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Abstract: The highly stereoselective total synthesis of the phytoalek)Abiminol (1) has been accomplished.

The synthesis relies on three pivotal transformations: (1) a conjugate ad¢litiolization reaction to prepare

a highly functionalized 2-carbomethoxycyclopentenone as a photocycloaddition substrate, (2) a double
diastereoselective intramolecular photocycloaddition for a stereoselective intramolecular photoaddition reaction
which establishes the central quaternary spirocenter, and (3) the transformation of the photoadduct into the
required spiro[5.4]decane through a radical fragmentatiearrangement reaction.

Sensitive plant tissues are known to produce complex
secondary metabolites as a result of external stress such as fungal
infection, wounding, or chemical exposureSome of these
stress metabolites have postinfection defensive abilities and are  CHz*"
classified as phytoalexins. Several highly oxygenated spiroveti-
vane phytoalexins have been isolated from potato tubers
infected with the fungPhytophthora infestaner Glomeralla
cingulata? Lubiminol (1),2 lubimin (2),* and oxylubimin 8)** Figure 1.
are the more structurally complex members of this class and
are intermediates in the biosynthesis of the potent antifungal a benzenoid aromatic precursor to construct the stereochemically

OH

HO

"CHO  CHg"

agent rishitin 4)® from acetic acid (Figure 1). Lubiminol, and functionally complex cyclohexane. We report here a unique
lubimin, and oxylubimin have been implicated in the toxicity approach to the synthesis of hydroxylated spirovetivanes and
of diseased food plants to humans and livestock. the full details of the synthesis of-)-lubiminol (1).8

Establishing the fiv_e stereogenic centers on the s_piro[4.5]- The initial approach for the synthesis of lubimind) (vas
decane skeleton, particularly the relative stereochemistry of C5 centered around the unique strategic combination of three recent
and the remote stereogenic center at C7, is critical to a successfubbservations from our laboratory: (1) functionalized zinc
synthesis of any of the members of this_ class. Prt_eyious copper reagents undergo efficient conjugate additicytloa-
synthese®® of these important plant metabolites have utilized cylation reactions with acetylenic esters to prepare 2-carboalkox-

*Phone: (919) 9665177, Fax (919) 962-2388. E-mail. mic@ ycyclopentenone%(Z) high dlaster.e.oselectlwty can be obtained
net.chem.unc.edu. in intramolecular photocycloadditioisas a result of double
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produce spirofused carbocycles suchéés(Scheme 1). The

total synthesis of lubiminol reported herein is the first example KF, n-BuNF, o oo
of the application of the tandem radical fragmentation CH4yCN, 80° C
rearrangement sequence in natural product synthesis.

Lubiminol (1) would be derived from the functionalized H COzMe OFt 19
spirocycle 7 which would be the product of the radical ||| 1. Me;C(OMe),, I OSiMe,
fragmentatior rearrangement sequence described above starting| %, Y PPTS, CHaCl X, Y 9a,s
with thiocarbamate8 (Scheme 2). A novel double diastereo- OH 2. n-Buli, o éﬂC'z,EtzO

. .. . CICO.Me UBf‘Megs
selective photocycloadditiéthof enone-alkened would provide OH THF 78 C ,k HMPA, THF
access to the radical precursdr In turn, enoned would be ’ o 72 - 83%

prepared through a conjugate addition cyclization protocol 90%
previously reported from our laboratody. :g§ng!gH°*{(=9ﬁ2
The planned intramolecular photocycloaddition required that TR T

the two stereogenic centers on the tether have a cooperative or

synergistic influence on the stereochemistry of the photoadductNigher stereoselectivity on the ba;sis of the larger difference in
to achieve high levels of stereocontrol. Thus, the relative €Nergy betweenll and12 (AAG = 1.5 kcal/mol) than was

stereochemistry of the two stereogenic centers of acetyléne calculated for the two conformations of the syn diastereomer

is vital to obtaining high levels of asymmetric induction in the 13 @nd14 (AAG = 1.1 kcal/mol) (Figure 2). However, the
photocycloaddition. At the outset, virtually no information was relatively similar results prompted an investigation of both
available with regard to the interplay between two stereogenic Stereoisomers before a final decision was made with regard to
centers with regard to asymmetric induction in the intramo- (he ultimate starting material. _ .
lecular [2+2] photocycloaddition and no examples of the Thus, the initial synthesis of. acetylemd),.lllustrated in
specific substitution pattern required for the lubiminol synthesis Scheme 3, was nonstereoselective with the intent of preparing
had been reported. Our own initial predictions regarding the both syn and anti diastereomers for evaluation in the photoad-
influence of the stereochemistry of the tether substituents on dition. Alkylation of the lithium enolate ofert-butyl acetaté’

the outcome of the photocycloaddition were based on molecularWith 4-bromo-1-(trimethylsilyl)butyn¥ followed by transes-
mechanics calculations of conformatiohsthrough14. Cal- terification in acidic ethanol provided the ethyl estéin 59%
culations were made using the MM2 force field. Thearbon overall yield. Addition of the lithium enolate derived from ester
of the enone and the internal carbon of the olefin were restricted 1510 acrolein at-78°C produced a 90% yield of an inseparable
at a distance of 2.5 A, and the energy of the structure was 2:1 mixture of the syn/anti diastereomeric aldol produids
minimized. The anti diastereom®a was predicted to give  16a The mixture of aldol products was treated with excess

108 X = H, Y = CH=CH,
10a X = CH=CH,, Y = H

(12) Crimmins, M. T.; Dudek, C. M.; Cheung, A. W.- Fetrahedron
Lett. 1992 33, 181. Crimmins, M. T.; Huang, S.; Guise, L. Eetrahedron
Lett. 1996 37, 6519-6522.

(13) Cregge, R. J.; Hermann, J. L.; Lee, C. S.; Richman, J. E;
Schlessinger, R. HTetrahedron Lett1973 2425-2428.
(14) Hammoud, A.; Descoins, @ull. Soc. Chim. Fr1978 299.
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group from the cuprate addition had been introduced from the
exo face of the cyclopentenone. Two conclusions were obtained
from this study. The first conclusion was that the diastereo-
selectivity predicted by the molecular mechanics calculations
was supported experimentally, indicating that calculations of
related systems will have substantial predictive value for
planning other intramolecular photocycloadditions. The com-
bination of these computational and experimental results are a
first step toward better understanding and predicting the factors
which influence diastereoselectivity in intramoleculart+P2
photocycloadditions. The second conclusion was that the anti
diastereomer would provide excellent diastereocontrol in the
photocycloaddition and significantly better selectivity than the
syn diastereomer for the relative stereochemistry between C5
and C7 required for lubiminol. Consequently, a selective
synthesis of the anti diastereontda was undertaken.

Since attempts to directly form the anti aldol proddéa
using known protocol§ resulted in either enolate decomposition
or poor selectivity, a two-step sequence based on Seebach’s
precedent was investigated. Addition of the lithium enolate of

ethyl acetate to acrolein at78 °C produced the hydroxy ester
methylmagnesium bromide in ether afO to give a mixture 25in 99% vyield. Exposure 025 to 3 equiv of LDA in THF
of diols 17s(54%) andl7a(29%) which were readily separated followed by addition of propargyl bromide provided the desired
by flash chromatography. The individual isomers were sepa- anti aldol produc®6 in 87% yield and>95% de (Scheme 5).
rately converted into the corresponding photosubstrates. Ex-The hydroxy ester26 was then treated with 5 equiv of
posure of (trimethylsilyl)acetylenek/sand 17ato potassium methylmagnesium bromide to give 88% of diBawhich was
fluoride and catalytic tetrabutylammonium fluoride in acetoni- identical to that prepared by the previous method. The revised
trile produced the terminal acetylen&8sand 18ain 87 and synthesis provided access to exclusively the anti diastereomer
92% vyield, respectively. Protection of the 1,3-diol as its photoadduc®2in seven steps in an overall yield of about 50%.
acetonide with dimethoxypropane and PPTS in dichloromethane The C4 methyl group was introduced next since the photo-
followed by carbomethoxylation of the terminal acetylene gave adduct22 contained all the required carbons for lubiminol except
the acetylenic estersOsand 10ain high yield. Each of the the C4 methyl group and since the rigid conformation and
diastereomer$0sandl10awas treated according to the standard stereochemical bias of photoadd2 seemed to offer the
protocof previously described (zinc homoenoldt8, CuBr— potential for stereocontrol. As noted above, ket@2ecould
SMe, HMPA, 1:1 THF/E$O) for conversion to the 2-car-  be converted to enon23in a one-pot procedure by exposure
bomethoxycyclopentenoneds and 9a (72% yield and 83% to ethyl trimethylsilylacetate and catalytic tetrabutylammonium
yield, respectively). fluoride!” in THF followed by oxidation with palladium acetate
Irradiation (350 nm) of a hexane solution of photosubstrate (66% overall)}® Treatment of the enone with lithium dimeth-
9sproduced an 83:17 mixture of two diastereomeric photoad- ylcuprate gave a single diastereon®4, with the incorrect C4
ducts, 1920. The stereochemistry of the major isomer was stereochemistry for lubiminol. Attempts to alter the stereo-
determined by a combination of COSY and NOE difference chemical outcome of the reaction through the use of other
spectra of the corresponding didl. organometallic reagents or additi¥®a/ere unsuccessful. How-
The chemical shift assignments were unambiguously deter-ever, trapping the enolate from the cuprate addition as its
mined by a COSY experiment. In the NOE experiment, when trimethylsilyl enol ether followed by palladium acetate oxidation
He (lubiminol numbering) was irradiated, a 6.4% and 7.7% gave thes-methyl enone27. Hydrogenation of enon@7 in
enhancement of $Hand H;, respectively, was observed, indicat- ethanol with palladium on carbon and a catalytic amount of
ing a cis relationship of k] He, and H. As additional proof, HCI resulted in exclusive reduction from tifeface and also
a single-crystal X-ray of the minor photoadd@g confirmed cleaved the acetonide to provide dis in 99% yield.
its stereochemistry as shown. The X-ray structure showed the Completion of the synthesis required that the planned radical
molecule to be in a conformation similar to that predicted by rearrangement be executed and that the product be refunction-
molecular modeling of.the photosubstrate. Irradiatio®@fn (15) Pirrung, M. C.; Heathcock, C. H. Org. Chem1980 45, 1727-
hexanes provided a single, isolable photoadd22t(Scheme 1728. Walker, M. A.; Heathcock, C. H.. Org. Chem1991, 56, 5747
4). Attempted stereochemical assignment 2& by NMR 5750. _ ,
experiments was inconclusive. However, conversion of ketone , 4:(,,12‘.5)8';2@2?2%‘?5 kééfg!?ﬁg‘gniBtﬁ,&‘g;ﬁ‘fgﬁ?{#&gﬁgﬁnzc\ﬁf:y
22 to enone23 followed by treatment with lithium dimethyl  and Sons: New York, 1990; Collect. Vol. ViI, pp 15359 and references
cuprate gave a singlg-methyl ketone,24, which provided therein. , o )
crystals suitable for X-ray analysis. The crystal structurzf Chgn? gglé?gr;l?tgag,gE.z;ygrofushl, T.. Shimizu, M.; Kuwajima,J. Am.
not only established the stereochemistry of the photoad2iict \ ) S

- : (18) Ito, Y.; Hirao, T.; Saegusa, D. Org. Chem1978 43, 1011.
as that which had been predicted but also showed that the methyl (19) zhao, S.-K.; Helquist, PTetrahedron Lett1991, 32, 447—450.
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alized to lubiminol. To this end, did®28 was converted to the HaC"
thiocarbamat@9 with 1,1-thiocarbonyldiimidazole in THF at
65°C. Unfortunately, exposure of thiocarbamageo tributyl
tin hydride—AIBN in benzene at 80C resulted in the isolation HO
of a mixture of three products, none of which were the desired
rearrangement product (Scheme 6). The direct reduction product

30 (10%), the substituted spiro[4.4.0JnonaBkwhich results  ang the methyl ester first needed to be converted to a protected
from reduction of the primary methyl radical, and the eS2r  pygroxymethyl group to sterically hinder deprotonation at C1.
which has undergone a decarbonylation were the only productsThis was accomplished in four high-yield steps: protection of
of the reaction. This disappointing result prompted a reevalu- the ketone carbonyl as its dioxolane, reduction of the methyl
ation of the radical rearrangement. The thiocarbanB8e  ggter, hydrolysis of the dioxolane, and protection of the primary
derived from thes-methyl isomer24 was exposed to the same  hyqroxyl as atert-butyldiphenylsilyl ether (Scheme 7). The
reduction conditions to provide the spiro[5.4.0] systalbeit tert-butyldiphenylsilyl protecting group was required to ensure
in low yield. Also, the photoaddu@2 was hydrolyzed to diol 3 highly regioselective formation of the ketone enolate. Depro-
35 and converted to the thiocarbam@@as before. tonation of ketone39a and trapping as the phenyl selenide
Slow addition of tributyltin hydride to thiocarbama3é over followed by oxidation with sodium periodate provided the enone
5—6 h produced a 3:2 mixture of the expected rearrangement41ain modest yield. The isomeriélbwas prepared fror87b
products37aand37bin 92% combined yield (Scheme 7). The by the same sequence. Exposure of entir@ which contains
failure of the a-methyl isomer29 to undergo the desired the stereochemistry at C10 required for lubiminol, to lithium
rearrangement is probably related to the highly congested dimethyl cuprate in ether at40 °C produced a 2:3 mixture of
transition state for the addition of the primary radical to the the two diastereomeré2a,bi In contrast, ketond1b gave a
adjacent carbonyl in the DoweBeckwith rearrangement. The  single diastereomeric produd3, with the desired stereochem-
1,3 relationship of the primary radical with tleeC4-methyl istry of the methyl group at C4.
group may either sterically prohibit addition to the carbonyl or  Since thex-C10 isome#lagave a mixture of isomer2a,b
result in hydrogen atom transfer from themethyl. Regardless, in the cuprate addition and thfeisomer41b gave exclusively
the incorporation of the methyl group, at least with the natural thea-product43, it seemed reasonable that the diendsenight
stereochemistry, had to be postponed until after the radical give high levels of selectivity in the cuprate addition and allow
rearrangement. the use of both the diastereomeric products from the radical
Since the methyl group would have to be introduced into a rearrangement. To test this approach, dientheas prepared
spiro[5.4.0]decane system, an evaluation of the effect of the as shown in Scheme 8. The keto estgrs,bwere converted
stereogenic center at C10 was undertaken. Regioselectiveto the TBS etherd0a,bas described above for the preparation
incorporation of unsaturation at C3,4 was thus required to of the TBDPS ethers. Treatment of ketod@s,bwith sodium
generate the intermediates for the cuprate addition. As might hydride and methyl benzenesulfingtéollowed by heating the
be anticipated, deprotonation of ketor3ga,bwas not selective, crude product in benzene gave a mixture of regioisomeric
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enones. The crude mixture was treated with LDA and phe-
nylselenenyl chloride with subsequent oxidation of the selenides
to provide the dienoné4 in good yield. Exposure of the
dienone44 to lithium dimethyl cuprate in ether at40 °C
produced a single diastereomdhg, in 99% vyield.

Having finally introduced the C4 methyl with the required
stereochemistry,
C2 carbonyl as well as dehydrate the tertiary hydroxyl at C11.
The critical hydrogenation of the C1,10 alkene was ac-
complished with high stereoselectivity and concomitant reduc-
tion of the C8,9 alkene by catalytic reduction with hydrogen
and palladium on carbon in acid free ethanol to give ketone
46. Heating the tertiary alcohdl6 in the presence of pyridine
on alumin&2! at 230°C resulted in regioselective dehydration
of the tertiary alcohol to generate the isopropylidiA&.
Reduction of the C2 carbonyl was accomplished with lithium
aluminum hydride to provide a 9:1 separable mixture of the
equatorial/axial alcohold8a,b respectively. Removal of the
silyl protecting group with tetrabutylammonium fluoride com-
pleted the synthesis, providing lubiminoll)( which was
spectroscopically identicalfi and’3C NMR, IR, TLC) to that
previsously reported?

A highly stereoselective synthesis of the hydroxylated
spirovetivane lubiminol 1) has been accomplished. The
synthesis is highlighted by exploitation of a unique strategic
combination of three novel reactions: a conjugate addition
cyclization to prepare the photosubstragea diastereoselective
intramolecular photoaddition to establish the-€@5%7 relative
stereochemistry, and the first application of a radical fragmenta-
tion—rearrangement sequence in the synthesis of a natural
product. The ability to closely predict the diastereoselective
outcome of intramolecular {22] photocycloadditions by using
a molecular mechanics model for the cycloaddition which have
been demonstrated during the lubiminol synthesis should be of
fundamental importance.

Experimental Section

Materials and Methods. Single-crystal X-ray analyses were
performed by Peter White at the University of North Carolina. “Dry”
solvents were distilled immediately prior to use from an appropriate

(20) Resek, J. E.; Meyers, A.Tetrahedron Lett1995 36, 7051-7054.
(21) von Rudlolf, E.Can. J. Chem1961, 39, 1860.
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drying agent. Diethyl ether, tetrahydrofuran (THF), and benzene were
distilled from sodium metal and benzophenone. Alkylamines, dichlo-
romethane, chlorotrimethylsilane, and acetonitrile were distilled from

calcium hydride. Hexamethylphosphoramide (HMPA) was distilled

under reduced pressure from calcium hydride and stored over 4 A
molecular sieves. Melting points are uncorrected.

Hydroxy Ester 25. To a solution of HMDS (38.0 mL, 180.0 mmol)
in 270 mL of THF cooled to-78 °C under N was addeah-BuLi over
5 min (103.1 mL of a 1.6 M solution in hexanes, 165.0 mmol). After
the solution was stirred for 25 min, ethyl acetate (14.7 mL, 150.0 mmol)
in 30 mL of THF was added dropwise over 30 min. This mixture was
stirred for 20 min, and acrolein (15.0 mL, 225.0 mmol) was added
dropwise over 10 min via syringe. The solution was stirred for 20
min and then quenched with saturated J&H This mixture was
warmed to room temperature and diluted with ether. The organic layer
was washed with 1% HCI (100 mk 5), saturated NaHC$and brine.

It was then dried over magnesium sulfate and concentrated to give 21.35
g (148 mmol, 99%) of crude produ2b which was carried to the next
step without further purification*H NMR (400 MHz, CDC}): § 1.24

(t, 3= 7.2 Hz, 3H), 2.49 (dd) = 8.4, 16.0 Hz, 1H), 2.54 (dd, = 4.0,

16.0 Hz, 1H), 2.97 (ddJ = 2.0, 4.4 Hz, 1H), 4.14 (quarted,= 7.2

Hz, 2H), 4.50 (m, 1H), 5.13 (dm] = 10.4 Hz, 1H), 5.28 (dmJ =

17.2 Hz, 1H), 5.85 (ddd] = 5.2, 10.4, 17.2 Hz, 1H)X3C NMR (400

MHz, CDCkL): ¢ 172, 138.7, 115.4, 68.9, 60.77, 41.09, 14.13. IR
(film): 3450 (br), 2980, 2930, 2900, 1730, 1430, 1365, 1270, 1170,
1120, 1020 cm.

Anti B-Hydroxy Ester 26. To a solution of diisopropylamine (32.6
mL, 248.7 mmol) in 250 mL of THF under Nat —78 °C was added
n-BuLi over 5 min (145.0 mL of a 1.6 M solution in hexanes, 232.5
mmol). After the solution was stirred for 30 min, the hydroxy ester
25(11.160 g, 77.5 mmol) in 50 mL of THF was added dropwise. The

it remained to reduce the two alkenes and the‘solution was stirred at 78 °C for 1 h, warmed to-15 °C, and stirred

for 30 min. It was then cooled again t678 °C, and propargyl bromide
(34.6 g, 80 wt % in toluene, 232.5 mmol) in 30 mL of THF was
cannulated into the mixture dropwise over 30 min. The reaction mixture
was stirred at=78 °C for 1 h and warmed slowly to 0C. It was
quenched with saturated NEI. The aqueous layer was extracted with
ether (100 mLx 3). The combined organic layers were washed with
brine, dried over magnesium sulfate, concentrated, and flash chromato-
graphed (10% EtOAc/hexanes) to afford 12.27 g (67.3 mmol, 87%)
anti 5-hydroxy este26. *H NMR (400 MHz, CDC}): ¢ 1.21 (t,J=
7.2 Hz, 3H), 1.97 (tJ = 2.4 Hz, 1H), 2.49 (m, 2H), 2.63 (m, 1H),
2.94 (m, 1H), 4.31 (quarte§, = 7.2 Hz, 2H), 4.34 (m, 1H), 5.16 (dd,
J= 1.6, 10.4 Hz, 1H), 5.28 (ddl = 1.6, 17.2 Hz, 1H), 5.79 (ddd},
=6.0, 10.4, 17.2 Hz, 1H)*3C NMR (400 MHz, CDC}): ¢ 173, 137.5,
116.9, 80.54, 72.34, 70.39, 60.99, 49.51, 18.36, 14.13. IR (film): 3480
(br), 3300, 2990, 1730, 1430, 1375, 1180, 1030 tmAnal. Calcd
for CioH1403: C, 65.91; H, 7.74. Found: C, 65.74; H, 7.82.

Acetylenic Diol 18a. To a solution of methylmagnesium bromide
(101.0 mL of a 3.0 M solution in ether, 303.4 mmol) in 300 mL of
ether in a three-neck round-bottom flask equipped with a reflux
condenser, a nitrogen inlet, and a mechanical stirrer at room temperature
was added thg-hydroxy este26 (12.270 g, 67.4 mmol) in 50 mL of
ether dropwise slowly ovel h under N. The reaction mixture was
stirred at room temperature for 2 h. It was then cooled t&€0and
quenched by dropwise addition of saturated8H(100 mL). The
mixture was diluted with 200 mL of ether, and 100 mL of 10% HCI
was added to dissolve the solid residue. The aqueous layer was
extracted with ether (100 mk 3), and the combined organic layers
were washed with brine, dried over magnesium sulfate, and concen-
trated. The product was purified by flash chromatography (15% EtOAc/
hexanes) to give 10.00 g (59.5 mmol, 88%) of acetylenic &gz H
NMR (400 MHz, CDC}): 6 1.37 (s, 3H), 1.48 (s, 3H), 1.70 (m, 1H),
1.95 (s, 1H), 2.22 (m, 2H), 3.78 (br, 1H), 4.04 (br, 1H), 4.41(&
8.4 Hz, 1H), 5.17 (dJ = 10.4 Hz, 1H), 5.32 (dJ = 16.8 Hz, 1H),
5.85 (m, 1H). *3C NMR (400 MHz, CDC}): ¢ 139.6, 117.3, 82.31,
75.16, 74.21, 70.5, 50.56, 29.98, 25.63, 17.73. IR (film): 3300 (br),
2980, 2920, 1425, 1385, 1170, 1145, 1020-&mAnal. Calcd for
CioH1602: C, 71.39; H, 9.59. Found: C, 71.34; H, 9.63.

Syn Methyl Ester 10s. To a solution of syn acetylenic didl8s
(454.9 mg, 2.710 mmol) in 50 mL of dichloromethane were added
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dimethoxypropane (1.66 mL, 13.5 mmol) and pyridiniymtoluene- 1190, 1140, 1075, 1055 cth Anal. Calcd for GsH204: C, 67.65;
sulfonate (102.1 mg, 0.410 mmol), and the mixture was stirred for 18 H, 8.32. Found: C, 67.39; H, 8.24.

h at room temperature. The reaction mixture was quenched with solid ~ Syn Photosubstrate 9s.To a solution of ((1-ethoxycyclopropyl)-
sodium bicarbonate. The solvent was removed and the residue dilutedoxy)trimethylsilane (4.52 mL, 3.92 g, 0.02256 mol) in 16 mL of diethyl
with ether, washed with water, saturated aqueous sodium bicarbonate gther at room temperature under nitrogen was added zinc(Il) chloride
and brine, then dried over magnesium sulfate, filtered, and concentrated.(17.0 mL of a 1.0 M solution in diethyl ether, 17.0 mmol), and the
Chromatography with 15% ethyl acetate/hexanes yielded syn acetonidemixture was subjected to ultrasonic irradiation for 30 min. The mixture
(411.8 mg, 1.980 mmol, 77%, 85% based on recovered starting was cooled to 0C, and copper(l) bromidedimethyl sulfide complex
material). *H NMR (250 MHz, CDC}): 6 1.37 (s, 3H), 1.39 (s, 3H), (462 mg, 2.25 mmol) was added at once, whereupon the mixture was
1.48 (s, 6H), 1.63 (dt, 1H), 1.94 (t, 1H), 2.35 (m, 2H), 4.76 (m, 1H), stirred for 10 min at CC. Acetylenic estefl0s(2.00 g, 0.0075 mol)

5.26 (m,J = 11.2 Hz, 1H), 5.35 (mJ = 17.5 Hz, 1H), 5.87 (ddd] = in 35 mL of THF and hexamethylphosphoramide (4.0 mL, 23.0 mmol)
3.7, 11.2, 17.5 Hz, 1H).13C NMR (250 MHz, CDC}): ¢ 137.17, were then added successively as rapidly as possible. The reaction was
115.88, 99.05, 85.76, 74.30, 69.02, 68.66, 45.16, 31.51, 29.45, 28.60,warmed to room temperature and stirred3d before being quenched
25.02, 14.01. IR (film): 3300, 2980, 2920, 2220 (w), 2100 (w), 1975 with saturated agueous ammonium chloride solution. The aqueous layer
(w), 1270, 1245, 1190 cm. To a solution of syn acetylenic acetonide ~ was extracted three times with ether, and the combined organic extracts
from the reaction above (4.37 g, 0.0210 mol) in 200 mL of THF under Were washed once with brine, dried over magnesium sulfate, filtered,
a nitrogen atmosphere at78 °C was added dropwise over 15 min  and concentrated. Chromatography with-Z8% ethyl acetate/hexanes
n-butyllithium (10.1 mL of a 2.5 M solution in hexanes, 25.2 mmol). gave syn photosubstrags as a colorless oil (1.74 g, 0.005 39 mol,
After 30 min of stirring, methyl chloroformate (1.95 mL, 25.2 mmol)  72%). *H NMR (250 MHz, CDC}): ¢ 1.15 (s, 3H), 1.43 (s), 1.47 (s,
was added rapidly. The reaction mixture was stirred for an additional 3H), 1.49 (s, 3H), 1.79 (m] = 5.6 Hz, 1H), 2.45 (tJ = 5.6 Hz, 2H),

15 min at—78°C and then warmed to room temperature and quenched 2.58 (t,J = 5.6 Hz, 1H), 2.67 (tJ = 5.6 Hz, 1H), 2.82 (ddJ = 6.7,

with saturated aqueous ammonium chloride solution, diluted with ether, 16-8 Hz, 1H), 3.19 (dd) = 6.7, 16.8 Hz, 1H), 3.84 (s, 3H), 4.77 (m,
washed with water and brine, dried, over magnesium sulfate, filtered, 1H), 5.18 (dt,J = 11.2 Hz, 1H), 5.34 (dtJ = 16.8 Hz, 1H), 5.76
dried and concentrated. Chromatography with 25% ethyl acetate/ (ddd,J = 3.7, 11.2, 16.8 Hz, 1H).:*C NMR (250 MHz, CDCY): ¢

hexanes afforded syn methyl estéis(3.69 g, 0.0139 mol, 66%, 80% 203.43, 163.91, 137.13, 133.13, 115.90, 99.26, 74.39, 69.11., 51.83,
based on recovered starting material) as a clear #il. NMR (200 43.09, 34.73, 31.54, 30.79, 29.22, 28.57, 28.50, 24.99. IR (film): 2980,

MHz, CDCk): 6 1.32 (s, 3H), 1.37 (s, 3H), 1.47 (s, 3H), 1.48 (s, 3H), 2940, 1740, 1710, 1620, 1430, 1370, 1350, 1290, 1250, 1220, 1190,

1.63 (m’ 1H), 251 (d (2'50)’ s (2.52)’ AB, 2H), 3.74 (S, 3H), 4.76 (m’ 1020 cm.l. Anal. Calcd for G8H2505Z C, 67.06; H, 8.13. Found:
1H), 5.24-5.40 (m, 2H), 5.82 (ddd] = 3.6, 10.5, 18.0 Hz, 1H)C C, 67.10; H, 8.17.

NMR (200 MHz, CDC}): ¢ 137.17, 115.88, 99.05, 85.76, 74.30, 69.02, Anti Photosubstrate 9a. In a three-neck round-bottom flask
68.66, 45.16, 31.51, 29.45, 28.60, 25.02, 14.01. IR (film): 3300, 2980, equipped with a magnetic stir bar, solid zinc chloride (5.66 g, 41.5

2920, 2220 (W), 2100 (W), 1975 (W), 1270, 1245, 1190 &mAnal. mmol) was fused by flame under vacuum](mmHg). Ether (45 mL)
Calcd for GeHaOs C, 67.65: H, 8.33. Found: C, 67.49: H, 8.31. was then added under.Nit room temperature, and the mixture was

heated at reflux for 2.5 h until the zinc chloride solid dissolved (the
cloudy mixture was allowed to settle, resulting in two layers of a clear
colorless solution). To the above solution of zinc chloride in ether
were added at once [(1-ethoxycyclopropyl)oxy]trimethylsilane (11.0
mL, 54.8 mmol) and 35 mL of ether, and the reaction mixture was

Anti Methyl Ester 10a. To a solution of the acetylenic didi8a
(11.955 g, 71.7 mmol) in 150 mL of Gi&l, were added dimethox-
ypropane (35.0 mL, 284.6 mmol) and PPTS (1.8 g, 7.17 mmol), and
the mixture was stirred for 15 h at room temperature. The reaction
mixture was quenched with solid sodium bicarbonate. The mixture irradiated in an ultrasonic bath for 40 min and then cooled 16 0To

was filtered, and the organic solvent was removed in vacuo. The yho reaction mixture at OC were then added copper(l) bromide
residue was diluted with ether, washed with water, saturated aquUeOUSyimethy| sulfide complex (1.37 g, 6.64 mmol), 60 mL of THF (via

s_odium bicarbonate, and brine, then dried oygr magnesium SU”ate*syringe), HMPA (9.8 mL, 56.4 mmol) (via syringe), and the acetylenic
filtered, and concentrated. The product was purified by chromatography methy! estefl0a(4.416 g, 16.6 mmol) in 10 mL of THF (via cannula)

with 25% ethyl acetate/hexanes to give 12.418 g (59.6 mmol, 83%) of 4 rapidly as possible. The ice bath was then removed, and the mixture
acetonide.’H NMR (250 MHz, CDCH): 0 1.36 (s, 3H), 1.42 (s, 3H), a5 stirred at room temperature ®h until all of the starting material
1.44 (s, 3H), 1.52 (s, 3H), 1.71 (2 overlapping triplels= 11.2 Hz, was consumed (TLC). The reaction was quenched with saturated NH
1H), 1.99 (t,J = 3.7 Hz, 1H), 2.24 (dd) = 7.2, 10.4 Hz, 1H), 428 (| The layers were separated, and the agueous layer was extracted
(dd,J=7.5,11.2 Hz, 1H), 5.28 (dd] = 11.2, 1.2 Hz, 1H), 5.43 (d,  wjth ether (50 mLx 3). The combined organic layers were washed
J=16.8 Hz, 1H), 5.88 (ddd] = 7.5, 11.2, 16.8 Hz, 1H).C NMR with brine, dried over magnesium sulfate, concentrated, and chromato-
(250 MHz, CDCY): 0 137.11, 118.12, 98.11, 82.54, 74.21, 71.62, 70.15, graphed (25-50% ethyl acetate/hexanes) to give 4.412 g (13.7 mmol,
46.01, 31.70, 25.08, 24.54, 16.96. IR (film): 3300, 2980, 2925, 2230 83%) of photosubstrat@a. ‘H NMR (400 MHz, CDC4): 6 1.14 (s,

(w), 2100 (w), 1980 (w), 1370, 1250, 1190 chn Anal. Calcd for 3H), 1.25 (s, 3H), 1.29 (s, 3H), 1.39 (s, 3H), 1.82 (m, 1H), 2.38 (t,
Ci3H2002: C, 74.96; H, 9.68. Found: C, 74.91; H, 9.72. Toasolution =52 Hz, 1H), 2.49-2.65 (m, 3H), 2.77 (ddJ = 7.6, 15.2 Hz, 1H),

of anti acetylenic acetonide (12.418 g, 59.6 mmol) from the reaction 3,71 (s, 3H), 4.05 (dd) = 8.4, 9.2 Hz, 1H), 5.06 (dd] = 1.2, 10.4
above in 120 mL of THF under nitrogen atmosphere-&8 °C was Hz, 1H), 5.22 (ddJ = 0.4, 17.2 Hz, 1H), 5.59 (ddd] = 7.6, 10.0,
added dropwise over 30 min-butyllithium (44.7 mL of a 1.6 M 17.2 Hz, 1H). 13C NMR (400 MHz, CDC}): ¢ 203.1, 186.6, 163.6,
solution in hexanes, 71.6 mmol). After 20 min of stirring, methyl 136.4, 133.1, 119, 98.06, 74.01, 72.65, 51.74, 45.91, 34.51, 31.58, 31.06,
chloroformate (5.5 mL, 71.6 mmol) was added dropwise via syringe 30.79, 30.0, 24.75, 23.67. IR (film): 2980, 2940, 2240, 1780, 1720,

over 5 min. The reaction mixture was stirred-af8 °C for 15 min 1710, 1620, 1430, 1370, 1345, 1250, 1195, 1045, 1020 crnal.
and then quenched with saturated JH The aqueous layer was  Calcd for GgH»¢Os: C, 67.06; H, 8.13. Found: C, 66.92; H, 8.01.
separated and extracted with ether (50 mR). The combined organic Syn Photoadducts (Major, 19; Minor, 20). A solution of syn

layers were washed with brine, dried over magnesium sulfate, photosubstratéds (1.74 g, 0.0539 mol) in hexanes and methylene
concentrated, and chromatographed with 8% ethy| acetate/hexanes tahloride (135 mL, 10:1) was placed in a Pyrex torroidal (donut) reactor
afford 14.368 g (54.0 mmol, 91%) of acetylenic methyl edt@aas a and irradiated with a 450-W medium-pressure mercury vapor lamp
clear oil. *H NMR (400 MHz, CDC}): ¢ 1.30 (s, 3H), 1.34 (s, 3H), through a uranium glass filter for 12 h at room temperature. The solvent
1.36 (s, 3H), 1.45 (s, 3H), 1.73 (di,= 5.6, 10.4 Hz, 1H), 2.30 (d was removed, and chromatography (15% ethyl acetate/hexanes) afforded
= 5.6 Hz, 2H), 3.72 (s, 3H), 4.20 (dd= 7.6, 10.0 Hz, 1H), 5.27 (dd, the major syn photoaddui® (1.45 g, 0.0450 mol, 83%, mp 13434
J=1.6,10.4 Hz, 1H), 5.39 (dl = 17.2 Hz, 1H), 5.79 (ddd] = 7.6, °C) and the minor syn photoaddu20 (244 mg, 0.756 mmol, 14%,
10.4, 17.2 Hz, 1H).*3C NMR (400 MHz, CDC}): ¢ 153.9, 136.6, mp 104-107°C) as white crystalline solids. Spectral data for the major
119.1, 98.37, 87.68, 74.47, 73.97, 71.88, 52.58, 45.8, 31.69, 25.05,syn photoadduct9 are as follows.H NMR (250 MHz, CDC}): o
24.47,17.34. IR (film): 2990, 2940, 2240, 1720, 1440, 1370, 1260, 1.15 (s, 3H), 1.37 (s, 3H), 1.42 (s, 3H), 1.46 (s, 3H), =565 (m,
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2H,), 1.84 (ddJ = 9.3, 13.1 Hz, 1H), 2.02 (m] = 3.7, 5.6, 13.1 Hz, Thiocarbonylimidazole Derivative 36. To a solution of the tricyclic
2H), 2.25 (t,J = 9.3 Hz, 1H), 2.46 (mJ = 4.8 Hz, 1H), 2.54 (m, 1H), diol 35(0.945 g, 3.35 mmol) in 50 mL of freshly distilled CHZInder

2.79 (mJ=9.3, 11.2, 16.8 Hz, 1H), 3.14 (dd,= 5.6, 13.1 Hz, 1H), nitrogen were added thiocarbonyldiimidazole (0.995 g, 90% technical
3.72 (s, 3H), 4.34 (ddJ = 3.7, 5.6 Hz, 1H). 13C NMR (250 MHz, grade, 5.03 mmol) and 4-(dimethylamino)pyridine all at once (0.082
CDCls): 6 214.96, 169.82, 97.87, 71.12, 66.78, 58.78, 55.80, 51.87, g, 0.67 mmol). The reaction mixture was heated at refluxtfb and
48.36, 43.25, 37.15, 33.93, 33.73, 31.76, 30.36, 30.18, 24.39, 21.51.cooled to room temperature, and the solvent was removed in vacuo.
IR (film): 2980, 2940, 1750, 1730, 1430, 1370, 1285, 1250, 1200, Chromatography with 50% ethyl acetate/hexanes, then 75% ethyl
1190 cntl. Anal. Calcd for GeH.6Os: C, 67.06; H, 8.13. Found: acetate/hexanes, and then 100% ethyl acetate afforded the pure
C, 66.98; H, 8.10. Spectral data for the minor syn photoad2iere thiocarbonylimidazole derivativ6 (1.122 g, 2.86 mmol, 85%) as a

as follows. IH NMR (250 MHz, CDC}): 6 1.13 (s, 3H), 1.23 (s, 3H),  pale yellow solid. *H NMR (400 MHz, CDC}): ¢ 1.228 (s, 3H), 1.26
1.44 (s, 6H), 1.59 (m) = 12.1, 18.7 Hz, 1H), 1.922.10 (band, 5H), (s, 3H), 1.93 (ddJ = 8.0, 14.0 Hz, 1H), 2.09 (m, 4H), 2.37 (m, 2H),
2.25 (t,J = 9.3 Hz, 1H), 2.31 (ddJ = 7.5, 14.9 Hz, 1H), 2.472.63 2.60 (m, 3H), 2.74 (m, 1H), 3.67 (s, 3H), 5.41 M= 8.4 Hz, 1H),
(band,J = 3.7, 6.3 Hz, 2H), 2.78 (mJ = 9.3, 10.3, 18.7 Hz, 1H),  6.99 (s, 1H), 7.56 (s, 1H), 8.25 (s, 1H)*C NMR (400 MHz, CDC}):

3.62 (s, 3H), 4.14 (dJ = 1.9 Hz, 1H). 3C NMR (400 MHz, CDC}): 0 214.5, 183.4, 169.7, 136.5, 130.8, 118.1, 91.23, 69.82, 57.42, 57.2,
0 215.83,170.03, 97.42, 73.54, 71.00, 58.46, 57.77, 52.01, 44.76, 44.0356.23, 52.27, 45.06, 38.04, 32.36, 32.27, 29.69, 29.18, 29.04. IR
38.20, 32.62, 32.00, 31.63, 30.02, 29.93, 24.33, 23.71. IR (film): 2990, (film): 3330 (br), 2970, 1745, 1730, 1465, 1385, 1335, 1285, 1240,

2970, 2950, 2925, 1745, 1725, 1370, 1145&m 1210, 1145, 1090, 980 cth HRMS (MH") (m/g) for C1oH2405NS:
Anti Photoadduct 22. A solution of photosubstrat@a (4.412 g, calcd.393.1484, found 393.1479.
13.7 mmol) in hexanes and GEl, (550 mL, 10:1) was placed in a Spiroketones 37a,b.In a three-neck 3-L round-bottom flask

Pyrex immersion well reactor and irradiated with a 450-W medium- equipped with a reflux condenser, a mechanical stirrer, and an addition
pressure mercury vapor lamp, through a uranium glass filter for 15 h funnel, the thiocarbamat@s (1.451 g, 3.702 mmol) was dissolved in
at room temperature. The solvent was removed, and flash chroma- 1000 mL of b_enzene (freshly distilled and subsequently degassed with
tography (15% ethyl acetate/hexanes) afforded as the sole product antfN2 for 1 h prior to use) under Nand heated to a gentle reflux. A
photoadduce? (4.30 g, 13.4 mmol, 98%, mp 16.03°C) as a white solution of trlbutyl_tln hydride (1.19 mL, 4.442 mmol) and AIBN (0.121
crystalline solid. tH NMR (250 MHz, CDC}): 6 1.24 (s, 3H), 1.27 g, 0.740 mmol) in 500 mL of degassed benzene was added to the

(s, 3H), 1.38 (s, 3H), 1.46 (s, 3H), 1.58.72 (band, 2H), 2.02 (m] reaction mixture very slowly over a 6-h period. The reflux was
~'75 131 Hz 1H)’ 215234 (b:';md 3H) > 472 65 (’band 2H) continued fo 1 h after the addition was complete, and the solvent was
2.78 (’ddd\] — 913 1131 17.5 Hz lH)’ 37’1 (S 3H) 3438% (m ' then removed in vacuo. Purification by flash ChromatographyL(ZS

1H). 13C NMR (250 MHz, CDC}): 6 214.01, 170.13, 100.32, 79.58, 50% ethyl acetate/hexanes) gave the spiroket@ﬁlas(O.SSZ g, 2.075
75.79, 57.81, 54.71, 52.16, 50.35, 42.49, 37.21, 34.06, 32.64, 31.76,MMOl, 56%R: 500 = 0.15) as the highe diastereomer angi7b (0.406
31.67, 30.24, 24.78, 22.35. IR (film): 2970, 2940, 2870, 1745, 1725, 9» 1.526 mmol, 41%Rso = 0.13) as the loweR diastereomer.
1445, 1435, 1370, 1250, 1185 chn Anal. Calcd for GaHzeOs: C, Spectral data foB7aare as follows.*H NMR (400 MHz, CDC}): 6

2.32 (m, 1H), 2.45 (m, 2H), 2.59 (m, 1H), 2.88 (m, 2H), 3.58 (s, 3H),
Syn Photoadduct Diol 21. The syn photoadduct9 (438.0 mg, (m ) (m ) (m ) (m ) (s )

_ . 5.72 (dd,J = 1.2, 6.0 Hz, 1H), 5.75 (dd] = 2.4, 6.0 Hz, 1H).H
1.360 mmol) was dissolved in 15 mL of 4:1 THR® at room NMR (300 MHz, benzenek): o 1.18 (s, 3H), 1.21 (s, 3H), 1.39 (m,

temperature. To the solution was added pyridinjppstoluenesulfonate 2H), 1.60 (m, 1H), 1.74 (dd] = 7.8, 13.2 Hz, 1H), 1.88 (dd = 7.8,
(85.4 mg, 0.340 mmol). After 2 days of stirring, the mixture was diluted 157 Hz, 1H), 2.17 (m, 3H), 2.40 (dd,= 3.6, 14.4 Hz, 1H), 2.57 (dd,
with ether, washed with brine, dried over magnesium sulfate, filtered, j_ 10.8, 14.1 Hz, 1H), 2.65 (dd,= 3.9, 11.1 Hz, 1H), 2.79 (t] =
concentrated, and chromatographed with 30% ethyl acetate/hexanes tq.& 8.1 Hz, 1H), 3.38 (s, 3H), 5.58 (dd,= 2.7, 5.7 Hz, 1H), 5.73
afford syn diol21 (341.5 mg, 1.211 mmol, 89%, mp 1'42.440(:) as (dd, J= 15, 5.7 Hz, 1H). 13C NMR (400 MHz, CDC&)Z 0 209.1,
awhite crystalline solid.'H NMR (400 MHz, CDCY): 01.22(s,3H), 1729, 138.2, 131.1, 71.67, 55.76, 51.69, 50.89, 50.11, 40.66, 38.18,
1.44 (s, 3H), 1.65 (dd) = 6.0, 13.5Hz, 1H), 1.73 (M) = 58,13.5 3566, 30.76, 28.06, 27.07. IR (film): 3480 (br), 2975, 2865, 1760,
Hz, 1H), 1.86 (ddJ = 9.0, 13.5 Hz, 1H), 2.02 (m] = 5.4 Hz, 2H), 1440, 1370, 1280, 1230, 1195, 1175, 1135 EmHRMS (MH*) (m/
2.25 (t,J = 13.5 Hz, 1H), 2.44 () = 7.5, 12.0 Hz, 1H), 2.53 (m] €) for CisH20,: calcd 267.1596, found 267.1584. Spectral data for
=3.6,45,6.0,18.0 Hz, 1H), 2.74 (d= 10.5, 12.0, 18.0 Hz, 1H), 37 are as follows. 'H NMR (400 MHz, CDC}): 6 1.12 (s, 3H),
3.01 (dd,J = 6.0, 13.5 Hz, 1H), 3.28 (br s, 1H), 3.68 (s, 3H), 4.46 (br 1 19 (s, 3H), 1.28 (m, 1H), 1.50 (br, 1H), 1.65 (m, 1H), 1.78 (-
t, 1H). 3C NMR (250 MHz, CDC§): ¢ 215.31, 170.34, 73.40, 71.52, 8.0, 12.8 Hz, 1H), 1.99 (m, 2H), 2.37 (m, 2H), 2.47 (dds 5.2, 15.6
57.63, 56.07, 54.74, 52.13, 43.58, 37.49, 33.03, 32.48, 29.97, 29'60’HZ, 1H), 2.60 (dd,J = 7.2, 15.6 Hz, 1H), 2.86 (m, 2H), 3.62 (s, 3H),
21.50. IR (film): 3460 (br), 3200 (br), 2970, 2940, 2920, 2860, 1745, 5 77 (dd,J = 2.0, 5.6 Hz, 1H), 5.88 (dd] = 2.4, 5.6 Hz, 1H). 13%C
1720, 1430, 1410, 1380, 1290, 1240, 1190, 1150, 1136 .crAnal. NMR (400 MHz, CDC}): 6 208.7, 173.2, 136.7, 131.7, 71.4, 55.61,
Caled for GsH20s: C, 63.81; H, 7.85. Found: C, 63.58; H, 7.79. 5175 51.49, 50.32, 40.79, 38.02, 36.35, 35.16, 28.32, 27.11. IR
Anti Photoadduct Diol 35. To a solution of the photoaddu2@ (film): 3450 (br), 1970, 2870, 1730, 1440, 1365, 1280, 1195, 1170
(4.30 g, 13.4 mmol) in 100 mL of THF and 25 mL of,@ at room cml. HRMS (MH') (m/g for CisH»:04 calcd 267.1596, found

temperature was added a catalytic amounp-tdluenesulfonic acid. 267.1593.
After 3 h of stirring, the reaction mixture was diluted with 100 mL of Anti Acetonide Enone 23. To a solution of the anti photoadduct
ether, and the aqueous layer was extracted with ether (50<n3)). 22 (480.3 mg, 1.492 mmol) and ethyl (trimethylsilyl)acetate (0.68 mL,

The combined organic layers were washed with brine, dried over 3,792 mmol) in 8 mL of dry THF at room temperature under nitrogen
magnesium sulfate, concentrated, and chromatographed with 30% ethyhvas added over 30 min a solution of tetrabutylammonium fluoride (7.5
acetate/hexanes to afford the tricyclic d&b (3.283 g, 11.6 mmol, uL of a 1.0 M solution in THF, 0.075 mmol) in 4 mL of dry THF.
85% for two steps from the photosubstr@® as a white crystalline After 40 min of stirring, 20 mL of dry acetonitrile, palladium(ll) acetate
solid (mp 108-110°C). *H NMR (400 MHz, CDC}): 6 1.23 (s, 3H), (335.0 mg, 1.492 mmol), and benzoquinone (323.0 mg, 2.984 mmol)
1.27 (s, 3H), 1.63 (m) = 6.0, 10.5 Hz, 2H), 1.98 (dt] = 9.0, 12.0 were added at once. After being stirred at room temperature for 3
Hz, 1H), 2.08 (mJ = 1.5, 6.0, 7.5 Hz), 2.21 (m] = 9.0, 12.0 Hz, days, the reaction mixture was diluted with 50 mL of 1:1 ether/
1H), 2.24-2.33 (m, 2H), 2.51 (m, 1H), 2.55 (nd, = 9.0, 16.5 Hz, petroleum ether and filtered through Celite. Flash chromatography with
1H), 2.73 (dddJ = 9.0, 12.0, 19.5 Hz, 1H), 3.67 (s, 3H), 4.13 (dd, 15% ethyl acetate/hexanes afforded anti acetonide e2®(267.5 mg,

= 3.0, 9.0 Hz, 1H).*3C NMR (400 MHz, CDC}): ¢ 215.06, 170.08, 0.8359 mmol, 56%, 66% based on recovered ke@?e 'H NMR
82.69, 72.83, 57.68, 57.25, 56.08, 52.21, 45.42, 37.82, 33.90, 33.12,(250 MHz, CDC}): ¢ 1.24 (s, 3H), 1.27 (s, 3H), 1.33 (d~= 13.1 Hz,
31.24, 29.86, 24.18. IR (film): 3420 (br), 2960, 2940, 2870, 1740, 1H), 1.40 (s, 3H), 1.50 (s, 3H), 1.62 (M,= 1.9, 7.5 Hz, 1H), 1.86
1725, 1440, 1430, 1370, 1280, 1255, 1205, 1135%cnfnal. Calcd (dd,J = 7.5, 13.1 Hz, 1H), 2.08 (dd} = 8.2, 14.2 Hz, 1H), 2.23 (m,

for C1sH20s: C, 63.81; H, 7.85. Found: C, 63.57; H, 7.88. J=3.7, 8.2 Hz), 2.83 (dd) = 3.7, 14.2 Hz, 1H), 3.73 (s, 3H), 3.99
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(dd,J = 7.5, 11.2 Hz, 1H), 6.32 (d] = 5.6 Hz, 1H), 7.64 (dJ = 5.6 p-Methyl Thiocarbonylimidazole Derivative 29. To a solution

Hz, 1H). 13C NMR (250 MHz, CDC{): 6 205.40, 166.68, 133.22, of diol 28 (31.2 mg, 0.105 mmol) in 3 mL of THF under nitrogen

100.38, 77.19, 76.73, 75.70, 58.56, 57.99, 52.38, 50.89, 45.82, 31.84,were added 90% technical grade thiocarbonyldiimidazole (41.6 mg,

31.64, 28.24, 26.93, 24.78, 22.45. IR (film): 2980, 2940, 2865, 1740, 0.210 mmol) and 4-(dimethylamino)pyridine (2.6 mg, 0.021 mmol).

1700, 1575, 1430, 1375, 1360, 1340, 135, 1280, 1265, 1255, 1240, The solution was stirred at reflux fdl h and then cooled, and the

1190, 1150, 1115, 1095 cth Anal. Calcd for GgH240s: C, 67.48; THF was removed. Chromatography with 50% ethyl acetate/hexanes,

H, 7.55. Found: C, 67.22; H,7.58. then 75% ethyl acetate/hexanes, and then 100% ethyl acetate afforded
B-Methyl Enone Anti Acetonide 27. To a suspension of copper- ~ pure thiocarbonylimidazole derivatia9 (32.8 mg, 0.0808 mmol, 77%)

(1) bromide—dimethy! sulfide complex (448.9 mg, 2.183 mmol) in 15  as a white solid.*H NMR (250 MHz, CDC}): 4 1.09 (d,J = 7.5 Hz,

mL of ether cooled to OC was added methyllithium (2.57 mL of a  3H), 1.24 (s, 3H), 1.28 (s, 3H), 1.92.67 (band, 9H), 2.76 (dd, =

1.5 M solution in ether, 4.00 mmol) rapidly by syringe. The cuprate 7.5, 14.2 Hz, 1H), 3.70 (s, 3H), 5.50 (d#i= 1.9, 7.5 Hz, 1H), 7.03

was stirred for 15 min, and chlorotrimethylsilane (0.28 mL, 2.183 mmol) (s, 1H), 7.59 (s, 1H), 8.29 (s, 1H}*C NMR (400 MHz, CDC}): ¢

was added all at once. The solution remained clear and colorless. A213.37,169.72, 131.01, 91.54, 70.02, 61.46, 60.41, 59.52, 57.89, 57.10,

solution of anti acetonide enor8 (232.9 mg, 0.7278 mmol) in 20 52.35, 45.56, 40.76, 37.87, 31.37, 29.18, 29.08, 21.07, 14.21, 13.66.

mL of ether was added dropwise over 10 min to the cuprate, turning IR (film): 3400 (br), 2960, 2890, 2870, 1745, 1725, 1520, 1465, 1385,

it cloudy yellow. The ice bath was removed, and the reaction mixture 1330, 1285, 1240, 1225, 1135, 1100¢m

was stirred at room temperaturer fb h before being quenched with Rearrangement of 29. Thiocarbonylimidazole derivative9 (43.7

saturated agueous ammonium chloride. The mixture was diluted with mg, 0.108 mmol) was dissolved in 22 mL of benzene (to make a 0.005

ether, washed with water and brine, dried over sodium sulfate, filtered, M solution), deoxygenated with argon for 15 min, and heated 30

and concentrated to afforf-methyl trimethylsilyl enol ether (anti) in an oil bath. A deoxygenated mixture of tributyltin hydride (0.035

(241.8 mg, 0.5926 mmol, 81%) as a crude produtt. NMR (250 mL, 0.130 mmol) and catalytic AIBN initiator (3.5 mg, 0.022 mmol)

MHz, CDCk): 6 0.21 (s, 9H), 0.97 (d) = 6.7 Hz, 3H), 1.24 (s, 3H), in 10 mL of degassed benzene was added via a syringe pump over a

1.30 (s, 3H), 1.40 (s, 3H), 1.48 (s, 3H), 1.82 (dds= 6.7, 13.1 Hz, 6 h period while the temperature was maintained @0 The mixture

1H), 2.18 (m, 1H), 2.44 (d] = 3.0 Hz, 1H), 2.47 (dJ = 3.7 Hz, 1H), was concentrated and chromatographed with 20% ethyl acetate/
2.58 (m,J = 3.0 Hz, 1H), 3.68 (s, 3H), 3.80 (dd,= 4.5, 11.2 Hz, petroleum ether to yield a 5:1 mixture of diastereomers of rearrangement
1H), 4.81 (d,J = 1.9 Hz). product32(18.0 mg, 0.064 mmol, 60%) as a clear oil, spiro[4.4]nonane

To a solution of trimethylsilyl enol ether (408.3 mg, 1.00 mmol) in  product31 (4.2 mg, 0.015 mmol, 14%) as a clear oil, and direct
25 mL of dry acetonitrile at room temperature was added palladium- reduction producB80 (3.0 mg, 0.011 mmol, 10%) as a white solid.
(Il) acetate (225 mg, 1.00 mmol), and the reaction was stirred for 2 Spectral data foB2 are as follows.'H NMR (250 MHz, CDC}): ¢
days. Solvent was removed and the residue chromatographed usind).88 (d,J = 7.5 Hz, 3H), 1.17 (s, 3H), 1.24 (s, 3H), 1.52 (dos 8.2,

25% ethyl acetate/petroleum ether to yield recovered ke2di{#86.6 13.1 Hz, 1H), 1.58 (dd) = 8.2, 13.1 Hz, 1H), 1.881.96 (band,) =
mg, 0.559 mmol, 56%) and eno@& (86.7 mg, 0.260 mmol, 26%) as 7.5 Hz, 2H), 1.96-2.07 (band, 1H), 2.072.19 (band, 1H), 2.26 (m,
a white solid. *H NMR (250 MHz, CDC}): 6 1.25 (s, 3H), 1.29 (s, 1H), 2.36 (dd,J = 5.6, 17.9 Hz, 1H), 2.90 (tt) = 1.1, 8.2 Hz, 1H),
3H), 1.42 (s, 3H), 1.52 (s, 3H), 1.63 (ddi= 7.5, 11.2 Hz, 1H), 1.88 3.74 (s, 3H), 5.64 (dd] = 3.0, 6.7 Hz, 1H), 5.73 (ddl = 1.1, 3.7 Hz,
(dd,J = 7.5, 13.1 Hz, 1H), 2.042.16 (bandJ = 7.5 Hz, 2H), 2.28 1H). 13C NMR (major diastereomer) (250 MHz, CD{El 6 173.01,
(m,J = 3.7, 13.1 Hz, 1H), 2.34 (d] = 0.75 Hz, 3H), 2.84 (dd) = 171.58, 140.87, 136.04, 130.19, 96.25, 72.18, 55.65, 51.37, 35.00, 34.33,
3.7, 13.1 Hz, 1H), 3.74 (s, 3H), 4.00 (d#i= 7.5, 11.2 Hz, 1H), 6.12 33.67, 30.14, 28.57, 26.99, 16.25. IR (film): 3432 (br), 2961, 2930,
(d,J=0.75 Hz, 1H). 3C NMR (250 MHz, CDC{): ¢ 204.06, 178.83, 2872, 1742 (w), 1715 (w), 1659, 1620, 1443, 1362, 1271, 120Z2.cm
170.19, 131.40, 100.44, 76.88, 75.79, 60.38, 59.54, 52.32, 52.07, 45.52 Spectral data for spiro[4.4]nonai34 are as follows.*H NMR (250
31.91, 31.64, 28.33, 27.12, 24.78, 22.34, 13.89. IR (film): 2985, 2950, MHz, CDCk): ¢ 0.96 (d,J = 6.7 Hz, 3H), 1.19 (s, 3H), 1.24 (s, 3H),
1740, 1705, 1610, 1435, 1380, 1365, 1300, 1245, 1190, 1150, 11001.75 (dd,J = 8.2, 14.9 Hz, 1H), 1.87 (dd] = 11.2, 18.7 Hz, 1H),
cmt. HRMS (FAB) (We) for CigH2¢0s (M™): calcd 335.1858, found 1.25 (dd,J = 8.2, 13.1 Hz, 1H), 2.58 (m] = 6.7 Hz, 1H), 2.72 (dd,
335.1862. Keton@4 was recovered as a pale yellow crystalline solid J = 8.2, 18.7 Hz, 1H), 2.86 (it = 1.9, 8.2 Hz, 1H), 3.70 (s, 3H),
(mp 110-113°C) as a byproduct from the palladium acetate oxidation 5.29 (dd,J = 3.0, 5.6 Hz, 1H), 5.95 (dd] = 2.2, 5.6 Hz, 1H).°C
of the trimethylsilyl enol ether above'H NMR (250 MHz, CDCH}): NMR (250 MHz, CDC}): ¢ 214.73, 134.65, 131.72, 72.21, 64.66,
0 1.06 (d,J = 7.5 Hz, 3H), 1.24 (s, 3H), 1.29 (s, 3H), 1:20.25 (m, 63.72, 57.29, 52.20, 44.71, 38.40, 32.18, 29.68, 28.24, 26.90, 15.07,
1H), 1.40 (s, 3H), 1.47 (s, 3H), 1.58 (ddbi= 5.6, 15.0 Hz, 1H), 1.95 14.30. IR (film): 3439 (br), 2965, 2916, 2872, 2849, 1748 (s), 1728
(dd,J = 5.6, 13.1 Hz, 1H), 2.242.42 (band, 3H), 2.65 (m, 1H), 3.07  (s), 1653, 1460, 1377, 1260, 1217, 1111¢ém
(dd,J = 7.5, 16.8 Hz, 1H), 3.72 (d) = 3.7 Hz, 1H), 3.74 (s, 3H), Dioxolane Alcohol 38a. A solution of the spiroketon&7a (220
3.83 (dd,J = 5.6, 11.2 Hz, 1H).*C NMR (250 MHz, CDC}): 9 mg, 0.827 mmol), ethylene glycol (0.18 mL, 3.31 mmol), and PPTS
214,171, 100.44, 79.57, 77.24, 75.88, 58.37, 57.32, 52.42, 49.88, 45.19(0.2 mmol) in 20 mL of benzene was heated at refluxifd with the
42.95, 36.80, 31.76, 30.75, 26.81, 24.88, 22.41, 17.31. IR (film): 2980, removal of HO using a Dean Stark trap. After being cooled to room
2975, 2940, 2900, 2880, 1750, 1725, 1455, 1435, 1415, 1375, 1360,temperature, the reaction mixture was concentrated and chromato-
1325, 1300, 1280, 1265, 1255, 1225, 1195, 1175, 1145, 1125, 1105,graphed (25% ethyl acetate/hexanes) to afford the dioxolane ester (216
1085 cnr. mg, 0.697 mmol, 84%) as a clear colorless diH NMR (400 MHz,
p-Methyl Ketone Anti Diol 28. To a flask containing enon27 CDClg): 6 0.98 (s, 3H), 1.06 (s, 3H), 1.33 (dt,= 3.6, 14.0 Hz, 1H),
(35.5 mg, 0.106 mmol) and 10% Pd on activated carbon (Pd/C) (35 1.55 (m, 3H), 1.70 (m, 4H), 1.88 (br, 1H), 2.62 (m, 2H), 3.11 (s, 3H),
mg, 10 wt %) were added 2 mL of ethanol and 1 drop of 10% aqueous 3.82 (m, 4H), 5.51 (ddJ = 1.2, 6.0 Hz, 1H), 5.54 (dd] = 2.0, 6.0
hydrochloric acid. The reaction mixture was stirred under a hydrogen Hz, 1H). 3C NMR (400 MHz, CDC}): 6 174, 140.2, 129, 107.9,
atmosphere of 1 atm at 2% for 1 h. A spatula tip of solid sodium 71.55, 64.17, 64.12, 55.55, 51.1, 51.06, 47.85, 34.25, 34.04, 31.81,
bicarbonate was added and the solvent removed. Chromatography with28.65, 27.92, 26.78. IR (film): 3500 (br), 2970, 2890, 1735, 1440,
50% ethyl acetate/hexanes gave ketd8€31.2 mg, 0.105 mmol, 99%, 1360, 1305, 1260, 1195, 1165, 1135, 1100, 1030'criio a suspension
mp 84-87 °C) as a white crystalline solid*H NMR (250 MHz, of lithium aluminum hydride (111 mg, 2.79 mmol) in 10 mL of ether
CDCls): 6 1.14 (d,J = 6.3 Hz, 3H), 1.25 (s, 3H), 1.28 (s, 3H), 1.63  under nitrogen was added dropwise over 15 min the dioxolane ester
(g, J = 13.1 Hz, 1H), 1.72 (ddJ = 7.5 Hz, 1H), 1.96-2.14 (band, (216 mg, 0.697 mmol) in 10 mL of ether. Aftd h of stirring at
2H), 2.25 (ddJ = 8.2, 13.1 Hz, 1H), 2.332.62 (band, 5H), 3.71 (s, room temperature, the reaction was quenched with 2 drops©f B
3H), 4.16 (m,J = 2.6, 3.7, 9.3 Hz, 1H).%C NMR (400 MHz, drops of 15% NaOH aqueous solution, and 6 drops £ ldonsecu-
CDCly): 6 213.48, 170.07, 82.91, 72.75, 59.41, 59.07, 57.06, 52.07, tively. The mixture was filtered, and the filter pad was washed with
45.10, 40.80, 38.67, 33.02, 31.06, 29.95, 24.14, 13.79. IR (film): 3410 hot ethyl acetate six times until no product could be detected in the
(br), 2960, 2925, 2865, 1740, 1725, 1455, 1430, 1405, 1375, 1275, filtrate. The combined organic solutions were concentrated in vacuo
1255, 1235, 1200, 1135 crh to afford the crude product, the dioxolane alcol8a which was
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brought directly to the next stegH NMR (400 MHz, CDC}): 6 1.06
(s, 3H), 1.14 (s, 3H), 1.24 (di,= 3.6, 13.2 Hz, 1H), 1.36 (] = 13.2
Hz, 1H), 1.48 (tdJ = 4.4, 13.2 Hz, 1H), 1.62 (m, 5H), 1.76 (m, 1H),
2.71 (m, 2H), 3.30 () = 5.6 Hz, 1H), 3.39 (quintet] = 5.6 Hz, 1H),
3.46 (quintetd = 5.6 Hz, 1H), 3.84 (m, 4H), 5.48 (dd,= 2.0, 6.0
Hz, 1H), 5.55 (dd,J = 1.2, 6.0 Hz, 1H). ¥*C NMR (400 MHz,
CDCly): 6 141.9, 128.9, 109, 71.73, 64.37, 64.04, 55.62, 51.21, 43.48,
35.36, 35.02, 31.69, 28.55, 27.91, 27.67. IR (film): 3400 (br), 2940,
2880, 1440, 1360, 1185, 1090 cin HRMS (MH') (m/e@ for
Ci6H2604: calcd 283.1909, found 283.1912.

Dioxolane Alcohol 38b. A solution of the spiroketon87b (308
mg, 1.158 mmol), ethylene glycol (0.26 mL, 4.63 mmol), and a catalytic
amount of PPTS in 20 mL of benzene was heated at reflux for 1 h
with the removal of HO using a DeattStark trap. After the solution
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hexanes) afforded the tributylsilyl ethdbb (143 mg, 0.406 mmol,
88%) as a clear, colorless oitH NMR (400 MHz, CDC}): ¢ 0.01
(s, 6H), 0.85 (s, 9H), 1.167 (s, 3H), 1.24 (s, 3H), 1.39 (m, 1H), 1.65
(m, 1H), 1.86 (dJ = 8.0 Hz, 2H), 1.95 (m, 2H), 2.33 (m, 3H), 2.51
(dd,J = 5.6, 15.2 Hz, 1H), 2.88 (ti] = 2.4, 8.0 Hz, 1H), 3.54 (dd]
= 5.6, 10.4 Hz, 1H), 3.69 (dd] = 4.4, 10.4 Hz, 1H), 5.78 (dd] =
1.6, 6.0 Hz, 1H), 6.01 (ddl = 2.4, 6.0 Hz, 1H).*3C NMR (400 MHz,
CDCl): 6211.2,137.1,131.3,71.84, 64.5,55.51, 50.77, 47.59, 42.42,
38.61, 36.82, 36.72, 28.56, 27.23, 25.85, 18:3,565,—5.61. IR
(film): 6 3450 (br), 2930, 2860, 1715, 1470, 1265, 1090 trHRMS
(MH™) (m/@ for CyoH3605Si: calcd 353.2512, found 353.2508.
Ketone 40a. To a solution of the crude dioxolane alcoh&Ba
obtained from the previous reaction in 45 mL of acetone was added
0.5 mL of 10% HCI. The reaction was stirred at room temperature for

was cooled to room temperature, the solvent was removed in vacuo2 h and subsequently quenched with 0.5 mL of saturated NaHCO
and the residue purified by column chromatography (25% ethyl acetate/ The solvent was removed in vacuo and the residue diluted with 15 mL

hexanes) to provide the dioxolane ester (256 mg, 0.831 mL, 72%0).
NMR (400 MHz, CDC}): 6 1.049 (s, 3H), 1.134 (s, 3H), 1.45 (s,
1H), 1.63 (m, 5H), 1.80 (m, 2H), 2.02 d,= 13.2 Hz, 1H), 2.72 (dd,
J = 4.0, 12.8 Hz, 1H), 2.78 (ttJ = 2.0, 8.0 Hz, 1H), 3.56 (s, 3H),
3.91 (m, 4H), 5.67 (ddJ = 1.6, 6.0 Hz, 1H), 6.16 (dd] = 2.4, 6.0
Hz, 1H). %C NMR (400 MHz, CDC{): 6 173.9, 136.3, 130.6, 108,

of ether and 10 mL of saturated NaHEOThe aqueous layer was
separated and reextracted with hot ethyl acetate six times. The
combined organic layers were washed with brine, dried over sodium
sulfate, and concentrated. Purification by column chromatography (25%
ethyl acetate/hexanes) afforded the ketone alcohol (151 mg, 0.634
mmol, 76% for three steps from the ketdsige). *H NMR (400 MHz,

71.53, 64.34, 64.29, 54.98, 51.37, 50.69, 48.87, 37.12, 36.81, 35.43,CDCl): J 1.152 (s, 3H), 1.248 (s, 3H), 1.65 (m, 2H), 1.87 (m, 2H),

32.12, 28.29, 26.89. IR (film): 3470 (br), 2960, 2880, 1730, 1435,
1365, 1305, 1260, 1160, 1110, 1090, 1040 EmHRMS (MH*') (m/

e) for C17H2¢0s: calcd 311.1858, found 311.1850. To a suspension
of LIAIH 4 (271 mg, 7.13 mmol) in 40 mL of ether under nitrogen was
added dropwise the dioxolane ester (554 mg, 1.787 mmol) in 20 mL
of ether. Afte 1 h of stirring at room temperature, the reaction was
guenched with 0.3 mL of §D, 0.3 mL of 15% NaOH aqueous solution,
and 1 mL of HO. The mixture was filtered, and the filter pad was
washed with hot ethyl acetate until no product could be detected from

1.99 (dd,J = 7.6, 13.6 Hz, 1H), 2.33 (m, 3H), 2.42 (m, 1H), 2.75 (br,
1H), 2.84 (m, 1H), 3.51 (dd] = 5.2, 11.6 Hz, 1H), 3.57 (dd, = 4.8,

11.6 Hz, 1H), 3.67 (br, 1H), 5.58 (dd,= 2.8, 5.6 Hz, 1H), 5.73 (dd,

J = 2.0, 5.6 Hz, 1H). 3C NMR (400 MHz, CDC{): ¢ 212, 140.1,
130.3, 71.85, 63.82, 55.73, 51.43, 46.55, 41.73, 38.49, 37.72, 29.09,
28.75, 27.96. IR (film): 3400 (br), 2970, 2870, 1710, 1375, 1140,
1040, 1015 cmt. HRMS (MH*) (m/g) for C14H2,03: calcd 239.1647,
found 239.1653. To a solution of the ketone alcohol (253 mg, 1.063
mmol), tert-butyldimethylsilyl chloride (224 mg, 1.488 mmol), and a

the filtrate. The organic solutions were combined and concentrated in catalytic amount of 4¥,N-dimethylamino)pyridine (26 mg, 0.213

vacuo. The crude dioxolane alcohol prod88b was brought directly
to the next step without further purificationtH NMR (400 MHz,
CDClg): 6 1.113 (s, 3H), 1.219 (s, 3H), 1.57 (m, 6H), 1.76 (m, 2H),
2.05 (dd,J = 8.0, 13.6 Hz, 1H), 2.15 (br, 1H), 2.77 (&,= 2.4, 8.4
Hz, 1H), 2.92 (br, 1H), 3.43 (ddl = 5.6, 11.6 Hz, 1H), 3.58 (dd, =
5.6, 11.6 Hz, 1H), 3.91 (m, 4H), 5.72 (ddl= 2.0, 6.0 Hz, 1H), 5.96
(dd, J = 2.8, 6.0 Hz, 1H). 3C NMR (400 MHz, CDC}): ¢ 136.3,

mmol) in 5 mL of CHCl, under nitrogen was added triethylamine (0.22
mL, 1.595 mmol). The reaction mixture was stirred at room temper-
ature for 15 h and quenched with saturated NaHC®he aqueous
layer was reextracted with ether four times, and the combined organic
layers were washed with brine, dried over sodium sulfate, and
concentrated in vacuo. The crude product was purified by chroma-
tography (10% ethyl acetate/hexanes) to give the tributylsilyl etBar

131.3, 109, 71.83, 65.07, 64.22, 64.21, 55.07, 51.06, 44.07, 37.74, 36.4,(327 mg, 0.926 mmol, 87%) as a clear, colorless éit NMR (400

36.13, 32.17, 28.78, 27.64. IR (film): 3400 (br), 2940, 2880, 1365,
1170, 1110, 1075 cmt. HRMS (MH*') (m/e for CieH2604: calcd
283.1909, found 283.1920.

Ketone 40b. To a solution of the crude dioxolane alcoh@8b

MHz, CDCk): 6 —0.043 (s, 6H), 0.81 (s, 9H), 1.13 (s, 3H), 1.19 (s,
3H), 1.63 (m, 1H), 1.74 (m, 2H), 1.85 (dd= 8.0, 13.2 Hz, 1H), 1.93
(m, 1H), 2.23 (ddJ = 10.8, 14.4 Hz, 1H), 2.30 (m, 1H), 2.39 (m,
1H), 2.46 (m, 1H), 2.86 (m, 1H), 3.51 (dd~= 6.0, 10.4 Hz, 1H), 3.58

obtained from the previous step in 50 mL of acetone was added 1 mL (dd, J = 4.4, 10.4 Hz, 1H), 5.66 (dd] = 2.4, 5.6 Hz, 1H), 5.70 (dd,

of 10% HCI. After 15 h of stirring at room temperature, the reaction
was quenched with 1.5 mL of saturated NaH{&nd the solvent was

J= 1.6, 5.6 Hz, 1H). C NMR (400 MHz, CDC}): 6 211.2, 140.2,
130.4, 71.87, 64.34, 55.88, 51.05, 46.81, 41.9, 38.66, 36.19, 30.56,

subsequently removed in vacuo. The residue was diluted with ether 28.24, 27.2, 25.83, 18.15,5.536,—5.581. IR (film): 3450 (br), 2960,

and saturated NaHGO The aqueous layer was separated and reex-

2930, 2860, 1715, 1465 (w), 1360 (w), 1255, 1110, 1085cnnal.

tracted with ether three times. The combined organic layers were Calcd for GoHseOsSi: C, 68.13; H, 10.29. Found: C, 68.27; H, 10.33.

washed with brine, dried over sodium sulfate, and concentrated.

Dienone 44. To oil-free KH (5 mmol) suspended in 10 mL of THF

Purification by chromatography (25% ethyl acetate/hexanes) afforded under N at room temperature was cannulated a mixture of the
the ketone alcohol (337 mg, 1.416 mmol, 57% for three steps from the tributylsilyl ethers40a and 40b (188 mg, 0.534 mmol) in 8 mL of

ketone37b). H NMR (400 MHz, CDC}): ¢ 1.167 (s, 3H), 1.277 (s,
3H), 1.73 (ddd,J = 6.0, 9.6, 13.2 Hz, 1H), 1.79 (dd,= 8.8, 13.2 Hz,
1H), 1.88 (m, 1H), 2.98 (m, 1H), 2.09 (dd= 7.6, 13.2 Hz, 1H), 2.33
(m, 2H), 2.39 (m, 2H), 2.85 (m, 1H), 2.90 (br, 1H), 3.60 (m, 2H), 5.85
(dd,J = 2.0, 6.0 Hz, 1H), 6.06 (dd] = 2.8, 6.0 Hz, 1H). *C NMR
(400 MHz, CDC}): ¢ 211.8, 135.8, 132.3, 71.85, 64.26, 55.12, 51.03,
47.3, 42.28, 38.73, 38.45, 36.26, 28.89, 27.74. IR (film): 3400 (br),
2970, 2870, 1705, 1430, 1375, 1130, 1030 EMHRMS (MH*) (m/

e) for C14H2203: calcd 239.1647, found 239.1649. To a solution of
the ketone alcohol (110 mg, 0.462 mmotgrt-butyldimethylsilyl
chloride (139 mg, 0.924 mmol), and a catalytic amount of DMAP (0.15
mmol) in 2.5 mL of CHCI, under nitrogen was addedsfst(0.13 mL,
0.924 mmol). The reaction mixture was stirred for 12 h at room
temperature, diluted with ether, and quenched with saturated NaHCO

THF followed by methyl benzenesulfinate (175 mg, 1.122 mmol) in 2
mL of THF over 5 min. After 5 min of stirring, the reaction was
quenched with saturated NEI. The aqueous layer was extracted with
ether (3x 10 mL), and the combined organic layers were washed with
brine, dried over sodium sulfate, and concentrated. The residue was
dissolved in 20 mL of benzene, solid )&G0s; (2.5 mmol) was added,
and the reaction mixture was heated at reflux for 1.5 h. After being
cooled to room temperature, the mixture was filtered, the solvent
removed in vacuo, and the residue purified by column chromatography
(25—50% ethyl acetate/hexanes) to give a mixture of regioisomers of
enones (166 mg, 0.474 mmol, 89%) which was brought directly to the
next step.

To a solution of diisopropylamine (0.20 mL, 1.53 mmol) in 10 mL
of THF at—78 °C under N was addedh-BuLi over 10 min (0.89 mL

The aqueous layer was reextracted with ether three times, and theof a 1.6 M solution in hexanes, 1.42 mmol). After 20 min of stirring

combined organic layers were washed with brine, dried over sodium

at—78°C, the mixture of the enones (166 mg, 0.474 mmol) in 10 mL

sulfate, and concentrated. Column chromatography (10% ethyl acetate/of THF was cannulated to the LDA solution followed by phenylsele-
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nenyl chloride (273 mg, 1.42 mmol) in 5 mL of THF. The reaction Alkene 47. The ketone46 (10 mg, 0.027 mmol) was mixed with

was stirred at-78 °C for 30 min and quenched with saturated J0H 21 mg of pyridine-modified alumina in the presence of 0.5 mL o,CH
After the mixture was warmed to room temperature and separated, theCl,. The solvent was evaporated under a stream of nitrogen, and the
aqueous layer was reextracted with ether. The combined organic layersmixture was heated in an oil bath at 230 for 8 min. After being

were washed with brine, dried over sodium sulfate, concentrated, andcooled to room temperature, the mixture was washed with hot ethyl
chromatographed to give a mixture of phenyl selenides. The phenyl acetate three times. The combined organic washes were concentrated
selenides were taken up in 15 mL of THF, 12 mL ofQ{ 68 mg to give 7 mg (0.020 mmol, 74%) of alkedd. H NMR (400 MHz,
(0.806 mmol) of solid NaHC& and 304 mg (1.42 mmol) of solid CDCk): 6 0.0075 (s, 3H), 0.015 (s, 3H), 0.86 (s, 9H), 0.96Je: 6.4

NalQ,. The mixture was stirred at room temperature for 3 h, when 7 3H) 1.45 (m, 3H), 1.65 (m, 3H), 1.73 (s, 3H), 1.82 (m, 3H), 2.10
TLC indicated the reaction was complete. The mixture was diluted (d,J = 9.6 Hz, 1H), 2.30 (ddJ = 12.8, 15.2 Hz, 1H), 2.40 (m, 1H)

with ether, washed with saturated NaHC#&nhd brine, and dried over 2.50 (m,J = 5.2, 15.2 Hz, 1H), 3.57 (dd} = 6.4, 10.0 Hz, 1H), 3.75

sodium sulfate. Removal of the solvent in vacuo followed by column (44 5 — 36 100 Hz 1,_'|) 4.70 (broad 2H)%3£: NMR (2100 MHz

chromatography (50% ethyl acetate/hexanes) yielded the diefbne CDCl): 6191.0, 147.8, 108.5, 64.19, 49.69, 47.21, 46.93, 46.77, 43.03,
0, 0,

(100 mg, 01.287 mmol, 61% for the s.econd step, 54% from the TBS 42.67, 40.28, 32.52, 25.9, 24.86, 21.34, 18.25. 16-G5478,—5.533.

ethersA0). "H NMR (400 MHz, CDCY): 0 0.0243 (s, 3H), 0.0292 (s, |p (film). 2950, 2860, 1720, 1640, 1460, 1255, 1080 ¢mHRMS

3H), 0.85 (s, 9H), 1.16 (s, 3H), 1.26 (s, 3H), 1.95 (dd= 8.4, 13.6 + -
Hz, 1H), 2.08 (ddJ = 9.2, 13.6 Hz, 1H), 3.04 () = 2.0, 8.4 Hz, (MH*) (m/g for CxH3g0,Si: calcd 351.2719, found 351.2703.

1H), 4.17 (ddJ = 2.0, 16.8 Hz, 1H), 4.48 (ddl = 2.0, 16.8 Hz, 1H), Alcohol 48. To 20 mg (0.53 mmol) of LiAIH suspended in 2 mL
5.33 (dd,J = 2.8, 5.6 Hz, 1H), 6.06 (dd] = 2.0, 5.6 Hz, 1H), 6.12 of ether at-78 °C under N was cannulated the alked& (7 mg, 0.020
(dd, J = 2.0, 9.6 Hz, 1H), 6.48 (m, 1H), 6.65 (d,= 10.0 Hz, 1H). mmol) in a 5-mL ether solution. After the reaction mixture was stirred

13C NMR (400 MHz, CDC}): 6 186.6, 163.7, 152.9, 135.9, 134.3, at—78°C for 30 min, TLC indicated the reaction was complete. The

126.5, 124.4, 71.59, 62.1, 56.79, 55.27, 36.32, 28.74, 27.26, 25.82,reaction was quenched with saturated J8Hand warmed to room

18.31,—5.479. IR (film): 3440 (br), 2960, 2930, 2860, 1660, 1620, temperature. The aqueous layer was reextracted with hot ethyl acetate,

1470 (w), 1380 (w), 1255, 1150, 1035 cin Anal. Calcd for GoHz,0s- and the combined organic layers were washed with brine, dried over

Si: C, 68.92; H, 9.25. Found: C, 68.84: H, 9.20. sodium sulfate, and concentrated. Purification by column chromatog-
Methyl Enone 45. To copper(l) bromide dimethyl sulfide complex raphy (25% ethyl acetate/hexanes) afforded the alcé® (b mg, 0.014

(295 mg, 1.44 mmol) suspended in 10 mL of ether undgeatN-50 mmol, 71%). *H NMR (400 MHz, CDC}): 4 0.018 (s, 6H), 0.87 (s,

°C was added CHlli (2.05 mL of a 1.4 M solution in ether, 2.87 mmol) 9H), 0.89 (d,J = 7.1 Hz, 3H). 1.01 (quartef = 12.0 Hz, 1H), 1.10

over 5 min. After 10 min of stirring, the dienork! (100 mg, 0.287 (quartetJ = 12.0 Hz, 1H), 1.27 (m, 2H), 1.331.60 (band, 4H), 1.64

mmol) in 10 mL of ether was cannulated over 5 min to the colorless (m, 3H), 1.71 (s, 3H), 2.18 (m, 1H), 2.33 (m, 1H), 3.34 (dds 8.4,

solution of lithium dimethyl cuprate, and the mixture was warmed to 10.0 Hz, 1H), 3.61 (m, 1H), 3.82 (dd,= 3.6, 10.0 Hz, 1H), 4.66 (br,

0°C. The reaction was stirred at°C for 15 min and then quenched  2H). 13C NMR (400 MHz, CDC}): ¢ 148.2, 108.2, 70.23, 64.53,

with saturated N&CI. The mixture was separated, the aqueous layer 48.29, 47.39, 46.68, 41.12, 41.03, 40.55, 36.86, 32.78, 26.0, 25.34,

was reextracted with ether, and the combined organic layers were 21 3, 16.67,~5.355. IR (film): 3400 (br), 2960, 2860, 1645, 1470,

washed with brine and dried over NaSORemoval of the solvent in 1265, 1080 cmi. HRMS (MH") (m/@ for ChiHaO:Si: calcd

vacuo followed by flash chromatography (35% ethyl acetate/hexanes) 353 2876, found 353.2878.

afforded the methyl enong5s (104 mg, 0.286 mmol, 99%)*H NMR

’ Lubiminol (1). The alcohoK8 (5 mg, 0.014 mmol) was dissolved
8483 Pg'i']z‘:C?ch;&)sz 3(,)|?)12121(§(S3H32H§)%126§ ((Ss, 3?:))’ f?g ((;[’jng)’ in 1 mL of THF, and 2 drops of BINF (1.0 M solution in THF) was

8.8, 13.2 Hz, 1H), 2.08 (m, 1H), 2.19 (M, 2H), 2.70 (dcs 4.8, 16.8 added. The reaction mixture was stirred at room temperature for 12
Hz 1H5 286 (ttJ’=.2 0.88Hz 1.H) 411 (dc,ﬂ — 20 18 Hz 1|_i) h. Removal of the solvent in vacuo followed by flash chromatography
419 (dd,J = 2.0, 18 Hz, 1H), 5.69 (dd) = 2.4, 6.0 Hz, 1H), 5.91  (50% ethyl acetate/hexanes) afforded lubimiridi(@ mg, 0.013 mmol,

(dd,J= 1.6, 6.0 Hz, 1H), 6.15 (s, L1H)1*C NMR (400 MHz, CDC}): 89%) spectroscopically identical to that previously repoffedHd NMR
5 198.8, 166.2, 135.3, 134.4, 121.8, 71.76, 62.48, 56.12, 55.47, 43.26,(400 MHz, CDC}): 6 0.90 (d,J = 6.8 Hz, 3H), 1.03 (quartet] =
38.93, 35.55, 28.69, 27.19, 25.85, 18.32, 16.25,475. IR (film): 12.0 Hz, 1H), 1.13 (quarted, = 12.0 Hz, 1H), 1.24 (m, 1H), 1.28 (dd,

3450 (br), 2960, 2860, 1655, 1465 (w), 1380 (w), 1255, 1145, 1090, J = 6.0, 10.8 Hz, 1H), 1.35 (dd} = 6.0, 12.4 Hz, 1H), 1.43 (m, 4H),
1040 cnTl. Anal. Calcd for GiHs605Si: C, 69.18; H, 9.95. Found:  1.56 (br, 2H), 1.65 (mJ = 12.4 Hz, 2H), 1.71 (s, 3H), 1.75 (m, 1H),
C, 69.22: H, 9.90. 2.22 (m, 1H), 2.36 (m, 1H), 3.34 (dd,= 9.2, 10.0 Hz, 1H), 3.63 (m,
Ketone 46. To a solution of the methyl enom5 (35 mg, 0.096 1H), 3.94 (dd,J = 2.8, 10.0 Hz, 1H), 4.66 (br, 2H)**C NMR (400
mmol) in 3 mL of acid-free ethanol was added 15 mg of 10% Pd/C. MHz, CDCk): 4 148.1, 108.2, 69.96, 64.42, 48.45, 47.3, 46.6, 41.06,
The reaction mixture was stirred at room temperature undeatH  40.91, 40.54, 36.74, 32.68, 25.34, 21.51, 16.69. IR (film): 3320 (br),
atmospheric pressure for 18 h. After TLC indicated the reaction was 2930, 2860, 1645, 1465, 1375, 1020 ¢m
complete, the mixture was filtered through Celite and the solvent

removed in vacuo. Purification by flash chromatography (20% ethyl  Acknowledgment. We thank the National Science Founda-
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