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ABSTRACT: An asymmetric [3+3] cyclization of nitroenynes and 3-pyrrolyloxindoles has been realized with a chiral bifunctional
squaramide catalyst. This Michael/Friedel−Crafts cascade strategy provides a facile and efficient access to enantioenriched polycyclic
aza-spirooxindoles with 32−95% isolated yields and excellent stereocontrol under mild reaction conditions.

The aza-spirooxindole unit has been one of the most
common structural scaffolds in numerous bioactive

natural products (Figure 1).1 For example, (−)-vincatine
represents one type of Aspidosperma alkaloid.2 SOID-8 could
inhibit melanoma cell proliferation and induce apoptosis of
melanoma cells.3 Cipargamin, which is now under Phase II
clinic trials, has proven to be a new class of potent, fast-acting,
and dose-dependent antimalarial drug candidate.4 Compound
IV has demonstrated potent capability in inhibiting MDM2−
p53 interaction.5 Accordingly, considerable efforts have
recently been devoted to the stereoselective construction of
functionalized aza-spirooxindole scaffolds in the past decades,6

especially focused on the asymmetric and highly efficient
access to spiropyrrolidine oxindoles through formal [3+2]
cyclizations.7 However, the development of the asymmetric
methodology for the construction of spiropiperidinyl oxindole
received less attention, which is in stark contrast to its
prevalence in natural products and pharmaceuticals.8 On the
contrary, the 3-pyrrolyloxindoles, as efficient Michael donors,
are useful synthetic building blocks for the preparation of
diverse 3,3′-disubstituted oxindoles under organocatalysis.9

Moreover, the pyrrole moiety bearing an oxindole at the C3 position enabled Friedel−Crafts reaction with diverse electro-
philes, thus providing an attractive and straightforward strategy
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Figure 1. Examples of aza-spirooxindoles in bioactive compounds.

Scheme 1. Synthetic Strategies for Nitroenynes
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for the construction of chiral spiropiperidinyl oxindoles
through asymmetric [3+3] cyclization. To the best of our
knowledge, very few studies involved this intriguing compound
as a CNC three-atom synthon in asymmetric [3+n] cyclization
reactions.10

Electron-poor 1,3-enynes have been investigated as a
valuable synthon for building highly functionalized skeletons.
Among them, 1,3-enynes with a strong electron-poor nitro
group at the C1 (linear) position have widely served as
Michael acceptors to produce heterocyclic compounds in a
combination of organo and metal catalysts (Scheme 1a).11 In
contrast, another type of nitroenyne bearing a nitro group at
the C3 (branched) position, which also possessed two
electrophilic sites as an ideal 3C atom synthon, gained limited
attention for the preparation of diverse heterocycles.12

Recently, several elegant asymmetric approaches involving

the domino Michael/6-exo-dig cyclization reactions of
branched nitroenynes with a variety of bisnucleophiles have
been successfully realized by using organocatalysts (Scheme
1b, left).13 Notably, Shi and co-workers developed an
enantioselective tandem Michael/6-endo-trig cyclization of
branched nitroenynes with 1,3-cyclodiones under organo and
silver metal catalysis (Scheme 1b, right).14 Motivated by the
broad applicability of spiropiperidinyl oxindole scaffolds and
the potential of organocatalytic transformation of nitroenyne,

Table 1. Reaction Optimizationa

entry catalyst solvent yield (%)b drc ee (%)d

1 C1 DCM 92 1.7:1 12
2 C2 DCM 63 2.5:1 18
3 C3 DCM 97 1.7:1 0
4 C4 DCM 87 3.8:1 75
5 C5 DCM 97 2.6:1 81
6 C6 DCM 98 1.9:1 84
7 C6 DCE 98 2.0:1 79
8 C6 TBME 87 2.5:1 82
9 C6 toluene 88 2.4:1 83
10 C6 CHCl3 95 2.4:1 82
11 C6 THF 98 1.5:1 79
12 C6 PhCF3 90 2.0:1 80
13 C6 CCl4 98 2.0:1 80
14 C6 PhCl 88 2.1:1 81
15e C6 DCM 90 2.0:1 74
16f C6 DCM 95 2.4:1 81
17 C7 DCM 42 3.2:1 54
18 C8 DCM 85 3.0:1 92

aGeneral conditions: 1a (0.1 mmol, 1.0 equiv), 2a (1.2 equiv),
catalyst (10 mol %) in 1 mL of solvent, 24 h, rt. bIsolated yields.
cDetermined on the basis of the masses of the isolated diastereomers.
dDetermined by HPLC. eWith 10 mol % Ag2O.

fAt 0 °C for 72 h.

Scheme 2. Scope of Substrate Nitroenynes

Scheme 3. Scope of Substrate 3-Pyrrolyl-oxindoles
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we envisoned that the branched nitroenynes could also be
employed as biselectrophiles to trigger the asymmetric cascade
cyclization with 3-pyrrolyloxindoles in the presence of
bifunctional organocatalysts to produce the spiropiperidinyl
oxindole derivatives (Scheme 1c). The challenge of this design
arises from the control of the regioselective and stereoselective
Michael/Friedel−Crafts cascade process, especially the endo-
cyclization without the addition of Lewis acidic metal.
To test the feasibility of our reaction design, we probed a

model reaction between branched nitroenyne 1a and 3-
pyrrolyloxindole 2a under a bifunctional organocatalyst in
DCM. As shown in Table 1, with thioureas C1−C3 as the
catalysts, the reactions gave the desired aza-spirooxindole 3a in
63−97% yields and acceptable dr with poor enantioselectivity
at ambient temperature (Table 1, entries 1−3, respectively).
The screening of other chiral bifunctional organocatalysts
(C4−C6) was then carried out. To our delight, bifunctional
squaramide C6 was shown to be an effective catalyst, delivering
spiropiperidinyl oxindole 3a in 98% yield with 84% ee and
1.9:1 dr (entry 7). The subsequent solvent screening and the
addition of Ag2O as an additive did not improve the
stereoselectivity, albeit with comparable reactivity (entries 8−
15). Decreasing the reaction temperature to 0 °C had no effect
on the enantioselectivity. Finally, we focused our attention to
varying the type of sterically hindering groups on the
squaramide moiety. Gratifyingly, quinine-derived squaramide
C8 (entry 18), bearing a tert-butyl N substituent, resulted in
the best outcome, producing the desired 3a in a good yield of
85% with 3:1 dr and 92% ee.
With the optimized conditions in hand, the scope of various

branched nitroenynes (1) for the cyclization with 2a was first
examined (Scheme 2). The reactions of branched nitroenyne

bearing a para or meta substituent on the aryl group afforded
3b−3h in high yields with 84−92% ee and 3:1 to 13:1 dr. The
substituent at the ortho position furnished 3i in a moderate
yield of 48% with 13:1 dr and 65% ee, possibly due to steric
hindrance upon a Michael step. The 2-naphthyl or furyl group
instead of an aryl ring was also compatible with this
methodology to produce 3j and 3k in 80% yield with high
stereocontrol. Moreover, this protocol could also be applied to
various substituents at the alkyne tether, affording 3l−3q in
76−85% yields with 86−90% ee and 3:1 to 7:1 dr. In addition,
the absolute configuration of the resulting 3 was determined by
the X-ray analysis of 3e.15

We then turned our attention to the scope of substituted 3-
pyrrolyloxindoles 2. As shown in Scheme 3, this catalytic
strategy was compatible with several substituents on the
aromatic ring of oxindole. The electronic properties of the
substituents at the C5 position of oxindole rings showed a
weaker effect on this transformation, and either electron-rich
groups (CH3 and OCH3) or electron-poor groups (Cl and Br)
gave the target cycloadducts 3r−3u with good yields (70−
84%), diastereoselectivity (3:1), and high enantioselectivities
(85−92% ee). Similarly, good results were obtained with the
substituent at the C6 or C7 position of oxindoles (3w and 3y).
We also tested the substituent at the C4 position, which
decreased the reactivity (3v) and enantioselectivity because of
the steric hindrance. Interestingly, a switch of the N substituent
from methyl to benzyl led to a positive effect on the
stereoselectivity and afforded product 3z in 84% yield, 8:1
dr, and 97% ee (vs 3b). Extensive study indicated that the N-
benzyl-substituted 3-pyrrolyloxindoles could deliver the
corresponding products with better stereocontrol (3t vs 3t′,
3u vs 3u′, and 3w−3y vs 3w′−3y′). Further study of the N
protection indicated that the N-allyl substituent also afforded
3A with a comparable result. Variation of the N substituent
with i-Pr, phenyl, or H could also give the corresponding
products 3B−3D in good yield and enantioselectivity.
However, N protection with electron-poor groups, such as
Boc or Cbz, failed to afford the desired products.
A plausible catalytic reaction model for this cascade

cyclization was proposed. As illustrated in Scheme 4, the
reaction was initiated from the deprotonation of 3-pyrrolylox-
indole 2a by the quinuclidine nitrogen of C8, which resulted in
formal indol-2-ol. Meanwhile 3-nitroenyne 1a was activated by
double H-bonding between the squaramide moiety and the
nitro group of 1a. The formal indol-2-ol then underwent a
Michael addition from the Re-face. The nitroenyne approaches
with its Si-face because of the bulky N-tert-butyl group on C8.
Presumably, the N-benzyl group of 2 shielded the Si-face attack
to afford better enantioselectivity. The subsequent proton
transfer of intermediate I resulted in allenyl II as its resonance
form. After that, the pyrrolyl moiety of 2a was added to
nitroallene II in a 6-endo-trig intramolecular Friedel−Crafts
cyclization. The further isomerization of III gave rise to the
target aza-spirooxindole 3a.
To demonstrate the practicability of the cascade cyclization,

a scale-up synthesis of 3 was conducted on a 2.2 mmol scale,
giving the desired 3z in 76% yield with maintained dr and ee
values. Additionally, the treatment of 3z with n-Bu3SnH
selectively reduced the CC bond and afforded product 4 in
68% yield with excellent stereoselectivity. The absolute
stereochemistry of 4 at the two new chiral centers was
confirmed by NOESY analysis (Scheme 5).

Scheme 4. Proposed Reaction Mechanism

Scheme 5. Scale-Up and Further Transformations
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In summary, we have developed a facile and practical
asymmetric cascade Michael/Friedel−Crafts reaction between
branched nitroenynes and 3-pyrrolyloxindoles using a quinine-
derived squaramide organocatalyst. It demonstrated an
alternative utility of nitroenyne in 6-endo-trig cyclization and
provided a straightforward access to various structurally
spiropiperidinyl oxindole in good to high yields and
enantioselectivities. This novel approach features mild reaction
conditions, is metal-free, and features excellent functional
group compatibility. Further studies of the enantioselective
transformation of nitroenyne are underway in our laboratory.
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