Hydroxyfluoxymesterone (VB)

Fluoxymesterone 17-O-TMS ether 3-O-TMS 3,5-dienol ether.
Fluoxymesterone (2 g, 5.9 mmol) was dissolved in 20 mL ethyl
acetate to which 4 mL (21.6 mmol) MSTFA and 50 mg ammo-
nium iodide were added. The reaction mixture was refluxed for 5
min, diluted with 200 mL r-pentane, washed with 20 mL 5%
aqueous carbonate solution, dried over sodium sulfate, and evap-
orated to dryness under reduced pressure. The reaction was ana-
lyzed by GC/MS and yielded 10% tris-TMS product and 90% of
the desired 17-O-TMS ether 3-O-TMS 3,5-dienol ether (prepara-
tion of enol ether, see Experimental). The EI-MS of the 17-O-
TMS ether 3-O-TMS 3,5-dienol ether was: M™ 480 (53), 390
(36), 375 (11), 335 (59), 319 (10), 208 (8), 193 (9), 143 (13), 73
(100).

6B-Hydroxyfluoxymesterone (VB). The fluoxymesterone bis-
TMS was suspended with 100 ml ethano! in a 200 mL beaker, and
while stirring exposed to sunlight through a glass window for 4.5
h. The reaction mixture was stored in darkness for 1 week at room
temperature, then evaporated to dryness, and separated via silica
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gel 60 (1 X 50 cm) using ethyl acetate/n-pentane (80:20, v/v). The
fractions containing the VB were combined and crystallized from
ethyl acetate/methanol yielding 460 mg of pure compound with a
percent yield of 21.9% and crystal sublimation at 300-302°C,
HRMS 352.204 amu (calculated 352.205 amu). EI mass spectrum
of VB bis-TMS ether, see Figure 8A. NMR: 4.12 (br, 11a-H) in
DMSO-d, and other characteristic data are presented in Table 2
and Table 3.

[6,6-2H2]-4-Chloro-l,2-dehydro-17a-methyltestosterone {6,6-
*H,IIV). [6,6-H,)IV was synthesized to assign the '*C NMR
signal for C-6 and C-7 in IV. IV (50 mg) was dissolved in 2 mL
methyl alcohol-d, 0.2 ml. deuterium oxide, and 20 pL. sodium
deuteroxide (40% solution in D,0), and heated for 4 days at 60°C.
The solution was concentrated to a volume of 0.2 mL, diluted with
5 mL deuterium oxide, and extracted with 50 mL of tert.butyl
methyl ether. The organic layer was concentrated to dryness and
the [6,6-*H,]IV was isolated by HPLC, yielding 11 mg of pure
substance. The deuteration of IV was not complete and yielded the
following incorporation of deuterium: d, 0%, d, 29%, d, 50%,
and d; 21% (MS analysis). Interestingly, that in addition to the
enolizable C-6 hydrogens, the C-1 hydrogen was also partially
exchanged. The latter was confirmed by 'H and '*C NMR. 'H
NMR: 7.11 (t, J = 5.0 Hz, C-1H), 6.36 (d, J,, = 10.1 Hz,
C-2H), 1.32 (s, 3H, C-19), 1.19 (s, 3H, C-20), 0.94 (s, 3H.
C-18). The *C NMR spectra of [6,6-°H,]IV was identical with
the spectra of IV (Table 3) with the following exceptions: a) the
28.9 ppm signal (C-6) in IV was not present in the methylene trace
of the DEPT 135° experiment, b) the 32.2 ppm signal (C-7) was
split into 32.1 and 32.0 ppm, c) a weak triplet with 28.3, 28.6, and
28.8 ppm was detected in the methyl/methine trace of the DEPT
135° experiment, and d) the 155.5 ppm signal (C-1) was split into
155.5 and 155.4 ppm.

Preparation of silyl dienol ethers of I, Il, and V for
GC/MS characterization

The intermediate silyl dienol ethers were characterized by GC/MS.
The reaction with MSTFA/NH,I favors the formation of the TMS
3,5-dienol ether more than 99%. TMS 2,4-dienol ethers were ob-
tained when 20 pg of I, [1a,2a-H,]1, II, and V were derivatized
with 100 pL. MSTFA (or MSTFA/Imi) to which 2 mg potassium
acetate (KAc) was added, and heated for 3 h at 60°C. EI-MS
spectra and GC retention indices of TMS 2.4-dienol and 3.5-
dienol ethers are listed in Table | and Table 4.

Oxidation of 6o-hydroxy-(IVe)) and 6B-hydroxy-4-
chloro-1,2-dehydro-17o-methyltestosterone (IVB)
with chromium trioxide for GC/MS analysis

IVa and IV were oxidized, isolated, and derivatized separately.
IVa (IVB) (1 mg) was treated with 5 mg of chromium trioxide
dissolved in 0.5 mL of 96% of acetic acid. After 5 min at room
temperature, 2.5 mL of 20% potassium hydroxide solution was
added and the reaction products were extracted with 5 mL of
tert.butyl methyl ether. An aliquot (0.5 mL) of the organic layer
was concentrated to dryness under reduced pressure and analyzed
underivatized and as its silyl ether (see Derivatization for GC/MS).
Oxidation of IV@ yielded 4-chloro-17a-methyl-17p3-hydroxy-
androsta-1,4-diene-3,6-dione IVe (97%) and 3% of unchanged
starting material. Oxidation of IV yielded the same oxidation
product IVc (80%) and 20% of unchanged starting material. The
molecular mass of IVc as determined by GC/MS analysis of un-
derivatized IVc is M ™ 348 and trimethylsilylated IVc (bis-TMS
product) M™ 492. The molecular mass of IVe and IV is 350.
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Table 4 Temperature-programmed Kovats indices of steroids
{-V) and their 6B-hydroxy and 6a-hydroxy isomers as TMS
ether and TMS enol ether

Kovats

Steroid index D?
TMS ether
Testosterone {l) TMS 2607
683-Hydroxy-1 bis-TMS 2701 94
Ba-Hydroxy-l bis-TMS 2814 207
TMS ether TMS enol ether
Testosterone (1) bis-TMS (2,4-diene)? 2606
Testosterone {l) bis-TMS (3,5-diene) 2652
6a-Hydroxy-l tris-TMS (2,4-diene)?® 2763
6B-Hydroxy-1 tris-TMS (2,4-diene)® 2703
6B/6a-Hydroxy-1 tris-TMS (3,5-diene) 2823 171
TMS ether
17a-Methyltestosterone (i) TMS 2699
6B-Hydroxy-ll bis-TMS 2798 99
TMS ether TMS enol ether
17a-Methyitestosterone (ll} bis-TMS (2,4-

diene)? 2695
17a-Methyltestosterone (i) bis-TMS (3,5-

diene) 2743
6B-Hydroxy-ll tris-TMS (2,4-diene)? 2790
6B-Hydroxy-HI tris-TMS (3,5-diene) 2905 162
TMS ether
Metandienone {lll) TMS 2732
6B-Hydroxy-Ilf bis-TMS 2840 108
6a-Hydroxy-Hl bis-TMS 2945 213
TMS ether TMS enol ether
Metandienone (Ill) bis-TMS 2733
6B/6a-Hydroxy-ll tris-TMS 2888 155
TMS ether
4-Chioro-1,2,dehydro-17a-methyltestoster-

one (V) TMS 2956
63-Hydroxy-IV bis-TMS 3001 45
6a~-Hydroxy-IV bis-TMS 3139 183
TMS ether TMS enol ether
4-Chloro-1,2-dehydro-17a-methyltestoster-

one {IV) bis-TMS 2931
6c-Hydroxy-IV tris-TMS 3018 87
TMS ether
Fluoxymesterone (V) TMS 2921
6B-Hydroxy-V bis-TMS 2995 74
TMS ether TMS enal ether
Fluoxymesterone (V) bis-TMS (2,4-diene)? 2912
Fluoxymesterone (V) bis-TMS (3,5-diene) 2947
Fluoxymesterone (V) tris-TMS (2,4-diene)? 2890
Fluoxymesterone (V) tris-TMS (3,5-diene) 2935
6B-Hydroxy-V tetra-TMS (2,4-diene) 2946 11
6B-Hydroxy-V tetra-TMS (3,5-diene) 3061 126

Column (HP 1) see Experimental, GC/FID, temperature program
(180°C — 5°C/min — 320°C).

°D = Difference of indices of 6-hydroxy isomer and parent ste-
roid.

#2,4-Dien isomer was obtained by derivatization with KAc/
MSTFA.



Synthesis of 6B-hydroxy anabolic steroids: Schdnzer et al,

Results and discussion

6B-Hydroxylation via autooxidation of the TMS
3,5-dienol ether

The reaction scheme for 6B3-hydroxylation is shown in Fig-
ure 2 for the synthesis of 6B-hydroxyfluoxymesterone
(VB). Autooxidation of the TMS 3,5-dienol ethers of I-V
led to hydroxylation at C-6. The yield of 63-hydroxy prod-
uct was 10-fold larger than that of the 6c-hydroxy products.
The isolation of reaction products was sufficient to obtain
pure substances, and reaction yields in the synthesis of I,
II@, and IVP were not optimized. The analytical data of
synthesized 63-hydroxytestosterone (If) were identical
with data obtained from purchased If3. The exact structures
of the hydroxylated products were assigned on analytical
data obtained from GC, MS, HPLC, 'H NMR, and °C
NMR. From the GC, HPLC, and NMR data it was con-
cluded that the 6-hydroxy steroids were pure and the 6a-
hydroxy isomers were completely separated from the 6f3-
hydroxy isomers.

Synthesis of TMS enol ether intermediates

The advantage of this method compared to the method of
Gardi and Lusignani,'” who used n-alkyl enol ethers for
autooxidation by light, is that TMS enol ethers of 17B-
hydroxy-17a-methyl and androsta-1,4-dien-3-one steroids
are quantitatively formed using MSTFA/TMIS. The syn-
thesis of n-alkyl enol ethers of 178-hydroxy-17a-methyl
and androsta-1,4-dien-3-one steroids using acidic condi-
tions was poor and yielded high amounts of decomposition
products.

The conversion of 3-keto-4-ene steroids with MSTFA/
TMIS to TMS 3,5-dienol ethers was easily performed using
ethylacetate as a solvent and heating to reflux. I and II were
completely derivatized within 5-10 min, whereas enoliza-
tion of the 3-keto-1,4-dienes III and IV was slower and
longer refluxing was necessary (30 min for III and 50 min

for IV). The reaction with fluoxymesterone was stopped
after 10 min to avoid trimethylsilylation of the 11B-hydroxy
group. This was necessary since hydrolysis of the 11B-
hydroxy TMS ether was very difficult, and even under weak
acidic conditions (30% acetic acid) was very slow and
yielded a high percentage of decomposition products.

For I, II, and V the reaction with MSTFA/TMIS largely
favors the enolization to form the TMS 3,5-dienol ether
(less than 1-2% of the TMS 2,4-dienol ether was pro-
duced). Characterization of the silyl dienol ethers of I, II,
and V was performed by GC/MS. The TMS 2,4-dienol and
3,5-dienol ether isomers can be distinguished by their EI
mass spectra (Table 1) and GC retention times (Table 4).
TMS 2,4-dienol ethers of I, II, and V were obtained by
derivatization with MSTFA/potassium acetate as described
by Zimmermann.>®* NMR data of the TMS 2,4-dienol and
3,5 dienol ethers were not measured since they were not end
products (these data should give precise criteria to distin-
guish between them).

The formation of the two TMS dienol structures as a
function of the catalyst employed was examined for the
derivatization of Ia and If. Trimethylsilylation of I and
Ip with MSTFA/TMIS yielded the same tris-TMS product,
I tris-TMS 3,5-dienol ether. Trimethylsilylation of I and
I with MSTFA/potassium acetate yielded two different
reaction products, I} tris-TMS 2,4-dienol ether and Ie tris-
TMS 2,4-dienol ether (Table 4). The TMS 2,4-dienol ethers
of I, I, and V elute from the GC column approximately 40
methylene units before the TMS 3,5-dienol ethers (Table
4). )

The EI-MS of the TMS 2 ,4-dienol ethers of I, II, and V
display a characteristic and abundant A/B-ring fragmenta-
tion with m/z 194 and 193 (Table 1) compared to the TMS
3,5-dienol ethers, which show a very strong molecular ion.
The 2,4-dienol ether of [1a,2a-2H2]testosterone shows cor-
responding fragment ions at m/z 196 and 195. These frag-
ment ions can be explained by an A/B-ring fragmentation
with fissions of the C-9—C-10 and C-6—C-7 bonds and mi-

Autooxidation by light
in ethanol or isopropanol

O—TMs

Figure 2 Reaction scheme for synthesis of 68-hydroxyfluoxymesterone (3). V, fluoxymesterone; 1, fluoxymesterone 178-TMS ether

3-TMS enol ether; 2, 6B-hydroxyfluoxymesterone 173-TMS ether.
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gration of a hydrogen. The 2,4-dienol ether of |la,
2a-?H,]testosterone bis-TMS 2,4-dienol ether displays two
molecular ions m/z 433 (30%) and m/z 434 (70%), the ion
m/z 433 resulting from enolization to C-2 with elimination
of the deuterium at C-2a.. The ion m/z 434 indicates loss of
the hydrogen at C-23.

Solvent for autooxidation

The solvents ethanol and isopropanol were compared for the
autooxidation of III bis-TMS enol ether and showed no
differences in the yield of reaction products when 600 mg of
TMS dienol ether was suspended in 50 ml solvent. Lower
concentrations of substance (for example 5 mg of HI dis-
solved in 5 mL solvent) yielded low amounts of 6@3-hydroxy
metabolite when ethanol was used compared to isopro-
panol. This was mainly a result of the stability of the TMS
enol ether, which, in lower concentrations, was more rap-
idly hydrolyzed in ethanol than in isopropanol.

Light for autooxidation

The autooxidation reaction was investigated using direct
sunlight, sunlight broken by a glass window, and lamp
light. The first synthesis was performed using direct sun-
light. The change to lamp light allowed for control of the
reaction conditions. Four different kinds of lamps (40 W
spotline lamp, 60 W halogen lamp, 80 W flower halogen
lamp, and 1250 W halogen) were tested for the autooxida-
tion of III TMS enol ether. The reaction was monitored by
GC/FID and showed for all of the lamps the same distribu-
tion of reaction products with about 64% of 63-hydroxy
product, 6% of 6a-hydroxy isomer, 5% of 6-one product,
5% of bis-TMS enol ether (starting substance), and 20% of
further reaction products (Figure 3). The reaction was
stopped when more than 95% of the starting material (TMS
enol ether) had reacted. For the 40, 60, and 80 W lamps, the
reaction time was between 6 and 8 h, whereas for the 1250
W lamp, the reaction time was shortened to 2.5 h. For this
lamp, the distance from the solvent was doubled compared
to the other lamps because the solvent otherwise heated to a
boil.

Hydrolysis of the 173-O-TMS ether

When the autooxidation reaction was finished, the samples
were stored in the dark. In the ethanol solvent the 173-O-
TMS ether fully hydrolyzed within 7 days, whereas in iso-
propanol, the products were more stable and complete hy-
drolysis was achieved only after 4 weeks. Immediate
hydrolysis can be carried out by acidification of the reaction
mixture with hydrochloric acid (to a 0.065 M concentration)
directly after the photolysis.

6B-hydroxy-4-chloro-1,2-dehydro-17a-methyltestos-
terone (IVB)

The autooxidation of IV in isopropanol was accompanied
by the generation of acidic side products (including perhaps
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Figure 3 GC/FID chromatogram of 6B-hydroxylation reaction of
metandienone: metandienone, bis-TMS dissolved in isopro-
panol 6 h after exposure to room light (60 W lamp); column:
Chrompack WCOT fused silica CP-SIL 8CB, cross-linked 5% phe-
nyl methyl silicone (SE 54), 177 m x 0.25 mm 1.D., 0.25 pm film
thickness; initial temperature 180°C, program rate 5°C/min, final
temperature 320°C; sample preparation: an aliquot of the reac-
tion mixture was dried and derivatized with MSTFA/Imi (100:2,
viw}; 1, metandienone TMS, 2, metandienone bis-TMS, 3, 63-
hydroxymetandienone bis-TMS, 4, 6a-hydroxymetandienone
bis-TMS, and 5, 178-hydroxy-17a-methylandrosta-1,4-diene-3,6-
dione tris-TMS.

hydrochloric acid), which hydrolyzed the bis-TMS enol
ether to such an extent that the reaction was finished after
3.5 h and yielded 29% of IVB, 42% of the starting material
IV, and 29% of further reaction products including IVa
(GC/FID results). The 178-O-TMS ether was completely
hydrolyzed under these conditions. A further synthesis us-
ing alkaline reaction conditions was not performed.

Oxidation of the isolated reaction products IVR and IVa
with chromium trioxide yielded the same product with a
molecular ion m/z 348, compared to the molecular ion m/z
350 for IVa and V. This indicates that the hydroxy group
of the two isolated autooxidation products are located at the
same carbon position, which was confirmed by NMR
as C-6.

NMR spectroscopy

'H NMR. Structural elucidation of the stereochemistry at
C-6 was derived from 'H NMR chemical shift values and
proton coupling constants as presented in Table 2. The 4-H
signal is shifted slightly downfield by the 6B-hydroxy
group, and measured chemical shift values were between
0.06 and 0.09 ppm. In contrast, the 6a-hydroxy group in la
and Ill« shifted the C-4 proton strongly downfield, 0.45
ppm in I and 0.41 pgm in Illoe. No other hydroxylation
has this effect on 4-H.*” The assigned values for Ie and I
are in agreement with published data.”® The stereochemis-
try of the 4-chloro steroids IV and IVB could not be
assigned by a 4-H shift. A further assignment of the C-6
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stereochemistry is the resonance signal of the 6« and 63
protons. The 6a proton gives a narrow signal with J =
2.8-2.9 Hz for I8, IIB, IVB, and a doublet for V@ with J
= 2.9 Hz. IIIB shows a broad singlet (unresolved triplet)
with w;,, = 6.7 Hz. The axial 68 proton in I« and IV
gives a multiplet of poorly defined profile (w,, = 23 Hz),
and the 6B proton in Il shows a double doublet with J =
5.4 and 11.3 Hz. This coupling is only possible through an
axial-axial coupling between the 63-H and 7a-H. The 6w-
7o and 6a-7B coupling constants are smaller, between 2.5
an<§73 Hz, as reported for 6B3-hydroxyaldosterone by Kirk et
al.

A classical proof of the location of hydroxy groups is the
examination of the resonance signals of the 18- and 19-
protons as summarized in Ziircher’s data collection® and in
the reference tables of Bridgeman et al.>® As shown in
Table 2 the chemical shift for the C-19 protons in deutero-
chloroform was between 0.19 and 0.20 ppm for the 6B-
isomer compared to the parent steroid (Table 2) and in
agreement with the additional shift of 0.19 gpm for the C-19
signal for 6B-h3/droxy groups in 53 and A® steroids, which
was reported.?® The C-19 protons were less influenced by
the equatorial 6a-hydroxy group: 0.0 ppm shift for I,
—0.02 ppm for Illa, and 0.04 ppm for IVa. The addi-
tional shift for the C-18 protons by a 68-hydroxy group was
calculated by Ziircher as 0.04 ppm and is near the measured
values of 0.03 ppm for IB-IV@ (Table 2).%°

13C NMR. The shielding data (Table 3) for testosterone,
the 17a-methyl steroids, and their 6pB-hydroxy and 6a-
hydroxy isomers were assigned by comparison with spectra
of 17B-hydroxy-17a-methyl and 17a-hydroxy-173-methyl
steroids, published by Schinzer et al.*! and with spectra of
closely related compounds, published by Blunt and
Stothers.>? Methylene, methine/methyl, and quaternary car-
bons were confirmed by comparison to DEPT 135° exper-

Table5 '3C NMR shielding data, substitution effects of a 6-hy-
droxy group at testosterone I, 17a-methyltestosterone H, met-
andienone Ill, 4-chloro-1,2-dehydro-17a-methyltestosterone IV,
and fluoxymesterone V (difference between 6-hydroxy steroid
and parent steroid)

6@-Hydroxy  Ip g mg Vg VB Lit®

+0.3 +1.5 +1.4 +1.1 +3.3 +1.7
+2.2 +27 +20 +21 +1.3 -3.1
-22 =31 -30 -37 -33 +27
+40.3 +403 +405 +396 +39.6 +433
+5.8 +6.5 +7.0 +6.6 +5.5 +7.4
-63 -59 -59 -58 -40 -53
+23 +2.1 +1.7 +1.6 +1.7 +35
ydroxy lo (17" Va Lit.2

2OOOOOOO
T 2 ONO S =
I ©

Qo

C1 +0.2 -02 +03 +0.1
c4 -44 -42 -17 -6.4
C-5 +0.7 +1.2 -1.8 +6.7
C-6 +35.7 +34.9 +43.0 +40.8
C-7 +8.7 +94 +106 +9.5
c-8 -19 -16 ~-0.7 -1.3
Cc-19 +1.0 +04 +0.2 +1.1

2Substance dissolved in dimethylsulfoxide-dg.
®Subsitution effects of a 6-hydroxy group at saturated 5a-
androstane, published by Blunt and Stothers.??

Table 6 HPLC retention times of steroids {I-V) and their 6p-
hydroxy and 6a-hydroxy isomers

Retention
time

Substance (min) Amax Ry R,
Testosterone (l) 15.8 244

6p-Hydroxy-1 (Ig) 10.1 240 0.64 1.07

6a-Hydroxy-l (la) 9.4 244 0.59
17a-Methyltestosterone (M) 16.8 242

6p-Hydroxy-1l (NB) 11.2 239 0.67
Metandienone (Hl) 14.9 246

6B-Hydroxy-lll {HIB) 9.9 250 0.66 1.10

6a-Hydroxy-Ill (Illa) 9.0 248 0.60
4-Chloro-1,2-dehydro-17a-

methyltestosterone (IV) 17.5 247

6B-Hydroxy-1V (IVg) 12.2 252 070 1.26

6a-Hydroxy-IV (IVa) 9.7 248 0.55
Fluoxymesterone {V) 12.6 240

63-Hydroxy-V (VB) 8.6 234 0.68

For HPLC conditions, see Experimental.

R; = Relative retention time of 6-hydroxy steroid to parent ste-
roid.

R, = Relative retention time of 68-hydroxy to 6a-hydroxy ste-
roid.

iments. The C-6 and C-7 shielding data for 4-chloro-1,2-
dehydro-17a-methyltestosterone (IV) were elucidated using
[6,6-*H,]IV.

Substitution effects of the 6a- and 6B-hydroxy group
were calculated for neighboring carbons and compared with
substitution effects of a 6a- and 6@-hydroxy group to Sa-
androstanes (Table 5).32 The substitution effects of the
6-hydroxy group for carbons 6, 7, 8, and 19 at androst-4-
en-3-ones are similar to the reported values at saturated
Sa-androstanes. The C-6 signal at the 68-hydroxy steroids
IB-VB is shifted downfield between 39.6 and 40.5 ppm,
compared to the parent steroids, and varied to a small de-
gree. For the 6a-hydroxy isomers the variation is larger.
IVa shows a shift for C-6 of +43.0 ppm as compared to
+35.7 ppm for I and + 34.9 ppm for Illa. The reason for
this difference can be explained by orientation of the equa-
torial 6a-hydroxy group in IVe, which is sterically influ-
enced by the neighboring chloro atom in position C-4.

HPLC

In HPLC, the elution order on a reverse-phase RP-18 col-
umn (LiChrosorb Merck) was 6a-hydroxy isomer < 6f3-
hydroxy isomer < parent steroid (Table 6), showing the
higher polarity of the 6a-hydroxy isomer (equatorial 6-hy-
droxy group) as compared to the 6B3-hydroxy isomer (axial
6-hydroxy group). The relative retention time as compared
to the parent steroid was between 0.64 and 0.70 for the
6B-hydroxy isomers IB—Vf and between 0.55 and 0.60 for
the 6a-hydroxy isomers I, Illa, and IVa.

Derivatization for GC/IMS

For GC/MS analysis the polar 6-hydroxy steroids must be
trimethylsilylated to obtain stable GC derivatives. Deriva-
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tization with MSTFA/Imi (100:2, v/w) yielded quantita-
tively bis-TMS ethers with trimethysilylation of the hy-
droxy groups at C-6 (secondary) and C-178 (tertiary). Im-
idazole was used as a catalyst to derivatize the sterically
hindered tertiary 17@-hydroxy group in 17a-methyl-173-
hydroxy steroids.

TMS enol ethers were obtained when TMIS was used as
a catalyst (prepared with a mixture of MSTFA/ammonium
iodide; see Experimental). 6B-Hydroxy-4-chloro-1,2-
dehydro-17a-methyltestosterone IV could not be
enolized, whereas the 6o-hydroxy isomer IVa formed a
TMS enol ether with the TMIS catalyst. The 6-hydroxy
isomers of the 3-keto-4-ene steroids testosterone and 17a-
methyltestosterone were enolized to the 3,5-diene structure
(yield > 99%) with MSTFA/TMIS. The 2,4-dien isomer
was quantitatively formed using MSTFA/Imi/potassium ac-
etate. The retention indices of the TMS 3,5-dienol ethers
and TMS 2,4-dienol ethers are summarized in Table 4.
6B-Hydroxyfluoxymesterone reacted with MSTFA/TMIS
to form tris-TMS 2,4-dienol ether (30%) and tris-TMS 3,5-
dienol ether (70%). Reaction of the 11B3-hydroxy group in
fluoxymesterone with MSTFA/TMIS was very slow, and
the samples were heated overnight at 60°C.

Gas chromatography

Temperature programmed Kovats indices for the steroid
TMS ethers were estimated using a OV 1 capillary column
(Table 4). The elution order of the TMS ethers is parent
steroid < 6B-hydroxy isomer < 6a-hydroxy isomer and
inverse to the HPLC elution order of the underivatized ste-
roids (Table 6). The TMS ether derivative of the 63-
hydroxy (6a-hydroxy) isomer of IB-VB (I, llle, IVa)
eluted between 45 and 108 (183 and 213) methylene units
after the TMS ether derivative of the parent steroid. The
difference between the 6B-hydroxy and 6a-hydroxy isomer
was 105-138 methylene units.

The per-TMS 3,5-dienol ethers were eluted between 87
and 171 methylene units later than the per-TMS 3,5 dienol
ethers of the parent steroids.

Mass spectrometry

The EI mass spectra of the TMS ethers of the 6f3-hydroxy
steroids and the per-TMS 3,5-dienol ethers are shown in
Figures 4-8. The TMS ethers of the 17«-methyl-17B-
hydroxy steroids I~V (Figures 5A, 6A, 7A, and 8A),
which were obtained via derivatization with MSTFA/Imi,
display similar fragmentation with a base peak m/z 143
(D-ring fragmentation). The intensity of the m/z 143 ion
varied between 17.8% and 23.5% of the total ion current,
whereas the intensity of the molecular ion was low, between
0.7 and 1.6% of the total ion current.

The fragmentation pattern changed for the 3-keto-4-ene
steroids, when they were enolized with MSTFA/TMIS to
the 3,5-dienol ethers. The TMS 3,5-dienol ethers of I, la,
IIB, and VB show abundant molecular ions with m/z 520
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for IB/Iax tris-TMS (Figure 4B), m/z 534 for IR tris-TMS
(Figure 5B), and m/z 640 for VB tetra-TMS (Figure 8B).
The TMS dienol ethers of the androsta-1,4-dien-3-ones
show an abundant M* — 15 ion (loss of a methyl group of
the molecular ion) with m/z 517 for HIB/MIa tris-TMS
(Figure 6B) and m/z 551 for the IV tris-TMS (Figure 7B).
The intensity of the D-ring fragment m/z 143 for the TMS
3,5-dienol ethers IIB-VP are only 0.4—1.4% of the total ion
current, whereas the intensity of M™ or M™ —15 ion is
between 20.2% and 29.0% of the total ion current. The
TMS 3,5-dienol ether structure seems to be a prerequisite
for stabilizing the M™ or M™ — 15 ion. The corresponding
TMS 2.4-dienol ethers of I, la, IIB, and VB do not show
such a stable molecular ion.

Metabolism

63-Hydroxy metabolism in humans was investigated for
testosterone, 17a-methyltestosterone, boldenone, metandi-
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enone, 4-chloro-1,2-dehydro-17a-methyltestosterone, and
fluoxymesterone.

Metabolism studies with boldenone?’ and metandi-
enone?! with quantification of 68-hydroxy metabolites have
already been published. The main metabolites of IV were
identified by GC/MS and in accordance with published
studies of Diirbeck et al.** The main metabolites of flu-
oxymesterone have been synthesized and will be reported
separately. Quantification of metabolites was performed by
GC/MS (selected ion monitoring) and GC/FID. The results
are summarized in Table 7 and show the extent of the me-
tabolism to 6B-hydroxy steroids after administration of a
single dose. In the metabolism of metandienone III,
4-chloro-1,2-dehydro-17a-methyltestosterone 1V, and flu-
oxymesterone V, 6B-hydroxylation is a major metabolic
pathway. All 68-hydroxy-metabolites of II1, IV, and V
were excreted unconjugated. The excretion of 6B-hydroxy
metabolites calculated from the sum of all detected metab-
olites was between 17% and 46%. 63-Hydroxy metabolites
are not metabolic end-products. In metandienone and
4-chloro-1,2-dehydro-17a-methyltestosterone metabolism,
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the 6B-hydroxy product is further hydroxylated at C-12 and
C-16. 12-Hydroxylated metabolites of 17B-hydroxy-17a-
methyl steroids can be identified by their EI mass spectrum,
their TMS-deriviatives showing intense C/D-ring fragments
at m/z 143 and 170.2' The 16-hydroxylated metabolites
display abundant D-ring fragments at m/z 218 and 231.2"%
In fluoxymesterone metabolism the 3-keto group of 6f3-
hydroxy-fluoxymesterone is further reduced to the 3a-
hydroxy isomer which is excreted in comparable amount to
the 6B-hydroxy metabolite.

The metabolism studies included boldenone (17(3-
hydroxyandrosta-1,4-dien-3-one), which is an anabolic ste-
roid and can be compared to its 17a-methylated product,
which is metandienone III (17B-hydroxy-17a-methyl-
androsta- 1 ,4-dien-3-one). In boldenone metabolism the to-
tal excretion of 6@-hydroxyboldenone was lower than 0.5%
compared to the sum of excreted boldenone and other me-
tabolites. A further 6B-hydroxy metabolite of boldenone,
the 1783-hydroxy oxidized product 6B-hydroxyandrosta-
1.4-diene-3,17-dione, was identified and excreted at levels
seven times higher than 6@3-hydroxyboldenone.

Excretion studies with deuterated testosterone and 17a-
methyltestosterone show that 6B-hydroxy metabolism plays
a minor role when the metabolism of the A-ring is rapid and
not inhibited by an additional double bond at C-1-C-2, as it
is in III, IV, and boldenone.
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Names and abbreviations

I testosterone (17B-hydroxyandrost-4-en-3-one)

la 6a-hydroxytestosterone

IB  6B-hydroxytestosterone

11 17a-methyltestosterone (17B-hydroxy-17a-meth-
ylandrost-4-en-3-one)

IIB  6B-hydroxy-17a-methyltestosterone

III  metandienone (17B-hydroxy-17a-methylandrosta-
1,4-dien-3-one)

Hla  60-hydroxymetandienone

IIB 6B-hydroxymetandienone

IV 4-chloro-1,2-dehydro-17a-methyltestosterone (4-
chloro-17B-hydroxy-17a-methylandrosta-1,4-dien-

3-one)

IVa 6a-hydroxy-4-chloro-1,2-dehydro-17a-methyltes-
tosterone

IVB 6B-hydroxy-4-chloro-1,2-dehydro-17a-methyltes-
tosterone

v fluoxymesterone (9-fluoro-118,17B-dihydroxy-
1 7a-methylandrost-4-en-3-one)
VB  6fB-hydroxyfluoxymesterone
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Table 7 Urina!'y excretion of 68-hydroxy metabolites after oral administration of a single dose of deuterated testosterone and the
anabolic steroids boldenone, 4-chloro-1,2-dehydro-17a-methyltestosterone, fluoxymesterone, metandienone, and 17a-meth-
yltestosterone

Amount Sum of all 6p-Hydroxy Further
administered metabolites metabolite 6p-hydroxy
Steroid (mg) (%) (%) metabolite (%)
[16,16,17-?H,] Testosterone 20 55.9 0.10 NE?
17a-Methyltestosterone 100 18.0 0.01 NE
10 16.5 0.01 NE
Boldenone 20 29.0 0.11 0.80%
40 75.0 0.14 0.89°
80 744 0.36 2.77°
Metandienone 12 8.2 1.78 0.66°
24 11.4 2.04 0.58°
40 18.6 8.50 0.65°¢
4-Chloro-1,2-dehydro-17«-methyltestosterone 20 2.7 0.72 0.93¢
0.80°
Fluoxymesterone 22 16.2 4.05 3.08"
40 34.0 6.60 10.90"

Percent values are calculated as excreted amount of metabolite relative to the applied amount of steroid.
’NE = Not estimated.

56B-Hydroxyandrosta-1,4-diene-3,17-dione {boidenone metabolite).

°6B-Hydroxy-17-epimetandienone.

96p,12-Dihydroxy-4-chloro-1,2-dehydro-17a-methyltestosterone.
°68,16-Dihydroxy-4-chloro-1,2-dehydro-17a-methyltestosterone.

"3-Fluoro-17a-methylandrost-4-ene-3¢,68,118,17p-tetol.
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