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Abstract—Three analogs of neuroactive steroids were prepared (4–6) in which 1,11- or 11,19-oxygen bridges give a constrained
conformation. Their 3D structures were obtained by ab initio calculations and in the case of 3a-hydroxy-11,19-epoxypregn-
4-ene-20-one (4), confirmed by X-ray analysis. Biological activity of the synthetic steroids was assayed in vitro using t-[3H]buty-
lbicycloorthobenzoate as radiolabeled ligand for the GABAA receptor. The activity of compound 4 was similar to that of
allopregnanolone (1). 1a,11a-Epoxypregnanolone (6) was more active than pregnanolone (2).
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

c-Aminobutyric acid (GABA) is one of the most preva-
lent neurotransmitters in the mammalian central ner-
vous system. As 20–50% of all central synapses use
GABA as their neurotransmitter, it controls the activity
of a large percentage of neurons. Neuroactive steroids
modulate neurotransmission through specific, positive
allosteric interaction with a steroid recognition site on
the GABAA receptor–ion-channel complex and it is this
action that could be crucial to their potential therapeutic
utility.1–3 The naturally occurring neurosteroid allopreg-
nanolone (3a-hydroxy-5a-pregnan-20-one, 1) and its
5b-isomer pregnanolone (2) are among the most potent
positive allosteric modulators. Synthetic entities with
improved oral bioavailability have been developed and
data from preclinical and clinical studies support the
potential efficacy of neuroactive steroids as a novel class
of drugs for the therapeutic management of epilepsy,
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anxiety, insomnia, migraine and drug dependence.4

The structure/activity requirements for neurosteroids
interacting with the neurosteroid binding site on the
GABAA receptor have been studied also using binding,
electrophysiological, and behavioral assays. While the
neurosteroids may accept chemical modification at some
carbon atoms, the 3a-hydroxyl configuration is required
for binding and for activity in all assays.5–7 Although
the effect of conformational changes in the biological
activity of steroidal hormones has been the subject of
several studies,8,9 little is known about their effect in
the activity of neuroactive steroids. The incorporation
of oxygen bridges involving selected carbons of the ste-
roid nucleus, provides conformationally restricted ana-
logs that can mimick or change in a controlled way
the molecular shape of neurosteroids. Thus, in a previ-
ous publication we prepared the 6,19-epoxysteroid 3,
an analog of 2, in which ring A is highly torsioned to-
wards the a-face.10 At 0.1 lM concentration, 3 signifi-
cantly increased GABA induced 36Cl� influx in
hamster cerebral cortex synaptoneurosomes, while at
20 mg/kg it decreased the percentage of hamsters show-
ing seizures induced by 3-mercaptopropionic acid. We
now report the synthesis and GABAA receptor activity
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Figure 1. Molecular diagram22 of 3a-hydroxy-11,19-epoxypregn-4-

ene-20-one (4), showing the numbering scheme used. Displacement

ellipsoids drawn at a 30% probability level.
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of three neurosteroid analogs, compounds 4, 5 and 6, in
which the presence of oxygen bridges results in con-
strained conformations.
2. Chemistry

11,19-Epoxyprogesterone (7) was used as starting material
for the preparation of compound 4 (Scheme 1).11 Com-
pound 7 was reduced with NaBH4 to give the 3b-hydroxy-
Scheme 1. Reagents and conditions: (a) NaBH4, MeOH, CH2Cl2, 25 �C, 90

MS, CH2Cl2, 25 �C, 30 min; (d), KHCO3, MeOH, 25 �C, 15 min.
steroid 8, followed by inversion of the alcohol at C-3 using
the Mitsunobu reaction.12,13 Thus treatment of 8 with
DEAD/Ph3P/HCO2H gave the 3a-formyloxy pregnane 9
with good stereoselectivity (3a/3b 4:1). The stereochemis-
try at position 3 was initially inferred from the 1H NMR
spectra of 9 and its 3b isomer, obtained as a by product.
The pseudo equatorial H-3 in compound 9 appeared as a
narrow unresolved multiplet (W1/2 = 15 Hz) at d 5.27,
while for the 3b-stereoisomer (pseudoaxial H-3) it was ob-
served as a broader multiplet (W1/2 = 22 Hz) at d 5.45. Oxi-
dation of compound 9 with pyridinium chlorochromate in
the presence of barium carbonate, followed by mild hydro-
lysis with potassium bicarbonate in MeOH gave 4 in 30%
yield from 7. The structure of compound 4 was confirmed
by single crystal X-ray analysis; Figure 1 shows the
pseudoaxial orientation of the 3a-hydroxyl, the overall
conformation being coincident with that predicted by ab
initio calculations (see below).

1,11-Epoxysteroids 5 and 6 were obtained using an intra-
molecular remote functionalization reaction recently devel-
oped by us,14 involving the photolysis of 11a-
min; (b) Ph3P, HCOOH, DEAD, THF, 25 �C, 14 h; (c) PCC, BaCO3,



Scheme 2. Reagents and conditions: (a) 1—TBDMSCl, imidazole, DMF, 50 �C, 3 h; 2—NaBH4, MeOH, CH2Cl2, 0 �C, 30 min; 3—Ac2O, py, 25 �C,

14 h; (b) HF 40%, THF, acetonitrile, 25 �C, 20 min; (c) DIB, I2, CH2Cl2, hm, 25 �C, 20 min; (d) K2CO3, MeOH, 25 �C, 30 min.
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hydroxysteroids in the presence of diacetoxyiodobenzene
(DIB) and iodine. Compound 5 was prepared from
1b,11a-epoxy-5a-pregnane-3,20-dione14 (11) in 27% yield,
following the same procedure described above for the prep-
aration of 4 (Scheme 1). In the 1H NMR spectrum of 5, the
H-3 resonance was observed as a narrow unresolved mul-
tiplet at d 4.42 (W1/2 = 8.5 Hz), the absence of axial–axial
couplings confirmed the equatorial orientation of H-3.

Scheme 2 outlines the synthesis of compound 6 from
11a-hydroxy-5b-pregnane-3,20-dione (15), which was
Figure 2. Superposition of calculated structures (HF/6-31G**) of (a)

compound 4 (blue) and allopregnanolone (1) (white), (b) compound 5

(blue) and allopregnanolone (1) (white) and (c) compound 6 (blue) and

pregnanolone (2) (white). Overlay corresponds to best fit for O(3),

C(3), C(17) and C(20); O(3)–C(20) distances are 1: 10.04 Å; 2: 9.61 Å;4:

10.45 Å; 5: 9.40 Å; 6: 9.32 Å.
obtained by catalytic hydrogenation of 11a-hydroxypro-
gesterone. Protection of the 11-hydroxyl as the t-butyl-
dimethylsilyl (TBDMS) ether, followed by regio- and
stereoselective reduction of the C-3 carbonyl with
NaBH4 gave, after acetylation, the 3a-acetate 16. In this
case the cis fusion of the A and B rings hinders the a-
face of the steroid nucleus and reduction of the C-3 car-
bonyl occurs from the b-face giving the required a orien-
tation of the hydroxyl at C-3. The TBDMS group was
removed with HF to give the 11a-hydroxy intermediate
17; photolysis in the presence of DIB and iodine, fol-
lowed by deacetylation at C-3 (K2CO3/MeOH) gave 6
in 20% yield from 15. The 1H NMR spectrum of com-
pound 6 showed a broad multiplet at d 3.59 for H-3
(W1/2 = 30 Hz) characteristic of an axial (b) orientation
for this hydrogen. The double doublet at d 3.95 assigned
to H-1 (J = 9.3 and 7.5 Hz) confirmed its axial (b) orien-
tation and the stereochemistry of the oxygen bridge. All
structures were unambiguously determined with the aid
of 2D NMR experiments.
3. Conformation of compounds 4–6

In the case of compound 4, ab initio (HF/6-31G**) cal-
culations predicted a conformation similar to that of
allopregnanolone (1) (Fig. 2a), in agreement with that
obtained by single crystal X-ray analysis. The calculated
structure of 4 had a normal A ring (1a-halfchair)
although flatter, with the 3-hydroxyl displaced from
the axial position, resulting in a larger distance between
this hydroxyl and the C-20 carbonyl. This effect was
slightly larger in the X-ray structure probably due to
crystal packing forces and intermolecular interactions.

C-11/C-1 epoxy bridges shift the A ring towards the C
ring of the steroid nucleus with C-3 moving to a position
close to that of C-2 in a normal non-bridged steroid. The
A ring is locked in a fixed conformation by the addi-
tional ring. Ab initio calculations (HF/6-31G**) show
that in spite of this shift, the overall conformation as
well as the conformation of ring A is similar to the cor-
responding non-bridged pregnanes. Thus, the conforma-
tion of 1b,11a-epoxy-5a-pregnane 5 is closely related to
that of allopregnanolone (1) (Fig. 2b), while the confor-
mation of 1a,11a-epoxy-5b-pregnane 6 is similar to that
of pregnanolone (2) (Fig. 2c). In both cases, the shift of
the C-3 position (and of the 3a-hydroxyl) however, re-
sults in a shorter distance between the 3a-hydroxyl
and the C-20 carbonyl. The O-3/O-20 distance as well
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as the spacial relationship between the 3a-hydroxyl and
the D-ring hydrogen bond acceptor (side chain car-
bonyl) has been considered important parameters for
GABAA receptor activity.15,16
4. Biological activity

GABAA receptor activity was evaluated by assaying the
effect of the synthetic analogs (4–6) on the binding of t-
[3H]butylbicycloorthobenzoate ([3H]TBOB) and com-
parison with the effects of the typical neurosteroid allo-
pregnanolone (1) and its 5b isomer (2). It has been
suggested that binding of the cage convulsant t-35S
butylbicylophosphorothionate ([35S]TBPS) in the
presence of GABA closely reflects the functional state
of GABAA receptors and may be useful for character-
ization of allosteric interactions between various
sites on the receptor.17,18 Studies using t-[3H]buty-
lbicycloorthobenzoate ([3H]TBOB) to label a chloride
ionophore associated binding site within the GABAA
Figure 3. Inhibition of binding of t-[3H]butylbicycloorthobenzoate

([3H]TBOB) to crude membranes from male rat cerebral cortex and

cerebellum by (a) allopregnanolone (1) and structurally related steroids

(compounds 4 and 5) and (b) pregnanolone (2) and its structurally

related steroid, compound 6. Membrane preparations were incubated

with 10 nM [3H]TBOB in the absence (100% binding) or presence of

increasing concentrations of the steroids (10 nM–1.2 lM). Picrotoxin

(1 mM) was used to determine non-specific binding. Assays were

carried out at 25 �C for 2 h in the presence of 13.5 lM GABA.

Calculated IC50 values were: 1, 329 ± 13 nM; 2, 830 ± 11 nM; 4,

518 ± 68 nM; 5 741 ± 300 nM; 6, 420 ± 48 nM.
receptor complex are less common than those using
[35H]TBPS, although the use of this radiolabeled ligand
is more convenient due to the longer half-life of tritium
compared to 35S. Since both ligands are supposed to la-
bel the same population of binding sites, studies using
the two radioligands may well be compared.19 Crude
membrane receptors from male rat’s cerebellum were
used to test the capacity of the steroids to displace the
specific binding of the radioactive ligand. Allopregnano-
lone (1) was used as a positive control to check the via-
bility of the method. As shown in Figure 3a, compound
1 inhibited [3H]TBOB binding with an IC50 of
329 ± 13 nM (mean ± SEM, n = 3). By comparison,
compound 4 structurally related to 1, showed a similar
activity (IC50 = 518 ± 68 nM) but compound 5, structur-
ally related to 1 and 4, was less active (IC50 = 741 ±
300 nM). On the other hand compound 6 (IC50 =
420 ± 48 nM), structurally related to pregnanolone (2),
was more active than the latter steroid (IC50 =
830 ± 11 nM) with values similar to those of 1
(Fig. 3b). Thus in this case, the more compact and rigid
structure produced by the additional ring, resulted in a
more favorable spatial arrangement for binding to the
pregnanolone site.
5. Experimental

Mps were taken on a Fisher–Johns apparatus and are
uncorrected. IR spectra were recorded in thin films using
KBr disks on a Nicolet Magna 550 FT-IR spectropho-
tometer. 1H and 13C NMR spectra were recorded on a
Bruker Avance II 500 at 500.13 and 125.77 MHz or
on a Bruker AC 200 at 200.13 and 50.32 MHZ, respec-
tively, in deuterochloroform. Chemical shifts are given
in ppm downfield from TMS as internal standard, J val-
ues are given in Hz. Multiplicity determinations and 2D
spectra were obtained using standard Bruker software.
The electron impact mass spectra (MS) were collected
on a Shimadzu QP-5000 mass spectrometer at 70 eV
by direct inlet. Electron impact high resolution mass
spectra (HRMS) were measured on a VG-ZAB mass
spectrometer. Single crystal X-ray measurements were
performed on a Bruker SMART CCD diffractometer,
with graphite monochromated Mo Ka radiation. The
structure was solved by direct methods with SHEL-
XS9720 and refined by full matrix least squares in F2

using SHELXL97.21 Hydrogen atoms were idealized at
their expected positions (C–H: 0.93 Å) and allowed to
ride. Molecular plots were drawn with XP, in the SHEL-
XTL-PC package.22 Crystallographic data (excluding
structure factors) for the structure reported in this paper
has been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication number
CCDC 669309. The geometries of compounds 1, 2, 4,
5 and 6 were optimized using the ab initio quantum
chemistry program Gaussian 0323 and the HF/6-31G**

basis set.

Vacuum liquid chromatography (VLC) and column
flash chromatography were carried out on Kieselgel
60-G (Merck) and Kieselgel S 0.040–0.063 mm, respec-
tively. Thin layer chromatography (tlc) analysis was per-
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formed on silica gel 60 F254 (0.2 mm thick). The homo-
geneity of all compounds was confirmed by tlc. 11a-Hy-
droxy-5b-pregnan-3,20-dione (15) was obtained by
catalytic hydrogenation (10% Pd–C/ethyl acetate) of
11a-hydroxyprogesterone (Steraloids Inc.). 11,19-
Epoxyprogesterone (7) and 1b,11a-epoxy-5a-pregnan-
3,20-dione (11) were obtained from 11a-hydroxyproges-
terone following essentially the procedures described
previously by us.11,14

5.1. 3a-Formyloxy-11,19-epoxypregn-4-en-20-ol (9)

NaBH4 (53 mg, 1.39 mmol) was added to a solution of
11,19-epoxyprogesterone (7, 265 mg, 0.81 mmol) in
dichloromethane (5.5 mL) and methanol (5.5 mL) at
room temperature, and stirring was continued for
90 min. The reaction mixture was acidified with 1 M
HCl (to pH 6) and concentrated to a third of its volume.
Water was added to the residue and then extracted with
dichloromethane. The organic layer was washed with
water, dried with sodium sulfate and the solvent evapo-
rated under vacuum. The resulting solid was purified by
flash chromatography (ethyl acetate–hexane 7:3) to give
compound 8 (216 mg, 80%); 1H NMR (500.13 MHz,
CDCl3): 5.54 (1H, s, H-4); 4.27 (1H, br s, H-11); 4.22
(1H, m, H-3); 3.75 (1H, m, H-20); 3.87 (1H, d,
J = 8.4 Hz, H-19b); 3.68 (1H, dd, J = 8.4 and 1.5 Hz,
H-19a); 1.13 (3H, d, J = 6.2 Hz H-21), 0.94 (3H, s, H-
18); 13C NMR (125.77 MHz, CDCl3): 140.0 (C-5),
129.0 (C-4), 78.5 (C-11), 70.2 (C-20), 69.5 (C-19), 67.3
(C-3), 59.2 (C-17), 57.4 (C-9), 52.2 (C-14), 47.4 (C-10),
43.0 (C-13), 42.3 (C-12), 42.8 (C-2), 34.7 (C-8), 34.6
(C-1), 32.7 (C-6), 28.2 (C-7), 25.6 (C-16), 23.6 (C-15),
23.5 (C-21), 14.7 (C-18); MS, m/z 332 (M+, 13), 302
(100), 284 (6), 269 (4); 255 (8), 239 (7), 224 (5).

To a solution of compound 8 (216 mg, 0.65 mmol) in
anhydrous THF (7.8 mL) containing triphenylphos-
phine (340 mg, 1.29 mmol) and formic acid (59.3 mg,
1.29 mmol) was added a solution of diethylazodicarb-
oxylate (225 mg, 1.29 mmol) in anhydrous THF
(1.2 mL). The reaction mixture was stirred for 14 h at
room temperature and evaporated to dryness. Purifica-
tion by flash chromatography (ethyl acetate–hexane
1:1) gave compound 9 (140 mg, 60%) as a white solid:
mp 160–161 �C (from methanol); IR (KBr) 3420, 2865
1725,1428, 1210 cm�1; 1H NMR (500.13 MHz, CDCl3):
8.06 (1H, s, H-formate); 5.64 (1H, dd, J = 4.3 and
1.9 Hz, H-4); 5.27 (1H, br s, W1/2 15.0 Hz, H-3); 4.33
(1H, br s, H-11); 3.80 (1H, dd, J = 8.4 and 1.8 Hz, H-
19a); 3.75 (1H, m, H-20); 3.70 (1H, d, J = 8.4 Hz, H-
19b); 2.42 (1H, m, H-12b); 2.32 (2H, m, H-6); 1.87
(1H, m, H-1b); 1.87 (2H, m, H-2); 1.68 (1H, m, H-
16a); 1.67 (1H, m, H-7a), 1.61 (2H, m, H-15), 1.55
(1H, m, H-8); 1.51 (1H, m, H-12a); 1.49 (1H, m, H-
1a); 1.36 (1H, m, H-17); 1.29 (1H, m, H-9); 1.19 (1H,
m, H-16b), 1.18 (1H, m, H-14); 1.14 (3H, d, J = 6.0 Hz
H-21), 1.08 (1H, m, H-7b); 0.94 (3H, s, H-18); 13C
NMR (125.77 MHz, CDCl3): 160.0 (formate), 145.4
(C-5), 121.8 (C-4), 78.3 (C-11), 70.8 (C-19), 70.3 (C-
20), 66.8 (C-3), 59.3 (C-17), 52.2 (C-14), 57.6 (C-9),
46.6 (C-10), 43.0 (C-13), 42.4 (C-12), 34.7 (C-8 and C-
6), 28.7 (C-7 and C-1), 25.6 (C-16), 24.8 (C-2), 23.6
(C-15), 23.6 (C-21), 14.7 (C-18); MS, m/z 360 (M+, 1),
330 (2), 314 (5), 284 (59); 266 (4); 253 (4); 91 (100);
HRMS m/z [M+] 360.2304 (calcd 360.2301).

5.2. 3a-Hydroxy-11,19-epoxypregn-4-ene-20-one (4)

A suspension of pyridinium chlorochromate (114.5 mg,
0.61 mmol), barium carbonate (48 mg, 0.34 mmol) and
3 Å molecular sieves (92 mg) in anhydrous dichloro-
methane (4.6 mL) was stirred for 5 min under a nitrogen
atmosphere. A solution of the 3a-formate 9 (47 mg,
0.13 mmol) in anhydrous dichloromethane (3.3 mL)
was added and stirring continued at room temperature
for 30 min. The reaction mixture was diluted with ether
and percolated through Florisil with ether and ethyl ace-
tate–hexane (8:2). Evaporation of the solvent afforded
the 20-ketone 10 (39.0 mg, 84%); 1H NMR
(500.13 MHz, CDCl3): 8.10 (1H, s, H-formate); 5.66
(1H, d, J = 4.4 Hz, H-4); 5.28 (1H, br s, H-3); 4.40
(1H, br s, H-11); 3.79 (1H, dd, J = 8.4 and 1.8 Hz, H-
19a); 3.70 (1H, d, J = 8.4 Hz, H-19b); 2.13 (3H, s, H-
21), 0.80 (3H, s, H-18); 13C NMR (125.77 MHz,
CDCl3): 209.6 (C-20), 160.8 (C-formate), 144.9 (C-5),
122.1 (C-4), 77.8 (C-11), 70.8 (C-19), 66.7 (C-3), 64.4
(C-17), 57.3 (C-9), 52.9 (C-14), 46.5 (C-10), 44.4 (C-
13), 41.3 (C-12), 34.8 (C-8), 34.6 (C-6), 31.2 (C-21),
28.7 (C-7), 28.7 (C-1), 24.8 (C-2), 22.6 (C-16), 23.4 (C-
15), 15.7 (C-18).

Compound 10 (24.3 mg, 0.068 mmol) was dissolved in
methanol (1.9 ml) and a solution of KHCO3 (70.7 mg)
in methanol (1.0 mL) was added. After stirring at room
temperature for 15 min, the reaction mixture was neu-
tralized with 1 M HCl and extracted with dichlorometh-
ane. The organic layer was washed with water, dried
with sodium sulfate and the solvent evaporated under
vacuum. The resulting solid was purified by flash chro-
matography (ethyl acetate–hexane 7:3) to give com-
pound 4 (16.8 mg, 75%) as a white solid: mp 175–
176 �C (from methanol); IR (KBr) 3428, 2879, 1720,
1425, 1024 cm�1;1H NMR (500.13 MHz, CDCl3): 5.68
(1H, d, J = 4.4 Hz, H-4); 4.41 (1H, br s, H-11); 4.10
(1H, br s, W1/2 12.5 Hz, H-3); 3.76 (1H, dd, J = 8.2
and 1.8 Hz, H-19a); 3.68 (1H, d, J = 8.2 Hz, H-19b);
2.52 (1H, m, H-17); 2.41 (1H, m, H-12b); 2.29 (2H, m,
H-6); 2.13 (3H, s, H-21); 2.07 (2H, m, H-16); 1.82 (2H,
m, H-7); 1.72 (1H, m, 12a); 1.67 (1H, H-2a); 1.66 (1H,
m, H-15a); 1.51 (2H, m, H-1); 1.50 (1H, m, H-8); 1.32
(1H, m, H-15b); 1.08 (1H, m, H-2b); 0.80 (3H, s, H-
18); 13C NMR (125.77 MHz, CDCl3) d 209.0 (C-20),
141.9 (C-5), 126.5 (C-4), 77.8 (C-11), 70.8 (C-19), 64.7
(C-17), 63.4 (C-3), 57.4 (C-9), 53.0 (C-14), 46.7 (C-10),
44.4 (C-13), 41.5 (C-12), 34.9 (C-8), 34.7 (C-6), 31.2
(C-21), 28.9 (C-2), 28.3 (C-1), 27.8 (C-7), 23.9 (C-15),
22.6 (C-16), 15.7 (C-18); MS, m/z 330 (M+, 8), 312 (7),
300 (60), 282 (8), 257 (7), 239 (6), 110 (100); HRMS
m/z [M+] 330.2204 (calcd 330.2195).

5.2.1. Crystallographic data and data collection param-
eters. Colorless prismatic crystals recrystallized from
methanol: mp 175–176 �C. C21H30O3, M = 330.45,
orthorhombic, space group P212121 (No. 19); cell con-
stants a = 7.641(3) Å, b = 13.945(6) Å, c = 17.570(7) Å;
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V = 1872.0(13) Å3, Dc (Z = 4) = 1.173 g cm�3; crystal
dimensions 0.32 · 0.14 · 0.12 mm, reflections measured:
14832, reflections unique: 2348, reflections observed
(I > 2r(I)): 1738; R = 0.063 and R2

w ¼ 0:092.

5.3. 3a-Formyloxy-1b,11a-epoxy-5a-pregnan-20-ol (13)

The 3b-hydroxysteroid 12 was obtained from 1b,11a-
epoxy-5a-pregnan-3,20-dione (11, 73 mg, 0.22 mmol),
following the procedure described for compound 8.
The resulting solid was purified by flash chromatogra-
phy (dichloromethane–methanol 20:1) to give 12
(59 mg, 80%); 1H NMR (500.13 MHz, CDCl3): 4.00
(1H, m, H-3); 3.79 (1H, m, H-11); 3.68 (1H, m, H-20);
3.60 (1H, dd, J = 12.1 and 5.7 Hz, H-1), 2.60 (1H, m,
H-12b); 2.10 (1H, m, H-2b); 1.77 (1H, s, H-4b); 1.66
(1H, m, H-2a); 1.43 (1H, m, H-17); 1.35 (1H, m, H-
4a); 1.15 (1H, m, H-12a); 1.14 (3H, d, J = 6.2 Hz H-
21); 0.94 (3H, s, H-19), 0.78 (3H, s, H-18); 13C NMR
(125.77 MHz, CDCl3): 84.9 (C-1), 75.3 (C-11), 70.1 (C-
20), 68.3 (C-3), 64.4 (C-9), 58.1 (C-14), 56.7 (C-17),
47.5 (C-13), 44.0 (C-12), 41.2 (C-5), 38.0 (C-10), 36.2
(C-2 or C-4), 34.3 (C-4 or C-2), 32.4 (C-6), 31.4 (C-8),
26.8 (C-7 or C-16), 26.7 (C-16 or C-7), 23.8 (C-21),
22.8 (C-15); 16.2 (C-19); 13.6 (C-18).

3a-Formate 13 was obtained from compound 12 (59 mg,
0.176 mmol), following the procedure described for
compound 9. The resulting solid was purified by flash
chromatography (ethyl acetate–hexane 4:6) to give 13
(38 mg, 60%) as a white solid: mp 156–157 �C (from
ethyl acetate–hexane); IR (KBr) 3418, 2862 1722,1413,
1207 cm�1; 1H NMR (500.13 MHz, CDCl3): 8.00 (1H,
s, formate); 5.44 (1H, m, H-3); 3.91 (1H, dd, J = 11.8
and 5.7 Hz, H-1), 3.79 (1H, m, H-11); 3.69 (1H, m, H-
20); 2.61 (1H, dd, J = 11.4 and 4.9 Hz, H-12b); 2.16
(1H, m, H-2b); 2.06 (1H, s, H-4b); 1.67 (1H, m, H-2a);
1.42 (1H, m, H-17); 1.24 (1H, m, H-4a); 1.15 (1H, m,
H-12a); 1.14 (3H, d, J = 6.2 Hz, H-21); 0.92 (3H, s, H-
19), 0.77 (3H, s, H-18); 13C NMR (125.77 MHz,
CDCl3): 160.0 (formate), 82.6 (C-1), 74.7 (C-11), 70.9
(C-3), 70.1 (C-20), 64.3 (C-9), 58.1 (C-14), 56.6 (C-17),
47.4 (C-13), 44.0 (C-12), 42.7 (C-5), 38.0 (C-10), 32.4
(C-6), 31.4 (C-8), 31.2 (C-2 and C-4), 26.8 (C-7 or C-
16), 26.6 (C-16 or C-7), 23.8 (C-21), 22.8 (C-15); 15.5
(C-19); 13.6 (C-18); MS, m/z 362 (M+, 1), 316 (7), 283
(5); 270 (8); 229 (19); 43 (100); HRMS m/z [M+]
362.2451 (calcd 362.2457).

5.4. 3a-Hydroxy-1b,11a-epoxy-5a-pregnan-20-one (5)

20-Ketosteroid 14 was obtained from compound 13
(38.0 mg, 0.105 mmol), following the same procedure
described for compound 10. The resulting solid was
purified by flash chromatography (ethyl acetate–hexane
1:1) to give 14 (38 mg, 60%):1H NMR (500.13 MHz,
CDCl3) d 8.00 (1H, s, formate); 5.45 (1H, m, H-3);
3.93 (1H, dd, J = 11.8 and 6.0 Hz, H-1), 3.77 (1H, m,
H-11); 2.64 (1H, t, J = 9.0 Hz, H-17); 2.41 (1H, dd,
J = 11.0 and 5.0 Hz, H-12b); 2.16 (1H, m, H-2b); 2.13
(3H, s, H-21); 2.06 (1H, s, H-4b); 1.66 (1H, m, H-2a);
1.23 (1H, m, H-4a); 1.15 (1H, m, H-12a); 0.92 (3H, s,
H-19), 0.66 (3H, s, H-18); 13C NMR (125.77 MHz,
CDCl3): 209.2 (C-20), 160.4 (formate), 82.8 (C-1), 74.1
(C-11), 70.9 (C-3), 64.4 (C-9), 61.5 (C-17), 58.8 (C-14),
48.4 (C-13), 43.0 (C-12), 42.7 (C-5), 38.0 (C-10), 32.3
(C-6), 31.9 (C-8), 31.2 (C-2 or C-4), 31.1 (C-4 or C-2),
26.5 (C-7), 24.4 (C-16), 23.8 (C-21), 22.8 (C-15); 15.5
(C-19); 14.5 (C-18).

3a-Hydroxy-1b,11a-epoxy-5a-pregnan-20-one (5) was
obtained from compound14 (28.5 mg, 0.079 mmol), fol-
lowing the same procedure described for compound 4.
The resulting solid was purified by flash chromatogra-
phy (ethyl acetate–hexane 4:6) to give 5 (19.6 mg, 75%)
as a white solid mp 168–169 �C (from methanol); IR
(KBr) 3410, 2890, 1715, 1425, 1029 cm�1; 1H NMR
(500.13 MHz, CDCl3): 4.42 (1H, br s, W1/2 8.5 Hz, H-
3); 4.03 (1H, dd, J = 11.8 and 5.7 Hz, H-1), 3.77 (1H,
ddd, J = 11.0, 10.5 and 4.8 Hz, H-11); 2.65 (1H, t,
J = 8.2 Hz, H-17); 2.42 (1H, dd, J = 11.0 and 4.8 Hz,
H-12b); 2.24 (1H, m, H-16b); 2.12 (3H, s, H-21); 2.08
(1H, m, H-2a); 1.94 (1H, m, H-4b); 1.93 (2H, m, H-6),
1.87 (1H, m, H-5); 1.71 (2H, m, H-15a and H-16a);
1.65 (1H, m, H-8); 1.63 (1H, m, H-2b); 1.54 (2H, m,
H-7), 1.35 (1H, m, H-12a); 1.27 (1H, m, H-14); 1.23
(1H, m, H-15b), 1.19 (1H, m, H-4 a); 0.97 (1H, m, H-
9); 0.94 (3H, s, H-19), 0.64 (3H, s, H-18); 13C NMR
(125.77 MHz, CDCl3): 209.2 (C-20), 83.3 (C-1), 73.9
(C-11), 68.2 (C-3), 64.4 (C-9), 61.6 (C-17), 58.8 (C-14),
48.4 (C-13), 43.3 (C-5), 43.2 (C-12), 38.1 (C-10), 34.8
(C-2), 33.6 (C-4), 32.4 (C-6), 31.9 (C-21), 31.3 (C-8),
26.7 (C-7), 24.4 (C-16), 22.8 (C-15); 15.6 (C-19); 14.6
(C-18); MS, m/z 332 (M+, 3), 314 (5), 299 (2), 271 (2);
244 (8); 159 (12); 43 (100); HRMS m/z [M+] 332.2353
(calcd 332.2351).

5.5. 3a-Acetoxy-11a-hydroxyy-5b-pregnan-20-one (17)

Imidazole (470 mg, 6.90 mmol) and t-butyldimethylsilyl-
chloride (700 mg, 4.64 mmol) were added successively to
a solution of 11a-hydroxy-5b-pregnan-3,20-dione (15,
390 mg, 1.18 mmol) in anhydrous DMF (4 ml) and the
solution was stirred for 3 h at 50 �C under a nitrogen
atmosphere. The reaction mixture was allowed to cool
to room temperature and then extracted with ether.
The organic layer was washed successively with brine
and water and dried with sodium sulfate. Evaporation
of the solvent followed by flash chromatography (ethyl
acetate–hexane 3:7) gave the 11-silyl ether (262 mg,
50%); 1H NMR (200.13 MHz, CDCl3): 4.08 (1H, m,
H-11); 2.60 (1H, m, H-17), 2.12 (3H, s, H-21); 1.11
(3H, s, H-19), 0.89 (9H, s, t-butyl-Si);0.63 (3H, s, H-
18); 0.09 (3H, s, CH3–Si) and 0.10 (3H, s, CH3–Si).
NaBH4 (22.4 mg, 0.59 mmol) was added to a solution
of the silyl ether obtained above (262 mg, 0.59 mmol)
in dichloromethane (5.3 mL) and methanol (5.3 mL) at
0 �C, and stirring was continued for 30 min. The reac-
tion mixture was acidified (pH 6) with 1 M HCl and
concentrated to a third of its volume. Water was added
to the residue and then extracted with dichloromethane.
The organic layer was washed with water, dried with so-
dium sulfate and the solvent evaporated under vacuum.
Acetylation of the residue with acetic anhydride
(1.87 mL) and pyridine (1.87 mL) gave compound 16
(212 mg, 73%); 1H NMR (200.13 MHz, CDCl3) d 4.78
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(1H, m, H-3); 3.94 (1H, m, H-11); 2.60 (1H, m, H-17),
2.13 (3H, s, H-21); 2.04 (3H, s, acetate); 1.08 (3H, s,
H-19), 0.89 (9H, s, t-butyl-Si); 0.64 (3H, s, H-18); 0.09
(3H, s, CH3-Si) and 0.10 (3H, s, CH3-Si).

To a solution of 16 (212 mg, 0.43 mmol) in THF (5 mL)
and acetonitrile (5.5 mL) was added 40% hydrofluoric
acid (4.4 mL) and the solution was stirred for 20 min
at room temperature. The reaction mixture was neutral-
ized with aqueous potassium bicarbonate and extracted
with ethyl acetate. The organic layer was washed with
water, dried with sodium sulfate and the solvent evapo-
rated under vacuum. The resulting solid was purified by
flash chromatography (ethyl acetate–hexane 4:6) to give
11a-hydroxysteroid 17 (140 mg, 85%) as a white solid:
mp 140–141 �C (from ethyl acetate–hexane); IR (KBr)
3410, 2880, 1715, 1420, 1130 cm�1; 1H NMR
(200.13 MHz, CDCl3): 4.78 (1H, m, H-3); 3.92 (1H, m,
H-11); 2.55 (1H, m, H-17), 2.14 (3H, s, H-21); 2.04
(3H, s, acetate); 1.05 (3H, s, H-19), 0.61 (3H, s, H-18);
13C NMR (50.32 MHz, CDCl3) d 209.6 (C-20), 171.0
(acetate), 74.5 (C-3), 69.0 (C-11), 63.4 (C-17), 55.6 (C-
14), 50.7 (C-12), 47.1 (C-9), 44.2 (C-13), 43.4 (C-5),
37.9 (C-4 or C-1), 35.8 (C-10), 34.7 (C-8), 32.6 (C-1 or
C-4), 31.4 (C-21), 27.6 (C-2 or C-6), 27.3 (C-6 or C-2),
26.1 (C-7), 24.4 (C-16), 23.7 (C-15); 22.9 (C-19); 21.4
(acetate), 14.4 (C-18); MS, m/z 376 (M+, 2), 358 (1),
316 (6); 298 (36); 283 (15); 255 (23), 43 (100); Anal.
Calcd for C23H36O4: C,73.37; H, 9.64. Found: C,
73.76; H 9.90.

5.6. 3a-Hydroxy-1a,11a-epoxy-5b-pregnan-20-one (6)

Compound 17 (140 mg, 0.37 mmol) was dissolved in re-
cently distilled dichloromethane (33 mL) and DIB
(145 mg, 0.45 mmol) and iodine (93.8 mg, 0.37 mmol)
were added to the solution. The reaction mixture was
vigorously stirred at 25 �C in a water jacketed flask,
while irradiating with a 300 W tungsten lamp
(5000 lm) for 20 min. The solution was washed with
aqueous sodium thiosulfate, dried with sodium sulfate
and the solvent evaporated. The resulting solid was puri-
fied by flash chromatography on Florisil, using hexane–
ethyl acetate 60:40 as eluant to give 1a,11a-epoxysteroid
18 (112 mg, 80%); 1H NMR (200.13 MHz, CDCl3): 4.67
(1H, m, H-3); 3.99 (1H, dd, J = 7 and 8 Hz, H-1); 3.91
(1H, m, H-11); 2.68 (1H, m, H-17), 2.14 (3H, s, H-21);
2.03 (3H, s, acetate); 1.09 (3H, s, H-19), 0.66 (3H, s,
H-18).

A solution of compound 18 (112 mg, 0.30 mmol) in
methanol (10 mL) containing K2CO3 (50 mg) was stir-
red for 30 min at 25 �C. The reaction mixture was neu-
tralized with 1 M HCl and extracted with
dichloromethane. The organic layer was washed with
water, dried with sodium sulfate and the solvent evapo-
rated under vacuum. The resulting solid was purified by
flash chromatography (ethyl acetate–hexane 4:6) to give
compound 6 (80 mg, 80%) as a white solid: mp 150–
151 �C (methanol); IR (KBr) 3413, 2856, 1724, 1357,
1035 cm�1; 1H NMR (500.13 MHz, CDCl3): 3.95 (1H,
dd, J = 9.3 and 7.5 Hz, H-1), 3.90 (1H, dt, J = 11.0,
11.0 and 4.3 Hz, H-11); 3.59 (1H, m, W1/2 = 30.0 Hz,
H-3); 2.63 (1H, t, J = 9.0 Hz, H-17); 2.48 (1H, dd,
J = 11.0 and 4.3 Hz, H-12b); 2.30 (1H, m, H-2a); 2.14
(3H, s, H-21); 1.86 (2H, m, H-7b); 1.77 (1H, m, H-16);
1.71 (1H, m, H-15a); 1.67 (1H, m, H-6a); 1.61 (1H, m,
H-4), 1.47 (1H, m, H-7); 1.43 (1H, m, H-8); 1.41 (1H,
m, H-9); 1.40 (1H, m, H-2b); 1.38 (1H, t, J = 11.0 Hz
m, H-12), 1.28 (1H, m, H-14); 1.23 (1H, m, H-15b);
1.07 (3H, s, H-19), 1.01 (1H, m, H-6b); 0.64 (3H, s, H-
18);13C NMR (125.77 MHz, CDCl3): 208.0 (C-20),
85.3 (C-1), 75.5 (C-11), 68.3 (C-3), 62.0 (C-17), 58.4
(C-14), 51.3 (C-9), 47.6 (C-13), 45.2 (C-12), 42.0 (C-2),
38.6 (C-5), 38.4 (C-10), 35.3 (C-4), 34.7 (C-8), 31.7 (C-
21), 26.8 (C-7), 26.6 (C-6), 24.2 (C-16), 22.5 (C-15),
21.3 (C-19), 15.0 (C-18); MS, m/z 332 (M+, 46), 314
(68), 299 (18), 271 (26); 244 (78);159 (100); HRMS m/z
[M+] 332.2345 (calcd 332.2351).

5.7. Membrane preparation

Whole cerebella from male Sprague–Dawley rats (200–
250 g) were homogenized in 5 vol (v/w) of ice-cold
0.32 M sucrose, using a Teflon-glass homogenizer at
1200 rpm. The homogenate was centrifuged at 1000g
for 10 min at 4 �C. The supernatant was carefully dec-
anted and centrifuged for 20 min at 15,000g at 4 �C.
The pellet (P2) was washed twice with 50 mM Tris–
HCl buffer (pH 7.4) followed by centrifugation for
20 min at 15,000g at 4 �C. The final pellet was sus-
pended in 1.2 ml of the same buffer and frozen at
�20 �C. On the days of the assays, membranes were
thawed, centrifuged for 20 min at 15,000g at 4 �C,
and the pellet was washed twice with 30 vol of the
incubation ice-cold buffer followed by centrifugation
(15,000g, 20 min). The final pellet was resuspended in
the incubation buffer (50 mM Tris–citrate, pH 7.4, con-
taining 200 mM NaCl) to a protein concentration of
approximately 8 mg/ml.24

5.8. t-[3H]Butylbicycloorthobenzoate ([3H]TBOB) bind-
ing assays

The effects of the steroids 1, 2, 4–6 on [3H]TBOB
binding were evaluated in cerebellar P2 homogenates
using essentially a previously described protocol with
some modifications.25 One hundred microliter aliquots
of cerebellum membrane preparation P2 were incu-
bated with 10 nM [3H]TBOB (21.0 Ci/mmol Amer-
sham Biosciences) in the presence or absence of
different concentrations of the steroids (10 nM–
1.2 lM). All steroids were dissolved in DMSO (Sig-
ma–Aldrich Corp., St. Louis, MO) and diluted with
the incubation buffer (1:1000) immediately before use.
1 mM picrotoxin was used as non-specific binding.
Assays were carried out at 25 �C for 2 h in the pres-
ence of 13.5 lM GABA (Sigma–Aldrich Corp.) and
terminated by rapid filtration through glass microfiber
filters (Whatman GF/C). Filter bound radioactivity
was quantified by liquid scintillation spectrophotome-
try. IC50 (concentration at which half-maximal inhibi-
tion of control binding occurs) values were determined
by linear computerized regression analysis after logit/
log26 transformation. All IC50 values are expressed in
nanomolar.
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