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ABSTRACT

[RuCl2(CO)3]2/Et3N and (η3-C3H5)RuBr(CO)3/Et3N are highly effective catalyst systems for carbonylative cyclization of allylic carbonates with
alkenes to give the corresponding cyclopentenones in high yields. For example, treatment of allyl methyl carbonate (1a) with 2-norbornene
(2a) in the presence of a catalytic amount of [RuCl2(CO)3]2 (2.5 mol %) and Et3N (10 mol %) at 120 °C for 5 h under 3 atm of carbon monoxide
gave the corresponding cyclopentenone, exo-4-methyltricyclo[5.2.1.02,6]dec-4-en-3-one (3a), in 80% yield with high stereoselectivity (exo 100%).

The development of simple and general methods for the
synthesis of cyclopentenones from readily available sub-
strates continues to be one of the most active and challenging
areas of synthetic research,1 due to the wide abundance of
this structural unit in a large number of natural products.
Cocyclization of alkynes, alkenes, and carbon monoxide by
transition metal complexes leading to cyclopentenones
(known as the Pauson-Khand reaction2) has been accepted
as one of the most powerful and convergent methods for
the construction of cyclopentenones and has been used
successfully as the key step in the synthesis of a variety of

natural products.3 Many advances relating to this method
have been reported recently, including the development of
catalytic versions of this reaction.4 Another formally related
process, the carbonylative cyclization of allylic halides with
alkynes promoted by nickel5 and palladium6 complexes via
η3-allyl intermediates, has recently been reported. However,
the use of alkyne substrates is essential for both the Pauson-
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Khand reaction and the carbonylative cyclization reactions.7

During our investigation of theη3-allylruthenium chemistry8

as well as the ruthenium-catalyzed Pauson-Khand reaction,4k

we found the first example of the ruthenium-catalyzed
carbonylative cyclization of allylic carbonates withalkenes,
which offers a new route to cyclopentenones. We report here
the development of this new catalyst system for the synthesis
of cyclopentenones via anη3-allylruthenium intermediate.

Treatment of allyl methyl carbonate (1a) with 2-nor-
bornene (2a) in the presence of 2.5 mol % of [RuCl2(CO)3]2

and 10 mol % of Et3N in THF at 120°C for 5 h under 3 atm
of carbon monoxide gave the corresponding cyclopentenone,
exo-4-methyltricyclo[5.2.1.02,6]dec-4-en-3-one (3a), in 80%
yield with high stereoselectivity (exo100%) (eq 1).

The effects of the catalysts and the amine ligands were
examined in the reaction of1a with 2a, and the results are
summarized in Table 1. An appropriate catalyst combined

with an amine ligand was critically important for a successful
reaction. For example, no catalytic activity of [RuCl2(CO)3]2

was observed in the absence of Et3N, but the concomitant
use of [RuCl2(CO)3]2 with Et3N dramatically increased the
catalytic activity to give3a in the best yield of 80%. A small
amount of the hydrogenated cyclopentanone,exo-4-methyl-
tricyclo[5.2.1.02,6]decan-3-one (4a), was obtained as a byprod-
uct. [(p-Cymene)RuCl2]2/Et3N, which would give the same
active species as [RuCl2(CO)3]2/Et3N, also showed good

catalytic activity (yield of3a, 60%). However, other ruthe-
nium complexes, such as Cp*RuCl(cod) [Cp*) penta-
methylcyclopentadienyl; cod) 1,5-cyclooctadiene], RuCl2-
(PPh3)3, Ru3(CO)12, and Ru(CO)3(PPh3)2, were almost
ineffective even in the presence of Et3N. Since the catalytic
activity of [RuCl2(CO)3]2 was highly affected by the amine
ligand, the effect of the several amine ligands was also
examined. Tertiary alkylamines, such as quinuclidine and
N-methylpiperidine, generally enhanced the catalytic activity
(yields of 3a, 68% and 50%, respectively), and Et3N gave
the best result. Almost no promoting effect was observed
with aromatic amines, such asN,N-dimethylaniline and
pyridine, or bidentate amines, such asN,N,N′,N′-tetramethyl-
ethylenediamine (TMEDA), and 1,10-phenanthroline.

The carbon monoxide pressure also had a dramatic effect
on the carbonylative cyclization of1a with 2a (Figure 1).

The best result was obtained under 3 atm of carbon
monoxide, and either an increase or decrease in the carbon
monoxide pressure caused the rapid decrease in the yield of
3a.

To clarify the intermediacy of anη3-allylruthenium
complex, the stoichiometric reaction of (η3-C3H5)RuBr(CO)3
(5) with an equimolar amount of2a was examined, and the
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J. Am. Chem. Soc. 1999,121, 878 and references therein.

(6) (a) Negishi, E.; Wu, G.; Tour, J. M.Tetrahedron Lett.1988, 29,
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Table 1. Effects of the Catalysts and Amine Ligands on the
Carbonylative Cyclization of1a with 2aa

catalyst amine ligandb

yield of
3a (%)c

yield of
4a (%)c,,d

[RuCl2(CO)3]2 0 0
[RuCl2(CO)3]2 Et3N 80 8
[(p-cymene)RuCl2]2 Et3N 60 6
Cp*RuCl(cod) 0 0
Cp*RuCl(cod) Et3N 13 0
RuCl2(PPh3)3 0 0
Ru3(CO)12 0 0
Ru3(CO)12 Et3N 0 0
Ru(CO)3(PPh3)2 Et3N 0 0
[RuCl2(CO)3]2 quinuclidine 68 3
[RuCl2(CO)3]2 N-methylpiperidine 50 4
[RuCl2(CO)3]2 N,N-dimethylaniline 17 4
[RuCl2(CO)3]2 pyridine 0 0
[RuCl2(CO)3]2 TMEDAe,f 0 0
[RuCl2(CO)3]2 1,10-phenanthrolinef 0 0

a 1a (1.0 mmol),2a (2.0 mmol), catalyst (0.050 mmol as Ru atom), and
THF (8.0 mL) at 120°C for 5 h under 3 atm of carbon monoxide.b 0.10
mmol. c Determined by GLC.d 4a: exo-4-methyltricyclo[5.2.1.02,6]decan-
3-one.e N,N,N′,N′-Tetramethylethylenediamine.f 0.050 mmol.

Figure 1. Effect of CO pressure on the formation of3a by the
carbonylative cyclization of1a with 2a. Reaction conditions:1a
(1.0 mmol),2a (2.0 mmol), [RuCl2(CO)3]2 (0.025 mmol), Et3N
(0.10 mmol) at 120°C for 5 h.

950 Org. Lett., Vol. 2, No. 7, 2000



corresponding cyclopentenone (3a) was obtained in an
isolated yield of 47% (eq 2). Complex5 also showed the

high catalytic activity in the presence of Et3N for the
carbonylative cyclization of1a with 2a to give3a in a 65%
yield. Consequently, theη3-allylruthenium complex, an
analogue of complex5, appears to be the key intermediate
as well as an active catalyst precursor in the present reaction.9

The carbonylative cyclization of1a with norbornene
derivatives2b and 2c also gave the corresponding cyclo-
pentenones,3b and3c, in isolated yields of 65% and 73%,
respectively (eqs 3 and 4). Efforts to obtain cyclopentenones
with other alkenes are now in progress.10

The results obtained from the reactions of several substi-
tuted allylic carbonates with 2-norbornene (2a) are sum-
marized in Table 2. In all cases, allylic carbonates were

completely consumed, and the corresponding cyclopenten-
ones were obtained in high yields. The regioisomeric allylic
carbonates, e.g., 1-hexene-3-yl methyl carbonate (1d) and
(E)-2-hexenyl methyl carbonate ((E)-1e), gave the same
product (3f) in high yields, respectively, which suggests that
the present reaction proceeds via anη3-allylruthenium
intermediate. In addition, the result that cyclopentenone (3f)
was also obtained from carbonylative cyclization of either
(Z)-1eand (E)-1ewith 2a indicates the rapid isomerization
betweenanti- andsyn-η3-allylruthenium intermediates.

On the other hand, aryl-substituted allylic carbonates, such
as cinnamyl methyl carbonate (1f) and 1-phenylallyl methyl
carbonate (1g), gave 2-benzylidenecyclopentanone (6a) even
by the use of (η3-C3H5)RuBr(CO)3/Et3N catalyst,9 probably
due to theπ-conjugation of an olefinic moiety with the
phenyl group (eq 5). The structure of6a was confirmed by

X-ray crystallography (Figure 2).12

A synthetic application of the present reaction is demon-
strated in the followingintramolecular carbonylative cy-

Table 2. (η3-C3H5)RuBr(CO)3/Et3N-Catalyzed Carbonylative
Cyclization of Several Allylic Carbonates with2aa

a Allylic carbonate1 (1.0 mmol),2a (1.1 mmol), (η3-C3H5)RuBr(CO)3
(0.50 mmol), Et3N (0.10 mmol), and THF (2.0 mL) at 120°C for 3 h under
3 atm of carbon monoxide.b Determined by GLC based on the amount of
1 charged.

Figure 2. ORTEP drawing of6a with 30% thermal ellipsoids.
Selected bond length [Å]: C2-C3) 1.53(2), C3-O1) 1.22(1),
C3-C4) 1.50(2), C4-C5) 1.50(2), C4-C11) 1.34(2), C5-
C6 ) 1.58(2). Selected bond angles [deg]: C1-C2-C3 ) 109-
(1), C3-C4-C11) 118(1), C4-C11-C12) 129(1), C5-C4-
C11 ) 130(1), C5-C6-C7) 114(1).
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clization of 1h (eq 6). Treatment of1h under the present
reaction conditions gave the bicyclic cyclopentanone6b in
60% yield.6b,c,13

The most plausible mechanism is illustrated in Scheme 1.
Invariableexo-coordination of 2-norbornene derivatives to
an activeη3-allylruthenium intermediate, stereoselectivecis-
carbo-ruthenation, and successive insertion of CO would give
an (acyl)ruthenium intermediate. Subsequent intramolecular
insertion of a CdC bond into an acyl-ruthenium bond,
followed byâ-hydride elimination/isomerization, would give
the corresponding cyclopentenones exclusively in anexo
form. Higher carbon monoxide pressure (over 3 atm) would
suppress coordination of 2-norbornene, and lower carbon
monoxide pressure (below 3 atm) would prevent insertion
of CO.

In conclusion, we have found the first practically useful
ruthenium catalyst for the rapid construction of cyclopen-
tenones without the use of an alkyne substrate. This catalytic
process, which is an alternative to the Pauson-Khand
reaction, could become a valuable tool in the field of organic
and natural product synthesis.
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RuBr(CO)3/Et3N in place of [RuCl2(CO)3]2/Et3N was used in the following
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(10) For example, the reaction of cinnamyl methyl carbonate with
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(1E,4Z)) 79:21), in 67% yield,11 which would be obtained byâ-hydride
elimination prior to CO insertion.
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1992,33, 341.

(12) Crystal data for6a: C17H18O; FW ) 238.33, orthorhombic, space
groupP212121 [No. 19], colorless prismatic,a ) 11.51(1) Å,b ) 11.42(2)
Å, c ) 9.90(1) Å,V ) 1300(2) Å3, Z ) 4, Dcalc ) 1.217 g/cm3, µ(Mo KR)
) 0.74 cm-1, Rigaku AFC-7R diffractometer,λ ) 0.71069 Å,ω-2θ scan
(16.0°/min), 2θmax ) 55.1°, 1489 reflections (unique),R ) 0.068,Rw )
0.070, GOF) 1.12.
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B. Tetrahedron Lett.1992, 33, 1207. (d) Terakado, M.; Murai, K.;
Miyazawa, M.; Yamamoto, K.Tetrahedron1994,50, 5705.
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