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Since the earlier examples of Pd(II)-mediatedCope rearrange-
ment studied by Jonassen1 and Heimbach,2 and the first Pd(II)-
catalyzedversion developed by Overman,3 the transition metal
catalyzed [3,3]-sigmatropic rearrangement becomes one of the
important transformations in modern organic synthesis.4 Detailed
mechanistic studies on the Pd(II)-catalyzed rearrangements re-
vealed that the reaction proceeds via a palladium-bound six-
membered carbenium ion intermediate (route a in Scheme 1).3,5

As an alternative mechanism, oxidative addition of the allylic
C-C bond to form bis(η3-allyl)PdIVCl2 was proposed.6 This
proposal is very interesting from the viewpoint of the present
day importance for C-C bond activation,7 since the proposed
process involves the Pd(II) insertion into a nonstrained and
nonfunctionalized C-C bond.8,9 However, the proposed mecha-
nism was not operative in the Pd(II)-promoted rearrangement due
to the lack of products of [1,3]-rearrangement and to the strict
chair topography of the PdCl2-catalyzed rearrangement of (3R,5E)-

2,3-dimethyl-3-phenyl-1,5-heptadiene.3b We now report the first
example for the palladium(0)-catalyzed Cope rearrangement of
certain 1,5-hexadienes, which proceeds through the bis(η3-allyl)-
Pd(II) intermediate (route b) formed by the Pd(0) insertion into
a nonstrained C-C bond (Scheme 1).

We previously reported the palladium(0)-catalyzed alkoxyal-
lylation of trisubstituted activated olefins with allylic carbonates;10

in these experiments the two substituents at theâ-position of
activated olefins were H and aryl, or H andtert-butyl.11 On the
way to further development of this pronucleophile addition
reaction, an interesting C-H activation reaction was found when
we used tetra-substituted activated olefins1 whoseâ-substituents
were aryl and methyl,tert-butyl and methyl, or aryl and ethyl.
The results are summarized in Table 1 and eq 1. The reaction of

1a with allyl ethyl carbonate (1 equiv) proceeded very smoothly
in the presence of Pd(PPh3)4 catalyst (5 mol %) at room
temperature for 30 min, giving a 68:24:8 mixture ofR-adduct
2a, γ-adduct3a, andR,γ-adduct4a in 82% yield along with the
recovered1a (11%) (entry 1). The alkoxyallylation adduct, which
was the sole product in the previous cases of trisubstituted olefins,
was not obtained at all.10 The formation of a major product,
R-adduct2a, can be explained by theγ-proton abstraction-enolate
formation-allylation at theR-position.12 The use of 2.5 equiv of
allyl ethyl carbonate increased the chemical yields very much to
give a 78:22 mixture of2aand4a in essentially quantitative yield
without formation of theγ-adduct3a (entry 2). Under the same
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Scheme 1.Palladium-Catalyzed Cope Rearrangement

Table 1. Palladium-Catalyzed Allylation of Activated Olefins1
with Allyl Ethylcarbonatea

entry 1 temp (˚C) yield (%)b ratio of adducts (2:3:4 )

1c 1a r.t. 82 (11) 68:24:8
2 1a r.t. quant 78:0:22
3 1b r.t. quant 76:0:24
4 1c r.t. quant 72:0:28
5 1d r.t. 92 86:0:14
6d 1e r.t. 85 73:13:14
7 1f r.t. quant 83:0:17
8 1g r.t. 88 100:0:0
9 1a 50 76 (10) 0:11:89

10 1b 50 97 0:8:92
11 1c 50 75 (21) 0:16:84

a Unless otherwise specified, 2.5 equiv of allyl ethyl carbonate were
used for the reaction.b Isolated yield based on1. The recovery yields
of 1 are shown in parentheses.c One equivalent of allyl ethyl carbonate
was used for this experiment.d One regioisomer was obtained in each
adduct.
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reaction conditions, the other aryl olefins1b-c and thetert-butyl
substituted olefin1d gave results similar to the above: ap-
proximately 7-9:3-1 mixtures of2b-d and4b-d were obtained
in quantitative to very high yields, and noγ-products were
produced (entries 3-5). In the case of olefin1e, where an ethyl

group was substituted at theâ-position instead of a methyl group,
a mixture of2e, 3e, and4ewas produced in a ratio of 73:13:14,
respectively (entry 6). Not only the olefins derived from mal-
ononitrile (1a-e) but also the tetra-substituted olefin1f, derived
from methyl cyanoacetate, gave an 83:17 mixture of2f and4f in
quantitative yield (entry 7). However, the trisubstituted olefin1g
produced selectively theR-adduct2g in 88% yield without being
accompanied by3g and4g (entry 8).

All the above reactions were performed at room temperature.
An interesting observation was made when the reaction was
carried out at 50°C (entries 9-11). TheR,γ-adducts4a-c were
obtained as a major product with small amounts of theγ-adducts
3a-c; the R-adducts2a-c were not obtained at all. The results
at 50°C suggested either or both of the following two possibili-
ties: (1) kinetically formed2a-c would undergo rearrangement
to 3a-c under the reaction conditions which further would react
with allyl carbonate to give4a-c and (2) kinetically formed2a-c
would react further with allyl carbonate to give4a-c.13 The
treatment of isolatedR-adduct2a with a catalytic amount of Pd-
(PPh3)4 in THF at room temperature for 30 min gave a 3:1:1
mixture of3a, 4a, and1a in 24% yield, along with the recovered
2a (69% yield). No isomerization of2a was observed at 50°C
in the absence of Pd(0) catalyst. These results clearly indicate
that theR-adducts2a-c undergo isomerization to theγ-adducts
3a-c at 50°C in the presence of Pd(0) catalyst. To obtain further
evidence on the proposed Pd(0)-catalyzed rearrangement, the 1,5-
heptadiene derivatives5a-e were synthesized and subjected to
the Pd(0)-catalyzed reaction (eq 2).14 The treatment of5a with a

catalytic amount of Pd(PPh3)4 (2 mol %) in THF at 100°C for 3
h gave a mixture of the corresponding ordinary Cope rearrange-
ment product6a (10%) and the straight chain 1,5-diene7a (23%),
along with 17% of the deallylated olefin1a.15 The thermal reaction
of 5a at 100°C without Pd(0) catalyst gave6a exclusively. The
2-aryl-substituted 1,5-heptadiene derivatives (5b-c), where electron-

donating groups were substituted at the para position of the phenyl
group, and the 2-naphthyl-substituted substrate5d gave7b-d
(41-52%) as a major product along with the Cope rearrangement
products6b-d (28-30%) and the deallylated olefins1h,c,i (8-
16%).16 It should be noted that none of7a-d were obtained in
the absence of Pd(PPh3)4 catalyst. In the case of5e, where the
tert-butyl group was substituted at the C-2 carbon of the 1,5-
heptadiene, the rearrangement proceeded very smoothly even at
50 °C to give7e in 66% yield together with 14% of6e: none of
1d was produced. Now, it is clear that the Pd(0) insertion into a
nonstrained C-C bond followed by Cope type rearrangement
through bis-π-allylpalladium complexes is operative in the
rearrangement of certain 3,3-dicyano-1,5-heptadienes.17

A plausible mechanism is shown in Scheme 2. The reaction
of palladium(0) with allyl ethyl carbonate would give the
π-allylpalladium8,12 which would react with1 to give the bis-
(η3-allyl)palladium complex 9.18 The intermediate9 would
undergo reductive coupling in either anR- or γ-manner to give
theR-adduct2 or γ-adduct3, respectively. There is an equilibrium
between2 and 9, but there is no equilibrium between3 and 9
under the reaction conditions. Actually the treatment of3a with
5 mol % of Pd(PPh3)4 in THF at 50°C for 2 days did not produce
any rearranged products but resulted in the recovery of3a. The
thermodynamically favored3 would undergo further allylation
with 8, which would give theR,γ-adduct4 via a bis(η3-allyl)-
palladium intermediate10.

We have presented the first example of a Pd(0)-catalyzed
nonordinary Cope rearrangement via a bis(η3-allyl)Pd(II) inter-
mediate, which is generated by the oxidative insertion of Pd(0)
to a nonstrained carbon-carbon σ-bond. The straight-chain
products7 are not easily available via the previously known Pd-
(II)-catalyzed or the thermal rearrangement, and therefore the
present procedure complements the previously established useful
Cope rearrangement. We believe that the present two findings,
the Pd(0) insertion into a nonstrained C-C σ-bond and the Pd-
(0)-catalyzed nonordinary Cope rearrangement, provide a con-
ceptual advance in organic and organometallic chemistry.

Supporting Information Available: Experimental data for com-
pounds2-7 (PDF). This material is available free of charge via the
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