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ABSTRACT

A highly efficient cascade reaction has been developed using cheap commercially available or easily accessible starting materials. It has the
ability to construct highly functionalized six-membered ring with three to four stereogenic centers in high yields.

Cascade reactions are useful synthetic transformations as they
allow expedient and efficient construction of complex
structures.1 Among the many cascade reactions, the develop-
ment of a new cascade reaction to create highly function-

alized ring systems with the generation of multiple stereo-
genic centers in a one-pot manner is highly sought-after.2

Recently, our group has reported an efficient method for the
synthesis of highly functionalized five-membered rings in
high yields with excellent regio-, diastereo-, and enantiose-
lectivities using cascade Mukaiyama-Aldol-Prins reaction
(Scheme 1, path a).3 We envisage that by tuning the stability
of the carbocation formed via variation of the acetal olefinic
substituents, a six-membered ring (Scheme 1, path b) can
be obtained instead of the five-membered ring. Therefore, if
nonsubstituted acetal is utilized, a six-membered ring could
be formed through path b.4 Herein, we report a novel cascade
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reaction involving the Mukaiyama-Aldol-Prins (MAP)
cascade reaction to create highly functionalized six-
membered ring systems with the generation of up to four
new stereogenic centers in a one-pot manner. This method
provides a fast access to a wide variety of cyclohexane
skeletons which are important building blocks in the synthesis
of complex molecules.

Initially, cyclohexenyloxytrimethylsilane reacted with the
commercially available 4,4-diethoxybut-1-ene5 in the pres-

ence of TiBr4.
6 Unfortunately, only the Mukaiyama-Aldol

product was obtained (Table 1, entry 1). Replacing the
trimethylsilyl (TMS) group with the more robust triisopro-
pylsilyl (TIPS) group gave the desired product, albeit in low
yield (Table 1, entry 2). Fortunately, the yield of the product
could be increased dramatically when �-disubstituted silyl
enol ethers were used (Table 1, entries 3-8). The desired
product was obtained as a single isomer at C3-5 but with
moderate diastereoselectivity at C1 (ca. 2:1 diastereomeric
mixture). These results suggested that the substituent at the
� position of the silyl enol ether plays an important role in
the cascade process. Especially noteworthy is that �-substi-
tuted brominated silyl enol ether reacts with acetal l to afford
the desired product in good yield (Table 1, entry 8). This
reaction further expanded the scope of this method. Since
the bromine can easily be removed or functionalized, other
cyclohexane building blocks could potentially be obtained.

Next, we investigated the asymmetric version of this
reaction using optically pure cyclic acetal 5.7 The results
are summarized in Table 2. In all cases, the desired products
were obtained in good yields. Similar to the nonasymmetric
version, the two diastereomers were obtained and easily
separated by column chromatography. It is important to note

Table 1. Mukaiyama-Aldol-Prins Reaction To Form
Six-Membered Ringa,b

a Mukaiyama-Aldol-Prins reactions were run with 2 equiv of TiBr4,
1 equiv of acetal, and 1.2 equiv of silyl enol ether under N2 atmosphere.
b Nonsubstituted acetal was purchased from Sigma-Aldrich. c Isolated yield.
d Diastereomeric ratios were based on 1H and 13C NMR analyses. e Only
Mukaiyama-Aldol reaction product was obtained in 70% yield. f Four
isomers, but isolated yield is determined by the major set of two isomers.

Scheme 1. Our Proposed Hypothesis

Table 2. MAP Cascade Reactions Using Chiral Acetala

a Mukaiyama-Aldol-Prins reactions were run with 2 equiv of TiBr4,
1 equiv of acetal, and 1.2 equiv of silyl enol ether under N2 atmosphere.
b Isolated yield. c Diastereomeric ratios were determined by 1H and 13C NMR
analyses. d Four isomers, but isolated yield is based on the major set of
two isomers.
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that both of the diastereomers were obtained as a single
isomer (>99:1) as determined by 1H and 13C NMR. The
relative and absolute stereochemistry of the major product
of one of the compounds was confirmed by the X-ray
crystallography (Figure 1, refer to the Supporting Informa-

tion). Removal of the bromine atom in both diastereomers
led to identical diastereomers (Scheme 2).

In summary, we have developed a highly efficient
cascade reaction using cheap commercially or easily
accessible starting materials to construct a highly func-
tionalized six-membered ring with three to four stereogenic
centers in high yields. When chiral acetal 5 was employed,
the desired cyclohexane derivatives could be obtained as

a single isomer after removal of the bromine. We are in
the process of applying this strategy to the synthesis of
natural products.
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Figure 1. X-ray crystal structure of the major isomer of product in
Table 2, entry 5.

Scheme 2. Confirmation of the Relative and Absolute
Stereochemistry of the Minor Product in Table 1, Entry 5, and

Table 2, Entry 3
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