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Increasing the atom economy of synthetically useful reactions
provides a challenge for the invention of addition reactions.1

The prospect of forming multiple rings in a simple process,
according to eq 1, provides a means to create molecular
complexity2 rapidly. Realization of this sequence derives from

our earlier observation of a three-component coupling of terminal
alkynes, unsubstituted vinyl ketones, and water to form 1,5-
diketones.3 The ability to effect an intramolecular version requires,
first, the ability for aâ-substituted enone to participatesa type
of substitution that inhibited the intermolecular processsand,
second, the ability to direct the regioselectivity of the addition of
water. Two mechanisms as outlined in Scheme 1 may be
envisioned. Cycle A derives from the increasing number of
reactions involving the ability of ruthenium to promote the
addition of heteroatom nucleophiles to alkynes.4 Cycle B derives
from consideration of the ruthenium-catalyzed addition of alkynes
and alkenes.5 We wish to report the development of a hydrative
cyclization of yne-enones to form carbo- and heterocycles
according to eq 1.6 During the course of this study, we uncovered
a [4 + 2] cycloaddition that sheds light on the mechanism.

Our first generation catalyst CpRu(COD)Cl5 is not effective
with disubstituted alkenes. Our recent success7 in other ruthenium-
catalyzed reactions with CpRu(NCCH3)3

+ PF6
s (1)8 led us to

investigate the reaction of eq 2. While aqueous DMF has
frequently been utilized in our ruthenium-catalyzed reactions,
acetone proved more reproducible and led to its being employed

for all the studies herein. On the basis of our study of the three-
component coupling in which addition of CSA proved benefi-
cial,10 mol % CSA was routinely used. Thus, treating a 0.1 M
solution of yne-enone2 in acetone with 10 mol % CSA and 10
mol %1 gave a 64% yield of diketone3.9 Since the stoichiometry
of the reaction requires 1 equiv of water and none was added,

the reaction depended upon the moisture present in the undried
acetone. Adding 1.3 equiv of water with everything else being
the same increased the yield to 75% (81% brsm) (conditions A).

A most interesting result arose when the catalyst loading was
reduced to 5 mol %. While the yield of diketone3 was still good
(64%), the pyran4 was also detected. Indeed, hydration of the
pyran4 can be thought to be the source of the desired 1,5-diketone
3. To optimize the formation of the [4+ 2] cycloadduct, removing
acid and utilizing anhydrous acetone should be beneficial. A 60%
yield of pyran49 was obtained when2 was treated with 5 mol %
1 in anhydrous acetone (conditions B).

Table 1 illustrates the generality of 1,5-diketone formation. An
alkyl ketone (entry 2) is equally effective to the aryl ketone of
entry 1. Reducing the tether length (entry 3) gave the five-
membered ring. On the other hand, lengthening the tether to five
atoms to form a seven-membered ring failed. Placing heteroatoms
in the tether, including an oxygen (entry 4), a nitrogen (i.e.,
sulfonamide, entry 5), and a sulfur (i.e., a sulfone, entry 6), were
as effective as the all-carbon tether. A divalent sulfide (entry 7)
did participate but limited the catalyst turnover. The substrate of
entry 8 is most interesting since it demonstrates that a simple
methylene tether is effective as is a terminal alkyne. Curiously,
in this case, conditions B also led only to the isolation of the
keto aldehyde rather than the pyran. The enyne substrate of entry
9 produced the bicyclic diketone in good yield.

The yields of the pyrans depended upon their sensitivity to
decomposition during workup. Adding triethylamine during
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Scheme 1.Mechanistic Possibilities of Three-Component
Coupling
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chromatographic purification allowed the pyrans to be isolated
in good yields in most cases except in entries 4, where it
decomposed during workup, and 8, where presumably it hydro-
lyzed so easily that its conversion to the diketone could not be
prevented.

The formation of pyrans in this reaction provides strong support
for the intervention of a ruthenacycle (cycle B of Scheme 1) as
shown in Scheme 2. The initial ruthenacycle may be viewed as
an equilibrating mixture of the C and O bound ruthenium
enolate.10 Reductive elimination of the latter11,12 nicely accounts
for the formation of pyrans. While one could envision that the
1,5-diketones arise simply by the hydration of the pyrans, a
reasonable alternative envisions interception of the ruthenacycle
before reductive elimination. Hydration of the ruthenacycle

analogous to Scheme 1 or as shown in Scheme 2 nicely accounts
for the diketone. While the ruthenacycle intermediate seems highly
probable, the mechanism of its hydration remains to be estab-
lished.

The utility of the cyclic 1,5-diketones13 arises, in part, from a
subsequent aldol reaction. Indeed, as shown in eq 3, cyclization

according to conditions A followed by potassium carbonate in
methanol gave the bicyclic enone59 as a single diastereomer in
69% yield from yne-enone2. This new cyclization provides an
atom economical cyclization method as well as a new catalyst
for a hetero-Dields-Alder14 reaction of vinyl ketones and alkynes.
This new cyclization illustrates the growing potential for ruthe-
nium catalysis in C-C bond forming reactions.15
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Table 1. Ruthenium Catalyzed Formation of Pyrans and Cyclic
Diketones

a E ) CO2Me. b 10% RuCp(MeCN)3PF6, 10% CSA, H2O (1.3 equiv),
acetone, 12 h.c 5% RuCp(MeCN)3PF6, acetone, 4 h.d Yield in
parentheses based on recovered starting material.

Scheme 2.Proposed Mechanistic Rationale

5878 J. Am. Chem. Soc., Vol. 122, No. 24, 2000 Communications to the Editor


