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The development of new types of cyclization reaction for the
construction of carbocycles is an important focus of synthetic
organic chemistry.1 One problem requiring fresh approaches is
the achievement of reactions proceeding selectively through the
endo mode, which remains relatively unexplored compared with
exo cyclizations.1,2 It is known that terminal alkynes and carbonyl
complexes of low-valent group 6 metals such as M(CO)5‚L (M
) Cr, Mo, W; L) THF, Et3N, etc.) are in equilibrium with their
η2-alkyne complexes and/or their vinylidene complexes.3 Al-
though these complexes are expected to have electrophilic
character, their use in synthetic reactions has been quite limited.4,5

We thought of employing a substrate having both a terminal
alkyne and a nucleophilic group in the molecule, expecting that
a formal endo mode of cyclization could be achieved via its
vinylidene complex, the central carbon of which has high
electrophilicity.4 In this paper, we report an endo-selective
cyclization ofω-acetylenic silyl enol ethers by thecatalytic use
of W(CO)5‚THF or related species.
First, the reaction was examined employing silyl enol ether1

as substrate and using a stoichiometric amount of W(CO)5‚THF.
When1 was treated with 1.5 equiv of preformed W(CO)5‚THF6
at room temperature for 2 days, it was completely consumed and
a cyclopentene derivative2, produced by intramolecular attack
of the silyl enol ether on the terminal alkyne in an endo manner,
was obtained in moderate yield. Other group 6 metal complexes
such as Cr(CO)5‚THF and Mo(CO)5‚THF failed to give better
results, but the reaction did proceed in better yield in the presence
of a proton source such as methanol or H2O. Thus, the
cyclopentene derivative2 was obtained in 80% yield when the
same reaction was carried out at room temperature in the presence
of 2 equiv of H2O. At present the reaction is assumed to proceed
as follows: treatment of the silyl enol ether1 with W(CO)5‚-
THF generates a small amount of theη2-alkyne complexesA
and/or the vinylidene complexB. When this complex is formed,

the alkyne part becomes electron deficient due to the electron-
withdrawing nature of W(CO)5 and intramolecular attack of the
silyl enol ether occurs to give the vinyl metallic intermediateC
or D, which is finally protonated to give the cyclopentene27,16
(Scheme 1).
Although transition-metal-promoted, intramolecular attack of

silyl enol ethers on alkenes or alkynes has several precedents,8

in most cases a stoichiometric amount of palladium(II)9 or
mercuric(II)10 compounds has been employed. On the other hand,
this W(CO)5‚THF-promoted reaction proceeds in the presence of
H2O, and hence, it was expected that W(CO)5‚THF would be
regenerated on protonation of the vinyl metallic intermediateC
or D. In practice, the reaction was found to proceed even with
a catalytic amount of W(CO)5‚THF. For example, treatment of
1with 30 mol % of W(CO)5‚THF11 in the presence of 2 equiv of
H2O at room temperature for 3 days gave the same product2 in
73% yield. Even 10 mol % of W(CO)5‚THF gave the product in
56% yield, although in this case about 40% of the starting material
1 was recovered. Reactions of representative substrates are
summarized in Table 1. Several features of the reaction are as
follows:
(1) In every case, the reaction proceeds at room temperature

in the presence of H2O or methanol to give cyclizedâ,γ-
unsaturated ketones in good yield without isomerization of the
double bond,12 even using only 10 mol % of W(CO)5‚THF.
(2) At present, the reaction is specific for terminal alkynes.

Although the reaction ofo-ethynylacetophenone derivative3a
proceeds cleanly to give silylated 1-naphthol derivative4 in high
yield, the corresponding reaction of3b containing an internal
alkyne gave no cyclized product under similar reaction conditions.
(3) The most characteristic feature of this reaction is that the

endo mode of cyclization occurs more readily than in other related
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chromatography without a detectable isomerization of the double bond.
(13) It has been reported that the HgCl2-promoted reaction of5 gave no

cyclized products. See ref 10a.
(14) Conia, J. M.; Le Perchec, P.Synthesis1975, 1.
(15) At present we have no explanation for this solvent effect. The

difference of the reaction procedure (the reaction mixture was directly irradiated
due to the instability of W(CO)5‚L (L ) Et2O or CH2Cl2)) is not the main
reason for this effect, because the reaction in THF with direct irradiation still
gave the exo-cyclized product with high selectively.

(16) To obtain information on the mechanism of this reaction, we have
carried out several D2O experiments and obtained the following results. The
reaction of1 and5 in the presence of 2 equiv of D2O revealed that both of
the olefinic protons are partially deuterated with the degree of deuteration
dependent on the substrate. Furthermore the reaction of1 and5 in the presence
of 10 equiv of D2O revealed that the degree of deuterium incorporation at the
two olefinic protons was total of about 50%. This result removes the possibility
that H-D exchange occurs rapidly during the reaction. On the basis of these
results, we at present propose that the reaction proceeds in both ways (through
η2-complex and vinylidene complex) and that the ratio of the two reaction
pathways is substrate dependent (for1, η2-complex vs vinylidene complex
about 1:1; for5, about 3:7 based on the deuterium incorporation).

1928 J. Am. Chem. Soc.1998,120,1928-1929

S0002-7863(97)03317-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 02/14/1998



cyclization reactions. For comparison, we ran the HgCl2-
promoted reaction using substrates1, 3a, and9 according to the
Conia method.13 The results were that1 and9 did not give any
cyclized product but rather the products of alkyne hydration in
good yield and the reaction of3a gave a moderate yield of
3-methylene-1-indanone, an exo-cyclized product, accompanied
by a hydrated derivative, but with no detectable trace of any
1-naphthol compounds. These results indicate that in this
W(CO)5‚THF-catalyzed reaction the endo mode of cyclization
occurs preferentially compared to the HgCl2-promoted reaction.
According to the Conia classification,14 the cyclizations of3a-

11 in Table 1 belong to theR′-type for which the exo mode of
cyclization is relatively slower than forR-type substrates in
reactions leading to five-membered ring formation.14 We next
examined the reaction of anR-type substrate13, and in this case,
the exo-cyclized product14, thought to be obtained via theη2-
alkyne complex, was obtained in high yield with a catalytic
amount of W(CO)5‚THF. To obtain the endo-cyclized product
selectively, we further examined the reaction of13under several
different conditions and found that the reaction in less-donating
solvents favored the formation of the endo-cyclized product.15

For example, when the reaction was carried out in diethyl ether
under irradiation, a mixture of exo- and endo-cyclized products
(14 and 15) was obtained in 52% yield in the ratio of 1:1.5.
Furthermore, the reaction in CH2Cl2 gave the products in 60%
yield in good endo selectivity (14:15) 1:5) (Scheme 2). Thus,
even for13, which of the substrates examined is thought to be
the most susceptible to exo cyclization, we can obtain the endo-
cyclized product as the major product by choosing appropriate
reaction conditions.
In conclusion, we have developed a new endo-selective

cyclization of silyl enol ethers derived fromω-acetylenic ketones
requiring only a catalytic amount of W(CO)5‚THF complex.
Further studies to elucidate the mechanism of this reaction and
to expand further its utility are in progress in our laboratory.16,17
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Scheme 1 Table 1. Stoichiometric and Catalytic Cyclization ofω-Acetylenic
Silyl Enol Ethersa

aGeneral procedure: about 0.1 mol/L THF solution of W(CO)5‚THF
was prepared by irradiating a THF suspension of W(CO)6 for 4 h with
a high-pressure Hg lamp. For the stoichiometric reactions, 2 equiv of
H2O and a substrate were added successively, and the mixture was
stirred at room temperature (rt) for 1-2 days. For the catalytic reaction,
required amounts of the preformed W(CO)5‚THF solution was added
to the substrate and then 2 equiv of H2O were added. The mixture was
stirred at rt for 3-5 days (0.3 equiv), or 1 week (0.1 equiv).
bCompound1 was recovered in about 40% yield.c Acetylenic ketone
was recovered in about 15% yield.

Scheme 2
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