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The preparation of both carbocycles and heterocycles by Lewis 
acid-mediated cyclization reactions of acetals' has become a well- 
documented synthetic strategy following the pioneering inves- 
tigations of Johnson, who showed that acetals with appropriately 
positioned olefinic bonds undergo facile closure to mono- or 
polycyclic products.2 More recently, extension of the Mukaiyama 
cross-aldol reaction (TiCl4-promoted condensation of trimeth- 
ylsilyl enol ethers with  acetal^)^ to the intramolecular variant has 
been proven to be a viable method for the preparation of medium 
and large ring  compound^.^ It has not been determined whether 
these cyclizations take place simply by rapid capture of an oxonium 
ion by the nucleophilic silyl enol ether or via initial formation of 
a titanium enolate which undergoes subsequent closure, perhaps 
benefiting from chelation with the acetal functionality.5s6 

Consequently, we decided to investigate terminating groups 
more prone to titanation which, in principle, could take advantage 
of the putative template effect. In view of the fact that Lehnert 
had shown that the titanium enolates of 1,3-dicarbonyl compounds 
undergo facile Knovenagel condensations with aldehydes? we 
decided to examine the TiCl4-promoted cyclizations of the readily 
available @-keto ester, acetals 1 (Scheme I).8 Thus, we speculated 
that complexation of the 8-keto ester functionality9 of 1 by Tic14 
would be competitive with respect to complexation to the acetal 
moiety. Subsequent enolization and attack of the Ti enolate a t  
the acetal carbon (either complexed or in the form of an oxonium 
ion) would produce thecyclized &keto ester 3. Facile elimination 
of alcohol from 3 will then afford the corresponding 2-carbalkox 
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ycycloalkenones. We report herein that this transformation is 
successful for a variety of carbocyclic and heterocyclic ring 
systems, including eight-membered rings. 

The various substrates required for this investigation (Table 
I )  were readily assembled by exploiting the numerous procedures 
available for the synthesis of @-keto esters, a noteworthy feature 
of this methodology.1° For example, the substrates in entries a-d 
were prepared by alkylation of the dianion of ethyl acetoacetate 
with the corresponding w-halo acetal according to the Weiler 
protocol.Ioa Substrates in entries f and g were prepared by 
interception of acetylketene with the respective hydroxy or amino 
aceta1,lOb while substrates in entries h and i were prepared by 
methoxycarbonylation of the corresponding keto acetals. IOc 

The cyclizations enumerated in Table I were performed by 
addition of Tic14 (1 equiv in CH2C12,l .O M) to a -40 O C  solution 
ofthep-ketoesterin CHzClz(0.5 M). Thereactionsweretypically 
complete after 1 h, and the products were isolated by silica gel 
chromatography following an aqueous NH4Cl quench." Addition 
of amine bases (pyridine, NEt3) following addition of the Tic14 
to the reaction mixture gave no appreciable increase in yields. 
However, SnC14 proved to be a superior Lewis acid for the 
cyclization of the 8-keto ester of entry a.12 

Several comments are in order. The successful cyclization of 
the C(2)-substituted 8-keto ester of entry d suggests that 
elimination of the alcohol from 3 is not a necessary driving force 
for these potentially reversible acid-catalyzed cyclizations. In- 
terestingly, only a single diasteromer is obtained, whereas a 7:l 
mixture of stereoisomers is produced using the analogous dimethyl 
a ~ e t a 1 . l ~  Although we have not examined the intermolecular 
variant of this reaction in as much detail, the double-Knovenagel 
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Table I. Titanium-Mediated Cyclizations of &Keto Esters 

car balkox yc ycloalkenone 
entry &keto ester yield (%) 
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condensation of entry e attests to its potential in this regard.I4 
The products of the cyclizations shown in entries f and g signify 
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that this method is equally suitable for the preparation of 
heterocycles. The enolization shown in entry g could not be 
suppressed and reflects the superior hydrogen-bonding capability 
of amides. Finally, the successful cyclization reactions of the 
albeit somewhat conformationally biased @-keto esters of entries 
handisuggest that thismethodmay beofservicein thepreparation 
of natural products which embody medium-sized rings. 

To that end, we have examined the cyclization reaction shown 
in Scheme I1 in the context of a projected successive annelation- 
based (C - CB - CBA) taxane synthesis.15 Thus, the readily 
available aldehyde 416 was homologated to the corresponding 
ester acetal and subjected to a Claisen condensation reaction 
with the lithium enolate of ethyl acetate to afford the cyclization 
substrate 5. Following sequential addition of Tic14 (1 equiv) and 
triethylamine (1 equiv) a t  -70 O C  to the 8-keto ester 5 in CHzClZ, 
a slow but efficient cyclization took place (4 h, room temperature, 
70%) to provide the annelated product as the dienol ester 6. 
Epoxidation of dienol 6 with MCPBA and concomitant ring 
opening afforded alcohol 7 as a single diastereomer (54%) 
accompanied by a structurally isomeric tertiary allylic alcohol 
(27%).17 

In summation, &keto esters serve as excellent terminating 
groups for Lewis acid-promoted cyclization reactions with acetals. 
This strategy constitutes one of the most convenient methods for 
the preparation of 2-carbalkoxycycloalkenones, whose reactivity 
in conjugate addition or cycloaddition reactions is exemplary. 
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(17) It is anticipated that a nucleophilic hydroxyl equivalent will add to 
the reactive Michael acceptor 7 with the implicit facial selectivity and permit 
the stereoselective introduction of the C( 1) hydroxyl substituent of taxol. 
Consequently, the preparation of a ketal analogous to5 which bears a methallyl 
substituent on the ketal carbon required for the anticipated aldol-based 
elaboration of the A-ring is underway. 


