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a b s t r a c t

Cu-catalyzed endo-selective asymmetric 1,3-dipolar cycloaddition of azomethine ylides with ethenesul-

fonyl fluorides (ESFs) was successfully developed, this protocol provided an efficient and facile method

to a wide range of chiral pyrrolidine-3-sulfonyl fluorides with good to excellent results (up to 87% yield,

>20:1 dr, 94% ee). Some other chiral sulfonyl derivatives, such as sulfonamide and sulfonate, were easily

accessible through simple transformations with high yields, which demonstrated that the cycloaddition

products could be synthetically useful in the sulfur(VI) fluoride exchange (SuFEx) chemistry.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chiral pyrrolidines have been regarded as an important class of

five-membered nitrogen-containing heterocycles, which frequently

appear as the key frameworks in a great many agrochemicals, nat-

ural products, chiral organocatalysts and ligands [1,2]. In addition,

they are also ranked as the prevailing chiral nitrogen-containing

heterocycles with diversified biological activities [2]. On the other

hand, compared with the conventional sulfonyl chlorides, sulfonyl

fluorides have some distinctive properties, such as controllable

reactivity, relatively good stability and strong hydrogen-bonding

interaction [3]. Therefore, they have been received great attrac-

tion in recent years, which not only widely applied as power-

ful probes and inhibitors against protein or nucleic acid targets,

but also worked as versatile organic intermediates [3a,4]. Sharp-

less and co-workers have developed a few examples of sulfur(VI)

fluoride exchange (SuFEx) reactions to easily access a variety of

sulfur(VI)-based functional groups [3a]. Among the well available

synthetic methods, the transformations involving the interesting

difunctional ethylene sulfonyl fluorides (ESFs) are valuable strate-

gies to introduce a sulfonyl fluoride group, which always served

as preferential reaction partners. In 1954, Truce and Hoerger de-
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veloped Diels-Alder reaction of 2-para-nitrophen ylethylene sul-

fonyl fluoride as the dienophile with cyclopentadiene [5]. Lup-

ton and co-workers developed double electrophile α,β-unsaturated

sulfonyl azoliums intermediates through the combination of sub-

stituted ESFs and N-heterocyclic carbene (NHC) catalyst to pre-

pare a range of unsaturated δ-sultones [6]. Qin and co-workers

also developed some methodologies involving ESFs as the reaction

substrates to access some other important sulfonyl derivatives [7].

Moreover, the ESFs could be served as excellent Michael acceptors,

especially for the asymmetric exploration [3b,8]. Recently, Leung

reported Pd-catalyzed enantioselective hydrophosphination of ESFs

derivatives, affording chiral sulfonyl fluoride-derived phosphines in

high yields with good to excellent enantioselecitivites [8a]. Qin

and co-workers described Rh-catalyzed asymmetric conjugate ad-

dition of arylboronic acids to β-aryl ESFs and dienesulfonyl flu-

orides with excellent results [8b]. Yan and co-workers developed

quinine-derived squaramide-catalyzed asymmetric conjugate ad-

dition of 3-amido-2-oxindoles to ESFs, and the desired products

spirocyclic oxindole sultams were obtained with excellent yields

and enantioselectivities [3b].

Viewing the structural significance of both pyrrolidines and sul-

fonyl fluorides, it is important to develop efficient methods for the

simultaneous introduction of both pyrrolidines and sulfonyl flu-

orides. The 1,3-dipolar cycloadditions of azomethine ylides have

been regarded as the general and reliable methods for the con-
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Scheme 1. 1,3-Dipolar cycloaddition of azomethine ylides with ethenesulfonyl flu-

orides (ESFs).

struction of highly substituted chiral pyrrolidines and derivatives

[9,10]. In 2018, Grygorenko and coworkers developed a racemic

1,3-dipolar cycloaddition of substituted ESFs with in situ gener-

ated azomethine ylides, and this protocol provided a practical ap-

proach to afford a series of pyrrolidine-3-sulfonyl fluorides [11].

However, to the best of our knowledge, there is no example in-

volving the asymmetric catalytic version to access these valu-

able moieties. The vinyl phenyl sulfones have been applied in

the transition metal-catalyzed asymmetric 1,3-dipolar cycloaddi-

tion of azomethine ylides to deliver pyrrolidine-3-sulfones by Car-

retero [12], Fukuzawa [13] and our group [14]. Encouraged by these

early achievements, we envision that the electron-deficient ESFs

could be employed in the asymmetric 1,3-dipolar cycloaddition,

however, there are two difficult issues that need to be addressed

(Scheme 1): (1) ESFs owned high reactivity because of the strong

electron-withdrawing sulfonyl fluoride group, which could lead to

some side reactions and the difficult control of stereoselectivity.

(2) The sulfonyl fluorides are more sensitive to base and mois-

ture than common α,β-unsaturated sulfur(VI) sulfones, sulfonic es-

ters, sulfonamides and derivatives, but the general 1,3-dipolar cy-

cloaddition always required base, which would result in their in-

stability in the reaction system with poor yields. In the course

of our research to pursue these valuable motifs containing both

functionalized pyrrolidines and sulfonyl fluorides, we herein devel-

oped Cu-catalyzed asymmetric 1,3-dipolar cycloaddition of azome-

thine ylides with ESFs, which provided an efficient entry to diverse

structurally unique chiral pyrrolidine-3-sulfonyl fluorides with high

yields, excellent diastereoselectivities, and moderate to excellent

enantioselectivities (up to 87% yield, > 20:1 dr, 94% ee).

The initial investigation of the asymmetric 1,3-dipolar cycload-

dition of model substrates azomethine ylide 1a with ESF 2a was

started in AgOAc/(S)-TF-BiphamPhos catalytic system, and very

poor conversion was observed (Table 1, entry 1). To our delight,

the desired cycloaddition product 3a could be easily obtained in

high yield and good enantioselectivity through the replacement of

AgOAc with CuBF4 (90% yield, > 20:1 dr, 82% ee, Table 1, entry

2). The Cu-catalyzed 1,3-dipolar cycloaddition was then continued

to examine other chiral ligands, such as (R)-BINAP and ferrocene-

based P,N-ligands L1-L4 bearing different substituted groups on

the oxazoline ring, which provided product 3a in good to high

yields and with moderate to good enantioselectivities (78%−96%

yields, > 20:1 dr, 40%−82% ee, Table 1, entries 3–7). A variety

of solvents were then screened in the presence of the privileged

ligand (S)-TF-BiphamPhos. Generally, this 1,3-dipolar cycloaddition

was proceeded smoothly in nonprotic solvents, 88%−93% yields

Table 1

Optimization reaction conditions for the 1,3-dipolar cycloaddition of azomethine

ylide 1a with ESF 2a.a

Entry Ligand Solvent Yield (%)b ee (%)c

1d (S)-TF-BiphamPhos Toluene 16 30

2 (S)-TF-BiphamPhos Toluene 90 82

3 (R)-BINAP Toluene 81 40

4 L1 Toluene 80 70

5 L2 Toluene 78 82

6 L3 Toluene 88 76

7 L4 Toluene 96 60

8 (S)-TF-BiphamPhos CH2Cl2 93 83

9 (S)-TF-BiphamPhos THF 91 80

10 (S)-TF-BiphamPhos EA 91 77

11 (S)-TF-BiphamPhos Et2O 88 84

12 (S)-TF-BiphamPhos DCE 89 83

a The reactions were carried out with 0.24 mmol 1a, 0.20 mmol 2a and 1.5 equiv.

NEt3 in 2.0 mL solvent within 12 h. CuBF4 = Cu(CH3CN)4BF4, EA = ethyl acetate.
b The yield was determined by 1H NMR analysis of the crude reaction mixture

with CH2Br2 as an internal standard.
c Determined by chiral HPLC analysis.
d The metal precursor was AgOAc.

and 77%−84% ee were obtained (Table 1, entries 8–12). CH2Cl2 was

found as the best reaction solvent in 93% yield, >20:1 dr and 83%

ee (Table 1, entry 8).

Subsequently, this 1,3-dipolar cycloaddition was continued to

investigate with a number of common copper salts in combination

of (S)-TF-BiphamPhos ligand. As shown in Table 2, these [Cu]/(S)-

TF-BiphamPhos catalytic systems are efficient to afford the desired

product 3a in moderate to excellent results. In these attempts, CuI

and CuCl2 could provide satisfactory yields and enantioselectivities

(Table 2, entries 2 and 9). In order to achieve higher enantiose-

lectivity, this transformation was conducted at −20 °C within 24 h

catalyzed by CuI and CuCl2/(S)-TF-BiphamPhos system, respectively.

It should be noted that the remarkable improvement in enantiose-

lectivity was observed in the CuI/(S)-TF-BiphamPhos catalytic sys-

tem (92% yield, 91% ee, Table 2, entry 11).

After establishing the optimal reaction conditions for CuI/(S)-

TF-BiphamPhos-catalyzed asymmetric 1,3-dipolar cycloaddition of

azomethine ylides with ESFs, we then focused on the investi-

gation of substrate scope generality. These reaction results were

summarized in Scheme 2. A variety of azomethine ylides 1 de-

rived from glycinates and aldehydes proceeded efficiently with

ESFs 2 to offer the corresponding cycloaddition products 3. A wide

range of azomethine ylides containing electron-withdrawing (1a-

1g), electron-neutral (1h) or electron-donating (1i-1k) groups on

the phenyl ring worked well as excellent partners, affording the

desired endo-cycloaddition products (3a-3k) exclusively in mod-

erate to good yields and good to excellent enantioselectivities

(64%−87% yields, >20:1 dr, 84%−94% ee). It was found that the

position of the substituents on the phenyl ring did not seem to

greatly affect the reaction results, the substrates containing 2-
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Scheme 2. Substrate scope study for the 1,3-dipolar cycloaddition of azomethine ylides with ESFs. The reactions were carried out with 0.24 mmol 1, 0.20 mmol 2 and 1.5

equiv. NEt3 in 2.0 mL CH2Cl2 within 24 h. The yield is isolated yield and the ee value was determined by chiral HPLC analysis.

Table 2

Screening metal precursors for the 1,3-dipolar cycloaddition of azomethine ylide 1a

with ESF 2a.a

Entry [Cu] Yield (%)b ee (%)c

1 CuBF4 93 83

2 CuI 86 86

3 CuOAc 92 83

4 CuPF6 95 84

5 (CuOTf)2•Ph 90 73

6 Cu(OAc)2 90 85

7 Cu(OTf)2 70 85

8 CuBr2 65 60

9 CuCl2 72 88

10d CuCl2 71 91

11d CuI 92 91

a The reactions were carried out with 0.24 mmol 1a, 0.20 mmol 2a and 1.5 equiv.

Et3N in 2.0 mL CH2Cl2 within 12 h.
b The yield was determined by 1H NMR analysis of the crude reaction mixture

with CH2Br2 as an internal standard.
c Determined by chiral HPLC analysis.
d The reactions were carried out under −20 °C within 24 h.

Cl (1c), 2-Br (1d), 2-Me (1k) groups with steric hindrance were

well-tolerated to provide the corresponding products in 64%−87%

yields with 85%−89% ee. In addition, the azomethine ylides bear-

ing large 1- and 2-naphthyl group also performed smoothly to give

the corresponding products 3l-3m with moderate to good results

(78%−86% yields, 78%−87% ee). We also attempted the heterocyclic

pyridinyl substituted azomethine ylide (1n) under the optimized

Scheme 3. The application of product 3a in SuFEx reactions.

reaction conditions, the expected product (3n) was obtained with

acceptable result (73% yield, 64% ee). Furthermore, we also exam-

ined the effect of ester group on the azomethine ylide, switch-

ing the methyl ester (1a) to ethyl ester (1o), which did not affect

the reactivity and enantioselectivity with comparable results (81%

yield, 90% ee). The trans-2-phenylethene-1-sulfonyl fluoride could

be also employed into this transformation, the desired product 3p

was afforded with good stereochemical control, albeit in moder-

ate yield (56% yield, 83% ee). Remarkably, the azomethine ylide 1q

generated from the α-methyl substituted amino acid alanine re-

acted with ESF 2a to result in endo-3q bearing a quaternary stere-

ogenic center with limitation yield and enantioselectivity, presum-

ably due to the steric effect (54% yield, 54% ee). The less reactive

alkyl substituted azomethine ylide was not well compatible in this

transformation. In addition, the absolute configuration of product

3a was determined to be (2R,4R,5R) by X-ray diffraction analysis.

To demonstrate the great application of the cycloaddition prod-

ucts in the SuFEx chemistry, they could be easily converted to

other useful sulfonyl derivatives, such as sulfonamides and sul-

fonates, which occupied important position in the fields of phar-

maceuticals, agrochemicals and synthetic chemistry. As depicted

in Scheme 3, the amine pyrrolidine could be worked as effec-
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tive nucleophile to react with cycloaddition product pyrrolidine-3-

sulfonyl fluoride 3a, providing the corresponding sulfonamide 4 in

79% yield without erosion of ee value [15,3b]. Moreover, compound

3a could react with aryl phenol smoothly under basic condition,

the expected sulfonate 5 could be obtained in good yield and with

maintained ee value (82% yield, 91% ee) [16].

In conclusion, we developed a facile and efficient synthetic

method to access a variety of chiral pyrrolidine-3-sulfonyl fluo-

rides through Cu-catalyzed endo-selective asymmetric 1,3-dipolar

cycloaddition of azomethine ylides with ethenesulfonyl fluorides in

high reactivities, excellent diastereoselectivities, and moderate to

excellent enantioselectivities (up to 87% yield, > 20:1 dr, 94% ee).

The cycloaddition products pyrrolidine-3-sulfonyl fluorides owned

great potential synthetic application, which could be readily con-

verted to other chiral sulfonyl derivatives, such as sulfonamide and

sulfonate through simple transformations with high yields.
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