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Abstract—NiCl2(PPh3)2-catalyzed reactions of 1,6-ynal or 1,6-enyne compounds with n-nonanoylzirconocene chloride afforded ste-
reoselectively cyclopentane derivatives or bicyclo[3.1.0] compounds by catalytic cyclization/acylation reactions, which would involve
(i) the primary formation of a metallacycle followed by (ii) the transfer of an acyl group from the acylzirconocene complex
(transmetalation).
� 2006 Elsevier Ltd. All rights reserved.
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Acylzirconocene chloride is a stable and readily accessi-
ble complex,1 and we reported for the first time about
the efficient carbon–carbon bond formation by the use
of acylzirconocene chloride complexes as a donor of
an acyl anion in reactions with electrophiles such as
aldehydes or imines.2 Because of the poor nucleophilic-
ity of acylzirconocene chloride complexes to electro-
philes, a catalyst or mediator is required to bring
about the efficient formation of carbon–carbon bonds.3

During the study of transition metal-catalyzed reactions
of acylzirconocene chlorides, we found the formation of
bicyclo[3.3.0]octane derivatives by Pd(OAc)2-catalyzed
reactions of acylzirconocene chlorides with x-unsatu-
rated a,b-enone compounds (Scheme 1).4

In the Pd(OAc)2-catalyzed formation of the bicyclo-
[3.3.0]octane compounds, the presence of an a,b-enone
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Scheme 1. Pd(OAc)2-Catalyzed reaction of acylzirconocene chloride.
functional group is essential to bring about the reac-
tion, and thus the reaction of x-unsaturated aldehydes
or 1,x-bisunsaturated compounds with acylzirconocene
chlorides did not yield acylation/cyclization products.
In this report, we describe the unprecedented formation
of cyclopentanol derivatives and bicyclo[3.1.0] com-
pounds by the Ni-catalyzed reaction of n-nonanoylzirc-
onocene chloride (1), with 1,6-ynals 2 and 1,6-enynes 3
(Scheme 2).5
Scheme 2. Ni-Catalyzed reactions of acylzirconocene chloride.
n-Nonanoylzirconocene chloride (1), which is generated
by the hydrozirconation of 1-octene followed by the
insertion of carbon monoxide (1 atm, CO-balloon), is
used as a typical acylzirconocene chloride complex
throughout this letter. The evaluation of nickel catalysts
was conducted by the reaction of 1 with 1,6-ynal 2a, and
the results are shown in Table 1. Ni(COD)2 catalyst
yielded cyclization product 4a in 81% yield as a mixture
of E,Z-isomers (1/2.4) (Table 1, entry 1). Ni-catalyst,
which is generated in situ from nickel acetylacetonate
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Table 1. Ni catalysts for the reaction of 2aa

Entry Ni catalyst Yield (%)b Ratio (E/Z)c

1 Ni(COD)2 81 1/2.4
2 Ni(acac)2/DIBAL-H 68 1/5.7
3 Ni(acac)2 55 1/3.3
4 Ni(COD)2-PPh3

d 55 Z onlye

5 Ni(PPh3)4 45 Z only
6 NiCl2(PPh3)2 74 Z only
7 Ni(CO)2(PPh3)2 32 Z only
8 NiCl2(dppe) 62 1/5.2
9 NiCl2(dppf) 44 1/3.4
10 NiCl2(dppp) 46 1/8

a The reaction was carried out at ambient temperature for 8 h by
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[Ni(acac)2] and an equivalent amount of diisobutylalu-
minum hydride (DIBAL-H) in THF,6 showed the for-
mation of 4a, albeit lower yield (68%, E/Z = 1/5.7)
(entry 2).7 The catalytic activity of Ni(acac)2 its own
(entry 3) was less efficient compared to the Ni(acac)2-
DIBAL-H catalyst. It is interesting to note that the
addition of triphenylphosphine to the Ni(COD)2
catalyst (Ni/P = 1/4) (entry 4) or the use of triphenyl-
phosphine ligand-containing Ni catalysts afforded
Z-4a as a solely isolated product (entries 4–7).8 Biden-
tate phosphine ligand-containing Ni catalysts indicated
the comparable formation of 4a with that of the
triphenylphosphine ligand except for the formation of
CHO
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a Isolated yields.
b By-product compound 8 was isolated in a trace amount (<5% yield).
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c 3 equiv of 1 was used.
d Reaction was carried out at 0 �C.

stirring a solution of 2a (1 equiv) and 1 (2 equiv) in THF in the
presence of a Ni catalyst (5 mol %).

b Isolated yields.
c Determined by the 1H NMR of the crude reaction mixture.
d Ni:P = 1:4.
e See, Ref. 8.
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Scheme 3. A plausible catalytic cycle.
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the E/Z-isomers (entries 8–10). For the sake of the
experimental simplicity and the formation of a single
stereoisomer in a good yield, the rest of reactions of 2
was carried out by the use of a NiCl2(PPh3)2 (5 mol %)
catalyst (entry 6).

The results of NiCl2(PPh3)2-catalyzed reactions of x-
unsaturated aldehydes with 1 are shown in Table 2.7

The Thorpe–Ingold effect9 would play an important
role, since 5-hexynal (2d) showed very poor reactivity
(entry 4). No selectivity in the formation of diastereoiso-
mers was observed (entries 5 and 6). It should also be
mentioned that the unexpected formation of pyrrole
product 6 (46%) by the reaction of N-benzyl compound
2h (entry 8), while N-tosyl derivative 2g afforded the
expected cyclization product 4g (entry 7). The olefinic
geometry of the a,b-enone functional group in products
4 was confirmed to be Z-stereochemistry.8 The Ni-cata-
lyzed reactions of x-unsaturated aldehyde derivatives
with acylzirconocene chloride complexes were restricted
to the formation of five-membered ring compounds
from 1,6-ynal compounds 2, and the formation of a
six-membered ring compound from 1,7-ynal 7 was unat-
tainable (entry 10). The introduction of a methyl group
to the terminal alkynyl carbon of 2a made the substrate
2i unreactive (entry 9).

The reactions of 2 prompted us to examine the reaction
of 1,6-enyne compounds 3. It soon turns out that the
reaction of 1,6-enyne compounds 3 with 1 under
NiCl2(PPh3)2-catalyzed conditions also gave cycliza-
tion/acylation products. The reaction of compounds 3
with 1, however, gave unexpectedly bicyclo[3.1.0] com-
pounds 5 (Table 3).7 Thus, bicyclo[3.1.0] compound 5a
was obtained in 53% yield by the NiCl2(PPh3)2
(5 mol %)-catalyzed reaction of 3a with 1 in THF at
ambient temperature for 18 h (entry 1). Other examined
Table 3. Formation of 5a
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a Reaction was carried out at ambient temperature for 18 h by stirring
a solution of 3 (1 equiv) and 1 (3 equiv) in THF in the presence of
NICl2(PPh3)2 (5 mol %).

b Isolated yields.
1,6-enyne derivatives gave bicyclo[3.1.0] compounds 5 in
fair yields as well (entries 1–3).10 The reaction of gem-
benzyloxymethyl compound 3d, however, gave b,c-
unsaturated ketone 9 instead of the bicyclo[3.1.0] com-
pound (entry 4). The tendency of the reaction of 1,6-
enyne 3 was similar to that of 1,6-ynal 2. Thus, the
1,6-bisunsaturation and terminal alkyne are necessary
to yield products, bicyclo[3.1.0] compounds 5.

Although there are questions yet to be solved, a catalytic
cycle, which involves Ni(0) as an active catalyst is con-
sidered at the present stage as shown in Scheme 3.11

Thus, the catalytic cycle would consist of (i) the inter-
vention of a nickelacycle 10,12,13 (ii) the regioselective
transfer of an acyl group from 1 to 10 (transmetala-
tion),14 and (iii) the reductive elimination of Ni(0). Thus,
the formation of 5 would be the result of the intramole-
cular Michael-type addition of organometallic intermedi-
ate 11 (Y = CH2). As to the formation of 8 or 9 by the
reaction of gem-benzyloxymethyl compound 2b or 3d
with 1, the isomerization of the a,b-enone function to
b,c-position in 11 would be responsible.15

In summary, the stereoselective formation of five-mem-
bered ring compounds by the reaction of the acylzircon-
ocene chloride complex with 1,6-enyne or 1,6-ynal
compounds under NiCl2(PPh3)2-catalyzed conditions
was elucidated. Particularly, the formation of bicy-
clo[3.1.0] compounds from 1,6-enyne compounds is
noteworthy. We believe that these findings opened new
possibilities of acylzirconocene chloride complexes as
an acyl group donor in organic synthesis. Although,
we have to wait for a moment to clarify the exact reac-
tion mechanism, the Ni(0)-participating catalytic cycle
would be suspected for the present reactions. Based on
the hypothesis, the enantioselective version and the syn-
thetic application of the present reactions are the current
focus in our group.
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