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ABSTRACT: By using a palladium catalyst with ZnEt2, activated
vinylcyclopropanes were successfully converted into the corresponding
β,γ-unsaturated carboxylic acids in high yields under a CO2 atmosphere (1
atm). The intermediate in this reaction is thought to be a nucleophilic η1-
allylethylpalladium species, which would be produced from π-allylpalladium
and ZnEt2 (umpolung reactivity).

Vinylcyclopropanes bearing two electron-withdrawing
groups (EWGs) at the gem-carbon of the ring are well-

known precursors for the generation of π-allylpalladium species
in the presence of palladium(0) species (Scheme 1).1 This

process consists of palladium-assisted C−C bond cleavage of
the strained cyclopropane ring. The resultant zwitterioninc π-
allylpalladium intermediate is highly reactive toward nucleo-
philes and multiple bonds: This species readily couples with
carbon and nitrogen nucleophiles (eq 1)2 and works as a dipole
for alkenes and aldehydes in [3 + 2] cycloadditions (eq 2).3

In contrast, umpolung transformations of these vinyl-
cyclopropanes with electrophiles such as aldehydes catalyzed
by a transition-metal complex are limited, but a few examples
have been reported recently. Krische reported iridium-catalyzed

ring opening of vinylcyclopropanes followed by enantioselec-
tive nucleophilic addition to aldehydes generated from alcohols
in situ, giving homoallylic alcohols with high efficiency (eq 3).4

Kimura reported palladium-catalyzed allylation of aldehydes
and imines using ZnEt2 as a transmetalation reagent (eq 4).5

However, nucleophilic addition to much less reactive electro-
philes such as CO2 has never been reported. Since CO2 is an
abundant, inexpensive, and relatively nontoxic C1 source,
catalytic incorporation of CO2 into simple organic compounds
is one of the active research areas in current organic chemistry.6

Our research group recently developed umpolung carbox-
ylations with CO2,

7 using allylic alcohols/acetates in the
presence of a catalytic amount of PdCl2 and PPh3 with ZnEt2
(Figure 1).7a,8 Nucleophilic η1-allylethylpalladium is thought to
be generated by the reaction of π-allylpalladium with ZnEt2.

9

Encouraged by this finding,7a we next turned our attention to
the development of carboxylation of vinylcyclopropanes via a
similar nucleophilic η1-allylethylpalladium. As the planned
reaction, C−C bond cleavage and C−C bond formation with
CO2 would simultaneously take place to afford β,γ-unsaturated
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Scheme 1. Reactivities of Vinylcyclopropanes

Figure 1. Strategy for carboxylation via allylpalladium species.
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carboxylic acids. Expected [3 + 2] cycloaddition with CO2
10

would be suppressed because transmetalation between electro-
philic π-allylpalladium and ZnEt2 seems to be faster under the
conditions.
First, we investigated carboxylation of cyclopropane 1a using

ZnEt2 in the presence of various palladium sources and ligands
under 1 atm of a CO2 atmosphere (balloon). The yields were
determined after methyl esterification with CH2N2 (Table 1).

According to previously established conditions,7a PdCl2 (10
mol %) in combination with PPh3 (20 mol %) was employed as
a catalyst, and the desired carboxylate 2a was obtained in 80%
yield (entry 1). A control experiment without a palladium
catalyst indicated the necessity of palladium (entry 2). The use
of PdCl2(CH3CN)2/PPh3 and PdCl2(PPh3)2 exhibited similar
catalytic activities (entries 3 and 4). Pd(PPh3)4 and Pd(OAc)2/
PPh3 were also found to be suitable catalysts (entries 5 and 6).
Although the palladium catalysts listed in entries 1−6 were not
dissolved completely in THF, Pd(acac)2 was perfectly soluble,
leading to an increase in the product yield to 87% (entry 7).
Next, several phosphine ligands were screened using Pd(acac)2.
When P(o-tol)3 was employed as a ligand, (MeO2C)2CHCH2-
CH2CHCH2 (3aa) and (MeO2C)2CHCH2CHCHCH3
(3ab) were obtained instead of the carboxylated product 2a.
Lower reactivity was observed when trialkylphosphine ligands
including PCy3 and P(n-Bu)3 were used (entries 9 and 10). A
bidentate phosphine ligand such as dppe completely shut down
the desired carboxylation, but 3aa and 3ab were preferentially
obtained instead (entry 11). The use of (R)-BINAP led to a
complex mixture (entry 12). These catalyst modification studies
indicated that the carboxylation was greatly influenced by the
structure of phosphine ligands.
With optimal conditions in hand (Table 1, entry 7), substrate

scope and limitations were investigated (Figure 2). Various
vinylcyclopropanes 1a−1f and 1g−1i with anti orientation

between R1 and R2 were subjected to the optimal reaction
conditions. Dimethyl, diethyl, dibenzyl, and di-tert-butyl
malonate-derived vinylcyclopropanes underwent the desired
carboxylations without any problem to afford the correspond-
ing β,γ-unsaturated carboxylic acids 2a−d in high yields.
Changing one of the ester moieties to diethylphosphate
decreased the yield of 2e to 40%, because elimination of
(EtO)2PO

− partly occurred under the reaction conditions. A
methyl substitution at the R2 group was tolerated to afford 2f in
78% yield. A methyl substituent at the R1 group was also
applicable to produce 2g and 2h in good yields with 1.2:1 to
1.7:1 diastereomeric ratios. A bulkier substituent such as an
aromatic ring increased the diastereoselectivity to 3.2:1 (2i).11

Allylindium species derived from allyl bromides were shown
to have nucleophilicity toward CO2.

12 To make a nucleophilic
allylindium species from 1a, 2 equiv of InI instead of ZnEt2
(reductive transmetalation) were employed in combination
with a catalytic amount of PdCl2 and PPh3, because analogous
vinylepoxides and vinylaziridines were reported to react with
aldehydes via an allylindium intermediate in the presence of a
palladium-phosphine catalyst and InI.13 The protonated
compound 3aa was, however, obtained exclusively (72%),
suggesting that allylindium species probably generated in situ13

did not possess nucleophilic ability toward CO2 under this
reaction condition but underwent protonation by quenching
(Scheme 2).
A plausible catalytic cycle is depicted in Figure 3. First,

vinylcyclopropane 1 undergoes oxidative addition to palla-
dium(0), leading to π-allylpalladium I, which would be
transmetalated with ZnEt2. The resulting π-allylpalladium II
bearing an ethyl ligand should be in equilibrium with sterically

Table 1. Condition Screening

yield (%)a

entry Pd source ligand 2a rec 1a

1 PdCl2 PPh3 80 −
2 − − − 73
3 PdCl2(CH3CN)2 PPh3 78 −
4 PdCl2(PPh3)2 − 81 −
5 Pd(PPh3)4 − 81 −
6 Pd(OAc)2 PPh3 81 −
7 Pd(acac)2 PPh3 87(87) −
8b Pd(acac)2 P(o-tol)3 − −
9 Pd(acac)2 PCy3 26 59
10 Pd(acac)2 P(n-Bu)3 45 −
11c,d Pd(acac)2 dppe − −
12c Pd(acac)2 (R)-BINAP − −

aYields were determined by 1H NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. Isolated yield is given in
parentheses. b(MeO2C)2CHCH2CH2CHCH2 (3aa) and
(MeO2C)2CHCH2CHCHCH3 (3ab) were obtained in 38% and
39% yields, respectively. c10 mol % of the ligand was used. d3aa and
3ab were obtained in 61% and 36% yields, respectively.

Figure 2. Substrate scope and limitations. Isolated yields are shown.
a The reaction was conducted at 40 °C. b The major diastereomer was
anti. See the Supporting Information (SI).

Scheme 2. Use of InI as a Reductant
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favorable terminal η1-allylethylpalladium III, which undergoes
carboxylation with CO2 at the γ-position8e,g,i,l,9 of the allyl
ligand to afford palladium carboxylate IV. Bulkier substituents
of R1 increase the selectivity for carboxylation. Carboxylate IV
would then be reduced by ZnEt2 to regenerate palladium(0),
along with the release of zinc carboxylate V. Unless an
appropriate ligand such as PPh3 is used, 3aa and 3ab are
produced through β-hydride elimination from η1-allylethylpalla-
dium species III and VI followed by reductive elimination
(Table 1, entries 8 and 11). Intermediates III and VI are
thought to be under an equilibrium via intermediate II.
In summary, we have developed the first palladium-catalyzed

carboxylation of activated vinylcyclopropanes via C−C bond
cleavage followed by a C−C bond forming process. Much effort
toward the development of an asymmetric variant is actively
ongoing.
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