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By use of the acyloin reaction in homogeneous solution, dimethyl marrianolate methyl ether (I) has been cyclized stereo-
specifically in 969, yield to 16-keto-178-estradiol-3-methyl ether (II), from which the major natural estrogenic steroids
(estrone, estradiol, and estriol) may be derived. Conversion of II acetate to the trimethylenethioketal, followed by desulfuri-
zation, sapomﬁcatlon and demethylation, afforded estradiol in good over-all yield. Estrone was obtained by oxidation and

subsequent demethylation of 8-estradiol-3-methyl ether.
II.

Published methods®~® leading to total syntheses
of the natural female sex hormone estrone com-
monly feature a closure of the D ring via the
Dieckmann condensation. In the most recent syn-
thesis of estrone by Johnson,® as in the synthesis of
Anner and Miescher,* a carbon atom is first added
to the primary acid chain of dimethyl marrianolate
methyl ether (I) and subsequently lost upon forma-
tion of ring D. A cyclization procedure directly
applicable to the diester I would eliminate the es-
sentially wasteful homologation steps required for
closing the five-membered ring. Recent work” in
this Laboratory on the formation of five- and six-
membered rings via the acyloin condensation has
pointed up the possibility of applying this reaction
to the estrone series.
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Estrane-3-methyl ether was produced by zinc-acid reduction of
Lithium aluminum hydride reduction of II gave principally 16-epiestriol-3-methyl ether.

jected to the acyloin reaction in homogeneous me-
dium, afforded stereospecifically in excellent yield the
estrogenic steroid 16-keto-178-estradiol-3-methyl
ether (II), an intermediate from which the natural
estrogens estradiol, estrone and estriol can be pre-
pared readily.

Cyclization of dimethyl marrianolate methyl
ether (I) was effected by addition of an ethereal
solution of the diester to an excess of sodium dis-
solved in a medium containing 60% liquid ammonia
and 40%, anhydrous ether. The reaction is very
rapid, with the rate of addition having little or no
effect upon the yield. After complete evaporation
of the ammonia and acidification of the residues, a
96% yield of acyloin II was obtained. A determi-
nation of the infrared spectra of this material showed
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all the characteristics of a highly enolic acyloin;
a rather weak OH band at 2.80 u, a strong carbonyl
band at 5.75 p, assigned to the cyclopentanone
carbonyl, and a band of medium intensity at 6.18 u
attributed to a carbon—-carbon double bond in a five-
membered ring.

The acyloin II obtained from-the cyclization was
demonstrated to be 16-keto-178-estradiol-3-methyl
sther by comparison with an authentic sample pre-
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pared by the method of Huffman® and Butenandt.?®
No depression of melting point was observed upon
admixture of the a-ketols or of their acetate deriv-
atives. Specific rotation and infrared spectra also
indicated that the a-ketols prepared by the differ-
ent methods were identical. A 178-hydroxyl group
was thus shown to be present in the acyloin, not
the a-epimer as was earlier reported® in a prelimi-
nary communication,

In contrast to this smooth reaction in homogene-
ous medium, the conventional heterogeneous reac-
tion conditions of finely dispersed sodium in reflux-
ing toluene yielded no detectable quantity of acyloin
product from I.  After high dilution addition of the
diester during 6 hours, and a total heating period of
16 hours, the only substances isolated were 409, of
the starting material and some insoluble, presum-
ably polymeric material.

The diester I required for cyclization to the ster-
oid acyloin can be prepared by the relatively short
total synthesis reported by Johnson and Christian-
sen® starting from anisole. An alternative route
to this starting material, employed in this work, in-
volves the hypoiodite oxidation of estrone methyl
ether.

Removal of the 16-keto group from the a-ketol II
was effected by hydrogenolysis of the thioketal-ace-
tate derivative IV, a method similar to that em-
ployed by Huffman and Lott!! with 3,17-dihydroxy-
16-keto-Ab-androstene. 16-Keto-178-estradiol - 17-
acetate-3-methyl ether (III) was prepared in 869
vield from the unpurified acyloin by treatment with
pyridine and acetic anhydride. Condensation of IIT
with 1,3-propanedithiol afforded the trimethylene
thioketal IV in 90% yield. Desulfurization of this
derivative by heating for 18 hours with Raney nickel
W-6 in dioxane led to an 889 yield of 178-estradiol-
3-methyl ether (V). Demethylation with pyridine
hydrochloride gave 178-estradiol (VII) in 909,
yield. V and VII were identified by comparison
with authentic 178-estradiol and its 3-methyl
ether prepared from estrone and estrone methyl
ether, respectively, by sodium borohydride re-
duction.!? Oxidation of V with chromic acid
yielded estrone methyl ether (VI), identified by
comparison with an authentic sample.

Attempts to condense 1,3-propanedithiol with
the unprotected acyloin II led only to uncharacter-
ized products, indicating that isomerization was
occurring.

The a-ketol II has been employed previously as
a precursor of estriol-16«,178, the naturally occur-
ring isomer. Butenandt and Shoffler? reported the
use of sodium in isopropyl alcohol to effect the re-
duction of the 16-keto group to give a ¢{rans-glycol,
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and Huffman!3® effected the same reduction with
sodium amalgam.
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Lithium aluminum hydride treatment of II gave
a mixture of products, from which the cis-glycol
could be isolated as the acetonide VIII in 729,
yield. Acid hydrolysis of this derivative afforded
pure 16-epiestriol methyl ether.

A preliminary attempt to remove the hydroxyl
group of the acyloin II to yield the methyl ether of
estrone-16 was unsuccessful. Huffman,!* working
with the free phenol, succeeded in removing a 178-
hydroxy group from 16-keto-178-estradiol by em-
ploying Clemmensen conditions. Treatment of
II with zinc, acetic acid and concentrated hydro-
chloric acid, even for a relatively short time, re-
moved all oxygen from ring D, yielding desoxoes-
trone methyl ether (IX).

Experimental?®

Dimethyl Marrianolate Methyl Ether (I).—The method
developed by Herr and Miescher!® for the preparation of di-
methyl marrianolate benzyl ether from 3-benzylestrone was
employed. From 2.40 g. of estrone methyl ether, suspended
in 300 ml. of prepurified methanol,!” to which was added si-
multaneously solutions of 5.8 g. of iodine in 70 ml. of pre-
purified methanol and 10.5 g. of potassium hydroxide in 20
ml. of water and 50 ml. of prepurified methanol, there was
obtained, after isolation and treatment with diazomethane,
2.0 g.°(66%) of dimethyl marrianolate methyl ether, m.p.
73-74°.

16-Keto-178-estradiol-3-methyl Ether (II).—To a 1-L
three-necked flask fitted with a Dry Ice condenser, stirrer,
addition funnel, and nitrogen system was added 200 ml. of
dry ether and 300 ml. of anhydrous liquid ammonia. In
this liquid was dissolved 0.80 g. (0.0348 g.-atom) of freshly-
cut sodium. The system was swept thoroughly with pre-
purified nitrogen and all subsequent operations up to the ex-
tractions were carried out under a slow stream of nitrogen.
A solution of 1.82 g. (0.005 mole) of dimethyl marrianolate
methyl ether (I) in 180 ml. of dry ether was added during 1.5
hours with efficient stirring, and the stirring was continued
as the flask was allowed to come slowly to room temperature.
After 4 hours only a trace of ammonia could be detected in
the exit gases. To the white suspension of excess sodium
and sodium enolate of acyloin in ether was added 2 ml. of
methanol in 100 ml. of ether (to destroy excess sodium) and the
mixture was acidified with 50 ml. of 5% hydrochloric acid.
After partition and separation, the aqueous layer was ex-
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tracted with an ether—methylene chloride mixture, and the
combined organic solution was washed with dilute sodium
bicarbonate and water. Removal of the solvents under re-
duced pressure aftorded 1.44 g. (96%,) of colorless crystalline
product, m.p. 163-166°, [a]®Dp —85° (¢ in ethanol). Treat-
ment with charcoal and recrystallization gave silky needles
of 16-keto-178-estradiol-3-methyl ether (II), m.p. 169.5~
171°, [@] "D —87° (¢ 1 in ethanol).

Anal. Caled. for CyHa05: C, 75.97; H, 8.05. Found:
C, 75.79; H, 8.09.

Upon admixture with a sample of 16-keto-178-estradiol-3-
methyl ether, m.p. 169-170.5°, [«] D —88° (¢ 1 in ethanol),
prepared from 16-oximinoestrone methyvl ether according
to the method of Butenandt,? the m.p. was 169-170.5° (un-
depressed).

A sample of II prepared by the acyloin cyclization was
converted to an oxime derivative. After three recrystalli-
zations from ethanol the m.p. (dec., in bath at 194°) was
199.5-200°.

Anal. Caled. for CoHz;0;:N: C, 72.35; H, 8.00. Found:
C,72.39; H, 8.21.

16-Keto-178-estradiol-17-acetate-3-methyl Ether (III).—
To 500 mg. (0.0016 mole) of a-ketol II, were added 5 ml.
of dry pyridine and 2 ml. of acetic anhydride and the solu-
tions stored at room temperature for 16 hours. The solu-
tion was diluted to about 35 ml. with water and neutralized
with 11 ml. of 6 N hydrochloric acid. The crystals obtained
were filtered, washed well with water, and recrystallized
from ethanol to give 490 mg. (86%) of 16-keto-178-estradiol-
17-acetate-3-methyl ether, m.p. 151-151.5°.

Anal. Caled. for C»Hy04: C, 73.87; H, 7.38. Found:
C, 73.95; H, 7.68.

Upon admixture of this compound with the acetate of the
a-ketol prepared by the method of Butenandt,” m.p. 150.2—
151°, the m.p. was 150.2-151.5° (undepressed).

The Trimethylene Thioketal of 16-Keto-178-estradiol-17-
acetate-3-methyl Ether (IV).—To 440 mg. of the acyloin
acetate III dissolved in 10 ml. of anhydrous benzene was
added 500 mg. of freshly fused zinc chloride and 0.4 ml. of
1,3-propanedithiol. The benzene solution was saturated
with anhydrous hydrogen chloride, and after 2 hours at
room temperature, the solution was decanted from the zine
chloride. After washing successively with dilute sodium
hydroxide and water and drying over sodium sulfate, the
solvent was removed under reduced pressure and the residue
crystallized from ethanol to give 500 mg. of the thioacetal
IV, m.p. 158-159°.

Anal. Caled. for CyH;3:058::
Found: C, 66.56; H, 7.62.

178-Estradiol-3-methyl Ether (V).—A mixture of 325 mg.
of the thioketal IV and 5 g. of Raney nickel W-6 in 50 ml.
of dioxane (solvent pretreated with Raney nickel catalyst)
was heated for 16 hours on a steam-bath. The catalyst was
recovered by filtration and thoroughly washed with dioxane
and ether. Removal of the solvents under reduced pressure
and crystallization of the residues from aqueous methanol
gave 190 mg. (889, of 17B-estradiol-3-methyl ether (V),
double m.p. of 96° and 119-119.5°, [a]¥D +73° (ethanol).

Anal. Caled. for CuHp602: C, 79.67; H, 9.15. Found:
C, 7941; H, 9.32.

C, 66.62; H, 7.45.

The m.p. of a mixture with 178-estradiol-3-methyl ether, -

m.p. 119-119.8°, [a]¥D +75° (ethanol), prepared by so-
dium borohydride reduction!? of estrone methyl ether, was
119-119.5° (undepressed).

Estrone Methyl Ether (VI).—To 200 mg. of 178-estra-
diol-3-methyl ether dissolved in 5 ml. of glacial acetic acid
in an ice-bath was added 60 mg. of chromic anhydride dis-
solved in 1 ml. of glacial acetic acid. After 20 minutes the
flask was allowed to warm to room temperature. Water
was added after 60 minutes and the cold green solution made
alkaline by the slow addition of solid sodium carbonate.
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After extraction with ether, the ketonic product was ob-
tained crystalline upon removal of the solvent. Recrystalli-
zation from ethanol gave 135 mg. of estrone methyl ether,
m.p. 169-170°, [«]%Dp +169°. Upon admixture with an
authentic sample, m.p. 168-169°, the m.p. was 168-169°
(undepressed).

178-Estradiol (VII).—A mixture of 117 mg. of 178-estra-
diol-3-methyl ether and 2 g. of anhydrous pyridine hydro-
chloride was heated at 200-220° for 40 minutes under an
atmosphere of nitrogen.'® After cooling, 5 ml. of dilute
hydrochloric acid was added, and the product taken up in
ether. Extraction with several portions of N potassium
hydroxide, followed by acidification of the combined basic
extracts, afforded 100 mg. (909;) of 17B-estradiol, m.p.
174-177° with previous softening. After recrystallization
from aqueous methanol the m.p. was 176-177.5°, [«]?D
+80° (¢ 1, dioxane).

The m.p. of a mixture with an authentic sample of 178-
estradiol, m.p. 176.5-177.5°, [a]%D +82.5° (¢ 1, dioxane),
prepared by sodium borohydride reduction of estrone,!?
showed no depression (176-177.5°).

Lithium Aluminum Hydride Reduction of 16-Keto-178-
estradiol-3-methyl Ether.—To a stirred slurry of 150 mg. of
lithium aluminum hydride in 40 ml. of dry tetrahydrofuran
was added over a 10-minute period a solution of 312 mg.
(0.001 mole) of the a-ketol II in 5 ml.of dry tetrahydrofuran.
The mixture was heated at reflux for 50 minutes, cooled,
and excess reagent was destroved by adding 5 ml. of ethyl
acetate. Twenty-five ml. of 59, hydrochloric acid was
added and stirring continued for 10 minutes. The layers
were separated, the acid layer extracted with ether, and the
combined organic solution washed well with water, dried,
and concentrated to yield 300 mg. (969) of colorless crys-
tals, m.p. 128-133° after recrystallization from methanol.

To 64 mg. of this isomeric mixture of glycols, dissolved
in 10 ml. of absolute acetone, was added 2 ml. of absolute
acetone saturated with anhydrous hvdrogen chloride. The
medium was swirled for 15 minutes, then poured into 100
ml. of 3%, potassium carbonate solution. After storage at
0-5° for 16 hours, 52 mg. (729%,) of the acetonide VIII of the
cis-glycol, estriol-168,178,3-methyl ether, was obtained,
m.p. 150-152° after recrystallization from ethanol.

Anal. Caled. for CosHs00s5: C, 77.15; H, 8.84. Found:
C,77.31; H, 8.76.

Twenty mg. of the acetonide VIII dissolved in 2 ml. of di-
oxane was refluxed for 2 hours with 2 ml. of 109, aqueous
hydrochloric acid. Ten ml. of water was added, and after
16 hours at 0-5°, 15 mg. of 16-epiestriol was isolated. After
recrystallization from aqueous methanol, the m.p. was 135.5—
136.5° (reported!® 141-142°).

Desoxoestrone Ether (IX).—To 50 mg. of a-ketol II,
m.p. 163-166°, dissolved in 3 ml. of glacial acetic acid, were
added 2.0 g. of zinc dust and 3 ml. of concentrated hydro-
chloric acid and the mixture was heated at reflux for 9.5
hours. An additional 3-ml. portion of concentrated hydro-
chloric acid was added 30 minutes after heating had begun.
Water and ice were added and the solution extracted with
ether. The ether layer was washed well with water, dilute
sodium carbonate solution and again with water. After
drying over sodium sulfate, the ether solution was evaporated
to dryness, and the colorless oil remaining crystallized from
methanol to give 30 mg. of desoxoestrone methyl ether. Re-
crystallization from aqueous acetone gave a sample of m.p.
77° (reported?® 76.5°).

Anal. Caled. for CuHO: C, 84,39; H, 9.69. Found:
C, 84.80; H, 9.41.
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