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ABSTRACT

Facile access to enantioenriched isoindolines bearing a quaternary stereogenic center and a tertiary stereogenic center was successfully
developed via highly efficient Cu(I)/(S,Rp)-PPFOMe-catalyzed asymmetric 1,3-dipolar cycloaddition of azomethine ylide with quinone derivatives
followed by silica-gel-promoted aromatization in a one-pot reaction protocol. The present catalytic system exhibited high diastereoselectivity,
excellent enantioselectivity, and a broad substrate scope under mild conditions.

Catalytic enantioselective 1,3-dipolar cycloaddition of
azomethine ylides to electron-deficient alkenes is a power-
ful and atom-economical carbon�carbon bond-forming
reaction that facilitates the synthesis of a range of structur-
ally and stereochemically rich pyrrolidines.1 Because the
resulting highly substituted pyrrolidines are prevalent in
many natural alkaloids, compounds of pharmaceutical
significance, organocatalysts, and biologically important
building blocks in organic synthesis,2 recent research has
focusedon the catalytic asymmetric versionof the1,3-dipolar

cycloaddition of azomethine ylides.3 Since the first catalytic
asymmetric 1,3-dipolar cycloaddition of azomethine ylides
to electron-deficient alkenes reported by Zhang using
AgI/Xylyl-FAP,3a and Jørgensen employing the ZnII/
bisoxazo-line complex,3b catalytic asymmetric 1,3-dipolar
cycloaddition has been one of the most powerful and
diversity-oriented syntheses (DOS)4 for the construction of
a rangeof structurally andstereochemically richpyrrolidines.
Despite excellent results achieved for this transformation,
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most dipolarophiles applied in these reactions are the
derivatives of conjugated unsaturated esters or enones,
maleimides, vinyl sulfones, and nitroalkenes.1,3

However, readily available quinone derivatives, which
contain two electron-withdrawing carbonyl groups and
were employed successfully as dienophiles in asymmet-
ric Diels�Alder reactions,5 have been seldom applied as
dipolarophiles in the catalytic asymmetric 1,3-dipolar
cycloaddition of azomethine ylides probably due to the
challenging synthetic difficulties associated with enantio-/
diastereoselectivity control. Recently, Gong et al. reported
an elegant procedure6 for the first organocatalytic asym-
metric 1,3-dipolar cycloaddition of quinone derivatives
with in situ formed azomethine ylides followed by sub-
sequential base-promoted isomerization leading to the
asymmetric synthesis of biologically active isoindoline
derivatives7 with excellent diastereo- and enantioselectiv-
ity. Nevertheless, despite this recent advance in the appli-
cation of quinones as dipolarophiles, limitations still
persist in this area, particularly in the context of efficient
construction of enantioenriched isoindoline derivatives8

bearing a quaternary stereogenic center.9 In this commu-
nication, we reported a facile and one-pot approach to
isoindolines bearing a quaternary stereogenic center via
highly efficient Cu(I)-catalyzed 1,3-dipolar cycloaddition

followed by sequential aromatization with excellent dia-
stereoselectivity and high enantioselectivity (Scheme 1).
Recently, we reported that Cu(I) or Ag(I)/chiral TF-

BiphamPhos complexes exhibited excellent results in the
catalytic asymmetric 1,3-dipolar cycloaddition of azo-
methine ylides with various electron-deficient alkenes.10

It would be reasonable that quinone derivatives could also
be employed as dipolarophiles in such a catalytic system
considering its structural similarity with the commonly
used dipolarophile dimethyl maleate. Unfortunately, as
outlined in eq 1 in Scheme 2, no desired product was
observed when the reaction of glycinate derived imino
ester 1withnaphthoquinone 2was examinedwithAgOAc/
PPh3 as the catalyst and Et3N as the base at rt, and the
pyrole 3 was formed unexpectedly in high yield. Isolation
of pyrrole indicated that the possible pyrrolidine inter-
mediate did form through a 1,3-dipolar cycloaddition
reaction pathway; however, this labile species was easily
oxidized to deliver the corresponding pyrrole.11 We en-
visaged that treatment of an R-substituted imino ester
under the same reaction conditions would significantly
inhibit the above-mentioned undesired oxidation, as fur-
ther reaction could be efficiently suppressed by the formed
quaternary carbon stereogenic center adjacent to the
N-atom of the five-membered pyrrolidine ring. Then,
(()-phenylalanine-derived imino ester 4a was tested, and
the reaction was finished in less than 4 h at rt. To our
surprise, although two newly formed spots were detected
on the TLCplate, only isoindoline 5a corresponding to the
less polar spot could be isolated. Later, we found the more
polar compound rapidly turned into the less polar isoindo-
line 5a when mixing the reaction mixture with silica gel.
Based on these results, we postulate that the more polar
compound may be the labile keto-isomer of 5a, that is,
the normal 1,3-dipolar cycloaddition adduct, and the
more stable isoindoline 5a was easily fully achieved via a
subsequent silica-gel-promoted aromatization in a one-pot
reaction protocol (Scheme 2, eq 2).

Scheme 1. Catalytic Asymmetric Synthesis of Isoindoline
Derivatives

Scheme 2. Initial Test Employing Glycinate-Derived Imino Ester 1 and Phenylalaninate-Derived Imino Ester 4a as the Dipolar
Precursor in the Reaction with Naphthoquinone
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Encouraged by these results, we then investigated the
asymmetric version of this one-pot and sequential 1,3-
dipolar cycloaddition/aromatization reaction to evaluate
the enantioselectivity with chiral ligands, and the results
were summarized in Table 1. Having exhibited excellent
stereoselective control in the 1,3-dipolar cycloaddition of
azomethine ylides, chiral TF-BiphamPhos10a developed in
this research group was first tested in this reaction. Com-
binedwith chiral TF-BiphamPhosL1 andL2, bothCuBF4

andAgOAc show high catalytic activities and afforded the
desired product in good yields with excellent diastereos-
electivities albeit with low enantioselectivities (Table 1,
entries 1�4). Other commercially available chiral ligands
such as BINAP and Monophos were also tested in this
transformation affording unsatisfied results (see Support-
ing Information for more details). Next, readily available
Ugi amine12-derived ferrocenyl ligands L3�L6 were iden-
tified as promising chiral ligands. (S,Rp)-PPFOMe13 L6

exhibited the best performance in terms of the reaction rate
and enantioselectivity among the tested ligands, giving
rise to the isoindoline 5a as the sole isomer in 85% yield
with excellent diastereoselectivity (>20:1 dr) and 78% ee
(entry 9). Reducing the reaction temperature from rt to
�20 �C led to reaction completion in good yield with 87%
ee (entry 10). Solvent effects were investigated for this
transformation, and toluene was revealed to be the best
solvent in terms of the reaction rate, yield, and enantio-
selectivity (entry 13).
Next, the scope and generality of this one-pot and

sequential 1,3-dipolar cycloaddition/aromatization of
naphthoquinone 2 with a variety of imino esters 4 were
investigated under the optimized experimental conditions.
As shown in Table 2, imino esters bearing electron-rich
(entries 6�10), electron-neutral (entries 1 and 11), and
electron-deficient groups (entries 2�5) on the aryl ring
reacted with naphthoquinone 2 smoothly affording the
corresponding cycloadducts (5a�5k) exclusively in good
yields (79�93%) and high enantioselectivities (92�97%)
at �20 �C within 12�24 h. The substitution pattern and
electronic property of the phenyl ring have little effect on
the enantioselectivity. It is noteworthy that comparable
results were still achieved for the sterically hindered ortho-
chloro, ortho-methyl, and ortho-methoxyl imino esters 4c,
4g, and 4j in terms of diastereo-/enantioselectivity and
reactivity (entries 3, 7, and10).Additionally, the heteroaryl
substituted imino ester 4l derived from 2-furylaldehyde
also works in this transformation leading to a 76% yield
and 94% ee (entry 12). Notably, the less reactive imino

Table 1. Optimization of One-Pot and Sequential Catalytic
Asymmetric 1,3-DC/Aromatization of Imino Ester 4a with
Naphthoquinone 2a

aAll reactions were carried out with 0.26 mmol of 4a and 0.20 mmol
of 2 in 2mLof solvent. CuBF4=Cu(CH3CN)4BF4.

b Isolated yield. cEe
was determined by HPLC analysis.
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ester 4m from aliphatic cyclohexane-carbaldehyde was
tolerated in this reaction, and the corresponding adduct
could be obtained in 70% yield and, remarkably, 94% ee
(entry 13). To further expand the synthetic utility of this
transformation, imino esters derived from other R-substi-
tuted amino acids have also been examined. Under the
optimal reaction conditions, high yields and excellent
diastereoselectivities were uniformly observed for the aldi-
mino esters derived from (()-alanine, (()-2-aminobutyric
acid, (()-2-aminopentanoic acid, (()-leucine, and (()-2-
phenylglycine (entries 14�18).
The absolute configuration of adduct 5b achieved by

Cu(I)/(S,Rp)-PPFOMe was unequivocally determined
as (1R,3R) by X-ray crystallographic analysis of a single
crystal (Figure 1). Those of other adducts are tentatively
proposed on the basis of these results.
The potential of this catalytic approach is further de-

monstrated by the reaction of benzoquinone 6 with imino
ester 4a under the optimized reaction conditions to afford

the cycloadduct 7 in excellent diastereoselectivity and good
enantioselectivity (Scheme 3).

In conclusion, we have successfully developed a facile
access to enantioenriched isoindolines via highly efficient
Cu(I)-catalyzed asymmetric 1,3-dipolar cycloaddition fol-
lowed by silica-gel-promoted aromatization in a one-pot
reaction protocol. The success of this methodology relies
on logic design and rational optimization which led
to utilizing R-substituted imino esters as the dipoles. The
highly efficient Cu(I)/(S,Rp)-PPFOMe combined with
silica gel exhibited excellent performances, providing en-
antioenriched isoindolines containing a quaternary and a
tertiary stereogenic center in high yield, and excellent
stereoselectivities. Further investigations of the scope and
synthetic applicationof thismethodologyare ongoing, and
the results will be reported in due course.
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Table 2. Substrate Scope of One-Pot and Sequential
Asymmetric 1,3-DC/Aromatization of Imino Ester 4 with
Napthoquinone 2a

entry R1 R2 5 yield (%)b ee (%)c

1 Ph (4a) Bn 5a 86 96

2 p-Cl-C6H4 (4b) Bn 5b 89 95

3 o-Cl-C6H4 (4c) Bn 5c 87 94

4 m-Cl-C6H4 (4d) Bn 5d 87 94

5d p-CF3-C6H4 (4e) Bn 5e 87 92

6 p-Me-C6H4 (4f) Bn 5f 93 95

7 o-Me-C6H4 (4g) Bn 5g 81 93

8 m-Me-C6H4 (4h) Bn 5h 86 97

9 p-MeO-C6H4 (4i) Bn 5i 81 96

10 o-MeO-C6H4 (4j) Bn 5j 85 94

11d 2-naphthyl (4k) Bn 5k 79 97

12 2-furyl (41) Bn 51 76 94

13 Cy (4m) Bn 5m 70 94

14 Ph (4n) Me 5n 82 89

15 Ph (4o) Et 5o 90 94

16d Ph (4p) Pr 5p 77 90

17d Ph (4q) i-Bu 5q 74 93

18d Ph (4r) Ph 5r 86 93

aUnless otherwise noted, the reaction was carried out with
0.26mmol of 4 and 0.20mmol of 2 in 2mLof toluene at�20 �C. b Isolated
yield. cEe was determined by HPLC analysis. dCarried out at 0 �C.

Figure 1. X-ray structure of (1R,3R)-5b.

Scheme 3. Catalyst Asymmetric One-Pot Sequential
1,3-DC/Aromatization of Benzoquinone 6 and Imino Ester 4a
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