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The vinyl ether is a deceptive functional group, as its simple structure
belies the challenges inherent in its synthesis.1 Because direct O-alkylation
of enolates is not generally viable and vinylation of alcohols is limited to
special cases, several types of indirect methods have been developed,
including acid- or metal-catalyzed vinyl ether exchange;2 addition/
elimination on vinyl sulfoxides;3 haloetherification followed by base
elimination;4 selenenyl etherification/selenoxide elimination;5 catalyzed
addition of alcohols to alkynes;6 carbonyl alkenylation with phosphonium
ylides, silyl anions, sulfone anions, or Tebbe reagents;7 base- or metal-
catalyzed isomerization;8 and modification of existing vinyl ethers.9

However, examination of the details of these processes reveals serious
limitations, such as the need for strong bases, strong acids, toxic metals,
or reactive electrophiles; limited substrate substitution; and lack of control
over alkene stereochemistry.

The Claisen rearrangement10 is an elegant example of the utility of
allyl vinyl ethers in synthesis. The power of the Claisen rearrangement is
derived from the formation of C-C bonds with control of stereochemistry
through a chairlike transition state.11 However, in contrast to derived
reactions such as the Ireland ester enolate Claisen,12 Carroll,13 Eschen-
moser,14 and Johnson ortho ester15 rearrangements, wherein the requisite
substrates are readily prepared, the parent Claisen rearrangement is limited
by challenges in preparing allyl vinyl ether substrates.

Therefore, there is an unmet need for a versatile, regiospecific, and
stereospecific route to vinyl ether substrates that is compatible with acid-
and base-sensitive groups, is easy to perform, uses inexpensive and
nontoxic reagents, accommodates wide structural variability, and occurs
with well-defined stereochemistry. Such a reaction may significantly
expand the power of the Claisen rearrangement and promote greater
utilization of vinyl ethers. This paper presents preliminary results toward
such a process.

Chan and Lam16 and separately Evans17 developed copper-mediated
aryl ether formation from aryl boronic acids and alcohols. These pioneering
reports spurred numerous subsequent investigations into couplings of aryl
and vinyl boronic acids with nitrogen and oxygen partners.18 However,
these protocols do not include simple alkyl or allyl vinyl ether targets.
These methods are termed “modern Ullmann couplings”, as they employ
aryl or vinyl boronic acid substrates instead of aryl or vinyl halides.19

Recent advances in the classic Ullmann reaction include a report by
Buchwald on a copper-catalyzed synthesis of allyl vinyl ethers and their
Claisen rearrangement products, but high-temperature conditions actually
precluded isolation of the vinyl ethers.20

Our studies found that pinacol vinyl boronate esters couple with aliphatic
alcohols using Cu(OAc)2 at room temperature (rt) to provide vinyl ethers
in good to excellent yields (eq 1): These results contrast with the modern

Ullmann couplings as exemplified by the work of Chan and Lam on aryl
ethers, wherein boronic acids were best.16 We employed pinacol vinyl
boronate esters derived from hydroboration of alkynes, but we also

examined other boronate esters, boronic acids, boroxines, and boranes,
which provided lower yields (eq 1). Thus, while others found boronic
acids under dehydrating conditions favoring boroxine formation to be ideal
in copper couplings, we found that pinacol esters were optimal for coupling
with aliphatic alcohols. Another major difference is that our yields are
based on 1 equiv of the vinyl boron partner, while the related work typically
employs stoichiometric nucleophiles with excess boronic acid (2 equiv).
Tests with different copper salts revealed that Cu(OAc)2 is best, although
several copper salts provided product. Addition of water is somewhat
detrimental to the reaction, so anhydrous Cu(OAc)2 is favored.21

Preliminary examples demonstrating functional group compatibility and
coupling with aliphatic or allylic alcohols are illustrated in Table 1.21 The
coupling reaction is compatible with functional groups sensitive to acidic,
basic, nucleophilic, oxidative, and radical conditions. The vinyl boronate
ester substrates are readily prepared by hydroboration of alkynes using
pinacol borane with or without transition-metal catalysts.22 Neat alcohols
were used, but a variety of solvents were compatible.21

A modification of a working mechanism put forth by Evans17b and
recently explored by Stahl23 is illustrated in Scheme 1. Transmetalation
and ligand exchange from Cu(OAc)2 is followed by disproportionation
and reductive elimination. The disproportionation step may explain the
requirement for excess cupric acetate21 and the absence of copper metal
formation. Disproportionation may occur from an alkoxy vinyl copper

Scheme 1. Mechanism of the Coupling Reaction

Table 1. Copper Coupling of Vinyl Boronates and Alcohols
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rather than the acetoxy vinyl copper because of the greater ease of oxidation
and the absence of vinyl acetate side products. This mechanism enables
consideration of various reaction parameters.

The reaction generates acetic acid when the alcohol coordinates to
copper and possibly alcoholysis of acetoxy pinacol borate formed from
transmetalation. A common side product observed in screening reactions
was the alkene derived from protodeboration of the vinyl boronate ester.
We postulated that addition of a tertiary amine might quench the acid
without necessarily serving as a ligand for copper. This modification
worked exceedingly well, and results for several substrates are shown in
Table 2.

A significant issue in any coupling is stereospecificity. The reaction of
boronate 17, prepared via rhodium-catalyzed trans hydroboration,24 under
the optimized conditions led to a 40% yield of Z alkene 18 (eq 4):

While the yield was modest, the reaction was stereospecific, as no E alkene
was detected.

Finally, the method was used for the synthesis of the exceptionally
acid-labile target 21 (Scheme 2). Alkyne 19 was hydroborated using the
Wang protocol22a to give 20. Copper-promoted coupling with allyl alcohol
in the presence of Et3N at rt provided allyl vinyl ether 21 in 82% yield.
For this sensitive target, the best yields were obtained with 3 equiv of
cupric acetate.

In conclusion, we have developed a mild, inexpensive, functional-group-
tolerant, and stereospecific method for the synthesis of vinyl ethers that
may have significant applications in organic synthesis. Subsequent reports
will detail further modifications, ligand effects, and efforts toward a
catalytic procedure.
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Table 2. Effect of Triethylamine on Copper-Promoted Coupling
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