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The diterpenes ingenol (l), phorbol (tigliane) (2), and 
taxol(3) have elicited intense scrutiny recently by virtue 
of their profound biological activities as well as their 
structural complexities. Derivatives of compounds 1 and 
2 are known to be potent tumor promoters,1 and taxol 
(3) is one of the most promising anticancer agents 
currently available for clinical use.2 Considerable syn- 
thetic effort has been devoted to all three classes of 
compounds,3p4 which has culminated in the total synthe- 
ses of phorbo15 and taxol.6 The close structural relation- 
ship between the ingenane and tigliane systems has been 
noted previ~usly,~ and synthetic strategies that exploit 
these similarities have frequently been sought, but few 
have been brought to pra~t ice .~ We now disclose a novel 
strategy based on transition metal-promoted [6n + 4nI 
cycloaddition chemistry that can deliver key ring system 
components of the ingenane, tigliane, and taxane diter- 
penes from essentially a common bicyclo[4.4. llundecane 
precursor (Scheme 1). 

The bicyclo[4.4.l]undecane system represented by 
generic intermediate A can be effectively assembled by 
employing chromium(0)-promoted [6n + 4x1 cycloaddition 
chemistry.* The versatility of this process is such that a 
wide variety of substitution and functionality patterns 
on the resultant bicyclic products can be accessed quickly 
and efficiently. In the current study, conversion of these 
species into the target compounds rests on the recognition 
of certain structural relationships between the bicyclo- 
L4.4.lIundecane system and the diterpenes of interest. 
For example, a direct correlation between A and the BC 
substructure of ingenol(1) is clearly evident, and several 
approaches have been reported from our laboratoryg as 
well as from others3 for elaborating the ingenane skeleton 
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Key: (a) (i) CH2=CHCH--CHOAc, hv; (ii) triton-B, MeOH, 
rt, (iii) Swern Ox. (65%); (b) KHMDS, THF, Davis reagent, -78 
"C (82%); (c) i) MezCuLi, EtzO, -78 "C; (ii) NaBH4, CeCls 7H20 
MeOH 0 "C; (iii) AgzO, MeCN, reflux (45%), (d) (i) H e 0 2 ,  MeOH; 
(ii) Dess-Martin, CHzClz (76%). 

from a bicycloE4.4. llundecane precursor. Implementation 
of the less obvious transformations of A into the BC rings 
of phorbol (2) and the AB moiety of taxol (31, which is 
the subject of this investigation, can be envisioned to 
proceed through a series of bond reorganizations desig- 
nated in Scheme 1 as a and b, respectively. 

Access to the tigliane (phorbol) BC ring system via 
pathway a could be achieved from an appropriate precur- 
sor employing either a pinacol or an a-keto1 type rear- 
rangement, and it is noteworthy that Hecker has re- 
ported a related interconversion in the natural series.7b 
Photocycloaddition of readily available complex 41°3 with 
excess 1-acetoxybutadiene followed by routine functional 
group manipulation afforded enone 5a (Scheme 2).11 
Exposure of the well-behaved bridgehead enolate12 de- 
rived from this material to the Davis oxaziridine re- 
agent13 provided the key a-keto1 6b" in good yield. After 
some experimentation, it was determined that the pro- 
jected a-keto1 rearrangement to the desired bicyclo[5.4.01- 
undecane was best executed on the fully reduced carbon 
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a Key: (a) (i) CH2-CHCH-CHOTMS, hv; (ii) K&03/MeOH, 
rt; (iii) Hfld-C; (iv) TBSC1, imid., DMF, rt (78%); (b) LDA, THF, 
Davis reagent; -78 "C (70%). 

skeleton. Consequently, reduced a-keto1 611 was pre- 
pared in good yield and subjected to Al(O-i-F'rI3 in 
refluxing benzene to afford a 1:l mixture of isomeric 
products 711 and both of which display the basic BC 
ring system of phorbol in a form amenable to  subsequent 
A-ring introd~ction.~ Modifications of this sequence 
designed to control the regioselectivity of the rearrange- 
ment and for accessing the natural trans-fused system 
from an "in, out" bicyclo[4.4. llundecane precursor (trans 
interbridgehead stereochemistry) will be reported in due 
time. It is noteworthy that our rearrangement proceeded 
smoothly to the fused bicyclic product without the benefit 
of ring strain release that characterized Hecker's earlier 
work with the highly strained ingenol system itself."' 

The taxane AI3 substructure could be envisioned to 
arise from a related bicyclo[4.4. llundecane intermediate 
via pathway b. In this case, a readily available triene 
complex derived from e u c a r ~ o n e ~ ~  was selected for study 
because it would permit facile introduction of most of the 
taxane A ring substitution directly during the cycload- 
dition event. Thus, complex 911 underwent quantitative 
photocycloaddition with 1-[(trimethylsilyl)oxy]butadiene 
to afford, after routine functional group manipulation, 
a-keto1 loll in 55% overall yield (Scheme 3). Heating 
10 with Al(o-i-P~-)~ in benzene yielded an equilibrium 
mixture consisting of the desired bicyclo[5.3. llundecane 
lll1J5 and starting material in a 3:l ratio, respectively.16 

With the basic elements of the cycloaddition-rear- 
rangement protocol established, this approach was ex- 
tended to the assembly of the tricycl0[9.3.1.0~~~1penta- 
decane system characteristic of the taxanes by introduc- 
ing an intact C-ring unit during cycloaddition. The 
successful implementation of this plan is clearly indica- 
tive of the power and versatility of the metal-promoted 
cycloaddition technology in the context of complex syn- 
thesis. In the event, photocycloaddition of complex 9 with 
dienes 12a17 and 12b18 afforded adducts 13all and 13bll 
in 81% and 43% yields, respectively. Routine functional 
group manipulation of these compounds followed to give 
the a-keto1 epoxides 14a,b, respectively, in good overall 
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Key: (a) (i) KzCO3, MeOH, rt; (ii) m-ClPBA, CHZC12, 0 "C; 
(iii) LiN(C5H10), THF, Davis reagent -78 "C (46%); (b) (i) KzC03, 
MeOH, rt; (ii) TBSCl, imid., DMF, rt; (iii) m-ClPBA, CH2C12, 0 
"C; (iv) LiN(C5Hlo), THF, Davis reagent, -78 "C (54%). 
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yields (Scheme 4). The epoxide positioned at the BC ring 
fusion in these species was incorporated in an attempt 
to drive the a-keto1 rearrangement to completion via a 
&elimination of the initially formed keto-epoxide, as well 
as to enhance the level of fmctionalization in the C-ring 
region of the resultant products.lg Treatment of 14a and 
14b with Al(O-i-Pr)3 in refluxing benzene once again 
afforded good yields of the desired tricyclic products 
16a11J5 and 16b,11 both of which possess a functional- 
ized taxane ABC ring system. Furthermore, the latter 
compound also exhibits a configurationally correct oxygen 
function at C-2 (taxane numbering). It is also interesting 
to note that a transannular acetal formed spontaneously 
in both cases, which results in conformationally rigid and 
facially biased products that can be amenable to subse- 
quent stereoselective manipulation. 

In conclusion, these model studies illustrate that 
bicyclo[4.4.l]undecane intermediates, easily prepared 
from metal-promoted higher-order cycloaddition, can be 
transformed into key elements of the related ingenane 
and tigliane diterpene families. Extension of this concept 
to include the rapid assembly of the structurally unre- 
lated taxane system has also been achieved. 
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(19) The epoxide function also served to preclude other undesirable 
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