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ABSTRACT: The construction of chiral motifs containing
nonadjacent stereocenters stands out as a major challenge as
they are usually constructed in separate steps utilizing different
chiral catalysts. Therefore, the development of new strategies to
streamline the construction of such complex motifs has become a
major focus of asymmetric synthesis. We report here an
unprecedented asymmetric tandem Mannich-isomerization reac-
tion that allows the direct construction of 1,4-stereocenters in a
highly stereoselective manner. This asymmetric transformation
demonstrated the potential of a tandem nucleophilic addition-
isomerization reaction as a broadly useful strategy for the efficient
construction of 1,4-stereocenters. Notably, this tandem reaction was mediated by a single chiral betaine as a dual-functional catalyst,
promoting first an enantioselective intermolecular C−C bond forming reaction and next a stereoselective intramolecular 1,3-proton
transfer reaction.
KEYWORDS: asymmetric tandem reaction, remote stereocenters, Mannich reaction, dual-functional catalysis, butenolide, betaine catalyst.

Modern organic synthesis concerns not only building
complex molecular structures but also accomplishing

these tasks in dramatically improved efficiency.1−4 The
development of new strategies to streamline the construction
of complex motifs, which requires lengthy synthetic sequences
by existing methods, has become a major focus. In the context
of asymmetric synthesis, the construction of chiral motifs
containing nonadjacent stereocenters stands out as a major
challenge as they are usually constructed in separate steps
utilizing different chiral catalysts.5−8 Ideally, such chiral motifs
could be constructed by a singular catalyst promoted tandem
reaction. Indeed, the development of such tandem reactions
for the construction of 1,3-stereocenters has been intensively
pursued in recent years.9−21 In particular, the catalytic
asymmetric tandem conjugate addition-protonation reaction
as a versatile streamline strategy to directly generate chiral
motifs with 1,3-stereocenters from achiral starting materials
attracts substantial attention (Scheme 1).9 In contrast, the one-
step construction of 1,4-stereocenters remains underexplored.
In 2021, Jiang and co-workers reported a tandem reductive

coupling-protonation reaction using a photocatalyst and a
chiral phosphoric acid catalyst, affording ε-oxo azaarenes
bearing two benzylic 1,4-stereocenters (Scheme 2A).22 Very
recently, Wang and co-workers disclosed a tandem hydro-
alkylation-reduction reaction enabled by the combination of a
chiral copper catalyst and a chiral ruthenium catalyst fulfilling
the generation of 1,4-stereocenters.23 Lundgren and co-

workers developed a tandem arylation-allylation reaction
catalyzed by a chiral ruthenium catalyst, yielding homoallylic
alcohols bearing 1,4-stereocenters.24 We envisaged that the
1,4-stereocenters could be constructed via a tandem addition-
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Scheme 1. Nonadjacent Stereocenters
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isomerization reaction (Scheme 2B). Specifically, the initial
enantioselective addition reaction of allyl-type carbanion
generates the C1 stereocenter followed by the stereoselective
olefin isomerization reaction that generates the remote C4
stereocenter. In principle, various electrophiles could be
employed in the nucleophilic addition reaction, such as
carbonyl, imine, and a broad range of Michael acceptors.
Thus, this tandem addition-isomerization reaction could serve
as a broadly applicable strategy for the efficient construction of
1,4-stereocenters.
To demonstrate that the one-step construction of a 1,4-

stereocenter could be realized via a strategy of catalytic
asymmetric addition-isomerization tandem reaction, a Man-
nich reaction of butenolides was examined. Chiral amino
butenolides are structural motifs embedded in a wide range of
biologically active natural products.25−28 Moreover, the amino
butenolides were frequently presented with the amino
stereocenter and the butenolide stereocenter in either 1,2- or
1,4-relationship. Accordingly, considerable efforts have been
devoted to the development of asymmetric methods for the
construction of these motifs.29 Particularly, using metal-based
chiral Lewis acids as catalysts, various asymmetric vinylogous

Mannich reactions have been developed, yielding chiral amino
butenolides with 1,2-stereocenters (Scheme 2C).30−46 How-
ever, efficient constructions of amino butenolides with remote
1,4-stereocenters remains an unmet challenge.
In principle, one could envision that such a challenge could

be overcame by the development of an asymmetric tandem
reaction with a Mannich reaction of butenolides and imines
followed by a stereoselective 1,3-proton transfer reaction
(Scheme 2D). Ideally, this tandem asymmetric reaction could
be realized by a single dual-functional catalyst. To realize this
proposed tandem reaction, there were significant challenges.
First, the required catalytic asymmetric Mannich reaction
remains unknown. Second, although an efficient chiral catalyst
for the asymmetric isomerization of butenolides by 1,3-proton
transfer has been reported,47 the realization of the postulated
tandem asymmetric reaction required a unique chiral catalyst,
which could not only promote 1,3-proton transfer but also
promote first the intermolecular C−C bond-forming Mannich
reaction and next the intramolecular 1,3-proton transfer
reaction. This is particularly daunting, given that the starting
material butenolide III is sterically much more accessible than

Scheme 2. Direct Construction of 1,4-Stereocenters
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the intermediate butenolides IV toward isomerization via a 1,3-
proton transfer reaction.
Several years ago, we discovered that 6’-OH cinchona

alkaloid C-1 promoted isomerization of β,γ-unsaturated
butenolide via 1,3-proton transfer to generate optical active
γ-substituted α,β-unsaturated butenolide.47 This reaction
presumably proceeded through dienol analogue of dienolate
I (Scheme 2C). We postulated that dienolate I might be
intercepted by an imine electrophile to realize the elusive
asymmetric Mannich reaction. Following this postulation, we
examined the reaction of butenolide 1a and imine 2a.33

However, the desired amino butenolide 3a was not detected
(Table 1, entry 1). Further catalyst screening studies showed
that these well-known phase transfer catalysts such as Corey
catalyst (C-2),48 Maruoka catalyst (C-3),49 and cinchonium
catalyst C-4 afforded detectable amount of the desired product
3a (Table 1, entries 2−4). However, the major product in
these reactions was still the isomerization product while 3a was
formed as a minor product and in poor dr and ee. Moreover,
the reaction with the achiral ammonium salt TBAB afforded a
uncharacterizable complex mixture (Table 1, entry 5). We next

investigated betaine C-5 as a catalyst. To our delight, 3a was
formed as the major product and in significantly improved
enantioselectivity and diastereoselectivity (Table 1, entry 6).
To identify the structural features of C-5 that are responsible
for its activity and stereoselectivity, we examined catalysts C-6
bearing a 6′-OMe group. Catalyst C-6 (Table 1, entry 7)
afforded product 3a in much lower yield, dr (70:30), and ee
(10%). These results clearly demonstrated that the presence of
6’-OH was critical to C-5 as an efficient dual-functional catalyst
for the tandem Mannich-isomerization reaction. Notably, the
binaphthalene-betaine catalyst C-7 (Table 1, entry 8) was
found to be inactive.50 On the other hand, betaine catalyst C-8,
which contained an anthracen-9-ylmethyl group (Table 1,
entry 9), afforded 3a albeit in drastically reduced yield and
stereoselectivities. These results demonstrated that betaine
catalyst C-5 is uniquely effective in promoting the asymmetric
tandem Mannich-isomerization reaction.
Although 3a could be obtained in good stereoselectivities

with catalyst C-5 (Table 1, entry 6), the yield of 3a was
moderate and needed further improvement. Upon careful
analysis of the crude reaction mixture, except for an isomerized

Table 1. Investigation of Reaction Conditionsa

entry cat. base solvent time conversion yieldb drc eed

1e C-1 toluene 40 h 12% nd nd nd
2f C-2 KOH toluene 40 h 71% 33% 70:30 8%
3f C-3 KOH toluene 40 h 47% 8% 65:35 −12%
4f C-4 KOH toluene 40 h 63% 19% 68:32 5%
5e,f TBAB KOH toluene 40 h 80% nd nd nd
6f C-5 KOH toluene 40 h >95% 43% 83:17 85%
7f C-6 KOH toluene 40 h 75% 13% 72:28 12%
8e,f C-7 KOH toluene 40 h 9% nd nd nd
9f C-8 KOH toluene 40 h 82% 25% 50:50 72%
10g C-5 K2CO3 toluene 40 h >95% 64% 77:23 90%
11h C-5 NaHCO3 toluene 16 h >95% 65% 86:14 98%
12h,i C-5 NaHCO3 CPME 3 h >95% 75% 88:12 98%

a1a (0.15 mmol), 2a (0.10 mmol), catalyst (5 mol %), base, 1.0 mL solvent. bNMR yields were determined by 1H NMR analysis (see the
Supporting Information for details). cdr values were determined by 1H NMR analysis. dee values were determined by chiral HPLC analysis. end =
not determined since there was no detectable amount of desired product 3a. faq. KOH (50 wt %, 0.2 equiv). gaq. K2CO3 (33 wt %, 0.2 equiv). haq.
NaHCO3 (50 g/L, 0.5 equiv). iCPME = cyclopentyl methyl ether.
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side product, amine S1 and enamine S2 were also detected
(Table 1).51 These two side products were presumably
generated from the hydrolysis and tautomerization of the
imine 2a, respectively. We next found that these side reactions
could be suppressed by replacing potassium hydroxide with a
weaker base. Improved yield (64%) and ee value (90%) were
obtained with potassium carbonate as the base (Table 1, entry
10). The reaction could proceed with even sodium bicarbonate
(Table 1, entry 11), leading to significantly higher diaster-
eoselectivity (86:14 dr) and enantioselectivity (98% ee).
Solvent screening indicated that the reaction occurred much
faster in ether solvents. In cyclopentyl methyl ether (Table 1,
entry 12), the reaction went to completion in 3 h without
compromising the stereoselectivity to furnish 3a in 75% yield.

With the optimized condition, we investigated the substrate
scope (Table 2). Catalyst C-5 presented consistent high
activity and selectivities to afford the desired products (3a−3i)
with a range of alkylated ketimines in high enantioselectivities
(96−98% ee), useful diastereoselectivities (77:23−88:12 dr)
and yields (56−84%). Notably, the presence of long linear
(3b) and β-branched (3c) aliphatic groups did not
compromise either reactivity or stereoselectivity. The reaction
readily tolerates various functional groups in the ketimines,
including olefin (3e), ester (3f), halides (3g, 3i), and ether
(3h). We next examined the scope of γ-substituted β,γ-
unsaturated butenolides. With butenolides bearing α-branched
substituents, the reactions proceeded efficiently toward the
desired products (3a, 3j-3m) in high stereoselectivities and

Table 2. Substrate Scopea

a1 (0.30 mmol), 2 (0.20 mmol), C-5 or C-9 (5 mol %), aq. NaHCO3 (50 g/L, 160 μL, 0.5 equiv), CPME (2.0 mL) at rt, 12 h. bData for C-5
catalyzed reactions; yields were yields of the isolated products; ee and dr values were determined by HPLC and 1H NMR analysis, respectively.
cData for C-9 catalyzed reactions are reported as green words. d20 mol % catalyst was used.
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67−75% yields. Notably, even bulky groups such as t-butyl
(3l) and adamantyl (3m) were well accepted by the reaction.
Butenolides with less hindered β-branched and linear
substituents were converted into 3 (3n−3p) in high stereo-
selectivities (98−99% ee, 85:15 dr) and moderate yields (40−
52%). A good reactivity (72% yield) and ee value (94%) but
lower diastereomeric ratio (72:28) were observed in the
formation of product 3q containing a heterocyclic group. We
examined the reaction of γ-phenyl-β,γ-unsaturated butenolide
with imine 2a, which furnished a mixture of unidentifiable
products. As listed in Table 2, catalyst C-9, a pseudoenan-
tiomer of C-5, could catalyze the reaction in a similar efficiency
(data in green).52 Various aryl ketimines could also be
employed in this tandem reaction. Reactions went to
completion with an increased loading of 20 mol % catalyst,
to afford the products (3r-u) in 80−94% ee, greater than 20:1
dr and moderate yields.
As illustrated in Scheme 3, product 3a could be converted

into amino butenolide 5. The 2-morpholinone ring in 3a

underwent alcoholysis under the basic condition, while the
butenolide ring remained intact. Then the N-aryl group was
removed oxidatively by cerium ammonium nitrate (CAN) to
afford the amino butanolide 5a as a pure diastereomer in 98%
ee and with 40% yield over two steps.
To test the impact of replacing nitro group with other

groups, ketimines bearing different N-aryl groups (2A−D)
were investigated (Table 3). By replacing the nitro group with
carboxylate or trifluoromethyl group, products (3A,B) were
obtained in significantly decreased stereoselectivities. Mean-
while, catalyst C-5 was inactive for the reactions of N-para-
bromophenyl ketimine (2C) and N-phenyl ketimine (2D).
These results indicated that the presence of N-para-nitro-
phenyl group has a positive impact on the stereoselectivities on
both the Mannich reaction and isomerization reaction.

A proposed catalytic cycle is illustrated in Scheme 4.
Presumably, the betaine interacts with imine 2 to form

complex I. Next, butenolide 1 was deprotonated by the
phenoxide of the betaine catalyst then underwent asymmetric
Mannich reaction to afford intermediate V. Then, the Mannich
product underwent stereoselective isomerization to deliver
product 3. In this proposed mechanism the putative dienolate
and ketimine were postulated to be brought into proximity in
complex III, which provided a rational for the catalyst to
promote the intermolecular Mannich reaction first then the
intramolecular isomerization.
In summary, we realized an unprecedented organocatalytic

asymmetric tandem Mannich-isomerization reaction of bute-
nolides and ketimines, affording chiral amino butenolides with
1,4-stereocenters in excellent to good enantioselectivities. This
asymmetric transformation demonstrated that the catalytic
asymmetric tandem addition-isomerization reaction could
provide an attractive strategy for the direct formation of 1,4-
stereocenters from achiral starting materials. To our knowl-
edge, this is the first documentation of betaines as an efficient
chiral dual-functional catalyst. Notably, this dual-functional
betaine promoted first an intermolecular C−C bond forming
reaction and next an intramolecular 1,3-proton transfer
reaction.

Scheme 3. Product Derivatization

Table 3. Investigation of N-Aryl Imines

Scheme 4. Proposed Catalytic Cycle
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■ METHODS

General Procedure for the Tandem Mannich-Isomerization
Reactions
To a 20 mL vial equipped with a stir bar, imine 2 (0.20 mmol, 1.0
equiv) and catalyst (5 mol % for 3a−q or 20 mol % for 3r−u) were
added, followed by addition of CPME (2 mL). After complete
dissolution, butenolide 1 (0.30 mmol, 1.5 equiv) and aqueous
NaHCO3 (50 g/L, 160 μL, 0.5 equiv) were added successively. After
stirring for 12 h at rt, the reaction was quenched by the addition of
water (1 mL). The organic phase was separated, and the aqueous
phase was extracted with ethyl acetate (2 mL × 3). The combined
organic phases were dried over sodium sulfate, filtered, and
concentrated under vacuum to give the crude product, which was
analyzed by 1H NMR technique to determine the dr ratio. The crude
product was subjected to flash chromatography on silica gel (hexanes/
dichloromethane/acetonitrile: 60:30:10) to afford the desired
products as a pair of diastereomers.

Other detailed experiment procedures are included in the
Supporting Information.
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