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The hydrogen-bond-acceptor properties of the carbonyl moiety in the 17â-acetyl group on the
D-ring of the anesthetic steroids (3R,5R)- and (3R,5â)-3-hydroxypregan-20-one form an important
part of the anesthetic steroid pharmacophore. 13,24-Cyclo-18,21-dinorcholanes containing a
ketone or conjugated ketone group at C-20, C-22, C-23, or C-24 were prepared as conforma-
tionally constrained analogues of these anesthetic steroids and were used to probe for alternate
locations for the D-ring hydrogen-bond-accepting carbonyl group. The analogues were evaluated
(1) in [35S]-tert-butylbicyclophosphorothionate binding experiments, (2) in electrophysiological
experiments using rat R1â2γ2L GABAA receptors expressed in Xenopus laevis oocytes, and (3)
as tadpole anesthetics. In the binding assay, the relative order of potencies for the analogues
in the 5R- and 5â-series is identical. For the ketones, the order is 24-one g 23-one > 20-one >
22-one. Likewise, for the enones, the order is ∆22-24-one > ∆20(22)-23-one > ∆22-20-one >
∆23-22-one. Similar relative orders of potencies are also found in the other two bioassays. The
activities of the 24-one and ∆22-24-one compounds were expected to be very low, because
the carbonyl group in these compounds is located over the steroid C-ring and oriented toward
C-8. Instead, these compounds have the highest activities in their respective series, with the
∆22-24-one compounds having activities comparable to those of the reference anesthetic steroids.
The electrophysiology results obtained with the 24-oxo-cyclosteroids suggest that rat R1â2γ2L
GABAA receptors contain more than one donor for the hydrogen-bond-acceptor group of
anesthetic steroids. The family of cyclosteroids should be useful for future structure-activity
relationship studies of steroid modulation of other GABAA receptor subtypes.

The endogenous steroids (3R,5R)- and (3R,5â)-3-hy-
droxypregnan-20-one (1a, 1b; Chart 1) are positive
allosteric modulators of GABAA receptors composed of
R, â, and γ subunits.1 The physiological and pharma-
cological actions of these and structurally related ste-
roids are a topic of widespread interest. At pharmaco-
logical doses, these steroids have anxiolytic, anticon-
vulsant, sedative hypnotic, and anesthetic activities.2

Along with a critical role for the hydrogen-bond-
donating 3R-hydroxyl group, previous structure-activ-
ity relationship (SAR) studies have indicated that a
hydrogen-bond-acceptor group located at C-17 and
positioned to accept a hydrogen bond from above the
plane of the steroid C,D-rings is important for high
pharmacological activity. Structural modifications that
position this hydrogen-bond-accepting group in or below

the plane of the steroid C,D-rings yield analogues
having no anesthetic activity and little, if any, actions
at GABAA receptors.3-5

In a recent study, conformationally constrained ste-
roids (D-ring epoxides and oxetanes) were examined to
define further the optimal location of the hydrogen-
bond-accepting group. From that study it was concluded
that this group should be near perpendicular to the
plane of the D-ring above C-17.6 In the study reported
herein, we have prepared and evaluated a series of
13,24-cyclo-18,21-dinorcholane analogues of steroids 1a
and 1b to probe for alternate locations for the D-ring
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hydrogen-bond-accepting group (Chart 1). The fifth ring
present in these analogues provides an invariant frame-
work upon which hydrogen-bond-accepting groups can
be positioned to probe for receptor hydrogen-bond
interactions from many different directions and at
varying distances in or above the plane of the steroid
C,D-rings.

The analogues have been evaluated by three different
methods. These methods are (1) noncompetitive dis-
placement of [35S]TBPS ([35S]-tert-butylbicyclophospho-
rothionate) from the picrotoxin site found on the het-
erogeneous population of GABAA receptors of rat brain
membranes, (2) electrophysiological actions on rat R1â2γ2L
GABAA receptors expressed in Xenopus laevis oocytes,
and (3) loss of righting and swimming reflex in X. laevis
tadpoles. We found that 13,24-cyclo-18,21-dinorcholane
analogues containing a C-24 carbonyl group (e.g., 35a,
35b) have activities comparable to those of steroids 1a
and 1b. Notably, the C-24 carbonyl group in these
analogues is positioned to accept a hydrogen bond from
above the C-8, C-14, C-15 edge of the steroid. The
possibility that a hydrogen-bond interaction between a
steroid and a GABAA receptor could occur in this three-
dimensional arrangement could not have been antici-
pated from previous SAR studies.

Chemistry

Schemes 1-5 show the synthetic routes to the target
cyclosteroids in both the 5R- and 5â-series. However,

since the synthetic routes for the two series are identi-
cal, only a description for the 5R-series is summarized
here. Using reaction conditions similar to those reported
previously,7,8 cyano ketone 8a was prepared from the
20-ketosteroid 6a (Scheme 1) in two steps (40%). The
20-keto group was then protected with ethylene glycol
to give compound 9a (83%), and this compound was
reacted with DIBALH in toluene at room temperature
to yield aldehyde 10a. As described for the preparation
of a different 13,24-cyclo-18,21-dinorchol-22-en-20-one,
treatment of aldehyde 10a with aqueous HCl removed
the ketal protecting group and affected a Robinson
annulation to yield the cyclosteroid 11a (57% from
steroid 9a).9 Hydrogenation of the 22-en-20-one 11a
gave the 20-one 2a (91%).

The 22-ones were obtained from the 20-ones via the
intermediate 20(22)-olefins (Scheme 2). For the 5R-
series, cyclosteroid 2a was first converted to tosylhy-
drazone 12a and then treated with excess n-BuLi in
THF at room temperature to produce selectively the
20(22)-olefin 13a (64% from steroid 2a).10 After protect-
ing the 3R-hydroxyl group as the MOM ether (compound
14a, 95%), hydroboration gave a mixture of the two
pairs of diastereomeric alcohols 15a and 16a. Without

Scheme 1a

a Reagents and conditions: (a) acetone cyanohydrin, Et3N, 50-
25 °C; (b) Pb(OAc)4, CaCO3, I2, cyclohexane, reflux, hν; (c) ethylene
glycol, pyridinium p-toluenesulfonate, toluene, reflux; (d) 1 M
DIBALH in toluene, THF, -78 to 25 °C; (e) 4 N HCl, THF, 25 °C;
(f) 5% Pd/BaSO4, H2, EtOAc, 40 psi, 25 °C.

Scheme 2a

a Reagents and conditions: (a) p-toluenesulfonhydrazide, MeOH,
concentrated H2SO4, 25 °C; (b) 2.5 N n-BuLi in hexanes, THF,
0-25 °C; (c) MOMCl, (i-Pr)2NEt, CH2Cl2, 25 °C; (d) (i) 1 M BH3 in
THF, 0 °C to 25 °C; (ii) aqueous NaOH, 30% H2O2, 0-25 °C; (e)
pyridinium chlorochromate, NaOAc, CH2Cl2, 25 °C; (f) 37% aque-
ous HCl, MeOH, 25 °C.
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further separation, these alcohols were oxidized with
PCC in CH2Cl2 at room temperature and the MOM
group was removed by hydrolysis to give the 22-one 3a
(51% from compound 14a) and recovered 20-one 2a (33%
from compound 14a).

The 23-ones were obtained from the 22-en-20-ones
(Scheme 3). For the 5R-series, epoxidation of enone 11a
with alkaline H2O2 in MeOH and 1,4-dioxane at 0 °C
gave a mixture (86%) of (22S,23S)-epoxide 19a and
(22R,23R)-epoxide 19b in the ratio of 1.8:1. The epoxides
underwent a Wharton rearrangement11 upon treatment
with hydrazine hydrate and acetic acid in refluxing
MeOH for 2h to give allylic alcohols 21a and 21b (62%).
Selective oxidation of the allylic hydroxyl groups with
activated MnO2 in CHCl3 for 48 h at room temperature
led to the 20(22)-en-23-one 21c (47%), and hydrogena-
tion of this enone gave the 23-one 4a (94%).

As reported below, we evaluated both the 20-, 22-, 23-,
24-ones and an enone analogue of each of these com-
pounds for their GABA-ergic and anesthetic effects. The
synthetic routes to the 22-en-20-ones and 20(22)-en-23-
ones are included in Schemes 1 and 3, respectively.
Syntheses of the 23-en-22-ones are shown in Scheme 4.
Syntheses of the 22-en-24-ones, along with the 24-ones,
are illustrated in Scheme 5.

The 23-en-22-ones were obtained from the 22-en-20-
ones via the intermediate 20(22),23-dienol-20-acetates
(Scheme 4). For the 5R-series, enone 11a was reacted
with Me3SiCl/NaI in Ac2O at room temperature for 24
h to give dienol acetate 23a (69%).12 Compound 23a was
then reduced with NaBH4 in ethanol at room temper-
ature to give the â,γ-unsaturated alcohols 24a and 24b
(92%).12 These alcohols were then reacted with Ph3P/I2
and imidazole in toluene at 95 °C for 1.5 h to give, in
quantitative yield, the iodides 26a and 26b. Several
methods were tried for the conversion of these iodides
to compound 28a. The attempted hydride displacement
of the iodide using either LiB(Et)3H in THF (Super-
Hydride) or Bu3SnH/AIBN13 and an attempted iodide
removal using Zn reduction were unsatisfactory. The
reactions gave an elimination product, the 20(22),23-
diene, as the main product. Ultimately, we found that
when iodides 26a and 26b were reduced with SmI2/
HMPA in THF,14 the desired 23-olefin 28a (66% from
compounds 24a and 24b) was obtained along with the
20(22),23-diene in the ratio of 4:1. The 20(22),23-diene
was readily removed by chromatography after adduct

Scheme 3a

a Reagents and conditions: (a) 30% H2O2, aqueous NaOH,
MeOH/1,4-dioxane, 0 °C; (b) NH2NH2‚xH2O (x ∼ 1.5), AcOH,
MeOH, reflux; (c) MnO2, CHCl3, 25 °C; (d) 5% Pd/BaSO4, H2,
MeOH, 40 psi, 25 °C.

Scheme 4a

a Reagents and conditions: (a) NaI, Ac2O, Me3SiCl, 0-25 °C;
(b) NaBH4, EtOH, 25 °C; (c) Ph3P, I2, imidazole, toluene, 95 °C;
(d) SmI2, HMPA, i-PrOH, THF, 25 °C; (e) CrO3, 3,5-dimethylpyra-
zole, CH2Cl2, 25 °C; (f) aqueous NaOH, MeOH, reflux.
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formation with 4-phenyl-1,2,4-triazoline-3,5-dione.15 Al-
lylic oxidation of compound 28a with 3,5-dimethylpyra-
zole/CrO3 complex16 in CH2Cl2 at -15 °C for 3 h,
followed by hydrolysis of the 3-acetyloxy group, gave the
23-en-22-one 30a (55% from compound 28a).

The 22-en-24-ones and 24-ones were obtained from
23-olefin precursors (Scheme 5). For the 5R-series, olefin
28a was oxidized with m-CPBA in CH2Cl2 at room
temperature for 5 h to form epoxide 31a in 90% yield.
Cleavage of this epoxide with aqueous HBr (48%) in
acetonitrile at room temperature led to bromohydrin
32a (70%).17 Oxidation of compound 32a with Jones
reagent in acetone at 5 °C for 1 h afforded R-bromo
ketone 33a in quantitative yield. Conversion of com-
pound 33a to the enone 34a was accomplished using
Li2CO3/LiBr in DMF at 125 °C (70%). Hydrolysis of the
3-acetyloxy group gave the 22-en-24-one 35a (80%).
Hydrogenation of compound 35a gave the 24-one 5a
(92%).

Molecular Modeling

Figure 1 shows the superimposition of steroid 1a with
a cyclosteroid that contains a carbonyl group at each of
the four possible positions on the fifth ring. Regardless
of the position of the carbonyl group in the cyclosteroid
analogues, the most stable conformation of the fifth ring
is a chair. Boat or twist-boat conformations for the fifth
ring are higher in steric energy by ∼2.5-3.5 kcal/mol

and would be populated in solution at 25 °C to only a
minor extent (<2%). A crystal structure determination
for cyclosteroid 5a confirms that the conformation of the
fifth ring for this cyclosteroid in the solid state is a chair
(see Supporting Information). Although not shown,
molecular modeling for the analogous superimpositions
of steroid 1b and its corresponding cyclosteroid ana-
logues yields equivalent results for both the conforma-
tion of the cyclosteroid fifth ring and its alignment with
the pregnane side chain of steroid 1b.

Whereas Figure 1 demonstrates a reasonable align-
ment for each pair of steroids when bound to a GABAA
receptor, the purpose of the figure is to provide a visual
context for comparing the relative positions of the
carbonyl groups in the aligned molecules. Additionally,
a difference of 2.5-3.5 kcal/mol between the chair and
boat or twist-boat conformations of each cyclosteroid is
too small a difference to exclude a boat conformation
for the receptor bound conformation of any of the
cyclosteroids. An additional figure showing C-ring align-
ments for the chair and boat or twist-boat conformations
of the fifth ring of each cyclosteroid shown in Figure 1
is included in the Supporting Information. The spacial
orientation of the carbonyl group in cyclosteroid 4a is
dramatically altered by the chair to boat interconver-
sion, since the carbonyl group in this molecule is at the
“bow” of the boat. The spacial orientation of the carbonyl

Scheme 5a

a Reagents and conditions: (a) m-chloroperbenzoic acid, NaH-
CO3, CH2Cl2, 25 °C; (b) 48% aqueous HBr, MeCN, -40 °C to 25
°C; (c) Jones reagent, acetone, 5 °C; (d) Li2CO3, LiBr, DMF, 125
°C; (e) aqueous NaOH, MeOH, reflux; (f) 5% Pd/BaSO4, EtOAc,
40 psi, 25 °C.

Figure 1. Superimpositions of the cyclosteroids 2a-5a
(orange) with anesthetic steroid 1a (blue). The hydrogen atoms
are not displayed. In each panel, the two structures were
superimposed using the six carbon atoms of the steroid C-ring
for alignment: (A) 20-oxo-cyclosteroid 2a/steroid 1a, (B) 22-
oxo-cyclosteroid 3a/steroid 1a, (C) 23-oxo-cyclosteroid 4a/
steroid 1a, and (D) 24-oxo-cyclosteroid 5a/steroid 1a.
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groups in cyclosteroids 2a, 3a, and 5a are only modestly
altered by the chair to boat interconversion. Future
molecular modeling/QSAR studies with additional ana-
logues will be required to provide information regarding
the receptor bound alignment and conformation of the
compounds.

As displayed in Figure 1A, cyclosteroid 2a mimics the
high-energy conformer of steroid 1a in which its C-21
methyl group is aligned vertically in a 1,3-diaxial
arrangement with that steroid’s C-18 methyl group. The
carbonyl group of cyclosteroid 2a is aligned along the
axis of the C-17, C-20 bond and, unlike the carbonyl
group of superimposed steroid 1a (Figure 1A), is pro-
jecting toward the R-face of the molecule. Cyclosteroids
3a, 4a, and 5a do not mimic any conformations of
steroid 1a. In cyclosteroid 3a, the carbonyl group is
elevated above the corresponding carbonyl group of
steroid 1a and both carbonyl groups project in the same
general direction (Figure 1B). In cyclosteroid 4a, the
carbonyl group is located above the plane of the cyclo-
steroid C,D-rings, is aligned with the axis of the C-16,
C-17 bond in the D-ring, and is projecting away from
the direction of the carbonyl group in superimposed
steroid 1a by ∼130° (Figure 1C). In cyclosteroid 5a, the
carbonyl group is as elevated above the plane of the C,D-
rings, as it is in cyclosteroid 3a, but it now projects
toward C-8. Relative to the position of the carbonyl
group in superimposed steroid 1a (Figure 1D), the
carbonyl group of cyclosteroid 5a is higher above the
plane of the C,D-ring plane and projecting in a different
direction by ∼110°.

[35S]TBPS Displacement
The results for the noncompetitive displacement of

[35S]TBPS from the picrotoxin binding site found on the
heterogeneous GABAA receptors present in rat brain
membranes by the 13,24-cycloketones and their corre-
sponding enones are reported in Table 1. Within the 5R-
series, none of the cyclosteroids is as potent a displacer
of [35S]TBPS as the prototype 5R-reduced steroid 1a.
The order of potency for [35S]TBPS displacement by the

13,24-cycloketones is: 5a ≈ 4a > 2a > 3a. The addition
of a conjugated double bond in the 13,24-cyclo ring
causes a minor enhancement of displacement potency
for each compound in the enone series. For the enones,
the order of potency is 35a > 21c > 11a > 30a.

Similar displacement potencies were found for the 5â-
series. Once again, none of the cyclosteroids is as potent
a displacer of [35S]TBPS as the prototype 5â-reduced
steroid 1b. The order of potency for displacement by the
13,24-cycloketones is 5b > 4b > 2b > 3b. For the
enones, the order of potency is 35b > 22c > 11b > 30b.
Thus, the relative order of potencies is identical for the
ketones (24-one g 23-one > 20-one > 22-one) and the
enones (∆22-24-one > ∆20(22)-23-one > ∆22-20-one > ∆23-
22-one) in both the 5R- and 5â-series of congeners. The
Hill coefficients for [35S]TBPS displacement are near
unity (0.84-1.17) in the 5R-series, but have a wider
range of values (0.57-1.15) in the 5â series.

Also shown in Table 1 are the intramolecular oxygen-
oxygen (O-O) distances for each compound. Although
within each cyclosteroid series [35S]TBPS displacement
potency correlates with decreasing intramolecular O-O
distance, the reference steroids have intramolecular
O-O distances similar to those of the least potent
cyclosteroid analogues. Hence, intramolecular O-O
distance alone is not a sufficient parameter to account
for displacement potency. Not surprisingly, the spacial
relationship between the 3R-hydroxy group and the
D-ring hydrogen-bond-acceptor group is also an impor-
tant parameter.

Electrophysiology

The ability of the compounds to affect GABAA receptor
function was determined by electrophysiological tech-
niques using X. laevis oocytes expressing rat R1â2γ2L-
type GABAA receptors (Table 2). For screening purposes,
each cyclosteroid was evaluated at three different
concentrations for its ability to enhance currents medi-
ated by 2 µM GABA. Direct gating effects of each
compound (10 µM) also were determined. This screening
method is useful for making a qualitative distinction
between active and inactive modulators. However,
because all compounds were not screened on the same
oocyte and because oocytes vary within and between
batches in their potentiation, the screening results do
not permit meaningful quantitative comparisons among
compounds.

Quantitative comparisons were made for compounds
in subsequent experiments wherein both the analogue
(500 nM) and corresponding 5R- or 5â-reduced reference
steroid (500 nM) were applied to the same oocyte
(Figure 2). This concentration was chosen for compari-
son because it was well above the threshold for poten-
tiation by reference steroids (∼0.1 µM, Table 2) but did
not evoke detectable desensitization, which can con-
found quantitation. All test steroids showed signifi-
cantly less potentiation than the corresponding refer-
ence steroids (p < 0.05, n ) 5 oocytes for each com-
pound). At this concentration, only enone 35a in the
5R-series was quantitatively similar as a potentiator
to reference steroid 1a, and was notably better
than other test compounds. In the 5â-series, enone 35b
was quantitatively most similar to the reference steroid
1b. Most compounds with little activity at 500 nM

Table 1. Displacement of [35S]TBPS Binding by Cyclosteroids

compd IC50 (nM)a nHill O-O distance (Å)b

5R-Steroids
1a; 20-oxo 74 ( 7 0.89 ( 0.06 11.17
5a; 24-oxo 301 ( 20 1.01 ( 0.06 8.31
4a; 23-oxo 334 ( 17 1.14 ( 0.05 10.02
2a; 20-oxo 514 ( 64 0.84 ( 0.08 10.93
3a; 22-oxo 1440 ( 100 0.95 ( 0.06 11.77
35a; ∆22-24-one 197 ( 23 1.03 ( 0.10 8.16
21c; ∆20(22)-23-one 243 ( 11 0.89 ( 0.03 10.19
11a; ∆22-20-one 373 ( 20 1.17 ( 0.06 11.05
30a; ∆23-22-one 1260 ( 100 1.00 ( 0.07 11.76

5â-Steroids
1b; 20-oxo 71 ( 18 0.57 ( 0.06 10.74
5b; 24-oxo 329 ( 35 0.95 ( 0.08 8.56
4b; 23-oxo 899 ( 150 0.89 ( 0.11 10.15
2b; 20-oxo 1780 ( 180 1.36 ( 0.16 10.32
3b; 22-oxo 3230 ( 640 0.73 ( 0.11 11.57
35b; ∆22-24-one 105 ( 12 0.90 ( 0.07 8.42
22c; ∆20(22)-23-one 268 ( 43 0.64 ( 0.05 10.35
11b; ∆22-20-one 1570 ( 140 1.15 ( 0.10 10.44
30b; ∆23-22-one 4750 ( 970 0.95 ( 0.18 11.52

a Results presented are from duplicate experiments performed
in triplicate. Error limits are calculated as standard error of the
means. b Intramolecular oxygen-oxygen (O-O) distances. For the
cyclosteroids, the fifth ring has the chair conformation.
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(Figure 2C, D) were able to potentiate GABAA receptor
activity in a concentration-dependent manner (Table 2).
This suggests that activity is not completely lost in any
of the cyclosteroids in this series.

Overall, the pattern of potentiation was strikingly
similar for the 5R- and 5â-series (Figure 2C, D) and
matched well the rank order of steroids assayed in the
TBPS binding assay (Figure 3A, B). In the case of both
assays (along both axes of the plots in Figure 3A,B), the
rank order for the 5R-reduced compounds closely paral-
leled the rank order of the corresponding 5â-reduced
compounds. Although the single-point electrophysiology
assay reflects a mixture of potency and efficacy and the
TBPS EC50 reflects a purer potency measure, the results
suggest that SAR for the cyclosteroids obey similar
constraints, regardless of whether the steroids are 5R-
or 5â-reduced. The results of Figure 3A,B also suggest
that there is a reasonably positive correlation between
cyclosteroids that potently displace TBPS binding and
those that potentiate GABA-gated currents at a low
concentration. An IC50 in the TBPS assay of greater
than ∼250 nM for 5R-reduced steroids or ∼500 nM for
5â-reduced steroids is associated with little potentiation,
except in the case of cyclosteroids 30a and 30b (gray
symbols in Figure 3A,B). These compounds were among
the weakest displacers of TBPS binding but yielded
measurable potentiation of GABA currents. An explana-
tion for the actions of these outliers was not ascertained.

The ability of 10 µM steroids to directly gate GABAA
receptor currents was also measured. In the 5R-series,
compounds 1a, 5a, 4a,and 21c all had similar gating
actions. Compound 11a appeared to gate about twice
as much current as these compounds. Both the reference
steroid 1b and the entire 5â-series of cyclosteroids were

found to have nonsubstantial direct gating actions.
Without exception, no compound with weak potentiation
effects was found to have substantial gating effects.

Tadpole Behavior

The anesthetic actions of the cyclosteroids were
evaluated using tadpoles. The EC50s for loss of righting
response (LRR), a widely used index for comparing
potency of anesthetics,18 are shown in Table 3. Also

Table 2. Modulation of Rat R1â2γ2L GabaA Receptor Function
by Cyclosteroids

oocyte electrophysiologya

compd 0.1 µM 1 µM 10 µM
gating

(10 µM)

5R-Steroids
1a; 20-oxob 1.26 ( 0.14 3.89 ( 1.34 9.65 ( 3.87 0.37 ( 0.07
5a; 24-oxo 1.22 ( 0.23 3.05 ( 0.79 10.73 ( 1.87 0.39 ( 0.69
4a; 23-oxo 1.39 ( 0.38 1.64 ( 0.15 6.49 ( 0.59 0.32 ( 0.01
2a; 20-oxo 1.01 ( 0.03 1.44 ( 0.03 2.28 ( 0.05 0 ( 0.1
3a; 22-oxo 1.30 ( 0.15 1.61 ( 0.22 2.93 ( 0.68 0.06 ( 0.06
35a; ∆22-24-one 1.98 ( 0.25 8.33 ( 0.75 9.45 ( 4.19 0.07 ( 0.10
21c; ∆20(22)-23-

one
1.59 ( 0.14 5.53 ( 0.66 16.58 ( 2.45 0.35 ( 0.12

11a; ∆22-20-one 1.49 ( 0.20 5.87 ( 1.52 9.07 ( 1.86 0.72 ( 0.03
30a; ∆23-22-one 1.12 ( 0.08 1.54 ( 0.30 5.07 ( 0.98 -0.04 ( 0.05

5â-Steroids
1b; 20-oxo 1.20 ( 0.10 2.82 ( 0.51 9.77 ( 2.15 0.06 ( 0.03
5b; 24-oxo 1.26 ( 0.05 3.45 ( 0.29 10.42 ( 1.65 0.04 ( 0.02
4b; 23-oxo 0.97 ( 0.03 1.03 ( 0.08 3.17 ( 0.42 0.01 ( 0.01
2b; 20-oxo 0.93 ( 0.06 1.12 ( 0.14 1.51 ( 0.13 -0.25 ( 0.21
3b; 22-oxo 0.97 ( 0.01 1.11 ( 0.14 2.65 ( 0.33 -0.10 ( 0.06
35b; ∆22-24-one 1.36 ( 0.60 3.15 ( 1.19 21.38 ( 11.08 0.20 ( 0.19
22c; ∆20(22)-23-

one
1.07 ( 0.10 1.83 ( 0.25 4.50 ( 0.46 -0.02 ( 0.01

11b; ∆22-20-one 1.07 ( 0.17 1.17 ( 0.11 2.34 ( 0.37 0.11 ( 0.04
30b; ∆23-22-one 1.87 ( 0.24 1.80 ( 0.25 4.44 ( 0.87 0.26 ( 0.31

a The GABA concentration used for the control response was 2
µM. Each compound was evaluated on at least four different
oocytes at the concentrations indicated, and the results reported
are the ratio of the currents measured in the presence/absence of
added compound. Gating represents direct current gated by 10
µM compound in the absence of GABA, and this current is reported
as the ratio of compound only current/2 µM GABA current. Error
limits are calculated as standard error of the means. b Values
reported are from ref 21.

Figure 2. Electrophysiological responses to GABA are po-
tentiated by cyclosteroids. (A) GABA currents potentiated by
5R-reduced cyclosteroids. Two-electrode voltage-clamp record-
ing (-70 mV) from an oocyte showing the response to 2 µM
GABA alone and in the presence of 500 nM test compound
35a and in the presence of reference compound 1a. At this
concentration, effects of steroids were readily reversible (right
panel). (B) Analogous experiment in another oocyte showing
effects of 5â-reduced compounds. (C) Summary of the effects
of the 5R-cyclosteroid series tested at 500 nM against the
response to 2 µM GABA alone (dotted line denotes the
normalized response to GABA alone). (D) Similar summary
for the 5â-reduced series.
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shown in Table 3 are the EC50s for loss of swimming
reflex (LSR). This behavior is generally observed at
higher concentrations than LRR and can be used to

quantitate the steroid concentrations required for total
impairment of tactile stimulation.

For the ketones in the 5R-series, the most potent
compounds for causing tadpole LRR were reference
steroids 1a and the 24-ketone 5a. The remaining
ketones were about 3-7-fold less potent. The LRR Hill
slope values for the five compounds in the series were
all around -2. Compound 5a was about 3-fold more
potent in causing LSR than reference steroid 1a.
Compounds 4a and 2a and reference steroid 1a all had
comparable LSR EC50 values. Compound 3a, the least
potent compound in the series for causing LRR, did not
induce LSR in any tadpoles at the highest dose tested
(10 µM). As is generally the case, the Hill values for all
compounds causing LSR are very steep.

The enones in the 5R-series had LRR and LSR
potencies that were similar to those found for the
ketones of the series. The LRR Hill slope for enone 35a
was uncharacteristically steep (∼ -17) and the slope for
compound 21c was somewhat shallow (∼ -1). Other-
wise, the LRR Hill slopes were similar to those found
for the ketones (i.e., ∼ -2). When LSR was observed,
the LSR Hill slopes were very steep.

For the ketones in the 5â-series, none of the analogues
was as potent in causing LRR as reference steroid 1b.
Among the analogues, compound 5b had the lowest LRR
EC50 and also produced a steep concentration-response
curve. The Hill value for compound 4b was similarly
steep. Compound 5b was the only analogue in the series
to have an LSR value similar to that found for reference
steroid 1b. The LSR Hill slopes for all the ketone
analogues were steeper than the slope value recorded
for reference steroid 1b. The enones in the 5â-series had
LRR and LSR potencies that were similar to those found
for the ketones of the series. The LRR Hill slope for
compound 22c was very steep.

Because potentiation of GABAA receptor mediated
currents likely underlies anesthetic properties of neu-
roactive steroids,19 we examined the correlation between
LRR EC50 and the current potentiation observed for
recombinant GABAA receptors (Figure 3C,D). While the

Table 3. Cyclosteroid Effects on Tadpole Righthing and Swimming Reflexes

LRRa LSRb

compd ED50 (µM) nHill EC50 (µM) nHill

5R-Steroids
1a; 20-one 0.42 ( 0.04 -1.83 ( 0.32 5.50 ( 0.48 -7.5 ( 1.1
5a; 24-one 0.32 ( 0.02 -1.75 ( 0.17 1.73( 0.03 -36.5 ( 0.07
4a; 23-one 1.12 ( 0.36 -1.75 ( 0.83 3.58 ( 1.08 -16.7 ( 28.3
2a; 20-one 1.36 ( 0.20 -2.51 ( 0.76 5.45 ( 0.07 -33.5 ( 0.1
3a; 22-one 2.37 ( 0.47 -2.02 ( 0.64 none @ 10 µM
35a; ∆23-24-one 1.02 ( 0.0 -17.1 ( 0.91 2.66 ( 0.0 -24.2 ( 0.0
21c; ∆20(22)-23-one 1.28 ( 0.38 -1.16 ( 0.26 10.0 ( 0.0 -17.0 ( 0.0
11a; ∆22-20-one 3.38 ( 0.67 -2.79 ( 1.89 none @ 10 µM
30a; ∆23-22-one 0.73 ( 0.16 -1.57 ( 0.43 5.48 ( 0.09 -33.5 ( 0.1

5â-Steroids
1b; 20-one 0.063 ( 0.003 -1.54 ( 0.12 0.30 ( 0.0 -6.93 ( 0.47
5b; 24-one 0.40 ( 0.12 -4.97 ( 5.29 0.89 ( 0.0 -18.2 ( 0.4
4b; 23-one 1.44 ( 0.02 -3.02 ( 0.09 3.55 ( 1.15 -17.5 ( 33.6
2b; 20-one 0.94 ( 0.55 -1.23 ( 0.64 5.48 ( 0.08 -33.5 ( 0.1
3b; 22-one 2.47 ( 0.53 -1.86 ( 057 9.43 ( 0.06 -18.7 ( 0.6
35b; ∆23-24-one 0.40 ( 0.13 -4.97 ( 5.75 1.00 ( 0.0 -18.6 ( 0.1
22c; ∆20(22)-23-one 1.05 ( 0.00 -16.6 ( 0.9 2.72 ( 0.01 -22.1 ( 0.7
11b; ∆22-20-one 2.56 ( 1.39 -1.59 ( 0.95 8.95 ( 0.01 -19.8 ( 0.01
30b; ∆23-22-one 0.56 ( 0.9 -1.50 ( 0.27 5.48 ( 0.01 -33.5 ( 0.1

a LRR ) loss of righting response. Error limits are calculated as standard error of the means. b LSR ) loss of swimming response.
Error limits are calculated as standard error of the means.

Figure 3. Correlations between assays. (A and B) Correlation
between the IC50 values of the [35S]TBPS binding assay with
the degree of potentiation from the electrophysiology assay.
The data are a plot of values from Table 1 and a replot of
potentiation values from Figure 2C,D. The dotted line indicates
no potentiation in the electrophysiology assay. (C and D)
Correlation between the potency (EC50) of the compounds in
the anesthesia LRR assay and potentiation in the electro-
physiological assay. The data are a plot of values from Table
3 and a replot of potentiation values from Figure 2C,D. The
legend below panel C applies to panels A and C (the 5R-
reduced series), and the legend below panel D applies to panels
B and D (the 5â-reduced series).
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relationship was not linear, it is clear from the plot that
no compound with poor anesthetic potency yielded
strong GABA current potentiation. Possible reasons for
the lack of a stronger correlation between these assays
include limited dynamic range of the electrophysiologi-
cal assay, different receptor subunit combinations re-
sponsible for the behavioral outcome, species differ-
ences, additional in vivo targets of the compounds, and
differential in vivo metabolism. Interestingly, com-
pounds 30a and 30b, which appeared to be outliers in
the TBPS vs electrophysiology correlation (Figure 3A,B),
did not stand out as outliers in the LRR vs electrophysi-
ology relationship (gray symbols, Figure 3C,D).

Discussion

The goal of this study was to develop a series of
conformationally restricted analogues that would pro-
vide new information about the SAR of 5R- and 5â-
reduced anesthetic steroids. In particular, we were
interested in gaining new information concerning the
optimal location(s) for a hydrogen-bond-acceptor group
on the steroid D-ring. To achieve our goal we chose the
13,24-cyclo-18,21-dinorcholane ring system as the in-
variant framework for the analogues. The systematic
rules of nomenclature tend to obscure the fact that this
ring system arises from the formation of a one-carbon
bridge between C-18 and C-21 of pregnanes. Hence, for
these cyclosteroids the additional fifth ring introduces
little new hydrophobic bulk into the core structure of
the pregnane ring system. At the same time, the new
ring mimics the conformation of the pregnane side chain
at C-21 in which there is a sterically unfavorable 1,3-
diaxial interaction between C-18 and C-21.

Compounds in the study that mimic a high-energy
conformation of 5R-reduced anesthetic steroid 1a are the
20-oxo-cyclosteroids 2a and 11a. As shown in Figure 1A,
the carbonyl group in the analogues projects toward the
steroid R-face. It is known from previous SAR studies
that having the D-ring hydrogen-bond-acceptor group
in either the plane of the steroid rings or oriented
toward the steroid R-face yields compounds with no
anesthetic and minimal GABAergic actions.3-5 Hence,
it is not surprising that cyclosteroids 2a and 11a were
found to have low potencies in all bioassays used in this
study. Similar results were expected, and found, for
cyclosteroids 2b and 11b, the mimics of the analogous
high-energy conformer of 5â-reduced anesthetic steroid
1b.

For the 22-oxo-cyclosteroids, the hydrogen-bond-ac-
cepting carbonyl group is located above the plane of the
steroid D-ring (Figure 1B). This group projects in the
same general direction as it does in the global minimum
energy conformations of anesthetic steroids 1a and 1b.5
Previous SAR studies carried out with a variety of
D-ring-constrained analogues have shown that maximal
activity occurs when the hydrogen-bond-acceptor group
is near perpendicular to the plane of the D-ring above
the â-face of the steroid.6 The most potent displacer of
[35S]TBPS in that study was the C-17 exocyclic epoxide,
(3R,5R,17â)-spiro[androstane-17,2′-oxiran]-3-ol. Using
the C-ring carbon atoms to superimpose this epoxide
and cyclosteroid 3a, we found that the epoxide oxygen
and C-20 of cyclosteroid 3a are separated in space by

only 0.17 Å. The carbonyl oxygen of cyclosteroid 3a is
2.42 Å away from the epoxide oxygen. Accordingly, we
anticipated that 22-oxo-cyclosteroids 3a, 30a (5R-series)
and 3b, 30b (5â-series) would be more potent in the
bioassays than the corresponding 20-oxo-cyclosteroids
because of the more favorable location of the hydrogen-
bond-acceptor group above the steroid D-ring. This was
not the case since the 22-oxo analogues usually had
lower activity in all three bioassays. The reason for the
poor activity of the 22-oxo analogues is currently
uncertain. We speculate that either the 22-ketone group
is elevated too high over the D-ring or that the carbonyl
group projects in the wrong direction. Further studies
with additional cyclosteroids having different types of
hydrogen-bond-acceptor groups at this position will be
investigated to provide additional insight into the
possible reasons for the poor activity of the 22-oxo-
cyclosteroids.

The carbonyl group of the 23-oxo-cyclosteroids is
located in a region of space that has not been probed in
previous SAR studies. Hence, predictions as to the
actions of these cyclosteroid positional isomers were not
possible. We found that the 23-oxo-cyclosteroids 4a, 21c
(5R-series) and 4b, 22c (5â-series) were more active than
either the 20-oxo- or 22-oxo-cyclosteroids. When the fifth
ring is in a chair conformation (Figure 1C), the carbonyl
group of the 23-oxo-cyclosteroids projects far above and
to the left of the D-ring. However, as noted earlier, the
23-oxo-cyclosteroids are unique among the group of
cyclosteroid positional isomers in that changing the
conformation of the fifth ring for the 23-oxo-cyclosteroids
to a twist-boat causes a major change in the orientation
of the C-23 carbonyl group (see modeling figure in
Supporting Information). In the twist-boat conforma-
tion, while the carbonyl group still projects far above
the steroid, it is now angled toward the C-15, C-16 edge
of the steroid D-ring. Until more is known about the
receptor-bound conformation of the 23-oxo-cyclosteroids,
it is not possible to decide which conformation best
explains the actions of these compounds. Additional
studies with other 23-substituted analogues will be
needed to refine the SAR of this group of compounds.

The most surprising results in the study were ob-
tained with the 24-oxo-cyclosteroids 5a, 35a (5R-series)
and 5b, 35b (5â-series). These compounds were the most
potent analogues identified in this study. As shown in
Figure 1D, the carbonyl group in these analogues is as
far above the D-ring as the carbonyl group of the 22-
oxo-cyclosteroids. However, the carbonyl groups in the
22-oxo- and 24-oxo-cyclosteroids project toward opposite
edges of the steroid rings. Clearly, on the basis of
previous SAR studies, one would have predicted that
the 22-oxo group was located in a more favorable
position to interact with a GABAA receptor hydrogen-
bond donor than the 24-oxo group. The fact that this
was not the case indicates that much remains to be
learned about the SAR of the D-ring hydrogen-bond-
acceptor group of anesthetic steroids. Perhaps there are
multiple receptor hydrogen-bond-donor groups arranged
in a band over the steroid D-ring that have the potential
to interact with steroid hydrogen-bond-acceptor groups
located in different locations. Alternatively, it may be
that the same receptor hydrogen-bond donor interacts
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through an intervening water molecule with steroid
hydrogen-bond-acceptor groups positioned in different
locations.

There were two reasons for preparing ketone and
enone analogues for the four families of 13,24-cyclo-
18,21-dinorcholanes included in this study. For the
ketones, the fifth ring can adopt a higher energy boat
conformation as well as the lower energy chair confor-
mation. The molecular modeling and analysis of our
results was based on the lower energy chair conforma-
tion for the fifth ring. Adding a double bond in conjuga-
tion with the carbonyl group flattens the fifth ring and
essentially restrains it to an envelope conformation.
Flattening of the ring (chair conformation) has a minor
effect on the orientation of the carbonyl group. Ad-
ditionally, adding the conjugated double bond improves
its hydrogen-bond-acceptor properties.20 We speculate
that this electronic effect contributes to the nearly
uniform increase in activity observed with the enone
derivatives of the ketones.

The finding that the SAR for the 5R- and 5â-cyclos-
teroid analogues are closely similar deserves additional
comment. We have been interested in preparing anes-
thetic steroid analogues for which the SAR of 5R- and
5â-reduced congeners are different. Our goal has been
to attain a better understanding of the structural
features of the binding sites for the two families of
anesthetic steroids. Previously, we found some modest
SAR differences for a series of 5R- and 5â-reduced
N-acylated 17a-aza-D-homosteroid analogues.21 We had
suspected that by constraining the D-ring hydrogen-
bond-acceptor group to several different locations in
three-dimensional space, new differences in the SAR for
the two families of compounds would become apparent.
Unfortunately, this was not the case, and our cyclo-
steroid results provide no new insights into any possible
differences in structural features of the binding sites
for 5R- and 5â-reduced anesthetic steroids. We remain
interested in the possibility that such differences exist
and we are preparing other types of analogues to explore
this issue further.

In conclusion, we have presented results obtained
with a new family of cyclosteroids indicating that there
are multiple, and heretofore unexpected, locations pos-
sible for the D-ring hydrogen-bond-acceptor group of
anesthetic steroids. We plan to expand on this study
by changing the hydrogen-bond-acceptor group present
in this series of cyclosteroids. For example, we have
previously used the cyano group as a hydrogen-bond-
acceptor group in our analogue studies of anesthetic
steroids.22 Since a cyano group can occupy either an
axial or equatorial position at each of the four positions
on the fifth ring of the 13,24-cyclo-18,21-dinorcholane
ring system, it can be used to provide additional
information on the directionality of hydrogen-bond
formation. Additionally, we plan to prepare the series
of steroids in which the fifth ring is a five-membered
ring instead of a six-membered ring. These analogues
are 18,21-cyclopregnanes (formally named as cyclo-
penta[13,17]-18-norandrostanes), and analogues in this
new series will provide additional opportunities to refine
the directionality of steroid D-ring/receptor hydrogen-
bond interactions. Last, the potential that unique
pharmacological activities for the relatively potent cy-

closteroids such as 35a and 35b exist needs to be
explored. Because of the novel location of the hydrogen-
bond-acceptor group in these molecules it may be that
there will be GABAA receptor subtype specificity as-
sociated with these congeners. There are modest differ-
ences in the actions of steroid 1a at some subtypes of
GABAA receptors.1 However, thus far, steroids with
markedly selective GABAA receptor subtype specificity
have not been identified. The identification of such
steroids might affect the pharmacological uses for
neuroactive steroids. By analogy, the identification of
GABAA receptor subtype specific benzodiazepines has
had a major impact on the pharmacology and clinical
use of benzodiazepines.23

Experimental Section
General Methods. Melting points were determined on a

Kofler micro hot stage and are uncorrected. NMR spectra were
recorded in CDCl3 at 300 MHz (1H) or 75 MHz (13C). IR spectra
were recorded as films on a NaCl plate. Elemental analyses
were carried out by M-H-W Laboratories, Phoenix, AZ. Sol-
vents were used either as purchased or dried and purified by
standard methodology. Flash chromatography was performed
using silica gel (32-63 µm) purchased from Scientific Adsor-
bents, Atlanta, GA.

(3r,5r)-3-(Acetyloxy)-20-hydroxypregnane-20-carboni-
trile (7a). Compound 7a was prepared using a reported
procedure.7 Et3N (0.2 mL) was added to (3R,5R)-3-(acetyloxy)-
pregnan-20-one (6a, 1.0 g, 2.77 mmol) in acetone cyanohydrin
(2 mL) at 50 °C. The reaction mixture was slowly cooled to
room temperature with stirring. After 3 h, water (5 mL) was
added to the reaction mixture, and the white solid precipitate
(mixture of compound 6a and 7a) was filtered and washed
thoroughly with water, then dried under high vacuum at room
temperature for 24 h. The precipitate was used without further
purification.

An analytical sample of 7a was purified by column chro-
matography (silica gel; hexanes/EtOAc, 7:1) and obtained as
white crystals: mp 192-195 °C (EtOAc-hexanes); 1H NMR
δ 0.81 (s, 3H, 19-CH3), 1.00 (s, 3H, 18-CH3), 1.62 (s, 3H, 21-
CH3), 2.05 (s, 3H, CH3CO2), 5.01 (m, 1H, CHOAc); 13C NMR δ
11.3, 13.0, 20.5, 21.5, 24.0, 25.0, 26.1, 28.2, 30.6, 31.8, 32.8 (2
× C), 34.9, 35.8, 40.0, 40.2, 43.5, 54.1, 55.9, 59.1, 70.1, 71.7,
122.0 (CN), 170.7 (CO2); IR νmax 3389, 2924, 2231, 1701, 1281
cm-1. Anal. (C24H37NO3) C, H, N.

(3r,5r)-3-(Acetyloxy)-20-oxopregnane-18-carboni-
trile (8a). Compound 8a was prepared using a reported
procedure.8 I2 (1.6 g, 6.30 mmol) was added to a refluxing
mixture of Pb(OAc)4 (6.0 g, 13.5 mmol) and CaCO3 (2 g, 20.0
mmol) in cyclohexane (200 mL). The purple solution was
refluxed for 1 h and the mixture of compound 6a and 7a
obtained in the last step [prepared from 6a (1.0 g, 2.77 mmol)]
was added. The reaction mixture was refluxed while being
irradiated with a 300 W tungsten lamp for 3 h and then cooled
to room temperature. After filtration, the precipitate was
washed thoroughly with ether. The combined filtrate was
washed successively with 10% Na2S2O3 and brine and dried
over Na2SO4. Removal of solvent under reduced pressure gave
a residue which was purified by column chromatography (silica
gel; hexanes/EtOAc, 4:1) to give compound 8a (400 mg, 40%
from 6a) and recovered compound 6a (400 mg).

Compound 8a was obtained as a colorless oil: 1H NMR δ
0.80 (s, 3H, 19-CH3), 2.06 (s, 3H, CH3CO2), 2.29 (s, 3H, 21-
CH3), 2.70 (t, J ) 9.0 Hz, 1H, CHCOCH3), 5.02 (m, 1H,
CHOAc); 13C NMR δ 11.3, 16.4, 20.6, 21.5, 23.1, 24.0, 26.0,
28.0, 31.6, 32.5, 32.7, 32.7, 35.5, 35.7, 36.0, 39.8, 46.1, 53.7,
56.5, 62.0, 69.8, 118.1 (CN), 170.5 (CO2), 208.7 (CO); IR νmax

2933, 2249, 1732, 1704, 1245 cm-1. Anal. (C24H35NO3) C, H,
N.

(3r,5r)-3-(Acetyloxy)-20,20-[1,2-ethanediylbis(oxy)]preg-
nane-18-carbonitrile (9a). A mixture of compound 8a (1.93
g, 5.00 mmol), ethylene glycol (3.1 g, 50 mmol), and PPTS (0.64
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g, 2.55 mmol, 30% W/W) in toluene (50 mL) was refluxed using
a Dean-Stark apparatus under N2 for 2 h. The reaction
mixture was cooled to room temperature, washed with 10%
NaHCO3 and brine, and dried over Na2SO4. The solvent was
removed and the residue was purified by column chromatog-
raphy (silica gel; hexanes/EtOAc, 9:1) to give compound 9a
(1.78 g, 83%).

Compound 9a was obtained as white crystals: mp 176-177
°C (EtOAc-hexanes); 1H NMR δ 0.80 (s, 3H, 19-CH3), 1.29 (s,
3H, 21-CH3), 2.05 (s, 3H, CH3CO2), 2.27 (d, J ) 16.8 Hz, 1H,
CH2CN), 2.52 (d, J ) 16.8 Hz, 1H, CH2CN), 4.04 (m, 4H, OCH2-
CH2O), 5.01 (m, 1H, CHOAc); 13C NMR δ 11.2, 16.7, 20.3, 21.4,
23.0, 23.2, 23.4, 25.9, 28.0, 31.4, 32.6 (2 × C), 35.0, 35.6, 36.6,
39.7, 43.7, 53.7, 56.0, 56.3, 63.0, 63.7, 69.8, 110.8 (20-C), 119.8
(CN), 170.4 (CO2); IR νmax 2937, 2241, 1730, 1237 cm-1. Anal.
(C26H39NO4) C, H, N.

(3r,5r)-20,20-[1,2-Ethanediylbis(oxy)]-3-hydroxypreg-
nane-18-carboxaldehyde (10a). Compound 9a (2.0 g, 4.66
mmol) in THF (120 mL) was cooled to -78 °C and DIBALH
(1.0 M in toluene, 23.3 mL, 23.3 mmol) was added. The
colorless solution was stirred at ambient temperature for 26
h and then cooled to 0 °C. After H2O (5 mL) was added
dropwise to quench the reaction, the solvent was removed at
room temperature. EtOAc (50 mL) and H2O (20 mL) were
added to the residue. Insoluble Al(OH)3 was filtered through
a pad of Celite 545 and washed thoroughly with EtOAc. The
combined filtrate was washed with water and dried over
Na2SO4. Solvent removal under reduced pressure gave alde-
hyde 10a as a white solid that was partially characterized and
immediately converted into cyclosteroid 11a. Aldehyde 10a:
1H NMR δ 0.77 (s, 3H, 19-CH3), 1.29 (s, 3H, 21-CH3), 3.85 (m,
4H, OCH2CH2O), 4.03 (m, 1H, CHOH), 9.82 (t, J ) 2.4 Hz,
1H, CHO); 13C NMR δ 11.1, 20.2, 22.9, 23.4, 23.5, 28.3, 28.9,
31.7, 32.0, 34.8, 35.7, 36.0, 36.3, 39.0, 40.2, 44.1, 54.1, 57.6,
57.7, 62.6, 64.0, 66.2, 111.1 (20-C), 204.9 (CHO).

(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-22-en-
20-one (11a). A solution of aldehyde 10a in THF (100 mL)
and aqueous HCl (4 N, 32 mL) was stirred under N2 at room
temperature for 16 h. THF was removed under reduced
pressure. The residue was extracted with EtOAc. The com-
bined EtOAc extracts were washed with 10% NaHCO3 and
brine and dried over Na2SO4. After solvent removal under
reduced pressure, the residue was purified by column chro-
matography (silica gel; CH2Cl2/EtOAc, 8:1) to give enone 11a
(0.86 g, 57% from 9a).

Compound 11a was obtained as white crystals: mp 230-
232 °C (EtOAc-hexanes); 1H NMR δ 0.79 (s, 3H, 19-CH3), 4.05
(m, 1H, CHOH), 5.96 (dd, J ) 3.0 Hz, J ) 9.9 Hz, 1H, CHd
CHCO), 6.83 (m, 1H, CHdCHO); 13C NMR δ 11.2, 20.3, 25.8,
26.2, 27.2, 28.3, 28.9, 32.0, 32.1, 33.9, 35.3, 35.8, 36.1, 39.0,
47.5, 53.7, 56.3, 57.7, 66.3, 127.4 (CHdCHCO), 148.3 (CHd
CHCO), 202.3 (CO); IR νmax 3429, 2924, 1666, 1444 cm-1. Anal.
(C22H32O2) C, H.

(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorcholan-20-
one (2a). Enone 11a (328 mg, 1.0 mmol) was dissolved in
EtOAc (50 mL) and hydrogenated (40 psi, H2, 5% Pd/BaSO4,
100 mg) for 1.5 h. The reaction mixture was filtered through
a pad of Celite 545 to remove catalyst and the solvent was
removed under reduced pressure. The product was purified
by column chromatography (silica gel; hexanes/EtOAc/CH2Cl2,
6:1:0.3) to give compound 2a (300 mg, 91%) as white crystals:
mp 200-202 °C (EtOAc-hexanes); 1H NMR δ 0.79 (s, 3H, 19-
CH3), 2.50 (m, 1H, CHCO), 4.04 (m, 1H, CHOH); 13C NMR δ
11.2, 20.3, 22.1 (2 × C), 25.1, 27.0, 28.4, 29.0, 32.1, 32.2, 33.5,
35.2, 35.8, 36.1, 37.3, 39.0, 49.6, 53.9, 56.7, 61.5, 66.4, 215.6
(CO); IR νmax 3548, 2928, 1701, 1253 cm-1. Anal. (C22H34O2)
C, H.

(3r,5r)-13,24-Cyclo-18,21-dinorchol-20(22)-en-3-ol (13a).
To the solution of compound 2a (330 mg, 1.0 mmol) and
p-toluenesulfonhydrazide (186 mg, 1.0 mmol) in MeOH (40
mL) was added three drops of 96% H2SO4. The reaction
mixture was stirred at room temperature for 3-4 h and the
MeOH was removed under reduced pressure. The residue was
dissolved in EtOAc (50 mL), washed with 10% NaHCO3 and

brine, and dried over Na2SO4. After solvent removal, hydra-
zone 12a was obtained and used without further purification
or characterization.

n-BuLi (2.5 M in hexanes, 1.6 mL, 4 mmol) was added
dropwise to the solution of hydrazone 12a (obtained from 1.0
mmol ketone 2a) in anhydrous THF (10 mL) under N2 at 0
°C. The orange solution was stirred overnight (14 h) at ambient
temperature and quenched with water (0.4 mL) at 0 °C. EtOAc
(50 mL) was added and the mixture was washed with
saturated aqueous NH4Cl and brine and dried over Na2SO4.
After solvent removal under reduced pressure, the residue was
purified by column chromatography (silica gel; hexanes/EtOAc,
10:1) to give compound 13a (201 mg, 64% from ketone 2a).

Compound 13a was obtained as white crystals: mp 169-
170 °C (hexanes); 1H NMR δ 0.79 (s, 3H, 19-CH3), 4.04 (m,
1H, CHOH), 5.55 (m, 1H, CHd), 5.76 (m, 1H, CHd); 13C NMR
δ 11.2, 19.8, 20.2, 21.6, 24.7, 28.6, 29.1, 30.6, 32.3 (2 × C),
33.2, 34.7, 35.9, 36.2, 39.3, 40.9, 46.6, 54.7, 56.1, 66.6, 124.4
(CHd), 130.9 (CHd); IR νmax 3307, 3019, 2927, 1430, 1002
cm-1. Anal. (C22H34O) C, H.

(3r,5r)-3-Methoxymethoxy-13,24-cyclo-18,21-dinorchol-
20(22)-ene (14a). Methoxy methyl chloride (0.11 mL, 1.5
mmol) was added to compound 13a (158 mg, 0.5 mmol) and
N,N-diisopropylethylamine (0.44 mL, 2.5 mmol) in CH2Cl2 (20
mL). The resultant solution was stirred at room temperature
for 24 h. The solvent was partially removed and the residue
was purified by column chromatography (silica gel; hexanes/
EtOAc, 10:1) to give compound 14a (170 mg, 95%) as white
crystals: mp 77-78 °C (hexanes); 1H NMR δ 0.80 (s, 3H, 19-
CH3), 3.37 (s, 3H, CH3O), 3.83 (m, 1H, CHOCH2), 4.66 (m, 2H,
OCH2O), 5.56 (m, 1H, CHd), 5.76 (m, 1H, CHd); 13C NMR δ
11.4, 19.8, 20.2, 21.6, 24.7, 26.4, 28.7, 30.6, 32.3, 32.9, 33.3,
33.7, 34.7, 36.0, 39.9, 40.9, 46.6, 54.7, 55.1, 56.2, 71.7, 94.6
(OCH2O), 124.4 (CHd), 130.9 (CHd); IR νmax 3016, 2927, 1455,
1043 cm-1. Anal. (C24H38O2) C, H.

(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorcholan-22-
one (3a). BH3 (1.0 M in THF, 1.59 mL, 1.59 mmol) was added
to compound 14a (190 mg, 0.53 mmol) in anhydrous THF (20
mL) under N2 at 0 °C. The resultant solution was stirred at
room temperature for 3.5 h and cooled to 0 °C. Water (0.1 mL)
was added to quench the reaction followed by aqueous NaOH
(3 N, 3.0 mL) and 30% H2O2 (3.0 mL). The reaction mixture
was stirred at ambient temperature for 1.5 h and extracted
with CH2Cl2. The combined CH2Cl2 extracts were washed with
brine until the pH was neutral and then dried over Na2SO4.
After solvent removal under reduced pressure, the residue (a
mixture of two pairs of diastereomers of 15a and 16a) was
used without further purification or characterization.

NaOAc (130 mg, 1.59 mmol) and PCC (228 mg, 1.06 mmol)
were added to the solution of compounds 15a and 16a in CH2-
Cl2 (30 mL). The reaction mixture was stirred at room
temperature for 2 h and Et2O (50 mL) was added. The mixture
was filtered through a pad of Celite 545 and washed thor-
oughly with ether. Solvent was removed from the combined
filtrate to give a mixture of ketones 17a and 18a which was
dissolved in CH3OH (12 mL). Then, 37% aqueous HCl (4 mL)
was added. The solution was stirred at room temperature for
1 h and MeOH was removed under reduced pressure. EtOAc
(30 mL) was added to the residue and the solution was washed
with water, 10% NaHCO3, and brine and dried over Na2SO4.
Solvent removal under reduced pressure gave ketones 3a and
2a which were separated by column chromatography (silica
gel; EtOAc/CH2Cl2, 1:15) to give ketone 3a (90 mg, 51% from
14a) and recovered compound 2a (58 mg, 33% from 14a).

Compound 3a was obtained as white crystals: mp 195-197
°C (EtOAc-hexanes); 1H NMR δ 0.79 (s, 3H, 19-CH3), 2.39
(m, 1H, CH2CO), 2.54 (dd, J ) 6.0 Hz, J ) 14.4 Hz, 1H, CH2-
CO), 4.05 (m, 1H, CHOH); 13C NMR δ 11.2, 20.4, 23.3, 23.6,
27.7, 28.4, 29.0, 32.0, 32.2, 32.7, 35.6, 35.8, 36.2, 36.9, 39.1,
41.2, 41.5, 48.9, 54.4, 55.6, 66.4, 213.4 (CO); IR νmax 3308, 2918,
1712, 1449, 1007 cm-1. Anal. (C22H34O2) C, H.

(3r,5r,22S,23S)-22,23-Epoxy-3-hydroxy-13,24-cyclo-
18,21-dinorcholan-20-one (19a) and (3r,5r,22R,23R)-
22,23-Epoxy-3-hydroxy-13,24-cyclo-18,21-dinorcholan-20-
one (19b). A mixture of MeOH (5 mL), 30% H2O2 (1.5 mL),
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and aqueous NaOH (4 N, 0.25 mL) was added to a solution of
enone 11a (100 mg, 0.30 mmol) in 1:1 MeOH and 1,4-dioxane
(20 mL) at 0 °C. The resultant solution was stirred at 0 °C for
3-4 h. EtOAc (30 mL) was added and the organic phase was
washed with water and brine and dried over Na2SO4. Solvent
removal under reduced pressure gave a residue which was
purified by column chromatography (silica gel; hexanes/EtOAc/
CH2Cl2, 4:1:0.2) to give a mixture of compound 19a and 19b
(1.8:1) 90 mg (86%). Analytical samples were obtained by
HPLC separation (silica gel; hexanes/EtOAc, 6:1).

Compound 19a was obtained as white crystals: mp 238-
240 °C (EtOAc-hexanes); 1H NMR δ 0.81 (s, 3H, 19-CH3), 3.15
(d, J ) 3.3 Hz, 1H, epoxide H-22), 3.55 (bs, 1H, epoxide H-23),
4.05 (m, 1H, CHOH); 13C NMR δ 11.2, 20.1, 20.9, 24.7, 27.6,
28.3, 29.0, 32.0, 32.1, 35.1, 35.7, 36.1, 36.4, 39.0, 42.0, 51.8,
53.7, 54.8, 56.4, 57.0, 66.4, 207.1 (CO); IR νmax 3551, 2925, 1691
cm-1. Anal. (C22H32O3) C, H.

Compound 19b was obtained as white crystals: mp 194-
195 °C (EtOAc-hexanes); 1H NMR δ 0.79 (s, 3H, 19-CH3), 3.23
(d, J ) 3.6 Hz, 1H, epoxide H-22), 3.55 (t, J ) 3.6 Hz, 1H,
epoxide H-23), 4.05 (m, 1H, CHOH); 13C NMR δ 11.3, 20.2,
24.2, 25.5, 26.0, 28.3, 29.0, 32.0, 32.2, 35.1, 35.8, 36.1, 36.4,
39.0, 51.5, 53.6, 54.5, 56.7, 57.9, 59.2, 66.4, 209.2 (CO); IR νmax

3435, 2926, 1699 cm-1. Anal. (C22H32O3) C, H.
(3r,5r,23S)-13,24-Cyclo-18,21-dinorchol-20(22)-ene-

3,23-diol (21a) and (3r,5r,23R)-13,24-Cyclo-18,21-dinor-
chol-20(22)-en-3,23-diol (21b). The mixture of epoxides 19a
and 19b (68 mg, 0.20 mmol), NH2NH2‚xH2O (x ∼ 1.5, 136 µL,
2.4 mmol), and AcOH (2.35 µL) in MeOH (4 mL) was refluxed
for 2 h. Water (20 mL) was added and the product was
extracted with CH2Cl2. The combined CH2Cl2 extracts were
washed with water until the pH was neutural and then dried
over Na2SO4. Solvent removal under reduced pressure gave a
residue which was purified by column chromatography (silica
gel; CH2Cl2/hexanes/EtOAc, 1:1:0.2) to give compound 21a (26
mg, 40%) and compound 21b (14 mg, 22%).

Compound 21a was obtained as white crystls: mp 94-96
°C (EtOAc-hexanes); 1H NMR δ 0.82 (s, 3H, 19-CH3), 4.05
(m, 1H, CHOH), 4.22 (m, 1H, CHdCHCHOH), 5.72 (m, 1H,
CHdCHCHOH), 5.97 (m, 1H, CHdCHCHOH); 13C NMR δ
11.3, 20.4, 25.3, 28.1, 28.6, 29.1, 30.4, 32.2, 32.3, 34.8, 35.7,
35.9, 36.3, 39.3, 40.0, 46.6, 54.7, 57.0, 64.8, 66.6, 125.6
(CHd), 133.9 (CHd); IR νmax 3359, 3018, 2927, 1446, 1003
cm-1. Anal. (C22H34O2) C, H.

Compound 21b was obtained as white crystals: mp 215-
217 °C (EtOAc-hexanes); 1H NMR δ 0.81 (s, 3H, 19-CH3), 4.05
(m, 1H, CHOH), 4.28 (m, 1H, CHdCHCHOH), 5.57 (d, J )
10.2, 1H, CHdCHCHOH), 5.85 (m, 1H, CHdCHCHOH); 13C
NMR δ 11.3, 20.2, 24.9, 28.5, 29.0, 29.8, 31.0, 32.2, 32.3, 34.2,
34.7, 35.9, 36.2, 39.2, 44.2, 46.4, 54.6, 56.4, 65.9, 66.6, 128.4
(CHd), 132.6 (CHd); IR νmax 3328, 3019, 2926, 1446, 1003
cm-1.

(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-20(22)-
en-23-one (21c). Activated MnO2 (420 mg, 4.83 mmol) was
added to a mixture of compounds 21a and 21b (60 mg, 0.18
mmol) in CHCl3 (20 mL). The reaction mixture was stirred at
room temperature for 48 h. The MnO2 was removed by
filtration and the CHCl3 was removed under reduced pressure.
The residue was purified by column chromatography (silica
gel; CH2Cl2/EtOAc, 20:1) to give compound 21c (28 mg, 47%)
and a recovered mixture of compounds 21a and 21b (27 mg).

Compound 21c was obtained as white crystals: mp 209-
210 °C (EtOAc-hexanes); 1H NMR δ 0.78 (s, 3H, 19-CH3), 2.37
(d, J ) 16.2 Hz, 1H, CH2CO), 4.05 (m, 1H, CHOH), 5.90 (d, J
) 9.9 Hz, 1H, C(O)CHdCH), 6.96 (dd, J ) 5.4, J ) 9.9 Hz,
1H, C(O)CHdCH); 13C NMR δ 11.3, 19.7, 26.3, 28.3, 29.0, 29.4,
32.0, 32.2, 34.2, 34.8, 35.8, 36.2, 38.0, 39.1, 47.3, 47.4, 54.2,
56.1, 66.5, 127.2 (C(O)CHdCH), 152.1 (C(O)CHdCH), 200.3
(CO); IR νmax 3467, 2926, 1664, 1451, 1004 cm-1. Anal.
(C22H32O2) C, H.

(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorcholan-23-
one (4a). Compound 21c (28 mg, 0.085 mmol) was dissolved
in MeOH (10 mL) and hydrogenated (40 psi, H2, 5% Pd/BaSO4,
9 mg) for 2 h. The reaction mixture was filtered through a

pad of Celite 545 to remove catalyst and the solvent was
removed under reduced pressure. The product was purified
by column chromatography (silica gel; hexanes/EtOAc, 4:1) to
give compound 4a (26 mg, 94%).

Compound 4a was obtained as white crystals: mp 185-186
°C (EtOAc-hexanes); 1H NMR δ 0.76 (s, 3H, 19-CH3), 4.04
(m, 1H, CHOH); 13C NMR δ 11.2, 19.8, 24.3, 24.9, 25.2, 28.3,
29.0, 31.9, 32.2, 34.2, 34.9, 35.8, 36.2, 36.5, 39.1, 40.5, 44.7,
48.8, 54.3, 56.3, 66.5, 213.7 (CO); IR νmax 3435, 2921, 1704,
1005 cm-1. Anal. (C22H34O2) C, H.

(3r,5r)-13,24-Cyclo-18,21-dinorchola-20(22),23-diene-
3,20-diol, 3,20-Diacetate (23a). A mixture of compound 11a
(200 mg, 0.61 mmol), NaI (366 mg, 2.44 mmol), and Ac2O (9
mL) was cooled to 0 °C under N2, and Me3SiCl (0.31 mL, 2.44
mmol) was added dropwise. The reaction mixture was stirred
at ambient temperature for 24 h and then poured into 10%
NaHCO3 (50 mL). After the mixture was stirred for 10 min,
the product was extracted using hexanes (4 × 50 mL). The
combined extracts were washed with 10% NaHCO3 (5 mL),
10% Na2S2O3 (2 × 10 mL), and water and dried over Na2SO4.
The solvent was removed under reduced pressure and the
residue was purified by column chromatography (silica gel;
hexanes/EtOAc, 30:1) to give compound 23a (173 mg, 69%).

Compound 23a was obtained as white crystals: mp 135-
136 °C (hexanes); 1H NMR δ 0.82 (s, 3H, 19-CH3), 2.06 (s, 3H,
CHOC(O)CH3), 2.15 (s, 3H, dCOC(O)CH3), 5.02 (m, 1H,
CHOAc), 5.56 (d, J ) 5.7 Hz, 1H, CHdCOAc), 5.65 (d, J ) 9.6
Hz, 1H, CHdCHCHd), 5.84 (dd, J ) 5.7 Hz, J ) 9.6 Hz, 1H,
CHdCHCHd); 13C NMR δ 11.4, 20.1, 21.2, 21.5, 26.1, 28.4,
29.7, 32.3 (2 × C), 32.9, 33.0, 35.9, 36.0, 37.5, 40.1, 47.9, 48.4,
54.2, 56.2, 70.1, 107.9 (CHdCOAc), 122.4 (dCHCHdCOAc),
127.7 (CCHdCH), 154.6 (dCOAc), 169.1 (OC(O)CH3), 170.7
(OC(O)CH3); IR νmax 3039, 2932, 1763, 1734, 1204 cm-1. Anal.
(C26H36O4) C, H.

(3r,5r,20R)-13,24-Cyclo-18,21-dinorchol-23-en-3,20-
diol, 3-Acetate (24a) and (3r,5r,20S)-13,24-Cyclo-18,21-
dinorchol-23-en-3,20-diol, 3-Acetate (24b). Compound 23a
(170 mg, 0.41 mmol) was dissolved in EtOH (15 mL), and
NaBH4 (78 mg, 2.05 mmol) was added. The solution was
stirred under N2 for 6 h. Most of the EtOH was removed under
reduced pressure and the residue was dissolved in EtOAc (50
mL), washed with 5% HCl (10 mL), aqueous NaHCO3 (10 mL),
and brine (10 mL), and dried over Na2SO4. The solvent was
removed and the residue obtained was filtered through a short
column (silica gel; hexanes/EtOAc, 8:1) to give a mixture of
compounds 24a and 24b (140 mg, 92%). Analytical samples
of compounds 24a and 24b were obtained by column chroma-
tography (silica gel; hexanes/EtOAc, 20:1).

Compound 24a was obtained as white crystals: mp 159-
161 °C; 1H NMR δ 0.81 (s, 3H, 19-CH3), 2.06 (s, 3H, CH3C-
(O)O), 4.10 (m, 1H, CHOH), 5.01 (m, 1H, CHOAc), 5.54 (m,
1H, dCHCH2), 5.66 (d, 1H, J ) 10.5 Hz, CHdCHCH2); 13C
NMR δ 11.3, 20.6, 20.7, 21.5, 25.8, 26.0, 28.3, 30.7, 32.2, 32.8,
32.9, 35.3, 35.9, 38.6, 40.0, 47.9, 51.0, 54.5, 55.1, 66.8, 70.0,
124.7 (CHd), 129.6 (CHd), 170.6 (C(O)O); IR νmax 3399, 3023,
2929, 1734, 1245 cm-1. Anal. (C24H36O3) C, H.

Compound 24b was obtained as white crystals: mp 168-
169 °C; 1H NMR δ 0.83 (s, 3H, 19-CH3), 2.06 (s, 3H, CH3C-
(O)O), 4.06 (m, 1H, CHOH), 5.02 (m, 1H, CHOAc), 5.65 (m,
1H, CH2CHd), 5.86 (d, J ) 10.5 Hz, 1H, CCHd); 13C NMR δ
11.3, 20.7, 21.5, 25.8, 26.1 (2 × C), 28.3, 30.0, 32.2, 32.8 (2 ×
C), 34.9, 35.9, 39.7, 40.0, 42.8, 50.1, 54.2, 55.7, 68.4, 70.1, 124.0
(CHd), 129.7 (CHd), 170.7 (C(O)O); IR νmax 3442, 3021, 2931,
1735, 1249 cm-1. Anal. (C24H36O3) C, H.

(3r,5r)-13,24-Cyclo-18,21-dinorchol-23-en-3-ol, Acetate
(28a). A mixture of compounds 24a and 24b (150 mg, 0.40
mmol), Ph3P (195 mg, 0.74 mmol), imidazole (101 mg, 1.48
mmol), and I2 (150 mg, 0.59 mmol) in toluene (15 mL) was
heated at 95 °C for 1.5 h. The toluene was removed under
reduced pressure and the residue was purified by column
chromatography (silica gel, CH2Cl2) to give a mixture of
compounds 26a and 26b in quantitative yield. This product
mixture was used without further purification or characteriza-
tion.
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The mixture of compounds 26a and 26b, i-PrOH (0.20 mL),
and HMPA (0.50 mL) in THF (1 mL) was added to a freshly
made SmI2-THF solution (0.1 M, 10 mL) under Ar. The purple
solution was stirred at room temperature for 30 min and
quenched with saturated aqueous NH4Cl (1 mL). The solution
was extracted with CH2Cl2. The combined CH2Cl2 extracts
were washed with saturated aqueous NH4Cl and water and
dried over Na2SO4. The solvent was removed under reduced
pressure and the residue was purified by column chromatog-
raphy (silica gel; hexanes/EtOAc, 30:1) to give compound 28a
contaminated with about 20% of the 20(22),23-diene. The
mixture was dissolved in acetone (15 mL) and a 2% solution
of 4-phenyl-1,2,4-triazoline-3,5-dione in acetone was added
dropwise at 0 °C until the pink color persisted. After all of the
diene was reacted with 4-phenyl-1,2,4-triazoline-3,5-dione
(monitored by TLC), the solvent was removed and the residue
was purified by column chromatography (silica gel; hexanes/
EtOAc, 50:1) to give compound 28a (94 mg, 66% from com-
pound 24a and 24b) as a single spot on TLC (silica gel plate).
NMR analysis showed that product 28a contained ∼10% of
another inseparable and unidentified isomeric olefin product.

Compound 28a was obtained as a white solid: mp 117-
119 °C; 1H NMR δ 0.82 (s, 3H, 19-CH3), 2.05 (s, 3H,
CH3C(O)O), 5.01 (m, 1H, CHOAc), 5.67 (bs, 2H, CHdCH); 13C
NMR δ 11.4, 20.5, 20.9, 21.2, 21.5, 24.5, 26.1, 26.1, 28.4, 32.3,
32.9 (2 × C), 35.0, 35.9, 38.5, 40.1, 43.3, 43.8, 54.5, 55.1, 70.1,
128.0 (CHd), 129.7 (CHd), 170.7 (C(O)O); IR νmax 3019, 2932,
1736, 1446 cm-1. Anal. (C24H36O2) C, H.

(3r,5r)-3-(Acetyloxy)-13,24-cyclo-18,21-dinorchol-23-
en-22-one (29a). A solution of CrO3 (280 mg, 2.8 mmol) in
CH2Cl2 (4 mL) was cooled to -15 °C and 3,5-dimethylpyrazole
(274 mg, 2.85 mmol) was added in one portion. The resultant
brown slurry was stirred for 30 min followed by addition of
compound 28a (40 mg, 0.112 mmol) in CH2Cl2 (4 mL). The
mixture was stirred at -15 °C for 3 h and a 1:1 mixture of
hexanes and ethyl acetate (20 mL) was added. The reaction
mixture was filtered through a pad of silica gel. Solvent was
removed under reduced pressure to give a residue which was
purified by column chromatography (silica gel; hexanes/EtOAc,
10:1) to give compound 29a (28 mg, 67%). This product was
contaminated with ∼5% of an unidentified impurity which was
removed after hydrolysis of the acetate group.

Partially purified compound 29a was obtained as a white
solid: mp 133-138 °C; 1H NMR δ 0.86 (s, 3H, 19-CH3), 2.07
(s, 3H, CH3C(O)O), 2.41 (dm, J ) 17.4 Hz, 1H, CH2CO), 2.62
(dd, J ) 4.5 Hz, J ) 17.4 Hz, 1H, CH2CO), 5.03 (m, 1H,
CHOAc), 6.01 (d, J ) 10.5 Hz, 1H, dCHCO), 6.97 (dd, J ) 1.5
Hz, J ) 10.5 Hz, 1H, CHdCHCO); 13C NMR δ 11.4, 20.7, 21.5,
26.0, 26.7, 27.5, 28.1, 32.0, 32.8, 32.9, 35.3, 35.9, 36.4, 38.2,
40.0, 43.9, 45.5, 54.2, 56.9, 69.9, 130.1 (dCHCO), 152.3 (CHd
CHCO), 170.6 (C(O)O), 199.7 (CO).

(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-23-en-
22-one (30a). Compound 29a (30 mg, 0.08 mmol) was dis-
solved in MeOH (2 mL) and 15% aqueous NaOH (0.2 mL) was
added. The solution was refluxed for 20 min and cooled to room
temperature. EtOAc (20 mL) was added and the organic layer
was washed with water and dried over Na2SO4. Solvent
removal under reduced pressure gave a residue which was
purified by column chromatography (silica gel; CH2Cl2/EtOAc,
20:1) to give compound 30a (22 mg, 83%).

Compound 30a was obtained as white crystals: mp 168-
170 °C (Et2O-EtOAc); 1H NMR δ 0.84 (s, 3H, 19-CH3), 2.41
(dm, J ) 17.1 Hz, 1H, CH2CO), 2.62 (dd, J ) 4.5 Hz, J ) 17.1
Hz, 1H, CH2CO), 4.07 (m, 1H, CHOH), 6.00 (d, J ) 10.2 Hz,
1H, dCHCO), 6.97 (dd, J ) 1.8 Hz, J ) 10.2 Hz, 1H, CHd
CHCO); 13C NMR δ 11.3, 20.7, 26.7, 27.6, 28.4, 29.0, 32.1, 32.2,
35.4, 35.8, 36.2, 36.5, 38.2, 39.1, 43.9, 45.6, 54.3, 56.9, 66.4,
130.1 (dCHCO), 152.5 (CHdCHCO), 199.9 (CO); IR νmax 3320,
3028, 2926, 1679, 1445 cm-1. Anal. (C22H32O2) C, H.

(3r,5r,23R,24S)-23,24-Epoxy-13,24-cyclo-18,21-dinor-
cholan-3-ol, Acetate (31a). A mixture of NaHCO3 (33 mg,
0.40 mmol), m-CPBA (103 mg, 0.60 mmol), and compound 28a
(71 mg, 0.20 mmol) in CH2Cl2 (15 mL) was stirred at room
temperature for 5 h. It was washed successively with 5%

Na2S2O3, 10% NaHCO3, and brine and dried over Na2SO4.
After solvent removal under reduced pressure, the residue
obtained was purified by column chromatography (silica gel;
hexanes/EtOAc, 50:1) to give compound 31a (67 mg, 90%).

Compound 31a was obtained as a white solid: mp 126-
128 °C [containing ∼10% (23S,24R)-epoxide]; 1H NMR δ 0.81
(s, 3H, 19-CH3), 2.06 (s, 3H, CH3C(O)O), 2.96 (d, J ) 3.9 Hz,
1H, epoxide 24-H), 3.16 (m, 1H, epoxide 23-H), 5.02 (m, 1H,
CHOAc); 13C NMR δ 11.4, 18.3, 19.4, 21.1, 21.5, 24.5, 26.0,
26.1, 28.3, 32.3, 32.8, 32.9, 34.5, 34.7, 35.9, 40.0, 40.7, 41.3,
54.3, 54.4, 54.6, 55.8, 70.0, 170.6 (C(O)O); IR νmax 2930, 1735,
1235 cm-1.

(3r,5r,23S,24S)-23-Bromo-13,24-cyclo-18,21-dinorcholan-
3,24-diol, 3-Acetate (32a). Compound 31a (71 mg, 0.19 mmol)
in MeCN (10 mL) was cooled to -40 °C and hydrobromic acid
(48%, 0.25 mL) was added dropwise. The solution was stirred
at 0 °C for 2 h and then at room temperature for 1 h. EtOAc
(50 mL) was added and the organic layer was washed with
water to neutral pH and dried over Na2SO4. The solvent was
removed under reduced pressure and the residue was purified
by column chromatography (silica gel; hexanes/EtOAc, 50:1)
to give compound 32a (60 mg, 70%).

Compound 32a was obtained as a white solid: mp 161.5-
163.5 °C; 1H NMR δ 0.77 (s, 3H, 19-CH3), 2.05 (s, 3H, CH3C-
(O)O), 3.65 (dd, J ) 1.8 Hz, J ) 10.5 Hz, 1H, CHOH), 4.32 (m,
1H, CHBr), 5.00 (m, 1H, CHOAc); 13C NMR δ 11.2, 21.6, 22.6,
23.3, 24.8, 24.9, 26.1, 28.4, 31.9, 32.5, 32.9 (2 × C), 33.0, 35.3,
36.1, 40.3, 47.7, 48.2, 54.6, 58.3, 63.7, 70.3, 74.4, 170.7 (C(O)O);
IR νmax 3554, 2931, 1733, 1261 cm-1. Anal. (C24H37BrO3) C, H.

(3r,5r,23S)-3-(Acetyloxy)-23-bromo-13,24-cyclo-18,21-
dinorcholan-24-one (33a). Jones reagent was added drop-
wise to a solution of compound 32a (58 mg, 0.13 mmol) in
acetone (15 mL) at 5 °C until an orange color persisted. The
resultant mixture was stirred at 0-5 °C for 1 h. 2-Propanol
was added to consume excess oxidant and the acetone was
removed under reduced pressure. The residue obtained was
dissolved in EtOAc (30 mL), washed with water to neutral pH,
and dried over Na2SO4. The solvent was removed and the
residue was purified by column chromatography (silica gel;
hexanes/EtOAc, 20:1) to give compound 33a (57 mg, 98%).

Compound 33a was obtained as a white solid: mp 207-
209 °C; 1H NMR δ 0.76 (s, 3H, 19-CH3), 2.04 (s, 3H, CH3C-
(O)O), 4.92 (dd, J ) 6.0 Hz, J ) 12.9 Hz, 1H, CHBr), 5.00 (m,
1H, CHOAc); 13C NMR δ 11.5, 21.5, 21.6, 23.6, 25.2, 25.4, 26.0,
28.2, 32.3, 32.8, 32.9, 35.2 (2 × C), 35.8, 36.3, 40.0, 49.3, 54.6,
56.3, 57.0, 59.8, 70.0, 170.6 (C(O)O), 205.0 (CO); IR νmax 2942,
1733, 1240 cm-1. Anal. (C24H35BrO3) C, H.

(3r,5r)-3-(Acetyloxy)-13,24-cyclo-18,21-dinorchol-22-
en-24-one (34a). A mixture of compound 33a (54 mg, 0.12
mmol), Li2CO3 (89 mg, 1.2 mmol), and LiBr (42 mg, 0.48 mmol)
in DMF was heated at 125 °C under N2 for 24 h. After cooling
to room temperature, EtOAc (30 mL) was added and the
organic layer was washed with water until neutral pH and
dried over Na2SO4. The solvent was removed and the residue
was purified by column chromatography (silica gel; hexanes/
EtOAc, 45:1) to give compound 34a (31 mg, 70%).

Compound 34a was obtained as white crystals: mp 122-
124 °C; 1H NMR δ 0.87 (s, 3H, 19-CH3), 2.05 (s, 3H, CH3C-
(O)O), 5.02 (m, 1H, CHOAc), 5.80 (m, 1H, dCHCO), 6.62 (m,
1H, dCHCH2); 13C NMR δ 11.5, 20.3, 21.5, 24.3, 26.1, 26.7,
27.7, 28.3, 32.7 (2 × C), 32.9, 33.1, 35.4, 36.0, 40.3, 45.1, 53.5,
54.3, 57.2, 70.2, 129.4 (dCHCO), 144.4 (dCHCH2), 170.6
(C(O)O), 204.0 (CO); IR νmax 3031, 2938, 1734, 1666, 1247 cm-1.
Anal. (C24H34O3) C, H.

(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-22-en-
24-one (35a). Using the same procedure described for the
preparation of compound 30a from compound 29a, compound
35a (21 mg, 80%) was prepared from compound 34a (30 mg,
0.08 mmol).

Compound 35a was obtained as white crystals: mp 242-
243 °C (Et2O-hexanes); 1H NMR δ 0.86 (s, 3H, 19-CH3), 4.05
(m, 1H, CHOH), 5.80 (m, 1H, dCHCO), 6.62 (m, 1H,
dCHCH2); 13C NMR δ 11.3, 20.3, 24.3, 26.8, 27.7, 28.5, 29.1,
32.4, 32.8 (2 × C), 35.5, 36.0, 36.3, 39.4, 45.1, 53.5, 54.4, 57.2,
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66.6, 129.4 (dCHCO), 144.5 (dCHCH2), 204.1 (CO); IR νmax

3439, 3031, 2908, 1647 cm-1. Anal. (C22H32O2) C, H.
(3r,5r)-3-Hydroxy-13,24-cyclo-18,21-dinorcholan-24-

one (5a). Using the same procedure described for the prepara-
tion of compound 2a from compound 11a, compound 5a (37
mg, 92%) was prepared from compound 35a (40 mg, 0.12
mmol).

Compound 5a was obtained as white crystals: mp 203-204
°C (Et2O-hexanes); 1H NMR δ 0.75 (s, 3H, 19-CH3), 4.04 (m,
1H, CHOH); 13C NMR δ 11.3, 21.6, 23.9, 23.9, 24.0, 25.4, 28.5,
29.0, 32.3, 32.6, 35.1, 35.3, 35.9, 36.2, 39.3, 40.2, 49.7, 54.9,
56.4, 58.5, 66.6, 216.7 (CO); IR νmax 3317, 2923, 1708, 1003
cm-1. Anal. (C22H34O2) C, H.

Physical Properties and Spectroscopic Data for Evalu-
ated Compounds in the 5â-Series. (3r,5â)-3-Hydroxy-
13,24-cyclo-18,21-dinorcholan-20-one (2b). Compound 2b
was obtained as white crystals: mp 220-222 °C (EtOAc-
hexanes); 1H NMR δ 0.93 (s, 3H, 19-CH3), 2.50 (m, 1H, CHCO),
3.63 (m, 1H, CHOH); 13C NMR δ 20.3, 22.1 (2 × C), 23.3, 25.1,
26.7, 27.0, 27.1, 30.5, 33.7, 34.6, 35.4, 35.5, 36.3, 37.3, 40.2,
42.0, 49.6, 56.7, 61.5, 71.6, 215.5 (CO); IR νmax 3449, 2921,
1698, 1460, 1037 cm-1. Anal. (C22H34O2) C, H.

(3r,5â)-3-Hydroxy-13,24-cyclo-18,21-dinorcholan-22-
one (3b). Compound 3b was obtained as white crystals: mp
175-177 °C (EtOAc-hexanes); 1H NMR δ 0.93 (s, 3H, 19-CH3),
2.38 (m, 1H, CH2CO), 2.54 (dd, J ) 6.0 Hz, J ) 14.4 Hz, 1H,
CH2CO), 3.65 (m, 1H, CHOH); 13C NMR δ 20.4, 23.3 (2 × C),
23.6, 26.4, 27.0, 27.7, 30.4, 32.8, 34.6, 35.4, 35.9, 36.3, 36.9,
40.6, 41.2, 41.5, 42.0, 49.0, 55.5, 71.6, 213.4 (CO); IR νmax 3418,
2936, 1714, 1447 cm-1. Anal. (C22H34O2) C, H.

(3r,5â)-3-Hydroxy-13,24-cyclo-18,21-dinorcholan-23-
one (4b). Compound 4b was obtained as white crystals: mp
197-198 °C (ether-hexanes); 1H NMR δ 0.91 (s, 3H, 19-CH3),
2.50 (m, 1H, CH2CO), 3.64 (m, 1H, CHOH); 13C NMR δ 19.8,
23.4, 24.4, 24.9, 25.2, 26.4, 26.9, 30.5, 34.4, 34.7, 35.2, 35.3,
36.3, 36.5, 40.5 (2 × C), 42.0, 44.7, 48.9, 56.3, 71.7, 213.7 (CO);
IR νmax 3398, 2927, 1709, 1448, 1039 cm-1. Anal. (C22H34O2)
C, H.

(3r,5â)-3-Hydroxy-13,24-cyclo-18,21-dinorcholan-24-
one (5b). Compound 5b was obtained as white crystals: mp
177-178 °C (Et2O-hexanes); 1H NMR δ 0.89 (s, 3H, 19-CH3),
3.64 (m, 1H, CHOH); 13C NMR δ 21.7, 23.6, 23.9 (2 × C), 24.0,
25.5, 27.0, 27.1, 30.5, 34.7, 35.3, 35.4, 35.6, 36.5, 40.2, 41.1,
42.2, 49.8, 56.4, 58.5, 71.8, 216.6 (CO); IR νmax 3334, 2937,
1701, 1450, 1037 cm-1. Anal. (C22H34O2) C, H.

(3r,5â)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-22-en-
20-one (11b). Compound 11b was obtained as white crys-
tals: mp 253-254 °C (EtOAc); 1H NMR δ 0.93 (s, 3H, 19-CH3),
3.63 (m, 1H, CHOH), 5.96 (dd, J ) 3.0 Hz, J ) 9.9 Hz, 1H,
dCHCO), 6.83 (m, 1H, dCHCH2); 13C NMR δ 20.3, 23.3, 25.8,
26.3, 26.5, 26.9, 27.3, 30.5, 34.1, 34.6, 35.3, 35.6, 36.3, 40.1,
42.0, 47.6, 56.2, 57.8, 71.6, 127.4 (dCHCO), 148.3 (dCHCH2),
202.2 (CO); IR νmax 3430, 2921, 1663, 1038 cm-1. Anal.
(C22H32O2) C, H.

(3r,5â)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-20(22)-
en-23-one (22c). Compound 22c was obtained as white
crystals: mp 209-211 °C (EtOAc-hexanes); 1H NMR δ 0.92
(s, 3H, 19-CH3), 2.35 (d, J ) 15.9 Hz, 1H, CCH2CO), 3.64 (m,
1H, CHOH), 5.90 (d, J ) 9.6 Hz, 1H, dCHCO), 6.96 (m, 1H,
dCHCH);13C NMR δ 19.7, 23.3, 26.3, 26.4, 26.9, 29.4, 30.4,
34.4, 34.6, 35.1, 35.3, 36.3, 37.9, 40.4, 42.0, 47.3, 47.4, 56.0,
71.6, 127.1 (dCHCO), 152.0 (dCHCH), 200.2 (CO); IR νmax

3446, 2932, 1677, 1451, 1042 cm-1. Anal. (C22H32O2) C, H.
(3r,5â)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-23-en-

22-one (30b). Compound 30b was obtained as white crys-
tals: mp 196.5-199 °C; 1H NMR δ 0.99 (s, 3H, 19-CH3), 2.41
(dm, J ) 17.1 Hz, 1H, CH2CO), 2.64 (dd, J ) 4.2 Hz, J ) 17.1
Hz, 1H, CH2CO), 3.67 (m, 1H, CHOH), 6.00 (d, J ) 10.5 Hz,
1H, dCHCO), 6.95 (dd, J ) 2.1 Hz, J ) 10.5 Hz, 1H, dCHC);
13C NMR δ 20.8, 23.3, 26.5, 26.8, 27.0, 27.7, 30.5, 34.7, 35.4,
35.7, 36.4, 36.6, 38.2, 40.7, 42.0, 44.0, 45.6, 56.9, 71.6, 130.1
(dCHCO), 152.3 (dCHC), 199.8 (CO); IR νmax 3412, 2933, 1677,
1038 cm-1. Anal. (C22H32O2) C, H.

(3r,5â)-3-Hydroxy-13,24-cyclo-18,21-dinorchol-22-en-
24-one (35b). Compound 35b was obtained as white crystals
mp 222-223 °C (EtOAc-hexanes); 1H NMR δ 1.00 (s, 3H, 19-
CH3), 3.65 (m, 1H, CHOH), 5.80 (dd, 1H, J ) 3.0 Hz, J ) 10.2
Hz, dCHCO), 6.62 (m, 1H, dCHCH2); 13C NMR δ 20.3, 23.6,
24.4, 26.7, 27.1 (2 × C), 27.8, 30.6, 32.9, 34.8, 35.5, 35.7, 36.5,
40.5, 42.2, 45.2, 53.5, 57.2, 71.8, 129.4 (dCHCO), 144.5
(dCHCH2), 204.0 (CO); IR νmax 3418, 2861, 1661, 1038 cm-1.
Anal. (C22H32O2) C, H.

[35S]TBPS Binding Methods. Rat brain cortical mem-
branes were prepared with minor modifications of the method
previously reported.24 Briefly, frozen rat cerebral cortices (Pel-
freez, Rogers, AK) were thawed and homogenized in 10
volumes of ice-cold 0.32 M sucrose using a glass/Teflon pestle.
The homogenate was centrifuged at 1500g for 10 min at 4 °C.
The resultant supernatant was centrifuged at 10 000g for 30
min at 4 °C. The pellet (P2) from this centrifugation was
resuspended in 200 mM NaCl, 50 mM potassium phosphate
buffer, pH 7.4, and centrifuged at 10 000g for 20 min at 4 °C.
This washing procedure was done a total of three times, and
then pellets were resuspended in buffer (∼4 mL/brain) using
a glass/Teflon pestle. The membrane suspension was aliquoted,
frozen in liquid nitrogen, and stored at -80 °C prior to use.

[35S]TBPS binding assays were done according to the
procedure described previously24 with modifications. Briefly,
aliquots of membrane solution (0.5 mg/mL final protein
concentration in assay) were incubated with 5 µM GABA, 2
nM [35S]TBPS (45-120 Ci/mmol), and 5 µL aliquots of steroid
in DMSO solution (final assay concentrations ranged from 1
nM to 10 µM), and brought to a final volume of 1 mL with 200
mM NaCl, 50 mM potassium phosphate buffer, pH 7.4. Control
binding was defined as binding observed in the presence of
0.5% DMSO and the absence of steroid. Nonspecific binding
was defined as binding observed in the presence of 200 µM
picrotoxinin and ranged from 6.1 to 14.3% of total binding.
Assay tubes were incubated for 2 h at room temperature. A
Brandel (Gaithersburg, MD) cell harvester was used for
filtration of the assay tubes through Whatman/GF/C glass
filter paper. The filter paper was rinsed with 4 mL of ice-cold
buffer three times. Radioactivity bound to the filters was read
by liquid scintillation counter and data was fit using Sigma
Plot version 3.0 to the Hill equation

where Rmax is the maximal effect, [conc] is steroid concentra-
tion, IC50 is the half-maximal inhibitor concentration, and n
is the Hill coefficient. Each data point was determined in
triplicate and two or three full concentration-response curves
were generated for each steroid.

Xenopus Oocyte Electrophysiological Methods. Stage
V-VI oocytes were harvested from sexually mature female X.
laevis (Xenopus One, Northland, MI) under 0.1% tricaine (3-
aminobenzoic acid ethyl ester) anesthesia. Oocytes were de-
folliculated by shaking for 20 min at 37 °C in collagenase (2
mg/mL) dissolved in calcium-free solution containing (in mM)
96 NaCl, 2 KCl, 1 MgCl2, and 5 HEPES at pH 7.4. Capped
mRNA, encoding rat GABAA receptor R1, â2 and γ2L subunits
was transcribed in vitro using the mMESSAGE mMachine Kit
(Ambion, Austin, TX) from linearized pBluescript vectors
containing receptor coding regions. Subunit transcripts were
injected in equal parts (20-40 ng total RNA) 8-24 h following
defolliculation. Oocytes were incubated up to 5 days at 18 °C
in ND96 medium containing (in mM) 96 NaCl, 1 KCl, 1 MgCl2,
2 CaCl2,and 5 HEPES at pH 7.4, supplemented with pyruvate
(5 mM), penicillin (100 U/ml), streptomycin (100 µg/mL), and
gentamycin (50 µg/mL). The cDNAs for the rat GABAA-receptor
subunits were originally provided by A. Tobin, University of
California, Los Angeles (R1); P. Malherbe, Hoffman-La Roche,
Switzerland (â2); and C. Fraser, National Institute on Alcohol
Abuse and Alcoholism (γ2L).

Two-electrode voltage-clamp experiments were performed
with a Warner OC725 amplifier 2-5 days following RNA
injection. The extracellular recording solution was ND96

f ) Rmax/{1 + ([conc]/IC50)
n}
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medium with no supplements. Intracellular recording pipets
were filled with 3 M KCl and had open tip resistances of ∼1
MΩ. Drugs were applied from a common tip via a gravity-
driven multibarrel drug-delivery system. Steroids were simul-
taneously coapplied with GABA. Cells were clamped at -70
mV for all experiments, and peak current during 20 s drug
applications was measured. Data acquisition and analysis were
performed with pCLAMP software (Axon Instruments, CA).
Statistical differences were determined using a two-tailed
Student’s t-test.

Tadpole Behavioral Methods. Tadpole LRR was mea-
sured as described previously.18 Briefly, groups of 10 early
prelimb-bud stage X. laevis tadpoles (Nasco, Fort Atkinson,
WI) were placed in 100 mL of oxygenated Ringer’s stock
solution containing various concentrations of compound. Com-
pounds were added from a 10 mM DMSO stock (final concen-
tration of DMSO in test solutions ≈0.1%). After equilibrating
at room temperature for 3 h, tadpoles were evaluated using
the LRR and LSR behavioral endpoints. LRR was defined as
failure of the tadpole to right itself within 5 s after being
flipped by a smooth glass rod. LSR was defined as the failure
of the tadpole to move the tip of its tail in a purposeful manner
(swimming movement) within 10 seconds of gently sliding the
tadpole around the beaker with a glass stirring rod for 5 s. In
general, the tadpoles regained their righting and swimming
reflexes when placed in fresh oxygenated Ringer’s solution.
Control beakers containing up to 0.6% DMSO produced no
LRR or LSR in tadpoles.

Tadpole LRR and LSR concentration-response curves were
fit using Sigma Plot version 3.0 to the Hill equation

where Rmax is the maximum effect, [conc] is the steroid
concentration, EC50 is the half-maximal effective concentration,
and n is the Hill coefficient.
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