
5360 J. Org. Chem.  1993,58, 5360-5369 

Synthesis of Neolignans via a Proposed Biosynthetic Intermediate. 
Total Synthesis of (A)-Futoenone 

Steven R. Angle’ and Kenneth D. Turnbull 
Department of Chemistry, University of California, Riverside, California 92521 -0403 

Received April 22, 1993. 

The attempted spectroscopic observation of a quinone methide proposed to be an intermediate in 
the biosynthesis of neolignans is reported. The results afforded substantial indirect evidence for the 
formation of quinone methide 3. The synthesis of racemic bicyclo[3.2.lloctenedione 22, a natural 
product, is proposed to occur through a similar quinone methide intermediate. The synthesis of 
(&)-futoenone via a benzylic cation intermediate related to quinone methide 3 is reported. The 
results provide support for Gottlieb’s proposal that several different neolignans arise from a common 
biosynthetic precursor. The efficient synthesis of (*)-futoenone and related spiro[5.5lundecanoids 
using a Btichi quinone ketal cycloaddition is also described. 

Introduction A \ I  yz The lignans and neolignans comprise a group of natural 
products characterized by carbon skeletons which are 
dimers of phenylpropanoids derived from shikimic acid. 
The two groups are generally differentiated based on the 
carbons through which dimerization occurs. The term 
lignan originated for the designation of dimers which were 
coupled at the C(8)-C(83 positions of the phenylpropanoids 
(A, Figure 11.l Neolignan was later introduced todesignate 
those natural products linked through any position other 
than the C(8)-C(8’) position.2 Three major neolignan Ar r h 7 2 .  
subgroups are represented by the skeletons B, C, and D 
(Figure 1). 

a broad range of biological activity 
including: stimulant, sedative, muscle relaxant, cytotoxic, 
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~ ~ ~ l i ~ ~ ~  Figure 1. Representative neolignans derived from arylpro- 
panoids. 

antileukemic, antitumor, antioxidant, antifungal, anti- 
microbial, insect antifeedant, and other diverse a~t ivi ty .~ 
This range of biological activity has led to intensive 
synthetic efforts being focused on these comp0unds.a 
Recently, futoenone (6, Scheme I) and related neolignans 
isolated from the Chinese herbal plant Piper futokadsura, 
were found to be potent and competitive receptor antag- 
onists of platelet activating factor (PAF).a7 PAF is a highly 
potent lipid mediator of acute inflammation, allergy, and 
anaphylaxis. Shen and co-workers have demonstrated that 
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futoenone acts as a dual PAF receptor antagonist and 
5-lipoxygenase inhibitor which enhances its potential role 
as a therapeutic agent for asthma and various cardiovas- 
cular and inflammatory disorders.hb 

Gottlieb has proposed that the three different types of 
neolignans, B, C, and D, shown in Figure 1 arise via a 
common biosynthetic pathway (Scheme I)?-* His proposal 
calls for the enzymatically directed radical coupling of 
appropriately oxidized and 0-methylated propenyl- and 
allylphenols (1 and 2) to afford quinone methide 3, a 
postulated intermediate (Scheme I).2** Quinone methide 
3 might react by one of three different pathways: (a) 
C-alkylation of the @-diketone would afford the bicyclo- 
[3.2.lloctene skeleton found in epi-guianin (4), (b) 0- 
alkylation of the @-diketone would afford the hydroben- 
zofuran skeleton found in epi-burchellin (51, or (c) attack 
of the alkene followed by capture of the resulting cation 
by the 8-diketone oxygen would afford the spirot5.51- 
undecane skeleton found in futoenone 6. The proposed 
bifurcation of quinone methide 3 might be directed 
enzymatically or chemically. Pathways a and b both 
involve the enolized 8-diketone acting as a nucleophile, a 

(7) For the isolation, structure, and relay synthesis of futoenone we: 
(a) Ogiao, A.; Kurabayashi, M.; Mishima, H.; Woods, M. C. Tetrahedron 
Lett. 1968,9,2003. (b) Woods, M. C.; Miura, I.; Ogiao, A.; Kurabayashi, 
M.; Muhima, H. Tetrahedron Lett. 1968, 9, 2009. (c) Ogiao, A.; 
Kurabayashi,M.;Takaha&i, S.;Mishima,H.; Woods,M. C. Chem.Pharm. 
Bull. 1970, 18, 105. 

(8) (a) Gottlieb, 0. R. Phytochemistry 1989,28,2645. (b) Pelter, A. 
In Recent Advances in Phytochemistry; Conn, E. E., Ed.; Plenum Press: 
New York, 1985; Vol20, pp 201-240. 
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Scheme I. Gottlieb’s Proposed Neolignan Biosynthesis8 
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reasonable proposal with literature precedent? However, 
pathway c appears somewhat less reasonable than path- 
ways a and b requiring the alkene, a relatively poor 
nucleophile, to participate in an intramolecular cyclization 
to the exclusion of the enolized B-diketone. 

Chemical precedent for Gottlieb’s proposal can be found 
in the Biichi-Mak synthesis of (f)-futoenone via a 
quinone-ketal cycloaddition reaction (Scheme II).lOJ1 
Benzylic cation 9, a proposed intermediate, corresponds 
to Gottlieb’s quinone methide intermediate 3.12J3 

Despite the abundance of literature related to the 
isolation, characterization, synthesis, and biological ac- 
tivity of the neolignans, the chemistry of quinone methide 
3 has not been studied. Our previous work with quinone 
methides9 led us to believe that such an investigation would 
provide results that impact both synthetic approaches 
toward neolignans, as well as provide chemical evidence 
to support the possible intermediacy of quinone methides 
in biosynthesis. 

Gottlieb and co-workers have shown that natural 
producta possessing the hydrobenzofuran skeleton such 
as epi-burchellin (5) undergo acid-mediated rearrangement 
to the bicyclo[3.2.l]odane skeleton of epi-guanin (4).14 
On the basis of these results, and suggestions by B.iichi,lo 

(9) (a) Foraprelimiireportofthisworksee: Angle,S. R.;Turnbull, 
K. D. J. Am. Chem. SOC. 1990,112,3698. (b) Angle, S. R.; Turnbull, K. 
D. J. Am. Chem. SOC. 1989, 111, 1136. (c) Angle, 5. R.; Louie, M. L.; 
Matt”, H. L.; Yang, W. Tetrahedron Lett. 1989, 30, 1193. (d) For 
background on quinone methide-initiated cyclization reactions and a 
detailed account of this work described here we: Turnbull, K. D., Ph.D. 
Dissertation, University of California, Riverside, 1991. 

(10) Bllchi, G.; Mak, C.-P. J. Am. Chem. SOC. 1977,99,8073. 
(11) For leading reference6 to other work from the Bachi group wing 

quinone ketal/atyrene cycloadditions see: (a) BO&, G.; Chu, P. S. J. Am. 
Chem. SOC. 1981,103,2718. (b) BOchi, G.; Chu, P. 5. J. Org. Chem. 1978, 
43,3717. 

(12) For another synthesis of fuhnone via a similar cycloaddition 
see: Shieuri, Y.; Yamamura, S. Tetrahedron Lett. 1983,24,5011. 

(13)For related typa of cycloadditions with quinone ketale and 
quinonea see: (a) Wang, 9.; Gates, B. D.; Swenton, J. S. J.  Org. Chem. 
1991,56,1979. (b) Gates, B. D.; Dalidowicz, P.; Tebben, A.; Wang, S.; 
Swenton, J. S. J. Org. Chem. 1992,52,2135. (c) Engler, T. A.; Combrink, 
K. D.; Ray, J. E. J.  Am. Chem. SOC. 1988,110,7931. (d) Engler, T. A.; 
Letavic, M. A.; Combrink, K. D.; Takusagawa, F. J. Org. Chem. 1990,55, 
5810. (e) Mortlock, S. V.; Seckington, J. K.; Thomas, E. J. J.  Chem. SOC. 
Perkin fiana. I 1988,2306. (0 Shizuri, Y.; Sayama, K.; Yamamura, S. 
J. Chem. SOC. Chem. Commun. 1986,63. 
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Scheme 11. BQchi-Mak Synthesis of 
( f)-Futoenonele 
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it seemed reasonable that an 0-protected epi-burchellin 
derivative might serve as a potential precursor to quinone 
methide 3. We thought it should be possibleto trigger the 
opening of the hydrobenzofuran in loa (Scheme 111) under 
mild conditions by treatment with fluoride ion to afford 
phenol anion/siliconate complex 11 which might facilitate 
opening of the hydrobenzofuran ring to afford quinone 
methide 3- (the anion of 3). In accordance with Gottlieb’s 
proposal, quinone methide 3- might then be expected to 
undergo three different intramolecular reactions affording 
hydrobenzofuran 12, bicyclo[3.2.l]octene 13, and/or spire 

(14) (a) De Alavarenga, M. A., Brock”, U.; Gottlieb, 0. R.; Yoshida, 
M. J.  Chem. Soc. Chem. Commun. 1978,831. (b) De Alnvmnga, M. A.; 
Castro, C. 0.; Giesbrecht, A. M.; Gottlieb, 0. R. Phytochembtry 1977, 
16,1801. (c) Castro, C. 0.; Gottlieb, 0. R. Zng. Cienc. Quim. 1981,5,67. 
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Scheme 111. Proposed Route to Quinone Methide 3- 
'9 OCH? 
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[5.5]undecane 14 (Scheme 111). At this stage it was unclear 
if the desired fragmentation would occur under such mild 
conditions; it seemed plausible that 11 might simply 
undergo protonation upon workup to afford 12 directly. 
A survey of the literature revealed there were no hy- 
drobenzofuran neolignan natural products that have a free 
phenol para to the linkage with the hydrobenzofuran. This 
suggested the possible instability of these compounds and 
provided hope that the desired fragmentation might occur. 

Results and Discussion 

Benzofuranone 10a was prepared using the quinone ketal 
cycloaddition chemistry pioneered in the Biichi labora- 
tory.10JlTreatment of the known quinone ketal 1611awith 
SnC4 in the presence of styrene 15 afforded benzofura- 
nones 17 as a 1:l mixture of diastereomers at C(3) in 
approximately 40% yield and 18 in 36% yield (eq 1). 

OS02CH3 
I 

PMs PMs 

CH3d 
170 (16%) 

CH3d 
17b (1 8%) 

<OMS 

70 (36%) 

i' 
CH30 H 0 w : C H 3  

13 

14 

Preparative HPLC and recrystallization afforded 17a and 
17b in identical 18% yields. 

2,3-cis-Benzofuranone 17a was readily differentiated 
from 17b by the upfield resonance for the shielded C(3)- 
methyl (cis to the C(P)-aryl ring) at 6 0.49 (doublet, J = 
7.2 Hz) in the lH NMR spectrum for 17a. In contrast, the 
lH NMR spectrum of 2,3-trans-benzofuranone 17b showed 
aresonance for the C(3)-methyl at 6 1.13 (doublet, J =  6.9 
Hz). The signal for the C(2)-benzylic hydrogen of 17a 
was a distinctive doublet at 6 5.97 (J = 4.7 Hz). This 
relatively small coupling constant is consistent with the 
cis-stereochemistry of the C(2)-aryl and C(3)-methyl 
substituents. The coupling constant was confirmed 
through decoupling studies by irradiation of the doublet 
at 6 0.49 [C(B)-methyl] which resulted in the collapse of 
the multiplet for the C(3)-hydrogen geminalto the methyl 
at 6 2.58-2.66 into a doublet (J = 4.9 Hz). These 
aasignments are in agreement with spectral data for similar 
compounds reported by Biichi and Chu.lla 
As part of an attempt to optimize the formation of 17a, 

the stability of 17a, 17b, and 18 to the reaction conditions 
was examined. Treatment of 17a under the condensation 
reaction conditions (SnC4, -30 "C, 30 min) afforded a 2:3 
ratio (1H NMR) of 17a to 18. Treatment of 18 under the 
same conditions resulted in no detectable change in 18 by 
lH NMR. It was not until the reaction was conducted at 
23 "C for 30 min that a minor amount (15%) of 17a was 
detected. There was no observable reaction when dias- 
teromeric benzofuranone 17b was treated under the 
reaction conditions; thus, there is no sign of an equilibrium 
between 17a and 17b. These results show that at low 
temperature, in the presence of SnC4, an equilibrium does 
exist between benzofuranone 17a and bicyclo[3.2.11- 
octenone 18, which favors 18. This agrees with reports by 
Buchi and Mak,loas well as Gottlieb and co-workers,14 on 
the stability of hydrobenzofuran relative to the corre- 
sponding bicyclo[3.2.1]octenes. Attempts tomaximize the 
yield of 17a by taking advantage of this information (e.g. 
varying Lewis acid, reaction time, temperature, equiv of 
styrene) were not productive.M 

Quinone ketal cycloadditions are thought to be concerted 
cycloadditions between a pentadienyl cation, formed upon 
loss of one of the ketal alkoxy groups, and a styrene.loJ6* 
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reaction conditions 
entry SMa reagent solvent equiv temp, OC time monitor resultb 

1 10s n-BqNF CDCla 1.0 25 5min NMR/UV 13 
2 10s KF CDsCN 1.0 25 5.5 h NMR no reaction 
3 lOa/b KF,l&c-6 CDsCN 1.0 25 4.5 h NMR 13/22 
4 17 n-BqNF CDzClz 1.0 25 5min NMR 20/21 
5 17 n-BqNF CDzClz 1.0 -40 2min NMR 20/21 
6 17 n-BqNF CDzClz 0.1-1.0 (10 addns) -40 30 minl0.l equiv NMR 20/21 
7 17 n - B a F  THF 0.2 -78 1.5 h - 17 (80%) 20121 (20%) 

9 17 n-BqNF THF 0.2 25 5min - 20/ 2 1 
10 17 KF/18-~-6 CD&N 1412.4 25 2 h  uv 20/21 
11 17 KF/18-~-6 CDaCN 1412.4 25 2 h  NMR 20/21 
12 17 40% HF/H20 CD&N 25 6 h  - 20/21 
13 17 2NNaOH THF/EtOH 2.5 25 24h 
14 17 AcOH THF/H20 25 6 h  - no reaction 
15 10s none DMSO& - 100 2 h  NMR no reaction 

a Starting material 17 waa a 1:l mixture of 17a/17b. JJ In cases where no yield is given complete conversion to the indicated products waa 

8 10s n-BqNF THF 1.1 -96 2min IR 13 

- intractable mixture 

obaerved by 1H NMR spectroscopic analysis of the crude reaction mixture. 

Products 17a and 18 likely arise from a common adduct, 
19-endo, whereas 17b must arise from adduct 19-exo. The 
trans-relative stereochemistry of the aryl to the adjacent 
methyl that is observed in the final products presumably 
arises via equilibration of the initially formed sterically 
disfavored cis- is~mers .~~b~~ The product ratios are indic- 
ative of a 3:l endo/exo selectivity in the cycloaddition. 

19-endo 

<OMS 

19-exo 

Diastereomers l7aand 17b were separately treated with 
phenylselenide ion and oxidized to afford 10a in 70 % yield 
and 10b in 79% yield, respectively (eq 2). The relative 
stereochemistry of the three stereogenic centers in 10a 
and 10b was confirmed by difference NOE experiment@ 
and comparison of spectral data to similar compounds of 
known stereochemistry.w 

CH3d 

loa p CH3 (70%) 
lob a CH3 (79%) 

With 10a in hand, the key fragmentation reaction to 
the quinone methide was examined. Treatment of 10a 
with (n-Bu)rNF (1.2 equiv, THF) at room temperature 
afforded phenol 13, with the bicyclo[3.2.lloctene skeleton, 

(16) (a) Joeeph-Nathan, P.; Mendoza, V.;Garcia, E. Tetrahedron, 1977, 
33,1473; see also refs 10-13. (b) There are a limited number of reporta 
of cis-styrenes participating in the cycloaddition, see refs. 10,12, and 13b. 
Thespectraldatafor structure lSinref 12doesnotagreewiththeaseigned 
cis-exostereochemistry. (c) Seerefs lOand 14for examples of equilibrium 
between benzofuranoids and bicyclo[3.2.lloctanoids due to steric con- 
atrainta. 

(16) See supplementary material for details. 

in 91 % isolated yield (eq 3). Monitoring the reaction by 
1H NMR at ambient temperature failed to provide 
evidence for the intermediacy of quinone methide 3. The 
propenyl substituent in 10a is not involved in the reaction, 
and benzofuranones 17a/b should react via the same 
mechanism as 10a to afford bicyclo[3.2.lloctenes. The 
readily available mixture of benzofuranones 17a/b was 
treated with (n-Bu)aNF to afford phenols 20 and 21 as a 
1:l mixture. It is important to note that products 13 and 
20/21 are free phenols; none of the corresponding silyl 
ethers were observed. 

n-Bu4NF 

CH30 

loa R = CH=CHp 
17e R = CH2CH20Ms 

These initial results are consistent with a mechanism 
involving quinone methide 3 as an intermediate in the 
conversion of 10a to 13. In an attempt to observe the 
quinone methide and to learn more about this transfor- 
mation, a series of experiments (monitored by lH NMR, 
IR, and/or UV) were carried out on 10a and 17a/b (Table 
I). 

At low temperatures the reaction is clearly stoichiometric 
in fluoride ion. One key experiment that illustrates this 
fact was the conversion of 17 to 20121 at -40 "C by the 
sequential addition of 0.1 equiv of (n-Bu)rNF (0.1-1.0 
equiv; 30 min between each addition; 1H NMR monitoring; 
Table I, entry 6). For each 0.1 equiv of fluoride ion added, 
only an equivalent amount of 20121 was formed. Addition 
of 0.2 equiv of fluoride at -78 OC for 1.5 h, followed by 
workup, produced 20 and 21 in 20% yield and 17 was 
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recovered in 80% yield (entry 7). This is in contrast to 
the complete conversion of 17 to 20/21 with catalytic (n- 
Bu)rNF at room temperature (Table I, entry 9). IR 
monitoring of the reaction with 10a [(n-Bu)sNF, 1.1 equiv; 
0.02 MI at -96 "C showed the reaction to be complete 
within 2 min (entry 8). Subtraction of the spectra for 
starting material 10a and product 13 from the spectra 
acquired during the reaction (in hopes of obtaining 
spectroscopic evidence for the presence of the quinone 
methide) gave flat base lines. This result implies that if 
the quinone methide is an intermediate it is present in 
extremely low steady state concentrations. 

Slower reaction rates were observed when using KF-18- 
crown-6 in CD&N (Table I, entries 2,3,10,11); however, 
even though the rate of silyl cleavage decreased, exper- 
iments at variouis temperatures monitored by lH NMR 
and UV failed to provide evidence for the intermediacy 
of quinone methide 3. The rate-determining step of the 
process appears to be silyl cleavage; once the silyl group 
on 10a or 17 is lost, the formation of bicyclooctanoid 
products is extremely rapid. This is consistent with the 
thermal stability of loa. Benzofuranone 10a was un- 
changed after heating at 100 "C for 2 h in DMSO-d6 ('H 
NMR monitoring, entry 15). This result stands in stark 
contrast to the fluoride ion-mediated conversion of 10a to 
13 at -96 "C in 2 min. 

Treatment of 10a and 17 with electrophilic reagents 
(e.g. (CH&OBFr, p-TsOH, AczO, (CHs)sSiBr, TBDMS- 
OTf) provided no evidence for the intermediacy of quinone 
methide 3.w For example, treatment of 10a with (n-Bu)r- 
NF in acetic anhydride (solvent) afforded the acetates 
corresponding to 10a and 13 (1H NMR m~nitor ing) .~~ 

With the failure to observe quinone methide 3 as an 
intermediate, we questioned the mechanism for the 
conversion of 10a to 13 and 17 to 20/21. Our results show 
the bondreorganization (hydrobenzofurantobicyclo[3.2.11- 
octene) is driven by cleavage of the silyl protecting group 
on the phenol, consistent with quinone methide 3 being 
an intermediate. Possible mechanisms that do not invoke 
3 as an intermediate were considered. Simplistically, the 
10a to 13 conversion entails removal of the silyl group on 
the phenol (which initiates the subsequent bond reorga- 
nization), breaking of the benzylic C-O bond, and for- 
mation of a C-C bond. The timing of these bonding 
changes becomes a crucial question in determining the 
mechanism for the transformation. If bond formation/ 
breakage are synchronous, the 10a to 13 transformation 
is a [1,3]-sigmatropic shift. If C-0 bond cleavage occurs 
prior to C-C bond formation, quinone methide 3 is an 
intermediate. 

To rationalize our results, which require cleavage of the 
silyl group to effect the transformation, one might invoke 
an anion @-phenoxide)-accelerated [1,3l-shift. The 10a 
to 13 conversion is a net inversion of configuration from 
C(2) in 10a to C(7) in 13; the methyl and aryl groups are 
cis in 10a and trans in 13. A thermally allowed [1,3l-shift 
might be expected to occur with an inversion in one of the 
partners,17 as observed. While this seemed an unlikely 
possibility due to the poor orbital alignment (analysis of 
Dreiding models), we elected to examine the viability of 
this process. The similar orientation of the aryl group in 

Angle and Turnbull 

10b suggests that if it undergoes the same reaction that 
10a does, the transformation should also occur with net 
inversion of configuration at C(7). 

To test this notion, 10b was treaetd with (n-Bu)rNF to 
afford22in91% yield(eq4). The 10bto22 transformation 
thus occurs with net retention of configuration. At this 

(17) [1,3]-Sigmatropic shifts have been reported with both retention 
and inversion of confiat ion.  In this cam if 108 and 10b react via the 
same mechanim, the net stereochemical result (inversion or retention) 
should be the same. (a) Forman, M. A.; Leber, P. A. Tetruhedron Lett. 
1986,27,4107. (b) Berson, J. A. Acc. Chem. Res. 1972,6,406. 

CH30 

lob R = CH =CHi 
17b R = CHZCHZOMs 

a 
K 

HOW 

22 R = CH=CH, 
21 R = CH~CH~OMS 

stage the 17 to 20/21 transformation, which had been 
carried out on 1:l mixtures of 17a/b (Table I), was studied 
with each pure diastereomer. Treatment of mesylate 17a 
with (n-Bu)DF afforded 20 with net inversion of con- 
figuration (eq 3), and 17b afforded 21 with net retention 
of configuration. These results suggest a nonconcerted 
reaction pathway. 

The previously mentioned poor orbital overlap makes 
a concerted process unlikely. If the reaction is not 
synchronous, bond breakage precedes bond formation and 
quinone methide 3 must be an intermediate. Indeed, we 
believe that the cleavage of the silyl group triggers a 
fragmentation which results in the cleavage of the C(21-0 
bond of 10a to afford quinone methide 3-. The quinone 
methide then suffers intramolecular carbon alkylation by 
the ,&diketone enolate that was formed in the fragmen- 
tation step. Not surprisingly, formation of a quinone 
methide with a @-diketone enolate five centers away results 
in low steady state concentrations of the quinone methide. 
This scenario is consistent with all of our results and 
previous experience with the intramolecular reaction of 
quinone methides and &keto esters.9b-d Spectroscopic 
observation of 2,6-disubstituted quinone methides pos- 
sessing a 8-keto ester moiety proved to be challenging due 
to the rapid intramolecular reaction of the quinone methide 
with the &keto e ~ t e r . ~ ~ * d  Quinone methide 3-, with a single 
substituent adjacent to the carbonyl, is expected to be 
more reactive than the 2,6-disubstituted quinone methides 
in the previous study and thus more difficult to observe 
spectroscopically.9b~d 

It should be mentioned that bicyclo[3.2.1loctanoid 22 
has the same structure as a natural product isolated by 
Gottlieb and co-workers.'* The spectral data for 22 are 
identical to those reported by Gottlieb for the (-1- 
enantiomer of 22. Gottlieb assigned the relative stereo- 
chemistry on the basis of lH NMR data. We have carried 
out difference NOE experiments'8 and compared our 

(18) De Alavarenga, M. A.; Brockeom, U.; Caatro, 0. C.; Gottlieb, 0. 
R.; MagalhaBs, M. T. Phytochemistry 1977,16, 1797. 
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Scheme IV 

26 

spectral data to that reported by Engler and co-workers 
for similar bicyclo[3.2.lloctanoids with endo- and exo- 
aryl gr0~ps . l~  All of the data is consistent with the 
structure assigned by Gottlieb. 

It seemed possible that the quinone methide interme- 
diate might be accessed from one of the bicyclo[3.2.11- 
octenes (e.g. 13 or 22). All attempts to effect this 
conversion and observe or trap the quinone methide 
intermediate under a variety of conditions were un- 
successful.M 

With the development of a selective route to the bicyclo- 
[3.2.lloctene skeleton, we sought conditions to divert the 
cyclization toward formation of products with the spiro- 
[5.5]undecane skeleton. We reasoned that alkene par- 
ticipation in the cyclization would require the nucleophi- 
licity of the 8-diketone to be decreased and the electro- 
philicity of the quinone methide to be increased. Ac- 
cordingly, loa was treated with Tic4 (-78 "C to room 
temperature) to afford a 99% isolated yield of tert- 
butyldimethylsilyl ether 25 possessing the spir0[5.51- 
undecane skeleton (Scheme IV). Since the silyl group was 
retained, the intermediate was not the quinone methide; 
rather, it must have been benzylic cation 24. Thus, the 
complete diversion of the reaction pathway toward spiro- 
[5.5lundecane 25 can be attributed to two reinforcing 
factors that cannot be examined separately in our 
experiments. (1) the benzylic cation provides a highly 
electrophilic intermediate for reaction with the terminal 
alkene, and (2) complexation of the @-diketone with Ti- 
(IV) may moderate ita nucleophilicity. 

To test for the possible formation of the bicyclo[3.2.11- 
octene in the Lewis acid-mediated reaction, tert-bu- 
tyldimethylsilyl ether 26 was treated with TiCL (1.8 equiv, 
-78 "C to 25 "C, 10 min, CD2Cl2) to afford a 98% yield of 
spiro[5.5]undecane 25. Thus, bicyclo[3.2.lloctene 26 is 
a possible initial kinetic product in the 10a to 25 
transformation, which reversibly opens to benzylic cation 
24 and irreversibly affords 25. The isomerization was 
sensitive to choice of Lewis acid; treatment of 26 with 
SnC4 (1.8 equiv, 24 h, 25 "C, CD2Cl2) afforded a 45% 
yield of 25. To examine the effect of an unprotected phenol 
on the isomerization process, phenol 13 (Scheme 111) was 
treated with SnCL (1.0 equiv, -78 "C to 25 "C, 30 min, 
CD2C12) to afford a 6040 mixture of 13 to 14 by analysis 

(19) Engler, T. A,; Wei, D.; Letavic, M. A. Tetrahedron Lett. 1993,34, 
1429. 

of the lH NMR spectrum of the crude reaction mixture. 
Treatment of 13 with Tic4 (1.0 equiv) under the same 
conditions afforded unreacted starting materials.M 

We realized the similarity of this cationic process to the 
key step of the Buchi-Mak synthesis of (f)-futoenone. A 
survey of quinone ketal and similar quinone cycloaddition 
chemistry shows that this type of cycloaddition affords 
spiro[5.5]undecanoids in poor yields at best.lb13 Exam- 
ination of our results shows that similar intermediates are 
involved, and we might have the ability to directly prepare 
spiro[5.5lundecanoids in high yield. Due to the recent 
interest in futoene and related spiro[5.5lundecanoids as 
PAF receptor antagonists,BJ the synthesis of these com- 
pounds via a Buchi quinone ketal styrene cycloaddition 
was examined.lGl3 

On the basis of literature reportalla and our results in 
these studies, we expected the yields of spiro[5.5]- 
undecanoids to be highest when Lewis acids are used to 
promote the cycloaddition of dimethoxyquinone ketals. 
This indeed proved to be the case. The synthesis of racemic 
futoenone was accomplished by the addition of stannic 
chloride to a solution of isosafrole 7 (2.0 equiv, 85:15 
mixture ZIE, capillary GC) and quinone ketal 27 in 
dichloromethane at -78 "C (Scheme V). Workup and 
recrystallization afforded analytically pure (f)-futoenone 
6 in 64% yield.7J0J2 It is likely that the yield could be 
further optimized by using isomerically pure (2)-isosafrole. 

Analogs of futoenone with different substituents on the 
aryl ring were also made via this methodology. The phenol 
analog 14 was obtained from quinone ketal 27 and 
hydroxystyrene 28 (11:l mixture ZIE, capillary GC) with 
SnCh (Scheme V). HPLC purification afforded 14 in 67 % 
isolated yield. The tert-butyldimethylsiloxy analog 25 was 
obtained in 85% yield upon treatment of quinone ketal 
27 and silyl-protected styrene 15 (1.5 equiv) with TiC4. 
The use of titanium(1V) isopropoxide under these con- 
ditions led to recovered starting materials. As proof of 
the similarity in structure, 25 was converted to 14 upon 
treatment with (n-Bu)&IF"F' Compounds prepared by both 
routes showed identical spectral and chromatographic 
properties. 

Conclusion 

The work described here has provided chemical support 
for Gottlieb's proposal that several different neolignans 
arise via a common biosynthetic precursor. It is indeed 
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Scheme Vm 

27 7 R'= R'=CH2 
28 R' = H, R2 = CH3 
15 R' = t-E3~(Me)~Si, R2=CH3 

quite reasonable to imagine a quinone methide reacting 
with an internal alkene if it is sufficiently activated. The 
results of research on quinone methide 3 led to insight 
into the Biichi quinone ketal cycloaddition and the 
synthesis of bicyclooctanoid natural product 22 and 
allowed the efficient preparation of spiro[5.5lundecanes 
in high yield for the first time. 

Experimental Section21a 

General Information. The low-temperature IR work was 
accomplished using a variable-temperature vacuum-jacketed cell 
with a vacuum-tight liquid cell (CaF2 windows, 0.05-mm path 
length) and an automatic temperature controller. HPLC was 
carried out with an RI detector using a 25-cm column (4.6 mm 
or 1.0 cm i.d.) packed with 8-pm silica gel. The molarities 
indicated for alkyllithiums were established by titration with 
2,5-dimethoxybenzyl alcohol.21b In cases where products were 
isolated by "aqueous workup (solvent, drying agent)" the 
procedure was to dilute the reaction mixture with water, extract 
the aqueous layer several times with the indicated organic solvent, 
wash the combined organic layers with brine, dry over the 
indicated drying agent, and concentrate the reaction mixture. 
"Concentration" in the experimental procedures refers to isolation 
of product(s) from a solvent/product mixture by removal of the 
solvent under reduced pressure (water aspirator) with a rotavapor. 
Unless stated otherwise, all reactions were run under an 
atmosphere of nitrogen or argon in flame dried glassware. 

(A)-Futoenone (6). Neat SnC4 (100 pL, 0.855 mmol) was 
added via syringe to a stirred solution of quinone ketal 27 (194 
mg, 0.866 mmol), isosafrole 722 (258 mg, 176 mmol, 8515 ZIE, 
GC), and CH2Cl2 (10 mL) at -78 OC. The resulting solution was 
stirred for 10 min and the cooling bath was removed. After an 
additional 20 min, the reaction mixture was added via cannula 
to a solution of saturated aqueous NaHCO3 (25 mL) and stirred 
for 20 min. Aqueous workup (CH2C12, MgSO4) followed by 
recrystallization (ethyl acetate, three crops) afforded 189 mg 
(64% ) of analytically pure (&)-futoenone 6 as white crystals: mp 
225.0-226.5 OC (lit.7c 197 OC; lit.10 242-246 OC); lH NMR (300 
MHz, CDCla) 6 6.73 (d, J =  7.9 Hz, lH, H-17), 6.67 (8, lH, H-141, 
6.63 (d, J = 7.9 Hz, lH, H-18), 5.93 (8,2H, CHz-19), 5.78 (s,2H, 
H-2), 5.46 (8, lH, H-5), 5.03 (apparent t, J = 5.5 Hz, lH, H-8), 
3.66 (e, 3H, -C(OCH3)), 2.55 (apparent dt, J = 6.2,11.4 Hz, lH, 
H-lo), 2.39-2.24 (m, 2H, H-7B and H-98),2.18 (apparent d, J = 

(apparent t, J = 12.9 Hz, lH, H-ga), 0.58 (d, J = 6.5 Hz, 3H, 
CH3-12); NMR (75 MHz, CD2C12) 6 182.9,180.3,153.6,148.2, 
146.6, 137.9, 121.5, 109.6, 108.5, 108.0, 101.5, 101.3, 82.4, 55.4, 
50.6, 46.5, 45.7, 43.9, 38.3, 14.5; IR (CH2C12) cm-l 1654, 1613, 
1506,1489,1251; MS (El, 70 eV) mlz 340 (M+, 100), 163 (76), 135 

11.3 Hz, lH, H- CY), 2.02 (dq, J = 11.3, 6.4 Hz, lH, H-ll), 1.71 

(20) The numbering system used for 6, 14, and 25 in Scheme V and 
LH NMR assignments follows the futoenone numbering system, see ref 
1. 

(21) (a) General experimental protocols have recently been described 
Angle, S. R.; Am&, D. 0. J.  Org. Chem. 1992,57,5937. (b) Winkle, M. 
R.; Lansinger, J. M.; Ronald, R. C. J. J. Chem. SOC. Chem. Commun. 

(22) The Z-styrenes were prepared using the procedure in ref 23. (2)- 
Isosafrole (7) waa prepared from piperonal in 96% yield as an e 1 5  ZIE 
mixture, 99% pure (capillary GC). For a detailed experimental see ref 
9d. 

i98o,a7. 

Y !&wiskd 
snc14 
Sncl, 

6 R' = R2 = CH2, (64%) 

14 R' = H. R2 = CH3, (67%) 
TC4 25 R' = t-Eh~(Me)~Si, R2 = CH,, (85%) 

(67); HRMS for C&aOa calcd 340.1311; found 340.1308. Anal. 
Calcd for C&aO6: C, 70.56; H, 5.93. Found C, 70.33; H, 5.91. 

oxyphenyl]-3,3a-dihydro-S-methoxy-3-methyl-3a-( 2-prow- 
nyl)-6(2a)-benzofuranone (loa). NaB& (34.3 mg, 0.907 
"01) was slowly added to a stirred, room temperature solution 
of (PhSe)z (141 mg, 0.453 mmol) and ethanol (4.5 mL) until the 
color of the reaction mixture changed from yellow to colorless. 
The resulting solution was then cooled to 0 OC and stirred for 20 
min, and a solution of mesylate 17a (250 mg, 0.453 "01) and 
THF (2.5 mL) was added oia cannula. The flask and cannula 
were rinsed with an additional 2 mL of THF. The cooling bath 
was removed and the reaction mixture was stirred for 6 h. 
Concentration followed by aqueous workup (ether, NanSO,) 
afforded the phenyl selenide which was used without further 
purification. A solution of NdO4 (962 mg, 4.03 "01) and 1:l 
THF/HzO (14.0 mL) was added via cannula to a stirred solution 
of the above phenyl selenide and THF (4.5 mL) at 0 "C. The 
resulting solution was stirred at 0 OC for 80 min, at room 
temperature for 60 min, at 70 OC for 4 h, and then allowed to cool 
to room temperature. Aqueous workup [ether (combined organic 
layers were washed with NaHCOs), MgSOrl afforded crude loa 
as a yellow solid. Recrystallization (hexane/ethyl acetate, two 
crops) afforded 165 mg (80%) of benzofuranone 10a as a white 
solid mp 143.0-144.0 "C; 1H NMR (300 MHz, CDCh) 6 6.86 (d, 
J = 8.0 Hz, lH, ArH), 6.70-6.66 (m, 2H, 2 X ArH), 5.94 (d, J = 

(m, lH, CH2CH=CHd, 5.50 (8, lH, -CHC=O), 5.21 (d, J = 

(m, 2H, CHHCH-CHz and CHCHa), 2.54 (dd, J = 13.5,6.8 Hz, 
lH, CHHCH=CH2), 0.99 (a, 9H, SiC(CHs)3), 0.49 (d, J = 7.2 Hz, 
3H, CHd, 0.15 (8, 6H, Si(CH&); 'BC (75 MHz, CDCh) 6 182.5, 
181.5,152.7,150.9,144.6,131.6,129.8,120.7,120.0,117.9,109.3, 
109.1,101.7,87.3,55.4,55.1,53.9,44.5,43.7,25.5,18.2,11.9,-4.8; 
IR (CH2C12) 1657,1615,1471 cm-l; W (CHsCN) A,. (log e), 238 
(sh, 4-12), 258 (4.24), 284 (ah, 3.91); MS (El, 70 eV) m/z 456 (M+, 
29), 400 (34), 399 (100); HRMS for CaHMOaSi calcd 456.2332, 
found 456.2349. 

oxyphenyl]-3,3a-dihydro-S-methoxy-3-methyl-3a-(2-prope- 
nyl)-6(2a)-benzofuranone (lob). The same procedure em- 
ployed for the synthesis of 10a from 17a was carried out with 
mesylate 17b (120 mg, 0.217 mmol). Flash chromatography (1:l 
hexane/ethyl acetate) followed by HPLC (1 cm i.d. column, 1:l 
hexane/ethyl acetate) afforded 69.5 mg (70 % of analytically 
pure 10b as a white viscous oil that crystallized upon standing: 
mp 53.5-55.0 OC; 1H NMR (300 MHz, CDCb) 6 6.84 (d, J = 8.3 
Hz, lH, ArH), 6.76-6.73 (m, 2H, 2 X ArH), 5.80 (a, lH, CH-C- 
(OCHs)C=O), 5.54 (m, lH, CHZCH=CHa), 5.43 (8, lH, 
=CHC=O),5.19(d, J-9.9Hz,lH,ArCH),5.08(d,J=9.7Hz, 

3.80 (a, 3H, ArOCH3), 3.68 (8, 3H, OCH3), 2.56 (dd, J = 13.2,7.0 
Hz, lH, CHHCHECH2), 2.37-2.25 (m, 2H, CHHCHeGH2 and 
CHCHa), 1.14 (d, J = 6.9 Hz, 3H, CHs), 0.98 (s,9H, SiC(CHa)d, 
0.15 (8, 6H, Si(CH3)a); 13C (75 MHz, CDCh) 6 182.8,181.6,153.4, 
151.2,145.9,130.9,130.8,120.7,119.9,119.4,110.0,107.9,101.9, 
91.2,55.5, 55.2, 51.0,49.4, 36.6,25.6,18.3,8.4, -4.7; IR (CHaCla) 
1658,1616,1514,1471 cm-1; MS (EI, 70 eV) m/z 456 (M+, 53), 
400 (32), 399 (100); HRMS for CzaHasO&3i calcd 456.2332, found 
456.2345. Anal. Calcd for CzaHa~O6Si: C, 68.39; H, 7.95. 
Found C, 68.58; H, 7.96. 

( * ) - ( 2 B ~ B ~ ) - 2 - [ 4 - [ ( t e r t - B ~ ~ 1 ~ 4 1 ~ ~ 1 ) 0 ~ ~ ~ ~ t h -  

4.8 Hz, lH, ArCH), 5.87 (8, lH, CH-C(OCHs)C=O), 5.83-5.69 

10.2 Hz, lH,  CH&H+HH), 5.14 (d, J 17.0 Hz, lH, CHr 
CH-CHH), 3.81 (8,3H, hoc&), 3.68 (8,3H, OCHa), 2.76-2.64 

(&)-2,8&3,3ac~)-2-[4[ (tart-B~tyldimethyl~iyl)~~]~~th- 

lH, CHzCH]+HH), 5.00 (d, J =  16.9 Hz, lH, CH&H--CHH), 



Total Synthesis of (f)-Futoenone 

(*)-(6-ema47-~0)-7-(sHydroxy-3-methowp~~l)-~m~h- 
oxy-6-methyl-5-( 2-propenyl) bicyclo[3.2.l]oct-3-ene-2,8-di- 
one (13). A solution of (n-Bu)rNF (0.087 mL, 1 M in THF, 0.087 
mmol) was added via syringe to a stirred solution of 10a (33.1 
mg, 0.0726 mmol) in THF (1 mL) at room temperature. Upon 
addition, the reaction mixture immediately changed to an orange 
color. After the mixture was stirred for 30 min, aqueous workup 
(CHZC12, MgSO4) afforded crude 13. Flash chromatography (21 
hexane/ethyl acetate) afforded 22.1 mg (89%) of analytically 
pure 13 as a viscous oil that crystallized upon standing. 
Recrystallization (hexane/ethyl acetate) afforded an analytical 
sample: mp 52.0-53.0 "C; lH NMR (300 MHz, CDCg) 6 6.85 (d, 
J = 8.1 Hz, lH, ArH), 6.59 (dd, J = 8.1, 1.7 Hz, lH, ArH), 6.53 
(d, J = 1.4 Hz, lH,  ArH), 6.04-5.90 (m, lH, CH=CHd, 5.80 (8,  
lH,CHC(OCH,)C=O),5.59 (brs,lH,OH),5.22 ( d , J =  16.6Hz, 
lH, =CHH), 5.17 (d, J = 9.4 Hz, lH, 4 H H ) ,  3.87 (8,  3H, 
ArOCHs), 3.74 (s,3H, OCHs), 3.57 (8,  lH, bridgehead-H), 2.59- 
2.53 (m, 2H, CHzCH=CHz), 2.54 (d, J=  8.0Hz, lH,ArCH), 2.16 
(dq, J = 7.0,6.8 Hz, lH, CHCHa), 1.07 (d, J = 6.7 Hz, 3H, CH3); 
'3C (75 MHz, CDCls) 6 202.8, 190.3, 152.4, 146.8, 144.8, 133.3, 
133.1,120.0,119.1,117.9,114.7,109.5,70.3,57.4,55.7,50.0,46.9, 
35.4, 14.1; IR (CH2Cl2) 3536, 1764, 1696, 1606, 1518 cm-l; UV 

70 eV) m/z 342 (M+, loo), 163 (40); HRMS calcd for C~t~Hzz05 
342.1467, found 342.1475. 
(*)-(2a,4a,5j3,5aa)-4-(4-Hydroxy-3-methoxyphenyl)-2pa- 

methano-7-methoxy-5-methyl-8H-2,3,4,5-tetrahydro-l-ben- 
zoxepind-one (14). From Quinone Ketal 27 and Hydroxy 
Styrene 28. Neat SnCL (92 pL, 0.79 mmol) was added to a 
stirred solution of crude quinone ketal 27 (176 mg, 0.784 mmol), 
hydroxystyrene 2820 (257 mg, 1.57 "01, 11:l ZIE-mixture, 
capillary GC), and CHzCl2 (10 mL) at -78 "C. After 15 min, the 
cooling bath was removed and stirring continued an additional 
15 min. The reaction mixture was then poured into a solution 
of saturated aqueous NaHCO3 (25 mL) and stirred for 20 min. 
Aqueous workup (CH2C12, NazSO4) afforded crude 14 as a viscous 
yellow oil. HPLC (1 cm i.d. column, 1:9 hexane/ethyl acetate, 
8mL/min, t g  = 27.3 min) afforded 179.6 mg (67%) of analytically 
pure 14 as a clear viscous oil. 

From 13 (by NMR). Neat SnC4 (0.6 pL, 0.005 mmol) was 
added to a stirred solution of 13 (1.6 mg, 0.0047 mmol) in CH2Cl2 
(60 pL) at -78 OC. After being stirred for 15 min, the cold bath 
was removed and stirring continued for an additional 15 min. 
The reaction mixture was then poured into a solution of saturated 
aqueous NaHCO3 (5 mL) and stirred for 20 min. Aqueous workup 
(CH2Cl2, Na2SO4) afforded crude 14 as a viscous yellow oil. lH 
NMR analysis of the crude reaction mixture showed the formation 
of a ca. 6040 mixture of starting bicyclooctenoid 13 and spiro- 
[5.5]undecanoid 14, respectively (integration of the Clz-methyl 
resonances; products were not purified in this experiment). 

From 25. (n-Bu)hNF (50 pL, 1 M in THF) was added to a 
stirred solution of 25 (21.6 mg, 0.0473 mmol) and CDCg (0.6 mL) 
at room temperature. The reaction mixture changed from a clear 
to a yellow solution upon addition. After the mixture was stirred 
10 min, aqueous workup (CH2C12, NazSO4) afforded crude 14. 
HPLC purification as above afforded 15.1 mg (93%) of analyt- 
ically pure 14 as a white solid mp 198.0-199.5 "C; lH NMR (300 

lH, ArOH), 5.48 (8 ,  lH, H-5),5.04 (apparent t, J = 5.5 Hz, lH, 
H-8), 3.87 (8,  3H, ArOCH3), 3.66 (s, 3H, =C(OCH3)), 2.53 
(apparent dt, J = 6.1,11.5 Hz, lH, H-lo), 2.40-2.26 (m, 2H, H-7j3 
and H-96), 2.20 (apparent d, J = 11.3 Hz, lH, H-7a), 2.05 (dq, 
J = 11.4, 6.4 Hz, lH, H-ll), 1.74 (apparent t, J = 12.9 Hz, lH, 
H-ga), 0.58 (d, J = 6.5 Hz, 3H, CH3-12); 'gC NMR (75 MHz, 
CDC&)6 183.1,180.2,153.2,146.4,144.3,135.3,119.8,114.6,110.6, 
109.1,101.3,81.9, 55.9,55.2, 50.3,46.1,45.5,43.6, 37.9,14.4; IR 
(CH2Clz) 3538,1655,1614,1516 cm-l; MS (EI, 70 eV) m/z 342 
(M+, loo), 178 (72), 164 (68); HRMS calcd for C&ZZOS 342.1467, 
found 342.1456. 
(2)- 1 -[ (tert-Butyldimethylsilyl)oxy]-2-met how-4- (1 -pro- 

peny1)benzene (15). According to the general procedure of 
Sreekumar, Darst, and Still,29 hexamethyldisilazane (13.3 mL, 

(CHsCN) A, (log C) 232 (3.99), 270 (3.92), 286 (ah, 3.79);MS (EI, 

MHz, CDCla) 6 6.86 (d, J = 8.1 Hz, lH, H-17), 6.69 (dd, J = 8.1, 
1.5 Hz, lH, H-18), 6.65 (8,  lH, H-14), 5.79 (8,  lH,  H-2), 5.64 (8,  
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63.0 mmol) was added via syringe to a stirred suspension of KH 
(7.22 g, 63.0 "01) in THF (65 mL) at room temperature and 
allowed to stir for 1 h. The resulting solution was then added 
via cannula to a stirred solution of (ethy1)triphenylphoephonium 
bromide (25.7 g, 69.3 "01) and hexamethylphosphoric triamide 
(24.8 mL, 143 mmol) in THF (230 mL) at room temperature. The 
resulting orange solution was stirred for 10 min and then cooled 
to-78 "C. After 20min,asolutionof4-[(tert-butyldimethylsilyl)- 
oxy]-3-methoxybenzaldehyde (4.19 g, 15.7 mmol)= in THF (15 
mL) was added via cannula, and the resulting solution was allowed 
to warm to room temperature over 1 hand stirred for an additional 
1 h. H2O (125 mL) was slowly added, resulting in the formation 
of a white precipitate. Aqueous workup (ether, MgSOh) followed 
by flash chromatography (101 hexane/ethyl acetate) afforded 
4.02 g (92% yield, 99% pure by GC, 92.47.6 Z/E mixture) of 
styrene15asaclearoik ((2)-isomer) lHNMR(300MHz,CDCla) 
66.89-6.82(m,3H,3xArH),6.41(d,J=11.5Hz,lH,-CHAr), 
5.81-5.70(m,1H,=CHCH3),3.85(s,3H,0CHs),1.97(d,J= 7.2 
Hz, 3H, CHs), 1.07 (s,9H, SiC(CHs)a), 0.23 (s,6H, Si(CHs)z); lSC 
NMR (75 MHz, CDCb) 6 150.4,143.7,131.5,129.7,125.1,120.5, 
112.9, 55.4,25.7,18.4,14.6, -4.7; IR (neat) 1513, 1472,923 cm-l; 
MS (EI, 20 eV) m/z 278 (M+, 7), 221 (61), 206 (100); HRMS calcd 
for CleH2eOzSi 278.1702, found 278.1690. Anal. Calcd for 
ClJ-IBOZSi: C, 69.01; H, 9.41. Found C, 69.05; H, 9.70. 

24 34  (Methylsulfonyl)oxy]propyl]-4,4,5-trimethoxycy- 
clohexad,5-dienone ( 16).11. According to the procedure of 
B k h i  and Chu,lla DDQ (0.949 g, 4.18 mmol) was added to a 
stirred solution of 4,5-dimethoxy-2-[3-[ (methylsulfony1)oxyl- 
propyl]phenollla (1.01 g, 3.48 mmol) in CHsOH (38 mL, freshly 
distilled from Mg) at room temperature. After 45 min, the 
solution was poured into saturated aqueous NaHCOs (20 mL) 
and stirred for 10 min. Aqueous workup [CH&12 (combined 
organic layers washed with NaHCOs), NazSO41 afforded 1611a 
(1.07 g) as a light yellow oil. The crude quinone ketal 16 was 
used immediately without further purification: lH NMR (300 
MHz, CDCla) 6 6.42 (a, lH, ArH), 5.63 (8,  lH, ArH), 4.26 (t, J = 

OCH3),3.03 (s,3H, SCHS),2.47-2.52 (m, 2H,=CCH3,2.01-1.92 
(m, 2H, CHd. 

(*)-(2&3&3aa)- and (28,3a,3aa)-2[4-[ (tert-Butyldimeth- 
ylsilyl)oxy]-3-methoxyp henyl]-3,3a-dihydro-5-methoxy-3- 
met hyl-3a-[ 34  (met hylsulfonyl)oxy]propyl]-6 (2H)-benzo- 
furanone [ 17a (2&38,3aa) and 17b (2&3a,3aa)]. According to 
the general procedure of B k h i  and Chu,lla SnCL (390 pL, 3.35 
mmol) was added dropwise to a stirred solution of crude quinone 
ketal 16 (1.07 g, 3.35 mmol), styrene 15 (1.89 g, 6.75 mmol), and 
CHzClz (35 mL) at -30 "C. After 30 min the reaction mixture 
was added (via cannula) to 5% HCl(50 mL) and rapidly stirred 
for 5 min. Aqueous workup (CHZC12, MgSO4) afforded 2.82 g of 
crude products. Flash chromatography (sequential elution with 
hexane/ethyl acetate mixtures 1:1,1:2, and 1:5) afforded 18 (1.30 
g; Rf = 0.32,1:2 hexane/ethyl acetate) and 17a/17b (1.07 g; RJ = 
0.16,1:2 hexane/ethylacetate) as a 1:l mixture ('H NMR). The 
fraction containing the benzofuranones was further purified by 
HPLC (1 cm i.d. column; 1:3 hexane/ethyl acetate; 5.0 mL/min; 

pL per injection; 215 mg/mL) to afford 17b ( t R  = 78.7 min) 
and 17a (tg = 89.2 min) in equal amounts. Recrystallization of 
17a (hexane/ethyl acetate) afforded336 mg (two crops, 18% yield) 
of analytically pure 17a as white crystals: mp 150.0-150.5 OC; 
lH NMR (300 MHz, CDCb) 6 6.84 (d, J = 7.8 Hz, lH, ArH), 
6.68-6.65 (m,2H,2 X ArH),5.97 (d , J  = 4.7 Hz,lH,CHAr),5.87 
(s, lH,=CH), 5.42 (s,lH,=CHC=O),4.2&4.17 (m, 2H, CHr 

3H, SCHs), 2.662.58 (m, lH, CHCHa), 2.21-2.10 (m, lH, 
CCKHCH2), 2.05-1.94 (m, lH, CCHHCHZ), 1.81-1.64 (m, 2H, 
CHz), 0.98 (s,9H, SiC(CHa)& 0.49 (d, J = 7.2 Hz, 3H, CHCHs), 
0.14 (s,6H, Si(CH&); l3C NMR (75 MHz, CDC&) 6 182.6,180.9, 
153.3, 151.0, 144.8, 129.8, 120.8, 117.9, 109.3, 108.5, 102.6,87.7, 
69.4, 55.5, 55.3, 53.7, 46.3, 37.3, 34.2, 25.6, 24.1,18.3, 12.0, -4.8; 
IR (CHZClz) 1656,1616,1516,1465 cm-l; UV (CH2C12) A,, (log 
e) 244 (sh, 4.09), 256 (4.19), 2.82 (sh, 3.93); MS (EI, 70 eV) m/z 
552 (M+, l), 399 (28), 179 (100); HRMS calcd for Cn&O&iS 
552.2213; found 552.2210. Anal. Calcd for Cn&OfiiS: C, 58.67; 

6.2 Hz, 2H, CH~OMS), 3.82 (8,3H, =C(OCHs)), 3.33 (8, 6H, 2 X 

OMS), 3.79 (8, 3H, ArOCHs), 3.67 (8,  3H, =C(OCHa)), 2.99 (8,  

(23) Sreekumar, C.; Darst, K. P.; Still, W. C. J. Org. Chem. 1980,45, 
4260. 

(24) Prepared by silylation of vanillin in 98% yield (>99% pure by 
capillary GC). 
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cm-l;MS (EI, 70eV) m/z 438 (M+, 28), 342 (loo), 165 (55); HRMS 
calcd for CalHaeOeS 436.1348, found 438.1357. 
( i : ) - ( 6 - e r 4 7 - - a a d o ) - 7 - ( 4 ~ ~ ~ ~ ~ h o r y  

oxy-6-met hyl-6-( 2-propenyl) bicyclo[3.2. l]oct-3-ene-2,8-di- 
one (22). The same procedure used to prepare 13 from 10a was 
carried out with lob (24.5 mg, 0.0537 mmol). HPLC purification 
(4.6 mm i.d. column, 2 1  hexane/ethyl acetate) of the crude 
product afforded 16.7 mg (91 % ) of analytically pure 22 as white 
crystals (lit. (-)-enantiomer18 viscous oil): mp 145.0-145.5 OC; 
1HNMR(300MHz,CDC&)66.81(d,J= 8.7Hz,lH,ArH),6.57 
(m, 2H, 2 X ArH), 6.28 (8, lH, CH=C(OCHa)C==O), 6.04-5.90 
(m, lH, CH2CH=CH2), 5.55 (e, lH, OH), 5.31 (d, J = 17.2 Hz, 
lH, =CHH), 5.27 (d, J = 9.8 Hz, lH, =CHH), 3.84 (8, 3H, 
ArOCHg), 3.79 (d, J = 7.5 Hz, lH, bridgehead-H), 3.69 (8, 3H, 
=C(OCHa)), 3.12 (m, lH, ArCH), 2.64 (dd, J =  14.7,7.1 Hz, lH, 
CHHCH==CHz), 2.62-2.50 (m, lH, CHCHs), 2.47 (dd, J = 14.7, 
7.0 Hz, lH, CHHCHECHz), 1.17 (d, J 7.0 Hz, 3H, CHs); 'V 
NMR (75 MHz, CDCh) 6 201.5,190.0,153.6,146.5,145.0,133.3, 
129.8,121.7,120.8,119.6,114.5,111.0,69.0,55.8,55.6,55.0,49.5, 
45.1,32.6,18.1; IR (CHCl2) 3537,1760,1693,1608,1518 cm-1; MS 
(EI, 70eV) m/z 342 (M+, loo), 163 (31); HRMS calcd for C&aOa 
342.1467, found 342.1450. 
(i)-(2a,4a,5@,6aa)-4-[4-[ (tert-Butyldimethylsilyl)oxy]-3- 

methoxyphenyl]-2,6a-methano-7-met hoxy-6-methyl-8H- 
2,3,4,5-tetrahydro-l-benzoxepin-8-one (26). From Quinone 
Ketal 27 and Styrene 1 5  Neat Tic4 (21 pL, 0.19 "01) was 
added dropwise to a stirred solution of crude quinone ketal 27 
(40.3 mg, 0.180 "01) and styrene 16 (73.0 mg, 0.262 mmol) in 
CHaCls (1.8 mL) at -78 "C. The resulting solution was stirred 
5 min and then the cooling bath removed. After 10 min, the 
reaction mixture was transferred via cannula to a stirred solution 
of saturated aqueous NaHCOa (5 mL) and stirred for 20 min. 
Aqueous workup (CH2C12, MgSOd and recrystallization (hexane/ 
ethyl acetate) afforded 69.4 mg (three crops, 85% overall yield) 
of analytically pure 25. 

From loa. Neat Tic4 (2.0 pL, 0.018 "01) was added to a 
stirred solution of 10a (7.4 mg, 0.016 "01) in CHzClZ (0.5 mL) 
at -78 "C. After stirring for 5 min, the cooling bath was removed 
and stirring continued an additional 15 min. Thereactionmixture 
was then added to saturated aqueous NaHCOa (5 mL) and stirred 
for 20 min. Aqueous workup (CHzC12, MgSOA) afforded 7.3 mg 
(99 % 1 of analytically pure 25. 

From 26. Neat Tic4 (2.0 pL, 0.018 "01) was added to a 
solution of bicyclooctane 26 (4.7 mg, 0.010 "01) in CD2Clz (0.6 
mL) in a 5-mm NMR tube at -78 "C. After stirring for 5 min 
at -78 OC the solution was allowed to warm to room temperature 
over 5 min. The reaction mixture was then added to saturated 
aqueous NaHCOa (5 mL) and stirred for 20 min. Aqueous workup 
(CHzC12, MgSOJ followed by HPLC (15 hexane/ethyl acetate) 
purification afforded 4.6 mg (98%) of analytically pure 26 as 
white crystals: mp 208.0-208.5 "C; 1H NMR (300 MHz, CDCh) 
6 6.77 (d, J = 8.4 Hz, lH, H-17), 6.64 (apparent s,2H, H-14 and 
H-18), 5.80 (8, lH, H-2), 5.47 (8,  lH, H-5), 5.04 (apparent t, J = 

Hz, ZH, H-781, 2.35-2.25 (m, lH, H-SB), 2.20 (apparent d, J = 
11.3 Hz, lH, H-7a), 2.04 (dq, J = 11.3, 6.3 Hz, lH, H-ll), 1.75 
(apparent t, J = 12.9 Hz, lH, H-ga), 0.98 (s, 9H, SiC(CH&), 0.58 
(d, J = 6.3 Hz, 3H, CH3-12), 0.14 (e, 6H, Si(CHs12); IsC (75 MHz, 
CDCq) 6 183.1,180.2,153.2,150.8,143.7,136.7,120.9,119.5,112.0, 
109.1,101.2,81.9,55.5,55.2,50.3,46.1,45.5,43.6,37.8,25.6,18.3, 
14.4, -4.7; IR (CH2Cla) 1656,1614,1515 cm-'; MS (EI, 70 eV) m/z 
456 (M+, l), 400 (29), 399 (loo), 207 (15); HRMS calcd for 
C~H~O&i456.2332,found 456.2331. Anal. Calcdfor C&%Ob- 
Si: C, 68.39; H, 7.95. Found C, 68.56; H, 8.05. 

(*)-( 6-endo,7-exo)-7-[ 4 4  (tert-Butyldimethylsilyl)oxy]-3- 
methoxyphenyl]-3-methoxy-6-methyl-5(2pro 
[36.1]oct-3-ene-2,8-dione (26). The same procedure employed 
for the synthesis of 108 from 17a was carried out with mesylate 
18 (155 mg, 0.281 mmol). HPLC (1 cm i.d. column, 2:l hexane/ 
ethylacetate) purification afforded 101 mg (79%) of analytically 
pure 26 as a white solid mp 108.0-109.0 "C; 'H NMR (300 MHz 
CDCb) 6 6.76 (d, J = 8.5 Hz, lH, ArH), 6.51-6.53 (m, 2H, 2 X 
ArH), 6.05-5.91 (m, lH, CH&H=CHt), 5.80 (8,  lH, CH=C- 

5.2 Hz, lH, H-8),3.79 (s,3H, ArOCHs), 3.75 (s,3H, OCHa), 2.54 
(ddd, J =  11.22,11.23,6.14 Hz, lH,H-lO), 2.37 (dd, J =  11.4,6.4 

(OCHs)C-O), 5.20 (d, J = 16.8 Hz, lH, CHH), 5.17 (d, J 9.2 
Hz, lH, =CW, 3.76 (s,3H, ArOCHa), 3.73 (8,3H, =COCHs), 

H,7.29. Found C,58.80;H,7.33. Diaetereomerl7bwascollected 
off the HPLC and recrystallized from hexane/ethyl acetate to 
afford 335 mg (three crops, 18% yield) of analytically pure 17b 
as white crystals: mp 142.0-143.0 "C; 'H NMR (300 MHz, CDCh) 
6 6.83 (d, J = 7.8 Hz, lH, ArH), 6.74 (m, 2H, 2 X ArH), 5.83 (e, 
lH, ==CHI, 5.42 (8,  lH, =CHC-O), 5.19 (d, J = 10.0 Hz, lH, 
CHAr), 4.22-4.18 (m, 2H, CHzOMs), 3.80 (8,3H, ArOCHs), 3.70 
(~,~H,=C(OCHS)),~.~~(~,~H,SCHS),~.~~-~.~~(~,~H,CHCHS), 
2.04-1.91 (m, lH, CCHHCH2), 1.78-1.68 (m, lH, CCHHCHz), 
1.64-1.55 (m, 2H, CHZ), 1.13 (d, J = 6.9 Hz, 3H, CHS), 1.00 (e, 
9H, SiC(CH&), 0.14 (8, 6H, Si(CH&); lSC NMR (75 MHz,  CDCh) 
S 182.6,181.6,153.5,151.2,145.9,130.6,120.8,119.4,110.0,107.7, 
102.4,91.3,69.6,55.5,55.3,50.4,49.7,37.3,27.5,25.6,23.2,18.4, 
8.2,-4.7; IR (CHzClz) 1655,1615,1515,1465 cm-'; MS (EI, 70 eV) 
m/z 552 (M+, 11,495 (86), 399 (1001,221 (41); HRMS calcd for 
Cz,H4oO8SiS 552.2213; found 552.2230. Anal. Calcd for 
CnHaOaSiS C, 58.67; H, 7.29. Found C, 58.39; H, 7.46. 

(*)-( &endo,7-exo)-7-[4-[ (tert-Butyldfmethylslyl)oryl-3- 
methorypbsnyl]-3-methoxy-6-methyl-s-[3-[ (methylaulfony1)- 
oxy]propyl]bicyclo[3.2.1]oct-3-e1ne-2,8-dione (18). According 
to the experimental for 17a/17b, bicyclo[3.2.110ctenedione 18 
was collected after flaeh chromatography and further purified 
by HPLC (1 cm i.d. column; 1:2 hexane/ethyl acetate; 5 mL/min) 
to afford 658 mg (36% ) of analytically pure 18 as white crystah 
mp 88.5-90.5 OC; 'H NMR (300 MHz, CDCh) 6 6.76 (m, lH, 
ArH), 6.51 (m, 2H, 2 X ArH), 5.77 (8,  lH, =CHI, 4.39-4.27 (m, 

lH, CH(C=O)z), 3.05 (e, 3H, SCHs), 2.54 (apparent d, J = 7.7 
Hz, lH, ArCH), 2.28-2.03 (m, 2H, CHCHa and CHHCHzOMs), 
2.03-1.92 (m, lH, CHHCHzOMs), 1.92-1.79 (m, 2H, CCHa), 1.07 
(d, J = 6.7 Hz, 3H, CHs), 0.98 (8, 9H, SiC(CH&), 0.14 (8, 6H, 
Si(CHa)p); 14.2 NMR (75 MHz, CDCb) 6 202.9,190.0,152.6,151.0, 
144.2,134.4,121.0,119.1,117.4,110.9,70.2,70.1,57.1,55.7,55.4, 
49.6,47.0,37.2,26.8,25.5,24.0,18.2,13.8,-4.8; IR (CHzCl2) 1763, 
1698,1606,1516,1472 cm-'; UV (CHzC12) A, (log e) 234 (4.221, 
272 (4.19); MS (EI, 70 eV) m/z 552 (M+, l), 206 (231, 180 (23), 
179 (100); HRMS calcd for Cn&OdiS 552.2213, found 552.2191. 
Anal. Calcd for Cn&OaiS: C, 58.67; H, 7.29. Found: C, 58.97; 
H, 7.50. 

(i)-(6-endo,7-exo)-7-( 4-Hydroxy-3-methoyphenyl)-6-[3- 
[ (methyl~ulfonyl)o.y]propyl]-3-met hoxy-6-methylbicyclo- 
[3.2.1]oct-3-ene-2,8-dione (20). The same procedure used for 
the preparation of 13 from 10a was carried out with 17a (4.7 mg, 
0.0085 "01). Preparative TLC (1:5 hexane/ethyl acetate, Rf = 
0.51) of the crude product afforded 2.2 mg (59%) of analytically 
pure 20 as a white solid mp 145-148 "C; 'H NMR (300 MHz, 
CDCb)66.85(d,J=8.1Hz,lH,ArH),6.57(dd,J=2.0,8.1Hz, 

(OCHs)C=O), 5.55 (8, lH, OH), 4.39-4.27 (m, 2H, CHaOMs), 

Hz, lH, bridgehead-H), 3.05 (a, 3H, SCHs), 2.55 (dd, J = 1.0,7.9 
Hz, lH, ArCH), 2.18-1.82 (m, 5H, CHZCHZCH~OM~, CHCHs), 
1.07 (d, J 6.7 Hz, 3H, CHs); "C NMR (75 MHz, CDCb) 6 203.2, 
190.0, 150.3, 146.2, 144.9, 133.0, 119.9, 117.3, 114.8, 109.5,70.4, 
70.1,57.3,56.0,55.9,49.9,47.3,37.5,27.1,24.2,13.9; IR (CHaC1-z) 
3460,1760,1683,1605,1520,1455,1267,1202 cm-l; MS (EI, 70 
eV) m/z 438 (M+, 100), 342 (34), 164 (54); HRMS calcd for 

(f)-(6-exo,7-endo)-7-(4-Hydroxy-3-methoxyphenyl)-6-[3- 
[ (methyl~ulfonyl)oxy]propyl]-3-methoxy-6-methylb~cycl~ 
[3.2.1]oct-3-ene-2,8-dione (21). The same procedure used for 
the preparation of 13 from 10a'was carried out with 17b (24.6 mg, 
0.0445 "01). Flash chromatography (21 hexane/ethyl acetate) 
of the crude product afforded 15.2 mg (78%) of analytically pure 
21 as a white solid mp 162.0-163.5 "C; 1H NMR (300 MHz, 
CDCb) 6 6.81 (d, J = 7.8 Hz, lH, ArH), 6.55 (m, 2H, 2 X ArH), 
6.18(s,lH,CH=C(OCH~)~),5.52(s,lH,OH),4.28-4.44 (m, 
2H, CHaOMs), 3.84 (8,  3H, ArOCHa), 3.77 (d, J = 7.5 Hz, lH, 
bridgehead-H), 3.72 (8, 3H,=C(OCHs)), 3.13-3.08 (m, lH,ArCH), 
3.07 (8,3H, SCHs), 2.55 (dq, J =  6.4,6.7 Hz, lH, CHCHs), 2.24- 
2.12 (m, lH, CHzCHHCHzOMs), 2.02-1.73 (m, 3H, CHZCH~CHZ- 
OMS and CH&HHCHpOMs), 1.12 (d, J = 7.0 Hz, 3H, CHa); 'V 
NMR (75 MHz, CDC&) 6 201.7,189.7,154.1,146.6,145.1,129.6, 
121.5, 120.8, 114.5, 110.9, 70.2, 69.2, 55.8, 55.7, 55.1, 49.4, 45.7, 
37.5, 24.7, 24.6, 17.9, IR (CHaC12) 3536, 1761, 1694, 1609, 1465 

2H, CH~OMS), 3.76 (8,  3H, OCHa), 3.75 (8, 3H, OCHs), 3.57 (8, 

lH, ArH), 6.52 (d, J = 2.0 Hz, lH, ArH), 5.77 (8, lH, C H 4 -  

3.86 (s,3H, ArOCHa), 3.75 (8,3H, =C(OC&)), 3.56 (d, J = 1.0 

Cz1HsO& 438.1348, found 438.1328. 
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3.57 (8, lH, bridgehead-H), 2.56 (d,J= 7.4Hz, 2H, CH&H=CHd, 
2.53 (apparent d , J =  8.3 Hz, 1H,ArCH),2.20-2.12 (m, lH, CHHs), 
1.06 (d, J = 6.6 Hz, 3H, CHd, 0.98 (s,9H, SiC(CHa)a), 0.14 (8, 
6H, Si(CHa)l); 1% NMR (75 MHz, CDCh) 6 202.8, 190.4, 152.4, 
151.1, 144.3, 134.8,133.1,121.1, 119.4, 119.0, 118.0, 111.1, 70.3, 
57.4,55.7,55.5,50.0,46.8,35.4,26.6,18.4,14.2,-4.7; IR (CH2Cl2) 
1763,1696,1604,1516 cm-l; MS (EI, 70 eV) m/z 456 (M+, 11,400 
(31), 399 (100); HRMS calcd for C&O&i 456.2332, found 
456.2313. Anal. Calcd for CasH~oaSi: C, 68.39; H, 7.95. 
Found C, 68.20; H, 7.98. 

2-(~Propenyl)-4,4~tsctrimetho.ycyclohera- (27). 
The experimental procedure used for the preparation of 16 from 
the corresponding phenol was carried out with 3,bdimethoxy- 
6-(2-propenyl)phenol(200 mg) to afford 176 mg of 27 (76%) as 
a clear oil (>95% pure by lH NMR analysis). The crude quinone 
ketal 27 was used immediately without further purification: 1H 
NMR(300MHz,CDC~)66.36(s,lH,=CHC=0),5.80-5.95(m, 
lH, --CHI, 5.67 (e, lH, =CHC(OCHa)d, 5.16-5.11 (m, 2H, 
=CH2), 3.83 (8, 3H, OCHa), 3.32 (8, 6H, geminal OCHis), 3.12 
(d, J 6.6 Hz, 2H, CHz). 
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