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Thevinyl ether is a deceptive functiond group, as its Smple structure
beliesthe chalengesinherent in its synthesis.* Because direct O-alkylation
of enolatesis not generdly viable and vinylaion of dcoholsis limited to
specid cases, severd types of indirect methods have been developed,
induding acid- or meta-catayzed vinyl ether exchange® additiorV
dimination on vinyl sulfoxides® haloetherification followed by base
dimination;* sdlenenyl etherification/sdlenoxide dimination;” catalyzed
addition of dcoholsto alkynes® carbonyl akenylation with phosphonium
ylides, silyl anions, sulfone anions, or Tebbe reagents;” base- or meta-
catayzed isomerization;® and modification of existing vinyl ethers®
However, examination of the detalls of these processes reveds serious
limitations, such as the need for strong bases, srong acids, toxic metds,
or reective dectrophiles; limited substrate subgtitution; and lack of control
over dkene stereochemistry.

The Claisen rearrangement™® is an degant example of the utility of
alyl vinyl ethersin synthesis. The power of the Claisen rearrangement is
derived from the formation of C—C bondswith control of stereochemistry
through a chairlike trandtion state™ However, in contragt to derived
reactions such as the Irdland ester enolate Claisen,*? Carroll,** Eschen-
moser,™ and Johnson ortho ester™ rearrangements, wherein the requisite
substrates are readily prepared, the parent Claisen rearrangement is limited
by challengesin preparing dlyl vinyl ether subdtrates.

Therefore, there is an unmet need for a versatile, regiospecific, and
sereospecific route to vinyl ether subgtrates thet is compatible with acid-
and base-sendtive groups, is easy to perform, uses inexpensve and
nontoxic reegents, accommodates wide structurd variability, and occurs
with well-defined stereochemidtry. Such a reaction may Sgnificantly
expand the power of the Claisen rearrangement and promote greeter
utilization of vinyl ethers. This paper presents preliminary results toward
such a process.

Chan and Lam™® and separately Evans'” developed copper-mediated
aryl ether formation from aryl boronic acids and acohols. These pionearing
reports spurred numerous subsequent investigationsinto couplings of aryl
and vinyl boronic acids with nitrogen and oxygen partners*® However,
these protocols do not include smple dkyl or dlyl vinyl ether targets.
These methods are termed “modern Ullmann couplings’, asthey employ
aryl or vinyl boronic acid substrates instead of aryl or vinyl halides™®
Recent advances in the classc Ullmann reaction include a report by
Buchwald on a copper-catdyzed synthesis of dlyl vinyl ethers and their
Claisen rearrangement products, but high-temperature conditions actudly
predluded isolation of the vinyl ethers®

Our sudiesfound thet pinacol vinyl boronate esters couple with diphetic
acohols usng Cu(OAC), a room temperature (rt) to provide vinyl ethers
in good to excdllent yields (eq 1): These results contrast with the modern

2 equiv Cu(OAc),
Bn’o\/\/\ BX, L)» Bn o\/\/\o/\/

neat & /\/O 16 h 2 (1)
o)
D T WO
10 1a o} 1b "OH 1c O
78% 59% 48% 19%

Ullmann couplings as exemplified by the work of Chan and Lam on aryl
ethers, wherein boronic acids were best.’® We employed pinacol vinyl
boronate esters derived from hydroboration of akynes, but we dso
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Scheme 1. Mechanism of the Coupling Reaction
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examined other boronate esters, boronic acids, boroxines, and boranes,
which provided lower yidds (eq 1). Thus, while others found boronic
acids under dehydrating conditions favoring boroxine formation to beided
in copper couplings, we found thet pinacol esterswere optima for coupling
with diphatic acohols. Another mgor difference is that our yields are
basad on 1 equiv of thevinyl boron partner, whilethe rdated work typically
employs stoichiometric nucleophiles with excess boronic acid (2 equiv).
Testswith different copper sats reveded that Cu(OAC), isbest, dthough
severd copper sdts provided product. Addition of water is somewhat
detrimental to the reaction, so anhydrous Cu(OAC), is favored >

Preiminary examples demongtrating functiona group compatibility and
coupling with diphatic or dlylic dcohdls areillustrated in Table 1.2* The
coupling reaction is compeatible with functional groups sensitiveto acidic,
basic, nucleophilic, oxidative, and radica conditions. The vinyl boronate
eder subgtrates are readily prepared by hydroboration of akynes using
pinacol borane with or without transition-metal catalysts®® Neet alcohols
were used, but a variety of solvents were compatible®*

Table 1. Copper Coupling of Vinyl Boronates and Alcohols
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A modification of a working mechanism put forth by Evans'™ and
recently explored by Stahl®® is illustrated in Scheme 1. Transmetaation
and ligand exchange from Cu(OAc), is followed by disproportionation
and reductive eimination. The diproportionation step may explain the
requirement for excess cupric acetate® and the absence of copper metd
formation. Disproportionation may occur from an akoxy vinyl copper

10.1021/ja907982w © 2010 American Chemical Society



COMMUNICATIONS

rather than the acetoxy vinyl copper because of the gregter ease of oxidaion
and the absence of vinyl acetate side products. This mechanism enables
condderdion of various reection parameters.

The reaction generates acetic acid when the dcohol coordinates to
copper and possibly dcoholysis of acetoxy pinacol borate formed from
transmetdation. A common side product observed in screening reections
was the akene 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 severd subgtrates are shown in
Table 2.

Table 2. Effect of Triethylamine on Copper-Promoted Coupling
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A ggnificant issuein any coupling is stereospecificity. The reaction of
boronate 17, prepared viarhodium-catalyzed trans hydroboration,?* under
the optimized conditions led to a 40% yidld of Z dkene 18 (eq 4):
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Whiletheyidd was modest, the reaction was stereogpexific, asno E akene
was detected.

Finaly, the method was used for the synthesis of the exceptiondly
acid-labile target 21 (Scheme 2). Alkyne 19 was hydroborated using the
Wang protocol**2to give 20. Copper-promoted coupling with alyl dcohol
in the presence of Et3N at rt provided dlyl vinyl ether 21 in 82% yidd.
For this sendtive target, the best yields were obtained with 3 equiv of
cupric acetete.

Scheme 2
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In condusion, we have devel oped amild, inexpendve, functiond-group-
tolerant, and stereospecific method for the synthesis of vinyl ethers that
may have significant gpplicationsin organic synthes's. Subsequent reports
will detail further modifications, ligand effects, and efforts toward a
caaytic procedure.
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