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a b s t r a c t

The catalytic asymmetric dipolar cycloaddition reaction is efficient for the construction of various chiral

valuable carbo- and heterocycles. Thus, the design and exploration of new dipoles and the subsequent

control of their reactivity for various stereoselective cycloadditions are significant aspects of modern or-

ganic synthesis. Herein, we have developed a series of vinyl cyclic carbamates containing an oxazolidine-

2,4–dione fragment and used them as reactive precursors for in situ generation of amide-based aza-π-

allylpalladium 1,3-dipoles, which could be applied to asymmetric decarboxylative 1,3-dipolar cycloaddi-

tion with different types of dipolarophiles containing C=C, C=N, and C=O double bonds. This strategy

provides an opportunity for the synthesis of previously unusual structures, such as highly functionalized

optically pure pyrrolidin-2-ones, imidazolidin-4-ones, and oxazolidin-4-ones. This protocol also has sig-

nificant features including wide substrate scope, mild reaction conditions, simple operation, and good to

excellent results (70 examples, up to 99% yield, >20:1 dr and 99% ee). This unique method significantly

expands the reaction range of the amide-based aza-π-allylpalladium 1,3-dipoles compared to the prece-

dents.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Catalytic asymmetric dipolar cycloaddition reaction is consid-

ered to be one of the most powerful and widely used strategies

for the construction of chiral carbo- and heterocyclic compounds

with elaborate ring frameworks [1–3]. In this research area, an

important aspect is the design and exploration of effective dipole

intermediates, which should have high reactivity and facilitate

the control of reaction stereoselectivity in the asymmetric trans-

formations. Actually, chiral transition-metal catalysts acting on

reaction substrates to generate appropriate metal-containing zwit-

terionic dipoles for sequential asymmetric dipolar cycloaddition

represents a remarkable advance in modern organic synthesis,

and a number of elegant synthetic methods have been developed

[4–8]. Despite this fact, the growing demand for structurally

diverse three-dimensional cyclic scaffolds in the field of medicinal

chemistry still inspires synthetic chemists to develop new and

practical methods for complementing the existing approaches [9].

∗ Corresponding author.

E-mail address: yuanwc@cioc.ac.cn (W.-C. Yuan).

Therefore, the design and development of novel precursors to

produce metal-mediated highly active dipole intermediates for

new reaction discovery is still highly desirable.

Transition metal-catalyzed asymmetric decarboxylation of cyclic

carbonates/carbamates, leading to the in situ formation of active

metal-containing zwitterionic intermediates for the construction of

chiral cyclic structures, has become a research hotspot in organic

synthetic chemistry [10–18]. In particular, the palladium-mediated

decarboxylation of vinyl-substituted cyclic carbamates, which gives

rise to aza-π-allylpalladium 1,n-zwitterionic dipoles containing a

nucleophilic nitrogen anion and a ligand ligated π-allylpalladium

cation counterpart, has been widely applied in asymmetric dipo-

lar cycloaddition to access nitrogen-containing heterocycles [19–

23]. In fact, to date, only very few vinyl cyclic carbamates have

been used as aza-π-allylpalladium 1,4- or 1,3-dipole precursors

for asymmetric reactions via a decarboxylation process. For ex-

ample, the vinyl benzoxazinanones V1 were first reported as aza-

π-allylpalladium 1,4-dipole precursors for enantioselective decar-

boxylative [4+2] cycloaddition by Tunge (Scheme 1a) [24–30].

Another type of aza-π-allylpalladium 1,4-diploes generated from

https://doi.org/10.1016/j.cclet.2024.109688
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Scheme 1. Palladium-catalyzed decarboxylation of vinyl cyclic carbamates for generating aza-π-allylpalladium 1,n-dipoles.

Scheme 2. Design and exploration of amide-based aza-π-allylpalladium dipole precursors for asymmetric 1,3-dipolar cycloaddition, and the selected bioactive compounds

containing lactam-type heterocyclic skeleton.

cyclic vinyl carbamates V2 for asymmetric transformations were

reported by Harrity’s and our group, respectively (Scheme 1b)

[31–33]. In addition, Ooi and co-workers realized the first Pd-

catalyzed asymmetric decarboxylative cycloaddition of vinyl oxazo-

lidinones V3, which acted as highly reactive aza-π-allylpalladium

1,3-dipoles precursors (Scheme 1c) [34,35]. Moreover, Shi’s and

Deng’s group independently discovered that the vinyl indoloxa-

zolidones V4 could be used as indolyl-based Pd-allyl zwitteri-

onic species precursors for asymmetric cycloaddition (Scheme 1d)

[36,37].

Inspired by the precedents mentioned above, and as a contin-

uation of our interest in catalytic asymmetric decarboxylative cy-

cloaddition of cyclic carbonates/carbamates [33,38-44], we envi-

sioned that introducing a vinyl motif at the α-position of amide

compounds and then converting them into vinyl-substituted cyclic

carbamates V5, which should undergo a decarboxylation process

in the presence of a palladium catalyst thus leading to the for-

mation of active amide-based aza-π-allylpalladium 1,3-dipoles V5-

Int (Scheme 2). If successful, we speculated that the in situ gen-

erated amide-based aza-π-allylpalladium 1,3-dipoles would be ap-

plied to asymmetric 1,3-dipolar cycloadditions with various dipo-

larophiles including C=C, C=N, and C=O double bonds. Indeed,

we have successfully synthesized a series of 5-vinyloxazolidine-

2,4-diones V5 acting as reactive precursors of aza-π-allylpalladium

1,3-dipoles and further realized enantioselective cycloaddition re-

actions by a catalytic system consisting of a readily available phos-

phoramidite ligand and Pd(0) catalyst [45,46], affording highly

functionalized optically active pyrrolidin-2-ones, imidazolidin-4-

ones, and oxazolidin-4-ones (Scheme 2). Notably, due to the exis-

tence of the nucleophilic amide anion site in the in situ generated

1,3-dipole intermediates V5-Int, this would provide an efficient ac-

cess to previously unknown structural opportunities, such as highly
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Table 1

Optimization of reaction conditions.a

Entry L1–4 Solvent x/y Yield (%)b drc ee (%)c–3a ee (%)c–3a′

1 L1 CH2Cl2 5/20 95 1.7:1 −9 −24

2 L2 CH2Cl2 5/20 98 1.2:1 90 75

3 L3 CH2Cl2 5/20 20 1.8:1 −59 −61

4 L4 CH2Cl2 5/20 42 1.5:1 17 33

5 L2 CH2Cl2 5/15 96 1.1:1 89 79

6 L2 CH2Cl2 5/10 37 1.2:1 34 30

7 L2 DME 5/20 92 1.1:1 89 97

8 L2 Acetone 5/20 62 1.2:1 96 90

9 L2 EtOAc 5/20 95 1.1:1 93 97

10d L2 EtOAc 5/20 96 1.0:1 96 97

11d L2 EtOAc 2.5/10 94 1.2:1 95 98

a Reaction conditions: 1a (0.1mmol), 2a (0.12mmol), Pd2(dba)3·CHCl3 (x mol%), ligand (y mol%) in 1.0mL solvent at 35 °C for 72h under argon atmosphere.
b Isolated yields of two diastereoisomers.
c Diastereoisomeric ratio (dr) and ee values were determined by HPLC using chiral column.
d 3 Å molecular sieves (30mg) was used. DME=1,2-Dimethoxyethane.

functionalized lactam-type heterocyclic skeletons, which are ubiq-

uitous ring systems in many bioactive compounds and are a fun-

damental unit of important candidates in pharmaceutical research

(Scheme 2, bottom) [47–50]. More importantly, this unique strat-

egy not only is complementary to the well-established palladium-

mediated dipolar cycloadditions but also significantly expands the

reaction range of the amide-based aza-π-allylpalladium 1,3-dipoles

compared to the precedents [45,46]. Herein, we hope to report the

results from this study.

We started our study with the model reaction of 5-

vinyloxazolidine-2,4–dione 1a and 3-cyanochromone 2a in CH2Cl2.

As shown in Table 1, Pd2(dba)3·CHCl3 was used as a precatalyst

to investigate the chiral phosphoramidite ligands L1–4 (entries 1–

4). It was found that the readily available (Ra,S,S)-Feringa ligand L2

gave relatively satisfactory results for the cycloadducts in 98% yield

with 1.2:1 dr and 90% ee/75% ee for the two diastereoisomers 3a

and 3a’ (entry 2). Fortunately, the two diastereoisomers could be

isolated by column chromatography. And then, changing the ratio

of precatalyst to L2 showed a detrimental effect on the enantios-

electivities (entries 5 and 6). Solvent screening revealed that ethyl

acetate afforded the best ee values for the two diastereoisomers

(entry 9). The addition of 3 Å molecular sieves slightly improved

the ee values to 96% ee and 97% ee (entry 10). To our delight, the

reaction also proceeded smoothly with a reduced catalyst loading,

providing 94% yield with 1.2:1 dr and 95% ee and 98% ee (entry 11).

With the optimal reaction conditions in hand, a series of 5-

vinyloxazolidine-2,4-diones and 3-cyanochromones were tested to

evaluate the generality of the Pd-catalyzed asymmetric decar-

boxylative 1,3-dipolar cycloaddition. As shown in Scheme 3, the

5-vinyloxazolidine-2,4-diones bearing either electron-withdrawing

or electron-donating substituent on the benzene ring, such as F-,

Cl-, Br-, Me-, or MeO- group, reacted smoothly with 2a to gener-

ate the corresponding products 3b/b’−3f/f’ in excellent yields with

very high ee values. Likewise, the doubly substituted phenyl group

is tolerated under the reaction conditions to give the products 3g

and 3g′ in 98% yield with 2.6:1 dr and 93% ee/92% ee. In addi-

tion, the vinyl cyclic carbamates bearing naphthyl and thiophen

moieties were also compatible well with the developed reaction

conditions, thus giving the cycloadducts 3h/h′ and 3i/i′ with ac-

ceptable results. Moreover, it was found that the reactivity and

stereoselectivity were hardly affected by the incorporation of dif-

ferent substituents on the nitrogen atom of the amide group, such

as Me-, MeO-, EtO, Bn-, allyl-, and PMP-substituents, the desired

products 3j/j’−3o/o’ could be smoothly obtained in good to excel-

lent yields with good diastereoselectivites and excellent enantiose-

lectivities. Notably, non-terminal alkenyl-substituted cyclic carba-

mate could also be used for the cycloaddition reaction, afford-

ing 3p in 23% yield with 14:1 dr and 89% ee. Although the cat-

alytic system is less effective for the reactivity of substrate con-

taining a non-terminal double bond, the results further proved

that the reaction undergoes the palladium-catalyzed asymmetric

decarboxylation to form aza-π-allylpalladium dipole intermediates

for the nucleophilic attack the unsaturated electrophiles and the

subsequent intramolecular nucleophilic cyclization. On the other

hand, 3-cyanochromones bearing different steric and electronic na-

tures could react well with 1a to furnish the desired products

3q/q’−3y/y’ in good to excellent yields with moderate diastereose-

lectivities and excellent enantioselectivities. In the case of 3-cyano-

6,8-dimethyl chromone as a dipolarophile, the reaction with 1a

proceeded smoothly under the catalytic system to furnish prod-

ucts 3z and 3z’ in 97% yield with 1:1.2 dr and 92% ee/99% ee. The

reaction of 1a with 3-cyanobenzochromone also performed well

to generate corresponding cyclic products 3aa and 3aa’ in high

yield (94%) with high enantioselectivity (91% ee/93% ee) and 1:1 di-

astereoselectivity. Replacing the cyano group of the chromone with

another electron-withdrawing group, such as ester, formyl, or car-

boxyl group, was also allowed for the occurrence of the 1,3-dipolar

cycloaddition reaction, as shown by products 3ab/ab’−3ae/ae’. It

should be pointed out that the formyl (CHO) group and the car-

boxyl (CO2H) group in products 3ad/ad’ and 3ae/ae’ were elim-

inated. Furthermore, the palladium-catalyzed asymmetric decar-

boxylative cycloaddition reaction of 1a with other unsaturated

electrophiles was also examined. The reaction of 1a with iso-

cyanate 4 proceeded smoothly and furnished chiral imidazolidine-

3
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Scheme 3. Substrate scope for vinyl cyclic carbamates and diverse dipolarophiles containing C=C double bond. Reaction conditions: 1 (0.1mmol), 2 (0.12mmol),

Pd2(dba)3�CHCl3 (2.5 mol%), L2 (10 mol%), and 3 Å MS (30mg) in 1.0mL EtOAc at 35 °C for 72h under argon atmosphere. a The formyl (CHO) group was eliminated in

the product. b The carboxyl (CO2H) group was eliminated in the product. c Reaction conditions: 1a (0.1mmol), 4–9 (0.12mmol), Pd2(dba)3�CHCl3 (5 mol%), L2 (20 mol%) in

1.0mL CH2Cl2 at 35 °C for 168h under argon atmosphere.
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Scheme 4. Substrate scope for vinyl cyclic carbamates and imines. Reaction con-

ditions: 1 (0.1mmol), 10 (0.12mmol), Pd2(dba)3�CHCl3 (5 mol%), L2 (20 mol%) in

1.0mL PhCl at 35 °C for 168h under argon atmosphere.

2,4–dione 3af in 97% yield with 58% ee. Nevertheless, it was

also found that some other acceptors bearing different electron-

withdrawing groups, such as malononitrile (5), nitrile acetate (6),

barbiturate (7), 1H-indene-1,3(2H)–dione (8), and oxindole (9),

were also suitable in the developed catalytic system to give the

desired cycloadducts with moderate to good results. In particular,

the spirooxindole product 3ak could be obtained with >20:1 dr

and 72% ee. Notably, the two diastereoisomers 3 and 3′ in Scheme

3 could be isolated by column chromatography. The absolute con-

figurations of products (S,S,R)−3a and (S,R,S)−3a’ were unambigu-

ously confirmed by X-ray crystallography, and assigned to all of

other products by analogy.

To our surprise, the catalytic system developed above could

be successfully extended to imines as dipolarophiles. As shown

in Scheme 4, at first, the reaction of 1a with (E)-N-benzylidene-

4-methylbenzenesulfonamide (10a) in chlorobenzene as solution

proceeded well, thereby delivering the cycloadduct 11a in 93%

yield with >20:1 dr and 96% ee. Nevertheless, different vinyl

cyclic carbamates 1 bearing a variation of substituents includ-

ing electron-withdrawing as well as electron-donating functional-

ities on the aryl moiety could also undergo decarboxylation for

1,3-dipolar cycloaddition with 10a, providing the corresponding

chiral imidazolidin-4-one products 11b-g in 23%−82% yield with

93%−99% ee. 5-Vinyloxazolidine-2,4-diones bearing different pro-

tecting groups (Me-, EtO-, allyl-, and PMP-) at the nitrogen atom

were well tolerated in the reaction conditions to give the cy-

cloadducts 11h-k in good yields (77%−98%) with excellent enan-

tioselectivities (96%−99% ee). In addition, the non-terminal alkenyl-

substituted cyclic carbamate could react with 10a to produce 11l

in 98% yield with 7:1 dr and 98% ee. On the other hand, imines

10 derived from arylaldehydes bearing different substitution pat-

terns and electronic properties could react well with 1a under

the standard conditions, affording products 11m-p in moderate

to good yields with high to excellent ee values. In the case of

imine derived from 1-naphthaldehyde, the cycloaddition reaction

gave product 11q in 48% yield with >20:1 dr and 98% ee, but

the imine from 2-naphthaldehyde was able to produce the cor-

responding cycloadduct 11r in 82% yield with >20:1 dr and 98%

ee. The results of this pair of examples indicate that the steric

hindrance of the aldimines has an obvious influence on the re-

activity of the cycloaddition. Moreover, the pyridin-2-ylsulfonyl

group was also compatible with the catalytic system, as shown by

the products 11s and 11t. The absolute configuration of (R,S)−11a

was unambiguously confirmed by X-ray crystallography, and as-

suming a common reaction pathway, the configuration of the

other cycloadducts 11 was assigned by analogy. Notably, all prod-

ucts except 11l could be obtained in >20:1 diastereoselectivity

through the asymmetric decarboxylative 1,3-dipolar cycloaddition

reaction.

More excitingly, we also found that the formaldehyde (37%

aqueous solution) 12, an abundant feedstock and a reactive one

carbon electrophile, could be used for the palladium-catalyzed de-

carboxylative 1,3-dipolar cycloaddition with vinyl cyclic carbamates

1 under the developed catalytic system. As shown in Scheme 5, a

series of 5-vinyloxazolidine-2,4-diones with different substitution

patterns and electronic properties performed well, affording the

oxazolidin-4-one products 13a-i in 54%−90% yield with 72%−98%

ee. In addition, the reaction conditions were also effective for

Scheme 5. Substrate scope for vinyl cyclic carbamates and formaldehyde. Reac-

tion conditions: 1 (0.1mmol), 12 (1.0mmol, 37% aqueous solution), Pd2(dba)3�CHCl3
(5mol%), L2 (20mol%) in 1.0mL PhCl at 35 °C for 168h under argon atmosphere.

5



X. Fu, Y. Zhang, J. Liao et al. Chinese Chemical Letters 35 (2024) 109688

Scheme 6. Gram-scale experiment and transformations of products.

the N–OMe, N–OEt, and N-Bn substituted 5-vinyloxazolidine-2,4-

diones, thus delivering the corresponding products 13j-l in moder-

ate to high yields (42%−99%) with 83%−92% ee. Furthermore, non-

terminal alkenyl-substituted cyclic carbamate could also react with

formaldehyde to afford product 13m in 44% yield with 95% ee un-

der the standard reaction conditions.

To investigate the synthetic applications of the Pd-catalyzed

asymmetric decarboxylative 1,3-dipolar cycloaddition of 5-

vinyloxazolidine-2,4-diones, we performed the gram-scale ex-

periment and the versatile derivatizations of the products. As

shown in Scheme 6, the reaction of 1a and 2a could be scaled

up to 3.0mmol for 1a and proceeded smoothly under the stan-

dard conditions, affording the products 3a and 3a’ in 95% yield

with 1.1:1 dr and 93% ee/98% ee (Scheme 6, top). Luckily, the

diastereoisomers 3a and 3a’ could be readily separated by flash

column chromatography on silica gel. And then, a variety of

synthetic transformations of the products were explored. At first,

under Ru-catalyzed reductive conditions, 3a was readily converted

to compound 14 in 90% yield with 95% ee in the presence of

paraformaldehyde with a mixture of toluene and water as solvent.

In addition, the nitrile group of 3a was hydrolyzed to the amide

group by using a 10-fold molar excess of 30% aqueous H2O2 in THF

at room temperature, resulting in the formation of 15 in 37% yield

without deterioration of enantiomeric purity. On the other hand,

we also found that product 11a could be sequentially transformed

into compounds 16 and 17 in good yields without loss of the

diastereo- and enantioselectivities. Moreover, the Pd-catalyzed

Heck coupling reaction of 11a with 1-iodo-4-methoxybenzene

occurred smoothly in DMF at 80 °C, leading to the generation of

18 in 51% yield with >20:1 dr and 96% ee. The structure of 16 was

unambiguously assigned by X-ray crystallography.

Taking into account the previous related reports [26,36,37,51-

53] and reconciling them with the results of our study, a possible

reaction mechanism was proposed and outlined in Scheme 7. The

chiral PdL∗ complex from Pd2(dba)3�CHCl3 and ligand L2 activates

vinyl cyclic carbamates 1 through an oxidative addition and de-

carboxylation process to release CO2 and generate a Pd-containing

amide-based zwitterionic intermediate A, which could be detected

with the help of ESI-HRMS analysis and characterized by peaks at

m/z 1450.4208 as the [A+H]+ species and at m/z 1472.4036 as the

[A+Na]+ species. This observation clearly demonstrates that not

only the in situ formation of aza-π-allylpalladium 1,3-dipoles A in

the catalytic system, but also the chiral palladium complex ligated

1,3-dipole intermediate A is critical for the asymmetric 1,3-dipolar

cycloaddition. And then, the nucleophilic nitrogen anion site of

intermediate A attacks the dipolarophiles 2 (C=C double bond), 10

(C=N double bond), and 12 (C=O double bond) via aza-Michael

addition, Mannich-type addition, and aldol-type addition to form

intermediates B1, B2, and B3, respectively. These intermediates

then undergo independently intramolecular allylic alkylation (B1),

intramolecular allylic amination (B2), and intramolecular allylic

oxidation (B3) for the cyclization to generate their corresponding

optically pure cycloadducts pyrrolidin-2-ones 3+3′ , imidazolidin-

4-ones 11, and oxazolidin-4-ones 13, along with releasing the

palladium catalyst into the next catalytic cycle.

In conclusion, we have successfully developed a series of vinyl

cyclic carbamates containing an oxazolidine-2,4–dione fragment,

which could be used as reactive precursors for the in situ gen-

eration of amide-based aza-π-allylpalladium 1,3-dipoles via de-

carboxylation process with a palladium catalyst. This type of

amide-based aza-π-allylpalladium 1,3-dipoles could be used for

asymmetric decarboxylative 1,3-dipolar cycloaddition with differ-

ent types of dipolarophiles including C=C, C=N, and C=O dou-

ble bonds. A catalytic system consisting of a readily available

chiral phosphoramidite ligand and a Pd(0) catalyst displays high

efficiency and excellent stereocontrol in the cycloaddition reac-

tions. This strategy provides an opportunity for the synthesis of

previously unusual structures, such as highly functionalized opti-

cally pure pyrrolidin-2-ones, imidazolidin-4-ones, and oxazolidin-

4-ones. This protocol also has significant features including wide

substrate scope, mild reaction conditions, simple operation, and

good to excellent results (70 examples, up to 99% yield, >20:1

dr and 99% ee). The synthetic utility of the developed asym-

metric decarboxylative 1,3-dipolar cycloaddition was showcased

by gram-scale experiment and versatile derivatizations of the

products. This unique strategy significantly expands the reaction

range of the amide-based aza-π-allylpalladium 1,3-dipoles com-

pared to the precedents. Further applications of amide-based aza-

π-allylpalladium 1,3-dipoles in diverse asymmetric cycloaddition

reactions and in the synthesis of biologically active compounds are

currently underway.

6
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Scheme 7. Proposed reaction mechanism and ESI-HRMS analysis.
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