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a b s t r a c t

A novel method for HDDA-derived benzyne trapped by nitrone was developed. This research described a

simple and efficient pathway for the synthesis of benzisoxazoles from arynes and PTIO (2-phenyl-4,4,5,5-

tetramethylimidazoline-3-oxide-1-oxyl), C−C and C−O bonds were formed in a single step without cata-

lyst under mild conditions. The unexpected cleavage of C−N bond contributed to the formation of isoxa-

zole ring, as indicated by DFT studies. Furthermore, we obtained the structure of benzoxazolopyrrolidine

when the trapping agent is DMPO (5,5-dimethyl-1-pyrroline N-oxide).

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Functionalized isoxazoles have a broad spectrum of biological

and pharmacological properties [1–5] and are thus an important

component of natural products and small-molecule drugs [6–10],

such as paliperidone, risperidone, iloperidone, which are drugs for

treating psychosis; zoliflodacin, an antibacterial agent; and zon-

isamide is anticonvulsant (Fig. 1a). These drugs are benzisoxazoles.

To date, chemists have conducted extensive research for the syn-

thesis of benzisoxazoles. These processes involve two main strate-

gies: metal-catalyzed intramolecular or intermolecular cyclization

reaction [11–15] and intra- or intermolecular cyclization under al-

kaline or acidic conditions [16–20]. The medical value of bioac-

tive molecules containing benzisoxazole structure is very extensive,

which is the focus of scientists’ research, these reported novel and

efficient methods have made great contributions, however a strat-

egy for synthesizing benzisoxazole under mild conditions without

metal remains significant.

The hexadehydro-Diels−Alder reaction (HDDA), proposed by

Hoye, has created a new field of benzyne chemistry [21–24].

Compared with the principle of D−A reaction, in HDDA reac-

tion, diyne and diynophile portions are connected by a tether,

a benzyne intermediate is formed through a thermodynamic

intramolecular cycloaddition process induced by triyne or tetrayne

precursors [25–28]. A benzyne intermediate can be obtained by

heating without any reagent and then traped by much more

active substances to form a series of polyfunctionalized aromatic
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compounds [29–33]. Here we report a novel method for syn-

thesizing a series of heterocycles from HDDA reaction/Kobayashi

method-derived benzynes and nitrones (Fig. 1b). The formation

of the benzisoxazole skeleton relies upon the trapping of the

benzyne intermediate by a molecule containing an O−N−C tether

[16,19], and effective attack site is equally important. PTIO (2-

phenyl-4,4,5,5-tetramethylimidazoline-3-oxide-1-oxyl) [34,35] may

be a suitable trapping agent owing to unstable valence state and

nitrone [36–38] property.

To our delight, the strategy is effective and feasible indeed,

as confirmed by experimental results. Under the optimal reac-

tion conditions, 1.0 equiv. of tetrayne precursor and 1.1 equiv. of

PTIO were dissolved in toluene, reacted at 105 °C for 10 h through

magnetic stirring. Eighteen functionalized benzisoxazole deriva-

tives (Scheme 1) were obtained in good yield (65%-84%), which

indicated that different functional groups of C-tetrayne reacted

well with PTIO. In fact, the yield of this reaction was affected by

the substituent R1 of tetrayne precursor more. Experimental re-

sults indicated that the yield of the synthesized product is higher

in the presence of the electron-withdrawing group (para-F, meta-

F and para-Cl) on the benzene ring than the electron-donating

group [39], such as compounds 3f, 3g, 3l and 3q. We speculate

that the electron-withdrawing group polarizes the triple bond of

benzyne to increase the reactivity of cycloaddition process [40],

and the preferred attack site is the more accessible aryne carbon

due to effect of steric hindrance [41]. Then we tried to use N-

tetrayne-derived benzyne instead of C-tetrayne, fortunately target

product 3r was obtained. Moreover, the structure of compounds
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Scheme 1. Preparation of benzisoxazoles via HDDA reaction. Reaction conditions: tetraynes 1a-1r (1.0 mmol), PTIO 2a (1.1 equiv.), toluene (3 mL), stirred at 105 °C for 10 h.

Isolated yield.

3a (CCDC: 2144513) and 3p (CCDC: 2153815) were unambiguously

confirmed by X-ray diffraction techniques (CCDC contain the sup-

plementary crystallographic data for this paper. These data can be

obtained free of charge from The Cambridge Crystallographic Data

Centre).

Then we verified the general applicability of benzyne by us-

ing Kobayashi aryne precursors [42,43]. Fortunately, through the

brief screening of reaction parameters, molar ratio, fluoride source,

solvent, time and temperature, we obtained a series of target prod-

ucts and established the optimal condition: Kobayashi method-

derived benzyne precursor (1.0 equiv.), PTIO (1.1 equiv.), 18-crown-

6 ether (2.0 equiv.) and CsF (2.0 equiv.) as the fluoride source,

dissolved in acetonitrile and react at 70 °C for 12 h. Aryne precur-

sors containing electron-withdrawing group and electron-donating

group participated in this reaction successfully. The isolated yield

of this reaction was in the range of 61%-78% (Scheme 2), of which

the lowest yield was compound 5f likely because the instability of

the highly reactive 4,5-dimethoxybenzyne intermediate. Besides,

a mixture of regioisomers 5b/5b’ at a ratio of 1.7:1 was obtained

by using unsymmetrical 4-methylbenzyne, the regioisomer ratios

were determined by 1H NMR analysis because individual isomer

was unable to separate. Experimental results indicated that the

benzynes derived from the classical method can also participate in

this reaction well to generate a series of benzisoxazoles. The struc-

ture of 5d (CCDC: 2168299) was confirmed by X-ray diffraction

techniques.

Unexpected scission of chemical bonds of PTIO contributed

to the success of this reaction, likely because the instability of

nitroxyl radical from PTIO. To verify this idea, we attempted to

use another nitrone DMPO (5,5-dimethyl-1-pyrroline N-oxide) as

trapping agent, reacted with different tetraynes (Scheme 3). 1.0

equiv. of tetrayne precursor and 1.1 equiv. of DMPO were dissolved

in toluene, reacted at 100 °C for 8 h through magnetic stirring. In

this reaction DMPO reacted with tetraynes to obtain 6 benzoxa-

zolopyrrolidine [44–46] derivatives at good yield (71%-81%) under

optimal reaction conditions, and both C-tetrayne and N-tetrayne
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Fig. 1. Selected biologically active scaffolds containing benzisoxazole and our work.

substrates worked well. With DMPO, the experimental results were

completely different from PTIO, which likely because under the

elevated temperature of this reaction mixture, the DMPO was in

thermal equilibrium with its valence bond isomer, the oxaziridine,

that engaged with the benzyne faster than the nitrone isomer [47].

Further work on the expansion of this research is still in progress.

Moreover, the structure of compound 6f (CCDC: 2144514) was

unambiguously confirmed by X-ray diffraction techniques.

A reasonable mechanism was provided based on the experi-

mental evidence, and density functional theory calculations at the

B3LYP-D3(BJ)/6-311+G(2d,p) level of theory were performed to rel-

ative free-energy profiles for the reaction of tetraynes and PTIO

(Fig. 2). We used tetrayne 1a-derived benzyne as the starting point

and set the relative free-energy of IN1 to 0. First, 1a was en-

gaged in thermodynamic cycloisomerization to produce the highly

reactive benzyne intermediate IN1 to form intermediate IN2 by

reaction with PTIO 2a through a 1,3-dipolar cyclization process

Scheme 2. Preparation of benzisoxazoles via Kobayashi method. Reaction condi-

tions: Kobayashi method-derived benzyne precursors 4a-4f (1.0 mmol), PTIO 2a

(1.1 equiv.), 18-crown-6 ether (2.0 equiv.), CsF (2.0 equiv.), CH3CN (5 mL), stirred at

70 °C for 12 h. Isolated yield.

Scheme 3. Preparation of benzoxazolopyrrolidines via HDDA reaction. Reaction

conditions: tetraynes (1.0 mmol), DMPO 2b (1.1 equiv.), toluene (3 mL), stirred at

100 °C for 8 h. Isolated yield.

[48–52]. Then, the opening process of PTIO five-membered ring

was initiated by oxygen free radical, which conducted consecutive

twice β-fragmentations to form isoxazole ring through TS1. The

energy barrier of TS1 was computed to be 36.86 kcal/mol, which is

the most critical transition state from all of these processes. Finally,

the benzisoxazole derivative 3a was obtained, and an unstable ni-

troxide compound was formed through the homolytic cleavage of

C−N bonds concurrently. Theoretically, the energy barrier of each

step was feasible at 105 °C.

Fig. 2. Proposed mechanism and relative free-energy profiles for the reaction of

benzyne derived from tetrayne 1a and PTIO 2a.
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Fig. 3. Proposed mechanism for the reaction of benzyne derived from tetraynes and

DMPO 2b.

Then, a plausible mechanism for the reaction via arynes and

DMPO was provided (Fig. 3). DMPO 2b was in thermal equi-

librium with its valence bond isomer 2b’ under the elevated

temperature of this reaction mixture [47]. HDDA-derived benzyne

intermediate INA was trapped by 2b’ to form product via a four-

membered ring-containing transition state TSB underwent [2+2]

cycloaddition process. Finally, five-membered heterocyclic ring

was formed to generate the benzoxazolopyrrolidine derivatives

6a-6f.

In summary, we have proposed a feasible and efficient method

for synthesizing benzisoxazoles from HDDA reaction/Kobayashi

method-derived benzynes and PTIO, and this strategy was found

effective under mild conditions without metal catalyst, density

functional theory calculations confirmed that unexpected cleavage

of C−N bonds contributed to the formation of isoxazole ring. Be-

sides, we obtained an unanticipated gain by using another nitrone

DMPO, this reaction underwent a [2+2] cycloaddition process,

leading to the formation of benzoxazolopyrrolidine. The trans-

formation by using benzyne and nitrone promote the develop-

ment of HDDA reaction and this strategy may be a novel method

for synthesizing benzenoid bioactive heterocycles under mild con-

ditions. Our group will continue to make exploitation in this

field.
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