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A New Approach to the Synthesis of Cortical Steroids
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A new bondset for cortical steroid synthesis is developed from the dual concepts of convergent assembly
and multiple construction. A short synthesis on this bondset is presented in which the final bond construc-
tion by electrocyclization took an unwanted course. Stereocontrol is discussed separately.

INTRODUCTION

Thousands of organic chemicals are synthesized annu-
ally on an industrial scale, and their manufacture can often
lead to environmental problems. If alternative syntheses
that create fewer hazardous wastes and less pollution could
be found, a number of these problems could be solved. The
generation of an aiternative, cnvironmentally benign,' syn-
thesis route depends on having a rigorous and logical proto-
cof for synihesis generation. A particular logic has been de-
veloped for the design of organic syntheses, and is imple-
mented in the SYNGEN? program, which generates ali the
shortest synthesis routes to any given input target molecule,
using as its source a catalog of available Starting materials,
The value of such program lies in its ability to offer a num-
ber of alternative synthesis routes which in conjuction with
environmental assessments will make it possible (o locate
many possible more benign synthesis routes for compounds
Cutrently made by other paths. The following design and
synthesis of cortical steroids exploited the same general
ideas that went into building SYNGEN. The central idea, of
course, is that of deriving the shoriest and most efficient
synthesis.

The total synthesis of cortical steroids has had a long
and vigorous history’ since Woodward’s first synthesis in
1951, His approach embodied a linear sequence of 47 steps
to cortisone,” and subscquent approaches have improved the
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efficiency so that the latest synthesis by Stork® utilizes only
18 steps in a very ingenious approach to adrenosterone.” In
an analysis of synthesis efficiency we argued for the impor-
tance of convergent sequences in synthesis design and de-
tailed a convergent disscction of the cortical steroid skele-
ton.* We have also argued for the importance of multiple
constructions in synthesis design efficiency,’ and indeed
Stork’s synthesis, though linear, contains three double con-
structions, i.e., eleven construciions in eight steps. We pre-
sent here the initial resuits of a new and convergent ap-
proach to cortical steroids based on thesc themes of effi-
ciency.

RETRO-SYNTHETIC ANALYSIS

The retro-synthetic sequences are summarized in Fig.
1, in which we took 11-keto-A'®-progesterone 1 as our goal.
This has the advantage that 1 has been converted to corti-
sone in just two steps.'® Since a major problem in steroid
synthesis has always been the efficient construction of the
five-membered D-ring, we elecied to construct a model 2
with a six-membered ring convertible to steroid by
ozonolysis and aldol cyclization.'" This has the added ad-
vantage that the desired trans-C/D ring junction is the more
stable one in the 6-6 ring fusion but not in the 6-5 fusion, a
central problem in hydrindane syntheses.'® The first cut in 2
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Fig. 1. Retro-Synthetic analysis of cortical steroids.
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for a convergent dissection’ is made in ring B creating skele-
tal ynits [A] and [B] of comparable size, which may be
joined in an annelation constructing two bonds. In the sec-
ond cut unit [B] is also conveniently dissected in another an-
nelation to skeletons which might reasonably be starting
materials. The unit [A] is uniquely set up for a double af-
fixation of a one-carbon unit to two identical C4 pieces, fol-
lowed by cyclization, which potentially allows three skele-
tal bonds to form at once. The overall analysis afforded the
simple convergent plan 2 — 3 — 4 with seven skeletal bonds
formation in three multiple-construction steps from simple
starting materials.

RESULTS AND DISCUSSIONS

As depicted in Fig. 2, the double affixation/cycliza-
tion® to the A-ring precursor in 3 followed Spencer’s prepa-
ration"” of 5, with the procedure improved here to one-
pot/83% yield, from malonate and methyl vinyl ketone. The
proton NMR of compound 5 showed the following charac-
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teristics: The ethyl ester groups appeared as quartet at 8 4.15
ppm and (riplet at & 1.2 ppm in the normal way; (wo methyl
group singlets appeared a1 8 2.2 ppm (acetyl CHs) and § 1.8
ppm (vinyl CHs); while the rest of the ring protons appeared
at & 2.7 ppm (br, 2H) and & 2-2.2 ppm (br, 4H}. This com-
pound was converted to its pyrrolidine enamine 6
{71%/TsOH/CsHs/-H;0), whose proton NMR spectrum
showed the disappearance of the acetyl-methyl group at &
2.2 ppm, and the appearance of a broad peak at & 3.4 ppm,
integrating as two protous, for the two newly formed vinyl
protons, The significant up-field shift of the vinyl protons
was due to the electronic effect of pyrrolidine. The ester
group appeared as usuval. The pyrrolidine appeared at 6 3.0
ppm as a broad triplet and & 1.8 ppm as a multiplet integrat-
ing as 4 protons for each. The broad singlet for three pro-
tons at 6 1.5 ppm was assigned to the vinyl-methyl group.
The CD-ring precursor was forged by a remarkably
rigiospecific Diels-Alder reaction between quinone 7 and
isoprene,' either thermally at 180 "C/5 h or catalytically
with TiCl, at -78 “C/2h. Only the cis-adduct 8 (mp 93 °C) is
formed. This is an unusual catalysis both in the extent to
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Fig. 2. Convergent assembly of steroids. Reagents and conditions: (a) triton B, dioxane, 14 °C, 2 h, then RT 12 h; TsOH, ben-
zene, reflux 24 h. (b) CHyClz, TiCly, -78 *C, 2 h. (c) pyrrolidine, benzene, TsOH, reflux 40 h. (d) LiAlHs, Et;0, 15 min;
Ac20, DMAP, 16 h; zine, reflux 10 min. (e) DMAD, 150 °C, 30 min. (f) NaBH,, glyme, 0°C, 60 min; Ac,0, DMAP, 6
h; zine, reflux 12 h. (g) Tf20, CH.Cls, 2,6-di--Bu-4-Me-pyr, -78 *C. 10 min. (h) LDA, THF, -78 °C, I k; CIPG(OEt);
to RT; LDA, THF, -78 "C, 30 min. (i) DMF, PdCly(PPhs)z, E&N, 80 °C, 4 b, (j) Ha, Pd/BaSOy, pyr, RT, 3 h. (k) xylene,

reflux, 2 h.
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which it moderates the conditions and even more in the fact
that the regiochemistry is unchanged. Furthermore, it is un-
expected for isoprene to form only one regioisomer, but fot-
tunately compound 8 is the desired isomer here. The struc-
ture of adduct 8 was assigned by 500 MHz proton NMR.
The spectrum shows two geminally split sharp doublets (5
1.60 ppm and 2.40 ppm, J = 18 Hz) without further coupling
for one methylene, while the two geminally split doublets (3
2.12 ppm and 2.57 ppm, J = 20 Hz) from the other are mul-
tiplets further coupled to the methine proton (5 2.68 ppm, J
= 6, 6 Hz) as well as the isoprene vinyl proton (8 5.3 ppm,
br.), as shown by decoupling of each of the latter signals.
The other vinyl proton appeared at & 5.85 ppm (s), and the
two methyls appeared at & 1.56 ppm (bs.) for the vinyl
methyl and & 1.28 ppm (s) for the quaternary methyl. The
quinone 7 (mp 147 °C) was available via Fremy salt oxida-
tion of orcinol methyl ether.

Refunctionalization of the adduct 8 to initiate cycload-
dition with 6 was achieved by lithium aluminum hydride re-
duction worked up with acetic anhydride to afford 9a, which
was reduced to 9h (zinc/Ac,0/A/8 min/60%). Attempts to
achieve the Diels-Alder coupling of 6 and 9 to 10 were with-
out success; the components were destroyed above 180 °C
and showed no reaction below or with a variety of Lewis
acid catalysts. Submitied to 14 kbar pressure (2 days/40
"C)'® the components were recovered without change.
However, the dienamine 6 reacted spontaneously with di-
methyl acetylenedicarboxylate to form a yellow crystalline
compound (mp 78-81 °C) which was confirmed as a 1:1 ad-
duct and existed as a Z/E-pair of two stereoisomers (which
could not be separated) in a ratio of 1:2. The mass spectrum
(CI analysis) showed a strong M + 1 peak at 478 amu, corre-
sponding to a I:1 adduct. The proton NMR displayed two
pairs of doublets for two vinyl protons. The first pair ap-
peared at 6 6.3 ppm (/= 1.8 Hz) and § 6.0 ppm (J = 1.8 Hz)
integrating into 2/3 H and 1/3 H respectively. The second
pair appeared at 8 5.3 ppm (/= 1.8 Hz) and & 5.05 ppm {(J =
1.3 Hiz) integrating into 1/3 H and 2/3 H, respectively. The
ethoxy group appeared as usual, and the methoxy groups ap-
peared as two pairs of singlets. The first pair appeared at 8
3.72 and 3.68 ppm with a 2:1 ratio, integrating into three
protons; the second pair appeared at 3 3.58 and 3.51 ppm
with a 1.2 ratio, integrating into three protons. The vinyl-
methyl group appeared at 8 1.55 ppm as a broad singlet. The
Z/E isomers when heated neat to 150 °C were smoothly cy-
clized to the adduct 11 (mp 90 °C; 80%); this showed that
the dienamine 6 was at least capable of uncomplicated cy-
cloaddition. The adduct 11 displayed the following spectral
characteristics. The mass spectrum (CI analysis) showed a
strong M + 1 peak a1 478 amu. The proton NMR showed the

J. Chin. Chem. Soc., Vol. 44, No. 2, 1997 135

ethoxy groups as usual. Two singlets appeared at 8 3.6 and
3.5 ppm, each integrated into three protons, for the two
methoxy groups. The rest of the molecule appeared at 4
range of 6 3.1-1.45 ppm, with a sharp singlet at 6 1.52 for
the angular methyl group, integrating for 19 protons,

Our next effort was directed at prior formation of the
7-8 bond (steroid numbering in 2). The [B] unit was created

" by partial reduction of 8 to 13, mp 68 "C (NaBH.; Ac,0/

DMAP; zinc/AcOH successively in one pot, 76%). This
vinylogous ester was conveniently transformed into 14
(T1,0/2,6-1-Bu,-4-Me-pyr/-78 °C/60%) with a good leaving
group at C-8. The triflate 14 formed in this reaction was a
1:1 cis/trans mixture on the basis of its proton NMR spec-
trum, in which the guaternary methyl group appeared as two
singlets at & 1.04 and 0.88 ppm, indicating a 1: 1 mixture. It
also showed a doublet at § 5.94 ppm (J =3 Hz) and a singlet
at & 5.88 ppm, integrating for 1/2 H each, for the vinyl pro-
ton on the C-ring (steroid number). The appearance of the
doublet must be due to a long range coupling (W-coupling)
of the cis isomer, and the singlet was assigned to that of the
trans isomer. However reaction with 6, or with the enolate
or enol silyl ether of §, afforded no C-C bond formation; in
each case the [A] unit was recovered and the triflate 14 was
converted to the corresponding B-diketone.

However, when methy] ketone 5 was dehydrated to the
acetylene 12 by elimation of its enol phosphate with LDA,"
this compound-characterized by a strong band at 3300 cm™
for the C=C-H absorption, a weak absorption at 2080 cm’'
for the C=C group in IR spectrum, and a singlet at § 3.15
ppm for the C=C-H in 'H NMR-displaced triflate smoothly
from 14 (PACL(PPbs),/E6GN/DMF/80 “Cf76%). This acety-
lenic intermediate, in which the two convergent units are
joined, was then partially hydrogenated to 15. Both adducts
were confirmed by their spectral characteristics. The mass
spectrum of the acetylenic intermediate had the correct par-
ent ion peak at 438 amu, the compound 15 at 440 amu. In
the IR spectrum, the acetylenic intermediate bad a weak ab-
sorption at 2160 cm™ for the C=C group which disappeared
in the compound 15. The C=0 of the ester and the C=C-
C=0 appeared as usual at 1725, 1650 cm™, respectively, in
both adducts. In the 'H NMR, two vinyl protons appeared in
the 8 6.35-5.9 ppm region and the two vinyl-methyl groups
on the A and D-rings collapsed inte a broad singletat & 1.55
ppm for the compound 15. The rest of the spectrum showed
the same features as their precursors. A very similar, though
monocyclic, trienone had been cyclized by pyrolysis into a
decalin with an angular methyl by Ramage,'® and this served
as our model. However, heating 15 at 140 °C in xylene
smoothly transformed it into a cyclized product which
showed the expected parent ion peak at 440 amu in the mass
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spectrum. The 'H NMR showed the broad singlets at & 1.8
and 5.5 ppm for the methyl and vinyl protons on the D-ting
and the routine quartet and triplet for the ethoxy groups.
Two singlets at 1.1 and 0.9 ppm, indicating a 1:1 mixture,
were assigned to the angular methy group on the C/D junc-
tion as before, but their combined integration was only 3 H.
The apparent disappearance of the C-19 methy) group and
the fack of any viny] proton except that on the D-ring clearly
indicated that structure 16 was the product of this reaction,
presumably caused by a prior [1,7)-hydrogen shift” fol-
lowed by cyclization. This is in contrast both to the Ramage
model and to the cyclization of the triene addition product
which yielded 11.

Our focus in this work was the convergent and rapid
assembly of the steroid skeleton, yet we have not so far dis-
cussed the stereochemistry. Another reason for the choice
of a six-membered D-ring was the presumed favorable
trans-C/D ring fusion which Woodward achieved* by equili-
bration of an initial adduct® very similar to 8; in our case we
could never create a more favorable cis-trans ratio than
about 1:1 in any of the intermediaies 8, 9, or 13. The crucial
stereocontrol in joining units [A] and [B] is that of ¢is-angu-
lar methyl groups. Jung has argued®' that the Alder endo-
rule should favor this in the Diels-Alder coupling to 10. The
correct electrocyclization of 15 (or a variant) is stereo-
chemically precedented in vitamin D chemistry® and should
accordingly form the correct steroid skelton, ie., with cis-
angular methyls. Variants on this synthesis plan are cur-
rently under investigation.

EXPERIMENTAL SECTION

General

Melting points were taken on a Mel-Temp capillary
melting point apparatus and are uncorrected. Infrared spec-
tra were recorded on a Perkin-Elmer Model 683, Model 137
spectrometer. Nuclear magnetic resonance spectra were re-
corded on a Varian EM-390, or X1.-300 unless indicated oth-
erwise. Mass spectra were recorded on an AEI MS12 or an
AEI MS9. The Silica used in chromatography was Kiesel-
£e1 60 (0.04-0.06 mm) supplied by EM Reagents; flash tech-
niques were generally used. All thin layer chromatography
(TLC) was performed on Anal Tech (GHLF) precoated, 0.25
mm, glass-backed silica gel plates. Tetrahydrofuran (THF)
and ether (refers o diethyi ether) were distilled from sodium
benzophenone ketyl immediately prior to use. Meihylene
chloride was distilled from phosphorus pentoxide immedi-
ately prior 10 use. All reactions, unless otherwise specified,
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were performed under a nitrogen atmosphere.

Preparation of Diethyl 3-Acetyl-4-methylcyclobex-3-en-
1,i-dicarboxylate (5): Double Affixation/Dehydration

Diethyl malonate (80 mi., I equivalent) and triton B
(40% solution in MeOH) (10 mL) were dissolved in 100 mL
of dioxane (redistilled). The reaction mixture was kept at
12-14 °C while methyl viny! ketone (106 mL, 2.5 equiva-
lent) was added dropwise for a period of two hours. Afier
the addition of methyl vinyl ketone was compleie, the reac-
tion was kept at 0 °C for two more hours and then warmed
up to RT. After being stirred at RT overnight, the reaction
mixture was diluted with 250 mL of water and neutralized
with concentrated HCI to pH 7-8. The mixture was ex-
tracted with ether and dried over MgSQ,, then filtered and
evaporated to afford 163.8 g of crude yellow oil. The pure
colorless liquid was obtained in 85% yield by distillation at
bp 135 °C/0.05 mmHg. 'H NMR (CDCls): §4.1 (q,4H, J =
7 Hz, ester methylene), 3.7 (s, 1H, -OH), 2.6 (dd, I1H, J=6.2
Hz, J = 2.5 Hz, H next to acetyl), 2.1 (s, 3H, acetyl CHs),
2.3-1.3 (m, 6H, ring protons), 1.1 (m, 6H, ester methyl), 1.0
(s, 3H, quaternary CHs). MS m/z: 300; IR (CH,CL): 3500
(s, -OH), 1725 (s, C=0) cm™".

30 g (10 mmol) of the above liquid in 150 mL. of ben-
zene were refluxed, in the presence of 600 mg of p-toluene-
sulfonic acid, with removal of water in a Dean-Stark trap.
After 24 h, 1.9 ml. of H;O had been distilled. The reaction
mixture was washed first with saturated sodium bicarbonate
solution twice and then with water and dried over MgSQO..
After removal of the solvent, 23.38 g of brown oil was ob-
tained, which was distilled at bp 115-120 *C/0.75-0.01
mmHg: 15 g (83%) of colorless oil was thus obtained. 'H
NMR (CDCls): 84.15(q, 4H, J =7 Hz, ester methylene), 2.7
(bs, 2H, ring =C-CH>-), 2.2 (s, 3H, acetyl CHs), 2-2.2 (m,
4H, ring protons), 1.8 (bs, 3H, C=C-CH,), 1.2 {t, 6H, /=7
Hz, ester methyl). MS m/z; 210, 181, 137, 123, 93, 77, 43,
29; IR (CH;CL,): 1725, 1650 cm™.

Preparation of Diethyl 4-Methyl-3-(1'-pyrrolidinyl-1'-vi-
nyljcyclohex-3-en-1,1-dicarboxylate (6): Reaction with
Pyrrolidine

3.75 g (0.0133 mol) of compound (5) and 1.89 g of
pyrrolidine (0.0266 mol) were dissolved in 50 mL of ben-
zene. The mixture was refluxed in the presence of 50 mg of
p-toluenesulfonic acid, with continuous removal of water.
After 40 h, 0.2 mL of water had separated. The reaction
mixture was evaporated to remove the solvent, and the dark-
red residue was distitled at bp 116-118 °C/0.15 mmHg 1o
give 3.2 g (71%) of pale yellow oil. "H NMR (CDCl:): §4.1
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(9, 4H, J = 7 Hz, ester methylene), 3.4 (bs, 2H, vinyl), 3.0
(bt, 4H, pyrrolidine -N-CH;-), 2.6 (br, 2H, ring =C-CH,-),
2.0 (br, 4H, pyrrolidine -CHy-), 1.8 (m, 4H, ring protons),
L5 (bs, 3H, C=C-CHa), 1.2 (t, 6H, J = 6 Hz, ester methyl);
MS m/z; 335.

Preparation of 3-Methoxy-2,5-toluquinone (7): Fremy’s
Salt Oxidation

Sodium witrite 69 g (200 m1, S M) was placed in a
large beaker and cooled in an ice bath, chopped ice (400 g)
was added and the solution was stirred steadily during the
addition of fresh sodivm bisulfite solution (200 mL, 70 g),
followed by glacial acetic acid (40 mL). Reaction was com-
plete in 2-3 min, as shown by the momentary darkening in
color of the reaction mixture and by its failure to decolorize
iodine solution. After addition of concentrated ammonia so-
lution (50 mL), the mixture was again cooled in an ice bath,
with fresh ice added whenever necessary to keep some pre-
sent in the reaction mixture through the next stage. Ice cold
0.2 M potassium permanganate (800 ml.) was now added
dropwise with continued stirring for one hour. The precipi-
lated manganese dioxide was removed by gravity filtration,
using two or more funnels in parallel to reduce the time re-
quired, the filtrate was allowed to come to room temperature
as filtration proceeded, but any unfiltered suspension was
kept in an ice bath. The filtrate was then cooled to 0 °C, and
140 mL. of 1/6 M KH,PQ, was added. To this solution, a so-
lution containing 10 g of orcinol methyl ether in 60 mL of
acetone was added dropwise. The reaction was kept at 0 °C
for one hour after the addition was complete. The yellow
precipitate was then collected and washed with fresh H;0
and ether. Yellow needles of quinone (7) were obtained in
86% yield after recrystallization from ethyl acetate. mp.
147 °C; "H NMR (CDCls): § 2.1 (bs, 3H, CHs), 3.85 (s, 3H,
-OCH;), 5.85 (bs, 1H, vinyl), 6.5 (br, 1H, vinyl); MS m/z:
152; IR (CH.Cl:): 1680, 1650, 1605 cm™.

Preparation of Adduct cis-1,4-Dioxo-2-methoxy-7,9-di-
methyl-A>S-hexahydronaphthalene (8): Diels-Alder Re-
action

3.04 g of quinone (7} was dissolved in 180 mL of
methylene chloride (dry, distilled) and cooled to -78 °C with
stirring. To this cold solution, 2.3 mL of TiCL was added,
and the resultant dark solution was kept at this temperature
for 10 min. before 10 mL (0.1 mol) of isoprene was added
dropwise. Afier the addition was complete, the reaction
mixture was kept at -78.°C for two hours before quenching
with water. The organic coiiipound was then extracted with
ether and washed with v 212r and brine. The ether layer,
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dried with MgSO,, was evaporated to afford 5.31 g of or-
ange gum, which was crystallized from an acetone and hex-
ane mixture. The light orange cyrstals thus obtained were
3.5 g (80%) and could be used for the nexi reaction. The
pure sample was recrystallized from methanol, mp. 93 °C;
'H NMR (CDCl;, 500 MHz): §5.85 (s, IH, vinyl next to
-OCHs3}, 535 (bs, LH, vinyl next to CHs), 3.72 (s, 3H, -OCH3),
2.68 (overlapping dd, J = 6, 6 Hz, 1H, methine proton), 2.57
(d, Jeem = 20 Hz, 1H, axial proton next to methine proton),
2.4 (d, Jeem = 18 Hz, 1H, axial proton next to angular CHs),
2.12 (d, Jeem = 20 Hz, 1H, equatorial proton next to methine
proton), 1.6 (d, Je. = 18 Hz, 1H, equatocrial proton next to
angular CHs), 1.56 (bs, 3H, -C=C-CHs), 1.28 (s, 3H, angular
CHs); MS m/z: 220; IR (CH,Clz): 2970, 1705, 1670, 1605,
1225, 1195, 1065 cm™.

Preparation of cis-l-Acetoxy-2-0x0-7,9-dimethyl-A3’6-
hexahydronaphthalene (9a): LAH Reduction/Acetylation

To a suspension of LAH (480 mg, 12.6 mmo!) in anhy-
drous ether (60 mL) was added a THF solution (40 mL) of
1.6 g (7.07 mmol) adduct (8) over 10 minutes at RT under
nitrogen. During the addition the solution turned slightly
green and a viscous sticky precipitate separated, which
changed into white powder toward the end of the addition.
Stirring was continued €or a further five minutes and the ex-
cess reagent was decomposed by a careful addition of ethyl
acetate until no more reaction was observed. Saturated
aqueous sodium sulfate solution was added gradually with
vigorous stirring until the precipitate became slightly wet
and adhered to the sides of the flask. The reaction mixture
was then stirred with anhydrous magnesium salfate for 10
minutes. The precipitated salts were filtered off and washed
well with ether. After evaporation of the combined solu-
tions, a white solid (1.58 g ,98%) remained which was di-
luted with 4 small portion of ether and left overnight in the
freezer. The white pure diol was collected in 62% yield.
mp. 120-130 °C; 'H NMR (ds, DMSQ): 8 5.25 (bs, 1H, vi-
nyl), 4.55 (s, 1H, vinyl), 3.85 (br, 2H, CH-0), 3.5 (s, 3H,
-OCH3), 1.25-2.8 (m, 5H), 1.55 (bs, 3H, -C=C-CH;), 1.3 (s,
34, angular CHs); IR (KBr): 3340 (s, -OH), 2960, 1663
cm’.

To a solution of 0.39 g of the diol in 25 ml. of dioxane
was added 5 mL of 2N H:80,. This clear solution was al-
lowed to stand for 24 h at RT and was then poured into an
ether/water mixtuore. The aqueous layer was washed twice
more with ether and the combined organic layers were
washed with aqueous sodium bicarbonate and water. After
drying over MgSQ., the solvent was removed to afford
0.311 g of the ketol as a white solid (92%). The pure sample
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was recrystallized from methanol, mp. 57 °C; 'H NMR
(CDCl): 8 6.8 (dd, 1H, J = 10.2 Hz, J = 1.5 Hz, vinyl), 6.09
(dd, 1H, J = 10.2 Hz, J=2.7 Hz, vinyl), 5.43 (bs, 1H, vinyl
D-ring}), 4.0 (s, 1H, CH-0}, 3.75 (s, 1H, -OH), 2.6-1.7 (m,
5H), 1.6 (bs, 3H, -C=C-CHs), 1.3 (s, 3H, angular CHs). MS
m/iz: 192, 177, 159, 131, 96; IR (CH,Cl,): 3480 (s, -OH),
2980, 1700 (s, 0=C), 1670 cm".

20 mL of methylene chloride solution containing a
mixture of ketol (998 mg; 5.2 mmol), triethylamine (1 mL;
7.8 mmol), acetic anhydride (0.73 mL; 7.8 mmol), and a
catalytic amount of DMAP (50 mg; 0.41 mmol) was allowed
to stand 16 h at RT. The reaction mixture was then parti-
tioned between ether and 10% HCl. The organic layer was
separated and washed with saturated NaHCO; twice, and
brine once. After drying over MgS0,, the ether was evapo-
rated to afford 1.1 g (90%) of a yellow solid. The pure white
solid was obtained by recrystallization from ether/hexane
mixture in an overall 80% yield. mp. 130 °C; '"H NMR
(CDCl3): 3 6.6 (dd, 1H, J=10.2 Hz, J = 1.5 Hz, vinyl), 6.0
(dd, 1H, J = 10.2 Hz, J = 2.7 Hz, vinyl), 5.4 {bs, 1H, vinyl
D-ring), 5.2 (s, 1H, CH-0), 2.5-1.5 (m, 5H), 2.15 (s, 3H,
acetyl CHa), 1.5 (bs, 3H, -C=C-CHs), 1.0 (s, 3H, angular
CH;); MS m/z: 234, 192, 159, 126, 107, 96, 84, 67, 55, 43;
IR (CH,Cl,): 2980, 1745, 1690, 1610, 1430, 1370, 1230,
1110, 1080, 1050, 900 cm™.

Preparation of cis-2-0xo-7,9-dimethyl-A3’6-hexahydro-
naphthalene (9b): Zinc Reduction

The crode acetate, (9a) (3.4 g, 1.4 mmol) and redis-
tilled acetic anhydride 30 mL were heated to reflux by im-
mersion in an oil bath kept at 145-150 °C, commercial zinc
dust (29 g, activated) was added all at once to the vigorously
stirred solution from which moisture was excluded, and the
refluxing mixture was stirred further for 8 minutes at this
temperature. Cooled to RT, the zinc was filtered off and
washed well with ether; the ether and the acetic anhydride
were evaporated, The brown residue was diluted with ether
and washed with dilute sulfuric acid, sodium bicarbonate
solution and water and then dried over MgSO,. The cther
was evaporated to afford 2.4 g of a yellow oil. The pure
compound {9b) was obtained from column chromatography
(silica gel, EtOAc/Hexane 1:5) in 60% yield as a colorless
oil. '"HNMR (CDCl): 8 6.55 (dd, 1H, J = 10.2 Hz, J = L5
Hz, vinyD), 5.75(dd, 1H, J=10.2 Hz, J= 2.7 Hz, viny]), 5.25
(bs, 1H, vinyl D-ring), 2.55-1.65 (m, 7H), 1.45 (bs, 3H,
-C=C-CHs), 0.95 (s, 3H, angular CHs); MS m/z: 176; IR
(CH:CL): 2950, 1700, 1650, 1430, 1360, 1235, 1020, 840

cm™,
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Preparation of 3,3-Dicarboethoxy-7,8-dicarbomethoxyl-
9-methyl—5-pyrrolidlnyl-A5(1 97_hexahydronaphthalene
(11): Addition/Electrocyclization

1.187 g (5.37 mmol) of dimethy] acetylenedicarboxy-
late was added slowly to 2.8 g (5.37 mmol) of enamine diene
(6) with stirring. Upon mixing, an exothermic reaction took
place and the reaction mixture turned dark. The resulting
dark gum was then passed through a column containing sil-
ica gel with EtOAc/Hexane (1:2) mixture as eluent. 2.375 g
(60%) of thick yellow gum was obtained after column chro-
matography, from which yellow crystals were obtained by
crystallization from the acetone/hexane mixture. mp. 78-81
"C; '"H NMR (CDCls): § 6.3 (d, 2/3H, J = 1.8 Hz, N-C=CH-
C=C), 6.0 (d, 1/3H, J = 1.8 Hz, N-C=CH-C=C), 5.3 (d,
1/3H, J = 1.8 Hz, N-C=C-C=CH), 5.05(4, 2/3H, /= 1.8 Hz,
N-C=C-C=CH), 4.15 (m, 4H, -OCH>~), 3.72 (s, 6/3H, -OCHs),
3.68 (s, 3/3H, -OCHa), 3.58 (s, 6/3H, -OCHs), 3.51 (s, 3/3H,
-OCHs), 3.4-1.7 (m, 14H), 1.55 (bs, 3H, C=C-CHs), 1.2 (m,
6H, -OCHCHs); MS (EI) m/z: 478 (M"+1).

The mixture of cis and trans isomers of the above com-
pound was heated neat at 150 °C for half an hour. The yel-
low crystals melted and turned red upon heating. This dark
red gum was then digsolved in ethyl acetate/hexane and
passed through a column containing silica gel with ethyl
acetate/hexane (1:1) as eluent. 570 mg (80%) of a pale or-
ange gum was obtained after column chromatography, and
white crystals were obtained by crystallization from the ace-
tone/hexane mixture. mp. 90 °C; 'H NMR (CDCls): 8 4.05
(q, 4H, /= 7 Hz, -OCH;-), 3.6 (s, 3H, -OCH3), 3.5 (s, 3H,
-OCHs3), 3.1-1.45 (m, 16H), 1.53 (s, 3H, angular -CH3), 1.15
(t, 6H, /=7 Hz, -OCH,CH,), MS (EI) m/z: 478 (M*+1), 446.

Preparation of Diethyl 3-Ethynyl-4-methylcyclohex-3-en-
1,1-dicarboxylate (12): Ketone Dehydration to Acetylene

LDA solution was prepared by addition of #-butyl lith-
ium (1.31 mL, 1.6 M solution in hexane, 2.1 mmol) to a3
mL of THF solution containing diisopropyl amine (0.29 mL,
2.1 mmol) at -78 °C.

To the above LDA solution at -78 *C, 564 mg (2 mmol)
of the ketone (5) dissolved in 1 mL of THF was added drop-
wise over 5 minutes. The reaction mixture was stirred at -78
“C for one hour before diethyl chlorophosphate (0.32 mL,
2.2 mmol) was added. The resulting mixture was then
gradually warmed up to RT and transferred by cannula into
a LDA solution (two equivalents, prepared in the same way
as stated above) at -78 “C. Afier stirring at -78 °C for half an
hour, the reaction was quenched with water and extracted
with ether. The ether layer was washed with 10% HCI,
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water and aqueous NaHCO;s, dried over MgSOQ,, then fil-
tered and evaporated to afford a brown oil. This brown oil
was finally purified by column chromatography (silica gel,
EtOAc/hexane 1:3) and the desired acetylene (12) was ob-
tained as a colorless oil (55%). 'H NMR (CDCL): §4.3 (g,
4H, J =7 Hz, -OCH;-), 3.15 (s, 1H, C=CH), 2.8 (bs, 2H,
C=C-CHx), 2.2 (bs, 4H), 1.9 (bs, 3H, -C=C- CHy), 1.3 (¢,
6H, J = THz, -OCH.CH;); MS m/z: 264, 246, 218, 207, 191,
177, 161, 145, 133, 117, 108, 93, 84, 70, 49, 35. 1R
(CHLCLe): 3300 (s, C=C-H), 2950, 2080 (w, C=C), 1725 (s,
C=0), 1450, 1360, 1300, 1210, 1170, 1090, 1020, 850, 900,
700 cm™.

Preparation of cis-4-Ox0-2-methoxy-7,9-dimethyl-A2’6-
hexahydronaphthalene (13) from cis-1,4-Dioxo-2-
methox_y-7,9-dimethyl-A2‘6-hexahydronaphthalene 8):
One-pot Reduction

660 mg (3 mmol) of adduct (8) was dissolved in 10 mL
of glyme (1,2-dimecthoxyethane) and the solution was
placed in an ice bath. To this solution at 0 °C, 114 mg of
NaBH, was added all in one pottion, and the reaction mix-
ture was kept at 0 °C for one hour before 1.5 mL of acetic
anhydride and 20 mg of DMAP were added. The resulting
mixture was then stirred at RT for 6 h, In the same reaction
vessel, O g of vinc and 30 mL of acetic acid were then added
and the mixture was refluxed overnight. The reaction mix-
ture was filtered to remove the inorganic salts, and these
zinc residues were washed well with ether. The combined
filtrate was evaporated and the residue redissolved in ether
and washed twice with saturated NaHCOs, water, and brine.
The ether layer was dried over MgS0, filtered, and evapo-
rated to afford 533 mg of light yellow oil. The pure com-
pound (13) was obtained as a colorless oil in 76% yield by
column chromatography (silica gel, EtOAc/hexane 1:3). 'H
NMR (CDCls): §5.3,5.15 (bs, 5,2H, vinyl), 3.6 (s, 3H, -OCHy),
3.5-1.5 (m, 9H), 1.0, 0.8 (two s, 3H, angular -CHs); MS m/z:
206; IR (CH.Cly): 2950, 1650 (MeO-C=C-C=0), 1610,
1455, 1370, 1250, 1225, 1210, 1040, 1025 cm™.
Preparation of cis-2-Oxo-7,9-dimethyl-4-tri-
ﬂuoromethanesulfonyi—Aa’G-hexahydronaphthalene (14):
Triflation

A solution containing 0,23 ml. (1 equivalent) of TFH,O
in 1.5 mL of methylene chloride was added to a 5 mL of
methylene chloride solution containing 188 mg of com-
pound (13) and 200 mg of 2,6-di-tert-butyl-4-methylpyrid-
ine at -78 “C. The reaction mixture was stirred at -78 °C for
10 minutes and then poured into water. The organic com-
pound was extracted with ether, and the ether layer was fur-
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ther washed with 30% HCI solution three times (o remove
the pyridine. Afier the pyridine was completely removed,
the ether layer was washed with aqueous NaHCO;, water
and brine and dried over MgS80,, filicred and evaporated to
afford a colorless oil. The pure compound (14) was ob-
tained by column chromatography (silica gel, EtOAC/hex-
ane 1:2) in an overall 60% yield as a colorless oil. '"H NMR
(CDCls): 8 5.94 (d, 1/2H, J = 3 Hz, vinyl, C-ring), 5.88 (s,
1/2H, vinyl C-ring), 5.25 (bs, 1H, vinyl D-ring), 2.6-1.8 {m,
7H), 1.6 {(bs, 3H, -C=C-CHs), 1.04, 0.88 (two s, 3H, angular
-CHs); MS m/z: 324, 309, 295, 191, 174, 159, 149, 132, 107,
91, 79, 69, 53, 41, 27, 18; IR (CH.Cl,): 2950, 1675 (O=C-
C=C), 1630 (0=C-C=C, 1420 (0-SO,CFs), 1390, 1350,
1220 (0-SO,CFs), 1140 (0-80.CFs), 1050, 950, 900, 810
cm™.

Preparation of cis-1-[1'(2"-Methyl-5",5 -dicarboethoxycy-
clohexeny])]-Z-[4’(2'-oxo-7',9'-dlmethyl-A3'6'-hexahydro—
naphthyl)]ethylene (15): Crossed Coupling of Triflate
(14) with Acetylene (12)/Hydrogenation

120 mg (0.45 mmol, 1 equivalent) of acetylene (12)
and 147 mg (0.45 mmol, 1 equivalent) of triflate (14) were
mixed in 5 mL of DMF with 20 mg of PdCI:{PPhs), and 3.4
equivalent {0.2 mL) of triethylamine. The reaction mixture
was heated at 80 “C for 4 h and then poured into ether, the
ether layer was washed with 10% HCI, aqueous NaHCO;
and brine, dried over MgSQy, then filtered and evaporated to
afford 205 mg of brown oil. The desired coupling product
was obtained in 76% yield as a light yellow oil after column
chromatography (silica gel, EtOAc/Hexape 1:3). 'H NMR
(CDCls): & 6.35 (d, 1/2H, J = 3 Hz, viny! C-ring), 6.3 (s,
1/2H, vinyl C-ring), 5.5 (bs, 1H, viny! D-ring), 4.3 (q, 4H, J
= 7 Hz, -OCH;-), 2.85 (bs, 2H, C=C-CH;-), 2.6-1.9 (m,
11H), 2.0 (s, 3H, -C=C-CHs;, A-ring), 1.75 (bs, 3H, -C=C-
CH;, D-ring), 1.4 (t, 6H, J= 7 Hz, -OCH.CH5), 1.2, 1.0 (two
s, 3H, angular -CHs); MS m/z: 438; IR (CH:Cl): 3020,
2950, 2160 (w, C=C), 1725 (C=0), 1650 (C=C-C=0), 1560,
1430, 1350, 1250, 1170, 1070, 1020, 850, 700 cm™.

65 mg of oil obtained above was partially hydrogen-
ated (excess H: by balloon) over Pd(BaSQ,) in pyridine at
RT for 3 h. The reaction mixture was filtered to remove the
catalyst, and the catalyst was washed wetl with ether. The
combined filtrate was then washed three times with 10%
HCl, aqueous NaHCQs, and brine. The ether layer was
dried over MgSO,, filtered, and evaporated to afford 65 mg
of yellow oil, which was further purified by column chroma-
tography (silica gel, EtOAc/Hexane 1:3) to afford 55 mg
(90%) of colorless oil. 'H NMR (CDCls): § 6.36 (bs, 1/2H,
vinyl, C-ring), 6.2 (bs, 1/2H, vinyl, C-ring), 5.9 (bs, 2H, vi-
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nyl), 5.35 (bs, 1H, vinyl, D-ring), 4.1 (q, 4H, J = 7 Hz,
ethoxyl), 2.5 (bs, 2H, C=C-CH,-), 2.4-1.6 (m, 11H), 1.55
(bs, 6H, -C=C-CH3), 1.2 (t, J = 7 Hz, 6H, ethoxyl), 1.0 (s,
3/2H, angular -CHs), 0.95 (s, 3/2H, angular-CHs); MS m/z:
440, 425, 395, 372, 321, 253, 237, 225, 188, 173, 157, 143,
128, 105, 91, 79, 67, 55, 43; IR (CH.CL): 2950, 1725
(C=0), 1655 (C=C-C=0), 1600, 1450, 1350, 1250, 1170,
1100, 1030 cm”™'.

Conversion of cis-1-[1'(2"-Methy}-5',5'-dicarboethoxycy-
clohexenyl)]-2-14'(¢is-2'-0x0-7,9'-dimethyl-A>"* .hexahy-
dronaphthyl)jethylene (15) to (16): Intramolecular Cy-
clization

50 mg of compound (15) was dissolved in 1 mL of
xylene and refluxed for 2 h at 140 *C. The new product was
isolated by column chromatography (silica gel, EtOAc/Hex-
ane 1:2) to afford 30 mg (60%) of colorless oil. 'H NMR
(CDCls): 8 5.5 (bs, IH, vinyl, D-ring), 4.2 (q, 4H, / = 7 Hz,
-OCH>-), 3.4 (bs, 2H, C=C-CH,-C=C-), 3.0-1.8 (m, 20H),
1.2 (t, /=7 Hz, 6H, -OCH.CHs), 1.1, 0.9 (s, s, 3H, angular
-CHs); MS m/z: 440,
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