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ABSTRACT

The decarbonylative cycloadditions of phthalic anhydrides with allenes were performed by using nickel catalyst. The asymmetric variant of the
cycloaddition was also achieved by using chiral phosphine ligands to provide δ-lactones enantioselectively.

Transition-metal-catalyzed insertion reactions of an
unsaturated carbon-carbon bond into a carbon-oxygen
bond should be one of the most useful transformations,
since the reaction forms carbon-carbon and carbon-oxy-
gen bonds simultaneously.1,2 Herein, we report our results
of a regioselective decarbonylative cycloaddition of phtha-
lic anhydrideswith allenes toprovideδ-lactones (Scheme1).
The reaction represents anunprecedented insertion reaction
of a carbon-carbon double bond into a carbon-oxygen
bond. The strategy is also applicable for cycloaddition of
thiophthalic anhydrides with allenes to give δ-thiolactones,
which also represents the first example of a nickel-catalyzed

insertion reaction of a carbon-carbon double bond into
a carbon-sulfide bond.3-8 Asymmetric variants of both
the cycloadditions were also examined by using chiral
phosphine ligands.9,10

We first examined the ligand effects in the decarbonyla-
tive cycloaddition of phthalic anhydride (1) with allene 2a
using Ni(cod)2 as a Ni(0) precursor. The reaction was
performed in refluxing acetonitrile (MeCN) for 12 h,11
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and the results are summarized in Table 1. Among the
ligands examined, PMe2Ph gave the best result to afford
δ-lactone 3a in 52% yield regioselectively (entry 2). Trace
or lower amounts of 3awere obtained in the cases of using
PPh3, PCy3, and bpy in place of PMe2Ph (entries 4-9). It
was found that the reaction of 1 with 1.5 equiv of 2a gave
the highest yield of 3a in 64% yield (entry 7). In other
solvents such as 1,4-dioxane, pyridine, and toluene, yields
were even lower (entries 10-12). On addition of ZnCl2
(20 mol %), the cycloaddition was retarded.1

We next investigated the scope of the reaction using
various allenes, and the results are summarized in Scheme
2. The reaction of cyclohexyl-substituted allene 2b with
1 afforded 3b in 45% yield, while phenyl-substituted allene
2c failed to participate in the reaction and recovered
unchanged. This feature may suggest that an electron-rich
double bond contributes significantly toward the reactivity
on the cycloaddition. Indeed, the reaction of gem-dimethyl-
substituted allene 2d reacted with 1 to provide a single
product 3d via regioselective insertion of the internal
carbon-carbon double bond of 2d. The cycloaddition of
a cyclic allene2egave3e in excellent yield,while the reaction
of 1,3-dipropyl-substituted allene 2f gave cycloadduct 3f as
a 1/1 mixture of regioisomers in 83% yield.

These results prompted us to investigate an asymmetric
decarbonylative cycloaddition of phthalic anhydride 1

with alkene 2a by using a chiral ligand in place of PMe2Ph
(Table 2). The reactions with chiral bidentate phosphine
ligands, such as (S,S)-chiraphos12 or (R,R)-Me-duphos,13

gave small amounts of cycloadduct 3a but without enan-
tioselectivity (entries 1-2). Optically active 3a was ob-
tained in 55%yield when (R)-binapwas used as a ligand.14

The reaction with (R)-quinap did not afford any cycload-
duct at all,15 while bidentate P-N ligands, such as (S)-iPr-
fox16 or (S,S)-iPr-foxap,17 gave improved results in terms
of both yield and selectivity (entries 5 and 8). The yield and
the enantioselectivity were influenced by the reaction
medium employed. The highest yield and enantioselectiv-
ity were observed when pyridine was used as the reaction
solvent, and 3a was obtained in 73% yield with 59% ee
(entry12). With a shorter reaction time (4 h), 3a was
obtained in 56% yield with 58% ee. Phthalic anhydride 1
also reactedwith 2b to provide3b in 64%yieldwith 81% ee
(entry 14).
In addition to phthalic anhydride, thiophthalic anhy-

dride 4 also participated in the reaction with allenes 2

(Scheme 3). Cycloaddition of thiophthalic anhydride 4

with 1.5 equiv of allene 2a in the presence of Ni/PMe2Ph
catalysis provided δ-thiolactone 5a in 93% isolated yield.
The use of a different ligand, such as PMe3, PPh3, or PCy3,
in toluene gave inferior results. The reaction of cyclohexyl-
substituted allene 2b with 4 gave the correspondingly
substituted cycloadduct 5b in 87% yield with a regioselec-
tivity of 10/1. Phenyl-substitutedallene 2calsoparticipated
in the reaction to give 5c in 87% yield with a 5/1 ratio of
regisoisomers. gem-Dimethyl-substituted allene 2d reacted

Table 1. Optimization of Reaction Conditions for the
Nickel-Catalyzed Decarbonylative Cycloaddition of a Phthalic
Anhydride 1 with an Allene 2aa

entry ligand (mol %) 2a (equiv) solvent yield (%)b

1 PMe3 (40) 1 MeCN 43

2 PMe2Ph (40) 1 MeCN 52

3 PMePh2 (40) 1 MeCN 46

4 PPh3 (40) 1 MeCN <1

5 PCy3 (20) 1 MeCN <1

6 bpy (20) 1 MeCN <1

7 PMe2Ph (40) 1.5 MeCN 64

8 PMe2Ph (40) 3 MeCN 52

9 PMe2Ph (40) 1 MeCN 52

10 PMe2Ph (40) 1.5 dioxane 61

11 PMe2Ph (40) 1.5 pyridine 59

12 PMe2Ph (40) 1.5 toluene 53

aReactionswere carried out usingNi(cod)2 (10mol%), ligand, 1 (0.5
mmol), and 2 in 1 mL of refluxing solvent for 12 h. b Isolated yields.

Scheme 1. Nickel-Catalyzed Decarbonylative Cycloaddition of
a Phthalic Anhydride with an Allene

Scheme 2. Scope of the Nickel-Catalyzed Decarbonylative
Cycloadditions of Phthalic Anhydride 1 with Allenes 2
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with 4 to furnish a single product 5d. The reactionwas also
compatible with a cyclic allene 2e to give 5e in 78% yield.
The cycloaddition was also extended to asymmetric

reactions. The reaction of 4 with 2a affords 5a in 99%
yield with 82% eewhen (S,S)-iPr-foxap was employed as a
chiral phosphine ligand (Scheme 4). Only minor solvent
effects on enantioselectivity and yield were observed.
Under the same reaction conditions, monosubstituted
allene such as 2b and 2c reacted with 4 to afford the
correspondingly substituted optically active cycloadducts
5b and 5c in excellent yields.
Furthermore, the enantio- and regioselective cycloaddi-

tion of phthalimide with allene was briefly examined
(Scheme 5).18,19 The reaction of N-pyrrol-substituted

phthalimide 6with allene 2a for 12 h afforded cycloadduct
7a in 48% yield with 82% ee. Monosubstituted allene 2b
also reacted with 6 to afford the correspondingly substi-
tuted optically active cycloadducts 7b and in 40% yield
(82% ee), while phenyl-substituted allene 2c did not parti-
cipate in the reaction.
A plausible reaction pathway to account for the forma-

tion of cycloadducts 3, 5, and 7 based on the observed
results is outlined in Scheme 6. The catalytic cycle of the

Table 2. Nickel-Catalyzed Asymmetric Decarbonylative Cy-
cloaddition of Phthalic Anhydrides 1 with Allenes 2a

entry R chiral ligand solvent yield (%)b ee (%)

1 C5H11 (2a) (S,S)-chiraphos MeCN 7 <1

2 C5H11 (2a) (R,R)-Me-duphos MeCN 5 <1

3 C5H11 (2a) (R)-binap MeCN 55 7

4 C5H11 (2a) (R)-quinap MeCN <1 -
5 C5H11 (2a) (S)-iPr-fox MeCN 77 30

6 C5H11 (2a) (S,S)-Bn-foxap MeCN 67 <1

7 C5H11 (2a) (S,S)-Ph-foxap MeCN 70 3

8 C5H11 (2a) (S,S)-iPr-foxap MeCN 70 39

9 C5H11 (2a) (S,S)-tBu-foxap MeCN 37 20

10 C5H11 (2a) (S,S)-iPr-foxap toluene 70 <1

11 C5H11 (2a) (S,S)-iPr-foxap 1,4-dioxane 48 <1

12 C5H11 (2a) (S,S)-iPr-foxap pyridine 73 59

13 C5H11 (2a) (S,S)-iPr-foxap pyridine 56c 58

14 Cy (2b) (S,S)-iPr-foxap pyridine 64 81

aReactions were carried out using Ni(cod)2 (10 mol %), ligand, 1
(0.5 mmol), and 2 in 1 mL of refluxing solvent for 12 h . b Isolated yields.
cReaction time: 4 h.

Scheme 3. Scope of the Nickel-Catalyzed Decarbonylative Cy-
cloaddition of Thiophthalic Anhydride 4 with Allenes 2

Scheme 4. Nickel-Catalyzed Asymmetric Decarbonylative Cy-
cloaddition of Thiophthalic Anhydride 4 with Allene 2
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present reactions may consist of oxidative addition of a
CO-X bond to a Ni(0) complex.1,5,19-22 Subsequent
decarbonylation and coordination of allene 2 take place
to give nickel(II) intermediate 10. The allene would then
insert into theC-Nibond to give themore stable acyclicπ-
allylnickel intermediate 11.23,24 Nucleophilic addition of a
heteroatom onto π-allylnickel at the more substituted
carbon takes place to afford cycloadducts and regenerate
the starting Ni(0) complex.
In summary, we have developed a decarbonylative

cycloaddition of phthalic anhydride with allene to give
δ-lactone in a single step. The reaction represents an
unprecedented insertion reaction of a carbon-carbon

double bond into a carbon-oxygen bond. We also de-
monstrated for the first time that δ-thiolactone can be
prepared via decarbonylative cycloaddition of thiophtha-
lic anhydride with allene.25 Moreover, asymmetric inser-
tion reactions of a carbon-carbon double bond into a
carbon-oxygen bond and into a carbon-sulfide bond
were also successfully demonstratedwith chiral phosphine
ligands to provide δ-lactones and δ-thiolactones.
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Scheme 5. Nickel-Catalyzed Asymmetric Decarbonylative Cy-
cloaddition of Phthalimide 6 with Allenes 2

Scheme 6. Plausible Reaction Pathway for theNickel-Catalyzed
Decarbonylative Cycloadditions
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