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ABSTRACT: Allylic alcohols can be transformed into γ,δ-
unsaturated α,α-dibromo esters through a two-step process:
formation of a bromal-derived mixed acetal, followed by
tandem dehydrobromination/Claisen rearrangement. The
scope and selectivity of both steps have been investigated.
The product α,α-dibromo esters were subjected to various carbon−carbon bond-forming reactions, oxidations, and
lactonizations.

α,α-Dibromo esters are a class of halogenated esters that have not
been studied extensively in the field of synthetic organic
chemistry. With the exception of the works of Shindo, who
used α,α-dibromo esters as precursors to reactive ynolate species,
few reports exist regarding their preparation or application.1

Shindo has demonstrated that they can be formed through two-
step bromination processes from either a corresponding acid
halide or a corresponding ester (Scheme 1). The first of these

processes (method A) involves use of a reactive acid halide as the
starting material, as well as the harsh conditions of the Hell−
Volhard−Zelinsky reaction to install the first α-bromide.2 The
second (method B) requires the repeated use of the brominating
reagent 1,2-dibromotetrachloroethane. Neither method is
suitable for the preparation of relatively complex α,α-dibromo
esters, especially those having additional enolizable hydrogen
atoms.
During our synthetic endeavor toward the indole alkaloid

reserpine, a robust method to form a γ,δ-unsaturated α,α-
dibromo ester was required.3 This compound was obtained
through the reaction sequence displayed in Scheme 2. The
sequence begins with the addition of an allylic alcohol into the
chlorinated ether 2, facilitated by halophilic silver(I) salts. The
resulting mixed acetal 3 then transforms through dehydrobromi-
nation into a dibromoketene acetal 4. This reactive intermediate

readily undergoes Claisen rearrangement at−78 °C to generate a
γ,δ-unsaturated α,α-dibromo ester 5. Although a few halogenated
allyl vinyl ethers have been employed previously in Claisen
rearrangements, to the best of our knowledge none of these
transformations has used such a dibromoketene acetal
intermediate.4 The halogen substituent of the vinyl group
typically allows the reaction to occur at lower temperature, a rate
enhancement that has been described and studied by Carpenter.5

While working on reserpine, we were intrigued by the high
efficiency of this unprecedented dibromoketene acetal rearrange-
ment. The reaction sequence was robust, suitable for gram-scale
syntheses in a complex total synthesis setting, and required
simple starting materials. There are many methods available for
the preparation of allylic alcohols 1, and the chlorinated
tribromoethyl ether 2 is operationally simple to synthesize on a
large scale.6 Consequently, we wished to investigate the
generality of this method and explore the potential synthetic
applications of the α,α-dibromo esters.
First, a general method was needed to convert allylic alcohols

into mixed acetals. Reaction conditions were screened for the
transformation of 2-methylprop-2-enol (1a), a simple allylic
alcohol, into the mixed acetal 3a (Table 1). Among tested
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Scheme 1. Preparation of α,α-Dibromo Esters

Scheme 2. Dibromoketene Acetal Claisen Rearrangement
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solvents, the use of toluene at −15 °C was optimal for acetal
formation (entries 1−4). After screening a number of silver(I)
salts, silver(I) triflate (AgOTf) was found to facilitate the
transformation in useful yields (entries 4−7). Next, the choice of
base was considered. To generate the mixed acetals in a mild
manner, the conditions in entries 1−7 featured 4 Å molecular
sieves as the basic medium, but this approach proved
problematic.7 While the mixed acetals did form, the reaction
conditions were less suitable for larger-scale reactions and led to
decomposition to the bromal, presumably through acid-catalyzed
hydrolysis of the desired mixed acetal. To circumvent this
problem, a variety of bases were screened (entries 8−10), with
silver(I) carbonate (Ag2CO3) being optimal to afford the desired
mixed acetal. The use of a more-dissociative counterion, namely
hexafluoroantimonate (SbF6

−), led to complete decomposition
of the starting material (entries 11 and 12).
With suitable conditions determined for the conversion of

allylic alcohols 1 into mixed acetals 3, the reaction’s generality
was investigated (Scheme 3). The syntheses of compounds 3b−f
revealed that acyclic allylic alcohols can transform into mixed
acetals in good to excellent yields. Varying the degree of olefin
substitution (cf. 3b, 3c, and 3e) did not affect the yield of mixed
acetal formation. Cyclic allylic alcohols 1g−p also formed their
mixed acetals in good to excellent yields. Even the quite complex
tetrahydropyridine derivative8 1p generated its desired acetal in
high yield. The cyclohexyl and cyclohexenyl alcohols 1k, 1n, and
1o formed their desired compounds efficiently and in good
yields. The reaction tolerated the presence of silyl ether (3d) and
sulfonamide (3p) units, as well as a variety of nonparticipating
olefinic bonds.
With a variety of mixed acetals at hand, the Claisen

rearrangements were investigated (Scheme 4). The presence of
potassium tert-butoxide (t-BuOK) and [18]crown-6 in THF at
−78 °C was optimal for the dehydrobromination to form the
ketene acetal. (2,2,6,6-Tetramethylpiperidin-1-yl)oxy radical
(TEMPO) was added to this reaction mixture as a radical
scavenger to avoid radical-mediated debromination of the
starting material. These conditions proved effective for the
desired dehydrobromination/rearrangement, allowing the for-

mation of a wide array of γ,δ-unsaturated α,α-dibromo esters
(Scheme 4).
The syntheses of compounds 5a−c and 5e illustrate the fact

that increasing the steric bulk of the olefin substituent in the

Table 1. Optimization of Mixed Acetal Formation

entry silver salta temp (°C) basee solvent yield (%)

1 AgOTf rt MSa CH2Cl2 50
2 AgOTf −40 MSa CH2Cl2 67
3 AgOTf −78 MSa CH2Cl2 NRd

4 AgOTf −15 MSa toluene 0−84
5 Ag2O −15 MSa toluene 0
6 AgNO3

e −15 MSa toluene 31
7 AgCOCF3 −15 MSa toluene 12
8 AgOTf −15 K2CO3 toluene 0
9 AgOTf −15 NaHCO2 toluene 0
10 AgOTf −15 Ag2CO3 toluene 71
11 AgSbF6 −15 Ag2CO3 toluene 0
12 AgSbF6 −78 Ag2CO3 toluene 0

a1.3 equiv of silver salt used, unless specified otherwise. e2 equiv of
base used. a4 Å molecular sieves (4 wt equiv). dStarting material
recovered. e2 equiv of silver salt used.

Scheme 3. Mixed Acetal Formation

aReactions of secondary alcohols were run at 0 °C. bCompounds
isolated as a mixture of diastereoisomers.

Scheme 4. Rearrangement of Mixed Acetals

aRearrangements were performed at −90 °C.
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acetals 3a−c and 3e did not greatly impact the yield of the
Claisen rearrangement. For the less-hindered acetals 3a and 3c,
the rearrangements could be performed at−90 °C to increase the
yields of the resulting α,α-dibromo esters 5a and 5c, respectively.
While the yield of the isopropyl-substituted dibromo ester 5ewas
relatively moderate, the conversion was still rapid at low
temperature. Hindered quaternary centers were also formed in
high yields (cf. 5b, 5f, 5l, 5m); the bond-forming events occurred
efficiently despite steric crowding at the dibromomethylene unit
or the newly formed quaternary carbon atom. Ring-bearing
acetals 3g−p rearranged to form γ,δ-unsaturated α,α-dibromo
esters having various substitution patterns. Products featuring
exocyclic methylene groups (5g, 5h), vinyl-substituted carbo-
cycles (5l, 5m), and endocyclic olefinic units (5n, 5o) were
formed in good to excellent yields. Mixed acetals containing silyl
ether (3d) and sulfonamide (3p) moieties were transformed
smoothly to their γ,δ-unsaturated α,α-dibromo esters (5d and
5p, respectively) in high yields.
The diastereoselectivity of this reaction was variable (Scheme

5). The dibromo ester 5i was not formed in a highly

diastereoselective manner. When the acetal 3j was subjected to
the rearrangement conditions, despite its tert-butyl group locking
the cyclohexene in the half-chair conformation, the diaster-
eoselectivity did not improve. Even decreasing the temperature
to −90 °C did not greatly affect the diastereoselectivity of the
rearrangement. There are two potential causes of this poor
selectivity. First, there may be some steric congestion of the
typically favored equatorial attack in the Claisen transition state,
due to the bromo substituents on the terminal vinyl carbon.9 A
similar selectivity issue was observed by Ireland in an analogous
rearrangement of the alcohol 1j when a large substituent was
introduced at the terminal carbon.9b Second, the high reactivity
of the dibromoketene acetal would lead to poor differentiation
between axial and equatorial attack.
The carvone-derived α,α-dibromo ester 5k formed as a single

diastereoisomer, albeit in modest yield. Another promising result
was observed with the tetrahydropyridine-containing dibromo
ester 5p. The rearranged product was obtained with 10:1 dr.
Interestingly, these diastereoisomers formed preferably from
equatorial attack, resulting in the syn product. This result can be
rationalized by considering that the axial pathway of the
tetrahydropyridine ring was blocked by the bulky tosyl group.
The formation of dibromo esters in this manner avoids the

regioselectivity issues that would plague traditional methods
based on enolate chemistry. Scheme 6 illustrates this concept for

the formation of the dibromo ester 5q. The nucleophilic α-, γ-,
and α′-positions of the enone 1q would have prevented the clean
formation of the dibromo ester when using the conventional
double-bromination sequence. In contrast, after (+)-10-hydrox-
ycarvone 1q had been converted to the mixed acetal 3q through
the chemoselective methods described herein, the α,α-dibromo
ester 5q was formed cleanly upon rearrangement without
complications.
With a large assortment of α,α-dibromo esters available, the

utility of these versatile compounds was explored (Scheme 7). As

stated previously, α,α-dibromo esters have been used by Shindo
in the formation of ynolates.1b This methodology is useful for the
formation of vinyl ethers,10 various heterocycles,11 and
tetrasubstituted olefins.12 Treating the dibromo ester 5g with 4
equiv of tert-butyllithium (t-BuLi) generated the ynolate 6. The
olefination product 7 formed after the addition of acetophenone
at ambient temperature. This tetrasubstituted unsaturated acid
was obtained in good yield and with good E-to-Z selectivity.
Notably, this transformation is the first example of ynolate
formation in the presence of an alkene.
Vinyl bromides, which have many applications in cross-

coupling chemistry, are also readily accessed from dibromo
esters. Treatment of 5g with potassium hexafluoroisopropoxide,
generated from t-BuOK and hexafluoroisopropyl alcohol (HFIP)
in the presence of [18]crown-6, smoothly produced the vinyl
bromide 8, which was then used to form the functionalized
decalin system 10 through triene 9 in a tandem Suzuki/6π-
electrocyclization.13,14 This reaction sequence might potentially
be a general method for the synthesis of highly functionalized
cyclohexadienes.
Both functional handles of the products of the dibromoketene

acetal Claisen rearrangement can used as synthetic leverage to
afford unique and synthetically important building blocks. For

Scheme 5. Diastereoselectivity of Rearrangement

aAll diastereoisomeric ratios determined using 1H NMR spectroscopy.
bRelative stereochemistry determined through NOE experiments.

Scheme 6. Synthesis of an Enone-Containing α,α-Dibromo
Ester

Scheme 7. Synthetic Applications of α,α-Dibromo Esters
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example, treatment of the Claisen product 3a with dimethyldiox-
irane (DMDO) produced the corresponding epoxide 11, which
could be further functionalized.
The alkene and ester units can also work in concert to form

functionalized α,α-dibromobutyrolactones. Halogenated butyr-
olactones have gained attention for their potential as both
biologically active compounds15 and as unique synthetic building
blocks.16 Subjecting the α,α-dibromo ester 5b to catalytic
dihydroxylation produced the dibromolactone 12 in a single step
(Scheme 8).17 Compound 5b was also be converted to the

carboxylic acid 13, which then underwent iodolactonization to
form the functionalized lactone 14. Mild deprotection of the silyl
ether unit of the α,α-dibromo ester 5d led to the vinyl-substituted
lactone 15.
In summary, the Claisen rearrangements of dibromoketene

acetals have been investigated. Both cyclic and acyclic allylic
alcohols can be transformed into α,α-dibromo esters in a two-
step process. The sequence is compatible with a variety of
functionalities and can produce previously inaccessible dibromo
esters. The α,α-dibromo esters produced are useful synthetic
building blocks and can be used in the context of complex
syntheses.
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