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Enol silyl ethers are important synthetic intermediates.1 Because
the alkene geometry can influence the stereochemistry of subse-
quent events, obtaining geometrically defined enol silyl ethers is
an important goal.1,2 Simultaneously, chain extension methods
represent an important protocol. Three-carbon chain extension
of alkynes to geometrically defined enol silyl ethers requires
stoichiometric conversion to a vinyl halide followed by a Heck
reaction (eq 1, path a)3 or to a vinyl organometallic followed by

conjugate addition, an example of which is illustrated in eq 1,
path b.4 Moreover, Heck vinylations of allyl alcohols is reported
to be problematic.5 We report a simplified protocol to effect a
direct catalytic three-carbon chain extension of alkynes toE-enol
silanes (2) according to eq 2 using allyl silyl ether1.6,7

Initial results examined the use of a terminal alkyne4 using
ruthenium complex38,9 as catalyst (eq 3). Subjecting a 1:1 mixture
of alkyne and alkene to 10 mol %3 in acetone at 0.1 M led
within 1 h to a 66%yield of a 3.2:1.0 mixture of5:6.10

Interestingly, the major product5 was produced exclusively as

the E-alkene; whereas, the minor regioisomer was formed as a
2:1 E:Z ratio. The E-geometry of the enol silyl ether is
characterized byJ ) 12 Hz for the vinyl hydrogens. Decreasing
the catalyst load to 5 mol % but increasing the concentration to
0.5 M led to a similar result. However, at this lower catalyst
loading and 0.2 M in 1:4 acetone-THF, the yield increased to
75% with unchanged selectivity. Application of these very mild
conditions to a series of substrates7 to produce mainly the linear
products810 and to test the chemoselectivity is illustrated in eq
4. In all cases, reactions were performed using 1:1 ratios of the

two reactants. Normally, reactions were complete between 0.5
and 3 h. For substrates7a and 7b, reactions benefited by
performing them using 5 mol % of3 at 0.2 M rather than 10 mol
% of 3 at 0.1 M. The reaction of the ketone substrate was
performed only with 10 mol % catalyst at 0.1 M. In contrast to
the above cases, the sulfonamide substrate7d saw a decrease in
yield from 83 to 63% upon decreasing the catalyst load from 10
mol % at 0.1 M to 5 mol % at 0.2 M. The BOC derivative7e,
however, reversed this behavior and gave excellent results at 5
mol % of 3 at 0.2 M using a 1:4 acetone-THF mixed solvent
system. In this latter solvent system, the catalyst load could be
decreased to 2.5 mol % (0.3 M) with almost no change in yield
(72%), but a further decrease to 1 mol % (0.4 M) decreased the
conversion so that only a 49% yield of product was obtained. In
all cases, the linear products8 were produced exclusively as the
E,E-alkene isomers.

Introduction of branching had a most interesting effect as shown
in eq 5. In each case, the linear isomer1110 was virtually to
exclusively the only product as theE,E geometric isomer. The
success of the propargyl alcohol substrate10c is most interesting
because of its propensity to form allenylidene complexes with
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Ru catalysts.11,12Performing this reaction in acetone using 10 mol
% of 3 gave a 57% yield which improved to 63% by switching
to 1:4 (v:v) acetone-THF and decreasing the catalyst to 5 mol
%.

To obtain branched isomers selectively, a TMS group was used
as a proton surrogate in the terminal alkynes as shown in eq 6.13

For substrates12a, 12d, and12e, the reactions were performed
using 10 mol %3 at 0.1 M in acetone; whereas, the reactions of
12b and 12c were performed with 5 mol %3 at 0.2 M in 1:4
THF-acetone. In all cases, only one geometry of the vinyl silane
was observed. For13a-d,10 the products were exclusively the
E-enol silyl ethers. Only in the case of13e10 was a small amount
of the Z-isomer detected (96:4E:Z).

The success of silylalkynes12 suggests that disubstituted
alkynes are satisfactory partners. Indeed, 4-octyne is an excellent
substrate as shown in eq 7 where only a single product,14,10

was isolated in 82% yield.

This simple three-carbon chain extension simultaneously
provides a geometrically controlled synthesis of enol silyl ethers
under remarkably mild conditions, usually within 1 h at room
temperature. Furthermore, it constitutes a convenient strategy to

geometrically defined di- and trisubstituted alkenes with an
appendage nicely functionalized for further elaboration. Underly-
ing the atom economy of the method is the concept that
maintaining the same overall oxidation level of the starting
materials and products is more efficient. Thus, earlier methods
relying on conjugate addition to acrolein, as in eq 1, by necessity
require some accompanying stoichiometric reduction. This reac-
tion contrasts with the reaction ofR-substituted allyl alcohols and
alkynes catalyzed by CpRu(COD)Cl which is not successful with
allyl alcohol.14 Conversely, the silyl ether1 fails to react
successfully using the CpRu(COD)Cl catalyst. An attractive aspect
of this chain extension is the ability to obtain both regioisomers
from terminal alkynessthe linear isomer (e.g.,8, 11) by direct
use of the terminal alkyne or the branched (e.g.,13 followed
ultimately by protodesilylation after elaboration of the enol silyl
ether) by use of the trimethylsilyl group as a regiochemical control
element. The preference for the linear isomers compared to
alkenes without substituents such as allylic oxygen raises an
intriguing mechanistic question. A possible rationale is illustrated
in eq 8. Because of the steric bulk of the substituents on

ruthenium, kinetically ruthenacycle15 is favored over16. If
â-hydrogen elimination and subsequent reductive elimination is
fast, then the branched product dominates. On the other hand, if
â-hydrogen elimination is slowed by the X substituent15 (as in
the case of siloxy or similar groups), then equilibration to the
ruthenacycle16, which is either more stable or more reactive
toward â-hydrogen reductive elimination, competes, thereby
favoring the linear product. Indeed, increasing the size of the Cp
group on ruthenium to Cp* shifts the linear-to-branched ratio to
1:1.2 in accord with this interpretation. It should be noted that
substitution of the vinylsilanes also provides a geometrically
defined approach to trisubstituted alkenes. The excellent atom
economy is highlighted by the fact that only stoichiometric
amounts of the two reactants are required.
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