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Asymmetric Total Synthesis of
11a-Hydroxyprogesterone via a Biomimetic
Polyene Cyclization!

Sir:

We have previously shown that the racemic form of sub-
stance 1 can be induced to undergo a stereoselective acid-
catalyzed biomimetic cyclization so as to produce mainly a
single tetracyclic product (2 + enantio-2).2 This latter material
was readily converted, by ozonolysis followed by cyclodehy-
dration of the resulting ring A seco diketone, into racemic
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1 la-hydroxyprogesterone (3 + enantio-3). The failure to de-
tect any racemic 118 isomer at this stage showed that the cy-
clization step was proceeding asymmetrically owing to the
influence of the chiral center at pro-C-11 (see formula 1). It,
therefore, became of prime importance to ascertain whether
cyclization of the optically active form of the substrate 1 (with
the R configuration at pro-C-11) would occur faster than ra-
cemization to produce an optically active product 2. The out-
come of this finding has been the realization of an asymmetric
total synthesis of 11a-hydroxyprogesterone (3) which is the
key intermediate in the commercial production of hydrocor-
tisone acetate.’

pro-C-1{

The reported synthesis? of the racemic form of the cycliza-
tion substrate 1 involved, as the convergent step, addition of
the lithium acetylide of the diketal 13 to the aldehyde 5 to give
the propargylic alcohol 12, which was then submitted to the
following steps: hydride reduction to the trans allylic alcohol;
ketal hydrolysis; cyclodehydration of the resulting 6 diketone
giving the cyclopentenone system; and then, finally, reaction
with methyllithium. Thus the pro-C-11 chiral center first ap-
peared at the stage of the propargylic alcohol 12. Preliminary
attempts to resolve this substance were unpromising; therefore
attention was turned to an alternative synthesis in which the
chiral center was established at an earlier stage in a smaller
molecule which promised to be more susceptible to resolu-
tion.

The new scheme was first examined in the racemic series.
Thus the aldehyde 5 was treated with the lithium salt of tri-
methylsilylacetylene (4)* to give the trimethylsilylacetylenic
alcohol 6° (Scheme I) in 92% yield after distillation.6 Treat-
ment of 6 with aqueous methanolic potassium hydroxide ef-
fected desilylation and the product (8 + enantio-8),% obtained
in 100% yield after distillation,® was converted to the known
diketal propargylic alcohol 12 as follows. Treatment of 8 +
enantio-8 with zert-butyldimethylsilyl chloride and imidazole
in DMF gave a 92% yield of the O-silyl ether,> which was
converted into the lithium salt with n-butyllithium in glyme
containing 20% HMPA. Alkylation of this salt with the diketal
bromide 9 (15 h at 25 °C), afforded the tert-butyldimethylsilyl
ether’ of 12 which was isolated in 71% yield after chroma-
tography on silica gel. Desilylation of this ether with tetra-
n-butylammonium fluoride in THF gave a quantitative yield
of 12, identical with authentic material by IR, NMR, and VPC
comparison.

The racemic propargylic alcohol (8 + enantio-8) could be
partially resolved as the brucine salt of the half-acid phthalate.
Hydrolysis of the fraction which crystallized from benzene/
ether yielded the product 8, [«]ECHp + 14.8° (¢ 1.87)7 cor-
responding to an enantiomeric ratio of ~90:10, as estimated
by GC analysis of the methoxytrifluoromethylphenylacetic
(MTPA) ester® on a 12-ft OV-3 column (baseline separation).
The absolute configuration of the dextrorotatory product?® was
confirmed as 8 by relating it to 1 la-hydroxyprogesterone (see
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below). The mother liquor material from the aforementioned
crystallization yielded, on hydrolysis, material enriched in
enantio-8, [«]EtOHp —10.4° (¢ 1.83).7

An asymmetric synthesis of 8 leading to a product of slightly
higher optical purity than that described above was developed
by Brinkmeyer and Kapoor® involving the asymmetric re-
duction of the acetylenic ketone 7 with the complex from
lithium aluminum hydride and Darvon alcohol.!® Thus the
product 8 was produced in 70% yield after chromatography
on Florisil, [«]EOH +15.1° (¢ 2.01),” [@] CHCh, +63.5° (¢
2.08).7 The enantiomeric ratio of this specimen was estimated
to be ~91:9 by GC of the MTPA ester. The ketone 7° required
for the asymmetric reduction was prepared in 78% yield by
desilylation (see above) followed by Jones oxidation!! and
chromatography on silica gel.

The +15.1° sample of 8 was converted, by the procedures
described above, into 10, []FOH, +5.2° (¢ 4.1).7 The enan-
tiomeric ratio of this specimen was regarded as being also
~91:9 because the reaction conditions involved in the con-
version of 8 to 10 were not considered likely to cause any ra-
cemization,

A product of somewhat higher optical purity was obtained
by reduction of the ketone 11 with lithium aluminum hy-
dride-Darvon alcohol complex.®!® Thus a 93% yield of 10,
[«]EtOHL +5.4° (¢ 4.1),7 was obtained after chromatography
on Florisil. An enantiomeric ratio of 92:8 was calculated from
the rotation data. This became the method of choice for the
preparation of 10 because the ketone 11° was easily produced
in 92% yield by oxidation of the racemic alcohol 12 with Jones
reagent!! at 0 °C, followed by chromatography on neutral
alumina.

The specimen of 10 (estimated enantiomeric ratio 92:8) was
converted into 1 (see above) which was cyclized by an improved
procedure involving slow addition over 2-3 h of a solution of
0.9 mmol of the substrate in 5-6 mL of methylene chloride to
a mixture composed of 90 mL of trifluoroacetic acid and 242
mL of trifluoroethanol at —15 °C. After 16 h at 25 °C, the

solvent was removed by distillation at reduced pressure, and
the residue was treated with potassium carbonate in aqueous
methanol and then acetylated with acetic anhydride and pyr-
idine. Chromatography onsilica gel gave, after an early frac-
tion (~10% yield) containing what we presume to be mainly
13« isomers,!2 a 40% yield of the acetate of 2 as a mixture of
178 and 17« epimers, predominantly the former. Ozonolysis
followed by cyclodehydration? afforded, in 80% overall yield
from the acetate of 2, a mixture of 3 (the major product) and
its 17« epimer along with some of their enantiomeric forms.
A major portion of the 178 epimer was isolated by crystalli-
zation, and the remainder was separated completely from the
17« fraction by liquid chromatography of the mother liquors
at 1000-1200 psi on a Li Chrosorb Si 60 column (1:1 pen-
tane-ethyl acetate containing 1% acetonitrile). The total
combined 178 fractions (70% by weight) exhibited [o]CHC I
+147° (¢ 1.0),7 [«]EtCHL +139° (¢ 1.0),” as compared with
the values of +176 and +165, respectively, found by us for
authentic 11«-hydroxyprogesterone (purified by liquid chro-
matography), mp 166-168 °C. From these data the ratio of
3 to enantio-3 in the synthetic material is calculated to be 92:8.
The major fraction (30% by weight) from the aforementioned
crystallization melted at 164-166 °C, [o]CHClL +180° (¢
0.8).7 A mixture of this specimen with the authentic 11a-
hydroxyprogesterone melted at 166-168 °C.

The 17« fraction (see above) exhibited [«]CHC3, —12.5°
(¢ 0.8),” reported for the 17« epimer of 11a-hydroxyproges-
terone, [a]CHChL —12° (¢ 0.995).13

The foregoing results demonstrate that the cyclization 1 —
2, as well as the subsequent steps of the synthesis, proceeds
without any perceptible racemization, thus providing an
asymmetric total synthesis of 11a-hydroxyprogesterone.
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Thermal Decarboxylation of But-3-enoic Acid.
MINDO/3 Calculations of Activation Parameters and
Primary Kinetic Isotope Effects

Sir:

While typical pericyclic reactions have traditionally been
considered '+ to take place in a synchronous manner,3 recent
MINDO/34 molecular orbital calculations suggest that this
is rarely so. Thus the Diels-Alder reactions of ethylene with
butadiene, and of acetylene or ethylene with cyclobutadiene,
are predicted to involve highly unsymmetrical transition states
in which one of the new bonds is essentially formed while the
other is barely formed at all.>6 A similar situation was found
for the “allowed” conversion of benzvalene to benzene’ and
in several chelotropic reactions.® The “allowed” thermal ring
opening of bicyclobutane to butadiene® and the degenerate
Cope rearrangement of bicyclo[2.2.0]hexane'? were predicted
by MINDO/3 to be not only nonsynchronous? but two-step?
reactions involving stable biradical intermediates. It was
therefore with interest that we discovered that according to our
MINDO/3 calculations the retro-ene decarboxylation of
but-3-enoic acid (1) proceeded via a six-center transition state
in a synchronous manner.

The kinetics of decomposition of 1 have been reported sev-

CHo = CHCH2CO,H —>  CHzCH=CHp + COp
1
R R
AN
C=cC COoH
/S N/
H c
7/ \
Me Me

2a Ryi=H, Rp = CgHg X
2b R| = Ph; Rp=H

eral times.!1-13 Most of the mechanistic studies, however,
owing largely to Bigley and coworkers,!214-18 have been
concerned with the analogous 2,2-dimethylbut-3-enoic acid
derivatives 2 since these are free of complications arising from
isomerization to the «,8-unsaturated acids and show a lower
tendency to lactone formation.!? These studies 2%ointed to a
synchronous reaction via a six-membered transition state for
the gas phase thermal decomposition of 1 and related acids.
Thus the reaction is homogeneous and first order,!317 has a

Figure 1. ORTEP plot of the calculated transition state for thermal de-
composition of but-3-enoic acid.

negative entropy of activation,' %1617 proceeds at the same rate
in the gas as in the liquid phase,!” and shows significant deu-
terium!!:15 and 14C!6 kinetic isotope effects (see below).
Substituent effects in a series of substituted 2,2-dimethyl-3-
phenylbut-3-enoic acids 2a have been reported,'4 and, on the
basis of a Hammett % correlation, suggest approximately a
20% positive charge development at Cj in the transition
state.

The transition state predicted by our MINDO/3 calcula-
tions is shown in Figure 1 and Table I and is completely con-
sistent with these experimental data and the pictorial repre-
sentation 3 of this transition state assumed by workers in this
field.?0 Several features may be noted with respect to the
“synchronicity” of this reaction. Thus the C>C; and C3C4
bonds are of equal length (cf. 1.34 and 1.49 A in 1) in the
transition state. The breaking bonds C,C, and H,0 are both
substantially extended. The hydrogen atom H, is approxi-
mately midway between C4and O, and the OCO angle is in-
termediate between that in 1 (121.9) and the incipient CO;
molecule. The geometry of Figure 1 corresponds approximately
to a rather flattened boat. Consequently we assumed at first
that there must be an alternative reaction path via an analogous
chair conformer, but despite our most diligent efforts we were
unable to locate such a transition state. In agreement with the
studies'? of substituent effects, the calculations imply devel-
opment of a sizable positive charge at C; (column 4, Table I).
The calculations also bear out the “intuitive” transition state
model 3 in predicting development of negative charge at C, and
C4. The only available data concerning substituent effects at
these positions are for various methylated and phenylated!2:16
derivatives in which it is not possible to distinguish the elec-
tronic and steric influences.

In view of our recent success in calculating molecular vi-
brational frequencies,?! isotopic shifts,?2 and absolute en-

Table 1. Structural Parameters and Formal Charge Distribution for But-3-enoic Acid Retro-ene Transition State (Figure 1)

Bond lengths, A Bond angles, degrees Formal charges 04
C,C3, 1.680 C1C1C3, 106.58 C,, 0.8926 0.0737
C,C;, 1,420 CyC3C4, 125.24 C,, 0.1640 —0.1051
C3Cy, 1.420 C;3C4H,, 90.25 Ci, 0.2469 0.2255
0,Cy, 1.248 C;H 104, 150.21 Cy4, —0.1210 ~0.0877
0,C,, 1.218 H,0,C,, 114.01 0,, —0.6143 -0.1018
H,0y, 1.419 0,C,Cy, 111.39 0,, —0.5716 ~0.0400
H,C4 1.218 0,C;04, 139.80 H,, 0.1987 -0.0591

@ Charge development; i.e., = g (transition state) — g (reactant).
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