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Introduction. The steroids (3a,5a)- and (3a,504)-3-
hydroxypregnan-20-one (1 and 2, respectively, Chart 1)
are potent anesthetics.! Multiple lines of evidence now
support the hypothesis that anesthesia results from the
ability of these steroids to enhance of the actions of
y-aminobutyric acid (GABA) at GABAa receptors.?
Structure—activity studies (SAR) have shown that the
30-OH group is essential for the anesthetic actions of
these steroids. The 17j-acetyl group can be replaced
with other 17p-substituents that are hydrogen bond
acceptors.?

In a previous study, we determined that phenan-
threne analogues 5 and 6 were weak modulators of
GABA, receptor function.® Apparently, the flexible side
chains in these analogues do not have the conformations
required for high biological activity. In a further attempt
to identify steroids having a modified D-ring and high
pharmacological activity at GABAA receptors, we pre-
pared and evaluated 17a-aza-D-homosteroids 7—14. We
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report that azasteroid 10 has pharmacological activities
comparable to those of neurosteroids 1—4 in two differ-
ent bioassays of GABAa receptor function. We also
report the results of a conformational analysis per-
formed to explain the results of this SAR study.
Results and Discussion. The 17a-aza-D-homoster-
oids were readily prepared by the general synthetic
pathway shown for the preparation of azasteroid 12 in
Scheme 1. The Beckmann rearrangement of the oximes
of 17-ketosteroids to give 17a-aza-17-oxo-D-homoster-
oids is a well-known reaction.* The remaining synthetic
transformations shown in Scheme 1 involve standard
methods. For those steroids not containing the 33-
methyl group, the 30-OH group was protected as either
an acetate or a MOM ether prior to the Beckmann
rearrangement. Protecting groups were removed either
prior to or after addition of the acyl side chains.?
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a (a) CH3sMgBr, THF, 0 °C during addition, overnight at rt, 94%;
(b) (1) Jones reagent, acetone, 30 min at rt, 90%, (2) chromato-
graphic separation of C-3 epimers; (c) NHOH-HCI, NaOAc,
MeOH, H;0, reflux 3 h, 100%; (d) anhydrous pyridine, p-TsCl, 4
h at rt, 72%; (e) BH3-THF, THF, 8 h at reflux; (f) (1) acetoxyacetyl
chloride, EtsN, THF, (2) MeOH, NaOH, 4 h at rt, 21% overall for
steps e and f.

Compounds 1—4 and 7—14 were evaluated in two
different bioassays: (1) noncompetitive displacement of
[3°S]-tert-butylbicyclophosphorothionate (TBPS) from
the picrotoxin site of GABAA receptors found in rat brain
membranes and (2) effects on the electrophysiological
responses of rat al132y2 GABAAa receptors expressed in
Xenopus laevis oocytes. For the [3*S]TBPS binding, full
concentration—response curves were determined and all
compounds displaced >90% of specific binding. The
electrophysiological data do not represent full concen-
tration—response data, and there may be differences in
efficacy as well as potency for the compounds in this
bioassay. The results are shown in Table 1.

Although steroids 1 and 2 are equipotent displacers
of [3®S]TBPS, steroid 1 produces both a greater poten-
tiation of GABA-mediated currents and a greater acti-
vation of a chloride current than steroid 2 in the oocyte
experiments. Steroids 3 and 4, which contain a 21-OH
group, behave similarly to steroids 1 and 2. Neither the
ICso for [3®S]TBPS displacement nor the electrophysi-
ological responses are much changed by the presence
of a 21-OH group. Similar results have been reported
previously.26

The results obtained for azasteroids 7—14 indicate
that whereas the stereochemistry at C-5 has a minor
effect on the actions of steroids 1—4, it has a major effect
on the actions of the corresponding azasteroid ana-
logues. As shown in Table 1, the 5o-reduced azasteroids
are uniformly more potent than the corresponding 53-
reduced azasteroids. The 50 compound 7 is ~17-fold
more potent a displacer of [*®S]TBPS than the corre-
sponding 58 compound 8. Additionally, compound 7 (10
uM) causes nearly a 4-fold enhancement of GABA-
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Table 1. Biological Activities of Steroids 1—-4 and
17a-Aza-D-homosteroids 7—14

oocyte electrophysiology®

TBPS ICs¢?
compd (uM) 0.1 uM 1uM 10 uM
1 0.074 +£0.0074 1.26+£0.14 3.89+134  9.65+3.87
0.37 £ 0.07 (G)
2 0.071 +£0.018 0.97 £0.08 1.92 +0.46 43+14
0.01 £0.01 (G)
3 0.039 +£0.003 1.30+0.07 455+055 11.83+2.10
1.67 +£1.22 (G)
4 0.12 +0.02 1.21+0.02 237 +0.17 5.43 +0.28
0.19 £ 0.02 (G)
7 0.20 £0.01 1.21+0.06 1.66+0.13 3.74 £0.28
0.05 £ 0.02 (G)
8 3.47+0.28 1.37+0.17 1.04+0.08 1.18 +0.09
0.01 £ 0.01 (G)
9 2.61+0.28 0.96 £ 0.06 1.04 +0.06 1.99 +0.16
0.05 + 0.02 (G)
10 0.045 + 0.02 1.17+0.10 1.73+0.13 8.09 + 1.29
0.49 £ 0.07 (G)
11 0.93 £0.13 1.36 £0.27 157 +£0.22 3.87 £ 1.50
0.10 £ 0.06 (G)
12 0.55+0.041 1.00+0.09 1.22+0.14 6.50 + 0.98
0.20 £+ 0.04 (G)
13 0.43 £0.04 1.114+0.03 191+0.21 10.12+1.49
0.50 + 0.16 (G)
14 6.22 +1.28 0.98 £0.01 0.96 +0.02 1.12 + 0.06

0.02 £ 0.02 (G)

a [35S]TBPS binding was carried out as described previously.
Results presented are from duplicate experiments performed in
triplicate. Error limits are calculated as standard error of the
means. The Hill coefficients for displacement of [3*S]TBPS varied
from 0.57 to 1.43. P The electrophysiological methods were as
described previously.’> The GABA concentration used for the
control response was 2 uM. Each steroid or azasteroid was
evaluated (N = 3—6, except compound 1 where N = 12) at the 3
concentrations indicated, and the results reported are the ratio of
the currents measured in the presence/absence of added steroid.
(G) represents the direct current gated by 10 uM compound in the
absence of GABA, and this current is reported as the ratio of
steroid only current/2 uM GABA current. Error limits are calcu-
lated as standard error of the means.

mediated current, whereas compound 8 (10 M) causes
only ~20% enhancement. The direct activation of a
chloride current by either compound (10 M) is minimal.

Changing the 17a-acetyl group to an a-hydroxyacetyl
group as in azasteroids 10 and 11 increases the potency
(or possibly the efficacy in the oocyte experiments) of
both compounds in both bioassays. By contrast, chang-
ing the 17a-acetyl group to a trifluoromethylacetyl group
as in compounds 13 and 14 decreases the potency of
both compounds as displacers of [35S]TBPS. In the
oocyte experiments, the trifluoromethylacetyl group
increases the activity of the 5o compound 13 (compare
with azasteroid 7) but does not enhance the activity of
the 58 compound 14 (compare with azasteroid 8).
Finally, addition of a 33-methyl group, as in azasteroids
9 and 12, adversely affects the activity of the azasteroids
in both bioassays (compare compound 9 with 7 and 12
with 10).

Conformational analysis of the 17a-aza-D-homoster-
oids was performed as an initial step to correlate the
above results with the active conformation of the
compounds. Minimum energy conformations of azas-
teroids 7—14 were identified by molecular mechanics
calculations (MM2 parameters and the Dihedral Driver
option contained in the CS Chem3D Pro program). In
every case, and as shown in Figure 1A—D for azasteroid
9, four minimum energy conformers (two pairs in which
the piperidine ring is in either the chair or boat
conformation) were found. Only one of these conformers
has the carbonyl oxygen of the side chain located above
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Figure 1. Minimum energy conformations (A—D) and X-ray
crystal structure (E) of compound 9. The hydrogen atoms are
not displayed in panels A—D.

a plane defined by atoms C-5, C-7, and C-12 of the
steroid rings. This conformer is also the minimum
energy conformer. On the basis of steric energy consid-
erations, neither conformer in which the carbonyl group
is oriented away from C-12 (Figure 1A,B) is expected
to be significantly populated at physiologic tempera-
tures. Although the conformer having a steric energy
of 44.92 kcal/mol cannot be eliminated from consider-
ation as a biologically active conformation on the basis
of its steric energy, it is unlikely to be biologically
relevant because the carbonyl group is below the plane
(C-5, C-7, and C-12) of the steroid. Steroids containing
either a 17a-acetyl or a 17a-cyano group, as well as
those in which the acetyl group is pulled down into the
plane of the D-ring by a A6-double bond, are known to
lack anesthetic activity and to be weak modulators of
GABAA receptors.t’—° Thus, the modulatory actions of
azasteroids 7—14 can be reasonably associated with a
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conformation analogous to that shown for the minimum
energy conformer of azasteroid 9.

The crystal structure of azasteroid 9 was determined
(see Figure 1E).1® As expected from the molecular
mechanics calculations, the molecule has the piperidine
ring in a boat conformation with the side chain carbonyl
group oriented toward C-12. The O—0O distance in the
molecule is 9.82 A, which is in excellent agreement with
the value of 9.85 A from the molecular mechanics
calculation. The relevance of this solid-state structure
to the solution conformation of azasteroids 7—14 is
supported by 'H NMR (CDCl;) data. The two C-17
hydrogens in the amine precursors to the acylated
azasteroids 7—14 occur in the chemical shift range of 6
2.9-2.7. For compounds 7—14, these C-17 hydrogen
resonances occur in the region of 6 3.6—3.3. In every
case, however, an additional hydrogen resonance in the
region of 6 3.0—3.3 is observed for compounds 7—14.
This additional downfield resonance can only be at-
tributed to a hydrogen on either C-12 or C-16 being
oriented within the deshielding cone of the newly
introduced side chain carbonyl group.

For the 38-OH epimer (structure not shown) of 5a-
reduced azasteroid 7, the C-17 protons are observed as
overlapping multiplets at 6 3.45—3.31. An additional
resonance is centered at 6 3.28 (broadened dd, J = 3.3,
9.3 Hz). Replacement of the C-17 hydrogens with
deuteriums (achieved by LiAID, reduction of the ap-
propriate lactam precursor) has no effect on the splitting
pattern of the 6 3.28 resonance. This indicates that the
0 3.28 resonance is not the result of a C-16 resonance
residing within the deshielding cone of the side chain
carbonyl group. The result is consistent with the C-12
equatorial hydrogen residing within the deshielding
cone of the carbonyl group when it is oriented as it is in
the solid-state structure of azasteroid 9. In the solid
state, this hydrogen is 2.27 A from the carbonyl oxygen
and it is located along the axis of the carbonyl bond as
required for it to be deshielded by the carbonyl group.1!

On the basis of this conformational analysis, we
hypothesize that the receptor-bound conformation of the
17a-aza-D-homosteroids when bound to GABAA, recep-
tors is analogous to the conformation found for aza-
steroid 9 in the solid state. Consequently, we propose
that the 54-reduced azasteroid 8 is less active than the
5a-reduced azasteroid 7 because of the shorter distance
between the hydrogen-bonding groups found in the
former compound. The calculated O—O distance in 5a-
reduced azasteroid 7 is 9.88 A, whereas it is only 9.43
A in 58-reduced azasteroid 8. The ranges of O—O
distances (calculated by rotation of the 175-acetyl group
in 10° increments) for conformers of steroids 1 and 2 in
which the carbonyl group remains above the plane
(defined by C-5, C-7, and C-12) of the steroid are
calculated to be 10.19—11.22 A (5a-reduced ring system)
and 9.72—10.59 A (58-reduced ring system), respec-
tively. Hence, only the O—O distance of 5o-reduced
azasteroid 7 is within the range of the corresponding
distance values found in anesthetic steroids 1 and 2.

Substitution of the 17a-acetyl group with an o-hy-
droxyacetyl group in the C-5 epimeric azasteroids
(compare compound 7 to 10 and 8 to 11) increased
activity in both cases. Azasteroid 10 has activities
comparable to those of steroids 1 and 2, while azasteroid
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11 has activities similar to those of azasteroid 7. We
propose that the side chain OH group of the hydroxy-
acetyl group in compounds 10 and 11, which is likely
to be intramolecularly hydrogen bonded to the adjacent
carbonyl group, is also acting as a hydrogen bond
acceptor in an interaction with the receptor. Hence, the
increased activities for azasteroids 10 and 11 are
explained by the more favorable distances between the
hydrogen-bonding groups (3a-OH, donor; side chain OH,
acceptor) in these compounds (11.73 and 10.97 A,
respectively). Since the biological activities of steroids
1 and 2 are not substantially increased by this struc-
tural modification (compare with steroids 3 and 4), the
O—0 distances are presumably optimal for the bound
conformations of steroids 1 and 2 and nothing is gained
by introducing an alternative hydrogen bond acceptor
group in the side chain.

Substitution of the 17a-acetyl group with the trifluo-
romethylacetyl group in a 5a-reduced azasteroid (com-
pare compound 7 to 13) adversely affected binding but
enhanced electrophysiological activity. For a 58-reduced
azasteroid, this same substitution has a slightly nega-
tive effect on both activities (compare compound 8 to
14). We expected that this structural modification would
lead to a decrease in activities for both fluorinated
analogues in both bioassays. The trifluoromethyl group
is expected to be, at best, a poor hydrogen bond
acceptor.2 Additionally, for inductive reasons the trif-
luoromethyl group should make the carbonyl group a
poorer hydrogen bond acceptor. An explanation for why
the activity of azasteroid 13 is increased in the electro-
physiological assay is not apparent to us.

Finally, the 33-methyl group present in azasteroids
9 and 12 decreased the biological activity of these
compounds (compare compound 9 to 7 and 12 to 10).
Since it is known that this structural modification does
not have a negative effect on the pharmacological
activities of steroids 1 and 2,113 this result indicates that
the D-ring modification has affected the way that the
steroid A-ring interacts with the receptor. This result
is not surprising when one considers the difference in
the overall shape and size of the steroid and 17a-aza-
D-homosteroid ring systems.

In conclusion, these studies demonstrate that 17a-
aza-D-homosteroid analogues can potently increase the
actions of GABA at GABAAa receptors. For example,
azasteroid 10 has pharmacological activities comparable
to those of anesthetic steroids 1—4. Additionally, the
facile manner in which these azasteroids can be pre-
pared and modified makes the 17a-aza-D-homosteroid
ring system an attractive core structure for additional
SAR studies.
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