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Abstract: An asymmetric Heck reactiercarbanion capture process was realized for the first time, making possible
the catalytic asymmetric synthesis of various functionalized bicyclo[3.3.0]octane derivétivesp to 94% ee.
Sodium bromide had interesting effects on this asymmetric Heck reaatambanion capture process, and these
effects were useful for improving the enantiomeric excess. Furthermoreathlyticasymmetric synthesis of+)-
A°12.capnellene ) was achieved for the first time, usiréb as a key intermediate and a radical cyclization as a
key step.
Introduction Scheme 1
The synthesis of optically active compounds is extremely oTf .. H Nu
important because enantiomer recognition plays an important w _cat Pd’L'n
role in many biological systems. Many methods are known Me BusNOAc
. . . e or BnNH, Me
for catalytic asymmetric reductions and oxidatidrmjt several 1 DMSO, rt

successful catalytic asymmetric-€ bond-forming reactiors

have been reported only recently. The development of new

methods for catalytic asymmetric€C bond formation is now
a major interest of many synthetic chemists.

The first examples of the asymmetric Heck reaction were
reported in 1989, by ourselV@sand later by Overman and co-
workers3® Since then, weand othershave demonstrated that
this type of catalytic asymmetric-€C bond-forming reaction
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is useful for the synthesis of various optically active compounds.
In 1991, using alkenyl triflatel as a prochiral substrate, we
also succeeded in demonstrating the first example of an
asymmetric Heck reactioracetate anion capture process to give
2 with 80% ee and an amine capture process to Giweith

81% ee (Scheme £).Compound was successfully converted

to A%12.capnellene-8,83,100-triol and A%12-capnellene-8,883,-
10a,14-tetrol. To extend the usefulness of the above reactions,
we decided to further examine the reactionlofvith various
carbaniong. The features of this asymmetric Heck reaction
carbanion capture process are that a one-pot casca@ebond-
forming reaction occurs readily and various functionalized
carbon chains can be introduced to the bicyatiallyl—Pd(Il)
complex5 in a regio- and stereocontrolled manner to gése
(Scheme 2). We describe here the catalytic asymmetric
cyclization of triflatel in the presence of a variety of carbanions
and the successful conversion &, one of the cyclization
products, to £)-A%12.capnellene 7) (Figure 1). We also
discuss the effects of additives such as sodium bromide on the
asymmetric Heck reactiercarbanion capture process.
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Results and Discussion

Improved Synthesis of Prochiral Triflate 1. As a key step
in an earlier papef,trifiate 1 was prepared via selective
acetalization of triketon&® by Noyori's method using 1,2-
bis((trimethylsilyl)oxy)ethane. However, isomerizationdab

10 sometimes occurred in a large-scale reaction. To overcome©f 1*
this problem, we undertook selective acetalization with 2,3-bis-

((trimethylsilyl)oxy)butane instead of 1,2-bis((trimethylsilyl)-

oxy)ethane, which we expected to prevent the isomerization of

acetal, to producdl in a high yield even in a large-scale
reaction. In fact, treatment & (3.37 g scale) with 2,3-bis-
((trimethylsilyl)oxy)butane dl:meso= ca. 3:1) in the presence
of TMSOTTf (trimethylsilyl trifluoromethanesulfonate) at78
°C gave onlyll in 95% yield. Using this method, triflatg
was readily prepared in 57% overall yield starting fr@mas
shown in Scheme 3.

Preliminary Results of Asymmetric Heck Reaction-
Carbanion Capture Process. Treatment oflL with Pd(OAc)
(5 mol %), ©-BINAP10 (6.3 mol %), and the sodium enolate
of dimethyl malonate (2 equiv) in DMSO at 2C for 2 h gave
the cyclic productéa in 68% ee and 77% yield as the sole
product. The structure d¥a was determined by NOE experi-
ments and théH-NMR spectrum, which showed}, = ~0 Hz.
The absolute configuration dfa was determined as follows.
The allylic acetate2 (80% ee), the absolute configuration of
which had been determined previouglwas treated with [Pd-
(allyl)Cl]2 (2.5 mol %), 1,4-bis(diphenylphosphino)butane (6
mol %), and the sodium enolate of dimethyl malonate (2 equiv)
in DMSO at 20°C for 16 h to givebain 68% yield with double
inversion of the configuratioh: The sign of the optical rotation
of the former sample dda (above) was consistent with that of
the latter, and the absolute configurationéafwas established
unequivocally. Moreover, the enantiomeric exces$afvas
determined by means of thel-NMR spectrum using Eu(hfg)
(Scheme 4).

To obtain a much higher enantiomeric excess, solvent effects
as well as ligand effects were carefully examined. After several
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Table 1. Effects of Solvents on the Asymmetric Synthesisbef

entry solvent time (h) yield (%) ee (%)

1 DMSO 1.0 77 68

2 HMPA 1.0 trace

3 DMF 215 61 14

4 NMP 29.0 11 31

5 MeCN 25 79 <5

6 diglyme 1.0 69 15

7 THF 25.0 40 16

@ Reactions were carried out using Pd(OA@ mol %), ©-BINAP
(6.3 mol %), and the sodium enolate of dimethyl malonate (2.0 equiv)
at rt.

Table 2. Effects of Ligands on the Asymmetric Synthesistaf

entry solvent time (h) yield (%) ee (%)

1 (9-BINAP 1.0 77 68

2 (9-BINAPO 1.0 69 <5

3 (RR)-DIOP 0.5 77 <5

4 (S9-CHIRAPHOS 65.0 trace

5 (=)-NORPHOS 15 62 <5

6 (RR)-BPPM 0.5 70 30

7 (SR)-BPPFA 0.5 67 27

a Reactions were carried out using Pd(OA@ mol %), ligand (6.3
mol %), and the sodium enolate of dimethyl malonate (2.0 equiv) in
DMSO at rt.> The mirror image enantiomer was formed.

Table 3. Effects of Carbanions on the Asymmetric Cyclization

entry nucleophile product yield(%) ee(%)
1 Na <002Me 6a 87 70
COgMe
TBDPSO CO,Et
75 66
\/Ra<COQEt
SO,Ph
3 Na  ° 6¢ 75 66
SO,Ph
(0]
4 6d 91 74
Me)l\N;oozrwe
(0]
5 o.M _come 6e  67° 80
Na

@ Reactions were carried out using Pd(OA@ mol %), ©-BINAP
(6.3 mol %), and carbanion (2.0 equiv) in DMSO atrReaction was
carried out using [Pd(allyl)Ci] (5 mol %), ©-BINAP (12 mol %),
methyl 4-chloro-3-oxobutyrate (2.0 equiv), and NaN(SiM€.0 equiv)
in DMSO at rt.¢ A mixture of 6e and 24 was obtained.

attempts, we eventually found that DMSO and BINAP gave
the best results as shown in Tables 1 and 2. Furthermore, other
carbanions such as lithium enolate of dimethyl malonate had
little effect on the asymmetric induction.

Asymmetric Heck Reactions Using Various Carbanions.
Considering this interesting result, the reactionlofith Pd-
(OACc), (5 mol %), -BINAP (6.3 mol %), and various sodium
enolates (2 equiv) in DMSO was further investigated (Table
3). All of these reactions gave various functionalized cyclic
productst in high chemical yields (up to 91%) and in moderate
to good optical yields (up to 80% ee). However, the optical
yields of 6 were slightly lower than those & and3. In a
previous papetthe asymmetric Heck reaction of alkenyl iodide
16 in the absence of a silver salt provided cyclic prodR@t
with only low ee (Scheme 5), which is consistent with the
hypothesis that the asymmetric Heck reaction proceeded via a
16-electron Pd intermediate (like4) but not via neutral
palladium intermediates such 88and19to give products with
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a Reaction conditions: (a) 1,2-bis((trimethylsilyl)oxy)ethane (1.13 equiv), TMSOTf (0.1 equivyCigH-78 °C (77%); (b) 2,3-bis((trimeth-
ylsilyl)oxy)butane (1.13 equiv), TMSOTf (0.1 equiv), GEl,, —78 °C (95%); (c) NaBH (1.2 mol equiv), MeOH, OC to rt; (d) TsCl (4.3 equiv),
DMAP (0.3 equiv), pyridine, OC to rt; (¢) DBU (4 equiv), toluene, reflux (three steps 90%); (f) TSB¥D (1.7 mol %), acetone, rt (94%); (g)
LDA (1.2 equiv), PhNT$ (1.3 equiv), THF,—78 °C to rt (71%).

Scheme 4 Table 5. Effects of Carbanions on the Asymmetric Cyclization
of 12
(\ H ent nucleophile roduct yield(%) ee(%
Pd(OAC), (5.0 mol %) " i s P yield(%) ee(%)
(S)-BINAP (6.4 mol %) NOE 1 COxMe 6a 92 83
COs>Me Na <COzMe
Na CO.Me (1.3 equiv) Me 77% (68% ee)
el!- CO,Et
: 6a [alp —13 (c0.49, CHCly) > TBDPSO " e 77 87
DMSO, r.t. Na“Go,Et
22
2 6a [a]p —20 (c 1.00, CHClg) SO2Ph
(80% ee) (80% ee) 3 Na <so or 6c 83 94
2
Table 4. Effects of Additives on the Asymmetric SynthesisGif 0
— . 4 )k/COQMe 6d 74 83
entry additive yield (%) ee (%) Me Na
1 94 70 o
2 NaCl 79 78 5 6f 81 82
3 NaBr 74 83 Me0,C._JL__co,Me
4 Nal 73 78 Na
5 NaClQg, 81 73 6 o 6
g 72 82
° NaSQ. o1 I 8oPso._J__co,me
@ Reactions were carried out using [Pd(ally)(2.5 mol %), §- Na
BINAP (6.3 mol %), sodium enolate of methyl acetoacetate (2.0 equiv), o o
and additive (2.0 equiv) in DMSO at rt. 7 /U\/U\ 6h 90 80
Ph Na Ph

high eé-6. These results appeared to indicate that counteranion
exchange occurred between the hard triflate anion and the soft 2Reactions were carried out using [Pd(ally(2.5 mol %), §)-
enolate anion4 — 22 and/or23) to result in the formation of ~ BINAP (6.3 mol %), NaBr (2.0 equiv), and carbanion (2.0 equiv) in
6 with a slightly lower enantiomeric excess, as shown in Scheme DMSO at rt.
6. on the reaction (entries 5 and 6). If even partial counteranion
Quite interestingly, the use of methyl 4-chloro-3-oxobutyrate exchange occurred between a triflate anion and a bromide anion,
instead of methyl 3-oxobutyrate increased the optical yield from the enantiomeric excess of the produ6tsiould decreasé?i
74% to 80% ee (Table 3, compare entries 4 and 5). As soon asThus, it appears that sodium bromide prevents counteranion
sodium enolate of methyl 4-chloro-3-oxobutyrate was generated,exchange between the triflate anion and the enolate anion by
partial dimerization occurred to give dim&4 and sodium complexing with sodium enolate (Scheme 8). The reaction of
chloride (Scheme 7). Therefore, it was presumed that sodium 1 with [Pd(allyl)Cl]. (2.5 mol %), §)-BINAP (6.3 mol %), NaBr
chloride affected the undesired counteranion exchange. Thus,(2 equiv), and various sodium enolates (2 equiv) in DMSO was
we next examined the effects of additivies such as sodium further investigated (Table 5). These studies showed that the
chloride on counteranion exchange in this reactiba~{( 6d). addition of NaBr improved the optical yields (up to 94% ee,
Effects of Additives. We first found that, as expected, entry 3) without decreasing the chemical yield in all cases. The
addition of 2 equiv of NaCl (1 equiv to carbanion) to the reaction possible transition states leading@are shown in Scheme 9.
mixture (Table 4, compare entries 1 and 2) increased the optical The transition stateR)-4 is notable for the high probability of
yield of 6d from 70% to 78% ee. Encouraged by this result, severe steric repulsion between the cyclopentadiene moiety and
we then examined the effects of a variety of sodium salts (entriesa bezene ring of the BINAP ligand, a factor which is not present
3—6). NaBr had the greatest effect and g@cin 83% ee in the transition stategj-4; this may account for the predomi-
(entry 3). Since the addition of 5 equiv of NaBr gave the same nance of the $-5 enantiomer in the product.
optical yield, an excess of NaBr was not required in this reaction ~ Catalytic Asymmetric Total Synthesis of )-A°12-Cap-
system. In contrast, NaCland NaSO, had almost no effects  nellene (7) from Bicyclic Compound ()-(S,S,S)-6b. Having
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Scheme 7 Decarboxylation of diester)-(SSS)-6b (87% ee) produced
o monoestel6 in 84% yield. Reduction 026 with diisobutyl-
5 Q O CO,Me aluminum hydride in ChLCI, gave alcoholR7 in 96% vyield,
C'MOM&, + 9NaCl which was protected as its benzoyl ester to affa@iquanti-
+ MeO,C tatively. Deprotection of the TBDPSet-butyldiphenylsilyl)
2NaH O 24 ether28 was achieved by treatment with tetrabutylammonium
fluoride in THF to give alcohoR9 in 97% vyield, and29 was
Scheme 8 successively treated with methanesulfonyl chloride and trieth-
B ylamine in CHCI, and Nal in acetone to furnish iodid&l
Na \\Né\ Na quantitatively from29. Radical cyclization 081 was performed
o 0 NaBr O O with tributyltin hydride and 2,2azobis(isobutyronitrile) in
H)\/kR. R '/ R refluxing benzene to give the tricyclic compoud® which was
25 then treated with NaOH in methanol to give alcoB8lin 96%

achieved the catalytic asymmetric synthesis of bicyclic com-
pound6a—h with high ee, we then sought to demonstrate the

usefulness of this class of compounds as asymmetric building

blocks. We planned to transform the key intermed@tiento
natural ()-A°12.capnellene?). (—)-A°12.Capnellene?) is
found in the soft coraCapnella imbricataand is believed to
be the biosynthetic precursor to the capnellane family of
nonisoprenoid sesquiterpen@s. These compounds display
biological activities similar to those of their terrestrial counter-

yield from 31. Exocyclic olefin 33 was treated with excess
diethylzinc and diiodomethane in toluene at 80 to give
cyclopropane34 in 95% vyield. Subsequent hydrogenation of
34 with a catalytic amount of PtDin acetic acid under a
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agents within the coral reef biomass toward algae and microbial

growth and to prevent larvae settleméhtinterest in these
substances has inspired several synthetic stdflid¢sowever,
despite the efficient asymmetric synthesesief-7**2and (-)-
7,150 the catalytic asymmetric total synthesis of-§-7 has not
yet been achieved.
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aReaction conditions: (a) LiCl (2 equiv),28 (1 equiv), DMSO, reflux (84%); (b) DIBALH (3 equiv), Ci&l, —78 °C to rt (96%); (c) BzCl
(2 equiv), DMAP (0.1 equiv), pyridine, Ci€l,, 0 °C to rt (quantitative) (d) TBAF (1 equiv), THF, rt (97%); (e) MsClI (10 equivkxNE{15 equiv),
CHCl,, —23 to 0°C; (f) Nal (5 equiv), acetone, rt (quantitative); (g) £mnH (2 equiv), AIBN (0.2 equiv), benzene, reflux; (h) NaOH, MeOH, rt
(two steps 96%); (i) BZn (5 eq), CHI, (10 equiv), toluene, 60C (95%); (j) PtQ (0.2 equiv), H (1 atm), AcOH, rt (80); (k) 2-nitrophenyl
selenocyanate (3 equiv), BRI (3 equiv), pyridine, rt; (I) HO,, KoCO;s (10 equiv), THF, rt (two steps 78%).

hydrogen atmosphere gag8é in 80% yield. The last stage in  —120, 87% ee) was well within the limits of polarimetric error
this synthesis was transformation of the primary alcoh@®f for the reported valu@ of the natural product {[][p —145).

to the exocyclic olefin7. This was realized through the

oxidation of a selenenyl compound. Alcohgb was treated Conclusions

with 2-nitrophenyl selenocyandfeand tributylphosphine in We have developed a new method for the catalytic asym-
pyridine to give36, and36 was oxidized with aqueous hydrogen metric synthesis of bicyclo[3.3.0]octane derivativeswith
peroxide solution in THF in the presence of potassium carbonate gy cejient asymmetric induction (up to 94% ee) using the first
to give the title compound in 78% yield from 35 without example of an asymmetric Heck reactiecarbanion capture
isomerization of exocyclic olefin Fo endocyclic olefin (Scheme process. Using#)-(SSS-6b as an asymmetric building block,
10). The spectral data were identical to those previously we have achieved the firsatalytic asymmetric total synthesis

reported:? The optical rotation of the synthetic produat]t’%s of (—)-A%2-capnellene) in 19 steps and in 20% overall yield
(16) Grieco, P. A.; Gilman, S.; Nishizawa, M. Org. Chem 1976 41, frorrlfl Comfrner((:ililrl]y tavalcli".ible startl_rég n;ate_r&til Fu?hermﬁoret’
1485. Grieco, P. A.; Jaw, J. Y.; Claremon, D. A.; Nicolaou, K.JOOrg. we have found that sodium bromide has interesting efiects on

Chem 1981, 46, 1215. this asymmetric Heck reactiercarbanion capture process.



Asymmetric Heck ReactierCarbanion Capture Process J. Am. Chem. Soc., Vol. 118, No. 30, TRBE3

Experimental Section 5-Methyl-5-(3-oxobutyl)cyclopentadiene (15).To a solution ofL4

Infrared (IR) spectra were recorded on a JASCO A-300 diffraction (132.9 mg, 0.598 mmol) in acetone (1.2 mL) was added T4Q&

grating infrared spectrometer. NMR spectra were measured in JEOL (23 ma, 0'01_ mmol), the reaction mixture was stirred at rt for 48 h
JINM-EX 270 spectrometer, operating at 270 MHz, #drand 68 MHz and diluted with hexane, and most of the acetone was evaporated under

for 13C NMR. Chemical shifts were reported in thescale relative to reduced pressure. This hexane solution was purified by silica gel
CHCl; as an internal reference (7.26 ppm fét and 77.00 ppm for column chromatography (E—hexane, 1:15) to givd5® (84.1 mg,

13C). Mass spectra (MS) were measured on a JEOL JMS-DX303 or 9420) as al cF?IorIe(:jss O'lf' the A tric Heck Reaction-C
JEOL JMN-SX-102A instruments. Optical rotation was measured on b _enecr:a troctla: ure for Pde “slyrglme;(;g ec 1(;eac 'O'T ar-
a JASCO DIP-140 polarimeter. Thin layer chromatography (TLC) anion Capture Process. [Pd(ally)Cl]; (3.79 mg, 10.4«mol), (3-

analyses were performed on commercial glass plates bearing 0.25 mnP(Ij':Ag (16-24I mg. th'lﬂ'g% and (l)\l?lirl (85 mlgt Ogﬁ%g‘mlols) Wire
layer of Merck silica gel 60 % (Merck Art. No. 5715). Column  2dded to a solution df (116.8 mg, 0.414 mmol) in (1.5 mL).

chromatography was carried out with silica gel, Merck Type 60 (70- After degassing, the sodium enolate of diethyl {@sbutyldiphenyl-

325 mesh ASTM) or Merck Type 60 (23@00 mesh ASTM). HPLC silyl)oxy)ethyl)malonat& (0.33 M, in DMSO, 2.5 mL, 0.83 mmol)
was carried out on a JASCO HPLC system consisting of the follow- was gradually added to the mixture. The reaction mixture was stirred

na- Pl R . at rt for 1 h, diluted with EO, washed wh 1 N aqueous HCI and
'Si]Cpéij%,?.?AESA(&Et,fgorAg?soUg’ mgsﬁsr%i:;:4i:g£mmn, brine, dried (NaSQy,), and concentrated. The residue was purified by
propanol; flow rate, 0.51.0 mL/min. In general, reactions were carried silica gel column chromatography ¢&x-hexane, 1:50) to givéb

: ..(183.0 mg, 77%, 87% ee) as colorless needles.
out in dry solvents under an argon atmosphere, unless otherwnse( .
mentioned. IR, NMR, and MS data were obtained on all intermediates (15:45,59)-4-(Bis(methoxycarbonyl)methyl)-1-methyl-6-methyl-

described herein using chromatographically homogeneous samples. ene.blilgyclo[331.(;]§gt-122-jge l(fgi[ag;j?_'_’\ll'ag %lDé? ?gcé%_(gog/z‘)
Tetrahydrofuran (THF) and diethyl ether §8) were distilled from ee); IR (neaf) ' ’ ¢ " ( 5) 0 5. :

. . o (m, 2 H), 4.96-4.84 (m, 2 H), 3.77 (s, 3 H), 3.74 (s, 3 H), 3.31 (d,
igl(llllljjnn: rt:)?grzig([a)henone ketyl. Dichloromethane was distilled from — 100 Hz. 1 H), 3.21 (br-dJ — 10.0 Hz, 1 H), 2.40 (br-s. 1 H),
2-(3,3-(1,2-Dimethylethylenedioxy)butyl)-2-methyl-1,3-cyclopen- 2.32-2.16 (m, 2 H), 1.71 (ddd) = 12.5, 7.0, 3.0 Hz, 1 H), 1.50 (ddd,

; . 3 J=125,11.0, 7.5 Hz, 1 H), 1.20 (s, 3 H}{C-NMR (CDCk) 6 168.86
tanedione (11). To a solution of8® (3.37 g, 18.5 mmol) and 2,3- 168.64 157 47 14138 (d). 129.33 (d). 105.86 5788
bis((trimethylsilyl)oxy)butane (4.90 g, 20.9 mmol) in @&, (19 mL) (), 64 (s), AT (S), 38 (d), 33 (d), 86 (1), 57.
was gradually added TMSOTF (0.36 mL, 1.85 mmoly-a&t8°C. The  ().57.29(s),56.53 (d), 55.10 (d), 52.36 (q), 52.29 (q), 38.37 (1), 33.19

reaction mixture was stirred for 40 h at the same temperature, quencheci(lt‘?s'zzzgg (q)A; MISm/é (Ireclla:(tive iﬂtengit)g 26685 1(6M : "7| 61:;1) 505 (dl_4)c’:
by the addition of pyridine (2.2 mL), poured into saturated aqueous (100)._Anal. Calcd for Hx00,: C, 68.16; H, 7.63. Found: C,

. ; - . 68.46; H; 7.47.
NaHCQ; solution with vigorous stirring78 °C — room temperature v . . .
(rt)), and extracted WitthO. The oré];nic extracts were d?ied @Na (15.4S,55)-4-(1,1-Bis(ethoxycarbonyl)-3-fert-butyldiphenylsilyl)-

: - o 1)-1-methyl-6-methylenebicyclo[3.3.0]oct-2-ene (6b)o]?o
SQy) and concentrated. The residue was purified by silica gel column ©XY)Propy .
chromatography (EtOAehexane, 1:5) to givd1l (4.47 g, 95%) as a +8.68 € 1.32, CHCY) (87% ee); IR (KBr) 2956, 1724, 1225, 1108,

1. 1 A
colorless oil: IR (neat) 2978, 1724, 1378, 1244, 10945AH-NMR  [04.071 5 HNME écgg'ﬁé e 75-‘122('3' 4_'“% LSS (E“'HG
(CDCly) 6 3.61 (dg,J = 8.6, 5.9 Hz, 1 H), 3.47 (dg] = 8.6, 5.9 Hz, ). 5.63 (dd.J = 5.6, 2.3 Hz, 1 H), 5.42 (dd) = 5.6, 2.3 Hz, 1 H),
4.77-4.73 (br-s, 2 H), 4.09 (dg) = 10.2, 7.0 Hz, 2 H), 4.03 (ddj, =
1H), 2.75 (s, 4 H), 1.8£1.69 (m, 2 H), 1.57-1.49 (m, 2 H), 1.29 (s,
3H) 120 (. = 5.9 Hz, 3 H). 1,10 (4 = 5.9 Hz, 3 H), 1.10 (5, 3 102, 6:3 Hz, 2 H), 374 (dddi = 10.1, 9.0, 6.2 Hz, 1 H), 3.67 (ddd,
H); 1%C-NMR (CDCh) 6 216.05 (s, 2 C), 108.32 (s), 78.71 (d), 78.00 3= 101, 8.0, 62 Hz, 1 H), 3.21 (i, = 3.4, 2.3 Hz, 1 H), 251 (d,

’ £ : : J=3.4 Hz, 1 H), 2.38-2.08 (m, 4 H), 1.65 (ddd) = 12.0, 7.3, 2.1
(d), 55.92 (5), 34.88 (t, 2 C), 34.48 (1), 29.40 (1), 25.23 (q), 18.74 (@), )~ >t M0 L), 236256 (0 & P, 269 (dP) = 220, 7.5, 2
17.05 (q), 16.35 (q); M3z (relative intensity) 255 (M + H, 0.4), 1214 J)’_ 7 0 |_(|t %I_-l 1'1'0 : 3 E' 1 0)3 : 9 SJ _NMR ZéDC ).
239 (26), 115 (100); HR-MS calcd for :@2,04 254.1519, found 14 (t9="7.0Hz, 3H), 1.10 (s, 3H), 1.03 (s, 9 H}C-NMR (CDC)
254.1506. Anal. Calcd for GH»O4 C, 66.12; H, 8.72. Found: c,  ©170:80(s),170.63(s), 157.36 (s), 140.04 (d), 135.53 (d, 4 C), 133.78
6854 H. 863 ’ T ' (s,2C), 129.69 (d), 129.51 (d, 2 C), 127.57 (d, 4 C), 104.78 (t), 60.90

RO (t), 60.77 (t), 60.40 (t), 59.26 (s), 59.00 (d), 56.89 (s), 53.89 (d), 39.25
(t), 35.49 (1), 33.35 (t), 27.50 (q), 26.78 (q, 3 C), 19.12 (s), 13.96 (q),
13.87 (g); MSnvz (relative intensity) 574 (M, 0.1), 559 (0.1), 517
(15), 385 (12), 227 (6), 199 (20), 133 (100); mp &5. Anal. Calcd
for CasHagOsSi: C, 73.13; H, 8.07. Found: C, 73.00; H, 8.13; The

; ) o tiomeric excess was determined by HPLC analysis (DAICEL
Et,O. The mixture was filtered through a silica gel pad and concen- enan i .
trated to give crudd.2. To the residual oil was added pyridine (3.8 CHIRALPAK A?+AD hexzalne—_z-propanol, 99.5:0.5, 0.5 mL/min,
mL, 46.6 mmol), TsCl (1.91 g, 10.0 mmol), and DMAP (8.5 mg, 0.7 'etention time: grr]“'lnf)' L (+)).b. ervisuiforNmetivi
mmol) at 0°C. The reaction mixture was stirred at rt for 42 h, quenched . (15,4S,55)-1-Methyl-6-met yzgne-4-( is(phenylsulfonyl)methyl)-
by the addition of EtOH (1.2 mL) at €C, diluted with CHCl,, and ~ Ricyclol3.3.0]oct-2-ene (6¢) [a]*y +0.942 €1.72, CHCY) (94% ee);

successively washed with saturated aqueous GsSiDtion, saturated X (KBr) 1321, 1154 cm?; H-NMR (CDCl;) 6 8.06-7.88 (m, 4 H),
aqueous NaHC@®solution, and brine. The Gi€l; layer was dried 7.70-7.53 (m, 6 H), 5.62 (dd) = 5.5, 2.6 Hz, 1 H), 5.23 (dd) =

. : e o 5.5, 2.2 Hz, 1 H), 4.734.69 (m, 2 H), 4.634.60 (br-s, 1 H), 3.47
(Na&SOy) and concentrated. The residue was purified by silica gel ddd J=55 26 22 Hz 1H). 309 (d=55Hy 1 H) 2.352 20
column chromatography (EtOAtexane, 1:3) to give diastereo mixture (ddd,J =55, 2.6, 2.2 Hz, ), 3.09 (d=5. 13CZ' ), 2. : s
of 13 as a pale yellow oil. A solution of this mixture and DBU (1.4 (™ 2 H). 1'4851'64 (m, 2 H), 1.26 (s, 3 H); 'NMR2 (CDCE)
mL, 9.3 mmol) in toluene (4 mL) was refluxed with stirring for 40 h. 12832 (Z)’ 2140.2?2(32348.45 ((:S)’ 1123558 (3)’21%4'512%1)3;1133'121?)’
The reaction mixture was poured into saturated aqueouSNsdlution 72 (d, ). 20 (d, ), 09 (d, ), 81 (d, ),
and extracted with ED. The organic extracts were dried (S$&) 124.49 (d), 105.43 (1), 86.27 (d), 59‘4.3 (d.)’ 56‘96 (s), 53.32 (d), 39.37
and concentrated. The residue was purified by silica gel column (v), 33.41 (1), 26.09 (q); MSn/z (relative intensity) 429 (M + H,

chromatography (EtOAehexane, 1:20) to givd4 (446.0 mg, three (3:1')_| 2(?7 (fg)) 1114331 (f7 8), dSZzélfg());l'HR-Mlis@{ll'—; H) calpd fof
steps 90%) as a colorless oil: IR (neat) 2970, 1376, 1100, 753;cm 2325045, ' »foun : > mp » The enantiomeric

'H-NMR (CDCk) ¢ 6.19 (s, 4 H), 3.63 (dg) = 8.6, 5.9 Hz, 1 H), (17) Diethyl (2-(tert-butyldiphenylsilyl)oxy)ethyl)malonate was prepared
3.53 (dg,J = 8.6, 5.9 Hz, 1 H), 1.741.62 (m, 2 H), 1.5%1.43 (m, as follows. Hydrogenolysis (10% Pd/C catalyst, HtOH) of diethyl (2-

2 H), 1.29 (s, 3 H), 1.22 (d] = 5.9 Hz, 3 H), 1.21 (dJ = 5.9 Hz, 3 (benzyloxy)ethyl)malonate (Padgett, H. C.; Csendes, !. G.; Rapopoﬂt, H.
H), 1.15 (s, 3 H){13C-NMR (CDCk) 6 145.32 (d, 2 C), 128.63 (d, 2 Org. Chem 1974 39, 1612.) gave the crude alcohol, which was redissolved

in dichloromethane and treated directly wignt-butyldiphenylsilyl chloride,
C), 109.20 (s), 78.74 (d), 77.97 (d), 55.73 (s), 35.65 (t), 29.92 (t), 25.59 in h o ! o
(@), 20.72 (q). 17.13 (), 16.52 (q); M8z (relative intensity) 222 triethylamine, and 4-(dimethylamino)pyridine. After aqueous workup, the

\ crude product was further treated with chlorotrimethylsilane in order to
(M*, 17), 185 (15), 149 (100), 115 (90); HR-MS calcd forad2.0, facilitate the removal from the target molecule of tracegent-butyldi-
222.1620, found 222.1614. phenylsilanol, which had formed during the silylation step.

5-(3,3-(1,2-Dimethylethylenedioxy)butyl)-5-methylcyclopentane-
diene (14). To a stirred solution 011 (593 mg, 2.33 mmol) in MeOH
(4 mL) was added NaBH106 mg, 2.80 mmol) at 6C, and the reaction
mixture was stirred at OC for 30 min and at rt for 30 min, quenched
by the addition of acetone, and diluted with@® (0.4 mL) and excess
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excess was determined by HPLC analysis (DAICEL CHIRALPAK AD, (br-s, 0.5 H), 2.29-2.19 (m, 2 H), 2.19-2.15 (br-s, 0.5 H), 1.741.64
hexane-2-propanol, 90:10, 1.0 mL/min, retention time: 15 mihk)( (m, 1 H), 1.53-1.39 (m, 1 H), 1.19 (s, 1.5 H), 1.14 (s, 1.5 H), 1.11 (s,
19 min (=)). 4.5 H), 1.10 (s, 4.5 H:3C-NMR (CDCk) 6 203.56, 203.34 (s), 168.48,
(1S,4S,59)-4-(1-(Methoxycarbonyl)-2-oxopropyl)-1-methyl-6-meth- 168.37 (s), 157.52, 157.34 (s), 141.22, 141.08 (d), 135.53 (d, 4 C),
ylenebicyclo[3.3.0]oct-2-ene (6d) IR (neat) 2952, 1746, 1716, 1160  135.53, 132.35, 132.31 (s, 2 C), 129.97 (d, 2 C), 129.74, 129.38 (d),
cm%; *H-NMR (CDCl;) 6 5.53 (s, 1 H), 5.52 (dd] = 5.5, 2.2 Hz, 0.5 127.84 (d, 4 C), 106.09, 106.02 (t), 69.92, 69.88 (t), 60.29, 59.91 (d),
H), 5.46 (ddJ= 5.5, 2.2 Hz, 0.5 H), 4.884.85 (m, 2 H), 3.77 (s, 1.5 57.20, 56.82 (s), 57.07, 56.28 (d), 54.74, 54.07 (d), 52.24, 52.11 (q),
H), 3.73 (s, 1.5 H), 3.41 (d] = 6.5 Hz, 0.5 H), 3.38 (dJ = 6.0 Hz, 38.35 (1), 33.19 (t), 27.64 (q), 26.63 (q, 3 C), 19.16 (s); B (relative
0.5 H), 3.27-3.23 (M, 1 H), 2.36-2.28 (m, 1 H), 2.27 (s, 1.5 H), 2.24  intensity) 445 (M — 'Bu,2), 385 (1), 313 (15), 133 (100). Anal. Calcd
(s, 1.5 H), 2.252.21 (m, 2 H), 1.73-1.68 (m, 1 H), 1.581.42 (m, 1 for C31Hsg04Si: C, 74.06; H, 7.62. Found: C, 73.78; H, 7.66. The
H), 1.22 (s, 1.5 H), 1.20 (s, 1.5 H)}*C-NMR (CDCk) ¢ 202.07 (s), enantiomeric excess was determined by its conversion to methyl
169.07, 169.02 (s), 157.48, 157.32 (s), 141.44, 141.19 (d), 129.49, ((1S4R 5R)-4-hydroxy-5-methyl-8-methylene-oxobicyclo[3.3.0]oct-
129.11 (d), 106.02, 105.95 (t), 66.43, 66.17 (d), 57.27, 57.18 (s), 56.62, 2-en-2-yl)acetate. See ref 18.
56.34 (d), 54.92, 54.63 (d), 52.29, 52.22 (q), 38.24 (1), 33.14 (1), 29.62,  (1S,4S,59)-4-(Dibenzoylmethyl)-1-methyl-6-methylenebicyclo-
29.35 (0), 27.6 (g); MSn/z (relative intensity) 248 (M, 0.5), 205 (36), [3.3.0]Joct-2-ene (6h)[0]%% +69.3 € 1.01, CHC}) (80% ee); IR (neat)
189 (20), 173 (16), 145 (22), 132 (100); HR-MS {M Ac) calcd for 2949, 1698, 1596, 1448 cth H-NMR (CDCl;) 6 8.02-7.97 (m, 4
CiaH170, 205.1229, found 205.1224; The enantiomeric excess was H), 7.59-7.38 (m, 6 H), 5.545.47 (m, 2 H), 5.23 (dJ = 10.6 Hz, 1
determined by its conversion to methyl §4R 5R)-4-hydroxy-5- H) 4.90-4.87 (br-s, 1 H), 4.854.82 (br-s, 1 H), 3.77 (br-d] = 10.6
methyl-8-methylenex-oxobicyclo[3.3.0]oct-2-en-2-yl)acetate o p% Hz, 1 H), 2.36-2.33 (br-s, 1 H), 2.362.14 (m, 2 H), 1.76-1.67 (m,
—101 € 0.40, CHCY) (83% ee); IR (neat) 3418, 2956, 1738, 1681, 1 H), 1.54-1.40 (m, 1 H), 1.31 (s, 3 H:3C-NMR (CDCk) 6 195.06
1152 cn}; 'H-NMR (CDCls) 6 6.96-6.93 (br-s, 1 H), 5.165.07 (br- (s), 194.57 (s), 157.50 (s), 140.99 (d), 136.95 (s), 136.89 (s), 133.46
s, 1 H), 4.96-4.91 (br-s, 1 H), 4.794.75 (br-s, 1 H), 3.89 (s, 3 H),  (d, 2 C), 130.75 (d), 128.95 (d, 4 C), 128.84 (d, 4 C), 106.51 (t), 64.62
3.59-3.55 (br-s, 1 H), 2.432.34 (m, 2 H), 2.36:2.15 (br-s, 1 H), (d), 57.34 (d), 57.00 (d), 56.84 (s), 38.21 (t), 33.23 (1), 27.85 (q); MS
1.89-1.78 (m, 1 H), 1.641.43 (m, 1 H), 1.16 (s, 3 H)}3C-NMR m/z (relative intensity) 356 (M, 0.2), 279 (0.3), 251 (63), 132 (50),
(CDClg) 6 183.29 (s), 162.64 (s), 150.66 (s), 150.24 (d), 142.17 (s), 105 (100: HR-MS (M — PhCO) calcd for GH;00 251.1436, found
109.45 (t), 83.27 (d), 59.43 (d), 55.58 (s), 52.74 (q), 37.47 (), 33.17 251.1440. The enantiomeric excess was determined by HPLC analysis
(t), 20.13 (q); MSm/z (relative intensity) 236 (M, 18), 205 (18), 177 (DAICEL CHIRALPAK OD+0D, hexane-2-propanol, 99.5:0.5, 1.0
(60), 149 (78), 94 (100); HR-MS (V) calcd for GsH1604 236.1048, mL/min, retention time: 45 min-{), 50 min (&)).
found _236.1055. The enantiomeric excess was determined by HPLC (15,4S,59)-4-(3-((tert-Butyldiphenylsilyl)oxy)-1-(ethoxycarbonyl)-
analysis (DAICEL CHIRALPAK AS, hexane2-propanol, 90:10, 1.0 propyl)-1-methyl-6-methylenebicyclo[3.3.0]oct-2-ene (26)A solu-

mL/min, retention time: 10 min<), 13 min (-)). See ref 18. tion of 6b (280.7 mg, 0.488 mmol), LiCl (41.4 mg, 0.977 mmol), and
(15,45,55)-4-(3-Chloro-1-(methoxycarbonyl)-2-oxopropyl)-1-methyl- H,O (8.8 uL, 0.488 mmol) in DMSO (0.81 mL) was refluxed with
6-methylenebicyclo[3.3.0]Joct-2-ene (6e)A mixture of 6eand24 was stirring for 6 h. After being cooled, the reaction mixture was diluted
obtained: IR (neat) 1673, 1443, 1343, 1213 €mH-NMR (CDCly) with H20, extracted with ED, dried (NaSQy), and concentrated. The
0 5.58-5.40 (m, 2 H), 4.934.85 (m, 2 H), 4.284.23 (m, 2 H), 3.78 residue was purified by silica gel column chromatography (Et©Ac
(s, 1.5 H), 3.74 (s, 1.5 H), 3.66 (d,= 10.3 Hz, 1 H), 3.30 (dJ = hexane, 1:50) to giv@6 (205.1 mg, 84%) as a colorless oil: IR (neat)

10.3 Hz, 1 H), 2.39-2.35 (br-s, 1 H), 2.282.20 (m, 2 H), 1.751.66 2954, 1731, 1428, 1173, 1112, 702 ¢mtH-NMR (CDCl) 6 7.69—

(m, 1H),1.54-1.42 (m, 1 H), 1.23 (s, 1.5 H), 1.21 (s, 1.5 H); M¥z 7.63 (M, 4 H), 7.46-7.34 (m, 6 H), 5.58 (ddJ = 5.6, 2.3 Hz, 0.4 H),

(relative intensity) 284 (M (*°Cl), 0.2), 284 (M (**Cl), 0.3), 267 (4), 5.51-5.47 (m, 1 H), 5.41 (dd) = 5.6, 2.3 Hz, 0.6 H), 4.814.78

239 (3), 205 (42), 132 (100). The enantiomeric excess was determined(pr-s, 1 H), 4.76-4.72 (br-s, 0.4 H), 4.724.69 (br-s, 0.6 H), 4.20

by its conversion tdd. 4.00 (m, 2 H), 3.76:3.58 (m, 2 H), 2.8+2.74 (m, 1 H), 2.66-2.55
(15,45,59)-4-[1,3-Bis(methoxycarbonyl)-2-oxopropyl]-1-methyl- (m, 1 H), 2.42-2.37 (br-s, 1 H), 2.352.15 (m, 2 H), 2.021.73 (m,

6-methylenebicyclo[3.3.0]oct-2-ene (6ff IR (neat) 2952, 1744, 1436, 2 H), 1.73-1.64 (m, 1 H), 1.541.41 (m, 1 H), 1.22 (t) = 7.1 Hz,

1244, 1162 cm’; *H-NMR (CDCk) 6 5.56-5.47 (m, 2 H), 5.22 (s, 1.8 H), 1.21 (tJ = 7.1 Hz, 1.2 H), 1.20 (s, 1.2 H), 1.19 (s, 1.8 H),

0.1 H), 5.17 (s, 0.1 H), 4.954.75 (m, 2 H), 3.76, 3.75, 3.73, 3.72,  1.05 (s, 9 H)3C-NMR (CDCk) 6 175.11, 174.99 (s), 158.54, 158.51

3.71 (s, 6 H), 3.653.51 (m, 2.4 H), 3.293.26 (m, 0.5 H), 3.253.22 (s), 140.41, 140.16 (d), 135.54 (d, 4 C), 133.82, 133.76 (s, 2 C), 130.05,

(m, 0.5 H), 2.99 (d) = 10.6 Hz, 0.1 H), 2.93 (d] = 10.6 Hz, 0.1 H), 129.94 (d), 129.56 (d, 2 C), 127.60 (d, 4 C), 104.94, 104.55 (t), 62.01

2.38-2.20 (m, 3 H), 1.76-1.65 (m, 1 H), 1.56:1.40 (m, 1 H), 1.21, (t), 60.11 (1), 58.56, 58.26 (d) 57.27, 57.05 (s), 56.77, 56.19 (d), 48.23,

1.20, 1.19 (s, 3 H)1*C-NMR (CDCk) 0 196.55, 196.44 (s), 168.52,  47.26 (d), 38.83, 38.73 (t), 33.43, 33.30 (1), 33.05, 32.98 (t), 27.64 (q),

168.43 (s), 166.94, 166.81 (s), 157.39, 157.25 (s), 141.71 (d), 129.09,26.81 (g, 3 C), 19.19 (s), 14.27 (q); M8z (relative intensity) 502

128.90 (d), 106.27, 106.16 (t), 65.59, 65.37 (d), 57.34 (s), 56.59, 56.37 (M+, 0.1), 445 (84), 227 (34), 133 (100); HR-MS (Mcalcd for

(d), 55.06, 54.66 (d), 52.53, 52.47, 52.36 (q, 2 C), 48.52, 48.20 (1), Cz,H,,0:Si 502.2903, found 502.2919.

38.30 (1), 33.19 (1), 27.60 (q); M&z (relative intensity) 306 (M, (1S.4S,59)-4-(3-((tert-Butyldiphenylsilyl)oxy)-1-(hydroxymethyl)-
0.4), 205 (58), 132 (100). Anal. Calcd fonfi>:0s: C, 66.65; H, propyl)-1-methyl-6-methylenebicyclo[3.3.0]oct-2-ene (27).To a
7.24. Found: C, 66.54; H, 7.54. The enantiomeric excess Was stirred solution 026 (60.7 mg, 0.121 mmol) in CCl, (1.2 mL) was
determined by its conversion to methyl §4R 5R)-4-hydroxy-5- added a solution of DIBALH (0.98 M, in hexane, 0.37 mL, 0.38 mmol)
methyl-8-methylenex-oxobicyclo[3.3.0]oct-2-en-2-yl)acetate. Seeref 5 _7g°c. After gradually being warmed to<T and 15 min further
18. _ _ of stirring, the reaction mixture was quenched by the addition of
(1S,4S,55)-4-(3-((tert-Butyldiphenylsilyl)oxy)-1-(methoxycarbon- saturated aqueous NEI solution at the same temperature and excess
yl)-2-oxopropyl)-1-methyl-6-methylenebicyclo[3.3.0]oct-2-ene (69):  Et,0 was added. The mixture was stirred at rt for 15 h, extracted with
IR (neat) 2952, 1723, 1113, 758, 702 ¢iitH-NMR (CDCl) 6 7.68— Et,0, dried (NaSQy), and concentrated. The residue was purified by

7.62 (m, 4 H), 7.49-7.36 (m, 6 H), 5.56 (dd) = 5.6, 2.1 Hz, 0.5 H), silica gel column chromatography (EtOAbexane, 1:10) to give7
5.51 (dd,J = 5.6, 1.5 Hz, 0.5 H), 5.45 (dd] = 5.5, 1.6 Hz, 0.5 H), (53.3 mg, 96%) as a colorless oil: IR (neat) 3410, 2931, 1717, 1428,
5.27 (dd,J = 5.5, 2.2 Hz, 0.5 H), 4.964.92 (br-s, 0.5 H), 4.914.87 1362, 701 cm?; 'H-NMR (CDCl) 6 7.71-7.66 (m, 4 H), 7.487.36
(br-s, 0.5 H), 4.874.83 (m, 1 H), 431 (d) =12.5Hz,05H), 429  (m 6 H), 5.54-5.49 (m, 1 H), 5.495.44 (m, 1 H), 4.78:4.75 (br-s,
(d,J =13.0 Hz, 0.5 H), 4.27 (d) = 12.5 Hz, 0.5 H), 4.24 (d) = 1 H), 4.74-4.70 (br-s, 0.4 H), 4.704.66 (br-s, 0.6 H), 3.873.59 (m,
13.0 Hz, 0.5 H), 3.78 (] = 9.2 Hz, 0.5 H), 3.69 () = 10.3 Hz, 0.5 4 H), 2.94-2.84 (br-s, 0.4 H), 2.842.71 (br-s, 0.6 H), 2.642.55 (m,
H), 3.68 (s, 1.5 H), 3.65 (s, 1.5 H), 3.33.23 (m, 1 H), 2.42-2.38 1 H), 2.37-2.13 (m, 3 H), 1.821.53 (m, 4 H), 1.53-1.40 (m, 1 H),

. . — . 1.18 (s, 1.2 H), 1.17 (s, 1.8 H), 1.07 (s, 9 FIC-NMR (CDCk) 6
34,(]{3%)08.h8h|ma’ T.; Sodeoka, M.; Shibasaki, Metrahedron Lett1993 159.28, 159.07 (s), 139.71, 139.62 (d), 135.60 (d, 4 C), 133.24 (s, 2

(19) 6f was obtained as an equilibrium mixture of the keto form and C), 130.82, 130.64 (d), 129.76 (d, 2 C), 127.73 (d, 4 C), 104.15, 103.99
2,3-enol form ¢a. 8:2). (t), 65.16, 64.82 (t), 63.18 (1), 58.11, 57.88 (d), 57.04, 57.00 (s), 56.89,
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56.44 (d), 44.35, 43.78 (d), 39.12, 39.07 (t), 33.43 (t), 33.07, 32.96 (1),
27.66, 27.59 (q), 26.79 (q, 3 C), 19.09 (s); M# (relative intensity)
461 (M + H, 0.2), 443 (0.7), 403 (4), 385 (3), 373 (20), 325 (22),
199 (80), 133 (100). Anal. Calcd forsgH400.Si: C, 78.21; H, 8.75.
Found: C, 77.97; H, 8.81.
(1S,4S,59)-4-(1-((Benzoyloxy)methyl)-3-(fert-butyldiphenylsilyl)-
oxy)propyl)-1-methyl-6-methylenebicyclo[3.3.0]oct-2-ene (28)To
a solution 027 (53.3 mg, 0.116 mmol) in CKLl, (1.6 mL) were added
pyridine (0.038 mL, 0.464 mmol), BzCl (0.027 mL, 0.232 mmol), and
DMAP (1.4 mg, 0.012 mmol) at @C. After being stirred at rt for 16
h, the reaction mixture was diluted with,Bt, washed wh 1 N aqueous
HCI and saturated aqueous NaH{£6blution, dried (Ng&SQy), and
concentrated. The residue was purified by silica gel column chroma-
tography (EtOAe-hexane, 1:20) to giv@8 (65.1 mg, quant.) as a
colorless oil: IR (neat) 2953, 1721, 1272, 1112¢mH-NMR (CDCly)
08.04-7.09 (M, 2 H), 7.76-7.64 (m, 4 H), 7.597.52 (m, 1 H), 7.46
7.32 (m, 8 H), 5.55 (dd) = 5.6, 2.1 Hz, 1 H), 5.50 (dd] = 5.6, 1.5
Hz, 1 H), 4.81-4.78 (br-s, 0.6 H), 4.774.73 (br-s, 1 H), 4.714.68
(br-s, 0.4 H), 4.40 (ddJ = 11.3, 5.0 Hz, 0.4 H), 4.33 (dd,= 11.3,
5.2 Hz, 0.6 H), 4.28 (dd) = 11.3, 5.3 Hz, 0.6 H), 4.27 (dd,= 11.3,
5.5 Hz, 0.4 H), 3.893.76 (m, 2 H), 2.772.71 (m, 1 H), 2.46:2.41
(br-s, 1 H), 2.33-2.00 (m, 3 H), 1.921.63 (m, 3 H), 1.56-1.43 (m,
1H),1.22 (s, 1.8 H), 1.21 (s, 1.2 H), 1.06 (s, 9 HC-NMR (CDCh)
0 166.56, 166.52 (s), 158.99, 158.81 (s), 139.91 (d), 135.53 (d, 4 C),
133.80, 133.76 (s, 2 C), 132.76 (d), 130.37 (s), 130.28, 130.19 (d),
129.56 (t, 2 C), 129.52 (d, 2 C), 128.30 (d, 2 C), 127.62 (d, 4 C),
104.35, 104.22 (t), 66.74, 65.95 (t), 61.98, 61.87 (t), 57.85, 57.59 (d),
57.05, 56.93 (s), 56.89, 56.68 (d), 39.21, 38.96 (d), 39.09, 39.01 (1),
33.48, 33.41 (t), 32.83, 32.19 (t), 27.64, 27.53 (9), 26.85(q, 3 C), 19.14
(s); MSm/z (relative intensity) 507 (M — 'Bu, 3), 385 (4), 303 (46),
187 (60), 133 (70), 105 (100). Anal. Calcd fogAH4403Si: C, 78.68;
H, 7.85. Found: C, 78.70; H, 7.71.
(1S,4S,55)-4-(1-((Benzoyloxy)methyl)-3-hydroxypropyl)-1-meth-
yl-6-methylenebicyclo[3.3.0]oct-2-ene (29)To a stirred solution of
28 (211.3 mg, 0.392 mmol) in THF (2 mL) was added a solution of
TBAF (1.0 M, in THF, 0.40 mL, 0.38 mmol) at rt, and the resulting
mixture was stirred at rt for 2 h. The mixture was poured into 1 N
aqueous HCI, extracted with £, dried (NaSQy), and concentrated.
The residue was purified by silica gel column chromatography (Et©Ac
hexane, 1:5) to giv@9 (118.8 mg, 97%) as a colorless oil: IR(neat)
3420, 2949, 1719, 1273 crh *H-NMR (CDCls) 6 8.05-8.00 (m, 2
H), 7.59-7.52 (m, 1 H), 7.477.40 (m, 2 H), 5.6+5.49 (m, 2 H),
4.80-4.70 (m, 2 H), 4.44 (dd) = 11.4, 5.0 Hz, 0.4 H), 4.36 (d =
5.5 Hz, 1.2 H), 4.33 (dJ = 11.4, 5.7 Hz, 0.4 H), 3.843.75 (m, 2 H),
2.78-2.72 (m, 1 H), 2.46-2.41 (br-s, 1 H), 2.332.16 (m, 2 H), 2.09-
1.94 (m, 1 H), 1.89-1.60 (m, 4 H), 1.551.42 (m, 1 H), 1.21 (s, 1.8
H), 1.20 (s, 1.2 H)23C-NMR (CDCk) 6 166.70 (s), 158.94, 158.83
(s), 140.14 (d), 132.94 (d), 130.21 (s), 130.05 (d), 129.52 (d, 2 C),
128.39 (d, 2 C), 104.35 (t), 66.61, 66.22 (t), 61.17, 60.99 (t), 57.97,
57.76 (d), 57.11, 57.04 (s), 56.71, 56.48 (d), 39.43, 39.37 (d), 39.03
(t), 33.46, 33.41 (t), 32.85, 32.63 (t), 27.51 (q); MSz (relative
intensity) 326 (M, 0.1), 311 (0.2), 308 (0.1), 303 (0.2), 204 (29), 189
(32), 145 (46), 133 (47), 105 (100). Anal. Calcd fo5:l8,605 C,
77.27; H, 8.03. Found: C, 76.91; H, 8.19.
(1S,4S,59)-4-(1-((Benzoyloxy)methyl)-3-iodopropyl)-1-methyl-6-
methylenebicyclo[3.3.0]oct-2-ene (31).To a solution of29 (107.0
mg, 0.328 mmol) in CKCl, (6.6 mL) was added B (0.68 mL, 4.92
mmol) and MsCl (0.25 mL, 3.28 mmol) at23 °C, and the reaction
mixture was stirred at the same temperature2ftn and at O°C for 1
h. The reaction mixture was quenched by the addition of ice ce@ H
at 0°C, extracted ED, dried (NaSQy), and concentrated to give crude
mesylate30. A solution of this mesylate and Nal (246 mg, 1.64 mmol)
in acetone (3.3 mL) was stirred at rt for 24 h. The reaction mixture
was diluted with HO, extracted with ED, dried (NaSQy), and
concentrated. The residue was purified by silica gel column chroma-
tography (EtOAe-hexane, 1:50) to giv81 (143.8 mg, quantitative)
as a pale yellow oil: IR (neat) 2949, 1721, 1451, 1271, 1113, 711
cmL; IH-NMR (CDCls) 6 8.06-8.01 (m, 2 H), 7.6%7.53 (m, 1 H),
7.48-7.41 (m, 2 H), 5.585.51 (m, 2 H), 4.824.77 (br-s, 1 H), 4.7%
4.73 (br-s, 0.6 H), 4.734.70 (br-s, 0.4 H), 4.45 (dd,= 11.5, 4.0 Hz,
0.4 H), 4.39 (ddJ = 11.0, 4.0 Hz, 0.6 H), 4.28 (dd,= 11.0, 5.0 Hz,
0.6 H), 4.26 (ddJ = 11.5, 5.0 Hz, 0.4 H), 3.443.21 (m, 2 H), 2.7&
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2.70 (m, 1 H), 2.46-2.41 (br-s, 1 H), 2.332.20 (m, 2 H), 2.151.93
(m, 3 H), 1.74-1.64 (m, 1 H), 1.561.42 (m, 1 H), 1.24 (s, 1.8 H).
1.21 (s, 1.2 H)**C-NMR (CDCk) 6 166.50 (s), 158.74, 158.58 (s),
140.54 (d), 133.01 (d), 130.08, 129.70 (s), 129.56 (d, 3 C), 128.43 (d,
2 C), 104.60, 104.51 (t), 65.73, 65.21 (t), 57.34, 56.98 (d), 57.14, 57.07
(s), 56.62, 56.57 (d), 43.51, 43.15 (d), 38.94 (t), 34.29, 33.98 (t), 33.43,
33.35 (t), 27.59, 27.51 (q), 4.75, 4.57 (t); M8z (relative intensity)
436 (M*, 0.2), 421 (0.1), 314 (28), 299 (12), 187 (43), 159 (53), 105
(100). Anal. Calcd for @Hzs10,: C, 57.81; H, 5.77. Found: C,
57.57; H, 5.75.
(1S,2S,6S,85)-11-(Hydroxymethyl)-6-methyl-3-methylenetricyclo-
[6.3.0.G*qlundecane (33). To a solution 0f31 (61.4 mg, 0.141 mmol)
in benzene (7 mL) at reflux was added a solution ofIH (0.076
mL, 0.282 mmol) and AIBN (4.6 mg, 0.028 mmol) in benzene (3.5
mL) in 10 portions at 30 min intervals. Reflux was continued for 30
min, and after cooling to rt, K2H,O (80 mg) in CHCI, (0.7 mL)
was added and the mixture was stirred for 2 h, dried,8Ta), and
concentrated. The residue was purified by silica gel column chroma-
tography (hexane- EtOAc—hexane, 1:20) to give crude benzoage
To this crude benzoate was added a solution of NaOH (0.7%, in MeOH,
5.6 mL), and the reaction mixture was stirred at rt for 22 h. The reaction
mixture was neutralized with saturated RGH solution, extracted
EtOAc, dried (NaSQy), and concentrated. The residue was purified
by silica gel column chromatography (EtOAbexane, 1:5) to giv83
(27.8 mg, two steps 96%) as a colorless oil: IR (neat) 3318, 2944,
1456, 1025, 878 cnt; H-NMR (CDCl;) ¢ 4.89-4.84 (m, 1.2 H),
4.83-4.78 (m, 0.8 H), 3.84 (dd] = 11.3, 9.0 Hz 0.6 H), 3.69 (dd,
= 11.3, 6.0 Hz, 0.6 H), 3.61 (dd,= 10.5, 6.2 Hz, 0.4 H), 3.48 (dd,
J=10.5, 7.8 Hz, 0.4 H), 2.862.29 (m, 3.6 H), 2.181.79 (m, 4.2
H), 1.78-1.52 (m, 2.4 H), 1.461.08 (m, 4.8 H), 1.06 (s, 1.2 H), 0.97
(s, 1.8 H):33C-NMR (CDCl) ¢ 158.76, 158.44 (s), 105.86, 105.00 (t),
66.54, 63.85 (t), 63.42, 58.44 (d), 57.00, 52.47 (d), 53.92, 52.89 (s),
49.67, 46.85 (d), 47.23, 46.98 (t), 43.74, 42.57 (d), 37.47, 35.55 (1),
32.62, 32.10 (t), 31.88, 30.82 (t), 30.17, 26.70 (t), 26.76, 25.36 (q);
MS nmvz (relative intensity) 206 (M, 13), 191 (100), 173 (30); HR-
MS (M*) calcd for G4H2,0 206.1671, found 206.1664.
(1S,2S,6S,89)-3,3-Ethylene-11-(hydroxymethyl)-6-methyltricyclo-
[6.3.0.G9lundecane (34). To a stirred solution 083 (19.9 mg, 0.0964
mmol) in toluene (2.4 mL) was added a solution ofZt (1.0 M, in
hexane, 0.48 mL, 0.48 mmol) at rt. After warming to 60, the
reaction mixture was treated dropwise with £4H0.078 mL, 0.964
mmol) and stirred for 15 h at the same temperature. The reaction
mixture was diluted with O, washed wh 1 N aqueous HCI and
saturated NaHC®solution, dried (N&SQ), and concentrated. The
residue was purified by silica gel column chromatography (Et©Ac
hexane, 1:10) to giv84 (20.2 mg, 95%) as a colorless oil: IR (neat)
3341, 2939, 2863, 1458, 1024 cim'H-NMR (CDCL) 6 3.59 (dd,J
= 10.2, 6.6 Hz, 0.6 H), 3.58 (dd,= 10.5, 5.4 Hz, 0.4 H), 3.45 (dd,
J=10.2, 7.8 Hz, 0.6 H), 3.38 (dd, = 10.5, 7.8 Hz, 0.4 H), 2.75
2.44 (m, 1.4 H), 2.091.23 (m, 13.6 H), 1.21 (s, 1.2 H), 1.17 (s, 1.8
H), 0.58-0.32 (m, 4 H);**C-NMR (CDCk) ¢ 66.40, 64.94 (t), 65.05,
59.28 (d), 54.25 (s), 53.95, 51.97 (d), 49.51, 46.38 (d), 49.29, 48.20
(t), 44.49, 44.15 (d), 40.06, 39.23 (t), 35.80, 35.67 (t), 31.39, 30.77 (1),
29.47 (s), 28.45 (q), 28.25 (1), 16.53, 15.67 (1), 7.19, 6.81 (t);i8
(relative intensity) 220 (M, 4), 205 (43), 191 (55), 107 (100); HR-
MS (M*) calcd for GsH240 220.1827, found 220.1836.
(1S,25,65,89)-11-(Hydroxymethyl)-3,3,6-trimethyltricyclo[6.3.0.079-
undecane (35). A mixture of 34 (22.4 mg, 0.102 mmol) and PO
(4.6 mg, 0.020 mmol) in acetic acid (2.0 mL) was hydrogenated at rt
under atmospheric pressure for 3 days. The reaction mixture was
filtered through a Celite pad, neutralized with saturated NagiCO
solution, extracted with EtOAc, dried (B8Qs), and concentrated. The
residue was purified by silica gel column chromatography (Et©Ac
hexane, 1:10) to giv85 (18.0 mg, 80%) as a colorless oil: IR (neat)
3374, 2935, 1028 cnt; *H-NMR (CDCls) ¢ 3.72 (dd,J = 10.5, 6.7
Hz, 0.6 H), 3.68 (ddJ = 10.8, 4.2 Hz, 0.4 H), 3.54 (dd,= 10.5, 7.9
Hz, 0.6 H), 3.42 (ddJ = 10.8, 7.1 Hz, 0.4 H), 2.662.40 (m, 1.4 H),
2.18-1.32 (m, 13.6 H), 1.22 (s, 1.2 H), 1.17 (s, 1.8 H), 1.00 (s, 1.2
H), 0.98 (s, 1.8 H), 0.95 (s, 1.8 H), 0.92 (s, 1.2 ML-NMR (CDCk)
0 67.57, 61.92 (d), 66.87, 65.41 (t), 53.62, 53.35 (s), 50.74, 49.40 (d),
49.72, 48.84 (t), 48.79, 46.90 (d), 46.40, 45.50 (d), 42.37, 42.16 (s),
41.42, 41.39 (t), 40.70, 40.63 (t), 32.20 (q), 31.23, 31.04 (t), 30.73,
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30.30 (q) 29.56, 28.54 (t), 26.00, 25.68 (q); Mt (relative intensity) (c 0.325, CHCY) (87% ee); IR (neat) 3068, 2934, 2864, 1650, 1456,

222 (M*, 14), 207 (8), 166 (56), 151 (54), 135 (100): HR-MS(M 1382, 1372, 1364, 874 crhi *H-NMR (CDCls) 6 4.91-4.88 (br-s, 1

calcd for GsHp6O 222.1983, found 222.1975. H), 4.80-4.77 (br-s, 1 H), 2.682.62 (m, 1 H), 2.66-2.30 (m, 3 H),
(—)-A%*2-Capnellene (7). A solution 0f35(17.0 mg, 0.0764 mmol) 1.78-1.64 (m, 3 H), 1.56-1.42 (m, 5 H), 1.20 (dd) = 13.2, 9.5 Hz,

in pyridine (0.8 mL) containing 2-nitrophenyl selenocyanate (52 mg, 1 H), 1.15 (s, 3 H), 1.05 (s, 3 H), 0.98 (s, 3 HJC-NMR (CDCk) 6

0229 mmol) was treated dropwise with $u(0.057 mL, 0.229 mmol) 158.98 (s), 104.96 (t), 69.06 (d), 53.32 (s), 52.27 (d), 47.89 (t), 45.99

at rt. After being stirred for 20 h, the reaction mixture was quenched (d), 42.32 (s), 41.66 (t), 40.56 (t), 31.81 (q), 31.50 (t), 30.80 (q), 29.02

by the addition of HO, diluted with E3O, washed wit 1 N aqueous (t), 26.04 (q).

HCI and saturated NaHG@olution, dried (NgSQy), and concentrated

to give crude36. To the residual yellow solid were added THF (1.5 . . .

mL), K-COs (105 mg, 0.764 mmol), and 30%,8, (0.31 mL) at rt. Supporting Information Available: *H- and **C-NMR

The reaction mixture was stirred at rt for 20 h and directly filtered Spectra of all new compounds (37 pages). See any current

through a silica gel pad. This crude products were purified by silica masthead page for ordering and Internet access information.

gel column chromatography (EtOAtexane, 1:10) to give —)-

capnellene?) (12.2 mg, two steps 78%) as a colorless ait]?fp —120 JA9609359



