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of (-)-cawone, the absolute configuration of the natural product 
should be opposite of that shown (vide supra). The highly ster- 
eocontrolled synthesis proceeded in 17 steps from (-)-carvone in 
3.5% overall yield (average yield/step 82%) without the use of 
protecting groups. Studies are currently under way to improve 
the sequence as well as to investigate the isopropenyl to ester 
conversion and will be reported in due course. 
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Sigmatropic rearrangements have proven to be powerful, in- 
valuable tools in the stereo- and regiochemically controlled syn- 
thesis of a wide range of natural products.] In recent years, 
considerable attention has been focused on substituent effects of 
these reactions as variants that lead to milder conditions and 
improved stereoselective outcome.2 Concurrent to these synthetic 
investigations, there have been a number of theoretical studies 
which attempt to correlate the nature of the substituent effect with 
the mechanism of the sigmatropic r e a ~ t i o n . ~  We wish to report 
herein a potentially highly versatile, novel type of Claisen rear- 
rangement, termed an anionic oxy-Claisen rearrangement, utilizing 
enolates of a-allyloxy ketones, that proceeds at  strikingly low 
temperatures. Furthermore, the reaction was found to be dra- 
matically influenced by the counterion and the solvent employed. 

The enolates of a-allyloxy ketones present an intriguing case 
where two competing modes of sigmatropic rearrangement pro- 
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Table I. Results of [3,3]-Claisen Rearrangements of Enolates 5a-c 
and Silvl Enol Ether 5d" 

half-life 
entrv solvent comDd t emn  O C  [t,, ,L hb 

toluene 
toluene 
toluene 
toluene 
THF 
THF 
THF 
THF 

5a, M = K -23 
5b, M = N a  0 
5c, M = Li 96.5 
5d, M = Me3% 71 
5a, M = K -42 
5a, M = K -23 
5b, M = N a  -23 
5c, M = Li 61 

3.3 
2.6 
1.1 
0.5 
6.2 

<o. 1 
2.4 
1.3 

"All the reactions were carried out a t  0.025 M concentration of 
substrates by treatment with 15 equiv of metal hydride and 10 equiv of 
methanol. bTimes listed for 5a-c refer to half-lives derived from the 
first-order rate constants obtained in the range of IO-90% conversion 
of 4. All the reactions of 5a-c except for entry 6 were preceded by an 
induction period (0.5-1.5 h) which is believed to account for the gen- 
eration of the enolates from 4. 

cesses are conceivable (Scheme I). Thus, of the two resonance 
forms of these enolates, l a  may be envisioned as an a-(allyloxy) 
a-carbanion which is capable of undergoing a [2,3]-Wittig re- 
arrangement to give rise to a-alkoxy ketone Z4 Whereas l b  may 

(4) Two examples of [2,3] Wittig rearrangement of the enolates of acetonyl 
allyl ethers to 3-hydroxy 5-en-2-ones have been reported by Thomas and 
Dubini (Thomas, A. F.; Dubini, R. Helu. Chim. Acta 1974, 57, 2084). Thus 
treatment of ketone i with Grignard reagents or potassium tert-butoxide 

resulted in the formation of compound ii. Although in this particular example 
the corresponding [3,3]-Claisen rearrangement is not feasible due to the 
rigidity of the system, the authors extended the method to the acyclic ketone 
iii. The reaction of iii with potassium tert-butoxide gave iv (product of [2,3] 
rearrangement) as the only isolable product. 

0 1985 American Chemical Society 



Communications to the Editor J .  Am.  Chem. Soc., Voi. 107, No. 19,  1985 5573 

a half-life of 1.6 h in its rearrangement to lT9 

- Tws?F tcluene 

62.5OC 
1; T’kt - 11 100% 

Scheme 111 

a - 9 - 10 - 

be viewed as a l-oxy-3-oxa-1,5-hexadiene and may undergo a 
[3,3]-Claisen rearrangement providing the isomeric a-alkoxy 
ketone 3. The latter process is particularly unique as it corresponds 
formally to an intramolecular Sx2’ addition to an allylic ether 
by the carbon bearing the enolate oxygen. 

The system that we have examined extensively is a-(allyl- 
0xy)propiophenone (4)s in which the ketone bears a single acidic 
hydrogen. Treatment of 4 with excess metal hydride (total 2-15 
equiv) in the presence of a small amount of methanol (1-10 equiv) 
effected the quantitative conversion of the resulting enolate 5a, 
5b or 5c to the hydroxy ketone 6e after aqueous quenching. This 
indicates that the rearrangement through the [3,3]-Claisen mode 
is clearly favored in this system (Scheme 11). In the range of 
l0-90% conversion of 4. the reaction was found to follow the 
first-order k i n e t h 6  Only a trace amount of the product 7a 
(<2%), resulting from the [2,3]-Wittig rearrangement, was de- 
tectable in all cases except for those using lithium hydride in 
toluene at 96.5 O C  and in T H F  at reflux (entries 3 and 8 in Table 
I, respectively), where 7a comprised up to 20% of the product 
mixture.’ 

The results summarized in Table I show that there is a dramatic 
rate acceleration of the reaction as a function of the electron- 
donating ability of the OM group a t  C-1. Thus, while the re- 
arrangement proceeded smoothly a t  -23 O C  with potassium hy- 
dride in toluene, virtually no rearrangement reaction was ob- 
servable at the same temperature with sodium hydride in toluene. 
Somewhat surprisingly, the rearrangement using lithium hydride 
in toluene required temperatures as high as 90 OC, which were 
even higher than those required for the rearrangement of the 
corresponding silyl enol ether 5d. A similar propensity for rate 
acceleration was observed in the marked dependence of the rate 
of the rearrangement on the solvent employed. When THF was 
used as a solvent a t  the same concentration in lieu of toluene, the 
conditions required for the rearrangement were even milder 
(entries 5-8). The potassium enolate 5a in T H F  was found to 
undergo [3,3]-Claisen rearrangement even at -42 OC. T o  our 
knowledge, this represents by far the lowest temperature ever 
recorded for a Claisen rearrangement of any type. 

We have also developed, as an application of this novel Claisen 
rearrangement, a tandem l,.l-conjugative addition-Claisen re- 
arrangement sequence using 2-(allyloxy)-2-cyclohexenone (8)’ 
(Scheme 111). Thus, treatment of 8 with 1 equiv of lithium 
dimethyl cuprate in THF at -78 OC followed by warming of the 
resulting enolate 9 to 0 “ C  resulted, within 15 min, in the smooth 
formation of the hydroxy ketone 10 as a single stereoisomer in 
virtually quantitative yield. As expected, the corresponding silyl 
enol ether 11 required a temperature as high as 62.5 OC to achieve 

( 5 )  Obtained by methylation (LDA. THF, -78 “C; MeI, HMPA) of 
(a1lyloxy)acetophenone. For the preparation of (allyloxy)acetophenone, see: 
Kachinski, J. L C.; Salomon, R. G. Tetrahedron Lett. 1977, 3235. 

(6) The rearrangement was monitored by periodically working up aliquots 
of the reaction mixture followed by its analysis by 300-MHz ’H NMR. The 
integration of the various peaks was averaged, and the ratio of 4 and 6e 
determined. 

( 7 )  At this point, the reasons for the discrepancy of our results with those 
reported by Thomas and Dubini4 remain unclear. Note, however, that a [3 ,3]  
anionic oxy-Claisen rearrangement of the enolate of ketone iii would give v, 

--jC,,O 

a compound containing two adjacent quaternary centers. 

Pharm. Bull .  1902, 30, 2269. 
(8) Ikeda, M.;  Takahashi, M.; Ohno, K.; Tamura, Y.; Kido, M. Chem. 

The remarkable rate acceleration in the [3,3]-Claisen rear- 
rangement delineated above is clearly a manifestation of the effect 
exerted by the alkoxy anion over the transition state of the reaction. 
Theoretical studies have postulated that the Claisen rearrangement 
proceeds via an early transition state which resembles a radical 
pair arising from homolytic cleavage of the 03-C4 bond.jf Ap- 
plication of this concept to the present system would provide an 
allyl radical and an oxy-oxaallyl radical-anion pair 13. Inter- 
estingly, the latter is in fact a semidione,” a stable radical anion 
obtainable by one-electron reduction of an a-dione, which can also 
be viewed as a vinylogous organic derivative of the superoxide ion.” 
Therefore, it may be reasonable to attribute the observed rate- 
accelerating effect, to a significant extent, to the contribution of 
this exceptionally stable radical anion 13 to the transition state 
of the reaction. 

I t  is of interest to recognize the analogy between the present 
system and the well-known case of the anionic oxy-Cope rear- 
rangement. Evans and Golob*’ observed a similar rate-accelerating 
effect as the donor properties of the alkoxy group were increased 
in the [3,3]-sigmatropic rearrangement of the metal alkoxide 14 
to the enolate 15. The bond-forming processes are in opposite 

4 
5 - :i 

11 - 

directions in these two reactions due to the inherent bias exerted 
by the oxygen of the allyl ether. However, the mechanistic aspects 
operating on the transition states of both systems are strikingly 
similar with regard to the effect of the metal alkoxide group. For 
the anionic oxy-Cope rearrangement, i t  has been proposed that 
the oxy substituent has the effect of decreasing the adjacent bond 
strength, thereby stabilizing the transition state by weakening the 
C3-C4 bond which is formally cleaved in the process.’* This 
postulate should be extendable to the present Claisen process lb - 3 as the oxy anion a t  C1 in l b  is “vinylogously” adjacent to 
the 03-C4 bond and thus should also exert a similar debilitating 
effect on this bond, resulting in the rate acceleration of the reaction. 
Accordingly, we propose to name this novel type of Claisen variant 
an “anionic oxy-Claisen rearrangement”. 

In summary, we have demonstrated that the novel anionic 
oxy-Claisen rearrangement described herein represents a unique 
process which proceeds a t  unprecedented low temperatures. 
Furthermore, the tandem conjugative addition--anionic oxy-Claisen 
sequence should find numerous synthetic applications. 
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(9) Compound 12 was correlated to 10 by desilylation under neutral con- 
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