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An N-heterocyclic carbene (NHC)-catalysed retro-aldol/aldol cascade reaction of spirooxindole-based
β-hydroxyaldehyde has been developed. The ring opening-closure process enables the diastereodi-
vergent synthesis of spirocyclopentaneoxindole products with four consecutive stereocenters by simply
changing the reaction solvents (THF or DCE). The Michael/aldol/retro-aldol/aldol sequential protocol
allows the diastereodivergent synthesis of spirocyclopentaneoxindoles from 3-substituted oxindole and
α,β-unsaturated aldehyde under the relay catalysis of a chiral secondary amine and an NHC catalyst.
Moreover, four stereoisomers of the product can be selectively provided by using different combinations
of a chiral secondary amine and a solvent.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
The control of stereoselectivity is one of the central themes of
current organic synthesis. Developing synthetic strategies to obtain
the full set of stereoisomers of an important molecules is of great
significance [1]. For example, stereoisomers of a drugmoleculemay
exhibit different biological activities. Stereodivergent catalysis is an
ideal strategy, which can achieve precise control of the relative
configuration and absolute configuration by changing the reaction
conditions, thereby allow efficient access to multiple stereoisomers
of a given product from the same set of startingmaterials [2]. Using
different chiral catalysts [3], centralmetals [4], ligands [5], additives
[6], or utilizing synergistic catalytic systems are common strategies
to achieve stereodivergent catalysis [7]. So far, there are very few
reports on controlling the stereoselectivity by changing the reaction
medium, and it is generally considered difficult to reverse the
inherently preferred diastereoselectivity by simply changing the
reaction solvent [8].

Spirooxindole is a core structure of many natural products and
bioactive molecules. Therefore, it has aroused great interest of
researchers from academic and industrial fields [9]. Despite the
uang),
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enormous progress on the construction of chiral spirooxindoles, the
stereodivergent synthesis of spirooxindoles containing multiple
stereocenters remains a significant challenge and there are only a
handful of strategies were reported [10]. In 2007, Trost et al.
described a palladium-catalyzed diastereodivergent [3 + 2] trime-
thylenemethane cycloaddition, successfullyproducing cis- or trans-
spirocyclicoxindolic cyclopentanesbychanging the ligands (Fig.1a)
[10a]. In 2016, Chen and co-workers achieved the diastereodiver-
gent synthesis of bis(spirocyclic) oxindoles through [3 + 2] annu-
lations catalysed by different types of Lewis bases (Fig. 1b) [10b].
Considering the significance of the privileged spirooxindole
scaffolds, exploitation of new strategy for the stereodivergent
synthesis of these compounds is still highly desirable.

Retro-aldol reaction is a useful method for cleaving the
carbon�carbon bond and its synthetic utility has been demon-
strated in total synthesis, kinetic resolution, and various cascade
processes [11]. However, in contrast to extensive studies on the
catalytic aldol reaction, the catalytic retro-aldol reaction has been
much less explored. So far, antibodies, amines, inorganic bases, and
several metals have been reported to promote this type of reaction
[12]. N-Heterocyclic carbene (NHC), which can function either as a
Brønsted base catalyst or Lewis base catalyst, may serve as an
efficient catalyst for the retro-aldol reaction and provide new
opportunities for stereodivergent synthesis through cascade
process [13].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



[(Fig._1)TD$FIG]

Fig. 1. Stereodivergent synthesis of spirocyclopentaneoxindoles.

Table 1
Evaluation of conditions for the asymmetric Michael/aldol reaction.a

[TD$INLINE]

Entry Cat. Additive Solvent Yield (%)b d.r.c e.r.d

1 C1 AcOH Toluene 28 >19:1 84:16
2 C2 AcOH Toluene 85 >19:1 99:1
3 C3 AcOH Toluene 68 >19:1 89:11
4 C4 AcOH Toluene 63 >19:1 92:8
5 C5 AcOH Toluene <5 – –

6 ent-C2 AcOH Toluene 87 >19:1 6:94

a Unless otherwise noted, the reactions were conducted with 1a (0.10mmol), 2a
(0.11mmol), catalyst (20mol%) and additive (20mol%) in solvent (0.5mL) at room
temperature for 18h.

b Isolated yield.
c Determined by NMR analysis of the crude mixture.
d Determined by HPLC analysis.

Table 2
Effects of catalyst and solvent on the retro-aldol/aldol cascade reaction.a

[TD$INLINE]

Entry Cat. Solvent Product (major) Yield (%)b d.r.c e.r.d

1 K2CO3 DCM – trace – –

2 K3PO4 DCM – trace – –

3 t-BuOK DCM cis-4a 53 70:30 94:6
4 Et3N DCM cis-4a 49 73:27 96:4
5 DBU DCM cis-4a 54 72:28 95:5
6 C6 DCM cis-4a 66 77:23 98:2
7 C7 DCM cis-4a 77 79:21 99:1
8 C8 DCM – trace – –

9 C9 DCM – trace – –

10 C7 DCE cis-4a 76 88:12 >99:1
11 C7 CHCl3 cis-4a 72 84:16 98:2
12 C7 MeCN cis-4a 61 80:20 97:3
13 C7 Tol cis-4a 58 72:28 98:2
14 C7 Et2O cis-4a 34 79:21 97:3
15 C7 THF trans-4a 73 25:75 99:1
16 C7 1,4-dioxane trans-4a 60 32:68 97:3
17 DBU THF trans-4a 40 35:65 96:4
18e C7 DCE cis-4a 62 87:13 >99:1
19e C7 THF trans-4a 63 26:74 >99:1

a Reactions conditions: 3a (0.1mmol), catalyst (20mol%) in solvent (0.5mL) at
room temperature for 7�9h. For NHC-catalysed reactions, K2CO3 (20mol%) was
used as the additive.

b Total yield of cis-4a and trans-4a.
c Determined by crude 1H NMR.
d Determined by HPLC analysis.
e Sequential procedure from 1a and 2a under relay catalysis of amine C2 and NHC

C7 (see Supporting information for details), 25mol% of C7 and 50mol% of K2CO3was
used.
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We report here a novel sequential process for the stereo-
divergent synthesis of spirocyclopentaneoxindole derivatives
(Fig. 1c). At the first stage, intermediate I was assembled through
Michael/aldol reaction catalysed by a chiral secondary amine.
Notably, at the second stage, a retro-aldol/aldol cascade reaction
was achieved via NHC catalysis, affording chiral spirocyclopenta-
neoxindole products with four consecutive stereocenters. Intrigu-
ingly, this ring opening-closure process enables the divergent
synthesis of twodiastereoisomers by simply changing the solvents.
Using different combinations of (R)- or (S)-chiral amine and two
different solvents, four stereoisomers can be selectively provided.

Weinitiatedourstudyby investigating thereactionofN-benzyl-3-
(2-oxo-2-phenylethyl)oxindole 1a with 4-chlorocinnam-aldehyde
2a in the presence of chiral secondary amine catalysts C1-C5 with
acetic acid as an additive.Michael/aldol product3awas obtained as
the major product through the iminium/enamine cascade process
without dehydration [14]. To our delight, TMS-protected diphe-
nylprolinolC2proves to be the optimumcatalyst. Further screening
of other reaction parameters (Table S1 in Supporting information)
uncovered toluene and acetic acid as the optimum solvent and
additive for thegenerationof3a in85%yieldwith>19:1d.r. and99:1
e.r. (Table 1, entry 2). Changing C2 to ent-C2, the enantiomer of
product 3awas generated successfully in 87% yield with >19:1 d.r.
and 6:94 e.r. (Table 1, entry 6).

After established the optimum conditions for the Michael/aldol
reaction, we next explored the intramolecular retro-aldol/aldol
cascade reaction of the enantioenriched β-hydroxyaldehyde 3. To
promote the C��C bond cleavage, we first screened a series of
bases. As shown in Table 2, the reaction proceeded very slowly in
the presence of K2CO3 or K3PO4 in dichloromethane at room
emperature (Table 2, entries 1 and 2). Then, potassium tert-
butoxide (t-BuOK), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), and
triethylamine (Et3N) were tested (Table 2, entries 3–5). Products
cis-4a and trans-4a, which are epimers containing four consecutive
stereocenters, could be obtained in moderate yields (49%–54%)
with moderate diastereoselectivity (70:30 to 73:27 d.r.) and
slightly declined e.r. values. Next, we screened a series of NHCs
as the catalyst using K2CO3 as the additive (Table 2, entries 6–9).
2568
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Scheme 1. Synthesis of the cis-spirocyclopentaneoxindoles. For reactions condi-
tions, see [31_TD$DIFF]entry 18 in Table 2. Isolated yield of the major product and the d.r. value
was determined by 1HNMR analysis of the crude reactionmixture, the e.r. valuewas
determined by HPLC analysis.
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Interestingly, triazolium C6 led to the formation of cis-4a as the
major product in 66% yield with better diastereoselectivity (77:23
d.r.,Table 2, entry 6).

To our delight, less steric hindered C7 could further improve
the yield and diastereoselectivity (77% yield, 79:21 d.r., Table 2,
entry 7). The type of NHC catalyst is important for the retro aldol/
aldol reaction. Imidazole-based C8 and thiazole-based C9 showed
very low catalytic activity in this transformation (Table 2, entries 8
and 9). Subsequently, we evaluated the reactions in different
solvents. Using DCE as the solvent led to the best diastereose-
lectivity (88:12 d.r.) without significantly affecting the yield and
enantioselectivity (Table 2, entry 10). Cis-4awas also generated as
the major product in chloroform, acetonitrile, toluene, or ethyl
ether (Table 2, entries 11–14). Intriguingly, in sharp contrast with
the formation of cis-4a as themajor product in the aforementioned
reaction media, the reaction in tetrahydrofuran (THF) afforded
trans-4a as the major isomer in 73% yield with 75:25 d.r. and 99:1
e.r. Table 2, (entry 15). The reaction using 1,4-dioxane as the
solvent also provided trans-4a as the major product, albeit with
declined yield and diastereoselectivity (Table 2, entry 16). DBU
catalysed reaction in THF only gave trans-4a in low yield with
moderate diastereoselectivity (Table 2, entry 17). To establish a
convenient process for the stereodivergent construction of
spirocyclopentaneoxindoles, after uncovered the key role of the
NHC catalyst and the solvent-controlled switchable diastereo-
selectivity, we further investigated the sequential reaction process
under relay catalysis of the secondary amine and the NHC (Table 2,
entries 18 and 19). Upon completion of the Michael/aldol reaction,
the solvent was switched to DCE or THF, and triazolium C7 was
added accompanied with K2CO3. The presence of secondary amine
C2 and acetic acid had little effect on the performance of the NHC
in the following retro-aldol/aldol reaction, which provided
corresponding cis-4a in 54% yield with 87:13 d.r. and >99:1 e.r.
(Table 2, entry 18) or trans-4a in 47% yield with 74:26 d.r. and
>99:1 e.r. (Table 2, entry 19).

Under the optimized sequential reaction conditions, we
investigated the substrate scope of this solvent-controlled stereo-
divergent strategy. Schemes 1 and 2 summarizes the synthesis of
cis- and trans-spirocyclopentaneoxindoles 4 from various substi-
tuted oxindoles 1 with different cinnamaldehydes 2 through
secondary amine/NHC relay catalysis. For the cis-selective synthe-
sis, the sequential reaction involving cinnamaldehyde 2 with
various R3 groups proceeded smoothly, providing the correspond-
ing products cis-4 in yields of 44%–61%with 78:22 to 87:13 d.r. and
good to excellent enantioselectivities (cis-4a-4g). Different sub-
stituents such as halogen atoms and amethyl group at the ortho- or
meta-position on the phenyl ring of cinnamaldehyde 2 were well
tolerated. The relative and absolute configurations of cis-4a have
been confirmed via X-ray crystallographic analysis. 3-Substituted
oxindoles 1 bearing halogen atoms at the 5- or 6-position of the
oxindoles showed good reactivity, affording spirocyclopentaneox-
indole cis-4h-4m in 60%–65% yieldswith good diastereoselectivity,
while halogen substituents at the 5-position led to a drop of e.r.
value. Substrates 1 bearing different aryl R2 groups also smoothly
reacted with 2a, producing cis-4n and cis-4o in slightly declined
yields with good diastereoselectivity and enantioselectivity.
However, when R2 were alkyl groups, the desired product could
not be formed.

Changing the N-substituent of oxindole 1 to allyl group did not
affect the reactivity and stereoselectivity (cis-4p). For the synthesis
of trans-spirocyclopentaneoxindole, to our delight, the diaster-
eoselectivity was successfully switched in all cases by simply
changing the solvent of the second stage to THF (Scheme 2).
Reactions of cinnamaldehyde 2 bearing various substituents (R3)
with 3-substituted oxindoles 1 bearing different substituents (R1,
R2 and R') proceeded smoothly, affording target products trans-4a-
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4p in acceptable yields with up to > 99:1 e.r. The relative and
absolute configurations of trans-selective products were con-
firmed by X-ray crystallographic analysis of trans-4a.

To demonstrate the synthetic usefulness of this protocol, the
solvent-controlled stereodivergent sequential reactions were
performed on a gram-scale (Scheme 3a). Products cis-4a and
trans-4a were delivered in 57% yield and 48% yield, respectively,
without affecting the stereoselectivities. Changing chiral second-
ary amine catalyst C2 to ent-C2 enables the stereodivergent
synthesis of four stereoisomers (Scheme 3b). Cis-ent-4a was
obtained in 57% yield with 84:16 d.r. and 93:7 e.r. by involving ent-
C2 in theMichael/aldol reaction and DCE as the solvent in the NHC-
catalyzed retro-aldol/aldol reaction. Using the combination of ent-
C2 in the Michael/aldol reaction and THF in the retro-aldol/aldol
reaction led to trans-ent-4a with a similar result (41% yield, 71:29
d.r., 92:8 e.r.). Thus, changing one chiral catalyst allows the
assembly of four stereoisomers through the sequential process.

Based on the experimental results, we proposed a possible
mechanism for the novel NHC-catalysed retro-aldol/aldol cascade
reaction (Fig. 2). The initial addition of the NHC to β-hydrox-
yaldehyde 3, which was produced by the secondary amine-
catalysed Michael/aldol reaction, would form intermediate A. The
following intramolecular proton transfer would give intermediate
B. Then, the C��C bond cleavage might generate C accompanied
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Scheme 2. Synthesis of the trans-spirocyclopentaneoxindoles. For reactions
conditions, see [31_TD$DIFF]entry 19 in Table 2. Isolated yield of the major product; the d.r.
value was determined by 1H NMR analysis of the crude reaction mixture; the e.r.
value was determined by HPLC analysis.
[(Scheme_3)TD$FIG]

Scheme 3. Gram-scale reactions and synthesis of four stereoisomers of 4a.

[(Fig._2)TD$FIG]

Fig. 2. Possible mechanism for the NHC-catalysed retro-aldol/aldol cascade
reaction.
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with the release of the NHC. Next, the triazole carbene acted as a
Brønsted base to deprotonate the α-H of the ketone moiety, which
led to the formation of intermediate D. Intramolecular aldol
reaction of D would afford product 4 and regenerate the NHC. The
mass peak of [C43H37ClN4O3+H]+ was detected in HRMS analysis of
the reaction mixture, indicating the possible generation of
intermediate A or B. The solvent effect on the stereochemical
outcome might be rationalized by a reversal of the enantiofacial
bias of the last aldol reaction, since using THF or DCE as the solvent
might lead different solvation effect on the ion pair
intermediates D.

In this work, we have developed a NHC-catalysed retro-aldol/
aldol cascade reaction, which enables the solvent-controlled
diastereodivergent synthesis of spirocyclopentane-oxindole deriv-
atives. In the ring opening-closure process, two diastereoisomers
can be obtained by simply switching the reaction solvents (THF or
DCE). Moreover, the Michael/aldol/retro-aldol/aldol sequential
reaction process allows the stereodivergent synthesis of spirocy-
clopentane oxindoles containing four consecutive stereocenters
from 3-substituted oxindole and α,β-unsaturated aldehyde
through the relay catalysis of the secondary amine and NHC. Four
stereoisomers of the product can be selectively provided by using
different combinations of a chiral secondary amine (C2 or ent-C2)
and a solvent (THF or DCE). Studies on the origin of the solvent-
controlled divergent diastereoselectiviety in this cascade reaction
are currently in progress in our laboratory.
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