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ABSTRACT

Nickel-catalyzed intermolecular [3 þ 2] cycloaddition of vinylcyclopropanes to imines has been developed. This transformation generates
substituted pyrrolidines in high yields, with good regio- and diastereo- selectivity under mild reaction conditions. A variety of imines can be used
in this reaction. An asymmetric variant of the reaction has also been demonstrated.

Pyrrolidines are important structural units in organic
chemistry and are frequently found in primary and sec-
ondary metabolites as well as in other biomolecules and
synthetic pharmaceuticals.1 Therefore, significant effort
has been devoted to the efficient stereoselective synthesis
of functionalized/substituted pyrrolidines.2

Transition-metal-catalyzed intermolecular cycloaddi-
tion is a powerful method for the construction of highly
substituted heterocycles since it allows for high levels of
complexity and multiple bond formation in a single step,
with good atom economy (Scheme 1).3 Tsuji for the first
time carried out palladium-catalyzed [3 þ 2] cycloaddi-
tions of vinylcyclopropanes (VCPs, 1a) to aryl isocyanates
as potent electrophiles for the synthesis of γ-lactams.4,5

Recently, Johnson reported the palladium-catalyzed [3þ 2]
cycloaddition of VCPs to aldehydes for the formation of
tetrahydrofurans.6 The key intermediate in these reac-
tions was an acyclic zwitterionic π-allylpalladium speciesA,
which was formed from ring-opening of the VCP by
oxidative addition to Pd(0). We anticipated that Ni(II)
would be a sufficiently stronger Lewis acid than Pd(II) to
be effective in cycloaddition.7,8 A heteronickelacycle is
well-known to play an important role as a key intermediate
in catalytic reactions.9 We hypothesized that coordina-
tion of an imine to an oxanickelacycle would be followed
by nucleophilic attack of the VCP toward the imine,
eventually resulting in diastereoselective cycloaddition,
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because this type of reaction proceeds via a cyclic inter-
mediate B.10,11 In this study, we successfully proved this
hypothesis. Herein, we demonstrated the Ni(0)-catalyzed
cycloaddition of vinylcyclopropanes and imines to afford
pyrrolidines with high regio- and diastereoselectivity.

Our study began with the reaction of vinylcyclopropane
1a with N-tosylbenzaldimine 2a in the presence of the
Ni(cod)2/PMe3 catalyst system. The reaction of 1a with
2a inCH3CN in the presenceof 5mol%ofNi(cod)2 and 10
mol%ofPMe3 at 30 �C for 5 h afforded the corresponding
pyrrolidine 3aa in 62% yield, although the cis/trans dia-
stereoselectivity was 6.0:1 (Table 1, entry 1). The major

diastereomer cis-3aa was confirmed by X-ray crystal
structure analysis. Optimization of the nickel catalyst,
i.e., the use of Ni(cod)2 and 1,2-bis(dimethylphosphino)-
ethane (dmpe), selectively afforded cis-3aa in excellent yield
with high diastereoselectivity, and trans-3aawas not formed
(entry 7). The use of other monodentate or bidentate
phosphine ligands gave inferior results (entries 2�6). From
among thevarious solvents examined,CH3CNgave thebest
results, affording 3aa in quantitative yield (entries 8�10).
When NiCl2 catalyst was used, no reaction occurred, which
suggested that a mechanism involving aNi(II) Lewis acid is
unlikely. No reaction occurred when a catalyst system
without Ni(cod)2 or dmpe was used.

We next investigated the scope of vinylcyclopropanes 1
and imines 2 that can be used in the reaction (Table 2).
Under the optimized conditions, the reaction of 1awith 2a

Scheme 1. Transition-Metal-Catalyzed [3 þ 2] Cycloaddition

Table 1. Nickel-Catalyzed Cycloaddition of 1a with 2aa

entry ligand solvent yieldb (%) drc

1 PMe3 CH3CN 62 6.0:1

2 PMe2Ph CH3CN 47 3.3:1

3 PMePh2 CH3CN 55 3.1:1

4 PPh3 CH3CN 60 6.5:1

5 PCy3 CH3CN 34 2.5:1

6 dppe CH3CN 73 5.2:1

7 dmpe CH3CN >99 (95) >99:1

8 dmpe iPrOH 82 >99:1

9 dmpe THF 65 >99:1

10 dmpe toluene 25 >99:1

aReactions were carried out using Ni(cod)2 (5 mol %), ligand, 1a
(5mol%), and 2a (0.30mmol) in 1mL of solvent for 5 h in a sealed tube.
bDetermined by 1H NMR analysis using CHBr3 as internal standard.
Isolated yield shown in parentheses. cDiastereomeric ratio between
cis-3aa and trans-3aa was determined by 1H NMR analysis. dppe:
1,2-Bis(diphenylphosphino)ethane. dmpe: 1,2-Bis(dimethylphosohino)-
ethane.

Table 2. Scope of Nickel-Catalyzed Cycloadditiona

aReactionswere carriedoutusingNi(cod)2 (5mol%), dmpe (5mol%),
1 (0.25 mmol), and 2 (0.30 mmol) in 1 mL of CH3CN at 30 �C for 5 h in a
sealed tube. Isolated yield is shown. Diastereomeric ratio is shown in
parentheses. bReaction performed for 10 h. cReaction performed for
24 h. dReaction performed at 50 �C. EWG: electron-withdrawing group.
Cy: cyclohexyl. Mes: mesityl.
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gave 3aa in 95% isolated yield.N-Tosyl-1-naphthaldimine
also gave 3ab in good yield when the reaction was pro-
longed to 24 h and the temperature was increased to 50 �C.
Electron-deficient aromatic aldimines also underwent this
reaction to afford pyrrolidine derivatives such as 3ac and
3ad in good yield, but the diastereoselectivity was slightly
low, 11:1 and 6.5:1, respectively. Surprisingly, an aromatic
aldimine possessing a bromo group selectively gave the
desired cycloadduct 3ae, instead of the oxidative insertion
of Ni(0) into the C�Br bond. On the other hand, this
method worked best for electron-rich aromatic aldimines
and heteroaromatic aldimines in terms of both yield and
diastereoselectivity (3af, 3ag, 3ah, 3ai, and 3aj). When
cinnamylaldiminewas used, the reaction afforded cycload-
duct 3ak. Aliphatic imines such as cyclohexyltosylimine
and tert-butyltosylimine also underwent this reaction to
give 3al and 3am, respectively. N-mesylimine and N-mesi-
tylsulfonylimine underwent [3 þ 2] cycloaddition with 1a

to give 3an and 3al, respectively; however, no reaction
occurred when using N-Ph imine or N-Ns imine (Ns:
2-nitrobenzenesulfonyl). The reaction of 1,1-diacyl-2-vi-
nylcyclopropane 1bwith2agave3badiastereoselectively in
60% yield12 Furthermore, a chemoselective reaction was
demonstrated by the [3 þ 2] cycloaddition of 1a with an
imine in the presence of an aldehyde (Scheme 2). The
reaction proceeded effectively to afford the desired pyrro-
lidine product 3af or 3aa in high yields (>91%). No
cycloadduct of 1a and the aldehyde was observed in any
case.

An asymmetric version of this highly regio- and diaste-
reoselective reaction was attempted. A preliminary study
showed that the reaction of 1a with 2l affords 3al in 90%

yield and with 49% ee when (R,R)-i-Pr-Duphos was
employed as a chiral phosphine ligand (Scheme 3). Other
chiral ligands such as (S,S)-Chiraphos and (R,R)-Me-Bpe
also gave 3al in good yields (80%and 92%) but with lower
enantioselectivity (35% ee and 7% ee). However, the
enantioselectivity was improved up to 56% ee, with 83%
yield, when the reaction was carried out at 0 �C using
(R,R)-i-Pr-Duphos as a chiral ligand.

In summary, we have demonstrated the nickel-catalyzed
[3 þ 2] cycloaddition of vinylcyclopropanes to imines to
obtain pyrrolidine derivatives with high diastereoselectiv-
ities. A nickel catalytic system and the coordination of
a tosyl substituent to nickel effectively promoted dia-
stereoselective cycloaddition, and various polysubstituted
pyrrolidines could be synthesized under mild reaction
conditions. Detailed studies to elucidate the underlying
reaction mechanism and efforts to improve the enan-
tioselectivity of asymmetric [3 þ 2] cycloaddition are
underway.
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Scheme 2. Chemoselective Cycloaddition

Scheme 3. Asymmetric Cycloaddition
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