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The ketal Claisen rearrangement is a potentially 
powerful method to prepare new carbon-carbon bonds, 
but it has not been used as extensively as other Claisen 
variants,2 due in part to the vigorous reaction conditions 
and to the modest and variable regioselectivity found 
with unsymmetrical  acetal^.^ We report here a new ketal 
Claisen rearrangement that proceeds under very mild 
conditions, with regioselectivity that complements the 
standard acid-catalyzed thermal rearrangement. 

While studying the generation of enol ethers using 
i-Bud-initiated cleavage of  acetal^,^ we found that the 
1-methyl-1-methoxyethyl ether of geraniol (2) not only 
cleaved to the enol ether, but that the enol ether 
underwent an unexpected Claisen rearrangement. A 
mixture of the mixed acetal 2 and the desired enol ether 
3 was prepared by treating geraniol with 2-methoxypro- 
pene and catalytic POC4 as shown in Scheme 1. Cleav- 
age of this mixture with i - B u d  at 0 "C led to the 
unexpected rearranged and reduced product 4 in 89% 
overall yield.5 There are many examples of Lewis acids 
catalyzing Claisen rearrangements,2 and organoalumi- 
num compounds are among the most effective catalysts 
for ClaisenGs7 and 3-aza-Cope rearrangements.s In par- 
ticular, i - B u d  has been shown to be an efficient and 
mild catalyst for the rearrangement and subsequent 
reduction of allyl vinyl The most cumbersome 
part of these Claisen reactions is often generation of the 
requisite enol ether, and in our new procedure the enol 
ether is generated in situ from the readily available 
1-methyl-1-methoxyethyl ethers. We decided to explore 
the scope of this simple and efficient new ketal Claisen 
rearrangement. 

Our Claisen rearrangement using a variety of allylic 
alcohols and 2-methoxypropene is shown in Table 1. 
These reactions were carried out using a one-pot, two- 
step sequence.1° The allylic alcohol was combined with 
2-methoxypropene and catalytic PPTS in CHzC12. After 
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Table 1. Ketal Claisen Rearrangement with 
2-Methoxypropene Catalyzed by i-Bu&lQ 

Entry Allylic Alcohol Yield Product EIZ ratiob 

roH 89% 

2 e 81% 6 88:12 

OH 

89:ll = 80% 0"J' 
4 ?OH 59% 2 

88% 

See ref 10 for a representative experimental procedure. The 
EIZ ratio was measured by GC. 
acetal formation was complete, 3 equiv of i-Bu&I was 
added, and the mixture was stirred for 2 h at 0 "C. The 
yields range from moderate to excellent, with most of the 
remaining mass being recovered as starting alcohol. The 
final i - B u d  reduction of the alcohols is generally not 
selective and leads to mixtures of stereoisomers. The 
yields are best with simple allylic alcohols and fall off 
with more reactive diene alcohols and allyl benzyl alco- 
hols, as seen in entries 4 and 5. Acyclic secondary allyl 
alcohols lead to predominately the E alkene on rear- 
rangement, as shown in entries 2, 3, and 5. This 
selectivity is in contrast to the 1:l El2 mixtures observed 
with i-Bd-catalyzed allyl vinyl ether rearrangemenh6 
The difference can be attributed to the presence of a 
sterically demanding axial methyl group in the chairlike 
transition state. This one-pot procedure is a mild and 
efficient route to ketal Claisen products from simple 
allylic alcohols. 

(10)A typical one-pot procedure is illustrated with the use of 
geraniol: To a solution of geraniol (1) (0.500 g, 3.24 mmol, 1 equiv) in 
CHzClz (10 mL) at  0 "C were added 2-methoxypropene (466 mL, 4.86 
mmol, 1.5 equiv) and PPTS (ca. 10 mg, 32 pmol, 1 mol %). The mixture 
was stirred at room temperature and monitored by TLC. Upon 
formation of the ketal, a 1.0 M solution of i-BuA(9.72 mL, 9.72 mmol, 
3 equiv) was added dropwise, and the reaction was stirred at 0 "C for 
2 h. The mixture was poured into 20 mL of ice-cold 2 N NaOH, and 
the layers were allowed to warm and to separate. The aqueous layer 
was extracted with EtzO (2 x 20 mL). The organic layers were 
combined, washed with HzO (1 x 50 mL) and brine (1 x 50 mL), dried 
over NaZS04, filtered, and concentrated under reduced pressure. 
Purification by column chromatography (10% ethyl acetatehexanes) 
afforded 4 (0.560 g, 2.85 mmol, 88%) as a thick, colorless oil. 
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Table 2. Ketal Claisen Rearrangement with Enol Ether 5 Catalyzed by i - B M a  

Allylic Alcohol Method Yield Linear: Branchedb Linear Product Branched Product Entry 

1 A 

3 OH A 

4 Ph b 
5 

B 
C 

6 A 

8 C 
7 Ph -OH B 

9 A 
10 -OH B 
11 C 
12 (Daub's Thermal Conditions) D 

67% 

63% 

30% 
49% 
50% 

43% 
38% 
40% 

49% 
58% 

69% 
79%c 

1oo:o 

91:9 

8733 
87:13 
88:12 

89:11 
94:6 
93:7 

7525 
94:6 
96:4 
9:91 

4 Ph 

OH 

Ph Ph 

a Method A (i) enol ether 5, PF'TS, 25 "C, CH2C12; (ii) i-Bu&l, 0 "C, CHzClz (one-pot procedure). Method B: (i) enol ether 5,  PPTS, 
25 "C, CH2Clz; (ii) Et3N; (iii) i-Bu&l, 0 "C, CHzClz (one-pot procedure with Et3N quench). Method C: (i) enol ether 5, PF'TS, 25 "C, 
CH2C12; (ii) i-Bu&, 0 "C, CHzClz (two-pot procedure). Method D: dimethoxy acetal 6, propionic acid, 110 "C, 16 h (Daub's thermal 
conditions). The yield and ratio are for the corresponding ketone products formed under the 
Daub reaction conditions. 

Ratios determined by GC and 'H NMR. 

To evaluate the sequence using an unsymmetrical 
ketal, 2-methoxy-4-phenyl-1-butene (5) was prepared1' 
and reacted with a variety of allylic alcohols, as shown 
in Table 2. The reactions were initially carried out using 
the same one-pot, two-step procedure described previ- 
ously (method A).'O All of the rearrangements were 
successful under these conditions, but the yields were 
moderate and starting alcohol was recovered in all cases. 
The most interesting aspect of these rearrangements is 
the regioselectivity of the enol ether formation and 
subsequent rearrangement. For each example, the major 
(linear) product derives from the less substituted enol 
ether, while the minor (branched) product derives from 
the more substituted enol ether. Presumably, the bulky 
i - B u d  reagent coordinates to the less hindered acetal 
oxygen and removes a proton from the less hindered side 
of the acetal. The cleavage of 2,2-dimethoxy-4-phenylbu- 
tane (6) to 5 with i - B u d  proceeds with 96:4 regioselec- 
tivity.ll Thus, the 9O:lO or better regioselectivity for the 
linear product was not unexpected. 

We were surprised by the relatively low regioselectivity 
found in entry 9, where the linear and branched products 
were formed in only a 7525 ratio. This rearrangement 
was repeated twice with the same result and was the 
impetus for the development of the two new rearrange- 
ment methods B and C. Method C is a two-pot procedure 
where the enol ether is isolated and examined by NMR 
before rearrangement. Entry 11 shows a significant 
improvement in overall yield compared to entry 9 and a 
dramatic increase in regioselectivity. The only obvious 
difference between entries 9 and 11 is the presence of 
PPTS in the rearrangement reaction. Apparently the 
PPTS persists after the addition of i - B u d  and leads to 
partial enol ether equilibration before rearrangement. 

The PPTS can also catalyze the formation of dialkoxy 
acetals from alkoxy methoxy acetals, and dialkoxy acetals 
lead to starting allylic alcohol on i-Bud-promoted cleav- 
age. Method B incorporated an in situ quench of the 
PPTS with Et3N before addition of the i - B u d .  Entry 
10 shows that method B is not as good as method C for 
increasing the yield with 2-hexen-1-01 (71, but it does 
increase the regioselectivity. Methods B and C were 
applied to other allyl alcohol rearrangements and re- 
sulted in modest increases in yield over method A. 

The i-Bud-catalyzed and thermal ketal Claisen rear- 
rangements of 2-hexen-1-01 (7) with enol ether 5 or the 
corresponding dimethoxy acetal 6 are compared in Table 
2, entries 11 and 12. As Daub previously demonstrated, 
acid-catalyzed thermal ketal Claisen reactions give the 
branched products with modest to very good ~electivity.~ 
Thus, the 9:91 ratio of branched to linear products, 
isolated as ketones, is what one would expect based on 
his results. Our i-Bud-catalyzed ketal Claisen reactions 
gave the linear product with very good selectivity, 
9O:lO following oxidation to the ketone, under mild 
conditions. This new procedure complements the Daub 
procedure and makes both regioisomeric ketal Claisen 
products available in good yield and good Selectivity. 
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(11) Enol ether 5 was readily synthesized by the following two-step 
route: conversion of the corresponding ketone to the dimethyl ketal 
(MeOH, HC(OMe)S, CSA, 95%) and 2-Bu3Al cleavage of the ketal to 
generate a 96:4 ratio of 2-methoxy-4-phenyl-1-butene (5) and 2-meth- 
oxy-4-phenyl-2-butene in 88% combined yield. 
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