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Abstract: The first enantioselective total synthesis of scopadulcic acid A is described. The key step is a cascade
intramolecular Heck reaction of a methylenecycloheptene iodide, which generates the B, C, and D rings of the
scopadulan ring system in 90% yield as a single stereoisomer. A distinctive feature of these syntheses is the
use of stereoselective enolization to dictate which enantiomer of the natural product is produced.

Introduction

Scoparia dulcisL. (Scrophuraliaceae) is an erect perennial
herb growing to a half-meter in size and is found in many
tropical countries of the world. There are numerous reports of
its use as an herbal remedy of a variety of disorders.2,3 For
example, the Paraguayan crude drugTypchá-Kuratû prepared
from whole plants ofS. dulcisL. is claimed by indigenous
peoples to improve digestion and protect the gastrointestinal
system.3c,4 During their investigations of this folk medicine,
Hayashi and co-workers identified from its pharmacologically
active extracts two structurally unique tetracyclic diterpene acids,
scopadulcic acids A (1, SDA) and B (2, SDB).5,6 Scopadulciol
(3) was later isolated by these workers fromS. dulcisindigenous
to Taiwan and gives the same triol as2 when reduced with
LiAlH 4.7 A diterpene alcohol originally called dulcinol had been
described earlier from a Bangladeshi collection ofS. dulcis8

and is believed to be identical with scopadulciol from1H NMR
comparisons.9 Several years later, three additional diterpene
acids, exemplified by thyrsiflorin A (4), having the scopadulan
ring system (5) were isolated fromCalceolaria thyrsiflora L.,
a plant also of the Scrophuraliaceae family.10

The scopadulcic acids and some of their semisynthetic
analogues exhibit a broad pharmacological profile, including
in vitro antiviral activity against herpes simplex virus type 1,11,12

in vitro and in vivo antitumor activity in various human cell
lines,13,14and inhibition of tumor promotion by phorbol esters.15

SDB also shows powerful inhibitory activity against H+,K+-
adenosine triphosphatase (ATPase), the proton pump for gastric
acid secretion.16-18 Interestingly, SDB inhibits H+,K+-ATPase
quite differently from Omeprazole, a highly successful clinical
proton pump inhibitor.16 More recently, SDB has been shown
to inhibit bone resorption by osteoclast cells, suggesting that
the scopadulan diterpenes might be leads for developing
therapeutic agents to treat osteoporosis.19
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Based initially on spectroscopic investigations,1 and2 were
advanced in 1987 as the structures of SDA and SDB, respec-
tively.5 Soon thereafter, the relative stereochemistry of SDA
was confirmed by single-crystal X-ray analysis of its methanol
solvate (Figure 1).6 The absolute stereochemistry of SDA and
SDB depicted in structures1 and2 has been proposed on the
basis of the positive Cotton effect observed in the CD spectra
of each diterpene acid.5

In 1993, our group reported the first total syntheses of (()-
SDA20 and (()-SDB,21,22 using in each case a bis-Heck
cyclization to create the B, C, and D rings of the scopadulan
ring system (Figure 2). The formation of the C9 and C12
quaternary stereocenters efficiently in a single step in these total
syntheses showcased the exceptional ability of intramolecular
Heck reactions to forge quaternary carbon centers, even in highly
congested environments.23 Ziegler and Wallace subsequently
reported total syntheses of (()-SDA, (()-SDB, and (()-
scopadulciol using a different strategy.24 More recently, Zara-
gozáand co-workers reported the elaboration of (+)-podocarp-
8(14)-en-13-one to the methyl ester of the simplest scopadulan
diterpene, (-)-thyrsiflorin A (4).25 Approaches to the scopadulan
ring system have also been described by several research
groups.26,27

The unique and synthetically challenging atom connectivity
of the scopadulan diterpenes prompted us to extend our studies
in this area to develop an enantioselective route to this class of
pharmacologically significant natural products. In this paper,
we describe enantioselective total syntheses of (+)- and (-)-
scopadulcic acid A. Besides constituting the inaugural enanti-
oselective entry to the scopadulcic acids, these syntheses for
the first time rigorously establish the absolute configuration of
natural (-)-SDA (1).

Results and Discussion

A. Synthesis Plan.In our earlier synthesis of (()-SDA, we
first formed the B, C, D rings as depicted in Figure 2, and at a
late stage generated the A ring through an aldol cyclization.20

During an early phase of these studies in the racemic series,
we learned that only one of the two C6 siloxy epimers of6
underwent the pivotal Heck insertion of the exomethylene group
from the desiredR-face to generate the trans-B/C ring fusion
of the scopadulan diterpenes.28,29Heck cyclization of the other
epimer led to a mixture of products, two of which contain
bridged bicyclooctane units having the B/C cis-ring fusion found
in tetracyclic diterpenes of the aphidicolin and stemarin
families.30

Prior to the studies disclosed herein, the methylenecyclohep-
tene diastereomer that cyclized to generate the scopadulan ring
system was believed to possess the relative stereochemistry
depicted in intermediate7 (Figure 3).20,31 As a result, our
inaugural studies directed toward (-)-SDA targeted cyclization
precursor7, having the 6R,8Rabsolute configuration. As in our
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Figure 1. X-ray model of scopadulcic acid A.

Figure 2. Sequential Heck cyclizations to form the B, C, and D rings
of SDA.

Figure 3. Plan for preparing (R,R)-7.
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earlier investigations in the racemic series, vinyl iodide7 would
derive through standard synthetic transformations from cyclo-
heptenone8. This ketone, which contains the critical C6 and
C8 stereocenters, was envisaged to arise from divinylcyclopro-
pane rearrangement of (Z)-enoxysilane9.32-35 Since divinyl-
cyclopropane sigmatropic rearrangements strictly adhere to a
boat topography,35 theZ geometry of the enoxysilane unit would
translate to theRabsolute configuration at C8 of cycloheptenone
8. Generation of theZ enoxysilane stereoisomer from a
cyclopropyl ketone precursor seemed plausible on the basis of
ample literature guidance on stereoselective enolization of
acyclic ketones.36 Last, the cyclopropyl ketone precursor of9
would come from coupling the lithium reagent derived from
(R)-iodide 10 with cyclopropyl amide11.

B. Unanticipated Synthesis of the 8S Stereoisomer of the
Cycloheptenone Intermediate. Our investigations began with
the enantioselective synthesis of 3-oxabicyclo[3.1.0]hexan-1-
one (14) by catalytic asymmetric intramolecular cyclopropana-
tion of diazoester12 (Scheme 1). After screening several
possible catalysts, we found that the (R,R)-bis(oxazoline)copper
catalyst13 reported by Evans and Woerpel was optimal.37 This
reaction was best performed by adding diazoacetate12 slowly
using a syringe pump to a dilute chloroform solution of13 (0.6
mol %). These conditions obviated the formation of the maleate
and fumarate byproducts arising from formal dimerization of
the ketocarbenoid intermediate. In addition, moisture had to be
rigorously excluded to prevent competitive formation of di(2-
methyl-2-propenyloxycarbonylmethyl) ether, which arises from

the reaction of water with 2 equiv of the ketocarbenoid. When
these precautions were taken,14could be prepared on multigram
scales in 80% yield and 88% ee.38,39Even though butyrolactone
14 is a low-melting solid (mp 58-59 °C), the corresponding
racemate is a liquid at room temperature, allowing the enan-
tiomeric purity of this intermediate to be enhanced to greater
than 99% ee by a single recrystallization. The absolute config-
uration of 14 was confirmed by single-crystal X-ray analysis
of amide15, which was formed from the reaction of14 with
(S)-(-)-1-(1-naphthyl)ethylamine and acylation of this product
with 3,5-dinitrobenzoyl chloride.40,41 Treatment of lactone14
with N,O-dimethylhydroxylamine hydrochloride in the presence
of trimethylaluminum provided amide16 in high yield.42

Oxidation of this intermediate with tetrapropylammonium
perruthenate (TPAP) andN-methylmorpholineN-oxide (NMO)43

yielded aldehyde17, which underwent subsequent Wittig
methylenation to give rise to cyclopropyl amide11 in 43%
overall yield from12.

The (R)-alkyl iodide23, which contains 9 of the 10 skeletal
carbons of the A and B rings, was next prepared as summarized
in Scheme 2. Reaction of 3-(tert-butyldimethylsiloxy)propanal
(18)44 with the lithium salt of 2-(4′-pentynyl)-1,3-dioxolane45

providedrac-19, which was oxidized by the Swern procedure46

to yield ynone20. A variety of asymmetric reducing conditions,
including Darvon-alcohol-LiAlH4,47-50 (R)-BINAL-H, 51 and
oxazaborolidine-catalyzed borane reduction,52,53were screened
for enantioselective reduction of20; however, either the
efficiency of the reaction was poor or the enantiomeric excess
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Scheme 1a

a Reaction conditions: (a) (S)-(-)-1-(1-naphthyl)ethylamine, Me3Al,
92%; (b) 3,5-dinitrobenzoyl chloride, DMAP, Et3N, CH2Cl2, 74%; (c)
MeNH(OMe)‚HCl, Me3Al; (d) TPAP, NMO; (e) Ph3PdCH2, THF, 0
°C.
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of 19 thus obtained was low. Asymmetric reduction of20 was
best realized with (R)-B-isopinocampheyl-9-borabicyclo[3.3.1]-
nonane [(R)-Alpine-Borane] following procedures developed by
Brown and Midland54,55 to generate (R)-19 in 94% yield and
88% ee.56,57The assignment of theR absolute configuration to
this product rested initially upon analogy with the known
absolute stereochemical bias for the reduction of ynones by (R)-
Alpine-Borane.54,55Unambiguous confirmation of the absolute
configuration of (R)-19was obtained through1H NMR analysis
of theR andSMosher esters of alcohol (R)-19.58 Protection of
alcohol (R)-19 as its triisopropylsilyl (TIPS) ether, followed by
selective cleavage of the TBDMS group with aqueous acetic
acid and reaction of the resulting primary alcohol with Ph3P,
I2, and imidazole, proceeded smoothly to form alkyl iodide (R)-
23. Generation of the organolithium derivative at-78 °C in
ether by reaction of (R)-23 with 2 equiv of t-BuLi,59 followed
by addition of amide11, provided cyclopropyl ketone24 in
84% yield.

Enolsilylation of cyclopropyl ketone24 with TMSOTf and
Et3N60 led to the isolation of a single enoxysilane25 (Scheme
3). This intermediate showed a1H NMR signal atδ 5.16 for
the vinylic hydrogen of the enoxysilane grouping. However,
comparison of this signal with signals of comparable vinylic

hydrogens in other stereoisomerically pure enoxysilanes failed
to offer conclusive evidence for the enoxysilane geometry, an
issue we will return to shortly.61 Heating25 at 110°C for 24 h
induced smooth Cope rearrangement to generate26, and this
intermediate upon exposure to dilute aqueous HCl at room
temperature furnished asinglecycloheptenone in 76% overall
yield from 24. The stereochemistry of this product was
misassigned at the time and resulted in us initially preparing
the unnatural enantiomer of scopadulcic acid A (vide infra).
This unexpected result prompted a careful reinvestigation of
our scopadulan A synthetic sequence, which, we will see,
demonstrated that the product of the sequence summarized in
Scheme 3 wasent-27.62

Unable to confirm the relative stereochemistry at C8 of
cycloheptenone intermediate produced from24 by NMR
techniques, we attempted to obtain a crystalline derivative.
Numerous derivatives ofent-27 were prepared; however, all
failed to crystallize. After much experimentation, we succeeded
in convertingent-27 to the crystalline hexacyclic polyether31,
which contains two units of the starting cycloheptenone (Scheme
4). Reduction ofent-27 with lithium tri-sec-butylborohydride
(L-Selectride) provided a single alcohol,63 which was semi-
hydrogenated to provide29. Discharge of the silyl protecting
group and hydroxyl-directed epoxidation with VO(acac)2 and
t-BuO2H64 provided epoxy diol30. Finally, when this interme-
diate was exposed to a catalytic amount ofp-toluenesulfonic
acid, hexacyclic polyether31was formed in 64% yield. Single-
crystal X-ray analysis of this product revealed, to our surprise
at the time, that the cycloheptenone product of the Cope
rearrangement sequence had theSconfiguration at C8.40 It was
now clear, as is depicted in Scheme 3, that enolsilylation under
the Simchen conditions60 had generated theE enoxysilane
stereoisomer.

With the relative stereochemistry of the C6 and C8 centers
in ent-27 established through X-ray analysis of31, we were in
a position to establish which C6 epimer of the trienyl iodide
intermediate efficiently undergoes bis-Heck cyclization to
generate rings B, C, and D of the scopadulan skeleton. To this
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Scheme 2a

a Reaction conditions: (a) (OCH2CH2O)CH(CH2)3CtCLi, THF, -78
f 23 °C; (b) TPAP, NMO, 94%; (c) (R)-R-pinene, 9-BBN; (d) TIPS-
Cl, imidazole; (e) AcOH/H2O, THF; (f) I2, Ph3P, imidazole; (g)t-BuLi,
-78 °C, 11.

Scheme 3a

a Reaction conditions: (a) TMSOTf, Et3N, -25 °C; (b) HCl-H2O.
R1 ) CH2CH2CH(OCH2CH2O).
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end,ent-27 was converted to trienyl iodideent-35 by the four-
step sequence summarized in Scheme 5. Wittig methylenation
of ent-27 initially providedent-32, [R]24

D -58 (c 1.0, CHCl3),
which was treated with tetrabutylammonium fluoride (TBAF)
to remove the TIPS group. Reduction of the resulting propargylic
alcohol ent-33 with sodium bis(2-methoxyethoxy)aluminum

hydride (Red-Al)65 and reaction of the resulting vinylalane
intermediate withN-iodosuccinimide (NIS) gaveent-34 in 84%
overall yield froment-27. To achieve high yields in the reductive
iodination step, it was essential to use freshly recrystallized NIS.
If any adventitious iodine was present, cyclization of the C6
hydroxyl group and the exomethylene group became a serious
side reaction. Protection of the C6 alcohol ofent-34 with a
TBDMS group generated theZ trienyl iodide cyclization
substrateent-35. Much to our delight, the critical palladium-
catalyzed cyclization ofent-35proceeded cleanly to afford, after
desilylation, a single tricyclic product,ent-36, [R]24

D -42 (c
1.2, CHCl3), in 90% yield. The presence of Ag2CO3 in this bis-
Heck cyclization was paramount in suppressing migration of
the initially formed 1,2-disubstituted double bond ofent-36. As
first revealed in earlier studies in the racemic series,20 protection
of the C6 alcohol is required in order to achieve high yields in
the bis-Heck cyclization.

Consistent with the assignment of the C6-C8 relative
stereochemistry ofent-27, the alcohol substituent ofent-36was
pseudoequatorial, as signaled by a 5%1H-1H NOE observed
between the axial C6 and C8 methine hydrogens. As a final
check on the constitution of the tricyclic Heck product,ent-36
was oxidized43 to the enone, and the corresponding crystalline
thiosemicarbazone37 was subjected to single-crystal X-ray
analysis.40 This examination confirmed both the relative and
absolute configuration of the tricyclic Heck productent-36.

The high-yielding conversion of the (6R,8S)-trienyl iodide
ent-35 to ent-36 established that our earlier surmise in the
racemic series as to which diastereomer undergoes bis-Heck
cyclization was incorrect.20,66A rationale for the success of this
and related Heck cyclizations will be presented later in this
paper.

C. An Enantiodivergent Strategy for Preparing Both
Enantiomers of the Heck Cyclization Substrate.At this point,
we had established that the 6R,8R enantiomer of the Heck
cyclization precursor would be required to access natural (-)-
scopadulcic acid A (1). We entertained two possibilities for
obtaining this intermediate. One approach would be to synthesize
the enantiomer of cyclopropyl ketone24 from theSenantiomer
of alkyl iodide 23 and the 1R,2S enantiomer of cyclopropyl
amide 11. However, a more intriguing strategy would be to
utilize theZ enoxysilane intermediate40 in the [3,3]-rearrange-
ment step in order to establish theRconfiguration at the pivotal
C8 stereocenter (Figure 4). This latter approach had the attraction
that we could employ (1S,2R)-cyclopropyl amide11, which was
already in hand and would only require that we prepare (S)-23.

To establish conditions for generating theZ enoxysilane
stereoisomer from a cyclopropyl ketone intermediate, we
examined enolization of the model ketone44 having aâ ethyl,
rather than aâ vinyl, substituent (Scheme 6). This intermediate
was readily accessed from iodide42 and amide11, using
Wilkinson’s catalyst to selectively hydrogenate the vinyl group
of 43.67 The Simchen conditions (TMSOTf and Et3N)60 gener-
ated a 4:1 mixture of enoxysilanes45 (δ 4.93,dCH) and46 (δ
4.58,dCH). Fortunately, Ireland’s conditions, enolization with
LDA in 20% HMPA-THF followed by quenching with
TMSCl,68 to the limits of detection by 500-MHz1H NMR

(65) Denmark, S. E.; Jones, T. K.J. Org. Chem.1982, 47, 4595-4597.
(66) The relative stereochemistry at C6 ofrac-36 could easily been

established by careful1H NMR analysis during our earlier investigations.
That the next step in the synthetic sequence was oxidation to the C6 ketone
undoubtedly contributed to this oversight.20

(67) Zutterman, F.; Krief, A.J. Org. Chem.1983, 48, 1135-1137.
(68) Ireland, R. E.; Mueller, R. H.; Willard, A. K.J. Am. Chem. Soc.

1976, 98, 2868-2876.

Scheme 4a

a Reaction conditions: (a) L-Selectride,-25 °C; (b) Pd‚BaSO4, H2,
benzene; (c) Bu4NF; (d) VO(acac)2, t-BuO2H; (e) p-TsOH, CHCl3.

Scheme 5a

a Reaction conditions: (a) Ph3PdCH2, THF, 0°C; (b) TBAF, THF,
23 °C; (c) Red-Al, Et2O, 23 °C, NIS, -78 f 23 °C; (d) TBDMSCl,
imidazole, DMF; (e) 10% Pd(OAc)2, 20% Ph3P, Ag2CO3, THF, reflux,
TBAF, THF, 23°C; (f) TPAP, NMO, 95%; (g) H2NCSNHNH2, AcOH,
82%. R1 ) CH2CH2CH(OCH2CH2O).
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analysis, led to the formation of only theZ stereoisomer46.
Since Heathcock had previously demonstrated that the chemical
shift of the â vinylic hydrogen was not a reliable method to
assign enoxysilane stereochemistry,61 the 13C NMR method
introduced by these workers was employed; diagnostic carbon
shifts are shown in Scheme 6.

To examine the divinylcyclopropane rearrangement with
a Z enoxysilane unit, we treated cyclopropyl ketone24 at
-78 °C sequentially with LDA in 20% HMPA-THF and
TMSCl. In this case, the presumedZ enoxysilane47underwent
rearrangement prior to warming to room temperature to furnish
siloxy cycloheptadiene48 (Scheme 7). Hydrolysis of this
intermediate then gave rise to (6R,8R)-cycloheptenone49, as a
single detectable stereoisomer, in 59% overall yield from24. It
is reasonable that Cope rearrangement of theZ enoxysilane
intermediate took place at a temperature at least 80°C lower
than that required for rearrangement of the correspondingE
enoxysilane intermediate, since boat conformer47 has a
hydrogen (rather than the side chain) thrust over the cyclopro-
pane ring.

Since49 and diastereomerent-27 showed nearly identical
NMR spectra, we decided to unambiguously confirm that we
had finally accessed an intermediate having theRconfiguration
at C8. This objective was accomplished in straightforward
fashion by conversion of49 to 33 (Scheme 7). The optical
rotation of33, [R]24

D +65 (c 1.0, CHCl3), was opposite in sign
to that ofent-33, [R]24

D -58 (c 1.0, CHCl3), which had been
synthesized earlier (Scheme 5). The somewhat higher optical
rotation of33 likely arises from the lower temperature of the
Cope rearrangement of theZ enoxysilane intermediate. Since
the iodide employed to prepare24 was not enantiopure (88%
ee), 24 was contaminated with∼6% of its C6 epimer. Boat
topography rearrangement of theZ enoxysilane derivative of
this minor C6 epimer would lead to27and consequently slightly
decrease the enantiopurity ofent-27. In contrast, anyE enoxy-
silane derivative of the minor C6 epimer would not rearrange
at room temperature; thus, the presence of this minor epimer in
24 would not erode the enantiopurity of49 produced by the
sequence summarized in Scheme 7.

Figure 4. Enantiodivergent strategy for preparing (+)- and (-)-
scopadulcic acid A.

Scheme 6

Scheme 7a

a Reaction conditions: (a) LDA, 20% HMPA-THF, -78 °C,
TMSCl, -78 f 0 °C; (b) HCl-H2O; (c) Ph3PdCH2, THF, 0 °C; (d)
TBAF, THF, 23°C; (e) DEAD, PPh3, p-NO2-C6H4CO2H, 0 °C, 67%;
(f) NaOH (aq), 23°C, 94%. R1 ) CH2CH2CH(OCH2CHO).
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D. Total Synthesis of (-)- and (+)-Scopadulcic Acid A.
With our ability to establish the C8Rstereochemistry of a Heck
cyclization precursor through divinylcyclopropane rearrange-
ment of a Z enoxysilane intermediate established, and the
knowledge that the 6S,8R stereochemistry is required for
efficient bis-Heck cyclization, we turned to the total synthesis
of (-)-SDA. The synthesis began with the preparation of iodide
(S)-23 from ketone20 (Scheme 8). This iodide was available
in 85-89% ee69 by the sequence described in Scheme 2, with
an important exception that reduction of20 was accomplished
with (S)-B-isopinocampheyl-9-borabicyclo[3.3.1]nonane.54,55Lithi-
ation of (S)-23 with t-BuLi, followed by condensation of the
resulting organolithium intermediate with amide11, provided
cyclopropyl ketone52 in good yield. Careful purification of52
by flash chromatography employing a solvent gradient allowed
the minor C6 epimer to be removed to provide52on multigram
scale as asinglestereoisomer.

Ketone52was then added dropwise at-78 °C to 1.25 equiv
of LDA in 20% HMPA-THF and quenched with 3.0 equiv of
TMSCl, and after the solution warmed to room temperature,
the resulting siloxy cycloheptadiene was hydrolyzed with dilute
aqueous HCl to provide (6S,8R)-cycloheptenone27 in 75%
overall yield (Scheme 8). Following exactly the sequence
optimized in the enantiomeric series, this intermediate was
converted to33, [R]24

D +64 (c 1.0, CHCl3).70 Transformation
of 33 to 35, Heck cyclization of35, and discharge of the alcohol
protecting group provided the key tricyclic intermediate36,
[R]24

D +49 (c 1.2, CHCl3), in 90% yield.

From this stage on, the synthesis of (-)-SDA (1) was
accomplished by an optimized version of the sequence employed
in our earlier synthesis of (()-SDA.20 Since the synthesis of
(()-SDA has been described in communication format only,
key problems that were overcome in developing the ultimately
successful sequence for preparing scopadulcic acid A from a
tricyclic Heck product will be briefly noted. A challenging
aspect of this sequence was introducing the angular methyl
group at C10, since C10 is contiguous to the C9 quaternary
center. Oxidation of allylic alcohol36 with TPAP and NMO
provided enone53 (Scheme 9), which was a much better
Michael acceptor than a related tetrasubstituted enone that
was an intermediate in our synthesis of (()-SDB.21,22 Thus,
53 did react with Me2CuLi to provide 54; however, in
some runs the product of 1,2-addition was a significant
byproduct. More reliable was Ni(acac)2-catalyzed addition of
Me2Zn,71 which provided 54 in 88% yield. As expected,
conjugate addition of the methyl group was highly stereoselec-
tive and occurred from the face opposite the axial ethano bridge.
The oxygen functionality at C13 was next introduced by
protecting the C6 ketone as a 1,3-dioxolane and oxidation of
the resulting bis-ketal55 with m-chloroperbenzoic acid, which
also occurred selectively from theâ-face, to deliver56 in
excellent overall yield. Reduction of56 with LiAlH 4 led to a
single secondary alcohol57. That this product arose from axial
hydride delivery was readily confirmed by the absence of

(69) Determined for alcohol precursor (S)-19.56

(70) The enantiopurity of33 should be at least 99.8%, since it derives
from combination of fragments of 88 and>99% ee. Two factors, each of
which alone would have been sufficient, dictate that there would have been
no loss in enantiopurity in the conversion of52 f 27: (a) the sample of
52 employed in the Cope rearrangement step contained no detectable C6
epimer, and (b) any (E)-enoxysilane produced upon enolization of52would
not undergo Cope rearrangement at room temperature.

(71) Luche, J.-L.; Petrier, C.; Lansard, J.-P.; Greene, A. E.J. Org. Chem.
1983, 48, 3837-3839.

Scheme 8a

a Reaction conditions: (a) steps c-f of Scheme 2 with (S)-R-pinene
used in step c; (b)t-BuLi, Et2O, -78 °C, 11, -78 f 0 °C; (c) LDA,
20% HMPA-THF, -78 °C, TMSCl,-78 f 0 °C; (d) HCl-H2O; (e)
Ph3PdCH2, THF, 0 °C; (f) TBAF, THF, 23°C; (g) Red-Al, Et2O, 23
°C, NIS, -78 f 23 °C; (h) TBDMSCl, imidazole, DMF; (i) 30%
Pd(OAc)2, 60% Ph3P, Ag2CO3, THF, reflux, TBAF, THF, 23°C. R1

) CH2CH2CH(OCH2CH2O).

Scheme 9a

a Reaction conditions: (a) TPAP, NMO; (b) Me2Zn, Ni(acac)2, 0 f
23 °C; (c) (CH2OH)2, (OCH2CH2O)CHOMe, Amberlyst 15; (d)
m-CPBA, NaHCO3, 0 °C; (e) LiAlH4, 23 °C; (f) 20% aqueous HCl,
THF, 50 °C; (g) MOM-Cl, (i-Pr)2NEt.
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coupling in the1H NMR spectrum between the C8 and C13
methine hydrogens.

Exposure of57 to 10% aqueous HCl-THF at room temper-
ature selectively cleaved the C6 dioxolane, while the use of
20% aqueous HCl-THF led to cleavage of both dioxolane
groups. The keto aldehyde produced under these second
conditions could be isolated and subsequently treated with acid
at higher temperature to close the A ring. However, we found
that the conversion of57 to the crystalline tetracyclic enone58
was most efficiently accomplished in one step by heating a 4:1
solution of THF and 20% aqueous HCl at 50°C, which provided
58 in 74% yield. At this point, the C13 alcohol was protected
as a methoxymethyl (MOM) ether to furnish59.

After examining several strategies for elaborating the remain-
ing functionality at carbons 4 and 6, a quite direct strategy
emerged (Scheme 10). Conjugate addition of Et2AlCN72 to
enone59 took place solely from theâ-face; however, quenching
of the resulting aluminum enolate with acid provided some of
the A/B cis product in addition to60. Fortunately, if the addition
of Et2AlCN was conducted in the presence of freshly purified
TMS-Cl and the resulting∆5,6 enoxysilane was hydrolyzed
with dilute aqueous HCl, the trans-fused ketone60 was
generated cleanly in 88% yield. Reaction of this intermediate
with LiAlH 4 at -78 °C selectively reduced the C6 ketone,
exclusively from the face opposite to the C10 methyl group, to

provide the C6 axial alcohol, which was silylated to furnish
61. The remaining substituent at C4 was introduced with
complete stereocontrol by deprotonation of61 with LDA
followed by quenching with (benzyloxy)methyl bromide (BOM-
Br) to give 62 in 82% yield. To ensure the success of this
reaction, BOM-Br must be freshly prepared and purified by
distillation prior to use.73 Again, the angular methyl group at
C10 regulated facial selectivity and the alkoxymethyl group
was introduced exclusively from theR face.

Hydrolysis of the axial, tertiary carbinyl nitrile was ac-
complished under forcing conditions by heating62 at 140°C
with KOH. Acidification of this product and esterification of
the resulting carboxylic acid with diazomethane provided63
in high yield. At this point, the axial C6 benzoate was introduced
by reaction of63with benzoyl chloride and 4-(dimethylamino)-
pyridine (DMAP) in pyridine at 100°C to provide benzoate64
in an optimized overall yield of 76% from62. The MOM ether
was then cleaved in excellent yield with hot methanolic HCl,
and the resulting alcohol65 was oxidized with pyridinium
chlorochromate (PCC)74 to furnish66. Finally, the methyl ester
was cleaved with lithiumn-propylmercaptide75 and the benzyl
ether cleaved by conventional catalytic hydrogenolysis to furnish
(-)-scopadulcic acid A (1), [R]24

D -5.8 (c 0.4, CHCl3), in 65%
yield. Since the reported rotation of natural SDA at the sodium
D line is small, [R]24

D -5.7 (c 0.1, CHCl3), confirmation of the
identity of synthetic (-)-SDA with a sample of the natural
product was unambiguously secured by circular dichroism
spectra: synthetic (-)-SDA, [Θ]24

292 +8230 (c 0.71 mM,
MeOH); natural (-)-SDA, [Θ]24

292 +6140 (c 0.7 mM, MeOH).
Following exactly the sequence described for the natural

series,ent-36was converted to (+)-scopadulcic acid. Synthetic
(+)-SDA (1) showed [R]24

D +5.4° (c 0.4, CHCl3) and [Θ]24
291

-6620 (c 0.7 mM, MeOH).
E. Stereoselection in the Bis-Heck Cyclization.The ster-

eochemical requirements for the central bis-Heck cyclization
of our scopadulan diterpene synthesis approach are now clearly
defined; the analysis that follows corrects the erroneous31 brief
discussion of this issue in our preliminary communication.20

As illustrated for the 6S,8R-enantiomer in Figure 5, the B, C,
and D rings of the scopadulan skeleton are generated when the
C6 and C8 stereocenters of the cyclization precursor have
opposite absolute configurations. In this series, the C6 siloxy
substituent of intermediates68 and 69, and tricyclic product
70, would be quasi-equatorial. Examination of molecular models
suggests that insertion topography67, which involves reaction
of the Si face of the exomethylene group and has a favored
(nearly coplanar) orientation of the Pd-C σ bond and the C-C
π bonds,76 would have the nascent B ring coiled in a twist
conformation in which the siloxy substituent would be quasi-
equatorial.77

Under identical Heck reaction conditions, the diastereomeric
cyclization precursor (illustrated in Figure 5 for the 6R,8R
enantiomer71) cyclizes to form a complex mixture of polycyclic
products.20 Although this mixture has not been resolved for

(72) Nagata, W. InOrganic Reactions; Wiley: New York, 1977; Vol.
25, pp 255-476.

(73) Connor, D. S.; Klein, G. W.; Taylor, G. N.; Boeckmann, R. K., Jr.;
Medwid, J. B. Orgaic Syntheses; Wiley: New York, 1988; Collective
Volume 6, pp 101-103.

(74) Corey, E. J.; Suggs, J. W.Tetrahedron Lett.1975, 2647.
(75) Bartlett, P. A.; Johnson, W. S.Tetrahedron Lett.1970, 4459.
(76) (a) Abelman, M. M.; Overman, L. E.; Tran, V. D.J. Am. Chem.

Soc.1990, 112, 6959. (b) Overman, L. E.; Abelman, M. M.; Kucera, D. J.;
Tran, V. D.; Ricca, D. J.Pure Appl. Chem.1992, 64, 1813.

(77) That the nascent B ring would adopt a twist conformation was
missed in our earlier analysis of insertion topographies and contributed to
our initial misassignment20 of which diastereomer would lead to the
scopadulan ring system.

Scheme 10a

a Reaction conditions: (a) Et2AlCN, TMSCl, THF, 0°C; (b) LiAlH4,
-78 °C, TMSCl, DMAP, pyridine-CH2CH2; (c) LDA, THF, 0 °C,
BnOCH2Br, -78 f 0 °C; (d) KOH, K2CO3, 140°C; CH2N2, Et2O, 0
f 23 °C; (e) BzCl, DMAP, pyridine, 100°C; (f) HCl, MeOH, 70°C;
(g) PCC, 4-Å molecular sieves, 23°C; (h) n-PrSLi, HMPA, 23°C,
72%; H2, 10% Pd-C, MeOH, 90%.
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cyclization substrates having R) (OCH2CH2O)CH2CH2CH2,
in a model series (R) Me) that will be described elsewhere,78

the major product76 has a trans relationship of the 1 carbon
bridge and the C8 hydrogen. Since76would derive from initial
insertion into the Re face of the exomethylene group (74 f
75, R ) Me), and since the initial insertion step is not likely to
be reversible,79,80 we conclude that the disparate outcome of
Heck cyclizations in the two diastereomeric series arises in the
initial insertion step. As suggested in Figure 5, a destabilizing
interaction between the palladium substituent and the siloxy
group in71 could direct the 6R,8R diastereomer toward the74
f 75 pathway and, thus, away from forming the scopadulan
skeleton.

Regioselection in the second insertion step is undoubtedly
influenced by the dramatically decreasing stability of metal-C
σ bonds as the degree of substitution at carbon increases.81,82

Product70, which is formed exclusively, would arise from
insertion of68 to generate cyclohexylpalladium intermediate
69, having palladium attached to the secondary carbon center
C13.

Conclusion

Total syntheses of (-)- and (+)-scopadulcic acid A (1 and
ent-1) were completed in 27 steps and with an overall yield of

∼1% from (1S,5R)-γ-butyrolactone14, which is available in
two steps and 60% yield from methallyl alcohol. These inaugural
enantioselective total syntheses of the scopadulan diterpenes,
moreover, rigorously establish the absolute configuration of
scopadulcic acid A. The central transformation is a palladium-
catalyzed bis-Heck cyclization of a 5-methylenecycloheptenyl
iodide, which occurs with complete stereo- and regioselectivity,
to construct the B, C, and D rings of the scopadulan skeleton
(Figure 2). An additional notable feature of these syntheses is
the use of enolization stereoselection to dictate which enantiomer
of the natural product is produced (Figure 4). We anticipate
that the enantioselective synthesis strategy detailed here could
be used to prepare other scopadulan diterpenes and analogues,
as well as to access different polycyclic structures containing a
bicyclo[3.2.1]octane substructure.

Experimental Section83

(1S,5R)-5-Methyl-2-oxo-3-oxabicyclo[3.1.0]hexane (14). The (R,R)-
bis(oxazoline) catalyst1337 (130 mg, 0.26 mmol) was weighed in a
glovebox and added to a reaction flask; the flask was purged with argon,
and freshly distilled CHCl3 (415 mL) was added under an argon
atmosphere. A solution of diazoester12 (5.52 g, 39.4 mmol)84 and
CHCl3 (100 mL) then was added by syringe pump (2.3 mL/min) at
room temperature. After the addition was complete, the reaction solution
was washed with aqueous EDTA (0.1 M, 100 mL), and the aqueous
layer was extracted with CH2Cl2 (2 × 50 mL). The combined organic(78) Overman, L. E.; Rucker, P. V.; O’Connor, S. J. Manuscript to be

submitted for publication.
(79) We are not aware of documented examples ofâ-alkyl elimination

of alkylpalladium complexes. Heck insertions to generate cyclopropylcarbi-
nylpalladium complexes are reversible.80

(80) Owczarczyk, Z.; Lamaty, F.; Vawter, E. J.; Negishi, E.J. Am. Chem.
Soc.1992, 114, 10091.

(81) Jones, W. D., Feher, F. J.Acc. Chem. Res.1989, 22, 91.
(82) More than this factor is obviously involved, since stereoisomer75

(R ) Me) preferentially inserts to form76.78

(83) General experimental details have been described: Minor, K. P.;
Overman, L. E. J. Org. Chem.1997, 62, 6379. Optical rotations were
measured with a Jasco DIP-360 polarimeter.N-Iodosuccinimide was purified
by recrystallization from CCl4-1,4-dioxane, and LiBr was dried by placing
it in an evacuated flask and heating with a heat gun until the solid just
began to melt.

(84) Doyle, M. P.; Bagheri, V.; Wandless, T. J.; Harn, N. K.; Brinker,
D. A.; Eagle, C. T.; Loh, K.-L.J. Am. Chem. Soc., 1990, 112, 1906-1912.

Figure 5. Bis-Heck cyclizations of the 6S,8R- and 6R,8R-diastereomers; ligands on palladium are not shown.
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layers were dried (Na2SO4), filtered, and concentrated. The residue was
purified by flash chromatography (1:1 hexanes-Et2O) to give 3.55 g
(80%) of lactone14as a colorless solid, which was recrystallized from
hexanes to give 2.20 g (62%) of enantiomerically pure (>99% ee, GLC
analysis of16using a cyclodextrin column)14as long colorless needles:
38 mp 58-59 °C; Rf ) 0.25 (1:1 hexanes-Et2O); [R]26

D -53.3, [R]26
577

-59.6, [R]26
546 -71.2, [R]26

435 -162, [R]26
405 -226 (c 1.0, EtOH);1H

NMR (300 MHz, CDCl3) δ 4.23 (d,J ) 9.1 Hz, 1H), 4.09 (d,J ) 9.1
Hz, 1H), 1.85 (dd,J ) 9.0, 3.3 Hz, 1H), 1.39 (s, 3H), 1.19 (dd,J )
9.0, 4.7 Hz, 1H), 1.03 (dd,J ) 4.6, 3.3 Hz, 1H);13C NMR (300 MHz,
CDCl3) δ 176.7, 73.5, 25.3, 23.7, 19.0, 17.0; IR (KBr) 1751 cm-1.
Anal. Calcd for C6H8O2: C, 64.27; H, 7.19. Found: C, 64.28; H, 7.18.

(1S,2R)-1-(N,O-Dimethylhydroxamido)-2-hydroxymethyl-2-me-
thylcyclopropane (16). Trimethylaluminum (2.0 M in toluene, 21.4
mL) was added dropwise to a stirring suspension ofN,O-dimethylhy-
droxylamine hydrochloride (4.18 g, 42.8 mmol)42 in toluene (72 mL)
at 0°C. The mixture was allowed to warm to room temperature for 30
min. It then was recooled to 0°C, and a solution of lactone14 (2.40
g, 21.4 mmol) and toluene (24 mL) was added dropwise. The reaction
was warmed to room temperature and maintained at room temperature
for 30 min before being transferred into a solution of saturated aqueous
potassium sodium tartrate-H2O (1:1, 240 mL). The resulting mixture
was extracted with CH2Cl2 (240 mL), the organic layer was separated,
and the aqueous layer was extracted with CH2Cl2 (2 × 150 mL). The
combined organic layers were dried (Na2SO4), filtered, and concentrated
to give 3.62 g (98%) of amide16 as a colorless oil:Rf ) 0.20 (Et2O);
[R]24

D +49.8, [R]24
577 +45.0, [R]24

546 +61.4, [R]24
435 +101, [R]24

405

+121 (c 1.2, CHCl3); 1H NMR (300 MHz, C6D6) δ 3.77-3.74 (m,
2H), 3.19 (s, 3H), 2.93 (t,J ) 6.1 Hz, 1H), 2.89 (s, 3H), 1.89 (br s,
1H), 1.50 (t,J ) 5.0 Hz, 1H), 1.05 (s, 3H), 0.58 (dd,J ) 8.2, 4.3,
1H); 13C NMR (125 MHz, C6D6) δ 173.2, 64.9, 61.5, 33.0, 29.2, 24.5,
23.1, 18.6; IR (film) 1635 cm-1; HRMS (CI, isobutane)m/z 174.1123
(174.1130 calcd for C8H16NO3, MH). Anal. Calcd for C8H15NO3: C,
55.47; H, 8.73; N, 8.09. Found: C, 55.21; H, 8.80; N, 8.01.

(1S,2R)-1-(N,O-Dimethylhydroxamido)-2-formyl-2-methylcyclo-
propane (17). A suspension of alcohol16 (6.14 g, 35.5 mmol),
N-methylmorpholineN-oxide (NMO, 6.24 g, 53.2 mmol), 4-Å molec-
ular sieves (6.2 g, powdered, activated), and CH2Cl2-MeCN (9:1, 220
mL) was stirred for 30 min at room temperature, and then tetra-n-
propylammonium perruthenate (TPAP, 310 mg, 0.89 mmol) was added
portionwise.43 The resulting mixture was stirred at room temperature
for 30 min and filtered through a short silica gel column (Et2O). The
filtrate was carefully concentrated at room temperature, and the residue
was purified by flash chromatography (2:1 Et2O-pentane) to give 5.56
g (92%) of aldehyde17 as a colorless oil:Rf ) 0.45 (Et2O); [R]24

D

+102, [R]24
577 +105, [R]24

546 +119, [R]24
435 +232, [R]24

405 +296 (c
1.2, CHCl3); 1H NMR (300 MHz, C6D6) δ 9.44 (s, 1H), 2.97 (s, 3H),
2.76 (s, 3H), 2.19 (br s, 1H), 1.96 (dd,J ) 6.6, 4.9 Hz, 1H), 1.05 (s,
3H), 0.74 (dd,J ) 7.8, 4.9 Hz, 1H);13C NMR (125 MHz, CDCl3) δ
201.3, 169.3, 61.8, 35.2, 32.5, 28.1, 19.5, 17.2; IR (film) 1707, 1654
cm-1; HRMS (CI, isobutane)m/z172.0975 (172.0973 calcd for C8H14-
NO3, MH). Anal. Calcd for C8H13NO3: C, 56.13; H, 7.65; N, 8.18.
Found: C, 55.91; H, 7.61; N, 8.12.

(1S,2R)-1-(N,O-Dimethylhydroxamido)-2-ethenyl-2-methylcyclo-
propane (11). Potassium hexamethyldisilazide (0.5 M in toluene, 78
mL) was added dropwise to a rapidly stirring suspension of methyl-
triphenylphosphonium bromide (15.1 g, 42.3 mmol) in THF (75 mL)
at 0 °C. The resulting yellow suspension was warmed to room
temperature for 30 min and then cooled to-78 °C. A solution of
aldehyde17 (5.56 g, 32.5 mmol) and THF (75 mL) was added by
cannula. The reaction was warmed to 0°C for 1 h and quenched with
saturated aqueous NH4Cl (0.75 mL). The mixture was diluted with
pentane (300 mL) and filtered, and the filtrate was cooled to-30 °C.
The resulting suspension was filtered, and the filtrate was concentrated
(trituration with pentane was repeated 3 times). The remaining liquid
was purified by bulb-to-bulb distillation (100°C, 0.5 mm) to give 4.34
g (79%) of11 as a colorless liquid:Rf ) 0.57 (Et2O); [R]24

D +77.0,
[R]24

577 +81.0, [R]24
546 +92.2, [R]24

435 +163, [R]24
405 +201 (c 1.2,

CHCl3); 1H NMR (300 MHz, CDCl3) δ 5.76 (dd,J ) 17.4, 10.8 Hz,
1H), 5.08 (dd,J ) 17.4, 1.2 Hz, 1H), 5.02 (dd,J ) 10.8, 1.2 Hz, 1H),
3.65 (s, 3H), 3.19 (s, 3H), 2.25 (br s, 1H), 1.53 (dd,J ) 5.8, 4.6, 1H),

1.31 (s, 3H), 1.04 (dd,J ) 7.8, 4.6, 1H);13C NMR (125 MHz, CDCl3)
δ 171.2, 139.7, 113.0, 61.5, 32.5, 27.2, 27.1, 21.7, 20.2; IR (film) 1655,
993 cm-1; HRMS (CI, isobutane)m/z 170.1176 (170.1181 calcd for
C9H16NO2, MH). Anal. Calcd for C9H15NO2: C, 63.88; H, 8.93; N,
8.28. Found: C, 63.69; H, 9.00; N, 8.25.

(1S,2R,2′S-1-[1′-Oxo-4′-(triisopropylsiloxy)-10′-(1,3-dioxolanyl)-
5′-decynyl]-2-ethenyl-2-methylcyclopropane (52). A solution of iodide
(S)-23 (12.3 g, 25.7 mmol) and Et2O (25 mL) was added dropwise by
cannula to a solution oftert-butyllithium (1.58 M in pentane, 34.2 mL)
and Et2O (25 mL) at-78 °C. The resulting solution was maintained
at -78 °C for 30 min, and then a solution of amide11 (4.79 g, 28.2
mmol) and Et2O (25 mL) was added dropwise. After being stirred for
10 min, the reaction was warmed to 0°C, maintained at 0°C for 1.5
h, and quenched with saturated aqueous NH4Cl (25 mL) and H2O (300
mL). The resulting mixture was extracted with CH2Cl2 (4 × 250 mL),
and the combined organic layers were dried (Na2SO4), filtered, and
concentrated. The crude product was purified by flash chromatography
(12:1 hexanes-EtOAc) to yield 8.2 g (70%) of cyclopropyl ketone52
as a clear oil:Rf ) 0.30 (12:1f 10:1 hexanes-EtOAc); [R]24

D +75.7,
[R]24

577 +81.2, [R]24
546 +94.8, [R]24

435 +196, [R]24
405 +259 (c 1.0,

CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.75 (dd,J ) 17.4, 10.8 Hz,
1H), 5.02 (dd,J ) 17.4, 1.4 Hz, 1H), 4.98 (dd,J ) 10.8, 1.4 Hz, 1H),
4.84 (t,J ) 4.6 Hz, 1H), 4.50 (m, 1H), 3.95-3.89 (m, 2H), 3.86-3.80
(m, 2H), 2.72-2.62 (m, 2H), 2.22 (td,J ) 7.0, 1.8 Hz, 2H), 2.12 (dd,
J ) 7.4, 6.1 Hz, 1H), 1.91-1.85 (m, 2H), 1.75-1.70 (m, 2H), 1.62-
1.56 (m, 3H), 1.30 (s, 3H), 1.10-1.04 (m, 22H);13C NMR (125 MHz,
CDCl3) δ 207.0, 138.5, 113.3, 104.1, 84.3, 81.6, 64.8, 62.1, 40.0, 37.0,
32.9, 32.8, 30.7, 23.0, 22.7, 22.1, 18.6, 18.0, 12.2; IR (film) 1698 cm-1;
HRMS (CI, isobutane)m/z 462.3155 (462.3165 calcd for C27H46O4Si,
M).

(2R,2′S-2-[2′-(Triisopropylsiloxy)-8 ′-(1,3-dioxolanyl)-3′-octynyl]-
5-methyl-cyclohept-4-en-1-one (27). n-Butyllithium (2.47 M in hex-
anes, 1.6 mL) was added dropwise to stirring diisopropylamine (0.51
mL, 3.9 mmol) at 0°C, and the concentrated hexane solution of LDA
was maintained for 10 min at 0°C. Tetrahydrofuran (52 mL) was added,
the resulting solution was cooled to-78°C, and freshly distilled HMPA
(17.5 mL) was then added.68 After the mixture was stirred for 15 min,
a solution of ketone52 (1.4 g, 3.0 mmol) and THF (18 mL) was added
dropwise. After 5 min, TMSCl (1.2 mL, 9.0 mmol) was added, and
the reaction was stirred for 15 min at-78 °C. The reaction was then
warmed to 0°C and, after 45 min, was poured into saturated aqueous
NaHCO3 (100 mL), and the aqueous solution was extracted with pentane
(4 × 75 mL). The pentane extracts were then washed with saturated
aqueous NaHCO3 (3 × 50 mL), dried (Na2SO4), filtered, and
concentrated to provide the crude siloxy cycloheptadiene intermediate
as a yellow oil.

A solution of this material (1.6 g, 2.9 mmol), 5% aqueous HCl (1
mL), and a 10:1 solution of THF/H2O (22 mL) was maintained at room
temperature for 1 h and then diluted with H2O (10 mL). The reaction
mixture was extracted with CHCl3 (4 × 25 mL), the CHCl3 extracts
were dried (Na2SO4), filtered, and concentrated, and the residue was
purified by flash chromatography (7:1f 5:1 f 4:1 petroleum ether-
Et2O) to provide 1.04 g (74%) of cycloheptenone27 as a clear oil:Rf

) 0.30 (5:1 petroleum ether-Et2O); [R]24
D -1.9, [R]24

577 -1.0, [R]24
546

+0.5, [R]24
435 +13.6, [R]24

405 +27.4 (c 1.3, CHCl3); 1H NMR (300
MHz, CDCl3) δ 5.48-5.45 (m, 1H), 4.85 (t,J ) 4.6 Hz, 1H), 4.49 (t,
J ) 6.5 Hz, 1H), 3.98-3.81 (m, 4H), 3.17-3.09 (m, 1H), 2.70-2.65
(m, 1H), 2.64-2.45 (m, 2H), 2.36-2.03 (m, 7H), 1.78-1.69 (m, 2H),
1.74 (br s, 3H), 1.65-1.56 (m, 2H) and 1.09-1.03 (m, 21H);13C NMR
(75 MHz, CDCl3) δ 213.8, 137.4, 122.5, 104.2, 84.4, 82.1, 64.9, 61.4,
47.0, 41.8, 40.0, 33.0, 31.2, 29.2, 26.2, 23.0, 18.6, 18.1, 12.3; IR (film)
1706 cm-1; HRMS (EI) m/z 462.3149 (462.3165 calcd for C27H46O4-
Si, M). Anal. Calcd for C27H46O4Si: C, 70.08; H, 10.02. Found: C,
70.16; H, 9.97.

(2R,2′S)-2-[2′-Triisopropylsilyloxy-8 ′-(1,3-dioxolanyl)-3′-octynyl]-
5-methyl-1-methylenecyclohept-4-ene (32). sec-Butyllithium (1.3 M
in cyclohexane, 16.4 mL) was added dropwise to a stirred suspension
of methyltriphenylphosphonium bromide (10.1 g, 28.3 mmol) in THF
(40 mL) at 0°C. The resulting solution was maintained at 0°C for 30
min and then cooled to-78 °C, and a solution of ketone27 (3.28 g,
7.09 mmol) and THF (28 mL) was added dropwise by cannula. The
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reaction was allowed to warm to 0°C over 1 h and was quenched with
saturated aqueous NH4Cl (100 mL). The resulting mixture was extracted
with CH2Cl2 (100 mL and 2× 50 mL), and the combined organic
layers were dried (Na2SO4), filtered, and concentrated. The residue was
purified by flash chromatography (32:1f 19:1 hexanes-EtOAc) to
give 2.79 g (85%) of diene32 as a colorless oil:Rf ) 0.25 (19:1
hexanes-EtOAc); [R]24

D +16.7, [R]24
577 +15.9, [R]24

546 +18.5, [R]24
435

+33.4, [R]24
405 +41.7 (c 0.6, CHCl3); 1H NMR (500 MHz, C6D6) δ

5.45 (t,J ) 6.6 Hz, 1H), 4.92 (d,J ) 2.2 Hz, 1H), 4.79 (d,J ) 2.6
Hz, 1H), 4.74 (t,J ) 4.6 Hz, 1H), 4.67 (t,J ) 7.0, Hz, 1H), 3.51-
3.49 (m, 2H), 3.34-3.31 (m, 2H), 2.24-1.90 (m, 11H), 1.81-1.77
(m, 2H), 1.67-1.61 (m, 2H), 1.63 (s, 3H), 1.11-1.06 (m, 21H);13C
NMR (125 MHz, C6D6) δ 155.0, 140.0, 122.7, 110.4, 104.4, 84.7, 83.0,
64.8, 62.0, 43.1, 42.1, 35.0, 33.4, 32.4, 32.4, 25.9, 23.6, 18.9, 18.5,
12.9; IR (film) 884 cm-1; HRMS (CI, NH3) m/z 461.3440 (461.3451
calcd for C28H49O3Si, MH). Anal. Calcd for C28H48O3Si: C, 72.99; H,
10.50. Found: C, 72.77; H, 10.53.

(2R,2′S)-2-[2′-Hydroxy-8′-(1,3-dioxolanyl)-3′-octynyl]-5-methyl-
1-methylenecyclohept-4-ene (33). A solution of 32 (2.79 g, 6.07
mmol), tetrabutylammonium fluoride (TBAF, 1.0 M in THF, 6.7 mL)
and THF (30 mL) was maintained at room temperature for 1 h and
then quenched with saturated aqueous NH4Cl (100 mL). The mixture
was extracted with CH2Cl2 (100 mL and 2× 50 mL), and the combined
organic layers were dried (Na2SO4), filtered, and concentrated. The
residue was purified by flash chromatography (3:1 hexanes-EtOAc)
to afford 1.84 g (100%) of propargyl alcohol33 as a pale yellow oil:
Rf ) 0.25 (3:1 hexanes-EtOAc); [R]24

D +64.3, [R]24
577 +66.6, [R]24

546

+76.9, [R]24
435 +134, [R]24

405 +164 (c 1.0, CHCl3); 1H NMR (500
MHz, CDCl3) δ 5.61 (d,J ) 12.5 Hz, 1H), 5.42 (t,J ) 6.4 Hz, 1H),
4.86 (t,J ) 4.6 Hz, 1H), 4.75-4.73 (m, 2H), 4.28 (t,J ) 6.6 Hz, 1H),
3.97-3.92 (m, 2H), 3.87-3.82 (m, 2H), 2.73-2.69 (m, 1H), 2.27-
2.26 (m, 2H), 2.25-2.04 (m, 6H), 1.80-1.60 (m, 6H), 1.72 (s, 3H);
13C NMR (75 MHz, CDCl3) δ 154.6, 140.3, 121.9, 110.8, 104.1, 84.7,
81.9, 64.8, 60.9, 41.6, 40.8, 34.5, 32.8, 32.2, 31.5, 25.8, 23.1, 18.6; IR
(film) 3448, 894 cm-1; HRMS (CI, isobutane)m/z305.2118 (305.2116
calcd for C19H29O3, MH). Anal. Calcd for C19H28O3: C, 74.96; H, 9.27.
Found: C, 75.01; H, 9.32.

(2R,2′S)-(Z)-2-[2′-Hydroxy-8′-(1,3-dioxolanyl)-4′-iodo-3′-octenyl]-
5-methyl-1-methylenecyclohept-4-ene (34). A solution of the prop-
argyl alcohol33 (0.44 g, 1.46 mmol) and Et2O (5 mL) was added
dropwise by cannula to a solution of sodium bis(2-methoxyethoxy)-
aluminum hydride (3.5 M in THF, 0.66 mL)65 and Et2O (30 mL) at 0
°C. The resulting solution was allowed to warm to room temperature
and, after 15 h, was cooled to-78 °C. A solution of freshly purified
N-iodosuccinimide (0.82 g, 3.6 mmol) and THF-Et2O (10:7, 17 mL)
was then added dropwise by cannula. The solution was maintained at
0 °C for 5 min, allowed to warm to room temperature, and then
quenched by sequential addition of saturated aqueous Na2SO3-H2O
(1:1, 20 mL) and H2O (50 mL). The organic layer was separated, the
aqueous layer was extracted with CH2Cl2 (3 × 75 mL), and the
combined organic layers were dried (Na2SO4), filtered, and concentrated.
Purification of the residue by flash chromatography (3:1 hexanes-
EtOAc) furnished 0.61 g (97%) of34 as a colorless oil:Rf ) 0.20
(3:1 hexanes-EtOAc); [R]24

D +38.7, [R]24
577 +42.2, [R]24

546 +49.1,
[R]24

435 +89.8, [R]24
405 +111 (c 1.1, CHCl3); 1H NMR (300 MHz,

CDCl3) δ 5.61 (d,J ) 7.5 Hz, 1H), 5.44 (t,J ) 6.3 Hz, 1H), 4.86 (t,
J ) 3.7 Hz, 1H), 4.76-4.72 (m, 2H), 4.24 (m, 1H), 3.99-3.82 (m,
4H), 2.62-2.49 (m, 3H), 2.26-2.04 (m, 6H), 1.83-1.45 (m, 7H), 1.65
(s, 3H);13C NMR (75 MHz, CDCl3) δ 154.5, 140.4, 134.9, 122.1, 110.5,
108.4, 104.1, 74.8, 64.9, 45.0, 41.3, 38.4, 34.5, 32.9, 32.3, 31.7, 25.8,
23.6; IR (film) 3417, 843 cm-1; HRMS (CI, isobutane)m/z 433.1239
(433.1239 calcd for C19H30IO3, MH).

(2R,2′S)-(Z)-2-[2′-(tert-Butyldimethylsilyloxy)-8 ′-(1,3-dioxolanyl)-
4′-iodo-3′-octenyl]-5-methyl-1-methylenecyclohept-4-ene (35). A so-
lution of alcohol34 (1.74 g, 4.0 mmol), imidazole (0.77 g, 11.4 mmol),
tert-butyldimethylsilyl chloride (0.86 g, 5.7 mmol), and DMF (25 mL)
was maintained at room temperature for 8.5 h and then quenched with
H2O (50 mL). The resulting mixture was extracted with hexanes (3×
75 mL), and the combined organic layers were dried (Na2SO4), filtered,
and concentrated. The residue was purified by flash chromatography
(19:1 hexanes-EtOAc) to afford 2.15 g (97%) of vinyl iodide35 as a

colorless oil: Rf ) 0.35 (95:5 hexanes-EtOAc); [R]24
D +45.8, [R]24

577

+48.7, [R]24
546 +56.8, [R]24

435 +108, [R]24
405 +136 (c 1.1, CHCl3); 1H

NMR (300 MHz, CDCl3) δ 5.52 (d,J ) 7.6 Hz, 1H), 5.44 (t,J ) 7.6
Hz, 1H), 4.88-4.84 (m, 1H), 4.75-4.67 (m, 2H), 4.22-4.15 (m, 1H),
3.99-3.82 (m, 4H), 2.57-2.49 (m, 3H), 2.28-2.01 (m, 6H), 1.74 (s,
3H), 1.64-1.63 (m, 4H), 1.61-1.37 (m, 2H), 0.87 (s, 9H), 0.06 (s,
3H) and 0.01 (s, 3H);13C NMR (75 MHz, CDCl3) δ 154.5, 139.9,
139.2, 122.6, 110.0, 105.7, 104.2, 76.0, 64.8, 45.0, 40.8, 40.2, 34.7,
33.8, 32.4, 26.0, 23.6, 18.0,-3.7,-4.5; IR (film) 888, 835, 811 cm-1;
HRMS (CI, isobutane)m/z 547.2086 (547.2106 calcd for C25H44IO3Si,
MH).

(2S,4aS,7S,9aS)-4-[4-(1,3-Dioxolanyl)butyl]-7-methyl-1,2,5,6,7,9a-
hexahydro-4a,7-methano-4aH-benzocyclohepten-2-ol (36). A solution
of vinyl iodide35 (740 mg, 1.35 mmol) and THF (75 mL) was degassed
(Ar, evacuate-refill), and Ph3P (107 mg, 0.41 mmol), Ag2CO3 (410
mg, 1.5 mmol), and Pd(OAc)2 (46 mg, 0.20 mmol) were added. The
resulting suspension was stirred at room temperature for 15 min and
then heated at 65°C in a sealed tube for 12 h. A black suspension
resulted after 10-20 min at 65°C. After GC analysis of a filtered
aliquot showed that the reaction had not proceeded to completion,
additional Ph3P (107 mg, 0.41 mmol), Ag2CO3 (411 mg, 1.49 mmol),
and Pd(OAc)2 (46 mg, 0.20 mmol) were added, and the black
suspension was stirred in a sealed tube at 65°C for an additional 6 h.
The suspension was then cooled to room temperature and filtered
through a plug of silica gel (1.5 cm× 12 cm, EtOAc), and the filtrate
was concentrated to give the crude Heck product as a yellow oil.

This sample was dissolved in THF (4 mL), and TBAF (1.0 M
solution in THF, 2.0 mL) was added. The resulting solution was
maintained at room temperature for 20 h and quenched with saturated
aqueous NH4Cl (20 mL). The resulting mixture was extracted with CH2-
Cl2 (3 × 20 mL), the combined organic layers were dried (Na2SO4),
filtered, and concentrated, and the residue was purified by flash
chromatography (4:1 hexanes-EtOAc) to provide 370 mg (90%) of
tricyclic allylic alcohol36as a pale yellow oil:Rf ) 0.25 (5:1 hexanes-
EtOAc); [R]24

D +49.5, [R]24
577 +53.9, [R]24

546 +61.6, [R]24
435 +109,

[R]24
405 +133 (c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3) δ 5.53 (d,

J ) 9.5 Hz, 1H), 5.32 (br s, 1H), 5.19 (dd,J ) 9.5, 1.6 Hz, 1H), 4.87
(t, J ) 4.5 Hz, 1H), 4.33 (t,J ) 7.5 Hz, 1H), 4.00-3.83 (m, 4H), 2.50
(d, J ) 13.3 Hz, 1H), 2.52-1.25 (m, 15H), 1.11 (s, 3H);13C NMR (75
MHz, CDCl3) δ 145.3, 137.2, 127.7, 125.0, 104.4, 68.4, 64.8, 47.3,
46.4, 45.2, 42.4, 41.3, 34.0, 33.6, 32.4, 30.6, 23.9, 22.8; IR (film) 3390,
1652 cm-1; HRMS (EI) m/z 304.2042 (304.2038 calcd for C19H28O3,
M).

(4aS,7S,9aS)-4-[4-(1,3-Dioxolanyl)butyl]-7-methyl-1,2,5,6,7,9a-
hexahydro-4a,7-methano-4aH-benzocyclohepten-2(1H)-one (53). Al-
cohol36 (170 mg, 0.56 mmol) was oxidized with TPAP (10 mg, 0.03
mmol) and NMO (130 mg, 1.1 mmol) as described for the preparation
of 17 to provide the crude enone, which was then purified by flash
chromatography (5.7:1 hexanes-EtOAc) to give 160 mg (95%) of
enone53 as a colorless oil:Rf ) 0.40 (3:2 hexanes-EtOAc); [R]24

D

+56.2, [R]24
577 +60.8, [R]24

546 +73.2, [R]24
435 +188, [R]24

405 +308 (c
1.2, CHCl3); 1H NMR (300 MHz, CDCl3) δ 5.80 (s, 1H), 5.61 (d,J )
9.5 Hz, 1H), 5.20 (dd,J ) 9.4, 1.7 Hz, 1H), 4.88 (t,J ) 4.3 Hz, 1H),
4.00-3.82 (m, 4H), 2.98 (br d,J ) 13.0 Hz, 1H), 2.49-2.08 (m, 5H),
1.92 (d,J ) 10.6 Hz, 1H), 1.78-1.40 (m, 8H), 1.17 (s, 3H);13C NMR
(75 MHz, CDCl3) δ 199.3, 170.5, 137.8, 125.9, 124.9, 104.0, 64.9,
48.1, 46.1, 45.3, 42.4, 40.5, 38.6, 33.3, 31.7, 28.8, 23.8, 21.5; IR (film)
1674, 1602 cm-1; HRMS (CI, isobutane)m/z303.1960 (303.1946 calcd
for C19H27O3, MH). Anal. Calcd for C19H26O3: C, 75.46; H, 8.66.
Found: C, 75.35; H, 8.93.

(4S,4aS,7S,9aS)-4-[4-(1,3-Dioxolanyl)butyl]-4,7-dimethyl-
1,2,3,4,5,6,7,9a-octahydro-4a,7-methano-4aH-benzocyclohepten-
2(1H)-one (54). Using a glovebox, a flask was charged with dry LiBr
(650 mg, 7.5 mmol) and Ni(acac)2 (7 mg, 0.03 mmol) and then flushed
with Ar, and dry Et2O was added. Dimethylzinc (0.26 mL, 3.8 mmol)
was added dropwise to this stirred suspension at 0°C under Ar.71 The
brown heterogeneous mixture was stirred at 0°C for 10 min, and then
a solution of enone53 (280 mg, 0.93 mmol) and Et2O (6 mL) was
added by cannula. The reaction was allowed to warm to room
temperature and stirred at room temperature for 17 h. This mixture
was cooled to 0°C and quenched with saturated aqueous NH4Cl (14
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mL). Saturated aqueous EDTA (5 mL) was then added, and the organic
layer was separated. The aqueous layer was extracted with CH2Cl2 (2
× 20 mL), and the combined organic layers were dried (Na2SO4),
filtered, and concentrated. Purification of the residue by flash chro-
matography (5.7:1 hexanes-EtOAc) afforded 258 mg (88%) of ketone
54 as a colorless oil:Rf ) 0.45 (3:2 hexanes-EtOAc); [R]24

D +47.2,
[R]24

577 +49.7, [R]24
546 +57.2, [R]24

435 +108, [R]24
405 +136 (c 1.2,

CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.57 (d,J ) 9.3 Hz, 1H), 5.14
(dd, J ) 9.4, 1.1 Hz, 1H), 4.85 (t,J ) 4.5 Hz, 1H), 3.97-3.83 (m,
4H), 3.00 (br d,J ) 13.5 Hz, 1H), 2.35 (t,J ) 14.2 Hz, 1H), 2.24 (dd,
J ) 14.8, 4.4 Hz, 1H), 2.18 (d,J ) 13.9 Hz, 1H), 2.12 (d,J ) 13.9
Hz, 1H), 1.86-1.22 (m, 12H), 1.11 (s, 3H), 0.88 (s, 3H);13C NMR
(75 MHz, CDCl3) δ 212.2, 138.1, 127.6, 104.9, 65.5, 51.0, 50.8, 44.6,
44.5, 43.3, 42.7, 42.6, 41.9, 35.9, 35.3, 26.2, 24.4, 21.2, 18.9; IR (film)
1706, 1668, 1656 cm-1. Anal. Calcd for C20H30O3: C, 75.43; H, 9.49.
Found: C, 75.26; H, 9.50.

(4S,4aS,7S,9aS)-2-(1,3-Dioxolanyl)-4-[4-(1,3-dioxolanyl)butyl]-4,7-
dimethyl-1,2,3,4,5,6,7,9a-octahydro-4a,7-methano-4aH-benzocyclo-
heptene (55). A mixture of ketone54 (150 mg, 0.47 mmol), ethylene
glycol (0.25 mL, 5 mmol), 2-methoxy-1,3-dioxolane (0.16 mL, 1.7
mmol), Amberlyst-15 acidic resin (44 mg), and MeCN (4 mL) was
stirred at room temperature for 12 h and then filtered. The Amberlyst
resin was thoroughly washed with CH2Cl2 (20 mL), the combined
filtrates were concentrated, and the residue was purified by flash
chromatography (9:1 hexanes-EtOAc) to provide 157 mg (92%) of
55 as a colorless oil:Rf ) 0.45 (4:1 hexanes-EtOAc); [R]23

D +63.2,
[R]23

577 +67.3, [R]23
546 +77.5, [R]23

435 +140, [R]23
405 +174 (c 1.1,

CHCl3); 1H NMR (500 MHz, CDCl3) δ 5.48 (d,J ) 9.6 Hz, 1H), 5.11
(d, J ) 9.5 Hz, 1H), 4.83 (t,J ) 4.8 Hz, 1H), 3.96-3.80 (m, 8H),
2.86 (br d,J ) 12.8 Hz, 1H), 1.70-1.47 (m, 9H), 1.42-1.24 (m, 7H),
1.05 (s, 3H), 0.97 (s, 3H);13C NMR (75 MHz, CDCl3) δ 136.8, 128.4,
109.2, 104.5, 64.8, 64.4, 63.4, 50.1, 44.3, 42.5, 42.1, 41.4, 37.6, 36.9,
36.0, 34.9, 24.1, 23.8, 20.5, 18.6; IR (film) 1086, 1063 cm-1; HRMS
(CI, isobutane)m/z 363.2533 (363.2536 calcd for C22H35O4, MH).

(4S,4aS,7S,8R,9S,9aS)-8,9-Epoxy-2-(1,3-dioxolanyl)-4-[4-(1,3-di-
oxolanyl)butyl]-4,7-dimethyl-1,2,3,4,5,6,7,8,9,9a-decahydro-4a,7-
methano-4aH-benzocycloheptene (56).A mixture of55 (200 mg, 0.55
mmol), NaHCO3 (56 mg, 0.67 mmol), and CH2Cl2 (6.9 mL) was cooled
to 0 °C, andm-chloroperbenzoic acid (95%, 143 mg, 0.79 mmol) was
added. The reaction was allowed to warm to room temperature over 3
h. This mixture was diluted with CH2Cl2 (20 mL) and washed
sequentially with 5% aqueous NaOH (10 mL), saturated aqueous Na2-
SO3 (10 mL), and 5% aqueous NaOH (10 mL). The organic phase
was dried (MgSO4), filtered, and concentrated, and the residue was
purified by flash chromatography (17:3 hexanes-EtOAc) to give 206
mg (99%) of epoxide56 as a colorless oil:Rf ) 0.40 (2:1 hexanes-
EtOAc); [R]24

D +18.0, [R]24
577 +19.7, [R]24

546 +22.9, [R]24
435 +40.4,

[R]24
405 +48.6 (c 0.7, CHCl3); 1H NMR (500 MHz, CDCl3) δ 4.81 (t,

J ) 4.5 Hz, 1H), 3.97-3.78 (m, 8H), 2.80 (d,J ) 3.3 Hz, 1H), 2.60
(d, J ) 3.8 Hz, 1H), 2.36 (dd,J ) 13.3, 4.3 Hz, 1H), 1.78-1.54 (m,
7H), 1.44-1.08 (m, 9H), 1.14 (s, 3H), 0.88 (s, 3H);13C NMR (125
MHz, CDCl3) δ 109.0, 104.4, 64.8, 64.5, 63.5, 60.8, 55.1, 48.8, 42.2,
40.8, 38.7, 38.3, 37.6, 36.9, 36.4, 35.6, 34.9, 24.6, 22.2, 20.6, 18.5; IR
(film) 1247 cm-1; HRMS (CI, isobutane)m/z379.2473 (379.2484 calcd
for C22H35O5, MH). Anal. Calcd for C22H34O5: C, 69.81; H, 9.13.
Found: C, 69.94; H, 9.13.

(4S,4aS,7S,8S,9aS)-2-(1,3-Dioxolanyl)-4-[4-(1,3-dioxolanyl)butyl]-
4,7-dimethyl-1,2,3,4,5,6,7,8,9,9a-decahydro-4a,7-methano-4aH-ben-
zocyclohepten-8-ol (57). A solution of epoxide56 (235 mg, 0.62 mmol)
and Et2O (4.2 mL) was added dropwise to a solution of LiAlH4 (1.0 M
in THF, 1.2 mL) and Et2O (0.4 mL). The reaction was stirred vigorously
at room temperature for 14 h. After the mixture was cooled to 0°C, a
solution of EtOAc (1.3 mL) and Et2O (6.6 mL) was added dropwise.
The resulting suspension was warmed to room temperature, and 15%
aqueous NaOH (0.2 mL) and H2O (0.4 mL) were added. The mixture
was stirred vigorously for 15 min, and Na2SO4 (2.6 g) was added. After
being stirred for 15 min, the mixture was filtered through a plug of
Celite (1 cm× 5 cm). The plug was washed with Et2O (50 mL), and
the filtrate was concentrated. Purification of the residue by flash
chromatography (4:1 hexanes-EtOAc) afforded 212 mg (90%) of
alcohol57as a viscous colorless oil:Rf ) 0.38 (1:1 hexanes-EtOAc);

[R]24
D +8.6, [R]24

577 +9.3, [R]24
546 +10.4, [R]24

435 +18.1, [R]24
405 +22.3

(c 0.7, CHCl3); 1H NMR (300 MHz, CDCl3) δ 4.81 (t, J ) 4.7 Hz,
1H), 3.96-3.77 (m, 8H), 3.38 (br s, 1H), 2.18 (m, 1H), 1.73-1.12 (m,
19H), 0.99 (s, 3H), 0.95 (s, 3H);13C NMR (75 MHz, CDCl3) δ 108.7,
104.5, 74.7, 64.7, 64.4, 63.2, 50.6, 43.7, 42.5, 38.5, 38.4, 37.6, 36.4,
36.3, 34.9, 32.5, 23.9, 21.8, 21.6, 18.6; IR (film) 3480 cm-1; HRMS
(CI, isobutane)m/z 381.2627 (381.2641 calcd for C22H37O5, MH).

(6aS,8S,9S,11aS,11bS)-8-Hydroxy-9,11b-dimethyl-1,2,3,6a,7,8,9,-
10,11,11b-decahydro-9,11a-methano-11aH-cyclohepta[a]naphtha-
len-5(6H)-one (58). A solution of alcohol57 (150 mg, 0.39 mmol),
20% aqueous HCl (2.6 mL), and THF (7.8 mL) was maintained at
room temperature for 12 h and then heated at 50°C for an additional
12 h. The resulting yellow solution was cooled to room temperature,
poured into ice-cold saturated aqueous NaHCO3 (15 mL), and extracted
with Et2O (3 × 25 mL). The combined organic extracts were washed
with saturated aqueous NaHCO3 (25 mL), dried (MgSO4), filtered, and
concentrated. The residue was purified by flash chromatography (4:1
hexanes-EtOAc) to provide 80 mg (74%) of58 as a colorless solid.
Recrystallization from hexanes-Et2O provided analytically pure58as
colorless needles: mp 146°C; Rf ) 0.50 (3:2 hexanes-EtOAc); [R]25

D

+72.3, [R]25
577 +76.6, [R]25

546 +87.6, [R]24
435 +125, [R]24

405 +102 (c
0.6, CHCl3); 1H NMR (500 MHz, CDCl3) δ 6.60 (dd,J ) 5.7, 2.1 Hz,
1H), 3.48 (br s, 1H), 2.57 (dd,J ) 19.0, 7.5 Hz, 1H), 2.46 (m, 1H),
2.19-2.12 (m, 1H), 2.07-1.99 (m, 1H), 1.97 (dd,J ) 19.1, 9.0 Hz,
1H), 1.75-1.39 (m, 10H), 1.25-1.22 (m, 2H), 1.19 (d,J ) 11.2 Hz,
1H), 1.09 (s, 3H), 1.05 (s, 3H);13C NMR (75 MHz, CDCl3) δ 201.9,
142.6, 134.6, 74.5, 50.6, 44.5, 42.5, 38.5, 37.7, 37.5, 36.3, 31.9, 29.3,
25.5, 24.5, 24.2, 23.9, 18.2; IR (film) 3460, 1686, 1672, 1617 cm-1;
HRMS (CI, isobutane)m/z 275.1994 (275.2011 calcd for C18H27O2,
MH). Anal. Calcd for C18H26O2: C, 78.79; H, 9.55. Found: C, 78.52;
H, 9.59.

(6aS,8S,9S,11aS,11bS)-8-(Methoxymethyl)oxy-9,11b-dimethyl-
1,2,3,6a,7,8,9,10,11,11b-decahydro-9,11a-methano-11aH-cyclohepta-
[a]naphthalen-5(6H)-one (59). N,N-Diisopropylethylamine (0.4 mL,
2.3 mmol) and chloromethyl methyl ether (0.12 mL, 1.6 mmol) were
added to a solution of enone58 (149 mg, 0.54 mmol) and CH2Cl2 (2.5
mL) at 0 °C. The reaction was maintained at room temperature for 7
h and then diluted with CH2Cl2 (5 mL). The resulting mixture was
washed sequentially with 1 M HCl (2 × 2 mL) and saturated aqueous
NaHCO3 (2 mL). The organic extracts were dried (NaSO4), filtered,
and concentrated. The residue was purified by flash chromatography
(9:1 hexanes-EtOAc) to give 159 mg (92%) of59as a colorless solid.
Recrystallization from hexanes produced analytically pure59 as
colorless needles: mp 87-87.5°C; Rf ) 0.77 (3:2 hexanes-EtOAc);
[R]24

D +106, [R]24
577 +109, [R]24

546 +123, [R]24
435 +190, [R]24

405 +191
(c 1.2, CHCl3); 1H NMR (500 MHz, CDCl3) δ 6.60 (dd,J ) 5.5, 2.0
Hz, 1H), 4.71 (d,J ) 6.9 Hz, 1H), 4.57 (d,J ) 6.9 Hz, 1H), 3.38 (s,
3H), 3.31 (s, 1H), 2.57 (dd,J ) 19.1, 7.5 Hz, 1H), 2.39 (m, 1H), 2.20-
1.96 (m, 2H), 1.99 (dd,J ) 19.1, 9.2 Hz, 1H), 1.83 (ddd,J ) 14.6,
5.1, 1.2 Hz, 1H), 1.78-1.41 (m, 8H), 1.21-1.17 (m, 3H), 1.08 (s, 3H),
1.06 (s, 3H);13C NMR (75 MHz, CDCl3) δ 201.8, 142.7, 134.4, 95.5,
79.9, 55.5, 50.2, 44.2, 42.6, 38.5, 38.3, 36.4, 34.3, 32.4, 29.4, 25.4,
24.5, 24.3, 24.1, 18.3; IR (film) 1684, 1619 cm-1; HRMS (CI,
isobutane)m/z 319.2273 (319.2273 calcd for C20H31O3, MH).

(4S,4aS,6aS,8S,9S,11aS,11bS)-4-Cyano-8-(methoxymethyl)oxy-9,-
11b-dimethyl-1,2,3,4,6,6a,7,8,9,10,11,11b-dodecahydro-9,11a-methano-
11aH-cyclohepta[a]naphthalen-5(4aH)-one (60). Diethyl aluminum
cyanide (1.0 M in toluene, 1.1 mL) was added dropwise to a solution
of enone59 (170 mg, 0.53 mmol) and THF (11 mL) at 0°C.72 After
10 h at 0°C, a viscous solution of Et3N (0.75 mL, 5.4 mmol), TMSCl
(0.34 mL, 2.7 mmol), and THF (0.5 mL) was added using a 16-18-
gauge cannula. The resulting mixture was allowed to warm to room
temperature, and Et2O (30 mL) and saturated aqueous NaHCO3 (10
mL) were added. The phases were separated, and the aqueous layer
was extracted with CH2Cl2 (3 × 20 mL). The combined organic layers
were washed with saturated aqueous NaHCO3 (25 mL), dried (K2CO3),
and filtered through a short column of silica gel (Et2O) to provide the
crude∆5,6-enoxysilane.

A solution of this material, 10:1 THF-H2O (5 mL), and 1 M HCl
(0.05 mL) was maintained at room temperature for 15 min and then
diluted with Et2O (15 mL), and K2CO3 (150 mg) was added. The
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resulting mixture was stirred for 10 min, dried (Na2SO4), filtered, and
concentrated. Purification of the residue by flash chromatography (4:1
hexanes-EtOAc) afforded 162 mg (88%) of60 as a colorless solid.
Recrystallization from hexanes-Et2O provided analytically pure60as
colorless needles: mp 168°C; Rf ) 0.37 (3:2 hexanes-EtOAc); [R]24

D

+72.2, [R]24
577 +74.3, [R]24

546 +84.8, [R]24
435 +149, [R]24

405 +183 (c
1.6, CHCl3); 1H NMR (500 MHz, CDCl3) δ 4.67 (d,J ) 6.9 Hz, 1H),
4.54 (d,J ) 6.9 Hz, 1H), 3.34 (s, 3H), 3.29 (br s, 1H), 2.96 (br s, 1H),
2.38-2.30 (m, 2H), 2.22 (d,J ) 4.6 Hz, 1H), 2.08-1.95 (m, 2H),
1.87-1.44 (m, 10H), 1.38 (tt,J ) 13.8, 4.1 Hz, 1H), 1.28 (ddd,J )
18.2, 11.8, 3.6 Hz, 1H), 1.20 (d,J ) 11.4 Hz, 1H), 1.13 (s, 3H), 1.04
(s, 3H);13C NMR (125 MHz, CDCl3) δ 207.5, 122.0, 95.5, 79.7, 55.5,
53.4, 51.8, 43.9, 43.9, 41.8, 37.7, 35.9, 35.0, 33.5, 30.3, 28.6, 24.0,
23.9, 23.3, 18.1, 18.0; IR (film) 2233, 1701 cm-1; HRMS (CI,
isobutane)m/z 346.2372 (346.2383 calcd for C21H32NO3, MH). Anal.
Calcd for C21H31NO3: C, 73.01; H, 9.04. Found: C, 72.74; H, 9.06.

(4S,4aS,5R,6aS,8S,9S,11aS,11bS)-4-Cyano-8-(methoxymethyl)-
oxy-9,11b-dimethyl-5-trimethylsiloxy-1,2,3,4,4a,5,6,6a,7,8,9,10,11,-
11b-tetradecahydro-9,11a-methano-11aH-cyclohepta[a]naphtha-
lene (61). Lithium aluminum hydride (1.0 M in THF, 0.48 mL) was
added dropwise to a solution of ketone60 (158 mg, 0.46 mmol) and
THF (5.5 mL) at-78 °C. The reaction was maintained at-78 °C for
30 min and was quenched by sequential additions of H2O (0.02 mL),
15% aqueous NaOH (0.02 mL), and H2O (0.06 mL). The mixture was
warmed to room temperature and diluted with Et2O (15 mL), and
MgSO4 (750 mg) was then added. After being stirred vigorously for
10 min, the mixture was filtered through a plug of silica gel (1 cm×
4 cm, Et2O), and the filtrate was concentrated. The residue was purified
by flash chromatography (4:1 hexanes-EtOAc) to give 143 mg (90%)
of (4S,4aS,5R,6aS,8S,9S,11aS,11bS)-4-cyano-8-(methoxymethyl)oxy-
9,11b-dimethyl-1,2,3,4,4a,5,6,6a,7,8,9,10,11,11b-tetradecahydro-9,11a-
methano-11aH-cyclohepta[a]naphthalen-5-ol as a colorless solid: mp
129-130 °C; Rf ) 0.53 (1:1 hexanes-EtOAc); [R]24

D +58.6, [R]24
577

+59.5, [R]24
546 +67.5, [R]24

435 +110, [R]24
405 +130 (c 0.6, CHCl3); 1H

NMR (300 MHz, CDCl3) δ 4.70 (d,J ) 6.9 Hz, 1H), 4.54 (d,J ) 6.9
Hz, 1H), 3.91 (br s, 1H), 3.36 (s, 3H), 3.26 (br s, 1H), 2.76 (br s, 1H),
2.33 (m, 1H), 2.15-2.02 (m, 2H), 1.95-1.78 (m, 1H), 1.72-1.09 (m,
15H), 1.43 (s, 3H), 1.01 (s, 3H);13C NMR (75 MHz, CDCl3) δ 124.3,
95.1, 79.6, 71.4, 55.5, 52.0, 44.7, 43.1, 38.3, 38.2, 37.8, 36.2, 33.0,
32.6, 31.0, 29.3, 29.0, 24.1, 21.7, 19.8, 18.8; IR (film) 3483, 2232 cm-1;
HRMS (CI, isobutane)m/z 348.2536 (348.2538 calcd for C21H34NO3,
MH). Anal. Calcd for C21H33NO3: C, 72.58; H, 9.57. Found: C, 72.68;
H, 9.63.

Pyridine (0.5 mL), DMAP (4.5 mg, 0.037 mmol), and freshly distilled
TMSCl (0.07 mL, 0.55 mmol) were added sequentially to a solution
of this alcohol (51 mg, 0.147 mmol) and CH2Cl2 (0.5 mL) at 0°C.
The resulting solution was stirred at 0°C for 2 h and then partitioned
between saturated aqueous NaHCO3 (10 mL) and CH2Cl2 (3 × 10 mL).
The combined organic phases were dried (Na2SO4), filtered, and
concentrated. Purification of the residue by flash chromatography (19:1
hexanes-Et2O) yielded 60 mg (97%) of61 as a colorless solid.
Recrystallization from hexanes afforded analytically pure61as colorless
needles: mp 141°C; Rf ) 0.55 (8:1 hexanes-EtOAc); [R]24

D +42.1,
[R]24

577 +45.2, [R]24
546 +50.7, [R]24

435 +84.0, [R]24
405 +99.2 (c 1.0,

CHCl3); 1H NMR (500 MHz, CDCl3) δ 4.72 (d,J ) 7.0 Hz, 1H), 4.60
(d, J ) 7.0 Hz, 1H), 3.82 (br s, 1H), 3.39 (s, 3H), 3.25 (br s, 1H), 2.60
(br s, 1H), 2.31 (m, 1H), 2.05 (br d,J ) 12.9 Hz, 1H), 1.95-1.87 (m,
1H), 1.70-1.10 (m, 15H), 1.41 (s, 3H), 1.02 (s, 3H), 0.15 (s, 9H);13C
NMR (125 MHz, CDCl3) δ 123.8, 95.7, 80.5, 71.5, 55.5, 52.0, 45.3,
43.1, 38.5, 38.4, 37.9, 36.3, 33.2, 33.1, 31.8, 29.9, 29.1, 24.2, 21.8,
19.6, 19.0, 0.09; IR (film) 2360 cm-1; HRMS (CI, isobutane)m/z
420.2929 (420.2935 calcd for C24H42NO3Si, MH).

(4S,4aS,5R,6aS,8S,9S,11aS,11bS)-4-(Benzyloxymethyl)oxy-4-cy-
ano-8-(methoxymethyl)oxy-9,11b-dimethyl-5-trimethylsiloxy-1,2,3,4,-
4a,5,6,6a,7,8,9,10,11,11b-tetradecahydro-9,11a-methano-11aH-cy-
clohepta[a]naphthalene (62). n-Butyllithium (2.0 M in hexanes, 0.14
mL) was added dropwise to a solution of diisopropylamine (0.04 mL,
0.31 mmol) and THF (0.6 mL) at-78 °C, and the solution of LDA
was warmed to 0°C for 30 min. A solution of nitrile61 (56 mg, 0.133
mmol) and THF (0.50 mL) was then added dropwise by cannula. After
being stirred for 15 min at 0°C, the yellow solution was cooled to

-78 °C, and freshly distilled benzyl bromomethyl ether73 (65 µL, 0.5
mmol) was added rapidly. The reaction was maintained at 0°C for 2
h, quenched with saturated aqueous NaHCO3 (1.5 mL), and warmed
to room temperature, and then additional saturated aqueous NaHCO3

(10 mL) was added. This mixture was extracted with CH2Cl2 (3 × 10
mL), and the combined organic phases were dried (MgSO4), filtered,
and concentrated. Purification of the residue by flash chromatography
(99:1 f 98:2 hexanes-EtOAc) afforded 59 mg (82%) of ether62 as
a colorless oil:Rf ) 0.29 (15:1 hexanes-EtOAc); [R]24

D +13.8, [R]24
577

+14.0, [R]24
546 +15.9, [R]24

435 +26.5, [R]24
405 +31.0 (c 1.7, CHCl3);

1H NMR (500 MHz, CDCl3) δ 7.37-7.28 (m, 5H), 4.72 (d,J ) 6.9
Hz, 1H), 4.60 (d,J ) 7.0 Hz, 1H), 4.60 (d,J ) 12.1 Hz, 1H), 4.43 (d,
J ) 12.3 Hz, 1H), 3.90 (m, 1H), 3.53 (d,J ) 9.0 Hz, 1H), 3.39 (m,
1H), 3.39 (s, 3H), 3.25 (br s, 1H), 2.26 (m, 1H), 2.00-1.87 (m, 2H),
1.72-1.58 (m, 6H), 1.48-1.40 (m, 3H), 1.43 (s, 3H), 1.36 (t,J ) 7.7
Hz, 2H), 1.30 (d,J ) 2.0 Hz, 1H), 1.31-1.10 (m, 3H), 1.02 (s, 3H),
0.05 (s, 9H);13C NMR (125 MHz, CDCl3) δ 137.5, 128.4, 127.9, 127.8,
124.0, 95.8, 80.8, 73.3, 72.8, 66.3, 55.4, 52.3, 45.3, 43.1, 38.7, 38.6,
38.4, 37.6, 36.2, 36.0, 33.3, 33.2, 28.6, 24.2, 21.9, 20.0, 19.0, 0.32; IR
(film) 2231 cm-1; HRMS (CI, isobutane)m/z540.3490 (540.3509 calcd
for C32H50NO4Si, MH).

(4S,4aS,5R,6aS,8S,9S,11aS,11bS)-4-(Benzyloxymethyl)oxy-5-hy-
droxy-4-methoxycarbonyl-8-(methoxymethyl)oxy-9,11b-dimethyl-
1,2,3,4,4a,5,6,6a,7,8,9,10,11,11b-tetradecahydro-9,11a-methano-11aH-
cyclohepta[a]naphthalene (63). A mixture of K2CO3 (33 mg, 0.24
mmol), KOH (78 mg, 1.4 mmol), nitrile62 (17 mg, 0.031 mmol), and
MeOH (1 mL) was concentrated to dryness under a stream of N2, and
the residue was heated at 140°C for 24 h. After being cooled to room
temperature, the resulting solid mass was dissolved in H2O (3.5 mL)
and cooled to 0°C. Ether (3.5 mL) was added, and the mixture was
carefully acidified to pH 2 with 1 M aqueous HCl. The layers were
separated, and the aqueous layer was extracted with Et2O (5 × 7 mL).
The combined organic layers were washed with saturated aqueous 1:1
NaCl-H2O (7 mL), dried (MgSO4), filtered, and concentrated to afford
the corresponding carboxylic acid.

The crude acid was dissolved in Et2O (2 mL), and excess diaz-
omethane (generated from 70 mg of 1-methyl-5-nitro-1-nitrosoguani-
dine) was added at 0°C. The resulting solution was allowed to stand
at 0 °C for 30 min until a pale yellow color persisted. Excess
diazomethane was removed with a stream of N2, the solution was
concentrated, and the residue was purified by flash chromatography
(4:1 hexanes-EtOAc) to provide 13.5 mg (86%) of ester63 as a
colorless oil: Rf ) 0.60 (3:2 hexanes-EtOAc); [R]24

D +34.9, [R]24
577

+36.4, [R]24
546 +41.8, [R]24

435 +69.6, [R]24
405 +82.3 (c 0.9, CHCl3);

1H NMR (500 MHz, CDCl3) δ 7.35-7.29 (m, 2H), 7.28-7.24 (m,
3H), 5.21 (s, 1H), 4.72 (d,J ) 7.0 Hz, 1H), 4.53 (d,J ) 7.0 Hz, 1H),
4.50 (d,J ) 12.4 Hz, 1H), 4.42 (d,J ) 12.4 Hz, 1H), 4.23 (br s, 1H),
3.76 (s, 3H), 3.74 (d,J ) 8.4 Hz, 1H), 3.37 (s, 3H), 3.36 (d,J ) 8.4
Hz, 1H), 3.28 (br s, 1H), 2.41 (dd,J ) 13.3, 1.1 Hz, 1H), 2.35 (m,
1H), 1.82-1.72 (m, 2H), 1.69-1.48 (m, 5H), 1.44-1.24 (m, 6H), 1.17-
1.08 (m, 3H), 1.09 (s, 3H), 1.02 (s, 3H);13C NMR (75 MHz, CDCl3)
δ 180.1, 138.0, 128.3, 127.6, 127.2, 94.8, 79.4, 78.0, 73.3, 65.4, 55.5,
52.8, 52.7, 50.9, 49.7, 43.0, 39.0, 38.6, 37.7, 36.6, 34.0, 33.8, 32.2,
28.5, 24.3, 22.3, 20.9, 19.3; IR (film) 1728, 1696 cm-1; HRMS (CI,
isobutane)m/z 501.3199 (501.3216 calcd for C30H45O6, MH).

(4S,4aS,5R,6aS,8S,9S,11aS,11bS)-5-Benzoyloxy-4-(benzyloxy-
methyl)oxy-4-methoxycarbonyl-8-(methoxymethyl)oxy-9,11b-dim-
ethyl-1,2,3,4,4a,5,6,6a,7,8,9,10,11,11b-tetradecahydro-9,11a-methano-
11aH-cyclohepta[a]naphthalene (64). A solution of alcohol63 (54
mg, 0.11 mmol), freshly distilled benzoyl chloride (54 mg, 0.11 mmol),
DMAP (130 mg, 1.1 mmol), and pyridine (1.2 mL) was heated at 100
°C for 5 h and then cooled to room temperature. The reaction was
diluted with CH2Cl2 (4 mL) and then cooled to 0°C, and ethylenedi-
amine (0.2 mL, 3 mmol) was added. The resulting suspension was
stirred at 0°C for 30 min, diluted with CH2Cl2 (24 mL), and poured
into H2O (24 mL). The layers were separated, and the aqueous phase
was extracted with CH2Cl2 (2 × 24 mL). The combined organic layers
were washed sequentially with 5% aqueous HCl (24 mL) and saturated
aqueous NaHCO3 (24 mL), dried (MgSO4), filtered, and concentrated.
The solid residue was washed thoroughly with Et2O (5× 10 mL), and
the combined ether extracts were concentrated (BzNHCH2CH2NH2
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is insoluble in Et2O at room temperature). The residue was purified by
flash chromatography (9:1 hexanes-EtOAc) to give 57 mg (88%) of
64 as a colorless oil:Rf ) 0.41 (4:1 hexanes-EtOAc); [R]24

D -20.9,
[R]24

577 -21.7, [R]24
546 -24.5, [R]24

435 -44.7, [R]24
405 -54.4 (c 1.5,

CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.03 (d,J ) 7.6 Hz, 2H), 7.54
(t, J ) 7.3 Hz, 1H), 7.44 (t,J ) 7.6 Hz, 2H), 7.36-7.33 (m, 2H),
7.29-7.26 (m, 3H), 5.47 (br s, 1H), 4.65 (d,J ) 6.9 Hz, 1H), 4.50
(ABq, J ) 12.4 Hz, 2H), 4.50 (d,J ) 7.1 Hz, 1H), 3.57 (s, 2H), 3.31
(s, 3H), 3.27 (br s, 1H), 3.07 (s, 3H), 2.31-2.14 (m, 2H), 2.04 (d,J )
12.1 Hz, 1H), 1.86-1.73 (m, 3H), 1.65-1.11 (m, 12H), 1.49 (s, 3H),
1.04 (s, 3H);13C NMR (125 MHz, CDCl3) δ 176.2, 166.0, 138.4, 132.8,
130.6, 129.6, 128.4, 128.3, 127.4, 127.2, 95.1, 79.5, 75.6, 73.1, 69.7,
55.5, 52.7, 51.6, 47.5, 44.4, 43.3, 38.6, 38.5, 36.4, 34.7, 33.8, 33.4,
32.5, 29.7, 24.3, 22.2, 21.3, 18.8; IR (film) 1727, 1717 cm-1; HRMS
(FAB, NBA) m/z 605.3473 (605.3478 calcd for C37H49O7, MH).

(4S,4aS,5R,6aS,8S,9S,11aS,11bS)-5-Benzoyloxy-4-(benzyloxy-
methyl)oxy-8-hydroxy-4-methoxycarbonyl-9,11b-dimethyl-1,2,3,4,-
4a,5,6,6a,7,8,9,10,11,11b-tetradecahydro-9,11a-methano-11aH-cy-
clohepta[a]naphthalene (65). A solution of64 (56 mg, 0.093 mmol)
and acidic MeOH (4 mL, prepared by adding 2 drops of concentrated
aqueous HCl to 5 mL of MeOH) was heated at 70°C for 45 min. The
reaction was cooled to room temperature and partitioned between
saturated aqueous NaHCO3 (15 mL) and CH2Cl2 (25 mL). The aqueous
layer was extracted with CH2Cl2 (2 × 15 mL), and the combined organic
layers were dried (Na2SO4), filtered, and concentrated. Purification of
the crude residue by flash chromatography (17:3 hexanes-EtOAc)
afforded 51 mg (98%) of alcohol65 as a colorless solid, which was
recrystallized from hexanes-Et2O: mp 79-81 °C dec;Rf ) 0.36 (3:1
hexanes-EtOAc); [R]24

D -64.5, [R]24
577 -68.0, [R]24

546 -78.0, [R]24
435

-136, [R]24
405 -164 (c 1.3, CHCl3); 1H NMR (500 MHz, CDCl3) δ

8.01 (d,J ) 7.6 Hz, 2H), 7.54 (t,J ) 7.3 Hz, 1H), 7.43 (t,J ) 7.7 Hz,
2H), 7.36-7.33 (m, 2H), 7.29-7.27 (m, 3H), 5.45 (br s, 1H), 4.50
(ABq, J ) 12.3 Hz, 2H), 3.57 (ABq,J ) 9.2 Hz, 2H), 3.42 (br s, 1H),
3.07 (s, 3H), 2.28-2.23 (m, 2H), 2.04 (d,J ) 12.1 Hz, 1H), 1.87-
1.74 (m, 3H), 1.63-1.22 (m, 13H), 1.49 (s, 3H), 1.02 (s, 3H);13C
NMR (125 MHz, CDCl3) δ 176.3, 166.0, 138.5, 132.9, 130.6, 129.7,
128.4, 128.3, 127.5, 127.2, 75.6, 74.7, 73.1, 69.6, 53.1, 51.6, 47.5, 44.4,
43.6, 38.6, 37.7, 36.2, 36.0, 34.7, 33.8, 33.4, 29.3, 23.9, 22.0, 21.3,
18.8; IR (film) 3541, 1715 cm-1; HRMS (FAB, NBA) m/z 561.3204
(561.3216 calcd for C35H45O6, MH).

(4S,4aS,5R,6aS,9S,11aS,11bS)-5-Benzoyloxy-4-(benzyloxy-
methyl)oxy-4-methoxycarbonyl-9,11b-dimethyl-8-oxo-1,2,3,4,4a,5,6,-
6a,7,8,9,10,11,11b-tetradecahydro-9,11a-methano-11aH-cyclohepta-
[a]naphthalene (66). A mixture of Celite (100 mg), 4-Å molecular
sieves (40 mg, powdered, activated), pyridinium chlorochromate (32
mg, 0.15 mmol), a portion of alcohol65 (28 mg, 0.05 mmol), and
CH2Cl2 (4 mL) was stirred at room temperature for 2.5 h.74 The resulting
suspension was diluted with Et2O (15 mL) and filtered through a plug
of silica gel (1 cm× 5 cm, Et2O). The filtrate was concentrated, and
the residue was purified by flash chromatography (17:3 hexanes-
EtOAc) to afford 25 mg (90%) of ketone66 as a colorless foam:Rf )
0.43 (3:1 hexanes-EtOAc); [R]24

D -22.3, [R]24
577 -23.4, [R]24

546

-25.5, [R]24
435 -35.6, [R]24

405 -36.7 (c 1.2, CHCl3); 1H NMR (500
MHz, CDCl3) δ 7.99 (d,J ) 7.5 Hz, 2H), 7.55 (t,J ) 7.4 Hz, 1H),
7.44 (t,J ) 7.7 Hz, 2H), 7.38-7.34 (m, 2H), 7.31-7.26 (m, 3H), 5.50
(br s, 1H), 4.52 (ABq,J ) 12.2 Hz, 2H), 3.66 (d,J ) 9.2 Hz, 1H),
3.53 (d,J ) 9.2 Hz, 1H), 3.08 (s, 3H), 2.44 (m, 1H), 2.31 (m, 1H),
2.23-2.15 (m, 2H), 2.05-1.95 (m, 3H), 1.87-1.82 (m, 2H), 1.78-

1.48 (m, 9H), 1.26 (s, 3H), 1.09 (s, 3H);13C NMR (75 MHz, CDCl3)
δ 213.3, 176.0, 165.9, 138.3, 133.0, 130.3, 129.6, 128.5, 128.4, 127.5,
127.3, 74.9, 73.1, 69.2, 52.8, 52.2, 51.7, 47.4, 45.3, 44.0, 42.4, 38.8,
36.6, 35.7, 34.7, 33.9, 33.2, 23.3, 20.7, 19.7, 18.7; IR (film) 1726, 1711
cm-1; HRMS (CI, isobutane)m/z 559.3048 (559.3059 calcd for
C35H43O6, MH).

(-)-Scopadulcic acid A (1). Ester66 (20 mg, 0.036 mmol) was
azeotropically dried with benzene (3× 2 mL), and freshly prepared
lithium n-propylmercaptide (ca. 0.5 M in HMPA, 0.5 mL) was then
added dropwise under Ar at room temperature. The yellow solution
was maintained at room temperature for 8 h, cooled to 5°C, and
quenched with 1 M aqueous HCl (1 mL) and H2O (10 mL). The
resulting mixture was extracted with EtOAc (5× 15 mL), and the
combined organic layers were washed with saturated aqueous NaCl
(25 mL), dried (MgSO4), filtered, and concentrated. The residue was
purified by flash chromatography (17:3f 4:1 hexanes-EtOAc) to
provide 14 mg (72%) of the derived carboxylic acid as a colorless solid.
It was critical for the success of this reaction to prepare75 n-PrSLi in a
Schlenk flask so that excess LiH could be removed by Schlenk filtration.

A flask containing the crude acid (14 mg) and 10% Pd on activated
carbon (10 mg) was evacuated and then flushed with H2 (3 ×). Freshly
distilled MeOH (1.4 mL) was added, H2 was bubbled into the stirring
mixture for 2 min, and the reaction was stirred at room temperature
under a H2 atmosphere for 9 h. The mixture was filtered through a
plug of silica gel (1 cm× 4 cm, EtOAc), and the filtrate was
concentrated to give 12 mg of crude1 as a colorless solid. Recrystal-
lization from methanol provided 10.5 mg (90%) of analytically pure
(-)-scopadulcic acid A(1) as colorless prisms: mp 171-173 °C
(MeOH);Rf ) 0.67 (4:1 EtOAc-hexanes); [R]24

D -5.8, [R]24
577 -5.58,

[R]24
546 -7.5, [R]24

435 +10.8, [R]24
405 +32.4 (c 0.4, MeOH); [Θ]24

292

+8230 (c 0.73 mM, MeOH). This sample was identical to an authentic
specimen of natural (-)-SDA by 1H NMR, 13C NMR, IR, MS, and
TLC comparisons.
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