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Metal-catalyzed dimerizations of terminal alkynes have been
extensively explored with numerous different metals.1-3 Typically,
the products are enynes derived from tail-to-tail or head-to-tail
couplings. In some cases, mechanisms invoke alkylidenemetal
complexessa mechanistic scenario that derived further support
by dimerization to 1,2,3-butatrienes. During the course of our
studies of Ru-catalyzed reactions of alkynes, we noted the
presence of a minor product during reactions involving propargyl
alcohols. In this paper, we report this product corresponds to an
unprecedented pathway and optimization of the reaction to make
it synthetically useful.

Treatment of 3,3-dimethylpropargyl alcohol as in eq 1 (10 mol
% 2, 30 mol % CSA (camphorsulfonic acid), acetone, water, 60
°C, 1 h) gave a product corresponding to a dimer in 60% yield.

Infrared spectroscopy showed both hydroxyl (3463 cm-1) and
conjugated carbonyl (1676, 1625 cm-1) absorptions, the latter
confirmed by the13C NMR peak atδ 203.1. The presence of a
conjugated diene was also apparent in the13C NMR spectrum (δ
145.4, 137.1, 119.5, and 114.4) as well as in the1H NMR
spectrum [δ 7.76 (dd,J ) 14.8, 11.7 Hz, 1H), 6.34 (d,J ) 14.8
Hz, 1H), 6.06 (d,J ) 11.7 Hz, 1H)]. The latter also indicated all
four methyl groups of a dimer were intact [δ 1.94 (s, 3H), 1.92
(s, 3H), 1.39 (s, 6H)]. These data indicate the structural formula

34 for the dimer. Subsequent study indicated that CSA was not
required for the reaction. Ruthenium catalysts lacking a Cp-like
group were ineffective in promoting the reaction.5

Scheme 1, cycle A, outlines a mechanistic rationale based upon
metallacycle formation in analogy to the enyne chemistry6,7 and
cyclotrimerization of alkynes.8 This rationale makes the prediction
that theZ isomer4 should be the precursor of the observedE
isomer3. Indeed, running the reaction as above but lowering the
temperature to room temperature with a reaction time of only 5
min still gave a 50% yield of dimer but now as a 2:3 mixture of
Z:E isomers (4 :3). Remarkably, the reaction proceeds at-78°
(1 h) to give a 75% yield of a 7:3 ratio of4:3. Switching to THF
at room temperature gave none of theE isomer 3, but now
produced a 1.4:1 ratio of theZ isomer44 and an aldehyde54,9 in
75% yield. The latter may be readily understood as resulting from
cycle B of Scheme 1. Use of methylene chloride at room
temperature only gave4, but the yield dropped to 40%. Since in
acetone we obtained only3 and4 and in THF only4 and5, we
examined mixtures of these two solvents to optimize formation
of 4. Using 10 vol % acetone in THF at-20 °C with 7 mol %
catalyst2 gave a 25:1 mixture of4 and5 which were isolated in
77 and 3% yields, respectively. Refluxing a solution of pure4 in
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Table 1. Representative Examples of Ru-Catalyzed Dimerization
of Propargyl Alcohols

a Reaction performed at 3 M using 7 mol %2 in 10 vol % acetone
in THF, 1 equiv H2O, -20°, 4 h. b As in footnotea, but using 10 mol
% 2. c As in footnotea, but using 10 mol %2 at 0°. d As in footnote
a, but using 10 mol %2 at 60° and 0.1 M.e A 1:1 E :Z mixture at the
γ,δ double bond.f A 2:1 E :Z mixture at theγ,δ double bond.g Isolated
yield of pure product.
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THF containing a catalytic amount of diphenyl disulfide gave
pure3 in 80% yield. Thus, either theE or Z dienone isomers can
be obtained by this method.

Table 1 demonstrates a broad scope for this most unusual
dimerization. Tertiary propargyl alcohols are required; however,
a broad range of functionality can be tolerated. Only in the case
of a cyano group (entries 5 and 6) was the reaction slowed. As
a result, these reactions were run more dilute at higher temper-
atures. Despite the requirement for higher temperatures in these
two cases, only theZ isomer was obtained. It is to be noted that
ring geometry is fully maintained in these two cases. With
unsymmetrical propargyl alcohols (entries 8-12), mixtures of the
E andZ isomers at theγ,δ double bond are expected and observed.
Nevertheless, when branching is introduced (entry 10), only a
single geometry is observed. TheE geometry, as depicted, is
assigned on the basis of a 12% nOe between the vinyl methyl
group and Hâ. In only one case (entry 12) were we not able to
isolate the (Z)-enone. Presumably, the appended primary alcohol
assists theZ-to-E isomerization under the reaction conditions. Of
course, theE isomers in all of the other cases would be readily
accessible either by running the reaction under the original
protocol or by performing isomerization in the presence of
catalytic diphenyl disulfide.

Using a more sterically congested substrate6 changes the
course of the reaction (eq 2) wherein the aldehyde74,9 is isolated
in 70% yield along with only 11% of the enone8. This result

suggests that increasing the steric hindrance associated with the
initial metallacycle of cycle A then favors cycle B. Another way
to do so is to increase the steric hindrance of the catalyst.
Switching from Cp to Cp* (i.e.,910) with substrate1 does indeed
shift the course of the reaction as shown in eq 3 to give 45% of
lactol 10 and 15% of aldehyde5. The product10 derives from
ionization of the hydroxyl group of the 4-substituent in metalla-
cycle11 via 12 versus that of the 2-substituent via13 to give10

and 5, respectively. The favoring of12 over 13 presumably
derives from increased unfavorable steric interactions between
the 2-isopropylidene group and the Cp* moiety in13. In the
absence of such steric effects, dienal5 is normally preferred (vide
supra). Further, by using an electron-deficient Cp complex14
with propargyl alcohol1, a 70% yield of5, in addition to 14%
of 4, is obtained.11 None of10 is observed.

While Scheme 1 is only intended to present a working
hypothesis, all of the results to date are in accord. Mechanisms
invoking insertion into the alkyne C-H can also be ruled out by
the fact that nonterminal propargyl alcohols do dimerize, albeit
with only very low conversions at present. By appropriately
modifying reaction conditions both tail-to-tail (cycle A) and head-
to-tail (cycle B), products may be obtained in good yield.
Furthermore, either (E)- or (Z)-enones derived from cycle A can
be obtained in good yields, and either of two types of head-to-
tail products illustrated by5 and10can be obtained in satisfactory
yields. The facility of this process is strikingsit proceeds even
at-78°. Such easy access to these highly functionalized products
in this unprecedented fashion should provide opportunities to
explore them as building blocks. These observations clearly open
a new reaction manifold for exploitation.
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(10) 0.1 M in 10 vol % acetone/THF.
(11) 0.01 M in 10 vol % acetone/THF (performing the reaction at higher

concentrations resulted in lower yields of5 and higher yields of4).

Scheme 1.A Mechanistic Rationale for Dimerization of Propargyl Alcohols
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