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The efficacy of cyclizations depends critically on the choice of 
initiator and terminator. The magnitude of the success of such 
processes by proper choice of these groups is highlighted by the 
polyolefin cyclization to po1ycycles.l We wish to report that 
utilizing vinylcyclopropanols as cyclization terminators permits 
an unexpected facility in ring construction highlighted by efficient 
formation of eight-membered rings. 

The composite of an olefin and a hydroxyl group which gen- 
erates an enol creates a special reactivity associated with the strong 
electron donation from oxygen to carbon in spite of the electro- 
negativity of oxygen (eq 1). It can be imagined that the composite 
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Such enhanced nucleophilicity of the olefin combined with the 
utility of a cyclobutanone for further structural manipulations led 
us to explore the use of the trimethylsilyl ethers of vinylcyclo- 
propanols as terminators in cationic initiated cyclizations. The 
requisite vinylcyclopropanol substrates can be readily synthesized 
in two steps from appropriate ketoacetals (eq 4). Treatment of 
5a or 5b with cyclopropyldiphenylsulfonium fluoroborate6 and 
powdered potassium hydroxide provides an oxaspiropentane which 

- 
h e x a n e  
TMS-CI of an olefin and a hydroxyl group mediated through a cyclopropane 

in the form of a I-vinylcyclopropanolz~3 may still permit polari- 
zation of the double bond to enhance its nucleophilicity as depicted 
in eq 1. 

The susceptibility of the double bond toward electrophilic attack 
tests such a concept. Qualitative observations support this notion. 
For example, whereas, the vinylcyclopropane 1 reacts with ben- 
zaldehyde dimethyl acetal (2) in the presence of trimethylsilyl 
trifluoromethanesulfonate (3) only at temperatures of -40 "C or 
higher (eq 2), the vinylcyclopropyl silyl ether 4 participates 
smoothly in such a reaction a t  -78 "C (eq 3).4 In the absence 
of electron donation by oxygen at  the transition state, the addition 
of this electronegative substituent should have resulted in a rate 
retardation. Furthermore, the nature of the group on oxygen also 
plays a role. Replacing trimethylsilyl by acetyl does retard the 
reaction as expected for a transition state requiring electron do- 
nation by oxygen. 
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is converted to the vinylcyclopropyl silyl ether 6a or 6b 
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treatment with lithium diethylamide in hexane followed by tri- 
methylsilyl chloride (49-97%).2 Exposure to 10 mol % of silyl 
triflate 3 at  -40 OC (for 7a) or boron trifluoride etherate and 
pyridine at -20 OC (for 7b) provides a 60-93% yield of the sev- 
en-membered-ring 7a7 or 7b7 as a 2:l mixture of diastereomers. 
The stereochemical assignment of the major isomer is based on 
an NOE study of S7 available from the major isomer of 7b via 
debenzylation, secosulfenylation,s and reduction as shown in eq 
4. 

Astonishingly, ready formation of an eight-membered ring ( 
can be accomplished by treating the silyl ether 9 with 1 equiv of 
catalyst 3 and 0.7 equiv of pyridine at  -40 O C  without resorting 
to high dilution (0.01 M in methylene chloride) in 64% yield (eq 
5).9910 The major diastereomer (9: 1 ratio) is tentatively assigned 
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This example illustrates the source of the requisite keto acetal 
from I-acetylcyclopentene by a Sakurai conjugate allylation,13 
hydroboration-oxidation, and acetal formation. The stereo- 
chemistry depicted is based upon spectral considerations and 
analogy. 
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as depicted based upon mechanistic considerations and analogy 
to other cyclizations. 

The possibility for relay of stereochemistry from preexisting 
asymmetric centers to two newly created asymmetric centers was 
explored by using vinylcyclopropyl silyl ether terminators to create 
fused-ring systems. Cyclization of 11 upon treatment with cat- 
alytic TMSOTf at  -78 OC afforded 91% of a 7:l mixture of the 
bicyclo[4.4.0]decane 12' epimeric a t  the methoxy group as de- 
picted in eq 6. The stereochemistry of the major isomer was 
assigned on the basis of an analysis of the 'H and "C N M R  
spectra.' 
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Equation 7 illustrates the application of this methodology to 
a synthesis of the commonly occurring perhydroazulene skeleton. 
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The facility with which an eight-membered ring can be gen- 
erated is once again demonstrated by the formation of a trans- 
fused bicyclo[6.3.0]undecane ring system in 96% yield upon 
treatment of 15 with 1 equiv of silyl triflate 3 and 0.7 equiv of 
pyridine at  0.01 M in methylene chloride at  -50 to -20 "C as 
shown in eq 8. An 11S:l:l mixture of three isomers was obtained. 
The major isomer assigned as depicted in 167 could be obtained 
in 85% yield by flash chromatography. 
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Analogous to an enol silyl ether, the vinylcyclopropanol com- 
posite functional group should react with acetals in an extended 
type of orientation14 with the more favorable equatorial oxonium 
ion through a crown type conformation as depicted in eq 9 for 
the formation of the bicyclo[6.3.0]undecane system. The stere- 
ochemistry predicted by this type of transition-state model is in 
accord with the stereochemistry assigned to the bicyclo[6.3.0]- 
undecane system (vide supra). 
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Equation 7 illustrates several useful features of this novel an- 
nulation strategy. The methyl ketone 14 need not be stereoho- 
mogeneous since using the potassium hydroxide conditions for the 
ylide condensation effects epimerization faster than sulfur ylide 
addition to the carbonyl group.5 The trans diastereomer which 
possesses the sterically more accessible carbonyl group assures 
the trans stereochemistry of 15 and consequently the annulation 
product 16. Conjugate addition methodology makes the keto 
acetal 14 easily available from I-acetylcyclopentene. The effi- 
ciency with which the vinylcyclopropanol composite functional 
group acts as a terminator in electrophilic cyclizations forming 
six-to-eight-membered rings, the possibility for further structural 
elaboration of the spirocyclobutanone products, and the high 
diastereoselectivity observed in the generation of quaternary 
carbons in the form of a spirocyclobutanone in compounds 10, 
12, and 16 make this methodology especially useful for the syn- 
thesis of complex natural products containing these rings. 
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The compound taxol (1)l has been the subject of extraordinary 
interest. It exhibits unique biological activity through its ability 
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to promote microtubule assembly.2 It is a most promising an- 
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A. T. J. Am. Chem. Sot .  1971, 93, 2325. (b) Miller, R. W.; Powell, R. G.; 
Smith, C. R., Jr. J. Org. Chem. 1981, 46, 1469 and references contained 
therein. 
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titumor agent,’i3 now in phase I1 clinical trials, obtained by iso- 
lation from the bark of the pacific yew tree.’v4 The most recent 
harvest, which requires sacrifice of ca. 12000 trees to obtain ca. 
60000 pounds of bark and 2.5 kg of taxol, threatens the survival 
of the pacific yew and its habitat, the virgin rainforest, and is a 
subject of considerable environmental c ~ n c e r n . ~  

These factors combine with the skeletal and stereochemical 
complexity of the taxanes6 to provide an enormous synthetic 
challenge. Although a number of synthetic approaches have been 
reported,’ none of the natural products have heretofore been 
synthesized. 

The 
cornerstone of this work, like that of our taxane skeleton synthesis: 
is the fragmentation of a bicyclic epoxy alcoho1.l0 

We now describe the first synthesis of taxusin (2).* 

AcO 
\ \ OAc 

The synthesis proceeds from the commodity chemical patchino 
(3),11 which, upon treatment with tert-butyllithium (hexane, reflux, 
5 h) gave rise to the sensitive tertiary allylic alcohol 4, which 
typically was epoxidized (t-BuOOH, Ti(OiPr)4, CH2C12, 2 h) 
without purification to give 5,12 mp 97-99 OC [a]25Hg - 5 O  

(CH30H,  c 11.91), in 98% yield from 3. Epoxy alcohol 5 rear- 
ranged (BF,.Et20, CF3S03H, CH2C12, -80 OC, 22 h) to diol 6,12 
mp 100-101 OC [a]25Hg + 6 7 O  (CHC13, c 0.50), in 93% yield at  
75% conversion.13 Oxidation of diol 6 (PDC, DMF; 94%) fur- 
nished ketone 7,12 mp 71-72 “ C  [ ~ r ] ~ ’ ~  +57O (CHC13, c 4.76), 
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(3) For leading references, see: (a) Riondel, J.; Jacrot, M.; Picot, F.; Beriel, 
H.; Mouriquand, C.; Potier, P. Cancer Chemother. Pharmacol. 1986, 17, 137. 
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(1 1 )  Patchino (3) is the International Flavors and Fragrances, Inc. trade 

-loo; [aJZsN, -8O (CHC13, c 1.12).21 
(1 2) Characterized by ‘H NMR, @C NMR, IR, and HRMS or elemental 

(13) Diol 6 is the kinetic product of this rearrangement: Holton, R. A,; 

name for j3-patchoulene oxide, [.Iz5 
analysis. 
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