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Abstract—The [4+3] cycloaddition of ethyl cyclopropylideneacetate (1) with 1,3-dienes proceeded in the presence of Ni(cod),—TOPP
(tri-o-biphenylyl phosphite). The reaction provided a new method for the synthesis of cycloheptene derivatives. The mechanism of

the reaction was proposed.
© 2006 Elsevier Ltd. All rights reserved.

The high reactivity of the strained carbon—carbon bond
of methylenecyclopropanes has been widely utilized for
various catalytic reactions. Especially, the cycloaddition
reactions which involve the cleavage of the cyclopropane
ring proceeded smoothly in the presence of various tran-
sition metal-catalysts.! The [3+2] cycloaddition of meth-
ylenecyclopropanes and olefins has been established as
an efficient method for the synthesis of cyclopentane.
On the other hand, the scope of the [4+3] cycloaddition
of methylenecyclopropane and 1,3-dienes is rather lim-
ited, and only one example has been reported by Binger
et al.la24

Recently, we disclosed that the reactivity of ethyl cyclo-
propylideneacetate (1) was much higher compared to
other methylenecyclopropanes, and the unique reactiv-
ity of 1 was applied for the development of new reac-
tions. The [3+2+2] cocyclization reaction of 1 with
alkynes proceeded in the presence of a nickel catalyst,
and cycloheptadienes were isolated as single isomers in
good yields (Scheme 1).° The three-component coupling
between 1 and two different alkynes also proceeded
selectively when a proper combination of two alkynes
was selected.® These reactions proceeded efficiently when
1 or other electron-deficient methylenecyclopropanes
were employed as the substrates.” Based on these find-
ings, we assumed that compound 1 would react with
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other unsaturated hydrocarbons. In this paper we report
the [4+3] cycloaddition between 1 and 1,3-dienes.?

We examined various reaction conditions and found
that the selection of the appropriate ligand was very
important for the progress of the reaction. The effect
of the ligands and temperature on the reaction was stud-
ied and the results are summarized in Table 1. The reac-
tion did not proceed when a solution of 1 and 2a
(5 equiv) in toluene was added to a solution of Ni(cod),
and PPh; at rt or at 80°C: the dimerization® of 1
proceeded and no cross-coupling product was isolated
(entries 1-2). We also carried out the reaction in the
presence of P(OPh); or P(o-tolyl);, but the results were
negative (entries 3 and 4). We further screened a series
of sterically demanding ligands and found that the reac-
tion proceeded in the presence of bulky phosphite
ligands.

Tris(2-biphenyl)phosphine was an inadequate ligand for
this reaction (entry 5), while the reaction proceeded in
the presence of P(O-o-tolyl);, P(O-2,6-diMePh);'°
(tris(2,6-dimethylphenyl)phosphite), or TOPP!!' (tri-o-
biphenylyl phosphite) (entries 6-13). Especially, TOPP
turned out to be the best ligand, and compound 3a
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Table 1. Cycloaddition reactions between 1 and 2a in the presence of

various ligands
COOEt

Lo A
1 2a (5 equiv)
COOEt

Ni(cod), (10 mol %)
Ligand (20 mol %)

toluene,
dropwise addition 3a
oftand2for1h

Entry Ligand Temperature (°C)  Yield of 3a (%)

1 PPh;y rt 0
2 PPh; 80 0
3 P(OPh); 80 Trace
4 P(o-tolyl); 80 0
5 P(2-biphenyl); 80 0
6 P(0-o0-tolyl); 80 35
7 P(0-2,6-diMePh); rt 7
8 P(0-2,6-diMePh); 80 0
9 TOPP rt 17
10 TOPP 50 47
11 TOPP 80 70
12 TOPP 80 26%
13 TOPP 80 60°

#Compounds 1 and 2a were added at once to a solution of the catalyst.
®2 equiv of 2a was used.

was isolated in 70% yield when the reaction was carried
out at 80 °C (entry 11). In order to isolate 3a in a good
yield, the dropwise addition of the reactants to a solu-
tion of Ni catalyst was important: the yield of 3a
dropped to 26% when the reactants were added at once
to the solution (entry 12). The use of a smaller amount
of 2a (2 equiv) resulted in the decreased yield of 3a
(entry 13). It is noteworthy that no [3+2] cycloaddition
proceeded and no cyclopentane derivative was isolated
from the reaction mixture. Furthermore, the [4+3] cyclo-
addition did not proceed when octylidenecyclopropane
was used as the substrate.

The optimized reaction conditions'? have been employed
for the reactions of 1 with various conjugated dienes. The
results of the reactions of symmetrical 2,3-disubstituted
dienes are summarized in Table 2. The reaction of 1 with
2b proceeded and the corresponding cycloheptene (3b)
was isolated in 51% yield (entry 2). A cyclic butadiene
2¢, which is a diene with a restricted cisoid conformation,
reacted with 1 (entry 3). The reaction of 1 with 1,3-buta-
diene (2d) also proceeded (entry 4).

We next examined the reaction of 1 with 2-substituted 1,3-
butadienes and the results are summarized in Table 3. The
[4+3] cycloaddition of 1 with isoprene (2e) proceeded
smoothly (entry 1). However, the selectivity of the reac-
tion was low, and the formation of a 5:1 mixture of the
isomers 3e and 3’e was observed. We examined the reac-
tions of other dienes such as 2f-g, and observed the for-
mation of the isomers in 1:1 ratio (entries 2-3).!* The
attempted reaction of 1 with 2-trimethylsiloxy-1,3-buta-
diene (2h) did not proceed (entry 4).

Table 2. Cycloaddition reactions of 1 with symmetrical 2,3-disubsti-
tuted 1,3-butadienes (2a-d)
COOEt

K-
R R
1 2a-d
COOEt
Ni(cod), (10 mol %)
TOPP'(20 mol %)
toluene,
dropwise addition .
oftand2for1h R R 3a-d
Entry Compound R equiv Yield of 3 (%)
1 2a Me 5 70
2 2b Hex 5 51
3 2¢ z\:g 2 56
4 2d H Excess® 38

#The reaction was carried under an atmosphere of 1,3-butadiene
(1 atm).

Table 3. Cycloaddition reactions of 1 with 2-substituted 1,3-butadi-
enes (2e-h)

COOEt
£
R 2e-h
1 (2 equiv)
COOEt COOEt
Ni(cod), (10 mol %)
TOPP (20 mol %)
+
toluene,
dropwise addition
oftand2for1 h R
3e-g 3'e-g
Entry Com- R Temperature Yield of 3 Ratio
pound (°C) (%) (3:3)
1# 2e Me 80 68 5:1
2 2f Ph 80 49 1:1
3 2g 4-MeOCgH, 100 41 1:1
4 2h Me;SiO 80 0 —

%5 equiv of 2e was used.

The reactions of 1 with 1-substituted 1,3-butadienes (2i-j)
were carried out and the results are shown in Scheme 2.
trans-1,3-Pentadiene (2i) reacted with 1 and the corre-
sponding cycloheptene 3i was isolated in 45% yield. It is
noteworthy that the reaction proceeded in a highly selec-
tive manner: the formation of other isomeric compounds
was not observed.'* The selective formation of 3i could be
explained in terms of the selective insertion of 1 to the less
sterically hindered Ni—C bond of the nickelacycle formed
by the reaction of the Ni(0) species with 1,3-diene (vide
infra). The reaction of 1 with 2j proceeded, and the forma-
tion of an unexpected cyclopentane derivative 4 and a
cross-coupling product 5 was observed. The result was
comparable to those reported by Binger and co-workers,
who carried out the reaction of unsubstituted methylene-
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1 2i (10 equiv)

Ni(cod), (10 mol %) COOEt
TOPP (20 mol %) ~ COOF!
toluene, 80 °C
dropwise addition
oftfand2for1h
H o, not
3i (45%) isolated
COOEt
\\ /—/ COOMe
+
1 2j (2 equiv)
COOEt COOEt

Ni(cod), (10 mol %)
TOPP 20 mol %)
toluene, 80 °C
dropwise addition

oftand2for1h COOMe COOMe
4 (12%) 5 (41%)

Scheme 2. [4+3] Cycloaddition of 1 with 1-substituted 1,3-butadienes
(2i).

cyclopropane with 2j and isolated a similar [3+2] cyclo-
adduct.!> On the other hand, the reaction of 1 with 1-tri-
methylsiloxy-1,3-butadiene did not proceed. This result,
together with the result of the reaction of 2h (Table 3,
entry 4), indicated that electron-rich dienes are not good
substrates for this reaction.

When we carried out the reaction of 1 with 2a in the
presence of tris(2,4-di-tert-butylphenyl)phosphite, the
isolated yields of the products were very low. We ob-
served the formation of 3a when the reaction was carried
out at rt, while a cyclohexene 6 was isolated when the
reaction temperature was 80 °C (Scheme 3). The result
indicated the formation of a seven-membered nickela-
cycle as an intermediate of this reaction (vide infra).

The proposed mechanism of this reaction is shown in
Scheme 4. The formation of a (TOPP)Ni(0)-butadiene

COOEt

L

1 5 equiv)

Ni(cod), (10 mol %)

P o@—r-su

tBu
3 COOEt COOEt
(20 mol %)
toluene,
dropwise addition

oftand2for1h
temp (° y|eld (%)

rt 10
80 - 7

Scheme 3. [4+3] Cycloaddition of 1 with 2a in the presence of tris(2,4-
di-tert-butylphenyl)phosphite.
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COOEt
Ni NI(O) Ni(ll)
7
10\ cyclopropylmethyl-
butenyl
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reductive COOEt
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COOEt 9

Scheme 4. Proposed mechanism for the [4+3] cycloaddition of 1 with
1,3-dienes.

complex'® and other Ni(0)-butadiene complexes' has
been reported in the literature, and a similar complex
would be generated as an intermediate of this reaction.!”
The insertion of 1 to complex 7 (or to its isomer 8) would
occur and a seven-membered nickelacycle 9 would be
generated. Cyclopropylmethyl-butenyl rearrangement!'®
of 9 would give 10, and product 3a would be isolated.
The formation of a cyclohexene derivative 6 under the
conditions shown in Scheme 3 would provide an indirect
evidence for the formation of 9: compound 6 would be
isolated by the reductive elimination of the Ni species
from 9.

In summary, we developed the [4+3] cycloaddition of 1
with 1,3-dienes in the presence of a Ni(0)-TOPP cata-
lyst. The predominant formation of the cycloheptenes
was observed. The high and unique reactivity of 1 was
important for the progress of the reaction. Exploration
of the further application of 1 to the synthesis of various
carbocycles is ongoing.
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