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The hetero-Diels-Alder reactions of R,�-unsaturated carbonyl
compounds (heterodiene) with electron-rich carbon-carbon unsat-
urated bonds (heterodienophile) are a useful method for the
synthesis of six-membered heterocyclic rings and have been widely
applied to natural product synthesis.1,2 However, the low reactivity
of alkynes as heterodienophiles has limited their use in the reaction,
and only ynamides were available as heterodienophiles.3 While
transition metal-catalyzed [4 + 2] cycloadditions of R,�-unsaturated
carbonyl compounds with alkynes would be a solution for the
problem, such reactions have not been studied well so far.4 We
postulated that such cycloaddition would proceed via heteromet-
allacycle intermediates,5,6 which are formed by oxidative cyclization
of low valent transition metals to R,�-unsaturated carbonyl com-
pounds, and subsequent insertion of alkynes (Scheme 1). Thus, we
attempted the addition of enone 1 and alkyne 2 using nickel(0)
catalyst to form polysubstituted pyranes 3.7

The formation of oxa-nickelacycle was investigated first by a
stoichiometric reaction of an enone and a nickel(0) complex. The
reaction of ethyl benzylidene acetoacetate (1a) with Ni(cod)2 and
TMEDA at 25 °C gave an oxa-nickelacycle (4) quantitatively
(Scheme 2).8 The molecular structure of 4 was unambiguously
confirmed by the X-ray crystal structure analysis, which showed
that the nickel(II) complex has square planar molecular geometry
(Figure 1). Treatment of oxanickelacycle 4 with 4-octyne (2a) in
the presence of PMe3 afforded the pyran 3aa in 96% isolated yield.
Neither benzyliden-substituted pentane-2,4-dione 1b nor diethyl
malonate 1c was converted into the corresponding oxanickelacycle
even for prolonged reaction times. Considering that 1d was also
inert to oxidative cyclization of nickel(0), we found R-ester-
substituted R,�-unsaturated ketone to be a suitable substrate for
oxa-nickelacycle formation.

The obtained results expanded the possibilities of the catalytic
reactions of 1a with alkynes. Indeed, the reaction of ethyl
benzylidene acetoacetate (1a) with 4-octyne (2a) in the presence
of 10 mol % of Ni(cod)2 and 40 mol % of PMe3 in toluene at 130
°C afforded the pyran 3aa in 99% yield (Table 1, entry 1). Not
even trace amounts of 3aa were obtained in the absence of nickel
catalyst. The extension of this result was examined for the reactions
of various enones with 2a; results are summarized in Table 1. The
cycloaddition of 1e with 2a gave the product 3ea in 90% yield
(entry 2). Enones 1f and 1g also reacted with 2a to furnish pyrans
in 82% and 50% yields, respectively (entries 3 and 4). Predictably,

enones such as 1b, 1c, and 1d failed to participate in the reaction
due to difficulties in formation of oxa-nickelacycle intermediates
and were recovered quantitatively (entries 5-7).

The scope of the cycloaddition of 1a with various alkynes is
summarized in Table 2. The reaction of 2b and 2c with 1a gave
the cycloadducts in 74% and 82% yields, respectively (entries 1
and 2). The addition of unsymmetrical alkynes 2d-2g gave the
pyrans consisting of regioisomers in a range of 1/1 to 3/1 ratio
(entries 3-6), whereas the reaction of 2h gave the pyran 3ah as a
single isomer (entry 7). Cyclopropyl-substituted alkyne 2i also
reacted with 1a to furnish 3ai in 68% yield with regioisomers in a

Scheme 1. Transition-Metal-Catalyzed [4 + 2] Cycloaddition

Scheme 2. Formation of Oxa-Nickelacycle

Figure 1. ORTEP Drawing of 4a.

Table 1. Nickel-Catalyzed Cycloaddition of Enones with 4-Octynea

entry R1 R2 R3 1 3 yield (%)b

1 Me CO2Et Ph 1a 3aa 99
2 Me CO2Et Pr 1e 3ea 99
3 Ph CO2Et Ph 1f 3fa 82
4 Ph CO2Et Pr 1g 3ga 50
5 Me C(O)Me Ph 1b 3ba <1
6 EtO CO2Et Ph 1c 3ca <1
7 Me H Ph 1d 3da <1

a Reactions were carried out using Ni(cod)2 (10 mol %), PMe3 (40
mol %), 1 (0.5 mmol), and 4-octyne (1.25 mmol) in 5 mL of toluene
(130 °C). b Isolated yields.
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ratio of 7/2 (entry 8). Terminal alkynes failed to participate in the
reaction, presumably due to rapid oligomerization of alkynes.

The intramolecular [4 + 2] cycloaddition was also investigated.
The reaction of 5 proceeded under optimized conditions to give 6
in 92% and 99% yields, respectively (Scheme 3).

The formation of polysubstituted pyranes 3 can be rationalized
as arising from oxidative cyclization of nickel(0) to an enone 1 to
form oxa-nickelacycle 4 (Scheme 4). Subsequent coordination of
alkyne takes place to give intermediate 7; here, the steric repulsive
interaction is minimal between bulkier RL and R3 of the oxanick-
elacycle. Insertion of an alkyne into C-Ni bond leads to the seven-
membered oxa-nickelacycle 8, which undergoes reductive elimi-
nation to give 3 and regenerates the starting nickel(0) complex.9

In summary, we have developed a new nickel-catalyzed [4 + 2]
cycloaddition reaction of enones with alkynes to provide polysub-
stituted pyrans. We demonstrated for the first time that enones are
susceptible to oxidative cyclization of nickel(0); such reactions
allow inter- or intramolecular cycloaddition with alkynes.
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L. F.; Hübsch, T.; Voss, E.; Buback, M.; Tost, W. J. Am. Chem. Soc. 1988,
110, 4065. (d) Tietze, L. F.; Schneider, C.; Montenbruck, A. Angew. Chem.,
Int. Ed. Engl. 1994, 33, 980. (e) Evans, D. A.; Johnson, J. S. J. Am. Chem.
Soc. 1998, 120, 4895. (f) Thorhauge, J.; Johannsen, M.; Jørgensen, K. A.
Angew. Chem., Int. Ed. 1998, 37, 2404. (g) Gademann, K.; Chavez, D. E.;
Jacobsen, E. N. Angew. Chem., Int. Ed. 2002, 41, 3059. (h) Juhl, K.;
Jørgensen, K. A. Angew. Chem., Int. Ed. 2003, 42, 1498.

(3) (a) Ficini, J.; Krief, A. Tetrahedron Lett. 1970, 11, 885. (b) Dell, C. P.
Tetrahedron Lett. 1992, 33, 699. (c) Hsung, R. P.; Zificsak, C. A.; Wei,
L.-L.; Douglas, C. J.; Xiong, H.; Mulder, J. A. Org. Lett. 1999, 1, 1237. (d)
Mantani, T.; Konno, T.; Ishihara, T.; Yamanaka, H. Chem. Lett. 2000, 666.

(4) Trost, B. M.; Brown, R. E.; Toste, F. D. J. Am. Chem. Soc. 2000, 122,
5877.

(5) (a) Ikeda, S.; Yamamoto, H.; Kondo, K.; Sato, Y. Organometallics 1995,
14, 5015. (b) Montgomery, J.; Savchenko, A. V. J. Am. Chem. Soc. 1996,
118, 2099. (c) Montgomery, J.; Oblinger, E.; Savchenko, A. V. J. Am. Chem.
Soc. 1997, 119, 4911. (d) Amarasinghe, K. K. D.; Chowdhury, S. K.; Heeg,
M. J.; Montgomery, J. Organometallics 2001, 20, 370. (e) Ikeda, S.;
Miyashita, H.; Taniguchi, M.; Kondo, H.; Okano, M.; Sato, Y.; Odashima,
K. J. Am. Chem. Soc. 2002, 124, 12060. (f) Lozanov, M.; Montgomery, J.
J. Am. Chem. Soc. 2002, 124, 2106. (g) Montgomery, J.; Amarasinghe,
K. K. D.; Chowdhury, S. K.; Oblinger, E.; Seo, J.; Savchenko, A. V. Pure
Appl. Chem. 2002, 74, 129. (h) Herath, A.; Montgomery, J. J. Am. Chem.
Soc. 2006, 128, 14030. (i) Herath, A.; Thompson, B. B.; Montgomery, J.
J. Am. Chem. Soc. 2007, 129, 8712.

(6) (a) Montgomery, J. Acc. Chem. Res. 2000, 33, 467. (b) Ikeda, S. Acc. Chem.
Res. 2000, 33, 511. (c) Montgomery, J. Angew. Chem., Int. Ed. 2004, 43,
3890. (d) Moslin, R. M.; Miller-Moslin, K.; Jamison, T. F. Chem. Commun.
2007, 4441.

(7) For nickel-catalyzed cycloaddition of carbodiimides with alkynes:(a) Hoberg,
H.; Burkhart, G. Synthesis 1979, 525 Isocyanates: (b) Hoberg, H.; Oster,
B. W. Synthesis 1982, 324. (c) Hoberg, H.; Oster, B. W. J. Organomet.
Chem. 1982, 234, C35. (d) Hoberg, H.; Oster, B. W. J. Organomet. Chem.
1983, 252, 359. (e) Duong, H. A.; Cross, M. J.; Louie, J. J. Am. Chem. Soc.
2004, 126, 11438. (f) Duong, H. A.; Louie, J. J. Organomet. Chem. 2005,
690, 5098. (g) Duong, H. A.; Louie, J. Tetrahedron 2006, 62, 7552
Aldehydes: (h) Tsuda, T.; Kiyoi, T.; Miyane, T.; Saegusa, T. J. Am. Chem.
Soc. 1988, 110, 8570Nitriles: (i) McCormick, M. M.; Duong, H. A.; Zuo,
G.; Louie, J. J. Am. Chem. Soc. 2005, 127, 5030 Cyclobutanones: (j)
Murakami, M.; Ashida, S.; Matsuda, T. J. Am. Chem. Soc. 2005, 127, 6932.
(k) Murakami, M.; Ashida, S.; Matsuda, T. J. Am. Chem. Soc. 2006, 128,
2166 Imines : (l) Ogoshi, S.; Ikeda, H.; Kurosawa, H. Angew. Chem., Int.
Ed. 2007, 46, 4930. (m) Ogoshi, S.; Ikeda, H.; Kurosawa, H. Pure Appl.
Chem. 2008, 80, 1115 CO2 : (n) Tsuda, T.; Morikawa, S.; Sumiya, R.;
Saegusa, T. J. Org. Chem. 1988, 53, 3140. (o) Louie, J.; Gibby, J. E.;
Farnworth, M. V.; Tekavec, T. N. J. Am. Chem. Soc. 2002, 124, 15188.

(8) For crystallographic evidence for the formation of oxa-nickelacycles, see:
(a) Karsch, H. H.; Leithe, A. W.; Reisky, M.; Witt, E. Organometallics 1999,
18, 90. (b) Ogoshi, S.; Oka, M.; Kurosawa, H. J. Am. Chem. Soc. 2004,
126, 11802. (c) Ogoshi, S.; Ueta, M.; Arai, T.; Kurosawa, H. J. Am. Chem.
Soc. 2005, 127, 12810. (d) Ogoshi, S.; Nagata, M.; Kurosawa, H. J. Am.
Chem. Soc. 2006, 128, 5350. (e) Ogoshi, S.; Tonomori, K.; Oka, M.;
Kurosawa, H. J. Am. Chem. Soc. 2006, 128, 7077. (f) Ogoshi, S.; Arai, T.;
Ohashi, M.; Kurosawa, H. Chem. Commun. 2008, 1347 (see also ref 5d and
5g)

(9) Montgomery reported the structural studies and reactions of the seven-
membered metallacycle, which has the similar structure to 8, but lacking an
ester group, see:Hratchian, H. P.; Chowdhury, S. K.; Gutierrez-Garcia, V. M.;
Amarasinghe, K. K. D.; Heeg, M. J.; Schlegel, H. B.; Montgomery, J.
Organometallics 2004, 23, 4636.

JA807952R

Table 2. Nickel-Catalyzed Cycloaddition of 1a with Alkynesa

entry R4 R5 2 3 yield (%)

1 Ph Ph 2b 3ab 74
2 CH2OMe CH2OMe 2c 3ac 82
3 CH2CH2OMe Pr 2d 3ad 74 (1/1)b

4 CH2OMe Pr 2e 3ae 88 (3/2)b

5 Me C5H11 2f 3af 84 (1/1)b

6 Me iPr 2g 3ag 73 (3/1)b

7 Me Ph 2h 3ah 79
8 cyclopropyl Ph 2i 3ai 68 (7/2)b

a Reactions were carried out using Ni(cod)2 (10 mol %), PMe3 (40
mol %), 1 (0.5 mmol), and 2 (1.25 mmol) in 5 mL of toluene (130 °C).
b Ratio of regioisomers.

Scheme 3. Nickel-Catalyzed Intramolecular [4 + 2] Cycloaddition

Scheme 4. Plausible Reaction Mechanism for Nickel-Catalyzed [4
+ 2] Cycloaddition of Enones with Alkynes
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