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Intramolecular Additions of Allylsilanes in
Triquinane Synthesis. Studies Directed Toward
the Total Synthesis of (+)-Hirsutene.$!

George Majetich® and Jean Defauw
Department of Chemisiry, The School of Chemical Sciences
The University of Georgia, Athens, Georgia

(Recewed in UK 4 December 1987)

Summary: The straightforward construction of the ¢is, anti. gis-cyclopenta(a)pentalene skeleton characteristic
of (=)-hirsutenc was achicved via the intramolecular addition of two functionalized cyclopentane rings linked by a
one-carbon tether.

{atroductien: In light of the remarkable versatility and broad synthetic utility demonstrated to date, it is not
surprising that reactions of allylsilanes are becoming an increasingly popular method for inter- and intramolecular
carbon-carbon bond formation.2 Qur contributions in this active field of research have focused on the
construction of polycyclic systems via inramolecular addition of allylsilanes to electrophilic olefins. Chan |
illustrates four cyclizations, developed in our laboratories, which annulate a cyclopentane ring.3 Methods for the
efficient annulation of six-, seven-, and eight-membered rings have also been developed. 4
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The linearly fused triquinanes hirsutene32 (1) and capnellene® () have been a proving ground for the
development of new cyclopentane annulation methods.57 Examination of these sesquiterepenes reveals four
assymetric centers, three quaternary cemnters, and the ¢is, anti, cis-cyclopentalalpentalene skeleton (Fig. 1), Note
that these sesquiterpenes differ only in the placement of the methyl substitutents. Despite the multitude of reported
syntheses, only Mehta, 7 Linle™88.5 and Curran® have developed general approaches to both these families of
triquinanes. We have sought to prepare these isomeric natural products by a general route featuring organosilicon
chemistry to construct their basic carbon skeleton. Here we report our studies directed towards a total synthesis of
{#)-hirsutene,

Figure 1

HIRSUTENE (1) CAPNELLENE (2)

Our approach to the condensed cyclopentane rings features the construction of the central five-membered
ring via an sllylsilane cyclization of two funcrionalized cyclopentane rings linked by a one-carbon tether (Eq.1).
At first glance, this strategy appears w have & stereochemical problem not found in other routes,? since only one
of the two diastereomers of J can cyclize to yield a micyclic ketone with the corect stereochemical relationships. 10
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Our sterecachemical prediction that only ketone ¢ will be produced is based on examination of molecular models of
the two racemnic diastereomers involved, the "anti"-racemate (y) and the "syn"-racemate (¥i) (Eq. 2). Trajectory
requirements for successful Michael additon demand that in the wansition state the two planar units achieve a par-
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allel orientation.!! When this relationship is obtained in the "syn"-racer-ate (¥i), the two five-membered rings
must eclipse one another, whereas in the "anti”-racemate ¥, the two rings will be offser. This suggests that the
transition state for cyclization of the "anti”-isomer will be far less congested than that of the "syn"-isomer. Thus
we expected the "anti”-siereoisomer to cyclize more rapidly than the “"syn”-isomer. More importanily, under
either fluoride ion or Lewis acid catalysis, the “syn"-racemate should equilibrate into the requisite “anti”-isomer,
thus producing only wicycle 4. This possibility was intriquing, and served as the imperus for this study.
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Since substrate J should be readily prepared using well-established alkylation methodology, our
retrosynthetic analysis was simplified to the synthesis of iodide § (Eq. 3).

Equation 3
o SXCHy1Pn S{CHy) P
YE = -0 -
) H /W
1
k3 -1 8

Besults and Discussion. Key intermediate 3 was prepared using the route shown in Eq. 4. Our synthesis
began with diester 7, prepared from commerically available cyclopropyltriphenylphosphonium bromide via
Fuchs’ procedure.12 Reduction of 7, followed by acetylation, afforded diacetate 9 in 64% overall yield. This
diacetate perminted us to introduce the allylsilane moiety based on Fleming and Pearce’s report that allylic acetates
readily undergo displacement by organosilicon cuprates to generate allylsilanes. i3 Indeed, the allylic acetate of 9
was converted into an allylsilane moiety in 94% yield. Reduction of the acetate with LAH unmasked the primary
hydroxyl group in 87% yield (cf. 11). We have found that fortation of non-allylic alkyl jodides in the presence
of allylsilanes using Finkelstein conditions often results in desilylation.!* The use of
diiodotriphenylphosphorane! often avoids this problem. Thus alcohol 11 was directly converted into iodide §
without loss of the allylsilane functionality; however, this iodide proved to be quite unstable.

Equation 4
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Alkylation of the kinetic enolate of 3-ethoxy-2-cyclopenten-1-one (8)16 with § proceeded in low yield
(10-420%). due to the competitive decomposition of § during the reaction. Considersble effort was directed
toward increasing the nucleophilicity of the enolate by introducing activating groups such as phenyl selenyl,
phenyl sulfinyl, or benzyl oxycarbonyi at the o’-position of §. Nevertheless, these alkylations also occurred in
low yield. DIBAL reduction of 12, followed by mild acid hydrolysis, completed a synthesis of enone 3 (Eg. 5).
but the overall yield of this three-swep sequence was unacceptable {<15%).

Equation §
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The difficulties described above led us 10 employ 8 crossed-aldol condensation rather than alkylation 1o
efficiently link the "A" and "C" rings. Oxidation of alcohol 11 using dipyridine chromic anhydride complex!?
provided aldehyde 13 is 50% yield (Eq. 6).!8 The aldol condensation between § and L3 coupled the two
cyclopentane rings in good yield (73%); isomeric adducts 148, 14b, and Jde were obtained in roughly 6:1:1
mtio, respectively. Since the stereochemistry of the 008s) and C(Ta) methines wlimately controls the C(3a)-C(3b)
geometry, the introduction of & hydroxy! group st C(7) is of linde consequence and merely requires its removal ata
later stage.

In an impontant series of papers, JL.E. Dubois showed that enolates of cyclic ketones, which must be E for
geometric reasons, give rise mainly 1o threo aldols.2! Later work by Heatheock228 and NovoriZ2b with similar
systems supports the conclusion that E-enolates give threo aldols selectively while Z-enolates furnish erythro
isomers as the predominant products. Extension of these studies 1o our sidol coupling dictates that the major
isomer (J4a) has the wrong relationship between C(7a) and ((6a) required for a synthesis of hirsutene. This
analysis accentuates the need for an equilibration prior to formation of & wicyclic sdduct (Bq. 6).

Equation &

“syn°-
relationship " SHCH,Ph

SHCHaPh
i4a

Initially, only the major isomer 148 was studied.23 Conversion of 143 to 183 was achieved using two
equivalents of DIBAL, followed by mild acid hydrolysis (Bq. 7). As anticipated, use of only one equivalent of
hydride ion resulted in a rewo-aldol reaction. Compound 188 was acetylated to preclude protodesilylation in the
cyclization step.
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Cyclization of Jfig using boron triﬂuon‘dé etherate, tin tetrachloride, or ethylaluminum dichlovide resulted
in tricyclic ketone 17a (Eq. 8). It is noteworthy that isomerization of the C(9) olefin also ooccurred using these
catalysts. Further study showed that brief exposure of 18g 10 1.5 equivalents of titanium setrachloride at low tem-
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Equation 8
SHCH,)Ph
TiCly a) BF; EtO (94%)
15 min /s 78°¢ W M b} SaCly (TT%)
% OAc c) EAKCH (32%)
18a ita 172

peratures generated tricyclic ketone 188, which possesses the required exocyclic double bond, in 73% yield.
More importantly, NMR studies suggested that 18a has the cis, anti, cis-cyciopentfalpentalene skeleton as
required, thus implying that the desired equilibration of diasterecisomers had indeed occurred. The use of
coupling constants to assign the stereochemical relationships of wriquinane ring junctions, however, is tenous.
Instead, completion of our hirsutene synthesis would confirm our structural assignments. 24

With ketone 188 in hand, we expected that the following three transformations would proceed directly to
hirsutene: (1) saponification; (2) deoxygenation of the C(7)-hydroxyl group; and (3) coaversion of the C(2)
carbony! unit into & gem-dimethy! group. Alcohol 19 was prepared by transesterification using sodium
methoxide in methanol. However, antempts 1o selectively deoxygenate the “B” ring via tri--butyltin hydride
reduction of xanthate 2{) failed presumably due 10 competing enolization of the C(2) ketone (Eq. 9).25

Equation 9

NaOMe / MoOH

n-BuySaH / AIBN

—//

Deoxygenation of the central cyclopentane ring was fornsitously achieved during the fluoride ioe-induced
cyclization of 1fia which afforded enone 21a in 30-+40% yield (Eq. 10). Further study with other
nonnucleophilic bases has shown that under the basic conditions erployed {fluoride ion in DMF/HMPA], loss of

Equation 10

Cry SHCH4),Ph H CHy 5
i 3 %
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O
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the acetic acid residue generates a mixture of conjugated dienones (yiif and ix). only one of which can cyclize in a
1.4-fashion due 10 geometric constraints; olefin isomerization of X results in the isolation of enone 21a (Eq. 11).
The stereochemistry indicated for C(3a), C(3b), and C(64) is based upon analysis of the disposition of the rwo
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reactive centers of dienone fx prior to bond formation. Since enone 218 has most of the salient features of
hirsutene, it became s key intermediame in our synthesis,
Equstion 11

SHCHa)aPh
CHy f SH{CH3)aPh
. oMy SHCHg)2Ph CHy {CHalz
A DMF 7 HMPA .
ke H

162 il i

olalin Oy . .
1.4-conjugate BI{CHalPh
H
isomarization b addition of the |
allyisiiane
H molety
218  §

Although dissolving metal reduction of the C(1)-C(7a) double bond of 218 would furnish ketone 4,
terminal olefinic bonds can also be reduced by metal-ammonia reagents in the presence of & proton sowrce, 28 We
hoped that the enone moiety of Jl& would reduce faster than the exocyclic double bond. However,
experimentation showed that treatment of 218 with lithinm in anmmonis and geg-butanol reduced only the exocyclic
olefin {cf. 22).

Enone g1 was converted to ketone 4§ in 90% yield via the 1, 4-addition of hydride ion using Tsuda and
Saegusa’s procedure. 2’ Although this 1,4-reduction was also achieved using hydrosiiane-rhodium (T) complex, 28
the isolation of 4§ was severely plagued by silicon-containing byproducts.

Equation 12

CHy
Cis CHy Ciy
H
% MeCu / DIBAL H Li 7 NHy ¢
R e el R .
H 78% i §0% H
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We felt that the conversion of ketone 4 to hirsutene could be achieved in a single step. For example, Reewz
and co-workers have reported that sisnple ketones can be converted into gem-dimethyl groups in high vield using
dimethylitanium dichloride under mild conditions.®® However, brief treatment of less than one equivalent of this
reagent to 4 resulted in alcohol 23 (Bq. 14).30 Although the formstion of a tertiary sleohol is & normal re-

Equation 13

O

w , Chy, 4CHy
Ti{CH3);Cha \{<}/

action intermediate, the isomerization of the exocyclic olefin under the reaction conditions mandated that this
method be abandoned.3!
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Equation 14

H, THCH3)Cly

Alternative one-pot methods were also examined. For example, Meister and Mole have reported that
simple tertiary alcohols, ketones, and carboxylic acids are exhaustively methylated by reaction with excess
rimethylaluminum at elevated temperatures.32 However, heating ketone 4 with trimethylaluminum failed to
provide hirsutene (Eq. 15).

Equation 15
cH
n\ . v
A{CHy)y /
H 180°¢C oy
4 1

A three-step procedure introduced by Martin and co-workers to generate quaternary carbon asoms with two
substitutents of differing functionalitiy was also investigated.33 In this metbod a ketone is homologated 10 an o-
alkylated aldehyde and methylated via the in situ generation of 8 metalloenamine (Eq. 16). Subsequent Wolff-
Kishner reduction of the imine intermediate (xf) would complete our hirsutene synthesis.

Equation 16

.0 " n-&:(l.)l ’xh Wolll.Kishner P i
(l—NVP —(OE), f Bu _Redwion ‘Pl
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24 3) nBuls
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Although simple ketones were converted to geminal dimethy] groups in 60% overall yield via the above
sequence, the condensation of the ylide of 24™ with ¢ failed (Eq. 17).

Equation 17

0
O\‘N\,P ~(QEt)z
e

//

We have recently turned to more classical procedures to achieve the transformation of 4 into hirsutene (Eq.
18).
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Equation 18
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Winig olefination of 4 using (methorymethylene)wiphenylphosphorane (2 sfforded enol ether &in
nearly quantitative yield. Others have noted that hydrolysis of analogous methyl enol ethers proceed slowly using
mild protic acids.35 The wndency for the exocyelic olefin 1o isomerize upon exposure acids prompted us 0 use
jodotrimethylsilane8 1o achieve demethylation. We envisioned a one-pot procedure whereby the silyl enol ether
{xii) generated in sim could be alkylated directly. Although reaction of 2§ with TMSI furnished aldehyde 27 in
64% yield within minutes, the intermediate sily! enol ether could not be isolated or alkylated.

Aldehyde 27 is our most advance intermediate. We are optimistic that the alkylation of the enolate derived
from aldehyde 27,37 followed by Wolif-Kishner reduction, will soon provide (2)-hirustene. Although
incomplete, this study demonstrates the usefulness of intramoleculsr allylsilane additions to assemble polycyclic
systems as well as some of the limitations of this methodology. Such knowledge will faciliate the design of
synthetic routes 1o more complex natural products.

Experimental Section:

General: Routine 'H NMR spectrs were recorded at 90 MHz on a Varian EM 390 spectrometer. Chemical
shifts are reporied in ppm relative to ewramethylsilane as 0.00 ppm. IH NMR data are presented as follows:
chemical shift (multiplicity, number of protons, coupling constants in Hertz). Fourier cransform NMR spectra
were determined on a JEOL FX-900 90MHz (1H)22.5 MHz (13C) instrument , & JEOL FX 270 MHz (1) /67.5
MHz (13€) instrument, or 2 BRUCKER AM250 250 MHz (1H) / 62.5 (13C) instrument. Carbon multiplicites
were determined by the DEPT ["Distordonless Enhancement by Polarization Transfer”] experiments with 'H-
decoupling and by QUAT experiments which give 1H-decoupled spectra for 13¢.nuclei which are not protonated.
Infrared (IR} spectra were recorded as & thin film between polished sodium chloride plates on a Perkin-Elmer 197
Grating Infraved Spectrometer. All adsorption bands are reported in wave numbers {cm- 1), which were calibrated
against the 1601 con'! absorption band of polystyrene. Low resolution mass spectrs were recorded on a Finnigan
4023 Chromatograph-Mass Spectrometer by a direct probe and are expressed in m/z units. Microanalysis was
performed by Atlantic Microlab, Inc., Atlanta, Georgia.

Anhydrous worahydrofuran (THF) and diethyl ether were prepared by refluxing with, and distillation
from, sodiuvm/benzophenone under a nitrogen atnosphere in a recycling still. Anhydrous dimethylformamide
(DMF) and heramethylphosphoramide (HMPA) were prepared by refluxing over sand distillation from calcium
hydride under a dry nitrogen atmosphere and stored over 4A molecular sieves. Anhydrous toluene and
diisopropyl amine were prepared by refluxing over and distillation from calcium hydride and stored over sodium
metal and potassium hydroxide pellets, respectively. Dilsobutylaluminum hydride is abbreviated as DIBAL.

All reactions were run under an inert atmosphere of nitrogen, and monitored by TLC analysis until the
starting material was completely consumed. Unless otherwise indicated, all ethereal workups consisted of the
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following procedure: The reaction mixture was quenched at room temperature with saturated aqueous ammonium
chloride. The solvent was removed under reduced pressure on a rotary evaporator and the residue was taken up in
cther, washed with brine and dried over anhydrous magnesium sulfate. Filoration, followed by concentration at
reduced peessure on a rotary evaporator and at 0.1 torr to constant weight, afforded a crude residue which was
purified by flash chromatography with MN silica gel 60 (230-400 mesh ASTM) and distilled reagent grade
solvents.

(2)-2-Methyl-1-cyclopentene-1,3-dimethano! (8): To a mechanically stirred suspension of 2.30 g (61.0
mmol) of lithium aluminum hydride in 110 mL of dry ether was added a solution of 6.85 g (30.0 mmol) of diethyl
(2)-1-cyclopentene-1-carboxylate (2) dissolved in 20 mL of ether at -78°C for 90 min and allowed to warm to
room temperature overnight (13 h). The reaction mixture was added to S00 mL of reagent grade ether and 4 mL
of water was added dropwise over a 1-h period. The cthereal phase was dried over anhydrous magnesium
sulfate, filtered and concentrated. The resulting crude diol § (3.98 g, 93%) was homogeneous by TLC analysis
(ether, Rf 7 = 0.96, R¢§ = 0.10), and was used without further purification or characterization: 'H NMR
(CDCl3) 8 1.62 (br s, 3H), 1.75-2.25 (m, 4H), 2.25-2.60 (m, 2H), 2.60-2.90 (m, 1H), 3.56 (d. 2H, J=5Hz),
4.12 (br s, 2H); IR (film) 3650-3050, 2940, 2870, 1440, 1380, 1080, 1040, 1000 cm*!; mass spectrum, m/z 142
(M*).

(£)-2-methyl-1-cyclopentene-1,3-dimethanol diacetate (2): To a solution of 3.98 g (28.0 mmol) of
diol § in 60 mL of dry THF at room temperature was added 6.80 mL (84.1 mmol) of pyridine. Acetic anhydnide
(7.93 mL, 84.1 mmol) was added and the resulting reaction mixture was stirred for 14 h. Evaporation of the
solvent afforded a crude residue which was diluted with S00 mL of ether and washed with saturated CuSOg4 (2 x
50 mL), water (25 mL), sarurated NaHCO4 (2 x 50 mL) and brine (25 mL). The ethereal phase was dried over
anhydrous magnesium sulfate, filtered and concentrated. Purification by chromatography on silica gel (clution
with hexanes/ether, 5:1 — 1:1) afforded 5.40 g (85%) of diacetate § which was homogeneous by TLC analysis
(hexanes/ether. 1:2. Rg§ = 0.05, R¢9 = 0.86): 'H NMR (CDCly) 8 1.72 (br s, 3H), 1.85-2.25 (m, 8H), 2.25-
2.45 (m, 2H), 2.78-2.92 (m, tH), 3.95-4.20 (m, 2H), 4.63 (ABq, 2H, a,p = 23Hz, J = 7Hz); 13C NMR
(CDCly) 171.0 (s), 170.8 (s), 137.3 (s), 132.5 (s), 66.1 (1), 60.7 (1), 49.1 (d), 32.7 (1), 25.9 (1), 20.6 (q). 20.6
Q). 12.5 (@) ppm: [R (film) 2950, 2850, 1735, 1440, 1380, 1360, 1220, 1025, 960 cm"!; mass spectrum, m/z
166 (M-60; M-HOACc).

(2)-3-((Dimetbylphenylsilyl)methyl}-2-methyl-2-cyclopentene-1-methanol acetate 10):
Phenyldimethylchlorosilane (3.87 mL, 23.4 mmol) was added to 818 mg of finely cut lithium metal suspended in
45 mL of dry THF. After bewng stirred for 90 min the solution turned dark red. Continued vigorous stirring for 3
h produced a brownish solution which was transferred (via canula) to a suspension of 1.47 g (16.4 mmol) of
copper (I) cyanide in 20 ml of dry THF at 0°C. After 90 min, the reaction mixture was cooled to -60°C and 2.64
8 (11.7 mmol) of diacetate @ in 20 mL of dry THF was added. The resulting mixture was stirred at -60°C for 12
h. The reaction mixture was quenched by pouring onto 800 mL of a 1:1 mixture of saturated aqueous NH,Cl/
sawrated aqueous NayCOj and extracted with ether (4 x 200 mL portions). The combined organic extracts were
dried over anhydrous magnesium sulfare, filtered and concentrated. Purification by chromatography on silica gel
(elution with hexanes/ether, 20:1 —» 5:1) gave 6.64 g (94%) of 10 which was homogencous by TLC analysis
(hexanes/ether, 2:1, Rf 9 = 0.40, R¢ 10 = 0.85): 'H NMR (CDCly) $0.28 (s, 6H), 1.40 (br s, 3H), 1.70 (br
s. 2H), 1.80-2.20 (m, 7TH), 2.55-2.85 (m, 1H), 3.62-4.15 (m, 2H), 7.10-7.48 (m, SH); !3C NMR (CDCly)
171.3 (s), 139.2 (s). 135.1 (s), 133.5 (d), 133.5 (d). 129.0 (d), 127.9 (s), 127.7 (d), 127.7 (d). 67.0 (1), 48.8
(d), 36.8 (1), 26.2 (1), 21.0 (q), 18.8 (1), 12.8 (q). -2.5 (g), -2.5 (q) ppm: IR (film) 3070, 3050, 2960, 1735,
1430, 1380, 1360, 1250. 1120, 1040, 840, 940, 900 cm*}; mass specoum, m/z 242 (M-60; M-HOAc).

(2)-3-((Dimethylsilyl)methy!]-2-cyclopentene-1-methanol (11): To a suspension of 335 mg (8.81
mmol) of lithium alumunum hydride in 30 mL of dry ether at 450C was added dropwise a solution of acetate 10
(2.66 g. 8.81 mmol) in 20 mL of ether over a 20-min period. The reaction mixture was strred for 1 h at -450C,
warmed to room temperature over a 3-h period and then quenched by pouring onto reagent grade ether. The
cthereal phase was dried over anhydrous magnesium sulfate, filtered and concentrated. Purification by
chromatography on silica gel (clution with hexanes/ether, 10:1 — 1:2) gave 2.0 g (87%) of alcohol 11 which was
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homogeneous by TLC analysis (hexanes/ether, 2:1, Re 10 in 0.85, Ry 1 = 0.50): 'H NMR (CDCl3) § 0.28
(s, 6H), 1.40 (br s, 3H), 1.50-1.90 (m, 3H), 1.93-2.25 (m, 2H), 2.45-2.80 (m, 1H), 3.46 (4, 2H, J = 5H2),
7.13-7.49 (m, SH); 13C NMR (CDClg) 139.0 (5), 135.9 (s}, 1334 (d), 133.4 (d), 120.0 (), 127.7(d), 127.7
(), 127.3 (), 64.6 (1), 52.0(d), 37.2 (o), 255 (1), 189 (1), 12.5 (@), -2.5 (@), -2.7 (@) pouy IR (fikm) 3650
3100, 3060, 3040, 3000, 2930, 2000, 2860, 1660, 1580, 1420, 1400, 1380, 1320, 1240, 1160, 1110, 1040,
1020, 1000, 830, 790, 730, 710, 695 corl; mass specirum, mfz 260 (M*),

{2)-3-{{Dimethyiphenylstivi)methyil-2.methyl-Z-cyclopentene-I-carboxsidehyde {13):
Chrominm trioxide (1.29 g, 13.0 ounol) was added in three equal portions over & 13-mdn period t0 2.10 ml. (259
mmol) of pyridine in 20 mL of dry methylene chloride. Afier stirring for 15 min st yoom temperature 750 mg
{2.88 mmol) of aloohol 11 in § mL of dry methylene chloride was added. The reaction miziure was stirred for 3
h and then quenched by pouring onto wet reagent grade ether. The ethereal phase was washed with 10% NaOH
{2 x 200 ml), saturated CuSOy (4 x 25 ml.), water (20 mL) and brine (2 x 25 k). The organic phase was dried
over anhydrous magnesium suifate, filtered and concentrated. Purification by chromatography on silica gel
{elution with hexanesfether, 50:1) gave 378 wg (51%) of aldehyde 13 which was homogeneous by TLLC analysis
(hexanesfether, 2:1, Ry 11 = 0.50, Ry §3 = 0.88): 'H NMR (CDCI3) 8 0.30 (s, 61D, 143 (s, 3H), 1.80 (ABq,
2H, Aap = 23.4 Hz, § = 13.3 Hae), 1.84-2.00 (m, 2H), 2.00-2.30 (m, 2H), 3.00-3.20 {m, 1H), 7.28-7.40 (m,
D, 743755 (m, 2D, 9.33 {4, 1H, T = SHz) 13C NMR (CDCI3) 202.3 (d), 1390 (3), 138.6 {s), 1334 (d).
1334 (), 1203 (), 1277 (), 1277 4d), 1239 (), 62.9 (d), 37.7 (1), 22.8 (1), 19.3 (1), 13.0 (g}, -2.3 (g}, -
2.5 () pors; IR (Film) 3100, 3080, 2980, 2040, 2830, 2730, 1725, 1435, 1385, 1355, 1175, 1160, 1120, 840,
720, 700 cm-!; mass spectrum, miz 258 (M),

(£)-8-{13.[{Dimethyiphenylsilyllmethyil-2-methyl-2-cyclopenten-1-yilbydroxymethyl]-3-
ethoxy-Z-cyclopenten-l-one 14 (a-g): Tewshydrofuran (500 pL) was added 1o p-butyllithium (1.0 mL,
2.48 mmol, 2.5 M in hexane) from which the hexanes had been removed under vacuum. The resulting solution
was cooled to 00C and 0.36 mi. (2.6 mmel) of diisopropylamine was added. After cooling to -789C, = solution
of 286 mg (2.27 mmel) of 3-ethoxy-2-cyclopenien-1-one (8) in 1 ml of dry THF containing (.38 ml. (2.2 mwmol)
of HMPA was added over & §-b period. After an sddivional 30 min a1 -78°C, 556 myg (.16 mmol) of aldehyde
13in | mb of dry THF was added. The reaction mixmre was stirved a1 -789C for 4 b and then quenched wit
solid NH Tl Evaporation of the solvent provided 790 mg of crude residue which TLC analysis indicate:
consisted of three components. This mixiure was added directly onto a silica gel column. Chromsatography
{elution with hexanesfether, 4:1) afforded 428 mg (52%) of aldol adduct dg which was homogeneous by TLC
analysis (ether, Ry § = 0.27, Re 1dn = 0.80% 'H NMR (CDCly) $0.30 (s, 3H), 0.31 (5, 3H), 1.38 (L 3H, I =
THZ), 1.49 (s, 3HD), 176 (ABq, 2H, a,p = 34.2 Hz, J = 16Hz), 1.80-1.94 (m, 2H), 1.96-2.20 (m, 2H), 2.28
(dd, 1H, J = 16Hz, 2Hz), 2.41-2.55 (m, 2H), 2.64 (dd, 1H, J = 16Hz, THz), 3.70 (dd, 1K, J = 16 He, 2Hz),
375 {s, 1H), 4.03 (q, 2H, § = THz), 4.54 (br 5, 1H), 7.28-7.38 (m, 3H), 7.43-7.55 {m, 2H) 13C NMR
{CDCIs) 210.0 (), 189.6 (5), 139.5 (5), 134.6 (s), 133.5 (), 133.5 (), 1287 (d), 128.0 (s), 1276 (), 1276
(@), 1038 (@), 717 (), 67.9 (1, 831 {), 472 (), 37.2 (0, 320 (1), 21.1 (1, 190 (0. 141 (@, 12.2 (9. -
233 (g), -2.3 (@) pprm; IR {film) 3650-3430, 3080, 3060, 2950, 2830, 1680, 1600, 1480, 1440, 1380, 1350,
1300, 1250, 1200, 1170, 1120, 1030, 920, 830, 720 covl, mass spectrum, myz 249 [M-135, M-
SHCHCeHs1

Continued elution gave 143 mg (17%) of & disstersomeric aldol sdduct 14k which was homogeneous by
TLC analysis {ether, Re § = 0.27, Ry Jdb = 070): I3 NMR {(CDCL) 6 0.31 (s, 3K, 0.32 (s, 3H), 136 (o,
3H, I = THz), 1.52 (s, 3H), 1.65 (ABq, 2H, aayp = 31Hz, 1 = 11Hz), 1.82-1.98 (m, ZH), 1.98-2.22 (m, IH),
230 (dd, 1H, J = 16Hz, 1Hz), 2.51 (d, 1H, J = §Hz), 2.58-2.68 (m, 1H), 2.76-2.86 (m, 1H), 3.88 (dd, 1H, ]
= 12Hz, 3Hz), 4.07 (g, 2H, J = THz), 4.82-4.96 (m, 1H), 5.27 (s, 1H), 7.30-7.40 {m, 3H), 7.50-7.60 (m,
2H): 130 NMR (CDC) 209.9 (s), 1900 (), 130.2 (5), 135.9 (s), 133.4 (d), 133.4 (d), 128.9 (), 127.8 s}
127.6 (d), 127.6 (@), 103.5 {d), T4.5 (d), 67.9 (1), 54.5 (4), 46.6 (d), 37.4 (1), 32.4 (1), 24.7 (1), 189 (1), 14.0
(), 14.0 (), -2.3 (g), -2.3 () ppoy IR (Blm) 3500-3300, 3080, 2950, 2900, 2850, 1680, 1590, 1420, 13380,
1340, 1245, 1190, 1108, 1075, 1020, 975, 865, 835, 800, 705, 695, 660 co!; mass spectrum, m/z 249 {M-
138, M-SHCH ) Cls).

Further elution afforded 144 mg (17%) of & third diastereomeric aldol adduct J4g which was
homogensous by TLC analysis (ether, Re § = 0.27, Ry Jdg = 040 IHNMR (CDCk) 3 0.30 (s, 3H), 031 G5,
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3H). 1.37 (1, 3H. ] = 7Hz), 1.40 (s, IH), 1.15-1.35 (m, 4H), 1.95-2.20 (m, 2M), 2.42-2.64 (m. 2H), 2.72-
2.91 (m, 2H), 3.93-4.18 (m, 3H), 4.16 (s, 1H), 5.26 (s, 1H), 7.26-7.36 (m, 3H), 7.40-7.56 (m, 2H), 13C
NMR (CDCly) 206.5 (s), 190.1 (s), 138.9 (s), 136.7 (s), 133.3 (d), 133.3 (d), 128.9 (d), 127.6 (d), 127.6 (d).
127.6 (5), 104.1 (d), 69.5 (d), 67.5 (1), 54.4 (d), 49.7 (d), 37.2 (). 30.8 (x), 22.7 (1), 19.1 (1), 14.0 (g). 12.6
Q). -2.4 (q), -2.6 () ppm: IR (film) 3600-3200, 2925, 1680, 1590, 1420, 1370, 1340, 1245, 1235, 1190,
1110, 1025, 830, 700 cm!; mass spectrur, m/z 135 (B).

(2)-4-[[3-[(Dimethylphenylsilyl)methyl]-2-methyl-2-cyclopenten-1-yi]bydroxymethyl}-2-
cyclopenten-1-one 18 (a-g): To & solution of 205 mg (0.53 mmol) of 143 in 2 mL of dry toluene at -200C
was added 0.8 mL of a 1.5 M solution of DIBAL-H in toluene (Aldrich]. After the mixture was stirred for 2 h at
-209C, the reaction mixture was quenched with wet reagent grade ether (125 mL). The ethereal phase was
washed with 1% HCl (35 ml.) and brine {20 mL). The organic phase was dried over anhydrous magnesium
sulfate, filtered and concestrated. The crude residue was chromatograpbed on silica gel (elution with
hexanes/ether, 4:1 —» 1:1) to afford 151 mg (84%) of enonc LS which was homogencous by TLC analysis
(hexanes/ether, 1:4, Ry 148 = 0.68, Re 142 = 0.72): 'H NMR (CDCl3) 8 0.31 (s, 3H), 0.32 (s, 3H), 1.40 (s,
3H). 1.55-1.80 {m, 4H), 1.90 (4, 1H, J = 16Hz2), 2.00 (44, 1H, J » 22Hz, 2H2), 2.07-2.26 (m, 2H), 2.44 (dd.
1H, J = 22Hz, 8Haz), 2.51-2.7$ (m, 1H), 2.90-3.04 (m, 1H), 3.47 (dd, 1H, J = 8Hz, 2Hz), 6.23 (dd, IH. J =
6Hz, 2Hz), 7.30-7.43 (m, 3H), 7.45-7.58 (m, 2H), 7.97 (dd, 1H, J = 6Hz, 2Hz); 13C NMR (CDCly) 209.1 (s},
167.8 (d), 138.6 (3}, 138.0 (s). 134.0 (d), 133.3 (d), 133.3 (&), 129.2 (d). 127.8 (d), 127.8 (d), 126.4 (5), 73.7
(d), 53.8 (d), 45.2 (d), 37.4 (1), 37.4 (1), 20.7 (1), 19.3 (1), 12.0 (q). -2.4 (). -2.5 () ppm: IR (film) 3650-
3250, 3100, 2950, 1710, 1680, 1600, 1440, 1420, 1360, 1200, 1105, 1040, 840, 825, 800, 720 cm"!; mass
spectrum, myz 322 (M-18).

(1Sh): Additon of ! ml. of DIBAL-H (1.5 M) to 290 mg (0.755 mmol) of 14h, using the procedure described
for the preparation of 18a, gave 257 mg (100%) of enone 1 8h which homogeneous by TLC analysis
(hexanes/ether, 1:10, R¢ 14h = 0.63, Ry 18h = 0.68): 'H NMR (CDCly) 8 0.32 (s, 3H), 0.36 (s, 3H), 1.54 (s,
3H). 1.81 (ABq, 2H, a,p = 38Hz, ] = 16Hz), 1.90-2.34 (m, 6H), 2.40 (dd, 1H, ] = 19Hz, 6.6 Hz), 2.64-2.76
(m, 1H), 2.90-3.01 (m, 1H), 3.50 (dd, 1H. J = 7.5Hz, 5Hz), 6.22 (dd, 1H, J = 6Hz, 2Hz), 7.31-7.43 (m, 3H),
7.45-7.58 (m, 2H), 7.79 (dd, IH, J = 6Hz, 2Hz); 13C NMR (CDCly) 209.4 (s). 166.4 (d), 138.6 (s). 138.6
(s), 134.7 (d), 133.5 (d), 133.5 (d). 129.1 (d), 127.8 (d), 127.8 (d), 126.8 (s), 77.7 (d), 54.0 (d), 46.1 (d),
38.4 (1), 37.3 (1), 27.5 (1), 19.4 (1), 14.9 (@), -2.2 (), -2.4 (@) ppm: IR (film) 3600-3200, 3070, 3040, 2930,
1710, 1680, 1590, 1430, 1410, 1340, 1250, 1190, 1110, 950, 830, 710 cm*!; mass spectrum, m/z 322 (M-18).

(15¢): Addidon of 1.7 mL of DIBAL-H (1.5 M t0 437 mg (1.14 mmol) of 14¢, using the procedure described
for the preparation of 152, gave 129 mg (33%) of enone 15¢ which was homogeneous by TLC analysis (ether,
Ry J4¢ = 0.27, Ry 18¢ = 0.55): 'H NMR (CDCly) 8 0.31 (s, 3H), 0.33 (s, 3H), 1.38 (s, 3H), 1.58-1.93 (m,
SH), 2.05-2.29 (m, 2H), 2.43 (d, 1H, ] = 3Hz), 2.48 (d, IH, J = 6Hz), 2.69-2.81 (m, 1H), 2.94-3.05 (m, IH),
3.58 (dd, 1H, J = 8Hz, 2Hz), 6.19 (dd, 1H. J = 6Hz, 2Hz), 7.28-7.42 (m, 3H), 7.49-7.54 (m, 2H), 7.58 (dd.
1H, J = 6Hz, 3Hz); 13C NMR (CDCly) 210.1 (s). 164.6 (d), 138.5 (s), 137.2 (), 135.1 (d), 133.2 (d), 133.2
(d), 128.9 (d), 127.6 (d), 127.6 (d), 126.6 (s), 73.4 (d). 53.2 (d), 45.9 (d), 38.6 (1). 37.3 (1), 21.4 (1), 19.1 (1),
12,1 (q). -2.4 (q). -2.6 (@) ppm: IR (film) 3650-3250, 3070, 3040, 2900, 1710, 1690, 1420, 1270, 1250, 1190,
1110, 1040, 840, 820, 795, 735, 725, 715 cm; mass spectrum, myz 322 (M-18).

(2)-4-{[3-[(Dimethylphenylsilyl)methyl]-2-methyl-2.cyclopenten-1-ylJhydroxymethyi]-2-

cyclopenten-1-one acetate 18 (a-g): To 2 solution of 264 mg (0.776 mmol) of alcohol 158 in 15 mL of dry
THF was added 94 pL (1.2 mmol) of pyridine and 142 mg of 4-dimethylaminopyridine [DMAP]. After stirring
for 5 min, 110 gL (1.2 mmol) of acetic anhydride was added and the reaction mixture was stirmed for 12 h.
Evaporation of the solvent afforded & crude residue which was then diluted with 125 ml. of ether and washed with
saturated CuSQ,4 (2 x 15mL), water (10 mlL), saturated NaHCO; (2 x 15ml.), water (10 mL) and brine (15 mL).
The ethereal phase was dried over anhydrous magnesium sulfate, filtered and concentrated. The crude residue
was chromatographed on silica gel (clution with hexanes/ether, 10:1 ~ 2:1) to afford 289 mg (97%) of acetare
16a which was homogencous by TLC analysis (hexanes/ether, 1:2, Ry 154 = 0.42, Ry 163 = 0.82): 'H NMR
(CDCl3) 5 0.28 (s, 6H), 1.48 (s, 3H), 1.75 (s, 2H), 1.84 (ABq, 2H, a,p = 14Hz, J = 8Hz), 2.03 (s, 3H), 2.04.
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2.25 (m, 3H), 2.51 (dd, 1H, J = 22Hz, 8Hz), 2.69-2.81 (m, 1H), 3.13-3.25 (m, 1H), 5.50 (dd, 1H, J = 12Hz.
2Hz), 6.25 (dd, 1H, J = THz, 2Hz), 7.31-7.42 (m, 3H), 7.48-7.61 (m, 3H); 13C NMR (CDCls) 207.9 (s).
170.1 (5), 164.5 (d), 139.0 (s), 135.8 (s), 134.9 (d), 133.3 (d), 133.3 (d), 1289 (d), 127.6 (d), 127.6 (&),
127.0 (s), 74.9 (d), 52.5 (8), 44.0 (d), 38.0 (1), 37.2 (), 22.5 (1), 20.8 (@), 18.7 (1), 12.5 (g), -2.5 (@) -2.5 (@)
ppm; IR (film) 3070, 3040, 3020, 2975, 2850, 1735, 1680, 1595, 1450, 1435, 1420, 1380, 1250, 1190, 1115,
1020, 1060, 840, 790, 730 ca-l.

(1gh): Treatment of 315 mg (0.926 mmol) of alcohol 15k, using the procedure described for the preparation of
A6, afforded 230 mg (65%) of scetate J6h which was homogeneous by TLC analysis (hexaneyfether, 122, Ry
15h = 0.30, Re J6h = 0.70): 1H NMR (CDCly) 5 0.29 (3, 3H), 0.30 (s, 3H), 1.49 (s, 3HD), 1.55-1.95 (m,
4H), 2.00 (s, 3H), 2.01-2.23 (m, 3H), 2.36 (dd, 1H, J = 20Hz, THz), 2.80-2.93 (m, 1H), 3.08-3.18 (m,1H),
4.98 (1, IH, J = 6Hz), 6.20 (dd, H, I = 5.5Hz, 2Hz), 7.26-7.38 (m, 3H), 7.43-7.32 (m, 2H), 7.55 (dd, 1K, ]
= 5.5Hz, 2Hz); 13C NMR (CDCly) 208.2 (s), 1702 (s), 163.5 (d), 138.6 (5), 136.5 (5), 135.0 (4, 133.2 (),
133.2 (d), 1289 (&), 127.5 (d), 127.5 (d), 127.5 (5), 76.8 (&), 51.8 (d), 42.B (d), 38.3 (1), 36.9 (1), 25.3 (),
20.8 {(q), 18.8 (1), 13.6 (@), -2.6 (@), -2.6 {g) ppmy; IR (film) 3070, 3050, 3020, 2940, 2890, 1710, 1630, 1590,
1430, 1370, 1230, 1190, 1110, 1030, 830, 820, 790, 700, 640 cm-l; mass spectrum, miz 322 (M-60; M-
HOAC).

{16g): Treatment of 129 mg (0.380 mumol) of aleohol J1§¢, using the procedure described for the preparation of
16a, afforded 122 mg (84%) of 16c which was homogeneous by TLC analysis (hexanes/ether, 11§, Re l8g =
0.58, Ry 16ic = 0.82): 'H NMR (CDCly) 8 0.27 (s, 68, 1.47 (s, 3H), 1.63-1.85 (m, 4H), 1.94 (s, 3H), 1.95-
2.28 (m, 3H), 2.32-2.36 (m, 1H), 2.66-2.78 (m, 1H), 3.09-3.18 (m, 1H), 5.17 (dd, 1H, ] = 3Hz, dHz), 6.18
(dd, 1H, J = 5.5Hz, 2Hz}, 7.27-7.37 (m, 3H), 7.43-7.52 (m, 2H), 7.55 (dd, 1H, ] = 5.5Hz, 2Hz); 13C NMR
{CDCly) 208.3 (s), 170.0 (s), 164.3 {d), 138.7 (5), 136.1 {5, 134.9 (d), 133.1 {d), 133.1 (d), 128.8 (), 1275
(d), 127.5 (d), 1269 (5), 73.8 (d), 52.1 {d), 45.0 (d), 36.8 (1), 36.8 (1), 23.8 (1), 20.7 {(g), 18.7 (1), 128 (@), -
2.6 (q), -2.6 () ppm; IR (film) 3070, 3020, 2940, 1710, 1590, 1420, 1400, 1370, 1230, 1180, 1110, 1020,
950, 820, 780, 710 cr-l; mass spectrum, oz 322 (M-60; M-HOAc).

{£}-(3aR® 3b8® 688°% 78°% 788%)-1,3,3e,30,6,68,7,78-Octabydro-T-hydroxy-3b,4-
dimethyl-2H-cyclopentalglpentalen-2-one scetate {178): Boron wifluoride etherate (19 ul, 0.16 mmol}
was added o 20 mg (0.052 mmol) of I8 in 1.25 ml. of dry tolueae 8t 0°C. The reaction mixture was stirred at
09C for 90 min. Standard ethereal workup afforded an oily residue which was purified on silica gel (elution with
hexanes/ether, 5:1) to provide 12 mg (94%) of tricyclic ketone J78 which was homogeneous by TLC analysis
(hexanes/ather 2:1, Ry 168 = 0,45, Re 178 = 0.58): 'H NMR (CDCly) 8 1.13 (s, 3H), 1.62 (br s, 3H), 2.01 (s,
3H), 2.08-2.47 (m, 6H), 2.68-2.74 (m, 2H), 2.77-2.90 (m, 1H), 4.95 (dd, 1H, ] = THz, 2Hz), 5.14 (br 5, 1H);
B3¢ NMR (CDCl3) 218.9 (53, 170.3 (), 145.3 (s), 122.6 (), 84.8 (d), 59.5 (s), 57.0 (d), 47.4 (d), 43.6 (d),
40.0 (1), 39.6 (1), 35.8 (1), 21.6 (g, 21.1 (@), 12.6 (q) ppwy; IR (film) 3030, 2620, 2850, 1735, 1430, 1400,
1375, 1240, 1160, 1030, 1020, 560, 800 cra~!; mass spectrum, m/z 188 (M-60; M-HOAC),

EtalC1y-Catalyzed Cyclization of 18a: To a sclution of 17 mg (0.0443 manol) of enone 188 in 1 mL of
dry tluene was added 80 ul.(0.12 mmol, 1.5 M in hexanes) of ethylaluminum dichloride 3t 09C. After | hat
09C, the resction mixture was quenched with wet reagent grade ether. Standard etheresl workup provided a crude
residue which was purified vig chromatography on silica gel {elution with hexanesfether, 10:1) to afford 3.5 ;g
(32%) of ketone }7a which was identical to material previously characierized.

SnClg-Catalyzed Cyclization of 16a: Tin tetrachloride (29 plL., 0.029 mmol, 1.0 M in CH4Cly) was added
1o 11 mg (0.029 mmeol) of acewte 168 in 0.75 ml of dry CHyCly a1 -780C. Afier the mixture was stirred for 20
min at -789C the reaction mixture was quenched with saturated NaHCOy, Standard ethersal workup provided a
crude residue which was purified using chromatography on silica gel (elution with hexanes/ether, 10:1) to provide
3.3 mg (77%) of ketone 78 which was identcal 10 material previously characterized.

TiCl-Catalyzed Cyclization of 1fh: Treatment of 20 mg (0.053 mmol) of acetate JEh with titanium
wirachloride (25 pl., 0.228 mmol), using the procedure described for the preparstion of JBg except that the
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reaction ime was increased to | h, afforded 3 mg (23%) of tricyclic ketone 17k which was homogeneous by TLC
analysis (hexanes/ether 1:1, Ry 16R = 0.47, Rp 12h = 0.41): 'H NMR (CDCl3) 8 1.25 (s, 3H), 1.62 (b s, 3H),
1.96 (s, 3H), 1.96-2.42 (m, 6H), 2.43-2.59 (m, 1H), 2.60-2.72 (m, 1H), 3.00-3.13 (m, 1H), 528 (br s, 1H).
$.43 (dd, 1H, ] = THz, ] = THz); 13C NMR (CDCl3) 219.3 (3), 170.5 (3), 142.9 (s). 125.7 (d), 79.5(d), 62.1

(8). 359 (d), 50.3 (d), 45.9 (), 40.4 (1), 39.4 (1), 30.2 (1), 27.8 (). 20.7 (). 13.6 (q) ppm; mass spectrum,
m/z 248 (M*).

(129): The reaction of 60 mg (0.16 mmol) of acetate 14¢ with titanium tetrachloride (19 pk., 0.173 mmol) for 1
h using the procedure described for the prepantion of 18a afforded 12 mg (31%) of tricyclic ketone L7¢ which
wis homogeneous by TLC analysis (hexanes/ether, 1:1, Rr 16¢ = 0.40, Rf 125 = 0.50): 'H NMR (CDChy) &
1.31 (s, 3H), 1.58 (br 3, 3H), 1.90-2.06 (m, 1H), 2.08 (s, 3H), 2.15-2.65 (m. 7TH). 2.86-3.04 (m, 1H), 4.72
(dd, 1H, J = THz, 7 Hz), 5.28 ( br s, 1H).

{2)-(3aR", 3bS*, 6a8°*, 78° 7a8%)-Decabydro-7-hydroxy-3b.-methyl-4-methylene-2}-
cyclopentaigl-peatalen-2-one acetate (182): Tiwnium werachloride (30 L, 0.27 mmol) was added 10 62
mg (0.16 mmol} of acetate 1fig in 2 ml of dry methyleae chloride at -780C. After being stirred for 1S min az -
780C the reaction mixture was quenched with saturated NaHCOy. [Note that when the reaction was conducted
for longer than 15 min, isomerization of exocyclic adduct 184 1o endocyclic adduct L7a occurred.) The reaction
mixture was diluted with ether (85 ml) and washed with saturated NaHCO; (15 ml.) and brine (15 mL). The
¢thereal phase was dried over anhydrous magnesium sulfate, filiered and concentrated. The crude residuc was
chromatographed on silica gel (clution with hexanes/ether, 20:1 - $:1) 10 yield 29 myg (73%) of tricyclic ketone
1Ba which was homogeneous by TLC analysis (hexanes/ether, 2:1, R 16 = 0.45, Re 18a = 0.58): 'H NMR
(CDCl3) 8 1.17 (s, 3H), 1.57-1.74 (m, 2H), 1.83-1.97 (m, 1H), 1.98 (s, 3H), 2.20-2.50 (m, 6H), 2.55-2.95
(m, 2H), 4.82 (4d, 1H, J = 2Hz, 2Hz), 4.86-4.96 (m, 2H); !3C NMR (CDCl3) 219.2 (s), 170.3 (s), 161.8 (s),
105.9 (1), 82.4 (d), 59.2 (d). 54.6 (s), 52.1 (d). 43.6 (d). 40.3 (1), 39.3 (1), 33.3 (v}, 28.0 (), 25.0 (g). 20.9 (q)
ppm: IR (film) 3070, 2925, 2850, 173S, 1650, 1460, 1408, 1375, 1240, 1160, 1020, 960, 890 cm-!; mass
spectrum, ovz 248 (M*).

(18h): Treaunent of 162 mg (0.42 mmol) of acetate 16h with titanium tetrachloride (70 uL, 0.64 mmol), using
the procedure described for the preparation of 18a, afforded 57 mg (54%) of ketooe 18k which was
homogeneous by TLC analysis (hexanes/ether 1:1, Ry 16h = 0.47, R¢ 18k = 0.41): 'H NMR {CDCly) § 1.30
(s, 3H), 1.45-1.76 (m, 2H), 1.98 (s, 3H), 2.00-2.57 (m, 7TH), 2.66 (q. 1H. J = 8Hz), 2.97-3.10 (m, 1H), 4.71
(s, 1H), 5.00 (s, 1H), 5.50 (dd, 1H, J = 5.5 Hz, 5.5Hz); 13C NMR (CDCly) 219.1 (s), 170.3 (s), 158.6 (s},
106.6 (1). 80.4 (d), 59.1 (d), 56.0 (s), 52.2 (d), 46.0 (d), 41.3 (1), 39.8 (1), 37.3 (1), 31.0 (q). 23.7 (1), 20.8 (q)
ppm; IR (film) 2970, 2925, 2870, 1740, 1440, 1408, 1375, 1260, 1240, 1160, 1070, 1020, 975, 900, 800 cm*
1. mass spectrum, mvz 248 (M*).

(18¢): Treatment of 57Tmg ( 0.15 mmol) of acetate 1fic with tGtanium tetrachloride ( 25 b, 0.22 mmol) using
the procedure described for the preparation of 18a afforded 12 mg (32%) of ketone L8¢ which was homogencous
by TLC analysis (hexanes/ether, 1:1, Rf 1&g = 0.40, Ry l8c = 0.50): 'H NMR (CDCl3) & 1.35 (s, 3H),
1.56-1.86 (m, 2H), 2.08 (s, 3H), 2.10-2.55 (m, TH), 2.64 (dd, 1H, ] = 18Hz, 9Hz), 2.87-3.02 (m, 1H), 4.71
(br s, 1H), 4.79 (dd, 1H, J = THz, THrx), 5.11 (br's, I H); 13 C NMR (CDCl3) 217.5 (s), 171.0 (s}, 157.5(s}.
107.3 (1), 83.5 ¢d), 60.5 (d). 53.8(s), 50.0 (d)., 47.1 (d), 42.2 (1), 41.8 (1), 35.2 (1), 30.4 Q. 27.1 (1), 21.2 (q)
ppm; IR (film) 2970, 1740, 1450, 1370, 1240, 1180-1140, 1070-1000, 890 cm-!; mass spectrum, m/z 248
(M*).

(£)-(3aR", 3b8°, 6a8° 728°%)-Decabydro-T-hydroxy-Ib.-methyl-4-methylene-2H-
cyciopenta[pipentaten-2-one (J192): To a solution of 4 mg (0.073 mmol) of sodium methoxide [Fisher] in
0.5 mL of anhydrous methanol was added 18 mg (0.073 mmol) of acetate 184 in 0.5 ml of anhydrous methanol.
After being refluxed for 3 h the reaction rixture was quenched with saturated NH Cl (0.5 mL). Standard ethereal
workup provided a crude residue which was purified yia chromatography on silica gel (¢lution with hexanes/ether,
15:1 — 3:1) 10 give 12 mg (77%) of alcohol 19a which was homogeneous by TL.C analysis (hexanes/ether 2:1,
Ry 18a = 0.58, Ry 192 = 0.38): !H NMR (CDCly) 8 118 (s, 3H), 1.43-1.59 (m, 1H), 1.62 (q. 1H, J = 2Hz),
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1.83-2.83 (m, 10HD), 3.96 (dd, 1H, J = 2Hz, 2Hz), 4.80 (1, 1H, J = 2Hz), 4.91 (1, 1H, J = 2Hz); 13C NMR
(CDCly) 221.0 (s), 162.9 (s), 104.5 (1), 80,1 (d), 61.8 (d), 34.3 (s), 52.0 (d), 45.2 (), 41.0 (1), 39.0 (1), 334
(1), 28.1 (), 25.5 (@) ppoy IR (film) 3550-3300, 2950, 2880, 1730, 1650, 1400, 1170, 1050, 880, 610 cm-{;
wass spectrum, mvz 206 (M*).

{19h): Tresunent of 57 mg (0.230 mmol) of scetate 18k with 19 mg (0.345 mmol) of sodiurn methoxide
{Fisher], using the procedure described for the preperation of alcobol 198, afforded 34 mg (72%) of alcobol 19%
which was homogeneous by TLC analysis (hexanesfether 1:1, Ry 18h = 0.47, Re [9h = 0.30): 1H NMP
{CDCLL) & 1.27 (s, 3H), 1.55-1.85 {m, 2H), 1.95-2.64 (m, SH), 2.78-2.91 (m, 1H), 4.18 {1, fH, J = SHz-
4,66 (s, 1H), 4.95 (s, 1H); PC NMR (CDClg) 221.8 (s), 159.9 (s), 105.6 (), 78.3 (), 60.7 (d), 55.8 (s), 52.5
(d), 47.2 (), 42.0 (1), 39.8 (1), 37.8 (0), 31.3 (g), 23.3 (1) ppm; IR (film) 3550-3200, 3070, 2910, 2855, 1715,
1640, 1440, 1420, 1385, 1285, 1220, 1145, 1060, 1000, 963, 863, 610 cm-1.

(£}-(3R® 3bE* ¢a8%)-3,38,35,4,5,6,6a,7-Octabydro-Ib-methyl-4-methylene-2H-
cyclopentalgl-pentalen-2-one (21a): To 124 wmg (0.39 mmol) of tetra-p-butylammoniom fluoride wihydrare
which had been placed under vacuurn for 30 min was added 1.5 ml. of dry DMF snd a few activated 4A molecular
sieves. Afier 15 min, the solution was transferved to & reaction vessel containing 100 mg 44 molecular sieves.
Hexamethylphosphoramide (115 pl., 0.663 munol) was added and the reaction mixnre was stirved for 15 min, A
solution of enone 168 (85 mg, 0.221 mmol) in 1.5 ml. of dry DMF was added dropwise over 8 1-h period (vis
syringe pump). The resulting mixture was stirred 8t room tempersture for 12 h and then quenched with water,
Standerd ethereal workup provided a crude residue which was purified yig chromatography on silica gel (elution
with hexanes/ether, 6:1) to afford tricyclic enone 21g which was homogeneous by TLC analysis (hexanes/ether
1:1, R 16im = 0.65, Re 218 = 0.52) 'H NMR (CDCI) 8 1.22 (s, 3HD, 175 (4, 1H, § = 4H2), 1.79-2.40 (m,
5H), 242 @, 2H, J = 4Hz), 2.52-2.75 {m, 2H), 4.86 (5, 1H), 4.91 (s, 1H), 5.75 (s, 1H)y; 13C NMR (CDCly)
200.3 (s}, 181.0 (5}, 135.4 (s), 128.4 (d), 104.4 (1), 39.6 (s), 36.0 (d), 353 (1), 33.4 (), 30.6 (d), 28.8 (1),
25.7 (1), 12.2 (@) ppey IR (film) 3070, 2930, 2870, 1700, 1605, 1440, 1260, 1240, 1198, 1170, 1080, 1040,
950, 900, 880, 850, 790 cor'l; mass spectrum m/z 188 (M*),

{2)-{3aR*, 3b8°®, 6a8° 7s8®)-Decahydro-3b,4-dimethyl-2H-cyclopentalgipentalen-2-one
{&2): To 10 mg (0.053 vamol) of enone Jla and 5 pl. of wrr-butyl aleohol in 0.5 ml. of dry ether was added 5
ml of freshly distilled liquid ammonia. After 2 mg (0.28 mmol) of lithium was added, the reaction mixture was
refluxed for 20 min. The reaction mixture was quenched by the addition of solid NH,Cl and the ammonia was
allowed to evaporate. Standard etherea! workup provided a crude residue which was purified by chromatography
on silica gel (clution with hexanesfether, 7:1) o afford 6 mg (60%) of enone 21 which was homogeneous by TLC
analysis (hexanesfether 2:1, Re 20a = 0.42, Ry 22 = 0.53): 'H NMR (CDCly) § 1.25 (s, 3H), 1.27-1.57 (m,
2H), 1.61 (d, 3H, J = 6.5Hz), 1.88-2.07 (m, 1H), 2.10-2.38 (m, $H), 5.98 (s, 1H); 13C NMR (CDCly) 2103,
182.5, 130.4, 47.8, 38.1, 36.6, 354, 31.9, 29.7, 283, 14.0, 12.0 ppm.

{z)-{3aR®, 3b8*®, 6a8°% Taf*)-Decabydro-3b-methyl-4-methylene-2H-cyclopentalgipentalen-2-
one {(4): To s solution of 30 pL. (0.0702 nxmol) of methyl lithium (1.4 M in ether) in 0.20 ml of dry THF at -
159C was added 12 mg (0.064 maool) of Cul in one portion. Afier the mixmre was stirred for 13 min, 0.20 mL
of HMPA followed by 83 sl (0.13 mmol) of DIBAL-H were added to the bright yellow precipitate of methy!
copper. Afier being stirred for 30 min a1 -159C, 12 mg (0.064 mmol) of enone 218 in 0.25 ml of dry THF was
added dropwise over g 5-min period. The reaction mixture was stirred for 90 min at -139C and then quenched

with 10% aqueous HCL  Swndard ethereal workup provided a crude residue which was purified by
chromatography on silica gel {elution with hexanes/ether, 20:1) 1o afford 9.5 mg (78%) of wicyclic ketone 4
which was homogeneous by TLC analysis (hexanesfether 1:1, Re 218 = 0.52, Ry 4 = 0.75)% 'H NMR (CDCl3) 8
1.28 (s, 3H), 1.59-2.50 (m, 13H), 4.20 (s, 1H), 4.28 (s, 1H); 13C NMR (CDCly) 219.7 (s), 157.4 (s), 102.1
(1), 45.0 (1), 38.2 (1), 38.0 (d), 33.5 (), 32.3 (d), 322 (s), 29.9 (1), 29.9 (1), 26.0 (1), 13.5 (@) ppm.

Preparation of enol ether 26: To 123 mg (0.358 mmol) of (methoxymethyltriphenylphosphonium chioride
(28) in 0.5 ml of dry THF under argon at 0°C was added 745 ul (0.371 mmol) of potassium
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bis(trimethylsilyl)amide {0.5M solution in toluene, Aldrich]. After being stirred for 30 min at 0°C, followed by
30 min at room temperazure, 17 mg (0.0895 mmol) of ketone 4.in 800 L of dry THF was added 10 the bright red
solution. After stirring for 2 h at room temperature, followed by an additional 2 h at 60°C, the reaction mixture
was quenched with 0.5 ml. of water. The cooled reaction mixture was concentrated, diluted with 5 ml, of water
and then extracted with hexanes (4 x 20 mL). The combined organic phases were washed with 15 mib of brine,
dried over anhydrous magnesium sulfase, filtered and concentrated. The crode residue was chromatographed on
silica gel (clution with hexanes/ether, 40:1) t afford 19 mg (100%) of enol ether 28 which was bomogeneous by
TLC analysis (hexanes/ether, 5:1, Re 4 = 0.35, Re 268 = 0.90): 'H NMR (CDCly) 8 1.28 (s, 1.5H), 1.29 (s,
1.5H), 1.37-2.46 (m, 12H), 2.56 (dd, 1H, J = 18Hz, 8Hz), 3.58 (s, 3H), 4.67 ( br s, 1H), 4.74 (br 5, IH),
5.88 (brs, 1H); 13 C NMR (CDCl3) 158.5 (s), 158.3 (s), 138.7 (d), 120.3 (s), 101.2 (1), 59.3(q), 41.3 (4),
41.0 (d), 35.4 (1), 33.9 (d), 33.7 (d), 33.4 (1), 33.3 (1), 32.9 (1), 32.6d). 32.2 (s), 32.0 (d). 30.1 (1), 29.7 (1},
28.2 (1), 26.0 (1), 13.6 (q) ppa; IR (film) 2930, 2870, 2830, 1690, 1650, 1460, 1440, 1230, 1170, 1110, 860
cm'}; mass spectrum, m/z 218 (M*). These data represent & mixture of E and Z isomers.

Preparstion of Aldebyde 27: To 19.5 mg ( 0.089 mmol) of methyl enol ether 26 in 0.75 mL of
acctonitrile under argon at room temperature was added 14 L. ( 0.0984 mmol) of trimethylsilyl iodide [ Aldrich).
After being sumied for 5 min, the reaction mixture was diluted with 60 mL of reagent grade ether and washed with
5 mL of saturated aqueous Na2§703, 5 mL of saturated sodium bicarbonate and 5 ml of brine. The ethereal
phase was dried over anhydrous magnesium sulfate, filtered, concentrated and chromatographed on silica gel
(elution with hexanes/ether, 40:1) to afford 11.6 mg (64%) of aldehyde 27 which was bomogeneous by TLC
analysis (hexanes/ether, 10:1, Rr 26 = 0.50, Re 22 = 0.30): 'H NMR (CDCl3) 8 1.25-2.41 (m, 16H), 2.88-
3.02 (m, 1H), 4.36 (br s, 1H), 4.42 (r s, 1H), 9.62 ( br s, 1H).

(£)-(3aR°®, 3b§°®, 6a28° 78° 728°)-1,3,32,35,6,6a,7,72-Octadydro-7-bydroxy-3b.4-
dimethyl-2H-cyclopentalgipentalen-2-one (29): To a solution of 21 mg (0.10 mmol) of alcohol 193 in 3
mL of dry ether was added 37 L (0.30 mmol) of boron triflucride etherate at 0°C. After being stirred for 3 h at
00C, the reaction mixture was quenched with saturated aqueous NaHCO,. Standard ethereal workup provided &
crude residue which was purified yig chromasography on silica gel (elution with hexanes/ether, 6:1 —» 2:1) to give
16 mg (77%) of alcohol 29 which was homogeneous by TLC analysis (hexanes/ether 2:1, Ry 198 = 0.38, R¢ 29
=0.38): H NMR {CDC1y) 8 115 (s, 3H), 1.60 (br 5, 3H), 1.95-2.77 (m, 10H), 3.95 (dd, 1H, ] = SHz, 2Hz).
5.15 (b s, TH);, 13C NMR (CDCly) 221.4 (s), 146.0 (s), 122.0 (d), 82.4 (d), 59.7 (d), 59.4 (s), 47.2 (d), 45.2
(d), 40.7 (1), 39.3 (1), 35.7 (1), 22.1 (q), 12.7 (Q) ppm: mass spectrum, myz 188 (M*).
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