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Ru-Catalyzed Cyclization of Terminal Alkynals to Cycloalkenes
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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 hydroacylatibrtonversion toexeand
endoacycloalkenols through Ni-catalyzed reductive and Ni and Pd-
alkylative processésand through Rh-catalyzed arylative cycliza-
tions? and transformation into cyclic alkenyl ethers or conjugated
cyclic ketones byz-complexation to electrophilic Pdor Rh
complexes. 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 alkynesl to cycloalkene® (Scheme 1§.”

Scheme 1. Ru-Catalyzed Cyclization of Terminal Alkynals 1
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Heating the 5-alkynalla (n = 1, X = C(CO,Me),) in a 5%
solution of the catalyst [CpRu(GEN)3]PFs in AcOH afforded,
after 24 h at 90C, the cyclopenten2a, with one carbon less than
1a, in excellent yield (Table 1, entry #)Heating at higher

Table 1. Ru-Catalyzed Cyclization of Alkynal 1a [X = C(CO;Me)a,
n = 1] in Acetic Acid

entry catalyst? T(°C) time yield (%)° 2a:3a
1 [CpRuLs]PFs 90 24h 95 95:5
2 “ 130 1.5h 96 60:40
3 “ 150 50 min 93 50:50
4 [Cp*RuLs]PFs 90 55h 95 80:20
5 “ 150 50 min 92 50:50
6 [Cp*RuLs]PFs + 5% dppf 90 8h 85 100: 0

a L= CHsCN, dppf= diphenylphosphinoferrocenlsolated yields¢ GC
yields.
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Table 2. Ru-Catalyzed Cyclization of Alkynals 1a—e and 122
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aTypical conditions: alkynall (0.1 M), 5% [CpRu(CHCN)s]PFs,

temperatures led to faster reactions, but with increasing amountsAcOH, 90°C, 24 h.> For 5-alkynals, up to 5% of the product was isomer

of the isomeric cyclopenterta (entries 2 and 3). Using the more
electron-rich, sterically more demanding catalyst [Cp*RU{CN);]-
PF; gave similar results (entries 4 and 5). Interestingly, addition of
5% dppf to the reaction mixture led exclusively2ain 85% yield
(entry 6)8°

Other terminal 5-alkynals with alternative 3,3-disubstitutibh)(
with 4-monosubstitution(c), or with nitrogen at skeletal position
3 (1d) and the terminal 6-alkyndle behaved similarly affording
cyclopentenegb and?2c, 2,5-dihydropyrrole2d, and cyclohexene
2e, respectively, in good to excellent yields (Table 2, entrie§Q
To go into the reaction with more detail, a series of experiments
with several substrates were performed. When the alkydanas
used, the corresponding cyclopenté&neas obtained in moderate
yield (Table 2, entry 6Y,indicating that an oxidative addition of
the ruthenium to the aldehyde-@1 bond is unlikely.
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3. ¢lIsolated yields? [Cp*Ru(CHsCN)s]PFs was used as catalys$tReaction
performed at 130C. f Ketone8c (X = COMe) was also obtained in 30%
yield. 9 CpRu(dppm)CI inPrOH/H,O was used as cataly$tDeuteration
studies orl2, performed in AcOD at 90C, gave deuteratet3 with more
than 95% deuterium incorporation.

When the tether between the alkyne and the aldehyde was
enlarged, such as alkynaf, the noncyclized keteb 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}° 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 alkyna® only gave the conjugated ketod#,
in which all the carbons of the starting material are present (Table
2, entry 9). Interestingly, terminal alkynaltae are able to
cycloisomerize to conjugated aldehydEkae (all the carbons of
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Scheme 2. Possible Mechanism of the Decarbonylative
Ru-Catalyzed Cyclization of Terminal Alkynals 1
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the starting material remained) by just using CpRu(dppm)CI as
catalyst inlPrOH/H,O as solvent (Table 2, entry 189.

To explain the above results on the basis of the findings of
Wakatsuki®@band in our own deuteration studies with alkyd2!
(Table 2, entry 11%° we hypothesize the mechanism shown in
Scheme 2. When heated in AcOH, the cationic catalyst [CpRu-
(CH3CN)s]PFs most likely generates an active Ru compfethat
after coordination witt gives the Ru(ll) vinylidene speci¢ge”
which upon nucleophilic addition of the acetic acid would afford
the vinyl Ru speciedl . Next, and only for the cases of aldehydes
la—e, 12, and the ketond, an aldol-type condensation would then
give the acyl Ru hydridéll .1* In the case of alkynalf, 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 &a and8b are not enough electrophiles
for the aldol-type reaction. Then, the next step would be the
decarbonylationl{eing the terminal carbon of the alkyne the one
lost as CQ followed by reductive elimination to afford the observed
cycloalkenes2 and 5'5 in the case of alkynals and alkynone,
respectively. Decarbonylation without cyclization occurred (not
shown in Scheme 2) for alkyndlf and ester and nitril&a,b,
respectively, to give compoundd and 8ab. The conjugated
aldehydesdl1 observed when CpRu(dppm)Cl was used as catalyst
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dppm ligand). Nevertheless, the conjugated kettthebtained from
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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 (14)

possibilities of C-C bond formation catalyzed by transition metal
vinylidenes. Research in this direction is currently underway.

Acknowledgment. This work is dedicated to Professor K. C.
Nicolaou on the occation of his 60th birthday. This work was

Tokunaga, M.; Suzuki, T.; Koga, N.; Fukushima, T.; Horiuchi, A.;
Wakatsuki, Y.J. Am. Chem. So2001, 123 11917. (c) For a stoichio-
metric reaction, see: Bianchini, C.; Casares, J. A.; Peruzzini, M.;
Romerosa, A.; Zanobini, . Am. Chem. Sod.996 118 4585.

(11) Conditions developed fanti-Markovnikov hydration of alkynes: (a) ref
10b. For other catalytic conditions, see: (b) Grotjahn, D.; Lev, DJA.
Am. Chem. So2004 126, 12232.

(12) For formation of §2-O,CCHz)Ru complexes, see: Werner, H.; Braun,
T.; Daniel, T.; Gevert, O.; Schulz, Ml. Organomet. Chen1.997, 541,
127.

(13) It has been suggested that Cp*Ru(cod)Cl, when heated with AcOH at 65

°C, forms a hydride-Ru(lV) complex that upon coordination with alkynes

gives a vinyl-Ru species. Le Paih, J.; Cuervo, D.iri2e, S.; Dixneuf,

P. H. Synlett200Q 1, 95. We observed no products suggestive of this

process.

Reductive elimination products derived from intermediltéginyl acetate

lla) or Il (aldehydelld did not afford the observed cycloalke2a

after heating their solutions in AcOH at 9C in the presence of the Ru
catalyst. See Supporting Information S5 for details.

(15) The isomeric cycloalkenésprobably arise through isomerization of the
Ru hydridelV .

JA0610434

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9577





