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etric synthesis of spirocyclobutyl
oxindoles and beyond via [2+2] cycloaddition and
sequential transformations†

Xia Zhong, Jiuqi Tan, Jianglin Qiao, Yuqiao Zhou, Cidan Lv, Zhishan Su,
Shunxi Dong * and Xiaoming Feng *

Efficient asymmetric synthesis of a collection of small molecules with structural diversity is highly important

to drug discovery. Herein, three distinct types of chiral cyclic compounds were accessible by

enantioselective catalysis and sequential transformations. Highly regio- and enantioselective [2+2]

cycloaddition of (E)-alkenyloxindoles with the internal C]C bond of N-allenamides was achieved with

N,N0-dioxide/Ni(OTf)2 as the catalyst. Various optically active spirocyclobutyl oxindole derivatives were

obtained under mild conditions. Moreover, formal [4+2] cycloaddition products occurring at the terminal

C]C bond of N-allenamides, dihydropyran-fused indoles, were afforded by a stereospecific sequential

transformation with the assistance of a catalytic amount of Cu(OTf)2. In contrast, performing the

conversion under air led to the formation of g-lactones via the water-involved deprotection and

rearrangement process. Experimental studies and DFT calculations were performed to probe the

reaction mechanism.
Introduction

Diversity-oriented synthesis (DOS)1 aims to create a library of
small molecules with structural complexity and diversity in an
efficient manner. Over the past two decades, great endeavors
have been devoted to developing new methods and strategies
towards this goal.2 Sequential reactions of chiral molecules
generated in situ from asymmetric catalysis greatly enriched
the chemical space,3 but discovering such synthons and
convenient conditions without erosion of stereoselectivity
remains challenging. N-Allenamides have attracted consid-
erable interest as a versatile reagent in organic synthesis.4

Structurally, the amide moiety in N-allenamides is critical to
strike the right balance between their reactivity and stability.
This special structure endows N-allenamides with unique
reactivity in diverse transformations,4a,b,5 such as addition
reactions, cycloadditions and so on. Interestingly, both
internal and terminal C]C bonds of N-allenamides have been
disclosed in cycloaddition reactions4b–e,6 including asym-
metric versions4d (Scheme 1a). The regioselectivity of allenes
depends on the choice of the catalyst,7 substrate8 and the
nology, Ministry of Education, College of

0064, China. E-mail: dongs@scu.edu.cn;
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ESI) available: 1H, 13C{1H} and 19F{1H}
, and CD spectra (PDF). X-ray
rac-5aa. CCDC 2042864, 2052253 and
a in CIF or other electronic format see

the Royal Society of Chemistry
substituent on the amide group.9 These impressive features
make N-allenamides a promising substrate in diversity-
oriented synthesis.

Cyclobutane is present in many biologically active
compounds,10 and is also an appealing building block in
synthetic organic chemistry.11 Among a number of protocols for
the synthesis of cyclobutanes,12 the [2+2] cycloaddition
Scheme 1 Asymmetric [2+2] cycloadditions of N-allenamides.
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represents one of most powerful strategies due to its high effi-
ciency and stereoselectivity.12d–f In this context, the [2+2] cyclo-
additions of olens with either terminal or internal C]C bonds
of N-allenamides have been accomplished by using a chiral
cationic Au(I) catalyst13 or Lewis acid catalyst14 (Scheme 1a).
Considering the frequent occurrence of the spirocyclobutyl
oxindole skeleton in bioactive molecules,12h–j,15 it is highly
desirable to develop reliable access to spirocyclobutyl oxindole
derivatives.16 In continuation with our interest in chiral N,N0-
dioxide/metal Lewis acid catalysis17 and inspired by elegant
studies5,13,14 on the N-allenamide chemistry, herein, we
demonstrated that catalysts could promote the direct asym-
metric [2+2] cycloaddition of (E)-alkenyloxindoles with N-alle-
namides for straightforward access to optically active
spirocyclobutyl oxindole derivatives (Scheme 1b). Moreover,
further diversied transformation18 of the internal C]C bond-
involved product catalyzed by a copper salt enabled the one-pot
synthesis of tetradropyranoindole derivatives, which seem to be
the formal [4+2] cycloaddition adducts of the terminal C]C
bond of N-allenamides. Further transformation in the presence
of acid and water gave 40-methylenedihydrofuranone-
substituted oxindole derivatives.
Table 1 Optimization of the reaction conditionsa

Entry Ligand Yield of (3aa + 4aa)b (%) 3aa : 4aac

eec (%)

3aa 4aa

1 w/o 13 1 : 99 — 0
2 L3-PiPr2 58 89 : 11 91 51
3d L3-PiPr2 39 1 : 99 — 60
4 L2-PiPr2 59 60 : 40 58 83
5 L4-PiPr2 55 97 : 3 95 —
6 L4-PrPr2 55 98 : 2 79 —
7 L4-RaPr2 75 97 : 3 90 —
8 L5-RaPr2 74 98 : 2 95 —
9e L5-RaPr2 94 98 : 2 95 —
10 L1 29 1 : 99 — 0
11 L2 33 1 : 99 — �11

a Unless otherwise noted, all reactions were carried out with 1a (0.05
mmol), 2a (1.0 equiv.), and ligand/Ni(OTf)2 (1 : 1, 10 mol%) in CH2Cl2
(0.1 M) at 30 �C for 16 h under N2.

b Isolated yield of 3aa and 4aa.
c Determined by HPLC on a chiral stationary phase. d Ligand/Ni(OTf)2
(1 : 1.5). e 2a (1.2 equiv.) in CH2Cl2 (0.2 M) at 35 �C. Ts ¼ p-tosyl.

9992 | Chem. Sci., 2021, 12, 9991–9997
Results and discussion

Initially, (E)-alkenyloxindole 1a and N-allenaminde 2a were
selected as the model substrates. The key reaction condition
optimization is listed in Table 1 (for more details, see the ESI†).
In the preliminary screening, only tetradropyranoindole deriv-
ative 4aa, the formal [4+2] cycloaddition product19 reacting at
the terminal C]C bond of N-allenamide, was obtained in the
presence of Ni(OTf)2 (entry 1, 13% yield). Interestingly, when
the reaction was performed by the use of the chiral L3-PiPr2/Ni

II

complex, the [2+2] cycloaddition reaction took place smoothly,
affording the corresponding internal C]C bond involved spi-
rocyclobutyl oxindole 3aa as the major product with 91% ee
(3a : 4a ¼ 89 : 11, in total 58% yield; entry 2). It is worth
mentioning that when excessive amounts of the metal salt
existed in the catalytic system with the chiral ligand, it led to the
exclusive isolation of the product 4aa in 39% yield and 60% ee
(entry 3). The examination of ligands suggested that the length
of the carbon tether has a signicant effect on the reaction, and
the longer linker of N,N0-dioxide resulted in better chemo-
selectivity and enantioselectivity (entries 2, 4 and 5, the ratio of
3aa to 4aa, from 60 : 40 to 97 : 3). Variation of the chiral back-
bone exhibited that (S)-2-pipecolic acid derived L4-PiPr2 gave
better enantioselectivity, while L-ramipril derived L4-RaPr2
resulted in a higher yield and comparable ee value (entries 5–7).
The level of enantioselectivity increased to 95% ee when L5-
RaPr2 with a ve-carbon tether was used as the ligand (entry 8).
We also identied other parameters for this asymmetric [2+2]
cycloaddition reaction (see ESI, Tables S1–S4† for details), and
94% yield and 95% ee were obtained when 1.2 equivalents of 2a
were used at higher temperature and concentration (entry 9). It
Table 2 Optimization of Lewis acids for the sequential reactiona

Entry Metal salt Yieldbb (%) 3aa : 4aac ee of 4aac (%)

1 Ni(OTf)2 76 82 : 18 92
2 Zn(OTf)2 54 6 : 94 91
3 Mg(OTf)2 52 34 : 66 91
4 Cu(OTf)2 49 1 : 99 93
5dd Cu(OTf)2 70 1 : 99 93
6ee Cu(OTf)2 70 1 : 99 93

a Unless otherwise noted, all reactions were initially carried out with 1a
(0.05 mmol), 2a (1.2 equiv.), L5-RaPr2 (10 mol%) and Ni(OTf)2 (10 mol%)
in CH2Cl2 (0.2 M) at 35 �C for 16 h. Then, the metal salt (5 mol%) in
CH2Cl2 (0.1 M) was added and stirred at 30 �C for 16 h under air.
b Isolated yield of 4aa based on 1a. c Determined by HPLC on a chiral
stationary phase. d 4 Å MS (10 mg) in CHCl3 (0.05 M) was used for the
second transformation for 3 h. e Isolated 3aa was treated with
Cu(OTf)2 (5 mol%) and 4 Å MS (10 mg) in CHCl3 (0.05 M) at 30 �C for
4 h under N2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Substrate scopesa

a Unless otherwise noted, the [2+2] cycloaddition conditions were the
same as in Table 1, entry 8; and the synthesis of product 4 followed
the same procedure as in Table 2, entry 5. Isolated yields of 3 and 4
are based on 1. The ee value was determined by HPLC on a chiral
stationary phase. b Cu(OTf)2 (10 mol%). c Cu(OTf)2 (7.5 mol%).
d 4fa : 3fa ¼ 19 : 1. e 4la : 3la ¼ 9 : 1. f Cu(OTf)2 (12.5 mol%).
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should be noted that the use of other ligands, such as BINOL L1
or oxazoline L2, only led to the formation of [4+2] cycloaddition
product 4aa in moderate yield with a low ee value (entries 10
and 11). Noteworthily, the diastereoselectivity of [2+2] cycload-
dition was very high as only one diastereomer was detected in
all cases.

It was observed that the presence of the metal salt (Table 1,
entry 1 and 3) led to the formation of 4aa. The control experi-
ment showed that the isolated spirocyclobutyl oxindole 3aa
could be transformed into 4aa in 37% yield accompanied by
a tiny amount of the by-product by treatment with 5 mol% of
Ni(OTf)2 aer 16 h under an air atmosphere (See ESI, Table S5
and Fig. S4† for more details). In contrast, [4+2] product 4aa did
not transform into the spirocyclobutyl oxindole 3aa at all under
the same conditions. It was indicated that the [2+2] cycloaddi-
tion occurred initially, followed by an achiral Lewis acid-
accelerated rearrangement to yield tetradropyranoindole 4aa.
Further investigation of other Lewis acids for a one-pot
sequential reaction (Table 2), such as, Ni(OTf)2, Mg(OTf)2,
Zn(OTf)2 or Cu(OTf)2, manifested that Cu(OTf)2 performed
better (Table 2, entries 1–4). When 4 Å MS was added as a water
scavenger, the total yield of 4aa increased to 70% in CHCl3
(entry 5), and the formation of the byproduct was obviously
reduced. During these procedures, the enantioselectivity of the
product 4aa was high and 93% ee was obtained aer Cu(OTf)2
promoted sequential transformation. The result of one-pot
sequential reactions was nearly the same as the two-step
transformation (entry 6 vs. entry 5).

With the optimized reaction conditions in hand, the
substrate scopes to synthesize chiral spirocyclobutyl oxindoles
via chiral nickel(II) complex catalyzed [2+2] cycloaddition, and to
synthesize tetradropyranoindoles via one-pot sequential trans-
formation were investigated (Table 3). The effects of the ester
groups of (E)-alkenyloxindole were rst evaluated, and both
yields and ee values were elevated gradually with the increase of
steric hindrance of the ester group (3aa–3ea). The substrates
with different substituents on the indole ring at the C5, C6, and
C7 positions took part in the reaction smoothly, providing the
desired spirocyclobutyl oxindoles 3fa–3pa in 72–94% yield with
87–96% ee. Moreover, the C5,C6-diuoro substituted alkeny-
loxindole was also applicable, affording 3qa in 76% yield and
92% ee. Subsequently, we turned our attention to the scope of
N-allenamindes 2. Various substituted N-allenamindes were
suitable in the current system, giving the corresponding prod-
ucts in good yields and excellent enantioselectivities (3ab–3ag,
69–97% yield, and 93–96% ee). The absolute conguration of
product 3aa was determined to be (1R,2R,4S) by X-ray crystal-
lography analysis,20 and the others were assigned by comparing
their CD spectra with that of 3aa (see the ESI† for details). In
comparison, the trend of enantioselectivity of the products 4
was similar to that of the corresponding spirocyclobutyl oxin-
doles. As depicted in Table 3, (E)-alkenyloxindoles and N-alle-
namides transformed into the tetradropyranoindoles in 33–
83% yields and 70–93% ee aer one-pot sequential trans-
formation. The absolute conguration of 4ka was assigned as
(R,E) on the basis of the absolute conguration of 3ka and the
relative conguration of racemic 4ka.20
© 2021 The Author(s). Published by the Royal Society of Chemistry
The structure of byproduct 5aa accompanied by the forma-
tion of 4aa in the sequential reaction was determined to be a g-
lactone derivative by X-ray crystal diffraction analysis.20 We
proposed that g-lactone 5aa was probably generated via water-
involved hydrolysis with concomitant deprotection of the N-
Boc group, following rearrangement (mechanism explanation is
shown in Fig. 2b, cycle B). Interestingly, treatment of spi-
rocyclobutyl oxindole 3aa with Cu(OTf)2 under air afforded g-
lactone 5aa with sharply improved yield (Scheme 2a; 70%,
65 : 35 dr, 95% ee for each diastereomer). Moreover, exposure of
product 4aa to triuoroacetic acid (TFA) also led to the forma-
tion of 5aa in 59% yield, 65 : 35 dr and 95% ee for each dia-
stereomer (Scheme 2a). Subsequently, the conversion of
spirocyclobutyl oxindoles 3 to g-lactone substituted oxindoles 5
was examined (Scheme 2b).21 Under the inuence of Cu(OTf)2,
[2+2] products 3 with different substituents transformed into
the corresponding products 5 in moderate yields and diaster-
eoselectivities (44–70% yield, 65 : 35–69 : 31 dr) without any
loss of enantioselectivity. The poor diastereoselectivity is due to
Chem. Sci., 2021, 12, 9991–9997 | 9993
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Scheme 2 The preparation of 40-methylenedihydrofuranone-
substituted oxindoles 5 and dihydropyran-fused indole products 7.

Scheme 3 Scale-up reactions and further transformations of the
products.
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the epimerization balance at the C3-position of oxindoles, and
stereochemistry at the g-lactone structure was maintained.

Alkoxyallenes 6 were turned out to be suitable reaction
partners. In these cases, [4+2] products 7 were obtained directly
without the detection of the [2+2] cycloaddition products in the
reaction system (see ESI, Table S10† for details). As shown in
Scheme 2c, representative examples of alkoxyallenes 6 were
tested, and all the reactions proceeded well, providing the cor-
responding dihydropyran-fused indole products in moderate
yields and excellent enantioselectivities (7aa–7ac, 48–60% yield,
and 94–97% ee).

To show the potential synthetic utility of the current method,
scale-up synthesis of 3aa, 4qa and 5ab was carried out. Under
the optimized reaction conditions, 1a (2.0 mmol) reacted with
2a (2.4 mmol) smoothly, providing the spirocyclobutyl oxindole
3aa in 89% yield (1.12 g) with 90% ee (Scheme 3a). It should be
noted that for the synthesis of dihydropyran-fused indole
product 4qa, increasing the amount of Cu(OTf)2 (7.5 mol%) and
4 Å MS, and the reaction concentration (0.07 M) was necessary
to get high yield (58% yield for two steps) in 88% ee by
employing 1.60 mmol 1q (Scheme 3b). g-Lactone 5ab was ob-
tained in 63% yield (0.72 g), 66 : 34 dr and 94% ee for each
diastereomer (Scheme 3c). Furthermore, hydrogenation of 3aa
in the presence of Pd/C and H2 gave rise to densely substituted
spirocyclobutyl oxindole 8 in 95% yield, 85 : 15 dr and 95% ee
(Scheme 3d). Hydrogenation of 4aa resulted in C–O bond
cleavage of the pyran ring, delivering the product 9 in 75% yield,
60 : 40 dr and 92/92% ee (Scheme 3e).

To probe the mechanism for the transformation, the
Cu(OTf)2-catalyzed isomerizations from 3aa to E-4aa or Z-4aa
were studied at the M06-D3/6-31G(d,p) (SMD, dichloromethane)
theoretical level and the energy proles are shown in Fig. 1 (see
9994 | Chem. Sci., 2021, 12, 9991–9997
ESI,† computational details part for more details). 3aa coordi-
nated to Cu(OTf)2 in a bidentate fashion, forming an interme-
diate IM1. This process was exothermic by 25.5 kcal mol�1.
Then, it underwent a ring-opening process via transition state
TS1, generating intermediate I. Suffering from the steric
repulsion from the OTf� anion in the catalyst, the relative Gibbs
free energy of intermediate II with s-cis-unsaturated imine s-cis-
II was slightly higher than that with the s-trans-one by
0.8 kcal mol�1. In the following step, the C–O bond in E-IM2was
constructed via transition state E-TS2, with DGs of
12.3 kcal mol�1. In contrast, the activation barrier associated
with the formation of Z-IM2 via Z-TS2 was 14.3 kcal mol�1. In
addition, Z-IM2 was less stable than E-IM2 by 5.0 kcal mol�1.
These results indicated that E-4aa was predominantly formed in
the presence of Cu(OTf)2. Although heating 3aa in DCE at 80 �C
for 24 h led to the generation of E-4aa, the DFT studies indicated
that the presence of Cu(OTf)2 could accelerate this conversion
with low activation barriers (12.8 and 12.3 kcal mol�1), thus
making the reaction possible at 30 �C (see ESI, Fig. S5† for more
details).

Based on the above analysis and the X-ray crystal structures
of product 3aa and the L3-PiPr2/Ni

II complex,22 a possible
working mode was proposed to elucidate the stereoselectivity of
the [2+2] reaction. As shown in Fig. 2a, chiral N,N0-dioxide and
alkenyloxindole 1a coordinated to NiII in tetradentate and
bidentate fashions respectively to form a slightly distorted
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Energy profiles for the isomerization from 3aa to E-4aa or Z-4aa catalyzed by Cu(OTf)2.
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hexahedral complex. The Si-face of the substrate 1a was shiel-
ded by the substituted aniline group on the ligand. Conse-
quently, N-allenamide 2a approached from its b-Re-face to form
the zwitterionic intermediate, followed by cyclization from the
Re-face of the imine moiety to afford [2+2] cycloaddition adduct
(1R,2R,4S)-3aa.

When Lewis acid Cu(OTf)2 comes into contact with [2+2]
adduct 3aa, it will bond the N-Boc oxindole in a bidentate
manner, leading to ring opening of the strained cyclobutyl
structure to deliver the zwitterionic intermediate I (Fig. 1). Then
the isomerizarion of intermediate I provided unsaturated imine
Fig. 2 Proposed transition state model and mechanism.

© 2021 The Author(s). Published by the Royal Society of Chemistry
s-trans-II, which was trapped by the intramolecular Lewis acid-
bonded enol anion to generate the dihydropyran-fused indole
product E-4aa. This reaction pathway was rationalized by DFT
studies as well (see ESI, Fig. S11–S13† for more details). During
the process, the stereocenter at the ester substituent is unaf-
fected, and thus the enantioselectivity of 4aa is maintained. On
the other hand, when 3aa was isolated and the second step was
performed under an air atmosphere, aer the formation of
intermediate I, deprotection of the Boc group and hydrolysis of
the ester unit successively take place under the inuence of
Lewis acid Cu(OTf)2,3c,23 affording the acid intermediate III.
Subsequently, diastereoselective intramolecular Mannich-type
cyclization and proton transfer occurs, yielding the lactone
product 5aa with high enantioselectivity (Fig. 2b, cycle A).
Moreover, treatment of product 4aa with TFA gave rise to
intermediate V, which underwent ring-opening and proton
transfer to produce 5aa (Fig. 2b cycle B, see ESI, Fig. S6† for
more details).
Conclusions

In summary, we have successfully developed a highly enantio-
selective [2+2] cycloaddition reaction between the internal C]C
bond of N-allenamides and (E)-alkenyloxindole catalyzed by
a chiral L5-RaPr2/Ni(OTf)2 catalyst. The appropriate steric and
electronic properties of the catalyst enable the controllable
formation of chiral spirocyclobutyl oxindole derivatives in good
yields with high stereoselectivities, suppressing the rearrange-
ment into thermodynamically stable formal [4+2] adducts.
Nevertheless, diversity-oriented synthesis via sequential trans-
formations was available, such as dihydropyran-fused indoles
and lactones from chiral spirocyclobutyl oxindoles, which could
be performed in a one-pot manner by the use of additional
Chem. Sci., 2021, 12, 9991–9997 | 9995
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copper salt in the absence or presence of water. On the basis of
control experiments and DFT studies, plausible transition state
model and catalytic cycles were proposed to explain the origin of
chem- and stereoselective control and transformation
processes. The synthesis of three different kinds of enantioen-
riched cyclic compounds from the same starting materials and
chiral catalysts makes the current methodology attractive.

Data availability
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