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a b s t r a c t

The first example of stereoconvergent 1,3-dipolar cycloaddition of nitrile oxides and nitrile imines with

E/Z isomeric mixture of electron-deficient olefins is reported, delivering isoxazolines and pyrazolines bear-

ing two vicinal stereogenic tertiary and trifluoromethylated quaternary carbon centers with perfect regio-

and diastereoselectivities. The possibility of concerted cycloaddition/epimerization sequence under basic

condition to form the thermodynamically stable diastereomers is excluded through some control experi-

ments and DFT calculations, and a stepwise mechanism is proposed.

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

Medica, Chinese Academy of Medical Sciences.

1,3-Dipolar cycloaddition reaction (1,3-DCR) provides a very

powerful platform for rapid installation of five membered hetero-

cyclic frameworks in a straightforward and atom-economic manner

[1–6]. Despite impressive achievements, the application of nitrile

oxides and nitrile imines as dipoles represents a challenging task

and has been studied only to a limited extend. These classes of

dipoles are generated in situ from the dehydrochlorination of hy-

droximoyl or hydrazonyl halides when exposing to base, and they

are unstable with a high propensity to undergo self-cycloaddition

[7–14]. Not only that, the mesomeric structures of nitrile oxides

and nitrile imines viz. heteropropargyl (A) and heteroallenyl (B)

anions (octet structures) also pose the question of regioselectiv-

ity (Scheme 1) [14–19]. Since the 1,3-DCR of nitrile oxides and ni-

trile imines with olefinic dipolarophiles is stereospecific in nature,

the geometrical information of the olefins is retained in the corre-

sponding stereogenic centers of the cycloadducts (Scheme 1a) [20–

28]. As a consequence, E/Z isomers usually generate diastereomeric

products. The control over the diastereoselectivity is achieved by

using isomerically pure olefins, which requires tedious and inef-

ficient purification steps due to the moderate E/Z-selectivity. As

such, it is obvious that the development of stereoselective 1,3-DCR

with isomeric mixture of E- and Z-olefinic dipolarophiles is a much
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more challenging task and highly desirable. In this context, stere-

oconvergent method has emerged as a promising solution to mit-

igate these problems, and both E and Z isomers are transformed

into a single diastereomer (Scheme 1b) [29]. It provides a wonder-

ful opportunity to overcome the conventional stereospecific reac-

tivity of olefins, and is ensued from conceptually distinct mech-

anistic pathways involving olefin isomerization and (dynamic) ki-

netic resolution in most reported examples [30–41].

On the other hand, fluorine has found widespread applications

as pharmacological modulator in drug development. Strategic in-

troduction of a CF3 group into organic frameworks significantly

enhances the metabolic stability, binding affinity, bioavailability,

and lipophilicity of molecules [42–48]. For example, as depicted

in Fig. 1, trifluoromethylated isoxazolines and pyrazolines are key

motifs of various agrochemicals and biologically active molecules,

making them highly attractive synthetic targets [49–63]. Therefore,

considerable efforts have been devoted towards this direction [64–

71]; however, installation of isoxazoline and pyrazoline frameworks

bearing a trifluoromethylated quaternary stereogenic center with

an adjacent stereogenic center in a stereoconvergent fashion re-

mains as a formidable challenge. In fact, there is no precedent in

the literature for such kind of transformation.

With this background and in continuation to our interest in

the synthesis of fluorinated heterocycles using β-fluoroalkyl-α,β-

unsaturated arylsulphones (Scheme 2a) [72–74], herein we re-

port the first stereoconvergent 1,3-DCR of nitrile oxides and ni-

trile imines with E/Z isomeric mixture of β-CF3-β ,β-disubstituted

https://doi.org/10.1016/j.cclet.2021.12.006

1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Z. Zhao, Z. Ou, S.J. Kalita et al. Chinese Chemical Letters 33 (2022) 3012–3016

Scheme 1. 1,3-DCR of nitrile oxides or nitrile imines with E/Z-olefins.

Fig. 1. Selected examples of biologically active trifluoromethylated isoxazolines and

pyrazolines.

Scheme 2. 1,3-DCR of nitrile oxides and nitrile imines.

α,β-unsaturated arylsulphones. Accordingly, isoxazolines and pyra-

zolines bearing a trifluoromethylated quaternary stereogenic cen-

ter adjacent to a tertiary stereogenic center are obtained as a sin-

gle diastereomer with excellent regioselectivity under mild reac-

tion conditions (Scheme 2b). The exact mechanistic pathway for

this kind of transformation still remains elusive; however, control

experiments and theoretical DFT calculations have been carried out

to justify the experimental outcome.

Not only sterically crowded β-CF3-β ,β-disubstituted α,β-

unsaturated arylsulphones are -less active dipolarophiles, but also

it is difficult to separate their E/Z isomers. When isomerically pure

(E)−1a or (Z)−1a was separately applied into two batches of 1,3-

DCR with N-hydroxybenzimidoyl chloride 2a (nitrile oxide precur-

sor) in the presence of Et3N (2.5 equiv.), the same diastereomer 3a

was unexpectedly delivered in around 48% yield after 48 h with

>20:1 dr and rr (Table 1, entry 1). Much to our satisfaction, the

1,3-DCR proceeded in a stereoconvergent manner. Based on the

single crystal X-ray analysis, the relative configuration of 3a (CCDC:

1888500) was established, and it was found that the two adjacent

Ph and SO2(2-Py) moieties adopt syn-orientation. For convenience,

3:1 or 4:1 (E/Z)-isomeric mixture of 1a after column chromatog-

raphy was used in the following identifying conditions and nitrile

oxide scope. The solvent effect study was carried out; in all of se-

lected solvents the reaction proceeded in a stereoconvergent man-

ner without affecting the diastereo- and regioselectivity, and the

Table 1

Optimization of the reaction conditions.a

Entry 2a or 5a Solvent Base Time (h) Yield (%)b

1c 2a Et2O Et3N 48 48

2 2a Toluene Et3N 48 51

3 2a DCE Et3N 48 55

4 2a THF Et3N 48 50

5 2a DMF Et3N 48 40

6 2a CH2Cl2 Et3N 48 60

7 2a CH2Cl2 DIPEA 48 50

8 2a CH2Cl2 K2CO3 48 48

9 2a CH2Cl2 Na2CO3 48 53

10 2a CH2Cl2 Cs2CO3 48 55

11d 2a CH2Cl2 Cs2CO3 48 65

12d,e 5a CH2Cl2 Cs2CO3 24 68

13f 5a EtOAc K2CO3 24 95

a Unless otherwise noted, 1a (0.1 mmol), 2a (0.12 mmol) or 5a (0.15 mmol), base

(0.25 mmol), solvent (0.5 mL), 25 °C; 2a was added in two equal portions; dr and

rr (3/4 or 6/7) were determined by 1H NMR.
b Isolated yield.
c (E)−1a or (Z)−1a was used.
d Base (0.1 mmol).
e The E/Z ratio of recovered 1a is 2.8:1.
f Base (0.15 mmol), the E/Z ratio of recovered 1a is 2.1:1.

desired product was obtained in slightly lower yields (40%–55%,

entries 2-5) compared to CH2Cl2 (60%, entry 6). Other bases viz.

DIPEA, K2CO3, Na2CO3 and Cs2CO3 in CH2Cl2 could not improve

the yield (entries 7–10); however, when the amount of Cs2CO3

was reduced to 1.0 equiv, the yield was increased to 65% (entry

11), which was established as the optimal reaction condition for

the 1,3-DCR of nitrile oxides. The 1,3-DCR of hydrazonyl halide 5a

(nitrile imine precursor) and 1a (E/Z= 4:1) was also stereoconver-

gent, and the corresponding product 6aa was obtained in 68% yield

with > 20:1 dr and rr (entry 12). The relative configuration of 6aa

was established by single crystal X-ray analysis (CCDC: 1987192),

where the two adjacent Ph and SO2(2-Py) moieties also adopt syn-

orientation. The efficiency of the reaction was further improved by

changing the solvent and base to EtOAc and K2CO3 (1.5 equiv.), re-

spectively (95% yield, > 20:1 dr and rr, entry 13).

After establishing the optimized reaction conditions, the scope

and generality of the stereoconvergent 1,3-DCR were evaluated.

Following the reaction conditions described in entry 11 of Table 1,

a variety of hydroximoyl chlorides were used to react with 3:1

E/Z-isomeric mixture of α,β-unsaturated 2-pyridylsulphone 1a

(Scheme 3). It was observed that the hydroximoyl chlorides bear-

ing electron-donating and electron-neutral (F and Cl) groups at the

para-position of the aryl moiety (R) had no significant influence on

the course of the reaction, and the desired products 3a-3f were

obtained in 65%–78% yields with excellent diastereo- and regios-

electivity (> 20:1 dr). The presence of an electron-withdrawing

group (NO2) at the para-position made the reaction less effi-

cient with requiring higher temperature (60 °C), and the prod-

uct 3g was obtained in only 38% yield. Hydroximoyl chloride with

an electron-donating Me group at the meta-position of the aryl
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Scheme 3. Scope of nitrile oxides to obtain trifluoromethylated isoxazolines. Reac-

tion conditions: 1a (0.1 mmol), 2 (0.12 mmol), Cs2CO3 (1.0 equiv., 32.6 mg), and

solvent (0.5 mL); 2 was added in two equal portions. a In ClCH2CH2Cl at 60 °C.
b 2.0 equiv. of 2 and Cs2CO3 were used.

moiety performed well to give the product 3h in 68% yield. How-

ever, the presence of F and NO2 groups at the same position re-

quired higher temperature (60 °C), and the respective products

3i and 3j were obtained in 32% and 35% yields without affect-

ing the diastereoelectivity. A similar reactivity trend was observed

using ortho-substituted arylhydroximoyl chlorides with Me, F and

CF3 groups, providing the corresponding products 3k, 3l and 3m

in 48%–78% yields. Hydroximoyl chlorides bearing 2-naphthyl, (E)-

PhCH=CH and cyclohexyl groups reacted smoothly with 1a with

providing the respective products 3n, 3o and 3p in 55%–82% yields

with >20:1 dr. The variation at the aryl group of substrates 1 (1b:

Ar = 4-Me-Ph; 1c: Ar = 4-Br-Ph) provided the corresponding CF3-

isoxazolines 3q and 3r in 65% and 76% yields.

Subsequently, a variety of hydrazonyl chlorides 5 reacted

with E/Z-isomeric mixture (E/Z = 4:1) of α,β-unsaturated 2-

pyridylsulphone 1 following the reaction conditions described in

entry 13 of Table 1, and the results were summarized in Table 2.

Aromatic hydrazonyl chlorides with varied substitutions at the

ortho-, meta- and para-positions of the aryl moiety (Ar2) partici-

pated well in the reaction, affording the CF3-pyrazolines 6aa–6ap

as a single diastereomer in moderate to excellent isolated yields

(32%–92%, entries 2–17). The excellent isolated yield of cycloadduct

6am based on the recovered starting material 1a in entry 14 in-

dicates that the low yield of 6am results from the unstability of

in-situ generated nitrile imine in entry 13. Heteroaromatic hydra-

zonyl chloride also participated well in the reaction to deliver the

products 6aq–6as (46%–67% yields, entries 18–20). The synthesis

was also successful with hydrazonyl chloride bearing a 2-naphthyl

group, delivering the single diastereomeric product 6t in 56% yield

Table 2

Scope of nitrile imines to obtain trifluoromethylated pyrazolines.a

Entry 1 6 Ar2 E/Z ratio of recovered 1 Yield (%)b

1 1a 6aa Ph –c 95

2 1a 6ab 4-Me-Ph 3.6:1 32

3 1a 6ac 4-MeO-Ph 2.8:1 54

4 1a 6ad 4-tBu-Ph 2.8:1 57

5 1a 6ae 4-F-Ph 2.8:1 60

6 1a 6af 4-Cl-Ph 2.3:1 62

7 1a 6ag 4-Br-Ph 3.2:1 34

8 1a 6ah 4-CO2Me-Ph 3:1 40

9 1a 6ai 3-Me-Ph 3:1 72

10 1a 6aj 3-F-Ph 3:1 43

11 1a 6ak 3-Cl-Ph 3:1 52

12 1a 6al 3-Br-Ph 2.5:1 65

13 1a 6am 3-NO2-Ph 3:1 48

14d 1a 6am 3-NO2-Ph 1.6:1 97e

15 1a 6an 3-CF3-Ph 2.6:1 78

16 1a 6ao 3-CO2Me-Ph 2.7:1 81

17 1a 6ap 2-Cl-Ph –c 92

18 1a 6aq 2-furyl 2.7:1 52

19 1a 6ar 2-thienyl 2.6:1 67

20 1a 6as 2-pyridyl 4:1 46

21 1a 6at 2-naphthyl 2.4:1 56

22 1bf 6ba Ph 1:1.5 82e

23 1cg 6ca Ph –c 94

a 1 (0.1 mmol, E/Z = 4:1), 5 (0.15 mmol), EtOAc (0.5 mL), K2CO3 (0.15 mmol).
b Isolated yield.
c 1a was consumed.
d E/Z = 1.2:1.
e Isolated yield based on the recovered starting material 1a.
f E/Z = 1.4:1.
g E/Z = 2.3:1.

(entry 21). CF3-pyrazolines 6ba and 6ca were obtained from 1b

and 1c with complete stereoconvergence in 82% and 94% yields,

respectively (entries 22 and 23). It should be noted that the low

yields usually result from unstable nitrile imines. From the E/Z ra-

tio of the recovered 1, it was apparent that both the isomers par-

ticipated in the reaction in a stereoconvergent manner even though

they were present in different concentrations.

The true mechanism of such kind of stereoconvergent cycload-

dition reactions is still not clear, and there have been hot debates

about the concerted or stepwise nature of the mechanism based

on theoretical studies. According to the kinetic and stereochem-

ical results, Huisgen in 1963 proposed a concerted process but

could not rule out an asynchronous mechanism for some specific

cases [75–77]. In 1968, Firestone suggested an alternative step-

wise mechanism involving a syn-diradical intermediate [78–80].

Following-up mechanism studies focused on the discovery of the-

oretical models related to a stepwise reaction mechanism [81–89].

Since the 1,3-DCR of nitrile oxides across trans-alkenes is stere-

ospecific with retaining the trans orientation of two adjacent sub-

stituents in cycloadducts, a concerted mechanism is usually ad-

mitted. However, to the best of our knowledge, there is still a

lack of experimental evidence to put forward the opposite step-

wise mechanism. In the present reaction system, the same di-

astereomer was delivered by injecting isomerically pure (E)−1 or

(Z)−1 in different batches (entry 1, Table 1). The probability of

initial concerted cycloaddition and subsequent epimerization at

the arylsulphonyl carbon center under basic conditions [90] was

3014
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Scheme 4. Control experiments.

Scheme 5. Plausible reaction pathway.

unlikely in that the 1,3-DCR with isolated stable nitrile oxides un-

der base-free conditions also produced a single diastereomer of

the products 3b and 3c (Scheme 4a). When 1.2 equiv. of D2O was

added in the reaction system, no deuteration at the tertiary hy-

drogen of cycloadduct 6aa was observed (see Supporting informa-

tion for details). Furthermore, density-functional theory (DFT) cal-

culations have been performed, which showed that the energy bar-

rier during the concerted cycloaddition reaction of (E)−1a and 2a

(�G⧧ = 21.4 kcal/mol) is too high for a spontaneous process at

room temperature; the favored diastereomers (3a and 6aa) exhibit

reasonable lower free energies (Scheme 4). On the other hand, the

isomerization between vinylsulfone (Z)−1a and (E)−1a under basic

conditions was not observed (Scheme 4b).

On account of the above results, the present stereoconvergent

1,3-DCR may involve a stepwise rather than concerted reaction

mechanism. As depicted in Scheme 5, firstly, the oxo-Michael addi-

tion of phenyl nitrile oxide, or aza-Michael addition of phenyl ni-

trile imines across alkene (E)−1a or (Z)−1a gives a single putative

zwitterion intermediate, which may be oriented and stabilized by

the non-covalent interaction between the adjacent two aromatic

rings. Since the configuration of (Z)−1a is not retained after the

reaction, stereoisomerism resulting from the rotation around the

C–C bond in the intermediate occurs before the next cyclization.

Subsequently, the intramolecular nucleophilic attack of carbon an-

ion on the C≡N triple bond proceeds to install thermodynamically

more stable isoxazolines or pyrazolines (�G0 (3a) – �G0 (3a’) =
–3.0 kcal/mol; �G0 (6aa) – �G0 (6aa’) = –5.2 kcal/mol) in a highly

diastereoselective manner.

In summary, we have successfully achieved the first stereo-

convergent 1,3-dipolar cycloaddition of nitrile oxides and nitrile

imines with regard to the configuration of β ,β-disubstituted α,β-

unsaturated arylsulphone dipolarophiles (E or Z) to get highly valu-

able trifluoromethylated isoxazolines and pyrazolines as a single

diastereomer. During this process two vicinal stereogenic tertiary

and trifluoromethylated quaternary centers were readily installed

in a single operation, where the aryl and SO2(2-Py) moieties from

olefinic dipolarophiles always adopt syn-orientation. Based on the

control experiments and theoretical DFT calculations a stepwise

mechanism is proposed to rationalize the stereoconvergent out-

come. On top of that, the method is featured with mild reaction

conditions, broad substrate scope (39 examples), moderate to ex-

cellent yields (32%–95%), and excellent regio- and diastereoselec-

tivity (> 20:1 rr and dr).
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