
10.1021/ol300096u r 2012 American Chemical Society
Published on Web 02/24/2012

ORGANIC
LETTERS

2012
Vol. 14, No. 6
1366–1369

Cu-Promoted [2 þ 2] Cycloaddition
of 1,4-Bisallenes

Shinji Kitagaki,* Mikihito Kajita, Syu Narita, and Chisato Mukai*

Division of Pharmaceutical Sciences, Graduate School of Natural Science and
Technology, Kanazawa University, Kakuma-machi, Kanazawa 920-1192, Japan

kitagaki@p.kanazawa-u.ac.jp; cmukai@kenroku.kanazawa-u.ac.jp

Received October 24, 2011

ABSTRACT

The thermal reaction of 1,4-bisallenes with the aid of Cu salt/amine significantly suppressed the formal [3,3] sigmatropic rearrangement resulting
in the highly selective formation of the bicyclo[4.2.0]octadiene framework. This reaction could be applied to the one-pot synthesis of bicyclo-
[4.2.0]octadienes from 1,5-hexadiynes via the Crabb�e homologation.

The allene functionality is well-known to serve as a
powerfulπ-component in the [2þ 2] czycloaddition.1There
are many examples of efficient constructions of bicyclo-
[n.2.0] skeletons based on the thermal, photochemical,
or metal-catalyzed intramolecular [2 þ 2] cycloaddition
of allene�alkenes2 and allene�alkynes.3 The analogous
allene�allenes (1,n-bisallenes) I (n = 3�7) selectively
produced bicyclo[n.2.0]alkadienes II or dimethylene-
bicyclo[n-2.2.0]alkanes III upon exposure to thermal or

metal-catalyzed conditions (Scheme1).4�7The1,4-bisallene
(exemplified by 1a), however, has often been found
to provide the [2 þ 2] cycloadduct 3a in low yield under
thermal conditions due to the preferential formation of the
formal [3,3]-sigmatropic rearrangement product 4a via the
biradical intermediate 2a.8 Thus, it is obvious that no
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reliable method for the direct production of the bicyclo-
[4.2.0]octadiene skeleton 3a from 1,4-bisallene 1a is
available except for a few limited cases, in which the
benzocyclobutene derivatives were obtained from (i) ene-
bisallenes, in situ generated from (Z)-ethylene-bridged bis-
(propargyl alcohol)s,9,10 and (ii) 1,4-bisallenes having
an alkoxymethyl group at the C1 and C4 positions.11

We now report a new reliable method for the preparation
of the bicyclo[4.2.0] framework that involves the copper-
promoted, aromatization-independent [2 þ 2] cycloaddi-
tion of 1,4-bisallenes.
We first investigated the [2 þ 2] cycloaddition of

4,4-diphenylocta-1,2,7,8-tetraene (1b) using inexpensive
and easy to use transition metal complexes.12 The use of
Mo(CO)6

3m,n or PdCl2(PPh3)2,
3k both of which have been

proven to catalyze the allene�alkyne [2þ 2] cycloaddition
reactions, in heated toluene afforded the corresponding
tetraene compound 4b as the only isolated product, and
the desired cycloadduct 3b could not be detected at all.
The reaction with Pd(PPh3)4 in the presence of K2CO3

and nBu4NI5a or with the cationic Au(I) complex,5d both
of which are known to convert the 1,5-bisallenes to the
corresponding [2 þ 2] cycloadducts, produced no desired
product. Several transition metal salts such as AuCl3,

PtCl2, and FeCl3 were also ineffective for this cycloaddi-
tion, except for the Cu salt. In fact, a solution of 1b in 1,4-
dioxane was refluxed in the presence of 1.2 equiv of CuBr2
for 1 h to produce the [2þ 2] cycloadduct 3b in 31% yield
along with the tetraene 4b (6%) (Table 1, entry 1).

The effect of an amine additive was next examined for
the Cu-promoted reaction. The use of 1.2 equiv of iPr2NH
led to an improvement in the chemical yield of 3b (entry 2).
The best result was obtained when 7.2 equiv of iPr2NH
were used (entry 4). A decrease in the amount of Cu salt to
0.5 or 1.0 equiv led to a drop in the product yield (entries 6
and 7). Some primary to tertiary amines or an aromatic
amine (entries 8�12) also allowed the preparation of the
bicyclo[4.2.0]octadiene product 3b, and Cy2NH and Et3N
gave results comparable to iPr2NH (entries 8 and 9). With
the combination of CuBr2 and iPr2NH, we examined
several other solvents, which were less effective than
dioxane (entries 13�16). Other copper sources such as
Cu(II) acetate and Cu(I) halides worked as effectively as

Scheme 1. [2 þ 2] Cycloaddition Reaction of 1,n-Bisallenes

Table 1. Cu-Mediated Reaction of Bisallene 1b

product

(% yield)a

entry

Cu

salt

additive

(equiv) solvent 3b 4b

1 CuBr2 none dioxane 31 6

2 CuBr2 iPr2NH (1.2) dioxane 55 11

3 CuBr2 iPr2NH (3.6) dioxane 58 12

4 CuBr2 iPr2NH (7.2) dioxane 80

(81)b
17

(16)b

5 CuBr2 iPr2NH (10) dioxane 74 15

6c CuBr2 iPr2NH (3.0) dioxane 54 12

7d CuBr2 iPr2NH (6.0) dioxane 73 16

8 CuBr2 Cy2NH (7.2) dioxane 77 16

9 CuBr2 Et3N (7.2) dioxane 77 16

10 CuBr2 DABCO

(7.2)

dioxane 51 17

11 CuBr2 nBuNH2

(7.2)

dioxane 52 20

12 CuBr2 2,6-lutidine

(7.2)

dioxane 40 12

13 CuBr2 iPr2NH (7.2) toluene 74 16

14 CuBr2 iPr2NH (7.2) DCE 73 11

15e CuBr2 iPr2NH (7.2) DMF 52 14

16 CuBr2 iPr2NH (7.2) IPA 62 12

17 Cu(OAc)2 iPr2NH (7.2) dioxane 76 19

18 Cu(OTf)2 iPr2NH (7.2) dioxane 19 56

19 CuCl iPr2NH (7.2) dioxane 80 15

20 CuI iPr2NH (7.2) dioxane 72 22

21 none none dioxane � 50

aYields are estimated by 1H NMR spectra of the crude product
obtained after short column chromatography, which consisted of 3b and
4b, with tetrachloroethane as the internal standard. b Isolated yields.
cCuBr2 (0.5 equiv) was used. dCuBr2 (1.0 equiv) was used. eReaction
was performed at 100 �C.
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CuBr2 (entries 17, 19, and 20). Cu(OTf)2 was found to be
much less effective than CuBr2 (entry 18). A thermal reac-
tion in dioxane with neither a Cu source nor amine gave the
tetraene 4b as the only isolated product (entry 21).13

Encouragedby this initial result,we sought to explore the
generality of this process. A geminal substitution moiety
in the tether (e.g., 1b) generally tends to facilitate cycliza-
tion.14 1,4-Bisallene 1c possessing amonoalkyl group in the
tether still gave the corresponding cycloadduct 3c in an
acceptable yield with an extended reaction time (6 h) (Table
2, entry 1). 1,4-Bisallenes 1d and 1e with a vicinal dialkoxy
substitution led to the smooth conversion into bicyclo[4.2.0]
compounds (2.5�3 h, 63�69% yield: entries 2 and 3). The
trans-bisallene functionality of the dioxolane derivative 1f
caused inactivity regarding the ring closure (entry 4).

Further studies to survey the substrate scope are shown
inScheme2.Thus, the effect of the substituent on the allene
moiety was examined. The reaction of 3-benzylocta-
1,2,7,8-tetraene (1g) without any substituents in the alkyl
tether was completed within 2 h to produce the cycload-
duct 3g in good yield (eq 1). 3,6-Dibenzyl derivative 1h also
gave the desiredproduct 3h in similar yield.Upon exposure
of the 1-benzyl derivative 1i, a regioisomer of 1g, to the
standard reaction conditions for 7 h, 3i was obtained in
52% yield along with the tetraene 4i (10%), and 1i was
recovered in 10% yield (eq 2). A prolonged reaction time
(16 h) completely consumed the starting material, but the
yield of 3i decreased to 23%. These results must reflect the
instability of the product 3i, which might be in accordance
with the low isolated yield (41%). Microwave irradiation
conditions at 160 �C for 10 min slightly improved the
chemical yield (56%). Reaction of 1-phenyl derivative 1j

resulted in the production of a complex mixture including
dihydroanthracene 5, which would be obtained by the par-
ticipation of the phenyl group in the cyclization (eq 3). The
installation of a methyl group on both allene moieties did
not inhibit the cycloaddition. In this case, the bicyclo[4.2.0]
compounds 3kwere obtained in 62%yield as a 5:1mixture
of diastereomers (eq 4).

The obtained results indicated that the presence of both
a Cu salt and amine is critical for the preferential produc-
tion of the [2 þ 2] cycloadduct over that of tetraenes.
Although it is premature to discuss themechanistic details,
the following interpretation that involves the initial for-
mation of Cu(I) or a related complex as the active catalyst,
followed by the process via the cupracyclopentane 6,1c,15

would be assumed (Scheme 3). More than 1 equiv of Cu
salt would be needed to overcome the undesired thermal
reaction leading to the formation of the tetraene or other
byproducts. The amine might not only reduce Cu(II)
to Cu(I)16 and dissociate the polymeric structure of the
complex17 but also stabilize the active species, and/ormake
the oxidative addition more facile.

Table 2. Effect of the Substituent in the Tether

aYields are estimated by 1HNMRdata. Numbers in parentheses are
isolated yields. b iPr2NH (10 equiv) was used.

Scheme 2. Effect of the Substituent on the Allene Moietya

aYields are estimated by 1H NMR data. bIsolated yields. cAmixture
of diastereomers, the ratio of which is not determined.
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The newly developed cycloaddition conditions nearly
overlapped with those of the Crabb�e homologation
(conversion of alkynes to allenes).18 We expected that the
direct transformation of 1,5-diynes 7, precursors of the
bisallenes 1, into the bicyclo[4.2.0]octadienes 3 could be
realized. The preliminary results are shown in Scheme 4.
Treatment of 3,3-diphenylhexa-1,5-diyne (7b) with CuBr
(1.2 equiv), iPr2NH (10 equiv), and paraformaldehyde
(7 equiv) in refluxing dioxane for 7 h afforded the desired
cycloadduct 3b in 49% yield along with tetraene 4b in 7%
yield. The dialkoxylated hexadiyne 7d also gave the corre-
sponding bicyclo compound 3d in 46% yield.

Finally, the diene reactivity in the [4 þ 2] cycloaddi-
tion of thus obtained bicyclo[4.2.0]octa-1,5-dienes was
investigated.19 3b underwent [4 þ 2] cycloaddition with
dimethyl acetylenedicarboxylate (8), followed by retro-
Diels�Alder reaction of the resulting cycloadduct to
produce benzocyclobutene 9 (Scheme 5). Reaction with
N-phenylmaleimide (10) did not proceed probably due to

the steric hindrance of geminal phenyl groups in 3b. On
the other hand, 3h readily reacted with 10 to produce the
bridged polycyclic compound 11.

In conclusion, we have shown that 1,4-bisallenes, which
are well-known to be susceptible to [3,3] sigmatropic
rearrangement under thermal conditions, consistently un-
derwent [2 þ 2] cycloaddition in the presence of a Cu salt/
amine combination. This is the first successful example
of the selective synthesis of bicyclo[4.2.0]octadienes from
1,4-bisallenes.Wehave alsodemonstrated that this process
can be applied to the tandem Crabb�e homologation and
[2þ 2] cycloaddition of 1,5-hexadiynes. Further studies on
the scope of this novel process and the synthetic use of the
cycloadducts are currently underway.
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Scheme 3. Plausible Reaction Mechanism

Scheme 4. One-Pot Reaction Producing 3 from 7a

a Isolated yields are shown.

Scheme 5. [4 þ 2] Cycloaddition Reaction of 3b and 3ha

a Isolated yields are shown. bA mixture with 4h (3h:4h = 78:22) was
used.
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