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Atom- and Step-Economical Pathway to Chiral Benzobicyclo-
[2.2.2]octenones through Carbon–Carbon Bond Cleavage**
Lantao Liu, Naoki Ishida, and Masahiro Murakami*

It has become an imperative issue to improve the step[1] as
well as atom economy[2] of organic synthesis. A highly atom-
economical method to construct carbon frameworks could
arise if an unsaturated organic functionality is directly
inserted into a carbon–carbon single bond.[3] Such an insertion
reaction also dispenses with functional group manipulations
to significantly reduce the steps required for construction of
a particular organic skeleton.

A class of benzobicyclo[2.2.2]octene derivatives (1–3 ;
Figure 1)) is known to possess a variety of biological
activities.[4] For example, benzobicyclo[2.2.2]octenols 1 act

as calcium channel blockers in the treatment or prevention of
angina pectoris, ischemia, arrhythmias, high blood pressure,
and cardiac insufficiency. In their synthesis, benzobicyclo-
[2.2.2]octenones serve as the key intermediate with the
carbonyl group providing a cornerstone for further derivati-
zation. The reported method to synthesize the key inter-
mediate requires five steps starting from 1,4-benzoquinone
and 1,3-cyclohexadiene; four of the steps are used for
functional-group manipulation. After all, it affords only

a racemic mixture that additioanlly necessitates a resolution
process.[5] There has been no report on the straightforward
enantioselective synthesis from an achiral precursor.

We have developed a nickel-catalyzed reaction of cyclo-
butanones 4 in which an alkene undergoes intramolecular
insertion into a carbon–carbon single bond to produce
benzobicyclo[2.2.2]octenones 5 [Eq. (1)].[6] The starting cyclo-

butanone can be prepared from 1,2-divinylbenzene through
[2+2] cycloaddition with dichloroketene and subsequent
reductive dechlorination. Thus, it would provide a more
step-economical access to benzobicyclo[2.2.2]octene deriva-
tives in an enantiomerically enriched form if the alkenyl
group is inserted into one of the enantiotopic carbon–carbon
single bonds of the symmetrical cyclobutanone. Herein we
describe a nickel-catalyzed asymmetric intramolecular alkene
insertion reaction of 3-(2-styryl)cyclobutanones, a reaction
that significantly reduces the steps required for the synthesis
of chiral benzobicyclo[2.2.2]octenones.

Initially, various types of chiral ligands for nickel were
examined in the reaction of the cyclobutanone 4a (Table 1).
Whereas typical bidentate diphosphine ligands like BINAP
and DuPhos showed no catalytic activity, monodentate
phosphine ligands exhibited the potential to promote the
insertion reaction. In particular, phosphoramidite ligands
derived from binol[7] afforded promising results in terms of
both the yield and the enantioselectivity. When phosphor-
amidite 6 was used, the reaction proceeded at 100 8C and 5a
was obtained in 25% yield with 5 % ee (entry 1). The
phosphoramidite ligand 7, which is combined with chiral 1-
phenylethylamine, gave a better result both in the yield and
the enantioselectivity (entry 2), both of which were improved
to 66% yield and 75% ee when 8, having a more sterically
demanding 1-(1-naphthyl)ethylamine group, was used as the
amine moiety (entry 3). The diastereomer 9, incorporating
the antipode of the chiral amine of 8, gave an inferior result
(entry 4). Notably, both phosphoramidite ligands 8 and 9
afforded the same enantiomer as the major product, thus
suggesting that the axial chirality of the binol skeleton
dominated in chirality induction over the amine moieties.
Introduction of two tert-butyl groups at the 6-positions of the
binol skeleton increased the solubility of the nickel complex
in hydrocarbon solvents, thereby enhancing the catalyst

Figure 1. Biologically active benzobicyclo[2.2.2]octene derivatives.
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activity (entry 5).[8] As a result, the insertion reaction
proceeded at room temperature to afford 5a in 85% yield
with 86% ee (entry 6). Finally, 91% ee was attained when n-
hexane was used instead of toluene as the solvent (80% yield,
entry 7).

Mechanistically, the nickel-catalyzed reaction is initiated
by intramolecular oxidative cyclization between the vinyl
group and the cyclobutanone carbonyl group on nickel(0)
(Scheme 1).[9,10] This elementary step determines the stereo-
chemistry of the insertion reaction. Among the two enantio-
faces of the carbon–carbon double bond, the chiral phosphor-

amidite ligand 10 favors the Re face over the Si face for
coordination to nickel, and thus, enantioselectivity is induced
at the sp3-carbon atom that is formed upon oxidative
cyclization.[11] The resulting tricyclic oxanickelacyclopentane
B is no longer symmetrical. In B, there are two diastereotopic
carbon–carbon bonds which are amenable to cleavage by b-
carbon elimination. The one located cis to the nickelamethyl
substituent is selectively cleaved because of the geometric
constraints, thus giving the bicyclic nickelacycle C. Reductive
elimination furnishes benzobicyclo[2.2.2]octenone 5a with
regeneration of the nickel(0) catalyst.

Various 3-(2-styryl)cyclobutanones were subjected to the
alkene insertion reaction (Table 2). o-Phenylene-type linkers
were allowed in place of a naphthylene linker to give
benzobicyclo[2.2.2]octenones 5d–j with enantioselectivities
ranging from 80 to 93 % ee (entries 3–9). Both methoxy
(entries 1 and 4) and fluoro (entries 5, 6, and 8) groups were
tolerated on the aryl rings. In addition, the reaction of the 3,3-
disubstituted cyclobutanone 4j afforded the bicyclic ketone
5j bearing an all-carbon quaternary chiral center at the
benzylic position in 96% yield with 82 % ee (entry 9). In
contrast, the insertion reaction failed to occur when substi-
tuted alkenyl groups were put on the phenyl ring in place of
a simple ethenyl group, probably because of steric reasons.

The obtained benzobicyclo[2.2.2]octenones would serve
as useful intermediates for the synthesis of the biologically
active molecules,[4] as mentioned above. Another demonstra-
tion of the synthetic utility of the products was given by the
Baeyer–Villiger oxidation reaction [Eq. (2)]. When 5a

(91 % ee) was treated with 5 equivalents of mCPBA at room
temperature, the secondary carbon atom selectively under-
went oxidative migration with retention of the stereochem-
istry to furnish the lactone 11 in 70% yield. Subsequent
hydrolysis of 11 afforded the cis-substituted hydroxycarbox-
ylic acid 12 in 80 % yield [Eq. (2)].

In conclusion, we have developed the asymmetric intra-
molecular alkene insertion reaction of 3-(2-styryl)cyclobuta-
nones catalyzed by a nickel complex bearing a binol-derived
phosphoramidite ligand. The reaction provides a unique and
straightforward access to enantiomerically enriched
benzobicyclo[2.2.2]octenones. It will significantly improve
the step as well as atom economy in the asymmetric synthesis
of a class of potent biologically active compounds derived
from benzobicyclo[2.2.2]octenones.

Experimental Section
A general procedure for the nickel-catalyzed reaction of 4a : In an N2-
filled glove-box, [Ni(cod)2] (2.75 mg, 0.010 mmol) and n-hexane

Table 1: Optimization of the reaction conditions.[a]

Entry Ligand T [8C] t [h] Yield [%][b] ee [%][c]

1 6 100 2 25 5
2 7 100 2 39 13
3 8 100 2 66 75
4 9 100 2 35 50
5 10 100 2 95 78
6 10 RT 4 85 86
7[d] 10 RT 4 80 91

[a] Reaction conditions: 4a (0.10 mmol;1.0 equiv), [Ni(cod)2]
(10 mol%), chiral ligand (12 mol%), toluene (1.0 mL). [b] Yield of
isolated product. [c] Determined by HPLC analysis using a chiral
stationary phase. [d] In n-hexane.

Scheme 1. Plausible mechanisms.
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(0.5 mL) were added to an oven-dried screw-cap vial containing
a stirrer bar. Then chiral phosphoramidite ligand 10 (9.0 mg,
0.012 mmol) in n-hexane (0.5 mL) was added dropwise with stirring.
After 5 min, 4a (22.2 mg, 0.10 mmol) was added in one portion. After
being stirred at room temperature for 4 h, the reaction mixture was
concentrated, and the residue was purified by preparative thin-layer
chromatography on silica gel (n-hexane/ethyl acetate = 2:1) to afford
the product 5a (17.8 mg, 0.80 mmol, 80%): 1H NMR: d = 8.06 (d, J =

8.4 Hz, 1H), 7.88 (d, J = 8.4 Hz, 1H), 7.78 (d, J = 8.4 Hz, 1H), 7.40–
7.57 (m, 3H), 4.47 (t, J = 2.4 Hz, 1H), 3.60 (quint, J = 2.4 Hz, 1H),
2.41 (dd, J = 18.6, 2.4 Hz, 1H) 2.16–2.31 (m, 2H), 1.97–2.10 (m, 1H),
1.65–1.82 ppm (m, 2H), a½ �25

D¼+ 183 (c = 0.15 in CHCl3). [(Daicel
Chiralcel OD-H, hexane/iPrOH = 95/5, flow rate = 1.0 mLmin�1, l =

254 nm): t1 = 11.7 min (major), t2 = 25.3 min (minor) ee = 91%].

Received: November 30, 2011
Revised: December 27, 2011
Published online: January 27, 2012

.Keywords: asymmetric synthesis · C�C cleavage ·
homogeneous catalysis · insertion reaction · nickel

[1] P. A. Wender, V. A. Verma, T. J. Paxton, T. H. Pillow, Acc.
Chem. Res. 2008, 41, 40.

[2] B. M. Trost, Acc. Chem. Res. 2002, 35, 695.
[3] a) K. Nozaki, N. Sato, H. Takaya, Bull. Chem. Soc. Jpn. 1996, 69,

1629; b) T. Kondo, Y. Kaneko, Y. Taguchi, A. Nakamura, T.
Okada, M. Shiotsuki, Y. Ura, K. Wada, T. Mitsudo, J. Am. Chem.
Soc. 2002, 124, 6824; c) M. Murakami, T. Itahashi, Y. Ito, J. Am.
Chem. Soc. 2002, 124, 13976; d) C. M�ller, R. J. Lachicotte,
W. D. Jones, Organometallics 2002, 21, 1975; e) Y. Nishihara, Y.
Inoue, M. Itazaki, K. Takagi, Org. Lett. 2005, 7, 2639; f) T.
Shibata, G. Nishikawa, K. Endo, Synlett 2008, 765; g) M. T.
Wentzel, V. J. Reddy, T. K. Hyster, C. J. Douglas, Angew. Chem.
2009, 121, 6237; Angew. Chem. Int. Ed. 2009, 48, 6121; h) Y.
Kuninobu, A. Kawata, M. Nishi, S. S. Yudha, J. J. Chen, K. Takai,
Chem. Asian J. 2009, 4, 1424; i) Y. Hirata, A. Yada, E. Morita, Y.
Nakao, T. Hiyama, M. Ohashi, S. Ogoshi, J. Am. Chem. Soc.
2010, 132, 10070, and references therein.

[4] a) K. Hilpert, F. Hubler, D. Renneberg, PCT Int. Appl. WO
2010/046855A1, 2010 ; b) P. C. Belanger, I. J. Collins, J. C.
Hannam, T. Harrison, S. J. Lewis, A. Madin, E. G. Mciver,
A. J. Nadin, J. G. Neduvelil, M. S. Shearman, A. L. Smith, T. J.
Sparey, G. I. Stevenson, M. R. Teall, PCT. Int. Appl. WO 01/
76077A1, 2001; c) M. Muthuppalantappan, K. Sukeerthi, G.
Balasubramanian, S. Gullapalli, N. K. Joshi, S. Narayanan, P. V.
Karnic, PCT Int. Appl. WO 2008/053341A2, 2008.

[5] a) K. Takeda, S. Hagishita, M. Sugiura, K. Kitahonoki, I. Ban, S.
Miyazaki, K. Kuriyama, Tetrahedron 1970, 26, 1435; b) M.
Nakazaki, H. Chikamatsu, K. Naemura, M. Asao, J. Org. Chem.
1980, 45, 4432.

[6] a) M. Murakami, S. Ashida, T. Matsuda, Chem. Commun. 2006,
4599; See also b) M. Murakami, S. Ashida, T. Matsuda, J. Am.
Chem. Soc. 2005, 127, 6932.

[7] B. L. Feringa, Acc. Chem. Res. 2000, 33, 346.
[8] E. Balaraman, K. C. K. Swamy, Tetrahedron: Asymmetry 2007,

18, 2037. It was also suggested therein that the introduction of
tert-butyl groups would affect the dihedral angle of the
binaphthyl moiety.

[9] For oxidative cyclization of cyclobutanones and 1,3-dienes on
a nickel complex, see: S. Ogoshi, K. Tonomori, M. Oka, H.
Kurosawa, J. Am. Chem. Soc. 2006, 128, 7077.

[10] For nickel-catalyzed reactions through oxidative cyclization
between unsaturated hydrocarbons and carbonyl compounds,
see a) Modern Organonickel Chemistry (Ed.: Y. Tamaru),
Willey-VCH, Weinheim, 2005 ; b) S. Ikeda, Angew. Chem.

Table 2: Scope of cyclobutanones.[a]

Entry 4 T [8C] 5

1 RT

2 RT

3 50

4 50

5 50

6 50

7 50

8 50

9 50

[a] Reaction conditions: cyclobutanone 4 (0.10 mmol, 1.0 equiv), [Ni-
(cod)2] (10 mol%), 10 (12 mol%), n-hexane (1.0 mL), 6 h. [b] Yield of
isolated product. [c] Determined by HPLC analyses. The stereochemistry
of 5d was assigned by measurement of the optical rotation. The
stereochemistry of others was assigned by analogy.

Angewandte
Chemie

2487Angew. Chem. Int. Ed. 2012, 51, 2485 –2488 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ar700155p
http://dx.doi.org/10.1021/ar700155p
http://dx.doi.org/10.1021/ar010068z
http://dx.doi.org/10.1246/bcsj.69.1629
http://dx.doi.org/10.1246/bcsj.69.1629
http://dx.doi.org/10.1021/ja0260521
http://dx.doi.org/10.1021/ja0260521
http://dx.doi.org/10.1021/ja021062n
http://dx.doi.org/10.1021/ja021062n
http://dx.doi.org/10.1021/om0110989
http://dx.doi.org/10.1021/ol050749k
http://dx.doi.org/10.1055/s-2008-1032112
http://dx.doi.org/10.1002/ange.200902215
http://dx.doi.org/10.1002/ange.200902215
http://dx.doi.org/10.1002/anie.200902215
http://dx.doi.org/10.1002/asia.200900137
http://dx.doi.org/10.1021/ja102346v
http://dx.doi.org/10.1021/ja102346v
http://dx.doi.org/10.1016/S0040-4020(01)92973-4
http://dx.doi.org/10.1021/jo01310a033
http://dx.doi.org/10.1021/jo01310a033
http://dx.doi.org/10.1039/b611522e
http://dx.doi.org/10.1039/b611522e
http://dx.doi.org/10.1021/ja050674f
http://dx.doi.org/10.1021/ja050674f
http://dx.doi.org/10.1021/ar990084k
http://dx.doi.org/10.1016/j.tetasy.2007.06.028
http://dx.doi.org/10.1016/j.tetasy.2007.06.028
http://dx.doi.org/10.1021/ja060580l
http://dx.doi.org/10.1002/ange.200301673
http://www.angewandte.org


2003, 115, 5276; Angew. Chem. Int. Ed. 2003, 42, 5120; c) J.
Montgomery, Angew. Chem. 2004, 116, 3980; Angew. Chem. Int.
Ed. 2004, 43, 3890; d) R. M. Moslin, K. Miller-Moslin, T. F.
Jamison, Chem. Commun. 2007, 4441, and references therein.

[11] For reactions involving asymmetric oxidative cyclization
between unsaturated hydrocarbons and carbonyl compounds

on nickel, see a) K. M. Miller, W.-S. Huang, T. F. Jamison, J. Am.
Chem. Soc. 2003, 125, 3442; b) M. R. Chaulagain, G. J. Sormu-
nen, J. Montgomery, J. Am. Chem. Soc. 2007, 129, 9568; c) Y.
Yang, S.-F. Zhu, C.-Y. Zhou, Q.-L. Zhou, J. Am. Chem. Soc.
2008, 130, 14052.

.Angewandte
Communications

2488 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 2485 –2488

http://dx.doi.org/10.1002/ange.200301673
http://dx.doi.org/10.1002/anie.200301673
http://dx.doi.org/10.1002/ange.200300634
http://dx.doi.org/10.1002/anie.200300634
http://dx.doi.org/10.1002/anie.200300634
http://dx.doi.org/10.1039/b707737h
http://dx.doi.org/10.1021/ja034366y
http://dx.doi.org/10.1021/ja034366y
http://dx.doi.org/10.1021/ja072992f
http://dx.doi.org/10.1021/ja805296k
http://dx.doi.org/10.1021/ja805296k
http://www.angewandte.org

