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Oxidative cyclization of two π components with low-valent
transition metals has been the focus of a great deal of attention
because of its promise as a method for constructing C-C bonds
between a variety of functional groups.1 Among these methods,
the formation of heteronickelacycles is assumed to be a key step
in multicomponent nickel-catalyzed coupling reactions.2-6 We
recently developed the nickel-catalyzed [2 + 2 + 2] cycloaddition
reaction of two alkynes and an imine to afford 1,2-dihydropyridines,
in which the oxidative cyclization of an alkyne and an imine was
proposed as a key step.6e The formation of a key intermediate (1a)
by oxidative cyclization of diphenylacetylene and N-benzylidene
benzenesulfonamide (N-BBSA) with Ni(0) was observed.6e Aza-
nickelacycles were also assumed to be an important intermediate
in the three-component reaction of an alkyne, an imine, and an
alkylmetal reagent,4 and therefore, investigation of the reactivity
of 1a toward alkylmetal reagents was warranted. Herein, we report
the stoichiometric reactions of 1a with ZnMe2 and AlMe3. Treat-
ment with ZnMe2 gave a three-component coupling product, while
the reaction with AlMe3 resulted in the unexpected formation of
an azaaluminacyclopentene by nickel/aluminum double transmeta-
lation. We also achieved the construction of a novel nickel-catalyzed
three-component cyclocondensation of an alkyne, an imine, and
AlMe3.

The reaction of 1a with ZnMe2 in toluene at room temperature
in the presence of 2 equiv of TMSCHdCH2 afforded the expected
methylzincamido product 2a in 74% isolated yield together with
the formation of (PCy3)Ni(CH2dCHTMS)2 (3) (Scheme 1).7 In
addition, the three-component coupling reaction of diphenylacety-
lene, N-BBSA, and ZnMe2, which afforded 2a, also proceeded in
the presence of Ni(cod)2 and PCy3 (10 and 20 mol %, respectively).
Although 1a was analogous to the reaction intermediate proposed
in Jamison’s work,4 1a did not react with BEt3 even when heated
at 60 °C for 2 h. This is consistent with the fact that N-tosyl imines
do not react in the Ni-catalyzed three-component coupling of alkyne,
imine, and triethylborane.4

In contrast, treatment of 1a with an equimolar amount of AlMe3

under identical reaction conditions unpredictably gave the five-
membered azaaluminacycle 4a in 69% isolated yield (Scheme 1).
Monitoring of the reaction by means of 1H NMR spectroscopy
indicated a concomitant generation of ethane (δH 0.80 in C6D6)
and 3. X-ray crystallography of 4a showed that the aluminum atom

was covalently bonded to both the carbon and nitrogen atoms to
form a five-membered ring and that one methyl group also was
bound to the aluminum center (Figure 1).

In the crystal lattice, the five-membered azaaluminacycle unit
formed a dimer in which one of the oxygen atoms in the
benzenesulfonyl group of 4a is coordinated to the other aluminum
atom. Unlike the three-component coupling product 2a, azaalumi-
nacycle 4a is an organometallic reagent in which the Al-C bond
can react with electrophiles. Indeed, 4a can be treated with
electrophiles such as proton and halogenonium to afford allylamine
derivatives 5a-7a (Scheme 2). To the best of our knowledge, this
is the first example of the catalytic formation of azaaluminacyclo-
pentenes, although cycloalumination of either olefins or acetylenes
mediated by Cp2Zr derivatives has been used in the preparation of
organoaluminum compounds.8,9

As anticipated from the regeneration of the Ni(0) complex 3,
the transformation of diphenylacetylene, N-BBSA, and AlMe3 into
4a, in which the oxidative cyclization of diphenylacetylene and
N-BBSA is a key step, proceeded catalytically. However, as shown
by the equation in Table 1, the addition reaction of AlMe3 and
N-BBSA, which gave the corresponding amide 8, also took place

Scheme 1. Reaction of 1a with Alkylmetal Reagents

Figure 1. Molecular structure of 4a, with thermal ellipsoids at the 30%
probability level. H atoms and the solvated molecule (toluene) have been
omitted for clarity. Symmetry transformation used to generate equivalent
atoms S*: 2 - X, Y, 0.5 - Z.

Scheme 2. Transformation of 4a into Allylamine Derivativesa

a Reaction conditions: for 5a, MeOH/toluene; for 6a, NBS (2 equiv) in
MeCN, 0.5 h, then MeOH; for 7a, I2 (excess) in CH3CN, 2 h, then HCl.
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and was found to accelerate with the addition of 10 mol % Ni(cod)2

and PCy3 (Scheme 3, right circle).10 Therefore, the slow addition
of AlMe3 improved the yield of 4a as a result of suppression of
the competitive reaction. Finally, the three-component cyclocon-
densation of N-BBSA, diphenylacetylene, and AlMe3 (via slow
addition over 30 min) in the presence of 10 mol % Ni(cod)2 and
PCy3 afforded 4a in 71% isolated yield (Table 1, run 1).11 While
the isolated yield of 4a was somewhat decreased because of losses
during the purification process, NMR analysis indicated that this
catalytic reaction proceeded quantitatively. In fact, protolysis of
the crude product gave the corresponding allylamine 5a in 86%
isolated yield (run 1). The same reaction conditions were applied
successfully to diphenylacetylene derivatives, which led to clean
formation of 4b and 4c (runs 2 and 3, respectively).

Nonsymmetric alkynes were used as coupling components in
the cyclocondensation with N-BBSA and AlMe3; 4d was formed
in 85% yield as a single regioisomer, but use of 5 equiv of 1-phenyl-
2-trimethylsilylacetylene was essential for the promotion of a
smooth reaction, probably as a result of its diminished ability to
coordinate to Ni(0) (run 4). In contrast, the reaction with 1-phenyl-
1-propyne gave 4e with 86:14 regioselectivity only when slow
addition of both AlMe3 and the alkyne was conducted in order to
circumvent the insertion of the second alkyne into a five-membered

azanickelacycle (run 5).6e 1,2-Dialkyl-substituted alkynes such as
3-hexyne did not react efficiently because of the rapid formation
of the undesired seven-membered azanickelacycle even with slow
addition of a mixture of the alkyne and AlMe3 (run 6).6e For several
cases cited in runs 4, 5, and 6, formation of 8 was observed in the
1H NMR spectra of the crude products. These results are consistent
with the mechanism proposed in Scheme 3.

In summary, we have demonstrated the nickel-catalyzed three-
component cyclocondensation of imines, alkynes, and AlMe3 to
yield unique azaaluminacyclopentenes. Nickelacycle 1, generated
by the oxidative cyclization of an alkyne and an imine, is a key
intermediate in the cyclocondensation reaction as well as in the
three-component coupling reaction with ZnMe2. Further study will
focus on the related formation of oxaaluminacyclopentenes.

Acknowledgment. The authors are grateful for financial support
through Grants-in-Aid for Scientific Research (21245028 and 21750102)
and a Grant-in-Aid for Scientific Research on Priority Areas (19028038,
Chemistry of Concerto Catalysis) from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

Supporting Information Available: Detailed experimental proce-
dures, analytical and spectral data for all new compounds, and
crystallographic data (CIF) for 2a and 4a. This material is available
free of charge via the Internet at http://pubs.acs.org.

References

(1) Recent reviews: (a) Ikeda, S.-I. Angew. Chem., Int. Ed. 2003, 42, 5120. (b)
Montgomery, J. Angew. Chem., Int. Ed. 2004, 43, 3890. (c) Moslin, R. M.;
Miller-Moslin, K.; Jamison, T. F. Chem. Commun. 2007, 4441. (d) Skucas, E.;
Ngai, M.-Y.; Komanduri, V.; Krische, M. J. Acc. Chem. Res. 2007, 40, 1394.
(e) Rayabarapu, D. K.; Cheng, C.-H. Acc. Chem. Res. 2007, 40, 971.

(2) Alkyne with an aldehyde/ketone: (a) Tsuda, T.; Kiyoi, T.; Miyane, T.;
Saegusa, T. J. Am. Chem. Soc. 1988, 110, 8570. (b) Oblinger, E.;
Montgomery, J. J. Am. Chem. Soc. 1997, 119, 9065. (c) Huang, W.-S.;
Chan, J.; Jamison, T. F. Org. Lett. 2000, 2, 4221. (d) Ni, Y.; Amarasinghe,
K. K. D.; Montgomery, J. Org. Lett. 2002, 4, 1743. (e) Miller, K. M.;
Huang, W.-S.; Jamison, T. F. J. Am. Chem. Soc. 2003, 125, 3442. (f)
Mahandru, G. M.; Liu, G.; Montgomery, J. J. Am. Chem. Soc. 2004, 126,
3698. (g) Miller, K. M.; Jamison, T. F. J. Am. Chem. Soc. 2004, 126, 15342.
(h) Murakami, M.; Ashida, S.; Matsuda, T. J. Am. Chem. Soc. 2005, 127,
6932. (i) Luanphaisarnnont, T.; Ndubaku, C. O.; Jamison, T. F. Org. Lett.
2005, 7, 2937. (j) Miller, K. M.; Jamison, T. F. Org. Lett. 2005, 7, 3077.
(k) Tekevac, T. N.; Louie, J. Org. Lett. 2005, 7, 4037. (l) Knapp-Reed, B.;
Mahandru, G. M.; Montgomery, J. J. Am. Chem. Soc. 2005, 127, 13156.
(m) Chaulagain, M. R.; Mahandru, G. M.; Montgomery, J. Tetrahedron
2006, 62, 7560. (n) Murakami, M.; Ashida, S.; Matsuda, T. J. Am. Chem.
Soc. 2006, 128, 2166. (o) Chaulagain, M. R.; Sormunen, G. J.; Montgomery,
J. J. Am. Chem. Soc. 2007, 129, 9568. (p) Baxter, R. D.; Montgomery, J.
J. Am. Chem. Soc. 2008, 130, 9662.

(3) Alkene with an aldehyde/ketone: (a) Ng, S.-S.; Jamison, T. F. J. Am. Chem.
Soc. 2005, 127, 14194. (b) Ho, C.-Y.; Ng, S.-S.; Jamison, T. F. J. Am.
Chem. Soc. 2006, 128, 5362. (c) Ng, S.-S.; Ho, C.-Y.; Jamison, T. F. J. Am.
Chem. Soc. 2006, 128, 11513. (d) Ho, C.-Y.; Jamison, T. F. Angew. Chem.,
Int. Ed. 2007, 46, 782.

(4) Alkyne with an imine: (a) Patel, S. J.; Jamison, T. F. Angew. Chem., Int.
Ed. 2003, 42, 1364. (b) Patel, S. J.; Jamison, T. F. Angew. Chem., Int. Ed.
2004, 43, 3941.

(5) Alkene with an imine: Yeh, C.-H.; Korivi, R. P.; Cheng, C.-H. Angew.
Chem., Int. Ed. 2008, 47, 4892.

(6) Isolatedexamplesofheteronickelacyclesproposedasreactionintermediates: (a)
Ogoshi, S.; Oka, M.-a.; Kurosawa, H. J. Am. Chem. Soc. 2004, 126, 11082.
(b) Ogoshi, S.; Ueta, M.; Arai, T.; Kurosawa, H. J. Am. Chem. Soc. 2005,
127, 12810. (c) Ogoshi, S.; Nagata, M.; Kurosawa, H. J. Am. Chem. Soc.
2006, 128, 5350. (d) Ogoshi, S.; Tonomori, K.-i.; Oka, M.-a.; Kurosawa,
H. J. Am. Chem. Soc. 2006, 128, 7077. (e) Ogoshi, S.; Ikeda, H.; Kurosawa,
H. Angew. Chem., Int. Ed. 2007, 46, 4930. (f) Ogoshi, S.; Arai, T.; Ohashi,
M.; Kurosawa, H. Chem. Commun. 2008, 1347.

(7) An ORTEP drawing of 2a is given in the Supporting Information.
(8) Selected reviews: (a) Dzhemilev, U. M.; Ibragimov, A. G. Russ. Chem.

ReV. 2000, 69, 121. (b) Dzhemilev, U. M.; Ibragimov, A. G. J. Organomet.
Chem. 1994, 466, 1.

(9) Oxasilacyclopentenes were very recently prepared via Ni-catalyzed cyclo-
condensation of aldehydes, alkynes, and dialkylsilanes (see ref 2p).

(10) Biswas, K.; Prieto, O.; Goldsmith, P. J.; Woodward, S. Angew. Chem.,
Int. Ed. 2005, 44, 2232.

(11) In contrast, slow addition of ZnMe2 was unnecessary because the
corresponding direct addition in the Ni-catalyzed three-component coupling
reaction did not occur.

JA903175G

Table 1. Nickel-Mediated Cyclocondensation of Alkynes, N-BBSA,
and AlMe3

a

alkyne

run R1 R2 product yield (%)b yield of 8 (%)c

1 Ph Ph 4a 86 (71) -
2 p-MeC6H4 p-MeC6H4 4b 85 (82) -
3 p-CF3C6H4 p-CF3C6H4 4c 90 (99) -
4d Ph TMS 4d 85 (73) 7
5e Ph Me 4ef 65 (44) 13
6 Et Et 4fg 27 59

a General conditions: alkyne and N-BBSA (0.3 mmol each), solvent
(10 mL). After dropwise addition of AlMe3, the reaction mixture was
stirred until the color derived from 1 (typically purple) disappeared
(1.0-6.0 h). b Isolated yields as allylamines 5 after protolysis. Cited
yields in parentheses are of isolated 4. c The cited yields, determined by
1H NMR, were of the corresponding protonated products. d The reaction
was carried out using 1.5 mmol of TMSCtCPh. e The reactions were
carried out with concomitant addition of AlMe3 and the alkyne. f The
minor regioisomer (11%) was also obtained. g Formation of a
1,2-dihydropyridine derivative was also observed (also see ref 6e).

Scheme 3. Plausible Mechanism for Catalytic Formation of 4
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