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Transition metal catalysts occupy a central role in improved or
newly developed cyclization reactions. For example, internal
alkynals undergo cycloisomerization to cycloalkenones through Rh-
catalyzed intramolecular hydroacylation,1 conversion toexo-and
endo-cycloalkenols through Ni-catalyzed reductive and Ni and Pd-
alkylative processes2 and through Rh-catalyzed arylative cycliza-
tions,3 and transformation into cyclic alkenyl ethers or conjugated
cyclic ketones byπ-complexation to electrophilic Pd4 or Rh
complexes.5 However, some of these procedures fail to cyclize
terminal alkynals, which have accordingly received much less
attention. Here we describe a new, efficient Ru-catalyzed cyclization
of terminal alkynes1 to cycloalkenes2 (Scheme 1).6,7

Heating the 5-alkynal1a (n ) 1, X ) C(CO2Me)2) in a 5%
solution of the catalyst [CpRu(CH3CN)3]PF6 in AcOH afforded,
after 24 h at 90°C, the cyclopentene2a, with one carbon less than
1a, in excellent yield (Table 1, entry 1).8 Heating at higher

temperatures led to faster reactions, but with increasing amounts
of the isomeric cyclopentene3a (entries 2 and 3). Using the more
electron-rich, sterically more demanding catalyst [Cp*Ru(CH3CN)3]-
PF6 gave similar results (entries 4 and 5). Interestingly, addition of
5% dppf to the reaction mixture led exclusively to2a in 85% yield
(entry 6).8b

Other terminal 5-alkynals with alternative 3,3-disubstitution (1b),
with 4-monosubstitution (1c), or with nitrogen at skeletal position
3 (1d) and the terminal 6-alkynal1e behaved similarly affording
cyclopentenes2b and2c, 2,5-dihydropyrrole2d, and cyclohexene
2e, respectively, in good to excellent yields (Table 2, entries 2-5).
To go into the reaction with more detail, a series of experiments
with several substrates were performed. When the alkynone4 was
used, the corresponding cyclopentene5 was obtained in moderate
yield (Table 2, entry 6),9 indicating that an oxidative addition of
the ruthenium to the aldehyde C-H bond is unlikely.

When the tether between the alkyne and the aldehyde was
enlarged, such as alkynal1f, the noncyclized ketal6 with loss of
one carbon was observed (Table 2, entry 7). Other alkynes with
terminal functional groups other than aldehyde behaved similarly
(Table 2, entry 8).10 The results from the last two entries seem to
indicate that the carbon lost during the reaction is most likely the
terminal alkyne carbon. This evidence was reinforced when the
reaction of internal alkynal9 only gave the conjugated ketone10,
in which all the carbons of the starting material are present (Table
2, entry 9). Interestingly, terminal alkynals1a,e are able to
cycloisomerize to conjugated aldehydes11a,e (all the carbons of

Scheme 1. Ru-Catalyzed Cyclization of Terminal Alkynals 1

Table 1. Ru-Catalyzed Cyclization of Alkynal 1a [X ) C(CO2Me)2,
n ) 1] in Acetic Acid

entry catalysta T (°C) time yield (%)b 2a:3a

1 [CpRuL3]PF6 90 24 h 95 95:5
2 “ 130 1.5 h 96c 60:40
3 “ 150 50 min 93c 50:50
4 [Cp*RuL3]PF6 90 5.5 h 95c 80:20
5 “ 150 50 min 92c 50:50
6 [Cp*RuL3]PF6 + 5% dppf 90 8 h 85 100: 0

a L) CH3CN, dppf) diphenylphosphinoferrocene.b Isolated yields.c GC
yields.

Table 2. Ru-Catalyzed Cyclization of Alkynals 1a-e and 12a

a Typical conditions: alkynal1 (0.1 M), 5% [CpRu(CH3CN)3]PF6,
AcOH, 90°C, 24 h.b For 5-alkynals, up to 5% of the product was isomer
3. c Isolated yields.d [Cp*Ru(CH3CN)3]PF6 was used as catalyst.e Reaction
performed at 130°C. f Ketone8c (X ) COMe) was also obtained in 30%
yield. g CpRu(dppm)Cl iniPrOH/H2O was used as catalyst.h Deuteration
studies on12, performed in AcOD at 90°C, gave deuterated13 with more
than 95% deuterium incorporation.
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the starting material remained) by just using CpRu(dppm)Cl as
catalyst iniPrOH/H2O as solvent (Table 2, entry 10).11

To explain the above results on the basis of the findings of
Wakatsuki10a,band in our own deuteration studies with alkynal12
(Table 2, entry 11),8b we hypothesize the mechanism shown in
Scheme 2. When heated in AcOH, the cationic catalyst [CpRu-
(CH3CN)3]PF6 most likely generates an active Ru complex12,13that
after coordination with1 gives the Ru(II) vinylidene speciesI ,6b,e,7

which upon nucleophilic addition of the acetic acid would afford
the vinyl Ru speciesII . Next, and only for the cases of aldehydes
1a-e, 12, and the ketone4, an aldol-type condensation would then
give the acyl Ru hydrideIII .14 In the case of alkynal1f, probably
the formation of a cycloheptene by an aldol-type reaction between
the vinyl Ru species and the aldehyde is not favored, while the
ester and nitrile groups of8a and8b are not enough electrophiles
for the aldol-type reaction. Then, the next step would be the
decarbonylation (being the terminal carbon of the alkyne the one
lost as CO) followed by reductive elimination to afford the observed
cycloalkenes2 and 515 in the case of alkynals and alkynone,
respectively. Decarbonylation without cyclization occurred (not
shown in Scheme 2) for alkynal1f and ester and nitrile7a,b,
respectively, to give compounds6 and 8a,b. The conjugated
aldehydes11 observed when CpRu(dppm)Cl was used as catalyst
(Table 2 entry 10) can also be explained according to the proposed
mechanism if reductive elimination fromIII occurred (no decar-
bonylation takes place in this case due to the bidentate nature of
dppm ligand). Nevertheless, the conjugated ketone10obtained from
internal alkyne9 would probably arise from a total different
mechanism (hydration of internal alkyne activated with a metal
acting as a Lewis acid) due to the impossibility of the formation of
vinylidene species.

In conclusion, we have discovered a new Ru-catalyzed cycliza-
tion of terminal alkynals to give cycloalkenes. Under appropriate
catalytic conditions, cycloisomerization to conjugated aldehydes
may be observed. Both processes involve catalytic Ru vinylidenes.
On the basis of the findings described herein, we envisage new
possibilities of C-C bond formation catalyzed by transition metal
vinylidenes. Research in this direction is currently underway.
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Scheme 2. Possible Mechanism of the Decarbonylative
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